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Kageopa excnepumenmanvroi ghizuxu, ingpopmayitinux ma oceimmix mexuonoeii,
Bonuncvxuti nayionanvnuil ynieepcumem imeni Jleci Yxpainxu

CYYACHI HAITPAMHU BUKOPUCTAHHA XAJIBKOT'EHIJIHUX CTEKOJI B
EJIEKTPOHIII TA PAAIOEJIEKTPOHILI

Y cmammi npoananizoeano cyuacmui nanpamu 3acmocyéaHHA XaANbKO2EHIOHUX CMEKOJ 6 eneKmpoHiyi ma
paodioenexkmponiui. Pozenanymo ix euxopucmauua y azosminniii nam’ami, HeUpoMop@HUX cucmemax, ceHcopax ma
npucmposx 36’a3xy 5G/6G. Ocobugy ysazy npudineno gpomoniyi ma nezyeannio ionamu epoito 013 cmeopeHHs KOMRAKMHUX
onmuyHux niocunroeauie. Buznaueno Kknouoei mexnonoziuni UKIUKU, 30KpemMa RUMAHHA mepmiuHol cmadinbHocmi ma
ouueHHA Mamepiais.

Knrwuoei cnosa: xanvkoeeHioni cmexaa, ¢hpazosminna nam’ ams, iHmezpaivHa OmoHika, HetupomMop@Hi cucmemu, ioHU
epbito, onmuyHi niocUN08ayl, padioereKmpoHixa, cepeoniil iHpauepeonutl JianasoH.

A.H. Kevshyn, V.V. Halyan, H.P. Shavarova, N.A. Kevshyn

MODERN TRENDS IN THE APPLICATION OF CHALCOGENIDE GLASSES IN
ELECTRONICS AND RADIO ENGINEERING

The article provides a comprehensive analysis of modern trends in the application of chalcogenide glasses in electronics
and radio engineering. Their key physicochemical properties, which enable a wide range of applications in optoelectronic and
electronic devices, are considered. Particular attention is paid to their use in phase-change memory, neuromorphic systems,
and sensor technologies. The prospects for integrating chalcogenide glasses into photonic structures, especially in the mid-
infrared range, are analyzed. The role of erbium ion doping in the development of efficient waveguide optical amplifiers for
telecommunication systems is highlighted. The main technological challenges related to thermal stability, material purification,
and compatibility with CMOS technologies are outlined. It is concluded that chalcogenide glasses have significant potential as
a fundamental material platform for next-generation electronics and radiophotonics.

Keywords: chalcogenide glasses, phase-change memory, integrated photonics, neuromorphic systems, erbium ions,optical
amplifiers, radio electronics, mid-infrared range.

IMocranoBka npodiaemMn. XanbKOTreHiTHI CTEKJIa OCTAHHIMHU POKaMH MPHUBEPTAIOTh 3HAYHY yBary
3aB/ISKM MOETHAHHIO YHIKAIBHAX ONTUYHHX, CJICKTPUYHUX Ta IICICKTPHYHUX BIACTHBOCTEH, 110 POOUTH
X MepCIEKTUBHIUMH TSI CYJacHOI €IIEKTPOHIKH Ta PaioeIeKTPOHIKH. BHCOKHIA TTOTEHITIaM ITUX MaTepialliB
NPOSIBISIETHCS y (Pa30BUX KOMIpKax Mmam’siTi, CCHCOPHUX MPHUCTPOSX, ONMTOCICKTPOHHUX KOMIIOHEHTaX Ta
eNIeMEHTaX BUCOKOYACTOTHOI TEXHIKU. Pa3oM i3 THM, IpaKTHYHE 3aCTOCYBaHHS XaJIbKOTCHITHUX CTEKO Y
CKIIAIHUX €ICKTPOHHUX CHCTEMax OOMeXeHe uepe3 HeIOCTaTHE PO3yMIiHHS B3a€MO3B’S3KY iX XiMIYHOTO
CKJIly, CTPYKTYpH Ta eNeKTPO(QI3UYHHX XapaKTePUCTHK. TOMY CHUCTEMaTHYHHI OIJSII Cy4acHHX
HANpsMiB JOCTI/KEHb 1 TEXHOJIOTIYHHUX PIillIeHb CTA€ KPUTUYHO BAXKIMBUM JJIsi BU3HAYCHHS TIEPCIICKTUB
PO3BUTKY Ta iHTETpallii IIMX MaTepiaNiB y HOBITHI €IEKTPOHHI Ta pa/lioeIeKTPOHHI IIPUCTPOI.

IIpoGaema gociaimxeHHs. Y CydacHIH ENEKTPOHII Ta paiOCIEKTPOHIIll 3pocTae IMoTpeda B
MaTtepiaiax 3 BUCOKOIO (pyHKIIOHATBHICTIO, IO MOEHYIOTh €IEKTPUYHI, ONTHYHI Ta TEIJIOBI BIACTUBOCTI,
10 CTUMYJIIOE iHTepecC 10 XanbKoreHimHUX ctekod. i amopdHi MaTepianu XapaKTepu3yIOThCs IHPOKOIO
1Y mpo3opicTio, BHCOKMM TTOKAa3HUKOM 3aJIOMJICHHS 1 MOXKITMBICTIO HaJAIITYBaHHS (Qi3MIHUX MTapaMeTpiB
4epes3 3MiHy CKIIaj1y, 10 pOOHTS X MPpUBAOIMBIMH /715l POTOHHUX Ta EIEKTPOHHUX 3acTocyBaHb [1]. [Tpote
X CKJIaAHICTh CTPYKTYPH 1 c1a0Ka KOpeJIsLisi MidK XIMIYHUM CKIIaI0M i pyHKIIOHATbHUMH BIaCTUBOCTSIMU
CTBOPIOIOTH Oap’e€pu Ul MPOTHO30BAHOTO NPOEKTYBaHHS KOMIOHEHTIB Ha iX OcHOBi. Uepe3 me icHye
rocTpa notpeda y CUCTEMaTHYHOMY y3arallbHeHHI HAYKOBUX JaHUX IOJO 1X BIACTHBOCTEU i TEXHOJOTIH
00poOKH.

Oco0JMBO aKTyaJbHUM € BUBYEHHS TOHKOIUTIBKOBUX 1 CTPYKTYpPOBaHUX XaJIBKOTCHITHUX CHUCTEM,
3IaTHUX 3a0€3MEeUNTH IHTETPAIIiI0 B MIKPOEJIEKTPOHHI Ta ONTOEICKTPOHHI IIPUCTPOT 13 HU3bKUMH BTPATaAMH
Ta BHUCOKOIO CTaliNbHICTIO. PO3BUTOK TEXHOIOTIH BUPOIIYBAaHHS IUIBOK 1 KOMIIO3WUTIB Ha iX OCHOBI
IPOJIOBXY€E PO3LIMPIOBATH MOXIMBOCTI /Uit cTBOpeHHsS Y (oTomeTeKTopiB, XBUIEBOMIB Ta aKTHBHHX
¢doronnux ememeHtiB [2]. BomHowac, BifCYTHICTH y3TOMKEHHX MOEel MOBEMIHKM TaKWX INApiB y
pobounx yMoBax OOMeKye ix komepmiaiizamito. lle poOuTh HEOOXIAHMM Yy3arajbHEHHS Cy4YaCHHX
JOCSITHEHb 1 TEXHOJOTTYHUX BUKITUKIB IS TOJATIBIIOTO TPOCYBAHHS Taly3i.

VY pagioenekTpoHilll XadbKOTEHITHI MaTepialidi MaroTh MOTEHIial Il BUKOPUCTAHHS B
KOMIIOHEHTHIN 0a3i BUCOKOYACTOTHHUX MPHUCTPOIB 3aBISKH iX JICNEKTPHUYHHUM 1 paiouacTOTHIM
BJIAcTUBOCTSAM. [IpoTe BIUIMB CTPYKTYypH CTEKOJ Ha BTpaTH CHUTHAIY 1 iX TOBEIIHKA IIiJl
BHCOKOYAaCTOTHUMH HAaBAHTAXEHHSIMHU J10C1 HEJJOCTATHHO BUBUEHI y MOPIBHAHHI 3 TPaJAULIIHHUMU
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nienexktpukaMu. Yepes 1ie MpakTHYHE 3aCTOCYBaHHS TaKMX MaTepiaiiB y (iIbTpax, XBHIEBOIAX
ta cucreMax 5G/6G 3anmimaeTbesi 0OMeXeHHM 1 moTpeOye momanbliux (QyHIaMEHTAIBHUX 1
MPUKIAIHUX JOCTIKEHb. TakuM YWMHOM, y HAyKOBOMY CITIBTOBapHCTBI TIOCTa€ 3aBJaHHS
y3araJbHUTH Cy4YacHI TPEHAW 1 KPUTUYHO OIIHHUTH IXHIM TOTEHIAl y pPaaioeIeKTPOHHUX
3acTocyBaHHSX. KpiM Toro, iHTErpaiisi XallbKOTeHITHUX CTEKOJ 13 TPATUIIHHUMHI KPEMHI€BUMU
ta CMOS TeXHOIOTIIMH CTUKAETHCS 3 YUCICHHUMH TEXHOJIOTIYHUMU Oap’ €pamu, MOB’ I3aHUMU 3
TEPMIYHOIO CTaOUIBHICTIO Ta CYMICHICTIO TPOIIECIB BHUTOTOBJICHHS. HasiBHI JoCTimKeHHs
JEMOHCTPYIOTh OOMEKEHUN MPOTpec y CTBOPECHHI HAMIMHUX MiXMaTeplalbHUX 1HTEp(]EHcCiB i
KOHTpOJ Je(eKTiB CTPYKTypH, IO BIUIMBAIOTh HAa HaAilHICTh mpucTpoiB. Lle migkpeciroe
noTpedy y CUCTEMHOMY OTJISAII TEXHIYHUX 1 MaTeplaJo3HABUMX BUKJIMKIB, IO CTOSATH HA MIIAXY
BIIPOBA/PKEHHSI XaJIbKOTEHIIHUX CTEKOJ y MPAaKTUYHI €JIEKTPOHHI pillleHHs. AHaJi3 aKTyaJlbHUX
HayKOBHX 3JI00YTKIB JJO3BOJIUTH OKPECIUTH MEPCIIEKTUBHI HAIIPSIMU AOCIIHKEHB 1 pO3pOOOK.

AHaJi3 ocTaHHIX aocHimKeHb i myOsikamiii. XanbKOTCeHINHI CKJIONOJIOHI HAMIBIPOBITHUKU
(XCH) Ha chOTOfHI 3aJUINAIOTHCS OJHUM 13 HAMOLNBII MEPCIEKTUBHUX 00 €KTIB y MarTepialo3HABCTBI
3aBJSKM IXHIM YHIKQIbHUM ONTHYHHM Ta €JCKTPHUYHHM BiacTUBOCTAM. CydacHi IOCHIIKEHHS
aKIEHTYIOTh yBary Ha 3JaTHOCTI IIUX MaTepiaiiB A0 MBUAKKX (Ha30BUX MEPEXOIiB i/ BIUINBOM 30BHIIIHIX
ButuBiB [3]. OCHOBHHUIA iHTEpeC BUCHUX 30CepeDKEHMI Ha crioiykax cucrem Ge-Sh-Te ta Ag-In-Sb-Te,
SKi JEMOHCTPYIOTh BHUCOKY CTaOimbHICTH cTaHiB. Came I XiMidHI CKJIaIH JO3BOJISIOTH CTBOPIOBATH
CHEepProHe3aJIeKHy MaMm’sTh HOBOTO TOKOJIIHHS, IO TEpeBepIlye TPaiWLidHI KpPEeMHIEBI aHAJOTH 3a
HIBUJIKICTIO 3amucy [4; 5].

OmHuM i3 KJIIOYOBHX HANpPsIMiB BHKOPHCTAHHS XaJIBKOTEHINIB Yy CydYacHId pamioeleKTPOHIIi €
PO3p0o0Ka ONTHYHKUX EPEMHUKAYIB Ta MOLYISITOPIB U GOTOHHMX iHTETrpalibHUX cxeM. OcTaHHi myOikarii
JEMOHCTPYIOTh YCIHIIIHI €KCIIEPUMEHTH 3 iHTerpalii XanbKOTeHiAHUX IJTIBOK Y KPEMHI€BY (QOTOHIKY IS
KepyBaHHs CBITJIOBUMH CHI'HAJIaMH Ha HAHOPIBHI. BHCOKMI NMOKa3HHK 3aJIOMJIEHHS Ta IMPO30PICTh B
iH(ppauepBOHOMY Jiana3oHi poOJATH 1i CTEKIa HE3aMiHHUMH JIJIsl CEHCOPIB HIYHOTO OaueHHS Ta CHCTEM
JigapiB. BUKOpUCTaHHS TOHKOILTIBKOBUX CTPYKTYp Ha OCHOBI XaJIbKOT€HI/IIB 103BOJISIE 3HAYHO 3MEHIIIUTH
rabapuTH NpUCTPOIB Oe3 BTpaTH TXHBOI Uy TIAUBOCTI [6].

B po6ori [7] omucano cTBopeHHs MeMpHCTOpiB Ha ocHOBi XCH, 1110 31aTHI 10 IIaCTHYHOI 3MiHK
npoBigHOcTi. Taki TMpHUCTpOi 3a0e3MeuyloTh amapaTtHy peaizalilo MTyYHHX HEWpPOHHHX MEpex 3
HAaJTHU3bKUM CHEPrOCIIOKMBAHHSAM, IO € KPUTUYHHM Uil MOOUIBHUX IuiaTdopM. 3aBOsSKH 3aTHOCTI
30epiraTe KOHTUHYYM CTaHIB OTIOPY, XaIbKOT€HITHI CHCTEMH CTAIOTh 023010 IS apXiTEKTYP, 110 BUXOISThH
3a MexKi KmacuuHoi Mojeni ¢poH Hefimana.

VY cdepi rHyUKOi eNeKTPOHIKH XaJIbKOTEHIIHI CTEKJIa BiIKPUBAIOTh HOBI TOPU30HTH JJIsl CTBOPEHHS
MEPEHOCHHUX TMPUCTPOIB Ta «po3yMHOro» oxsary. CydacHi JOCTIDKEHHS MiATBEpIKYIOTh, IO aMopdHa
CTPYKTypa ITMX MartepiaiiB M03BOJSIE 1M 30epirath cTabinbHI XapaKTepUCTUKH HABITH TPH 3HAYHUX
MexaHIYHuX Aedopmarisx. BueHi akTUBHO TECTYIOTH XaJbKOT€HIJHI TEPMOETEKTPUUHI TeHepaTopH, sKi
3aTHI TIEPETBOPIOBATH TEIJIO JIIOJCHKOTO Tilla B EIEKTPOSHEpTito Uil KuBIEHHS OioceHcopi. Lle
JTIO3BOJISIE CTBOPIOBATH TIOBHICTIO ABTOHOMHI MEIMYHI MOHITOPHHTOBI CHCTEMH, IO HE TOTPEOYIOTH
TpaAuIiiHUX akymysTopis [8; 9].

OKpeMHM BEKTOPOM JOCIIKEHb € BUKOPUCTAHHS XaJIbKOTeHIIIB y pagioyactotHux (PY) cucremax
Ta mpHCTposix 3B’s3ky (opmary 5G/6G. OcTaHHI MOCTIMKECHHS BKa3ylOTh Ha BUCOKY €()EKTHUBHICTh
($a303MiHHUX TepeMUKadiB y (uIbTpax Ta aHTeHaX 3 MepeOyJIOBOK YacTOTH. Taki KOMIIOHEHTH
XapaKTepH3YIOThCSl HU3bKUMHU BTpaTaMy CHTHAITYy B MUIIMETPOBOMY Jliaria3oHi XBUIIb, IO € BUPIMIAIbHUM
JUTSL BUCOKOIIBHIKICHOT Iepeniadi 1aHuX. 3aCTOCYBaHHS XaJbKOTSHI/IIB IO3BOJISIE pealizyBaTH JHHAMIYHY
KOH(irypariro pagiokaHalliB y pealbHOMY 4aci, I IBUILYOYH TPOIYCKHY 34aTHICTh Mepesxk [10].

OcTaHHIMH pOKaMHU 3poCTa€e iHTEpec J0 ONTHYHUX MarepialiB i BOJOKOH ISl CEPEeIHBOTO
iHppauepBoHoro (CIY) nmiamazoHy, 1o OOYMOBJEHO MOTpeOaMU OXOPOHM 370POB’S, EKOJOrii Ta
obopournmu 3actocyBanusmu. CIU-miama3on MicTUTh atMochepHO mpo3opi BikHa (3-5 um i 8-12 um),
NPUIATHI IS TEIUIOBI3IHHOTO 300pakeHHS y BIHCHKOBHMX Ta IMBUIBHUX CHCTeMax. XaJlbKOT'CHIiIHI
MIKpOCTpYKTypoBaHi ontuyHi BosiokHa (MOB) moemHyoTh NMpomyckaHHsS XaJdbKOTEHITHHX CTEKOJ [0
18 um 3 yHIKaIbHHUMH ONTHYHUMH BIACTHBOCTSMHU 3aBISKH IIMPOKHUM MOJIIMBOCTSIM IPOEKTYBaHHS iX
reomerpii. CydacHi METOIM Ja3epHOT0 oOcaKeHHS Ta 3D-ApyKy MO3BOJSIIOTHE CTBOPIOBATH CKJIAIHI
reoMeTpudyHi (OpMH 3 XaJIBKOTEHINIB 3 BHCOKOIO TOuHicTIO. lle BiAKpMBae HUIAX 1O MacOBOTO
BUPOOHMIITBA JICIICBUX Ta OE3MEYHHX KOMIIOHEHTIB Ul MOOYTOBOi ENEKTPOHIKH Ta IPOMHCIOBOT
aBToMarm3ariii [11].
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BuknagenHst ocHOBHOTo MaTtepiany. XanbKOT€HIIHI CTEKIa BIPOIOBK OCTaHHIX IBOX IECITUNITh
MIEPETBOPUIINCS 3 BY3bKOCHEIialli30BaHUX MaTepiamiB i3k aMOp(HOTO CTaHy Ha OAHY 3 KIIFOUOBHX
MaTepianbHUX TIATGOPM CYYacHOi ENeKTPOHIKM Ta pamiOeleKTPOHIKH. IXHS HaykoBa H IpHKIagHA
NprUBaOIMBICTh 3YMOBJICHA YHIKaJbHUM MO€AHAHHSAM €JICKTPHUYHHUX, ONTHYHUX 1 CTPYKTYpHHX
BIIACTHBOCTEH, SIKi MOXYTh IUJIECIPSIMOBAHO 3MIHIOBATHCS IUISXOM BapifOBaHHS XIMIYHOTO CKIAAdYy,
CIoCcO0iB OCaKEHHS TUTIBOK 1 TepMigHOi 00poOku. Came Is1 KEpOBaHICTh POOUTH XaTbKOTCHIIHI CTEKIIa
yHiBepcaJbHUMH (YHKIIOHATBEHUMH MaTepiaiaMu JJisl eHePrOHEe3aJIekKHOT Mmam sITi, CETIEKTOPiB Kpochap-
MaTpHilb, MEMPHCTHBHUX I HEHPOMOP(MHHUX EIEMEHTIB, a TaKOXK s iHTerpanbHol GoToHiku i Mid-IR
cencopuku [12].

OpHuM 13 HaWBaXIMBIIIMX HANPSAMIB BUKOPHCTAHHS XaJIbKOTEHITHUX CTEKON € (a3o3MiHHA
eNIEKTPOHHA mMaMm’saTh. Martepianu cucremu Ge-Sb-Te, 3okpema kmacuunuit ckmag Ge.Sh.Tes, 3matHi
MIBU/IKO i 0OOPOTHO MEPEeXOJUTH MK aMOP(HHUM 1 KPUCTAIIYHUM CTaHAMH, JEMOHCTPYIOUU MPHU [ILOMY
PI3HHIIIO EIIEKTPUIHOTO OITOPY B KinmbKa mopsakis [13]. e sBurie nexuts B ocHoBi phase-change memory
(PCM), sika po3risimaethes sK TEPCHCKTHBHA albTEpPHATHBA TPAIUIIHHUM THIAM CHEProHE3aJeHKHOT
nam’siti. CydacHi TOCIHIHKeHHS 30Cepe/KeH] He JIHIIe Ha TiABUIIESHH] MIBUIKOCTI IEpEeMUKaHHs, aje i Ha
3HIDKEHHI €Hepril mporpaMyBaHHs, cTabimizarii aMop(HOTo cTaHy Ta 3MEHIIIEHHI Apei]y mapamMeTpiB Imia
Jac TpuBaiioi exciutyaraiii [14]. BaxxiuBoro TeHaeHIi€eo € neryBands GST-maTepiatiB i po3poOka HOBHX
(a303MIHHUX CKJIaJIiB, 30KpeMa Ha OCHOBI cucteM Ge—Sh—-Se—Te, ki MoeaHyIOTh MPUHHATHI €IeKTPUYHI
XapaKTepUCTHUKH 3 IMOKPALICHUMU ONTHYHHMH BJIACTHBOCTSAMH, IIO BIAKPHBAE MOXIHMBOCTI Ui iX
BHUKOPHCTAHHS B ONTOEIEKTPOHII Ta oTowir [15].

Po3BUTOK HIiIBHUX MacHBiB MaM’sITi HEMUHYYE ITOB’sI3aHUH 13 MPOOJIEMOIO MAPAa3UTHUX CTPYMIB Y
KpocOap-apxiTekTypax, Tomy nopsia i3 PCM akTHBHO HOCHIIKYIOTBCS CEIEKTOPHI elleMeHTH. Y oMY
KOHTEKCTI 0COONIMBE MicIle 3aiiMaroTh OBOHIYUHI moporosi mepemukadi (ovonic threshold switching, OTS),
CTBOpEHI Ha OCHOBiI aMOp(GHHMX XaJbKOreHigHHX cruiaBiB. OTS-marepianu XapaKkTepU3yIOTHCS PI3KUM
HENHIMHAM TepexoAoM y TPOBIIHHHA CTaH MPH JOCATHEHHI MOPOroBOi HANPYTW Ta MOBEPHEHHSM Yy
BUCOKOPE3NCTUBHHUI CTaH IICISA 3HATTA ENEKTPUYHOro moisd. Taka IMOBEAiHKA J103BOJISIE €(EKTHBHO
MPUTHIYYBAaTH BUTOKH CTPYMY B MATPHUIX [aM’ATi Ta MiIBUIIYBAaTH iX MacmTaboOBaHiCTh. AHai3
CY4acHOI JIiTepaTypH CBiIYMTH Mpo Te, mo xanbkoreHinHi OTS-cenekropu 30epiratoTh JiAepCTBO cepen
KOMIIOHEHTIB, He0OXiTHUX A MacmTa0yBaHHS apxiTekTyp Tuny 1S1R gu 1S1M y cucremax 36epexeHHs
manux [15]. TIpu mpoMmy 3HadHa yBara NPHOUIAETHCS BHBYEHHIO (i3HMYHHX MEXAHI3MIiB IIOPOTOBOTO
MepeMHUKaHHs, Jerpajanii Marepiainy mpu 0araTopa3oBHX LUKIAX, a TaKOXK PO3pOOIl apCeHiK-BUTBHHX
CKJIAJIiB 3 OTJISITy Ha €KOJIOTIYHI Ta peryiasiTopHi Bumoru [16].

IToza mMexamMu KJTacHIHOI TIaM’STi XaJbKOTEHITHI CTEKJIa Jemajai aKTHBHIIIE 3aCTOCOBYIOTHCS B
MEMPHUCTHBHHX 1 HeHpoMOp(HHX CHCTEMaxX. IXHs 3JaTHICTH peasli3oByBaTH 0araTopiBHEBI CTaHH
MPOBIAHOCTI, @ TaKOK TMOCTYNOBI W KEpOBaHi 3MiHM OMOPY POOWTH TaKi MaTepiald MPUAATHHUMH IS
MOIEITFOBAHHS CHHAIITHYHUX Barl y allapaTHUX HeApoMepekax i JjIs KOHIEMIii o0unciens y mam’sri (in-
memory computing). YV cydacHuX poOOTax HaroJoUIyeThCs, M0 KIIOYOBHMHU MapaMeTpaMu Ui TaKHuX
3aCTOCYBaHb € JIHIMHICT, MEpPEMHUKaHHS, pPIiBEHb IIyMy, CTaOUIBHICTH TPOMDKHHUX CTaHiB i
BIZITBOPIOBAHICTh XapaKTEPHCTHK Y BEIMKUX MacuBax [17]. BogHoyac akTHBHO 3aCTOCOBYIOTHCS METOIU
MAaIIMHHOTO HABYAHHSA Ta BHCOKONPOXYKTUBHOTO MOJETIOBAHHS [UIS IOINYKY HOBHX XaJbKOTEHIIHHX
CKJIQJIIB 13 3aJ]aHUMH BJIACTUBOCTSAMH, IO CBIIYUTH PO MEPEXiJ] BiJl eMITIPUUHOTO J0 1aHO-OPIEHTOBAHOTO
MaTepianbHOro nu3saitny [18].

He meHIm BaXTMBUM € BHUKOPHUCTAaHHS XaJbKOTCHIIHMX CTEKOJ y PamioeleKTpoHimi Ta (HOTOHII],
30KpeMa, B CepelHbOMY I1H(PpadepBOHOMY Jiana3oHi. 3aBISKA BHUCOKOMY IOKA3HUKY 3aJIOMJICHHS,
LIMPOKIA Tpo3opocTi B o6nacti nmpubmm3Ho 2-20 MKM i MOXKIMBOCTI ()OpMYBaHHS TOHKOILTIBKOBHX
XBHJICBOJIIB I1i MaTepiaiy CTalk ojHiero 3 6azoBux miardopm s Mid-IR interpansHoi ¢poroniku [19]. Y
YHCJICHHUX OTIJIOBUX POOOTax XalbKOTEHIJHI CTEKJa PO3TJSIAIOTBCS MOPSA 13 KPEMHIEBUMH Ta
repMaHi€eBUMH TEXHOJOTISIMU SIK KJIIOYOBI MaTepiand Ui CTBOPEHHS KOMIIAKTHHUX CHEKTPOMETPIB,
CEHCOpIB Ta3iB i OlOMEOUYHWX MiarHOCTUYHUX cHCTeM. [IpakTW4Hi IOCIHiPKEHHS 30Cepe/keHi Ha
3HIDKEHHI ONTHIHUX BTPAT Y XBUJICBOAX, ONITUMI3aIlii TEXHOJIOTIH OCaKEHHS Ta TPABIICHHS, a TAaK0X Ha
inrerpaii 3 mid-IR mxepenamu BUIpoMiHIOBaHHS, 30KpeMa KBAaHTOBO-KackagHumu sazepamu [20; 21].

OxpeMuili 1 IIBMAKO 3pOCTAlOUMi HANpsAM I[IOB’S3aHUM 13 BUKOPHCTAHHAM (a303MiHHHX
XaJIBKOTCHITHAX MaTepialiB B ONTHIHHUX 1 QOTOHHHUX MPUCTPOsX. [Tepexim Mixk aMophHUM 1 KpUCTATIIHUM
CTaHAMH CYNPOBO/KYETHCS 3HAYHOK 3MIHOIO ONTHYHUX KOHCTAHT, MIO MJO3BOJISIE CTBOPIOBATH
mporpaMoBaHi ()OTOHHI €JIEMEHTH, Taki fK ()a30Bi MOAYIATOPH, TEepeMHKadi Ta peKOH]IrypoBaHi
pezoHaropu. Ha BiaMiHY BiJl €JIeKTPOHHOI MaM’siTi, TYT OCOOJMBO WIHYETHCA 3MATHICTH MaTepiany
30epiraTe 3amaHUi ONTHYHUN cTaH 0e3 J0MaTKOBOTO CHEPrOCIIOKHBAHHS, IO BiAKPHBAE TNUIAX [0
eHeproedekTuBHUX (OTOHHHX cxeM [17]. JlocmipKyloThess TaKOXK albTEPHATUBHI METOIU OOpOOKH,
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30KpeMa PO34YMHHI Ta HU3bKOTEMIIEpaTypHi TEXHOIOTIi (popMyBaHHS ONTHYHHUX (a303MiHHHX IUTIBOK, SIKi
MOXYTh OyTH MPUBAOIUBUMH 1 MACIITAOHOTO BUPOOHUIITBA [22].

Xo4a OCHOBHA yBara B €JIEKTPOHII 30Cepe/keHa Ha eIeKTPOHHOMY HEepEeHECEHHI 3aps/y, BapTo
Bi3HAYUTH W CyMDKHMH HampsM BUKOPHCTaHHS XaJIbKOTEHIIHUX CKJIOMOJIOHMX MaTepialiB K 10HHHX
MPOBIHUKIB Y TBEPAOTUILHUX akymysTopax. CynbgiaHi cuctemu Ha ocHOBI Li2S—P2Ss Ta Moaudikosani
CKIIaZM JEMOHCTPYIOTh BHUCOKY 10HHY IPOBIIHICTH i XOPOIIY TEXHOJIOTIYHY CYMICHICTB, IO POOUTH iX
MEePCTICKTUBHUMU JUIS JKUBJICHHS aBTOHOMHHX €JCKTPOHHHUX 1 ceHcopHuX mnpuctpoiB [23]. Xoua i
MaTepiali He BUKOHYIOTH Oe3locepefHbO (YHKIiM AKTUBHHUX €JIEMEHTIB paJiOeleKTPOHIKH, BOHHU
(hopMyIOTh MaTepiadbHy OCHOBY JUISI IHTETPOBAHHUX €IEKTPOHHUX CHCTEM HOBOTO TTOKOJIIHH.

CTpiMKUH PO3BUTOK I1H(POPMAIIHHUX TEXHOJIOTIH, COPIMOBAHUN HA MIJBUIICHHS IIBHIKOMIT
00pOoOKM NaHWX Ta MOAAJbINY MiHIATIOPU3alil0 KOMIIOHEHTIB, MPU3BOAUTH A0 TOrO, LIO TpaguLiiHa
KpeMHi€Ba eNeKTPOHIKa Ha0IMKA€EThCS 10 PyHAaMEeHTATBHUX Qi3nYHUX 00MekeHb. Le cnpusie akTuBHOMY
MTONTYKY HOBUX MaTepiaJIbHUX TIaTdopM, sKi 3a0e3medyioTh e(PeKTUBHY B3a€EMOJII0 MiK €JICKTPOHHUMH
Ta (OTOHHUMH MpOIECaMH B IHTETPOBAHHMX CHCTeMaxX. 30KpEeMa, XaJIbKOTEHIJHI CTeKJa, JIeroBaHi
piIKO3eMenbHIMHI i0HaMM, TakuMH sk ep6iit (Er®"), posrnsmaroTbcs SK MepCreKTHBHHE MaTepian s
(hOTOHHHX MPUCTPOIB BUCOKOT MPOAYKTHBHOCTI. Taki cHCTeMH TOCTIIKYIOThCS K TTOTCHITIHA OCHOBA IS
IHTETPOBAHUX XBWJICBIAHMX IIJACHIIOBAYiB Ta ONTUYHHX CEHCOPIB y OJMKHBOMY 1 CEpeIHbOMY
iH}payepBoHOMY niamazoHax [24].

lonu epOito MarOTh BHYTPILIEHTPOBI ONITUYHI MEPEXO/IH, IO BiINIOBINAIOTH JOBKHHI XBHJII OJIM3BKO
1,55 MKM — CIIeKTpaJIbHiii 0671aCTi, Ie ONTHYHi BOJOKHA IeMOHCTPYIOTh HaltHMK4i BTpaTy. Lle po6uts Er’'-
JIeTOBaHi CEepeAOBUILA KIIOUOBIUMH JUI aKTHBHUX KOMITOHEHTIB Y TeJIEKOMYHiKalisx. 30KkpeMa, B SKOCTI
TaKWX MaTepialliB MOYKHA BUKOPUCTOBYBATH Cynb(hinHi Ta cenenigai XCH.

Ha pwuc. 1 mnpenmcraBneHo croekTp (OTOTIOMIHECHCHINI CKJIOMOAIOHNX CIIaBIiB CHCTEMH
(X)(Er2Ses)-(100-X)(20 mon.%Ga,Ses—80 mon.%GeSe;). Sk BuaHO, 3MiHA BMICTY 10HIB epbito 1a€ 3MOTy
KepyBaTH IHTEHCHBHICTIO JIOMIHECUEHIII], IO CIpHSA€E PO3LIMPEHHIO MOMJIMBOCTEH iX NPaKTHYHOTO
BUKOPHUCTAHHL.

Puc. 1. a) Cnekrpu doToaomMiniciueHuii ckiaononionux cniasis cucremu (X)
(X) (ErzSes) - (100-X) (20 moa.% GazSes; - 80 mo1.% GeSey); 6) 3a1eKHiCTh iINTEHCHBHOCTI
JoMinicuenuii B MakcumyMi (~1530 um) Bin konuenTpanii Er.Ses, moa1.%. Temnepatypa
BumipoBanns 298 K [25].

Inrerpamiss epbiro Oe3mocepeTHHO B XaJbKOTCHIHI MATPHIl JO3BOJSIE CTBOPIOBATH KOMITAKTHI
XBWJICBIIHI MiACKIIOBaYi, 0 MOXYTh OyTH peanizoBaHi 0e3MocepeHb0 Y CBITIOBOAAX Ha KPEMHIEBHX
yunax. Taki MiZCHIIOBaYl JEMOHCTPYIOTh CYTTEBHM Koe(illieHT MifICHiIeHHs B Jekinbka nb/cm y C-
miamazomi (6ims 1,54—1,55 MKM), 110 MATBEPIKYETHCSA eKCIiepuMeHTanbHIME qanumu [26]. Ile oco6nuBo
BaXJIMBO JUIA PagioQOTOHHUX CHCTEM, J€ PaaiOYacTOTHI CHUTHAIM TEpPElaroThCcs Ta OOpOOJAIOTHCSA B
ONTUYHOMY JOMEHI, 10 O3BOJISIE CYTTEBO 3MCHIIMTH PIBEHb CICKTPOMATHITHHUX 3aBaj] i 3a0e3MeunTH
3HAYHE PO3IIUPEHHS CMYTH MPOIYCKAaHHS, 30KpeMa JIisl Mepex ctanaapTiB 5G ta nepcnekTuBHUX 6G.
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Ha cporoHi akTUBHI XaJIbKOTEHIIHI MaTepiaiyd 3aCTOCOBYIOTBCS Y HU3Il MPIOPUTETHUX HAYKOBO-
TEXHOJIOTIYHUX HampsMiB. B iHTerpanpHii (OTOHIII BOHM BUKOPHCTOBYIOTHCS JJISl peali3aiii ONTHIHIX
MIICHITIOBAYiB 1 KOMYTAIIMHUX €JIEMEHTIB Yy IEHTpaX OOpoOKHW MaHWX, AC IMBHUAKOCTI TepelaBaHHS
iHpopmanii mocsarawoTh TepabitHOro piBHs [27]. V cdepi ceHCOpHKHM Ta CHUCTEM HIYHOTO OadyeHHS
MIPO30PIiCTh XaIbKOT€HITHUX CTEKOJI V¥ CEepeIHhOMY iH(ppadepBOHOMY Mialla30Hi Jae 3MOTY CTBOPIOBATH
Ja3epHi CEHCOPHU 3 BHCOKOIO CIIEKTPALHOIO UYTIMBICTIO, IPUAATHI IS AETEKINil Ta30BHUX JOMIIIOK a0o
BUKOPUCTaHHS B HaBiraminHux i npuiiibHuX cucremax [28]. Okpemuii iHTEpec CTaHOBIATH HefpoMopdHi
004YHCITIOBAJIbHI CUCTEMHU, Jie (a30Bi MEPEXOAH B XAIBKOTEHIIHUX CTPYKTYpax MiJ AIi€l0 eNeKTPUIHOTO
CTpyMy ab0 ONTHYHOTO BUIIPOMIHIOBAHHS JO3BOJIAIOTH peai3yBaTH €IEMEHTH I1aM’ sITi, (yHKIIOHAIHHO
no/1i0Hi 10 GiosoriuHuX HewpoHis [29].

Pazom i3 TuM, mpakTU4YHE BIPOBAKEHHS XaJbKOTEHITHUX CTEKOJ, JIETOBaHUX epoieM,
CYMPOBOJ/DKYETHCSI HHM3KOKO TEXHOJOTIUHMX TPymHOIIB. KIIOYOBOIO MpOOIEMOI0  3ajHINAEThCs
HEOOXiTHICTh TTMOOKOTO OYUIICHHS MaTepiady Bill JOMIIIOK KHCHIO Ta TiAPOKCHILHUX TPYII, SKi HABITh Y
HaJ3BUYaHO MaJluX KOHIEHTPAI[isIX MPU3BOIATH 10 CYTTEBOTO MPUTHIYCHHS JIIOMIHECIICHIIIT 10HIB Er’*
[28]. KpiM Toro, TpuBaIOTh AOCHI/KEHHS, CIOPSIMOBAaHI HAa MiJABHUIICHHS MEXaHIYHO! HaIiiHOCTI Ta
TEPMIYHOI CTAOUIBHOCTI XaJbKOTE€HITHUX CTPYKTYP 3 METOI0 iX cymicHOCTI 3i crapmaptaumMu CMOS-
TEXHOJIOTISIMA BUPOOHUIITBA MIKPOEJIEKTPOHHUX cxeM [29].

BucnoBku. [IpoBeaeHuii aHami3 MiATBEPIKYE, IO XAJbKOTCHIHI CTEKJIa ChOTOIHI €
(yHIaMEHTaIbHO TUIATGOPMOIO IS PO3poOKU eHeproHesanexxkHol nmam’ari PCM Ta neilipomopdHux
cucreM, o 0a3yrOThCs Ha 3JaTHOCTI Marepiany 0 MBHIKKUX (Aa30BHX MEPEXO/iB. 3aBIsSKH YHIKAIbHIN
npo3opocti B [Y-miana3oHi Ta BHCOKOMY IMOKa3HHMKY 3JIOMJICHHS IIi CIIONYKH BiJKPHUBAIOTh LUIAX 10
CTBOPEHHSI HAJUYYTIMBUX CEHCOPIB 1 KOMITAKTHOI iHTerpanbHOi (oToHiku. OcoOMUBY WIHHICTH Mae
JIETYBaHHS MaTPHIlh i0HAMHU ep0ifo, sSIKe JT03BOJISIE BUTOTOBIATH ¢()eKTHBHI XBHUJICBITHI TIICHITIOBAYl IS
ontuunaux Mepex 5G/6G OesmocepeHbO Ha KpeMHi€BMX uywmax. Kpim Toro, amopdna mpupoaa
XaJIbKOTeHIiB POOUTH iX MEPCIEKTUBHUMHM JAJIsl THYYKOI €JEKTPOHIKM Ta HOBUX THIIB TBEPAOTIIBHHX
aKyMyJSITOPIB. Y MiACYMKY, YCHINTHA KOMEpITiaai3allis TAKUX MPUCTPOIB MPSMO 3aJISKHUTh BiJ BUPIICHHS
TEXHOJIOTIYHUX MpoOJIeM OUYHUINEHHS CHPOBHHU Ta 3a0E3MEUYEHHS TEPMIUYHOi CyMiCHOCTI 3 CyYacCHHUMH
CMOS-npouecamu.
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I''M. I'y6aasb
Jhyybkutl HayioHanbHULl MeXHIYHUL YHIgepcumem

ABTOMATU3ALISA CTBOPEHHSA 3AIAY 3 MATEMATUYHOI'O AHAJII3Y

Y uiti cmammi pozwupeno gpynxuionanvnicms cucmemu LaTeX 01a asmomamuyunozo cmeopeHHs mamemamuyyHuUx
eupaszie meopii zpanuyb MamemMamuinozo0 ananizy memooamu npozpamyseants mosoro LaTeX. IIpu yvomy cmeopeno nogi
Komanou. Cmeopeni H08i KOMAHOU RPUCKOPIOIOMb CHIBOPEHHA MA OHOBIEHHA MAMEMAMUYHUX OOKYMEHMI6 i 3a0e3neuyioms
ZHyuKicmb 3Minu napamempis. L[i komanou modxcymov Oymu euxkopucmaui Ons ni020moeKu HAYKOeUxX nyoaikauiii ma
HABUATILHUX MAMePIaie 3 MAMEMAMUYUHOZ0 AHATIIZY.

Knrwwuogi cnoea: LaTeX, asmomamuzayis, KomManou, 2panuyi, MamemamuyHuil aaiis.

H.M. Hubal

AUTOMATION OF THE CREATION OF PROBLEMS IN MATHEMATICAL
ANALYSIS

In order to automatically create mathematical expressions for mathematical analysis, in particular mathematical
expressions for the theory of limits, it is advisable to use the LaTeX programming language. In this article, the functionality of
the LaTeX system was expanded to automatically create mathematical expressions for the theory of limits of mathematical
analysis through programming methods using the LaTeX programming language. New commands were created. The created
new commands accelerate the creation and updating of mathematical documents and provide flexibility in changing parameters.
The created new commands can be used to prepare scientific publications and educational materials on mathematical analysis.

Keywords: LaTeX, automation, commands, limits, mathematical analysis.

Formulation of the problem. The modern stage of the development of mathematics is characterized
by a growing need for the automation of data processing, calculations, and document creation. One of the
main sections on mathematical analysis is the theory of limits that is used in the sections on mathematical
and functional analysis, and other disciplines.

Existing approaches to creating problems in the theory of limits mainly use manual mode. This
restricts the variability of parameters and the flexibility of their change and complicates the systematic
analysis of the structure of problems.

In order to automatically create mathematical expressions, in particular expressions for the theory of
limits of mathematical analysis, it is advisable to use the LaTeX programming language. The LaTeX system
supports random number generation, which makes it possible to automate the creation of mathematical
expressions.

The relevance of this investigation is the need to create algorithms for automatic generation of
mathematical expressions for the theory of limits of different levels of difficulty. This will simplify and
accelerate the work of scientists, educators, and students.

The aim of this investigation is to create new commands for the automatic creation of mathematical
expressions for the theory of limits in the LaTeX programming language in the LaTeX system.

Analysis of recent research and publications. The LaTeX system is a sophisticated system for
creating scientific and educational documents and for performing computations [1-7]. Researchers conduct
their research in the LaTeX system creating complex formulas and performing complex formatting in their
publications [8-14]. The LaTeX programming language can also be used in learning management systems
to improve the quality of education [15-20].

The built-in commands in the system core and the ability to create new commands in the LaTeX
system enable to automate the creation of scientific and educational documents of different levels of
difficulty and to automate the execution of computations [6], [21-24].

The issues of automating document creation and computations in the LaTeX system are relevant and
important [6], [21-26]. Automation in the LaTeX system simplifies and accelerates various computations,
the creation and updating of documents, reduces program code, provides a logical document structure and
flexibility in changing parameters [6], [27-36].

Main results. In the LaTeX system, we will create new commands for automatic creation of
mathematical expressions for the theory of limits of mathematical analysis.

To do this, in the LaTeX document of the article type, we use the amsmath package (this package
creates mathematical formulas) and the amssymb package (this package includes additional mathematical
symbols). We also use the TikZ package for using "\foreach™ loops and for computations using “\pgfmath".

© I'M. I'ybanw
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Let us create a new command “\limitcompare that takes one argument (the number of problems).
This command generates a limit with the expressions that need to be compared. In this command, we
organize the number of problems by looping. Using the “\pgfmathparse® command, we compute a
mathematical expression by generating a random integer from 2 to 9 with the “random(2,9)° command. We
store this result in the “\pgfmathresult™ variable. We copy the value of this variable into the variable
“\nmbfirst’. Similarly to the previous one, we generate the second random integer from 2 to 8 and store the
result in the "\nmbsecond" variable. We generate the third random integer from 1 to 9 and store the result
in the "\nmbthird" variable.

We print the problem by creating the “\item" of the enumerated list. The “\item" will be printed inside
the enumerate environment that we write in the body of the LaTeX document.

The program code of this command is shown in Fig. 1.

Fig. 1. The creation of the "\limitcompare™ command

Let us create a new command “\limitirrat™ that takes one argument. This command generates a limit
with irrationalities. Similar to the previously created command, in the loop, using the “\pgfmathparse
command, we compute the mathematical expression by generating a random integer from 2 to 9 with the
“random(2,9)" command. We store this result in the “\pgfmathresult™ variable. We copy the value of this
variable into the "\nmfirst™ variable.

In this problem, we compute the expression "\nmfirst *2" and return the result using the "\numexpr’
command, and convert the result of the computing to text using the "\the® command. The "\relax™ command
completes this computing.

We print the problem by creating the “\item" of the enumerated list.

The program code of the "\limitirrat” command is shown in Fig. 2.

Fig. 2. The creation of the "\limitirrat" command

Let us create a new command “\limitparam™ with one argument. This command generates a limit with
a parameter. In a loop using the “\pgfmathparse® command, we compute the mathematical expression by
generating a random integer from 2 to 19 with the “random(2,19)" command. We copy the result stored in
the “\pgfmathresult™ variable into the "\nmrfirst™ variable.

Similarly, we print this limit with the “\item" of the enumerated list.

The program code of the “\limitparam™ command is shown in Fig. 3.

© I'M. I'ybanw
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Fig. 3. The creation of the "\limitparam™ command

Let us create a new command “\limitsmall™ with one argument. This command generates a limit with
an infinitesimal sequence. Similarly to the previously created commands, in the loop, we compute the
mathematical expression by generating a random integer from 2 to 9 and copying the result into the
“\nmbrfirst™ variable. Similarly, we create and copy the generated random integers from 10 to 15 and from
8 to 16 into the "\nmbrsecond" variable and the \nmbrthird" variable respectively.

We print this problem with the “\item" of the enumerated list.

The program code of the “\limitsmall* command is shown in Fig. 4.

Fig. 4. The creation of the “\limitsmall" command

In order to generate different random integers after each compilation of the LaTeX document (at
different times), we configure the random number generator in the body of the LaTeX document using the
“\pgfmathsetseed™ command of the TikZ package.

We invoke the “\limitcompare™ command by giving it the parameter "2". As a result of compilation,
this command generates two limits with mathematical expressions that need to be compared.

We invoke the “\limitirrat™ command by giving it the parameter 2. As a result of compilation, this
command generates two limits with irrationalities.

We invoke the "\limitparam™ command by giving it the parameter “3". As a result of compilation, this
command generates three limits with a parameter.

We invoke the “\limitsmall" command by giving it the parameter 2. As a result of compilation, this
command generates two limits with infinitesimal sequences.

The program code in the body of the LaTeX document with the invocations of the created commands
is shown in Fig. 5.

The program codes shown in Figs. 1-5 generate the result shown in Fig. 6.

Conclusions. In this article, the new commands “\limitcompare’, “\limitirrat’, “\limitparam’, and
\limitsmall™ that automatically create mathematical expressions for the theory of limits of mathematical
analysis were created.

The created new commands accelerate the creation and updating of mathematical documents and
provide flexibility in changing parameters.

These commands can be used to prepare scientific publications and educational materials on
mathematical analysis.

Thus, in this article, the functionality of the LaTeX system was expanded to automatically create
mathematical expressions for the theory of limits of mathematical analysis.

© I'M. I'ybanw
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Fig. 5. The program code in the body of the LaTeX document with the invocations of the
created commands

Fig. 6. The generated result
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Jninposcvkuti OepoicasHull azpapro-eKOHOMIYHUL YHIGepcumem

HOBHUI OPIAHOILIACTHUK HA OCHOBI ®EHLJIOHY C-2

Bueueno mennoghizuuni, gizuxo-mexaniuni i mpuodonoziuni enacmugocmi opzanoniacmuKy Ha OCHOGI apomamuy-
HO020 noniamidy ¢peninon C-2, apmosanozo apamionum eonokuom mepnon. Bemanosneno, wo apmysanns noniamionozo
6’ AMHCYU020 60JIOKHUCIMUM HANOBHIO8auem Y KinbKkocmi 15 mac. Y% 003601un0 3nu3umu numomy menioeEmMHicms noimepy Ha
30-54% i nioeuwumu 11020 mennonposionicmv 3 0OHOYACHUM 3POCMAHHAM MiyHicHux xapakxmepucmuk. Ilokazano, wo
PO3poOaenuil Op2aHONIACMUK MAE AHMU@PUKYILHI 61ACMUGOCMI 30epicalouu 6 ymMoeax Ycix O00CIONCEHUX PeHCUMIe
excniyamayii HU3bKuil Koeghiyicnm mepms i 6UCOKY 3H0COCMINKICIb, W40 003601UNL0 PEKOMEHOYSAmU 1020 00 3ACMOCYBANHA
AK NIACMUK KOHCMPYKYIIIHO20 RPU3HAYEHHA 015 Y3716 mepmsa MAuiuH i MeXanizmie.

Kniouosi cnosa: apomamuunuii noriamio, gpeninon C-2, apamione 6010KHO, Op2AHONIACMUK, MENA0QI3uUUHT 61aCMU80CHI,
MIYHICHI NOKA3HUKU, KOeDIYicHm mepms, 3HOCOCMIUKICIMb, NIACMUK KOHCIMPYKYIIHO20 NPUSHAYEHHS

O.P. Chigvintseva, 1.V. Rula, Ju.V. Boyko
NEW ORGANOPLASTIC BASED ON PHENYLON C-2

The thermophysical, physico-mechanical and tribological properties of organoplastics based on aromatic polyamide
phenylone C-2 reinforced with aramid fiber Terlon were investigated. It was established that reinforcement of the polyamide
binder with a fibrous filler in an amount of 15 wt.% made it possible to reduce the specific heat capacity of the polymer by 30—
54% and to increase its thermal conductivity, accompanied by a simultaneous improvement in strength characteristics. It was
shown that the developed organoplastic exhibits antifriction properties, maintaining a low coefficient of friction and high wear
resistance under all investigated operating regimes, which makes it suitable for recommendation as a structural plastic for
friction units of machines and mechanisms.

Keywords: aromatic polyamide, phenylone C-2, aramid fiber, organoplastic, thermophysical properties, strength
indicators, coefficient of friction, wear resistance, structural plastic

OcTaHHIM YacoM 3 METOI0 CTBOPEHHS HOBUX TIONIMEPHUX KOMIIO3UTIB KOHCTPYKIIHHOTO
MPU3HAYCHHS IIMPOKOTO 3aCTOCYBaHHS OTPUMAIH apOMAaTHYHI MMOJIiaMin, O SIKUX HaJeKUTh (eHinon C-
2. Tlelt macTHK BiAPI3HSAETHCS BUCOKOI poOouoro TemocTidkicTio (270°C), XiMIUYHOIO iHEPTHICTIO JI0
OUITBIIIOCTI OpPraHIYHUX PO3YMHHHUKIB, BHUCOKOK) MIIIHICTIO, 3HOCOCTIMKICTIO, CTIHKICTIO 1O YyIapHUX
HaBaHTaXEHb, & TAKOXX TapHUMHU TEIUIO- Ta MOPO3OCTIHKICTIO. 3a KOMIUIEKCOM (i3MKO-MEXaHIYHUX
BracTuBOCTe Qerion C-2 MoKe KOHKYPYBATH i3 CKIOIUIACTHKAMH, MMPUIOMY HOTO I[iHHI BIACTHBOCTI
3maTHi 30epiratucs B iHTepBaii Temmeparyp Big -70 mo +250°C.

Ockinbky cepell KOHCTPYKLIHHUX MaTepialliB apOMaTHYHI MOJiaMii XapaKTepH3YIOThCS JOBOJI
HEBUCOKMMH 3HaYCHHSIMH TEIJIO- 1 TEMIEpaTypONPOBIJHOCTI, e CIIPHsE HAKOMMUYSHHIO TeIla B pOOOYHX
opraHax i pyxoMux 3’ €IHAHHSIX ITiJ{ BIUIMBOM MEXaHIYHUX HAaBaHTa)KEHb, IO y 0ararbox BHIAaKaX
MPU3BOJIUTH IO PO3BUTKY ACCTPYKIIHHUX IMPOIECIB, SKi BUKIMKAIOTH KatacTpodidHUi 3HOC BUPOOIB i3
HuX. [apHuii eeKT mominmeHHs BIacCTUBOCTEH MOJiaMiTHUX KOMITO3UTIB I0CATAE€THCSI PH BUKOPHC-TaHH1
SK apMYIOUOT'0 HAaIIOBHIOBAYa apaMiTHOTO BOJIOKHA MAapKH TEPJIOH, SIKE Ma€ 3[aTHICTh EKCILTyaTy-BaTUCS B
ITUPOKOMY TEMITepaTypHOMY iHTEpBaJli, BIIPI3HIETHCS BUCOKHMH TEPMO- 1 TEIIO-CTIHKICTIO, TTHTOMOIO
MIIHICTIO Ha PO3PHB, HHU3BKOIO TEPMIYHOIO YCAIKOIO, 3aBISKH UYOMY IIHUPOKO 3aCTOCOBYETHCSA SIK
KOHCTPYKI[IHHUYA apMyrOunii MaTepiaj B Pi3HOMaHITHUX BHPOOaxX TEXHIYHOTO MpH3HAYEHHS. YHiKallbHI
XapaKTEPUCTUKH apaMigHOT0 BOJIOKHA TEPIIOH MOSICHIOIOTHCS KOMOITHAITIEIO JKOPCTKUX MOJIE-KYJI TIOJIIMepy
31 CTPOro OpIEHTOBAHMMH KPHUCTAJaMH, a TAKOX CHUJIBHOI B3AEMOIEI0 MIXK JIAHI[FOIaMHU IOJIIMEpPY, IO
CTBOpEHI BOJAHEBUMH 3B’ si3kaMu. BioMo, 110 apaMif] CKIIaAaeThes i3 OEH30JIbHUX KiJIellb, 3’ €THAHUX OJTUH
3 ogauM uepe3 rpyny —NH-CO-, oTxke, M’k BOAHEBUMH 1 KHCHEBUMH (h)parMeHTaMH CYCITHIX MOJICKYII
YTBOPIOIOTHCS MIIIHI MiXKMOJIEKYJISIPHI 3B’ 13KH, 110 3a0e311euye MiBUIIEHY XIMiUHY, MEXaHIYHY 1 TEpMidHY
MILHICTH BOJIOKHA.

3 MeToro cTBOpeHHs HoBoro opranormiacTuka (OIT) 3 mokpamieHuM KOMIUIEKCOM eKCILTyaTamiiHuX
XapaKTEePUCTUK, apOMATUYHHUN mHomiamin Geninmon C-2 apMyBaly apaMiJHUM BOJOKHOM MapKH TEPJIOH Y
kimpkocti 15 mac. %. Kommosur orpumysanu “cyxum” crocoOoM, SIKHI TOJISTaB y 3MilTyBaHHI KOMIIO-
HEHTIB B €JEeKTPOMArHiTHOMY IOJIi, 0 o0epTaeTbes. /I bOro B peakTop 3aBaHTAXXKyBaJIH MOPOILIKO-
MTOAIOHMIA TTOTiMEp, apaMiHe BOJIOKHO 1 HEpIBHOBICHI (hepoMarHiTHI YaCTHHKHU. I1i7 BIDIMBOM €EKTpO-
MarHiTHOTO IOJIsA, 110 00EPTAETHCA, (PePOMATHITHI YACTMHKM IHTEHCHUBHO 00EPTAIMCs, CTUKAIOYMCh MIiXkK
c00010, 110 320€3Me4nyI0 PIBHOMIPHHH 1 XaOTUYHUH PO3MOALI apaMiIHOTO BOJIOKHA Y TOJTIMEPHIH MaTpHULIi.
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BupuenHs Temmodi3nIHNX XapaKTEPUCTHK MOJIIMEPHUX KOMITO3UTIB € OAHIEIO 13 HEOOX1THUX YMOB
BH3HAYEHHS X TEXHOJOTIYHUX 1 eKCIUTyaTallifHUX BIACTUBOCTEH, a TAKOXK PEKMMIB eKCILTyaTallii BUpoOiB
i3 HuX. TlOpiBHSJIBHMI aHaNmi3 JaHUX MPOBEACHHX TEINO(I3MYHHUX NOCHIIKEHb CBIAYUB PO Te, IO
apmyBaHHs ¢GeHioHy C-2 apaMigHUM BOJOKHOM J03BOJIMJIO 3HHU3UTH HOr0 MUTOMY TEILUIOEMHICTh Ha 30-
54% (puc. la). 3okpema, B IOCIiIPKEHOMY TemmeparypHomy iHtepBani (323-623 K) TemnoemHicTh
¢enimony C-2 3naxomunachk B Mexkax 0,86-1,66 xJ[x/kr - K, B Toit wac stk mast OIl BoHa 3MiHIOBAIach 3
migBumieHusM Temmepatypu Bix 0,6 mo 0,77 xJ[x/kr - K. Iopsim 3 muM, CIIOCTEPIraaoCh 3pOCTaHHS
koeoirienTa TeronpoBinHocTi (puc. 10) mosiMepHOro B’sHKy4oro, 10 MO3UTUBHO BIUIMHYJIO Ha 3MiHY
HOro TpUOOJOTIYHUX BIACTUBOCTEH, OCKIIBKU 3a0e3euyBajio MOKPAIISHUH TEIUIOBIBIM 13 30HU TEpPTA
3pa3KiB 00YMOBIIOIOYN CTaOITHHII EHEPTeTHYHUHA CTaH TPHOOCUCTEMHU.
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Puc. 1. TemmnepatypHi 3ajieKHOCTI
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Po3po6nennit OIl MaB Takox MmokpamieHi (izuko-mexaHiudi BaactuBocti (1adn. 1). 3okpema,
CIIOCTEPITANIOCH 3POCTAHHS MIKPOTBEPIOCTi, MOAYJISA MPYKHOCTI 1 Mexki TeKydocTi mpu ctucHeHH1 OIl y
MOPIBHSHHI 13 BUXiAHUM TIOJIIMEPOM.

Tabn. 1.
®dizuko-mexaHiuni Baactusocti gpeniiony C-2
i opranonyiacTuka Ha fioro ocHoBi
i - 9
: Marepian Perinon C-2 C-2+15%
Brnactusocri TEpPIIOHY

MikpoTBepaicTh 36,07 50,03
Mexa TeKkyJocTi npu ctucHeHHi, Mlla 215,3 250,1
Monyne npyxHocTi, MIIa 3273,9 3855,0
BinHocHa aedopmaitist mpu ctucHeHHi, % 13,17 10,63

Tpubonoriuai BJIACTUBOCTI KOMITO3UTY CYTTEBO 3aJICKATM BiJl CGKCIUTyaTaIliiHUX TapaMeTpiB:
MiHIManbHUN KOe(illiEHT TePTs B yCbOMY JOCIIIPKEHOMY 1HTEpBaJli HABAHTAXXCHb MaJU 3pa3KH, JUISI SKHX
3MIHCHIOBAJIOCH TEPTS IO CTAJIFHOMY KOHTPTLIY B yMOBaxX MIBMIKOCTI KoB3aHHs v = 1,5 m/c (puc. 2a, kpuBa
2), OJJHaK 1X 3HOCOCTIHKICTh Pi3KO 3MEHIIyBajachk npu HaBaHTtaxeHHi P = 0,8 MIla.

B yMoBax TepTs 3a MaKCHMaabHOI MBHAKOCTI KoB3aHHA (0 = 2,0 M/c) KoedillieHT TepTsa pi3Ko
3pOCTaB 3 MOCUJICHHSM HaBaHTAXYBAJILHOTO PEXUMY, a 3pa3Ku KatacTpodiuHo ctupanucs (puc. 2a i 0,
kpua 3). IIpu 1bOMy iHTEHCHMBHICTh HiHilfHOTO 3HONIyBaHHs 36inbmmmack Big 0,68 mo 15,1 - 108, a
MaTepiai 30epiraB cBOI mpare3aTHicTs 10 HaBantaxenns P = 0,5 Mlla.
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B yMoBax >KOpPCTKHX pEXHMIB eKCIUTyaTallii Ha TOBEpXHI KOHTPTUIA PO3BUBAJIACh IiABHIICHA
TeMIepaTypa, 10 MPU3BEJIO 10 301Ib-IIICHHS aAre3ii MiX MOBEPXHIMH, IO TPYThCS, 1 SK HACTIIOK — 10
CYTTEBOTO IMiJIBUIIICHHS IHTCHCUBHOCTI JIHIHOTO 3HOIIYBaHHS.

s
0,13
012
0,11

0,1

0,09 r

0.08 L . . L L )
0,2 0,3 04 0,5 0,6 0,7 P,MIla

a 6
Puc. 2. BniimB nHTOMOr0 HABaHTAKeHHs HA Koe(inieHT TepTs (a) i iHTEeHCHBHICTD
JiniifHoro 3HomyBaHHs (0) 3pa3kiB OPraHoOILUIACTHKY, AOCTI/IZKEHUX B YMOBAX TepTH 0e3
3MaIlyBaHHS B yMoBax mBuakocreii koszanus 1 (1), 1,5 (2) i 2,0 m/c (3)

Cniag 3a3HayWTd, 10 3HOIIyBaHHSA 3paskiB OIl BimOyBasoch BHACTIAOK BTOMIIFO-BaJIBLHOIO
MeXaHi3My pyWHYBaHHS. B TPOIIECi 30BHIIIHBEOTO TEPTS CIIOCTEpiraaock OararopazoBe nedop-MyBaHHS
MTOJTIMEPY B OKPEMHUX MICISIX (PUKITIHHOTO KOHTAKTY, IO MPHU3BOAMWIO 0 PYHHYBAaHHS Ta MOMAIBIIOTO
BifUTiIeHHST MaTepiany. 3a MiHiManbHOI mBHIKocTi koB3anus (v = 1,0 m/c) 3pasku OII craGinbHO
TIPAITIOBAIIN B YChOMY JOCTiPKEHOMY iIHTepBajli HABaHTaXKEHb MalOYX HU3bKi 3HAYCHHS Koe(iIli€eHTa TepTS
(0,10-0,13) i inTencuBHoCTi HiniiiHoro 3xomysaxHs (In = 0,6-7,7 - 10°®).

B pesynbTaTi TpHOOJOTIYHUX JOCIIHKEHb BCTAHOBJICHO, 10 po3pobienuit OI1 MaB OuIbIN HU3BKI
3Ha4eHHS KoedillieHTa TepTs NOPIBHAHO i3 BUXIAHAM MOJIMEpPOM, Ui SIKOTO BKa3aHMH MOKa3HUK
3HaxouBcs B Mexkax 0,21-0,17 B 3a5exHOCTI BiJf yMOB ekcIutryartaii. Sk i juis anctoro deninony C-2, ans
OII kpamumu yMOBaMH JUis cTabiTbHOT po6oTH Oynu HaBanTaxkenHs 1o P = 0,8 MIla (npu v = 1,5 m/c) Ta
no P = 0,65MIla (mpu v = 2,0 m/c) [1-3].

OTxe, B IUTOMY, CIIi/T 3a3HAYUTH, IO PO3POOICHUI MOIMEPHUI KOMITIO3UT Ha OCHOBI (eHiIOHY C-
2 1 apaMigHOTO BOJIOKHA TEPJIOH Ma€ IMOKpalleHi aHTU(PHUKINHHI BIIACTHBOCTI 30epiraroum HHU3BKHAN
koedinient teprs (f = 0,09-0,13) Ta BHCOKY 3HOCOCTIMKICTH (IHTEHCHBHICTB JIIHIHOTO 3HOLITYBaHHS
Ih=1,2-7,7 - 10'8), 10 JO3BOJIMJIO OO0 PEKOMEHIYBATH JI0 3aCTOCYBAHHS SIK TUIACTUK KOHCTPYKIIIITHOTO
MIPU3HAYCHHS [UIs BY3JIiB TEPTA MAIUH 1 MEXaHi3MiB.
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ONTUMIZALIA TPOIECY I'A30JIA3EPHOI'O PI3AHHSI KOHCTPYKIIHHUX
MATEPIAJIIB IIOTYKHUM BUIITPOMIHIOBAHHAM ITPU MOJIEJIFOBAHHI 3A
HOBHO®AKTOPHUM EKCHEPUMEHTOM

Poszenanymo ma eupiuwieno 3a0auy cmeopenHs CRPOUIEHUX MAMEMAMUYHUX Mooeneil y hopmi pezpeciitHux pieHanb,
NPU3HAYEHUX 0715 6USHAYUEHHA ONMUMATLHUX WIBUOKOCHEI] 2A301436PH020 PI3AHHA MAN0GY2NIeUe6UX | HePHCABIIoUUX cmaell
Pi3HOT moswunu npu podomi Ha a3epHUX YCMAHOGKAX nomydyicHicmio 00 6 kBm. Ananiz nodyoosanux moodeneii nokazae
Habip pakmopie, wio HalidinbULIE 6NIUBAIOMb HA ONMUMATLHY WEUOKICIY pi3anna makux cmaneii. Pesynomamu pospaxynkie
HOO0AHO y U200l MAOIUYL, WI0 OAE MONCTUGICHY GUIHAUAMU PEHCUMU PI3AHHS TUCHIE MOBUWUHOIO 610 3 00 12 MMm.

Kniouosi cnosa: nazep, cazonazephe pizanis, Manogyaineyesa ma HepiuIcasiiod cmaib, ONMUMATbHA WEUOKICTNb PI3aHHA,
MamemamuyHa pezpecilina Mooenb.

M.V. Romanenko, O.D. Kagliak, V.V. Romanenko

OPTIMIZATION OF THE PROCESS OF GAS LASER CUTTING OF STRUCTURAL
MATERIALS WITH POWERFUL RADIATION IN MODELING BY FULL-FACTOR
EXPERIMENT

Considered and resolved the problem of creating simplified mathematical models in the form of regression equations
used to determine the optimal speeds for gas laser cutting of low-carbon and stainless steels of various thicknesses when
operating on laser equipment with a power of up to 6 kW. The aim of the research was to determine the influence of key
technological parameters of the gas laser cutting process on the choice of the optimal processing speed for steel sheets with
different thicknesses in the conditions of multifactorial experiments. As a result of these experiments, regression mathematical
models of the gas laser cutting process for low-carbon and stainless steels were obtained, confirming the possibility of achieving
high cutting productivity with simultaneous ensuring of the proper quality of the processed edges. For practical convenience of
use, the results of calculations of optimal cutting speeds for low-carbon and stainless steels depending on the studied
technological parameters are presented in the form of a table, which makes it possible to quickly and conveniently determine
the regimes of gas laser cutting of sheets with a thickness of 3 to 12 mm.

Keywords: laser, gas laser cutting, low-carbon and stainless steel, optimal cutting speed, mathematical regression model.

[ocTanoBka npodaemu. [lonpu unciieHHI IepeBark 3aCTOCYBaHHS CIIELiali30BaHOT0 00JIaAHAHHS,
BCE JK TPUBAIOTH CIIPOOU CTBOPEHHS Ta BIIPOBAPKEHHS YHIBEPCATBHUX IHCTPYMEHTIB. OTHUM i3 MOKJIUBHX
pillieHb € BUKOPHCTaHHS OJHOTO W TOrO JK Jia3epa B PI3HMX TEXHOJOTIYHHMX onepauisx. [lomut Ha
OaraTo(yHKIIOHATBbHUIA i THYYKHUIl IHCTPYMEHT BiIKpHBA€E JUIs JIa3epiB 3Ha4Hi nepcrekTuBy [1]. BomHouac
MIPOBIHI MO3MIT ¥ Hamam yTpUMYye Jla3epHe pi3aHHs, Ha sike mpumangae 41% 3acTocyBaHHS J1a3epHOTO
obmamgnanus [2,3].

AHaJi3 ocTaHHiX gociailkens i myOJikamiii. B ocTanHii yac mmpoke 3aCTOCYBaHHS OTPHUMAIH
BOJIOKOHHI J1a3epH, IIO BiJ3HAYAIOTHCS BHCOKOKO SIKICTIO TPOMEHS Ta CTBOPIOIOTH HOBI MOXITMBOCTI
00poOKHM, SKi paHillle 3aTUIIaIACAd HEIOCSHKHHMH TIPpH  poOOTI 3 TpaJWIiHHAMH Ta30BHM Ta
TBEPJOTUILHUMH Jazepamu. CbOroiHi OUIBIIICTh BUITPOMIHIOBAaYiB BOJIOKOHHHUX JIA3€PiB MPALIOIOTH SIK 13
(ikCOBaHUMH XapaKTEPUCTUKaMHU IPOMEHSI, TaK 1 3 BAKOPUCTAHHIM 3yM-OIITHKH YU JOPOTUX POKYCYIOUNX
TOJIOBOK, IO A€ MOXJIMBICTH KOMIIPOMICHHX pIllIeHb y BHPOOHMYHMX MpoLecax, I BPaxOBYETHCS
PI3HOMAHITHICTh MaTepiajiB, TOBIIMH Ta TEXHOJIOTIH [4].

VY cdepi nazepHUX TEXHOJIOTIH pi3aHHS 32 OCTaHHI POKH CIIOCTEPIraeThcs MIMPOKE BUKOPUCTAHHS
MIOTYKHOCTI JIa3epHUX [kepen B 2—6 kBT. Lle 30kpema xapakTepHO IS IPOIYKINil BiJOMUX BUPOOHHKIB,
takux sk Bystronic, BLM Group, Bodor, Trumpf, Amada, Mazak, Prima Power ta inmmx. ITopsz i3
MIiZBUILEHHSIM TPOJYKTUBHOCTI 3pOcia 1 MakCHMMajbHa TOBIIMHA cTajiell 3 3 mo 15 MM, sKi yCHIIIHO
PO3pi3al0Thca TAKHMH Jla3epaMH, IO JOCHTh BAXKJIMBO, a/pKe Ha TAaKWH Jiama3oH TOBLIMH NpHIAiae
OCHOBHHI 00CST MeTanooOpoOku. JlazepHe pizaHHs, sSKe JOBTUH Yac 3aiiMalio TPOBIiIHI TO3MUIIIT JIHIIIE B
CErMEHTI TOHKHUX JIMCTIB, HUHI aKTMBHO BUTICHSE TUIa3MOBE pi3aHHs y chepi cepenHix TOBIIMH. BogHouac
31 301IBIICHHAM MIBUAKOCTI pi3aHHS 0COONMBOI aKTyadbHOCTI Ha0yBa€ aBTOMATH3alis IOMOMIXKHHX
NPOLIECIB. 3aBAaHTAKEHHS I pO3BaHTaXKEHHs, 30epiraHHs 3aroTOBOK Ta rOTOBHX jaeTaneil. [Ipu 1mpomy
BKJIMBO, 100 MPOAYKTHBHICTH JIA3€PHOI YCTAaHOBKHU BiAIOBIaNa 3arajbHii eeKTUBHOCTI BUPOOHUIOL
JHi.

Ta HEPKaBilOYi CTaJIi, BUKOHY€ETHCS IIPH CITIBBiCHIH mogadi po6o4oro (acHCTyrouoro) rasy B 30Hy 00pOoOKH,
KOJIM peati3yeThcs mpoiiec razonaseproro pizanss (I'JIP). [Tpu po3kporo KOHCTPYKIIHHKIX CTaseil B IKOCTI
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ACHUCTYIOYOTO Ta3y B OCHOBHOMY 3aCTOCOBY€ETHCS KHCEHB, CTUCHEHE MOBITps uu a30T. Ilim wac I'JIP B
CepEeIOBHIII KHCHIO a00 CTHCHEHOTO IOBITPS BHACIHIZOK E€K30TEPMIYHOI peakiii TOpiHHS MeTany Ha
Kpaiikax pi3y YTBOPIOIOTbCS OKCHIHI HallapyBaHHs, SIKi 3r0JOM HEOOXiAHO BHIANATH BIAMOBIOHO IO
TEXHOJIOTIYHUX BUMOT. BUKOpHCTaHHS a30Ty € X0 1 JOPOKINM, ajie OLTBII BUTITHIM BapiaHTOM, OCKIJTEKH
JIO3BOJISIE 3MEHIIUTH MOTpe0y B JOAATKOBIH 0OpOoOIl Ta OTPUMATH TOTOBY HE€Tallb, MPHIATHY IS
HaHeceHHs (apOH, MOPOIIKOBOTO MOKPUTTA YX 3BaproBaHHs. Takuil crmocid po3Kpor0 MeTaldy Mae Ha3BYy
«mpeM’ep» pizaHHs. 3aCTOCYBaHHS a30Ty OCOOJHMBO JNOIIbHE IS KOPUCTYBAYiB, IKMM HOTPiOHE MpocTe
BHCYBAIOTh MiJBHUILEHI BUMOTH 10 SIKICHHX MapaMeTpiB pi3sy. Kpim TOro, BHCOKY fKIiCTh pi3aHHS
BOJIOKOHHHMM JIa3€pOM MOKHA OTPHMATH, SKLIO IO a30Ty IOJaBaTH KUCEHb. Lle 10IaTKOBO MiBHIIYyE
TTOAANBITY 3BAapPIOBAHICTE JICTANCH Ta MOXKIMBICTH HAHECCHHS IOPOIIKOBOTO TOKPHUTTA abo ¢dapdbu Ha
BHUpi3aHi 3aroToBKH [5,6].

Ha BigmiHy Big piXy4MX TOJIOBOK MaJONOTYXHHX JazepiB (OKyCyloda cucTeMa Ja3epiB

Ja3epHy TOJIOBKY MOXHa BHUKOPHCTOBYBAaTH SIK yHIBEepcalbHE pillleHHS Ui 3aBIaHb, IO MOTPEeOYIOTh
peaiizariii IMPOKOro iana3oHy MBUAKOCTEH pisanus [7,8].

B ocranniii yac mesxi 3 kommadii, Hampukiaam, (ipma Trumpf, 3aiiMaroTbest BIPOBAIKEHHIM
mrygnoro iHrenekty (LI) y mporecu ia3epHoi 00poOKH, 1100 PO3MUPUTH MEXKI MOKITMBOCTEH JTa3epHUX
MallMH 32 pPaxyHOK HE TUIBKM MOBHOI iX aBTOMaTH3awii, a ¥ MOXIMBOCTI CaMOHAaBYaHHA TaKOTO
obnmagHaHHI. ABTOMAaTH30BaHI Ja3epHi CHCTEMH — JIUIIEC OAWH i3 mpuKiamiB 3acrocyBanus 111, Kpim
11bOro, Kommasis Trumpf po3poOuia pimeHHs A1 3aMiHH 3aMaCHUX YaCTHH JIa3epPHOTO O0JIaIHAHHS, 110
Opaloe 3aBIsKM INTYYHIH HEHpOHHIH Mepexi, sky Trumpf HamoBHIOE 300paKCHHSAMH PI3HHX
KOMITOHEHTIB, JOCTYITHHX IS 3aMoOBJIeHHS [9].

[IIo6 3abe3meunTH CTAOUTBHY SKICTh BHPI3aHHS JeTaied Ta BHCOKY €(QEKTHBHICTH IIPOIECY
Ja3epHOro pi3aHHs, HEOOXiAHO BMITH OOMpaTH ONTHUMalbHI MapameTpu Horo peanizaunii. Came BOHH
BH3HAYAIOTh BIACTHBOCTI TOTOBHX BHPOOIB, IO TMPOSIBIAETHCA y PIBHI MIOPCTKOCTI MOBEPXHI pi3y,
BEMYMHI MUPHHMA TPOPI3y Ta 30HM TEPMIYHOTO BILTMBY Ha Kpaikax BupizaHoi merami. Jms peamizarii
TaKWX 3a]a4 B OCTaHHi# yac mouaB 3actocoByBaTcs Meton Tarydui [10], skuit HaOyBae Bce GiNBIIOrO
LIMPOKOTO 3aCTOCYBaHHS y TEXHIYHHMX Tamy3six. Takuil MeToJ SBIIsE COOOI0 CTATUCTUYHUN MiaXin,
CIPSIMOBAaHMM Ha IOKPAIIEHHsS SKOCTI BHUTOTOBIEHHS paeraneil. CyTHICTh LbOTO METOLY MOJATrae y
BUKOPHUCTAaHHI CHUCTEMHOTO U BOJHOYAC JOBOJII MPOCTOTO IMIiAXOAYy 1O ONTHMI3alii BHPOOHUYOT
OpoAyKTHBHOCTI. ['0MoBHa HOro Mera — MiABHMIIEHHS SKOCTI MPOAYKLII He3aJe:KHO Big cdepu
BHKODHCTaHHS, a TaKOX 3MEHINEHHS Bapiamid y mpormecax 1 IOCSITHEHHS CTa0IbHUX TIOKa3HHKIB
edexTuBHOCTI [11].

[ocTranoBka 3aBaaHb. TakuM 4YKMHOM, pO3pOOKa aJIrOPUTMIB TEXHOJOTIYHOTO 3a0e3MEUSHHS
npouecis I'JIP cTaneBux JHCTIB i3 KOHCTPYKIIHHUX METaliB € aKTyalbHOIO TPOOIeMOIo. [1 BUpileHHS
JACTh MOXKJIMBICTH OTPUMATH MaTEMAaTHYHI MOJENI I PO3paxyHKy ONTUMaIbHHMX mBHiakocted [JIP
TaKUX KOHCTPYKLIHHUX MaTepiajiB K MAIOBYTJICIIEB] Ta HEPXKABIFOUi CTalli Pi3HOT TOBIIMHH Ha JIA3ePHOMY
o0JiaHaHHI TOTYXHicTIO 0 6 KBT. [{ns nporo notpioHe OinbLI IWPOKE BUBYECHHS BIUTUBY TEXHOIOTTYHUX
nmapaMeTpiB, B TepIly dYepry, Ha po3MipHi Ta skicHi mokasHuku [JIP koHcTpykmiiHuX MmeramiB. B
MOJJANIBIIOMY OTPUMAaHi MOJIENi MOXKYTh BiJKPUTH MUIIXH peai3alii Ipoueaypy NOUIyKy ONTUMaTbHHX
pexxumis ['JIP pisHuX cTajeBux MaTepialiB B peaJbHOMY BUPOOHHIITBI.

MeTtoau Ta MeTOAMKH JOCTiIiKeHHs. HaliBUIIoi sKOCTI TOBEpXHiI pidy MOXKHa [OCSATTH,
BHKOHYIOUH Pi3aHHSI Ha MaKCUMaIBHO MOKJIIUBIA IIBUAKOCTI, SKa IIe 3a0e3medye HaCKpi3He Mpopi3aHHs
METaJICBUX JIUCTIB MEBHOI TOBIIMHM. TaKy MIBHIKICTH JOLIIBHO BBAKAaTH ONTHMalIbHOIO. Y mpami [12]
OyJI0 TpeACTaBIEHO METOOUKY, CyThb SIKOi IOJisiraja B IIOCTYIIOBOMY CTYNiHYacTOMY 301JIbIIEHHI
MIBUIKOCTI Pi3aHHS 0 TOTO MOMEHTY, KOJHM IIPOpi3 MaTepiady 3aJaHoi TOBIIMHH CTaBaB HETIOBHHM.
OcrtaHHE 3HAYCHHS MIBUKOCTI, 32 SIKOTO 1€ JOCATANOCS HACKPI3HE pi3aHHS, BBRKAIOCS ONTHMAIBHUM JIJIS
3arOTOBKM BiAMOBIMHOI TOBIIMHH. KpiM Toro, Hamu posrisgaiacs MOXJIHMBICTh BUKOHYBaTH pi3aHHS
3arOTOBKM 31 3MiHHOIO IIBUAKICTIO. CHOYaTKy BCTAHOBJIIOIOTH 3HAYCHHS IIBUAKOCTI, NPH SKOMY
rapaHTOBaHO OTPHUMYEMO TIOBHHH TIpopi3 MaTepialy. B momanplioMy IMBHUAKICTH ITOCTYIIOBO Ta
Oe3nepepBHO 30UIBIIYIOTH 10 MOMEHTY, KOJM HAacKpi3He pizaHHs Bke He 3abesmeudyerscs. Byaemo
BBKaTH, IO Ta IBUAKICTH, ska HA 10 % MeHIIa MIBHIKOCTI, KOJMW MPHUIIMHAETRCS TIOBHE MPOpPi3aHHS,

NpUUMAaEThCS 3a 11 ONTUMaJbHE 3HAYEHHS ISl JaHOT TOBIIMHU 3arOTOBKH.
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Bci mi Metoam 3a6e3mevyroTh JOCHTHh TOYHE BCTAHOBJICHHS IMTyKAaHO! BEIMYWHU IIBHAKOCTI, ajie
peaiizailiss iX Ha pealibHOMY Jia3epHOMY OOJagHaHHI BeJe JO0 BUXOAY HOro 3 jaay B pe3yJbTari
MOLIKO/PKEHHsI ONTHYHOI CHcTeMH Ja3zepa. Take pyHHYBaHHS ONTHKH BifOyBaeThCS TOMY, IIO TpHU
HEHACKPI3HOMY IIPOpI3aHHI METaIy MPOIYKTH PYWHYBAaHHS 3 MOPOKHWHH Pi3y BWIITAIOTh HE BHU3, a
3aBEPTAIOTHCSI HABEPX Ta Yepe3 COIUIO MOXYTh MOTPANUTH HA 3aXUCHE CKJIO. [Ipy BHCOKIH MOTY>KHOCTI
Ja3epa € BUCOKa HMOBIPHICTb, IO 3aXMCHE CKJIO MOXE pO3TpicKaTucs Ta 3pyiHyBaTucs. MatoTb micue i
BHIIAJIKH, KOJHU TPOIYKTH PYWHYBaHHS MOXYTh JOJICTITH ¥ 10 (pokycyrodoi JiH3WM Ta TMpHBECTH ii B
HEMPUIATHICTD, 110 B CyMi MPU3BE/E 10 BETMKUX MaTepialbHHUX 3aTPaT Ta 3HAYHOTO Yacy Ha PEMOHT.

Tomy Hamu Oyna 3acTOCOBaHA HACTyIIHA METOAMKA MiAOOpY ONTHMAaNbHOI IIBUAKOCTI pi3aHHS
HeoOXiHOT TOBIIMHM cTali Ha 3agaHux pexkumax [JIP. Bci BupoOHWKM nazepHOro oOJaJHAHHS
KOMIUIEKTYIOTh CYTIPOBITHY TOKYMEHTAITIIO IS CBOTO OOJagHAHHS IMHPOKUM HaOOpOM TaOIWIlh 3
MOXMBUME pexkuMmaMu [JIP Ha MakcHMallbHO J03BOJIEHHX IIBHUAKOCTSX. Cepel IUX TaOJNUIb JIETKO
migiopaT Taki PeKUMH, SKi O BIIMOBIaIM HAIIMM TOoTpeOaM JUIsS OTpUMaHHS MaTeMaTHYHUX MOJIEIeH,
10 po3podIstoThCes HaMu. [1o0ymoBa sk Mojienelt 1ae MOXIIUBICTh OTPUMAaHHS O1IIBII IIMPOKOTO Tiala3oHy
TaKUX PEKUMIB Ta MOXKIHMBICTH NMPOTHO3YBaHHs 1X 3aCTOCYBaHHS Ul IIHMPOKOTO ialla3oHy JIa3epHOTO
o0yiagHaHHs Pi3HOI MOTYXHOCTI. B momaipmoMy ekcriepuMeHTH Ha Migi0paHuX peKUMax BUKOHYBATUCS
Ha HamoMy oOJaJHaHHI Ta OTPUMaHi Pi3W aHANI3yBajKcs Ha iX BiMNOBIIHICTH IO 3aJ0BiJIBHOI SIKOCTI.
TakuM TAXOAOM MH OTPUMYBAIM ONTHMANBbHI IIBUAKOCTI pi3aHHA Ha 3amaHux mapamerpax [JIP Tta
YHHUKAaJIH MOXIIUBOCTI TICyBaHHS JIa3€PHOTO 00JIaHAHHSI.

BukiaaneHHs 0CHOBHOro mMartepiamy. AHalli3 iCHYIOUMX TEOPETHYHUX MOJENEH razoia3epHoro
pi3aHHS METATIYHUX MaTepialliB, MOKa3as, M0 HAa TAHOMY €Talli BiJICYTHI pO3paxyHKOBI 3aJICKHOCTI, SIKi 3
JOCTaTHBOIO TOYHICTIO ONHKCYIOTh B3a€MO3B’SI30K MDK TEXHOJOTIYHMMH MapaMeTpaMu MpoIecy Ta
PO3MIpHMMH XapaKTEepUCTUKaMU OTPUMaHUX pi3iB. TeopeTwuHi migxomau, mo 0a3yloThCcs HA (Qi3HUHUX
3aKOHOMIPHOCTAX TpOIleCy, 3[eOUThIIOr0 3a0e3MevyIOTh JINIIEe SKiCHUH 30ir po3paxyHKOBHX MAaHUX 3
eKCIIEPUMEHTATEHUMH Pe3yIbTaTaMHt i MOXYTb 3aCTOCOBYBATHCS MEPEBAXKHO IS TTOTIEPEIHIX OLIHOK Ta
PO3paxyHKiB.

J1 KinbKicHOT OIIHKY BILTUBY Pi3HUX (haKTOPiB HAa MOKA3HUKU OTPUMAaHUX PO3Pi3iB eKCIIEPUMEHTH
MOXYTh BUKOHYBATHCS 5K Y (popmaTi omHOMAKTOPHUX, Tak 1 6araToakToOpHUX OCIiKeHb. HuHi npu
JOCTIDKEHHI TEXHOJIOTIYHUX TPOIIECIB 3 METOIO OMHUCY O0'€KTY MOCTIIKEHHS, TOOTO IS 3HAXOKEHHS
MoJieNnei, SKi OUTbII TOYHO ONMUCYIOTH BIUTUB TeXHOJOTrYHUX (akTopiB [JIP Ha onTuManbHi TOKa3HUKU
pi3aHHs, BCE IIMPIIE 3aCTOCOBYIOTHCSA EKCIIEPUMEHTAaIbHO-cTaTrcTHyuHi Metomu [13—14]. TIposenenns
0aratoakTOpHUX EKCIIEPUMEHTIB Ha THUX TEXHOJOTIUHHMX (hakTopax, IO CYTTEBO BHU3HAUAIOTH Iepedir
npouecy ['JIP, nae 3mory moOyayBaTH MaTeMaTW4HI perpeciiiHi Mozeni gaHoro mpouecy. Taki mozmemi
MO’KHa BUKOPHUCTOBYBATH SK JUIsl OTIHCY 00’ €KTY MOCTiPKEHHS, TaK 1 JUIS MOJANBIIOTO aHANi3y BIUTMBY
TEXHOJIOTIYHIX YHHHUKIB Ha ONITUMaITbHI Toka3HuKH [JIP.

[pu onmcy nponecy 0OpoOKH CTATUCTUYHUMH METOJaMH MaTeMaTHYHa MOJAEIb JUIS 3HAXOMKSHHS
mapametpis mporiecy I'JIP ( y ) B 3aranbHOMY BUTIISAAI MOXe OyTH IpeICTaBlIeHa Y BUIIISI piBHsAHHS [14]:

y = f(Bo, By - By X1, %2, . Xg), (1)

ne Po,Br - Bx — UIykaHi mapamerpu Mojeni (koedillieHTH perpecii); xq, Xy, .. Xx —
HE3aJIC)KHI KEpPOBaHi 3MiHHI.

Jns oTpUMaHHS PO3paxyHKOBUX IMapaMeTpiB MaTeMaTH4HOI MOZENi iCHYIOTh pi3Hi MeToiu. Y
perpeciiiHoMy aHali3i HaOLIBII MIUPOKE MOMIMPEHHS] OTPUMAB METO] HAWMEHIINX KBapatiB. [Ipu npomy
Ha TACTaBi anpiopHOi iHGopMaIllii, BU3HAYAIOTh THIT TECOPETUIHOI KPHUBOI, TIOTIM 3HAXOMSITH i1 ITapaMeTpH.
st BCTaHOBIICHHST TNPaBWIIBHOCTI OIMUCY TPOIECIB pi3aHHS PIBHSHHAMHU perpecii OyB BHKOHaHWH
CTaTHCTHYHUI aHaj3 OTPUMaHMX perpeciiHux wmoxeneil [14]. MoxiuBe BHUKOHAHHS PO3paxyHKIiB
KoeiIieHTIB PiBHAHB perpecii Ta MPOBEACHHS CTATUCTHYHOTO aHATi3y OTPUMAHKX PETPECiiHUX MOJEIeH
1pu BuKopucTanHi Exel-Ta6muip.

[MonepenHi eKCIIEpUMEHTH, ONKCaHI B JIITEpaTypHUX kepenax [15], 103BonMIM BCTaHOBUTH, LIO
HaHOUTBII CYTTEBUMH YMHHUKAMU, IO BILUTMBAIOTH HA Mif0ip ONTHMAaIbHOI MBUAKOCTI pizaHHs rpu ['JIP
KOHCTPYKITIHHUX MaTepialliB TAKUX, SIK MaJIOBYTJEIeBa Ta Hep)KaBitoya CTallb, € TOBIIWHA JTUCTA CTa H,
MOTY>KHICTh J1a36pHOT0 BUIPOMiHIOBaHHS P Ta TUCK aCHCTYIOYOro Ta3y p, IO MOAAETHCS B 30HY Pi3aHHS.
IcHYIOTH TakoX iHII TEXHOJOTIYHI (paKTOPH, II0 BIUIMBAIOTh HA ONTHMaibHY MmBHAKICTE [JIP Taki, sk
BEJIMYMHA Ta HANPIMOK pPO3(OKYyCYBaHHS C(OKYCOBAHOIO JIA3€PHOI'O IMPOMEHS IO BiJHOIIEHHIO M0
MOBEPXHI 3aTOTOBKH, 1[0 PO3PI3a€ThCS, Ta BUJ ACUCTYIHOUOT0 poOOUOro rasy, aje, mod He YCKIaJHIOBATH
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OTpYMaHI HaMHU PerpeciifiHi Mozeli, ITi mapaMeTpH B KOXKHOMY KOHKPETHOMY BHIIAIKY Kpaiie ¢(ikcyBaTH
Ha ONITHUMAJBHUX 3HAYCHHSX, SIKi OYAyTh pUBEeHI HUKYe. /1711 BCTAHOBIICHHS IMX ONTUMAIILHUX 3HAYCHb
nepepaxoBaHuX JPYTOpsSAHMX MapaMeTpiB MOBHICTIO MiAXOJUTh 3rajlaHuii HaMH BUIlE HaOip TabIuLb Bif
BUPOOHUKIB JIa3epHOr0 OOJajHaHHA 3 MOXUIMBUMH pexuMamu ['JIP Ha MakcuMManbHO JO3BOJICHHX
MBUAKOCTAX. Ha mimcrami mux Tabnuip Oyna BH3HAYCHA TaKOX 007acTh 3MIHM BHOPaHUX CYTTEBHX
¢axTopis I'JIP, gxi B mogansIoMy, sIK IpUHRHSITO B perpeciiHoMy aHali3i, 0yZeMo Ha3uBaTH He3aJIe)KHUMH
3MIHHHMH Ta BCTaHOBJICHI PiBHI 1 iHTEPBAIM BapilOBaHHS IS KOKHOTO TaKOro (hakTopy BiIOBIIHO AJIS
MAaJIOBYIJIEIIEBUX Ta HepykaBitoumx crajeii (tabm. 1). ®ikcoBaHi 3HaueHHs iHIMKX mapameTpis I'JIP
npuBeeHi mija tabm. 1.

Tabn. 1.
PiBHi Ta iHTepBa/u BapiloBaHHS 10CTiKYBaHUX (aKTOPiB Ta dikcoBaHi 3HAYEHHS AeIKUX
JAPYTOPSAHUX TeXHOJIOoriYHuX napamerpis™* npu ['JIP masoByriieneBux Ta Hep:KaBilOUUX cTajei

JlocnimpkyBani MarnoByrneuesa Hepxagiroua
(I)aKTOpI/I CTaJIb CTaJIb
PiBHi H, P, P, H, P, o
BapifOBaHHS MM kBr | MIla | MM kBt | MIla
X1 Xy X3 Xq Xy X3

Sopse mweue (+ o** )| 11,705/ 5,518 | 0,112 |11,705| 6,023 |0,5103

Bepxwiii piBens (+1) 10 4,7 | 0,095 10 5 0,425

Ocuognuii pisers (0) | 7,5 35 0,07 7,5 3,5 0,3

Hwoxwiit pisens (— 1) 5 2,3 | 0,045 5 2 0,175

3opsine ieue (—a ) | 3,295 | 1,482 | 0,028 | 3,295 | 0,977 |0,0898

InrepBan BapitoBanus | 2,5 1,2 (00251 25 15 |0,125

* nmns TJIP ByrjeueBux crajell: acHUCTYIOYMHd ra3 — KHCEHb, BEJIMYMHA Ta HAMPsIMOK

posdokycyBanus — +4,5...+7,0 MM (B 3aM€KHOCTI BiJl TOBIIMHM 3arOTOBKH), BIiICTaHb BiJ cOIIa 1O
3arotoBku — 0,7...1,0 mm; st [JIP HeprkaBitOUMX cTaNel: aCUCTYIOUU ra3 — CTHCHEHE MOBITPs abo a30T,
BEJIMUMHA Ta HAIPSMOK po3dokycyBanHs — 0...—2,5 MM (B 3aJ1€)KHOCTI BiJl TOBIIWHH 3arOTOBKH), BiZICTaHb
Bix coma o 3aroroBku — 0,5...0,8 mMm.

** 3ipkose o = 1,682.

OCKUITBKY 3aJIeKHICTD IIBUAKOCTI T'a30J1a3epHOTO Pi3aHHS BiJ 0OpaHMX TEXHOJOTIYHHUX IapaMeTpiB
y 3araJbHOMY BHUIAJKy Ma€ HemiHiitHuili xapakrep [15], ans ommcy perpeciiHuX piBHSHB IpoOLECy B
JOCHiKyBaHid oOmnacTi QakropiB Oyno 3acTocoBaHO KBazi-D-onTumanbHHMN TIaH Ipyroro MOpSAKY
[14,16]. PoGoua maTpuiis IIOTO TUIAHY JIJIsl MAJIOBYTJICIIEBUX Ta HEPIKABIIOUMX CTallei HaBeaeHa B Tab. 2.
BianoBigHo A1 KOKHOI 3 IIUX CTaldeH, 3HAYEHHS ?1 Ta ?2 ontuManbHO1 mBHUIKOCTI ['JIP mys koxkHOT cepii
JOCIHiiB, HaBeleHi B Ta0Ml. 2, OTpUMaHi SIK cepeIHbO-apu(PMETHUHE 3 JBOX BEIMYHH, y3SITHX 13 PI3HUX Ta
paHire 3raaHuX TaOIUIL BUPOOHHUKIB.

OmnpalfoBaHHsl eKCIEPUMEHTATBHIX AaHUX 13 BAKOPUCTAHHAM METOIB MaTEMAaTUYHOI CTATHCTUKU
JaJio 3MOTY OTPHUMATH PErpeciiiHi piBHSIHHSA, SKi OMUCYIOTh BIUIMB 3a3HAUYCHUX TEXHOJOTTYHHX (HaKTOpiB
Ha BEJIMYMHY ONTUMAIIEHOI MIBUAKOCTI Pi3aHHS.

O6uncnenHss Koe(imMieHTIB MUX PiBHAHB, a TaKOXX CTATUCTHIHHM aHali3 MOOYIOBAaHUX MOJICICH
TPOBOAMIMCS 3a jJomoMororo Exel-tabmwmis. TTigcyMKu craTHCTHUHOI 0OpOOKM Moeiel perpecii mis
MaJIOBYTJICIIEBUX Ta HEPXKABIIOUHMX CTajJei TaKkoXK HaBeleHI B TaOu. 2. Buxoxsuu i3 maHux i€l Tadmuiy,
BCTAHOBJICHO, 1[0 OTPHUMAaHI 3aJIEKHOCTI KOPEKTHO BigoOpakaroTh mporiec [ JIP mocmimKkyBaHUX cTanei ta
MOXYTb OyTH e(eKTHBHO BUKOPHCTaHI Ha MPAKTHIII.

OTtpumaHi perpeciiiHi Mojielli B KOAOBaHIH IIKalli BUMipy He3aJeKHUX 3MiHHUX MarOTh HACTYIHUH
BHTJISI

— 7151 MaJIOBYTJICIIEBUX CTaJICH!
9, = 1,975 — 0,559x; + 0,220x, + 0,121x5 + 0,019x,, + 0,179x7; (2)
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— JUTS Hep KaBitOUNX CTaJICH:
9, = 3,066 — 1,735x; + 1,702x, + 0,244x; — 0,231x,, + 0,381x;5 + 0,797x7%; (3)

CrtBopeHi perpeciitai Mozemi mporecy ['JIP KOHCTPYKITIHHAX CcTajiell MOXKYTh 3aCTOCOBYBATHCS 5K
JUTSL PO3B’SI3aHHS MPSMOTO 3aBIaHHA — BU3HAYCHHS ONTHUMAJIBHOI IIBUIKOCTI pi3aHHSA Uil 3a7aHOi
TOBIIMHHM METally, OOpaHWUX MOTY)KHOCTI Jia3epa Ta THUCKY aCHUCTYIOYOro Taszy, Tak i ans oOpaxyHKiB
00EpHEHOT0 3aBJaHHS — TONIYKY MOXIMBOi TOBIIWHH CTaJed, IO pO3PI3aloThCsl HAa HASBHOMY
o0JalHaHHI Ta IPU 3aJaHii MBUAKOCTI Pi3aHHS.

Taébn. 2.

3Bigna Tabauns 6araTo(pakTOPHOro eKCNePUMEHTY MPH 00PoOIi MATOBYTJIEIeBUX TA
HEPKABIIOYUX CTaJeH.

| vaosn Pe3ynbraTi eKCriepuMEHTIB 1 [TpodosseHHA mab. 2.
B .
5 IpOBEICHHA 3HAYCHHA BI,I[FYKy. 1 2 3 4 5 6 7 8
S| rocninis Manosyrneuesal Hepkapiroua
» cTab cranm 11. 1 0 +a/ 0] 22 |2,352|5 95|5 909
= X1 Xz | X3 §1 V1 yz V2 12. 1 0 |-a| O 1,75 1,611 0,310,183
11213 4 5 6 ! 3;394 13. 00 |+a 2.1 2,160 4,113,456
Li-1-| - 23 | 2399 |[345| % “

14. 10 | O 1,8 117532,152,636
8 IR R 1 SH B P IR 1,975

: 2,05 |+ 3 [3,066
3=+ — |285| 2051 |7,75] 7,649 6 1o olo Lo75
: 19 |+ 3,1 (3,066

A1+ * ~ |175| 1697 |33] 2,954 JT—
S5|1-1—| * | 26| 2616 |31] 3507 B ’QE noxubku | 0,1178 0,1634

= )
6.1+ —| + |145]| 1473 |11 1263 5@% Aocmiay

= 2 | Hucnepcis

—_ S -

7 + |+ 31 | 3031 |66 7,386 E § AICKBATH. 0,2108 0,3969
8. |+ |+ + 2.1 1,964 45| 4,217 c:)c%F-KpHTepiﬁ L 789 2 429
9. |+a/ 0| O 15 | 1542 17| 2403 E, % (po3paxyH.) ' ’

O & |F- kpurepiit
10.170/ 01 0 J345| 3421 91| go3g (rabmsma)| 207 | 2538

J1J1g 3py4HOCTI BUKOPUCTAHHS MPEACTABICHI BUIIE PErPeciiiHi MOei, AKi MPUBEACHI B KOJAOBaHIH
crcTeMi BUMIpIOBaHHSA, OyiM TpaHC(HOPMOBaHI y BUTIISA 3 KoedilieHTaMH B HATypajibHil mKaii. 3HaueHHS

ux KoedilieHTiB BimoOpakeHi B Ta0. 3.
Tabn. 3.

3HaveHHi koedilieHTIB perpeciiiHux Moaesiell B HATYpPaJbHill IIKaJIi BUMIpY Aas
MajioByrJieneBux ( y;) Ta Hep:kaBirounx ( y,) crajiei.

E Koeoiuientn piBHSHB perpecii B HaTypanbHil MIKai

=) ~

= by b, b, by b1z bis | by3 | b | b3 b3

Y1 14516 |-0,682| 0,111 | 4,842 | - |0,100 0’2_08 0,029 0’7_62 _10_’548
Y2 | 3,066 |—1,734 | 1,702 | 0,244 |-0,231| 0,381 0,797

OxpiM MoJIaHHS OTPUMAaHUX PE3yNbTaTiB Y BUTILII PIBHSAHB perpecii, Oymno 3xilicHeHo ix rpadiuny
iHTepmpeTanito y GopMi JBOBUMIPHUX MEPEpi3iB TPhOX BUMIPHHX MOBEPXOHB, SIKi OMUCYIOTH KOXKHY 13
Moxeneir. Tak, 3aKOHOMIpPHOCTI 3MiHH onTHMaiabHOI IBHIAKOCTI [JIP 3anmexxHO Bim TEXHOMOTIYHHX
mapaMeTpiB B pe3ynbTaTi 00poOKH MaJOBYTIIEIIEBHUX CTajlel HaBeneHi Ha puc. 1 (a, B, x). Bigmosiano, i x
pe3ysbTaTH Ul HepKaBio4ol craii mpencraBieHi Ha puc. 1 (0, T, €). Bci 3HaUeHHS TEXHOJOTIYHUX
(hakTopiB, sKi OynM BUKOPUCTaHI Ui OTPUMAHHSA BIANOBIMHUX TpadikiB, BKa3aHi HA KOKHOMY i3
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pucyHkiB. Tak, HanmpuKIIam, TPUBEACHI Ha puc. 1, a 3aKOHOMIPHOCTI BioOpaXkaroTh JBOBUMIPHI TTepepi3zu
BIJIMOBITHUX TOBEPXOHb BIATYKIB [UIS MAaJOBYIJICHIEBUX CTaJeii Ta BCTAHOBIIOIOTH 3aJICKHICTh
ontUManbHOT mBHAKOCTI [JIP Bix TOBIMIMHHM CTami MpU PI3HUX 3HAYCHHSAX MOTYKHOCTI JTa3epHOTO
BHIIPOMIiHIOBaHHS B 2, 4 Ta 6 kBT /11 BemuuHu THCKY pododoro razy p = 0,1 MIla.

) ¢)
Puc. 1. 3ane:kHicTh ONTHMAJIBLHOI IIBHAKOCTI Pi3y Bix npuBenennx Ha rpadikax 3HaAYeHHAX
TexHogorivanx napamerpis I'JIP pist masnoByrieneBux (a, B, I) Ta Hep:KaBilouux crasuei (0, r, €)

AHari3 oTpUMaHHUX IBOBHMIPHUX TEpepi3iB perpeciiiHux Mojeneil cBiqunTh, IO MiJ] Yac pi3aHHs
MaJIOBYTJICIIEBUX Ta HEP)KABIIOUMX CTANEH HAMO1IbII iCTOTHU BIUIWB HA ONTUMaJIbHY MIBHAKICTH [ JIP Mae
TOBIIMHA MeTaldy, IO INIIrae po3pizanHio. Jlami 3a 3HAYUMICTIO #Wae WOTYXHICTh Ja3epHOTO
BUTIPOMIHIOBaHHSI, & TOTIM — THCK aCUCTYIOUOro ra3y. [Ipu HboMy MIBUAKICTE Pi3aHHS Pi3KO 3MEHIIYE€ThCSI
31 30UIbIIEHHAM TOBIIMHM CTali Ta OLNBII TOMIPHO 3pOCTa€ MPU MiABHIICHI MOTYKHOCTI Ja3epHOTO
BUIIPOMIHIOBAaHHS Ta THCKY poOouoro rasy. KpiMm Toro, 30iibIIeHHS TOBLUIMHY JIUCTOBOI MAJOBYTJIELIEBOT
CTaNi y TIOE€THAHHI 3 IMiIBUIICHHSAM MOTYKHOCTI Jla3zepa CIPUIHHSIE TOJATKOBE 30UIBIIECHHS IIBHIKOCTI
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06pobku (puc. 1, a), U0 MATBEPIKYETHCS MTOZUTUBHUM KOe(Dilli€eHTaMH TIPpH B3a€MOII IUX (aKTOpPiB y
piBasiHHI (2). Leit edekT HeMOXKITHBO OYJI0 BUSBUTH ITPU BUKOHAHHI OJJHO(PAKTOPHUX CKCIICPUMEHTIB.

Jns HepkaBiloOUMX cTajied Mae Mmicue OUIbII cyTTeBe 3pocTanHs mwBUAKOCTI [JIP mpu 3meHmenHi
TOBIITMHM IIi€1 CTaJTi Ta MiABUIIEHHI MMOTYKHOCTI JIa3epa i THCKY aCHUCTYIOUOTo razy. A och e(pekT B3aeMoIii
MiXX TOBIIMHOIO CTali Ta THCKOM POOOYOro ra3zy HOCHUTHh HACTUIBKH ICTOTHHH XapakTep, MO Tpadiku
3aJIe)KHOCT] IIBUAKOCTI Pi3aHHS BiJl TOBIIMHU 3arOTOBKU 31 3MIHOK THCKY CYNPOBOKYIOUOTO Ta3y
nepexpenrytothes (puc. 1, ). Ile jgerko mosiCHUTH TUM, IO 711 TOHKOJMCTOBUX METAIliB MPU 301IbIICHH]
THCKY Ta3y 3HaYHO 3pOCTa€ e(PEeKT OXOIIOMKEHHS METATY M T'a30M.

TakuM YMHOM, MIPH pi3aHHI MaJOBYIJIELeBUX cTajel 6 KBT nmasepom, He 3aeKHO Bif iX TOBIIUHH,
noTpiOHO BukoHyBatd ['JIP Ha MakcMManpHHX 3HAYEHHSX MOTY>KHOCTI JIA3EPHOTO BUIIPOMIHIOBAaHHS Ta
THCKY aCHCTYIOUOTO KHUCHIO B IKOCTi poOodoro ra3y. B mociimkenomy Hamu miama3oni — e 0,1 MITa. [Ipu
PO3pi3aHHi K HEPKABIFOUMX CTaJICH TIOTYKHICTh BUTIPOMIHIOBAaHHSI T€XK TIOBUHHA Oy TH MaKCHMAaJbHA, 2 OCh
THCK aCHCTYKOYOro rasy (CTHCHEHOTO MOBITpS YW a30Ty) Oyae 3aje)KaTd BiJ TOBIIMHH 3arOTOBKH: VIS
toBIIWH Big 3 1o 6 MM — 1ie 0,1 MIla, a Bix 7 mo 12 mm — e 0,5 MIla. [Ipu upomy He nmoTpiOHO 3a0yBarH,
110 BUKOPHUCTAHHS MIiJABUIIEHOIO TUCKY POO0OYOro rasy Bele 0 WOTO OUIBIIMX BUTPAT, IO MOXe OyTH
€KOHOMIYHO HEJIOIIIEHUM.

Kpim toro, 3 anamizy puc. 1, 1 ta puc. 1, ¢ MokHa 3pOOUTH BUCHOBOK, IIIO ITiJT YaC Pi3aHHS JIUCTIB
OJTHAKOBOI TOBIIWHU 301TBIIICHHS TOTY>KHOCTI JIa3epHOTO BUIpoMiHIoBaHHS 3 1,5 mo 6,0 kBTt 3a6e3meuye
NPUPICT MIBUIKOCTI OOPOOKH JUIsi MajoByrieneBux craneil B cepemabomy Ha 30 %. Ilpum mpomy 3i
3MEHIICHHSAM TOBIIWHU pO3Pi3yBaHOTO MaTepiady BIUIMB IIOTYXXHOCTI JIa3€pHOTO TIPOMEHsS Ha
MIPOTYKTUBHICTh OOPOOKH CTa€ OUTHIT BiMIYyTHUM. 3 OTJISALY Ha Te, IO BAPTICTh JIA3EPHUX yCTAHOBOK
ICTOTHO 3pOcCTa€ 31 30UIBIICHHSAM iX MOTY>KHOCTI, BUKOPUCTAaHHS OiIbII MOTYKHOTO oOnmanHanus mis ['JIP
MAaJIOBYTJICIIEBUX CTaJlel He 3aBXKIM € EKOHOMIYHO BHIIpaBAaHuM. Jleno iHakie el aHaii3 BUragae s
HEpXKaBIIOYMX CTaliell, 00 MpHBENEHWI BHUIIE MPHUPICT MOTYKHOCTI BUIPOMIHIOBAHHS A€ 3POCTaHHS
IIBUIKOCTI pi3aHHsA OiIbIle, HDK B IIBa pasd, IO BHUIPABIOBYE 3aCTOCYBAHHs OUIBII TOTYKHOTO
obnagnanns 1 I'JIP mux cranei.

Ha puc. 2, aTa 2, 6 npencraBieHu# BUTIIAL pi3iB, oTpuMaHux ripu [ JIP BinnoBiqHO MalOBYTIICIIEBUX
Ta HEP)KABIFOUMX CTaJel IS TOBIMHUH, IO BiAMOBigaroTh (460 OIM3BKI 10 HUX) PIBHAM BapilOBaHHS IIHOTO
napameTpy B Tabm. 1.

a) 6)
Puc. 2. ®oro piziB, OTPpEMAHUX B 3ar0TOBKAX Pi3HOI TOBIIMHE B MAJIOBYIJIelleBUX (a) Ta
Hep:kaBi4ux (6) cTajusix

JInst owiHKM SIKOCTI BUKOHaHHS mporecy [JIP B 3aroToBkax i3 MaJOBYIJICIIEBOi Ta HEPXKaBilO4Ol
cTaji Ha puc. 3 mpuBeAeHi 30iblIeHI (OTO MOBEPXHI Pi3y B 3arOTOBOK TOBIIMHOK 12 MM B IIUX CTafX.
Ciz TakoX BIAMITUTH, IO Pi3 B HEPKaBirOUil CTaNi BiAHOCUTHCA 10 KATETOPii TaK 3BAaHUX «IPeM’ €p» Pi3iB
Ta BUKOHAHUH NPU BUKOPHCTAaHHI a30Ty B SIKOCTi aCUCTYIOYOTO razy.

a) 6)
Puc. 3. Burasa skicHUX pi3iB, BAKOHAHMX B cTAJi TOBIIHHOK 12 MM B MaJioBYyIJIeneBiii (a) Ta
Hep:kaBiouiii (6) craJi.

JJist IIpOKOTO MPaKTHYHOTO BUKOPUCTAHHS OCHOBHI PE3yJIbTAaTH PO3PAXYHKIB 110 BCTAHOBJICHHIO
ONTUMAJIbHOT MIBHAKOCTI pi3aHHs JMCTOBMX MaTepialiB i3 MaJlOBYIJIELEBOI Ta HEP)KaBilOWOi cTalli B
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3QJIEKHOCT] B MOCIHIHKCHUX TEXHOJOTIYHUX (DAKTOPIB, SKI OTPHMAaHI IO PETPECHBHUM MOJIEISAM, IO
orMcaHi 3anexHocTsaMu (2) ta (3), mpeacrasieHi B Tab.4, 3aBIIKH Kil € MOKJIUBICTH 3DYYHO Ta MIBHIKO
nigouparu pexkumu ['JIP Ha3BaHUX cTanei TOBIUHOK Bix 3 10 12 mm.
Tabn. 4.
Pe:xxumu pizaHHsi MAJIOBYIJIEHIEBHX Ta HEPKABIIOYHUX CcTaJIel pPi3HOT TOBIIMHM JIa3epHUM
BHIIPOMIHIOBAHHSIM 321aHOI IIOTYKHOCTI NPH ONTHMAJbHUX 3HAYEHHAX IHIINX TeXHOJOTTIHHX

daxkropis
HoTty:xHicTh
Po3paxoBana
. JIa3epHoOro ToBmMHa .
BI/III craja . onTUMaJbHa HNIBUJIAKICTH
BUINIPOMIHIOBAHHSA, JHUCTA, MM
'JIP, m/xB.
kBT
3 3,51
) 5 2,65
8 1,72
¥ 12 1,45
m
o 3 3,83
= 5 3,01
e 4
= 8 2,10
2 12 1,83
= 3 4,10
6 5 3,35
8 2,50
12 2,28
3 6,64
5 5 3,65
8 1,10
x 12 0,62
s 3 9,47
2 5 6,24
= 4
g 8 3,32
) 12 2,50
= 3 12,28
6 5 8,80
8 5,50
12 4,46

* — acUCTYIOUMiA ra3 — KMceHb npy BenmurHi Trcky B 0,1 MITa; BelMurHa Ta HAIPAMOK
po3dokycyBanns — +4,5...+7,0 MM (B 3aJI€XKHOCTI Bijl TOBIMHHU 3aTOTOBKH); BiZICTAHb BiJl COTLIA JIO
saroroBku — 0,7...1,0 mMm.
* — acHCTYIOYHMH ra3 — CTUCHEHE MOBIiTPst a00 a30T npu BeauuuHi Tucky B 0,3 MIla; BenuunHa Ta
HanpsaMok po3dokycyBanus — 0...—2,5 MM (B 3a1€)KHOCTI BiJ] TOBIIWHH 3arOTOBKH); BiZICTaHb BiJl COILIa
1o 3aroroBku — 0,5...0,8 mm.

*

B mopamemioMy HaMu 3amiiaHOBaHE CTBOPEHHS OH-JIAWH KalbKyJATOpa, SKAH JIO3BOJHTH
KOpPHCTYBauy pO3B’S3yBaTH SIK NPSAMY 3aJadyy — TPH BBEICHI 3MIHHHMX IapaMeTpiB pi3ku (TOBIIMHU
3arOTOBKH, MOTYXHOCTI Ja3epHOTO BUIIPOMIHIOBAHHS, THCKY aCHUCTYIOUOTrO rasy) Ta 3alpOIOHOBAaHHX
¢ikcoBaHUX 3HauYeHHSX iHIMX pexuMiB [JIP oTpumyBaTn HeoOXximHe 3Ha4YeHHS MOTPIOHOI IIBUAKOCTI
pi3aHHA, Tak i OJHE i3 3BOPOTHHX 3aBJaHb — HANpPUKIAl, MPH 3alaHiid TOBIIMHI 3arOTOBKH Ta THCKY
pobouoro ra3zy, a Takox MOTPiOHIN MIBHIKOCTI pi3aHHS pO3paxyBaTH JIOCTATHIO MOTYXKHICTh Jla3zepa Aiis
BUKOHAaHHS Takoi omepartii ['JIP. OH-maiiH KaJbKyIaTOp IepeadadyaTHME MOMKIUBICTH PO3IIHPEHHS
nianazoHy HOro 3acTOCyBaHHs NMpPU BBEAEHI HOBUX pe3yibTaTiB perpeciiiHoro anamizy mpouecy [JIP,
HaANPUKIaM, JJIs TJa3epHOro BUMpoMiHtoBaHHS B 20 kBT.

BucnoBku. JliTeparypHumii aHami3 TIOKas3aB, IO PO3POOKa aJITOPUTMIB TEXHOJIOTIIHOTO
3abe3neyeHHs: npomeciB [JIP crameBux JHCTIB 3 KOHCTPYKUIHHHMX MeETaliB Ja€ 3MOry chopMyBaTH
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BIIHOCHO TIPOCTI MaTeMaTU4IHI MOJIENi, SIKi JAIOTh 3MOTY OOYHCITIOBATH ONTHUMAaIbHI IIBUAKOCTI Pi3aHHA
MaJIOBYTJICIICBHX 1 HEPIKABIFOUMX CTaJIeH TOBIIMHOKO Bif 3 10 12 MM Ha 00J1afHaHHI OTYXHICTIO /10 6 KBT.
CrtBOpeHi MojieNi y MOAaNbIIOMY BiAKPHBAIOTh MEPCICKTUBY BU3HAYCHHS ONTHUMAILHUX peskumiB [JIP
PI3HHUX CTAJICBUX MaTepialiB y peKUMi peaabHOTO Jacy.

Jnst BU3HAYEHHsS] ONTHMAIBHOI IIBUAKOCTI pi3aHHS 3aJIE)KHO BiJl KIIOYOBHUX TEXHOJOTIYHUX
mapameTpiB Oyja 3acTOCOBaHAa OpUTiHANbHA METOAMKA, IIO TIPYHTYETHCS Ha aHajii3l TEXHIYHOI
JMOKYMEHTallii BHUPOOHWKIB JIA3ePHOTO yCTaTKyBaHHs. BimiOpaHi peXuMu TepeBipsuicsd MUITXOM
EKCIICpUMEHTIB Ha HasBHIN JIa3epHIA YCTAHOBIIl, a OTPUMAaHI PE3YJIBTATH OIHIOBAJIHUCS 3a KPHUTEPIIMH
SKOCTI pi3y.

VY pesynprari 6araToakTOpHUX MOCTiKeHb OylIM OTpPHMaHI perpeciiiHi MaTeMaTW4HI MOl
nportecy I'JIP 1st MaJTOBYTIIEIIEBUX i HEP)KaBilOUMX cTase. IXHiil aHami3, a TAKOX PO3TIIS JBOBHMIPHHX
Mepepi3iB MOBEPXOHb, OMUCYBAHUX IUMHU MOJECSMH, MOKa3aB, 10 HAHOUIBII BaroMuM (hakTOpOM IJis
ONTHUMAJIBHOT WIBHIKOCTI pi3aHHS € TOBIIWHA 3aroTOBKH. J[pyrmM mapaMeTpoM 3a 3HAUYIIiCTIO €
MOTYXHICTh JIa3epHOTO BUIPOMIHIOBaHHS, a TPETIM — THUCK acHUCTyruoro razy. llpum mpomy 3i
301JIBIICHHSM TOBIIMHHU CTali (0COOIMBO HEP)KaBiFOYOI) MIBUAKICTh Pi3aHHS CYTTEBO 3HIKYETHCS, TOJI SIK
i BUILEHHS MMOTYKHOCTI Jia3epa 1 TUCKY ra3y MPU3BOAUTSH JI0 TIOMIPHOTO i 3pOCTaHHS.

BcranoBneHo, mo mpu oOpoOIi JKCTIB OAHAKOBOI TOBIIMHHU TMiJABHINEHHS TOTY>KHOCTI
BunpomiHtoBadHs 3 1,5 10 6,0 kBT 30i1bITy€e MBUIKICTH pi3aHHSI MAJOBYTJICIICBUX CTAJIEH B CEPETHROMY
mume Ha 30 %, ToMy 3acTOCYBaHHsS BHUCOKOIIOTY)KHHX JIa3€PHUX YCTaHOBOK JUIS TaKHX MaTepialliB He
3aBXIM € EKOHOMIYHO MOUUTHHUM. J[JIs1 HepKaBilOUMX cTanel mei ke Jiana3oH 30UThIICHHS MOTYXHOCTI
3abe3nedye MoHaa ABOPA30BE 3POCTAHHS MIBUAKOCTI Pi3aHHS, IO MMOBHICTIO OOTPYHTOBY€E BUKOPHUCTAHHS
MOTY>KHIIIOTO 00JIaHAHHSI.

JIJ1 IpakTUYHOTO 3aCTOCYBAHHS PE3YJIBTATH PO3PAXYHKIB, 1[0 BU3HAYAIOTh ONTUMAJIbHI MIBUIKOCTI
pi3aHHS JIMCTOBMX MaTepialiB i3 MaJIOBYTJIEIEBOI Ta HEp)KaBilouoi cTanel 3ajeXHO Bif JOCITIIKEHHX
TEXHOJIOTIYHUX TapaMeTpiB, MOMAHI y BUTIAAI TaOuuii. BukopucTaHHs TaOMUIN MO3BOJISIE IMIBHIKO W
3pY4YHO OOMPATH PEXKUMH T'a30JIa3€PHOTO Pi3aHHs IIMX KOHCTPYKIIMHUX cTaned TOBUIMHOO Bix 3 10 12 MM.

VY mepcrekTrBi IIaHYEThCS CTBOPEHHS OH-JIAWH KaJbKyJNATOpa, SIKUH JO3BOJSITHME, BUXOISYH i3
BBEIEHNX IIapaMeTpiB pizaHHA (TOBIIMHM JIMCTA, MOTYKHOCTI Ja3€PHOTO BHUIPOMIHIOBAHHS Ta THCKY
ACHCTYHOUOTO0 r'a3y), a Takoxk (ikcoBaHUX 107aTKOBUX YMOB I'JIP, oniepaTHBHO OTPUMYBATH PO3PaXyHKOBI
3HAYCHHSI ONTHMAJIBHOI IBUIKOCTI Pi3aHHS B OH-JIAWH PEXKHUMI.
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VJIK 532.135:622.244.4 DOI 10.36910/775.24153966.2026.85.5
M.€. YepHoBa
HEHBIOTOHIBCBKA ITPUPOJIA BYPOBHUX PO3UHMHIB: BIJ B’SI3KOCTI 10
TUKCOTPOIIIL

leano-Dpanxiscoruil HayioHarbHUL MeXHIYHULL YHIgepcumem Hagmu i 2azy.

Y emammi 0ocniosceno ¢pizuuny npupody nenviomoniecokoi nosedinku oyposux npomugansnux cucmem. Pozkpumo
Mexanizmu nepexody 6i0 6’A3KONIAACMUYHO20 CHAHY 00 MUKCOMPONHO20 GIOHOGIEHHA CHPYKMYPU 3 RO3UUII eHepeil
MIHCMONEKYAPHOT  83AEMO0iT. Aemopom 00rpynmoeano HeoOXiOHicmb 6paxysanHs penakcauiiHux egekmie npu
Modenioeanni 2iopasniynux npoyecie y 2nuboxkux ceeponosunax. Ilpoananizoeano cyvachi ceimogi menodenyii Kepyeanns
PeO0J02I€I0 PO3UUHIG Y CKIAOHUX MEPMOOAPUUHUX YMOBAX.

Knrouoei cnosa: peonocisi, 6ypoeuti po3uut, HeHbIOMOHIECLKA PIOUHA, MUKCOMPONIs, HANPYHCEHHS. 3CY8Y, 8 A3KICMb.

M.Je.Chernova

NON-NEWTONIAN NATURE OF DRILLING FLUIDS: FROM VISCOSITY TO
THIXOTROPY

The paper presents a fundamental physical analysis of the rheological behavior of drilling fluids as complex disperse
systems. Based on the principles of continuum mechanics, the author investigates the transition between viscoplastic flow and
thixotropic structure recovery. The study highlights that conventional steady-state models, such as the Bingham-Plastic model,
often neglect the time-dependent relaxation spectra, leading to significant errors in hydraulic pressure predictions for deep well
construction.

Special attention is paid to the energetic nature of particle interactions within bentonite-polymer suspensions. By
integrating recent findings from high-impact international journals (Category A), the author proposes a conceptual vision for
“smart™ drilling fluids with controlled rheological responses. The results demonstrate that effective hole cleaning and wellbore
stability depend on the kinetic balance between shear-induced structure breakdown and Brownian-driven coagulation. The
research outlines future perspectives for implementing digital twins in rheological monitoring.

Keywords: rheology, drilling fluids, non-Newtonian fluid, thixotropy, shear stress, yield point, HPHT conditions.

IocTaHoBKa MpPoOJIeMH Yy 3arajbHOMY BUTJISIAI Ta ii 3B'A30K i3 BaXKIMBUMH HAYKOBHMH W
NpakTHYHUMHU 3aBaaHHsAMU. CydacHe OypiHHA HAaTOBHX 1 ra30oBUX CBEPUIOBHH — € TPOIEC, IO
BiZOyBa€eThCsl B EKCTpeMalbHUX (i3MYHUX ymoBax. OJHHMM i3 KIIIOYOBUX EIIEMEHTIB LIOTO IPOIECy €
GypOBHii PO3UHH, SIKHIi 4ACTO HA3HBAIOTh «KPOB'I0» CBEP/TOBHHH. VIOro rooBHe 3aBIaHHS — He IPOCTO
3MallyBaTH IHCTPYMEHT, a i miIiiiMaTH Ha JeHHY ITOBEPXHIO YIaMKH TipChKOT TIOPOIH.

Mertoro nanoi poboTH € TeopeTnyHe (i3MKO-MaTeMaTHUHE OOIPYHTYBAaHHS B3a€EMO3B'S3KY Mik
napamMeTpaMu ITUHaMI9HOI B’SI3KOCTI Ta KIHETUKOIO THKCOTPOITHOT'O CTPYKTYpYBaHHS OypOBHX PO3UMHIB.
OcHOBHA yBara NPHIUISETHCS aHaANI3y HEHBIOTOHIBCHKOI TOBEMIHKHM CHCTEM V KOHTEKCTI CHeprii
MDKMOJIEKYJISIPHOI B3a€MOJi1 aucrepcHoi (a3, M0 JO03BOJIUTH YTOYHUTH METOAM IPOTHO3YBAHHS
riIpaBIiuHUX BTPAT MPU NPOMHUBAHHI TTTMOOKUX CBEPIOBHH.

3 TOUYKHM 30py KIACUYHOI Pi3UKH, OLTBIIICTH OYPOBUX PO3YUHIB € HEHBIOTOHIBCHKUMH PiIHMHAMM.
Ha BigMiHy Bix BOIW 4u OJii, TXHS B'S3KICTh HE € CTajOK0. B’s3KiCTh OypOBOTO PO3UMHY 3MIHIOETHCS
3aJIe’KHO BiJ CHIIH, IPUKJIAJEHOT IO CUCTEMH, 3arajioM Ta BiJl IIBUAKOCTI pyXy Li€l piiuHU y TpyOHOMY Ta
B 3aTpyOHOMY IIPOCTOpi. Y CTaHi CIIOKOIO PO3YUH Ma€ reNieloiOHy CTPYKTYpPY Ta HPOSBIISIE BIACTHBOCTI
TBEPIOTO Tia; i BIDIMBOM 3CYBHHX HAaIPYyXeHb Y HATHITAIbHIA CHCTEMI CTPYKTypa pyHHY€EThCH, i
crcTeMa MOBOJUTHCS SIK B’ SI3Ka PiAMHA.

Po3yminns wiei ¢iznunoi TpancdopMmarii - BiJ B'I3KOCTi O THKCOTPOMII - JO3BOJISIE BiIOBITHOMY
MIepCOHATy KepyBaTH CTaOILIBHICTIO CBEP/JIOBMHHU Ta YHUKATH aBapii Ha IIHMOWHAX Y KiJTbKa KIJIOMETPIB.
[Iporec cropymkeHHS TAMOOKUX CBEpPAJIOBUH Ha HapTy 1 Tra3 CyHpOBOJKYETHCS CKIAQAHUMU
riIpoAWHAMIYHUMHK TIpouecamu, e(EeKTUBHICTh SIKUX Oe3MocepeHbO 3aleKUTh BiJl PEOJOTTYHHX
napameTpiB  OypoBux mnpomuBaimbHHX  pimmH. CydacHi OypoBi  pO3YMHM €  CKIQJHAMHU
0araTOKOMIIOHCHTHHMH  JTUCIIEPCHHMH CHCTeMaMH, (i3WKO-XiMiYHA TOBEIIHKA SKUX CYTTEBO
BIIXHJISIETHCS BiJI 3aKOHIB KIaCUYHOI riipoauHaMiku HeroTona. Takum unHOM, €eKTHBHICTE Oy IIBHUIITBA
Ha(TOBUX i ra30BUX CBEPAJIOBHH O€3MOCEPETHBO KOPEIIOE 3 AKICTIO OUHIIeHHs BUOOT0. [Ipobiema momnsirae
y HEOOX1THOCTI OJTHOYACHOTO 3a0e3MeYeHH HU3bKOi B’ SI3KOCTI B 4aci OypiHHS Ta BUCOKOI yTPUMYIOUOL
3ATHOCTI y CTaHi CIOKOIO, PO HI0 3a3HAYAETHCS y 0araTboX HAYKOBHX Tpalsx SK MHHYJOTO Tak i
TenepiHboro vyacy [7, 8].

Tpamumiiino mis ommcy Tedii OypoOBHX CHCTEM 3aCTOCOBYIOTH peosioriudHi mozeni binrama-
[IBenoBa ta OcTBanbaa-ne-Baase, oqHak BOHN He 3aBXK/IU TOBHOIO MipOIO BPaxOBYIOTh YaCOBY JTHHAMIKY
CTPYKTYpHHX NepeTBopeHb. OcobanBoi yBaru NoTpedye TOCTiIKEHHS epexony Bij B I3KOIUIACTUYHOTO
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CTaHy /0 THKCOTPOITHOT'O BiTHOBJCHHS CTPYKTYpH, IIO € KPUTUYHO BAXKJIMBUM JUis 3a0e3neueHHS
CTIMKOCTI CTIHOK CBEPIJIOBHHU Ta €()eKTUBHOTO BHHECEHHS IIIIaMy.

Mertoro 1aHoi poOOTH € TeOpETHYHMIA aHami3 (i3UYHOI MPUPOAN HEHBIOTOHIBCHKUX BIIACTHBOCTEN
OypoBHX pO3YHMHIB Ta JOCHIJPKEHHS MEXaHi3MiB THKCOTPOIii SK KIIOYOBOro (akTopa KepyBaHHS
TiipaBmiyHUMH TporpaMamMu OypiHHA. EdexTuBHICTH OyAiBHUITBA HA(TOBHX 1 Ta30BHUX CBEPIJIOBUH
0e3mocepeTHRO 3aJICKUTH BiJl AKOCTI OUUIICHHS BUOOTO BiJl BHOYPEHOI ITOPOIN Ta CTA0LTHPHOCTI BIAKPHTOTO
CTOBOYpa JI0 HOro KpirieHHs. 3a Cy4acHUX YMOB OCBOEHHS POJIOBHII 31 CKJIAQIHUMU T'€0JIOT0-TeXHIUHUMHU
XapaKkTepUCTHKaMH (3HaYHI TTTMOMHH, TOXMUIO-CKEPOBaHi Ta TOPU3OHTAIBHI MPOQ1iIIi) poJib TPOMHUBAIBEHOT
PITUHU BUXOIUTH 32 MEXi 3BHUAHOTO T1IPOINHAMIYHOTO CEPEIOBHIIA.

[Ipobnema monsrae y ToMmy, [0 OypoBHH pPO3YMH TIOBUHEH OJHOYACHO 3aJ0BOJILHITH
B3a€MOBUKJIIIOUHI ()i3UUHI BUMOTH, 30KpeMa BOJIOAITH HU3bKOIO B’ S3KICTIO 32 BUCOKUX IIBUAKOCTEH 3CYBY
(y Hacagkax mo0Ta), o0 MiHIMI3yBaTH €HEPrOBUTPATH Ha IPOKAYyBaHHSA Ta MAKCHMIi3yBaTH IIBUIKICTh
MPOXOAKH Ha JOJIOTO;, BUSIBISATH BHUCOKY YTPHMYIOWY 3[aTHICTh Y KiJTBLIEBOMY MPOCTOPI 33 HU3BKHX
IIBUIKOCTEH, 100 3amo0irTH OCIIaHHIO BAXKKOTO IIAMY; MUTTEBO IEPEXOIUTH Y JKEICTOAIOHUI CTaH i
9ac 3yNMHKH IUPKYJISALIi, o0 3a0e31e4y€eThCs BIACTUBICTIO TUKCOTPOITII.

OCHOBHUM HAayKOBHM 3aBIaHHSM IyONiKallii € ONTHMi3allil PEeOoJIOTIYHHUX IMapaMeTpiB, IO
notpedye TOYHOro (Pi3MYHOTO MOJETIOBAHHS MOBEIIHKH CKIAJHUX CHUCTEM. HenoCKOHamicTh iCHYIOUYHX
METOMIB PO3paxyHKy AMHAMIUYHOTO HAMpy>KEHHS 3CYBY MPHU3BOAMTH 10 NOMHIIOK y BH3HAYEHHI Tizpo-
IMHAMIYHUX OIIOpiB, IO MOXKE CTaTH MNPUYMHOIO TNOIJIMHAHHS pO3YMHY B IulacT abo, HABIAKH,
razonadroBoponpossis (CHBII).

[lpakTuuHe 3HA4YeHHS 3 BHPIIIEHHS IMX 3aBIaHb JO3BOJISAE 3a0€3MEUUTH LITICHICTH CTIHOK
CBEPJUIOBMHH, 3MEHIIUTH 3HOIIYBaHICTh OypOBOTO OOJIQJHAHHS Ta CKOPOTHTH TEPMiHH OYIiBHHUIITBA
CBEPJUIOBHH, IIIO € CTPATEri9HO BAKIMBUM JJISI €HEPTETUYHOTO CEKTOPY EKOHOMIKH YKpaiHH.

Buknan ocHoBHOro marepiaay nociimxenHs. OyHaaMeHTAIBHI 3acaay PEOJIOTI 3aKIa/ieHi y
npaigix I1. Pebingepa, B. binenpskoro[7] ta . Korkynuua[8]. TlutanHs MoentoBaHHs Tedii pO3BUHYTO Y
poborax P. Coussot [1] Ta J. Mewis [2]. TIpore kiHeTHKa BiJHOBJIEHHS CTPYKTYPH Y AMHAMIYHHX yMOBax
3aJIMINAEThCS JUCKYCiiHOI. B OCHOBI peonoriuHoi mMoBeAiHKM OypOBHUX CHCTEM JICKHTH 3JIATHICTh
YaCTUHOK TBEepAOI (asu 10 YTBOPEHHsS MPOCTOPOBUX CTPYKTYp 3a paxyHOK cui BaHn-nmep-Baambca Ta
eNeKTPOCTaTHYHOI B3aeMOIii. 3 TOUKHU 30py (Bi3UKH, IPOIEC TeUil TAKOTO PO3UMHY MOKHA PO3TIIAIATH SIK
JVHAMIYHY PIBHOBary MiX JBOMa NPOTWJICKHHMH MPOIECAMH: MEXaHIYHUM PYHHYBaHHIM CTPYKTYpPHHX
BY3JiB Iif] Ji€I0 HANPY>KEHHSA 3CYBY Ta iX CIIOHTAHHUM BiJHOBIIEHHSM YHACHiJOK OpOYHIBCHKOTO PyXYy.
Came 115 piBHOBara 3yMOBIIO€ (i3UYHY IPUPOAY MOBEIIHKH HEHBIOTOHIBCHKOT PiHHH.

EdexTuBHA B’I3KICTH ONMUACYETHCS MOMU(DiKOBaHUM piBHIHHAM I eprierns-bankini 3 ypaxyBaHHIM
MOTEHIliay enekTpoctaTudHoi B3aemonii 4dactuHok [3, 10]. Tukcorpomito imeHTH(IKOBAHO SIK
perakcaliiHui Iporiec, y MeKax sIKOro mapaMeTp CTPYKTYpOBaHOCTI 3MiHIOEThCS 3 yacoMm [4, 11].

OcobnuBHil iHTEpEeC BUKJIMKAE BHKOPUCTAHHS TpadeHy Ta iHIMIMX HaHO-MOAMQIKATOPIB IS
cTabisi3amii THKCOTPOITHUX BIACTUBOCTEH, 110 AeTaibHO omucaHo y mpaipsix C. Gao [11]. e mae 3mory
JIOCATTH e()eKTy «MHUTTEBOTO Tellto», (Pi3UuHa MOJENb SKOTO BHXOJUTH 32 MEXI TPaIUIIHUX OIHUCIB,
sanponoHoBanux E. V. Oort [4].

MaremaTu9HO Iiei Tepexia HalKpale ONMUCYEThCS depe3 3MiHy e(DeKTHBHOI B’ SI3KOCTI (7eff), KA
JU1s OUTBIIOCTI MPOMHMBAJIBHUX PIUH € (QYHKIIIEI0 HE JIMIIE rpajieHTa mBUAKOCTI (dv/dx), ane i yacy nii
HaBaHTA)KCHHS.

Oco0nuBicTIO OypOBHX CHCTEM SIK KOJIOITHHX CYCIIEH31H € IXHS 3IaTHOCTI 0 0OOpPOTHOTO
130TepMIYHOTO MEPEXOAY «30Jb — Ielib», MO Y Ha(TOBIH iHKeHepil iNeHTU(IKY€EThCS K THKCOTPOITis. 3
no3uuii cratucTuuHoi (i3WkH, el mpouec MOXKHA IHTEPIPETYBAaTH SIK EBOJIIOLII0 EHEPreTHYHOTO
maHAmadTy CUCTeMH, TOOTO, MPUIMHEHHS 3CYBHOTO HaBaHTAXXCHHS NMPU3BOJIUTH O MiHIMi3allii BITHHOT
eHepril IUIIXOM (OPMyBaHHS MIKYACTMHKOBHUX KOHTAKTiB. Y CTaHI CIIOKOK YACTHHKH TIIMHHUCTOI (ha3u
(6enTOHITY) 200 MAaKpOMOJICKYJIH MOJIMEPIB OPIEHTYIOThCS TAKUM YMHOM, IIO0 CTBOPUTH HENEPEpBHY
MPOCTOPOBY CITKY. 3 TOYKH 30py (Di3MKHM i€ MPOSIBISIETHCS Y 3POCTaHHI CTATHYHOTO HAIPY>KEHHS 3CYBY
(CH3) 3 yacom. KineTrKa mbOro 3pOCTaHHS HE € JIHIAHOIO i 3a3BHYail OMUCYETHCSA EKCIIOHEHITIAIBHOO
3anexHicTio[9], 110 BKa3ye Ha HasIBHICTH MIEBHOT'O Yacy penakcauii CTpyKTypH T.

BaxmuBO MiIKpECTUTH Pi3HUIIO MiX B’ 3KICTIO Ta THKCOTPOITHOIO MillHICTIO. B’s3KicTh BU3HAYa€e
BHYTPIIITHE TEPTS MK IMapaMH PiTUHH, IO PYXalOThCs, TOAI K THKCOTPOIiS XapaKTEPHU3Y€E «IaM’ SITh»
CHCTEMH TIPO CTaH CIIoKor0. CaMe Iisl BIACTUBICTh € KPUTHYHOIO JUISl yTPUMAaHHS [IJIaMy B 3aBHCIIOMY CTaHi
i 9ac TEXHONOTIYHUX 3YIHHOK OypiHHSL.
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MaremaTuyHe MOAETIOBAHHS IHOTO SBUIIa BUMarae BBeICHHS apaMeTpa CTPYKTYpHOTO pO3Nany
A. 3a ymoBu A = 1 cucrema nepeOyBae y MOBHICTIO CTPYKTYpPOBaHOMY CTaHi, Toai sk A = O Biamorimae
[IOBHOMY PYWHYBaHHIO CTPYKTYPH IIiJl Ai€0 BUCOKUX IIBUAKOCTEH 3CYBY B HacaJgKax J0JIOTA.

AHaji3 ocTtaHHIX qociaimkeHb i myOaikanmiii. dyHnameHTanbHI 3acajy Peosorii AMCIEPCHUX
CHUCTEM, JI0 AKHX HaJie)kaTh OypOBi pO3UHHH, 3aKJIaJIeH] Y KIIACHYHUX BiIoMHX mpallsx Pebinmepa, ne Oymo
BIiepuie chopMyIbOBaHO MOHSITTS CTPYKTYPOYTBOPEHHS B PiIKUX cepenoBuinax. [lutanus MonentoBanHs
HEHBIOTOHIBCHKOI Tedii B KaHajax CBEPIJIOBUH OTPHMAIH PO3BUTOK Yy AOCIHIIKEHHAX BITYM3HSIHUX Ta
3aKOpJOHHHMX HAYKOBIIB-JOCTigHHKIB, 30kpema, M. I'. Kacesana, O.O. OpnoBa, a Takox y poboTax
P. biarama ta B. ['eprens.

CyuacHu#l cTaH po3B’s3aHHS 1€l MPOOIEMHU XapaKTePH3YEThCS BIPOBAKEHHSIM KOMILIEKCHHX
XIMIYHUX peareHTiB-MoaudikatopiB (MOJIMEPHHUX CIIOJNYK, HAHOLEIIOI03H, rpadeHy), IO IeTalbHO
BHCBITJICHO B HEUIOJAaBHIX IMyOJiKaIlisgX AOCTITHUKIB [BaHO-DPaHKIBCHKOTO HAIIOHAIBHOTO TEXHIYHOTO
yHiBepcuteTy HadTy i rasy [7] Ta IHomraBchkoi momitexuiku [8]. B mux po6Gorax akiieHT 3po0iieHO Ha
eMITIpUYHOMY TiI00p1 penenTyp Ais crabdinizaiii B’ I3K0CTi B yMOBaX BUCOKHX TEMIIEpaTyp.

[Iporte, HE3BaXKarOUM HAa 3HAYHHI TPOTPeC, OiIBIIICTh aBTOPIB CHUPAETHCS HA CTATHYHI PEOJIOTIvHI
MOJICIT, SIKi PO3TJSAAIOTh CHCTEMY B YCTAJCHOMY PEXKHMIi Tedii, 3aJIMIIAlOYN 1103a yBarorw IepeximaHi
nporecu [6,9].

Bungisnennsi HeBupilieHnX padile 4acTuH 3arajbHoi mpodsaemu. Ilonpu 3HAYHY KiNbKiCTh
EKCIIEPUMEHTAJIbHUX JaHUX LIOJ0 B’S3KICHUX XapaKTEpUCTUK OypOBHUX PO3YMHIB, NUTAaHHA KiHETUYHOI
BIZIMOBITHOCTI MiX HIBHIKICTIO PYHHYBaHHS CTPYKTYPHHX 3B’SI3KiB 1 4acoM X BiJHOBJIGHHS B YMOBax
TypOymi3amii MOTOKY 3alHIIA€ThCS HEAOCTATHBO BUCBITICHUM.

HeBupimennmMu CKJI2J0BUMH TPOOJeMH 3aJIHIIAIOTHCSA. BIJICYTHICTH €IWHOTO (Hi3HYHOTO
KpHUTEPito, KW IMOB’ A3yBaB OM €HEPTir0 aKTUBAIIIl Tedil 3 TapaMeTpaMu TUKCOTPOITHOTO CTPYKTYPYBaHHS
Ha MOJICKYJISIDHOMY PIBHI; HEBU3HAYCHICTh MEXaHI3My BIUIMBY HAJBUCOKMX THCKIB Ha pellaKcarlifiHi
BJIACTHUBOCTI CTPYKTYpOBaHUX CHCTEM, IO NPU3BOAUTH A0 MOXMOOK Yy pO3paxyHKax EKBiBaJIEHTHOI
MAPKYJSIIIHHOT TYCTHHH, a TaK0oX HEAOCKOHAJICTh aHAJITHIHOTO OMHCY TOBEMIHKH PO3YHMHIB Y 30HI
nepexony BiJ JaMiHAPHOTO 1O TYpOYJIEHTHOTO PEXKUMY Teuil 3 ypaXyBaHHSM <IaM’ [Ti» piAHHU
(peomnoriunoi nepenicropii).

Came aKkUEHTYBaHHIO YyBarM Ha LUX AacleKTaxX, 30KpeMa BCTaHOBJICHHIO (Pi3MuHHX
3aKOHOMIPHOCTEH €BOJIIONI] PEOJIOTIYHUX TapaMeTPiB y THHAMIYHUX YMOBaX, PUCBIUEHO IO CTATTIO.

MeTtoro HayKOBLiB-OypOBUKIB y MOJAIBIIOMY MYCHTh OyTH BCTAHOBJECHHS (I3UUYHUX
3aKOHOMIPHOCTEH TUHAMIYHOI TpaHCopMallii CTPYKTYPH HEHBIOTOHIBCHKHUX OYpOBHX CHCTEM Y IpoIeci
X mepexoAy BiZ B’SI3KOIIACTUYHOIO CTAHY 10 TUKCOTPOIHOTO BiTHOBIEHH. J{J1s1 IOCATHEHHS TaKkoi MeTH
HEOOXi/IHO BHPIIINTH HACTYIHI 3aBJIAHHS. MPOAHATI3yBaTH CHEPTeTUYHY MPUPOIY MIKXMOJEKYISPHUX
B3a€EMOJI y AMCHEPCHHUX CHUCTeMax OypOBUX PO3YMHIB, IIO 3YMOBIIOIOTH BUHHKHEHHS MEXi 3CYBY;
JIOCITITATH KIHETUKY 3MiHH €(DeKTHBHOI B’SI3KOCTI i Ji€I0 3MIHHUX IIBHAKOCTEH AedopMariii 3 MO3HIIii
MEXaHIKH CYHIJTbHUX CEpPEelOBHII, OOTPYHTYBAaTH POJIb THKCOTPOITHHMX BIIACTUBOCTEH fK (Di3HYHOTO
perynsTopa rifzpaBiidHoi cTabiIbHOCTI CTOBOYpa CBEPAJIOBUHH, Ha 3aBEPLICHHS 3alIPOIIOHYBAaTH YTOUHEHY
MOJIeJh IHTEPIIPETAIlii PEOIOTIYHUX KPUBHX, 110 BPAXOBYE pelaKcalliiiHi eheKTH CTpYKTYpOBaHOI piANHY.

Bukiaa ocHOBHOTO MaTepiajly T0CiIKeHHs 3 00IPYHTYBAHHSAM OTPUMAHHUX Pe3yJbTATIB.

®di3uyHa TpUPOAa HEHBIOTOHIBCHKOI ITOBENIHKM Cy4YaCHHX OYpOBHX CHUCTEM OOyMOBJIEHA
HasBHICTIO CKIIAQJHOI OYJIOBH MIDKYaCTUHKOBUX 3B’S3KiB. 3TiHO 3 JOCTiPKEHHSAMH OCTaHHIX POKIB,
onmyOMiKOBaHMMH TpyINoO0 BueHHX mmix KepiBuumrBom Meeten G. H [3]. ta P. Coussot [1], Teuiro
CTPYKTYpOBaHUX CYCIEH3IH CIiJl PO3risiaTH 4yepe3 NMpPU3My €Heprii akTuBalii pylHyBaHHS (IOKKYI.
Croronni cBiToBa enita peodjorii (nampukian, npaui y Journal of Rheology a6o Rheologica Acta)
BiJIXOJIUThH BiJl MPOCTOrO BUMiproBaHHs B’si3kocTi 1o aHamizy LAOS (Large Amplitude Oscillatory Shear)
- KOJIMBAaHb BEJHMKOI aMIUTITYJu. HaMu Ha OCHOBI TEOPETHYHHX IOCTIJKEHb JITEPaTypHOTro MOLIYKY
BCTAHOBJICHO, 110 TIPH 30UIbLICHHI TpajlieHTa MBHAKOCTI 3cyBY (dy/dt) BinOyBa€eThCcs HE IPOCTO MEXaHIYHE
PO3CYHEHHsI IapiB, a MEpPeopieHTAllisl aHI30TPOITHUX YACTHHOK AWMCIIEPCHOI (ha3y B3OBXK IiHINA Tedii.
3akopaonHi ¢axismi (30kpema y po3pobkax Schlumberger) moBoasTs, 110 1l IPOLEC CYIPOBOIKYETHCS
3MEHIICHHSM JIOKAJIBHOT €HTPOIIIT cCHCTeMH. 3 (hi3UYHOT TOUKHU 30pY, €peKTHBHA B'SI3KICTH (1)eff) MOKE OyTH
omvcana MoAu(iKOBaHMM pIBHAHHSM, 1€ BpaxoBYEThCS MoTeHIian FOkaBu AJsl eIeKTPOCTaTHYHOL
B3a€EMO/IIi JaCTHHOK OCHTOHITY:

Ty + k)"
Mett =M *—
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TYT z-0 - ,Z[I/IHaMiLIHe HAIPY>XXCHHA 3CYBY, IO KOPCIIOE 3 eHepriem 3B’H3Ky Yy BYy3J1ax CprKTypHOI

citku; e - edextuBHA B’s3kicTh (@pparent Viscosity); xapakTepucTHKa OINOpPY PiAMHHM Tedii mpu

KOHKpPETHi# mBuaKocti 3¢yBy; 7], - rpaHnyHa B'SI3KICTh 32 yMOBHM HECKIHUEHHO BEJIUKOT IIBUAKOCTI 3CYBY
(viscosity at infinite shear rate); miniMalbHa B'SI3KICTh, SKOI IIparde piaAuHa IpH Iy’Ke IHTCHCUBHIHN Teuil;
Ty - mexa Tekydocti (yield stress); miHiManbHe MeXaHi4YHE HANPYKEHHS, SIKE MOTPIOHO MPUKIACTH JI0
pinuHM, 00 BOHA MOYaia TEKTH, 10 JOCSATHEHHS LIbOTO 3HAUCHHS MaTepiall MOBOAUTHCS K TBEPJE TiJIO;
]} - mBHAKICTH 3cyBy (Sshear rate); rpafieHT mBHAKocTi Tewil Mixk mapamu pizuanm; [l - mokasmumk

teuii (flow behavior index); Busnauae Tun meniniiinocti: sxkmo N <1, pinuba € mceBmOMIACTHYHOK
(pospimkyeTbest Tpu Teuwii, Hanpukiax, (dapba abo keruym); skimo N > 1, piguHa € aumaranTHOMO
(3arymnyerhbest i yac Tedii).

. °n . o . .
Cama cTpykTypa popmyu BioOpaxae 3akoH T =7, +K), noxineHni Ha MBUAKICTH 3CYBY 7 JUIS

OTPUMaHHS B'I3KOCTI 77 = 7 / y 3 J0aBaHHAM 0a30BOi B'A3KOCTI g .

AHaNI3yI0Ud TECOPETHYHI Pe3yJbTaTH 3aKOPIAOHHUX MOCIIKEHb OO0 KIHETHKH BiIHOBJICHHS
rexro (Mozeni Papanastasiou), aBTop MpUXOAUTE 0 BUCHOBKY, 1[0 TUKCOTPOITiS HE € MUTTEBUM akToM. Lle
penakcamiiHui mpoIiec, e mapaMeTp CTPYKTYPoBaHOCTI (1) 3MIHIOETECS 338 3aKOHOM:

d_ﬂ = krec
dt

TyT krec - KOHCTaHTa BiJHOBJCHHS (OpOyHIBChKAa KOAryIsilis); kbreac - KOHCTaHTa pPYyHHYBaHHS

(1_ ﬁ') - kbreakﬁ’y

(rizpoaMHaMiuHE PO3ZMUBAHHS).

3acrocoByroun rpadik, OTPUMAaHWI 3a paxyHOK BHKOPUCTAaHHS HAsBHOTO MPOTPaMHOTO
3abe3neueHHs, BigHoBneHHs remo (Gel Strength Recovery), mo nemoHcTpye, SK MIBUAKO Ta HACKLUIBKU
MIITHO «3aCTUTA€» PO3YUH TICIIS 3YyIMMHKHU ITUPKYIIAIii, Oy/e OYeBUIHUM, III0 OCHTOHIT: Ma€ MOCTYIIOBE,
Maibke JiHiIHEe 3pOCTaHHS MIITHOCTI cTpyKTypH. Lle «noBinbHa» TukcoTpomis. Bin ¢popmye minHu#i remb
yepe3 A0oBruii yac (Hampukiaz, 10-XxBuIMHHA CTaTUYHA HATpyra 3CyBYy 3HauHO BHIa 3a 10-cekyH/HY), Ha
NpOTUBAry - KCaHTaHOBa KaMmeIb JEMOHCTpye MHTTeBe BigHoBieHHs («fragile gel»), crpykrypa
BiTHOBITIOETHCS Maibke Ha 90% y mepiri ceKyHH, aje i MoabIle 3pOCTaHHs CTa€ HE3HAYHHUM. 3BIJICH €
BKJIMBHIA, OJTHAK B1JIOMHI BUCHOBOK IIPO T€, 1[0 HA BIIMiHY BiJi OGHTOHITOBUX CHUCTEM, IO MOTPEOYIOThH
TPHUBAJIOTO Yacy Juis (popMyBaHHS KOAryJsIiHHMX KOHTAKTIB, KCAaHTaHOBa Kameab QopMmye CTaOiIbHY
CTPYKTYpY Maii’Ke MUTTEBO, 1[0 KPUTHYHO BaYKJIMBO ISl yTPEMAHHS IIUTaMy IPU KOPOTKOYACHUX 3yTIMHKAX
HacociB. [lnoma metmni, oTpuMaHa y pe3yibTaTi IOCIIIPKEeHb, 3aCBIAYYE, IO YUM OUIbINA IIONIA MIiXK
BUCXIJHOIO Ta HU3XiOTHOIO KPHBHMH, TUM BHIIA THUKCOTPOIisl PO3YMHY, a TOPIBHAHHS THX KpPUBHX,
JOBOAWTH, IIO0 OEHTOHITOBI CyCHeH3ii 3a3BHYall MalTh MIUPIIY TETII TiCTEPE3WCy, OCKUTbKH IXHS
CTPYKTypa PYHHYETHCS 1 BIIIHOBIIOETHCS MOBiNbHIME. CyMillli 3 KCAHTAHOM MalOTh BYXXYY METIIO, IO
CBIIYMTH NPO MIBUIIY PEAKLi0 Ha 3MiHY T1IpOANHAMIYHHX YMOB.

o mpukiamy Mo)XHa BUKOPUCTATH TakKi JIaHi AJ1s MoOyI0BY AiarpaMu 1o HaBeaeHO y Tabmwmi 1,

HIDKYE.
Tabn. 1
Ta6auust 1Jist nopiBHsHAA (1aHi 1J151 MO0Y/I0BH Tiarpamu)

I[Mapametp BenTonitoBmii po3unn (5-6%0) IMoaimepuuii po3unn (XG 0,5%)
CH3 10 cek (I1a) Huspka (~2—4) Bucoka (~6-8)
CH3 10 xs (I1a) Bucoka (~12-20) CrabinpHa (~8-10)
Tun resmo I[Mporpecyrounii (Hard) Kpuxkuii (Fragile)
BnunB coteii Yyrnusuii (Gaokysisiiis) Criliknii

Bayenns wmaii0yTHix pe3yabTraTtiB. Ha OCHOBI TPOBEACHOTO TEOPSTUYHOTO AHANTI3Y
MIPOTHO3YETHCS, IO MAOYTHI JOCIIHKEHHS OYIyTh 30CEPEKEHI Ha CTBOPEHHI «PO3YMHHX» PO3UHHIB 13
KEpOBAaHOK MarHiTHOW abo enekrpuuHoro peosoriero (ER/MR fluids). Ile macte 3Mory omepaTuBHO
3MIHIOBaTH MIIHICTh TEJI0 IIIAXOM IMOAadi 30BHINIHBOTO OIS, IO iCTOTHO 3MEHIIUTh PU3UK OCiTaHHS
[uIaMy Iijl yac rIMOOKoro OypiHHsS. ABTOp BBaXKae, 110 IHTErpallisi HAHOCHJIIKATIB AaCTh 3MOTY OTPUMATH
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PO3YMHU 3 MPAKTUYHO HYJIBOBUM YACOM peJaKcarllii, 10 € KPUTHYHO BaXKIIMBUM JIJISI TOPU3OHTATBHUX
JUJISTHOK BETMKOT TPOTSKHOCTI.

BucHoBku:

[IpoBenene TeopeTWdHEe MOCTIHKEHHS (Pi3WUHOI MPUPOIN HEHBIOTOHIBCHKUX OYpPOBHUX CHCTEM
JI03BOJISIE 3pOOUTH HACTYIIHI CTBEPIKYBaHHS:

1. Peonoriuna noBeninka OypoBHX PO3YUHIB € PE3yJIbTATOM TUHAMIYHOI KOHKYPEHLT MiX
TEPMOJMHAMIYHO 3YMOBJICHHM IIPOIIECOM CTPYKTYPYBaHHS (THKCOTPOII€I0) Ta TigpOJHHAMIYHAM
pyhHyBaHHsM arperariB. OnTuMizaiiss 1pOro OalaHcy € KIIOYOBOIO YMOBOIO  KEpyBaHHS
riIpoArHAMIYHIMHU XapaKTEPUCTHKAMHU CBEPIJIOBUHH.

2. Bukopuctanus smime craTM4HUX Mopeneil (Hampukiax, binrama-llIBemosa) 6e3
ypaxyBaHHS 4acOBOi pellaKcaii CTPyKTYpH IPU3BOIUTH 10 CYTTEBUX MOXHO0K (1m0 ~ 20-30%) pospaxyHKy
Yacy IyCKOBUX THCKIB ITICJIsl 3yTHWHKHU [APKYJISILIT.

3. Jist rmu6okoro OypiHHS MEPCHEKTHBHUM € MEPEeXil 10 PO34YHHIB i3 HeMiHIHHUM Tpodinem
BIIHOBJICHHSI CTPYKTYpPH, IO JAa€ 3MOTY IOEAHATH BHCOKY PYXJHUBICTh Yy TYpPOYJICHTHOMY pEXKHMI 3
MUTTEBUM T€JICYTBOPEHHSIM Y CTaHi CIIOKOIO.

[epcnekTHBY NMOJAJNBINMX JOCTIIMKeHb TONATAIOTH Yy PO3POOJCHHI HUPPOBHX ABIHHUKIB
(«digital twins») mpoMuBaIbHUX PiJHH HA OCHOBI HEHPOHHUX MEPEXK, SIKi 3/IaTHI B PEXKUMI PEaTbHOTO Yacy
MIPOTHO3YBATH 3MiHY PEOJIOTIYHOTO CHEKTPY I BIUIMBOM JAETpaaaIlii MoJiiMepiB Ta TEMIIEpPATyp y BUOOI.
Oco6nuBY yBary ciiJ NpUIUTUTH JOCITIIKEHHIO MIKpOPEOJIOTii 3a JOMOMOT010 JIa3epHOi iHTepdepoMeTpii,
0 JO3BOJIMTH Bi3yali3yBaTd NMPOIleCH PYHHYBAaHHS «CTPYKTYPHUX MICTKiB» Ha HAaHOPIBHI.

3a pe3yJIbTaTaMH MPOBEACHOTO TEOPETHIHOTO (Pi3UKO-TEXHITHOTO aHAJTi3y PEOJIOTIYHO1 TOBEIIHKH
OypOBHX INPOMHBAJIbHUX CHCTEM SIK CKJIQJIHUX HEHBIOTOHIBCBKUX CEpeOBUII CHOPMYITBOBAHO TaKi
BaXJTUB1 BUCHOBKH:

1. ®di3uyHa TpPUPOJa HEHBIOTOHIBCHKHUX BIACTHBOCTEH OYpPOBHX pO3YMHIB 3yMOBIICHA
JUHAMIYHOIO PIBHOBArol0 MK EHTPOMIHHMM YMHHUKOM Opi€HTAllii MaKpOMOJEKYJ Ta €HepreTUYHUM
0ap'epoM pyHHYBaHHS MiKUYaCTHHKOBHX KOHTAKTIB.

2. ITepexim Bim B’A3KOIUIACTHYHOrO CTaHy JO Tedii € (pa30BUM TEPEXOJIOM <CTPYKTypa—
Xaoc», M0 BMMarae 3acTOCYBaHHS HETIHIMHUX Mopenei (3okpema I'epruens-bankii) s amekBaTHOTO
IH)KEHEPHOTO PO3PaxXyHKY.

3. DeHOMEH THKCOTPOIIil iIeHTH(IKOBAHO SK pellaKCaIliftHUi IpoIeC i3 MEBHUM CIIEKTPOM
gacy BimHOBIeHHS. OYEBHUIHO, IO 331 3al00IiraHHsA CEAMMEHTAIll] MIaMy B TIIMOOKUX CBEPIJIOBHHAX
KPUTHUYHUM € HE CTUILKY aOCOJIOTHE 3HAUYEHHS CTATUYHOTO HATIPYXKEHHS 3CYBY, CKUIBKH IIBUIKICTh HOTO
HapocTaHHA y nepiri 10 cekyHI micis 3ynNUHKH TUPKYJISLII.

4, [TopiBHAIBHUI aHaNi3 pe3yNbTaTiB 3aKOPAOHHUX HoCiaimkeHb [4, 6] 3acBimuye, 0
MaiiOyTHE PEOJNOTIYHOTO KOHTPOJIIO TIOB’s3aHE 3 YIPOBA/DKEHHSM IHTENEKTYalIbHUX CHUCTEM 13
HaHOMO M (iKaTOpamH, sKi 3a0e3MeuyroTh TepMOoCcTabiIbHICTh B’ s13k0cTi B ymoBax HPHT (high pressure,
high temperature).

[lepcnekTuBr MOJAIBIIMX AOCHIAKEHb IOJIATAIOTH Yy CTBOPEHHI AHANITHMYHMX MOJENeH, M0
IHTETPYIOTh PEOJIOTIUHI PIBHSHHA CTaHy 3 ajlropuTMaMH MAIIWHHOTO HAaBYaHHS JUIS aJallTHBHOTO
KepyBaHHsI POLIECOM POMUBAHHsI B pexxuMi peanbHoro vacy («Smart Drilling Fluids»).
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Jhyybkutl HAYiOHANbHULI MEXHIYHULL YHIBepcumem

JTOCJIIKEHHS TTIPABJITYHOI MIPOHUKHOCTI CAIIOHIT - TATAHOBHX
OLJILTPIB

Y cmammi npedcmaeneno pesynvmamu eKcnepumeHmanbHuUX 00CHIONHceHsb 2i0paeniunoi npoHuknocmi canouim —
mumanosux inempie. VinompysanvHuil mamepian OMPUMAHO MEMOOOM 2iOPAGTIIUHO20 CYX020 NPECYBAHHA i3 HACMYNHUM
CRIKAHHAM HA OCHOGI CANOHIMY AK NPUPOOHO20 ANIOMOCUTIKAMHO20 A0COPOEHMY ma MUMany AK CHpyKmypoymeopion1ozo
Komnonenma.

Ilposedeno ananiz nopucmocmi mamepiany ma GCHIAHOBIEHO 3AEHCHICMb Koeghiyichma RnpPOHUKHOCHI 610
Zpanynomempuunozo cknady. Buseneno onmumanvni napamempu MIKpocmpykmypu, wio 3ade3neuyromu egexmuene
NOEOHAHHA MexaHiuHOi miynocmi ma eucokoi pinempauiinoi 30amnocmi. Ompumani pezynomamu Moxcymo Oymu
GUKOPUCMAHI NPU CMEOPEHHI HOBUX MUNIE KepamiuHux (inompie 0na ouuwienna pioun i 2azie y Ximiuniil, exonoziunii ma
eHepzemuyHiil 2any3ax.

Knrwwuoei cnosa. canoHim—mumanosi KomMnosuyitini @itempu, 2i0pasiiyHa NPOHUKHICMb, NOPO8A CMPYKMypd,
nopucmicms, SpaHyioMempudHUuLl CKIa0, MIKpOCMpPYKmMYpPHI Xapakmepucmuxu.

H.M. Huliieva, L.M. Samchuk, T.Ye. Bozhko
STUDY OF HYDRAULIC PERMEABILITY OF SAPONITE - TITANIUM FILTERS

The paper presents the results of experimental studies of the hydraulic permeability of saponite — titanium filters. The
filtering material was obtained by the method of hydraulic dry pressing with subsequent sintering based on saponite as a natural
aluminosilicate adsorbent and titanium as a structure-forming component.

The porosity of the material was analyzed and the dependence of the permeability coefficient on the particle size
distribution was established. The optimal microstructure parameters were identified, which provide an effective combination of
mechanical strength and high filtration capacity. The results obtained can be used in the creation of new types of ceramic filters
for the purification of liquids and gases in the chemical, environmental and energy industries.

Keywords: saponite-titanium composite filters, hydraulic permeability, pore structure, porosity, particle size distribution,
microstructural characteristics.

MocTranoBka mpodaemn. CydacHHH PO3BUTOK IPOMHCIOBOCTI, CUIBCBKOTO TOCIOJApCTBA Ta
KOMYHAJIBHOTO TOCIIONApCTBA CYNPOBOMXKYETHCA 3POCTaHHSAM TMOTPeOM B €(QEKTUBHUX CHCTEMax
OYMILECHHS piAMH, 30KpeMa Boau. OAHIEI 3 TOJIOBHUX BUMOI 10 TAKUX CHCTEM € HOEIAHAHHA BHCOKOL
(GINBTpYBaTBHOT 34aTHOCTI, XIMIYHOT Ta MEXaHIYHOT CTIHKOCTI, 8 TaKOX JOBTOBIYHOCTI (PUIBTPYBaIbHUX
MarepiaiiB. ¥ miii mpobiemMaTuili 0cobarMBY yBary MpUBEPTAIOTh KOMIIO3UIIIHHI (iIbTpyBajbHI MaTepiaiu
Ha OCHOBI MMPHUPOTHUX MiHEPAJIiB Ta METAIIB.

CaroHiT, fK TpEeACTaBHUK IIApyBaTHX CHIIKATIB, XapaKTEPHU3yeThCS BHCOKOIO COPOIIHOI0
3[IaTHICTIO, PO3BHHEHOK MUTOMOIO TOBEPXHEI0 Ta EKOJIOTiuHOK Oe3neunictio [1]. Turtan i TUTaHOBI
CHOJYKH, y CBOIO Yepry, Bi3HAYAIOTHCS BHCOKOI KOPO3IHHOK CTIHKICTIO, MEXaHIYHOK MIIHICTIO Ta
CTabiNBHICTIO B arpecuBHUX cepenoBumax [2]. TloeqHaHHs CalOHITY 3 THTAHOBOIO MATPHUIIEIO Ja€ 3MOTY
CTBOPIOBATH  IEPCHEKTHBHI  (UILTPYBalbHI ~ Marepiaq 3 TOKPAICHHUMH  eKCIUTyaTallitHuMH
xapakTepuctiukamu [3].

OnHiero 3 HAMBAXKIIUBIMIAX XapaKTEPUCTHK (PiTBTPIB € iX TiIpaBiIidHa MPOHUKHICTH, KA BH3HAYAE
3IaTHICTh MaTepiany MpoMycKaTy piguHY MiJl Ji€r0 epenaay Tucky. CaMe 1ei mapameTp CyTTEBO BIUIUBAE
Ha TMPOAYKTUBHICTH (QiNbTpa, €HEPrOBUTPATH Mpolecy ¢inbTpauii Ta eeKTHBHICT OYHLICHHS. ToMy
JIOCTI/DKEHHS TiIpaBIigYHOI TMPOHWUKHOCTI CAlOHIT-TUTAHOBUX (INBTPIB € aKTyaJbHHM HAayKOBO-
MPaKTUYHUM 3aBJIAHHSM.

AHaJi3 0OCTaHHIX JAoCinKeHb i my0Jikamiii. 3a ocTaHHE NECATUIITTS iHTEpEC O KOMIIO3UTIB Ha
ocHOBI rnMH (OCHTOHITY, camoHiTy) i TuTaHOBUX 100aBOoK (TiO: abo MerameBHil TUTaH) 3pic 4epes
TTOETHAHHS aICOPOIIHHNX, KaTali3aIlifHuX BIIACTUBOCTEH TakWX marepiaiiB. JlOCTiKEeHHS OXOILTIOIOThH
SIK EKCTIEPUMEHTAJIbHI pOOOTH 3 OTPUMAaHHS 1 BUIIPOOYBaHHs (PUIBTPIB, TaK 1 MOJICIIIOBAHHS T1APOIUHAMIKA
B pealiCTUUHIN MIKpPOCTPYKTYpi HOpUCTUX MaTepiaiis [4].

HaBeneHi excrmepuMeHTaNbHI JaHI IIOAO MPOHHUKHOCTI Ta TOPOBOI CTPYKTYpPH CaIloOHITY SK
MiHEepaJIbHOTO HATIOBHIOBAUa, IO 3a0e3Meuy€e BUCOKY MUTOMY ITOBEPXHIO, PO3BUHEHY MIKPOTIOPUCTICTS i
3HAa4YHy BOJOBOMPHY 3/1aTHICTh Ta BIUIUBAE Ha GOpMYyBaHHs (PibTpauiiHOrO Mapy, U0 3MiHIOE e(EKTHBHY
TipaBaivuHy TPOHUKHICTH [5].

Hocmimkena inrerpamnis tutany ad6o TiO: y MaTpuIlio, ska MOYKe MaTH MOABIHHMI e(eKT: 3 OmHiel
CTOPOHHM — MOKpALIye€ MIIHICTh, TiIpOoQiIbHICTh 1 aHTH(yamiHroBi ((hoToKaTamiTUYHI) BIACTHBOCTI,
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3 IHIIOT — MpH MEBHUX YMOBaxX 3MEHIIYE CepeiHid po3Mip Mmop i, AK HACHiAOK, 3HMXKYE MPOXiTHICTB.
KinbkicHi edektu 3anexars Bia GopMu (HAHOYACTHHKH, TUTIBKA, HUTKH), JOKaji3alii B CTPYKTypi Ta
KOHIIEHTparii 100aBku [6-8].

CyyacHi poOOTH 3aCTOCOBYIOTh MOETHAHHS MIKPOCTPYKTYpHOI LudpoBoi 00podku (Mikpo-CT,
SEM) 3 uncenpuumu pitienHsiMu (Has’e Ctoka) ams o6uncieHHs epeKTUBHOI TiApaBIiuHOl MPOBiTHOCTI
MarepiaimiB 3 HEOOXiTHOIO MopHCTicTIo. Taki miaxoam Bke OyJIM YCHINTHO 3aCTOCOBAaHI IS TOMIOHHMX
TITHHHAX KOMITO3UTiB [9].

PesynbpraTi mokas3yroTh, 10 CallOHIT-TUTAHOBI KOMITO3UTH MIEPCIIEKTUBHI I PUIBTpaIlii MUTHOT Ta
cTiuHOi Boau (KOMOIHAIlS amcopOIlii JOMINIOK Ta (JOTOKATATITHIHOTO 3He3apakeHHs T102), a TaKoX IS
CTBOPEHHsI KepaMi4HUX a0 MeMOpaHHHMX MaTepiajiB 3 MiIBUIICHO CTIHKICTIO 70 3a0pyaHeHHs. [IpoTe
MeXa MiX TPOHUKHICTIO (TIPOJYKTUBHICTIO) 1 CTYMEHEM OYHIIICHH/aICOPOITIEI0 3aTHIITAETHCS TOJTOBHUM
npu nipoektyBanHi [10].

AKTYaJIbHICTh JOCTIIKEHHA TIOJIATAE B MEPCTICKTUBHOCTI CAIlOHIT — TUTAHOBHUX KOMITO3UTIB 5K
(GinbTpyOUnX MaTepialiB i3 KOPUCHUMH aJCOPOLIHHO-KaTaAliTAYHIMU BIaCTHBOCTAMH, MPOTE KUTBKICHI
JOCTIDKEHHS caMe TiIpaBIlidYHOI MPOHUKHOCTI TaKMX CUCTeM MOKH 10 ¢parmeHTapHi. [1[o0 mepeiitu Bif
JTa0OpaTOPHUX MEMOHCTpAIlid A0 1HXEHEPHOTO 3aCTOCYBaHHS, HEOOXiTHO MPOBECTH CTAaHAAPTHU30BaHI
eKCTIepUMEHTH 13 cepi€lo 3pa3KiB 13 MIKPOCTPYKTYPHUM MOJETIOBAHHSM Ta  JOCHIPKCHHIM
eKCIUTyaTaliiHol BIaCTUBOCTEN (iIbTPIB.

MeTo10 TaHOT0 TOCTiAKEeHHsI € BU3HAUCHHS 3aKOHOMIPHOCTEH (popMyBaHHS ITOPOBOi CTPYKTYPH Ta
KUIbKICHA OIIIHKA TiJpaBJiYHOI MPOHUKHOCTI CAllOHIT—-THTAHOBHMX (UIBTPIB 3aJIe)KHO BiJ CKIaTy, YMOB
BUTOTOBJICHHS TA CTPYKTYPHHX XapaKTEPUCTHUK.

BuxiagenHss ocHOBHOro Martepiady. [l HayKOBO-€KCIIEPUMEHTAJIBHOTO  JOCIHIIKESHHS
BHKOPUCTOBYBAJIM CallOHIT-THTaHOBI (ineTpu [11] 3 pi3HOIO MOPOBOIO MPOXIAHICTIO (GilBETPYBAIBHOTO
Matepiany (tabn. 1). TopmuHa GinsTpyBansHOro mapy craHosuna L=50 mm i3 B’s3kicTio Bomu £=1,0x1073
IMa/c Ta mrineHicTIO p=1000 Kr/mS.

Tab6n. 1
IlopoBa npoxigHicTh GiJbTPYBAJIBLHOIO MaTepiaady
Benuika, (peacum A) | Cepenns, (pescum b) | Tomuka, (pexcum B)
K, M?
1,0x107%° | 1,0x10° | 1,0x10° %2

JJist OL[IHKYM HANIOpY BUKOPUCTOBYBaJM 3akoH Jlapci st GinbTpanii:

AP =L 1)
ne V — mBUAKICTE MMOTOKY, M/C.
OOuncneHHs B METpax BOISHOTO CTOBITYHUKA!

h="2 2

pg

Ilpu pexumi A, BeTWKIA MPOXiTHOCTI MOPHUCTOTO (PUIBTPYBATHHOTO MaTepialy Ta CEepeIHbOMY
po3mipi mop = 50-100 pum cmocTepiraeThCsi BUCOKA MPOIMYCKHA 3[aTHICTh, MEPEBAXKHO IMOBEPXHEBE
ounineHHs. J{e mBuakicts GpinbTpyBanus V cranosuth 0,0013888889 m/c.

3a ¢opmynoro (1) BU3HAYAEMO HATIIp IS PeKUMY b’

AP = 1,0 x 1073 x 2203998999, 0,05 = 694,444 Ta.
1,010

3a opmyoro (2) TpOBOAUTECS OOUHCIIEHHS T peXXUMY B B METpax BOISHOTO CTOBITYMKA.

694,444
=——= 0,071 m.B.CT.
1000%9,81

CanoHiT — THTaHOBHH (QiNBT BETUKOI IPOXiAHOCTI Ma€ TaKi TEXHIUHI XapaKTEPUCTHKH:

—BEJIMKY MPOMYCKHY 30aTHICTh, Mally HMOBIpHICTb 3a0pyIHEHHS APIOHUMH KOJIOiJaMH;

—BUAAJICHHS YaCTHHOK po3MipoM > ~50 pum;

— BHCOKY e(ekTuBHicTh (> 95 %);

—He JyKe e(eKTUBHUHI [UIsl TPiOHUX KOJOIMIB (PO3UMHEHUX JIOMIIIIOK) — MOKE 3HAIOOUTHUCS
Koarymsiis (amxcopOrris).

—PpiaKe IpOMUBAHHS;

— Tepemnaj TUCKY Ha gonycTuMomy piBHi (~ < 0,2 — 0,5 m) moBmii yac.
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[Ipu pexxumi b, cepenHiil mMpoxigHOCTI MOPUCTOro GUIBTPYBaIBLHOTO MaTepialy Uil CepelHbOTro
po3mipy mop = 5-20 pum cmocTepiraeThCs MEHIIA NPOIYCKHA 3[aTHICTh, TEPEBaXHO IOBEPXHEBE
ountieHHs. [le mBuakicTs ¢pinpTpyBanns V cranoButh 0,00027777778 mlc.

3a popmysoro (1) Bu3HaYaeMo Hamip Ui pexxumy B:

0,00027777778

AP =1,0 X 1073 x 1
1,0%10

x 0,05 = 1388,8889 Ila.

3a popmyoro (2) IpoBOAUTECS OOUHCIIEHHS I PEKUMY B B METpax BOISHOTO CTOBITYHKA.

__1388,8889

= ~ 0,142 m.B.CT.
1000%9,81

CaroHit — TUTaHOBUH BINBT CEPETHBOI MPOXiTHOCTI M€ TaKi BIACTUBOCTI:

—BUJIAJICHHS YACTHHOK CEPeTHBOro po3mipy (=5 um);

—nyxe noope ountneHus (80-98 % 3anexHo Bix pO3MOIINY YACTHHOK).

—4acTUHKH <1-2 M 9acTKOBO 3aXOILIIOIOTHCS B IHOWHI, ane e(peKTHBHICTh HIKYA,

— JUISl TIOJITIICHHS HEOOX1THO 3aCTOCOBYBATH KOATyJISTHTH 00 TOHKOTIOPUCTHI BEPXHIH map.

—yacrimie 00CIyroByBaHHS, HiXK Y BEJIHKOIIOPOBOMY PEKHMI;

—BaXJIMBHIA KOHTPOIb AP,

—HEOOXIHO MTAHYBATH KOATYIAIII0 MPH JOCATHEHHI opory (Hanpuknan, +0,2-0,3 m).

IIpu pexumi B, TOHKOMOPOBIH MPOXITHOCTI MOPHUCTOTO (iIBTPYBAILHOTO Marepiaay IpH
cepeaHboOMy po3mipi op ~ 0,5-2 um crocrepiraeThcst HU3bKa MPOIyCKHA 3IaTHICTh Ta BUCOKOC(PEKTHUBHE
dinmsTpyBanns. Jle MOBepXHEBA MBHAKICTH BinbTpyBaHHs V cTaHOBHTH 5,5555556 X 107> M/c.

3a popmynoro (1) Bu3HaYaEMO HaIp IS PEXUMY B:

-5
AP =1,0 X 1073 x 22222250 0,05 = 2777,7778 Ia;

3a opmyoro (2) IpoBOAUTECS OOUHCIIEHHS T peKUMY B B METpax BOISHOTO CTOBITYHKA.

_ 27777778

= =~ 0,283 M.B.CT.
1000%9,81

CanoHit — THTaHOBUH (HITBT TOHKOI MMPOXITHOCTI Ma€ TaKi TEXHIYHI BIIACTHBOCTI:

—BHUCOKY e(DeKTUBHICTh BUAICHHS NPIOHUX YACTUHOK Ta 3HAYHE 3MEHIICHHS! MyTHOCTI,

— MOXe€ 3aTPUMYBaTH YaCTHHKH po3MipoM ~1 pum i Oinbmi;

—3HaYHO OLIBIINI MTeperaj] TUCKY TPH Tii e TOBIIKHI [1apy;

—moTpedye HIKYUX MBUIKOCTEH, YacTIMIOTO MPOMUBAHHS a00 OiIbII0T HACOCHOT MOTYKHOCTI.

—Kpaiia afcopOIidHICTh CANOHITY;

— BUJAJIEHHS BOXXKHX 10HIB Ta OPTaHIYHUX PEYOBUH.

st 36epeskeHHs TPOITYCKHOI 3JaTHOCTI 3a3BHYaii BHTOTOBJIAIOTH TpamieHTHi (imsrpm [12] 3
JeKIIbKOX IIapiB. BEPXHIH TOHKOMOPUCTUH Iap sl TOHKOTO OCBITJCHHS Ta BHYTPIIIHIA Imap s
MeXaHI9HOi OYMCTKH.

3a pe3ysibTaTaMd HayKOBO-CKCIIEPUMEHTAJIBHUX BCTAHOBJICHO, IO TigpaBlliyHa MPOHHUKHICTH
CAIlOHIT — TUTAHOBHX (UIBTPIB CYTTEBO 3AJIEKUTH BiJl TPAHYJIOMETPUYHOTO CKJIAIy Ta CITiBBIJHOIICHHS
KOMITO3UTY, L0 BU3HAYaOTh (JOPMYBaHHS MIKPOCTPYKTYpH Martepiaiy. i TppOX eKCrepUMEHTaTbHUX
PEeXHUMiB BUTOTOBIIEHHs (inbTpiB (Tabm. 1) koedimieHT mponukHOCTI K 3MiHIOBaBCS B Mexkax Big 1,0x10 7
M? 110 1,0x10 2 M2, 1110 BiINOBiIa€ Mepexoy Bix KPYIHOIIOPHCTOI 10 TOHKOIIOPHCTOT CTPYKTYPH.

VY 3paskax pexxumy 4, ae nepeBaxarTh Makpornopu po3mipom 50-100 um, cioctepiranacs BUCOKa
MPOMYCKHA 3AaTHICTh MPH MBUAKOCTI GibTpyBaHHs O0mu3bko 5 M/roa. Taki GinbTpu XapakTepU3yIOTHCS
MiHIMAJIGHAM TiAPaBIiYHAM OIIOPOM 1 3a0e3MeUyroTh €(PEeKTUBHE BHUIAICHHSI MEXaHIYHUX JIOMIIIIOK
po3mipom monan 50 um. IIpote yepes mepeBakHO MOBEPXHEBE 3aTPUMAaHHS JOMIIIOK iX e()EeKTUBHICTh
1010 APiIOHOIUCTIEPCHUX YACTHHOK € 00MEKEHOI0. Lle CBiqUnTh PO Te, 1110 B MAKPOIIOPUCTUX CTPYKTYpax
OCHOBHUM MEXaHi3MOM € rpy0e (pimbTpyBaHHS, TOMI SK aAcopOIiiiHa CKIIaJ0oBa CAIOHITY MPAKTHYHO HE
peami3yeTbes.

Jnst cepenHbonoprcTHx 3paskiB (pexxum b) 31 cepemHiM po3mipom mop 5-20 um koedirieHT
nponukaocti k=1,0x10"" m2. IlIBuzakicTs GinsTpyBaHHS cTaHOBUTH Omu3bko 1 M/rox, mo 3abesmedye
BHIAJIEHHS YaCTHHOK CEPEIHBOro po3mipy (> 5 pum) i3 3aransHoro edexkTuBHicTIO ountnenus 80-98 %. V
TaKUX KOMIIO3UTax BiOyBaeThcs KOMOIHOBaHWH MeXaHi3M (iIbTpallii — MoBepXHEBE OCiTaHHSI YaCTHHOK
MOEAHYETHCS 3 IX YACTKOBUM 3aXOIUICHHAM Y rnOuHi mop. Le 3a6e3neuye crabinpHy poboTy dinsTpa npu

© H.M. I'yniesa, JIM. Camuyk, T.€. boocko
43



Miscsyziecwruti 30ipnux «HAYKOBI HOTATKH». Jlyyvk, 2026, Ne85

MOMIPHUX BUTpaTax CHEPTii, MPOTE€ BHMAara€ NEPIOJAUYHOTO TNPOMUBAHHS ISl 3aroOiraHHs POCTY
TiIpaBIiYHOTO OTIOPY.

Haiimenmmii xoedinient npornksocti (1,010 M?) crocrepiraBes y 3paskax pexumy B, e
cepenHiit po3mip nop cranoButh 0,5-2 pum. BiamosigHo, MBUAKICTE GibTpyBaHHS 3HWKYEThCs 10 0,2
Mm/roJ, ane epeKTHBHICTh BUAAJICHHS YACTUHOK MiABHIIyeThes n0 Maibke 100 %. Tligsuinenuii mepenan
THCKY Ha (UIBTPi CBIMYUTEH MPO HEOOXiTHICTH POOOTH MPH MEHIMUX IIBHUAKOCTIX ab0 3acCTOCYBaHHS
rpanienToi cucremu ¢inprpanii (puc. 1). B qaHux 3pa3skax 4iTKO MPOSBISETHCS aAcopOIiiiHa 34aTHICTh
CalloOHITY — 3aBISKM Kpallliii IIOPUCTOCTI CIOCTEpiraiocs NOMITHE 3HIDKEHHS KOJBOPOBOCTI Ta MYTHOCTI
BOJIH, IIIO BKA3y€ Ha JOJATKOBE BUIAICHHS PO3UYNHEHUX OPTraHIYHUX PEYOBHH Ta i0HIB BAKKHX METAIIB.

Puc.1l. I'papienTHa cucrema dinbrpanii

ITopiBHSHHS pEe3y/IbTATIB KCIICPUMEHTY 3 JIITEPaTypHUMH JaHUMH [2—6] moka3ano y3rokeHicTh
OTPUMaHHUX 3HaueHb KOE(iliEHTIB MPOHMKHOCTI 3 BIIOMHMH MOZAEISIMHU MOPHUCTUX aTFOMOCHIIIKATHUX
KoMMo3uTiB. CHOCTEepIiraeTbcsi TUTOBUI CTEMEHEBHH 3B’A30K MiX KoedilieHTOM MpoHUKHOCTI K Ta
cepenniM miamerpom mop d Bumy k~d*°3°, mo minTBepmKye MepeBaru maMiHapHOTO peKHUMY Tedii (3aK0H
Hapci). 1o1aTKOBO BCTAHOBJICHO, IO 301IbIICHHS YaCTKU THTaHy y kommno3uitii (6inbine 30 %) cnpuuunnse
YacTKOBE YUIUIBHEHHS! CTPYKTYpH Ta 3MeHIIeHHs edexTuBHOI mopuctocTi Ha 10-15 %, mo 3HmKYye
MIPOHMKHICTH, aJIe MiBUILY€E MEXaHIYHY MIIHICTh (PUTBTpa.

MiKpOCTpYKTYypHHIA aHaji3 MOKa3aB, IO HASBHICTh THTAHOBUX BKIIOYEHB CIpusie (popMyBaHHIO
CTiHKO1 3B’ 513aHOI CITKH 110D, sIKa 3a0e31medye piBHOMIPHUN PO3MOIiI MOTOKIB 1 3MEHIITY€ PU3HK JIOKAJILHOTO
3acMiueHHs. [{e 0co0MMBO BaXKITMBO IS JOBFOTPUBAIOTO BUKOPUCTAHHS (PLIBTPIB Y AMHAMIYHHX YMOBAX.
Bu3HaveHi onTUMAaNbHi CIIiBBigHOMEHHS TapaMeTpiB mopuctocti (30-35 %) i mporukHocTi (107 M2), mo
3a0e3MeuyroTh 0aJaHC MIX MPOTYKTHUBHICTIO Ta SIKICTIO OYHUIIICHHS.

OTxe, pe3ynbTaTH EKCIIEPUMEHTY CBig4aTh, IO CAlOHIT-TUTaHOBI (ITBTPU MOXYTh OyTH
e(heKTHBHO BUKOPHUCTAHI JJIS TIOMIEPEIHHOTO M TOHKOTO OYWIIICHHS BOJHM, a TAKOX K 0a30Bi CIEMCHTH B
OaraTolapoBMX MEMOpaHHMX CUCTeMax. HacTymHi MOCHiKEHHS AOIIBHO CIPSMYyBaTH Ha BHBUCHHS
BIUIMBY TPHBAJIOTO [UKJIIYHOTO HABAHTAXEHHS HA CTaOlNbHICTD TiApaBaidHOl MPOHUKHOCTI Ta KOPEISLII0
MIDX MIKPOCTPYKTYPOIO Ta aICOpOIIiIfHOI0 aKTUBHICTIO MaTepiaiy.

BucHoBKH.

1. [IpoBeneHi ekcrepuMeHTANbHI TOCTIIKEHHS MOKa3aJd, L0 TiApaBlidyHa NPOHUKHICTDH
CaIOHIT — TUTAHOBUX (UIBTPIB CYTTEBO 3aJIEKUTH BiJ TPAHYIOMETPUYHOTO CKJIAay Ta CITiBBiIHOIIEHHS
KOMITOHEHTIB KOMIIO3UTY. 3MEHIIEHHS cepeanboro posmipy mop i3 50-100 um go 0,5-2 um
CYNPOBOKYEThCS 3HMKCHHSIM Koe(illieHTa MPOHUKHOCTI 3 1,0x107%° 5o 1,0x107* M2 Ta miABHIIECHHSIM
edextuBHOCTI dinbTpanii Bix 90 o 99-100 %.

2. OnTuManbHi QIIBTPAIiiHI BIACTHBOCTI JOCATAIOTHCS MPU CEPEIHBOMIOPUCTINA CTPYKTYPi
(pexxum B) i3 xoedimienTom npormkHocTi k=~1,0x10™ M2, e 3a6e3meuyeThes HaNaHC MiK MPOIYCKHOIO
3IIATHICTIO, SIKICTIO OYHMIICHHS Ta EHEPTeTUYHUMH BUTPATaMH.

3. BcTaHoBiI€HO, 110 THTAHOBI BKIIIOYEHHS BUKOHYIOTH (DYHKIIIO CTPYKTYpOYTBOPIOIOUOTO
KOMITOHEHTA, STKWH ITiIBUIIYE MEXaHIYHY MIITHICTB 1 CTa0ilIBHICTh MIKpOTIOPUCTOT CTPYKTYpH. [Ipu BMicCTi
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tutany noHan 30 % crmocrepiraeTbes YIIUIBHEHHS MaTpHLi, 3MEHIICHHs eeKTUBHOI mopucTocTi Ha 10—
15 % Ta BiAMOBiHE 3HIKEHHS POHUKHOCTI.

4, V 3paskax i3 ApiGHOMOPHCTO0 CTPYKTYPOIO (pekuM B) YiTKO MPOSIBIAETHCS aacopoitiiina
aKTUBHICTH CaHOHiTy, 1o 33.6631'[6‘1}76 AOJAaTKOBE BUAAJICHHS PO3YMHCHUX OpFaHiQHI/IX PCYOBUH 1 BaXKKHX
ioHiB. Lle Bka3ye Ha MOKJIMBICTh MTOE€JHAHHS MEXaHIYHOI Ta COPOIiItHOI (hiabTpallii B OJHOMY MaTepiali.

5. [TopiBHSAHHSA eKCIIEpUMEHTAIBHUX PE3YJBTATIB 13 BIMOMHMH JIITEPaTypHUMHU JTaHUMH
MiATBEPAMIIO BIAMOBIIHICTh OTPUMAHUX KOCQIIIEHTIB MPOHUKHOCTI KIIACHYHUM 3aKOHOMIpHOCTsIM Jlapci
Ta cTeneHeBiii 3anexHocTi K~0>°>0, xapakTepHiif 11 MOPUCTHX ATIOMOCHIIIKATHUX KOMIIO3UTIB.

6. OTrpumaHi pe3yJbTaTH CBiAYaTh MPO TEPCIEKTUBHICTh BUKOPHCTAHHS CallOHIT —
TUTaHOBHUX KOMIIO3HTIB JUIsI CTBOPEHHSI e()EKTUBHUX (QUILTPAIIfHUX €IEMEHTIB Y CHCTEMaX OYHIICHHS
piauH 1 rasiB. Hactymni gocmigpkeHHs IOUIJIBHO CHPSMYBaTH Ha aHaji3 AOBrOTPUBaoi cTabilbHOCTI
MMPOHUKHOCTI, BIUIMBY TEMIEpPATYpHUX PEXKUMIB 1 IMKIIYHUX HaBaHTaXXEHb HAa eKCIUTyaTalliiHi
XapaKTEPUCTUKH (PiTbTPIB.
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TPAHCO®OPMANLIA CTPYKTYPU IIOTOKY TA EHEPTETUYHI XAPAKTEPUCTUKH
BIJIbBHOBUXPOBOTI'O HACOCA B PEXXUMAX YACTKOBOI'O HABAHTAKEHHSA
(Q = 0105_016 QHOM)

Y pobomi naseoeno pezyromamu uucenbHo2o 00CnioNHceHHA pOOOUUX XAPAKMEPUCMUK 8i1bHOGUXP06020 Hacoca CBH
80-32 y 30ni 3nusncenux nooau Q = 0,05-0,6 Quom. Memoro docnidrcenns € 6CmMano61eHHA 3aKOHOMIPHOCI N 3MIHU HANIPDHUX
ma enepzemuyHuUX NOKA3HUKIG | GU3HAYEHHA 0COOAUGOCHEl MPAHCHOPMAUIT CMPYKMYPU GHYMPIUIHL020 NOMOKY NpU
nepexooi 6i0 ROMIpHO20 00 21UDOK020 Hedosarnmarcenus. Po3paxynku euxonano ¢ npozpamuomy cepedosumi ANSYS CFX y
cmauioHapHiii nocmanosyi 3 euKopucmanuam modeni mypoynenmuocmi K—e. Ilpoananizosano 0ea KoHCmMpyKmuei
GUKOHAHHA POOOU020 Koneca — 00Hoapyche ma 0soapyche. Ilodyoosano inmezpanvui xapakmepucmuxu H(Q) ma 5(Q),
GU3HAYEHO 3MIHU NOBHOZ0 HANOPY, CROMHCUBAHOT nNOmYcHOCmI ma Koegiyicnma Kopucnoi il 6 docnidxcysanomy oianazoni
nooau. Bcmanoeneno, w0 6 30Hi Hed06AHMAINCEHHA HANIP 3MIHIOEMbCA HE3HAYHOW Mmipoto, modi ak KK/ cymmeeo
HUNCYEMbCA Yepe3 InmencupiKayito 6HympiuHboi peyupKyaayii ma 3pocCmanHa 2iopasgniuHux empam y GinbHill 6UXPOaiil
kamepi. IToxazano, wo npu Q = 0,05 Quom popmyemuvca cmiiika yupKynayiiina cmpykmypa, aka 3a6e3neuye niompumaHHs
Hanopy 3a 00HOYaAcHOT dezpadayii enepeemutHUX NOKA3HUKIE. Buaesneno, ujo 0soapycne poooue Koneco 3adezneuye 0ewjo euuli
3nauenns KKJ[ y eepxniii wacmuni docnioxncyeanozo dianazony nooau. Ompumani pe3yiomamu Moxycyms Oymu 6uKopucmaui
0151 OOTPYHMYBAHHA MEXHC PAUIOHAIbHOT eKChyamayii ma 600CKOHANEHHA KOHCMPYKYIT 6i1bHOBUXPOBUX HACOCIE.

Kniouogi cnosa: ginbHosuxposuili Hacoc; UXPOSULl HACOC; po6OMA Npu 4ACMKOBOMY HABAHMAIICEHHT; PENCUM MATUX
nooau; ziopasniunuti KK/, CFD-mooeniosanns; modenv mypoyrenmnocmi K—e; cmpykmypa @HympiuiHb020 ROMOKY;
DEYUPKYIIAYIsL; eHepeemuyHi NOKA3HUKL.

V. Kondus, O. Kulikov, V. Ahdrusiak, M. Mushtai, A. Tverdokhleb, A. Didyk

FLOW STRUCTURE TRANSFORMATION AND ENERGY PERFORMANCE OF A
TORQUE-FLOW PUMP UNDER PARTIAL-LOAD CONDITIONS (Q = 0.05-0.6 Qnom)

The research presents the results of a numerical investigation of the operating characteristics of a torque-flow pump
SVN 80-32 in the low-flow range Q = 0.05-0.6 Qnom. The aim of the study is to determine the regularities of changes in head
and energy performance indicators and to identify the transformation features of the internal flow structure under partial-load
conditions. The simulations were performed in ANSYS CFX using a steady-state formulation and the k—¢ turbulence model.
Two impeller configurations, single-tier and double-tier, were analyzed. Integral characteristics H(Q) and #(Q) were obtained,
and variations of total head, consumed power, and hydraulic efficiency within the investigated flow range were determined. The
results show that in the partial-load zone the head remains relatively stable, while the efficiency significantly decreases due to
intensified internal recirculation and increased hydraulic losses in the vortex chamber. At Q = 0.05 Qnom a stable circulatory
flow structure is formed, maintaining head generation despite severe efficiency degradation. The double-tier impeller
demonstrates slightly higher efficiency values in the upper part of the investigated flow range. The obtained results may be used
to substantiate rational operating limits and to improve the design of torque-flow pumps operating under variable flow
conditions.

Keywords: torque-flow pump; vortex pump; partial-load operation; low-flow regime; hydraulic efficiency; CFD modeling;
k—¢ turbulence model; internal flow structure; recirculation; energy performance.

1. Introduction
Torque-flow pumps (Fig. 1) are widely used for pumping liquids containing solid and fibrous
inclusions due to the presence of a free vortex chamber and the reduced risk of clogging of the flow passage.

Fig. 1. Design features of torque-flow pumps of the SVN type
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Classical experimental and analytical studies have shown that the operating process in such pumps
is characterized by a combination of blade and vortex mechanisms of energy transfer, while the head
characteristic typically exhibits a relatively flat shape over a wide flow rate range [1, 2]. Further
generalizations of experimental data confirm the significant influence of the geometric parameters of the
impeller and the flow passage on head and energy performance, particularly on the magnitude of hydraulic
losses in the vortex chamber [3, 4].

In recent years, considerable attention has been paid to CFD investigations and parametric
optimization of pump tiers, which allow analysis of velocity and pressure fields as well as assessment of
the influence of design factors on pump performance without conducting a large number of full-scale
experiments [5, 6, 7]. For engineering analysis, steady-state formulations and RANS turbulence models are
widely applied, providing an acceptable compromise between accuracy and computational cost [8]. Some
studies also demonstrate that factors such as wall roughness may significantly affect CFD-based predictions
of energy performance indicators [9].

At the same time, most available studies focus on operating conditions close to the nominal regime,
whereas in real operating conditions pumping units often function in the partial-load zone due to throttling,
variable network demand, or technological constraints. For torque-flow pumps, a reduction in flow rate is
accompanied by intensified recirculation phenomena and increased flow non-uniformity, which may lead
to a significant decrease in efficiency and alterations in the flow structure within the interblade channels
and the vortex chamber [1, 2]. Unsteady effects and the growth of vortex structure intensity in vortex pumps
operating far from nominal conditions are actively discussed in recent publications, highlighting the
relevance of a detailed analysis of low-flow regimes [10, 11].

The issue of operational reliability under off-design conditions is also of practical importance.
Variations in hydrodynamic loading and deterioration of energy performance may be accompanied by
increased vibration manifestations and risks of damage to pump components, as confirmed by approaches
to failure and reliability analysis of pumping equipment [12, 13]. In addition, for pumps operating over a
wide range of regimes, cavitation resistance remains an important aspect, and modern experimental and
numerical approaches propose criteria and indicators for assessing cavitation inception from the standpoint
of energy efficiency and reliable operation [14, 15].

In this context, the investigation of operating characteristics and internal flow structure of a torque-
flow pump in the low-flow range Q = 0.05-0.6 Qnom is of particular relevance, since a qualitative
restructuring of the internal flow occurs and degradation of energy performance becomes apparent in this
zone. In the present study, a numerical analysis of performance characteristics and flow fields of a torque-
flow pump with two impeller configurations was performed in order to establish the regularities of head
and efficiency variation and to compare the influence of impeller design on flow uniformity under partial-
load conditions [3, 5, 6, 7].

2. Literature Review and Problem Statement

An analysis of recent studies shows that the majority of research in the field of torque-flow pump
implementation is focused on geometric optimization of impellers and improvement of energy efficiency
in the vicinity of the nominal flow rate. Parametric investigations of blade wrap angle, axial clearances,
number of blades, and configuration of interblade channels demonstrate a significant influence of these
factors on head and efficiency [5, 6, 7]. Numerical methods are actively applied for multi-objective
optimization and performance prediction of pumps of various types [16, 17, 18].

A separate research direction concerns the improvement of impeller design, particularly through the
application of multi-tier or combined blade systems. It has been shown that such configurations may
provide a more uniform velocity distribution in the interblade channels and influence the shape of the head
characteristic [3, 4]. Within the Ukrainian scientific school, it has also been established that the geometric
parameters of curvilinear blades significantly determine the structure of the internal flow and the ratio
between blade and vortex mechanisms of energy transfer [19, 20], while the combined operating process
may alter the pump’s energy performance depending on the operating regime [21, 22].

At the same time, the literature analysis reveals an imbalance in the investigation of different
operating regimes. While nominal and overload conditions have been thoroughly examined from the
standpoint of CFD analysis and experimental validation, the low-flow region has been studied only
fragmentarily. Existing publications are generally limited to a qualitative statement of increased losses and
reduced efficiency at decreased flow rates, without a systematic analysis of the evolution of velocity fields
in the interblade channels and the free vortex chamber.
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Recent studies devoted to the analysis of unsteady processes in torque-flow pumps indicate that
deviations from nominal operation are accompanied by increased intensity of vortex structures and
hydrodynamic oscillations [10, 11]. However, even in these investigations, the main emphasis is placed on
dynamic characteristics, whereas a systematic analysis of energy performance degradation in the deep
partial-load range remains limited.

An additional factor complicating the assessment of low-flow regimes is the possible increase in
local hydraulic losses and enhanced sensitivity to cavitation phenomena, as confirmed by modern
experimental and numerical studies of various pump types [14, 15]. From a practical standpoint, prolonged
operation outside the recommended flow range is associated with increased vibration loading and a higher
risk of equipment reliability reduction [12, 13], which further emphasizes the necessity of clearly defining
rational operating limits.

Thus, despite the availability of numerous studies devoted to geometric optimization and CFD
modeling of torque-flow pumps, the issue of regularities in head and energy performance variation in the
range Q =0.05-0.6 Qnom, as well as the transformation of the flow structure in this region, remains
insufficiently investigated. This is particularly relevant for comparing different impeller configurations in
terms of velocity distribution uniformity and the intensity of recirculation zones under deep partial-load
conditions.

Addressing this problem requires a systematic numerical analysis using a consistent modeling
methodology for a set of operating regimes within the low-flow range, followed by interpretation of the
obtained results from the standpoint of hydrodynamic mechanisms responsible for loss formation.

3. Aim and Objectives of the Study

The aim of the study is to establish the regularities of variation of head and energy performance
characteristics of a torque-flow pump in the low-flow range Q = 0.05-0.6 Qnom and to determine the features
of internal flow structure transformation when transitioning from moderate to deep partial-load conditions.

To achieve the stated aim, the following objectives were defined:

1. To perform numerical simulation of the operating process of a torque-flow pump in a steady-state
formulation for a set of operating regimes within the range Q = 0.05-0.6 Qnom USing a consistent
turbulence model.

2. To construct the head characteristic H-Q and the energy characteristic n—Q in the partial-load
region and to determine the nature of energy performance degradation with decreasing flow rate.

3. To analyze the distributions of relative and absolute velocities in the interblade channels of the
impeller and to identify changes in flow uniformity when transitioning to low-flow regimes.

4. To investigate the influence of impeller configuration (single-tier and double-tier) on the flow
structure and the magnitude of hydraulic losses under partial-load operation.

5. To determine the rational operating limits of the pump in terms of maintaining an acceptable
efficiency level and stability of the hydrodynamic flow structure.

4. Research Methodology

The object of the study is a torque-flow pump SVN 80-32 (pump capacity 80 m3/h, head 32 m at the
design operating point) equipped with an impeller featuring curvilinear blade profiles and a free vortex
chamber. Two impeller configurations were considered in the study, namely a single-tier and a double-tier
design (Fig. 2).

a b
Fig. 2. Impeller configurations: a — single-tier; b — double-tier
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The geometry of the casing and other elements of the flow passage was identical for both variants,
ensuring a correct comparison of the obtained results and allowing assessment of the influence of impeller
design features on hydrodynamic processes in the low-flow range.

The three-dimensional model of the flow passage was developed taking into account the inlet nozzle,
the impeller region, the free vortex chamber, and the discharge volute. After the geometry was formed, the
computational domain was generated for subsequent numerical simulation. Discretization was performed
using an unstructured volumetric mesh with local refinement in regions of high velocity and pressure
gradients, particularly near the walls of the stator and rotor elements. To ensure accurate boundary layer
resolution, prism layers were generated in near-wall regions. Mesh quality was controlled using standard
geometric criteria, and the number of elements was selected to ensure grid-independent integral results.

b c
Fig. 3. Three-dimensional models of the flow passage of the investigated SVN 80-32 pump: a -
stator element; b, ¢ — rotor element

Numerical simulations were performed in the ANSYS CFX software environment using a steady-
state formulation based on the Navier—Stokes equations for turbulent incompressible flow. A two-equation
k—¢ turbulence model was applied, which is widely used in engineering practice for the analysis of internal
flows in pumping equipment and provides an acceptable balance between computational accuracy and cost.
The interaction between the rotating and stationary parts of the model was accounted for using the Frozen
Rotor approach. At the inlet of the computational domain, a mass flow rate corresponding to the
investigated operating regime was specified, while static pressure was imposed at the outlet. No-slip and
impermeability boundary conditions were applied on the walls. The working medium was considered as a
homogeneous incompressible fluid with constant physical properties.

The simulations were carried out for operating regimes within the range Q = 0.05-0.6 Qnom. For each
regime, the total head, consumed power, and hydraulic efficiency were determined. Convergence of the
numerical solution was controlled by monitoring the reduction of residuals and stabilization of integral
parameters, in particular the head and shaft torque. The obtained results were used to construct the head
characteristic H as a function of Q and the energy characteristic n as a function of Q in the partial-load
zone.

To analyze the transformation of the flow structure, visualization of absolute and relative velocity
fields was performed in characteristic cross-sections of the flow passage. Particular attention was paid to
assessing the uniformity of velocity distribution in the interblade channels and the formation of recirculation
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zones in the free vortex chamber as the flow rate decreased. The comparison of the two impeller
configurations was carried out under identical boundary conditions, allowing an objective assessment of
the influence of design execution on hydrodynamic and energy performance indicators under partial-load
operation.

5. Research Results

5.1 Integral parameters of the torque-flow pump in the range Q = 0.05-0.6 Qnom

The results of numerical simulation made it possible to determine the integral parameters of the SVN
80-32 pump in the low-flow region for both the single-tier and double-tier impeller configurations. The
summarized data are presented in Table 1.

Table 1.
Integral parameters of the SVN pump with single-tier and double-tier impeller
Operating Single-tier impeller Double-tier impeller
parameters
Flow rate, % Qnom 5 20 40 60 5 20 40 60
Flow rate, m3/h 4 16 32 48 4 16 32 48
Total head, m 38.71 | 38.33 | 39.23 39.63 38.72 37.82 38.72 40.59

Hydraulic power, W | 428.4 | 1727 3692 5661 424.9 1705 3590 5803.6

\‘f\;’”sumed POWET: | 5751 | 7539.8 | 10562 | 13663 | 5409 | 7034 | 10279 | 13691
Hydraulic

efficiency, %

7.4 22.9 35.0 41.4 7.9 24.2 34.9 42.4

Analysis of the obtained results indicates that in the flow rate range Q = 0.05-0.6 Qnom the total head
varies only slightly for both impeller configurations. For the single-tier impeller, the head varies within
38.33-39.63 m, while for the double-tier impeller it ranges from 37.82 to 40.59 m. This behavior confirms
the characteristic relatively flat head curve of torque-flow pumps in the partial-load region.

In contrast to the head, the efficiency demonstrates a pronounced dependence on flow rate. At
Q =0.05 Qnom, the hydraulic efficiency for both configurations does not exceed 8 %, indicating intensive
internal energy losses under deep partial-load conditions. As the flow rate increases to 0.6 Qnom, the
efficiency rises to 41.4 % for the single-tier and 42.4 % for the double-tier configuration. Thus, increasing
the flow rate is accompanied by an improvement in flow structure and a reduction in recirculation losses.

The consumed power of the pump increases regularly with increasing flow rate. For the single-tier
impeller, it varies from 5.75 kW to 13.66 kW, while for the double-tier configuration it ranges from 5.41
kW to 13.69 kKW. At the same time, hydraulic power remains relatively low at small flow rates, which
results in low efficiency values in this region.

Figure 4 presents the dependencies of head, efficiency, and consumed power on the relative flow rate
for both impeller configurations. Graphical analysis shows that the differences between the designs are
most noticeable in the range Q = 0.2-0.6 Qnom. The double-tier impeller provides slightly higher efficiency
values in the upper part of the investigated range, which may be associated with a more uniform velocity
distribution in the interblade channels.

At the same time, in the deep partial-load region the differences between the configurations become
less pronounced, since the dominant factor is the prevalence of circulatory motion in the free vortex
chamber.

5.2 Transformation of the Flow Structure in the Low-Flow Region

The hydrodynamic pattern within the pump flow passage was analyzed for four characteristic
operating regimes in the range Q = 0.6-0.05 Qnom. Visualization of the absolute velocity fields makes it
possible to trace the sequential restructuring of the flow as the discharge decreases and to determine changes
in the ratio between blade and vortex mechanisms of energy transfer.

Figures 5-7 present the velocity distribution in the flow passage at Q = 0.6 Qnom.

For this regime, relatively uniform filling of the interblade channels and preservation of directed fluid
motion from the inlet to the impeller outlet are characteristic. The vortex chamber participates in the
formation of a circulatory flow; however, the blade mechanism of energy transfer remains dominant.
Recirculation zones are local and do not occupy a significant volume of the chamber. The hydrodynamic
structure is relatively stable, which corresponds to the acceptable efficiency level observed in this regime.
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Fig. 4. Integral parameters of the SVN pump with single-tier and double-tier impellers

a b c
Fig. 5. Relative velocity in the interblade channels near the leading edge (Q = 0.6 Qnom): & — Cross-
section; b — single-tier impeller; ¢ — double-tier impeller

a b c
Fig. 6. Relative velocity in the interblade channels along the midline of the blade passage
(Q = 0.6 Qnom): @ — cross-section; b — single-tier impeller; ¢ — double-tier impeller
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a b C
Fig. 7. Relative velocity in the interblade channels near the shroud (Q = 0.6 Qnom): & — Cross-section;
b - single-tier impeller; ¢ — double-tier impeller

When the flow rate decreases to 0.4 Qnom, as shown in Figures 8-10, an increase in the non-uniformity
of velocity distribution in the interblade channels is observed. A portion of the flow begins to deviate from
the main direction of motion, and the contribution of circulatory velocity components in the free vortex
chamber increases. More extended low-velocity zones appear near the walls, indicating an increase in
hydraulic losses. At the same time, the overall flow structure still retains a relatively ordered character.

a b c

Fig. 8. Relative velocity in the interblade channels near the leading edge (Q = 0.4 Qnom): & — Cross-
section; b — single-tier impeller; ¢c — double-tier impeller

a b c

Fig. 9. Relative velocity in the interblade channels along the midline of the blade passage
(Q = 0.4 Qnom): a — cross-section; b — single-tier impeller; ¢ — double-tier impeller
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a b c

Fig. 10. Relative velocity in the interblade channels near the shroud (Q = 0.4 Qnom): @ — Cross-
section; b — single-tier impeller; ¢ — double-tier impeller

Figures 11-13 show the velocity distribution at Q = 0.2 Qnm. In this regime, a substantial
restructuring of the flow occurs. The non-uniformity of the velocity field in the interblade channels
increases sharply, and part of the vortex chamber volume becomes occupied by recirculation zones. The
tangential velocity component increases, indicating an intensification of the vortex mechanism of energy
transfer. The influence of the blades decreases, and energy transfer is predominantly achieved through
circulatory motion within the chamber.

a b c

Fig. 11. Relative velocity in the interblade channels near the leading edge (Q = 0.2 Qnom): & — Cross-
section; b — single-tier impeller; ¢ — double-tier impeller

a b c

Fig. 12. Relative velocity in the interblade channels along the midline of the blade passage
(Q =0.2 Qnom): @ — cross-section; b — single-tier impeller; ¢ — double-tier impeller
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a b c

Fig. 13. Relative velocity in the interblade channels near the shroud (Q = 0.2 Qnom): @ — Cross-
section; b — single-tier impeller; ¢ — double-tier impeller

It is at this tier that a sharp decline in energy performance indicators is observed, which is associated
with intensified internal losses and partial flow separation.

The most pronounced changes in flow structure are recorded at Q = 0.05 Qnom, as shown in Figures
14-16. The interblade channels are filled non-uniformly, and a significant portion of the fluid participates
in internal recirculation. A stable toroidal vortex structure forms in the free vortex chamber, which

effectively determines the nature of fluid motion within the pump. The blade mechanism of energy transfer
loses its dominant role.

a b c

Fig. 14. Relative velocity in the interblade channels near the leading edge (Q = 0.05 Qnom): @ — Cross-
section; b — single-tier impeller; ¢ — double-tier impeller

a b c
Fig. 15. Relative velocity in the interblade channels along the midline of the blade passage
(Q =0.05 Qnom): a— cross-section; b — single-tier impeller; c — double-tier impeller
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a b c

Fig. 16. Relative velocity in the interblade channels near the shroud (Q = 0.05 Qnom): a — Cross-
section; b — single-tier impeller; ¢ — double-tier impeller

Despite the relatively stable head, the efficiency of the operating process decreases significantly due
to the increase in the volume of low-velocity zones and intensified energy dissipation.

6. Discussion

The obtained results confirm that, for a torque-flow pump operating in the low-flow region, relative
stability of the head characteristic is maintained while energy performance indicators degrade significantly.
A similar behavior has been reported in classical studies devoted to vortex pump analysis [6, 23], where
the relatively flat shape of the H(Q) curve was emphasized even under substantial deviation from the
nominal regime. In the present study, it was established that within the range Q = 0.05-0.6 Qnom, the head
variation does not exceed several percent, indicating the dominance of the circulatory pressure generation
mechanism in the free vortex chamber.

At the same time, the efficiency demonstrates a pronounced dependence on flow rate. Under deep
partial-load conditions, a developed system of internal recirculation is formed, leading to increased
dissipative losses and intensive redistribution of Kinetic energy within the chamber. Similar trends of
efficiency reduction under partial-load operation have been reported in CFD studies of vortex and combined
pumps, where the role of increased tangential velocity components and non-uniform filling of interblade
channels has been emphasized.

The comparison of single-tier and double-tier impellers showed that structural modification does not
have a decisive influence on head in the deep partial-load region; however, it affects the uniformity of the
velocity field and the magnitude of hydraulic losses in the upper part of the investigated range. This is
consistent with studies of multi-tier and combined blade systems, where additional blade elements were
shown to contribute to more uniform velocity distribution and reduced local diffusivity within the channels.
In the present case, the double-tier configuration provides slightly higher efficiency at Q > 0.4 Qnom, Which
can be explained by stabilization of blade inflow conditions and reduction in the scale of local flow
separation.

Particular attention should be paid to the observed preservation of head at a substantial decrease in
efficiency under the regime Q = 0.05 Qnom. This indicates a fundamental shift in the pressure generation
mechanism of the torque-flow pump under deep partial-load conditions. While near-nominal operation is
governed primarily by blade-induced momentum exchange, deep partial-load regimes are characterized by
volumetric vortex-dominated pressure generation within the free chamber. In this case, the impeller plays
a secondary role, mainly sustaining circulation rather than directly transferring energy through blade
loading. The formation of a stable toroidal vortex structure within the chamber creates a circulation loop
that maintains the head level but is accompanied by significant energy losses due to turbulent dissipation.

From a practical standpoint, the obtained results are important for defining rational operating limits.
Although the pump is capable of maintaining head even at 5 % of the nominal flow rate, prolonged
operation under such conditions is energetically inefficient and potentially undesirable from a reliability
perspective. Increased flow non-uniformity, local low-velocity zones, and intensified circulatory structures
may create prerequisites for elevated vibration loading and local fluid overheating, which is consistent with
approaches used in reliability assessment of pumping equipment.

At the same time, certain limitations of the present study should be noted. The simulations were
performed in a steady-state formulation using the k—e turbulence model, which does not fully capture
unsteady pulsation phenomena characteristic of deep partial-load regimes. Further research may be directed
toward the application of unsteady models or experimental validation of the obtained dependencies.
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Overall, the results deepen the understanding of hydrodynamic mechanisms governing the operation
of torque-flow pumps in the low-flow region and complement existing studies that are primarily focused
on nominal regimes. The established regularities of flow structure transformation may be used to improve
impeller design and to develop recommendations for the permissible operating range of pumps of this type.

7. Conclusions

A comprehensive numerical analysis of the operating process of the torque-flow pump SVN 80-32
in the low-flow range Q = 0.05-0.6 Qnom Was carried out with comparison of two impeller configurations.
The obtained results made it possible to establish the regularities of variation of integral characteristics and
to identify the features of internal flow structure transformation under partial-load conditions.

1. It was established that the torque-flow pump SVN 80-32 in the range Q = 0.05-0.6 Qnom Maintains
a relatively stable head level, while energy performance indicators demonstrate a pronounced dependence
on flow rate. The variation of total head within the investigated interval is insignificant, confirming the
relatively flat shape of the H(Q) characteristic in the partial-load region.

2. It was shown that under deep partial-load conditions, a sharp degradation of efficiency occurs due
to increased internal hydraulic losses and the formation of developed recirculation zones in the free vortex
chamber. At Q = 0.05 Qnom, the hydraulic efficiency does not exceed 8 %, indicating the dominance of
dissipative processes in the flow structure.

3. A regular transformation of the internal flow with decreasing discharge was revealed, from
relatively ordered blade inflow at Q = 0.6 Qnom to the formation of a stable toroidal vortex structure in the
chamber at Q = 0.05 Qnom. In this case, the contribution of the tangential velocity component increases,
while the role of the blade mechanism of energy transfer decreases.

4. It was established that the double-tier impeller provides a more uniform velocity distribution in
the interblade channels and slightly higher efficiency values in the upper part of the investigated flow range.
Under deep partial-load regimes, the differences between the configurations decrease, since the dominant
factor becomes the nature of circulatory motion in the free chamber.

5. The obtained results make it possible to outline the limits of rational pump operation. Although
head maintenance is possible even at 5 % of the nominal flow rate, from energy and operational perspectives
it is advisable to operate at Q > 0.4 Qnom, Where an acceptable efficiency level and a more stable flow
structure are ensured.

6. The study demonstrates that torque-flow pumps exhibit a dual-mechanism operating behavior,
where the relative contribution of blade and vortex energy transfer mechanisms depends strongly on the
flow regime. The identified transition zone provides a theoretical basis for optimizing impeller design and
defining rational partial-load operating limits.
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Hayionanvnuii ynisepcumem «JIvgiscoka nonimexuixa»*
Kosenvcokuili npomucioso-exonomiunuti paxosuii koredxc JIyyvbko2o Ha YyionanbHo20 mexHiuHo2o
yHieepcumemy2

JIATHOCTUKA ABTOMOBIJIBHUX JIBUT'YHIB HA CTUCHEHOMY I1OBITPI 3
BUKOPUCTAHHSAM LI

Edexmuena diacnocmurka mexniunozo cmany asmomooins 3abezneuyc 1020 Hadilinicms ma npooyKmueHicms nio uac
BUKOHAHHA mpancnopmuux npouecie. Cyuacui ingpopmayiiini mexnonozii ma memoou o00podKu O0anux O0arOmMy 3mMozy
BGUAGNAMU MA NPOZHO3YEAMU NOMEHUINHI HeCRPABGHOCMI HA PAHHIX emanax ix GUHUKHEHHA, W0 CRPUSE NIOGUWEHHIO De3neKu
00POIHCHBO20 PYXY Ma 3MEHUEHHIO 6UMPAm HA MexXHiuHe 00C1Y208Y6aHHA.

Y pobomi nposedeno ananiz memoodie i moodeneii, uj0 3acMOCOBYIOMbCA 6 IHPoOpMayiiinuXx cucmemax OlAZHOCMUKU
06uU2yHi6, AKI NPayOMb HA CMUCHEHOMY ROsimpi. Po3enanymo moxcaueocmi UKOPUCMAHHA AN20PUMMIE MAUIUHHOZO0
HABUAHHA ONA O0OPOOKU OAHUX CEHCOpPi6 ma GUAGIEHHA HECHpAGHOCHmell y podomi 0euzyHa. 3anponoHO6AHO CMPYKmypy
ingpopmauiiinozo 3abe3neuenns cucmemu OiAZHOCMUKU, WO GKNIOYAE pPeNAyiiiny 0a3zy OAHUX ma Mo0eni MAWUHHO20
HaeuanHs, peanizoeani na nnamgopmi TensorFlow.

Ilokazano moxcnusicms 3acmocysanns memoodie Knacugikayii, pezpecii ma ananizy anomaniii 013 GU3HAYEHHA
MEeXHIYH020 CMAaHy eleMeHmie O0GU2YHA Mmda NPOZHO3YEAHHA IXHbO20 pecypcy. 3anponoHosanuil nioxio 003601a1a¢
asmomamu3syeamu npoyec OiazZHOCMUKU, RIOGUUUMU MOYHICIb 6U3HAUEHHA HecnpasHocmell i 3ade3neuumu inmezpayiro
cucmemu 3 meneKOMyHIKAUIHUMU Ma XMAPHUMU Cepeicamu.

Knruoei cnosa: diacnocmurxa aemomooins, 08UeyHu Ha CMUCHEHOMY NOGIMPI, MAWUHHE HAGUAHHS, WIMYYHUL THMeaeKm,
pensyitina 6aza oanux, TensorFlow.

B. Yu. Mokriak, R. V. Zinko, N. A. Tarasov, R. Ya. Kachmar, R. Panechko
DIAGNOSTICS OF COMPRESSED AIR CAR ENGINES USING Al

Effective diagnostics of the technical condition of a vehicle ensures its reliability and productivity during the
performance of transport processes. Modern information technologies and data processing methods make it possible to detect
and predict potential malfunctions at the early stages of their occurrence, which contributes to increasing road safety and
reducing maintenance costs.

The paper analyzes the methods and models used in information systems for diagnosing engines operating on
compressed air. The possibilities of using machine learning algorithms for processing sensor data and detecting engine
malfunctions are considered. The structure of the information support of the diagnostic system is proposed, which includes a
relational database and machine learning models implemented on the TensorFlow platform.

The possibility of using classification, regression and anomaly analysis methods to determine the technical condition of
engine elements and predict their resource is shown. The proposed approach allows you to automate the diagnostic process,
increase the accuracy of fault detection and ensure system integration with telecommunication and cloud services.

Keywords: car diagnostics, compressed air engines, machine learning, artificial intelligence, relational database,
TensorFlow.

Beryn. CBoewyacHa miarHOCTHKA TEXHIYHOTO CTaHy aBTOMOOUIA 3abe3medye #HOro BHCOKY
e(eKTUBHICTh Ta HaAiiHICTh. [losiBa HOBMX 1H(GOPMAILIMHUX TEXHOJOTIH Ta METOIIB OOPOOKH IaHUX
JIO3BOJISIIOTh BUSIBJIATA Ta MPOTHO3YBAaTH IOTCHINMHI HECHPABHOCTI I JO X BUHHKHCHHS, 1 IUM
3anmo0iraloTH aBapisM, 3MCHIIYBaTH BUTPATH HA PEMOHT.

3apa3 aBTOMOOWII OCHAIIYIOTHCS 3HAYHOIO KIIBKICTIO CEHCOPIB Ta CIEKTPOHHUX CHCTeMaM, SKi
JTAIOTh MOXKJIMBICTH IMOCTIHHOTO MOHITOPUHTY HOTrO TEXHIYHOro cTaHy. JlaHi, 10 HAaIXOASATh 3 IMX
CEHCOPIB, BUKOPUCTOBYIOTBCS JISl A1arHOCTHKH, TMPOTHO3YBAHHS MOJOMOK Ta MPUHHSATTS PIlICHb 100
00cyroByBaHHSA. Y AOCTIIKEHHI PO3TIITHYTO METOIW MAITMHHOTO HABYAHHS, IO aHATI3YIOTH BEJHKI
00CSTH NaHWX, BUSBISIOTH MPUXOBaHI 3aJ€KHOCTI Ta (POPMYIOTH MPOTHO3H IOJI0 CTaHy TPAHCIIOPTHOTO
3aco0y.

3acTocyBaHHS METOIB MAIIMHHOTO HABUAHHS JA€ HOBI MOXIHBOCTI JJISi MOKPAIICHHS TOYHOCTI
JIarHOCTHUKH, 3MCHIICHHS 4Yacy Ha BUSABJICHHS IIOJIOMOK Ta MIiJIBHUINEHHS HaAiMHOCTI aBTOMOOLIA. Tak
ITOPUTMH KJacugikamii Ta perpecii 1omomMararoTh B i1eHTU(IKaLi]l Ta OLiHLI MipH 3HOIIEHHS CKJIaJOBUX
IBUTYHA, 2 METO/IX KJIACTepH3allii BUSBIIIOTH aHOMAIBHI ITOBEIIHKOBI MATEPHH, IO CBiYaTh PO MOXKITUBI
HeTaTHBHI TEHICHIIII B pOoOOTI IBUTYHA.

Orasia. HositHi TexHomorii y chepi aBTOMOOUIBHOI 1iarHOCTUKY MalOTh 3HAYHHN TIOTESHIIAN JIJIs
MOKpAIIEeHHs IKOCTI AiarHocTukH [1,2]. BukopucTanHs H0IAaTKOBHX JATYHUKIB J03BOJISIE 30UpaTH Oinblie
JAaHUX TIPO CTaH aBTOMOOLUIS, IO ITiIBHUIIYE TOYHICTh aHAJI3y. AJNTOPUTMHU MAITHHHOTO HAaBYAHHS 31aTHI
00pOOJIATH BENIUKI OOCSATM JaHUX Ta BHSBIATH CKJIAJHI 3aKOHOMIPHOCTI, IO JOMOMAara€ y TOYHOMY
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BH3HAYEHHI HECTIpaBHOCTEH. ABTOMAaTH3allisl MPOLeCy AIarHOCTUKU 3a JOIOMOTOI0 IITYYHOTO iHTEJIEKTY
ta [oT TexHoIOTii1 103BOIISIE 3HAYHO IPUCKOPUTH MPOLIEC Ta 3MEHIIUTH BIUIMB JIOJACHKOT0 (GaKTopy.

OcHOBHa 1iepeBara MeToy rJIM00KOro HaBYaHHS MOJISTae B HOro 3/JaTHOCTI aBTOMATUYHO BUSIBIISITH
CKJIaJIHI 3aJIS)KHOCTI B IaHUX 0e3 HeoOXiTHOCTI py4HOi iHxkeHepil o3Hak [3,4]. Lle 103BoJ1sI€ CKOPOTHTH Yac
Ha TMIArOTOBKY JaHWX Ta WABUIMUTH TOYHICTH pe3ynbTaTiB. | TMOOKI HEHpOHHI Mepexki, Taki sK
OaraTomnrapoBi TEpCENTPOHH, 3rOPTKOBI HEHPOHHI MEPEXi Ta PEeKypPeHTHI HEUPOHHI MepeXi, MOXYTh
HABYATHCS Ha HEOOPOOIEHUX JaHUX 1 CAMOCTIHHO BHIIIATH 3HAUYIII O3HAKH [5].

[Iporpamue 3abe3neueHHs Ui AIarHOCTUKU aBTOMOOUTIB Oyno po3poOieHo mist poOOTH Ha
orepartiitniit cucremi Windows, sika € oHi€r0 3 HAWTONIMPEHIIIHX y CBiTi [6].

MySQL € pensmiifHO0 CHCTEMOIO yMpaBiiHHS 0a3aMu JaHUX 3 BiIKpUTUM KomoM [7]. Bomna
3aJIMIIAETHCS OJHIEI0 3 HAWOMYJApHIKX 0a3 naHux y BeO-monaTkax: 6unbiicte CMS BUKOPHCTOBYIOTH
came MySQL, i maibxe Bci BeO-ppeiiMBOpKY MiATPUMYIOTH ii Ha piBHI 0a30BOi KoH(irypamii. OcHOBHI
mepesarn MySQL BKIIOYalOTh MPOCTOTY BHKOPUCTAHHS, THYYKICTh, HHU3BKY BapTICTh BOJOMIHHA (Y
nopiBHsHHI 3 wiatiumu CYB/]), MaciiTaboBaHicCTh i BUCOKY MPOIYKTUBHICTb.

CydacHi iH(opMaIliiiHi CUCTEeMH TIarHOCTHKH aKTHBHO BHKOPHCTOBYIOTh XMapHi TEXHOJOTII Ta
inTeprer peueii (10T), 1m0 1a€ MOKIMBICTE 3MIHCHIOBATH BiJJaCHHM MOHITOPHHT TPAHCIIOPTHHX 3aC00iB
y PEXKHUMI PEaJIbHOTO Yacy.

Hes3Bakatoun Ha 3Ha4YHy KUTBKICTH AOCIHIIKEHb Y cdepi aBTOMOOINBHOI MiarHOCTHKH, MUTaHHS
BHKOPHCTAHHS MAIIMHHOTO HABYAHHS JIJIsl IBUTYHIB HA CTUCHEHOMY TOBITPi JOCITIKEHI HETOCTATHRO Ta
MOTPeOYIOTh MOJANBIIOTO PO3BHTKY.

Mera i 3aBaanHsi jgociailxeHHs. Meroro pobOTH € pPO3pOOJEHHS MiAXOLY IO AIarHOCTUKU
ABTOMOOLUTFHUX JBUTYHIB Ha CTUCHEHOMY TOBITPI i3 BUKOPUCTAHHSIM TE€XHOJIOTIN MITYYHOTO i1HTEJIEKTY.

J1st MOCATHEHHSI IIOCTaBICHOI METH HEOOX1THO BUPIITATH TaKi 3aBJIaHHS .

1. TIpoananizyBaTH cy4acHi METOIH iarHOCTUKH aBTOMOOITBHUX JABHUT'YHIB.

2. BusnauuTu mapameTpu, sIKi MOXKYTb BUKOPHCTOBYBAaTHCH JIJIsl MOHITOPHHTY POOOTH ABHUIYHA Ha
CTUCHEHOMY TIOBITpi.

3. Po3pobutu cTpykTypy iHGOPMAIIHHOT CUCTEMH TiarHOCTHKH.

4. 3anpomoHyBaTH MOJETL OOPOOKH JaHUX i3 BUKOPUCTAHHSIM JITOPUTMIB MallIMHHOTO HABYaHHSI.

5. PeamizyBatu npuknan indhopMarifHoOro 3a0e3nedeHHs y BUTIIAII peNsiiiiHO] 0a3u JaHUX.

OcHoBHUI BUKJIaJ MaTepiajay. [0J0BHe 3aBAaHHS BCIX alTOPUTMIB CYy4acHHX OOPTOBHX 3ac0O0iB
JiarHOCTHKHM TEXHIYHOTO CTaHy MpPSAMO YU OIOCEPEIKOBAaHO IOJSTa€ Y BHU3HAYEHHI (aKTOPiB CHIH Y
KOHTAKTi KoJIeca 3 OIIOPHOIO IOBEPXHEI0, TOMY IXHE MPsIME BUMIPIOBaHHS CIIPOCTUTH AITOPUTM KEPYBaHHS,
a OTXKe, MABUIINTH ¢(PEKTUBHICTh POOOTH aBTOMAaTUYHUX CHCTEM 1 3HH3UTH IXHIO BAPTiCTh.

[MoOynoBi A1arHOCTUYHOTO ANTOPUTMY TEpeAy€E PO3pOOKa OIIOK-CXEMHU CTPYKTYPHHUX 1 HACIIIKOBUX
JIAHOK Y3MIOBK JIAHIIIOTA: JiarHOCTOBaHUH 00'€KT — OAMHHULA — CHCTEMa, MEXaHi3M — EeJIEeMEeHT —
CTPYKTYpHHI MapaMeTp — HECIPABHICTh — 30BHIIIHIM 3HaK (CHMIITOM) — IIarHOCTHYHHM Mapamerp.
KosxHe 3B'i30K BU3HAuYa€ piBeHb MOUIYKY ab0 TEXHOJOTIYHOTO KPOKY, CHPSMOBAHOI'O Ha BCTAHOBJICHHS
HECTIPaBHOCTI. 3arajiaoM, eTary po3poOKH IiarHOCTUYHOTO allTOPUTMY HaBeAeHi y Tabmumi 1.

Tabn. 1
ETanu po3po0Ku ajroputMy y3arajbHeHOI 1iarHOCTHKH
Etanu .
PiBenb . . L
PO3pOOKH HomIyKy CTpyKTYpHO-HACIiAKOBHUI 3B'S130K Merton peanizarmii
ITOPUTMY
1 BuzHadueHHS 3aTaIbHOTO TEXHIYHOTO CTaHy aBTOMOOIIIS
2 MOHITOPHHT OCHOBHHUX OJIOKIB 1 CHCTEM aBTOMOOLIA
3 YcyHeHHs HecHpaBHOCTEH KOMIIOHEHTIB, MEXaHIi3MiB i
AHAJII3 CHCTEM OKPEMHX 0JI0KiB o - IHCprMeHTa}m,Ha
4 MOHITOPHHT KOMIIOHEHTIB [iaTHOCTOBaHOTO MEXaHi3My Ta TEXHOJIOT1YHA
5 Ormsin  iHTEepdeiciB 1 eleMEeHTIB 3  HaHHMKYUMHU
6 3HAYCHHSMH IMOKAa3HUKIB HAIIMHOCTI €KCITTyaTarii
7 MOHITOPHHT CTPYKTYPHHX ITapaMeTpiB
7 MOHITOPHHT MOKJIMBUX HECTIPAaBHOCTEH €JEeMEHTIB 1
8 iHTepeiciB
CUHTE3 9 BusHaueHHs crnmcky 3OBHiI_H¥—IiX 03HAaK, TIPOSB SKHUX IH(bopMauiﬁHa Ta
BH3HAYa€ KOHKPETHY HECIPaBHICTh aHaJITHYHA
BusHaueHHs ~ mOmepemHbOrO  CIHCKY — MOKIJIMBHX
JIarHOCTUYIHUX ITapaMeTpPiB
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Cy4acHull piBEeHb PO3BUTKY TEJICKOMYHIKAiHHUX TEXHOJOTIH 103BOJISIE €PEKTHBHO NepeaaBaTH
BENMKi 00CATH iHpOpMAIlii B peaJTbHOMY Yaci, 10 BiTKpHUBaE MOKIUBOCTI JJIS BiAaIeHOI 1IaTHOCTUKY Ta
KOHTPOJIFO TPAHCIIOPTHUX 3ac00iB, y TOMY YHCIi B aBTOMAaTHYHOMY pexkumi [8-14]. V mpomy Bumaaky
J1arHOCTHKA 3M1HCHIOETHCS BiIAJICHUM CEPBEPOM Ha OCHOBI HAKOIMMYEHUX 1 ONEPATUBHUX JaHUX.

Bukopucranus mryuroro imrenekty (III) mis mgiarHOCTMKM aBTOMOOLIBHOTO BUTYHAa Ha
CTHCHEHOMY IMOBITPI 3 MOPIIHEBUM MEXAHI3MOM BiJIKPUBA€ HOBI MOXIIMBOCTI JJISl TOYHOT'O 1 HIBHJIKOIO
BUSIBJICHHS HecripaBHOCTeH (puc.1l). MeToauka 10CiiKeHHS:

MeTtoauka HOCHTiKeHHS 0a3y€eThcsl Ha BUKOPUCTaHHI CydacHUX iH(QOpMaIiiHUX TEXHOJIOTiH 300py
Ta 00pOOKH JaHMX.

OCHOBHI eTanu AOCIiIKEHHS BKIIOYAIOTh:

1. 30ip maHmX 3 JATYNKIB ABUTYHA:
THCK Y CUCTEMI CTUCHEHOTO TTOBITPSI;
TeMIepaTypa KOMIIOHEHTIB;
BiOpariiiHi mapaMeTpu;
aAKyCTUYHI CHTHAJIH;
O BUTpATH MOBITPSL.
2. OO0podka Ta miATOTOBKA TaHUX
O OYHIIEHHS BiJ IIyMiB;
0 HOpMai3allis MapaMeTpiB;
0 (QopMyBaHHS HABYAJIBHHUX Ta TECTOBUX BUOIPOK.
3. MopneoBaHHS TeXHIYHOT0 CTAHY IBHTYHA
O 3aCTOCYBaHHS QJITOPUTMIB MAaIIMHHOTO HaBYAHHS,
O aHaJi3 YaCOBUX PAIB;
O BUSBICHHS aHOMAJIi.
4. Po3po0JenHst indpopmairiiinoi cucreMu
O CTBOPEHHS PETAIiHHOT 623U TaHUX;
0 iHTerpauis 3 aIropuTMaMH MallMHHOTO HaB4YaHHs Ha ruiatdopmi TensorFlow.
1

7= M
A ——

Puc. 1. KomnuiekcHa JiarHocTHKA aBTOMOOIIbHUX ABUTYHIB HA CTHCHEHOMY MOBITpi:
1 - ExcneprHa cucrema; 2 — TenekomyHikauiiini 3acoom 38's13ky 3 — boproBa cucrema
mpiarnocTuku 4 — JliarHocTuka raapmiBHOI cuctemu 5 — CtenaoBa aiarnoctuka 6 — Jloposxkni
BUIIPOOOBYBaHHSI

O O 0O

[Tnatdopma TensorFlow € ogHuM i3 HaUMOMyISAPHIMIKX IHCTPYMEHTIB JUIs peaji3alii MallMHHOTO
masuands (ML) i mryunoro imrenexry (IIII). Boma Hamae iHCTpyMeHTH st mMOOYIOBH, HaBYaHHS i
pO3ropTaHHS MOJENed MalIMHHOTO HaBYaHHS, $AKi MOXXKHA BHKOPUCTOBYBAaTH ISl JIarHOCTHUKH
aBTOMOOUIPHOTO JBHI'YHAa Ha CTHCHEHOMY MOBiTpi. TensorFlow moxkna 3actocyBaté uisi IiarHOCTHUKH
IBUTYHIB, 1[0 MTPANOIOTh HA CTHCHEHOMY TIOBITPi.

1. 36ip Ta MiATOTOBKA JaHUX

TensorFlow motpe0ye siKicHUX AaHUX JUIS HABYAHHS MOJIEIICH, TOMY HEPIIMM €TarloM € CTBOPCHHS
JaTacery.

1.1. JIxxepena maHux

e JlaTuyMku ABUTYHA!
0 Twuck y cucremi CTUCHEHOTO MOBITPSI.
0 BiOpauis nopuHeBoro MexaHizmy.
0 TemmepaTypa KOMIIOHEHTIB.
0 Yac BIAKPHUTTS/3aKPUTTS KIIAMaHiB.
0 Burparu nositpsi.
e AxycTHuHi naHi:
0 3ByKH poOOTH ABHTYHA, 3alTUCaHI MIKPO(QOHAMH.
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300paxxeHHS Ta BiA€o:
0 DoTo Ta BiIeo Bi3yalbHOTO CTaHY KOMITOHEHTIB (KOPITYC, MOPILIHI, YIIIIbHEHHS, KJIATIaHH).
IcTopuuHi naHi:
o Jloru momepeaHix HeCpaBHOCTEH 1 pEMOHTIB.
0 3anmcu cepBiCHOTO 00CITyrOBYBaHHSI.
1.2. ITigroroBka DaHux
e  OuyuieHHs TaHUX:
0 Bwpanenns mymis, mpormynieHNX 3Ha4€Hb Ta AaHOMATIN Y TaHUX.
dopmaTyBaHHS:
o IleperBopeHHs maHuWx y moTpiOHMIT ¢Gopmar mis TensorFlow, wmampukimam, TeH30pH
(6araToBUMIpHiI MACHBM YHCE).
e AyrMenrartis gaHux (3a HoTpedn):
0 30impmieHHs O0CATY JaHWX, HANPHUKIAA, CTBOPEHHS HOBUX 3pa3KiB i3 HEBEIMKUMH
BapiartissMu (3MiHEHHS YaCTOTH BiOpalliif, INTyYHE T0JaBaHHS IIIyMiB).
Posmoain ganux:
o Posninenns Ha tpenyBanbHi (70-80%), Tectosi (10-15%) i Banmimamiiini (10-15%) nabopu.
2. CTBOpEHHS MOJIeJTi MAIIMHHOTO HABYaHHS
TensorFlow Hamae iHCTpYMEHTH ISl TOOYIOBH Pi3HUX TUMB Mojaeneit ML, ski MoxxHa agantyBaTu
10 3a1a4i JIarHOCTHKH.
2.1. Bubip tumy Mmozaeni
e Knacudikaris:
0 BukopucTOBYETBCS 151 BU3HAYCHHS THITy HECIPABHOCTI JABUTYHA (HANPHUKIAMA, BUTIK
MOBITPS, 3HOC MOPILHIB, TPOOJIEMH 3 KIIaaHAMH).
e Perpecis:
0 /lng nporHo3yBaHHS KiIbKICHUX TOKA3HUKIB, TAKUX SIK 3AJTUILIKOBHI PECypc KOMIIOHEHTIB
(KiTBKICTh UKIIIB 10 3HOCY).
e  Awnaii3 aHomaliii:
0 BukopuCTOBYETBCS Ul BUSIBICHHS BiIXWJICHb BiJ HOPMalbHOI poOOTH (HampuKIian,
HECTaHJapTHI 3BYKH, BiOpaLlisl UM THCK).
e OOpoOka curHaiiB:
0 /[lna po6GoTH 3 yaco-4aCTOTHUMH CHUTHAJIaMH, TAKUMU SIK BiOpauii i akycTuyHi npodii,
MOJKHa BUKOPUCTOBYBATH 3ropTKoBi HelipoHHi Mepexi (CNN).
e Po0Oora 3 ociaioBHOCTIMHU:
0 Jlns aHanizy 4acoBHX PAiB (JaHUX, IO 3MIHIOIOTHCS 3 4ACOM), HAITPUKIIA, 3MiH THCKY 91
TEMIIepPaTypH, 3aCTOCOBYIOTh pekypeHTHi HelipoHHi mepexi (RNN) ab6o momeni tumy
LSTM (Long Short-Term Memory) (puc. 2).

Puc. 2. CTpykTypHO-(pyHKIIIOHAJILHA CXeMa PeKYPEeHTHOI HelipOHHOI Mepe:Ki

2.2. MaremaTH4Ha IOCTAHOBKA 3a/1a4 JIIarHOCTUKHU [BUTYHA

®dopMyBaHHS BEKTOpa A1arHOCTHYHUX TTapaMeTpiB

Po6ota aBuryHa Ha CTHCHEHOMY TIOBITP1 XapaKTepU3y€eThCs HAOOPOM BIMIPIOBAaHUX ITapaMETPIB, SAKi
(hOpMyIOTh BEKTOP O3HAK:

x=[pT,wv,al D

ne p(t) — Tick y cucremi crucHeHoro moBitps; T(t) — remmeparypa By3iiB aeuryna; V(t) — BiOparriiai
napameTpH; (t) — Burpatu noBiTps; a(t) — akyCTUUHI XapaKTEPUCTUKH.

Toxi MHOXHHA TiarHOCTHYHKX JTaHUX BU3HAYAETHCS K
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Xk+1 = Axk + Buk + Wg (2)
Ve = Cxp + vy

1. 3amaua xknacudikauii TEXHIYHOTO CTaHy

3amava kmacudikarii moisirae y BA3HA4€HHI THITY TEXHIYHOTO CTaHy JBUTYHA Ha OCHOBI BUMIPSHUX
rmapamMeTpiB.

Hexaiiy € C, ne C = {cq,Cy, ..., Cxk} — MHOXXHMHA MOYJIMBUX CTaHiB JIBUTYHa.

Hanpuknan:

€1 — HopMaBHHIA PEKUM POOOTH

C2 — BUTIK TIOBITPs

€3 — 3HOC TIOPIITHEBOTO MEXaHI3My

C4 — HeCIpaBHICTh KJIAMTAHHOTO MEXaHi3My

Moyienb MaIMHHOTO HaBYaHHS peaiizye BimoOpaxeHHs fy: R™ — C, ne 0 — napameTpu HeiipoHHOT
Mepexi.

Jnst HeiipoHHOT Mepexi 3 GpyHKIiero SOftmax iMOBIpHICTh HAJIGKHOCTI A0 KIacy BU3HAYAETHCS:

exp(z
P(y=klx) = e ol 3)
j=1 exp(zj )
i€ Zj— BUXIJHUN CUTHAN HepoHa i Kiaacy K.
OyHKITISA BTpAT A7l HAaBYaHHSI MOJIEI:
N K
L==->" yielogP(y =k|x) )
i=1 k=1

1€ Vi, — IHANKATOP HAJIEKHOCTI 3pa3ka iii 10 kmacy K.

2. 3amaua perpecii (TpOTHO3YBaHHS PECYPCY)

Jnst ouiHIOBaHHA TEXHIYHOTO CTaHy €JIEMEHTIB JBHTYHa MOXXE€ BHKOPHCTOBYBAaTHCH perpeciiiHa
MO/IENTh, SIKa MPOTHO3YE 3aTHUIITKOBUI pecypc.

Hexait

R = f(x) (5)

ne R — mporHo3oBaHMil 3aJMIIKOBHN pecypc KOMITOHEHTa (KijbKiCTh MUKIIB abo yac poOOTH 0
BiJIMOBH).

VY pasi BUKOPUCTAHHS HEHPOHHOT MEpPEKi MOJICIb 3a1a€ThCS SK:

R = fo(x) (6)
Hap4uaHHS BUKOHY€ETHCS IUIIXOM MiHIMI3aIil KBaIpaTHIHOT TTOMIJTKH:
N
1 N2
L= NZ(Ri -R) @)
1=

ne R;— dakTuunmii pecypc; R,— mpor€os Mozeri.
3. 3aaya BUABIIEHHS aHOMAJIIi
AHai3 aHOMaiii JO3BOJISIE BUSBIISATH BiIXUIIEHHS BiJl HOpMabHOT pOOOTH JBUTYHA.
Hexaii X, — BEKTOp IapaMeTpiB HOPMAJIBLHOTO peskuMy pobotu. Bymyerses Mmozaess §(X), sika onucye
HOpPMaJIbHUH CTaH CUCTEMH. AHOMAJTisl BU3HAYA€THCS 32 BEJIMUUHOIO BiIXUIICHHS
D(x) = |x — gx)| (8)
Skmo D(x) > & TO cTaH IBUTyHA BBAXKAETHCS AHOMAJIBHUM.
V BUITaIKy BUKOPUCTaHHS aBTOKOAepa (QYHKITIS MTOMIUIKH PEKOHCTPYKITii:
E=|x—2%|? 9)
Je X — peKOHCTPYHOBaHHIA BEKTOP O3HAK.
Sximo E > Eppyr TO PIKCYETHCS MOXKITMBA HECTIPABHICTD ABHUTYHA.
4. AHaii3 4acOBHX PA/iB apaMeTpiB JBUTYHA
OCKUIBKY TIapaMeTpH ABUTYHA 3MIHIOIOTHCS Y Yaci, 1X MOYKHA OIMCATH TTOCITiTOBHICTIO CTaHIB:
X = {x(t1), x(t2), ..., x(tr)} (10)
JInst aHaii3y TaKuX JJaHUX 3aCTOCOBYIOTHCS peKypeHTHI HeliponHi mepexi (RNN / LSTM).
Mopnens LSTM Bu3sHauaeThCst piBHAHHSIMH:
ht = G(tht + Uhht—l + bh) (11)
1e hy — mpuxoBaHMii CTaH MEPEKi; Xy — BXi/IHI MapaMeTpH ABUTYHA; 0 — HEJiHiiHA QYHKIIiS aKTHBALIii.
OTpuMaHuil MPUXOBAHHI CTaH BUKOPUCTOBYETHLCS IS MPOTHO3YBAHHS TEXHIYHOTO CTAHY:

© B. IO. Mokpsx, P. B. 3invko, H.A. Tapacos, P. A. Kaumap, P.B. [laneuxo

62



Miscsyziecovruti 30ipnux «HAYKOBI HOTATKH». Jlyyvk, 2026, Ne85

Ye = Wyhe + b, (12)

VY3aranpbHeHa MOJENb CHUCTEMH [IarHOCTHKH. Y 3arajJbHOMY BHIJIIII 3a/ada IHTENEKTyalbHOI
TIarHOCTUKH MOXe OyTH IpeIcTaBIcHA SIK

y =F(X,0) (13)

Je X — MHOKWHA BUMIpSIHUX TapaMeTpiB ABUT'YHA; 6 — mapaMeTpu MoJelli MallMHHOTO HaBYaHHS; Y
— OIliHKA TEXHIYHOTO CTaHy JBUTYHA.

[puknan po3pobienoro enemMenra iHGopMmamiiHOro 3a0e3nedeHHs — pessimiiHa 6a3a JaHuX, sKa
BKJIIOUa€e 7 cyTHOCTel HaBegeHo Ha puc.3. KoxHa CyTHICTh MOB's13aHa 3 iHIIMMH 32 JOIOMOTOIO 3B’SI3KiB
TUIY OAWH-I0-0araThoX. Twmu 3B’s3KiB HaBeneHI y Tabmumi 2. Tabmums 3 MICTHTH omwic aTpuOyTIiB
CYyTHOCTEH.

Tabn. 2
BinomocTi npo Tunm cyTHocreit
Im’st cyTHOCTI | BuzHauenus
Status Indopmarmiss mpo  craTycm  IIarHOCTHK
Users Indopmariist mpo KopucTyBaya
Auto IHdopmartist mpo aBTOMOOLUTE
Diagnostic TrdopMariist mpo TiarHOCTHKY
Owner Irdopmaris mpo BIACHUKA aBTO
Detals [Hdopmanis po JATYUKU JIBUTYHA
Detector IHdopmartis mpo JaTYMKU TpaHCMIcii
Tab6x. 3
BigomocTi npo Tunu 3B’ s13KiB
Tun cytHocri 1 Tum 38°s13Ky 2 Tun cytHoCTi 3 KapnunanbHicTs 4
Status BXOIUTH 10 Diagnostic 1:M
Users BXOIMTB JIO Diagnostic 1:M
Auto BXOIUTH 10 Detals 1:M
Owner BXOJUThH 10 Auto 1:M
Detals BXOIUTH 10 Detector 1M

Puc. 3. Cxema Joriunoi MoaeJi JaHux 3aaagi

®dparMeHT KoAy I pesIiiinoi 0a3u qaHux

I/ backend/models/index.js

const { Sequelize, DataTypes } = require('sequelize’);

const sequelize = new Sequelize('database’, ‘user’, 'password’, {
host: 'localhost’,
dialect: 'mysql’,

b

const Status = sequelize.define('Status', {
name: { type: DataTypes.STRING, allowNull: false }

b
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const Users = sequelize.define('Users', {
name: { type: DataTypes.STRING, allowNull: false },
email: { type: DataTypes.STRING, unique: true, allowNull: false }
b
const Auto = sequelize.define('Auto’, {
model: { type: DataTypes.STRING, allowNull: false },
year: { type: DataTypes.INTEGER }
b
const Diagnostic = sequelize.define('Diagnostic’, {
description: { type: DataTypes. TEXT }
b
const Owner = sequelize.define('Owner’, {
name: { type: DataTypes.STRING, allowNull: false }
b
const Detals = sequelize.define('Detals', {
name: { type: DataTypes.STRING, allowNull: false }
b
const Detector = sequelize.define('Detector’, {
type: { type: DataTypes.STRING, allowNull: false }
b
/l Buznauenus 3B's3KiB
Status.hasMany(Diagnostic);
Diagnostic.belongsTo(Status);
Users.hasMany(Diagnostic);
Diagnostic.belongsTo(Users);
Owner.hasMany(Auto);
Auto.belongsTo(Owner);
Auto.hasMany(Detals);
Detals.belongsTo(Auto);
Detals.hasMany(Detector);
Detector.belongsTo(Detals);
sequelize.sync({ force: true })
.then(() => console.log('Database & tables created!"))
.catch(error => console.log(error));
module.exports = { Status, Users, Auto, Diagnostic, Owner, Detals, Detector };
3. HaBuanns Mozeni
HaBuanHs Mozeni NpoBOAUTECS HA TPEHYBaIbHOMY HaOOpi TaHMX.
3.1. [Ipouiec HaBuaHHA
[Iepenaua ganux y Moaenb:
Mosknusocti TensorFlow:
0 ABTOMaTH4YHaA 3yIIMHKA HABYAHHS IIPpHU Z[OCSIFHGHHi OIITUMAJIBHOT'O PE3yJIbTATY.
0 Perymspuzanis ans 3ano0iraHHs epeHABYAHHIO.
3.2. Ouinka mozeni
4. 3acTocyBaHHS MOJIEIN B pealIbHOMY Yaci
ITicist HaBUaHHS MOZACIb MOXXHa BUKOPUCTOBYBATH JJIL ,I[iaFHOCTI/IKI/I ABUT'YHA B p€aJIbHOMY yacl.
4.1. InTerparist 3 TaTINKaAMU
[TimkmrodyeHHS MOJCNI 0 CHCTeMH 300py maHuX Bim matdwkiB depe3 APl abo crmerianpHuMit
iHTepdetic.
BxinmHi qaHi B pe:KAMi peaIbHOTO 9acy 00pOOIISIOTHCS MOJIEIITIO:
predictions = model.predict(live_data)
4.2. Inentudikartis nmpodieM
Ha ocHoOBI MMPpOrHo3y MoJACJ/ib HOBi}.‘[OMJ’IH€ THUIT HeCHpaBHOCTi abo nornepeaKae 1mpo MOKIIMBC
3HOIIICHHH.
5. [okpamienast Moaei
TensorFlow f03Bosie peryasipHO OHOBITIOBATH MOJICITh!
Hasuanasa Ha HOBHX JTaHUX.
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0 JlomaTu HOBI MPUKIIAAM HECTIPABHOCTEH JUTS T IBUILICHHS TOYHOCTI.
[TepenaBuaHHs MOeITi:
0 BukopucToBYBaTH IHKpEeMEHTAILHE HABYAHHSI JUIS aaNTallil 10 3MiH Y TaHUX.
6. [TepeBaru Bukopuctanus TensorFlow mis giarHocTuku
e Tayukicte: [TinTpuMKa pi3HUX THITIB JaHUX (CHTHAIHU, 300paXKEHHSI, TEKCT).
e MacmraboBaHiCTh: MOXIIHBICTS pOOOTH 3 BETUKUMH OOCSITaMH TaHUX.
e  PeanpHuii yac: Bukopucranus TensorFlow Lite ms BOymoBanux cucreM (MoOGinbHI prcTpoi abo
aBTOMOOITBEHI KOMII'TOTEPH).
e [Iporao3yBaHHsl HECIpPaBHOCTEH: 3aCTOCYBaHHS CKJIQJHWUX MOJENel MPOTHO3yBaHHS Ha OCHOBI
ICTOpUYHUX JAHUX.

Pesynbratu pociaiizkeHHs. Y poOOTiI 3alpONOHOBAHO CTPYKTYPY CHUCTEMHM KOMILUIEKCHOL
JIarHOCTHKH JIBUTYHA, SIKa BKITIOYAE:
e  0OpTOBY cHCTEMY 300Dy JTaHHX;
e TeJEeKOMYHIKaliiiHi 3aco0u nepeaadi iHpopmarii;
e cepBep 00pOOKH aHUX;
e  MOIyJIi aHAJIi3y HA OCHOBI IITYYHOTO iHTEIEKTY.
CucreMa BUKOPUCTOBYE JaHi JaTYHKIB 17151 QOPMYBaHHS JiarHOCTHYHHUX NTApaMeTpiB Ta BU3HAYCHHSI
TEXHIYHOTO CTaHy JBHUTYHA.
Po3pobiieno moriuHy Mojenb 0a3u JaHWX, sKa BKJIFOYA€E CiM OCHOBHHX CyTHoOcTei: Status, Users,
Auto, Diagnostic, Owner, Detals, Detector.
Mix CyTHOCTSIMH peajli3oBaHi 3B’SI3KM THUIYy OJWH-I0-0araThoX, M0 3abe3neuye 30epiranHs
iH(opMaIii mpo pe3ynbTaTH JiarHOCTUKH, TapaMeTpH ABUTYHA Ta iCTOPII0 eKCITyaTallii aBTOMOOLIIS.
st peamizamii anrOpUTMIB MAaITHHHOTO HaBYaHHS 3allpOIIOHOBAHO BUKOPHCTAHHS TUIAT(HOPMH
TensorFlow, sika 3a0e3neuye noOymoBy Moaeneil kinacudikaliii, perpecii Ta aHai3y aHOMaITii.
OOroBopenHnsi. 3anpoNOHOBAaHMN MiOXid [O3BOJSIE pEATi3yBaTH IHTEICKTyallbHY CHCTEMY
JIarHOCTHKH aBTOMOOLUIBHUX JIBUTYHIB, 5IKa 3a0e3Meuye:
e aBTOMAaTWYHHUI aHAIi3 MapaMeTpiB pOOOTH IBUTYHA;
®  paHHE BUSIBJICHHS HECIIPABHOCTEI;
* IIPOTHO3YBaHHS PECYpCY €IEMEHTIB,;
e IHTETrpamiio 3 TeJICKOMYHIKAIlIHHUMHU Ta XMapHUMHU CUCTEMaMH.
[opiBHSHO 3 TpagUIiHHUMH METONAMH JIarHOCTHKH BUKOPHCTAHHS AJTOPUTMIB MAaIIMHHOTO
HaBYaHHS JO3BOJISIE MiABHIMUTH TOYHICTh BU3HAUCHHS TEXHIYHOTO CTaHy ABHTYHA Ta CKOPOTUTH Yac
MPUIHATTS PillleHb 00 TEXHITHOTO 00CITyTOBYBaHHS.

BucHoBku.

1. TlpoBemeHo aHaji3 Cy4YacHHX METOJIB JMiarHOCTHKH aBTOMOOUTRHUX [IBUTYHIB Ta BH3HAY€HO
MIePCIEKTUBHICTh 3aCTOCYBAHHS TEXHOJOTIH MTYYHOTO IHTEIEKTY IJIT OOpPOOKH MiarHOCTHYHUX
JaHUX.

2. 3ampomoHOBAaHO CTPYKTYpYy iH(GOpMamiiHOI CHCTEMH MAiarHOCTUKW ABHTYHIB Ha CTUCHEHOMY
TIOBITPI, IO BKITIOYAE MOYJIi 300py, 30epirants Ta OOpOOKH TaHUX.

3. Pozpobneno noriuny MoJens pessiiifHoi 6a3u qaHuX 1uis 30epiranHs iHpopMalii npo mapameTpu
pOOOTH JBUTYHA Ta Pe3yIbTaTH IiarHOCTUKH.

4. Tloka3aHO MOXIHMBICTh BHKOpUCTaHHS Ttuiathopmu TensorFlow nms crBopenHs Moneneit
MaITHHHOTO HAaBYaHHSA, IO JO3BOJISIOTh BHKOHYBAaTH KiacHQiKaIlilo HECHpaBHOCTEH, aHali3
aHOMaJIiii Ta MPOrHO3yBaHH: TEXHIYHOTO CTaHy JBUTYHA.

5. 3anpomoHOBaHMN MiIXiq MOXKe OyTH BUKOPUCTAHUM JUIS CTBOPEHHS IHTENCKTYalbHUX CUCTEM
MOHITOPHHTY Ta AIarHOCTUKH TPAHCTIOPTHHUX 3aCO0iIB.

CHuCOK BUKOPUCTAHUX JKepeJ:
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B.B. Jamok!, AII. IaBiok?

JIyupKkuii HanioHANBHU TeXHIYHMH yHiBepcuTeT!
HartionanbHu# yHIBEPCUTET BOAHOTO TOCIOAAPCTRBA Ta IPUPOJOKOPUCTYBAaHHSI

BIIVIMB TEMIIEPATYPHO-BOJIOI'ICHOTI'O PEXKUMY HA JE®OPMIBHICTbD
3rMHAJIBHUX EJEMEHTIB HICJISI TPUBAJIOT EKCILTY ATAIIII

2

Hagedeno pesynomamu eKcnepumeHmanbHux Unpodysans 0anoK 3 yiibHOT Oepeunu 3a Pi3HO20 MeMnepamypHo-
607102iCHO20 pedtcumy, AKL OYIU 6U20MO6]€EHI 3 KDOKGAHUX cucmem nicaa ix mpueanoi excniayamauyii.. 3a2anom eunpooysano
osanaouyame oanok i3 eonozicmwo 12% ma 15% ma mepminom excnayamayii 25, 50 ma 75 pokie. Bcmanoeneno ennug
memnepamypHo-60J102iCHO20 pexcumy Ha eUYUHU 8IOHOCHUX Oehopmauiit 6anok. Ilpu 36invuienni éonozocmi d6anox 3 12%
00 15% cnocmepizanocy ne3naune 30i1bUIeHHA MAKCUMATILHUX GIOHOCHUX Oedhopmauiit CMUCHYMOT ma po3mMAZHYmMoL 30H.
3naunux 3akonomipHocmeil 6naugy 6iKy 0epesunu Ha PO3GUMOK 0ehopmauiili 6AIOK He BUAGIIEHO.

Knwwuoei cnosa: [epesuna, nanpysceno-oegpopmosanuii cmau, oegpopmayii, HABAHMANCEHHS, 32UHANbHULL eleMeHM,
meMnepamypHo-60J02ICHUL PeXCUM, MEPMIH eKcnayamayii.

V.V. Datsiuk, A.P. Pavluk

INFLUENCE OF TEMPERATURE-HUMIDITY REGIME ON THE DEFORMABILITY OF
BENDING ELEMENTS AFTER LONG-TERM OPERATION

Operational experience with timber structures shows that one of the most common defects causing negative
consequences for timber as a building material is moisture exposure. There are many causes of failure in timber structures of
buildings and coopyarcenuir. In most cases, failure results from a combination of specific factors and influences acting on
structural elements. An analysis of the conducted studies indicates that such factors include, among others, an increase in
timber moisture content and the aging of materials.

The results of experimental tests of solid timber beams under different service conditions are presented. Within the
framework of the tests, these conditions were simulated by varying the moisture content of the specimens from 12% to 15% and
by considering different service lives. In total, twelve experimental beams with service lives of 25, 50, and 75 years were tested.
The test specimens were divided into three series with different moisture contents and service lives.

As a result of the conducted tests, the values of the relative deformations of the beams were determined from the
beginning of loading until failure. The load-bearing capacity of the beams was established. The failure mode of the beams was
identified, occurring in the pure bending zone. The maximum values of relative deformations in the compressed and tension
zones were determined. It was established that an increase in timber moisture content leads to an increase in the relative
deformations of the compressed zone of the beam by up to 12%, and of the tension zone by up to 7%. No consistent patterns
regarding the influence of timber age on the development of deformations in the tested beams were identified. However, it
should be noted that no clear generalized correlation can be established regarding the influence of service life on deformability.
The deformation behavior and load-bearing capacity of beams depend on their service conditions and the presence of external
adverse effects on timber as a building material.

Key words: Wood, stress-strain state, deformations, loading, bending element, temperature-humidity regime,
service life.

IMocranoBka mpodaemu. JlocBix ekcrulyaTallii KpOKBSHHX CHUCTEM IIOKa3ye, IO OJHHM i3
HaHOUIBII MOIMPEHUX BIUIUBIB, SIKI CIPUYMHSIOTh HETATHBHI HACIHIJIKU JJIS IEPEBUHU K OYIBEIBHOTO
MaTepiajly € BIUIUB TEMIIEPaTyPHO-BOJIOTICHOTO pexxuMy. BiH Moxe 3ajiexaru Bijg 0aratbox axropis. I1ix
yac eKCIuTyaTamii 3BOJIOXEHHS ACPEBMHU MOKE€ BUHHKATH BHACHIJOK MPOTIKAHHS 1HXKEHEPHHUX MEPEeK,
MOLITKOJPKEHHSI T1IPOI30ISIIMHNX MIapiB Ta 0e3MmocepelHhO MOKPiBeNb, YTBOPEHHS KOHJAEHCATY, 3MiHU
nopu poky tomo [1]. Tomy mnuTaHHS MOCTIKEHHS 3THHAJIBHUX €JIEMEHTIB 13 BIUIMBOM 3MiHHU
TEMIIEPaTypPHO-BOJIOTICHOT'O PEXXUMY € aKTyaJbHUM IMUTAaHHSAM CHOTOJICHHS.

AHami3 ocTaHHIX JocjaimKeHb. [CHye BenMka KiIbKICTb TNPUYMH pPYHHYBaHHS AEpeB’sTHUX
KOHCTPYKUi# OyaiBens 1 ciopy. 3ae01inbIoro 10 pyiiHyBaHHS OPU3BOIATH MOEJHAHHS TIEBHUX (HaKTOPiB
1 YMHHMKIB BIUIMBY Ha KOHCTPYKTHBHI €JeMeHTH. ABTOpH [2] cepen TakuX BHUIUISIOTH MEPEBAHTAKCHHS
Yyepe3 CHIrOBi HABaHTAXXCHHS, MOMUJIKH MiJ Yac MPOEKTYBaHHSA, IOMMJIKH MiJ YaCc BUKOHAHHS MOHTaXY,
HEBIAMOBITHICTE KOHCTPYKLiH. [0 OKpeMoi rpynu YMHHHKIB BiIHOCATHCSI HEAOCTATHS SKICTh MaTepialis,
MPOHUKHEHHSI BOJIOTH, KJIIMAaTHYHI BILUIMBU Ta HEHAJICKHE TEXHIUHE 00CIyroByBaHHs [2-4].

OxpiM (hakTOpiB SIBHOTO HETaTUBHOTO BIUIMBY Ha JEpeB’siHI KOHCTPYKLIH, iICHYIOTH 1 iHII, sIKi
MPOSIBISAIIOTECS B OUIBIIOMY po3pi3i 4acy i Bi3yallbHO CIIOCTEpPIraroThes JuIne ix Hacuimku. [o Takux
(axTopiB BiTHOCATH BOJIOTICTh ICPEBHHH, sIKa IMiIA€THCS 3MiHaM B mporieci ii ekcrutyaTanii [5-9]. Binbie
TOT'0, BOHA 3aJIC)KUTh BiJ] TEMIIEPAaTyPHO-BOJIOTICHOTO PEKUMY CEPEIOBHILA, B SIKOMY EKCILTYaTYEThCS, TaK
SK JIePEBUHA MOKE ITOTJIMHATH 1 «BiJIaBaTH» BITHOCHY BOJIOTIiCTh. Y BHIA/IKaX BUKOPUCTAHHS B SIKOCTI
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OymiBEIBHOTO MaTepiany ASPEeBUHH i3 miaBUIIIeHOO BonoTicTio (Oinbine 12%) i ii ekcrutyaTartii B TEIUIHX
OpUMilIeHHsIX OyAe BUHHKATH 3MiHAa BOJOTOCTI Oaiku, i, K HACHiJOK, YTBOPEHHS TPILIHH BiJ YCYIIKH
JEPEBUHU. Y JepeB’THUX KIICEHUX KOHCTPYKIISAX 32 paXyHOK HEOIHOPIIHOCTI BOJIOTOCTI MIApiB AEPEBUHU
MOXKYTh BUHUKATH JTOJIATKOBI BHYTPIIIIHI HAIIPYKECHHS, SIKi HE BPAXOBYIOTHCS PO3PaXyHKOBHMHU MOJICIIIMU
[10,11].

VY pobortax [12-14] cepen meTanbHOTO aHANi3y PyWHYBaHb JEPEB’STHUX KOHCTPYKIH Ha Pi3HUX
00’€KTax aBTOPU BUAUISIOTH BIUIMB BOJIOTH SK OJHY i3 MPUYWH BUHUKHEHHS IOIIKOPKEHb. Y 0araThox
00’€KTax MOCTiKEHb JOJATKOBHM HETaTHBHHM YMHHUKOM BIUIMBY Ha TEXHIYHWH CTaH OylH YCaaKOBi
nedopmariii epeBuHHU, ska Oyia 3BelleHa 3 HAATO BHCOKOKO BOJIOTICTIO TMOPIBHAHO 3 PIBHOBAXKHOIO
BOJIOTICTIO OY[IiBIIi B LIIJIOMY.

[ocTranoBka 3aBaaHHA. MeTor0 poOOTH € BCTAHOBIECHHS JedopMarliii 0aok 3 ITBHOI JepeBUHU
3a pi3HOI BOJIOTOCTI Ta TEPMiHIB €KCIUTyaTallii BiJl IOYaTKy 3aBaHTAXXEHHS 1 10 pyHHYBaHHS.

MeToauka eKCiepUMEHTATBHUX JOCTIIKEKHb. B paMKkax BUKOHaHHS IMOCTAaBIEHOI METH POOOTH
OyJno TpoOBeIeHO IOCHTiDKeHHs OaloK i3 IiIbHOI JepeBWHU. JlepeBHMHa IJIsi BUTOTOBIEHHS Oalok
BUKOPUCTOBYBANach i3 00 €KTiB (KPOKBSHHX CHCTEM), IO MepeOyBald B eKCIUTyartalil MpoTroM
npubu3Ho 25, 50 Ta 75 pokiB 31 3MIHOK TEMIIEPATYPHO-BOJIOTICHOTO PEKHUMY.

Kpim TepMiHy ekcIuyaTalii e oJHAM MapaMeTpoM, SIKAK JOCTiKyBaBcs K (DakTop BIUIMBY Ha
nedopwmariii 6anok, Oyna BoJOTicTh. BoyoricTh OaioK, sIKi IMiamaBaaInuch BUIPOOYBaHHS, CTaHOBMIA 12 Ta
15% BigmosigHO. Pi3HUi BiK Ta BOJIOTICTH AOCTIAHIX OAJOK MOICITIOBAIH Pi3HI PSKUMH EKCITyaTallii.

BunpoOyBaHHS MpoBOAUIOCH B cepTH(iKOBaHii 1adboparopii. Meroauka BUIPOOYBaHb 3THHATEHUX
€IIEMEHTIB IIJIBHOTO Tepepidy HaBeleHa B HayKoBii mpari [15]. BunpoGyBaHHiO miggaBaanch Gankd 3
mortepegnnM tepepizom 50x80(h) mm i morxuHo0 1650 MM. Po3paxyrkoBuii mposit cranosus 1500 mMm.
HaBanTaskeHHS IPUKIAAATIOCh B TPETUHAX TPONIHOTY, IO 3a0e3MedyBaio poOOTy OaaKd B 30HI YUCTOTO
3TUHY.

[Tepen BumpoOyBaHHIME BCi OaKu Oyii yMOBHO TIOIIJICH] HA TITICTH cepiii — 1Mo ABi OATKK B KOXKHII
cepii. BumiproBanHs BiiHOCHUX Aedopmariii 6aJoKk BUKOHYBAJIOCh 3 BUKOPUCTAHHAM TCH30aTYHKIB Ta
TEH30METPUYHOT CUCTEMH. 3arajbHa KiJIbKICTh JaTUYMKIB HA KOXKHIiH Oaiii craHoBua 8 mit. BcTraHoBNEeHHS
JATYMKIB TPOBOAMIOCH B CEpeAMHI NpOoNbOTy Oayiku, Tak sSK B JaHoMy Micni aedopmamii OyayTh
MaKCHUMaJIbHI.

Bci ekcriepuMeHTH MPOBOIUINCH 3TIHO JIFOYMX HOPMATUBHHUX JOKyMeHTIB [16-19].

Pe3yabTaTn eKcnepUMEHTAJBbHUX [JochigKeHb. [licis oOpoOKM OTpUMaHUX peE3yJbTaTiB
otpuMaiin rpadiku aedopMyBaHHS OaJIOK BiJ MOYATKy 3aBaHTaXEHHS 1 0 pyiHyBanHs. Ha puc. 1...6
HaBeeHi rpadikn nedopmysanns 6anok b-1, B-3, b-5, B-7, B-9 ta b-11 (mo oxuiit Ha KOXHIi i3 cepiit
0aJioK) Ta cXeMa pOo3TalllyBaHHs TEH301aTUYUKIB IO BiJIHOMICHHIO JI0 MOMEPEYHOTO0 Hepepi3y Oalku.
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B Ta6mmri 1 HaBeneHi oTpuMaHi pe3yiabTaTH MaKCUMAITbHUX BiTHOCHUX Aedopmartiii cTucHyTol Ta

PO3TATHYTOI 30HH VISl KOKHOI 13 0a0K, 110 BUIPOOOBYBAJIHCS.

Tabn. 1
MaxkcumanbHi BigHocHi 1edopmaunii 6aa0k
Hazra Bogoricts Tepwmin excruryarartii Cepis Makcumanbhi | MakcuManbHi
OaJku Oanku JIEPEBUHH, 3 SIKOT nedopmariii nedopmarii
BUTOTOBJISUIMCH OAJKH, CTUCHEHO]1 PO3TATHYTO1
POKiB 30uH, U ¢4 30H1, U g
x10* x10*
b-1 12 25 1 49,9 43,8
Bb-2 12 25 50,3 448
b-3 12 50 2 50,2 43,4
b-4 12 50 49,5 42,1
b-5 12 75 3 53,3 44,2
b-6 12 75 49,5 441
b-7 15 25 4 58,9 49,3
b-8 15 25 57,1 46,4
b-9 15 50 5 56,4 442
Bb-10 15 50 56,1 49,2
b-11 15 75 6 55,1 42,9
b-12 15 75 56,2 48,4

B Tabnumi 2 HaBeneHI MakcHUMalbHI CepeHi 3HaUeHHS AeopMalliil CTUCHYTOI Ta PO3TATHYTOI 30H
JUTS KOJKHOT 13 cepitt 6anmok. CepenHi 3HAYCHHS A1 KOJKHOI 13 Cepiii 3HAXOIUITUCH SIK CEpeTHE apruPMETHIHE
MiXX MaKCUMaJIbHUMH 3HaYCHHSAMHE JedopMaliiii JBoX Oalok.

Tabn. 2
MaxkcumanbHi fegopmanii CTHCHYTOI Ta pO3TATHYTOI 30H 0aJI0K
Howmep cepii PyiiniBue Cepenni MakCUManbHi Cepenni MakCUMaJbHi
HaBaHTakeHH:, KH nedopmariii cTHCHEHOT nedopmarii po3TArHyToi
30mn, U ¢4x10™ 30mi, U 1gx10™
1 cepis 14,7 50,10 44,30
2 cepis 14,0 49,85 42,75
3 cepis 13,5 51,40 44,15
4 cepist 12,8 58,00 47,85
5 cepis 12,1 56,25 46,70
6 cepis 11,2 55,65 45,65

MakcuManbHi BiiHOCHI aedopMarii CTHCHYTOI 30HH JUisi OaloK MepInoi, Apyroi Ta TPEThoi cepii
3HAXOJMINCH B MEXaxX Bifl Ucd= 49,85x10™ 10 Uca = 51,40x10™, po3TarayToi 308K — Bix Ucq= 42,75x10
J0 Ucd = 44,30x10™*. MakcumanbHi BigHOCHI nedopmariii CTHCHYTOT 30HH /i1l OaJIOK 4eTBEPTOl, I’ ATO1 Ta
mocToi cepii 3HAXOAMIKNCh B MEXax Bif Ucd = 55,65x10™ 10 Ucd = 58,00x10, PO3TIATHYTOT 30HH — BiT Ucgd
= 45,65x10™ 10 Uca= 47,85x10™,
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JL.M. Camuyk, B.M. ®panuyk, B.A €Epbromin

Jhyybkutl HayioHanbHUll MexXHIYHUL yHieepcumem

AHAJII3 CYHACHUX TA IEPCIHHEKTUBHUMX MATEPIAJIIB U151 BUT'OTOBJIEHHSA
EJEKTPOMOBLJIIB

Y cmammi npoananizoeano cyuacmi ma nepcnekmueni mamepianu O01A GU2OMOGIEHHA e1eKMPOMODinie i3
YPaxysanuam ixXHix Qizuko-mexaniunux, eKOHOMIYHUX | eKOI02IUHUX XAPAKMEPUCMUK. 3anPOROHOBANO GUKOPUCIAHHA
Koedpiyicnma mamepianvnoi nepesazu K = (6 — p) | C ons kinvkicnozo nopienanns epexkmusnocmi cmanei, cnnagie i
Komnoszumie. Bcmanoeneno, wio naibinbwi 36a1ancoeani nOKasHuUKu maroms cmaii Hoeo2o nokoninua (AHSS),
antominiesi cnaaeu cepii 6XXX i nonimepui komnozumu. /lo 2030 poky ouikyemuvcs 3smenwennn wacmxu cmani 0o 25 % i
3pocmannsn poni antominito ma komnozumie 0o 28-30 %. Ompumani pezynomamu 6i0nogioaromev KoHuenuiam
lightweighting,  additivemanufacturing ma  circulareconomy, wo  eusnauaiome  po3eUmMOK  Cy4aACHO20
eneKmpomooineoyoyeanus.

Knruoei cnosa: enexmpomodine, KOHCMpPYKYiuHi Mamepianu, 1e2Ki CRAA8U, KOMRO3UMU, CIAI HO8020 NOKOIHHS.

L. Samchuk, V. Franchuk, V. Yeremin

ANALYSIS OF MODERN AND PROMISING MATERIALS FOR ELECTRIC CAR
MANUFACTURING

The article analyzes modern and promising materials for the manufacture of electric vehicles, taking into account their
physical, mechanical, economic, and environmental characteristics. The use of the material advantage coefficient K = (¢ — p) /
C is proposed for a quantitative comparison of the efficiency of steels, alloys, and composites. It has been established that the
most balanced indicators are found in new-generation steels (AHSS), 6xxx series aluminum alloys, and polymer composites.
By 2030, the share of steel is expected to decrease to 25%, while the role of aluminum and composites is expected to grow to
28-30%. The results obtained are consistent with the concepts of light weighting, additive manufacturing, and circular
economy, which determine the development of modern electric vehicle manufacturing.

Keywords:electric vehicles, structural materials, light alloys, composites, new generation steels.

IMocranoBka npodaemu. I[lepexin 10 €IeKTPOMOOLIEHOTO TPAHCIIOPTY BHMAara€ BUKOPHCTAHHS
HOBUX KOHCTPYKIIMHMX MaTepialiB, sIKi IMOETHYIOTH JETKICTh, MIITHICTh 1 EKOJOTIYHY CTIHKICTB.
TpaaumiiiHi cTajai BX€ HE MOBHICTIO BIAMOBITAIOTH BUMOTaM CHEPTrOC(PEKTHUBHOCTI Ta 3HMXKEHHS MAacCH.
BoaHouac mmpoke BIPOBaKEHHS AIIOMIHIEBHX 1 MarHi€BUX CIUIaBiB, BUCOKOMILIHUX CTajieli HOBOTO
TTOKOJIIHHS, TIOJIMEPHUX Ta BOJOKHUCTHX KOMIIO3HTIB CYNPOBOIKYETHCSI HU3KOIO KPUTHIHHUX IMPOOIIEM,
30KpeMa BUCOKOK) €HEPrOEMHICTIO BUPOOHUIITBA, 3HAYHOI BaPTIiCTIO CUPOBUHH, CKJIAIHICTIO 3’ €THAHHS
pi3HOPiIHUX MaTepianiB i OOMEKEHUMH MOXKIMBOCTSIMU iX HOBTOPHOTO BUKOPHCTAHHS Ta PELUKIIIHTY.
Oco0nrBoOi aKTyanbHOCTI HaOyBae THTaHHS (OPMYBAaHHS OaraToMaTepiaJbHUX KOHCTPYKIIH, Y SKHAX
NOEAHAHHS METAJIEeBUX 1 MOJIMEPHUX KOMIIOHEHTIB 4YacTO IPHU3BOAMTH 1O TEXHOJIOTIUHHX,
eKCIUTyaTaliiHUX 1 eKOJIOTIYHMX KoMIpomiciB. Ha cbhorogHi HEIOCTaTHBO CHCTEMAaTH30BAHUMHU
3aJIMINAIOTHECA HAYKOBI MIIXOAHM IO ONTHMI3aIlii CTPYKTYypH Ta CKIIaay OaraToMarepialbHUX CHCTEM 3
ypaxyBaHHSM He JIMIIE MEXaHIYHUX 1 eKCIUTyaTalifHUX XapaKTepPHCTHK, a i TIOBHOTO JKUTTEBOTO IMKITY
BUPOOY — BiJl OTpUMAaHHS CHPOBUHH Ta BUPOOHUIITBA JI0 EKCIUTyaTalii, pEMOHTY Ta yTHii3amii. B ymoBax
MOCWJICHHSI MDKHApOJHHX EKOJOTIYHMX CTaHJapTiB, BHMOT JO ULHUPKYJSPHOI EKOHOMIKH Ta
BIJIMOBINabHOCTI BUPOOHMKIB MOCTAa€ HarajibHa IMOTpeda y po3poOJeHHI HAyKOBO OOTPYHTOBAHHX
KpHUTepiiB BUOOPY I KOMOIHYBaHHS MaTepiaiiB s KOHCTPYKILiil eleKTpOMOOiLNIiB, siKi 3a0e3MeuyBaTUMY Th
ONTUMANBHUN OalaHC MK MEXaHIYHOI €(EeKTHBHICTIO, CKOHOMIYHOIO JOUUIBHICTIO Ta €KOJIOT1YHOO
CTIHKICTIO.

HaykoBa HOBH3HA po0OOTH TOJIATaE y (hOpMaTi30BaHiil aHATITHIHO-METOIUTHIN aganTarmii miIxomy
BUOOpYy MatepianiB 3a Embi 10 yMOB Cy4acHOTO CEpiHOTO eNeKTPOMOOITHPHOTO BHPOOHHMIITBA, IO
XapaKTEePU3YEThCS )KOPCTKUMH OOMEKEHHSIMH 32 MAcol0, BapTICTIO Ta €KOJIOTIYHUMH MOKa3HuKamu. Ha
BiIMIHY BiIl OUIBIIOCTI ICHYIOUMX JOCHIDKEHb, y SKHX aHajli3 KOHCTPYKIIIHHWUX MarepiaiiB s
CJIEKTPOMOOLTIIB Mae TMepeBaXKHO SKICHUHA a00 BYy3bKOCIHEIalli30BaHWH XapakTep, y AaHid poOoTi
3allPONIOHOBAHO IHTETPAIbHUI 1HKEHEPHUH MiJXiJ A0 MOPIBHSUIBHOTO PaHXyBaHHA MaTepialiB pi3HOI
MIPUPOJIM HAa OCHOBI y3araapHeHOro KoedimieHTa MaTepiadbHOI IIepeBary, 1o MOeAHY€E MIllHICHI, MACOBI Ta
€KOHOMIYHI XapakTepucTHKU. HoBH3HA Mmimxomy Mmojisrae HE y BBEIEHHI HOBOTO (PyHIAMEHTAIBHOTO
MaTepiaJo3HAaBYOTO KpHUTEpilo, a y TpaKkTH4HIM iHTepmperamii Ta iHXCHEPHOMY BHUKOpPHCTaHHI
0e3pOo3MIpHOTO IHTErpaJbHOTO IHIEKCY SK IHCTPYMEHTY MEePBUHHOI OILIHKH JOIIBHOCTI 3aCTOCYBaHHS
CTaJIel HOBOTO TIOKOJIIHHSA, JIETKHX METaJeBUX CIUIABIB 1 TOJIMEPHHUX KOMITO3UTIB y KOHCTPYKIIISIX
enektpomoOimiB. Takuiéi MiAXim J03BOJISIE TIEPEHTH Bif (QparMEeHTapHOTO TIOPIBHSHHS OKPEMHUX
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BJIACTUBOCTEH MarepiaiiB 10 KiTbKICHO OOTPYHTOBaHOTO aHamidy iX 30aJaHCOBaHOCTI B KOHTEKCTI
MacoBOTO BUPOOHHMIITBA.

JonaTkoBUM eIeMEHTOM HayKOBOI HOBH3HH € IHTEpIIpeTallisi OTPUMaHUX Pe3yNbTaTiB y MOETHAHHI
3 IPOTHO3YBAaHHSM 3MiHU CTPYKTYPH MarepianiB y BUpOOHHULTBI erxekTpoMoOiniB 1o 2030 poky, mo mae
3MOT'Y TOSICHUTH 30€peKEHHs IMPOBIJHOI POJIi CTaneil HOBOTO ITOKONIHHS IONpPH aKTHBHHH PO3BUTOK
JIETKAX METaTiB 1 KOMIIO3UTHUX CHCTEM. 3alpONOHOBAHWMA IiAXi MOXe OyTH BHUKOPHUCTaHHH sIK
aHaJMITHYHA OCHOBA Uil TPHUHATTA IH)KEHEPHHX pIlIeHb Ha paHHIX eTamax IMPOEKTYBaHHS
OararoMaTepiallbHUX KOHCTPYKILiN eNeKTPOMOOITIB.

MeTow po6oTHM — € aHali3 CyYacHHX Ta TMEPCHEKTHBHUX MaTrepialiB IT BUTOTOBJICHHS
ABTOMOOUTIB, OI[IHKA IXHIX BJIACTHBOCTEH 1 MOMJIMBOCTEH 3aCTOCYBaHHS, a TaKO0X BHU3HAYCHHSI
ONTUMAIBHUX PIllIeHb JUIS IMiJIBUIICHHS HAJIAHOCTI, Oe3neKku, eHeproe()eKTUBHOCTI Ta SKOJOTIYHOCTI
CydYacHHX TPaHCHOPTHHX 3aCO0iB.

AHanmi3 ocTaHHIX ZocaimKeHb Ta mydJaikamii. Y crarri [1] cucremarn3zoBaHo miaxoau 10 BUOOPY
KOHCTPYKUIHHMX MaTepianiB y MamuHOOYIyBaHHI 3 ypaxyBaHHAM KpUTEpiiB MIIHOCTi, TyCTHHH,
TEXHOJIOTIYHOCTI Ta BapTOCTi. ABTOp 3alpOTIOHYBAB yHIBepCaIbHI METOAHMKH OIIHIOBAaHHS €(EeKTUBHOCTI
MarepiaiiB, AKi CTAIH OCHOBOIO JJIS MOPIBHSJIBLHOTO aHANI3y CTaJeH, JISTKUX CIIaBIiB Ta KOMITO3UTIB Y
JAaHOMY JTOCTIIIDKEHHI.

VY crarri [2] po3mISHYTO aKTyalbHI TEHJACHLIi y BUKOPUCTAHHI JIETKMX MarepiayiB Ui
€JIEKTPOMOO1ITIB Ta IXHii BIUIMB HAa €HEPTOePEKTUBHICTh TPAHCTIOPTHUX CUCTEM. ABTOp pOOHTH aKIICHT Ha
CTAJIAIX HOBOI'O MOKOJIIHHS, aJIOMIHIEBUX 1 MarHi€BUX CIUIaBaX, a TaKOX IOJIMEPHUX KOMITO3UTaX,
3a3Havatouy, mo a0 2035 poky uacTka cTajgeidl y KOHCTPYKLISX €JIEKTPOMOOUIIB 3MEHIIUTHCS Maiike
BrBiui. OcoOmMBY yBary MNpHUAIIEHO MpoOiieMi OalaHCy MiX MEXaHIYHHMU XapaKTepPHCTUKaMU Ta
€KOJIOTITHUMH MaTepiallaMHu.

Hocmimxenns [3] mpucBsdeHe po3pOOIEHHIO MNPHHIMINB CTAOTO MAaTepiaJo3HABCTBA IS
€JIEKTPOMOOITBHOTO TPAHCIOPTY. Y poOOTI 3ampornoHoBaHO MeTomoorito «Sustainable Material Index»
— IHTerpaJbHOTO TIOKAa3HUKA, SKUH IMOEAHYE€ MeXaHIdHy e(EeKTHBHICTH 1 BYTJCIEBY IHTCHCHBHICTH
BUPOOHMIITBA. ABTOPHU JOBOSATH, IO MOTIMEPHI KOMIIO3UTHA HOBOTO MOKOIIHHS, OCOOJIUBO i3 YaCTKOBHUM
010BMICHUM KOMITIOHEHTOM, MOXYTb 3MeHIINTH BUkuAn CO; Ha 40 % y mopiBHSHHI 3 TpaaWLiHHOIO
CTaJLITIO.

VY npari [4] 3ailicHeHO TOPIBHANBHUHN aHAI3 ATFOMIHIEBHX 1 KOMITO3UTHUX KOHCTPYKIIIH Y KOHTEKCTI
MIPOEKTYBaHHS €JeKTpoMoOimiB. JlocmikeHHs OKa3ye, 110 BUKOPHCTaHHS aJIOMiHI€BUX CIUIaBiB cepii
6XXX mo3Bossie 3MeHIMTH Macy Ky3oBa A0 40 %, Tomi SK KOMIO3WTH 3a0€3MeUyroTh Ie OiThIIUi
MOTEHITIAN Y JIETKUX HECYyYWX eJIeMEHTaX. ABTOPH HAroJIONIYIOTh, IO BHCOKa COOIBapTICTh Hapasi
CTPUMYE TXHE IUPOKE MPOMHCIIOBE 3aCTOCYBAHHSI.

Crarts [5] y3aranbHIOe CBITOBHE JOCBIN BIPOBADKCHHS MPHHIMIIB HUPKYJISPHOT EKOHOMIKU B
aBTOMOO11eOyAyBaHHI. ABTOPH IiAKPECIIOIOTh, 1110 BTOPHHHA IepepoOKa aTroMIHII0 Ta cTaji gocsrae 95—
98 %, Toxi SIK KOMIIO3UTH 3aIUIIAIOTHCS CKIaTHIUMHU Y PEIUKIIHTY. Y poOOTi OMMCaHO CyYacH] TEXHOJOT1T
mipoJizy, XIMIYHOTO BiTHOBJECHHS BOJOKOH 1 BHPOOHMITBA OIOKOMIIO3UTIB HAa OCHOBI JUISHHX 1
KOHOIUTIHUX BOJIOKOH.

VYV nmocmimkenni [6] mpoBemeHO eKONOTIYHMI Ta E€KOHOMIYHMI aHai3 TPagWIiiHHX METOIIB
3BapIOBaHHsA. ABTOPM BH3HAYMIM, IO aBTOMAaTWU30BaHI BapiaHTH 3BapIOBaHHA 3MEHLIYIOThH
eHeprocroxxuBauHs 110 25 % i Bukuau CO; Ha 15-18 % mopiBHAHO 3 pyYHUMH MpoILIecaMH, O POOUTH iX
MIePCIIEKTUBHUMH 711 BUPOOHUIITBA KOPITYCIB 1 paM €JIEKTPOMOO1ITIB.

ABTopamu po6oTu [7] pO3MIISHYTO CydYacHi HUISXH MiaBHIICHHS edektuBHOCTI mporeciB TIG-
3BaplOBaHHs (BUKOPUCTAHHS IHEPTHOTO 3aXMCHOT'0 I'a3y) IUIIXOM ONTUMi3alil MOJISIPHOCTI, TeOMETPIT Ba
Ta TeroBoro pexumy. OTpuMaHi pe3yiabTaTH CBiYaTh PO MOXKIHUBICTH iHTerparii T1G-3BaproBaHHs y
BUPOOHUIITBO JIETKUX AMIOMIHIEBHX 1 MATHIEBHX CIUIAaBiB O€3 BTPATH SIKOCTI 3’ €/THAHb.

Crarts [8] omucye TexHOJIOTIUHI mepeBard TiOPHIHOTO JIa3epHO-TUIA3MOBOTO 3BApIOBAHHS, SIKE
MOETHYE BHCOKY TOYHICTB JIa3epHOi 00pOOKHM 3 MIMOMHOIO MPOIUIABICHHS IIa3MOBOTO IpoIecy. ABTOPU
3a3HAYAIOTh, IO IIEH METOJ Jae 3MOry e(eKTHBHO IOEIHYBATH PI3HOPIMHI MaTepiaiu — HaNpUKIa,
ATIOMIHIH 1 CTaJb, 0 € BAYKJIMBUM ISl CTBOPEHHSI OaraTomMarepialbHUX Ky30BiB €IEKTPOMOOLITIB.

VY poboti [9] mocmimkeHO BIUIMB MPOMHUCIOBHX (AKTOPIiB HA SKICTh KOHTAKTHOTO TOYKOBOTO
3BaproBaHHA. Po0oTa Mae TpakTUYHE 3HAYCHHS JUISI OMIHKK KCIUTyaTaIliifHOi HamiHOCTI eIeKTPUIHIX
3’€IHaHb y JETKUX METAIEeBUX KOHCTPYKIISX.

Crarts [10] npucBsiueHa po3po0ICHHIO aBTOMAaTH30BaHOTO TEXHOJIOTTYHOTO MPOIIECY 3BAPIOBAHHS
MeTalleBUX BHpOOiB y KoHTekcTi [HaycrTpii 4.0. 3ampormoHOBaHO KOMIT IOTEPHO-IHTETPOBAHY CHUCTEMY
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KOHTPOJIIO MapaMeTpiB 3BaplOBaHHA, sKa Moke OyTH aJanToBaHa 10 BHPOOHUIITBA ATIOMIHIEBHX Ta
KOMITO3UTHUX KOMITOHEHTIB €JIeKTPOMOO1ITIB.

Hes3Bakatoun Ha 3HAYHY KUIBKICTh HAyKOBHX JIOCIIJKEHb, TIPUCBSIUCHHX BHOOpY MaTepialiB st
eJIEKTPOMOOINIIB, OLIBIIICTE POOIT 30cepeaKeHi ado Ha aHalli31 OKpeMHUX IPpyN MaTepiaiiB, ad0 Ha AKICHOMY
omuci TeHAeHIiH 0e3 (opmarnizoBaHOi KiIbKICHOI OLIHKH iX €(pEeKTUBHOCTI. Y HasSBHHX ITyOJiKaIlisgx
HEJOCTaTHBO YBard MPHAUICHO IMOETHAHHIO MEXAaHIYHHX XapaKTEPUCTHK MaTepialliB 3 €KOHOMIYHUMH
MOKa3HUKAaMH Ta €KOJIOTTYUHUMH OOMEKEHHIMH B MEXKaX €JIMHOTO aHATITHYHOIO Mijaxoay. Y AaHii poOoTi
3allpONIOHOBAaHO  IHTETpajbHUN MiAXiA 1O TMOPIBHAIBHOI OWIHKM KOHCTPYKUIHHHMX MartepiaitiB
€JIEKTPOMOO1ITIB, SIKUH 0a3yeThCcs HAa BUKOPHCTAHHI KoedillieHTa MaTepiallbHOI IIepeBard, aganToBaHOTO
JI0 YMOB €JIEKTPOMOOIIbHOrO BUpOOHUITBA. Ha BiIMiHY BiJl iCHYIOUYHMX JOCIIPKEHb, Y pOOOTI BUKOHAHO
y3araJlbHeHUH KiTbKICHUH aHali3 cTajeidl HOBOTO MOKOJIHHS, JIETKUX METaJeBHX CIUIABIB Ta MOJiMEPHHUX
KOMITO3UTIB 13 ypaxyBaHHSIM BapTOCTI MaTepially Ta MPOTHO30BaHHX 3MIH CTPYKTYPH MaTepialbHOTO
ckany enexkrpomoOimiB g0 2030 poky.

BuknageHHss 0OCHOBHOro Marepiaay. ABTOMOOUIBHA MPOMHCIOBICTh CBHOTOJAHI IEPEKHBAE
MacmTabHy TpaHcopMaIliro, CIPUIHHEHY ePEX00M JI0 €IeKTPOMOOIITFHOTO TPAHCTIOPTY, TII00ATEHUMHU
BHMOTaMHU €HEeproeeKTUBHOCTI, AeKapOoHi3amil Ta EKOJIOTiYHOI BiATOBiMATBHOCTI. Y TEHTpl i€l
TpaHchopMmallii nmepedyBae MaTepiano3HaBya OCHOBA KOHCTPYKIIM €JIeKTpOMOOLIiB, ajpke came BHOIp
MaTepialliB BU3Hauae macy, Oe3meKy, JOBrOBiUHICTb, COOIBapTICTh 1 HaBiTH CTpaTeriuHy NPHIATHICTDH
TEXHOJIOTIH A0 IUPKYJIApHOi ekoHOMikH. KokeH KilorpaM 3MEHIIEHHS MacH TPAHCIOPTHOTO 3aco0y
BIUIMBAE€ Ha 3amac XOJy, CIIOKMBAaHHS €HEprii Ta KIAbKICTh IIKIJUIMBUX BHKHUJIB, TOMY OINTHMi3aIlis
KOHCTPYKIIil 4epe3 BHKOPHCTAHHS JIETKHUX, MIIHHX 1 CTIHKMX MartepialliB cTaja OJHUM 13 KIIFOYOBHX
HamnpsMiB PO3BHTKY aBToM0O11e0y ryBanHs. CydacHi TeHIEHII1 MaTepiaTo3HaBCTBA OPiIEHTOBAHI Ha MOIITYK
ONTHUMAIBHOTO 0ajaHCy MK TYCTHHOIO, IMHUTOMOIO MIITHICTIO, TEXHOJIOTIUHICTIO Ta EKOJOTIYHOIO
CTiliKicTIO. JSIKIIO TpajuiliiiHa aBTOMOOIIBHA CTajdb JACCATHIITTAMU 3aJlMIIajgacs OCHOBHHM
KOHCTPYKI[IHHIM MaTepiajoM, TO CHOTOMHI BiIOyBaeThCs Mepexin A0 OararomarepiaibHUX IUIaThopM, y
SKHX CTaJli HOBOT'O IOKOJIIHHS IIOEIHYIOTHCS 3 AMIOMIHIEBUMHU, MarHi€BUMH, THTAHOBUMH 1 KOMITO3UTHUMU
eneMenTamu. Takuil miaxin 3abe3nedye 3HIWKEHHST MacH Ky3oBa enekrpoMoOiins Ha 30-50 % 6e3 BTpaTH
KOPCTKOCTI Ta OE3MEKH, a TAKOXK CHPUSIE MiABUIICHHIO eHeproe()eKTUBHOCTI Ha 10-15 %.

JlocnipkeHHS Ma€e aHATI TAYHO-METOIMYHHI XapakTep i IPYHTYEThCS Ha MO€IHAHHI MTOPIBHAIBHOTO
aHaJi3y BIACTUBOCTEH MaTepiaiiB, eIeMEHTIB METOI0JIOT1 BiOOpy MaTepianis 3a Embi Ta mporno3yBaHHs
PO3BHTKY €NeKTPOMOOIIBHOT ramy3i. MeToauKa TOCTiIKEeHHS BKII0Yae: (OPMyBaHHS pPernpe3eHTaTUBHIX
TPyl MarepialliB, IO 3aCTOCOBYIOTBCS a00 PO3IIISNAIOTHCS IJISi BUKOPHUCTAHHS B EIEKTPOMOOLISX;
y3aradpbHeHHS (hi3HMKO-MEXaHIYHUX, CKOHOMIYHHX Ta €KOJOTIYHHX IIapaMeTpiB Ha OCHOBI CydYacHUX
JTepaTypHUX JKEpel, KUIbKICHY OWIHKY e(eKTUBHOCTI MaTepialliB i3 BUKOPHCTAHHSM iHTETPAILHOTO
KoedilieHTa MaTepiaJbHOI IepeBard; aHaliTHYHE TOPIBHAHHS OTPUMAaHMUX pe3yJbTaTiB Ta ix
IHTEpIpETAIlifo 3 TTO3MITif MAaCOBOTO i MMEPCIEKTUBHOTO €JIEKTPOMOOITHPHOTO BUPOOHHIITBA.

MeToro Takoro aHalizy € KOMIUIEKCHa OIliHKa e(EeKTHBHOCTI KOHCTPYKLIHHHX MaTepiaiiB uis
€JIEKTPOMOOLNIB 13 ypaxyBaHHSIM (Di3MKO-MEXaHIYHHAX, €KOHOMIYHHX 1 €KOJOTIYHHMX AaCIEKTiB, a TaKOX
BH3HauYeHHS iX mepcrekTuB po3BUTKY 10 2030 poky. JlocmipkeHHsT Mae aHaTITHYHO-OTIISIIOBUI XapakTep
i GasyeThcs Ha y3arajJbHEHHI JaHUX MPOBIAHHX HaykoBHxX 0a3 Scopus, ScienceDirect Ta SpringerLink 3a
2020-2025 poxwu. [yis1 aHamizy oOpaHo 11’ sITh TUIIOBHMX IPYI MaTepiatiB: ctaii HoBoro nmokoiinHs (AHSS),
ANFOMIHIEBI Ta MarHi€Bi CIUIaBW, THUTaH 1 MOJIMEpHI KOMMO3UTH. OCHOBHUMHU KPHUTEPISIMH OIIIHKH
BHCTYIIAIOTh TYCTHHA, MIITHICTh Ha PO3TAT, MOIYJb IPYXKHOCTI, COOIBapTicTh i 06car BukuaiB CO; mix gac
BUPOOHUITBA. J[J1s1 KUTbKICHOT OIIHKK €()eKTUBHOCTI BUKOPUCTAHO KOE(Ili€EHT MaTepialbHOI IepeBaru
(K), sKuii iHTerpye TpM OCHOBHi TapaMeTpu — MiIHICTh, TYCTHHY Ta BapTicTh Marepiamy. Koro
3aCTOCYBaHHSl IPYHTY€ThCS Ha migxoxai Embi, pekoMeHmoBaHOMY Ui TOPIBHSHHS KOHCTPYKIIIHHHX
MatepianiB pizHoi npupoau. Popmyia Mae BUTIISL;

K=(o-p)/C @)

JIe. ¢ — HOpMalli30BaHa MIIHICTh MaTepiaidy; p — HOpMaii3oBaHa ryctuHa; C — HOpMasizoBaHa
BapTICTh Marepiaiy.
ba3oBi 3HaueHHS TSt HOpMaTi3arlii:

on = 1000 MITa;
pn = 7,8 rlemd;
Cn =1 €/xr;

1. Crans AHSS;
on = 1000/ 1000 = 1,00;
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pn=7,8/7,8=1,00;

Ch=1,0/1,0=1,00;

Kanss = (1,00 - 1,00) / 1,00 ~ 0,128.

2. AmomiHieBU# cIutaB 6XXX

on = 350/1000 = 0,35;

pn=2,717,8~=0,35;

Ch=28/10=28;

Kar = (0,35-10,35) / 2,8 ~ 0,046.

Otpumani 3HaUeHHS KoedillieHTa MaTepiaIbHOI ITepeBaru CBiM9aTh, IO CTaJi HOBOTO MOKOJIHHS
MaroTh HaWBUIIWHI iHTETrpalbHUI MOKa3HUK €(EeKTHBHOCTI cepel] PO3rIITHYTHX MaTepianiB. HezBaxarouu
Ha Oinpmy ryctuHy, AHSS KoMIeHCYI0Th MacoBi HEJOJIKH BHCOKOIO MIIIHICTIO Ta HU3bKOIO BapTiCTIO.
AJIOMiHI€EB] CIUIaBH, TIOMPH 3HAYHO MEHIIY TyCTHHY, IEMOHCTPYIOTh HIDKYE 3HaueHHs koedimienta K
gepe3 0OMEeKEeHY MIITHICTD 1 BUIY cOOiBapTiCTh. Takwii pUKIaa PO3PaxyHKY MiATBEPIKYE TOMUTEHICTD
BUKOpUCTaHHS KoedinienTa K sK iHXE€HEpHOTro iHCTpYMEHTY MEPBHHHOTO PaH)XyBaHHS MaTepiaiiB A
eIeKTpOMOOieOyAyBaHHsI Ta TOSACHIOE 30epexeHHs MpoBimHoi pomi crameir AHSS y wmacoBomy
BHPOOHHMIITBI €IIEKTPOMOOIIIIB.

3anponoHOBaHMi y poOOTI MiAXi/ BiAPI3HAETHCS BiJl KJIACHYHUX KapT MarepiaibHOro Bubopy Emoi
THM, IO OPIEHTOBAaHWI HE HA ONTHUMI3allil0 OKpeMOi MEXaHIYHOI BIACTUBOCTI, @ Ha IHTErpajbHy OLIHKY
MarepiamiB y KOHTEKCTI CEpifHOrO eleKTpOoMOOiTpbHOro BHpOOHMITBA. Ha BimMiHy Bif TpaguIliitHUX
JiarpaM «MIiIHICTh —TYCTHHA» a00 «KOPCTKICTh — Maca», y JaHOMY JTOCTIKEHH] BpaxoBaHO €KOHOMIYHUH
(akTop, KU CyTTEBO 0OMEKY€ MPAKTUYHE BIPOBAIKEHHS BUCOKOS(DEKTUBHUX, aJIe JOPOTHX MaTepiaiB.
Takum 9nHOM, TiAXif, BUKOPHCTAHUH ¥ pOOOTIi, O3BOJISIE IEPEUTH BiJ] aOCTPAKTHOTO MaTePialo3HABYIOTO
MOPIBHSAHHSA OO IHKCHEPHO OOTPYHTOBAHOTO BHOOpPY MarepiamiB I PEATbHUX KOHCTPYKITIH
€JIEKTPOMOO1TIB.

Koedimient marepianbaoi nepearun K = (6 — p) / C BUKOPHCTOBYIOTH came TOMY, IO BiH Jae
MOXJIMBICTE TTOETHATH TPH KITIOYOBI TTapaMeTpH — MIITHICTh, TYCTHHY Ta BapTICTh — B OJIMH 1HTETPATbHAN
MOKAa3HUK, IPUIATHUN [T TIOPIBHSIHHS MaTepialiiB pizHol nmpupoau. Takwuii miaxin Bianorigae igei Emoi:
MaKCHMIi3yBaTH €KCIUTyaTalliifHy 3JaTHICTh MpH MiHiMi3awii Macu ¥ BuTpar. Ha Bigminy Bim mutomoi
MIIHOCTI YH BiTHOCHOI )KOPCTKOCTI, SIKi BPaXOBYIOTb JIUIIIE CITiBBiTHOIIECHHS] MEXaHIYHUX XapaKTEPUCTHK,
koeimieHT K 103BoJIsI€ OHOYACHO OIIHUTH 1 TEXHIYHI, 1 eKOHOMIYHI aCIEKTH, TOMY € OLIBII IPUAATHUM
JUISl IIBUIKOTO PaHKyBaHHs MaTepialliB y MpakTHYHUX iHXKEHEPHHUX 3aiavyax. Hanpukiazx, marepian Mmoxe
MaTd BHUCOKY IUTOMY MIIHICTh, aje OyTH HACTUIBKM JOPOTMM, IO HOTO 3acCTOCYBaHHS CTa€
HeparioHaTbHIM — KoedirmienT K ompa3y me BimoOpaxkae.

[Tompu yHiBepCcalIbHICTh, MOJICIL Ma€ CyTTEBI OOMexeHHs. DopMyJia € CITPOIICHHSM 1 He BPaxOBY€E
MOBEIHKY MaTepiany B pealbHUX YMOBaxX poOOTH, 30KpeMa KOPO3iiHy CTIHKICTh, TOB3YYiCTh, Yy TJIUBICT
JI0 YIApHUX HaBAaHTAKEHb YW TEMIIEpaTypHUX 3MiH. MOIYIh MIPYKHOCTI y OpMYITi BIICYTHIH, TOMY IJIS
KOHCTPYKIiH, Zie )KOPCTKICTh € BH3HAYaJbHOIO, KpuTepid K Moxe natum He 4wiTKy ominky. Kpim Toro,
3HAYCHHSI G 1 P JJI1 KOMIIO3UTIB 3aJieXKaTh BiJl Opi€HTAIli BOJIOKOH, IO HE BiOOPaXKa€ThCsl B MOJICII.
[Noxaznuk K Takox He BpaxoBY€ SKOJIOTIYHHX MTApPaMEeTPiB, TAKHUX K eHEPTOMICTKICTh BUPOOHHUIITBA, BUOIP
TEXHOJIOTIi, 3BapPIOBaHICTh, MPUAATHICTH 10 TiepepoOku un Bukuau CO,, ToMy cam 1mo cobi He MoXe OyTH
KpUTEpieEM CTIMKOro MmarepianoBoro BuOopy. BiH Takox He BigoOpaxkae peanpHOi coOiBapTOCTi
KOHCTPYKIIii, OCKUIBKH I[iHA 3a KiJIOTpaM HE BPaxOBYE TPYAHOII OOpPOOKM YM KOHTPOIb SIKOCTi. Tomy
koedimiear K HOIITFHO BUKOPHUCTOBYBAaTH SIK TIEPBUHHHN OPIEHTOBHHWH IHIWKATOp, SKWA HaIami
JIOTIOBHIOETHCS  €KOJIOTIYHMM Ta TEXHOJIOTIYHMM aHali30M, a TaKOX PO3TISIOM eKCIUTyaTamiiHuX
BJIacTUBOCTeH Martepiany. B Tabauui 1 HaBeeHO MOPIBHAHHS OCHOBHHX MaTepialliB AJIsl €l1eKTPOMOOiiB.

Crani HoBoro nokomniHasg (AHSS) 3anumaroTbes HalOIIbIIT eHEKTUBHUM MATEPialioM il MAaCOBOTO
BUPOOHUIITBA €JIEKTPOMOOLTIB 3aBASKH IOEIHAHHIO BHUCOKOI MIIHOCTi, TEXHOJIOTTYHOI CYMICHOCTI 3
ICHYIOUMMH MpOIlecaMH 3BapIOBaHHS, JOCTYIHOI BapTocTi. BOHM BUKOPHCTOBYIOTBCS I BUTOTOBIICHHS
CHJIOBHX €JIEMEHTIB Ky30Ba, ABEPHUX paM, EHEProlorIMHAIOYMX 30H 1 IJCHIIOBaviB Oe3meku. Y
mopeneitVolkswagen ID.4 ta Ford Mustang Mach-E gactka AHSS nepesumye 45 % kapkaca Ky30Ba, II10
3a0e3redye BUCOKY AaCHBHY O€3MEKy MpH 3HWKEHHI Macu 10 15 % mopiBHSIHO 3 TPaaUIliHHUMHK CTAJISIMHU.
Kpim Toro, crami 1i€il kaTeropii MaroTh OWH 13 HaltHIKYNX Noka3HUKiB BUKKIiB CO; cepen ycix MeTaiiB
(6mm3bko 2 Kr/Kr mpoAyKiii), Mo poOMTH IX HAWOINBII €KOJOTiYHO paIliOHAILHUMH IS CEPiHHOTO
BUPOOHUIITBA.

AJroMiHi€BI crIaBH cepii 6XXX IEMOHCTPYIOTh ONTHMANIBbHUI OanaHCc MiK MTUTOMOIO KOPCTKICTIO,
JIETKOIO Baroro Ta TEXHOJOTIYHICTIO TNTTS. BoHM 320€31meuyroTh 3HIKEeHHS MacH Ky30Ba 10 40 % i akTuBHO
BUKOPUCTOBYIOTBCS 'y TexHonorii Giga Casting, BmpoBamkeHiii kommanissmu Tesla, Volvo s
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BUTOTOBJICHHS BETUKUX HECYUMX €JIEMEHTIB Ky30Ba, MiAPAMHUKIB Ta IHTETPOBAaHHUX CEKLil OaTapeidHHxX
miathopM. ANIOMIHIA XapaKTepU3yeThCsl BUCOKHM piBHeM mepepobHocTi (1o 98 %) i cTabinbHICTHO
BJIACTMBOCTEH NIpU BTOPUHHOMY IUIABJICHHI, 10 BIAOBITA€ MPUHIUIIAM €KOHOMIKH. Horo 3aCTOCYBaHHS
JI03BOJISIE HE JIMIIE MiJBUIIUTH €HeproeeKTUBHICTD, ajle i CKOPOTHTH 3araibHUI JKUTTEBUH BYIJIelEeBUI
cmig aBromMoOins. MarHieBi cruiaBu, 30kpema AZ91, Big3HauaroThCS HAWHWKUOK TYCTHHOIO Cepel
KOHCTPYKIIIfHIX MEeTaIiB, 110 Ja€ MOIIHBICTh 3MEHIITUTH Macy OKpeMHX By37iB Ha 6070 %. Ix aktuBHO
BUKOPHUCTOBYIOTh y BHUPOOHUIITBI JIETKUX KOPITYCIB €JIEKTPOHHHX MOJYJIB, KPOHIITEHHIB, €JICMEHTIB
PYJIBOBOTO YIpAaBIiHHS Ta ONOpP IBUTYHIB, sIK Iie peanizoBano B BMW Tta Nissan Leaf. OcHoBHOIO
[IEpEeBarol0 MAarHi€BUX CIJIaBIB € BHMCOKA IHUTOMA JKOPCTKICTh, OIHAK HEIOJIKaMH 3aJIHIIAI0THCS
MiJBUIIIEHA CXWJIBHICTH JO KOpO3ii Ta CKIaAHICTh y 3BaproBaHHi. sl yCyHEHHsS LUX OOMEXKEHb
3aCTOCOBYIOTHCS TIONIMEPHO-KepaMidHi HOKPHUTTS Ta KOMOIHOBaHI TEXHOJOTIi TePMiYHOTO HAIIMJICHHS, Ki
MOJIOBXKYIOTh TEPMiH CITy>k0u netaneit y 1,5-2 pasu.

TuraHoBi criasy, 30kpema Ti-6Al-4V, 1eMOHCTPYIOTE BUCOKY MII[HICTB 1 KOPO3iiiHY CTIHKICTB, 1110
poOUTH iX HE3aMiHHMMH Yy BY3JlaX i3 IiJBUIICHUMU HAaBaHTA)KCHHSMU — €IIEMEHTaxX MiJBICKH, OonTax
aKyMyJISATODHHX MOJYJiB, KPIiIUIEHHSX CHJIOBMX KOMIIOHEHTIB. IX 3aCTOCYBaHHsS XapaKTepHe Juls
BHCOKOTEXHOJIOTIYHIX MOJENICH, JIe IPIOPUTETOM € JOBTOBIUHICTh 1 MiHIMAJIbHAa Maca MPH MaKCHUMAaTbHIH
xopcTkocti. OHaK HaBUCOKA cobiBapTicTh (<18 €/kr) 00Mexye MacoBe BIPOBAKCHHS TUTAHY B CepiitHe
BHUPOOHUIITBO.

ITomiMepHi KOMITO3UTH HAa OCHOBI BYTJICBOJIOKHA 3alMafOTh MiCIle Cepell KOHCTPYKIIHHUX
MatepianiB MaiiOyTHboro. BoHu 3a0e3neuyioTh 3HWKEHHs Macu Ky3oBa Ha 60-65 % G6e3 Brpatu
KOPCTKOCTi, MarOTh BHCOKI BiOpamiiiHi XapaKTepHCTHKH Ta CyMiCHI 3 aJUTUBHHUMH TEXHOJOTisIMH. Y
MpeMialIbHUX eIeKTPOMOOLAX, TakuX ssk BMW BHKOpHCTOBY€EThCS /7151 BUTOTOBJICHHS JJaXOBUX MaHEINEH,
KaroTiB, KapKaciB ABepei. ['0J0BHIM BHKIIMKOM 3aJTUIIAETHCS BUCOKA BAPTICTh BUPOOHHUIITBA I 0OMEKeHA
nepepoOHicTh — cboronHi jumie 15-20 % KOMITO3UTIB MiUIAraloTh BTOPUHHOMY BUKOpUCTaHHIO. [IpoTe
BIIPOBAKEHHS METOJIB MIipONi3y Ta XIMIYHOTO PEUUKIIHTY MOCTYIOBO M03BOJIsiE 30epiraTé MexaHiuHi
BJIACTHBOCTI BYTJICBOJIOKOH 1 MOBTOPHO BUKOPHCTOBYBATH iX y HOBHX Marepiasax. MeTolo IpoBeIeHoro
aHaJi3y € He BIJKPUTTSI HOBUX MarepiajiB, a KilbKicHe OOIpYHTYBaHHS OUUIBHOCTI IX BUKOPUCTAHHS B
KOHCTPYKIIISIX €JIEKTPOMOOLITIB 3 MO3MIIIH Cy4YaCHUX EKOHOMIYHHX 1 TEXHOJOTIYHUX 00MexeHb. HaBiTh st
no0pe BIIOMUX MaTepialiB OTpUMaHi pe3ylbTaTH JO3BOJSIOTH BHSBHTH 3aKOHOMIPHOCTI, sIKi HE €
OUYEBHJIHUMH IIPH SIKICHOMY aHalli3i, 30KpeMa TMOsSCHUTH NPUYUHU 30epeKEeHHS BHCOKOI YacTKH CTallei
HOBOTO MOKOJIIHHS Y MaCOBOMY BUPOOHUITBI €JIEKTPOMOOIIIB.

Tabn.1.
IlopiBHSIHHSI OCHOBHHMX MaTepiaJiB 1JIs1 eJIEKTPOMOOLTIB
(y3araabneno 3a Yan, 2025; Ghoshetal., 2025)
Martepian I'ycruna, MIIHICTB, Monyns Iina, Buxngu Koeg. K,

r/em3 MlIla IOHra, I'Tla €/xr COy, xr/kr YM. OI.

Crans AHSS 7,8 1000 210 1,0 2,1 0,128
AoMiHIN 6XXX 2,7 350 70 2,8 12,0 0,046
Marniit AZ91 1,8 250 45 3,5 26,0 0,040
TuraunTi-6Al-4V 45 950 110 18,0 40,0 0,012
Byrnemmactik 1,6 600 80 20,0 30,0 0,019

OTtpumaHi pe3ynbTaTH CBiAYaTh, MO €QEKTUBHICTh MaTepiaiiB AJsl eJIEKTPOMOOLIIB BU3HAYAETHCS
HE MaKCHMaJbHHMH 3HAYCHHSAMH OKPEMHUX IapameTpiB, a IX 30ajJaHCOBAaHWM MNOE€THAHHSIM. 30KpeMa,
MaTrepiaid 3 MiHIMAJIbHOIO TYCTHHOIO HE 3aBXIH IEMOHCTPYIOTh HAMBHUIY KOHCTPYKIIHHY €(EKTUBHICTh
yepe3 0OMEKeHHs MIIIHOCTI a00 BHUCOKY co0iBapTicTh. BogHoYac Marepianu i3 cepeaHIMU 3HAYCHHSIMU
TYCTHHHM, ajle BHCOKOIO MIIHICTIO Ta JOCTYIHOK BapTicTio, 3a0e3neuyroTh Oilbll CHpUATINBE
CIIBBIZTHOLICHHS TapaMeTpiB Ui MacoBOTO BHPOOHHMLTBA. Takuil pe3yibTaT MOSCHIOE 30eperKCHHS
JOMiHYIOYOT poJIi cTanieil HOBOTO MOKONIHHS Y KOHCTPYKIISX €IeKTPOMOOLIIB, MONIPH aKTHBHUN PO3BHTOK
JIETKUX METaJIiB i KOMIO3UTiB. TakuM 4MHOM, Mepexia Ao 6araroMaTepialbHUX IUIaTGOPM CIIi pO3TIaaaTu
He SK 3aMiHy OIHOTO MaTepialy iHIIWM, a K pallioOHaJbHHWA po3moAil (YHKIH MK MarepianaMu
BIJIITOBITHO JTO IXHIX CHJIBHUX CTOPIH.

BB ryctHM Martepianly Ha y3aralibHEHY KOHCTPYKIIMHY e(eKTHBHICTH HMPOUTIOCTPOBAHO Ha
puc.l, ne HaBeneHO 3aJeKHICTh KoedilieHTa MaTepiaiabpHoi nepeBaru K Bia ryctunu p. Puc. 1 nemonctpye,
0 3MCHINCHHS TYCTHHH Marepiady He NPUBOAUTh aBTOMAaTHYHO A0 IWiABUIICHHS €()EKTHUBHOCTI.
HesBakatounm Ha MiHIMalbHy TYCTHHY MAarHi€BUX CIUIaBIB 1 IOJIMEPHUX KOMIIO3UTIB, IX 3HA4YeHHS
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koedinienTa K 3aiumaroThCss HIDKYMMH MOPIBHSHO 31 CTaIsIMHM HOBOTO TOKOJIIHHS, IO CBITYUTH PO
HeNiHIHUN XapakTep 3anexHocTi K(p) Ta HeOOXiHICTh BpaxyBaHHs KOMILIEKCY apaMeTpiB.

1,6 Byrnennactuk (CFRP)

4,5 TutaH Ti-6Al-4V
s Marwiin AZ91
218
a

2,7 ANOMIHIN 6xXX

Cranb AHSS
7,8
0 0,05 0,1 0,15 0,2 0,25 0,3 0,35 0,4 0,45

K, ym. oa.

Puc. 1.3anexnictb K Bin rycrunu (p)

AHani3 nokasye BiICYTHICTb MPAMOT JIiHIHHOI 3aJIe)KHOCTI MK TYCTUHOIO MaTepially Ta 3HaYeHHSIM
koeginienTa K. 3MeHIIeHHs TYCTHHY MaTepialy caMe Mo co01 He IPU3BOIUTH 10 3pOCTaHHS €(PeKTHBHOCTI,
0 0COOJMBO XapaKTepHO I MAarHi€BHX CIUIABIB 1 MOJIMEPHUX KOMIIO3HUTIB. TakuM umHOM, Tpadik
HiITBEpIUKY€E HEMiHIAHMA XapakTep 3aiexHocti K(p) Ta CBiTYMTH Mpo HEOOXIAHICTH ypaxyBaHHS
KOMILJIEKCY TIapaMeTpiB pu BUOOpi MaTepiaiiB Al eIeKTPOMOOITIB.

He MeHIII MOKa30BUM € BIUIMB BapTOCTI MaTepiany, SIKUi BiJ0OpaKeHO Ha PUCYHKY 2, I¢ HABEACHO
3aJIeKHICTh KoedilieHTa MaTepialbHOI NepeBard Bii MiHU. PHCYHOK 2 4iTKO JEMOHCTpYE BH3HAYaJIbHY
POJb EKOHOMIUHOTO YMHHHKA: cTaii AHSS 3aiiMaioTh TOMiHYI0UY HO3UIIIO 3aBASKA HAWHWKYIH BapTOCTI
MIPH BUCOKHX MEXaHIYHHX XapaKTEpUCTHKaX. AJIOMIHIEBI Ta MarHi€Bi CIuTaBH 3a0e€3MeuyroTh ITHIIE
rmoMipHi 3HadeHHS KoedirienTa K, mo oOMexye ix 3acTOCyBaHHs BY3JIaMH, J¢ MiHIMI3amis MacH €
KPUTUYHOIO. 3HAUHE 3HIKEHHS KoedimieHTa K 11 THUTaHOBUX CIUIaBiB MiATBEPIUKYE, IO, IOIPHU
VHIKaJIbHI eKCIUTyaTalliiiHi BJIACTUBOCTi, IiX BHUKOPHCTAaHHS €KOHOMIYHO BHUIIPaBIaHE JHIIE Y
criertiaaizoBaHux abo ImpeMialbHUX CeTMEHTaX.
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Puc. 2.3anexuicts K Bix BapTocTi

AHaumi3 3anexHocTi KoedillieHTa MaTepiajdbHOI MepeBard BiJ BapTOCTI MaTepiany CBIIYUTH TPO
HasBHICTH YITKO BUPaXKCHOI OOEPHEHOI TEHIEHIIIi: 31 3pOCTaHHAM IIHA MaTepially 3HaueHHs KoedirmieHTa
K cyTTeBO 3MEHIIYEThCS. 3aNEXKHICTh IEMOHCTPYE BH3HA4YalbHY POJIb €KOHOMIYHOTO YWHHHMKA NpPU
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MOpIBHSHHI PI3HOPIZHUX MarepianiB. 30Kpema, HaBiThb MaTepiaji 3 BHCOKMMH MEXaHIYHUMHU
XapaKTepUCTHUKAMH, TaKi SK THTAHOBI CIUIaBH, XapaKTEPHU3YIOTHCS HHU3BbKOIO S(EKTHUBHICTIO B MeEKax
3allPpONIOHOBAHOTO KPHUTEPI0 4Yepe3 BHCOKY cobiBapTicTh. OTpuUMaHWl pe3yibTaT IMiATBEPIKYE
JOLUIBHICTh BHKOpUCTaHHS KoediuieHta K 1 iHXEHEpPHOTO paH)KyBaHHS MarepiamiB y KOHTEKCTi
MacoBOTO €JIEKTPOMOOiIeOyAyBaHHS.

IToGymoBani rpadiku 3anexHOCTI KoedirieHTa MaTepianpHoi nepeBard K Bin ryCTHHH Ta BapTOCTI
MarepialiB TO3BOJISIOTH TPOBECTH KOMIUICKCHE IIOPIBHSHHS KOHCTPYKIIHHOT e(eKTHBHOCTI M'ATH
TUIOBUX TPYyN MaTepialiB, IO 3aCTOCOBYIOTHCS B eleKTpoMoOineOyayBaHHi. OTpuMaHi 3aleXHOCTI
JIEMOHCTPYIOTh HAsSBHICTH UITKO BHPAKEHUX 3aKOHOMIPDHOCTEH, SIKi BHW3HAYAIOTh JOIUIBHICTD
BUKOPUCTaHHS TOTO YH IHIIOrO Marepially B KOHTEKCTI MacOBOTO BHUPOOHUITBA enekrpomoOinis.Ilo-
nepure, aHaii3 3anexHocTi K BiJ 'yCTHHU MOKa3ye, 10 HU3bKa I'YCTHHA cama Mo co0i He TapaHTye BUCOKOT
KOHCTPYKIIHHOI eekTuBHOCTI. He3Bakaroun Ha MiHIMalIbHY TYCTHHY, OJIMEpPHI KOMITO3UTH Ta MarHi€Bi
CIUTaBH JIEMOHCTPYIOTh MeHIMH koedimient K mopisasaHo 3i ctaumo AHSS. Lle 3ymoBieHo TiM, 110 XHA
MIIHICTP Ha PO3TIT HEAOCTaTHHO BHCOKAa Ul TIOBHOI KOMIIEHcalii B Maci, a B OKPEMHX BHIIQJKaX
JI0JIATKOBE OOMEIKEHHSI HAKJIaa€ BUCOKa co0iBapTicTh. TakuM uuHOM, 3anexHicTh K(p) Mae HenmiHiHHMT
XapakTep: MaTepialid JIETKOi TPyHH JAar0Th MEepeBard JIMIIE 3a YMOBH BHUCOKOI MIITHOCTI a00 HHU3BKOL
BapTOCTI, a ONTUMAJIbHUI OajaHC apaMeTPIB CIIOCTEPIraeThCs caMe y CTajieii HOBOTO MOKOJIIHHS.

Ha BigmiHy Big TaOnM4HMX OaHuX, TpadiuHe NPeNCTaBICHHS PE3yJNbTaTiB JO3BOJISAE BUSIBUTU
XapakTep BILUTUBY OKPEMHUX MapaMeTpiB HA IHTETpalIbHy €(PEKTUBHICTh MaTepialiB, a TAKOXK Bi3yalli3yBaTH
TEHJICHIIi1, SIKi He € OYEBUIHUMHE NPU TUCKPETHOMY IMOPIBHSHHI OKpeMHX 3HaveHb. CIill 3a3HaYMTH, 10
OTpHMaHe paH)XyBaHHS MaTepiajliB He € YHiBepcaJbHHM 1 MOXKE 3MiHIOBAaTHCS 3aJIS)KHO BiJ 30BHIIIHIX
yMOB. 30KpeMa, 32 YMOB iCTOTHOTO 3HM)KEHHS BAPTOCTI BYTJICIIACTHKIB 00 BITPOBAPKCHHS MAaCIITA0HUX
TEXHOJIOTIH iX penukimiHry, koedimieaT K st KOMITO3UTIB MOKE 3piBHATHCS a00 MTEPEBUTITUTH MTOKA3HUKH
CTajieii HOBOTO TTOKOJIHHS. AHAIOTIYHO, TMOCHJICHHS PETYJSTOPHUX BHMOT LIOAO BYTJIELEBOIO CIiTy
BUPOOHUIITBA MOKE 3MEHIITUTH BiTHOCHY €()eKTUBHICTh METAJICBUX MaTepialiB Ha KOPUCTH MONIMEPHHUX i
010KOMITO3UTHUX CHCTEM.

Takum 4yuHOM, Bizyaui3ailis 000X 3aJIe)KHOCTEH MIATBEPIKYe, 110 crajieBi AHSS 3amuiiarorbes
HaiOinpm 30amaHCOBAaHMM MarepiajJoM Uil MAacoBOTO BHPOOHHMLTBA 3aBISKH ONTHMAIBHOMY
CHIBBITHOIICHHIO MIIIHOCTI, rycTHHHU Ta BapTocTi. Jlerki metanu (Al Ta Mg) 1eMOHCTPYIOTh TEPCIIEKTHBH
JUIIEe TpU 3HWKEHHI iX co0iBapTocTi. 3 €KOJOTIYHOI TOYKM 30py, CTali Ta ajIOMIiHIA 3ajHIIaroThCs
JigepaMu 3a nmokasHukamu yTuizauii (95-98 %), Toni sik mosiMepHi KOMITIO3UTH MOTPEOYIOTh MOJAIbIIHX
JIOoCHiKeHb y cdepi 3aMkHeHoro UKy nepepoOku. Havimenmn Bukuam CO; 3a KUTTEBUM ITUKIOM
CIIOCTEPITAIOTBCA y CTajled HOBOTO TIOKOJIHHS, TOII SK BHPOOHHIITBO THUTAHY XapaKTePHU3Y€EThCS
HAMBUIIOI EHEPrOEMHICTIO. Y IIbOMY KOHTEKCTI caMe pO3BHUTOK TEXHOJIOTiH PElUKIIHTY,
eHeproe()eKTUBHOTO TIABJICHHS TA BiHOBJICHHS BOJIOKOH CTaHE BU3HAYAJIBLHUM (DaKTOPOM AJIS mepexoaa
JI0 €KOJIOTIYHO 30aIaHCOBAHOTO €IEKTPOMOOiIeOy IyBaHHS.

[IporHo3yBaHHsS 3MiHH CTPYKTYpH MarepiaiiB y BHPOOHHIITBI €JIEKTPOMOOLIIB IPYHTYETbCS Ha
TPEHI0OBOMY aHaIIi31 YMCIOBHX JIAaHUX, B3ATHUX i3 TeXHIUHHX 3BiTiB |IEA (2023-2024), aHamiTHUHHUX OTJISIIB
McKinsey (2023), a Takox martepiano3zHaBuux gociimkenb Yan (2025) ta Ghoshetal. (2024-2025). s
oOy/IOBH NIPOTHO3YBAaHHSA 3aCTOCOBAHO METOJ| KOMIO3UTHOTO TPEHIY, SIKHMH TOETHY€E EKCTPAIOJIALII0
TEMITiB 3POCTAHHS PUHKY JIETKUX METalliB 1 KOMIIO3WTIiB, aHaji3 4acTOK BUKOPHCTaHHS MaTepialliB y
Cy4aCHHX MOJIEJISIX €JIeKTPOMOOLTIB, a TAKOXK 3iCTaBIeHHs 3 BUMOTaMH MO0 AekapOoHizamii. Ha ocHOBi
IUX Kepel chopMoBaHoO miarpamy (puc. 2), o IEMOHCTPYE O9iKyBaHe 3pOCTAHHS YaCTKHA KOMIIO3UTIB Ta
AIOMIiHII0, cKopoueHHs foMinyBanHs AHSS i mosiBa cermeHTy Giomnosnimepis.

MeTom0IOTiYHOI0 OCHOBOIO MPOTHO3YBAaHHS € MigXiJ, SKUH MOEOHYE EKCTPAIOJILiI0 HasBHUX
TEH/ICHI[I BUKOPUCTAHHS MaTepialiB y CYy4aCHUX MOJAEISAX eJIEKTPOMOOLIIB Ta €KCIIEPTHY OILHKY BIUTHBY
PETYISATOPHUX 1 TEXHONOTIYHUX (akTopiB. [t KOXKHOT rpynu MaTepialliB aHAII3yBaIUCS CepeIHbOPIUHI
TEMIIH 3MiHH YaCTKU 3aCTOCYBAaHHS Ha OCHOBI BIIKPHUTHX Taly3eBHX 3BiTiB Ta CTaTUCTUYHUX JAHHUX 32
niepion 2015-2024 pokis. Otpumani TpeHau exkcrpanomoBanucs 10 2030 poky 3 ypaxyBaHHIM 0OMEXKEHb,
OB’ SI3aHUX 13 TEXHOJIOTIYHOIO TOTOBHICTIO MaTepiaigiB Ta €KOHOMIYHOIO MOIIIBHICTIO IX MacOBOTO
BIIPOBAIXKCHHSI.

Cuiji 3a3HaYUTH, IO 3aIIPOIIOHOBAHMI POTHO3 HE MA€ XapaKkTepy AeTePMiHOBAHOTO MOJICTIOBAHHS
Ta He BPaXOBYE MOKITUBUX TEXHOJIOTIYHUX IIPOPHBIB, 3MiH ¥ 3aKOHOJIABCTBI 200 Pi3KHUX KOJIMBAHbL BAPTOCTI
cupoBUHK. MOro NOWITBHO PO3IMISAIATH SK OPIEHTOBHY CIIGHApHY OLHKY, fKa BimoGpakae HaiGimbur
IMOBIpHMIH HampsiM PO3BUTKY MaTepiallbHOI CTPYKTYpH €JEeKTPOMOOLTIB 3a YMOB 30€pEeKEHHS Cy4yacHUX
TeHACHIIA. Takuil MmIXix OIMPOKO 3aCTOCOBYETHCS Y MaTepialo3HaBUMX 1 TEXHIKO-EKOHOMIYHHX
JOCTI/DKEHHSIX HAa paHHIX eTamax aHaji3y.
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Crinx migkpecnuTH, IO HaBeJCHI 3HaYeHHs YacTok MaTepianiB 10 2030 poxy MaloTh iHTEpBaIbHUI
XapakTep. 3 OISy Ha HEBH3HAYCHICTh CKOHOMIYHMX, TEXHOJIOTIYHHMX Ta PETYJISATOPHUX (DaKTOpIB,
noxubKa MPOTHO3YBaHHS MOXKE CTaHOBUTH *5-7 % s okpemMux rpyn marepianiB. Tomy oTpumMaHi
pe3yAbTaTH CIiA TPaKTyBaTW HE SIK TOYHI 3HAYEHHS, a K OPi€HTOBHI JAiana3oHU HaWOUIBII iIMOBIPHOTO
PO3BUTKY MaTepiajbHOI CTPYKTYPH €IeKTPOMOOLITIB.

25
30

= CTani HoBOro noKkoniHHa (AHSS)
= ANloMmiHieBi cniaBu (6Xxx Ta iH.)
MarHiesi cnnasu
= MonimepHi komnosutn (CFRP, 6iokomnosutu)

Bionosimepu Ta «pPo3ymHi» maTepianu (smart materials)
Puc. 3. [IporHo3yBaHHsi CTPYKTYpH MaTepiajiB y BUToTOBJIeHHI elekTpoModiniB Ha 2030 pik

[IpencraBneHnii MPOTHO3 CBIMYWTH HE IPO BHUTICHEHHS TPAAMIIMHUAX MarepianiB, a Mmpo ix
(hyHKIioHATRHY TpaHChOpPMAITiI0 B MeXKax OaratomarepiaabHuUX 1IaT@opM. 3MEHIICHHS YacTKH CTaJICH
HOBOTO TOKOJIIHHS CYIPOBO/DKYETHCS 3POCTAHHSM BHUKOPUCTAHHS QIIOMIHIIO Ta KOMIIO3UTIB y THX
eJleMeHTaX KOHCTPYKLUii, Ae¢ MiHiMi3allis Macu Ma€ KpUTHYHE 3HaueHHS. BomHouac crami 30epiraroTh
KJIFOYOBY POJIb y CHJIOBHX 1 €HEPrOMOTIIMHAIOYMX 30HaX, [0 MiATBEPIUKY€E TOIIIBHICT €BOIIOLIHHOTO, a
HE PEBOJIIOLIIHHOTO CLIEHAPi0 PO3BUTKY MaTepialliB elIEeKTPOMOOITIB.

Taka nuHaMiKa CBIIYUTH MPO MOCTYNOBUH TNepexii ramy3i Bil TpaaMLidHOI METaIoMiCTKOl
MapagurMd 10 IHTETPOBaHHMX OaraToMaTepiadbHHX IUIAT(GOpPM, Je KIIYOBY pOJb BiJirpaloTh
€KOJIOTIYHICTb, TepepoOHICTh 1 U(poBizaLis BUpoOHHUYHX mpoteciB. OgikyeTbes, 110 10 2030 poky moHas
70 % KOMITOHEHTIB €JIIEKTPOMOOLIS BUTOTOBISATHMYThCS 3 MaTepiajiB, MPUAATHUX 0 IOBTOPHOTO
BukopucTaHHs. [IporHo3 moOynoBaHO Ha OCHOBI aHaji3y 3 BHKOPHUCTAHHSIM EKCTPAIOJSLIl rary3eBHX
nanux 3a 2015-2024 p.

BukoHaHW# aHami3 MITBEPIKYE, MO CTali HOBUX reHepaitiii (AHSS) Ha manuit yac mHIIArOTHCS
OCHOBHUM KOHCTPYKLIHHHM CKJIQAHUKOM Yy PO3pOOLi eNeKTpOMOOLTIB 3aBASKH iXHBOMY il€albHOMY
OanaHCy MIIIHOCTI, I[iHM Ta MOXXJIMBOCTeH 00poOku. BomHouac HanmpsMKu po3BHTKY cpepu BKa3yrOTh Ha
MTOCTYTIOBUU PyX 10 0araToCKIagoBHX CTPYKTYp MaiOYTHBOTO, J¢ METalld, KOMIIO3UTH Ta OiomomiMepu
3'€AHYIOTBCS Y LUIICHY THYYKYy KOHCTPYKLiMHY ocHOBY. Taki cucTeMH TapaHTYIOTh 3HM)KEHHs Bary,
3pOCTaHHS €Hepro30epekeHHs Ta 301IbIIEHHS POOOYHX BIACTHBOCTEH YaCTHH Ky30Ba 1 XOJ0BOI YaCTUHH.
Takum dYMHOM, pe3yiabTaTH, y3arajibHeHi B TaOaumi 1 Ta mpoulrocTpoBaHi Ha rpadikax 1-3,
MiATBEP/DKYIOTh, MO €(PEKTHBHICTh KOHCTPYKIIMHUX MaTepialliB eJEeKTPOMOOUIIB BU3HAYAETHCS HE
OKPEMHUMH BJIACTHBOCTSIMH, & iX KOMIUIEKCHUM MOEJHAHHSIM MEXaHIYHUX, EKOHOMIYHUX Ta €KOJOTTYHHX
rmapaMeTpiB. 3anpoTnOHOBAaHUHN IHTETPAbHUAN MiIXiJ A0 OIIHIOBAaHHS MaTepialiB JO3BOJISAE TEPEUTH Bil
THTYITHBHOTO 200 eMIIPUYHOTO BUOOPY A0 KIIbKICHO OOTPYHTOBAaHHX 1HKEHEPHUX PIllIeHb, CIPSIMOBAHUX
Ha 3MEHIICHHS MacH eJIeKTPOMOOiIs, MIBUILEHHS HOTro eHeproeeKTUBHOCTI Ta 3HIKEHHS CO0IBapTOCTI
0e3 BTpaTu MIiITHOCTI # piBHs Oe3nekn. OTpUMaHi pe3yabTaTh MOXKYTh OyTH O€3IocepeTHb0 BUKOPUCTaHI
Ha paHHIX eTalax IPOEKTYBAaHHS €JICKTPOMOOUTIB st (OpPMyBaHHS paIlioHaIbHOI MaTepiaabHOL
CTPYKTYpH Ky30Ba Ta HECYYHX EJIEMEHTIB, & TaKOX CIYI'yBaTH OCHOBOKO JJISI TIOAAJBIINX JOCHIKECHB,
MOB’sI3aHUX 3 OMNTHMI3ali€ro OararomarepiallbHUX IUTaT(OpPM, PO3BUTKOM TEXHOIOTIH PEUKIIHTY Ta
3MEHIICHHSM BYTJICIIEBOTO CIiAY TPAaHCHIOPTHUX 3aCO0iB. Y OUIBIT MHUPOKOMY KOHTEKCTI MPEACTABICHHIA
miaxing crnpuse (GopMyBaHHIO HAYKOBO OOTPYHTOBaHHMX pillleHb y Taly3i CTaJoro TPaHCIIOPTHOTO
MaIIMHOOYAYBaHHS Ta MiABUIICHHIO KOHKYPEHTOCIPOMOXKHOCTI EJEKTPUYHOI'O TPAHCIOPTY Ha
II00aTbHOMY PUHKY.
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BucHoBku. OTpuMaHi 3aKOHOMIPHOCTI IO3BOJISIIOTE C(HOPMYBaTH Yy3araJibHeHe OauyeHHs
MIEPCIEKTHUB PO3BUTKY MaTepiajbHOI CTPYKTYpH eneKTpoMoOiiB. OdiKyBaHy 3MiHY 4YaCTOK OCHOBHHX IPYI
MaTepianiB y BUpoOHHITBI enextpomoOinie 10 2030 poky BimoOpaxkeHo Ha pucyHky 3. IlpencraBieHe
MPOTHO3YBAaHHS CBIAYUTH MPO MOCTYNOBE 3MEHIIEHHs NOMiHyBaHHs ctaneit AHSS mpu omHouacHOoMy
3pocTaHHI BUKOPUCTAHHS ANIOMIHIIO, MOJIMEPHUX KOMITO3UTIB 1 MosiBi OiomoiiMepHUX MatepiamiB. Taka
TUHAMIKa 3yMOBJIEHA PO3BHUTKOM TEXHOJIOTIH PENUKIIIHTY, IiIBHIICHHIM BHMOT IO JekapOoHi3amii Ta
BIPOBADKCHHSIM LU(PPOBUX 1 AJAUTUBHHX METOAIB BHUPOOHWITBA. BojHOYac mporHo3yBaHHS  He
nepeadayvae TOBHOI BiIMOBH BiJ cTaliel, a BKa3zye Ha ix iHTerpaimiro B GaraTomarepiajibHi miuatdopmu
BIATIOBITHO 10 GYHKITIOHAIEHOTO TIPU3HAYCHHS €IIEMEHTIB KOHCTPYKITI.

VY Mexax 3alpOorOHOBAHOTO KPUTEPi0 BCTAHOBJICHO, IO MPH BapTOCTI MaTepiany moHan 5 €/kr
koedimieHT MaTepianbHOI mepeBarn K pi3ko 3HMKYETHCS He3aJIe)KHO BiJ piBHA MinHOCTI. Lle Bu3Hauae
€KOHOMIYHY MeEXY JOLITBHOCTI 3aCTOCYBaHHS THUTAHOBUX CIUIABiB 1 BYIJICIUIACTUKIB Y MAacOBOMY
enekTpoMo0inebymyBanHi. ITokazaHo, 110 3MEHIIEHHs TYCTHHHN MarTepiany Hukde 2 r/cM3 He 3abe3nedye
ABTOMATUYHOT'O MiABHUIIEHHS KOHCTPYKLIHHOI e(eKTUBHOCTI 6€3 BiAMOBITHOTO 3pOCTaHHA MIITHOCTI abo
3HIDKEHHSI BAPTOCTI, 110 MPUHIIMIIOBO BAYKJIIMBO TPH OIIiHIlI MEPCIIEKTUB MarHi€BUX CIUIABIB i KOMITO3UTIB.
3anporOHOBAHMM TIAXi MEMOHCTPYE, IO ePeKTUBHWM BUOIp MaTepialliB a1  €IeKTPOMOOLTiB
BU3HAYAETHCS. HE MAKCUMI3aIli€l0 OKPEMHUX BIACTUBOCTEMH, a4 MONIYKOM 30a1aHCOBAHOTO KOMIIPOMICY MiX
MAacol0, BapTiCTIO, MILIHICTIO Ta yMOBaMH CEpiifHOr0 BUPOOHUITBA.
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b. 3. bapa6am, 1. T. Pe6e3niok
Hayionanvnuti nicomexuniunuii ynigepcumem Yxpainu

JTOCJIIIKYBAHHS BILITUBY MTAPAMETPIB CUTOBOI CHCTEMU BAPABAHHHMX
HOAPIBHIOBAYIB JEPEBUHU HA ®PAKIHIUMHICTH TEXHOJIOI'TUHUX TPICOK

Yemanoeneno 3axonomipnicmev 3minio6aHHA eenuuunu  @i0comka HeKOHOUUinHoi ¢hpakuii 6 3azanwvhiit maci
MEeXHONOIUHUX MPICOK 3aNeNHCHO 6i0 napamempie cumogoi cucmemu oapadannux noopionwosauie depesunu. Ooeprcano
PieHANNA pezpecil, 3a 00NOMO2010 AKO20 MONCHA PO3PAXYBAMU 8I0COMOK HEeKOHOUYIIHOIL (hpaKyil 3 ypaxyeannam KinibKocmi
CeKyill cxiouacmozo cuma, éeudunU paodiychoi iocmani mixce cumom i dapadanom ma 60n020cmi depesunu. YcmanoeieHo
payionanvHi napamempu cumogoi cucmemu 6apadanHux noopioHIN6ayie oepesunu.

Kniwouosi cnosa: Oapabannuii noopibniosau Oepesunu, cumosa cucmemd, MexHONO2iUHI mpicKku, cxioyacme cumo,
KIIbKICMb ceKkyill.

B. Barabash, I. Rebezniuk

INVESTIGATION OF THE INFLUENCE OF THE SCREEN SYSTEM PARAMETERS OF
DRUM WOOD CHIPPERS ON THE FRACTIONAL COMPOSITION OF INDUSTRIAL WOOD
CHIPS

A pattern has been established in the variation of the percentage of substandard fraction of wood chips in the total mass
of industrial chips depending on the parameters of the screen system of drum wood chippers. A regression equation was
obtained, which can be used to calculate the percentage of substandard fraction, taking into account the number of sections of
the stepped screen, the radial distance between the screen and the drum, and the moisture content of the wood. Optimal
parameters for the screen system of drum wood chippers have been established.

Keywords: drum wood chipper, screen system, industrial chips, stepped screen, number of sections.

Problem formulation

Improving the efficiency of wood chipping is a pressing task for the woodworking and bioenergy
industries due to growing demands for uniformity in the fractional composition of wood chips and energy
efficiency in technological processes. In drum wood chippers designed to produce wood chips for fuel
pellets, significant losses in productivity and energy consumption are caused by the irrational kinematics
of chip particles movement on a smooth cylindrical screen, which results in a large percentage of the chips
produced being of substandard size (over 6 mm) and requiring additional chipping (rechipping).

Therefore, improving the design of the screen by giving it a stepped geometry, which changes the
conditions for transporting and sorting chips, is an urgent scientific and practical task.

The formation of a homogeneous fractional composition of industrial chips with the lowest possible
percentage of substandard fraction in their total mass is a determining factor in the energy and resource
efficiency of wood chipping and the effectiveness of the subsequent use of chips. In drum chippers, the
conditions for separating particles in the product discharge zone play a significant role, which to a certain
extent depend on the design features of the screen surface and its spatial arrangement relative to the chipping
drum.

The use of a stepped screen changes the nature of the interaction between chip particles and the
working surface, the conditions of their retention within the zone of chipping, and the likelihood of repeated
chipping, which directly affects the ratio of standard to substandard fractions.

At the same time, the magnitude of the radial distance between the screen and the drum (the distance
between the inner radius of the screen surface and the radius of the working surface of the drum) determines
the duration of the chips' staying in the working zone, the intensity of the mechanical impact of the structural
components on the wood particles, and the probability of the chips passing through the screen surface.
Despite the practical significance of these parameters, their complex influence on the process of forming
the fractional composition of industrial chips remains insufficiently substantiated, which necessitates
systematic experimental investigation of this issue.

Reviewing the latest studies and publications.

One of the relatively few experimental studies in this field was published in the journal Forests
(MDPI) [1], which provides a detailed analysis of the distribution of wood particle sizes depending on the
size of the drum chipper screen. The results showed that smaller screen sizes significantly increase the
proportion of fine fractions (less than 10 mm) in the total output, while larger screens increase the
proportion of medium and large fractions (over 45 mm). This is due to the fact that increasing the size of
the screen reduces the time that chips remain in the chipping zone, which reduces the probability of them
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being further chipped. For example, when the screen size is reduced from 80 mm to 40 mm, the proportion
of fine fractions increases significantly, while the proportion of fractions between 45 and 63 mm decreases
or is completely absent.

Currently, all wood chippers [2—4] employ a plate screen of cylindrical shape to sort wood chips, this
screen being positioned at a specified distance from the working surface of the drum. An analysis of these
technical reviews shows that the design of drum chippers, including the condition of the blades and the
presence of a screen, affects the quality (dimensional uniformity) of the chips. Currently, there are no
studies on the impact of a stepped screen on the fractionation of industrial chips.

Also, there are no studies on the effect of the radial distance between the screen and the drum in
drum-type wood chippers on the fractionation of chips. In existing works, including [1-4], this parameter
is considered only indirectly in the context of the size of the screen or operating modes, but not as an
independent factor that directly affects the fractional distribution of the chips.

In modern drum wood chippers, the radial distance between the screen and the drum is not a
standardized parameter and depends on the design of the specific chipper, the type of screen, and the
intended use of the wood chips. Typically, the radial distance is constant along the entire length of the
screen [2, 3]. The manufacturers rarely publish this parameter as a separate specification, however, based
on technical descriptions, engineering calculations, and operational guidelines, the following typical
engineering ranges can be identified

Typical values for the radial distance between the screen and the drum:

* 10-25 mm - for chippers designed to produce relatively fine and uniform chips (increased
intensity of rechipping).

* 25-45 mm - the most common working range for universal drum chippers.

» 45-70 mm — for equipment where priority is given to productivity and the reduction of particle
re-fragmentation (most of the large fractions).

Occasionally, a plate-type screen of cylindrical shape is installed in the chipping chamber for
industrial chips with different radial distances to the drum: the largest distance is near the lower counter-
blade and the smallest is near the upper counter-blade [4]. This arrangement of the screen causes the edges
of the holes to form as if in the shape of micro-steps. which finely grind the industrial chips in the chipping
chamber like micro-counter knives. With this screen arrangement, the number of large-sized industrial chip
particles is reduced, but their chipping is still insufficient.

Based on the analysis of the wood chipping process in drum chippers, the study of their design,
operating principle, and the main parameters affecting the size and quality of the obtained chips, stepped
plate screens were developed in accordance with the declarative utility model patent [6]. A working model
of a drum wood chipper [7] has also been developed, which, by eliminating all secondary factors as much
as possible, provides an oppotunity to experimentally study, with a high degree of accuracy, the process of
chipping wood into industrial chips.

Setting the task.

It is necessary to identify the patterns of influence of the stepped screen design and its radial distance
to the working surface of the chipping drum on the formation of the fractional composition of industrial
chips. To do this, along with theoretical substantiation, it is necessary to experimentally determine how
changes in the geometric parameters of the stepped screen 1 and its relative positioning in the chipping
chamber 6 with the knife drum 3 affect the conditions for particles passing through the screen surface, the
intensity of their re-chipping, and the proportion of the acceptable fraction in the total product throughput
(Fig. 1).

The purpose of the study — to identify the patterns of influence of the number of sections of a
stepped screen and the magnitude of the radial distance between the screen and the drum on the percentage
of substandard fraction in the total mass of wood chips, and to recommend rational parameters of the screen
system (a parameterized stepped volumetric structure of an arc-shaped screen) for drum wood chippers.

Solving the problem.

In order to investigate the influence of the number of sections of the stepped screen, the radial
distance between the screen and the drum, as well as wood moisture content on the percentage of
substandard fraction in the total mass of chips, a mathematical experiment planning method was used. The
experimental variables were as follows: X; — number of screen sections n; X, — radial distance between the
screen and the drum d, Xs — wood moisture content W. All the factors are quantitative, controllable, and
manageable.

The investigated indicator Psnsta IS the percentage of substandard fraction in the total mass of wood
chips.
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This indicator was determined as follows:

Posupstd = (msubstd/ mtot)loo%y
where msupsq IS the mass of the substandard fraction of chips (with dimensions exceeding 6 mm), kg;
Myt IS the total mass of chips, kg.

Fig. 1. Structure of a drum wood chipper with a stepped plate screen [4]
1 —screen; 2 — chipping knife; 3 — knife-equipped drum; 4 — lower counter-blade; 5 — upper
counter-blade; 6 — chipping chamber; 7 — section; 8 — longitudinal edge of the section; 9 — steps.

To experimentally investigate the effect of the number of sections on wood chipping productivity,
three plate-type screens with identical 8 mm x 8 mm holes and with different numbers of sections (3, 7, 11)
were designed and manufactured (Fig. 2). The screen mounting structure is designed in such a way that
the screens can be installed on the wood chipper with different radial distances between the screen and the
drum.

a b c
Fig. 2. Stepped screens with different numbers of sections: a - eleven; b — seven; ¢ — three

The values of the other factors were constant.

To obtain the regression equation for the percentage of the substandard fraction Psustq in the total
mass of wood chips, a second-order B-plan was applied. It is assumed a priori that the factors are interrelated
and that the process under study is described with sufficient accuracy by a second-order polynomial.

The mathematical model of the process takes the form:

Y =bo + Xy biXi + Xy buXP + Xhaic i<k bijXiX),

where Yy is the value of the output parameter; b is the intercept term of the regression equation; b;,
bii, bij are coefficients that express the effects of the first- and second orders, and pairwise interactions; X;,
X are independent variables; k is the number of factors being studied.
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Description of the identified key variables is presented in Table 1.

Table 1
Variable factors and conditions for their variation
Variable Factors Designation PisHi BapiroBanns Variation levels Variability
Lower Middle Upper interval
(=) (0) (+)

X1 — the number of n 3 7 11 4
screen sections, pcs

X, — radial distance d 15 20 25 5

between the screen
and the drum, mm

Xs — wood moisture w 20 30 40 10
content, %

For the specified plan, levels and variability intervals were selected in the range of interest (see Table
1).
The formulas linking normalized and natural designations of factors are as follows:

n—7 d—20
X1= ,X2= y

¥, = W —30
5 737 10
To avoid systematic errors arising from the influence of uncontrolled input factors, the tests were

randomized prior to the experiment, according to [7], and the experiments were performed in accordance
with the obtained sequence of tests (Table 2).

Table 2
Experiment planning matrix in normalized designations
Test Sequence of conducting three X1 X2 X3
number repeated tests
1 5,11, 23 -1 -1 -1
2 22,24, 41 +1 -1 -1
3 9, 28, 32 -1 +1 -1
4 21, 36, 39 +1 +1 -1
5 4,15, 27 -1 -1 +1
6 7,14, 20 +1 -1 +1
7 6, 8, 30 -1 +1 +1
8 25, 31, 33 +1 +1 +1
9 2,13, 19 -1 0 0
10 1,17, 34 +1 0 0
11 3,10, 29 0 -1 0
12 18, 26, 37 0 +1 0
13 12, 35, 38 0 0 -1
14 16, 40, 42 0 0 +1

In addition to fourteen tests of the orthogonal part of the plan, three tests were conducted under
conditions corresponding to the middle level, which are necessary, in particular, to verify the adequacy of
the hypothesis.

The experimental data were processed using the KoefRR 5.0 program, developed at the Department
of Technological Machines and Technical Service of the Ukrainian National Forestry University, according
to [7].

As a result of computerized processing of the experimental study results, regression coefficients were
obtained. The regression equations (in normalized factor designations) for the percentage of substandard
fraction in the total mass of industrial chips Psuswa are as follows:

Paupstd = 19.52— 0.53X1 + 9.92X; — 0.21X3+ 0.84X:° + 0.99X,° — 0.56X3% + 1.3X1 Xz — 0.3X1 X3+ 0.58X, X3
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The calculation of the Fisher F-criterion confirms the adequacy of the equation (F, = 1.39 < F, = 4.53).

Analyzing the regression equation in normalized factor designations, the following conclusions can
be drawn.

Of all the factors studied, the radial distance between the screen and the drum, d (b2 =9.92), influences
most significantly on the percentage of substandard fraction in the total mass of chips, Psust, t0 a lesser
extent - the number of screen sections, n (b1=—0.53), and the least effect on the percentage of substandard
fraction is produced by the wood moisture content, W (b3=—0.21). The dependence of Pssta 0N all the factors
within the studied range is nonlinear, since b1 =—0.84; by, = 0.99; bss = —0.56.

Among the various factors affecting Psugsta, the most significant is the interrelationship between the
number of screen sections and the radial distance between the screen and the drum (bis = 1.3). The
relationship of the radial distance between the screen and the drum with the moisture content of the wood
(b23 = 0.58) has a less significant effect on the percentage of the substandard fraction in the total mass of
chips, and the relationship between the number of screen sections and wood moisture content (b:z = —0.3)
has the least significant effect. A plus sign “+” next to the coefficient means that as this coefficient
increases, the percentage of Psusta increases, while a minus sign “~” means that the percentage of Psupstd
decreases.

Thus, the analysis of the regression equation shows that variations in the number of screen sections
and the radial distance between the screen and the drum in wood chippers will affect the percentage of
substandard fraction in the total mass of chips (Fig. 3). Moreover, this effect occurs in interaction with the
moisture content of the wood.

Fig. 3. Graph showing the dependence of the percentage of substandard fraction of industrial
wood chips in their total mass on the number of screen sections n and the radial distance between
the screen and the drum d (wood moisture content W = 40 %).

The results of the experimental study showed that the lowest percentage of substandard wood chips
was obtained when the radial distance between the screen and the drum was the smallest— 15 mm  (Fig.
4). When the distance is reduced from 25 mm to 15 mm, the percentage of substandard wood chips
decreases most rapidly when the wood moisture content is W = 40 %, ranging from 31.54 % (for 25 mm)
to 7.95 % (for 15 mm). In general, with the reduction in the radial distance between the screen and the
drum, the percentage of substandard wood chips decreases approximately fourfold (by 75 %).

The second parameter in terms of its impact on reducing the percentage of substandard chips is the
number of sections on the screen. At a radial distance of 15 mm between the screen and the drum and when
the humidity is 40 %, the percentage values decrease from 12.21 % for a screen with three sections to 7.95
% for a screen with 11 sections (see Fig. 4). In general, when the number of sections in the screen increases
from 3 to 11, the percentage of substandard industrial chips in the total mass of chips decreases by
approximately 35 %. When the radial distance is 20 mm, this percentage decreases by approximately 10 %
when the number of sections in the screen increases from three to 11, and at a distance of 25 mm, it even
increases by approximately 3 %.

© b. 3. Bapabaw, I. T. Pebesniok

87



Misiceysiecvruti 30ipnux «HAYKOBI HOTATKH». Jlyywk, 2026, Ne85

When the moisture content increases from W = 20 % to W = 40 %, with a distance of 15 mm
between the drum and the screen, the percentage of substandard industrial chips in their total mass decreases
to 23 % (n=11).

35

30,61 30,2331’54

30
25
20,42
20 18,4518,76
12,21
9,24
. I 7,95
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15 mm 20 mm 25 mm

The number of
screen sections n, pcs

m3 m7 mll

o

w

Percentage of substandard fraction
Psubstd, %

The radial distance between the screen and the drum d, mm

Fig. 4. Diagram showing the change in the percentage of substandad fraction of wood chips
depending on the number of sections in the stepped screen and the radial distance between the
screen and the drum (wood moisture content W = 40 %)
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Fig. 5. Diagram showing the change in the percentage of substandard chips in the total mass of
chips depending on the radial distance between the screen and the drum and the moisture content
of the wood (the number of screen sections is 11)

However, at a longer radial distance between the drum to the screen of 20 mm, the percentage of
substandard fraction of industrial chips in their total mass decreases slightly - by up to 5 %—as the wood
moisture content increases from W = 20 % to W = 40 %. And when d = 25 mm, the percentage of
substandard industrial chips in their total mass begins to increase.

Conclusions

1 A pattern has been identified in the change in the percentage of substandard fraction in the total
mass of wood chips depending on the parameters of the screen system of drum wood chippers. A regression
equation was obtained, which can be used to calculate the percentage of substandard fraction, taking into
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account the number of sections of the stepped screen, the radial distance between the screen and the drum,
as well as the moisture content of the wood.

2 The experimental investigation revealed that an increase in the number of sections of the stepped
screen leads to a decrease in the percentage of substandard industrial chips in their total mass. Therefore, it
is advisable for a stepped screen to have 11 sections. Further increasing the number of sections in the
stepped screen will increase the hydrodynamic resistance of the chips and the energy consumption of the
process.

3. It has been revealed that, among the factors studied, the reduction in the radial distance between
the screen and the drum has the most significant impact on the decrease in the percentage of the substandard
fraction. It has been found that the most optimal distance is 15 mm.

4. Based on the study, it is recommended to use the following optimal parameters for the screen
system of drum wood chippers: the number of sections of stepped screens is 11, and the radial distance
between the screen and the drum is 15 mm.

References

1 Choi, Y.S., Cho, M.J., Paik, S.H., Mun, H.S., Kim, D.H., Han, S.K., Oh, J.H. (2019). Factors
affecting the chipping operation based on the screen size of the drum chipper. Forests, Vol. 10 (11), pp.
1029. Access:https://doi.org/10.3390/f10111029 (accessed on 28 February 2026)

2 Vecoplan chippers (Germany). Wood chipping. Operational principle. Access:

https://www.youtube.com/watch?v=tYiHvrZCJUE&list=PL dF2beOFYyTNKnyBDcWj4zEVMuUNBD
zY-rs&index=1 (accessed on 28 February 2026)

3 Rudnick&Enners. Maschinen- und Anlagenbau GmbH. Chipping equipment. Access:
https://www.rudnick-enners.com/ru/produkte/zerkleinerung/index.html (accessed on 28 February 2026).

4 HAAS DRUM CHIPPER HTH. Type HTH. Systems and concepts for all applications : HHAS
Recycling-systems. Accesss: https://haas-recycling.de/wp-content/uploads/2018/01/HAAS-
Recycling_leaflet-HTH-Drum-Chipper_UK _20190802.pdf (accessed on 28 February 2026)

5 Screen of a drum wood chipper: patent for utility model No. 158361 Ukraine IPC (2025.01) B27L
11/00 B0O2C 18/00. No, u2024 04112; filed 16 August 2024; published 22 January 2025. Bulletin No. 4. 4

p.

6 B. Barabash, I. Rebezniuk. Experimental equipment for determination of rational cutting modes in
drum wood chippers. CIENTIFIC NOTES Interuniversity Collection of Scientific Papers (in the fields of
“Physical and Mathematical Sciences” and “Technical Sciences”) Lutsk 2025. Issue 82:128-134.
DOI:10.36910/6775.24153966.2024.77.20.

7 Pylypchuk, M.I.; Grygoriev, A.S.; Shostak, V.V. (2007).Fundamentals of Scientific Research:
Textbook. Kyiv: Znannya, 270 pp. [in Ukrainian].

Penensent: Taciii O., 1okTOp TeXHIYHUWX Hayk, npodecop kKadeapu NPUKIAAHOT MEXaHIKU i
TEXHOJIOT1i MaIIMHOOYAyBaHHSI.

© b. 3. Bapabaw, I. T. Pebesniok

89



Miscsyziecwvruti 30ipnux «HAYKOBI HOTATKH». Jlyyvk, 2026, Ne85

UDK 656.132 DOI 10.36910/775.24153966.2026.85.12
B.B. Kopajmmmus, B.1. YajikoBchbKuii
Hayionanenuii ynieepcumem "Jlvgiecoxa Ilonimexuixa"

AHAJII3 METOAIB IPOI'HO3YBAHHS PYXY MICBKOI'O I'POMAACBKOI'O
TPAHCIIOPTY

Y cmammi posenanymo npodnemy npozrno3yeannsa pyxy MicbKozo 2pomaocbKozo mpancnopmy é ymoeax 3poCmanHs
MOOinbHOCIMI HACENIeHHA, NIOGUU{eHHA ITHMEHCUGHOCHI MPAHCHOPMHUX NOMOKI6 ma po36UMKY IHMENeKmyaaibHUX
mpancnopmuux cucmem. AKmyanbHicmo 00CHIONHCEHHA 3YMOGIEHA HeOOXIOHICMIO Ni)BUULEHHA MOYHOCHI RPOZHO3Y8AHHA
yacy npufymms mMpPAHCcROpmy HA 3YRUHKY, YACy pyXy Midc 3YRUHKamMu, IiHmMepeanie pyxy ma 3a6aHMAMNCeHOCHmi
MPAHCROPMHUX 3aAC00i8 01 ROKPAUEHHA AKOCHI MPAHCROPMHOZ0 00CY208Y8AHHA HACENEHHA.

Memoro pobomu € ananiz cyuacHux memooie NPOZHO3Y6AHHA PYXY MICbK020 2POMAICLKO20 MPAHCNOPIMY, GU3HAYEHHA
ix nepesaz i HeOdoniKi6, a MAKOXC OUIHKA NEPCNEKMUBHUX HANPAMIE PO3ZGUMKY CUCIEM RPOZHO3YEAHHA 8 YMOBAX OUHAMIUHO20
Mmicbkozo cepedosuwia. Ocobnuea yeaza RPUOINAEMBCA MOMCAUGOCHI 3ACMOCYEAHHA PI3HUX RIOX00i6 3aNeMHcHO 8i0
docmynnocmi 0aGHUX, 00UUCTIIOBATIbHUX PeCypPCié ma 0coOdausocmeli mpancnopmuoi inghpacmpykmypu.

Y pobomi npoananizoeano cmamucmuuni memoou npPozHO3Y6AHHA, 30KpeMa MOOei 4acosux padie, pezpeciiiHuil
ananiz, Memoo K063nozo cepeonvozo, ARIMA ma SARIMA-mooeni. Ilokazano, wio ui nioxoou 3anunuiaromsca egreKmueHuUMu
0151 KOPOMKOCMPOK08020 RPOZHO3YBAHHA Y 6IOHOCHO CMADIILHUX MPAHCROPMHUX CUCHIEMAX 3A80AKU RPOCHMOMI peanizayit,
WIGUOKOCMI 00YUCTIenb | 3PO3YMINIT MamemMamuyniin inmepnpemauii, npome Maoms 00Me)HCceHHA Yy 6PAXYy6AHHI HEeNIHITIHUX
3anexcHocmeit i 6naAUBY 306HIUIHIX YUHHUKIG.

Okpemo posenanymo inompayiiini memoou, 30kpema ginomp Kanmana, akuii 3acmocogyemuca 014 OyinlO8aHHA
cmany mpancnopmmoi cucmemu 6 peanvhomy 4aci na ochosi danux GPS, AVL ma cencopnoi ingopmauii. Takoac
00CNi0HCEHO MEMOOU MAUUHHO20 HAGUAHHA, 2TUOOKO020 HABYAHHA, HElIPOHHI Mepedci ma zpaghoei moodeni, aAKi 3abe3neuyoms
ULy MOUHICMb NPOZHO3i6 3a PAXYHOK 30AMHOCHI MOOeN08AMU CKIAOHI RPOCMOPO8O-4acosi ma HeaiHiliHI 3anexcHocmi y
mMpancnopmuux nomoKax.

Bcmanoesneno, wjo naibinbus nepcneKkmugnumu € 2i0pudHi ma npoCmopoBo-4acosi Mooei, AKi ROCOHyIoms nepesazu
cmamucmuyHux, Qinompayiiinux i Heipomepexncesux nioxooie. Taxi moodeni 0o3eonsaoms 0ocacamu GUCOKOI mouHocmi
NPOCHO3Y6AHHA 6 YMO08aX 3HAYHOI eapiamueHocmi mpaghiKy, adanmyeamucs 00 3MIH mMpancnopmuoi cumyauii ma
npayroeamu 3 6eUKUMU 00CAAMU PI3HOPIOHUX OAHUX.

Y3azanvnueno, wio eubip memody npocnozyeanna mae oazyeamuca Ha muni MpaHcnopmmuoi 3aoaui, akocmi ma
cmpyKmypi 6xXiOHUX 0aHUX, 4 MAKOHC 6UMO2aX 00 WEUOK0Oii ma mounocmi cucmemu. Ilpakmuune 3nauenns po6omu nonszae
Y MOMcIuoCmi GUKOPUCMAHHA OMPUMAHUX Pe3YIbmamie Onsa po3poodieHHsa IHMeNeKmMyanbHux cucmem RIOMPUMKU
npuinamms piwiensv, YOOCKOHANEHHA YRPAGIIHHA MICObKUM 2POMAOCOKUM MPAHCROPMOM, ORMuMizayii mapuipymie i
PO3KN1a0ie, a maKodic nideuuienna HadiltHocmi ma 00CMYRHOCHIE MiCbKUX nepeee3eHs.

Knrouogi cnoea: cpomadcekuii mpancnopm, npocHO3y8anHs Mpueaiocmi pyxy, mpasHcnopmHi NOMOKU, 4acosi psou,
MAauwlunHe HAGYAHHS, HeUpOHHI mepedict, ginemp Kanmana, 2i6pudni memoou, npocmopogo-4acogi Mooeii, [HMeNeKmyaibti
MPAaHCNOPMHI cucmemu.

V. Kovalyshyn, V. Chaikovskyi

ANALYSIS OF METHODS FOR FORECASTING URBAN PUBLIC TRANSPORT
MOVEMENT

The article presents the results of a study the problem of forecasting urban public transport movement under conditions
of increasing mobility demand, growing traffic intensity and the need to improve intelligent transport systems. Accurate
prediction of vehicle arrival time, travel time between stops, service headways, and vehicle occupancy is essential for route
optimization, timetable planning, and improving passenger service quality. The research is motivated by the fact that transport
systems operate in a highly dynamic environment influenced by congestion, weather conditions, infrastructure disruptions, and
fluctuations in passenger demand.

Analyzed the main methodological approaches used for forecasting urban public transport movement. These include
statistical time-series methods (particularly regression analysis, moving average techniques, and ARIMA/SARIMA models),
filtering approaches based on the Kalman filter, machine learning and deep learning methods, neural network architectures,
hybrid and spatio-temporal models. Particular attention is paid to the strengths and limitations of each approach, their data
requirements, computational complexity, and suitability for real-time applications in urban transport systems.

The results show that statistical models remain useful for baseline forecasting due to their simplicity, transparency, and
low computational cost, but their ability to capture nonlinear and rapidly changing transport conditions is limited. Kalman filter
are effective for short-term real-time estimation when streaming GPS and sensor data are available. Machine learning, deep
learning, and graph-based neural network models demonstrate higher predictive accuracy because they can process large-scale
heterogeneous data and represent complex temporal and spatial dependencies. Hybrid models that combine statistical and
artificial intelligence methods achieve the best overall performance in highly dynamic urban environments.

Keywords: public transport, travel time prediction, traffic flows, time series, machine learning, neural networks, Kalman
filter, hybrid methods, spatio-temporal models, intelligent transportation systems.

INTRODUCTION

In the modern urban environment, the growth of population mobility and the constant increase in
traffic intensity require the improvement of intelligent transport systems (ITS) for the effective management
of urban public transport [1]. Therefore, forecasting urban public transport movement has become a key
component for route optimization, timetable planning, and improving the quality of passenger service,
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including the prediction of vehicle arrival time at stops, travel time between stops, service headways, and
vehicle occupancy levels.

With the increasing number of vehicles and passenger demand, as well as the dynamic changes in
the urban environment, accurate and timely forecasting becomes critically important for reducing
congestion and improving the efficiency of the transport system [2]. The demand for high-precision
forecasts is growing alongside changes in demographic structure, urbanization processes, and the increasing
requirements for environmentally sustainable development [3].

A serious challenge in the development of forecasting algorithms lies in the high variability and
multi-factor nature of transport system parameters. These parameters include temporal and spatial
irregularities of traffic flows, the influence of non-recurrent mobility patterns (such as large-scale events or
seasonal fluctuations), external factors (weather conditions, traffic incidents, infrastructure maintenance),
as well as difficult-to-predict passenger behavior characteristics [4]. Another critical barrier to improving
forecasting accuracy is traffic congestion, which disrupts transport schedules in real time and reduces the
reliability of planned operational data [5].

Considering the relevance of forecasting urban public transport movement, it is important to
highlight the wide range of modern approaches currently applied in this field. These include statistical time-
series models (regression analysis, moving average methods, and ARIMA models), filtering techniques for
real-time data estimation (Kalman filter), machine learning algorithms, neural networks, hybrid methods,
and spatio-temporal models [6-7]. In particular, studies by Antonio Comi and colleagues demonstrate the
high potential of time-series approaches and artificial intelligence methods in improving forecasting
accuracy and enhancing the adaptability of transport systems [8-10].

Despite significant progress in this area, identifying the most effective methods under specific urban
conditions remains a subject of ongoing scientific discussion. Therefore, a comprehensive analysis of
modern methodologies and approaches to forecasting urban transport movement is an essential task for
ensuring the efficient functioning of transport infrastructure under increasing urbanization.

ANALYSIS OF LITERATURE DATA AND FORMULATION OF THE PROBLEM

Current research in the field of urban public transport forecasting are focused on the development of
algorithms capable of addressing the high variability of traffic flows caused by demand uncertainty, traffic
congestion, and external factors such as weather conditions. In European countries, considerable attention
is given to the integration of machine learning techniques with traditional approaches in order to improve
model accuracy and robustness [8; 11].

Time series methods (ARIMA, SARIMA) remain widely used due to their simplicity of
implementation and mathematically grounded approach to analyzing historical data. For instance, studies
by Janicka, L., and Christofa, E. [12] have demonstrated that these methods achieve satisfactory
performance for medium-term forecasting in relatively stable transport networks, although they exhibit
limitations under conditions of fluctuating passenger behavior or unstable traffic conditions [13].

The Kalman filter, widely used in modeling both deterministic and stochastic processes, is also
extensively applied in transport modeling tasks. This method enables real-time estimation of the transport
system state based on data streams obtained from sensors and GPS devices. Studies indicate that adapting
the classical Kalman filter for the analysis of large-scale transport data and the integration of multiple data
sources can significantly improve the accuracy of traffic parameter forecasting [14-15].

Machine learning and deep learning methods have become the foundation of many innovations in
transport forecasting over the past decade. Studies [16] have demonstrated that the use of recurrent neural
networks (RNN) and variational autoencoders enables not only the prediction of transport movement but
also the optimization of route schedules depending on the time of day and other influencing factors.

In turn, hybrid approaches that combine multiple methodologies (e.g., the integration of ARIMA
models with neural networks) have attracted particular interest among researchers, especially in Europe.
As argued in [17-19], such combined models achieve superior performance under highly dynamic traffic
conditions, allowing them to adapt to sudden changes in transport system behavior.

Based on the literature review, it can be concluded that the most promising directions of development
at the current stage involve the integration of big data with artificial intelligence systems and the
advancement of adaptive models capable of learning under changing real-world conditions. However, the
complexity of such models requires substantial computational resources and careful parameter tuning to
ensure sufficient forecasting accuracy.

At the same time, the use of mathematical approaches, including regression analysis, time-series
methods, and machine learning techniques, continues to demonstrate high effectiveness in solving
forecasting problems, provided that high-quality data preprocessing is ensured [8, 19].
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An important challenge remains the availability, systematization, and updating of data for transport
movement forecasting, as well as the consideration of external factors such as changes in weather conditions
(rain, snow, ice), road maintenance, and other unforeseen events. Improving transport forecasting requires
the integration of diverse data sources, including GPS systems (vehicle coordinates, speed, and direction),
Automatic Vehicle Location (AVL) systems, Automatic Passenger Counters (APC), Automated Fare
Collection (AFC) systems, IC card data, data from mobile network operators, and traffic sensors [11, 20,
21].

Thus, the analysis of existing methods for forecasting urban public transport movement indicates the
necessity of developing universal platforms capable of adapting to dynamic changes in the system. This
creates opportunities for the implementation of smart transportation systems that can optimize passenger
travel time and the operational resources of transport operators.

RESEARCH QUESTIONS

- RQ1. To analyze modern methods for forecasting urban public transport movement, including

statistical time-series models, filtering techniques, machine learning and deep learning
algorithms, neural networks, hybrid methods, and spatio-temporal models.

- RQ2. To evaluate the advantages and disadvantages of each method in order to determine their

effectiveness under diverse urban transport infrastructure conditions.

- RQ3. To identify promising directions for improving forecasting systems with a focus on speed,

scalability, and adaptability to dynamic conditions.

RESEARCH RESULT

Modern urban public transport forecasting systems are based on the integration of heterogeneous
data sources, their preprocessing, and the application of advanced analytical methods. The primary sources
of information include GPS monitoring data, passenger flow indicators, road conditions, and weather
factors, which form the basis for developing predictive models of transport processes [18, 22].

At the preprocessing stage, data filtering, aggregation, and synchronization are performed, which are
critically important for improving forecasting accuracy under conditions of large-scale and heterogeneous
data [23]. Further analysis is carried out using various approaches, including statistical time-series models,
filtering techniques, and machine learning and deep learning algorithms, each of which offers specific
advantages depending on the nature of the data and the forecasting task [18, 24].

Recent studies indicate that hybrid approaches, which combine multiple methods and account for
both temporal and spatial dependencies in transport systems, are the most effective, providing high
forecasting accuracy in real-time applications [22, 25].

Thus, the structural scheme of the transport movement forecasting system (Fig. 1) reflects the
sequence of data processing stages — from data acquisition to the generation of predictive information —
used within intelligent transportation systems to support decision-making and improve the efficiency of
urban transport operations.

Statistical forecasting methods based on historical data and time series

Among the methods used for forecasting public transport travel time, time-series-based approaches
occupy a leading position. Comi, A., Nuzzolo, A., Brinchi, S., and Verghini, R. [8] analyzed the variability
of bus travel time on routes in the city of Rome (Italy) using data from Automatic Vehicle Location (AVL)
systems and Automatic Vehicle Counters (AVC). The results of the study revealed a significant influence
of temporal factors (time of day and day of the week) on travel time variability and confirmed the similarity
between bus travel time patterns and overall traffic flow dynamics. In particular, it was found that the
variance of travel time is higher during the evening peak period compared to the morning peak.

Comi and Polimeni [9] proposed a time-series-based approach for forecasting travel time using
Automatic Vehicle Monitoring (AVM) data from bus routes in Rome (Italy) and Lviv (Ukraine). The
comparison of these two cities, which differ significantly in size and economic structure, revealed that
travel time patterns are primarily determined by the intensity of traffic congestion associated with lifestyle
characteristics and working hours, rather than by city size. In both cities, buses operated within mixed
traffic conditions alongside other vehicles, which had a significant impact on their travel speed.

Comi, Zhuk, Kovalyshyn and Hilevych [10] demonstrated the effectiveness of time-series-based
approaches for forecasting bus travel time in Lviv (Ukraine). The authors showed that, among the numerous
factors influencing public transport operations, the majority follow specific temporal patterns. This enables
the effective application of time-series methods for forecasting and reducing the gap between actual and
scheduled travel times.
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Fig. 1. Structural scheme of an urban transport movement forecasting system based on multi-
source data integration and advanced predictive methods

Nuzzolo and Comi [11] examined methodological issues related to the development of short-term
forecasting tools for intelligent transportation systems (ITS). The authors emphasized that the collection
and processing of large-scale transit data (big data), as well as passenger interaction with system control
centers for forecasting optimization, create new opportunities for improving forecasting methods.

ARIMA (Autoregressive Integrated Moving Average) models and their seasonal variant, SARIMA,
are widely used for forecasting bus travel time [26]. These models combine autoregressive components,
differencing, and moving average terms.

The main advantages of ARIMA models include:

- effective performance in modeling time-series data;
- clear mathematical interpretation.

However, their limitations include the complexity of parameter selection and a limited ability to
incorporate multiple influencing factors.

The general ARIMA(p, d, g) model is defined by the following equation [26]:

Y't=c+oelY’t-1+..+opY’'t—p+ et +0let—1+ ... + Oget—q, (D)
where Y’t — is the differenced time series of order d; ¢ — constant; @1, ..., pp — autoregressive
parameters of order p; 61, ..., 6 — moving average parameters of order g; t — error term (white noise).

The advantages of statistical time series forecasting methods include simplicity of formulation, high
computational efficiency, and a relatively small number of operational variables. However, their main
limitation lies in the restricted ability to model complex nonlinear traffic dynamics and high variability
caused by external factors.

Filtering Methods (Kalman Filter)

The Kalman filter is widely used for predicting bus arrival times, demonstrating high accuracy in
short-term forecasting. Zhang, Lauber, Liu et al. [20] proposed a bus travel time prediction model based on
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the Kalman filter using multi-source data (AVL and IC card data) applied to the transport network of
Madison, Wisconsin (USA). The results showed that, given the availability of multi-source data, the model
is capable of meeting forecasting accuracy requirements, with route-level predictions being more accurate
than predictions for individual segments between stops.

Jairam, Kumar, Arkatkar and Vanajakshi [27] conducted a comparative analysis of bus travel time
prediction models in several Indian cities (Surat, Mysuru, and Chennai), using k-NN, the Kalman filter, and
ARIMA methods. The study confirmed that the Kalman filter provides high accuracy for one-step-ahead
forecasting and is capable of processing large volumes of data.

The Kalman filter algorithm consists of two main stages: prediction and update.

Prediction stage:

Ktt—1 = F « Xt—1[t-1 + B = ut, (2)
Ptt-1=F ¢ Pt-1|t-1 « FT + Q, (3)
Update stage:
Kt =Ptjt-1 ¢ HT e (H ¢ Ptjt-1 « HT + R) 4)
Xtjt = Xt|t=1 + Kt ¢ (zt — H  Xt|t-1), (5)
Ptlt = (1 — Kt « H) « Pt|t-1, (6)

where Xt — status assessment (estimated travel time); F — state transition matrix; P — error covariance
matrix; K — Kalman coefficient; H — observation matrix; Q and R — covariances of process and measurement
noise; zt — actual observation.

The advantages of this method include high accuracy in one-step-ahead forecasting and the ability
to process large volumes of data in real time. However, its main limitation is reduced effectiveness under
conditions of complex nonlinear traffic dynamics and high variability of external factors.

Machine learning and deep learning methods

Machine learning methods, particularly artificial neural networks, have attracted significant attention
due to their ability to model complex nonlinear relationships and integrate diverse types of data. A typical
neural network architecture for travel time prediction (Fig. 2) consists of an input layer that receives data
from multiple sources (AVL/GPS data, time of day, day of the week, weather conditions, passenger flow,
and historical data), one or more hidden layers with activation functions (such as sigmoid, ReLU, and tanh),
and an output layer that generates travel time predictions (ETA — Estimated Time of Arrival).

Depending on the problem type and data characteristics, various neural network architectures are
applied, including fully connected networks, recurrent neural networks (particularly LSTM), graph neural
networks (GNN), convolutional neural networks (CNN), and transformer-based architectures [28].

Fig. 2. Neural Network Architecture for Travel Time Prediction
Rashvand [28] proposed a methodology based on a fully connected neural network for predicting
bus arrival times in New York City. The study identified an average delay of approximately eight minutes
between scheduled and actual arrival times, highlighting the need for accurate predictive models. The model
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incorporated factors such as day type (weekday/weekend), peak hour status, and the distance to the next
stop.

Approaches based on graph neural networks (GNN) are rapidly evolving, as they enable the
incorporation of transport network topology into forecasting models. Baghbani, Bouguila and Patterson
[29] proposed a graph convolutional network with recurrent layers for short-term passenger flow prediction
across 929 bus stops in Laval (Canada). This approach effectively captures spatio-temporal correlations
between different stops and routes, representing a significant advantage over models that treat each stop
independently.

Neural network methods are characterized by their ability to model complex nonlinear relationships,
integrate heterogeneous data sources, and adapt to dynamically changing conditions. However, their
limitations include the requirement for large volumes of high-quality training data and substantial
computational resources, as well as sensitivity to noisy data (e.g., GPS signal loss and human-related
factors), which may reduce forecasting accuracy.

Hybrid and combined approaches

A promising direction involves the integration of different methods within hybrid models. Nuzzolo
and Comi [21] developed an approach for identifying dynamic optimal routing strategies in intelligent
stochastic transit networks, which includes a system for forecasting bus travel time and arrival time at stops.
Such an approach enables the provision of optimal route predictions to passengers in real time, taking into
account the stochastic nature of the transport network, where actual bus arrival times may significantly
differ from scheduled or predicted values.

The advantages of hybrid approaches lie in their ability to compensate for the limitations of
individual methods and to achieve higher forecasting accuracy. However, their main drawbacks include
implementation complexity, the need for tuning a large number of parameters, and scalability challenges
for large transport networks with hundreds of routes.

Comparative analysis of methods

Urban public transport forecasting has been extensively studied in recent years, with researchers
increasingly employing advanced analytical and data-driven approaches depending on data availability,
computational resources, and the complexity of transport systems. Contemporary studies still acknowledge
the relevance of statistical time-series models, such as regression analysis and ARIMA-based approaches,
which remain effective for short-term forecasting and baseline modelling of traffic flow and passenger
demand [24, 30].

At the same time, traditional methods have been enhanced and extended through hybridization and
integration with real-time data sources. In particular, filtering techniques, including the Kalman filter and
its modifications, are widely used for real-time estimation and prediction of dynamic traffic states,
especially in applications involving connected vehicles and sensor-based monitoring systems [31-32].

With the rapid growth of intelligent transportation systems and big data technologies, machine
learning methods have become a dominant approach in transport forecasting. These methods enable
efficient processing of large-scale heterogeneous data and identification of nonlinear relationships in traffic
patterns [17, 23]. Countries such as China, the United States, and Singapore actively implement these
techniques in smart mobility systems and urban traffic management.

More recently, deep learning models, including recurrent neural networks (RNN), long short-term
memory (LSTM), and graph-based neural networks, have demonstrated superior performance in predicting
traffic flow, travel time, and congestion levels [22, 25]. These approaches are particularly effective in data-
rich environments and are widely applied in technologically advanced countries such as China, South
Korea, and the United States.

The latest research trends focus on spatio-temporal and hybrid models, which integrate statistical
methods, machine learning, and deep learning techniques to capture both temporal dynamics and spatial
dependencies in transport networks. Such models have shown significant improvements in forecasting
accuracy and robustness under highly dynamic urban conditions [20, 23].

Distribution of urban transport forecasting methods used in different countries according to the
scientific literature (Fig. 3).

The evolution of methods for forecasting urban public transport movement reflects a gradual
advancement of approaches in transportation system research. In the early stages, statistical models based
on historical data — such as route characteristics and timetables — played a dominant role, enabling the
development of baseline predictive frameworks. Early studies from the mid-20th century primarily relied
on simplified empirical models that described traffic behavior using aggregated observations. With the
advancement of computational technologies, these approaches were further refined through the integration
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of regression analysis and time-series techniques, allowing for more accurate estimation of travel time and
operational parameters [1,4,13,29].

Fig. 3. Distribution of urban transport forecasting methods by Country

In recent decades, transport movement forecasting has increasingly relied on artificial intelligence
and machine learning techniques. The application of deep learning models and big data analytics enables
real-time processing of heterogeneous data sources and incorporation of complex influencing factors, such
as weather conditions, traffic congestion, and dynamic passenger demand. As a result, modern forecasting
systems demonstrate significantly improved accuracy and adaptability. Furthermore, the emergence of
hybrid and spatio-temporal models has enhanced the ability to capture both temporal dynamics and spatial
dependencies within urban transport networks [3,8,9,19]. These advancements contribute to more efficient
transport planning and improve accessibility and reliability of urban mobility systems (Fig. 4). The given
chronology illustrates the periods of application of forecasting methods in transportation research.

Fig. 4. Timeline of the evolution of forecasting methods for urban public transport movement

Table 1 presents a comparative analysis of the main forecasting methods used in urban public
transport systems. It highlights their key characteristics, including accuracy, computational complexity,
data requirements, as well as their advantages and limitations.
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Table 1.
Comparative Analysis of Forecasting Methods for Urban Public Transport Movement
Forecasting | Model | Prediction | Computational Data Main Main
Method Type Accuracy Complexity Type Advantages Disadvantages
Time-Series | Statistical | Medium Low Historical | Simple Lower
Methods time- (high  for time implementation, | accuracy,
(ARIMA [ | series stable series strong limited ability
SARIMA) model data) mathematical to capture
interpretability | nonlinear
relationships
and  external
factors
Kalman Stochastic | Medium — | Medium Streaming | Effective  for | Requires
Filter model high data, real-time precise model
GPS, forecasting, parameter
sensor robust to noise | tuning
data
Machine Machine | High High Large Captures Requires large
learning learning / datasets complex datasets  and
algorithms, | deep (GPS, nonlinear significant
Neural learning passenger | relationships, computational
networks flow, high accuracy resources
weather,
traffic)
Hybrid Combined | Very high | High Combined | Combines High
Models model datasets strengths of | implementation
(ARIMA + statistical and | and tuning
NN) ML methods complexity

The analysis shows that traditional statistical methods remain useful due to their simplicity and
interpretability but are limited in handling complex and nonlinear patterns. In contrast, machine learning
and neural network approaches provide higher accuracy at the cost of increased computational requirements
and data dependency. Hybrid models demonstrate the best overall performance by combining the strengths
of different approaches, although they require more sophisticated implementation and tuning. Overall, the
choice of method depends on the availability of data, computational resources, and the required level of
prediction accuracy.

DISCUSSION OF THE RESULTS OF THE STUDY AND SUMMARY

The conducted analysis confirms that forecasting urban public transport movement is a
multidimensional task that requires the integration of heterogeneous data sources and the application of
methods with different levels of mathematical complexity. No single forecasting method can be considered
universally optimal for all transport systems, since forecasting performance depends on network structure,
service variability, data quality, and the influence of external factors such as weather, incidents, and
fluctuations in passenger demand.

Traditional statistical time-series methods preserve their practical relevance because they are
relatively simple to implement, computationally efficient, and mathematically interpretable. At the same
time, their predictive capability is limited in highly nonlinear and unstable environments. Filtering methods,
especially the Kalman filter, are effective for real-time estimation and short-horizon prediction, particularly
when continuous streams of GPS, AVL, and sensor data are available. These methods are especially
valuable for operational monitoring and control of transport systems.

Machine learning, deep learning, and spatio-temporal approaches currently represent the most
promising class of methods for advanced forecasting tasks. Their main advantage lies in the ability to model
nonlinear relationships, integrate multiple influencing variables, and capture both temporal dynamics and
spatial interactions within transport networks. Hybrid approaches further enhance this potential by
combining the interpretability of statistical methods with the flexibility and predictive power of neural and
data-driven models. As a result, such models achieve the highest accuracy in complex urban conditions.

The practical use of the obtained results may involve the development of intelligent decision-support
systems for public transport operators, real-time passenger information platforms, adaptive timetable
optimization tools, and smart city mobility services. Further research should focus on the creation of
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scalable forecasting platforms based on big data integration, explainable artificial intelligence, and self-
learning adaptive models capable of responding to structural changes in transport behavior. Special
attention should also be paid to the transferability of forecasting models across cities with different
infrastructural, demographic, and operational characteristics.
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Hayionansnuii ynieepcumem 6iopecypcie ma npupodoxkopucmyeanns Yxpainu*
Jhyyvkuti HayionanbHull MexXHiYHUl yHigepcumem

MEXAHI3AIA I ABTOMATU3ANLIA CAAIBHALNTBA: HIJIAX 10 CTAJIOI'O TA
EOEKTHUBHOI'O BUPOBHUIITBA

Iumanns mexanizayii ma agmomamu3ayii € HAO36UYATIHO AKMYATbHUMU 8 KOHMEKCMI 6nP06A0IHCEHHA IHHOBAUTIUHUX
mexHonozin y cadieHuymei. 3acmocy6anns Cy4acHux piuienv CRpAMOGAHe HA 00CAZHEHHA MAKCUMAIbHOL 8PONCAlHOCH,
GUCOKOI AKOcmI n100ié ma 3HAYHOZ0 3HUJMCEHHA eumpam pyuHoi npayi. Bukopucmanna cneuianizoeanux mawiun ma
ABMOMAMU308AHUX CUCIEM 00380AE ONMUMIZY6AMU MEXHOIO2IUHI pecypcu, MIHIMI3yeamu énaue 100UHU HA HAGKOTUUWHE
cepedoguuie ma 3meHwumu pusuKu 011 300poe'a npayienukie. Cyuacni Mawunu 0Ona 002140y 3a NicOCMyzamu Marmo
MOOYNbHY KOHCIPYKUiI0, W0 0036014€ adanmyeamu poooui opzanu 00 KoHKpemnux ymos. /na 3axucmy cmoedypie depes
azpezamu OCHAW(EHI e1eKMPOiOPAGITUHUM MEXAHIIMOM GIOXUIEHHA, A AKMUGHI KOMROHEHMU HCUBIAMBCA 610 2i0pasiunoi
cucmemu mpakmopa ado AGMOHOMHO20 CUn06020 azpecamy. Bupoonuxu npononyioms moodeni 3 nepeonim, 3a0nim aoo
cepeonim Hagicnum 001a0HauHAM. Bimuusnauni eupoOHuku eice aKmueHo 6npPOBAdINCYIOMb Yi Ceimoei cmanoapmu y
enacHomy eupoonuymei. Pezynomamu 00cnioicenv niomeeposucylomsy Cceimogy meHOeHuilo nepexooy 6i0 mpaouyininux
Memooie mexanizayii 00 IHHOBAYINIHUX cuCmeM, 3ACHO6AHUX HA RPpUHUUnAx agmomamu3sayii. binvwicme npoyecie y cadax
3apaz aemomMamu3oeani: camoxioni wiaci 3 aemMoninomom npayioms AGMOHOMHO, A CUCMEMU 3POULEHHA KepYIOMmbCA
oucmanuyiiino. CitbcbK020cn00apcvKi OpoHu 8UKOPUCMOGYIOMbCA 0N 3AXUCHY POCTUH, A 30ip 6poxcaio 30iiiCHIOEMbCA 3a
00nOMO02010 IHMENeKMYAIbHO KePosanux Komoainie. Baxcaueum kpokom 00 6npoeadriceHHsa ciibCbKo20Cn00apcbKux OpoHie
Y cadienuymei 6yde moxcaugicms ix inmezpayii ¢ wiupwii cucmemu a6MOMAMU3ayii ma NOKPAW|eHHA RPUIHAMMA Pilieny,
maki aK memeocmanyii ma cucmemu 3poutennn ma pepmuzayii. Kniouoeumu enemenmamu ybo2o npoyecy € MoHimopuue ma
l0T-pimiennn na ocnosi damuukie eonozocmi rpyumy ma cucmem ckavysawus Kpouu. Texuonocii oughepenuiiiosanozo
B6HeCeHHs 000pue ma 3aco0ie 3axucmy pociiut 6RPOBAONCYIOMbCA 3 YPAXYSAHHAM MIHAUBOCHE HACAOIHCEHb, MOOJL AK 2100aNbHi
Hagizayiiini cynymnuuxosi cucmemu (GNSS/GPS) 3abesneuyromsv aemonommue ninomyeanHs 0061aOHAHHA Midc padamu.
Aemopu y3azanvHiowoms céimoei menoenyii mexanizauii cadienuuol zanyzi ma 00IpyHmosyioms npiopumemui HAnpAMKU
GUKOPUCMAHHA AGMOMAMU306AHUX cucmeM y cadienuymei. /Jocniorncenna noKazano, w0 cadiGHULmMeo nepedysac na panHix
cmadiax mpanchopmauii, 3yMo61eHOI ROCIMYNOBUM NEPEXOOOM 8i0 MEXAHI306AHUX 00 ABMOMAMU308AHUX MeXxHON02ii. L]e
CHPUAE NIOGUULEHHIO eeKMUBHOCI UPOOHUYMEA MA CINATIOMY PO3BUMKY 2ATY3i.

Kniouosi cnosa: cadienuua eanysw, mexanizayis, agmomamusayis, pooomuszayis, nepcnekmusu po3eumxy.

V.M. Martyshko, Yu.O. Gumenyuk, O.P. Derkach, H.A. Herasymchuk

MECHANIZATION AND AUTOMATION OF HORTICULTURE: THE PATHTO
SUSTAINABLE AND EFFICIENT PRODUCTION

The issues of mechanization and automation are highly relevant in the context of introducing innovative technologies
in horticulture. The application of modern solutions is aimed at achieving maximum yields, high-quality fruit, and a significant
reduction in manual labor costs. The use of specialized machines and automated systems allows for the optimization of
technological resources, minimization of human impact on the environment, and reduction of health risks for workers. Modern
machines for maintaining tree-line strips feature a modular design, allowing working components to be adapted to specific
conditions. To protect tree trunks, the units are equipped with an electro-hydraulic deflection mechanism, and the active
components are powered by the tractor’s hydraulic system or an autonomous power unit. Manufacturers offer models with
front, rear, or mid-mount hitches. Domestic manufacturers are already actively implementing these global standards in their
own production. Research results confirm the global trend of transitioning from traditional mechanization methods to
innovative systems based on automation principles. Most orchard processes are now automated: self-propelled chassis with
autopilot operate autonomously, and irrigation systems are controlled remotely. Agricultural drones are used for plant
protection, and harvesting is carried out by intelligently controlled combines. An important step toward the adoption of
agricultural drones in horticulture will be the ability to integrate them into broader automation systems and improve decision-
making, such as weather stations and irrigation and fertigation systems. Key elements of this process include monitoring and
10T solutions based on soil moisture sensors and canopy scanning systems. Technologies for the differentiated application of
fertilizers and plant protection products are implemented taking into account the variability of plantings, while global navigation
satellite systems (GNSS/GPS) ensure autonomous piloting of equipment between rows. The authors summarize global trends in
the mechanization of the horticulture industry and justify priority areas for the use of automated systems in horticulture. The
study found that horticulture is in the early stages of a transformation driven by a gradual shift from mechanized to automated
technologies. This contributes to increased production efficiency and the sustainable development of the industry.

Keywords: horticulture industry, mechanization, automation, robotization, development prospects.

CTaH NMUTaHHSA Ta MOCTAaHOBKAa mpoodiemu. CaliBHALTBO — II€ CTpaTErivyHa Taiy3b, IO ITOCiIae
KJIIOYOBE MICIIE B arpOMPOMHUCIOBOMY KOMIUIEKCI YKpaiHU. 32 OCTaHHE JCCATUIITTS BITUU3HSIHUN CEKTOP
CaJliBHUIITBA MPOAEMOHCTPYBAaB CYTTEBUH Iporpec, 3a0e3meuylour BHYTPILIHI MOTpedu KpaiHu 1 cratu
cTabiapHMM ekcroprepa (pykroBoi npoaykiii Ha pudakd €C [9]. Po3BuTok raaysi HeMOXIHBUI 0e3
BIIPOBADKCHHS TIEPEIOBUX TEXHOJIOTIM Ta IHHOBAIiMHMX MeTOAiB. OTHUM 13 BH3HAYAIHHUX UWHHUKIB
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TpaHcQopMallii caJiBHUITBA € MEXaHi3alis Ta aBTOMAaTH3alisl TEXHOJOTIUYHMX IMPOLECIB, AKI CIPHUSIIOTH
HapOILyBaHHIO 00CATIB BUPOOHHUILITBA, IOBHOMY 33JOBOJICHHIO IIONUTY Ha IJIOJOBO-AT1IHY MPOAYKIIiIO HA
BHYTPIIIHBOMY PHHKY Ta PO3LIMPEHHIO EKCIIOPTHOTO TOTeHIiany [8].

Bucoka yacTka py4HOi mpatii, mocTiliHe 3pocTaHHs i BApTOCTI, a TAKOX TOCTPUMA CE30HHMIA AeiluT
KaJpiB aKkTyami3yloTh 1OTpe0y B iHHOBaliiiHMX miaxomax. Ilepexim Bim pywyHOi mpami [0
BHCOKOTEXHOJIOTIYHUX PIIEHh € HE IPOCTO O3HAKOI IIporpecy, a 00 €KTHBHOI HEOOXiTHICTIO,
3YMOBJICHOIO OpakoM po0OYOi CHIIM Ta YKOPCTKUMH BUMOTAMH €KOJIOTIYHOI Oe3Meku. Y 11bOMY KOHTEKCTI
Bce OinbIIOi akTyaJabHOCTI HaOyBae BIPOBADKCHHS aBTOMATHU30BAHUX Ta POOOTHU30BAHUX CUCTEM, IO
BI/ITOBIIal0Th BUKJIMKAM Cy9acHOCTI.

IMutanHsM MexaHi3amii Ta aBTOMaTH3allil MPOLECIB Y CaJIBHHUIITBI MPUCBSYCHO Npalli HU3KU
MPOBIAHMX BITYM3HSHUX YYCHUX. 30KpeMa, TEXHOJOTIYHI Ta TEXHIYHI acleKTH MexaHizamii ramysi
BUCBITIIEHO B mocmimkeHHsx [10, 11, 12]. TIpobnematuka aBToMaTH3aiii Ta poOOTH3aMii BUPOOHHUUX
IpoIieciB 3HaiuIa BimodpaxkeHus B poborax [13, 14, 15].

[lompu HasBHI HampalOBaHHS, y BITYM3HIHIA HAYKOBIHM JiTepaTypi 3ajMIIAalOTHCS HEJOCTATHBO
PO3KpUTHMH — SIK Y TEOPETHYHOMY, TaK 1 B MPHUKIAJHOMY acleKTax — MUTaHHSA iHTeHCHikamii
CalliBHUIITBA, MEepPeayCciM Yy KOHTEKCTI agamTalii raixysi A0 cy4acHHX YMOB IOCHOAaproBaHHs. BomgHouac
cydJacHi 3apyOikHI myOmikanii, 30kpeMa npaiti [25, 26] mMHUPOKO BUCBITIIOIOTH MOCTYMOBE 3aIPOBAIIKCHHS
B CaJliBHUIITBI iHTEJICKTYAIbHAX CUCTEM KEPYBaHHS Ta POOOTU30BAHUX KOMILIEKCIB.

OcobnuBa yBara B AociikeHHAX aBTopiB [31, 28] mpuainseTbcs 3aCTOCYBaHHIO arpopOHiB MPU
30MpaHHs IUIONIB, 3POIIEHHIO CajiB, MOHITOPHUHIY Ta OONPHCKYBaHHA HacapKeHb, 110 € KIIOYOBUM
YUHHUKOM TG POBOi TpaHChOpMaIlii CyJacHOTO CaJliBHHUIITBA.

BrpoBajykeHHsT IHHOBallifHUX CHCTEM Y TPAKTHKY Cy4YacHOTO CaiBHHIITBA BiAOyBaeThCs
OTHOYACHO 3 MOHITOPHMHIOM IIOTOYHOTO CTaHy TEXHIYHOTO 3a0e3Me4YeHHS 1 KOMIUIEKCHOTO aHaili3y
pOoOOTH30BaHUX KOMILUTCKCIB I HACKPiI3HOT aBTOMATH3AIli1 TEXHOJIOT1H BUPOITYBaHHS IUIOOBHUX KYIBTYP.
Jlo 6a30BHX TEXHOJIOTIH I[LOTO HANPSAMY HaJeKUTh 3aCTOCYBaHHS aBTOHOMHHX MOOUIBHHX IUIATHOPM,
30aTHUX BUKOHYBATH IIMPOKHH CHEKTp OMEpawliil: BiA camiHHS Ta 3pOIUCHHS OO0 MPEUU3IHHOrO 3aXHCTY
pOCTHH i 30MpaHHS BPOXKAK0 3 MiHIMATbHUMH TOIIKOXKEHHIMHU.

Ha BiaMiHy Bix pOCTHHHUIITBA, CAAiBHUIITBO MOTPEOYE BY3bKOCIICIIaIi30BAHNX TEXHIYHUX PIIICHb.
Le 3ymoBneHo crenudiko arpo¢i3WYHUX MNapaMeTpiB HacaKeHb. OOMEKEHUMH MDKPSAIIMH,
PI3HOMAaHITHICTIO CTPYKTYpH KPOH AEPEB, a TaKOX ITiIBUIICHUMU BUMOTaMH JI0 30€peKeHHS IITICHOCTI
IJTOJIIB ITiJT YaC MEXaHIYHOTO BILTHBY.

[IpoTsiroM OCTaHHBOTO NECATWIITTS B arpapHOMy ceKTopi YKpaiHH BinOyBCsl 3HaYHHI MpoOrpec y
cepax aBToMaru3ailii Ta poOoTH3amii Ha 3acajax BIPOBAPKCHHS KOHIEMINI TOYHOIO 3eMIJIEPOOCTBA.
Ludpori iHcTpyMeHTH — 30KpeMa uTyunuid inTenekt (L), Iurepuer peueit (10T) Ta xMapHi cucremu
MIATPUMKA TPUHHATTS pillieHb — CHPUSIOTH PO3pO0II Ta BIPOBAKEHHIO Aefalli CKIAAHIMNX i
BHUCOKONPOAYKTUBHUX MamuH. [lo3uTMBHMH JAOCBiL TpaHcopMmamii y CyMDKHHX —Tamy3sx
arpoIpOMHUCIIOBOIO KOMIUICKCY CTBOPIOE IIEPEAyMOBH /ISl AKTUBHOT'O 3aCTOCYBAHHS B CaIiBHULITBI CTAIIMX
arporexHosoriit [16].

3a3HaueHe aKTyali3ye po3po0Ky HayKOBO OOIPYHTOBAaHUX MiAXOJIB JIO BIPOBAKCHHS 1HHOBAIIIH,
10 BPaxoBYIOTh crenuiKy ramysi Ta CTpaTeriro po3BUTKY U poBizalii caaiBHUITBA.

MeTa nmocaiTzKeHHsl — y3araJbHATHA CBITOBI TEHIEHINI MexaHi3amii Tamy3i Ta OOTIpyHTYyBaTH
HaNPSMKH BUKOPUCTAaHHS aBTOMaTH30BaHUX CHCTEM y Ca/IiBHUIITBI.

Marepiasm Ta MeroaM. Y mpoueci AOCHIIKEHHS BHUKOPHCTAHO KOMIUIEKC HAyKOBHX METOIIB,
30KpeMa. aOCTPaKTHO—JIOT1YHUI — AT y3arajJbHEHHsI TEOPETUYHUX 1 METOAUYHUX 3acal; MOHOTpadiyHuit
— IpY ONpaloBaHHI eMmipuuHOi 0asu. J[KepenbHy OCHOBY NOCTIUKEHHS CKJIaM MaTepiald HayKOBUX
KOH(epeHIIiH, crerianizoBana JlitTepaTypa Ta akTyalbHi BIIKPHTI JaHi Mepexi [aTepHerT.

Pe3yabTaTu gocaimkeHHsi Ta odroBopennsi. PiBeHb Mexadizauii camiBHUOTBa B YKpaiHi He
BIJIIIOBila€ BUMOraM Cy4aCHUX TEXHOJIOI . My MaeMO BHCOKI IIOKa3HHKH IpU 00pOOITKY IpyHTY (B TOMY
yuci mpu gorisami 3a HacamkeHusamu) — 90...95 %, ximiunomy 3axucti — 90 %, me MOXKHA amanTyBaTH
TEXHIKY 3arajibHOro MPU3HAYCHHS, | KpUTHYHO HHU3bKI IIPH OIS 38 KpOHOKO — 25% 1 30MpaHHi BpoxKaro
—-10 % [3].

B iHTeHCHMBHHX cajax MIMAJICpHOTO THUIY piBeHh MeXaHi3allii BHUIIHWHA, MPOTE aBTOMATH3AIiSA
(BuKOpHCTaHHS CHCTeM 0O€3 y4YacTi JIIOJMHH) BIPOBAUKYEThCS TOBUIBHO Yepe3 BHCOKY BapTiCTh
BrpoBapkeHHs. OKpeMi CHCTeM aBToMaru3auii (Hampukiajd, poOOTH-30Mpadvi) Bce ILIe 3HAXOAAThCS Ha
CTaJil MPOTOTHIMIB a00 TecTyBaHHs HaBiTh y kpaiHax €C ta CIIIA [24].
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OxpeMmi rocnofapcTBa YK€ BHKOPHUCTOBYIOTH BHCOKOMEXAHI30BaHi CHUCTEMH 3 eJeMEHTaMHu
aBroMmaTH3allii. [HTerpoBaHi JaTYUKH ONTHMI3YIOTH 0OPOOITOK IPYHTY, IMOJIHB Ta JKUBICHHS POCIHH, IO
3a0IIQJKYE PECYPCH 1 3MEHIIyE €KOJIOTiuHe HaBaHTaxeHHs. [Ipore ramys3p morpedye macmraOyBaHHS
nU(POBUX PIIICHb.

B VkpaiHi nuTaHHsIME MeXaHi3allil Ta aBTOMaTH3AaIlil CaliBHUIITBA 3aiMalOThCs MPODiabHI HAYKOBI
YCTaHOBW, a TaKOX BITUM3HIHI KOMIAHII-BUPOOHWKH CIIeIliaaizoBaHol TexHikH. Jlo mpoBigHMX
MiAmpueMCTB Tamy3i Hamexats. IIIT «Arpopemmami-Ilmoc» (M. KpomuBHHIBKMIL) — po3polbisse Ta
BUTOTOBJISIE TEXHIKY JIJIsl 00pi3yBaHHs, OONPUCKYBaHHS, @ TAKOXK MYJIbUyBaHHS CaIiB i BUHOTpaAHUKIB; AT
«EnpBopri» (M. Kpomusaunpkmii) ta TOB «IIpominb» (M. Bima IlepkBa) — crhermiamisyroTecs Ha
BHPOOHMIITBI CydacHUX IpyHT00OpoOHMX MarmuH; TOB «JIpBiBciUIbMAam» — 30CepeKy€e MisITBHICTh Ha
BUITYCKY BUCOKOE(EKTHBHHUX CaJJOBUX OOIPUCKYBaUiB.

Ha croroani B YkpaiHi BiacHe cepiiiHe BUpOOHHIITBO CIIELiali30BaHUX CaJOBUX TPAKTOPiB BiACYTHE.
Maumi depMepchKi rocroapcTBa MepeBaXXHO BUKOPUCTOBYIOTh YHIBEpCalbHI KATAHCHKI MiHI-TPaKTOPH:
BOHM TIPHBAOIOIOTh JOCTYITHOIO IIIHOIO Ta KOMIAKTHICTIO, TPOTEe HE € BY3BKOCHEIiaTi30BaHUMHI
MalllMHaMU Ul ipodeciiiHoro caaiBHUITBA. HaTOMICTh BEIMKI arpoMiANpPUEMCTBA BIIIAIOTh MEpeBary
TpPaKTOpaM IMPOBITHUX CBITOBHX OpEHIIB, 0OMPArOYM MOJIENI, IO CIEeialbHO alanTOBaHi I CKIaJIHUX
YMOB y caJax i BUHOrpamHuKax. JlizepaMn Ha pUHKY CITelliai3oBaHUX TpakTopiB € Taki cepii: CLAAS
NEXOS (Himeuuuna); Massey Ferguson (cepist 3, CIITA); New Holland (cepis T4, CIITA/Tranis); Landini
(cepis Rex, Irtamis). Lli mMammHu MoeqHyOTH y €001, crneuudiyHi rabapuTé Ta Cy4acHi CUCTEMH IS
e eKkTUBHOI pOOOTH B Ca/iaX i BHHOTPAaIHUKAX.

CaznoBuii TpakTOp BiIPI3HIETHCS BiJ MOJENEH 3arajJbHOro npu3HadeHHss. OOMeXeHUH POoCTip IS
MaHEBpPYBaHHS AMKTY€E criequdiuyHi BUMOTH 10 TadapHUTiB: KOMIAKTHICTH JO3BOJISIE TEXHIlI MPaLIOBATH B
MIDKPSIISIX, HE TPABMYIOYH TUTKH Ta MIIO0IH.

KoHCTpyKIlis TaKuX TPaKTOPiB ONTHMIi30BaHA IJIsi POOOTH B OOMEXEHOMY IMPOCTOPi: BOHM MArOTh
KOPOTKY KOJIiCHY 0a3y, MiHIMallbHY HIMPHHY KOJii Ta HHU3bKY rabapuTHy BHUcoTy. Lle 3ymoBiroe
BHKOPHUCTaHHS KOJIIC HEBEITUKOTO JliaMeTpa Ta KOMIAKTHOI KaOiHH.

VY camiBHUIITBI, J¢ MUPUHA MIKPSAIL Y CEPEAHHOMY CTAHOBHTH 3 M, BUKOPHCTOBYIOTh CTaHAAPTHI
BY3bKOKOJIIHHI MOJIeNi. Y BUHOIPAAapCTRI, Ie MIXKPSAIS MOKYTh OyTH MeHIIMMHU 32 1,5 M, 3aCTOCOBYIOTh
crerianizoBaHi MoauiKallii 3aBITUPIITKY TPOXU ObIe Hixk 1 M. OOMEKESHHS 110 BUCOTI 3a3BHYal CKIIaaae
2,3-2,4 M, 0 A03BOJISIE TEXHIIlI BITHHO MPOXOAUTH ITiJl KPOHAMH JIEPEB Ta BUHOTPAIHUMH MIMajJepaMu.

OxpeMi Mozeli OCHAIIYIOTBCS KPIicIOM Ta KepMoM, 1o mnoepraiothes Ha 180°. Ile mosBomse
ornepatopy eHeKTUBHO MPAIIOBATH B PEKUMI «3aI0M-Harepe», 3a0e3MeuyoUn 3pyIHUH OTJIs] HAYilTHOTO
obnagHaHHs. 1)1 poOOTH 3 MECTHITMIAAME TPAKTOP O0OB’SI3KOBO OOaIHYETHCS TEPMETHUHOIO KaOiHOO 3
CHCTEMOIO (inbTparllii mosiTps (kaTeropii 4), M0 3aXuIac BiJ XiMiYHHUX MapiB Ta a€PO30JIiB.

3 orsiny Ha PI3HOMAaHITHICTh Cy4acHOTO 00JIaJHaHHS, TPAKTOP MOBHHEH MaTH YHIBEPCAIbHY 33IHIO
Hauinky. s MakcuManbHOT IPOAYKTUBHOCTI OaskaHa HasiBHICTh MEPEIHbOT HAviNKu Ta nepeansoro BBIT
— 1Ie JI03BOJISIE BAKOPUCTOBYBAaTH KOMOIHOBaHI arperaTi Ta BUKOHYBATH KUJIbKa Olepaliii 3a OJJ1H IpOoXif.
Jnst ctabinbHOT poOOTH MPUBOTHUX 3HAPSIL HEOOXiTHA BUCOKA MPOAYKTUBHICTG rifipaBniku (Hacoc Bix 60
11/XB) Ta 000B’I3KOBA HASBHICTH CHCTEMH OXOJIOKEHHS OJIMBH.

Tpakropu dipma CLAAS cepii NEXOS Bumyckae B 4 Bapiantax: F, FB1, VL i VE, 3 MiHiMabHO0O
3aranpHOI0 mupuHowo 1,46; 1,40; 1,26 1 1,00 M. TpakTopu OCHAIICHI ABUTYHAMHU TOTYXKHICTIO Bix 65 1m0
106 k.c. Mexaniuna TpaHcmicis (16/16) ta emexTporigpapiiuHe KepyBaHHS I03BOJISIOTH MAaHEBPYBATH 3
pazaiycom po3sopoty Bia 3,06 m [21].

New Holland T4 ta Massey Ferguson (cepist 3) MalOTh aHAJIOTi4HI KOHCTPYKTUBHI MapaMeTpH Ta B
000B’SI3KOBOMY TIOPSIIKY OCHAIYIOThCS cHCTeMaMu (inbTpamii kabiHu IS 3aXHCTy omneparopa Iij Jac
XIMIYHOTO OOTIPHUCKYBaHHS HaCaKEHb.

[lepcneKTHBHUMY HampsiMaMu PO3BHUTKY Tally3i € BIPOBAKEHHS €NEKTPOTPAKTOPIB Ta TIOPUIAHUX
CHWJIOBHUX YCTaHOBOK, WO TIOEAHYIOTh EKOJIOTIYHICTh 13 BHUCOKOK e(eKTHBHICTIO. JlocmimKeHHs
MiATBEPIUKYIOTh, 110 enekTpoaBurynd Ha 30 — 40 % edexruBHimn 3a qu3enbHi aHaioru [7]. [lpukinagom
Takol iHHOBawWil € iramificekuii Tpakrop Landini Rex4 Full-Hybrid, ocHamenunii komOGiHOBaHUM
€JIEKTPOIBUT'YHOM-TE€HEPATOPOM 3 HOMIHAIBHOIO MOTYXHICTIO 50 KBT. YV CyTO eleKTpHYHOMY PEeKUMI 15
MOJIeIb 3[IaTHA MpAIIOBaTH 10 2 TOAWH 0e3 mia3apaaku. [lapanensHo 3pocTae posib aBTOHOMHUX MAIIHH:
3apasku GPS-HaBiramii, ceHCOpaM Ta IITYYHOMY iHTENEKTYy BOHH (DYHKIIOHYIOTh 0€3 ydJacTi omeparopa,

110 MiHIMi3y€ BIUTHB JIFOJICBKOTO (haKTOpa Ta TapaHTy€E BHCOKY TOUHICTH 0OpOOITKY caiB.
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Jo HalO1IbII MOMIMPEHUX MEXaHiI30BaHUX Ta YACTKOBO aBTOMATH30BaHUX TEXHOJOTTUHHUX MPOLECIB
B CAIiBHHUIITBI BiTHOCATHCS. OOPOOITOK IPYHTY — J¢ BUKOPHUCTOBYIOTH JUCKOBI OOPOHH, KYJIHTHBATOPH,
¢bpe3n Kocapkd Ta MyJb4yBadli 3 aBTOMATHYHUMH IIPHCTPOSMH KEpPYBaHHS, XIMIYHHI 3aXUCT — B
OCHOBHOMY, BEHTWJISITOPHI OOIPHCKYBadi; JOTJISIA 3a KPOHOIO — aBTOMAaTH30BaHI KOHTYpPHI 00pi3yBadi
JIepeB 1 KyIIiB; 30MpaHHs BPOXaro — CIeliali3oBaHi KOMOAHHU 1 TU101030upanHi m1aTopMu; 3poIieHHS
(aBTOMAaTHYHHMI TOJNMB) — CHCTEMH KpAILUIMHHOTO a00 CIPHHKJICPHOIO MOJWBY 3 aBTOMAaTUYHHMHU
KJIallaHaMH, sIKi KepPYIOThCS TalilMepaMu, JaTINKaMy BOJIOTOCTI 00 MOTOTHUMH JaHUMHU.

Ki1r040BOI0 MepeBaror HOBITHBOI TEXHIKH € 1i MOIysbHA (CeKIliliHa) KOHCTPYKILisi. BoHa n03BoJISIE
OTIEPaTHBHO aJaNnTyBaTH arperaT 40 KOHKPETHUX arpoTeXHIYHMX YMOB IIUISIXOM IIBUAKOT 3aMiHU pOOOYHX
opraniB. [IpoBigHi CBiTOBI BUPOOHHMKH TPOMOHYIOTh IMUPOKY JIHIAKY Takoro OONaAHAHHSA s
KOMIUTEKCHOTO BUPIIICHHS 3aBJaHb JIOTIISTY 32 CaTaMH.

Haitmmmpimii acopTUMEHT caJoBUX MAaIlMH BHPOOJSIOTH itamilickki kommanii: SICMA S.p.A.,
Calderoni, GEO, Ideal S.r.l., Irrimec S.r.l. Ta N.Blosi. 3HauHy Hilly Ha pUHKY 3afiMalOTh iCMAaHCHKA
xommanis 1D David, manceka Hardi, a takox mombcski BupoGHukn Sleza ta Weremczuk FMR, siki
CHELIaNi3YIOThCS Ha TEXHII JUIs AT1IHUKIB 1 3aXUCTY POCIHH. Y CerMeHTi IH(POBUX TEXHOIOTIH POBiTHY
poJib Bimirpae kutaiicbka koMianiss XAG — CBITOBHUI Jiep Y BUPOOHUIITBI OC3MIIOTHUX CHCTEM, 30KpeMa
arpoApoHiB Ta aBTOHOMHHX Ha3eMHHX POOOTIB.

Jlns mornsay 3a IPyHTOM 3pa3KoM YHiBepCcaabHOT MOYIbHOT TeXHIKH € KyiapTuBaTop PRO-2 (puc.1)
Bix SICMA S.p.A. (Itanis). Bin npusHadeHuil aas 06poOITKY IPYHTY B STIAHHKAX, BUHOTPAJIHHKAX Ta
IHTEHCHBHHX caaax i3 Mikpsaaamu 1,75-3,8 m [29].

Puc. 1. KyabtuBatop SICMA PRO-2

3ajeXHO Bix 0OpaHOi TEXHOJOTI] yTpUMaHHS IPYHTY, arperar Moe KOMIUIEKTYBAaTUCS PI3HHUMU
3MIHHUMH MOJYJISIMH. TIOBOPOTHHMHM JIallaMH IS MiApi3aHHS Ta BUYICYBaHHSA Oyp’sSHIB;, CEKIiSIMH 3
TOPU3OHTATBHUMH HOXaMH a00 BEepTHKAIbHHMHU (pe3amMu, a TaKoXXK IOBOPOTHHM TPHUMEPOM JUIS
CKOIITYBaHHS TPaBH.

st 3polieHHs cagiB BUKOPUCTOBYIOTh MAlllMHU Ta CHCTEMH K BITUYM3HSIHOTO, TaK 1 iHO3€MHOTO
BUPOOHMIITBA, B OCHOBI SKHX IHHOBAIii TEXHOJOTIYHI pINICHHS, IO 3a0e3MeuyioTh MiHIMIi3aIiio
HETaTHBHOTO BIUIMBY €po3ii IPYyHTY Ta BTPAT BOAH.

Kpannuane 3pomeHHs BBaXaeTbcs Halle()eKTUBHIIIMM METOAOM IOJIUBY IS CaliB 3aBASKH TOUYHIN
nofadi Boau OesnocepeaHbO N0 KopeHeBoi cuctemu. lle 3abesneuye monan 90-95% edexTuBHOCTI
BHKOpHCTaHHS pecypciB. CrnoxxuBaHHS Boau 3MeHITyeTbcss Ha 30-50% mopiBHSHO 3 TpaguIiitHUM
norryBanHaM [17]. Boma momaeTscs MalMME TOPIISMH, IO MiHIMI3ye BHIIApOBYBAaHHS Ta CTiKAHHI.
PocniHM OTPUMYIOTH BOJIOTY PIBHOMIPHO, IO CHPUSIE TIIHOOKOMY PO3BUTKY KopeHiB. CHcTeMa 103BOJISIE
aBTOMATH3YBaTH MPOLEC, 3a0LIaKYI0UM Yac Ta BUTPATH Ha OIUIaTy mpaui. ¥ BUPOOHHMLTBI 0OJaIHaHHS
JUTSI CUCTEM KpalebHOro KoMmmaHis «Ippiratop Ykpaina», Mo € JOodipHiM MiIIMPHEMCTBOM i3pailbCchKOT
kopropaiiii Metzer, € omHuM 31 CBITOBHX JiijiepiB monuBy [6].

Jnst 3pomieHHsT PO3CAAHUKIB 1 STIJHUKIB YacTillle BHUKOPUCTOBYIOTH JOUIYBAJIbHI MAaIlWHH
0apabaHHOrO THMY 3 IMITyJILCHUMHU CHPUHKJIEPAMH, IO IMITYIOTh npupoaHuil mom. IlepeBaramu Takux
MallliH € MOOUTBHICTh 1 MaHEBpPEHICTh, IO J03BOJISIE ONEPATUBHO MEPEMIIyBaTH YCTaHOBKY MIiX
OKpEeMHMH KBapTajlaMi ab0 CEKTOpaMH CaJy 3aJie)kKHO BiJ MOTpebu y Bono3i. bapabanHi MamuHu 30aTHI
3pOIYBAaTH KYTH Ta Kpai AUITHOK, nocsraroun Maike 100% mokpHTTs Imiomi. 3pa3koM TaKHX CHCTEM €
3porryBadi iTajifickkoro BupoonuiTea kommanii IRRIME [5].

CyuacHi casii Bce yacTillle MepexoisiTh Ha aBTOMAaTU30BaHE KEPYBaHHS, IO MIiHIMI3Yye€ JIIOJICHKHN
(hakTop Ta onTEMi3ye pecypcu. lle He muIIe eKOHOMISI BOMIH, a i HEOOXITHUI MIKPOKITIMAT JJISI POCIIHH.
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OcobnmBe Micle MOCiAal0Th «PO3YMHI» CHUCTEMH 3 MOMKJIMBICTIO JWCTAHLIMHOTO KepyBaHHS,
aJaNTyIYnCh JI0 JTOBKUUISA 3aBISKHA TEXHIYHOMY OCHAIICHHIO: JATYWKH BOJIOTOCTI, BHMIPIOIOTh CTaH
IPYHTY B pealbHOMY 4aci i aKTHBYIOTH IOJIUB TUTBKH 3a MOTPeOH; METEOCTaHIIl, aHANi3YIOTh IPOTHO3
MOTOAM T4 ABTOMAaTUYHO CKAaCOBYIOTH CEaHC IIijl 4ac AOILY YU CHIBHOTO BiTPY; MOOIJIBHI TOJATKH, Jar0Th
3MOTY HAJIAIITOBYBATH Ipadiku Ta OTPUMYBATHU 3BITH PO pOOOTY CHCTEMH 3 OYAb-sKOT TOUYKH CBiTY [28].

Jlst XIMIYHOTO 3aXWCTy CaliB Ta SATIAHUKIB BEHTHIATOPHI OOMPHUCKYBAYi 3aJIMINAIOTECS 0a30BUM
pimeHHSAM, iXHS TOJIOBHA IIepeBara — 3MaTHICTh CTBOPIOBATH IOTY)KHUW TIOBITPSHUU TIOTIiK, SIKAH
3a0e3neuye rIMOOKe MPOHUKHEHHS POOOYOro PO3YHHY HaBiTh Y TYCTy KPOHY liepeB. 3aBIsSKH poOOYOMY
TUcKy A0 10 Gap mocsiraeTbcsi IpiOHOAMCIIEPCHE PO3MUIICHHS, IO TapaHTy€e PiBHOMipHE HMOKPHUTTS BCi€i
JMCTOBOI MTOBEPXHi.

Ha punky Ykpainu mpezcraniena TexHika sk cBitosux jmigepis: IDEAL (Itanis), Vicar (Himeuurna),
BAB Bamps NV (benbris), tak i mnepeBipeHHX BiTuuM3HSAHHX, 30kpema TOB «JIbBiBCiibMaII».
BuKOpUCTaHHS €BPOTNEHCHKUX KOMIUICKTYIOUHX (HACOCIB) Y BITUM3HSHHUX MAIIMHAX JO3BOJISE TIOETHATH
JOOCTYIIHY BapTiCTh arperary 3 BUCOKOIO SKiCTr0 3axucTy pociuH [20].

s ximiynozo 3axucmy narbmemuux cadig 3aCTOCOBYIOTh TYHENBbHI 0OmpHcKyBadi. KOHCTpyKIist
TaKUX MallIiH CKJIaJaeThCs 3 ONOPHOI paMy, OHI€T a00 KUTBKOX 3aKPUTUX KaMep Ta CUCTEMH PELUPKYJISILii
pobouoro po3unHy. 3aBISIKH 3aKPUTOMY THITY Kamep MECTUIIUAN He MOTPAIUIIIOTh 32 MEXi 30HU 00pOOKH,
OCKIJIbKM POCIIMHH T1i]] Yac 0OMPUCKYBaHHs MepedyBatoTh Oe3MocepeIHbO BCepearHi TyHeo [22].

Koxna xamepa o0OnangHaHa BepTUKaIbHUMH CTaJIEBUMH KOJEKTOpaMH, pO3MIIIEHUMH Ha
MIPOTHIICKHUX cTiHKax. Ha Hux BcTanoBneHo Bin 5 1o 10 hopcyHOK, sIKi pO3IIITIOIOTE PiMHY, YTBOPIOIOYH
npibHOMMCTIepcHMI TyMaH. Lle rapanTye piBHOMipHE Ta sSIKICHE TTIOKPUTTS JIUCTS 1 TIIOIIB.

lonoBHOIO 0COONMBICTIO TYHENBHHX OONPHCKYBadiB € CHCTEMa ITOBTOPHOTO BHUKOPHUCTAHHS
po3unHy. PimuHa, mo He ociia Ha pociauHaX, 30MpaeThcs 1 MOBepTaeThes Hazan y Oak. EdekTuBHICTH
PEIUPKYJISIIT 3aJICXKUTH BT (ha3H BETreTarlii: HaBeCHi, KOJIH JIUCTS I1I¢ MaJIO, BiJICOTOK ITOBEPHEHHS PO3UHHY
nmo 70%; y miTHiH mepiox Iiel moka3sHUK 3HIKYEThes g0 20%. IlepeBarn TyHETBLHUX OONPHCKYBadiB —
MOXJIMBICTH pOOOTH y BITPSHY TIOTOAY Ta MPH MPSIMOMY COHSIIHOMY CBITJIi, EKOHOMIsI mecTHIHIiB Ha 50 —
70% Ta MiHIMaJIBHUN BIUIMB Ha JOBKIJIJIA.

Ha mpakrtuiii rocnioapcTa nepexoAsaTh Bil MPOCTHX BEHTHISATOPHUX OOMPHUCKYBadiB Ha KOPHCTh
cucteM 3 ISOBUS-cyMicHICTIO, IKi TO3BOJISIIOTH KEPYBAaTH BCiMa (DYHKITISIMU MAIIMHA Yepe3 CTaHIapTHHI
(enmmHMI) TEpMiHAT TPAKTOPA.

Buxopucranus GPS-rasicayii y nmoeHaHHI 3 cCHCTeMaM# CYIMyTHUKOBOTO MOHITOPHHTY JIO3BOJISE
TUCTAHIIHHO KepyBaTH TMPOIECOM 3aCTOCYBAaHHS IIECTHIHMIB HAa OCHOBI TOYHHMX TEXHOJOTIYHUX
MMOKA3HUKIB 3 BUKOPUCTAHHSM CaMOXIiJHUX pPOOOTIB a00 arpoApoHiB. 3aBISKU IUCILICIO OOPTOBOIO
KOMIT'I0Tepa OIepaTop B PEXHUMi peajlbHOro 4acy MOXE KOHTPOJIOBATH KIIOYOBI MapaMeTpH: poOoumit
TUCK y CHCTEMI, TIOTOYHY Ta 3arajibHy BUTpaTy Po00Y0i pianHU, poO0dy IBUIKICT arperaty, o0podieHy
IOy Ta 9ac poOOTH.

Oco0nBO e(pEeKTHBHUM € 3aCTOCYBaHHS arpojpoHiB (puc.2) Ta aBTOHOMHHX TPAaKTOPIB IS
TOYKOBOTO BHECEHHS MECTHULMIIB, IO J03BOJSIE TOYHO BH3HAYATH MApUIPYT PyXy arperariB i BHOCHTH
TIECTUITAIN BUKIIOYHO B THX 30HAX, /e BOHW HEOOX1THI, MiHIMi3yBaTH iX BIUIMB Ha JTOBKULISA Ta PU3UKHU JJIS
310poB's sozei [1].

Ha BimMmiHy Bin MONBOBHX KyJNbTYp y CaAiBHHUITBI, MONHWT Ha arpoApOHU-OONMpPUCKYBadi JIHIIE
nounHae QopmyBaTucs. Lle 3yMoBIeHO THM, MO TPamWIiiiHI MIXOAW B CaAIBHHUITBI 3MiHIOKOTHCS
TIOBLITBHIIIE, HIXK Y POCTUHHHUIITBI, @ METOTH 3aXHUCTy OaraTopidHUX HacaHKeHb CYTTEBO BiAPi3HAIOTHCS Bifl
00pOOKH MONBOBHUX KYJBTYP.

Homatok mo XAG mae (QyHKIIiIF0O aBTOMAaTUYHOTO TUIAHYBAaHHS MapIIpyTy, 3aJI€KHO BiJ GopMH Ta
po3Mipy canmy, BusBIsSE€ Ha Bimmani mo 80 merpiB i oOMuHae mepemkoau. OqHIED 3 KIIOYOBUX IepeBar
arpoAipoHa-oONpHCKyBaya € HOTo 3[aTHICT 3IiHCHIOBATH OOJIIT caly 3 METOI0 CTBOPEHHs poO0Y0i KapTh
[23].

BukopucranHs O€3MiJIOTHUX PIlICHh MOPIBHAHO 3 TPAAUIIHOIO TeXHiIKOI mo3Boisie a0 90%
ekoHoMii manmpHOro Ta A0 30% — mecTUIUAIB, OTIEPATHBHO BHUSBIIATH OCEPEIKH IMOIIUPEHHS IIKiIHUKIB 1
xXBOp00. 3a mporHo3amu (axismis, 10 2028 poky "acTka BUKOPUCTaHHS arpoJpoHiB s BHeceHHs 33P B
yKpalHCbKOMY camiBHUITBI carHe 20—25%, 110 cTaHe 3HAYHUM YCITIXOM.

Jlorisan 3a KpOHOI — OJHA 3 HAWUTPYAOMICTKIIIMX Omepamid y camiBHUNTBI. [l JeTaibHOrO
00pi3yBaHHS BUKOPUCTOBYIOTh PY4Hi, THEBMAaTH4YHI a00 aKyMyJISATOpPHI iHCTPYMEHTH. HOXIBKH, CEKaTOPH
Ta cy4ykopizu. IlopiBHSHO 3 MHEBMAaTHYHUMH MOMAEISMH, IO MOTPEOYIOTh KOMIIpECOpa, aKyMYJISTOpPHI
IHCTPYMEHTH € 3HAYHO 3PYIHIIINMHA Y BUKOPHCTAHHI.
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Puc. 2. Arpogpon-oonpuckyBay XAG P100 PRO

Hns neranbHOTO 0Opi3yBaHHA KPOH IUIOOBHX JIEPEB 3aCTOCOBYIOTH CaJOBi MIaT(HOpPMH, IO
3a0e3MeuyTh CTabIIbHUIN TOCTYII 10 BEPXHBLOTO sipycy (Ha Bucoti 3,5 — 5,0 M) Ta cTBOPIOIOTH Oe3mneuHi i
KoMQpOpTHI yMoBH Tmpamli. Ha ykpaiHCBKOMY pPHHKY NpEACTaBJICHI NPUYINHI MOJENi BIiTYH3HSIHOTO
BupoOHuiTea Big 'K «bparyias» i TOB «Arpomani-Kanunay, a Takox npoaykiis ¢pipmu Agromasina S.A.
(MonnoBa). Haii6inbIn TOCKOHAIO BBAXKAETHCS YHIBEpcallbHA CaMOXiHa iTaniiicbka miardopma Zip 30
¢ipmu Blosi (puc. 3, ).

BukopucTaHHS TaKol TEXHIKH B MOEAHAHHI 3 ITHEBMATHUYHAM a00 aKyMyJISTOPHHM iHCTPYMEHTOM
JIO3BOJISIE MMIBUIIMTH TPOAYKTUBHICTH ¥ 1,5-2 pa3u Ta ckopotutm Tpyaosutpatu Ha 25-40%. Oxpim
€KOHOMIYHOTO e(heKTy, poOdoTa i3 BUKOPHCTAHHAM IDIATGOPMH TapaHTye CTaOiIbHY SKICTh 3pi3y Ha BCii
BHCOTI JiepeBa Ta MiHiMI3ye 3aiiBi epeMillieHHs MPAI[iBHUKIB Y MKPSAIIX [27].

a) 0)
Puc. 3. Camoxinni cagoBi mnardopmu Zip 30 ¢pipmu Blosi: a) — nns neranbHoro odpizyBanns
KPOH ILTO0OBHX J€PeB; 0) — AJ15 30UpaHHi NJI01iB

KonTypHe 00pi3yBaHHs — 1€ Ni€BUH CIOCiO MiHIMI3yBaTH PyYHY IMPAIO Ta IPUIIBUIIIATH JTOTIIST
3a cajoM. Haifvacrimie A mbOro BHKOPUCTOBYIOThH JMCKOBI 00pi3yBadi 3 rifpaBiiyHUM HpuBojoM. Lle
yHiBepcaJbHE HayilHe OOJIaAHAHHSI, IO CyMiCHE 3 TPAKTOPaMH YH TEJICCKOMIYHUMH HAaBaHTa)KyBadaMH.
Ha yxpaiHChbkOMy pHHKY MOITYJIIPHOIO MOJIEC/UIIO Takoro TUIy € camoBui o0OpizyBau OCK-9 Big TOB
«CHUHTE3 AI'PO».

[Ipore AMCKOBI CHCTEMH MarOTh HEIOJIK: BOHH 4acTO HE JOPI3al0Th TOHKI TUIKH, BIIXHJISIOUYM 1X
3aMICTh YHCTOTO 3pi3y, IO MONIKOKYE Kopy. JIst yHUKHEHHS Ii€i poOIeMH, Kpale 0OupaTH MalTuHH 31
3BOPOTHO-MOCTYNAIBHUM PYXOM HOXIB (IIPHHIMII CErMEHTHO-NANBIBOBOI Kocapku). [IpukiagoM Takoi
TEXHIKH € itaniiicbkuit 00pizyBau FAMA SKR 250, sikuii niparitoe 3 rinkamu giametpom 10 3 cm («<FAMA
—fabbrica macchine»).

OnTrManeHOIO CTpaTeri€lo ChOrofHi € KOMOiIHOBaHA cxema OOpi3yBaHHS: KOHTYpHHI 0OpizyBau
BuKOHY€E 0mm3pk0 80% podit, popmyroun BepXHIO Ta OiYHI IUIONIMHH, a TPAIliBHUKY 3 aKyMYISITOPHUMH
CeKaToOpaM¥ JIHIIIEe 3aBEPIIYIOTh IPOIEC, MPOPIHKYIOYN BHYTPINIHIO YacTHHY KpOHW. Takui mimxin
ckopouye BuTpath 4acy Ha 50—70% mopiBHIHO 3 pyYHOIO pOOOTOIO.

VY nepcreKTUBI IHTCHCUBHI CaJii MPOEKTYBATHMYTh SK IUIOAOBI CTIHH», alaNTOBaHi MijJ MOBHY
aBTOMartu3awito. Lle 103BOJIMTH BOPOBAaIUTH CHCTEMH MALIMHHOTO 30Dy, SIKi CKaHYyBaTUMYTh JEPEBO B
peanbHOMY 4aci, MTOKH INTYYHUH 1HTENIEKT MUTTEBO NMPHHMATHME PIlICHHS MO0 3pi3y KOXKHOI OKpeMoi
TUTKH.
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30upaHHs TUIOAIB — II¢ KIIOYOBHM €Tall y CaaiBHHUIITBI, OCKUIEKH YacTKa BHUTPAT Ha IEH IpOIec
cranoBuTh Big 15% 1o 40% y 3aranbHill CTpYKTYypi cobiBapToCTi BupoinyBanHs. EdexTuBHicTs 30upanHs
BpOXKalo 3a0e3MeuyeThcsi BHUKOPUCTAHHSAM CIEMiabHUX MaIlWH, $Ki MiAO0WparoTh BiJMOBIIHO JO
010JTOTIYHHUX OCOOIUBOCTEH KYJIBTYPH 1 CXEM BUPOITyBaHHS.

3acTocyBaHHS TUION030MPATBHUX TUIATPOPM € 3aralbHONPUHHATAM TEXHOJOTTYHUM CTaHAAPTOM Y
Cy4YacHUX IHTEHCHBHUX HACaKEHHSX 3EPHATKOBUX KYJBTYp, IO 3a0e3meuye BUCOKY SIKICTh MJIOAIB IS
peamizamii y CBKOMY BHUTJIAII. BOHW TOJIETHIYIOTH PyYHY IPaIlio, JO3BOJISIOUN 3PYYHE IEPEMIMCHHS
30MpaviB HAa BHUCOTY, 3HIMATH IJIOAM HAa Pi3HIA BHCOTi, Ta aBTOMAaTHYHO TPaHCIIOPTYBaTH IUIOAH B
KOHTEHHEPH, MIHIMI3YIOUH MEXaHIUHI MOIIKOKEHHSI.

Camoxinna mnardopma Zip 30 dipmu Blosi (puc. 3, 6) 103Bonse 30upat miou Bpy4YHy Ha BUCOTI
o 4 MeTpiB, Ma€ aBTOMATHYHE BHUPIBHIOBAHHS Ha CXHWJIaX, aBTOMAaTH3y€ JIOTICTHKY TpHW 30HMpaHHI Ta
HATllOBHEHHI KoOHTeiHepiB. [lmardgopmy oOcrmyroBye manka i3 6 mpamiBHUKIB, o 3abe3neuye
npoaykTuBHicTh Ha piBHI 200...250 xr/rox koxkHoro. Ilnardopma KOMIUIEKTYEThCS MPUYUCIIOM IS
AaBTOMATH30BAHOTO PO3BaHTAKEHHS KOHTEHHEPIB HAIIOBHEHMX Ttogamu [18].

Camoxinna HamiBaBromMatuuHa miatdopma Frumaco Tecnofruit CF 105 (Itanist) mpu3HaueHa st
30upaHHs WIoAiB y cagax i3 mixpsaasmu Bin 3,0 mo 3,9 m (puc. 4). KoHcTpyKiis 3 4oTHpMa OiYHUMH
iatropmMamMu 103BOJIsI€ 30UpaTH BpOXKail OTHOYACHO HA TPHOX PIBHAX 3 KPOHAMH JEPEB 3aBBHIIKH J10 3,6
M (puc. 4, a). IIporiec 3HIMaHHS TUIO/IB 3/IHCHIOETHCS BPYUHY, ITPOTE iXHE MOAANbIIE TPAHCTIOPTYBAHHS Ta
3allOBHEHHsSI KOHTEHHEPIB aBTOMAaTH30BaHO 3a JMJONOMOIOI0 CIeNiali30BaHUX HaIiBaBTOMAaTHYHUX
TPaHCIIOPTEPIB.

1 poGoTH 3 KOHTelHepamu (BCTAHOBJICHHS, IMEPEMIIICHHS Ta PO3BAHTAXKCHHS 3allOBHEHHX
MmicTkocTei) mepeabaueHo crenianpbHuid npudin (puc. 4, 6). Camoxinna miardopma Tecnofruit CF 105
po3paxoBaHa Ha rpymy 10 6 oci0, a ii npoaykTuBHicTh csarae 200-250 kr/roa Ha KoxHOTO nparfiBHuka [19].

a) 6)
Puc. 4. Camoxiana cagosa miardgopma Frumaco Tecnofruit CF 105: @) — 3arajibHuii BUTJIA;
0) — nmpouec nepeMillieHHs i HAMOBHEHHSI KOHTEHHEPIB MIogaMM.

1no0o36upanvhi mawunu eibpayitinoi Oii, K1 TPAIIOIOTH 332 MPUHIIMIIOM 3yIHHKH 011 KOXHOTO
JIepeBa, aKTyallbHI IEpPEBAXHO B CaJax cTaporo Tuiry. [IpoayKTHBHICTh TAaKWX MaIllFH MaJia Yepe3 HU3bKHA
Koe(iIieHT BUKOPUCTAHHS pOoOOYOTO Yacy uepe3 MaHeBPYBaHHsI, TO3UIIIOHYBaHHS pOOOYNX OpTaHiB IOI0
mramba Ta nepeizan Mixk aepeBamu. Taki MallMHK € HaHOIIbII eeKTUBHIUMH IJ1s1 30MpaHHS KiCTOUKOBUX
KYJBTYD, IJIOJH SKAX TMPU3HAYEH] /IS TTOANBIIO0] IIPOMHCIIOBOI repepoOku. s 30upaHHs 3epHATKOBUX
II01iB iX poboTa oOMekeHa.

Tomoxogi s1200030upanvii KOMOAHHHU (11 CMOPOJIMHH, MaJHMHH, arpycy) 3a0e3MedyroTh BUCOKY
MPOAYKTHBHICTh, MAKCUMaJIbHY MIOBHOTY 3HIMaHHS BPOXKAl0 Ta HAJISKHUI PIBEHb YHCTOTH 310paHUX SATi.
3aBsKy Oe3epepBHOMY PYXY B3IOBXK PAIIiB T4 CHCTEMaM iHTEHCHMBHOTO OYHIIEHHS BiJl JOMIIIOK (JIUCTS,
TUJI0K), Il MaIlIMHK 3a0e31euyoTh 30ip IPOAYKILT K I IPOMHCIIOBOT TepepoOKH (3aMOPOXKEHHS, COKH),
TaK i JJIsl CBIXKOTO CIIOKHBAHHS.

IMpuyinuuit  sromo3dupanpauii kombaitn KAREN Weremczuk Agromachines (ITombma) (puc. 5)
MIPU3HAYEHUH T 30MPaHHs TOXHHN, MaJIMHU, OKUHK Ta XKUMOJIOCTI [4].

Kombaiin mnpudinHUii, OCHAIIEHWH JTBOMA BEPTUKAILHUMHU CTPYIIyBadyaMH 3 PEryJIbOBAHOIO
4acTOTOK CTpymyBaHHs (puc.5, a).

3aBAsSKH IIHOMY ITOBHOTA 30MpaHHS AT/ TOCUTHh BUCOKA IPH 3aJ0BUIBHIN SKOCTI. BTpaTn cTpymeHnx
IJIOJTIB MiHIMAJIbHI 3aBIIKH CHCTEMI T€pPMETH3AIlil, 110 CKIAAA€ThCS 3 KPHIIOK Ta YIIOBIIIOBATIB.

VY CBITI cTae Aenani akTyadbHIITAM BIPOBADKEHHS aBTOHOMHUX MaIlTH 1 pOOOTIB, 3IaTHUX 30MpaTH
Bpoxkaii 0e3 ydwacti JroguHH. 3aBISKH aBTOHOMHIM Hapiramii (GPS), mryunomy inrenekry (Al) Tta
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Cy4acHOMY amapaTHOMY 3a0e3MeueHHIO poOOTH-30Mpadi CaMOCTIHHO MepecyBalOThCI MUKPSAIIMHE CaliB i
3IIHCHIOIOTH BUOIpKOBE 30MpaHHs MIIOAIBY.

B yniBepcuteri Monama (ABctpaiist) crBopwin podota Apple Harvester niist ckanyBaHHS cafiB i
BusiBJIeHHS mioAiB. [1ix yac poboTu BiH aHai3ye KOJIp i po3Mip KOXKHOTO SI0IyKa, a TAKOXK OPi€HTALiI0 Ta
po3TanryBaHHsl Tilok. PoOoT 3HIMae TIoou 3a JAOMOMOIOI0 M’SIKOTO 3aXBaTy YOTHPMa KIalbLsIMU» 3
BaKyyMHHUM IIpuBoJOM (puc.6, a). Lle 3abe3nedye MiHiMaIbHE NOIIKOHKEHHSI BPOXKAIO Ta CAMOTO JepeBa,
po3mizHaBaT Ta 30mpaTtu noHax 90% mmoniB y paxiyci 1,2 M, a Ha 30upaHHsS OgHOTO S0IyKa cHCTeMa
BUTpAYa€ MEHINE HiX 7 cekyHn [24].

a) 0)
Puc. 5. Tlpuuinuuii aronozonpannuuii komoaiin KAREN: a) — 3aranbHuii BUTasa B po6oTi;
0) — COPTYBAHHS Ta OUMIINEHHS BiJl CMIiTTS B KOMOaiiHi

Kommanis Tevel Aerobotics Technologies (I3pains) po3pobuia miathopMy 3i HITYIHAM iHTETEKTOM
JU1sl 30MpaHHsI TUIOIB JIOTIOMOTOI0 KIIPHCOCOK» BCTaHOBJICHHUX Ha InTaHrax (puc.6, 6, 2). Cucrema 300py
Bpokaro cknanmaetbes 3 8 Flying Autonomous Robots (sritatoui aBToHOMHI poOOTH), BCTaHOBJICHUX Ha
HazeMHiit matdopmi Darwin Harvesting Group (puc.6, 6). Ilpu 30upaHHi UIOIIB APOHH NEPEMIIITYOTHCS
cepel TUIOK 1 BUOMPAIOTh TLNBKH 3piMi IUI0AM 0e3 03HaK MOIIKOMKeHb. 30ip Bpoxkaro BinOyBaeThcs 6e3
ydacTi Jroei Ha Beix eramax [2].

3axorieHHs S0IyK IpOHAMHU 3IIHCHIOEThCS BaKyYMHOIO <IIPUCOCKOIO» (pHC.6, 6), M0 MiHIMi3ye
MOLIKO/PKEHHsT TUIOAIB. 3HATI A0NyKa APOHM YKIAAaloTh HA CTPiuKy miaTgopMu, a Jaii IUIoad
MOTPAIUIAIOTH Y KOHTeHHepH. 3a iHdopMalieo po3poOHHKIB, JliTarodi podoTu 30upatots noHaa 90% s6myk
B IOJIi 30py CBOET KaMepH, Ha BiJICTaHi 0 1,2 M i3 MOIIKOIKEHHS MEHIIe Hixk 6%.

JpotoBe >kuBJIEHHS BiJ IIaTGOPMH A€ MOKIUBICTD JITAIOUUM IpOHAM-30MpayaM HpalioBaTh 10
TUX Mip, TOKK cama IulaTgopMa OTpUMYE KHUBICHHS. SKIO miardopMy 3aKMBUTH CHIIOBUM KaOeleM,
poboTa MOKe TPUBATH HaBITh Y TEMHHUI yac 100u [24].

BrnpoBamkeHHs: poOOOTH30BaHUX CHUCTEM 30MpaHHS IUIOAIB B YKpaiHi y HAHOMIKYil MEPCIEKTHBI €
MaJIOMMOBIPHUM Yepe3 HW3KYy YHMHHHKIB. HEaJaNnTOBaHICTh CXeM CcaliHHA Ta (OPMYBaHHS KpOH
BITYM3HSHUX CaJliB TEXHIYHUM BUMOTaM OOJIaqHaHHS, Je(INUT IHBECTHLIMHOTO KaIliTaly Ta TPUBAIHMA
TEPMiH OKYITHOCTI TaKO1 TEXHIKH.

VY mepcneKkTuBi aBTOMaTH3allisl Ta poOOTH3alis CaliBHHITBA I'PYHTYBaTHMYThCS Ha TPHHIMIIAX
TOYHOTO 3eMJIEpOOCTBA 3 ypaxyBaHHSM rairy3eBoi crenudiky. KirouoBUMH KOMITOHEHTaMH [ILOTO TPOLIECY
€. KOMIUIEKCHHH MOHITOpUHT Ta |0T-pilieHHs] — BUKOPUCTAHHSI CEHCOPIB BOJIOTOCTI IPYHTY, NATYHKIB
CKaHyBaHHS KPOHU Ta iHIITNX IHTEIEKTYaJIbHUX MMPUCTPOIB TSI 300pY JaHUX Y pealbHOMY 4aci; TEXHOJIOT11
mudepeHITiiOBaHOTO BHECEHHS ITOXKMBHUX PEUOBHH Ta 3aCO0IB 3aXHCTy POCIHH, IO aJaNTYIOTHCS IO
BapiaTUBHOCTI HAcaKEHB, T100aIbHI HaBirariiHi cymytarkosi cucremu (GNSS/GPS) mist 3a6e3mneueHHs
MIPOCKTYBaHHS CaliB, MUPPOBOTO KapTorpadyBaHHSI Ta aBTOHOMHOTO TTIOTYBaHHS TEXHIKH B MUKPSIUIIX.

BucnoBok. B pe3ynbTari T0oCHiKEHHS BCTAHOBJICHO, IO CaAiBHUIITBO MepeOyBae Ha IOYaTKOBOMY
eTami TpaHcopMalii, 3yMOBJIEHOI MOCTYNOBHM II€PEXOJOM BiJ MEXaHi30BaHUX O aBTOMAaTH30BaHUX
TexHoorii. Lle cripusie migBuIIeHHIO e(heKTUBHOCTI BUPOOHHIITBA 1 CTATIOMY PO3BHUTKY Taiy3i.

3’s1coBaHO, MPUYNHH HEJJOCTATHHOT'O BUKOPHCTAHHS MAIIMH 1 aBTOMAaTH30BaHUX CUCTEM, BU3HAUCHO
(dakTopH, 10 TaTbMYIOTh 1X BIPOBAPKEHHS, Ta HUISXM MOAONAaHHS WX MEpelKkoa. BuzHaueHo OCHOBHI
HampsIMHA MeXaHi3allii, aBTOMAaTu3aIlii Ta MOJICPHi3allil TeXHOJOTiH y caJliBHUIITBI.
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6) 2)
Puc. 6. PooornsoBani miargopmu 1Js 30MpaHHs II0AIB: @) — miaardopma i3 3axsaramu
«MAJBIAMUY | MHEBMATHYHHM MPUBOAOM; 0) — mJaTdopmMa 3 JiTalouuMH po6oTaMu; ¢) —
3aXOMNJIEHHS KMPHCOCKAMMY; 2) — 3aXOIUIEHHS 32 MPUHIIMIIOM POGOTH KUCTi PYyKH.

BukopuctanHs poOOTOTEXHIKM Ta INTYYHOTO I1HTENEKTY IMiATBEPAMIIO 3HAYHWN ITOTSHITIAN IS
MiZIBUIIEHHS TMPOIYKTHUBHOCTI Ta MiHIMI3aIii BTpaT Yy CaXiBHUITBI. 3aBISKH METOJaM TOYHOIO
3eMiIepoOCTBa BIAJOCSA ONTHMI3yBaTH PO3MOALI pecypciB (BoaH, HOOPHB 1 3aco0iB 3axHCTy), IIO
3a0e3meumio 3pOCTaHHs BpOKaWHOCTI. Jlisi MacmTaOHOTO BIPOBAKCHHS WX IHHOBAIIH KPUTHIHO
BKJIMBOIO € MOJAIbINIA CHHEPTist MXK PO3POOHUKAMH TEXHOJIOT1H Ta (haXiBISIMU rairysi.
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O. B. bonaapyk, A. C. Ocaguuii, M. C. BaBaiok
Jhyybkutl HAYiOHANbHULI MEXHIYHULL YHIBepcumem

ONTUMIZAIIA MAPHIPYTIB KYJbTYPHOI CHIAIIIIMHA METOJIAMU TEOPII
I'PA®IB: MEPEXKA MY3EIB TA "JIYIbKI KJIUKYHU"

Anomauia. Y cmammi po3enadacmsca 3a0aua anzopummivHoi onmumizayii mypucmusuHux mapuipymis Ha MaKpopieni
(pezion) ma mikpopieni (micmo) na ocmnosi meopii zpagis. /JJocnioxncenns 6azyecmovca Ha 060X RPAKMUYHUX Kelicax y
Bonuncukiii oonacmi: mepesnci 3 1 my3eie ma memamuunozo niwoxionozo mapupymy 3 21 ckynonmypu «JIyyvxux Knuxynie».
Kynomyphi 06" ekmu 3m00e1608aH0 y 6u21A0i 6ePUIUH 36a)ceHUX Zpaghis, Oe 6azaMu 6UCHYRAIOMY I0CIMAHI A00 eumpamu Ha
nooopoc. Ilpozpamna peanizayin na mosi Python 06'conye pizni anzopummiuni nioxoou: 01 no6yoosu eghpekmusHuUxX YUKIi6
Mmy3eiinoi mepesici 3acmocoeano anzopummu /leiuxcmpu, Kpyckana ma espucmuKky Haiidauicuozo cycioa, a ona onmumizayii
MicbK020 mapwipymy (3a0aua Komieosdcepa) - KOMOIHayilo xHcadibnozo anzopummy 3 JOKAIbHOIO onmumizayieio 2-0pt.
Pezynomamu niomeepoxycyoms yHieepcanvHicms po3poonenozo nioxooy: cghopmosano Haodiiiny mooens 0aa pezioHanbHo20
NAHYBAHHA MA PO3PAXO6AHO ONMUMANLHUN RIWOXIOHUI mapuipym 008xcunoro 11,5 km, docmynuuit ona oonodennoi
eKCKypci.

Kntouosi cnosa: meopin epagis, 3adaua xomisosicepa, onmumizayis mapwipymy, aircopumm Jletikcmpu, anreopumm
Kpyckana, nocicmuxa mypusmy, kyiemypua cnaowuna Bonuni, Python, Jlyyex, Jlyyeri Knukynu, aneopumm 2-0pt, mampuys
Jlannaciana.

0O.V. Bondaruk, A. S. Osadchyi, M. S. Vavdiiuk

OPTIMIZATION OF CULTURAL HERITAGE ROUTES USING GRAPH THEORY
METHODS: MUSEUM NETWORK AND "LUTSK KLIKUNS"

Abstract. This paper addresses the problem of mathematical modeling and algorithmic optimization of tourist routes at
macro- (regional) and micro- (urban) levels using graph theory. The research is based on two case studies in the Volyn region:
a logistic network of seven key museums and a themed walking route featuring 21 ""Lutsk Klikuns' bronze sculptures. The
methodology involves representing the spatial distribution of cultural objects as weighted undirected graphs, where edges reflect
real logistical costs (time, fuel, or pedestrian distance). The software implementation, performed in Python (Jupyter Notebook,
NumpPy), integrates distinct algorithmic strategies for different scales. For the regional museum network, Dijkstra’s algorithm,
the Nearest Neighbor heuristic, and Kruskal’s algorithm were applied to construct a minimum spanning tree and cost-efficient
cycles. For the urban pedestrian route, a combination of the Greedy algorithm and 2-opt local optimization was employed to
solve the Traveling Salesman Problem. The results demonstrate the universality of the proposed approach: a logistically sound
itinerary minimizing transit costs was created for automobile tourism, while an optimal pedestrian path of approximately 11.5
km (starting from point A1) was calculated for the city tour. The practical significance of the work lies in automating the
planning of cultural expeditions and enhancing the tourist experience through scientifically grounded navigation.

Keywords: graph theory, Dijkstra's algorithm, Kruskal's algorithm, tourism logistics, cultural heritage of Volyn, Python,
Traveling Salesman Problem (TSP), route optimization, tourism, Lutsk, Lutsk Klikuns, 2-opt algorithm, Laplacian matrix.

Introduction. Efficient planning of tourist routes between cultural heritage objects is an important
practical task in modern urban navigation and decision-support systems [3, 7]. Museums and historical
landmarks can be naturally represented as vertices of a weighted graph, where edges correspond to travel
distances or time costs between locations [8]. Within this framework, classical graph algorithms provide a
reliable mathematical and computational foundation for solving route optimization problems related to
tourism and cultural infrastructure, such as the Traveling Salesman Problem (TSP) or Vehicle Routing
Problem (VRP) [1, 9]. Fundamental approaches, including Dijkstra’s algorithm and local search heuristics
like 2-opt, remain relevant for creating practical navigation solutions [2, 6].

Lutsk, the historic center of the Volyn region, serves as an ideal case study for applying these methods
due to its unique cultural heritage. One of the modern tourist attractions of the city is the "Lutsk Klikuns"
(town criers). Historically, these were guards who patrolled the castle walls, announced the time, and
warned of danger. Today, the memory of this profession is preserved in the form of 21 bronze sculptures
installed in various parts of the city. While the cultural value of these objects is undeniable, their
geographical distribution presents a logistical challenge. The sculptures are scattered across the city - from
the central park and the Old Town to remote railway areas. Similarly, on a regional level, the network of
museums in Volyn requires efficient logistical planning to minimize travel costs between distant
settlements.

For a tourist unfamiliar with the topography, visiting these locations can turn into a chaotic and
exhausting experience, leading to wasted time and missed objects. Therefore, the task of building optimal
routes - both for pedestrian city tours and regional vehicle travel - using mathematical modeling is an urgent
scientific and practical task.
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The scientific novelty of this study lies in the integrated application of classical graph algorithms to
a small-scale regional cultural heritage network based on real geographic data, combined with comparative
evaluation using MST as a lower bound.

Analysis of recent research and publications. The problem of finding the shortest route through a
set of points is known in mathematics as the Traveling Salesman Problem (TSP). Since finding an exact
solution for a large number of vertices is an NP-hard problem, heuristic algorithms are usually employed in
tourism applications. Scientists such as Applegate and Cook [1] have significantly advanced the methods
of solving TSP.

For determining shortest paths in weighted graphs with non-negative edge weights, Dijkstra’s
algorithm remains one of the most widely used methods, as stated in [2]. In applied routing and navigation
problems, greedy heuristics such as the Nearest Neighbor method are often combined with shortest-path
computations to construct feasible visiting sequences within acceptable computational time. To further
optimize the route, local search methods like k-opt (Lin-Kernighan) are used, as described in the works of
Helsgaun [6].

In the field of logistics and vehicle routing (VRP), significant contributions have been made by Toth
and Vigo [9]. However, most existing navigation solutions focus on automobile transport, ignoring the
specifics of pedestrian infrastructure (sidewalks, crossings, park paths) and the unique requirements of
urban cultural heritage sites, a gap highlighted in recent studies by Gavalas [3, 4] and Rodriguez [8].

Unsolved aspects of the general problem. Despite the extensive theoretical development of graph
algorithms, their application to small-scale cultural heritage networks based on real geographic data remains
insufficiently documented. In particular, the combined use of shortest-path algorithms and greedy route
construction methods for museum networks has not been thoroughly analyzed in the context of applied and
educational research. This creates a gap between theoretical algorithmic studies and practical route-planning
solutions for regional cultural tourism. Furthermore, in practical terms, existing general navigation
applications (such as Google Maps or Waze) typically focus on building a route between two points.
Creating a multi-point itinerary (e.g., involving 21 distinct locations) with automatic sequence optimization
remains a non-trivial task for standard users. Currently, there is no scientifically grounded, optimized route
for specific cultural products like the "Lutsk Klikuns™ quest that takes into account the real topology of the
city's pedestrian network.

Paper objective. The goal of this paper is to develop and implement a unified algorithmic approach
for optimizing tourist routes at both regional and urban scales using classical graph theory and heuristic
methods within the Python programming environment. The study targets two distinct practical applications:
constructing an efficient logistic network between museums in the VVolyn region and generating an optimal
pedestrian route for visiting all 21 "Lutsk Klikuns" sculptures. In this research, optimality is defined in a
practical sense - as the construction of closed routes where total length is minimized subject to real
geographic data and infrastructure constraints. The proposed approach does not aim to find a global exact
solution to the Traveling Salesman Problem (TSP), but rather to obtain near-optimal, computationally
efficient itineraries suitable for real-world tourism. The effectiveness of the developed solutions is evaluated
by minimizing total travel distance and comparing the results against theoretical lower bounds, such as the
minimum spanning tree of the network.

Main material. Case Study: Regional Museum Network. 1. Problem formulation. Mathematical
modeling of a tourist route requires representing the inter-city space as a weighted graph G = (V, E), where
the set of vertices V represents museums, and the set of edges E represents transport routes between them
(visualized in Fig. 1). Ve € E has a weight w(e) corresponding to the geographical distance in kilometers.

In this study, we consider the problem of constructing an optimal tourist cycle that starts and ends at
the same vertex. A key feature of this problem in a real environment is that the optimal sequence of visits
to all museums does not always allow for a simple Hamiltonian cycle. Due to the specific location of roads,
the shortest path between two non-adjacent attractions in the sequence may require passing through already
visited vertices or edges more than once. Therefore, the tourist route is defined as a closed walk of minimum
total weight L = X w(e;) which covers all target vertices of the graph. This formulation reflects realistic
transport constraints and allows intermediate transit through previously visited locations when necessary.

To ensure consistency, several formal assumptions have been made. We assume that the graph is
connected, which guarantees that every museum is accessible from any starting point. Distances are
considered symmetric, w(v;, v;) = w(v;, v;). In addition, the model relies on triangle inequality, i.e., the
weight of an edge between two vertices is always less than or equal to the sum of the weights of any
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alternative path between them. These assumptions allow us to consider the distances between landmarks as
a metric space.

Fig. 1. Graph representation of the Volyn museum network.

Description of algorithms. The problem of constructing an optimal tourist route is a practical
application of the traveling salesman problem (TSP), which is classified as an NP-hard problem. For the
purposes of this study, we use a combination of classical graph algorithms to achieve an effective routing
strategy for various urban cultural sites.

Dijkstra's algorithm. Dijkstra's algorithm is used to determine the shortest path between any two
vertices in a basic transport network. In our study, we apply this algorithm to calculate the distance matrix
nxn for selected sets of objects, ensuring that each pairwise distance used in subsequent steps is the absolute
minimum allowed by the urban infrastructure.

Nearest Neighbor (NN) heuristic. To build a sequence of visits, we use the nearest neighbor
heuristic. This “greedy” algorithm starts from a selected location and repeatedly visits the nearest unvisited
object until all locations are included, finally returning to the starting point. This approach is particularly
effective for tourist navigation because it mimics natural human decision-making.

Kruskal's algorithm. We use Kruskal's algorithm to construct the minimum spanning tree (MST)
of the network. The MST represents the minimum connection cost and serves as a theoretical benchmark
for evaluating the efficiency of routes generated by the nearest neighbor method.

Data description. The effectiveness and accuracy of route optimization directly depend on the quality
of the input spatial data. For case study 1, a group of seven key cultural sites in the Volyn region was
selected: Kamin-Kashyrskyi Folk Museum of Local History, Luboml Local History Museum, The Kosach
Estate, Volyn Regional Museum of Local History, Lobnensky Museum of Partisan Glory, Museum of Flora
and Fauna of Shatsk Forest College, Volodymyr Historical Museum named after O. M. Dvernitsky.

Information about these institutions, their exact geographical location, and status was collected based
on data from open government and specialized sources. In particular, materials from the information portal
“Museum Space of Volyn,” data from the Museum Fund of Ukraine, and official web resources of territorial
communities were used. A 7x7 distance matrix was created to represent the distances between these objects
mathematically (Table 1). Data was collected by analyzing routes on Google My Maps online maps. This
made it possible to obtain real distance measurements in kilometers, taking into account the public road
network of the Volyn region and the optimal routes between settlements. It should be noted that some
elements of this matrix are undefined. This is due to the geographical location of objects in different areas
of the region and the peculiarities of the road infrastructure: in certain cases, direct road connections
between two museums may be irrational. In such situations, the algorithm considers these routes to have
infinite weight (w = o), which encourages the construction of a route through key logistics hubs and main
roads in the region.

1- Kamin-Kashyrskyi Folk Museum of Local History

2 - Luboml Local History Museum

3 - The Kosach Estate
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4 - Volyn Regional Museum of Local History

5 - Lobnensky Museum of Partisan Glory

6 - Museum of Flora and Fauna of Shatsk Forest College

7 - Volodymyr Historical Museum named after O. M. Dvernitsky

Table 1
Distance matrix between museums in kKilometers

1 2 3 4 5 6 7
1 0 - 61.8 - 60.6 - -
2 - 0 59 - - 32 52
3 61.8 59 0 66 - 93 60
4 - - 66 0 151.1 - 77
5 60.6 - - 151.1 0 - -
6 - 32 93 - - 0 -
7 - 52 60 77 - - 0

Experimental implementation. To verify the theoretical models described for case study 1, a software
implementation was carried out in Python. Below is a description of the development environment, a
detailed analysis of the code construction logic, and the stages of calculating the optimal route for the
selected museum network.

The algorithms were developed and tested in the interactive Jupyter Notebook environment. This tool
was chosen because it allows step-by-step execution of computational blocks, which is critical for verifying
the intermediate results of the Dijkstra algorithm. The environment allows for isolated debugging of
individual modules - from the preparation of the initial matrix to the final reconstruction of the path - and
instant verification of the state of data arrays without the need to restart the entire program. The NumPy
library was used for manipulating numerical data and working efficiently with the distance matrix.

The process of finding the optimal path is based on the sequential execution of the main stages of
data processing, which are implemented in the form of interconnected functions in the Jupyter Notebook
environment.

Module for finding the shortest paths (Dijkstra’s function). The program uses a graph adjacency
matrix that was manually initialized based on collected geographic data, where pairs of museums without a
direct connection are assigned an infinite value. The dijkstra function calculates the minimum distances
from each of the 7 points to all others. This iterative process allows the program to select the nearest
unvisited vertex each time and update the weights of the paths through it. In parallel with this, a list of
predecessors is formed - a data structure that remembers the node from which we arrived at the current
point, which is key for further visualization of real movement.

Tourist cycle formation module (tsp function). At the next stage, using the already formed complete
matrix of shortest distances dist_matrix, the “nearest neighbor” strategy is implemented within the tsp
function. Starting from the selected starting point start_node_index, the algorithm sequentially selects the
nearest unvisited museum until it covers all 7 locations in the area. An important feature of the developed
logic is automatic route closure: after visiting the last object, the program independently calculates the return
path to the starting point, forming a complete cycle.

Transit route reconstruction module (reconstruct_path function). The final stage is devoted to the
complete reconstruction of transit routes. Since direct connections between individual museums in Volyn
are often impossible, the program uses the reconstruct_path function. It works on the basis of an array of
predecessors and recursively unfolds each segment of the route, adding all the necessary intermediate nodes.
This transforms an abstract sequence of museums into a detailed chain of indices, a path list suitable for
navigation.

Connectivity analysis using Kruskal's algorithm (kruskal function). A separate block of the program
is dedicated to constructing a minimum spanning tree (MST) using the kruskal function. The process
involves sorting all available road connections by length and gradually adding the shortest edges to the
overall network. To manage connectivity components and prevent the formation of cycles in the code, a
system of auxiliary functions is used, where get_root searches for the root for the current set using the path
compression method, while join_sets and join_groups provide logical merging of components, with
join_groups interacting directly with root elements to establish connections between different groups of
vertices. This complex algorithm allows us to determine the theoretical minimum length of roads required
to connect all seven museums into a single network, which becomes a benchmark for comparison with the
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results of the tourist route obtained. The complete implementation of the features discussed above can be
accessed in our GitHub repository [11].

Case study: Cultural Heritage Trail "Lutsk Klikuns'. 1. Problem formulation. To solve the
problem of optimizing the excursion route, the apparatus of graph theory was used. The city road network
is modeled as a weighted graph G = (V, E), where V = {v1, v, ..., vn) is the set of vertices corresponding
to the locations of the "Lutsk Klikuns" sculptures (n = 21), and E is the set of edges connecting them. Each
edge (i, j) is assigned a weight w;j;, which corresponds to the pedestrian distance between points i and j in
meters.The task is reduced to finding the Hamiltonian path (or circuit) of minimum length that passes
through all vertices of the graph exactly once. Mathematically, the objective function for the Traveling

Salesman Problem (TSP) is minimized:
n—-1

L= Z Wpipirs T Wppp, = TUR
i=1

where p is the permutation of vertices representing the order of visiting the objects.

Description of algorithms. The computational experiment was conducted in the interactive
environment Jupyter Notebook. The software implementation was performed using the Python 3.13.5
programming language [10]. A distinctive feature of the developed solution is the refusal to use heavy
external frameworks for graph processing. Instead, a native implementation of algorithms [2] was created
using standard Python libraries, which ensures high code performance and ease of deployment.

1. Microsoft Excel was used to collect, structure, and store the initial dataset (coordinates and
distance matrix).

2. Google My Maps service was used to visualize the route nodes and verify the pedestrian
accessibility of the paths.

3. The complete source code and dataset are available at GitHub repository [12]

Two algorithmic approaches were implemented in the program code to find the solution:

a) Greedy Algorithm (Nearest Neighbor). The basic algorithm selects the nearest unvisited node as
the next step. It is computationally fast but often leads to suboptimal solutions due to "local traps", creating
excessive loops at the end of the route.

b) 2-opt Heuristic Optimization. To improve the route obtained by the greedy method, the 2-opt local
search algorithm was applied manually. The essence of the method is to iteratively check for intersections
in the route graph. If the inequality holds:

dist(4,C) + dist(B,D) < dist(A,B) + dist(C,D)

then edges (A, B) and (C, D) are removed, and the route is reconnected through edges (A, C) and (B,
D). This procedure is repeated until no further improvements are possible, eliminating inefficient "zigzags"
in the path.

Research results. Case Study: Regional Museum Network. To verify the theoretical models
described above, a software implementation was developed in the Python programming language. This
section outlines the computational environment, the structure of the implemented algorithms, and the main
stages involved in constructing an efficient tourist route for the selected museum network.

The algorithms were implemented and tested in the interactive Jupyter Notebook environment. This
environment was chosen because it supports step-by-step execution of computational blocks, which is
essential for monitoring intermediate results, particularly during the execution of Dijkstra’s algorithm. Such
an approach enables isolated debugging of individual modules, ranging from the initialization of the
distance matrix to the final reconstruction of the tourist route. Numerical computations and matrix
operations were performed using the NumPy library [5].

Analysis of the routes obtained. The use of the Dijkstra function made it possible to form a complete
distance matrix, eliminating the problem of the absence of direct roads between distant objects.
Visualization of one of the constructed routes (Fig. 2), starting from the Volyn Regional Museum of Local
History (vertex 3, Lutsk), demonstrates the algorithm's ability to construct a complete logistical trajectory.
The total distance of the calculated tourist cycle was 574.50 km, which is an acceptable indicator for a
multi-day car trip through the region.

During the experiment, the optimal route was obtained with the start and end at vertex 3 (Lutsk): 3
—-2—-1-55—-51-6—2—>0—4— 3. Analysis of this sequence shows that although tourists have to
pass through certain nodes (for example, vertices 1 - Luboml and 2 - Kolodyazhne) more than once, such a
route is mathematically and practically the most optimal for this road configuration. Repeated visits are due
to the tree-like structure of the road network in certain parts of the region, where certain locations have a
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limited number of connecting highways. Returning through already visited points in such conditions is a
necessary condition for minimizing the total distance compared to using significantly longer detours. The
efficiency of the constructed route was assessed by comparing its total length (574.50 km) with the weight
of the minimum spanning tree (MST), which was 331.4 km. In this study, the MST acts as the lower limit
of theoretical connectivity. Although the tourist cycle exceeds the MST in length, this is explained by the
need to close the route and return to the starting point, as well as the specifics of transit routes. The small
gap between these indicators, given the actual topology of the roads, indicates the high quality of the
solution found.

The developed approach has direct practical significance for the development of domestic tourism,
since automated calculations allow for the optimization of fuel and time costs for organized tour groups and
the creation of dynamic itineraries that can be adjusted to the selected starting point (e.g., Lutsk, Volodymyr,
or Luboml), and provide effective logistical support for regional cultural events.

Despite its successful implementation, the study revealed certain limitations of the nearest neighbor
heuristic used. The main drawback is the algorithm's “short-sightedness™: in the final stages of cycle
construction, it may be forced to choose very long edges to return to the remaining points, which sometimes
significantly increases the final distance. In addition, the model is based on static geographical distances
and does not take into account dynamic factors such as current road conditions, traffic jams, or seasonal
traffic restrictions.

The experiments confirmed the viability of the mathematical model. The resulting route is logistically
justified and demonstrates a balance between the complexity of calculations and the quality of the final
result. Further improvement of the system may consist in the integration of local search algorithms (e.g., 2-
opt) to minimize route intersections and take into account the opening hours of museums.

Fig. 2. Visualization of one of the routes (starting point - Volyn Regional Museum of Local
History), constructed based on the application of algorithms.

Case study: Cultural Heritage Trail ""Lutsk Klikuns'. The starting point was chosen as A1, where
the sculpture "Radyk Zadovolenyi" is located. To interpret the matrix, the correspondence of codes to the
first 7 sculptures is as follows: Al - Radyk Zadovolenyi, B2 - Zustrichayko, C3 - Hnat, D4 - Vasyl
«Soloveiko», E5 - Franyo, F6 - Khvatské and Prudk6, G7 - Knyzhko. The first result of the study is the
distance matrix calculated for these points. A fragment of this data is presented in Table 2. For better visual
perception, a color gradient is applied to the cells: the darker the shade, the greater the distance between the
objects. The full distance matrix is provided in the “Distance matrix” worksheet of the “Table for the
graph_Lutsk Klikuns_.xlsx” file, available in the repository [12].

Before applying the routing algorithms, the structural properties of the graph were analyzed using the
Laplacian matrix. Given the large dimension of the network (n = 21), the full matrix is provided in the
“Laplacian matrix” worksheet of the “Table for the graph_Lutsk Klikuns_.xlsx” file, available in the
repository [12]. Below is the principal fragment (Table 3) corresponding to the first 7 vertices (7x7).
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Table 2
Fragment of the distance matrix between the first 7 locations of "'Lutsk Klikuns' in meters

The algebraic properties of this matrix (specifically the Fiedler value A, > 0) confirm that the graph
is fully connected, allowing for the construction of a valid Hamiltonian cycle.

The geographical distribution of the 21 historical sculptures ("vertices") across the city map is shown
in Fig. 3 (a). The same figure also illustrates the constructed pedestrian graph (Fig. 3 (b)), including all
potential edges between the tourist objects, which demonstrates the high density and complexity of the route
network.

a) b)
Fig. 3. Location of the ""Lutsk Klikuns' vertices and visualization of the pedestrian graph
edges on the city map.

For the mathematical analysis, the pedestrian network was represented as an abstract weighted graph
(Fig. 4 (a)) suitable for algorithmic processing. An initial route was constructed using a Greedy heuristic
and then refined using the 2-opt optimization algorithm. The resulting Hamiltonian path and the
corresponding structural graph model are shown in Fig. 4 (b).

Route sequence: Al (Radyk Zadovolenyi) — B2 (Zustrichayko) — C3 (Hnat) — D4 (Vasyl
«Soloveiko») — E5 (Franyo) — F6 (Khvatsk6 and Prudké) — L12 (Vertun) — N14 (Klikun Andrii) —
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M13 (Vartko and Vartko) — O15 (Stephan) — T20 (Vogniar) — U21 (Mykytovych) — S19 (Bratko and
Bratko) — R18 (Providnyk) — Q17 (Kliuchnyk) — P16 (Kavus) — K11 (Muzyka) — J10 (Trylinko) —
19 (Zirko) — G7 (Knyzhko) — H8 (Semen Gust).

a) b)
Fig. 4. Graph model of connections between tourist objects and the optimized pedestrian
route obtained using the Greedy + 2-opt algorithm.

Quantitative indicators:

1. Total number of vertices: 21.

2. Number of unique edges analyzed: 210.

3. Total length of the optimized route: 11,503 meters.

Visual analysis of the built route (Fig. 4 (b)) shows that the algorithm successfully avoided large
""zigzags" and backtracking. For a tourist moving at an average speed of 4 km/h, the pure walking time will
be approximately 3 hours. Taking into account stops for photos and sightseeing (10-15 minutes per point),
the total duration of the excursion will be 6-7 hours, which fits perfectly into a one-day tourist program.
Without optimization, a random search for these locations could exceed 15-18 km, which is physically
difficult for an unprepared person.

Conclusions. The study confirms that classical graph algorithms can be effectively applied to
practical route planning problems in cultural tourism, bridging the gap between theoretical models and real-
world navigation. The obtained results demonstrate the feasibility of combining shortest-path algorithms
with heuristic methods for both regional and urban navigation tasks.

Case Study: Regional Museum Network.

1. Algorithmic Efficiency. The integration of Dijkstra's algorithm with the Nearest Neighbor heuristic
successfully generates a complete and mathematically valid tourist cycle, effectively managing missing
direct connections by calculating optimal transit paths. The calculated total route distance of 574.50 km
demonstrates a reasonable and acceptable deviation from the theoretical lower bound established by the
Minimum Spanning Tree (331.4 km). However, while the computational approach is highly efficient for
small-scale networks, the Nearest Neighbor heuristic exhibits a "short-sightedness™ limitation in the final
stages of cycle construction, which can occasionally lead to the selection of longer return edges.

2. Practical Feasibility. The proposed model successfully fills the gap between abstract graph theory
and practical tourism logistics by using real geographic data and accounting for the actual road infrastructure
of the VVolyn region. The algorithm effectively accounts for the tree-like topology of regional roads, proving
that traversing previously visited nodes (e.g., Luboml and Kolodyazhne) is a practically justified strategy
to avoid significantly longer detours. Therefore, the generated route is highly practical for real-world
application, offering an optimized, ready-to-use itinerary suitable for car tourism and organized cultural
expeditions.

3. Scalability and Flexibility. The Python-based implementation offers a flexible tool for
recalculating routes based on different starting locations (e.g., Lutsk, Volodymyr, or Luboml). The
program's structure allows for easy scaling, meaning new cultural heritage sites can be added to the network
without altering the core algorithms. Additionally, the model can be further improved by integrating local
search methods (e.g., 2-opt) to resolve path intersections, or by incorporating real-world constraints such as
traffic conditions and museum operating hours.

Case study: Cultural Heritage Trail ""Lutsk Klikuns™.

1. Algorithmic Efficiency. The implementation of the Greedy algorithm combined with 2-opt local
optimization in Python successfully solved the routing problem for the "Lutsk Klikuns" thematic pedestrian
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route. The proposed method reduced the chaotic set of 21 locations into a structured, logistically optimal
route with a total length of 11.5 km.

2. Practical Feasibility. A key advantage of the study is the use of real pedestrian distances rather
than theoretical straight lines (Euclidean distance). This ensures that the generated route is physically
feasible for an average tourist within a single-day excursion (approximately 3 - 4 hours of pure walking
time). Similarly, for the regional museum network, the approach allowed for the construction of
logistically sound loops that minimize travel costs.

3. Scalability and Flexibility. The developed software tool (script in Jupyter Notebook environment)
is universal. It allows for easy scaling of the model: adding new sculptures, changing the starting point (e.g.,
from Al to any other location), or adapting the algorithm for other cities without significant code
modifications. This provides a flexible technological foundation for the future development of smart
tourism in the VVolyn region.
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Jhyybkuil HAYioOHAILHUL MEeXHIYHUL YHIGepcumem

POBOTOTEXHIKA - IIIJISAX 3AITPOBA[)KEHHS PEBOJITIONII 4,0 Y CLZIbCLKOMY
IroClHOJAPCTBI

Ha cyuacnomy emani po36umky ciibCbK020Cno0apcuKoi 2any3i 0isa yKpaiHCbKux 6UpoOHUKI8 0CO0IUBO AKMYAIbHOIO €
npoonema Oegiyumy pob6ouoi cunu, w0 Mae 3HAYHUI HEAMUGHUIl 6NUE HA NPOUEC 3ANPOBAOIHCEHHA IHHOBAUINHUX
mexnonoziii. Taka cumyauyin € npamoro 3azpo3010 npodykmoeoi 6e3nexu kpainu. OOnum i3 aKmyanbHuxX HAnPAMKI@ 6UPIUIEHHS
0anoi npoonemu € po3pooIAHHA ma 3anPoeadHceHHs pooomie, AKi 30amui 3aminumu J10OUHY i UKOHY8AMU MEXHO102iuHI
onepauii agmoHoOMHO. Y cmammi 6UKOHAHO 021170 POOOMiE, AKI AKMUBHO 3ANPOGAOHCYIOMBCA 6 CLIbCbKOZOCNO0APCLKOMY
eupoonuymei. Ak noxazae 02na0 0ocnioxycensb i YUHHUX KOHCMPYKYIN poOomie, 60Hu 30amHi 6UKOHYsamu pi3HOMAHImMHI
mexHono02iuni onepayii 6i0 MOHIMOPUH2Y RO 00 ROCIBY 1l 300pY 8POIHCAI0 MUM CAMUM 3MEHULYIOMb 3ANEHCHICIb 6i0 pyuHOoi
npaui. Ilpu ybomy 3nauHumM YUHOM 3POCMAE NPOOYKMUBHICIb UKOHAHUX POOIm i AKICMb 20M OG0T RPOOYKUL.

Knrwwuosi cnosa: pobom, pobomomexuniuna cucmema, CiibCbke 20CN00apCcmeo, iHHosayil, asmomamusayis.

S. Yaheliuk, V. Puts, V. Martyniuk
ROBOTICS — THE PATH TO IMPLEMENTING INDUSTRY 4.0 IN AGRICULTURE

At the current stage of development in the agricultural sector, the labor shortage is a particularly pressing issue for
Ukrainian producers, significantly hindering the adoption of innovative technologies. This situation poses a direct threat to the
country’s food security. One of the most promising approaches to solving this problem is the development and deployment of
robots capable of replacing human labor and performing agricultural operations autonomously. As a review of research and
existing robot designs has shown, they are capable of performing a variety of technological operations, from field monitoring
to sowing and harvesting, thereby reducing dependence on manual labor. At the same time, the productivity of the work
performed and the quality of the finished product increase significantly, while the negative impact on the environment decreases.
This article provides an overview of robots that are being actively introduced into agricultural production. The advantages and
challenges of robot implementation are outlined. It has been established that the creation of swarm robotic systems is a
promising direction for the development of robotics in agriculture.

Keywords: robot, robotic system, agriculture, innovation, automation.

IMocTanoBka mpo6semu. Bueni-arpapii, BUpOOHHKH Cy4YacHO! CIIBCHKOTOCIIONAPCHKOI TEXHIKH,
CIIPSIMOBYIOUHM CBOi JIOCHI/DKCHHS Ha BHUPIMICHHS NpoOieMrd 3a0e3NedeHHs JIFOACTBA MPOIYKTaMHU
XapuyBaHHS. 3 II€I0 METOI0 OCTaHHI POKH MH CIIOCTEPIra€éMo akTHBHE PO3POOJISIHHS Ta 3aCTOCYBaHHS
NepeAOBUX TEXHOJIOTIH B arpapHOMY CEKTOPI.

AKTUBHUI PO3BHTOK CKJIQJIHHX TEXHOJIOTiH, IO 0a3yloThCSd Ha BHUKOPHUCTaHHI maTdwkiB, GPS
TEXHOJIOT1H, pO3pOOJISIHHS aBTOHOMHUX MAIlIMH JJO3BOJISIOTH 3HAYHIM YHHOM CKOPOTHTH BTPATH yPOXKalo,
ONTUMI3yBaTH BHKOPHCTaHHS PECYPCiB, MiIBUILINTH MPOAYKTUBHICTH W peHTaOENbHICTh BUPOOHHLTBA B
yCiX ra;y3sx CiUIbCBKOTO rocroaapcTBa. B ymoBax cinbebkoro rocmonapcrsa 4,0 BUpOOHUKH BUPILTYIOTH
nemorpadiuni mpobiaemu (HecTaya poGOYMX PyK), OOMEXEHHX PECYPCIB, 3MIHM KIiMaTy Ta IIOBTOPHOTO
BUKOPUCTAHHS BIIXO/IIB.

Y 4KOCTi KIIOYOBOTO acHeKTy pO3BUTKY Cilbcbkoro rocmomapctBa 4,0 MoxHa BiAMITHTH
pO3pO0JISHHS Ta 3ampOBaHKCHHS POOOTIB TSI BUKOHAHHS Pi3HUX 3a71ad SK Y POCIMHHHIITBI Tak W B
TBAapUHHUIITBI.

AHaji3 ocTaHHIX mocaimkeHb i myOaikamiii. 3ampoBa/KCHHS TEXHOJOTIYHUX IPOLECIB i3
BHKOPHMCTaHHSAM po0OTiB, OaratbMma aBTOpaMu [1, 2, 3] MO3HUI[OHYETHCA SK HEPCICKTUBHHUI HAIIPSIMOK
BUpILIEHHS po0iieMu AedinuTy pod0oUoi CHiIH y CLIBCBKOMY TocronapceTsi. KpiM Toro, po6oTu 3a paxyHOK
iMiTaIlil pyXiB JFOJMHU, 3aMiHSIOTh IX T/l YaC BUKOHAHHS CKJIQJIHUX MIPOIIECIB, @ TAKOXK Y HEOC3MEUHUX IS
3I0pOB’s JroeH ymoBax [3], 3a0e31euy0Th BUCOKY TOYHICTb 1 IKICTh BUKOHAHHS po0iT [2].

CiTbChbKe TOCTIONAPCTBO BUKOHYE CKIIATHE 3aBIAaHHS — 3a0€3MEUCHHS XapuoBOi OC3MEKH JTIOCTRA.
OpHOYacHO Tepejl HUM CTOITh I1o0aibHa Mpo0sieMa 3MEHIICHHS BUKH/IIB Y HABKOJIMIIHE CEPEIOBHIIIE.
Bigomo, 1o y cinmbcbkOMY rocrnofgapcTsi BiiOyBaeTbcs HAKONMUYCHHS B IPYHTaX, BOAHUX JKepelax Ta
aTMocdepi HaTUIIKOBOI KUTBKOCTI HeOe3meuHnx pedoBuH. KpiM BIUIMBY Ha 37I0POB’S JIFOAWHY, BHKUIH
BiJl CUIBCBKOTO TOCIIOAApPCTBA TAaKOX INKOMIATH YPOXKAK0, 3HWKYIOTh YPOKaHHICTh, YIIKOIKYIOTh
SKOCHCTEMH Ta 3MEHIIYIOTh 0i0pi3HOMaHITTs [4]. BupimmTu gaHy npodiemMy 10moMararoTb poOOTH.

3 ypaxyBaHHSIM IOT0, 0araTo BUYEHUX 30CEPEIKYIOTh CBOI HAYKOBI JJOCIIIPKEHHSI Ha BUPIIIEH] JaHOT
npobiaemMu. 30KpeMa KPUTHYHO BaXJIMBHM € BHpPINICHHSA MpoOJEeMU 3MEHIIECHHS KIJTBKOCTI
BHKOPHCTOBYBaHHUX y CUTBCBKOMY TOCHOJApCTBI arpoximikaTiB. Ha nanuit yac 00poOka pociuH i3 METOIo
3HHINEHHST Oyp sHIB 1 MPUTHIYEHHS XBOPOO MPOBOAUTHCS 13 3aCTOCYBaHHSAM TiApaBIiYHUX Ta
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riIponHEeBMaTHYHHUX OONPUCKYBaYiB. 32 YMOBH IXHBOI'O 3aCTOCYBaHHS 3HAYHA YaCTHHA XIMiYHMX PEUOBHH
TIOTPAIUIAIOTh OCHOBHI KOMITOHEHTH arpoQiTOIEHO3IB: IPYHTH CLIBCHKOTOCTIONAPCHKUX YTi/b, POCIIHHH,
HaJI3eMHA Ta IpyHTOBa 0i0Ta, IPYHTOBI BOAHM, MOBEepXHEBi BomHi 00’ektu [5]. piOHi kpamii pianHu
MIEPEHOCATHCS BITPOM Ha CYCIJHI IMOCIBH 200 TOJsl, IO MPU3BOAUTE 10 YTBOPEHHS 3aJIHUIIKIB TepOiluIiB
(abo arpoxiMikariB 3arajioMm) Ha CiIbCHKOTOCIIONAPCHKii mpoxykiii. [{e Moxe 3aBmaTH IIKOIH TIOCiBaM, a
TaKO0X MOKe OyTH IepeJaHO KiHIIEBOMY CIIOKUBAYEBI, 1€ 116 MOXKE MaTH 3HAYHUI BILTUB Ha HOTO 3I0POB’ 4.

VY pobGorax [6, 7] aBTOpamm JOBEICHO, IO BUKOPUCTAHHS POOOTIB 1 MITyYHOTO IHTEIEKTY
JO3BOJISIIOTH 3a0€3MeYNTH BHCOKY €(EeKTHBHICTH BUKOPHCTaHHS pecypciB, 30kpema W mectunmpis. Lle
JOCSITAETHCS 32 paXyHOK TOYHOTO BHECEHHSI IIECTHLUIIB Y 30HY PO3BHTKY Oyp’siHiB. [Ipu ibomMy Moxke OyTH
3MEHIICHEe BUKOPHUCTAHHS TepOiuuaiB y cepeansomy Ha 77% [7].

3HayHa YacTWHA HAYKOBUX IIpallb NPUCBSYEHA PO3POOJSHHIO Ta IOCHIIHKEHHIO POOOTIB UIs
30upanHs Bpokaro. PoboTm3oBaHi cuCTeMH 300py BpOXKar0 NMPHBEPTAIOTH YBary SK PIilIeHHS MpoOeM
HecTtaui pobouoi cHii Ta 00MeXeHb ePEeKTUBHOCTI B CiIbCbkOMy rocroaapcetsi [9, 10, 11].

VY poboti [9] aBTOpamu po3pobiieHO Ta AOCTiIKeHO Momaens podora YOLOVBM, skuii 3mateH
aHaTI3yBaTH IUIOAM TOMATIB 3a CTHTJIICTIO B TpoIeci 30MpaHHs. 3aBIIKH TOYHOMY BHSIBJICHHIO CTHTIIHX
wioxi (99,9%) tounicts 300py Bpoxkar craHOBUTH 83,3%, KoedilieHTa MOUIKOMKESHHS BPOXKAIO JIHIIIE
4,0%.

VY nocnimxensi [10] mpenctaBneHo pe3ynbTaT MPOSKTYBAHHSI, Ta OJIBOBOTO BUITPOOYBaHHS poOOTa
Ut 300py TUTPycoBUX. [10JIbOBI €KCIIEPUMEHTH, BUKOHAHI I 142 3pa3kiB MUTPYCOBHUX IOKA3ajH, IO
99% mutoniB Oy:10 3ipBaHO O€3 MOIIKOAKEHb. 3aCTOCYBaHHS POOOTIB 103BOJIMUTH MOBHICTIO aBTOMATHU3yBaTH
30ip BpoOKaro.

Sk 6aunMo 3 aHaNN3y YMHHHX JTOCIHIIKEHL POOOTOTEXHIKA BiMirpae BaXKIHWBY POIb y CLIHCHKOMY
rocnogapctBi 4.0 Ta Bupimye mpoOieMu: CKOPOUYEHHI PydYHOI Mpami, MiABHINCHHS MPOAYKTHBHOCTI
BUKOHAaHHS TEXHOJIOTIYHMX TPOLECiB, 3MEHIIEHHS BHUTPAT, MOKpAIICHHS SKOCTI TOTOBOi MHpOIYKIIii,
3MEHILEHHS €KOJIOTIYHOI0 HABAHTAKCHHS TOILIO.

Meta po6oTu. AHali3 HAPSIMKIB 3aCTOCYBaHHS POOOTIB y CiJIbCBKOMY T'OCIIOapCTBi, BA3HAUCHHS
MEPCIEKTHB 1 0COOIIMBOCTEH IXHBOTO 3alpPOBAKEHHS.

Buxkiaa ocHoBHOro marepiajiay. PoOoTH MIMPOKO BUKOPHCTOBYIOTH SIK Y POCIMHHOCTI, TaK 1 B
TBApUHHUIITBI. PO3TisTHEMO AesIKi KOHCTPYKIN CUTBrocmmpo0OoTiB. Mopeni yHIKadbHI 1 aBTOHOMHI: IS
BUKOHAHHsI HUMH CBOiX (PYHKIIIH y4acTh JIFOJHU aOCOJIOTHO HE MOTpiOHA.

Po6ot mst mpomosoranns Nexus Robotics (puc.1) - aBToHOMHHMI pOOOT 7151 MPOTIONIOBAHHS Ha 0a3i
I, po3pobneHuit A1 OBOYIBHHUIITBA.

Nexus Robotics La Chévre BHKOPHCTOBYEThCS Jjisi aBTOHOMHOIO —TMPOIOJIOBaHHS —Ha
CUIBCBKOTOCIOJAPCHKUX — MOJSIX, OCOONMBO B OBOYIBHMLTBI. YHIKaJdbHa TOYHICTh BHKOHAHHS
TEXHOJIOTIYHOI omepallii BHECEHHS IMECTUIIHIIB JO3BOJIsiE pepMepaM e(heKTUBHO OOPOTHCS 3 MOMIUPEHHIM
Oyp’sHIB, HE 3a0PYIHIOIOYN HABKOJHUIITHE CEPEIOBHIIIC.

Po6ort Bupiurye npobieMy HecTadi poOOYOi CHIIM Ta 3HHXKYE eKCIUTyaTaliiHi BATpaTh. 3aCTOCYBaHHSA
La Chévre 3abesneuye exonomiro repOinmmiB ta ¢yurimmais xo 50%, cnpusiodn OiablI CTIHKEM Ta
OpraHiuHHUM METOJaM BEIEHHS CiIbChKOro rocromapcrsa [12]. Po6oT Takox 30mpae JaHi Ipo MOCIBU Ta
YMOBH BUpOIIyBaHHs], Hajgae depMepaMm iH(popMamilo B PEKHMI PeaJbHOTO Hacy JUIA TNPHUHATTS
OOIPYyHTOBAaHUX PIlIEHb NMPO POAIOYICTH IPYHTY, OOpOTHOY 3 XBOpOOaMH 1 MPOTHO3YBaHHS BPOXKalo.
Cucrema Hasiramii po6ora Bkimouae RTK-GPS, marumki LIDAR. T'ibpuagHa enekTprdHa TpaHCMicis
po0oTa, OCHAIIEHA EIEKTPUIHOIO CHCTEMOIO ITPUBOLY, IO XKUBHUTHCS BiJl aKYMYJISITOPIB, IO 3P KAIOTHCS
BiJ OOPTOBOTO AM3EIBHOTO TeHepaTopa 3abe3neuye po3UIMPEeHy aBTOHOMHICTh POOOTH B TIOI.

Nexus Robotics La Chévre BHKOPHCTOBYEThCS JJIsi aBTOHOMHOTO MPOIOJIOBaHHS —Ha
CITBCBKOTOCITOAPCHKUX — IOJIIX, OCOOJMBO B OBOYIBHHUIITBI. YHIKaJbHa TOYHICTH BHKOHAHHSI
TEXHOJIOT1YHOI onepanii BHECEHHs MECTUIUIIB A03BOJIsiE pepmMepaM e(eKTHBHO OOPOTHUCS 3 MOIINPEHHAM
Oyp’sHiB, He 3a0pyTHIOIOYN HABKOJIHIITHE CEPEIOBUIIIE.

PoGort Bupinrye nmpo6iieMy HecTadi poO0UY0T CHITH Ta 3HUXKYE EKCIUTyaTaIliifHi BUTpaTH. 3aCTOCYBaHHS
La Chévre 3abesneuye exoHoMiro repOinmmiB ta ¢yHrimuais xo 50%, crnpusoun OiablI CTIHKMM Ta
OpraHiYHUM METOJ[aM BEICHHS CiIbcbKOro rocnoaapctsa [12]. Pobot takox 30upae aaHi mpo NociBH Ta
YMOBH BHUPOLIYBaHHs], Hagae depMepaM iH(GOpPMAaLil0 B PEXHWMi pealbHOro Yacy Uil MPUHHATTA
OOIPYHTOBaHUX PIllIEHb TPO POMAIOYICTH IPYHTY, OOpOTHOY 3 XBOpPOOAaMH 1 MPOTHO3YBAaHHS BPOXKAlo.
Cucrema Hasirauii pooora Bkiaroyae RTK-GPS, narunku LIDAR. TiOpuaHa enekTpuyHa TpaHCMicis
po0oTa, OCHAIIEHA EJIEKTPUIHOIO CHCTEMOIO ITPUBOLLY, L0 KUBHUTHCS Bil aKyMYJISITOPIB, 10 3aPAKAIOTHCS
BiJ OOPTOBOTO MHU3EIILHOTO TeHEepaTopa 3ade3neuye po3nIMpeHy aBTOHOMHICTh pOOOTH B TIOJI.
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o
Puc.1. Po6ot nist mponomoBanas Nexus Robotics: a — 3aranbHuii BUTJIsi, 6 — po6oumnii opran

Ha BuctaBui Agritechnica 2025 kommnanis Fendt mpeacraBuna po6ora Xaver GT (puc.2) sikuid
NpU3HAYCHO U1t 00poThOU 3 Oyp’ stHamu Ha oBo4eBUX noJisx [13]. Xomosa yacTrHa poOOTa MICTUTH YOTHPH
KoJieca, sIKi MaloTh He3aJle)KHE KepyBaHHA. Y SKOCTI JKepelia eHeprii BAKOPUCTaHO eNeKTpoABUIYHH. Take
He3ale)kKHe KepyBaHHS A€ MOXKIHBICTE 3 ocoOiamBoio TounicTio Fendt Xaver GT opienrysarucs B
npoctopi. Poboua mBuakicts podota 10 10 km/roa. Po6oT TouHO BU3HAua€e Oyp’siHU, KyJIbTYPHI POCIUHA
3a paXyHOK BUKOPHCTaHHS MTYYHOTO iHTENEKTY. 3a 100y poOoT 31aTeH o0poduaTy 1o 4 ra. 3rifHo naHux
BUPOOHMKA Ta KOPHMCTYBadiB, €KOHOMIWHMI edekT Bix BukopucTanas Nexus Robotics cranoBurth
npubnuzno 1000 monapiB 3 OJHOTO TeKTapy.

Puc.2. Pooor Xaver GT
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Xaver GT naragye aBToHOMHY I1atopmy. POOOT Mae npu 1bOMy MOPIBHSHO HEBEIHMKY Macy — 3 T.
OcobnuBicTIO po0OoTa € MiHIMaJIbHE YIIIIBHEHHS TIPYHTY HABITh I 4Yac 0araTopa3oBHX IPOXOIB.
MiHiMi3yBaTH THCK Ha TPYHT BUPOOHHMKaM BJAJOCS 32 PaxyHOK 3a0e3NeueHHs PiBHOMIPHOTO PO3MOALTY
HABAHTAKEHHS MiX OCSIMHU.

Benpriticbka poboToTexHiuna kommanis OCtinion samycruia MOBHICTIO aBTOHOMHOTO po0oTa s
30MpaHHs NOYHHUIN mix HazBowo Rubion (puc.3). PoOOT aBTOHOMHO pyXaeThCs MO TEIUIUISIM 200 TOJIH0,
BH3HAYA€E CTYMIHb CTUIJIOCTI sIrijl. PoGoumii opran poboTa 34aTeH 3aXOILTIOBATH STO/AU 3 PI3HUM BILTHBOM
Ha HUX (3aJIe)KHO BiJl CTUIIIOCTI), IO Ia€ MOXKITMBICTh 30epiraTH iXHIo ninicHicTb. [l{e omHier 0cOOMUBICTIO
pob6ota Rubion e 3maTHicTh MPOrHO3yBaTH HACTYIMHUI ypOXail Ha OCHOBI aHANI3y AaHUX MPO MOTOYHHUI
Bpoxkaii [14].

Puc. 3. Pooor Rubion

HoBuM HampsiMKOM pO3BUTKY pPOOOTH30BaHUX CHUCTEM Y CLIBCHKOMY TOCHOAApPCTBI € poioBa
poboTorexHika. BueHi Ta BUPOOHUKH Bce OLIBINE YBAard MPHAUISIOTH BHUBUYEHHIO IMPOIECIB B3a€MOJIIi
poOOTIB, SKi MPAITIOIOTh Y TPYIIi ISl BUKOHAHHS CITUTBHHUX 3aBlaHb. PoeBa poOOTOTEXHIKA Y CUTECHKOMY
rOCTIOAapPCTBI BHKOPUCTOBYETHCS ISl MOHITOPUHTY TIOCIBIiB, 300py JaHUX MPO SKICTh IPYHTY Ta BAKOHAHHS
3aBJJaHb TOYHOTO 3eMJIEPOOCTBA, TAKUX SIK LIJIECIPSIMOBAHE 3aCTOCYBAaHHS ECTUIHIIB.

Ipuknamom poeBoi poboToTexHikK € mpoekT RoboBees, Takox pospobnenuit y Tapsapi.
RoboBees (puc. 4) — 11e KpuxiTHi JiTato4i poOOTH, CTBOPEHI [UIs iMiTallii MoBeXiHKN OpKiN. BOHH MOXKYTH
OyTH BHKOPHUCTaHi Ul BHKOHAHHS PIi3HUX 3aBJaHb, BKIIOYAalOYH MOHITOPUHI HABKOJIHUIIHBOTO
CepeIOBHINA, TIONIYK Ta OPITYHOK, & TAKOX 3alUIICHHS CLTbCHKOTOCTIONAPChKUX KyabTyp [15].

Puc. 4. PoeBa podororexnika RoboBees
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Bimomoro Takox € pobotusoBana cucremMa MARS (puc. 5), sika peanizye poeBi MPHHIUIH POOOTH.
Pob6orn MARS npu3HaveHi 1l BUKOHAHHS TEXHOJIOTIYHOTO IMPOIIECY BUCIBY KYKYPYI3H. 3aCTOCYBAaHHS
pob6otuzoBanoi cucteMd MARS 103BOJHTH 3aMIHUTH BaXKKi arperatd (TpakTop i CiBajika) i 3MEHIIHUTH
YUIUTBHEHHS TPYHTY, a TaKOX CIIOKMBAaHHS €Heprii BaXKKOIO TexHikow. Kpim Toro, 3ampoBakeHHS
pobotuzoBanoi cuctemun MARS mpusBene 10 3MEHIIIEHHS BUTPAT HACIHHSA, JHOOPHUB Ta TECTHIHMIIB 1
30inbIeHHs BpoxkaiHocTi [16].

Puc.5. Po6ornzoBana cucrema MARS

Cucrema MARS peanizye iHTerpoBaHHMi NpOLEC aBTOMATH30BAHOTO IOCIBY 3 BHUKOPHCTaHHSIM
THYYKOi KUTBKOCTI POOOTIB, SIKi KepyHOTh IIOJOXKEHHSIM KOXKHOTO IMOCapKeHOro HaciHHia. Ha puc. 6
[TOKA3aHo TI00aIbHY apXiTeKTypy CHCTEMH, sIKa MofineHa Ha 3 gacTHHH. Po6oTH (3) BUKOHYIOTH IIPOIIEC
MOCIBY, SIKWil TONEPEIHbO IUIAHYEThCs Ta KOHTpoustoeThes OptiVisor (2). Xwmapue cepemosuie (1)
3a0e3neuye QyHKIII0 KepyBaHHs JaHUMH Ta KOPHCTYBa4aMHU.

Puc. 6. Cucremna apxitektypa podoruzoBanoi cucremu MARS [16]
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Bauumo, mo ans CiabCHKOTOCIIONAPCHKOTO BUPOOHHUIITBA POOOTOTEXHIKA € e(DEKTHBHUM 3aCO00M
BHPIMIEHHS MPOOJIEM MPOMOBOIBYUOI Oe3MekH, AehiluTy poOodoi CHIM Ta 30epeKeHHS HABKOJIHUITHHROTO
cepenoBuia. PoboOTH 3MiHIOIOTH BUPOOHUWYI MPOIECH, MiIBUILYIOYH IXHIO €(EKTHBHICTB, CIPHSIOTH
3pOCTaHHIO TMPOJAYKTUBHOCTI Ta SKOCTi IXHBOTO BHUKOHaHHS. POOOTH 3MEHIYIOTh 3aJIeXKHICTh BiJl pydHOL
TIpaIli B pi3HUX CUTBCHKOTOCTIONAPCHKUX MIPOIIECax, M0 MPU3BOAUTH IO 3HIKCHHS BUTPAT Ha OILIATY IPAIIi.
PoboTn3oBaHi cUCTEMH ONTHUMI3YIOTh BOJHI PECYypCH, BUKOPHCTAHHS JOOPUB Ta MECTUIHIIB, CIIPHUIIOTH
3aMPOBAKEHHIO CTANNX ClITbCHKOTOCOAPCHKUX TpakTHK [17].

3anpoBaKeHHS POOOTIB Y CLIBCHKOTOCIONAPChKE BUPOOHUIITBO BiAMOBiZa€ OCHOBHUM TPEHIAM
Inmycrpii 4.0, sika xapakTepu3yeTbCsi aKTHBHUM PO3BUTKOM aBTOMATH3allil MPOIECIB, 3aCTOCYBAaHHSIM
[HTEpHeT — peuei, XMapHUX TEXHOJIOTIH.

BucHOBKM 3 [aHOIO [JOCJII:KeHHSI i NEePCHEeKTHBH MOJAJBIIMX JOCHIIKEHb Y AAHOMY
HANIPSMKY.

AHai3 YMHHUX HAYKOBHUX JOCIIIKEHb 1 pI3HOMAHITHUX KOHCTPYKIiH poOOTIB, SIKi IHTETPYIOTBCS Y
CUIBCBKE TOCIONAPCTBO, JOBOIUTH, IIO Cy4YacHE CIUIBCbKE TOCIONAPCTBO 3HAaXOAWThCs Ha erami 4.0
(«Cinbceke rocmomapctBo 4.0»). Ile crpusie 3alpoBaKEHHIO IPOIECIB, SKi CHPUAIOTH IIiIBUIIEHHIO
e(EeKTHBHOCTI CUTLCHKOTOCTIOAaPCHKOTO BUPOOHHUIITBA 33 paXyHOK aBTOMATHU3AIli] 1 IMiIBUIIEHHS TOYHOCTI
OKPEMHUX TEXHOJIOTIUYHUX oreparliii. PoOoTu3allis arponpoMHCIOBOTO KOMILIEKCY JTO3BOIUTH:

- BUPIMUTH pooiieMy nedinuTy pododrX pyK B Tamysi;

- TIIBUNIATH €(PEKTUBHICTH Ta MIPOIYKTUBHICTh TEXHOJIOTIYHUX MTPOIIECIB,;

- TMiJABUIIUTH SKICTh MPOYKIIIT;

- 3MEHIIINTA HEraTWBHUN BIUIMB Ha HABKOJUIIHE CEPEIOBHUINE, 30KpeMa, BHUPIIIUTH MPOOIeMy
TepeyIiIbHEHHS IPYHTIB, IIKITHBUX BUKHUIIB B aTMochepy, XiMITYHOTO HaBaHTa)KCHHSI HA TPYHT 1 BOIHI
pecypcu;

- 3aMIHUTH JIFOJICH ITiJ1 YaC BUKOHAHHS HEOE3MEeYHHX JIJIS 3JI0pOB’ s poOOoTax.

IToxanbmii qociiHKeHHAS ITOBUHHI OyTH CIIPSMOBaHi Ha:

- pO3pOOJSTHHS ¥ 3ampOBaPKEHHS BITUM3HAHOI POOOTOTEXHIKH, sKa OyJe IOCTYIHOI IS
YKpaiHCHKOTO BUPOOHHKA CLIIHCHKOTOCIIONAPCHKOT MPOAYKIIIi;

- PO3pOOISTHHS HABYAIBHUX TPOTPaM JUIS IMiITOTOBKH BUCOKOKBAJi(hiKOBaHUX POOITHHKIB, 3MaTHUX
KepyBaTH Ta OOCIIyTOBYBAaTH CKIIaHI aBTOMAaTH30BaHI CHCTEMH.

CnucoKk BUKOPUCTAHUX JIZKEpPes

1. Marinoudi V., Sorensen C. G., Pearson S., Bochtis D., et al. Robotics and labour in agriculture. A
context consideration// Biosystems Engineering. - 2019.- Vol. 184. - P. 111-121.
https://doi.org/10.1016/j.biosystemseng.2019.06.013.

2. Marinoudi V., Lampridi M., Kateris D., Pearson S. et al.
The_Future_of Agricultural_Jobs_in_View_of Robotization// Sustainability. — 2021. — Vol. 13(21),
12109. https://doi.org/10.3390/su132112109

3. Manning L. Innovating in an Uncertain World: Understanding the Social, Technical and Systemic
Barriers to Farmers Adopting New Technologies// Challengesito — 2024. - Vol. 15(2), 32.
https://doi.org/10.3390/challe15020032

4. Swanson, N.L., Leu, A., Abrahamson, J., Wallet, B. Genetically engineered crops, glyphosate and
the deterioration of health in the United States of America// Journal of Organic Systems. — 2014. — Vol.
9(2). P. 6-37.

5. Kocrenko C.O. Ilectunmmu Ta arpoximikaTv sk iHHOBAIii B arpapHiii cdepi: 10 NHTaHHA
MIPaBOBOT'O PETYJIIOBAaHHS «PO3YMHHUX MEXK» BHKOpPHUCTaHHs. Ha cTopoxi 3emenbHoOro naay: a0 20-pivus
3emenpHOTO KoOnekcy: Mixknap. Hayk.-mpakT. Koud., M. Kui, 26 mucronama 2021 p. HamionanbsHwmid
yHiBepcuTeT OiopecypciB i mpupomokopuctyBanus Ykpaiau. Kuis, 2021. C. 92-98.

6. DasS., Wiafe E. K., Upadhyay A., et al. Design and evaluation of a vision-guided robotic platform
with root-zone drilling for targeted weed removal// Computers and Electronics in Agriculture. - 2026.- Vol.
246, 111605. https://doi.org/10.1016/j.compag.2026.111605.

7. Aijaz N., Lan H., Raza T., et al. Artificial intelligence in agriculture: Advancing crop productivity
and sustainability// Journal of Agriculture and Food Research.- 2025.-Vol. 20, 101762. -
https://doi.org/10.1016/j.jafr.2025.101762.

8. John Deere. John Deere 3amyckae cucremy See & Spray™ Select ons obnpuckysauie cepiti 400
ma 600. URL:_https://www.deere.com/en/news/all-news/2021mar02-john-deere-launches-see-and-spray-
select/ (nata 3Bepuenns 17.01. 2026).

© C.B. Azenwox, B.C. Ilyys, B.JI. Mapmuniox

125



Mixcey3ziecokuil 30ipnux «HAYKOBI HOTATKH». Jlyyvk, 2026, Ne85

9. Prajwal R, Parray R. A., Bhaleka D. G., Tushar Dhar, et al. Maturity detection based autonomous
robotic system for tomato harvesting in green houses.// Results in Engineering. - 2026. — 110044.
https://doi.org/10.1016/j.rineng.2026.110044.

10. Espinoza J., Chinnock B., Bahne C., et al. A novel high-precision citrus harvesting robotic
system for controlled stem length: Design, validation, and field evaluation//Smart Agricultural Technology.
—2026. - Vol. 13, 101918. https://doi.org/10.1016/j.atech.2026.101918.

11. Li H, Chen Y., Li Z., et al. A following collaborative robot Harvesting-Assisted transport
system with collaborative region constraints model for fruit harvesting//Computers and Electronics in
Agriculture. — 2026. — Vol. 244. -.p. 111467. https://doi.org/10.1016/j.compag.2026.111467.

12. Inertia. URL:_https://www.inertiapd.com/cases/autonomous-weeding-robot (mara 3BepHeHHS
17.01. 2026).

13. Fendt. Press release. URL: https://www.fendt.com/php/create pdf/pdf2/47576 web en 2026-
01-27 09-38-19.pdf (nara 3Bepuenns 17.01. 2026).

14. Octinion. URL: http://octinion.com / (mara 3Bepuenns 17.01. 2026).15. Wyss Institute. URL.:
https://wyss.harvard.edu/technology/robobees-autonomous-flying-microrobots/ (nara 3sepnenns 17.01.

2026).
16. Mobile Agricultural Robot Swarms (MARS)/ AGCO GmbH (AGCO)// Final Report. - 2016. —
p.48. Hochschule Ulm - Ulm University of Applied Sciences, Germany (HSU).

https://echord.eu/public/wp-content/uploads/2018/01/Final-Report-MARS.pdf

17. Yang, Q., Du, X., Wang, Z., Meng, Z., Ma, Z., & Zhang, Q. A review of core agricultural robot
technologies for crop productions.// Computers and Electronics in Agriculture. — 2023. - Vol. 206. P.
107701. https://doi.org/10.1016/j.compag.2023.107701

© C.B. Azenwox, B.C. Ilyys, B.JI. Mapmuniox

126



Mixcey3ziecokuil 30ipnux «HAYKOBI HOTATKH». Jlyyvk, 2026, Ne85

YK 629.083.4 DOI 10.36910/775.24153966.2026.85.16

0.B. 3axapuyk!, O.A. Mikyaiu!, B.I. 3axapuyk?, O.C. IIpuxoasko’, A.C. Knenmmun?
JIynpKuil HaliOHANBHUH TeXHiYHM yHiBepcHTeT:
T®K JIynpkoro Har[ioHaTbHOTO TEXHIYHOTO YHIBEPCHTETY?

BUBIP CITOCOBY 3BAPIOBAHHS YABYHY IIPU PEMOHTI TA BIZTHOBJIEHHI
JAETAJIEU ABTOMOBILJIIB

Y poéomi oocniorceno ocobnueocmi 3eaproeanns b6e3 nonepeonb020 nidizpisy uagymny, wjo modxce 6ymu eUKOPUCHAHO
npu pemonmi ma 6i0H06NeHHI demaneii agmMomoodinie. Akmyanvricms memu noe’ A3ana 3i CKIAOHICMIO 36aPIOBAHHA YABYHY
uepes 020 KpUxXKicmo, CXUIbHICIIO 00 YMEOPEeHHA MPIuiUK ma GopMysanHs meepoux cmpyKmyp y 30Hi mepmiuHozo niugy.
Ilpogedeno ananiz icuyouux cnocoodie 36apio6aHHs 4AGYHY MA GU3HAYUEHO, W0 3ACMOCYGAHHA CREYIAIbHUX e/1eKmPOooie i
ONMUMAILHUX PeHCUMIE 0036015€ nidgumumu AKicmos 36aprux 3’ €OHanv. Excnepumenmansui 00cniosceHHA 6UKOHAHO HA
3pa3Kax iz cipozo 4agyHy, OMpUMAHUX i3 GUNYCKHO20 KOIEeKMOpa 06U2yHa. 36aplo6ants npooouu 6e3 nonepeoHbo2o nidizpigy
i3 uKopucmanuam mpvox munie enexkmpooie: I[4-4, MHY-2 ma UTP-8. /Ina ouinku sxocmi 36apHux 3’ €OHAHb 3ACMOCOGAHO
eunpooysanns na posmsz na cmendi MP-100, npu uvomy Koscen 3paszox eunpobosyeaecs n’amo pasie i3 nooanvuium
GU3HAYEHHAM CEPEOHbO20 3HAYUEHHA CUIU PYUHYSAHHA npu po3puei. Ompumani pe3ynvmamu 003601UnU 00° EKMUGHO OUIHUMU
Mexaniuni énacmugocmi 3éaprux 3’conaus. Ilpoeedeno po3paxynox mMiyHocmi cmuKoeux 36apHux 3’ €OHaHb, AKUIL NOKA3A8,
w0 6ci docnioceni eapianmu ionoGioaOmMs ymMosam mMiyHocmi ma marome 0ocmammuiii 3anac naoiiinocmi. Bcmanoeneno, ujo
enekmpoo I[9-4 3abe3neuye miynuii, ane 6iOHOCHO KPUXKUI W08, MOMY 11020 OOUIIbHO 3acmocosysamu 01 demaneii Oe3
ounamiunux nasaumascensv. Enekmpoo MHY-2 € ynisepcanvnum i 3a6e3neuye 000puii 6ananc miyHocmi ma naacmuyuHocni,
mooi axk UTP-8 ¢hopmye nanbinvw nnacmuunuii i AKiCHUll w06, npome XapaKmepusyemnca euuioro eapmicmio. Pesynomamu
00CNi0MCeHHA nIOMEeEPOIHCYIOmb eheKmuUsHicmy 36aplOaAHHA YABYHY mA 003601A10Mb O0OIPYHMOBGAHO 00upamu mun
eNleKmpooa 3anexHcHo 6i0 ymoe ekcniyamauii 0emasi ma eKOHOMIUHOT 00UinbHOCHI.

Knrwwuogi cnosa: pemonm agmomo6inie, 8ioHognenHs demanneti agmomo0inia, dyeose 36apio8anHsl, 36aplo6anbHi eleKmpoou.

O. Zakharchuk, O. Mikulich, V. Zakharchuk, O. Prykhod’ko, A. Klenshyn

SELECTION OF CAST IRON WELDING METHOD FOR REPAIR AND RESTORATION
OF AUTOMOTIVE COMPONENTS

The study investigates the features of cast iron welding without preheating, which can be applied in the repair and
restoration of automotive components. The relevance of the topic is determined by the inherent difficulties of welding cast iron
due to its brittleness, susceptibility to cracking, and the formation of hard structures in the heat-affected zone. An analysis of
existing cast iron welding methods was carried out, demonstrating that the use of specialized electrodes and optimized welding
parameters can significantly improve the quality of welded joints. Experimental studies were performed on gray cast iron
samples obtained from an engine exhaust manifold. Welding was carried out without preheating using three types of electrodes:
TsCh-4, MNCh-2, and UTP-8. The quality of the welded joints was evaluated through tensile testing on an MR-100 testing
machine, with each sample tested five times followed by the determination of the average fracture load. The obtained results
made it possible to objectively assess the mechanical properties of the welded joints. A strength analysis of butt welded joints
was conducted, showing that all investigated variants meet the strength requirements and possess a sufficient safety margin. It
was established that the TsCh-4 electrode provides a strong but relatively brittle weld, making it suitable for components not
subjected to dynamic loads. The MNCh-2 electrode is versatile and ensures a good balance between strength and ductility, while
the UTP-8 electrode produces the most ductile and high-quality weld, although it is characterized by a higher cost. The results
of the study confirm the effectiveness of welding of cast iron and allow for a well-founded selection of electrode type depending
on operating conditions and economic feasibility.

Keywords: automotive repair, restoration of automotive parts, arc welding, welding electrodes.

IlocTtanoBka npodJemMu. YaByH € OAHUM 13 HAHTIOMUPEHIMX KOHCTPYKITIMHAX MaTepiaiB, SKHH
IIMPOKO 3aCTOCOBYEThCS B MalIMHOOYIyBaHHI, 30KpeMa B aBTOMOOUIBHIM MpoMHCIOBOCTi. BiH sBiste
c0o0O0¥0 3aJTi30BYTIIENIEBUH CIIIaB, M0 MiCTUTh moHax 2,14 % Byrmelto, a TakoX KpeMHil, MapraHeip, CIpKy
ta docdop. 3aBaIKH BUCOKHM JTUBAPHUM BIIACTUBOCTSM, MOOPIH 3HOCOCTIMKOCTI, JOCTATHIN MIITHOCTI Ta
3IATHOCTI MOTJIMHATH BiOpallii YaByH IIMPOKO BUKOPUCTOBYIOTH JUIS BUTOTOBJIICHHSI KOPITYyCHUX JeTaleH,
ONOKIB LWIIHAPIB JBUTYHIB, BHIyCKHHX TpyOONpOBOIB, rajdbMiBHHUX OapalaHiB, KapTepiB Ta IHIIUX
€JIeMEeHTIB aBTOMOOUTIB. Pa3oM 3 TMM 4aByH XapaKTepU3YETHCS BIAHOCHO HU3BKOIO IIACTHYHICTIO Ta
KPHUXKICTIO, 0 YCKJIaJHIOE HOT'O 3BaproBaHHS 1 MOTpeOye 3aCTOCYBaHHS CIelialbHUX TEXHOJOTIH mij 9ac
PEMOHTY Ta BiIHOBJICHHS JETaJeH.

Cdepamu 3acTocyBaHHs 3BapIOBAHHS YaBYHY € BHITPABICHHS Je)eKTiB JIUTTS (PaKOBHHU, HEITOJVBH,
TPILIWHH, TIOPHUCTICTD Ta iH.), PEMOHT Ta BiTHOBJEHHS He(EKTIB, AKi OTPUMYIOTHCS i Yac eKCILIyaTarii
aBTOMOO1JTiB, BUTOTOBJICHHSI OKPEMHX BUPOOIB 13 YaBYHHHX 3arOTOBOK.

SIkicTh 3BapHOrO 3’€IHAHHA B YaBYHHHX BHPOOax Ta MAETANSX BH3HAYAETHCS HACTYHHUMH
TTOKa3HUKAMU: JIETKICTh 00pOOKH 3BapHOTO I11Ba, OJTHAKOBA TBEPIiCTh ITBA Ta OCHOBHOTO METAaJy, JOCTAaTHS
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MIIHICTh 3BapHOTO 3’€IHAHHS, OJHAKOBUH XIMIYHMH CKJald Ta CTPYKTypa HallJIaBJICHOIO Ta OCHOBHOTO
MeTaiy.

AHaJi3 ocTaHHIiX mociaimkeHb i myosikaniii. Ha nanuii dyac 3BaproBaTH YaBYHHI JeTajai MOXKHA
HACTYIIHUMH CIIOCOOAMM. ra3oBe 3BapIOBAaHHS 13 3aCTOCYBAaHHSM IIPHUCANOK i3 4aByHY Ta KOJbOPOBHUX
METaJiB, aproHOIYrOBE 3BapPIOBAHHS i3 YaBYHHOIO NPHCAAKOI0, HAIIIBABTOMAaTHYHE 3BAapIOBAHHS, yTOBE
3BapIOBaHHS Pi3HUMH TUIIAMH €JIEKTPOIiB, Fa30BE€ HU3bKOTEMIIEPATypHE 3BapPIOBAHHS Ta iH.

OCHOBHI yCKJIaAHEHHsI IIPH 3BapIOBaHHI YaBYHY IOB’s3aHi 31 CXWJIBHICTIO 10 YTBOPEHHS TBEPIUX
3arapTOBaHMX IIPOIIAPKIB MIPU MBUAKOMY OXOJIOJUKEHHI Ta HEAOCTATHHOIO IUTACTHYHICTIO YaBYyHY, 110 IPU
3BapIOBaHHI PUBOJUTH 10 YTBOPESHHS TPIILWH Y 3B’SI3KY i3 HEPIBHOMIPHUM HarpiBom BupoOy. Kpim toro,
BiZIOYBa€ThCS BTpaTa IUIACTUYHUX BIACTUBOCTEH MY IJIaBJICHHI Ta TBEPIiHHI 3BapHOTO MmiBa [1-10].

Ha nanwmit yac BeneTbcs MOMIYK IUIAXIB MOKPAIIEHHS BXKE 1CHYIOUMX CIIOCO0IB 3BAPIOBaHHS YaBYHY.
VYV  gocmimkenni [5] mpemcraBieHO OIIAA  pi3HHX TPHCAOHMX MarTepiadiB Ta €JIeKTPOMdiB, IO
BUKOPUCTOBYIOTBCS JJIsl 3BapIOBAaHHS KOBKOTO YaBYHY 3a JOIOMOTOI0 aprOHOAYTOBOTO 3BApIOBaHHS Ta
PYYHOTO AYTOBOTO 3BaploBaHHs. BcTaHOBIEHO, IO €1EKTPOAM Ta MPUCAAHI MaTepiall, SIKi MiCTATh BUCOKY
koHmenTpariiro Ni, MatoTs HaliKpalli MOKa3HUKH 3BapIOBAILHOTO IIBA.

[MpoBoaumKcs onTUMI3alii 3BapIOBaHHS CIpUX YaBYyHIB METOJOM HaIiBABTOMATHYHOTO 3BAPIOBAHHS
pi3HUMH pekuMaMH. BcTaHOBIEHO, IO MpH 3BaproBaHHI craHzapTHUM aporoMm CB 08A 0e3 minmirpiBy
MiHIMaTbHUMHU CTPYyMaMy MOYKHA OTPUMATH SIKICHI 3BapHi 1BH [6].

Jocmimkenuit crocid, KoM 3BapioBajibHA Ayra TOPUTH MK BYTIIFHUM €JICKTPOIOM i BUPOOOM, a
3BapIOBAILHUH JPIT MOAAIOTH Yepe3 OTBIp Y BYTUIBHOMY €JEKTPOJi, KU KHUBUTHCS CTPYMOM HPSMOi
nossipHOCTi. [Ipy 1bOMY BYTiNBHUM €1€KTPOA € CTPYMOIIABOAOM [0 3BaPIOBATILHOTO APOTY 1 PEUYOBHHOIO,
0 YTBOPIOE 3aXUCHUH BYTIICKUCIINN Ta3 Y 3BaproBanbHIN my3i. [1in yac mociimkeHHs 3BapHUX IIBIB TIOP,
TPIIIMH Ta IHIIKX 1e(eKTiB He BUSBICHO [7].

[cHYIOTB HOCITIIKEHHS i3 3aCTOCYBaHHSIM €JIEKTPOAYTOBOTO 3BapIOBaHHS YaBYHY 13 BUKOPHCTAaHHAM
CTaJbHUX EJIEKTPOAIB 13 OKHCICHHAM HAUIMIIKOBOIO BYIVIELIO Yy 30HI IUIABJICHHS I€MAaTUTOM, SKHUH
MONEePETHBO PO3ILIABISUTN BYriibHOIO nyrofo [8]. Takok € cxoxuil croci0 i3 BUKOPUCTAHHSM CTalIbHUX
CJIEKTPOIiB, a 3BapIOBalbHI KPOMKHM 3a3fajieriib oOpoONsUIMCS aKTHBHUM BYIJIELENOTNIMHAYEM —
HeTamaHuM BaIllHOM i3 TOJAIBIINM HarpiBoM JI0 400-600°C [9]. i ciocobu 3BaproBaHHS TO3BOJSIOTH
BUAAJSITH 3 MOBEPXHEBOI'O IIAPy YaBYHY HaJAMIpHY KUIBKICTh BYIJICLIIO, IO NPHUBOAUTH 1O MiABHUIIECHHS
SIKOCT1 3BapHOTO I1BA 1 3HWKEHHSI TBEPJOCTI HATUIABIICHOTO METAITY.

II1e B oqHOMY HayKOBOMY JOCIHIPKEHHI PO3pO0JIeHi eNeKTPOIH ISl XOJIOAHOTO 3BapPIOBAHHS YaBYHY
Ha apoTi CB-08A 3 OKMCHUM MOKPUTTSM. BCTaHOBJIEHO, IO AOIIBHO 3BapIOBATH YaBYHHI AeTaji 3i
3MEHIICHHSIM CHIK cTpyMy. Lle mpu3Beae 10 3MEHIICHHS HaByTJICIIOBaHHS MeTany 3BapHoro mBa [10].

[IpoBenenuii aHami3 JiTepaTypHHX DKEpen ITOKazye, L0 3BapIOBAaHHS YaBYHY 3aJIMIIA€THCS
CKJIaJJHUM TEXHOJIOTTYHUM IIPOLECOM Yepe3 HOro KPUXKICTh, CXMIIBHICTh IO YTBOPEHHS TPIILMH Ta MOSIBY
TBEPIMX CTPYKTYp Y 30HI TEpMi4HOro BIUIMBY. Pa3oM 3 THM cydyacHi JOCTIJKCHHS CBig4aTbh, IO
3aCTOCYBaHHS CIEliaJbHUX eNEeKTPOAiB, NPUCATHUX MaTepialliB Ta ONTHUMAJIbHUX PEXHMIB MpU
3BapIOBaHHI, JO3BOJIE€ 3MCHIIWTH HaBYTJICLIOBAHHS METaly IIBA Ta MiABHIIUTH SKICTh BiIXHOBJICHHS
YaBYHHHX JIeTaJleH.

TakuM 4MHOM, BHOIp pallioOHAFHOTO CIIOCO0Y 3BApPIOBAHHS € BAXKIMBUM (PaKTOPOM 3a0e3TCUCHHS
HaJIMHOCTI Ta JOBrOBIYHOCTI BiJPEMOHTOBAHUX aBTOMOOLITBHUX JCTAICH.

IocTtanoBKa 3aBAaHb. MeTa poOOTH TONATAE y MOCHIHKEHHI Ta BUOOPI PaIioHATIBLHOTO CIIOCO0Y
3BapIOBAaHHS YaBYHY IIiJl 4yaC PEMOHTY Ta BIJHOBJICHHS JeTajiei aBTOMOOLIIB, a TaKOXX y BHU3HAYCHHI
ONTUMAJIbHUX TEXHOJIOTIYHUX YMOB, LI0 3a0€3MeUyI0Th BUCOKY SIKICTh 3BApHOTO 3’€IHAHHS, ITiABUIICHHS
MIITHOCTI Ta TOBrOBIYHOCTI BiTHOBJIICHUX YaBYHHUX JETAJCH.

JLst HOCATHEHHST METH B pOOOTI BUPINTYIOTHCS HACTYITHI 3aBJaHHS . aHAI3 TPOOJIEM Ta TIEPCIICKTHB
3BapIOBaHHS YaBYHY NPH PEMOHTI Ta BiIHOBJIEHHI AeTayiell aBTOMOOIIB; MPUUHATTA TEXHIYHUX PIlLIEHb
BHOOPY JOLIIHHOTO CIOCO0Y 3BaplOBaHHS YaBYHY IIPH PEMOHTI Ta BiTHOBIIEHHI JleTasell aBTOMOOIIB.

Buxki1aneHHs 0CHOBHOT0 MaTtepiany. ExciepumeHTanbpHi JOCHIHKEHHS 3BaplOBaHHS IPOBOAMINCS
Ha JIeTali, sKa BUTOTOBJEHa i3 ciporo yaByHy CY 18-36 — Bumyckuuii konektop nsuryHa (puc. 1). I3 nerami
OyJ10 BUpi3aHO JBi 3arOTOBKH JJIsl HOAAJIBIINX HAYKOBUX JOCITIKEHB (pHC. 2).

Jlnist mpoBeIeHHS 3BapIOBaHHS BUKOPHUCTOBYBABCS 3BaproBaibHui anapar Juinpo-M MIG/MMA-210.
HamniBaBTOMaT npu3Ha4YeHuii a7t KoMmOiHOBaHOT poboTu B pexumax MIG/MAG (3 BUKOPHCTaHHSIM JIPOTY)
ta MMA (py4Ha 1yroBa 3Bapka eJIeKTpOIOM).

Jis 3BaproBaHHS 3aroTOBOK 13 CIpOro 4YaByHY MigiOpaHO eNeKTPOAM, SKi MAaloTh pi3Hi
XapaKTEePUCTHKU 3BapIOBaHHs, Pi3Hy BapTIiCTh Ta € JOCTYITHUMH JUIs TOKYIKH (pHc. 3).
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Puc. 1. BunyckHu# KOJIEKTOP IBUTYHA Puc. 2. 3aroToBku Bupi3aHi i3 BUIyCKHOTO
aBTOMOOIIs KOJIEKTOPA IBUI'YHA aBTOMOOiJIs1

Puc. 3. 3paproBaJibHi eJIeKTpoaH, siKi BAKOPUCTOBYBaIUCA B ekcnepumenTi: 1 — [{U-4;
2-MHY-2; 3-UTP 8

Enexrpon [1U-4 — criemnianbHuit GepUTHHI SIEKTPO IJIs PYYHOTO JYTOBOTO 3BAPIOBAHHS CipOTO Ta
KOBKOT'O YaBYHY, SKHI IIMPOKO 3aCTOCOBYETHCS i/l YaC PEMOHTY KOPITyCHHUX JIeTajield, OJIOKIB JBUTYHIB,
CTaHMH Ta IHIIMX YaBYHHHX €JEeMEHTiB. HarulaBneHuil meran mae (pepUTHO-TIEPINITHY CTPYKTYpy i
TBepaicTs mpuomu3Ho 180-220 HB, mo 3abe3neuye 3a10BUTbHY MeXaHiqHY 00po0ItoBaHicTh. OCHOBHHUMH
nepeBaraMi eJeKTpo/ia € HEeBUCOKa BapTICTh, JOCTYIHICTH 1 MOXIIMBICTB 3BaploBaHHS 0e3 3HAYHOTO
MOMEPEHBOTO MiAIrpiBy, OJHAK OB Ma€ MEHIIY IIACTUYHICTh MOPIBHIHO 3 HIKEJICBUMH €JICKTPOJAMHU.

Enexrpox MHU-2 € MiiHO-HiKeI€BUM €JIEKTPOIOM, IPU3HAYCHUM JUIS 3BapIOBAHHS Ta HATUIABJICHHS
ciporo, KOBKOT'O i BUCOKOMIITHOTO YaBYHY, a TAKOX UL 3’ €HAHHS YaBYHY 31 cTaumo. Harmnasnenmii Mmeran
MICTHTB 3HaYHY YaCTKY HIKEITIO i MiJli, 10 3a0e3Meuye BUCOKY TUIAaCTHYHICTh LIBa, TBEPIICTh OJ13bK0 160—
190 HB Ta xopomury mexaHiuHy 00poOMOBaHiCTh. ENEKTpoI MIMPOKO 3aCTOCOBYETHCS IIiJ Yac XOJOAHOTO
3BapIOBaHHS YaBYHY, OCKIJIBKH JO3BOJII€E BUKOHYBAaTH 3BaplOBaHHS Oe3 MOIMEpeaHBOTO MimirpiBy abo 3
MiHIMaJIbHUM HarpiBaHHSM.

Enexrpox UTP 8 —1ie Hikeneswuii enexkrpon tumy Ni-Fe, mpu3HadeHuii s peMOHTY Ta HaIUIaBJICHHS
YaBYHHUX JeTajel, 30KpeMa KOpITyciB, OJIOKIB IBUTYHIB, CTAHWH 1 KOPITyCiB HacociB. HarmaBnenuit metan
XapaKTePHU3YETHCS BUCOKOIO MIITHICTIO, TOOPOI0 00po0IroBaHICTIO Ta TBepAicTIO Oymm3pko 170-190 HB, o
3abe3neuye HaJiiHICTh 3BapHOro 3’eqHaHHs. OCHOBHUMH IE€peBaraMi eJIeKTpoJa € BUCOKA SIKICTh LIBa,
3MEHIIEHUH PU3UK YTBOPEHHS TPIIIMH 1 MOMJIMBICTH 3BapIOBaHHS YaByHY 0€3 3HAYHOT'O IMOIEPEIHHOTO
MiTITPIiBY.

[MopiBHSIHHS €NEKTPOIIB s 3BAPIOBAHHS YaByHY HaBeIeHO y Tabmuii 1.

Hactynnum etamnom Oynio IpoBeJCHHS 3BaplOBaHHS 3arOTOBOK, SIKi BUTOTOBJIEH] i3 CIpOro 4aByHY,
Pi3HMMH THITAMH eJIeKTPoIiB (puc. 4). 3BaproBaHHs BUKOHYBaIX 0€3 MMOIepeHbpOro mairpiBy aerai. ITix
Yac BUKOHAHHS POOIT TOTPUMYBATUCS PEKOMEHIOBAaHHUX PEXXHUMIB 3BapIOBaHHSI, 30KpEMa BiIMOBITHOT CHIIN
CTpYyMy, KOpPOTKOI HOBXKHMHH IYI'M Ta BUKOHAaHHS KOPOTKMX 3BapHUX IIBiB. TakoXX BpaxoBYBalIu
TEXHOJIOTIYHI O0COONMBOCTI 3BaplOBaHHA YaBYHY, TOB’S3aHI 3 HOTO KPUXKICTIO Ta CXWJIBHICTIO [0
YTBOPEHHS TPIIIMH, TOMY Mi’K OKPEMHMH ITPOX0IaMH 3a0e3MeUyBaIM TOCTYIIOBE OXOJIOKEHHS merai. Le
JIO3BOJIMJIO 3MEHIIUTH BHYTPIIIHI HAIIPY>KEHHs Y METalli 1B Ta MiABHIIATH SKICTh OTPUMAaHUX 3BapHHUX
3’ €IHAHb.

[Ticnst 3BaproBaHHS BHKOHYIOTH 3a4MCTKY 3BapHOTO IIBA, SKa CIIPSIMOBaHA Ha BHIAJICHHS IIUIAKY,
OpH30K MeTaly, OKAJIMHH Ta iHIIUX HEpPIBHOCTEW, IO YTBOPHIMCA Mix 4Yac 3BaproBaHHA. Llg omeparris
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3a0es3redye Kpamy sKiCTb 3’€THaHHS, IMOKpAIlye€ 30BHIIIHIA BHIJIAM [IBA Ta IiArOTOBIIOE JETailb 0
MTOTAITBITIOl 0OPOOKH.

Tabn. 1
IopiBHAHHS €JIEKTPOIIB MJIsl 3BAPIOBAHHA YaBYHY
) BapricTs,
Enextpon OcHoBa IlepeBaru Henomiku p
rpH/T
119-4 Fe_C—Si JISIIeBUH, TIPOCTHUH, 0B KPUXKHIA TTPH JUHAMIYHIX 20
TOCTYITHUH HaBaHTAKCHHAX, TPINTUHU

MHY-2 Ni—Cu—Fe yHIBepcalbHHM, 100pe JIEIO MEHIIA MIHICTD I1Ba, 40
BapuTh 0€3 MiIirpiBy Hi)K y HIKEIEeBUX

UTP 8 Ni-Fe MILHUN, [IJIaCTUYHUN Jloporuit 150

a 0 B

Puc. 4. 3pa3ku 3aroToBoOK, sIKi BUTOTOBJIEHI i3 ciporo 4aByHy 3BapeHi pi3HUMH eJIEKTPOIaAMH:
a—-14-4;6-MHY-2; 8-UTP 8

Jnst mpoBeaeHHS eKCIIEpUMEHTANBHUX JOCTIKeHb MEXaHIYHMUX BIACTHBOCTEH 3pasKiB i3 Ciporo
9JaByHY, AKi 3BapIOBAJIINCS PI3HUMH €JIEKTPOaMH, BUKOPHCTOBYBABCS BUITPOOyBanbHUN cTeHa Tumy MP-
100 (puc. 5). lanuii cTeHa npu3HaYCHUIl AJ1si BU3HAYCHHST XapaKTEPUCTUK MIIIHOCTI MaTepialiB HUISIXOM
BUNPOOYBaHHS 3pa3KiB Ha PO3TAT i cTuCK. [IpuHIMI poOOTH YCTaHOBKH MOJISrae y NpUKiaJaHHi A0 3pa3ka
MOCTYIIOBO 3POCTAIOYOr0 HABAHTAXKEHHS 10 MOMEHTY Horo pyiHyBaHHA. Ilin wac BUIpoOyBaHHS
PEECTPYIOTHCS 3HAUEHHS NPHKIAICHOI CHIIM, IO JO3BOJISE BH3HAYUTH MEXKY MIIJHOCTI 3BapHOTO INBA.
OTpumaHi pe3ysbTaTi BUKOPHCTOBYIOTHCS JUIsl OLIHIOBAHHS MEXaHIYHMX BIACTHBOCTEH JOCIIIKYBaHUX
3pa3KiB Ta aHAIi3y SKOCTi 3BapHUX 3’ €THAHb.

3pa3Kky BCTAHOBIIOBAIH Y 3aXBaTaxX MAIlMHH Ta HABAaHTA)KYBaJI TMOCTYTIOBO 31 301IBIICHHSIM CHITH
70 MOMEHTY IX pyHHYBaHHs, NMpH LBOMY (IKCyBald MaKCHMalbHE 3HAYCHHS HAaBaHTAXEHHs (CHIM
pyitHyBaHHs ipu po3puBi) (puc. 6).

Puc. 5. IIpoBenenns Puc. 6. OpuH i3 nocaigHuX 3pa3kiB mic/st
eKCIIePUMEHTAJBHUX J0CTIIKeHb MeXaHiYHIUX BHIIPOOYBaHb HA PO3THT i3 XapaKTepoM
BJIACTHBOCTeI 3pa3KiB i3 ciporo yaByny Ha pYliHYBaHHSI

crenai MP-100
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Jia migBUINEHHS JOCTOBIPHOCTI Pe3yJbTAaTIB KOXKEH 3pa30K BHUIPOOOBYBANM ITSATh pasiB 3a
omHaKoBHX YMOB. Ilicis mpoBeneHHs cepii BUIpoOyBaHb BU3HAYAIIN CEpeTHE 3HAUCHHS CUIIN PO3PUBY, SKE
BUKOPUCTOBYBAIM JUIs IMOJAIBIIOTO aHali3y MIIHOCTI 3BapHUX 3’€iHaHb. Pe3ynbratu BHIIPOOyBaHb
HaBeCHO Yy Ta0mwii 2.

Vi 3pasku micisg BUpoOyBaHb Ha pO3TAT MAIOTh THIIOBHH XapaKTep pyHHyBaHHS, IO CBIAYUTH IIPO
OJIHAaKOBUI MEXaHIi3M PO3pUBY Marepiany B 30HI 3BapHOro 3’emHanHs (puc. 6). Xapakrtep pyiHYyBaHHS
MiATBEPDKYE BiANOBIAHICTE OTPUMAHUX PeE3YJIbTaTiB yMOBaM BUNPOOYBaHHS Ta J03BOJsIE 00’ €KTUBHO
OLIIHUTH MEXaHiIYHi BIACTUBOCTI JOCIIHKEHUX 3’ €IHAHbD.

Tabn. 2
PesynbTaTn BUNIPOOYBaHb MeXaHIYMHUX BJIACTHBOCTEH 3pa3KiB i3 ciporo yaByny
Enexrpoan Cepii BunpoOyBans, kH
1 2 3 4 5 CepenHe 3HaUYCHHS
114-4 5200 5250 5300 5150 5100 5200
MHUY-2 3900 4000 4100 3950 4050 4000
UTP 8 3400 3550 3600 3450 3500 3500

Po3paxyHOK MIITHOCTI 3BapHHX 3’ €IHaHL € HEOOXIMHUM €TaIroM IJIS OIliIHKHM iXHBOI HaAiHHOCTI Ta
Mpane3gaTHOCTI TpW il 30BHINIHIX HaBaHTaXeHb. [IpoBeNeHI pPO3paxyHKH JO3BOJSIOTH IEPEBIpUTH
BiJNIOBIAHICTh 3BapPHOTO IIBA YMOBAM MiLIHOCTI Ta BU3HAYMTH MOKJIUBICT HOr0 BUKOPUCTAHHA B PEATbHUX
yMoBax ekcruryaTamii. lle Takok mae 3Mory TOpPIBHATH €(QEeKTHBHICTh PI3HHUX EIEKTPOIiB i oOpaTw
ONTUMAJILHUHN BapiaHT JJIS BiTHOBJICHHS YaBYHHHX JIETaJICH.

Po3paxyHOK 3BapHUX CTUKOBHX 3’€IHAHb IPH Iii MO3A0BXHBOI cuitk N, 110 TPOXOIUTH Yepe3 HEeHTP
Bary 3’€JJHaHHS, BUKOHYEThCS 3a hopmyroro [11]:

Ny,
tmin * lw Rwy “Ye

IA
[N

ne N — mo3goBxxHs cuia, H;

Yn — KOEQIIieHT HaMIHHOCTI 32 HAaBAaHTAKEHHSM;
tmin — MiHIMaJIbHA TOBIWHA JETAJICH, MM;

l,, — TOBXXWHA 3BAPHOTO 111Ba, MM;

R,y — po3paxyHKOBHH omip MeTaiy mBsa, Mlla;
Y — KOeQilieHT YMOBU POOOTH.

dakTHYHE HANPYXKECHHsI y 3BapHOMY 1mBi [11]:

o=~ MIla
A

i A- jioma po3paxyHKOBOIO nepepi3y 3BapHOTO IIBAQ, MMZ.

[lin wac exkcrnepUMEHTAIbHUX BUIPOOYBaHb BCTAaHOBJICHO, IO 3BapHi 3’€JIHAHHS, BUKOHAHI
enexrpompoM [[U-4, BUTpHMyBalM NPHUKIAJCHE HABAHTAXCHHS, NPH [OMY pPYHHYBaHHS YacTKOBO
BigOyBaJiocsi M0 OCHOBHOMY MeTally, a He 1o IuBy. Lle CBiAYMTh Mpo BUCOKY MILHICTh 3BApHOIO WIBA, aje
pa3oM 3 THM BKa3ye Ha HOro HEJOCTATHIO TUIACTHYHICTh. Y BUIIAAKY 3acTOCyBaHHs enekrpoaiB MHU-2 ta
UTP-8 pylinyBaHHs BimOyBajocs Oe€3MOCEpeHbO [0 3BapHOMY IIBY, IO CBIAYHUTH IPO OLIBIIY
IUTACTUYHICTh HAIUIABJICHOTO MeTaly. Taka moBeliHKa 3’€THaHHS € OUTbII CHPHUSATIUBOIO MpH poOOTI
JeTaneil B yMOBaxX 3MiHHHX Ta IWHAMIYHUX HABAaHTa)KCHb.

CTukoBe 3BapHe 3’€1HaHHs, BUKOHaHe eiekTponoM 1[U-4, npu HaBanTaxkenni 5200 H 3amgoBosbHsE
YMOBY MIIHOCTI, OCKIIbKH PO3paxyHKOBHii oka3HUK cTaHoBUTH 0,0608 (110 € MeHmum 3a 1), a paktuuHe
HanpyxXeHHs y mBi fopisHioe 7,90 MIla, o € 3HauHO HIKYUM 32 Jonyctume. s enekrpoga MHY-2 npu
HaBanTtaxkeHH1 4000 H orpumano 3nauenss 0,0415, npu nboMy HampyXeHHS Y 3BapHOMY IIIBi CTAHOBHTH
8,71 Mlla, mo TakoXX MATBEPIKye 3abe3MedeHHS HEOOXiTHOI MIIHOCTI. Y BHMIAAKY 3aCTOCYBAaHHS
enexrpona UTP-8 npu naBanraxenni 3500 H po3paxynkosuii mokaszHuk cranoButs 0,0291, a HanpyxeHHs
— 6,69 MIIa, mo cBiTYUTH PO BUCOKHIA 3ar1ac MII[HOCTI 3’ € THAHHS.

BucnoBku. IlpoanamizoBaHo mpoOiieMH Ta TIEPCIICKTHBH 3BapIOBAHHSA Ta BiTHOBJICHHS AcTalei
aBTOMOO1JIIB, sIKi BUTOTOBJICHI i3 CIpOro 4aByHY.
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[IpoBeneHo enekTpoayroBe 3BaplOBaHHs 3arOTOBOK i3 CIpOTO YaBYHY Pi3HHMH THITAMH CIIETiaTbHIX
eIEeKTPOiB. BUKOHAHO EeKCIIEpHMMEHTANIbHI JOCTIKEHHS MEXaHIdHUX BIACTHBOCTEH 3pa3KiB i3 Ciporo
4yaByHy Ha crenai MP-100.

Po3paxoBano Ha MIITHICTh 3BapHi 3’ €AHaHHA. EKCTIepUMEHTATbHIMHE JOCTIDKEHHSIMHA BCTAHOBIIEHO,
110 BCi 3BapHi 3’ €THaHHA, BUKOHaHI enekTpogamu [{U-4, MHU-2 ta UTP-8, BianmoBigaroTh yMOBI MIITHOCTI.
Enexrpon 1[U-4 momiibHO 3aCTOCOBYBATH JJIs JieTasiell 0e3 NUHAMIYHMX HAaBaHTa)KEHb Yepe3 3HIDKEHY
IacTHYHicTh 3BapHoro msa, MHY-2 e yHiBepcansauM, a UTP-8 3abesnedye HalOiabI ruiacTHYHUN 1
SIKICHHH TIIOB, aJle € TOPOKIHM.

CnucoK BUKOPUCTAHUX JIKepeJI:

1. E.B. Farahani, A. Sarhadi, M. Alizadeh-Sh, S. Fester, H.K. Danielsen, M.A. Eder
Thermomechanical modeling and experimental study of a multi-layer cast iron repair welding for weld-
induced crack prediction

Journal of Manufacturing Processes, vol 104, p 443-459. DOI: 10.1016/j.jmapro.2023.08.059

2. Mateichyk V., Ahieiev M., Mosciszewski J., Ustincev S., Volodarets M., Kovbasenko S. The use
of additive technologies for the restoration and strengthening of parts of transport means. Transportation
Research Procedia, 2023, vol. 74, p. 592-599. DOI: 10.1016/j.trpro.2023.11.186.

3. Ahieiev M., Gritsuk I., Litikova A., Bilousov I., Vrublevskyi R., Boboshko O., Smyrnov O.,
Saraieva |., Khudiakov I., Pohorletskyi D. Application of combined electric arc coatings for parts and units
of vehicles recovery in Repair Technologies. SAE Technical Paper Series, 2021. DOI: 10.4271/2021-01-
5100.

4. Cranpaiverko O.1. TexHonOTi9HI MOKIMBOCTI BiTHOBJICHHS YaBYHHUX JIeTaJei CyJHOBUX IU3EIIiB
/ O.I Crampniuenko, O.B Illamos, €.M. Kozimkyp // Bicauk OzechKOro HaIiOHAJILHOTO MOPCHKOTO
yHiBepcurery, 2023, Ne 3 (70), C. 58-70.

5. Mphela C., Phasha M., Moema J. Filler materials used to weld ductile cast iron. MATEC Web of
Conferences, 2022, 370, 04004 (2022). DOI:10.1051/matecconf/202237004004.

6. MartkoBa A.B. OcoOnuBOCTI 3BaproBaHHS CIpUX YaBYHIB METOJOM HalliBaBTOMAaTHYHOTO
3BaproBanHs / A.B. MarkoBa, M.B. /Imurpitok, H.M. Toniuryk // Mixsy3iBcekuii 30ipauk «HAYKOBI
HOTATKMW», 2011, Ne 32, C. 224-227.

7. Kamia M.A. Croci6 3saproBanus 9yaByHy / M.A. Kanin, A.O. Emuiun // Bicauk HTY «XITI», 2013,
Ne 26 (999), C 3-7.

8. I3oToBa K.O. Crioci0 3BaproBaHHS YaBYHY 3 OKHCICHHAM HaamuinkoBoro Byrierro / K.O. [3oTtoBa
/I Mamuao6ymysanms, 2016, Ne 18, C. 89-92.

9. Kanin M.A. Cnoci6 xomoauoro 3aptoBanus 4aByny / M.A. Kaunin, K.O. I3otoBa // «CyuacHi
TEXHOJIOTIi mpoMuciioBoro komruiekcy», 2015, Xepcon: XHTY, C. 141-143.

10. Barpos, B. A. TligBuineHHs SKOCTi 3BapHUX 3'¢IHAHb yaByHY / B. A. Barpos, /. O. ITnyxHikoB
/I AxTyanpHi HampsIMH MaTtepiaqo3HaBCTBA: 30UIBIICHHS PECYpCy KOHCTPYKIiH Ha OCHOBI KOHBEPIEHIIiT
Cy4YacHHUX TEXHOJIOTill 00poOKH MaTepialiB: MaTepiasu MiXKHaAp. HayK.-IPaKT. KoHQ., 24-25 Bepec. 2020 p.
[ XHAJTY — Xapkis, 2020. — C. 38-43.

11. IBH B.2.6-198:2014. CraneBi koHcTpykii. Hopmu mpoekTtyBanns. 3mina Ne 1. — Kuis: Miuperion
Vxpainw, 2022. - [Enextponnuit pecypc]:
https://uscc.ua/uploads/page/images/normativnye%20dokumenty/dbn/dbn_v_2_6198 zminal_interactive.pdf.

© O.B. 3axapuyk, O.A. Mixyniu, B.1. 3axapuyx, O.C. [Ipuxoovko, A.C. Kienwun

132



Mixcey3ziecokuil 30ipnux «HAYKOBI HOTATKH». Jlyyvk, 2026, Ne85

YK 539.3 DOI 10.36910/775.24153966.2026.85.17

C.b. Mikyaiu
Jhyybkutl HAyioHanbHUNL MeXHIYHULL YHIBepcumem

CUMYJISIHINHUAN AHAJII3 B3AEMO/III ")KOPCTKHUX BKJIIOYEHbD Y
IVIACTUHYACTHX EJIEMEHTAX 3A JIUHAMIYHOI'O HABAHTAKEHHS

Y pobomi npeocmaeneno cumynayiinuii ananiz ma uucnoey peanizayirlo MemoouKu O00CHi0HCEHHA OUHAMIUHOT
63AEMOOIT HCOPCMKUX GKIOUEHD Y HECKIHUEHHUX naacmuHyacmux eiemenmax. Po3e’ azannn 3adaui 6azyemoca Ha cymicHomy
GUKOPUCMAHHI MEMOOY ZPAHUYHUX IHMEZPATbHUX PDIGHAND Ma anapamy meopii PyHKYill KoMnaeKcHot 3MIHHOT, W0 0036013€
eghekmueno mooenroeamu 36apHi 3° EOHAHHA AK HCOPCMKI HeoOHopionocmi. Yucnosa peanizauis 3anponoHo6an0zo nioxooy
30IIICHIOBANACA 13 3ACMOCYBAHHAM MEMOOYy MEXAHIYHUX KeAOpamyp ma KOJOKauii 0 po36°A3aHHA CUCHEM CUHZYIAPHUX
inmezpansnux pienans. Iposedeno 00cniorncenna enaugy 2eomempuyHux napamempis Ha po3nooin padianbHux ma Kinoyeeux
Hanpyscensb 6 0KOai cucmemu 3 060X éknioueHsb. Bukonano nopienanvnuil ananiz OUHAMIUHO20 HANPYIHCEHO20 CMAHY ONA
6UNAOKI6 00HAKO0GOT ma PI3HOI 006ICUHU GKIIIOYEHb RpU eapiauii Yacmomu 306HIWINL020 HaAsanmadicenns. Bemanoeneno
ehekmu 63a€MHO20 eKpAHYGAHHsA MA RIOCUNEHHA JIOKAIbHUX HOI6 HANPYHCEHb 3AIEHCHO 6I0 MONON0ZIT pO3MAMY8anHs
enemenmis. IIpodemoncmposano ynieepcanbnicmo po3pooneno2o nioxooy 011 OUiHKU MiyHOCHI MOHKOCMINHUX KOHCMPYKUI
3i CKNAOHUMU CUCHIEMAMU 6KTIIOYEHD.

Knrouoei cnosa: konyenmpayis Hanpysicenv, RAACMUHYACII eleMeHM, HCOPCMKI BKIIIOUEHHSl, OUHAMIYHE HABAHMANCEHHL.

S.B. Mikulich

SIMULATION ANALYSIS OF RIGID INCLUSIONS INTERACTION IN PLATE
ELEMENTS UNDER DYNAMIC LOADS

The paper presents a simulation analysis and numerical implementation of a methodology for investigating the dynamic
interaction of rigid inclusions in infinite plate elements. The problem is solved based on the combined application of the
boundary integral equation method and the theory of functions of a complex variable, which allows for effective modeling of
welded joints as rigid heterogeneities. The numerical implementation of the proposed approach was carried out using the method
of mechanical quadratures and collocation to solve systems of singular integral equations.

A study of the influence of geometric parameters on the distribution of radial and hoop stresses in the vicinity of a system
of two inclusions was performed. A comparative analysis of the dynamic stress state for cases of identical and different inclusion
lengths under varying frequencies of the external load was conducted. The effects of mutual shielding and reinforcement of
local stress fields depending on the topology of the elements' arrangement were established. The versatility of the developed
approach for assessing the strength of thin-walled structures with complex inclusion systems is demonstrated.

Keywords: tress concentration, plate elements, rigid inclusions, dynamic loads.

AHaJi3 akTyajdbHOCTI gociaimxenns. CydacHUH PO3BHTOK MAaIlIMHOOYAyBaHHS Ta OyNiBHHIITBA
BHCYBA€ JieJalli BUII[I BUMOTH JI0 HAIIMHOCTI Ta JOBrOBIYHOCTI TOHKOCTIHHUX IIJIACTUHYACTUX €JIEMEHTIB,
0 CKJIaJal0Th OCHOBY KPUTHUYHUX KOHCTPYKIii. HaiiOinbin Bpa3iuBUMU NiNSHKAMHU TaKUX €JICMCHTIB
TPaIUIiiHO € 30HU 3’€JHAHHS JeTajneld, 30KpeMa 3BapHi IIBH, SKi JOKOPIHHO 3MIiHIOKOTH OJHOPIAHICTH
CHJIOBOTO TIOJISI KOHCTPYKITii. PeanbHi 3BapHi 3’ ¢ THAHHS XapaKTEPU3YIOTHCS CKIIATHOIO MiKPOCTPYKTYPOIO,
HASBHICTIO 30H TEPMIYHOTO BIUTUBY Ta 3aJMIIKOBHMHU HANPYKCHHSMH, IO POOUTH IX MpsME YUCETbHE
MOJIENIOBAaHHSI HAI3BUYaiHO PECYpCOMICTKUM. ¥ 3B'SI3KY 3 LIMM BUHHUKA€E NOTpeda y po3poOili aHaTi THIHO-
YUCIIOBUX PO3PAXYHKOBUX MOJIEIIEH, 3MaTHUX IMPOTHO3YBATH MMOBEIIHKY KOHCTPYKITii Bi il pi3HUX THITIB
HaBaHTaXEHH:, 0COOIMBO, TMHAMIYHUX Ta iIMITYJIbCHUX BIUTUBIB.

EdexTuBHUM miIxomoM 10 BUpilIEHHS Li€l 3a1a4i € mepexil BiJ AeTaJbHOTO OMUCY TeOMeTpii mIBa
JI0 FIOTO MPEICTaBICHHS Y BUTJISIII )KOPCTKOTO BKIIFOUSHHS Y TIPYKHIN MaTPHIIi TNIACTHHYACTOTO EJIEMEHTY.
Taxuif TIOXiA D0 MOICIIOBAHHS MOYKHA BHKOPHUCTOBYBATH, OCKUTBKM MOIYJb TPYXKHOCTI Ta Mexka
TEKY4YOCTI MaTepiany IIBa Ta NPWIETJIMX 30H CYTTEBO MEPEBUILYIOTH aHAJOTIUHI MOKAa3HUKHA OCHOBHOTO
MeTally, CTBOPIOIOYHM e(eKT JOoKanpHOro “apmyBaHHA . JXOpCTKe BKIIOYEHHS i/1€ajbHO BiITBOPIOE
KiHeMaTH4YHEe OOMEXKeHHS AcdopMalliid, sSKe BUHUKAE B pPEaTLHOMY 3BapHOMY BY3Ii, ITO3BOJISIOUH
30CEepeIMTH yBary Ha TOJIOBHOMY YMHHHKY PYHHYBaHHS — KOHICHTpALlii HANPYKEeHb HA MEXI1 pO3IOALTY
CepeIOBHIL.

Oco0MHMBO BaYKIIMBUM € JTOCTIDKEHHS B3a€MOJIIi KIIBKOX TaKUX BKJIFOUEHB, OCKUTBKHA B PEaTbHHUX
00’€KTax 3BapHI IIBU YaCTO PO3TAIIOBaHI OJIM3BKO OJMH JO OJHOTO, YTBOPIOWOYH CKJIAJIHI TOMOJOTIUHI
cucremu. CHUMyNSLIMHUN aHammi3 B3aeMOil IUX EIEMEHTIB A€ 3MOTY BHSABUTH €(QEKTH B3a€EMHOTO
ITiICHIIEHHS HAIIPYKEeHb, SKi HEMOXIIHBO 3a(hiKCYBaTH MPH PO3TIAAL MOOJMHOKUX e()eKTiB UM BKIIIOUCHb.
BukopucTaHHS KOHIICIIIIT YKOPCTKUX BKIIOUCHB J03BOJISIE YHI(QIKYBAaTH PO3PAaXyHKOBI CXEMHU IJI Pi3HUX
THITIB 3BapIOBAHHS, BiJl TOYKOBOT'O JIO MEPEPUBYACTOTO IIBA, 3BOJISYH iX JI0 YITKO BU3HAUCHUX TPAHUIHUX
3a7a4 MEXaHIKH.

TakuM YHHOM, aKTYalIbHICTH JOCIIHKCHHS 3YMOBJICHA HEOOXITHICTIO CTBOPCHHS IIBHAKHAX Ta
TOYHUX aJCOPUTMIB OIIHKH MIIHOCTI IUIACTUHYACTUX CHUCTEM 13 HEOMAHOPITHOCTAMHU. Pe3ynbTatu
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CHMYJISLIITHOTO MOJIEITIOBaHHS MOKHAa BUKOPHCTOBYBATH JUISl TECOPETHYHOTO OOIPYHTYBAaHHS ONTHMI3amii
pO3TaIIyBaHHs 3BapHUX BY3JIiB 3 METOI0 MiHIMI3aIlli pPHU3WKIB KPHUXKOTO pPYHHYBaHHSI. Po3ymiHHSA
MEXaHI3MIB MEepPEepO3NOAITY 3YCHIb MK J>KOPCTKMMH BKIIIOUCHHSIMH JO3BOJUTH 3HAYHO ITiABUIIUTH
eKCIUTyaTaliiHy Oe3leKy TeXHIYHUX 00’ €KTIiB y aBialliifHiil Ta cCyTHOOY IiBHIN TaTy3sX.

AHaJti3 oCTaHHIX JoCHiIKeHb i mybaikamiii. OTBOpH, BKIIFOUCHHS YW MiACWICHHS CIIPHIHHSIOTH
3HA4YHy KOHIEHTPALIIO HANPYXXEHb y BCIX 1H)KEHEPHUX KOHCTPYKISX, IO POOUTH OIIHKY iX BETMYUHH
KPUTHYHO BKJIMBOIO JJIsl BU3HAYCHHS HAJIHHOCTI Ta TEPMiHIB eKcIUTyaTalii eseMeHTiB. KoHueHTpamis
HaIpy>KeHb TaKOX HasBHA Yy Marepiajax 3i CTpyKTypHHMH HEOTHOPITHOCTSIMHU, TAKUMH SIK TOPOKHHHH,
JIOMIIIIKA T4 TEOMETPUYHI BKIIFOUCHHsI, OCOOJIMBO 3a il JUHAMIYHOIO UM BiOpaIiifHOTO HaBaHTAKEHHS.
JuHaMiuHi BIUIMBU CTBOPIOIOTH Y TaKMX 30HAX TPATi€EHT HANPYKEHB, IO CTA€ MPUIMHOIO MPOTPECUBHOTO
HAKOIMYEHHsI MOMIKO/DKEeHb. Po3mosin HanpykeHo-1e)opMOBAaHOTO CTaHY B OKOJI LUX KOHIIEHTPATOPIB
3HAQYHOI0 MIpOI0 BH3HA4YaeThbcsd (HOPMOIO, MEXaHIYHMMH Ta T€OMETPUYHHMH XapaKTePHCTHKAMH
BKJIFOYEHHS. [pyHTOBHMI aHaji3 TaKMX TiJl € OCHOBOIO [Jis PO3POOKU METOJIB 3HUKEHHS IHTEHCHBHOCTI
HaNpyXeHb MIJISIXOM e(eKTUBHOTO MiA00PY BIACTUBOCTEH €JI€MEHTIB Ta iX po3TallyBaHHS.

[TpoGiema KoOHIEHTpawii HampyXeHb MOOIHM3y BKIIOYEHb 3aJIMIIAETHCS BHUCOKOAKTYAJIBHOIO B
cydacHiit Mexanini [1-12]. IctopuuHo Asst 3ama4 Ipo KPYTroBi BKIOYEHHS B HECKIHYCHHHX TIACTHHAX 32
CTaTUYHOrO ab0 KBa3iCTaTUYHOTO HABAaHTAKEHHS ICHYIOTh KJIACHYHI aHATITHYHI PO3B'SI3KH Y GOpMI PsIIiB,
npezcranieHi y poootax O. M. T'yss, B. JI. Kyoenka ta I'. M. Cagina [13, 14]. Oanak 1jist BKJIIOUEHb 31
CKJIaTHOI0 TeoMeTpicro (eMNTHYHOi, MPSIMOKYTHOI Ta IHIMIAX (OPM) BHKOPHCTOBYIOTHCS HaOIIKeHi
METO/IH, 30KpeMa MeTo/ OaraTokpaTtHUX BimoOpaxeHb [14]. Takox ms TOCTIHKEHHS OO KJIAcy 3a/1au
AKTHBHO 3aCTOCOBYIOThCS HAMIBUUCIOBI MiAXOH, Taki sk MeToj rpannuHux enementis (MI'E) [15-17].
[TepeBaroro MI'E € MOXIHBICTE 3aIIUCy CHHTYIISIPHUX Ta PETYJLIPHUX 1HTETPAIBHUX PIBHIHB IS Pi3HHUX
THIIB rpaHrn4YHuX yMoB [15, 18, 19].

VY cydacHHX IOCTIKEHHSIX MIMPOKE 3aCTOCYBaHHS MalOTh YHCIIOBI Ta aHATITHYHO-YHCIOBI METOIH.
3okpema, Meton ckinueHHux eneMmeHTiB (MCE) BHKOPHCTOBYETHCS IUIA aHAIN3y HANPYKEHOTO CTaHy
INIACTUH 13 (YHKI[IOHATBHO-TPAAi€HTOBAHMMHU KiJbLICBUMHU BKIIOYCHHsMH [1] Ta migkpimieHuMu
BUOBXKeHUMHU oTBopamu [2]. TIpote, knacuunuii MCE 4acTo 1eMOHCTpY€ BUCOKY TOYHICTBH MEPEBaKHO
JUISL CTATUYHHUX HAaBaHTaXKCHB.

Kpim Toro, mapanenpHO po3BUBAIOTHCS MaTEMaTHIHI MO Ha OCHOBI CHHTYJIIPHUX 1HTETPaIbHAX
PIBHSIHB JUTS TUIACTHH 13 NiHiHUME [3, 20] Ta KpUBOIIHIHHUME BKITFOUSHHSAMH 1 TpituHaMu [4, 21]. Taki
OiAX0[M MO3BOJSIIOTE aHanmizyBatu 2D-3D mepexoau y ¢dopmi KpyroBux eneMmeHtiB [5] Ta OymyBatu
Mo udikoBani po3s’s3ku Kipma s skopcTkux abo M'SKHX BKIo4YeHb [6, 7]. TlepeBaroro 3acTocyBaHHS
MOAU(DIKOBAHOTO METOJy I'PaHUYHUX €JEMEHTIB I JOCIIPKeHHS JaHOro Kiacy 3a7ad € MOXKJIHMBICTB
BHBYCHHS HANpYyKXEHO-Ie(OPMOBAHOTO CTaHy CHCTEM 13 0araTomapoOBHMHU BKIIOYEHHSMH JOBLIBHOI
dopmu [8, 11]. [eit minxin 3abe3neuye TOYHE BU3HAYCHHS BCIX KOMITOHEHT HANPY)KEHb HA MEXKi PO3MOILTY
BKJIfOueHHsI — MaTpullst. EQexruBHicts MI'E Ta rpaHMYHMX iHTErpaJbHHUX PIBHSAHB TAKOX IMiATBEPIKEHA
IPU TOCIIKSHH] JMHAMIYHOTO HANPY)KEHOTO CTaHy TUIACTUHYACTHX EIEMEHTIB i3 po3pizamu [9].

Jnst 3amau audpakiii XBWIb y CEPeOBHINAX 13 BKIIOYEHHAMH 32 HECTAI[IOHAPHUX HABAHTAXKECHb
BHKOPHCTaHHS METOIY TPAaHUYHHUX €JIEMEHTIB JT03BOJISE MOOYIyBaTH iHTETPANbHI PIBHIHHS Y 3aMKHEHIH
bopmi, 30kpema, st Apyroi ocHoBHOI 3a7ay4i [10]. Bukopucranus gyHIaMeHTaIbHUX (YHKINH BILIHUBY,
3allMCaHuX Y aHATITUYHIA QOpMi, TO3BOJISAE 3BOJUTH TaKi 3a/avi JO CUCTEM CHHTYJISIPHUX iHTETpaJIbHUX
PIBHSIHB, IO € KIIFOYOBUM IS CUMYJISIIIHHOTO aHalli3y B3aEMOJIiT dKOPCTKHUX BKIIIOUCHb.

I[ocTtanoBka 3aBaaHHA. AHani3 ICHYIOUHMX ITyONiKaliii CBIAYUTH, IO TONPH 3HAYHI YCHIXH B
PO3pOOIIl YHCIOBUX METOMAIB Ul aHaji3y HalpyXeHO-IeQOPMOBAHOTO CTaHy €JIEMEHTIB 3 OAMHUYHUMH
BKJTFOUCHHSIMH, THTaHHS JWHAMIYHOI B3a€MOJIi CHCTEM JXOPCTKMX HEOTHOPITHOCTEW y TOHKOCTIHHHX
€JIeMEHTaX 3aJIUINAETHCS PO3B’SI3aHUM JIAIIE YaCTKOBO. BINBIIICTh KIACHYHHUX MOJEICH OOMEXKYIOTHCS
CTaTUYHUM HABaHTAXEHHAM a00 KaHOHIYHMMHU (OpPMaMH BKIIOYEHb, L0 HE A03BOJISIE MOBHOI MipOIO
BpaxyBaTH Cel(]iKy pealbHUX 3BAPHUX BY3JIB SK CKJIQJHUX TOMOJIOTIYHUX CUCTEM.

Tomy MeTOor0 maHOi poOOTH € PO3poOKa aNTOpPUTMY CHUMYJIAIIMHOTO aHAi3y, SKAW 0a3yeThes Ha
KOHIICMIIIT MpEICTaBIICHHs] 3BapHUX IMIBIB SK JXOPCTKUX BKIIOYEHb Y MEXKaX T'PaHUYHO-EIEMEHTHOTO
nmigxony. Lle mo3Bonsie He numie yHi(iKyBaTh pPO3paxyHKOBI CXEMH IJsl Pi3HHUX THUMIB 3’€lHaHb, a U
JETabHO JOCTIIUTH e(eKTH B3aEMHOTO ITiJICHIICHHS HANPY»KeHb NPH iX OJIM3bKOMY po3TarryBaHHi. Takuii
miaxig 3abe3neuye BUCOKY OOYHCIIOBAIBGHY €(QEKTHBHICTh NPH aHaNi3l HECTalliOHAPHUX MPOIECIB,
CTBOPIOIOYM TEOPETHUYHE MIATPYHTA IJIsl ONTHMi3alii 3BapHUX KOHCTPYKLIH 3 METOI0 3amo0iraHHs ix
KPUXKOMY pYHHYBaHHIO.

BukiiajeHHs1 0CHOBHOT0 MaTepiaiy. Po3risiHeMO IIIaCTHHYACTHH €JIEMEHT, IO MIiCTHTh CHCTEMY
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YKOPCTKHUX JIOBUILHO PO3MIIIEHUX BKJIIOYCHb (puc. 1), mI0 € MoaensiMu 3BapHHX MIBiB. PO3rismaeTses
BHIIAIOK, KOJIM Ha TPAHHUII IJIACTHHYACTOTO EJIEMEHTY Ta BKITFOYEHHS BifCyTHI mepemirnenus (puc. 1).

Puc. 1. Moaean 3agaui

[To3naunmo uepe3 L1 rpaHuUIi0O KOHTYPY OAHOTO 3 BKIIOUEHB, a yepe3 L, - rpaHuIlio KOHTYPY 1HIIOTO
BKuroueHHs. O0MacTp, SIKy 3aliMae IJIaCTUHKA, Mo3HAa4YeHo yepe3 D. BimHecemo mnacTuHYacTH eneMeHT
0 JIeKapToBOi cucTeMu KoopauHaT OXixoxs, SIKY pO3MICTHMO y cepemuni Biapizka 0102, 1m0 3’€IHYE
IEHTPH Bark BKIMOYeHb (puc. 1). I'paHuuHi yMOBHM 3ajadi Ui BUIAAKY BiICYTHOCTI MEpEeMIIlCHb Y
BKJIFOUCHHSIX BiIMOBIIHO 10 [13] 3amucyroThest y BUTIISAII:

wl, =wP =0, i j=12 (1)
Tyt u; ¥, u, ) - BinnosinHo MepeMineHHs TOYOK HA 'PaHUIIi TIACTHHKA-BKIIOUEHHS B HAPAMKY
oceit Ox; Ta Oxz.

Bukopucraemo 3amporonoBanuit 'y [9] mimxim, amanmTyBaBIIM HOro I BHIIQAKY TOCIIIKEHHS

ABO3B’s13HUX oOnacteil. Ilosnaunmo 4epes L — cymapHuii rpaHnyHnilt KOHTYp: L = U; L. Interpanbhe
J

MPECTABICHHS MepeMillieHb IPpyrol OCHOBHOT 3a/1a4i 3anumeMo y BUrsii [14]:

u;(x1,%2) = = [ wp(x; x3) - Py (x5 %25 X7 x9) ds, @)
ne Py ; — OQynnamentanphi dynkuii [9]. Jlns posrasHyTOro JBOBMMIPHOTO BHIAJIKy 3HA4YEHHS
iHekciB Bubupamues K, j =1, 2.

BukopucroByroun pospobiennii y [9] amroputM, mobymayeMo st po3B’sA3aHHs 3afadi CHCTEMY
IHTErpaJbHUX PiBHSIHB. J{JIsI IHOTO 33I0BOJILHUMO I'paHn4Hi yMOBH (1) Ha KOXKHOMY 3 TPaHHYHUX KOHTYPIB,
BUKOPUCTOBYIOUM IHTErpajbHi MpPEACTaBICHHS Juis mepemimieHb (2). JlocmiiuBIIM HEpEryJspHICTh
migiHTerpatbHUX (PYHKIIIH Ta BCTAHOBUBIIHN X OCOOIMBOCTI IUIIXOM BUAUICHHS HEPETYIISAPHUX CKIaIOBUX
ta BukopucraBm (opmynu Ilnemens-Coxoupkoro [13, 14] mpu rpaHUYHOMY HEPEXOMdi 3aMHIIEMO
CHCTEMY iHTerpaJbHHUX PiBHSIHB 3a7ayl y MaTpU4HilA GopMi:

CU+ [ F-Uds=P, (3)

_ ) . P _f{ .
IS C = {Cij} MaTpuld MO3a1HTCrpaJIbHUX Koe(l)ll_lleHTlB, U= ul. — MaTpulsa HEBLAOMHUX
nepemMiniesb, P = {Pij} — MaTpullsl BIUIMBY 3aJaHOTO HaBaHTaxeHHs, F = {fij}— MaTpULs

dbyHIaMeHTaTbHUX (YHKIIIH.

Jnst po3B’si3aHHS CHUCTEMHU IHTErpalbHUX pIiBHAHb (3) BHKOPHCTAaHO YHCIOBHHAITOPHUTM, IO
TPYHTYEThCS HAa METOJI MEXaHIYHUX KBaJapaTyp Ta koiokamii. [Ipum mapamerpusaiis rpaHuii KOHTYpY
BKJIIOYEHb Lj BUKOpHCTOBYBaoCs KoH(GopMHE Binoopaxenus [14]:

t=g(0) =ae™® +a,el? + a,e?? +aze’ +..), 0< 6 < 2m,

Je CTami Qq,dy, ... BA3HAYAIOThH CIIBBIIHOIICHHS MK CTOPOHAMH MPSIMOKYTHOTO BKIFOUCHHS, a
cTasa g BIUIMBAE Ha HOTO JTOBXKHUHY.

Jlns BU3HAYCHHS HAaNpYKeHb Ha TPAHUII MaTPUIS - BKIFOUCHHS BUKOPUCTOBYBAIIMCS OTprMaHi y [9]
3QJIKHOCTI Y iHTErpanbHil hopmi:

O'ij = inkude,
L

npudgomy dynkuii H;; € Bimomumu. Po3paxyHOK HampyKeHb MPOBOJMBCS YHCIOBO Y BiIMOBiTHHX
TOYKaxX I'paHHUIb BKIIIOYCHD.
YuciioBi po3paxyHKH MPOBENEH] IS BHIAIKY JOCIIUKEHHS BIUIMBY «IIaJal0uoi» XBHJI CTHCKY,
MOTEHIII M AKOI 3amaroThes [13, 14]:
D = Pel@T-w) p = 0,

w
Jle W - 4acToTa, wq = —, @y = £

. ~,2» 1110 TIOIITMPIOETHCS Y HAMPAMKY oci Ox4 Ha CHCTEMY MKOPCTKHX
1
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BKJIIOUEHb. 2D MOACIb 33.,[[3‘{i AJIs1 BUIIAJAKY KOJ'IiHeapHI/IX BKJIFOYCHDb MMPEACTABJICHO HA pHUC. 2.

Puc. 2. 2D Mogennr HAaBaAaHTAKEHHA,

YucnoBi po3paxyHKH MPOBEACHO [T BUMAAKY, KOJIH BKIIOUCHHS MarOTh OJHAKOBY (puc. 3, 311iBa)
Ta pi3Hi (puc. 3, cnpaBa) MOBXHHU. [Ipu po3paxyHKax BpaxoOBYBalOCs, IO BiJCTaHb MK IHEHTpaMu
BKJIIOUCHB JTOPIBHIOE JOBKHHI O1IBIIOTO 3 BKIIOYCHB.

Puc. 3. HanpyskeHnii CTaH NJIACTHHYACTUX €JIEMEHTIB 3 CHCTEMOIO BKJIKOYEHb.

IIpoBeneni po3paxyHKH MO3BOJIIM BCTAHOBHTH 3aKOHOMIPHOCTI pO3MOAUTY KOMITOHEHT
HaTpYXeHb 0, Ta Og B OKOJII IBOX KOPCTKUX BKJIIOYCHD 3aJISKHO BiJl YACTOTH JTUHAMIYHOTO HABaHTAKCHHS
@ Ta reoMeTpudHOi KoH(irypamii cuctemu. Ha mpeacrtaBinenmx Ha puc. 3 rpadikax CIIOCTEPIraeThCs
OCILIWJIIOIOYMIA XapaKTep 3MIHU HAMPYKEHb, 1110 MOSICHIOETHCS THTEP(EPEHIIIEI0 XBUIIb, BITOUTUX Bi MEXKI
PO3/ILTY «BKITFOUCHHSA—MATPHUIIS.

JI7ist BUMAIKy BKITFOUCHD OJIHAKOBOT JOBKUHU (pHUC. 3, 371iBa) MaKCHMaIbHI 3HAUCHHS paIiallbHUX
HamnpyXeHb 0, (IKCYIOTbcd B 00JacTi HU3BKMX YacTOT, MICIS HYOTO CIOCTEPIraeTbcs iX MOCTYHOBE
3aTyXaHHS 3 BUP2XCHUMH JIOKaTbHUMH eKcTpeMyMamu. HampyxkeHHS Ha mepiiomy BKJIroueHHi |, ske
MIEPIIUM CIIPUIMAa€e XBUILOBHIA (DPOHT, € JICII0 BUIIMMH 32 aHAJIOT19HI TOKa3HUKHU HA APYyTrOMY BKIIOYEHHI
11, 10 cBiTUNTH TIPO YACTKOBUH €EKT «KCKPAHyBAHHI».

[Tpu nocnimKeHHI MoJei 3 BKIFOUYCHHSIMHU PI3HOI TOBKHHU (puUC. 3, CripaBa) XapakTep B3aeMoii
CYTTEBO 3MIHIOETHCA. 3MEHIIEHHS PO3MIPY IMEPIIOTr0 BKIFOYEHHS MPU3BOIUTH A0 3pOCTaHHS aMILTITyId
HAMpyXeHb 0, Ha OUIbIIOMY (IpYromy) BKJIIOYEHHI, 1[0 BKAa3ye Ha MEPEPO3NOALT eHepril JHHAMIYHOTO
BIUTUBY B cHCTeMi. ['padikui TeMOHCTPYIOTh, IO JUISI BUMAQAKYy CHCTEMU BKJIIOYCHHb PI3HOI TOBKHHHU
EKCTPEMYMH HaTpPyKEeHb CTAalOTh O1IbII TOCTPUMH, @ YACTOTHUH 1HTEpBAJI Mi’K HUIMU CKOPOUY€ETHCS.

Kinbmeri HampyKeHHS 0y B 000X BHIAJKaX MarOTh 3HAYHO MEHINY aMIUTITYAy IOPIBHSHO 3
pamiaTpHUMH, TPOTE iX pONb y 30HAX KOHIIGHTpPAIii € Ba)JIMBOIO I OIIHKH PHU3HWKY 3CYBHOTO
pytinyBaHHs. [lopiBHSUIBHUI aHami3 MOKa3ye, IO TMPH BiACTaHi MiX LEHTPaMH, sKa JOPIBHIOE TOBKHHI
OLITBIIIOTO BKIJIFOUEHHS, B3a€MHHI BIUIMB €JIEMEHTIB 3alUIIA€THCS IHTCHCHBHHM, IMPOBOKYIOUM e(eKT
i ICHUIICHHS TTOJIS HAPYKeHb Y TPOMIDKKY MK HUMH.

Pesynprat cumyssimii  MiATBEPIPKYIOTh, MO 3MiHa TEOMETPUYHHUX MapaMeTpiB OJHOTO 3
BKITIOUEHB PaliKaNIbHO 3MiHIOE YaCTOTHHM BIATYK yciel KoHCTpyKUii. Lle no3Bosnse 3po0uTH BUCHOBOK, 110
MIpU TPOEKTyBaHHI 3BapHUX BY3JIiB HEOOXIMTHO BpaxOBYBAaTH HE JMINE iX BJIACHY MIIHICTh, a H
PO3TalIyBaHHs MIOA0 HAMPAMKY OYiKYBaHOT'O JHHAMIYHOTO HaBaHTakeHHs. OTpUMaHi JaHi MOXKYTh OyTH
BUKOPUCTaH1 JJsl BH3HAUYEHHS KPUTHYHMX 4YAacTOT, NPH SIKMX KOHIEHTpAalis HampyXeHb IocsArae
HeOe3MeuHNX 3HaueHb, 10 € KITFOUOBUM IS 3a0e3MeUeHHs HAAIMHOCTI TNTACTHHYACTHX €JIEMEHTIB y aBia-
Ta CyTHOOYIyBaHHI.

Crain BiAMITUTH, 3alpONOHOBAHWMH y Wi poOOTI MiAXiN XapaKTepU3YEThCS 1CTOTHO MIMPIINMHU
MOXKJIMBOCTSIMH pO3paxyHKiB. KpiM Toro, meit minxia € yHiBepcalbHUM IS TOCIiIKEHHS HAIpy>KEHOTO
CTaHy y BUIIAAKY BKIIOYEHB 1HIIOIT TJIaaKoi (hopMHE Ta He TOTpedye, Ha BIAMIHY Bill METOIY PSIIIB, KOTHUAX
Momudikamii. [TepeBaru 1poro migxomy OyayTs MPOISMOHCTPOBAHI y Psilli HACTYITHUX TOCTIKEHb.
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BucHoBku

3anponoHOBaHWA Yy PoOOTI MiAXim HA OCHOBI MOMH(DIKOBAHOTO METOXy TpPaHWUYHHUX EJIEMEHTIB
JIEMOHCTPY€E 3HAYHO IIUPII OOYHMCIIOBAJIbHI MOXIIMBOCTI TMOPIBHSAHO 3 TPAJAULIAHUMH IiAX0JaMH.
l'onoBHOO TIepeBaror JaHOTO METONy € WOT0 YHiBepCAIbHICTh, OCKUIBKH BiH JIO3BOJISE TOCIiIKyBaTH
Hamnpy>XeHUH CTaH IUIACTHH 13 BKIIIOYEHHSIMH OyAb-AKOi TIaaKoi reoMeTrpii 6e3 HeoOXiTHOCTI CKiIamHOl
MaTeMaTUYHOT MOIU(IKAILIT aIrOPUTMY, 1110 € 000B’I3KOBUM JIJI METOIY PO3KiIany y psaau. [loTeHmian ta
e()eKTUBHICTh 3aCTOCYBAHHS Ii€] METOJMKHU I CKJIATHIIINX CHCTEM OyIyTh NETAILHO BUCBITJICHI Y
HaIlINX HACTYITHUX HAyKOBUX TpAIlsiX.
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Jhyybkuil HAYioOHAILHUL MEeXHIYHUL YHIGepcumem

NIIBULEHHSA HAIMHOCTI POBOTU30BAHUX BUPOGHUYUX CUCTEM HA
OCHOBI AIA'HOCTHUKHU BIZIMOB, IPO'HOCTUYHOI'O OBCJIYI'OBYBAHHS TA
IHHOTOYHOI'O MOHITOPUHI'Y

Y cmammi y3acanvneno cyuacni nioxoou 0o 3abe3neuenns HAOIIHOCHMI POOOMU3OEAHUX | AGMOMAMU3OBAHUX
eupobnuuux cucmem. Pozenanymo memoou OiacHOCMUKU GIOMO68, RPOCHOCHMUYHO20 MEXHIYHO20 00C/Y208)8aAHNA,
MOHIMOPUHZY HA OCHOBI NPOMUCTI08020 THMEPHEMY peyell ma pojib A6MOMAMU306aH0T RIOMPUMY8aANbHOT iIHpacmpykmypu.
3anpononosano y3azanbHeHy CMPYKmMypy CUCHEMU 3a0e3ne4eHHA HAIlIHOCMI pPOOOMU306aH020 KOMRIEKCY U ROOAHO
npaxmuyni pexomenoayii w000 ii nOemannozo 6nPoBaOHCEHHA Ha NIONPUEMCIEI.

Knrwowuoei cnosa: mexuiunuii cepsic, pobomu3o6ani 6upooHuti cucmemu; CUCmeMu Kepy8aHHs, aHanimuiHe MoOen08anH,
MeXampoHHi cucmemu npugodis, asmomamuine oOpoOHe 00NAOHAHHA, NPOEKMYBAHHA eleMeHmMi8 00NAOHAHHS, MOHIMOPUH2
meniogQizuuHUX npoyecis.

B.I. Prydalnyi, L.M. Samchuk, N.M. Huliieva, V.A. Sychuk

IMPROVING THE RELIABILITY OF ROBOTIC MANUFACTURING SYSTEMS BASED ON
FAULT DIAGNOSIS, PREDICTIVE MAINTENANCE, AND REAL-TIME
MONITORING

The paper considers current approaches to improving the reliability of robotic and automated manufacturing systems
based on fault diagnosis, predictive maintenance, real-time condition monitoring, and supporting automated infrastructure. The
relevance of the study is determined by the increasing structural and functional complexity of robotic complexes, in which local
defects of drives, reducers, bearings, sensors, or auxiliary subsystems may cause unplanned downtime and loss of process
stability. The paper generalizes diagnostic, prognostic, and monitoring approaches and proposes a generalized structure of a
reliability assurance system for a robotic complex that integrates physical subsystems, data acquisition, local diagnostic
processing, 110T-based data exchange, technical state analytics, and service decision support.

Keywords: technical service; robotic production systems; control systems; analytical modeling; mechatronic drive systems;
automatic processing equipment, design of equipment elements, monitoring of thermophysical processes.

IMocTranoBka npoodjemu. CyyacHi poOOTH30BaHI BUPOOHUYI CUCTEMH € 0araTOKOMIIOHCHTHUMH
TEXHIYHUMH KOMIUIEKCAMH, Y SKHX B3a€EMOJIIOTh MEXaHIuHi, eNeKTpUYHi, iHpOopMaliiiHi Ta KepyBaibHi
MJICUCTEMH. 3a TaKUX YMOB HaBiTh JIOKAJIbHI BIIXHJIECHHS TEXHIYHOTO CTaHy IPHUBOMIB, PEIYKTOPIB,
MiAMUITHAKOBUX BY3JIiB, CEHCOPHUX KaHAJIB ab0 JOMOMIKHUX MEXaHI3MiB MOXKYTh CHPUYUHSITH BTPaTy
TOYHOCTI, 3HIKEHHS POIYKTUBHOCTI Ta He3aIJIaHOBaH1 IPOCTOI.

TpanuiiitHe peakTHBHE TEXHIYHE 0OCITYTOBYBaHHS BXKe He 3a0e3Medye MoTpiOHOTo piBHS HAIIIHHOCTI
pOOOTH30BaHUX KOMIDIEKCIB. Y 3B’S3Ky 3 IUM Yy CY4acHOMY BHPOOHHIITBI 3pOCTa€ pPOJIb IMiIXOIIB,
3aCHOBaHMX Ha Oe3MepepBHOMY KOHTPOJi TEXHIYHOTo CTaHy, IiarHOCTHLI BiIMOB 1 HpPOTHO3YBaHHI
nerpanarii By3miB. HaiibinbIn mepcieKTHBHIM HAIIPSIMOM € MPOTHOCTHYHE TEXHIYHE 00CIIyTOBYBaHHS, 32
SIKOTO PITIICHHSI IIIOJI0 CEPBICHOTO BTPYYAHHS MTPUHMAIOTHCS HAa OCHOBI IIOTOYHUX €KCIUTyaTaIlifHUX JaHWX.

TeXHIYHOIO OCHOBOIO TaKOTO MiAXOMy € IMOEIHAHHS 3ac00iB JIArHOCTHKH BiMOB, MOTOYHOTO
MOHITOPHHTY ITapaMeTpiB poOOTH Ta HUPPOBOro NepeJaBaHHs JaHUX Y MEXKaX apXiTeKTYPH IPOMHCIOBOTO
iHTepHETY pedei. st poOOTH30BaHMX CHCTEM HaAHOUMBIN iHGOPMATHBHUMH € CUTHAJW, TOB’s3aHi 3i
CTaHOM TIPUBOJIIB, MEXaHIYHMX TIiepesad, MiANIMIHUKIB, CUCTEM 3MalllyBaHHs], a TaKOX YacOBI DPsIu
HABAHTAXEHHs, LIBUIKOCTI Ta TONI0AkKEHHs ocell. IX BUKOpHCTaHHS fae 3MOTy TlepelfTH Bij (ikcarrii hakTy
HECTIPaBHOCTI 0 PaHHBOT'O BUSIBICHHS 03HAK Jlerpaaiii.

Bomnodac HamiftHiCTE pOOOTH30BAHOTO KOMILIEKCY BH3HAYAETHCS HE JIUIIE CTAHOM OCHOBHOTO
BUKOHABUOTO OONIamHaHHSA, a ¥ pPOOOTOI0 MTOTOMIXKHOI aBTOMAaTH30BaHO! 1H(PaCTPyKTypH, 30Kpema
TPAHCIIOPTHO-HAKOMMMYYBAIBHUX 1 CKIAJCHKUX MiJcUcTeM. Tomy 3a0e3ledeHHs HaJiHHOCTI JOUIIBHO
po3rIIAmaTH K IHTETPOBaHY 3a7ady, IO OXOIUIIOE MIarHOCTHKY BiAMOB, IPOTHOCTHYHE TEXHIUHE
00CITyrOBYBaHHs, IOTOYHUI MOHITOPHHT Ta Y3TO/KEHY POOOTY JOMOMIKHUX IiJICHCTEM.

Jlns y3araapbHEHHsS TiepeBar i OOMEXCEHb OCHOBHUX IIIXOMIB JO 3a0e3Me4eHHs HaIiiHOCTI
POOOTH30BAaHUX CHCTEM AOLIIBHO BUKOPUCTATH NOPIBHAJIBHY XapaKTepUCTUKY, HaBeeHy B Taodm. 1.

Takwii cTaH B JOCHIJPKEHHSIX 1 3aCTOCYBaHHI CUCTEM JIialrHOCTUKH BKa3y€e Ha JOIUIBHICTH PO3BUTKY
MOJANBIINX JOCHTIPKEHb.
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Tabn. 1
IopiBHsIbHA XapaKTePUCTUKA MAX0AIiB 10 3a0e3meuyeHHsI HAXIHHOCTI po0OTH30BaAHMX
CHCTEM
. . . . OYLIbHICMb
I'pyna nioxoois OcHoeHi OaHi Ilepesacu Obmedicenns Hoy
BUKOPUCMANHS
Knacwani .
. . . ... |oOMexeHa THYYKiCTb, oo
JarHOCTHYHI CTpyMH, BiOpalii, | mpocroTa pearizarii, 0a30BHUll PIBCHb

JYTIWUBICTh JI0 IITyMiB,

TIarHOCTUKH Ta

MeToau (Moporosi, TeMIIeparypa, IHTEpIIPETOBAHICTb, .
X . CKJTaJIHICTh
rule-based, signal CUTHAITN MPUIATHICTD IS . MOTOYHOTO
: . . BUSBJICHHS PAHHBOT
processing, model- KOHTPOJIEPiB JIOKaJBHOTO PiBHS erpazawii KOHTPOJTIO
based FDI) P
. BUSIBJICHHS CKJIQJIHUX | MMOTpeda y BEJTUKUX
Data-driven meronu ) e & peba y
(ML, DL, CNN 4acoBi psiiy, HETHIHHIX BHOIpKax, MPOTHO3YBaHHS
RNI\i ’ LSTM’ OaraTtoceHCcOopHi 3aJIeKHOCTEH, 004HNCITIOBaTbHA Jerpajaii Ta
! '|maHi, IcTOpiA BIAMOB| IIPOTHO3YBAHHS CKJIAJHICTD, HIDKYA a”HOMAITIH
autoencoder) A Pl BLL POTHO3Y A .
B1IMOB IIOSICHFOBAHICTH

Oe3nepepBHuUii 30ip, | BUMOTH JIO AKOCTI

TEXHIYHA OCHOBA

IloT-MOHITOPHHT | CHTHaIlM CEHCODIB,

. HAKOIHMYEHHS 1CTOPii aHUX
Ta UQpoBi PLC/CNC, : HA 1CTOPIL Jlatux, QG pOBOTO
. . . iHTerparlisi piBHiB CUHXpOHi3aIlii,
aApXITEKTypHU MEpPEeKeRBi J1aHi . CYMPOBOIY
KepyBaHHS KibepOe3mekn
. napameTpu craOimizaris .
ITlinTpumyBanbHa . . M1 ABUIIEHHS
TPaHCIIOPTHO- MaTepialbHOTO HENpsIMUN BIUIMB HA N
ABTOMAaTU30BaHa . . 3arajabHOT
) HAKOMUYYBATBHHUX 1| IOTOKY, 3MEHIIICHHS JIArHOCTHKY oo :
inQpacTpykTypa CKJIaJICBKUX HENPOAYKTUBHUX OCHOBHHX BY3JIiB CTIROCTI
(AS/RS Ta in.) . POAYKTH M KOMILIIEKCY
i ICUCTEM MIPOCTOIB
HaNOUTBII TTIOBHE o
HaUOLIBIII
. . o 3a0e3MeyeH s . . o
IaTerposanmit yci mepesnivyeHi o L, BUIIA CKIAJHICT | JOUUIbHUHA IS
. HAJIIMHOCTI, 3B’ 30K
TAX1T IpyNU TaHUX BITPOBAKCHHS CY4acCHOI'0

IIarHOCTHUKM 1

. . HiAPUEMCTBA
CEepBICHUX pillIeHb

V mparax [1-3] po3ristHyTO CydacHi MmiIX0d 0 TiarHOCTHKH BiIMOB, TPOTHOCTHYHOTO TEXHIYHOTO
obcyroByBanHs Ta l0T-peanizaii a1 mpomMucaoBux poOOTiB, OJJTHAK OCHOBHUM aKIIEHT 3p00JieHO abo Ha
OIIAZOBOMY y3aralbHEHHI METOiB, a00 Ha OKpEMMX TEeXHIUHMX peamizamisx. Y mkepemax [5-10]
BHCBITJICHO 3aranbHi 3acamu predictive maintenance, oriHIOBaHHS TEXHIYHOTO CTaHy Ta 3aHIIKOBOTO
pecypcy, mpote 6e3 T0CTaTHROT creriamizaliil Ha poOOTH30BaHUX BUPOOHUYMX cucTeMax. PoboTu [11-17]
MIPUCBSIYCHI apXITEKTypaM 300py JaHUX, OKPEMUM MPOTHO3HUM MOJEISIM Ta JiarHOCTHII OKPEMHUX BY3IIiB,
aJie BOHH MEPEBAYKHO 30CEPEIKCHI HA YACTKOBHX aCIEKTaX MPOOJIEMH.

Oxpemy Tpymy CTaHOBIATH jkepena [4, 18-21], y sKuMX BHCBITICHO pOJb aBTOMAaTH30BaHOI
MiATPUMYBAIIBHOI 1HPPACTPYKTYpH, KOHCTPYKTHBHO-TEXHOJIOTIYHI OCOOIMBOCTI OCHAIICHHS, MIPUBOIIB i
MEXaHi3MIiB MaHimymoBaHHS. LI mpami € KOpuCHHUMH JUisi OOTPYHTYBAaHHS CHCTEMHOI Ta MEXaHIKO-
KOHCTPYKTOPCHKOT MPUPOAX pOOOTH30BAHOTO KOMIUIEKCY, aje He OXOIUTIOIOTh MOBHOKO MIpOI0 CyYacHi
3aco0u nn¢poBoi AiarHOCTUKY, ||0T-MOHITOPHHTY Ta MPOTHOCTHYHOTO TEXHIYHOTO CYNPOBOLY.

TakuM YMHOM, HasIBHI JOCTIHKEHHS TOCTATHHO MOBHO BUCBITIIOIOTH OKPEMO METOM JIarHOCTHKH,
MPOTHOCTUYHOTO OOCIYTOBYBaHHS, apXiTeKTypu 300py HaHHX 1 JONMOMDKHI MiJICHCTEMH, OJHaK
HEIOCTAaTHBO POOIT, y SAKUX Li CKIanoBi Oynu O MoenHaHi B €IMHY cUCTeMy 3a0e3ledeHHs! HaailiHOCTi
POOOTH30BAHOIO BHPOOHHUYOTO KOMIUIEKCY. HeEBHUPINIEHOW 3aluIIaeThess mpodieMa (HopMyBaHHS
y3arajgbHEHOI CTPYKTYPH TaKOi CHCTEMH, sIka O iHTeTrpyBaJia JIarHOCTUKY BiJMOB, POTHOCTHYHE TEXHIUHE
00CITyrOByBaHHsI, TOTOYHUH MOHITOPHHT Ta MiATPUMYBaJIbHY aBTOMATH30BaHy iHPPACTPYKTYpy B MEkKax
€IMHOTO TEXHIYHOTO MiAXOIY.

IMocTtaHoBKka 3aBaaHHs. METOIO NAHOTO IOCHIDKEHHS € y3arajbHEHHS CYYacHUX IIIXOIIB 110
3a0e3MeUYeHHsT HaliiHOCTI pPOOOTH30BaHMX BUPOOHMYMX CHCTEM Ha OCHOBI JIarHOCTHKH BiJMOB,
MPOTHOCTUYHOTO TEXHIYHOTO OOCIYroBYBaHHS Ta IOTOYHOIO MOHITOPHHTY, & TakoX CQOpMyBaTu
y3araibHEHY CTPYKTYPY TaKOi CHCTEMH JJIsl MPAKTUIHOTO BIIPOBAKCHHS HA T IIPUEMCTBI.

BukiaieHHss ocHOBHOro matepiany. Ha ocHOBI aHai3y Cy4acHUX MiJXOMdIiB 1O JiarHOCTHUKU
BiIMOB, MPOTHOCTHYHOTO TEXHIYHOTO OOCIYTOBYBaHHS, IMOTOYHOI'O MOHITOPHHTY Ta MiATPUMYBAJILHOI
aBTOMAaTH30BaHOI iH(OPACTPYKTYpH POOOTHU30BAHHA KOMIUIEKC IOUUIBFHO PO3TIISNATH SIK OaraTopiBHEBY
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cucTeMy 3a0e3nedeHHs HaIHOCTI. Y Takill cuCTeMi HalliHHICTh BU3HAYAETHCS HE JIUIIE CTAHOM OCHOBHOTO
BHKOHABYOTO OOJaJHAHHA, a M y3ro/LKEHOI0 B3aEMOIIEI0 CEHCOPHOTO CEPEIOBUINA, JIOKATBLHUX 3ac00iB
KepyBaHHs, IU(POBUX KaHAIB NIepeaBaHHs JaHUX, aHATITHYHUX MOAYJIIB OLIIHIOBAaHHS TEXHIYHOTO CTaHy
Ta JOIOMDKHHUX aBTOMATH30BAHMX ITiJICUCTEM.

@i3nuHi BUKOHABYI Ta JOIIOMIXKHI [TepBUHHI CUTHAIN Ta BUMipIOBaHHS UlokanbHe KepyBaHHs Ta IEPBUHHA
mijicucteMu poOOTH, IPUBO.IH, RN CTpyMH, BiOpartii, S nmiarnoctrka CNC, PLC,
PEIYKTOPH, i JUIHITHUKH, CHCTEMH TeMIlepaTypa, MIBUIKICTb, KOHTPOJIEPU POOOTIB, JIOKAJIbHI
3mariyBanHs, AS/RS, TpaHcriopTHO- MOJIOXKEHHSI 0Cell, HAaBaHTAXXEHHS, iHIMKaTOPH pecypcy
HAKONHUYYBalIbHI MiICUCTEMU

AHaJiTHKa TEXHIYHOTO CTaHy

TIporHocTHdHe TexHitHe JiarHOCTHKA BiIMOB, MOHITOPHHT lloT-inTerparmis Ta nepegaBaHHsL
OBCITYTOBYBAHHS OIIHIOBAHHS i &—{ Texniunoro crany, model-based ta < nmanux mepexi, MQTT, HMI,
data-driven ananis SCADA, MES

Jierpajaiii, 3aJUIIKOBOTO
pecypcy, MOMEHTY CEpBICHOTO
BTPYYaHHS

[MixTpyMKa pimeHs i cepBicHe
pearyBaHHs 00CIyTrOBYBaHH,
360pOMHUIL 36'A30K HaJAlITYBaHHs, 3aMiHa BY3JIiB,
KOPUTYBAHHS PEXKUMIB pOOOTH

<_

3BOpOTHHUII BIUIMB Ha TEXHIYHUH CTaH 1 pexknM (QYHKIIOHYyBaHHSI KOMIUIEKCY

Puc. 1. Y3aranbHeHa CTPYKTypa CUCTEMHU 3a0e3MedeHHsI HAMITHOCTI poO0TH30BaAHOTO
KOMILJIEKCY

[epmmii piBeHb CTPYKTYpU YTBOPIOIOTH (hi3MUHI BHKOHABUI Ta JOMOMIKHI migcuctemu. [lo HHMX
HaJeXaTh TPOMHCIOBI poOOTH, 0araTooChOBI MAIIMHH, MPHUBOIM, PEAYKTOPH, IiIIIUITHAKOBI BY3JIH,
CHCTEMH 3MalllyBaHHS, a TAKOX TPAHCIIOPTHO-HAKOMYIYBAJIbHI i CKIaichki miacucremu. Came Ha bOMY
PiBHI BUHMKAIOTh MTPOIIECH 3HOILYBaHHsI, pO3PETYTIOBAHHS, IEPEBAHTAXECHHS Ta 1HIL IPUYUHHU TOCTYHOBOI
Jerpanamnii TexHi4HOTO cTaHy. JlomomikHa iHQpacTpyKTypa NpH IOMY pPO3IIAJA€THCS SK CKIIAI0BA
3arajgbHOl HAMIMHOCTI KOMIUICKCY, OCKUIBKH TIOPYIICHHS MAaTepiallIbHOTO TIOTOKY TaKOXK MOXKYTh
CIPUYMHSITH HEMIPOAYKTHBHI MPOCTOT.

Jpyruii piBeHb CTAHOBISATH IEPBUHHI CUTHAIN Ta BUMIPIOBaHHS, sIKi PopMyrOTh iHopMaiiiny 6a3zy
JUTSL OIIHIOBaHHS TEXHIYHOTO cTaHy. [lo HaiOUTbI iH(GOPMATHBHHUX IapaMeTpiB HajaeXaTh MOTOPHI
CTpyMH, BiOparllii, TemrnepaTypa, MIBUIKICTh, MOJOXKEHHS OCel, HaBaHTAKCHHS Ta TPHUBAIICTh POOOTH
okpemux By37iB. Came Li CHUTHaJIM AO3BOJISIIOTH BUSIBISITH paHHI O3HAKM JAerpajzamii i ¢gopmysaru
JIarHOCTUYHI O3HAKHU JJIs1 IOJANTBIIOTO aHAIi3Y.

Tpertiii piBeHb OXOIUTIOE JIOKAJIbHE KEPYBAHHS Ta IICPBUHHY JiarHOCTHYHY 00poOKy. Ha oMy piBHI
¢yukuionytorb CNC, PLC, xonTpomepu po6oTiB Ta iHmI 3aco0M aBTOMaTH3aulii, sKi He JuWIIe
3a0e3MeuyI0Th TEXHOJIOTIYHE KepyBaHH:, a i MOXXYTh BHKOHYBAaTH PO3PAaxXyHOK JIOKAJIbHUX 1HIUKATOPIB
TEXHIYHOTO cTaHy. JlomMiIbHICT TAKOTO IMiIXO0My MOJIATAE y TIEPEX0/Ii Bill IEpeIaBaHHsI CHPUX CUTHAIB JI0
(hopMyBaHHS CTPYKTYpOBAHOI JIarHOCTUYHOI iH(OpMAIlii, IPUAATHOT JJIs TOJANBIIOI0 BUKOPHCTAHHS B
CHCTEMI TEXHIYHOTO CYMPOBOIY.

Uetseptrii piBerb cranoBuTh |l0T-iHTerpartis ta mepexaBaHds ganux. Ha 1iboMy piBHI JIOKaIBHO
chopMOBaHi TapaMeTpu HAAXOJIATh IO BUIIMX 1HQOPMAIIfHUX pIBHIB 4Yepe3 MPOMHUCIOBI Mepeki Ta
MepexkeBi cepBicu 00MiHy, 30kpema MQTT. Lle 3a0e3neuye HaKONTMYCHHS ICTOPUYHUX JAHUX, BiIaICHUHA
JIocTyn Ao nmiarHocTwdHoi iHpopmanii, interpamiro 3 HMI, SCADA, MES ta ¢dopmyBaHHS €IWHOTO
H(POBOTO CEpeIOBHUIIA CYITPOBOIY POOOTH30BAHOTO KOMILIEKCY.

IT’stHii piBeHb YTBOPIOE aHATITHKA TEXHIYHOTO CTaHy, y MeXax sikoi peanizyrorses fault detection
and diagnosis, condition monitoring, model-based Ta data-driven metoau. Ha 11boMy piBHI BinOyBaroOThCs
BHUSIBJICHHSI aHOMAJIiH, iHTepIpeTallis BiIXWICHb, OIIHIOBAHHS JETpajalii Ta BH3HAYCHHS O3HAK, SKi €
MiJICTABOIO Il TIPOTHO3YBaHHS TeXHIYHOro craHy. PakTHYHO caMe TYT eKCIUTyaTamiiHi JaHi
MEPETBOPIOIOTHCS HA iH)KEHEpHY 1H(QOpPMAIIiIo PO Mpane3aaTHICTh BY3iB 1 HiICUCTEM.

IllocTrii piBeHb CTAHOBUTH MPOTHOCTHYHE TEXHiUHE 0OCIyroOBYBAaHHS Ta MiATPUMKA pilleHs. Moro
(GyHKLIS oNsATae y BU3HAYEHHI MOMEHTY JOIIIFHOTO CEPBICHOTO BTPYYaHHS, OLIHIOBAHHI 3JIUIIKOBOT'O
pecypcy, GopMyBaHHI HONMEPEKyBaIbHUX CTaHIB 1 BHPOOJICHHI PEKOMEHJAIliM I0J0 HANAIITYBaHHS,
oOciyroByBaHHS a00 3aMiHM BY3JiB. 3aBEpIIAIGHHM E€JIEMEHTOM CHCTEMH € CEepBICHE pearyBaHHS,
PEe3yJIbTaTOM SKOTO CTAa€ KOPUTYBAHHS TEXHIYHOTO CTaHy Ta PEXKUMIB POOOTH KOMIUIEKCY.

TakuM YWHOM, y3arajbHEHa CTPYKTypa CHUCTEMH 3a0e3ledeHHs HalidHOCTI poOOTH30BaHOTO
KOMIUIEKCY fBJISIE COOOI0 3aMKHEHUH KOHTYp, Y SIKOMY (i3MuHM cTaH 0OJaJHaHHS, MOTOYHI CHTHAJIH,
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JIOKaJIbHA J1arHOCTHKA, U POBE TIepeaBaHHs TaHUX, aHANITHKA Ta CEPBICHI pillleHHA (PYHKIIOHYIOTh K
B3a€MOITOB s13aHi eneMeHTH. 3a Takoro maxoxy fault diagnosis, mporaoctudte TexHiuHe 0OCITyTOBYBAHHS,
IloT-MoHITOpHHT 1 TiATPUMYBaIbHA ABTOMATH30BaHa iHQPACTPYKTYpa pO3TIISAAI0THCS HE 130JIb0BAHO, a SIK
CKJIQJIOBI €TMHOI apXiTEKTypH MU(PPOBOTO TEXHIYHOTO CYIIPOBOY.

Jnst  y3araJIbHEHOTO TIOPIBHAHHS TAXOAIB 10 3a0e3ledeHHs HaTIHHOCTI pOOOTH30BaHHUX
BUPOOHUYUX CHCTEM AOIUILHO (QOpMatizyBaTH iX 3a CyKYIHICTIO KPUTeEpiiB, SKi MarOThb Oe3rocepeHe
MpaKTUYHE 3HAYESHHS A7l IPOMHCIOBOTO BIPOBAKEHHSI.

3 ypaxyBaHHSM aHANI3y JITepaTypu TAKUMU KPUTEPiSIMH NPUHHATO!

K1 - miarHocTn4Ha iH)OPMaTHBHICTb;

K2 — npunaTHICTh 1O paHHBOTO BUSBJICHHS JIeTpajaIlii;

K3 — iHTeprnpeToBaHiCTh pe3yIbTaTIB,;

K4 — ckmagHiCTh BOPOBADKCHHS,

K5 — BuMoru 110 00CsTy 1 SIKOCTI JaHUX;

K6 — npuaaTtHicTh 10 poOOTH B peanbHOMY Haci;

K7 — cymicHicTs 3 apxiTektyporo 110T.

Jiist iHTerpatbHOTO OI[IHIOBAHHS IMiXO0/IiB BBEIEMO y3arallbHeHUH MOKa3HUK e(h)EeKTUBHOCTI:

Qj = Xloiwiki; (1)

ne Qj — iHTerpasbHa OIiHKa |-TO MiIX0Iy;
kij — GabHa OIiHKA j-T0 MiAX0My 3a i-M KpHTepieM 3a mKkano Bix 1 1o 5;
Wi — BaroBuil Koe(ilieHT KPUTEPIFO, IPHIOMY

7
Z w; = 1.
i=1

[ 3amag 3a0e3nedeHHs HaiifHOCTI pOOOTH30BaHNX KOMILIEKCIB IOMUTFHO HAIATH ITiIBUIIICHY Bary
KPUTEPiAM TiarHOCTUIHOI iH(OPMATHBHOCTI, PAHHBOT'O BUSABJICHHS JETPaaallii Ta MpUAaTHOCTI 10 poOOTH
B peaJIbHOMY Yaci. ¥ Mexax JIaHOi CTaTTI MPUHUHATO Taki Barosi koedinientu: wl1=0,20, w2=0,20, w3=0,10,
w4=0,10, w5=0,10, w6=0,15, w7=0,15.

Ha ocHOBiI mpuilHATOI CHCTEMHM KPHUTEpiiB BHKOHAHO y3arajbHEHE MOPIBHSHHS OCHOBHHX TPYIT
MiXO0JIiB, Pe3YJIbTATH SIKOTO HABEJCHO B Ta0J. 2.

Tabn. 2

IopiBHsiIbHA OLiHKA MiAX0aiB 10 3a0e3MeYeHHs] HAAIHHOCTI pOOOTH30BAHUX CUCTEM

Lioxio (K1) | (K2) | (K3) | (K4) | (K5) | (K6) | (K7) | (Q))

KnacuuHi nlarHOCTUYHI METOIU 3 2 5 4 4 5 4 3,70

Data-driven metoau 5 5 2 2 2 3 4 3,70

I10T-MoHiITOpPUHT 4 3 4 3 3 5 5 3,95

[linTpuMyBanbHa aBTOMAaTH30BaHA 3 5 4 3 3 4 4 320
iHpacTpykTypa '

IHTerpOBaHMI i Xi] 5 5 4 3 3 4 5 4,35

HaBeneni pe3ynbraTi MarOTh y3aralbHEHUH €KCIepTHO-aHAIITHYHAN XapakTep 1 BioOpakaroTh He
TOYHI BUMIpPSIHI 3HAYCHHs, a BIiTHOCHY NPHIATHICTH IMIAXOIIB J0 BHUKOPHUCTAaHHSI B POOOTH30BAHHUX
BUPOOHMYHUX cHUcTeMax. I3 Ta0i. 1 BUIHO, 110 KJIACHYHI TIarHOCTHYHI METOIU 30€pIratoTh BUCOKY I[IHHICTh
3aBJSKH MPOCTOTI BIIPOBAHKEHHS, BUCOKIH IHTEPIPETOBAHOCTI Ta MPHUIATHOCTI 10 poOOTH B peaIbHOMY
gaci, OJHaK MOCTYIAIOTHCS 32 MOXIIMBICTIO PaHHBOTO BHSBIICHHS cilaOKkoBHpaxkeHoi merpanarii. Data-
driven MeTonu, HaBNmakH, 3a0€3Me4yOTh HABUIILY iHPOPMATUBHICTD 1 MPOTHO3HY 3aTHICTh, POTE MAKOTh
BHIII BUMOTH JI0 JIaHUX, CKIIAJHIII B peaii3allii Ta MEHII MPO30pi 3 MOTJSAY TEXHIYHOTO TIyMadeHHS
pe3yIbTaTIB.

Oxpemo ciig BiazHauute |l0T-MoHITOpUHT, SKUE caM 1O 001 HE € TOBHOI[IHHMM METOJIOM
niarHocTukH, ane ¢GopMmye iHPoOpMamiiiHy OCHOBY st Oe3MepepBHOTO CIOCTEPEKEHHsS 3a CTaHOM
KOMILJICKCY, HAKOMTMUCHHS ICTOPUYHHX PSIB 1 TOAATBIION0 BUKOPUCTAHHS SIK KJIACHYHUX, Tak 1 data-driven
anroputMiB. IligTpuMyBabHa aBTOMATH30BaHA iH(GPACTpyKTypa, 30kpeMa AS/RS, Mae HIWKUY TPsAMY
JiarHOCTHYHY 1H(OPMATHBHICTh, OJHAK ICTOTHO BIUIMBAE HA 3arajibHy CTIHKICTh (YHKIIOHYBaHHS
KOMILIEKCY uepe3 3a0e3nedeHHs 0e3nepepBHOCTI MaTepialbHOTO TIOTOKY.

Haiipumy iHTETpaqbHY OINIHKY Ma€ iHTETpOBAHUH MiIXif, SKWA MOETHYE JOKAIBHY MiarHOCTHKY,
IloT-MoOHITOpPHHT, aHANITHYHI MOIYJIi OLIHIOBAaHHS TEXHIYHOTO CTaHy Ta MIATPUMKY CEPBICHUX PIlICHb.
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Moro mepesara mojsrae B TOMy, IO BiH J03BOJISE KOMIIEHCYBATH CJ1abKi CTOPOHH OKPEMHX MiJXOJIiB:
30eperTy iHTEPIPETOBAHICTh KIACHYHMX METOJIB, BUKOPHCTATH MMPOTHOCTUYHUM moTenrian data-driven
MoJienieid Ta 3a0e3neunTy Iu@PoBY 3B’ A3HICTH yCiX piBHIB cucTeMu uepes |10T-apxiTekTypy.

Takum ynHOM, (hOpMaITi30BaHE MOPIBHSIHHS ITOKA3YeE, MO Uil POOOTH30BAaHUX BUPOOHHYHX CHCTEM
HaWOIBII MOIUIBHAM € HE 130JbOBaHE 3aCTOCYBaHHS OKPEMOIO IMOXOXIy, a MOoOyIoBa iHTErpOBaHOI
CUCTEMH, y SKil KJIACUYHI JIarHOCTHUYHI METOH, TporHOCTUYHI Moseni, [10T-MOHITOPHHT Ta JOmOMiXKHA
aBTOMAaTH30BaHa i1HQpACTPyKTypa MpaLIOIOTh SK B3a€EMOIOB’S3aHI €JIEMEHTH €AMHOTO KOHTYpPY
3a0e3MeYeHH HaIiifHOCTI.

[IpakTH4He BHPOBAKEHHS CHCTEMH 3a0e3MeueHHs HAAIMHOCTI POOOTH30BAHOTO KOMILIEKCY
JOLIBHO 3iMCHIOBATH IOETAHO, MEPEeXOASYH BiJ JIOKAJbHOTO KOHTPOJIO OKpPEMHUX MapaMeTpiB 10
IHTErpoOBaHOI CHCTEMH J[IarHOCTHKH, IIPOTHO3YBAHHS Ta MIITPUMKH CEPBICHHUX PillICHb.

OIiHIOBaHHS TIPIOPUTETY MOHITOPHHTY BY3IiB. JIJII TPAKTUYHOTO BIPOBAKECHHS CHCTEMH
3a0e3MeyYeHHs] HaAiHHOCTI JOUUIbHO (opMani3yBaTH BUOIp By3IiB, SKi HOTPEOYIOTH NEPIIOUEPrOBOTO
MOHITOPHHTY. 3 Li€I0 METOIO0 BBEAEMO IHTETPANbHUI MOKa3HUK MPiOPUTETY MOHITOPHHTY:

Pi=w1Ci+wW2Di+wW3Oi+WsS;, 2
ne Pi — npiopuTeT MOHITOPUHTY I-T0 By3Ia,;

Ci — KpUTUYHICTB By3J1a [UIsl MPALE3AaTHOCTI KOMILICKCY;

Di — iMmoBipHicTb 00 iIHTEHCHUBHICTh JIeTpajarii;

Oj — iHpOPMATHUBHICTH i JOCTYITHICTh TAPAMETPIB I KOHTPOITIO;

Si — cepBicHa 3HAUYYIIICTh HACII/IKIB BiJIMOBHY;

W1, W2, W3, Ws4 — BaroBi KoeQillieHTH KpUTepiiB, mpudoMy W1 + Wp + W3 + Ws=1.

YV Mexax JaHoi CTaTTi IS y3araabHEHOTO OIIHIOBAHHS JOIIIFHO MPUIHATH TaKi 3HAYCHHS BarOBUX
koedimientie: w1=0,35, w.=0,3, w3=0,2, ws=0,15.

[puiinsata cuctemMa Bar BimoOpakae NPIOPUTET KPUTHYHOCTI By3Jla Ta IHTEHCHBHOCTI HOTO
Jerpanaiii mopiBHAHO 3 iHIKUMHU Kputepismu. Koxxuuit mokasuuk Ci, Di, Oj, Si 1oUiIbHO OLIHIOBATH 3a
I’ iTHOATBHOIO 1IKaoro Big 1 10 5, ne 1 BiAMoBizae MiHIMaIbHOMY PIBHIO O3HAKH, a 5 - MAKCUMaJIbHOMY.

3a oTpuMaHUM 3Ha4eHHSIM Pj By3/n MokHa OAinuTH Ha Tpu Tpynu. [lpu Pi>4,0 By301 HanexuTs 10
Tpyny BUCOKOTO TipioputeTy OesrnepepBHOro moHitopuHry. [lpu 3,0<Pi<4,0 mominkHUM € mepioanyHuid
MOHITOPHHT i3 ITiIBUIIIEHOIO YBAroo 10 nuHaMiku mapametpis. [Ipu Pi<3,0 qoctaTHiM € 3BUYaiHANA PiBEHB
KOHTPOJII0O B MEXax 3arajbHOI CUCTEMH TEXHIYHOTO CYNpPOBOAY. 3allpONOHOBAHHMH ITOKA3HUK JI03BOJISE
paHXyBaTH BY3JIH POOOTH30BAHOTO KOMIUIEKCY 32 IPIOPUTETOM MOHITOPHHTY Ta OOIPYHTOBaHO
(dhopmyBaTH meperik mapaMeTpis, sIKi TOIUTHPHO BKIIOYATH O CHCTEMH MTOTOYHOTO KOHTPOJIIO TEXHITHOTO
CTaHy.

Ha mepmomy erami cmiig BH3HAUMTH HaWOUIBII KPUTHUYHI BY3JIM KOMIUIEKCY, BiIMOBa SIKHUX
0e3rnocepeHbO BIUIMBAE HA TOYHICTH, TPOAYKTUBHICTH a00 Oe3nepepBHicTs podoTh. J[o HUX, SK MPaBHIIO,
HaJIe)KaTh MPUBOJAU, PEIYyKTOPH, MiIIIMITHAKOBI BY3JIH, CHCTEMH 3MAalllyBaHHS, MEXaHI4HI mepenadi, a
TaKOK TPAHCIOPTHO-HAKOMUYYBAaJIbHI i TOMOMIXKHI MiACUCTEMHU.

Ha ppyromy erami [AOIIBHO OOMEXHUTH TEpelik KOHTPOJIBOBAHWX IapaMmeTpiB HaWOLIBII
iHQOpMATHBHUMHU CUTHAJIAMH. )1 pOOOTH30BaHUX CHUCTEM TAaKMMH ITapaMeTpamMH € MOTOPHI CTPYMH,
BiOparii, Temmeparypa, IBHIKICTb, MOJIOXKEHHS OCeH, HAaBaHTAXKEHHSI, TPUBATICTh pOOOTH CEPBOIIPHUBOIIB
1 IOKa3HUKH CIIOXKHMBAHHS pecypcy OKpeMux By3iiB. Came wi AaHi € HAWOIBII NPUAaTHAMU ISl PAHHBOTO
BYSIBJICHHSI JIeTpajiallii.

Ha tperpoMy erari peKOMEHIOBAHO TOYMHATH 3 MPOCTHUX 1 TEXHIYHO IHTEPIPETOBAHUX METOJIB
niarHocTukd. Ha mpaxTili 1ie 03Ha4ae BUKOPUCTAHHS MIOPOTOBOTO KOHTPOJIIO, aHATi3y TPEHAIB, CUTHAIIIB
CTpyMY, YaCOBHUX IHTEPBaIIiB pOOOTH, a TAKOXK JIOKAITBHUX 1HAUKATOPIB 3HOCY YU PECYPCY, AKI MOXKYTh OyTH
peaiizoBani Ha piBHI PLC a60 CNC. Takuii miaxia crpoliye mo4aTkoBe BIPOBAIKEHHS 1 1a€ pE3yJIbTaTH,
3pO3yMiJli AJIs1 CEPBICHOTO TIEpCOHATY.

Ha wetBepromy erami cimiz 3a0e3MeYn Ty HaJeXKHY SKiCTh qaHuX. 111 boro HeoOXinHO nependaynTu
TIepEBIPKY JOCTOBIPHOCTI CUTHAJIIB, Y3TOKEHHS OJMHHUIT> BUMIPIOBAaHHS, CHHXPOHI3AII0 YaCOBUX PSIiB,
¢inpTpalio NIyMiB i KOHTPOJIb MPOMYIICHUX 3HaYeHb. be3 Iboro HaBiTh MPAaBWIILHO OOpaHa apXiTeKTypa
MOHITOPHHTY HE 3a0€3MeYHnTh HaIiHOI JiarHOCTUKH Ta MPOTHO3YBaHHS.

Ha m’sitoMy eTarmi AOITBHO TTOE€IHATH JIOKAIBHY AiarHOCTUKY 3 110T-00MiHoM nanumu. JlokanpHO
o04HCIIeH] 1HAMKATOPH TEXHIYHOTO CTaHy IMOBHHHI IepefaBaTHCS Ha BHUIIUHA PIBEHb Ui HAKOTIMYCHHS
icTopii, BUSIBICHHS TPEH/IB, TOPIBHSHHS PEXUMIB €KcIUTyaTalii Ta MATPUMKHU CepBiCHUX pilleHb. Lle €
HEOOXiTHOIO yMOBOIO NEPEeXOAy BiJ TOTOYHOTO KOHTPOJIO OO MPOTHOCTUYHOTO TEXHIYHOTO
00CITyTOBYBaHHS.
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Ha mocromy erami, micis HAaKONMYEHHS JOCTaTHBOTO MACHBY SIKICHUX JaHHUX, IOLUIBHO
PO3IIMPIOBATH CHCTEMY 3a paxyHoK data-driven mimxonis. Ix ciin 3acTocoByBaTn He 3aMicTh KIIACHYHHX
METO/IiB, @ Pa30M i3 HUMHU, OCKUIBKH MOEIHAHHS IHTEPIPETOBAHMX JIarHOCTUYHHUX O3HAK 1 MPOrHO3HUX
MoJeNnel € HalOIbII TPUIATHUM ISl PEabHOTO BUPOOHHUIITBA.

OxkpeMy yBary ciijJ IpUIIISATH JOTIOMDKHIN aBTOMATH30BaHii iHGpacTpykTypi. [1ix gac oriHoBaHHS
HaJIMHOCTI POOOTH30BAHOIO KOMILIEKCY HEOOXIJIHO BPaxOBYBAaTH CTaH 1 PEKUM POOOTH TPAHCIIOPTHO-
HAKOMMYYBAJIBHUX Ta CKJIAJCHKUX MIJCHCTEM, OCKUIBKM TOPYIIEHHs iX (QYHKIIOHYBaHHS MOXe
CIPUYMHSITH IPOCTOI HABITh 32 TEXHIYHO CIIPABHOTO OCHOBHOT'O 00JIaJHAHHSI.

OTxe, MPaKTUYHO JOUUIHHOIO € TaKa [TOCHIIOBHICTh BIPOBAPKEHHSI: BU3HAYCHHS KPUTUYIHUX BY3JIiB,
BUOip iH(pOPMATUBHHUX TApAMETPiB, BUKOPUCTAHHS MPOCTUX JIOKATHHUX 1HAUKATOPIB, 3a0€3eYCHHS AKOCTI
nmaHux, iHTerpanis 3 110T-apxiTekTyporo, monanpiie MiAKIIOYSHHs POTHO3HUX MOJENEel Ta BpaxXyBaHHS
JIOTIOMI>KHOT iHPaACTPYKTYPH K CKJIAI0BOI 3aTaIbHOI CHCTEMH 3a0e3MeueHHs HadiifHOCTI.

BucHoBKH

VY cTarTi y3araabHEHO CydacHi MigXoau A0 3a0e3MedeHHs HaailtHOCTI poOOTH30BaHUX BUPOOHUYNX
CHCTEM 1 MOKa3aHo, MO TS TAKMX KOMITIEKCIB KIIFOYOBOIO YMOBOIO ITiIBUIICHHS HAIIHHOCTI € TIEpeXif Bif
PEaKTHBHOIO TEXHIYHOTO OOCIyroByBaHHS [0 Oe3lmepepBHOT IarHOCTHKH BiMOB, IIOTOYHOTO
MOHITOPHHTY TEXHIYHOTO CTaHy Ta IPOTHOCTHYHOTO TEXHIYHOTO 00CITyrOBYBaHHS.

BceranoBnieHo, 110 i307p0BaHE 3aCTOCYBaHHS OKPEMHX IMIXOIIB Mae oOMexeHy e(eKTHBHICTH:
KJIACHYHI JiaTHOCTHYHI METOIH 3a0€3IeUyIOTh IHTEPIIPETOBAHICTE 1 IPOCTOTY BIpoBamkeHHs, data-driven
MOJIel TiJBMINYIOTh 3JaTHICTh JIO PAaHHBLOTO BUSBJICHHs Jnerpanaiii, a |l0T-MOHITOpUHT CTBOpIOE
iHpOopMaLiiiHy OCHOBY Ul HAKOITMYEHHS Ta MEepeJaBaHHs JaHUX, OJHAK JIMIIE X iHTerpOBaHE MOETHAHHS
T03BOJISIE c(hOpMYBaTH MMOBHOIIHHY CHCTEMY 3a0e3MeueHHs HaIifHOCTI pOOOTH30BAHOTO KOMILICKCY.

dopmatizoBaHe MOPIBHIHHS MIAXOIB 32 KPUTEPISIMHU IarHOCTHYHOI iHGOPMATUBHOCTI, 31aTHOCTI
10 PaHHBOT'O BHSBJIICHHS JETpajalii, iHTepIPETOBAHOCTI, CKIaJHOCTI BIPOBAKEHHS, BUMOT 10 JaHUX,
TIPUAATHOCTI 10 poOOTH B peaabHOMY Yaci Ta cyMicHOCTI 3 110 T-apxiTekTyporo moka3ano, o HaioiIbIT
JOUUTBHUM TSI POOOTH30BaHNX BUPOOHMYUX CHCTEM € IHTETPOBAHWH MigXiJl, ¥ MEXax SIKOTO JIOKaJIbHA
JiarHOCTHKa, MPOTHOCTHYHI Mofeni, nu(poBHI MOHITOPHHI 1 MiATPUMYBajbHAa aBTOMAaTH30BaHA
iH(ppacTpyKTypa QYHKIIIOHYIOTH SIK B3a€EMOTIOB’ 13aH1 €JIEMEHTH €IMHOTO KOHTYPY TEXHIYHOTO CYIIPOBOIY.

3anponoHOBaHO y3aralbHEHY CTPYKTYPY CHCTeMH 3a0e3ledeHHS HaiiHOCTI pOOOTH30BAHOTO
KOMIUICKCY, IO OXOILIIE (Di3UUHI BHUKOHABYUI Ta JOMOMIDKHI MiJCUCTEMH, PIBEHb NEPBUHHOTO 300py
CUTHANIB, JIOKAJNbHE KEpYyBaHHSA 1 MEpPBUHHY MAiarHOCTUYHY 00poOKky, lloT-iHTerpamiro, aHamiTHKY
TEXHIYHOTO CTaHy, IPOTHOCTUYHE TEXHIYHE OOCITyTOBYBAaHHS Ta PiBEHb IMIATPUMKH CEPBICHUX DIllICHB.
Taka cTpyKTypa J03BOJISIE PO3MIIAAATH HAIHHICTE KOMIUIEKCY SIK PE3YJIbTaT Y3rO/KEHOT B3aEMOIiT BCiX
PIiBHIB CHCTEMH, a HE JIMLIE SK BIACTHBICTH OKPEMUX BY3IIiB.

OOrpyHTOBaHO, IO MIATPUMYBaJbHA aBTOMAaTH30BaHa iH(pacTpyKTypa, 30KpeMa TpPaHCIOPTHO-
HaKOMMYyBambHI migcucremu Ta AS/RS, TOBHHHA PO3MIAAATHCS SIK CKJIAJA0Ba 3arajibHOI CHCTEMH
3a0e3MeyYeHHs] HaliiHOCTi, OCKUIbKM II (YHKIiOHAJFHMH CTaH MNpPAMO BIUIMBAaE Ha Oe3MepepBHICTH
MaTepiaJbHOTO TMOTOKY, PHTMIYHICTH pOOOTH Ta CTIHKICTh (YHKIIOHYBaHHS pPOOOTH30BAHOTO
BUPOOHHYOTO OCEPEIKY.

JJist IpakTHYHOTO BIPOBAKEHHS CUCTEMH 3a0e3NeueHHsT HaliIHHOCTI 3alpONIOHOBAaHO MOSTAITHUH
miaxix, sKui nepeadavae: BUIUICHHS KPUTHYHUX BY3MiB, BUOIp HailOinbIm iHPOpPMAaTHBHUX TapaMeTpiB
KOHTPOJTI0, BUKOPHCTAHHS JIOKAJBHUX IHTEPIPETOBAHUX IHIWKATOPIB, 3a0€3MEeUeHHS SIKOCTI IaHUX,
IHTErpalli JIOKaJdbHOI JiarHocTUKH 3 |10T-00MiHOM Ta MOAasbINe PO3IIMPEHHS CUCTEMH 3a PaxyHOK
MPOTHO3HUX MoJieNieil. 3aponoHOBaHUK HTErpaIbHIM MOKa3HUK MPIOPUTETY MOHITOPUHTY Ja€ 3MOTY
paHXyBaTH BY3IH 32 JOIUIBHICTIO KOHTPOJIO i (pOPMYBAaTH TEXHIYHO OOTPYHTOBAHWH CKJIAJ CHUCTEMH
MOHITOPHUHTY.

OTxe, MiABHUINCHHS HAMIMHOCTI POOOTH30BAHMX BUPOOHMYMX CHCTEM JIOIIBHO PO3TJISAATH SIK
KOMIUIEKCHY 1H)KEHEPHY 3aJa4y, 0 OXOILTIOE JiarHOCTUKY B1IMOB, TOTOYHUI MOHITOPHHT, IPOTHOCTHYHE
TeXHIYHEe 00CITyTrOBYBaHHS, ITUGPOBY 1HGPACTPYKTYpY 300py MaHUX 1 y3TODKCHY POOOTY ITOMOMIKHHX
AaBTOMATHU30BaHUX TMiJCUCTEM, a ii pO3B’s3aHHS MOBHMHHO 0a3yBaTHCS HA IHTETPOBAHOMY TEXHIYHOMY
MiAXoml.
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Yepracoruil 0eporcasHull mexHoL02iuHUull YHigepcumem

EKCIHHEPUMEHTAJIBHE BUBHAYEHHS E@CEKTUBHUX PEXKUMIB TA
AHAJITUYHE MOJEJIOBAHHSA ITPOLHECY JIASEPHOI'O PI3AHHS
HU3BbKOBYTJIEHEBUX CTAJIE OIITOBOJIOKOHHUM JA3EPOM MOTYXKHICTIO

12 KBT

Y cmammi nasedeno pesynomamu  eKCHEPUMEHMANbHOZO0 O00CHIONCEHHA NPOUECy 2a301aA3€PHO20 pi3aHHA
HU3bKOGY2Nleyeeux cmaneii 6UNPOMIHIOBAHHAM ONMOB0IOKOHHO20 Na3zepa nomydchicmio 12 kBm y cepedosuwyi Kuchio.
Bcmanoeneno 3anexcnocmi onmumansnoi nomymycnocmi nazepa ma MaKCUMAIbHOI WeUOKoCmi pi3anna 6i0 mosujunu
aucmoeo20 mamepiany. Ompumano ananimuyni ARPOKCUMAUINHI  3A/1e)HCHOCMI ma 3anponoHOGAHO  Y3A2AilbHEHY
mexnonoziuny mooeny npouyecy pizauns. Ilpoeeoeno enepzemuunuili ananiz i NOKA3aHo 3POCMAHHA eHeP2oedheKmugHocmi
npouecy 3i 30i1bweHHAM mosuwiuHU mamepiany. Pezynomamu moxcymo Oymu 6ukopucmaui 0 npOZHO3y8aAHHA eheKmueHux
MEXHON02IYHUX pexcumMie 1a3epHoi 00podKu.

Knwuoei cnosa:. nasepne pisanus, onmoeoIOKOHHUIU 1A3ep, HU3bKOGY2leyeed cmalb; KUCHe8e 2a30ia3epHe PI3anHsi,
TNEXHOIOSTUHI pedcumu Pi3aHHs; WBUOKICMb PI3aHHs, eHepeoeheKMUBHICIb NPoYecy; MamemMamuyHa Mooeb Pi3aHHs.

V.1. Osypenko, S.P. Serediuk

EXPERIMENTAL DETERMINATION OF EFFICIENT PROCESSING PARAMETERS
AND ANALYTICAL MODELING OF LOW-CARBON STEEL LASER CUTTING WITH A
12 KW FIBER LASER

The paper presents the results of an experimental study of gas-assisted laser cutting of low-carbon steels using a high-
power 12 kW fiber laser in an oxygen environment. The research was carried out on sheet steel of various thicknesses using full
factorial experimental planning methods. The relationships between the optimal laser power and the maximum cutting speed
as functions of material thickness were determined. Based on the experimental data, analytical approximation dependencies
were obtained and a generalized technological model describing the cutting process was proposed. The model links cutting speed
with laser power and sheet thickness and demonstrates good agreement with experimental results. In addition, an energy
analysis of the process was performed, showing a significant increase in energy efficiency with increasing material thickness
due to the contribution of exothermic oxidation and improved heat localization in the cutting channel. The obtained results can
be used to predict efficient technological parameters for industrial laser cutting of low-carbon steels.

Keywords: laser cutting; fiber laser; low-carbon steel; oxygen-assisted laser cutting; cutting process parameters; cutting
speed; energy efficiency; mathematical model of laser cutting.

IMocTanoBka mpodsemu. [Ipoiiec na3epHOro pizaHHS HU3bKOBYIJICLICBUX CTaJeH y CepelOBHUII
KHCHIO € CKIIAJJHAM TeII0(i3MYHUM Ta TipOAMHAMIYHIM IPOIIECOM, IO BKIIOYAE B3aEMOJIIIO JIA3ePHOTO
BUIIPOMIHIOBaHHS 3 MarepiajioM, IUIaBJICHHS MeETally, XIMIYHY peakIlil0 OKWCHEHHS Ta BHIAJICHHS
NPONYKTIB TUIABJIEHHS] CTPYMEHEM acUCTyrouoro rady. Ha meprmomy erami BiOYBa€eTbCsi MOTJIMHAHHS
€Heprii 1a3epHOro BUIIPOMIHIOBaHHS MOBEpXHEI0 MeTany. [lornuHyTa eHeprist IpU3BOIUTH A0 MIBUAKOTO
HarpiBaHHS Martepialy 10 TeMIlepaTypu IUIaBIEHHS Ta YacTKOBOTO BHUIapoByBaHHS. [licnst yTBOpeHHs
PO3ILIaBICHOT 30HK CTPYMiHb KHCHIO iHIIIIOE €K30TEPMIYHY PEakilil0 OKUCHEHHS 3aji3a, siKa MocTayac
JOJAaTKOBE TEIUIO B 30HY pi3aHHS 1 JIO3BOJIIE CKOPOUYYBAaTH BUTpaTH JiazepHoi eHeprii. Buainenns
JOJTATKOBOI TETUIOTH BHACIHIOK XIMIYHOI peakiii cripusie MiABHUIEHHIO e()eKTUBHOCTI MPOIEeCy pi3aHHS
TIOPIBHSAHO 3 IHEPTHUMH Ta3aMH Ta MTO3BOJSAE 301IBIIMTH TOBIIMHY MaTepialy, Mo Mijsrae oOpoOii.
BaxuBy poib Bifirpa€ Takox TipoAHHaMiKa MOTOKY Trazy. CTpyMiHb KHCHIO BHKOHY€E JIBI OCHOBHI
¢yHKUii: iHTEHCU(]IKye peaklilo OKHCHEHHS Ta BUAASAE€ PO3IUIABICHUN MeTal 3 30HH pi3aHHS.
EdexTuBHicTh BHIAJCHHS pPO3IUIABY 3HAYHOIO MIpPOI0 BH3HAYAE SKICTh CHOPMOBAHOI KPOMKH. I3
301IBLICHHSIM TOBIIMHU MaTepially 301IbIIy€eThcs 00’ €M PO3ILIABICHOr0 METally Ta TEIUIOBI/IBIJ y MacuB
netani. Lle mpu3BOOUTH O HEOOXIMHOCTI MiJBUIICHHS IMOTYXXHOCTI JIa3€pHOTO BUIPOMIHIOBAHHS Ta
3MEHIIICHHS IIBUAKOCTI TEpeMilleHHs piKydoi TojoBku. B ocTaHHil 4yac B 0ararboX IMPOMHCIIOBUX
MIIPHEMCTBAX YKpaiHH BHHHKJIA TOCTpa MOTpeda SKICHOTO Ta30JIa3epHOTO pi3aHHS CTajed BEITHKHX
toBimmH (15 MM — 25 mm). Bigkiukarounch Ha MOTpeOM pPUHKY INPOBIAHMI BHPOOHUK Ja3epHUX
TEXHOJIOTIYHMX YCTAHOBOK B YKpaiHi KOMIMaHis «Apamic» 3amodaTKyBaja BUIYCK JiHIHKH YCTaHOBOK,
YKOMITJIEKTOBAaHUX ONTOBOJIOKOHHWMH Jla3zepaMH MOTykHicTI0 12 kBt. Ilpm razomazepHoMy pi3aHHI
HU3BKOBYTJICIIEBUX CTalleil 32 BUKOPHCTAHHA B SIKOCTI aCHCTYIOYOTO Ta3y KHUCHIO TaKy MOTYXHICTh
€KOHOMIYHO JIOLIJIbHO BUKOPHCTOBYBATH NPH pi3aHHI cTanell TOBIMHO Oinbine 15 MM. OgHak B pamkax
KOHKPETHOTO TiAIPUEMCTBA YaCTO BUHHUKAE MOTpeda B pi3aHHI HA JaHUX MOTYKHUX YCTAHOBKAX BiTHOCHO
HeBeNMKUX ToBHIMH (Bim 2 MM i Buine). BusHaueHHS e(QEKTUBHHUX PEKHMIB pPi3aHHS Y BChOMY
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CTAaHJIAPTHOMY Jialla30Hi TOBIIMH € CKJIAJHOI0 OaraToeTarmHo0 3aJadelo, BUPIMICHHS $SKOi BHMarae
CHCTEMHOTO KOMIUIEKCY EKCIIepUMEHTAIBHUX IOCIIUKEeHb, aHajli3y OTPHMAaHMX pe3yJNbTaTiB Ta iX
arnpokcuMarii MareMaTHYHUMH (YHKIISIMH, TOOYAOBH y3aralbHEHOI MaTeMaTHYHOI MOJENi MpOoLecy.
Takuit migxin 3abe3rnedye JOCATHEHHS MaKCHMAalbHOI IIBHIKOCTI Pi3y 3a 3aJaHOi SKOCTi IOBEPXOHb
OTPUMAaHUX JAETajieH, Mo i 00OYMOBIIIOE BUCOKY €KOHOMIUHY €()EeKTHBHICTh TEXHOJIOTII 32 BUKOPUCTAHHS
OIITOBOJIOKOHHHX JIa3ePiB 3 MAKCHMAIBHOIO BUX1THOO TOTYXHicTiO 12 KBT.

AHaJIi3 0CTaHHIX JOCTiZKeHb 1 myOriKkami.

B cydacHHX TEXHOJOTISIX JIa3ePHOTO PO3KPOI0 HU3BKOBYTJICIIEBUX CTalled BUKOPUCTAHHS B SKOCTI
ACHCTYIOYOTr0 ra3y KUCHIO € IUPOKO TMOMIMPEHUM 1 CKIaHUM 3acTocyBaHHsM [1, 2]. Ek3oTepMmiuHa peakitis
KHCHIO 13 3a/i30M Ja€ BHCOKY LIBHJIKICTh Pi3aHHS [yl HU3bKOBYIJICLEBHX CTajiel Ta 30UIbIIye
MaKCHMaJlbHy TOBIIMHY Pi3aHHS ISl KOHKPETHOI MaKCHMAJIbHOT BHX1THOT IIOTY>KHOCTI ONITOBOJIOKOHHOTO
nasepa. Lle poOUTs €KOHOMIYHO TPHUBAOIMBAM BHKOPHUCTAHHS KHUCHIO JIJIST TOBCTHX JIMCTIB, aJie TIOPOHKYE
psin ipodsiem [3, 4]. Kucens, ik acHCTyrOUHii Ta3, BUKOHYE [1BI OCHOBHI (DyHKIIIi: BUIAJIsI€ PiAKUil po3ILiaB
3 30HU pi3aHHsI Ta BHOCUTDH CYTTEBUI BKJIa]l B eHEPreTHYHMI OalaHC MPOLIECy 3aBAsSKU TOJATKOBIN TEIIOTI
peakii okuciaeHHs. [1pu 3aHmKEHOMY THCKY PiIKHI METaI He BUTASITAMETHCS 3 HEOOX1THOIO IMIBUAKICTIO.
3aBUIICHUI THCK TIPU3BOIUTH J0 3pOCTAHHS TEIUIOTH TOPiHHS Ta 00’ €MiB pO3IIIABICHOTO METANy, IKUH HE
BCTHUTaTHMeE MOBHICTIO BUAAIATHUCS 3 30HH pizaHHs. EdexkTHBHICTS BUAAJICHHS PO3IUIaBy 3HAYHOIO MipOIO
BU3HAYa€E sIKICTh chopmoBanoi kpomku [8]. B poboti [2] moka3aHo 1o BaroMuil BIUTHB Ha TEPMIiUuHY
e(heKTHBHICTh TOPIHHA MAa€ YHCTOTA KHCHIO. I3 30UIBIICHHSAM TOBITMHU MaTepianxy 30UTbITyeThCS 00’ €M
PO3IIJIaBICHOTO METaly Ta TEIUIOBiABiA y MacuB neTaii. Lle mpu3BoANTH 10 HEOOXi1THOCTI MiIBUILEHHS
HOTY>KHOCTI JIa3€pHOTO BUIPOMIHIOBAaHHS Ta 3MEHIICHHS IIBHUIKOCTI MEepeMilleHHs piXy4oi ronoBku Ha
Iporec KUCHEBOTO I'a30JIa3epHOTO Pi3aHHS TAKOXK CYTTEBO BIUIMBAIOTH. MOJOXKEHHS (OKYCY HMPOMEHIO
Ja3epa BIZIHOCHO MOBEPXHi 3ar0OTOBKH; T€OMETPHYHI MapaMeTPH COILIa; BUCOTA pi3aHHs (BiICIiIKOBYBaHUI
3a30p); WBHUIKICTH pizaHHs [4, 5]. [lopsin 31 MBUAKICTIO pi3aHHS SKICTh MOBEPXOHb OTPUMAHUX JCTAICH
BH3HAYA€ HEOOX1THICTh OG0T 00pOOKH JeTasnei 1 THM caMuM Oe31ocepeIHRO BIUTMBAE HA EKOHOMIUHY
edekTHBHICTh TexHouoril. Kputnunuii orss myOnikarii HaBegaeHuid B po6dori [8] mokasas, 1o HaitGuIbII
BaXXJTUBHUMH 1 KOHTPOJILOBAHUMH MapaMeTPaMH SIKOCTI € MIOPCTKICTh, LIMPHHA Pi3y B BEPXHIH Ta HUKHIN
IUTOLIMHAX 3arOTOBKH, NMEPICHIUKYJISPHICTh (HAaXWJI) OTPUMAHUX MOBEPXOHb. JlaHi mapaMeTpH MOBHUHHI
KOPCTKO BigmoBimatu Bumoram cranmapty 1SO 9013:2017 [4]. Po3mmpeHnii KOMIUIEKC MOXKIHBOCTEMH
00YMOBIICHHI TOSIBOIO TOTYXHUX 12 KilOBaTHHX Ja3epiB MOKa3aB HEOOXIAHICTh €KCIEPUMEHTAILHOTO
OOTpyHTYBaHHS €(EeKTHBHOCTI BUKOPHUCTAHHS IIOTY)KHOCTI JIa3€PHOTO IPOMEHIO 3 TOYKH 30py
TIPOYKTUBHOCTI MPOIIECY Ta SKOCTI OTPUMAaHUX AeTalied, aHali3y Ta MaTeMaTHIHO1 00pOOKH pe3ybTaTiB
eKCIIEpUMEHTAIBHUX JOCII/KEHb, SIKI MOXYTh OYTH BUKOpHCTaHI AN MPOTHO3YBaHHA €(EKTUBHUX
TEXHOJIOTTYHHX PEKUMIB Jla3epHOi 00pOOKH.

MerTa cTaTTi — eKCIIepUMEHTAIbHE BU3HAYCHHS €(DEKTHBHUX PEKHUMIB JIa3€PHOTO Pi3aHHS JINCTOBUX
HHU3bKOBYIJICLICBUX CTajell BHUIIPOMIHIOBAHHSIM MOTY)KHOTO OINTOBOJIOKOHHOTO Jasepa (12 kBt) y
CEepEIOBHILI ACHCTYIOUOI0 ra3y — KUCHIO. BCTaHOBIIGHHS 3aJ1€KHOCTI ONTHUMANIBHOT ITOTY KHOCTI JIa3€pHOT0
BUIIPOMIHIOBaHHS Ta MAaKCHUMAalbHOI INBUIKOCTI SKICHOTO pi3aHHS BiJ TOBIIMHH OOPOOIIOBAHOTO
Marepiany. OTpuUMaHHS aHATITHYHHUX 3aJCKHOCTEH Ta y3araabHEHOI TEXHOJIOTIYHOI MOJEN IpoIecy
pi3aHHS, SKi MOXKYTh OyTH BUKOPUCTaHI U POTHO3YBaHHS TEXHOJOTIYHAX PEKUMIB Ja3epHOT 00OpOOKH.

Bukaan ocHoBHOTO MaTepiaiy.

OQo0JaTHAHHS, TA MeTOAU JAOCTiTKeHHs1. ExcriepuMeHTH BUKOHYBAIHCS Ha CEpiifHOMY BepcTari
KOMITaHii «Apamic», IpOBITHOTO BHPOOHMKA JIA3epPHUX TEXHOJOTIYHUX YCTaHOBOK B YKpaiHi. OCHOBHI
iHpOpMalis mpo BepcTaT HaBeAeHa B Ta0mumi 1.

Tabn. 1
MojieJ1i 0CHOBHHX CHCTEM BePCTaTa JIJIsi NPOBeIeHHSI T0CTiUKeHb
Bepcrar AFX-PRO-12000-1530-LD
Mogens nazepa, @ onTOBOJIOKHA MAX Photonics 12 kWt, onrroBosiokao 100 MM

Mogens ontuuHoi ronoBkH, koniMatop | BOCS BLT642, f 200 mm

O6pobmsmacs mucroBa cranb Ct3cm cranmapTHoro psmy Topue (MM) 2; 3; 4; 5; 6; 8; 10; 12; 14;
16; 20; 25. Cnuparounch Ha Marepiaiu HomepenHix mociikeHb aBropiB [9, 10] B ontuuHiil romosii
BepcTaTa BCTAHOBIIOBAIKCS CEpiifHi JBOKAHANBHI coruia koMmanii Thermacut 3 BUXiTHUMHU JiaMeTpamu
LEeHTpajabHOro otBopy 1,2 mmM; 1,5 mMMm; 1,8 B 3aj1€3KHOCTI BiJl TOBIIMHH JKCTAa. BHYTpIlIHA CTPYKTYypa Ta
PO3MipH coIljIa 3 BUXiTHUM jAiameTpoM 1,5 MM moka3zana Ha puc. 1.
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Puc. 1. BHyTpiuIHs CTPYKTYpa Ta po3MipH ABOKAHAJBLHOIO COIJIA 3 AiaMeTPOM
HeHTpaJbHOro oTBopy 1,5 Mmm komnanii Thermacut

BukopucTaHHs ~ IBOKaHaJbHUX  (IBOLIAPOBHMX)  COMEN  JJIsi  ra30JIa3epHOrO  pi3aHHS
HHU3BbKOBYTJICIEBUX CTaled 3yMOBJIECHO (i3MKOIO MPOIECy OKUCICHHS METaly KHCHEM — IIe, IO CYTi,
KepoBaHE TOpIHHA. 30BHIIIHIA IMap Ta3y ABOKAHAIBHOTO COIUIA JOTOMarae TOdYHiIe cdokycyBaTh
«po0OUNi» KHUCEHb y BY3bKY IIUIMHY pi3y. lle 7103BOJIsIE OTPUMYBAaTH YUCTUH 3pi3 HABITh HA BEJIUKHX
TOBIIMHAX 0€3 3alBOr0 BHUNATIOBAHHS MeTaly HaBKoio. OKpiM TOro 30BHILIHIA KiNbLUEBHH MOTIK razy
BucTynae QizuaauM Oap'epoM. BiH «Bincikae» HaBKOJHIITHE TOBITPS, HE JAOUW a30Ty 3MIIIyBaTHCA 3
LEHTPAIbHUM CTPyMEHEM BHCOKOUYHCTOIO KHCHIO (aTMoc(epHe MOBITpsl MicTUTh Onm3bko 78% a3ory.
Hagite motpamnstas 1-2% a30Ty B 30HY pi3y pi3KO 3HMKYE €(EKTHBHICTH OKUCICHHS). 301IbLICHHS
JiaMeTpa coIUla MPH 3pPOCTaHHI TOBIIMH — II€ BCTAHOBJICHHS OajlaHCy MiX (i3UKOIO IUIaBIEHHS Ta
TiAPOIMHAMIKO BUIyBaHHS MeTtany. /[ mpopizaHHs MeTany TOBHIMHOK 20 MM MOTPIOHO OKHCIUTH
(craymuTi) 3HauHO GinmbIny Macy 3aimiza, HiK Ha 5—10 mm. Bimemuit miamerp m03BOJIsI€ MOAATH BEIUKHN
00'eM ra3y Ha HU3bKIii mBUaKocTi. Lle 3a0e3neuye cTabiapbHE rOpiHHS MO BCil MMOUHI pizy (10 camoro
HU3Y IUIATH). BemrKe como Mo3Bosse mpaioBar Ha MiHiMaapHOMy THCKY (0.4-0.8 Gap). I'as 3amoBHIO€
pi3 M'sKO, MIATPUMYIOUM peEakIlifo TOpiHHA 0e3 3aiBOro «po3myBaHHs» (Qakela Ha TOBepxHi. Sk
ACHUCTYIOUMI Ta3 3aCTOCOBYBaBCS KHceHb 3 4ucToTor0 99,97 (piBeHb YUCTOTH, SKUH B OCHOBHOMY
BUKOPHCTOBYIOTh 3aMOBHUKHM BEpCTaTiB JaHOro THITy). KoMIDiekc HOCHi/pkeHb BHKOHYBaBCS 3
BHKOPUCTAaHHAM METOJIB IIaHyBaHHS ToBHO(akTopHOTO excnepumenty (ITIIMDE). ®daxTopHuii mpoctip
BKJIFOYAB BUXIJHY MOTYXHicTbh Ja3epa (Q — kBt), mBuakicts pizanns (F — M/XB), THCK acHCTyIOUOTO Ta3y
(P — 6ap, xucenp 3 ymcroror 99,97%), nonoxkeHHs (OKyCy BITHOCHO TOBepxHi ynucta (S — mm).
BiamoBimHO 10 MAaCHOPTHUX JAHWX ONTHYHOI TOJIOBKH B (DOKAIBHIN IUIOMIMHI JiaMeTp JIa3epHOI IUIIMHU
cranoBuB 200 mMkM. KoHTponboBanuii 3a30p MiXK MOBEpXHEIO AeTani Ta comioM craHoBuB 0,6 M i
3aJIMIIABCS HE3MIHHMM B KOKHOMY JOCHTiJi. 3HaueHHs (haKTOpiB Ha TPHOX PIiBHAX (HYJIBOBHUIi, BEpXHiii,
HIDKHIHN) 3a1aBaucs i KOHTPOJIFOBAIIUACS CHCTEMOIO YHCIIOBOTO Tporpamuoro kepysanus (UITK) Bepcrara
3 TOYHICTIO, fKa BIAIOBIJa€ MACMOPTHUM JaHUM Bepctata (puc. 2). 3pa3ku 3 HAsBHICTIO Tpary
BiZOpaKkoByBacs 1 He JOCHTIHKYBAIUCS, TaK SK rPaT € OYEBHIHOIO 03HAKOIO HE3aJOBIILHOTO Pe3yIbTaTy
nociiny. [lpu geTaapHOMY JOCTIDKEHHI TPUUHATHUX 3pa3KiB, BU3HAYAIHCS PEKHUMHU 3 MaKCHMaTbHUMHU
MIBUIKOCTSIMU Pi3aHHS 32 YMOBH BiAMOBiTHOCTI BUMOTaM ctarmapTy 1SO 9013:2017. BiamoBigHO 10 BUMOT
CTaHIAPTY y IPHUHHATHX 3pa3KiB KOHTPOIIOBAIIKCS MOPCTKICTh OOKOBUX MOBEpXOHb (3a Ra Ta Rz.), BepxHs
Ta HIDKHS IMUPUHA Pi3y, BEIHMYWHA BIIXWJICHHS BiJl MEPHCHAMKYJISAPHOCTI (HAXWI) TOBEPXHI pi3aHHI.
Kpecnenns 3pa3kiB I JOCTIHKEHb Ta METOIUKHA BUMIPIOBaHb MTUPHHHM Pi3y, IIOPCTKOCTI, BIIXMJICHHS Bill
HEepIEHIUKYIIIPHOCTI HaBeICHI B MonepeHii poOoTi aBTOpiB [4].

Pe3yabTaTu gocaiikeHb.

OCHOBHI pe3yJbTaTH MPOBEICHOTO KOMIUIEKCY SKCIIEPUMEHTAIBHUX TOCIHIIKEeHb, 0QOpMIICHI SIK
TEXHOJIOTIYHI KapTH MapaMeTpiB pi3aHHsA HU3bKOJIETOBAaHUX CTaJIcH B CEPEIOBMIII KUCHIO TEXHOIOTTUHOT
iHCTpYKLii 10 BepcraTiB Moneni AFX-PRO-12000-1530-LD nmpencrasieni Ha puc. 3. Sk BUaAHO 3 TabauLb
y TIpoIeci JOCIiKeHb BCTAHOBJICHO 3aJI€)KHOCTI ONTHMAIBHOI MOTYKHOCTI JIa3€PHOTO BHIIPOMIHIOBAHHS
Ta MaKCUMAaJIBHOT IIIBUAKOCTI SIKICHOTO Pi3aHHS BiJl TOBIIUHA 0OPOOIIOBAHOTO MaTepiay.
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Layer Parameter Settings *

Layerl

Material| Cold rolled steel w || Thicl'neslemm ~ || nozzle:

Default v | =~ B

[ smooth Pierce [ |Pre-pierce [ ]Defim [ Recoal Blow [ |Notcut [ ]Motfolow Mode: |Standard

Cut Pierce  Corner
Cutting parameter [ slow Start
Cut speed:

Mozzle height:

Gas type: 02

Gas pressure: 0,6 BAR 1
5
12 000
Beam width: ahsolute value 4
Focus pos:
LaserOn delay: 5
Laser off delay:
&0 6
[CJEnable precision
Low-pass freq: 4 Hz <0 7
Cutti . 2000 s
utting acc 2 mm/s 20
Curve predision: 0,05 = mm
Speed()
Corner predision: 0,10 5 mm 0 10 20 30 40 50 &0 70 a0 50 100
User Notes
L e ()]

1 — mBHAKICTD pi3aHHs, MM/XB; 2 — BiACIIAKOBYBaHUH 3a30p, MM; 3 — THCK aCHCTYIOYOTO
rasy, bap; 4 — moTy»HiCTb J1a3epHOTO MpoMeHio, BT; 5 — pobouwmii kit imimyiiscy (6e3nepepBHUit
M IMITyJIBCHUM ITUKI); 6 — poboya yacToTa imMmyinscis, ' 7 — moaoxeHHs POKYCY BiIHOCHO TOPIIS
COIUTa, MM.
Puc. 2. InTepeiic 1151 BHeceHHs1 mapaMeTpiB pizanns B mporpami Cyp CUT Ha cranky
AFX-PRO-12000-1530LD

OTpuMaHi eKCIlepUMEHTANbHI pe3yjbTaTH OyJM MiAJaHl MareMaTH4Hid oOpoOIl 3 MeTOol
OTPUMaHHsS AHAJNITHYHHUX 3aJCKHOCTEH, $KI MOXYTh OYTH BHMKOPUCTAaHI Ul HPOTHO3YBaHHS
TEXHOJOTTYHHX PEXKHUMIB Ja3epHOi 06po0Oku (puc. 4, puc. 5). Ha rpadiky (puc. 4) npeacTaBieHo 3aneKHICTh
OTNITHMAJIBHOT TIOTYXHOCTI Jlazepa Q, mo 3abe3reuye MakCUMaNbHY IMIBHAKICTH Ta SAKICTH pi3aHHS, Bif
TOBIMHYU JikcTa h.

OCHOBHI 0COOJMBOCTI €KCIIEPUMEHTAIIBHOT 3aJI€KHOCTI!

e  IIPH MaJuX TOBIIMHAX (2—5 MM) IOTYKHICTh Maibke He 3MiHOEThCH (*3—3.6 KBT);
e 1pu 6-15 MM criocTepiraeTbcs Maike JIiHiHE 3pOCTaHHS MOTY>KHOCTI;

npu 20-25 MM BinOyBaeThCsi HACHUCHHS MOTYKHOCTI (=12 kBT), 1m0 moB’s3aHO 3 0OMEXKEHHIM
MOTY)KHOCTI JDKepena Ta IHTGHCHBHHM 3pDOCTaHHSAM HEOOXiJHOI MOTY)KHOCTi, IO TOB’A3aHO 3i
30UTBIIIEHHSAM TEIUIOBIIBEICHHS B MaTepiall Ta 3pOCTaHHAM 00’ €My MeTally, SSIKHi HeOOXiTHO TIEPEBECTH Y
pinkwuii cran. J{nst omucy Beiel o0acTi TOBIIMH HaKpalle MiX0AuTh KBaJpaTHyHa anpokcumanis (1).

Sx BuaHO 3 Trpadika, OTpUMaHa aHaNiITUYHA 3anexHicth (1) mo0pe y3romkyerbes 3
eKCTIepUMEHTATbHIMI TOYKAMH Ta MOXKE€ BHKOPHCTOBYBATHCS JUIS OIIHKH ONTHUMAIBHOI IOTYXKHOCTI
Ja3epHOT0 BUIIPOMIHIOBAHHS TPH Pi3aHHI HU3HKOBYTJICLIEBUX CTalel pi3HOT TOBIIMHU.
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a) 0)
Puc. 4. 3ane;kHicTh BeTHYMHE ONTHMAJIbLHOT BUXiZIHOT moTykHOCTi (Q) 0NTOBOJOKOHHOIO
Jiazepa 3 MAKCMMAJIBHOI0 BUXITHOIO MOTY:KHicTIO 12 KBT, 110 3a0e3neuye MakcuMAaJbHY IIBHAKICTH
pizanns (F) mucroBoi crani BCT3cn 3a yMoB oTpMaHHS mapaMeTpiB sIKOCTi, 1110 BiANMOBiTal0TH
Bumoram ctanaapty 1SO 9013:2017: a) ekcnepuMeHTAIbHI AaHi; 0) OTPpUMAaHA B cepeToBHIIi
Mathcad anpokcumyroua kpusi

Q(h)=—-0,0045h? +0,5500h +1,638 L

ne Q(h) — onTumainsHa 71 1aHOT TOBIIUHH MTOTYKHICTD J1a3epa, KBT;

h — ToBIIMHA JTHCTa, MM.

3nadeHHs koedimieaty aerepminamii R? = 0.970.

Ha rpadiky (puc. 5) npencraBieHo 3ajeKHICTh MAaKCHMAaJIbHOI IMBHAKOCTI Pi3aHHS BiJ TOBIIUHH
MaTepiany, OCKUTbKHU APYTHM BaXXITUBHM MapaMeTPOM TEXHOJIOTTYHOTO MPOIIECY € MAKCHUMAITbHA IIBUKICTh
pizaHHA, SKa 3a0e3Meuy€e OTPUMAaHHS SKiCHOT KpOMKH 0€3 YTBOpPeHHS Te(EeKTiB.

a) 0)

Puc. 5. 3anexnicTh MakcMMaJabHOT IIBHAKOCTI pisanns (F) aucrosoi cranai BCt3cen
BHIIPOMiIHIOBAHHSIM ONITOBOJIOKOHHOTO Jia3epa 3 MAKCMMAJIbHOIO BUXiTHOK MOTYkKHicTI0 12 KBT 32
BHKOPHCTAHHS ONTHMAJIBHOI BUXiTHOI OTYKHOCTI Bi ToBIIMHY JucTa () 32 yMOB OTpUMaHH
napaMeTpiB sikocTi, 1110 BiamoBigaoTe BuMoram cranaapty 1SO 9013:2017: a) ekciepuMeHTAIbLHI
naHi; 6) orpumana B cepenoBumi Mathcad anpokcumyoua kpusi

ExcnepumeHTaibHa TeHIeHIis:
e  IIBUJKICTH Pi3KO 3MEHIIYETHCS MPU MEPEXO/1 Bil TOHKHX JI0 CEPEIHIX TOBIIMH;
e  [IpH BEJIMKHX TOBIIMHAX 3HWKEHHS CTa€ OUTBII MJIaBHHUM,
e XapakTep KpUBOI BiIOBiIae cTereHeBii a0o rinepOoiyHii 3aIeKHOCTI.
Haiikparia anpokcumariiss OTpEMaHa CTENEHEBOIO (YHKITIEO (2)

F(h)=10,006-h™%* 2)

ne F(h) — mBuakicTh pizaHHs, M/XB,;
h — ToBImMHA TMCTA, MM.
3HaveHHs KoedimienTy aerepminanii R2 = 0.971.
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®dizuyHa iHTepnpeTania:
1. 31 30UIBMICHHSM TOBIIVHU:
0 30ibIIyeThes 00’ €M pO3ILIaBY,
O TOTiPIIYETHCS BUAAICHHS IPOAYKTIB IUIABJICHHS KHCHEM,
O 3pOCTa€ TEIUIOBIABIT Yy MaTepiall.
2. lle npu3BOIUTH 10 CTENIEHEBOTO 3HWKEHHS IIBUIKOCTI Pi3aHHS.

Y3arajbHeHa TEXHOJIOTiYHA MOJeIb mpouecy pizanus. /s y3araabHEHOro ONMUCY MPOLECY
Ja3epHOTO pi3aHHs Oylia 3alpONMOHOBaHA TEXHOJIOTiYHA MOJENb, SKa IOB’SI3y€ IIBHIKICTH pi3aHHA 3
MOTY’KHICTIO JIA3€PHOTO BUITPOMIHIOBAHHS Ta TOBIIMHOI Matepiany. OTpuMaHa eMIlipHuHa 3aJIeKHICTh
MAa€ BUTIISA

F(Q,h)=8,693Q"-h™™™® (3)

3naueHHs koedimienty nerepminamii R? = 0.974. Ha puc.6 mnpeacrasnena 3D-moBepxHs
3aIpOIIOHOBAHOT TEXHOJIOTIYHOT MOJIEIT.

Puc. 6. 3D-moxeap mBUAKOCTI Ja3epHoro pizanns F(Q,h)

OTpumaHa MOJENb OKA3YE:
e TUTaBHE 3pOCTaHHS MIBUAKOCTI MPH 301LIBIIEHHI MTOTYKHOCTI JIazepa,;
e IMBHAKE 3MCHIICHHS IIBHUAKOCTI TP 3pPOCTaHHI TOBIIMHW MeTaldy, IO BiJIOBigae
EKCIIEpUMEHTAIIbHIN (i3Hulll IpoIieCy
HeBenuke 3HaueHHs1 nmokasHuka cryneHi npu Q (a = 0,1) o3Hauae, 10 B JOCIIIKSHOMY Jiara3oHi
TOBITUH IMIBUAKICTH Pi3aHHS €1a00 3aJeKHUTh BiJ IMOTYKHOCTI, OCKUIBKH TOTYXHICTh BXe OJU3bKa 10
ontuMaibHOT (1) i poriec 0OMEKY€EThCS TiAPOANHAMIKOI BHIAJICHHS PO3ILIABY.
[Mokazuuk npu h (b~ -0,705) cBim4uTH NPO CYTTEBHI BIUIMB TOBLIMHH, IO JOOPE Y3TOMKYETHCS 3
TEIUIOBOIO TEOPi€l0 OallaHCy pi3aHHS.
Ha puc.7 mpencraBieHi pe3yabTaTH MEPEBiPKH MPaIe31aTHOCTI y3aralbHEHOT TEXHOJIOTIIHOT MOIETi
MpoILIeCy pi3aHHS.

Puc.7. Pe3yabTaTn nepeBipku piBHs cniBnagiHHA po3paxoBaHux 3a mogeaao F(Q,h) Ta
BH3HAYEHHX €KCIEPHUMEHTAIBHO MIBHIAKOCTEH Pi3aHHs
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HaBenmeni pesynapraT  MiATBEPIUKYIOTH  33JOBUIbHY  Y3TOMKEHICTH  PO3PaXyHKOBHUX — Ta
eKCIIEPUMEHTAJIbHUX JaHUX.

Eneprernunuii anaji3 npouecy pizaHnsi. 3anporoHOBaHUN €HEPreTHYHUI aHali3 0a3yeTbesi Ha
CHIBBiJTHOIIIEHHI M)XK €HEPTi€I0 Jlazepa Ta KOPHUCHOK €HEPricro, 110 BUTPAYaE€ThCs Ha HATPIB 1 IJIaBICHHS
MeTairy. EHeproeekTHBHICTh TpoImecy pi3aHHS OILiHIOBajacs 3a Koe(imi€eHTOM KOPHUCHOI [ii IpH
BHUKOPUCTaHHI CHEPTii JIa3epHOTO MPOMEHIO, SIKHii pO3pax0ByBaBCs 3a piBHIHHIM (4).

p-F-b-h-(c-AT +L,) "
Q

Je p — TyCTHHA MeTany, Kr/M° | ¢ — IUTOMa TEIIOEMHICTh MeTany, Juk/kr-Tpax; AT — Harpis 110
TEeMIEePaTypH TUIABJICHHS, Tpaj; Lm— MUTOMA TemoTa IaBieHHs, [HK/KT; b — cepeiHs mupuHa pisy, mM; F
— MBUAKICTH pizaHHs, M/c; Q — MOTYXHICTh Ja3epa, BT.

Ha pwuc.8 nmpencraBieno po3paxoBany 3a (4) quHaMIKy 3MiHM eHeproe()eKTHBHOCTI TPOLIECY Pi3aHHs
HU3BKOBYTJICIICBUX CTAJCH B 3aJICXKHOCTI BiJl TOBIIMHU JIUCTA TIPYU BUKOPUCTAHHI ONTOBOJIOKOHHOTO Jia3epa
3 MaKCHMaJIbHOIO BHUXIJHOIO MOTYXKHICTIO 12 KBT Ta KUCHIO B SIKOCT1 aCUCTYIOYOTO rasy.

Puc.8. 3anexHicTh eHeproe)eKTUBHOCTI JIA3€PHOT0 Pi3aHHA HU3bKOBYIJIEHEBUX CTaJel Bil
TOBLIMHHU 3ar0TOBKH
BcranoBiieHe CTpiMKe 3pOCTaHHS €Heproe()eKTUBHOCTI JIA3€PHOIrO pi3aHHS 31 30LIbIICHHSIM
TOBIIMHU JIUCTA Ma€ YiTKe TEIIO(i3WYHEe MOSICHEHHS 3yMOBJIEHE CYKYIHICTIO (DaKTOpiB: 30UIbILICHHAM
MacoBOi TPOAYKTUBHOCTI IIPOLECY; 3MEHIIEHHAM BiHOCHHX TEIUIOBUX BTpAT; 3POCTAHHAM DO
€K30TepPMIYHOTO OKHCHEHHS METaly; Kpallolo JIOKalli3alli€lo Telja B KaHami pi3y; 0Oararopa3oBUM
TOTJIMHAHHSM BUITPOMIHIOBaHHS B ITUOOKOMY Pi3i.

BucHoBkn.

1. IlpoBemeHO KOMIUTIEKC EKCIEPUMEHTAILHUX OCHIDKEHL TIPOIECY Ta30/Ia3epHOTO pPi3aHHA
JIMCTOBOT HU3bKOBYTIIELEBOi cTaii BCT3cn BUNPOMIHIOBaHHSM OMTOBOJIOKOHHOTO Jia3epa MOTYXHICTi0 12
KBT y cepenoBuIIi KHCHIO i3 3aCTOCYBaHHSIM METOJIB NMOBHO(AKTOPHOTO IUIAHYBAaHHS EKCIIEPUMEHTY.
BuzHaueHo parfioHambHI TEXHOJOTIYHI PEXUMH Pi3aHHS U1 CTaHIAPTHOTO PSAY TOBIIUH JIHCTOBOTO
Marepialy, MmO 3a0e3levyroTh BHUCOKY MPOAYKTHBHICTh MpOIECYy Ta MNapaMeTpH SKOCTI pi3y, sKi
BiANOBiAa0Th BUMoram cranaapty SO 9013:2017.

2. BcTaHOBIEHO eKCIEpHMEHTANbHI 3aJEKHOCTI ONTHMAIBHOT BUXIJHOI MOTYXHOCTI JIa3epHOTO
BUIIPOMIHIOBAHHS Ta MAaKCHUMaJbHOI IIBUIKOCTI SKICHOTO pi3aHHS BiJ TOBIIMHUA OOPOOIIOBAHOTO
MaTepiany. OTpuMaHi aHaJITUYHI anpoOKCUMalilHI 3aJeKHOCTI JO3BOJSIOTH 3IIMCHIOBATH iH)KEHEPHY
OIIIHKY palioOHAFHUX MapaMeTPiB TEXHOIOTIYHOTO MPOIIECY JIa3epHOTO Pi3aHHS.

3. 3anpomoHOBaHO y3araJbHEHY TEXHOJIOIIYHY MOJAEAb IPOIECY JIa3epHOr0 pi3aHHsS, sKa
BCTAHOBIIIOE B3a€MO3B 30K MIX IIBUAKICTIO pi3aHHs, MOTY)KHICTIO JIa3€PHOTO BUIPOMIHIOBAHHS Ta
TOBLIMHOIO Matepiaiy. EkxcnepumeHTanpHa TNepeBipka MoOJEN TOKaszalda 3aJ0BUIBHY Y3TOKEHICTh
PO3paxyHKOBHX Ta €KCIICPUMEHTAIBHHUX PEe3YNIbTATIB, IO MiATBEPKY€E MOKINBICTD 11 BAKOPUCTAHHS /IS
MIPOTHO3YBAaHHS TEXHOJIOTIYHHX PEKUMIB 0OPOOKH.

4. BukoHaHO €HEPreTHYHMI aHalli3 MPoLiecy pi3aHHs, IKHH MOKa3aB 3pOCTaHHs eHeproe(eKTHBHOCTI
Ja3epHOTO pi3aHHS HHU3BKOBYTJICEBUX CTajeld 31 30UIbIICHHSM TOBIIMHM 3aroTOBKH. BcraHOBieHa
TEHJICHITiSI TIOSCHIOETHCS ITiIBUIEHHSAM MacOBOi MPOAYKTHBHOCTI TPOIECY, 3MEHIEHHSIM BiTHOCHHUX
TEIJIOBUX BTPAT Ta 3pOCTaHHIM POJIi €K30TEPMIUHOI peakiii OKUCHEHHS METally KHCHEM.
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5. 3a pesysnbraraMu MPOBEIACHHX JOCITIKEHb PO3POOJIEHO TEXHOJOTIYHY KapTy MapameTpiB
rasojiazepHoro pizanus craai BCt3cn mis Beperatie momem AFX-PRO-12000-1530-LD, sika moxe OyTu
BUKOpPHUCTaHa SK MPAaKTUYHA OCHOBA JUIS HANAIITYBAaHHS PEXHMIB Pi3aHHS HAa MPOMHUCIOBHX JIA3€PHUX
yCTaHOBKaX.
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Jhyybkutl HAyioHaTbHUNL MeXHIYHULL YHIBepcumem

POJIb TA PO3BUTOK IH)KEHEPHOI ETUKH B YKPAIHI

Y ecmammi posenanymo ¢popmysanna, cyvacnuii cman i nepcnekmueu po3eumky iHiyceHepHOI emuku ¢ YKpaiui.
Ipoananizoeano ponv oceimuix 3axknadie, npogheciiinux Kodexcie ma cycninbHo-icmopuunux nodii (3okpema Yopnoouns) y
cmanoenenni emuunoi ceéioomocmi indicenepie. Haseoeno 02nad Haa6HUX emuuHUX KOOEKCié 8 YKPAIHCOKUX IHMCEHEPHUX
CRITbHOMAX, NPAKMUYHI GUKIAUKU MA PEKOMeHOauii w000 inmezpauii emuunoi ni0zomoeKku y HAGYANbHI Hpozpamu ii
KOpnopamugny npaKmuky.

Kniouosi cnoea: indicenepna emuxa, npogheciiina emuxa, emuina nogedinka, npogecitini Kooekcu, MOparbHi RPUHYUNU,
besnexa nooe, mexHo2eHHi nooii.

R. Redko, V. Puts, V. Martyniuk, O. Redko
ROLE AND DEVELOPMENT OF ENGINEERING ETHICS IN UKRAINE

The article examines the formation, current state and prospects for the development of engineering ethics in Ukraine.
The role of educational institutions, professional codes and socio-historical events (in particular, Chernobyl) in the formation
of the ethical consciousness of engineers is analyzed. An overview of existing ethical codes in Ukrainian engineering
communities, practical challenges and recommendations for integrating ethical training into curricula and corporate practice
are presented.

Keywords: engineering ethics, professional ethics, ethical behavior, professional codes, moral principles, human safety,
man-made events.

IMocTanoBka mpoOJjiemu. [HKXeHepHA €THKA — 1€ PO3ALT HPOQECIHOT ETHKH, IO JOCHTIKYE
MOpaJibHI MPUHLUNN TOBEAIHKU 1HXKEHepa y MpOoILeci MPOEKTYBAaHHs, BUPOOHHUILITBA, BIIPOBAIKCHHS Ta
eKCITyaTamii TeXHIYHUX CHCTeM. Y Cy4YacHOMY CBiTi, J€ TEXHOJIOTiuHiI pilleHHS Oe3mocepenIHbo
BIIMBAIOTh Ha OE3MeKy JIo/IeH, TOBKUIISA i CyCHiIbHY CTPYKTYpY, POJIb 1HKEHEPHOI €THKH 3POCTaE: Bij
IHAMBIyallbHUX €THYHUX BUOOPIB OKPEMOTO crieniaicTa — 10 (OopMyBaHHS KOPIIOPATHBHOI Ta AEPKaBHOT
MOJIITUK Y chepi Oe3MeKH i CTaaoro po3BUTKY.

IcropuyHi mepexymoBu (popMyBaHHA iH/KeHEPHOI eTMKU B YKpaini. BuHUKHEHHS 1H)XXEHEpHOI
€TUKH SK OKPEMOI'0 HampsiMy CIIBIAJa€ 3 PO3BHUTKOM IHIYCTPiaJIbHOIO CYCHIIBCTBA — TOII 3pocia
BiJNOBiAabHICTh (axiBI[iB 3a TEXHOTEHHI PHU3UKH. B YKpalHCBKOMY KOHTEKCTI OCOOJHMBY pOJb Y
dbopMyBaHHI CYCHiIBHOI yBarwm 10 €TUYHUX ACMEKTIB TEXHIKW BiIrpaJii 3HAYHI TEXHOTCHHI MOii,
KyJbMiHaIi€l0 AKuX ctana YopHoOmibchbka kaTactpoda 1986 poky. YopHOOWIH HE NHINE CIPUYMHUB
MacoBi TyMaHIiTapHi W €KOJIOTiUHI HACHIiJKH; BiH CTaB KaTalli3aTOPOM CYCHiJBHOTO IMEPEOCMHUCICHHS
TEXHOJIOTIYHUX PU3HKIB, KyJbTypH OC3IEKH Ta BiATOBIMATBLHOCTI CITCIIAICTIB, Y TOMY YHCHI 1HXXEHEPIB.
Le BrumHY O SIK HA HOPMATHBH ¥ MPOLEYPH, TaK 1 Ha CYCITIIbHI O4iKYBaHHS 11010 TIOBEIIHKH TEXHIYHUX
¢axisis [5].

Y HaykoBUX 1 HaBUaJIBHUX KOJaX YKpaiHW THUTaHHS I1HKCHEPHOI CTHKU OCITIKYIOTHCST 1
BHUKIIAJAIOThCS: € METOJWYHI MaTepiali Ta KypcH, Kl IMiJKPECIIOITh BaXIINBICTh (POPMYBAHHS €THYHOL
KYJIBTYpH iH)XKEHepa K 4aCTHHU MOro mpodeciiHOoi MiAroToBKU. 30KpeMa, MOCHTIHKEHHS Ta HaBYaJlbHI
MporpaMH YKpaiHCHKUX TEXHIYHHX YHIBEPCHTETIB aKIIEHTYIOTh YBary Ha COIliadbHIN BiIIMOBITAIBHOCTI
IHKEHEPIB Ta ETHYHHUX KOJCKCAaX K €JIEMEHTI MAroToBKY (axisiiis [1].

AHaJji3 ocTaHHIX HocaimxKeHb i myOmikamiid. 3a ocTaHHE NECATHIIITTS MOCITIPKEHHS 1HXKCHEPHOI
€TUKH B YKpaiHi MMOKa3alW TIOMITHY IWHAaMIKy — BiI TIEPEBAKHO I1CTOPHUKO-(DITOCOPCHKUX Ta
My ONIIUCTUYHUX PO3BIOK 10 MPUKIAIHUX poOIT, 10 Opi€HTOBaHI Ha OCBITY, MpOdeciiiHi CTaHIAPTH Ta
MPaKTUYHI MEXaHi3MHU 3a0e3reveHHs eTHYHOI oBeaiHku. L5 Tpanchopmariis 3yMoBIieHa SIK BHYTPIiLTHIMA
YMHHUKaMH (HayKOBO-OCBITHI iHII[IaTHBH, JOCBII TEXHOTEHHMX KaTacTpod), TaK i 30BHIIIHIMI BUKIHKAMH
(rapmoHi3aliisi 3 MiXHAPOAHUMH cTaHaapTtamu, nudposisaiis) [5]. PosrisHeMo AWHAMIKY pPO3BUTKY
IH)KEHEpHOI eTHKH B Y KpaiHi.

1. Tenaenmis iHTerparii eTMKH B OCBITHI mporpamu. OctaHHi myOmikamii 1 HaBYaJIbHI TUTAaHU
TEXHIYHUX BUIUIB YKpaiHH CBiIYaTh PO CUCTEMATHYHE BKIIOUEHHS MOAYJIIB 3 iIHKEHEPHOT €THKH, Oe3MeKH
Ta COIllaJbHOI BIAMOBIMATBEHOCTI JO HAaBYAIBHUX TMPOTpaM — SK OKPEMHUX JHUCIUILIIH abo
MDKTUCITUIUTIHAPHUX MOIyiB. [IpakThka mepembdadae BUKOPUCTAHHS KEWC-METOMIB, aHAJI3Y pPEeaIbHUX
IHITU/ICHTIB Ta MOJICTIOBAHHS KPU30BHUX CUTYallill y HaBYaIbHOMY Tiporieci. Lle BiamoBigae Mi>kHapOTHUM
MiIX0/aM i CIpSIMOBaHO Ha (POPMYBaHHS ETHYHOT KyJIbTYpU» MaiOyTHIX iHxeHepiB [6].

2. AKIICHT Ha BUBYCHHI BIUTMBY BEJTUKUX TEXHOTCHHUX IO Ha TpodeciiiHy cBimoMicTh. IcToprko-
cotioorivHi npari o0 YopHoOMIbCEKOT KaTacTpodu Ta ii HacHiAKIB s CyCHiIbHOI JOBIpH 1 KyJIBTypH
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0e3MeKH J0Ci CTAaHOBIISATH BAXKIMBY YACTHHY YKPaiHCHKOI JTiTepaTypH. Lli mociimKkeHHs miAKpecIo0Th, 0
YopHOOWIIE CTaB HE JIMILE TEXHIYHOIO, @ il MOPAIFHOIO BiX0I0: POOUTH OUEBUAHUMHE MOTPeOy MPO30pOCTi,
III3BITHOCTI Ta €THYHUX MPOIEAYP Y TEXHIYHUX chepaxX. AHAII3 TaKUX pOOIT JomoMarae 3po3yMiTH, SIK
BiJIOyBA€ThCSI MEPETBOPCHHS KOJCKTUBHOI MaM'saTi B akaJieMiuHi i HOpMATHBHI pimieHHs [5].

3. Ipuknaaui gociimkeHHS 3 GOKycOM Ha CTaHAAPTH 1 KOAEKCH. Y IOCHTIKCHHSX 3 SIBJISETHCS
nenaii Ginblne myOiKallii, o aHali3yIOTh ICHY0Ui KomeKcH (HallioHANbHI H aJanToBaHi Mi>KHAPOIHI) i
MPOMOHYIOTh MEXaHI3MH iX BIPOBAKEHHS B YKPaiHCBKOMY KOHTEKCTI — BiJf KOPHIOPATUBHUX E€THYHHUX
KOMITETIB JI0 mpoueayp 3axucty BukpuBadiB (Whistleblowing). Taki poOoTu 4HacTo peKOMEHIYIOTbH
yHiiKaIio maXoIiB Ta aJanTaIfiio KpalnX Mi>KHAPOIHUX TIPaKTHK 0 HalliOHAJIBHUX peaiii [2, 3].

4. HoBi nanpsmku: nudpoBa eTuka ¥ BmiimB TexHosorid. CywacHi myOmikauii genami vacrimie
MOEHYIOTh 1HXKCHEPHY €TUKY 3 TeMaMu Hu(poBi3allii: eTuka AaHWUX, alrOpUTMIYHA BiAMOBIAAIBHICTb,
MATaHHS OC3MeKH TPOTpaMHUX CHCTEM 1 aBToMarm3allii. B ymoBax crTpimMkoro BmpoBamkeHHs [T-
TEXHOJIOTI Y BUPOOHUITBO i iHGPACTPYKTYpYy lie COpSIMyBaHHS HaO0yBa€ MPAaKTHYHOI BAXKIUBOCTI IS
MiATOTOBKY 1H)KEHEPiB, SKi OBUHHI BPaxOBYBAaTH HE JIUIIE TEXHIYHI, a i CyCHUIbHI 1 IpaBOBI HACTIIKA
CBOIX pimens [8].

5. Buknuku # mporanuHy, Ha SIKi BKa3ylOTh JOCTiAHMKM. He3Baxkaroun Ha MO3UTUBHI 3pyLICHHS,
CydacHa HayKoBa JHCKYCISl IIOJIO IHXKEHEPHOI eTWKM B YKpaiHi iJeHTU]IKYe KibKa NpoOIieM:
(parMeHTapHICTh HOpMATHBHOI 0a3u (BiACYTHICTH €IMHOTO HAIIOHAIBHOTO €THYHOTO CTaHIApTy UL
IH)KeHEepiB), HEPIBHOMIPHICTh IHTErparii eTHYHMX MOMAYJIB y MPOTPaMH Pi3HUX BHIIIB, OpaK MPaKTUYHUX
KEeICiB, OPIEHTOBAHMUX CaMe Ha YKPaiHChKUH KOHTEKCT, a TAKOX CKJIAJHOIII 3 MEXaHI3MaM1 KOHTPOJIO Ta
MII3BITHOCTI y TIPUBATHUX 1 JEepKaBHUX MPOEKTax. JOCHITHUKH PEKOMEHIYIOTH CHUCTEMHY IOJITHKY,
MDKBIZIOMYY KOOPJIHUHAILLIO Ta PO3pOOKY alanTOBaHUX OCBITHIX i KOPIOPATHBHUX IHCTPYMEHTIB [2, 7].

6. MeTo10J10TIUHI TAXOMU B JOCHIDKCHHAX. Y BITUM3HSHUX NpallfX MOMITHA MepeBara sKiCHUX
migxomis (icropuuHmMii aHami3, Keidc-cTami, IHTEPB’I0 3 TMPaKTHKAMH) TOPAA 3 EMIIPHYHUMHU
JOCITIKEHHSIMU OCBITHBOTO Tpoliecy (ONMUTYBaHHS CTYJICHTIB 1 BUKJIA/IaviB, aHAJI3 HABYAIbHUX IUIAHIB).
HaykoBIii 3akiauKaTh 10 OUTHIIOT KUTHKOCTI MDKTUCITUIUTIHAPHUX 1 €KCTIEPUMEHTATBHUX OCIHIIKEHB
(mampukITaz, KOHTPOJILOBAHI OCBITHI IHTEpBEHIII, OIliHKa e(DEKTUBHOCTI €ETHYHMX TpeHinTis) [1, 8].

CymapHi BUCHOBKH OTJISIAY.

e OctanHl myOmiKalii MOKa3yloTh MOCTYIOBY, ale CTiHKy IHTerpamilo iHKEHEpHOI ETHKH B
akazieMiuHy ¥ mpodeciiiHy npakTuky YKpaiHu;, OJHAaK MOTPiOHI CKOOPAWHOBAHI 3yCHIUIS TS YHidikarrii
CTaHAAPTIB i MACIITAOHOTO BIIPOBAIXKCHHS MPAKTHYHUX METOAMK Yy HABYaHHS I KOPIOPATUBHY KYJIBTYPY.

e 3poctac 3Ha4YeHHsT TeM [UQPOBOI ©THUKM 1 B3a€EMO3B’S3Ky iHXKEHEepHOI mpodeciiiHol
BIJIMOBIIATBHOCT] 3 MUTaHHAMHU Oe3meku [13, anropuTMiuHOIO MPO30PICTIO Ta OXOPOHOK MAHUX, MIO
CTBOPIOE TIOJIE AJIsl HOBUX JOCHiTHULBKUAX MPOEKTIB.

e HeoOXximni momanbini emmipuydi gocaimkeHus (0coOnuBO oOIiHKa e(pEeKTHBHOCTI OCBITHIX
IHCTPYMEHTIB) 1 MiXKCEKTOpalibHa CHIBIpalld MK YHIBEpCHTETaMH, NPOQECiHHUMHU acoliiarisMu u
JICPKABOKO JUIsl PO3POOKH MPAKTUYHUX MEXaHI3MIB 3a0€3IeUeHHs €TUYHOT TOBEIIHKU 1HXXEHEPIB.

BuknageHHsi 0CHOBHOI'O MaTepiay

[Ipodeciiini komexkcu i opramizaumii. B VYkpaini ¢yHKuioHyoTs mpodeciiini 00’eqHaHHS Ta
IHII[IaTHBH, 1[0 PO3POOJISIOTH ETHYHI KOJCKCH a00 aJanTyrTh MIXKHAPOHI CTAHJAPTHU J0 HAI[IOHATHHOTO
KoHTekcTy. [Ipukiamym — eTudHi KoJekcH MikIep:KaBHOI TiTbail iHKEHEpiB-KOHCYJIFTAHTIB Ta THIIUX
rary3eBUX acollialiid, ki JeKIapyrTh MNPIOPUTET OE3MeKH CYCHuIbcTBa W H00poOyTy, mpodeciiHy
KOMIIETEHTHICTb 1 BiIMOBY Bii KOHQUIIKTY iHTepeciB. Taki JoKyMeHTH 06a3yI0ThCsl Ha MIXKHAPOTHUX 3pa3Kax
(FIDIC, imo3eMHi iH)KEHEpPHI TOBapHMCTBA), ajle MICTATHh IOJOXEHHS 3 YpaxyBaHHAIM HAaIliOHAIBHOI
mpakTuKy [2].

Po3pobienHs BnacHUX KOJEKCIB 1 pekoMeHAaliil B YKpaiHi € BaXKIIMBUM KPOKOM, OCKITBKH CTBOPIOE
OYiKyBaHHS W CTaHIAPTH MOBEIIHKH I IHKCHEPHUX MPAKTHUK y KpaiHi. [le Takoxk crpuse ImiaBUIICHHIO
JOBIpH CYCIUIBCTBA 0 Tpodecii i BU3HAYSHHIO BiMIOBIAAFHOCTI Y BUMAAKaX TEXHOTEHHUX PH3HKIB.

OcgitHs ckianoBa. OcBiTHI 3akiaau (TeXHIUHI YHIBEPCHUTETH, KOJIEIXKi) MOCTYIOBO IHTETPYHOTh
TEMH IH)KEHEePHOI €THKH, COIIaIbHOI BiAMMOBIATHLHOCTI Ta O€3MEeKN Y HaBYAIbHI TTporpaMu. JocmimKeHHs
I IKPECIIOI0Th HEOOXIHICTh CHCTEMHOT MiATOTOBKH, sIKa BKJIFOYAE HE JIUIIIE TEOPiro, a i MPaKTU4HI KeHCH,
cuMyssnii i aHami3 kpu3oBux nomid. CydacHi myOmikamii i meroamuni po3poOku (2020-2024 pp.)
HaroJIOMyIOTh Ha aKTYaJIbHOCTI BKIIIOUEHHS ETHYHHX MOMAYJIIB Y INATOTOBKY IH)KCHEpIB K 3acid
MpodiIAKTUKY TOMUJIOK 1 MiBUILEHHS KyIbTypH Oe3neku [4].
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Ha croromni B YkpaiHi 1010 iH)K€HEPHOT €TUKH ICHYIOTh TaKi BUKITUKH ¥ MPOOIEMHI 30HH.

1. ®parmenrapHicTs HOpMaTHBHOI 0a3u. Xoua B YKpaiHi € rany3eBi KOJAEKCH Ta iHIIaTHBH, BIACYTHS
€IHA BCEOXOIUTIOI0YA HAaIliOHAIbHA CHCTEMa CETHYHOI perIaMeHTAIii iHKeHepHOi MpaKTUKH, ska O
[IO€THYBaJIa MPaBOBi HOPMU, TPOQECiiHI CTAaHIAPTH 1 OCBITHI BUMOTH.

2. HenmocratHs iHTErpallis €THKHA B TEXHIYHY MIATOTOBKY. Y JIESKWX HABYAIBHUX NpOrpaMax eTU4Hi
Moy (GopMaTbHO MPHUCYTHI, aje BiACYTHI MPaKTHIHI KEHCH Ta METOIH, IO TO3BOJIIIOTH CTYIECHTaM
OIIPaLbOBYBAaTH PEANbHI AUIEMHU.

3. Komepuiitauii Tuck 1 koHQIIKT iHTepeciB. Sk i B iHIMX KpaiHax, iHXKeHepw B YKpaiHi iHOI
CTUKAIOTHCS 3 THCKOM Ha CKOPOYCHHS TEPMIiHIB, 3HIKEHHS BHUTpPAT UM NPHUXOBYBaHHS Ne(eKTiB — IIe
MOPOJIKY€E €THYHI PU3WKHU, SKI BUMAraroTh YITKUX TPOIENYp 3aXUCTy BHKPWUBAYiB i mig3BiTHOCTi. Ha
HaIlIOHAJILHOMY PiBHI JIMIIIC TOOJMHOKI iHIIIaTHBHU 3a0€3Me4yr0Th MiATPUMKY STUYHHX MPAKTHK [4].

CormianpHa T0Bipa Ta KOMYHiKaIlis. ITicas BenukuxX kaTacTpod CYCHJIECTBO OUIKY€E BiJl iHKCHEPIB
MIPO30POCTi Ta BigNOBiNaNbHOCTI. HemocTaTHS KOMYyHIKaIisi PO PU3UKU Ta MPO 3aX0Au Oe3MEeKd MOXKe
migpuBaTH IOBipy 10 mpodecii Ta TexHosorii 3aranoM. YopHOOMIBCHKUE NOCBIJ MOKa3ye, HACKUIBKU
3HAYMMOIO € CYCITIJIbHA PeakIlis Ta morpeda y mpozopocri [5].

[puknanu BonmuBy: YoMy iH)KeHEpHa €THKa MA€ 3HAYCHHS?

e Texnorenni aBapii (HopHOOHIb Ta iHIII) POJEMOHCTPYBAIIH, 1[0 TEXHIYHI TIOMUJIKH, HEXTYBaHHS
TIporeIypamMu a00 HEMPO30PICTh MOXKYTh MIPU3BECTH 0 MACIITAOHUX JTIOJCHKHX Ta EKOJIOTIYHHIX BTPAT; I1e
3pOOMIIO TUTAHHS €THKH Ta BIAMOBIAATBHOCTI HEHTPAIILHUM Y JUCKYCISX PO TEXHOJOTII [5].

e [losiBa Ta 3acTOCYBaHHS €THYHHUX KOJCKCIB B YKpPAiHCHKHX IH)KEHEPHHX CIUIBHOTAaX CIYTy€e
HOPMATHBHOIO OIOPOIO ISl MPUHHATTS PIlllEHb, JOIOMAarae YHUKATH KOH(JIIKTIB iHTEpECiB 1 crpuse
3aXUCTy CYCHIUIBHUX IHTEPECIiB IPH BIPOBAKCHHI TEXHIUYHHUX pillieHb [2].

Pexomenmarii 1151 TOJATBIIOTO PO3BUTKY 1HKCHEPHOT €THUKH B Y KpaiHi.

1. Vuidikamis maxomiB 1 po3poOka HAIIOHATHLHOTO CTAHIAPTY. PEKOMEHAYETHCS PO3TISHYTH
CTBOPCHHSI HAI[IOHAJBHOIO PAaMKOBOI'O JOKYMEHTY (pekoMmeHpaanii/koiekc), sKuii Ou iHTerpyBaB
HaioHaNbHI peatii Ta Mi>kaapoani crannaptu (FIDIC, Engineers Europe, IEEE Ta in.) i ciiyryBaB ocHOBOO
JUTSI TATy3€BUX KOJIECKCIB.

2. IlocuneHHst OCBITHBOI CcKJIaOBOI. BripoBaguT 000B’S3KOBI KypcH 3 iH)KEHEPHOI €THKH Y BCiX
IHKEHEePHHX MPOrpaMax, BAKOPHUCTOBYBATH KeHC-METOANKY, CHUMYJIALIT IHIIUACHTIB Ta MIKIUCIHILIIHAPH]
MpOEKTH (FOPUIUYHI, EKOJOTIUHI, comionoriuni acrnektn). [IpakTHUHI MaTepianu Ta KehcH, po3poOseHi
YKpaiHCHbKUMHM YHIBEPCUTETAaMH, CJIiJ aAaNTyBaTH i pO3MOBCIOKYBATH MK 3aKJIalaMH.

3. ITlinTpuMKa «ETHYHOTO TOJocy» B oprasizamisx. KommaHnii # JepikaBHI yCTaHOBH MaroOTh
BIIPOBAKYBATH TPOLEAYPH MOBimoMieHHs mpo mopyuieHHs (whistleblowing), 3abesmedyBatn 3axuct
MPaliBHUKIB, 110 NOBIJOMIISIIOTE MIPO PH3HMKH, T CTBOPIOBATH HE3AJICKHI €TUUHI KOMITETH Uil PO3TIISAY
CKJIAJHUX BUIIAIKIB.

4. MixnapogHa criBmpams. AKTHBHO 3allydaTH MIXHApOJIHI IHXKEHEepHI acolfiamii 10 oOMiHy
MPaKTUKaMH i HaBYAIBHUMH MaTepiallaMy, IEpEeBOJUTH i aJanTyBaTH Mi>KHApOJHI KOAEKCH U KypcH IS
YKpaiHCBKOTO KOHTEKCTY [7].

Hocaimkenns ta moHiTopuHr. [loTpiOHa cucTeMHa HaykoBa po00Ta 3 aHAIII3Y IPUYHH TEXHOTEHHIX
1HIIMJCHTIB, €(EKTUBHOCTI €TUYHMX TPEHIHTIB Ta 3aCTOCYBaHHS KOJEKCIB Y pealbHii MPaKTHLll iHKeHepiB
B YKpaiHi.

BucHoBkn

[mkenepHa eTHka B YKpaiHi PO3BMBAETHCS depe3 MOETHAHHS OCBITHIX iHILIATHB, MpogeciiHuX
KOJIEKCIB Ta CYCIIILHOTO THCKY, TOCHIEHOT0 3HAYHIUMHY TEXHOTEHHUMH TIoAiIMu (30kpeMa YopHoOuirem).
Cporo/iHI HaIlIOHAJBHI iHINIATUBU BXXE€ CTBOPIOIOTH €THYHI KOJEKCH W METOAWYHI MaTepialiii, aje repen
KpaiHOIO CTOSITh 3aBAaHHS YHiQikalii HOpMAaTHBIB, IOCHJICHHS OCBITHBOI MiArOTOBKM 1 CTBOPEHHS
MEXaHI3MiB 3a0e3MedYeHHs €TUYHOI MOBEAIHKA B mpodeciiiHii mpakTuili. Peamizamis 3amponoHOBaHHX
3ax0iB CIPUATHME MiABULICHHIO O€3MEKH, SIKOCTI 1 CycIinbHOI T0BipH 0 iHXeHepHoi npodecii B YKpaiHi.
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Jhyybkutl HAyioHaTbHUNL MeXHIYHULL YHIBepcumem

CHUHEPI'ETUKA TEXHOJIOTTYHHUX IMPOLECIB: ®1JIOCOP®CBKO-
TEXHOJIOTTYHE MOJEJ/JIIOBAHHS YHIBEPCAJIbHUX ITPUHIMIIIB BUPOBHUIITBA

Y cmammi 30iiicneno inocoghcvko-mexnonoziune 0CMUCIEHHA CUHEPZEMUYHUX NPUHWUNIG OP2aHI3ayil 6UPOOHUYUX
npouecie. Ilokazano, w0 cyyacnhuit eman po3GUMKY RPOMUCT060CIMI XAPAKMEPUIYEMbCA IHmMezpayicio yugposux,
ABMOMAMU308AHUX MA €KON0ZIYHO OPIEHMOGAHUX MEXHON02il, W0 6UMA2AE NOWLYKY YHIGepCANbHUX RIOX00i6 00
MoOento6anna eupoonuymea. QOOIpyHmMOGaHo OOYINbHICMb 3ACMOCYEAHHA CUHEPZEMUKU AK  MINCOUCUUNTIHAPHOT
Memooonozii, 30amuoi noconamu meopemuuHi KOHUenuyii camoopzauizayii ma Heninilinol OuHamiku 3 IHMCeHepHUMU
Moodenamu. Buoineno ynieepcanvni npunyunu mexHonozivHux npovecie — pizanHs, popmyeanus, memnepamypHoi oopooku
ma 30upanns — i 006e0eHo IX CRINbHICMb Y PIZHUX 2aY3AX RPOMUCIO060CHI. 3ANPONOHOBAHO DAYEHHA BUPOOHUYNUX CUCHEM
AK GIOKpumux, 0azamopigHeeux ma AOARMUGHUX CMPYKMYp, 30amuHux 00 camogionoenennsn. Iloxkazano cmpameziune
3HAYEHHA CUHEP2EMUYHO20 RNIOX00Y 0aa 8i00y0osu iHOycmpianvhoi ingpacmpykmypu YKpainu, 30Kpema y HARPAMKAX
ZHYUKoCmi, cmilikocmi, pecypcoegheKmusHocmi ma mexnoaoiunozo cyeepeHimenty.

Kniouosi cnosa: cunepeemuxa, mexuonoziymi npoyecu, UpOGHUYMEO, CAMOOP2AHI3aYisl, MOOENIOBAHHS, AOANMUGHICb,
8i00Y006a NPOMUCIOBOCHI.

M.L. Riabchykov, S.P. Shymchuk, T.P. Zaychuk, S.V. Pylypchuk

SYNERGETICS OF TECHNOLOGICAL PROCESSES: PHILOSOPHICAL AND
TECHNOLOGICAL MODELING OF UNIVERSAL PRINCIPLES OF PRODUCTION

The article presents a philosophical and technological analysis of synergistic principles in the organization of production
processes. It is demonstrated that the current stage of industrial development is characterized by the integration of digitalization,
automation, and environmentally oriented technologies, which requires the search for universal approaches to production
modeling. The feasibility of applying synergetics as an interdisciplinary methodology is substantiated, enabling the combination
of theoretical concepts of self-organization and nonlinear dynamics with engineering models. Universal principles of
technological processes — cutting, forming, thermal treatment, and assembling — are identified, and their cross-industry
similarity is confirmed. Production systems are proposed to be viewed as open, multi-level, and adaptive structures capable of
self-recovery. The strategic importance of the synergistic approach for the reconstruction of Ukraine’s industrial infrastructure
is emphasized, particularly in ensuring flexibility, resilience, resource efficiency, and technological sovereignty.

Keywords: synergetics, technological processes, production, self-organization, modeling, adaptability, industrial
reconstruction.

IMocTanoBka npodemMu B 3araabHOMY BHTIAAi. CydacHHI €Tam PO3BUTKY BUPOOHUYHX CHCTEM
XapaKTEPHU3Y€EThCS TIIMOOKOIO 1HTETPAIli€l0 HAyKOBO-TEXHIYHHUX JOCATHEHB, U(poBizallii, aBToMaTH3amii
Ta HEOOXIIHICTIO €KOJIOT1YHO 30aIaHCOBAaHOTO BUKOPUCTaHHS pecypciB. B yMoBax rio0aibHUX BHKIIMKIB
— BiA EHEpPreTHYHHX KpU3 A0 BOEHHUX pYyHHYBaHb — OCOOJIHMBOTO 3HAa4YCHHS Ha0yBae MOLIYK
YHIBepCaIbHUX IPUHIMITIB OpTaHi3allii TeXHOJIOTIYHHUX IIPOIIECiB, IO 3JaTHI 3a0e3MeUYNTH THYYKICTS,
BiJTHOBJIFOBaHICTh Ta €()EKTUBHICTH BUPOOHUIITBA.

CuHepreTMYHUN MiAXiA, M0 IPYHTYETbCS Ha ifei camoopraHizallii, HENiHIHHOCTI Ta B3aEMOJIl
€JIEMEHTIB CKJIAJJHIX CHCTEM, BIIKPUBAE HOBI MOXKITUBOCTI /ISl MOZEIIOBAHHS TEXHOJIOTIYHUX MTPOIECIB SIK
TUTICHUX, aJaNTHBHUX 1 37aTHUX 0 CAMOBITHOBIICHHS cUCTeM. Lle 0cOOIMBO aKkTyalbHO IJIs Y KpaiHH, sKa
nepedyBae y ¢a3i BigOyJ0BU KPUTHYHOI iIHPpaCTPYKTYpH, IPOMHUCIOBOCTI Ta KUTTEBO BAXKJIMBUX raly3eil
TiCIIst MAaCIITA0HUX PYHHYBaHb. BUKOpUCTaHHS CHHEPTeTUKH JO3BOJISIE HE JIUIIE BiTHOBUTHA BUPOOHHUIITBO,
a ¥ 3aKJIaCTH OCHOBHU HOTO CTIMKOTO, IHHOBAIITHOTO Ta KOHKYPEHTOCTIPOMOYKHOTO PO3BHUTKY.

[IpoGnemMa mojsrae y BIiACYTHOCTI €IWHOTO YHIBEPCAJIBHOTO IMIAXOAY JO MOJCIIOBAHHS Ta
opraizaiii TEXHOJOTIYHUX IMPOIECIB, 3AaTHOTO BPaXOBYBaTH B3aEMOJII0 TEXHIYHUX, CKOHOMIYHHUX i
comiagbHUX (HaKTOPIB Y CKIAJHUX BUPOOHWYHMX CUCTeMax. TpaauiiiiHi MeTOAu yIpaBIiHHS TpOIlecaMu
OpIEHTOBaHI Ha JIHIMHI MOJEl Ta >KOPCTKO 3ajJaHi aJIrOPUTMH, IO OOMEXYE MOMKJIMBICTH IIBHAKOI
aJanTarii 10 Herepe0avyyBaHUX BUKIIHKIB.

Juns Ykpainu 1g mpobOiema HaOyBae 0COONMBOI TOCTPOTH Y 3B’S3Ky 3 MOTPeOOI0: MacmTaOHOI
PEKOHCTPYKITi TPOMHUCIOBHX 00’€KTiB Ta iHOPACTPYKTYpH, CTBOPEHHS BHCOKOTEXHOJIOTITHHX
BUPOOHUIITB HA OCHOBI NPUHIHMIIIB CTAJIOT0 PO3BHUTKY; 3a0e3MeUeHHs] TEXHOJOTIYHOTO CYBEpEHITETY B
YMOBax TI00aJIbHOT KOHKYPEHIIii Ta HeCTabUTFHOCTI.

TaxuM 9MHOM, BUHUKAE HEOOX1THICTD ¥ P1II0COPCHKO-TEXHOIOTITHOMY OCMICIICHHI CHHEPTeTHIHUX
MPUHIMUIIB, M0 JO3BOJSIOTh OYJIyBaTH yHIBEpCaJbHI MOJEII OpraHizaimii BHpPOOHHUIITBA, 37aTHI
3a0e3MeYNTH OJTHOYACHO CTAOIIBHICTD 1 JMHAMIYHY aJIallTaIlii0 10 3MiH.

AHaJi3 cTaHy nUTaHHA. BugineHHsi Hepo3B’si3aHMX YyacTHH mpodiaemu. TeopeTHdHi OCHOBU
CHUHEPTreTHKH — TOJSTaloTh Yy KOHIEMIISAX caMoopraHizaiii, Oidypkaliif, MaKpOBIUTUBY «KEPYHOUUX
napaMeTpiB» Ta BAHUKHEHHS OPSAKY B BIIKPUTHX HENiHIHHUX cuctemMax (kimacuuni podotu I'. Xakena [1]
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Ta nopaneiii ¢inocoperki inTepnperarii). Ils 6asa hopmye oriuHuil KapKac Ul TIEPEHECEHHs 11ei Ha
TEXHIYHI/BUPOOHNYI CHCTEMH.

IcHyIOTB pOOOTH, IO PO3TINAIOTH CHHEPTETHYHHUI PO3BUTOK MPOAYKTY | MPOIecy B MPOMHCIOBUX
HiATPUEMCTBAX, a TAKOXX NOOYAOBY «CHHEPreTUYHUX CHCTEM» 1HHOBaLil 1 TEXHOJIOTIYHOTO OHOBJICHHS.
Bonu 1ar0Th METO0IOTIYHI IHCTPYMEHTH, ajie 4acTO 3aIMIIAI0THCS KOHIENITYaIbHUMHU Ta JOKaIbHUMHU 32
3acTocyBaHHsM [2].

Bimomi mpukiagHi AOCHIIKCHHS B MPOLECHOMY KOHTPOJI, 8 TaKOX MYJIbTUMOCIbHI ITiIXOH,
MOEAHAHHS PI3HUX MOJENeH AN yNpaBlIiHHS TEXHONOTIYHMMH IpoliecaMH (MEXaHICTH4YHI + naHi),
JOCJTIDKEHHS CaMOpPEeTyJIALii i afnanTailii B aBTOMaTH30BaHUX BUPOOHUYHX JIiHIAK. TyT MOMITHA TEHACHIIs
no riopuamsanii mMonenei (¢pi3uuHi Mozeni + MallMHHE HAaBYaHHS) U MiJABUINEHHS CTIMKOCTI Ta
MpOaAyKTHBHOCTI [3].

®Di10c0hCHKO-METOMONOTIYHI pOOOTH — TIpaIli, 0 3B’ I3YIOTh CHHEPTETUKY 3 HOBOIO KIIPUPOTHOIO
¢inocodicro» Ta METOIOJOTTYHIMH ITiIXOaMH B HAYIli, IPOIIOHYIOTh PaMKH JUIS iHTEPIUCIUTUTIHAPHUX
nociikenb (pinocodis Hayku + imwkenepis). OQHak Taki poOOTH IHKOJIM BiJICTAlOTh BiJ| MPaKTHYHUX
Keticis [4].

Buxonsuu 3 aHani3y cTaHy IUTaHHS CIiJ BiA3HauuTH CUIIbHI CTOPOHU ICHYIOYHMX ITLAXO/IIB.

HasiBHa coniziHa TeopeTnuHa 0a3a (CHHepreTHKa K MKIUCLIUILTIHApHA Teopis camoopraHizarii). [1]
. Po3BuTOK TiOpuaHMX Mojeneil (MexaHICTHYHI + AaHi) Jae MPaKTUYHI iHCTPYMEHTH JUIS IMiBUINCHHS
TOYHOCTI Ta aAalTHBHOCTI YIIPaBJIiHHSA TEXHOJIOTIYHUMHU Iporiecamu [5]. 3pocTarounii MPakKTUYHUI ITOTIHT
y BinOyI0Bi Ta MOJIepHi3alil B YKpaiHi cTBOPrO€ MONiTHYHI/(DIHAHCOBI MOXKIIMBOCTI JUIs pealtizaliii HOBUX
METO/IIB.

B mpomeci anamizy craHy nuTaHHS Oynu BuauteHi Heposs's3aHi, crmaOko ompamboBaHi abo
CylepewInBl MUTaHHS, 30KpeMa BiJCYTHICTh Y3rokeHol (inocodCchKo-TEXHOJIOTIYHOT paMKH, sKa
Mo€eTHyBaa O CHHEPreTHYHI KOHIICNTH 3 iHKEHEPHUMH METOJIaMH MPOCKTYBAaHHS BUPOOHUITB (TOOTO SIK
TepeHecTH abCTpakTHY i€I0 caMoopraHizallii y KOHKPETHI aJTOPUTMH Ta apXiTEKTypH BUPOOHHYUX
cucteM). baxkaHo mpoBecTu MaciitabyBaHHs Ta MYJbTH-PIBHEBE MOJICNIOBAHHS, MPH IbOMY HEOOXiITHO
Y3TOJIMTH MOBEAIHKY Ha PiBHI €IEMEHTIB (areHTH, BEPCTAaTH) i3 MAaKpPOIOBEIIHKOK (aOpHK, KIacTepiB i
HalllOHAJIbHUX JIAHLIOTiB MOCTaYaHHA — MUTAHHS MDKCKAIAPHOT Y3rOHKEHOCT] 3aIUIIAETHCS BIIKPUTHM.
(mpakTHYHI KeWCH — MOOAMHOKI). Majlo CTaHJapTH30BaHUX ITOKA3HMKIB (AK KiTBKICHO BHMIPATH
KCHHEPTiI0» B TPOMHUCIIOBOMY TIPOIIECi, TEXHONOTIYHY CTIMKICTh, 3MaTHICTE JO camoopraHizaiiii). Hosi
iH(OpMaIiITHO-TEOPETUYHI TiAXOIN 3'SBIAIOTHCA, ajie e He yBIHIDIM B mpakTuky. OOMexeHa KiJIbKiCTh
Ty OJTiKaIliH, 10 TOETHYIOTH CHHEPTETHKY Ta KOHKPETHI CIieHapii BiAOYI0BH YKpaiHCHKOI IIPOMHUCIIOBOCTI,
€ 3aIUT Ha JTOCIIJHKCHHS KCHHEPTETHYHHUX» CTPATETill peKOHCTPYKIIi B yMOBaX OOMEXEHUX pecypciB i
PH3HKIB.

Mera pgocaimskeHHAA: po3poOHTH  (PITOCOPCHKO-TEXHONOTIUHE MOJISIIOBAHHS YHIBEpPCaTbHUX
MPUHIIMIIIB OpraHizaiii BUpOOHUIITBA HA OCHOBI CHHEPIeTHKH, 1110 3a0e3euye aJanTUBHICTh, CTIHKICTS i
MO>KJIMBICTh MacIITaOHOI pealtizalii B yMOBaX PeKOHCTPYKUil iHAYCTpianbHOI iHppacTpyKTypH YKpaiHu.

[loegnanHs TeOpeTHYHOI 3piOCTI CHHEPreTHKHM Ta MPAKTHYHOI MOTPeOM y THYYKHX, CTIHKHX
BUPOOHMUYNX PINICHHSIX CTBOPIOE YHIKAJIBHY MOXKIIMBICTH JJIA BIPOBAIDKEHHS YHIBEpCaIbHOI MOIEi
BUpoOHUNTBA. [ YKpaiHu 1le Mae cTpaTeriyHe 3Ha4eHHsI: BiJ0y/10Ba — IAHC HE JIMIIE BiTHOBUTH CTapi
MOTY>KHOCTI, a ¥ 3ampoBaguTH 1HHOBALINHI, aJanTUBHI Ta pecypcoedeKTHBHI BUPOOHUYI CHCTEMH, IO
TTOCHJIATH TEXHOJIOTIYHUHN CyBEpEHITET.

Mertonoaoris gocaimxkenns. O0’ekT HociiKkeHHS - TEXHOJOTIUHI MpoIecH SIK CKIIAJHI BiAKPHUTI
CHCTEMH, IO QYHKIIOHYIOTh Y BUPOOHHYOMY CEpEeIOBHIIII Ta MiUIATAI0Th BIUIMBY TEXHIYHHUX, COLIAIBHO-
€KOHOMIYHHX Ta MPUPOAHUX YUHHHKIB. [Ipenmer mocmimkeHHs - DinocodchKO-TEXHONOTIYHI MPUHIIAITA
MOJICITIOBAHHS Ta OpraHi3aiii BUPOOHUIHX IIPOIIECIB HA OCHOBI CHHEPTCTHKH, CITPSIMOBaHI Ha JOCATHEHHS
CTIMKOCTI, aJalTUBHOCTI Ta YHIBEpCAILHOCTI BUPOOHUIITBA.

MeTomo0Ti4HOI0 OCHOBOIO AOCIHIIKEHHS MOXYTb OyTH CHHEpPreTHyYHa ImapagurmMa — KOHLEMIil
camoopramizaiii, 0ipypxariif, HeTIHIHHOI TWHAMIKKA Ta (GOPMyBaHHS MOPSAKY B CKIQJIHHX CHCTEMAX,
¢dinocodis HayKm Ta TEXHIKM — JJIsI OCMHUCIICHHS YHIBEpPCAIbHUX 3aKOHOMIPHOCTEH pO3BHUTKY
BUPOOHUITBA i TPaHCIALIl CHHEPTETUYHHX 116l y TEXHOJOTIYHI MOJeNi, CUCTEMHHI MiaXiJ — pO3TIsT
BUPOOHUYHX MPOIIECIB SIK i€papXii B3a€MOMOB’sI3aHUX PiBHIB (€IEMEHT — MiJCHCTEMa — CHUCTeMa —
HaJICUCTEMa), IHTePAUCUMIUTIHAPHICT, — iHTerpaiis MerodiB ¢inocodii, iHXKeHepil, EKOHOMIKH,
yIpaBIliHHS Ta COLIOJIOTiI.

Metoau IOCHIKEHHS BKIIIOYAIOTh aHANITUKO-TEOPETHYHI METOAM — aHali3 1 CHHTE3 HAyKOBHX
JUKEpeJl, y3araJbHEHHS CyYacHHX IAXOIIB O CHHEPTeTHKH Y BHPOOHMYHMX CHCTeMmaXx, (imocodchke
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MOJICTIOBaHHS — KOHIIENTyali3allisl yYHiBepCallbHUX TMPHUHIINUIIIB BHPOOHUIITBA Y BUTISAI aOCTPAKTHUX
CXEM 1 KaTeropiil, CHCTEMHE MOJICITIOBAHHS — BHKOPUCTAHHS CTPYKTYPHO-(DYHKITIOHATFHUX MOJEICH TSt
onucy OaratopiBHEBOI B3a€MOJIi y TEXHOJIOTIYHMX MPOIECcax, MOPIBHAIBLHUEI aHami3 — 3ICTaBJICHHS
TPaAUIiIHHUX Ta CHHEPTETHYHO OPIEHTOBAHUX ITIIXOMIB JI0 OpraHi3allii BUpOOHHUIITBA.

OOrpyHTYBaHHSI OCHOBHHMX YHiBepCaJbHUX NPUHOHMIIB BHPOOHHUTBA. YHIBEpCATHLHUMH
eJIeMEeHTaMH OYy/Ib-SIKOTO TEXHOJIOTIYHOTO MPOIIECy € OIepallii, 0 3MIiHIOIOTh CTaH Marepiany 4d 00’ e€KkrTa
mpaii. /o 6a30BUX eTamiB HaJleXKAaTh:

PizanHs — MexaHiuHE BiJOKpEMJICHHS YaCTHHH MaTepiaiy Ui HOCSATHEHHs HeoOximHol hopmu Ta
po3mipiB (TokapHa 06poOKa MeTary, PO3Kpiit TKAHWHH, pi3aHHS TiCTa Y Xap4YOBiil IPOMHUCIOBOCT).

®dopMyBaHHS — HaJaHHS MaTepiany HOBoi KOH(DIrypauii mig A€o TUCKY, Aedopmalii ado XiMiTHUX
NepETBOPEHB (IITAMITyBAaHHS METAJIB, IPSAIHHS HUTOK, (OPMYBaHHS MaKapOHHHUX BUPOOIB).

TemmneparypHa Jist — 3MiHa BIaCTHBOCTEH a00 CTPYKTYpH MaTepiaidy MiJ BIDIMBOM TeIlIa YH XOJI0Ty
(Tepmiuna 0O6poOKa cTaii, MpacyBaHHs TKaHHMH, BUIIIKAHHS XJ1i0a).

30upaHHs — MOETHAHHS €JIEMEHTIB Y IUTICHUH BUPIO (MOHTaX JeTalieii MalllHU, TOUIUTTS OJIATY,
MaKyBaHHS XapYOBHX HPOIYKTIB).

KoskeH 13 MX eTarniB € IpOsIBOM YHIBEpCAILHOTO IPUHIIUITY IIEPETBOPCHHS MaTepiany Ha GopMy»
1 IOBTOPIOETHCS B PI3HUX T'aly3sX BUPOOHUIITBA.

Pucynoxk 1 JleMoHCTpY€E MOXKIIMBOCTI BUKOPUCTAHHS IPUHLIMITIB Pi3aHHA B PI3HUX raiy3sx. 30Kpema,
Puc.1, a nemoHCcTpye cxeMy pizaHHA MeTainy, puc.1l,0 pizaHHSI TEKCTHILHUX MaTepialiB Ha CTPIdKOBHX
MallluHax, puc.1,B — pi3aHHs Xap4OBUX NPOAYKTiB. BiNbIIicTh CydacHUX MPUHLUIIB pi3aHHs 0a3yeThCs Ha
BHKOPHCTaHHI IPUHITHUITIB i IHCTPYMEHTA, SIK KJIIMHY, [0 3arJINOIIOETHCS B MaTepiall.

Puc.1. llpouecu pizaHHs B Pi3HUX rajay3sx a-MeTaja000podKa, 6 — jJerka npoMHUCI0BICTb,
B — Xap40Ba NMPOMMCJIOBICTD.

MogpentoBaHHS MPOIIECY pi3aHHSI Mae MOMIOHI MIAXOAH y Pi3HUX Taly3saX. 30KpeMa, crjia pi3aHHA 3
BpaxyBaHHSIM IeOMETpii KIMHY MOXe OyTH BH3HAUCHA 3a PiBHAHHSM [6]

%zr-t(005¢+tg(¢+ﬂ))'

Je ¢ — KyT ionuau 3pisy (Shear plane angle), f — xyT TepTs Ha KOHTAKTI CTPYKKa—IHCTPYMEHT
(B = arctan p), t — ToBmIMHA mapy, AKUH 3pizaeTees (MM), W — mmprHa pizanas (MM), © — cepeaniit
3CyBHHMI orip Ha miomuHi 3pizy (MPa), F. — pamiansHa/ropusonTansHa cuia pizanns (cutting force),

3aranpHHi MiAXIA 10 MPOLECY pi3aHHs B PI3HUX raly3sX MiATBEPIKYEThCS PAIOM myOmikaniit [7-9].
CydacHi CHHEpPreTHYHI TEHJCHINI B IMpoIlecax pi3aHHSI BEXyTh IO MApale-HOTO KypCy BIPOBAIDKCHHS
ABTOMATH30BaHUX JIiHIN UIs pizaHHs (puc.2).

[Iponecu, HampaBneHi Ha 3MiHYy (HOPMH, TaKOXK XapakTepHi A Pi3HUX Tajdy3ed MPOMHCIOBOCTI.
UYacrimie BChOT0 BOHU 3B’s[3aHi 3 IEpEeBEIEHHAM MaTepiany, o 00po0IIIeThCs, 10 IHIIOTO (Di3HYHOTO CTaHy
(mmacTUYHOTO, B’3KO0 TEKYYOro abo piJKoro) 3 HACTYITHHUM MTOBEPHEHHSM JI0 IPYKHOTO CTAHOBHIIIA.

Puc. 3, a nemoHcTpye mpornecu GopMyBaHHS B MalIMHOOYyBaHHI, puc. 3, 6 — moAiOHI mpolecH B
JIETKi# MPOMHUCIIOBOCTI, pHC. 3, B — B Xap4OBii ramysi.

Ilimxig A0 MOJIENIOBaHHSA TPOIECIB (OPMYBaHHS Ma€ TAKOXK 3araIbHUA TIAXIM 1 OMHCYETHCS
PIBHSHHSIMH TEOPil MIaCTHIHOCTI.
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Puc.2. 3araabHa MojieJib aBTOMAaTH30BAHOTO Pi3aHHS B Pi3HUX ramxy3six

Puc.3. lIpouecu popMyBaHHS B Pi3HUX rajIy3six, a-MalIHHOOYAyBaHHsI, 0-J1erka
NMPOMHUCJIOBICTH, B — Xap40Ba NPOMUCJIOBICTH

Ipu koMY PIBHSHHS 3aJISKHOCTI PEANbHOTO HANIPYXKEHHS G BiJl peanbHol nedopmartii elt moxxe OyTu
3aIlMcaHa y BUTIIIII
o=Keg
ne K, N — KoHCTaHTH MaTepiay.
B nporeci mramnyBanHs / TUIOCKOTO TPECYBaHHS CHJIM (OPMYBaHHS MPHOIU3HO MOXKYTh OyTH
po3paxoBaHi, K
F= ot As,
I of - MeXa INIMHHOCTI MaTtepiaiy,
As - cymapHa 1moma, mo aedopMyeTbCs B AaHHA MOMEHT (IUIOIIa KOHTAKTy Marepiaiy, sSKHi
migsrae GopMyBaHHIO).
JUst BUMaaKy riinOOKOi BUTSDKKY KIIAaCHYHA OIIiHKA [Tt MUTOMOT cuiti Mae Buriisiz [10]
F~n-Dat-or(1+f(1,geom)),
ne Da cepenniii miametp, t ToBmmHa, f(1,geom) mompaBka Ha TepTs Ta Ha (HOPMOYTBOPIOBAIbHI
BTpatu (MoXxe OyTH BUpakeHa yepes3 JIorapiu(MivHi BiTHOILICHHS paaiyciB a00 YHCIIO MPOXO/IB).
[Ipouecu hopMyBaHHS B Pi3HUX rajxy3sx MarOTh MOAIOHI OCHOBH. JIJs JEKroi MpOMHCIOBOCTI TakKi
MpOLIECH ONHKCaHi, 30kpema, B [11-12], s xap4oBoi npomuciioBocti — B [13-14].
Po3BuTok mpoueciB ¢opMyBaHHsS B OUTBIIOCTI Tady3ed BiIOyBaeTbesi MapaliesibHO 1 mepeadadae
akTuBHe BrpoBamkeHHs 3D npuntepis [14-15], puc.4.
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Puc.4. 3araabHa MoaeJb aBTOMaTH30BaHOT0 GOPMYBAHHSA B Pi3HUX rajay3six

OO0poOka marepialliB TEeMIEPATypHOIO HI€I0 TaKOX € THUIIOBUM IPOLECOM Y OLIBIIOCTI ramy3eit
(Puc.5). To Takux MPOIECIB BiIHOCHUTRCS, 30KpeMa, TepMooOpobKka MeTamis [16], Bomoro-remmosa 06poOKu
TEKCTUIILHUX MatepiaiiB i BupoOiB [17], TemioBa 00poOKY Mpu MpUroTyBaHHI i 30epiranHi ixi [17]

Puc.5. TenioBi nponecu B pisHUX rajy3six HPOMHCJIOBOCTI a-MaIIMHOOYAYBaHHs, 0-1erka
NMPOMMCJIOBICTB, B — Xap40Ba MPOMHCJIOBICTH

MopenoBaHHS TPOIECIB TEIUIOBOI OOPOOKH Big0YBa€ThCsl 3a JOMOMOTOH AHAIITUYHUX a0o
YUCENBbHUX METOAIB. Jl0 aHANITUYHUX METOJIB MOJICIIOBAHHS MOXXHA BiJIHECTH pIIICHHS PiBHSIHHS
TEIUIONPOBIAHOCTI s mpocTux Gopm, Meronu Dyp’e — po3KIagaHHS TEMIIEPATypHUX IIONIB Y PSAIH,
METOJI IHTETPaFHUX IMEePEeTBOPEHb. UncenbHI METOIM BUKOPHCTOBYIOTHCS AJISl CKJIAIHUX [eTalell Ta
peasibHUX yMOB 00poOku. [Ipu 11boOMy HAWOULIBII PO3MOBCIOKCHUMHU € METOJ| CKIHUCHHHMX PI3HHIb Ta
METOJI CKiIHYEHHHUX eneMeHTiB [19]..

CyuJacHi yHiBepcajabHI aBTOMATH30BaHI PIMIEHHS I IPOIECIB TEIIOBOI 0OPOOKH MAaOTh CITUIEHY
TEHJCHIIIO i cTpyKTYypY (puc.6).

[Iponecu cknanaHHs i 30UpaHHs TaKOXK MOKYTh OyTH PO3IIISIHYTI, SIK CHUIBHI JJISl Pi3HUX Tairy3ei
BHPOOHHMIITBA.

Y MamuHOOYXyBaHHI 30MpaHHS € 3aBEpIIATBHOI0 CTAII€I0 BHTOTOBICHHS BHPOOY, KOJIA OKpeMi
JieTali Ta By3JU MOEAHYIOThCS B €IMHY KOHCTpyKiito [20-21].
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V nerkiit mpoMucaoBocTi (IBeiHe, B3yTTEBE BUPOOHUIITBO) 30MpaHHS Ma€ iHIINM XapakTep — I1e
MOEHAHHS OKPEMUX TEKCTHIBHMX, MIKIPIHUX UM CHHTETHYHHUX €JIEMEHTIB y TOTOBHi BHpiO [22-23]. ¥V
XapyoBii MPOMHUCIOBOCTI MiJ 30MpaHHSM 4YacTO MAaeThCs Ha yBa3i (opMyBaHHS TOTOBHUX NPOIYKTIB i3
HaniB(abpuKaTiB a00 KOMITOHEHTIB [24-25] .

Puc.6. YHiBepcanbHi TeXHOJIOTiYHI pillleHHs MpowueciB Tena10B0i 00podKu

Ha pwuc.7 moka3aHi THTIOBI miaxoam 10 30UpaHHS B Pi3HUX TaIy3sx. 30KkpeMa Puc.7,a meMoHCTpye
mpoliecy 30MpaHHs B CTANeNsAX, 30KpeMa B aBialliiHOMy BUPOOHUIITRI, puc.7.0 — mBelHe 00Ma HaHHS A1
30upaHHA AeTanel B JeTKid MPOMHUCIOBOCTI, pUC.7,B — aBTOMAaTH30BaHY JIIHIIO 110 30MpaHHIO BAPCHUKIB.

Puc.7. llpouecu 30MpaHHs B Pi3HUX raay3six a-MalIHHOOYTyBaHHS, 0-JIeTKa POMHCIOBICTB,
B — Xap4yoBa NPOMHUCJIOBICTH
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Orxe: y MammHOOymyBaHHI 30MpaHHS — € TOYHE MOEIHAHHA MEXaHIYHUX BY3JIB. y JIETKid
TIPOMHUCIIOBOCTI — I1¢ TEXHOJIOTIYHE ITOEHAHHS AeTaliel 3 TKAHWH 1 MIKipH, y Xap4oBiit — 11e popMyBaHHS
TOTOBOT'O MPOAYKTY Ta Horo makyBaHHs. [IOpiBHSHHS HaIpsIMKiB 30MpaHHs B PI3HUX Taly3sX HaBeJCHE B
Tabmu 1.

Tabn. 1
IlopiBHsIHHSA MiTX0aIiB 10 30MpPaHHs Y Pi3HUX rajay3sx
lany3n OcHoBHI eTanu 30upanHs | Meroau Ta 00JaHAHHS Oco06uBOCTI
- [linroroska neranei . )
. PyuHe, MexaHI130BaHe, Bucoka TOYHICTb, KOHTPOJIb
- CxiiajiaHHsl By3J1iB . . .
aBTOMAaTH30BaHE, 3a30py 1 CYMICHOCTI,
MamuHoOyIyBaHHS |- 3araibHe 30UpaHHs .
. KOHBEEPH, CKIIAJalbHI BUITPOOYBaHHS
- PerynroBanHs 1 .
CTeHTU Mpare31aTHOCTI
BUNIPOOYBaHHS
- Po3kpiii marepiany
- [lonepenne 3’emHaHHS . . N .
pel A [IBelini MamuHy, KiieeBi  |Benuka KiTbKICTh APiOHUX
Jlerka - OcHOBHE , . . .
. TIpecH, B’ si3aJIbHI neTanel, akIeHT Ha eCTeTHII
TIPOMHUCIIOBICTH 3ITMBAHHS/CKIICIOBAHHS . ,
. aBTOMaTH it eproHoMiIi BEPoOy
- GinanbHe 30MpaHHs
- O3mobneHHs
- Jo3yBaHHS i1 mAroTOBKA .
. N C Bucoxki BuMoru 1o
IHTpE/TiEHTIB ABTOMAaTH30BaHi JIiHii, . .
XapuoBa o CTEpUIIBHOCTI, IIBUAKOCTI,
. - ®opMyBaHHS MPOAYKTY |hacyBajbHE I MaKyBalIbHE .
MIPOMHUCIIOBICTh 0e3MeUHOCTI, KOHTPOJIb
- [lakyBanHs o0agHAHHS .
. repPMETHYHOCTI Tapu
- KoHTpob sikocTi

OCHOBHOIO BUMOT 010 JIO ITPOIIECIB 30MPaHHs € 3a0e3MEeUCHHS B3aEMO3aMIHHOCTI OKPEMHX EJIEMEHTIB,
10 BUMara€ BUKOPUCTaHHS a00 CTBOPEHHS B OKPEMHX Tally3siX CUCTEMH JOMYCKiB, MIOCAaI0K i MoOyn0BH
PO3MIpHUX JIaHIIFOTIB.

ABTOMAaTH3aIis 1 CyJacHi MiIX0IU IEMOHCTPYIOTh 3araibHi HAIPSMKHU PO3BUTKY MIPOIIECiB 30MpaHHs
y PI3HHX Tajy3sx y BUIVISAIlI poOoTu3aiii BupoOHuiTBa [25]. TakuM 4MHOM, MOKHA CTBEP/KYBATH, IO
OITBIIICTE Tally3ei MPOMHUCIIOBOCTI MArOTh CILIBHI MiJXO0AW A0 BUPOOHHUIITBA, IO JO3BOJISIE PO3POOIATH
CHHEPTECTUYHI ONTUMI3aIliiiHI CXEMH 3 BUKOPUCTAHHIM JTOCATHCHDb B CYMDKHUX TalTy3sX.

BucHoBkH. VY x0ai HoCHipkeHHs OyJIO MOKa3aHO, IO CHHEPTeTUYHUN MiAXiJ BiIKPUBAE HOBI
MOKJIMBOCTI JIJII OCMUCIICHHS Ta OpraHi3ailii TEeXHOJIOTIYHUX MPOIIECIB K MUTICHUX CHCTEM, 3AaTHUX JIO
camMooprasizarlii, afanramii Ta BiJHOBJICHHs. Y3arajJbHEHHS YyHiIBEpCAIbHUX IPHHIHUIIB BUPOOHUIITBA
(pizanHs, GopMyBaHHS, TEMIIEpATypHA [ist, 30MPaHHSA) TO3BOJIIIO BCTAHOBHUTH iX CIIBHICTD JJIS Pi3HHX
raiy3el MpoOMHCIOBOCTI, IO MiATBEP/KY€E HASBHICTD €AMHUX 3aKOHOMIPHOCTEH TpaHC(opMalii MaTepiaiy
y GopMy He3aexHO Bifl chepu 3acTOCYBaHHS.

AHaJi3 TpaJIWIIHHNX 1 CHHEPTETUYHO OPIEHTOBAHUX MOJCIICH IOKa3aB, MO0 CYYacHI TECHICHII
PO3BHUTKY BHPOOHHMIITBA ITOB’ 3aHi 3.

e  [IepPeXOJ0M BiJ JIIHIHHMX [0 HENMiHIMHUX 1 TIOpUAHMX MOJeNel ypaBIiHHS MPOLIeCaMH;

e iHTErpamicro MeToiB (imocodii, imkeHepii Ta iHGOPMAIHIX TEXHOJIOTIH;

e MacmTaOyBaHHSM TIPOLIECIB BiJl PIBHS OKpPEMOi omeparii o0 piBHS BUPOOHWYMX KIACTEPIB i
HaI[iOHAJBbHUX JIAHITIOTIB MIOCTaYaHHS;

e  yHiBepcalli3ali€lo MiX0/iB JO aBTOMAaTH3allii Ta poO0TH3aIlii B Pi3HUX TaTy3sX.

Oco0nmBOTO 3HAYEHHS I1i Pe3yJbTaTH HAOYyBarOTh I YKpaiHu, ska nepedyBae y (asi BigOyaoBu
iHAyCTpianbHOI iHppacTpykTypu. CHHEpPreTHYHE MOJCIIOBAHHS JIO3BOJIIE HE JIMIIEC BiHOBIIOBATH
BHPOOHMYI TOTYKHOCTi, aine ¥ QopmyBaTH HOBY (iocodito TMPOMHUCIOBOCTI — THYYKOI, CTilKOi,
pecypcoedeKTHBHOI Ta KOHKYPEHTOCITPOMOKHOT.

TakuM YMHOM, CHHEPreTHKa TEXHOJOTIYHHUX MPOIECIB BUCTYIIAE METOIOJIOTIYHOK OCHOBOIO JUIS
CTBOpEHHS YHiBepCalIbHOI MOJIENi OpraHisallii BAPOOHHIITBA, 10 HOEAHYE CTaOIIBHICTh i aNanTUBHICTb. [i
MPAaKTUYHE 3aCTOCYBAHHS MOMKE CTATH CTPATETIYHUM IHCTPYMEHTOM Yy 3a0e3MEeYCHHI TEXHOJIOTIYHOTO
CyBepeHiTeTy YKpaiHu Ta pO3BUTKY IIPOMHUCIIOBOCTI Mai0yTHBOTO.
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Jhyybkutl HAyioHaTbHUNL MeXHIYHULL YHIBepcumem

CTATUCTUKA HOCIIB 3APSA1Y B BUPOJKEHOMY 1 HEBUPO/XKEHOMY
HAIIIBITPOBIJHUKY

Enexmponu 6 30mni npogionocmi ma O0ipku y eaneHmuiil 30Hi modxcna posenaoamu Ak ideanvnuii @epmi-zaz. Y
HanienpoeiOHUKAX npu He OyrHce HUZLKUX MeMnepamypax KiHemuuHa eHepzia eneKmponie 0inbuia 3a KyJn10HI6CbKYy eHepeilo,
mMoMy eNeKmpoHU ModHcHa po3enadamu Ak einwvhi. [na ideanvnozo @epmi-zazy iimogipHicms 3ano06HeHHA cmany 3 enepeicio E
npu memnepamypi T 3naxooumuca 3a 00nomozoto po3nodiny Depmi.

Jlna eupooscenozo i HegupOOIHCEHO20 HANIGNPOGIOHUKA 3HAIIOEHO 6UPA3U ONA 00UUCTIEHHA KOHUeHmpauiil Hociié
3apaody, eneKmponie y 30Hi npogionocmi i 0ipoK y eéanenmuiil 30Hi, Koau 6i00mo nonodxcennsn piena @epmi. Bupazu ons
KOHUeHmpauyii eneKkmponie i OipoK 3HaYHO CRPOULYIOMbCA, AKUWO HANIBNPOBIOHUK € HEBUPOOICEHU.

Kniouosi cnosa: enekmpon, dipka, 30Ha npoGIOHOCMI, 8aNeHMHA 30HA, KOHYeHmpayisa Hociig 3apady, enepein Depmi.

S. Fedosov, O. Huda, L. Yashchynskyy, T. Kradinova, V. Tymoshchuk

STATISTICS OF CHARGE CARRIERS IN A DEGENERATE AND NON-DEGENERATE
SEMICONDUCTOR

Electrons in the conduction band and holes in the valence band can be considered as an ideal Fermi gas. In
semiconductors at not very low temperatures, the kinetic energy of electrons is greater than the Coulomb energy, so electrons
can be considered as free. For an ideal Fermi gas, the probability of filling a state with energy E at temperature T is found using
the Fermi distribution.

For a degenerate and non-degenerate semiconductor, expressions have been found for calculating the concentrations
of charge carriers, electrons in the conduction band, and holes in the valence band, when the position of the Fermi level is
known. The expressions for the concentrations of electrons and holes are greatly simplified if the semiconductor is non-
degenerate.

Keywords: electron, hole, conduction band, valence band, charge carrier concentration, Fermi energy.

IMocranoBka mpoduaemu. Hocismu 3apsgy (cTpymy) y HamiBIPOBIIHHKY € €JIEKTPOHH 30HH
MPOBITHOCTI Ta JIPKH BAJCHTHOI 30HU. 3arajioM >X€ y HaIliBIPOBIIHUKY MOXYTh OyTH JOMIIIKH SIK
JIOHOPHOTO, i AKIIENTOPHOTo TUMIB. Y 1boMy Bumaaky npu | > 0 Ky pe3ynsTari TemnoBoro 30ymKeHHs
€JICKTPOHHU TIEPEXOAUTHUMYTh Y 30HY IPOBITHOCTI 1 Ha aKIIENTOPHI PiBHI.

VY pe3ynbTati TEIIOBUX MEPEeXOiB (3HU3Y Bropy 3a €HEpri€r) yTBOPIOIOThCS HOCIi 3apsmy. SIkOu
TEIUIOBI TIepexo 11 OyIIM €IMHUMU, TO KOHIIEHTPAIlisd HOCIIB 3apsiay Oe3mepepBHO 3pocTala 3 4acoM i Oyia
6 10%2+10% cm®, mpoTe eKcIepUMEHTH NAlOTh MEHIIE 3HA4YeHHs. Lle MOB’A3aHO 3 THM, IO MOPAT 3
TETUIOBMM 30y PKSHHSM OJJHOYACHO MPOTiKa€ 3BOPOTHHI MPOILIEC — Mpoliec pekoMOiHalii (mepexo/ i HOCiiB
3Bepxy 10 Hm3y). 3a wac { = 10%? ¢ BcTaHOBMIOETHCS AMHAMIUHA piBHOBAra Mix mporecaMn. Y HboMy
BUTIAJIKy KiJIBKICT TIEPEXO/IIB 32 OJJMHUIIIO Yacy 3HU3Y BrOpy JOPIBHIOE KiIBKOCTI IEPEXO/IiB 3BEPXY BHU3.

VY piBHOBa)KHOMY CTaHi TeMIlepaTypa KpUCTaia OJHAKOBa y BCiX HOro toukax. B amiabatuuHomy
HAOIMKEHHI BBaXKAETHCS, 10 TEIUIOBUH pyX KPUCTAIIYHOI IPATKU BIUIMBA€E HA WMOBIPHICTh 3aIIOBHEHHS
HOCISIMH 3apsIly CTaHIB y 30HaX, ajie HE HA caMi CTaHH. Y HaITiBIPOBITHUKAX, K 1 METaaX, HMOBIPHICTh
3aMOBHEHHS €lIEeKTPOHOM €HEpPreTHIHOTo PiBHS 3 eHepriclo E BusHawaeThes hyHKLieo posmominy depmi-
Hipaka.

3amavi TOB’s3aHi i3 CTATHUCTUYHUMHU METOJIAaMHU 3HAXOJDKEHHS KOHIICHTpalii HOCIiB 3apsamy y
HAIBIPOBITHUKAX OyIH 1 3aIHINAlOTHCA akTyaabHuM [1-5] mpu posrisimi BIAaCTHBOCTEH €IeKTPOHHOI
CHCTEMH y BUPO/XKEHOMY 1 HEBUPOJ)KEHOMY HAIliBIPOBITHHKY.

[ocTranoBka 3aBaanb. B po0oTi mocraBieHO MeTy — PO3MISHYTH METOOM 3HAXOKEHHS
KOHIICHTpAIIil €JIeKTPOHIB y 30HI MPOBITHOCTI, AIPOK y BAJICHTHIH 30HI, 3HAWTH BUPA3H IS OOUHUCIICHHS
KOHIICHTpAIlifl €JCKTPOHIB 1 AIPOK JUIsl BUPOJKCHOIO 1 HEBHPOJKCHOI'0 HAIMIBIPOBIIHUKA 332 BiJOMHM
MOJIOKEHHSIM piBHsI Depmi.

Bukaanenns ocHoBHOro marepiany. [loBeninka Oyap-SK0i CHCTEMH, SKa CKIAJAA€THCS 3 BEIUKOT
KITBKOCT] YaCTHHOK OMHUCYETHCS CTATHCTUYHUMH 3aKOHAMH. J[J1s po3Tiisry BUOHPAIOTh NIESKY IMiACHCTEMY,
sIKa € YaCTHHOIO 3HAYHO OiNIbIIOI CHCTEMHU-TepMoOCTaTa i ciabo 3 Hew B3aeMojie. BaXITMBUM MOHATTIM
cTaTUCTUYHOI (Pi3uku € (QYHKIIS pO3MOJIiTy, SKa XapaKTepHU3ye PO3MOJiT YaCTHHOK IO KOOpAMHATAX 1
iMITystbcax. OCKUTEKM KOJKEH TaKHi PO3ITOAUT BH3HAYAE CTAH CHCTEMH, TO MOKHA CKa3aTH, IO (QyHKIIiA
PO3MOIiTY XapaKTepU3ye Pi3HI CTAHU CUCTEMH, SKa CKJIAJIAEThCs 3 0araThOX YaCTUHOK. Y BHIIAJKY, SIKIIO
cuctema ckianaetsesi 3 N 9acTHHOK, TO 1i CTaH TOBHICTIO BU3HAYAETHCS 3aJaHHIM KOOPJMHAT 1 IMITYJIbCIB
BCIX YACTMHOK cHCTeMH. VIMOBIpHICTh JQaHOTO CTAaHYy CHCTEMM BH3HAUYAETHCSA 3 JOMOMOTOK (DYHKIIil
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po3nofiny. 3 momoMororw (QYHKINT po3MOAUTY MOXHA BU3HAYUTH CEpEIHE 3HAYeHHS OYIb-sKoi (hi3umaHOl
BEJINYUHU.

[Ipu posrnsai BIACTHBOCTEH ENEKTPOHHOI CHCTEMH Yy HAMIBIPOBIJHHKY YacTO JTOBOJUTHCS
BH3HAYATH €KCIIEPUMEHTAIbHI BETMYHHY, 1110 3AJIeKATh BiJl KUTHKOCTI T03BOJIEHUX CTaHIB €IIEKTPOHIB, SKi
HPUXOJATLCS HA OJMHUYHUY inTepBan eHeprii. B inTeppani eneprii E Moske MicTHTHCS pi3HA KilbKiCTh

CTaHiB, 10 MaEe OyTH MPOMOPIIIITHOIO dE i KOeQIIIEHT MPOMOPILINHOCTI Ma€ 3aJeKATH BiJ] BEIUYHUHH

eHeprii, B OKOJIi AKOi BU3HAuaeThes enemenTtapHuii intepsan dE . Otxe, 3Ha104M rycTUHY CTaHiB N(E)

MOKHA 3HANTH KibKiCTh enekTpoHiB ON , 110 3aiiMaloTh CTaHH 3 €HEPTi€I0 Bifl E mo E+dE:

th=1 (E)-N(E)-CE,
-1
ne f (E)= {exp(%j +1} — ¢yHKIsA posnoainy depmi abo iIMOBIPHICTH TOTO, IO CTaH 3

eHepriero E 3aitaaTuii enexrponom; E,: a6o F — ximiunmit moTernnian a6o enepris Pepmi (puc. 1).

y N
F 720 {
a5
{
|
i
b7 ‘ -
r £

Puc. 1. ®ynkuis ®epmi-/lipaka

KoHueHTpariist e1eKTpoHiB y 30Hi IPOBITHOCTI OOYHCITIOETHCS SIK:
0
n= j f (E)-N(E)-dE .
Ec
V SKOCTi BEpXHBOT MEXKi IHTETpyBaHHS HEOOX1THO B3ATH SHEPTI0 €JICKTPOHIB BEPXHHOTO KParo 30HU
nposigHocTi. Ante ockinsku npu E>E- pynxuis posmoxiny myxe meuako crmanae 3 pocrom E |, To 3amina
BEpXHBOI MEXKI Ha oo TPAKTHYHO HE BIUIMBAE HA 3HAYCHHS NMAHOTO iHTerpairy. [lepmn Hixk oOUHCITIOBATH
KOHIICHTPAIIil0 n, OTOBOPHMO JESKI BIACTUBOCTI QyHKIIi po3moainy (muB. puc. 1).

Ilpu T — 0, nnsg 3Hauens emeprii 0< E<E, fl (abo mmst eMEKTPOHIB, SIK fn(E) —>1), TUTS
E>E., f,(E) 0. lle o3nauae, mo Bei piexi 3 enepriero <E saitusiti enexrponamu, a npu E>E: — pinbni.
Jis Bunanky 1T >0, npu E=E, f=]/ 2. To6to mpu Temmeparypi T > 0 pisens depwmi € piBHeM,

IMOBIpHICTB 3aITOBHEHHSI SIKOTO piBHA ]/ 2. IMOBIpHICTB TOTO, 110 JaHWI PiBEHb HE 3AMHATO €JICKTPOHOM
(3aitHsTO MipKOIO) Oye piBHA:

f(E)=1-f,(E) :1—{exp(%}+l} :[exp[%)+l}

1
abo fp (E) = —
e v +1
Omxe, (QYHKIS PO3MOAUTY Jis MIpOK aHauoriyHa (pyHKIIT po3mominy IS €JICKTPOHIB, TIIBKH
eHepris BiZpaxoByeTbCst Bifg piBHA @DepMi B NPOTHICKHOMY HampsiMi, HIX Ui EJIEKTPOHIB.
HamiBmpoBigHuKOBI MaTepiand, B SKUX BUTbHI HOCIi 3apsily OMHUCYOThCs (YyHKINiEr0 posmoainy depmi-
Jlipaka Ha3UBaIOTh BUPOKEHIMH.

Jliist eneKTpoHiB, eneprist sxux E—E >> KT
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1 ErE -E
fi(E)=—gg—~e 7 =C-e7,
e +1

Ee
ne C =e T, aomke criBnagae 3 QyHKIi€e0 posnoxiny Makcpena-bonbiivana. SIkimo Hocii 3apsmy
B HAMBOPOBIMHWUKY IUIATAIOTh pO3MOAUTY boibliMaHa, TO Taki HaIiBIPOBIAHUKA HA3HBAIOTh
HEBUPOIKCHUMMU.
3HaiiieMo KOHLIEHTPALiO ENEeKTPOHIB Y 30H1 MPOBiJHOCTI:

0 3/2
n=| L @Mm)" e yegE.

E-E, 273
Eep T 41 27°h
BBeneMo HOBY 3MiHHY iHTETpYyBaHHS
E-E;
X=——F¢
KT
i mosnavenns 7 = —F——C, mpraomy dx :d—E. Toni
KT kT
E-E. "’
(E—E. )2 =(kTV?| =——<| =x¥3(kT )" i dE=d| ——= KT =KkTdx,
KT kT
a
E-Er (E-E¢)-(Ee—Ec)
e T —pg KT —e* 7, npu E:EC =x=0.

Sk pe3yabpTar nepeTBopeHb, OTPUMAEMO:
w2 (kT)M (2mn)3/2 (2m k-l-)s/z o2
= o 233 KTdx = 233 o
o€ +1 27h 27h "+1
(2zm, kT)¥2 2 ¢ x¥2 2
dx=—=N_.® ,
@rh)° Jzie "+l Jz © 2 7)

0

m, KT
27h*

X2 dx

mne N¢ 2( RARRAl
e’ 7 +1

j — e()eKTHBHA TYCTUHA CTaHIB B 30HI MPOBIIHOCTI, @ @, " (n)= I
inTerpan ®epmi nopsiky ]/ 2. Moro 3HauenHs 3amexuTh BiJ mapamerpa 7] i mopsuky. B 3aranpHOMY

BHIJIA/II BiH HE BUPAKAETHCS Yepe3 eleMeHTapHi (yHKIIi1, a Horo 3HaYeHHS BU3HAYAETHCS 3 TAOIUIIh.

IIpoBomsaun aHANOTIUHI MipKyBaHHS MOKHA 3HAWTH BHpa3 I BU3HAYCHHS KOHIICHTpAIlii JipOK Y
BaJIGHTHIN 30HI. BiAMiHHICTH moJsirae B TOMy, IO MiIpaxOBYBAaTH MOTPIOHO TUIBKU YHCIO HE3AMHATHX
CTaHiB, Ta IHTETPyBaHHs BECTU B ME)KaxX BAJEHTHOI 30HU:

p= JYNV(E)fp(E)dE.

VYV 1boMy BUNIAAKY:

2 7 x¥dx 2
=2 —N,®
P (27[7’12} 7['(‘; 41 \F ),

2( 27m KT

E
S T}

KT KT

o 1/2

30Hi; Q)l/z(n*)zjx

0 ex—q
Bupasu mis xoHIEHTpamii eneKTpOHIB i MIpOK 3HAYHO CIPOINYIOTHCS, SKIIO HAMiBIPOBITHUK
HeBupopkeHuii. Ha rpadikax puc. 2 300pa)keHO JaHHH BUIAAOK, I 300pa)KeHO 3aJICXKHOCTI BiJl €HEpPii:

] — e()eKTHBHA TYCTHHA CTaHIB Y BAJICHTHIN

— iHTerpan depmi.

ryctunu ctaniB N.(E), pynkuii ®epmi f(E) i S—E(E) ne 0N — KOHIEHTpALlis eleKTPOHIB 3 eHEeprieko
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sin E no E+dE. Y nanomy Bumanky icroTHHUM € Tinbkum «xBicT» posmominy Depwmi, skumii
arnpOKCUMYEThCS po3mojiiioM bombimana.

W EN
7k £ £
| N
an_p = £
at
% r.
£y £

Puc. 2. Cxemarnunuii xin pynxuiii N.(E), f(E) i :—E(E) 1J1sl HEBHPOZKEHOT 0

HANIBIPOBIAHMKA N-THILY

JI71s1 HEBUPOKEHOTO HATIiBIpoBigHuKa /] <_1, toni iHTerpan depmi:

NE)

o0
2
*x¥2dx =e” 2%dz =22 ——_.¢" =¢",

7 2 2 -7
_e’-\/;-.!e ﬁZQe 5 \/;

n:NCeX _ﬁ .
KT

AHaNOTIYHO /U KOHIIGHTpAIlil ipOK B HEBUPOPKEHOMY HaITiBIIPOBITHUKY, OJCPKAHO:

E.—E,
=N exg - —/——V
P=m [{ KT J

Toxnanaroun, nanpuknag, T = 300 K, M, =My, orpumaemo N¢yy =2,5x 10 em®.

q)l/z

\/_j1+e“7

OTXKE

3uaiinemo go0ytok NP :

E.-E E, -E E
np=N.exp—F—CN, exp—~—F=N.N, exp| ——= |=n,’,
KT KT KT
ne N — xoHuenTpawis enexTpoHis B yMmoBax, ko N= P, To6TO y BJIaCHOMY HAMiBIIPOBIAHHUKY.
Otrxe, mobyrok NP He 3amexuth Bim monoxeHHs piBHI Depmi. JlaHe CHIBBIIHOIICHHS YacTo
BHUKOPHUCTOBYIOTH JUIsl BU3HAUYCHHSI IIMPHHU 3200pOHEHO] 30HU.
VY Bunanaky koiu 7] > 5, piBenb depmi IeKUTh B cepenuHi 30HU npoBimHocTi (puc. 3). Y npomy

- . . . E. - . .
prmanky € ' <<l, B sKOCTi BepXHBOI MeXi IHTErpyBaHHS MOXKHA B3STH X, = ———%, OCKUIBKH (yHKIIis

®depmi TyKe MIBUIKO CHAAA€ IPH E > EF Topi oTpuMaeMo HACTYITHHUI BUpa3 JJIsl KOHIICHTPAIIIi:

32
1/de_—4 N x¥2 = 4 NC(EFI&ECJ .

°ffx Wr Wr
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NolEA

&
:~,.1r

™
OGN

P B
“1 2

Puc. 3. CxemaTnuHuii xig pyHkuii N.(B), f® i 3—2(

m h“f

) JJIs1 CHJIIbHO BHPOIKEHOTO

HaNiBOPOBiIHMKA N-THILY

[Ipu TemmiepaTypi aOCOIFOTHOTO HYJISI BC1 CTAHU B 30H1, CHEPTisI TKHX E>E: saitusri €JICKTPOHAMH,
Ipu — BUIbHI. Toal XIMIYHAI HOTEHI =c. - MaKCHUMaJIbHA €HEPTis €JEKTPOHIB IIPU
a E>E impHi. Tomi XiMmi orenrian 77=E¢ € MaKcUMallbHa E€Hepris eJeKTPOHi

T = 0K, ii me nasuparots eHepriero depmi. B nepexinniii o6nacri —1 < 77 < 5,

q’yz(ﬂ)=£;, a n= Nc%-
2 0,25+e™" e
0,25+e ©

BucHoBku. 3HaliieHO BHpa3u IS OOYMCIICHHS KOHIIEHTpAINl HOCI{B 3apsity, SIK KOHIEHTpAIl
CJIEKTPOHIB Y 30HI MPOBIAHOCTI, TaK i OIPOK y BaJICHTHIH 30HI AJISl BUPOIKEHOTO 1 HEBHPOIKEHOTO
HaIBITPOBITHUKA, KOJH BiIOMO ToNoKeHHs piBHS Pepmi. Bupasn mis KoHIEHTpallil eleKTpOoHiB i Aipok
3HAYHO CITPOITYIOTKCS, SKIINO HAIIBIPOBITHUK HEBUPODKCHHMA. Alle piBeHb DepMi MOXKe 3MIHIOBATH CBOE
MOJIOKEHHS. B 3aJIOKHOCTI BiJ TemmepaTypd 1 KOHIEHTpaIii gomimiok. BBoasuu momimiku B
HaIIBIIPOBITHUK, B 3a00pOHEHIH 30HI HAMMBIPOBIIHUKA YTBOPIOIOTHCS TUCKPETHI piBHI. Po3momin HOCIiB
3apsIiB 110 IIUX PIBHAX PETYIIOETHCS 3MIHOIO TTOJIOKEHHS piBHI Depmi.
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HAHOTEXHO.JIOI'Ti B EHEPTETHIIL: IEPEBATH, BUKJIMKH I IEPCIIEKTUBA

2
3

Ha ocnosi eéusuennsn i ananizy nepeoosux ceimosux 00CaiONceHb, AKi N0 A3AHI 3 MONCTUCOCHIAMU 3ACHOCYBAHHS
HAHOMEXHONO02il, y cmammi Mu npoeenu OYIiHKY NEPCHEeKMUe po36UmKy 6UKOPUCMAHHA HAHOMEXHOA02Il 6 eHepzemuui.
3acmocysanna nanomexHonoziil 6iOKpUGAE HOBGL WIUPOKI MOXHCAUGOCII 0114 ROKPaUjeHHA eheKmuenocmi, cmaodinohocmi ma
eK0n02iunoT yucmomu enepzemuynux cucmem. OOHAK, pa3om 3 ROMEHYIUHUMU NEPeCAZaAMUL, MAKOHC 6HOCUMb NEeGHI 6UKIUKU
i pusuKu, noe’ a3ami 3 6e3NeKoI0, eKOI0ZIEI0 Ma PeyIAMUGHUMU ACHEKMAMUL.

Kniouosi cnoea: nanomexnonoeii, enepzemuxa, npucmpiil, COHAYHA NAHENb, HAHOMAamepiaa, HaHOMACWMAOYBaAHHS.

B. Trots, Yu. Ivanovskyi, L. Nykyruy, O. Zamurujeva, S. Fedosov
NANOTECHNOLOGY IN ENERGY: ADVANTAGES, CHALLENGES AND PROSPECTS

Based on the study and analysis of advanced world research related to the possibilities of applying nanotechnologies, in
the article we assessed the prospects for the development of the use of nanotechnologies in the energy sector. The application of
nanotechnology opens up new broad opportunities for improving the efficiency, stability and environmental friendliness of
energy systems. However, along with potential advantages, it also introduces certain challenges and risks related to safety,
ecology and regulatory aspects.

Keywords: nanotechnology, energy, device, solar panel, nanomaterial, nanoscaling.

IMocTranoBka mpo6aemu. HanotexHonorii € onHiero 3 HaMOLIBII IHHOBAIIMHUX Tally3eil HayKH i
TEXHIKH, [0 BUBYAE Ta 3aCTOCOBYE MaTepiaJid Ta CTPYKTYpH Ha PiBHI HAHOMETPiB. BOHM BiZlpi3HAIOTHCS
BiJl TPAAUIIHHUX MaTepialliB CBOIMU YHIKaJbHUMH BJIaCTUBOCTSMHM, TAKMMH SIK BEJIMKA IUIONIA TOBEPXHI,
BHCOKA PEaKTHBHICTh 1 MOKpamieHi (i3uyHi, XiMiYHI Ta €NEeKTPOHHI BIACTHUBOCTI. Y cepi eHepreTHKu
HAaHOTEXHOJIOTii MalOTh BEJUKHHA TMOTEHLial A PO3BUTKY IHHOBAIHMX pillleHb, CIPSIMOBAaHUX Ha
BUPIIICHHS BAKIIMBUX SHEPTeTUYHUX BUKJIMKIB cydacHOCTi [1].

OpHuM 13 HampsIMKIB BHKOPHUCTaHHS HAHOTEXHOJIOTi B €HEpreTUli € po3poOKa HOBHX THIIIB
COHSYHMX OaTapeil. BHKOpHUCTaHHS HAHOYACTHMHOK y COHSYHUX MAHENSX MOXKE MOKPAIIUTH IXHIO
e(heKTHBHICTh 1 3HU3UTH BapTICTh BUPOOHUIITBA, IO POOWTH COHSYHY EHEPTit0 OUTBIN JOCTYITHOIO Ta
e(eKTHBHOI0. [HIIMI BaXKITMBHI aCIIEKT — [1e BUKOPUCTAHHS HAHOTEXHOJIOTIH Y po3po011i HOBUX MaTepialiB
JUIE BUPOOHUIITBA MAJIMBHUX €JIeMEHTiB. HaHOMarepiaiin MOXyTh TOKPAIIUTH KATATITUYHI BIaCTUBOCTI
TTaJTUBHUX €JIEMEHTIB, 3a0e3meuytoun OibITy e(eKTHBHICTh KOHBEPTAITil €HEePTil Ta 3HWKYIOUYH BUTPATH Ha
ix BUpoOHUITBO. KpiM TOTO, HAHOTEXHOJIOTiT BAKOPUCTOBYIOTBCS Y PO3pOOIIi HOBUX CHCTEM 30epiraHHs Ta
nepenavi eneprii. Hampuknan, HaHoMaTepialin MOXYTh OyTH BUKOPUCTaHI AJISl CTBOPEHHS HOBHX THIIIB
Oarapeil 3 BEJIMKOI0 €MHICTIO Ta IIBUAKICTIO 3apsUKaHHS, a TaKOX U1 PO3POOKH e(EeKTHBHUX CHUCTEM
30epiraHHs eHeprii, TAKUX SIK HAHOTEXHOJIOT1i Ha OCHOBI JIITIEBUX aKyMYJIATOPIB.

VY cBiTHi 3pOCTalO4oro iHTepecy 10 BUKOPUCTAHHS ajJbTEPHATHBHUX JDKEPE CHEepril Ta po3BUTKY
CTaJINX EHEPTeTUYHUX CUCTEM, HAHOTEXHOJIOT1i MOKYTh CTaTH KJIFOUOBUM iIHCTPYMEHTOM Y AOCSTHEHHI ITUX
nineii. BoHN BiZKpuBalOTh HOBI MOKJIMBOCTI JJIA TOKpAMIEeHHS e(eKTUBHOCTI, HAMIHHOCTI Ta CTIHKOCTI
SHEePreTHYHHUX CHUCTEM, IO CIPHSIE TePEeXoqy A0 OUIBII CTaJOro Ta eKOJOTiYHO YHUCTOTO €HEPreTHIHOIO
MaiiOyTHBOTO.

AHaji3 ocTaHHIX AocaimkeHb i myOJikamiii. BuBueHHIO 3acTocyBaHHS, TepeBar, a OTXKe i
MEPCIIEKTUB PO3BUTKY BUKOPHUCTAHHS HAHOTEXHOJIOTIM B EHEPreTHINl OMyOJiKOBAaHO BEJIUKY KUIBKICTh
HaYKOBHX Ipallb. 30KpeMa, y 6a3i Scopus 3a nepiog 1993-2026 pp., BinoOpaxeno maiixke 11 THC. HAyKOBUX
nyOmikariii. [Ipudomy, cyTTeBe 3pocTaHHS aKTHBHOCTI AOCHikeHb crioctepiraetbes 3 2000-ux pokis
(puc. 1) i 36epiraerses 1o choromaui. Tak, y [2] HamaHo oIy Ta OIHKY HaMCydacHIMIMX (OTOIETEKTOPIB
Ha OCHOBI rpadeHy, IHIIMX IBOBHMIPHUX MaTepiaiiB 1 riOpUIHUX CHCTEM, 3aCHOBAaHHMX Ha TIOE€IHAHHI
pI3HUX JNBOBHMIPHHX KpPHUCTaNiB a00 JBOBHMIPHHMX KpPHUCTANiB Ta iHMMX (HAHO) MaTepialiB, Taki fK
IUTa3MOHHI HAHOYACTHUHKY, HAIiBIPOBIIHUKH, KBAHTOBI TOYKH, abo iX iHTerpamis 3 (KpeMHi€BHMH)
XBWIeBoAaMH. Y cTarTi [3] nmpencraBieHo AeTanbHUE o Gizuunux BaactuBoctei INN i criopigHeHnx
HiTpuaHUX HamiBopoBinHUKIB |1l rpynu. OnucaHo mporpec, MepCcneKTHBH 1 TpoOIeMH B pO3po0Ii HOBUX
€JICKTPOHHUX Ta ONTOEIEKTPOHHUX MPUCTPOiB Ha ocHOBI criaBiB INGaN. JlocsrHeHHS B XapaKTepUCTHKaX
i posymiaHi HaHOCTpYKTYyp INN i INGaN Takox po3rissHYTI B TOPIBHAHHI 3 iX TOHKOILIiBKOBHUMH
aHaJIoraMu.

AKTHBHI KpUCTaliyHi moBepxHi SNO; BiAIrpatoTh KUTTEBO BAXKJIMBY POJIb Y HOTO 0araThoX IiKaBUX
BIIACTUBOCTSIX, BKJIFOYAIOYH CEHCOPHI Ta KaTaJiTHIHI 3aCTOCYBaHHSI.
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Puc. 1. llybaikauii 3a pokamun

Ornsig [4] HamucaHO Mpo WOro pi3HI MOBEPXHi, CNEKTPOHHY CTPYKTYPY Ta HIUIBHICTH CTaHiB.
OOroBopeHHs BaXJIMBOCTI MOPQONIOriYHMX Bapialiii BaactuBocTeil SNO2 CYMPOBOIKYETHCS OTIISAIOM
PI3HHUX METO/IB OTPUMAaHHS TAKUX CTPYKTYP, a TaKoX MaiOyTHi# kypc SNO; sk BaXXJIMBOro MaTepiany B
CY4YacHUX JOCIHIPKEHHsIX. PO3BUTOK HAHOTEXHOJIOT1H 3 BAKOPHCTAHHSM OPTraHIYHUX MaTepialiiB € OJHI€I0
3 HAWOUIBII IHTEJICKTYaIbHO Ta KOMEPLIITHO 3aXOIUTIOI0YHX icTOpil Hammoro yacy. B ornsiai [5] mokasaHo,
SK B3a€MOJiS MK CHHTETHYHOK XIMI€IO Ta CIIEKTPOCKOIIIEID TIPOCYHyNa cdepy OpraHiqYHuX
HaHOMarTepiajiB BIEepen 0 KiHIEBOI METH HOBOI TexHoorii. B ormsaai [6] aBropu 30cepemKyroThCs Ha
JOCIIPKEHHSIX YTBOPEHHS! HAHOAPOTSHUX CTPYKTYP LUIIXOM BHCOKOAHI30TPOITHOTO POCTY HAHOKPHCTAIIIB
HaIBIPOBITHUKOBUX 1 METAIOOKCHIHUX MaTepialiB 3 HArojlocoM Ha CTPYKTYpPHIA XapaKTepUCTHII
3apOKEHHS, TIOYaTKOBOTO POCTY, AC(PEKTIB 1 CTPYKTYp PO3ILTY, a TaKOXK SK Ha TCOPETHIHOMY aHaIIi3i
YTBOPEHHSI HAHOKPHCTAJIIB, pEaKIiiHOI 3JaTHOCTI Ta CTa01IFHOCTI.

Amnani3 my0ikamii aBTOPUTETHUX CBITOBHUX BUCHHUX Y Taly3i HAHOCTPYKTYP AJsl ONTOCNEKTPOHHUX
TeXHOJOTiH mpopobneHo y [7]. OkxpecieHo KOJO TPOBIAHUX MyOmikamid y HayKoBid ramysi,
npoaHaii3oBaHo (haKTOpH BIUIMBY BUYCHHMX pI3HMX KpaiH Ha pO3BHTOK wi€ei ramysi. Y crarti [8]
HpEICTaBIeHO KOPOTKHit orysin Nextnano (Nextnano — e iHcTpyMEHT MOJISTFOBaHHSI HAITIBIPOBIAHUKOBUX
HaHOIIPUCTPOIB, PO3POOICHUH U MPOTHO3YBAHHS Ta PO3YMIHHS IIMPOKOTO Jiana3oHy €JIeKTPOHHUX i
ONITHYHHUX BIIACTHBOCTEN HAIBIIPOBIMHUKOBAX HAHOCTPYKTYP) 1 HAJaHO YOTHPH WPHUKIAOM, SKi
JEMOHCTPYIOTh HMIMPOKUH CIEKTP MOXKIIMBHX 3aCTOCYBaHb IIbOTO MPOTPAMHOTO 3a0e3MEYeHHS B raiy3i
TBEPAOTLIEHUX KBAHTOBHX 00YNCIICHb, HAHOCJIEKTPOHIKM Ta ONTOCIEKTPOHIKH.

YV [9], Ha ocCHOBI TMEpiOAUYHOrO KOHTAKTY/BIZOKPEMIIEHHS MK IIKIpOIO JIIOOAHH Ta
MIKpOCTPYKTYPOBaHOW TMouianMetuicuiokcanoBoro (PDMS) miniBKor, MpOAEMOHCTPOBAHO MPO30PHIA
THY4YKHid Tpuboenektpuunuii HanorenepaTop (TENG) 3a 1onomoror BiTHOCHO MPOCTOTO, HEAOPOTOro,
eKOJIOTIYHO YHCTOTO Ta BHCOKoedekTuBHOro Merony. Y [10] mpencraBieHo Ta 3aCTOCOBaHO HEiHBAa3UBHY
OIITOENEKTPOHHY HAHOCKOIIIO JUIS JIOKAIBHOTO BUMIPIOBaHHS ONTUYHUX Ta €JEKTPOHHHUX BIACTHBOCTEH
rpadeHoBux npucTpoiB. Lle mocsraerbes MUIAXOM MOEOHAHHS CKaHYI04oi iH(pauepBOHOI HAHOCKOTIi
ONMKHBOTO TIOJS 3 €JIEKTPUYHUM 3YUTYBaHHSM, IO JA03BOJISIE BimoOpaxaTu iH(padepBoHUl QoToCcTpyM
Ha MacmrTabax JOBXWHH B JECATKM HaHoMeTpiB. Bussienuit y [11] edexr Pambu s HamamTyBaHHS
TEPMOEJICKTPHUYHHIX XapaKTEPUCTHK MOKe OyTH allbTePHATUBHUM METOJIOM PO3POOKH BUCOKOS(PEKTHBHUX
TEPMOEJICKTPUYHIX MaTepialiB.

IocTtaHoBKa 3aBaaHb. B po0OOTI ITOCTaBICHO METY — Ha OCHOBI BUBUEHHS 1 aHANI3y IMEePEIOBHUX
CBITOBUX JIOCTIJKCHb, TIOB’SI3aHMX 3 MOJMJIMBOCTSIMHM 3aCTOCYBaHHsS HAHOTEXHOJOTIH, OLIHUTH
MEPCHEKTHBU PO3BUTKY BUKOPHCTaHHS HAHOTEXHOJIOTIH B €HEPTeTHII.

BuxkiaaeHHsi 0CHOBHOI0 MaTepiaJry.

Orasix HanotexHoJioriii. HanorexHoorii € oHiel0 3 HaHOUTBII aKTHBHO PO3BHBAIOYMX Taly3ei
HAyK{ Ta TEXHOJIOTiH, sIKa CTaBUTh CBOIM 3aBAaHHIM BHUBUEHHS Ta BUKOPHCTAHHS MaTepialiB i CTPYKTYp
Ha HaHOMETPOBOMY piBHI. OCHOBHI MPUHIIMITA HAHOTEXHOJIOT1i1 BUHUKJIN 3 BUBYCHHS (i3MYHUX 1 XIMITHUX
BJIACTUBOCTEH MartepiaiiB Ha HaHO-PiBHI. OIHAM 3 TEPIIUX 3HAUYIINX KPOKIB y IIbOMY HAIMPSMKY CTaJIO
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BUHAHJCHHS MIKPOCKOIB 3 BHCOKOI PO3MIITBHOIO 3[aTHICTIO, IO JJO3BOJNIMJIO BYCHHM OadyuTH i
MaHIITyJIIOBAaTH 3 OKPEMHUMHU aTOMAaMH 1 MOJICKYJIAMH.

HanortexHomorii  po3BuBarOTbCS Y  PI3HMX  HamnpsMKaX, BKJIIOYAIOYM  HaHOMAaTepiaiy,
HaHOEJIEKTPOHIKY, HAHOMEXaHiKy, HaHOO10JIoTi0 Tommo. OAHUM 3 KIIFOUOBHX aCMEKTiB HAHOTEXHOJIOTIN €
MacmTaOyBaHHsI, IO JO3BOJISE CTBOPIOBATH MaTepiai 1 MPHCTPOI 3 YHIKAIbHUMH BIIACTUBOCTSIMHU 3a
JIOTIOMOT'00 KOHTPOJIBOBAHOTO BIUIMBY Ha IXHIO CTPYKTYPY Ta BIACTHBOCTI HA MOJIEKYJISIPHOMY PiBHI.

HanoTexHOMOTii MIMPOKO 3aCTOCOBYIOTBCSA Yy PI3HUX Taly3sX Haykd Ta TexHojorii. BoHu
BUKOPHUCTOBYIOTBCS. Y BHUPOOHHIITBI €IIEKTPOHIKH U1l CTBOPEHHSI OUTBII TMOTYXHHUX 1 €QEeKTHBHHUX
MIPUCTPOIB, Y MEAULIMHI I pO3POOKH HOBHX METOIIB IIarHOCTUKH Ta JIIKYBaHH:, Y MaTepialo3HABCTBI AJ1s
CTBOPEHHSI HOBHX MarepiajiiB 3 MOKPALICHUMH BIACTUBOCTSMH, Y KOCMIUHIN TEXHOJOTII IJsi CTBOPEHHS
JIETKHX 1 MIIIHAX MaTepialiB JJisl KOCMIYHUX anapaTiB i 6araro iHmux cdep.

HanoTexHom0T1i MaroTh BETMKUM HOTEHLIAM ATl PO3BUTKY HOBUX €HEPreTUYHUX TEXHOJIOT1H, TAKUX
AK COHSYHA EHEPTis, aKyMyJATOpU BHUCOKOi €MHOCTi Ta eHeproedekTHBHi Marepianu. IXmiii BHeCOK y
MOKpAILleHHS €HEPTeTHYHUX TEXHOJIOTIM € KIIIOYOBUM Yy 3a0e3MeueHHI CTajJoro pO3BHTKY Ta 3HIKEHHI
BHUKHUJIIB TAPHUKOBUX Ta3iB.

Texnosorii oTrpumannsi HaHomartepianiB. OTpuMaHHS HaHOMaTepialiB BKIO4Yae B cebe
PI3HOMaHITHI METOAM 1 IPOLIECH, IO A03BOJISIIOTH BUTOTOBIATH MaTepiajk 3 HAHOMETPOBHMHU PO3MipaMH.
Jlesiki 3 OCHOBHMX METOJIB OTPUMaHHSI HAHOMATepialiB BKIFOYAIOTh!

e Mexaniune posuunenns. MeTox BUKOPHUCTOBYE MEXaHIUHI CHIM IUIA PO3YMHEHHS MaTepianiB Ha
aTOMapHOMY YU MOJIEKYJIIpHOMY piBHi. [Iprukiamom Moxe OyTH MexaHiuHe a00 MarHiTHE MEITFOBAaHHS.

o Ximiyni memoou. BKIt0UaroTh XiMi4HI peaKIlii Ta MPOIECH CHHTE3Y, TakKi SK TiApoii3, razodasHe
CHHTE3yBaHHS, 30JIb-T€JIb METO/U.

e  Bioxnaoenus 3 2azo60i ¢azu. MeToan BUKOPUCTOBYIOTh peakiii B ra3oBiil ¢asi mig BigkiIageHHS
aToOMiB 200 MOJIEKYJI Ha MIOBEPXHI MaTepialib.

o  Ximiyne gidocaodxcenns. BUKOpUCTaHHS XIMIYHUX TIPOLECIB Ui POCTY TOHKUX IDIIBOK YH
HaHOYACTHHOK Ha MiaKiIagKax abo cyocTparax.

e Jlazepue eunaposyeanns. llpouec, mpu sKOMy MaTepial BHIIAPOBYETbCA JIa3epoM, a IOTIM
KOHJICHCYEThHCS Ha TIOBEPXHI Il JOPMYBaHHSI HAHOCTPYKTYP.

Oco0suBocTi HaHomacwTadyBanusi. HanomacmitaOyBaHHS — 1€ TpolLec CTBOPEHHS Ta
BHKOPHCTAaHHS MaTepialliB, CTPYKTYp 1 MPHUCTPOIB 3 po3MipaMH BiA KUTBKOX J0 JCKITBKOX COTEHB
HaHoMmeTpiB. OCHOBHI 0COOJIMBOCTI HAHOMACIITA0YBAaHHS BKITFOUAIOTh:

e  Benuka nrowa nogepxni: HaHomarepiaay MaroTh BEIHMKY BiIHOCHY IUTOIY IOBEPXHi B IOPIBHAHHI 3
ixHiM 00’ eMoM, 110 3a0e3neuye iM yHiKanbHi (i3UUHI Ta XiMIYHI BIaCTHBOCTI.

e Keanmosi egexmu. HaHomarepiaqum MOXYTb BHUSBISATH KBaHTOBi €(EKTH, Taki 5K KBaHTOBE
TYHEIIOBaHHS Ta KBAaHTOBI TOYKH, SIKi BIUIMBAIOTh HA IXHI €JIEKTPOHHI Ta ONTHYHI BIACTUBOCTI.

e Bucoxa nogepxnesa ewepeisi. HaHomaTepiali MOXYTh MaTH BHCOKY IOBEPXHEBY CHEprilo, IO
MIPU3BOIUTE JI0 3MiHH TXHBOT XIMI9HOT aKTHBHOCTI Ta PEaKTHBHOCTI.

e  Beauxa cmpykmypua anomanisi. HaHoMarepianu MOXKYTh IEMOHCTPYBATH CTPYKTYPHI aHOMaUTii, Taki
SK 3MiHA KPUCTATIYHOI CTPYKTYpH a00 301IbIIEHHS KUTBKOCTI 1e(EKTiB.

HanomacmtaGHi Matepiann Ta CTPYKTYpH BiAKPHBAalOTh HOBI MOMIJIHMBOCTI IS PO3BHTKY
IHHOBAITIHHUX MaTepialiB, MPUCTPOIB Ta CUCTEM y PI3HHUX TaITy3sIX TEXHOJOTIH, BKIIFOYAI0YH SHEPTETHKY,
CJIIEKTPOHIKY, METUIIUHY Ta I1HIII.

3acTtocyBaHHsI HAHOTEeXHOJIOTili B eHepreruui. HaHorexHosorii B eHepreTHui BiAKpUBAIOTH
MTUPOKI MOMJTMBOCTI JJIs TTOKPAIIeHHS e(DeKTUBHOCTI, CTIHKOCTI Ta CTAJIOCTI EHEPTeTUIHNX cUCTeM. TyT
PO3TJISTHEMO TPY OCHOBHI HAIIPSIMKHU 3aCTOCYBaHHS HAHOTEXHOJIOTiN B €HEPIeTHUIII.

Bupobnuymeo consunux 6amapeii na ocnogi nanowacmunox. COHsIYHA €HEPrisl BBAXKAETHCA OAHUM
13 HaWOUTBII TIEPCIIEKTUBHUX JDKEpeNl allbTepPHATUBHOI €Heprii, aje MOTOYHI COHSYHI Oarapei MarTh
obMexeHy e(heKTHBHICTh. 3aCTOCYBAHHS HAHOTEXHOJIOTIH TO3BOJISE TTOKPAIATH €PEKTUBHICTh COHIIHUX
naHenell NUIIXOM BHKOPHUCTaHHS HAHOYACTHMHOK. HaHOYaCTMHKM MOXXYTh MaTH YHIKaJIbHI (i3W4HI
BIIACTHBOCTI, TaKi sIK IiIBHUII[eHA TIOTJIMHAHHS CBITJIA Ta ITiIBUIIICHA €EKTHBHICTH IIEPETBOPEHHS CBITIIOBOL
eHeprii Ha eNeKTPUYHYy. BUKOpHCTaHHS HAHOYACTUHOK JO3BOJISE 30UTHIUTH €(PEKTUBHICTH COHSYHUX
Oarapeil Ta 3HU3UTH BUTPATU Ha BUPOOHHIITBO.

Buxopucmanns nanomamepianie y eupoonuymei nanugnux enemenmig. IlanmuBHi eleMeHTH — Le
EHEepreTUYHI MPUCTPOI, MO0 BUKOPUCTOBYIOTH XIMIiYHI peakmii IUisi BUPOOHHUITBA €IEKTPUYHOI SHEepTii.
3acToCyBaHHs HAHOMATEPialiB y MAJIUBHUX €JIEMEHTaX MOJXKE MOKPAIIUTH iX e(EeKTUBHICTh Ta CTIMKICTb.
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Hanpuknazn, HaHOMaTepiaay MOXXYTb BUKOPHUCTOBYBATHUCS SIK KaTali3aTOPH Ul NMPUCKOPEHHS XIMIYHUX
peaxuiil y NaJuBHUX €JIEMEHTaX, 10 J03BOJISIE 301IbIINTH €JIEKTPUYHUN BUX1/l Ta 3SHU3UTH BUTPATHU [AJIUBA.

Poszsumox nanoenepeemuunux cucmem 0as 30epieanms ma nepeoayi enepeii. HaHOTEXHOJIOTIT TaK0X
BHKOPHCTOBYIOThCS y po3poOlli HOBHX cHcTeM 30epiraHHs Ta mepemadi eHeprii. Hampukian,
HaHOMAaTepiald MOKYTh BUKOPHUCTOBYBATHCS Y OaTapesix 3 BUCOKOIO EMHICTIO Ta MIBUIKICTIO 3apsKaHHS,
10 J103BOJIsIE 30epiraTy Ounblie eHeprii Ta 3a0e3nednTH MBUIKE 3apspkaHds. Kpim Toro, HaHoMaTepianu
MOXYTh OyTH BUKOPHCTaHI y CYNIEPKOHACHCATOPAX Ta IHIIMX €HEPrOEMHUX MPHUCTPOSIX ISl 3a0e3MeUeHHS
cTabinbHOTO Ta e(DEeKTUBHOTO 30€piraHHs eHeprii.

3aranbHUK BIUTMB 3aCTOCYBaHHS HAHOTEXHOJIOTIH B EHEPreTUIl IMOJNSArae B TOKPAaIeHHI
€(eKTHBHOCTI Ta €KOJIOT1YHOI CTAIOCTI EHEPTeTHYHUX CHUCTEM, IO CIIPHSE CTBOPEHHIO OUIBII CTAIOro Ta
e(eKTUBHOTO EHEPreTHYHOTI0 MailOyTHHOTO.

IlepeBarn BUKOPHCTAHHS HAHOTEXHOJIOTii B eHepreTuui. [liosuwenns egexmusnocmi
enepeemuynux cucmem. HaHOTEXHOJNOTII NO3BOJIAIOTH CTBOPIOBATH HOBI Marepiajv 3 YHIKaJIbHUMH
BJIACTUBOCTSIMH, IO MOXXYTh 3HAYHO TOKpPAIIUTH €(EeKTUBHICTh €HEpPreTHYHHX cucTeM. Hampukian,
BUKOPHCTAaHHS HAHOYACTHHOK Y COHSYHHX Oarapesx Moxke 30UIBINNTH IXHIO TOTJIMHAHHS CBITIA Ta
MIJBUIIUTH KOHBEPCIHHY €(PEKTUBHICTb, 1110 MPU3BE/E A0 301IbIIEHHS BUPOOIIeHOT eniekTpoeHeprii. Takox,
3aCTOCYBaHHS HAHOMATepialliB y MaJMBHUX €EMEHTaX MOXE MiJBUILUTH iXHIO €(peKTUBHICTb Ta 3HU3UTU
BUTPATH NaJHBa, 110 € BAXKIMBUM JUIS PO3BUTKY €HEProe(heKTUBHUX TEXHOJOTIH.

3menwenns empam ewnepeii nio yac mpancnopmyeanus ma 30epicanns. HaHOTEXHOOTIT TaKoX
MOXYTh OyTH BHKOPHCTaHi JJIsi CTBOPEHHsS HOBUX MarepiajiB Ta cucTeM mais 30epiranHs Ta
TPaHCIIOPTYBaHHs eHeprii 3 MeHINMHU BTpatamu. Hanpukiaz, po3pobka HaHOMaTepiaiiB 1151 BUpOOHUITBA
OaTapeii 3 BUCOKOIO EMHICTIO Ta MIBHIKICTIO 3apsHKaHHSI MOYKE JOITOMOTTH 3MEHIIIUTH BTPATH CHEPTil i
yac 30epiraHHs Ta TpPaHCIIOPTYBaHHS eJeKTpoeHeprii. Takoxk, 3acTOCyBaHHS HaHOMaTepialiB y
MIPOBIAHMKAX MOXE 3HU3UTH OIip Ta TEIUIOBI BTPATH MiJ] Yac nepeaadi eleKTpoeHeprii 1o Mepexi.

Cmeopenns  HOGUX — MOJNCIUGOCMEU ON  PO3GUMKY  AIbMEPHAMUGHUX — Odiceperl  eHepaii.
HanoTexHonorii BigKpHBalOTh HOBI MOMIIMBOCTI JJISi PO3BUTKY ANbTEPHATHBHUX JDKEpEN eHeprii Ta
3MEHILIEHHSI 3aJIeKHOCTI BiJl BYTUIBHMX Ta HaQTOBUX pecypciB. BoHM MOXyTh OyTH BHKOpHCTaHi IS
MOKpAaIeHHs e(eKTUBHOCTI Ta CTaOUIPHOCTI COHSYHUX, BITPOBHUX Ta TiJPOCHEPTeTUYHHX YCTAHOBOK, a
TaKOX JJIsI PO3BUTKY HOBHX TEXHOJIOTIH, TAKUX K MAJIMBHI €JEMEHTH Ha OCHOBI BOAHIO. Lle BaxnuBuii
KPOK y HaNpsIMKY PO3BUTKY CTaJ01 Ta €KOJOT1YHO YUCTOT CHEPIeTHKH.

TakuM 4YWHOM, BHUKOPUCTAaHHS HAHOTEXHOJIOTIH B EHEPreTHLi MOXXe NPHU3BECTH 0 3HAYHOTO
TIOKpaIneHds e(peKTUBHOCTI, CTIHKOCTI Ta €KOJOTIYHOi CTaJOCTI CHEPreTHYHHX CHCTEM, IO CIIPHUSIE
PO3BHTKY CTAJIOTO Ta €EKTUBHOTO EHEPTETHYHOTO MallOyTHBOTO.

Bukiauku BHIpPOBa/:KEHHS1 HAHOTEXHOJIOTiIH B eHepreruui. besnexka ma pusuxu 36's3ani 3
BUKOPUCMAHHAM HaHoMamepianie. HaHOMaTepiany MaroTh yHiKaiIbHI (pi3UdHI Ta XiMI4HI BIACTUBOCTI, aje
pa3oM 3 UM iCHYIOTh MEBHI PU3MKH JUIs 3[I0POB'Sl Ta HABKOJMIIHBOTO cepeAoBuina. Hampuknan, meski
HAaHOYACTHHKU MOXXYTb OyTH TOKCHYHUMHU IIPH BEIMKUX KOHLIEHTPaLisx ad0 MpH NOTPAIUIAHHI B OpraHizM
JIOAWHM 4Yepe3 OUXaHHA 4Yd IIKipy. Takoxk, iCHye pU3MK HaHOMAaTepialliB PO3CIIOBATHCA B MPHUPOJHOMY
CEepeIOBHIL Ta BIUIMBATU HAa EKOCUCTEMHU.

Exonociuni acnexmu eupobnuymea ma euxopucmants. BUpoOOHUITBO HaHOMaTepialliB MOXKe
BKITIIOYATH B ce0e BUKOPUCTAaHHs Pi3HOMAHITHUX XIMIYHHX PEUOBHH Ta €HEPreTUUYHUX PECypCiB, 110 MOXKE
MAaTH HETaTUBHUI BIUIMB HAa MOBKULIA. TakoX, MiJ Yac BHUKOPWUCTAHHS HAHOTEXHOJOTIH y €HEpTeTHIll
HEOOXiIHO BPaxoBYBaTH MOXIIMBICTh BHKHJIIB HaHOMATepialiB IIiJl 4Yac eKCIuTyaTtalii Ta yTHitizamii
E€HEePreTHYHHUX CHUCTEM.

Pecynamueni acnexmu 6nposaddicents HO8UX mexHonozit. BIpoBakeHHS HAHOTEXHOJIOTIH B
SHEPTeTHIll BUMarae po3poOKH Ta BIPOBAHKCHHS e€(heKTHBHUX PETYJIATHBHIX MEXaHi3MiB, sIKi 3a0e31edaTh
Oe3neKky Ta CTaJicTh BUKOPHCTAHHA LUX TeXHOJOTid. HeoOXimHO po3poOisaTH CTaHAapTH Ta HOPMAaTHBU
JUIsl OLIIHKM Oe3leKd HaHoMaTepialliB, a TAaKOK BU3HAYMTU IpaBHIa BUPOOHHULITBA, TPAHCIOPTYBAHHS Ta
BUKOPHUCTaHHSI HAHOMATEePialiB y €HePreTHYHUX CUCTEMaX.

BupimieHHs 1MX BHUKIMKIB BHMAarae CIiBOpali MiX HAyKOBHMH YCTaHOBaMH, IMPOMHCIOBUMHU
KOMIIaHIsIMH, YPSJIOBUMH OpraHaMH Ta TPOMAJICHKICTIO. BaxinBo 3abe3neunTy 30a1aHCcOBaHU Miaxia 10
BIIPOBA/IKCHHS! HAHOTEXHOJIOT1H B EHEPreTHKY, IO BPAaxOBYe€ SIK IXHI MOTEHLiajbHI IepeBard, Tak i
MOJKJIMBI PU3HKH YIS 3I0POB'S Ta JOBKIILIS.

I[epcnekTHBY PO3BUTKY BUKOPHCTAHHA HAHOTEXHOJIOTi B eHepreTuui. Tendenyii pozeumky ma
innosayii 6 eanysi. HaHOTeXHOOT1i MOCTIHO PO3BHMBAIOTHCS, a Pa3oM 3 HUMHU 1 IXHE 3aCTOCYBaHHS B
eHepreTulli. TeHAeHITiT pO3BUTKY BKIIOYAIOTEH ITOKPAIICHHS e()eKTHBHOCTI COHAYHUX Oarapei 3a paxyHOK
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BUKOPHCTAaHHS HAHOYACTHHOK, PO3BUTOK HOBUX MaTepialiB s BHPOOHUITBA OiNbII edeKTUBHUX
MAJIMBHAX E€JIEMEHTIB, a TAaK0)K CTBOPEHHS €HEPreTHYHHX CHCTEM 3 BHIIOI €MHICTIO Ta IIBHIKICTIO
3apsPKaHHs 32 paXYHOK BUKOPUCTAHHS HaHOMATepiaiB.

Ilpoero3u w000 Mmaibymnb020 BUKOPUCMAHHA HAHOMEXHON02IU 6 eHepeemuyi. IIporHosyBaru
MaiOyTHE BUKOPUCTaHHS HAHOTEXHOJOTIH B €HEPIreTHIl MOXKHA 3 BIIEBHEHICTIO, OCKUIBKH Il Taly3b
NPOJIOBKYBaTUME PO3BUBATHCS UIBUJKUMH TeMmraMHu. [IpoTHO3yeTbCs 3pOCTaHHS BHKOPHCTAHHS
HaHOMaTepiajgiB y BHPOOHHUTBI COHSYHUX Oarapel, MaJMBHUX €JEMEHTIB, aKyMYJSATOpPIiB Ta iHIINX
EHEepreTUYHNX CHCTEM IS TiIBUIEHHS e(DEeKTUBHOCTI Ta CTa01IPHOCTI €HEPromoCTayaHHs.

Pexomenoayii ons nooanvuiux 0ocniodcensv i 6npoeaddiceHHss HOBUX piutensb. JIs TONATBIIOTO
YCIILIHOTO BIPOBA)KEHHS HAHOTEXHOJOTIH B €HEPreTUIll BayKIMBO MPOJOBKYBATH NOCTIKEHHS y Wil
ray3i Ta po3poOJIsITH HOBI TEXHOJOTIT i MaTepianu. PekoMeHallii BKIFOYa0Th CTUMYTFOBAHHS JIepyKaBHOL
MITPUMKA IS JOCTIIHKEHDb Y Taly3l HAaHOTEXHOJIOTiH, CHpHUSHHS KOMeEpIliami3allii Ta BIPOBaHKCHHIO
HOBUX pillleHb, a TaKoXX PO3BHTOK CTaHAAPTIB Ta HOPMATUBIB Ui O€3MEYHOro Ta c(EeKTUBHOTO
BUKOPHUCTAHHS HAHOMATEPialiB y eHEPreTHYHUX CHCTEMaX.

Hanortexnomorii MaroTh BENIWKHH MOTEHINAT s TpaHchopMamii eHepreTHIHoi iHAycTpii Ta
CTBOpEHHsI OUIBII CTajoi, e(peKTUBHOI Ta €KOJOTIYHO YHUCTOI €HePreTUKU. 3 ypaxyBaHHIM MPaBUIBHUX
CTpaTeTil Ta IHHOBAIIMHUX ITiIX0/1iB, BUKOPUCTAHHSI HAHOTEXHOJIOT1H MOXKE JTOTIOMOTTH BUPIIIIUTH 0arato
Cy4YaCHHX BHKJIHKIB Y Tally3l eHEPTeTHUKH.

BucnHoBku. 3aCTOCYBaHHS HAHOTEXHOJIOTIH ¥ cpepi eHEPTeTHKH BiIKPHUBAE IMUPOKI MOMITHBOCTI JIJIST
MOKpalleHHs e(eKTUBHOCTI, CTIMKOCTI Ta €KOJIOTiYHOI YUCTOTU e€HepreTHYHuX cucteM. [Ipote, pasom 3
MIOTEHIIHHUMHU TIepeBaraMu, BUKOPUCTAHHS HAHOTEXHOJIOTIH TaKOK BHOCHUTH TIEBHI BUKJIHKH Ta PU3HKH,
TIOB’s13aH1 3 0E3MEKO0I0, EKOJIOTIE€I0 Ta PETYISTHBHUMH aclieKTaMu. BUKOpUCTaHHS HAHOTEXHOJIOTIH Mae
BEJIMKWN TOTeHmian A TpaHcdopMallii eHepreTHYHOl IHAYCTpii Ta CTBOpEHHsS OLIBII CTaloi Ta
e(eKTHBHOI EeHEPreTHKH, 32 YMOBHU BpaxyBaHHs Ta BUPIILICHHS BCiX BUKJIMKIB Ta pU3UKiB, IOB'A3aHUX 3 LIAM
TIPOIIECOM.
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BU3HAYEHHSA TOYHOCTI 1O3YBAHHSA PIAKUX ITPOJAYKTIB 3A JTOIIOMOI'OIO
EHEPI'O3BEPII'AIOYOI'O ABTOMATHU30BAHOT'O YCTATKYBAHHSA

Y cmammi naeeoeni pesynomamu docnioxcenv npovecie 003y6anna pioKux npooykmie 3 pisHUMU PeooiuHUMU
611ACMUGOCIAMU 3A OONOMO2010 00’ EMHO20 003amMOpa, a MAKOHC 3ANPONOHOBAHO KOHCMPYKUIIO A6MOMAMU308aH020
eHeP2oouadH020 RPUCMPOIO 012 NOOAUi PIOKUX NPOOYKmie 00 0o3amopa.

Kniouogi cnosa: 003ysanns, npooykm, 6’ A3Kicmb, MOUYHICMb, MUCK, eHep2030epedCceH s, A8MOMAMmu3ayis, yCmaHosKa.

Y. L. Hunko, Y. V. Fedorus, S. Ye. Holiachuk

DETERMINATION OF THE ACCURACY OF LIQUID PRODUCTS DOSING USING
ENERGY-SAVING AUTOMATED EQUIPMENT

The article presents the results of research into the processes of dosing liquid products with different rheological
properties using a volumetric dispenser, and also proposes the design of an automated energy-saving device for feeding liquid
products to the dispenser.

Keywords: dosing, product, viscosity, accuracy, pressure, energy saving, automation, installation.

IHocTranoBka npodaemu. Jlo3aTopu € BaXXIMBUMH IPUCTPOSMH (hacyBanbHUX MamuH. Jlo3yroui
MpUCTpoi NOAIIAIOTHCA Ha 00’ €MHI Ta Baroi qozatopu. Ha gacyBanbHUX MaliMHax Juis 103YBaHHS PiIIKUX
MaTepiaiiB MepeBaXHO BCTAHOBIIOIOTH 00’ €MHI 103aTopH. Taki MpUCTPOi MarOTh BHCOKY HAIiHHICTh Ta
MIBUIKICTH POOOTH.

VY xap4oBOoMY BUPOOHHIITBI JJO3YIOTHCS PiIKI MPOIYKTH 3 PI3HUMH BIacTUBOCTSMH. BogHouac, s
CaMUX PIJIKUX TPOIYKTIB BIACTHBOCTI MOXYTh OYTH PI3HHMH 3aJIeKHO BiJl CTAHy Ta YMOB B3a€MOZII i3
CEpPEIOBUILIEM.

OCKUIBKH ISl O3YIOUMX MPUCTPOIB BU3HAYAIBHUMH ITOKA3HUKAMH € MTOKa3HUKH SIKOCTI TIPOLIECY
JO3yBaHHS, TO B@KJIMBO AOCHIAWTH MPOLIECH B3a€MOJIl PIIKMX NPOAYKTIB 13 POOOUYMMH OpraHaMu
J103aTOPiB, MO0 BU3HAYNTH HEOOX1IHI pe:KUMHU poOOTH 00TaTHAHHS.

Jnist B'I3KMX PIKUX MPOIYKTIiB, 30KpeMa, BaXKJIMBOKO XapaKTEPUCTHKOIO € TIOKa3HUK OIOpy Tedil,
IO 32 CBOEIO CYTTIO € iX B'S3KiCTIO. B’S3KicTh AJS PIAKMX PEYOBHH € OCHOBHHUM TOKa3HUKOM IIiCIIs
TIEPEBUIIEHHS MEXIi TUTMHHOCTI.

Meton 00'eMHOTO M03yBaHHS PIAKHAX MPOTYKTIB 3 MEBHUM CIIPOIIECHHSM MOKHA PO3TIISIATH SIK
BIZIMIpIOBaHHSI 33/IaHOTO 00’€My TPOJYKTY Ta 3allOBHEHHS LUM MPOAYKTOM Tapu. OCKIIbKH 3Ha4HA
YacTHHA PIKUX Xap4YOBHUX MPOAYKTIB € BAKKOIUIMHHUMH, TO BiJIIOBITHO iX IMOAa4y 10 poOOYHNX OpPraHiB
(hacyBaJIbHMX MAllIMH CJIiJi BUKOHYBaTH IPUMYCOBO.

UMM BUIIKMM € TIOKa3HUK B’ S3KOCTI ISl PIAKOTO MPOIYKTY, THM OUIBII AOIIIBHUM € BUKOPUCTAHHS
MPUMYCOBOI TIOAaYl MPOLYKTY MO TPyOOIPOBOAAX Ta y 03aTopax.

Ha nmanuwit 9ac y KOHCTPYKIIiSIX JO3YIOUHMX MPHUCTPOIB 3aKJIaJeHi TakKi MPUHIUIH POOOTH, SKi
0a3yloThCA Ha KiHEMAaTHIll JKMBIJIBHHX TIPHUCTPOIB, aje MPH IbOMY HE BPaXOBYETHCS MUHAMIKa PyXy
piakoro mponykry. JuHamika pyXy piOKUX MPOAYKTIB, Y CBOIO Ue€pry, BH3HAYAETHCS PEOJIOTIYHUMH
BIIACTHBOCTSIMH MaTepiaiB.

ITporrec 3ammoBHEHHS AEAKOTO 00’ €My B’I3KMM MIPOAYKTOM € HecTarioHapauM [3]. Piakwuii mpoaykr,
MIXOASYH Y A03aTOPI 0 HACATKH, MiIAA€ThCA Y Hill nedopMmarrii.

OnHuM 13 BaXJIMBHUX IMOKA3HHUKIB SKOCTI POOOTH NO3YIOUMX MPHUCTPOIB € TOYHICTH JO3yBaHHS
pimkoro mpoayKry. TOUYHICTH MO3YBaHHS TOKa3ye Mipy BiIXmieHb (aKTHIHUX 3HAYEHBb 03 PITKOTO
MPOAYKTY BiJ 3aJaHUX 3HA4YCHb. BIiAXWICHHS, SKi MOXYTb CIOCTEpIraTHUCh,  XapaKTepU3yIOThCS
MEepeBaKalvyo0l0 CUCTEMAaTUYHOI0 a00 BHIIQJKOBOIO CKIaJ0BMMU. llepini 3 HUX MOXYTb COPUYHHSTHCH
yepe3 HeNpaBUIbHE HAJIAIITYBAaHHS 103YIOUOrO HMPUCTPOI0 HAa HEOOXIIHUM MOKAa3HHK J03U MPOIYKTY, a
TAaKOXX 4Yepe3 HemepenOadyBaHWH BIUIMB Ha IpOLEC IO03yBaHHSA TAKUX UYMHHMKIB AK TEMIIEpaTypHi,
IUHAMIYHI a00 X JedKi 1HII.

Crizx BpaxoByBaTH, IO 3@ BEJIMKUX 3HaYCHb MIBUIKOCTI TeUil PigKOro MaTepialy CTpyKTypa Horo
MOJXKe TIOBHICTIO PyHHYBATHCh, PiliHA TPH LOMY XapaKTePH3yEThCs HAaMEHIIOK (HBIOTOHIBCHKOIO)
B'SI3KICTIO. A 32 MaJMX IIBHIKOCTEH Tedii pikoro marepiaiy CTpyKTypa HOro pyHHYETBCS Ta MOBHICTIO
BIZTHOBIIOEThCS (PiAMHA XapaKTEPU3YEThCS HANOLIBIION B'SA3KICTIO). 32 YMOBH MOJAIBIIOTO 301TbIICHHS
LIBUIKOCTI Tedii pyHHYBaHHS CTPYKTYPH PIIKOTO MaTepiany MOYMHAE NepeBakaTH HAJ BiTHOBJICHHSM, a
B'SI3KICTh 3HAYHOIO MipOIO 3MEHIIIY€EThCS.
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SIK 3a3HAa4YaIOCh BHWIIE, MPOLECH MO3YBAaHHsS PIAKHX TPOAYKTIB € CkiIagHuMu (00yMOBJIEHO
MOJKJIHBOIO 3MIiHOIO PEOJIOTIYHMX XapaKTEPUCTHK PiIUH), TOMY JIs 00’ €KTHMBHOTO OLIHIOBAHHS THUX UM
IHIIMX SIBUIL, [0 MOXYTh CYNPOBOJDKYBaTH IIi MPOIECH, JOIIBHO MPOBOAMTU EKCIEPUMEHTAIbHI
JTOCTDKEHHS, Pe3yJIbTaTH SKUX TO3BOJISATh BU3HAYUTH HEOOXiHI PEKUMHU POOOTH JO3YIOUHX MPUCTPOIB
(hacyBaIbHUX MAITHH.

AHAJI3 oCTaHHIX T0CTiKeHDb | myOsikauiii. Pizki xap4yoBi MPOYKTH, SKi JO3YIOThCS, IIEPEBAKHO
XapaKTepPU3YIOTHCS XOPOIIOK TUIMHHICTIO 1 TOMY iX BJIACTHUBOCTI, K MPABWIIO, HE HAITO YCKIAIHIOIOTH
TIPOTIECH JO3YBAaHHS Yepe3 HAIWITAHHSI YaCTHHOK MaTepially Ha TMOBEpPXHI CTIHOK KOHCTPYKIIH. Alre, 3a
YMOBH 3POCTaHHS B'S3KOCTI PiJKOTO Xap4OBOTO MPOAYKTY HEraTHUBHI SBUINA HAIWUIAHHS MOXYTh
MPOSIBJIATUCH OibI BUpas3Ho [4].

Pi3HOMaHITHICTS Xap4OBHX PIAKUX MPOAYKTIB, IO XapPaKTEPUIYIOTHCS MEBHUMH XIMIYHUMH Ta
(hi3MKO-MeXaHIYHUMH XapaKTepPUCTUKAaMH, BHIIB iX YIAaKOBKH, yMOB Ta CTPOKIB iX 30epirantsi, 00yMOBIIO€
noTpedy y BUKOpUCTaHHI (pacyBaIbHO-/I03YIOUOT0 00JIaIHAHHS PI3HOTO MPU3HAYCHHS.

VY po6oti Bonunist H. C. ta denopoa C. ®. [2] HaBeneHI pe3yabTaTH JOCTIHKEHHS POOOTH
aBroMaTta Uil (pacyBaHHS PiAKUX MPOIYKTIB. Byso BcTaHOBIEHO, MO (pakTOpaMH, sIKi HAaHOUTBIT CYyTTEBO
BIUIMBAIOTh HA XapaKTep IMPOILECY MO3YBaHHS PIIKOrO MPOAYKTy (CMETaHM) € HACTYITHI: MOJICKYJISIpHA
B’S3KICTb, AlaMeTp HACAJIKH i THCK CTUCHEHOTO MOBITpPsI, HOTPIOHUH LTSI TepeMillieHHsI TOpITHS. BHeCeHHS
3MiH JI0 KOHCTPYKIIii J03yBaJBHOTO IPUCTPOIO (3aMiHa KiIaraHa) IMOJIIIIIye ITpoIiec 103yBaHHs. Peaizais
JaHOT MPONO3HUIIiT MOTpedye BiTHOCHO HE3HAUYHUX MaTepiabHHUX 3aTpar.

[MuTanHIO BHM3HAYEHHS pEOJIOTii Ta peosoriyHoi Mopdoiorii y He3MilmlyBaHHX IBO(a3HUX
MOJTIMEPHUX MOZEIBHHX CyMilllaX MPHIiIEH0 yBary y pobori T. Jansseune, J. Mewis, P. Moldenaers [7].
Byno nposeneno ananiz Madderrona-Minare, oo 103BOJIMB OTPHUMATH OMTUC (POPMH EITITICOITHIX Kpareib
y He3MillyBaHUX ABO(}A3HUX MONMIMEPHUX MOJCIBHHUX CyMilllax IIiJ] 4yac MOTOKY.

Hocmimkenusmu [3] Oyno BCTaHOBICHO I MOPIIHEBOTO J03aTOpa 3aJCKHICTh IIBUAKOCTI
IO3YBaHHS PIAKUX MPOAYKTIB BiJ B’SI3KOCTI Ta THCKY CTHCHEHOTO TIOBITPSI.

JocnimkeHHs KOHCTPYKLIA JO3YI0UMX MPHUCTPOIB, IO 3aCTOCOBYIOTHCS y mpolecax (acyBaHHS
piAKHX B'SI3KUX MPOAYKTIB B Tapy [1-3], mokasano, mo i A03yBaHHS TaKHX MAaTepialliB MEPEBAXKHO
3aCTOCOBYIOTECS J03aTOPH, IO MPAITIOIOTE 332 00'€MHUM MTPUHITATIOM.

Jlo3ytoui mpuCTpoi, 10 MPaLo0Th 3a 00’€MHUM MPUHIUIIOM, X049a M XapaKTepU3yIOThCs JIEII0
HIKYOI0 TOYHICTIO JO3yBaHHS BaroBi JJ03aTopu, aje MaloTh MepeBary 3a IIBUAKICTIO JO3yBaHHS
MaTepiaiiB.

Ha nanwit yac y xapuoBoMy BHPOOHHITBI HAOUTBII MIMPOKE 32CTOCYBAHHS OTPUMAIH [IHEKOBI,
TUTYH)KEPHI 1 MOpIIHEBi qo3aTopH [2].

VY poboti ToBaxkusacbkoro JI.JI., binenpkoro E. B., Tomuuncbkoro FO. A. [2] HaBeneHi pe3ynbraTu
BHBYCHHSI MTPOOJIEMH MaTEeMaTHIHOTO MOJCITIOBAHHS KBa3iB S3KOTO IMOTOKY PIAMHM y NIUIMHHUX KaHAIax
[IHEKOBHX TIPUCTPOiB. B pe3ynpraTi MopmenroBaHHs OyJno OTpPUMAaHO pIBHSHHS, IO JIO3BOJISIOTH
MOJIEITIOBATH T€Yil B’ A3KOIUIACTHYHUX PiTUH.

IlocraHoBka 3aBaaHb. B po0OTI TMOCTAaBICHO METY - MOCHIIUTH XapakTep 3MiHH TOYHOCTI
JIO3YBaHHS PIIKUX B’A3KUX MPOAYKTIB 3a JIOMIOMOTOK aBTOMAaTHYHOIO €HEPro30epiraroyoro o0iaHaHHS
3a YMOB 3MiHHU ()aKTOPiB BIUIMBY Ha MPOLIEC A03yBaHHS.

BukiaanenHss ocHoBHOro marepiamy. Jlns nocmimkeHHss poOoTH mo3aTopa Oyno po3pobieHo
eKCIIepUMEHTAIBHY YCTaHOBKY (puc. 1).

Puc. 1. EkciepuMeHTAJBHA JOCTiIHA YCTAHOBKA 103aTOpPa PiAKUX MaTepiaiis
B’s3kicTh pimkoro mNpoayKTy BHU3Hayalach 3 BHKOPUCTaHHSAM Bickosumerpa BIDK-2, Tuck
CTHCHEHOTO MOBITPS BCTAHOBIFOBABCS 3 BUKOPHCTAHHIM MaHOMETpA.
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3a I0MOMOTO0 [103aTOpa BUKOHYBAJIOCh I03YBaHHS TAKUX MaTepialliB K TOMATHHH CiK, KETUYyII,
MaiioHe3 (KOJKEH 3 IIMX MaTepiajiB XapaKTepU3y€eThCs TOKa3HUKOM MOJIEKYIIIPHOI B A3KOCTI).

[MpuBon ¢GopcyHKH - TMHEBMATUYHUH. 3aKpUTTS BHXOAY (DOPCYHKH JOCSTAETHCS 32 PaXxyHOK
HEPEMIIIeHHs IEHTPAJIBHOTO IITOKA, 10 MPHBOAUTHECS ¥ PyX 3a JOMOMOTrOK ITHEBMATHYHOTO LMIIH/IPA.
IITox 3’eqHaHMi 3 HOCHKOM (DOPCYHKH.

Xapakrep BUTIKaHHS PIIKOTO B’S3KOTO MPOAYKTY 3 HACAAKH Ta (JOPMYBAHHS PO3MOALTY
HIBUKOCTI PyXy MPOAYKTY 3aJie:KaTh Bij mapameTpiB Hacaaku (puc. 2).

Puc. 2. HapaMeTpn HacaaKku IlOCJIiI[)KyBaHOFO ao3aTopa

Li mapaMeTpy HACTYIHI:

- BiJIHOILIEHHS IOBXMHHU OTBOPY Hacaaku o ii miamerpa L/D;

- KyTa BXOAY J10 HaCcaJKH o,

-KyTa BUXOAY 3 Hacajaku f3,

- popmMa i MaTepias HaCaaKH.

3HavyeHHS KyTiB BXOJy B OTBip HACAJKH Ta BUXOAY 3 OTBOPY HACaIKH MOXYTb 3MIHIOBATUCS Y
Mmexax Big 0° mo 180°.

Y mHacaami CTPYMiHBb PIIKOTO TPOAYKTY HacamIepell CTHCKAETHCS, a IOTIM PO3IIHPIOETHCS,
JIOTUKAIOUUCH 10 BHYTPILIHIX CTIHOK HACAJKK Ta BUXOAUThH IIOBHUM IIEPEPI30OM.

Pyx pinkoro npoaykTy y IMIIHIPHYHIA HAacaaIli OOMEXYETbCs IEBHUM 3HAYEHHSIM MiHIMaJIBHOTO
TUCKYy Y CTHCHYTOMY Tiepepi3i. [loka3HHK IBOTO THCKY 3aJ€XWTh BiJ THUCKY, IO 3a0e3MedyeThes
IMHEBMATHYHUM IFUTIHApPOM. ToMy, BimMOBigHO Mae OyTH TIE€BHA MeEKa JJISI THCKY, IO CTBOPIOETHCS
MHEBMATUYHUM [WIIHAPOM. 3a BUINOTO 3HAYEHHS Bix Iiel Mexi SKICTh PoOOTH HACaTOK MOXKeE
MOTiPIITyBaTHCh.

Bynu mpoBeneHi ekcriepuMeHTaNbHI JOCTIKEHHS] POOOTH 03aTopa I BCTAHOBJICHHS 3HAYCHHS
THUCKY CTHCHEHOOTO IOBITPSI, 32 IKOTO MOXKE CIIOCTEPIraTHCh MOTIPIICHHS HOTO poOOTH, IO BUPAKAETHCS
y 3HIKCHHI TIOKa3HUKA TOUYHOCTI 103yBaHHsI. JloCTHiIKeHHs IPOBOAMINCH AJISl TPHOX PI3HUX BHIIB PIAKHX
npoxaykrie. Ha puc. 3 HaBeneHi pe3ynbpTaTé TOCIiKEHb.

1
2
0,55 | | I —
0,50 ——3 — ¢ 4 — 2
0,45
0,40

950  100,0 1050 1200 1250  130,0
P, klMa

Puc. 3. 3anesxHocTi 1J1s1 BU3HAYEHHSI TOYHOCTI 103yBaHHs: 1 - 1)1 MaiioHe3y; 2 - 1St
KeTuymy; 3 - 15l TOMAaTHOTO COKY.

Pe3ynpTaTé AOCHIIKEHD MOKA3alld, MO MPH JOCATHEHI MOKAa3HUKA THCKY CTUCHEHOTO MOBITPS
120 xIla i BuIEe mWOTpimHICTE MO3yBaHHS 3pocTac i crae Bumoro 3a 0,55 %, mo MoXHA TOSCHHUTH
YTBOPEHHSIM BaKyyMy y CTUCHEHOMY Tiepepi3i 103yro4oi Hacanku. [IpoTte, Taki MOXUOKYU TO3yBaHHS IIIE
BIZTHOCSTBHCS JIO JIONMYCTHUMUX.
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Jus Toro, mo6 3abe3neunTr eQeKTHBHE TO3yBaHHS PiTKUX MPOAYKTIB Y SKOCTI aBTOMaTH30BaHOI
€MKOCTI, 3 SIKOI IPOAYKT MOX€ MOAABATHUCH JI0 AO3YIOYOTO MPUCTPOIO MPOMOHYETHCS BUKOPHCTOBYBATH
HACTYIHY KOHCTPYKIito (puc. 3).

Puc. 4. ABTOMATH30BaHA EMKICTH JJI51 MOAAYi PiAKMX NPOAYKTIB: 1 - eMKicTh mocriiinoro
piBHSI; 2 - piBeHb NPOAYKTY; 3 - TPYOKa; 4 - kasiOpoBaHa Bara; 5 - BepxHiii piBeHb NIpoAyKTY; 6 -
KOPOMHUCJIO; 7 - TBUHT; 8 - ITOK; 9 - emkicTh; 10 - moniaBok; 11 - memOpana; 12 - pedopa; 13 -
poboua kamepa; 14, 16 - kiaananm; 15 - k1ananaa kopooka; 17 - immyabcHa Tpyoka; 18 - muck; 19 -
TpyOonpoBia.

Kopmyc po6odoi kamepu gepe3 pedpa >KOPCTKOCTI 3’ €THAHHUN 3 TPYOOIIPOBOIOM, 3’ €MHYE EMKICTh
1 ta emkicth 9. Kinananna kopo6Oka 15 3’eHana 3 eMKicTio 9 0oTBOpoM, a 3 eMmkicTio 1 - TpyOkor. OTBOpHU
i TpyOKa mepeKpHBaroThCS BiAMOBIAHO KinanaHaMu 14 ta 16, mo BCTaHOBIECHI Ha MTOKY 8.

Ha mToky Tako) 3HaXOIWUThCS TOIUIABKOBUH UYTIMBHH eneMeHT. BiH BUKOHaHWI y BUTISAL
TIOPOKHMHHOTO UTIHApA. HOro MOMOKEHHS peryIIoeThes 3a JOIOMOTOI0 TBUHTA 7.

I Tok mpucTpoOIO 3B’ I3aHUIA MAPHIPHO 3 OTHUM IJIeUueM KOpoMHciia 6, a iHIIe Horo miede 3B’ s13aHe
i3 3aHYpEHOI0 Y PIIKHHA TPOAYKT BEPTUKAIHHOIO TepMeTHYHOK TpyOkoro 3. Ilmoma ciueHHs miel
BEPTUKAILHOT TPYOKHW 3a 30BHINIHIM JiaMeTPOM piBHA JOOYTKY 3arajbHOi IOl MOMEPEIHNX CideHB
MOPOKHUHHOTO LMJIIHIpPAa Ta IITOKA 1 BiJHOUICHHIO JOBXHH IUIeY Kopomwucia. Ha omHOoMy 3 mieueit
KOpDOMHCIIa BCTaHOBJEHa KaniOpoBaHa Bara 4. IlojoxkeHHS KaniOpoBaHO! BarW BH3HA4Ya€ YCTaHOBKY
HEOOXiTHOTO PiBHS PiIKOTO MPOIYKTY.

[leBHiii mopii piIkKUX MPOAYKTIB BiANOBiAa€ piBeHb 2. [To Mipi ONOPOKHEHHSI MipHOT EMKOCTI THCK
Ha KjamaH 16 3HMKYeThCs, LITOK 8 OMYyCKAe€ThCS Ta BIIKPUBAETHCSA OTBIp, SKUHA 3’€qHYE €MKICTh 9 3
pobouoro kameporo 13, 3pocrTae cuiia TiAPOCTATHYHOTO THCKY Ha MeMOpaHy, IO BUTHHAETHCS 1 PiAKHiA
MIPOIYKT TI0 TPYOOTPOBOAY HAAXOAWTH y €MKIiCTh 1. IIpw MOCSATHEHHI PiBHSA PiAKOTO MPOAYKTY Y MipHIH
€MKOCTI HeOOX1THOT'O 3HAYEeHHS THCK Ha KiaraH 16 3a0e3nedye miJHATTS IITOKY i3 pO3MIIICHUMHU Ha HbOMY
KJIallaHaMU Ta IMePeKPUBaHHS OTBOPY, IO 3’ €IHYE CIIONyYae eMKIcTh 9 i3 pobouoro kameporo 13.

BucHoBox. Pe3ynbraTy npoBeaeHUX TOCIIKEHb TOKa3ally, 10 XapaKTep MPOLECy J03yBaHHS PIAKUX
B”SI3KMX MPOAYKTIB 3aJIC)KUTH BiJI PEOJIOTIYHUX BIACTUBOCTEH MPOAYKTIB Ta OCOOIMBOCTEH KOHCTPYKIT
Hacagku. Takoxk, OyJi0 BCTaHOBJICHO, 1110 IPH TUCKY cTUCHeHoro moBiTps nmonaz 120 klla cnoctepiraerbes
HOTipIIEHHs TOYHOCTI JO3yBaHHS Yepe3 BUHUKHEHHS BaKyyMy y IIPOCTOPI HACAAKH J03aTOPA.

Bymo 3anpornoHoBaHO KOHCTPYKIIiI0 aBTOMATH30BAHOTO €HEPro30epiratouoro MprUCTPOIO - EMKOCTI
JUIS TIOAa4i PiAKOTO MPOAYKTY, SIKa MA€ TiApaBIiuHUI MIPUBOJ BUKOHABYUX POOOUHX OpraHiB.
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PE3VJIbTATH JOCJIJUKEHD HAIIPY?)KEHOT'O CTAHY BAJIA KPUBOILIUIIA
RV PEJTYKTOPA

JhyysbKkutl HayioHANbHULL MEXHIYHUL YHIBepCUmem

B pooomi nposedeno 00cniornceHHA cCMamuyun020 HANPYICEHHA CMAHY 641y KPUBOWIUNY MdA POIMIP ZPAHUYHO20
3HAUEeHHA HANPYHCEHHA NAUHHOCII, W0 HeO0XIOHO0 0114 600CKOHAIEHHA KOHCMPYKUII ma mamepiany eany Kpugouwiuny.

Knwuogi cnosa:. san xkpusowuna, cmamuune nanpysxcenus, RV-pedykmop, nanpyoicenuii cmam, epanuys niuHHOCMi
Mamepiany, MaKkCUMAIbHe HANPYHCEHHS, Pe3VIbMAMU MOOEII08AHHS.

D.E. Seleznov, E.L. Seleznov, S.Y. Hrytsiuk

RESULTS OF RESEARCH ON THE STRESS STATE OF THE CRANKSHAFT OF THE
RV GEARBOX

The paper presents research on the static stress state of a crankshaft and the limit value of yield stress, which is
necessary for improving the design and material of a crankshaft.

Keywords: crankshaft, static stress, RV-reducer, stress state, yield strength of material, maximum stress, simulation
results.

Introduction. The design of the RV reducer includes a whole process from determining geometric
parameters, design to developing technological tolerances for dimensions. Due to the interaction of both
stages of the gear speed switching mechanism, when choosing their geometric parameters, it is necessary
to take into account the mutual limitation between them, and the impact on the transmission characteristics
of the reducer and the accuracy of processing and manufacturing of the reducer. However, the RV reducer
contains many key parts and assemblies whose design affects the characteristics of the reducer. The RV
reducer has a two-stage transmission: the first stage is a conventional spur gear 2K-H, the second stage is a
cycloidal KHV. The crankshaft is a key part, as it connects the two stages, and also supports and transmits
motion to the two cycloidal wheels. Since a key connection is used between the crank shaft and the planetary
wheel, the force perceived by the planetary wheel is transmitted to the crank shaft. All this requires targeted
research to develop parameters and design the RV reducer. To ensure the accuracy of the calculation, the
work uses the equivalent mode analysis method simultaneously with a simplified analysis of the perceived
effort.

During continuous testing of the RV gearbox under a given load, the crankshaft experienced varying
degrees of fracture. Therefore, in order to analyze the stress state of the crankshaft under a given load, and
to provide a theoretical basis for improving the design of the structure and material of the crankshaft, the
static stress state of the crankshaft and the size of the yield stress limit value were first analyzed. Through
theoretical calculation and finite element analysis of ANSYS, the stress state of each section of the
crankshaft, the bending stress limits and deformation were separately calculated, so that the analysis result
was close to the actual state of the object.

Research methods. Finite Element Analysis (FEA) is based on the modeling of physical objects
using mathematical algorithms [1, 2]. In this work, the modeling and analysis are performed using ANSYS
software [3].

ANSYS has three main modules: 1 - Preprocessing module: Creates a mock-up model and performs
finite element decomposition; 2 - Computational module: Analyzes structures, fields (fluid, magnetic) and
performs coupled analysis between different physical fields (e.g. thermal coupling); 3 - Final processing
module: Processes the results, including displaying cloud maps of stresses, displacements, and plotting
diagrams.

Static analysis typically does not consider the effects of inertia and damping in finite element
models. ANSYS is capable of performing linear analysis as well as complex nonlinear analysis, including
thermal expansion, plastic deformation, and creep deformation of parts. These capabilities make ANSYS a
leader in finite element analysis [3].

When creating finite elements [4], the main parameters for structural analysis are external force,
stress, deformation and displacement. For this, a geometric formula is created and conditions for the
associated contour are determined. The main equations and physical quantities of elastic mechanics are
expressed in the corresponding formulas.
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Presentation of the main material. Using ANSYS Workbench's proprietary CAD connectivity
interface, a three-dimensional model created in SolidWorks was loaded into Workbench.

The specific input process is as follows:

Launch the ANSYS Workbench software, open the "Toolbox" in AWB, find the "Analysis
Systems" taskbar, right-click "Static Structural”, and you can create a list of static structural analysis items
on the software interface.

Double-click "Geometry™ in the list of items to enter the ANSYS Workbench software, where you
will find the "Design Modeler" - a geometric modeling module. Click the computer file on the menu bar,
and then click "Import Geometry" in the open drop-down menu. After entering the external model, a file
selection dialog box will appear, where you can select the object model created in SolidWorks and confirm
it, thus completing the file selection. Clicking "Generate" will allow you to enter the model into ANSYS
Workbench. Fig. 1a shows the geometric model created in Workbench after the specific input.

Setting material properties. First, set the material definitions of various elements. The AWB module
has its own material database, which allows the user to directly call up material data and improves work
efficiency. If necessary, the user can manually add data to the material database to enrich and expand it.

ANSYS Workbench contains one of the largest databases of materials and includes parameters such
as material density, elastic modulus, Poisson's ratio, etc. By clicking on the name of the parameter, a window
will appear for editing the material properties, then you need to enter specific values in the corresponding
physical property field, and finally click the "Return to Project” button to return to to the main page of
ANSY'S Workbench, at which point the installation of material properties will be completed.

The quality of cell division is important in the analysis process and decides the accuracy of the final
analysis results. Usually, cell division is performed in an adaptive automatic way. It is divided into three
classes: coarse, medium and fine. The size of the cells is also one of the conditions that determines the
accuracy of the analysis results.

The smaller the cells, the more they are, the better the accuracy, but the amount of calculation also
increases. However, the results of the model analysis will be closer to the actual state, or vice versa.

Determine the cell type. Open the static structure list on the main interface of ANSYS Workbench
- find and double-click "Model", enter "Mechanical", that is, the window for cellular decomposition and
analysis of the structure, then find "Outline", expand the tree menu of the model "Model "under Project,
and find the item " Mesh". Set the cell size of the tetrahedral object (Element size) to 5 mm, leave the other
items by default. Right-click "Mesh", in the menu, then click the Generate mesh command. At this time,
Workbench begins to develop a mesh for the geometric object. The geometric model after cellular
decomposition is shown in Fig. 1 b. The total number of cells is 67,353, the total number of nodes is 32,136.

a b
Fig 1. Crankshaft model: a) simplified model, b) model obtained after cellular decomposition

Next, we conduct a stress state study. In order to better reflect the stress state of the crankshaft, it is
necessary to securely fix both ends of the crankshaft to ensure the convergence of the simulation results,
otherwise it is impossible to obtain the calculation results. Therefore, the stress or deformation response at
both ends of the crankshaft should be ignored in the simulation results (Fis 2).
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b c
Fig. 2. Simulation results: a) displacement diagram (w ), b), ¢) cloud stress diagram

Results. When the rotation angle (RV) of the crankshaft is equal & = 15° to the nominal torque, the
stress and strain values on it are as follows. According to the simulation results, it is established that the
maximum load value is concentrated in the crank (corresponding to the area shown in Fig. 4-5). The
maximum stress is 66 MPa. The crankshaft is made of GCr15 bearing steel, which after heat treatment
(quenching and tempering) acquires high and uniform hardness, good wear resistance and high resistance
to contact fatigue. The yield strength of this material is 608 MPa. Since the calculated maximum stress
(66 MPa) is much lower than the yield strength (608 MPa), the material fully meets the operating
requirements. According to the stress diagram, the maximum strain is 1,8 x10° mm. This maximum strain
is localized in the same zone of maximum stress - in the middle of the crankshaft.
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Vrpaincokuii epoicasnuii Haykoo-0ocnionuii incmumym ““Pecypc’™
Jhyyvkuti HayionanbHUll MexXHIYHUL yHigepcumem
Hayionanvruil yrnigepcumem 6iopecypcie i npupoOooxkopucmyeanus Yrkpainu

I'ABOI'EHEPATOP HA BYIVIEBMICHUX KOMIIOHEHTAX
MNNPOMUCJIOBHUX BIAXOAIB

3

Y cmammi euceéimneni numanua, noe’a3ami 3i CMEOPEHHAM 2a302eHepaAmMopa, 1020 KOHCMPYKUIEID, MeXHIYHUMU
0aHUMU, MEXHIUHOI0 MA MeXHONO02IuHOI0 ymosamu eKchnayamayii. 3a3naueno, w0 KOHCMPYKYia 2azozenepamopa
GIOPIZHAEMbCA 610 AHANO2I6 MUM, WO BOHA MAE 08I Kamepu 20PiHHA, 8 OOHINl i3 AKUX NPOXOOUMb NEPEUHHE CRATNIOCAHHA
nanuea 3 enemenmamu 2iOpoaizy ma ¢ iHwiiii ocmamoyune cnanioeanns, oe 3zoparoms nanueni 2azu (CO, CHs, C2Hes, H ma in.)
i exonoziuno uucmi nanueHi 2azu nooaromsca 00 menaocnoxcusaua. /{na 3adeneuenna ehpexkmuenozo opiHHA nanuea ma
nanueHux 2azie y KOHCMPYKUii 2azozenepamopa nepeddaueno 06a 003amopa — nooaui NEPeUHHO20 Ma 6MOPUHHOZ0 ROGIMPSL.
/na  epekmuenoi pobomu zazozenepamop KOMRIEKMYIOMb O000amMKO6UM O0O0JAOHAHHAM. WIHEKOM NOOaui nanuea,
GEHMUNAMOPAMU HAOOYBY NOGIMPA MA 8I06€0EHHA OUMOBUX 2A3i8, KOHMPOILHO-BUMIPIOBATLHUMU RPUTAOAMU A CUCIEMOI0
asmomamuxu. Hagedeni ocnosni napamempu 2azozenepamopa, 11020 mexnoa02iuni NOKA3HUKU, YMOGU eKCRIIyamaujii.

Kniouosi cnosa: eazozenepamop, KOHCmpyKyis, nameo, mexuiuni ma mexHoa02iuni ymogu excniyamayii, epexmusHicme.

Z. Sirko, V. Vashchenko, M. Tolstushko, O. Yeremenko N. Tolstushko
GAS GENERATOR BASED ON CARBON COMPONENTS OF INDUSTRIAL WASTE

The article highlights issues related to the creation of a gas generator, its design, technical data, technical and
technological operating conditions. It is noted that the design of the gas generator differs from analogues in that it has two
combustion chambers, in one of which the primary combustion of fuel with hydrolysis elements takes place and in the other the
final combustion, where fuel gases (CO, CH4, C2H6, H, etc.) burn and environmentally friendly fuel gases are supplied to the
heat consumer. To ensure efficient combustion of fuel and fuel gases, the design of the gas generator provides two dispensers -
primary and secondary air supply. For effective operation, the gas generator is equipped with additional equipment: a fuel
supply screw, air pressure fans and flue gas removal, control and measuring instruments and an automation system. The main
parameters of the gas generator, its technological indicators, operating conditions are given.

Keywords: gas generator, design, fuel, technical and technological operating conditions, efficiency.

IMocTanoBKka nMpooaeMH. Y CTaTKyBaHHS OIJIBIIOCTI KOTEJICHb, 10 B JAHUW Yac SKCIUTYaTYEThCS, HE
BIJITIOBiIa€ BUMOTaM €KOJIOTii, eHepro30epe:keHHs, aBTOMarTh3ailii, Oe3meKu Ta HaIiiHOCTi. 3HAYHE
MopaibHe Ta (i3WYHEe 3HOIIECHHS IBOTO yCTaTKyBaHHS Hocsrae Omm3pko 50%. PeampHuil koedirieHt
KOPHUCHOI JTii TETIOTeHEPYIOUNX YCTAaHOBOK CTaHOBHUTH Oist 70%, mo Ha 20-25% Hipkde Bix MPOSKTHUX
MOKa3HUKIB. BuTtpara manmea 3 meroro orpumanHs 1 ['kan TemynoTd 3HaYyHO OibIa, HIX Y PO3BHHEHHX
KpaiHax.

Hapeneni o0OCTaBMHM 3yMOBIIOIOTH JONUIBHICTH BIIMOBH Bil TPaJMIIHHUX  BEITHKHX
HEHTPaJi30BaHUX CUCTEM T'eHepallii TerIa Ta Nepexomy 10 CTBOPEHHS HOBHX JIOKAIbHUX CUCTEM HEBEITIHKOT
OJUHUYHOI MOTY>KHOCTI.

Ilim 9ac CTBOpeHHS 3a3HAYEHOTO HOBOTO YCTaTKyBaHHS BaXKIUBO, 100 eQeKTHBHO
BUKOPHCTOBYBAJIOCS OpTaHiYHE MAJIMBO Ta CIIOCTEPIrajoch 3HAYHE 3MEHIICHHS BHWKHUIIB IIKIiITABHX
PEYOBHH Y HABKOJIMIIHE CEPEIOBUIIIE.

TemmooOMiHHI MPOIIECH Yy TONKOBUX KaMmepax Majnoro o0’eMy MOBHHHI IMiJBUIINTH €(EKTUBHICTH
CHAITIOBAHHS MAJMBHOI CHPOBHHHU IIEPEBAKHO POCIWHHOTO IMOXOPKEHHS, 3HAYHO 3HWU3WUTHU 3a0pyAHEHHS
aTMOC(EpPHOTO MOBITPS HABKOJIUIIHBOTO CEPEIOBUIIIA BUKUIAMH IKiITTABHX PEUYOBHH.

AHaJi3 ocTtaHHIX gocaimkeHb i myOJikamiii. Po3BuTOK eHepreTuku B YKpaiHi MOBHHEH MaTH
BUPIMATHHUM BIIUB Ha CTaH €KOHOMIKH B ITIJIOMY, IO 3a0€3MTeYNTh HAJIC)KHUHN PiBEHB KUTTS HACCICHHS
KpaiHi. 3amopyKo0 [bOTO IIOBHHHO CTaTH EKOHOMIYHO OOTPYHTOBaHE Ta €KOJIOTIYHO Oe3revHe
3a0e3IeyueHHs KpalHu Ta HaceJIeHHs SHePreTHYHUMU pecypcamu [1].

Eneprernka chOroficHHS TOBHHHA TepedTH Ha e(eKTHBHE 3a0e3MeUYeHHsI CTaJloT0 PO3BUTKY
€KOHOMIKM Ta COLiaNbHOI cepr KpaiHh OCHOBHMMH BHIAMH €HEPTOHOCIIB (€IEKTPHYHOI Ta TEILTOBOI
SHeprii, pi3HUMHU BUIaMH MATKBA, IPUPOIHOTO rasy).

Eneprernuna crparerist kpaiHu MOBHHHA OyTH CIIPSIMOBaHa Ha JAOCSTHEHHS HaIliOHAJIBHOI Oe3IeKH,
HE3aIEKHOCTI Ta 3aI0BOJIEHHS €HEPIeTHIHUX MoTped cycminbeTia [1].

Junst ciantoBaHHS B €HEPreTUYHUX YCTAaHOBKaX BUKOPHCTOBYIOTH OIOMAIMBO, IO YSBISIE cOOOIO
BiJIXOJIM arpapHHX, MepepoOHHUX, JIICO3aroTiBeIbHUX, 1ePEBOOOPOOHHX Ta IHIIMX BUPOOHUIITB, & TAKOXK 3
0ioMacu eHepreTHYHHX Haca/pkeHb [2]. 3a3HaueHo, MO0 PO3BHUHYTI KpaiHM CBITY Ha CydaCHOMY eTarli

© 3.C. Cipko, B.B. Bawenxo, M.M. Torcmywxo, O.1. Epemenxo, H.O. Torcmywxo

185



Mixcey3ziecoruil 30ipnux «HAYKOBI HOTATKH». Jlyyvk, 2025, Ne85

MOHOBITIOIOTh CBOI MATMBHO-CHEPIeTHYHI PECypCH TBEPIUMH BHIaMU OilomaivBa sK Ha E€KOHOMIYHO
BHTITHUHN Ta €KOJOTIYHUH BU BiTHOBIIIOBAIHHOI €HEPTETUKH.

B po6ori [3] 3a3HaueH0, 1110 CHATIOBAHHS BUKOITHOTO MAJKBA JJIs OTPUMAaHHS €HEPTril 3aB1a€ 3HaYHOT
IIKOJI HABKOJIUIITHHOMY CEPEIOBHIILY.

ABTEpHATHBOIO ITHOTO BUAY IMaanuBa MOke OyTH OiomannBo. BOHO BHTOTOBISETHCS 13 POCIMHHOI
CHPOBHMHH 1 € BIIHOBJIIOBAaHMM. 3TiJIHO 3 PI3HUMHU JOCITIDKEHHsMH [4-7] GiomanuBo MOXe CKOPOTHUTH
BHUKH]IM MAaPHUKOBUX Ta3iB Outbmn Hixk Ha 60%. BionmanuBo Ha BiAMiHY BiJ] BUKOITHOTO MajHBa MIiCTHUTh
MEHIII KOHIEHTpaIii XiMiYHUX pedoBHH. biomannBo MoxxHa BHPOOJIATH JOKAIBHO, TaM Jie¢ HOro OyIyTh
CHAJIIOBATH 1, TAKMM YMHOM, 3MECHIIIUTH TPAHCIIOPTHI BUTPATH.

AHai3 IOCHiPKeHb MMOKa3aB, IO ISl CHANIOBAHHS, Y TOMY YHCIi B CHEPreTUYHUX yCTaHOBKAX,
BUTITHO 3aCTOCOBYBAaTH OIiOMAJMBO i3 POCIUHHOT CHPOBHHH, SIKE € BiHOBIIOBAHHM, MEPCICKTHBHUM,
€KOJIOTIYHO OE3MeTHNM.

[ocTranoBka 3aBaaHb. Mera OOCHIIKEHHS — PO3POOUTH KOHCTPYKINIO TazoreHeparopa 3
MOJIMBICTIO OTPUMaHHS BUCOKOKAJIOPIMHOTO Ta EKOJIOTIYHO OE3MEUYHOr0 FeHepaTOPHOTO Tazy.

BuxnanenHsi ocHoBHoro marepiajy. Ilig gac BukoHaHHA poOOTH OyaW 3acCTOCOBaHI HACTYITHI
METOJIM — aHAJITHYHUHN, CTAHIAPTHUN METOJ OIIIHKH SKOCTI BUKOHAHHS TEXHOJOTIYHOI'O IMPOIECY Ta
BCTaHOBJICHHSI HOTO BiAMOBIAHOCTI YKPaiHCEKUM CTaHIapTaM 3 O€3MeKH Ta eproHOMIYHOCTI.

YMmoBu BHUNpoOyBaHb TeHepaTopa. Temmeparypa moBitps 17,4°C, Bomoricte — 34,4%.
BukopucToByBaIn TpH 3pa3Ky NaMBa: 3pa3ok 1 — Bosrora 6ioMaca; 3pa3ok 2 — IepeBUHHA TPpicKa Ta THPCA,
3pa3oK 3 — MeJETH i3 JTYIINUHHS COHSIITHHUKA.

Ha ocHOBI momepeiHiX TOCTiIKEeHb Ta30reHepaTOPHUX YCTAHOBOK Ta 33 Pe3yJibTaTaMU MaTEHTHOTO
momIyKy Oyia po3pobiieHa KOHCTPYKIIist razoreneparopa [8], cxema sikoro HaBejgeHa Ha puc. 1.

Puc.1. 'azoreneparop: 1 — kopmyc; 2 — 3aBaHTaKyBaJbHUIl OTBIp AJ11 NanuBa; 3 — ABepPUATA;
4 — xamepa ropinnsi; 5 — 103aTop noaayi NePBUHHOIO NMOBITPS; 6 — MypoBoOYHE BiKoOHIE; 7 —
ABEPUSTA LIYPOBOYHOI0 BiKOHIS 3 103aTOPOM NoAavi noBiTpsi; 8 — 103aTop mogayi BTOPMHHOTO
noBiTpd; 9 — ABepuATa 30abHUKA; 10 — 30Ha 0CTaTOYHOTrO cniaj0BaHHsA; 11 — KOJIOCHUKOBA
peuiTka; 12 — 30JbHMii 3aaumo0K; 13 — oTBip AJIs1 BiABOAY NAJHBHOIO ra3y 10 TENJIOCHOKHBAYA;
14 — manuBo, 10 YACTKOBO 3ropijio Ta 00Byramiocs; 15 — maauso
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l'a3orenepaTopHa ycTaHOBKAa BHUTOTOBJIEHA JUIA IIOMIPHOTO KIIMAaTHYHOIO padoHY, A0 SKOTO
HaJeKHUTh YKpaiHa Ta 30epirac CBOi TEXHIUHI IMOKAa3HUKH ITiJT Yac SKCIUTyaTallii 3a TaKuX KIIMaTHIHHX
YMOB: TEMIIEpaTypa HaBKOJUIIHBOTO MoBiTpst — 40 — 45°C; BigHOCHA BOJIOTICTH MOBITPS, 32 TEMIEpaTypu
25 °C — 1o 98%; armocdephuii Tuck — 84 — 106,7 klla; 3anuieHicTs HABKOJIUIIHBOTO MOBITPS — He OijbIe
2,5 Mr/m®. Jnst eheKTHBHOT pOGOTH ra30reHepaTop KOMILIEKTYEThCS OAATKOBUM 0OJIaIHAHHAM: IITHEKOM
noJiayi NajyuBa; BEHTWIATOPOM HAJIYBY HOBITPS; BEHTHIISI TOPOM-THUMOTSTOM JUMOBHX I'a3iB; KOHTPOJIBHO-
BHUMIpPIOBaJIbHUMH MPUJIaJaMHt; IyJIbTOM KEPyBaHHS Ta aBTOMATHKU.

l"a3orenepaTop mpaiioe HaCTYIHHM YMHOM. Uepe3 3aBaHTaKyBalbHUI OTBIp KOpIyCy MOIAIOThH
nmanuBo (ApoBa, JEPEBHHHI Bimxoau, OiomMaca pPOCIMHHOTO MOXOKEHHS 0e3 OOMEXeHHS MPUPOIHOI
BoJorocri). JIBepusTa BUKOHAHI TBOKAMEPHUMH JUIS MiAICPiBaHHS TOBITPSI, IO TOCTYIAE Yyepe3 J03aTop.
B HIKHIN yacTHHI KaMepH TOPiHHA 320€3MeUy0ThCsI HAaHOLTbIIT e)EeKTUBHI YMOBH Ta30yTBOpeHHs. [lamnBo
JaCTKOBO 3ropa€ Ta OOBYTIIIOETHCS Y BUTIISIL IEPEBUHHOTO BYTUUIA. B 30HI ra30yTBOpEHHS BiIOyBa€THCS
PO3KIIQIaHHs BOAM IO ATOMApHOTO CKJIAy i YTBOPEHHS IHIIMX BYTJICBOJAHEBUX CHONYK Ta KoHBepcis CO;
B CO.

Uepe3 mIypoBOYHE BIKHO 3[iMCHIOIOTH BHJQJIEHHS 30JIbHOTO 3aJIMIIKY, IO HAKOIMYYEThCA Ha
KOJIOCHWKOBIH pemritii. [llypoBouHe BikOHIIE Mae ABepUATa 3 J103aTOPOM I0J[adi MEPBUHHOTO MOBITPSL.
[ManuBHI Ta3y, U0 YTBOPWIKCS B HIDKHINA yacTuHi kamepu ropinas (CO, CHs, CoHs, H Ta iH.) 3ropatoTs B
30H1 OCTATOYHOT'O CHATIOBAHHS, [0 3HAXOAUTHCA i KOJTOCHUKOBOIO PEILiTKOIO.

30JIbHUM 3aJIMIIOK BUJAISAIOTH Yepe3 ABEPIATa 30JIbHUKA, 110 MAIOTh A03aTOP IOAAa4Yi BTOPHHHOTO
noBiTpst. Yepe3 oTBip ManuBHI ra3u MOJAIOTHCA 10 TEIUIOCIIOXKMBAYa, a TUMOBI ra3u BUAAISIOTHCS Yepes
IUMoXif. 30/a 3cuIaeThecsl B repMeTHYHUN KoHTeiHep. [lix yac BuKopucTaHHs 4ucToi Oiomacu, 30JbHI
3QJIAIITKA BUBO3SITH Ha YTHIII3aIlif0 a00 I TPoJaky — B IKOCTI HATYPaIBHOTO MiHEpaIbHOTO TOOpHBA.

Jliis 3ano0iraHHs BTpAT TEIUIa BECh KOPIYC ra30oreHepaTopa i30JF0EThCS CKIOBOJIOKHOM BHCOKOI
LITBHOCTI, @ Kamepa TOpiHHS BUTOTOBJIEHA i3 maMoTHOI meriau. OCHOBHI mapameTpH ra3oreHeparopa
HaBeneHi y Tab. 1.

Tabn. 1
OcHOBHI mMapamMeTpH ra3oreHepaTropa
Ne XapakTepucTuka [Toka3Huk
1. | BcraHoBieHa TEIIOBA TOTYXHICTh 98 kBt
2. ITuromuit KKJ1, % 94
[MuToMa MpoAYKTHUBHICTH Ta30T€HEPaTOpa, BUXi/ CyXOro ra3y 3 HaluBHOT
CHUpPOBHHH, HE MEHILIE!
3. | — Bonora Giomaca, 2,0 M¥/xr
— JIepeBUHHA TpicKa Ta THPCa, 2,1 m3/xr
— MeJIEeTH 3 JYLINUHHSI COHSIIHUKA. 2,4 M¥/xr
4. | Yac posnanroBaHHs ra3oreHeparopa, He OuTbIIe 25 xB
5. | HoMiHanpHe 3HaUeHHS HAIPYTH JKUBJICHHS BEHTHJISITOPIB 220 B
6. | ITotik moBiTpst 7000 m/ron
7. | TpuBanicTs poOOTH razoreHepaTopa B CTa0IbHOMY PEXKHMIi, He OUTbIIe 2 ToiuH

B mporueci gocmimkenHs ra3oreHepaTopa Oyl BCTaHOBJICHI WOTO TEXHOJOTIUHI MOKAa3HUKH, SKi
HaBeneHI y TaOy. 2. TeXHOJNOTIYHHMN MpOIeC CHATIOBAHHSI KEPYETHCS EICKTPOHHUM TEMIIepaTypHUM
naT4ukoM. JIroIchKui hakTop BIUIMBY Ha TEXHOJOTIYHUHN MPOLEC MPAKTUIHO BiJCYTHIH.

TexHOJIOTiYHi MOKA3HUKHU ra30reHeparopa

Tabn. 2

No MokasHuk 3HaquHg 3a IJaHUMH
JIOCITI/DKCHBb
1. Yac pob0TH Ha OJTHOMY 3aBaHTAKCHHS, TOJ 6,5
2. KinpKicTh 3aBaHTaXCHb Ha 7100y, pa3iB 3-4
3. Burparu namusa (minsaicts 230 xr/m®), M¥/ron 0,2
4. Po6ouiii 06’eM KaMepH TOpiHHS, M° 1,3
5. Brparu nanuBa mijg yac 3aBaHTaxKeHHs B OyHKep, %0 BiJICYTHI
6. TemnepaTypa rasy, 1110 HaIXOIUTh B cuctemy, °C 850
7. ®daktuunuit KK/, % 85
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Ha natuuky oneparop BucTaBisie HEOOXiTHY TEMIEPATypYy 1 i Yac 3HWKEHHS 3a/1aHO1 TEMITepaTypu
ABTOMATHUYHO CHPAINbOBYE IATYUK, SKAW BMUKA€ ITHEKOBHH TPAHCIIOPTEP U1 TOJadi MajwBa B 30HY
ropiHHs abo 3BYKOBHUI CHTHAJI JJIs ONIEPaTopa, KU 00CIIyrOBY€ Ta30reHepaTop.

JlocimKeHHs ToKa3aiy TaKoXk, IO Ta30TeHepaTop MOXKe OOCIyrOBYBAaTH OIEPATOp, KU MpPaIoe
3a CyMICHHUIITBOM. ['a3oreHeparop He moTpedye 3HAYHMX 3aTpaT Iparli omepaTropa Ha MOTo TEXHIYHE Ta
TEXHOJIOTIYHE O0OCIyroByBaHHs, Ma€ CHUCTEMY MiAJyBaHHS IMOBITPs, EJIEKTPOHHOTO KOHTPOIIIO
TEXHOJIOTIYHOTO NPOLIECY 3aBAHTAKCHHS Ta CMIAIIOBAHHS, 10/1a4i IPOIYKTY TOPiHHS (Fr€HepaTOPHOTO rasy)
IO TETUIOCTIOKHBAYA.

BucHoBkm.

1. Po3pobiieHa KOHCTPYKLisi ra3oreHepaTopa, sika J03BOJISIE 3MEHIIUTH €HEPrOBUTPATH 3aBISKU
3aMIMEHHIO TPAAWIIHHUX BUAIB ManuBa Ha OiomMacy Ta OTPUMYBaTH TeHEPATOPHHH Ta3 BHUCOKOL
KaJIOPIHHOCTI.

2. Koncrpykiiist razoreneparopa 3abe3neuye noBHe 3ropanns nanuBHux rasis CO, CHs, CoHg, H Ta
iH. Ta MoJa4y 40 TEIJIOCIOKHMBa4a €KOJIOT1YHO YUCTOTO TeHEPaTOPHOTO rasy.

3. Kamepa ocTaTo4HOro CrajitoBaHHS MPOIYKTIB ra3oreHepariii 3 103aTOpoM I0[a4i BTOPUHHOI'O
MOBITPSI CHIPHUAIOTH 30UIBIICHHIO €QEeKTHBHOCTI 3rOpaHHS TajKBa, a TaKOX aBTOMATH3aIlisl TPOLECY
cnamoBaHHA 103BoauTh miaBumuti KK/ razoreneparopa no 90%.
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3BEPEXKEHHSA AIKOCTI BEH3UHY ABTOMOBIJIBHOI'O B YMOBAX
JOBI'OTPUBAJIOI'O 3GEPIT'AHHS

Y cmammi euceimneni numanmnsa, noe’a3’ami 3 O0CHIOHCEHHAMU AKOCHMI ABMOMOOINbHO20 0OeH3UHY hid uac
00620mpueano2o 3oepicanns. 3aznaveno, wio Ykpaina 60100i€ He3HAUHUMU 3anaAcamu HAPMOnPoOyKmie, 30Kpema OeH3UHie.
Tomy neo6xiono cmeoprosamu MiHiMAaIbHI 3anacu, AK ye RPAKMUKYEMbCA Y po36unenux Kpainax. /locumv akmyaibHum €
30epercenns AKICHUX NOKA3HUKIG OEH3UHY Rni0 uac 00820Mpueanozo 30epizanHa ma eKonoiunoi Oe3neku nio uac ix
mpancnopmyeanns i 30epizanna. Ilokazano, wio na Qizuko-ximiuni nOKA3HUKU OeH3UHY NI YAC 00820MPUEATIO20 30€PicAHHA
Oie Oazamo axkmopie. 63aemo0ia 3 KOHCMPYKUINHUMU Mamepianamu pe3epeyapie, eniue 306HIWHIX hakmopis, ymoeu
30epizanna ma mpancnopmyeanna mouwio. Tomy earxcnueo npoeecmu uUnpoOyeanns 0OeH3UHY ABMOMOOINbHOZO niciA
00620mpusanozo 30epizanna Ha 6i0NOGIOHICMY 11020 AKICHUX NOKA3HUKIE 8UMO2AM CINAHOAPMY.

Kntouosi cnosa: benzun asmomobinohuil, 0062ompugaine 3oepicanis, Qizuxo-ximiuni nepemeopents, ymosu 30epicants ma
MPAHCNOPMYBAHHS, 3MIHA SKICHUX NOKA3ZHUKIG OEH3UMY .

O. Nilov, V. Vashchenko, Z. Sirko, M. Tolstushko, N. Tolstushko

PRESERVATION OF THE QUALITY OF AUTOMOTIVE GASOLINE DURING LONG-
TERM STORAGE

The article highlights issues related to studies of the quality of automotive gasoline during long-term storage. It is noted
that Ukraine has small reserves of petroleum products, in particular gasoline. Therefore, it is necessary to create minimal
reserves, as is practiced in developed countries. The preservation of the quality indicators of gasoline during long-term storage
and environmental safety during their transportation and storage is quite relevant. It has been shown that many factors affect
the physicochemical parameters of gasoline during long-term storage: interaction with the structural materials of tanks, the
influence of external factors, storage and transportation conditions, etc. Therefore, it is important to test automobile gasoline
after long-term storage for compliance of its quality parameters with the requirements of the standard.

Keywords: automobile gasoline, long-term storage, physicochemical transformations, storage and transportation
conditions, change in gasoline quality parameters.

[ocTtanoBka npodsemu. YkpaiHa BoJoJi€ HE3HAYHIMH 3aniacaMi HaTOMPOAYKTIB, AKi HEOOXiaHI
s Oe3mnepediifHoro (GYHKIIOHYBaHHS HApOJHOTO TOCHMONAPCTBA. 3 METOH 3a0e3MedeHHs TOCTaTHBOL
KUTBKOCTI HaTOTIPOIYKTIB, HEOOXiTHUX IS HOPMaJIBEHOT pOOOTH, 3HAYHA iX KITBKICTh IMITOPTYEThCS. Jlms
3armo0iraHHs HAaCHiIKiB MOXIIMBOI HecTadl HaTONPOIYKTiB, HEOOXiTHO CTBOPIOBATH MiHIMAIIbHI 3aIlacH.
Jocuth akTyanbHUM € 30epeXeHHS SKOCTI MajlMB IiJl Yac JOBTOTPHBAJIOrO 30epiraHHs Ta €KOJOT1YHOi
Oe3rmeku Tij 4ac ix TpaHCHopTyBaHHSA 1 30epiranHs. EdeKTHBHICTH BUKOPHUCTAHHS aBTOMOOITHLHOTO
OCH3MHY TOB’s3aHa 3 MOXJIMBICTIO PETYJIOBaHHSA (i3MKO-XIMIYHHX IMPOIIECiB, IO MPOTIKAIOTh MijJ dac
B3a€MOJI1 3 KOHCTPYKUIHHUMH MaTepiajlaMy Ta 30BHIIIHIM cepeJOBHUIIEM il 4ac Horo TpaHCIOPTYBaHHS
Ta JOBrOTpHBaJioro 30epiraHHsA. BrumB 30BHINIHIX (PaKTOpiB MOXe MPU3BECTH A0 TaKUX IMPOLECIB K
KpHUCTaTi3allis, MOTJIMHAHHS BOJIOTH, BUIAPOBYBAHHS i YTBOPEHHS 3a0pymHeHb. TakoX CIOCTEPITAETHCS
(hi3MKO-XiIMIUHI MEPETBOPESHHS TaKi SIK OKUCHEHHsI, KOHJIGHCAIlis, TojliMepur3alis Ta AecTpykiis. Ha3sani
MPOLIECH BUKJIMKAIOTh 3BOPOTHI Ta HE3BOPOTHI 3MIHHM SIKOCTI OCH3MHY Ta MaTepiamiB, 3 SKHUMH BiH
KOHTaKTy€e. ABTOMOOIIHRHIHN OCH3MH, IO MPU3HAYESHUN I JOBTOTPUBAIOTO 30epiraHHs, MIOBUHEH MaTH
CHelialbHl XapaKTePUCTHKH, SIKi 3MOXKYTh 3a0€3MEYMTH 3MEHIICHHS BTpAT MijJ Yac JOBTOTPHBAJIOTO
30epiranHs Ta 30epe’KeHHs IOKa3HUKIB SKOCTI.

AHami3 ocraHHix gocaimkedb i myOaikamiii. Bimnosinno mo Jlupexktusu 2009/119/€C y
PO3BHHEHHX KpaiHax CTBOPIOIOTHCS MiHIMalbHI 3anmacu HadTOmpoaykTiB. Jlo UX KpaiH BiJHOCHTHCS i
Vkpaina, sika B3sula Ha ceOe 3000B’s3aHHS CTBOpUTH Taki 3amacu [1-3]. Jlo mamuB, mo BXOIATH 10
JIepKaBHOI CHCTEMH 3amaciB Ha(TOMPOAYKTIB, BIIHOCHTHCS aBTOMOOUNBHUII OeH3WH. BiH MOBUHEH
BIZIITOBiaTH BUMOTaM « TeXHIYHOTO peTJIaMEeHTY IIOJ0 BUMOT JIO0 aBTOMOOUTHPHUX OCH3WHIB, TU3EIBHOTO,
cynaHoBux Ta kotenbHux namue» [4] ta JICTY 7687:2015 «bensunu aBromoOinbHi €BPO. TexHiuHi
ymoBu» [5]. 3 MeTOI0 MOBrOTpUBAIOrO 30epiraHHs OCH3WH TAKOX IMOBHHEH BiJMOBIIATH BHMOTaM
JCTY 8704:2017 «bensunn aBTOMOOINBHI mOBroTpHuBajoro 3oepiranns. Texuiuni ymoBm» [6]. Ilum
CTaHAAapPTOM BCTAaHOBJICHO TapaHTIHNUN TepMiH 30epiraHHs — TPU POKH 3 MOMEHTY BUPOOHHIITBA.

BMicT npoyKTiB KaTadiTHYHUX TPOLECiB NepepoOKn HaTH MPU3BOJUTD JI0 BMICTY JIETKO KHIT SIYUX
KoMIOHeHTiB. CamMe BOHH CKJIaJal0Th OCHOBHY YaCTHHY KOMIIOHEHTIB, 110 BTPAYAEThCA 1 iXHS OLIBIIICTD
3HaXoAuThCs y OensuHi [7, 8]. 3MiHa AKOCTI ManuBa Mg 4ac JOBTOTPHBAIOrO 30epiraHHs 00yMOBJIEHA
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(h13UKO-XIMIYHUMHE TIPOIECAMH, SKi MPOTIKAIOTh 3 PI3HOI MIBHAKICTIO 1 3aJI€KaTh BiJl BYTJIEBOJAHEBOTO
CKkianay OeH3WHy, 30BHINIHIX (akTopiB, PIBHSA 3alIOBHEHHS pe3epByapiB, MPHUCATOK Ta TEXHOJOTII
30epiranns [9-12].

IMocTanoBka 3aBaanb. MeTa MociikeHHS — 30€peXeHHs IMOKA3HUKIB SIKOCTI Ta 3a0e3leueHHs
MIPUAATHOCTI OCH3WHY MPOTATOM BCHOTO TEPMIHY TOBIOTPHBAIOTO 30epiranHs.

BukianeHHsi OCHOBHOro Mmartepiany. ABTOMOOUIbHI OCH3WHHM, MpU3HAYeHI Ui (OpPMYyBaHHS
3amaciB  Jep)KaBHOTO MaTepiaibHOTO pe3epBy, IOBHHHI MaTH CHELialbHI XapaKTEPUCTHKH, IO
3a0e3IevyIoTh:

a) 3MEHIIICHHS TPOIIECIiB OKUCHEHHS Ta OCMOJICHHSI i/l 4ac JJOBIOTPUBAIIOTO 30epiraHHsl.

BMicT HeHacHueHHX BYIJIEBOAHIB Mae OyTH MiHIMAJbHUM, a BMICT OKCHTCHATHHX CIHOJNYK, SIKi
CTIIPUYUHSIOTH MIBHJIKE OKHCHEHHs (32 BUHATKOM eTepiB Cs 1 BUIlE), B3araji MOBUHEH OyTH BIJICYTHIM,
t06TO0 MeHImUM Hix 0,17% 3rigro JICTY EN 1601 a6o menmmim Hix 0,20% 3rigao JACTY 7683. Kpim Toro,
OCH3WHH JOBrOTPUBAIIOTO 30epiraHHsi MOBUHHI XapaKTepH3yBaTHCS 3HAYHO BUIUM 3HAYCHHIM MOKa3HUKA
«CTabimpHICTh 10 OKUCHEHHS (IHAYKIIHHUH Mepion)», HiX 3BUYaliHi OCH3UHU,

0) 3MEHIIEHHs IIPUPOTHOrO YOYTKY il Yac JOBIOTPHUBAIIOTO 30epiranus.

VY rtakux OeH3MHAX 3HAYCHHS BEPXHBOI MEXI THCKY HacH4YCHOI mapu Mae OyTH HHWXKYe, HIK Y
OeH3nHax JJ1s1 MOTOYHOTO 3aCTOCYBaHHs, a 33 PpaKUiifHUM CKJIaJOM BOHH MArOTh OyTH OiMTbII BaXKKUMU,

B) 30epeKEHHs MOKA3HHUKIB SKOCTI MPOTATOM BU3HAYEHOTO TAPaHTIHHOTO CTPOKY.

CydJacHi TeXHOJIOTii BUTOTOBJICHHS aBTOMOOUTHHIX OCH3MHIB TIepe10av4aroTh BBEACHHS 110 iX CKIIAITy
BEJIMKOTO CIIEKTPY MPHUCATO0K/TTAKETIB MPUCATIOK, TEPMiH 30€peKEHHS BIACTUBOCTEH OLIBIIOCTI 3 SIKHX, K
MpaBwiio, 0OMEXEeHUI TapaHTIHHUM TepMiHOM OeH3uHIB. [Ipucagku 3 4acoM CXHIIBHI 10 pO3KJIaIaHHs Ta
JIETKOCTI, IO MPHU3BOJIUTE IO MOXKIMBOTO PO3IIapyBaHHS MPOAYKTY Ta MOTIpHIeHHSA (Di3UKO-XIMITHHX
NOKa3HUKIB. TOMYy BBa)a€Thcs, O OEH3WHM, PU3HAYCHI JJISI JOBITOTPUBAIIOTO 30epiraHHs, He TIOBHHHI
MICTHTH Y CBOEMY CKJIaJli IPUCATOK i J0OABOK, OKPiM aHTHOKHCHIOBAJIbHUX.

VYxkpHJI «Pecypc» mpoBeieHi MOCIIHKEHHS aBTOMOOLIbHOTO OeH3uHy A-92-€Bpo5-E5 3rigHo
ACTY 7687:2015, mo Bupobnenuit IIAT «VYkpratHadra» y cepmui 2019 p., saxumil MicTHB
GaraTodyHKIiOHATBHMI MakeT mnpucagok Mapku Keropur® Energi xonmepny BASF 3 mumounmu
BractuBocTsIMH Yy KinbkocTi 0,055+£0.0055% (Mac). ABToMOOITBHUI OCH3UH 30epiraBes y 3ariuOieHOMY
TpaHmeiHoMy craiapbHoMy pezepByapi PTC-5000. JlocmimkeHHS MPOBOAUIIUCSA B paMKax IMEPiOAMIHOTO
KOHTPOJTIO TPOTSTOM KUTTEBOTO IUKITY aBTOMOOUTFHOTO OEH3MHY, a caMme 2 poku. MeToau BUpoOyBaHb
aBTOMOO1TEHOTO OeH3UHY A-92-€Bp05-ES HaBeneni y Tabm. 1.

Tabn. 1
MeToau BUNIPoOYyBaHb aBTOMOOIILHOTO GeH3nHy A-92-€Bpo5-E5
Ne ni/u | [Toka3HuKH | Meromu BunpoGyBaHs
1 [Toka3HUKH 30aTHOCTI 110 30epeKeHHs

1.1 CTIHKICTE 10 OKUCHEHHS JICTY 7685:2015

1.2 | MacoBa 9acTKa KHCHEBHX CIOIYK JCTY EN 13132:2012
1.3 | MacoBa yacTKa KHCHIO JCTY EN 13132:2012

2 [Toka3HUKK BUMAPHOCTI

2.1 | Xapakrepucruka Temnepatypu ¢paxuirinoro cknany | TOCT 2177-99

2.2 | Tuck HacH4eHOI mapu JCTY 4160:2003

2.3 | 3anumok y KoJsoi I'OCT 2177-99

3 [Toka3HUKH TOPIOYOCTI

3.1 OKTaHOBE YUCJIO, MOTOPHHUI METOJ JCTY 8736:2017

3.2 OKTaHOBE YKCIIO0, JOCIITHALLKAN METOL JICTY 8737:2017

3.3 | O6’emna gacTka O€H30Ty JCTY EN 12177

3.4 | O0’eMHa yacTKa apOMAaTHYHUX BYTJICBOIHIB ACTY 7686:2015

4 [Toka3HMKH CXWJIBHOCTI 10 YTBOPEHHsI BiIKJIaJCHb
4.1 | Konuentparis cvon (pakTiunnx) | ICTY I'OCT 1567

[IBuaKkicTs Ta XapakTep (Hi3UKO-XIMITHHX MEPETBOPEHB I Yac 30epiraHHs, TPAHCIIOPTYBAaHHS Ta
3aCTOCYBaHHS aBTOMOOLIHLHOTO OCH3MHY BH3HAYAIH 32 (POPMYIIOLO:

W, =f(E;®

¢.x.n. n?

?,;0,) (1)
ne W

rOpIOYOi CyMillli TOLIO, IO PYHHY€ETHCS);
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EX — XapaKTepUCTUKH EKCIUTyaTaIliifHOl BIIaCTUBOCTI,
D — daxropu MexaHi3My mpoIeCy;

Q} — MapaMeTpy YMOBHOTO PO3BUTKY IpOLECY;

@ _ KOHCTPYKTHBHI IIapaMeTPH CHCTEMH, B SIKiil IPOTIKAIOTH (i3HKO-XiMi4Hi IepPETBOPCHHS.

ExcniepiMeHTanbHi TOCTIIKEHHS! IOKa3ajid, IO AJS XapaKTEPUCTHKH 3MIiHM LIBHIKOCTI MPOILECY
MO’KHa BUKOPHCTOBYBATH HACTYITHI EMIIPUYHI 3aJIEKHOCTI:

szf(Ex;cby) npu D, =Const; 3
W =f (Ex; @K) npu @, =Const. 3

BurpoOyBaHHsI MOKa3HUKIB 3AaTHOCTI OCH3UHY 10 30EpEe)KCHHsI MPOBOAWIN y aKPEAUTOBAHOMY
BHIIPOOYBAIBFHOMY IIEHTPI MMAIMBHO-MACTHIBHMX MarepiamiB (M. KwuiB). Pesymbrats BuIpoOyBaHb
HaBeJICHI y Ta0I. 2.

Tabn. 2
Pe3yjbTaTH BUIPOOYBaHb aBTOMOOIJILHOTO OeH3uHy A-92-€Bpo5-E5
Ne [Toxaznuk Opuanns 3HaueHHS 32 [Tacnopt | IIporoxon | [Iporoxon | [IpoToko:n | [IpoTokon
3/ BUMIpY ACTY SIKOCT1 BiI BIJ BIJ BIiJT

BupoOHuka | 04.10.19 | 26.03.20 | 02.06.21 | 18.10.21

1 OKTaHOBE 4YHCIIO 3a

JIOCJIIJIHUM METOOM 92 92,2 93,3 94 92,2 92
2 OkTaHOBE 4YHCIIO 3a

MOTOPHUM METOZOM 82,5 84 84 84 84 85,4
3 Tuck HacH4YeHOT Tapu klla 45-80 63,5 60,6 60,5 61,3 57,8
4 Opakuiitauit ckimag -

3a Ttemmeparypu 70°C %

BHUITAPOBY€ETHCH, y | (06.)

MeEKax 20,0-50,0 34 35 39 37 37

- 3a Temmeparypu 100°C

BHUIIAPOBYETHCH, y %

Mexax (06.) 46,0-71,0 55 56 59 58 56

- 3a Temmeparypu 150°C

BHUIIAPOBYETHCH, He %

MEHIIIe (06.) 75 83 86 85 86 86

Temnepatypa

BMKIINAaHHs, HE BULIE °C 210 194 193 193 191 188

3anumiok 'y Kouibi, He

Oinple % 2 1,1 1,3 15 14 0,5
5 006'emHa yacTKa

BYIJICBOJHIB, HE OLIbIIIE:

- osie(hiHOBUX

% 18 3,162 2,9 3,3 3 3

- apOMAaTHYHHX % 35 31,589 31,8 31,2 32 32,4
6 006'emHa yacTKa

OcH301Ty, HE Olble % 1 0,691 0,72 0,73 0,76 0,7
7 O6'eMHa 9yacTKa KHCHIO,

He Oinplie % 2,7 1,78 1,52 1,67 1,66 1,65
8 OO0'eMHa 4YacTKa eTepiB

(C5 i Buwie), He Giyibiie: % 15 9,77 8,4 9,1 9,1 9,1

- iHO  KHCHEBMICHI
CHOJIYKH 3 TEMIL. KiHIIS

kunings ze suuie 200°C % 10 BiJICYTH. BIJICYTH. | BIJICYTH. | BIICYTH. | BiICYTH
9 CrabiNbHICTh hice}

OKHCHEHHS

(inoykuidieuii  nepion), OisbIe OinbIe

HE MEHIIE XB. 360,0 1200 1460 1460 1200 1460
10 | Konuenrpariis

(baxTHIHUX cMoI

POMHUTHUX PpO34nH-

nuxkom wmr/100 cm3, me | mr/100 MEHIIIE MEHIIIE

Ginblue cm® 5,0 1,2 0 1 1 1

BuBueHHs Ta BU3HaUeHHS BUY 3ajexHocTei (2) 1 (3) Ha OCHOBI eKCIIepIMEHTAIBHHUX JTOCITIPKeHb
JAIOTh HAYKOB1 OCHOBU JUIsl PO3POOKH METOMIB OI[IHKH Ta KOHTPOJIO SKOCTI aBTOMOOLIBHOTO OSH3UHY, a
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TaKOXX METOJIB MIPOTHO3YBAaHHS IX MOBEIIHKH IIiJ Yac 30epiraHHs, TPAHCIIOPTYBaHHS Ta 3aCTOCYBaHHS.
OCHOBHUM 3aBIaHHSM JIOCIiPKEHB, TIOB’ 3aHUX 13 3aCTOCYBaHHIM OCH3MHY aBTOMOOIILHOTO, € BUSBIICHHS
3B’S3KiB MK IpOIIecaMy IO BiAOYBarOTHCS Ta 3MiHOIO BIACTHBOCTEH MaJIMBa, Ha OCHOBI SIKUX BUSBISETHCS
MOXKJIUBICTh PO3POOKH HayKOBO-OOTPYHTOBAaHUX BHMOT JI0 IMOKa3HUKIB SKOCTI OSH3WHY Ta BU3HAYCHHS
[UIAX1B TIOKPAIIEHHS HOT0 SAKOCTI.

BucHoBkm.

1. IIporsiroMm ychoro dacy 30epiranHs aBTOMOOUTbHOTO OcH3MHY A-92-€Bpo5-E5 BimOynmcs
HEe3Ha4Hi 3MiHM MOKa3HMKIB SKOCTI MajJHBa, IO HE JOCATIIM KPUTHYHHUX MOKA3HUKIB Ta 3HAXOIATHCS y
Meskax BignoeigaocTi JJCTY 7687:2015.

2. 3amac SKOCTi aBTOMOOITFHOTO OCH3MHY, IO TOCITIIKYBABCS, JO3BOJISIE HOTO 30epiraT MPOTATOM
TapaHTIHHOTO TEPMiHY — 3 POKH BiJ TaTH BUTOTOBJICHHS.

3. s 3akimamaHHsA Ha MOBrOTpHBaie 30epiraHHs aBTOMOOUTbHHMI OCH3WMH TOBWHEH BiIIOBITATH
Bumoram JICTY 8704:2017. «bensunn aBToMOOIIBHI JOBroTpuBanoro 30epiranss. TexHiuni ymoBm» (3i
3MiHor0 Ne 1). Oco61rBi BUMOTH MarOTh OyTH BCTAHOBIIEH] O HACTYITHUX (hi3UKO-XIMIYHHMX ITOKA3HHKIB:

— THUCK HACHYCHOI mapW OCH3WHIB JOBTOTPHBAIOTO 30€piraHHA HE TOBHHHHM ITEPEBHIIYBATH
66,7 klla;

— OEH3WHM JOBrOTPUBAIOTO 30epiraHHs MOBHHHI MaTH CTAOUIBHICTH 10 OKUCHEHHS (IHIYKI[HHMI
mepion) ve menmre Hixk 1200 xB.;

— He JOIMYCKa€EThCs BMICT KHCHEBMICHHX crnojiyk (meranony, (6io)eTaHoiy, i30TpOITiIOBOTO,
1300y THIIOBOTO, TPETOYTHIOBOTO CHHUPTIB Ta 1HIIUX KHCHEBMICHHX CIIOJNyK 3 TEMIEpaTypor0 KiHIIS
kuminHs He Buie Hixk 210°C, kpim erepir C5 i Buiie.

4. BuxopucraHHs 6araTod)yHKITIOHATEHOTO MaKeTy pucanok Mapku Keropur® Energi He mpusseno
JI0 TIOTIPIICHHS TOKa3HMKIB SIKOCTI OCH3MHIB Ta 1X EKCIUTyaTalliHHUX XapaKTEPUCTHK, a TaKOX J0
po3mIapyBaHHs MPOAYKTY 3 TUTMHOM 4acy. BUKOpHCTaHHS iHIIMX MPHUCAJOK/TAKeTIiB TPUCATIOK MaeE OyTH
MiATBEP/HKEHO Pe3yJIbTaTaMi BHIIPOOYBaHb MPOTSATOM rapaHTIHHOTO TEPMIHY.
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K. B. Bappuniok

Jhyybkuil HAYioOHAILHUL MEeXHIYHUL YHIGepcumem

3ACTOCYBAHHA TONOJIOI'TYHOT'O AHAJII3Y JTAHHUX JUJIs1 BUSIBTEHHSA
AHOMAJIIN Y BATATOBUMIPHUX HABOPAX JTAHUX

Anomauin. Y cmammi 0ocnioxcyromoca modxcnugocmi mononoziunozo ananizy oanux (TDA) ona eusenenns anomaniii
y 6azamosumipuux nabopax oanux. Pozenanymo mamemamuuni 0cHO8U NEpPCUCMEHMHOI 20MO0102ii, Menoo noodyooeu
CUMNIIYIANbHUX KOMNIEKCi6 ma nepcucmeHmuux oiazpam. 3anponorHoeano nioxio 00 idenmudgpikayii cmpykmypHux
anomaniii Ha o0cHogi mononoziunux ineapianmis. Ilposeedeno nopienanvnuii ananiz egexmusnocmi TDA-memody 3
KNACUYHUMU ATIZOPUMMAMU GUAGNEHHA AHOMANINL.

Knrouoei cnosa: mononoziunuii aHaniz 0anux, nEPCUCMENMHA 20MOL02Is, BUABTIEHHS AHOMALIU, CUMNIIYIATbHUL KOMNIEKC,
baproou.

K. V. Vavryniuk

APPROACHES TO TOPOLOGICAL DATA ANALYSIS FOR DETECTING ANOMALIES
IN MULTIDIMENSIONAL DATA SETS

Abstract. The paper investigates the application of Topological Data Analysis (TDA) for anomaly detection in
multidimensional datasets. The rapid growth of data volumes in modern systems — including loT, financial monitoring,
cybersecurity, and medical diagnostics — necessitates the development of robust methods capable of detecting structural
anomalies in high-dimensional spaces. Classical statistical approaches often fail to capture the non-linear topological features
of complex datasets. This study examines the mathematical foundations of persistent homology, the construction of Vietoris-
Rips simplicial complexes, and the computation of persistence diagrams and barcodes as topological signatures. A methodology
for structural anomaly identification based on topological invariants and Wasserstein distance metrics is proposed.
Experimental evaluation on a synthetic 10-dimensional dataset shows that the proposed TDA approach achieves AUC-ROC =
0.951 and Precision = 0.746, outperforming classical methods (Isolation Forest, LOF, One-Class SVM) in precision while
remaining competitive in overall discriminative ability. The results confirm the potential of TDA-based approaches for real-
world anomaly detection tasks, particularly where low false-positive rates are critical.

Keywords: topological data analysis, persistent homology, anomaly detection, simplicial complex, barcodes, Wasserstein
distance.

Problem statement. The growth in volume and complexity of data in modern information systems
poses new requirements for analytical methods. Internet of Things systems, financial monitoring,
cybersecurity, and medical diagnostics generate massive flows of multidimensional data daily, within which
anomalies — atypical observations deviating from expected behavior — must be identified.

Traditional statistical methods — distribution-based analysis, clustering, principal component methods
—work effectively in low-dimensional spaces where reasonable assumptions about data distribution can be
made. However, in multidimensional spaces these methods encounter the so-called "curse of
dimensionality": Euclidean distances lose discriminative power, density distributions become uniform, and
non-linear structures remain undetected.

The relevance of the problem is confirmed by a broad practical context: detecting fraudulent
transactions in financial flows, diagnosing industrial equipment failures from sensor data, identifying
cyberattacks in network traffic, and finding anomalous patterns in medical time series. In each of these
cases, an anomaly may have a topological nature — that is, manifesting not as a statistically deviated point,
but as a structural irregularity in the shape of the data cloud.

Analysis of recent research and publications. The problem of anomaly detection (AD) has been
studied since the 1980s. Classical approaches include statistical methods (Grubbs' test, density-based
methods), machine learning methods — Local Outlier Factor (LOF) [1], Isolation Forest [2], One-Class SVM
[3] — and neural network approaches, particularly autoencoders [4].

Topological Data Analysis (TDA) emerged as an independent field in the early 2000s through the
work of Carlsson [5], Edelsbrunner and Harer [6]. The key concept of TDA is persistent homology — a tool
for studying the multi-scale topological structure of point clouds. Unlike classical methods, TDA operates
with topological invariants (Betti numbers) that are robust to noise and independent of metric properties of
the space.

The application of TDA to machine learning tasks has been actively researched in recent years. Works
by Chazal [7] and Otter et al. [8] laid the theoretical foundations for TDA-based classification and
clustering. For anomaly detection tasks, the use of persistence diagrams as features was proposed in works
[9, 10], which showed that topological signatures effectively identify structural anomalies in network failure
data and time series.
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Despite significant progress, several problems remain unresolved: computational complexity of
building simplicial complexes for large datasets (n > 10° points), lack of unified anomaly criteria based on
topological distances, and limited interpretability of TDA results for real-time practical applications.

Avrticle objectives. The aim of this article is to investigate the capabilities of topological data analysis
for anomaly detection in multidimensional datasets. To achieve this aim, the following tasks are set: to
outline the mathematical foundations of persistent homology as applied to the anomaly detection problem;
to develop a methodology for constructing a TDA pipeline for structural anomaly identification; to conduct
a comparative analysis of the effectiveness of the proposed approach against classical algorithms.

Main content. Mathematical Foundations of TDA. Let X = {xi, X, ..., X.} € R9 be a finite point
cloud in d-dimensional space. To study the topological structure of X, a parameterized family of simplicial
complexes is introduced that filters the space by a scale parameter ¢ > 0.

The Vietoris-Rips complex VR(X, ¢€) is constructed as follows: vertices are points from X; a k-
simplex [Xio, Xit, ..., Xi] is included in the complex if and only if d(xi, Xis) <€ forall 0 <a, b <k, where d is
the Euclidean distance.

As ¢ increases from 0 to oo, we obtain a filtration: VR(X, €1) € VR(X, &2) when &1 < g.. Persistent
homology tracks the appearance (birth, b) and disappearance (death, d) of topological features — connected
components (Ho), loops (H:), voids (H:) — during this filtration.

Each topological feature corresponds to a pair (b, d), represented as a point in the persistence diagram
Dgm(X) or as an interval in the barcode. Features with large persistence (d — b) are considered topologically
significant, whereas features with small persistence are considered noise.

Methodology for anomaly detection based on TDA. The proposed anomaly detection pipeline
consists of four main stages.

Stage 1. Preprocessing and normalization. The input dataset D is normalized (z-score or min-max),
and dimensionality reduction is performed if necessary using UMAP or PCA to accelerate computations.

Stage 2. Construction of persistence diagrams. For the reference dataset Drs (without anomalies), the
persistence diagram Dgmyer is computed. For a new observation or data window, Dquery and DgMguery are
constructed.

Stage 3. Computation of topological distance. The measure of deviation of the query from the
reference is assessed using the Wasserstein distance:

Wp(ngref' ngquery) = (infy % [[x — y(x)”p)’l/p 1)
where vy is a bijection between diagram points.

Alternatively, the bottleneck distance is used:

dp = infysupy||x — y(x)||o )

Stage 4. Decision making. If Wy(Dgmyer, Dgmgquery) > 6, where 6 is a threshold parameter determined
on the training sample, the observation is classified as an anomaly.

Computational implementation. For practical implementation, the following technologies were
used: Python libraries Ripser [11] (efficient computation of persistent homology) and Giotto-TDA [12] (ML
integration of TDA). The Ripser algorithm uses the adjacency matrix in sparse matrix format and
implements boundary matrix reduction through the clearing algorithm, which ensures O(n3) complexity in
the worst case and significantly better performance in practical scenarios.

Experimental section. In order to validate the proposed approach, it was tested on a synthetic 10-
dimensional dataset consisting of 5,000 observations, 5% of which are outliers. Normal observations were
generated as a mixture of three Gaussian distributions with different means and covariance matrices, while
outliers were generated as points from a uniform distribution on the interval [-8, 8]3, which are topologically
different from the normal cloud due to the absence of a cluster structure. Such a configuration allows us to
test the method’s ability to detect topological anomalies, rather than merely statistically outlier points.

Preprocessing included feature standardization (z-score) and dimensionality reduction to 5
components using the PCA method, which allowed reducing the time for building the simplicial complex
without significant loss of topological information. For each test observation, a local neighborhood of 30
nearest neighbors from the training sample of normal data (using BallTree) was constructed, after which
the weighted Wasserstein distance over homologies Ho and H; relative to the reference persistence diagram
was computed. The weights were 0.4 for Ho and 0.6 for H., reflecting the higher informativeness of one-
dimensional topological cycles for detecting structural anomalies.

Figure 1 presents the persistence diagram of the reference sample (left), the H: persistence barcode
(center), and ROC curves of all compared methods (right). The persistence diagram demonstrates the
presence of several significant Ho topological features (connected components) located far from the
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diagonal, confirming the pronounced cluster structure of normal data. Most H: points are located near the
diagonal, corresponding to noise. The H: barcode reflects the distribution of topological cycle durations in
the filtration space.

Fig. 1. TDA analysis results: persistence diagram of the reference sample, H: persistence
barcode, and ROC curves of compared anomaly detection methods.

Table 1
Comparative analysis of anomaly detection methods
Method Precision Recall F1-score AUC-ROC
Isolation Forest 0.460 1.000 0.630 0.969
LOF 0.517 1.000 0.682 0.975
One-Class SVM 0.484 1.000 0.652 0.972
TDA (proposed) 0.746 0.707 0.726 0.951

The results presented in Table 1 demonstrate that the TDA approach shows a competitive level of
quality compared to classical methods. In terms of AUC-ROC, TDA achieves a value of 0.951, which is
close to LOF (0.975) and Isolation Forest (0.969). At the same time, TDA demonstrates higher Precision
(0.746) compared to all baseline methods (0.460-0.517), indicating a lower number of false positives — a
critically important characteristic for practical monitoring systems. The lower Recall (0.707) compared to
baseline methods (1.000) is explained by the fact that classical algorithms are tuned for maximum coverage
of anomalies at the expense of precision, while the TDA approach provides a more balanced ratio between
Precision and Recall.

The computational time for building persistence diagrams for a dataset of 5000 points in 10-
dimensional space averaged 2.3 seconds on an Intel Core i7-11th Gen processor, which is acceptable for
tasks with moderate latency requirements. For datasets with n > 50000 points, preliminary dimensionality
reduction to d <5 using UMAP is recommended, which reduces computation time to 8-12 seconds.

An important advantage of TDA is the interpretability of results: the persistence diagram directly
indicates the scale and character of topological violations. Points on the diagram that deviate significantly
from the diagonal correspond to persistent topological features and can be associated with specific structural
anomalies in the data.

Analysis of topological features of anomalies. Detailed analysis of persistence diagrams for normal
and anomalous observations revealed characteristic topological differences between the two classes. For
normal observations, local neighborhoods demonstrate a pronounced cluster structure: several significant
connected components (Ho) with large persistence and virtually no persistent H: cycles, corresponding to
dense Gaussian clusters in the input data.

In contrast, local neighborhoods of anomalous points are characterized by uniformly distributed
neighbors without pronounced cluster structure, which manifests in a different persistence diagram pattern:
a larger number of Ho components with smaller persistence and the appearance of atypical H: cycles. This
difference in topological signature is the basis for the classification decision: the Wasserstein distance
between the local diagram of an observation and the reference diagram of the normal class exceeds the
threshold 6 if and only if the topological structure of the neighborhood significantly deviates from the
expected.
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Analysis of the TDA score distribution (Figure 2) shows a clear separation between normal
observations (low Wasserstein distance values) and anomalies (high values). This separability confirms the
ability of topological features to detect structural anomalies even in cases where classical density-based
methods are prone to false positives due to the influence of the "curse of dimensionality”. The obtained
results are consistent with theoretical results on the stability of persistence diagrams under small
perturbations of the input data, as shown in the work of Chazal [7].

Fig. 2. Distribution of normalized TDA scores for normal observations and anomalies in the
test sample; the vertical dashed line corresponds to the optimal threshold 6.

Conclusions. The conducted research confirmed the effectiveness of topological data analysis for
anomaly detection in multidimensional datasets. The proposed approach based on persistent homology and
Wasserstein distance demonstrates a competitive level of quality (F1 = 0.726, AUC-ROC = 0.951)
compared to classical LOF and Isolation Forest methods, and in terms of Precision (0.746) exceeds all
considered baseline methods (0.460-0.517).

Key advantages of the TDA approach include robustness of topological invariants to noise and
deformations; the ability to detect nonlinear structural anomalies in high-dimensional spaces; and geometric
interpretability of results through persistence diagrams and barcodes.

Limitations of the method include: high computational complexity for datasets with n > 10° points;
the need to tune the threshold parameter 6; and difficulty integrating into real-time systems.

Prospects for further research include: development of adaptive dimensionality reduction methods
for scaling the TDA approach; combination of topological features with deep neural networks (TopoNet)
for increased accuracy; investigation of TDA application in online anomaly detection tasks in streaming
data; development of interpretability metrics for TDA results for applied cybersecurity and medical
diagnostics systems.
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.M. BoiiTiok
Jhyybkutl HAYioOHanbHUL MeXHIYHULL YHIBepcumem

E®EKTUBHICTb BUKOPUCTAHHS MIKPOCTPYKTYPHOI'O AHAJII3Y IIPU
OIIHOI MINHICTHUX XAPAKTEPUCTHUK ITITHOIIOJIITYPETAHIB

Y pooomi npeocmaeneno KomniekcHuil nioxio 00 oUiHKU MIYHICHUX XAPAKMEPUCMUK NIHONONIypemanie Ha 0CHOGI
NOECOHAHHA MAKPOCKONTUHUX 6UNPOOYBANL MA MIKPOCMPYKmMYPHO20 ananizy. /locnioycenna 6azyemuca na eapiauii 6a206020
CniGGIOHOWEHHA OCHOBHUX KOMROHEHMIE — nOJi0ly ma i3ouianamy, wio 00360110 chopmyeamu 00CHIOHL 3pa3Ku 3 pi3HUMU
mononociunumu napamempamu nopucmoi mampuuyi. Qucnoea ma 2cpagiuna inmepnpemauvin pe3yibmamie CHUCKY
30ilicHI08aANACA [3 3ACMOCYBAHHAM CHIUCKYBAIbHO20 HABAHMANCEHHA 6 30HI naacmuynux oegopmauiii onsa idenmupixauii
cmadiil pyiinysanna Komipok. Ilposedeno 00cnioxycennsa énaugy peyenmypnozo ckiady Ha cmaodinipHicmes naamo mexkyuocmi
ma xapakmep HAKONUYEHHA 3ANUWIKOSUX Oedopmauiii y cminkax i peopax ninu. Buxonano nopienanvhuii ananiz
MeXaHiuH020 i0ZyKy Ona mpaouyiiinux ma moougikoeanux cxknaoie IIIY npu eapiayii enepzoemunocmi cmpykmypu. 3a
00HOMO2010 20MEMPUUHO20 MOOETIOBAHHA 2EKCAZOHATILHOL MEPeIHci 6CIANO06ICHO 83AEMO36’ A30K MIC 3MIHOI0 KYMI8 HAXUILY
2paneii KOMIpoOK ma MaxkpoCKORiuHOo0 Medcelo miynocmi mamepiany. Bemanoeneno egpexkmu nokanvnoi Konyenmpauii
HanpydceHb 'y GY3NaAX MIKPOCHMPYKMYpU, W0 6GU3HAUAIOMb MOMEHm empamu CmilKocmi Ropucmozo Kapkaca.
IIpooemoncmposano ynisepcanvnicms po3poonenozo nioxooy 0isa nPeOUKmMueHO20 NPOEKMyGaHHsA NOJIIMEPHUX KOMRO3UYIT
i3 Hanepeo 3a0anuMu eKCRIYAMAayiiHUMU 61ACIMUBOCMAMU 015 8ION0BIOATILHUX THIHCCHEPHUX KOHCMPYKUYIIL.

Knrouogi cnosa: nanpyoicenns, MikpocmpykmypHuil ananis, ninononiypemanu, oiazpama oegpopmyeanns, unpo6yeanHs
Ha cMuUcK, yugposi 08itiHUKU.

.M. Voitiuk

EFFICIENCY OF MICROSTRUCTURE ANALYSIS IN EVALUATING THE STRENGTH
CHARACTERISTICS OF POLYURETHANE FOAMS

The paper presents a comprehensive approach to evaluating the strength characteristics of polyurethane foams (PUF)
based on a combination of macroscopic testing and microstructure analysis. The study is founded on varying the weight ratios
of the primary components—polyol and isocyanate—enabling the formation of test specimens with diverse topological
parameters of the porous matrix. Numerical and graphical interpretation of the compression results was conducted using cyclic
loading within the plastic deformation zone to identify the stages of cell failure. The influence of the formulation on the stability
of the plateau stress and the nature of residual deformation accumulation in the cell walls and struts was investigated. A
comparative analysis of the mechanical response for both traditional and modified PUF compositions was performed across
variations in structural energy absorption. Through geometric modeling of a hexagonal network, the relationship between
changes in cell face tilt angles and the macroscopic yield strength of the material was established. Effects of local stress
concentration at microstructure nodes, which dictate the onset of stability loss in the porous framework, were identified. The
study demonstrates the versatility of the developed approach for the predictive design of polymer compositions with
predetermined performance properties for critical engineering structures.

Keywords: stress, microstructure analysis, polyurethane foams, deformation diagram, compression test, digital twins.

AHaJi3 aKTyaJbHOCTI MOCTIMKeHHs. AHaNi3 ICHYHOUUX IyOJiKaliid CBiJYUTH, IO OUIBIIICTH
JOCTiKeHb (PI3UKO-MEXaHIYHUX BIACTUBOCTEW MiHOIMONIypeTaHiB, HaBEeAeHUX Yy JiTeparypi, oOMexeHi
BUBYCHHSIM KOHKPETHHUX THITIB TIiHOMATepiamiB 0e3 ypaxyBaHHS YHIBEPCATBHUX CTPYKTYPHHX
3aKkoHOMipHOCTeH. HalOinbIl pO3MOBCIOMKEHUM MPEACTaBHUKOM IIHOTO Kjacy MaTepialiB €
niHonomiyperanu (II1Y), ¢yHKIiOHATPHA HAAIWHICTE SKUX BH3HAYAETHCS CKIAMHUM MOETHAHHIM
XIMIYHOTO CKJIamy Ta MOPUCTOI CTPYKTypH. TpamurliiHi METONM OINIHKH MIITHOCTI, IO PO3TISAAIOThH
miHoMarepiajd sIK CYIUJIbHE 130TPOMHE CepelloBHINE, YacTO HE BpPAXOBYIOTh JIOKABHI MEXaHi3MU
nedopmariii, ki CTalOTh KPUTHYHUMHU TIPH €KCTPEMAbHUX HAaBAaHTAXXCHHSIX a00 TpHBaNii eKCIUTyaTarii.
Peansna Oymosa I1ITY xapakTepu3y€eTbes MO TUCTIEPCHICTIO KOMIPOK, HASIBHICTIO aHI30TPOIIiT B HAIIPSIMKY
CIIHEHHsI Ta HEPIBHOMIPHHM PO3IIO/IIJIOM MOJIMEPY MiXk CTIHKaMH Ta pebpaMu, 10 poOUTH IPOTHO3YBaHHS
MEXaHIYHOT0 BIATYKY MaTepiany 0e3 ypaxyBaHHS HOTO TOHOJOTIi HEIOCTATHEO TOYHUM.

EdextuBHUM miIxoq0oM 0 BUPIIIEHHS 1€l 3a/1a4i € rmepexif] BiJi MaKpOCKOITIYHIX BUTIPOOYBaHb J10
JETATBHOTO MIKPOCTPYKTYPHOTO aHAIIi3y, SIKUH 103Bojsie iHTepnperyBaty [1I1Y sk ckiagHy mpocToOpoBy
cTpykTypy. Takuii miaxim 0azyeTscsi HA TOMY, IO JKOPCTKICTh T4 €HEPrOEMHICTh MiHU Oe3MocepeTHbO
3aJIeXaTh BiJl FTEOMETPUYHHX ITApaMeTPiB OKpeMoi KOMIpKH Ta IIiICHOCTI i mepeTHHOK. MiKpOCTPYKTYpHE
MOJICITIOBAHHS J1a€ 3MOTY BHUSBHUTH POJIb "'KPUTHIHUX AePEKTiB" — po3ipBaHUX MeMOpaH ab0 IMOTOBIICHUX
BY3JIiB, IKi BUCTYIAalOTh KOHIICHTPAaTOPaMHU HanpyskeHb. Lle 103BoJIsie BCTAHOBUTH KUJIbKICHUH 3B 130K MIXK
MOP(hOJIOTIEI0 MTOPUCTOTO MPOCTOPY Ta MAKPOCKOIIYHOK MEKEI0 TEKYUYOCTi, TPaHC(HOPMYIOUH eMITipHYHI
CIIOCTEPEKEHHS Y YiTKO Bepr(iKoBaHi (i3nKO-MaTeMaTHIHI 3aKOHOMipHOCTI.

OCOONMMBO BAXJIMBUM € JOCHIIKEHHS MIKPOCTPYKTYPHHX 3MiH TiJ BIUTMBOM JHHAMiYHUX
HaBaHTA)XEHb Ta TEMIIEPATypHUX KOJNMBaHb, OCKIJABKH BHYTPILIHS TE€OMETpis KOMIpPOK BH3HaYae
cTabinbpHICTh Ta30Boi (a3 BcepennHi MaTtepiany. CuMynsAiiHUA aHani3 Aedopmaii OKpeMuxX KOMIipOK
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J03BOJIsiE 3apiKCyBaTH MOMEHTH BTPAaTH CTIMKOCTI CTIHOK, SKi IEpenyloTh 3aralbHOMY pYHHYBaHHIO
CTPYKTYpu. BHKOpHCTaHHA MIKPOCTPYKTYPHHX MapaMeTpiB sK BXiJHAX JAaHUX M1 YHCEIBHOTO
MOJICITIOBAHHS JIa€ 3MOTY CTBOPIOBATH BipTYallbHi MPOTOTHUITHA — HU(PPOBI ABIHHUKH, MaTEpiaiiB i3 3a1aHOI0
aHI30TPOITI€0 BIACTUBOCTEMH, IO MiHIMi3y€e moTpeOy Y TOpOroBapTiCHUX HATYPHHUX BHUIPOOYBAHHSX.

Takum 9MHOM, aKTyalIbHICTD TOCITIDKEHHS 3yMOBJICHA HEOOX1THICTIO TIEPEX0Iy A0 MPEAUKTHBHOTO
NPOCKTYBaHHS TOJNIMEPHUX IiHOMATepialiB 13 Hamepel 3aJaHUMH XapaKTePUCTHKAMU MIIHOCTI.
PesynpTati MIKpOCTPYKTYPHOTO aHANIi3y MOXKYTh OYTH BHKOPHCTaHI IJISl TEOPETHYHOTO OOIPYHTYBaHHS
orrrumMiszarii pettentyp [ITY 3 MeTor0 TiABHUIIEHHS iIXHBOI CTIHKOCTI /10 AecTpyKiii. Po3yMiHHS MexaHi3MiB
pO3MOITy HAampyXeHb Ha PIBHI OKpPEeMOi KOMIPKH JO3BOJUTh 3HAYHO MIJBUIIUTH HAIIAHICT
TEIIOI30MALIHHUX CUCTEM Y BIAMOBINANIBHUX 1H)KEHEPHHX KOHCTPYKLISX, 3a0e3ledyroud X TpHUBaily
0e3rneuHy eKcIiTyaTarlito.

AHai3 ocTaHHIX gocailkeHb i myOJikamiii. ®opMmyBaHHS (Di3UKO-MEXaHIYHUX BIIACTHBOCTEH
ninonosiyperasis ([TITY) € pe3yiabraTroM ckiagHux (i3UKO-XiMiYHUX TPOIIECIB, IO BiOYBAIOTHCS i yac
peakuii i3omiaHaTiB 3 mojionmamMu. CTpyKTypHa Oprasizamis IMX MaTepianiB 0a3yeThCs Ha PO3MONiTi
CETMEHTIB YKOPCTKOTO Ta M’SKOTO JIAHITIOTIB, 1€ TOJIIONH 3a0e3MeUy0Th €TaCcTHIHICTh, a 130IiaHaTH —
HEOOXiHy >KOPCTKICTh KOHCTpyKMHiiHOT Matpuii [6, 7]. CydvacHi IOCHIIKSHHS ITiJKPECIIOI0Th, IO
MexaHiunuil Biaryk IIIIY nHa HaBaHTakeHHs Oe3MOCEPEIHBO 3aJECKHUTH B CIHIBBIIHOMIEHHS LUX
KOMITOHEHTIB, IO J03BOJISIE BapilOBATH XapaKTEPUCTHKU MaTepiary BiJ M'SIKUX THYYKHUX ITiHU J0 TBEPIUX
BHUCOKOMIIIHHX CHCTeM [6].

KitouoBum pakropom, 1mo Bu3Hayae MinHicHi xapaktepuctuku I1I1Y, € iioro komipuacta CTpyKTypa,
sika (popMy€EThCS Ti/T BIUIMBOM THITY CITiIHIOBa4Ya Ta 00paHoi TeXHOIOTii BUpoOHuUIITBA. Tpaguiliitai MeToau,
taki sk muTTs [8, 9], posmmienns [11, 12] ta peakiiiine muTTs mig TrckoM [13, 14], 3a6e3medyroTs pi3Hi
yMOBU (POpMYBaHHS MIKPOCTPYKTYPH. 30KpeMa, METOH JHUTTS JO03BOJIIE OTPUMATH IPOTHO30BaHI
napaMeTpH MIIBHOCTI Ta MOPUCTOCTI MUITIXOM TOYHOTO KOHTpPOII0 yMOB 3atBepaints [10]. V cBoro uepry,
peaxIriitHe JTUTTS i THCKOM 3a0e31edye MOKINBICTh CTBOPEHHS CKIIATHUX BHPOOIB, 1€ PO3Mip KOMIpPOK 1
MeXaHIuHI XapaKTepUCTUKU CYTTEBO 3AJIEXKATh BiJl TEPMOJAMHAMIYHHX MAapaMeTPiB MPOIEeCy YIOPCKYBaHHS
[13, 14].

[Tonpu 3HaYHY KiJTBKICTH POOIT, IPUCBIYCHUX MAaKpOCKOMiYHUM BUIpoOyBaHHsM [1I1Y, Bce Oinmbiioi
aKTyaJlbHOCTI HaOyBa€ BWUBUEHHS MIKPOCTPYKTYPHUX OCOOIUBOCTEH SK (QyHIaMEHTaIHLHOTO YHHHHKA
MIITHOCTi. MIKpOCTPYKTYpPHHUH aHalli3 J03BOJISIE OLIHUTH MOPQOIJIOTiI0 KOMIpPOK, IO € KPUTUYHUM JIS
PO3yMIHHS TIPOIECIB KOHLEHTpAIil HampyXeHb. BCTaHOBIEHO, IO BUKOPHCTAHHS MOAUQIKYIOUHX
100aBOK, 30KpeMa IETF0IO3H a00 CHITIIKOHOBUX Cyp(aKTaHTIB, JO3BOJISIE TOHKO PETYIIOBATH apXITEKTypPy
MOPHUCTOTO MIPOCTOPY, 3MIHIOIOYH PO3MIp KOMIpOK Ta TOBHIMHY iXHIX pedep, Mo 0e3nocepeIHbO BILIMBAE
Ha MEXKY TEKy4OCTi Ta eHepronoriinHanHsg Marepiany [4, 5, 15].

OKpeMHM HampsSIMKOM JIOCTI/DKEHb € OLHKa e()eKTHBHOCTI BHKOPHCTaHHS MIKPOCTPYKTYPHHUX
MoJieNier I POrHo3yBaHHs AoBropiuHocti [IITY B ymoBax ekcrutyaTaiii. AHaji3 B3a€MO3B'SI3KY MiXK
napameTpaMu ''penenTtypa — CTPyKTypa — BJIACTHBICTH" Ja€ 3MOTY HE JIMIIEe KOHCTaTyBaTH JOCSTHYTI
MeXaHIuHi MTOKa3HUKH, aJie i TEOPeTUUHO OOIPYHTOBYBATH IIJISIXU TX onTuMizarii [3, 15].

TakuMm YUHOM, MIKPOCTPYKTYPHHHA aHali3 BUCTYMA€ K €()EKTHBHUN IHCTPYMEHT Bepuikarrii
AQHATITUYHAX MOJENEH, MO J03BOJISIE MIiHIMI3yBaTH PU3WKKM KPHUXKOTO DPYHHYBaHHS Ta ITiABHIIATH
eKCIUTyaTalliiiHy HaJilHICTh MHOMOJIIyPETAaHOBHUX EIEMEHTIB y KDUTUYHHX iH)KEHEPHUX KOHCTPYKIisX [1,
15].

IMocranoBka 3aBaaHHsl. AHaui3 ICHYIOYMX MyOJiKaiii CBIAYWTH, 10 Y BHMBYCHHS 3arajbHHUX
(i3uK0o-MeXaHIYHUX BIACTUBOCTEH MiHOMOJIypeTaHiB y JiTepaTypi HaBeACHO Ui MEBHUX THIIIB IIiH.
[TuraHHS TPSAMOTO B3a€EMO3B’S3KY MK TOIMOJOTIYHUMH HapaMeTpaMu MIKPOCTPYKTYPH Ta JIOKAJIbHOIO
MIIHICTIO MaTtepiady B3alUIIacThbCsl PO3B’SA3aHUM JIMIIE YaCTKOBO. bBINBIIICTh KITACHYHUX TIIXOMIB
posrmagarots III1Y sk roMoreHHe cepeloBHILE 3 YCePeTHEHUMH XapaKTEPHCTHUKaMHM, IO HE J03BOJISE
MOBHOIO MipOIO BpaxyBaTH crenu(iKy po3noily HaBaHTaKEHb Y CTIHKaxX Ta pedpax KOMipoK, 0COOIHBO
TP HAABHOCTI CTPYKTYPHUX aHOMadiii abo Moaudikyrounx BKIOUeHb. lle 0oOMekxye MOMKIUBOCTI
MPEIUKTUBHOTO MOJIEIIOBAHHS MTOBEJIHKH IMHOIJIACTIB TPU CKIIQJHUX BUAAX nedopmallii, 1e KpUTHIHY
POTIb Bifirpae BTpaTa CTiHKOCTI OKPEMHX €JEMEHTIB OPHCTOI MaTPHII.

Tomy MeToro maHOi poOOTH € OOIpyHTYBaHHS €()eKTHBHOCTI BHKOPUCTAHHS MIiKPOCTPYKTYPHOTO
aHayizy sK 0a30BOro IHCTPYMEHTY Ui OILIHKH MIIHICTHUX XapaKTepUCTHK MiHOomojiypeTanis. lle
nepeadaydae mepexil Big MaKpPOCKOIIYHOTO OMMCY 1O NpPEACTaBICHHS MiHM SK TUCKPETHOI CHCTEMHU
B32€MOTIOB’ I3aHUX CTPYKTYPHUX E€JIEMEHTIB. CTpaTiB Ta MeMOpaH. Takui MiAxix JO3BOJSE HE JIUIIE
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ineHTH(iKyBaTH 30HU KOHIIEHTpAIlii HampyXeHb Ha MIKpOpiBHi, a W JeTanbHO IOCTIJWTH BILTUB
MOpdoIIOTii KOMIpOK Ha 3araibHy HECydy 3JaTHICTh MaTepialy.

BukopuctanHs JaHWX MIKpPOCTPYKTYpHOI Bi3yamizamii 3abe3redye BHUCOKY TOYHICTh YHCEIBHUX
CUMYJISILIIM, CTBOPIOIOYM TEOPETHYHE MiAIPYHTS AN onTuMizauii Mmikpoctpykrypu IIIIY 3 metoro
MIBUIEHHS IXHBOI EKCIUTyaTaIlifHol HAIiHHOCTI Ta 3amo0iraHHs MepeayacHOMY pyHHYBaHHIO ¥
BIJIMOB1IaJIbHUX KOHCTPYKIIISIX.

BuknagenHss ocHoBHOro martepiaxy. Jlnsd BHBUEHHA BIUIMBY €(QEKTHBHOCTI aHaJi3y
MIKPOCTPYKTYPH TIHOMONIypPETaHIB Ha OI[HKY IX MEXaHIYHHX XapaKTepUCTHK IPH CTATUIHOMY
CTHUCKYIOUOMY HABaHTaXEHHI, II0 BUKIMKAE IUacTH4HI aedopmamii marepiany, Oyjao NpPOBEICHO
BiZMOBiAHI BUNIPOOYBaHHS AOCIiAHUX 3pa3KiB 3 Pi3HOIO YACTKOIO OCHOBHUX KOMIIOHEHT IiHH: MOJIIONyY Ta
TIOJTii30ITIOHATY.

Jocmimai 3pa3ku miHOMaTepialliB OyIu OTpUMaHi y 1abopaTOPHUX yMOBAX 3 MOJIIOITY Ta MOJIii30IIiI0HATY
[UISIXOM 1X 3MINTYBaHHS [PH PI3HUX YaCcTKaX HUX KOMIOHEHT. [loumion, sik cyMinn nosiedipy, cradinizaropis
Ta KaTali3aTopiB, € MAIOTOKCHYHUIT Ta HeBUOyXOoHe6e3neunnii. Moro rycrtuna npu temnepatypi 20 °C y
pinkomy crani cranosuts 1,09 r/cm3. B’sskicts momiony 1300 mITa-c. ITomiizomionar, He3aiiMicTa pignHa
31 crieQivHIM 3a11axoM, JIETKO pearye 3 Bozoro. 3a temneparypu 20 °C #ioro ryctuHa cTaHoBHUTH 1,25
r/em3, a B sa3kicts 300 mIla-c.

MexaHigHi BUTIPOOYBaHHS MPOBOAMIIM JJISl TPHOX TPYIT 3pa3KiB MiHOMONIypeTaHy 3 Pi3HUM BaroBUM
CITIBBITHOIIICHHSAM CKJIAJIOBUX KOMITOHEHT ToJiioiy Ta izomianary: 1:1, 1:1,2 ta 1,2:1. Jlng MexaHidHUX
BUNPOOYBaHb BHUKOPHUCTOBYBAJIMCA JIMIIE 3pa3Kd 3 APiOHO KOMIPKOBOIO CTPYKTYPOIO, IIO BHpi3agucs 3
TMiHOTIONiypeTaHOBHX KOMIO3HILi#H y Gopmi ky6is 3 miniitauME posmipamu 35%35%35 mm? (puc. 1).

Puc. 1. Jocainui 3pazku INITY

MexaHiuHi XapaKTEPUCTHKH MIHOMOJIypEeTaHiB BUIIPOOYBAIKCS HA CTUCK Ha TocHiaHii Mamai MU-
40KY. JIng koxHOTO TUIY BUITPOOYBaHb BUKOHYBAJIU O JBi cepii AOCTiIKEHb IS YCiX TPbOX IPYII 3pa3KiB
PI3HOTO CHiBBiTHOIIIEHHS KOMITOHEHTIB. [lJIs1 BUBUEHHS MeXaHIYHOI IMOBEIIHKH ITIHOMATEpialiB OTPHUMAaHO
3QJIEKHOCTI MK HaBaHTOKEHHSM 1 aOCONIOTHOIO JchopMalli€lo 3pa3KiB B IPOIEC CTAaTHIHOTO
CTHCKYBaJIbHOTO HaBaHTa)XyBaHHA. J{iarpamMy HaBaHTa)KeHb NIPU CTUCKY HaBeJleHI Ha puc. 2.

Puc. 2. liarpaMu HaBaHTa)KeHb MIHOMOJIiypeTAHOBHX 3Pa3KiB 3 Pi3HUM BiTHOIIEHHSIM
KOMIIOHEHT
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ExcriepuMeHTanbHi  JOCTI/DKEHHST MEXaHIYHOT TIOBENIHKM  MIHOMONIypeTaHiB i3  pi3HUM
CITIBBIAHOIIEHHSAM KOMIIOHEHTIB JTO3BOJIFIIA BCTAHOBUTH YITKY 3JICKHICTh MiXK PEIENITYpOIO MaTepialy Ta
HOro 3IaTHICTIO 710 MOTJIMHAHHS eHepril nedopmarii. OTpumani aiarpamu cTucKy (puc. 2) BimoOpaxaroTh
CTamiliHICTh pPYHHYBaHHA TIOPUCTOI CTPYKTYpH, IO € KIIOYOBHM acCHEeKTOM TP BHKOPUCTaHHI
MIKpOCTPYKTYpHOTO aHami3y. Ha modyatkoBomy eTari HaBaHTa)KEHHsI BCi JOCIIIKyBaHi 3pa3Ku BUABISAIOTH
JHIHHY TPYKHY 3aJI€XKHICTB, SIKa 3yMOBJICHA MTPY>KHUM BHUT'HHOM CTiHOK Ta pedep KOMipoK.

s 3paskiB cknany 1:1 3adikcoBaHo HaiiOinbII 30aaHCOBaHUI TIEpeXi Bi MPYKHOI 30HU JI0 ILIATO
TEKy4OCTi, IO CBIAYUTH NPO TOMOTEHHICTH CPOPMOBaHOI MIKPOCTPYKTYypH. Y Il TPyIi KpPUTHYHE
HaBaHTaXEHHS Jnocsrae 3HadyeHb Omm3bko 0,9 kH, micist 4oro cmocrepira€ThCcs KOJEKTHBHA BTpara
CTIMKOCTI cucTeMu KoMipok. [lepexin 10 30HM IaCTUYHUX NeopMaliiii CyIpOBOMKYETHCS XapaKTePHUM
«3y0OoM» TeKydocTi Ha rpadiky, IO Bi3yalizye MOMEHT IOYaTKy KOJAICy IEpIIOTo Iiapy MOPUCTOI
MaTpuIli. MiKpOCTpYKTYpHUH aHadi3 HO3BOJIAE iMeHTHGIKYBATH e TpoIec SK MOCTiAOBHE 3MUHAHHS
HaMEHII )KOPCTKHX €JIEMEHTIB KapKaca.

JlocmikeHHsT 3pa3KiB i3 CIHIBBIIHOUICHHSIM KOMOOHEHTIB 1,2:1 (Ha[UIMIIOK MOMiONY) BHSBHIO
CYTTEBE 3HIDKEHHS MOIYJIS IPYKHOCTI Ta pO3MHTTS MesKi TeKydocTi. Ha miarpami (puc. 2) crioctepiraerbes
HaHOUIBII TPUBAJIA CTadis IJIATO, 10 TOSCHIOETHCS MiABUIICHOIO MiIATIMBICTIO TOTIMEPHUX MEMOpaH y
cKkmazi KoMipok. Taka cTpyKTypa 34aTHa A0 3Ha4HUX 00’ eMHUX JedopMariii 6e3 panToBoro pyiHyBaHHS
3B’A3KIB MiJK By3Jamu citku. Lle miaTBepmkye eheKTUBHICT BUKOPUCTAHHS MIKPOCTPYKTYPHHUX MOJEICH
JUISl IPOSKTYBAHHSI CHEPrONOIIMHAIYNX €JIEMEHTIB, Jie BaXXKJIMBO 3a0€3IeUnTU cTabibHEe HABAaHTAXKECHHS
HPH BEMKUX 3Ha4YeHHSX Al.

Hapnaku, 3pasku 3 HammmkoM i3omiaHaty (1:1,2) neMOHCTPYIOTh MiABUINEHY IOYATKOBY
KOPCTKICTb, MPOTE IXHS MOBEJIHKA B 30HI IJIACTUYHOCTI Ma€ BHPAKEHHH OCIMIIIOIOUHH XapakTep.
KonuBanus cuim Ha rpadiky (puc. 2) KOPETIOTh i3 TUCKPETHUMH aKTaMH pYHHYBaHHS KPUXKUX pedep,
IO CYNPOBOJKYETHCS JOKATBHUM TIEPEPO3IOAITIOM HANpyKeHb. Takuil xapakrep neopMyBaHHS BKa3ye
Ha BUCOKY KOHUEHTPALIIO HAPY>KEHb Y BY3JIaX MIKPOCTPYKTYpPH, IO MOXE MPHU3BECTH A0 MEPEAYacHOTO
BHUXOJTy 3 JIaJly BiAITOBiAaTbHIX KOHCTPYKIIIH.

JLi1st BUBUEHHS BIUTMBY MIKpOCTPYKTYPH MaTepiaiy Iiadac mporiecy aegopMyBaHHS Ha 3pa3kax 0yiio
BHUJIJICHO 00JIACTi, 0 MOMiueHi YepBOHMM KOJIbOpoM (puc. 3). JoCiiKEeHHSI Ha CTHCK MPOXOIMIIHNCS Ha
nocminHiii mMamwmHi MU-40KY npu 3miHi mBunkocti aedopMmyBaHHs 2 MM/XB. BukopucroByroun
mudposuii  Mikpockon (prc. 3) Oya0 DOCHIMKEHO 3MiHY Te€OMETpii MOCTiKyBaHMX obnacTei [0
nehopmyBaHHs Ta y niporieci gedopmyBanas (puc. 4).

Hns  Bepudikamii MaKpOCKOMYHMX BUNPOOyBaHb Oylo MpPOBENEHO Bisyalizalilo 3MiHH
MIKPOCTPYKTYpH 3pasKiB 10 Ta Iicisi HaBaHTaxeHHs. [IpoBeleHWi aHami3 I03BOJIMB BCTaHOBUTH
OesmocepenHiii 3B’A30K MDK MEXaHIYHAMH JdiarpamMamMu  Ta Gi3udHOI0 aedopmMaliiero  KoMipok
niHomatepiany. Ha ortpumanux wmikpodortorpadisx (puc. 4) 4diTKO crocTepira€Tbcs Komipyacta
apxitektypa IIIIY, ska xapakTepu3yeTbcsi HASBHICTIO OaraTOrpaHHUX IIOp, PO3AUICHHX TOHKUMHU
MOTIMEPHUMH  CTiHKaMH. JleTanpHWUH OTJsA 30HW IuTacTUyHOI jaedopmartii BHSIBHUB (popMyBaHHS
cnenudiuHUX CTPYKTYPHUX aHOMAJIil, O3HAYCHUX Ha 3pa3Kax KOJhOPOBHM MapKEpPOM IJis JOKajIi3allii
IUISHOK aHamizy. [Ipu HaBaHTaXkeHHI, 110 BIAMOBIAE IJIATO TEKYYOCTI, CHOCTEPIra€ThCs MACOBHIA KOJIAIC
KOMIpOK, SIKHi Ha MIKpPOpiBHI MPOSIBISETHCS SK BTpaTa CTIHKOCTI (3MHHAHHS) CTiHOK. J[J1s emacTUYHUX
3paskiB (rpyma 1,2:1) xapakrepHUM € 000pOTHE BHUIAOBKEHHS TOpP, TOMI SK JUIS JKOPCTKUX KOMITO3HIIIH
(rpyma 1:1,2) 3adikcoBaHO YHCIICHHI pPO3pHMBH MEMOpaH Ta pyWHYBaHHS peOep, L0 MiATBEPIKYE
«3y0vacTuii» xapakTep OTPUMAaHHX Jiarpam CTUCKY (pHC. 2).

JIst TeOpeTHYHOTro OOTPYHTYBAaHHS OTPUMAHHUX HAaHUX Oyso po3po0IIeHO TeOMETPHYHY MOJENb
imeamizoBanoi Mikpoctpyktypu IIITY (pucb). Ba3oBa Monenb NpeacTaBise MiHY SK CYKYNHICTh
MPaBHJIBHUX T'€KCAaroHAIBHUX KOMIPOK 3 XapaKTePHUMH ITapaMeTpaMu: BHCOTOIO N Ta JOBXKUHOIO TpaHi a.
Taxuii miaxXia T03BOJISIE MATEMATHYHO OINMCATH 3MiHY BUTBHOTO 00’ €My IMOPHCTOTO MPOCTOPY B MPOIIECi
CTHCKY.

[MowatkoBuit cran (puc. 5, a) XapaKTepU3YETbCS PIBHOBAXXHUM PO3IOALIOM HAMpPYKEHb Y
HezeOopMOBaHii CiTIi, e TeOMETPHYHI apaMeTpHy BiIIOBINAIOTh BUXiAHIN TycTrHI MaTepiany. Cramisa
IUIACTUYHOTO 3CyBY (puc. 5, b) meMOHCTpye 3MiHY KyTiB HaXWily TpaHei, II0 Bi3yalbHO Haraaye mporec
«cxyomyBaHHs» mop. Lle BiamoBinae nepexoxy MaTepiaity B 30HY IUIaTO Ha JiarpaMax HaBaHTa)KeHHS (pucC.
2). Cranis yuinbHeHHs (puc. 5, ¢), e npu JOCATHEHHI KPUTHYHHMX 3HA4eHb Aedopmariii BinOyBaeThes
TIOBHE 3MHKAHHS TMPOTHICKHUX CTIHOK KOMIPOK, IO MPHU3BOAWUTH IO PIi3KOTO 3POCTAHHS KOPCTKOCTI

CTPYKTYpH.
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[TopiBHAHHS pe3yNbTaTiB €KCIIEPHUMEHTANBHOI Bi3yati3allil Ta po3paXyHKOBHX CXeM HiATBEPIKYE
aJIeKBaTHICTh 0OpaHoi Mozem. CxeMaTH4HE TIpeICTaBlIeHHs AedopMoBaHuX KOMipok (puc. 5) moBHiCTIO
Kopeoe 3 MopdosIoriero, 3adikcoBanoro Ha Mikpohororpadisx (puc. 4), ge CrocTepiraeThCs aHi30TPOITHE
CIUTIOIICHHS MOp Y HAMpPSMKY MPHKIAJCHOTO BEKTOpa CHJIM. BUKOPHCTaHHS TaKMX MOJENIEH JT03BOJISIE
po3paxyBaTH JIOKAJIbHI KOHIICHTpAIlli HAaNpyXeHb y BYy3JaxX 3’€mIHaHHA pedep, sKIi BUCTYMAIOTh
IHII[IaTOPaMHM 3arajibHOTO PyHHYBaHHS MaTepiaty.

Puc. 3. MiKpOCTPYKTYPHHIi aHAJI3 MIHOMOIiypeTaHOBUX 3pa3KiB

Puc. 4. 3pi3zu MiKpOCTPYKTYPHHU MiHOMOJiypeTaHOBHX 3Pa3KiB 10 Ta micJisi BUIPOOYBAHHA

Puc. 5. MoaenaoBanHs Aedopmaniii y miHomossiypeTaHoBHX 3pa3kax

TakuM YMHOM, MOEIHAHHS MIKpPOQOTOrpadiuHOro aHaNmizy Ta TeOMETPHUYHOTO MOJCIIOBAHHS
JIOBOJMTB, 110 MiltHICTh [1I1Y BU3HAUAETHCS HE JUINIE XIMIYHOO IPUPOIOI0 MONTIMEPY, a i TOMOJIIOTIYHO0
CTabIIBHICTIO HOTO MOPUCTOTO Kapkaca. MoJenoBaHHs IEPEX0y BiJl MPaBUIIbHOI reKcaroHabHoi hopMu
10 neOpMOBAHOTO CTaHy JIO3BOJISIE BCTAHOBUTH KUIBbKICHI Mexi Oe3nedHoi ekcIulyartallii MaTepiany.
BrpoBajKeHHS TAKOTO MiIX0AY B iHKEHEPHY MPAKTHKY Aa€ 3MOTY CTBOPIOBATH ONTHMI30BaHi CTPYKTYpH
3 Hamepea 3aJaHOI0 CTIMKICTIO J0 IUIACTHYHUX jAedopmariiid, OO0 € KPUTHYHO BaXKIUBUM IS
eHeproeeKTUBHOTO OyMIBHUIITBA Ta a6POKOCMITHOI TaIy3i.

BucHoBkH

OOrpyHTOBaHa METOJWKA JO3BOJISIE HE JIMIIE KOHCTATYBaTH (PaKT pyHHYBaHHS, a W TEOPETUIHO
MOJICITIOBATH 30HN MalOyTHROI ECTPYKIIil Ha PiBHI OKPEMUX eJeMeHTIB IiHu. OTpUMaHi JaHi CTBOPIOIOTH
HiATPYHTS UT po3poOKH I POBUX IBIHHKUKIB MIHOMOMIYPETaHIB 13 33aHO0 aHI30TPOITI€I0 BIACTHBOCTEH.
Onrtumizanist MiKpOCTYKTYpH KOMIpPOK, BUXOISUHM 3 PE3YJIbTaTiB MIKPOCTPYKTYPHOTO aHali3y, 3a0e3neuye
iIBUIIIEHHS SKCIUTyaTaliifHOT HAIHHOCTI CHUCTEM TEITUTOi30JIAIil Ta KPiOTeHHOI TEeXHIKH. Y MiACYMKY,
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IHTerpallisi eKCIepUMEHTATbHUX JiarpaM CTHCKY 3 MIKPOCTPYKTYPHUM MOJICITIOBAHHIM JIO3BOJISIE
TpaHchOPMYBaTH EMITIPUIHHUN MTIIXiT Y TPETUKTHBHY IHXECHEPHY METOIUKY.
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HHOIIYK MATEPIAJIIB, IOAIBHUX 10 KAPBIZ1Y BOPY HA OCHOBI BIIKPUTHUX
OBYUCJIIOBAJIBHUX BA3 JAHUX MATEPIAJIIB

Y uyvomy 0ocnidswcenni npedcmagneno nioxio 0nsa euAenNeHHA Mamepianie iz 61acMUEOCMAMU, ROOIOHUMU 00 UiIbOGUX
CROJIYK, 3 6UKOPUCHANHAM GIOKPUMUX 004 UCTI06ANbHUX 0a3 Oanux mamepianie. Ik mecmosuii mamepian 6UKOPUCMOGYEMbCA
kap6io oopy (B.C) i3 nesnumu cnissionowennamu oop-eéyzneys (0,78-0,91), ona akozo pospobneno nocnioosnicms 3i 360py,
00pobKku ma aunanizy Oanux. /lna 2cpynyeamns mamepianie 3a CMPYKMYPHUMU, EHEPZEMUYHUMU MA MEXAHIUYHUMU
871ACMUBOCIMAMU 3ACHOCOBYIOMbCA WICIb AI20PUMMIE KIACmePU3ayil, ujo npeodcmasinions pizHi Memooon02iuni nioxoou,
a makoxc Kiibka memooie cenexkyii eracmugocmeii. 3anponoHo6ana Memooo02isa yCniuiHo 6UABIAE Klacmepu 3 6UCOKOIO
KOHUEeHmPayiclo yinbosux cKkiaoie Kapoioy 6opy ma po3Kpueac inuii 60popoemicui mamepianu 3i CX0HCUMU 61ACMUBOCHIAMU.
Lleii nioxio oemoncmpye nomenyian UKOPUCMARHKA GIOKpUMUX 0a3 OAHUX mamepianié 01A NPUCKOPEHO20 NOULYKY HOBUX
Mmamepianie i 3abezneuye niOrpynms, AKe MOHCHA 3ACMOCY8AMU 00 PI3HOMAHIMHUX MAMEPIATLHUX CUCHIEM NO3aA MeHcamu
Kapoioy oopy.

Knrwwuoei cnosa: 06uucniosanvuuill CKputine mamepianis, ingpopmamuxa mamepianis, kapoio 6opy

N. Mediukh, A. Krasikov, O. Vasiliev

DATA-DRIVEN DISCOVERY OF BORON CARBIDE-LIKE MATERIALS USING
OPEN COMPUTATIONAL MATERIALS DATABASES

This study presents a data-driven approach for identifying materials with similar properties to target compounds using
open computational materials databases. We use boron carbide (B.C) with specific boron-to-carbon ratios (0.78-0.91) as our
test case material and develop a robust pipeline for data collection, processing, and analysis. Six clustering algorithms
representing different methodologies and several feature engineering techniques are employed to group materials based on
structural, energetic, and mechanical properties. Our methodology successfully identifies clusters with high concentrations of
target boron carbide compositions and reveals other boron-containing materials with similar properties. This approach
demonstrates the potential of leveraging open materials databases for accelerated materials discovery and provides a framework
applicable to various material systems beyond boron carbide.

Keywords: computational materials discovery, materials informatics, boron carbide

1. Introduction

In this context, computational materials discovery has advanced significantly through the
development of high-throughput screening methodologies, primarily based on density functional theory
(DFT) calculations. These efforts are substantially supported by the growth of open materials databases like
the Materials Project [1] and NOMAD (Novel Materials Discovery) [2]. Such platforms facilitate property-
based filtering and similarity searches across extensive datasets of calculated materials. However, a
limitation of these approaches is their frequent reliance on pre-existing knowledge and defined chemical
descriptors, which may restrict the identification of unanticipated compositions or structures with desired
mechanical properties. To address these limitations, the field of materials informatics has emerged, with
machine learning (ML) techniques becoming integral to materials research [3]. For example, supervised
ML models have been successfully applied to predict various material properties [4]. Unsupervised learning
methods, particularly clustering algorithms, are gaining attention for their capacity to identify inherent
patterns and relationships within large materials datasets without requiring a priori labeling of material
characteristics [5].

The application of clustering algorithms in materials discovery is predicated on their ability to
perform unsupervised pattern recognition within complex, high-dimensional datasets. These methods can
reveal intrinsic groupings of materials that share similarities in their features, which might not be discernible
through conventional analysis [6]. The central hypothesis is that materials exhibiting analogous
fundamental crystallographic, energetic, or mechanical properties will co-locate within a defined feature
space. This offers a pathway to discover novel material analogues, such as those with mechanical properties
similar to boron carbide, by identifying compounds that cluster with the target material, irrespective of exact
stoichiometry or elemental composition. However, significant challenges in applying clustering to materials
data include the appropriate selection and representation of material features (descriptors) relevant to
mechanical behavior [5]. The choice of clustering algorithm and the subsequent validation of cluster quality
both require careful consideration and often require domain-specific expertise. Furthermore, the
development of quantitative evaluation metrics that are meaningful for materials science applications
focusing on mechanical properties is essential for translating clustering results into actionable insights.
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Boron carbide (B4C) is a ceramic material characterized by a combination of desirable properties,
including ultra-high hardness and low density [7]. These attributes underpin its utilization in demanding
applications such as ballistic armor and abrasive cutting tools [8]. Nevertheless, challenges associated with
the synthesis and processing of boron carbide, including high sintering temperatures and difficulties in
achieving full densification, motivate the search for alternative materials with comparable or superior
mechanical performance characteristics [9]. The discovery of such novel materials traditionally relies on
experimental methodologies that are often resource-intensive and time-consuming. The combinatorial
explosion of possible chemical compositions and structural configurations renders exhaustive experimental
exploration impractical. Consequently, computational approaches are increasingly relevant for guiding and
accelerating experimental efforts in materials discovery [10].

This work introduces a systematic, data-driven framework to identify novel materials with
mechanical properties analogous to boron carbide. By applying unsupervised clustering to computational
materials databases, we address the core challenges of feature engineering and algorithm selection to
establish a robust pipeline for materials discovery. Our approach evaluates diverse feature sets and
clustering models, using domain-specific metrics to ensure physical relevance. Ultimately, this
methodology identifies specific candidates for experimental validation and provides a transferable
architecture for targeting custom mechanical attributes across diverse material systems.

2. Materials and Methods

2.1 Data Collection and Database Construction

Materials data acquisition was evaluated through two primary approaches: the OPTIMADE [11]
interface and direct database APIs. OPTIMADE is a standardized API specification that provides unified
access to multiple materials databases, including AFLOW [12], Materials Project [1], and NOMAD [2].
However, practical implementation revealed significant limitations in the OPTIMADE approach. Individual
database providers implement the OPTIMADE specification inconsistently, leading to incompatible data
structures and response formats across providers. Additionally, the federated queries frequently encountered
random API errors and timeout issues, making large-scale data harvesting unreliable. The theoretical
advantage of accessing multiple databases through a single interface was undermined by these
implementation inconsistencies and reliability issues.

The NOMAD database was selected as the primary data source due to its native API stability and
comprehensive data coverage. Unlike the OPTIMADE interface, NOMAD's native API provides direct,
stable access to its complete repository of computational materials data without the intermediary
standardization layer that introduces inconsistencies. The NOMAD API demonstrated superior reliability
for large-scale data harvesting operations and provided access to detailed computational metadata necessary
for this analysis.

BxZy, where Z - any element, materials data were systematically harvested from the NOMAD
database using its native API (https://nomad-lab.eu/prod/v1/api/vl/entries). The data collection focused
exclusively on Density Functional Theory (DFT) calculations to ensure computational consistency across
the dataset. Filtering criteria included restricting the computational method to DFT calculations, requiring
complete system geometry information, and requiring the availability of both total energy and stress tensor
data. All available chemical systems were included without initial composition-based filtering to maintain
dataset diversity.

The raw NOMAD data were stored in a MongoDB database to facilitate efficient querying and
processing of large-scale materials data. This intermediate storage approach enabled robust error handling
during data acquisition and flexible downstream analysis. The current analysis was executed on all 70k
materials records available in the NOMAD database by the B* search criteria.

2.2 Dataset Preparation and Feature Engineering

From each DFT calculation record, 13 quantitative features were systematically extracted to
characterize the materials. Structural features included crystal space group number, unit cell volume per
atom, lattice parameters (a, b, ¢ lengths), and lattice angles (o, B, v). Chemical features comprised boron
atomic fraction (B_ratio), atomic number of the second most abundant element, and periodic table group of
the second element. Physical features included the DFT total energy per atom and the von Mises equivalent
stress calculated from the stress tensor components.

Statistical outliers were identified and removed using a 3-sigma criterion applied specifically to the
energy and stress features (energy_per_atom, equivalent_stress). This targeted approach preserved natural
diversity in structural parameters while removing potentially erroneous computational results. All features
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were standardized using z-score normalization, and categorical variables (space groups) were handled with
one-hot encoding when necessary.

Four distinct feature sets were designed to investigate the relative importance of different material
properties: (1) all_features - complete 13-feature set including structural, chemical, and physical properties;
(2) structural - crystal structure and lattice parameters only; (3) energy_stress - DFT energy and mechanical
stress only; (4) structural_energy_stress - combined structural and energy/stress features excluding
chemical composition.

Principal Component Analysis (PCA) was systematically applied to each feature set with varying
numbers of components (2, 3, 4, 5, 6, and no PCA) to investigate the effect of dimensionality reduction on
clustering performance.

2.3 Clustering Methodology

Six distinct clustering algorithms were implemented to capture different clustering paradigms: K-
Means (centroid-based), Gaussian Mixture Model (probabilistic), Agglomerative Clustering (hierarchical
with Ward linkage), Birch (hierarchical optimized for large datasets), DBSCAN (density-based with noise
detection), and HDBSCAN (hierarchical density-based with varying density handling).

Each algorithm underwent systematic parameter optimization. K-Means, Agglomerative, Birch, and
Gaussian Mixture Model were tested with cluster numbers from 2 to 20. DBSCAN explored epsilon values
from 0.1 to 2.0 with minimum samples fixed at 5. HDBSCAN tested 36 parameter combinations varying
minimum samples (5-30) and minimum cluster size (5-30).

The complete experimental matrix consisted of 4 feature sets x 6 PCA configurations x 6 algorithms
with their parameter grids, resulting in 2,317 unique clustering experiments. All results were stored in
MongoDB with complete parameter tracking for reproducibility and systematic analysis.

2.4 Discovery-Focused Evaluation Framework

The evaluation framework was designed as a general methodology for identifying clusters enriched
with target materials, demonstrated here using boron carbide (BC) compounds as an example case. Target
materials were defined as compounds containing both boron and carbon atoms with a boron-to-carbon
atomic ratio within 0.78 < B/(B+C) < 0.91, representing established BC stoichiometries. This approach can
be adapted for any target material class by modifying the identification criteria.

A comprehensive scoring system was developed, combining multiple evaluation criteria:

- Silhouette Score: Traditional clustering quality metric ensuring geometric coherence, though
weighted lower than domain-specific criteria.

- Cluster Count Score: Favors clustering solutions producing 10-25 total clusters, balancing
granularity with interpretability. Solutions with fewer than 5 clusters receive minimal scores, while those
exceeding 40 clusters are penalized for over-fragmentation.

- Target Concentration Score: Evaluates how effectively target compounds (BC materials) are
concentrated within a few clusters. Optimal scores are achieved when 70%+ of target compounds reside in
a single cluster, or 80%+ in two clusters. Solutions with target compounds dispersed across many clusters
receive lower scores.

- Diversity Score: Assesses the composition diversity within target-rich clusters to ensure discovery
potential. Clusters with 20-70% target compound ratios receive maximum scores, representing an optimal
balance for identifying similar materials. Pure target clusters receive low scores because they offer limited
discovery opportunities.

Each score range is from 0 to 1. Those scores are combined as a linear combination with the same
weights to get the final score. The final score shows not only whether this clustering attempt is good enough
according to the classical silhouette score, but also whether we can discover materials similar to boron
carbide.

3. Results and Discussion

3.1 Data Collection Performance

Our data collection pipeline successfully harvested materials data from open computational material
databases using Optimade API (via Python client library and via direct API calls) and Nomad API. Table 1
summarizes the data collection performance across different APIs and providers.

The NOMAD native API provided the most comprehensive dataset, but required significantly more
time for complete harvesting. For targeted studies focusing on specific element combinations (e.g., boron
carbide), filtered queries substantially reduced collection time while maintaining a high yield of relevant
data.
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Table 1
Data collection performance comparison

Method Provider | Structures Retrieved | Time (min) Success

Rate (%)
OPTIMADE Client All 20,957 ~10 95.3
OPTIMADE Client (filtered) | All 4,971 ~5 94.7
OPTIMADE API NOMAD 9,920 ~15 99.6
OPTIMADE API AFLOW 100,000 ~120 98.2
NOMAD Native API NOMAD 13,000,000 ~1,800 99.9

3.2 Dataset Characteristics and Clustering Performance

Our systematic clustering analysis processed 29,378 materials records from the NOMAD database
after outlier removal, representing a comprehensive survey of DFT-calculated crystalline materials. The
dataset encompassed diverse chemical compositions, with particular focus on boron-containing compounds
as our target case study. A total of 2,317 distinct clustering configurations were evaluated across six
algorithms, four feature sets, and multiple PCA dimensionalities, demonstrating the robustness of our
systematic approach.

3.2.1 Algorithm Performance Comparison

The comprehensive evaluation revealed significant performance differences across clustering
algorithms and feature sets (Table 2). Birch clustering consistently achieved the highest performance with
an average score of 0.552 across all configurations, followed by DBSCAN (0.511) and K-means (0.486).
The superior performance of Birch can be attributed to its hierarchical approach and optimization for large
datasets, making it particularly well-suited for materials discovery applications.

Table 2.
Algorithm Performance Summary

Algorithm Average Score Best Configuration Optimal Features
Birch 0.552 0.801 energy_mechanics
DBSCAN 0.511 0.797 energy_mechanics
K-means 0.486 0.691 energy_mechanics
Agglomerative 0.472 0.700 energy_mechanics
GMM 0.454 0.608 all_features

HDBSCAN 0.454 0.586 structural (PCA=3)

3.2.2 Feature Set Effectiveness

The energy_mechanics feature set demonstrated superior performance (average score 0.567)
compared to other feature combinations, validating our hypothesis that energetic and mechanical properties
are primary determinants of materials similarity. This finding suggests that materials with similar
thermodynamic stability and mechanical response tend to exhibit analogous behaviors regardless of their
exact chemical composition.

The structural feature set showed moderate performance (0.481), while the complete all_features set
achieved comparable results (0.480). Interestingly, the structural_energy_mechanics combination (0.468)
performed slightly lower than energy_mechanics alone, suggesting that the inclusion of structural
parameters may introduce noise when energetic properties are already well-represented.
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3.3 Target Material Identification

3.3.1 Optimal Clustering Configuration

The best-performing configuration employed Birch clustering with energy_mechanics features and
no PCA dimensionality reduction, achieving a combined score of 0.801. This configuration successfully
concentrated 65 boron carbide compounds with target B/(B+C) ratios (0.78-0.91) into 5 clusters out of 18
total clusters (Fig. 1).

Fig. 1. Distribution of Boron content per cluster. Only clusters that have at least one boron
carbide calculation are represented

3.3.2 Discovery Potential Analysis

The clustering analysis identified two distinct discovery clusters with contrasting compositional
profiles, each offering unique insights for materials discovery.

Cluster 16 contained 148 compounds, dominated by alkali and alkaline-earth metal borides,
exhibiting remarkable compositional consistency. The boron ratios ranged from 0.75 to 0.923, with most
compounds falling in the 0.857-0.923 range—closely matching the target B.C stoichiometry. The cluster
was characterized by extensive representation of alkaline earth metal borides, including B-Ba (17
compounds), B-Sr (15 compounds), B-Ca (11 compounds), and B-Mg (11 compounds), alongside alkali
metal borides such as B-Li (16 compounds), B-K (13 compounds), B-Na (10 compounds), and B-Cs (10
compounds). Rare earth borides were also present, notably B-Y (18 compounds) and B-La (13 compounds),
while pure borocarbides (C-B, 14 compounds) exhibited boron ratios between 0.80 and 0.87. This cluster's
chemical coherence suggests shared electronic structure and bonding characteristics relevant to B.C-like
materials.

Cluster 17 comprised 81 compounds exhibiting greater chemical diversity, capturing materials with
varied bonding character. Boron oxides (B-O, 25 compounds, boron ratio 0.89) dominated this cluster.
Metal borides were represented by B-Na (15 compounds, boron ratio 0.87 - 0.94) and B-Mg (13 compounds,
boron ratio 0.80 - 0.88). C-B borocarbides (16 compounds) spanned a wide compositional range from 0.625
to 0.90. The cluster also contained B-H borohydrides (12 compounds, boron ratio 0.29 - 0.38), representing
alternative boron coordination environments distinct from the target B.C structure.

The separation into electropositive metal borides and mixed-bonding structures provides actionable
chemical insights for materials discovery. The first cluster suggests that electropositive metals may stabilize
boron-rich structures through ionic bonding mechanisms similar to those in B.C, making these compounds
promising candidates for experimental synthesis. The second cluster, with its diverse bonding environments
including covalent B-O and coordination-based B-H interactions, represents alternative pathways to achieve
similar characteristics through fundamentally different chemical strategies. This focused clustering
demonstrates that machine learning-driven materials discovery can simultaneously achieve high selectivity
and chemical interpretability when appropriate feature engineering and scoring metrics are employed.
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4. Conclusions

This study presents a systematic data-driven methodology for identifying materials with similar
properties to target compounds using open computational material databases. Our comprehensive analysis
of 70k DFT-calculated materials from the NOMAD database, evaluated through 2,317 distinct clustering
configurations, establishes several key contributions to computational materials discovery.

The systematic harvesting and processing of large-scale materials data from NOMAD demonstrates
the feasibility of leveraging open databases for materials discovery. Our multi-tier feature engineering
approach, encompassing structural, energetic, mechanical, and chemical descriptors, combined with
rigorous outlier removal and standardization protocols, provides a robust foundation for unsupervised
analysis. The comprehensive evaluation framework, testing six clustering algorithms across four feature
sets with systematic PCA dimensionality reduction, ensures methodological rigor and reproducibility.

Our approach offers several distinct advantages over traditional materials discovery methods.
Unsupervised clustering eliminates composition-based biases, enabling the discovery of non-obvious
material analogues across diverse chemical spaces. The methodology scales naturally with database growth,
becoming more powerful as computational repositories expand. Emphasis on energetic and mechanical
descriptors captures fundamental principles of similarity that transcend elemental composition.

The framework's generalizability extends far beyond boron carbide systems. The methodology can
be readily adapted to any target material class by modifying identification criteria and adjusting scoring
weights according to desired properties. The convergence of energy-mechanics features across multiple
algorithms suggests universal applicability of thermodynamic and mechanical property descriptors for
materials similarity assessment.
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Jhyybkutl HAYiOHANbHUL MEXHIYHULL YHIBepcumem

JTAHAMIYHA CUHXPOHI3ALIS IHEPI[IMHUX BIGPO3BYIHUKIB
BI'APMOHIYHOTI' O BIBPOIIPUBOAY

Po3zenadaempca moxcnugicmo OMpUMAnHA CMINKUX Oi2ADMOHIYHUX KONUGAHbL GIOPOMAWIUHU 3 KIHEMAMUYHO
He36’a3anumu  inepuiinumu  6iopo3dyonuxamu. Jlocnioxcyemoca OunamiuHa CuUHXpoHi3ayia 060X nap iHepyiiiHux
6iOPO3GYOHUKIE 3 KpamHUMU uacmomamu obepmants. 3a0aua po3e’sa3ycmovcs 3a 00NOMO2010 IHMEZPAILHOZ0 Kpumepiio
cmitikocmi (ekcmpemanbnoi e1acmueocmi) CUHXpoHHUX pyxie. Bcmanoeneni 3cyeu paz y moxycaueux cuHXpoHHux pyxax
6i0P030YOHUKIE, yMOBU ICHYGAHHA MA CMINKOCMI CUHXPOHRNHUX pYXie. Ompumano hopmynu 0ns eiopayinHux momenmie, AKi
3abe3neuyiomy  camocuHxXpouizauiro  eiopo3oyonuxie. Teopemuuni pezynomamu  niOMEEPOICYIOMBCA  UUCETbHUM
MOOENIO6AHHAM.

Knrwwuogi cnoea: sibpomawuna, biecapmoniymi konusans, 0eberanchuil 8iopo30yOHUK, CAMOCUHXPOHI3aYis, IHMeSpantbHUll
Kpumepii.

M. Yaroshevich, V. Puts, T. Yaroshevych, V. Martyniuk

DYNAMIC SYNCHRONIZATION OF INERTIAL VIBRATION EXCITERS
BIHARMONY VIBRATION DRIVE

The possibility of obtaining stable biharmonic oscillations of a vibration machine with kinematically uncoupled inertial
vibration exciters is considered. The dynamic synchronization of two pairs of inertial vibration exciters with multiple rotation
frequencies is investigated. The problem is solved using the integral stability criterion (extreme property) of synchronous
movements. Phase shifts in possible synchronous movements of vibration exciters, conditions for the existence and stability of
synchronous movements are established. Formulas for vibration moments that ensure self-synchronization of vibration exciters
are obtained. Theoretical results are confirmed by numerical modeling.

Keywords: vibration machine, biharmonic oscillation, unbalanced vibrator, self-synchronization, integral criterion.

IMocTanoBka npodsaemu. BiOpomamuau 3 iHEepLHiHHUMHU 30yIHUKAMH, 1[0 CAMOCHHXPOHI3YIOThCH,
CepiiiHO BUITyCKAIOTHCS Ta YCHIIIHO MPAIIOIOTh K Ha MiAIPUEMCTBAX HAIIO! KpaiHH, Tak 1 0araTbox Kpain
cBiTy [1-3]. OcHOBHUMM TiepeBaraMu BUKOPUCTAHHS SBUINA CAMOCHHXPOHI3aIli] y MPUBOJII BIOPOMAIIIUH €:
YCYHEHHS BHCOKOHABAaHTAXCHUX KIHEMAaTHYHUX Tepenad MiX BiOpo30yIHHUKAMH; PO30CEPEIKEHHS
30yprorovoTl CHJIM B37I0BX po0OOYOro oprany (mas 3abe3medeHHs 30UTBIICHHS KOPCTKOCTI PoOOYOro
Oprany); 3MCHIIICGHE HABAaHTAXCHHS HA MIiAIIUITHAKA BiOPO3OYIHUKIB, MOMIUBICTh TPUKIIAJAHHS
30ypIOI0YO0T CHITH Y TICHTPI iHEepIli cucremu. PazoM 3 TUM, MOXJIHBOCTI BIIOCKOHAJICHHS BiOpOMamIvH Ha
OCHOBI SIBUIIIAa CAMOCHHXPOHI3aIIIl I[e JaIeKO He BUUYCpPIIaHi.

AHaJi3 icHywunx gociaimkenb i myOuaikamiii. Ha choronmHi sBuille TUHAMIYHOI CHHXPOHI3aIlii
iHepIifiHuX BIOPO3OYMHMKIB HOCHIIKEHO moctarHbo moope [1, 2]. B [4] posrasmaroTees aBi HOBI
MOJJIMBOCTI  yJIOCKOHAJIeHHs1 BiOpOMaIlMH, SKi MICTSITh B KOHCTPYKLIi BiOpO30OyAHUKH, IO
CaMOCHHXPOHI3YIOTBCSI, & caMe: TIOYEeProBHid MycK BiOpo30yIHUKIB Ta eeKT BiOpaliifHOro miATpUMaHHs
obepranns. [lepeBarn BUKOPUCTAHHS MOYEPTOBOTO IYyCKY IHEPUIHHUX BiOPO30YIHHUKIB OOTPYHTOBYETHCS
TakoX B cTarTi [5]. MOXIIMBOCTI BUKOPUCTAHHS e(heKTy CaMOCHHXPOHI3allil IjIsi CTBOPEHHS BiGpOMAIIMH
i3 3aKOHOM KOJIMBaHb POO0OYOT0 OpraHy, KMl MOXKe 3MIHIOBATHCS TIPH poOOTi, JAeMOHCTpyeThes B [6]. B
npansix [7, 8] 3BepTraeThcs yBara Ha MOXKJIMBICTE O3B’ sI3yBaHHS MIPAKTUYHHX 33]a4 CAMOCHHXPOHI3aIii 3a
METOAMKOIO JOCTIKEHHS eEeKTy BiOpamiifHOTO 3aXBaTy o0epTaHHSI HE3piBHOBaXXEHOTO poTopa. IIpoTe, B
ICHYIOUHX JTOCIIDKEHHSIX PO3TJISAa€ThCs, 3a3BUYail, CAMOCHHXPOHI3aIlisl BIOPO30YIHHKIB 3 OJHAKOBUMHU
YacToTaMH 0OepTaHHS.

Bumagkam camocuHXpoHi3a1ii BiOpo30yIHUKIB 3 KPaTHUMH YacTOTaMU OOEpPTaHHS MPUCBIUCHO
icrotHo MeHmie gochimkenb [1, 9-12]. B monorpadii [1] BkasyeTbcsi Ha 3HAYHO OUIBLIY CKIIAAHICTH
PO3B’sI3yBaHHS JaHUX 3a]ad, a TaKoK Ha NpoONEeMH MPaKTUYHOTO BUKOPHCTaHHSA €(eKTy KpaTHOI
camocuHxpoHizaiii. ¥ cratTi [10] 06rpyHTOBYETHCS MOKIIMBICTh BUKOPUCTAHHS 1HTETPAILHOTO KPUTEPIIO
CTIHKOCTI CHHXpPOHHHX PYXiB Ui pO3B’sA3yBaHHS 3amad KpaTHOI caMOCHHXpOHi3amii. YacTkosiit
CaMOCHHXPOHi3allii iHepIiiHIX BiOp0o30yIHHUKIB OirapMOHIYHOTO BiOpOMpUBO/A MpUCBsYeHi cTaTTi [11,
12].

Meta gocaixkedb. [IponeMOHCTpYBaTH MOXKIIMBICTS OTPHUMAHHS TOPHU30HTATBHIX OIrapMOHITHUX
KOJIMBaHb pPOOOYOro OpraHy BIOpOMAmIMHM 3 IHEpIidHMMH BiOpO30yIHUKaMH, sIKI He 3’€IHaHi
KiHEMaTHYHUMHU MIepeaavyaMu.
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MeToaunka aocaimkeHHs. [y BUpIICHHS OCTABICHNUX 334 BUKOPUCTAHO METOAN TEOPETUIHOI
Ta BiOpariiiHoi MexaHiKHM, a TaKOXX IHTETpaIbHUN KpHUTEpid CTIHKOCTI CHHXPOHHHX pyXiB. UmcenpHe
MOJICJTFOBaHHS TIPOBOIMIIOCS 3 BAKOPUCTAHHAM MaTeMaTtudHoro makery Maple.

BukiaaneHHss ocHOBHOro marepiany. Onuc ounamiunoi cucmemu ma oupepeHyianvhi pigHAHHS
pyxy. Ha Bibpyrogomy po6odomy opradi BiGpoMammuu (HECYIOMY TBEPIOMY Tilli), JKOPCTKO 3aKpiIlIeHi
JIBI Tapu iHepIiiiHuX BiOpo30ymHuKiB (puc. 1). Pobounii opran BCTAHOBJICHO Ha HEPYXOMill OCHOBI 3a
JOTIOMOTOI0 TBHUHTOBHX LMJIIHIPUYHUX TPYXHH. B 3araJpbHOMYy BHUNAAKy poOOYMI OpraH Moxe
3MIACHIOBATH ITUIOCKI KOJMBaHHSA. YcCi BiOpO30YIHHWKH TIPUBONATHCS B OOEPTaHHSA BiJl HeE3aJeKHUX
ACHHXPOHHHX €JIeKTPOJBUTYHIB. [Ipuuomy, BiOpo30yIHUKH y mapax oOepTaroThCs B TMPOTHIICKHUX
HanpsIMKax, Tapu BiOpo30yIHUKIB NPHUBOIATHCS B OOEpTaHHS BiJ EJICKTPOJABUTYHIB 3 KpaTHHUMHU
CUHXpOHHUMH dacToTamu. Oci BiOpO30YTHHKIB TEpIEHAMKYISAPHI 10 TUIOMIMHU KOJIMBaHb POOOYOro
oprasy.

SH (PS

ibJ&«p

Puc. 1. Ilnnamiuna cxema 6irapmMoniyHoro Bioponpusoay

PiBHSHHS pyXy Takol IUHAMIYHOI CUCTEMM MOKHA IoAaTH y BUrismi [1]:

4 4
MK+ B X+C, X = > me@l cosg, , My + B,y +c,y==-> meg’sing,,
s=1 s=1
4
J¢+/B¢;¢+C(p¢=zmsgsrs¢i2 sin((pi +5i)' Is¢s = Ls (¢)_Rs (¢)+IIIS’ (1)
s=1

e M, J, g ; =X, Y, — Maca, MOMCHT iHepuil Ta y3arajibHCHI KOOPAMHATH MPYKHO MiJBIIICHOIO

pobodoro oprany, @,, M.E - KyTH HOBOPOTY Ta CTaTWYHI MOMEHTH BiOpo30OyamHukis;, /f,, Cq—

KOeQiLiEHTH B’A3KOT0 OMOPY Ta 3KOPCTKOCTI MPYKMH MiJIBICKM poO0Yoro opray; I, — Bifaank BiJ HEHTPY
Baru O 110 oci i-20 BiOGpo36yHuKa; | s~ 3BEJIeHI MOMEHTH iHepIii BiOpo30yAHHKIB; LI ((0, ) — obepToBuUit

MOMCHT Ha BaJly CJICKTPOABHUIYHA, R p. ) — 3BCHCHHﬁ MOMCHT CHJI OITO o0epranHs (0OYMOBIICHHI
1 I

MEPEBAKHO OMOPOM Y MIANIMITHUKAX); § — MPUCKOPEHHS BIIBHOTO Ma iHHSI.

Ananimuyni 00Cni0dHCeH s CaMOCUHXPOHIZAYTl OicapMOHIUHUX 8iOp030YOHUKI6. Y PO3TIISAITyBAHUX
NpakKTUYHUX  BHUMaAKax BIOpO30yAHWKHM Ta  €JICKTPOABHTYHH Tap HOMIHAIBHO  OJHAKOBI:
Mme =Mé, =Me, =M& i Mgy, =My L, =01 G,=h; l,=1; I;,=1,. Y pasi xom,
KOHCEPBATHUBHI CHITH 10 KOJIMBHUX KOOPANHATAX HE BPAXOBYIOThCS, IS PO3B’ A3yBaHHS MPUKIIAIHUX 33124
TUHAMIYHOI CHHXpOHI3aIlii iHEpmiHHNX BiOPO30YyIHHUKIB MOXE OyTH BUKOPHCTAHWMA  IHTETpaTbHUH
KpuTepiit cTiikocTi CHHXpOHHHMX pyxXiB [1, 4]. 3rigHO JaHOTO KPUTEPIilO, CTiHKI CHHXPOHHI pPyXH
BiOpPO30YIHUKIB BiAMOBIIAIOTH TOYKAM IPyOMX MiHiMyMiB, neskoi ¢yukiii D pisuuii a3 obepranus
30yaHuKiB. JlaHy QYHKITiI0 HA3UBaIOTh MOTEHINIAMEHOI0. OCKIIBKY Y TEXHIYHUX 3a[a9ax MapIiianbHi KyTOBI
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IIBUIKOCTI BiOp0O30yIHHKIB BBAKAIOTHCS OJHAKOBUMHU (IOCTATHHO OJU3BKMMH), TO POJIb MOTEHIATbHOI

¢yukuito D 6yne BinirpaBatu cepenne 3HaueHHo Gpynkiii Jlarparxka A pobodoro oprany [1]. Buacmizok
s } ]

HPHIYLIEHHS PO «M’AKICTb» NpPYXKHHX OMOp pobodoro oprany (¢, >> P, Ae P, — BiacHi yacroru

KOJIHBaHb p000OYOro oprany), GpyHkiis Jlarpamka A TOpiBHIOE cepeIHbOMY 3HAYCHHIO HOTO KiHETHYHOI
EHEeprii:

D:%<M(X2+y2)+J¢2>. @)
(.

38.3HaLIHMO, o KYTOBi AYXKKH > BKa3yHOTb Ha YCCPCAHCHHA BI/IpaBiB 3a IMBUAKHM YaCcOM

T=wt.
3riiH0 METOAWKH JOCII/DKEHHS, CHCTEMY pPIiBHSHBb KOJNMBaHb pobodoro opramy (1) mocTaTHbO
pO3B’s3yBaTu 3a NPUIYIIEHHA PO PiIBHOMIpHE 0OepTaHHs BiOpO30yIHUKIB. (@, = goio =0, (ot+a,), ne

0, =*1 B 3anexHOCTi Bin HanpsAMKy obepTanHs BiOpo3OyMHUKA, @, =@, W5, =20 ; @ - YacTOTA

KpaTHO-CUHXPOHHOTO o0epTaHHA. Y IBbOMY pasi PIBHSHHS pyXy po0OOYOTo OpraHy IepeTBOPIOIOTHCS Ha
3BHYAliHI JIiHIMHI AUQepeHLianbHi pIBHSIHHS MaluX BHUMYIIEHHX KOJMBaHb. 3 ypaxyBaHHSM PO3B’3KiB
piBHsHb (1), micns ycepenHeHHs Bupasy (2) oTpumyemMo GopMyITy JJisl MOTSHIATBHOT PYHKIT:

D =-V, cos(e, —,) -V, cos(a, —a,) @)

(m,¢,1,@)* 2(m, &, 1y @)* . o . .
ne V, =————, V|, = —————"— - MakcuMaJbHi 3HaueHHs (MOy1i) BiOpauifiHNX MOMEHTIB.
2] J

Sx Bigomo, BiOpalliifHi MOMEHTH XapaKTepU3yIOTh ycepelHeHWH BIUIMB BiOpalii Ha oOepTaHHS
BiOpO30yAHUKIB;, came BiOpamiiiHi MOMEHTH TPH3BOAATH (32 BHUKOHAHHS TIEBHUX YMOB) JIO
CaMOCHHXpPOHi3aIii BiOpo30yTHUKIB.

Bupas s moteHmiansHoi yHKIT (3) MiCTHTE JTHIIe pisHUI (a3 BiOPO3OYIHHUKIB 3 OJHAKOBUMHU
yacToTaMu. Pi3HuUII (a3 30yJHHUKIB 3 KPaTHAMHU YaCTOTAMH BIICYTHI. 3BIJICH CIIAye€, IO JMHAMIYHHN
3B’A30K MK TMapamMH BiOpO30YIHHKIB BiACYTHi. 3BHUaiiHO, Take 3aKIIOYCHHS CIpPaBeUINBE JIUIIE Yy
posrisayBaHoMy HaOmmkenHi. OTke, y HepimoMy HabmmkeHHi (peari3oBaHOTO Ha IPAKTHINL) 3a7ada IIpo
KpaTHy CaMOCHHXPOHI3AIlII0 PO3Ma/a€Thcsl Ha JIBI OMHAKOBI 3amadi. KokHa 3 HUX OKpEMO € BiJOMOIO
3aJauero Mpo CAaMOCHHXPOHI3ALiI0 ABOX 30y THHUKIB 3 OJJHAKOBUMH YacTOTaMH 0OCpPTaHHS B MPOTHIICKHUX
HampsIMKaX, SKi BCTAHOBJCHI HAa POOOYOMY OpraHi 3 IUIOCKUMH KomuBaHHsMHU. Toxi aHamoriuno [1],
HECKJIaJTHO BCTAHOBUTH, IO TPOTH(A3HI peKUMH 00epTaHHS BiOpO30yIHHKIB y Tapax OyayTh CTIHKUMH 3a

OyIop-IKMX MO€IHAHb MapaMeTpiB; HeoOXximHuMm € mmme BukoHanus ymoB I, #0, I, #0. Ymosu
icHyBaHHsI CHH(pa3HUX PEKUMIB PyXy MOXKHA rmojatu y Burisii [1]:
Ky, |a)1 _a)2|/vl(p <1, ks, |a)3 _a)4|/vllq) <1,
ne K _,, K, ,— xoedinientn nemmdysanus. i 3ape30HAHCHHX BiOPOMAUIMH 3 OXHAKOBHMH

(6nu3bKMMU) MAPIiaTbHUMU YacTOTAMM JaHi YMOBH OOOB’S3KOBO BHKOHYIOTHCS. T0OTO, Ha MpPaKTHIL
000B’SI3KOBO MalOTh BCTAHOBHUTHUCS JIBa yCTaNCHI PeXHMHU MpOTH(a3HOro obepTaHHs BiOPO3OYIHHKIB Y
mapax. BiamosimHo, pobouwnii opraH BiOpoMamuHu OyIe KOJIUBATHCS 3a OIrapMOHIYHAM 3aKOHOM.
Pesynomamu  komn’iomeprozo  mooeniosants. MOIEMIOBaHHS 3BOAWIOCA O YHCEILHOTO
iHTerpyBanHs cuctem (1) Ta piBHSAHB IMHAMIYHOT MOJICII ACHHXPOHHOTO eekTpoasuryHa [8]. [Tapamerpu

cucremn: M =108kg; J=2,4kg-m?; ¢,=3510'N/m; B =500kg/s; m, =3 2kg;
g, =0,02m; 1, =0,008kg-m?; 1,=0,005kg-m*; r, =0,76m; r, =0,51m; y, =0,13rad;
7, =0,11rad ; enexrpomsurynun P, =0,18kW , @, =157 rad/s. 3asmaummo, 1m0  OCHOBHi

BiOp030yTHUKH MPUBOAATHCS B 00EPTaHHSI 3a JOMTOMOTOK0 KIIMHOMACOBOI Nepeiadi 3 mepeJaTHUM YUCIIOM
2:1.
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Puc. 2. 3minn B yaci yactorn Bi6po36yauukis: 1) ¢ Puc. 3. 3minn B uaci pisnunmi da3 mik

; 2) —¢2 ; 3) —(/')3 ; 4) ¢4 BiOpo30yanuKkamu y napax:1-¢,,; 2 -¢,,

-0.001 -0.00060 00 0.0002 0.0006 0.001

Puc. 4. TpaexkTopisi pyxy HeHTpa Mac po0oo4oro oprany

PesynbTatn 4nceNnsHOrO MOJCTIOBAHHS BKAa3YIOTh Ha MOXIIMBICTH YCTaJICHUX OIrapMOHIYHHX
KOJIMBaHb Hecydoro Tina BiOpomammHuM 3 JeOalaHCHUMH BiOpo30ynHUKamH, sIKi He 3B’s3aHi
KiHEMaTHIHUMH TTepeaadaMu. 11po 1ie cBiguaTh rpadiku 3MiHH B Yaci 9acTOTH 00epTaHHS BiOpO30yTHUKIB
Ta pi3HUUILI (a3 MK 30yJHHKaMH Yy Mapax, a Takox rpadiku TpaekTopii KOJMBaHb EHTPa Mac PoOOUOTro
oprany. Sk ciigye 3 puc. 2, B ycTaleHOMY peXXuMi pyXy BiOpo30yJHHKH y apax o0epTaioThes y npoTtudasi

3 CHHXPOHHHMMH YaCTOTAMH: ()] & |¢)2| = ~78,2s™, |¢)3| ~ @, =w, =155,3s™ (puc. 3); BigHOmEHHS

CHHXPOHHUX YacTOT BIOpO3OYTHHKIB pi3HUX Tap ONHM3bKE 10 KpaTHOro. 3TifHO pHc. 4, TPaEKTOpis
poGoYOro opraHy B YCTaJIEHOMY PEXHMi — MOCTyNaibHi KomuBaHHs mapanenbHo oci OX  (puc. 3).
[IpuBenena piznutst a3 Mixk BiOpo30yTHIKaMHU 3 KpaTHUMHU YaCTOTAMH € 3MiHHOIO.

BucHoBKu.

BcranoBiieHO MOXKITMBICTD OTPUMAHHS MMOCTYMAIBHUX OIrapMOHIYHUX KOJHMBAaHb POOOYOT0O OpraHy
BiOpOMamIMHU 3 JBOMa mapaMu JAeOalaHCHUX BiOpOo30yAHUWKIB, SIKi HE 3B’s3aHi KiHEMaTHYHHMU
nepeaayamu.

ITokazaHo, MO 3ampoIllOHOBaHA TWHAMIYHA CXeMa JIOMyCKae IBa CTAOUTbHI yCTalleHI PEKUMHU
npotudazHoro obepranHs BiOpo30yTHUKIB KOXKHOT TapH; oOepTaHHs map 30yJHUKIB BiIOYBAEThCS Malike
3 KpAaTHUMH 4aCTOTaMH.
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Jhyybkutl HayioHanbHUll MexXHIYHUL yHieepcumem

®OPMYBAHHA EIIOKCUKOMIIO3UTIB HA OCHOBI PEHUKJIOBAHUX
HAITIOBHIOBAYIB CUHTETUYHOTI' O ITIOXO/’KEHHSA

IIpeocmaeneno memoouxy nepepooKu CKi108010KHUCIMUX HONIMEPKOMNOZUMHUX MAMEPIanie MEmoOOM MEXAHIUHO20
nOOpiOHeHHA 3 HACMYRHOI Kaacuikayiclo 4acmuHoK ma @QOopMyeaHHAM enOKCUKOMRNO3umHnux 3paskie. Busnaueno
niosuwienna Qi3uKo-mexanivHux XapaKmepucmuK enoKCUKOMNO3UMHUX Mamepianie Ha OCHOBL 6MOPUHHOT CUPOGUHU, 4O
cmpykmypoeani 3a kinyeeoi memnepamypu 170°C. Bcmanoeneno 3nudicenns MiyHocmi Ha CMUCKAHHA MA 6MICHY 2e/ib-
ppakuii enokcukomno3ummnozo mamepiaiuy ¢ pe3yibmami 66e0€HHA 00 CK1A0y KOMNO3UYIi HANOBHIV6AYA 8 KinbKocmi dinbuie
200 mac.u., oonax euxopucmanusa nanosnioeaua 6 kinvkocmi 600 mac.u. 3abesneuye 3pocmanns yoapmoi 6'azkocmi
enokcukomnosumie. Bukopucmanns wacmunoxk emopuHHOI CUPOBUHU MEHWLOZ0 PO3MIPY ROKDAWYE MEXHON0ZiuHICMb
KOMRO3uyii ma MiyHicmov HA CMUCHEHHA eNOKCUKOMNO3UMIE.

Kniouogi cnosa: enoxcuoue 6'soicyue, ¢ppaxyis, mepmiuna o6podKa, MiyHicme Ha cCMucHeHHs, ceab-ppakyis, yoapHa
6's13KiCcmb, Xapaxmep pyuHy6aHHsl.

V. Kashytskyi, O. Sadova, A. Chernov, Yu. Kras

FORMATION OF EPOXY COMPOSITES BASED ON RECYCLED FILLERS OF
SYNTHETIC ORIGIN

A method of processing glass-fiber polymer composite materials by mechanical grinding with subsequent classification
of particles and formation of epoxy composite samples is presented. An increase in the physical and mechanical characteristics
of epoxy composite materials based on secondary raw materials, structured at a final temperature of 170°C, is determined. A
decrease in the compressive strength and gel fraction content of the epoxy composite material as a result of introducing a filler
into the composition in an amount of more than 200 wt. parts is established. However, the use of a filler in an amount of 600
wt. parts provides an increase in the impact strength of epoxy composites. The using of smaller particles of secondary raw
materials improves processability of the composition and increases the compressive strength of epoxy composites.

Key words: epoxy binder, fraction, heat treatment, compressive strength, gel fraction, impact strength, fracture behavior.

Formulation of the problem. Over the past few decades, polymer composites have replaced many
metal or ceramic materials in various applications due to their ease of processing, corrosion resistance, light
weight and cost-effectiveness. Such materials provide an optimal ratio between weight and mechanical
properties, which is practically unattainable for many traditional materials, so their introduction into the
aviation, automotive industries and the construction of large structures is quite relevant. The demand for
carbon and glass fibers is constantly increasing, since such fibers are almost entirely used as reinforcement
in plastic matrix composites (mainly epoxy type). The consumption of a huge amount of synthetic polymer
materials and fibers in composites creates a serious problem for recycling and waste management. Most
high-performance polymer composites are based on thermosetting polymer materials, which are not
recyclable, since their internal three-dimensional structure with covalent bonds creates obstacles to the
decomposition and recycling of used products. Therefore, there is a need to conduct research that will
determine the technology for processing composites based on thermosetting materials, which is of great
importance for resource conservation and environmental protection.

Analysis of recent research and publications. Glass fiber reinforced polymer composites (GFRP)
are polymer composites that are widely used in electronics, electrical engineering, construction, automotive,
shipbuilding and aviation industries due to their high specific strength and corrosion resistance [1]. The
requirements of sustainable development and the principles of circular economy require the development
of technologies for processing polymer composites based on thermosetting polymers, which usually contain
a significant amount of inorganic filler. Forming processing of polymer composite material is very difficult
because of the heterogeneous nature of the polymer composite material. Therefore, thermosetting polymers
do not melt or dissolve, and their processing is difficult [2]. In most cases, glass fiber polymers end up in
solid waste landfills [3] or incinerators, which leads to a negative impact on the environment.

According to current research, scientists recommend several alternative technologies for GFRP
recovery, including mechanical, chemical and thermal methods [4-6]. Mechanical processing involves
mechanical reduction of the size of composite waste by grinding [7]. The starting material is reduced by
impact and shear to a size that allows the fragments to pass through a specified size of the screen holes of
the shredder. Typically, recyclates are in the form of flakes, fiber-rich and resin-rich fractions [8].
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Chemical processing can include solvolysis, hydrolysis and acid cleavage using solvents, water,
glycols and acids. In this case, the process ensures the dissolution of the polymer matrix to separate it from
the filler. The thermal processing process involves high temperatures and the use of complex equipment,
which, together with chemical treatment, limits the widespread use of such processing methods.

Mechanical and physical methods are most often used due to the simplicity of the equipment design.
However, the disadvantage of the mechanical method is that the fillers cannot be obtained in their original
form, since during grinding the fillers lose their strength and technological properties. In addition, it is
difficult to remove the structured polymer from the filler surface.

In [9], positive results of mechanical processing of fiberglass waste were noted, since primary oil-
based resources are saved. Mechanical processing remains an effective option for fiberglass processing [10],
especially from an environmental point of view, since the use of a closed loop and secondary raw materials
allows for additional environmental benefits. In addition, it was found that the processes of recovering
products from glass fiber polymer composites (GFRP) waste require significantly less energy (0.17-1.93
MJ/kg) compared to the production of primary fiberglass (13-54 MJ/kg) [11]. Recycled fiberglass
fragments are usually in the form of short fibers or powder, unlike primary, long fibers, which affects the
technology for forming products from recycled materials.

Setting tasks. The aim of the work is to study the influence of the fractional composition of fragments
from the processing of glass-fiber polymer composites on the mechanical characteristics of recycled epoxy
composites formed at different heat treatment temperatures.

Presentation of the main material. The secondary raw material is fragments of electronic boards
based on fiberglass, which were dried at a temperature of 110° C for 2 hours. Next, additional grinding of
the fragments was carried out, after which the powder was sieved using sieves with a hole size of 0.7 mm
and 0.5 mm. The resulting powder was mixed with epoxy binder to a homogeneous mass and placed in the
mold matrix. The composition was compressed using a hydraulic press and left for structuring for 24 hours
at room temperature. Heat treatment of the samples was carried out in a stepwise mode: 1 hour at a
temperature of 50° C, 1 hour at a temperature of 100° C, 5 hours at a temperature of 170° C. The highest
compressive strength is achieved by epoxy composite materials with a content of finely dispersed filler
(fraction less than 0.5 mm) of 150 wt. parts per 100 wt. parts. epoxy binder under the condition of heat
treatment for 3 h at a final temperature of 150° C (Fig. 1). Compressive strength of biocomposites decrease
by 6-8% with an increase in the final temperature of heat treatment 170° C, which is associated with the
appearance of residual stresses due to excessive compression of the composition during the molding process
under the influence of static load, since fine-dispersed fillers have a high ability to compact compared to
fillers of a larger fraction.

Ehe compressive strength of biocomposites decrease to 280 MPa after heat treatment at a final
temperature of 150° C in the case of using a fine-dispersed filler in an amount of 200 wt. parts. This is due
to the increased content of the filler, which has high surface energy and requires an optimal amount in the
ratio of system components. Increasing the final heat treatment temperature to 170°C leads to an increase
of 17-18% in the compressive strength compared to 150°C, since a higher heat treatment temperature
provides a higher degree of structuring due to the formation of additional chemical bonds between the
components of the epoxy polymer system.

Biocomposite materials contained with 600 wt. parts of the filler have less compressive strength by
68—70% after heat treatment at a temperature of 150°C compared to epoxy composites containing the filler
in an amount of 150 wt. parts. This is due to the excess content of filler, which is not wetted by the epoxy
binder. With an increase in heat treatment temperatures to 170°C, epoxy composites obtain a high strength
value (292 MPa), which indicates the dominant effect of heat treatment on the structuring processes, since
the mobility of the segments of the epoxy matrix macromolecules increases.

The ultimate strength of epoxy composite materials containing larger particles (more than 0.5 mm)
is 356 MPa (Fig. 2), which is almost the same as the strength of epoxy composites (360 MPa) containing
fine particles less than 0.5 mm in size. With an increase in the heat treatment temperature to 170° C, there
is a slight increase in the compressive strength to 363 MPa, which is due to the ability of the epoxy matrix
macromolecules to perform oscillatory movements in the structure, which is characterized by a less dense
arrangement of filler particles compared to the compact arrangement of particles in epoxy composites
containing a fine fraction (less than 0.5 mm)
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Fig. 1. The influence of the content of powder particles of secondary raw material of a
fraction less than 0.5 mm on the compressive strength of epoxy composites

Increasing the filler content to 200 wt. parts leads to a decrease in the compressive strength, since
larger particles are more chaotic arrangement and they are difficult to compactly arrange in the volume of
the epoxy polymer matrix. Increasing the temperature to 170° C provides a slight increase in compressive
strength due to the possibility of forming a larger number of chemical bonds.

Compressive strength of biocomposites decrease to 95 MPa in the case of containing of a filler in an
amount of 600 wt. parts, which is due to insufficient thermal effect at a temperature of 150° C of heat
treatment. Increasing the temperature to 170° C provides a compressive strength limit in the range of 280—
290 MPa, since additional structuring of the epoxy composite system occurs.
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Fig. 2. The influence of the content of powder particles of secondary raw of a fraction larger
than 0.5 mm on the compressive strength of epoxy composites

The gel fraction content in the epoxy composite material with a filler content of 150 wt. parts, which
contains particles of a fraction with a size to 0.5 mm, is 88% in the case of sample processing at a final
temperature of 150° C (Fig. 3). With an increase in the heat treatment temperature to 170° C, the degree of
structuring increases to 92%, which is associated with an increase in the rate of chemical reaction and the
formation of a larger number of chemical bonds.
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Gel fraction content of biocomposites decreases slightly with an increase in the filler content to 200
wit. parts, since the density of the epoxy composite material decreases due to the introduction of larger
particles. The structuring of the system can be improove by using the temperature of heat treatment of
170° C. This is possible due to increased mobility of the segments of the epoxy matrix macromolecules.

The content of the gel fraction is the lowest in the case of forming a material with a filler content of
600 wt. parts. This is is due to the presence in the system of a large number of particles that are poorly
wetted by the binder.
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Fig. 3. The influence of the content of powder particles of secondary raw material of a
fraction less than 0.5 mm on the content of the gel fraction of epoxy composites

The impact strength of epoxy composites with a filler content of 150 wt. parts, which are structured
at a final heat treatment temperature of 150° C, is 3.2 kJ/m? (Fig. 4). With an increase in the heat treatment
temperature to 170° C, the investigated characteristic increases to 4.5 MPa, which is associated with an
increase in the material's resistance to dynamic loads due to better structuring of the epoxy polymer matrix.

Increasing the filler content to 200 wt. parts leads to a decrease in the impact strength of the material
in the case of a heat treatment temperature of 150° C, which is explained by the insufficient thermal effect
on the formation of a highly filled system. With an increase in temperature to 170° C, the impact strength
increases to 4.8 kJ/m? due to the possibility of forming additional chemical bonds.

The temperature of 150°C is insufficient for the formation of epoxy composites with a filler content
of 600 wt. parts, since the ability of the binder to wet the surface of the filler particles is reduced, however,
after processing at a temperature of 170°C, the impact strength increases to its maximum value of 5.7 kJ/m?,
The increase in this characteristic occurs by 20-22% compared to the impact strength of epoxy composites
containing 150 wt. parts of the filler. Such an increase in impact strength is due to the presence of a
significant number of obstacles to crack propagation under the influence of dynamic loading in arigid epoxy
polymer matrix. Particles larger than 0.5 mm in size form obstacles in the epoxy polymer matrix that are
able to dissipate kinetic energy better than smaller filler particles.

The structure of epoxy composites depends on the size of the filler particles based on secondary raw
materials and its content in the epoxy polymer matrix. A dense structure of epoxy composites is formed in
the case of using a filler in an amount of 150 wt. parts, since the particles are fully wetted by the epoxy
polymer binder (Fig. 5, a). With an increase in the filler content to 200 wt. parts, small pores are present on
the surface of the epoxy composite sample (Fig. 3.5, b). This indicates about an insufficient binder content
in the system. Craters and pores are present on the surface of the epoxy composite material, which contains
600 wt. parts of filler (Fig. 3.5, ¢), which indicates a low degree of compaction of the epoxy composite
material due to poor wettability.

Under the influence of static loading, the epoxy composite samples are destroyed with the formation
of a main crack, which indicates the formation of a rigid structure of the epoxy polymer matrix.
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Fig. 4. The influence of the content of powder particles of secondary raw material of a
fraction less than 0.5 mm on the impact strength of epoxy composites

The main crack in the epoxy composite sample with a particle fraction of less than 0.5 mm and a
filler content of 150 wt. parts is located at an angle of 75° (Fig. 6, a). In the case of compression of epoxy
composite samples with a filler content of 200 wt. parts, the main crack propagates at an angle of 65° (Fig.
6, b).

a b C

This indicates the presence of plastic deformation, since the sample is subjected to tangential loads.
In this case, the resistance of the epoxy composite material to the influence of static loading decreases.
Epoxy composite samples containing 150 wt. parts of the filler particles larger than 0.5 mm fail with the
formation of a main crack located at an angle of 50° (Fig. 7, a). In the case of failure of epoxy composite
samples with a filler content of 200 wt. parts, the main crack is located at an angle of 45° (Fig. 7, b). This
indicates an increase in the influence of tangential loads, which cause plastic deformation, since such a
material has a reduced resistance to static loads.

Conclusions and prospects for further research. Epoxy composite materials with a content of
finely dispersed filler (fraction less than 0.5 mm) have the highest compressive strength (360 MPa) when
using a filler in an amount of 150 wt. parts, which is associated with a uniform and compact distribution of
filler particles.
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Fig. 6. General appearance of epoxy composite samples after compression with filler content
(fraction less than 0.5 mm): a — 150 wt. parts; b — 200 wt. parts.

Fig. 7. General appearance of epoxy composite samples after compression with filler content
(fraction more than 0.5 mm): a — 150 wt. parts; b — 200 wt. parts.

With an increase in the temperature of heat treatment to 170° C, the degree of structuring increases
to 92%, which is associated with an increase in the rate of chemical reaction and the formation of a larger
number of chemical bonds.

The impact strength of epoxy composites increases to its maximum value of 5.7 kJ/m? when epoxy
composites are treated at a temperature of 170° C and a filler content of 600 wt. parts, since particles larger
than 0.5 mm form obstacles in the epoxy polymer matrix that are able to dissipate kinetic energy better than
smaller filler particles.

The compressive strength of biocomposites decrease with increasing particle size and their content
in the epoxy polymer matrix. That fact can be explained by the irregular arrangement of filler particles in
the volume of the epoxy composite material. In the future, it is planned to carry out a combined treatment
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of fiberglass fragments with the additional use of thermal or chemical methods in combination with a
mechanical treatment method in order to increase the degree of purification of fibers from the polymer
matrix.
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Jlyybkuti HayioHabHUL MEXHIYHUL YHIgepcumem

CHHEKTPO®OTOMETPHUYHI METOAUN OINIHIOBAHHSA AKOCTI BIOIIAJIMBA 13
CTEBEJI JIbOHY OJIIHHOI'O: 3HAYEHHS JIJISI CTAJIOI'O PO3BUTKY

[Mocniosycenns npucesuene po3poodieHHI0  CREKMPOGOmMoMempuuHoi MemoouKu OUinIOBAHHs  OIONANUGHUX
mamepianie, ompumanux i3 Hexonouuiinux cmeben nvony oniunozo (Linum usitatissimum L.). Jocniosceno opuxemu
meepoozo Gionanuea 3 pisHuUM CRIGEIOHOWIEHHAM Biomacu 6oy ma 36’ a3yiouozo — canponento (L70/S30, L50/S50, L100), a
makoxc KOHMPONbHUIL 3PA30K HA OCHOBI Oepesunu. Booni eumsajcku npooyKmie 320pAHHA AHANI3YEAIU MEMOOOM
cnekmpogomomempii ¢ dianazoni ooexycun xeunv 200-1100 um. Ompumani cnekmpu RPONYCKAHHA HPOOEMOHCHIPYGATIU
nOOIOHUIL 3a2aNbHUIL XapaKkmep 004 6CiX 3PA3Kie, W{0 cei0UUMb RPO OIU3LKI CMPYKMYPHI 0COOAUBOCHIT RPOOYKMIE 320PAHHA.
Jlna écix 0ocioicenux 3pasKie 6CMAn061EH0 HAAGHICIb GUPANCEH020 MIHIMYMY npu doedcuni xeuni 975 nm. I[n cnekmpansna
ocobnugicme nog¢’ azana 3 opyeum 06epmonom eanenmuux konueans O—H i idoopasicac nasagnicms 2iOpoKcunNBMIicHUX CROIYK
ma 36’ A3an0i 600u 6 00cnidxcysanux cucmemax. llopienanvnuii ananiz nokazae, wio 6iOMiHHOCMI 3HAUEHb RPONYCKAHHA MIiXHC
bionanueamu Ha OCHOGI IbOHY MA KOHMPONbHUM 0€PE6HUM 3DA3KOM He nepesuugyoms 3—4 %, w0 ceiouums npo eucokuii
cmyniny nodidHocmi IXHb020 XIMIUHO20 CKAAOYy RPOOYKMie 320paAHHA. Bukopucmauusa canponento ak 36’A3yH04020 He
npu3600ums 00 iCHOMHOL 3MINU 3A2AILHUX CREKMPATbHUX XAPAKMEPUCMUK, 00HAK 3YMOGIIOE RIOGUW4EHHA [IHMEeHCUBHOCMI
nocIUHAHHA uepe3 Oinbuiull emicm MiHepanbHUX Komnonenmis. Ompumani pezynomamu niomeeposcyromov O00UiibHiCHb
GUKOpUCMAHHA Oiomacu cmeben JbOHY OJIHHO20 0N GUPOOHUYUmMEA mMeepoux Oionanue ma O0eMOHCMPYIOMb, WO
CHEeKMPOgomomempuuHull aHaRi3z mMoxyce Oymu 3acmoco8anuii AK eKCnpec-memoo OUIHIOGAHHA IX AKOCMI Ma eKonN0ZiYHOT
be3neunocmi.

Kniouosi cnosa: cnexmpogomomempuunuil ananiz; cneKmpoCcKonis; NpOOYKmu 320pSHHS, JNieHOYenon031a biomaca,
Ymunizayis azpapHux 6i0xo0ig; canponenw K 36’ A3yiue; CHeKMpPaibHi MapKepu, OYiHI08ANHA AKOCMI NAluéa

S. Yaheliuk

SPECTROPHOTOMETRIC METHODS FOR QUALITY ASSESSMENT OF BIOFUEL
MATERIALS DERIVED FROM OIL FLAX STEMS: IMPLICATIONS FOR SUSTAINABLE
DEVELOPMENT

The study is devoted to the development of a spectrophotometric methodology for evaluating biofuel materials produced
from non-conditioned oil flax (Linum usitatissimum L.) stems. Solid biofuel briquettes with different ratios of flax biomass and
sapropel binder (L70/S30, L50/S50, L100) and a control wood sample were investigated. Aqueous extracts of combustion
residues were analyzed using spectrophotometry in the wavelength range of 200-1100 nm. The obtained transmission spectra
demonstrated similar overall patterns for all samples, indicating comparable structural features of combustion residues. A
pronounced minimum at a wavelength of 975 nm was identified for all investigated samples. This spectral feature is attributed
to the second overtone of O—H stretching vibrations and reflects the presence of hydroxyl-containing compounds and bound
water in the analyzed systems. Comparative analysis showed that the differences in transmission values between flax-based
biofuels and the control wood sample do not exceed 3-4%, indicating a high degree of similarity in the chemical composition of
their combustion residues. The use of sapropel as a binder does not significantly affect the overall spectral characteristics,
although it increases absorption intensity due to higher mineral content. The results confirm the feasibility of using oil flax stem
biomass for the production of solid biofuels and demonstrate that spectrophotometric analysis can be applied as a rapid
diagnostic tool for assessing their quality and environmental safety.

Keywords: spectrophotometric analysis; spectrophotometry; combustion residues; lignocellulosic biomass; agricultural
waste valorization; sapropel binder; spectral markers; biofuel quality assessment

Introduction. The growing demand for renewable energy and sustainable resource utilization has
intensified interest in solid biofuels derived from agricultural residues. Among these, oil flax (Linum
usitatissimum L.) stems represent a promising but insufficiently utilized type of biomass generated in
significant amounts after harvesting and primary processing of the crop. Efficient conversion of such non-
conditioned biomass into solid fuels requires not only technological solutions but also scientifically
substantiated approaches to assessing their quality and environmental safety [1, 2]. Solid biofuel briquettes
based on lignocellulosic materials, including flax stems, are extensively studied in the context of renewable
energy production due to their availability, renewability, and potential to substitute conventional fossil fuels.
Their combustion behavior is determined by physicochemical properties of the raw material, including
composition, density, moisture content, and the presence of binders [3, 4]. Natural binders such as sapropel
are of particular interest, as they enhance the structural integrity and mechanical stability of briquettes
without significantly reducing calorific value. However, the addition of such components may influence the
composition of combustion residues, thus requiring detailed analytical evaluation [5]. Traditional methods
for evaluating solid biofuels include calorimetric analysis, determination of ash content, volatile matter, and
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elemental composition. Although these methods provide integral characteristics of the fuel, they do not
allow detailed assessment of changes in the chemical structure of combustion products. In this context,
spectrophotometric methods offer an alternative analytical approach, enabling the study of optical
properties of combustion products and providing information on their chemical composition based on
wavelength-dependent absorption or transmission spectra [6].

Spectrophotometry is widely used in chemical and environmental analysis due to its sensitivity and
rapid response. It allows the identification of characteristic spectral features associated with specific
functional groups or compounds in liquid extracts [7]. However, its application to the assessment of
combustion residues of solid biofuels remains limited, particularly for biomass derived from flax stems.
The identification of reproducible spectral patterns may serve as a basis for the development of rapid
methods for assessing the quality of solid biofuels.

Despite significant research on biomass combustion and biofuel characterization, there is a lack of
systematic approaches that utilize spectrophotometric analysis to evaluate the environmental safety and
compositional similarity of combustion residues from different biofuel compositions. In particular, the
identification of stable spectral markers common to various types of biomass-based fuels remains an
unresolved scientific problem. Therefore, the aim of this study is to develop a spectrophotometric
methodology for evaluating solid biofuel materials produced from non-conditioned oil flax stems based on
the analysis of transmission spectra of combustion residue extracts, as well as to identify characteristic
spectral features that can serve as reliable indicators of fuel quality and environmental safety.

Analysis of recent studies. Recent international studies show that agricultural residues are
increasingly regarded as a valuable raw material for renewable energy production, especially in the form of
densified solid biofuels. General reviews emphasize that biomass can partly replace fossil fuels, but its
practical use depends on the availability of stable feedstocks, appropriate preprocessing, and reliable
methods for quality assessment [1], [2]. In this context, densification is considered one of the key
technological routes because it improves bulk density, handling, transportability, and combustion
performance of plant-derived fuels [3], [4].

A large part of the foreign literature is devoted to the technological factors that determine the quality
of densified biofuels. Researchers have shown that the strength and durability of briquettes and pellets
depend on particle size, moisture content, compaction pressure, temperature, and the natural binding ability
of lignocellulosic components [3]. Review studies also note that densification systems must be adapted to
the physical nature of the raw material, since different agricultural residues behave differently during
compaction and combustion [4]. This is especially important for flax residues, which are structurally
heterogeneous and mechanically different from wood-based biomass.

Another important line of recent research concerns the broader performance of densified biomass
fuels, including storage, transportation, end-use efficiency, and market applicability. A later review
confirms that the long-term viability of densified solid biomass depends not only on energy properties, but
also on technical reliability and user acceptance in practical energy systems [5]. Thus, the literature
increasingly moves from general biomass potential toward the integrated evaluation of final fuel products.

At the same time, the body of studies specifically focused on oil flax residues remains much smaller
than the general biomass literature. This gap is important because flax residues have specific elastic and
structural properties that complicate their processing into compact fuel forms. In particular, Didukh et al.
showed that oleaginous flax residues are characterized by pronounced elasticity and rapid shape recovery,
which hinder their technological processing, while decortication reduces elasticity and improves the
suitability of the biomass for further utilization [8]. This result is directly relevant to fuel production,
because reduced elasticity facilitates compaction and helps stabilize the geometry and density of the final
solid fuel.

Further development of this research direction is presented in studies devoted to the production of
fuel rolls from agricultural stem biomass. Yaheliuk et al. demonstrated that the density of fuel rolls can be
optimized through the rational selection of chamber pressure, biomass moisture, and holding time,
confirming the importance of controlling technological parameters during fuel formation [9]. In an earlier
study, the same research group showed that the combustion efficiency of small-sized fuel rolls made of
oleaginous flax residues depends on roll diameter, density, and moisture content; in addition, combustion
tests indicated environmentally acceptable performance under properly selected operating conditions [10].
Together, these studies establish the engineering basis for converting flax residues into solid fuels, but they
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are focused mainly on production and combustion parameters rather than on the analytical characterization
of combustion residues.

A broader economic and resource-use context is also relevant. Analysis of global market trends for
grain and industrial crops indicates the growing importance of integrated utilization of agricultural raw
materials and residues, including non-food biomass streams [11]. At the national level, the Waste
Management Strategy of Ukraine until 2030 also supports more efficient use of waste and secondary raw
materials, providing an institutional framework for the valorization of agricultural residues into value-added
products, including biofuels [12]. These considerations strengthen the relevance of research aimed at
converting non-conditioned flax stems into energy materials instead of treating them as low-value waste.

Despite the considerable progress in biomass densification and combustion studies, the reviewed
literature shows that much less attention has been paid to spectrophotometric assessment of combustion
residues from flax-based solid biofuels. Most available works focus on feedstock properties, densification
conditions, or combustion efficiency [3, 5, 8, 10], whereas analytical approaches for evaluating ash or
extract composition through optical spectra are discussed much less frequently in the specific context of
flax-derived fuels. Therefore, there is a clear need for a methodology that would complement engineering
studies of briquetting and combustion with instrumental assessment of combustion residue extracts. Such
an approach may improve comparative evaluation of different briquette compositions and provide an
additional basis for judging their environmental safety and similarity to conventional solid fuels.

Thus, the analysis of the reviewed literature indicates that the issues of biomass utilization potential,
densification of plant materials, and optimization of combustion processes are relatively well developed.
However, methods for spectrophotometric evaluation of combustion residues of solid biofuels produced
specifically from non-conditioned oil flax stems remain insufficiently studied. This determines the
relevance and necessity of the present research.

The aim of this study is to develop a spectrophotometric methodology for evaluating the quality
and environmental safety of solid biofuel materials produced from non-conditioned oil flax stems based on
the analysis of transmission spectra of combustion residue extracts, as well as to identify characteristic
spectral features that can serve as reliable indicators of fuel properties. The subject of the research is the
spectrophotometric characteristics of transmission spectra of aqueous extracts obtained from combustion
residues of solid biofuel briquettes with different component compositions.

Materials and Methods. The study was carried out using solid biofuel briquettes produced from
non-conditioned oil flax (Linum usitatissimum L.) stem biomass. The investigated samples differed in the
ratio of flax straw to binder (frozen sapropel): L70/S30 (70% flax biomass and 30% sapropel), L50/S50
(50% flax biomass and 50% sapropel), L100 (100% flax biomass without binder), and a control sample (D)
based on wood biomass. Sapropel was selected as a natural binder due to its ability to enhance the structural
integrity of briquettes without significantly reducing their calorific value, while its potential influence on
combustion products requires detailed analytical evaluation (Fig. 1a). After combustion of the briquettes
under controlled conditions, ash residues were collected and used for further analysis. Aqueous extracts of
the combustion residues were prepared by mixing a fixed mass of ash residue with distilled water, followed
by settling and filtration to obtain clear solutions suitable for spectrophotometric measurements. The
prepared extracts were placed in standard optical cuvettes. The prepared aqueous extracts are presented in
fig. 1b.

Spectral measurements were performed using a single-beam scanning spectrophotometer (UNICO
2800) operating in transmission mode (T%). The scanning was carried out in the wavelength range of 200-
1100 nm. Prior to sample measurements, baseline correction was performed using a blank solution (distilled
water) to eliminate background absorption effects. The spectrophotometric measurements were performed
using the equipment shown in Fig. 2. The cuvette with the blank solution was placed in the optical path,
and the baseline spectrum was recorded, after which the cuvette containing the sample extract was inserted
and spectral scanning was conducted.

The scanning parameters were selected according to the instrument capabilities: the scanning step
was set to 5 nm for general spectral acquisition and reduced when higher resolution was required, while the
scanning speed was adjusted depending on the required resolution. The obtained spectra represent the
dependence of light transmission (T%) on wavelength relative to the baseline, allowing comparative
analysis of the investigated samples.
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a

Fig. 1. Biofuel samples and products of their analytical preparation: a — solid biofuel
briquettes produced from oil flax stems; b — aqueous extracts of combustion residues obtained from
solid biofuel samples

Fig. 2. Spectrophotometer UNICO 2800 used for spectral analysis of combustion residue
extracts

The spectral data were processed by identifying local maxima and minima of transmission and
determining the corresponding wavelengths using the built-in peak search function of the
spectrophotometer. Comparative analysis of spectral curves was performed to detect common patterns and
characteristic features across all investigated samples, with particular attention to the identification of stable
spectral extrema. This approach enabled the evaluation of similarities and differences in the chemical
composition of combustion residues and provided a basis for assessing the quality and environmental safety
of solid biofuel materials derived from oil flax stems in comparison with conventional wood-based fuels.

Results. The spectrophotometric analysis of aqueous extracts obtained from combustion residues
of solid biofuel briquettes revealed consistent spectral patterns across all investigated samples. The spectra
recorded in the wavelength range of 200-1100 nm demonstrated a similar overall shape, indicating the
presence of structurally related components in the combustion residue extracts. The transmission spectra of
aqueous extracts of combustion residues are presented in Fig. 3. As shown in Fig. 3, all spectra are
characterized by smooth curves with several local extrema, which is typical for complex multicomponent
systems formed after thermal decomposition of lignocellulosic materials. In the short-wavelength region
(200-400 nm), a sharp decrease in transmission is observed for all samples, approaching near-zero values.
This behavior is associated with strong absorption of ultraviolet radiation by conjugated organic structures
and degradation products of lignocellulosic biomass [13], [14].
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In the visible region (approximately 400-800 nm), transmission increases significantly and forms
a relatively stable plateau. The spectral curves of all samples are close to each other in this region, although
slight differences in transmission levels can be observed. These variations reflect differences in the
concentration of absorbing components but do not allow reliable attribution to specific individual
compounds, which is typical for multicomponent systems [15].

In the near-infrared region (800-1100 nm), more pronounced spectral features are observed. In
particular, slight shifts in local extrema occur in the range of 870-910 nm. The L50/S50 sample shows a
shift toward longer wavelengths (around 910 nm), whereas other samples demonstrate extrema closer to
870-895 nm. These variations can be attributed to changes in the mineral composition and structural
environment of combustion residues, particularly in samples with increased sapropel content [16].

Fig. 3. Transmission spectra of aqueous extracts of combustion residues of solid biofuel
samples based on oil flax stems with different binder content (L70/S30, L50/S50, L100) and control
sample (D) in the wavelength range of 200-1100 nm

The most significant and consistent feature of all investigated spectra is the presence of a
pronounced minimum at a wavelength of 975 nm. This minimum is observed for all samples regardless of
their composition, indicating a common absorption mechanism. The transmission values at this wavelength
are 51.19% for L70/S30, 45.41% for L50/S50, 51.03% for L100, and 54.63% for the control wood sample.

The spectral feature at 975 nm can be attributed to the second overtone of O—H stretching vibrations,
which is characteristic of hydroxyl-containing compounds and bound water in complex systems [15], [17].
The reproducibility of this spectral feature across all samples indicates that it can be considered a diagnostic
spectral marker for evaluating solid biofuel materials.

A comparative analysis shows that the differences in transmission values between flax-based
samples and the control wood sample do not exceed 3-4%, indicating a high degree of similarity in the
chemical composition of combustion residues. At the same time, the L50/S50 sample exhibits the lowest
transmission value (45.41%), suggesting a higher concentration of absorbing components, which can be
attributed to the increased content of mineral components introduced by the sapropel binder.

At longer wavelengths (around 1070 nm), all samples demonstrate an increase in transmission,
indicating reduced absorption and confirming that the dominant absorbing components are active in the
shorter near-infrared region. The characteristic spectral extrema identified for all investigated samples are
summarized in Table 1.

The data presented in Table 1 confirm that all investigated samples exhibit a common spectral pattern,
particularly the stable minimum at 975 nm, which can be considered a universal spectral marker of
combustion residues of lignocellulosic biofuels. The similarity of spectral characteristics between flax-
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based briquettes and the control wood sample indicates the comparability of their combustion products in
terms of chemical composition and supports the possibility of using flax biomass as an alternative energy
source without significant changes in the nature of combustion residues. The obtained results are consistent
with previous studies [3], [4], which indicate that the properties of solid biofuels are largely determined by
the nature of the raw material. At the same time, the present study extends these findings by introducing a
spectrophotometric approach for evaluating combustion residues, providing an additional analytical tool for
assessing the quality and environmental safety of biofuel materials.

Table 1
Characteristic transmission peaks of combustion residue extracts
Sample Peak type Wav?;ngth, Transmission, % Interpretation
Maximum | 540-710 ~90-95 Residual organic chromophores
L70/S30 M{ix_imum 685-815 ~92-97 Lignocellulo;ic structures
Minimum | 975 51.19 O-H absorption
Maximum | ~1070 ~05-98 Low absorption
Maximum 540-710 ~85-92 Binder influence
L50/S50 | Maximum | 700-910 ~88-94 Shift due to sapropel
Minimum 975 45.41 Increased absorption
Maximum | ~1070 ~92-96 Reduced absorption
Maximum | 540-710 ~90-96 Pure biomass
L100 Maximum | 685-815 ~92-97 Typical residues
Minimum 975 51.03 Stable marker
Maximum ~1070 ~95-98 Low absorption
Maximum | 540-710 ~92-97 Reference material
D (wood) | Maximum | 685-815 ~93-98 Wood residues
Minimum 975 54.63 O-H absorption
Maximum ~1070 ~96-99 Minimal absorption

Conclusions. The conducted study confirmed that solid biofuel briquettes produced from non-
conditioned oil flax stems form combustion residues with similar optical properties regardless of binder
content. Spectrophotometric analysis of aqueous extracts proved to be an effective and rapid method for
evaluating the composition and properties of combustion residues, enabling the identification of
characteristic spectral features in the wavelength range of 200-1100 nm. A stable transmission minimum
at a wavelength of 975 nm was identified for all investigated samples, including flax-based briquettes and
the control wood sample. This feature is attributed to the second overtone of O—H stretching vibrations and
can be considered a diagnostic spectral marker. The differences in transmission values between flax-based
biofuels and the control wood sample do not exceed 3-4%, indicating a high degree of similarity in the
chemical composition of their combustion residues. The use of sapropel as a natural binder (30-50%) does
not significantly alter the overall spectral characteristics of combustion products, although it increases
absorption intensity due to a higher content of mineral components. The obtained results confirm the
feasibility of using oil flax stem biomass as a raw material for solid biofuels with properties comparable to
conventional wood-based fuels. The proposed spectrophotometric approach can be applied as a rapid
diagnostic tool for comparative evaluation of solid biofuel materials and their environmental safety.
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AKTYAJIBHI IMTAHHA CTPYKTYPHUX IIEPETBOPEHbD B
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HAOMONIEKYIAPHUX YMBOPEHDb, AKI 6I00Y8AIOMbCA 8 Pe3yibmani 306HILIHBL0O20 eHepeemuuno2o enauey. /losedeno no3umusnuil
6nU6 (PI3UYHUX nOJI6 HA npoyecu CMPYKMYPYSAHHA NONIMEPKOMNOZUMHUX Mamepianie HA OCHO6I peaKyiiiHo30amuux
nonimepie 3a paxynox 6nOPAOKYSAHHA CMPYKMYPHUX CKIA006UX, 4 MAKOXHC (POPMYBAHHA NOJIIMEPKOMNOZUMIE 3 HUSLKUM
HANpPysceHuUM CIAnOM Ma 6UCOKUM CHYHEHeM CIPYKMYPYSAHHA NOJIIMEPHOT mampuyi.

Kniouosi cnosa: mexaniune none, meniosuil 6niue, MazHimue noie, eleKmpomMazHinme GUNPOMIHIOBAHHSL, YIbIMPA38YKO8A
00pob6Ka, cecmenmu MaKkpOMONEKyl, HAOMONEKYIAPHI YIMBOPEHH s, XIMIUHI 36 A3KU.

V. Kashytskyi, P. Savchuk, O. Sadova

CURRENT ISSUES OF STRUCTURAL TRANSFORMATIONS IN POLYMER
COMPOSITE MATERIALS UNDER THE INFLUENCE OF PHYSICAL FIELDS: A REVIEW

The article analyzes the literature in the aspect of the formation of polymer composites under the influence of physical
fields, which provide intensive structuring of the composition based on thermosets. The characteristics of physical fields and the
features of structural transformations at the level of fine structure and supramolecular formations, which occur as a result of
external energy influence, are presented. The positive influence of physical fields on the processes of structuring of polymer
composite materials based on reactive polymers is proven, which is determined by the processes of ordering structural
components and the formation of polymer composites with a low stress state and a high degree of structuring of the polymer
matrix.

Key words: mechanical field, thermal field, magnetic field, electromagnetic radiation, ultrasonic treatment, macromolecule
segments, supramolecular formations, chemical bonds.

Problem statement. Improvement of physico-mechanical, thermophysical and operational
properties of polymer composite materials occurs due to chemical and physical modification of the polymer
network of thermosetting plastics under the influence of energy fields: mechanical and thermal fields,
permanent magnetic field, electric field, electromagnetic radiation, infrared or ultraviolet rays, radiation
rays or a flow of fast electrons, ultrasonic treatment. The effectiveness of physical modification depends on
the chemical structure of the polymer, in particular its polarity, which determines the intensity of the
structuring process of polymer composite products, increases the productivity of the technological process,
provides the opportunity to automate the processing process and eliminate harmful effects on workers, as
well as reduce energy costs and reduce the cost of production.

Analysis of recent research and publications.

The classic technological method for improving the physical and mechanical properties of epoxy
composite materials is the use of heat treatment. Heat treatment is usually carried out using automation
tools, which allows to increase the productivity of the technological process [1]. With increasing
temperature, physical bonds in the epoxy binder are destroyed, which creates conditions for additional
structuring. Under the influence of a thermal field, the degree of structuring increases, which is accompanied
by an increase in the content of the gel fraction and limitation of the mobility of macromolecules. Therefore,
there is a need to increase the temperature of heat treatment to values higher than the glass transition
temperature, which increases the mobility of the segments of the epoxy binder macromolecules and leads
to a change in the conformational set of the epoxy polymer matrix. At elevated temperatures, the heat
treatment process is recommended to be carried out in a stepwise mode [2] to avoid the appearance of
residual stresses.

The degree of structuring of epoxy composites depends on the amount of thermal energy, which
determines the rate of chemical reaction between the components [3]. At low temperatures, the process of
forming a glassy state slows down due to poor diffusion and reduced molecular mobility [4]. During
gelation, the rigidity of the skeleton of thermosetting polymer macromolecules increases, which limits the
chemical reaction on the side chains. To complete the structuring process, the final temperature of the heat
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treatment should be 10-15 °C higher than the glass transition temperature. In practice, the temperature of
the heat treatment is usually set 50 °C higher than the glass transition temperature, which allows you to
reduce the duration of the curing process to two hours or more. However, high curing temperatures directly
increase the amount of residual stresses due to the formation of phases with quite different coefficients of
thermal expansion (CTE), since a gel fraction is formed in the liquid phase of the binder - a mixture of
epoxy resin macromolecules and hardener [5]. Stresses increase as the shrinkage of the structured product
increases during cooling from the highest temperature of gel formation to ambient temperature. Polymer
composite products based on thermoset polymers are formed under the influence of elevated temperatures,
the value of which does not exceed 200 °C, therefore the most common devices for structuring thermosets
are resistance furnaces, aerodynamic furnaces and induction furnaces [6]. A significant disadvantage of
thermal heating is the appearance of a thermal gradient, which during processing can lead to uneven
hardening, an increase in residual stresses and the formation of defects in the formed product.

Structuring in resistance furnaces [7] occurs due to convection processes in the working chamber
of the furnace and thermal conductivity of the mold material and polymer composite material, which
requires time to equalize the temperature in the volume of the product and the sequence of the structuring
process, which begins in the peripheral zone and ends in the central zone of the product. In this case, the
product has a higher temperature in the lower part due to the convection distribution of heat flows. Under
such conditions, the structure of the polymer composite material is formed in a stressed state, which reduces
the mechanical characteristics of the product. The use of aerodynamic furnaces ensures uniform distribution
of air flows in the working chamber of the furnace, as a result of which the mold or product is heated
simultaneously from all sides, however, the problem of peripheral distribution of thermal energy in the
volume of the product is not solved, since energy transfer occurs due to thermal conductivity.

The use of IR radiation [8] in the wavelength range of 76-10®-10" m provides uniform heating of
polymer composite materials to a greater depth, compared to convection heating in resistance furnaces,
where heat transfer occurs in the air flow and due to the thermal conductivity of the polymer material. The
penetration depth of IR rays depends on the intensity of absorption by the radiation medium, but the
efficiency mainly depends on the spectral properties of the IR source and the optical characteristics of the
material. It has been experimentally established that phenol-formaldehyde and epoxy resins absorb IR rays
well in the wavelength range of (2.7-4.0)-10° m. This creates an optimal heat flux and ensures the formation
of a given material structure with high mechanical characteristics.

Structuring polymer composite products in the field of IR radiation intensifies the synthesis
reaction [9] and ensures the formation of a larger number of ordered areas, compared to convective heating.
This is due to the direct absorption of energy quanta by polymer molecules, which causes a simultaneous
increase in temperature in the thickness of the product and the formation of stronger bonds between the
components of the polymer composite material. Under the influence of IR radiation, the processes of heating
the material and hardening are combined, which positively affects the productivity of the product molding
process, compared to sequential processes that occur using convective thermal energy supply. The
formation of polymer composite materials in the field of IR radiation ensures the free removal of moisture
and volatile compounds, since there is no densification of the surface layer.

As a result of the treatment of compositions with constant physical fields, the physicochemical
properties improve without changing the chemical composition of epoxy composites [10]. This treatment
provides regulation of the parameters of the supramolecular structure of the polymer matrix and oriented
distribution of filler particles [11] at the interface of the “matrix — filler” phases. An effective method of
processing polymer composite materials is the method of forming a composition in a magnetic field [12],
which can act as a catalyst or inhibitor of the polymerization reaction and allows changing the topological
structure of polymers with the appearance of heterogeneous characteristics of composites. Magnetic
processing of polymer composites usually makes it possible to order the structure of the polymer matrix
and significantly increase the strength of materials. After magnetic processing in the viscofluid state, a
change occurs in the relaxation, mechanical and other properties of polymers. Processing in a constant
magnetic field increases the degree of ordering of macromolecules, reduces the size of crystallites and
causes anisotropy of supramolecular formations. Epoxy polymers formed under the influence of a constant
magnetic flux have anisotropy of optical-mechanical and elastic characteristics with axes of preferential
decrease or increase in the values of mechanical and optical properties. The directions of the anisotropy
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axes change their orientation in the direction of the magnetic flux depending on the isomerism and chemical
structure of the hardener.

Polymer composites are classified as weakly magnetic materials due to the presence of a benzene
ring and the anisotropy of magnetic susceptibility along and across the macromolecules. Under the influence
of external physical fields, the topological structure, which consists of a system of physical and chemical
bonds between the molecules of the epoxy binder and finely dispersed particles, changes to an ordered
structure with the orientation of the macromolecules in the direction of the field lines [13]. The orientation
of fragments of macromolecules with high values of the anisotropy of magnetic susceptibility in a uniform
constant magnetic field occurs along the lines of force, and in an inhomogeneous field, the orientation is
enhanced due to the additional moment that rotates the macromolecules along the field gradient. The
orientation of macromolecules of the polymer binder in a magnetic field provides structural ordering due to
the orientation of polymer chains [14], due to which the reactive groups of macromolecules come closer
together and additional chemical bonds are formed. It has been established that the orientation of
macromolecules in a magnetic field is hindered by the thermal motion of particles, in this case the magnetic
field does not affect a separate macromolecule, but a diamagnetic segment. During the synthesis process,
the energy of interaction of the magnetic field with the crystal increases. Provided that the energy of the
magnetic field and thermal energy are commensurate, the orientation of diamagnetic crystals and structural
ordering occur, which positively affects the properties of polymer composite materials. In polymers under
the influence of a magnetic field, changes also occur at the level of the supramolecular structure, which
leads to a change in the size and shape of the globules of the polymer matrix.

In epoxy compositions, during structuring under the influence of a magnetic field, the size of the
globules increases, in addition, the restructuring of the globules into linear structures is possible. The
mechanism of structural transformation in polymers is conveniently described using the cluster model,
which represents the amorphous structure of the polymer in the form of a set of crystalline clusters with an
ordered and compacted arrangement of molecules. Under the influence of a magnetic field, the number of
clusters increases, as well as their size and the ordering of macromolecules in them [15]. The heat resistance
and mechanical characteristics of polymer composite materials, the structuring of which occurred under the
influence of a magnetic field, are higher compared to the physical and mechanical characteristics of polymer
composites, the formation of which was carried out under the influence of convective heating. This is
explained by the formation of stronger physical and chemical bonds between macromolecules in the middle
of the cluster, as well as an increase in their number [16]. In work [17], based on the results of the analysis
of X-ray structural studies of an epoxy polymer structured in a constant magnetic field, a compaction of the
spatial structure of molecules was recorded as a result of the appearance of an orientation effect under the
influence of a magnetic field. The epoxy polymer, which is structured under the influence of external
physical fields, becomes capable of anomalous thermal expansion and an increase in the density of the
composite. At the same time, polymer composites based on epoxy resin containing metal oxide particles,
which are structured under the influence of external physical fields, are characterized by lower values of
the thermal coefficient of linear expansion, which is explained by the higher density of the polymer network.

In the process of forming the structure of the epoxy polymer under the influence of a magnetic field,
a new complex of thermodynamic, thermophysical, thermomechanical properties is formed, and the
mechanical characteristics of epoxy composite products also increase [18]. In polymethyl methacrylates,
under the influence of an external magnetic field, a crystalline and supramolecular structure that is more
resistant to external loads is formed, which is not distinguished by high thermal stability.

In the process of creating composites based on amorphous polyurethane under the influence of a
permanent magnetic field, the formation of long-range order in the polymer matrix does not occur, and a
decrease in heterogeneity is recorded as a result of the destruction of the system of intermolecular hydrogen
bonds [19]. A permanent magnetic field increases the homogeneity of the initial polymers and mixtures,
which improves the thermal and thermomechanical properties of the composites. This allows you to expand
the scope of application of polymer composites by giving the materials new properties (conductivity,
dielectric permittivity). Polymer composites with dispersed ferromagnetic fillers, which are structured
under the action of an external permanent magnetic field, have a better ability to orient fragments of
macromolecules than composites with a diamagnetic type of filler. In the process of structuring epoxy
composite materials under the influence of external fields, the orientation of fragments of macromolecule
chains around particles of finely dispersed filler occurs, which increases their mechanical
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characteristics [20]. On the surface of ferromagnetic particles under the action of an external magnetic field,
a surface layer with a high degree of structuring is formed, which provides an increase in the adhesive and
cohesive strength of the epoxy composite material. This is due to the existence of a double electric layer at
the phase interface. Most polymers are dielectrics that have the ability to polarize under the influence of an
external constant electric field. In the case of a dielectric in an electric field, the centers of gravity of negative
and positive charges are displaced relative to their equilibrium positions, resulting in electric polarization
of the medium [21]. The following types of dielectric polarization are characteristic of polymers: electronic
polarization, which occurs as a result of the displacement of the orbitals of electron motion under the
influence of an external field; atomic polarization, which is due to the displacement of atomic nuclei; dipole
polarization, which is associated with the thermal motion of macromolecule fragments. The polarization of
polymer dielectrics is determined by the number of dipoles per unit volume of the polymer, and also depends
on the interaction between macromolecules and the dipole moment of the macromolecule link [22].

Under the influence of an electric field, the neutrality of macromolecules is disturbed and
polarization of macromolecule fragments occurs, which is accompanied by the opposition of
macromolecules to the formation of an energetically favorable conformation [23]. The packing density of
polymer macromolecules after treatment in an electric field increases, which is determined by a higher
density and a higher softening temperature. Polymer polarization occurs as a result of the arrangement of
macromolecule chain fragments in such a way that their dipole moments and polarized bonds are oriented
in the direction of the lines of external field strength.

Uniform distribution of thermal energy in the volume of polymer composite products occurs as a
result of the absorption of electromagnetic radiation energy generated by ultrahigh frequency sources [24].
This method provides increased productivity, improves product characteristics, promotes uniformity of the
structuring process, reduces the required production space and process control, intensifies the heating
process of the polymer composite product, allows you to control the temperature, and also stops the heating
process after turning off the source of electromagnetic waves [25]. Processing of epoxy compositions
without a hardener using high-frequency electromagnetic pulse irradiation allows you to predictably control
the processes of structure formation and increase the performance characteristics of epoxy composites.

Electromagnetic heating of conductive metals occurs as a result of the action of a magnetic field,
and heating of dielectric polymers occurs under the influence of an electric field. During processing in a
high-frequency electromagnetic field, better temperature control is provided compared to thermal
curing [26]. Polymers with low moisture content and at low temperatures exhibit dielectric properties,
however, in the case of increasing moisture content or heating, the polymers become semiconductors. This
determines the dominant influence of the electric or magnetic component of the electromagnetic field.
Heating of polymers occurs as a result of direct absorption of energy by the material due to the movement
of ions and oscillations of dipoles with the frequency of oscillations of the electromagnetic field without
changes in the structure of molecules. During the influence of a high-frequency electromagnetic field, a
simultaneous and uniform increase in temperature occurs throughout the volume of a homogeneous material
due to the dissipation of the electric field energy, since dielectric energy losses occur, which are associated
with overcoming the interaction of polarized molecules [27] of polymers.

Processing of polymers in an ultrahigh-frequency electromagnetic field provides intensive heat
generation in the material, and the heating is uniform throughout the volume of the material. In addition,
since the energy is supplied directly to the material, the heat energy consumption for heating the equipment
is reduced, as well as heat losses for convection and radiation from the mold surfaces. In an electromagnetic
field, with increasing field frequency, the dielectric constant decreases, which indicates an increase in the
degree of structuring and the formation of a denser spatial network [28]. Under the influence of high-
frequency treatment, polymerization occurs by a step mechanism, polymerization with ring opening, and
also radical polymerization [29]. As a result of the influence of a high-frequency electromagnetic field, the
physicomechanical and tribological properties of polymer composites improve due to the ordering of the
supramolecular structure of the polymer matrix [30].

The authors of [31] conducted a study of the influence of an ultrahigh-frequency electromagnetic
field on the strength and thermomechanical characteristics of epoxy composites. Graphite-filled epoxy
composites after treatment in an electromagnetic field have a strength that corresponds to the strength values
of epoxy composites structured by the thermal method. A significant advantage of structuring in a field of
ultrahigh-frequency currents is the reduction of the process duration.

© B.I1. Kawuyskuii, I1.11. Casuyk, O.JI. Cadosa

233



Miscsyziecwruti 30ipnux «HAYKOBI HOTATKH». Jlyyvk, 2026, Ne85

In [32], a positive effect of ultrahigh-frequency treatment on the adhesion and strength
characteristics of epoxy composites was determined. At the optimal time of electromagnetic treatment of
the plasticized epoxy matrix, the adhesion strength increases by 35%, compared with untreated epoxy
polymer samples. The increase in this characteristic occurs due to the formation of radicals and an increase
in the number of paramagnetic centers in the binder under the influence of electromagnetic treatment. In
the process of structuring, radicals and paramagnetic centers recombine, which leads to the formation of
additional physical bonds with the surface of the metal substrate.

The high intensity of the structuring process is determined by the rate of formation of active
centers [33] under the influence of radiation. This processing method is convenient in the technological
process, since it allows you to control with high accuracy the initialization of the structuring process, the
speed and temperature of the reaction as a result of changing the intensity of the energy flow. A significant
disadvantage of the method is the high sensitivity of the polymer matrix to the intensity of radiation
radiation. The use of fillers leads to the absorption of part of the energy, which as a result will not be enough
for polymerization, however, in the case of an increase in the radiation dose, the mechanical properties of
the polymer composite material deteriorate and the destruction of the polymer matrix is possible. The use
of a stream of accelerated electrons as radiation radiation allows the use of large doses of radiation, since
the stream of electrons interacts directly with atoms and electrons of the substance, as a result of which their
kinetic energy is lost. This has a positive effect on increasing the productivity of the processing of polymer
composite products, however, the depth of the layer in which the structuring processes occur under the
influence of the flow of accelerated electrons does not exceed 2 mm. In this case, it is necessary to form
products using layer-by-layer application of a polymer binder, which limits the unification of the application
of processing for different technologies for forming polymer composite products. In the case of electron
irradiation of polyethylene at lower absorption doses, the degree of crystallinity decreases, and at higher
absorption doses, this degree increases. Electron irradiation at low absorption doses leads to simultaneous
processes of destruction of the main chain and side branches, as well as to crosslinking of polyethylene
macromolecules [34].

The effect of elastic vibrations of the sonic and ultrasonic frequency ranges on liquids allows for
the widespread use of such vibrations to intensify technological processes (dispersion, emulsification and
preparation of suspensions, mixing of various components, polymerization) during the production of
polymer composite materials [35]. Ultrasonic vibrations provide a high level of dispersion, while increasing
the interfacial surface of the reacting components. The use of mechanical vibrations of the ultrasonic range
or low-frequency ultrasonic vibrations (vibration treatment) is one of the dominant methods in the
production of classical polymer composites and nanocomposites and the most promising means of physical
modification of liquid epoxy resin or solid components used in chemical technology to intensify
technological processes for structuring epoxy composite products [36].

High-frequency sound treatment of the composition before hardening provides a more ordered and
less defective structure, which contributes to increasing the strength of polymers [37]. Ultrasonic treatment
improves the conditions for homogenization of the mixture, sharply reduces the viscosity of the composition
and improves the hardening kinetics of epoxy composites. Treatment of the composition with ultrasonic
vibrations ensures the formation of a less stressed structure of epoxy composites, which indicates a minimal
exothermic effect and a more homogeneous nature of structuring, since the relaxation processes occur at
maximum speed [38]. As a result, ultrasonic treatment allows you to increase the adhesive strength,
deformation-strength and operational characteristics of polymer composite materials, as well as reduce the
level of residual stresses [39]. This type of treatment contributes to the manufacture of defect-free and
monolithic structures from reinforced polymer composites, which is determined by the ability of low-
frequency ultrasound to destroy agglomerates of nanodispersed particles and ensure uniform distribution of
the filler in the volume of the polymer matrix.

The author of the work [40] determined that one of the promising directions for creating protective
polymer composite coatings with high physical and mechanical characteristics is the treatment of the
composition with external physical fields. Ultrasonic treatment allows to increase the adhesive strength by
25-30%, the impact strength by 50% and to reduce the heat treatment temperature by 20-30%. The optimal
treatment mode in an alternating electromagnetic field at a frequency of 40 MHz for 2-3 min was
determined, as a result of which the adhesive strength increases by 4-8 MPa. Treatment of the composition
in a field of ultrahigh frequency currents improves the process of structure formation and allows to reduce
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the residual stresses of the coatings by 20-25%, which occurs due to the formation of a dense and
homogeneous spatial epoxy polymer network and the passage of relaxation processes. Complex treatment
in external physical fields allows to additionally increase the adhesive strength by 15-20% and reduce
residual stresses by 30%.

In [41], the need for complex ultrasonic and high-frequency electromagnetic treatment of epoxy
binder containing ferromagnetic nanodispersed filler was identified. The influence of physical fields ensures
spatial orientation of the filler and a high degree of structuring of the composite due to the formation of a
uniformly distributed spatial network of epoxy polymer.

Treatment of epoxy compositions in a viscous-fluid state with ultraviolet rays in low doses for short
periods of time leads to cracking of macromolecule chains [42], which will occur for the following reasons:

— due to ultraviolet irradiation of the epoxy composition, the potential energy of the heterogeneous
system increases, which is accompanied by a change in interatomic distances and valence angles in the
macromolecular chains. The increase in the internal energy of the system causes the localization of potential
energy in individual sections of the macromolecular chains. This leads to the formation of an active state in
such sections, which is characterized by increased stress and destruction of chemical bonds. In this case,
there is a redistribution of potential energy between the oligomer macromolecules;

— ultraviolet treatment of epoxy compositions is carried out in an air environment, in which oxygen
molecules are acceptors and are able to interact with the atoms of the main chain. The interaction of oxygen
molecules with oligomer macroradicals leads to the formation of stable peroxides, which cause the
destruction of the epoxy resin macromolecule chains;

—the introduction of dispersed mineral additives also accelerates the destruction of macromolecules
as a result of a change in the conformation of macromolecules and the initiation of free radicals. Important
in this case is the magnetic and chemical nature of the dispersed filler, as well as the topology of its surface.
Active centers that are formed on the surface of dispersed particles under the action of ultraviolet radiation
are not necessarily localized near it, since this is not always energetically advantageous. This leads to a
change in the position and movement of the polymer macromolecule node, which causes the isomerization
of the macroradical.

As a result of experimental studies, a positive effect of the influence of acceptors of different nature
on the formation of radicals and the structure formation of composites during ultraviolet treatment was
determined [43]. The formation of free radicals occurs as a result of the complex effect on macromolecules
of oligomers of ultraviolet radiation and thermal treatment of filler particles, which leads to an increase in
the chemical and thermodynamic activity of the dispersed filler. During ultraviolet treatment, the increase
in the number of free radicals provides an increase in the degree of structuring of the binder in the outer
surface layers, which significantly improves the physical and mechanical properties of epoxy composite
materials.

Treatment of epoxy compositions with ultraviolet rays provides an increase in the rate of structuring
of the matrix and a significant increase in the degree of gelation of the material [44]. The results obtained
are determined by the formation of active free radicals, which intensively interact with the surface of the
filler and macromolecules of the matrix. Ultraviolet treatment of the matrix intensifies the process of
structure formation, which leads to an increase in the stiffness of the composite.

In [45], as a result of preliminary irradiation of epoxy resin with ultraviolet light, there is a decrease
in the adhesion strength of coatings regardless of the physical nature of the finely dispersed filler. At the
same time, ultraviolet irradiation of epoxy compositions leads to an increase in the cohesive strength of
coatings, which is due to the formation of outer surface layers of a certain thickness around finely dispersed
particles.

As a result of complex treatment (ultraviolet irradiation and magnetic treatment) of the
composition [46], the cyclic strength of epoxy composite coatings increases. Treatment with ultraviolet
irradiation of epoxy resin followed by magnetic treatment of the composition provides an increase in the
endurance limit of the “substrate - coating” system by 1.8-2.0 times, compared to the untreated system.

One of the main tasks in the process of forming epoxy composites is to ensure optimal conditions
for physicochemical interaction at the “binder-filler” phase interface. An important stage in solving such a
problem is to obtain information about the interfacial interaction of binder macromolecules with active
centers on the surface of mineral filler particles during the process of forming the material, as well as
determining the influence of this interaction on the properties of epoxy composites during operation.
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Conclusions. Physical modification of polymer composite materials consists in processing
compositions at the structuring stage with energy fields, which increases the intensity and productivity of
the process of forming polymer composite products, and also provides the opportunity to automate and
shorten the processing process, which allows eliminating harmful effects on workers and reducing energy
costs.

As a result of processing an epoxy composition in a thermal field, physical bonds are destroyed,
which leads to a decrease in viscosity and an increase in the mobility of segments of macromolecules of the
epoxy binder with a subsequent change in the conformational set. Thermal treatment of epoxy composites
is regulated by an optimal temperature-time regime, which provides a high degree of structuring of the
system with low residual stresses. A significant disadvantage of thermal structuring is the uneven
distribution of thermal energy in the volume of the polymer composite product, which leads to an increase
in the level of the stressed state and a decrease in mechanical characteristics.

A more effective method of structuring is the irradiation of the composition with infrared rays,
which are able to penetrate to a greater depth and initiate the process of forming a network structure with
stronger chemical bonds.

Under the influence of magnetic treatment, the parameters of the supramolecular structure of the
polymer matrix are adjusted and the filler particles are oriented at the interface of the “matrix-filler” phases,
which allows the structure to be ordered due to the orientation of macromolecules in the direction of the
magnetic flux. This ensures the approximation of the reactive groups of the epoxy binder with the formation
of additional chemical bonds.

Epoxy resin macromolecules are polarized in an electric field, which is determined by the
displacement of the centers of electric charges, as a result of which the packing density of the polymer
network increases, conformational transformations occur and the interaction between macromolecules
improves.

Processing of compositions in a microwave field provides uniform absorption of
electromagnetic radiation energy, which is accompanied by heat generation as a result of
overcoming the interaction of polarized polymer macromolecules. Such processing provides the
formation of a denser spatial network, increases the uniformity of the structure and intensifies the
process of structuring epoxy composites.

The use of radiation irradiation methods allows structuring without hardeners, however,
polymer systems are quite sensitive to the intensity of such an energy field, which complicates the
process of forming epoxy composite products.

Ultrasonic treatment is advisable for compositions containing highly dispersed fillers,
which provides a high degree of dispersion of components and uniformity of the structure of
polymer composites with a lower content of defects.

Under the influence of ultraviolet radiation, the number of free radicals increases, which
significantly increase the degree of gelation of the material and the degree of structuring of the
binder in the outer surface layers.

The scientific approach and practical implementation of the processes of structuring epoxy
composite products consists in determining the optimal treatment mode of the composition of a
given composition in energy fields, which will allow obtaining the predicted structure of the
polymer matrix and forming an epoxy composite material with high performance characteristics.
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JhyybKkutl HAYioHaTbHUNL MEXHIYHULL YHIBepCumem

MEPEJYMOBH JIO BPAXYBAHHS MOJIU®IKALIL XBOMTHUX NOPLJ JEPEBUHU B
PO3PAXYHKAX JEPEB’SIHUX EJIEMEHTIB TA KOHCTPYKUIi

Hocnioxncenns uceimuroe memooo102ilo 6paxysants 6naugy moouikayii Xeounux nopio oepesunu npu po3paxyHKax
oepes' anux KoHcmpykuyii. Bono 30cepediceno na KOHCMpPYKmMuGHUX elemMeHmax, 6Ka04arouu 6anKu, KOa0Hu ma nepexpecto-
NIaMiH08aHi naneni, 0e n03006XCHA MIHICIb 3HAUHOI0 MIPOIO U3HAYAE HECYYY 30amHICHb MA HeOPCmKicmy. 3anpononoeano
Memo00102i10, W0 0038071A€ MOYHO 6PAX0BYBAMU 3MIHU MEXAHIYHOI NOBEOIHKU 6HACNIOOK 00pOOKU KOMRO3UUIMHUMU
Mmamepianamu, 3a0e3neyyOuu mMouHy OUIHKY MIUHOCHI MA ROKPAU{EHHA eKChayamauiinoi npuoamnocmi oOepee'aHux
KoHcmpykyiii. Bnpoeadicennn koegivicnmie y cmpykmypui po3paxyHKu O0eMOHCHMPYE, w0 moougikayia modxrice 3HAYHO
nioguwumu eKcniyamayiiti XapaKkmepucmuKku ma mepmin cayxcou oepee' anux koncmpykuii. Lleii nioxio 3aknadae ocnogy
0N 6KII0UEHHA MOOUDIKosanux enacmugocmeii 0epesunU 6 Maldymui cmanoapmu nPoeKmy6aHHa ma HAOA€ iHHCeHepam
npakmuyHi incmpymenmu 01 6invu HAOIIHO20 MA 006208i4HO20 NPOEKMYSAHHA 0epes’ AHUX KOHCMPYKUTIL.

Kniouosi cnosa: moougpikosana Oepesuna, HaAnpyslceHo-0ehopmMosanull Cmaw, MIYHICMb, Hecyua 30amuicmo,
OdeghopmigHicmsb, CIMUCK, 32UH, pO3MSL.

0.0. Homon, O.M. Suvorov

PREREQUISITES FOR TAKING INTO ACCOUNT MODIFICATIONS OF CONIFERS
OF WOOD SPECIES IN CALCULATIONS OF TIMBER ELEMENTS AND STRUCTURES

The study highlights the methodology for considering the impact of softwood modification in the design of timber
structures. Although timber is a widely used building material due to its environmental friendliness, low weight, ease of
processing, high longitudinal strength and cost-effectiveness, it has limitations such as moisture sensitivity, anisotropy and
natural defects that limit its structural application. Modification of timber with various composite materials improves the
physical and mechanical properties of timber, improves moisture resistance and increases durability. Such types of modifications
change the behaviour of timber structures and their stress-strain state, which is not taken into account in current design
standards, which highlights the need to update design approaches. The study focuses on structural elements, including beams,
columns and cross-laminated panels, where longitudinal strength largely determines the load-bearing capacity and stiffness.
Traditional design includes characteristic and design values of compressive, tensile, and flexural strengths, as well as elastic
and shear moduli modified by reliability factors. This paper presents the possibility of using experimental data when taking into
account the modification of coniferous wood species. In this case, experimental values are used to determine modification
factors that correct the design resistance to bending, compression, tensile, and elastic moduli. Formulas are given to illustrate
the application of these factors under uniaxial bending and combined loading conditions. A methodology is proposed that allows
for accurate consideration of changes in mechanical behavior due to processing with composite materials, providing an accurate
assessment of the strength and improved serviceability of wooden structures. The introduction of these factors into structural
calculations demonstrates that modification can significantly improve the performance and service life of wooden structures.
This approach lays the foundation for incorporating modified wood properties into future design standards and provides
engineers with practical tools for more reliable and durable wood construction designs.

Key words: modified wood, stress-strain state, strength, load-bearing capacity, deformation, compression, bending,
tension.

[ocTranoBka npo6Jjemu. BukopuctaHHs JepeBHHHU K MaTepiaiy A OyAiBeIbHUX KOHCTPYKIIH
00YMOBIICHO BEITUKOI KiMbKiCTIO mepeBar [1,2]. /Io OCHOBHHX MepeBar JACPeBHHH MOXKHA BifHeCTH 11
€KOJIOTIYHICTh, HEBEIMKY Bary, JerKy o0poOKy, BUCOKY MIITHITh B3JI0BX BOJIOKOH, HEBEJIMKI BUTPATH TP
BUTOTOBJICHHI Ta iHII. [IpoTe He 3Baykarouu Ha BENUKY KUIBKICTh TepeBar s JEPEBHHU XapaKTEpHI i
HEJIOJIKH, JI0 SKMX MOXHA BIIHECTH: YYTIHMBICTH JJO BUCOKOI BOJIOTOCTI, aHI30TPOIIII0, TPUPOJIHI HEIOMIKH
(cyukn, xocomiapyBatocti) Ta immi [1,2]. Came Hemomiku 0OMEXKYIOTh BHKOPHUCTAHHS IEPEBUHH SK
KOHCTPYKTHBHOTO MaTepiay.

Jnst mokpallieHHs eKCIUTyaTallifHuX BIAaCTHUBOCTEH, MOMOJAHHS HEIONIKIB JEPEeBUHM, MOXKJIHBE
3aCTOCYBaHHS MoJUdikaiii AepeBHHU 3a JOMOMOIO pPi3HMX KOMMO3UTHHX MartepianiB [3-10]. Came
MPOCOYYBAHHS JEPEBHHU JIO3BOJISIE CTBOPUTH Matepiai, SKUH TOETHYE TIepeBark MPUPOTHOT JepEBUHH Ta
MITYYHOTO KOMIIO3UTY, MiJBUILYIOUH (i3UKO-MEXaHiYHI BJIACTMBOCTI, 3MEHIIYIOYHM BIUIMB BOJOTOCTI a
TaKOX IiJBUIIYE TOBTOBIYHICTh AepeBUHU. [Ipy boMy BITHB MouQiKkalii 3MiHIOIYN (i3UKO-MeXaHI4Hi
BJIACTHUBOCTI JIEPEBUHM, 3MIHIOE€ HANpyKeHO-Ie)OpMOBaHMIA CTaH KOHCTpyKii [4]. BpaxyBaHHs Takoi
3MiHM B Cy4YaCHHUX HOPMATHBHHX JOKyMeHTax BimcytHs [11,12], Tomy omHOIO i3 3aad HaIioro
JOCIIJPKEHHST CTajl0 CTBOPUTH TMEPEeAyMOBH U BpaxyBaHHS B PO3paxyHKaxX AepeB’sSTHUX KOHCTPYKLIiK
Moau(ikamii [epeBUHN XBOWHUX TOPiA PI3HUMHU KOMITO3UIITHIMH MaTepialaMH.
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AHaJi3 ocTaHHIX JocaimKens. B cydacHoMy OyIiBHHLITBI AepeBUHY 3a3BHYail BAKOPUCTOBYIOTh Yy
BUTJISIII TOBTUX cTepxHiB (Oayiku, KOMOHM) abo (MepexpecHO-KIICEHI TMaHeNi, MaHeal 3 BUKOPUCTAHHIM
Gbanepu), IpH [bOMY Opi€HTAllisl JEPEBUHHM BHKOHYIOTHCS B3JIOBX BOJIOKOH, II€¢ JIO3BOJISE CIPUHMATH
Ol HaBaHTaxeHHs. Came MIIHICTh JIEPEBUHHU B3JI0BXK BOJIOKOH € BH3HAUYAIBHOK XapaKTEPHCTHUKOIO
HeCy4oi 3[aTHOCTI Ta OPCTKOCTi OyaiBelbHUX KOHCTpyKLid. ToMy B HOpMaTuBHii miteparypi [11-13]
MO>KHa 3HAUTH Taki XapaKTepUCTUKHU IE€PEBUHH, SIKi BAKOPHCTOBYIOTHCS B IPOEKTYBaHHI!

feod » fmk - pO3paxyHKOBe Ta XapaKTepUCTHYHE 3HAYCHHS MII[HOCTI IIPH CTHCKY B3/I0BXK BOJIIOKOH;

feo0k - XapaKTepHCTHYHE 3HAYCHHS MIL[HOCTI IIPH CTHCKY TIOIEPEK BOJIOKOH;

fnd - PO3paxyHKOBE 3HAUYEHHS MIIHOCTi NP 3THHI;

fiod » frok - Po3paxyHKOBe Ta XapaKTepUCTHYHE 3HAUCHHS MIIIHOCTI IIPU PO3TATY B3J0BXK BOJIIOKOH;
fi 904 - PO3paXyHKOBE 3HAYECHHS MIITHOCTI IIPH PO3TATY HONEPEK BOIOKOH,;

Egs Emeen - PO3PAXYHKOBE Ta CEPEAHE 3HAYCHHS MOAYJIS IPY>KHOCTI;

Gy + Gpeen - PO3PAXYHKOBE Ta CEPEAHE 3HAYCHHS MOIYJIS 3CYBY.

S0 300pa3uTH MOKIIMBE BUHUKHEHHS HABAHTAXKEHHS Ta OIip, SIKUH HeoOXiTHUH JyTst 3aro0iraHHs
pyHHYBaHHS, 10r0 MOKHa 300pa3sHTH y BUTIIAAL IBOX CyKymHOcTeH (puc. 1). Hespaxkaroun Ha IPUCYTHICTH
MIIHICHUX JIIMITIB Ha 3THH, PO3TAT Ta CTHCK B PO3PaxyHOK BBOASATH psiji KOe(illiEHTIB, AKi 3aexarh Bil
YMOB €KCIUTyaTalil Ta TpuBaJIOCTI HaBaHTaxeHHs. Takumu koedinientamu € [11-13]: k,,q - KoedimieHT,

SKAH BBOAUTH JUIS PO3PaxXyHKOBUX OIOPIB, IIO CIY)KUTh BPaxXyBaHHIO TPHBAJIOCTI Jii HABaHTAXKEHHS, a
TaKOX TPH SKUX YMOBaxX EKCIUTyaTye€ThCSl KOHCTPYKUIsS; Ky - KoedilmieHT neopMaTHBHOCTI, SKHN

BpPaxOBY€ PEOJIOTIYHI BIACTHBOCTI IEPEBHHH, a CaMe MOB3y4icTh. POOOTY KOehiIiEHTIB HAIIHHOCTI MOYKHA
300pa3uTH y BUTJIsL cXeMH (puc. 2).

Puc. 1. Po3noain aii HABaHTaKeHHA Ta ONOPY PYHHYBaHHSA

Came BHMKOPHCTaHHSIM BEJIHKOI KUTBKOCTI KoedilieHTiB (puc. 2) 0OYMOBIIOE TPYXKHY YaCTHHY
POOOTH EpEeBUHH, 1€ MOSICHIOETHCS HEBEIMKUMH PiBHSAMH HAaBAaHTAXXEHHS NPH SIKUX BUKOPUCTOBYETHCS
JepEeBHHA.

IMocranoBka 3aBaaHHs. MeTor HamMX JOCHDKEHb € PO3poOKa METOJVKH BpaxyBaHHS B
pO3paxyHKax AepeB’ sHUX KOHCTPYKUil MoauGikamii JepeBUHN XBOWHUX MOPiA PI3HUMH KOMIIO3ULIIHHUMH
MaTepiajiamH, 3a JOIIOMOT'OI0 OTPUMAaHUX HOBUX (hi3MKO-MEXaHIUHMX XapaKTEPUCTHK.

Buxsag ocHoBHOTO MaTepiajy. 3 HOCTIPKeHb BCTAHOBIICHO, 0 MOTU(IKaIlis 301IBITyE MOIYITh
MPY>KHOCTI IE€PEBUHH B3/I0BXK BOJIOKOH, 8 TaKOX 301bILIYE OMIp AEPEBHHU CTUCKAIOUNUM HAIPY>KEHHSIM.
Toni BmmB Momudikamii MOXHa pO3TISHYTH, SK CHIBBITHOIICHHS OTPHUMAaHWUX MOJIYJIB IPYXKHOCTI
nepesuHu Gopmyna (1)

Ymod.E = Emeanmod/Emean 1)
1€ Epeqn - c€peHe 3HAUCHHS MOIYJISI IPY>KHOCTI I€PEBUHH B3JI0BK BOJIOKOH;

Ermeanmoad - CEPETHE 3HAYECHHS MOJYJIsl IIPY>KHOCTI B3JJ0BK BOJIOKOH MOIM(IKOBAHOI IePEBUHH.
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Puc. 2. CxeMmaTH4He 300paskeHHs 3aM00iraHHIO pyiiHyBaHHS KOHCTPYKWiii (7, , 75, Yo -

KkoedimieHTH HaTiHOCTI)

Tak camo Sk 1 47151 MOAYJIS IPYKHOCTI MO>KHA BCTAHOBHUTH BIUIMB HA MILTHICTh IEPEBUHH MPH CTUCKY.
KoediuieHT BpaxyBaHHS Vpmoqs BIUIMBY Ha PO3PAXyHKOBMH OIIp NPH CTUCKY MOXKHA BH3HAYMTH 32
bopmyioro (2)

VYmod,f = fiemoa/ fx )

3 BpaxyBaHHSM TOTO, LIO CITiBBiJJHOLICHHS PO3paxyHKOBUX OIOPIB MOKHA BU3HA4YMTH 3TigHO [13],
3a popmyioro (3), TO MOXKIIHBO CTBEP/UKYBATH, IO MPH TAKOMY CIIBBIIHOMICHHI KOS(II[iEHT BIJIMBY Ha
MOJU(DIKOBAHY JIEPEBHHY Vpoq,f MOKHA BUKOPHCTOBYBATH, SK JUISl PO3PAXyHKOBOTO OMOPY 3THHY, TaK i
po3Tsry

frox = 0,6fmk 3)

Tak, BpaxyBaHHs MoAu(ikawii mpu po3paxyHKax MOXKIMBO IIJISIXOM BHKOPUCTAaHHS Koe(illieHTiB
Ymod,f T& Ymod,E-

[Ipuxnax BukopucTanusa koedinienTiB Mmogudikamii

PosrnssreMo crioci6 3acTocyBaHHs KOe(illi€HTIB TPH PO3PaXyHKY 3STUHALHUX KOHCTPYKIIN. Tak s
BH3HAYEHHS HECYUOI 3[aTHOCTI 3THHAIBHHUX €IEMEHTIB BUKOPUCTOBYEThCS (popMyia (4) mist 0HOOCEOBOTO

3TUHY

My -z
Iz

A€ o, - HAlIpY>XEHH IpU ,Z[i'i 3THHAJIBHOI'O MOMCHTY My ;

IZ
YMoBOIO k 3amobiranHio pyiiHyBanHs € (popmyna (5), sika BKasye 10 NEPEBUIICHHS HAIMPYyKeHb
OinbIIe TO3BOJICHUX PO3PAXYHKOBHX, MOXKE COPUUYMHUTH PyHHYBaHHS! KOHCTPYKIIi
omd < T )
BpaxyBanus Moaudikamii ACpEeBHHH BPaXOBYETHCS ILISXOM BBEICHHS B PO3PaXyHKOBHH OITip
koedimienTa, o BpaxoBye Moaudikairo (6)

(4)

g, =

- MOMEHT iHepIIii BiTHOCHO 0OCi Z.

_ fm,k
fm,d - Kmod Vmod,f (6)
Ym
ITpn xomOiHaIil HAa COPUIHATTS 3yCHIIb Ha 3THH 3 CTHCKOM Ta Ha 3TMH 3 PO3TATOM 3aCTOCOBYIOTh
piBHsHHS BiamoBigHo piBHsHH:A (7), (8) Ta (9), (10)

O, O d O
t,0,d n m,y, i km m,z,d <1 (7)
ft,O,d 1:m,y,d 1:m,z,d
O; O, O
t,0,d +km m,y,d 4 m,z,d <1 (8)
ft,O,d 1:m,y,d 1:m,z,d
2
O, O, O
c,0d " m,y,d 1k m,z,d <1 (9)

m
fc,O,d fm,y,d fm,z,d
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2
Oc0d Tk, Om,yd N Om,zd <1 (10)
fc,O,d fm,y,d fm,z,d

SIk st MpOCTOTO 3THHY BpaxXyBaHHS MOAMQIKAIIii eITOKCHIHOIO CMOJIOIO 0yie TTPOBOIUTHCH Y
dopmynax (11), (12) Ta (13), (14):

fro,a = Kmoa f;—;'k]’mod,f (11)
fe0.a = Kmoa f;_:l'kymod,f (12)
fmyd = Kmoa %Vmod,f (13)
fmza = Kmoa fr:—:l'k)’mod,f (14)

3 BpaxyBaHHAM BHINE 3raJaHoi iH(opMmarii 3aCTOCYyBaHHS KOCIUIEHTIB Vimod s T& Vmod,r €
MOXIIMBHM IIiJ1 9ac PO3paxyHKy Ta MPOCKTYBAaHHs KOHCTPYKIIH 3 IEpEeBHHHU.

BucHoBku

1. BcraHoBneHo, mo Moau(ikoBaHa IEPEeBHHA € CyYaCHHM MaTepiajioM, SIKHH Mae IMOKpalieHi

(hi3uKO-MeXaHIYHI BIACTHBOCTI, IiJBUIIEHY BOJOTOCTIMKICTh Ta JOBTOBIUHICTb.

2. [poanaiizoBaHi JIiTepaTypHi JKepeia MoKas3aiiy, 0 BpaxyBaHHsI Moau(dikailii JepeBUHN MOKHA
BHUKOHATH IIPH BCTAHOBJICHHI PO3PaXyHKOBUX OIOpiB JepeBUHH. [Ipu 1poMy BpaxyBaHHS Moaudikamii
OyJie BpaxOBYBaTUCh 32 JIOTIOMOTOKO IBOX KOE(DIIEHTIB MOIUPIKALIT Vimog,r TA Vimod,E-

3. B poborti HaBenmeni cmocoOM 3acTtocyBaHHS KoedilieHTiB Moaudikamii mpu po3paxyHKY
KOHCTPYKITiH, SKi MPaIfOI0Th Ha CTHCK Ta 3THH. BCTaHOBIIEHO, M0 MPH 3aCTOCYBAaHHS KOe(Dilli€eHTIB MOXHA
BpaxyBaTH BIUIMB MoAu(Dikaiii JepeBUHU XBOWHUX TOPIiJ] PH PO3PAXYHKY TAKUX KOHCTPYKIIIH.
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Incmumym npo6nem mamepianoznaecmea im. I.M. ®panyesuva HAH Vipainu®*
Isano-Ppanxiscokuii Hayionanbruil mexuivnull ynisepcumem nagmu i 2azy®

VJIbTPA3BYKOBI HEPYWHIBHI JOCJIJI)KEHHSI PEAKIIMHO CIIEYEHOI'O
KAPBILIY KPEMHIIO, MOJU®IKOBAHOI'O KAPBI1OM BOJIb®PAMY

3a mexnon102i€10 peakyiinHozo0 CRIKAHHA ROPOWKIE OMPUMANI KepamiuHi mamepianu Ha 0CHOGI Kapoidy Kpemuiio, ujo
micmunu ¢ wuxmi 6i0 1 0o 8% (mac.) wacmunox nopowky rapéioy eonsppamy. Jocnioxceno ennue emicmy Kapoidy
601b(hpamy Ha 3aKOHOMIPHOCHI 3MIHU RUMOMO20 €N1eKMPUUHOZ0 OROPY MA XAPAKMEPUCHMUK RPYHCHOCMI KOMRO3Umie,
6U3HAUEHUX 34 PE3YIbMAMAMU PIbMPA3EYKOGUX GUMIPIOSAHb WIEUOKOCHE NOWUPEHHA RPYHCHUX XGUNL DPI3HUX MUNIE
iMnynscHumu memooamu.

Kntouogi cnosa: peaxuiiiHe cliikaHHs, KapOinu, yabTpa3ByKOBHI KOHTPOIb, €IEKTPHIHUH OMIp.

O.V. Vdovychenko, M.P. Gadzyra, I.D. Hnylytsia, A.M. Kolesnykov, O.V. Talko,
N.D. Tkachuk, A.M. Vysotskyy

ULTRASONIC NON-DESTRUCTIVE STUDY OF REACTION-SINTERED SILICON
CARBIDE MODIFIED WITH TUNGSTEN CARBIDE

Using the technology of reactive sintering of nanosized powders, composite materials based on silicon carbide,
containing in the charge from 1 to 8% (wt.) of tungsten carbide powder particles were fabricated. The influence of the WC
content in the charge on the regularities of changes in the electrical resistivity and elastic characteristics of composites,
determined from the results of ultrasonic measurements of the propagation velocities of elastic waves of various types using
pulse methods, was investigated.

Key words: reaction sintering, carbides, ultrasonic testing, electrical resistivity

Beryn. Kepamiuni marepiani Ha OCHOBI KapOimy kpemHito (SiC) neMOHCTpPYIOTh BHAATHI
BJIACTHBOCTI, TaKi SIK BUCOKI TBEP/IICTh, MIIIHICTh Ta TEIUIONPOBIIHICTh, CTINKOCTI 10 OKUCHEHHSI 1 KOPO3ii,
HU3BKUH KOEQILiEHT TEPMIUYHOTO PO3IMIMPEHHS. 3aBASKH LBOMY 3aCTOCOBYIOTHCSI IJIsl BHUTOTOBJICHHS
VIIUTBHIOBAYiB, OpOHBOBMX ILIACTHH, MiAIMIUIHUKIB, Tidh3 IWIIHAPIB 1 (QOPCYHOK MBWUTYHIB, Ta
HaMiBIPOBITHUKOBUX BUPOOIB, SIKi B MPOLIECi eKCILTyaTalii MiANaoThes ii BACOKUX TEMIIEparTyp, yIapHUX
Ta IMKJIIYHUX HaBaHTaxeHb [1, 2]. BriM, koHcomiaaris mopomky uyuctoro SiC € cknagHuM 3aBIaHHIM
BHACIIIOK MIITHUX KOBAJCHTHUX 3B S3KIB Ta MaJMX KoedirieHTIiB mudy3ii aroMiB i TOMy BHUMarae
Temmepatypu crikanus nonan 2773 K i tucky 50 MIa. 3umkeHHs Temneparypu crikanas SiC B TBepii
¢a3i MoXXKHAa NOMOTTHCS NOAABaHHSIM BYIJICIIO Ta IHIIMX XIMIYHUX CHOJYK, ajleé OTPHMaHi KepamiuHi
BHPOOU MarOTh HU3bKY TPIIIHHOCTIMKICTE [3]. IHIIMM crToco60M 3MEHIIIEHHS TEMITEpATYPH KOHCOIIIaIlii €
peaxiiiiiHe cIikaHHs 3 YTBOPEHHsAM Oararoda3HOro KOMIO3UTHOro Matepiany [2, 4]. 3okpema, Takum
crocoOboM  onepkytoTh kKommno3utu cucteMu SiC-WC, (yHKIIOHANbHI BIACTUBOCTI SKHX MOYKHA
peryoBaTH 3MIHOK BMICTy BHXIAHHX KOoMIOHEHTiB [3, 5, 6]. TIpore, BHacmifok pi3HOro koedilieHTa
TEPMITHOTO PO3MIUPEHHS Pi3HUX (a3, B MPOIECi BUTOTOBIICHHS BUHUKAIOTH 3JIMITKOBI HAIIPYKEHHS, SKi
MOXYTh MPU3BECTH 10 YTBOPEHHS TPIIMH, a OTXKE /IO MOTIPIICHHS MEXaHIYHUX XapaKTEPUCTHK i HaBiTh
BTPATH ITICHOCTI.

Mera poGoru. Meroro mie€i poOOTH € JOCHIIKEHHS HepyHHIBHMMH YyiabTpasBykoBumu (V3)
MeTtoaMu BiuuBy 3MiHu BMicTy WC B mmxTi 10 8% (Mac.) Ha MOXKJIMBE yTBOPECHHsI 1e(EKTiB B PEaKIiiiHO
CIIEYCHHX EJIEKTPONPOBIIHMX MaTepialax Ha OCHOBI HAHOPO3MIPHHX IOPOILIKIB TBEPAOrO PO3UUHY
KapOOHY B KapOilli KpeMHil0, TEXHOIIOTis BUTOTOBJIECHHS sKkuX po3pobneHa B IIIM HAH VYxkpaiau ta
omucana B [7, 8].

Marepiaau i MeTOAU A0CTiIZKEHb

®dopMyBaHHS 3pa3KiB MIPOBOIWIH 3 3€JICHOTO KapOimy kpemHito (pakmii 30-40 MkM 3 momaBaHHSIM
12% enextpoxuoro rpadity dpaximii 20-30 MxM Ta Hasonopomky WC 3 IUTOMOIO TOBepXHEI0 ~4 M2/T 'y
KizpkocTi Big 1% o 8% (mac.) 3 kpokom 1%. Sk mnactudikatop 0yB Bukopuctanuii 10% po3urH nopomky
0akemniTy B €THJIOBOMY CIHUPTI y KinbKOCTi 3-4 % (mac.). 3MillyBaHHsS KOXHOTO CKIIaay BiaOyBaioch y
KYJIbOBOMY MJIMHI 3 PO3MOJIBHHMH TiJJaMH 3 TBEPJIOTO CIUIaBy BIPOAOBXK Onm3bko 1 rox. [IpecyBanHs
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3pasKkiB MPOBOAMIOCH HA Ti[paBIidHOMY Tpeci mpu mutoMomy Tucky 200 kr/cm?, nami chopMoBaHi 3pasku
CYIINIIM Ha TOBITpi 3a Temmeparypu ~ 453 K BnpomoBx 5-6 roxa. Peakmiiine cmikanHg chopMOBaHHX
3pa3KiB MPOBOAWIN B IHAYKIIHHIA Tedui y Bakyymi 3a Temmeparypu 2273-2373 K mporsarom 30 xB.,
IIBUJIKICTh HarpiBanHsi craHoBwia ~50 K/xB. BigHOIICHHS MacH BIIBHOTO KPEMHIIO 10 MacH 3pa3KiB
craHoBmI0 1:1. BHAcCiIOK peakuiiHOro CrikaHHs OyJM OJepiKaHi 3pa3ku KOMIO3UTHOI kepamiku SiC-Si
(W, C), B sikux kap6ia Boab(ppamMy MOBHICTIO POpearyBaB 3 CHIIIHIIB BOJIb(pamy y pi3Hid KOHIICHTpAIiT
B 3aJICKHOCTI BiJl BMICTY CKJIaJIOBUX B IIIHUXTI.

JocmigkeHHsT TPOBOAMNM 3a KIMHAaTHOI TeMmIepaTrypd Ha 3paskax y (opMi NOpsSMOKYTHHX
napaJsernenineniB 3 mornepeyHumMu po3Mipamu 8 ... 16 MM micns unridysanss. JIiHIMHI po3Mmipu 3pa3KiB
BUMIPIOBAJIM 3a JOMOMOrOK MIKpOMeTpa 3 OAMHHIEK MojoAmoro pospsay 0,01 MM, ryctuny p
OJIepKaHUX KOMITO3UTIiB BU3HAYAIN METOJIOM TiJpOCTATHYHOTO 3BKyBaHHSI.

EnexTpuyHi BUMipIOBaHHS MPOBOMIIM 33 JOMOMOTroro nudposoro mikpoommerpa UNI-T.UT620b.

XapakTepUCTUKK NPYXKHOCTI BU3HAYAIM METOAOM HACKPI3HOTO NPOXOMKEHHS YJIbTPa3ByKOBOI'O
IMITyJIbCy 3@ HIBUAKOCTSMH HOIIUPEHHS MMO3I0BXHBOI Ta MOMEPeuHOi (3CYBHOI) MPYKHUX XBHIb. MeTox
pearizoByBaBcs TakMM YWHOM. [IpoTuinexHi rpaHi 3pa3ka MOCIiZOBHO BBOAMIN B aKyCTUYHUI KOHTAKT 3
JBOMA IapaMH I’ €30€IeKTPUYHHUX IEPETBOPIOBAYiB MO3J0BXKHBOI a00 3CYBHOI XBUIII PE30OHAHCHOT'O THITY
3 IEHTPaIbHOI 4YacToTo 5 MI. Sk KOHTaKTHE cepelOBUIIEe MiX 3pa3sKoM 1 TepeTBOpIOBaYaMu
3aCTOCOBYBAJIM JAMCTHIILOBaHY BOAY y BHUIAIKY MO3AOBXKHBOI XBWIJII a00 MiHEpaNbHY OJNHMBY y BHUIAAKY
3cyBHOi XBwii. Ha onmH 3 mepeTBoproBauiB (BHIIPOMIHIOBadY) 3 Te€HEPAaTOpa HAAXOAWB EICKTPUYHHH
IMITYJIBC TIPSIMOKYTHOT (hOpMH TPUBATICTIO 4 MKC 1 iepiofgoM 1 Mc 1 TepeTBOpIoBad 30ypIioBaB B MaTepiai
3pa3ka IO3J0BXKHIO abo TMOMepeyHy YJIbTPa3BYKOBY XBWIHO. [lepeTBoproBay, po3TalloBaHWil Ha
MPOTHUJICKHINM TpaHi 3pa3ka, TpaHCPOPMYBaB aKyCTUUHHH CHT'HAJ, IO MPOWIIOB KPi3b 3pa3oK, 3HOBY B
CNCKTPUYHUH, AKUH MCIS MiACUICHHS HAJIXOAUB JUIS Bidyaisallii Ha ocumtorpad. [ntepsan yacy AT mix
MOMEHTaMH BUIPOMIHIOBAHHS Ta peecTpalii yJbTpa3BYKOBOTO iMIIyJbCy BHMIPIOBAIU 32 JONOMOTOIO
BHMIpIOBaya iHTepBaIiB 3 TOYHICTIO 1 HC, BpaxoByIOUYH Yac MPOXOKEHHsI CUTHATY 110 BUMIPIOBATBHOMY
TpakTy 0e3 3pa3ka.

IBuaKicTs MOMMPEHHS TO3J0BXHBOT V| Ta monepeuHoi Vi ylnbTpa3ByKOBHX XBWIIb BU3HAYAIH SIK
BIZIHOLICHHs NUIAXY N, Ha sKWil B 3pa3Ky MOLIMPIOBABCS IMITYJILC BIAMOBIAHOI XBWJI, O 4acy Horo
nomupennss At. Monyni FOnra E, 3cyBy G Ta koedimient IlyaccoHa v BH3HA4YaaM 3 BiIOMHX
CHIBBiIHOLICHB TEOPii NPY>KHOCTI

E = p'vtz (3\/I2 _4Vt2)

vivi @
| t

G=pV?; )
1V7?—2Vv?

V=TT g ®3)
2 V2 -V?

JIe p — eKCIIEPUMEHTAIbHO BU3HAU€Ha I'yCTHHA MaTepially 3pa3ka.

IBuakocTi mommpeHHs Vi Ta Vi BUMIpIOBalIud B3JOBX 000X KOPOTKHX TrpaHedl (B HampsMKy
MpecyBaHHs Ta B OMEPEK [[bOT0 HAMPSIMKY), 100 3a0e3MeYuTH YMOBH (POPMYBAHHS BiIIOBITHUX XBHJIb B
MIpYy’KHOMY cepenoBuilti. [loxubka yabTpa3ByKOBHX BUMIPIOBAHb IMITYJIbCHAM METOJIOM HE ITePEBUTITYBAJIO
0,5%. Ockinbku He OyJO BUSIBICHO 3aKOHOMIPHOT PI3HHMII MIX pe3yibTaTaMH BUMIPIOBaHb y PI3HUX
HanpsIMKax, HaBeCHi Aajll pe3yJbTaTH OACPKyBalu ocepeJHEHHIM Bix 4 1o 10 He3zanexHUX BUMIpIOBaHb
qacy MPOXOKECHHS XBHJII KO’KHOTO TUITY SIK B HAIIPAMKY, TaK 1 B IUIOLIUHI IPECYBaHHS.

AMIUTITYIM BiTHOCHUX MaKCHMaJbHUX MHUKTIYHUX Medopmariii, Mo BUHUKAIA B 3pa3kax ITia Jac
BUMiproBaHb, Manu mopsnok 10°%...10°.

Pe3yabTaTtu gocaixkeHb Ta ix 00roBOpeHHs

T'ycmuna. Pe3ynwTaTi, HaBeAeHI Ha puc.l,a BKa3yloTh Ha BiJICYTHICTh OJHO3HAYHOI 3aJI€KHOCTI
TYCTHHH 3pa3kKiB micis peakuii p Big Bmicty WC. 'yctuHa MaTepialy 3 BUXIJHOTO TOpPOIIKY TBEPIOTO
po3unHy KapOoHy B Kapbini kpemHito cranoBuaa 3050 kr/m®, o Aemo MeHIIe Hix BiZoMi 3 TiTepaTypn
3HaveHHs ryctuan SiC a- Ta B-moaudikamiit p = 3210-3215 kr/m® [9], mo 1moB’s3aH0 3 0COOIMBOCTAMU
TEXHOJIOTi] OTPUMAHHS Ta CTPYKTYPH BHUXiZHHX mopoikiB. JlogaBanns B mmxty 1 — 3% (mac.) kap0imy
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BOJb(PaMy Mallo HACIIIKOM 3MEHIIEHHS TYCTHHH OJIep:KaHHX KOMMO3HTiB g0 2970 kr/m°, a momambire
36inpmenns BMicTy WC 110 8% (Mac.) BUKIHKAIO MOCTYIOBE 3pocTaHHs TycTuHH 10 3110-3120 xr/m®. Tak
B IIIJIOMY HE3HA4HE 301IBIICHHS P TOB’S3aHO 3 BEIUKOIO TYCTHHOIO CITONYK Boib(pamy. Tak, TycTHHA
cuninuay Bonbdpamy WSi, cranoButs 6mmspko 9250 xr/m®, a kap6inie WC ta W,C — 15500 Ta 17200
kr/M°, BiAMOBiIHO [9].

Humomuii  enexmpuunuii  onip. Pe3ynbTaTh BU3HAUCHHS CJICKTPUYHHUX  XapaKTECPUCTHK
JIOCTIDKYBaHUX KOMIIO3UTIB, HaBeAeHI Ha Puc.1,0, cBiquath, 1110 301IbIICHHS BMICTY KapOiay Boibdpamy
B IIMXTI Ma€ HACIiAKOM 3MEHIIEHHS MUTOMOIO EIEKTPHYHOTO Onopy p*. Bike micnsa nogaBaHHS B IIMXTY
1% (mac.) kap6iay Bonb(paMy BinOyBaeThcs CTpiMKe MafiHHA p* ofepkaHoro Marepiany Big 55-10° Om-m
y He Mon]iKOBaHOTO HAHOPO3MiPHOTO TBEPIOTO pPo3urHy KapooHy B SiC 110 21,2-:10° Om-M y MaTepiany,
moaudikoBanoro 1%(mac.) WC. Ile 6iabur sk BABiUi MEHIIE, HI)K ¥ TOCTIHKEHOTO aBTOpaMH IIi€i ¢TaTTi
Marepiany Ha ocHoBi SiC, momudikosanoro 1%(mac.) TiC, skuii cramosus 49,4-10° Om-m [10]. 3i
spoctanuaM KoumeHtpamii WC B mmxrti Bix mo 2% (Mac.) eNeKTpHUYHHIA OIp 3MEHIIYETHCS [0
15-10° Om'M, a mozmanbme 36imbmenHs BMicty WC Mae HacikoM 3pOCTaHHS p* 3 MaKCHMYMOM 3a
5%(mac.) W i HacTymnHe iforo maginus g0 p*=11,1-10"° Om-M y matepiany 3 8%(mac.) WC.
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Puc.1. Banexuocti (a) - ryctanu p Ta (6) - MHTOMOIO eJIEKTPHIHOIO ONOPY p*
Mmarepiajie Ha ocHoBi SiC, moaudikopanux WC Big MacoBoro BMicTy Kapoiay
BOJIb()pamMy B IIMXTi

3 miTepaTypH BilOMO, III0 Y TTOPIBHIHHI 3 iHIMAMHE KapOigaMH, CTeXiOMeTpHIHUH KapOim BOIbhpamy
Ma€ HHU3bKI 3HAYCHHS MUTOMOTO EJEKTPHYHOTO OMNOpY, SIKHH 3a KIMHATHOI TEMIIEpaTypH CTaHOBHTH
p*wc = 2,2-:107 Om-m [11], a p* momikpucTamziuHoro Kapbimy kpemuiro nexuts Mix 3,5-10° i 3-10" Omm
B 3aJIEXHOCTI BiJl XIMIYHOTO CKIaxy MOIU(iKaTopiB i TexHomoriunoro mpouecy [2]. Otke, BCTaHOBIEHI
HAMH 3aJIOKHOCTI 3arajoM MiATBEP/UKYIOThCS BIIOMHUMH JaHUM. BTiM, Gi3uyHI MeXaHi3MH, SKi
KOHTPOJIIOIOTH €JIEKTPUYHUM OMip peakiiifHO CIIeYeHnX MaTepialiB Ha OCHOBI HAHOPO3MipHUX IOPOIIKIB
SiC Ta WC BuMararoTh OKpeMOro JOCIIIKCHHS.

Pesynvmamu ynompa3zgyKogux 00caioncens.

HlIsuokicme nowupenns Y3 xeuns. Peaynbratu, HaBeJieHI Ha pUC.2 CBiIYaTh, IO JOAABAHHS B
mmxty 1% (mac.) kap6iny BonbhpaMy BUKIHKAE CYTTEBE 3MEHINCHHS [IBUKOCTEH SK MO3I0BXKHBOT, TaK i
3CYBHOI MPYKHUX XBHIIb — OUIbIN sk Ha 6% mo 10574 wm/c, ta 6imein sk Ha 8% mo 5875 m/c, Bimmosiawo.
Tennentii moganeInoi 3MiHi 000X IIBHAKOCTEH 3i 30iMbmIeHHSM BMicTy WOC 3aranom 30iraroThcs —
CIIOCTepIiraeThcst MiHIMyM IIBUAKOCTel Y3 xBuib B Marepiani SiC-4%WC (V) = 10268 m/c ta Vi = 5680
M/C) 3 TOMAJBIINM JeSKMM 30LIBIIEHHAM IXHIX 3HaueHb. J[OCHTH iCTOTHE PO3CiIOBaHHSA pe3yIbTATiB
eKCTIEpIMEHTAIbHUX BUMIPIOBAaHb IIOB’si3aHE, HMOBIPHO, 3 aHI30TPOINEI0 MpPYXKHOCTI MarepiaiiB B
HampsIMKY 1 MEeprneHIuKYyJSpHO A0 OCi NPHUKIafaHHS 3ycHiuld mpecyBaHHA. [lonmiOHa aHi3oTporis
criocTepirasiach HaMH y MarepianiB, MoaubikoBaHux kapoOimom xpomy [12]. Tlutanus dopmyBaHHS
aHI30TpPOITIi BIACTHBOCTEH Yy KEpaMiuyHUX, 30KpeMa, KOMITO3UTHHUX MaTepialliB B IMPOIECi PEaKIiiHOTO
CHIKaHHS BUMAara€ OKpeMoro JOKJIaJIHOTO AOCIiIKEHHSI.
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Mooyni npyscnocmi. Pesynvratn Bu3HadeHHs: MonyiB FOnra E, 3cyBy G Ta koediuienra [Tyaccona
V KOMIIO3UTIB 32 Pe3yJIbTaTaMH IMIYJIbCHUX YIbTPa3BYKOBUX BUMIpIOBaHb 3a Gopmynamu (1-3) HaBeneHi
Ha puc.3.
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Puc.2. 3anexHocTi IIBUAKOCTEH MOMMpPeHHs (a) — mo310BKHL01 V| Ta (6) - momepeunoi Vy
YAbTPa3BYKOBMX XBHJIb Bill MACOBOI0 BMicTy Kap0iny Boib(paMy B IIUXTI

Bbyno BcraHoBieHO, 1m0 3HaYeHHS Momyssi FOHTa Ta MOIYyINs 3CyBY MarOTh OJHAKOBY TEHJEHIIIIO
3MIiHH 31 30iUIBIIEHHAM BMicTy Kap0Oimy Bodbdpamy, a came. 1) CYTTEBO 3MEHINYIOTHCS BHACIIIOK
nomaBanus 1% (Mac.) Mmomudikaropa; 2) MaroTh MiniMyM 3a kourentparii WC B mmxti 4% (mac.) (Puc.3,
a, 0). 3BepTae Ha cebe yBary Toii (akr, mo 3mina koedirienra [Tyaccona nmpormiexna: goxasanus 1% WC
BUKIMKae 30iapmenns v 3 0,22 y He momudikosanoro SiC mo 0,27; 2) BIZHOCHO OIIBIINM 3HAYCHHSIM
moxyiie E Ta G BigmoBigaroTe BigHOCHO MeHII 3HaYeHHs Koedimienrta [Tyaccona (Puc.3, B).

Asropu pobotu [13] crocTepiranu cxoxy eKCTpeMalbHy 3aJeXHICTh MOXyas FOHTra KOMITO3UTIB
cucremu SiC-4,3%AI203-5,7%Y203-TiC, oxepkaHux pimko(asHUM CIIIKAHHIM, 3 MaKCHMYMaJbHUM
snauenusM E y kommosuta 3 SiC-4,3%AI203-5,7%Y203-5%TiC (ckpi3s HaBeAEHO MPOIIEHTH 32 MacoIo).
Ha nymky aBropis [13] Takwuii XapakTep 3ajeKHICTh 00yMOBIIEHHH TOpHCTiCTIO. OIHAK, TOPIBHAHHS 3MiH
TYCTHHH, MUTOMOTO EJEKTPUYHOI'O OMOpY Ta XapaKTePUCTHK, IO OyiaW BWU3HAUYEHI 3a JOMOMOTOIO
YIBTPa3ByKOBHUX BUMipPIOBaHb BKa3yIOTh, 10 HAHOIBII IMOBIPHOIO IPUIHHOIO 3MIiHH IIUX XapaKTEPUCTHUK,
30KpeMa XapaKTePUCTUK MPYKHOCTI KOMITO3HTIB, KPIM MOPHUCTOCTI MOXKYTh OYTH IBOBUMIpPHI NeeKTn
(MiKpOTpIiLMHK), 1110 BUHUKAIOTh BHACIIIOK JIii 3JIMIIKOBUX HAMPYKEHb MiXk (azamu, 110 YTBOPIOIOTHCS
B IIPOIIEC] pEaKIIHOTO CITiKaHHS.

3arasom 3MEHIIEHHS MOJYJIB HPY>XKHOCTI MOAM(]IKOBAHWX KOMITO3UTIB MOXKE OyTH TOB’s3aHe 3
YTBOPEHHSIM CHJIIIH/IIB, OCKUIBKY KapOian Boib(paMy MatoTh OLTBII BUCOKI XapaKTEPUCTHKH MPYKHOCTI,
ik SiC [9]. 3MiHM XapaKTepHCTHK MPYXKHOCTI € ICTOTHUMH i HE MOXYTh OyTH MOSCHEHI MPOCTHM
CTaTUCTUYHUM PO3CIIOBAaHHSIM MEXaHIYHUX XapaKTePUCTHK, BIACTUBUM KepamiuHuM marepianmam. Lle,
30KpeMa, MiATBepAKY€eTbcsa (PaKTOM y3romKeHol 3MiHU 3HaueHb E, G Ta v, BU3HaueHux 3a pe3ynbTaTaMu
HE3AJIC)KHUX BHMIPIOBaHb HIBHIKOCTEH MOIIUPEHHS YIBTPAa3ByKOBUX XBHWIIb ABOX THUIIIB. AHI30TPOIIis
MPYKHOCTI, IO CIIOCTEpiraigach, BOUYECBUIL € HACTIJAKOM aHI30Tpomii CTPYKTypu (a3 KOMITO3UTIB, sKa
3yMOBJIEHA BJIaCHE MPOIIECOM MIPOCOYYBAHHS BIIPOJOBXK PEAKIIIITHOTO CMiKaHHS, 1[0 CYTTEBO BIUIMBAE Ha
OpIEHTAILIII0 KPUCTAIIIB.

Bimznauenuit xin 3anexHocti koedimienta [lyaccoHa aemio Bipi3HAETbCS Bix 3MiHM Koe(illieHTa
Ilyaccona, sikuii aBTOpH CHOCTEpIraid B KOMIIO3UTI, OJIEPKAHOMY PEaKIiMHUM CIIKaHHSIM TBEPIOTO
po3unHy KapOoHy B KapOili KpeMHi0 3 Kap0iloM TUTaHy B SIKOCTI MonudikaTopa, 1e 3HAUYCHHS V Taaaiu
npu gogasanni 1% TiC mo 0,20, mami 3pocranu g0 0,28 y SiC-3%(mac.)TiC, i HapermTi cTpiMKO Magaiu 10
0,15 [10].
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Puc.3. 3aaexnocti moaynst FOura E (a), moay.s 3cyBy G (6) Ta koedinienra ITyaccona v (B)
KOMMO3uTiB Bix MacoBoro Bmicty WC B muxri

BucHoBkn

1. MeTooM peakiiifHoro CrikaHHs 0yII0 0IepXKaHo HAaHOCTPYKTYPHI KOMITIO3UTH Ha ocHOBI SiC, 1m0
mictuiu B mmxTi Bim 1 mo 8%(mac.) kapOimy Bonbppamy. BcTaHOBIECHO, IO T'yCTHHA OJCpIKaHUX
KOMITO3UTIB MpH 10AaBaHHi B muXTy 1-3% (mac.) WC zeio 3MeHIIY€eThCs, a PU NOAAIBIIOMY 301IbLICHHI
BMicTy MommdikaTopa 3poctae a0 3120 kr/mM°, 1m0 mepeBuIIye I'yCTHHY MaTepiaga-OCHOBH, IO CBiTUHTh
npo GopMyBaHHS CIIOTYK BOJIb(PpamMy BUCOKOI I'YCTHHH.

2. JlonaBaHHS BKe MiHIMaJIbHOT KiJIbKOCTI MOAH(IKaTOpa CTPIMKO 3HMKAE MUTOMHN €NEeKTPUIHUHI
omip oxmep:kanoro martepiamy mo 1,04-10% Om-M, a 36inemenns Bmicty WC I03BONHIO 3HM3NTH IIIO
XapakTepucTHKY 10 5,0-10° Om-M.

3. Moaudikariss 103BONMIa 3MEHIIUTH XapaKTEPUCTHKH IMPYKHOCTI OAEpKaHMX HaHOPO3MIPHUX
MatepianiB. Moayni FOHra Ta 3cyBy, BU3Ha4YeHi yIbTPa3ByKOBUMHU METOJaMH, IEMOHCTPYIOTh MIHIMYyM Y
Matepiaiis, siki MictaTh 4% (mac.) WC y mmxTi. Ile Moske OyTH HOB’sI3aHO 3 YTBOPEeHHAM (ha3 3 (i3uKo-
MEXaHIYHUMH BJIACTUBOCTSIMHM, BIIMIHHMMHU BiJi MaTepialy-OCHOBH, 1 I PI3HHIS MOXKE BHUKIMKATH
3aJIMIIKOBI HANPY>KEHHS 1 iHILIIOBATH YTBOPEHHS MIKPOTPILHH, 5IKi y CBOIO Yepry BILIMBAIOThH Ha 3rajaHi
XapaKTePUCTHUKH.

4. OpepskaHi pe3yJbTaTH BIAKPHBAIOTH HANPSIMOK OJEpXaHHS KOMIIO3WTIB Ha OCHOBI TBEPIOTO
po34KHYy KapOOHY B Kap0iJii KpEMHIIO 3 TOKPAIICHUMH €KCILTyaTal[iiHUMH BIACTHBOCTSIMH.
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UTveiecoruii nayionanvruil ynisepcumem eemepunaproi meouyunu ma 6iomexnonozii
imeni C.3. Iicuybko2o
2TTyyoKuil HayionansHull mexHiuHull ynigepcumem

JOCJTIIKEHHSA I'ITPOI'A3OIMHAMIYHUX ITPOLHECIB Y 3BAKPUTOMY
HEPEITYCKHOMY KAHAJII IIPAAIMOKYTHOTI'O IIEPEPI3Y 3 PI3BHUM
CHIBBIJJHOINEHHAM CTOPIH

Y cmammi oocnioxceno naykoeo-npuknaduy 3aoauy 6U3HAYEHHA 2i0PO2A300UHAMINHUX NAPAMEmpI6 NOMOKY 6
3aKpUmMuUX Kanauiax iz nPpAMOKYMHUM nonepeunum nepepizom. OOrpynmoeano, wio Kiacuuni anaiimuuni 3a1eicnocmi,
3acnoeani na 3axoni Iazena-Ilyazeiina, € adekéamuumu 6UKIIOUHO 0N1A KAHANIE KPy2i020 nepepizy, mooi AK y peaibHux
[HJICEHEPHUX CUCMEMAX NepPesa)dcaiomsv KAHAIU RPAMOKYMHOI abo cknaouiwmoi 2eomempii. Ilepegipky amanimuunux
pe3yibmamis 30iCHEHO WIAXOM YUCENbHO20 MOOeI06anns y npozpamhux cepedosumiax MATLAB ma SOLIDWORKS Flow
Simulation. Ioéydosano ¢ynxuyionanvui 3anexcnocmi wWeUOKICHUX | UMPAMHUX XAPAKMEPUCMUK 6I0 2€0MEMPUUHUX
napamempie Kanany.

Knrouosi cnosa: ziopozazoounamixa, npsamoxymuuii kaunan, cucmema MATLAB, SOLIDWORKS Flow Simulation.

S. Baranovych, I. Stukalets, S. Korobka, M. Tolstushko, N. Tolstushko

INVESTIGATION OF HYDRODYNAMIC AND GAS DYNAMIC PROCESSES IN A
CLOSED BYPASS CHANNEL WITH A RECTANGULAR CROSS-SECTION OF VARYING
ASPECT RATIOS

The article addresses a scientific and applied problem of determining the hydrodynamic and gas dynamic characteristics
of flow in closed channels with a rectangular cross-section. It is substantiated that classical analytical relations based on the
Hagen-Poiseuille law are valid exclusively for channels with a circular cross-section, whereas in real engineering systems,
rectangular or more complex geometries are predominant. The study presents an analytical investigation of laminar flow of
liquids and gases in a rectangular channel based on the Navier-Stokes equations. For the rectangular channel, the solution was
constructed using the method of expansion in trigonometric series, which allows proper consideration of boundary conditions
and the geometric characteristics of the flow domain. It was established that the flow capacity of the channel depends on the
aspect ratio of its sides, with the extreme value of the corresponding coefficient being achieved for a square cross-section. The
analytical results were verified through numerical simulations using MATLAB and SOLIDWORKS Flow Simulation.
Functional dependencies of velocity and flow characteristics on the geometric parameters of the channel were constructed.

Keywords: hydrodynamics and gas dynamics, rectangular channel, MATLAB system, SOLIDWORKS Flow Simulation.

INocranoBka npodaemu. KiraciyHi Mmiaxoan 10 OMIHIOBAaHHS BUTPATH B JOBTUX 3aKPUTHX KaHAJax
13 TaMIHAPHUM PESKUMOM PYXY PiJIFH 1 Ta3iB IPYHTYIOTHCS Ha 3aK0Hi, chopmyiaboBanomy ['aren-ITyaseiins,
SIKMH CTIpaBeUIMBUI IJIs1 KaHAMIB 13 KPYTJIMM MOTEepeYyHUM TepepizoM. [IpoTe B peallbHUX KOHCTPYKLIAX
MAIlIFH 1 MEeXaHi3MiB 3’€JHyBaJIbHI KaHAIM MK OKPEMUMH MOPOKHUHAMH PiJTKO MAIOTh 1€aTbHO KPYTIy
dbopmy. 3HAYHO YacTime IXHIH Mmepepi3 € MPSIMOKYTHHUM, TPUKYTHUM a00 HAOMMKEHUM M0 CKJIATHIIIOL
reometpii. Uepes Le po3paxyHKOBI CHIBBiAHOLICHHS, OTPUMaHi Uil KaHAIIB i3 KPYIJIUM IONEPEYHUM
nepepizoM, He 3a0e3MedyloTh IOCTATHHOI TOYHOCTI M MOTPEeOYIOTh amanTamii 3 ypaxyBaHHSM BIUIUBY
dhopmu TIepepizy Ha TIAPABIIYHUM OMip Ta PO3MOILT MBUAKOCTEH MOTOKY. OCOOIHMBOI aKTyaJIbHOCTI Taka
KOpEKIisi Ha0yBae P NPOEKTYBaHHI KaHATIB TIOAa4i 3Ma3yBaIbHO-0X0JIOKYBAIBHOI PIZIMHU B PIXKYIOMY
IHCTPYMEHTI Ul METanooOpOOHHMX BepcTaTiB, A€ TeoMeTpis BHYTPIMIHIX KaHaIiB 4acTo OOMekeHa
KOHCTPYKITIEIO 1HCTPYMEHTa 1 TEXHOJOTIYHUMH BHUMOTaMH. Y TMOAIOHMX CHCTeMax HaBiTh HE3HAYHI
BIIXWJICHHS B PO3PaxyHKy TIPOMYCKHOI 3MaTHOCTI MOXYTh CYTTEBO BIUIMBATH Ha €(EKTUBHICTH
OXOJIOJDKEHHS, 3HOC IHCTPYMEHTA Ta CTaOlIbHICTh Npolecy pizanHs [1-14].

AHaJi3 ocTaHHIX JocTimKeHb i myOsikaniii. [lociiauBmm 0a30Bi TEOPETHYHI TMOJOXKEHHS, IO
OTMCYIOTh TiIPOMWHAMIYHI SBHINA, SKi BUKOPHUCTOBYIOTHCS ITiJl Yac IHKCHEPHHUX PO3PAXyHKIB 3aKPUTHX
TEXHOJIOT1YHUX KaHAaJiB, CIiJI 3a3HAYHMTH, IO KIIOYOBHM IApaMETPOM y TaKMX MoJelsix Buctymnae K, —
koedimient Ilyaseiins, Ha 1m0 BKa3yloTh 4yHcIeHHI gochimkenns [3, 4, 8, 10, 11], 3HaueHHsS SKOTO
BH3HAYAIOTh 3a BIAIOBIIHOIO 3aJICKHICTIO:

K, =7D*/(128l), 1)

ne D — niametp kanany, M; # — koedimient B’ s3kocTi, [1a-c; | — moBxuHa KaHamy, M.
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BukopucranHus 1iporo koedinieHTa i 9yac BU3HAUCHHA TiAPaBIiYHUX 1 Ta30IMHAMIYHHUX TIapaMeTpiB
MIOTOKY B 3aMKHEHHX TEXHOJIOTIYHUX KaHaJax € OOIPyHTOBAaHMM JIMIIC 38 YMOBH, IO KaHAT Ma€ KPyTIHH
ronepednuii mepepiz. Came mis Takoi TeoMeTpil OTpUMaHO KIIACHYHI AHATITHYHI 3aJIKHOCTI, SKi
aJIeKBaTHO BiJOOpPaKalOTh PO3MOLT MIBHIKOCTEH, BTPATH THCKY Ta 3aKOHOMIPHOCTI JIAMiHAPHOTO PYyXY
CepeloBHILA.

SKmo X momepedHUil mepepi3 BiAPI3HAETHCS BiA KPYIVIOTO — HANpPUKIA, € HPSIMOKYTHHM,
TPUKYTHUM ab0 Mae CKJIaHy KOHQIrypaiito, 3yMOBIEHY KOHCTPYKTHBHUMH OCOOJHBOCTSIMH BY3Ia, -
3aCTOCYBaHHS JaHOro KoedinieHTa 0e3 YTOYHEHb NPHU3BOJUTH OO IMOXMOOK Yy po3paxyHkax. lLle
MOSICHIOETHCSL 3MIHOIO XapakTepy (OpMyBaHHS NPHUKOPAOHHOTO IIApy, MEPEepo3NOIiUIOM MIBHUAKICHOTO
PO LITIO Ta IHITAMA YMOBAMH TiPABIIYHOTO OTIOPY.

VY rtakux BUMagKax HEOOXiTHHM € MPOBEICHHS NOJATKOBUX TCOPETHUYHHX 1 EKCIIEPHMEHTAIbHUX
JOCIIIKEHb, CIPSMOBAaHIX Ha BCTAHOBJIEHHS KOPUTYBAJIBHHUX 3aJICXKHOCTEH a00 BBEACHHS €KBIBaJICHTHUX
rmapameTpiB. Jlume 3 ypaxyBaHHSM pealbHOI TeOMETpil KaHAIy MOKHA 3a0€3IIEUUTH TOCTaTHIO TOYHICTh
NPOTHO3YBaHHS BUTPATHUX XapaKTEPUCTHK, BTPAT €HEPrii Ta CTIHKOCTI pOOOTH TEXHOJIOTTYHOI CHCTEMH.

IocTtanoBka 3aBaaHb. Y Cyd4acHOMY MAaIIMHOOYAyBaHHI Ta NpPWIafoOyAyBaHHI PO3PaxyHOK
riIpaBIivuHUX 1 TA30IMHAMIYHUX XapaKTEePUCTUK MOTOKY B 3aKPUTUX TEXHOJOTIYHUX KaHANaX TPagULiiHO
3MIACHIOETHCSI HAa OCHOBI AHAIITUYHUX 3aJICKHOCTEH, II0 MICcTATh Koedimient [lyaseiins. 3a3zHaueHi
CHIBBiIHOLICHHS! OTPUMAaHi AJISl YMOB JIAMiHAPHOTO PyXY PiAMH i ra3iB y KaHaJIaX KPyIJIoTro MONepedyHOro
mepepizy Ta 3a0e3MedyroTh JOCTAaTHIO TOYHICTH JIMINE 32 BiJIOBIIHOCTI pealbHOI TeoMeTpii KaHaly
MIPUAHATIH TeopeTHUHIH Moeni. Pa3oM i3 THM y MpakKTHYHUX KOHCTPYKIIISX TEXHOJOTIUHI KaHAIA 9acTO
MaroTh MPSIMOKYTHHH, KBaJpaTHUH abo0 TpUKyTHHH iHIIWE mnpodins mepepidy, IO 3yMOBICHO
KOHCTPYKTUBHHMH OOMEXECHHSMH, 0COOIMBOCTAMH KOMIIOHYBAaHHS BY3JIiB i €KOHOMIYHUMH YHHHUKAMU
BHTOTOBJICHHs. 3MiHa TEOMETpii IOMEepEedHOro Mepepidy ICTOTHO BIUIMBAE HA XapakTep PO3MOILTY
HIBHJKOCTEH, BETUYMHY TiIPaBIi4HOTO OMOPY Ta BTPATH TUCKY, LIO, CBOEIO YEProlo, MO3HAYAETHCS Ha
TOYHOCTI HPOTHO3YBaHHS BHUTPAaTHUX XapaKTEPHCTHK MOTOKY. Y 3B’S3Ky 3 IMM BHUHHUKAE HAayKOBO-
MpuKJIagHa TpobjemMa YTOYHEHHS ICHYIOUMX PO3PaXyHKOBUX MIXOMIB 1 PO3POOJICHHA METOAUKH
BH3HAYCHHS TiIpOra30AMHAMIYHHAX TTapaMeTPiB I 3aKPUTUX KaHATIB TOBIITEHOI OpMHU TIepepizy.

BuknagenHss ocHoBHOro marepiaay. [IpoBenemMo TeopeTH4HE IOCHIIKEHHS TiApaBIiYHUX 1
ra3oAMHAaMIYHUX MapaMeTpiB 3aKPUTHX KaHAMIB i3 KPYIJIUM Ta IPSIMOKYTHHUM IONEPEYHUMH IepepizamMu
[6, 11]. Po3paxyHKH BHKOHYBAaTHMYTHCS I YMOB JIAMIiHAPHOTO PyXy poOOUOTO CepeloBHINa 3
BHU3HAYEHHSM JIOKAJIHLHOTO PO3MOJILTY IBUAKOCTEH, CepelHbOI IIBUAKOCTI MMOTOKY Ta 00’ €EMHOT BUTPATH SIK
IHTErpaNbHOTO MOKa3HWKA MPOIYCKHOI 3AaTHOCTI. Takuid MimxXix Aa€ 3MOTy KUIBKICHO OLIHUTH BIUIMB
reoMeTpii kaHaiy Ha (GopMyBaHHS MIBUAKICHOTO MPOQUII0 Ta BEIWYHHY TiAPaBIidHOTO OMOPY. 3 METOIO
3a0e3MeUYeHHs] KOPEKTHOCTI IMOPIBHSUIBHOTO aHaNi3y NPUAMEMO NPHUITYIIEHHS MPO OJHAKOBICThH ILIOII
MOTMIEPEYHUX MepePi3iB JOCTIHKYBaHUX KaHaMmiB. Lle 103BosIsi€ BUKIIOYUTH BILIMB PO3MIPHOTO YHHHUKA Ta
30CepeUTHCS BUKITIOYHO Ha POJIi POpMH KOHTYPY Iepepi3y B 3MiHi MIBHIKOCTI MOTOKY ¥ MPOAYKTUBHOCTI
TIepeTiKaHHS PiauH i ra3is.

Jlnst kaHaAy 3 KpyrJIUM TmonepedHuM nepepizom (puc. 1) mudepenuianbaa hopma piBHsHH Hap’e-
Crokca y TONApHiKA CHCTeMi KOOPIWHAT, 3 ypaXyBaHHSAM OChOBOI cUMeTpii moToKy [1-3], HaOyBae Takoro
BUTJIAAY:

2
% 1ds_ "
dr2 rdr
1dp . . : .
ne K :—d—; 7 — nuHaMiuHa B’s3KicTh pigumuu (rasy), Ila-c; p — Tuck pigunu (rasy), Ila; 9 -
n aX

IIBMJIKICTH TIEPETIKAHHS PiJHH 1 Ta3iB M0 KaHaIy, M/c.
Po3B’s130k piBHsAHHS 1 HaOyne HACTYHOTO BUTJISAY:

9=—(k-r*/4)+C Inr+C,. 3)
ne C1, C> — 9MCNOBI CTall, SIKi JaF0Th YaCTKOBUH PO3B’ 30K PIBHAHHS.
3a obmesxenoi meuakocti, C1 = 0, a C2 Bu3Ha9aeMo 3 rpannyHoi ymosu—r=9a=0— C, =k - a’ / 4
Toni,
9=(k/4)(@*+r?). (4)
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Puc. 1. Cxema po3paxyHKy IIBHIKOCTi MOTOKY PiauH i ra3iB y Kpyrjiomy KaHaJi
Busnagaemo mpoIyKTUBHICTE 32 HACTYITHOIO (POPMYIIOIO:

Q= IIdeA = jlkT'D(a2 —r?)-2zrdr =
A 0
N 7Z'kpa4.

_zkp(a’r®
r 2 4, 8

dopMyTa [T BU3HAYCHHS Pajiiycy KaHaTy KPYrJoro Tepepisy MaTHMe BHTUIST A’ / N7, aiioro

a

®)

MPOITyCKHA 3/IaTHICTB:
Q=kpa*/(87)=0,0398kpa*.
Po3paxyHkoBa cxema AJisl BU3SHAYEHHS IIBUIKOCTI pyXy MOBITPS B KaHaJ1 MPSIMOKYTHOTO TIepepi3y

Io/iaHa Ha puc. 2.
SIkI1o KaHa MPSMOKYTHOTO TepepPi3y, TO PO3B’I30K AU(PEPEHINIATEHOTO PIBHIHHS:

d’9 d*9
> +— =K, (6)
dy® dz
OyJIeMO IIIYKaTH Y BUTIISIL OJIMHAPHOTO TPUTOHOMETPUYHOTO PSITY:
= . 7zn
9= (@)sinZY. )
= b
KoskeH 101aHOK IIBOTO PALY 3aJ0BOIBHSE TpanndHi ymoBr: ipr y =0 $=0 i y=b $=0.
z
o
y
b

Puc. 2. Cxema 1151 BUBHAYEHHSI IIBUIKOCTI PyXy HOBITPsl B KaHAJI NPSIMOKYTHOI'0 Nepepisy

IIpaBy wactuny piBusHHA (6) poskmagemo B psg Oyp’e:

—k:icnsin”—ny, (8)
= b
e
:—J'( k)sin (ﬂnyjdy— 2k b cos”—ny
b zn b |,
2k —ﬁ---n—HenapHe
==—(1-cos(zn))=1 zn
zn
0...n—napmne.
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[MincraBumo Bupasu (7) i (8) B piBHsiHHS (6):

0 2
{dd fz”—(%nj Jsm ny ZC sinZ2Y
| 0z

Psnmu dyp’e 36iraroThes, AKIo KoedimieHTH 0OHAKOBI, TOOTO

2 2
a1, fn_(”_”j f,=C, ©

dz? b
Po3B’ 130K 1150T0 AMGEPEHITIATEHOTO PIBHAHHS Ma€ TaKUH BUTIISI
nz anz) Cb°
f.(2)= Aich( ) Azh( j — (10)
o) (mn)”.
Crani inTerpyBanHs A1 i A2 3HaX01uMO 3 TpaHUYHUX yMOB: ipu Z =0 $=0;mpuz=c $=0.
[MixcraBistoun 1i 3HaueHHs y Gopmyiy (10), ogepkuMo crucTeMy JiHIHUX anreOpaidtHuX piBHSIHB:

C,b?
AL-1+A2-0—(7m)

=0,

C b2 (11)
Ac h(ﬁnc)+A2 h( ] ( “ ; -0.
zn
3BicH 3HAXOIUMO
2 1 h(nncj
oGP b b @)

BpaxoBytoun 3HaueHHs Cp, OJEpKUMO OCTaTO4HY (HOpMYIy Uil 3HAXOMKCHHS IIBHIKOCTI 9 Y
PI3HHX TOYKaX MOMEPEYHOTO Tepepi3y KaHauy:
7(2n-1) yJ

4k’ is'n( b

3 n=1 (2n_1)3
1c (2n— l)cj

h
Ch(ﬂ(Zn 1)Zj in(ﬂ(Zn—l)Zj . (13)
b Sm(ﬁ(Z —l)Cj b

O0uncaMO MPOMYCKHY 37aTHICTb KaHaJy:

o= es gt 1)4(-% - ()

(14)
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.Y a
Skimo mroma kaHady mocTiitHa A=bc=a® To cTopoHM mpAMOKyTHHKa b =T, c=+ma, ne
m

c
m= B i0<m< oo, roxni popmya (14) matume BUTTIS:

1 2(ch(r(2n-1)m)-1)
+ =
m*z nzl(zn_l)“ z(2n-1)sh(z(2n-1)m)
. 8% 1 2 z(2n-1)m
=kea m%“;(zn_l)“ m z(2n-1) 2

o 4
SIk 6a4MMoO 3 BHMBENECHHX 3aIEKHOCTEH, y (opMymu Bxomuth mo0ytok Ka'p . Jlna kamamy 3

(15)

MPSMOKYTHHM ITEPEPi30M Iieid YicIoBUi KoedillieHT Oye MaTH 3HaYCHHS, sIKe MO>KHA BU3HAUUTH 3 rpadika
(puc. 3), IO 3aNEXKNUTH BiJ CIIBBIAHOMIEHHs CTOPiH NPAMOKyTHHKAa M = C/h. BH3Ha4eHHS MPOIYCKHOI
3aTHOCTI MPSIMOKYTHOTO KaHAJy 3 Pi3HHM CITIBBIIHOIIECHHSM CTOPIH € Ba)KIMBHM HayKOBO-NIPAKTHYHUM
3aBJJaHHSM, OCKUIBKM TE€OMETPHYHI TapaMeTpu mepepisy Oe3rnocepelHbO BIUIMBAIOTH HA TiApaBIivHI

XapaKTepUCTUKU TOTOKY, 30KpeMa pO3MOALI IIBUAKOCTEH, BTpaTH EHEprii Ta YMOBH INEPEXOAy MiX
peXUMaMU Teuil.

. . P 4 . . . .
Puc. 3. T'padik 3aiexnocTi uncioBoro koediunicnra ka'p Bix cnisBianomennst cropin 3
BUKOpHcTaHHAM cepenosuina MATLAB

[Iporpamy BU3HAUYCHHSI YUCIOBOTO KoediienTa po3podieHo B cepenoruini MATLAB. Busnauenus
BIJTHOIIICHHSI CITIBBIJHOIICHHS CTOPIH MPSIMOKYTHHKA JI0 YHCJIOBOTO KOEQillieHTa, 110 HOMY BiJIOBiJaE,
HABEJICHO HA PUCYHKY 3.

3 rpadika puc. 3 6aunmMo, Mo HaWobiIbIIe 3HaYeHH KoedimienTa 0,0351 BimmoBigae BiTHOIICHHIO
CTOpPiH M=1, TOOTO YaCTKOBOMY BHIIAAKY AJIs Iepepidy y ¢popmi KBagpaTa.

MerToq iMiTaiitHOr0 MOJIEITIOBaHHS TiAporazoAnHaMiqaux nporieciB y cepenosuii SOLIDWORKS
Flow Simulation [9, 12, 13] Bkmrouae kinbka eramis. Ha nmepmromy etarmi 8 CAD-monyni SOLIDWORKS
CTBOPEHO TPUBUMIPHY T€OMETPUYHY MOJECIb KaHAY 3 BU3HAUCHUM IONEPEYHUM MEPEPI3OM.
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Jlis  mpoBeneHHsS  IMITAIifHOTO MOJICNIIOBAHHS TiAPOTa30JMHAMIYHOTO TMPOIECY B KaHali
Bukopuctano moayns SOLIDWORKS Flow Simulation. O6nacte gocmimkeHHS 0OMexeHO 00’eMoM
KaHally, a TPaHHYHNMK YMOBaMH BCTAHOBJIEHO 3HAU€HHs THCKY Ha BXxofi (1,5 aTM.) Ta Ha BUXOIi KaHaIy
(1 at™.). B sikocTi cepenoBuina 3anano Boay 3a temrepatypu 20°C, 1isb JOCHTIPKEHHS — CEPEHE 3HAYCHHS
HIBHJKOCTI PyXy BOOM B KaHaii. TBepHOTiLTy MOJENb NMEPETBOPEHO y CITKY CKIHUEHHHUX EJIEMEHTIB 3
pPO3MIpOM €JIeMEHTIB, sIKMi 3a0e3medyBaThMe HEOOXiAHY TOYHICTh pe3ynbraTiB. [licis mpoBeneHHS
MOJICTTIOBaHHS IPOAaHANII30BaHO OTPHUMaHi pe3yJbTaTH, MOOYIOBAaHO EMIOPH PO3IOJUTY LIBHAKOCTI B
3aJaHuX IUIOIIKWHAX KaHany (puc. 4).

HactynHum eTtamnoM MojentoBaHHS OyJIO CTBOPEHHSI ITAPAMETPUIHOTO JTOCITIKEHHS, SIKe TIOJIATalio
y BU3HAUCHHI IIBUIKOCTI PYXY PIAMHHM B KaHalli MPSIMOKYTHOTO IEpepidy 3a YMOBH 3MiHH BXiJHOTO
napamMerpa — koedinienra m 3a ymou me[0,1;2]. Onepxano pe3ysbTaTi HapaMeTPHYHOTO MOJICITIOBAHHS,
SIKi TIpEICTABICHO Ha pHC. 5.

Puc. 4. Enopa po3nofijly LIBUAKOCTI PyXy PiAMHM B KaHAJi NPSIMOKYTHOTO Mepepi3zy

(2 Input Variables | ki Output Parameters Scenario| ' Study Plots | ¥ Goals,

B Run i & & [ o=

Summary Design Point 1 Design Point2  Design Point3  Design Point4  DesignPoint5 DesignPoint6  Design Point 7 Design Point8  DesignPoint9  Design Point 10
D2@Sketch1@Karan npamoKyTHuit 2 Part [mm] 438 56 6.82 8.04 9.26 1048 17 1202 14.14
GG Average Velocity 1 [m/s] 742609771 876702379 9.69606651 10.298081 10.6559913 10776227 10.7998499 107347829 10.5964209 10.3894216
Status Finished Finished Finished Finished Finished Finished Finished Finished Finished Finished
Run at This computer ~ This computer ~ This computer ~ This computer  This computer ~ This computer ~ This computer ~ This computer ~ This computer ~ This computer
Number of cores 8 8 8 8 8 8 8 8 8 8
Recalculate O O O O O O O O O O

Take previous results O O O O O O O O O O

Save full results

Puc. 5. BikHo ciieHapiio Ta pe3yJabTaTiB NapaMeTPUYHOT0 MOJIETIBAHHA MPOIECY
nepeTikaHHs PiTHHU B KaHAJI MPSIMOKYTHOTO Tepepi3y

3a ofiepKaHNMH pe3yJIbTaTaMH CHCTEMOIO c(hOPMOBAHO BiIOBiIHI rpadiky 3a1e:KHOCTEH 3aaHIX
ITiJIEl TOCTiIKEHHS Bil BXiTHUX mapaMeTpiB (pruc. 6).

Puc. 6. I'padixu 3anexuocTeii misieii AocaiTzKeHHs Bil 3HaYeHb BXiZHUX MapaMeTpiB

B mpormeci anamizy Ta iHTepmpeTallii pe3yabTaTiB MOJCITIOBaHHSA MO0yIOBaHO T'padik 3a1eKHOCTI
MIBUJIKOCTI PyXy PIAMHM B KaHAJI MPSIMOKYTHOTO Mepepi3y Bijl 3HaueHb KoedimieHta M (puc. 7).
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Puc. 7. I'pagik 3ae:kHOCTI IIBUAKOCTI PyXy piAMHM B KaHAJi Bia KoedinieHTa
CHiBBiIHOIIEHHSsI CTOPiH 3 BUKOpucTaHHAM Moay.as Flow Simulation cucmemu SOLIDWORKS

Sk BUIHO, OMKCAHI BHIE METOIU JCMOHCTPYIOTh MPAKTHYHO OJHAKOBI PE3yJIbTATH Y BiATBOPCHHI
TiApora30IMHAMIYHUX MPOIIECIB Y 3aKPUTHX IEPEITyCKHUX KaHalax 3 MPIMOKYTHHM ITepepizoM. 3a3HadueHi
3aJIeKHOCTI OTPHUMAHO i3 3aCTOCYBaHHSIM MPUHIMIIOBO Pi3HMX MiAXOJIB: Meplia — MUIIXOM YHUCEIbHO-
aHAIIITHYHOTO MoIefoBaHH: y cepenoBuiii MATLAB, npyra — 3a 01TOMOT 00 TPUBUMIPHOTO iHKEHEPHOTO
MOJIEIIOBaHHS Ta yrceabHOi cumy il y SOLIDWORKS.

AHamiTnyHa Mojenb, peanmizoBaHa B MATLAB, 0a3syerbcs Ha y3arajJbHEHMX PIBHSHHSX, IO
OIMCYIOTh MPOLECH Y KaHajl, Ta mepeadadae HU3KY MPHITYLIEHb 100 i7eali30BaHOro XapakTepy Tedii,
PIBHOMIPHOCTI PO3MOAUTY ITapaMeTpiB IO Tepepildy Ta BiICYTHOCTI JOKAIBHUX 30ypeHb. Takuil miaxinm
JIO3BOJISIE OTPUMATH (PYHKIIIOHATIBHY 3aJICXKHICTh KOeillieHTa, fKa BijoOpakae 3arajibHy TCHICHIIIIO 3MIiHH
napameTpa, IpoTe He BPaxOBY€ BIUTUBY CKIaJHUX MIPOCTOPOBHUX €(DEKTiB.

Hartomicte ™omenn, mnoOynoBana y SOLIDWORKS, mnepenbayae npetanbHy TE€OMETPUYHY
PETPE3CHTAINI0 3aKPUTOTO KaHaly 3 MPSIMOKYTHHM Tepepi3oM, i3 ypaxyBaHHSM pealbHUX TPAHUYIHUX
YMOB, HEOJHOPITHOCTI MOJIB MIBUIKOCTEH Ta MOXKJIMBUX JIOKAIBHUX €()EKTiB, 0 BUHUKAIOTh YHACIIJOK
B3a€MO/IIi MMOTOKY 31 CTIHKaMHU KaHay. Y Meax IbOTO IMiJIX0AY 3MiHCHIOEThCS TUCKPETH3allis 00JacTi Ta
YUCEebHE PO3B’SI3aHHS BIANOBIIHUX PIBHSHB, IO JO3BOJIIE OTPUMATH OUIBIN JIOKATi30BaHy Ta (i3MIHO
JeTani30BaHy KapTHHY MPOIIeCy.

[opiBHsHHSA oTpuMaHHX TpadikiB MOKa3alo, IO NMPH 3arajlbHii MOMIOHOCTI XapakTepy 3MiHH
3aJIS)KHOCTEH CIIOCTEPIraeThCs BiIXUICHHS 3HaUCHb KoedillieHTa ka* P, sike csirae npubnuzHo 0,3 oguHUIi
IIpH IOBHOMY Jliania3oHi IKaJlK CIiBBiAHOMIEHHS cTopiH M = C/b. y mociimkyBanux Mexax B 2 OJMHHMIL.

Taka pi3HHIA BiATIOBiIa€ BITHOCHOMY PO3X0KEHHIO Ha piBHI Oyim3pKko 12%.

BusiBieHa HEBiANOBIAHICTE MOXKE OYTH 3yMOBJIEHA KOMIUIEKCOM (DaKTOPiB, Cepe SAKUX: igearizalis
(hi3muHOI MOJIeNTi B aHAIITUYHOMY ITIXOJIi; PI3HUIIA y TIOCTAHOBIII Ta peati3alii TpaHUYHUX YMOB; BILTHB
TEOMETPUIHUX OCOOJMBOCTEH MPSIMOKYTHOTO KaHay, IO OUTBII TOBHO BPAaXOBYIOTHCS Y TPUBUMIPHOMY
MO/IEITIOBaHHI; YHCeJbHI MOXUOKHU, TIOB’sI3aHi 3 TUCKPETU3AII€I0 PO3PaXyHKOBOI 00JIACTI Ta aTOpUTMaMU
PO3B’s13aHH; MOXKIIMBI BiIMIHHOCT] Y BpaXxyBaHHI TYpOYJIEHTHHX a00 MepEeXiTHUX PEXKHUMIB Teuil.

OOumBa MmMIXoou AEMOHCTPYIOTh Y3TO/KEHICTh y SKICHOMY OIHCI MPOIECY Ta BiATBOPIOIOTH
AHAJIOTIYHI TeHCHIIIT 3MiHU JOCI)KYBaHOTO Koe(illieHTa ka* Q.

BucHoBKkH.

OTpuMaHO 3aJ€XKHOCTI, SIKi ONHCYIOTh BIUIMB F€OMETPHYHHUX MapaMeTpiB KaHady MPSMOKYTHOTO
repepizy Ha 0COONMBOCTI mepediry riaporazoAnHAMIiYHHUX MpoIieciB Y HboMy. [li 4ac aHami3zy BpaxoBaHO
MOXJIHBICTh BUKOPHUCTAHHS Pi3HUX CITiBBITHONIEHb CTOPIH MPSIMOKYTHOTO TIepepi3y KaHay, IO Ia€ 3MOTY
JOCIIJDKYBAaTH 3MIHY MapaMeTpiB MOTOKY 3a pi3HMX TeoMeTpu4HuX KoHdirypamiit. Lle, y cBoro uepry,
MiABUIIYE TOYHICTh BU3HAUCHHSI OCHOBHUX XapaKTEPUCTHK PYXY PiIAMH i ra3iB y 3aKpUTHX KaHajax.

OtpumaHi pe3yiabTaTH CBiAYaTh MPO Te, IO 3aCTOCYBAHHS PI3HUX MiAXOIIB A0 MOJEITIOBAHHSI
MPOIIECIB Y 3aKPUTOMY KaHai 3 MPIMOKYTHHUM IePepi3oM 3a0e3Meuye 3arajioM y3roKeHU I SKICHUN OTHC
JnociipKkyBaHoro spuma. OOuaBi Mojeni — aHamiThyHa, peamizoana y MATLAB, Tta uucenbHa,
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nodynoBana B SOLIDWORKS — nemMoHCTpyrOTh TOMIOHMI XapakTep 3MiHH KoedillieHTa ka* £, 1o
MiATBEPKYE KOPEKTHICTh 00PAHOTO MiIX0Y 0 AOCII[KCHHSI.
BoHouac BUSBIICHE BiIXHIICHHS y 3HAYCHHsX Koedirienra ka' £ Ha piBHI 61m3bko 0,3 s mkanu

CHIBBITHOIICHHS CTOPIH y JOCTI/KYBaHUX MeXaxX B 2 OAMHHUIII MOXe OyTH IMOsICHEHEe OCOOIMBOCTAMHU
peamizarii Mojenel, pi3HHWICI0 Y BpaxyBaHHI (i3MYHHX (aKTOPIB Ta CTyNmeHeM ix meramizamii. Taka
PO301KHICTh HE € KPUTUYHOIO, OJHAK BKa3y€e Ha JIOIIbHICTh MOAAIBIIOT0 YTOYHCHHS MOJIENICH 3 METO0
MiJIBUIICHHS 1X y3TOKEHOCTI.

OTxe, OTpUMaHi pe3yNbTaTH BiOOPaKalOTh OCHOBHI 3aKOHOMIPHOCTI ITPOIECY ISl TOTIEPEAHBOTO
aHaJIi3y, a MoAaJIbIII JOCIIKSHHS TOUUILHO COPSIMYBaTH Ha JCTATI3aIlii0 MOIENIeH, YTOUHEHHS BUXITHUX
NPUINYLIICHb 1 eKCIIePUMEHTaJbHY MEepeBIpKY Ui MiABHIIEHHS TOYHOCTI Ta HaXiHHOCTI oJep)KaHuX
3anekHocTei. OTpuMaHi pe3yJbTaTH CTBOPIOIOTH MIAIPYHTS UIsi OOTPYHTOBAaHOTO BHOOpY TreoMerpii
KaHaJIiB Y TEXHOJIOTYHIX CUCTEMaX.
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Jhyybkutl HAYioOHanbHUN MeXHIYHULL YHIBepcumem

J10 BABHAUYEHHSA JIE@OPMIBHUX XAPAKTEPUCTHUK KOHCTPYKIIMHOI KJIEE€HOI
JIEPEBUHM 3A PI3HOI BOJIOI'OCTI B JOKPUTUYHINA TA 3AKPUTUYHIN CTAJIIAX
POBOTHU: EKCIIEPUMEHTAJIBHA CTAAIA

Ilposedeno excnepumenmanvHi 00CAI0NHCEHHA KOHCMPYKUIIHOT Ke€HOT 0epesUHU COCHU ma AAUHU Pi3HOT 6071020cmi
nicisn 3aHypeHHA Y PIUKOBOMY MA MOPCOKOMY GOOHUX CEPEO0BUULAX OCLOBUM CHIUCKOM 63008JHC 80JIOKOH 34 IHCOPCHIKO20
pesrcumy eunpodysans. Ekcnepumenmansnum wnaxom 6Cmano61eH0 0CHOGHI MEXAHIUHI XaPaKmepucmuKku KineecHoi 0epegunu
COCHU ma ANUHU 6 OOKPUMUYHIT ma 3aKpUMUYHIl cmaodiax podomu, 8 momy Yucii MUMUACOEY ZPAHUYHY MIUHICIb 0epesUH,
MOOYb BPYHCHOCMI, BIOHOCHI KpUMUYHI, ZDAHUYHI MA 3aNUMKO06I 0ehopmanil, 3a maxkux ymoe ekcniayamauii. 3anpononoseano
Gopmynu ona eusnaueHHa GIOHOCHUX ZPAHUYHUX Oehopmauiil KOHCMPYKUILIHOT Klec€HOI Oepeeunu 3a pi3HOI 6051020CHi.
Bcmanoeneno ocnosni Odegpopmieni xapaxkmepucmuku Kie€HOi 0epeeuHU COCHU MaA ANUHU, AK Y PIUKOGOMY 600HOMY
cepedosuwi, maxk i MOpPCbKOMY, GIOHOCHI KpumuuHi, Zpanuuni ma 3anumkosi degpopmauii. 3a eonozocmi 21% ma 30%
30L1bMWYI0MbCSL 6 NOPIGHAHHI 3 XAPAKMEPUCIUKAMU, 6U3HAYCHUMU 34 CMAHOapmHoi 601020cmi 12%.

Knwwuosi cnosa:. kneema Oepesuna, HANPYNCEHO-0eOPMOBAHUL CMAH, MIYHICMb, OeOPMIHICMb, CMUCK,
HABAHMAICEHHS].

O.S. Chapiuk, O.M. Kratiuk

TO DETERMINATION OF DEFORMATION CHARACTERISTICS OF GLUE-LAIMED PINE
AND SPRUCE WOOD AT DIFFERENT HUMIDITIES IN THE PRECRITICAL AND
POSTCRITICAL STAGES OF WORK: EXPERIMENTAL STAGE

Solid and glued wood is often operated in environments with different humidity levels. Current regulatory documents
limit such operation to the Kmod coefficient. In some cases, it is unclear how to determine certain mechanical characteristics
with increased moisture content, including deformable ones. For example, the operation of elements in bridge structures,
hydraulic structures, sea piers, shore protection structures, and others. Very often, materials, elements, and structures based on
wood operate in a post-critical stage of operation (seismic vibrations, dynamic loads, progressive destruction, floods, changes in
water levels, and others).

The purpose of our research is to conduct experimental studies of structural glued laminated wood of pine and spruce
with different moisture content under a strict regime of axial compression tests along the fibers during operation in river and
marine aquatic environments. As well as to establish the main deformation parameters in the pre-critical and post-critical stages
of operation under such operating conditions.

Experimental studies of structural glued pine and spruce wood of different humidity after immersion in river and sea
water environments by axial compression along the fibers under a rigid test regime were carried out. The main mechanical
characteristics of glued pine and spruce wood in the pre-critical and post-critical stages of operation were experimentally
established, including the temporary ultimate strength of wood, the modulus of elasticity, relative critical, limiting and residual
deformations, under such operating conditions. Formulas were proposed for determining the relative limiting deformations of
structural glued wood at different humidity. The main deformation characteristics of glued pine and spruce wood, both in river
and sea water environments, relative critical, limiting and residual deformations were established. At humidity levels of 21%
and 30%, they increase in comparison with the characteristics determined at a standard humidity of 12%.

Key words: modified wood, stress-strain state, strength, load-bearing capacity, deformation, compression,
bending, tension.

IlocTtanoBka mpodjieMu. JlepeBHHA BXKE COTHI POKIB 3IMINAETHCS OTHUM 3 HANTIOMYJISPHIMINX
MarepialiB B pi3HHX cdepax kutTs [1-6]. Bona Mae cBoepiHi HeMOBTOPHI (pi3MKO-MeXaHi4Hi BIaCTUBOCTI.
B 3anexxHOCTI BiJl MOpOAM NEPEBHHU, i TBEPAOCTI Ta IHIIMX BIACTHBOCTEH 3aJEKUTh ii Oe3mocepesHe
MpU3HaYeHHSA. B OUTBIIOCTI BUTIAAKIB MPH 3BEICHHI OyIIiBENlb Ta CIOPYA PI3HOTO MPH3HAYCHHS B SKOCTI
HECYYMX JICPEB’SIHMX EJIEMEHTIB Ta KOHCTPYKI[IH BHUKOPHUCTOBYIOTh XBOWHI TOPOJH: COCHA, SIIMHA,
MOJIpHHA, CMEPEKa, SUTHIIS, TUC Ta iHIT. X04a 3BHYANHO € i BUHATKU. [ly’e 4acTO BUKOPUCTOBYIOTH IIUTHHY
abo kIeeHy nepeBuHy. KieeHa Mae 1eBHi mepeBaru HaJl HIJIbHOIO 1 MOKE 3aCTOCOBYBATHCS IS IIEPEKPHUTTS
OiIbLIMX TIPOJIHOTIB [7,8].

3BHUARHO JIepeBUHA, SK IHIIN MaTepialid, Mae CBOI IepeBaru ta Hexoliku. OCHOBHHMU TiepeBaraMu
€ BIIHOCHO HEBEJHKa Bara, JIOCTATHS MIIHICTb Ta MOYJb TIPY>KHOCTI, JIETKO 3’ €IHYETHCS MiXk COOOIO Ta 3
immumu Marepiagamu [1-9]. YacTo MoKe €KCIUTyaTyBaTHCS B arpECHBHUX CEpPEIOBMINAX, B TOMY YHCHI i
BoaHUX (TpicHUX i cononux) [10-17].

AHaJi3 ocTaHHIX gocaimkens. LlinbHa Ta KIle€Ha TOCUTH YaCTO €KCILTYaTy€eThCS B CEPEIOBHUIIAX 3
pizHuM TIOKa3HHKOM Bojorocti [10-17]. [iroui HOpMaTHBHI JOKYMEHTH OOMEXYIOTh TaKy €KCILIyaTallifo
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koedimieHoM Kmog [18,19,29]. B okpeMux BuMagKax HE3PO3yMIJO K camMe HEOOXiAHO BM3HAYATH TEBHI
MEXaHiYHI XapaKTepUCTHKH 3 ITiIBUIICHUM BMICTOM BOJIOTH, B TOMY 4Hcli i nedopmiBanx. Hampuknazn,
poboTa eIeMEHTIB y CKJIali MOCTOBHX KOHCTPYKIIiH, TIAPOTEXHIYHUX CIIOPYI, MOPCHKHX IIipCiB,
OeperoyKpiruIroYMX CIOpyA Ta iHMUX. Jyke "acTo maTepiand, eIeMEHTH Ta KOHCTPYKIII Ha OCHOBI
JICPeBUHH TPAIIOIOTh B 3aKPUTUYHINA cTanii podotu (ceiicMiuHi KOMMBaHHS, JMHAMIYHI HAaBaHTaKCHHS,
porpecyroue pyiHyBaHHs, TABOAKH, 3MiHa PIBHs BOJIHU Ta iHIII).

ExcniepiMeHTanbHI TOCTIIKSHHS Ta 3aPOIIOHOBAHI METOANKH 3 BU3HAYCHHS! OCHOBHUX MEXaHIYHUX
XapaKkTEePUCTHUK B 3aKPUTHYHIH cTazii poOOTH 3 pi3HUM MOKa3HUKOM BOJIOTOCTI 32 0CHOBOTO CTHCKY B3JI0BXK
BOJIOKOH, B TOMY YHUCIIi 1e(OPMIBHHX, IO CTOCYIOTHCS LIUIBHOT AEPEBUHU 3HAXOUMO B poboTax ['omona
Cs.Cs. [20-23] Ta #toro yunis — Bepemka O.B. [24], Martsiroka O.B. [25,26], Pomryka M.M. [27]. ABTopu
JOCUTD JJOCTEMEHHO BUBYHIIH MTOBEIHKY pPOOOTH IIUTHLHOT IEPEBUHH JIMCTSIHUX Ta XBOWHHUX TIOPIiJ] 38 TAKUX
YMOB eKCIulyaramii, moOyayBand TOBHI fgiarpamu neOpMyBaHHS 32 IKOPCTKOTO  PEXKHAMY,
eKCIIepUMEHTAIBHIM Ta TEOPETUYHUM IISIXOM BCTAHOBWIM OCHOBHI MEXaHiYHI NMOKa3HUKU. THMYacOBY
TpaHUYHY MIIHICTh, BIIHOCHI KPUTHYHI, T'paHHYHI Ta 3aJHIIKOBI Aedopmarii, MOIYIb MPYXKHOCTI Ta
CiuHUMi1 MOITyTIb JeopMariii.

ExcriepuMeHTaNbHI TOCHIHKEHHST KOHCTPYKIIHHOT KIIGEHOI IEPEBUHM CTaHAapTHOI Bosorocti 12%
3a JKOPCTKOTO PEXHMMY HaBaHTaKEHb OCHOBUM CTHCKOM B3JIOBJK BOJIOKOH 3HAXOJWMO TiJIbKH B HAYKOBUX
npaisx ['omona Cs.CB. [28].

B cBiToBiif mpakTuili (akTHYHO BiACYTHI €KCIIEPHMMEHTANbHI Ta TEOPETHUYHI JOCIHIHKCHHS, IO
CTOCYIOTBCSI 3MIHHOTO BIUIMBY BOJIOTOCTI HAa MEXaHIYHI XapaKTePUCTUKH KOHCTPYKIIIHHOI KIleeHOT
JICPEeBUHU COCHH Ta SJIMHU B JOKPUTHYHINA Ta 3aKPUTUYHIN cTajil poOOTH MaTepiady Ha CTHCK B3JIOBXK
BOJIOKOH. A SIK HACJiZIOK BiJICYTHI TIOBHi Aiarpamu Ae(OopMyBaHHS 32 TaKMX yMOB €KCIUTyaTallii, a TaKoX
OCHOBHI TIOKa3HHWKH MIIHOCTI Ta OeOpMIBHOCTI: TUMYAcOBa TPaHWIHA MIITHICTh, BIIHOCHI KPHUTHYHI,
TpaHUYHI Ta 3aJIMIIKOBI JedopMaliii, MOIyJIb MPY>KHOCTI Ta CIYHUH MOIYIb Je(opMariiii.

[HocTtanoBka 3aBaaHHs. MeTO HamMX [JOCTI[UKEHb € TPOBEACHHS EKCIepUMEHTaIbHUX
JOCIIKeHb KOHCTPYKIIHHOT KJICEHOI JEPEeBHHU COCHH Ta SUIMHU 3 PI3HUM ITOKa3HUKOM BOJIOTOCTI 3a
KOPCTKOTO PEXUMY BHUIPOOYBaHb OCHOBUM CTHCKOM B3JJOBXK BOJIOKOH 32 €KCIUIyaTallii y piuKoBHX Ta
MOPCBHKMX BOJHHX CEpeAOBHIIAX. A TaKOX BCTaHOBJICHHS OCHOBHUX JAe(OPMIBHHX TIOKAa3HUKIB B
JOKPUTHYHIN Ta 3aKPUTHYHIN CTalisIX poOOTH 32 TAaKUX YMOB €KCIDTyaTarlii.

MeToan eKcHepMMEHTAJbLHUX HOCTigxkeHb. Jlmsg peamizamii IOCTaBICHHX 3aBIaHb OyIIo
BUTOTOBJICHO npu3Matn4Hi 3pa3ku (30x30%120 MM) i3 KOHCTPYKIIHHOT KJICEHOT IEPEBUHH TIEPILIOTO COPTY

COCHH Ta AJIUHU.

120

N— /P
J 30 Ly

Puc.1. Po3mipn npusMaTHYHUX JOCTiTHUX 3pa3KiB

BuxinHy cupoBHHY BiOMpaiy 3a KPUTEPISIMHU MPSMOTIHIHHOCTI cTOBOYpa Ta HU3bKOT CY4KyBaTOCTI
BianoBiaHo 10 [30-35], 110 M03BOMMIO 3a0€3NEUUTH OJHOPIAHICTh CTPYKTYPH Ta OPIEHTAIF0 BOJOKOH.
[Ticnst 3aroTiBimi JepeBUHY TPAHCIIOPTYBAIH HA BUPOOHHUIITBO, JI¢ 11 pO3MHUITIOBAIN Ha OpycH, MapKyBaJld Ta
BUCYIIYBaJIU JI0 HOPMaTHUBHOI Bosorocti. Hagani Opycu po3kporoBaiu Ha momku po3mipoM 10x40 mw i
nopxuHOW 100 cm. CkieroBaHHS MO IUIACTY BHKOHYBAIIM 13 3aCTOCYBaHHSIM PE30PIHMHOBOTO KJICHD Yy

© 0.C. Yaniwox, O.M. Kpamiok

258



Miscsyziecwruti 30ipnux «HAYKOBI HOTATKH». Jlyyvk, 2026, Ne85

3aBOJICBKMX yMoBax. [IpecyBanHs TpuBaio 12 ToauH i3 MOAANBLIO BUTPUMKOIO 48 TOIUH JO MOBHOTO
TBepHiHHA. YMoBH ckieroBaHHA: temreparypa 20 °C, BimHocHa Bojoricte 655 %. 3paskum s
BHUIPOOYBAaHb BUPI3aIH 3 OJHIET OATTKA OKPEMO IS KOYKHOIT TTIOPOIH ICPEBUHH.

[Tixg yac BunpoOyBaHb BUKOPUCTOBYBAIN KOHCTPYKIIIHHY KIICEHY JIepeBUHY 3 BoJoricTio 12%, 21%
ta 30%. [Ipu3MaTHyHi 3pa3ku AEpeBUHHU CTaHAAPTHOI BojorocTi 12 % 3aHyproBaiy BilIOBIJHO Y PiYyKOBE
Ta MOPCBHKE BOJIHI CEpEIOBHINA B JTAOOPAaTOPHUX YMOBaX 110 ycepeaHeHoi Bosorocti 21 + 1 % 1a 30 £ 1 %.
PiukoBa Boja Opaiacs 3 piuku Ctup (M. JIyupk), a Mopcbka — 3 Yopaoro mopst (M. Ozeca).

OOcsr excrnepuMEeHTaNbHUX IOCHIKeHb KOHCTPYKUIHHOT KJI€€HOi NEpeBHHHM Pi3HOI BOJIOTOCTI
HaBeneHo B Tadi. 1.

Tabn. 1
O0cAr ekcnepUMEeHTAJIbHUX J0CTi/KeHb KOHCTPYKIIHHOI KJIEEHOI IepeBMHHU Pi3HOI BOJIOTOCTI
Neo | Tlopona ITepepiz | BosoricTs, Bik Tun xnero Kinbkictb
JEpeBUHU | 3pas3KiB, % JIEpPEeBUHU, 3pasKiB,
MM POKiB IIT.

PiukoBe BOJHE CEPEIOBUILIE
1 Cocna | 30x30x120 | 12,21, 30 50-75 PE30pLMHOBUI 15
2 Ammura | 30x30x120 | 12,21, 30 50-75 Pe30pLIUHOBHIHA 15
Mopchbke BoJHE cepeOBHIIE
3 CocHa 30x30x120 | 12,21, 30 50-75 PE30PIMHOBUI 15
4 Smaa | 30x30x120 | 12, 21, 30 50-75 PE30PIMHOBHI 15

3aranbHa KIJIBKICTh 3pa3KiB KJICEHOI JEPEBUHU BCIX JOCTIDKYBAaHHUX IOPiJ, MO MIiAJIATaIu
BUMNPOOYBaHHIO, CTaHOBWIA 54 oxnHKLI. ExcriepuMeHTaIbHI TOCTIKEHHS! B yMOBaX KOPCTKOTO PEKUMY
HaBaHTaKEHHS TIPOBOAMIM Ha BHIIPpoOyBanbHii Mammui CTM-100 [28,35] 3i mBuakicto mehopMyBaHHS
1,5 mm/xB.

Pe3yabTaTtn mnpoBeneHMX excnepuMeHTiB. Ha migcraBi BUKOHAHMX —€KCIIEPUMEHTAIBHUX
JOCTiKeHb Oy BCTAHOBIIEHI OCHOBHI MEXaHI4HI XapaKTePUCTHKH KOHCTPYKIIIHHOI KJIe€HOT IepeBUHU 3a
Bostorocti 12%, 21%, 30%, 1110 excIuTyaTyBaaucs B piYKOBOMY Ta MOPCHKOMY BOJHHX CEPEIOBHIIAX, 3a
OCBOBOT'O CTHCKY B3/I0BX BOJIOKOH B JOKPUTHYHIH Ta 3aKPTUUHIH cTaisx podotu (Tadi. 1).

Tabn. 1
Jo BuzHavyeHHs1 1e)OPMiBHUX XapaKTePHUCTHK KOHCTPYKIIMHOT KJIEEHOI JepeBUHH 3a Pi3HOT
B0JIOTOCTi B JOKPUTHYHIIl Ta 3aKpUTHYHIM cTagiax podoTu
W, % | fc04, MITa | E, MIla | Uc1, MM/MM | Uc,0.d, MM/MM | Uc,u, MM/MM | Uc fin, MM/MM
PiukoBe BoJHE cepeioBHILe
CocHa
12 49,8 13900 0,00067 0,00506 0,00698 0,3401
21 34,6 11200 0,00071 0,00557 0,00791 0,3775
30 22,8 10100 0,00078 0,00621 0,00838 0,4217
SAnuna
12 46,1 15300 0,00060 0,00457 0,00640 0,3119
21 31,7 12700 0,00063 0,00530 0,00726 0,3369
30 21,3 11600 0,00069 0,00571 0,00822 0,3712
MopcbKe BOJIHE CepeaoBHILE
CocHa
12 49,8 13900 0,00067 0,00506 0,00698 0,3401
21 32,7 11000 0,00071 0,00570 0,00827 0,3819
30 22,0 9900 0,00079 0,00635 0,00940 0,4353

Slnuna
12 46,1 15300 0,00060 0,00457 0,00640 0,3119
21 29,9 12600 0,00065 0,00536 0,00766 0,3457

30 20,8 11200 0,00072 0,00579 0,00805 0,3872
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3rigHo Tabm.1l OyJ0 BCTaHOBIIEHO, IO OCHOBHI MeXaHIUHI MOKAa3HUKU KOHCTPYKLIHHOI KJIE€HOi
JEPEeBUHU 3 IMIJBUIICHHSAM BOJIOTOCTI IOTipIIYIOTHCS, SIK y PIYKOBOMY BOJHOMY CEpENOBHIIN, TaK i
MOpPCBhKOMY. 30KpemMa, AehOopMiBHI XapaKTEPUCTHKH KICEHOI IEPEBUHN COCHH Ta sUTMHHU 3a Bojorocti 21%
ta 30% 30UIBIIYIOTCS B TIOPIBHSHHI 3 XapakTepUCTUKAMK, BA3HAYCHUMHU 32 CTaHAapTHOT Bostorocti 12%.

OTxe, B piYKOBOMY BOJHOMY CEpeOBHUINI BiTHOCHI KpUTHUYHI Aedopmauii IepeBUHH COCHU 3a
BostorocTi 30% 3pocnu B 1,23 pa3u, a nepeBunu suHU — B 1,25 pasu; BiqHOCHI TpaHuyHi Aedopmarii mis
JiepeBUHU cocHU 30ubimnchk B 1,20 pasu, a ans aepeBuHH siiuHu — B 1,28 pasu; BIIHOCHI 3aJIUIIKOBI
nedopmarii 11 AepeBUHU COCHU 3pociu B 1,24 pasy, a s aepesunu sutuan — B 1,19 pasu.

Takum 4MHOM, B MOPCHKOMY BOJHOMY CepEAOBHIII BiTHOCHI KpUTHYHI Aeopmaltii fepeBHHA COCHU
3a Bostorocti 30% 3pocnu B 1,25 pas3u, a nepesunu sumHA — B 1,26 pasu; BiqHOCHI TpaHW4HI nedopmarii
JUTSL IGPEBUHU cOCHHM 301nbimnch B 1,35 pa3u, a niis nepeBuHU suiHu — B 1,26 pa3u; BIAHOCHI 3aJTUIIKOBI
nedopmarii uist IepeBUHU COcHU 3pociu B 1,28 paswm, a st nepeBunu simneU — B 1,24 pasu.

3a METOAMKOIO 3ampornoHoBano I'omornom CB.CB. B Haykosiit mpari [30] HaBememMo hopmymnu mis
BU3HAUCHHS BiTHOCHHX TPaHUYHUX AedopMalliii KOHCTPYKIIHHOT KIIe€HOT AepeBUHU Pi3HOI BOJIOTOCTI B
3aJIeKHOCTI BiJf KpUTHYHHX.

30Kkpema, Ui pIYKOBOTO BOJHOTO CEPEIOBHINA:

- s gepeBunn cocHn 12 % 3amponoroBano B poboti [30]

Ucu = 1,38 Uc,0,d> (1)
- s nepesuHu cocHE 21 %

Ueyu = 1,42 - Uc,0,d> (2)
- s nepesunu cocan 30 %

Uey = 1,35 "Uco,d: (3)
- g nepeBunu sutHA 12 % 3anpononoBano B po6oTi [30]

Uey = 1,40 - Uc,0,d> (4)
- st nepeBunu sutrHA 21 %

Uey = 1,37 - Uc,0,d> (5)
- st nepesunu sutrEA 30 %

Uey = 1,44 Ucpoq. (6)

30Kkpema, JUIsE MOPCHKOTO BOJHOIO CEPEIOBHUIIA;
- i gepeBunu cocHu 21 %

Uy = 1,45 Ugq; (7)

- s nepesunu cocuu 30 %
Uey = 1,48 - Uc,0,ds (8)

- s pepeBunu suaE 21 %
Ucu = 1,43 *Uco,ds (9)

- st nepesunu sutEA 30 %
Uey = 1,39 ugpq. (10)

BucnoBxu

1. Bmepuie mpoBeneHO eKCIIEpUMEHTAIbHI JOCiIKEHHS KOHCTPYKIIHHOT KJIE€HOT IEPEeBUHU COCHU
Ta SUTUHY Pi3HOI BOJIOTOCTI MICIIA 3aHYPEHHS y PIIKOBOMY Ta MOPCHKOMY BOJAHHX CEPEIOBHUIIIAX
OCHOBHM CTHCKOM B3JIOBJK BOJIOKOH 32 JKOPCTKOTO PEXXUMY BUIIPOOYBaHb.

2. ExcrnepuMeHTalIbHUM LUIIXOM BCTAHOBJIEHO OCHOBHI MEXaHIUHI XapaKTePUCTUKHU KICEHOT
JIEPEBUHU COCHHU Ta SUIMHU B JOKPUTUYHIN Ta 3aKPUTUYHIN cTaaisgX POOOTH, B TOMY YUCIi TUMYACOBY
TpaHUYHY MILHICTh AEPEBUHHU, MOYJIb MPYKHOCTI, BITHOCHI KPUTHYHI, TPAaHUYHI Ta 3aJHILIKOBI
nedopwmariii, 3a TAKUX YMOB €KCILTyaTaIrii.

3. 3anpornoHOBaHO (GOPMYIIH IS BU3HAYEHHS BITHOCHUX IPaHUYHHX JieopMaIliii KOHCTPYKLIHHOT
KJIEEHOI IIEPEBUHU 3a Pi3HOI BOJIOTOCTI.
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4. BcraHoBIIEHO OCHOBHI /Ie(hOpMIBHI XapaKTEPUCTUKH KIICEHOT IEPEBUHN COCHH Ta SUTHHH, K Y
PIYKOBOMY BOJHOMY CEPEIOBHILI, TAK i MOPCHKOMY, BiTHOCHI KPUTHYHI, TPAHUYHI Ta 3aJIUIIKOBI
nedopmariii. 3a Bonorocti 21% ta 30% 301MBLIYIOTECS B IOPIBHAHHI 3 XapaKTepUCTUKAMH, BU3HAUEHIUMU
3a cTannapTHoi Bojorocti 12%.
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IPABIWIA O®OPMJIEHHS TA MOJJAHHSI CTATEN

CraTTs HaJCUIIA€ThCA JI0 pesakiii 30ipHUKa y ManepoBOMY BapiaHTi 3 MiJIHCAMU aBTOPIiB
Ha anpecy:. 43018, m. JIyupk, Byn. JIeBiBchka 75, JIynekuii HTY; B eneKkTpoHHOMY BUTJISAL Y
dopmari MS WORD- Ha enextponHy anpecy: naukovi—-notatki@lutsk-ntu.com.ua. O6unsa
BapiaHTH NMOBUHHI OyTH 1ICHTHYHUMH.

HaykoBa cTarTsi 000B’SI3KOBO NOBHHHA MAaTH HACTYNHi HeOOXigHi ejleMeHTH:
MOCTAaHOBKA MPOOJIEMHU y 3arajlbHOMy BUTJISAL Ta ii 3B'S30K 13 BAKIMBUMHU HAYKOBUMH 4YH
NPaKTUYHUMH 3aBJAHHSMH, aHAJ3 OCTAHHIX JOCITIJKEHb 1 MyOiKallii, B SKUX 3aII0YaTKOBAHO
PO3B's3aHHS AaHOI MPOOJIEMHU 1 Ha SIKI CIIMPAETHCS ABTOP, BUJIIJICHHS] HEBUPIIICHUX PaHillle YaCTUH
3arajgbHOI MPOOJIEMHU, KOTPUM TIPUCBIUYETHCS O3HAYCHA CTATTS; OPMYIIOBAHHS IIJICH CTATTi;
BUKJIaJ] OCHOBHOTO MaTepialy AOCTIKEHHS 3 TOBHUM OOIPYHTYBAaHHSM OTPUMAaHUX HAYKOBUX
pe3yJIbTATIB; BUCHOBKH 3 JJAHOTO JOCIIKEHHS 1 MEPCIICKTUBY TIOJAIBIINX JOCIIKEHb Yy TAaHOMY
HaMpPsIMKY.

1. CrarTio MOHA MOAABATH YKPAIHCHKOI a00 aHIilicbKo0 MOBOI0. CTAaTTs MOBUHHA
OyTu HaOpaHa y TekcToBoMY peaakTopi He Hivkue MS WORD 97/03 i HajapykoBaHa TiTbKH
Ha Jla3epHOMY ab0 CTpyHHOMY HpHUHTEpi Ha Oinux yuctax popmary A4 (297x210 mm).
Hywmepamiro ctopiHok He BuKoHyBaTth. OOcsT cTarTi Big 4-9 CTOPIHOK.

2. TlapameTpu CTOPIHKH: BEpPXHE, HIKHE Ta JiBe Moje — 2 ¢M, npase nojie 2,5 cMm. Bix kparo
710 KOJIOHTUTYJIa BepxHBOTO — 1,25 cM, HIkHBOTO — 1,25 cM.

3. Ilanxka crarri: ingekc Y /K, iHinianu Ta npi3BHilia aBTOPiB pO3MIIIY€ETHCS HA OJUH ab3aly
Hiwk4e mpudrom 11 T, Ha3Ba oprauizailii — HAOUPAKOTHCS 3 HOBOTO psika mprdrom Time
New Roman Cyr posmipom 11 nT 3 oOJMHApHUM MUDKPSAKOBUM 1HTEpBAJIOM 1
BUPIBHIOIOTBCS 1O LEHTpY. Ha3Ba cTaTTi po3millyeThcss Ha OAMH ab3all HUXKYE Ha3BU
oprauizarii, Habupaetbcs mpudrom Time New Roman Cyr posmipom 11 nr 3
HaMIBXUPHUM BUAUICHHSIM 1 BUPIBHIOETHCS 10 LIEHTPY .

4. AxoTtanii ykpaiHCHKOIO Ta aHTJIIHCHKOI MOBaMH HaOWParOThCA 3 a03alHOTO BIACTYITY
mpudrom Time New Roman Cyr posmipom 9, kypceus, Hanixupauii 300-500 npykoBaHux
3HAKIB 3 OJJTMHAPHUM MDKPSIKOBUM 1IHTEPBAJIOM 1 BUPIBHIOIOTHCS 110 MIUPHUHI; aHTTIIHCHKOIO
mMoBamu po3impena aHotaist 700-1000 npykoBaHUX 3HaKIB.

5. Hmxue anorariiii 000B’I3K0BO BKa3ylOThCs KJIFOUOBi citoBa mpudTom Time New Roman
Cyr, KkypcuB, HamiBXUpHUN 9 OIT.

6. OCHOBHUH TEKCT PO3MIIIYEThCS Ha 1 CM HW)KYE aHOTAIlid, HAOUPAEThCSA 3 a03aI[HOTO
Bigctynmy 1 cm mpudrom Time New Roman Cyr posmipom 1lnr 3 omuHapHUM
MDKPSIIKOBUM 1HTEPBAJIOM 1 BUPIBHIOETHCS IO MIUPHUHI.

7. Hna wabupanHsa Qopmyn 3acrocoByBatu  penakrop ¢opmyn MS  WORD
(BuxopucroByBatu tmpudTr: Symbol, Time New Roman Cyr; posmipu mpudris:
3BUYaHui 12 nt, KpynHu# iHAeKc 7 0T, ApiOHMIA iHAeKC 5 OT, KpynHuii cumBon 18 mr,
npioHuii cumBon 12 nt). Popmysia BHPIBHIOETHCS 1O IEHTPY 1 HE MOBHHHA 3aiiMaTH
Oinpie 5/6 mpuHM psaKa.

8. Skmo B craTTi MPHUCYTHI UTIOCTparlii, HEOOXiJIHO PO3TAIMOBYBATH IX IO TEKCTY,
BupiBHIOKOYHM mignucy (Puc. 1. Cxema ...) o mmpuHi 3 ab3anHoro Biactyny 1 cMm. Apyruii
EK3EMIUISP UTFOCTpallii He0OX1THO MoAaTH Ha OKPEMOMY JIMCTI. [imrocTparttiii moBuHHI OyTH
YITKMMHU Ta KOHTPACTHUMHU.
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9. Tabnuui po3TalIoBYBaTH MO TEKCTY, IPUYOMY iX HIMpUHA TOBMHHA OyTH Ha 1 cM MeHIIa
wmpuHy psiaka. Han tabnuuero mocraButH ii nopsiakosuii Homep (7a6n. 1) BupiBHIOWOYH
10 TIPaBOMY Kparo, i SKUM PO3MICTUTH Ha3BY TAOJHIIl BUPIBHIOIOYH O LEHTPY.

10. Jlitepatypa moJaeThCcsl 3arajlbHUM CIHCKOM B KIiHII PYKOMHCY 3TiAHO 3 BHMOTaMH
JepKaBHOTO CTAaHAAPTY yepe3 1 cM BiJg OCTaHHBOTO pAIKA.

11. O60B’A3K0BO MMOJATH CTATTIO. HA Ja3epHOMY AHUCKY. CTaTTi MOXKHA TaKOX MEPECHIIaTH
EJIEKTPOHHOIO TIOIITOIO 32 Takoro aapecoro: naukovi—notatki@lutsk-ntu.com.ua

12. o craTTi 00OB'SI3KOBO JI0JIA€THCS PelleH3isl 60 MPOBIJIHOIO BYCHOI'O 32 HAYKOBUM
CHPSMYBAaHHSIM CTaTTi Ta aBTOPCbKA J0BiIKa y MUCHbMOBOMY Ta €JIEKTPOHHOMY BHIJISAII
3a BKa3aHOIO (hOPMOIO:

IpizBume, Im’s1, [lo-6aTbKOBI

Micue podoTu, mocajaa, HayKOBMil CTyNiHb, BU€HE 3BAHHS
Haykogi inTepecu, ORCID

Ha3sBa cTaTTi Ta 0co0uCTI mignucu ycix aBTopis

Anpeca 1Jis JucTyBaHHs, TejiedoH, e-mail, KOHTaKTHY 0co0y

14. B xinmi crarti 060B’s13k0B0 BKasytothes 1B, mocamy, HayKOBHUii CTyIiHb, BUCHE 3BaHHS
pelLieH3€eHTa CTaTTI.

15. PykomnucH, 110 HE BiAIOBIJAIOTh BUIIE BKa3aHHUM BUMOTaM, HE PO3TIISAAI0THCS 1 10 IPYKY
HE MPUIAMAaIOThCS.
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3PA30OK O®OPMJIEHHSA CTATTI

YJK: 620.179.16
LL Isanos!, ILIL Ierpos?
Jhyyvkuti HayionanbHUll MeXHIYHUL yHigepcumem
Tepuoninvcokuti HayioHATLHUL MEeXHIYHUL yHieepcumem2

1

HABJIM)KEHE BUBHAUYEHHS OCI KOHOIJIA, IPEJCTABJEHOI'O JIUCKPETHUM
KAPKACOM TBIPHHUX

Po3pobneno ancopumm HAOAUNCEHO20 GU3HAYUEHHA OCI KOHOIOA, NPeOCMAgIen020 OUCKPEMHUM KapKacom
CRITbHUX MEIPHUX.
Knrwuosi cnosa: sico konoioa, Ouckpemnuii Kaprac, meipHda.

I. Ilvanov, P. Petrov
AXIS APPROXIMATE DEFINITION OF CONOID DESCRIBED BY THE SET OF
STRAIGHT LINES

The algorithm of axis approximate definition of conoid described by the set of straight lines is made. The approximate
conoid axis is a lane. Conoid is created by straight lines.
Keywords: conoid axis, discretely carcass of straight lines.

IMocranoBka mpodsemu. Ha KoHOIzi, TpeacTaBIeHOMY AUCKPETHUM KapKacoM. ...

AHaJi3 ocTaHHIX JoCaiTKeHb i myOaikamiii. Hackimeku BizoMo aBTOpY 3......

IlocTanoBka 3aBAaHb. B po0OTI IOCTaBIEHO METY — PO3POOUTH AITOPUTM.. ..

Buknagennst ocHoBHOro Matepiany. /[y HaOnMKeHOro BU3HAUCHHS OCi BAKOPHCTOBYBaJacs Taka
BJIACTHBICTh KOHOIMIB: yCi TBIpHI MOBEPXHI MEPETUHAIOTS 11 Bich [1].

topmyrna @)
PucyHnox

Puc. 1. Ha3Ba pucyHka

Tabn. 1.
Ha3sa Ta0auni

BucnoBku. B cTaTTi po3po0ieHO anropuT™M HaOIMKEHOTO. ...

Cnncok BUKOPUCTAHUX JIZKepet:

IT16, mocaja, HAVKOBHMI CTYNiHbL, BY€HE 3BaHHS PEIEeH3EHTIB CTATTI.
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