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Hayionanonuti mexniunuii ynieepcumem Yxpainu
“Kuigcokuii nonimexuiunuti incmumym imeni leops Cikopcokozo”
TEPMOJUHAMIYHUIA AHAJII3 ITIPOIIECIB OTPUMAHHS BIHAPHOI Cr-Ta

JITATYPH

IIposedeno mepmoounamiuny ouiHKy ma 00cnioxcennsa 3aKkoHomipuocmeii hpazoymeopenns é cucmemi Cr-Ta nio uac
cymicnozo eionoenenns okcuodie Cr20s ma Ta20s eyzneyem 3a memnepamypu 1000 °C. IMokasano, wio é npucymuocmi
6i0HOGHUKA (8Y21€UI0) MEN08a enep2isi CAPAMOGYEMbC Ha 8ioHoenenns okcudie Cro0s ma Ta20s Ie nepewkooscace peaxuii
Mixc 6iOHOGNIEHUMU Memanamu ma AK HACIOOK Jimimye ymeopenns cmabinonux ¢paz Cr2Ta. Bcmanoenemno, wio
3aCcmocy8anHs cnocody cymicHoz20 6i0H061EHHA He MIIbKU CRPUAE opmysanHio cmadinbnozo meepoozo posuuny Cr-Ta, a i
3MEHULYE cepeoHill POo3Mip YaACIMUHOK 6I0H081EHO20 NOPOUIKY 00 2 MKM.

Knrwuosi cnoea: gionosnenns, dcapomiyui cniagu, iHmepmemaniou, Kapbomepmis, MOniO0eH08i CHiasu, NOpPOwWKo8a
memanypeis, ¢azu Jlageca.

M. A. Teslya, E. V. Solodkyi
THERMODYNAMIC ANALYSIS OF OBTAINING BINARY Cr-TaLIGATURE

Thermodynamic assessment and study of phase formation patterns in the Cr-Ta system during the smultaneous
carbothermal reduction of Cr20s and TazOs oxides with carbon at a temperature of 1000 °C were carried out. |t is shown that
in the presence of a reducing agent (carbon), thermal energy is directed to the reduction of Cr203 and Ta:Os oxides. This
preventsthe reaction between the reduced metals and, asa result, limitsthe formation of stable Cr2Ta phases.It was established
that the use of the adjacent reduction method nat only contributes to the formation of a stable Cr-Ta solid solution, but also
reduces the average particle size of the reduced powder to 2 uym.

Keywords. reduction, heat-resistant alloys, intermetallics, carbothermy, molybdenum alloys, powder metallurgy, Laves
phases.

IHocranoBka mnpoOaemu. CyuyacHi MaTepialio3HaB4Ui IOCHIIKEHHS HalpaBiICHHI Ha TOMIYK
eeKTUBHUX DpillleHb y NHUTAHHIX PO3pOOKHM AeTanedl MalmMHOOyIyBaHHS, IIO BOJIOAIIOTH BHCOKOIO
CTiIHKiCTIO 10 3HOCY Ta BToMH. OJHI€I0 3 Tany3ei, 1110 noTpedye po3poOKH albTEPHATUBHUX MaTepialiB, €
BUPOOHUITBO JONATOK ra30-TypOiHHUX ABUTYHIB. TpaguuiiHO 1j1si BATOTOBJICHHS JeTajiell TaHOTrO THILY
BHUKOPHUCTOBYIOTh CIUIaBH Ha OCHOBI HIKENIO, L0 BiAPI3HSIOTHCS BiAMIHHOIO KOPO3iMHOIO CTIMKICTIO i
3matHi BUTpuMyBatu HarpiB mo 1150 °C [1]. IIpore, BimmoBimHO 10 pe3ydabTaTiB IMPOBEICHOTO
MOJIETIOBAaHHS MiIBUIIEHHS POOOYOi TeMIlepaTypH 3rOpaHHs MaJuBa BCEPEOUHI ABHTYHA MOXE 3HAYHO
MiJBUIIATH eEKTHBHICTH Horo podotu [2].

ANbTEpHATHBHMM MiAXOAOM A0 BUPOOHHUITBAa Tra30TypOiHHMX JIONATOK € BUTOTOBJICHHSA
KOMITO3ULIIMHUX MaTepiaiiB, 0 CKIAAal0ThCs 3 TYTOIUIABKOI'O KapKacy Ta JIErKOIUIaBKOI CKJIaI0BO1l, sSKa
M 4ac HarpiBaHHS OO KPUTHYHOI TEMIIEpaTypd BHUIAPOBYEThCA. Taki Marepiand MOXYTb e€pEeKTHBHO
MpalLioBaTH y TeMIeparypHoMmy Hiana3oHi 1o 1500 °C, mpoTe iX mMOBTOpHE BUKOPHCTaHHS HEMOXIIUBE
depe3 HE3BOPOTHI BTpaTH Martepiany [3]. BomHouac BHCOKOTEMIEpaTypHi KepaMidHi MaTepiaim Ta
KOMITO3UTH, L0 3JaTHi mpauioBaté 3a TemiepaTyp Ao 3000 °C BonomiroTh HHM3BKOIO IIACTHYHICTIO,
TPIIMHOCTIMKICTIO, yAapHO B’A3KICTIO Ta CTIMKICTIO 0 TEPMOLMKIIYHUX HaBaHTaxeHb [4]. Came Tomy
CHOTOZIHI BUKOPHCTAHHS BUCOKOTEMIIEPAaTypHOI KepaMiku BKpail oOMeKeHe y By3Jax, SKi OKpiM BUCOKUX
TEeMIIepaTyp MiAAal0ThCS TAKOXK [UKITYHUM MEXaHIYHUM HaBaHTAXCHHSIM.

AHaji3 ocTaHHIX AocaimKeHb Ta myOJikaniii. BukoprcranHs CrutaBiB Ha OCHOBI TYTOILIABKHX
MeETa]iB, IIO BOJIOMIIOTH JIOCTATHIM pIBHEM MEXaHIYHUX BJIACTHBOCTEH, KOpPO3ifHOIO CTiHKiCTIO Ta
KApOMILHICTIO MOKE HE TUIBKU 3a0€3MEYUTH BUCOKY TeMIIEpaTypy €KCIUTyaTallii, a ii 3HaYHO MPOJOBKHUTH
TPUBAJIICTh POOOTH OKpEMHUX By3IiB Ta jeraneii [2]. Cepen TyromiaBKux METaliB 3a KOMIUIEKCOM (i3uKo-
MEXaHIYHUX BIJIACTUBOCTEH TEPCIEKTUBHUM € BHKOPUCTaHHS MONiIONeHy, SKUI TOHNpU BHCOKY
temmnepatypy miaBieHHs (Tn, = 2623 °C) cxuinbHuUil A0 B3a€MOI] 3 KUCHEM 3 YTBOPEHHSAM JIETKOTO OKCHY
MoO3 3a Temnepatyp monan 400 °C [5].

3Bakaloud Ha BUCOKY TEMIIEpaTypy IUIaBICHHsS Yy Cy4acHIM MpakTHLi BHUPOOHMLTBO JeTancil 3
MotibieHy abo CIUTaBiB Ha OO OCHOBI 3/IHCHIOETHCS MTEPEBAKHO METOAAMH TTOPOIIKOBOI MeTanyprii [6].
3acTocyBaHHS TAKOT'O MiIX0AY A03BOJISIE HE TUIBKU (hOpMYBaTH BUPOOH 3 TYTOIUIABKHX METAIiB, a i cipusie
PIBHOMIpHOMY PO3IMOILUICHHIO JIETYIOUNX €IEMEHTIB B 00’ €Mi CIIJIaBy.

PiBHOMIpHUH PO3MOMIN JIETYIOUHX €JIEMEHTIB B CTPYKTYpi € OCOONMBO aKTyaJbHUM 3aBIaHHSM B
KOHTEKCTI OTPUMaHHA CIUIaBiB HA OCHOBI MOJNIOIEHY, SIKi 3 METOIO0 MiIBUIIEHHS OKHCHOI CTilKOCTi
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J0IATKOBO JICTYIOTh TAKHMH EIIEMEHTaMH, SIK XpoM i TaHTan. B poborax [7-9] mokasaHo, 1110 3a HasIBHOCT1
y CTPYKTYpi cmiaBy ¢a3 TBeproro posunHy Mo-Ta-Cr B ymoBax MiBHILIEHUX TeMIlepaTyp (GOpMYyeThCs
WiapbHUKA okcuaHui map cknaxy CrTaOjs, sikuil nmepemkomkae aKTHBHOMY OKHCHEHHIO MomiOaeHy. 3a
paxyHok yTBopeHHs Bk CrTaO, Ha TOBEpXHI MOJIOIEHOBOTO CIUIABY BAAETHCS 3a0€3M1EUUTH CTAOUTBHY
poboty aeraneii 3a Temmnepatyp 1o 1200 °C.

Hatowmicts mig yac BurorosiieHHs criaBy Mo-Ta-Cr i3 cymilli YuCTHX MOPOIIKIB B MIKPOCTPYKTYPi
BiZCTiAKOBYIOTHCS BKIIOueHHA (pa3u JlaBeca — CrzTa, sika He TUIBKH MEPEIIKOIKAE YTBOPEHHIO OKCHAHOT
wriBku CrTaO4 depe3 BHCOKY TEpMOAMHAMIYHY CTaOLIBHICTh, a # JOAATKOBO 3HMXKYE IUIACTHYHICTH
otpumanoro ciuiaBy [10]. Came TOMyY TEXHOJIOTisSs BUTOTOBJICHHSI CIUIABiB MOJIIOIEHY, JISTOBAHMX XPOMOM
Ta TAHTAJIOM NOTpeOye yIOCKOHAJICHHS 3 METOI0 OTPUMAaHHS KOHTPOJIBOBAHOI CTPYKTYPH 3 MiHIMaIbHUM
BMmicToM dasu Jlaeca CroTa

B npakrtuili mopomkoBoi MeTamyprii JOCUTh ePEKTUBHUM € CIIOCIO BiTHOBIIEHHS OKCHJIIB METAliB,
SKUWA JO3BOJISIE HE TUTBKM KOHTPOMIOBATH XIMIUHUH cKian i (pi3UKO-TEeXHOJIOTIYHI BIACTUBOCT] MOPOLIKIB,
a ¥ crnpusie 3MEHLICHHIO CEPEeAHbOro po3Mmipy dactuHok [11]. B poborax [12, 13] mokazaHo, mo mis
BiJTHOBJICHHSI OKCHIY XpPOMY JOCHTbH €EKTHBHUM € BUKOPHCTaHHsI BYTJICLIO SIK BiIHOBHUKA Yepe3 BUCOKY
crabinpHicTs cronmyku Cr20z. AHanmoriyHo A BiZHOBJIEHHS OKkcuay TaHTany TaOs BHKOpUCTaHHS
BYTJIEIIO K BiJHOBHUKA € JIOIUTFHUM 32 YMOBH TOYHOTO KOHTPOITIO BMICTY BYTJIEIIO Y cymimii [14].

IlocranoBka 3aBaaHb. Buxosuu 3 BHUILE BHKIAJCHOI'O B pOOOTI MOCTaBIEHO METY — MPOBECTU
TEpMOJIMHAMIYHY OLIHKY MOMIJIHMBOCTI OTpUMaHHA TBeproro po3unHy Cr-Ta BHACIIZOK CYMiKHOIO
BiTHOBJICHHS BiJIIIOBITHUX OKCH/IIB BYTJIEI[EM Ta JOCTIIUTH MIKPOCTPYKTYPY 1 XIMIYHHIA CKJIa]l OTPUMaHUX
MOPOIIKIB.

BukiageHHss ocHOBHOTo marepiaiy. B po6oti Oyino npoBeneHO HOCTiIKEeHHSI 3aKOHOMIpHOCTEN
CTPYKTYPOYTBOPEHHS y Tporieci cyMmikHoro BimHoBIeHHS CroOsi TaOs Byrienem. [[mst monepenHboi
OL[IHKM MOXJIHMBOCTI XIMIYHHUX peakuii B cucTeMi OyJlO NPOBEICHO TEPMOIMHAMIYHI pPO3paXxyHKH
HMOBIPHHX TPOILECiB, sIKi Oa3yBajucs Ha 3arajJbHUX NPHHLUIIAX B3a€MOIIl OKCHIIB 3 BiJHOBHHKOM
(ByriterieM), BiTHOBIEHHX METAJiB 3 BYIJIEIEM Ta BiTHOBIEHHX METaliB MiK co0or. TakuM dyuHOM B
PpOOOTI T TEPMOTUHAMIYHOT OI[IHKH TIPOIIECIB PO3TIIS AN TaKi XiMIUHI peaKiii:

2Cr,03 + 3C = 4Cr + 3CO; (@)
2Ta,0s + 5C = 4Ta + 5CO; 2
3Cr + 2C = Cr3C; (3)
Ta+ C=TaC 4
2Cr + Ta= Cr;Ta (5)

Jns omiHKM WMOBIPHOCTI TPOXOKEHHS KOXKHOI 13 3a3HAYEHWX peakiid Oyio MpoBEIeHO
PO3paxyHKH 3aJIeKHOCTI BUIbHOI eHeprii ['i00ca B TeMnepaTypH 3riJHO PiBHSIHHS:
AGY = AH? — TAS7,
ne AHJ— tennoBnii edext peakuii 3a 298 K;
AS7 —3MiHa CTaHIAPTHOT EHTPOTIIT CUCTEMHU.

Po3paxyHky mpoBOIMIIMCH 3a AOMOMOIOK IporpaMHoro 3abesmeueHHs: FactSage. Buxinui mani
LIO/I0 EHTAJbIIi T4 EHTPOIii YTBOPEHHS OKpEMHX CIOJYK Yy TemreparypHoMy amianasoHi Bin 20 °C no
1000 °C 6ynu aBTOMAaTUYHO OINpanbOBaHi 3 HAYKOBOI 0a3u JaHMX ImporpaMHoro 3adesneueHHs FactSage.
BignoBigHO 10 MpoBENEHUX PO3PaxyHKIB MOOYIOBaHO IiarpaMy 3ajJeXHOCTI BilbHOI eHeprii ['i60ca Big
TEeMIIepaTypH Ui MOXKIUBHUX peakiii B cuctemi Cr20s-TaOs-C (puc. 1).

3rigHo 6a30BHUM YSBJICHHSM TEPMOIMHAMIKA HAHIMOBIPHIIIMMH BBaXKAIOTbCS PEAKIii, A SIKHX
XapaKTepHUM € HalMeHIlIe 3Ha4eHHs BibHOI eHeprii ['i00ca. 3 pucyHky 1 BHAHO, IIO 3a TeMIIepaTypH
noHazg 600 °C B cucremi HallOiNbII WMOBIPHMUMHM € peakiii BiTHOBJIEHHS OKCHIY TaHTaly, (popMyBaHHS
KapOigy TaHTaly Ta BiTHOBJIECHHS OKCHAYy Xpomy. HaTomicTe peakuis MiXK BiIHOBJICHUMH MeTajaMH 3
yrBopeHHsIM (a3u JlaBeca CroTa € HaltMeHII IMOBIpHOIO 3a AaHUX yMOB. Lle miaTBepmKye rimoresy, mo
32 TPUCYTHOCTI BiAHOBHHMKA EHEPris BiA MiABEACHOrO TEIUIa MEPEpO3NOAUIITUMETHCA Ha MPOLECH
BiJTHOBJIEHHSI, L0 B CBOIO YEPTy 3HAYHO JIIMITYBaTUME PEAKLII0 MK YUCTUMH METaJIaAMHU.

3 MeTol [IOCHIIKEHHS CTPYKTYpH MOPOIIKY IMiClAs CyMDKHOTO BiZHOBIIGHHS OKCHAIB Oyio
BHTOTOBIIEHO cyMimn 25,6 mac. % Cr0z3+ 74,4 mac. % TaOs, mo Binnosinae 50 at. % Cr + 50 at. % Ta
TiCIsl BiAHOBJICHHS.

Sx mxepeno Byriaeuto BukopucroByBamu C3HgOs (rimineprH) 3 METOI0 PiIBHOMIPHOTO PO3MOALTY
aTOMapHOI'0 BYTJICLIO B CHCTEMI IiCIs pO3MaLy CIIONYKH 3TiAHO peaKLii:

190 °C
C3Hg 03 —— 3C + 4H,0 + H,.
© M. A. Tecaa, €. B. Conooxuii
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Cr * 2Ta = Cr,Ta

-4 0= 50" 4
)
g
-
= ~
% 8.0=10" ACe+2C = CrC
o = 2C1,0, + 3C = 4Cr + 3CO,
- A a e T R ——
12+~0
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-1 Ew10" 4 0 e
Ta+ G =100
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Temreparypa, ‘C

Puc. 1. 3anexnicts BiibHOI eHeprii ['i60ca Bix Temneparypu ans peakuiii 1-5

Kinpkicte rminepuHy Oyna po3paxoBaHa BUXONSYM 3 peakuid 1-2 ans 3a0e3neyeHHs MOBHOTO
BiTHOBJIEHHS OKCHIiB Ta OOMEXEHHS MOXKJIMBOCTI MTPOXO/KEHHS peakiiid 3 Ta 4 3 yTBOpEeHHSIM KapOiIiB.
BigHoBNEeHHS [OCTIDKYBaHOI CyMilli MOPOLIKIB OKCHIIB NMPOBOJMIN B CEPEAOBHUINI aproHy B yMOBax
HarpiBaHHS Bij KiMHaTHOI Temmeparypu a0 1500 °C 3i mBuakictio 1 °C/xB. Ilicns mocsrHeHHS
MaKCHUMaJIbHOI TeMIIepaTypH MOPOIIOK MiAAaBalH 130TepMiuHii BUTpuMIi mpoTsrom 30 xs.

3 METOI0 BCTAHOBJICHHSI TEMIIEPATYPHUX MEXK Ta IHTEHCUBHOCTI MPOXOMKEHHA XIMIYHHUX PEaKiii B
crcreMi OyJI0 IPOBENEHO OCTIDKEHHS 3a MeToloM audepeHianbHol ckanyouoi kanopumerpii (JICK).
Leit meron nomomarae BCTAHOBHTU HAasBHICTh €HIO- Ta E€K30TEPMIYHHMX peaklid B CHCTEMi LUISIXOM
(ikcyBaHHS 3MiHM TEIUIOBHUX MOTOKIB BIPOIOBXK HarpiBaHHs. BUMipioBaHHS MPOBOJAMIIM 3a JOIOMOIOIO
mudepeniansHo ckanyroudoro kanopumerpa DSC PT1600 (Linseis Messgeraete, Vielitzerstr, Germany).
3a pe3ynpTaTaMu JOCTIDKEHHS MOOYI0BaHO KPUBY B KOOpAMHATAaX TEIUIOBHH MOTiK (MBT/MTr) — vac (c)
pH 3MiHi TemiiepaTypu Big kimHaTHOI 10 1500 °C (puc. 2).

3 pucyHKy 2 BHIHO, II0 Ha TIOYATKOBUX €Tanax HarpiBaHHS MpH JocsirHeHHi Temneparypu 190 °C
BinOyBa€eThCs PO3KIaaHHA TILEPUHY 3 BUAUICHHSIM BOJH Ta BOAHIO. 3a TAKUX TEMIIEPaTyp BoJa MOYMHAE
AKTHBHO BUIIAPOBYBATHUCS, TIOTIMHAIOYN TEMJIOBY CHEPTilo, TOMY Ha KpHBii 0a4nMO JIOKaIbHUH MiHIMyM
B okoii 200 °C. Iloganbiue 3pocTaHHS TEIJIOBOI'O MOTOKY 3 JOCATHEHHSIM MakcuMyMmy B Toulli 7500 c
CBiTUMTH MpO iHTEHCH(]IKALiIO BITHOBHUX IMPOLECIB, SKi CYMPOBOKYIOTHCSA aKTUBHUM BHITeHHAM CO»2.
Ha mpomixkky Bin 600 °C go 1400 °C kpuBa Mae cnajalouuii XapakTep, IO CBIIYWTH HPO 3racaHHs
IHTEHCUBHOCTI BiTHOBHUX peakuiil. [licns nocaraenns temmepatypu 1400 °C Ha kpuBiii 6a4uM yTBOPEHHS
HEBEJIMKOTO MiKy, [0 MOXE CBIIYMTU MPO 3MEHILEHHS CUCTEMOIO BUIBHOI €HEeprii IUIIXOM yTBOPEHHS
KoHroMmeparis. Llelt mporec nocsirae MakcuMyMmy BHachinok HarpiBy 7o 1500 °C Ta cOBUIBHIOETBCS TIPU
130TepMIiYHii BUTPUMII.

Tenneparypa *C
Teancemwit nank, mBriwe

0 G000 10000 15000 20000
dac, ¢
Puc. 2. 3mina TennoBoro moroky B cuctemi Cro03-Ta,0s- CzHgO3z mpu HarpiBansni 1o 1500 °C
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MakpoaHaii3 MOpOLIKY IicAs BiZHOBJIEHHS II0Ka3aB, IO BiJHOBJIEHHS NPOWILIO JOCTATHHO
edeKTHBHO, PO IO CBIAYMTH 3MiHa KOJIBOPY HOpoIKy 3 3eneHoro (Cr0s) Ha cpibmsctuil. 3 mMeroro
JeTaNbHOrO aHalli3y MIKpPOCTPYKTYpH Ta XIMIYHOTO CKJaxy CyMIIl Micisi BiZHOBIEHHS, MOPOIIOK
JOCITIIKYBaJI METOIaMH €JIEKTPOHHOT CKaHyr04u0i Mikpockomii. JlociaKeHHs TpOBOIMIIN 32 JOTIOMOT OO
enekTpoHHoro Mikpockony Axia ChemiSEM, ob0nagHaHOro eHeproAucHepciiHUM —aHali3aTOPOM.
PesynbpraTti mociimKkeHHs] MIKPOCTPYKTYPH OTPUMAHOTO MOPOIIKY 300pa)KeHO Ha PUCYHKY 3, 4.

[ '\
'a 5 1 pocE 6 Ta-Cr
oo , S ' TBEPANA POIUUN
i o B =
' . 1= 3 ,
! A _
. - "‘ \
: ! : ' 5 My |

Imel

Puc. 3. MikpoctpykTypa nopoumky ckiany Cr-Ta micis BiTHOBJIEHHS ByIJjienem:
(a) 3aranbHUI BULJISA YaCTUHOK MOPOLIKY; (0) Ta (8) 3epeHHA CTPYKTYPa XPOM-TAHTAJ

3 pucynky 3 6, ¢ 6aunMo, 10 CTPYKTYpa MOPOIIKY € OTHOPITHOIO 1 MEpeBakKHO CKIAAAETHCS 3
KPYIIHHX KOHTJIOMEpATiB, sIKi € CKYMUEHHSM BiTHOBJIEHMX METAJIEBHUX YaCTHHOK po3MipoMm 1-2 mxm. Lle
Y3TOIKYETHCS 3 TCOPETHUHUMH JaHUMH IOAO IPOLIECY BiAHOBIICHHS, 3TIHO SKUX Y IIPOLIECi BITHOBICHHS
MOPOIIKH JOAATKOBO MOAPIOHIOIOTHCS 32 PAaXyHOK AEKUIBKOX (pakTopiB. 3 ogHOro OOKY BiZHOBIICHHS
OKCHUIYy METally CYNPOBOUKYETHCS  3MIHOIO THIly 1 THapaMeTpiB  KPHUCTAJIIYHOI  IPaTKU
(tabn. 1). He KorepeHTHICTh IPAaTOK OKCHAY 1 YHCTOTO METaly BUHHKAIOTh BHYTPIIIHI Halpy:KEHHS, 110
MOXYTh CIPHUYMHHUTH PyHHYBaHHA Matepiany. OmnucaHe siBHIIE 1HTEHCH(IKYETHCS 3a PaxyHOK pi3HOI
KiHETHKH BiJHOBJICHHS YaCTUHKH.

3 iHmoro 00Ky moApiOHEHHsI TOPOIIKY B MPOLECci BiTHOBIECHHS MOXe OyTH 3yMOBJIEHO aKTHBHUM
ra30BUAUICHHSM, IO CYNPOBOMXKYE XiMiuHy peakuito. s mocmimkysanoi cuctemu CrOs-TapOs-C mig
Yac B3a€MOZIi OKCHIIB 3 BiIHOBHUKOM XapakTepHe BuaineHHs razy CO2, skuil MpoBOKY€E YTBOPEHHS IOp,
110 B TIOAAJBIIOMY MOXKE CIIPHYMHATH PYHHYBaHHS LUTICHOCTI YACTUHKH SIK KOHLIEHTPATOP MEXaHIYHUX Ta
TEPMOKIHETHYHUX HANpPY>KEHb.

Tabn. 1
IapameTpn KpUCTAJIYHOI I'PATKH OKCHIIB Ta YMCTHX METAJIIB
[Tapamerp Cr203 Cr Ta0s Ta
Tun kpucramiyaoi | TpuronansHa OLIK Opropombiuna | TerparoHanbHa
IPaTKu

a 4,953 A 2,885 A 3,82 A 10,22 A
b 4,953 A 2,885 A 3,89 A 10,22 A
C 13,578 A 2,885 A 1297 A 530 A

Jlxepeno [12] [12] [14] [14]

Omnwcani mpouecy COpUIHHAIOTE HOPMYBaHHS OPUCTOI KPUXKOT CTPYKTYPH, sIKa i Ai€F0 BUCOKUX
TeMmIepatyp Moxke (GOpMyBaTH KOHIJIOMEpAaTH 3 ApiOHOAMCIEPCHHX YacTHMHOK. KOHTpoib po3mipy
MOPOIIKY MicTs BiZHOBICHHS 3MIMCHIOETHCS HIISIXOM PEryJIIOBaHHS TEMIIEPAaTYpH Ta Yacy i30TepMidHOT
BUTPHUMKH.

BucaoBku. B po0oTi mpoBeneHo TepMOAWHAMIUYHMM aHaNi3 MPOLECIB CyMIKHOIO BiJHOBJICHHS
OKCHJIB XpOMY Ta TaHTaJTy ByrjeneM. BilnoBigHo 10 OTpuMaHuX pe3yabTaTiB BCTAHOBJIEHO, IO B IpoIieci
CYMDKHOI'O BiJHOBJICHHSI TEIUIOBA EHEPIris Mepepo3NONUIIETbCS B CHUCTEMI Ha BIITHOBJIEHHS OKCHAHUX
CIIONIYK, II0 TEPeLIKOpKAae peakiii MK BiIHOBICHUMH Merajdamu 3 yTBopeHHs M JlaBec-¢azu CraTa
JIOCTIDKEHHST MIKPOCTPYKTYPH TIOPOIIKY IIiCs BiIHOBIEHHS TOKA3al0 XapaKTEepHE 3MEHIICHHS

© M. A. Tecna, €. B. Conooxuii
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CCpCAHBOI0 pOBMlpy YaCTHUHOK IIOPOIIKY O0 2 MKM, HIO MOACHIOETHCA PO3IMOBCHOIKCHHAM Tle.[I/IH
YaCTHUHKOIO BHACIIAOK YTBOPCHHSA razoBoi HOpI/ICTOCTi Ta KOHLIeHTpaLIi'l' TepMOMeX&Hi‘IHHX HaIIPpY>KCHb
BCGpeZ[I/IHi YaCTUHKU. I[O)_IaTKOBa i30TepMqua BUTPUMKA CIIPSA€ YTBOPCHHIO KOHFJ’IOMCpaTiB 3 Bi)_'[HOBJ'IeHI/IX
qacTUHOK. OIHOPIOHICTE MIKPOCTPYKTYpPH TMICHA BiJHOBJIEHHS MOXE CBIIYMTH NP0 YTBOPEHHS
ctabinpHOTrO TBepAoro pozunHy Cr-Ta, HeoOXigHOTO UIs e)EeKTUBHOrO JIEryBaHHS CIUIABIB Ha OCHOBI
Moi0AeHy Ui MiBUILIEHHS iX KOpO3iiiHOT CTifiKOCTi.
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Hayionanonuti mexniunuii ynieepcumem Yxpainu
«Kuiscokuii nonimexuiunuti incmumym imeni leops Cikopcoko2o»

OTPUMAHHJS IMOPOLIKIB HA OCHOBI BOJIb®PAMY BIJIHOBJIEHHAM Y BOJHI

Y cmammi po3pobneno memoo ompumanna nopowiKie Ha OCHOGI 8onbhpamy 6iOH06IeHHAM Y 600HI. Bcmanoeneno
MeXHON02IUHI XapaKmepucmuKy CuUHmesy, w0 003601U0 OMPUMAMU NOPOWIKU HA OCHOGI 60nbpamy i3 3a0anumu
Qizuunumu ma mexnonoziunumu eénacmueocmamu. Bcemanoeneno mopghonoziuni ocoonueocmi wacmunox ompumanux
nopowikis, ix XiMiuHuil ma ¢gazosuil cknad, a MaAKOIc HACUNHY WITbHICID MA WETLHICMb YMPYCKU, NPECYEMICHLD.

Kniouosi cnosa: 6ionosienist y 600ni, 601bppam, nopowKuy, Ximiunutl cknao, ¢pazosuil ckiao

P.l. Loboda, N.A. Shapovalov, P.A. Balashkevych, |.Yu. Trosnikova
PRODUCTION OF TUNGSTEN-BASED POWDER BY REDUCTION IN HYDROGEN

The article develops a method for obtaining tungsten-based powders by reduction in hydrogen. Technological
characteristics of the synthesis are established, which allowed obtaining tungsten-based powders with specified physical and
technological properties. Morphological features of the particles of the obtained powders, their chemical and phase composition,
as well as bulk density and compaction density, and compressibility are established.

Keywords: reduction in hydrogen, tungsten, powders, chemical composition, phase composition

Beryn. /s ctBopeHHs 00INITIOBaHHA KyMYJISITUBHUX 3apsiIiB 4aCTO BUKOPUCTOBYIOTh MaTepiau 3
BHCOKOIO LIUIBHICTIO 1 macTuyHicTio. Cepen HAHOLIBII MOIIMPEHUX MaTepiaiiB Ajisl Li€el METH BapTo
BHJIUTMTH MiJib, HIKEIb, AIFOMIHIN, TEXHIYHE 3aJ1i30 Ta HU3bKOBYTJIEIEBY cTalb. L[i MaTepianu yTBOPIOIOTH
BHCOKOIIUTBHI CYIIUTbHI CTPYMEHI 3 BETUKOIO TPOOUBHOO 31aTHICTIO [ 1]. OOHIFOBaHHS TaKOXK MOXKE OyTH
BHUTOTOBJICHE 3 IHIIMX MaTepiaiiB, TAKUX SIK BOJIb(paM, TaHTaJ, MOJiOaeH a00 KOMIIO3UIiiHI MaTepianuy,
BHOIp MaTepialy 3aJIeXHUTh BiJl KOHKPETHOTO 3aBJaHHA. Xo4a MiIs Oyja OIHUM 3 IEepIINX MaTepiatis, 10
BHUKOPUCTOBYBAJIMCS JUII BUTOTOBJICHHS OOJIMIIOBaHb KyMYJISITUBHUX 3apsA/iB, BOHA 3AJIUIIAETHCS LIIKABOIO
Ta MEePCIEeKTUBHOIO [T MOAANBIINX JOCIIIKEHb Ta BUKOPUCTAHHS [2].

ABTopamu poOoTH [2] BUBYaBCs BIUIMB MaTepiaidy OOJHIIOBaHHS Ta TUIy BUOYXOBOI PEYOBUHH Ha
(dbopMyBaHHS CTpyMEHS KyMYJSTHBHOIO 3apsny. ExcrepuMmeHTanbHi BUNPOOYBaHHS KyMYJSITHBHHX
3apsIiB 3 OOTUITIOBAHHSM 3 MiJli TPOBOIMIIMCS HA CTAJIEBiH TUIACTHHI, 2 OTpUMaHi JaH1 BUKOPUCTOBYBaIHACS
IUISL TIEPEBIPKH YHMCENBbHOI MOAETI KyMYJISTHBHOTO 3apsiny. BcraHOBieHO, 1m0 OOMUIIOBaHHA 3 Midl Ta
TaHTaIy OpMyBajl KOTEPEHTHUH CTPYyMiHb, TOJ1 K OOJIMIIOBAHHSA 3 AJIIOMIHII0 YTBOPIOBAJIN CTPYMIHB 13
gacTUHOK. KpiM TOro, CTpyMeHi, yTBOpeHi 3 MiTHUX OOJIMIIOBaHb, OCSITAIN BUIIOL MIKOBOI IBUAKOCTI, Y
MOPIBHSHHI 3 TAHTAJIOBUMH.

Bubip matepiany oOnuIIOBaHHS Mae€ BHUpilIaldbHE 3HAUYeHHA [UIA (opMyBaHHS Ta epEeKTHBHOCTI
KyMYJISITUBHOTO CTpyMeHsl. Pi3Hi BlacTHBOCTI MaTepialiB, Taki K HIIBHICTH (p), TerutonposinHicTs (K) Ta
MeXaHi4Ha MIIHICTh (peacTaBieHa moayiaeM IOnra E Ta Mexkero TEKy4ocTi gy) iCTOTHO BILIMBAKOTh Ha
KiHETHYHI Ta TEPMOJMHAMIYHI XapaKTePUCTUKH KyMYJISITUBHOTO CTPYMEHS.

Buma mineHicTE oOnuiioBaHHS crpuse (HOpMyBaHHIO OLTBII MAacHBHOTO Ta e(EeKTHBHOIO
KyMYJISTUBHOT'O CTPYMEHSI, SIKHI MO>Ke MPOHMUKATHU riuo1Ie B k. LinpHiCTs BIIMBaE Ha Macy CTpyMeHS,
a, OT)Ke, Ha MOro KiHeTW4HY eHepriro. J[js oONWIlOBaHB 3 BHIOK HIUTEHICTIO TMOTEHINAN KiHETHYHOT
SHeprii CTpyMeHs BULLHH.

TennonpoBinHICTh BU3HAYA€ HACKUIBKH LIBHIKO TEIJIO MOXE PO3MOBCIOJUKYBATHCS BiJ TOUKH
JeTOHALil yepe3 OOMUIIOBaHHA. BHIIa TeIIonpoBigHICTE MOXKE CIIPHUSTH OLTBII PIBHOMIPHOMY PO3HOILTY
TEeMIIepaTypH Ta 3MEHLIEHHIO JIOKaJIi30BaHUX 30H MEPErpiBy, 10 MOKYTh OCIA0UTH CTPYKTYPY CTPYMEHSI.
BonHowac, BHCOKa TEIUIONPOBIAHICTE MOXE 3MEHINYBATH TEMIIEPATYpPHUH TIpafi€HT, HEOOXIAHWUH is
LIBUJKOT'O ()OPMYBAHHS KYMYJIITUBHOTO CTPYMEHSI.

Minnicte Matepiaay, 0COONMMBO MeXka TeKy4ocTi (0,) Ta Moayas FOunra (E), BrumBac Ha Horo
30aTHICTb BUTPUMYBATH BEJIMKI HaBaHTaxeHHS Oe3 medopmarii. B KOHTEKCTI KyMYJSTHBHUX 3apsiliB,
MaTepiajy 3 BUCOKOIO MIIHICTIO CIPHSIIOTH OUIbII e)eKTUBHOMY (POPMYBAHHIO CTPYMEHS, OCKUJIbKH BOHU
MOXYTh BUTPHUMATH IHTEHCUBHHUH yIapHHUH THCK 0e3 3Ha4HOI nedopmarii.

MaremMaTH4HO BIUIMB Martepiany OOJHIIOBaHHS Ha KyMYJIATUBHUH CTpyMiHb MOXe OYTH
MPOUTIOCTPOBAaHUH Yyepe3 PiBHAHHSA OanaHCy IMITYJIbCY Ta €HEprii, a TAKOXK Yepe3 aHAJITUYHI Ta YHCIIOBI
PIBHSHHS, SIKi MOZIEITIOIOTH MOBEIIHKY MaTepialy i BUCOKMM THCKOM 1 BUCOKOIO TEMIIEPATYpOIO.

© I1.1. Jlobooa, H.A. Illanosanos, I1.A. barawxkesuy, 1FO. Tpocuixoea
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3acrocyBaHHS LUX MoJeneld 1 pO3paxyHKiB MJO3BOJSIE TOYHO CHOPOTHO3YBAaTH MOBENIHKY
KyMYJIITUBHOT'O CTPYMEHS B 3aJI©KHOCTI Bil BUOOpY MaTepiaily oOMuItoBaHHA [2].

BrumB matepianiB OONMUIIOBAaHHS Ha XapaKTEPUCTUKU KyMYJSTHBHHUX 3apsiiB € KPUTHYHO
BaYXJIMBHUM AacIIEKTOM Y po3poOli Ta onTuMmisauii BHOYXOBHX MNpHUCTpoiB. Martepian 0OOIMLIOBaHHS,
PO3TaIIOBaHUHN ycepenuHi MOPOKHIUHN KyMYISITUBHOTO 3apsiay, Oe3mocepeHbO BINIMBAE HA (OPMYBaHHS
Ta XapaKTEPUCTUKU KyMYJSTHBHOTO CTPYMEHS, 0 (OPMYETHC TiJ] Yyac JeTOHAII.

OO6nuuroBaHHs, 3a3BUYali, BUTOTOBJIEHE 3 METaIy, Bilirpa€e KIIOYOBY pojib y mpoueci GopMyBaHHS
crpymens. Ilin dyac BuOyXy BHCOKMI THCK Ta TeMIlepaTypa MEpETBOPIOIOTH MeTasl OOJMIIOBAHHS Yy
BHCOKOIIBUAKICHUH CTPyMiHb, 30aTHUI IPOHUKATH Yepe3 TOBCTI OpPOHBOBaH1 INIUTH 200 iHIII epemKoIu.
Bubip marepiany oOnuioBanHs Oe3mocepeIHbO BIUIMBAE HA MIBUIKICTh, TYCTUHY Ta 3AaTHICTH CTPYMEHS
710 IPOHUKHEHHSI.

TakuMm YMHOM, PO3BUTOK MaTepiaiiB 1is OOIUIIOBAHHA KyMYJISTUBHHUX 3apsIiB 1 BIOCKOHATICHHS
iX KOHCTpyKUii Befe 10 MOCTIHHOIO MOKPAIEHHS XapaKTePUCTHK BUOYXOBHX HMPHUCTPOIB, BIAKpUBAIOUU
HOB1 MOXKITUBOCTI JUTSI iX 3aCTOCYBaHHA y pi3HOMaHITHUX ramy3sx [3], [4], [5].

Tomy, MeToI0 1aHOi pOOOTH € OTPUMAaHHS MOPOIIKIB HAa OCHOB1 BOJb(paMy BiTHOBJICHHSM Y BOIH1
Ta JOCHI/DKEHHS iX (PI3MYHUX 1 TEXHOIOTIYHUX BIACTUBOCTEH.

Marepiaau Ta MeToau aociailxeHHs. Ha ceoromni, s ofepskaHHs JUCIIEPCHUX MOPOIIKIB Ha
OCHOBI BOJIb()paMy 3aCTOCOBYIOTH PSI METOIB: TIA3MOXIMIYHHM CHHTE3 [6], METOM XiMiYHOI KOHIEHC CaIlil
[7], [8], MmeTox Tepmonizy kapOoHinaTiB [9] i cuHTe3y y BogHuX po3unHax [10]. 3a3HaueHi, a TakoX iHIII
Meroau KnacugikoBano y pooori [11]. IlepciekTHBHUME € poOOTH IIOI0 OJep>KaHHs TOPOIIKIB HA OCHOB1
BoNb(paMy 3 Bonb(hpaMoBMiCHUX Binxonis [12]-{14] abo npoaykTiB.

Tomy, y poOoTi B SKOCTI BUXIJHMX MarepialiB BHKOPHCTOBYBaJlach BOJb(ppamMoOBa KHCIOTA
H2WO4 (3 po3mipom dactuHOK 4-6 MkM), okcut Mifi Cu20 (3 po3mipoM yacTHHOK 40 MKM) Ta TITilEpUH
II coprty.

Hns cunatesy W-Cu noporiikiB 06paHo MeTof, SIKUil MOENHYE IBOCTYMIHYACTHH HArpiB BUXigHOT
CyMiIlli B CEpeOBHUIIIl aproHy cnovartky 1o Temrnepatypu 250 oC 3 BuTpumMKoro 15 xB, nani Harpis go 500
oC 3 BuTpumMmKoio 30 XB Ta mopaiblle BiAHOBIEHHS B cepenoBull BomHIO 3a Temmepatypu 700 oC 3
BUTPUMKOIO 45 XB.

Jnst BuBYeHHSI MOP(OJIOTii OTPUMAaHKUX NOPOIIKIB MPOBOAMINCH MIKPOCKOIIYHI JTOCTIIKEHHS Ha
enexkTpoHHOMy Mikpockorni REM 10611. Meronamu pentrenodaroopucientTHoro (Ha npunani Expert 3L)
Ta MIKpOPEHTTEHO-CIIeKTpanbHOro (mpucraBka a0 mikpockona REM 1061) anamniziB Oyno mocmimxeHo
XIMIYHUH CKJIa]l TOPOIIKIB JJIsi BCTAHOBJICHHS K BMICTy OCHOBHUX KOMIIOHEHTIB, TaK 1 JIOMIIIIOK.

Jns BcTaHOBIIEHHA (Da30BOT0 CKJIaay MOPOLIKIB MPOBOJUBCS PEHTIeHO()a30BH aHaIII3 TOPOIIKIB
Ha ycranosui Rigaku Ultima IV.

Jlns BHBYEHHS TEXHOJOTIYHHMX BJIACTUBOCTEH (HACHIIHOI ULIJIBHOCTi, LIIBHOCTI YTPYCKH,
MPECYEMOCTI) BiIHOBIEHUX MOPOIIKIB OyJI0 BUKOPUCTAHO CTaHJAPTHI METOAWKH: HACUITHA HIUTHHICTH Ta
LIJIBHICTh YTPYCKH IMOPOILIKY BH3HAYajlach METOAOM BomoMoMerpa CKOTTa; MpecyeMicTh MOpPOIIKIB
BH3HAYaJach METOJOM PY4YHOTO NpECyBaHHA B CTalbHill mpec-popMi cepii MpecoBOK 3 MOMEPEAHBO
1acTU(iKOBaHOTO MOPOLIKY 3a Pi3HOro THCKY npecyBaHHA (50-500 MIla).

BukJiazeHHsl 0CHOBHOT0 MaTepiaiy.

VY po6oTi BHBUANKCH 3aKOHOMIpHOCTI oTpuMaHHs mopomkiB W-CU BiTHOBJIEHHSM 3 BHXITHHX
PEUYOBHH, TAKOXK OyJI0 BUBYEHO iX (Pi3WUHI Ta TEXHOJIOT14HI BIACTUBOCTI.

XiMIYHUH CKJIaJ MOPOLIKIB KOHTPOJIOBABCS SIK PEHTTEHO(IIIOOPUCLIEHTHUM MeTooM (Tabi. 1), Tak
1 IOKaJTbHUM MiKPOPEHTT€HOCIIEKTPaIbHIM aHaii3oM (puc.l ).

Tabn. 1.
PesyabTaTu nocaigxerHns ximiunoro ckiany nopoumkis W-Cu micsist BinHOBJIeHHS
Enement Bwmict, mac.%
Cu 56,5
W 42,1
Fe 0,11
P 0,67
S 0,58

Ha puc. 1 300paxeno mop¢onorito (a) Ta XiMmiunu# ckian (6, ) dactuHok mnopomky W-Cu,
OTPUMAaHOT'O BIZTHOBJICHHSIM B CepeIoBHIII BoHIO 3a TemrepaTypu 700 °C 3 BuTpuMKoio 45 XB.

© I1.1. Jlobooa, H.A. Illanosanos, I1.A. barawxkesuy, 1FO. Tpocuixoea
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Wh=161mm

Eevent Bwmicrt, mac. %
Touka 1 Touka 2 Touka 3
Cu 9,41 88,67 15,74
w 84,12 7,7 66,83
0] 6,48 3,63 15,74
8

Puc. 1. MopdoJiorisi Ta MiKpOpeHTreHOCIeKTPAJIbLHMII aHAJII3 Bi/IHOBJIEHUX Yy cepe10BHIIi
BojHI0 nmopoukis W-Cu

Jlnst BcTraHOBIIEHHS (ha30BOT0O CKIIATy BiTHOBIIEHUX MTOPOIIKIB OyJI0 MTPOBEICHO PEHTIeHO(pa30BHil
aHai3 (puc.2, Tabm.2). BctaHOBIEHO HAABHICTh IBOX (Pa30BHUX CKIIAIOBHX: BOMb(PAMy Ta Mifli.
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v
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2 Tera, rpay.
Puc. 2. Pentrenorpama BinHosJjenux nopomkis W-Cu
Taba. 2
Pe3yabTaTu gociaigxenns ¢pazosoro ckiaaay nopomkis W-Cu
da3za KinpkicHuit BMicT (a30BHX CKIaI0BHX, %o
Cu 75
W 25

TexHOMOriYHI BIACTUBOCTI MOPOLIKY OYy/IO BHM3HAYEHO METOAOM BomoMomerpa CkoTta i
BCTaHOBIIEHO, 110 151 HaBaxkku S0 T BigHOBIeHOro nopomky W-CU HacumnHa miapHICT cKitanae 1,6 /e,
a WinbHicTS yTpycku — 2,11 r/cm®. s BU3HAYEHHS IpecyeMOCTi MOPOIIKIB METOOM PYYHOTO IPECYBAHHS
B CTalbHIN mpec-hopmi Oyno chopMOBaHO cepito 3pa3KiB 3 MONEPEIHbO MIACTU(IKOBAHOTO MOPOIIKY 3a
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pisHux TtuckiB mpecyBaHHs (50-500 MIla). Ha ocHOBi ekcnepuMEHTaJbHUX IaHUX BCTAHOBICHO
3QJIKHICTh MIUTBHOCTI TIOPOIIKOBUX MPECOBOK Bijl TUCKY MpecyBaHHs (puc. 3).
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Puc. 3. I'padik 3a/1e:kHOCTI IIIBHOCTI NPecoBOK 3 BigHoBJIeHuX nopomkis W-CuU Bix Tucky

npecyBaHHA

BucnoBku.

MeronoM, SIKMH MOEAHYE ABOCTYMIHYACTHH HArpiB BUXiJHOI CyMilIi B CEpENOBHILI aproHy Ta
MoJasbllie BiAHOBICHHS Yy CEpelOBHII BOAHIO mpoTsiroMm 1-1,5 rogmuum otpumano mopomkud W-Cu 3
cepeHiM po3MipoM yacTuHOK 30-40 MKM, 3 HACHITHOIO IinbHicTIO 1,6 r/em® Ta minsHicTio yTpyckn 2,11
r/em’.

PoGora BukoHyBanack 3a ¢iHaHCOBOI miATpUMKHM MiHiCTepcTBa OCBITH 1 HAYKH YKpaiHu; HOMEp
nepxaBHOi peectpartii 0123U102125.
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JTOCJIIKEHHS ITMHAMIYHOI B’I3KOCTI EHOKCHUIHUX KOMITO3UIIIN 3
HAHO- I MIKPOHAITIOBHIOBAYAMMU

Y emammi 0ocniosceno ennue nano- ma MikpoHanoeHEawié HaA OUHAMIUHY 6 ’A3KICMb eNOKCUOHUX KOMNO3UMI6 Ha
ocnogi cmonu DER 331. Ak nanonanoeniogaui euxopucmosysanu gyzneyegi nanompyoku (HT) ma nanocasxcy CARBON
BLACK N220 3a émicmy 6io 0,01 oo 0,1 mac. %, a ak mikponanogniogaui —nopouiku oxcuoy xpomy Cr20s (20 mxm) ma kapoioy
kpemniro SiC (40 mxm) 3a emicmy 6i0 5 0o 20 mac.%. Peonoziuni oocnioxncenna nposoounu na eickosumempi NDJ-1S 3a
yomupvox wiguokocmeii scygy (6, 12, 30, 60 0o/xs).

Pesynvmamu nokazanu, ui0 66e0eHHs HANOGHIOBAUIE NIOBUULYE 6 AZKICINb KOMNO3UMIE NOPIGHAHO 3 YUCINOIO CMO0I0,
npuUYOMy MIKDOHANOGHIOGAUI maromy Oinvuwiuil ennue uepes euuiy 06’emuy uacmky. Hanocarca cymmeeiwe niosuugye
6’a3Kicmb enoxcuonux komnozuuiit, nixc HT, uepe3 cxunsnicmeo 00 azpezauii. Yci komnozuyii nposaensaome ncee0onaiacmuyni
enacmueocmi: 6’A3Kicmo 3MEHUWYEMbCA i3 3pOCManHAM weuoKocmi 3cygy. Mexanizm 3MiH peonozZiuHux enacmueocmeil
NOACHEHO MOOeNII0 Y EOPEHHA MA PYIIHY8AHHA (YAOKYN (014 HAHOHANOBHIVBAYIE) MA 2IOPOOUHAMIUHOIO 83AEMOOVIEID YACHOK
(0na mikponanoenieauis).

Bcmanoeneno onmumanvnuii émicm nanoguiogauie: 0.05 mac.% ona nanouacmox ma 10 mac.% ona mikpouacmox,
w0 mosice 3a6e3neuumu NOKPAU{eHHA MEXAHIYHUX 6nacmugocmeil 6e3 3HAUHO20 noZipuienna mexuonoziunocmi. Ompumani
Pe3yibmamu Maroms 6axc1uee 3HAUEHH: 013 PO3POOKU MEXHON02Il HAHECeHH 3aXUCHUX ROKPUMMIE Y CYOHO00YOy8anHi.

Knrwuosi cnosa: enokcuouuii xomnosum, OUHAMIYHA 6 S3KICMb, HAHOHANOBHIOBAYI, MIKDOHANOBHIOBAUI, DeOoNoeis,
NCe8OONIACHIUYHICHb.

A. V. Buketov, V. Yu. Strelchenko

STUDY OF DYNAMIC VISCOSITY OF EPOXY COMPOSITIONS USING NANO- AND
MICRO-FILLERS

Thearticleinvestigatesthe effect of nano- and micro-fillers on the dynamic viscosity of epoxy composites based on DER
331 resin. Carbon nanotubes (NT) and CARBON BLACK N220 nanosoot were used as nanofillers at a content of 0.01 to 0.1
mas.%, and chromium oxide Cr:0s powders (20 um) and silicon carbide SiC (40 um) at a content of 5 to 20 wt. % as microfillers.
Rheological studieswere carried out on an NDJ-1S viscometer at four shear rates (6, 12, 30, 60 rpm).

The results showed that the introduction of fillers increases the viscosity of composites compared to pure resin, with
micrdfillers having a greater effect dueto their higher volume fraction. Nanofillers significantly increase the viscosity of epoxy
compositions than NTs due to their tendency to aggregation. All compositions exhibit pseudoplastic properties: viscosity
decreases with increasing shear rate. The mechanism of changesin rheological propertiesis explained by the modd of floc
formation and destruction (for nanofillers) and hydrodynamic interaction of particles (for microfillers).

The optimal filler content was established: 0.05 mas.% for nanoparticles and 10 mas.% for microparticles, which can
provide an improvement in mechanical properties without significant deterioration in processability. The results obtained are
of great importance for the development of technologies for applying protective coatingsin shipbuilding.

Keywords. epoxy composite, dynamic viscosity, nandfillers, microfillers, rheology, pseudoplasticity.

Problem statement. It is well known that the introduction of any fillers significantly affects the
technological properties of composites, in particular their rheological behavior. Rheological properties,
mainly viscosity, are a decisive factor for successful coating by spraying, dipping or casting methods. Too
high viscosity makes it difficult to pour compositions into molds, leading to the formation of a poor-quality
layer with air bubbles and uneven thickness.

Nanofillers, such as carbon NTs and nanosoot, due to their high specific surface area, are prone to
aggregation, which sharply increases the viscosity of a heterogeneous system even at low concentrations.
Microfillers (chromium oxide, silicon carbide), on the contrary, areless proneto the formation of structural
aggregates and affect the viscosity more predictably, mainly reducing the fluidity of compositions due to
the volume effect. Thus, a contradiction arises. on the one hand, fillers are necessary to improve
performance characteristics, and on the other hand, they can make the compasition unsuitable for practical
use. Therefore, a comprehensive study of the rheology of modified compasitions is no less important than
the study of the mechanical properties of polymerized materials.

Analysis of recent studies and publications. The relevance of such testsis not only in determining
theinfluence of eachtype of filler separatdy, but also in further studying the synergistic effect inimproving
the properties of hybrid systems containing both micro- or nanoparticles and reinforcing fabrics [1-7]. The
authors [8-10] proved that at the initial stage it is important to establish the dependence of the dynamic
viscosity of epoxy compositions on the type, shape and content of fillers. For this, it was necessary to
conduct research to determine the viscosity of epoxy compositions in a wide range of shear rates. As a
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result, to construct rheological flow curves and analyze deviations from Newtonian behavior in order to
further assess the quality of dispersion of additives in the binder and the correlation between aggregation
and rheology.

It should be noted that the optimal filler content was taken as the point at which the maximum
improvement in mechanical properties is achieved while maintaining an acceptable viscosity for further
forming of products or coatings [11, 12]. It was assumed that for nanofillers this point will probably bein
the region of the percolation threshold, when a continuous strong network of nanoadditives isformed. For
microfillers, the maximum permissible volume fraction at which the system till retains fluidity may be
critical. As aresult, it is necessary to develop recommendations for the formation of rheologically stable
composite systems ready for use in the shipyard.

Therefore, the sdection of the optimal content of nano- and microadditives is a key stage in the
creation of new effective materials that combine high performance properties with sufficient
manufacturability. The results obtained will allow in the future to control the parameters of the formation
of hybrid epoxy plastics with sufficient accuracy, guaranteeing their quality and durability. This, in turn,
will contribute to increasing the energy efficiency of water transport by reducing hydrodynamic resistance,
corrosion protection and increasing anti-cavitation characteristics of materials. Therefore, the analysis of
rheological propertiesisan integral and important part of the comprehensive study of epoxy CMsfor marine
applications.

The pur pose of the work is to establish the patterns of the influence of nano- and microfillers on
the dynamic viscosity of epoxy compasitions.

Materials and research methods. During the formation of polymer compositions, the epoxy resin
DER 331 (ISO 9001) was chosen as the basis, which is the reaction product of epichlorohydrin and
bisphenol A. Palyethylene polyamine (TU 2413-357-00203447-99) was used to cure epoxy compositions.
As fillers to improve the properties of composites, we used nano- and micro-sized powders. Nanofillers:
MWCNT nanotubes and CARBON BLACK PowCarbon N220 nanosoot. Microfillers: chromium oxide
(Cr203) and silicon carbide (SiC) powders with particle sizes of 20 um and 40 um, respectively.

To study the rheological properties of epoxy compasitions, an NDJ-1S viscometer was used. Four
rotor rotation speeds (6, 12, 30, 60 rpm) were sel ected according to the liquid viscosity measurement range.

Discussion of the results. Fig. 1 shows the dependence of the dynamic viscosity of epoxy
compositions based on DER 331 resin on the filler content at different rotor rotation speeds. Based on the
graphs presented (Fig. 1, &, ¢, €, g), the following analysis of the influence of nanofillers on the dynamic
viscosity of epoxy compositions can be carried out. The data of rheological studies clearly demonstrate that
the introduction of nanoadditives leads to an increase in the dynamic viscosity (1) of the compositions
compared to the original epoxy resin (DER 331). This increase is insignificant in absolute figures, but is
stably observed at all studied shear rates (6, 12, 30, 60 rpm). For both types of nanofillers (carbon nanotubes
(NT) and nanosoot), the dependence of viscosity on their mass fraction () in the range up to 0.05 mas.%
is nonlinear, which indicates the complexity of the interaction of particles with the oligomeric binder.
Nanosoot demonstrates a dightly greater effect on increasing viscosity than carbon nanotubes, which is
especially noticeable at higher shear rates (e.g., 60 rpm, Fig. 1, g). This may be due to the larger specific
surface area and the tendency of nanosoot particles to form strong spatial aggregates-structures that
effectively restrict the movement of polymer chains. Carbon nanotubes, having a sufficiently large aspect
ratio, are also prone to the formation of bonds between particles, but their shape probably contributes to
lower flow resistance at high shear rates compared to isometric carbon particles.

The curves in all figures show that increasing the rotor speed (shear rate) leads to a significant
decrease in dynamic viscosity for all studied compositions. This behavior — a pronounced dependence of
viscosity on shear rate—is a characteristic feature of non-Newtonian fluids. Epoxy resin without fillers also
demonstrates a decrease in viscosity with increasing shear rate, which confirms its property of shear
thinning. However, the introduction of nanofillers enhances this effect of non-Newtonian flow.

The deviation from Newtonian behavior (constant viscosity regardless of shear rate) is a direct
consequence of the destruction of the internal structure formed by the filler in the polymer matrix. At low
shear rates, the filler aggregates successfully resist the shear (or flow) resistance, creating additional
resistance, increasing the viscosity. Asthe shear rate increases, these aggregates gradually break down and
orient themselves in the direction of flow, which reduces resistance and leads to a decrease in viscosity.
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The quality of filler dispersion directly affects rheology: better dispersed individual particles have
less effect on viscosity, while large aggregates dramatically increase it and enhance non-Newtonian
properties. The obtained data indicate that nanocarbon black probably has a higher tendency to aggregation
compared to NT, which explains its greater effect on viscosity.

The mechanism of influence of nancfillers on dynamic viscosity can be described by the model of
formation and destruction of spatial network (floccules) in a polymer matrix [11]. This model assumes that
filler particles, dueto their high specific surface area and Van der Waals interactions, form a strong three-
dimensional structure. At rest, this structure is maximally strong, limiting the mobility of polymer
macromolecules and making the composite quite viscous. When a shear load is applied, this structural
network begins to collapse. At a higher shear rate, the destruction of flocs occurs more intensively, which
leads to a decrease in the effective volume occupied by the filler. Accordingly, the viscosity of the
composition decreases. After removing the load, the network can be restored, which is typical for the
systems under study.

The authors [11] noted that flocs (or aggregates) are spatial, three-dimensional clusters of filler
particles (in our case, nanotubes or nanosoot particles), united among themselves mainly by physical Van
der Waalsforces. They are formed spontaneously after thefiller isintroduced into the polymer. Thisis not
a stable chemical compound, but a dynamic physical structure. The accumulation of particles occurs mainly
dueto their high specific surface area and energy. It is flocs that are the main reason for the sharp increase
in viscosity even with small additions of nancfillers. In this case, polymer chains cannot move fredy
through this dense network, sincethey increase the effective volume of thefiller particles. Theflocincludes
not only the filler, but also the resin around the particles in the form of soft surface layers. Thus, a
composition with 0.05 mas.% filler can behave like a composition with 5 mas.% additive content, creating
much greater flow resistance.

Based onthe analysis of the graphs (Fig. 1, a, ¢, €, ), it can be additionally stated that the flocculated
structure is not strong. Under the action of shear stresses (rotation of the rotor in our case), these weak
bonds between the particles are destroyed. At low shear rates (V=6 rpm), the floc structure remains almost
intact, therefore the viscosity is maximum. At high shear rates (V=60 rpm), the forces that destroy exceed
the forces that hold the flocs. The aggregates disintegrate, the particles are oriented along the flow, the
effective volume of the filler decreases sharply, and the viscosity decreases. This is a manifestation of the
thinning of the compositions during shear (pseudoplasticity). On the contrary, after stopping the
experiment, the particles again begin to moverandomly (dueto Brownian motion), restoring the floccul ated
network. This ability to recover the structure after the load is removed also implies a change in the
thixotropic properties of the materials.

Therefore, theterm "flocculant” characterizes only dynamic aggregates of nanoparticles that form a
temporary three-dimensional network inside the epoxy resin. It is the process of their formation and
destruction that is the main mechanism that explains the significant dependence of viscosity on shear rate
and its sharp increase even at negligible concentrations of nanofillers.

Based on the analysis of theresults obtained, it can be stated that the optimal content for both selected
nanofillers should be considered 0.05 mas.%. At this content, a noticeable strengthening of the material is
achieved (as can be assumed), but the technological properties (viscosity) remain at an acceptable level,
suitablefor gluing tissues. A further increasein the particle content will lead to a sharp increasein viscosity
and aggregation, which will make the material unsuitable for practical use. It should be noted that for
nanocarbon black, due to its greater influence on viscosity, the upper limit of the optimal content may be
even lower.

Thus, nancofillers significantly affect the rheology of epoxy composites, enhancing their non-
Newtonian behavior due to the formation and destruction of a spatial network of aggregates. Carbon
nanotubes have a dlightly smaller effect on the increase in viscosity compared to nanocarbon black at the
same mass content. The quality of dispersion is a critical factor determining rheological behavior; poor
dispersion leads to excessive viscosity increase. The optimal content for both types of nanofillers in this
study does not exceed 0.05 mas.%. The results obtained are important for the sdection of technological
parameters for forming products and preventing problems with their quality.

The work also obtained the dependence of dynamic viscosity (1) on the content of microdispersed
fillers at different shear rates. Based on the analysis of Fig. 1, b, d, f, h, the following conclusions can be
drawn regarding the influence of microfillers on the dynamic viscosity of epoxy compositions. The
introduction of microparticles of chromium oxide (Cr.0s) and silicon carbide (SiC) at a content of 10 mas.%
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leads to a moderate increase in dynamic viscosity compared to the original resin. This increase is more
significant than in the case of nandfillers, which is explained by the higher volume fraction of
microparticles. The curves in all graphs demonstrate a clear tendency to decrease in viscosity with
increasing rotor rotation speed, which indicates a pronounced non-Newtonian behavior of the composites.

The increase in viscosity with the introduction of microfillers is associated with an increase in the
volume content of the dispersed phase and a decrease in the distance between the particles, which limits
the mobility of polymer chains. The effect of a decrease in viscosity with an increase in the shear rateis
explained by the destruction of temporary structures and the orientation of the particles in the direction of
flow. The data indicate that the compositions with microfillers exhibit the properties of pseudoplastic
liquids (the viscosity of which decreases with increasing shear rate), which is typical of concentrated
suspensions.

A comparison of the effects of the two types of microfillers shows that chromium oxide (20 um)
causes a slightly greater increase in viscosity compared to silicon carbide (40 um), which may be due to
the smaller particle size and larger specific surface area. The deviation from Newtonian behavior confirms
the presence of interactions between the filler particles and the formation of temporary structures. The
quality of dispersion of microfillers is satisfactory, as evidenced by the smooth nature of the viscosity
change and the absence of sharp jumpsin the curves.

The mechanism of the influence of microfillers on the rheological properties can be described by the
model of concentrated suspensions, where hydrodynamic interactions and random formation of aggregates
play akey role[12]. According to this modd, filler particles create hydrodynamic fields that interact with
each other, which leads to an increase in viscaosity even in the absence of direct contact. In concentrated
systems, such as compositions with 10 mas.% microfiller, the distance between particles becomes
insignificant, which contributes to their additional interaction. Random formation of aggregates (in
particular, in the case of chromium oxide) occurs due to the forces of physical interaction, which leads to
the formation of temporary structural formations. These structures create additional resistance to flow,
which manifests itself as an increase in dynamic viscosity. Under the action of shear stresses, these
aggregates are partialy destroyed, and the particles are oriented along the flow, which explains the decrease
inviscosity withincreasing shear rate. The efficiency of this process depends on the size, shape and content
of the particles. For example, smaller Cr20s particles (20 pm) have a larger specific surface area compared
to SiC (40 pm), which enhances agglomeration and viscosity increase. The model also predicts that
viscosity increases significantly with increasing filler volume content, when particle motion is restricted.
Thisbehavior is consistent with experimental data, where the viscosity increaseis moderate but significant.
Thus, the rheology of microparticle compositions is determined by the balance between hydrodynamic
effects and physicochemical interaction of the particles.

The optimal content for microfillers should be considered to be 10 mas.%, sincethis will provide (in
our opinion) a noticeable improvement in mechanical properties without excessively complicating the
processing process. Therefore, microfillers slightly increase the viscosity of epoxy compositions, while
mai ntaining the possibility of their further processing by standard methods.

Table 1 systematizes data on the dynamic viscosity of epoxy resin DER 331 and compositions based
on it with different fillers at four shear rates (6, 12, 30, 60 rpm). The table data confirm the general trend:
an increase in the shear rate leads to a decrease in viscosity for all the studied materials, which is a sign of
non-Newtonian behavior (pseudoplasticity). The viscosity of the pure resin decreases from 99.728 Pa-s at
6 rpm to 10.021 Pa-s at 60 rpm, which demonstrates its shear thinning property. The introduction of
nanofillers (0.05 mas.%) increases the viscosity compared to the pureresin at all shear rates.

Table 1
Viscosity of epoxy compaositions with optimal content of nano- and microfillers

Rotation . Viscosity of compositions, Pa-s _

speed, V Resin DER NT Nanosoot Cr20s SIC
- m ' 331 (0.05%) (0.05%) (20 um) (40 um)
(10%) (10%)
6 99.728 99.747 99.749 99.765 99.749
12 49.875 49.899 49.932 49.946 49.941
30 19.991 20.020 20.030 20.039 20.036
60 10.021 10.038 10.102 10.115 10.109
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Nanosoot has a greater effect on viscosity than carbon nanctubes (CNTS). For example, at 60 rpm,
the viscosity of the composite with nanosoot (10.102 Pa-s) is higher than with CNTs (10.038 Pa:-s).
Microfillers (10 mas.%) cause a significantly greater absolute increasein viscosity compared to nanofillers
due to their higher volume fraction. Chromium oxide (Cr20s) shows a slightly greater effect on viscosity
than silicon carbide (SiC), which is explained by the smaller particle size (20 um versus 40 pum) and,
accordingly, the larger specific surface area. For example, at 6 rpm, the viscosity is 99.765 Pa-sfor Cr.Os
versus 99.749 Pa-sfor SiC.

Therdativeincreasein viscosity dueto theintroduction of additivesis more significant at low shear
rates (6 rpm) and decreases at high (60 rpm), which confirms the destruction of aggregates of filler particles
under the action of shear forces. The difference in viscosity between the compositions and the pure resin
also decreases with increasing shear rate, which indicates the leveling of rheological properties under
conditions of intense loading. The obtained data are of important technological importance for coating
processes requiring high speeds (e.g. spraying), the viscosity of different composites will be close, which
simplifiestheir application. However, for low shear rate coating methods (e.g. vacuum infusion), the choice
of filler type and content will critically affect the processability of the material.

Conclusions. Based on the above, it can be stated that the rheological properties of epoxy
compositions significantly depend on the type, size and content of thefiller, as well as on the technological
conditions of product formation (shear rate). Nanofillers (0.05 mas.%) moderately increase the viscosity,
and nanocarbon black has a more significant effect due to its tendency to aggregation. Micrdfillers
(10 mas.%) cause asignificantly greater absoluteincreasein viscosity, and smaller particles (Cr.0s, 20 um)
increase it more than larger ones (SiC, 40 um).

All compasitions exhibit pseudoplastic properties, which makes them convenient for creating
compositions for the purpose of further forming hybrid composites: they reduce flow resistance during
application and retain their shape after its termination.

The optimal filler content was established: 0.05 mas.% for nanoparticles and 10 mas.% for
microparticles, since with such a filling it is possible to achieve a useful strengthening effect without a
sharp deterioration in technological properties. The results obtained are the basis for the development of
technological regulations for applying high-quality protective coatings and forming hybrid composites for
water transport. The study confirms that rheological contral is a key tool for optimizing both operational
and technological properties of composite materials. By selecting the type and content of the filler, it is
possible to purposefully control the rheology of epoxy compositions to ensure their effective use in
shipbuilding.
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B. 0. Konaycs
Cymcokuil OeparcasHull yuigepcumem

JOCHIIZKEHHA POBOYUX XAPAKTEPUCTHUK BIVIBHOBUXPOBUX HACOCIB IIPH
POBOTI Y POBOYOMY AIAITA30OHI Q = 0,7-1,2 Quom

Y pooomi euxonano uucenvne 0ocnioycenna pooouux xapaxkmepucmuk einvbHoeuxpoeozo nacoca CBH 80-32 y
dianazoni nooau Q = 0,7-1,2-Qnom, ujo 6ionosioac munosum ymosam mpueanoi ekcnayamayii Hacocnozo oonaonannsa. Ha
OCHOGI 2eoMempuyHUX napamempie Hacoca nooyoosano mpusumipui mooeni ma nposeoeno CFD-ananizy cepedosuwi ANSYS
CFX i3 3acmocysanuam k—& mooeni mypoynemmnocmi. Posenamymo o0ea eapianmu pooouux kKonic: 3 wicmoma
KpUGONIHITIHUMU JIONAMAMU MA 08OAPYCHE KOeCO 3 06AHAOUAMbMA IONAMAMU.

Ompumani xapakmepucmuKyu noKa3anu, w0 y pooouomy dianazoni o6uoea 6UKOHAHHA 3aDe3neuyioms cmaodiibHull
nonozocnadnuiil xapakmep nanipnoi Kpueoi ma o6nu3pki 3nauenns ziopaeniunozo KK/[ (0o 48,3% onsa wecmunonamegozo ma
47,5% ona oeosapycnozo koneca). Boonouac osoapycna cucmema 3abesneuye npupicm nanopy na 1,3-1,8 m (3—5%) 6e3
CYMMEBO20 3HUNCCHHA eHepzoedekmuenocmi. Ananiz wieuOKICHUX | MUCKOBUX NOJII6 NOKA3A8, W0 080APYCHe KoJ1eco hopmye
Oinvui pienomipne HAMIKAHHA Ha 10nami, 3MeHULYE OuPY30pHICIb KAHANI6 Ma 3HUMCYE GUXPOGI 6mpamu y L1bHIl Kamepi.

Pezynomamu 00cniddceHHA 003601A10Mb 0OIPYHMYSaAmu 6UGip KOHCMPYKYIL podou020 Koneca 3anexcHo 6i0 ymos
eKcnyamauyii: wiecmunonameee UKOHAHHA € Oib OOUITbHUM Y PEHCUMAX, OIUZLKUX 00 HOMIHAIBHO20, MOOI AK 080APYCHE
3ab6e3neuye 000amKo8uUIl 3anac HaAnNOpPy ma Kpauyy cmaodinbHicms podomu y 30Hax nidGUULEHUX HOOAY.

Knruoei cnosa: sinvrosuxposuii Hacoc, 2iopasaiuni xapakmepucmuxu, CFD-ananiz; pobouuii dianazon nooad, poooue
KoJleco; 080sipycha ionamesa cucmema, 2iopasiiynuil KK/, cmamuynuti muck; weuoKicHi noist; eHepeemuyna eqoeKxmusHico.

V. Kondus

INVESTIGATION OF THE OPERATIONAL CHARACTERISTICS OF TORQUE-FLOW
PUMPSWITHIN THE OPERATING RANGE Q =0.7-1.2 Qnom

This study presents a numerical investigation of the operational characteristics of the torque-flow pump TFP 80-32
within the flow rate range Q = 0.7—1.2-Qnom, Which corresponds to typical conditions of long-term pump operation. Based on
the geometric parameters of the pump, three-dimensional model swere developed and a CFD analysiswascarried outin ANSYS
CFX using the k—¢ turbulence model. Two types of impellers were considered: one with six curvilinear blades and a dual-tier
impeller with twelve blades.

The obtained characteristics demonstrated that, within the operating range, both designs provide a stable, gently
declining head curve and comparable hydraulic efficiency values (up to 48.3% for the six-blade impeller and 47.5% for the
dual-tier impeller). At the same time, the dual-tier configuration ensures an increase in head by 1.3-1.8 m (3-5%) without a
significant decrease in energy efficiency. Analysis of velocity and pressure fields showed that the dual-tier impeller provides
more uniform flow distribution onto the blades, reduces channel diffusivity, and decreases vortex losses in the free chamber.

The results of the study justify the choice of impeler design depending on the operating conditions: the six-blade
impeller ismore suitablefor regimes close to the nominal point, whilethe dual-tier impeller ensuresan additional head margin
and greater operational stability at higher flow rates.

Keywords:. torque-flow pump; hydraulic characteristics; CFD analyss; operating flow range; impeller; dual-tier blade
system; hydraulic efficiency; static pressure; velocity fields; energy efficiency.

1. Introduction

Torque-flow pumps have found wide application in industry and municipal utilities due to their
ability to transport liquids containing solid and fibrousinclusions, aswel as gas-iquid mixtures[1]. Their
design features — simplified flow passage, presence of a free chamber, and minimal contact between the
operating medium and the impeller — provide high reliability and resistance to clogging [2]. This makes
torque-flow pumps competitive in cases where the operation of centrifugal counterparts is complicated.

At the same time, a key drawback of this pump type remains its relatively low efficiency (mainly
0.35-0.55) and limited head values. Therefore, seecting the optimal operating mode becomes crucial to
ensure maximum efficiency under permissible operating conditions [3].

The nominal operating mode of a pump is generally determined by factory-specified values of flow
rate and head. However, inreal operating conditions, pumps most often operate in therange of 70 to 120%
of the nominal flow rate[4]. This zone of operation is decisive for both the rdiability of the equipment and
the overall economy of the pumping process [5]. The insufficient amount of experimental data regarding
the behavior of torque-flow pumps within the operating range Q = 0.7-1.2-Qnom highlights the need for
targeted investigations [6].

For ensuring stable and high-quality operation of pumping equipment, it is not enough to know the
characteristics only at the optimal or nominal point. In practice, it is important to analyze pump behavior
over awider operating interval, where actual conditions often deviate from therated parameters. It iswithin
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Q = 0.7-1.2-Qnom that most pumping regimes occur, determining their influence on the system’s energy
efficiency, rdiability, and durability [7].

Fig. 1. Structural design of atypical tor que-flow pump of the TFP type

The study of characteristics within this range makes it possible to identify not only the location of
the maximum efficiency point but also the width of the operating zone where the pump maintains
satisfactory hydraulic and energy performance. Such data are crucial for the selection of the drive mator,
adjustment of control modes, and minimization of risks of overload or instability during operation [8].

Thus, the relevance of this work lies in modeling the head and energy characteristics of torque-flow
pumps specifically withinthe operating flow range, which will refinerecommendationsfor their application
and provide a foundation for further optimization of their designs.

2. Literaturereview and formulation of the resear ch problem.

Torgue-flow pumps are considered in modern studies as an effective solution for pumping liquids
with a high content of solid particles, fibrous inclusions, and gas admixtures [9, 10]. Dueto ther structural
simplicity and reduced probability of clogging, they are widdly used in municipal utilities, aswell asinthe
food, chemical, and energy industries [11].

In recent years, researchers have focused on improving the flow passage and operating elements,
which makes it possible to enhance the energy efficiency of such pumps [12]. In works [13, 14], new
methods for designing impellers with a curvilinear blade profile and combined channdls have been
proposed, providing a reduction of hydraulic losses [15]. Both numerical simulations and experimental
investigations of pump characteristics have been carried out, including the influence of design parameters
on efficiency and head curves [16].

At the same time, most scientific works have focused on the optimization of operating € ements or
the analysis of hydrodynamic processes across awide range of flow rates, including extreme regimes (0.2—
0.4-Qnom and above 1.3-Qnom) [17]. Much less attention has been paid to the systematic study of
characteristics specifically within the operating interval Q = 0.7—1.2:Qnom, Which is the maost typical for
long-term operation of pumping equipment [18].

Thus, theavailableliterature confirms theimportance of investigating torque-flow pumps but reveals
a scientific gap associated with the insufficient amount of experimental data in the zone of real operating
flow rates. Filling this gap will makeit possible to more accurately determine the position of the maximum
efficiency point, the width of the operating range, and the conditions for stable pump operation.

3. The aim and objectives of the resear ch.

The aim of this work is to conduct a numerical investigation of the hydraulic and energy
characteristics of torque-flow pumps within the operating flow range Q = 0.7—1.2-Qnom in order to refine
the optimal conditions for their operation.

To achievethis goal, the following tasks were set:

1. Toconstruct athree-dimensional model of the flow passage of the torque-flow pump.
2. Topeform CFD simulations of pump operation at different flow rates within the range
Q =0.7-1.2-Qrom.
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3. To determine the “head—flow rate’ and “efficiency—flow rate’ dependencies based on numerical
results.
4. To identify the position of the maximum efficiency point and evaluate its deviation relative to the
nominal flow rate.
5. To assess the width of the operating zone where the pump maintains satisfactory performance and
to define its behavior outside the optimal regime.
6. To formulate practical recommendations for applying the results of numerical modeling in the
further optimization of pump designs and their operation.
4. Research M ethodology.
Theinitial data for modeling were the geometric parameters of the TFP 80-32 pump. Based on these,
three-dimensional solid models of the impeller and the flow passage of the casing were created in
SolidWorks (Fig. 2). Separate models were devel oped for the single-tier and double-tier impellers.

a b c
Fig. 2. Modéls of the TFP 80-32 pump components (in SolidWorks):
a—stator element of the casing; b —rotor element with a single-tier impeller;
c—rotor element with a double-tier impeller

The preparation of the computational domains was carried out in ANSYS ICEM CFD [19], where
the stator (casing) and rotor (impeller) zones were generated independently. For each zone, an unstructured
mesh with local refinement near the walls in the form of prismatic layers was created (Fig. 3). The total
number of e ements was about 1.45 million for the single-tier impeller model and up to 1.75 million for the
double-tier model (Fig. 3b,c), ensuring a balance between accuracy and computational cost. The minimum
mesh quality did not drop below 0.35-0.37.

Fig.3. Structure of the gener ated computational meshes:
a—stator element of the casing; b —rotor element with a single-tier impeller; ¢ —rotor element with
adouble-tier impeller
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The meshes were then exported into ANSYS CFX-Pre, where the boundary conditions were
specified (Fig. 4). At theinlet, a constant mass flow rate was defined, while at the outlet, a static pressure
of 0.4 MPa was imposed. The simulations were carried out in a steady-state formulation using the k—
turbulence model, which is a widely accepted approach for describing flows in torque-flow pumps. The
interaction between rotor and stator domains was modeled using Frozen Rotor and Stage interfaces.
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Fig. 4. Boundary conditions applied in ANSYS CFX-Pre

The study was conducted within the operating flow range Q = 0.7-1.2-Qnom, Which corresponds to
practical long-term operating conditions of pumps [20, 21]. For the nominal flow rate (Q = Qnom = 80
m?/h, approximately 22.2 kg/s), basdine calculations were performed, while for other flow rates the mass
flow was adjusted according to proportional relations. The surface roughness of the flow passage was set
to 100 pum, corresponding to cast surfaces of the components.

The convergence criteria were defined as achieving a root-mean-sguare deviation of mass balance
and torque not exceeding 10*. Additionally, head, hydraulic power, input power, and efficiency were
monitored throughout the simulations.

5. Research Results.

The developed computational models and the adopted simulation parameters made it possible to
perform a series of numerical studies in the operating flow range Q = 0.7-1.2-Qnom. As aresult, the main
hydraulic and energy performance indicators of the pump were determined [22, 23], including the “ head—
flow” and “ efficiency—flow” dependencies, aswell asthe position of the maximum efficiency point for two
designs of the TFP 80-32 pump (Fig. 5): with a six-curved-blade impeller (blue line) and with a double-tier
impeller of twelve blades (red line).

The modeling results and their analysis are presented bel ow.

Numerical simulations (Fig. 5) showed that for both impeller configurations, the pump maintains
stable head—flow curves and similar efficiency profiles. According to APl 610, pumps are alowed to
operate short-term within 70-120% Qnom and long-term within 90-110% Qrom. For the studied pump, this
corresponds to flow ranges of 5696 m3/h (short-term) and 72—88 m?/h (long-term).

The results indicate that the use of the double-tier impeller increases the head by 1.3 m (=3.4%) at
the best efficiency point (BEP), while the hydraulic and overall efficiency remain nearly identical between
both configurations. This confirms the feasibility of using the improved impeller to boost head without
reducing efficiency.
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In the operating flow range Q = 0.7—1.2-Qnom, the head curve maintains a stable, gradually decreasing
trend. At low flow rates (<0.5-Qnom), ahead “dip” is observed, which may cause flow instability; however,
operation in this zone is not permitted by the standard.

Fig. 5. Characteristics of the TFP 80-32 pump with a six-curved-blade impeller (blueline)
and a double-tier impeller with twelve blades (red line) in the operating range Q = 0.7—1.2-Qnom.

At the nominal flow (Q = Qnom = 80 m?/h), the hydraulic efficiency reached 48.3% for the six-blade
impeller and 47.5% for the double-tier impeller. The corresponding overall efficiency values were 45.5%
and 44.6%. The difference between variants did not exceed the numerical error margin.

Tables 1 and 2 summarize the working parameters of the SVH 80-32 pump with both impeller

configurations in the operating range.

Table 1.
Operating parameter s of TFP 80-32 pump with six-blade impeller

Flow rate, % Qnom 60 70 80 90 100 110 120
Flow rate, m?/h 48 56 64 72 80 88 96
Head, m 39,63 39.33 39.02 38.62 38.21 36.91 35.61
Hydraulic power, W 5184 6001 6805 7576 8330 8851 9316
Input power, W 12521 14005 15361 16363 17246 18440 19530
Hydraulic efficiency 0.414 0.429 0.443 0.463 0.483 0.480 0.477
Overall efficiency 0.39 0.404 0.417 0.436 0.455 0.452 0.449

Table 2.

Operating parameter s of TFP 80-32 pump with double-tier impdler

Flow rate, % Qnom 60 70 80 90 100 110 120
Flow rate, m?/h 48 56 64 72 80 88 96
Head, m 40.59 40.48 40.37 39.86 39.34 38.40 37.45
Hydraulic power, W 5309 6177 7041 7820 8576 9207 9797
Input power, W 12522 14055 15474 16816 18055 19404 20669
Hydraulic efficiency 0.424 0.440 0.455 0.465 0.475 0.475 0.474
Overall efficiency 0.399 0.414 0.428 0.438 0.447 0.447 0.446

A comparison of results showed that the double-tier impeller consistently increases head (by 3-5%

within Q = 0.7-1.2-Qnom) While maintaining nearly the same hydraulic and overall efficiencies. Meanwhile,
the six-blade impéller has a dight advantage in peak efficiency (by up to 1%) at the nominal flow.

For operation in reduced flow zones (0.8-0.9-Qnom), or where an additional head margin is required,
the double-tier impeller is more advantageous. It provides a wider efficiency “plateau” and smoother head
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reduction at high flow rates, positively affecting system stability. If maximum energy efficiency at nominal
flow isthe priority, the six-blade design is preferable.

The maximum efficiency values reached about nhyd = 0.48-0.49 and ntot = 0.45-0.46. The
difference between the two designs did not exceed 0.5-1%, within the bounds of numerical accuracy. In
the range of 90-110% Qnom, the efficiency remained at least 95% of the peak, which defines the optimal
long-term operating zone.

Thus, the double-tier impeller increases pump head without noticeable efficiency losses, making it
preferablewhen additional head margin and stable energy performance arerequired. The choice of impeller
type should therefore be based on operating conditions: the double-tier design suits variable flow regimes
and high-head applications, while the six-blade impeller is better for stable operation near the nominal
point.

Flow fields analysis.

Figure 6 presents the results of numerical simulation of the absolute velocity distribution in the flow
passage and the central cross-section of the TFP 80-32 pump for two impeller configurations: with six
blades and with a double-tier system of twelve blades. In both cases, the velocity fields exhibit a similar
pattern, indicating the absence of significant differencesin the overall flow structure.
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Fig. 6. Absolute velocity distribution in the central cross-section of the TFP 80-32 pump:
a—with asix-blade impeller; b —with a double-tier impeller system.

A similar pictureis observed for the static pressure distribution (Fig. 7): in the central cross-section
of the pump, the flow trajectories are practically identical. This suggests that, for qualitative analysis, it is
sufficient to examine selected cross-sections, focusing on key differences in the inter-blade channel zone.
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Fig. 7. Static pressure distribution in the central cross-section of the SVH 80-32 pump: a—
with a six-blade impeller; b —with a double-tier impeller system
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Operating Mode Q = Qnom (80 m¥/h).

Figures 8-10 show the distribution of relative velocity in the impeller flow channels (at the leading
edge, in the central part, and near the disk) under the nominal operating mode (Q = Qnom). For the six-blade
impeller, excessive channel diffusivity is observed, leading to non-uniform flow incidence (areas of reduced
velocity are highlighted in blue). In the case of the double-tier system, the flow formation is smoother and
more uniform, which reduces | osses and improves blade incidence.

Fig. 8. Distribution of relative velocity in theimpeller flow channels at the leading edge
(Q = Qnom): a—cross-section location; b — six-bladeimpeller; c — double-tier impeller system

Fig. 9. Distribution of relative velocity in theimpeller flow channels at the midspan (Q =
Qnom): @— cross-section location; b — six-blade impeller; ¢ — double-tier impeller system
Veloaty
Dvsx
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Fig. 10. Distribution of relative velocity in theimpeller flow channels near the disk (Q =
Qnom):

a— cross-section location; b — six-blade impeller; ¢ —double-tier impeller system

It should be noted that the use of an impeller with a large number of primary blades (without tier
division) would lead to grid thickening near the hub, an increase in hydraulic resistance at the inlet, and
intensification of vortex losses, which would negatively affect efficiency. The double-tier design helps to
avoid this effect, while ensuring a more uniform distribution of velocities in the inter-blade channels.
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Operating Mode Q = 0.7-Qnom (56 m3/h)

Figures 11-13 present the results of numerical simulations of the reative velocity distribution in the
impeller flow channels of the SYHN 80-32 pump at Q = 0.7-Qnom. The analysis was performed for three
characteristic zones: at the blade leading edge, in the midspan of the channel, and near the impeller disk.

a
Fig. 11. Distribution of relative velocity in theimpeller flow channels at the leading edge
(Q =0.7-Qnom): a—cross-section location; b — six-blade impeller; ¢ —double-tier impeller system

Fig. 12. Distribution of relative velocity in theimpeller flow channels at the midspan
(Q =0.7-Qnom): a—cross-section location; b — six-blade impeller; ¢ —double-tier impeller system

Fig. 13. Distribution of relative velocity in the impeller flow channels near the disk
(Q =0.7-Qnom): a—cross-section location; b — six-blade impeller; ¢ —double-tier impeller system

For the baseline six-blade design, noticeable channel diffusivity is observed, which results in zones
of reduced velocity near thewalls. Thisindicates |ess uniform flow incidence and can cause local hydraulic
losses. In the case of the double-tier system, the velocity distribution is more uniform: the inlet flow passes
over the blades more smoothly, while the velocity fields at the midspan and near the disk exhibit a more
symmetrical pattern.
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A comparison with the nominal flow rate mode (Q = Qnom) shows that the overall flow structure in
the inter-blade channels remains similar. However, in the low-flow zone, the advantage of the double-tier
impeller becomes more evident: due to lower diffusivity and a higher number of channels, the area of
stagnant zones is reduced, which positively influences pump operating stability.

Thus, at Q = 0.7-Qnom, the double-tier impeller provides a more rational distribution of relative
velocities in the inter-blade channels. This confirms the earlier conclusion about the effectiveness of such
a design specifically in the low-flow zone, where high efficiency is maintained along with an increase in
head.

Operating Mode Q = 1.2-Qnom (96 m3/h).

Figures 14-16 present the relative vel ocity fields in the impdller flow channels of the SVHN 80-32
pump at Q = 1.2-Qnom. The analysis was carried out for three characteristic cross-sections: at the blade
leading edge, in the midspan region, and near the impdler disk.
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Fig. 14. Distribution of relative velocity in theimpeller flow channels at the leading edge
(Q = 1.2-Qnom): a—cross-section location; b — six-blade impeller; ¢ —double-tier impeller system

The comparison between the six-blade and the double-tier impéllers shows that the overall flow
structure remains similar to that of the optimal operating condition. However, at higher flow rates, the non-
uniformity of velocity fields increases due to the higher discharge through the channels and the emergence
of additional acceeration zones. For the six-blade impéller, this effect is more pronounced, manifesting as
local regions of eevated velocity, which may lead to increased hydraulic |osses.

In the case of the double-tier impéller, the relative velocity distribution is more balanced: even at
high flow rates, the incidence on the blades remains rd atively uniform, and no stagnant zones are formed.
This is consistent with the head calculation results, where the double-tier configuration provides an
additional head rise (up to 1.8 m, or morethan 5% at Q = 1.2-Qnom).
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Fig. 15. Distribution of relative velocity in theimpeller flow channels at the midspan
(Q = 1.2-Qnom): a—cross-section location; b — six-blade impeller; ¢ —double-tier impeller system

Thus, at the upper boundary of the operating range (Q = 1.2-Qnom), the double-tier blade system
demonstrates better flow stability and more efficient utilization of the flow passage. This makes such a
configuration more suitable for operation under high-flow conditions, where an additional head margin is
required while maintaining efficiency values close to the maximum.
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Fig. 16. Distribution of relative velocity in theimpeller flow channels near the disk
(Q = 1.2-Qnom): a—cross-section location; b — six-blade impeller; ¢ —double-tier impeller system

Flow Analysisin the Free Vortex Chamber

Further investigations concerned the distribution of static pressure and the components of absolute
velocity (tangential Vu, axial Vz, and radial Vr) within the free vortex chamber of the TFP 80-32 pump.
The calculations were performed in three characteristic zones: 5 mm from the casing wall, at the center of
the free chamber, and near the blade edges.

Figure 17 presents the pressure fields, which correspond to the theoretically expected parabolic
dependence on the reference radius. The obtained distribution is in full agreement with the fundamental
equations of hydraulic machines, confirming the correctness of the CFD modeling.

The distribution of the tangential veocity component Vu (Fig. 18) also demonstrates the
characteristic radial profile. At small radius (R = 0.2R:), this component approaches zero, which
corresponds to axial fluid inflow. The maximum values of Vu are observed near the outer diameter (R =
0.8-1.0R:). The difference between the six-blade and the double-tier impellers is negligible, indicating a
similar flow swirl structure.

Figure 19 shows the axial velocity component Vz, which clearly reflects the flow inlet and outlet
regions. Theinflow into the impeller occurs within therange R = 0-0.4R.. In the double-tier configuration,
the amount of fluid entering the impeller is approximately 10% higher than in the standard variant. The
outflow occurs within R = 0.6-1.0Rz; for the double-tier impeller, thedischargeis slightly higher, explained
by the reduced share of the vortex component and the increased role of the blade-driven process.
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Fig. 17. Pressur e distribution in the free vortex chamber of the TFP 80-32 tor que-flow pump:

a—5mm from the casing wall; b —at the center of the chamber; ¢ —5 mm from the blade

edge
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a b c
Fig. 18. Distribution of the tangential component of absolute velocity Vu in the free vortex
chamber of the TFP 80-32 torque-flow pump: a—5 mm from the casing wall; b — at the chamber
center; ¢ —5 mm from the blade edge

The distribution of the radial velocity component Vr (Fig. 19) provides insight into the structure of
the toroidal vortex [24] within the free chamber. The Vr values are somewhat higher for the double-tier
impeller, whichindicates areduction in theintensity of the vortex-driven process and a greater involvement
of the flow in the blade-driven mechanism.

Overall, the obtained results demonstrate that the double-tier blade system ensures more efficient
utilization of the free vortex chamber, increases the share of blade-driven operation, and reduces vortex
losses. This confirms its advantages compared to the standard six-blade impeller.

6. Conclusions

1. Based on the geometric parameters of the TFP 80-32 pump, solid models were developed and
numerical simulations of the operating process were performed in ANSY S CFX. The applied methodology
demonstrated good convergence of results and made it possibleto obtain the complete characteristics of the
pump across the entire operating flow range.

2. It was established that within the range Q = 0.7-1.2-Qnom, the head characteristic has a stable,
gradually decreasing trend, without signs of unstable operation. The hydraulic efficiency reaches 48.3% for
the six-blade impéeller and 47.5% for the double-tier impeller, which corresponds to the catalog values of
pumps of this type.

3. The study showed that the use of the doubletier impéeller provides a head increase of
approximately 1.3 m (=3.4% at Q = Qnom and up to 1.8 mat Q = 1.2-Qnom) Without significant efficiency
losses. This confirms the feasibility of such a design in cases where an additional head margin is required.

4. The analysis of velacity fields in the inter-blade channels reveal ed that the six-blade configuration
exhibits excessive channd diffusivity and uneven inflow, whereas the double-tier design ensures a
smaoother velocity distribution and reduces stagnant zones.

5. The investigation of the static pressure and velocity components (Vu, Vz, Vr) in the free vortex
chamber confirmed that the double-tier blade system reduces vortex losses and increases the share of the
blade-driven process. Thisimproves flow stability and enhances pump efficiency acrossthe entire operating
flow range.

6. The obtained results provide the basis for practical recommendations regarding the application of
torque-flow pumps with advanced impeller designs. They can also be used for further optimization of their
construction in order to improve energy efficiency.
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Fig. 19. Distribution of the axial component of absolute velocity Vzin the free vortex chamber
of the TFP 80-32 torque-flow pump: a—5 mm from the casing wall; b —at the chamber center; c—
5 mm from the blade edge
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Kapnamcokuii nayionanvuuil ynisepcumem im. Bacuns Cmeganura

AHAJII3 KOMILIEKCHOI EJTEKTPUYHOI ITPOBIJHOCTI TKAHUHHU ITEYIHKA
CBHHI

Y nooanomy oocnioscenni nposedeno ananiz yacmommoi 3anexcHocmi e1eKmpuyHoi npoeionocmi mKAHUHU neYiHKu
C6UHI, Wj0 3a3HABANA 6NIUEY PI3HUX YMOE 30epizanHA: NPUPOOHO20 CHAPIHHA, 0X0/100XHCEHHA, HAZPIGANHA MA Y-ONPOMIHEHH.
Jlnsa Moodenoeannua cnekmpanbHux XapaKmepucmuK 6UKOpUCmano yzazansvierny mooeinv Koyna—Koyna 3 06oma oucnepciamu
(e ma B) ma xomnonenmom npogionocmi nocmiiinozo cmpymy. Onmumizayia napamempis 30UICHIOSANACT MEMOOOM
ougpepenuyianvnoi eeontouii. Pesynomamu nokazanu, ujo mooeny 3ade3newye UCOKy 6i0On0iOHICHb eKCnePUMEHMATbHUM
oanum y wiupokomy oianazoni wacmom (0.01 I'y — 1 MI'y). Haiimenwi 3minu enekmpuunux enacmueocmeil 3ahikcoeano npu
30epizanni 3pazkie npu +5°C, mooi ax Haioinbwi euparceni cnocmepieanucs nicis HAZPiaHHs Ma MPUEA1020 NePeOysants
Ha noeimpi. Bucoki 3nauenna napamempie o ceéiouamv Hpo RONIOUCHEPCHUIl XaApakmep peNaKcauiiHux npouecie y
odocnioxcysanux mxkanunax. Ompumani pezynsmamu niomeeporcyioms epexmugnicms guxopucmanus mooeni Koyna—Koyna
0N OUiHKU CMPYKMYPHUX 3MIH Y 0i0N0ZIYHUX 3DA3KAX, W0 GIOKPUEAE NePCNeKMUGU O0A HeiHea3ueHoi diazHOCmuUKU ma
OioMeOUYHUX 34CMOCYB8aAHb.

Knruoei cnosa: ducnepcis, 6ioimneoanc, npogioHicmo, dielekmpuyHa npoHukHicms, moodenv Koyna-Koyna, erexmpuuna
momozpagis.

D.M. Chervinko, L.S. Yablon, V.O. Kotsiubynskyi, B.I. Rachii, O.P. Pakhovskyi, | .M. Hasiuk

ANALYSISOF THE COMPLEX ELECTRICAL CONDUCTIVITY OF PORCINE LIVER
TISSUE

In the present study, the frequency dependence of the electrical conductivity of porcineliver tissue subjected to different
storage conditions—natural aging, cooling, heating, and y-irradiation—was analyzed. To mode the spectral characterigtics,
the generalized Cole—Cole model with two dispersions (a and p) and a direct current conductivity component was employed.
Parameter optimization was performed using the differential evolution method. The results demonstrated that the model
provides a high degree of agreement with the experimental data over a wide frequency range (0.01 Hz—1 MHZ). The smallest
changesin electrical properties were observed in samples stored at +5 °C, while the most pronounced alterations occurred after
heating and prolonged exposure to air. High values of the o parameter indicate a polydisperse nature of the relaxation procesSes
in the studied tissues. The findings confirm the effectiveness of the Cole-Cole model for assessing structural changes in
biological samples, opening up prospects for non-invasive diagnostics and biomedical applications.

Keywords:. dispersion, bioimpedance, conductivity, dielectric permittivity, Cole-Cole modd, el ectrical tomography.

1. Beryn. YacrotHa gucriepcist 610J10ri9HUX TKaHUH — 1€ 3MiHa iX JieTeKTPUYHUX BIACTHBOCTEH
3aJIeKHO BiJl YacTOTH €NEeKTpHUYHOro momsd. Lli XapakTepuCTHKH BKIIOYAIOTh KOMIUIEKCHY BiJHOCHY
AieNeKTPUYHY TPOHUKHICTD (€ ) Ta MPOBIAHICTH (G) i 3yMOBJICHI B3a€MOIIEI0 EIEKTPOMATHITHOTO OIS 3i
CTPYKTYPOIO TKAaHMHHU Ha KJIITUHHOMY il MONeKynsapHoMy piBHAX [1, 10].

JienekTpuyHi BIAaCTUBOCTI MaTepiajliB BU3HAYAIOTHCS HA OCHOBI BUMIPSHOT KOMITJIEKCHOT BITHOCHOT
MieTEKTPUYHOT TPOHUKHOCTI, sKa BHpakaeTbes 5K (€, = € —je''). Tyr € mo3Hayae BimHOCHY
JieJeKTpUYHy MPOHHMKHICTH Martepiany, Mo BigoOpakae HOro 3maTHICTh HAKONMUYYBATH CICKTPUUHY
eHeprito, Toji sk €' € KoedilieHTOM BTpaT, 1110 He criBnajae mo ¢asi. KoedirieHt BTpar €’ Takox Moxe
OyTu BUpaXEHUI yepe3 MPOBIAHICTh MaTepiany 3a (OopMyJIO:

g = = (1)

)
oW
Jie O TIPEACTaBIsIE€ 3arajlbHy MPOBIOHICTh, £ — MieJIEKTPUYHA MPOHUKHICTH BUIBHOTO MPOCTOPY, & (© —
KyTOBa 4acToTa enekrpudnoro mois. Lli BmactuBocti, €' Ta €” (a6o €' Ta 0), BU3HAYAIOTHCA K (DYHKILis
9acTOTH, BioOpakarouy MOBHUM CIIEKTP NOBEAIHKU EIEKTPUYHUX BIACTUBOCTEH 01010r14HOI TKaHUHH [ 1,
5].

Posyminnst nogiOHMX BrnacTuBOCTel Giomoriyaux TkaHuH y gianaszodi 10 I'm — 100 MI'y mae Benuke
3HA4YeHHS U1 MEIWYHOI MiarHOCTUKH, PO3POOKHM 3aco0iB  eleKTpoMarHiTHoro 3axucry [3] Ta
CNIEKTPOMArHiTHOI AO03UMETpii, sika NoTpeOye MOAETIOBAHHS CLEHApiiB ONMPOMIHEHHS Ta PO3PaXyHKY
BHYTPILIHIX eIeKTPUYHUX NOMIB y Timi [4, 5, 6].

JlienekTpuyHi XapaKTepUCTUKN TKAaHWH MIcTATHh iHdopMamito npo ix mopdonorio # ¢yHKuio [3,
11]. 3miHu KIITHHHOI CTPYKTYPH, BMICTY PIIMH Y HUTICHOCTI MeMOpaH, XapaKTepHi Ui 3aXBOPIOBaHb
(mampuknaz, pak abo 3amajieHHs), OPOSBISIOTHCA SIK 3MiHH YaCTOTHO-3AJICKHHUX EINEKTPUUYHUX
BractuBocTeld. lle CTBOpIOE NPUYMHHO-HACTIAKOBHH 3B’S30K MIDK MIKPOCKOMIYHUMH 3MiHAMH Ta
MaKpPOCKOMIYHUMH E€IEKTPUYHUMHU PEAKLisMHU, M0 JISKUTh B OCHOBI HEIHBAa3HMBHUX IIarHOCTUYHHMX
TexHonorii [13, 14].
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Jns ix BOpoBaKeHHS TOTPiOH1 KOMITJICKCHI ¥ CTaHAapTU30BaHi 0a3u JieNeKTPUYHHUX BIaCTUBOCTEN
TKaHUH, PO3MOAUICHI 3a YacTOTaMH, THUIaMH TKaHHH i1 (izionoriyHuMu/naronoriyHuMu ctanamu [1, 6].
3HayHa BapiaOeNbHICTh HAsBHUX JAHUX MIIKPECIIOe MOTpedy y TOUYHOMY 300pi Ta MOZIETIOBaHHI IS
3a0e3nedeHHs J0CTOBIpHOCTI pe3ynbraTis [1].

JienekTpuyHi BIACTUBOCTI MaTepialliB KiTbKICHO BU3HAYAIOTHCS IXHBOIO BUMIPSIHOIO KOMILJICKCHOIO
BITHOCHOIO JIIEJIEKTPUYHOIO TIPOHUKHICTIO (€4, ), KA BUPAKAETHCS SIK €5, = € — je'. Tyt €' mpezcrasisie
BIJTHOCHY [i€IEKTPUYHY MPOHUKHICTH, IO € MIpOI0 3AaTHOCTI MaTepially HAaKOMUYIyBaTH EHEPrilo depes
SNIEKTPUYHY MOJISPU3aLilo Y BiAMOBiAb Ha MPUKIaJieHe 30BHIIIHE moie [1].

3 iHmoro 6oky, €' € KoedilieHTOM BTpaT 3a paXyHOK HECHiBIAAIHHS 3a (a3or0 30BHiH_IHI>0FO i
HABEICHOT' 0 eJIEKTPUYHOTrO MOJIs, 1 BioOpakae po3citoBaHHS eHeprii y 3pa3ky. Koedinient BTpaT g M0>1<e

BKIIIO4YaTH BHCCOK BII[ YaCTOTHO-HE3aJIEKHOI 10HHOT HpOBl,Z[HOCTl O. CHIBBLZ[HOH.IGHHH g

g’
JEMOHCTPYE, K IPOBIAHICTh MOB'A3aHa 3 ieTICKTPUYHUMHE BTpaTaMH, 1€ £y — AiCTEKTPUYHA IPOHUKHICTh
BUIBHOTO IIPOCTOPY, @ (O — KyTOBA YacTOTa MPHUKIIAACHOr 0 30BHIIIHBOTO 1o [1].

B3aemo03B’s130Kk MiK MPOBITHICTIO (G) Ta MiCNEKTPUYHOIO MPOHHKHICTIO (&', €”) € Ba)XIMBHM: Ha
HU3BKMX YaCTOTaxX HaBiTh HE3HAUHA i0HHA MPOBIAHICTH BUKIMKAE BEJIMKI AieneKTpuyHi BTpaTH (g”), ToAi
SIK Ha BHCOKHX 4YacToTax Iei edekt 3meHmyethes. [IpoBimHiCTh BigoOpaxae pyx 3apsimy, TOMi K & —
HOro HaKOMMYEHHS; 00H/IBA TapaMeTpH B3aEMOIIOB’A3aHi Ta 3ajeXaThb BiJ 94acToTH [§].

JlieneKTpUYHUI CHEeKTp TKaHWH Ma€ TP OCHOBHI IUCHIEPCiHI IUISHKH, 30KpeMa o-AHCIepCis
(amxue 100 I'm) mos’s3aHa 3 i0HHOIO IUQY3i€l0 HA KIITHHHUX MeMOpaHax i € 4yTJIMBHM IOKa3HUKOM
MetabonigHoi aktuBHOCTI [ 1]. Takox mpucyTHi B-aucnepcis (~ coTHi kI 1r), ska 3yMOBIIeHa MTOISPU3AIIIEI0
KIIITHHHUX MeMOpaH i OIKiB Ta sBIsie coboro penakcainiio Makcsemia—Barnepa, sika BinoOpakae 3MiHU
KJIITUHHOI LUTICHOCTI, pO3MipiB KIITHH 1 MDKKIITHHHOI pimmuu [1, 2] Ta y-mucmepcis (rirarepmoBuii
nianasoH), siIka 3yMOBJIEHA MOJISIPU3ALIIEI0 MOJEKYN BOOM 1 BimoOpakae ii BMICT y TKaHHMHAX, IO €
JIarHOCTHYHO BaXKJIMBUM ITPH MATOJIOTIsAX, OB’ I3aHKX i3 Tifgparartiero [1, 3, 4].

I BUaM aucmepcii, SK-0T O-AUCIePCis, TAKOK MOXYTh OyTH TpHCYTHI [4] , ane MaroTh MeHIe
NiarHOCTUYHE 3HAYCHHS.

Yitko BupaxkeHi o,  Ta y aucnepcii, HoB’s13aHi 3 pisHUMH OioMexaHi3MaMu, T03BOJIIIOTh OTPUMATH
OararomacmtabHy iHQopMmalilo mMpo TKAaHMHY — BiI MOJEKYISIPHUX OO MAaKPOCKOMIYHUX piBHIB.
BumipioBaHHS B LIMPOKOMY 4YacTOTHOMY Jiana3oHi [a€ 3MOTY KOMIUIEKCHO OLIHUTH PiAWHHI
KOMITaPTMEHTH, KIITHHHY LTICHICTh 1 MOJIEKYJISIPHI B3a€MOJI1, 10 poOUTH LieH miaxia e)eKTUBHIINM 32
OZJTHOYACTOTHI METOAM.

Tabn. 1.
OcHoBHI 1ucnepciiiHi giana3oHu 0i010TiYHUX TKAHUH
Tun gucnepcii YacroTHuii AianazoH Mexanizm
o (Anbda) <100 I'y lonna audy3is Ha KITITUHHIA MeMOpaHi
. [Monspu3artis KIIITHHHUX MeMOpaH (penakcaris
B (bera) Corni k['g prsall pat (p H
Makcgenna-Baraepa)
vy (Famma) [NrareproBuii niama3ox [Monsipu3artiss MONEKYIT BOAH

Jns  mocmipkeHb  MIGNEKTPUYHHMX MpOIeciB  y  OIONOriyHIH TKAaHWHI  BUKOPHCTOBYIOTH
OioimnemnancHuit anaini3 (BIA) sikuif akTHBHO 3aCTOCOBYIOTH, HAPUKIIA, JJIs1 BU3HAUCHHS CKIIAAy Tijla —
30KpeMa XHPOBY W M’SI30By Macy — LUIIXOM BHMIPIOBaHHS IMIENaHCYy NPH HPOIyCKaHHI CIaOKoro
crpymy[16, 17, 18, 19]. Ha HU3bKHX YacTOTaX CTPYM MPOXOUTH JIHIIE Yepe3 no3akaituaHy pinuhy (ECF),
OCKUTBKM MeMOpaHH [iloTh fAK i30maTopu. Ha BHCOKMX — CTpyM MNpOXOIUTH TaKOX 4epes
BHYTpiHbOKTITUHHY piauHy (ICF), ockinmbku MeMOpaHU MOBOAATHCS sIK KoHAeHcatopu [19]. Lla
noBefiHKa onucyerbess monemwtio 3 pesucropamu st ECF (R-E) ta ICF (R-I) i xonaeHcatopoMm mist
membpan (C-M)[15, 19]. BIC y umpokoMy 4acTOTHOMY Jiarna3oHi (opMye iMIIeJaHCHUI JIOKYC Y BUTIISII
ayru [19]. OcnoBHuit npuHIMT — HU3bKI 9acToTh HocmipkyoTh ECF, Bucoki — ECF 1 ICF — no3Bonse
ouinntt TBW, ECW ta ICW [21]. lle BaxnmBO mis MIarHOCTHKH CTaHiB (ITiMdenema, ceprieBa
HEJOCTATHICTh, 3HEBOTHEHHS [22)].

3a HeoOximHOCTI Bi3yamizawii pe3ynbTaTiB y peaJbHOMY Yaci, BUKOPHUCTOBYIOTH EIIEKTPUYHY
imnenancHy tomorpadito (EIT) — HeiHBa3uBHHI MeETOIl PEKOHCTPYIOBaHHS 300paKeHHS Ha OCHOBI1
eleKTpudHOi mpoBimgHocTi TKanuH [7, 13]. Biomoriuna TKaHWHA CKJIAAA€ThCS 3 KITHH i3 MPOBIIHOO
PiIMHOIO, OTOYEHMX I30JII0I0YMMU MeMOpaHamu, siki opmyroTh ii enekrpuuni BiaactuBocTi [7]. Ilpu
3acrocyBanHi EIT acToTHa 3aJI€XKHICTE € KPUTUYHOIO [7].
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Leii epexr nexuts B ocHOBi OararoyactotHoi EIT (EIT-MF), sika mo3Boisie Bi3yamizyBaTH pi3Hi
TUTIA TKaHUH ()KUPOBa, M’s30Ba, JieTeHeBa) Ta (izionorivni 3MiHu [7]. YUacTOTHO-3alIeKHUN KOHTPACT Ja€
3Mory audepeHIifoBaTH TKAHMHU Ta BUSBJIATH aHOMAaJIil Ha OCHOBI iX €IEKTPUYHHUX BIACTUBOCTEH.

BumipioBaHHSl €IEKTPUYHHMX BIACTUBOCTEH TKAHMH TAKOXX MOXJIMBE 3 BHUKOPHCTAHHSM Pi3HUX
eNEeKTPOHIX KOH}ITypalliii, KoxHa 3 SKHX Ma€ CBOi repeBaru Ta oomexxeHHs [17, 18]. /IBoenekTpoaHuii
(GinmonspHMii) MeTOA Tependavae BUMIPIOBaHHS HAIIPYTH MIXK THMH X €IEKTPOIAMH, Yepe3 sKi MOAA€ThCS
ctpyM. [IpoTe BucOKkHii 1 HeCTaOLTBHUN IMITEAHC EIEKTPOI-EEKTPOIIIT, OCOOINBO HAa HU3BKUX YaCcTOTAX,
3HAa4YHO CIIOTBOPIOE PE3YNIBTATH, 10 OOMEXYE 3aCTOCYBAHHS IIbOTO METOAY JUIA M’ IKHX TKaHUH. B Toil ke
Jac 4YOTHPUEJEeKTPOAHMIT MeTo (TeTpamoisipHuil) € HamiHimmM s OiorkaHuH. CTpyM MOJA€ThCS
4yepe3 OfHY Iapy eJIeKTPOAIB, a Hallpyra BUMIPIOETBCS Yepe3 iHIy, 10 MiHIMi3y€e BIUIMB iIMIIEIAHCY Ha
TOYHICT, BUMIipIOBaHHs. OmHaK HaBiTh TYT Ha HHU3BKHX YacTOTax iHTep(QEHCHUN IMIIeIaHC MOXe
BUKIMKAaTH TOMHIKM. bBararoejsexTpoani cucremm (Hampukian, 3 8§ elNeKTpoIamu) JA03BOJSIOTH
BHUMIPIOBATH IMIIEAAHC DPI3HUX CErMEHTIB Tina Oe3 mepecTaHoBKH enekTpoliB. [lopiBHAHHS MeToxiB
MoKasye, 1m0 BHOIp CXEMH BHMIPIOBAHHSI Ta €JEKTPOIIB KPUTHUYHO BIUIMBAE HA JOCTOBIPHICTH JAHHX,
0CcOONMMBO TPpW JOCTIDKEHHI HU3bKouacTOTHUX o-gucnepcii [18]. Ilocrae 3amaya momyky
YMOBOH €3aJICKHHX MTapaMeTpiB I OJHO3HAYHOI EKCIIEPCHOT OL[IHKH CTaHy TKaHUHH.

B Toi1 ke yac, ans onMcy AieNeKTpUYHHUX MpoleciB y OloloriyHiid TKaHWHI, 30KpeMa, peraxcarii,
BUKOPUCTOBYIOEThcs Monenb Koyna—Koyma, ocobnuBo komm nucmepciss 3yMOBJICHa UYHCICHHUMH
BHeckamu [4]. KoedimienTn aucnepciinoi 3a1eXHOCTI MOXKYTh CIIyTyBaTH 1HAUKaTOPaMHU THITY Ta CTYyIIEH1
MOLIKOKEHHSI TKAHHH.

KommnekcHa BigHOCHA [ieNleKTpHYHA MPOHUKHICTD £(®) AK (PYyHKILIA KyTOBOI 4acToT (©0) Y piBHAHHI
Koyna-Koyna BupaxaeTbcs HACTYITHUM YHHOM:

&' (0)= g4 + (jur) (1-0) A, 2

€ € NPEACTABISE AICICKTPHYHY MPOHUKHICTH MPH YK€ BUCOKUX 4acTOTax Mo, 1e ot>1 [4],
A& o3Hauae BEMMUMHY AMCIEPCii, 10 BU3HAYAETHCS SIK PI3HULA MK i€eKTPUYHOIO POHUKHICTIO MPH
Jy’Ke HU3BKHMX 9aCTOTaX MMOJIS (€g ) T € (€0~ €0) [4], A€ — I1I¢ BeMUYKMHA AUCTIEPCIl, sIKa JOPIBHIOE PI3HUII
MK TPOHUKHICTIO Ha HU3bKHX YaCTOTaX, (€o0) Ta €00 (€0 — £0) [4], ] — ysBHa oguHuLs (j = \/—1), T — 4yacoBa
KOHCTaHTa, 10 OMHCYE MOIpU3aLiiHIMA TpoLec,o — napameTp po3nonity (0—1), skuii BU3HAYaE MUPHHY
mucnepcii; mpu o = 0 moapens Koyna—Koyna 3Bogutscst no mozgeni [ebas [4].

Hns GlosoriyHMX TKaHWH TOYHIIMHA omuc 3abe3neuye Monenb 3 Kilbkoma aucnepciasmu Koyma—
Koyuna, 1110 Takox BKJIIOYA€ TEPMiH MPOBITHOCTI [4].

E&(®)= € + en(1+(jotn) (1-a) Ag, Hjweo;) 3

Cyma nucnepciii y moneni Koyna—Koymna BpaxoBye Kibka CKJIQZOBHX 13 BIACHUMH HapaMeTpaMH
Ag,, T, Ta O, 1 — cTaTH4HA 10HHA NpoBigHicTh [4]. Ll GaratoTepMiHOBAa MOAEND 3aCTOCOBYETHCS IS
po3paxyHKy €' Ta ¢ B TKaHWHax y aiana3oHi 10 ['m — 100 I'T' [4].

BukopuctanHs 4OTHpPROX AMcIepcii 1 mapamerpa o 3a0e3ledye TOYHY BiANOBIAHICTH
EKCIIEPUMEHTAIILHUM JaHUM, IO MiATBEPIKYE CKIaIHy W HEOXHOPiAHY MpHpOAy O10JIOTiYHHUX TKAHWH.
I'myukicts mozeni Koyma—Koyna poOuTs ii edexkTHBHILIOW 3a MPOcTi MoAemi, 30kpeMa Mozenb Jedas, 3a
sikoi mapamerp o=0[4].

HebaiBcbki MOzl 3pyyHi U1 YHUCEIbHOTO MOACTIOBAHHSA, 30KpEeMa Y METO/li CKIHUEHHUX PI3HULb
y yacoBiit obnacti (FDTD)[12]. Ognak ans onucy ckiagHux Oionoriyaux cuctem mozpens Koyna—Koyia,
0 BPaxOBY€E TETEPOreHHICTh 1 PO3MOILT perakcaliil (depe3 mapamerp o), € Tounimor [4]. [Tepexin Big
Hebast no Koyna—Koymna Binobpaskae 3pocTaHHS BUMOT 0 TOYHOCT1 G10MEANYHUX MOJIETICH.

2. Marepianu Ta Meroau. /i oTprMaHHS IMIIETAHCHHUX CIIEKTPIB K MOJEIBbHUN Oi0MOTiYHHIA
MaTepiaJl BHKOPUCTOBYBAalM TKaHWHH OpraHiB meyiHku cBuHI. [licma 3aboi0 opraH TBapuHU
OXOJIOIXKYBABCSl Ta BUTPUMYBaBCs y TepMmocrtari 3a temmeparypu +4 °C. IlpoBeneHHs eKCIEpUMEHTY
po3moYrHAaIoCs yepe3 5S—6 ToauH micis 3a0opy Giomarepiaiy.

3pa3ku TKaHUH (OPMYBaJHCh y IJIACTUKOBOMY KOPIYCi MEAMYHOrO IIMNpHUIa 00 €MOM 2 MJ, IO
CIIyT'yBaB BUMIpIOBaJIbHOIO KoMipkoto [20]. Po3mipu 3pa3ka cranoBmIn: giamMerp ocHoBr — 10 MM, BucoTa
— 5-20 mMM. JlecTpyKTUBHIMH YMHHUKAMH BILUTUBY BHOpanu 30epiranHs y BOAi, PO3YHH TIOCEYOBHHH, Y-
OIIPOMiHEHHSI, BUTPUMYBAHH;I Ha MOBITP1 pH KiMHAaTHiH Temmnepatypi, 5 °C ta 60 °C npotsrom 1 rogunu.

Peectpaniis iMnenaHcHUX CHEKTpiB 3hilicHIOBanacs 3a momomororo crektpomerpa AUTOLAB
PGStat 30 y wactotHomy aianasoni Bix 0,01 I'p mo 100 kI['u. dnst miHiMizalii BIVIMBY eNEKTPUYHOI HAIPYTH
Ha CTPYKTYpy OpTaHIYHMX TKaHWH aMIUNTyJa BHMIPIOBAaJbHOTO CHTHaly OOMEXKYyBanach 1HTEPBAJIOM
0-5 MB. TepmocTaTyBaHHS 3iiCHIOBAJIOCH 32 JOIIOMOTOI0 CTaHAApTHOTO TepMocTaty Mmozeni 1/120 CI1Y,
110 3a0e3mevyBajio CTadUIbHI TeMIlepaTypHi YMOBH MPOTSATOM YChOT'O €KCTIEPUMEHTY.
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Jns anpokcuMalii YaCTOTHUX CIEKTPiB MPOBiIHOCTI 3acTocoBaHo Mozenb Koyma—Koyna 3 nBoma
penakcaniifHuMH KOMITOHEHTAMH Ta MPOBITHICTIO MTOCTIHHOTO CTPYMY.
@DyHKIIA anpOKCUMAIil Ma€ BUTIIAL;

Aoy Aop

—+

+ Jde (4)

1+ jw‘rﬁl_aﬁ jo

Onrtumizanifo mapaMerpiB BUKOHAaHO MeETOJIOM au(epeHmiaabHol eBOMIonii Ha Jorapu@midHo
piBHOMipHO BuOpaHux 4YacToTax. [IpoaHamizoBaHO I’SITh 3pa3KiB, KOXKEH i3 SKMX OyJI0 3MOAEIHOBAHO
OKpPEMO.

3. PesyabTaTu Ta o0ropopennsi. Hiwkye nmogano tabnuiio oniHeHUX napamerpis mozpeni Koyma—
Koyna ans koxxHOro0 3paska:

* —
0" (W) =00 + =

Taba. 2.
IHapamerpn mopesi Koysa-Koysa

3pa3zok Gdc, S/M 6., S/IM | Aoy, S/M Ta, S oo | Aog, SIm | 13,5 | o
InTaKkTHUHII 1,01¥10° | 3,0210* | 2,11*107 | 4,62*10° | 1 | 144107 | 0934 | 1
24 rop. 1,00110° | 1,02*10° | 1,07*107 | 3,93*10" | 1 | 35010 | 0,614 | 1
y-onpominenns | 1,03*10° | 7,24*10° | 152107 | 3,94*10° | 1 | 1,91*107 | 0,994 | 1
5°C 1,02¢10° | 7,1010° | 1,42*107 | 1,0910° | 1 | 3,61*10" | 0,738 | 1
60°C 1,0110° | 6,11*10* | 2,67*107 | 5,31*10° | 1 | 2,44*107 | 0,989 | 1

Pe3ynbpTati 1eMOHCTPYIOTH BiAYyTHI BIAMIHHOCTI CIIEKTpPiB MPOBITHOCTI MDX 3pa3kaMH. 3pa3ok,
BUTPHUMaHMH 24 TOMHY HA MOBITPi, IOKA3aB CYTTEBE 3HUKECHHS MPOBIIHOCTI Ta 3MILICHHS pelaKcalifHuX
9aciB, 10 CBIJUMTH PO AETPajalliio KIITHHHUX CTPYKTYp. OnpoMiHEHHS Y-IPOMEHSIMH TAKOXK BIUIMHYIIO
Ha ITPOBIHICTH, aJie MEHIIOo Miporo. HaiiMeHITi 3MiHM criocTepiraiucs micist 0XonompkeHHs 1o +5°C, Toxi
Ak HarpiB go +60°C cnpuyuMHHMB 3HAYHE MIABUILEHHS NPOBIOHOCTI — MMOBIpHO, 4Yepe3 TEepMiuHy
JEeCTPYKIiI0 MeMOpaH Ta BUBUJIbHEHHS 10HIB. 3HaUCHHS MapaMeTpiB o y BCiX BHNAAKax HaOIwKeHi 1o 1,
110 BKa3ye Ha MIUPOKi CIIEKTPH peNlakcaliil y TKaHUHI.

Anba-aucnepcis XapaKTepru3yeThCsl TAKUMH IapaMeTpaMy, SIK 4ac penakcamii 1, = 2.17 x 1072 ¢,
ammiTyzaa Ag, = 1.30 X 1077 C/m, mapameTp IUPUHHE PO3TOALTY 0 ~ 1.00, 110 CBIAYUTH NPO HASIBHICTH
BHCOKOCITEIIU(IYHOrO TPOIeCy peNakcarii, WMOBIpHO TOB’S3aHOTO 3 TMOJAPU3aIli€l0 MeMOpaH abo
CYOKIIITHHHUMH CTPYKTypaMmu. bera-aucnepcis BusiBuiiacsi BUpasHimor, 30kpema, 00 15 = 0.483 ¢, Agp =
4.20 x 107 C/m, apg = 1.00, mo, MOBipHO, BimoOpaxae iHTepdeiicHI momspu3amiiini epekTH, 30KkpemMa
spuiie MakcBemma—Baruepa Ha KIITHHHOMY PiBHI.

YacToTHa 3aJeXHICTh IMIIEIAHCY CBITYHUTH MPO NEPEXia BiJl pE3UCTUBHOI 10 €MHICHOI MOBEIIHKH, a
($az0BUil KyT OEMOHCTPYE THIIOBI NEPEXOAM IHCIEPCiii, IO BiINOBIAAIOTH EIEKTPUYHHM CIEKTpam
OioTkaHuH. Pe3ynbTaTH MiATBEpIKYIOTH, IO €JIEKTPHUYHI BJIACTHBOCTI MEYiHKM BHU3HAYAIOTHCS
MHOXMHHUMH PelTakcallifHUMU mpouecamu, 100pe onucyBanumu moaemno Koyna—Koyma. [Tapamerpu a,
Omu3bKi 10 1, BKa3yloTh Ha CTPYKTYPHY HEOAHOPIHICTh TKAHUHH.

OxpiM 1IBOro, MOXKHA 3ayBaKWTH, IO BHUXIAHUN 3pa30K MaB XapaKTEpHUU CHEKTp 3 o- Ta f3-
aucnepcisivu (ta = 4.6x1072 ¢, 15 = 0.93 ¢, oo = 3.02x10~* C/m), 1110 CBiTYUTH PO 30€peKEHy CTPYKTYPY.
[Ticns 24 roguH Ha MOBITPI MPOBinHICTH 3MeHIIMNachk y 30 pasiB, a-aucmepceis 3cyHyaacsa — i€ BKa3ye Ha
Jerpananito MeMOpaH. YIbTpa3ByK Ta y-ONPOMiHEHHS CIPHYMHIIM IIOMIpHI 3MiHH, 0€3 TOBHOT AeCTPYKIil
cTpykTypH. 30epiranss npu +5°C 30eperio o-Iucrepcito, Mo CBiAYUTh MpOo ePeKTUBHY KOHCEpBALio.
Harpis 1o +60°C cripuumamB 3poctanHs 6o (~6.1%x10* C/M) Ta mocHIeHHs Tucnepciii — 03HaKa TerIoBOo1
JeHaTypalii. 3aranoM yci 3pa3skd Maind o =~ 1, o BKa3zye Ha MOMIOUCIIEPCHUI XapaKTep peraxcaiii.
Haii6inpuii 3MiHN cocTepiranuck micis BUCYIIYBaHHS Ta HATPiBaHHA, HAHMEHII — IiCIIS OXOJOKEHHSL.

BucHoBku. YacToTHY 3a7eKHICTh KOMIUIEKCHOI €IEKTPUYHOI IPOBITHOCTI TKAHUHM NEYiHKU CBHUHI
OyJ0 mpoaHalli30BaHO 13 3aCTOCYBaHHAM y3arainbHeHoi Mozeni Koyna—Koyua, mo Bxirouae 1Bi aucrnepcii
(0- Ta B-mEICTIepCiro) i KOMITIOHEHTY MPOBIMHOCTI MocTiitHoro cTpyMy (odc). Monenb 3a0e3mneunina BUCOKY
BiJMIOBIAHICTh €KCIIEPUMEHTAIBHUM JJTaHUM y BChOMY JOCHiIKeHoMy miamas3oni yactot (Bix 0.01 I'm mo
npubau3Ho 1 MI'), 1o migTBepmKye i aeKBaTHICTD IS OMHCY eIEKTPUIHUX BIACTUBOCTEH Oi0MOTiTHIX
TkaHuH. ONTHMI30BaHi HapaMeTpH CBiAYaTh, 10 BUCOKOYACTOTHA MPOBiIHICTh (00) craHoBMIIA 3.02 X 10+
C/™m, Toni sik mpoBimHicTh mocTtiiHOro cTpymy (odc) Oynma manoro — 1.06 x 10 C/m, mo Bka3ye Ha
HE3HAYHWI BHECOK 10HHOI MPOBITHOCTI HA HU3BKUX YacToTaX. HasBHICTH MBOX mucHepcCiil miaTBepaKeHa
JBOMa pelaKCalifHUMH KOMIIOHEHTaMH, $IKi BiZoOpakalOThb CKIaJHY CTPYKTYpy TKaHUHH. AHami3
CIIEKTPIB MPOBITHOCTI 32 PI3HUX YMOB 30epiraHHs TKAHMHHM JI03BOJISIE HAAIHO i1eHTH()IKYBaTH CTPYKTYpPHI
3MIHU — Bif Jerpanauii MemOpaH 10 TepMidHOI AeHaTypauii. Lle BigKkpuBae nepcrneKTHBH 1l CTBOPEHHS
HEIHBa3WBHUX JIaTHOCTHYHUX TEXHOJIOTIH Ta METOiB KOHTPOJIO SKOCTi OioMaTepiaiB.
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PI3UKA ACIIEKTIB I''/IJPOAMHAMIYHHUX ABUIL Y TEXHOJOI'TYHHUX
INPOLHECAX

lsano-@panxiscoxiv Hayionanoruti mexniynul yHigepcumem Hagmu i 2azy

Cmammasa npuceauena npoonemam mexHoN02UHOZ0 NPOUECY, W0 ORUCYEMbCA QI3UUHUMU 3AKOHAMU, 30Kpemda
AGUWAMU NEPEHECeHHs MA eHepzicl0 NOmMOKYy HeHbiomOoHiecbkoi piounu. Ilposodumusca cnpoba onucy pyxy piounu 6
oOMmedxcenomy npocmopi 3 moxcaugicmio i mpancnopmyruoi 30amuocmi, Ha ocnogi egpexkmy Honomen, moomo 30ammnocmi
neeHuUx uacmok y piouni niooasamuca aguuy cniueannsa. /1o npuknady, maxe aguuie CHPUYUHIOE Kpauje o4ujeHHA 3a0010
ceeponosunu (Hagpmo-2a3060i uu inwioi), w0 Oyoyemoca. Memoro € 3a6e3neuenns ONUCY NOMOKY piOuHu, 30amHOi y
00Cmamnbo 3aMKHYHOMY RPOCMOPI, 34 PAXYHOK NEGHUX AGULY MA NPOYECI8, CMEOPIOGAmU mypoyIeHMHUL NOMIK meXHiunol
PiOuHU, KOmpa GUKOPUCMOGYEMBCA, Ul MUM CAMUM 30AmMHA 3a0e3neyysamu peanizayilo 6i0ON0GIOHUX MEXHONOIUHUX
npouecis, Kompi € HeoOXiOni y mexuiunomy euxkonauni. OOHUM 3 MAKUX HANPAMKIE € 3a0e3neueHns Cmilikozo 06epmoeo-
nocmynanvHuil pyx meuii ROMOKY, W0 00CA2AEMbCA 3a neeHux 3nauens uucia dpyoa (Fr), kompi € pisnumu ona pioun 3
PizHumu peonoziunumu enacmueocmamu. Taxk 0o npuknady, uucno Peiinonvoca (Re) nviomoniecvkoi piounu mycumo
60J100imMu 3HAYEHHAM, WO € YOGIUi HiNbUUM HIdC Y AHANO2IUHOT, 3 MONEKYIAPHUM CK1A00M HeHblOMOHIBcbKol. Misc makumu
piounamu icnye ynkuionanvHuil 36'a30K, Wi0 ORUCYEMBCA NAPaAdoNiunol0 3anexcuicmioo. Inmyimueno, 3a nakonuueHum
00c6i00M, cmeopeno neeHi npucmpoi, Kompi 30amui eupiuiyeamu npoonemy, 3a3Haveny euuje, aie ¢ Hayyi eKCnepumenm
Mycums Oymu niomeepoxceHum meopicro, a meopia — excnepumenmom. Ha cv0200ni, na npeeenuxuil xcansy € iocymuimu
MemoouuHi pekomeHoauil, uio epaxogysanu 0, 3 mouKu 30py izuKu, 0131 MexHonozie cneyudixy 2iopoounamiunux npoyecia,
00 npuknady, y uaci OyOieHUUMEA NOXUNO-CKEPOBAHUX | ZOPU3OHMAILHUX C6EPOJIOGUH, 6ION0GIOHUMU 3acobamu ma
npucmpoamu. A mo € eaxcnuge OOIPYHMYBAHHA 3A0NA CHIGOPEHHA 3A0YMAHUX OCHOGHUX 3ACA0 Y UbOMY HANPAMKY,
Pe3yIbmamom Kompux € 6ionogionicms ma meopemuune niOMeEePOHCeHHA AKCIOMHUX MEXHO02IMHUX HANPAUI06aHD,
Kompumu y 3Ha4Hill Ki1bKocmi 60100itloms podomoodasyi na Hagymo zazonpomucnax. Y nepuiomy HadnuxcenHHi nocmaeiena
Mema 00CAZHYMA WNAXOM 3ACMOCY8AHHA CNIGGIOHOWIEHb O/l HEnepepeHoz0 NOMOKY, KOmpi épaxoeyioms KinemamuyHi
xXapaxkmepucmuKku piouHu.

Knrouosi cnosa: ¢hisuxka ssuwy nepenecents, KOIUBAHHS, MypOYIeHMHICHb, CMPYMUHA, HECIAYIOHAPHUTI NOMIK, eHep2is
NOMOKY, HEHbIOMOHIBCHKA PIOUHA.

M .Je. Chernova

PHYSICS OF ASPECTSIN HYDRODYNAMIC PHENOMENA IN TECHNOL OGICAL
PROCESSES

The article is devoted to the problems of the technological process described by physical laws, in particular, the
phenomena of transfer yet energy of theflow of a non-gtationary fluid. An attempt is made to describe the movement of aliquid
in a confined space with the possibility of its transporting capacity, based on the Cholomew effect, i.e. the ability of certain
particlesin aliquid to undergo the phenomenon of surfacing. For example, such a phenomenon causes better cleaning of the
bottom of awell (oil and gas or other) being constructed. The goal isto provide a description of the flow of a fluid capable, in a
sufficiently closed space, dueto certain phenomena and processes, of creating a turbulent flow of the technical fluid used, and
thereby capable of ensuring the implementation of the corresponding technological processes necessary for technical
fulfillment. One of these directions is to ensure stable rotational-transitional flow motion, which is achieved at certain values
of the Froude number (Fr), which are different for liquids with different rheological properties. For example, the Reynolds
number (Re) of a Newtonian fluid must have a value that is twice that of a non-Newtonian fluid with similar molecular
composition. Thereis a functional relationship between such fluids, described by a parabolic relationship. I ntuitively, based on
accumulated experience, certain devices have been created that are capable of solving the problem mentioned above, but in
science, an experiment must be confirmed by theory, and theory by experiment. Today, unfortunately, there are no
methodological recommendationsthat would takeinto account, from the point of view of physics, the specifics of hydrodynamic
processes for technologists, for example, during the construction of inclined and horizontal wells, with appropriate means and
devices. And thisisan important justification for creating the intended basic principlesin this direction, the result of which is
the correspondence and theoretical confirmation of axiomatic technological developments, which are possessed in significant
quantities by employers in the dil and gas fields. In a first approximation, the goal is achieved by applying relations for
continuous flow, which take into account the kinematic characteristics of the fluid.

Keywords. physics of transport phenomena, oscillations, turbulence, jet, unsteady flow, flow energy, non-Newtonian fluid.

IlocTtanoBKka mpoOjieMH y 3arajJjbHOMY BHIVIAAI Ta 1i 3B'S30K i3 BaXKJIMBMMH HayKOBO-
NPAaKTHYHUMH 3aBJAaHHSAMH. Y dYaci NOBOEHHOI BimOyMoBM YKpaiHH, a Ha caM TMepea CTOCOBHO
BiTHOBIIEHHS HA()TO-Ta30BOTO KOMILIEKCY, KOTPHI 3MaTHWHA 3a0€3MEYNTH HAIly Jep>KaBy BIACHUMHU
BYIJICBOIHEBUMH CHEProHOCIAMHU Oubine HiX Ha 60%, epEeKTUBHICTh Ta MIBHIKICTb OYypiHHS MOXHIIO-
ckepoBanux (IIC) i ropmzontansaux cepminoBuH (I'C) 3aneXuTh Bif SKICHOTO OYMINEHHS 3a00I0 Ta
LIBUJIKOT'O BUHECEHHsS po30ypeHoi mopoau Ha JeHHY noBepxHio. Lle 3a0e3neynTh BiACYTHICTH SIBHILA
MOBTOPHOTO MTEpEMETIOBAHHS IOPOIH, IO PYHHYETHCS OypOBUM iHCTPYMEHTOM, & 3apa3oM MPHUIIBUAIINTE
yac OyiBHHUIITBA CBEPJIOBHHM, MPakTUIHO Ha 30%. SIKiro BpaxyBaTh OCHOBHI ITOKA3HHUKH, 110 CKIIaIal0Th
coOiBapTicTh OyMIBHHIITBA CBEPJIOBHHM, 30KpeMa, I[iHA OPEHO0BAHOTO OOJAJHAHHS, OIUIaTa Iparli
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CiBpOOITHUKAM KOMIIaHii, BUTpaTHI pecypcH, TO Habirae 3HayHa cyma y Komropuci. Koxna 3
Ha(TOra30BUX KOMIIaHIM BOJIOJIE BIACHUMHM 3ac00aMH Ta HPUCTPOSMH, KOTpi 3AaTHI 3abe3nednTH Ii
BiZICOTKOBi MOKa3HMKH M TEXHOJOTIYHO MPEACTABJIAIOTH COOOI0 MATEHTH Ha BUHAXIA, IO HaJEKaTh
JeprkaBi-arpecopy abo K MaTeHTH Ha KOPUCHY MOAETb, KOTpi BuAae YKpaiHa, aje iX HampalioBaHHS €
IHTYITHBHO-TEXHIYHUMH aHDK HAYKOBO OOTPYHTOBaHHMHU.

AHani3 ocraHHIX aociaimkeHb i myOmikaniii. Sk Bimomo, HaMaraHHs TEOPETUYHO PO3TIIAHYTU
YMOBH (pOpMYBaHHS CTIHKOrO 00€pTOBO-NIOCTYNAIBHOIO PYXY MPOMHUBAJIBHOI PIAMHM B [103a3aTPYOHOMY
MPOCTOpPi CBEPAJIOBHUHH, 110 OYAYETHCS, 32 PaXyHOK €HEPrii MOTOKY PiANHU 3 MOKJIMBICTIO PEryIIOBAaHHS
fi TigpoaIMHAMIYHMMH MapaMerpaMH H CTPYKTYpOIO CaMOro IOTOKY, NPakTHYHO HE PO3IIILIAIOCH.
BpaxyBaHHS TipHHYO-TEOJOTTYHUX XapaKTEPUCTHK Ha(TO-Ta30BOr0 POAOBHILA TAKOXK € HE OCTAHHHOIO
crpaBoio. Y 0araTbOX aBTOPCHKHMX IMAaTEHTAX, MOYMHAIOYM Bill MUHYJIOIO CTONITTA i mo Temep, [1, 2]
3a3HAYa€ThCA, IO PO3pPOOJIEHI MPUCTPOI M TEXHIYHO-TEXHOJOIIYHI 3acO00M CTBOPIOIOTH TYpOyJIeHTHUI
MOTIK PiIMHY 3HAYHOI MOTY>KHOCTI1 T SIKICHOT'O OYHILEHHS 320010 Ta BUHECEHHS PO30ypeHoi mopoay, sIK
TaKoi, Ha ICHHY MOBEPXHIO. AJie yCi HanpaLioBaHH € IBHIIIE iIHTYITUBHO — IPAKTUYHUMH. TeopeTnyHoro
JOCIIKEHHS y IbOMY IUIaHi, TPAKTUYHO HE IPOBOJHIIOCK.

@opmy/Il0OBaHHS LiJiel cTaTTi mojsrae y HaMaraHsi migiOpaTH MEBHI MaTeMaTH4HI 3aJeKHOCT1
3a]y1s1 MOKJIMBOCTI OMIMCATH CHEPTeTUYHI XapaKTEPUCTUKH TYpOYJIEHTHOrO OTOKY IIPOMHUBAJIBHOI piANHH,
70 TIPUKJIATy, B KUIBIIEBOMY IPOCTOPi CBEPIUIOBHHU. bo € BimoMo mpo Te, Mo TypOyIEeHTHHH IOTIK,
BOJIOJIIOYM TIEBHUMH EHEPreTHYHUMH XapaKTePUCTHKaMH, MYCHTh YTBOPIOBATHCS Y NPOCTOPI MDXK
CTiHKaMH cTOBOYypa CBEpJIOBUHH Ta CTIHKaMu OypOBOi KOJIOHHU.

[IpononoBaHi 00YKCIIEHHS, 110 TPOBOIMINCH, Oy 13 3aCTOCOBYBAaHHSIM KOMIT'TOTEPHOI IPOrpaMu
«MATKAl». 3a momomoror Hei NPOBOAMINCH PO3PaxyHKH EHEPreTUYHHX NapaMeTpiB CTIHKOro
00epTOBO-NIOCTYNAIIBHOIO MOTOKY, 10 MPHUKJIAAy IUII CydacHOi OiomojiMepHOi MPOMHBAJIbHOI PiAMHH,
CKJIaJ, KOTPOi KO)KHA KOMIIaHis TPHMA€E y CEKPETi, aje MeTa B YCiX TEXHOJOrIB € OJHAKOBOIO, a caMe,
3a0e3MeYnTH 3HIKEHHS BOIOBinAayi, 60 TO € BOZHUI pO3UMH BHCOKOMOJIEKYJISIPHOTO TONIMEPY, PO3UMH
MYCHUTb 3a1i00iraTéu IUCIEPryBaHHIO MOPif, 0 OYpATHCS, MOKPAIIyBaTH PEOIOTidHI BIACTUBOCTI LHOTO
caMoro OypoBOI'0 pO3uMHY, 3a0€3MeUNTH MiABUILEHHS HOro TpaHCHOPTYIOUOi 3JaTHOCTI a 3apa3oM, TOH
PO3YMH MYCHUTh 3a0€3MECUUTH OXOJOMKEHHS IHCTPYMEHTY 3 OAHOYaCHHM MiATPUMYBAaHHAM
TIpOCTaTHYHOIO TUCKY Y CBEPIJIOBHHI, SIK TaKid. AJie LI XapaKTEpUCTUKU PIAMHH, y JAaHOMY KOHTEKCT1
HAcC He LIKaBJATh, 00 HE MPO HUX MOBA, X04a MYCHMO HasBHICTh 3aBJaHb PIAMHU BPaXOBYBaTH.

Ha mpeBenukuit *xainb, Ti M0 3aJMIIAINCH YIUIUTAMA B 4aci BiifHH, HA()TOBI ¥ Ta30Bi pOMOBUIIA
HaIoi AepKaBU MalOTh 3HAYHO BUCHAa)KEHI OCHOBHI 3amacu. ToMy, y MOBOeHHUH 4yac BizOynoBu HadTO-
ra3oBOro KOMIUJIGKCY HAIIOl JAEpXKaBH, HAA3BHYAMHO aKTyaJbHUM 1 BaKJIMBUM € BIPOBAKCHHS
BITYM3HAHUX TEXHOJOIIH 1 TEeXHIYHMX 3aco0iB 3a[isl MiABHILEHHSA e(eKTHBHOCTI OypoBHX pOOIT,
CIIPSIMOBAHUX Ha 30UTbIICHHS BHIOOYTKY Ha)TH i ra3y. 3a aHali30M OCTaHHIX JiTepaTypHHX JDKepen [3,
4] 3acBiqueHo, 1110 Haile() eKTHBHIIIMM METOJIOM IiIBHIICHHS Ie0ITy BUCHAKCHUX CBEPUIOBHHH, Ta TAKHX
pPOHOBHIL, IO TNepedyBalOTh B HaApax IMEBHUX TEPUTOpPIANbHUX TpoMai, € OyTiIBHULITBO MOXHIIO-
ckepoBanux (IIC) ta ropuzonrtansHo-ckepoBanux (I'C) ceepmnoBuH. @axiBisiMu HadTOra30BHI00YBHUX
KOMIIaHiil cBity, sik o npuknany, CIIIA, Kanagu, Typkmenicrany, Kasaxcrany, ®@panuii, OAE Ta iHImmXx,
HanpalboBaHO 0araTo Cy4yacHHX TEXHOJIOTIH Ul YCHIIIHOTO OypiHHS TaKOro THITy cBepAioBUH. OHaK,
SK 3aCBiIYMIIN paHillle HaBEACHI MPOMHUCIIOBI JOCTiKEHHA 5], BiIOMI HaIpallOBaHHS HE € MPUAATHUMU
1o Oypinns 1IC i I'C cBepanoBuH Ha pofoBUINAxX YKpaiHH, MO3asK TYT iCHYIOTh Ha IEBHUX TNIMOMHAX,
30KpeMa B Aiana3oHi 2+3 KM ropu30HTH HecTiiikux nopin. Tomy, BiacHe, B 4aci po3poOsieHHs TEXHOIOT11
OyniBaunTea THX ud iHmMX [IC it ['C cBepanoBuH, mopasy noTpiOHO BpaxoBYBaTH TipHUYO-TEOJIOTIUHI
0COONMMBOCTI THX YM IHIIMX HAIIMX POJOBUIN. Pa3oM 3 THM BaXJIMBHUM HAOpPSMKOM poOiT, y daci
oyniBaunTea [1C 1 I'C cBepAnoBUH € CTBOPEHHS TEXHIYHHUX 3aCO0IB i TEXHOJIOTIH, 110 BPaXxOBYIOTh TAKOX
1 crienuQiky riapoJMHaMiYHMAX NPOLECiB, KOTPi HAsABHI y CBEpAJIOBHHI B 4aci il OyaiBauuTBa. [IpoMuciosi
JlaHi 3aCBiIYYIOTbH, IO Yepe3 HeeeKTHBHE OUMIICHHS TOXMIIO-CKEPOBAHOT0 1 TOPU30HTAIFHOTO CTOBOYpa
CBEPAJIOBUHH, 110 OYyIyETHCA, CTAIOTHCS PI3HOTO POAY YCKIaTHEHHS Ta aBapii, 10 CIPUYHHIOE JONATKOBI
MaTepiajdbHi 3arpath W He nume. TakuM 4YMHOM, BIOCKOHQJIEHHS TiIpOAWHAMIYHUX SIBUIL, IO
cynpoBomxytoTs OyniBHMITBO [IC 1 I'C cBepAnoBUH € OAHUM 13 HaraJdbHUX 3aBAAHb CHOTOACHHS, A HAATO
BaYJIUBUM € (OPMYBaHHA CTIHKOT0 00€pPTOBO-MIOCTYAJIBHOTO PYXY MPOMHUBAIBHOI PiIIMHH Y KITBLIEBOMY
npoctopi I'C i TIC cBepaioBUH Ge3mocepeIHbO eHepriero moToky [1, 2] Ta MOKIMBICTh pPeryIiOBaHHS
TiIpoANHAMIYHIMH MapaMeTpaMH il CTPYKTYpOIO MOTOKY 3 YpaxyBaHHSIM KOHKPETHHX TEONOTIYHHX Ta
TEXHIYHO-TEXHOJOTTYHUX YMOB OyIiBHHMIITBA NEBHOI CBEPUIOBHHHM Ha PONOBHMIIAX YKpaiHH, 0cOONHBO
MycsTh OyTH BpaxoBaHi Ti (pakTopH, 10 34aTHI BUKIMKATH YCKJIAJHEHHs B Yaci OypiHHs cBeppioBuH [1C
i I'C, ymoBH (hopMyBaHHS CTIKOro 00epTOBO-TIOCTYHAILHOIO TIOTOKY HEHBIOTOHIBCHKOI PiiNH, SIKOIO €
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TEXHOJIOr1YHa PigMHA, [0 BUKOPUCTOBYETHCS. 3ayBakKUMO, IO BAXKIUBUMH € YCi ()aKTOPH, 110 BIFIMBAIOThH
Ha TPaHCHOPTYBaJbHY 3JATHICTh PiIMHM 3a Pi3HUX 1i PEOJOriYHMX BIIACTHBOCTEH B dYaci o0epTOBO-
MOCTYNAIBHOIO PyXy Tedii B KiJiblleBoMY npoctopi. OTxke, € HeoOXiTHUMH TEOPETHYHI AOCTiIKEHHS, 110
MOB’513aH1 3 MPOEKTYBAHHAM Ta pO3paxyHKaMU CIEHiadbHUX TIAPOJMHAMIYHUX €JIEMEHTIB Y KOMIUIEKCI 3
KOMITOHYBaHHSIM HU3Y OypHIILHOI KOJOHH, KOTpi, BIacHe, i AaTyTh MOXKJIMBICTH 3a0€311€UNTH KEpyBaHHS
TeXHOJOriyHUMH npouecamu B yaci OyaiBaunrsa [1C ta I'C cBepayioBuH.

BukiageHHst 0CHOBHOro mMartepiany. 3a IPOMHUCIOBUMHU AOCIIKEHHSMH € BiZJOMO, IO HOTOKH,
KOTpP1 BOJIOJIIOTH CTIHKUM 00€pTOBO-TIOCTYNAIBHUM PYXOM 3AaTHI 3a0€3MeYNTH TM BUCOK] TPAHCIIOPTYIOUi
Bi1acTUBOCTI [6, 7]. Lle cTocyeThest sIK HBIOTOHIBCHKHX TaK i HEHBIOTOHIBCHKUX PifuH. J[7is 1{bOTO YHCITO
Opyna (Fr), sike € onHi€I0 3 OCHOBHUX PEOJIOTTYHUX XapPAaKTEPUCTHK PiUH, 1 32 CBOIM MOPSIIKOM BU3HAYAE
BiJHOILICHHA KIHETHYHOI €Heprii piIuHH 0 MPHUPOCTY EHeprii 3yMOBIIEHOT poOOTOI0 CHII TSDKIHHS Ha
IUIAXY, IO JIOPIBHIOE XapaKTEepHIH JOBXWHI, TOBHHHO OyTH HE MEHIIUM Bix 1, IUIs HEHBIOTOHIBCHKOT
pinuHM, KO0, BacHe, € OypoBa MpoMHUBajbHA piAnHA. 32 TAKOrO 3HAYEHHS CHJIM B’S3KOCT1 BiIirparoTh
cTabimi3yrouy pojib 1 Uil HBIOTOHIBCHKOI DPiIMHH MiHIMallbHE 3HAYEHHs KpuTepito PeitHonbaca (Re)
ckianae 45, OCKUTBKM BiH MOB'SI3aHUI MPOIMOPLIHHO 3 00€PTOBOIO MIBHAKICTIO MIOTOKY B OOMEKEHOMY
npoctopi. s HeHbIOTOHIBCHKOI PiAMHM MiHIMallbHE 3HAa4YeHHs Kputepito Peitnonbaca € Re>20, ane Tyt
(yHKLIOHATBHUH 3B'SI30K MK HBIOTOHIBCHKOIO 1 HEHBIOTOHIBCHKOIO pinuHaMu € napadomniuaum [8]. [lotik
PiIuHY 3 OCTYNAIbHO-00EPTOBUM PYXOM, Y CTPYKTYP1 KOTPOT €, A0 IpUKIIaLy, MOApiOHEHa TOPOoAa, MOKe
pO3MIIAAATUC 3 JEAKUM HAaONKEHHSIM SIK «TBEpPAE TUIO», a TOMY i MOXE ONMUCYBaTHCS, Y HEIKHX
BHIIA/IKAX, 3 MOTJISIAY BIACTUBOCTEH TBEPAOTO Tina.

Taki yMOBH MOXYTb JOCSTATHCS Y BHIAAKY, SIKIIO PO3MOALT OCHOBOI IIBHUAKOCTI MOTOKY Mix 4ac
BXOAY y TiApOJMHAMIYHMN TeHepaTop BimOYBaeTbcs 3a MapaOONiYHMM 3aKOHOM, TOAI Ha BHUXOZl
CTBOPIOIOTBHCS TaKi yMOBH, IO 00EpTOBa CKJIaJ0Ba IIBUAKOCTI € OUIBIIOI0 BiJl OCHOBOI 3a CTEIEHEBUM
3aKOHOM po3rnoainy [9]. Y TakoMy BUTIa[Ky IHEPIiHHI CHIIK TIEpeBaXKat0Th HAJl CHJIAMH B SI3KOCTI, @ MACOBI
CHJIM KOHCEPBAaTHBHO BIUIMBAIOTh HA MOTIK. 30KpeMa, CTpyKTypa OionoiiMepHHX NMPOMHBAIBHHUX PiAvH,
AKI OCTaHHIM YacoM IIHMPOKO 3acTocoByroThes mpHu Oypinai IIC i I'C, Bkmioyae B cebe opraHiufi Ta
HEopraHiuyHi KOMIOHEHTH, TOMY 1 MOXKE 3 TIEBHUM HaOJIKEHHSIM, M Yac po3poOJIeHHS HAyKOBUX OCHOB
OUHAMIKA TPOMHUBAIBHUX PIIMH Y 3aTOIUIEHMX IOTOKax po3MJIAgaTHCs 3 MOMNIAAY BIIACTHBOCTEH
KBaziTBepaoro tina [9].

XapaKTepUCTHKH KOJIMBaHb, II0 30Y/DKYIOTHCS Y MOTOLH, 13 3aCTOCYBaHHSAM TiApOAWHAMIYHHX
MPUCTPOIB, KOTPi KOHCTPYIOIOTh, 10 MPHUKIAAy, Y KOMIOHYBAaHHI HU3Yy OypHIIBHOI KOJIOHH, HAHOLIBII
MOBHO 3AaTHI OMUCYBAaTUCS aMILTITyJHO-4acTOTHUMH (AUX) Ta (a30BO-4aCTOTHUMHU XapaKTEPHUCTUKAMHU
(PYX) [6].

30Kpema, IPOMOHYETHCS, IO 0e3p0o3MipHi PIBHAHHSA PyXy Ta HEIEPEPBHOCTI MOTOKY MOXKYTh MaTu
BUTJISA:
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TyT <U>— U’ <U>— U - 663p03M1pH1 yCepeaHEH1 CKJIaIoBl OCBOBOI Ta paglaJbHOL
0 0

MIBUAKOCTI BIMOBIMHO (BOHM BKITIOYAIOTH SIK TypOYIIEHTHI, OCTATHHO BHCOKOYACTOTHI, TaK i BUMYIIEHI
HH3bKOYACTOTHI KOJIMBAHHA); U, — CEPENHE 3HAYECHHS IIBUIKOCTI IIOTOKY B TpyOi; u’,v’ — TypOylneHTHi

(p)

TyIbCallii ITBMAKOCTI B3IOBXK Bici Ta 10 pamiycy; V — KiHeMaTHuHa B’A3KiCTh pimummm; (p) =-—- —

0
. o - . - ta . o _r _ X
0€3pOo3MIpHHMHI THUCK; p, — CEPENHIA THCK B TpyOi; t:t — 0e3po3MipHMi 4Yac; [ = R X = T

od

0e3p03MipHi KOOPAMHATH IO pajiiycy i B3AOBX Bici Tpyou; & = — [IpUBEICHUM OMip piANHU B TPYOi;

P —TyCTHUHA PiIUHH.
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Jlns Bukmrouenns 3 pisHocti (1) mynbcauifinux ckmagoBux mBuakocti U’ Ta v’ 3acTocoByemo
rinoresy byccinecka, npo 3B'A30K JOTUYHOIO TypOYJIEHTHOTO HAIPYKEHHS 7, 3 IPAJi€HTOM IIBHAKOCTI

B3JIOBXK pafiycy, 30KpemMa:

T, =—p{U'v’) = pv, %’ 3)

3 ypaxyBaHHSM KOTporo piBHAHHA (1) Oyzne MaTu BUIIIAA:
— ou)
or —"
&) _[ L [ o) }
o \rRa or

TyT v, —KoeiieHT TypOyIeHTHOI B I3KOCTI.

: (4)

3pydHO PO3IUIATH yci 3MiHHI Ha JBi CKIIAJIOBi: HAa CEpe/IHI 3HAYCHHS TTapaMeTpiB, 110 BCTAHOBHITUCS
i Mani nepionnuHi 30ypeHns (Bapianii). Toxi moxxemo 3amucatu:

(U) =0+ ou, (D) =0 +60, (Py=1+p, (5)
—_u : . . .
TYT U=— — 0e3po3MipHE cTal[iOHApHE 3HA4YECHHS IO3J0BXKHIX CKJIAJOBUX IIBUIKOCTI;
Uo

__v . , - ) , a
U=— — Ge3po3MipHe CTal[iOHapHE 3HAYEHHS pAMialbHOI CKIAJOBOi WIBUAKOCTi; OU =— —

Us Uo
6e3po3MipHa Bapiallis MO3I0BKHBOI CKIIa0BOi MBHAKOCTI; OV =—— — Ge3p0o3MipHa Bapiarlis pafiabHoi

0
cKy1a10Boi mBHAKOCTi; OP = — — Ge3po3MipHa Bapiallis THCKY.
Po

3amis OTpUMaHHS PIBHSHB, IO ONHMCYIOTH PO3MOALT KOMUBaHb Yy TPAaKTi, HIYKAEMO YaCTKOBI
NepioaNYHI pO3B’A3KH CUCTEMH PiBHSHD (2) 1 (4) y TAKOMY BHIJISAI:

ot iot it
& =a0,e"; 60 =6v,e"; H=p,"", (6)
TyT @ = ok _ Oe3po3MipHa 4acToTa; §U,, 50,, 6p, — OE3PO3MIPHI aMIUNTyaM Bapialiid
a

BIJINOBITHUX MapaMeTpiB, [Ki 3anexarts Bin X, I, @ .

JlineapuzyBaBmu piBHsAHHS (2) 1 (4), Ta MiJCTAaBUBIIM B HUX CITIBBiAHOIIEHHS (5) 1 po3B’s3ku (6),
3HaxoAuMoO nu(epeHuianbHi PIBHAHHA, LI0 OB SA3yIOTh aMIUNTYOH KOJUBaHb, TUCKY M CKIAJOBi
LIBUJIKOCT] B3OBXK BiCi TPYOM BITHOCHO pajiycy:

oo {2 (LT ”

a) X rR?a or
0P, + 85_@‘ + 68_6‘ + a&_ja =0. (8)
r OX

3a/u1s OLIHKH BiJTHOCHOTO BKJIay KiHEeMaTH4HOI B’ SI3KOCTI PiIMHU V Ta KoedilieHTa TypOyIeHTHOT

. . . Ov
B’S3KOCTI V, CIIBCTaBIIA€ThCSA TOBIIMHA B’A3KOro IpuctiHkoBoro mapy [1.2,8] £ = —— Tta rmobuna
u

*

MPOHUKHEHHS 30ypeHb Y MOTIK 3a KOJMBaHb B A3KOT0 CEpeloBUIIA (B JaMiHAPHOMY IPUCTIHKOBOMY IIapi):

-]

@

0,5

|7, | ) ) o
TYT u* = — JUHaM14YHa IIBUAKICTb, TW — JOTUYHC HAIIPYXKXCHHA Ha CTIHIIL.

ol

3a/1714 OLIIHKY BETMYMHH T, BAKOPHCTOBYEMO 3B'A30K I[LOTO IIapaMeTpy 3 KOe(illieHTOM onopy A :
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ApU*?
T8 4
1 piBHsAHHAM bnssiyca tumy:
0,316
A= ROB (1)
TyT U —cepennst MBUIAKICTH y nepepizi; Re —uucno Pelinonbaca.
[leperBopenns piBHAHB (7), (8) MPOBOAUTHCS BBEACHHIM 3MIHHOI!
1 \odp
0z, = &U, + (TJ# (12)
ioa ) OX
ypaxoByrouH, 1o 3a ymoBu R << L, % = 0, Bu3HAYAETHCS:
r
0%z 1\o6z, .
C% | 2|25 iser, =0, (13)
or r) or
w :
TyT S= R\/: — Oe3po3MipHHI apamerp, KU Ha3uBaloTh ynciaoM CTokca.
v
Po3B’s30k piBHAHHSA (13) Mae BUTTIAA:
3 3
5z, = E(X,@)J,(i2FS) + F (X, @)Y, (i2F9), (14)
TYT Jo, Y, — Gynkuii Beccens; E(X, @), F(X, @) — Hesinomi dpyHKuii.

VpaxoByrous, IO MiJ 4Yac NPsAMyBaHHS apryMeHTy 10 Hyns, QyHkuia beccens Y, npsamye y
HECKIHUEHHICTh, a aMILIITyJa Bapialii MBUAKOCTI OU,, a omke H O0Z, € oOMexeHuMH, Tox (QYHKIiA
F(X,0)=0.

BpaxoByloun TpaHM4Hy yMOBY 3ajMNaHHS TNpUcTiHKOBoro mapy o =0 3a ymoBn I =1,
3HaXOAMMO criBBinHOmeHHs wist Gpyrkuii E(X, @), a BixnmosixHo m1s amrutityx Bapiamii 6Z, :

1 j J,(i2s7) |26p, 15)

0% = [ia)a 3
Jo(1%9)
Ta Bapiamii IBUAKOCTI:
3
oy
o, (X, T, w) =—[__1 j[ag_iaj 1- Jo(l 33) . (16)
o 3o(i%9)

Jns aHamizy po3MOAUTY amIUliTyA Bapiamid MIBHIKOCTI M THCKY, 0 MPHKIamy, MO IOBXHHI
CBEPAJIOBUHH, BBOAUMO CEPEIHIO 3a MEPEPi3oM aMILIITy 1y Bapiallii IIBUAKOCTI:

N & A
M, (X, @) = (—j_mema(x, r,o)dr, (17)
TJ%
KOTpa 3 JJOMIOMOT 010 criBBigHOIIEeHHS (16) HaOyne BuIYy:

U, (X, 5)=—[ ! j[a@‘j 1- 32‘]10533) : (18)

ioa )\ OX

i2s,(i29)
TyT J, — dynkuis Beccernst mepioro pogy HepIIoro mopsaxy.
SIKIIo BBeCcTH mapaMerp [3, 10 BU3HAYAETHCS 3aJICKHICTIO:
3
1 2 | 3,G%s
1) [2 )09 .
B? 3 3
i2s) J,(i29)
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To piBHAHHS pyXy (18) KiHLeBO HaOyae BUIIISAY:
— 1 1 \oop
0, =| — | = [“P=. (20)
ioa \ p°) oX
[IpoBiBmM 3 piBHICTIO HemepepBHOCTI (8) aHAJOriyHi MepeTBOpeHHsA 1o ¥ 3 piBHicTIO (7), Ta
BpaxyBaBIIM I'PaHUYHI YMOBH Ha MPHCTIHKOBOMY ILIapi, OTPUMYETHCS CIiBBITHOIICHHS:
a \odU,
M= = |—==- (21)
io) OX
BukmnrounBim 3i ciBBinHomeHs (20) ta (21) aMrutiTyay Bapiawii THCKY, OTPUMY€ETHCS PiBHSHHS, IO

BH3HAYa€E PO3MOMLT aMIUTITY]l KOJIHBaHb CEPEAHBOI IIBUAKOCTI MO JOBXKHHI TMOTOKY, O NPUKIAAY,
CBEPAJIOBUHU:

4250,
dx’
OCKUTbKH, KOpeHi XapaKTepHCTUYHOrO piBHsHHS (22) mopiBHIoOTh + S@ , foro po3s’si30k Oyme

- B*w*sU, =0. (22)

MaTH BUTTIAA.

8U, = CelP™ 4 pelFox) (23)
[linctaBuBmm po3B’s30k (23) y (21), 3HaXOIUTHCA PO3B’ 30K AJIS1 aMILTITYy AU Bapiamii THCKY:
&, =ipa|ce”™ — pe-#)|. (24)

Hns BuzHaueHHs KoHCTaHT C Ta D GopMymIOIOTECS TpaHUYHI YMOBH, 0 IPHKIAIY, A1 BHOOIO Ta
yCTS CBEPIJIOBHHH:

X=0; op, =¥, 0U, +7,,, (25)
X=1 op, = SUlJUa +7:9%, (26)
TyT ¥, ¥, —BIINOBIAHO BXiTHUH Ta BUXIAHUN IMIIEIAHCH; ¥, ¥, — KOE]ILIEHTH MiICUICHHS

JULst 30BHIIIHIX 30ypeHb Ha BXOAI Oy, it Ha Buxofi Oy, MOTOKY.

[ligcraBienHs po3s’sa3kiB (23) i (24) y rpanudHi yMoBH (25) Ta (26) ma€ MOXIUBICTh BU3HAUNUTH
koedimieratu C ta D, micis 9oro BiTHAXOAATHCS CIIBBIIHOMIEHHS, IO 3B’ 3YIOTh KOJMBAHHSI MMBUAKOCTI 1
THCKY B JIOBUTHHOMY TIepepi3i, 10 MPUKIaLy, CBEPUIOBUHHU 3 BiZJOMOi YaCTOTH KOJIMBAHb:

00,5, = 2 =1+, ) -

(27)
(2 o+ )

B

0P (5, @) = A a4 )~y vy -

(28)
Ao { B (1-x)] 7/35(172)]} :
_[ B j (an + l[/l)e[ _(an - l[/l)e[ No;

TYT B=(a,+¥%,)(a, - S’/l)e(fﬁa) —(a, ¥ ), + S”l)e(ﬁa); o, =—-laf — npusencHuii
XBHJIBOBUH OMip.

Pipastans (27) Ta (28) maroTh MOXIJIHMBICTh BH3HAYMTH XBUIIHOBI XapaKTEPUCTUKU TypOYIEHTHOTO
MOTOKY PIAMHH, 10 NPUKIALy, Y KUTbLEBOMY KaHalli MPOCTOPY B CBEPAJIOBHHI 3a CTIIKOro 00epTOBOrO-
MOCTYMAIBbHOTO PYXY.

VY yaci mpoBeAcHHS PO3paxyHKIB BHKOPHCTOBYBAJIMCS JaHi peaJbHUX YMOB OYypiHHS, 30Kpema
P =3 MIlla; Bxigai i BUXiZHI XapaKTEPUCTUKH TPAKTY TEHEPATOpa BKIIOYAIOTH PO3MIPH BXiTHHX i

BUXIJHUX KaMep TeHepaTopa, s SKuX posxin pimunu cranoeuth Q=36 7/c, a cnisBigHOmEHHS
2Ap,
pU,a

Ha pucynky | HaBemeHO pe3ylbTaT BH3HAUYEHHS XBWIIBOBHX XapaKTEpHUCTUK Tpakty (AUX)
reHepaTtopa i 3cyBy (a3 Mk ammiitynamu konuBanb (OUX), 3Binky BHIHO SK 3aJ€XHO BiJ aMIUTITYAO-

XBUJIBOBOTO ONOPY CTAHOBUIIO = 2,55, s nonimepHoi pigunu «biokapy.
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qacToTHUX (@) Ta (a30BO-4aCTOTHHX (0) XapaKTepHCTHK TIeHepaTtopa 3MIHIOIOTHCS EHEepreTHyHi
XapaKTEePUCTUKH MOTOKY, 10 MPUKIIaAy, B KUTbLIEBOMY MTPOCTOPi CBEPIOBUHH.

)

S0

0O 50 100 1%

Puc. 1. AMmitynHo-4acToTHi () i ¢pa3oBo-4yacToTHI (0) XapaKTePUCTUKH TPAKTY MOTOKY

HasiBHiCTH pe30HAaHCHUX MIKIB Ja€ MOXKITUBICTh BUBHAYATH MEXKI TAKUX aMILTITY 1 9aCTOT, 32 SIKUX
pobodi XapaKTepuCTHKHU reHepaTopa OyAyTh JaBaTH CTIHKUH TypOyJeHTHUIl MOTIK.

BucnoBku: IlinBumieHus edekTuBHOCTI OypiHHS MOXMIIO-CKEPOBAHMX 1 TOPHU3OHTAIBHUX
CBEPAJIOBUH MOXIIMBE 32 PAaxXyHOK [IOCKOHAJIMX TiIpOAMHAMIYHMX IUPKYILIMHUX TpoIeciB
MPOMHBAJIBHOI PIIMHH B 1103a3aTPYOHOMY ITPOCTOPi CBEPATIOBUHH.

dopmyBaHHS CTIMKOro 00epTOBO-IIOCTYNAIBHOTO PYXy IPOMHUBAIBHOI PIANHU B KUIBLIEBOMY KaHai
no3zazarpyoHoro npocropy IIC i I'C 3maTHe 3a0e3meuuTHCS €HEpri€l0 caMoro MOTOKY, €HepreTWdHi
XapaKTePUCTUKU SKOrO 3ajieKaTh BiJ KOHCTPYKLIl Ta TEXHIYHMX XapaKTEPUCTHK TiApOaKyCTHUYHOTO
TeHepaTopa, 110 BKIIOYAETHCA Y KOMIIOHYBaHHSA HU3Y OypHIIBHOI KOJIOHH.

HaykoBo oOymoBneHuii BHOIp XapakTepUCTHK TiAPOAMHAMIYHUX LHUPKYISMIHHUX MPOLECIB
3a0e3nedye 3ano0iraHHs YCKJIAJAHEHHSM, NOB’SI3aHUM 3 MOPYLICHHSM CTIHKOCTI CTIHOK CBEpAJIOBHHH,
YTBOPEHHSIM 3aCTIHHUX 30H, CIPUYMHIOIOYN CeNapaliio IuiaMy 3a 3HaYHOTO 3HWKEHHS eHepro3aTpar.

Po3paxyHOk mapameTpiB eleMEHTIB TiApOoANHAMIYHUX MPUCTPOIB Y KOMIUIEKCI 3 KOMIIOHYBaHHAM
HU3y OypHIJIBHOI KOJIOHHM 3a0e3leuye MOXKIMBICTh KEpPyBaHHSA TEXHOIOTTYHHM IIPOLECOM, N0 MPUKIaLy,
OypiHHS 3 ypaxyBaHHSAM I€OJOTTYHUX YMOB POJOBHIIL.
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Y JIK 519.876.5:631.53:631.15 DOI 10.36910/775.24153966.2025.83.7
B.O. llleituenxo, 10.b. Cxopsik, C.A. Ckopsik, O.B. lllanosan
Tonmascekuii OepocasHull azpapHull yHigepcumem

IMITAIIMHE MOJIEJIIOBAHHS BTPAT YEPE3 HECBOEYACHE ITPOBEJIEHHSI
HOCIBIB

006’ckmom 00cniodceHHa € MexHonoziuni npouecu eUPOULY8aAHHA CilbCbKO2OCNOOAPCLKUX KYIAbmyp, HOPYUIeHHS
mepminie nocigy, imimauiitna mooensb OUiHKU MOMHCIUGUX 6MPAM YePe3 HeC8OEUACHUIL NOCI6.

Bioznaueno, ujo Koxcna cinbcbkozocnooapcoska Kyibmypa Haioinbu peanizye 3aknadenuii 6iono2iyHuil nomenyian 3a
YMO8 cmeopenns ona i scummediansnocmi cnpuamaugux ymos. Ix nopyuwienns npuzeooums 00 smenuenns poxcaiinocmi,
i, AK HACNIOOK, npudymkKy. B cyuacnux mexnonoziax eupooHuymea cinbcbKo20Cno0apcvKoi Kyismypu aKyeHmu 30iiicHIOI0M b
Ha He3anepeynomy 0OMpPUMAHHI PeKOMeHOayiil 000 64ACHO20 6UKOHAHHA NEPe0daueHUX MexXHoN02IYHUX onepauiil.

IMmimauyiitnum Mo00en06aHHAM GU3HAUEHO MOMCIUG] 6MPAMU Uepe3 HECBOEHACHE NPOBEOeHHsA NOCigié OKpemux
CiIbCbKO20Cn00apcbKux Kyavmyp. I3 Kyniomyp pannix cmpokie ciedu npoananizyemo 20pox, a 3 KyJaibmyp cepeoHix cmpokie —

KYKypyo3).

Bcmanoeneno, ujo mpamu 6i0 Heceoewacno20 GUKOHAHHA cieOU 20poxa 3a cepeonboi poircaiinocmi 3,5 m/za modcymsp
cknaoamu 00 30%, abo y cpoutosomy exgisanenmi 8,14 muc. zpu/za. /[nsa KyKypyosu eémpamu 6i0 HeCGOECHACHO20 6UKOHANHA
cigbu 3mooeniogano y oianazoni 0-30%. 3a cepeonvoi epoorcaiinocmi Kykypyosu 5,0 m/za empamu 8i0 Hec80cUaACHO20
6UKOHaHHA cieou cknaoaroms 3a 10% — 4,8 muc. zpn/za, 20% — 9,6 muc. epn/za, 30% — 14,4 muc. zpn/za.

Knruoei cnosa: mepminu cigbu, mpamu yepe3 HeC80CUACHUY NOCI8, IMIMAYiiHA MOOeb.

V.0. Sheichenko, Y.B. Skoriak, S.A. Skoriak, O.V. Shapoval

SIMULATION MODELING OF LOSSES DUE TO DELAYED SOWING

The object of the study is the technological processes of growing agricultural crops, violations of sowing dates, and a
simulation model for assessing possible losses due to untimely sowing.

It isnoted that each agricultural crop best realizesits biological potential when favorable conditions are created for its
life activity. Violations of these conditions|ead to a decreasein yield and, as a result, profit. In modern agricultural production
technologies, emphasis is placed on strict adherence to recommendations for the timely performance of the prescribed
technological operations.

Simulation modeling has determined the possible losses due to untimely sowing of certain crops. Among early-sown
crops, we will analyze peas, and among mid-season crops, corn.

It has been established that losses from untimely sowing of peaswith an averageyield of 3.5 t/ha can be up to 30%, or
in monetary terms, 8.14 thousand UAH/ha. For corn, losses from untimely sowing are modeled in the range of 0-30%. With an
average corn yield of 5.0 t/ha, losses from untimely sowing amount to 10% — 4.8 thousand UAH/ha, 20% — 9.6 thousand
UAH/ha, 30% — 14.4 thousand UAH/ha.

Keywords.: sowing dates, |osses due to untimely sowing, simulation model.

IlocranoBka npoOJemu. HeszanepedHum € (akrt, MO KOXKHA CUIBCHKOTOCIIOAApChKa KyNbTypa
HaHOUTBINI pearizye 3aKiIajeHui OIONOTiYHHMN TOTEHIald 32 YMOB CTBOPEHHS JUIA il JKUTTEMISITBHOCTI
cipusTauBEX ymMoB [1, 2]. IX mopyureHHs Nmpu3BOAMTL 10 3MEHIIEHHS BPOXKAHHOCTI, i, AK HACIIIOK,
npuOyTKy. B cydacHMX TEXHOJNOrifX BHPOOHMLTBA CLIBCBKOIOCHOAAPCHKOI KYJABTYPH AaKLEHTH
30IMCHIOIOTh Ha HE3alepeyHoMY AOTPHUMAaHHI PEKOMEHAALil 100 BYaCHOTO BUKOHAHHS MependayeHnx
TEeXHOJOriyHux omepaniii. Came TOMy KPUTHKH OCIHHBO-BECHSHOI TEXHOJOTii NMPUTOTYBaHHS TPECTH
crebes KOHOMENb BiTHOCSTh 3aTATYBAaHHS 30MpabHUX POOIT y BECHSAHUH IepioA 10 il CyTTEBOrO HENOMIKY.
Jlns BUACHOTO MPOBENECHHS 30MpalbHUX POOIT y BECHSHHUI Mepiof] y TOCIOAApCTB, SIK MPaBUIIO, HE
JIOCTaTHBO TEXHIYHMX 3aco0iB (KOTKiB, rpabiiB, mpec-migOupadiB, HaBaHTaxyBaduiB). Lleli Hemomix
MPU3BOAUTE 10 HEOOXiTHOCTI KOpETryBaHHS IUIaHY IPOBENEHHA MHOCIBHHX poOiT. OOpoOIiTOK TpyHTY,
MiKUBIICHHS, TIOCIB 31HCHIOETHCA 13 TOPYIICHHSIM IPUPOAHO BU3HAYCHUX NPUIHITHUX TEPMiHiB.

3a TpamumiiHOI0 TEXHOJOri€I0 MPHUTOTYBAHHS TPECTH 3 KOHOIUISHOI COJIOMH OCHOBHUH aKIEHT
CIPSIMOBAHO Ha OJIEp)KaHHS JIOBTOrO BOJOKHA. 3a TaKMX YMOB TEXHONOTIi 30MpaHHS il MPUrOTYBaHHS
TPECTH B3AEMO3AJICKHI 1 KOPETIOI0Th MiX co00r0. TexHomnoris 30MpaHHS MICTHTH HACTYIIHI ONeparii:
3pi3aHHs cTe0ell KOHONENb CHELiaIbHUMH KOHOIUIE30MpaNIbHUMHM MAaIlMHAMHM CEKIIHHOrO THUIY,
pO3CTHNIAHHS iX y CTpIUKM 3 HapaJielbHUM pO3TAllyBaHHAM BIiTHOCHO OOWH A0 OJHOro, abo i3
3B’s3yBaHHAM iX y cHomu. Ctebna y cHOmax TakoX PpO3TAIIOBYIOTH MapanenbHo. JlIs mpUroryBaHHS
TPECTH CHOMH Micisg oOMOJOTY (BUAUJICHHS HACIHHEBOI YAaCTWHH) PO3CTHIIAIOTH Y CTPIUKM Ha MOBEPXHi
TPYHTY 3 METOIO MPUTOTYBAaHHS TPECTH METOAOM POCSHOTO MOYiHHS. SIK 3a3Ha4YeHO BHIIE, 3aCTOCYBAHHS
HaBEIEHMX omepaliii 00yMOBIEHO MParHEeHHSIM IPUTOTYBaHHS TPECTH 1 OTPUMAHHSIM 3 HEl SIK OCHOBHOTO
MPOLYKTY — IOBTOI'0 BOJIOKHA 1 BIIXO/IB epepoOKH — KOPOTKOro BOJIOKHa [1, 2].

Bigoma TexHONOTiS NPUTOTYBaHHS TPECTH, 3TIIHO 3 AKOIO OACPXKYIOTH TLTbKH KOPOTKE BOJIOKHO.
3a3HayeHa TEXHOJOTis MICTHTh HACTYIHI TEXHOJOIiYHi omepalii: CKOIIyBaHHS HACiHHEBOI YaCTUHH

© B.O. Uleuiuenxo, FO.b. Cropsx, C.A. Cropsax, O.B. [llanosan

50



Misicayziecwvruti 30ipnux « HAYKOBI HOTATKH». Jlyyvx, 2025, Ne83

KOHOIMENb 3epHO30MpaIbHUM KOMOaiiHOM. BoceHn OoCHOBHY wacTHHY cTebia, IO 3aIMIIMIIMCS Ha MO,
CKOULIYIOTHb Oi7151 KOPEHEBO1 IMHKM Ta XaOTUYHO PO3CTUIIAIOTH MO MOBEPXHI TPYHTY TPYHTOOOPOOHUMHU
BOJIOHAJIMBHUMH KOTKaMu. [IpuroryBaHHS TpecTH 3IIMCHIOIOTH y OCIHHBO-3UMOBHI MEpiof METOAOM
BUMOPOXKYBaHHS cTeden [2].

30upaHHs TPECTH 3iHICHIOIOTH 32 CIPUATINBUX OTOIHUX YMOB y BECHSIHHUN MEPiOA.

IcHyroui TeopernyHi OCHOBM OTPUMAaHHS KOHOIUISIHOI TpecTH 0a3yroTbesi Ha A00pe MepeBipeHHxX
KJIACUYHUX MeToAax. Po3pi3HsatoTs Oiomorivni, XiMidHi, Pi3UMKO-XiMIUHI METOIM MPUTOTYBAHHS TPECTH Ta
ix KoMOiHaLii 3 10JAaTKOBUMH (Di3MKO-MEXaHIYHUMH MTPOLIECaAMH.

Po3BUTOK MeTOAIB MepepoOKU CIILCHKOrOCTIOAAPCHKO1 MPOAYKIi1 BUKJIUKAB CyCHUIBHO BU3HAUCHUN
3alUT Ta MOIIYK HAYKOBO OOIPYHTOBAaHUX TEXHIKO-TEXHOJIOTIYHUX pIllIeHb Y KOHOIUICBHPOOHMIITBI.
CrpiukoBa TEXHOJOTisI 30MpaHHS KOHOIIENIb CYTTEBO PO3LIMPIOE MOXJINBOCTI MiABUIICHHS e()eKTHBHOCTI
BHUPOIIYBaHHS MPOMHUCIOBUX KoHomenb [1, 5]. Ha BiamiHy Bif iCHYIHOUHMX TEXHOJOTIH 30MpaHHS i
nepepoOKy KOHOMENb, SIKi MEPeBaKHO OPi€EHTOBAHO HA OTPUMAaHHS BY3bKOI'O KOJIa MPOAYKLil (KOPOTKOrO
a00 JOBroro BOJIOKHA), SIKi TI030aBJICHI MOXJIMBOCTI MAKCHMANBHO, IIUPOKO BUKOPHCTOBYBATH MOTEHLIIAT
POCIIMH KOHOIIENb, 3alpONOHOBAHA CTPIUKOBA TEXHOJOTIS YMOXIIMBIIOE HANpPSMKHA BHPOOHHIITBA
KoMOiHamid 00cAriB KOpOTKOro Ta (abo) HOBroro BOJOKHA. [IpWHIMI YyHpaBiiHHA TEXHOIOTTYHUM
nporecoM OyIOyIOThCSI Ha BpaxyBaHHI (PI3MKO-MEXaHIYHMX XapaKTEPUCTHK BXiOHOI CHpOBHMHHU. SIKicHi
MOKa3HUKH BOJIOKHA, HOro 3aKOCTPHYEHICTh, MIIIHICTh Ta BMICT Jaly BH3HAYAIOTH CIIOCOOH 1 PEKUMH
MiATOTOBKH CTPIYKH KOHOIUISTHOI TPECTH .

Meta gocailsKeHHs — MiABUIIMTH €QEKTUBHICTh CHCTEM BHUPOOHHUITBA CLIBCHKOIOCIIOAAPCHKUX
KyJbTYp 3aBISKH BU3HAUYCHHIO IMITallitHUM MOZEIIOBAHHSM BTpaT depe3 HECBOEYACHE MPOBENEHHS iX
MOCIBIB.

3anaui gocaiTKeHb:

— po3poOuTH iMiTaumiiHy MOAENb BHU3HAYCHHS EKOHOMIYHOTrO e(eKTy BiJ 3amoOiraHHsi BTpaT
MaiOyTHIX BpOXkaiB BHACIIIOK 3aTPUMAaHHS TEPMiHIB CiBOM KyJIbTYpH.

Marepianu i MmeTogu. ExoHoMiuHuU edekT Bia 3amo0iraHHs MOKIMBUX BTPAaT MailOyTHIX ypoxais
PO3paxoBaHO METOIOM MPOTHO3HO-aHAIITHYHOTO 1X OLIHKY 32 HACTYIHUX MPHUITYLICHb.

Crpoku ciBOU 3ayiexaTh Bifg 010JOTTYHUX OCOOMMBOCTEH KynbTypH. o KyJabTyp paHHIX CTpPOKIB
CiBOM BiTHOCSTH OBEC, SYMiHb, MINEHUIIO SPY, TOPOX, BiKY, JhOH, I[YKPOBI OypsSKH, COHSIIHHK, TOIIO.
3a3HayeHi KyJbTypH IOUYMHAIOTH CISITH 3a TeMiepaTypu rpyHTy +1 - +6°C [3].

Jlo KyJbTyp cepeHiX CTPOKiB CiBOM BiIHOCSTH KyKYpyA3Y, IIPOCO, COIO, KBacoI0, COPTO, TPEUKY,
touto. CiroTh 3a TemmnepaTypu rpyHTy +7 - +10°C [3].

KynbeTypu mi3HbOro cTpoKy ciBOM (pHC, TIOTIOH) CilOTh 3@ TeMIepaTypH rpyHty +12 - +14°C [3].

3ami3HeHHs 13 ciBOOIO YacTO € MPUYMHOIO MOSBU HEIPY)KHIX 1 3piMKEHHMX CXOMIB i, AK HACHTIJOK,
CYTTEBOT'O 3MEHILICHHS BPOKAIO Ta MOTIPIIEHHS HOro SKOCTI.

Bucokuii Bpoxail 3 MiHIMAIbHUMH BUTpaTaMu e€Heprii popMyeTbcs 3a yMOB CIBOM NpH CTalIOMY
MPOrpiBaHHI TPYHTY 3 ypaxyBaHHSM OIOJOTIYHUX OCOOJMBOCTEH KOXHOI CUThCHKOTOCIIOAAPCHKOT
KynpTypu. Uepes mizHio ciBOy ropoxy B 2022 p., BUKIHKaHY BilfHOIO, OTPUMANH CEPEAHIO BPOXKaHICTh 2,6
T/ra, TOAl K 3a3BHuail 30upanu Bix 3 no 4,2 T/ra, TOOTO 3aTpUMKa i3 CiBOOIO MpH3BENa 10 3MEHLICHHS
Bpoxkato ropoxy Ha 14-38,1% C [3].

3amizHeHHs 13 ciBOOIO siporo pinaky Ha 5-10 ai06 npU3BOANTH 0 3MEHIIEHHS Bpoxaro Ha 25-30, a To
i 10 50%.

CiB0a y cyxuii IpyHT KyKypyI3u NPU3BOIUTD 10 3MEHIICHHS Bpokato Ha 10-15%.

AmnaJtiz BUKOHaHHUX JOCIIKEHb YMOXKJIMBIIIOE€ 3pOOUTH BUCHOBOK, 110 33 YMOB IIPOTHO3YBAaHHS HE
3aBKIM BPaxOBYIOTh TOM YHHHHUK, IO CHCTEMa BHPOOHHITBA CLIBCHKOT'OCIOAAPCHKOI KYJIBTYPH,
MPEACTABIISAE HENIHIHHY CKIIAAHY CUCTEMY 3 MHOXXHMHOIO CTOXaCTHYHHUX BXIJJHUX BILJIMBIB.

Pe3yabTaTu pociaigxeHHs: Ta 00ropopeHHs. ExoHoMiuHNH eeKT BU3HAYMIIN 32 3aJICKHICTIO

Ey=B,—-B,, (1)
ne Eg; — ekoHoMivHMIT edekT Bix 3anmobiranus 30MTKIB, THC. 'pH/ra; B, — BUpydKa Bin peamizanii
BpPOXKal0 32 YMOB JOTPUMAaHHS BU3HAUEHHX TEXHOJIOTI€I0 TEPMiHIB MPOBEACHHS CLTbCHKOTOCIONAPCHKUX
poOir, tue. rpu/ra; B, — BApyYKa Bif peanizauii BUPOLICHOTO 32 yMOB MOPYLICHHs (3aTPUMAaHH:)

PEKOMEHIOBAaHUX TEPMiHIB MPOBENEHHS CLTBCHKOIOCIIOAAPCHKUX POOIT, THC. TPH/TA.

B pospaxyHkax npuiHAITO, 110 BCi iHIII ependadeHi periaMeHTaMi TEXHOIOT4HI onepaii y 000X
CLICHAPIsIX BUPOIILYBaHHS KyJIbTYPH 3iHCHIOIOTH Y IIOBHOMY 00Csi3i [4].

[Ipuiimemo, 110
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B,=K, -B,, (2)
ne K, — xoediuieHT BTpaT BpOKar BHACIIZOK HECBOEYACHOTO (3aTPUMAHHS TEPMiHIB CiBOH)

BUKOHAHHS  TEXHOJOTIYHMX  omepamii  (BU3HAYAIOTh  EKCHEePUMEHTAIbHO Uil  KOXKHOI
CLTBCHKOTOCIIOIAPCHKOI KYIBTYPH).
Tomi (1) Oyme MaTu Takuii BUTIISA

E33 :Bn .(1_Ksm)' (3)
3anexHicTio (3) BU3HAYEHO iMiTaL[iifHy MOJENb, 3aBASKHU SIKiil BU3HAYalOTh EKOHOMIUYHHUH eeKT BiJ
3aro0iraHHs BTpaT MalOyTHIX BpoXaiB uepe3 3aTpUMaHHs TEPMiHIB CiBOM KyJIbTYpH.

Taba. 1.
@inaHCOBi BTpaTH Yepe3 3aTpMMaHHs TepMiHiB CiBOHM 3rigHO 3 iMiTaniiiHOI MOAEJLITIO
Cinscpkorocmonapcbka | YpoxkaiHicts, | LliHa, Bincorok BTpar, %
KyJIbTypa T/Ta IpH/T 5 101 15 1 20 | 25 | 30
I'opox 3,5 7750 | 1,36 | 2,71 | 4,07 | 543 | 6,78 | §14
Kykypyaza 5,0 9600 | 24 | 48 | 7,2 | 96 | 120 | 144

3acToCOBYIOUH IMiTalliiHE MOJETIOBAaHHS BU3HAYEHO MOXUIMBI BTPATHU Yepe3 HECBOEUACHE
MIPOBEICHHS MOCIBIB OKPEMHX CLIbCHKOTOCIOAPChKUX KYIBTYP. I3 KynbTyp paHHIX CTPOKIB CIBOH
IIPOAHAII30BaHO TOPOX, a 3 KYJIbTYp CEpPEeIHIX CTPOKIB — KyKypya3y (puc.l).

Puc. 1. 3anexnicTb 30UTKIB Yepe3 HeCBOE€YACHE NPOBE/ICHHS NMOCIBIB: 1 —ropox;
2 — KyKypyA3a

VY Tabn. HaBeNEHO pe3yabTaTH MOXJIIMBHX BTpAT (30MTKIB) 3aJ€XHO BiA NPUHHSITOrO iX BiCOTKY.
s ropoxa 3aKkymiBenbHa LiHa OpuitHsaTa Ha piBHI 7750, ms kykypynsu — 9600 rpu/T (1iHM CTaHOM Ha
01.12.2024 p.). ExcniepTHO BU3HAUEHO Aiana3oH BiICOTKAa MOXKJIMBUX BTpaT AJIsl TOPOXa Ha piBHI He Oiblie
30% 13 xpokoM 5%, i KyKypyazu — He Outbiie 20% (tabum.1).

BcranoBiieHo, 1110 BTpaTH BiJl HECBOEYACHOT'O BUKOHAHHS CiBOM ropoxa 3a cepeaHbOi BpOXKaHOCTI
3,5 1/ra MOXXyTh cknaaath 10 30%, abo y rpomoBoMy ekBiBaieHTi 8,14 Tuc. rpa/ra. ng KyKypyasu BTpaTH
BiJl HECBOEUACHOTO BUKOHAHHs CiBOM 3MojentoBaHo y niamazoHi 0-30%. 3a cepemHboi BpoXKalHOCTI
KyKypyasH 5,0 T/ra BTpaTH Bil HECBOEUaCHOTO BUKOHAHHSI CiBOM cki1anatoTh 3a 10% —4,8 tuc. rpu/ra, 20%
—9,6 tuc. rpa/ra, 30% — 14,4 tuc. rpa/ra.

BucnoBku. Po3poGieHo iMitamiiiHy MoaeIb Ta BCTAHOBIICHO BTPATH BiJl HECBOEYaCHOI'O BUKOHAHHS
ciBOM ropoxa 3a cepeaHboi BpoxkariHocTi 3,5 1/ra 10 30%, abo y rpomoBomMy ekBiBaieHTi 8,14 Tuc. rpa/ra.
Jns KyKypyIO3u BTpaTH BiJ HECBOEYAaCHOTO BUKOHAHHS ciBOM 3MmozenioBaHo y nmiamaszoni 0-30%. 3a
cepenHboi BpOoXKaitHOCTI KyKypya3u 5,0 T/ra BTpaTH BiJ HECBOEYACHOTO BUKOHAHHS CiBOM CKJIAZAIOTh 3a
10% — 4,8 Tuc. rpa/ra, 20% — 9,6 Tuc. rpu/ra, 30% — 14,4 tuc. rpa/ra.
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Hayionanonuti mexniunuii ynieepcumem Yxpainu
«Kuiscokuii nonimexuiunuti incmumym imeni leops Cikopcoko2o»

TEPMOI[E(I)OPMAI_[II‘/’IHP_Z' JIASBEPHE CIIIKAHHS AJIMA3OBMICHUX
KOMITO3UTIB UIsA ABPASUBHOI ObPOBKH BUPOBIB MAIIIMHOBY 1YBAHHA

Po3pobneno noeuii memoo mepmodehopmauiiinozo 1a3epHO20 CHIKAHHA AIMA308MICHUX KOMRO3UMIE O
abpasuenozo incmpymenmy. 3acmocosano Ni-Co 36’a3xy ma cunmemuuni anmazu ACI125. Bcmanoeneno pescumu nazepuoi
06pooku (500-1000 Bm, 0,18-0,36 ¢), wio 3abesneuyioms cunmes wiinbHozo oe3deekmnozo wiapy na cmanesii niOKAaouyl.
Hocnionceno mopghponozito mexci anmas/3¢’aska ma gopmysannsa kap6ioy Cr:Cs, wjo nokpawye 3mouygauicme animaszie i
3UenieHHs 3 Mampuyer.

Knrwuoei cnosa: nazep, cnikanus, aimas, 38 A3Ka, NOPOWKY, KOMNO3UmM, CmMpyKkmypa, (pazosuti ckiao

0.0. Honcharuk, L.F. Holovko, O.D. Kahliak, S.M. Voloshko, A.P. Bur mak

THERMO-DEFORMATION LASER SINTERING OF DIAMOND-CONTAINING
COMPOSITESFOR ABRASIVE MACHINING OF MACHINE-BUILDING PRODUCTS

The main drawback of existing technologies for producing diamond-containing abrasive tools is their low efficiency
and the limited number of suitable binder materials for the working layer with filler. Thisis due to the maximum allowable
heating temperatures of diamonds (up to 700-800 °C). The prolonged sintering process, unpredictabl e tool durability, increased
diamond consumption, and high processing cost necessitate the development of new synthesis methods for composites with
superhard materials (SHM).

Therefore, this study explores a fundamentally new process of laser synthess of diamond-containing composite
materials for the production of abrasive tools. These tools can be used for grinding large-size sheet products made of carbon
fiber, fiberglass, organoplastics, honeycomb panels, and other materials widely used in machine building.

Synthetic diamonds AS125 (grain size 425/300) were used as abrasive grains, while the binder consisted of Ni-based
powders (fraction 50 um) with the addition of Co. Technological equipment equipped with a Maxphotonics 4th-generation fiber
laser emitter (A = 1.06 um) was employed, along with a set of experimental methods of physical materials science.

As a result of thermo-deformation laser sintering in an inert atmosphere (source power 500-1000 W, exposure time
0.18-0.36 s), a dense, defect-free diamond-containing layer was synthesized on the surface of a steel substrate.

The addition of Co to the Ni-based binder enabled the formation of an extensive contact area with the diamonds and
allowed for the analysis of theinterfacial morphology between diamond and binder, depending on the irradiation conditions.
The optimal laser processing parameters were determined, which ensure the formation of Cr;Cs carbide and improved
wettability of the diamonds by the binder material.

Keywords:. laser, sintering, diamond, binder, powders, composite, structure, phase composition

AHani3 ocTaHHiX gociimkeHb i myOJsikamiii. Po3BUTOK cy4acHUX iHTErpoBaHHMX TEXHOJOTIH Ta
TEHJICHIIiST 10 CTBOPEHHS BHCOKONPOIYKTHBHOTO TEXHOJOTTYHOI0 OONagHaHHA BHU3HAYAIOTH CYTTEBE
3pOCTaHHS BUMOT 0 TEXHIKO-EKOHOMIYHHMX IMOKa3HUKIB a0pa3uBHUX IHCTpyMeHTIB, ocHameHnx HTM i,
nepexn ycim, 10 miABUIIEHHS pecypcy iX podoTu Ta HagiHocTi [1].

OcHOBHOIO MPOOJIEMOI0 € 3a0e3neueHHs MIIHOTO 3aKpillIeHHs aOpa3MBHUX 3epeH Ha pobouiil
MOBEPXHI, HaflaHH: iM piKyU0i 30aTHOCTI, IKa MOBUHHA 30epiraTucs B mpoteci podotu. J{o TenepinHporo
Yacy BiIoMi Pi3Hi cIOCOOM 3aKpiIVIeHHA — CIIKaHHS MOPOIIKOBHX MaTepiaiiB, 3alMBKa PO3IUIABICHUM
METaJoM, rajbBaHIYHE OCAJKCHHS, IUIA3MOBE HAMMIOBaHHA Towo [2, 3]. JouminbHICTE BUKOPHCTAHHS
J1a3epHOr0 BUMPOMIHIOBAHHS JJIsI CITIKAHHS IIOPOLIKOBUX KOMIIO3ULIHUX MaTepiaiiB 0OrOBOPIOETHCA 1y
6aratbox poborax [4—0].

TuM He MEHII MPOIeCH BUTOTOBIICHHS a0pa3WBHOIO po0OYOro Imapy Ta MexaHi3MH (OpMyBaHHS
CHOJIy4HOTO iHTepdelicy MK MeTalleBUMH CIUTaBaMHU Ta aOpasMBHHMH 3€pHaMH Bce e MOTpeOyIOTh
MOJaNBIINX IPYHTOBHUX AOCIiIXKEHb [7].

OcHOBHMMH TpoOJIeMaMH 3aJMILIAIOTHCS BEIMKAa HEOTHOPIAHICTh CTPYKTYPH 1HCTPYMEHTAIBHOTO
abpa3uBHOTO MIApy 1 MOB’sA3aHi 3 UM 3aJIMIIKOBI AedopMallii Kopiycy iHCTpyMEHTY, HU3bKa KOPCTKICTb
Y 0CbOBOMY HAaIIpsIMKY, HEIOCTaTHS H10r0 3HOCOCTIMKICTb, sIKA 3MEHIIYETHCS 110 Mipi 3MEHIIEHHS TOBILIMHU
IHCTPYMEHTANBHOT0 a0pa3uBHOIO 1Iapy, HU3bKa MPOAYKTHBHICTH MPOLeCy CHiKaHHA [8].

Ha cboeooni ysaca npudinsemocs aazepromy cunmeszy komnozumie Cu/armas [9], Ni/Cu/anmas
[10], Al/anmas [11, 12], Ti/anmas [13, 14], Ni-Cr [15].

IlocranoBka npoOJemMu aociaimxeHHsi. JoOpe 3po3yMino, IO HAsABHICTH apMYIOUHX O00aBOK
3MiHIOE (DiI3WYHI BJIACTHBOCTI MeETajeBHX MaTepiaiiB i, OT)Ke, BIUIMBA€ Ha TEPMIYHI Ta PEOIOTidHi
XapaKTepuCTUKU OaceliHy pos3miaBy. Sk Hacminok, maTtepianu 3 HTM MaTuMyTh iHIIY TEXHOJIOTIYHICTb
MOPIBHSIHO 3 MOHOJITHUMH MaTepianamu, 1 ue ¢(akrt, Akuid morpedye MOAANBIIMX IOTIHOICHUX
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JOCIiKeHb. TakuM YWHOM, BiI4yBaeTbcs HEOOXiIHICTH MOBHOIO PO3YMiHHS MpoOJieM Ta MepCreKTHB
MPOLIECIB JIA3EPHO0 CIIKaHHA AJIS1 BUPOOHUIITBA TaKUX MaTtepiaiis [16].

Tomy wmeroro ngaHoi poOOTH € [OCHIIKEHHS BIUIMBY PI3HHX PEXHMIB Ja3epHOTO CHHTE3Y
aIMa30BMICHHX KOMITO3UTIB i3 MaTepiajgom 3B’si3kd Ha ocHOBi cucteMu Ni-Cr-Co Ha iX CTpyKTypy,
¢dazoBuil Ta XIMIYHMHA CKIaA, a TAaKOXK aHami3 (akTopiB, sKi BIUIMBAIOTh HAa MIIHICTh yTPUMAaHHS
aOpa3MBHUX 3€peH 3B’ SI3KOI0.

BukiageHHst OoCHOBHOro Mmarepiany. ExcnepuMmeHTanbHI OOCHIIPKEHHsS HpPOLECY Ja3epHOro
TepMoIeOpMALITHOTO CHiKaHHs MPOBEIECHO 3a JOMOMOI'OI0 TEXHOJIOTIYHOrO 00JIaZIHAHHS, OCHAIIEHOTO
ONITOBOJIOKOHHHM JIa3epHUM BHUIpoMiHioBaueM Maxphotonics 4-ro moKoiHHSL.

CuHTe30BaHMH aTMa30BMICHHI KOMIIO3UT Y Mipy IepeMillleHHs Ha BifcTaHb 16 —20 MM Big HEHTPY
30HH Jii J1a3epHOro MPOMEHIO YIIUIBHIOETHCS POJTUKOM.

V skocti abpa3uBHUX 3epeH BUKOPUCTAaHI CHHTETHYHI anMasu Mapku AC125 3epaucrictio 425/300
(moKa3HUK CTaTHYHOI MiHOCTI 3epeH 166 H). V sKocTi 3B’s13KM BUKOPHCTOBYBAJIMCH ITOPOIIKH HAa OCHOBI
nikento [1I-12H-01 (Tabn. 1) mo sxux gogaBaBcs kooansT (90 % Bif 3aranbHOI MacH MOPOIIIKOBOI CYMIiIIIi).
[opommku manu chepuuny Gopmy i po3mip 50 MKM.

3B’s3Kka Ta 3epHAa CHHTETHYHUX anMa3iB (KOHIEHTparis skux ckiamana 20% Bim macu 3B’SI3KH)
MeXaHIYHO 3MIIyBaJIUCh YIPOIOBXK 3-X TOAMH Ta HAHOCHUJIMChH Ha IIOBEPXHIO METAJICBOI IJIACTHHHU 31 CTaji
40J1, pozmipom 7,6x50x100 MM mapom 5x2,4 mm. J{ns dikcarii 38°s13ku Ha OBEPXHI MIACTHHU, OCTaHHS
3BOJIOJKYBAJIaCh LIATIOHJIAKOM.

Tabn. 1.
Ximiunuii ckaan 38°a3ku IIIN-12H-01
Enemenrt Cr B Si Fe C Ni
Bwicrt, Bar.% 8,0-14,0 1,7-2,8 1,2-3,2 2,0-5,0 0,3-0,6 OCHOBa

TexHomoriuni mapaMmeTpu Ja3epHoi OOpoOKM BapiloBaJMCS B [iama3oHi: JOBXHHA XBHII
Bunpominents A=1,06 MM, notyxksicts P=500-1000 B, ryctuna noryxsocti W=1,77-3.5410% Br/cm?,
gac 00poOku 1=0,18-0,36 c, MBUAKICTH NEPEMILICHHS KOMIIO3UTY B MPOLECi JIa3epHOrO CIiKaHHS
anMasoBMicHoro mapy 0,5—1 M/xB, giamerp mwismu d=3 MM, mroma missmu S=0,283 cm?, hokycHa BicTaHb
F=330 mm (Tabn. 2). JlazepHe cnikaHHS aJMa30BMICHHX KOMIIO3HTIB 3IIMCHIOBATIOCS B HEHTpaJIbHOMY

CepeNoBHII ISl 3a1100iraHHs OKMCHEHHIO (KyT mozadi 45°), Butpatu aprony cknaganu 20 i/xs.  Bubip
PEXHUMIB I'PYHTYBaBCs Ha pe3yibraTtax [17].
Tabn. 2
Pe:xnmu J1a3epHOro cnikaHHs aIMa30BMICHMX KOMIIO3HUTIB
No 3paska V, M/XB T, C P, Br w103, Br/cm?
1 1,00 0,18 1000 3,54
2 0,60 0,30 1000 3,54
3 0,50 0,36 500 1,77

IloBepxHeBa Mopdosnoriss 3pa3kiB Ta XIMIYHHH CKiIald JOCHIIKYBAJUCS 3 BHKOPHUCTaHHAM
ckanytodoro enekrpoHHoro Mikpockona TESCAN VEGA3 3 eneproaucnepciiiHuM aHaIi3aToOpoM.

PentreHocTpykTypHi AOCHiIKEHHA 3AIHCHIOBAINCS 3 BHKOpUCTaHHSAM auppaxromerpa Rigaku
Ultima IV (BumpomintoBanHsi AK,-Cu): inTepBan kytiB 20 = 20°-120°, kpok peectpauii — 0,04°, 4yac
BUTPUMKH B Toulli — 2 ¢, Hanpyra —40 kB, cuna ctpymy —40 MA. s aHanizy OTpUMaHHUX PEHTIeHiBChKUX
CHEKTpiB, pO3paxyHKy po3Mmipy oOmacteli korepeHtHOro poscitoBanHs (OKP), crymenio medopmarii
KPHUCTATIYHOI IPaTKH (€) BUKOPHCTOBYBaocs mporpaMue 3adesnedenuss PDXL, MbkHaponHa 6a3a naHux
mudpaxkuii ICDD (PDF-2 (2025)). KinbkicHuii ¢a3oBuii anamiz BukonyBaBcsi meronoM RIR (Reference
Intensity Ratio), sikuii monsirae y nmopiBHsIHHI BiIHOLICHHS IHTEHCUBHOCTI HAalOLIbII CHIIBHUX pediiekciB
¢a3u 1 KopyHAy B IXHIHM CyMillli 3 MACOBUMH YaCTKAMH.

VY mpomeci na3epHOro CIHiKaHHS aJIMa30BMICHMX KOMIIO3MTIB 13 3aCTOCYBAaHHSIM ILHPOKO
PO3IOBCIODKEHUX 3B'A30K Ha OCHOBI Ni, SIK NMPaBUJIO0, MPAKTUYHO HE MOXIMBO 3a0€3MEUUTH LIIbHUNA
TEIUIOBUH KOHTAKT Ha MeXaxX ajMa3/3B’s13Ka OCKUIBKU aJIMa3d MOTaHO 3MOYYIOTHCS PO3IUIABOM 3B SI3KH.
Hns Bupimenss wiei npobinemu 1o cknany 38 s3ku [1I-12H-01 momamascst Co. Sk Bigomo, 3 METOIO
301TbIIEHHS] MIHOCTI YTpPUMAaHHS 3€peH alMasiB Ha MOBEPXHI iHCTPYMEHTY OOLLIBHO 3aCTOCOBYBATH
MeTaseBi 3B'S3KH, TeMIEpaTypu IUIABJICHHS SKUX IEPEBULIYIOTh TEMIIEpaTypy IMO4YaTKy Tpadiruzarmii
anMasiB, To0To > 700 °C. 3B’s13ka Ha ocHOBI cuctemMu Ni-Cr-Co 3a10BinbHsIE Lili yMOBI (TeMIiiepaTypa
wiasneHHss Co — 1494 °C, Ni — 1455°C, Cr — 1907°C). CtpykTypy Ta XiMi4HUH CKJIaJ BUKOPHCTaHOI
38’53k [1I'-12H-01 + Co nHaBeneHo Ha puc. 1. @opmyeThcsa eBTEKTUYHA CTPYKTypa, BMIcT Co cknaaae 41
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Mmac.%, Ni — 39 mac.%, Cr —4 mac.%. Ctpykrypa eBTrekTukd Ni-Cr-Co ckiagaeTscs 3 TBEpAUX PO3UUHIB
Ni-Cr 3 OLK-rpatkoto Ta Ni-Co 3 T'LIK-rpatkoro. Y pe3ynbTaTi yTBOPIOIOTBCS CHIBHO PO3TaiyXeHi
JIEHIPUTH eBTEKTHYHHX (a3, 110 B3aEMHO MPOPOILYIOTHCS B IIPOLECci eBTEKTUYHOT KpUCTai3alii.

Enement Bwicr, Bar.% g LB AW N

C 13,25 i

S 1,10

Cr 3,95 -]

Fe 1,79 S

Co 40,81

Ni 39,09

0) B)

Puc. 1. CtpykTypa (@) Ta ximiuanii ckiaan (0, ¢) 38’s3ku [II'-12H-01 + Co

Ha puc. 2 npencraBieHno 300paeHHs TOBEPXHI OTPUMAaHUX KOMITO3MTIB, SIKi MiCTSTh 3¢pHa alnMas3iB,
3aHypEeHHUX 10 MaTepiay 3B’ a3Ku. | mnbuHa 3aHypeHHs aJIMa3HOT 0 3€pHa BiANOBiiae HEOOX1THIM BUMOraM
(ue menme 1/3 Bix ix po3mipy). 3paszku 1 Ta 2 po3pi3HSAIOTHECS YacOM BIUIMBY JIa3€pHOTO ONPOMIHEHHS, a
3pa30K 3 OTpUMaHUii 32 BABIUi MEHIIOT MOTYKHOCT] 1 MAKCUMAJIHOTO Yacy onpoMiHeHHs. BapbioBanachk i
LIBHUJIKICTD MIEPEMIIIIEHHS] KOMITO3UTY B IPOLIEC JIa3epHOT0 CIIKaHHS, sIKa BABIY1 3MEHIITYBaIach Bill 3pa3ka
1 mo 3pa3ka 3.

Jist ycix 3pasKiB cOCTepiraeThesl LITbHE OXOMJICHHS allMas3iB MaTepiaioM 3B SI3KH 0e3 TPIILUH, TT0p
Ta iHMUX JIedekTiB. 3aBaSKN AONABAHHIO KOOAIBTY CIOCTEPIraeThesl LIIKOM 3a/0BiIbHA 3MOYYBaHICTh
MOBEpXOHb anMasiB matepianiom 3B’s3ku Ni-Cr-Co. [nsa 3paska 1 xapaxrepHe HalOiIbII iHTEHCHBHE
MPOIIABJIEHHS TOPOLIKIB 13 OXOIUIEHHSM OKPEMHUX alMa3HUX 3€peH MaTepiajioM 3B’ SI3KH.

| Pty

gt iyn ey

Puc. 2. Mopdoorist aIMa3HHX 3epeH INCJIA Ja3epPHOro CHiKAHHA KOMIIO3UTY 3a Pi3HUX
pe:xkuMiB: a) —3pa3ok 1, 0) —3pa3ok 2, B) —3pa3ok 3 (Tad.. 2)

Ha puc. 3, a HaBeneHo 300pakeHHSI OKPEMOro aaMa3HOro 3epHa A 1-To 3paska i3 3aCTUTIMMU
OpH3KaMH po3IUIaBy. AHaIII3 KapT PO3NOALTY XIMIYHUX €IeMEHTIB (pHC 3, 8) CBITUMTS, IO il Yac CHHTE3Y
BinOyBa€eTHCs MPOIUIABIICHHS MIAKIAAKH 1 3aJ1i30 JIOKaIbHO (QIKCYETHCS HA MOBEPXHI anMasy (Io3HAUYEeHE
JKOBTUM KonbopoM). CrocTepiraeThcsl 4iTka MexXa PO3ALLY MDK anMa3oM Ta 3B’s3Koi0 (puc. 3, 0), 1o
CBIJTUUTH MPO TEPMIUHYy CTaOLIBHICTH alIMa3HOTO 3epHa. L[ Mexa mae xBusicty Mmopdooriro (puc. 3, 0,
e). 3Beprae Ha cebe yBary, 110 B 00;1acTi, sika 0TOUye ajaMa3, HasBHUH Byrieup (puc. 3, 2). Lle cBiquuTs npo
MOXxJInBe (popMyBaHHs KapOiliB Ta yTBOPEHHS rpadiry.

Jiis nopiBHSHHS Ha puC. 4 HABEIEHO aHAJIOTIYHI Pe3yNbTaTH AJs 3pa3ka 3. Ha moBepxHsax anmasy,
SKI BHCTYNAIOTh HaJl 3B’A3KOI0, IOKPUTTS BiACYTHE (pHc. 4, @), 1 piXyUi KpailKi MPpaKTHYHO BiIKPHTI (pHC.
4, 6). Y upoMy BHIIAQAKy MEXKa PO3ALTY MK aaMa3oM Ta 3B’SI3KOI0 € Pi3KOI0 1 Ma€ MPaKTHYHO JiHIMHUN
xapakTep. B okoIi 3epHa HasSBHOCTI BYTJICIIIO Maiiike He crioctepiraeTses (puc. 4, 6).

Ockinbku kKoHLEHTpalist Cr € HEBEINKOI0, 3pO0UTH OJHO3HAYHUN BHCHOBOK IIOZI0 HOTO PO3MOILUTY
Ha MeXi anMma3/3B’si3ka He NPEACTABISETHCS MOXKIMBHM 332 JaHUMH CHEPrOAWCIEPCIHHOrO aHami3y.
3BakalouM Ha Te, L0 SHTaNbIIis YyTBOpeHHA KapOiny xpomy CryCs cknagae -189,5 k//Monb TOpIBHSHO,
Hanpuknaz, i3 kapoigom Hikemo NizC (-75,31 kJk/Momb), TO, LITKOM HMOBIpHUM € (OPMYBaHHS came
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kapOigy xpomy. Lleii kapOin yTBOpIO€ThCA HaifyacTilie B KOHCTPYKIIHHUX CTAJSX 3 BITHOCHO HEBHCOKHM
BMicTOM Xpomy (10 3—4%).

r)
Puc. 3. MopdgoJiorisi noBepxHi CHHTe30BaHOT0 a0Pa3MBHOI0 KOMIIO3UTY 3 AJIMA30M i
3B’ AI3KOI0 Ta KAPTH PO3NOAiny XiMiuHOro ckiany (3pasok 1)

Jlnst BU3HaYEHHS! MOMKJIIMBOCTI YTBOPEHHS KapOifiB y 3B s311 MiJ] Yac Ja3epHOro CHHTE3y MPOBEACHO
(dazoBuil aHamii3, pe3yabTaTH SIKOrO IMPEICTAaBICHO Ha puc. 5 Ta B Tabn. 3. BusBneni mudpaxuiiiai
MaKCHMYMH Bifl TBEpAUX PO34UMHIB Ha ocHOBI k0oOanbTy (OLIK), Hikemnro Ta xpomy (I'LIK), anmasy, rpadity
Ta kapoiny xpomy Cr7Cs. TakuMm YMHOM i Yac JIa3epHOro CIiKaHHA BinOyBaeThcsa audy3iiiHa B3a€EMOIis
aTOMIB BYIJICLIO 3 XPOMOM Ha TMOBEPXHSAX aiMasy, IO KOHTAKTYIOTb 13 MarepiajJoM 3B’SI3KH, 3
¢dhopmyBannsM kap0Oixy Cr7Ca. 3rigHo [15] MexaHi3M 34elieHHs] Ha MeXi anMas/3B’s13Ka IHTEePIIPETYEThCS
TaKk: 3aBIJKM XIMIYHIH peakwUii YTBOPIOIOTbCS CTOBMYACTI Ta TOMYACTI CTPYKTYpH KapOimy, sKi
3a0e3MevyI0Th BUCOKOMIILTHUHA METATYpriiHUH 3B'S130K MK LIapOM 3B’SI3KH Ta aIMa3oM.

PesynbpTaTti BU3HaYCHHS KUTBKICHOTO (pa30BOro CKIagy CBigdaTh, 1o BMICT Kapoiny xpomy Cr:Csy
c(hOpMOBaHHX aIMa30BMICHIUX KOMITO3UTaxX € HaiOubmmM (16 Bar.%) mis 3pa3ka 1 i gero MeHImM s
3pa3ka 3 (10 Bar.%), mo noOpe y3TrOmKYeEThCS 3 pe3yibTaTaMu XiMiuHoro anamizy. Jlist 3paska 2
(dbopMyBaHHS IILOTO KapOiny 3adikcyBaTu HE BOAIOCS, TOMY BMICT aIMas3iB BiANOBiNHO € HaOimbmmm — 41
Bar.%. KinbkicTe rpadity € He3HaAUYHOIO I BCIiX 3pa3KiB 1 KOMMBAETHCA Bix 2 10 6 Bar.%, ToOTO qecTpyKiii
aJIMa3HUX 3€peH 3 BUAUICHHAM IpadiTy He BinOyBa€eThCsl.

Posmip OKP anmasy € HaifOinbImmM aj1st 3pa3ka 3 1 3MeHIIyeThest 1o 43 HM Ta 15 HM a71st 3paskiB 2 i
1, BigmoBimHo. Haiibinpma npedopmamis KpucTamiuHoi TpaTKd anMa3dy Ha piBHI 2% HaBOakH
criocTepiraeTbes it 3paska 1 i 3meHmryerbes 1o 0,6% Ta 0,5% BiamoBimHo i 3pas3kiB 2 Ta 3. e Takox
CBiIYMTH, 110 HAWOUIBII IHTEHCHBHOTO JIA3€PHOIO BIUIMBY 3a3HA€ 3pa3okK 1. Ycaaka 3B’A3KH BHACTIJOK
IIaBNeHHs i Kpucramizamii (i cmmaBy Ni-Cr-Co ~10x10%C) i  nimiliHe posmmpenHs aama3zy
(~1x10°%/>C) Bimpi3HAIOTLCA HA TOPAAOK BenMUUHH. ToMy MiK 3B’A3KOI0 i 3epHOM alMa3y BUHHKAIOTh
PO3TATYIOUl HANPYKEHHS, OHAK 32 00paHUX YMOB JIa3epHOT0 TepMOoIeOpMaLliHHOTO CIIiIKaHHS BAAETHCS
3a0e3MeYNTH MIIbHE OXOIUICHHS ajiMa3y MaTepiaioM 3B’SI3KM 332 PaXYHOK YTBOPEHHSI IPOMDXHOTO IIapy
KapOiy XpoMmy, IO TIOKpallye 3MOYYBAaHICTh aiMa3y MarepiaJoM 3B’S3KH 1 JIO3BOISE 3armo0irTa
YTBOPEHHIO TPILIMH Ta IHIIMX Je(eKTiB.
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Puc. 4. Mopdoiorisi moBepxHi CHHTe30BaHOT0 A0pa3MBHOI0 KOMIIO3HMTY 3 aJIMa3oM i
3B’SI3K010 Ta KAPTH PO3MOILITY XiMIiYHOr0 cKJany (3pa3ok 3)
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Puc. 5. ®a3oBuii CKJIa] CHHTE30BAHUX KOMIO3UTIB (A — ajma3s; ¢ — kapo6ix Cr7Cs)
Kap6in Cr mae pocTtaTHbO BENHMKY MIIHICTH aare3ii g0 anMma3y 1 OpU IbOMY BHCOKY
TEeIUIONPOBiAHICTh. Jledopmais KpUCTaIiuHOI rpaTKu LBOro KapoOiny € meHmoo ais 3paska 3 (0,5%)
MOPIBHSIHO 13 3pa3koM 1 (2,24%), Tak caMo SIK 1 KpUCTANIYHOT IPaTKU aamasy.

Tabn. 3
Pe3ybTaTH pEeHTTeHOCTPYKTYPHOT0 AHAJI3Y
Pexum dazoBa IIpocToposa rpyna a, b, 1v C. 1M OKP, 6 % Bwicr,
00poOKH CKJIaZIOBa HM Bar.%
OLK 229:Im-3m 0,2915 0,2915 91 0,3 27
1 'K 225:Fm-3m 0,3240 0,3240 74 0,11 41
I'padir 194:P63/mmc 0,2300 0,676 224 34 2
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Anvas 227: Fd-3m 0,3553 | 0,3553 15 | 2,05 14

I;;ES; 186:P63mc 1,423 0,4030 20 | 2,24 16

OLIK 229:1m-3m 0,2876 | 02877 | 202 | 01 32

) TTIK 225:Fm-3m 0,3552 | 03552 | 339 | 017 23

Tpadir 194:P63/mmc 0,1930 | 0,6732 76 | 0,58 4

Anvas 227: Fd-3m 0,3504 | 0,3504 43 | 062 41

OLIK 229:1m-3m 0,2654 | 0,2654 28 | 1,27 34

TTIK 225:Fm-3m 0,3715 | 03715 | 138 | 0,02 19

3 padir 194:P63/mmc 0,262 06732 | 154 | 0,41 6

Anvas 227: Fd-3m 0,3558 | 03558 | 212 | 0,37 31

I;;ES; 186:P63mc 1,404 0,412 58 | 0,48 10
Bucnosku

1. TepmonedopmaIiifHUM CITIKAHHSIM 3 BUKOPHCTaHHSIM OITOBOJIOKOHHOTO Jazepy (A=1,06 Mxm)
notyxHictio 500—-1000 Bt ynpomosx 0,18-0,36 ¢ Ha moBepxHi cTaieBOi MiIKIaIKd CHHTE30BAaHUIM
IITEHUHN Oe3/eeKTHUI aTMa30BMICHHH Tap.

2. NonmaBauus Co (90 % Bix 3araibHOI MacH MOpOIIKOBoi cymiri) 10 3B°s3ku [1I'-12H-01 Ha ocHOBI
Ni go3BoamI0 chOopMyBaTH IIUIBHY PO3BHHEHY IUIOLTY KOHTAKTY 3 aJiMa3aMH, MOPQOIIOTis MeX1 po3ainy
aMa3/3B’s3Ka BUBHAYAETHCS PEKUMAMU OIIPOMIHEHHS 1 3MIHIOETHCS BiJl XBUJISICTOI TO JIIHIMHOT.

3. ®opmyBaHHA KapOigy XpoMy BinOyBaeTbes Ui IBOX peXHUMiB 00podku — P=1000 BT, 1=0,18 ¢
ta P=500 BT, 1=0,36 c. 30inbpIeHHS TPUBAIOCTI J1a3epHOro BIUIMBY 3a eHeprii 1000 BT 3 ogHOuacHuM
3MEHILEHHAM IIBUAKOCTI OAaYi MOPOLIKY IEPELIKOKAE mporecy KapOinoyTBopenHio. OqHaK, SKIIO Ipu
LFOMY 3MEHILIHUTH CHEPTiio Ja3epHOro MPOMEHIO BIBiYi, TO MOXHA copMmyBatu Kap06in Cr 3 MiHIMaIBHOO
nedopmarii€ro KpUCTATIYHOI TpaTKW K LBOro KapOimy, Tak 1 aaMa3HOTrO 3epHa 3aBASKH TOMY, IO
koe(iuieHT JiHiHOrO po3mupenHs kapOixy Cr7CzMae npomikHe 3HAUECHHS MDK aJMa30M Ta MaTepiaioM
3B’A3KH.

4. Ilpouec kapOinOyTBOPEHHS CYNPOBOKYETHCS 3HIKEHHSIM MDK(a3HOro HATATY MK ajaMa3oM i
3B’S3KO0I0, IO TIOKPALIye 3MOYYBaHICTh ajMa3y MaTepianioM 3B’ S3KH.

Ionsika

Hocnimxennsa ¢inancyerscst HanioHaneHuM (QoHIOM mociimkeHb YkpaiHu, mpoekt «CHHTE3
aIIMA30BMICHUX KOMIIO3UTIB TepMoneOopMaLiiHUM JIa3epHUM CIIKaHHAM A1 aOpa3suBHOI 0OpoOKH
BEJIMKOTa0apuUTHUX AeTallell aBia-, CyaHo- Ta MammHoOyayBaHHD (Ne 0124U003940).
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EKCIIEPUMEHTAJIBHE JOCIIIKEHHA I'A3OJIASEPHOI'O PI3BAHHA
HEPXXABIIOUNX CTAJIENA IOTYKHUM JIASEPHUM BUIIPOMIHIOBAHHAM

Po3pobneno noeuit memoouuHuil nioxio 01a U3HAYUEHHA ORMUMAILHUX WEUOKOCHEll DI3AHHA CMAeUX JIUCIIE
PI3HUX MOBUWUH. 3anpPonOHO6AHO CKNA0, KOMNAHOGKY Ma KOHCIPYKMUGHI 0COONIUBOCHI MEXHON0ZIUH020 001A0OHAHHA nPU
3aCMOCY8AHKI ROMYHCHOZ0 1A3EPHO20 BURPOMINIOSAHHS. JIOCTIONCEHO 6NIUE 6UOY MA MUCKY MEXHON02IMHO20 2a43Y, 4 MAKOHC
YMO8 (POKyCy6anHsa 1a3epHo20 NPOMEHA HA eTUYUHY ORMUMAIbHOT WEUOKOCHI DI3AHHA HepXcasilouux cmaineil ona pizHUX
dianazonie mosuwiun yux cmane.

Knrouosi cnosa: nasep, casonazephe pizanis, WEUOKICMb PI3AHHS, MOBWUHA 3A20MOBKU, YMOBU (OKYCYB8AHHS NA3EPHOLO
BUNPOMIHIOBAHHSL

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

EXPERIMENTAL RESEARCH OF GASLASER CUTTING OF STAINLESSSTEELS
WITH HIGH-POWER LASER RADIATION

Themain drawback of experimental studies of thetechnological process of gaslaser cutting of stainless steelsof various
thicknesses is their sporadic nature and the lack of a unified approach to establishing the relationship between cutting modes
and maximum process productivity with satisfactory cut quality.

Therefore, this study examines the influence of the main factors of gas laser cutting, such as different ranges of
wor kpiece thicknesses, variable conditions of laser beam focusing and defocusing, as well as the type and pressure of process
gases on the optimal cutting speed of stainless steel sheets.

As aresult of such research, general recommendations have been formulated for selecting the optimal cutting modes
for stainless steels using powerful 20 kW laser radiation for different ranges of workpiece thicknesses, taking into account
various conditions for gas laser cutting, which significantly smplify the sdlection of the necessary modes for this type of
processing.

Keywords: laser, gaslaser cutting, cutting speed, workpiece thickness, laser radiation focusing conditions

IMocranoBka npo6JeMu. 3acTocyBaHHs CHOKYCOBAHOTO Ja3epHOr0 BHIIPOMIHIOBAHHS 3 BHCOKOIO
KOHLIGHTpALI€I0 eHeprii Jjae 3MOory pospizaTh Maibke BCi MeTaqu Ta CIUIABH, HE3AIEKHO Bil iXHIX
Terno(i3MYHUX XapakTepucTUK. [Ipy bOMY MOXKHA OTPHUMATH TOHKI PO3Pi3M 3 MIHIMAJIBHOIO 30HOIO
TEIJIOBOro BIUIMBY. JlasepHe pi3aHHS € OAHIEI0 3 HANMNOIIMPEHIMIMX TEXHOJOTIYHHMX Orepamiil, sKi
BHUKOHYIOTHCS 32 JOIIOMOT'OI0 JIa3epiB — Ha L0 orepariio npunagae 6au3pko 40-45% ycix mpoMHUCIOBUX
3aCTOCYBaHb JIA3€PHUX TEXHONOTIH. Lle pi3aHHA BUKOPUCTOBYIOTh MailKe B YCIX ramy3siX MPOMHCIOBOCTI:
Bil aBiakocMiuHOi, CyIHOOYAiBHOI Ta aBTOMOOUIBHOI MPOMHCIOBOCTI 1O BHCOKOTOYHOTO
MpIWIAA00yAyBaHHS Ta MeAUIUHU. LIs1 TexHOMOoris 0THAKOBO e)eKTUBHA SK JJIS pi3aHHS BEIUKNX BUPOOIB
(Hampuknaz, nerajged Ky3oBiB, OyIiBeTbHMX KOHCTPYKLIA a0o By3JiB JiTakiB), Tak i Ui OTPUMAaHHS
MIHIaTIOpHUX AeTajied 3 BUCOKOIO TOUHICTIO (TakuX SIK (UIBTPH, MPOKIAAKH YW MEOUYHI IMIIAHTATH).
[Ipouec, mig yac SKOro MijA Ai€l0 Ta3epHOr0 BUIIPOMIHIOBaHHS BiIOYBA€ThCs HArpiBaHHS, TUIABICHHS Ta
BUIIAPOBYBaHHS MeTaIy B3IOBX JIiHIi pi3y, a IPOLYKTH pyHHYBaHHS BUAAISIOTHCS IOTOKOM JTOITOMIXXHOTO
ra3y Ha3uMBaeThCs razonaszepHuM pizaHHsM Meranis (I'JIP). Tomy nmomanpuie BcebiuHE BUBUEHHS MPOLIECY
I'JIP € akTyasipHOIO IPOOIEMOIO.

AmHaJi3 ocTaHHIX qocaimkens i myoJikaniii. Mexanizmu ['JIP 6a3yroTbes Ha rporiecax HarpiBaHHH,
IUTaBJICHHS, BUNAPOBYBaHHA, XIMIYHMX PEAKLisX TOPIHHSA Ta BHJIAJCHHI PO3IUIABICHOIO MaTepiany 3
obnmacti pizy. llpm npoMy BHIaNeHHS NPOAYKTIB PYyHHYBaHHS MeTajiB 3 KaHalLy pi3y MOJSIrae B
nepeMileHH] piIkol BaHHU PO3IUIAaBY 0 TOBLIMHI MaTepiay, TOOTO y340BXK KaHaIy i3y, 3a JIOMOMOI0I0
nauHamiuHoro BrutkBy rasy [1]. Tlpu TJIP B SIKOCTI TEXHOJIOTIYHUX Ta3iB BHKOPHCTOBYETHCS KHCEHb,
CTHCHEHE TOBITps, iHEpTHUH 4M HeiTpanbHuil Tazu. [Ipu razonmazepHoMy pi3aHHI B 3aJIeKHOCTI Bix
BJIACTUBOCTEH 0OOpOOIIOBAaHOrO Martepialdy 1 poay rasy, IO MOJAETHCS, PO3PI3HAIOTH JBa MEXaHi3MH:
XIMIYHUH 1 QI3HUHUHA.

XiMIYHUH MeXaHi3M XapaKTepU3yeThCS CYTTEBUM BHECKOM €HEprii peakiii TOpiHHS B 3arajlbHHUNA
TerioBHU OanaHc. Takuii MexaHi3M pi3aHHS 3a3BHYail BUKOPUCTOBYETHCS ISl MaTepialliB, CXMIBHUX 10
3aliMaHHA 1 TOPIHHS HM)KYE TOUKHU TUIABJICHHS 1 TAKUX, L0 YTBOPIOIOTH PIAKOIUIMHHI okcuau. [Ipuknagamu
MOXYTh OyTH HU3BKOBYIJeLeBa cTaiub 1 TuTaH. DI3MYHMIA MeXaHi3M NOIArae B IJIaBJICHHI MeETaly
Ja3epHUM BUIPOMIHIOBAaHHSIM Ta BUAAICHHI PO3IIABY 13 30HU pi3aHHS AMHAMIYHOIO TI€I0 CTPYMEHIO rasy.
Takuil MexaHi3M CIOCTepIraeThes 3a3BUYail Mpu 0OpoOLi MeTaiB 3 MajJuM TEIUIOBHUM €(eKTOM peakxiii

© M.B. Pomanenxo, O./]. Kaenax, B.B. Pomanenxo, A.B. beprayvxuti

61



Misicayziecwvruti 30ipnux « HAYKOBI HOTATKH». Jlyyvk, 2025, Ne83

ropiHHS a00 MeTalliB, 10 YTBOPIOIOTH IPH TOPiHHI TYTOIUIaBKI OKCHIM (JIerOBaHi, BUCOKOBYTJIELEBI Ta
HeprKaBiloyi cTali, aloMiHIN, Millb Ta iH.), @ TAKOXK IPY BUKOPUCTAHHI MiTyBaHHs iHEPTHUMH Ta3aMH.

[Tpu ['JIP meTaniB po3pi3HAIOTH CTaLliOHAPHUHN XapaKTep pyHHYyBaHHA, KOJIH Pika BaHHA PO3IJIaBY
pO3TaIIoBaHa MO BCii TOBXKUHI KaHAIY pi3y 1 HeCTal[iOHAPHUM, 10 BiIPI3HAETHCA MEPIOJUYHIM BHKHUIOM
PO3IUIABICHOr0 MeTany i3 30HM 00poOku. CramioHapHMH XapakTep pyHHYBaHHS OCSATA€THCA B TOMY
BHUIIA/IKY, KOJIM IIBUAKOCTI IJIABJICHHS METally B HaNpsIMKY Pi3KH i BUAAJICHHS PO3IUIABICHOIO METaly B
KO)KHOMY TepeTHHi KaHay piBHI. [Ipyn MEHIIMX MIBUAKOCTSIX ra30J1a3epHOrO Pi3aHHS METAJB Ma€ MicIe
HecTallioHapHHi, TOOTO HecTanuii, Xxapakrep pyiiHyBaHHs [2, 3].

BukopucTanHs J1a3epHOro pi3aHHS MaTepialiB J03BOJISE PO3pi3aTH LMIMPOKUH CIIEKTP MaTepialis,
HE3IeKHO Bix ixHbOI TBepmocTi. JlazepHe pi3aHHS Maibke He YMHHTHh MEXAHIYHOIO BIUIMBY Ha
00poOIIIoBaHN# MaTepial, 10 T03BOJISIE MPALIOBATH 3 JIETKO Ae()OPMOBAHUMH i THYYKHMH MaTepianaMu.
3aBasSKd BOMY HEMA€ MOTPEOH y KOPCTKOMY 3aKpiIUICHH] 3pa3Ka — JAOCTaTHHO PO3MILLEHHS JIUCTA, II0
pospi3aeTbcsi, Ha pobodoMmy cromi. Bucoka rycTMHa TOTY)XHOCTI mpH (DOKYCyBaHHI Jla3epHOTo
BUITPOMIHIOBAaHHS B 30H1 Pi3KH 3a0e3nedye BUCOKY MPOXYKTUBHICTH mpouecy. [Iponec nerko mingaerses
aBTOMAaTH3aLlil, a 3aCTOCYBaHHA KOOPIAMHATHUX CHCTEM JIO3BOJISIE BUKOHYBAaTH CKJIaJHI KOHTYPHI po3pizu
B BOX a00 HaBiTh TPHOX BUMIpax, HOYMHAIOUN pi3aHHA 3 Oyab-1Koi TouKu. MoxiuBe Oararonosuuiine
pi3aHHs, IO MiBUIIYE THYYKICTh mpouecy [4].

Jlo HenmomikiB Ja3epHOi Pi3KM HaJIeKaTh BHUCOKA BapTiCTh OOJaIHAHHS Ta HU3BKUH KoedilieHT
KOpUCHOI Aii 5a3epHUX YCTaHOBOK. OAHAK MOCTIHHMHA PO3BUTOK KOHCTPYKIIH, HOBI JOCATHCHHS B
MaTepiaJo3HaBCTBI, Kpucranorpadii, ra30BoMy po3psli, a TakoX BIPOBAKCHHS HOBITHIX ONTHYHHX
MaTepiajiB 1O3BOJIAIOTH BBAXKATH LI HEJOIIKH THMYACOBUMH.

Pazom 3 Tum, I'JIP mopsim 3 iHIIMMK BYIJIELEBUMH CTalsIMH 3aCTOCOBYETHCS AJISI PO3Pi3aHHSA 1
HepkaBiounx craneil. HepkaBitoua craib akKTUBHO 3aCTOCOBYETHCS B OyOiBHHIITBi, IPOMHCIOBOCTI Ta
CTBOpPEHHI iH)KEHEpHHUX CUCTeM. BOHA € OCHOBHOIO CHPOBHHOIO IS BUTOTOBJICHHS TaKuX JeTaueH, sK
¢iTuHry, ¢naHmi, HepkaBitodi TpyOM Tomo. OOpoOka HepikaBilouoi CTaji CyNMPOBOKYETHCS PSIOM
TPYZAHOILLIB, 3yMOBJIEHHUX il BIACTHBOCTAMH. [0 OCHOBHMX MpOoOJeM HalIeKaTh IHTEHCUBHE 3HOIIYBAaHHS
pi3aJIbHOrO IHCTPYMEHTY, HEOOXigHICTh Oe3mepepBHOIO BUAAJICHHS CTPYXKH, IMIIBUIIEHHS LITBHOCTI
Marepiany mig yac neopmarii ta in. [5].

Kpim Bucokoi kopo3iiiHOi CTIHKOCTi, aycTEHiTHa HepaBilouya CTaJlb BiJ3HAYAETHCS BHCOKOIO
TUTACTHYHICTIO, IO POOUTSH i ieanbHUM MaTepiaioM IS IITaMIIOBaHUX BUPOOIB i3 TITMOOKOI0 BUTSKKOIO
Ta CKIagHUM penbedoM. PazoM 3 THUM, 3aBASKM HU3BKOMY 3MICTy BYIJICHIO TaKa CTajb Ma€ MOMIMIIEHI
3BaploBasIbHI Xapakrepuctuku. Kpim Toro, B takiii crani sk 08X18H10T npu mocuTh BUCOKOMY BMICTi
BYIJICLIO UIS 3aXUCTy BiJl MIKKPHCTAJIIYHOI KOPO3il 3aCTOCOBYETHCSA JIETYBaHHS TUTAHOM, IO HAJA€
MOXIJIMBICTh TPUBAJIOTO BUKOPUCTaHHA npH Temnepatypa Bin 700 no 800 °C. Tomy maHa cTainb akKTUBHO
3aCTOCOBYETBCS B MALIMHOOYAyBaHHI it HadTOXiMiT [6].

Jns BUKOHaHHS omepamniii i3 naszepHoi 0OpoOkM BUPOOIB HEOOXIAHO CTBOPUTH Ja3epHUN
texHonoriuauii komruieke (JITK), skuii Moxe mpaioBaTé sK CaMOCTIHHO, TaK 1 B CKJIaJi OiIbIIOro
BUpOOHMYOro KomIuiekey. L1106 peanizyBaTu mepeBaru 1a3epHUX TEXHOJOTIH, 30KpeMa BUCOKY LIBHIKICTb
00pOOKH, TOUYHICTb, JIOKaNi30BaHWH BIUIMB Ha KpailKkax pi3iB, a Takox 3abe3meuntd Oe3neKy poOoTH,
OesmepebiiiHy eKcIlTyaTalilo, TPUBINI pecypc Ta MiHIMi3alilo MOTpeOr B 0OCIYrOBYIOUOMY IEpCOHAI,
JITK mae OyTH TOBHICTIO aBTOMAaTH30BaHWUM. SKIIO * HOro 3acTOCOBYIOTh Yy CKJaJli BEIHUKOTO
BUPOOHHYOr0 KOMIUIEKCY, BiH OBHHEH OyTH 1iie it poOOTH30BaHUM [7].

Ho cknany aBromatuzoBaHoro JITK BXoasTe OCHOBHI CHCTEMH: TEXHOJIOTIYHUH Jla3zep, cucTeMa
TPaHCHOPTYBaHHSA Ta (HOKYCYBaHHS JIa3epHOI'O BHIIPOMIHIOBAHHS, CTU1 M JBOX-KOOPAHHATHOTO
MepeMillleHHsI 3aroTOBKH, L0 PO3Pi3a€ThCs, Ja3epHUH TEXHOJOTTYHMU IOCT, CHCTEMa aBTOMATHYHOTO
KepyBaHHs [8].

Haiibinpme 3acrocyBanus B cydacHux JITK orpumanu mpomucnoBi BOJOKOHHI Jiazepu SIKi MalOTh
HesarepeuHi mnepeBard mepex iHmmMu Tumamu nasepiB  [9]. Ilo-mepiie, BOHM HE BHMAararTh
00CIyroByBaHHs, TOMY IO Ja3ep mepeOyBae B 3aKPUTOMY I'€pMETUYHOMY KOPITYCi, IO BUKIIOYAIOThH
nomnaganHs B HUX ity Ta Opyny. [lo-apyre, BOJIOKOHHI Jla3epu € CAMUMH HalilfHUMU cepesl yCiXx HasBHUX
TUNIB J1a3epiB 1 MAaloTh JOOCHTb BEIMKUN pecypc pobotu. llo-Tpere, BHXinHE BHUIPOMIHIOBAHHS
BOJIOKOHHOT'O J1a3epa BiAPI3HAETHCS Oy>KE€ BHCOKOIO SKICTIO i CTaOlIbHICTIO mapaMerpiB mpomeHs. Kpim
YCbOTO NEPEepaxoBaHOIO TAaKWW Ja3ep MOXKHA BHKOPHUCTOBYBAaTH JJIsl PO3KPOIO MartepiaiiB, L0 MaioTh
BHCOKY BiZIOMBHY 3/IaTHICTh IS JIA3EPHOTO BUIPOMiHIOBaHHS, Lle, Hanpukiam, naTyHb, aTfOMIHINA, Milb,
OLIMHKOBaHA 1 Hep)KaBilo4a CTallb.

Hns JITK Benukoi MOTYXHOCTI po3poOiieHa onTudHa (HOKycyroua CHCTeMa, sKa HinHiMae
aBTOMATH3aLII0 MPOLECY JIA3epHOr0 pi3aHHS Ha 30BCIM HOBUHM piBeHb. [lepeBaramu Takux Ja3epHUX
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ONTHYHUX CHUCTEM, OKpIM IHIIMX, € aBTOMAaTH4YHA YCTaHOBKa ()OKYyCHOI BiAcCTaHi, 3pydHE peryatoBaHHS
BEJIMYMHU PO3(OKYCYBaHHs, BOyIOBaHE CIIOCTEPEKEHHS 3a MOBEPXHEIO METaly, & TAKO)K aBTOMaTHYHE
peryJIrOBaHHS MMOJOXKEHHS COILIa BiTHOCHO MOBEPXHi 3aroToBkw [9] .

Busnavansaum npu ['JIP MeraniB € criBBiAHOIIEHHS TOBILMHH PO3pi3yBaHUX JHCTIB Ta MIBUIKOCTI
00po6ku [10-13]. ExciepuMeHTanbHO AOCTiAXKYBaIacs TAKOXK 3aJ1€KHOCTI IIUPHHH Pi3y, IOPCTKOCT1 HOTO
MOBEPXHIi, a TAKOK 30HA TEPMIYHOIO BIUTUBY Bil peKUMIB pi3anus [14-17].

Tum He menw, npouecu ['JIP craneBux MUCTIB, 30KpeMa HEPKaBilOUMX CTajlel, Bce 1ie NOTPeOYIOTh
MOJANBIINX IPYHTOBHHX JIOCHIKEHb B MIUTAHHAX BCTAHOBJICHHS ONTUMAJIBHUX PEKUMIB Pi3KU 3aTOTOBOK
Pi3HUX JAiana30HIB TOBILMH NMPH BUKOPHCTOBYBAHHI TEXHOJIOTIYHHX Ta3iB Pi3HUX BUIB Ta B 3aJIEKHOCTI
BiJl TUCKY, MiJ SIKHM BOHH IIOAAIOTHCS B 30HY pi3aHHSI.

Hocranoska 3apaanb. [Ipu ['JIP HepxaBitounx craneit gazepHUM BHIIPOMiHIOBaHHSM B 20 kBT B
WIsIMI QOKYCyBaHHS JTa3€PHOr'O MPOMEHS peati3yeTbCcsd BHCOKA T'YCTHHA IOTYKHOCTi, OCOOJIMBO KOJH
SHEeprisl, 10 PeaTi3yeTbcsl B 30HI Pi3aHHS IIE€ M JTONMOBHIOETHCS €HEprielo ropiHHs Mmerany. [lotpiOne
PO3YMIHHS SIK KEpyBaTH LI€I0 EHEPrilo, 100 MPpH 3a10BUIBHIN SKOCTI KpalOK pi3y, OTpUMAaTH MaKCUMAaIbHY
MPOAYKTHUBHICTH mporecy ['JIP.

Tomy MeTo10 1aHoi pobOTH € NOCHiKEHHs BIUIMBY pizHuX pexxumis ['JIP Ha pesynbraTti 0OpoOKu
Ta Mixdip ONTHMAaIbHOI BUAKOCTI Pi3aHHS HEPKAaBIIOUMX CTaled Pi3HUX Jiana30HIB TOBIIMH 32 paXyHOK
peamizanii noTpiOHUX YMOB po3(hOKYCyBaHHS JIa3€pHOIO BHIIPOMIHIOBAHHS Ta PalliOHAJIBHOTO MigOOpy
BHJIy Ta THCKY TEXHOJOTIYHOTO (p0oO0YOro) rasy.

BukiageHHst OCHOBHOro martepiaay. fIK BKa3yBaJoCh BHILE, HaWKpalli MOKa3HUKH SKOCTI
MOBEPXHI Pi3iB MOXKYTh OyTH OTpHUMaHi IpH Pi3Li HA MAaKCUMaJIbHO MOXIJIMBUX IIBUAKOCTSX VIS JIUCTIB

MeTally 3a/1aHo0i TOBIIMHY. TaKy MBUAKICTE Oy1eMO BBaXKaTH ONTUMAIIBHOIO Ta TO3HAYATH — Voupm..

B po6ori [18] 3anmpornoHoBaHa CTymiHYaTa 3MiHa MIBUAKOCTI Pi3aHHs AJ1s MAOOPY il ONTHMAaIbHOTO
3HA4YEHHS IS 3aJJaHO01 TOBIIMHY 3aTOTOBKH.

Jns 3HaXOMKEHHS Vopm, TAKOK MOKHAa BUKOPHCTOBYBATH [IBI po3poOJIieHI HAMH METOIUKH. B
MepIIoOMY BHIIAAKy Ha BUOpaHii 3a31aieriab MBHUAKOCTI pizaHHS V po3pi3a€Thes MeTasl 3MiHHOT TOBILMHH
Ta (iKCyeThCs IMUOMHA Pi3y, KOJIM BiH I € HacKkpisHuM (puc. 1, a). IIpu nboMy poOHTHCS BUCHOBOK, 110
IUISl 1aHOI IIBUAKOCTI Pi3aHHS Taka TOBLIMHA MeTany Hygxe. € TPAHUYHO MOXKIMBOIO AJISI OTPHUMAHHS
HacKpi3HOTo pi3y. TakuM YUHOM, JIMCTH METAy TOBIIUHOK H,ucc. A MOCATHEHHS HAHOLIBIIOT SIKOCTI Ta
nponykruBHocTi ['JIP motpibHO pi3atu Ha 3aganiil mBHAKOCTI V, 1 BOHA € ONTUMAIBHOIO (Voum.) IUIS Li€T
ToBIIMHH (puc. 6, 6). Takomy migxony ciix BiigaBaTu mepeBary, KOIH MOTPIOHO OTPUMATH 3aJIEXKHICTh

H=f (V).

a) 0)

Puc. 1. 3aniponoHOBaHa MeTOAMKA BU3HAYEHHS] MAKCHMAJIbHO MOKJIUBOI IIHONHM pi3y npH
3aganiil mBuakocti I'JIP: 3aroroBka 3MiHHOI TOBIIMHU (), LSl 5K 3ar0TOBKA 3 MO3HAYEHHAM
ONTHMAJIBHOI IBHAKOCTI Pi3aHHS TA MAKCMMAJIBHO JOMYCTHMOI TOBIIUHY Pi3y 1JIsl TAKOTO

pizanus (0)

ITpu Bcranorienni x 3anexHocti V = f (H) morpiOHuil iHIMA MiaXia, KOJH CTaBHTHCS 3a1ada
BHU3HAYEHHS MAaKCHMAJIBHOTO 3HAYEHHS IIBUAKOCTI Pi3KU Vygrc, IPU SKOMY TapaHTOBAHO Ma€ Micle
HACKpPI3HUH Pi3 B JIMCTI MeTaly 3aJaHOoi TOBIIMHM. [l LbOro JHCT MeTaly po3pizaBcsi Ha 3MiHHIN
LIBUJIKOCTI, TIOYMHAIOYM BiJ MEHIIOro ii 3HaueHHS Vyey, SKE TapaHTyBajO MOBHE HpOpi3aHHs JHCTa
TOBIMMHOK H, 110 #oro 6inpimoro 3Ha4eHHs — Vyiny, , KOIM IOBHE MPOPI3aHHA TaKOi 3arOTOBKH B)KE HE
Mano micts (puc. 2, a). 3adikcoBaHe 3HAUCHHS MIBHAKOCTI pi3y, KOJM 3HUKA€ HACKPi3HE MPOpi3aHHS
3aroTOBKH, 1 € ii ykaHe onTuUMalbHe 3Ha9eHHSI — Vi, (pUC. 2, 0).

OCKiTbKH B MOJABIINX HAIIMX €KCIIEPUMEHTAX HAC [IKaBUJIA 3aJISKHICTh ONTHMAIBbHOI INBUAKOCT1

pi3aHHs B 3aJIGKHOCTI BiJl TOBIIMHH JIMCTa METally, TO BCi MOJAJIbII €KCIIEPUMEHTH BUKOHYBAJIUCH 11O
MpeACTaBIEHIH apyriii MeTOANLI.
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Viaow Vonr. Vo,

Puc. 2. 3anponoHoBaHa MeToAKa BU3HAYeHHs onTHMaabHOI mBHAKocTi ['JIP meTaneBoro
JIMCTA 33/1aHOI TOBUIMHHU. 3ar0TOBKA, NP Pi3aHHI 3i 3MIHHOI0 IIBH/KICTIO (a), IS 2K 3ar0TOBKA 3
rpadikom 3minn mBuakocti I'JIP (6)

[Ipu BUKOpPHCTOBYBaHHI MOTYXXHOTO JIa3epHOro BUNpoMiHioBaHHs B 20 KBT, rycTnHa MOTYKHOCTI B
doxabHiil MIAMI BUIIPOMiHIOBAaHHS focsArae BeduduHu 10 5 - 107 Br/cm? Onmak, npu pizaHHi MeTaiB
TaKi 3HAYEHHs I'yCTHHHU HOTY/KHOCTi HabaraTo mepeBHINyIOTh HeoOXiaHi 3Havenns B 510° ~ 10° Br/cm?,
SIK1 JOCTATHI JJIs1 TOCUTD SIKICHOT'O PO3pi3aHHs JIUCTIB MeTary. ToMy myKe BaKIMBUM (HaKTOPOM IpH pi3Li
crajell MOTYXHMM Ja3epHUM BHIIPOMIHIOBaHHSM, KpiM BeMMYMHHM (POKYCHOI BifcTaHi JiH3M, CTae€
BEeIMYMHA Ta HampsAM po3(oKycyBaHHS Jla3epHOro mydka. Tak, micist (OKyCyBaHHS JA3EpHOTO
BUITPOMIHIOBaHHS PO3MIp IJISIMH Mponopuiiinuii GokycHii BigcraHi niH3u. [Ipu ¢oxycyBaHHI IiH3010 3
KOpPOTKOIO (POKYCHOIO BiZICTAHHIO PO3MIp IUISIMU € MaJIM, a T'YCTHHA MOTY>KHOCT1 B To4Ii (JOKyCY BHCOKa,
IO /1a€ MOXJIUBICT OUIBII IIMPOKOTO PErYNIOBaHHS HEIO MpH po3dokycyBaHHI. OOHAK, MPHU LBOMY
3MEHIIYETbCA W rMOHMHA (OKyCy, IO 3MEHIIYE 3amac pPeryaioBaHHS. 3acTOCYBaHHA KOPOTKO(OKYCHUX
JH3 OiMbINe MiIXOAUTH JUI BHCOKOIIBUAKICHOTO pi3aHHS TOHKWMX MeTamiB. JloBrodokycHi 00’eKTHBH
MaioTh OUIbIIy NOBXKUHY Penes (rmuOuHy YiTKOCTi) Ta AOCTaTHIO T'YCTHHY IMOTY>KHOCTI, 10 Oimblie
MiAXOOUTH Ui pi3aHHA TOBCTUX 3aroroBoK. Ilpm I'JIP moTy)XxHUM na3epHHM BHUIPOMIHIOBAaHHSIM B
OCHOBHOMY BHKOPHCTOBYIOThCS JIiH3U 3 (pokycHoro BigctanHO B 100, 150 Ta 200 mMm.

B 3anexHOoCTi Big BeNWYHMHH PO3(OKYCYBaHHS € MOKIMBICTh OTPUMATH Pi3HI 3HAYCHHS AiaMETpy
Ja3epHOro MPOMEHIO Ha MOBEPXHI MeTaly, 0 pikeTbca. BiamomimHo Oyne 3MiHIOBaTHCS W TyCTHHA
MOTYXXHOCTI Ha 1l moBepxHi. Byaemo BBaxkatu, 10 mixiioM ToUkH GOKYCY B HAIIPSIMKY (POKYCYIOUOi JTiH3H
€ «IIO3UTHBHHUM)» HAIPAMKOM 1 OyleMo Mo3HavaTd Horo « + », a BiIJalleHHsS BiJ JIH3M Ta 3arIMOJICHHS
TOYKH (POKYCy B MOPOXKHHUHY Pi3y — II€ «HETaTHBHHUID HANPSIMOK, IO MO3HAYAeThCs « — » (puc. 3).
[lonoxennss minsiMu (OKyCyBaHHS ~ BiIHOCHO JO TOBEpPXHI 3aroTOBKM O€3MOCEpENHBO BIUIMBAE HA
LIOPCTKICTh MOBEPXHI Pi3y, HOro MIMPHHY, a TAKOX Ha aare3il0 poO3IUIABJICHOTO 3ANUILIKY HPOIYKTIB
pYHHYBaHHS Ha HIDKHIH MOBEPXHI MeTally, IKMi pikerbes (nuB. puc. 3). Tox, BiTHOCHE po3TamryBaHHs
(OKyCHOI TOYKM Ta TOBEPXHI 3arOTOBKM OCOOJMBO BaXKJIMBO Ui 3a0e3MEUeHHS SKOCTI pi3aHHA
HepkaBitounx ctanel. [Iporarom ycroro nporecy pizanHs 3a0e31edeHHsI CTaI0CTi BITHOCHOTO ITOJIOKCHHS
(okyca Ta 3ar0TOBKH € BayKJIMBOIO YMOBOIO JJIsl OTPUMAaHHS CTa0UIbHOT AKOCTI Pi3aHHA.

V 6inpmocTi BUMaakiB (OKyCHa MO3MLISA 3HAXOIUTHCS Oe3rmocepeqHbO Ha MTOBEPXHi 3arOTOBKU 200
TpoxXu HIK4Ye noBepxHi (puc. 3, a). Komu ¢okyc 3HaXOAWTHCS B TAaKOMY MOJOKEHHI, OTPUMYEMO Pi3
MEHIIO1 IMUPUHH, a 30UTbIIeHA IIBUIKICTD Pi3aHHS Aa€ MOXKIIUBICTh TOCATTH KpAIIMX Pe3yIbTaTiB pi3aHHS.
SkImo k moNokeHHs TisiMH (DOKYCYBaHHS 3aHAATO 3ariJHMOWTH B MOPOXKHUHY pi3y (puc. 3, 0), To e
30UTBIINTE KIIBKICTh TEIUIA, 10 MOTJIMHAETHCS B 00JIACTI HWKHBOI KpalKu 3arotoBkH. Ileperpita HUKHS
MOBEPXHSI METAITy TapHO 3MOYYETHCS, 1 PO3IUIaBICHUI MeTasl Oy/ie TapHO PO3TIKATUCS 1O HIKHIN MOBEPXHI
B piakomy ctaHi. [licis oxomomKeHHs po3MiaBiIeH! MaTepian Oyae MILHO NPHIIMNATH 10 Li€l HIKHBOT
MOBEPXHI 3aTOTOBKH Y (OPMi KyJIb, CTBOPIOIOYH HAa HHKHBOMY KpPaiKy TakK 3BaHUHU IpaT, SIKMHA 3HAYHO NICYE
sxicte otpumanoi npu ['JIP nerani.

Komu x ¢okyc 3HaXOOUTHCS BUILE MOBEPXHi 3aTOTOBKHM, TO KUIBKICTh TeIJia, [0 BUAUIIETHCS HA
HWKHIN MOBEPXHI pO3pi3aHOro METally, 3Ha4HO 3MEHINYEThcA. TOMy MeTall y TIOPOXKHUHI pi3y HE MOXe
MaTH BHCOKY PiAKOIUIMHHICTB, 1 IpaT Ma€ BUIVIAJ TOCTPHX 3aJMIIKIB, IO HPWJIMNAIOTH 10 HIKHBOI
MOBEPXHI BUpi3aHoi aetaii (puc. 3, B). Kpim Toro ams octaHHBOI cXxeMH po3(pOKyCyBaHHS XapaKTEpHO Te,
IO B IaHOMY BHIAJKY, KPIM 3MEHILIEHHS TYCTHHU TOTY>KHOCTI, HAaIlpsIMy 3MIHIOETBCS Yac Iii Ja3epHOro
BUITPOMIHIOBaHHS B 30H1 pi3aHHs. Tak, el 4ac BU3HAYAETHCS SK Yac MPOXOKCHHS Ja3epHUM IPOMEHEM
niaMeTpy #oro IisiMA po3(OKyCyBaHHS 31 IUBHAKICTIO pi3aHHA. ToOTO, mpW 3MEHIIEHI TrycTHHI
MOTYXXHOCT1 Habarato 30UIbIIYEThCA Yac MPOPI3aHHA METaly BITIMO 3arOTOBKH, LIO HAmpsMy Bele 10
301NIbIIEHHS TOBIIMHHM JIMCTIB METaJTy, 110 PO3Pi3at0ThCS.

[Tpu I'JIP HepkaBitounx crayei, SKIIO BUKOPUCTOBYETbCS HEUTpalbHHMN Ta3, HaNpHUKIAZ, a3or,
ra30BUH CTPyMiHb BUKOHYE B OCHOBHOMY (DYHKIIIi 3 OUMILEHHS 30HU Pi3aHHSA, a TAKOXK 3aXHUCTY IOBEPXHI
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ONTHUYHOI CUCTEMH BiJl TIOTPAIUISHHS HA HEl MPOAYKTIB BUKUIY 13 30HH pizaHHsA. [Ipu BUKOpPUCTaHHI XK
KHCHIO a00 CTHCHEHOrOo MOBITPs, KpiM HaBeleHNX BUINE (YHKIIH, Ma€ MiCIle TIOETHAHHS JTBOX JKEpem
teruta B iporieci ['JIP ~ mazepHOro BUITPOMiHIOBAaHHS Ta EK30TEPMIYHOI PEAKIii TOPIHHS METay, IO CIPHUSE
HiIBHUIICHHIO MPOAYKTUBHOCTI 00poOku [19]. OmHak, SIKiCTh MOBEPXHI MpPU pi3aHHI BETMKUX TOBLIUH
HEpKaBilOUMX cTajell HabaraTo HWXK4Ya MPH BUKOPUCTAHHI KHCHIO, HIX a30Ty a00 CTHCHEHOT'O TTOBITPS 3a
paxyHOK 3HAYHOTO HAKOIMHMYEHHS OKCH[IB Ta IUIaKiB B HIDKHIX MIapax CTalli, II0 BeAE JO 3HAYHOIO
BUJIJICHHS TeIUIa B IIbOMY MICIIi Ta, SIK pe3y/IbTaT, PO3LIMPEHHS Pi3iB B iX HIDKHIM YacTHHI.

= - re——y -

\

= AF

h
_]’/

a) 6)

B)

Puc. 3. YMoBH pi3aHHS HepKaBilOYHX CTAJIell IPH PI3HUX BapiaHTaXx MoJIOKeHHs GoKycy
(371iBa) Ta BHIJISII IOBEPXHi Pi3y B HbOMY BHNIA/IKY (CIpaBa): muisiMa (OKYCyBaHHS HAa OBEPXHi
3aroTOBKH 200 He IMIMO0KO0 BCcepeHHI MOPOKHUHM Pidy (a), po3goKycyBaHHS 3 3arIN0IeHHAM
TIAMH (OKYCYBaHHSA INIMOOKO BeepeHMHY NOPOKHMHU pi3y (0), po3doxycyBaHHs 3

PO3MillleHHAM IUIIMHU (pOKYCYBaHHS HA/I IOBEPXHEI0 pi3y (B)

Pa3om 3 TuM, 3aCcTOCYBaHHS CTHCHEHOTO MOBITPS HA0AraTo MpOoCTille Ta JelIeBIIe Y BUKOPUCTAaHHI,
HDK miggyBaHHs a3oTy. IIpu oMy, MiIBHILEHHS THCKY a30Ty AO 3Ha4yeHb, AKi 3aCTOCOBYBAJHCA IPHU
BHUKOPUCTaHHI CTHCHEHOro moBirps (mpubmusno no 0,8 — 2,0 Mlla) texHiuHO CKIamHO, a, TOJIOBHE,
Habararto gopoxue. OHaK, IpU 3aCTOCYBaHHI a30Ty KpaiiKy pi3iB B HEP)KaBiIIOUMX CTAISAX MalOTh HabaraTo
MPUBAOIUBIIINI BUTIIS, HiX ITPH BUKOPUCTaHHI CTHCHEHOTO 1moBiTpst (puc.4). Tomy mpu BUOOpi pobodoro
ra3y npu I'JIP Mixx a30TOM Ta CTHCHEHHM IOBITPSIM 3BEpPTalOTh OCHOBHY yBary Ha Te, un ['JIP ™ ne kinuesa
orepauisi 00poOku Kpalok (Toai 3acTOCOBYIOTH a30T), uH micis [ JIP kpaiiku OyayTh miamsraTi moaaibIIii
00po01i. Toai MOXkHA BUKOPUCTOBYBATH i CTHCHEHE MOBITps. DOTO pi3iB B HEpKaBito4ii cTalli TOBLIMHOIO
5 MM BiONOBIAHO NMPH BUKOPUCTAHHI a30Ty Ta CTUCHEHOT'O TIOBITPS IpelCcTaBlieHi Ha puc. 4, a Ta puc. 4, 0.

:’7"‘hf:""

f»z. %"'

Puc. 4. ®oTo noBepxHi piziB B Hep:kaBiloviil cTaJi TOBINMHOIO S MM: pi3 NpH BUKOPHCTAHHI
a30Ty Ik po6o4oro rasy (a), pi3 npu migxyBaHHi CTHCHEHOT 0 NOBiTps (0)

[IpoBeneni ekcrepuMEHTH MOKa3ald, L0 € BiAMIHHICT, B MpPHU3HAYCHHI PEXUMIB  pi3aHHA
HeprKaBitounx craneit TomHO Bif 1 g0 10 mm, Big 10 qo 20 mwm, Big 20 mo 40 MM Ta Bix 40 mo 100 mm.
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BuxonaHi mociipKeHHs MOKa3aly, M0 MBUKOCTI MpH pizanHi ToBmmH 1 ~ 10 MM Ta 10 ~ 20 MM mipu
BHUKOPHUCTaHHI a30Ty a00 CTHCHEHOI'O MOBITPS Maiie HE Bifpi3HSAIOTbCA MK co00r0. BigmiHHICTE Xe
SAKICHUX XapaKTepHCTUK OTPHUMAHHUX Pi3iB MponucaHa HaMmu BUILE. [Ipy boMy iHIII mapaMeTpy peKUMIB
Pi3KM B IIbOMY BUIIAIKy MalOTh Taki 3HaueHHs: 1y ToBmuH 1 ~ 10 MM (1-uit giamas3on) ~ THCK poOOY0Oro
ra3zy nosuHeH maru BennunHy 0,8 Mlla, a nazepHe BUIIPOMiHIOBaHHS NOBUHHO OyTH C(OKyCOBaHE Ha
BEPXHIN MOBEPXHi 3ar0TOBKM a00 MPH HEBENHMKOMY 3ariuOneHi misiMu (GoKyCcyBaHHS B il cepeanHy, TOOTO
BennunHa po3dokycyBanns ckinagae 0 — -1 mm; ast toBumH 10 —20 M (2-uit Aiana3zoH) — THCK AOPIBHIOE
1,0 MIla, a BennumnHa po3dokycyBaHHs ckiagae -1,5 ~ -7 mm. Kpim Toro, ans ocraHHBOrO Iianma3oHy
XapakTepHUM € Te, IO 30UIbLICHHS TOBIUMHHM METaly Ha 2 MM MOTpedye AONATKOBOTO 301TbIICHHS
ruOuHY 3aHypeHHs pokycy Ha -1 mMm. Ha puc. 5 npuBeneHa 3aiexHiCTb ONTUMAaIbHOI IIBUAKOCTI Pi3aHHs
Hep)KaBiIOUMX CTaJlel MPH 3MiHI TOBLIMHU 3arOTOBKH JJIs1 JBOX MPUBEACHUX BHUILE Aiala30H1B X TOBIIKH.

60

1-ul danaaow 2-0 Samaaom

ns.

V.

Hw
Puc. 5. 3ane:xxHicTb ONITUMAJIIBHOIO 3HAYCHHS IIBHAKOCTI pi3aHHS HepkaBilo4ol cTali Bix
TOBIIMHHU 3arOTOBKH /UIA NEPIINX ABOX Aiala30HiB pe;KMMIB NPH MOJaYi K a30Ty, TaK i
CTHCHEHOT' 0 NOBIiTps

Jnsi BeIMKHUX TOBILMH HEPXKaBIIOUMX CTajed ONTHMAJIbHI IIBHUAKOCTI Pi3aHHS B 3aJIEKHOCTI BifJ
TOBIMHM 3arOTOBKH BiJpI3HSAIOTbCA Al BUKOPUCTAHHS CTHCHEHOTO IMOBITPA Ta a30Ty, a IpaBWia
3aHypeHHs (hOKycy 3HA4HO 3MiHIOThCA. Tak, as ToBiwmH 20 ~ 40 MM (3-1if 1iarma3oH) yMOBHU 3aHYpEHHS
(hoxycy (K Tmpu BUKOPUCTAHHI CTUCHEHOTO TMOBITPS TaK 1 a30Ty) Taki: 3arajJbHUI Jialla30H 3aHYpPEHHS
(hoKycy A TaKMX TOBIIMH ckiaaae Bix -10 mo -17 mm, a 3armuOiieHHs moTpiOHO 30imbITyBaTH Ha -1 MM
npu 30UTbIICHH] TOBLIMHU 3arOTOBKM Ha 5 MM. THCK miIgyBaeMoro rasy mpu IbOMY Ma€ ONTHMAJbHE
3raudenHs B 1,0 Mlla, He 3aiexHo Bix BUILy poOoYoro rasy.

Hnst ToBmmH xe 40 — 100 MM HE0OXiZHO PO3AUIATH YMOBH Pi3aHHS IPU 3aCTOCYBaHHI CTUCHEHOTO
MOBITPA Ta a30Ty (4-uil Ta 5-ui giama3zoH). Tak, ONTUMAaNbHI 3HAYEHHA PEXHUMIB Pi3aHHSA IJS LIBOTO
Ziara3oHy TOBILMH 3arOTOBKH IIPH BUKOPUCTAHHI CTUCHEHOTO MOBITPs (4-uil Aiana3oH) mpu HOro THCKY B
1,0 Mma MoxxyTh OyTH OTpUMAaHHI IPH 3HAYHOMY 3arJTHONICHH] IUISIMUA (OKYCYBaHHS B IOPOKHUHY pi3y Ha
BEINYMHY -16 — -25 MM, npuYOMy i€ MpaBHIO: 3arJUOJICHHS 301IbIIYeEThCS Ha -1 MM HpH 30imbIIeH]
TOBILMHHM 3ar0TOBKH Ha 3 MM. [Ipu BUKOpHCTaHHI X a30Ty ONTHMAJIbHUM € 3HayeHHs TUcKy B 1,8 — 2,0
MIla (5-uii niamazon). A och ONTHMAJIbHUMH YMOBaMH pO3()OKYCYyBaHHS € PO3MIILEHHS IUIAMHU
(okycyBaHHS HaJ] BEPXHBOIO MOBEPXHEIO 3aroroBku Ha Biactani +10 ~ +12 mm. Ha takux pexumax
MOXIJIMBE PO3pi3aHHs 3arOTOBOK TOBIIMHOIO A0 100 MM, TOAi SIK P 3aCTOCYBAaHHI CTHCHEHOT'O MOBITPS
BIJTHOCHO SIKICHI Pi3H MOXYTb OyTH OTPHMaHI B 3aTOTOBKaX TOBIIMHOIO He Oinbie 70 MM.

Ha puc. 6 npuBeneHi 3aj1eXHOCTI ONTHMAIBHUX LMIBHAKOCTEH pi3aHHS HEP)KaBIIOUMX CTajed Ui
BEJIMKMX TOBILIHMH 3arOTOBKU B CEPEIOBUIILI CTUCHEHOTO MOBITPsI T a30Ty.

B Tabmn.1, mnst 3py4HOCTI BHKOPUCTaHHS, O0’€qHaHI BCi ONTHMaibHI yMOBM peamizauii ['JIP
Hep)KaBilIOUMX CTajell Pi3HUX Jiala3oHiB TOBLUIMH MOTYKHHUM JIA3EPHUM BUIIPOMiHIOBaHHSM B 20 KBT.

TakuM YMHOM, BHKOPHCTOBYIOUM 3aJIKHOCTI IIBHAKOCTI pPi3aHHA HEp)KaBiIOUMX CTalled Big
TOBILMHM 3aTOTOBKH, NPEICTaBiIeH] Ha puc. 5 Ta 6, a TakoK YMOBU (OKycyBaHHs a0 po3(OKyCyBaHHS
Ja3epHOrO BUMPOMIHIOBAHHS Ta ONTHMAaJbHi 3HAYCHHSI TUCKY OCHOBHHX THUIIB po00YO0ro rasy (CTHCHEHE
MOBITPA Ta a30T), IpuBeneHi B Tabi. 1, MokHa BuOpatu ontuMainsHi pexxumu I'JIP nux craneil B mmpokomy
Ziara3oHi TOBIIMH iX JIMCTOBUX 3aTOTOBOK.
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Puc. 6. 3ane:xxHicTb ONITUMAJILHOI INBUIKOCTI Pi3aHHS HEePKABIIOYHX CTAJIeH Bill TOBIIMHHA
3aroTOBKH IPH MOJa4i CTUCHEHOI0 MOBITPS Ta a30TYy VIS BeJMKUX 3HAYEHb TOBIIUH 3ar0TOBOK

Ha puc. 7 npuBeneHi ¢poTo MoBepXHi pi3iB B HEP/KABIIOUHMX CTAJISAX AJISl BEIUKHUX TOBLIMH 3aTOTOBOK.

e il e

)

1

B)

Puc. 7. ®oTo pi3iB JHCTIiB HeP:KABIFOYOI cTATI BEeJTHKOI TOBIIMHHU: Pi3 B cTaJi TOBIINHOIO 40
MM IIPH BUKOPHCTaHHI a30Ty (a) ii CTHCHeHOTro MoBiTpsA (0) Ta ToBIMHOIO 80 MM NpH migxyBaHHI

azorty (B)

BucHoBku. 3acTocyBaHHS MOTYKHUX BOJIOKOHHUX JIa3epiB TSI Ta30J1a3€PHOTO pi3aHHS METaJiB Jae
MOXIJIUBICTD JIOCUTh BHUCOKOSKICHO pO3pi3aTh CTalli, 30KpeMa 1 HepKaBilodi, B IIMPOKOMY Miama3oHi iX
TOBILMHM MIPU BUKOPHCTaHHI Pi3HUX YMOB (DOKYCYBaHHSI JIa3epHOI'O BUIIPOMIHIOBAHHSI TA PI3HUX BUIIB Ta
TUCKY TEXHOJIOTTYHUX ra3iB. [Ipu oMy po3poOiieHHs OpUriHATBHIX METOAWK BU3HAYEHHS MAKCUMAaJIbHO
MOXIJIMBUX IIBUIKOCTEH pi3aHHs 3arOTOBOK MOTPiOHOT TOBIIMHM JO3BOJISIE OTPUMYBATH T'apaHTOBAaHUI
HACKpi3HUH pi3 B TaKUX 3aroToBKax NpW 3aJ0BUIbHIA sKocTi Kpaiok piziB. IlpeacraBieni ¢oro
XapaKTepHUX BHUIJISIIB JIa3epHUX Pi3iB U1 KOXKHOIO 3 Jiala3oHiB TOBIIWH, IO MOKa3yIOTh MI€BICTH Ta
OOTPYHTOBAHICTh 3aIPONOHOBAHOI METOIMKM OTPUMAHHS ONTHMAaJIbHOI IIBMAKOCTI pi3aHHS JIMCTIB
HEpXKaBilOUMX cTaied moTpiOHOT TOBIIMHHY.

[Ipu BukopucTaHHi MOTYXHUX JiazepiB aist [ JIP BaxknmuBuM (akTOpoM CTae BETHUMHA Ta HATIPSIMOK
po3dokycyBaHHA CHOKYCOBAHOIO JIa3€PHOIO BUIPOMiHIOBaHHS. Po3poOmeHi ymoBH po3doxycyBaHHS
MOTYXXHOTO JIa3€pPHOI'0 BUIPOMiHIOBaHHA IPH Pi3aHHI HEP)KaBIIOUHMX CcTaleil 103BOJIMIM CUCTEMaTU3yBaTH
BuOip ontumanbHux pexumiB [JIP mux cranelt B mmpokomy niama3oHi ix ToBumH. OTpuMaHi Ta
MPOAaHATI30BaHl 3aJeKHOCTI ONTHUMAJbHOI IIBUAKOCTI pi3aHHS BiA TOBIIMHM 3arOTOBKU JalOTh
MOXJIUBICTb, 3 OJHI€] CTOPOHH, pO3pi3aTH TOHKI CTaleBi JIMCTH HEpKaBirOUOi CTali Ha IIBUAKOCTAX 10
60 m/xB., a, 3 IHIIIOI CTOPOHH, 30UIBIIUTH TOBIIMHY 3aTOTOBOK, 1110 po3pizaroThes, A0 80 —100 mm.
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Tabn. 1
YMoBH BHOOPY ONTUMAJIBHUX PesKMMIB Pi3aHHA Hep:KaBilOUNX cTajledl pi3HUX Jiana3oHiB
TOBUIUH
Bujt Ta TcK pobodoro VmoBH (okycyBanHs (po3(OKyCyBaHHS)
rasy
Pexumu [IpaBuio po3dokycyBaHHS
. Tuck Tuck .
pBBKH | o eHOrO Hiamazon
MOBITPA, asoty, po3dokycyBaHHS, [Ipn [pupicr
. MlIla Mlla 301TbIIEHH] BEIMYNHU
Hiamazon MM
TOBIMH TOBIIWHH, po3dokycy-
’ MM BaHHSI, MM
MM
1-10 0,8 0,8 0--1 — —
1020 1,0 1,0 -15--7 2 -1
2040 1,0 1,0 -10--17 5 -1
40-70 1,0 — -16 —-25 — —
40100 — 1,8-20 +10 —+12 — —

Po3poOneni 3aranbHi pekoMeHAamii mo BHOOPY PEXHMIB pi3aHHS HEPXKaBIlOUMX CTaJe mpu
CyMapHOMY BHKOPHCTaHHI rpadikiB 3aJIeKHOCTEH ONTUMAJIbHOI IIBUIKOCTI Pi3y BiJ TOBIIMHH 3arOTOBKH
JUTS Pi3HUX Jiala30HIB IUX TOBIIWH Ta pi3HUX yMOB BukoHaHHS ['JIP, siki 3BeieHi B OKpeMy TaOIHII0, IO
3HA4YHO CIIPOILYIOTH BUOIp HeoOXimHux pexumiB st IJIP takux craneii.

[omanpii ekcriepuMeHTaNbHI JOCHTIKEHHS Ta30J1a3€pPHOTO pi3aHHS CTaJeBUX JIMCTIB MOTYXKHUM
Ja3epHUM BUIIPOMIHIOBAHHIM JalyTh MOXKJIMBICTh BCTAHOBUTH BIUIMB PEXHMMIB 0OOpOOKM HA MOKAa3HUKU
SIKOCTi KpalOK OTPUMAaHHUX Pi3iB.
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BILVINB CTUCHEHHS JIAHAUX HA E®@EKTUBHICTb ITPAAMOI B3AEMO 11
CEPBICIB Y MIKPOCEPBICHII APXITEKTYPI

Y cyuacnux mikpocepgicnux apximexkmypax, uio dedani uacmiuie peanizylomuvca 6 ymosax UCOKoOI HAGAHMANCEHOCH],
PO3n00inenozo cepedosunia ma OUHAMINHOT MACUWIMABOBAHOCH, CHOCIEPIACMbCA 3POCMARHA IHmepecy 00 mMooeeil npAMoT
63AEMOOIT Midic OKpeMUMU cepeicamu 6e3 UKOPUCAHHA mMPAOUYIiiHUX RPOKCI-piuieny — mak 3eanuil proxyless-nioxio. Taka
Mo0enb 63AEMOOIT 0036071A€ 3MEHWIUMU YAC 6I0ZYKYy CUCIEMU, YHUKHYMU 3AMPUMOK, CHPDUYUHEHUX HPOMINCHOIO
Mapuwipymusauiero, onmumizyeamu ingypacmpykmyphi eumpamu, 3MeHUUmMU Ki1bKicms ROMEHUIIHUX MOYOK 6i0MOo6u 1l
3a6e3neyumu OinvuLy apximeKmyphy ZHyuKiCHb, MACUIMA®O6AHICMb, KOHMPOIbL HAO NOMOKAMU OAHUX I 6i0N0GIOHICMb
npunyunam cloud-native. Y yvomy konmexcmi 0coo116020 3HAUEHHA HAOYBAE 6NPOBAOHCEHHA ANZOPUMMIE CMIUCHEHHA OAHUX
AK 00H020 3 KAWYOGUX 3aco0ie onmumizayii oOMiny ingopmauicro mixnc cepgicamu. CmuUCHEHHA 0036071A€ ICMOMHO
3MeHuwumu 00caz nepedanoi inghopmauii, 3SHUZUMU HAGAHMANHCEHHA HA MEPEIHCY, MIHIMIZysamu 3ampumKu 6 00poouyi 3anumis
i cnpuamu 3MeHUIEHHIO PeCYPCOCHOMCUBAHHA NPU IHMEHCUBHOMY MixccepeicHomy mpadhiky. Y cmammi 30ilicneno
meopemuynuil anani3 6NUEGY 3ACMOCY8AHHA CIHUCHEHHA OAHUX HA AKICMb, RPOOYKMUEHICINY | HAOIHICIb NPAMO20 0OMIHY
6 meacax mikpocepesicnoi apximexkmypu. Ocnosna yeaza 3ocepedxcena na 6ezempamuux anzopummax GZIP i Snappy, uwio €
Haiiyycueaniwiumu y cloud-native cepedosunyax iz niompumroro REST i gRPC. IlIpoananizoseano ocoonueocmi ix inmezpauyii,
3anesxcuicmy egpekmugnocmi 6io popmamy i cmpykmypu oanux, muny API-3anumie (00uHOYHUX YU MACOBUX), @ MAKOHC 610
Pisna mepedcesoi namenmuocmi ma 06uucnI0sanvHozo nasanmadcenns. Okpecneno kniouogi nepesazu GZIP y sunaokax
GUCOKO20 HAGAHMANCEHHA 1l NOMPEOU 6 2IUOOKOMY CIMUCHEHHI, A MAKoMC SNappy — npu 0OMENCEHHAX HA 3aMPUMKU §
npiopumemi uieuokoOii. Busnaueno nomenuiiini o00MmexceHHA w000 cymicnocmi Mixc cepsicamu, 000aMKO08020
Hasanmadyicenna na CPU ma kounghizypauyiiinoi zuyuxocmi npu pyYHOMYy KepyeanHi napamempamu Komnpecii.
Iliokpecnoemuca eaxcnugicmy 3a0e3neyeHHs Y3200M4CeHOCMI HANAUWIMYS6AHbL HA 000X KIHUAX 63AEMO0Il, 6KIIOYHO 3
KOOYBAHHAM 3A207106Ki6 i NIOMPUMKOIO 6i0n0oGioHUX hopmamis. 3podneno 6UCHOBOK, uj0 adanmueHuili i KOHMEKCMHO-
3anexcHuil nioxio 00 euUOOpy anzopummy CHMUCHEHHA, 3 Yypaxyeawuam xapaxmepy API, cmpyxkmypu nasanmaicenus,
mononozii 63aemooii, npiopumemie 0OpoOKU ma mepercesux XapaKkmepucmuK, € KpUMuU4Ho 6axCIUGUM OA 3a0e3neueHH
cmabinwvhoi, HadiitHoi il epekmueHoi podomu Mikpocepeicis y mexcax proxyless-apximekmypu cyuacHux XmapHux i 2iopuonux
naamagopm.

Kniouosi cnosa: mixkpocepsicu, proxyless-apximekmypa, cmucnennsn oanux, GZIP, Snappy, 3ampumka, npooykmugHicmo
cepeicis.

O. Sypiahin, O. Shvaikin, V. Lopukhovych

THE IMPACT OF DATA COMPRESSION ON THE EFFICIENCY OF DIRECT
INTERACTION BETWEEN SERVICESIN A MICROSERVICE ARCHITECTURE

In modern microservice architectures, which are increasingly implemented in high-load, distributed environments
with dynamic scalability, thereis a growing interest in models of direct interaction between individual services without the use
of traditional proxy solutions — so-called proxyless approaches. This interaction model reduces system response time, avoids
delays caused by intermediary routing, optimizes infrastructure costs, decreases the number of potential points of failure, and
ensures greater architectural flexibility, scalability, control over data flows, and compliance with cloud-native principles. In
this context, the implementation of data compression algorithms becomes particularly important as one of the key means of
optimizing information exchange between services. Compression significantly reduces the volume of transmitted data, lowers
network load, minimizes request processing latency, and helps reduce resource consumption during intensive inter-service
traffic.

This paper provides a theoretical analysis of the impact of data compresson on the quality, performance, and
reliability of direct communication within a microservice architecture. The focusis on losdess algorithms such as GZIP and
Snappy, which are among the most widely used in cloud-native environments supporting REST and gRPC. The analysis
explores the specifics of their integration, the dependence of efficiency on data format and structure, the type of API requests
(single or batch), as well as network latency levels and computational overhead. The advantages of GZIP are highlighted for
high-load scenarios that require deegp compression, while Snappy is preferred in cases with strict latency constraints and a
priority on speed. Potential limitations related to service compatibility, CPU overhead, and configuration flexibility when
managing compression parameters manually are also identified. The importance of configuration consistency on both ends of
service interaction is emphasized, including proper header encoding and support for the required formats.

The conclusion is drawn that an adaptive and context-aware approach to selecting a compression algorithm —
considering the nature of the API, the structure of the load, the interaction topology, processing priorities, and network
characteristics-s critically important to ensure sable, reliable, and efficient microservice operation within proxyless
architectures of modern cloud and hybrid platforms.

Keywords. microservices, proxyless architecture, data compression, GZIP, Shappy, cloud infrastructure, traffic
optimization.
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Problem statement. In the context of the active implementation of cloud solutions and service-
oriented logic in the architecture of modern software systems, ensuring the effective interaction of
microservices within a distributed environment is of particular relevance. The proliferation of proxyless
approaches, which involve the rglection of centralized proxy servers, is aimed at minimizing delays,
increasing scalability, and reducing infrastructure maintenance costs [1]. At the same time, such direct
interaction between services creates an additional load on the network and the server part of the system,
especially in conditions of high-frequency data exchange and limited resources typical for containerized
environments [2]. In practice, microservice systems serve significant volumes of requests in real time,
often using APIs of external platforms, telemedicine systems, mobile applications, or information
gateways with variable bandwidth. In such circumstances, one of the most effective approaches to
improving the efficiency of inter-service exchangeis the implementation of data compression algorithms
that reduce traffic, speed up information transfer, and ensure economical use of resources without |osing
accuracy [3]. The choice of a suitable algorithm - GZIP, Snappy, or another - depends on the type of
data, traffic specifics, and performance requirements. At the same time, the implementation of
compression in a proxyless architecture requires careful coordination at the level of service logic,
configurations, and interaction protocols [4].

Thus, an urgent scientific and practical problem is to determine the conditions under which data
compression provides an increase in efficiency without complicating the architecture, and to establish
the relationship between the type of algorithm, the configuration of direct interaction, and the
performance of the service system. Research in this area allows us to formulate recommendations for
devel opers on the optimal use of compression in a microservice environment, especially in critical high-
load applications.

Analysis of recent research and publications. Actual aspects of designing microservice
architecture in the context of containerization and cloud environments are covered in the works of such
researchersasY. Katkov, O. Zinchenko, A. Petrenko, A. Fatima, S. Lakkireddy, Z. Lu, X. Sun, X. Merino.
These papers address the issues of scalability, resilience, service design, security of microservices
interaction, as wdl as technical challenges associated with limited resources in modern I T infrastructures.
However, despite the existing developments, most of them focus on general aspects of architectural
solutions or security in cloud computing, while the specific problem of the impact of data compression on
the efficiency of direct (proxyless) interaction between microservices, in particular in the context of
intensive load and unstable bandwidth, remains insufficiently studied and requires further systemati zation.

The purpose of the articleisto analyze the impact of data compression algorithms on the efficiency
of direct (proxyless) interaction of services in a microservice architecture, to determine the advantages and
limitations of implementing compression in conditions of intensive service traffic and limited resources,
and to substantiatethetechnical feasibility of such solutionsto improve system performance and scalability.

Summary of the main material. In today's environment of rapid development of digital
technol ogies, microservice architecture has become a key e ement in building scalable and flexible software
systems, especially in environments with high load and limited resources. One of the maost pressing issues
in this context is optimizing proxyless interaction between services by implementing efficient data
compression mechanisms. This issue is especially important in critical applications, such as medical or
telemedicine services, where the amount of data transmitted can be significant, and the performance and
stability of systems are crucial [1].

The main constructive approach to microservice architecture is to divide a monoalithic system into
separate independent services that interact with each other via APIs. In cases where inter-service
communication is carried out directly, without the use of intermediaries (proxies, APl gateways), thereisa
need for efficient network management, message exchange, and data compression. It is in such conditions
that technologies such as GZIP, Snappy, or Brotli can significantly reduce the load on the network and
speed up request processing, especially when the frequency of calls is high [4]. Data compression is a
technique for reducing the size of information in order to save space or reduce thetime it takes to transmit
it. Inthe context of microservices, this means that before sending data from one serviceto another, this data
is first compressed, transmitted over the network in a compressed form, and then decompressed by the
recipient back to its original format. This interaction scenario will be the subject of further analysis. The
use of compression in microservice architectures offers a number of advantages, including reduced traffic
volume and shorter transmission times, which helps improve overall system performance. This allows for
efficient exchange of large amounts of data, reducing the load on the network, especially in cases of similar
or repditive traffic. Compression is especially useful during peak loads, when systems simultaneously
process a large number of requests, and also increases the efficiency of network resources. At the same
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time, the use of compression has certain disadvantages. First, processing compressed data requires
additional computing resources on both the client and server sides, which can cause a slight decrease in
performance. Secondly, if the algorithms are not set up correctly, data loss or format integrity may occur.
In addition, there are potential compatibility issues if services use different compression algorithms.
Ancther difficulty is the need for pre-configuration and additional expertise to work with such data,
including debugging and auditing of the transfer.

Implementing compression in microservices environments can reduce network communication
latency by up to 30% compared to systems without compression. The greatest effect is achieved in low-
bandwidth environments, where even minor optimizations can have a significant impact on overall
performance. In telemedicine infrastructures, compression plays an important role in ensuring stable
operation of servicesin remoteregions or in conditions of unstable Internet connections [2].

Special attention should be paid to security issues when implementing compression. The use of
compression algorithms can potentially create new attack vectors (e.g., CRIME or BREACH) if
compression is performed on encrypted traffic. Inthisregard, it is recommended to apply compression only
to unencrypted data, followed by encryption of the communication channd using TLS 1.3 [3].

Another key aspect is the choice of the compression algorithm itself. Depending on the context of
use, technical requirements, and the type of data being transmitted, a different approach is appropriate. For
example, Snappy, which was developed by Google for fast compression, demonstrates outstanding
performance when working with short JSON messages, which is typical for internal cross-service
interaction. In turn, Brotli provides a higher compression ratio, but at the expense of greater computational
complexity, so it is better to use it in less dynamic scenarios [4], [10]. The comparative characteristics
presented in Table 1 allow us to clearly see the advantages of each algorithm depending on the task.

Table 1.
Comparison of compression algorithms for direct interaction of microservices

Type of compression

algorithm Description. Application examples
Algorithms that allow you to fully Huffman coding, Lempel-Ziv (LZ77,
L ossless compression restore the original data after LZ78), Deflate (GZIP), Snappy (high

compression. speed with moderate compression)

Algorithms that remove secondary
Lossy compression (Lossy)|information, so accurate recovery of the
original dataisimpossible.

JPEG (image), MP3, AAC (audio,
video)

Asyou can seefrom Table 1, each of thealgorithms hasits own advantages and limitations depending
on the purpose of use: GZIP provides a high compression ratio but requires more processing time, while
Snappy, on the contrary, has a lower compression ratio but significantly outperforms other algorithms in
terms of speed, making it optimal for systems with a high frequency of requests. Brotli combines both
approaches, but is more suitable for static content. While lossy formats such as JPEG or MP3 are effective
in reducing the amount of multimedia data, their use in microservice interactions is limited due to the
inability to fully restore the original data.

In the context of infrastructure, it is important to consider architectural solutions that provide fault
tolerance and load balancing. The use of containerized environments, such as Docker and Kubernetes,
combined with the concepts of fog/edge architecture, allows for flexible request routing and reduces the
overall load on the central nodes of the system [5; 7]. Particularly noteworthy is the implementation of a
service mesh, in particular solutions such as Istio or Linkerd, which allow for centralized management of
policies for interaction between microservices. Within this architecture, compression policies are
implemented as part of the network layer configuration, which greatly simplifiestheir scaling, maintenance,
and subsequent audit [5].

To dynamically adapt to the load, it is advisable to implement multi-agent network management
systems that independently adjust the exchange parameters depending on the current situation. This allows
you to adaptively enable or disable compression based on predefined metrics (number of requests, average
packet size, latency). In combination with machine learning elements, such systems provide an additional
level of automation, which is especially important for mobile or unstable environments [6], [8].

In addition, the use of service mesh as a basic infrastructure for microservice interaction allows not
only centralized routing management but also efficient load balancing and implementation of quality of
service (QoS) policies. Traffic compression in such systemsis carried out according to the class of service,
which optimizes the use of bandwidth and computing resources without losing the quality of interaction
[9].
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The issue of architecture compliance with rdiability and scalability requirements is one of the key
issues in the devel opment of modern digital systems, especially in the context of microservice architecture.
The formation of a cloud-native approach, which involves modularity, containerization, automated
orchestration, and the ability to scale both vertically and horizontally, allows the system to adapt to
changing loads and ensure its fault tolerance even in an unstable environment [4].

To efficiently identify and optimize traffic between microservices in proxyless applications, a
comprehensive strategy that combines monitoring, traffic analysis, and data compression algorithms must
beimplemented. Thefirst step isto monitor and analyze requests; using Prometheus and Grafana, you can
collect metrics on the frequency of APl calls, the amount of data transferred, and response time.
Additionally, the ELK stack (Elasticsearch, Logstash, Kibana) allows you to analyze logs in detail and
identify the most loaded or resource-intensive services. The next step isto determine the data format: if the
traffic is mainly represented in JSON, XML, or similar formats, it is appropriate to implement Gzip, Brotli,
or Snappy. It'simportant to keep in mind that not all APIs require compression - for example, methods like
getOneEntityByld are best left uncompressed, as testing shows that in such cases, compression creates an
unnecessary load. In a proxyless environment, compression is implemented at the level of the services
themselves, in particular for unique data formats, using utility classes or wrappers to reduce code reuse.
After implementation, performance testing is mandatory to ensure that compression is effective and there
is no excessive CPU load. Monitoring should continue, adjusting the compression rules only for really
relevant scenarios. In the long term, the compression strategy should be reviewed regularly to take into
account changes in technology, data formats, and system requirements.

In apractical context, the issue of implementing data compression in microservice systems is most
often solved at the HTTP middleware level or through integration into the transport layer of gRPC
communication. However, in the context of direct (proxyless) interaction, where there is no centralized
traffic controller, the key challenge is to implement compression on the side of each individual service
without disrupting the overal interaction. The experience of using GZIP and Snappy algorithms in such
architectures shows that compression not only reduces the size of transmitted packets by 40-70%, but also
has a positive effect on the average delay at high request frequency [1], [6].

Using GZIP for REST communication between services allows you to achieve asignificant reduction
in the amount of data when transferring structured information in JSON format. In atypical scenario, when
service A transmits medical or financial data to service B, enabled compression reduces the network load
by 55% and the overall response time by 18%. Snappy, on the other hand, demonstrates a lower
compression ratio, but is superior in speed, making it suitable for scenarios where minimal latency is critical

[2].

In a proxyless infrastructure built using Spring Boot and Kotlin, compression is implemented at the
level of filters or interceptors. This allows for compression and decompression of requests and responses
before they reach the service's business logic. At the same time, it is necessary to take into account the
header encoding (for example, Content-Encoding: gzip) and ensure mutual support for compression at both
ends of communication. Failure to comply with these conditions can lead to unpredictable decoding errors
or connection disruption [3].

A performance study conducted in the context of modeling a microservice environment with variable
latency showed that under average load conditions (200-500 requests per second), GZIP compression
reduced response time by ~15%, while Snappy reduced response time by only 8%, but was more stable
under peak loads without performance degradation [2], [6]. Thus, the choice of an algorithm depends not
only on the desired compression ratio but also on the characteristics of the traffic, data type, and nature of
the load.

It should be noted that in conditions of high paralldism of request processing, compression should
not block the main threads of execution. Therefore, it is advisable to move compression operations to
separate worker threads or use asynchronous mechanisms supported by modern frameworks, such asKatlin
Coroutines or Project Reactor. In combination with the thread-pool configuration, this allows you to
maintain performance even in the face of high competition [4].

In addition to technical aspects, the problem of trust between microservices is important, especially
in an open architecture or when exchanging data with external partners. Building a trust modd for a
microservice environment involves not only authentication and authorization, but also checking the
integrity of the exchange. In the case of compression, this means using checksums, digital signatures, or
HMACs (hash-based message authentication codes) to ensure that the transmitted data has not been altered
during transmission [5].

At the same time, service interaction in cloud-fog continuum environments presents additional
challenges: in such systems, some services are hosted on edge nodes, where data compression can become
too much for the CPU. Thisis wherethe need for adaptive logic arises: compression algorithms should only
be enabled if certain thresholds of traffic volume or delay are exceeded. This is ensured by telemetry
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analysis and orchestration systems such as Kubernetes or OpenShift, which allow distributing the load
between nodes and applying compression selectively [7], [8].

Therole of architectural designisalso key inthis process. It isimportant to consider compression at
the stage of service contract design - defining a specification that describes what dataiis transmitted, in what
format, and whether compression is supported. Ignoring this aspect at an early stage can lead to
incompatibility between services in the future, which will require costly refactoring or APl modifications.

Finally, it's worth noting that compression is not a one-size-fits-all solution, but rather a component
of a broader strategy to optimize the direct interaction of services. In some cases (for example, when very
short requests or numeric identifiers are transmitted), compression may not make sense or even degrade
performance due to the overhead of compression-decompression. Therefore, it is advisable to implement
hybrid models where compression is enabled only for large or repetitive data structures, and standard
uncompressed exchangeis used for therest of the requests.

Conclusions. The integration of data compression algorithms into the direct interaction of
microservices plays akey rolein optimizing modern digital architecturesin resource-limited environments.
Ensuring efficient compression consistent between services can significantly reduce network load, improve
system performance and resilience during peak requests, especially in conditions of low bandwidth or
unstable Internet connection. Taking into account the specifics of the infrastructure, such as proxyless
architecture, mobile edge nodes, and hybrid-cloud environments, requires an adaptive approach to
implementing compression. Compression should be designed as a system component, taking into account
the service contract, data format support, reconciliation algorithms, and digital security. Implementation of
GZIP, Snappy, or Brotli should be accompanied by TLS configuration, integrity control, and policy
automation. In the future, it is the flexibility, scalability, and security of compression that will determine
the effectiveness of microservice platforms in healthcare, eGovernment, and critical I T infrastructure.
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AHAJII3 TEXHOJIOI'TI 3BAPIOBAHHSI IJIsI ABTOMOBLIBHOI TAJTY3I

Y emammi posenanymo cyuacni memoou 3eaproeanns é agmomooineoyoysanni, 30Kpema maxi mexnonozii, Ak oyzoee
3eaprosannusa (MMA, MIG/MAG, TIG), 36aproganns nio ¢rocom, enekmpouinakose ma nnaimose 3eapioganns. Ilpogeoeno
anani3 iXHix MexXHIYHUX XapaKmepucmuK, nepeeaz i HeooiKie, a MaKoHc 0CoONUEOCHEll 3ACMOCYBAHHA 8 KOHMEKCHI 6UMO2
00 aKocmi, HadiliHocmi ma eKoHomiunoi egpekmuenocmi 3’conanv. Busnaueno, w0 eudip onmumanvnoi 36apioeanvHol
mexHonozii 3anexcums 6i0 mamepiany, KOHCMPYKyil ma npusHaueHHa Oemaneil, a 6nPOBAOHCEHHA [HHOBAUINIHUX MemO00ie
CRPUAE NIOGUILEHHIO AKOCHI MA KOHKYPEHMOCRPOMOHCHOCI A8MoMoOiIbHOT RPOOYKUiL.

Kniouosi cnosa: 3sapiosanvii mexnonoeii, asmomoobiivhe 36apioganHsi, eQheKxmusHicms supoOHUYmMaea, MIyHICIMb

KOHCMpYKYl.
V.M. Franchuk, L.M. Samchuk, Y.V. Shyshko
ANALYSISOF WELDING TECHNOLOGIESFOR THE AUTOMOTIVE INDUSTRY

Thearticlediscusses modern welding methodsin automotive engineering, in particular technologies such asarc welding
(MMA, MIG/MAG, TIG), submerged arc welding, electroslag welding and plasma welding. An analysis of their technical
characteristics, advantages and disadvantages, as well as the specifics of their application in the context of requirements for
quality, reliability and economic efficiency of jointsiscarried out. It has been determined that the choice of the optimal welding
technology depends on the material, design and purpose of the parts, and the introduction of innovative methods contributesto
improving the quality and competitiveness of automotive products.

Keywords:Wel ding technol ogies, automotive welding, production efficiency, structural strength.

IMocranoBka npodJem. CyyacHe aBTOMOOUIEOyJyBaHHS IEMOHCTPYE Bpakaiouy IUHAMIKY, II0
MPOBOKYE MiIBUIICHI 3alMTH OO KIIOYOBUX TEXHOJIOTIYHUX €TamiB, 30KpeMa 10 IOKa3HUKIB SIKOCTI,
CTabIIBPHOCTI, TPUBAJIOCTI eKcIUTyaTamii. 3acToCyBaHHS KIACHYHHX CHOCOOIB 3BapIOBaHHSA HEPIOKO
MOKa3ye HU3bKY e(eKTHBHICTh B PEAlifiX Cy4acHOTO BUPOOHHUIITBA, OCOOJIMBO MPH CTBOPEHHI JIETKUX Ta
CHEProoIaAHNX KOHCTPYKLIH, sIKi MOBHMHHI BIANOBIZATH >KOPCTKMM BHMOTaM O€3MEeKH, €KOJOridHOoi
BIJMIOBiAHOCTI Ta MPOAYKTHUBHOCTI. 3 YCKITaJHEHHSM KOHCTPYKLIH Ta PO3IIMPEHHSIM HOMEHKIATypH
MaTepiajiB, 3aTy4eHUX B aBTOMOO1IeOyIyBaHHI — TaKMX SK BUCOKOMILIHI CTaJli, aJIIOMiHi€B1 Ta MarHieBi
CIJIaBM — BUHHUKAa€ NOTpeda BIPOBAKCHHS IEPEIOBUX 3BapIOBAJIbHUX TEXHOJIOTIH, IO BUMarae
PETENFHOTO0  TEXHIKO-€KOHOMIYHOTO  OOIpyHTyBaHHS. llapanenbHo, BiACYTHICTH ILiICHOTO Ta
CHCTEMaTHU30BAHOTO MiAXOAY A0 BHOOPY HaHONTUMANBHIIINX 3BapIOBAJILHUX IPOLECIB 34aTHA
CIPUYMHHUTHU 3HWKEHHS SKOCTI (P iHAIBHOI MPOAYKLii, 30UIbIICHHS BUPOOHUYMX BUTPAT Ta YIOBLIbHEHHS
TeMIIiB MoAepHizamii. 3 ooy Ha Ie, HaI3BUYalHO BaXXJIMBHM € BCEOIUHHI aHalli3 aKTyaJbHUX
3BApIOBAIBHUX TEXHOJOTIH 3 ypaxyBaHHSM creun(ikd aBTOMOOUIBHOI raiysi, 3 METOI0 ONTHMi3alii
BUPOOHWITBA, MiABUIICHHS KOHKYPEHTOCHPOMOXKHOCTI MiANPUEMCTB Ta 3a0€3MEUCHHST BUCOKUX
CTaHIapTIB SKOCTI.

Meta po0doTH — aHaIi3 CydYaCHHX 3BapIOBAIBHUX IPOLECIB 3 METOI0 BH3HAYCHHS ONTHMAJIBHUX
MeTOMIB Ui 3a0e3leueHHsT BHCOKOI SIKOCTI HaMIMHOCTI Ta €KOHOMIYHOCTI 3’ €IHaHb B
aBTOMOO1Ie0y TyBaHHI.

AHani3 JiTepaTypHHX [Kepes. ABTopamu po0oTH [1] HoCiipKeHO BIUIMB aAre3iiHOro Kiew Ha
napaMeTpu KOHTaKTHOI'O TOYKOBOT'O 3BapioBaHHs ctajieil. s ouiHku mpomecy BUKOPUCTOBYBAJIH aHaMi3
PYXY €JIEKTPOAIB Ta CHHXPOHI30BaHi MapaMeTpH, chopMyBaBIIN 0a3y AaHUX LUIIXOM 30ypEeHHS BXiTHHX
3Ha4YeHb (HaHEeCeHH Kieto). Meranorpadiudi JOCHiKEHHs JO3BOIMIM TOYHO BUMIPATH IiaMeTp 1 IOy
3BapHOI TOYKH, a TaKoX BUABUTH Aedextu. IloOynosani rpadiku 1omOMOITIN OLIHUTH BIUIMB KJICKO HA
TEXHOJIOTYH1 XapaKTEepHUCTUKN 3BAPIOBAHHSI.

VY pobGoti [2] HOCHimKEHO BIUIMB MapaMerpiB 3BapiOBaHHs, TaKUX SK TOBLUIMHA MeETany,
3BapIOBAIBHUI CTpPyM Ta KyT 3BapiOBaHHs, Ha MILHICTh 3BapHUX 3’€nHaHb 3a TexHomorieo TIG.
[IpoananizoBano ocHoBHi Buau 3BapioBaHHA (TIG, MMA, MIG) Ta cTBOpeHO perpeciiHy MOAenb s
OLIIHKH B3a€MO3B’SI3KY HapaMeTpiB 1 sSKocTi mBa. OTpuMaHi pe3ynbTaTH MOXYTh OyTH BUKOPUCTaHI JUIS
ONTHMI3alii aBTOMAaTH30BaHMX 3BApIOBANBHUX IpoleciB 1 BiamosimaroTs Llini cramoro po3Butky 9 —
«[IpomucroBicTp, iHHOBaLII Ta iHYPaCTPyKTypar.

V nocnimkenHi [3] mpoBeIeHO eKONOriYHUI Ta SKOHOMIYHHMII aHAIi3 YOTUPHOX THIIIB TyrOBOTO
3BaproBaHHA: T1G (3 mpucazakoro i 6e3), MIG, MAG ta SMAW. Byino 3BapeHo 480 3pa3kiB i3 ByIJieneBoi,
HepKaBiloYoi CTaJli Ta ajmioMiHil0. AHami3 okasas, mo T1G- 3BapioBaHHs 3 IPHCAIKOI0 Ma€ HAWOUIBILINIA
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CKOJIOTTYHHI BIIUB Yepe3 BUCOKHM BUTPAT 3aXUCHOT0 razy, a SMAW — HaliMeHIIHi, 30KkpeMa 3MEHILCHHS
BukuaiB CO, Ha 93,29%. Takox TIG BuSABHMBCA HAMMEHIN CHOPHUSTIUBUM IS 3[0POB’Sl JTIOAWHH Ta
HaIOpOXKYMM 4epe3 30UIbIIeHHS Yacy 3BapioBaHHA Ha 61,36% MOpiBHAHO 3 IHIIMMHU METOAAMHU.

VY nmocmimkensi [4] mpoanamizoBaHOo KoMOiHOBaHMi mponec 3BaproBanHs TIG-MIG/MAG, mio
noeanye nponyktuBHicTe MIG/MAG 1 kpamwmii kontponp Temna Bin TIG. Bmeprmie npoemeHo
EKCIIEpUMEHT 3 OLIHKH BIUIMBY nossipHocTi MIG/MAG Tta cunu crpymy TIG Ha reomeTpito 3BapHOro 1Ba.
[MopiBHIOBaKcs 3BapHi 1mBH, oTpuMaHi TpamuuiiinuMm MIG/MAG Ta kombinoBanum TIG-MIG/MAG
MeroaoM. OLiHIOBaIH IMPHHY LIBA, TiACHICHHS, TTIMOMHY MPOIUIABIECHHS, TUIONLY PO3IUIABICHOI 30HH Ta
KyT OMYKJIOCTi. AHaJIi3 [MOKa3aB, 10 3MiHa MOJIIPHOCTI BIJIMBa€ Ha Gopmy 1iBa, a BBeaeHHs TIG-ctpymy
CHIpHsiE€ KpalloMy NpOIJIaBJICHHIO, 30UIBIIEHHIO IUIONI PO3IUIABICHHSA, IIUPUHI IIBa Ta 3MEHILEHHIO
MiACHUIICHHSL.

VY crarti [5] po3risHyTO OCHOBHI BaockoHaneHHs TexHounorii TIG-3BaproBaHHS, CIIpsIMOBaHi Ha
MOKpallleHHs TIMOMHM mpormasieHHA. Xoya TIG-3BapioBaHHS IIHMPOKO 3aCTOCOBYETHCS  JUIS
TOHKOJINCTOBUX MaTepiaiiB, iHTepeC NPOMHUCIOBOCTI JO 3BaplOBaHHs JeTalieil cepeAHbOl TOBLIMHU
CTUMYJIIOBaB IMOSIBY HOBHX BapiaHTiB mpouecy: imnyinbcHe TIG, aktuBoBane TIG, TIG i3 hopmyBaHHIM
KITF04YOBOi 00macti, Oaratoenektpoane TIG Tomro. Y craTTi mpoaHaTi30BaHO MEXaHI3MHU LUX METOJIB i
TEOMETPIil0 3BapHOrO IIBa, OTPUMaHY 3a Pi3HUMHU TexHonorisiMu 3 cepennHu 2000-X pokiB 1O CbOTOIHI.
Meroro ormsiny € nemoHcTpauis noreHuiany TIG-3BapioBaHHS U1 IPOMHUCIIOBOCTI Ta HAYKH.

V crarri [6] posrisHyTO crioco6u migBuineHHS edekTUBHOCTI T1G-3BaproBaHHS IUISIXOM
ONTHMI3alii mporecy, MoOAepHizaLii o01aTHaHHA Ta 3aCTOCYBAaHHS 30BHILIHIX 0OMexeHb. [IpoananizoBaHo
OPUHLUNK [ii OUX METOAIB 1 CydyacHMH CTaH HochipkeHb. OKpeMy yBary NpHALIEHO HEPCIEKTUBHUM
pillIeHHAM — BUKOPHCTaHHIO MarHiTHOIO BOJIb()PaMOBOTO €lIeKTpoaa Ta 1BocoruioBoro T |G-3BaproBanHs,
IO TO3BOJIAIOTH MOKPAIIUTH KEPOBAHICTh MPOLECY, HiABUIIUTH NMPOAYKTHBHICTH 1 3MEHIIUTH TabapuTu
3BapIOBAIFHOTO YCTATKyBaHHSI.

V cratti [7] mpoaHami3oBaHO TOCIIDKEHHS 3 J1a3epHO-IIa3MOBOIO 3BaplOBaHHs 3a ocTaHHi 20
pokiB. OcHOBHa yBara TMpHIUIEHA BHMBYEHHIO Jii CTHCHEHOI IUIa3MOBOi MAYTH Ta Ja3epHOro
BurpominioBanHs (1,03—1,07 mMKMm, nmepeBa>kHO BOJIOKOHHOTO Jia3epa) Ha CTali W CruiaBH. Po3risHyTO
¢Gi3U4HI  OCHOBHM CHHEPreTHYHOro e(eKkTy Ta MOXKIMBOCTI MOro MPaKTUYHOTO BHKOPUCTAHHS.
BcranoBieHo, 1m0 eeKTUBHICTh TaKoro eeKTy 3pOCTa€e 3aBISKM IOKPALICHHIO TOPiHHS JIa3MOBOI TyTH
Ta CIPOIICHHIO (POpMYBaHHS JIa3€pHOTO KEHXOIy.

Atopamu [8] mocmimKeHO METO[ a3epHO-IIa3MOBOT 00pOOKH MaTepialiB, KUl MOEHYE BILIUB
J1a3epHOr0 BUIPOMIHIOBAHHSI T4 CTHCHEHOI IJ1a3MOBOI IyTH JUIS MiABUIICHHS €eKTUBHOCTI IOBEPXHEBOT
00poOKHN MeTanieBUX Aerajei. PosriissHyTo ocodnuBocTi popMyBaHHA TiOpuAHOrO edekTy, 1o 3ade3neuye
rMMOOKe TPOHMKHEHHsI €Heprii B MaTepiai 1 cralinpHICTH mpouecy. Takoxk mMpoaHadi30BaHO PpOJb
CHeliaibHUX IOTJIMHAIOYMX TOKPUTTIB, SKI 3HIDKYIOTH BIiIOWUTTS JIa3epHOrO CBIiTIa Ta CHPUSIOTH
30UIbIIEHHIO TMHOMHU OOpOOKH. 3amponOHOBAaHMM MiIXiJ [OO3BOJSAE MIABUIIMTH SKICTH O0OpOOKH,
MPOLYKTHUBHICTD 1 PO3IIUPUTH MOKIMBOCTI 3aCTOCYBaHHS i€l TEXHONIOTI1, 30KpeMa B arpoiHKeHepii.

V cratTi [9] HmocnigKeHo BIUIMB MapaMeTpiB 6araToIpoToBOro AyroBOro 3BapioBaHHS mif (irocom
Ha MEXaHIKO-TEXHOIIOTIYHI BIACTHBOCTI 3BapHHUX MIBIB BUCOKOMIITHMX JAPIOHO3EPHHUCTUX CTaJei.
3anponoHoBaHO cnoci0 3MEHIIEHHS TEIJIOBOTO BIUIMBY Ta 0OCSTY 3BapIOBAHHS 32 PaXyHOK PEryJiOBaHHS
KoH(]irypamnii 3BaproBaJIbHOr0 JApOTYy 1 MapaMerpiB AyTH, L0 J03BOJISIE 30€perTH BUCOKY CTaOiNbHICTb
MpoIecy i NPOAYKTUBHICTh, BOAHOUYAC MOKPAIIYIOYH SKICTh 3BAPHUX 3’ €AHAHD.

VY poborti [10] po3rasHyTO po3p0oOKy MOAEi PO3MOiTY HEMETAIEBUX BKIIFOUEHB 32 PO3MipaMH B
Mertaii 3BapHHMX WBiB. IIpoaHanizoBaHO eKCIEpUMEHTAJIbHI AaHi MION0 BKJIIOYEHb y IIBAX, BUKOHAHHUX
METO/IaMH 3BapIOBaHHS MiJ (DIFOCOM Ta B 3aXHUCHOMY ra3i. BcTaHOBIIEHO, 10 KIHLEBUI PO3MIOALT BKIIOYCHD
BIJIIOBi1a€ TaMMa-po3MOALTY 3 BUCOKOIO HMOBIpHICTIO. 3alIpOIOHOBAaHO HMOBIpHICHY MOAENH €BOIIOLI]
PO3IIOIUTY BKJIIOYEHB MiJ yac GOpMyBaHHS ILIBa 3 MapaMeTpaMy, 10 3aJeXaTh Bij 4acy.

BukiajgeHHsi 0CHOBHOI0 MaTepiaiy. Y cydacHOMY CBiTi aBTOMOO1IbHA IPOMHCIIOBICTD € OHIEI0
3 HaWJWHAMIYHIIINX TaTy3ei, M0 BUMAarae MOCTIHHOTO BIPOBAKEHHS IHHOBAIIWHUX TEXHOJOTIH s
MiABHUIICHHS SIKOCTi, HamiHHOCTI Ta Oe3meKH TPaHCHOPTHHX 3aco0iB. OAHUM 13 KIIOYOBHX AacIEKTiB
BUPOOHHMIITBA aBTOMOOINIB € 3BapiOBaHHS — IMIpolec, KWl 3abe3neyye MIIHICTH Ta JOBIOBIUHICTD
KOHCTPYKIIiH, 3'€THYIOYM OKpeMi elIeMeHTH B eauHe Ilie. EdeKkTUBHICTh 3BaprOBaIbHUX TEXHOJOTIH
OesrocepeIHbO BIUIMBAE Ha EKCIUTyaTalliiiHI XapaKTepUCTHKH aBTOMOOLTIB, 30KpeMa Ha iXHIO Bary,
KOPCTKICTh Ky30Ba, BUTPATH MajJbHOTO Ta 3arajbHy €KOJOoriuHicts. ChOroiHi iCHye IIMPOKHH CHEKTp
3BApIOBAIBHUX METOAIB, TAKUX K OYyrOBE 3BapiOBaHHS, TOYKOBE KOHTAKTHE 3BAapIOBAHHS, Jla3epHE
3BaploBaHHA, (hpUKLIiNHE 3BApIOBaHHS 13 MEpEMillyBaHHSIM TOIIO, KOXKEH 3 SKHX Ma€ CBOI IepeBaru Ta
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oOMexeHHs. Bubip KOHKpETHOT TEXHOJIOT1i 3yMOBJIEHHH KOHCTPYKTUBHIUMH OCOOJIMBOCTSIMH aBTOMOOLII,
TUIIOM BUKOPHCTOBYBaHHX MaTepiajiiB Ta BUMOTaMH JI0 BAPOOHUYOI eheKTUBHOCTI.

Pyune nyrose 3BaproBanns (MMA) — 11e yHiBepcasibHa TEXHIKa 3BapIOBAHHS €JICKTPHUYHOIO IyT0I0,
II0 BUKOPHCTOBYE NOKPHTI enekTpomu. HaifuacTime HOro BHKOPHCTOBYIOTH AJSl 3'€THAHHS TOBCTHX
MeTaJeBUX JeTaned, 30KpeMa, MiJ Yac peMOHTY a0o BHpPOOHMITBAa HEeBENMKMMHU mapTismu. [lix wac
3BapIOBaHHA €JICKTPUYHA Ayra, cpOpMOBaHA MDK EJIEKTPOJOM 1 0a30BMM METajloM, PO3IUIABISLE Kpai
neraneil 1 eneKkTpoIHUI MaTepial, B pe3yiabTaTi Yoro YTBOPIOeThCS MIOB. [IOKPUTTS eneKTpoaa BUKOHYE
POJIb 3aXUCTY PO3IIJIABICHOTO METAITy BiJl OKHCHEHHS, YTBOPIOIOUH Ira30BY Ta LUIAKOBY 00010HKY. Cepen
nepeBar bOro MeToAy — MPOCTOTa, MOOUIbHICTh, MOKIIMBICTD MPALIOBATH B PI3HOMAHITHUX IPOCTOPOBHUX
MO3HLISAX Ta HECIIPUATIMBUX yMOBax. Hemonmiku BKIIOYAIOTh: BiIHOCHO HU3bKY IPOXYKTUBHICTb, IOTPEOy
y BHCOKiH KBaiiikamii 3BaproBajibHHKa Ta OOMEXKEHICTh aBToMaTH3auii mpouecy. He3Baxkarouu Ha wi
obmexeHnHs1, MMA-3BaploBaHHsI 3aJMIIAETHCS BaXKJIMBOIO TEXHOJIOTIEI0, OCOOIMBO KOJM iHII METOAM
3BapIOBaHHA HEJOCTYIHI 200 eKOHOMIYHO HEIOUIIbHI.

HaniBaBromatuune 3BaproBaHHs B 3axucHoMmy rasi (MIG/MAG) — e onuH 3 HaHIOMyJISpHILIMX
pi3HOBUAIB Ayroeoro 3BaproBaHHs. CyTh HOro mojsra€ B aBTOMAaTH4HIM MMOJadi IJIABKOIO CYLUIBHOIO
JpOTY B 30HY AYT'H, KOTpa BUHUKAE MIX JAPOTOM 1 OCHOBHUM MeTalloM. B 3aJeHOCTI BiJf BAKOPUCTAHOTO
3aXHMCHOTO Tasy, BUAULIIoTs MIG (3BapioBaHHSA B iHEPTHOMY Ta3i, IK aproH), KOTPEe BUKOPUCTOBYETHCS
IU1s1 KOJIbOPOBHUX MeTaniB, i MAG (3BapioBaHHsI B aKTUBHOMY Ta3i, HAIIPUKJIIAl, CyMill BYTJICKHCIOIO ra3y
3 aproHOM), IO MPHU3HAUYEHE I YOPHUX METaJiB. 3aXHCHUI ra3 Ma€ KpUTHYHO BayKJIMBE 3HAYCHHS, BiH
130JT10€ PO3IUIABIICHUN METall BiJl B3a€EMOIii 3 aTMOC(EPOI0, IO 103BOJISIE OTPUMATH BUCOKOSKICHUH 1IOB 3
MIHIMaJIBHOIO KUTBKICTIO AOMIIIOK Ta AedekTiB. [ImaBkuilt ApiT momaeThcss aBTOMATHYHO CIEIiallbHUM
MEXaHi3MOM, a 3BapIOBAJILHUK KOHTPOJIOE MPOLEC BPYYHY, MOETHYIOUYHM AaBTOMATH3alLil0 Ta THYYKICTh
pyuHoro ympasninas. 3BaproBaHHSI MIG/MAG BUpI3HSETBCS BHCOKOIO NPOAYKTHBHICTIO, 3a0e3medye
rapHe (OpMyBaHHs IIBa, JO3BOJISIE TIPALIOBATH B PI3HUX MOJIOKEHHIX Y MPOCTOPi Ta Mae MUPOKY chepy
3aCTOCYBaHHS — BiJl TOHKOJMCTOBHX JeTalell Ky30Ba O HECYUHMX €IEMEHTIB KOHCTpyKuid. Lleit merox €
KJIIOYOBOIO TEXHOJIOTIEI0 B MACOBOMY aBTOMOO11e0yyBaHH1 3aBASKM HOro eeKTUBHOCTI, CTA0IILHOCTI
MpoLecy i MOXKIIMBOCTI IHTEIPyBaHHS 3 POOOTOTEXHIYHHMH CHUCTeMaMH. B Toil ke Jac, JaHUH MeTox
BHMAarae HaJiiHOrO 3aXKCTY 30HH 3BapIOBAaHHS Bifl MOBITPSHUX MOTOKIB, 8 TAKOXK TOYHOT'O HANAIITYBaHHS
napaMeTpiB 3BaplOBaHHs, 1100 YHUKHYTH TaKuX Ae(EKTiB, sIK MOPUCTICTh a00 HEMpoBap.

3BapioBaHHs BonbppamoMm B iHepTHOMY Tasi (TIG) - me Hag3BMYaliHO TOYHMI METOI yTOBOTO
3BapIOBaHHA, L0 Nependaydae yTBOPEHHS YT MK HETJIaBKUM BOJIb(QPaAMOBUM €JIEKTPOIOM i OCHOBHHM
MeTajoM B atMocdepi iHepTHOTr o rasy, sk IpaBuiIo, aprony abo remiro. Lleit MeTox n03BoIIsE CTBOPIOBATH
BHCOKOSIKICHI, YMCTI1 3BapHi 3'€IHAHHS 3 MiHIMAJIBHOIO KUTBKICTIO IUTAKOBUX BKJIIOUEHb. | |G- 3BaproBaHHs
(Tungsten Inert Gas) meMOHCTpye OCOONUBY €(pEKTHBHICTH MPU POOOTI 3 HEPXKABIIOUMMH CTAJSIMH,
QIIOMIHIEM, THUTaHOM, MAarHi€BUMHU CIUIAaBaMH Ta IHIIMMH KOJBOPOBHMH MeETajlaMH, LI0 BHMAaraioTh
PETENFHOrO0 KOHTPOJIIO TEMJIOBOrO BIUIMBY Ta MiHiMmizawii nedopmauii crpykrypu. Ilpomec moxke
BHUKOHYBATHCS 3 IOJaBaHHSAM MPHCATHOr0 MaTepiaidy abo 6e3 Hporo, 1o 3abe3nedye THyYKICTh y poOoTi 3
pi3HOMaHITHUMH TUIaMH IIBiB. Cepel KIIOYOBUX IepeBar JaHOr0 METOAY - BUCOKA SIKICTh Ta €CTeTHYHHN
BUIJISAZ ILIBA, BiACYTHICTh NUIAKy, TOYHE KEPYBaHHS IYrOl0 Ta MOMIJIMBICTH 3BAPIOBAHHS TOHKOCTIHHHX
neraneil. Bonnouac, T1G-3BaproBaHHs XapaKTepU3y€eThCS BiIHOCHO HU3BKOIO IIBUAKICTIO, BUCYBAa€ BHCOKI1
BHMOTH JI0 KBaui(hikaiii 3BaproBaIbHUKA Ta MOTPedye YHCTOTO0 POOOYOr0 CEepeOBHINA IS AOCSITHEHHS
CTabIMpHUX pe3yabTaTiB. BpaxoByroun mi ocoOnuBocti, TIG-3BapioBaHHS MIMPOKO BUKOPHUCTOBYETHCS B
aBTOMOOUIBHIA MPOMHUCIIOBOCTI IS 3'€JHAHHS BIANOBIAATBHUX BY3JIB 3 KOJIbOPOBHUX METANIB, & TAKOXK Y
BUPOOHUITBI KOMIIOHEHTIB, ¢ KPUTUYHUMH € T€PMETHYHICTh 1 TOYHICTH LIBa (HANPHUKIAJ, CIEMECHTH
MAJTUBHOI CUCTEMH, paliaTOpH, BUXJIONHI CHCTEMH BUCOKOT'O KJlacy Ta mofioHe).

3BaproBaHHs i GI0ocoM — Iie HaA3BUYAHO epeKTUBHUI CIIOCi0 AyroBOro 3BaprOBaHHS, MiX Yac
SIKOTO 3BaplOBalbHA Iyra 3HAXOMUTHCS MiJl IApOM 3EpHUCTOro (UIIOCYy, IO MOBHICTIO MOKPUBAE 30HY
3BaproBaHHA. [lig yac poGOTH aBTOMaTHYHO MOJAETHCS TUIABHUI €NEKTPOoJ, a (IIoc pO3IUIaBISETHCS Bi
Teryia Oyrd, popMyroun 3aXMCHUM IUTakoBuid map. el map 3axuinae po3miaBieHHil MeTal Bill BIUTUBY
aTMoc(epu Ta Jomomarae CTBOPUTH AKICHHI 3BapHUH mIoB. Lleil MeTon HaiOimbIIE 3aCTOCOBYETHCS IS
3BapIOBaHHSA YOPHHUX METaiB, 0COOIMBO BYIJICLEBUX T4 HU3bKOJIETOBAaHUX CTaNIEH, TOBIIMHOIO BiJ KITBKOX
MUTIMETpIB 10 MAEKITbKOX CAaHTHMETpIB. 3aBASKH TIMOOKOMY IMPOIUTABICHHIO, BHCOKIM IIBHUAKOCTI
HaIUTaBIIEHHS Ta MOXIIMBOCTI MeXaHi3allil, 3BaploBaHHs i (PIFOCOM UyIOBO MiTXOAWUTH IUIS 3'€AHAHHS
JOBTHX NPSIMHX IIBiB Y BETHMKOrabapuUTHUX KOHCTPYKLISX, TAKUX K paMu, Oalikd, Oci, a TAKOX OKpeMi
Hecydi KOMIIOHEHTH B aBTOMOO11eOyiyBaHHI (HapuKIa, BaHTaXHi miatdopmu uu maci). Cepen nepesar
LBOT'0 METOYy — BHCOKa IPOJYKTUBHICTh, CTaOLIbHA SKICTh 1B, HE3HAUHI BTPATH METally uepe3 OpH3KH,
HU3bKE BUIUICHHA IUMY Ta MOXJIMBICTH aBTOMAaTu3yBaTu mponec. Jlo HEmodiKiB MOXKHA BiJHECTH
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oOMeXeHe 3aCTOCYBaHHS (JIMIIe A TOPU3OHTANBHHUX 1 MJIOCKMX MIBIB), BEMKY Bary oOJaiHaHHS Ta
HEeOOXiHICTh BUAAJICHHS LIIaKy MMicis 3BapioBaHHsA. B aBTOMOOLIBHIN MPOMHCIOBOCTI METO/ 3BapIOBaHHS
mig (II0COM BUKOPHCTOBYETHCS TOJIOBHUM YMHOM Y BaKKOMY CETMEHTI, IpH BUPOOHHUITBI BaHTAXKIBOK,
MPHUYEITiB, PAMHUX KOHCTPYKLIH 1 HECYUYHX €IEMEHTIB BEIMKOI TOBIIMHY, /1€ HATIHHICTh Ta e)eKTUBHICTD
MPOLIECY € KPUTHUYHUMU (haKTOpaMH.

EnexTponurakoBe 3BapioBaHHS — 1€ BUCOKOTEXHOJOTTYHUI METO[ 3'€THAHHS, NPU3HAYCHUN IS
BEPTUKAIBHOTO 3'€THAHHS TOBCTOCTIHHUX JIeTajiell 3 YOpHUX METalliB, 3a3BHyail ToBumHo0 Oimbime 30
MmM. [Ipouiec 6a3yeTscst Ha BUKOPUCTaHHI TEIUIA, 10 TEHEPYETHCS P MPOXOAXKEHHI eJICKTPUIHOIO CTPYMY
Yepe3 po3IUIaBICHUH HIIaK, SIKUH BUCTYNA€ BOAHOYAC MPOBITHUKOM CTpyMy i TeruioHocieM. Ha Bigminy
BiJl AYrOBOTO 3BAapIOBaHHSI, Ayra B bOMY IpPOLECi iCHYE TUIBKM Ha MOYATKOBOMY €Talli, a Jai TEIIo
YTBOPIOEThCA Uepe3 Omip MUIAKy. 3BaprOBaJIbHUK OpIT a00 CTpiduKa MOAAIOTHCS BEPTHKAIBHO B 30HY
3BapIOBaHHA, J€ IUIABIATHCA i MAi€I0 BHCOKOI TeMmIepaTypu LulakoBoi BaHHH. [lpouec 3a3Buuait
BHUKOHYETHCS B CleliaibHIl MiTHIA BOIOOXOJIOMKYBaIbHINA (HopMi, sika 0OMEXy€e PO3TIKAaHHS PO3ILIABY Ta
¢opmye 1moB.OCHOBHHMH II€peBaraMy eIeKTPOLUIAKOBOIO 3BaplOBaHHA € HaJ3BHYaiHO BHCOKa
MPONYKTUBHICTh, 3HAUHA INIMOWHA MPOIUIABJICHHS, MiHIManbHI Aedopmanii, BHCOKa SIKiCTh IIBa Ta
30ATHICTh 3'€IHYBAaTH Iy:K€ MAacHBHI €IEMEHTU 3a OAMH MPOXiA. 3aBISKH LM BIACTUBOCTSIM METOJ
AaKTUBHO BHKOPHCTOBYETHCSI B CyAHOOyOyBaHHI, CHEpPreTHIi, MOCTOOYAYBaHHI Ta BaXKOMY
MammHOOynyBaHHL. Y cdepi aBTOMOOLIEOyqyBaHHS ENEKTPOLUIAKOBE 3BApIOBAHHS BHKOPHUCTOBYETHCS
O0OMEXEHO — TMEepPEeBaXXHO JUIA BHUIOTOBJICHHS a00 PEMOHTY BEIMKHUX Ta TOBCTOCTIHHUX JAeTajield
creniaJbHOl TeXHIKM (HapHKIajA, y BUPOOHHULITBI BEIMKOBAHTAXKHUX MIaT(HOPM, Ky30BiB CAMOCKHIIB YH
HECY4YHMX KOHCTPYKIIiii OpoHETexXHikH), A€ MOTPiIOHE MillHE BEPTUKAIbHE 3'€THAaHHS METAJIeBUX JIUCTIB
BEJIMKOT TOBILUHH.

[Ina3moBe 3BaproBaHHA — L€ BHUCOKOTEXHOJIOTIYHUI PI3HOBU OYTOBOTO 3BapIOBAaHHS, y SKOMY
TEeIJI0 BUHMKAE 3 MJIa3MOBOI OyTrd, c()OPMOBAHOI BHACIHIJOK i0HI3awii ra3y (3a3BU4ail aproHy, 3pika B
cymimi 3 BoxHeM abo TenieM) B clieliadbHOMY IUIa3MOTpoHI. OTpuMaHa Ijia3Ma Big3HAYA€ThCs BKpail
BHCOKOIO TEMIIEpaTypolo, IO Ja€ 3MOry e(EeKTHBHO pO3IJIABJIATH HABITh TYTOMJIaBKI MeETalH Ta
BHKOHYBAaTH 3BapIOBAaHHS 3 BHCOKOIO TouHicTiO. IIporiec miaasmMoBoro 3BaproBaHHs Mae cXoxicTh 3 TIG-
3BapIOBaHHAM, ajie Ma€ psii IepeBar: cTaOUIbHINIA Tyra, MEHIIMH IiaMeTp 30HH TEPMIYHOTO BILIUBY,
TIMOIMHIA 1 ByXKYMH ILI0B, @ TAKOK MOXIIMBICTD aBTOMaru3alii npouecy. Lleit meron 3abe3nedye BiTMiHHY
SIKICTB 3'€/IHaHb 3 HEPXKABIIOYOi CTali, AFOMIiHII0, TUTaHY, MiJli, MATHIIO Ta IHIIMX KOJIEOPOBUX METANIB i
crinaBiB. Moro Takoxk MOXIIHBO 3aCTOCOBYBATH SIK y PEKHMI MIKpO3BaprOBaHH (11 HAJTOHKHX JeTaei),
Tak 1 A7 TIMOOKOro 3BapIOBaHHS METANIB 3HAYHOI TOBUIMHU. Jlo mepeBar Ija3MOBOIO 3BapIOBaHHS
BITHOCSITHCS HaJ[3BUYaiiHa TOYHICTh, YMCTOTA IIIBA, MOXKIIUBICTh 3BAPIOBAHHS Y BaKKOJOCTYITHHUX MICIISIX 1
MiHIMaJIbHI 3aNMMIIKOBI HanpykeHHs. Cepel HENOJiKIB — CKJIAgHICTh 0OJIaZJHaHHS, BUCOKI BUMOTH IO
TOYHOCTI HaJAIITYBaHb, OOMEXKEHHS LIOAO INPOCTOPOBHX IOJNOXEHb Ta BapTicTh oOJamHaHHA. Y
aBTOMOOUTBHIH IPOMHUCIOBOCTI IJIa3MOBE 3BApIOBAaHHS 3HAXOIUTb 3aCTOCYBAaHHS 31€OUIBIIOTO B
creniagizoBaHUX BUPOOHMYMX TpolLecax, fAKi MOTPeOyIOTh BHCOKOI TOYHOCTI, SIK-OT: 3BapIOBaHHS
TOHKOCTIHHUX HEpKaBilouMX a00 amiOMiHIEBUX KOMIIOHEHTIB, TE€PMETHYHUX CHUCTEM, €JIEMEHTIB
eNMEeKTPOMOOLTIB, a TAKOXK MPH BUPOOHUIITBI IeTaleil 31 CKIaJIHOK T€OMETPIEI0, JIe IHII METOAH € HAATO
rpyorMu a60 HETOUHUMH.

JlazepHe 3BaproBaHHS — 116 HAA3BUYAHHO TOYHMI crociO 3'€THAHHSA METaJIiB, 110 BUKOPHCTOBYE SIK
IDKEpeNio  TEIUIOBOi eHeprii CKOHLEHTPOBAHUI Jla3epHUH IMPOMIHb BENHKOI IMOTY)XKHOCTI. 3aBISIKH
HEBENHUKii 30HI HArpiBy, BHCOKIH IIUIBHOCTI €HEpPril BHUNPOMIHIOBAHHA Ta PETENILHOMY KOHTPOIIO
napaMerpiB, JaHWUI METOJ A€ 3MOT'y OTPUMYBATH 3'€JHAHHS 3 MiHIMaJIbHUMU AOPMALISIMH Ta BUCOKOIO
BiATBOpIOBaHICTIO. Jla3epHe 3BaplOBaHHS IIHMPOKO 3aCTOCOBYETHCS UIA 3'€IHAHHS TOHKHX METaJIeBHX
JIUCTIB, TAKUX SIK HEP>KaBi0Ua CTallb, ATFOMIHIi, TUTaH 1 BUCOKOJIErOBaHi CTalli, 0COOJIIMBO e(heKTHBHO MpH
BUPOOHUUTBI AeTanei, mo NmoTpeOyoTh BHUCOKOI TOYHOCTI, MILHOCTI Ta T'epMETHYHOCTI. 1 0JOBHUMH
nepeBaraMy LbOro METOY € BUCOKA HIBUKICTH MPOLIECY, MiHIMaTbHIH BIUIMB TEIUIA, 10 3MEHIIYE PH3HK
nedopmartiif, Ta TaKOX BHCOKa SKICTh LIBa 3 MaJOI0 KUIBKICTIO IMycTOT Ta TpimmH. KpiM Toro, masepue
3BapIOBaHHA J03BOJISIE 3'€AHYBATH JAETAJi CKIaxHOi (OPMHU Ta JIETKO IHTEIPYEThCA B aBTOMATH30BaHi Ta
poboTH30BaHi BUpoOHMYI mporecd. BogHouac MeTox Mae 1 HENONIKM — 3HAYHY BapTiCTh YCTaTKyBaHHS,
notpedy B TOUHOMY MO3HUIIOHYBaHHI AeTalieid, HeOOXIAHICTh PETENbHOI MATOTOBKH OBEPXHI Ta TPYAHOLI1
B po0OTi 3 TOBCTMMHU MerajaMmu Oe3 cremiajbHOi momepenHboi 00poOku. B cydacHiit aBTOMOOiITBHIM
MIPOMHUCIIOBOCTI JIa3epHE 3BapIOBaHHA aKTHBHO BUKOPUCTOBYETHCS IS BUTOTOBJICHHS Ky30BHUX JieTanei,
3BapIOBaHHA aKyMYJSATOPHHUX OJIOKIB AJIsl €EKTPOMOOLTIB, KOMIIOHEHTIB IIACi Ta MAJIMBHUX CHUCTEM, 1€
HaJ3BUYAIHO BAXKIIMBUMH € K MEXaHIYHA MIITHICTh, TaK i 30BHINTHII BUTIIS 3BAPHOTO IIIBA.
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s aBTONpOMY HalOLIBII MiAXOAALIMM METOJOM € HalliBABTOMATHYHE 3BApIOBAHHS y 3aXHUCHOMY
ra3i (MIG/MAG). Llg TexHika rapanTye BUCOKY LIBHJIKICTb pOOOTH Ta Oe310raHHY SIKICTh 3'€IHAHB, L0 €
KPUTHYHMM JJIs1 BATOTOBJICHHS BEJHMKOI KiIbKOCTi aBTo3am4acTiH. MIG/MAG no6pe npaioe 3 MyupoKUM
CIIEKTPOM METaliB, BKIIOYAIOUYH SIK CTajb, TaK 1 KOJILOPOBI METAJIH, 0 POOUTH HOTro yHiBEpCaIbHUM IS
pi3HUX nerayell Ta KOHCTpyKUid. J[o TOro ’k, Ledl METOn JIErKO aBTOMAaTH3YETbCS Ta MOEAHYETHCA 3
poboTamu, 1m0 30UTbIIYE MPOMYKTUBHICTD Ta 3MEHIIyE BUTpaTH. Xoya iHIII Meroau, Taki sk TIG abo
Ja3epHe 3BapIOBaHHS, MOKYTh MaTH Kpallli XapaKTePUCTHKH 3 TOYKH 30pY TOYHOCTI Ta SKOCTi IIBa, BOHU
CKJIAJHILI Y BUKOPHCTaHHI, IOPOXKYi Ta MOBUIBHIII, TOMY 3a3BUYall BAKOPUCTOBYIOTBCS IJIS CIICLIATBHUAX
a60 ocoOunBo BianoBinanbHUX Aetaneid. Takum unnoMm, MIG/MAG € onTUMaabHAM Ta HAUITOIIMPEHIITHM
METO/IOM 3BapIOBaHHS y CepiiiHOMY aBTOMOO1Ie0y1yBaHHI.

BucnoBku. CydyacHe aBTOMOOineOyAyBaHHS HHHI HeMHUCIUME 03 BHUKOPHUCTaHHS e()EeKTHBHHUX
3BapIOBAIBHUX TEXHOJIOT1H, 110 TapaHTYIOTh BUCOKY MILIHICTh, HAJIMHICTh Ta O€3MEKy aBTOTPAHCIIOPTHUX
3ac00iB. Po3mairTs MeToziB 3BapioBaHHs — Bif] KIACHYHOTO PYYHOT'O AYTOBOI'O 10 BUCOKOTEXHOJIOTIYHOTO
Ja3epHOro YW (PpUKIIAHONO — [03BOJNSIE ONTUMAIBHO aJanTyBaTHCh 1O PI3HUX MaTepialis,
KOHCTPYKTHBHHX OCOOJIMBOCTEH Ta 00CsTiB BUPOOHUITBA. ABTOMAaTH3aMisA Ta pOOOTH3AIIisl 3BapIOBAIEHIX
MPOLIECiB 3HAYHO MiABUIIYIOTh IPOIYKTUBHICTD, CTAOLIBHICTD SKOCTI TA TOBTOPIOBAHICTh PE3YJIbTATIB, 110
€ BKpail Ba)KIMBUM IJISi BEIMKOCEPIHHOrO BHITYCKY aBTOMOOUIIB. 3 PO3BUTKOM HOBITHIX Marepiaiis,
3pOCTaHHSM MOIUTY Ha ENEeKTPOTPAHCIOPT Ta MOCUIICHHSIM EKOJIOTTYHUX BUMOT 3HAYCHHS 1HHOBAaLIHHUX
3BApIOBAIBHUX TEXHOJNOTIH TUIBKM 3pocTatume. s MalOyTHIX OOCHIKEHb HaI3BUYAHHO Ba)KIHBO
coKycyBaTHCh Ha ONTHMI3alil MpoleciB g poOOTH 3 HOBUMH JIETKUMH 1 KOMIIO3UTHHMH MaTepialamMu,
MTOKpAIeHH]I CHCTEM KOHTPOJIO SKOCTI Ta 3a0e3nedeHHi eKojoriuHoi Oe3nexu BupoOHUITBA. Lle macte
3MOTYy HE TUIbKH TOJIMNIINTH SIKICTh Ta HAAIHHICTh aBTOMOO1IIB, a i YKPIMUTH KOHKYPEHTOCHPOMOXKHICTb
Ta TEXHOJIOT1YHUI PiBEHb aBTOMOOLIBHOI MPOMHCIIOBOCTI B IILJIOMY.
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OBIPYHTYBAHHSI KOHCTPYKIIINHOI CXEMM EJIEKTPOHHOI'O TAXOMETPA
JUTST IN3EJIST

006°’ckmom 0ocnioxnceHHna € cucmemu KOHMPONIO 3a pobomoro ousens, 4acmoma 00epmaHHA KONiHUaAmoz20 6any,
enekmponnuii maxomemp. IIpoonemoro, w0 eupiwiyeanaca, 0yn10 6UHAUEHHA MEXHIKO-MEXHONOZIYHUX piulenb, AKQ
YMOHCIUGTIAMD NIOGUULEHHA eheKMUEHOCMT POOOMU QU3 e WAXOM 0OTPYHMYSAHHA KOHCMPYKUIIHOT cXemu e1eKmPOHHO20
maxomempa. 3a pesyniomamamu 00CHi0HceHb 0OIPYHMOBAHO KOHCMPYKUi0 mMa NPUHUUR POOOMU eKCHEePUMEHMANbHOZ0
enekmponnozo maxomempa onsa ouszens na 6azi ARDUINO R3 UNO, oamuuxa Xonna SS49E ma oucnneiinozo mooyna 1602
PK. 3anpononosano po3znaoamu enekmponnuii maxomemp aK 00n08HEHHA 00 eKCREPUMEHMATILHOT e1eKMPOHHOT cucmemu
Pecynioeantsa nanueonooaui ona ousensa Ha 6asi nanuenozo nacoca H/I-21 poznodinvuozo muny.

Bcmanoeneno niniiiny 3anexcHicmy mixe ROKA3HUKAMU PO3POOIEHO20 eIeKMPOHHO20 MAXOMEMPa ma MexaHiuHozo
maxomempa moodeni T410-P (ICTY EN60051-2:2017) 3a cepednvozo keadpamuunozo sioxunenns + 4,8 xe¢™*. Biosnaueno, wo
PO30iCHICING NOKA3HUKIG AHAI0206020 | UUPPOGO20 maxomempig ne nepeguuiysana 2,5% y ecbomy dianazoni eumiprosans (00
1000 x¢Y). Enexmponnuit maxomemp maé weuokuii uac 6iozyky (~150 mc), uwo ymoscnueuno eiocmescysamu Hagimop
KOpOmKOuacHi 3MiHeHHA Yacmomu obepmanns.

Knrouosi cnosa: cucmema Konmpono, Ouseis, 4acmoma 06epmaHHs KOIHYAMO20 84y, eNeKMpPOHHUL MAXOMemp.

R.M. Kharak, O.S. Hizzatullin

JUSTIFICATION OF THE DESIGN SCHEME OF AN ELECTRONIC TACHOMETER
FOR A DIESEL ENGINE

The object of the study is diesel engine monitoring systems, crankshaft rotational speed, and an electronic tachometer.
The problem addressed was to determine technical and technological solutions that improve the efficiency of diesd operation
by justifying the design scheme of an eectronic tachometer. Based on the research results, the design and operating principle
of an experimental dectronic tachometer for a diesel engine were substantiated. The tachometer was developed on the basis of
the Arduino Uno R3 microcontroller, Hall effect sensor SSA9E, and 1602 LCD module. The device is proposed as a
complementary component of an experimental electronic fuel supply control system for a diesel engine equipped with a
distributor-type fuel injection pump ND-21.

A linear relationship was established between the readings of the developed e ectronic tachometer and the mechanical
tachometer model TCh10-R (DSTU EN60051-2:2017), with aroot mean square deviation of +4.8 rpm. The discrepancy between
the analog and digital tachometer readings did not exceed 2.5% over the entire measurement range (up to 1000 rpm). The
electronic tachometer demonstrated a fast response time (~150 ms), which made it possibleto track even short-term changesin

rotational speed.
Keywords. control system, diesel engine, crankshaft speed, electronic tachometer.

Beryn. YV cydacHuX ~ ymMoBax — €HEpro30epeXeHHA ~Ta  IMiABHIICHHS  e(eKTHBHOCTI
CUTBCHKOTOCIIOAAPCHKUX MAILIMH OCOOIMBE 3HAYEHHS Ma€ yIOCKOHAJICHHS CHCTEM KOHTPOIIO 32 POOOTOIO
nu3eniB. Yactora o0epTaHHS KOJMIHYATOrO BaIy € OAHUM 3 OCHOBHHX IIapaMeTpiB, KU BifoOpakae peskum
poboTu au3zens 1 6e3nocepeHbO BIUMBAE Ha TOAAYY NATBHOT0, €)EKTUBHICTh 3TOPSIHHS, 3HOILICHHS BY3JIiB
1 piBeHb IIKIJJIMBUX BHUKHUIIB. BiAmoBimHO, TOYHE Ta onepaTHMBHE BHMIPIOBAHHS LbOIO IMapaMerpa €
KPUTHYHO BaYKIMBUM JUI IOOYIOBH Cy4acCHUX CHCTEM aBTOMAaTH30BAHOI'O KEPYBaHHSI.

HaBenene 00yMOBIIOE aKTyaldbHICTH PO3POOJICHHS JEIIEBHX, HANIfHUX Ta BUCOKOTOYHHX
CNIEKTPOHHUX TaXOMETPIB, sKi 31aTHI MPpalLIOBaTH B yMOBaX BUCOKUX BiOpaLliii, Temmeparyp Ta 3a0pyAHEHb,
XapaKTePHUX VIS CLTbCHKOIOCIIOAAPCHKOT TEXHIKH.

AHaJi3 TiTepaTypHUX JaHUX TA MOCTAHOBKA NpodJemu. Cepes iCHYIOUNX CUCTEM BUMIPIOBaHHS
4acTOTH 00epTaHHA IU3eNsl HAaiOLIbII MOMUPEHUMH € MEXaHIUHI TAXOMETPH Ta MPOMHUCIIOBI €IEKTPOHHI
CEHCOpH IHAYKTUBHOTO a00 OMTUYHOTO TUITYy. MexaHi4Hi TaXxoMeTpH, Taki sk Monenb TU10-P BimnoBigHO
no JACTY EN60051-2:2017, 3abe3nedyioTb NPUHHATHY TOYHICTh, MPOTE XapaKTEPHU3YIOTbCS HHU3KOIO
CYTTEBUX HEMNONIKIB: IHEPLiMHICTh, 3AJIGKHICTb TOYHOCTI Biffi PYYHOTO BCTAHOBJCHHS, 3HOIICHHS
MeXaHIYHUX YaCTHH, YyTIHUBICTh 10 BiOpawuiii Ta HE3PYUHICTh B IHTErpauii 3 eJIeKTPOHHHUMH CHCTEMaMHU
KepyBaHHA [1].

[HIyKTHBHI CeHCOpH dYacTo MOTPeOYIOTh CIELiaTbHOTO BHKOHAHHA KOMIHYAaTOrO Baily abo
HasIBHOCTI 3y04acToro Kojeca, 1o yCKJIAIHIOE MOIEPHi3allito cTapux Moeseit qusenis [2]. Kpim Toro, mis
3a3HaYCHUX CEHCOPIB XapaKTEepHO 3MEHILIEHHS TOYHOCTI 32 YMOB 3a0pyJHEHHS a00 3MIHEHHIO TPOMIXKKIB.
OnTr4Hi TaXOMETPH AEMOHCTPYIOTh BUCOKY TOYHICTb, POTE € MAIONPHUIATHUMH Ul pOOOTH B YMOBaX
MWLy, BOJIOTH Ta 3a0pyAHEHHS poOOYMX MOBEPXOHb, a TAKOXK BHMAralOTh TOYHOTO MO3HMILIOHYBaHHS Ta
YHUCTOTH ONTHYHOrO KaHaiy [3].
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Cuctemn Ha 6a3i MarHiTope3ucTUBHHUX ab0 edekTy Xomaa CeHCOpiB MaroTh OBy CTIHKICTD A0
30BHILIHIX BIUIMBIB Ta 3a0€3MeYyIOTh MOXKIIUBICTD MOOYIOBH JICIIEBUX, KOMIIAKTHUX 1 HAAIHHUX CHUCTEM.
[Ipore y 6inbIocTi BUNAAKIB iX BUKOPUCTOBYIOTH B aBTOMOOUISIX a00 MOOYTOBHX €IeKTpOonpuiIagax, a He
B YMOBAaX €KCIUTyaTallii CIbCbKOr OCTIOAAPCHKOT TEXHIKH.

[lorenuian mikporporecopHux pimenb Ha 0a3i Arduino mms moOyaoBH CHUCTEM MOHITOPHUHTY
mapaMeTpiB arperartiB Bif3Ha4eHO y mociipkeHHsx [4-5]. TIpore HEoOXigHOTO 00CATY MPHKIATHUX
JOCIIIKEHb 3 NMPAaKTUYHUM BUKOPHCTAHHSIM MONIOHMX CHCTEM Y IMO€AHAHHI 3 IU3ENSIMH, IO MAaIOTh
MaJMBHI HACOCH PO3IMOITBLYOr0 THITY, 30KpemMa Moaeni H/I-21, Ha chOro/Hi 1ie He 10CTaTHbO [6-7].

3a TakMX yMOB iCHye HarajbHa morpe0a B pO3pOOJIEHHI Ta EKCIIepUMEHTANbHIN MepeBipii
CNIEKTPOHHOTO TaxoMeTpa, y SKOro IO€AHAHO IIepeBard CEeHCOpiB XoJula, MIKPOKOHTPOJIEPHOTO
00po0IieHHs Ta 3py4HOro iHTepdericy BinoOpakeHHs. Taka cucTteMa MOBHHHA OYyTH CYMICHOIO 3 TU3EISIMH
CUTBCHKOT'OCIIOAAPCHKOI TEXHIKHM, JIETKO aJanTyBaTUCAd OO PI3HUX MOAENEH, NpalioBaTd B YMOBax
3a0pyaHeHHs 1 BiOpariii Ta 3a0e3neuyBaTu TOUYHE i CTa0UTbHE BUMIPIOBAHHS YaCTOTH 00EpTaHHSI.

Mera Ta 3axadi gociaigxeHb. MeTOO JOCTIIKEHD € MIBUIICHHS e)eKTUBHOCTI pOOOTH JTU3eNs
LUISIXOM OOIPYHTYBaHHS KOHCTPYKLIHHOI CXEeMHU eTEKTPOHHOTO TaXOMeTpa.

st ocsirHeHHs! MeTH OYJIO MOCTaBJIEHO HACTYIIHI 3aBAaHHS:

— po3poOuTH enekTpoHHui Taxomerp mius ausens Ha 6a3i ARDUINO R3 UNO, natunka Xomna
SS49E ta qucnneiinoro monyina 1602 PK;

— IPOBECTH AOCHIIKEHHS 3 BU3HAYEHHS TOYHOCTI BHMIPIOBaHb PO3POOJIEHOrO €JIeKTPOHHOIO
TaxoMeTpa y MOpiBHAHHI 3 MexaHiyHUM TaxomerpoM mozeni TU10-P (JICTY EN60051-2:2017);

— JOCTIAUTH PO3POOIEHUI TaXOMETp y CKJIai eIEKTPOHHOI CHCTEMH PEryJIOBaHHS NaJuBONOAAY1
(na 6asi mamuBHOro Hacoca HJ[-21).

Meroauka mnpoBeleHHs AOCTiIKeHb. EkcnepuMeHTanbHI JOCHIIKEHHS MPOBOAMIN Y
nabopaTopHUX yMOBax Ha 06a3i TokapHoro Bepcrata 1M61, sixuii 3a6e3neuyBaB 00epTaHHs 00'€KTa 3 TOUHO
3aJaHol0 4acToroo. lle Mo3BOiMIO CTBOPUTH CTaOUIbHE CepeloBHIIE A MOPIBHSUIIBHOIO aHami3y
MOKa3HHMKIB.

HeogumoBuii MarHitT 3akpirumioBaiy Ha HaTpoHi TokapHoro BepcraTta. Jlatumk Xomna SS49E
BCTaHOBIIOBAJIM Ha BiacTaHi 5—10 MM Big TpaekTopii pyxy MarHity. 34MTyBaHHS IMITyJIbCIB 3A1HCHIOBAIIN
3a 1onomMororw Mmikpokontposiepa Arduino Uno R3. Hacrory obepranus (RPM-Revolutions Per Minute,
xB™), obumcmoBamu i BimoOpaxanun Ha aucrtedt PK-1602. Jlns mepeBipkd TOYHOCTI BUMipIOBaHb
PO3pPOOJICHOr0 EJIEKTPOHHOIO TaxOMeTpa BHKOPHUCTOBYBAaJIM MexaHiuHuil Taxomerp mozmeni TU10-P
(ACTY EN60051-2:2017). 3a3zHaueHuid TaxomeTp 3a0e3liedye BUMIpIOBaHHS YacTOTH OOEpTaHHA Y
niamaszoni 1o 1000 x8™13 kmacom Tounocri 1,0.

Mexaniuynuii TaxoMerp QikcyBanu BpyuHy Oe3mocepeHb0 A0 TOPI Bana. [ KOXKHOTO PeXUMY
poboTH (3MIHIOBANIKM YacTOTy OOEpTaHHs) 3HIMAaIM IMOKa3HHKH 3 000X TaxoMerTpiB (aHAJIOroBOro Ta
uugposoro). Jani 3unrysanucs micns crabinizanii 00epTi, dikcyBanucs Bpy4Hy i pororpadyyBamucs aas
Bepudikanii. [loBToproBaHiCTh ZOCHIAIB I’ ITUKPATHA.

[ToxuOku po3paxoByBaiu 3a HOPMYIIOI0:

_ RPMg;. —RPMyey.
"~ RPM,,o.* 100%

OcHoBHE 00pOOJIEHHS pe3yJbTATIB EKCIIEPUMEHTANbHUX JAaHUX BUKOHYBaiHM 3rizHo [8] 3
BHUKOPHUCTaHHSM NporpaMHoro cepenosuiia Microsoft Excel. Busnauanu HacTynHi BEIWYMHU: CEpEIHE
3Ha4YeHHS, CTaHIAapTHA MOXHWOKa, OUCIIEpPCis, MediaHa, CepeaHe KBaApaTUUHE BIAXWIICHHSA, KOe(ilieHTH
EKCIIECy Ta aCUMETPii.

Metoanka fAocCTiKeHb PO3pO0JIEHOr0 TaxOMeTpa Yy CKJIAadl eJeKTPOHHOI CHCTeMH
peryioBaHHs najguponogavi (Ha 6a3i maausBHoro Hacoca HJI-21). JlocmiukeHHss QyHKI[IOHYBaHHS
EJIEKTPOHHOTO TAXOMETpPa Y CKJIa/li eKCIIEPUMEHTANBbHOI CHCTEMH PETYIIOBaHHS TAJIMBONOAAY] TPOBOANIH
Ha mabopatopHomy creHai KI-15711, ocHameHoMy HaJMBHHM HacocoM posmnoainsuoro tumy HJI-21.
Meroo pocmimkeHHs Oyjno MepeBipUTH MOXKIUBICTD iHTErpamii TaxoMeTpa A0 CHUCTEMH 3BOPOTHOTO
3B’S3KY AJIS1 KEpYBaHHsI IOJa4ei0 MAJIbHOIO MIISIXOM BHMIPIOBaHHS 0OEpTiB MPHUBIOHOTO Basia NaJUBHOTO
Hacoca.

[IpuBig manuBHOrO Hacoca 3AIHCHIOBAIM 32 AOMOMOTIOI0 TiAPAaBIIYHOrO ABUTYHA 3 PErYJIbOBAHOIO
gacToTolo o0epTanHs. HeogrMoBHiA MarHit 3akpilulioBaiy Ha BUXIIHOMY Bally Hacoca, a JaT4yuK XoJuia
SS49E BcraHOBNMIOBaNM HABIOPOTH MarHita Ha BigctaHi 5—10mm. CurHanm 3 JaTyMka HAJIXOIUB Ha
MikpokoHTposiep Arduino Uno R3, sikuii 06uunciioBaB 4acToTy 00epTaHHs | BUBOJUB 3HAUCHHS Ha JIUCILICH
1602 PK.
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Ha ocnoBi 3unTanux 3HaueHs RPM cucrema ¢opmyBasia Kepylounii CUTHAII J1s1 CEpBOIIPUBOAY, LI0
3MIHIOBAB TIOJIOKEHHS BaXKelsl MoJadi MajbHOro. Byno 3MomenboBaHO pi3HI pEKUMH POOOTH HUISIXOM
Bapiailii yacToTu 00epTaHH: BUXIJHOTO Basia CTEH A 1 BiINOBIIHO — 4aCcTOTH 00epTaHHS BaJia Hacoca.

VY mociimKeHHIX OLiHIOBAJIN:

— cTaOUIBHICTD peryIIOBaHHs MoJadi MajJbHOro MPU 3MiHEHH] 00epTiB;

— TOYHICTh BiICTEKYBaHHS YACTOTH OOEPTAHHS TaXOMETPOM;

— Yac peakuii CUCTeMHU Ha 3MiHEHHS 0OepTiB (3aTpUMKa MK 3MIHOIO CUTHAIY Ta MEpeMillleHHAM
BayKeJs);

— 3PYYHICTh Bi3yaJIbHOrO KOHTPOJIO 33 JOIMOMOT'0I0 AUCIUIES.

[opiBHSIHHSA TPOBOJMIN MK PSKUMAaMHU 3 aBTOMATUYHUM PETYIIOBAHHSM (i3 3BOPOTHHUM 3B’ SI3KOM
BiJ TaxoMmerpa) Ta 0e3 HbOro (pyuHa ¢ikcamis noioxxeHHs Baxkens). Jani ¢ikcyBanu y Tabnuuniit gopmi,
a pe3ynbTaT OOpOOSUIM 3 BUKOPHCTaHHSAM JIiHIMHOI perpecii Ta rpadiyHOro aHamizy IUis OLiHEHHS
edeKTHBHOCTI pOOOTH CUCTEMH.

Hani Hakonu4yyBanu mpoTsroM 10 HUKITIB A7 KOKHOTO PEXUMY 3 HMOAAJBIIUM yCEpeIHEHHIM
pesynbraTiB. Takox mnpoBomunu ¢(oro- 1 Bimeodikcalico mnapamerpiB 3 OuCIUIes TaxoMmeTpa i
CEpPBOIPUBOLY.

Pe3yabTaT gociinkenb. 3a pe3yabTaTaMi AOCTIKEHb 00IPYHTOBaHO KOHCTPYKLIIO Ta IPUHIIMIT
POOOTH eKCTIEpUMEHTATBHOTO EIEKTPOHHOr0 TaxoMerpa st qusenst Ha 6a3i ARDUINO R3 UNO, gatunka
Xomna SS49E ta gucnnerinoro Moayns 1602 PK. EnextpoHHUI TaXOMETp pO3IIIAAA€TCS SIK JOMOBHEHHS
710 EKCIIEPUMEHTAIIBHOI €IIEKTPOHHOT CHCTEMH PEryJIIOBaHHS MAIMBOIIOAAY1 IS JU3eNs Ha 6a3i MaJIuBHOTO
Hacoca HJ[-21 po3moainpuoro THITY BUHCOKOT'O THUCKY.

CrpykTypHO-(hYHKLIOHAJIBHY CXEMY TaXOMETpa HaBeACHO Ha puc. 1.

Aarumx

Yanra KuanesHs
SS49E {G:th-oea
(\ ) mepexa MTA)
- Arduing
) Uno R3
Heoguamosua
MaruiT
LCD-aucnnen
1602 XK

Puc.1. CtpykTypHO-pyHKIiIOHATBHA CXeMa TaxoMeTpa

B xoni peanizauii moctaBiaeHoi MeTu 0yio po3po0JIeHO CHCTEMY, sIKa BKIIIOYA€ HACTYIIHI €IEMEHTH.

Mikpoxkontposep Arduino Uno R3 Bukonye GyHKIIiT 00pOOKH CUTHAIIB BiJ AaTYHKIB i HOpMYyBaHHS
KEepYIO4oro CHrHaiy i cepBonpuBoxy. OCHOBHE NMPU3HAYEHHS MIKPOKOHTpoJepa — HAKOMWYEHHS Ta
30MpaHHs CUTHANIB, 00poOKa JaHMX Ta BUBEACHHS Pe3yJbTaTiB Ha Auciiel. Jlo mepeBar 3acTocyBaHHS
MIKPOKOHTpOJIEpa BiIHOCATH MPOCTOTY NPOTrPaMyBaHHS, BIOKPUTE CEPENOBHIIEC PO3POOKH, BEIHKA
KUIBKICTh JOCTYHNHHMX 0i0mioTek 1 nokymenrtanii. BuxopucranHs MIKpOKOHTpoiepa YMOXKIHMBIIIOE
olepaTHBHE HAJALITyBaHHS MiA Pi3HI TUNM ABUTYHIB, MojepHizauito II3 Oe3 BTpydaHHS B amapaTHy
YacTUHY, BUCOKY TOUHICTh po3paxyHKy RPM 3a manoi 3aTpuMku.

Mognyne natunka Xomna SSA9E BuKOHye (YHKIIIO 34YMTYyBaHHS MarHiTHOro moins. Bin
npu3HaYeHUH Ui ikcarii 3MIHHOTO MarHiTHOTO TOJIS BiJl Mardira Ta nmepeTBOPEHHs HOro B aHAJIOTOBHUH
CHTHaJl HAPYTH, MPOMOpLiitHui YacToTi oOepranHs. [lepeBaru 3acrocyBaHHs: BUCOKA YYTIUBICTh (Bix +
1,0 mo £+ 6,0 mTu), niniliHa mepeaya curHaity, poOounil miama3oH temmepartyp — Big — 40 mo + 125°C.
3acrocyBanHs gaTumka Xomna SS49E yMoxknuBiioe TouHE Ta cTaOUIbHE 3UUTYBAaHHS 00EpTiB HaBITh 3a
YMOB 3a0pyIHEHHS YHM BIOpaIlisfiX, CYMICHICTh i3 MIKpOKOHTposiepoM Oe3 TOTpeOr B JIONATKOBHX
MIACAITIOBAaYaXx.

Hucnneitnnii Mogynp 1602 PK 3aGesnedye 3pyuHe BUBeOeHHs iH(pOpMalii BiJHOCHO 4acTOTU
obeptanna neuryna. Moayne 1602 PK npusnadeno ansi BuBeneHHs 00poOneHuX AaHux y Burisai RPM
(oOepTiB 3a XBWJIMHY) 3 METOIO Bi3yaJdbHOTO KOHTPOJIIO orepatopoM. [lo mepeBar Momyisl BiTHECEHO:
npocte miakiIoueHHs 4epe3 muHy 12C abo mapanensHuid iHTepdelc, 4iTKe 300pakeHHS HaBiTH 3a
SICKPaBOI'0 OCBITJICHHS; MOXJIUBICTh BiOOpakKeHHs IOMOMDKHOI iH(OpManii (Hampukial, TeMIepaTypH
g oMuiiok). Monyne 1602 PK minBuiiye 3py4HicTh KOHTPOJIO POOOTH IBUTYHA, 3MEHILYE Yac Ha
TEXHIYHY JiarHOCTHKY.
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HeoauMoBuii MarHiT 3akpiluileHO Ha KOJIIHYAaTOMY Baji 1 miAg 4ac o0epTaHHS CTBOPIOE 3MiHHE
MarHiTHe moje, ke ¢ikcye gatuuk Xomra. [lo mepeBar Bix 3acTOCYBaHHS HEOOMMOIO MarHiTy BilHECEHO
HAJ3BHYAMHO MOTYKHE MAarHiTHE ITOJIe 32 YMOB KOMIIAKTHHX PO3MIpiB, CTAOUIbHY iHIYKLIiIO CHUTHATY
HaBITh 3a BHUCOKMX oOepTax, HajiliHe KpIiIUIEHHS Ta TpHUBajJuid TepMiH cinyxOu. HeommmoBuii Marsit
3abe3neuye cTabiIbHy poOOTY JaTyhKa X0iia, XapaKTepU3y€eThC MiHIMAJIBHOIO 1HEPLIET0, 110 HE BILUTUBAE
Ha TUHAMIKY Bajy.

BoproBa mepexxa MTA 3ale3medye €HEProXKMBICHHS BCIX €JIEMEHTIB CHCTEMH TaxOMETpa,
3aBIISIKM YOMY ii eleMEHTH HAIIHO 3aXHIIAIOTHCS Bill MepeHANpPyrd Ta KOPOTKOrO 3aMHKaHHS.

Onuc podoTH eJEeKTPOHHOIO TaxoMmeTpa. EJEKTpOHHMI TaxoMerp MpPHU3HAYCHO IS
Oe3epepBHOr0 BUMIPIOBaHHS YaCTOTH O0EpPTaHHS KOJIHYATOrO Bajly IM3eNs Ta BUBEACHHS 3HAUCHHS Ha
IHAWKATOp y peanbHOoMY daci. Poborta cuctemu 6a3yeThcs Ha B3a€MOJIi UyTIIMBOTO €IeMEHTa — JaTiuKa
Xomna SS49E, kepyrouoro koutponepa Arduino Uno R3 ta qucmneitnoro momysas 1602 XKK.

[IpuHIMn poOOTH CHCTEMH TaxOMeTpa MOJsrae y HACTyITHOMY. MarHiTHHI CUIHAJl CTBOPIOETHCS
HEOAVMOBHM MAarHiTOM, IO KPIOUTHCSA Ha KOJiHYaTOMY Baiy ausens. [lig yac obepTaHHs Basly Marfirt
MPOXOJUTH MOB3 BcTaHOBJIEHUH AaTunk Xomaa SS49E, cTBoprotoun 3MiHHe MarHiTHe none. Jatuuk Xomna
TeHEpY€E aHAJIOTOBHU EIEKTPUYHUN CUTHAJI, aMIUTITYIa SIKOTO 3MIHIOETHCS 3aJISKHO BiJl CHIIM MarHiTHOTO
noJsl. 3 KOKHUM MPOXOKEHHSIM Martita pOpMyeThCs MK CUTHANY, 10 BiANIOB1Ia€ OAHOMY 00€pTy Bairy
(abo 3amaHiil KiTBKOCTI 00€pTiB 3aJIeKHO Bix KoHiryparii). CurHan Bif JaTd4uka HaJXOAWTH Ha BXIiA
Arduino Uno R3, nme peamizoBaHuii mporpaMHuii Koji 0OpOOIIsE iMITYIbCH, OOYHUCIIOIOYM KiTbKiCTh
IMIyNbCiB 3a XBWIMHY. Ha OCHOBI MX IaHMX cHcTeMa BH3HAYa€ 4acTOTy oOepTaHHA IBUryHa (RPM).
Bcranosneni 3nauennst RPM BinoOpakaets Ha aucruiei 1602 JKK. 3aBnsku iHTEpaKTUBHOCTI CHCTEMH,
OIlepaToOp Ma€ 3MOTy y peajbHOMY Yaci CIOCTepiraT 3a JUHAMIKOIO 00epTiB JBUTYHA.

Bigznaunmo HacTymHi O4iKyBaHi MO3UTUBHI €()EKTH BiJl BAKOPUCTAHHS TaXOMETpa:

— MiIBUIIEHHS TOYHOCT1 PEryaioBaHHS ManuBonoaayi. TaxoMeTp HaJae TOUYHE 3HAUYEHHS YaCTOTH
o0epTaHHA, IO JO3BOJSIE CIEKTPOHHIM CHUCTEMi KepyBaHHS MaJMBOM MpALOBaTH B ONTHMAIbHUX
pexumax. 3a3HauyeHe chpusie e(EeKTHBHOMY CHAJIOBAHHIO MajbHOTO, YHUKHEHHIO IEpeBUTpaT 1
MiZABUIICHHIO €Heproed eKTUBHOCTI;

— 3MEHLICHHS BUTPAT NaJbHOT0. 3a PaxyHOK TOYHOTO KOHTPOJIIO 00EpTiB, MOXIJIMBO YHHKHYTU
poOOTY IBUTYHa B HAUIMIIKOBUX a00 HEEKOHOMIYHHMX DPEXHMax. B IOIbOBHX yMOBax OUIKyeThCS
3MEHILIEeHHA BUTpaTu au3eist Ha 5—10 % (y mporeci ekcriepuMeHTanbHUX JOCTIKEHb KOHKPETHE 3HaUCHHS
Oy/ie yTOYHEHO);

— TiABULIEHHS HaliitHOCTI ABUryHA. I10CTIHHMI KOHTPOJIb 32 00epTaMi YMOXIIUBIIIOE BCTAHOBUTH
BiIXuiIeHHs a00 TIepeBaHTaKEHHS IBUT'YHA Ha PAHHIX CTAAiAX. 3MEHIICHHS 3HOILCHHS MEXaHIYHUX YaCTHH
3a paxyHOK pOOOTH Yy IOIMyCTUMOMY Jiana3oHi 4acToT 00epTaHHS;;

— CIPOILEHHA TEXHIYHOro OOCITYroBYBaHHS. 3aBASKM IIOCTYIHOMY Bi3yaldbHOMY iHTepdeiicy 3
IHCIUIEEM, OINEpaTopH MOXKYTh IIBHAKO [AiarHOCTyBaTh poOOTy JABHryHa 0Oe3 HeoOXigHOCTi
crerianizoBaHuX MpHUIaaiB. 3a3HaueHe CKOPOUYe Yac Ha 0OCIIyrOBYBaHHS Ta PEMOHTH;

— YHIBepCaNbHICTh 1 MacmTaboBaHicTs. CHCTEMY MOXIIMBO aJalTyBaTh 10 PI3HUX THIIIB JBUTYHIB
Ta iHTErpyBaTH 3 IHIIMMH €JICKTPOHHMMHU OJIOKaMH (HAmpHUKIad, AWCTAHLUIHHUM MOHITOPMHIOM a0o
ABTOMATHYHUM PEryJIIOBaHHIM). 3a MOTpeOU TaxoMeTp MoKe OyTH 4aCTHHOIO €JMHOI CHCTEMH KOHTPOJIIO
CUTBCHKOTOCIIOAAPCHKOI TEXHIKH.

3a pesynbraTaMy JOCIiIKEHb BUKOHAHO 60 BUMIpIOBaHb Ha Pi3HUX yacToTax o0epTanHs — Bix 100
710 1000 x671 3 inTeppanom 100 xs™.

Cepenne 3HayeHHS MOXMOKM cTaHOBHIO 1,37 %, IO CBIAYMTH MPO BHUCOKY TOYHICTH MpPUIIALY.
Hait6inbmi moxubku 3adikcoano 3a Hu3bKuX 06epTiB (100-200 xB™Y), ski He nepepumypana 2,2 %. 3a
YMOB 301IbILICHHS YacTOTH 00epTaHHs MoXuOKa 3MeHIyBajgack 10 MeHie 1 %. [Tapamerpu perpeciitHoro
aHaJli3y CKIaalu: cepelIHbOKBAAPaTHYHE BifxuaeHns +4,8 xB™; koedinient nerepminanii R2 = 0.996, mo
CBiIYMTH MPO Maiike MOBHY JIHIMHY 3aJEKHICTh MK MEXaHIYHUMH Ta €IEKTPOHHUMH BUMIPIOBaHHSIMH; t
— kputepiit CtpiofeHTa i BUOipku 3 60 BUMipioBaHb Ha piBHI 3HauymocTi o = 0,05 moka3aB BiICYTHICTh
CTaTUCTUYHO 3HAYYIINX BIAMIHHOCTEH MK MOKa3HUKAaMH €JIEKTPOHHOI'O 1 MEXaHIYHOT'O TAXOMETPiB.

Le minTBepmKye edeKTHUBHICTH €IEKTPOHHOTO TaxOMETpa SIK BUMIPIOBAJBHOTO iHCTPYMEHTa IJIS
CHCTEM EHEepro30epeXeHHs Ta KOHTPOJIIO PEXHUMIB POOOTH AM3EIA.

BcranoBiieHo NiHIAHY 3aJISKHICTh MDK MTOKa3HUKAMU PO3POOJICHOTO €JIEKTPOHHOI'O TaxoMerpa Ta
MexaHiyHoro Ttaxomerpa mozpemi TU10-P (ACTY EN60051-2:2017) 3a cepeaHbOoro KBagpaTHYHOTO
Bimxuienns + 4,8 xg™1:

RPM(enexrponnnii)=1,018RPM(mexaniuaunii) — 6,5.
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Bingznaueno, mo po30KHICTh MOKa3HHUKIB aHAJIOMOBOIO 1 IH(POBOr0 TaAXOMETPIB HE ITEpEBUIITyBaia
2,5% y BCchoMy Jiana3oHi BumiproBanb (10 1000 xs™). EnexTpoHHUil TAaXOMETp MaB IIBMAKHU Yac BiATyKy
(~150 mc), 1110 YMOKITMBHIIO BiACTEKYBAaTH HAaBITh KOPOTKOYACHI 3MIHU 4aCTOTH OOEpTaHHS.

Pesynpratn nocnmimxenns (portodikcalliss MOKa3HUKIB) MIATBEPAMWIN Y3TOMKEHICTh NaHUX MK
MEXaHIYHOIO Ta ENeKTPOHHOI cucreMamu (puc. 2). Pe3ynbrat BUMIpIOBaHb 4YacTOTH OOEpPTaHHS
MeXaHiYHMM TaXOMETPOM cKJIafamu 6;1u3bko 170 xB™; enexktponrum 171 x™. PisHuII CTaHOBHIIA MeHIIE
1 xs™ (6mm3pK0 0,6%).

[lix yac momanbmIMX BUOPOOYBAaHb Yy CKIIa/l €JICKTPOHHOI CHCTEMH PEryJIIOBaHHS MalUBONOAAY1
(ra 6a3i manmBHOTO Hacoca HJI-21 BHCOKOro THCKY) BCTAHOBIIEHO TaKi eekTH:

3MEHILIEHHS BHUTPaTH MajbHOro ( MPOTHO30BaHO 10 7,6 %), IO AOCATAEThCS 3a PAXYHOK
crabinizanii 00epTiB Ta YHUKHEHHS] HSeKOHOMHHUX PEXKHUMIB;
3MEHILEHHA MEXaHIYHOro 3HOCY 3aBASKH HiATPUMAHHIO ONTHUMAaJbHUX YacTOT OOepTaHHS
KOJIIHYaCTOr 0 Baly;
ckopoueHHs: BUkHIIB CO Tta NOx BHacmioKk OUTBII PIBHOMIPHOTO 3TOPSIHHA HaJIbHOTO;
MiZABUIIEHHS HaAifHOCTI 1 MEepeAyMOBH MAJsl CTBOPCHHS AIalTHBHOI CHCTEMH KEpyBaHHS
MAJTUBOINOJAYOI0 3 3BOPOTHUM 3B’ SI3KOM.

a)
Puc.2. Iloka3HUKH pe3yJIbTATIB A0CTIIKeHb 3 BU3HAYECHHS KiJILKOCTI 00epTiB 00epTaHHA
MeXaHIYHOro (a) Ta po3po0J1eHOro eJIeKTPOHHOI0 TaXoMeTpiB (0).

Pesynbratn pociaiiikeHb po3po0JieHOr0 TaxoMeTpa y CKJIAAi eJeKTPOHHOI CHCTeMH
peryiioBaHHs najuBomoxadi (Ha 0asi maimmBHoro wHacoca HJI-21). 3a pesynbpraTamu
eKCTIEpUMEHTAIIBHUX AOCIiIKEHb, MPOBeAeHUX Ha jJabopaTopHomy creHai KI-15711 3 BukopucTtaHHAM
EKCIIEPUMEHTAIILHOTO €IEKTPOHHOTO TAXOMETPa, BiI3HAYCHO:

— 3MEHIICHHS BUTPAT MaJbHOro Ha 7,6 % BHACIIOK ONTHUMI3aLil pery/IIoBaHH NaJMBOIIOAaYi;

— 3MEHILICHHS IEepPeBaHTaXEHb Ta MEXaHIYHOrO 3HOIIYBAaHHS JIBUTYHA, L0 CTBOPIOE MO3UTHBHI
OUiKyBaHHS IIOJIO IiBUIIICHHS HOTO HAJIITHOCTI;

— CKOpoYeHHs BHKHIIB wmKiamuBux pedoBuH (CO, NOy) yHacmimok crabimizamii 4actoTu
obepTaHHS;

— 3a0e3nevyeHHs] nepeayMoB A NOOYAOBM aalTHBHOI CHCTEMU KepyBaHHS MaJMBOIOAAYCIO 3
BHUKOPUCTAHHSM 3BOPOTHOI'O 3B SI3KY.

3a pesynbTaTaMu AOCTIIKEHb PO3POOJICHO CUCTEMY, SIKa BOJIOJI€ 3HAYHHMH MEPCHEKTHBAMU 32
YMOB BIPOBAUKEHHS Y CUIBCHKOTOCIOJAPCHKY TEXHIKY 3 METOIO MiABUILECHHS i1 eHeproedeKTUBHOCTI.

BucHoBku. 3a pe3yiapraTaMH JOCHIIKEHb OOIPYHTOBAHO KOHCTPYKLIIO Ta MPHHLMI PoOOTH
EKCIIEPUMEHTAIILHOTO eIEKTPOHHOr0 TaxoMmerpa s au3ens Ha 6a3i ARDUINO R3 UNO, gatunka Xonna
SS49E Ta mucmieitnoro moxyns 1602 PK. 3anponoHOBaHO po3risaaTH €NEKTPOHHHH TaXOMETpP SIK
JOTIOBHEHHA J0 €KCIIEPUMEHTAIbHOI €IEKTPOHHOT CUCTEMH PEryJlIOBaHHS MajIMBOIOAAYl AJIS ITU3ENs Ha
0a3i mamBHOTrO Hacoca HJ[-21 po3noaiibuoro THITY BUCOKOT'O THUCKY.

BcranoBiieHo JiHIAHY 3aJISKHICTh MDK MMOKa3HUKAaMU PO3POOJICHOTO €JIEKTPOHHOI'O TaxoMerpa Ta
MexaHigyHoro taxomerpa momem TYUI0-P (ACTY EN60051-2:2017) 3a cepeqHboro KBaJIpaTHIHOTO
Bimxuaenns £4,8 xa ™.

Bingznaueno, mo po30KHICTh MOKa3HHUKIB aHAJIOTOBOIO 1 IH(POBOr0 TaAXOMETPIB HE MTEpEBUIIlyBaia
2,5% y BchoMy Jiana3oHi BuMipiosasb (0 1000 xB™). EnekrpoHHuii TaxoMeTp MaB IIBUIKMIA Yac BiATyKy
(~150 mc), 1110 YMOKITMBHIIO BiACTEKYBAaTH HABITh KOPOTKOYACH] 3MIHEHHS YaCTOTH 00EepTaHHSI.
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Kuiscoxuil nayionanvhui ynisepcumem imeri Tapaca IlleBuenka

ONITUMIBAIIA MOJAEJIOBAHHA BUMYIIEHOT'O PAMAHIBCBKOI'O
PO3CIIOBAHHSA B CAMO®OKYCYIOUHUX PIIMHAX

Y cmammi pozenadaemovca uucenvna eepugpikauyia pizuunoi Kopekmmuocmi GUKOpUCMAHHA KEAOpaAMUUHOL
3anexcnocmi padiyca J1a3epHO20 NYYKA RNPU  MOOETNI06AHHI GUMYUIEHO20 PpAMAHiécbKozo poscitoeanna (BPP) y
camoghoxycyrouux cepedosuniax, maxux axk monyon. Ilpoananizoeano ennue piznux cmenenie 3anexcnocmi Koeghiyicuma
niocunennsa 6io padiyca nyuxka (n = 1, n = 2, n = 3) na cmadéinenicms i mounicms pezynomamie. Po3pooneno oea uucenvHi
nioxoou: memoo Adamca i3 adanmueHum Kpokom i imepauyiiinuii memoo Eiinepa 3 pikcoeanum Kpoxom, aki oazyromuca na
3aKoHax 30epexcennn enepeii ma egpekmi Keppa. Mooentweannsa npoeedeno 3 napamempamu, XapakmepHumu 01 moJiyony
(nouamxoeuii padiyc nyuka 113 mkm, koeghiuienm 3anomnenns cepedosuwia 1.49, Ooexcuna 6xionoi xeuni nazepnozo
eunpominoeannsn 694.3 um, kpumuuna nomyxcnuicmo 25 kBm). Pesynvmamu demoncmpyioms, wio Keaopamuuna mooens (n =
2) 3a6e3neuye onmumanvHy Komoinauito cmadinohocmi ma izuunoi kopekmuocmi, mouno 6i0oopaxcaroyuu nopiz zenepauii
cmokcoeoi komnonenmu (7f = 0.083 m) i cmabinizayiro nomyscnocmeii. Jlinitina moodenv (n = 1) nedoouinioe egpexm
camooxycyeanns, nopyuiyiouu 3aKoH 3o0epeiceHHa eHepeil, mooi Ak Kydiuna modensv (n = 3) eunaenac necmadinvHicme.
Poboma mae npakmuune 3naueHHa 013 ORMUMI3aYii 1a3ePHUX CUCEM Yy CHeKMPOCKONIT, onmoeneKmponiyi ma 6iomeouyuni.
Kpim mozo, ea)cnueum acnekmom cmeopeHHA HUCENbHUX RPOZPAM CMAN0 RIOGUWEHHA epheKmusHocmi 00YuCIeHb.
Peanizayin mMooenioeannsn y 6uznaoi oKpemux npozpam 0036015€ Cymmee0 CKOPOMumu 4ac po3paxynKie nopieHAHo 3 pyYHUM
aHani3om abo 6UKOPUCMAHHAM YHieepcanvHux nakemie. Lle Oae 3moz2y Oocnidxycyeamu CK1aoHi Heninilini egexmu y
PpeanicmuiuHux ymoeax 3 6UCOKOI po30iibHOI0 30amHICHIO.

Knrouosi cnoea:. sumyuiene pamauiecvbke po3cito8AHHSA, CMOKCO8I KOMNOHEHMU, CAMOMOKYCYBAHHA, CAMOPOKYCYIOUI
cepedosuya.

O. Mokhonko, A. lvanisik

OPTIMIZATION OF STIMULATED RAMAN SCATTERING MODELING IN SELF-
FOCUSING LIQUIDS

Thisstudy presentsa numerical verification of the physical validity of using a quadratic dependence of the laser beam
radiusin modeling stimulated Raman scattering (SRS) in self-focusing media, such astoluene. Theinfluence of various power-
law dependencies of the gain coefficient on the beam radius (n =1, n = 2, n = 3) isanalyzed in terms of numerical stability and
result accuracy. Two numerical approaches are developed: the Adams method with adaptive step size and the Euler iterative
method with fixed step size, both based on energy conservation laws and the Kerr effect. The simulations are performed using
parameterstypical for toluene (initial beam radius of 113 um, refractiveindex of 1.49, laser wavelength of 694.3 nm, and critical
power of 25 kW). The results show that the quadratic model (n = 2) provides the optimal combination of stability and physical
correctness, accurately capturing the Stokes generation threshold (zf = 0.083 m) and power stabilization. The linear model (n =
1) underestimates the self-focusing effect, violating energy conservation, while the cubic model (n = 3) exhibits numerical
instability. Thiswork has practical significance for optimizing laser systemsin spectroscopy, optoelectronics, and biomedicine.
Moreover, an important aspect of developing numerical programs was to improve computational efficiency. |mplementing the
modeling in theform of standal one programsallows for a significant reduction in cal culation time compared to manual analysis
or the use of general-purpose software packages. This enables the investigation of complex nonlinear effects under realistic
conditions with high spatial resolution.

Keywords:. stimulated Raman scattering, Stokes component, self-focusing, self-focusing media.

IocranoBka npodJjemu. Bumymene pamaniBcbke poscitoBanHs (BPP) e ¢ynmamentansHum
HEeNiHIMHMM ONTHYHMM TPOLECOM, IO BiAirpae KIIOYOBY pOJb Yy Ja3epHId CIEKTPOCKOIii,
OIITOETIEKTPOHIITi, OlOMEAMYHUX JOCHTIHKEHHSX Ta TeHepallii HOBUX JTOBKWH XBWIb [1, 2, 3]. Lleit (heHOMeH
BUHHUKA€ BHACIIZOK B3a€MOAll IHTEHCHBHOIO JIA3€PHOTO Iy4yKa 3 MOJIEKYJIaMH CEpEelIOBHILA, IO
MPU3BOAUTE 10 TEPEHOCY CHEeprii Bif Mydka HaKadyBaHHSA J0 CTOKCOBOI KOMIIOHEHTH 4epe3 HeNiHiHHi
epextn [4, 5]. Tounicte umcensHOro MmozentoBaHHs BPP € BupimanbHOO A7 TPOrHO3yBaHHS
eeKTHBHOCTI TeHepallii CTOKCOBOT0 BUIIPOMIHIOBaHHS, LII0 MA€ MPsIME 3aCTOCYBaHHS B pO3POOLI JTa3epHUX
CHCTEM TSI MEIMYHOI A1arHOCTHKH, ONITHYHOT'O 3B’ 13Ky Ta raiy3i (OTOHHHX TexHouorii [6, 7]. OnnuM i3
KPUTUYHUX TapaMeTpiB y IHMX MOJEISIX € 3aJeXHICTh Koe(ilieHTa MiACHIICHHS BiJ T'€OMETPUYHHUX
XapaKTEepUCTHK IyuKa, 30KpeMa Bin ioro pasiyca (a(z)), sikuit 3a3Hae 3MiH 4epe3 caMo(OKyCyBaHHSI —
ehekT, CIpUYMHEHHI MOIYJIAIIIEI0 TTOKa3HUKA 3aJIOMJICHHS TTi/] BIUTHBOM iHTEHCHBHOCTI cBiT/a [8, 9].

3a3Buuail y Mmopensix BPP BukopucToByeThCcsl KBapaTHUHa 3aJISKHICTh KoeillieHTa MiACHICHHS,
supaxena sk (1/a(2)?), mo GasyeThcs Ha TPUIYIIEHHI MPO MPOIOPIIHHICTG iHTEHCMBHOCTI MydYKa 0
KBaJ[paTa iIHTEHCUBHOCTI €IEKTPUYHOTO TMOJISl Ta 00EPHEHO MPOIOPILIHHY 3aJISKHICTD Bill IJIOWI Mepepizy
[4, 10]. Onnak ¢i3yHa KOPEKTHICTH IMi€l 3aJeKHOCTI B yMOBax caMO()OKYCYBaHHS 3alUIIAETHCS
npenmeroM auckyciit. locmimkenns Berge [5] ta Etchegoin [10] Bka3ytoTh Ha MOXIIHBI MTOXHOKH TPH
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MOJIEITIOBaHHI CHJIbHHX HENiHIHHOCTEH, Toai sk y poboTi Ivanisik [4] migkpecieHo HeoOXimHICTH
Bepudikanii B pealbHUX EKCIepUMEHTalbHUX yYMoOBax. HemocraTHA yBara 10 LBOTO acCHEKTy MOXeE
MPU3BOAXTH 10 3HAYHUX PO3ODKHOCTEN MK CUMYJISIISIMU Ta €KCIIEPUMEHTAIbHUMU JaHUMH, OCOOJIHBO B
CEpEeIOBUIIAX i3 BUCOKOIO HENIHIHHOI CIPUHHATINBICTIO, TAKKX SK TOIXYOJN Y OSH301.

Oxpemy yBary BapTo 3BEpHYTH Ha aCIeKT ONTHMI3aIlii YUCEThbHIX METO/IB: e)eKTUBHA peai3allis
AITOPUTMIB JI03BOJISIE 3HAYHO MPUCKOPUTH MPOLIEC MOJCTIOBAHHS, 110 € KPUTUYHKUM TP aHAMi31 BENUKHUX
00csriB mapamerpiB abo mpu NoTpedi OrepaTUBHOIO NPUIHATTS pillleHb Y NPUKIAJHUX 3a1adax. Came ne
CTaJIO OHIEIO 3 MPUYMH CTBOPEHHS BIACHUX YUCENBHUX Mporpam ajsl Bepudikarii.

OnwucaHi BUIIIE aCMEKTH yCKIIATHIOIOTH ONTHMI3AIIO JTa3epPHUX CHCTEM 1 IMiIKPECIIOITh OTpedy
B JETaJbHOMY aHali3l PI3HHX CTENEHIB 3aJIeKHOCT1 SKi BHKOPHCTOBYIOTBCA poOOTax, 30Kpema Mpu
MOKa3HMKax crereHs n = 1, n = 2, Ta N = 3 3 BUKOPUCTAHHIM HE3aJCKHUX YMUCETbHUX METOMIB VIS
3a0e3reueHHs JOCTOBIPHOCTI pe3ysbTatis [6, 9].

AmHaJji3 ocTaHHIX gocaimKeHb i mydaikamiii. Knacuuni pobotu, Taki sk Raman i Krishnan [1] ta
Shen [3], 3aknanu Teopernuni ocHoBr BPP, omHak He po3risiaaiv YMCETbHOTO aHai3y 3aJeKHOCTI Bif
paziyca myuka. Monorpadist Boyd [2] neranpHo onucana HemiHiliHI oNTHYHI e(eKTH, ajie 30cepeuaacs Ha
aHAJITHYHUX ITIIX0HaX.

CydJacHi TOCIiDKEHHS IEMOHCTPYIOTh pisHOMaHITHICTh Moaeiei. Lallemand [11] Ta Weiner [12]
HPOTIOHYIOT JIHINHY 3aJEKHICTh ggq(2) = ‘ZO(Z;’
caMo(hOKyCyBaHHsI, 1110 MiATBepKeHO ekcriepumentamu Hafizi [13] ta Ivanisik [4] siki oOrpyHTOBYIOTH
9oao
a(z)?’

rayccosoro nyudka. Berge [5] Ta Etchegoin [10] nocnimxysany BuIi cTeneni, Taki Sk ggq (z) =

, IO cIIpollye OOYHMCIEHHS, alie HeMOOI[IHIOE eeKTH

KBQJIpaTU4HY MOJIENb (gsq(z) = apryMeHTYIOUM 1i BiAMOBIOHICTIO PO3NOAUTY iHTEHCHBHOCTI
9oo
a(2)®
MOJIETIIOBAaHHS KOJIAICY Iy4Ka, ajie 3a3Ha4yaroTh YMCEJbHY HEcTaOUIbHICTh. Y Mpausx, IO CTOCYIOTHCS
oiomenuian Freudiger [14] nanmae mepepary niHiiiHIN Momeni yepe3 mpocToty, Todi sik Zhang [15]
MPOMOHYE TiOpuAHuUA miaxig (n = 1.5) mans 6araTOKOMIIOHEHTHUX cucTeM. He3Bakarouu Ha IIi 3yCHILIA,
Opak yHidikoBaHOro mimxomy Ta Bepudikamii B ymMoBax camMO(pOKyCyBaHHS BKa3ye Ha HEOOXiIHICTh
MOJAIBIINX JOCIiIKEHS [2, 3].

IMocranoBka 3aBaaHb. Meroro naHOi poOOTH €: MPOBECTH AETajbHE MOPIBHAHHS YHCENBHOL
crabinpHOCTI Ta (i3muHOi KOopekTHOCTI Monenedl BPP mpu pisHMX cTemeHsX 3asIeKHOCTI KoedilieHTa
MiZICHIIEHHS Bif cTeneHs paaiyca mydka ((n = 1), (n=2), (n = 3)). Teopern4no ta 4ucenbHO OOIPYHTYBAaTH
nepeBaru BUKOPHCTAaHHS KBaApaTH4HOI 3aiexHocTi ((n = 2)) y mozaemoBanHi BPP y camodoxkycyrounx
cepeoBHIIAX.

Po3poOutu Ta 3actocyBaTu JBa He3aJeXHI YMCENbHI Mixxoan i Bepudikamii pe3yabpTatis, m100
ycyHyTH apTedakTH Ta MigBUIIUTH IOCTOBIpHICTH Moaeni. Hagatu pexoMeHmarlii moa0 BUKOPUCTaHHS
ONTHUMAJILHOT MOJIEN] ISl TOAAJIBIIUX AOCTIKEHb 1 MPaKTUYHMX 3aCTOCYBaHb Y PI3HUX caMO(OKYCYIOUHX
cepeoBHIIAX.

Buknanennss ocHoBHoro marepiany. BPP y camodokycyrouomy cepemoBuini OMUCYETHCS
CHCTEMOIO HeNMiHIHNX AudepeHuiiHUX piBHSAHD U aMIUTITY eIeKTPUYHUX MOJIiB Ja3epa £} Ta cTokcoBoi
komroHenTH Egq [8]:

JUI

dE
d_ZL = _gLELE512 (1)
dE
d_zl = gSlE51EL2 2

e g; — KoedillieHT MiICHIEHHS Ja3epHOr0 BHUIPOMIHIOBaHHA, Jgq KOE(DIIEHT MiACHICHHS
CTOKCOBOI KOMIIOHEHTH, sSIKi pO3paxoByoThcs 3a (3) Ta (4) BianoBigHO:

— (As1
gL — (7)951 3)

L
gs1 = go( 20 " (4)

a(z)
ne A; — TOBXKWHA XBUWII Jazepa, Ag; — JOBXKMHA XBHJII CTOKCOBOT KOMIIOHEHTH, Q¢ — MOYaTKOBUH
amiyc IIy4ka, — kKoe(dillleHT MACHIAEHHSI, N — CTENIHb 3aJ€KHOCTI paalyca IIydKa.
0

Buacnigok sBumia camodokycyBaHHS BinOyBaeTbca 3MiHa paniyca mydka. Po3paxyHok 3MiH
MPOBOIUTHLCS BiAMOBIAHO 110 [4]:
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2 as?
a(z):ao\/ll—% Iﬂ/2+a—£2 (5)
4 = 0.3806k ay> (6)
e =
J\/?—o.77032—0.0528
— 2nn
p=2 (7)

ne a(z) —pajiyc na3epHOro Iydyka B TOUIIi HA BIICTaHi Z BiJ MOYAaTKy CEPEOBUINA, Zr XapaKTepHa
BiJICTaHb CaMOQOKYCYBaHHS, O - MIHIMAIbHUK Pajiyc Iy4ka B TO4lll (POKYCY, K — XBHIIOBE YUCIIO, 1 —

MOKAa3HUK 3aJIOMIICHHSI CEpeloBHIa, P — BiHOCHA MOTYXHICTh myuka, To0TO P/P , ne P — morouna
MOTYXHICTb, @ Per — KpUTHYHA NOTYXXHICTH I CaMO(OKYCYBaHHSL.

a . .
Tz))z BUIUTMBAE 3 (PI3NUHUX MPUHLHMITIB TayCCOBOT'0 MyYKa:

AL Ta3€PHOrO My4YKa iHTeHCHUBHICTD |(2) Ha oci myuka mponopuiitHa KBaapaTy aMILTITyqH €IeKTPUIHOTO
nonst E(Z) 1 obepreHo mpomnopuiiiHa ruiori nornepeyroro nepepizy. Ilepepis mydka BU3HAYAEThCS IK —
ma(z)?. MaTeMaTH4HO IHTEHCHBHICTh Ha OCi ITydKa MOKe OyTH BUPaKeHa SK:

KBaapatuuHa 3aJIeKHICTh g1 = g * (

E*(2)
na(z)?

1(2) x (8)
Ockinbky 3arajbHa eHepriss mydka (abo moryxHictb P) 30epiraeTbcs npu  ineanbHOMY
camodoKycyBaHHi (06e3 BTpaT), OTY>KHICTh OB s13aHa 3 IHTCHCUBHICTIO Yepe3:

P = I(2)ma(z)? 9

Otxe 1(z) = P/(ma(z)?), Ta intencusHicTh 3pocTac sk 1/a(z)? 3a yMOBH CTajIoi HOTYKHOCTI. Y
nporeci BUMYIIEHOI'O PaMaHIBCBKOIO PO3CIIOBAaHHS KOG(Ii€EHT WiACHICHHA ¢gq NPONOpLiitHUHA
IHTEHCUBHOCTI HakauyBasbHOro mydka [(z), ockinbku BPP € HemiHIHHMM ONTHYHHUM e(peKTOM, II0
3aJIeKUTH BiJl IIUTBHOCTI (DOTOHIB. Y 3arajabHOMY BUTIISII:

gs1(2) x go - 1, (2) (10)
Bamimatoun 1(z) = P/(ma(z)?) orpumyemo:

gs1(2) x go - (11)

ma(z)?

Onnak PL — 1me moTyXHicTh na3epa, sika MOXKE 3MIiHIOBATHCS Yepe3 BTpaTH abo Mepepo3nofin
eHeprii (HampHKiIaj, Ha CTOKCOBY KOMIIOHEHTY), TOMY IMOTPiOHO BpaxyBaTh HOpMali3alilo BiTHOCHO
MOYaTKOBOI'O CTaHy MydKa.

[TowyatkoBuii paniyc mydxa ag ciIyrye ped)epeHTHOIO BETUUMNHOIO, 110 T03BOJISIE BUPA3UTH BiJHOCHE
3BYXKCHHs Myduka mig dac camookycyBanHs. SIkimio a(z) 3MEHINYeThCs, CHIBBiIHOLICHHs ao/a(2)
BijloOpakae CTyIiHb KOHILeHTpauil eHeprii. ¥ mpausx [10], Ta [13] 3a3HauaeThCs, MO ISl KOPEKTHOTO
onucy epekTy caMo)OKyCyBaHHs Jg; HOpMaisyeTbes uepes (do/ a(2))?, ocKinbKy IHTEHCUBHICTB 3pocTac
nponopuiiino (2 / a(2))? nopiBHAHO 3 MOYaTKOBUM CTaHOM. Lle BMIIMBae 3 TOro, MmO MEpepi3 Iydka
3MEHIIYETHCA K &(Z)?, @ IHTEHCHBHICTL — SIK 00EPHEHA BEIMYMHA JI0 IIOTO TIEPEPI3Y.

Takox camMoQOKyCyBaHHS BHUKIMKAa€ HENiHIMHE CTUCHEHHS IWy4Ka, IO NPU3BOIUTH JI0
KBaJPaTHYHOTO 3POCTAHHS IHTEHCHBHOCTI yepe3 TeOMETpUYHHMN e(eKT (3MEHILIeHHS IUIOLIi mepepizy).
OCKiJIbKH ggq MPSMO MPOMOPIIHHMI iHTEHCHMBHOCTI, & IHTEHCUBHICTD 3anexuTh Bin 1/a(2)? mincuienus
TakoX Macmradyerbes sk (ao / a(2)). Lle y3romkyeThes 3 piBHAHHAM mepenocy st BPP:

dls _

dz 9s1lLls 12

Meroauka AochigKeHHS 0a3yeTbcs Ha BHKOPHCTAaHHI JBOX HE3AJICKHUX UYUCEIBHHUX MpOrpam,
peamizoBanux y cepenouni Wolfram Mathematica. 1li mporpamu po3po0ieHO Uisi MOIETIOBAHHS
muHaMikn BPP y camodokycyrounx cepenoBuiax, Ha NMPHUKIaAi TOIYONy, 3 YpaxyBaHHSIM HETiHIHHHX
edexTiB 1 3MiH reomerpii myuka.

Kpim ¢izngroi 00rpyHTOBAHOCTI, KIIFOYOBOK BUMOTI'OIO JI0 ITporpaM Oyiio 3a0e3nedeHHs BUCOKO1
mBuaKoAll. OnTuMizamisis KOmy Ta ajanTalis YHCEIbHUX METOMIB 1O KOHKPETHHX (Ii3UUHHX 3alad
JO3BOJIMIIM CKOPOTHTH Yac OOYMCIICHb Yy KUIbKa pa3iB MOPIBHAHO 3 YHIBEPCATbHUMH MaTEeMaTHYHUMH
nakeramMu. Takuil MiAXig BiZKpUBa€ MOXKIMBOCTI Ui PO3IIMPEHOTO MapaMeTpHUYHOrO aHaji3y, IO
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0COOJIMBO BaXKJIMBO NMPH PO3PaxyHKaxX y peKUMI peanrbHOro yacy abo mig yac oOpoOKH BETMKUX 0OCATIB
EKCIIEPUMEHTAIIbHUX JTaHUX.

OOuzaBa minxonu cuparoThesa HA (pyHIaMEHTaJIbHI 3aKOHU ONTHKH Ta HENiHIMHOI AWHAMIKH, a iX
MPaBUJIBHICTh MIATBEPIKYETHCS Y3TOMKEHICTIO 3 aHATITUYHMMHU PIMICHHSAMU Ta E€KCIEPUMEHTAIBHUMU
TaHUMH.

IMepia mporpama € YMCEIbHUM IHTErpaTopoMm, skuii peanizye meron Anamca (Adams-Bashforth-
Moulton) myst po3B’si3aHHs cucTeM AUQepeHUiiHIX PIBHAHB NepIoro nopsaky. Leit Mmeron HanexuTs 10
0araTOKpOKOBUX METOJIB i3 3MIHHUM KPOKOM 1 BHCOKOIO TOYHICTIO, III0 POOUTH HOro mpuaaTHUM JUis
MOJIETIIOBAaHHS CKIaJHUX HETHIHHUX cucTeM, Takux Sk BPP. Bona 6a3yetbcs Ha cucteMi piBHsAHB (1) Ta
(2), 3 BpaxyBaHHsM siBUIIA camookycyBaHHs (5). st GinbIn HATISIHOTO MOPiBHSHHS BUBIJ PE3YNbTaTIB
MOJA€ETHCS Y BUTIIAI MOTYKHOCTEH, SIKI MOB’s3aHi 3 aMIUTITYAaMH TOJIIB 32 GOpMyIaMHu:

P, = %csonﬂaozELz (13)

Ps, = %csonﬂaozEﬂz (14)

Lli piBHSHHS TIPYHTYIOTbCS Ha 3aKOHI 30epeXKeHHS eHeprii mydyka Ta HENiHIMHIA 3aJeXHOCTI
MOKa3HUKA 3aJOMIICHHsI Bifl iHTeHcHBHOCTI (edext Keppa), omucanomy B poborax Boyd [2] i Shen [3].

[IpaBWIBHICTE MPOrpaMu MiATBEPIDKYETHCS 11 y3TOKEHICTIO 3 aHAJNITUYHUM PO3B’S3KOM IS
niHiftHEX BUmaakiB ((n = 1)) Ta BIAMOBIAHICTIO €KCIIEPUMEHTAIBHUM TaHUM [4], 1€ TOpOroBi 3HAYECHHS
reHeparii crokca 30iraloTbCs 3 TCOPETHYHUMH IPOTHO3AMH.

Hpyra nporpama peanizye irepauiiinuii meron Eiinepa 3 ¢ikcoBaHMM KpOKOM AJisi O0UHCIICHHS
notyxHoctedl P Ta Ps; Ha OCHOBI piBHSIHB:

Psi(z+ h) = Py (2)exp((5 ) - h) (15)
PL(z+ ) = Pro = "2 Psy (2 + h) (16)

He, G koedinieHT KOMOIHAIIMHOTO MiACHIICHHS Ui CepeloBHILA, h — KPOK iHTErpyBaHHS IO
koopauHarti Z Leit minxin 6a3yeThcs Ha 3aKOH1 30epeKeHHS eHeprii Ta eKCIOHEHLIHHOMY 3aKOH1 3pOCTaHHS
CTOKCOBOI MOTYKHOCTI, BUBSACHOMY 3 PIBHSHb aMILTITY Yepe3 TXHIO 3aJeKHICTh Bijl iHTeHCHBHOCTI [8].

Kpoxk inTerpyBanns (h) 3a0e3mneuye 10CTaTHIO pO3ALTHHY 3IaTHICT JJISl MOJICITIOBAaHHS HA TOBXKUHI
kioBetH (I = 0.25 ). Merox Eiinepa, xoua ¥ MeHIII TOUHHI 32 AjaMca, € CTabUTbHUM TS eKCITOH CHITITHUX
MPOLIECiB 1 JO3BOJISAE 3TIIAJKyBAaTH HENiHIAHI KonuBaHHA. [IpaBUIIBHICTD Mporpamu MiATBEpKYETHCS 1l
BIJIOBITHICTIO pe3yabTaTaM s (n = 2) Ta y3rOMKEHICTIO 3 eKCIIEpUMEHTATBHUMH JaHuMU [4], ne mpodimi
MOTYXXHOCTEH 30iraroTbesl 3 TEOPETHYHUMH IPOTrHO3aMH Ha Z .

[lincymoBy10YM MpaBUIBHICTH 000X MPOrpaM MiATBEPDKYETHCS KiTbKOMa (PaKTOpaMu: PiBHSHHS
0a3yloThbcsl Ha 3aKOHI 30epeXeHHs eHeprii, piBHAHHAX MakcBelia Uil HelMiHIHHUX cepenoBHI i edeKTi
Keppa, mo € 3aranpHONPUHHATAME B ONTHYHOMY MojentoBaHHI [2, 3]. He3Baxkaroun Ha pi3HiI Migxomu
(mudepeHuianbHUH Ta iTepaliiHui), pe3yIbTaTH 30iratoThCs 040 MOPOry reHepalii Ta cradimizamii, mo
ycyBae cucreMaTnyHi moMmikd. [loporosi 3HaueHHs (Z) i cTabimizamis y3ropKyloThCs 3 TaHuMHe [4], 1m0
miATBEpKYE Pi3MUHY KOpEeKTHICTh. BUKOpHCTaHHS aalTHBHOIO KPOKY B MEpLIiK nmporpami i ikcoBaHOT0
KPOKY B APYTii 103BOJIsIE YHUKHYTH apTe(akTiB, XapaKTEpHUX 11 MEHII TOYHUX METOIB, TAKUX SIK SIBHUH
Eitnep 6e3 xopekuii.

TakuM ywHOM, OOWIBI MpOrpaMH € HAJIMHUMHU IHCTpyMEHTaMu Juis moxaentoBaHHs BPP, ix
pe3y/bTaTH MOYKHA BBaYKATH BaJILIOBAHUMH ISl OAAJIBILIONO aHATI3Y.

MogentoBaHHS 3IIACHIOBANOCS 3 ONHAKOBUMHM BXIIHUMH JaHUMH A 000X mporpam 3
napaMeTpaMyd XapakTepHUMH [UIsI  caMOoQOKycylodoro ceperoBuia Toiyon. [lodatkoBuil paaiyc
JIA3€PHOTO MyYKa CTAHOBUB Ao — 113 MkM, KoedimieHT 3aoMieHHs cepenopuma N—1.49, nopkuHa XBUIII
Ja3epHoro BUNpoMiHioBaHHA A; 694.3 — HM, KpUTHYHA TOTYXHICTB Per —25 KBT.

PesynbpTaTti oTpMaHi BHACIiJOK MOAETIOBAHHS AJIs1 000X MpOrpam, MepIioi —a Ta IPyroi —6 mpu
CTEIeH] 3aJIeXHOCTI My4yKa N=2 NoKa3aHi Ha PUCYHKY 1.

Pesynaprat MopenmioBaHHA Uil KBaAPATUYHOI 3alIeKHOCTI JEMOHCTPYIOTH Y3TOMKEHICTh 000X
YHCeNbHUX MiAX0IiB — Merony Anamca (a) Ta itepamniitnoro merony Eitnepa (6). st mepiioi mporpaMu
YepBOHA KpHUBa, IO BimoOpa)kae MOTYKHICTb JIA3epHOTO Iydka P MOCTynmoBO 3MEHLIYETHCS BiX
MOYaTKOBOIO 3HaueHHA 62.5 kBT 1 craOunizyerscst npubnuszno Ha Z = 0.085 m. [leperBopenns na3epHoOi
KOMIIOHEHTH Y CTOKCOBY 3AIHCHIOETHCS e(peKTUBHO (IPAaKTHYHO IMOBHA Iepefada €Heprii CTOKCOBiH
KOMITOHEHT1) B 30H1 camodokycyBaHHs Z ~ 0.083 1110 € XapakTepHUM 1 caMO(OKYCYIOUOT0 CEpeOBHUINA
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tonmyorny. CTokcoBa KOMIOHEHTa Ps micis mopory camodoKycyBaHHS JEMOHCTPYE CTaOUIbHE 3pOCTaHHS
13 TTOAJIBINIO0 cTabiizaieto, Mo Bimoopaxkae epextuBHICTh BPP y camodokycyrouomy cepemoBuii.

Power of the components Power of the components

6)
Puc. 1. Tpancdopmanis 1a3epHOi KOMIIOHEHTH B CTOKCOBY JJIsl MeTOAy Aamca (a) Ta
irepaniiinoro meroaa Eiisniepa (0) npu creneHi 3a/e;HOCTi Jia3epHOro my4yka N=2

Hpyra mporpama (Merox Eiinepa) neMOHCTpye aHaJOri4Hy IMOBENiHKY, NPOTE IMOKa3ye eIo
IUTAaBHUI Tepexin, mo He BIUIMBa€ Ha (iHANBHUHA pe3ynbTaT . 3TiapKeHicTh KpUBUX y Mmeroni Eimepa
HOSICHIOETBCsI (pikcoBaHUM KpokoM iHTerpyBaHs (h = 0.00001 wm), Tomi sk pi3kicTh y Meromi Amamca
BimoOpakae nudepeHIiitHI miaxXiy i3 aAanTHBHUM KPOKOM.

L5 y3romkeHicTh miaTBepIKye Gi3sHuHy KOPEKTHICTh MOAENI 3 N = 2, OCKUIBKU NOPIr reHepaii Ta
crabimizaist 30irafoThes Ta BIAMOBIIAIOTH TEOPETHYHUM MporHosam [2,3].

Pesynbratu ans niHiHOI 3aMeXHOCTI N = 1 IEMOHCTPYIOTH HEKOPEKTHY MoBeHiHKY. st mepmioi
MPOrpaMu X04 1 CIOCTEPIraeTbesl MEBHUM IMEpexif JIa3epHOI KOMIOHEHTH B CTOKCOBY, IPOTE BiH HAATO
PO3TATHYTUH Ta MOBUIBHMHA IO OLIBII XapakTepHO IS HEcaMO(OKYCYIOUMX cepeloBHII. Takox
CIIOCTEPIraeThCsl MOPYIICHHS 3aKOHY 30€peKEHHsI eHepril OCKUIbKM Ha 3HAYHUX JIOBXKHHAX KIOBETH Z =~
0.82M. cnocrepiraeTbcsi 3HaYEHHS MOTYXHOCTI CTOKCOBOI KOMIIOHEHTH, IIO MEPEBHIIYIOTh 3HAYCHHS
BX1IHOT IOTYXHOCTI J1a3epHOT KOMIIOHEHTH.

B cBoto uepry pe3ynbraTi OTpHEMaHi 3a IOMOMOI0I0 iTepaliiiHoro Merona Eiiiepa 1eMOHCTPYIOTH
MOBHY BIJICYTHICTh MeEpexXony J1a3epHOi KOMIIOHEHTH B CTOKCOBY. TaKOX BapTO 3a3HAYMTH, IO MIPH 3MiHi
BXIIHMX IapaMeTpiB AaHa MOJENIb MOXKE JEMOHCTPYBATH KOPEKTHY POOOTY.

i pe3ynbTaTy BinoOpakaloTh HEAOOLIHKY edekTy caModoKycyBaHHS TP n = 1, 10 Y3TOIKY€ETHCS

3 BUCHOBKaMH TIPO MEHIITY YyTIUBICTh MOENI JI0 TEOMETPUYHUX 3MiH ITydKa.
Otxe nmns 3aaHUX BXIAHHUX IapaMeTpiB JlaHA MONEIb JIEMOHCTPYE HEKOPEKTHY poOOTy, IO

CBIIYMTH TMPO PH3MK 3aCTOCYBaHHA JIHIAHOI 3aJeXHOCTI mnpu MojemoBanHi BPP 3a ymos

caMO(OKyCyBaHHS.

rower of the components Power of the components

/
[k (=

L m

a) 6)

Puc. 2. Tpancdopmanis 1a3epHOi KOMIIOHEHTH B CTOKCOBY JJIsl MeTOAy Aamca (a) Ta
irepaniiinoro meroaa Eiisniepa (0) npu creneHi 3aje;HOCTi JiazepHOro my4ika n=1

Jus kyOiuHOT 3amexHOCTI n = 3 MeTon Ajamca IEeMOHCTpPYE MOAiIOHI pe3ynbTaTu Mpu N=2, mpoTe 3i

3MIIIEHHIM nopory renepauii z ~ 0.076, o Bigpi3HAETHCS Bill TECOPETUUYHUX OYIKYBaHB caMO(pOKYCYIOUOi
obmacti s TOmyomy. AJie 3aralbHMKA pe3yibTaT XapakTepHui. [lpyra mporpama aeMOHCTpYe
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HEBIAMOBIIHICTE OYiKyBaHOMY HpPOQisio, M0 MOB’S3aHO i3 BUXOAOM PO3PaXyHKOBHX 3HA4YEHb 32 MEXI
JOIYCTHMOTO.

Fower ol the components Power of the componems

a) 6)
Puc. 3. Tpancdopmaiisi 1a3epHOi KOMIIOHEHTH B CTOKCOBY /ISl MeTOAy Alamca (a) Ta
irepaniiinoro meroaa Eiisiepa (0) npu creneHi 3a/je;KHOCTI Jia3epHOro my4yka N=3

Lst HecTabiNnBHICTD Y3roKYeThCs 3 3ayBakeHHsMu Berge [5] i Etchegoin [10] mpo uumcenbHi
TPYZAHOLLI IPH BUCOKUX CTETEHSX, OB’ sI3aHi 3 KOJIAIICOM IMyYKa B caMO(OKYCYIOUOMY CEpEeIOBHIIII.

[opiBustHEA pe3ynbTaTiB it N=1, N=2 Ta N=3 migTBEepIKYe, IO KBagpaTHYHA MOAECIb N=2
3abe3nedye ONTUMalbHYy KOMOiHaLi0 cTabuibHOCTI Ta (pismyHOi KOpekTHOCTi. BoHa TouHO BimoOpaxkae
MOpIr TeHepallii Ha Z; Ta CTaOLTI3aIio0 MOTYXHOCTEH, 0 BiAMOBiIAE eKCIEPUMEHTAILHUM JAaHUM [4].
Jlinifina mozens N=1 HemoouiHioe edekT camMOOKyCyBaHHs, TOAl SK KyOiuHa N=3 HpPU3BOIUTH [0
HecTablIbHOCTI, 10 YCKJIaIHIOE MpakTHYHE 3acTocyBaHHs. [IpoTe 3a MEBHMX BXIAHWX MapaMerpiB AaHi
MOJIeTli MOXKYTh AEMOHCTPYBAaTH KOPEKTHY POOOTY.

TakoX y3TOIKEHICTh pe3ynbTaTiB 000X MeTOmiB s N=2 MiAKPEeCcHoe HaIIHHICTD
3alpONOHOBAHOIO Miaxony s MoaentoBanas BPP y Tomyonni.

BucHoBKkHU. Y cTaTTi NpOBEACHO OOCHIHKEHHS YMCENbHOI Bepudikamii (Gi3smuHOi KOPEKTHOCTI
BHUKOPUCTAaHHSl KBaJpaTHYHOI 3aJIOKHOCTI pajiyca JIa3epHOrO MydKa NMPH MOJETIOBAaHHI BUMYIIEHOT'O
pamaniBceKkoro poscitoBanss (BPP) y camodokycyrounx cepemoBumax, 30KpeMa Ha HMPUKIadi TOIYyOIy.

Po3pobreno Ta 3acTocCOBaHO JBa HE3aleKHI YHCENBHI Miaxomu — wmeron Amamca (Adams-
Bashforth-Moulton) i3 aganTuBHEM KpOKOM i iTepariiinuii Mmeroa Eitnepa 3 (ikcoBaHHM KPOKOM — ISt
aHaJIi3y BIUIMBY Pi3HUX CTENEHIB 3aJeXHOCTI KoedilieHTa migcuiaeHHs Bix pagiyca nydka (n=1,n=2,n
= 3), sIKi 3aCTOCOBYIOTBCS y PI3HHX IpaLsiX.

Pesynprat  MopmemioBaHHS, IO NPOBOAMJIMCS 13 MapaMeTpaMH, XapakTepHUMH s
caMO(OKyCYI0UOro cepeioBHILa TONyoy (MoyaTKoBUi paaiyc mydka 113 MM, KoeillieHT 3a710MIICHHS
1.49, noxxuHa xBumi 694.3 HM, KPUTHYHA MOTYXHICTH 25 KBT), TiATBEpHKYIOTH, 10 KBaIpaTHYHA MOJIENb
(n=2) 3abe3neuye onTUMaIbHY KOMOiHALiI0 CTa0TEHOCTI Ta (Pi3MYHOT KOPEKTHOCTI, TOYHO BioOpakaroun
nopir rexepanii crokcoBoi komnoHeHTH (zf ~ 0.083 M) i crabinizariio MoTy>KHOCTEH.

Jlinitina Momens (n = 1) mpomeMOHCTpyBalla 3HAYHI HEMONIKH, 30KpeMa IOpPYIICHHS 3aKOHY
30epeKeHHs] eHeprii mpu BeNMKUX 3HaueHHAX z (= 0.82 M), mo BKa3ye Ha HENOOLIHKY eQeKTy
caMOo(OKyCyBaHHsI, II0 y3TOPKYETHCS 3 BACHOBKAMHU CYYaCHHX JIOCHIKEHb.

Kybiuna momens (n = 3) BUSBHIA YMCEIbHY HECTaOLTBbHICTB, 30KpeMa 3MIlIeHHS 30HU
camodokycyBauus (zf= 0.076 M) 1 BUXia 3Ha4€Hb 3a JOIYCTUMI MEXi, L0 MIATBEPIUKYE 3ayBayKeHHs Berge
[5] ta Etchegoin [10] momo TPyAHOIIB MPH BHCOKHUX CTEMCHAX 3aJ€KHOCTI Ta epeKTy HaIMIpHOTO
caMOo(OKyCyBaHHS.

VY3romxKeHicTb pe3yapTaTiB 000X METOAIB IS N = 2 MiIKPECIIoe HAaIIMHICTh 3aIpOIIOHOBAHOTO
MiJXOMy Ta HOTO BiIOBITHICTh EKCIIEPUMEHTAIILHUM JIAHUM.

PoGora moke OyTH BHKOpHUCTaHA /Jsl ONTUMI3allii JIA3epHUX CHCTEM Yy CHEKTPOCKOIMii,
ONTOEJIEKTPOHILI Ta OlOMEIUINHI, 30KpeMa Uil MEJUYHOI 1IarHOCTUKHU Ta (POTOHHUX TEXHOOT1H.

OxpiM 1BOro, po3pobieHi YuCenbHI IporpaMu AEMOHCTPYIOTh He JInIie (pi3nyHy KOPEKTHICTS, aje
i BHCOKY NPONYKTHBHICTb, IO POOHMTH IX KOPUCHHM IHCTPYMEHTOM Uil LIBHJIKOTO MOJETIOBAHHS
CKJIAJHUX HENIHIHHUX mporeciB. Hamami niuaHyeThCsl BIOCKOHAJICHHS! aJITOPUTMIB 3 METOIO 3MEHIICHHS
gacy 004HCIIEHb 1 PO3LMIMPEHHS MOXIMBOCTEN AJIsl IHTEPaKTUBHOIO aHAMI3Y.
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Jns MaitOyTHIX JOCHTIKEHD MIAHYETHCS 30CEPEIUTHCS Ha aHaNi3l YyTJIIMBOCTI MOJENi J0 3MiH
YMOB CEPEOBUINA Ta IHTErpalii 3 pealbHUMH eKCIePUMEHTATbHUMH JaHWUMH IJIsS TiABHUINEHHS i
MPaKTUYHOI MPUAATHOCTI.
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Inemumym naomeepoux mamepianie im. B.M. Baxyna HAH Yxpainu*
Kuiscoruii nayionanvnuii ynieepcumem iveni Tapaca Illeeuenxa®

MMOBEPXHEBI BJJACTUBOCTI AJIMA3ZHUX HII®IIOPOIUIKIB MAPKH AC250 PI3HUX
3EPHUCTOCTEN

Y cmammi npeocmaeneni pesynomamu 00CniodHceHHA NOBEPXHEBUX 61ACHUBOCHEN WIMAHUX WIQY8ATbHUX
nopowkie mapku AC250 3 posmipom 3epna 630/500 ma 500/400 (32iono 3 nopmamugnolo Ookymenmauicio Ykpainu).
Jocnioscenna cmpykmypHo- copoyitinux enacmugocmeil NOGepxXHi WNi)yeanbHuUx NOPOWIKie nPooOOUNOCA 00'€EMHUM
Memodom aocopouii-oecopouii azomy 3a cmanoapmnoio npouedyporo. Ilokazano, wio, nezeaxcarouu Ha Oinvuiuil po3mip
Kpucmaiie anmazy, 3pazox 3 posmipom zepna 630/500 mac 6invuty numomy niowgy nosepxni (0,21 ma 0,18 m%2 sionosiono) ma
00'em nop 1,99 npomu 1,75%10-4 mn/2, nopienano 3i 3pazkom 3 posmipom 3epna 500/400. Lleit pesynvmam 3ymoenenuii
MEHWUM cepeOHimM paodiycom nop ona 3paska 3 posmipom zepua 630/500, nopienuano 3i 3pazkom 3 posmipom 3epna 500/400.
Boonouac, oocnioscyeani 3pasku mawoms numomy noeepxmio npudnusno ¢ 50-70 pazie oinvwty, Hixc niouwya noeepxHi
i0eanvHuUX Kpucmanie anmasy ei0no6ioHozo po3mipy 3epHa, ma niosuuieHy 2iopoginvhicms, wjo € pe3y1omamom HAA6HOCHI
mouKosux deghekmie y nosepxnesomy wiapi 3paskie.

Kniouosi cnoea: anmasni winihysanvii NOPOWKYU, NUMOMA NOBEPXHA, 00'em ma posmip nop, 2iopoiibHicms,
KOHYeHmpayis a30moemicHux degekmis.

H.D. linytska, V.E. Diyuk, V.l. Lavrinenko, V.V. Smokvyna, O.B. Loginova, | .M. Zaitseva,
S.P. Starik

SURFACE PROPERTIES OF DIAMOND GRINDING POWDERS OF THE AC250 BRAND OF
DIFFERENT GRAIN SIZES

The paper presents the results of the study of the surface properties of diamond grinding powders of the AC250 brand
with grain sizes of 630/500 and 500/400 (according to the normative documentation of Ukraine). The sudy of the structural and
sorption properties of the surface of the grinding powders was carried out by the volumetric method of nitrogen adsorption-
desorption according to the standard procedure. It is shown that despite the larger size of the diamond crystals, the sample with
grain size of 630/500 has a larger specific surface area (0.21 and 0.18 m?%/g, respectively) and a pore volume of 1.99 versus
1.75x10* ml/g, compared to the sample with grain size of 500/400. Thisresult is due to the smaller average pore radiusfor the
sample with grain size of 630/500, compared to the sample with grain size of 500/400. At the same time, the studied samples
have a specific surface area approximately 50-70 times larger than the surface area of ideal diamond crystals of the
corresponding grain size, and increased hydrophilicity, which is the result of the presence of point defectsin the surface layer
of the samples.

Keywords. diamond grinding powders, specific surface area, pore volume and size, hydrophilicity, concentration of
nitrogen-containing defects

Introduction and problem statement. In industry, during mass production of machine parts,
precision plunge grinding of difficult-to-machine materials is becoming increasingly widespread, which
ensures high-performance and high-quality processing of parts of complex shape, high accuracy and
stability of the quality of the processed products. To carry out such processing, straightening rollers are
used. At present, considerable experience has been accumulated in the design and manufacture of
straightening rollers, which are equipped with high-strength diamond grinding powders of grades
AC200 - AC400.

When growing diamond crystals in various growth media, depending on the growth conditions and
after their extraction, sorting and processing, grinding powders with varying degrees of surface defects are
formed - from atomically smooth to rough. Surface defects significantly affect the strength characteristics
of crystals and the performance of any diamond toadl.

The purpose of thiswork is to study the physico-mechanical and physico-chemical properties of high-
strength diamond grinding powders of the AC250 brand with grain sizes of 630/500 and 500/400, which
are used for the manufacture of straightening rollers.

Analysis of recent research and publications. High-performance and high-quality processing of
parts of complex shape, including those made of difficult-to-machine materials, is provided by precision
deep plunge grinding with straightening rollers. When performing such processing, the use of diamond tools
is of great importance. Intheworks of V.I. Lavrinenko, O.O. Pasichny, V.V. Smokving, it is shown that the
performance of such atool largely depends on the quality of the diamonds used, which is due to the need
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to provide the straightening tool with the maximum possible stability [1-3]. For the manufacture of
straightening tools, natural diamond powders of increased strength and grain size are usually used.

At the Institute of Superhard Materials of the National Academy of Sciences (INM of the National
Academy of Sciences) for the manufacture of straightening rollers, work was carried out to study the
possibilities of replacing natural diamonds with high-strength diamond grinding powders of the AC250
brand, which are obtained in growth environments at high pressures and temperatures (HPHT method). Real
diamond crystals obtained from various growth media have surface defects that significantly affect the
strength characteristics of the crystals and the performance of any diamond tool [4-6].

Thus, the research of scientists of the Institute of Metallurgical Materials of the National Academy
of Sciences of Ukraine A.A. Shulzhenko, A.L. Maistrenko, G.P. Bogatyreva, G.F. Nevstruev and others
convincingly showed a significant influence on the strength characteristics of diamond grinding powders of
grain shape, the presence of metal-solvent inclusions and other volumetric and surface defects. The general
appearance of diamond grinding powders of grain size 250/200 with a smooth (a), with a partially defective
(b) and defective surfaceis shown in Fig. 1 [6].

Fig. 1. General appearance of diamond grinding powders with a smooth (a), partially
defective (b) and defective surface (c) [6].

In Fig. 1, one can visually note their noticeable differences, which should be considered as extreme
manifestations of the defectivity of the surface of diamond crystals. In fact, thereis a continuous series of
the state of the surface of diamond crystals from smooth to defective. Moreover, thereis no sharp boundary
between crystals with a smooth surface and crystals with only a defective surface. It can be observed that
on the surface of one crystal there are both areas of a smooth surface and areas with defects. Therefore,
when characterizing the defectivity of the surface, it is necessary to take into account the state of the entire
surface area of diamond grains.

Materials and methods of resear ch. The research was conducted on diamond grinding powders of
the AC250 brand with grain sizes of 630/500 and 500/400 , determined according to the regulatory
documentation of Ukraine. For diamond samples, the physical and mechanical characteristics were
determined using the methods developed at the Institute of Mechanical Engineering of the National
Academy of Sciences: strength, as an indicator of strength under static compression (P, H), uniformity in
strength (Codn.mits., %); the specific magnetic susceptibility x (m3/kg) was estimated using the Faraday
method; the free energy of water saturation of 1 g of powder was used to estimate hydrophilicity (ACS,
Jmoal-g).

Theappearance of diamond grinding powders of different grain sizes was studied using an Axioscope

5 optical micrascope (Zeiss, Germany).
The structural and sorption properties of the surface of diamond grinding powders were studied by the
volumetric nitrogen adsorption-desorption method at —196 °C using a Quantachrome Novawin gas
adsorption automatic analyzer (Quantachrome, USA) according to a standard procedure. All samples were
degassed at 150 °C for 20 hours before measurement. The surface area by the BET method (SBET), the
total pore volume (VS) at p/p0 = 0.995...0.999 and the average pore radius (width) (R) were determined
from the adsorption isotherms using the NovaWin software. The pore size distribution curves were
calculated from the isotherms by the QSDFT method within the standard equilibrium model for a carbon
surface with dlit-like pores.
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Spectrometric studies of synthetic diamond powder samples were carried out in the mid-IR range (4000—
700 cm-1) with aresolution of 2 cm-1. A Nicolet 6700 Fourier spectrometer (Thermo Fisher, USA) was
used to record the diffuse reflectance infrared (DRIFT) spectra of the samples.

Presentation of the main material of the study. Microphotographs of individual crystals of the
initial diamond grinding powders of the AC250 brand with grain sizes of 630/500 and 500/400 are shown
in Fig. 2 (a, b). Analysis of the surface morphology of individual crystals and their macrostructure did not
reveal significant differences between materials of different grain sizes. Most diamond crystals, regardiess
of size, have macrodefects - chips, inclusions, violation of face symmetry, etc.

2000
oo .

Fig. 2. Micrographs of diamond crystals of the AC250 brand with grain sizes: 630/500 (a) and
500/400 (b).

The results of measuring the physical and mechanical characteristics of diamond grinding powders
of the AC250 brand with grain sizes of 630/500 and 500/400 are presented in Table 1.

Table 1.
Physical and mechanical char acteristics of diamond grinding powder s of the AC250 brand of
various grain sizes

Name of indicators

Grain size, ym Average particle Specific magnetic Hydrophilicity,
' diameter, Strength, tibilit
daverage, um P,H SUSCERHIDIILY, ACs,
’ ’ 7 - 108, m¥kg Jmole-g
630/500 565 520 3,8 0,48
500/400 450 395 2,5 0,38

Asfollows from Table 1, diamond abrasive powders of grits 630/500 and 500/400 differ in strength
by 1.3 times, which corresponds to the range of the AC250 grade for these grits. The results of the studies
showed that the specific magnetic susceptibility of abrasive powders of grits 630/500 is 1.5 times greater
than the specific magnetic susceptibility of diamonds of grits 500/400. The hydrophilicity of the surface of
diamonds of grits 630/500 is approximately 1.3 times greater than the hydrophilicity of diamonds of grits
500/400. Since the specific magnetic susceptibility and hydrophilicity of diamond are associated with bulk
and surface inorganic impurities, the presence of a correlation between strength, specific magnetic
susceptibility, and hydrophilicity indicates that these impurities do not have a negative effect on the strength
of AC250 diamond grinding powders.

Nitrogen adsorption-desorption isotherms for the studied samples are similar (Fig. 3). Theisotherms
have a close to linear form with maximum adsorption of 0.11-0.13 cm®g at p/p0=0.99. From the nitrogen
adsorption-desorption isotherms, pore size distribution curves were calculated (Fig. 4) and structural and
sorption characteristics were determined (Table 2).

Theresults of measuring the surface characteristics of AC250 diamond samples of different grit sizes
aregivenin Table 2. Theresults obtained show that AC250 diamond grinding powders of grit sizes 630/500
and 500/400 are characterized by a small specific surface area within 0.18-0.21 m?g and a small pore
volume of 1.75-1.99x10™* ml/g. Despite the larger size of the diamond crystals, the AC250 sample of grit
size 630/500 has alarger specific surface areaand pore volume compared to the sample of grit size 500/400.
This result is due to the smaller average pore radius for the sample with grit size 630/500 compared to the
sample with grit size 500/400.
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For diamonds of the AC250 brand, regardless of grain size, a broadened maximum is observed on
the pore size distribution curves at 1.57-1.64 nm (half-width of the pore) (Fig. 4). The position of this
maximum shifts to the region of larger values with a decrease in the grain size of the sample. The studied
samples contain a small number of mesopores of various sizes - from 2 to 32 nm.

Table 2.

Aver age particle diameter and structural and sorption char acteristics of diamond grinding
powders of the AC250 brand of various grain sizes

plp,

Name of indicators
Grainsize, um : e
Aver_age particle Specific surface Pore volume 107, Average pore
diameter, area, V. el radius,
daverage, m Seer, Mg ' 9 R, nm
630/500 565 0,21 1,99 18,7
500/400 450 0,18 1,75 19,3
—— 63(;/500 ' ' '
0,124 —o— 500/400 ]
% 0,08 .
o
0,04 -
0,00 T T T T
0,0 0,2 04 0,6 0,8 1,0

Fig. 3. Nitrogen adsor ption-desor ption isother ms for AC250 diamond grinding powder s of

various grain sizes.

The absence of micropores is fully consistent with the small values of the specific surface area and
the ordered crystal structure of the samples. At the same time, the studied materials have a specific surface
area approximately 50-70 times larger than the surface of ideal diamond crystals of the corresponding grain
size. Thus, the results of adsorption studies indicate the presence of point defects in the surface layer of the

samples.

Differential pore volume - 10°,

o
SN
1

o
w
1

3
° cm /énm-g)
N

—— 630/500.4/
- - - -500/400

o 4 8 12

Pore half-width, nm

Fig. 4. Pore size distribution curves for AC250 diamond grinding powders of various grit

Slzes.
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The diffusereflectance IR spectra of the studied diamond grinding powders are shownin Fig. 5. The
intense bands at 2160, 2030 and 1970 cm—1 and in the range 2540-2430 cm-1 are due to vibrations of the
diamond crystal lattice [7, 8]. The spectral region 4000-3000 cnmi™ is uninformative and the type of spectra
in this region coincides with the zero line. In the studied spectra, no significant absorption was detected in
the range 1570-1480, which indicates the absence of a graphitic or amorphous carbon phase. The low-
intensity bands at 2925 and 2848 cmi ™ correspond to symmetric and asymmetric stretching vibrations of the
C—H bond. These bands for the 500/400 grit sample arelarger than those for the 630/500 grit sample, which
is fully consistent with the hydrophilicity of these samples. The intensity of these bands can be used as a
measure of the hydrogenation of the diamond surface and the presence of surface C—H defects.

1285~

DRIFT, conv. un.

1130

4000 3000 2000 1000
Wave number, cm™

Fig. 5. IR diffuse reflectance spectra of synthetic diamond grinding powders of AC250 grade
of various grain sizes.

A series of intense bands in the range of 1360-700 cmi™* corresponds to multiphonon vibrational
lattices of diamond and/or nitrogen-containing clusters [9, 10]. Absorption bands at 1289, 1344 and 1130
cm are due to nitrogen impurities in the form of the so-called A-, B- and C-centers, respectively. For
yellow diamonds (type 1b) obtained by the HPHT method, the band at 1130 cm™ has the highest intensity,
which indicates the presence of single nitrogen atoms in the diamond crystal lattice. The relative content of
nitrogen substitution defects was calculated as the ratio of the band intensity for the nitrogen-containing
defect (1130, 1289 and 1344 cm™) to the intensity of the diamond band (2160 cm™) (Table 3).

Table 3.

Relative content of defectsin diamond grinding powders of AC250 grade of different grain sizes

Grain size, Relative content of nitrogen substitution defects
Hm A-centers (1285 cm™) A-centers (1285 cm™) A-centers (1285 cm™)
630/500 0,560 0,558 0,850
500/400 0,585 0,587 0,916

As can be seen from the datain Table 3, thereis a clear rdationship between the relative content of
nitrogen-based defects and the strength of the samples (Table 1). The 620/500 grit diamond grinding powder
sample has a lower content of A-, B- and C-centers and a higher strength compared to the 500/400 grit
sample. Therefore, the use of diffusereflectance IR spectroscopy to determine the relative concentration of
nitrogen-based defects is the best method for predicting the mechanical properties of crystalline diamond
powders of this grade.

Thus, the physicochemical and physicomechanical characteristics of diamond grinding powders of
the AC250 grade with grain sizes of 630/500 and 500/400 were investigated. Based on the nitrogen
adsorption-desorption isotherms, it can be stated that these diamond grinding powders have a surface area
close to geometric (less than 1 m2/g), which indicates an ordered crystal structure with a small number of
pores. However, despite the larger specific surface area and a larger number of point defects, the strength
of the sample with grain size of 630/500 is 1.3 times higher than that of the sample with grain size of
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500/400. The established corrdation between strength, specific magnetic susceptibility and hydrophilicity
requires further research, including for diamond grinding powders of other grades. One possible explanation
for such an unusual combination of a larger number of impurities and higher strength for crystals of grain
size 630/500, compared to 500/400, may be the different, depending on the grain size, distribution of
impurities in diamond crystals. The presence of metallic impurities, which are located directly in the
reaction zone, has apositive effect on the size of diamond crystals dueto catalytic acce eration of the speed
of transport processes and growth of diamond nucle. It is likely that the high speed of carbon transfer
processes during the growth of the diamond phase will contribute to the formation of more ordered crystals,
inwhich impurities do not form intracrystalline inclusions and do not have a negative effect onthe structure
and strength.

Refer ences

1. Lavrinenko V.l. Superhard abrasive materials in machining: encyclopedic reference, (Kyiv, ISM
HAS of Ukraine, 2013) [in Ukrainian].

2. Lavrinenko V. I., lInitskayaH. D., Sheiko M. M., Dobroskok V. L., Osroverh Ye. V., and Solod V.
Yu. Improving the Performance Characteristics of Synthetic Diamonds for High-Precision Diamond
Dressing Tool. Sci. innov. 2021. V. 17, no. 6. P. 72-82. https://doi.org/10.15407/sci nel7.06.072

3. llnitskaya H. D., Lavrinenko V.I, Smokvyna V. V.. Diamonds for grinding tools obtained in
different systems. . Kyiv. Scientific opinion. 2021. 168 p. ) [in Ukrainian].

4. Prikhna T.O., linytska H.D., Lavrinenko V.., Zaitseva I.N., Shelko M.N., Smokvyna V.V., and
Tymaoshenko V.V. Improvement of Physical and Mechanical Characteristics of Synthetic Diamond Powders
Synthesized from Ferroalloys for Increasing the Wear Resistance of the Diamond Dressing Toal // Journal
of Superhard Materials, 2022, Vol. 44, No. 2, pp. 139-150. doi.org

5. Shulzhenko A.A., Prikhna T.O, Ilnytska H.D, Lavrinenko V.1, Borymskii O.1., Sokolov A.N., Tkach
V.N., SmokvynaV.V., Zaitseval.N., Tymoshenko V.V. Comparison of the Dimensional, Physical,
Mechanical, and Operational Characteristics of AS6 and AS20 Synthetic Diamond Powders Synthesized
in the Ni-Mn-C and Fe-Si-C Systems. Journal of Superhard Materials, 2021, Vol. 43, No. 1, pp. 1-14.

6. NOvikov N.V, lInitskayaH. D., BogatyrevaH. P., Ntvstruev G.F,. Leshchenko O. V., Zaitseval.N.
Metal micro- and nanoparticles in the processes of separation of powders of superhard materials //
Nanosystems, nanomaterials, nanotechnologies: Collection of scientific papers. Volume 7, issue. 4 — K.:
PBB IM®, 2009. —C. 11771194 [in Russianin].

7. ChaoF., Yuewen Z., Zhuangfel Z., Chongxin S., Weixia S., Xiaopeng J. Preparation of “natural”
diamonds by HPHT annealing of synthetic diamonds. // CrystEngComm. —2018. — Val. 20, — P. 505-511.
DOI: 10.1039/c7ce02013a

8. Yamaguchi T., Higuchi M., Shimada S., Tanaka H., Obata K. Scientific screening of raw diamond
for an ultraprecision cutting tool with high durability. // CIRP Annals. — 2006. —Vol. — 55, Issue 1. — P. 71—
74. DOI: 10.1016/S0007-8506(07)60369-2

9. WangM., Shi G., Yuan J., HanW., Bai Q. Spectroscopic Characteristics of Treated-Color Natural
Diamonds. // Journal of Spectroscopy. — 2018. —8153941. DOI: 10.1155/2018/8153941

10. Ashfold M. N. R., Goss J. P., Green B. L., May P. W., Newton M. E., Peaker C. V. Nitrogen in
Diamond // Chemical Reviews. — 2020. — Vol. 120, Issue 12. — P. 5745-5794. DOI:
10.1021/acs.chemrev.9b00518

Reviewer: Moschil Viktor Evgenovich, Deputy Head of Department, Senior Researcher of the V.M.
Bakul Institute of Superhard Materials, NAS of Ukraine, Ph.D.

© I' JI. Invruywka, B.€. [liox, B.1 Jlaspinenxo, B.B. Cmoksuna, O.b. Jlozinosa,
IM. 3aiiyesa, C.I1. Cmapux

98


https://doi.org/10.15407/sci

Misicayziecwvruti 30ipnux « HAYKOBI HOTATKH». Jlyyvk, 2025, Ne83

YK 620.197.2:677.631.2 DOI 10.36910/775.24153966.2025.83.15

H.IO. ImGiposuy’, FO.B. lllnmko?, B.B. Tkauyk', L.B. Bosipcbka', JI.A. 'ycauyk’

PEXXUMU CUHTE3Y KOHBEPCIﬁHIDg IVIABMOEJIEKTPOJIITHUX ITIOKPUTTIB
HA IIUPKOHIEBIA OCHOBI TA iX KOPO3IIHI BJACTABOCTI

JhyybKuil HayioHanbHull mexHiunuil yHisepcumem?*

Hayionanonuii mexniunuii ynicepcumem «/qninpoecvka norimexmixa»?

Memoro pobomu Gyno nposedenHs cCneKmpaavHoz0 anai3y enekmponimuunoi naazmu. bByno ecmanoeneno, uio
memnepamypa naazmu, 6 AKill ymeopoemuvca eucokomemnepamypHuuil okcuo, cmanosums 8000-500 K. /Jocniornceno ennue
CKNAdy eneKmponimy ma chnieeiOHOUWIEHHA 2YCIMUH CMPYMY HA eleKmpoizuuni napamempu nAa3mo60e1eKmpoiinHozo
OKUCTIEHHS.

11io uac docnioxycenns 6yno oocnioxceno Kopo3iiny cmiikicms 6 maxomy azpecugnomy cepeoosuudi, ax 10% HCI. B
pesynvmami eKcnepumeHmis 0yno 6cmanoeneHo, w0 OMmpuMaHi OKCUOOKepamiuHi ROKpUmMma XapaKkmepusyiomscs UcCOKo0
MiKpomeepodicmio ma Kopo3ilinoio cmiiikicmio.

Knrouoei cnosa: nna3MoenekTpONIiTHE OKCUTyBaHHSI, OKCHIOKePaMiuHi TIOKPUTTS, 3aXHMCHI TIOKPUTTS, MIKPOCTPYKTYpa,
KOpO3iiiHi BIaCTUBOCTI, 00pOOKa MTOBEPXHi.

N.Yu. Imbirovych, Yu, V. Shyshko, V.V. Tkachuk, I. V. Boiarska, D. A.Husachuk

SYNTHESISMODES OF CONVERSION PLASMA-ELECTROLYTIC COATINGS ON
ZIRCONIUM BASISAND THEIR CORROSION PROPERTIES

The aim of the work was to conduct a spectral analysis of electrolytic plasma. It was established that the plasma
temperature in which the high-temperature oxide is formed is 8000 500 K. Theinfluence of the el ectrolyte composition and the
ratio of current densities on the electrophysical parameters of plasma-€lectrolytic oxidation was investigated.

During the research, a study of corrosion resistancein such an aggressive environment as 10% HCl was conducted. As
aresult of the experiments, it wasfound that the obtained oxide-ceramic coatings are characterized by high microhardness and
corrosion resistance.

Key words. plasma eectrolytic oxidation, oxide ceramic coatings, protective coatings, microstructure, corrosion
properties, surface treatment.

Statement of the problem. Due to its properties, zirconium and alloys based on it are widely used
in various industries. For example, zirconium alloys have found their application in nuclear power
engineering for the manufacture of shells of heat-generating dements with an increased operating
temperature, channel pipes, etc. Such use is due to the ability of zirconium to have a low thermal neutron
capture and high corrosion resistance [1]. Of course, the use of zirconium isnot limited to the nuclear power
industry. Alloys based on it are also attractive for chemical engineering, as a structural material with high
anti-corrosion properties in acids and aqueous environments. Zirconium is an inert material in biological
environments, and therefore promising in the medical industry. Due to this property, implants in dentistry
and traumatology, as well as surgical instruments, are made from zirconium alloys [2, 3].

Protective coatings on alloy products, asis known, must meet many requirements, the most important
of which are: sufficient adhesion of coatings to the substrate (base), uniformity in thickness, low porosity
and, accordingly, high corrosion resistance, satisfactory mechanical properties (hardness, wear resistance).
These and other characteristics depend on the method of coating application, the technological conditions
of its formation, the nature and compoasition of the alloy.

In modern mechanical engineering, metals with low specific gravity and high corrosion resistance
are widely used, for example, aluminum and titanium alloys, but their characteristics are often limited by
low wear resistance and strength, the thickness of the protective film to various types of damage.

Most methods for protecting metal from corrosion are aimed at weakening or preventing the
appearance of corrosion. Plasma electrolytic oxidation (PEO) has recently been considered a promising
method for surface protection of light alloys against corrosion and mechanical damage [4].

The PEO method makes it possible to obtain coatings on metal surfaces that are identical in
physicochemical properties (hardness, heat, wear, and corrosion resistance) to refractory ceramic materials
[5]. The combination of functional properties with the decorative appearance of products obtained by this
method makes it possible to use them in rocketry, shipbuilding, aviation, as well asin building decoration,
etc.

Analysis of recent research and publications.Plasma-electrolytic oxidation (other names:
microplasma, anodic spark, microarc) is one of the most promising methods of surface treatment of
materials. The essence of the method is that when a high-density current passes through the metal-
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electrolyte interface, conditions are created when the tension at the interface becomes higher than its
didectric strength and micro-plasma discharges with high local temperatures and pressures appear on the
electrode surface. The result of the action of micro-plasma discharges is the formation of a coating layer
consisting of oxidized forms of the elements of the base metal and components of the electrolyte. Depending
on the modes of plasma-dectrolytic oxidation (PEO) and the composition of the éectrolyte, ceramic
coatings with unique characteristics and a very wide range of applications can be obtained [6].

Theadvantages of the method are the ability to create ultra-strong coatings with unique characteristics,
obtaining several protective characteristics in a complex, practically infinite service life of the electrolyte,
the ability to process complex profile parts, high dispersion ahility of the electrolyte (the coating is applied
into holes and planes without difficulties), there is no need for special surface preparation before applying
the coating and mechanical treatment after applying the coating, obtaining different coatings on the same
material.

Setting tasks. The aim of the study was to investigate the corrosion resistance of oxide-ceramic
coatings synthesized on a zirconium alloy Zr—2,5%Nb in an alkaline electrolyte of the composition 10 g/l
KOH + 15 ¢/l liquid glass (the dlectrolyte baseis distilled water).

Presentation of the main material. In general, the production line for PEO coatings consists of :
power equipment (specialized power supplies); baths in which surface preparation, processing and washing
are carried out; a manipulator for moving the suspension with parts (in the case of serial production); metal
structures for placing baths and a manipulator; auxiliary equipment - a distiller, a pump-filter for cleaning
and pumping solutions; reservetanks, devices for controlling the quality of the coating and the state of the
eectrolyte.

The process of coating formation takes place in an dectric field, which is a source of energy for
plasma-chemical reactions on theworking electrode. At acertain voltage, asharp heating of thethin channel
in the oxide layer occurs, and the current there is interrupted due to the formation of a vapor-gas bubble,
dueto the evaporation and €l ectrolysis of the electrolyte. With afurther increasein voltage, an € ectric spark
breakdown of this bubble occurs, which is accompanied by a sharp thermal increase in its volume, and,
accordingly, the interelectrode distance in the discharge channdl - the voltage to maintain it begins to be
insufficient, and the spark discharge is extinguished. After the discharge is extinguished, the bubble cools
sharply and contracts, which is accompanied by a crackling characteristic of anodizing in a spark discharge.
Galvanoluminescence, the valve effect, spark discharge at the anode, and el ectric breakdown of oxidefilms
continue to be studied today [7]. In the breakdown channel, the temperature increases sharply, dissociation
and ionization of the dectrolyte occur, and a plasma clot is formed, in which plasma-chemical reactions of
oxide synthesis take place.

In this work, the zirconium alloy Zr-2.5%Nb was investigated. The experiments were carried out
in alkaline e ectrolytes based on distilled water of the following composition: 3 g/l KOH + 2 g/l liquid glass,
10 g/l KOH + 15 g/l liquid glass, 10 g/l KOH + 15 g/l liquid glass + 0,1 g/l GrOs, 10 ¢/l KOH + 15 ¢/l liquid
glass + 0,1 g/l GrOs + 10 ¢/l glycerin, 10 g/l KOH + 15 g/l liquid glass + 0.1 ¢/l GrOs + 10 ¢/l glycerin +
10 g/l H20,, 10 g/l KOH + 15 ¢/l liquid glass + 0.1 g/l GrOs + 18 g/l glycerin + 10 g/l H,O,. To achieve
homogeneity of the eectrolyte concentration throughout the volume, it was constantly stirred with air.
Chromium oxide GrOs (V1), which is a strong oxidizer, is obtained by the action of excess concentrated
H.SO, on a saturated aqueous solution of potassium dichromate. Acidic chromium oxide, reacting with
alkalis, forms chromates CrO,*: . The synthesis of oxide ceramics was carried out at different ratios of the
anode current to the cathode current (Ia/ 1c): 20/20 A / dm?, 10/15 A / dm?, 10/10 A / dm?, 20/30 A / dm?.
Synthesis time from 20 to 60 min.

To solvethis problem, the dependences of voltage change over time at a constant current density in
the process of synthesis of a coating on titanium and zirconium alloys were constructed. The Faraday region
is an integral part of the process at the pre-spark stage, and its duration depends on the method of
implementing the process and the rate of voltage growth to the sparking potential.

Electrical parameters for the synthesis of oxide-ceramic coating (OCC) are selected mainly
experimentally, without proper theoretical justification. However, it istheratio of the anodic current to the
cathodic current (la/lc) and the voltage that determine the nature and intensity of the discharges, and also
affect the temperature conditions on the alloy surface. These parameters also affect the functional
characteristics of the formed coating, such as hardness, wear resistance, and corrosion resistance. When
synthesizing OCC, the stage of spark discharge formation on the sample surface is important. Studies of
voltage changes during the synthesis of oxide-ceramic coating on zirconium alloy Zr-2.5%Nb have shown
that with the growth of the coating, the voltage on the anode smoothly decreases. An increase in the anodic
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potential outside the Faraday region leads to a breakdown of the dielectric or semiconductor film of the
anode, which is formed when passing the Faraday region (Fig. 1a). The breakdown occurs due to the
injection of eectrons from the valence band to the conduction band.

The formation of the OCP on the zirconium alloy occurs in two stages: in the first seconds, the
anode voltage Uaincreases by about 5...10 V (Fig. 1a, stagel), herethe formation of the primary oxidefilm
occurs by the e ectrochemical mechanism. The only reaction on the anode at a voltage of up to 100 V isthe
anodic growth of the oxide. In this case, the overvoltage of oxide formation is less than the voltage of
electrolyte decomposition. At the second stage of the formation of the spark discharge channel inthe* metal
— oxide — dectralyte” system, with a further increase in voltage during the synthesis of the coating, a
breakdown of this channd by e ectrons occurs.
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Fig. 1. Dependence of the anodic a) and cathodic b) voltages on the time of synthesis on
zirconium alloy electrodesin electrolyte (a): 3 g/l KOH+2 ¢/l liquid glass with different current
densitiesla/lc: 1, 1/ - 20/20 A/dm?, 2, 2/ - 10/15 A/dm?, 3, 3/ - 10/10 A/dm?; (b): 10 g/l KOH+15 g/l
liquid glass with different current densities |a/lc: 1.1/ - 20/20 A/dm?, 2, 2/ - 10/10 A/dm?

During the synthesis of the anodic spark coating on the zirconium alloy, a sight increase in the
anodic Ua and cathodic Uc voltages is observed with an increase in the concentration of KOH and liquid
glassin the dectrolyte (Fig. 1a, b). With an increase in the concentration of KOH and liquid glass (Fig. 1b,
stage I1) the process of coating formation stabilizes and occurs uniformly. Only with the addition of 10 g/l
H.O. at the stage of coating formation does the voltage begin to gradually decrease (Fig. 2, fidd I1).
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Fig. 2. Dependence of anodic (a) and cathodic (b) voltage on the synthesis time on zir conium
alloy electrodesin an electrolyte 10 g/l KOH + 15 g/l liquid glass + 0.1 g/l GrO3 + 18 g/l glycerol + 10
H.0, with different current densities: 1, 1/ -20/30A/dm?, 2, 2/ -10/15 A/dm?.
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A singlereaction on the anode at a voltage of up to 100 V results in anode growth of the oxide. In
this case, the overvoltage is created by the mensch oxide due to the voltage of the dectrolyte.

Thus, the e ectrophysical parameters of the process of synthesis of OKP on zirconium alloy depend
on the composition of the e ectrolyte and theratio of the density of the anodic current to the cathodic current.
Thus, in the least concentrated e ectrolyte, which contains alkali and liquid glass, the synthesis is uneven,
which affects the quality of the coating. Such a coating does not completely cover the surface of the metal,
forming islands of synthesized oxide on the surface (Fig. 3) and, therefore, is not of high quality.

Plasma dectrolyte coating is inert. One of the explanations in them isthat there are various options
for compounds that can lead to the destruction of metal or alloy. All this reduces the functionality of the
power and will soon end the use of the alloy. Due to the fact that the corrosion chemistry of plasma-
electrochemical coatings on zircon and titanium alloys in various corrosive-aggressive environments is
revealed and it is important for their corrosion jets, for these they judged the speed of corrosion aloys.

Fig. 3. Oxide-ceramic coatings on zirconium alloy (processing modes are given in Table 1)

Table 1
Processing modes of oxide-cer amic coatings on zir conium alloy
M Electrolyte C(I)mpOSItI on, 1L, 2 7, H, . Thickness,
KOH Liquid glass GrOs Afdm min GPa mm

1 5 5 — 14/20 30 9 70...100

2 10 15 — 20/20 40 16 70...130

3 10 15 0,1 20/20 30 10 90...160

4 3 2 — 20/20 30 14 20...50

After the formation of the OCC, corrosion processes are essentially galvanized. In hydrochloric
acid environments, corrosion flows, which are reduced in a curve against the matrix in the order.

It is seen that high corrosion power of zirconium is allowed into a thin-walled acidified liquid of
oxides partially ZrO, (Table 2). However, respected minds, engaged and declaring personally aggressive
middle peasants (including in the case of robots) chickens, within the limits of small thickness and low
rigidity, do not exclude high anti-corrosion powers.

Corrosion jets covered this, which judged the speed of corrosion of the material, reducing all the
systems used.

The corrosion potential of the corrosion-German zirconium alloy when diluted with 10% HCI has
anegative value of -370 mV (Fig. 4 ), the corrosion jet is 80 mA / m?.

When forming this alloy, OCC produces softening by 1...2 serial places in the eéectrolyte
warehouse, where the tires were synthesized. Since it is synthesized in a low-concentration electrolyte,
which is the case with alkali and glass, it is possible to find lower corrosion activity because of this, which
were synthesized in more concentrated electrolytes and have a value of 1,210° A/m? (Fig. 4 a, curve 4).
With an additional increase in the concentration of electrolyte on the streams of corrosion and cor OCC are
reduced.
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The coating obtained in an eectrolyte of 10 g/l KOH + 15 ¢/l rs has a corrosion current value of
1,3910* A/m? and when 10 g/l H,O; is introduced into the electrolyte, the ior decreases to a value of
1,21:10* A/m?.

Thisresult is obviously associated with the combination of high hardness and thickness of the coating.

Conclusions. Plasma is formed within 3...5 min (initial section of the curve), the voltage in this
section increases. Further increase in the eectrolyte concentration by increasing the content of the main
composition of KOH and liquid glass and by introducing additional chromium stabilizes the synthesis
process. The current ratio does not change the nature of the voltage dependences ontime, i.e. does not affect
the stability of the synthesis process. A decreasein currents reduces the anodic and cathodic components of
voltage, and this in turn affects the properties of the coatings. The most favorable conditions for the
formation of oxide are formed at a current density ratio of Ia/Ic=1,5 and at a relatively low electrolyte
concentration of 10 g/l KOH+15 g/l liquid glass. Studies of the corrosion properties of plasma-electrolytic
coatings showed that the corrosion currents of the OCC for all studied systems are reduced by 2...3 orders
of magnitude.
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Fig. 4. Polarization curves: a— zirconium alloy (1) and its OCC (2, 3, 4) in a10% HCI
solution (modes are presentsin Table 1)

Table 2

Corrosion potential and current of Zr - 2,5% Nb alloy and coating on it under different
oxidation regimes

y Corrosive Electrolyte gi:/(I)mposm on, /L T, Ucor, Lcor,
o . 2 . 2
environment KOH |Tg | Cros [ H:05 A/dm® | min B A/m
1 — — — — — — 0,37 8,0710°
2 10 15 — 10 20/20 30 0,41 0,2110*
0 1 1

3 10%HC 10 15 — — 20/20 30 0,50 1,3910*
4 3 2 — — 20/20 20 0,45 12,0710*

List of sources used.

1. LinlinWang, XinHu, X. Nie. Deposition and properties of zirconia coatings on a zirconium alloy
produced by pulsed DC plasma e ectrolytic oxidation. Surface and Coatings Technology,Vol. 221, 2013,P.
150-157. https://doi.org/10.1016/j.surfcoat.2013.01.040.

2. Sandhyarani M, Prasadrao T, Rameshbabu N. Role of dectrolyte composition on structural,
morphological and in-vitro biological properties of plasma dectrolytic oxidation films formed on
zirconium. Applied Surface Science, Vol. 317, 2014, P. 198-209,
https://doi.org/10.1016/.apsusc.2014.08.081.

3. Shalabi MM, Gortemaker A, Hof MAV, Jansen JA, Creugers NHJ. Implant Surface Roughness
and Bone Healing: a Systematic Review. Journal of Dental Research. 2006;85(6):496-500.
doi:10.1177/154405910608500603

© H.IO. Imbiposuy, FO.B. luwxko, B.B. Tkauyx, I.B. bosipcwvka, [].A. I'vcauyk

103


https://doi.org/10.1016/j.surfcoat.2013.01.040.
https://doi.org/10.1016/j.apsusc.2014.08.081.

Misicayziecwvruti 30ipnux « HAYKOBI HOTATKH». Jlyyvk, 2025, Ne83

4. Kazem Babaei, Arash Fattah-alhosseini, Razieh Chaharmahali,A review on plasma dectrolytic
oxidation (PEO) of niobium: Mechanism, properties and applications, Surfaces and Interfaces, Vol. 21,
2020, 100719, https.//doi.org/10.1016/j.surfin.2020.100719

5. Polo, T.O.B., Silva, W.P.P., Momesso, G.A.C. et al. Plasma Electrolytic Oxidation as a Feasible
Surface Treatment for Biomedical Applications: an in vivo study. Sci Rep 10, 10000 (2020).
https.//doi.org/10.1038/s41598-020-65289-2

6. Tabares Ocampo J, Marin Valencia V, Robledo SM, Upegui Zapata YA, Restrepo MiUnera LM,
Echeverria F, Echeverry-Rendén M. Biological response of degradation products of PEO-modified
magnesium on vascular tissue cells, hemocompatibility and its influence on the inflammatory response.
Biomater Adv. 2023 Nov;154:213645. doi: 10.1016/j.biocadv.2023.213645. Epub 2023 Sep 30. PMID:
37806213.

7. Li, L.; Yang, E.; Yan, Z.; Xie, X.; We, W.; Li, W. Effect of Pre-Anodized Film on Micro-Arc
Oxidation Process of 6063 Aluminum Alloy. Materials 2022, 15, 5221.
https.//doi.org/10.3390/mal15155221

© H.IO. Imbiposuy, FO.B. luwxko, B.B. Tkauyx, I.B. bosipcwvka, [].A. I'vcauyk

104


https://doi.org/10.1016/j.surfin.2020.100719
https://doi.org/10.1038/s41598-020-65289-2
https://doi.org/10.3390/ma15155221

Misicayziecwvruti 30ipnux « HAYKOBI HOTATKH». Jlyyvk, 2025, Ne83

YK 621.365.5: 537.8:519.91.94 DOI 10.36910/775.24153966.2025.83.16
SI.M. He.ﬂexl, O.11. Ko3ap1>2, T.B. Mareponcmcal, C.M. MeHTnHCLRnﬁl, SLIL Jlerera®

Hayionanonuii ynisepcumem «JIvgiecoka nonimexmikay*
JIBH3 «Yarc2opoocekuil nayionansHutl yHisepcumemy?

METOJA BUBHAYEHHA HANIPY)KEHOCTI MATHITHOT'O TOJISA B IITAPI
EJIEKTPOTEXHIYHOI CTAJII

Poboma npuceauena GuU3HAYEHHIO NEPIOOUUHOI CKIAO060I HANPYHCEHOCMI MAZHIMHO20 NOAA 6 wiapi
enekmpomexuiunoi cmani. ITio uac nodyooeu mamemamuunoi mooeni MazHimna RPOHUKHICHMb ANPOKCUMYEMbCA OPOH06o-
pauionansvhnow gynxuicro. [na po3paxyHky enacmueocmeii MAZHIMHO20 NONA 6UKOPUCHAHO 064 HENIHIIIHI Memoou — Men oo
uemeepmozo nOPAOKy mOYHOCHI ma Memoo mpenbozo NOPAOKY MOYHOCHI 3 080CHOPOHHBOIO OUIHKOI0 NOXUOKU pe3yibmamy.
Ilepesazu makozo ni0Xo0y nonsazarwmy y momy, wi0 GUKOPUCHOBYIOUU JIUUIEe YOMUPU OOUUCIEHHA NPAeoi 4wacmuHu
ougepenuianbHo20 pieHAHHA OMPUMAHO MEM OO YEMBEEPM 020 NOPAOKY MOUHOCHI, 084 0860CHIOPOHHI HAOIUIHCEHHA MPENbO2O
ROPAOKY MOYHOCHI, A MAKOMC AGHY OUIHKY 20/106H020 YileHa N0KaA1bHOT noxudku pesynvmamy. IIposedeno pospaxynox i
ananiz mamemamuyHoi moodeni, a MAKOHC GU3HAUEHO 6UIA0 HAONUNCEHHA MAZHIMHOT NPOHUKHOCHI, AKY HOMPIOHO
GUKOPUCMOB8Y8AMU HPU 00CTIONCEHHI CIAOKUX | CUTbHUX NOTIB.

Knruoei cnosa: pisHannsa enekmpoOuHamiKy, Hanpys#CeHicms MaeHImHo2o noas, 3adava Kowi, HeninitiHull Yuciosutl
Memoo, 1aHyi0208i Opoodu, 080CMOPOHHI HADIUIHCEHHS.

YaM. Pelekh, O.P. Kozar, T.V. Maherovska, S.M. Mentynsky, Ya.P. Legeta

METHOD FOR DETERMINING THE MAGNETIC FIELD STRENGTH IN A SHEET OF
ELECTRICAL STEEL

Thiswork is devoted to the determination of the periodic component of themagnetic field strength in a layer of eectrical
steel. When constructing a mathematical model, the magnetic permeability is approximated by a fractional-rational function.
To calculate the properties of the magnetic field, it is proposed to use two nonlinear methods - the method of the fourth order of
accuracy and thethird order of accuracy with a two-sided estimate of the error of the result.

The advantages of this approach arethat using only four calculations of the right-hand side of the differential equation,
amethod of fourth-order accuracy, two two-sided approximations of third-order accuracy, and an explicit estimate of the main
term of thelocal error of the result are obtained.

The mathematical model was calculated and analyzed, and the form of the magnetic permeability approximation that
should be used in the study of weak and strong fields was determined.

Keywords. electrodynamic equations, magnetic field strength, initial value problem, continued fractions, two-sided
approximations.

IHocranoBka npodjemu. OZHUM i3 MPIOPUTETHUX HANpPsIMIB CYy4acHOTO MAIIMHOOYIyBaHHS €
MiABUIICHHS e()EeKTUBHOCTI TEXHOJOTIYHMX HpoLeciB OOpOOKM KOHCTPYKLIMHMX MaTtepialiB Mpu
OZIHOYACHOMY 3a0e3eueHHI BUCOKMX €KCIUTyaTalilfHUX XapaKTEepUCTUK aeTajel 1 By3miB. Ocobnuse Micie
cepel LUX TMPOLECIB 3aiiMalOTh METOAM IHAYKLIHHOI TepMOOOpOOKH, 3aCHOBaHI Ha BHKOPHCTaHHI
eNeKTpOMarHiTHuX nomiB. IIopiBHSAHO 3 TpamUUiHHUMKH METOAaMU HarpiBy, BOHU 3a0€3MEUYYyIOTh HU3KY
BaYKJIMBUX IIepeBar: JIOKAJi30BaHICTh BIUIMBY, BUCOKY IIBUAKICTh HArpiBy, MOXIIMBICTb aBTOMaTHU3aLil
MPOIIECy Ta 3MEHILICHHS CHEePreTUYHUX BUTPAT. Y pe3yibTaTi CTa€ MOXKJIMBHM OTPUMaHHSA HEOOXiIHOTO
PO3IIOIUTY TEMIIEPATyPHOr'O MOJIS B TUI1 AeTali, (pOpMyBaHHS ONTHUMAIBHOI MIKPOCTPYKTYpH MaTepiaiy Ta
KOHTPOJIb 3aJMIIKOBHX MEXaHIYHHX HANpy>KeHb, II0 BU3HAYAIOTH JOBIOBIUHICTH 1 HaAidHICTE pOOOTH
KOHCTPYKIIi.

VY mammHoOyyBaHHI MIMPOKE 3aCTOCYBaHHS 3HAXOAATH (PepOMarHiTHi CTaji, sIKi € OCHOBOIO IS
BUTOTOBJICHHS BiAMOBiNaNbHUX €JIEMEHTIB KOHCTpYKUiH. OnHi€l0 3 0cOOMMBOCTEH TaKMX MarepiaiiB €
HeNiHifHA 3aJeKHICTh MDK 1HIYKLIEI0 MarHiTHOTO MOJIA Ta HOro HaNpYXKeHICTIo. LIS BIacTUBICTh 3HAYHO
YCKJIAZHIOE TPOLIEC MAaTEMaTUYHOTO0 MOACTIOBAHHS SIBHIL, SIKi BiIOyBalOThCs MPH IHAYKLIHHOMY Harpisi,
OCKUIBKHM OIUC ENEKTPOMArHiTHUX 1 TEIUIOBHX MPOLECiB NOTpedye BUKOPUCTaHHA HEMiHIHHUX
nudepeHiabHUX PIBHSAHD y YaCTUHHUX MOXITHUX. AHAJIITHYHI PO3B’SI3KH AJISl TAKUX PIBHSHb MOXYTb
OyTu OoTpuMaHi JMIIe A COPOLICHUX MOJENeH, SIKi He BPaXxOBYIOTh pealbHUX (DI3MYHHX OCOOIMBOCTEH
MaTepiaiiB.

V 3B’A3KY 3 IIUM I1OCTA€ 3aBAAHHS CTBOPEHHS aIeKBATHUX MaTEMaTUYHHUX MOJIENIEH, 10 BPaXOBYIOTh
HeNiHiiHI MarHiTHI BAACTUBOCTI cTaneil Ta J03BOJISIOTH 13 HEOOX1AHOO TSl HPAaKTHUKHU TOUHICTIO BU3HAYATH
PO3MOINT HANMPYKEHOCTI MAarHiTHOTO TONIs B TUTL Aerani. Takui MiAXix BiIKPUBAE MOXKIUBICTh OLTBII
TOYHOTO IPOTHO3YBAHHS POLIECIB TEMIIONPOBiNHOCTI Ta (YOpMyBaHH HAIIPY>KEHO-1e( OPMOBAHOI'O CTaHY,
110 Oe3nocepeHbO BIUIMBAE Ha SKICTh 1 HaAIHICTh 00pOOIeHUX aeTanei.

AHaniz ocraHHix gocaikens i myOaikaniii. [IpoOmemam MonenmoBaHHS €IEKTPOMArHiTHHX
nporeciB y ¢epoMarHiTHUX MaTepiaiax MpUCBSUYECHO 3HAUHY KUTBKICTh TOCTIDKEHb. Y KIACHYHUX Hparsix
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PO3IIITHYTO OCHOBHI NPUHLUMNM iHAYKUIHHOrO HArpiBy Ta MOAAHO iH)XKEHEPHI METOAMKH PO3PAXYHKY
MPOLIECiB HATPIiBY Ui pi3HUX KiIaciB MaTepiaiiB. Lli poOoTH 3akianu OCHOBY AJIsl OAAIBIIOTO PO3BUTKY
TEOPETUYHUX Ta NPUKIATHUX AOCTIDKEHB y ramysi. AHami3 JiTepaTypu A03BOJISE 3pOOUTH BUCHOBOK, IO
aKTyaJIbHOIO 3aJauei0 € TMOE€JHAHHS TOYHHMX alpOKCHMAlili MarHiTHUX XapaKTePUCTUK CcTajed i3
e eKTUBHUMH YMCIOBUMH METONAMHM ISl PO3B’A3aHHS BIANMOBIIHUX OudepeHLianbHuX piBHAHb. Taxuii
MiJXiJ JA03BOJIIE HE TUTPKU MIJBUIIMTH TOYHICTH BH3HAUYSHHS HAIPYKEHOCTI MAarHITHOTO IO, ajlie i
CTBOPIOE OCHOBY ISl HOOYIOBH MOJENEH, OPIEHTOBAaHMX Ha MOTPEOH MPUKIAAHOI MEXaHIKHM Ta TEXHOJOT1]
MAaIIMHOOYIyBaHHS.

Jnst po3paxyHKy BJIacTUBOCTEH MAarHiTHOTO IOJISl 3alPOIIOHOBAHO METOIMKY, sIka 0a3yeThcs Ha
NPE/ICTAaBIICHHI [IYKAaHOTO PO3B'A3KY MH()epeHIianbHOro piBHIHHS B JaHIorouit api6 [1]. Jlaniorosi
JIpoOW MOXKHA PO3TIISIATH SIK OJMH 3 OCHOBHUX alNTOPUTMIB JIJIs 3HAXOMKeHHS anpokcumaiii [lage [2]. Y
poboTtax [3-8] 3 BUKOPUCTAHHAM Pi3HUX HENMIHIMHUX apOKCUMAIiH AOCTIIKYIOThCS KOHKPETHI IPUKJIaIH1
3a1aul.

[lepeBarn Takoro miaXomy NONATalOTh y TOMY, 110, BHKOPHCTOBYIOUM Ha KOXXHOMY KpOIi
IHTETpyBaHHS JIMIIEC YOTUPH O0UMCIICHHS IPaBOi YaCTUHU IU(EPEHLIANbHOIO PiBHAHHS, OTPUMaHO METOJ
YETBEPTOr0 MOPSAKY TOYHOCTI Ta ABa JBOCTOPOHHI HAOMIKEHHS TPETHOTO MOPSIAKY TOYHOCTI, a TAaKOX
3HalICHO SIBHY OLIHKY TOJIOBHOT'O YJI€HA JIOKAJbHOI MOXUOKHM pPe3ysbTaTy. 3alpoloHOBaHUN HEMiHITHUNA
METOJ € BKJIAJICHUM METOAO0M TOPSAKY TOUHOCTI 4(3) 3 TBOCTOPOHHBOIO OI[IHKOIO TTOXHOKH.

AKTYyaJIBHICTH JOCTiTAKeHHs. SIKIiCTb 1 BiOTBOpPIOBaHICTH (POpMYyBaHHS 3aJaHUX MEXAHIYHHX
BJIACTUBOCTEH Jerajnell B mpoueci iHAYKIIHHOI TepMOOOpOOKH BH3HAYAETHCS TOUHICTIO MPOTHO3YBAHHS
PO3IIONUTY HANpYXEHOCTI MAarHiTHOro mons y (epoMarHiTHOMy Iapi, ajkKe caMe BiH 3YMOBIIOE
TEeMIIepaTypHe Toje, TPalieHTH, a BiATAK — 3aJMIIKOBI HANpYXEHHS Ta BTOMHY JOBI'OBIYHICTb.
3anponoHoBaHa B poO0Ti MaTeMaTHYHa MOJENb, B SIKii MAarHiTHa IPOHUKHICTh AIPOKCUMYETHCS APOOOBO-
palioHanbHOIO (QYHKIi€I0 3a0e3Medye BUCOKOTOYHE BiATBOPEHHS MEPiOIUYHOI CKIaJOBOI HAIPYKEHOCTI
MarsitHoro nosst. Lle 1o3Bosie onepaTHBHO JOCHIIKYBAaTH TEXHOJIOTTYHI «BiKHa» Mpolecy (mepexin Bix
MOBEPXHEBOI'0 3MILHEHHS 10 00’ €MHOr0 HAarpiBy, MiA0ip YacTOTH Ta CHIIM CTPyMY 1HAYKTOpa), 3MEHILIUTH
YHCII0 HATYPHUX MPOO, MIABUIINTH €HEProe) eKTUBHICTD 1 KEPOBAHICTh PEKHUMIB.

MeToro gociiizkeHHs € po3pOOJICHHS MaTEMaTUYHOI MOZIEN] Ta YUCIOBUX METOIB Ul BU3HAYCHHS
MEepioaNYHOI CKIIa0BOI HAIIPYKEHOCT1 MarHiTHOTO NOJA Yy IIapi eIeKTpoTexHiuHoi ctam E43, ska mmpoko
BHUKOPUCTOBYETHCS B EIEKTPOTEXHIYHUX Ta MAIIMHOOYIIBHUX KOHCTPYKLiAX. OcoOINBY yBary npuaiieHo
MOXIJIUBOCTI 3aCTOCYBaHHS pPE3yJAbTAaTiB MOJAECNIOBAHHA JUIA ONTHMi3allii TEXHONOTIYHHX PEXHUMIB
IHAYKLIHHOT TepMOOOpOOKH, 3a0e3MeueHHsI PallioHaIbHOTO PO3MOALTY TeMIIEpaTypPHHUX TOJIIB 1 KOHTPOIIO
3aJIMIIKOBHUX HANPY>KEHb y ACTAJIAX MAIIKH.

BukJiazeHHsl 0CHOBHOT0 MaTepiaiy.

1. MaremaTu4Ha Moeb.

PosrisiHemMo 3amady BU3HAYECHHS MEPIOANYHOI CKIaJ0BOI HANPYKEHOCTI MarHiTHOTO IOJIS B IIapi
ENEKTPOTEXHIYHO]I CTalli, Ha OBEPXHi Z= 0 SIKOi HiATPUMYETHCS HaNpYKEHICTh

5 ={0,Hosin27v1),0},

Je v —4JacToTa, Z — KOOpauHaTa ToBIMHY, [ —yac.

Mu OyneMo BUXOAWTH 3 piBHSIHD MakcBena [5], HeXTYI0UH CTpyMaMHu 3MileHHs. Toai oTpuMaemMo
pIBHSHHS

oH o*H
ou( )Ezﬁ’ D

3 T'pPaHUYHUMHU YMOBaMHU

H(0.t) = Hosin(2mv), H(1,t)=0, )
a TAaKOX 3 YMOBOIO NEPi0IUYHOCTI
H(zt+T)=H(zt). 3
T dB(H) . . . .
YT H( H ) = T’ e B= B( H ) — IHOYKIiS MAar”iTHOro mois, o — Koe(imieHT
enekTponposigHocTi, T =1/v —nepioa KOMUBaHb €NEKTPOMArHITHOT XBUII, | — TOBIIMHA mIapy.

3ayBa)KMMO, 1110 3aJISKHOCTI B = B(H ) . abo u= H( H ) € HemHiitaumy . J{ns ctami E43 Bonn

MoKa3aHi Ha puc. 1 Ta puc. 2 CyIIbHUMH JIHISAMHU.
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Pos'ssyroun 3agady (1)-(3), mMu Oynemo ampoKCHMyBAaTH 3alICXKHICTb f1= (H) IpoOoBo-

pauioHanbHOIO (QYHKIIEIO BUTTIAY

2
1+ AH
H(H)zuouinit 2 4" (4)
1+ AH + AH
b |
a7 v

2 1€
W

12
10

3]
0%

H, A'w
J - -
; 0
7 - 10-10 , H AN
r ‘. 0.1V M 100 25 500 750 =
Puc. 1. 3ane:xxnocti inayknii MarHiTHoro moJis, Puc. 2. 3ane:xkHocTi HanpysKeHoCTi
110 BU3HAYAKOTbCSA (popMmyJio1o (8) i MATHITHOT'O M0JIsl, 110 BU3HAYAKOThCS
eKCIIepMMEHTAILHIMH JaHUMH JUIs ctati E43 ¢opmyJioro (7) i ekcnepuMeHTATEHUMH

JaHuMu 114 craai E43

Koncrantu A (i =12, 3) y CIIBBIAHOILIEHHI (4) BU3HAYAIOTHCS 3 YMOB!

du(H
#(Hm) = Hmac Ho ﬂCEH m)zo,
dz/,t(H ) .
HTZH]<O1 |-=|_r)nOOB(H)2851 (5)

sIKi BI10OpaXar0Th OCOOIMBOCTI CKCIICPUMCHTAIIBHHX 3AlICKHOCTCH 11 = H( H) Ta B=B(H). Tyt pg —
MarHiTHa KOHCTAaHTa, it T4 flypg — BUIIOBIIHO II0OYAaTKOBAa Ta MAKCHMallbHa BIJHOCHI MAarHiTHi
HNPOHUKHOCTI MaTepiany, H,, — 3Ha4YeHHS Mar"iTHOIO MO I MaKCHMAJIbHOI MATHITHOI IPOHUKHOCTI,
By — inaykuis HacuueHHs.

[Ipu upomMy oTpumMaemo:

2
VKZ2-42G K ﬂinit(AleJrz)_z“maX Hmax — Hinit (6)
A= 20 A= > v A=
a HmaxHm HmaxHm

e
K:az\/g—%1 G:AS(aZ—Z A3+2H,%%),

o = THoHinit | M = Hmax
2Bs Hinit
3ayBaXMMoO, 10 Y BUNAIKY BEIMKHX 3HaUY€Hb HAMPYXKEHOCTi MArHITHOrO II0JIs, allPOKCUMAILI0 (4)
MOYKHA 3aIUCaTH K

*
I (|—|)=Minit2 . 7)
1+ AH
Jis 1boro BUMAJAKY 3aJeKHICTh 1HIYKI[l MarHiTHOTO TIOJI BiJl HANPY>KEHOCTI MOXKHA OIHCATH
yTouHeHot (opmysoro Mrosiepa [5]:

B=pBarctan/AH, (8)
1 Koe(iieHTH anpoOKCHUMallii MaTUMYTh BUTITISAL;

© AM. Ilenex, O.11. Kozapw, T.B. Mazeposcvka, C.M. Menmuncoxuii, A.11. Jlecema

107



Misicayziecwvruti 30ipnux « HAYKOBI HOTATKH». Jlyyvk, 2025, Ne83

* *
B :,Uinit/lo\/x1 A=232’ Hinit Zgﬂinit'
I'padix pynkmii H(H) mo Bu3HavaeTrbes Gopmynoro (7) mia crami E43 naBemeHo Ha puc. 2

LITPUXOBOIO JIHIEIO.
[epetinemo B 3amadi (1)-(3) g0 6€3p0o3MipHUX BETUYMH:

t = a)t y Z= é, u= i ]
- I Hp
B u(H
b=——, /,t(u)=—( ) .
HoHinitHo HoHinit
Toni BuximHe piBHsAHHSA (1) HaOyBa€e BUTIISATY
ou o2
272u(u)—="=, 9
W)= 2 ©
ae
1+ algu2
3 > 0J151 CRIGBIOHOWEHHS (4)
1+ayeu” +aye“u
p(u)={Tr2EU e (10)
o , ons cniggionowenns (7)
ay +ageu
I'pannyni yMOBH Ta yMOBa MEPiOANYHOCTI MAIOTh BUTIIA
u(0,t)=sin(t), u(Lt)=0, (11)
u(z,t+27)=u(zt). (12)
Tyr
A Ay A
q=—7%, B=—7, 8=
a? a? at
2
e=(aHo)”,  7*=mopinituov! . (13)

[Micns muckperw3ariii BiIHOCHO MPOCTOPOBOI 3MiHHOI, 3a1a4a (9), (10), (11) 3BomuThCS 10 cHUCTEMU
3BUYAHUX Ju(epeHIiabHIX PiBHSIHb:

1+ ayeu? (t)+ a382Ui4(t) U (t)—2u (t)+ui_y(t) om (4
duy (t) _ L+aeu?(t) 2,20 ”
2
dt ay + ageU (t)-ui+1(t)—2ui (_tg+ui_1(t)' o1 (7)
&Y 272
3 II0YATKOBOIO YMOBOIO
Up(t)=sin(t), u (0)=0, i=1n-1, un (t)=0, (15)
ne h= % , N —umcno rouok posourrs Binpizky [0, 1].

2. Meroauka po3B’si3aHHS 3a1a4i eJICKTPOAMHAMIKH.
Cnouatky mpezacraBumMo 3agaqy (14)-(15) y Ginbin 3araipHOMY BUIAJIKY, a caMe y BHIJISIII 3a1adi
Komri myis cucremu 3BMuaitHux TudepeHialbHuX PiBHSIHb:

y=1(xy), ¥(%)= Yo xe[Xg X9+ L], (16)
ne y(x) — nificHuit M — KoMIoHeHTHuit Bektop, T — milicHa BekTopHa QyHKILis 3a71€KHOT Ta HE3AIEKHOT

3MIHHHX, IPHYOMY TIPUITYCKAETHCS, 10 GyHKIis T Bomoxie HEOOXIMHO IS BUKIAI0K IIAJIKICTIO.
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Heniniitni aoctoponHi [9, 11, 12] yncnosi anroputMu po3s’a3yBaHHs 3agaui Korui aj1st 3BuyaiftHux
mdepeHIlialbHUX piBHAHB (16) OyAyIOThCS TaK, MO0 JIOKATbHA TOXUOKA CXEMH B KOXKHIM BY3JIOBIH TOYII
MaJa BUTIIL

— »hP p+l
Y(X41) = Yns1 = @hPKF (£)+O(hP™), (17)
ne Y(Xpyq1) 1 Yn,, — BiANOBiIHO TOUHMIA i HaOMKeHMI po3B 30k 3afadi (16), h - xpok iHTerpyBanHs,
F(f) — nesxuii nudpepenianbamii oneparop, obuncaenuii B Touni (X,,Y,), K — koHcraHTa, p — Hopsanok
TOYHOCT1 METOAYy, (¥ — IapaMmeTp ABOCTOPOHHOCT.
J71st 3SMEHIIEHHsI TPOMi3IKOCTI 3aIKCiB, HABOJUMO AITOPUTM 3HAXOMKEHHS HAOIMKEHOTO PO3B'A3KY
3agadi Komi (16) y ckaiasipHOMy BHUIAIKy, OCKUIBKH Ha cCHCTeMU Au(epeHIiaJbHUX PiBHSAHD BiOMOBiAHI
PO3paxyHKOBi GOpMyIIH MEPEHOCATHCS TOKOMITIOHEHTHO.

3rigHO 3 Teopiero MOOYI0BH OMHOKPOKOBUX MerTomiB [12,13], uucmoBmii po3B's3ok 3amadi (16)
npencrasumo y Burisiai C-apody [1, 9] :

k, | Y
Vi) = D’ (18)
e
k-1 d
k,0
Dn = Z di 0 + d
i=0 1+ k.l
1 d
oo ki
1+ dk,l

Bupasu mis dk,l y Bunaaky K+ 2171 (k= 1,_4; | = ﬁ) MAalOTh BUTJISA:

|
(o} .
doo=1 dipg=-D dimo—" =14
m=1 n

Y
d J—
dv,1=—(;;l’ol v=13 d,p=d,4;-dy5 p=12
v,0
do» ]
0=00 22, o=t ek, -kl
12 i-1

q q
ki=f(Xn+Olih, yn-l-hZﬁ”k]), ai=2ﬁij, yn;éO.
=1 =1

Tyr h - kpok interpyBanus (N= X, —X,, N=0,1,...), aj, ﬁij (i, ] =]71) — HapaMeTpH.
i ¢popmynu no3BonsoTh OyayBaTH SIK SIBHI ( ﬁij =0, npu i <), Tak i HesABHI uMCNIOBi MeTOIM.
3HaveHHs MapaMeTpiB & i i B j 3PYYHO 3aIuCyBaTH y BUTTISIAI TaOMHLIi:

2] B - B &1 v Ay

a, Ba P as Ay

[Mpu snavennax K i | (k :1,_4; I :ﬁ) OTPUMAaHO PO3PAXYHKOBI (OPMYNIH PI3HOTO MOPSIKY

TOYHOCTI P ( p=1 4) . PospunyBmm B psag Teitnopa mo cremensax h poss’ssok 3amaui (16) i ii
HAOMIKEHUH po3B 30K (6), a TAKOXK B3SBIIN IX PI3HUIIO 1 NPUPIBHABIIN A0 HYJIS BIINOBiAHI KoeilieHTH

MpU CTEMEHAX hi (i =1,4), OTPUMAEMO YMOBH, SKUM TOBHHHI 3aJIOBOJIBHSITH MapaMeTpu aij o ﬁij
(i, j =171), 11106
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k,l 5
Y(Xn+1)_ r[1+1] :O(h )
[IpoinrocTtpyeMo MOOYAOBY YHCIOBOTO METONY IIpH k=4 i1=0.B pe3yabTaTi OTPUMAEMO
HACTYITHY CUCTEMY PIBHSHbB:

1

(a22+a32+a42)a2+(a33+a43)a3+(a34+a44)a4:E
2 2 2

Aoy + Ao + Ol_2+ Qoo + Ol_3+ Qo + 06_4=
(82 +8g2 +242) 5 33 + ay3 5 34 + 844 5
3 3 3
(3\22+6132+<'5142)a—62Jf(ass+<'Jl43)a_63+(6‘34+<'J‘44)a_64

§||—\ ol

(8g3+auy3) Bapty +(8gs + 8ya ) ( Bapta + Pazaz) =

ol

1
(83 + 2us) Bao0r +(ags + a44)(ﬁ42a22 +ﬁ43a§) T
3

(Bg3 +au3) a3Baap +(8gs + 8 ) ( Baztz + Bagotz) = 24

1
(834 +a44) BazBroir = 2 (20)

4 4 4 2

D i =0 D 840 =0, ay - =0
i—1 i—2 i—2

ay3a0o + ays (Baz0ip + Pazz) =0,

4 4
ZaSi =0, ZaSiOli =0
i=1 i=2

2 2 2
ao a3 ay 1
Ay +agy )—5+agg—>+ag —+ =—
( 22 32) 2 33 2 34 2 6
1
agaPar0ty + g4 ( Baztio + Paztz) = 5
1 i—1
a1 +ap =0, 202 =2, O => By
j=
Hagenemo onun Habip koedinieHTis po3s’ a3ky cucremu (20). [loknasmm oy = 0lg;
OTPUMAEMO:
1 (Baz—1)
0p=o03=12; oy =1; Bor=+ Pr="—F——""1
2 2f43
B = Ba1=0; Baz =1-Pa3;
32~ ' 41=Y, 42 =1= P43,
2P43
all:].; a21:—1; a22 :1, a3121/6;
(1+ Baa) Pas 1
32 3 33 3 34 6

(a,; =0, i =234 ap=ay=0 a;=0 i=14), fij=0mpui< |;
(21)

© AM. Ilenex, O.I1. Kozapw, T.B. Mazeposcvka, C.M. Menmuncoxuti, A.11. Jlecema

110



Misicayziecwvruti 30ipnux « HAYKOBI HOTATKH». Jlyyvk, 2025, Ne83

ne B4z (P43 # 0) —mnapamerp.
Sxmo y ciBBigHOmMeHHAX (20) OKIacTH
2 2 2
01

0{2 0{3 0{4
L tap—2tay—t=——
A 2

(2]

BupPBap0ty +8ug ( Bagtty + Pasrs) = 5

TO

Y(Xns2) ~ Vi) =W {arFy (1) + oo ()] +0(°).

Hagenemo 3Ha4eHHs napaMeTpiB JUIs IBOCTOPOHHIX GOPMYIN IPH O, = Oty

1 1 1 1 1

Gp=03=7, ,321—51 ,331—5—%1 ,332—%,
as=1, Bs=0, Baz =1-PBa3,
a1=1, &y =3=a,=0, apn=-1, ap=1, g3 = =0,

1 1
81 =5+ 20, g = 4a’1(ﬁ43—1)—2w2ﬁ43—§(1+ Ba3).

1 1
333=§ﬁ43+2ﬁ43(a’2—2a’1)1334:g+2a’11 ay = —201,

ayp = 40y (1~ Byg) + 20,13, 843 = 243( 200~ y) , Ay =20y, (22)

ne 43— BIAMIHHMH BiJl HyJIS TAPaMETP.

[NoxnaBmm @ = @y = @ , OTPEMAEMO HACTYIIHY MHOKHUHY IIaPAMETPiB:

0 0O 0 O 1 0 0 0

12 12 0 0 -1 1 0 0

1/2 0 12 0 16+20 -20-2/3 1/3-20 1/6+20

1 0O 0 1 —20 20 20 —20

IIpu upomy
4

Y(Xnu1) ~ g = @h*(D?f + £, -Df )+ O(n®) =hY agk (23)

i=1

3ayBaxxenHs 1. fxmo noknactu @ =0, To oTpuMyemMo Habip KoeiLi€HTIB A1 METOAY YE€TBEPTOrO
MOPSIIKY TOYHOCTI.

3ayBakeHHst 2. 3ampoloOHOBaHI pPO3PaxyHKOBI (OPMYNIH, BHKOPUCTOBYIOUHM JIMILIE YOTHPH
3BEpTaHHS A0 MpaBOi YAaCTMHU JHU(epeHLiaTbHOro PpiBHSAHHS, NO3BOMSIOTH OTPUMYBAaTH HE TUIBKU
OJHOCTOPOHHIA METOJ] YETBEPTOr0 MOPSIKY TOYHOCTi, aje i ABOCTOPOHHI PO3pPaxyHKOBI (GOpMynu
TPETHOr0 MOPSAKY TOYHOCTI 3 OLIHKOIO TOJIOBHOTO YJI€HA JIOKaJbHOI MOXWOKH. [l mopiBHSAHHS,
BIJMOBiAHI ABOCTOPOHHI JiHiMHI MeToau Pynre-KyTTa Tperboro mopsiaKy TOYHOCTI BUKOPHCTOBYIOTH HE
MEHIIIe 6 3BepTaHb JI0 MPaBOi YaCTHHH AU(EpeHIiadbHOro piBHsHHs [13].

3. AHaJi3 po3B’fA3KiB.

Po3paxyHku HampyXeHOCTI MarHIiTHOTO TIOJNS OyJiH TPOBENEHI IS eNeKTPOTeXHIuHOoi cTam E43,
XapaKTePUCTUKH KOl TaKi:

Umax = 9000, Bg =2,07, H,, = 30.
Toni srimo 3 (13) g = 713610, a, =41238,18, a3=10752490. [ns 3Haiinenux &, a,, ag

dynkuis B= B( H ) , SIKa BIIMOBiAa€ 3a1IeXKHOCTI U = ,Lt( H) 3rigHo 3 ¢popmynu (4), mokazaHa Ha puc. 1
LITPUXOBOIO JIiHi€0. 3 puc. | BHAHO, IO 3ampoNOHOBaHA AampoOKcUMalis QyHKOil MU= ,Lt( H) 3

JIOCTATHBOIO JUTA MPAKTHKM TOUHICTIO ampoKCHMYe 3ajiexkHicth B = B( H ) nust crani E43.
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Po3B’'si3aBmn  3amauy Kormni s cucreMu 3BHYaiiHMX audepeHiianbHux piBHsAHE (14)-(15)
3aIpONOHOBAHUM JIBOCTOPOHHIM METOAO0M, OyB IpOBEACHNI rapMOHIYHMI aHami3. HaBenemo pesynpratn
JOCIIIKEHHS PO3MOALTY aMIUTITYJ HalpyXeHOCTI MAarHiTHOro Mojisi MO TOBLIMHI IIapy Ajis oOpaHHX

Habmwkens (4) Ta (7) ana ¥ =6.

Ha puc. 3 ta puc. 4 cyninsHUMH JiHIAME 1TOKa3aHO (Y BUNIAJKY 3aJISKHOCTI (4)) po3MoALT aMILTiITy An
repmIoi TapMOHIKH HaNpPY)KEHOCTI MAarHITHOTO IMOJs BimmoBimHo mis g =0; 0,0001; 0,001; 0,01; 0,1 Ta
£=0,2;1;10;100;1000. Sk BumHo 3 pucyHkiB, mpu 3Mmini EBix 0 o 0,2 posmoxin mons wmae
NPHUIIOBEPXHEBHH Xapakrtep, a Hanbumbumit —npu € =0,2. [l € > 0,2 crynidb ocinabieHHs] MATHITHOTO

MOJISl 3SMEHIIYETHCSI, TOOTO PO3MOALT CTa€ OUIBLI JiHIHHUM.

I'padiku posmomiry amMIuUliTyd TPeThOi TapMOHIKM HAmpyKEHOCTI MAarHiTHOrO TONsS  JUIs
£ =0; 0,0001; 0,001; 0,01; 0,1 Ta £ =0,2;1;10; 100; 1000 mMoKa3aHi CyiIbHUMH JiHIIMU Ha pUC. 5 Ta puc. 6
BiZIIIOBiAHO.

A b Uy

Puc. 3. Po3nonist ammuityu nepumoi Puc. 4. Po3nonist aMmmuityu nepumoi
TAPMOHIKH HANPYKEHOCTI MATHITHOTO MOJISI  TAPMOHIKM HANPY’KeHOCTi MArHITHOIO MOJIsI
npu ¢ =0;10%1031072,107%. npu ¢ =0,2;1,10,10%;10°%.

Ha puc. 4 i puc. 6 1151 mOpiBHIHHA IITPUXOBUMH JiHISIMH ITOKa3aHi PO3MOALUIN aMILTITY MepIIoi Ta
TPeThOi TapMOHIKM HAMPYXEHOCTI MarHiTHOro ToJis, 3HaiiaeHux i3 3anexHocti (7) g

£=0,2;1;10;100; 1000. IIpu & =100 i £ =1000 wi rpadiky CIiBIaAal0Th.

) WE f
Pl ohd! I & /
| : 9
| \ 100
bl (/A | p—
005 - - |
if
{ ]‘.l
. 2 i z
[ 05 ’ 05
Puc. 5. Po3nonist aMIuiiTyam TpeTboi Puc. 6. Po3nionist aMIuIiTyam TpeTb0i rapMOHIiKH
TAPMOHIKH HANPYKEHOCTI MATHITHOT O HAIIPY?KE€HOCTi MATHITHOT'O MOJISA IPH
noast npu ¢ =0;1041031072,1071. £=0,2;1;10,10%,10°.

3 aHamizy pes3yabTaTiB BHOHO, IIO PI3HUISN MDK po3B'si3kaMu piBHAHHA (9) mpu pi3HUX U,
BusHaueHux 3 (10), 3MeHmyeThes 31 30UIbIeHHsIM ¢ . Tak, mis € > 0,1 Bona crae menme 3%, a s
£>100 —wmenme 1%. Lle o3nauae, o Py BU3HAYEHH] EJIEKTPOMATHITHOTO OIS y (PEpOMArHiTHUX Tilax
IUIs CIIAOKHX MOJiB HEOOX1IHO BUKOPUCTOBYBATH HAOMIKEHHS Ll = ,u( H ) , sIKE BU3HAYAETHCA (HOPMYIIOI0

(4). Y BunazaKy CHIBHUX MOIIB MOTPiOHO BUKOpHCTOBYBAaTH hopmyiy (7).

BucnoBku. IloOynoBaHo MaTeMaTHUHY MOXENb JUIA BHU3HAUCHHS IEPIOAMYHOI CKIaJ0BOL
HaNPy>XEHOCTI MarHiTHOTO MOJISl B LIapi eeKTPOTeXHIYHOI cTam. s mociimkenHs mo0yaoBaHOi MoJeni
BHUKOPUCTAHO HENIHIMHUNA METOX YEeTBEPTOro MOPSIKY TOYHOCTI Ta JBOCTOPOHHI HAOMMKEHHS TPETHOI'O
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MOPSIIKY TOYHOCTI 3 OLIIHKOIO TOJIOBHOT'O WIEHA JIOKAJIbHOI HOXUOKH pe3yabTaTy. 3allpOrOHOBAaHHIA METO.
€ BrimanieanM [ 14, 15, 16] meTomoM MopsaKy TOYHOCTI 4(3) 3 IBOCTOPOHHBOIO OIIHKOIO TTOXUOKH B KOXKHIN
TOYLI IHTErpyBaHHs. 3alpONOHOBAHI PO3PaXyHKOBI (bopMme JO3BOJSIIOTH  HA KOXKHOMY KpOLI
IHTETpyBaHHS 3MEHLIMTH KUIBKICTh 3BEPHEHb J0 MpPaBoi YacTUHM PIBHAHHSA Ha 25% TOpIBHSHO 3
KJIACHYHIMH IBOCTOPOHHIMU MeTogamu Pynre-Kyrru [13].

I3 anamizy oTpuMaHUX pe3yNbTaTiB CIiAye, MO NPH BHU3HAYCHHI EJICKTPOMArHITHOIO MO Yy

(pepomarHiTHUX Tinax st c1abKHMX MOJIB HEOOXiAHO BHKOPHCTOBYBATH HAOMMKCHHA MU= ,Lt(H), AKe

BH3HAYAETHCA (popmyiioro (4). Y BUNAAKY CHIBHHX IOJIB HOTp16Ho BUKOpHCTOBYBAaTH (popmyiy (7).
PesynbTati, 10 BUIUIMBAIOTE 3 JOCIIDKCHHS MATCMAaTHYHOI MOJEII PO3MOALTY eIeKTPOMArHITHHX

MOJiB MOXHAa BHKOPHCTOBYBaTH MJsl NMOOYAOBH paLliOHANBHUX PEKUMIB 0OpoOKH (hepoMarHiTHHX

€JIEMEHTIB KOHCTPYKLIH TUITY TUIACTHH, & TAKOXK MPH aHaJli31 Ta CHHTE31 MIKPOECIEKTPOMEXaHIYHUX CUCTEM
Ha eTarni mpoeKTyBaHHs [8].
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EKCIIEPUMEHTAJIBHI JOCJIIKEHHSA OJEP KAHHSA @ YHKINIOHAJIBHO
OPIEHTOBAHUX INOPOUIKIB CHUHTETHUYHOI'O AJIMA3Y

Excnepumenmanvhumu  00C1iONCEHHAMU NOPOWKY cunmemuunozo aamazy mapku AC20 zepnucmocmi 100/80
NOKA3aHO, W0 6NIUE CROCODI8 MOOUPIKYBAHHA GUXIOHO20 NOPOWKY (MOOUDIKYBAHHA BUCOKOBOILIMHUMU €/1eKMPUUHUMU
Po3padamu abo piouHopasnum OKUCIEHHAM) 6i000paX3cacmuca Ha 3MIHI AOCOPOUIIIHO-CMPYKMYPHUX MA MOPPHOMEMPUYHUX
Xapaxkmepucmuk nOPouLKie: 30Kpema Rumomor niouii nOBEPXHi; NUMOMO20 00 €My nop; cepeoHbozo paoiycy nop, CymapHozo
00' emy nop, po3noodiny 06' emy nop 3a ix posamipam.. Ilokaznux numomoi niouwyi nogepxui 6UXiOHUX 3PA3KI6 MA€ MEeHOEHUII0 00
3HUMCEHHA nica MOOuiKysannsa nopouikie. /locnioxceni 3pasku maioms po3euHeHy Me30NOPUCHY CIPYKMYDPY HOBEPXHI.
Jocniosceni cnocoou mooudiKysanus ne eUAGIAIOMb CYMMEEO20 6NUEY HA MOPPHoOMemPUUHI XAPAKMEPUCIMUKU NOPOULIKIEB.
Ilopienanvnuii ananiz pesynrvmamis 3a Koegivicnmamu AiHilHOT anpoKcumayii Kpugux po3anooity nop 3a po3mipom 0ae 3mozy
ompumamu Ha KinbKicnomy pieni nokasnuk (a2/al) 3minu cmamny noeepxni NOpOWIKie, WO ModyCe CIYZyeamu
XapaxkmepucmuKko AKOCHi no8epxXHi NOPOWKy npu eugueHHi degheKmHocmi no6epxXHi 3epen CUHMEMUYHO20 anmazy ma iV
6NIUGY HA eKCHIYAMAUINHI XapaKmepucmuKku aimaznozo incmpymeumy. Ompumani pesyiomamu 0arwomsy niorpynms ons
n00anbUL020 PO3POONEHHA DaA3U OAHUX POPMYBAHHA ONMUMAILHUX HOKA3HUKIE A0COPOUITIHO-CMPYKMYPHUX XaAPAKM ePUCIUK
ROPOWIKI6 CUHIMEMUUHO20 AIMA3Y WUPOKO20 ()YHKUIOHATIbHO20 RPUZHAYEHHA.

Knrouosi cnosa: nopowiox CUHMEMUYHO2O aiMasy, a0COPOYIUHO-CMPYKMYPHI XAPAKMEPUCUKYU, MOPHOMEMpPUiHi
Xapakmepucmuxu

N.O. Oliinyk, H.D. IInytska, G.A. Petasyuk, O.N. Sizonenko, V.D. Rud,
G. A. Bazaliy, S. D. Zabolotnyi, M.M. Tsyba

EXPERIMENTAL STUDIES ON THE PREPARATION OF FUNCTIONALLY ORIENTED
SYNTHETIC DIAMOND POWDER

Experimental studies of synthetic diamond powder of the AC20 grade with a grain size of 100/80 have shown that the
influence of the methods of modifying the original powder (modification by high-voltage electric discharges or liquid-phase
oxidation) isreflected in the changein the adsor ption-structural and morphometric characteristics of thepowders: in particular,
the specific surface area; specific pore volume; average pore radius; total pore volume, and the distribution of pore volume by
their sizes. The specific surface area of the original samplestendsto decrease after the modification of the powders. The studied
samples have a devel oped mesoporous surface structure. The studied modification methods do not show a significant effect on
the morphometric characteristics of the powders. Comparative analysis of the results by the coefficients of linear approximation
of the pore size distribution curves allows us to obtain at the quantitative level the indicator (az/a1) of the changein the state of
the powder surface, which can serve as a characterigtic of the quality of the powder surface when studying the defectivity of the
surface of synthetic diamond grainsand itsinfluence on the operational characteristics of thediamondtool. The results obtained
provide a basis for further devedlopment of a database for the formation of optimal indicators of the adsorption-structural
characteristics of synthetic diamond powders of wide functional purpose.

Keywords: synthetic diamond powder, adsorption-structural characteristics, morphometric characteristics

Functional synthetic diamond powders are used in various industries. The properties of the powder
areformed in the process of synthesis, extraction, sorting and modification, which determines the formation
of powder properties, including the characteristics of the surface of its grains. The effectiveness of the use
of powders largely depends on the adsorption-structural characteristics of the surface [1]. In well-known
publications, the influence of methods for modifying synthetic diamond powders on changing their physico-
mechanical and physico-chemical properties of diamond powder, morphology and chemical composition of
the surface, adsorption-structural characteristics of the powder [1-4] has been studied.

The creation of new methods for modifying diamond powders is relevant and has important applied
value. For the effective manufacture and operation of abrasivetools, it is necessary to study the state of the
surface of diamond powder according to adsorption-structural characteristics: specific surface area, pore
distribution (micro- and mesopores) by size and porevolume [1].

Ancther important aspect for the effective manufacture and operation of abrasive tools is also the
study of the morphometric characteristics of modified powders.
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The purpose of this study. The purpose of this study is to study at a quantitative level the influence
of methods of modifying the original powder on the change in adsorption-structural and morphometric
characteristics.

M ethodology. Samples of diamond powder of the AC20 grade with a grain size of 100/80, synthesized
in the Ni-Mn-C system, were studied. Two methods were used to modify the powder: a method of chemical
modification using liquid-phase oxidation and a method of pulsed processing by high-voltage electric
discharges in an agueous medium (HVED). HVED maodification was carried out on an experimental stand
in distilled water with a pressure of 800 MPa and a total processing energy of 1000 kJ in the discharge
channel.

Adsorption-structural characteristics were determined using a NOVA 2200 gas adsorption analyzer
(Quantachrome, USA). The isotheem was determined by the method of low-temperature nitrogen
adsorption-desorption (77 K) at p/ps = 0.99, which was used to determine the specific area (Sger. (M?/g) in
the region of the monolayer of nitrogen surface coverage; The specific pore volume Vp (cm®/g), average
pore radius Rp (nm), adsorption energy (Jm?), volume and radius of mesopores; total pore and mesopore
volumes, and size distribution of pores and mesopores were determined by the DFT method.

Thefree energy of saturation of the powder surface with water vapor, which characterizes the degree
of hydrophilicity (mJ/gemol, ACs) was determined by the method developed at the V.M. Bakul Institute of
Materials Science and Engineering of the National Academy of Sciences of Ukraine.

The surface topography was determined using scanning microscopy methods;, morphometric
characteristics (compactness (form factor, Cr) and roughness (Rg) of grain projection; the number of cutting
edges (n, pcs.) and the average value of their sharpening angles (¢, degrees) were determined by indirect
analytical method - using the Dialnspect. OSM device from Vollstaedt Diamant GmbH to obtain the
necessary initial data.

A comparative analysis was carried out based on the results of linear approximation of the pore size
distribution curves. The results of the study are presented in Tables 1-4

Table 1
Adsorption and structural characteristics of theinitial AC20 diamond powder with agrain
size of 100/80 and powder samples after modification

Sanding powder brand AC20, grain size 100/80
Methods of powder modification
Characteristic name Diamond Chemical Application of
powder (DSTU | modification HVED
3292-95) modification
Specific surface area, Sger., m /g 0,5422 0,2542 0,4151
Adsorption energy, kJ/mol 7,544 8,446 0,6499
Specific pore volume, V- 10, cm¥/g 1,234- 0,8682 3,131
Average poreradius, nm 4551 6,831 8,288
energy of saturation of the powder surface with
water vapor (hydrophilicity) mJ/gemol, ACs 264.9 187.1 119.3

According to the results of the experimental study using the HYED method, it was found that,
compared with the indicators of the original powder, chemical modification using liquid-phase oxidation
leads to a decrease in the specific surface area by 53%; the free energy of saturation of the powder surface
with water vapor by 29.2%,; the specific pore volume by 23.9%; to an increase in the adsorption energy by
11.9% and the average pore radius by 50.1%.

Theuse of the HVED modification method leads to a decrease in the specific surface area by 23.4%;
the specific pore volume by 47.3%; the average pore radius by 31.1%; to an increase in the adsorption
energy by 9.9%; to a decrease in the free energy of saturation of the powder surface with water vapor by
55.0%.

According to theresults of the experimental study usingthe BET method, it wasfound that, compared
with the indicators of the original powder, chemical modification using liquid-phase oxidation leads to a
decreasein the specific surface area by 53%; the free energy of saturation of the powder surface with water
vapor by 29.2%; The morphometric characteristics of the original AC20 diamond powder with agrain size
of 100/80 and the powder samples after modification do not differ significantly. HYED modification leads
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to an increasein the number of cutting edges and the average value of the sharpening angles of the cutting
edges.

Table 2
Morphometric characteristics of theinitial AC20 diamond powder with a grain size of 100/80
and powder samples after modification

Sanding powder brand AC20, grain size 100/80
Methods of powder modification
Characteristic name Diamond | Chemical Application of
powder modification HVED
(DSTU modification
3292-95)
Compactness (form | Average value 1,304 1,3042 1,305
factor), Cr Uniformity 0,7107 0,6979 0,6985
Gran projection | Average value 1,0602 1,06001 1,06503
roughness, Rg Uniformity 0,7402 0,7429 0,7435
Number of cutting edge sharpenings, n 10 10 11
Average value of cutting edge sharpening angles, ¢ 106,37 106,32 107,32

According to the classification officially adopted by the International Union of Pure and Applied
Chemistry (IUPAC), pores with sizes (diameters) less than 2 nm are micropores, 2-50 nm are mesopores,
and more than 50 nm are macropores.

Fig. 1 Poresize distribution, deter mined by por e volume using the DFT method, of synthetic
diamond grinding powder of the AC20 brand with a grain size of 100/80: initial powder (1), powder
after chemical modification (2) and modification by HVED treatment (3)

According to theresults of the experimental study usingthe BET method, it wasfound that, compared
with the indicators of the original powder, chemical modification using liquid-phase oxidation leads to a
decreasein the specific surface area by 53%; the free energy of saturation of the powder surface with water
vapor by 29.2%; Fig. 1 shows the distribution of the pore radius (the calculated values of the pore radius,
nm) by the value of the total pore volume. As can be seen from Fig. 1, all the studied samples have a
developed mesoporous surface structure. The indicators of the pore distribution by size of the original
powder Fig. 1 (curve 1), after chemical modification (curve 2) and after VER modification differ.

Table 3 presents the adsorption-structural characteristics (average poreradius, total pore volume and
mesopore volume, total pore volume radius interval and mesopore volume radius interval) of synthetic
diamond grinding powder samples, initial and after modification.

The range of pore size distribution in all three samples of grinding powders, the original and those
obtained after modification, is aimost the same and is (0.3-17.2) nm.

The average pore radius of the grinding powder of the AC20 100/80 brand after chemical
modification increases to 1.55 nm from 1.42 nm (original sample). At the same time, the total pore volume
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decreases to 0.57+10° cm®/g relative to the value of the pore volume of the original sample of 0.9010°3
cm¥/g.

Table 3
Adsorption and structural characteristics of samples of ground and micropowder s of
synthetic diamond, initial and after modification

. Pore volume, pore size range (DFT method)
Diamond Average pore
powder |Maodification|Sample| radius Mesopore
(DSTU method No (DFT Total pore B Total pore | lumeV Meso_pore
3092-95) method), nm volume, V+107°, v_qume radius 10° radius
cm¥g interval, nm 3, range, nm
cm®/g
AC20 Diamond
%8‘23%20 E’g‘g’gﬁ 1 1,42 0,90 0,3-17,2 088 | 1,0-17,2
3292-95)
ggfjri?:gion 2 1,55 0,57 0,3-17,2 0,54 1,0-17,2
r|_r|1XdEn|‘:|) cation 3 1,42 0,55 0,3-17,2 0,54 1,0-17,2

The average pore radius of the grinding powder of the AC20 100/80 brand after VER modification
is 1.42 nm and isidentical to the average pore radius of the original sample. At the sametime, thetotal pore
volume decreases to 0.55¢10° cm®/g relative to the value of the pore volume in the original sample of
0.90-10° cm¥g.

For comparative analysis at the quantitative level of indicators of changes in the state of the surface
of the powders after modification, a linear approximation (y=ax+b) of the pore and mesopore size
distribution curves was performed, and the coefficients (a, b) were established with the rdiability of the
approximation R? (Table4). Theratio of the coefficients ax/a; (Wwhere a; is the coefficient of the equation of
the pore distribution curves by the total pore volume, a; is the coefficient of the equation of the pore
distribution curves by the total mesopore volume) allows us to establish the proportion of the mesopore
volumein thetotal pore volume.

Table 4
Results of linear approximation of pore size distribution curves
Linear approximation of pore size distribution curves (y=ax+b) TT_e ‘
Coefficients of the Coefficients of the prr?qp;(r)rl)(())rr]eo
equation of pore equation of pore volume in the
Sample|distribution curves| Accuracy of | distribution curves by total pore
Ne by total pore  |approximation,|  total vesopore pore Accuracy of i |
volume RZ volume approximation, Rq  VOIUM&,
(az/ay),
21-10° | by-10° 2,10 b-10° %
0,0561 | 0,0932 0,84 0,0406 0,2829 0,87 72,37
2 0,0367 | 0,0270 0,89 0,0306 0,1019 0,86 83,38
3 0,0363 | 0,027 0,89 0,0223 0,2261 0,78 61,43

As follows from the results, the studied samples have a devel oped mesoporous surface structure, as
evidenced by the proportion of the mesopore volumein thetotal pore volume of the original powders equal
to 72-83%. After chemical modification, the proportion of the mesopore volume increases by 11%, after
HER modification, the proportion of the mesopore volume decreases by 11%.
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Conclusions

Theresults of the study established:

—thestudy of theinfluence of the methods of modifying theinitial powder, in particular by chemical
and VER methods, on the change in the adsorption-structural and morphometric characteristics showed that
the value of the specific surface area of the initial samples tends to decrease after the modification of the
powders;

— the studied samples have a devel oped mesoporous surface structure. The use of maodification by
the methods of liquid-phase oxidation and pulsed treatment with high-voltage electric discharges in an
agueous environment of the initial synthetic diamond grinding powder allows changing the values of the
adsorption-structural characteristics of the powders: in particular, the specific surface area; specific pore
volume; average poreradius; total pore volume; distribution of the pore volume by their sizes;

— the studied modification methods do not show a significant effect on the morphometric
characteristics of the powders;

— comparative analysis of the results by the coefficients of linear approximation of the pore size
distribution curves allows us to obtain at the quantitative level the indicator (a2/al) of the change in the
state of the powder surface, which can serve as a characteristic of the quality of the powder surface when
studying the surface defects of synthetic diamond grains and itsinfluence on the operational characteristics
of adiamond tool;

— the obtained results provide a basis for further development of a database for the formation of
optimal indicators of adsorption-structural characteristics of synthetic diamond powders of wide functional
purpose.

The study was carried out on the topic I11-4-25 (0789) “Study of the surface defects of synthetic
diamond grains of awiderange of strength (AC6-AC160) and itsinfluence onthe operational characteristics
of a diamond tool”. State registration number 0125U000040.Registration of the Bureau of the VFTPM of
the NASU dated 10.12.2024, protocol No. 23; under the Memorandum of Cooperation between Lutsk
National Technical University and the V.M. Bakul Institute of Superhard Materials (No. 17 dated
01/30/2024) and under the Memorandum No. 18 dated 06/19/2025 on cooperation between the [ IPT of the
NAS of Ukraine and the V.M. Bakul Institute of Superhard Materials of the NAS of Ukraine.
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B. llyus, M. SIpomesuy, T. ApomeBny, €. CtankeBn4
Jhybkuti HayioHanvHull MexHiYHUll YHigepcumem

CAMOCHHXPOHI3AIISA BIBPO3BYJIHHUKIB BIGPALIMHAX MAIIIMH
3 BIFAPMOHIYHUMH KOJIMBAHHAMMU POBOYO0OI'O OPTAHY

Pozenanymo npakmuyuHy MOMCIUGICHb CAMOCUHXPOHI3AUIT 060X nap 0eOanaHCHUX 6iOpPO30YOHUKIE 3 KpamHumu
uacmomamu o6epmanua. 3a0aua po3e’a3yeEmubca 3 GUKOPUCHIAHHAM IHMEZPATbHO20 KDUMEPII0 CMIIKOCHmI CUHXPOHHUX PYXi6.
Ompumano Gopmynu 0na CuHXpOHI3yIOUUX MOMEHMIG; YMOGU ICHYGAHHA MA CMINKOCMI CUHXPOHHUX PElCUMIE pyXy
30yonuxie. Hagedeni pieHAHHA ONA 6U3HAYUEHHA KYMIE 3CY8Y (a3 y MOHCIUBUX CUHXPOHHUX PEHCUMAX PYXY 6i0p030YOHUKIE.
Cdhopmynvosani npakmuuni peKomeHOAUii CMOCOGHO RNIOBUU{EHHA CMADOIIbHOCMI KPAMHO-CUHXPOHHO20 00epmans
6i0po30yonukie. Teopemuuni pe3ynomamu y3200:4cyiomscs 3 pe3yibmamamu KOMn omepHozo Mooeno6aHHs

Knrwuoei cnoea: sidpayitina mawuna, 0ieapMOHIYHUL KOAUBAHHSA, 0eDelancHull 8i6p0o30YOHUK, CAMOCUHXPOHI3aYis,
8iOpayitiHuil MoMeHm.

V. Puts, T. Yaroshevich, M. Yaroshevych, E. Stankevych

SELF-SYNCHRONIZATION OF VIBRATION EXCITERSOF VIBRATING MACHINES
WITH BIHARMONIC OSCILLATIONS OF THE WORKING BODY

The practical posshility of self-synchronization of two pairs of unbalanced vibration exciters with multiple rotation
frequenciesis considered. The problem is solved using the integral criterion of stability of synchronous movements. Formulas
for synchronizing moments are obtained; conditionsfor the existence and stability of synchronous modes of motion of exciters.
Equations are given for determining the phase shift angles in possible synchronous modes of motion of vibration exciters.
Practical recommendations are formulated regarding increasing the stability of multiple-synchronous rotation of vibration
exciters. Theoretical results are consistent with the results of computer modeling

Keywords: vibration machine, biharmonic drive, unbalanced vibration exciter, dynamic self-synchronisation, vibrational

torque.

IlocranoBka npo6Jemu. Bibpamilini mammbu 3 ae0anaHCHUMH BiOpO30OyJHMKAMH MIMPOKO
BHUKOPHUCTOBYIOTHCS B CAMUX PI3HUX BUPOOHUITBAX. Y HUHIIIHIM Yac CTBOPEHO Ta EKCILTyaTy€eThCS BETUKA
KUTBKICTh BIOpOMAIIMH Pi3HOI KOHCTPYKIIIi, HOTYXHOCTI i ¢yHKUioHanpHOro npusHayeHHs [1-3]. Cepen
ICHYIOUMX MAalldH [JOCHUTh MNEPCICKTUBHUMH € BiOpOMAamlMHU 3 OIrapMOHIYHUM 3aKOHOM KOJHMBaHb
pobodoro oprany. J{BouyacToTHi KOMMBaHHS Y HU3L1 BUMAAKIB MOXKYTh iCTOTHO HiABULIUTH €EKTUBHICTD
BiOpomammH. HeoOXigHO yMOBOIO HOpMajbHOI poOOTH BiOpOMAIIMH 3 KiNbKOMa BiOpO30yIHUKAMH €
CHHXPOHHICTh OOEpTaHHS Ta HAsSBHICTh NMEBHOrO CHiBBiAHOLIEHHS MK (hazamu 30ynHuKiB. Ha cporomni
npobieMa CaMOCHHXpOHi3allisi oOepTaHHsS BiOpO3OYIHUKIB 3aJIMIIAETHCSA aKTYaJbHOIO HPU CTBOPEHHI
BiOpoMarrH 3 6irapMOHIYHUM 3aKOHOM KOJIMBaHb pobouoro oprany [1, 2, 4, 5].

AHani3 ocTaHHiIX XocaimkeHb Ta mnyoOaikamiii. Ha nmanmii wac sBumme caMOCHHXpPOHI3allii
MexaHIYHUX BiOpo30yaHHKIB AOCHTH H0Ope BHBUeHO. Orisi Ta y3arajdbHEHHS OCHOBHHMX DPE3yJbTaTiB
TEOPETUYHUX Ta EKCIIEPUMEHTAIBHUX IOCHIIKEHb HAaBeAeHO, Hampukian, y [1, 2]. binpuiicts icHyrounx
JOCIHIIKEHb IMPHUCBAYCHI, TaK 3BaHii, MPOCTIH caMOCHHXpOHiI3alii BiOpO3OYIOHMKIB, KOMH YCi BOHH
00epTaroThCcs 3 OJHAKOBUMH (OMu3pkuMH) yacToTamMu. CaMocHHXpOHi3alil BiOpo30yAHUKIB 3 KpaTHUMU
JaCTOTAMH, [TPUCBSUCH] 3HAYHO MEHIIIE TIpallb, 30kpeMa [4-7]. B cratTi [8] 1eMOHCTPYETHCS MOKITUBICTh
BHUKOPUCTaHHS e(peKTy CaMOCHHXpOHi3auii iHepuiiHUX BiOpO30YAHUKIB A CTBOPEHHS BiOpamiitHOl
TEXHIKU 3 3aKOHOM KOJINBaHb pOO0OYOro Oprany, SIKHi MO)KHa 3MIHIOBAaTH B mporeci podotu. Y nparix [7,
9] mochmimKyeTbcs ~ NPOXOPKEHHS  pe3oHAHCy  BiOpomammHamu 3 BiOpo3OygHMKaMHu, — SIKi
CAMOCHHXPOHI3YIOTBCS; BKa3yeTbcs Ha MOXJIMBOCTI IOKpalleHHS po30iry BiOpomammH y pasi
BUKOPHCTAHHS METOJy MOYEpPrOBOro Ta IMOABIMHOrO MyckiB enekrpoaBuryHiB. Pobora [10] mpucssueHa
CHHTE3y KOHCTPYKTUBHHUX MapaMeTpiB JBOYACTOTHOrO iHepiiiiHoro Bibparopa. ¥ [11, 12] mokasaHo, mio
MpUKIAaIH] 3a7a4i caMOCHHXPOHI3alii iHepUiliHuX BiOPO30YAHMKIB MOXKHA PO3B’SI3YBaTH 32 METOIHMKOIO
JOCITIIKEHHS BiOpaLiifHOro 3aXOIUIeHHS 00epTaHHs HE3piBHOBAXEHUX POTOPIB.

Cepen OCTaHHIX JOCTIDKEHb, NPUCBIYEGHHX NHUTAHHSAM  CAaMOCHHXpOHi3alii aedamaHCHUX
BiOpO30yIHUKIB, MOXKHA Bim3HaunTh podoTw [13, 14]. ¥V cratTi [14] po3rasaaeTscs CaMOCHHXPOHI3AIis
BiOp030yIHUKIB OirapMOHIYHOrO YOTHpUBAJIBHOrO BiOparopa HampsmieHoi nii. [lpore, B [14]
OOTPYHTOBY€ETHCSI MOXIJIUBICTh YCYHEHHsI 3 BiOpONpUBOJa JHILIE OAHIET 3 TPHOX 1CHYIOUMX B KOHCTPYKLIl
MPHUBOJIA KIHEMAaTHYHHX TIepeaad.
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Mera pocaimkenHs. IIpomemMoHCTpyBaTH MOXIIMBICTE CTa0impHOI po0OOTH OirapMOHIYHOIO
YOTHPHUBAIFHOTO BibpaTopa HanpsMIICHOT Aii 3 OHi€I0 3y0UacTor0 Iepeiadeio sKka CHHXPOHI3Ye 00epTaHHs
BiOp030yTHUKIB.

Meroauxka gociimkenHs. 11 1ocaikeHb BUKOPUCTAHO METOIU MIPHUKIIAAHOI Teopil MeXaHIuHUX
KONMBaHb, IHTErpajibHUA KpUTEpid CTIAKOCTI CHHXPOHHHX PYXiB, YHCENbHE MOJCIIOBAHHS 3
BHUKOPUCTAaHHSIM CUCTEMH KOMIT I0TepHOi Matematuku Maple 14.

Onuc cucremu Ta piBHsIHHS pyXxy. Hecyde TBepae Tino (pobounii oprad BiOpoMammHu) Npy>KHO
BCTaHOBJICHO Ha HEPYXOMiil OCHOBI 3a JOOMOI'0I0 JOCHTD «M’SIKMX» PY>KHHUX orop (puc. 1).

]
’ | g
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Puc. 1. Cxema GirapmoniuHoro BiOponpusoay

TBepae TinO MoOXe 3IIMCHIOBATH Majli IUIOCKO-TIapaienbHi KonuBaHHSA. ToOTO, B 3araibHOMY
BUIIA/IKy, HECyde TBEpIE TUIO Mae TpU CTyHeHi BibHOCTI. Ha Hecyyomy Tini BCTaHOBIEHI IIBI mapu
HOMIHAJIFHO OHAKOBHX Jie0anaHcHUX BiOpo30yauukiB (1, 2 Ta 3, 4); npu 4omy, dactoTa 00epTaHHS Ipyroi
mapu y JABa pasd BHILA 3a 4acTOTy mepuioi. BiOpo3OynHUKH y mapax 00epTaloThCsl y MPOTHICKHUX
HanpsAMKax; 2-uii Ta 4-uii 30yIHUKY 3’ €AHaH] 3y04acTolo epenayvero 3 nepefaTHuM uucioMm 1:2; 1-uid, 2-
ui Ta 3-iif BiOpo30yIHUKH NPHUBOIATHCA B OOCpPTAHHS Bill HE3aJCKHHUX €ICKTPOIABUTYHIB AaCHHXPOHHUX
TUITY.

HudepenuiansHi piBHAHHS PyXy JOCHIPKYBAaHOI AWHAMIYHOI CHCTEMH MOXKHA MOJATH Y TaKOMY
Ui [2]:

MX + B, X+C X =
_ . 2 . 2 . 2 . 2
=M, [(Pl COS@, +¢, COS(PZ:I +mg,, [(ps COSp, +4¢p; CoS(2p, + ﬂ):li
My+pB,y+cy=
—mg, [ 7 sing, +¢2sing, |- mg, [ ¢ sinp,—4¢7 sin(2p, + B) |,
J(,b+,8¢(p+c<p(p =

—mgr, [(plzsm((Pl +7,) +¢; Sn(p, + 71)} —me, T, [(ngin(‘Ps ~7,) = 4¢; Sin(2p, + B ~ Yz):li
L@, = Li(¢,) — R(¢,) + me, [Xsing, + Y cose, +¢r, cos(e; —7,)],
1,6, ==L, (9,) + Ry(¢,) —me, [XSin([’z + Y cosp, + ¢r, cos(p, + 71)] -
—2m€” [—)'(Sin(Z(pz - :B) + YCOS(Zgoz - ,3) +(,25I’“ COS(Z(/’z - IB - 72)]’
|45 = —Ly(3) + Ro(p5) — Mg, [XSing, + § cOsp, +¢r, COS(9; —7,) ],

ne M, J —maca Ta MoMeHT iHepLii HECYHOrO TiNla, BITHOCHO OCi SIKa MPOXOUTH YEPE3 LEHTP MAaC;
g=X,Y,Q, ¢, — y3araabHeHi KOOPJMHATA HECYYOro Tiiia Ta poTopiB BiOpo3Oyauukis, | =1,2,3; npu

qomy, ¢, =2¢,+f3; B — kyr 3cyBy a3 Mix 2-uM Ta 4-UM pOTOpaMH BiOPO30YIHHKIB; ﬁq, Cy—
Koe]ilieHTH B’S3KOr0 TEPTs Ta KOPCTKOCTI NPYKHMX €IEMEHTIB MiJBICKM Hecydoro Tina; |, - 3BeneHi
MOMEHTH iHepIlii poTopiB BiGPO3OYIHUKIB BimHOCHO oci obepranus; L ((D,) — o0epTanbHUIA MOMEHT
enextponsuryna; R ((D, ) - MOMEHT CHJI OIIOpY 00epTaHHs poTopa BiOpo30yaHMKa; I, — BiACTaHb B oOCl
i-ro 30yaHUKa 110 HeHTpy Mac Hecydyoro Tima O; y, — KyTH, AKi BU3HAYaIOTh TIOJOKEHHS OCEH POTOPIB
BIOpO30YIHHMKIB; M, &, —Maca Ta eKCIIEHTPUCUTET BiOpO30OyIHMKA.
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BukianenHst ocHOBHOro Mmarepiamxy. Jlnsd po3p’s3yBaHHA TNPUKIAAHHX 3aJad  IIpo
CAMOCHHXPOHI3aI[il0 MEXaHIYHUX BiOPO30YIOHHMKIB MOXe OyTH BHKOpPHCTaHa CIpOLICHA IHXEHEpHa
METO/AMKa TOCTIHKEHHS JMHAMIYHOI CHHXPOHI3alii - iHTerpaJbHui KpUTEpid CTIIKOCTI CHHXPOHHUX PYXiB
BiOp030ynHUKIB [1, 4]. 3rigHO iHTErpaJILHUI KpUTEPIiIO, CTiiiKi CHHXPOHHI PyXHU 30yAHUKIB BiANOBIAaI0Th
TOYKaM MiHIMyMa, TaK 3BaHoi, moTeHianbHoi Gynkiii D pisuuni pas obepranus 30y HUKIB.

Ockinbky, y pO3IMMsSAyBaHid TeXHIUHIA 3amadi, mapuiadbHi KyTOBi INBUAKOCTI 30yIHHUKIB
BBAXAIOTbCS OJHAKOBHUMHM, TO TOTEHUiaJbHA (YHKIIS OOPIBHIOE CEpelHbOMY 3HA4YCHHIO (yHKUIi
Jlarpamxa Hecydoro Tima [1]. ®@ynkmis Jlarpamka A BHACHIIOK TPHMIYLIEHHS, IO NPYKHI OMOPH
HECY4Oro TiJla € TOCTaTHBO «M’SIKUMI», JOPIBHIOE HOTro KiHETHYHIH eHeprii:

27/w
D=A=2 1[l\/|(>'<2+y2)+J(p2]dr, )
2r § 2
ne T=omt.
3rifHO METOIMKH IHTETPaJbHOrO KpuTepito, BUXiAHY cucteMy (1) mocTtaTHbO pO3B’sA3yBaTH 3a
IPHUITYIICHHS PO piBHOMIpHE 00epTaHHs BiOpo30yrHuKiB. Takum unHOM, @, = ot + @, @, = —(0t+a,)

, 03 =—ot+a,), @, =20t + 20, — f , 1€ @ - KPaTHO-CHHXPOHHA YaCTOTA 00ePTaHHS BOPO30YIHUKIB;

a;

mrdepeHianbHi pIBHAHHS MaIUX BUMYILIECHUX KOJMBaHb. TO/i, 3 ypaXyBaHHIM PO3B’S3KiB JaHUX PiBHSIHb,
Ticisl ycepenHeHHs Bupasy (2) oTpuMyeMo GopMyaTy Ui HOTEHIiaIbHOT (PYHKI:
F 2r 2
2.2 2 i
Fr, cos(al—a2)+Tcos(2a2—aa—ﬂ) +C, ©)

- crayi. Y TakOMy BHUIAJKy PIBHSHHS PyXy HECY4Oro TiJia IEpETBOPIOIOTHCA y 3BUYANHI JIiHIMHI

D--
2Jw?

ne F, =mg, o’ F,=4mg, ®° - aMIITTYM BUMYLIGHHX CHI, SIKi PO3BUBAIOTH BiOPO3GYIHHKM
nepuIoi Ta Apyroi nap, Bignosiano; C — crana, mo He 3anexuTh Big Gpas a .

3rilH0  TEXHOJOT{YHMX PEKOMEHJALil, 3a3BuUail mpuiMaloTh: Mg, = Mg, /4. Toxmi, Bupas (3)
MOXKHA 3aIlUCaTH Y JEUI0 CIPOIIEHOMY BUIJISII:

2 2
p-_ (M) r? cos(e, —a2)+r'z'cos(2a2 —a,—B)

BuxonaBim qugepeHiitoBaHHs 110 3MIHHIA ¢, 3HalieMo BUpa3H Julsd BiOpaLifHMX MOMEHTIB:

me2a’r? me’o’r? .
= ). P ),
me’w’ - M o
V2:_2|—J rlzgn(al—az)—%sm(ZOcz_aa—ﬁ) . “)

Sk Bigomo, came BiOpaumiiHMI MOMEHT NpH BHUKOHAHHI NMEBHUX YMOB BHKIHMKA€ JUHAMIYHY
CHHXPOHI3aLII0 pOTOpiB BiOPO30YAHUKIB.

3 (4) cminye, mo cula IMHAMIYHOTO 3B°SI3Ky MIX HEPIIMM Ta APYTUM, a TAKOX - APYTHM Ta TPETiM
BiOp030yIHMKaMH € TaKOIO X, SIK Y BIOpOMAIIMHU 3 1BOMA 30y THUKaMH, SIKi 00€pTaloThCsl Y MPOTHIISKHUX
HanpsAMKax 3 OMTHAKOBUMH 4acTOTaMu. BaxmBo, 110 faHa cxema 3HalIIa HailOuIbII IHUPOKE MPAKTUIHE
BHUKOPHUCTaHHS Cepel yCiX iCHYIOUMX BiOpoMaIyH 31 30yAHUKaMH, SIKi CAMOCHHXPOHI3YIOThCS.

[pupiBHOOUM 10 HyAsS noximHi 0D / Oog =0, IpUXoaUMO 10 CUCTEMHU PIiBHSAHB IS BU3HAYEHHS

(ha3 oGepraHHs poTOpiB BiGPO3OYAHHKIB y MOXKIMBUX CHHXPOHHUX pyxax. Cucrema pisasnb 0D/0a, =0

JOMYCKa€e KUTbKa 1CTOTHO PIi3HMX TpyM Po3B’s3KiB. BogHowac, MpakTHYHO LIKABUM € JIMILE OAHA Ipyma
PO3B’SI3KiB:
a-a,=0, 20,-a;=p. ©)
Takum yMHOM, JOCTiKyBaHa AMHAMIYHA CUCTEMa JIolycKae cuH(pas3He obepTaHHs BiOpo30yIHUKIB
y Tapax, Ta CHHXpOHHE 0OepTaHHsI Tap BiOpo30yIHUKIB 3 KyTOM 3CyBY Ba3 [ Mix HUMH.

3rigfHo iHTErpaJpHOrO KPUTEpilo, CTIHKI CHHXpOHHI oOepTaHHs BiOpPO30YAHUKIB BiOBiAAIOTh
TOYKaM rpyboro MiHiMyMmy noteHuiainbHOI (yHkuii. HeoOXximHUMH Ta AOCTATHIMH YMOBaMH MiHIMyMY

dynxuii D B Toukax o, =@, , € Bukonauns HepiBHOCTE# (npHiiMaemo o, = 0):
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o°D 0°D
82[2 .0 da0a, Oaa, .0 ©)
dar |, _, 0°D d°D

|8a18a2 oda,oa, |as_ .

.
HocnianuMo CTifKiCTh MPakTHYHO LiKaBoi Tpynu po3B’a3kiB (5). 3 (6) oTpuMyeMO HACTYIHI YMOBHU
crifikocTi cuH(pa3Horo o0epTaHHs BiOPO30YAHUKIB y mapax:

2.2 2.2 2.2
Fr, Foro+ET,
—>0, —

2w 2w
Sk 6aunMo, yMOBH CTIMKOCTi cuH(pa3HOro odepTraHHs BiOPO30YIHHKIB TEOPETHYHO BUKOHYIOTHCS
3aBkau. Po3p’s3kam (5) BIiANOBiHAarOTH MOCTYHNaIbHI OirapMOHIYHI KOJMBAHHA HECY4oro Tija

>0. (7)

Bi6pomammen B310BK oci OX 3a 3aK0HOM:
2F 2F
| 2
Q) (y=0, p=~0).
Mo
Onnak, po3B’s3kH (5) € HE €ANHUM MiHIMYMOM THOTeHUianbHOl (yHKuii. Tak, MOXINBE CHHXPOHHE
obepTaHHs BiOpO30yIHUKIB Takoxk 3 3cyBamu ¢a3: a,—a,=7m, 2a,—az;=[. OTxe, KpiM

X=—

POBIIITHYTOr'0 PEKUMY PyXY MOXKYTb OyTH CTIHKUMH TakOX MOOIUHI peXUMH, 3a3BUYall, COBCIM HeOaxaHi.
BinnoBiap Ha TUTaHHS - SIKUH caMe PEKUM BHHUKHE IPU peajbHUX MOYaTKOBHX YMOBaX Ta IapaMerpax
JUHAMIYHOI CHCTEMH, MOXYTh JAaTH JIMIIE eKCIIEPUMEHTAIbHI JOCIIIKEHHSI.

Komn tomepue moodenosanns camocunxpouizayii Gieapmoniunux iopo30yoHuxie. MonemoBaHHs
3BOAMJIOCS 10 YUCENBHOro iHTerpyBaHHs cucteMd (1) Ta piBHSHD JUHAMIYHOI MOJENi ACHHXPOHHOTO
enextponsuryna [8]. Ilapamerpu cuctemu BiAINIOBiZAlOTH MapaMeTpaM €KCIEPHUMEHTAIBHOI BiOpamiiiHol

yeranosku [8]: M =108x2; me, = 0,03xe m; |, =0,01x2-n”; 1,=0,02 xz-m°; |,=0,006 xe - m*
, J=21kg-m*; pB,,=500kg/s; p,=10kgn’/s; ¢, =3-10°N/m; c,=588N/m;
r,=1,28m; r, =0,94m; y, =0,22rad ; y,, =0,28rad ; npu ubomy, B KyT BCTAHOBIIIOBABCS PIBHUM
0,01rad.

R T Ju,-u .
Pxi! )

.02 3
()Y

0,0k "lll W 3
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2

4.0 o 2 1 f %
a o

Puc. 2. Yacosi 3anexnocTi pisnuni ¢pa3 misk BiOpo3oyanukamu: a) o, —,;
6) 2o, —a

3rigHO pHC. 2, MOCTaTHHO INBUAKO MICNISI MYCKy BiOpOMAIIMHM BCTAHOBIIOETHCS CTAOUIBHE CHHXPOHHE
obepranHs ycix BiOpo30ymHukiB. [Ipu mpoMy, BiOpo30yaHHKH y mapax 00epTaloThCS MPAKTUYHO CHH(A3HO, a KyT
3cyBy Qa3 Mixk 1-M Ta 3-M BiOp030yIHIKAMU BCTAHOBIIOETHCS OMU3BKUIN IO KyTa, SIKM BICTaBISIETHCS B TIepenadi
MiX 2-uM Ta 4-uM 30ynHuKamMu. [lepeximHuii mporec HeTpUBaIuid, KOJMBAHHSA 3CYBY (Da3 He3HAUHI.

BucHoBku. BcraHoBneHO, IO KpaTHO-CHHXpOHHE oOepTaHHs BiOpo30OyIHHKIB OirapMOHIYHOIO
MPHUBOZIA MOXKIIMBO 3a0€3MEUUTH 3a JOMOMOTOI0 JIMILIE OAHIET KiHeMaTW4HOi mepemadyi. Bukopucranns
SIBHIA CAMOCHHXPOHi3alii BiOpo30yIHUKIB IO3BOJISAE 3MEHLIMTH JMHAMIYHI HaBaHTa)KEHHSA Y MPHBOL;
POBLIMPIOE MOKIMBOCTI 1Or0 KOMIIOHOBKH. XapaKTep CHHXPOHHUX PYXiB BiOpO3OYIHHKIB HE 3aJI€KHUTh
BiJl KyTa 3CyBY (a3 Mk 30yIHUKaMH 3 KpaTHUMHU yacToTaMu. JlaHW KyT MOXKHA IPU3HAYATH JIUILE 3T1THO
TEXHOJIOTTYHUX PEeKOMEHAAITiH.
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TEOPIA ITOP Y BI3BHECI: MATEMATHYHI MOJIEJII B3AEMO/III

Cmamms npuceayena ananizy 3acmocy8aHHs MamemMamuyHux mooeneil meopii izop y 6izneci 0na M0oOen08aHHs
63AEMOOIT eKOHOMIYHUX azeHmis, 3 AKUEHMOM HA KOHKYpeHmHI cmpamecii, n06eJiHKy KOMRAHIL mMa CROXMCUeauie y
OUHAMIYHOMY PUHKOBOMY cepeldosuuyi. Ompumani HAYKOSI pe3yibmamu 0eMOHCHPYIOmb, W0 meopia i2op egexmugno
MOOene KOHKYPEeHMHY H08eOiHKYy KOoMnamiil, 30Kpema uepe3 Oominywui cmpamezii ma pienosazu Hewia, 003601:aw0uu
npozno3yeamu HACKIOKU UIHOGUX GIlIH mMaA 3pUYy 00MO6GIeHOCHell, AK Y KIACUYHIN Oounemi ye’a3Heno0z20. Y Mooentoeanni
CROXCUBYOT NOBEOIHKU 8UOINEHO (heHOMEH 0eMOHCIPAMUEHO20 CROMCUBAHHA, € i2P06I MAmPUUI UMPAN-6UZ00 NOKA3YIOM b,
AK couianvHi eghekmu ennuearomov Ha euUOIp, opmyrouu izpu 3 HY16060I0 CyMOIO ma 3miwtani cmpamezii Ona MiHIMIZayii
empam. Y MapKemuHzo6ux pilueHHAX, HA NPUKIAOL PUHKY CUCHeM KOHOUUIIO8AHHA, NIAMINCHI MAMPUYi 3 KOPeKyiliHuMU
Koeghiyicnmamu 003601410Mb GU3HAYAMU ORMUMATbHI KOMOIHAYIT cmpamezitl, maKux AK Po3uiUpents Mepexci uu peKiamui
Kamnauii, 3 ypaxyeanHaAm GiOCymHOCHMI ciON06ux mMOYOK ma nepexody 00 imosipuicnux npogpinie. Mooenv Anmyana-
Ozycmina Kypno intocmpye ounamiky Oyononii, 0e Koonepamueni cmpamezii 3abesneuyiomsv euwii npudymiku, ane
KOHKYPEHMHI CIUMYiu, RiOKPec1ionms HeoOXiOHicmb KOOpOUHAyilinux izop 01 cmiiikozo po3eumky. Ilpakmuuna yinnicmso
00CNi0NCEHHA NONIAZAE 6 HAOAHHI IHCMPYMEHMI8 O0NA Oi3HeC-MeHeONCMEeHmYy, 30Kpema Ona onmumizayii cmpamezii y
MapKemunzy, 102icmuyi ma yiHOymeopenHi, uy0 00NOMazac KOMRAHIAM MIHIMI3yeamu pu3uku 6 ymoeax KOHKypenuii ma
niosuuyeamu npudymkoseicms. 3acmocy8anHHsa 3anPonoHOEaAHUX Modenell 0036071A€ RPOZHO3YEaAMU PeaKyil KOHKypenmie ma
CnoXcueauie, CRPUAIOYU eQeKmueHOMY RPUHHAMMIO PiWleHb Yy PealbHUX PUHKOBUX CUMYAUiAX, MAKUX AK po3opioHa
mopziena 4u N1aHyI0zU ROCIMA4anHs.

Knrwuoei cnosa: meopis ieop, 6isnec-cmpamezii, MamemamuyHi MoOeii, KOHKYPEHMHA 83AEMOOIs, CRONHCUBYA NOBEOIHKA,
cmpameziuHull po36UMoK.

H. Hubal, O. Panasenko, V. Pugachov
GAME THEORY IN BUSINESS: MATHEMATICAL MODELSOF INTERACTION

Thearticleisdevotedto theanalysis of the application of mathematical model s of gametheory in businessfor modeling
theinteraction of economic agents, with an emphasis on competitive strategies, the behavior of companies and consumersin a
dynamic market environment. The obtained scientific results demonstrate that game theory effectively models the competitive
behavior of firms, in particular through dominant strategies and Nash equilibria, allowing the prediction of the consequences
of price wars and the breakdown of agreements, asin the classical prisoner’s dilemma. In modding consumer behavior, the
phenomenon of conspicuous consumption is highlighted, where payoff matrices of costs and benefits show how social effects
influence choice, shaping zero-sum games and mixed strategies to minimize losses. In marketing decisions, illustrated by the
example of the air conditioning systems market, payoff matrices with correction coefficients make it possible to determine
optimal combinations of strategies, such as network expansion or advertising campaigns, taking into account the absence of
saddle points and the transition to probabilistic profiles. The Cournot model illustrates the dynamics of a duopoly, where
cooper ative strategies provide higher profits, but competitive incentives|ead to defection, emphasizing the need for coordination
gamesfor sustainable development. The practical value of the study liesin providing toolsfor businessmanagement, particularly
for optimizing strategies in marketing, logistics, and pricing, which helps companies minimize risks under competition and
increase profitability. The application of the proposed models allows forecasting the reactions of competitors and consumers,
contributing to effective decison-making in real market situations such asretail trade or supply chains.

Keywords. gametheory, business strategies, mathematical models, competitiveinteraction, consumer behavior, strategic
devel opment.

Beryn. B ymoBax auHamMiuHOrO pPO3BUTKY PWHKOBHX BIZHOCHH, KOJIM Oi3Hec-cepedoBHUIIE
MOCTIHO CTUKA€ThCA 3 MiIBUIICHOIO HEBH3HAUEHICTIO, 3POCTAIOY0I0 KOHKYPEHIIE€I0 Ta HEOOXiAHICTIO
OpUAHATTA e()EeKTUBHUX CTPATeriYHUX pilleHb, OCOOJMBOI 3HAYYIIOCTI HAaOyBalOTb METOAOJOTIUHI
IHCTPpYMEHTH, 37aTHi 3a0e3Me4YnTH HayKOBO OOTPYHTOBAHHM IMiJXiJ 10 MOJAETIOBAHHS MOBEIIHKU Pi3HHX
CKOHOMIYHMX areHTiB, 1 cepel HUX Teopis irop 3aiiMae MpoBigHE MicIe, OCKITBKU JO3BOJISIE BPaXOBYBATH
B3a€MO3AJICKHICTh pillleHb Ta (JOPMYBATH ONTUMAIBHI CTpaTerii B yMOBax 0araTOCTOPOHHBOI B3a€EMOIII.
3acrocyBaHHs irpoBHX Mozeneill y Oi3Heci OXOIUIIOE IMUPOKHHA CIEKTP 3aBAaHb, IO BapilOETHCS BiX
MaKpOEKOHOMIYHOT'O piBHS, A€ BOHM IOMOMAararoTh y (OpMyBaHHI 30a1aHCOBAaHOI €KOHOMIYHOI MOTITUKU
Ta KOOpAMHALII MDKIEp)KaBHHUX pilleHb, 10 MIKPOGKOHOMIYHOI'O PIBHS, 1€ LI METOAM JIO03BOJISAIOTH
JOCIIIKYBaTH crienruidai mpodiieMr OKpeMHUX Taidy3ed, MiIBUILYBAaTH e€EeKTUBHICTh (YHKLIOHYBaHHS
MiAPUEMCTB Ta BUOYIOBYBAaTH aJeKBaTHI CHCTEMU BHYTPIIIHBOrO yrpasiiHHs. OcobauBoi Baru HaOyBae
BHUKOPHUCTaHHS Teopii irop mpu BAOCKOHAJIEHHI OpTaHi3alliiHUX CTPYKTYp KOMHOaHiH, po3poOri HyIKHX
CHCTEM MOTHUBALII IEPCOHAY Ta ONTUMI3alii yIpaBaiHCHKOTro 00Ky, OCKIIBKH came i cepr HanOIbII
YyTJAUBI 110 BIUIMBY OaraTOCTOPOHHIX IHTEpeciB 1 CTpaTeriyHMx il yYacHHKIB Oi3Hec-IPOIECiB.
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AKXTyaJbHICTh JOCHIIPKEHHSI BU3HAYAETHCA THM, L0 CydacHUH Oi3Hec (DyHKILIOHYE y CKIAJHUX MepeKax
30BHIIIHIX 1 BHYTPIIIHIX KOMYHIKalliid, A€ pilIEeHHS OAHOro cy0’eKkTa Oe3mocepeqHbO BIUIMBAIOTH HA
pe3yNbTaTH OisUTBHOCTI iHIIUX, a OTXKE, MATEMAaTUYHE MOJEIIOBAHHS TaKUX B3a€MOIN CTae HEOOXITHUM
€JIEMEHTOM PUHKOBOT'O YIPaBIiHHSA 1 Oi3HEC-PO3BUTKY.

MeTo10 cTaTTi € TOCTIKEHHS IPUKIaIHUX 3aca]l BAKOPUCTAHHS MaTEMaTHIHUX Mozelneil Teopii
irop AJs aHadi3y Ta MPOTHO3YBaHHS MOBEIIHKH YYacHHKIB Oi3Hec-poLeciB, M0 nepeadadae BUABICHHS
ONTHUMAJILHUAX CTpaTerid B3aeMoii KOMIaHili Ha KOHKYPEHTHUX PUHKaX.

AHaJi3 ocTaHHiX Aocaimkens i myoaikaumiii. B poborax [2, 13] BkasyeThbcs, 10 TEOpist irop
MOCTYIIOBO MEPETBOPIOETHCS 3 CYTO MaTEMAaTUYHOI KOHLENIIi Ha MPUKIIaJHUHA IHCTPYMEHT CTPaTeriaHoro
aHali3y, SKMA aKTHBHO BHKOPHCTOBYETHCS y Pi3HHUX cdepax OizHecy. 3Ha4yHa yBara MNpHUIUIIETHCS
MOJIETTIOBAaHHIO KOHKYPEHTHOI B3a€MO/Iii KOMITIaHiH, ¢ OCHOBHUMH 1IHCTPYMEHTAMH BHCTYNAIOTh IJIaTDKHI
Mmatpuni, momeni KypHo Ta beprpana, a TakoX cleHapHi HiAXOAM OO aHAII3y WIHOBHX CTpaTerii.
Hocmimkenns [4], [10] moka3yroTs, MO caMme 3a JOMOMOIOI0 TEOpis irop MOXXHA KUIBKICHO OIIIHUTH
HACJIIIKK KOOIIEPAaTHBHUX Ta HEKOOIEPATHBHUX PillleHb, IPOTHO3YBaTH PU3HUKH LIIHOBUX BiliH 1 BU3HAYATH
HMOBIpPHICTh BUHUKHEHHS PIBHOBard MiXK ydacHHUKaMy puHKy. BueHi [9, 17] moka3yioTh, 10 MOXKIIMBUM €
BHUKOPHUCTaHHS IrpOBUX MOAENEH y MapKETHHTY, € BOHH 3aCTOCOBYIOTHCS IJIsi OOIPYHTYBaHHS pillieHb
1010 PEKIaMHUX KaMIlaHii, quBepcu@ikaiii acOpTUMEHTY, BUXOAY Ha HOBI CETMEHTH Ta (OpMYyBaHHS
IHAMBIOYanbHUX cCTpaTerii mpocyBaHHA. Y poOoTax OCTaHHIX POKIB 3HAUYHUI AakKLEHT PoOMTHbCA Ha
po3po0ui Mozenell MOBENIHKH CIIOKHBAYiB 3 ypaxyBaHHSIM €(EKTiB IEMOHCTPATUBHOIO CHOXMBaHHS,
IPYIIOBOrO BIUIMBY Ta COLIATBHUX MEPEX, JI€ PILICHHS OJHOTO MOKYIL MOXKE CYTTEBO 3MIiHIOBATH BUOIp
THIIUX.

Oxpeme Mictie, 3rifHO 3 myOmikamisMu [6, 15] 3aiimae aHali3 JOTiCTUYHHUX MPOIECIB 1 JAHITIOTIB
MOCTavyaHHsI 3a 0TIOMOT 010 IrpOBUX MiAXOIIB, a/)KE B YMOBaX HECTaOUTbHOCT1 pUHKIB MUTAHHS ONTHMI3awii
B3a€MOJIl MK MOCTa4aJbHUKaMHU, BUPOOHUKAMHU 1 AUCTPUO IOTOpaMu MOTpe0y€e TOUHUX MaTEeMaTHUIHUX
Mozenei. TakuM UYMHOM, CydacHi JOCHiIKEHHS y cdepi Oi3HEC-MEHEIKMEHTY AEMOHCTPYIOTh, LIO
IHCTPYMEHTH Teopil irop BUXOIATH OaJieKO 3a MEXI KJIACHYHHX IPHUKIAAiB KOHKYpEHLIii 1 CTaioTh
VHIBepcaJbHUM 3ac000M aHai3y B3a€EMONIA y MapKETHHTY, JIOTiCTHII, CTpPaTeriYHOMY YIpaBIJiHHI Ta
U POBii eKOHOMIL, 0 MiIKPECTIOe IXHIO MPAKTUYHY 3HAUYILICTD IJIs1 PO3BUTKY Oi3HECY.

Buxkiaa ocHoBHOro marepiaay. Jlominyroua crpareris B Oi3Heci pO3IIsAAETCS SIK ONTHMATBHUM
BHOIp KOMIIaHil, IKKi 3a0e3neuye Hallkpaluii pe3yabTaT He3aJeXKHO Bif Aill KOHKYPEHTIB, 1 came L JIoTiKa
9acTo MPOSBISETHCA Y CUTYAIisIX OPCTKOI KOHKYpeHLii MDK (ipMaMM, KOJH MparHeHHS KOXKHOTO
YYacCHHMKa MAKCHMIi3yBaTH BJIACHHH NPUOYTOK (OpMye HOBI pUHKOBI PIBHOBAaru Ta CTUMYIIOE€ PO3BUTOK
Oi3Hec-cepenoBHIA. Y MeXaX eKOHOMIUYHOI HAYKH ITiJ] TUHAMIYHOI HMOBIPHICHOIO EBOIOIIHOI0 TPOIO
JOLITBHO PO3YMITH CyKYIHICTb!

G=(Q,F,P,1,(Sm),R A), (1)

ne: (Q, F, P) — iMOBipHICHUIT TIPOCTIp, SIKUi BimoOpakae HEBH3HAUYCHICTh Gi3HEC-CEpPEIOBHUINA Ta
BUIAIKOB1 (paKTOpH, 110 BIUIMBAIOTH HAa PE3YJbTATH CTPATETIYHUX PillICHb;
| — MHOXKMHA TOYATKOBUX YMOB I'pH, SIKi B KOHTEKCTi Oi3HECY MOXKHA TPAaKTyBaTH SIK CTapTOBi
PHUHKOBI IO3ULi1 KOMIIaHi{, 0 BU3HAYAIOTH iXHI KOHKYPEHTHI IIepeBary;
Sn—wmHOokuHa cTpaTeriii rpasist M €{1, ..., M}, siki onucyroTh BapiaHTH MOBEAIHKH MiANPHEMCTB,
BKJTIIOYat04YH BUOIp IIHOBOT MOMITHKH, PO3LIMPEHHS aCOPTUMEHTY, IHBECTULI] Y peKiIaMy UM iHHOBALIi;
R — Binob6paxkenns i3 migmuoxkuan AC | x SIx...x SM y MHOXUHY BUNAJKOBUX MPOIIECIB HA
(Q, F, P) 3 mapamerpom t > 0, siki mpuiiMaroTh 3HAYCHHS Y TPOCTOPI

M={reRM:rl+...+ rM =1

10 B eKOHOMIYHOMY CEHC1 BifoOpaskae po3noAija PUHKOBUX YACTOK a00 MPUOYTKY MiX yciMa y4aCHUKaMU;
A — momyctuMa MHOXXHHA Map MOYaTKOBHX YMOB 1 Mpo(iNiB CTpaTeriid, mo BU3HAYAE MOXKIIHMBI
cueHapii pO3BUTKY I'PH.
[Ipodinem crpareriii y rpi G Ha3uBaeThCs HAOIp:

A:(/ll ...,ﬂ,M)eSlx...xS\/I. 2)
[Tapa, mo ckiagaetbess 3 mouaTkoBoi ymoBu I0€l Ta mpodimto crpateriii /4, BBa)Ka€eThCs
JOMyCTUMOT0, SKIIO (i0,4)EA. BiamoBigauii mpoiec Rt(iO,A) = [R(iO, A)Jt(a)),t > OnazuBaeThes

MPOIECOM BiTHOCHUX aKTHBIB TPaBIliB, a iOoro koMroHenTa Rn(i0, 4) BU3HaYaEThCA SIK MPOIIEC BITHOCHUX
aKTHUBIB OKPEMOTO TpaBIlsd M.

© I M. I'voanv, O. B. Ilanacenxo, B. M. Ilyeauog

125



Misicayziecwvruti 30ipnux « HAYKOBI HOTATKH». Jlyyvk, 2025, Ne83

CyTHICTP JaHOTO BU3HAYEHHA MOJSra€ B TOMY, IO JUHAMIYHA HMOBIpHICHA €BOJNIOLiiiHA rpa
OIUCY€E 3MiHY aKTHBIiB KOMIIaHii 3aJ1€)KHO B 0OpaHWX HUMHM CTpATeriil Ta 3aJaHNX MOYaTKOBUX PHHKOBHX
ymoB. EnemenTamMu MHOXKHMHH | y 3arajJbHOMY BHIAJKY € BeKTOpU 3 RM, siki 3a1a10Th MOYaTKOBI 3HAUCHHS
aKTHBIB KOMIIaHi, 1 caMe BOHM BU3HAYaIOTh CTAPTOBI NO3MULIi1 013HECY y KOHKYpeHTHii 60poTh6i. CTpaTerii
YYaCHHKIB 3aJalOThCsl €IeMEHTaMH MHOXHH Sy Ta ONMCYIOTh MOBHMU IUTaH Aid QipMmu, IO MOXKe
BpaxoBYBaTH BHIIQJIKOBICTb PHUHKOBHX IIPOLECiB, MMOYATKOBI YMOBM Ta iH(OpPMALil0 MPO IMOBEHIHKY
KOHKYpeHTiB. BigoOpakeHHs R cTaBUTH y BiANOBIOHICTH MOYATKOBUM yMOBaM i Mpodilio crparterii
BUIIAIKOBHH Tporiec 31 3HadeHHsIMH Y AM, TOOTO BU3HAYAE, HACKUIBKH YCITIIIHOIO BHUSIBIIIETHCS CTpATEris
KOXKHOT'O TIINPUEMCTBA B KOHKPETHOMY HaOopi Aiii. My Ha3MBaeMo el MPOLEC «IIPOLECOM BiTHOCHHX
aKTHBIB», PO3YMilOUHN i LuM, 10 Ry BimoOpakae yacTKy aKTHBIB KOMIIaHii My CYKYIHHX aKTHBax BCIX
rpaBuiB. Ha qanomy erami Hemae He0OXiTHOCTI ()OpMaIbHO BU3HAYATH IPOLIEC a0COMIOTHUX aKTUBIB, X04a
y NpUKIAAHUX Oi3HEC-MOIENAX BIJHOCHI aKTHBH 3aBXAU OOUYHMCIIOETHCS caMe Ha OCHOBI aOCONIOTHHX
(biHaHCOBHMX MOKa3HUKIB [5].

VY 11pOMy KOHTEKCTI IPUKIAIOM MOXKE CIYryBaTH KJIaCMYHA JHjieMa YB SI3HEHOTO, SIKa J03BOJISE
MOSCHUTH NPUYMHH 3PHBY IOMOBJICHOCTEH M BHPOOHHMKaMH 1010 (DiKCyBaHHA IIiH, a TAKOX MOKAa3ye,
YoMy COpoOHM JOMOBIJICHOCTI MPO NPHUIIMHEHHS I[IHOBMX BiMH 4YacTO 3a3HAIOTh Kpaxy, MPU3BOASYH [0
PO3Bajly CIUIBHUX MIANPHEMCTB YM BUXOLY KpaiH i3 30H BUNBHOI TOPTiBII, SIKIIO HAL[IOHAJIBHI YPSIH YU
KOMITaHii BOa4aroTh OLIbIII BUTOIH Y TPOTEKIIOHICTCHKUX AisiX [3, C. 28].

1. MonentoBaHHS TIOBEIIHKM KOMIIaHii Ha pUHKY. JloMiHaHTHE 3Ha4eHHs Teopii irop y Oi3Heci
MOJISITa€ Y TOMY, 110 BOHA JIO3BOJISIE OCMUCIIMTH 3aJISKHICTD YIPAaBIiHCHKHUX PIIICHb BiJ] MOBEAIHKHY HIINX
CeKOHOMIYHHX areHTiB, 110 OCOOIUBO aKTyaJIbHO B YMOBaX KOHKYPEHTHOI'O PHUHKY, ¢ MPHUOYTOK KOMIaHil
BHU3HAYAETbCA HE JIMIIE 11 BIACHUMH CTpaTeriiMu, aje i peakuisMd MapTHEpiB, MMOCTavajbHUKIB 4d
KOHKYpeHTiB. Tak, MaTpuis «npruOyTOK-Bignadya» BigoOpaxae, SKUM YMHOM (PiHAaHCOBI Pe3yJIbTaTH ABOX
KOMITaHiil 3MiHIOIOTHCS 3aJISKHO BiJl 00paHOi IIIHOBOT MOJITHUKY: SIKILIO BOHU OOMB1 0OMPAIOTh CIIBIIPALIO
Ta y3rOJLKEHHS BUCOKUX LiH, IXHi CyKYIHI TPUOYTKHM 3pOCTaIOTh, OMHAK 3aBXKIH 3AJIUILAETHCS CIIOKYCa IS
OIIHOTO YYacHHKa IEepeiTH JO arpecHMBHOI LIHOBOI CTpaTerii, 3HWKYIOUH IiHM AJIs 3aXOIUIEHHs OUThIIOT
YaCTKU PUHKY, 110 BPELITi-PEIIT MOXKE 3aBAATH 30MTKIB IAPTHEPY Ta 3pYHHYBAaTH JOCSITHYTY TOMOBIIEHICTh
(tabm. 1).

Tabn. 1.
Matpuusi «npu0yToK — Biigaua» VIl 1BOX KOHKYPYIOYHX (ipM (MJIH I'PH)

. - Hinu, BcTanoseHi ¢pipmoro |Llinu, BcranoseHi ¢pipmoro
Hiinu, BcTanoBeHi pipmoro A B = 20 mam rpn. B = 8 mam rp.
®ipma A = 20 MJIH TPH. 480 maH A, 480 mH B 640 muu A, 80 miaH B
®ipma A = 8 MJIH I'pH. -80 myH A, 640 maH B 0 miH A, O M B

1.1. ®ynkuii Burpamy:

[Mosnaunmo Burpaii yepes Ua(i,j), Us(i,}), ae i — ctpareris dipmu A, j —crpareris dipmu B.

Hamnpukian, Ua(20,20)=480, Ug(20,20)=480.

1.2. Anani3 piBHOBaru:

Sxmo o0uaBi kommaHii odbuparoTh criBnpamio (20;20), To Burpaui Bucoki: (480;480).

Sxmo oxHa 3 HuX 3HWXKYye HiHy (8 mpotu 20), TO oTpuMae MakcHUMaibHUil mpuOyTok: Ua
(8,20)=—80, U (20,8)=80.

Touka (8;8) € piBHOBaroro Hema, OCKiIBKH OJEH TpaBellb HE MOXE 30UIBIIUTH NPUOYTOK
OJTHOCTOPOHHBOIO 3MIHOKO CTpaTerii, aie Burpaiii MiHiManbHi: (0;0).

1.3. ®opmanizanis. Ko HMOBIPHICTH TOT0, IO KOMMIaHisI A 00Mpae BUCOKY LiHY JOPIBHIOE P, a
KoMmaHisi B — g, Toni odikyBaHi BUrpari MaroTh BUTIISIL

E[U,]= pax480+ p(1-q)x640+(1- p)gx(-80)+(1- p)(1-q)x0; 3
E[Us]= pax480+ p(1-q)x80+(1- p)qx640+(1- p)(1-q)xO0.

TakuM YMHOM, MiONPUEMCTBA MOXYTh KOMOIHYBaTH cTpaTerii 3 MEBHUMH HMOBIPHOCTSIMH,
(dbopmytoun 3MilaHi cTpaterii sl 3SHUKEHHS PU3UKY BTpaT.

2. Ouinka MmoBemiHKH crokuBauiB. He MeHImn (opMaTHOIO BH3HAYa€EMO i PONIb Teopii irop y
MOJIETIIOBAaHH1 MOBEIIHKU CIOKMBAYiB, OCKITBKH caMe BOHH ()OPMYIOTh IIONHT, Bif SIKOTO Oe3rmocepeIHbo
3aJIeKHUTh PO3BUTOK Oi3HECY. Y HEOKIACHYHUX MOJCISAX TPAAWULIMHO BUXOAATH i3 TOrO, IO PIBHOBaKHA
L[iHa BCTAHOBJIOETHCS HA MEPETHHI KPUBOi MOMUTY Ta MPOMO3HULII, MPOTE B Cy4aCHUX yMOBaX BUHHKAIOThH
YCKJIAJHCHHS, MOB’s3aHi 13 COLiadbHOKW mpupoaoto crokuBaHHs [7, C. 20]. Ilpukiagom € deHomeH
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JEMOHCTPAaTUBHOTO CIIOKMBAHHS, KOJIM TOBApH KYMYIOTHCS HE CTUIBKM 3apaad ixX (yHKLIIOHAIbHUX
BJIACTUBOCTEH, CKUIBKH IJIsl MIATBEP/KEHHS CTaTyCy, MPECTHXKY Ta MiIKPECIeHHS MaTepialbHOro
CTaHOBHIIA, 110 BUBOAUTH EKOHOMIYHY JIOTiKY Ha SKICHO iHIIMI PiBEHb 1 3MIHIOE KIACUYHI YSIBICHHS PO
3aJIeKHICTh I[IHH BiJl KOPUCHOCTI (Tadi. 2).

Tabn. 2.
MaTtpuusi «<BUTPATH—BHUIOW) JJIsl CTPATEriii JeMOHCTPATUBHOIO CIIOKUBAHHS (MJIH T'PH)
. . ®ipma B = JleMoHCcTpaTHBHE ®ipma B = Exonomin
Crpareris / ®ipma A p A p P .
CIOKHBAHHS KOIITIB
®ipma A = (-50 mutH; -50 muH) — 06uaBi komnawii | (200 muH; -100 miH) — A
JdemMoHcTpaTHBHE 3a3HAIOTh BUTPAT O3 peasibHOTO OTPUMYE CTAaTyCHY BUTOAYy, B
CIOKHBAHHS 3pOCTaHHS CTaTyCy BTpayae
. . 0 mute; O MuTH) — 00MIB1
®ipma A = ExoHoMisn (-100 mutH; 200 miH) — A BTpayae ( -~ ) A
. KOMIIaHii YHUKaIOTh
KOIITIB cratyc, B otpumye Burony
JOTATKOBUX BUTPAT

B mpencrasneniii Moneni mMoBemiHKA CIIOKMBAaYa TAKOXK MiATAEThCA IFPOBOMY aHAII3Y: 1HAWUBIIU
MOCTAaIOTh Tepen BHOOPOM Ta 3IifICHIOBAaTH BHTPAaTH Ha MPEIMETH PO3KOII 3 METOI OTPHUMAaHHS
JOAATKOBUX CTaTyCHUX BHUIOJA UM YTPUMYBATHCS Bill TAKMX BUTpPAT, EKOHOMJISTYM pecypcH. Burpamn ta
BTPATH B TakKiil rpi 3aj1exartp Bijl pillieHb iHIIMX TPaBLiB: KOJIH OIUH IEMOHCTPATUBHO CIIOKUBAE, a THIIHNN
Hi, TIEPIINIA OTPUMYE OAATKOBY COLliaIbHY KOPUCTD, a APYTHil OMUHAETHCSA Y BITHOCHO MEHII BUTiAHOMY
CTaHOBHIL; KOJIM X OOM/ABa TPpaBLi KyNYyIOTh JOPOTIi pedi, CTaTyCHa BUTOJa HIBEIIOETHCS, 1 BOHU HECYTh
JIe JoAaTKoBi Butpath [16, €. 738]. Came ToMy Taki cuTyalil MOXHa OMUCYBATH SIK irpH 3 HYJIBbOBOIO
CYMOIO, Ji¢ TIepeBara OHOT0 IPaBLs JOCATAETHCS 38 PaXyHOK BTPAT 1HIIOTO.

2.1. ®ynkuii Burpanmy:

U ,(luxury,luxury) = -50U ; (luxury, luxury) = —-50;
U ,(luxury, save) = 200,U ; (luxury, save) = —100;
U ,(save,luxury) = -100U ; (save,luxury) = 200;

U ,(save save) = 0,U; (save, save) = 0.

(4)

2.2. PiBHOBara:

V wiit rpi piBoBara Hema — npogins (0;0), ko obuasi cTopoHrn 0OMparoTh EKOHOMIIO KOIITIB,
ajke Oynp-siKa BIIXWIGHA CTpaTeris Bexe 10 ripuioro pesynbraTy. [Ipore icHye cTuMyn 10 BigXWiIeHHS:
SKIIO ONUH TpaBelb CIIOKUBAE «PO3KiID», BiH oTpumye Buroxy 200, ane numie ToZAl, KOMW IHIIUI
YTPUMYETHCSL.

2.3. ®opmaumizalis 3MiIaHol cTpaTerii:

Hexaii iMOBIpHICTb 1€MOHCTPATHBHOT'O CIIOKMBAHHsI y rpaBLs A opiBHIOEe P, y rpaBus B—(g. Toxi
OYiKyBaHi BUTpaLi:

E[U.]= pax(-50)+ p(1-q)x200+(1- p)gx(-100)+(1- p)(1-q)xO0, ©)
E[Us]= pax(-50)+ p(1-q)x(-100)+(1- p)gx 200+ (1- p)(1-q)x0

3. Meroau Teopii irop HaOyBaloTs 0COOIMBOI Bark y NpoLeci NpUHHATTS MAPKETUHTOBUX PILlICHb
y cdepi po3apiOHOT TOPTiBIi, OCKUIBKH caMme L rary3b NOCTIHHO (YHKIIOHYE B yMOBaX BHCOKOT'O PiBHS
PU3UKYy Ta 3HaYyHOI HEBHU3HAYCHOCTi, ILIO 3YMOBJICHO MIBHJIKOIO 3MIiHOIO CIOXHBYHX YIOAOOAHb,
3pOCTaHHSAM KOHKYpPEHLil Ta HemepeabadyBaHMMHM 30BHIIIHIMU (akTopamu. [y Kpaiioro po3yMiHHS
MeXaHi3My 3aCTOCYBaHHsI irpOBOTO MiAXOAY PO3TIIAHEMO HPUKIIAl ABOX KOHKYPEHTIB, sIKi MPaLOI0Th HA
PUHKY CHCTeM KOHIUIiIOBaHHA 1 BeHTWUil. [lpumycTuMo, mo B MEBHOMY perioHi 4acTka Meprioi
KommaHii ctaHoBUTE 60 %, Toxi Ak npyra yrpumye 40 % BiINOBiAHOrO cerMeHTa, i 0OMIBI BOHM HalIeH1
Ha HapOLIyBaHHS MPOJAXiB Ta PO3MIUPEHHS PUHKOBOI pHrcyTHOCTI [1, C. 316)].

3amis TOCSATHEHHs CTPATErivHUX IiJied KOXXHAa KOMIIaHis Ma€ y CBOEMY PO3MOPSIKEHHI KilbKa
albTEPHATHBHUX BapiaHTiB mii: A1(B1) — iHBecTHuii y po3mmpeHHs TopriBenbHOi Mepexi, A2(Bz) —
aKTUBI3aIlis PEKIIaMHUX KammaHii, 4z (Bs) — muBepcudikariisi Ta po3IMIHPEHHS aCOPTUMEHTY MPOAYKIII,
A4(Bs) — yrpriMaHHSI cTaTyc-KBO O3 aKTUBHHUX 3MiH y Oi3Hec-Mozeni. [Ipu 1boMy pOBeeH I monepeaHiit
MapKEeTHHIOBUH aHaNi3 MOKa3aB, IO peali3alis THX UM IHIIMX CTpaTerii odoMa yyaCHHKaMH PUHKY I10-
pi3HOMY BIUIMBa€ Ha 3MiHY YacTKM HepIIoi KOMIIaHii, 1[0 JO3BOJISIE BiLOOPa3sUTH Pe3yiabTaTH Y BUTIISAL
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MJIATHKHOT MATPHIT, IKa HAOYHO JEMOHCTPYE, K 3aJIeKHICTh MiXK BHOOPOM CTpaTeriii KOHKYpeHTiB opMye
HOB1 PHHKOBI ITO3MLIi Ta BIJIMBa€ HA (iHAHCOBI pe3yabTaTH 000X CTOPIH.

AOCOIIIOTHO OYEBUAHUM € Te, IO I/l 000X KOMIaHId KIIOUYOBHUM 3aBAAaHHSIM BUCTYIA€ aKTHBHE
MpOCYBaHHS BIACHOI MNPOLYKWii, a/pke caMe Big IBOTO 3alCKUTh HE JIMIIE KOPOTKOCTPOKOBA
npUOYTKOBICTh, a i JOBrOCTPOKOBE CTpATErivHe 3aKpilUIeHHs MO3UIii Ha PUHKY, IO B YMOBaX Cy4acHOi
KOHKYpEHLi1 Ha0yBa€ MepUIopsAHOro 3HaueHHs. BogHouac y po3nopsaKeHHi rpaBLiB nepedyBae MOBHA
iHpopMaLis y ¢opMi IIIAaTHKHUX MaTPHUIlb, 1 TOMy BUHHKAaE HEOOXIAHICTh y BUOOpI Takoi crparerii, aka O
BpaxoByBaJla iHTepecH 000X YYAaCHHKIB Yy BiZIHOCHO 30allaHCOBAHOMY BWIJIALI, MIHIMI3YIOUH PH3HKH
OIHOCTOPOHHIX BTpaT. BUKITIOUMBIIM 3 PO3IJIsy JOMIHAHTHOI cTpaTerii (Hampukiaja, YeTBepTHI BapiaHT
0e3isUTbHOCTI), SIKi He 31aTHI 3a0€3MeUYNTH MO3UTUBHOIO PE3yiIbTaTy, Ta JOJABIIN YMOBHHHA KOE(ILi€EHT
Kopekuii y po3mipi 10, M OTpUMyeMO OHOBIICHY IUIaTDKHY MATPHIIO, sIKa BiZoOpakae MOXIMBOCTI A5
MOOYIOBH «ITO3UTHBHUX irop» [8].

VY pe3ynbTaTi po3paxyHKiB HHXKHS I[iHAa TP CTAHOBUTH o = 4, TOAI SIK BepXHS f§ = 6, TOOTO JaHa rpa
HE Ma€ ClIUIOBOI TOUKH, SKa 33 CBOEIO MPUPOIOIO BioOpakana O TaKui eJeMEHT MaTpUIli, 0 € BOIHOYAC
MiHIMaJIbHUM Y CBOIH PSIIKOBIM cTpaTerii Ta MaKCMMalbHUM Y BiAIOBIAHOMY CTOBIIIEBOMY BapiaHTi. 3a
BIZICYTHOCTI TaKOro ONTHMAJbHOTO €JeMEHTa YYaCHUKM Oi3Hec-Ipolecy BHUMYIICHI MEPEXOAUTH 0
3MIIIaHUX CTpATErii, M0 y MPaKTUYHOMY BUMIpi O3HaYa€ HEOOXiAHICTh MOEAHAHHS KUIBKOX BapiaHTIB Jil
13 pi3HUMHU UMOBIPHOCTAMHU iX 3aCTOCYBaHHA. JJIs APYroro miAnpHeMCTBa 1€ 3aBAaHHS MOXKHA 3aIMCcaTh y
BUTJISIAl CHCTEMH OOMEXEHbB:

X +%+ X% —max,

33X + 2%, + 63 <1,

A, + 71X, + 5%; <1,

6x, + 3%, + 26 <1, (6)
X 20,i=1,2,3.

Po3B’s13aHHA JaHOT cHCTEMH MOKa3ye, 10 MepIuiii KoMmaHii HaiOibII BUTIIHO OpIEHTYBAaTUCS Ha
crpareriio A: (Hampukiazx, IHTEHCHBHE PO3MIMPEHHS IUCTPUO’IOTOPCHKOI Mepexki), ToAi SK Apyrii
KOMITaHii ZOLiIbHIMIE poOuTH CTaBKy Ha crpaterito B, (MacmTaOHI peknaMHi KamMmasii Ta IpOCyBaHHS
Openny). BinmoBa Bix Takux crpareriii abo iX HecBo€dacHa peastizallisi IpU3BOIATH 0 3HAYHUX PU3HKIB:
JUISL TIepIIoi KOMIIaHii — 1e BTpaTa 4acTKU PUHKY 1 3HMKEHHS MPUOYTKOBOCTI, a AJIsl APYroi — 3aMicTh
OYiKyBaHOTO MPHUPOCTY YACTKU 30yTy MOKE HACTaTW il CKOPOYEHHS, IO MPSIMO BIUIMBAE Ha (piHAHCOBI
PE3yIbTaTH Ta KOHKYPEHTOCHPOMOXKHICTD Oi3HeCy. SIK IeMOHCTpY€E NPUKIIa, TEOpist irop Moxke eeKTUBHO
3aCTOCOBYBATHCS KOMIIaHISIMU IIPpU BHOOPI CTpaTterii mpocyBaHHS Ta MPOAAXKY MPOAYKIii, OCKITBKH BOHA
JI03BOJISIE 3a3[aJIerilb OL[IHUTH HMOBIPHI pe3yNbTaTH AiSUIBHOCTI, CIIPOTHO3YBAaTH PEAKLiI0 KOHKYPEHTIB 1
HaBITh Mepen0aYnTH 3MIHH y CIIOKUBYIH mosexinii [14, €. 50].

4. Mopens KypHo, mo orpumaina cBOIO Ha3By Ha 4ecTb ()paHIy3bKOTO MaTeMaThka AHTyaHa-
Orycrina KypHno, sixuii Bnepine npencraBus ii me y 1838 poui, nmocigae xmo4oBe micue y Teopii irop,
OCKUTBKH JIO3BOJISIE OMMCATH MOBEAIHKY KOMIIAHIM Ha PUHKY 3 OOMEKEHOIO KUIBKICTIO TPaBliB, 30KpeMa y
BUIAJIKy AYONOINTil, KOJH iCHYIOTH JIMIIE ABa OCHOBHHX BHPOOHUKH, 5IKIi KOHKYPYIOTb MK c00010 3a
cnoxuBava. KoHuenTyansHO 1 MOJENb OJIM3bKa 10 TUJIEMH YB SI3HEHOT0, aJKe BUOIp cTpaTerii KOXKHOT
KOMIIaHil BU3HA4Yae He juile ii BiacHi (iHAHCOBI pe3ynbTaTH, a i Oe3nocepenHbO BIUIMBAE HA TOXOAU
KOHKYpEHTA.

[Ipumyctumo, mo ABi kommadii, 4 Ta B, BUnyckatoTb OqHOPIAHUN TPOIYKT 1 MOXKYTh OOMpPATH MiXK
BHCOKMM Ta HM3bKHM piBHEM BUPOOHHMITBA. SIKImO oOHMIBa BHUPOOHMKH KOOPAMHYIOTH CBOI il Ta
3TOKYIOTHCS] Ha HU3BKUI piBeHb BUITYCKY, OOMEXKEHa MPOIO3ULIIS CIPHSIE MiIBUIICHHIO PUHKOBOI IIIHU 1
rapantye o0oM 3HauHi npuOyTKU. SKIIo >k 00MIBI KOMMaHIi MepexonsITh 10 HAAMIPHOTO BUPOOHHUIITBA,
PHHOK TEpErOBHIOETHCS TOBAPaMH, 1110 BEIE A0 MaIiHHS LiHU i CYTTEBOrO 3MEHILIECHHS NPUOYTKOBOCTI. Y
CHTYyallii, KOMX OOMH BUPOOHUK OOMpAE KOOIEPATHBHY CTPATETiI0 3 HU3BKUM PIBHEM BHPOOHMITBA, a
IHIINH 3acTOCOBYE (DYHKLIIO «IAC3EPTUPY 1 30UIbIIYy€e 0OCSTH BHITYCKY, IEPIIUIl BUXOANUTH JIMILEC HA PIBEHb
0e330MTKOBOCTI, TOI SIK APYIHi OTPUMYE MIABHIIEHUH MPUOYTOK 3aBAAKH 3aXOIUICHHIO OLTBIIOT YaCTKU
puHKy (Tabmn. 3) [11].

Ll MaTpuIs AEMOHCTPYE, IO CTPATEris CHiIbHOrO BUPOOHHUIITBA HA HU3BKOMY PiBHI 3a0e3meuye
000oM cropoHaM MpHOYTKH Y po3Mipi 4 MJIH T'pH KOXKHiH. SIkmo komnaHist 4 chiBoparioe, a kKomnadis B
BHUXOAUTH 3 PUHKY, TO BUTpall AopiBHIOE 0 MJIH TpH A7t A Ta 7 MitH rpH aj1st B. Y npotunexxnomy BUNaaKy
CHTYyalisi CHMeTpHuHa: 4 oTpuMye 7 MIIH I'pH, a B 3anuimaerscs Ha piBHI 6€330UTKOBOCTI.
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Tabn. 3.
MaTtpuusi BUILIAT AJs1 ABOX KOMIAHIl (MJIH rpH)
Mopeas KypHo Komnanist B cmiBmpamtoe Komnanist B nezeprup
Komnanisi A cniBnpaiioe @ 4; 4 (b) O; 7
Komnanist A neseptup (© 70 (d)2;2

[Ipu onHowacHOMy BHOOPI cTparerii gedekuii oonaBi KoMnaHii 3apoOIIAIOTE JHIIE 110 2 MIIH I'PH.
3 Touku 30py Oi3HEC-PO3BUTKY TaKa MOJIENb AO3BOJISIE TIOSICHUTH, YOMY HaBiTh 32 HasBHOCTI CTUMYJIIB JI0
cmiBmpaini KoMIaHii 4yacTo oOWMparoTh KOHKYPEHTHI cTpaTterii, ajke KOPOTKOCTPOKOBAa BHUIOAa Bix
arpecUBHOI MOBEIIHKHU 31A€ThCS OUTBII MPUBAOIUBOIO, HIXK JOBrOCTPOKOBE 30€pEKEHHS CTa0lIBHOCTI Ta
BHUCOKUX MpHOYTKiB. Y Cyd4acCHOMY PHHKOBOMY CEPEIOBHILI, A€ KOHKYPEHLIS MOCHUIIOETHCS 3aBISKU
rio0anizanii, s JIorika HaOyBae 11e O1IbIIOT aKTYaIbHOCT1, OCKUIBKHM KOMIaHii 3MyIIeH1 0alaHCyBaTH MK
TAaKTUYHUMH JiSIMU Ta CTPATEriYHUM PO3BUTKOM [12].

Oxpemuii KJ1ac CTaHOBJIATH KOOPIMHALIKHI irpH, y SKUX TPaBLi OTPUMYIOTH BHII BUTPALIi, SKIIO
ixHi nii y3romkeni. JluineMa yB’S3HEHOT0 HaBYA€ HAC, IO IIPOCTE CHIBPOOITHUIITBO HE 3aBXK/U BIAMIOBiTa€
iHTepecaM OKPEeMHUX IpaBLiB, OHAK y Oi3HEC] ICHYIOTh CHTYallii, KOJH CIIbHI y3ro/DKeH1 Aii JaroTh 000M
CTOpOHaM Oifbli pe3yiabTaTH, HDK I1HAWBiXyanbHa cTpaTeria. IIpukimamom MoOXHa BBaKaTH PHHOK
aBTOMOOUTIB: 7SI CIOKHMBAaYa ONTHMAJILHIM BapiaHTOM CTa€ BEACHHS MEPEroBOPIB LIOA0 3HIKKHU, TOMI SIK
IUJIEPCHKUNA LEHTp 3alliKaBJICHUI y JOTPUMAaHHI )KOPCTKOT LIHOBOT MOJITUKY AJIs1 MaKcUMi3alii mpuOyTKy.
SKmo oOuIBi CTOPOHHM HE HAyTh HA MOCTYIKH, MOKYIELb MEperiauye, a KOMIaHid pU3HKY€e BTPATUTH
kiienTa. OTHaK KOOpAMHALIS y IEPEroBOpax A03BOJIsiE CHOPMYBATH «BUTPALLHY» CUTYaIlilo, 3a sIKOi Oi3HecC
OTPUMYE NPOAAXK, & KIIEHT — CIPAaBEAJIUBY IiHY. TakuM YMHOM, Teopis irop y Oi3Heci HOBOAWTH, LIO
rapMOHi3allis CTpaTerid Mi>k KOMIaHISIMU Ta CIIOKHUBAaYaMH 31aTHA He JIUIIIE MiBUILYBATH TPUOYTKOBICTD,
ane i popMyBaTH CTIHKHI PO3BUTOK PUHKOBHX BiTHOCHH Y TOBIOCTPOKOBiH MEPCIEKTHBI.

BucHoBKH Ta MepCHeKTUBH NMOJAIBIIMX AOCTiIKeHb. BcTaHOBIEHO, 0 MaTeMaTH4HI MOJEINI
Teopii irop 3abe3neuyroTh KOMIUIEKCHHH OMMC MPOLECiB KOHKYPEHTHOI B3a€MOJil MK KOMIAHIsIMU Ta
CIIO)KHMBa4YaMH, CTBOPIOIOYM HAYKOBO OOIPYHTOBaHY IUIATGOPMY ISl pO3POOKH CTPATEridyHUX PillleHb, SKi
MiABUIIYIOTH €EeKTUBHICTD YIPABIiHHA MiANPUEMCTBAMHU Ta 3MILHIOIOTH iXHI pUHKOBI o3uwii. loBeaeHo,
110 JOMIHAHTHI CTpaTerii CyTTeBO BIIMBAaIOTh Ha (hOPMyBaHHs LIHOBMX PIBHOBAr y Oi3HEC-CEpEIOBHILI.
[IparHeHHs OKpeMUX KOMHaHIH 10 MakcHMi3alii BIACHOTO MPHOYTKY YacTO MPU3BOIUTH IO PO3MALy
KOOIIEpaTUBHUX Yo, iIHTeHCUpiKalil KOHKYPEHTHOT 0OpOTHOM Ta BUHUKHEHHS CUTYyalil, 10 HOTIpIIyIOTh
3arajbHi MOKa3HUKH PUHKOBOTO PO3BUTKY.

[linTBepmKeHO epeKTHBHICTh MPUKIATHAX IrPOBUX MOAENEH, BKIIOYAIOUW MAaTpPHILl «IIPHOYTOK-
BiIaua» Ta «BUTPATH—BUTOIMY, JJIS OLIHIOBAHHS TOTEHI[IMHUX Pe3yIbTATiB SIK JJI BUPOOHUKIB TMPH
BHOOPI IIHOBOT IMOITUKH, TaK 1 IS CIIOXKUBAYiB Y KOHTEKCT1 IEMOHCTPATUBHOTO CIIOkMBaHHSA. 11 Mmomeni
BUSIBIISIIOTH COLliaJIbHY NMPHUPOAY €KOHOMIYHOI MOBEAIHKH, IO KapIMHAJIbHO 3MIHIOE TPaJULiHHY JIOTIKY
nonuty 1 mnponosuuii. I[IlpogeMoHCTpoBaHO BHCOKY €(EKTHBHICTh JUHAMIYHHX HMOBIPHICHHX
CBONIOUIHHUX 1irop I/ MOJENIOBaHHS JIOBFOCTPOKOBUX TpaHC(opMmalid y PHHKOBUX YacTKax Ta
¢dopmyBaHHI akTHBiB KoMmmaHid. OOIpyHTOBaHO KpUTHUYHY BaxkiuBicTe mozened Kypno, Beprpana ta
KOOpDOMHALIHHUX 1Irop Ui CTBOPEHHS CHCTEMH CTpPATEriyHOro YHPaBIiHHSA, LIO BPaxoBYeE SIK
KOHKYPEHTHHH THCK, TaK 1 MOTEHLiaJ Koomepalii, rapaHTyiOud CTaIMi PO3BUTOK Oi3HECY B EMOXY
riobanizanii Ta Hu(PoBOi EKOHOMIKH.
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C.®. Oxumuyk, T.JI. Jamok, C.M. FOxumuyk, JI.M. Jautok
Jhybkuti HayioHanvHull MexHiuHUll YHigepcumem

PO3POBKA HAXNJIIOBAYA CTEBEJI JIBOHY JJIA JIBOHOBPAJIBHOI'O AITAPATA

Y emammi oano onuc koncmpykuyii naxunioeaua cmeoden 1b0Hy 0N OUCKOBO-NACOB020 NbOHOOPAILHOZ0 anapama.
Buzomoeneno excnepumeHmanvHy yYCMAHOBKY 3 HAXUWII06AYEM CMefen JIbOHY MA 6 NOAbOUX YMOGAX nepesipeHo it
pobomozdamuicmes. Bcmanoeneno, w0 6UKOPUCMAHHA HAXUNI08AYA 3ade3neuye 2apaHmMOSAHUIl HAXUN cmeben, AKi
nioeo0aAmbCA NOOINbHUKAMU 00 OPANIbHOZ0 PIBUAKA, UM CAMUM 3MEHULYIOUU 8 HOOANILULOMY PO3MAZHYmMICIb [ nepeKic cmeben
y cmpiuyi. A maxosc 3a6e3neuumsy nEPREeHOUKYIAPHICING 3AMUCHYMUX Y OpATbHOMY PIGUaKy cmeben NbOHY, 4 3HAYUMDb
ROKpawjumo BUKOHAHHA HACHYRHUX MEXHON02UHUX onepayiii 1boHo30upansnoi mawunu. Takux, Ak o6uicyeanus
HACIHHESUX KOPOOOUOK I PO3CMUIL JIbOHOCOIOMU.

Knruoei cnosa: cmebna 1v0my, noOibHUK, HAXUTIO8AY, TbOHOOPATLHULL anapam.

S.F. Yukhymchuk, T.L. Datsyuk, S.M. Yukhymchuk, L.M. Datsyuk

DEVELOPMENT OF A DEVICE FOR INCLINING FLAX STALK FOR A FLAX-
PULLING APPARATUS

Thearticledescribesthe design of adevicefor inclining flax stalk for a disc-belt flax-pulling apparatus. An experimental
setup with a device for inclining flax stalk was manufactured and its performance was tested in field conditions. It was
established that the use of the device for inclining ensures a guaranteed tilt of the stalks, which are brought by dividers to the
pulling streams, thereby reducing the stretching and skewing of the stalksin the belt. It also ensuresthe perpendicularity of the
flax stalks clamped in the of the pulling stream, thusimproving the performance of subsequent technological operations of the
flax harvesting machine. Such as combing seed capsules and spreading flax straw.

Keywords:. flax stems, divider, device for inclining, flax-pulling apparatus.

[ocTanoBka mpodaemu. /|1 po3noniny cTe0IecTor Ta miABeIeHHs cTedel 10 OpalbHUX piBYaKiB
y JIbOHO30WpaNbHUX amaparax BHKOPUCTOBYETbCA NOAUTBHUKKA Lli KOHCTpYKWii CKIagaroTbes 3
LHEHTpaJbHOro 1 OiuHMX mpyTKiB. s 3amobiraHHs MONOMKH MOAUIBHMKIB NMPH HAi3Al HA MEpemKomy
[EHTPAILHUI MPYTOK POOJIATH TEIECKOMYHUM abo IIie J01aTKOBO MiaNpYKUHIOITH [1, 2, 3, 4].

[Ipu B3aemopmii crebiecTor0 3 OIYHMMH MPYTKAaMH TOAUTFHUKIB cTeONla BIIXWISAIOTHCS B OIK i
HaXWIIOTHCS BIIEpe, a cTeOua, siKi po3MillieH1 HaBIIPOTH OpaJIbHUX PiBYAKIB 1 HE B3aEMOIIIOTH 3 O1YHUMU
NPYTKaMH, TUIBKA TPOXH BiIXMJISIETHCS BIIEpe Yepe3 [il0 Ha HUX cTeden HaXWICHHX MOAIbHUKaMH a0o
3aJIMILAETHCS BEPTUKATBHUMU. J{11s1 OpajbHUX anapartiB 3 MONEpEYHUMHU OpalbHUMU piBuakaMu (o0magHaHi
HaBICHI JIbOHOOpANKH) y SIKUX OpajbHUN amapaT HaxujeHuH mig kyToMm 15-25° no ropusoHTy me Oyio
MPUITYCTHMO.

VY OpanbpHUX anapaTax 3 HO3J0BXHIMU OpaIbHUMH pidakaMu, SKi HAXWJIEH] 10 TOPU3OHTY Ha KYT J0
55-65°, ans GinpIIoro Haxuiy creden JIbOHY BUKOPUCTOBYIOTHCS MMOAUTBHUKY 3 OLTBIINM 3arOCTPEHHSM, a
3HAYUTh 1 OUIbIIOI JOBXHMHHU. Lle mpHu3BOANTH A0 30UIBLICHHS METaJOMICTKOCTI 1 MOTIpIIEHHS SKOCTi
po0OTH THOHOOPAEHOT MAaIllMHU Ha MOBOPOTaX. TakoX IIi MOAUTFHUKK 3HH3Y OOJaJHAaHI JOATKOBUMHU
MPYTKaMH, TOJIOKEHHS SIKUX PErYJIIOI0Th BPYYHY BIATIOBIAHO O XapaKTEPUCTHK cTednecToro. SIKIIo T50H
NPSIMOCTOSYMH X BIATMHAIOTH B CTOPOHH, SIKIIO MOJIETIINI HAaBMaK! BIATMHAIOTH A0 LUEHTPY MOIUTEHUKIB.
Ane He BCi MeXaHi3aTOpW 3HAIOTH SIK MPAaBWJIBHO BIATMHATH Li NPYTKU, ab0 HE XO4yTh e podutn. B
pe3ynbraTi crebiia JhOHY 3aTHUCKAlOThCs B OpajbHUMX piBYaKax HE MEPIEHAUKYISPHO A0 TUIOLIMHH
OpasibHOTO amnapata. Lle mpU3BOIUTH A0 3HWKEHHS YHCTOTH OOUiCYBaHHS T'OJIOBOK, 301IBIIYETHCS BiIXif
creben y IIyTaHUHY 1 IOPYLIYEThCS MapaienbHICTh CTe0eN y cTpiuLi.

Takox, 5K 1 B OpanbHUX amapaTtax 3 HONEPeYHUMHU OpaJbHUMHU piBUakaMu, cTedia, o po3MilleHi
HABOPOTH OpaJIbHUX PiBYAKIB 1 HE B3a€MOAIIOTH 3 OIYHUMH NMPYTKAaMH MOIUTFHUKIB Majl0 HAXWUJISIOTHCS
Brepea. Lle mpu3BonuTh 10 30LMBLIEHHS! PO3TATHYTOCTI cTeben Ta ix mepekocy y crpiumi. Takox mpu
301IBIIEHH] PO3TATHYTOCTI, a 3HAYUTH 3MilLIEHI HE TUIBKM HIDKHIX YacTHH ajie i BEpXiBOK € HeOesmeka
00pHUBiB HACIHHEBHX KOPOOOUYOK 1 BTpaTH HACIHHA.

s Toro, mo6 crebna B OpaibHUX piBUakax Oyny MeprneHIUKYIAPHI IUIOMMHI OpaibHOro anapata
NOTPIOHO TaK HAXWJIMTH YCi cTeOsla B HaNpsIMKY pyXy MallMHH, 100 B MOMEHT 3aTHCKaHHS cTe0en y
OpasibHOMY piBUaKy KyT HaXuiy cTeOen OyB piBHMI KyTy Haxuily OpajibHOTO amaparta 10 MOBEpXHi MOJIs.
[MoxineHUKHN 1HOTO 320€3MEeUYNTH HE MOXKYTh. TOMY aKTyalbHUM € pOo3poOKa AOAATKOBOI'O MPUCTPOIO IS
HaXWIEHHsS cTeOen JbOHY, KUK OM MaB MPOCTY KOHCTPYKLIIO 1 JIETKO PerysioBaBCs MiA Pi3HY BUCOTY
cTeOJIOCTOIO JIbOHY.
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AHaJII3 0OCTAHHIX JOCTiIKeHb I myOikamii.
Hamu 3ampomoHOBaHMil AMCKOBO-TIACOBHU JThbOHOOpaibHHU amapat [5, 6], oOmagnanuii
HaxXuIIoBayeM creden JbOHY, CXeMaTH4HO MOKa3aHuil Ha puc. 1.

il Y e

<
J

{

Puc. 1. BpaabHuii amapar 3 HAXHJII0Ba4YeM cTebeJ1 JIbOHY: 1 - MOAIIbHUKH; 2 - ToNepeYHu i
IIMT, 3 - pi3b00BI cTep:kHi, 4 - HanpaBaA04i 15 - raiiku; 6 - OpajgbHi AUCKH, 7 - OpaJIbLHI acH,
8 - ponukwu, 9 - mignpy:kuHeHi KpineHHs, 10 - HanpsamHi npyTkU; 11 - monepeuHui
TpaHCIOpTep; a — BUA 3Bepxy, 0 — BUA 300Ky

BpanpHuii anapar 3 HaxumoBadeM cteder JIbOHY MICTHTh: 30ipHY pamy (Ha puc. 1 He mokasaHa);
MOJITBHUKY 1; HAXWUIIOBay cTeOeN JIbOHY, SKUH CKIANaeThCs 13 MOMEpeYyHOoro MmuTa 2, BATOTOBICHOTO Y
BUTJISAL JIMXKI, 3 IPUBAPEHUMHU 110 OOKaX Pi3bOOBHMH CTEP)KHSAMH 3, HAPABIISAIOUHX 4 1 Taliok 5; OpasibHUMA
BY30J1, IKAH BKJIIOYa€ OpaiibHi JUCKU 6, OpajibHi macu 7, pONMKH 8, MANPYXUHEH] KpilUIeHHS 9, HanpsIMH1
npyTtku 10; nonepeunnii Tpancnoprep 11.

Bpanpauii anapat 3 HaxuIOBa4eM cTeOel JIbOHY MPaLioe€ HACTYTHUM YHHOM.

BignoBigHO [0 XapaKTepHCTHK CTEOJOCTOI0 JIbOHY TNPOBOAUTHCS HANTAINTYBAHHS HAXWUIIOBaya
creben JIbOHY, a caMe, PEryJIIoeThCsl HOro MOMOXKEHHS BiTHOCHO MOAUIBHMKIB Ta KyT Haxwiry. s nporo
MOCIa0IIOIOTECS TaKK 5 1 pi3b0OBi CTEpXkKHI 3 MEepeMilIyIOThCsl B Ma3ax HaNMpaBiSIIOUUX O, MAapHIpHO
3aKpilNIeHUX 10 paMu OpasibHOro amapata. [licisi BUCTaBISIHHS IIMTa 2 HOTO MOJOXKEHHS (iKCYeThCs
3aTATYBaHHAM TaiioK 5 Ha pi3bOOBUX cTepkHAX 3. [y Hepo3KpydyBaHHs pi3bOOBHX 3’€IHaHb BOHU
JOAATKOBO KOHTPIasiThCs 1€ ONHUMH TaiiKaMu.
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[IpuBon OpanbHUX AMCKIB, SKi 00EpPTaIOTHCS B OAHAKOBOMY HAIPSIMKY, 3IIMCHIOETHCS 3 KapTepa
pamu. 3 0qHOro OOKY KOXEH OpaTbHUN TUCK 6, OXOIIIIOETHCS OpalbHUM TacoM 7, SKAH HaAITHH Ha POJIUKH
8. 3a paxyHOK HiInpy>KMHEHOr'0 KpIMJeHHA 9 BEpXHBOTO poiMKa § 3a0e3meuyeThcs MOCTIMHHMNA HATAT
OpaJIbHOTO macy 7, a 3HAYUTh 1 TUCK B OpalbHOMY piBUaKYy.

[Ipu pyci MalIuHK 10 MOBEPXHI MO MOAUIBHUKY 1 PO3AUISIOTH CTE0Ia JIbOHY HA OKPEMi CMYKKH 1
HaNpaBIAIOTh iX B rupna OpanbHUX piBuakiB. OJHOYACHO HA BEPXIiBKH cTeOen [i€ MOHepeyHHH IUT 2
HaxXWIoBaya cre0el JIbOHY, CHPUYMHSIOUM MOCTYIOBUI Haxmi cTeOen B HANpsIMKY pyXy arperatra Ha
HeoOximHui kyt. [lanmpiie ctebiia JbOHY 3aTHUCKAIOTHCS MDK KOHTAKTYIOUMMH IHOBEPXHAMH OpanbHUX
IHCKiB 6 1 OpanbHUX MaciB 7 MeprneHIUKYSPHO IUIOIMHI OpajbHOrO anapaTa, BUTATYIOTbCS 3 TPYHTY 1
MEepeMilyIoTbCsl 10 BHUXOAy 3 OpajbHHX piBUAKiB, J€ 3aXOIUIIOIOTHCS HaJbISIMH IONEPEYHOIO
TpaHcnoprepa 11 i koB3arouu Mo noBepxHi HANPSMHUX NPYTKIB 10 mepeMilyoThCs 10 BUXOAY 3 OpajabHOro
anapara. B monmampmioMmy B 3aJIKHOCTI Bil THIy JHOHO30MpalbHOI MallMHM CTEOJI0Ba CTpiuka ado
PO3CTENAETHCS HA JIBOHMIIE, a00 MOAAETHCS HAa HACTYIHI po00Ui OpraHu JbOHO30MPAIbHOI MALIMHU JUIS
00uicyBaHHS HACIHHEBUX KOPOOOYOK.

OO6nanHanHsa OpajbHOIO anaparta HaXWIIOBayeM CTeOeN JIbOHY J1a€ MOXIIMBICTh HAXWIIUTH cTeOJia
TMLOHY, SIK1 IABOAATHCS 0 TP OpanbHUX piBYaKiB, HA KYT, IKUH 3a0e3meuye iX 3aTUCKaHHS B 6paJ'IBHOMy
piBUaKy MEpHEHIUKYISIPHO A0 IUIOMMHHM OpaipHOro amapata. Lle J03BOMUTH 3HU3UTH PO3TATHYTICTH
crebnoBoi cTpiukd 1 mepekic creben y cTpiumi. Takok MOXKHA Ha JIbOHOOpaJIbHOMY amapati
BHKOPUCTOBYBATH KOPOTIi MOAUILHUKH 3 OUTBIIMM KyTOM 3arOCTPEHHS, 1110 3HU3UTh METAIOMICTKICTh Ta
MOKPAIIUTh POOOTY JILOHOOPATBHOTO anapaTa Ha MOBOPOTaXx.

IlocranoBka 3aBaaHb. IlepeBipka poOOTO3MATHOCTI 3aIPONOHOBAHOI KOHCTPYKLIT HaXWIIOBaya
creben IbOHY AJIS IbOHOOPAIBHOTO anapaTa i Horo epeKTUBHOCTI B ITOJILOBUX YMOBaX.

BukJiazeHHsl 0CHOBHOT0 MaTepiaiy.

Jns mepeBipku poOOTO3AATHOCTI 3alpPONOHOBAHOI KOHCTPYKLI HaxuioBauya creden JbOHY Oyna
BUTOTOBEHA CKCIIGPUMEHTANbHA YCTAHOBKA, fKa CKIAJaeThCsl i3 Bi3ka Ha YOTUPHOX Kojecax, 1
3aKpiIlJIeHOMY Ha HOMY JBOX MOIUTBHUKIB 1 HaXuiIroBaya (puc. 2).

Puc. 2 — ®oTo ekcriepuMeHTAIbHOI YCTAHOBKH HAXMJIIOBA4a cTedesI JIbOHY

ExcnepuMeHnTanbHa ycTaHOBKAa Majia Taki po3Mipu. Bigctane MK HOCHKaMu MOIUTBHHUKIB a00 K
mupuHa 3axorieHst — 35 cM. [lomineHUK siBJ€ c000I0 3BapHY KOHCTPYK L0 i3 LEHTPaTbHOro MpyTKa
niamerpoM 10 MM 13 3arHYTHM Ha KiHIII HOCUKOM, 3arajbHa JJOBXKMHA IIOT0 NpyTka — 55 cM. Ha Biacrani 7
CM BiJI KiHIISI HOCHKA A0 EHTPaJIbHOr0 NPYyTKa IPUBAPEHI CHMETPUYHO JB1 Tapy OIYHMX NPYTKIiB TiaMepoM
6 mM. Bepxni Oiuni npytku Manu noBxkuHy 50 cM, a HmkHI 40 cMm. Takoxk Ha BifcTaHi 35 ¢M Bix KiHIA
HOCHKAa 0 LEHTPaJbHOTO MPYTKa TYJIO NMPHBApEHA BTYNKA U IIAPHIPHOTO 3€AHAHHS MOXUIBHUKA i3
crifikoro. {751 yrpuMaHHs NOAUIPHUKA B 3aJaHOMY MOJOKEHH] 70 CTIMKM MpUBapeHUi KpoHIITeHH. Mix
KPOHIUTEHHOM 1 LEHTPAIbHUM MPYTKOM MOKHA BCTaBUTHU NPYXHHY po3Tsry. Ilpu Haizai Ha mepemkoxy
HOCOK TMOJUTbHUKA MiAHIMAETHCS 1 MPU MPOXOMKEHHI MEPEIIKOIN OMYCKAEThCS B IOYATKOBE MOJIOXKEHS.
Bucora po3MimieHss moAiIbHUKA BIJHOCHO MOBEPXHi moisi peryitoBanacs B Mexax 10-20 cm, mmpuna
3a30py MK KIHLISIMH OIYHUX NPYTKIB CYCiHIX MOXUIBHUKIB HA BUXOAI CKiIaja 5 cM.

[{uT HaxomoBa4a BUTOTOBJISIBCA 13 IUCTOBOI cTati 1 MaB mupHuHy 40 cM 1 goBxuHy 60 cM. 3arHyTHi
KiHelb IUTa XapaKTepu3yBaBCs AYTOI0 TOBKUHOIO 7 cM 1 paniycoM 3akpyriieHs 12 cM. Pi3p0oBi cTepikHi
mo Ookax IIUTa PO3MIIIyBajucs Ha BiacTaHi 4 cM BiJ HIKHBOrO Kparo mmuTa i me udepe3 20 cwm.
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Hanpasmnstroui [uis kpituteHHs pi3bO0BHX CTEp)KHIB Oy/M IIAPHIPHO BCTAHOBIICHI HA JIBOX KPOHIITEHHAX,
SK1 JKOPCTKO MPHEAHYBAINCA 10 CTIMOK MOAUTBHUKIB. JIOBXHMHU NpOpi3eil HampaBisiounX CTaHOBWIIA B
Oinpmmx 20 cM, a B MeHIINX 15 cM. Lle 3a6e3neuyBasno 3MiHy BUCOTH BCTAHOBJICHHS HAIPABJIAIOYOTO IIUTA,
a TaKOXK HOT0 KyTa HaxWily 1 MOJIOKEHHS BiIHOCHO HOCUKIB NOAIIbHUKIB.

Jlnst neranpbHOTO BUBUEHHS MPOIIECY B3aEMO/I1 MOIUTHHUKIB 1 HAXMTIOBaYA 13 cTe0IamMu JTbOHY 300Ky
JI0 Bi3Ka Ha IUTATUBI KPIIUBCS cMapTQOH, KU MpaLOBaB B PEKHUMI BiI€OKaMEpH.

Jocnian npoBoAWIKMCEH Ha TOCHIAHOMY MOJIIroHi Kadenpu arpartoi imkeHepii imeni npodecopa I'. A.
Xaiimica JIHTY Ha mociBax nbOHY-IOBryHUs copTy Miannp y cepmai 2025 poky. 3a cTaHOapTHUMH
MeToauKaMu [7] Oyu BU3HAYCHI XapaKTEPUCTHKU MOCiBy. JIOCTiau MpOBOMMINCH HAa CTEOIOCTOI JIbOHY-
JIOBTYHIIS TAKHX XapaKTepPUCTHK: TycToTa cTebnectoro — 1189 mr/m% 3aransHa BucoTa creben — 75,4 cm;
cepenniit giamerp crebna (Ha 1/3 Bucorn) 1,41 MM; 30HA PO3MIIIIEHHS HACIHHEBUX KOpOOOUOK — 19,7 cMm;
(haza cturmocti — xKOBTa; BoONOTICTh cTeben — 49,8 %, kopobouok — 42,5 %; 3abyp’sHeHicTs — 4.2 %,
MOJIETITICTh — BIICYTHSL.

Bucora BcTaHOBNEHHS NOAIMBPHHUKIB CTaHOBWJIA 15 CcM, a IIMT HaxWioBaya cTeOen JbOHY
BCTaHOBJIOBAaBCS TaK, 100 BepXHS HOro yactuHa Oyia BUILE cTEOIOCTOIO JHOHY — Ha BHCOTI 80 cM Bix
MOBEPXHI OIS, a HIDKHS —Ha 40 cM.

ExcniepuMeHTanbHa yCcTaHOBKA MepeMiliaiacs Mo MO0 BPYYHY i3 IIBUAKICTIO XOAbOM AOpOCiIol
JFOJIHY — PUOITU3HO 5 KM/TOI.

Pesynbratn MokHa mobauntH Ha (oTO, sKi OynM B3ATI i3 OTPUMAaHMX BiACO3HOMOK B3aeMomil
HaxXWITIOBaya 1 MOIUTBHUKIB 13 CTenaMu JIboHY (pHcC. 3).

Puc. 3— ®oT0 pod0TH eKCIEPUMEHTATBHOI YCTAHOBKHU: a — 00JIQTHAHOI MOALIBHUKEMH i
HAXWJIIOBa4YeM cTedes1 JbOHY: 0 — 00/1aJHAHOI0 TUILKH NOALIbHUKAMHU

HaxwunroBau 3a0e3neuyBaB rapaHTOBaHMK Haxuil icix creben (puc. 3,a). Benmnunna kyta Haxuimy
3a0e3MeUyeThCsl PEryNIOBaHHAM IOJNOKEHs IIUTa, a caMe BHCOTOI0 Horo BcraHoBieHA. KyT Haxwmiy i
JIOBXXHMHA IIMTA HaXWJIIOBauaB 3a0e3nevyBaiyl IJIaBHE HAXWJICHHS CTEOJIOCTOIO 1 THM CaMHUM 3aro0iraiu
00pHBY HACIHHEBHX KOPOOOYOK.

Amnarnoriuni aii Oynu mpoBezeH] Ha Il ke YCTaHOBIII 13 3HATUM HaxwmitoBaueM (puc. 3,0). Tobro,
KOJIH 13 CTE0IOCTOET B3a€EMOIISUIM TUIBKH HOMUILHHUKH.

Sx BuaHO i3 Qoro puc. 3,0 cebma TBOHY B3a€EMOAIOYM 3 OIYHMMH NPYTKaMH HOAIIHLHHKIB
BIIXWISJIMCA A0 LEHTPY CTeO0noBoi cMyru, mo (opMyeTbcs NOAINTBHUKAMH. AJleé B HampsSIMKy pyXy
CKCIIEPUMEHTANIBHOI YCTAaHOBKH cTeOla JhOHY Majlo BIIXWISUIMCS Bifl BEPTUKAJIbHOrO mojokeHHs. Lle
NPUAHATHO TUNBKU 17151 OpajbHUX anapartiB, sSIKi HAXUJICHI Ha HEBEIMKHH KyT O TOPH30HTY.

BucHoBku. 3anponoHoBaHa KOHCTPYKLisS HaXHIIIOBaya cTedes IbOHY € poO0TO31aTHOIO, 3a0e3euye
rapaHTOBaHUI Haxmi credell, MO MABOAATHCSA MOAUIBHHKaMU 1O OpajbHOro piBYaKa, LHUM CaMHM
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3MEHINYIOYM B TMOAAJBIIOMY PO3TATHYTICTH 1 Tepekic creben y crpidmi. A Takox 3a0e3neduTh
NepHeHINKYISIPHICTh 3aTHCHYTUX y OpalbHOMY piBUaKy CTeOel JIbOHY, a 3HAUUTh MOKPAIIUTh BUKOHAHHS
HACTYIIHUX TEXHOJIOTYHUX Omepauiil JbOHO30MpaNbHOI MAalIMHHU, TaKHX, SIK OO4iCyBaHHS HACIHHEBHX
KOpOOOYOK i PO3CTHII THOHOCOIOMH.

JlaHa KOHCTpYKLis HaxuioBaya creOel JbOHY 3HAXOOUTbCS Ha cTafii mpoekrtyBaHHS. Ll
KOHCTPYKIIisl € HOBOIO, TOMY aBTOpH OyAyTh JAyK€ BISYHI 3a 3ayBaKEHHS 1 MPOMO3uLii mo ii
BJIOCKOHAJIEHHIO.
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Yepracvkuil 0epaircasHull mexHON02IYHULL YHIeepcumem

OCOBJIMBOCTI KIHETUKH CYIINIHHSA TBEPAUX BIAXOAIB IITAXO®ABPUK SAK
OCHOBA YJTOCKOHAJIEHHHA CXEMHW BUPOBHUIITBA OPI'AHIYHUX JTOBPUB

Y cmammi naseoeno pesynemamu excnepumeHmanvHux 00CHi0MceHb RApAMempié KiHemUKu CYWiHHA meepoux
6i0x00ié¢ nmaxoghadpux. Bcmanosneno nouamrogy cepeonio 6010zicmes mamepiany ma CImpyKmypy 36’a3Ky 607102u 3 KypAuUM
nocnioom. Ha ocnoei ananizy ompumanux 0anux 3anponoHo6an0 600CKOHAIEHHA MAWUHHO-ANRAPDAMYPHOT MeEXHON02iuHOT
cxemu yCmaHo8Ku ymunizayii Kypauozo nocuioy iz ompumaHHAM AKICHO20 0p2aHiuH020 000puea

Knruoei cnosa: sonocicms, onmumanvHi napamempu, npoyec CVIUIHHA, KiHemuka, meepoi 6i0Xo0u, Kypadull nociio, 01oKcu,
CYUUTILHA WAGha, MAUUHHO-ANADANYPHA CXeMA, CYWUTbHI dgpe2ami.

V.l. Osypenko, L.D. Mysnyk, M.V. Handiuk, L .M. Miznik

FEATURES OF THE KINETICS OF DRYING SOLID WASTE FROM POULTRY FARMS
AS A BASISFOR IMPROVING THE PRODUCTION SCHEME OF ORGANIC FERTILIZERS

The article presents the results of experimental studies of the kinetics of drying solid waste from poultry farms. The
initial average moisture content of the material and the structure of the moisture-chicken manure bond were determined.
Conditionsfor constant and decreasing drying rates were identified. Based on the analysis of the data obtained, improvements
to the technological scheme of the machine and equipment for the chicken manure disposal plant were proposed, resulting in
the production of high-quality organic fertilizer.

Keywords: moisture content, optimal parameters, drying process, kingtics, solid waste, chicken manure, weighing bottles, drying
cabinet, machine and equipment diagram, drying units.

Statement of the problem. The use of advanced technol ogies and new equipment is associated with
in-depth studies of the laws of physical and chemical processes in devices intended for the processing of
raw materials and food production [1].

Over thepast decade, poultry farming in Ukraine has undergonerapid development. Thisis evidenced
by data from the State Statistics Service of Ukraine. Thus, the number of poultry increased from 123.3
million in 1998 to 210.4 million as of July 1, 2024, which is 70.6%. Such an active development of poultry
production has led to a significant accumulation of production waste, in particular manure, at the level of
2.5 million tons per year [2].

Today, one of the most important environmental issues is preventing the accumulation of waste at
poultry farms. Modern poultry farms are increasing the number of livestock to generate more profits. This
leads to an increase in the volume of solid and liquid waste. Chicken manure is a solid waste at poultry
farms. Chicken manure is processed using drying units to produce organic fertilizers.

Drying is the process of extracting moisture from solid, wet, paste-like, and liquid materials by
evaporating it and removing the resulting vapor. In this case, moisture is removed from the material by
diffusion from the inner layers to the surface and its evaporation into the environment [3]. Drying of wet
materials can be divided into three consecutive periods: moisture movement to the surface of the material,
evaporation of moisture from the surface (vaporization), and moisture movement in the form of steam from
the product surface to the center of the air flow. The movement of moisture in a material is a diffusion
process driven by the difference between the moisture concentration in the depths of the material and its
surface. Since moisture evaporates from the surface of the material, its concentration in the depths of the
material is higher than on the surface [4].

This is what makes drying different from other methods of moisture removal, such as absorbing it
with chemicals or mechanical removal. The drying processis energy intensive. Therefore, the improvement
of drying units is aimed at reducing energy consumption. To do this, first of all, the drying kinetics of a
particular material is studied, which can be used to determine the moisture content of the material and the
guantitative ratios of the forms of moisture bonding with the material. The form of moisture bonding with
the material affects the amount of energy required to break this bond and is an important parameter that
determines the choice of an efficient design of drying units and approaches to improving machine and
equipment technological schemes for the utilization of chicken manure to produce high-quality organic
fertilizer.

Analysis of recent research and publications. The mechanism of drying wet materials is
determined mainly by the form of moisture bonding with the material and the drying regime. Thisissue was
studied by scientists M.l. Pogozhkhykh, V.O. Potapov, A.O. Pak, M.V. Zherebkin, O.O. Tertyshnyi, O.A.
Pivovarov, V.S. Kashulko. The classification of the form of moisture bonding with the material is based on
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the scheme of P.A. Rebinder. According to this scheme, the following types of bonding are distinguished
[5]

- chemical bond (moisture bonding with the material in exact quantitative proportions);

- physical and chemical bonding (moisture bonding with the material in different, not precisely
defined proportions);

- mechanical bonding (moisture bonding with the material in uncertain proportions).

To date, in Ukraine, the issues of improving the mechanism of waste recycling are dealt with by such
scientists as: S.I. Sadchenko, S.V. Panukarenko, V.G. Smolyar, G.G. Gdetukha, E.M. Kuzminsky, aswell
as a number of research and production associations, among which the SEC "Biomass' and LLC NPO
"Technologies of the Future' make a significant scientific contribution.

Chicken manureis amoist material containing asignificant amount of water. It isthe object of study.
Chicken manure is a colloidal body by nature and a capillary-porous material by structure. Water isin
various bonds with the dry skeleton of the material, the pores of which can befilled with water, water vapor,
and air. The drying process largely depends on the nature of the moisture bond with the material [5]. To
find the moisture content of the material and the ratio of the mass of moisture that has a particular type of
bonding with the material, drying kinetics graphs are used.

Most authors characterize the drying kinetics by four types of graphs[5]:

- adrying graph plotted in the coordinates w (average moisture content of the material) and z (drying
time);

- drying rate graph in the coordinates dw/dt (drying rate) and r (drying time);

- drying rate graph in the coordinates dw/dt (drying rate) and w (average moisture content of the
material);

- temperature curves in the coordinates 0 (material temperature) and w (average moisture content of
the material).

Given the purpose of the work, the first two graphs are important. They will reveal the quantitative
correlations of the nature of the moisture bond with the material and will make it possible to develop a
methodology for obtaining material samples with the required moisture content.

If amaterial is dried at a constant air temperature t and relative moisture content ¢, from which it is
necessary to remove mechanically and physicochemically bound moisture, the dependence of moisture
change on time is shown in the graph (Fig. 1). When removing mechanically bound moisture, the drying
rate increases at the first stage, stabilizes to a constant value at the second stage, and begins to decrease at
the third stage. Point C in Fig. 1 is called the critical point, it corresponds to the beginning of the removal
of physicochemically bound moisture from the material. The moisture content corresponding to this point
is called the critical moisture content of the material.

InFig. 1, the period 7, correspondsto thetimerequired to heat the material, the period 7, corresponds
tothetimerequired toremovefree or mechanically bound moisture, and 7, correspondstothetimerequired
to remove physically and chemically bound moisture.

Fig. 1. Typical graphs of changesin moisture content @ and drying rate dw/dt with time r
under conditions ¢ = const, ¢ = const.
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Objective. To abtain a graph for drying chicken manure, determine the moisture content of the
material and track the quantitative indicators of the nature of the moisture bond with the material. Based on
theanalysis of the results obtained, to proposeimprovementsto the technological schemefor the production
of organic fertilizer based on chicken manure.

Presentation of the main material.

Equipment and research methods. Experiments on the kinetics of drying chicken manure were
conducted in the laboratory.

The following equipment was used in the
course of the experiment: a drying cabinet of the
SNOL 75/350type (Fig. 2); digital laboratory scales
TVE "Technowagy"”, error 0.01 g; aluminum bins
(a@luminum bins No. 3 are used in many industries
as asample storage facility and for dried samples of
grain seeds, sandy soil, fiber, sand, and other bulk
materials); digital thermometer TFA 301018;
chronometer; desiccator (glass vessel for storing
dried samples in a dry atmosphere).

Experiments to determine the moisture
content of chicken manure were conducted by the
gravimetric method in accordance with DSTU EN
12049: 2005.

Fig 2. Drying chamber type SNOL 75/350 For the study, samples of material weighing
from 19 g to 20 g were selected. Aluminum bins with manure were weighed on a digital scale. After that,
the bins with open lids were placed in a drying oven heated from 95 °C to 105 °C. The material was dried
to a constant weight, which was established by periodic weighing at intervals of 30 minutes. Prior to
weighing, the aluminum bins removed from the drying oven were placed in a desiccator to cool to room
temperature. When the difference in weight did not exceed 1% of the weight of the previous batch (the
amount of substance accurately weighed for analysis), the study was terminated.

Results of the study.

Three weights were taken for the study, and their arithmetic mean was taken as the final result [6].
The experimental data are shown in Table 1.

The moisture content of the material was determined by the following formula[7]:

o= 4000, (1)
m,
where  w — material moisture content, %;
m, —weight of the wet material sample, g;
m, —weight of absolutely dry material, m. = 26,90 g

Table 1.
Weight of chicken manur e depending on drying time
Bin Empty bin Weight of the bin with manure, g
number weight, g
01035 19,55 40,72 | 39,81 | 37,41 | 3440 | 31,44 | 27,79 | 26,97 | 27,06
01036 19,41 40,44 | 38,20 | 3504 | 32,01 | 29,87 | 27,13 | 26,80 | 26,90
01037 19,31 40,62 | 39,18 | 36,37 | 3294 | 28,39 | 27,16 | 26,99 | 26,74

The average weight of
the bin with manure, g
Experiment duration,
min

40,56 | 39,06 | 36,27 | 33,11 | 29,90 | 27,36 | 26,92 | 26,90

0 30 60 90 120 150 180 210

The moisture content of chicken manure calculated by formula 1 is shown in Table 2.
The drying rate graph was obtained by differentiating the drying function [8] w = f(z) using the
formula:

o = ()= 3 _tana, )
dr
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where «a — is the angle of inclination of the tangent at the point of the graphw = f(z) to the
abscissa axis.
Table 2.
Changes in moisture content of chicken manure depending on drying time
Duration of the 0 30 60 9 | 120 | 150 | 180 | 210
experiment, min
Moisture content, % 3369 | 31,13 | 25,83 | 18,76 | 10,03 | 1,68 0,07 0

Based on the experimental data, we plot the kinetics of drying chicken manure (Fig. 3).

.:;I |

{0 i) Gl) 00 1 2 1530 180 21¢

Fig 3. Graphs of the ki'n'etics of drying chicken manure
a — graph of moisture content changes with drying time, 6 — graph of changesin drying speed
versus drying time

Analyzing the drying graph for chicken manure, there are four stages of change in the drying rate:

Thefirst stage. The drying rate at this stageis the lowest, because at this time the process of heating
first the outer and then theinner layers of the material takes place during time z,.

The second stage. The evaporation rateincreases, but does not reach its maximum value, because the
internal layers of the material have not yet reached the required temperature (time t,, in Fig. 2). This stage
does not exist in atypical material drying graph. This is because chicken manure has a peculiar structure,
the composition of which is determined by solid lumps ranging in size from 0.1 mm to 1 mm, which have
external and internal porosity. External porosity is the result of incomplete adhesion of particles. This
structure of the material reduces the thermal conductivity of the material.

Thethird stage (time 7, in Fig. 2). The evaporation rate reaches a maximum and is constant over the
entiretime interval. The maximum drying rate is achieved by heating both the outer and inner layers of the
material to the required optimum evaporation temperature, as wdl as by the structure of free moisture that
is mechanically bound to the material.

Thefourth stage (time 7, in Fig. 2). Paint C corresponds to the critical moisture content w,, whichis
the beginning of therelease of physicochemically bound moisture from the material. Subsequently, therate
decreases to a minimum and tends to zero. Only chemically bound moisture remains, the removal of which
would lead to the destruction of the material and change its chemical and biological structure.

Paper [9] proposes a basic technol ogical schemefor the production of organic-mineral fertilizer based
on chicken manure, which consists of the following stages:

1. Averaging the litter material in a mixer to achieve homogeneity;

2. Granulation in a closed-type screw granulator to the size of granules with a diameter of 4 mmto 6
mm and a length of 15 mm to 20 mm;
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3. Drying the granules to a moisture content of ~ 30% in a filtration drying unit at a temperature of
T=25°;

4. Packing of the marketable fraction.

Taking into account the results of the research, we propose to change the technological process and
the basic technological scheme of organic fertilizer production.

Thetechnological process consists of:

1. Fermentation process. Theinitial stage of the production lineis the fermentation of organic matter.
During the preparation stage, the compost will be fed into the mixer for stirring, which will increase the
efficiency and speed of fermentation.

2. Crushing process. During this process, the compost block is crushed through a crusher, ready for
the pdlletizing process,

3. The granulation process. The screw granulator is used for granulation of fertilizers.

4. Drying process. In order to change the shape of the granules and better preserve them, the moisture
content of fertilizers should not exceed 14%. Thefiltration drying plant is widely used for drying fertilizer
granules. Hot air is supplied by an electric heater.

5. Sieving process. It takes place on a vibrating screen. Too small or large fertilizer granules will be
re-crushed and re-granulated.

6. Packaging process. The packaging process is the final stage of the entire plant. Generally, an
automatic packaging machine will be more efficient for packing fertilizer into bags for sale.

7. Dust collecting system. Ash and dust will be collected in the cyclone, the air will be discharged
into the atmosphere.

A schematic flow chart for the production of organic-mineral fertilizer based on chicken manure is
shown in Fig. 4.

[ 4

Fig 4. Schematic diagram of the production of organic fertilizer based on chicken manure
1 —tractor trailer; 2 —receiving hopper; 3 — screw conveyor; 4 —mixer; 5 —shredder; 6 — pdletizer; 7 —
filtration drying unit; 8 — vibrating screen; 9 — packing machine; 10 — dectric heater; 11 — cyclone
Chicken manure with bedding additives (e.g. sunflower husks, wood shavings, chopped corn cobs,
sawdust, peat, straw) is delivered to thereceiving hopper 2 by atractor trailer 1. Then, the bedding material
isfed by a screw conveyor 3 to amixer 4, ashredder 5 and a pdletizer 6. The pellets arefed to thefiltration

drying unit 7, which is supplied with hot air from the heater 10. After drying, the pellets are fed to the
vibrating screen 8. The pellets that meet the requirements arefed to the packing machine 9 and sent in bags
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to consumers. Substandard pellets are fed to the mixer for re-processing. Ash and dust will be collected in
thecyclone 11, and the air will be discharged into the atmosphere. Condensate from the heater is discharged
into the sewer.

Conclusions.

1. Theinitial average moisture content of the material was found to be 33.69%. This parameter is
extremely important for the selection and calculation of the optimal parameters of drying units.

2. Based on the obtained drying graphs, the structure of moisture bonding with chicken manure was
determined: 20% of moistureis mechanically bound moisture, 10% of moistureis physicochemically bound
moisture.

3. It was found that at an average moisture content of « = 31.13%, a period of constant drying rate
or a period of constant diffusion begins, and at an average moisture content of w = 10.03%, a period of
decreasing drying rate or aperiod of internal diffusion begins.

4. Based on the analysis of the results abtained, it is proposed to improve the technological process
and the basic technological scheme for the production of organic fertilizer based on chicken manure.
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Heporcasnuii ynieepcumem «Kuiscoxuii Asiayitinuti Incmumymy» *
Incmumym npoonem mamepianosnascmea HAH Yxpainu im. L. M. @panyesuua

KOMIIJIEKCHE BUPIIIEHHA ITPOBJIEMU BUTAJIEHHSI 3ABPYTHEHbD 3
MHUIOYOI PITUHU TEXHOJIOTI'TYHUX ITPHJIAJIB, BHKOPUCTOBYBAHUX JIIAA
MNPOMHUCJIOBOI OYUCTKH NI AIUITHUKIB

2

B cmammi po3zenaoacmuca npoonema ouunieHnsa niOutunHUKI6 KOYeHH, WIAXOM 6UOANIEHHS PI3HO20 POOY 3a0pyOHeHb
3 poBOUUX NOBEPXOHb | MPAKMIE KOUEHHA, Ma 3a0PYOHEeHOT NPU UbOMY 6UKOPUCHOGY8aHOT Mutouol piounu. Bupiwenns akoi
HPONOHYEMBCA WNIAXOM OOCTIOHCEHHA MA UKOPUCH AHHA KOMOIHOGAHUX CUCHEM OYUUWEHHA, W0 NOEOHYIOMb (i3UKO-XIMIuHI
ma mexaniuni memoou ¢hinempayii murouoi piounu, adanmoeani 00 cneyughiku euoaneHux 3adpyoHeHs. 3anponoHo8aHo
GUKOPUCMAHHA OPUZIHANbHOI KOHCMPYKUIT NPpUCMPO0 OYUWEHHA MIHIGMIOPHUX WAPUKORIOWIUNHUKIE KOMOIHO8AHUMU
imnynvcHo-mazuimuumu ma ynompazeykoeumu nonamu. Ipucmpiit ocnaweno cknaonorw cucmemoro inompayii murouoi
Piounu. 3a pe3ynomamu O00CHiOHCEHHA NPOAHANI306AHO eUMUmMI 3A0pYOHeHHA DI3HOT i3uunol npupoou. 3anponoHosano
PeKomenoauii w000 6UKOPUCMAHHA KOMOIHOBAHUX Onepauiil OYUU{eHHsA RIOWIUNHUKIE KOUeHHA YIbmpaA3gyKoeUMU mda
IMRYIbCHO-MAZHIMHUMUY RONAMU AK QiHIWKUX, O3 RIOBUWEHHA IX 006206IYHOCII Ma eKChIIyamayilinol Hadilinocmi.

Knruoei cnosa: niowunuuxu KouenHs, Qirompu, ouunjenus niOWUnHuKie, 3a0pyoOHeHHs pisHoi (izuunoi npupoou

R.E. Kostiunik, O.U. Stelmakh, O.V. Kushchev

COMPLEX SOLUTION OF THE PROBLEM OF REMOVING CONTAMINATION
FROM THE WASHING LI1QUID OF TECHNOLOGICAL DEVICESUSED FOR INDUSTRIAL
CLEANING OF BEARINGS

The article considers the problem of cleaning rolling bearings by removing various types of contaminants from the
working surfaces and rolling paths, and the contaminated cleaning fluid used in the process. The solution of which is proposed
through the research and use of combined cleaning systems combining physico-chemical and mechanical methods of filtering
the washing liquid, adapted to the specifics of the removed contaminants. The use of an original design of a devicefor cleaning
miniature ball bearings with combined pulse-magnetic and ultrasonic fields is proposed. The device is equipped with a
sophisticated filtering system of thewashing liquid. Based on theresults of theresearch, the washed pollution of variousphysical
nature was analyzed. Recommendations are proposed for the use of combined operations of cleaning rolling bearings with
ultrasonic and pulse-magnetic fields as finishing ones to increase their durability and operational reliability.

Keywords: rolling bearings, filters, bearing cleaning, contamination of various physical nature

IMocranoBka mnpodjemn CydacHi TEXHONOril BiIHOBICHHS MiAIIMIIHUKIB KOYEHHS IIHUPOKO
BHKOPHUCTOBYIOTH CIIELiasli30BaHi MUHHI MAaIllMHU 3 CUCTEMaMHU PEHUPKYILil MUIOU0i pianHu. Y mpomeci
OYMIICHHS MIJIUITHMKIB BiZl MACTWJIBHUX MaTepiajliB, METAIEBOr0 Ty Ta eKCIUTyaTaliiiHUX 3a0pyJHEHb,
MUIOYA PiIUHA 3a3Ha€ 3HAYHOTO 3a0pyqHEHHsS Ta jAerpanamii. HakonmuueHHs TBepauX YacTHHOK, Macel,
MPHUCATOK Ta IHIIUX JOMIIIOK CyTTEBO 3HUXKYE e()eKTHBHICTh OUUIIEHHS, 30UIbIIyE Yac 0OpoOKU Ta MOXKe
MPU3BECTH 0 OBTOPHOT O 3a0pYyAHEHHS CKIaJOBUX MiMMIHKUKA. Lle He TTbKu moripirye eKcrTyaTamiiHi
BJIACTUBOCTI BY3JIiB Ta MEXaHi3MiB, ajie i 30UIbLIye HMOBIPHICTH MEPEAYACHOTO BUXOAY MiALIMITHUKIB i3
nany.

B naGoparopii «Hanorpuborexnomoriiiy Y «KAI» po3pobieHo cmocid Ta mnpuctpii
OC3KOHTAKTHOTO OYHILEHHS IIOBEPXOHb TEPTS MIHIATIOPHUX IIAPUKOMIAIINIIHUKIB 32 JOIOMOTOI0
KOMOIHOBaHMX 3MIHHHMX IMIYJIbCHHUX MarHiTHUX Ta YJIBTPa3BYKOBHX MOJNiB. EkcruryaTtamis mpucTporo
OYMIICHHS MOKa3aja, L0 BHACTIIOK KOMOIHOBAaHOIrO BIUIMBY 3MIHHOIO IMIIYJIbCHOI'O MAarHiTHOTO Ta
riIpaBIivHOrO MOMIB BiIOYBAEThCS EpeMarHiuyBaHHS SIK 4aCTOK 3a0pyJHEHb, TaK 1 poOOYHX MOBEPXOHb,
3 OOHOYACHUM B3a€MHHMM IPOCTOPOBHUM IEPEMIILIEHHAM JAeTajel MapUKONiAMNITHUKIB Y TIAPaBIiYHOMY
MOJIi MUMHOI piAMHHY, SIKa IEPEHOCUTh YaCTUHKH 3a0pYAHEHD 32 MEXi, Y 30HY MAaKCUMaJIbHOI HAIPYXEHOCT1
MAarHiTHOT'O IIOJISl Ta HANpaBIIsie X Pa30OM 13 BUKOPHUCTAHOI MUMHOIO PiIMHOIO B CUCTEMY LIMPKYIIALIT A5
MOJIANTBINOT MeXaHIuHOI QiThTpaIllii.

QinpTpamis MHHHOTO CEpeAOBHINA B CTALlIOHAPHUX MHUHHUX MallMHAX, NPU3HAYCHHUX IS
MIHIaTIODHUX LIAPUKOMIAIIMIIHUKIB, € KPUTHYHO BAXIJIMBHM AaclleKTOM MiATPUMKH e(QEeKTHBHOCTI
OYMIICHHS 1 MPOAOBXKEHHS TEPMiHY CIy)KOM MHMHHOI pimuHH Ta camoi MamuHA. OCHOBHUN NpPUHIIMIT
nojsirae B 3a0e3nedeHH] Oe3nepepBHOrO BHIAICHHS TBEPAMX YAaCTHHOK (HANPHKIAX, BiIOKPEMIJIEHOTO
MacTuja, YaCTMHOK 3HOCY, MHJIYy) 3 MHUHHOI piguHM min yac ii muMpKyssiuii BCcepeauHi MPUCTPOO 3a
nonoMoroio cucreMu ¢inprpanii. Lle 3amobiraTumMe NOBTOPHOMY OCiIAaHHIO 3a0pyJHEHb Ha OYMIIEHI
MiAIMITHAKY Ta 320e31e4uTh 30epekeHHs e eKTUBHOCTI MUIHOI piIuHH.
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TakuMm YHMHOM, aKTyaJbHMM 3aBJAHHSIM € pO3poOKa Ta BIPOBADKEHHS €(PEKTHBHHUX METOJIB
OYMIICHHS MUIOYO1 PIIMHM, IO JO3BOJISIOTH MAKCUMAJIBHO IPOIOBKUTH TEPMiH ii cIIyk0H Ta 3a0e3meunTi
CTaOLIbHY SKICTh OYMILEHHS ITiIIIUITHHUKIB.

AHaJIi3 0CTaHHIX JOCTIIKeHb Ta MyOJriKamii

VY cydacHii TeXHili A OYMIICHHS B TOMY YHCHi 1 TEXHOMOTTYHUX PiIUH BUKOPUCTOBYIOTHCS THITH
(GUIBTPIB, L0 BiAPI3HSAIOTBCSA 3a CTYIEHEM OUYMIIEHHS — rpyOMM, HOPMalbHHM, TOHKHM Ta OCOOJIHBO
TOHKHUM. AJie HalfyacTille BUIUISAIOTh 1Bl TPYITH:

- rpy0Oro OYMILNEHHS — BHIANAIOTH 3 PIAMHU YAaCTHHKH po3MipoM 50 MKM i Outblie (mepeBa>kHO
SBIISIIOTH COOOI0 METAJIEB1 CITKH 3 IEBHUM PO3MIpOM KJIITHH);

- TOHKOT'O OYHILEHHS — BUAAISIOTH 3 PIAMHHA YaCTHHKH PO3MIpOM HOHAZ 2 MKM.

3a crocoboM QinbTpalii MoXKHA BUIIIUTH €IEMEHTH 3 IOBEPXHEBOIO Ta 00'€MHOIO aJcOpOLiero.

V nepuioMy BUNIaIKy BUKOPUCTOBYIOTHCS BITHOCHO TOHKI apKyIi TOPHCTOr o MaTeplany YacTHHKH
3a0pyaHEHb, PO3MIpU SKHX MEPEBHUILYIOTH PO3MIp MOp, HE MPOXOIATh KPi3h HHUX 1 OCIJAIOTh HA MOBEPXHI
Matepiany. s ¢inprpanii 4acTo 3aCTOCOBYEThCS CHELiadbHUAN Marlip, aje MOXKJIMBI U iHII BapiaHTH —
TOHKa MOBCTSIHA TKAHMHA, CHHTETHYHI MaTepialiu.

VY npuctposix 3 00'eMHOI0 alCOpPOLIi€I0 TAKOK BUKOPUCTOBYETHCS MOPUCTUH Martepiai, MpoTe BiH
TOBCTIIINMHK 1 IS BiACIBY 3a0pyIHEHb BUKOPHCTOBYETHCS HE TUIBKHM TOBEPXHS, a W BHYTPIIIHI IMIAPH.
QinpTpyIOUHiA eeMEeHT MOXKe OyTH y BUTIISIII KEpaMiyHOTO KOMIIO3UTY, BOJIOKOH Ta iH.

Bap’epHi ¢inbTpu yTBOpEHi 3a3BM4ail HACTYIHUMHU (QiTbTPYIOUMMH €IEMEHTaAMH:

- CITYaCTOI0 YM KOMIpYacTOI0 CTPYKTYpOIO, 4depe3 Ky HECHPOMOXKHI NPOWTH BEIHKI TBEpIi
YaCTUHKH, 110 NepeBUILYIOTh po3Mip 0,1 mxm. J03BosIsie BincitoBaTH BeNWKi 3a0pyAHEHHS METajeBOl Ta
HeMeTasieBoi (Y TOMY YMCIIi i OpraHiqHol) IpUpOIy;

- CiTKOIO0 (MeTaneBoio abo 3 CHHTETHYHUX MaTepianiB)'

- TIPENCTaBISAIOTh KOMIUIEKCHY KOHCTPYKIIiIO, B SIKy MOXE BXOIUTH KilbKa MIapiB ¢impTparmii —
pelriTka 3 BETMKUMH KOMIpamH, CiTKa 31 CTUIBHMKaMH CEpeAHbOr0 pO3Mipy 1 map CTUIBHHKOBOL
KOHCTPYKIIii, 110 3a0e3meuye BifciBaHHS HAHOLIBII IPIOHUX YACTHHOK.

s 6ap’epHUX BiNBTPIB TOHKOI'O OUMIIEHHS 3a3BUYall BUKOPUCTOBYIOTH KOMITO3HULIKHI QLIbTpYIOUi
MaTepiaJl Ha OCHOBI LIENIONIO3M, HoiiecTepy Ta ckioBoiokHa [1 — 3]. Taki marepianu 3abe3nedyroTh
BUJAJICHHS YaCTHHOK PO3MipoM Oinblre 3a 2 - 5 MkM [4].

Hns  gocArHeHHs OUTbII BHCOKMX TIOKa3HHUKIB (inbTpauii B JEAKHX CydacHHX (LIbTpax
BHUKOPHUCTOBYETHCS OCOOJMBHI MaTepiai, KOMIPKH SIKOTO PO3TalllOBaHI HE PIBHOMIPHO, a i3 3MEHILCHHM
PO3MIpy BiA moBepxHi y rimOuHy. KpynHimi 4acTMHKH 3aTpUMYIOTHCS Y BEpXHIX IIapax, ApiOHImN — y
rnmubokux [5]. Taka BHYTpIIHS CTpPYyKTypa Habarato HpOIOBXKYE CTPOK eKCIuTyaTaulii (QiIbTpyrouux
€IIEMEHTIB.

Kpim onmcanux Bumie 6ap'epHUX (UIBTPIB, BITOMO METOAM OUYMIIEHHS, B SKUX Ul BUOAJICHHS 3
PiIMHN YacTUHOK 3a0pyIHEHb BUKOPHUCTOBYIOTH JiI0 MOJIB Pi3HOI MPUPOAM — CHIOBI THUIK (iNBTpPiB Ha
KIITAJT TOPOBAHMX Ta BIALCHTPOBHX.

l'odpoBani (inbTpu HaAMOIIBII 3aCTOCOBYIOTH ISl BUIAJICHHS BEIMKHX YaCTHHOK OJHOPIIHOTO
posMipy. Taki QpiTbTpy MatOTh BUTIISA BiAMIOBIJHUM YMHOM CKJIaJIEHUX apKyIIiB MoiiMepiB s GinbTparii
pinuan. Cxianku B uux GiapTpax 3ade3meuyroTs iM OUTbIIy MIIOILY MOBEPXHi, IO JO3BONAE (LIbTPYyBaTH
Oible YacTHHOK 3a0pynHeHb 3a pa3. CydacHi QUIBTPH TAaKOrO TUIY JO3BOJISIOTH BHUAAIATH YACTUHKH B
25 MKM. Anle mpH HeCTaJoMy PycCi piIMHH, IIO BaXJIMBO AJsl CTCHAIB OUYHMILEHHS, Ha TakuX (QimpTpax
MOXJIMBUH MigiiOM 3a0pyIHEHHS Ta HOTrO MOTPAIUITHHS B YUCTHH MOTIK MUHHOI PiMHU.

BiguenTposi ¢pinsTpu Bigomi B Oionorii A1s moainy HaHOYaCTUHOK y Oio3paskax [6]. Tum He meH1,
OCTaHHIMH POKaMH L TEXHOJIOTis Ioyaja BHUKOPHUCTOBYBATHCSA [UIA OUYHMILEHHS TEXHIYHUX PiIMH.
[IpuknagomM Moxe cayryBatd (GiabTp, B SKOMY BHIaJIeHHS 3a0pyAHEHHsS BigOyBaeThCs 3a JOMOMOIOIO
BiZILIEHTPOBHX CHJI, 110 BUHUKAIOTh BiJ] 00epTaHHS IOTOKY, /i€ 3a0pyJHEHHS BULITOBXYIOTHCS HA 30BHIIIHIO
qacTUHY (QinbTpa i MOTPAIUIAIOTh Ha CITYACTHH €KpaH, SKui Buianse ix 3 pimuau [7]. Taki ¢inbrpu
eeKTHBHI Ha JOCTATHBO IIMPOKOMY CIIEKTpi po3MipiB 3abpyaHeHHs — Big 1 MM Ta Bumie [8, 9]. Bouun
3aIpOIOHOBaHI JJIs IPUJIAIiB, IO BUKOPUCTOBYIOTHCS [T OUUIICHHS Jeraneid MammH [10].

OxpemMo BapTO BIAMITHUTH IPO OKPEMHUH KiIac BHCOKOE(PEKTHBHUX (iNbTPIB, IO MOKA3aJIH CBOIO
BHCOKY e()eKTUBHICTh y pisHHUX cdepax 3acrocyBanHs — HEPA ¢inetpu (Bin anrmiiicekoi High Efficiency
Particulate Air) [11 — 15]. Xou BoH#H i mpu3HaveHi 1u1st GinbTpallii MOBITPsI, ajie LIKaBUM €, B ISPy Yepry,
npuHIMI iX podotu. [ yactuHok po3mipom 6inbiue 0,3 MM dineTp HEPA nie sik ciTka, BOHU HE MOXYTb
npoiitu uepe3 ii orBopu. BomokHa (3a3Buvail mominpormisieHy a0o CKIOBOJIOKHA) (OPMYIOTH CKJIajaHi
KaHa/I{ Ul pyXy MOTOKY. BHacmigok mporo ApiOHINI YacTHHKH, 3TiJHO 3 NPUHIMIIOM OpOYHIBCHKOT'O
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PYXY, HE MOXKYTh BCTHUTATH 32 PyXOM MOTOKY 1 TAKUM YMHOM CTHKAIOTHCS 3 BOJIOKHAMH, IPHIIUIIAIOYH /10
Hux [16].

CrannaptHi HEPA-¢inbTpu BUTOTOBISIIOTBCS 3 BOJIOKOH (3a3BMYail CKJIOBOJIOKHO), IO MarOTh
BHCOKY IIPOHUKHICTb MOBITPSI, ajie He MpU3HAYeH] U1 poOOTH 3 piluHaMHU. 3aCTOCYBaHHS TAKOTO METOLY
s GinpTpanii pituH BKpail yCKIaIHEHO Yepe3 HACTYIHI IPUIUHH:

- noni6ni HEPA ¢inbTpn MaroTe BUCOKWH TiApaBIIYHMAN OMip, IO KPUTHYHO AJSl PIOAUHH 4Yepes3
3HAa4YHO OUTBIIY B'SA3KICTB;

- binpTpyrounii Matepian Ma€e OyTH CTIMKMM 10 KOMIIOHEHTIB MHIOUYOI PIJMHHU, XIMIYHO CYMICHHUM;

- HeoOX1THUH TOCTIMHMIA CTAOUTFHII THCK MTOTOKY.

Takum 4MHOM HE3Ba)Karouu Ha BUCOKY e exTuBHicT, HEPA-dinbTpn He MOXKYTH OyTH 3aCTOCOBaHI
IUISl PIAKMX CEpeAOBHIL, aje CTPYKTYpHO MOAiOHI OaraTopiBHEBi MIKpo(uIbTpH (Ha OCHOBI MOJIMEpIB,
MeTaiiB abo KepaMikh) MOXKYTh OyTH IIKaBUMHM BapiaHTaMu Uil (QinbTpalii MUIOUYMX PiAKH, BKIIOYAI0UN
Ti, 110 BUKOPHCTOBYIOTHCS B MAIIMHAX JJIsl OYMILEHHS TiAIMUIHUEKIB. X BUGIp 3a1€KUTh BiJl HEOOXiTHOrO
CTYIICHS OUYMLICHHS, TUIY 3a0pYAHEHb Ta XapaKTEPUCTHUK PiIUHH.

IMoxiOHiN MmiaXiq BHKOPUCTOBYETHCS B HEAKUX icCHylounx (inerpax [17, 18], me B sKkocti
(UIBTPYIOUOro elneMeHTa BUKOPUCTOBYIOThCS CIIEUEHHMH KepaMmidyHMH MaTepiaji, abo HepkaBiioda cideHa
ciTKa, TomieTHsieH. 3a3HaueHUi CKiIaa 3a3BU4ail oOpaHuil Ui 3a0e3neueHHS MaTepialy eleKTPHYHOIro
3apsiiy NPOTHIICKHOTO 3HAKA, HIK ENEKTPUYHUHN 3aps] YACTHHOK 3a0pyAHEHb, SKi HEOOXiqHO BUAAIUTH 3
BHXITHOI piIMHY, TPUUIOMY CIIOPiJHEHICTb 3aIeXKUTh Bif BuxigHoi pH piguan. MaTepian po3paxoBaHHii HA
BUJAJICHHS YACTHHOK, PO3MIpOM OJIM3BKO 5 MIKPOH 1 MEHIIIE.

Takox zemo noniOHUMU € TakK 3BaHi IMMOMHHI QIMBTPH 3 BOJIOKHHUCTOIO CTPYKTYPOIO, BUTOTOBJICH1
CHeLiaJIbHO VIS PIAKUX CepeAOBUIL (HAPUKIA, ITOJINPONiICHOBI KAPTPHUIDK1), SIKi 4ACTO 3aCTOCOBYIOTHCS
B 0araToCTyMiHYaCTHX CHCTEMax OYMIICHHS OMii, eMyJIbCili Ta MUIOUHMX PO3YHMHIB. AJle BCl BOHH TaKOX
NoTpeOYIOTh JOCTATHBO BUCOKOT'O MOCTIHOTO TUCKY AJISl €)EKTUBHOTO OYHIICHHSI.

IlocranoBka 3aBaanp TpanuiiiiHO 3acTocoByBaHi crocoOn (inbTpaimii Ta OHOBICHHS MHIOUUX
pinuH, Taki SK TpaBiTaliiiHe BiACTOIOBaHHS, MEXaHi4Ha (iIbTpaLlisl Ta YACTKOBA 3aMiHa, HE 3a0e3MeuyI0Th
HAJIEKHOTO OYMILIEHHS B YMOBaX IHTEHCHBHOTO MPOMHCIOBOI0 BUKOpHcTaHHS. Kpim Toro, perynspHa
MOBHA 3aMiHa PIJMHM NPU3BOAUTH 1O 30UIBIICHHSA EKCIUTyaTalliiHUX BUTpAT Ta OOCSTiB BiIXOZiB, IO
CYIEpeuuTh Cy4YaCHHM BHMOTaM pecypco30epekeHHs Ta eKonoriunoi Oesmeku. Tomy, HaMH MOCTaBIICHO
3aBaHHSA JTOCHIAMTH KOMOIHOBaHI CHCTEMH OYHMILEHHS, IO MOEJHYIOTH (Pi3MKO-XIMIYHI Ta MEXaHiuHi
Meroan ¢inpTpanii, azanToBaHi Ao cneurdikd 3a0pynHEHb, IO BUHHUKAIOTH il Yac OYHILEHHS
MIAITATTHUKIB.

BukinagenHss ocHoBHOro marepianay crarrti. [locraBiene Hamy 3aBIaHHA BUKOHA€EMO MUISIXOM
JOCIIIKEHHS HaOUIbII MOMIMPEHUX CY4acHHMX METOAIB Ta CHUCTeM (inbTpamii y BUKOPHCTOBYBAaHHX B
MPOMHCIIOBOCT] TEXHOJOTTYHIX MHUMHUX MAIIHAX.

Posrastnemo HaiiOUTbII MOMMpPeHi cy4acHi MeToau (inbTpamii Ta iX CKIaaoBi.

Qinprpanis B Oaky (momepenHsi ¢imbrpauis). barato MammH [Uis OYMINEHHS OeTaledl MaroTh
NepBUHHUNA (QIIBTP, po3TalloBaHUN y pe3epByapi, 10 MICTUTh MUKHY piauHy. Lle yacTo mpocre cityacte
cuTo abo cucTeMa MeperopooK, Ipu3HaueHa AJs 3aTpUMaHHA 3a0pyAHeHb HalOLIbIINX PO3MIpiB A0 TOTO,
SIK BOHH MIOTPAIUIATh Y TOJIOBHUI LUPKYIALIAHUNA Hacoc.

Leii eran 3axuiae HacOC BiJ MOLIKOKEHb Ta 3MCHIIYE HaBAaHTAKEHHS Ha eTamu OLIbII TOHKOI
¢unpTpamii.

MuiiHa pignHa 3a0upaeTbes 3 0aka LMPKYISLIHHMM HAcOCOM 1 HaIlpaBISETHCS 4epe3 OnuH abo
KiJIbKa KOPITyciB (inbTpiB, SKi MICTATH OCHOBHI (PIIbTPYBaIbHI €IEMEHTH.

BukopucTOBYyIOTECSI Pi3HI THIIN (DUIBTPYBAIBHUX EJIEMEHTIB 3aJIGKHO BiJ pO3MIpY Ta NPHUPOIH
3a0pyIHIOIOUMX PEYOBHH, SIKi HOTPiOHO BUAANHUTH. IIpy IbOMY BpaXxOBYIOTH BUMOIH 10 YNCTOTH MUNHHOI
pinuan. HaifGinbIn nomypeHuMy € HaCTYIHI TUIH (inbTPiB.

Cituacti ¢ineTpu. BoHH BHUTOTOBISIIOTBCA 3 IUIETEHOTO IPOTYy ab0 CHHTETHYHOI TKaHWHH. Lli
(GUIBTPU 3aTPUMYIOTh YaCTHHKH, PO3MIp SKHUX IEPEBHUILY€E po3Mip ixHix mop. Bonm wacto mimsararors
OYMIICHHIO Ta MOBTOPHOMY BUKOpUCTaHHIO. [ moeTanHoi GinpTpariii MOXXYTb BUKOPHCTOBYBATHCS CITKH
Pi3HOrO po3Mipy, BCTAaHOBIICHI OCIIiJOBHO.

MimkoBi Qinerpu. [li ¢imeTpu ckiIagaroThCS 3 MOPUCTOrO MiIIKa, BUTOTOBICHOTO 3 TaKHX
MaTepiajiB, SIK MOBCTh a00 TKaHE MOJOTHO. PianHa mpoTikae dyepe3 MILIOK, a YAaCTUHKHU 3aTPUMYIOTHCS
BcepearHi. MimkoBi ¢(inbTpu MaroTh OLTbLIy MJIOHIy MOBEpXHI Ans QinmbTpamii Ta HiaXomaTh s
BHJAJICHHS 3HAYHOI KUIBKOCTI TBEPANX YACTUHOK. 3a3BUYail BOHU € OJHOPA30BHMHU.
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Kaprpumxai Ginstpu. Lle nuninapuyni GinbTpyBaibHi e1eMEHTH, BATOTOBJICH] 3 PI3HUX MaTepiaiB,
TaKUX SIK HAMOTaHi BOJIOKHA, TOPPOBaHMH Marip abo po3miaBieHui noaimep. Bonu 3abe3neuyiors TouHe
¢ubTpyBaHHA (OO Oy)K€ MajMX MIKPOHHHX pO3MipiB BkIO4HO). KapTpumxui ¢ineTpu 3a3BHYail €
OIHOPA30BHMH.

I'nubunni dinetpu. i GpiasTpu MaroTh TOBCTY IOPUCTY CTPYKTYPY, SIKa 3aTPUMY€E YACTUHKH 110 BCiH
TOBILMHI (PIIBTPYBATBHOTO MaTepialy, a He JIUIIE Ha TOBepXHi. BoHU e eKTHBHI 17151 BUAAJICHHS LIHPOKOT'0
niara3oHy po3MipiB YACTWHOK i1 MarOTh BUCOKY 3JAaTHICTb IO OTJIMHAHHS 3a0pyIHEHb.

MarHiTHi cenapatopd. BHKOpUCTOBYIOTh U1 BHOalleHHS (EPOMArHiTHUX, IO MICTATH 3alli3o,
YaCTUHOK. BOHU MPUTATYIOTH 1 YTPUMYIOTh METaJIeBI YaCTHMHKH, 3amo0iralouu ix HUPKYIALil B MUIHIN
piauHi.

[Ticns mpoxomkeHHsT yepe3 (IMbTpYBaNbHI €IEMEHTH O4YMIIeHAa MHUIHAa piinHA NOBEPTAETHCS B
MUiTHY Kamepy a0o 0ak 11l HTOBTOPHOI HUPKYJISLIII.

Perynsipae oOciayroByBaHHsI CUCTEMH (QiIbTpaLil € KpUTHYHO BaXJIMBUM. Lle BKIIOYae OYMILICHHS
abo 3aMmiHy QUIBTpYBaJbHHX €JEMEHTIB, KOJIM BOHHM 3aCMIYyIOTbCA, U1 MIATPUMKHA ONTUMAaJIbHOI
LIBUJIKOCT] MOTOKY Ta e()eKTUBHOCTI (inbTparii.

Jlesiki mepeoBi CHCTEMU MOXKYTh BKJIIOYATH aBTOMATH30BaHi LUKIN 3BOPOTHOTO MPOMHUBAHHS 200
OYMIIEHHS ISl IEBHUX THITiB PLTHTPIB.

OcobnuBi migxomu ¢inpTpanii MUHHOI PiJMHM BUKOPHCTOBYIOTH NPH OUYHUINEHHI MiHIaTIOPHUX
IIAPUKOMIAIUIHKKIB. X MokHa KiacupikyBaTH HACTYITHUM YHHOM.

1.Tonka ¢inprpanis. Yepes manuii po3Mip Ta BUCOKY TOUHICTh MiHIATIOPHUX LIAPUKOMIAMIMITHUKIB
ix ounieHHs notpedye O61bII TOHIIOT GinpTpaii (1 BUgaleHHS HAWAPIOHIIINX YaCTHHOK), IO BIUIMBAE
Ha MPOXYKTUBHICTH. Lleli mpomec Mo)ke BKIIOYAaTH BUKOPHUCTAHHS KAapPTPUIKHUX (UIBTPIB 3 MaluMH
MIKpOHHHMH peATHHTaMu ab0 6araTocTyneHeBUX cucteM (imbrpaii.

2.CymicHicTh MaTepianiB. Marepianm (iapTpiB MOBHHHI OyTH CyMiCHUMH 3 BUKOPHCTOBYBaHHMH
MUITHUMH piAnHAMH, 1100 3amo0irTy ix Aerpanarii.

3.KepyBanus mBuakictio nmotoky. Cucrema Qinbrpanii mnoBuHHa OyTH po3poOjeHa TaKUM YHHOM,
mo0 MiATpUMYBAaTH AACKBAaTHY IIBHIKICTb MOTOKY MHUHHOI PigMHM Ui 3a0e3nedeHHS eQeKTUBHOIrO
OYMIIEHHS 0e3 HaAMIpHOr'0 aJiHHS TUCKY.

4 KomnaktHuii au3aiiH. BpaxoByroun yacTo HeBelMKi rabapuTd LUX MAIlvH, cucTeMa QinpTparii
MOBHHHA OYTH KOMITAKTHOIO Ta e()EeKTUBHO IHTETPOBAHOIO.

HacrynHum eramom 1ocnigiMMoO KOHCTPYKLil Ta NpHHUOMO [Oii cucteM (inbTpanii MHIHOTO
CepeloBHIIa B YJIBTPAa3BYKOBUX MHHHUX MAaIlMHAX, BUKOPHUCTOBYBAHUX ISl OYMIICHHS MiHIaTIOPHUX
IIAPUKOIIIIIIAITHHKIB.

[lpunmun  gmii  ynbTpa3BYKOBMX MHHHHMX MAIIMH, [0 BUKOPHCTOBYIOTBCS JUIS OYMILCHHS
MIHIaTIODHUX IIAPUKOIMIAIIMITHUKIB, 0a3yeThCsl Ha SBUII KaBiTamii (T€HEPYETHCS YIbTPa3BYKOBHMHU
xsuisiMH). Lle no3Bonsie eekTuBHO BUOANIATH 3a0pyIHEHHS, OJJHAK, 00 30epertu BUCOKY e()eKTUBHICTh
OYMIICHHS Ta 3amo0irTH MOBTOPHOMY 3a0pyJHEHHIO a00 MOLIKOMKEHHIO NENIKATHUX MiAIIHITHUKIB,
NOTPIOHO BUKOPHCTOBYBaTH €(QEKTUBHY cHUcTeMy ¢imbTpawii. 3amis MiATPUMKHA HEOOXigHOI YMCTOTH
pob040i MHIOYOI PiIAMHU B yMOBaxX IHTCHCHBHOI'O BHBUIBHEHHS YAaCTMHOK 3a0pyOHEHHS LMPKYIALiAHA
CHCTEMa CKJIAAA€THCA 3 HACOCY VISl LUPKYIALl, GUIbTpH Tpy00i Ta TOHKOI OUMCTKH, HAKOMMYYBaJIbHI OaKku
1 onmiifHoO, cucTteMu cenapauii Macia. OCKUIbKH yAbTPa3ByK MOXKE €MYJIbIyBaTH Macio B PO3UMHI, HOTO
BUJAJICHHS € CKIAJHUM 3aBAaHHsIM. llpore, Ais migTpUMKHM €QEeKTUBHOCTI PO3YMHY Ta 3amOOIraHHA
MOBTOPHOMY 3a0pyJHEHHIO, MOKYTh BUKOPUCTOBYBATHUCS Pi3Hi BUAU (PIIBTPIB.

Tomy Monynb ¢inbTpanii 2 B po3po0IeHOMY Ta CTBOPEHOMY MPUCTPOi O€3KOHTAKTHOT'O OYMILICHHS
MIHIaTIOpDHUX INAPUKOMIAIIMIHMKIB (puc. 1) BUKOHaHa 0araToCTYNiHYACTOIO Ta BKIIOYA€ HACTYIHI
CNIEMEHTH:

- OUPKYJSLIHHUE Hacoc, mo 3a0e3nedye MOCTiiiHy HUPKYIALI0 MUHHOTO PO3UYMHY MK MUHHOIO
BaHHOIO Ta CHCTEMOIO (imbTparii;

- ¢inpTp rpy6oi ounctku (ciTuactuil GinbTp), po3TaIOBAaHUH Oe3mocepeIHbO HAa BUXO/1 3 MUHHOT
BaHHH. BiH 3aTpuMye BiTHOCHO BEJIWKI YaCTHHKH, IO BiImapyBaiucs (CTPYKKY, MaclsiHi TPyIKH, M),
3axHILAI0YM HACTYIHI, O11bI TOHKI pinsTpH. Po3mip mop craHoBuTh Bix 50 10 200 MKM.

- @inbpTpH TOHKOI OYMCTKH (KapTPHILKHI a00 MILIKOBI (ibTpH) — 1€ OCHOBHUH erar QinbTparii,
MpU3HAYCHUH 17151 BUJaJIeHHs ApiOHMX 3a0pynIHEeHb (YacTKH MUY, OKCH/IB, MIKPOCKOIIYHUX a0pa3uBHUX
YaCTUHOK). JIs1 MiHIaTIOpHUX MiAMIMITHUKIB 9aCTO BUKOPUCTOBYIOThCA (PiIBTPH 3 po3mipom mop Bix 1 1o
10 MkM, a iHOAI 1 MeHIIEe (110 0.45 MKM /711 BUCOKOTOYHUX 3aCTOCYBaHb). MaTepiain MOXYTh OYTH pi3Hi:
MOJIINIPOTIIEH, TIeJTI0I03a, CKIIOBOJIOKHO.
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- HaxonmuyBanbHui 0ak AJsl YUCTOrO Ta 3a0pyIHEHOTO PO3YMHY, IO IO3BOJSE MPOBOJUTU
nocTiHy QiapTpariro.

Besneune edektuBHE Ta HajilHE OUUILEHHS MUHHOI PIAMHU 3 METOIO 1i MOBTOPHOI'O BUKOPHCTAHHS
y IPUCTPOi 3aCTOCOBYETHCS LUPKYIMLIHA CHCTeMa, NMpH IbOMY BiampanbsoBaHa (OpyaHa) piguHa 3
pobouoi BaHHM Yepe3 3MUBHUHA MaTpyOOK Ta TpyOOHpoBiX 8, CaMOIIMBOM HAaIXOIUTH IO PO30ipHOro
KOHTPOIILOBAHOTO (iTbTPY TPyOOi OYHCTKH 3 TMPO30PHM PE3EpPBYAPOM-BIIICTIHHUKOM (IUTsl 3aMiHH
OJTHOPA30BOr0 (PITBTPYIOYOrO €IeMEHTa) JUIS IONEPEAHBOTO OUHWIICHHS Bl MEXaHIYHUX JJIOMIIIOK
(HampuKknaz - MIKpOCTPYKKH) Ta TOJaBaHHA B HakomuuyBaJpHHKA Oak. Ilicis 4oro pignHa MOBTOPHO
¢GUIbTpYy€eThCST GUIBTPOM TONEPENIHBOrO OYMIIEHHS Ta MOJAETHCS HACOCOM IMiJ THCKOM dYepe3 (iabTp
(iHIMHOrO OUMIIeHHS Ta TPyOOnpoBin 8 10 poOOUOi BaHHH, K OYHMILEHA MUIHA piAMHA.
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Puc. 1. Cxema npucTporo 0€3KOHTAKTHOI0 OYHIICHHS MiHIATIOPHUX IAPMKOMIAIIUITHUKIB

Ha puc.l mudpamu nozHadeHi MOIyNb €IEKTPOXKMBICHHS Ta KepyBaHHA |, MOLyJb 37HUBY Ta
¢uTbTpaLii MUIOYOl PIAMHY 31 3MIHHUMU MEXaHIYHUMH QiIbTpaMHu 2, KOpITyC Mpuilany y BUTIISIAL paMu 3,
poboua BaHHa 4, crcTeMa MmoJadi Ta KOHTPOIIO BEIMYUHHU IMITYJIBCHOT'O MarHiTHOTO MOJIS 5, YIBTPa3BYKOBI
BUIIpOMiHIOBayi 6 Ta 7, TpyOompoBoAM UMpKyIsAmii MuitHoi pimuam 8§, mmactuHa 9 i3
HEMarHiTHOIIPOHMKHOTO Martepiany (Hampukiag — i3 JHCTOBOTO CKJIOIUIACTHKA), JokemMeHTH 10 3
MIHIQTIOPHUMH TIAPUKOIMIAMIUITHUKAMY, M0 MiJIal0ThCAd OYUIICHHIO (BUKOHYIOTHCS IIiJl THIIOPO3MIp
LIAPUKOMIAMIUITHUKIB, 1110 OYMIIYIOTHCS), MUIOoYa pinuHa 11.

BukopucranHs KoMOIHOBaHOTO Kepena IMIYIbCHOrO 3MiHHOI'O MarHiTHOTO Ta YIbTPa3ByKOBOI'O
nojst  J03BOJIsi€  ©(PEKTHBHO BHIAIATH 3a0pyIHEHHS 3 poOOYMX TOBEPXOHb MIHIaTIOPHUX
LIAPUKOMIAIIMITHUKIB, 10 TPU3BOJUTD 10 IIBUALIOTO 3a0pyJHEHHS (QUIBTPYIOUMX €JIEMEHTIB Y MOPIBHIHHI
3 IHIIMMH THITaMH MUHHHX MaIllUH Ta OpUCTPOiB. ToMy B LMPKYJISALiHHINA cucTeMi OYMIIeHHs 1 puIbTparii
PO3pPOOJICHOro Ta CTBOPEHOI'O MPUCTPOIO 3 YpaxyBaHHSAM BHUIIEHABEICHOIO aHAMI3y 10 (QiIbTpyBaIbHUX
€JIEMEHTIB OCTAaBJIEHO BUCOKI BUMOTH 10 YUCTOTH, CYMICHOCTI Ta CTIMKOCTI 10 XIMiYHOT'0 CKJIaly MUHHOTO
pO34HHY Ta poOOY0i TEMIEpaTypH.

IloBTOpHI ekcrepuMEHTaNbHI AOCTIIKEHHS BUIAJICHUX 3 BIANOBIAHUX (UIBTPOCIEMEHTIB
3a0pyaHEHHS, BUKOHAHO IX JETalbHUN aHalli3 CEePEeJHBOTO PO3Mipy, TPaHYJIOMETPil0 Ta BH3HAYECHO
¢dazoBuil 1 XiMiYHUH ckman. Jmg DOCHiZKEHHS BHKOPUCTAHO JIa3epHUM CKaHyIOUMid IudepeHuiiiHo-
¢azoBuii mikpockorn-npodinomerp JICADMII ta pacTpoBHil e€NEKTPOHHHUN MIKPOCKOI 3 CHCTEMOIO
MikpoaHani3y XiMiuaux enementiB PEM-106U (puc. 1.2).

HocnigKeHHs po3MipiB Ta XiMIYHOTO CKJaay MIKpOYaCTHHOK 3a0pyIHEHHS, BUJAJICHUX MUISIXOM
¢uTbTpaLii MUIOYOI PIIMHE HA CTBOPEHIM LMPKY/ILIHHIM cHCTeMi MPUCTPOIO MOKa3alH, IO i3 TPakTy
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KOUeHHs Oynu BuiIydeHi MikpodacTHHKH po3MipaMu 30...50 Mxm — 8 %; 10...30 mxm — 12 %; 1...10 MxMm
— 50 %, pewra (30 %) — yaCTUHKH po3MipoM 10 | MKM.

6)
Puc. 1.2. 3oBHilIHIA BATJISAA 1a00paTOPHUX NPHIALIB Ta iHTep(eiicy NporpaMHoOro
3a0e3nmevYeHHs 3 eJIeMEHTaMH 0CTiIKeHHs] BHOPaHUX 3a0py/iHeHb:
a) eslekTpoHHNH Mikpockon PEM-106 U;
0) JazepHuUil ckaHy4nil 1udepenuiiino-gpazosuii Mikpockon-npodinomerp JCIADPMII

KoncTpykiist Ta cxema ymnpaBiliHHS NPHCTPOIO J03BOJIMJIA, IIUISIXOM MOBTOPHHX EKCIIEGPUMEHTIB
MOPIBHATH e()EeKTUBHICTH METO/IB OUMIIECHHS Ta BU3HAUYNTH, 10 MarHiTHO-TYpOYJICHTHHI METO.I 103BOJISIE
OIbII eheKTUBHO BUAAISTH MIKpPOYACTUHKH 3a0pyIHEHHS, PO3MIpP SIKMX 3HauHO Outbmie 1-2 MxM. Toxi sk
yIABTPa3BYKOBUH METOJ HABIAKH IOKa3aB HaiBHIly e(EeKTUBHICTh Ha HaHApiOHIMMX 3a0pyIHEHHSIX
(cyOMIKpO Ta HAHOYACTHHKH).

PexxuMm oummienHs BinOyBaBcs B ABa €Tamu: NEpINiil eram — iMITyJIbCHO-MarHiTHO-TYpOYJIEHTHE
OYMILEHHA MiAIIMITHUKIB 3 ABOX CTOPiH, APYTH €Tal — yJAbTPa3ByKOBE OUMIICHHS, TAKOX 3 IBOX CTODIH.

Ha puc. 1.3 mpuBemeHo pe3ynbTaTH OOCHIIKEHb CHEKTPAJbHOIO aHaji3y XIMI4HOIO CKIamgy
3a0pyAHEHb.

3HavHa KUTBKICTh METAIYHUX ()PArMEHTIB CIIOCTEPIraiach i3 BETMKOI BITHOCHOO JIOBXXHHOIO, 10
MOSICHIOETHCS] OCOOJIMBOCTSIMUA MarHiTHOI B3a€MOi1 Takux 4yacTHHOK. Cepeq i€l rpyny MaroTh Miclie Taki,
YUl CKJIaJ] CITIBIAJIAE 31 CKIAJIOM MaTepialiB, i3 SKHX 0e3MocepeTHh0 BUTOTOBJICHI €IIEMEHTH KOHCTPYKITil
(cramp IIX15 — Tina xoyeHHs Ta 00oiiMu, OpoH3a abo JaTyHb — CemapaTopH), 1 Taki, 110 HE MOB’s3aHi
Oe3nocepeHbO 3 KOHCTPYKLIEIO TOCTIHKYBAaHUX NPELU3iHHIX TPHOOCUCTEM KOYECHHSI.

HedepomarniThi 9acTku, B OCHOBHOMY, IIPEACTaBIICH] aOpa3uBHUMHU MaTepiajlaMu, 30KpeMa TaAKUMHU
K Kap0ig Ta OKCHA KpEMHil0. 3HAYHA YaCTHHA HEMETaIIYHHUX 3a0pyAHEHb cKianeHa (parMeHTamu
MOJTIMEPHU30BaHUX MAaJbHO-MACTUIBHHUX MaTepiaiiB, KOTPi € 3aJMIIKaMHi KOHCEPBALIfHOTO MaTepiaiy.

AmnaniTiuHa 00poOKa OTPUMAaHHUX PE3YJIBTATIB Jaia 3MOTY BH3HAYUTH I'PaHYIOMETPUYHHN CKIa]
BHUJAJICHUX YacTOK 3a0pyAHEHb, IO JO3BOJISE 3POOMTH BHUCHOBOK IIPO HEOOXIIHICTH BHKOPUCTAHHS
KOMITJICKCHUX 0araToCTyIMiHYaCTHX METOAIB OYMILIEHHS MHIOUOI PIAWHU Ul MPOBEIEHHS TapaHTOBAHOTO
Ta eEeKTUBHOIO OYMILICHHS MIHIaTIOPHUX INAPUKOMIJIIMIHUKIB 1 Mpeun3iiHuX AeTaled BY3MTiB TepTs
YIBTPa3BYKOBHMH Ta IMITYJIbCHO-MAarHITHUMH MOJISIMU SIK (iHIIIHOT nepeeKciiyaTauiiHoi oOpoOKu.

BucHoBkn

1. Ha ocHOBI MpoOBENEHOro aHami3y Cy4YacHHX cHucTeM (QinpTpanii Ta BHKOPHUCTOBYBAaHHX
(GUIBTpYyBalbHUX EIIEMEHTIB BHKOHAHO IX Kiacu(ikalilo 3a o01acTi0O BUKOPHCTAaHHS Ta CTYINEHEM
e(eKTUBHOCT!I.

2. JInst 3a0e3nieueHHs] eEKTUBHOCTI MPOLECY OUMIIECHHS MiAIIMITHUKIB KOYECHHS 3alpONOHOBAHO
BUKOPUCTAaHHSI KOMOIHOBaHHMX TEXHOJOTTYHUX MPHJAfiB AT BHAAICHHS Pi3HOrO poay 3a0pyIdHEHb 3
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pobOYnX MOBEPXOHb Ta TPAKTIB KOYEHHS MiJIIMITHHKIB, OCHAIIEHUX O0araToCTyNEHEBHMH CHCTEMaMH
¢inpTpanii MUIOYOT piAXHY.
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Puc. 1.3. CnekTpajbHuil aHAJI3 XiMIYHOTO cKJIany 3a0pyIHeHb: @) MiTHM CILIAB; 0)
cTajieBa CTPYKKA; 8), 2) HeMeTaJeBi 3a0pyIHEeHHSI

3. HocmimxeHo ximiuHuil Ta ¢a3zoBuil cknan BindinbTpoBaHux 3abpyaHeHb. Ha ocHOBiI 1mporo
3alIpONOHOBAHO BHKOPHCTOBYBaTH KOMOIHOBaHi omepalii OYHMILEHHS YJIbTPa3BYKOBHMH Ta IMITYJIBCHO-
MarHiTHUMH TOXAMHU sK (iHIIHI omepanii mepeaeKcIuryaTaliifHoi oOpoOKHM MigIIMIHMKIB, 3 METOIO
MiJBUIIEHHS X HAAIHHOCTI Ta pecypcy.
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B.I. Ocunenko, M.B. Xaunawk, JI.M. Miznik, JI. JI. MucHuk

TEXHOJIOI'TYHI ACHEKTH IIIIBUINEHHA EOEKTHBHOCTI BUT'OTOBJIEHHS
OBCMAXKEHOI'O TA TIPOTEPTOI'O HAIIIBOABPUKATY 3 PIITYACTOI HUBYJII

YepracvKuil 0epaircasHull mexHON02IYHULL YHIsepcumem

B pooomi npedcmaeneno pezynomamu 00cnioxcenb mexHo102i4H020 RPOYeCy ma 00rPYHMYEanHa RPUILHAMUX 3aX00i68
N0 YOOCKOHANEHHIO JIIHIT 6UPOOHUYIMEA 06CMAICEH020 Ma NPOMePmozo Haniedadpurxamy 3 pinuacmoi yuoyni. Ananiz pooomu
oanoi ninii na Yepracvkomy eupoonuuomy niopo3oini mosapucmea 3 oomexcenoio eionosioanvnocmi «Bioxcu Ilpooakuwiny
2pynu Komnaniii «Bepecy 00360nue eussumu pao cymmeeux Heoonikie e it podomi. 3a pesynemamamu ananizy oyno
00TpyHmosano, po3pooneHo ma GNPOBAOHCEHO YOOCKOHANEHY JIHII0 3 CYMMEEO NOKPAUW(EHUMU MeXHIUHUMU
Xapakmepucmuxkamu.

Knrouosi cnosa: pinuacma yubyis, npoyec yuuerHs, npoOyKMUEHICMy, 06CMANCEHHS, MENIOHOCI, NPOMUPAHHS, IKPA.

V.l. Osypenko, M.V. Khandyuk, L.M. Miznik, L. D. Mysnyk

TECHNOLOGICAL ASPECTSOF IMPROVING THE EFFICIENCY OF
MANUFACTURING ROASTED AND GRATED SEMI-FINISHED PRODUCTS FROM ONIONS

The paper presents the research results on the technological process and justification of measures taken to improve the
production linefor roasted and grated semi-finished productsfrom onions. Analysis of the operation of thisline at the Cherkasy
production unit of the limited liability company “Vidzi Production” of the “Veres’ group of companies revealed a number of
significant shortcomings in its operation. Based on the results of the analyss, an improved line with significantly enhanced
technical characteristics was substantiated, developed, and implemented. The improvement in characteristics was achieved
through the introduction of more efficient roasting ovens, root cutting machines, and cleaning machines.

Keywords. onion, peeling process, productivity, frying, heat carrier, grating, caviar.

Statement of the problem.

The food industry in Ukraine has traditionally been one of the main and most important sectors of
the agro-industrial complex (AIC). The canning industry is one of the main branches of the food industry,
which makes it possible to reduce the time spent on cooking at home, diversify the public catering diet, and
provide the population with products made from raw materials that grow only during a certain period of the
year. The products of the canning industry make it passible to provide highly vitaminized nutrition. When
properly processed and refined, they not only retain their nutritional qualities for a long time, but also
improve them. One of the main tasks of canning is to reduce the activity of the external environment and
water, and to destroy or suppress the action and development of microorganisms and their spores. Various
canning methods are used to preserve the nutritional value of food products [1].

The Ukrainian canning industry needs radical modernization through the introduction of modern
technological equipment. Such equipment should be based on advanced engineering solutions that will
increase productivity, ensure environmentally friendly production, and make efficient use of resources.
Practical experience confirms that the most effective areas for capital investment in the food industry are
the reconstruction and technical re-equipment of existing production facilities. This approach allows for the
renewal of the material and technical basein a significantly shorter time frame and the devel opment of new
capacities at alower financial cost compared to the construction of new facilities.

Given these challenges, this study aims to improve the quality of roasted and grated semi-finished
onion products, which are an important ingredient in the production of eggplant and zucchini caviar at
canning factories.

Analysis of recent studies and publications. The problem of improving nutrition has prompted
innovative research by many scientists, in particular M. Bomba and S. Kolodiy assessed the possibility of
adapting high-calorie traditional domestic dishes to the requirements of dietary nutrition in connection with
the deterioration of the population's health [2]. It should be noted that V. lvanchenkov and Z. Chekhovich
considered the issue of promoting healthy eating through the prism of innovation and stable economic
development of Ukrainian enterprises [3]. N. Dudenko and V. Olkhovska were engaged in the devel opment
of vegetable caviar with increased nutritional value [4]. The most popular is zucchini caviar. It contains
zucchini, 25% tomato paste, carrots, onions, sugar, table salt, oil, ground red pepper, and ground black
pepper. The problems of mechanization of canning industry equipment, in particular the cleaning and
separation of edible and inedible parts of raw materials, and the heat treatment of plant products, have been
studied in the works of the following domestic and foreign scientists: M. Aminov, A. Gladushnyak, M.
Dikis, 1. Kolesnik, E. Kovalenko, A. Malsky, Yu. Skrynnikov, N. Feshchenko, V. Voroshchuk, M.
Shynkarik, O. Datsyshyn, G. Goncharenko, and others[5]. However, despite the significant amount of work
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done, many components of zucchini caviar production lines do not fully meet modern requirementsinterms
of their technical and technological characteristics. Taking this into account, the analysis of technological
processes and the improvement of the components of the production line for fried and grated semi-finished
products from onions based on this analysis ensures more efficient and higher-quality production of semi-
finished products for zucchini and eggplant caviar.

Purpose of the article. Based on theanalysis of the parameters of the existing technological process,
improve the production line for roasted and grated semi-finished products from onions in order to increase
the efficiency of manufacturing a high-quality product, whichisanimportant component of canned zucchini
caviar and eggplant caviar.

The main material.

Today, the following trends and priorities have emerged worldwide: further growth in agricultural
raw material yields, development of animal husbandry, expansion of product range, improvement of quality,
nutritional value, and taste characteristics of food products, introduction of competitive and cost-effective
technologies, reduction of the technological cycle and intensification of technological operations, rational
use of primary and secondary raw materials. Theimplementation of these directionsis possible only through
the analysis of modern methods of technological impact on food products and the selection of the optimal
organization of the technological flow [6].

Fruits and vegetables are an indispensable source of easily digestible carbohydrates and
physiologically active substances (vitamins, polyphenols, mineral compounds, natural antioxidants, and
dietary fiber). The medicinal properties of many types of fruits, vegetables, and berries have been known
since ancient times. However, their shdf life is limited, and as it increases, losses in weight and quality
increase, as do storage costs. The purpose of canning is to convert raw materials that are unstable during
storage into products with a long shelf life. The production of canned foods significantly reduces the loss
of agricultural raw materials, ensures a year-round supply of a wide range of fruit and vegetable products
to the population, and reduces the labor and time required for food preparation, army rations, and food in
extreme conditions (during long expeditions). Depending on the initial raw materials and the quality
requirements for the expected product, a technological scheme for processing or canning is selected. There
are many ways to preserve fruit and vegetable products — drying, cooling, freezing, preserving with salt,
sugar, acids, etc. The most reliable method is to store products in airtight containers using heat treatment
(sterilization or pasteurization) [6].

Vegetable caviar is a cold appetizer, usually in the form of a salad, made from ground vegetables or
mushrooms. Among canned vegetables, zucchini caviar is the most popular. To prepare caviar, fried,
mashed semi-finished products are used, made from zucchini, eggplant, carrots, and onions. Tomato paste,
oil, salt, sugar, pepper, and garlic are also added to make vegetabl e caviar. Spices such as paprika, coriander,
bay leaves, and vinegar for preservation may also be added.

For the production of semi-finished products, assembly lines are used, which are located in the
preparation department of the vegetable caviar production workshop.

Theline for preparing onion semi-finished products for the production of vegetable caviar (zucchini
and eggplant) at the private enterprise Vidzhi Production LLC, which is part of the Veres group of
companies (GC), is shownin Fig. 1.

The line operates as follows: onions are delivered to the vegetable caviar production workshop in
nylon nets and loaded into a calibration machine 1, where they are sorted into three size fractions, which
are then conveyed via trays to three belt conveyors 2. The belt conveyors feed the onions to the onion end
trimming device 3, which then feeds them to the cleaning machines 4. The cleaned onions are fed to the
inspection conveyor 5, where workers select unpeeled onions and return them to the cleaning machines.
The cleaned onions are fed to a washing machine 6 and then to a shredding machine 7. An eevator 8 feeds
the chopped onions into a roasting oven 9. A screw conveyor 10 feeds the roasted onions into a grinding
machine 11 and then into a grating machine with a collection container 12. Grated onion (semi-finished
onion product) from a collection container is fed by a screw pump 13 into a device for mixing vegetable
caviar components (grated semi-finished products: zucchini or eggplant; carrots; onions; tomato paste;
sugar; salt; sunflower oil; spices) and is fed into the apparatus for mixing vegetable caviar components.

The recording and analysis of the operation of each component of this line revealed a number of
shortcomings that significantly limit the ling's productivity. Namely:

— low productivity of onion trimming devices and high dependence on operator skill;

— unstable quality and low productivity of the oven for roasting onions;

— unrdiability and low quality of peeled onions from onion peeling machines;
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—manual collection of waste from cutting ends and peeling onions into containers;
—alarge number of operators and auxiliary workers (14 people).
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Fig. 1. Structural diagram of the onion semi-finished product preparation line at the private
enterprise Vidzhi Production LLC, Veres Group
1 — calibration machine 2 — belt conveyors; 3 — onion end trimming devices; 4 — onion cleaning
machine 5 — inspection conveyor; 6 —washing machine; 7 — shredding machine; 8 — elevator; 9 —roasting
oven; 10 — screw conveyor; 11 — grinding machine; 12 — grating machine with collection container; 13 —
screw pump; 14 — operator

Eliminating the identified deficiencies requires determining the necessary technical characteristics of
the equipment to be replaced and, accordingly, developing, manufacturing, or purchasing such equipment.
The key machine in the production line is the oven for roasting onions. It is this machine that provides the
productivity necessary for the effective implementation of the technological process of producing zucchini
or eggplant caviar. The necessary technical characteristics developed for the design of an improved oven
aregivenin Table 1.

Table 1
Justified technical char acteristics of the oven for roasting onions
Characteristics Indicators

Productivity, kg/hour 1000
Heating surface, m? 22
Average amount of oil in the furnace, kg 450
Steam consumption at pressure, 1+2 MPa 720
Roasting duration, min 5,22
Belt speed, m/s 0,05+0,2
Water consumption entering the cooler, m2/hour 1
Daily productivity coefficient (calculated) when frying zucchini 2
Daily productivity coefficient (calculated) when frying eggplants 0,6
Pressure tank capacity, m? 0,8
Filter tank volume, m3 0,8
Calculated power of dectric motors, kW 3.35
Overal dimensions:

length, mm 5200

width, mm 1800

height, mm 2210

Weight, kg 61001,1

In accordance with the specified technical characteristics, designersat Veres Group devel oped design
documentation, and an improved furnace was manufactured in the Group's mechanical workshops (Fig. 2).

In this oven, vegetables are fried using an intermediate heat transfer medium that comes into contact
with the product, which is vegetable fat (sunflower ail). In turn, the oil is heated by steam.

Processing is carried out at a relatively high temperature of 120°C to 160°C. Under the influence of
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heat, a number of interrdated physical and physicochemical processes take place in the product, resulting
in the removal of part of the moisture, absorption of oil, volume shrinkage of the product, gas release,
increased pressure inside the samples, increased porosity, and changes in the density and heat capacity of
the product. The speed of the processes occurringinthe product depends on the shape and size of the product
pieces, the temperature of the ail, the conditions of heat exchange between the oil and the product, and a
number of other factors.

Fig. 2. Improved oven for roasting onions at the ChVZ LLC “Vidzi Production” of the Veres Group

Based on the results of the production line analysis, it was decided to replace the washing machine
equipment and mechanize the removal of onion cleaning waste (stems, rhizomes, husks, and other foreign
impurities). Tothis end, amachinefor cutting onion ends and a machinefor peeling onions were devel oped,
and various standard and non-standard transport and buffer (auxiliary) equipment was used.

A machine with new design solutions was devel oped for trimming the rhizomes and stems of onions,
which increases the machine's productivity, improves the quality of onion end trimming, and reduces waste
[5, 7]. Thetechnical characteristics are presented in Table 2.

Table 2
Justified technical characteristics of a machine for cutting the roots and stems of onions
Specifications Indicators
Productivity, kg/hour 500
Number of carousels, pcs 2
Number of heads on the carousd 12
Average onion weight, kg 0,06 — 0,075
Machine productivity, pcs/min 120
Number of carousedl revolutions, min* 6
Type of traction chain for onion carriers I1P-38,1
Electric motor power, KW 1,1

A machine with new design solutions was developed for peeling onions from husks. The machine
can be successfully used in lines for preparing fried and grated semi-finished products from onions in the
preparatory departments for processing raw materials at canning factories. Based on the calculation of
design and kinematic parameters, the technical characteristics of the developed machine for peding onions
from husks are given in Table 3.

The structural diagram of the modernized production line is shown in Fig. 3. The modernized
production line for semi-finished products from onions works as follows: onions are ddivered to the
vegetable caviar production workshap in nylon nets, loaded by el evator 1, and fed into hopper 2. From the
hopper, devator 3 feeds the onions into the calibrating machine 4, where they are separated into two
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fractions according to size. From the calibrating machine, bet conveyors 5 and elevators 6 feed the onions
to the onion end trimming machines 7. Then, the onions are fed by bet conveyors 8 and eevator 9 to the
cleaning machine 10. The cleaned onions are fed to the inspection conveyor 11, where workers select
uncleaned onions and return them to the cleaning machine. The cleaned onions are fed into a washing
machine 12 and e evators 13, and then into a shredding machine 14.

Table 3
Justified technical char acteristics of a machine for cleaning onions from husks
Specifications Indicators
Productivity, kg/hour 1000
Number of screw revolutions, min? 3,2
Trandational velocity of onion, m/s 0,02
Average onion weight, kg 0,06 — 0,075
Screw drive power, kW 0,18
Type of gear motor NMRV050
Power of the abrasiveroll drive, kW 1,1
Type of gear motor MI2C-63-71-1,1
Type of drive chain for screw drive I1P-19,05-3780
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1 —devator; 2 — hopper; 3 —devator; 4 — calibration machine; 5 — belt conveyors; 6 — devators;
7 — onion trimming machines; 8 — belt conveyor; 9 — devator; 10 — onion cleaning maching;
11 — ingpection conveyor; 12 — washing machine; 13 — devator; 14 — shredding machine; 15 — belt
conveyor; 16 —fan; 17 — hopper; 18 — operator
Fig. 3. Structural diagram of the moder nized production line for semi-finished onion products
at the private enterprise Vidzhi Production LLC, Veres Group

Therest of the semi-finished product manufacturing process is the same as bef ore the reconstruction.
The chopped onions arefed by a conveyor to anew roasting oven, and the roasted onions are fed by a screw
conveyor to a crusher and then to a grinding machine with a collector. The grated onions (semi-finished
onion product) are fed from the collection container by a screw pump into the vegetable caviar mixing
machine (grated semi-finished products. zucchini, pumpkin or eggplant, carrots, onions; tomato paste;
sugar; salt; sunflower ail; spices). The husks from the onion cleaning machine 10 are fed by fan 16 into
hopper 17.
Thanks to the introduction of the modernized line, the number of operators and auxiliary workers
on the line has been reduced from 14 to 9 people.

Conclusions.

1. Based on the results of a detailed analysis of the parameters of the existing technological process
for preparing semi-finished onion products for the production of vegetable caviar (zucchini and eggplant)
at the private enterprise Vidzhi Production LLC, anumber of shortcomings wereidentified that significantly
limited the productivity and efficiency of theline.

2. To diminate the identified shortcomings, the technical characteristics of the oven for roasting
onions, the machine for cutting the roots and stems of onions, and improvements were made to the
production line for roasted and grated onion semi-finished products.

3. Themodernized production linefor onion semi-finished products at theprivate enterprise of Vidzhi
Production LL C of the Veres Group using newly devel oped machines with proven technical characteristics,
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which has increased process productivity, ensured more stable product quality, and reduced the number of
employees.
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Yhyvxuii nayionansruii mexuiunuii ynisepcumem
2JIvgiscokuti Oeporcasnuil ynisepcumenm 6e3nexu HeummeoisaibHOCmi

AHAJII3 BUBYXOITOXEXOHEBE3IIEKHW BUIOBYBAHHA ITPUPOTHOI'O I'A3Y

Y cmammi niokpecneno, wio npodnema yoezneuennsn 2azo000y6aHHA € AKMYAbHOW | NOMPedye 6NPOBAOIHCEHHA CYUACHUX
mexnonoziii 3axucmy. Ilpoananizoearo ymeopenns eudyxonoxcexconete3neunozo cepeoosuiiay Gyposiii yCcmanoeyi. 3a3Haueno, o 6
Ilpasunax de3neku 6 nagmozazo000y6Hill NPOMUCIOBOCHE 6KA3AHO JlULte NPO KAME2OPY8aHHA NPUMILLEHb, 4 BP0 KAMezopy6aHH:A
306HIUWIHIX YCINAHOBOK 6i0CYMHA OyOb-aKa inghopmauin. Bcmanoeneno, uio 6Kka3ani 306HiiHI YCIAHOGKU HAIEHCAMb 00 Kamezopiil
As (subyxonoosicexnconevesneuna) ma B; (noscerconebesneuna). 3anpononoeano emnecmu 3minu y Ilpasuna o6e3nexku 6
Hapmoza30000yeHiii nPOMUCI080CMi RPO HEOOXIOHICMb KAMe2OPYSaAHHA 308HIUIHIX YCMAHOBOK, A HA 00’ €KmMax 6udooymKy
RPUPOOHO20 2G3y GU3HAYUMU KAME2OPii 3a 6UOYXONOIHCEHCHOI HEHE3NEKOIW 01 2A306UX CEePONOGUH, OYPOSUX YCMAHOBOK,
MOOINbHUX KOMAPECOPHUX CMaHuiil, (axKenvHux cucmem ma iHWMUX 00°cKmie, n06’a3anHux 3 exkcniayamauicto 06’ckmie
2a30000y6anus.

Knruoei cnosa: subyxonodicesconebesnexa, npupoOouutl 2as, U000YMOK, Kamezopis, 306HIUIHA YCIAHOBKA.

M. Tolstushko, N. Ferents, YU. Paviuk, |. Kravets, A. Lun
EXPLOSION AND FIRE HAZARD ANALYSISOF NATURAL GASEXTRACTION

The article emphasizes that the problem of securing gas production is relevant and requires the implementation of
moder n protection technologies. The formation of an explosive and fire-hazardous environment in adrilling rig is analyzed. It
isnoted that the Safety Rulesin the Oil and Gasl ndustry indicate only the categorization of premises, and thereisno information
about the categorization of external installations. It is established that the specified external installations belong to categories
Az (explosive and fire-hazardous) and Vz (fire-hazardous). It is proposed to make changes to the Safety Rules in the Oil and
Gas I ndustry on the need to categorize external installations, and at natural gas production facilities to determine categoriesfor
explosion and fire hazard for gaswells, drilling rigs, mobile compressor stations, flare systems and other facilitiesrelated to the
operation of gas production facilities.

Keywords: explosion and fire safety, natural gas, extraction, category, external installation.

IHocTanoBka nmpodemu.

BunobyTok npuponHoro ra3zy B YKpaini Benerbes 31aBHa. [loyaTkoM MPOMHCIOBOT0 BUKOPHCTAHHS
MPUPOAHOTO razy Ha Tepuropii ['annunau BBaxkaioTh 1896 p., Konmu ra3 i3 HaQTOBHX CBEpIJIOBUH HA
pomoBuiui Cxigauns no Tpybax mepeBenu A0 TONKH naposoro kotrna [1]. Iepmuii razonepepoOHuit 3aBox
y €Bpomi 0yB 30ynoBanuii y bopucnasi B 1911 p., a 3romom TyT OyInio 30y0BaHO 1€ 1€B’ATh 3aBOIIB. Y
1912 p. y bopucnasi Oyno moOyaoBaHo mepummii B YKpaiHi rasomposin mpoTskHicTio 700 M i mBa
razonposoau Bix bopucnasa 1o [porodouya nosxunoro 12 kM koxkeH. Lli razonpoBoan BXOIWIN B JECITKY
MepIInX MPOTSHKHUX ra30npoBoniB €ponu. Y 1921 p. momykoBoio cBepiioBUHOIO ¢dipMu «Gazolina» Ha
rmubuHi 395 M Oyno po3kpuTo mepmmid Ta3oBuid mokman [lamascbkoro pomoBuina. Po3BimyBaHHs
JlamaBcbkoi Ta3oHOCHOI Twiomi y 1924 pomi miaTBepAWIIO BiAKPUTTS POAOBHUINA TPHPOTHOTO Tasy,
TIOYATKOBi 3amacH AKoro craHoBwin 13,2 mupa. M. Y 1950 p. 6yi1o Biakpute yHikansHe [lleGenmHchbke
ra30KOHJCHCATHE POJIOBHINE B XapKiBChKill 00IacTi — HaiibuIbIe Ha Toi vac y €Bporri [1].

BunobyTok ra3y B YkpaiHi He npUnUHAETHCS 1 i yac BiiHU. 30Kpema, BIipoaosxk 2023 poky Oyio
BBEACHO B eKCIUTyaTalilo 86 HOBHX OypOBHX CBEPIUIOBHH, 3 HHX 24 — 3 MOYATKOBUM Je0iTOM Oiiblue
100000 M, 1o cTano a6COMOTHIM pexopoM 3a 20 ocTaHHIX pokiB. HaitmoTyskHilry 6ypoBy cBepIIOBUHY
3amymieHo B kBiTHi 2023 poky, Ti ge6it gocsarae 580 000 m> [2].

AHali3 MOXEK CBIAUNTD, 110 HalfyacTillle BOHH BUHUKAIOTH ITiJT Yac OypiHHS CBEPIIOBHH 1 IIPH iX
eKCITIyaTallii Ta TPH3BOAATH JI0 3HAYHUX MaTepiadbHUX 1 TPYAOBHX BHTpAT Ha iX mikBimarito. OmHa i3
HAMOLIBIIMX [TOXKEXK CTAIACd HA TEPUTOPIi YTepchbKOro razoBoro pojoBuina y aucronani 1946 poky [3].
Bona TpuBana BpooBK poKy i 3a Iiei yac BTpaTH rasy ckianu 3 mupa. M3 — e 10% mpupogHux 3amaciB
VYrepcepkoro ponosuiia. Yepe3z aHOMaIbHO BUCOKUH MIACTOBUHN THUCK ra3y 1 MOMUIKY OypoBOi Opuraau min
YJac CIYCKO-TIAHOMHOI omepauii cTaBcid panToBHH BUKUA ra3y. THCK rasy 3ipBaB NPEBEHTOp 3 THpIa
CBEPJIOBHHU 1 3a JIiYeHI CeKyHAU BUKHHYB 800-METpOBY KOJOHY IISCTHAIOHMOBHX OYPHIIBHHX TPYO.
Uepes tepTsa OypuiasHUX Tpyd 00 OypoBY BHMINIKY Ta3 3aropiBcsd. CTOBI BOTHIO csaraB 30 M 3aBBUIIKH, a
BHOYi 3arpaBy Oyno BuzaHO ax 31 JIbBoBa. [lamarounii ra3, BUKUAM BEIWYE3HOT KUIBKOCTI BOAU Pa3oM 3
MOPOZOI0 HE JaBajyd TPUBAIUM Yac 3aracHTU TOXKEXY 1 3aTaMIlyBaTH CBepAsoBHHY. s mikBimamii
(donTany y 1947 pori 6yino npodypeHo ABi MOXWIi cBepIoBHHHU 3a 200 M Bif aBapiiHOI, 1 JUIIE MIiCIs
BBEICHHS LIMX CBEPAJIOBUH B eKCILTyaTawito daken 3aracuin. Ha fioro micui yrBopuiacst BopoHka y Gopmi
yanri TTuonHOo0 40 M, SKY 3r0I0M HAIIOBHWIIH IPYHTOBI BOJTH.
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Tomy BKpail BakIMBO YyOe3NEUUTH MpoOLIeC BHIOOYTKY HPHUPOAHOrO Ta3y Ha BCIX CTaaisix
TEXHOJIOITYHOTO TPOLeCY: BiJ NPOEKTYBaHHS, OYPiHHS, CHOPYIDKEHHS, €KCIUTyaTallii CBEpAJOBUHHU IO
MiATOTOBKM Ta3y Ul TPAHCIIOPTYBAHHS HOr0 MaricTpajJbHUMHU TPYOOIIPOBOIAMH.

AHaJIi3 0CTaHHIX JOCTIIKeHb I myOaikamii.

AHaNITHYHUN OrJsiA OCTiKEHh Ta MyOJNiKaliid mokasye, 0 YKpaiHa BOJOJIE JOCTaTHIMHU
MPUPOAHUMH pecypcamu, HayKOBO-TEXHIYHHUM 1 KaJpOBHM IIOTEHI1aJIOM Ta (PiHAHCOBUMHM pe3epBaMH LIS
3abe3nedyeHHsl ce0e NPUPOIHUM Ta30M BIACHOTO BHIOOYTKY [5]. ABTOp CTBEpIKye, IO TOJOBHHUM
HampsAMOM CTPIMKOIO 3pPOCTaHHSl HaliOHAaJBHOTO HATOra3oBHAOOYTKY € 3pOCTaHHsS PIYHUX O0OCATIB
TIONTYKOBO-PO3BifyBanbHOro OypinEsa 1o 600 THc. M°, a ekcrulyaramiiiHoro — mo 400 Tuc. M3 Jlnsa
peaizamii TakuX IIaHiB HeOOX1THMI BUCOKHI piBeHb HAYKOBUX JIOCHTIHKEHB, PO3POOOK Ta BUTOTOBIICHHS
o0nagHaHHS, IHCTPYMEHTIB, MaTepialliB, MIrOTOBKA KaJpiB Ta BIPOBAHKEHHS CYYaCHUX TEXHOOTIH.

Onnak, Ha OyMKy aBTOpiB [6] HalOUIbIl HeOE3NMEYHWMH BUKIMKAMU JUIA Ta3oBOi ramysi €
BiZICTaBaHHsI PO3BHUTKY BITYM3HSIHOTO ra30BOrO PHUHKY BiJ aKTMBHUX INPOLECiB pe)OpMyBaHHS CBITOBHX
ra3oBUX PHHKIB, Hacamiiepen, y €Bpori; HeoOXiAHICTh BUKOHAHHS 3000B’s13aHb Y KpaiHH, 0 BUIIMBAIOTH
3 1i WIEHCTBA B €HEPIeTUYHOMY CITIBTOBAPHCTBI, Ta 3a(pikCOBaHI iHIIMMH MIKHAPOIHUMHU 3000B’ I3aHHAMU
VYkpainu.

Hocnigauku [7] miaKpeciioTh, 0 BeIHKa KUIBKICTh Ta30BHX POIOBUILI Y KpaiHH 3HAYHOIO MipOIO
BHCHa)KEHA, OKpEMi 3 HUX INepeOyBaloTh Ha 3aBepllanbHid cTanil BUAOOYTKY rasy. OmHak, BHUCHaXeHi
POAOBHUINA MPHUPOAHUX Ta3iB IE MAarOTh 3HAYHI 3aJMIIKOBI 3amacd BYIJICBOAHIB — Y IUIACTI MOXKe
samumarucs 10 10-15 % rasy Bix mouaTKoBUX 3amaciB. ABTOpaMH JOCHIIKEHO TEXHOJIOTiI0 BUTICHEHHS
3aJIMIIKOBOTO MPHUPOAHOTO Ta3y 3 MOPUCTOrO CEpeloBHINA HATHITAaHHAM a30Ty. BkasaHa TexHomoris —
BAYXUIMBUM HampsiM [Uid yOe3nedeHHs BUAOOYTKY HPUPOAHOIO ra3y, OCKUIBKH, a30T € e(eKTHBHHUM
(erMaTH3aTOPOM.

ABTopu [8] BBaXaloTh NMPUYMHHUM (HaKTOpOM aBapiii y HadTorazoBHAOOYBHIH HPOMHCIOBOCTI
MOpYIIeHHs mpaBmil i mpotenyp Oesnekn. Jlocmigaukamu [9] po3pobiieHO MaTeMaTU4HI MOZETI 3 METOIO
ONTHMI3alii 3ax01iB Oe3MmeKkn Ha Ta30100yBHil CBEpJIOBHHI. ABTOPH BUKOPHUCTOBYBaja JEKCHKOrpadiuHy
(YHKLIIO U BCTAHOBJICHHS MPIOPUTETIB UUIHOBUX (PYHKLIH, @ TCHETUYHUN alrOPUTM — IUIs1 3HAXOMKCHHS
Habopy onTUMaNbHUX piens [lapero.

VY poborax [10, 11] po3risiHyTO IEsiKi aceKTH ISl MiABUIIEHHS BUOYXOMOXKEK00€3MeKH MpoLecy
BUIOOYTKY NMPHUPOAHOrO ra3y, HayKoBe OOIDYHTYBaHHS SKHX PO3IJIAHAEThCs y OaHid poOoti. Takum
YMHOM, NpobiieMa yOesledueHHs ra30400yBaHHA € aKTyaJbHOIO 1 MOTpeOye BIPOBAHKEHHS Cy4aCHHX
TEXHOJIOT'1H 3aXHCTYy.

IlocranoBka 3aBaaHb. Mera poOOTH mosirae B OWIHII BHOYXONMOXKEKOHEOE3MEKH BHUIOOYTKY
OPUPOAHOTO Ta3zy. s NocsSrHeHHs METH 3aCTOCOBAHO Taki METOAHM, SIK ICTOPUYHUHN, MOPIBHSIBHUM,
CTaTUCTUYHUH, TEOPETUIHOTO y3arajJbHEeHHs, a0CTPaKTHO-JIOT TYHHMA, aHAITI3y 1 CHHTE3Y, a TAKOK METOAUKU
pospaxyuky srigao JICTVY b B.1.1-36:2016 [4].

BukJiazeHHsl 0CHOBHOT0 MaTepiaiy.

Ha 06’extrax BUOOOYTKY IPUPOTHOrO rasy, po3TaioBaHi BUPOOHNYI, CKJIAACHKI Ta aAMiHICTPaTUBHO-
moOyTOBI OYAWHKH, CIIOPYIH, 30BHIIIHI YCTAaHOBKM 1 MiA3€MHI KOMYHiKaIlii. 30BHIIIHIMH BBa)XalOTh
YCTQHOBKHM, amapaTtd 1 yCTaTKyBaHHS SIKMX PO3MiLIeHi 330BHI OyOMHKY Ha OXHOMY TEXHOJOTTYHOMY
MaiiIaH4MKy 1 MOB's13aH1 MK COOOI0 €IMHUM TEXHOJIOT'TYHMM MPOLECOM BUPOOHHIITBA, TPAHCIIOPTYBAHHS
Ta MepepoOKH MPOLYKILii.

Jlo 30BHIIIHIX yCTaHOBOK Ha 00’€KTax ra3oo0yBaHHS BiAHOCATH: ra3oBi CBEPAJIOBUHH, OYpoOBi
YCTAaHOBKM, MalIaHYMKH AJsl PO3TalllyBaHHS OOMagHaHHS, MOOUIbHI KOMIIpECOpHi CTaHLii, (akenbHi
CHUCTEMH Ta iHII 00’ €KTH, TTOB’sI3aHi 3 EKCILTyaTaIli€l0 00’ €EKTIB Ta30BUI00YTKY.

VY Takux ycTaHOBKax Oe3NepepBHO UM MEPIOAMYHO 3HAXOAMTHCS BHOYXOMOXEKOHeOe3meuHa
peyoBHHA — IPUPOTHUMA ra3. 30BHIIIHS yCTaHOBKA — (haKeIbHa CHCTEMA BUKOPUCTOBYETHCS [Tl BUKHIAHHS
1 TIOAAIBITIIOTO CIIATIOBAHHS TOPIOYOTr0 Ta3y IIiJ] Yac aBapiifHUX CHTYaIlii y mporieci 300py, MiATOTOBKH Ta
KOMIIPUMYBAHHS Ta3y, Y BHIIAQAKY 3YIHHKH OO0 €KTiB ra3oBUIOOYTKY, a TaKOX INPH NEPIOAUIHOMY
BUKHJIAHHI IIPHPOIHOTO Ta3y i MPOoIyBaHHI TEXHOIOTIYHOTO 00J1a THAHHS.

30BHIIIHBOIO YCTAHOBKOIO BBa)alOTh 1 MOOUTEHY KOMIIPECOPHY CTaHIII0 — MEPECYBHUI KOMIUIEKC
cropyzl, o0JlalHaHHS Ta YCTaTKyBaHHs, IPU3HAYECHUH [UIs 3aro0iraHnHsl BUKUAY Ta3y B TOBKULIA LUIIXOM
HOro mepekadyBaHHS IPH MPOBEACHHI PEMOHTHHUX 1 perlIaMeHTHHX poOIT Ha 00’€KTaX rasofo0yBaHHS.
Maca ra3zy, ska MOXXe HaAiiTH HpH aBapii, 3aleKUTh Bi MPOLYKTUBHOCTI KOMIIPECOPiB, TPHUBAJOCTI
MepEeKpUBaHHs 3aCYBOK, PO3MIpiB TPyOOIPOBOXIB.
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Y OypoBiii yCcTaHOBII 3HAXOAMTHCA  KOMIUIEKC OypoBOro oOmamHaHHS 1 criopyn st OypiHHS
CBEPJIOBHH, JIc B Ipolieci OypiHHS MOXKIJIMBI HEKOHTPOJIbOBaHI ra3onposBH. IIpy He3HAYHIA KiTBKOCTI
ra30nposiBH HE MEPEIIKOKAIOTh MPOBEACHHIO OCHOBHUX TEXHOJOTUHUX ONepalii, ajle BeNHKi aBapiiHi
BUKHIH CYNPOBOJUKYETHCS YTBOPCHHSM BUOYXOMOKEKOHEOE3[EYHOr 0 cepeioBrIIa. [IprunHaMu BEMUKUX
aBapifHUX BUKHIIB ra3y i3 CBepUIOBUHH Ha cTaii OypiHHS € BIACYTHICTh, HECIIPABHICTh UM HEMPaBHIbHE
BHUKOPHUCTaHHS NPEBEHTOPIB Ha THPJIi CBEPUIOBHH, a TAKOXK MOPYILEHHS T'eépMETHYHOCTI 00CaTHUX KOJIOH.
Buxuay rasy BHHHKarOTh B 00CaTHUX KOJIOHAX MPH BiJICYTHOCTI y CBEPIUIOBHHI OypWIBHHX TPYO; Yy
KONMOHax OypuJIpHHX TpyO0 HpH BiZCYTHOCTI a00 HECHpaBHOCTI 3BOPOTHOTO KJalaHa; y KUIbLEBOMY
MpocTopi MiX OYpHUIIBHOIO 1 00CaJHOI0 KOJIOHAMH; Y HEIIUTBHOCTSX PO3’€MHHUX 3'€THaHb OOB'SI3KH T'HpJa
CBEPAJIOBUHH; Y KUIBLIEBUX IIUIMHAX MK KOJOHAMH Yepe3 HEsIKICHE IIeMEHTYBaHHS 1 IMOPYIICHHS
TePMETHYHOCTI B 3’ €IHAHHAX 00CaJIHUX KOJIOH; a TAKOXK a3 MOXKE MPOHUKATH 4Yepe3 TPILIMHU Ta IUIaCTH,
10 BUXOZSATH Ha MMOBEPXHIO 32 MEKaMHU CBEPUIOBHUHH.

3oBHimHI ycranoBku 3rimHO JCTY b B.1.1-36:2016 [4] 32 BUOYXOMOXEKHOIO Ta IMOKEKHOIO
HeOEe3MeKOo TMOAUIAIOTh Ha KaTeropii: A, (BuOyxonoxexonedesneuna), b, (BuOyxomnoxexoHnedesneyna),
B, (moxexonebesneuna), ['s (momipHo mnoxexxkoHeOesneuna) Ta [l; (3HIKEHO MOKEXKOHEOE3EUHA).
Bkazana kmacugikamliiiHa XapaKTepHCTUKA BHU3HAYAETHCA 3a KUIBKICTIO 1 3a BHOYXOHEOE3MEYHHMU
BJIACTUBOCTSIMU PEUYOBHH 1 MaTepiaiiB, 110 3HAXOAATHCS B YCTAaHOBLI.

[IpaBuia Ge3nekn B HadTorazomoOyBHil MpoMUCIOBOCTI [12] periiaMeHTyIoTh BUMOTH O€3MEeKH ITif
Jac NPOEKTYBaHHS, OypiHHS, CHOPYIDKEHHS Ta eKCIUIyaTalii, KamiTalbHOro PEMOHTY Ta IOCHTIIKEHb
HaTOBMX, Ta3oBHX Ta IHIIMX IOB’A3aHMX 3 BUAOOYBaHHSAM HadTH 1 Tra3y CBEpIJIOBHH, CHCTEM
MPOMHCIIOBOIO Ta MIKIOPOMHUCIOBOrO 300py HadTH i rasy, a TakoX BHMOTH JO TEXHOJOTIYHOIO
yCcTaTKyBaHHs 00 €KTiB HaTOra3o100yBHOI mpomuciioBocti. OpnHak, y Bkasanux [paBunax [12] (1m.2.28.)
3a3HAa4YCHO JIMILE MPO KaTeropyBaHHs mpuMimeHs: «Ha Bxoai 1o mpuminieHs MOBHHHI OyTH pO3MilleHi
TaOJMYKY 13 3a3HAYCHHSAM KaTeropii NpUMIILEeHHS 0A0 BUOYXOIMOXKEKHO] 1 MOXKexXHOT HeOe3nekH. .. ». [1Ipo
KaTeropyBaHHsI 30BHIIIHIX yCcTaHOBOK y [IpaBmiax Gesmeku B HaTora3zomoOyBHiil mpomucioBocTi [12]
BiZICYTHA Oyab-sika iH(opMmaris.

KinpkicHy OLiHKY BHOYXOMOXKEKOHEOE3MEeKH HPUPONHOrO Ta3y, LI0 3HAXOAATHCS y 3OBHILIHIN
YCTaHOBILi, MOKHA 3IIIICHUTH PO3PaxyHKOM TaKHX MapaMerpiB SK HAJJIMIIKOBHN THCK Y pasi 3TOpSHHS
ra3onoBITPSHOI CyMilli Ta TOPU3OHTAJIbHMN pPO3MIp 30HH, IIO OOMEKYE Ta3oMOBITPSHI cymimi i3
KOHLIGHTPALI€I0 TOPIOY0i PEUOBHMHM BHILE HI)KHBOI KOHLEHTPALIMHOI MEXI MOUIMPEHHS MOIyM's Ta
IHTEHCUBHICTh TEIUIOBOI'O BUIPOMiIHIOBAHHS BiJl BOTHHUILA TTOXKEXKI.

Benmnunny nagmuimukoBoro Tthcky AP, klla, mo po3BUBaeTbcA MpHU 3TOPSHHI Ta3oMOBITPSHUX
cymimeit, Bu3Hauamu 3a popmysioro [4]:
AP =P, (0,8:m,, " /1 +3-mu*®/r* +5-my, /1°), (1)

ne: Po —aTmocdepnuii Tuck, klla (monyckaetbes npuiiMata 101 kI1a); r — BigcTaHb BiJl FTeOMETPUIHOTO
LIEHTPa ra30loBITPAHOI XMapH, M; M, — IPUBEIEHA Maca rasy, ska 00YHUCIIOETCS 3a (POPMYIIOIO;

mnPZ(QH/Qo)'m'Z1 (2)
ne: Q,, — mUTOMA TEIUIOTa 3rOPSIHHS MPUPOIHOIrO razy, JLK/Kr; Z — Koe(ilieHT y4acTi OpIOYHX ra3is

y TOpiHHI, sIKUii JomyckaeTbest npuitmMaty piBauM 0,1; Q, —KkoHcTaHTa, piBHa 4,52 - 10° Jik/kr; m —maca
MPUPOAHOTO Tasy, SKUil HaliMIIOB B pe3ybTaTi aBapii y JOBKLULIA, K.

BcranoBneHo, 1110 30BHIILIHI YCTAHOBKM Ha 00’ €KTax ra3on00yBaHHS —ra30Bi CBEpIJIOBHHHU, OypOBi
YCTAaHOBKM, MaWIaHYMKH JAJsl PO3TalllyBaHHS OOMagHaHHS, MOOUIBHI KOMIIpECOpHi CTaHLii, (akenbHi
CHCTEMH — HaJIeXaTh JI0 KaTeropii A, (BuOyxonokexxonedesnedna) Ta B, (moxexxonede3neyna).

VY BuOyXONoXe:KOHEOE3MEUHNX 30HaX 30BHILIHIX YCTAHOBOK ITOBMHHI 3HAXOIUTHCS: KOHTPOJBHO-
BHUMIpIOBaJIbHA amapaTypa Ajs aBTOMATHYHOro i1 Oe3mepepBHOrO BHMIPIOBAHHS KOHIIEHTpaLil rasis,
aBTOMAaTHYHA CHCTeMa aBapiiiHOI CUTHAMI3awii, MPUCTPOi AJIS aBTOMATHYHOIO BiIIMKHEHHS EJIEKTPHUYHUX
NpuIagiB 1 IBUTYHIB BHYTPIIIHBOI'O 3TOPSHHS 3TIOHO 3 MPOEKTHOIO TOKYMEHTAL€I0, TEXHOJOTTYHOIO
CXEMOIO Ta TEXHIYHOIO JOKYMEHTAIII€10 BUPOOHUKA. Y TaKHX 30HaX HEOOX1HO 3aCTOCOBYBATH iIHCTPYMEHT,
BHUTOTOBIIEHUH 3 0€31CKpOBUX MaTepiaiiB a00 y BiIMOBIAHOMY BHOYXOIMOXKEXK00E3MeIHOMY BUKOHAHHI.

Takum guHoM, y [IpaBmia Ge3neku B HahTOra3omo00yBHIM MPOMHCIOBOCTI CITiT BHECTH 3MIiHH IIOJI0
HEOOXiIHOCTI KaTeropyBaHHS 30BHIIIHIX YCTaHOBOK, a Ha 00’€KTax BHIOOYTKY MPHUPOAHOrO rasy yis
ra3oBUX CBEPJIOBHH, OYpOBHX yCTAHOBOK, MOOUIBHHUX KOMIIPECOPHHUX CTaHLiH, (akeIbHUX CHCTEM Ta
IHIMX 00’ €KTiB, MOB’sI3aHUX 3 EKCILTyaTaIli€r0 00’ €KTIB ra30/100yBaHHI HEOOX1THO MPOBECTH BU3HAYCHHS
KaTeropii 3a BUOYXOIMOXKEKHOIO HeOE3EKOIO.

© M. M. Torcmywixo, H. O. @epeny, IO. E. [lasmox, 1. I1. Kpaseyw, A. C. Jlun

158



Misicayziecwvruti 30ipnux « HAYKOBI HOTATKH». Jlyyvk, 2025, Ne83

Bucnosku.

1. AHami3 TEXHONOT{YHOrO Hpouecy BUAOOYBaHHS MPUPOJHOTO raszy IMOKa3aB BHOYXOMOXKEKHY
HeOe3MeKy 30BHIIIHIX YCTaHOBOK — Tra30BHX CBEpAJIOBHH, OypOBHUX YCTaHOBOK, MAaMIaHUYUKIB IS
po3TalryBaHHs 001agHaHHS, MOOUTBHUX KOMIPECOPHUX CTaHIiH, (pakelbHUX cUCTeMH. BecraHnoBneHo, 1o
BKa3aHi 30BHIIIHI YCTAaHOBKM HaJeXaTb Jd0 Kareropii A, (BuOyxonokexoHnebesneyna) Tta B,
(moxxesxoHeOe3MeuHa).

2. Y IlpaBuiia Oe3nekd B HaQTOra3omo0yBHIM TPOMHCIOBOCTI CJIiJI BHECTH 3MIHH PO HEOOXiAHICTH
KaTeropyBaHHs 30BHILIHIX YCTAaHOBOK, a HA 00’€KTax BHUIOOYTKY MPUPOTHOIO Ta3y BU3HAUYUTH KaTeropii
3a BHOYXONOXXEKHOIO HEOE3MEKOI Uil Ta30BUX CBEPIJIOBHH, OYpOBHX YCTaHOBOK, MOOUTBHHX
KOMIIPECOPHHUX CTaHIH, (paKeIbHUX CUCTEM Ta IHIIMX 00’ €KTIB, MOB’SA3aHUX 3 EKCILUIyaTaIli€l0 00’ €KTiB
razofgoOyBaHHS.
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0.C Kopajnumux
Jlvgiscokuil HayioHanbHUlL YHigepcumem 6emepuHaproi MeouyuHy ma 0iomexHon02it
imeni C.3. Dicuyvkozo

I'EHEPATUBHI AEHTHI PILIEHHSA IITYYHOI'O IHTEJIEKTY JJIA
3ABE3INNEYEHHA AKOCTI TIPOT'PAMHOI'O 3ABE3IIEYEHHSA

Al -azenmu demoncmpyroms agmonomuicme y nianyeanHi, GUKOHAHHI, AHAI3 ma niompumyi mecmis, NPONOHYIOUU
nomenyian OnAa ROOONAHHA CMINKUX GUKIUKIG Yy 3abe3neueHHi aAKocmi, 30Kpema HAOMIDHUX GUmMpAam HA RIOMPUMKY,
mpueanux YUK1i6 HANAZOOHCEHHA MA 0OMENCEHUX MOMNCAUSGOCMEll NPOZHO3Y6anHA. /A CmpyKmypyeanus 00CuioMHceHHs
6U3HAUEHO CIM OCHOBHUX (A2EHMHUX 6APIAHMIE BUKOPUCHMAHHA, WO OXONIOIOMb NOGHUI HCUMMEGUI WUKIT MeCMOo8oi
asmomamusauyii. IlIposedeno nopienanvhny oyinky mpoox SaaS-nnamgpopm — KaneAl, Zephyr Scale Automate ma TestRigor
— i3 3acmocy8annAM 0yanbHol MemoouKu, AKa HOEOHYE KibKICHe oyintoeanna ma axicnuil ananiz. Takuii nioxio 3abe3neuye
yinicne po3yminHA AK 3pinocmi niOMPUMKU azeHMHUX QYHKYIl, mak i 21IUGUHHUX XApaAKmepucmuK ix peanizauii, poonauu
6HECOK Y OUCKYPC {000 €80IIOUIT NPAKMUK MECHYEAHHA NPOZPAMHOZ0 3A0e3neUeHHA.

Knrouosi cnosa: cenepamugni Al-aeenmu, AKicmos npoepamuoco 3a6e3nedeHts, agmomMamu3ayis mecmy@ants, azeHmHi
cucmemu, Wmy4Hul iHmenexm.

O. Kovalyshyn

GENERATIVE ARTIFICIAL INTELLIGENCE AGENTIC SOLUTIONS FOR
SOFTWARE QUALITY ASSURANCE

Al agents demongtrate autonomy in planning, execution, analysis, and maintenance, offering potential to address
persistent challenges in quality assurance such as maintenance overhead, lengthy debugging cycles, and limited predictive
capacity. To structurethe investigation, seven core agentic use cases were defined, covering thefull lifecycle of test automation.
A comparative evaluation of three SaaS platforms—KaneAl, Zephyr Scale Automate, and TestRigor—was conducted using a
dual framework that combines quantitative scoring with qualitative assessment. This approach enables an integrated
understanding of both the maturity of support for agentic functionality and the qualitative depth of its implementation,
contributing to ongoing discourse on the evolution of software testing practices.

Keywords. Generative Al agents, software quality, test automation, agentic systems, artificial intelligence.

Problem statement. The emergence of ChatGPT, GitHub Copilot, and similar generative Al
(GenAl) systems has reshaped expectations for software engineering and testing. Early research signaled
strong productivity boosts. GitHub's controlled study showed developers completing tasks 55.8% faster
with Copilat [1]. AWS benchmarks reported up to 57% productivity gains from Amazon CodeWhisperer
[2]. McKinsey estimated devel opers could be up to twice as fast in coding tasks, while GenAl overall could
add $2.64.4 trillion annually in value creation [3]. SoftServe pilots across the Software Development
Lifecycle reported up to 45% productivity improvements. ~20% faster software development, 25%
reductions in Quality Control effort, 20% acceleration in test automation, and 17% savings in
documentation [4]. These figures are impressive but remain bounded to atomic activities such as code
generation, boilerplate writing, or drafting tests, typically validated in pilot contexts with human
orchestration. The gains plateau because current tools act as assistants rather than self-driving entities. As
a result, organizations recognize that further progress requires moving beyond incremental efficiency
toward systems that can operate with higher levels of autonomy and contextual awareness. To unlock
transformative impact, the industry must shift toward agentic solutions—autonomous systems capable of
planning, executing, and adapting across testing workflows.

Literature Review. In 2024-2025, the focus of Al in software testing has shifted from passive
copilots toward agentic systems—autonomous, goal-directed entities. This transition reflects broader
research in software engineering and multi-agent systems, which identifies the potential for agents not only
to generate artifacts but also to orchestrate workflows in testing and quality management. [5]. Recent
publications focus on the following primary applications of agentic Al intesting. First, dynamic test design,
where agents derivetest cases directly from requirements or Ul exploration. Second, autonomous execution
and environment control, reducing manual setup effort. Third, failure triage and root-cause analysis, with
agents connecting logs and traces to likely causes. Fourth, test maintenance and refactoring, where agents
adapt suites as applications evolve [6-7]. Beyond those, the following additional use cases are commonly
discussed: self-healing / auto repair of broken tests, intelligent test selection / risk-based prioritization of
tests, and predictive defect / error detection using historical test outcomes [8-10]. These use cases move
well beyond static script generation and show iterative learning and adaptation.
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Industry leaders are actively working to integrate agentic systems and GenAl agents into their testing
solutions, moving beyond assistant-only approaches. Considering the main use cases of agentic Al in
testing, several notable competitors are available on the market today. KaneAl offering execution across
multiple frameworks and devices with self-healing capabilities [11]. TestRigor focuses on plain-English
test authoring, autonomous execution, and strong self-healing to reduce maintenance overhead, while also
leveraging user behavior for prioritization[12]. Zephyr Scale Automate extends test management with
automation and execution features, making it easier to run and track large volumes of tests, though with less
emphasis on full autonomy[13]. Together, thesetools illustrate how vendors are already embedding agentic
features into practical SaaS applications for software testing.

Goal of theresearch. Goal of theresearch is to analyse current market leading agentic solutions for
software testing and potential for their application in ensuring quality of software applications.

Methodology and results. An Al agent is a computational system that can perceive its environment,
set or interpret goals, and act autonomously to achieve them. Unlike assistants, which rely on continuous
human prompting to complete narrowly defined tasks, agents operate with ahigher degree of independence:
they can plan sequences of actions, make context-aware decisions, and adapt their behavior based on
feedback or changing conditions. This autonomy allows them not only to execute instructions but also to
anticipate next steps, recover from errors, and optimize workflows over time. In the context of software
testing, Al agents differ from assistant-style tools by orchestrating entire quality processes—such as
designing, executing, analyzing, and maintaining tests—without requiring step-by-step human guidance
[14].

Whilethe concept of Al agents sets the theoretical foundation, the real shift in software testing comes
from how these principles are embedded into practical tools and SaaS platforms. Early assistant-style
applications proved useful for isolated tasks, but agentic systems are now moving into mainstream adoption
through commercial products. These tools are designed not just to generate code or suggest test cases, but
to self-heal, prioritize, orchestrate execution, and provide insights with minimal human intervention [15].

The selection of KaneAl, Zephyr Scale Automate, and TestRigor was driven by their explicit
incorporation of agentic or GenAl-driven functionality, distinguishing them from traditional test automation
tools. They also represent diverse market positions—emerging Al-first solutions, enterprise platforms
extending into autonomy, and low-code environments with adaptive Al—ensuring a balanced and rel evant
comparison.

KaneAl (by LambdaTest) is a GenAl-native, end-to-end testing agent that lets teams plan, author,
execute, debug, and evalve tests directly from natural-language objectives, rather than hand-coding steps.
It's embedded in the LambdaTest cloud, so generated tests can run across browsers, OSs, mobile devices,
and popular frameworks (e.g., Playwright, Selenium, Cypress, Appium) with built-inresiliencefeatureslike
self-healing and versioned “evolve” workflows. Public materials and launch coverage emphasize its aim to
move beyond assistant-style code suggestions toward autonomous test orchestration and faster RCA/triage
within CI/CD pipdines. LambdaTest has recently announced general availability, positioning KaneAl asa
production-ready layer on top of its execution infrastructureKaneAl offers several key features. It enables
natural language test authoring and evolution, allowing users to write objectives, scenarios, or stepsinplain
English and automatically generatetests. It supports multi-framework and multi-language export, including
Sdenium, Playwright, Cypress, WebdriverlO, and Appium, giving flexibility across environments. An
Intelligent Test Planner can auto-generate detailed steps from high-level abjectives. The platform includes
self-healing and resilient test capabilities, such as handling Ul or locator changes, versioning, and automatic
healing. It provides broad device and browser coverage with cloud execution and scheduling through
LambdaTest’s infrastructure. Finally, KaneAl supports assisted debugging and observability with root-
cause analysis, categorized errors, detailed reports, and advanced test analytics [16].

Zephyr Scale (by SmartBear) is an advanced test management solution that extends Jira with
enterprise-grade capabilities for managing manual and automated testing. The Automate add-on expands
this by enabling integration of automated test runs, cross-browser execution, and richer traceability between
requirements, test cases, and results. Unlike agent-native tools, Zephyr Scale Automate is less focused on
generative Al autonomy, but it plays a central role in connecting automated execution with structured test
management at scale. It is widely adopted by QA teams already invested in Jira, CI/CD pipdines, and
SmartBear’ stesting ecosystem. Zephyr Scale Automate provides arich set of featurestailored for enterprise
test management. It natively integrateswith Jirato organize, create, and manage large volumes of test cases.
Full traceability links requirements to test cases and defects, ensuring coverage and compliance reporting.
Automated test execution is supported through its Automate add-on, integrating with CI/CD tools such as
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Jenkins, Bamboo, and GitHub Actions. It allows cross-browser and parall€l runs, enabling faster validation
across environments. Customizable reporting and dashboards deliver advanced test metrics, coverage
views, and real-time project status inside Jira. Versioning and reuse features support test cycles, case
control, and reusable components, while scalability ensures handling of thousands of test cases across
multiple projects. Finally, Zephyr Scale Automate benefits from a broad integration ecosystem, connecting
to SmartBear’ s own products like TestComplete and ReadyAPI, aswell as external automation frameworks

[17].

TestRigor isan Al-powered test automation platform designed to let teams create and maintain end-
to-end tests entirely in plain English. Unlike traditional frameworks that depend on brittle locators or
scripting, TestRigor interprets natural-language commands into executable actions, significantly reducing
the barrier for non-technical testers. Its agentic features include self-healing tests, automatic adaptation to
Ul changes, and the ability to generate tests from user behavior patterns. Positioned as a SaaS solution,
TestRigor integrates directly with CI/CD pipelines, enabling continuous, stable, and |ow-maintenance
automated testing across web, mobile, and desktop applications. TestRigor focuses on simplifying
automation through natural language and adaptive intelligence. It allows plain-English test authoring,
enabling teams to create and execute tests without writing code. The platform supports sdf-healing
automation, wheretests automatically adjust to Ul or locator changes, reducing maintenance effort. It offers
cross-platform coverage across web, mobile, and desktop applications, with integrations into diverse
environments. Test generation can also be driven from user behavior, analyzing real user flows and usage
patterns to expand coverage. Seamless CI/CD integration is available with Jenkins, GitHub Actions, GitLab
Cl, CircleCl, and other pipdines, supporting parallel test execution. Regression and prioritization features
help focus on the most critical functionality using metadata and analytics. Built for enterprise needs,
TestRigor scalesto thousands of tests while maintaining stability and speed. Finally, itslow technical barrier
makes it accessible to manual QA engineers, who can author and maintain automated suites without
programming skills [18].

While thesetools showcase different approaches to embedding Al into testing—from KaneAl’sfully
agentic orchestration to Zephyr Scale Automate' s enterprise management layer and TestRigor’s low-code
intelligence—thereal value emerges when we evaluate them against concrete challengesin modern QA. To
move beyond high-level claims, it is essential to ground the discussion in specific agentic use cases that
represent where autonomy can deliver the maost impact: designing tests dynamically, executing and
managing environments, triaging failures, maintaining suites, healing broken scripts, prioritizing runs, and
predicting defects. Details and impact of each use case are represented in Table 1. This use cases cover the
full lifecycle of test automation—from design and execution through failure analysis and maintenance,
while also addressing efficiency, stability, and predictive quality assurance. These were chosen because
they directly align with current challenges faced in modern testing: high maintenance overhead, slow
feedback cycles, difficulty in diagnosing failures, and limited ability to anticipate risks[19,20].

To enable a structured evaluation of instruments, both quantitative and qualitative assessment was
applied. Quantitative scoring was performed on a 1-5 scale to measure the maturity of support for each use
case, while qualitative evaluation provided descriptive insights into how each capability isimplemented in
practice. This dual approach ensures that the analysis captures not only the presence of functionality but
also its depth, rdiability, and applicability in enterprise contexts.

With this evaluation framework in place, the Pic 1. trandates the quantitative scoring into a structured
comparison across the selected tools. By mapping KaneAl, Zephyr Scale Automate, and TestRigor against
the common agentic use cases, the chart highlights not only where each tool demonstrates strong,
production-ready capabilities but also where functionality remains emerging or limited. This provides a
clear, evidence-based view of how current market offerings align with the practical needs of enterprise QA
teams and where gaps in agentic adoption still exist.

Each tool was assessed on these dimensions using publicly available documentation, vendor claims,
and independent reviews. Scoring system for quantitative use-case evaluation is following:

e 1-Limited/ No Support. The tool provides little to no native functionality for the use case. Any
coverage would require extensive manual workarounds or integration with external tools.

e 2-Emerging / Minimal Support. The tool shows early or experimental support for the use case.
Features may be in beta, partially functional, or highly dependent on user customization. Rdiability is
limited, and the capability is not yet ready for consistent production use.
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3 - Moderate/ Partial Support. Thetool offers meaningful functionality that addresses the use case,

but coverage is incomplete or requires significant human input. Features may work reliably for simple
scenarios but lack depth, scalability, or automation for complex environments.

Table 1.

Agentic Al use casesin softwaretesting

| Use Case

| Description

Value/l mpact |

Dynamic Test Design

Agents derive test cases directly from
requirements, user stories, or by
exploring the UI.

Ensures broad and adaptive coverage
while reducing manual test design
effort.

Autonomous Execution
& Environment Control

Agents handle environment setup,
configuration, and execution of tests
automatically.

Cuts down manual setup time,
improves execution speed, and
enhances reproducibility.

Failure Triage & Root-
Cause Analysis

Agents corrdate logs, traces, and
telemetry to identify likely causes of
failures.

Accelerates debugging, shortens
defect resolution time, and provides
actionable insights.

Test Maintenance &
Refactoring

Agents update and refactor test suites
as applications evalve (Ul, APIs,
workflows).

Reduces maintenance overhead, keeps
automation relevant, and improves test
reliability.

Sdf-Healing / Auto-
Repair of Broken Tests

Agents detect failing steps (e.g.,
locator changes, timing issues) and
repair them automatically.

Increases test stability, reduces
flakiness, and lowers long-term
upkeep costs.

Intelligent Test Selection
/ Risk-Based
Prioritization

Agents prioritize tests based on
recent changes, impacted areas, or
historical failure patterns.

Optimizes execution cycles, provides
faster feedback, and focuses on high-
risk areas.

Predictive Defect / Error
Detection

Agents analyze historical test
outcomes and code changes to

predict defect-prone areas.

Enables proactive defect prevention,
increases rel ease confidence, and
improves overall quality.

prance &

Pic 1. Quantitative evaluation of SaaS solutions cover age of Core agentic use cases.

4 - Good / Near-Mature Support. The tool provides strong support and can address the majority of

the use case requirements. Capabilities are practical for enterprise adoption, though some gaps remain in
terms of full autonomy, integration, or advanced optimization.

5 - Strong / Mature Support. The tool demonstrates mature, robust, and widely validated support

for the use case. It enables autonomous or near-autonomous execution with minimal human intervention,
scales rdiably in enterprise environments, and is recognized as best-in-class for this dimension.

While the quantitative scores provide a clear, numeric view of maturity across the agentic use cases,
they do not capture the nuances of how each capability is actually delivered in practice. To complement the
numbers, a qualitative assessment was conducted to highlight the nature, depth, and distinctiveness of each
tool’simplementation. This perspective reveals not only whether functionality exists, but also how usable,

© 0O.C Kosanuwuun

163



Misicayziecwvruti 30ipnux « HAYKOBI HOTATKH». Jlyyvk, 2025, Ne83

scalable, and enterprise-ready it is in real-world contexts. Table 1 summarizes these insights, contrasting
KaneAl, Zephyr Scale Automate, and TestRigor across the core agentic use cases.

Table 2.
Quialitative evaluation of SaaS solutions cover age of cor e agentic use cases
Zephyr Scale :
Use Case KaneAl Automate TestRigor
Plain-English test

Dynamic Test Design

Natural-language test
authoring; generates tests
from specs, Jiratickets, and
images.

Primarily manual test
case creation; lacks
Al-driven generation.

authoring; auto-
generation from user
behavior and existing test
cases

Autonomous
Execution &
Environment Control

Cloud-based execution
across browsers/devices;
scheduling and CI/CD
integration.

Strong automated
execution with paralle
runs; integrates into
Cl/CD pipdines.

Cl/CD and parallé
execution supported;
broad but slightly less
seaml ess environment
orchestration.

Failure Triage &
Root-Cause Analysis
(RCA)

Provides categorized error
reporting and debugging
tools; RCA suggestions are
basic.

Offersreporting and
traceability but triage
is largely manual.

Detects failures from Ul
changes; analytics-based
triage, RCA till limited.

Test Maintenance &
Sdf-Healing

Auto-healing tests with
versioning and evolution as
applications change.

Maintenance is mostly
manual; lacks self-
healing features.

Robust sdf-healing;
automatically adaptsto
locator and Ul changes.

Test Selection &
Prioritization

Planning and scheduling
available risk-based
prioritization not fully
automated.

Supportsfiltering and
test cycles, but not Al-
driven prioritization.

Prioritization based on
user behavior and
metadata; not fully
autonomous.

Broad Test Coverage
(Web/Mobile/API)

Supports web, maobile, API,
and multiple frameworks
(Selenium, Playwright,
Appium, ec.).

Scales to enterprise
projects; integrates
with automation
frameworks.

Cross-platform support
for web, mobile, and
desktop applications.

Conclusions. The transition from assistant-style test automation tools to agentic solutions marks a
fundamental shift in software quality. Unlike assistants that require step-by-step prompting, Al agents can
plan, execute, and adapt autonomously—capabilities now increasingly embedded into SaaS testing
platforms. This study focused on seven core use cases—dynamic test design, autonomous execution, failure
triage, test maintenance and self-healing, inteligent test sdection, and predictive defect detection—chosen
to reflect key challenges in QA, including maintenance overhead, slow debugging cycles, and limited risk
anticipation.

Quantitative scoring revealed that KaneAl, as a GenAl-native solution, delivers the most advanced
support for agentic workflows, particularly in dynamic test design, execution, and self-healing. TestRigor
demonstrates strong applicability in plain-English automation and adaptive sdf-healing, bridging
accessibility for non-technical testers with enterprise-level stability. Zephyr Scale Automate, while less
agentic in its orientation, provides robust execution and enterprise-grade test management, ensuring
integration with established workflows in Jira-driven organizations.

The qualitative evaluation further underscored these distinctions: KaneAl leads in autonomy and
multi-framework support, TestRigor excels in simplifying authoring and maintenance through natural
language, and Zephyr Scale Automate offers unmatched scalability in structured test management but lags
in Al-driven adaptability.

Overall, the findings suggest that no singletool yet covers the entire spectrum of agentic use cases at
a mature level. However, clear trends indicate that GenAl-first platforms are moving rapidly toward
autonomous orchestration, while enterprise-oriented solutions are beginning to extend their ecosystemswith
agentic capabilities. For organizations, the choice of platform should be guided not only by current
functionality but also by alignment with strategic goals—whether prioritizing autonomy, accessibility, or
integration at scale.
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0.0. dremok, O.C. IIpuxogbko

Jhybkuti HayioHanvbHull MexHIiYHUll YHigepcumem

METO/UKA ITPOI'HO3YBAHHSI BPOXXAMHOCTI JIbOHY-BOJIOKHA TA HACIHHS
3A TOITIOMOTI'OIO BIVIA-3UOMKHU TA ABTOMATU30BAHOI'O AHAJII3Y

Toune npozHo3y6anHs epoXNCcAliHOCHI 60JI0KHA MA HACIHHA JboHYy oniiinozo (Linum ustatissmum) mae supimansne
3HAYEHHA 0N onmumizauyii 300py epodxcaro ma oopodKu. Y yiit cmammi RPOROHYEMbCA MM 00, AKUIL IHMeZPYE 300Par3ceHHs
BI1JIA (Oponie) eucokoi po30inbHoi 30amuocmi 3 no1b08UMU CHOCHEPEHCEHHAMU 3a CMU2TLICINI0 KYIbIYPU Ma AKICHIO0 pOCHy
071 NPOZHO3YBAHHA KiHYeBOT 8POICATIHOCII 60110KHA MA HACIHHA. /I OMPUMANHHA 300Padicenb HA KTIOUO08UX CHAOIAX POCHY
suxopucmogyemucs oazamopomopnuii BIIVIA, ocnawenuii mynemucnexmpansuumu ma RGB-oamuuxamu. L[i 306pasxcenns
ABMOMAMUYHO 00POONAIOMBCA CREUIATbHUM NPUCIPOEM AHANIZY 300paXrceHb ONA O0OYUC/IEHHA 6e2emauiliHuUxX IHOeKcie
(nanpuknao, NDV|) ma cmpykmypnux ocodnueocmeii pociun. 3ade3neuyouu c60c4acHy ma mouHy OyiHKy 6pOoXdcaiiHoCHi,
uell nioxio cnpusae Oinbw  eheKMUGHOMY GUPOOHUUMEY JbOHY MmMA CHMANOMYy 6UKOPUCHAHHIO 6ciel  diomacu
CIIbCbKO20CNO0APCHKUX KYIbMYP.

Knrwuosi cnoea: nvon; 1601 OniliHULL, BPONCANHICMb 80OKHA, 6PONCAUHICING HACIHHA, Oe3ninomHi NimanivHi anapamu
(BIIVIA); mynvmucnexkmpanvua 3tiomxa, NDVI; asmomamuzoganuii ananiz 300pajxicenvb, NPOSHO3VBAHHS 8PONCAID, THOUHE
3emepobCmeo.

O. Yaheliuk, O. Prykhodko

METHODOLOGY FOR PREDICTING FLAX FIBER AND SEED YIELDSUSING UAV
PHOTOGRAPHY AND AUTOMATED PHOTOANALYSIS

Accurate forecasting of flax (Linum usitatissmum) fiber and seed yieldsis essential for optimizing harvest operations
and post-harvest processing. This paper presents a methodology that integrates high-resolution UAV (drone) imagery with field
observations of crop maturity and gromth quality to predict final fiber and seed yields. A multi-rotor UAV equipped with
multispectral and RGB sensors captured images at key growth stages. These images were automatically processed using a
custom image-analysis module to compute vegetation indices (e.g., NDVI) and structural plant traits. The proposed method
provides timely and precise yield assessments, supporting efficient flax production and sustainable utilization of agricultural
biomass.

Keywords. flax; oilseed flax; fiber yield; seed yield; unmanned aerial vehicle (UAV); multispectral imaging; NDVI;
automated image analysis; yield prediction; precision agriculture

Introduction. Flax is a multipurpose crop valued for its fiber, seed (linseed). Both the stem and the
grain are important products — stems provide linen fiber and biomass, while seeds are rich in nutrients and
oil. Global trends show growing interest in flax cultivation: major producers include China, India, and parts
of Europe, and recent analyses note a gradual increase in flax acreage worldwide[1]. Thisrising interest is
driven by the demand for sustainable materials and plant-based products. For example, flax straw can be
processed into cellulose for biodegradable packaging, fiber for textile or used as biofud feedstock,
contributing to a closed-loop agricultural economy. At the same time, the increase in flax acreage creates
more post-harvest residues, so finding effective waysto predict and utilize all plant components has become
an international priority.

Accurateyield prediction is akey component of precision agriculture. Traditionally, flax yied (both
fiber and seed) has been estimated by manual sampling and statistical models, which can betime-consuming
and error-prone. In contrast, remote sensing offers rapid, non-destructive field assessment. Unmanned aerial
vehicles (UAVsor drones) are especially attractive for this purpose, asthey provide high-resolution images
on demand. Prior work has demonstrated that UAV -derived vegetation indices can track crop growth and
correlate with yield-related traits. For instance, Papadopoulos & al. [2] showed that UAV-generated NDVI
maps at several growth stages of flax corrdate well with agronomic measurements, highlighting the
potential of UAV monitoring in flax cultivation. Similarly, advanced UAV+machine learning systems have
achieved over 90% accuracy in predicting grain yield in wheat. These successes suggest that a UAV-based
approach could be developed to forecast flax yields aswell.

However, most existing studies focus on seed yield in cereals, and few have addressed the dual
yield of fiber plus seed in flax. The physical properties of flax stems — such as moisture content, cutting
resistance, and density — are known to influence fiber yield and processing quality. Y e, their relationship
to field growth conditions and final yield remains understudied. Moreover, automating the processing of
UAYV images is an ongoing challenge. To fill these gaps, we propose a methodology that combines UAV
imagery, agronomic data (e.g., crop maturity stage, stand uniformity), and an automated image-analysis
system. This system rapidly processes field images to extract predictive features, enabling moretimely and
preciseyield forecasts
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Analysis of recent studies. Several studies have explored UAV-based yield estimation in various
crops. UAV imagery provides very high spatial resolution (often <10 cm per pixel) and flexible timing,
which is well-suited for in-field monitoring [2, 3]. In cotton, maize and wheat, researchers have used
multispectral indices (e.g. NDVI, NDRE) and machine learning models to predict yield with high accuracy.
For example, Su et al. [3] collected UAV hyperspectral data on wheat and built a gradient-boosting
regression (GBR) model. When applied to a subsequent year’s data, their model predicted yield with over
90% accuracy. In maize breeding, UAV-derived imagery fed into regression moddl s significantly improved
yield predictions compared to traditional methods. These advances demonstrate the potential of UAV
platforms for field-scale yidd forecasting.

Specifically for flax, Papadopoulos et al. [2] implemented UAV flights at multiple stages (60, 90,
120, 150, 179 days after sowing) and generated NDVI index maps. They found that the NDVI values
(especially in early vegetative stages) were correlated with agronomic outcomes such as plant height and
biomass. Whiletheir work did not directly predict final yidds, it validates that vegetation indicesfrom UAV
images can serveas proxiesfor flax crop status. In summary, theliterature suggests that i mage-based models
can effectively estimate yields, provided they capture appropriate growth signals over time.

Beyond imaging, the properties of flax biomass have been studied for processing. Yaheliuk et al.
[4] analyzed stem biomass from major crops (including flax) to identify quality parameters like moisture,
cutting resistance, and bale density. They emphasize that these stem properties are critical for downstream
fiber or fud production, but measuring them directly in the field is difficult. By inferring such properties
from UAV data (eg. canopy density, color) one can estimate the potential fiber yield indirectly. Also,
Y ahdiuk and Fomich [5] devel oped a classification of biomass fuels and noted that stems of bast-fiber crops
(like flax) are among the most suitable raw materials. This underscores the value of accurately quantifying
stem biomass in flax fields. Yaheliuk and Chasnikov [6] highlight that using all components of flax
(cellulose and fiber) in biodegradable products can greatly improve environmental outcomes. The article
[7] examines how modern drone technology can improve flax production. In response to the disruptionsin
Ukrainian agriculture caused by the war, the authors propose using unmanned aerial vehicles to monitor
and evaluate the quality of linseed and fibre flax crops. Finally, Prykhodko and Matviychuk [8] presents a
method to enhance the directional stability of airplane-type unmanned aerial vehicles (UAVs) when satellite
navigation signals are unavailable. The authors address situations where electronic warfare or unknown
wind loads can disrupt GNSS signals; they propose training a neural network on data collected during
training flightsto predict and adjust the UAV's course. Neverthel ess, thetime of day can significantly affect
reflectance and radiometric consistency; flights at different times produce inconsistent reflectance due to
changesin solar zenith angle [9].

In summary, both the agronomic and end-use studies support the need for an integrated yield
prediction approach that maximizes flax value. These studies highlight the wide range of possibilities for
utilizing flax and its by-products in biomedical and industrial applications, fostering the development of
sustainable and eco-friendly materials. This represents a crucial step toward sustainable development and
reducing environmental impact.

The aim of this study isto propose and detail a methodology for predicting the fiber and seed yield
of oil flax based on remote sensing and field observations. The approach leverages UAV -based imaging of
flax stands at key maturity stages, combined with agronomic quality indicators. A key element is the
automation of image processing. Ultimately, this method should enable farmers and agronomiststo forecast
yield more accurately, optimize harvest timing, and plan processing operations to fully exploit flax biomass.

Materials and Methods. Our experimental framework involves collecting UAV imagery of flax
fields, processing the images to extract predictive features, and building regression models for yield
prediction.

Experiments were conducted on commercial flax plots (oilseed variety) in Volynregion. Thefields
had a typical plant density and were cultivated under standard agronomic practices. Flax was monitored
from late vegetative stage through flowering to early ripening.

UAYV data acquisition: A multi-rotor drone equipped with a multispectral sensor (capturing visible
and near-infrared bands) and a high-resolution RGB camera was used. The UAV flew at an altitude of 50—
100 meters, covering each field with 80-90% overlap. Flights were scheduled at critical growth stages (e.g.
bud formation, flowering, beginning of ripening) when differencesin plant condition are most pronounced.
The image resolution on the ground was approximately 5 cm/pixel. Each image was geo-tagged using the
UAV’s GPS.
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Fig 1. A UAV (drone) flying over an agricultural field to capture multispectral images. a—
UAV launch; b — UAV used in experiments

The captured images were transmitted to a ground station. To handle the large image data
efficiently, we used a custom image processing device. This device consists of an onboard computer (with
GPU acceleration) that runs a suite of computer vision algorithms. The image pipeline automatically
performs radiometric correction and stitching to create orthomosaics. It then computes vegetation indices —
for example, the Normalized Difference Vegetation Index (NDVI) — over thefield. Simultaneously, image
segmentation algorithms identify individual plants or plant clusters, and detect inflorescences. From these
analyses, we extract features such as average NDVI, canopy cover fraction, plant height (from stereo or
structure-from-motion data), and flower count density.

Agronomic and yield data: Concurrently, standard agronomic data were collected in sample plots:
plant height, stem thickness, phenological stage, and subsamples for fiber and seed yield at harvest. These
measurements provided ground truth for model training. Thefinal fiber and seed yields (kg/ha) from harvest
were used as the target variables.

Yield prediction model: Using the image-derived features and field data, we developed regression
models to predict yield. We tested multiple algorithms (e.g. multiple linear regression, random forest, and
gradient boosting). For example, a simple model might relate fiber yield (Yiier) to indices:

Yiiber = @ X NDVlyreharvest + b * canopy + ¢

Where, NDVlpenaves — NoOrmalized Difference Vegetation Index derived from UAV images,

indicating the vigor of photosynthetic activity and the general health of the crop.

canopy — canopy cover fraction (in %), calculated as the proportion of the field area covered by
green biomass. It reflects stand density and uniformity.

a, b — regression coefficients estimated from field data. They quantify how much the fiber yield
changes when NDVI or canopy cover changes by one unit.

c—intercept (constant term) accounting for baseline yield and other influences not directly included
in the model.

In practice, cross-validation was used to avoid overfitting. Because both fiber and seed yield are
influenced by overlapping factors (plant vigor, stress), some predictors were used jointly, while others (like
flower count) were more specific to seed yield.
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Automation of processing: A central novelty of our method is the automation of theimage analysis.
Instead of manual post-processing, the above pipeline runs on the custom device immediately after aUAV
flight. The device uses pre-trained machine learning models (implemented on-board) to count flower buds
and assess plant maturity. For example, a convolutional neural network (CNN) was trained to recognize
flax flowersin theimages. By fully automating this step, the system produces near-real-time predictions of
yield, making it practical for operational use.

Results. To ensure accurate image mosaics, flights were planned in a grid pattern with
approximately 80% frontal overlap and 70% side overlap at an altitude of about 60 m above ground level.
This altitude provided a ground sampling distance of about 5 cm/pixel while maintaining sufficient
coverage. Consistent flight speed (57 m/s) and constant altitude were maintained to produce consistent
image scale. The operator positioned themselves at a safe, elevated point where they could maintain visual
line-of-sight with the drone throughout the mission, as required by regulations. Flights were scheduled
around solar noon on clear or uniformly overcast days to minimise shadows; starting flights at the same
time each day ensured consistent illumination. The mission plan included waypoints covering the entire
field and a buffer zone to alow for image overlap beyond field boundaries.

Data acquisition and record keeping: During each flight, the operator monitored telemetry data and
visual feed to ensure proper coverage. A flight log was maintained, recording the date, time, duration,
location, weather conditions, flight altitude and speed, aircraft identifier, pilot name, battery levels and any
anomalies. Although not legally required, maintaining such documentation helps demonstrate compliance
and facilitates troubleshooting.

Image processing: Raw photographs were downloaded and organised by flight. A two-stage pre-
processing pipeline corrected geometric and radiometric distortions. First, structure-from-motion
photogrammetry was used to generate orthomosaics and digital surface models with positional accuracy of
+5 cm. Second, radiometric calibration using calibration panels and metadata (exposure, 1SO, white
balance) normalised the images for consistent colour and illumination. These steps are essential because
flights at different times can produce inconsistent reflectance; proper calibration reduces such variability.

We developed a custom sub-program in Python with GPU acceleration to automate segmentation
and feature extraction. It computed vegetation indices such as NDVI and GNDVI, derived canopy cover
and plant height from digital surface models. Based on these features, the program automatically classified
the phenological phase of each plot (vegetative, budding, flowering, green maturity or yellow ripeness) at
each flight date.

Because the monitored plots were harvested by late August, ground truth samples were collected
from nearby unharvested fields with similar soil and sowing dates. In each sample area, plant height, stem
diameter, above-ground biomass, dry matter, fiber content and seed weight per square meter were measured.
These agronomic measurements served astarget variables for regression analysis. Multiplelinear regression
and machine learning models (random forest and gradient boosting) were fitted to relate UAV-derived
features to fiber and seed yield. Cross-validation was used to evaluate model performance and prevent
overfitting.

The methodol ogy was applied to the three experimental plots monitored in 2025. UAV flightson 6
June captured the vegetative stage; plants on plots 1 and 3 (Aisberg sown 1 May and Miandr) had begun
stem eongation, while plants on plot 2 (Aisberg sown 14 May) were still in the early vegetative stage. On
28 June, plots 1 and 3 reached peak flowering, whereas plot 2 remained in the budding stage. By 15 July,
plots 1 and 3 had completed flowering and entered green maturity (seeds forming), while plot 2 reached
peak bloom. On 12 August, plot 1 exhibited yellow ripeness (mature seeds, straw turning yellow), plot 3
reached early yellow ripeness suitable for fiber harvest, and plot 2 remained green with scattered flowers.
The custom sub-program correctly classified these phases and derived vegetation indices and structural
features. The automated pipeline reduced analysis time by more than 70% compared with manual
interpretation, making the method suitable for operational use.

We observed the following key outcomes:

- High predictive accuracy: The UAV-based model achieved strong agreement with measured
yields. For fiber yidd, the best regression model (using NDVI and canopy cover) attained an R2 of about
0.92 on test data, with mean absolute error under 10% of the average yield. Seed yield predictions were
similarly robust (R? =~ 0.88). These results are comparable to high-accuracy crop models reported in the
literature (e.g. >90% accuracy in wheat yield prediction).

- Importance of early indices: Consistent with prior work, we found that vegetation indices from
early reproductive stages were strong predictors. For instance, NDVI measured at the beginning of
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flowering correlated highly with final fiber yield. This implies that early UAV flights can already provide
useful forecasts.

UAY flights
(RGB images)
v

Geometric &
radiometric correction

’ .
Custom sub-program
» CNN-based sogmetation
« NOVIJGNDNI computatan

» Phase classifkation

x A
Feature tables
{NDVI, cancpy cover,
flower density)

- - ' -
Regression / machine
learning modals

v
Maps & forecasts of
fiber and sead yield

Fig 2. Flowchart of the methodology for forecasting flax fiber and seed yield

- Effect of growth quality: Fields with uniform, dense stands (high canopy cover) yielded more
fiber and seed. The image-derived canopy cover index was a key variable. In one example tria, fields
identified by UAV images as low-vigor (patchy green) had fiber yidds ~15% below the field average,
demonstrating the system'’s ability to detect yield-limiting conditions.

Overall, these findings demonstrate that the integrated UAV -and-automation approach can rdiably
forecast flax yields. The prediction errors and correlation metrics are on par with or better than existing
remote-sensing methods in related crops.

Conclusions. We have developed and demonstrated a methodology for predicting flax fiber and
seed yidlds using drone imagery and automated image analysis. By combining UAV-derived vegetation
indices (like NDV1) with field maturity assessment, the method trandates aerial photos into accurate yield
forecasts. This technique offers several benefits for flax production. First, it enables precision harvest
planning: knowing which areas will produce more fiber or seed allows optimal allocation of harvesting
resources. Second, it supports sustainable utilization of biomass: by forecasting total stem yield, the method
helps planners decide how much material can be diverted to secondary uses (e.g. conversion to cellulose
packaging or biofuel) without compromising seed harvest. Finally, the predictive approach can improve
economic returns meeting global demand for crops like flax requires maximizing output in an eco-friendly
way. Our methodology contributes to this goal by reducing uncertainty and ensuring more complete use of
the crop. Future work will refine the models with larger datasets and extend them to other fiber crops, but
the present study establishes a solid basis for UAV-based flax yield estimation.
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C.M. ILneckyn, FO.I1. Asarines, I'.A. barawk, €.B. Iloaynkin
Incmumym npoonem mamepianosnascmea im. I.M. @panyesuua HAH Yrpainu

CHUHTE3 HITPOKPOXMAJIIO: KOPEJIALIA MIZK METOAOJIOTTEXO HITPYBAHHS,
CTPYKTYPHUMU XAPAKTEPUCTUKAMHU TA ®YHKIHIOHAJIBHUMH
BJACTUBOCTAMMA Y KOHTEKCTI CTBOPEHHS BUCOKOEHEPTETUYHUX
MATEPIAJIIB

Y pobomi nposedeno nopienanvnuii ananiz K1aCUYHUX MA CYYACHUX MeM 008 cunme3y Himpokpoxmanio. Hazonoueno
Ha K1I0408UX Nepesazax ma HedoaiKax KOHcHoz0 nioxooy, 30Kpema, 6nauei cKnady Himpywuoi cymiwii Ha cmynins HimpyeanHs
ma cmadinsHicmy Kinyeeozo npooykmy. Ilpedcmasneno peynvmamu 61aCHO20 eKCHEPUMEHNY 3 HIMPYBAHHA KYKYPYO3AHO20
ma Kapmonnianozo Kpoxmanio 3a 00nomozoro cymiwi nimpooneymy (iz emicmom NO: 3-20%) ma cipuanoi Kucnomu.
Bcmanoeneno, wio 3anpononoeanuii Menoo 0036014€ OMPUMANU HIMPOKPOXMALL 3 6UCOKUM emicmom azomy (12,6-12,9%)
ma 3a006invHo10 XiMmiunoto cmiiikicmio. /[oéedeno, ujo memoo i3 3acmocysanHam HIMpooaeymy € HalloIbuL eheKmMUGHUM 0N
OMPUMAHHA GUCOKOAKICHO20 npooykmy. /[locnioyceno eénnue piznux memoodié cmabinizayii (kucna ma Jjayxcua eapka,
NPOMUBAHHA) HA MEPMIUHY CIMADINbHICIMG HIMPOKPOXMANIO, WO OUINIOBANACA 34 MEMRepamypoio nOUAmMKy aKmueHo2o
posknaoanua. Buznaueno nepcnekmugu 6uUKOPUCHMAHHA OMPUMAHO20 HIMPOKPOXMANI0 y CKIAOI GUCOKOEHEPZeMUYHUX
KOMRO3uyiil.

Knrwuosi cnosa: Himpokpoxmanv, HImMpYy8aHHs, HIMpoONieyM, CMYNIHb  HIMPY8AHHS,  XIMIYHA — CMILKICMb,
B8UCOKOEHep2emu4Hi Mamepiani.

S.M. Pleskun, Yu.P. Dyagilev, H.A. Bagliuk, Ye.V. Polunkin

SYNTHESIS OF NITROSTARCH: CORRELATION BETWEEN NITRATION
METHODOLOGY, STRUCTURAL CHARACTERISTICS, AND FUNCTIONAL PROPERTIES
IN THE CONTEXT OF DEVELOPING HIGH-ENERGETIC MATERIALS

This study presents a comprehensive investigation into the synthesis of nitrostarch, focusing on the correlation between
nitration methodology, the resulting structural characteristics, and the functional properties critical for its application in high-
energy materials. A comparative analysisof classical nitration methods using mixed acid (HNOs/H:S0.) and a modern approach
employing nitrating oleum (with a free NO: content of 3-20%) in combination with sulfuric acid was conducted. The research
highlights the significant influence of the nitrating agent's composition on the degree of esterification, molecular degradation,
and ultimately, the thermal stability of the final product. Experimental work involved the nitration of corn and potato starch
under controlled conditions. The oleum-based method was found to be superior, enabling the production of nitrostarch with a
high nitrogen content (12.6-12.9%), indicative of a high degree of substitution, while minimizing destructive side reactions and
preserving the integrity of the polymer chain. Furthermore, the impact of various post-synthesis stabilization techniques,
including acid boail, alkaline boil, and washing procedures, was systematically evaluated. The results demonstrate the strong
structure-property relationshipsin nitrostarch and confirm its significant potential as a sustainable and effective component for
modifying the burning rate and mechanical properties of advanced high-energetic compositions, thereby contributing to the
diversification of raw material sources for the defense and aerospace industries.

Keywords. nitrostarch, nitration, nitrating oleum, degree of substitution, thermal stability, high-energetic materials,
structure-property relationships.

Beryn. 3abesnedenHst criiikoro, mepeadadyBaHOrO Ta TEXHOJNOTIYHO KEPOBAHOTO IOCTavYaHHS
BHCOKOCHEPTeTUYHHX TOJIIMEPIB € KIIOUYOBOIO MEPEIYMOBOIO sl HATIHHOIO (PYHKIIIOHYBaHHSI OOOPOHHO-
MPOMHCIIOBOIO KOMILIEKCY Ta PO3BHTKY CYYacCHHX BHCOKOGHeprerndHux MartepianiB [1]. Tpamumifino
OCHOBY TaKMX KOMIIO3HILIH CTAHOBUTH HITPOLENION03a [2], OMHAK CydacHi BUKIMKH — BiJ T€ONONITHYHIX
PHU3HUKIB 1 JIOricTHYHUX 300iB 70 EKOJOTIYHMX BUMOT 1 MOTped y amuBepcugikawii CHpOBUHHOI Oazu —
CTUMYJIOIOTh TOIIYK aJbTEPHATHBHUX a00 KOMILJICMEHTAPHHUX PillleHb. Y IIbOMY KOHTEKCT1 IOIIyK
METO/IiB CHHTE3Y BUCOKOCHEPICTUYHMX MaTepialiB Ha OCHOB1 BITYM3HSIHOT CHPOBUHH /1711 Y KpaiHu HaOyBae
cTpareriyHoro 3HadeHHs. KpaiHa Mae mOTY)XHUI arpapHUil CEKTOp 13 3HAYHUMH OOCSIraMi BUPOOHHIITBA
KPOXMAJIEBMICHUX KyJbTYp. 3TifHO 3 JaHUMHU Jlep>KaBHOI CIyXOW CTaTUCTHKH YKpaiHW, LMIOpIYHHN
ypokail kaproruti nepeBuirye 20 MIH TOH, KyKypya3u — noHaa 30 muH ToH [16], mo cTBOproe HamiliHy
CHpPOBHHHY 0a3y JUIsl opradizamii MOBHOIO LMKIY BUPOOHHMIITBA — BiJ NMEPBUHHOI CHPOBMHH JI0 TOTOBHX
BHCOKOCHEPTeTUYHHX MPOAYKTIB.

Hitpokpoxmans (HKp) [3] sixk mHiTpoecTep OiomomiMepHOI NPUPOIM NPUBEPTAE yBary 3aBIsKH
MOEAHAHHIO KIIOYOBUX TE€pEBar: JOCTYINHOCTI KpOXMAaJIeBMICHOI CHPOBHHH, BiTHOBIIOBAHOCTI ii
MOXOKEHHS, TOTEHIIady KEepyBaTH CHEPreTHYHMMH XapaKTePUCTHKaMHM MaTepially uepe3 CTyIiHb
HITpyBaHHS i MOP(OJIOri0 YaCTHHOK, @ TAKOXK MOXKJIMBOCTI OpraHi3alii TOBHOrO BUPOOHUYOr0 IUKITY B
Mexkax Kpainu. PospoOka edexkruBHux wmeroniB cuHTesy HKp no3BonuTe He mumie 3MEHLIIMTH
IMIOPTO3aJIGKHICTh Yy KPUTWYHIA ramysi, ajne i CTBOPUTH [IOJAaTKOBI JaHKH JOJaHOI BapTOCTi B
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arponpoMHUCIIOBOMY KOMIUIEKC], CIPHSIOYM IMIOPTO3aMILIEHHIO Ta TEXHOJIOTIYHOMY CYBEpEHITETY.
BpaxoByroun 3HaYHMI HayKOBMH MNOTeHLias YKpaiHu y ramysi ximii Ta MmaTepiaqo3HaBCTBa, a TAKOX
HasBHICT TOTY)KHOTO arpapHOro CEKTOpy, HOCHI[DKEHHS B o00nacTi CHHTE3y Ta 3acTOCYBaHHS
HITPOKPOXMAJIIO € HE JIMILIE HAayKOBO-TEXHIUHOIO 3a/adelo, aje H BaKIMBHM KPOKOM Y 3a0e3ledeHHi
HaIIOHAJILHOT 0€3MEeKH Ta PO3BUTKY BUCOKOTEXHOIOTTYHHUX Traily3eld IPOMHUCIOBOCTI.

IlocranoBka mpodiemnu. He3Baxaroun Ha TOTEHLINHHI MepeBard HITPOKPOXMATIO  SIK
MEPCIIEKTUBHOI'O0 EHEPreTHYHOro Marepiaily, HOro IIMpOKe MPOMHCIOBE 3aCTOCYBAHHS CTHUKAETHCS 3
HU3KOI0 (YHAaMEHTAIbHUX HAYKOBO-TEXHIYHHX MpoOieM, IMI0 BUMAararoTb KOMIUIEKCHOTO BHPIILICHHS.
OcHoBHa mpobieMa Mosrae y CKJIAAHOCTI KOHTPOIIO MPOLECY HITPyBaHHS MOJiCaxapuaHOI MaTpuLi
KPOXMAJIIO, IKa XapaKTePU3YEThCS TETEPOreHHOI0 OYI0BOIO 3 YepryBaHHIM aMOp(HUX Ta KPUCTATIYHUX
ninsHoK [7]. st cTpykTypHa 0co0nMBicTs 00yMOBIIIOE€ HEPIBHOMIPHICTB MPOTIKaHH peakuii eTepudikarii,
IO IPU3BOJMTE A0 YTBOPEHHS MPOAYKTY 3 HEOAHOPIAHUM PO3MOALIOM HITPOrpyIl O MakpoMomeKydi [5].
Sk HACHIIOK, BaXKKO JIOCSTTH BiITBOPIOBAHOTO CTymneHs 3amimenHs (DS) ta BiAmoBigHOT MacoBOi YaCTKH
a3oTy (W), sIKi Oe3mocepeHbO BU3HAUAIOTh EHEProeMHICTh MaTepiainy. Kiltio4oBoio nmpobieMoro € Takox
MOEAHAHHS BHCOKOTO CTYIEHIO HITPYBaHHS 31 30€peKEHHSIM CTPYKTYpHOI HUTICHOCTI IMOJIIMEPHOI0
JaHuora. ArpecuiBHi yMOBH TpaJuLiHOTo HiTpyBaHHs HiTpytodoto cymimmio (HNOs/H.SO4) npuzBonsaTs
710 3HAYHUX MPOLECIB ACNOoTIMepH3alii Ta OKUCHEHHSI, 110 MOTipIIy€e MEXaHIuHi BIACTUBOCTI MPOJAYKTY Ta
foro TepmMoctabiibHICTh [3, 9]. [HIIMM KPUTHYHUM acCIEeKTOM € 3a0e3MeUeHHs TOBTOCTPOKOBOT XiMIYHOT
CTaOITBPHOCTI HITPOKPOXMAI0. 3aJMIIKOBI KUCIOTH, cyiabdoedipn Ta iHIN NPOMDKHI CHOIYKH, LIO
YTBOPIOIOTHCS MiJl 4aC CUHTE3Y, MOXYTh KaTali3yBaTH aBTOKaTAJITHYHE PO3KIAAaHHS MPOAYKTY Mif dyac
30epiranns [4, 10]. Icayroui meToau ctabinizanii (mpoMuBaHHs, "MyXHa Bapka') HE 3aBKIM 3a0€3MeUyI0Th
MOBHE BHJAJICHHS LUX KaTAJITUYHUX JOMILIOK, IO CTAHOBUTH CEPHO3HY MEPEIIKONy AJs 0e3MeyHOro
3aCTOCYBaHHS. 3 TOYKH 30py MaTepiallo3HABCTBA, AKTYaJIbHOIO NMPOOJIEMOIO 3aJIMIIAETHCS KEPyBaHHS
MOP(QOJIOTIEI0 YAaCTUHOK HITPOKPOXMANIO (MUTOMOIO MOBEPXHEIO, IMOPHUCTICTIO, TPaHYIOMETPUYHUM
CKJIaZIOM), IO CYTTEBO BIUIMBa€ Ha HOro MOJANbIly TMEpepoOKy Ta BIACTUBOCTI Yy CKiIaji
BHCOKOCHEPTeTUYHHUX KOMITO3HLiH [6]. HenocTaTHRO BUBYEHNM € IMTaHHS CYMICHOCTI HITPOKPOXMAJIIO 3
IHIIMMH ~ KOMIIOHEHTaMH  TIPOIENEHTIB Ta  BHUCOKOCHEPIeTHYHMX  KONMO3MWILiH, 30Kpema, 3
wiactudikaropamu, crabiizaTopaMy Ta OKUCHIOBaYaMH. TaKuM YMHOM, pO3pOOKa €EeKTHBHOIO METOIY
CHHTE3y HITPOKPOXMAJIO, KUK OW IO3BOJNAB OTPUMYBATH HPOAYKT i3 3aJaHUMM XapaKTEPUCTHKAMU
(BUCOKMI W,, HHU3bKa 30JbHICTh, BHCOKA TEPMOCTAaOLIBHICTH, KOHTpOIhOBaHa Mopdoioris) Ta OyB
TIPHIHATHEM 3 €KOHOMIYHOT Ta EKOJNOTiYHOT TOUOK 30pY, € aKTyaJbHOK HAyKOBO-TEXHIYHOIO 3ajadero. [i
BUPILLIEHHS BIAKPUBA€E MEPCIEKTUBU Il CTBOPEHHS HOBHX ITOKOJIHb BHCOKOC(EKTHBHUX Ta OE3MEUHUX
CHEPreTHYHMUX MaTepianiB Ha OCHOBI BITYM3HAHOT CUPOBHHH.

IlocranoBka 3aBaaHb. [lpoBecTn MNOPIBHAMBHUI aHai3 METOAIB CHUHTE3Y HITPOKPOXMAIIO,
EKCIIEPUMEHTAILHO OCHIAUTH €EeKTUBHICTD HITPYBAHHS CYyMIIIIIO HITPOOJIEYMY Ta CipuaHOi KHUCIIOTH,
BHBYHMTH BIUIMB CrocoOy craliii3amii Ha BIACTUBOCTI MPOAYKTY Ta OOIPYHTYBATH IMEPCHEKTHBH HOTO
BHUKOpPUCTaHHSI.

Marepianu Ta MeToau JocHilKeHHsl. Buxigni marepiamm. /[ cuHTE3y BHKOPHCTOBYBAJIN
KyKYpYA3SHHH Ta KapTOIUITHMHA Kpoxmanb, 1o BinnoBimae JCTY 4286-2004. Sk HiTpyBaibHe
CEpEeIOBUIIE 3aCTOCOBYBAJIM CYMIIIl HITPOOJIEYMY (3 MacoBOrO dacTkoro BitbHOTO NO:2 Bix 3% 10 27%) Ta
KOHLIEHTPOBaHOI cipuaHoi kuciotu (96-98%). Moaynb HiTpyBaHHS (CIIBBIAHOIIECHHS 00'€eMY HITPYBaJIbHOI
cymimi 1o Macu kpoxmanmo) ctanoBuB 30. CriBBinHomenHss H2SO4/HiTpooNeyM y cyMmimni migTpuMyBaIn
Ha piBHi 3,0, a BMIiCT BOJIH B HITPYBaJbHOMY CEPEAOBHILI KOHTPOIIOBAIN B Mexax 4-6%.

Mertoauka cuHTe3dy. HirpyBanHs mpoBoauiu y cKisiHoMy peaktopi Ha 500 mil, ocHaIieHOMY
MEXaHIYHOI0 MIIIAJKOI0, 3BOPOTHUM XOJOAMJIBHMKOM, TEPMOMETPOM Ta BOISIHOIO OaHelo 3
TepMoperynsmiero. [lomepenHbo ouwnineHnii Ta BHCymieHHH kpoxmanb (10 r) 3aBaHTaxyBamu B
oxonomxeny 1o 10°C nirpyBanshy cymim (200 mi). [Iporec Benu npotsirom 60 XBHIIMH IPH IHTEHCHBHOMY
nepemimryBanHi. Ilicist 3aBepiieHHs peakuiiHy Macy BUJIMBAIM Y BoAy i3 JboaoM (30-kpaTHuil 00'em).
Ocap BinginbTpoBYBaIH Ta MIPOMHUBAJIH 32 PI3SHUMH CXeMaMH cTa0imizarii.

Meroau crabinizauii. JocmipkyBaHHS NPOBOMWINCH M'SITBMa BapiaHTamM, Micis cTadimizamii
nponykt cyumin npu 55—60°C no nocriiiHoi Macu:

[IpomuBanus rapsgoro (95°C), a HOTIM X0JIOIHOIO BOJIOIO.

[Ipomuanus rapstaum 0,03% pozurnrom NaHCOs, moTiM X0101HOI0 BOZIOIO.
Kun'stinaa y BoAi 3 3aJMILKOBOIO KHCIIOTOIO («KUCIIA BapKay) Ta MPOMHUBAHHSL.
Kun'stinag y ny>kHOMY pO34MHi («Ty’KHa BapKa») Ta IPOMHBaHHS.
[ToeqnanHs Bapok 3a cxemoro 3 1a 4.

agrLOdDE
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Metoau anajizy. Bmict a3ory Bu3Havamm 00'eMHUM MeTo#oOM. TepMiuHy CTaOiIBHICTh OLIHIOBAIN
Ha gepuBarorpadi «TepmockaH-2» 3a TEMIEpPaTypold IOYaTKy AaKTHBHOIO EK30TEPMIYHOI0
po3knaganus (t,). Harpis nposoaunu 3i meuakictio 5°C/XB y MOBITPSIHOMY CepeJOBHILI.

HopiBHsIbHUI aHAJI3 MeTOAIB cMHTe3y HiTPOKpoXMat0. CHHTE3 HITPOKPOXMAIIIO € CKIIaIHOIO
TEXHOJIOTTYHOIO 3a/avelo, IO IOB'Si3aHa 3 OCOOJIMBOCTSAMH CTPYKTYPHM KpPOXMajIO Ta HEOOXiIHICTIO
30epeKeHHsI O0ro MojIiMepHoro Kapkacy. IcHye Kinbka OCHOBHMX METOZIB HITpYBaHHsI, KOJKEH 3 SIKUX Mae
cnenudiuni nepesaru ta Hemodiku [1, 3, 11]. Knacuunuii mMeron 3 BUKOPUCTAHHSIM HITPYIOUOi CyMmimIi
(HNOs/H>S04) € HaitGibII OMHPEHUM Y IPOMHCIIOBOCTI. Floro ocHOBHa mepesara - BUCOKa e)eKTHBHICTb
HITpYBaHHS Ta BIJHOCHA MPOCTOTa TexHouorii [2]. OgHak el MeToA Mae CyTTEBI HEAOMIKU: IHTEHCHBHA
JerofiMepu3allisi MaKpoMOJIEKYJIH KpPOXMaJio MiJ Ai€l0 CHIBHOI CipuaHoi KUCIOTH NPHU3BOAUTH [0
3HIKEHHSI MOJIEKYJISIPHOI Macu Ta TOTIpUICHHS MeXaHIYHMX BiacTuBocTed mponykry [3]. Kpim Toro,
YTBOpEHHSI Cyib(oedipiB AK MOOIYHUX MPOAYKTIB 3HAYHO YCKJIAIHIOE MpoLec cTadimizalii Ta 3HMXKYE
TEpMiUHy CTaOUIbHICTh KiHIIEBOTO MPOAYKTY [5]. MeTox 3 BHKOPHCTaHHAM HITPOOJEYMY SIK Kepena
HiTpoHiii-katioHiB (NO:") € mepcrieKTHBHOIO aJbTepHATHBOIO. [lepeBara 1bOro METOy MOJISTae B MEHIIII i
JeTiIpaTyrouiil 3MaTHOCTI CepeloBHILA, OCKITBKM OCHOBHY POJIb Biirpae 6e3rnocepeiHbo HITPYIOUHi areHT
[6]. Lle no3BoMsie 3MEHIINUTH ACCTPYKLIO MOJTIMEPHOTrO JIAHIIOTa Ta OTPUMATH MPOLYKT 3 OLIbILI BUCOKOIO
MOJIEKYJISIPHOIO Maco0. 3a JaHUMH B HayKoBUX pobOoTax [11, 12], ontumansauii BMicT BinsHOro NO:2 B
HiTpooneyMi craHoBUTH 15-20%, mo 3abe3neuye crymiHb HiTpyBaHHS 1o 12,9% asory. Meron 3
BHKOPHCTaHHSM a30THOI KHCIIOTH 3 onToBUM aHTinpuaoM ((CHzCO)20) no3Bomnse mpoBOIUTH HITPYBaHHS
B MCEHII arpecHuBHOMY cepemoBuimi. lleii merom 3abesredye BHCOKY CEIEKTHBHICTh Ta MIHIMI3aIlito
MOOIYHUX peakiii, aje € eKOHOMIYHO MEHII BUTIAHUM 4epe3 BUCOKY BapTicTh [7]. HitpyBanHs okcumom
N2Os € HalOLIBII CydacHUM METOAOM, SIKMM 3a0e3ledye BHUCOKY YHCTOTY MPOLYKTY Ta MiHIMaJbHY
JECTPYKIIIFO MTOJIIMEPHOTO JIaHI[IOra [6]. Onnax BHCOKa BapTICTh Ta
HEoOXiHICTb cHeniadbHOro 00NafHaAHHA 00OMEXYIOTh HOT0 IPOMHCIOBE 3aCTOCYBaHHS.

Ipoduemn ximiunoi cradinizauii Hirpokpoxmamio. Ctadinmi3amiss HITPOKPOXMAIIO € KPUTHUHO
BaYKJIMBUM €TaIlOM, OCKUJIbKM HAsBHICTh 3aJMIIKOBUX KHCJOT Ta IHIIMX JOMIIIOK MOXKE MPU3BOIUTH IO
KaTaJiTHIHOIO PO3KJIAZaHHs IPOAYKTY Mix dac 30epiranss [4, 14]. OcHOBHI npo0iaeMu BKIIOYAIOTh:

1. BunaneHHs 3aJUIIKOBHX MiHEPaJbHHX KHCJIOT - HalOUIbII eeKTHBHHM METOIOM € 'ITy)KHa
Bapka', sKa J03BOJIsIE HEUTpaJi3yBaTH KMCIOTH Ta TiAPONi3yBaTH HecTiiiKi cynbdoedipu [14].

2. Crabimizanis aueTaqbHHUX 3B'SI3KiB - HA BIIMIHY BiJl HITPOLIENIONO03U, HITPOKPOXMAallb MICTHTh
areTanbHi 3B'3KH, SIKi OUTBII CXMIIBHI A0 TiAPOMi3y, 10 BUMAarae JOJaTKOBUX 3aX0AiB cTalimizamii [§].

3. KoHTponbs MONEKyIIpHOi MacH - JenojliMepu3alis mil Jac HITpyBaHHS MOXE NMPU3BOIUTH IO
YTBOPEHHSI HU3bKOMOJIEKYJISIPHUX (DpaKmiid, siKi 3HIKYIOTh CTaOLIBHICTD TPOLYKTY [9].

Tabn. 1.
IlopiBHATbHA XapAKTEPHCTHKA METOAIB CHHTE3Y HITPOKPOXMATIO
Cryninb CrabiabHicTh T .
. . €XHOJIOTiYHA . .
Meton cuHTe3y HITPYBaHHA KiHIIeBOI'0 CIIATHICTD CobiBapricTb
(% N) NPOJIYKTY o
HNQOs/H2SO4 10,5-12,0 Husbka Cepenns Husbka
Hitpooneym 12,0-13,0 Cepenns Cepenns Cepenns
HNOs/(CHsCO).0 12,5-13,5 Bucoxka Bucoxka Bucoxka
N2Os 13,0-14,0 Hyxe Bucoka | [lyxe Bucoka | Jly’ke BUCOKa

Tabnuus 1 inroctpye, 1110 METO/ 3 BUKOPUCTAHHIM HITPOOJIEYMY € ONTHMAIBHUM KOMITPOMIiCOM MiX
SIKICTIO TIPOAYKTY Ta TEXHOJIOTIYHOK AOIUIBHICTIO. Bimomi mocmimkenHs [13] mokasanw, Mo TepMidHA
CTaOLTBHICT HITPOKPOXMAIO, CHHTE30BAHOTO 3a IIMM METoloM, Moxe pgocsaratu 185-190°C npum
npaBUiIbHIMA crabinmizanii. Hacammepen BuOip MeTony CHHTE3y IOBHHEH BpPaxOBYBAaTH HE TUIBKH
E€KOHOMIYHI (PaKTOpH, ajie i BUMOTH JI0 SIKOCTi Ta CTaOLIBHOCTI KiHIIEBOTO MPOAYKTY, OCOOIMBO TIPH HOTO
BUKOPHUCTAHHI Y BUCOKOCHEPIETHUHUX MaTepianax.

Pe3yabTaTu eKcnepHMEHTAIBHOIO CUHTe3y. ExcrepMMeHTanbHO IOBEICHO, IO BUKOPHCTAHHS
HITpOOJIeyMy /03BOJIsiE €DEKTUBHO HITPYBAaTU SIK KyKYPYA3SHUH, TakK i KapTOIUITHUKA Kpoxmaib. Bwmict
a30Ty B OTPMMaHUX MPOIYKTax cTaHOBHB 12,6—12,9%, 110 BiAMOBiga€ BUCOKOMY CTYIICHIO 3aMIIlICHHS.
OnTuMalbHi pe3ysbTaTH CIOCTEpiraancs Ipy BUKOPUCTaHHI HiTpoosieyMy 3 BMictoM NO: y miana3oni 15—
20%. ITpu Hwkunx xoHuenTpauisx (3-10%) crymninbe HiTpyBaHHS OyB HEAOCTAaTHIM, a MPH BUILUX (TIOHA
20%) mocwiroBaNMCA TOOIYHI TIpOIleCH OKHUCHEHHs. KpUTHYHMM eramoM € cTaOuTi3allis MpOAYKTY.
PesynbTaTti mociiKeHHS pi3HUX METOJIIB IPOMUBAHHS HaBEIEHO B TAOMUII 2.
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Tabn. 2.
Bnumus Metoay crabijgizanii Ha TeMnepaTypy No4YaTKy po3KJIaJaHH4 (tp) HITPOKPOXMAaJIIO

Meton cradinizamii tp, °C Mpumitkn
1. I'apsiya + xonoxHa Boza 165-170 Jlakmyc cmabko-Kucnuit
2. JIyxHuii po3uuH + Boja 175-180 Jlaxmyc HeiTpanbHUNA
3. Kucna Bapka 155-160 Jlakmyc kucnmit
4. JIyxHa Bapka 185-190 Jlaxmyc HelTpanbHUNA
5. Kucna + myxHa Bapka 180-185 Jlaxmyc HelTpanbHUNA

Sx BugHO 3 TabnMui 2, HAMBHILY TEPMiuHY CTaOUIBHICTH 3a0e3leuye METO[ <«JIy>KHOi BapKu»
(t, = 185-190°C). Ile MOSCHIOEThCSA MOBHMM BHAAJICHHSIM 3aHMIIKOBHX KHCJIOT, SIKi KaTali3yloTh
TEPMOOKHCHIOBAJILHUN PO3KiIa] nMpoaykTy. IIpomuBanus nume Bogoio (Meron 1) He 3abe3nedye mOBHOT
HelTpanizalii, mpo mo CBIMYUTH ci1adke MiAKUCIEHHS JakMmycy. «Kucma Bapka» (Merox 3), HaBIIaKH,
OPU3BOAWTH 1O HAWHMKYOI  CTaOUIBHOCTI  Yepe3  MIABMILEHHS  KUCIOTHOCTI  CepeJoBHUIIA.
HepuBarorpadidauii anami3 3pa3ka, CTaOlIi30BaHOTO «JTy’KHOIO BapKOIO», MTOKa3aB YiTKHH €K30TepMIYHUAN
ik poskiazaHHs B fAiamazoni 185-220°C, mo migTBepIUKye MOro NPUAATHICTH Ui MOAAIBIIOTO
3aCTOCYBaHHSI.

AHani3 Qi3uKo-XiMiYHMX BJIACTHBOCTEH CHHTE30BAHOI0 HITPOKPOXMANIO. [[JI1 KOMIUIEKCHOI
OL[IHKH SIKOCTI OTPUMAHOr0 MPOAYKTY OyJ0 MPOBEACHO aHaji3 OCHOBHUX (i3MKO-XIMIYHUX MOKa3HUKIB
HITPOKPOXMAJII0, CHHTE€30BaHOT'O B OITUMAJILHUX YMOBax (HiTpooneyM 3 20% NO-, ctabimizawis «1y>KHOIO
BapKoIo»). Pe3yabpTaTi MOPIBHAHO 3 OYIKyBaHUMH 3HAYCHHSMH Ta BiAMOBITHUMHU CTaHIapTaMH HABEICHO
B Tabmuui 3.

Tabn. 3.
OTtpumani ¢iznko-XiMiuHi TOKa3HHKH CHHTE30BAHOI0 HITPOKPOXMATIO
®dizuko-xiMiuHi OuikyBane | OTpumane . -

MOKA3HUKH 3HAYEHHS | 3HAYEHHS Hoxubka Bixnosizmicrs Cranpapr
O06’emMHa KOHIIEHTpAITis
okucy azory, mi1 NO /rp | 189-1945 |11,87-11,68| 0,01 Biamosingae FOC;T *9197
a6o % (Mac)
Po3unnHICTE B
eTUIIOBOMY CITUPTI, %0,He 10 45 0,1 Binnosigae FOC;T *5766
OinbIIe
Po3unnHICTS Y cCIpTO-
edipniit cymimi, %, He 98 99,8 0,1 Bingnosinae FOC;T *5766
MEHIIIE
B’ s3kicte ymoBHa, E * 1,9-3,0 2,88 0,1 Biamosizgae *
JlyxHictb, %, He Olbmie He %u;nme 0,1 0,1 Binnosigae HCTS{:IZSO((;;%?’-
Macosa vactka 30mu, %, | He Oinble 0 0.01 Bi . I'OCT 5768
He OLIbIIe 0,5 ' 1AMOBIA€ * kK
%?;(;B;e‘:;;’g(a Bomoru, | He h;eSHLue 29.2 0.1 Binmosinae FO(iT**9196
Crymiep monpiOHEeHHS He Ginpire . . 3aJIUIIOK Ha CHTI
min. 0,2 0,01 0,01 Binnosizae 063, %, He OinbIIE
Crymiep monpiOHeHHS He Ginpire . . 3aJIUIIOK Ha CHTI
max. 2,0-7,0 0,01 0,01 | Bimosinac | g6 o/ e Ginpime

Ananiz pmaHux 3 Tabmumi 3 3acBiguy€e BHCOKY SKICTh Ta CTaHJAPTH3alil0 OTPUMAHOrO

HiTpokpoxMamio. Hwusbka poszumHHICTH B eTmiioBomy crnupTi (4,5% mnpu nHopmi <10%) Ta BuHCOKa
PO3UMHHICTh y crupTo-edipHid cymimi (99,8% npu HOpMi >98%) MiATBEPIHKYIOTh BHUCOKHH CTYITiHB
HITPYBaHHS Ta TUIIOJIOT{YHY MOAIOHICTH OTPUMAHOTO MIPOAYKTY A0 HITPOILEIOIO3M BUCOKOI B'S3KOCTI [2].
3HauyeHHs1 yMOBHOI B'si3kocTi (2,88 °E) 3HaX0muThCA B cepelMHi ovikyBaHOro aianasony (1,9-3,0 °E), mo
BKa3ye Ha BiJICYTHICTh 3HAYHOI JAENONIMEpH3alii Ml Yyac CHHTE3y Ta Ha HAsSBHICTH JOBIUX IOJNIMEPHHUX
JIAHLIOTIB, 10 BAXKIMBO Il GOpMyBaHHS MIHHX IUTIBOK y ckiazi npomneneHTiB [3]. Kputnuno Baxiusi
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JUTS1 IOAAIIBIIOrO OE3MEYHOr0 3aCTOCYBaHHS MOKa3HUKH YUCTOTH MPOLYKTY — IykHicTbh (0,1% mpu HOpMI
<0,2%) ta macoBa gactka 3011 (0% npu HOpMi <0,5%) — cBigUaTh PO e(hEeKTUBHICTE OOPAHOTO METOAY
crabinmizanii («1yxHa Bapkay). Lle miaTBepKye MOBHE BUIANICHHS 3aJUIIKOBUX KHCIOT Ta MiHEpalbHUX
JOMIIIOK, IIO € 3alopyKOI0 JIOBFOTPHBAJOl TepMocTadimbHOCTI MaTepiany [5]. Bomoricte mpomykty
(29,2%) nepeButiye MiHIMaTEHO HEOOXIMHUHN piBeHB (25%), M0 € TO3UTUBHUM (PAKTOPOM ISl SHIKEHHS
HOro 4yTIAMBOCTI A0 MEXaHIYHMX BIUIMBIB MpH 30epiraHHi Ta TpaHcnopTyBaHHi [2]. I'panynomerpuyHmii
ckiaj (CTymiHb MOAPIOHEHHS) 3HaYHO Kpallui 32 HOPMAaTHBHI BUMOT'H, 110 3a0€31eUy€e XOPOILIy CUIIYyHiCTh
Ta OAHOPIAHICTH MPH 3MILIYBaHHI 3 IHIIMMH KOMIIOHEHTAMH €HEPreTHYHUX KOMIO3ULiH [4].

BucnoBku. Ha mifcraBi mopiBHJIBHOTO aHAII3y JOBENEHO, 110 METOJl CHHTE3Y HITPOKPOXMAIIO 3
BHUKOPUCTaHHAM HiTpoosneyM-cipyanoi cucremu (15-20% NO., cniBBiznomennss H.SOs/oneym = 3) €
ONTHUMAJILHUM, OCKUIBKM 3a0e3ledye BUCOKHH CTymiHb HITpyBaHHS (W, = 12,9%) npu MiHIMaJbHIN
JeCTPYKILii oMiMepHOoro JaHuoora. BeraHoBieHo, 110 TEpPMOOKUCHIOBaJIbHA cTadinbHicTs HKp KpuTHUHO
3aJeXUTh Bl edekTuBHOCTI cradimizamii. HalOinbn epeKTMBHMM METOIOM € «Iy)KHa Bapkay, SKa
MiABHIIYE TEMIIEpaTypy noyaTky po3knaganas 10 185—190 °C muisixoMm HOBHOTO BHAAJIICHHS KMCIOTHHX
KaramizatopiB po3kinaganHs. KommiuekcHuii aHami3 (i3sUKO-XIMIUHHUX BJIACTUBOCTEH CHHTE30BAHOI'O
HITPOKPOXMAJIIO MiATBEPANB MO0 BHCOKY SIKICTh Ta INOBHY BiINOBIJHICTh HOPMAaTHBHMM BHMOTaM 3a
TaKUMH KITIOYOBUMH MOKA3HUKAMHU: B'SI3KICTh, PO3YMHHICTh, HU3bKa 30JIbHICTh Ta JIY>KHICTb, L0 CBITYUTH
mpo e(eKTUBHICTh 3aCTOCOBAHOI METOAWKH OYHWIIEHHS Ta cTabimizarii. OTpUMaHUN BHCOKOCTIHKHN
HITPOKPOXMaJb 3 3aJlaHMMU CTPYKTYPHHUMH NapaMeTpaMH € MEPCHEKTHBHUM 00'€KTOM JUIS MOAAIBIINX
JOCITIIKEHb 11010 HOro 3aCTOCYBaHHS SIK eHepreTHyHoro Moaugikaropa B komnozuuiix BEM, 3okpema
JUISL peryJIIOBaHHsI MIBUIKOCTI TOPIHHS Ta MEXaHIYHUX BiIacTHUBOCTEH 3apsaiB. [lepcnexkTHBr moganbmnx
JOCITIIKEHb BKIIOYAl0Th BUBUCHHS KIHETUKU TEPMIYHOTO PO3KIAaJaHHS OTPUMAHHX 3Pa3KiB, JOCIIIKCHHS
X peonoriuHoi NOBEAIHKY B ITOJIMEPHUX MaTPHUIISIX Ta OLIHKY CyMICHOCTI 3 IHIIMMHU KOMIIOHeHTamMu BEM.
[lepcieKTUBHUM HampsIMOM € TaKOX JOCTIDKEHHS BIUIMBY THILy KPOXMalio (CHiBBIAHOLICHHS
aM1JI031/aMUTONIEKTHHY) Ha BIACTHBOCTI KIHIIEBOT'O TIPOIYKTY.
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Ylvsiecorutl nayionansnuii ynisepcumem eemepunapoi meouyunu ma 6iomexnono2iti
imeni C.3. Dicuyvkozo.
2JhyybKuii nayionanbHull mexuiuHuil yuieepcumem

JOCHIIZKEHHA I'TIPOT'ASOAJUHAMIYHUX ITPOLHECIB Y 3AKPUTUX
HEPEITYCKHHUX KAHAJIAX KPYIJIOT'O TA TPUKYTHOTI'O ITIEPEPI3Y

Poszenanymo pizni memoou ananizy 2iopozazo0uHaMiuHUX RPOUECI8 y 3aKPUMUX NEPEenYCKHUX KAHANAX 3 KPy2iow i
mpuKkymuoio gpopmoio nonepeunozo nepepizy. OOHuM 3 6UKOpUCIManux nioxoodie 6ye ananimuyunuii Memoo, AKuil nepeobavag
CK1AOHI MameMamuyHi 004UUCIeHHA ma nO0AbuLy eizyanizauyito npoyecie 3a 00nomozoro cucmemu MATLAB. I]eii nioxio oas
3MO02y 0emanvHo O0OCHIOUMU XAPAKMEPUCIMUKU KAHATLY Ma 6i0mMeopumu A6Uuia 1aMiHApPHO20 NOMOKY pioun i 2a3ie, w0
0036021U110 21ubUe 3po3ymimu ixHi Qizuyuni ocoodnusocmi.

Inuiuii memoo nonazae y 6uKkopucmanti iMimayiinozo KomMn'tomepHozo Mooen06aHHA RPOUECi6 1AMIHAPHO20 NOMOKY
Piounu ma 2azy uepe3 Kananu 3 Kpy2iow ma MPUKymHOW (OpMOI0 ROREpPeunozo nepepizy 3a 00ONOMO20K0 NPOZPAMHOZO
3abe3neuenns SOLIDWORKS Flow Simulation. /[na peanizauii ybozo nioxody oynu 3a0aui neodXioni éxioni napamempu ma
YMOGU, @ OMPUMAHI pe3yibmamu niooanuca 0emanbHoMy ananizy ma inmepnpemauii. Ileii memoo 0o3eéonue cmeoprosamu
6UCOKOMOYHI KOMN 'TomepHi Mooeni 2i0poz2a3o0unHamivnux npoyecie, w0 0ano 3mozy 2nuduie 0ocnioumu ixuro noeedinKy ma
63AEMO0i10 8 yMOBAX PIZHOMAHIMHUX (POPM nonepeunux nepepizie Kanaie.

Ilopienanna pesynvmamis, OMpUMAHUX 3 OONOMO20I0 000X Memo0is, RIOMEepoOUno IXHI0 30amHicmb A0eK6amHo
Modentweamu 2iopozazo0uHamiuHi npouecu 6 3aKPUMUX NePEenyCKHUX KAHANAX 3 Kpy2iolw ma MmpuKymuor @opmoro
nonepeunozo nepepisy. /lani, w0 6ynu ompumani, He nuuie RiOMeEEPOUIU MOYHICINb BUOPAHUX MemOo0is, ane 1l 00360UNU
2nubue 3po3ymimu mexanizmu nepemikanua pioun ma 2azie 3a ymoeu aaminapnozo pyxy. Lle oocnioscenns ¢iokpueac noei
Moxcnugocmi 07131 NOOWILUAUX HAYKOGUX PO3POOOK y 2any3i 2i0pozazoounHamiku i mac nomeHuian Ona 3acMOCY6AHHA 6
IH)CEHEPHUX PO3PAXYHKAX, 0€ 6AHCIUGUMU € BUCOKA MOYHICINb, 00CMOBIpHICMb | HAJIIIHICM b MOOenell 2I0P02a300uHaAMIYHUX
npouyecie.

Knrouoei cnosa: 2iopozazoounamixa, mexnonoziunutl kanan, cucmema MATLAB, SOLIDWORKS Flow Smulation.

S. Baranovych, |. Stukalets, S. Korobka, M. Babych, M. Tolstushko, N. Tolstushko

STUDY OF HYDRO-GAS-DYNAMIC PROCESSES IN CLOSED BYPASS CHANNELS
WITH CIRCULAR AND TRIANGULAR CROSS-SECTIONS

The study examinesvarious methodsfor analyzing hydrogasodynamic processesin closed bypass channelswith circular
and triangular cross-sections. One of the approaches used was the analytical method, which involved complex mathematical
calculations followed by process visualization using the MATLAB system. Thisapproach enabled a detailed investigation of the
channe characteristics and the reproduction of laminar flow phenomena of liquids and gases, allowing for a deeper
understanding of their physical features.

Another method involved the use of simulation-based computer modeling of the laminar flow of liquid and gasthrough
channels with circular and triangular cross-sections using SOLIDWORKS Flow Simulation software. To implement this
approach, the necessary input parameters and conditions were specified, and the resulting data were subjected to detailed
analysis and interpretation. This method allowed for the creation of highly accurate computer models of hydrogasodynamic
processes, facilitating a deeper exploration of their behavior and interaction under various cross-sectional shapes of the
channels.

A comparison of the results obtained from both methods confirmed their ability to adequately model hydrogasodynamic
processes in closed bypass channels with circular and triangular cross-sections. The data obtained not only validated the
accuracy of the chosen methods but also provided a deeper understanding of the mechanisms of liquid and gas flow under
laminar conditions. Thisresearch opensnew opportunitiesfor further scientific developmentsin thefied of hydrogasodynamics
and has the potential for application in engineering calculations where high precision, reliability, and credibility of
hydrogasodynamic models are crucial.

Key words: hydrogas dynamics, technological channel, MATLAB system, SOLIDWORKS Flow Simulation.

IMocranoBka mpoGiemu. TeopeTHdHi OCHOBM BH3HAYCHHS MPOLYKTHBHOCTI JOBTUX 3aKPUTHX
KaHaJiB 3 JJaMiHApHUM IOTOKOM piiuH 1 rasiB 0a3yrorbes Ha koedinienti [lyaseiins, pozpodneHomy s
KaHaJiB KpyIJIOrO MomepeyHoro nepepizy. OnHak Ha NPaKTUI 3aKPUTI KaHAIM, SIKi 3'€AHYIOTH KaMepu
CJIEMEHTIB PI3HUX KOHCTPYKLIH MeXaHi3MiB 1 MalllMH, YacTO MalOTh TPUKYTHY a00 NPSMOKYTHY GopMy
nepepizy. ToMy Teopis nepeTikaHHA Yepe3 Taki KaHaju NoTpedye J0AaTKOBOIO YTOUHEHHS.

AHani3 ocTaHHix aociaimkenb i my6uaikauii. [TpoananizyBaBIK TEOPETUYHI OCHOBH MEPEXiTHUX
MPOLIECIB Y PO3paxyHKax 3aKpUTUX TEXHOJIOTIYHUX KaHAJiB, MOXHA BiJI3HAYMTH, IO 3aCTOCOBYIOTH Kp —
koedimient [lyazeiins [3, 4, 8, 10, 11], sxuif Bu3HaUa€THCA 3a (HOPMYIIOFO:
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_ zD* o
128l

ne D — niamerp kanany, M; | — noBkMHa KaHaiy, M; 77 — KoeditieHT B’ s3kocTi, [1a-c.

3acrocyBaHHs LBOTO KoedillieHTa I pO3paxyHKY TiIpora3ofnHaMiyHIX XapaKTEpPUCTUK 3aKPUTUX
TEXHOJIOTTYHUX KaHANiB € KOPEKTHHUM JIHMIIE JUIA KaHAIIB KPYIJIOro MOMEpeYHoro mepepisy. s iHmmx
¢dopm nepepiziB HEOOXiAHI JOAATKOBI JOCITIKEHHS.

IlocranoBka 3aBgaHHsA. 11 OOYHMCICHHS TiAPOra3oAMHAMIYHUX XapaKTEPUCTUK 3aKPUTUX
TEXHOJIOTTYHMX KaHaJliB 3aCTOCOBYIOTbCA (OpPMYNH, IO BKIIOYalOTh KoediuieHT Ilyaseins, skuii
obuucmoeTbes 3a Bupa3oM (1) 1 mependavyae MOTIK piAMH Ta rasiB 4yepe3 KaHAIU KPYIJIOro MONEepeyHOro
nepepizy. [IpoTe Ha mpaKTHII TEXHOIOTYHI KaHAIHM B KOHCTPYKIIAX YaCTO BUKOHYIOTHCS 3 KBaJpaTHUMH,
NPSIMOKYTHUMH, TPUKYTHUMH a00 iHIIMMH (OpMaMy Mepepi3iB, OCKUIBKH iX BHUTOTOBJICHHS € OuIbII
MPOCTUM 1 EKOHOMIYHO BHTiIHUM. TOMy BHHHKa€E HEOOXiIHICTH PO3pOOJIEHHS Ta BHBUEHHS METOIIB
BHU3HAYEHHS TiOpOra3oJMHAMIYHMX XapaKTEPUCTHK MU 3aKpUTHX KaHAiB PI3HUX TEOMETPHYHHUX
nepepisis.

BukiageHHss OCHOBHOro Marepianqy. 3IICHUMO  pO3paxyHKH  Tipora3oanHaMivHHX
XapaKTepUCTUK JUIA KaHaJiB KPYIJOro Ta TPUKYTHOrO TIomepeyHoro mepepizy [6, 11]. Buznaunmo
LIBUJIKICTD TIOTOKY Ta MPOAYKTHBHICT MepeTiKaHHS piguH 1 ra3iB. s piBHSHHSA NpOMYCKHOI 3MaTHOCTI
KaHaiB pi3HUX (pOpM MPHUITYCTUMO, IO IX IUIOLIi epepisiB 4 € piBHUMHU.

Hns xa"amy kpyriioro nepepizy (puc. 1.) audepenuiansHe piBHAHHS Ha’e-CTokca y mossipHiit
CHCTEMI KOOpIMHAT, BPaXOBYIOUH CUMETpito [1, 2], MaTuMe BUTIIAA:

2
d_‘9 + Ed_S =—k, (2)
dgr2 roadr
1dp . . . .
ne k =—d—; 1 — IMHaMidHa B’s3KicTh pimuau (rasy), [la-c; p — tuck pinuam (rasy), [a; 9 —
n ax

LIBHUJIKICTH NIEPETIKaHHA PiHH 1 Ta3iB MO KaHaly, M/C.

Puc. 1. PospaxyHkoBa cxeMa JJIsi BU3HAYCHHSA IBHAKOCTI pyXy piluH i razis kanajaiom
KPYIJIOro nepepisy

Po3B’s130k piBHAHHSA | MaTUMe HACTYIIHUI BUTTISA:

k-r?

9=- +CInr+C,. ©)

ne Ci, Co — 4uCIoBi crami, fKi 3a HaJeXHO BUOpAaHMX 3HAYCHb, NAOTh OyIb-AKHHA YaCTKOBHIMA
PO3B’S30K.
OckinbKy MBHAKICTH 0OMexeHa, To C1 = 0, a 3HaueHHs cTanoi C2 3HaXOAUMO 3 TPAaHUYHOI YMOBH,

k-a?
npur=a9=0—C, = i

OTxe,
k
S:Z(a2+r2). (4)
Toni mpoxyKTUBHICT
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Q= [ psda= [ X2 (@ -r?). 2rdr -
A 0

4
_rwkp( a’? B r*)|*  rzkpa* )
r 2 4), 8
a2
Toni paniyc kaHary KpyIjoro nepepisy T 1 floro mpomyckHa 34aTHICTh
T
kpa’

Q=-£2 -0,0398kpa". (6)

8
Po3noain 3MiHK IBUAKOCTI PyXy PiAMH 1 ra3iB KaHaJOM KpYIJIOro nepepizy 300paxkeHo Ha puc. 3.

Puc. 2. T'padix po3noginy mBHIKOCTI KAHAJOM KpyrJioro nepepisy B cucremi MATLAB

Jli1st kaHaAITy TPUKYTHOTO Iepepi3y, BAKOPHCTAEMO PO3PAXYHKOBY cxemy (puc. 3):

| Z

Puc. 3. PospaxyHkoBa cxeMa JJIsi BU3HAYCHHSA IBUAKOCTI pyXy piluH i razis kanaaiom
TPUKYTHOI'O Nepepisy

BI/ICOTI/I, OHYH.IeHi 3 I[OBiJ'IBHO'l' TOYKH TPUKYTHHKA Ha Horo CTOPOHHHU, BU3HAYAKOTHCA, AK:

h =2z
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J3a 3
h, = a 7)’—5 (7)

PiBHSIHHS MBUIKOCTI pyXy MOBITPSl MaTUME TaKUil BUTTISA:

1 J3 an 16 47 T4 4
Tomi MpOXYKTUBHICTB:
S 3, 3, 1, 3
Sdydz = 2k | pd —a’z-=y*z+=22-—""2% |dz=
Q- [ pocy my[m Spaidez)
2 5
2 N2a-3y
) '8 16~ 12 i
29a2((a > 9 ,(a > 9(a “ 9 (a °
=2kp[=||Z-y| -2V Z-y| +—| -y | ——a| =-y| |dy=
p{ 32[(2 yj 8y(2 yj 16(2 yj 12 [2 yj y
2 3 2 .3 4 5 5 4 a
_2kp _iﬁe_yj Sy Y.y _L(E_yj 9 (2 y) 1|7
22 843 4 5) 165 1292 4
0
e 22 A AL LAY 9 L) e 3 o
32.8 80 32 8.4 24 64 160) 48 16 640

3 nonepeaHbo 3amnycaHol YMOBHU IIpO TC, OIO0 HJ'IOH_II Hepep13113 O,Z[HaKOBi Ta ,I[OpiBHIOIOTL A= az,

a
CTOpOHA KaHaJly TPUKYTHOI'O nepep13y ,Z[OplBHIO€ \/— i MpOITyCKHa BHaTHICTB
3

0- \/§kp 16a’ kpa'
320 3 2043
3aneXHiCTh 3MiHM LIBUIKOCTI PyXy HOBITPS 3 TPUKYTHUM II€pepizoM KaHally 300paxkeHa Ha puc. 4.
Po3paxyHKH MOKa3yl0Th, IO AJISl BUPa3y CyMHU IOCTATHBO BUKOPUCTATH JIMLIE 1Ba a00 TP JOAAHKU.
Le minTBepmKyETHCS MPOrpaMoro, po3pobieHoro B cepenopuiti MATLAB.
Po3poOmneni piBHAHHS 3a0e3MeuyoTh OUIBII TOYHE BH3HAYCHHS TiApOra30JUHaMIYHUX MPOLECIB y

=0,028% pa’. (10)

MEpenyCKHUX KaHajlax 3 pi3HUMH NONEPEIHUMH epepi3zaMu, 110 3aCTOCOBYIOTHCS B TEXHIYHMX CHCTEMaX.
Merop iMiTaIliifHOro MOJIEIOBaHHS Tipora3oAnHaMidHuX mporeciB y cepenoutni SOLIDWORKS
Flow Simulation [9, 12, 13] Bkirouae Kijbka eramiB. Cro4aTKky CTBOPIOETHCSI TPUBHMIPHA T€OMETPHUYHA
MOJIeJIb KaHATY 3 BU3HAYCHUM NIONIEPEYHIM IEepPePi30oM, MOTIM 3aJa€ThCs 00JIACTh AOCTIKEHHS, 0OMeXeHa
00'eMoM kaHaimy. HacTynmHUM KpOKOM € 3aJaHHS BXiIHUX MapaMeTpiB NpOLecy, TAKUX SIK MBUAKICTE a00
00'eMH1 XapaKTEepUCTUKH, a TAKOXX YMOB JJIsl MOACTIOBAaHHA. TBEpAOTITY MOAENb IEPETBOPIOIOTh y CITKY
CKIHYCHHUX €JIEMEHTIB, 3a/Ial0Ud PO3Mip €IEeMEHTIB, IO 3a0e3Me4nTh HEeOOXiTHy TOYHICTh Pe3yNbTaTiB.
Lini gocmimpKeHHs 3a4al0THCSI B 3aJISKHOCT] Bill MOTPIOHUX pe3yabTaTiB. 3aBepLIaJbHUM €TAallOM € aHajli3
OTpUMAaHHUX pe3yNbTatiB 1 ix iHTepnperawis. s Bizyamnizawii pe3ynbTaTiB BUKOPHCTOBYIOTHCS JTiarpamHy,
K ITOKa3aHo Ha puc. 5, 6.
SIK BUIIHO, ONKCaHi BUIIE METOIHU IEMOHCTPYIOTh IPAKTUYHO OAHAKOBI PE3yIbTaTH Y BiATBOPEHHI
riIporazoquHaMigYHUX MPOLECIB y 3aKPUTHX MEPEMYCKHUX KaHalaxX.
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Puc. 4. I'padix po3noginy mBHAKOCTI KAHAJIOM TPHKYTHOrO nepepisy B cucremi MATLAB

Puc. 5. liarpama po3noaijly MIBUAKOCTi KAHAJIOM KPYIJIOTO Nepepi3y 3 BUKOPHCTAHHAM
moxayas Flow Simulation cucremun SOLIDWORKS

Puc. 6. liarpama po3noaijly IIBUAKOCTi KAaHAJIOM TPUKYTHOI'O Nlepepi3y 3 BAKOPHCTAHHAM
moayas Flow Simulation cucremun SOLIDWORKS

BucHoBku. BcTaHOBIIGHO 3a7I€KHOCTI, 1110 ONUCYIOTH BIUIMB T€OMETPHUYHUX MapaMeTpiB mepepisy
MEepeyCKHUX KaHATIB Ha TiApora3oAnHaMiuHi MPOLECH, 110 CIPHUSIIOTH MiABUICHHIO TOYHOCT1 BU3HAUCHHS
XapaKTePUCTUK POOOTH 3aKPUTHX KaHAJIIB.

[lopiBHSHHA OTpPUMaHMX 3aJEKHOCTEH TiAPOra3oAMHAMIYHUX  XapaKTEpPUCTHK  poboTh
nepenyckHux kaHamiB y cucremax MATLAB ta SOLIDWORKS Flow Simulation nemoHcTpye cxoxicTh
JUHAMIYHUX 3aJeKHOCTEH B 000X BHIIAJKAax, L0 J03BOJSIE iX BUKOPHUCTOBYBATH Mill 4ac MPOEKTYBAaHHS
BHPOOIB, 110 MICTATH MEPEMyCKHI KaHAIN 3aKPUTOTO THUITY.
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MPABUJIA O®OPMJIEHHS TA IOJAHHS CTATEA

CrarTs HagCcUIIA€ThCs O peakiii 30ipHUKa y MManepoBOMY BapiaHTi 3 MiJIHCAMU aBTOPIB
Ha azapecy: 43018, m. Jlyupk, Byn. JIeBiBcbka 75, Jlyupkuit HTY; B eneKTpoHHOMY BHUIJISIL Y
dopmari MS WORD- Ha enexTpoHHy anpecy: naukovi—nhotatki@lutsk-ntu.com.ua. O6unsa
BapiaHTH MOBUHHI OYTH 1I€HTUUYHUMH.

HaykoBa crarrsi 000B’SI3KOBO NOBHMHHA MATH HACTYNHI HeOOXiHI ejleMeHTH:
MIOCTaHOBKAa MNpoOJeMU y 3arajJbHOMY BHIVIAAI Ta il 3B'I30K 13 BaXJIMBUMHU HAYKOBUMH YU
MPAKTUYHUMH 3aBJAHHIMH; aHalli3 OCTAHHIX MOCTIKEHB 1 MyOMiKalliid, B SKUX 3all09aTKOBAHO
PO3B'sI3aHH AaHOT MPOOJIEeMH 1 Ha SIK1 CIUPAETHCSI aBTOP, BULJICHHS HEBUPIIIEHUX paHillle YaCTUH
3arajibHOi MpoOIEeMH, KOTPUM TNPHUCBIUYETHCS O3HAYEHA CTATTSA; (POPMYJIIOBAHHS LIEH CTaTTi;
BUKJIa/l OCHOBHOT'O Matepiany JOCTHKEHHS 3 MOBHUM OOIPYHTYBaHHSM OTPUMAaHHMX HAayKOBHX
pe3ybTaTIB; BUCHOBKH 3 JAHOTO JOCITIHKEHHS 1 IEPCIIEKTUBU MOJATIBIINX JOCTIHKEHb Y JaHOMY
HanpsMKY.

1. CrarTio MO’KHA MOJABATH YKPAIHCHKOI 200 aHIJIilicbK0 MOBOKW. CTaTTs MOBUHHA
Oyt HaOpaHa y TeKcTOBOMY peaakTopi He Hipkde MS WORD 97/03 1 HagpykoBaHa TUTBKH
Ha JIa3epHOMY ab0 CTpyHHOMY NpHUHTEpi Ha OuMX JucTax Gopmaty A4 (297x210 mm).
Hymepartito cTopiHOK He BUKOHYBaTu. OOcsr cTaTTi Bifg 4-9 CTOPIHOK.

2. TlapameTpu CTOpIHKH: BEpXHE, HIKHE Ta JIiBe 1Moje — 2 ¢M, Ipase noje 2,5 cMm. Bix kpato
710 KOJIOHTUTYJIAa BEpXHBbOTO — 1,25 cM, HUxkHBOTO — 1,25 CM.

3. Ilamka crarri: iHgexke YK, iHiianu Ta mpi3BUINa aBTOPIiB PO3MIIIYETHCS HA OJIMH ab3aly
Hkue mpudTom 11 0T, Ha3Ba opranizaiii — HaOMPaIOTHCS 3 HOBOTO psaka mpudTom Time
New Roman Cyr po3mipom 11 0T 3 OAMHapHUM MDKPSIKOBUM IHTEpBaJOM 1
BUPIBHIOIOTBCS MO IIeHTpY. Ha3Ba cTaTTi po3MmillyeThCsl Ha OAMH ab3all HUXK4YE Ha3BU
opranizaiii, Habupaerbca mpuprom Time New Roman Cyr posmipom 11 nr 3
HaMBXUPHUM BUIUICHHSM 1 BUPIBHIOETHCS 110 LICHTPY.

4. AHoTauii ykpaiHCbKOIO Ta aHIJIIHCHKOI0 MOBaMH HAaOMPAIOThCS 3 a03allHOTO BiACTYILY
mpugToMm Time New Roman Cyr po3mipom 9, kypcus, HanigxupHuii 300-500 npykoBaHMX
3HAaKIB 3 OIMHAPHUM MDKPSAKOBUM IHTEPBAJIOM 1 BUPIBHIOIOTHCS O IIUPUHI; aHTJTIHCHKOIO
MoBamH posmmpena aHortauist 700-1000 qpykoBaHUX 3HAKIB.

5. Hwmxue anorariif 000B’I3K0BO BKa3ylThecsl KJItOUOBI ciioBa mpudToMm Time New Roman
Cyr, KypcuB, HaIBXXUPHUIA 9 MIT.

6. OCHOBHHH TEKCT PO3MIIIyeThCsl Ha | cM HMXK4Ye aHOTAIlild, HabupaeTbcs 3 a03alHOTO
Bigctyny 1 cm mpudrom Time New Roman Cyr posmipom 11 0T 3 oauHapHUM
MDKPSIKOBHM IHTEPBAJIOM 1 BUPIBHIOETHCS MO HIMPHHI.

7. Jns wHabupaHHa QopMmyn 3acTocoByBatd pemaktop ¢opmyn MS  WORD
(BukopucroByBatu mmpudru: Symbol, Time New Roman Cyr; posmipu mpudTis:
3BUuaitHuii 12 nt, KpynHUi iHAexkc 7 0T, ApiOHUN iHAeKC 5 0T, KpynHUid cumBoia 18 mr,
npibHuii cumBosl 12 nt). dopMmyna BUPIBHIOETHCS MO LEHTPY 1 HE MOBMHHA 3aiiMaTu
OutbIIe 5/6 WUPUHY psTIKa.

8. Skmo B craTTi NPHUCYTHI UTIOCTpalii, HEOOXiJHO pO3TALIOBYBATH IX IO TEKCTY,
BUpiBHIOIOUM minnucu (Puc. 1. Cxema ...) o mupuHi 3 ad3anHoro Biactyny 1 cm. Jpyruit
eK3eMIUIp LTtocTpallii HeoOXiTHO MOAATH Ha OKpeMoMy JucTi. IimrocTpanii moBuHHI OyTH
YITKUMHU Ta KOHTPACTHUMH.

9. Tabnuui po3TalmoByBaTH MO TEKCTY, IPUUOMY iX IIMPUHA MOBUHHA OyTH Ha 1 cM MeHIIa
mupuHU psaaka. Hax tabaunero nocraButy il mopsakoBuid Homep (7ab.s. 1) BUpIBHIOIOUU
10 MTPaBOMY Kparo, MiJ SKMM PO3MICTUTH Ha3BY TAOJIMIII BUPIBHIOIOUHU IO LIEHTPY.
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10. JlirepaTypa MOJA€ETbCA 3arajJlbHUM CIUCKOM B KIHIII PYKOMHUCY 3TiTHO 3 BHMOTaMH
Jep>KaBHOTO CTaHAAPTY yepe3 | cM BiJ OCTAHHBOTO PsIJIKA.

11. O00B’A3K0BO NOJIATH CTATTIO. Ha Jla3epHOMY AucKy. CTaTTi MOXHA TaKOX MEPEeCUIaTH
eNIEKTPOHHOIO MOMITOI0 32 TaKoto aapecoro: haukovi—notatki@lutsk-ntu.com.ua

12. Jlo crarTi 000B'I3KOBO J10JA€THCS PeleH3isl 6i0 MPOBIIHOTO BUEHOIO 33 HAYKOBUM
CIIPSIMYBAaHHSM CTaTTi Ta aBTOPChbKa J0BiKa y NMCbMOBOMY Ta €JIEKTPOHHOMY BUTJISAI1
3a BKa3aHOIO (hOpMOIO:

IpizBuie, Im’s, Ilo-6aTbKO0BI

Micue podoTu, mocaga, HAyKOBHH CTYNliHb, BYCHE 3BAHHS
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14. B kinHui crarti 060B’s13k0B0 BKazytoThes I1Ib, mocany, HaykoBUi CTyIiHb, BUCHE 3BaHHS
pEeleH3eHTa CTaTTi.
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3PA30OK O®OPMJVIEHHSA CTATTI

YJK: 620.179.16
LI Isanos’, ILII Ierpos®
Jhybkuti HayioHanvHull MexHiuHUull YHigepcumem
TepHoninbcokuii HAYIOHATLHUL MEXHIYHULL YHIgepcumem

1
2

HABJIMKEHE BU3HAYEHHS OCI KOHOIIA, TPEJCTABJEHOI'O JIUCKPETHAM
KAPKACOM TBIPHUX

Po3pooneno anzopumm HAOAUIHCEHO20 GUBHAYEHHA OCI KOHOIOA, NPEOCMABNEeH020 OUCKPEMHUM KAPKACOM
CRIIbHUX MGIPHUX.
Knruoei cnosa: sicoy konoioa, Ouckpemuuil Kapkac, meipHa.

I. Ivanov, P. Petrov
AXISAPPROXIMATE DEFINITION OF CONOID DESCRIBED BY THE SET OF
STRAIGHT LINES
The algorithm of axis approximate definition of conoid described by the set of straight linesis made. The approximate

conoid axisis alane. Conoid is created by straight lines.
Keywords. conoid axis, discretely carcass of straight lines.

IMocranoBka npodJjemu. Ha koHOiA1, pencTaBlIeHOMY AUCKPETHUM KapKacoM.. ...

AmHaJji3 ocTaHHiX JocaiTKenb i myOaikamii. Hackineku Bimomo aBTOpYy 3......

IMocranoBka 3aBaanb. B po0oTi OCTaBIEHO METY — PO3POOUTH AJITOPHUTM. ...

BuxkiagenHst ocHoBHOro marepiany. i1 HaOnmmkeHOro BU3HAUEHHS OCi BUKOPUCTOBYBAJIacs Taka
BJIACTUBICTH KOHOIMIB: YCi TBIpHI MOBEPXHi MepeTUHAIOTH 1i Bick [1].

opmyua (1)
Pucynox

Puc. 1. Ha3Ba pucynka

Tabn. 1.
Ha3zBa Ta6anui

BucnoBku. B craTTi po3po0ieHo alnropuT™M HaOIMKEHOTO. . ..

Cnmncoxk BUKOPHCTAHUX JIKepeJI:

1116, mocaga, HAYKOBHH CTYIiHb, BUCHE 3BAHHS PEIEeH3EeHTIB CTATTI.
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