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24 xBiTHa Ha 87 poui mimoB 3 xkuTta Oier
BacunroBuu Iloterenko — Bigomuii BUeHUIT B 00J1acTi
riApoTypOOOyyBaHHS, 3aBiayBa4y kadenpu
«[igpaBmiuni Mammany HTY «XIII» (3 1981 p. mo
2011 p.).

VYce cBoe cBimome xutts Omer BacumboBuu
MOB'sI3aB 3 HAIIUM 1HCTUTYTOM 1 HAyKOK — CTY/ICHT,

IHKEHEp, AacHipaHT, [OLEHT, Mpodecop, 3aBiayBay

Kadenpy, KOHCYIBTAaHT 1 HacTaBHUK. Monoauii
BuntyckHuk EM ¢axynsrery XI1I 3a Tpu poku pobotu Ha XapKiBCbKOMY TypOIHHOMY
3aBO/Il MPOMIIOB MHUIAX BiJ MPOCTOrO 1HXEHEPA-KOHCTPYKTOpa JO TOJIOBHOTO
imkenepa CKb rigporyp6id. Bin OpaB ydacTh B po3poOKax IPOEKTIB BEIUKUX 1
yHiKaIbHUX TiapoTypOin s ['EC  JIHIOpOBChKOrOo Kackagy, TOpPHU30HTAJIBHUX
KarcynbHuX riapotypoin mia KuiBcekoi I'EC 1 g pspa immmx ['EC. Hampsim
HaykoBoi pobotu mpodecopa O. B. [lorerenka «JlocmipkeHHsI CTPYKTYpH TOTOKY B
MPOTOYHIA YaCTHHI BUCOKOHAMIPHOI pajiaibHO-OCHOBOI TipOTypOiHW» OYB BHCOKO
oIliHeHUM (QaxiBusIMU B 00JacTi TiapoTypOOOynyBaHHS SK Ha VYKpaiHi, Tak 1 3a
KOP/IOHOM.

Mononuii, iHIIIIaTUBHUAN, TPArHyBIIWHN MI3HATH OLIbIIE, mUpIIe 1 muore, Oner
BacunboBuu He cuIIB Ha OJHOMY Miclli — BIiH craxyBaBca B MUY
iMm. M. B. JlomonocoBa 1 B yHiBepcuteti [lons Banepi (®panmisi), a 3 1975 p. o
1980 p. BuknamaB 1 OyB 3acCTyNHHMKOM 3aBigyBada KadeAporo TEIJIOTEXHIKH Ta
rizpasiniku B HarionaasHOMY 1HCTUTYTI HaTH, Ta3y 1 XiMii B Ampkupi (M. Bymepaec).

Y 1981 poui O. B.Ilorerenko mnoBepraethcs B XIII 1 odomoe kadenpy
rigpomamiHd. Ilig #oro KepiBHULTBOM TOYMHAETHCS HOBUM BUTOK PO3BUTKY
kadenpu —B 1982 p. crTBOproeThcss  Gimis Ha BAT «Typboatomy», mi3Hime
BIJIKpUBAIOThCSL HOBI cremianbHoCTI — «['iapoenepreruka» 1 «O0nanHanHs HaQTOBUX
1 Ta30BUX MMPOMHUCITIBY.

[Ipotsirom  Ginpmie 40 pokiB  mpodecop  O. B. [loterenko  kepyBaB
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JEpKOI0IKETHOI HAyKOBOIO TeMaTukor kadenpu. HaykoBa pobora mpoBoauiacs B
paMKax  HayKOBO-JIOCTITHHUIIBKOI  J1abopatopii  «Jlaboparopis  JOCHIIKEHHS
TiIpaBIiYHUX TPOIECIB B TiAPOMAIIMHAX 1 TLAPONPUBOAD». 3a POKU POOOTH Ha
kadenapi nposeaeHo MmoHan 50 HaAyKOBO-AOCHIIHUIIBKUX POOIT 3 BEIUMKHM TEXHIKO-
EKOHOMIYHUM e(exToM B mpoMucioBocTi. Po3poOku kadeapu BOpOBaKEHI Ha
nianpueMcTBax Ykpainu, Pocii, B eBponelcbKux KpaiHax, B [Hii.

[Ipodecop Oner BacwiboBud IloTteTeHko OyB BYEHHUM CEKpeTapeM
CHeliayi30BaHOl ~ BYEHOI  paau 1O  3aXMCTy  JAMcepTamiii B 00jacTi
€HeproMalmHOOyAyBaHH, YICHOM TEXHIYHHUX paj psaa MPOMHUCIOBHUX MIANPHUEMCTB
1 HJII. 3a ycnimHy miroToBKy 1H)KEHEPHHMX Ta HAYKOBHX KaJpiB Ma€ psj MOMISK i
rpaMoT 1HCTUTYTY 1 MiHICTEPCTBA OCBITH YKpaiHu, Menanb «Berepan mpartii». Bin Oys
OCHOBHMM aBTOPOM 1 1J€HHMM HATXHEHHUKOM HaBYaJIbHUX MOCIOHUKIB, aBTOPOM
KUIBKOX MaTEHTIB HAa BUHAX1J] 1 KOPUCHY MOJEIb PaJllajdbHO-0CbOBOI TAPOTYpOIHH.

Oner BacunboBUMY Ha3aBXKAM 3amaMm'sTa€Tbcsl HaM SIK  IIApa JIIOJIMHA,
TaJaHOBUTHI KEPIBHUK 1 MEAaror.

KonextuB xadenpu cymye 3 mpuBOAYy Ii€i HETOMPABHOI BTPATH, 1 BUCIOBIIOE

HIMPI CHIBUYTTS piAHUM 1 Onu3bkuM Onera BacunboBuua [loTeTenka.
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7 tpaBHsa 2021 p. Ha 84 porl MIMIOB 3 KUTTA
Bitaniit IcatioBuu ['HeciH, JOKTOp TEXHIYHMX HaYK,
npodecop, aypeat [epxaBHoi mpemii YKpaiHu B ramysi

HayKH 1 TEXHIKH.

Bitamiit  IcaifioBuu — BumyckHuUK Kadeapu

_ ' Typ6iHoOynyBanHs HTY «XIII» 1959 poky, 1 Bcs Horo

% TpyJOBa  [JiSJBHICTH OyJla TICHO TMOB's3aHa 3
' TypO1HOOYIyBaHHSIM.

Ile ©OyB mepiom pPO3KBITY EHEPreTUYHOIO

MaIlIMHOOYyBaHHS B KpaiHl, MepiojJ CTBOPEHHS MOTY>KHUX TypOoarperartiB s

TEIJIOBUX 1 aTOMHHUX €JICKTpOcTaHIlii. Bitamiii IcalioBuy HamexxaB 10 THX PIAKICHUX
(axiBIiB, Kl HE TUIbKH 3HAJIN TypOiHy, a i BiAYyBaiu il sK >KMBUHM opranizM. [licis
3aKiH4YeHHs By3y Bitamiii IcaiioBuY Kijibka pOKIB IpalOBaB B MOHTQXHOMY B1JJILTI
XapKiBChKOro TypOIHHOTO 3aBOJly, MOHTYIOUM TypOoarperatu Ha 6aratboX TEIJIOBHX
€JICKTPOCTaHIIsIX Kpainu. [lapanenbHO BIH TMOCTyMmae Ha MEXaHIKO-MaTeMaTHYHUIN
dakynpTeT XapKiBChKOTO AepKyHIBepcuTeTy (XIV) 1 ycminmHo Horo 3aKiHYyE.

Ocp 1e To€gHaHHS TPAKTHUKH 3 (QyHAAMEHTAIbHOK MaTeMaTHUYHOIO
MIATOTOBKOIO Hajaalll Tyke normomorio Bitamito IcaltioBudy mpoayKTHBHO 1 YCIIIITHO
MpaIloBaTh B Taly3l, BUPINIYIOYM HANCKIQJHINI HAYKOBI MPOOJIEMH Ta30WHAMIKU
TypOiH, sIKi € 0OCHOBOIO e(eKTUBHOCTI Ta HamiifHOCTi TypGoarperariB. Momy i #oro
HayKoBOMY KepiBHUKY mpodecopy I'. A. CokoIOBCEKOMY HaJICKHUTh 11€s1 pO3paxyHKy
Teuii pob0YOTo Tija B MPOTOYHINA YaCTHHI, JOJABIIM B HET 11I€ OJHY CKJIaJ0BYy — 4ac,
TOOTO BHpIUIYBATH HECTALIOHAPHY 3aJady, 10, HE3BaXal0Ud Ha YCKJIaJHEHHS,
JI03BOJIMJIO pO3paxOBYBATH 3MillIaHi Teuii B pemriTkax TypoomamuH. Lle Oyna mmigHa
i71es1, BIJMpaBHA TOYKa, sfKa J03BOMIA OaraThoM yuHsiM mnpodecopa B. 1. ['Hecina
3aXHUCTUTU KaHIUIATChKI Ta JOKTOPCHKI JUCEPTAIlii 3 MpoOJieM HeCTaIllOHAPHOI Tedii
po00YOro Tijia B MPOTOYHUX YACTUHAX MOTYKHHUX MAPOBUX 1 ra30BUX TYpOiH.

Birauiii Icaiioiu I'Hecin 6yB Mi’KHapOJIHO BU3HAHMM BUYeHHM. Moro HiHyBamm

1 BU3HABAJIM MOro 3aciayrd B CBITOBINM Hayli TypOiHOOynyBaHHS. Bin Oarato pokiB
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npeACTaBissB  YKpaiHy B oprkomiterax €Bpormelicbkoi  Kondepenmii 1o
Typoomarmaam (€TC), siky peryaspHo 3 IBOPIYHHM IHTEPBAJIOM OPraHi3oBYIOTh B
€Bpocoro3i.

[Ipamtoroun B ITIMAIIl im. A. [linroproro, Biramit IcaifoBud miiaHO
nepeaaBaB CBIA JOCBIM 1 3HAHHS MOJIOJIOMY TOKOJIHHIO TYpOIHICTIB, 3aXOTUICHO
3aiiMaOYKNCh MPOTATOM OaraTbOX POKIB BHUKJIAIAIBKOI MJISJBHICTIO Ha IOCaIl
npodecopa kadgeapu TypoinooymyBanas HTY «XIII».

e mpodecopy B.I. I'meciny Hamexuth 3HamMeHuTHd BuUCHIB: «TypOiHa —
YHIKQJIbHHUIA JIBUTYH, aJbTEePHATUBU SKOMY HEMae€ i, B HaHOMMKIOMY MailOyTHBOMY,
HE TIepe10avacThCs.

Moro wapiBHiCTh, ONTHMIi3M, HAyKOBa EPYIMIs, IOOPO3HUIMBICTB SCKPABO
BUSIBIISUIMCSI B ONMOHYBaHHI KaHIWAATCHKUX 1 JOKTOPCHKHUX AWCEpTAalliii, B aKTHBHIH
ydacti B poboti Crmemnpaam mo iX 3axucTaMm, B CKJIaJai SKOTO BiH 0OaraTo pOKiB
MPAIFOBaB.

KonextuB kadeapu, HaykoBa TpOMaJChKICTh YKpaiHH 3a3Haia TSHKKOI BTpaTH.
BTixoro MoOXke CIy)XUTH TUIBKM PO3YMIHHSI TOTO, IIO HAayKOBUM BHECOK Birtamis
IcaifoBnua ['HeciHa B CBITOBY HayKy, a 3HA4WTh, 1 B PO3BUTOK JIOJACHKOTO
CYCIIUIbCTBA, Oy/1€ 3aTpeOyBaHUMN 1 CITY>KUTH III€ IOBT1 POKH 1 TECATHIIITTS.

Mu BUCHOBIIOEMO TIHOOKE CHIBYYTTS piAHUM 1 Oiu3pkuM Bitanis IcaiioBuua y

3B'SI3KY 3 HEMOMPABHOIO BTPATOIO.

Bin iMeH1 kKonekTUBY Kadenpu

TypOiHOOYyBaHHsI HTY «XIII» Amnaromiit boiiko
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VK 621.224 doi: 10.20998/2411-3441.2021.1.01
O. B. IOTETEHKO

YAOCKOHAJIEHHSA JIONATEBUX I'TTPOTYPBIH PAIAJIBHO-AIATOHAJIBHOI'O THUITY

ITotpeba enexkTpoeHeprii Ha Jylly HaceleHHs B yCiX KpaiHax, IO PO3BUBAIOTHCS, OesnepepBHO 3pocTae. IIpu 1bOMy 3pocTae yacTka MiKOBHX
HaBaHTaXXEHb JIOOOBOrO PEryNIOBaHHA B €JMHIH €HEProeneKTpHuHiii cucteMi. ITOKpHTTS LHUX HaBaHTAXKEHb MOXIMBE €IMHHM palliOHAIBHUM
Croco0OM 3a PaXyHOK BHKOPHCTAHHS TiJPOCHEPIeTHYHHX arperartiB, oOJaJHAHHX MaHEBPEHMMH (IO MIBHIKO 3allyCKAOTHCS 31 CTaHy CIIOKOK), 3
LIMPOKUM Jlialla30HOM HaJiiHOi eKcIuTyaTauii mo BUTpaTax (MOTYXKHOCTSX) i Hamopax, riaporyp6inamu. Kpim ychoro iHmioro, rixpoeHeprerika €
BI/IHOBJIIOBAHOIO, HAHJICIIEBIIO0 1 EKOJIOTIYHO YHCTOK CHCTEMOI0 BHPOOJICHHS €IEeKTpOeHeprii. Y AaHil cTaTTi pO3MISHYTI NUTaHHS Ta HANpPAMH
MiJBUIICHHS CHEProKaBiTALIMHUX 1 EKCIUTyaTaliifHUX IOKa3HUKIB TiAPOTYpOiHHOro OOJaJHAHHS, NPU3HAYEHOTO U EKCIUTyaTallil Ha MiKOBHUX
HABAaHT@KEHHAX IpH JOOOBOMY pEryIioBaHHI. Y pOOOTI JOKJIAAHO IIpOAHATi30BaHI HANpSAMH BIOCKOHAJIEHHS OCHOBHUX IIOKA3HHKIB, IO
XapaKkTepU3ylTh CHEPreTHYHi 1 eKCIUTyaTalliliHi TepeBard JIONaTeBUX TiAPOTYpOiH pajiabHO-AIarOHAIBHOIO THIy Ha Ppi3Hi Jiana3oHu
eKCIUTyaTalliifH1X HamopiB. B pe3ynbTaTi HOBUX KOHCTPYKTUBHMX DIillIeHb i YIOCKOHAJIECHHS CHCTEMH YIPaBIiHHs (PEryiOBaHHs), Ha SIKI OTpUMaHi
maTeHTH YKpaiHW Ha BUHAXOJH, ICTOTHO PO3MIMPEHi eKCINTyaTalliiiHi Jiarna3oHu BHCOKOE(EKTHBHOI i HaJIiHOI poOOTH Tifpoarperaris 1o Harmopax i
BHUTpaTax (MOTY)KHOCTSX), sIKi JJO3BOJISIOTH IM YCHIIIHO (QYHKIIOHYBaTH Ha 3MiHHHUX, MIKOBUX HABAHTA)KECHHSX JH0GOBOTO PEryIIOBaHHSI, 3aXHILAIOYN
€IMHY CHEPTOCIEKTPUYHY CHCTEMY Bifl «PO3BAITY» YaCTOTH IPH HECTIOAIBAHUX CKHUAAX abo MiJBHUILCHHSX CII0KHUBAHOTO HABAaHTAXKCHHS B CJICKTPUYHIiT
Mepexi. Briepie y cBiToBii npakTHIi TixpoTypO00yayBaHHS po3pobiicHi BUCOKOS(EKTHBHI TipoTypOiHM padiadbHO-iarOHAIBHOTO THITY Ha ITHPOKI
niana3oHy HaropiB HaBiTh 10 600-800-1000 M. IIpencraBiena excrutyaraniiiHa xapakTepuctuka rinporyp6inu PO/l 600-4,5 3 niametpom pobodoro
kosieca D; =4,5 M, oquanyHO0 motyxHicTio 600 MBT, mianasonoM ekcrutyatauiiiaux HamopiB H =430-730 m i motyxknictio N = 300-600 MBT
JIEMOHCTPYE€ YHIKaJIbHI eHepreTuyHi il ekcrutyarauiiini nokasuuku (npu KKJI 89-94,5 %).

KorouoBi cioBa: eHeproelieKTpuuHa CHCTEMa, ITIKOBI HaBaHTa)KCHHs, TiJPOCHEPreTHYHUH arperar, pamialibHO-JiaroHalbHa TiapoTypOiHa,
€HEProKaBiTaliliHi TOKa3HUKH, IPOTHO3HA XapaKTEPHCTHKA.

O. B. IOTETEHKO

COBEPIIEHCTBOBAHHME JIOIMACTHBIX THAPOTYPBUH PATUAJTBHO-TUAT' OHAJIBHOI'O
THUITA

IToTpe6GHOCTD 3IEKTPOIHEPTUH Ha YTy HACEICHHS BO BCEX PAa3BUBAIOLIMXCS CTPaHAX HEHMPEPBHIBHO Bo3pacTacT. IIpn 3TOM BO3pacTaeT A0S THKOBBIX
Harpy3oK CyTOYHOT'O PEryJIMpPOBAaHUS B €IMHON SHEProaIeKTpHieckoii cucteme. ITOKpBITHE 3THX HArpy30K BO3MOXKHO CAMHCTBEHHBIM PAIIMOHATBHBIM
Croco0OM 3a CYET HCIIONB30BAHHS THIPOIHEPTETHUECKUX arperaTtos, 0OOPYHAOBAHHBIX MAHEBPEHHBIMH (OBICTPO 3aITyCKAaIOIMMHUCSA C COCTOSHHUS
[IOKOsI), C LIMPOKMM [Mara30HOM HAJEXHON JKCIUIyaTallMM MO pacxogaM (MOIIHOCTSM) M Hamopam, ruapotrypbunamu. Kpome Bcero mpouero,
TUJIPO3HEPTETHKA SBIISICTCS BO3OOHOBIAEMON, CaMOH JENIEBOH M HKOJOIMYECKH YHCTOM CHCTEMOH BBIPAOOTKM 3JIeKTpo3Hepruu. B naHHO# craThe
paccMOTPEHbI BOIPOCHI M HATIPABIICHHS ITOBBILICHUs HEPrOKaBUTALMOHHBIX M AKCIUTYyaTal[MOHHBIX MOKa3aTelel rHApOTypOMHHOro 000pyI0BaHus,
[pEAHAa3HAYCHHOTO ISt SKCILTYaTAlluK Ha IIMKOBBIX HArpPy3Kax [PH CYTOYHOM PEryIHpoBaHHU. B pabore moapoOHO MpoaHaIM3HPOBaHbI HAIPABICHHUS
COBEPILICHCTBOBAHUS OCHOBHBIX IOKa3aTellel, XapaKTepHU3YIOIIMX YHEPreTHYeCKUe U IKCIUTyaTallHOHHbIE MPEHMYIIECTBA JIONACTHBIX THAPOTYPOUH
paananbHO-AMArOHAIBHOIO THIIA HA Pa3JIMYHbIE JMANa30Hbl JKCIUTyaTAlMOHHBIX HAloOpoB. B pesynbrare HOBBIX KOHCTPYKTHUBHBIX PELICHHH H
COBEPIICHCTBOBAHMS CHCTEMbI yIPaBICHUs (PEryIHpOBaHus), HA KOTOPbIE MOIYYeHbI MATEHTHl YKPAaUHbI Ha H300PETEHNMs, CYIIECTBEHHO PACIIMPEHbI
9KCIUTyaTalIOHHBIC JHANa30Hbl BHICOKOI()(GEKTUBHOW W HaJeKHOM pabOThI I'MAPOArperaroB MO HAoOpaM W pacxojaM (MOIIHOCTSIM), KOTOpBIE
MO3BOJISIIOT MM YCHEMHO (YHKIMOHMPOBaTh HAa [EPEMEHHBIX, IHMKOBBIX HAarpy3kax CyTOYHOTO pErYJMPOBaHHs, 3allWINas CAUHYO
9HEPTOIEKTPUUCCKYIO CHCTEMY OT «pa3Bajia» 4acTOThI NMPH HEOXKMAAHHBIX cOpPOCAaX WM MOBBIICHHUSAX MOTPEOISIEMOil HATPY3KH B 3JICKTPHYCCKOI
cerd. BriepBeie B MUPOBO#i IIpakTHKE MHAPOTYPOOCTPOCHHS pa3paboTaHbl BEICOKOI(p(HEKTUBHBIE THIPOTYPOHHBI pa/HajibHO-JHarOHAJIBFHOTrO THIIA Ha
IIMPOKUE IHana3oHbl HanopoB BILIOTh 10 600-800-1000 m. IlpencraBieHHas SKCIUTyaTalMOHHAsl XapakTepHcTHKa ruaporypounsr POl 600-4,5 ¢
nuaMerpoM pabouero komeca D;=4,5wm, emuHnunoi MomHOcThIO 600 MBT, nuana3oHoM OSKcIutyaTauuoHHBIX HamopoB H =430-730M wu
momtHocThio N = 300-600 MBT ieMOHCTpUpYET YHUKAIBHBIC SHEPreTHYECKHE U SKCILTyaTalnoHHble nokasarenu (pu KI1J{ 89-94,5 %).

KaroueBnle cj10Ba: BHEProseKTpUYecKas CHCTEMa, IHMKOBBIC HArpy3KH, TI'HAPOSHEPreTHYECKUH arperar, paaualbHO-AUAaroHalbHAas
THAPOTYpONHA, SHEPTOKABHTALIMOHHBIC TIOKA3aTEIIH, IPOTHO3HAS XapaKTEePUCTHKA.

O. POTETENKO
PERFECTION OF BLADE HYDRAULIC TURBINES OF THE RADIAL-DIAGONAL TYPE

The per capita demand for electricity in all developing countries is constantly increasing. At the same time, the share of peak loads of daily regulation
in the unified energy-electric system increases. Coverage of these loads is possible in the only rational way through the use of hydropower units
equipped with maneuverable (quickly starting from a standstill), with a wide range of reliable operation in terms of flow rates (power) and heads,
hydraulic turbines. Among other things, hydropower is renewable, the cheapest and most environmentally friendly system for generating electricity.
This article discusses the issues and directions of increasing the energy-cavitation and operational indicators of hydro-turbine equipment designed for
operation at peak loads with daily regulation. The paper analyzes in detail the directions for improving the main indicators characterizing the energy
and operational advantages of blade hydraulic turbines of the radial-diagonal type for various ranges of operating heads. As a result of new design
solutions and improvement of the control (regulation) system, for which patents of Ukraine for inventions have been obtained, the operating ranges of
highly efficient hydraulic turbines of the radial-diagonal type for wide pressure ranges up to 600-800-1000 m have been developed. Presented
performance characteristics of the turbine ROD 600-4,5 with an impeller diameter of D; = 4,5 m, unit capacity of 600 MW, a range of operating heads
of H = 430-730 m and a power of N = 300-600 MW demonstrates unique energy and operational indicators (with an efficiency of 89-94,5 %).

Keywords: power-electric system, peak loads, hydropower unit, radial-diagonal hydraulic turbine, energy-cavitation indicators, predictive
characteristic.

Beryn. CriokWBaHHs €Heprii Ha AyIIy HacelleHHs  JOCATHYTHH B TiMl UM iHIIIN JAepiKaBi.
Oe3nepepBHO 3pOCTa€ 1 BHW3HAYA€E PIBEHb PO3BHUTKY, B nanwii 9ac OCHOBHMMM JKEpesiaMid BHUPOOHHUIITBA
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eNeKTpoeHeprii € opraHiuHi Buau nanuBa (Hadra, ras,
KaM'sHe BYTULIS TOLIO), 3alacd sACPHOrO ManuBa st
BUPOOHHMIITBA  EHEpril, TiIPOCHEPTeTHYHI  pecypcH,
BITPOEHEPIeTHKa, COHIYHA EHEPreTHKA Ta iH.

OCHOBHUMH JDKEpeJIaMu eHeprii Uil Ha3eMHOro,
MOBITPSTHOTO 1 BOJAHOTO TPAHCIIOPTY, IJISI METayprilHOI,
XIMIYHOI Ta IHIIWX BUAIB MIPOMHUCIOBOCTI SK 1 paHime €
opraiyHi Buaum eHeprii. OmHaK, BiOMO, OO Wi BUAU
€Heprii He € MOHOBIIOBAHUMH i 6arato pomoBuml HadTH i
rasy MpuIerii 10 MPOMHCIOBUX PaHOHIB BUYEpINaIN CBOI
3aracu, a HOBI JKepesia JIOBOJUTHCS BUKOPHUCTOBYBATH Ha
BEJIMKMX BIIQJIGHHAX BiJ CHOXWBa4yiB. Benukum
HEJIOJIKOM CIIO)KMBAHHS OPTraHIYHOTO NajhBa € TaKOX
LIKIJUIMBI BUKUAM B aTMOC(Epy MpH HOTo 3ropsiHHI.

Jlo OCHOBHHMX BHIIB BUPOOHMITBA EJIEKTPOCHEPTIi
HEOoOXiTHO BiZIHECTH aTOMHY €HEepreTuKy,
TiIPOCHEPTeTHKY Ta, TaK 3BaHy, «3eyneHy
EJICKTPOCHEPTETUKY» TOOTO BITPOCHEPTETHKY 1 COHSYHY
€JICKTPOCHEPTETHKY. i BU/IN BUPOOHHIITBA
SJIEKTPOCHEPTIi € HAHOLTBIT YHCTUMHU, He BUPOOISTFOUNMHI
OKIATMBUX — BUKUAIB B atMoctepy. [lo3uTuBHEM
(haKTOpOM TAKOX € Te, IO TiJPOCHEPTeTHKa Ta «3eliCHa
€HepreTUKay € OHOBIIOBAHUMH BHUIaMH €HEpril.

Bapricte  BupoOHHITBAa ofHOI KBT romuHuM
€JIEKTPOCHEPTii Ha aTOMHUX EJIEKTPOCTaHIIsAX B 3—5 pasis
JeIIeBINe, a Ha rigpocTanmisax B 7—-10 pasiB nemesie, Hix
Ha TETUIOBUX EJEeKTpPOCTaHIisx. [lo HemoikiB aTOMHHUX
€JIEKTPOCTAHIIIH MOXHa BITHECTH, IMO-TIepIe, Te, Mo IX
OYMIBHHITBO MOXIUBE B palioHaX, BiJIaJCHHUX Bif
CeliCMiIYHOT aKTHBHOCTI, a TAKOXK T€, IO HACITIAKY aBapii
ma AEC 3aBgaroTh BeIMYE3HHHI E€KOHOMIYHHMMA 1
exoyoriuHmii  30mTok. Jlmsa  3a0e3mevyeHHs  YMOB
Oe3aBapiiiHol poOOTH arperaTiB aTOMHHX €JIEKTPOCTaHLIiH,
SK  TpaBWoO, nependavyaeTbcsi — MOCTiHe — 0a3oBe
ONTHMAJIbHE HABAaHTA)XEHHA 3 BHKIIOUEHHAM YacTHX
3aITyCKiB 1 3yITMHOK arperaris.

BupoOHHUITBO eeKTpoeHepTii 3a TOIIOMOTO0 BiTpPO-
1 COHSYHMX arperaTiB 3aJeXUTh BiJ KIIIMATHYHUX YMOB i
gacy 100H, a TaKOXK IIi arperaT 3aiiMaroTh JOCUTH BEIHKi
mwromi. BiTpoarperath 10  TOro K  IOBHHHI
pO3TallOBYBaTHCS, SK 1 AepoJpPOMHU Ha JOCTaTHbOMY
BiJUIaJICHHI BiJl JKATJIOBUX MAaCHBIB, OCKUIbKH NpU
eKCIUTyaTallii BOHM BHIIPOMIHIOIOTh IIKIIJIMBI  JIJIs
3IIOPOB'S YIBTPA3BYKOBI KOJIMBAHHSI.

[Totpeba B enexkTpoeHeprii mpoTsSrom go00U B
MIPOMHCIIOBO PO3BHHEHMX KpaiHaX pi3KO0 3MiHIOETHCS,

TOOTO iCHye Tak 3BaHe «0a30Be» HaBaHTAXKCHHI —
IOCTifiHE B J€HHI W HIYHI YacH 1, TaK 3BaHeE, «IIIKOBE»
HAaBaHTAXXCHHS JOOOBOTO pETYNIOBaHHSA, 3pPOCTaloue B
paHKOBI TomuHH (OCOONMBO B 3WMOBHU Iepiox), B
MMOXMYpi BEeUipHi TOIWHH 1 Pi3KO MMajaroue B TEMHI HiUHI
TOIUHHU.

IIpakTka CBITOBOIO [OCBiIy IIOKa3ye, IO IS
MTOKPUTTS MIKOBUX HABAaHTAXEHb JOOOBOTO PEryIOBAHHS
MOXYTh OYyTH BHKOPHCTaHI TigpoarperaTd, o0yamgHaHi
rizporypbinamu Ha I'EC, abo Hacoc-TypbiHamMu — Ha

I'AEC, 3aBagku CBOii MOOUTBHOCTI 3MIHM DPEXHMY
eKCILTyaTallii.

Bararo ¢axiBLiB-TiApOCHEPTETUKIB  PO3IISIAIOTH
€HEPTio 00'emy BOJIU nepen JamMO0¥0
T1IPOENEKTPOCTAHIIi SIK CBOEPIMHUH aKyMyJATOp, IO
J03BOJISIE  IIBUAKO TIEPETBOPUTH IO CHEprilo B
CNEKTPUYHY.

IIpu pi3kiii 3MiHI €IEKTPUYHOTO HABAHTAXKCHHS B
€HEprocucTeMi, IO MPUBOAWUTH 1O 30UIBIIECHHS abo
3MEHIIEHHS YacTOTH CTPyMy B MeEpexi, HeoOximHa
IIBHUJIKA PEaKIlisl U BiJHOBIICHHS CHHXPOHHOI YacTOTH,
mo obepirae eneKTpUYHYy CHUCTEMY BiI Tak 3BaHOTO
«pO3BAy YACTOTH», HACIHIIKOM SIKOTO MOXYTh OyTH
BEJIMKI aBapil B CICKTPOHHHUX CHUCTEMax YIPaBIiHHI.
Tinpku TrigpoarperaTd 3aBISKH CBOIH  MOOUIBHOCTI
MOXYTh IIBHIKO pearyBaTH B IIbOMY BHIIQJIKY,
BiTHOBJIIOIOYM CHHXPOHHY YacTOTy B MEpekKi, He
JIO3BOJISIFOYH BEJTUKUX BiJXUJICHb.

Y tabn. 1 mpencraBieHi OCHOBHI
MaHEBPEHOCTI enekTpocTaniiii [1-3].

IIpu BEJIMKIX 3MiHaX CIIOXXMBAHOTO
€JIeKTPOHABAHTAXXCHHS BHKOPUCTOBYEThCA TaK 3BaHHUHN
METOJl  «TPYIOBOTO  pETYNIOBaHHA»,  KOMH I
BHUPIBHIOBaHHS  CIIO)KHBAaHOTO 1  BHUPOOIIOBAaHOTO
CIICKTPOHABAHTAXXCHHS  BHUKOPHUCTOBYIOTBCS  PE3CPBHI
rigpoarperaTy, L0 I[IBHJIKO 3allyCKAlOThCS 31 CTaHy
MOBHOI 3yNUHKA abo0 3 (QyHKIIOHyBaHHS B PEXHMI
CHHXPOHHOT'O KOMITCHCATOpa, 200 IBUIAKO 3YIHHSIIOTHCS.

Haiiyacrime a1 mocTynoBoi 3MiHH CIIOKHBAaHOTO
HABaHTAXXCHHS pOOOTY TiApoarperariB MepeBOIsITH B
peXUM BIAMIHHUHA BiJf ONTHMAaJIbHOTO, aie 3 JOCHTh
BHCOKMMH BHUMOTaMH JIO0 CHCPrOKaBITAIIMHWX W IHIIMX
eKCIUTyaTaIlifHnX mokasHukiB. Ha puc. 1 mpencrasieHuit
BIUIMB TiIPOCHEPTETUYHUX OO'€KTiB HA HABKOJIHIIIHE
cepeIoBHIIIe.

3 exoJyoriyHoi Ta €KOHOMIYHOI TOYKH 30py, IpH

ITOKa3HUKH

Tabmums 1 — MaHeBpeHi BIaCTUBOCTI OCHOBHUX THUIIIB €JIEKTPOCTAHIIH

TexHiYHMHA MiHIMYyM Yac BUXOy Ha IIOBHY
HaBaHTaXCHHs y % HOTYXKHICTh, Y XBHJIMHAX
(BimHOTIIEHHS
Tun enexrpocranmiit MiHIMaJIbHO [ianazon perymoBaHus, y %
" . 3 «raps4oro»
JOITyCTHUMO{ TTicnst 3ynuHKH
. peXUMY
MOTY>KHOCTI
JI0 BCTAHOBIICHOT)
AEC 85-90 10-15 390-660 60
TEC (Byrimsi, Ma3yr) 70-80 20-30 90-180 20-50
l"azotypOinHi 0 100 15-30 0,5
T'inpoenekrpocranii (TEC) 0 100 1-2 0,25-0,5
ligpoakyMyror04i elneKTpOCTaHIil N g
(TAEC) 0 200 1-2 0,25-0,5
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‘ TizpoenepreTnyni 06'€KTH 3 BOJOCXOBHINAMH KOMIUIEKCHOTO BUKOPHUCTAHHS ‘
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pecypen npubepeKHoi BOJIM POCJT"_HH"i"' arMocoery reosoriyui icTopuaHy couianbHi
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Puc. 1. BriutiB rijpoeHepreTHIHUX 00'€KTIB HAa HABKOJIUIIIHE CEPEIOBHUILE
KOMIUICKCHOMY  BHUPIIICHH1 pAAy 3aiad, nopsaag 3 KPpYTHOMY MOMCHTY MKp' HKHIO 3aCToCyBaTu  1Jid
BI/[p06HI/IHTBOM CJICKTPOCHEPI'11, BUPIIIYHOTHCA TaK1 po3riigay Uboro mpouecy 3aKOoH 36epe)1<eHH$I MOMCHTY

3aBIIaHHS K 3aXUCT BiJI TABOJIKIB i MOBEHEH, paIliOHAIbEHE
3porieHHs noxiiB i iH. [igpoenekTpocTaHiii, SK i aTOMHI
€JIEKTPOCTAHIIIT, 3 CEpHO3HIM MPOTHABAPIHHUM 3aXHCTOM,
€ Haioumem unmctuMu (0e3 OyAb-AKHX IIKIITHBUX
BHKHIB) BUPOOHUKAMH €JIEKTPUIHOI CHEepTil.

YnockoHaleHHs1 OCHOBHHUX MOKA3HHUKIB, 110
XapaKkTepu3ylTh ImepeBary JiomaTeBUX TigpoTypoiH
paaiajbHO-0CHOBOTO THIY. K BiZOMO, OCHOBHE
MIPU3HAYCHHS OPTaHiB, IO IMiABOIATH MOTIK IO POOOYOTO
KoJieca TiIpOTypOiHM, TakuX SK CHipaJbHa Kamepa,
KaHaIM, YTBOPEHI KOJOHAMH CTaTopa 1 JOIaTKaMu
HANpsIMHOTO arapara, MoJisira€ B HaCTYITHOMY:

1. PiBHOMIpHE IO OKPYXHOCTI i 10 BHCOTI JIOTIATOK
HAMpsIMHOTO arapara MiJBEJeHHSI MOTOKY 10 po0OoYoro
KoJieca ripoTypOiHK 3 MiHIMATBHIMHU BTPATaMH.

2. ®opMyBaHHS B MiIBITHUX OpraHax TiApOTypOiHH
3 MiHIMATEHUMH BTpaTaMd MOMEHTY KiJIbKOCTI pPyXy
MOTOKY, IO MiABOAWTBCA JO poOOYOro Koieca IS
ONTUMAIIEHOI POOOTH T1IPOTYpOIHU.

SIKIO0  TO3HAYUTH CEPEeAHBOIHTETPAILHE 3HAUYCHHS
MOMEHTY KIUIBKOCTI pyXy IOTOKY, IO TPOXOIUTH B
OIMHUIIO Yacy 4epe3 BXITHHH Tepepi3 mepen pododnm

KonecoMm, ik M; = pQ(rVUI )1, a yepe3 BUXITHHH mepepis,

ak M, :pQ(M)z' T0 pizHuMUs M;— M, nopiBHIOE, 3

ypaxyBaHHSIM BTpPAaT MOMEHTY KiJIbKOCTI pyXy Ha TepTs i
o0'emui npotikanug, M., = My — My — AM,yp; MOMEHTY
KUTBKOCTI PyXy, IepelaBaHOr0 depe3 JIomaTeBi CHCTEMHU
pobodoro kojeca Ha Baj rigpoarperara, To0TO JIOPiBHIOE

KiJIBKOCTI pyXy (a0o #oro iHTerpanbHy GopMy y BHUIIISAL
PIBHSHHS OajaHCy MOMEHTY KUIBKOCTI pyXy), TO MOXXHa
oTpumaru Binome piBHsHH: Eifnepa g rinpotyp0inu:

gH YA VA
%:(rvu )1—(rVu )2.

3BMYallHO Ha ONTHUMAILHOMY pPEXHMi pPOOOTH
ripoTypOiHM MOMEHT KUIBKOCTI pyXy IOTOKY 32 pOOOUUM
KOJIecOM  IepeidavyaeTbcss  PIBHUM — HYJIIO,  TOOTO
nepen0avyaThcs MiHIMAIBHI LUPKYJALiIHHI BTpatH (abo
BTPAaTH MOMEHTY KUIBKOCTI PyXY) 3 IIOTOKOM, IO 3aJIHIIA€
poboue Kxomeco.

BimoMo TakoX, IO MOTYXHICTh, IO IEPEHAETHCS
MMOTOKOM Ha Bal TriApoarperara, Oyae JOpPiBHIOBATH
N =My, e © — dYactoTa o0epTaHHA poTOpa
rizpoarperara.

ToOTo MOMEHT KinbkoCTi pyxy M, =pQ (ML , HE

nepenaHnuii MOTOKOM pPOOOYOTo KoJieca BHACHINIOK Tak
3BaHUX HUPKYJAMIHHAX BTPAT, iICTOTHO 301IBIIIYE CyMapHi
BTpaTH  eHeprii B  rigpoTypOiHax, oOnagHaHHUX
KOPCTKOJIONIATEBUMHU panianbHO-0CbOBUMH abo
MPOTIEIEPHUMH POOOYMMH KOJIECAMHU.

BpaxoByrouu, 10 TiApoTYpOiHM €KCILTyaTyIOThCs, B
OCHOBHOMY, Ha 3MIHHHMX HaBaHTA)XCHHSIX, IMOB'S3aHHUX 3
MOKPHUTTSIM MiKOBUX HaBaHTAKCHb no6oBoro
pEryJIIOBaHHS €IMHOT eJIEKTPOSHEPTeTUYHOI CHCTEMH, LIeH
HEJIOJIK CYTTEBO 3HIKYE MOKIIMBOCTI paialibHO-OCHOBHX
rizpotypOiH, ™m0 OOYMOBIIOE 3aCTOCYBaHHS HOBHX
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rigporyp0iH  pajiaJbHO-IiaroHaJbHOTO,  JliarOHaJILHO-
0CbOBOTO Ta iHmux Tuiis [4-20].

He cmin Takox 3a0yBatu, 1o Juisi (OpPMYBaHHS
MOTOKY B MIBIJHUX OpraHax, pobodoMmy Kojeci i
BiIBIAHUX OpraHax HEOOXiTHO 3a0e3MeYNTH CTHUKYBAaHHS
MMOTOKIB B OKPEMO B3STHUX KaHalax B Tepepiszax, sKi
BI[IUIIOTh OAWH KaHall BiA iHIIOro, $KE TapaHTye
MiHIMallbHI BTpaTH Ha OCHOBI HE TUTBKH 3a0e3redeHHs
E€HEePreTUIHOTO OallaHCy PiOWHHU, IO PYXaeThcsa (3aKOHY
30epeKeHHsT KITBKOCTI pyXy), ajle 1 Ha OCHOBi OanaHcy
MOMEHTIB  KUIBKOCTI pyXy Tmepen 1 3a mepepizoM
CTHKYBaHHSI, 110 MPAKTUYHO JI0Ci He BUKOHYBajocs. Hogi
cydyacHl THUOM TiIpoTypOiH, po3pobieHi Ha Kadenpi
(pamianbHO-IiarOHaIbHI, 1arOHANIBHO-OCKOBI Ta iH.), 3a
paxyHOK «KOMOIHATOpHOI» 3aJie)KHOCTI B  CHCTEMI
pEeryNoBaHHSA ONTUMAIBHO BUPIIIYIOTH IO 3a1a4y.

3acTocyBaHHS COIUIOBHX KOH(Y30pHHX KaHaJiB,
pO3TAlIOBaHMX O  KUIBLIO  @epey  paxiajbHoO-
JiaroHaJbHAM POOOYMM KOJECOM, J03BOJISIE CTBOPIOBATH
85-90 % 1 Oinmble BETMYMHM MOMEHTY KIiJIBKOCTI pyXy,
HeoOXigHOTO JUIs 3abe3meueHHs] ONTUMalbHOI PoOOTH
rigporyp0inu Ha Hamopu 600 i Bume (HaBiTH 10
800-1000 m).

YucneHHi KOMILIEKCHI eKCIIepUMEHTAbHI
JOCHI/DKEHHS, MPOBEJCHI Ha TigpOTypOiHHOMY CTEHJI
kadpenpu «[igpaBmiuni MamuHE M. ['. @. [Ipockypu»
MOKa3ajy, IO HaBiTh Ha ONTHMAJIbHOMY DPEXHMi, KOJIH

M, =pQ(rY, ), ~0 i pQ(W);(pQ)%,

Bunaaky BucokoHamipHux (H =400-500 metpiB i Buie)
rigpoTypOiH, MOMEHTH JOCSTAId YUMAIIUX BEIMYUH W
BHKJIMKQJIA B KPUBOJIIHIHHUX KaHaJlaX CHipalibHOI KaMepH
Ta IHIUX TiABIIHMX opraHax 3HadYHI iHEpIiHHI
(BiAIIEHTPOBI) CHITH.

IIi cuiam BUKIMKAIM B IOTOI[l 3HAYHI BEIIMYHUHH

gradV i, aHajoriumo pyxy pimMHH B TpyOOIpOBOmi

KPYIJIOro IONEPeYyHOro Iepepily B MICIi IOBOPOTY
TpyOOnpoBOaYy, (OPMYBalH BEIMKOMACIITaOHI BUXPOBI

CTPYKTYPH THITy «IIapHOTO BHXOPY» (rot\7||\7 ), TOOTO

BEJIMKOMACIITa0HI ~ BHUXPOBI  CTPYKTYpH T'BHHTOBOTO
BHUXPOBOTO PyXY PiIUHH.
KommnekcHi eKCTIepUMEHTAITbHI OCHIUKEHHS

CTPYKTYpPH TIOTOKY B MiABIAHWX OpraHax TiapoTypOiH
PO400 i POS500 3a momomMorowo KyJIbOBHX 30HIIB
mokasamd Ha pisHuX (Oimemme 25) pexknmax poOoTh
riZpoTypOiHM, IO OXOIUTIOIOTE BCIO  yHIBEpcaJbHY
xapaktepuctuky (PO 400 i PO 500), Benuuesny
nedopMarnito pyxoMoi piAMHHM TiJ| BIUIMBOM «IapHOTO
BUXOPY», 1110 YTBOPHUBCS B CHIpAJIbHIH Kamepi.

Lle mpuBomuTh n0 BTpaTr eHeprii mopsuaky 3—4,5 %
TIIBKM B KaHajlaX, [0 MiJBOJAATH IMOTIK 10 poOOYOro
KoJeca, 1 JOIaTkoBO, Ha BenmuumHy 1-2 %, — mo BTpar
eHeprii B KaHaIax po009oro Kojeca.

[Ipn wnamopax, mo nepeBuiyoTs 500 M, BTpatu
eHeprii B TIABIGHUX OpraHax TiAPOTypOiHH 1 B
MDXKITOTIATEBUX KaHaJlaX poO0YMX KOIIC Pi3KO 3pOCTAOTH,
CTPYKTypa IIOTOKY B IIMX KaHaJlaX € HEeCTaI[lOHapHOIO,
HECTIMKOI, B TOTOLI BHHHUKAIOTHL BEIMKOMACIITAOHI
nyJbcamii THCKY, L0 MPU3BOMATH O HEOE3MEYHUX 3a

BEJIMYMHOIO BiOpaliii MOBEPXOHb, OOTIYHUX IIOTOKOM.

€anHM MPOTPECUBHUM HANpsIMOM TSt
BIOCKOHAJICHHS MPOTOYHOI YaCTUHH TiAPOTYypOiHH 3
MeTOI0 11 3acTocyBaHHs Ha Hamopu moHaa 500 M HaBiTH 110
800-1000 M € 3amina poxi cHipalbHOI KaMepu SK
OCHOBHOTO €JIEMEHTY, L0 CTBOPIOE HEOOXITHWH IS
ONTHMAJIBHOI POOOTH TiAPOTYpOIHM MOMEHT KiJIbKOCTI
pyXy mepea poOOYMM KOJIECOM, IPOCTOPUM CHipaIbHUM
I/IBITHAM OPTaHOM, KW 3aKiHUYEThCS PO3TALIOBAHUMHU
M0 KiJIBLIO CHELiaIbHO CIPOCKTOBAHUMH KOH(Y30pHUMH
COIUIOBMMH arapaTaMy, o (OpMyIOTh MOMEHT KiJIbKOCTI
pyxXy mepex pobOYMM  KOJECOM, 3 MAaKCHMAaJbHO
PIBHOMIpHUM MiIBEICHHAM TIOTOKY J0 poOOYOTO Kojieca 3
MiHIMaJIFHAMH BTpaTaMH Ha TEpTA, B TOMY YHWCIi 1 3a
paxyHOK (OpMyBaHHS y TNPHUCTIHKOBiH 30HI MOBEPXOHB
COIIJIOBHX amapaTiB JIAaMiHAPHOTO TIOTPAaHUIHOTO IIapy.

YI0CKOHAJIEHHSI OCHOBHHX IOKa3HHMKIB, 110
XapaKTepu3yloTh IepeBaru paaiajibHO-AiaroHAJILHUAX
rizpoTyp6in, 00yMoBJIeHi HOBUMH KOHCTPYKTHBHUMH
pilieHHsAMH, Ha fKi oTpuMaHi moHax 20 mnaTeHTIB
Yxpainu.

Ha puc. 2 mpeacraBnennii po3pi3 BHCOKOHAIipHOT
panianpHO-IiaroHaIbHOI TiApoTypbinn Ha Hamopu 600 M
HaBiTh 10 800-1000 M.

.f"} LE: I., ¢

3

ey Qx

Puc. 2. BucokonarmipHaa paziajgbHO-AiaroHaIbHA riIpoTypOina

BucokonanipHa rigporyp0OiHa  ckiagaeTbes 31
cnipanbHOi kKamepu | 3 NPOCTOPHMH IIONEPEYHUMH
nepepizamMu, MIBHIKICTh MiJBIIHOTO TOTOKY B SKHX
3MeHmeHa B 1,5-3 pa3u; comloBux amapaTiB 2 3
MOBOPOTHUMH BUXIJJHUMH KPOMKaMHM, LIO0 3JiHCHIOIOTH
peryioBaHHsS BUTpaTd 1 GOPMYIOTh CHUJILHO 3 BEPXHBOIO
MMOBEPXHEI0  KaHANiB-COMeJ, [0  MepeMillaeThes,
HEOOXIOHWH [UIS ONTHMANbHOI poOOTH TiApOTYpOiHM
MOMEHT KIUIBKOCTI pPyXy; KUIBIIEBOTO 3aTBopa 3, SKHi
TaKOX TPa€ POJb JOJATKOBOTO DErYJIIOI0YOr0 BHUTpATy
oprady; pobodoro Koseca, IO CKJIAJAETHCS 3 BTYJIKH 4,
HIDKHBOTO 000712 5, BCTaHOBJIEHUX MK HUMH JKOPCTKO
3aKpilUIeHUX Jomareil pafianbHO-OCBOBOrO TUIY 6
MOBOPOTHHX JIOTIATEH AiarOHaJBHOIO THITYy 7; MEXaHi3My
MOBOPOTY Jomateidl §; JIOmaToK, MPOMDKHOTO —MiX
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JonarsMM  pafiaJibHOrO 1 J1aroHajJbHOTO  THUILY
HanpsiMHOTO arapara 9, sKi CTBOPIOIOTH JI0JIaTKOBHUM
MOMEHT KUIBKOCTI pyXy HOTOKY Iepej AiaroHaJbHOIO
JIOTIATEBOIO CHCTEMOIO; BiICMOKTYrOUOi Tpyou 10.

JonatkoBuii  MOMEHT  KUIBKOCTI  pyXy,  IIO
CTBOPIOETBCS. B COIUIOBHX  KaHaJIaX  IPOMIXKHOTO
HaTpSIMHOTO amapara, JJO3BOJIsiE HaWOIMbII epeKTHBHO
3MiACHIOBaTH  poOoumMid  Tpomec  TrigpoTypOiHM  Ha
HagBucokux Hanopax 800-1000 M i HaitOinpI ehEeKTHBHO
BHKOPHCTOBYBATH IO K KOHCTPYKIIIO B HAacCOC-TypOiHax
1t rigpoakymymoroanx [EC.

Cucrema KOMOIHATOPHOT 3aJIE)KHOCTI CKIIAAETHCS 3
YOTHPHOX  PEryJIOIOYUX  €JEeMEHTIB:  HOBOPOTHHUX
BUXIZIHUX KPOMOK COIUIOBUX anapaTiB, BEpXHiil MOBEpXHi
comes, IO TIEPEeMIIIAEThCs, IOBOPOTHUX  JIOIATOK
MPOMDKHOTO HAampsIMHOTO amapaTta 1 Jomateidl po0Oo4oro
KoJieca JIlarOHAJILHOTO THILy, SIKI PO3BEPTAOTHCS B
mpoueci perymoBaHHSA. YOTHpPbOXEIEMEHTHAa cHcTeMa
KOMOIHATOPHOI ~ 3aJIC)KHOCTI  JTO3BOJSE  PO3MIUPHUTH
niama3oH HaAiiHOI POOOTH TigPOTYpOIHM 3 BHCOKHMH
CHEPrOKaBITAIIITHUMU  TOKAa3HWKAaMH [0  BHTpATI
(motyxHoCTi) 1 Hamopy, B 1,5-2 pa3W mWiIBUIIATH
OIMHUYHY MOTYXHICTh NPH THUX XK€ po3Mipax poOoUoro
KoJieca, MiIBUITUTH cepeanboekciutyaramiiianii KK Ha
2-5 %, Ounpll eeKTUBHO BUKOPHCTOBYBATH HPU POOOTI
Ha MIKOBHX HABAHTAXXCHHSIX HOOOBOTO DETYITIOBAHHA 1
mpu  po3podii Hacoc-TypOiH s TiAPOaKyMYJTIOI0UUX
I'EC.

VY GaratoesleMeHTHOI CHCTEMi yNpaBiiHHSI poOoYnM
npouecoM (CHCTEMi pETYIIOBaHHA), IO CKIAJAETHCS 3
YOTHPHOX PETYJIbOBAHUX E€JIEMEHTIB, U CIPOIICHHS
MOXKHA BIAMOBHTHCS BiJ TEPEMIIIEHHS BEPXHBOI
NOBEpXHI comex abo BiJg NPOMDKHOIO HANPSMHOTO
amapara JiaroHanbHoro tumy 9. Ilpm mpomy Tpeba
BpaxoOBYBaTH, II0 BEPXHA IIOBEPXHS COMNEN, sIKa
MEPEMIIIAETHCA, € HE TIJIBKU OJHUM 3 PETYIIOI0UNX TOTIK
OpraHiB, aje 1 3amipHAM OpraHoM TigpoTypOiHH, a
cucrema JiaroHaIbHO PO3TaIoBaHUX JIOTIATOK
MIPOMDKHOTO HANpsIMHOTO amapaTta 9 rpae He TUIBKH pOJib
CTHKYBaHHS IOTOKIB, SIKi TOKHAIAIOTH PaAiabHO-OCHOBY
JIOTIATEBY CHCTEMY, 3 IIOTOKAMU B J[IarOHAJbHI JIOMaTeBIN
cUcTeMi pajlialibHO-/[laroHaJILHOr0 po0boYoro Kojeca IO
OayaHCy KUIBKOCTI pyXy (iMIyJbCy) MOTOKY i TAKOX MO
0aJaHCy MOMEHTY KUJIbKOCTI pyXy (MOMEHTY IMITyJIbCY), a
i ponb (opMyBaHHS JOAATKOBOTO MOMEHTY KiJIBKOCTI
PYXy piaWHH, HEOOXiZHOTO I ONTUMAIFHOI poboTH
JiarOHaJIBLHOI JIOTIATEBOI CHCTEMH 7.

Y NOBHOMY KOMIUIEKTI BCE €JIEMEHTH IPOTOYHOI
YaCTUHH 1 CHCTEMH VIPaBIiHHA POOOYHM IIPOLIECOM
BHKOHYIOTh TaKi OCHOBHI (YHKIIIT:

1. Bepxus MOBEPXHS KaHaJliB-COTIeI, 110
MEPEMIIIYETHCS, 3 CHIJIBHO 3 BHUXIIHUMH MOBOPOTHHMU
eleMeHTaMU KOH()Y30pHHUX KaHAaJiB COIUIOBHX amapaTiB 2
BiJlirpa€ OCHOBHY POJIb B CUCTEMI MiATPUMKH CHHXPOHHOT
YacTOTU EJEKTPUYHOTO CTPYMy B €IWHIN eHepreTWdHid
cuctemi. Ilpudomy, mipu 30UIBIICHHI CHOXXHUBaHOI
eleKTpoeHeprii 3 Mepexi, ToOTO TMpH IIBHIKOMY
MIAKITIOYCHHI IO MEpeXi €IMHOI eJICKTPOCHEPreTHIHOT
CHCTEMHU DSy TOTYKHHMX CIIOKMBAdYiB, SK pe3yJbTaT,
CIOCTEpIraeThcsl IMIBHJKE MAAIHHS YacTOTH CTPyMy B
Mepexi. [ miarpuMmke  (BiJHOBJICHHS) CHHXPOHHOL

YaCTOTH €JIEKTPUYHOTO CTPYMY 3aCTOCOBYETHCS TaK 3BaHa
CUCTEMa «TPYIOBOTO pETYyJIIOBaHHS Tigpoarperaramm,
sgKa TOJNArae B TOMY, IO psJ Tifpoarperaris, IO
3HaXOJATHCSL B PE3EPBI, IIBUJIKO 3aIyCKAIOTHCS Ha IOBHY
HNOTYXHICTh, a0o0, SKII0O HeMae TaKUX pPE3epPBHUX
(HempaIlooYNX) TigpoarperariB, TO OCHOBHY Macy
MepeKIaaloTh Ha PEKAM EeKCIUTyaTarlil 3 MiABHICHUMU
MOTY>KHOCTSIMH, TOOTO BUTpaTaMH BOAM 4epe3 TypOiHy.
IIpu mpoMy pexxkmMmi ekcruryartarii rigpoarperartiB KKJ]

KOkHOI  TimpoTypOinm  memo wenmre, HiK KK]]
ONTUMAIIFHOTO PEXHAMY, HECTAIOHAPHICTH MMOTOKY JCIIO
BUIIIC, MapaMeTpH, MO0 3a0e3MeuyroTh  HAJIHHICTh

rigpoarperata, jaemio Hwxkue i T. 1. HOBI KOHCTPYKTHUBHI
pilieHHsi, Ha sKi orpumaHi nateHTH Ykpainum 139833,
139835-139841, 141343, B TOMy 4YHMCIi 1 y BHUIISAIL
pajianbHO-IIaroOHaIbHOT  TIAPOTYpOIHH,  JTO3BOJISIOTH
MaKCHMaJIbHO MOJKJIMBO PO3LIMPUTH 30HY HajidHOI 1
BHCOKOE(EKTHBHOI eKCIUTyaTaIlil riapoTypOiHy.

2. 5k BizoMoO, rigpoTypOiHwy, obnagHaHi
YKOPCTKOJIONIATEBUMH POOOYMMH  KoJiecaMu (pajiaibHO-
OCBOBE 1 TpOTIENIEpHE), MAlOTh ICTOTHUH HEIOJNIK, IO
noysirae B TOMY, IO Ha pEXHUMax eKCIUTyaTarlii,
BIZIMIHHHX BiJI ONTHMAJIBHOTO, Y HHUX CIIOCTEPIraeThcs
pi3Ke 3pOCTaHHS TaK 3BaHMX LUPKYJSIIHHUX BTparT, sIKi
3aHIDKYIOTh Jlalna3oH  eKCIUTyaTalliiHUX —peXUMIB 3
BUCOKMMH €HEProKaBiTallilHUMHU XapaKTepHCTHKaMu (3a
BUTpaTaMH H Hamopamu), 1 Pi3KO 3HIDKYIOTH Jiana3oH
HamiiHoi  (Oe3aBapiiiHOi  ekciutyatanii). IloBopoTHO-
JIonaTeBi TiIpOTypOiHN B OIMBIININ Mipi M030aBIeH] IIHOTO
Henouiky. OgHaK 3 METOK 3MEHIICHHS HUPKYJSLiHHIX
BTpPAaT  JIONAaTi  I[OBOPOTHO-JIOMIATEBUX  TiIPOTYpOiH
BCTAQHOBIIIOIOTBCS HA KyTax pO3BOPOTY, IPH SKHX
30UTBITYIOTECS BTPATH IPH OOTIKaHHI BXiJHUX €JICMCHTIB
JoTIaTe  TOBOPOTHO-JOMATeBHX TimpoTypOiH. Llporo
HEJIOJIKY no30aBieHi paianbHO-AiaroHasbHi
ringporyp0inu, 300paxkeHi Ha puc. 2.

YorupboxeneMeHTHA ~ CHCTEMa
3aJI@KHOCTI B CHCTEMi  DEryJIOBaHHS  palialibHO-
JiaroHalbHOT — TiIPOTYpOIHM  JO3BOJISIE  MaKCHMAalIbHO
Y3rOIUTH TOTOKM B PI3HUX EJIEMEHTaX MNPOTOYHOT
YaCTUHH TiOpOTYpOiH, 3MCHIIUBINK 1O MiHIMyMY BTpaTH
eHeprii i MAaKCHMAaITbHO 3HU3HBIIHN HECTAIIOHAPHICTE PyXy
PIAMHU Ha DI3HHX pEeXHMaX CEKCIUTyaTallii, BKIIIOYArOUd
JIOCHUTH BlJJIaJIEH] BiJl OIITUMAJILHOTO.

YnockoHaeHHs] OCHOBHUX MOKAa3HHKIB, 10
XapaKTepu3yloTh MepeBaru paaiajJbHO-AiaroHaJbHUX

KOMOiHaTOpHOT

rigporypoin, 3a J0TIOMOT 010 B/JIOCKOHAJIEHHS
eHeprokapiTamiiHuX Ta IHIIUX eKcHJyaTamiiHuX
NOKAa3HUKIB, MiATBep/:KEHHX NapaMeTpaMH Ha

yHiBepcaJbHHX i eKcIuIyaTaliliHUX XapaKTepHCTHKAX.
SIk  BiZOMO,  OCHOBHMMH  «IOKYMEHTaMH»,  LIO
XapaKTepU3yIOTh SIKICTh, BKIIIOYAIOYN KaBiTalliiHI i 1HOI
eKCIUTyaTallii{Hi OKa3HUKH TiIpOTYpOiHu, € yHIBEpCcalbHi
1 eKcIUTyaTaliiiHi XapaKTepHCTHKH, SKi JO3BOJSIOTH
BU3HAYUTH 1 OOMEXHUTH 30HY BHCOKOC(EKTHBHOI 1
HaluifiHOI  eKclulyartamii, BCTaHOBUTH KOMOIHAaTOpHY
3aJICKHICTh MIXK €JICMEHTaMH, IO 3/IHCHIOITH MPOIeC
perymoBaHHs TigpoTypOiHM, mo 3ade3rnedye MiHIMabHI
BTpPAaTH €HEprii, BHCOKY HAMIMHICTh EKCIUTyaTaril
rizpotypOinn Ha ©0a30BUX (CTaHOAPTHHUX PEKHMaX),
3MIHHUX PEXHMMax INpPU IOKPHUTTI MIKOBUX HABAHTa)KCHb
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JI0OOOBOTO PETrYJIIOBaHHS, IMYCKO-3YIMUHOYHUX PEKHUMAX, npu 'l min = 45 X875 Qi min = 160 n/c;
peXUMaxX «CHHXPOHHOI'O KOMIIEHCATOPay. Q'tonr = 227 11/c; Q') max = 280 1/c.
Ha puc. 3 1 4 npencraBieHi NporHo3Hi yHiBepcanbHi Hianmason ekcruryatanii mo oOoportax (Hanmopax)
XapaKTEePUCTUKU PajialIbHO-TiarOHAIBHUX TiAPOTYPOIH  XapaKTepu3yeThCs:
Ha Haropu 600 i 700 M. npu Q'jomr = 227 n/c: N\ max = 75 XB™;
Ha puc. 5 300paxeHa yHiBepcaibHa XapakTepuctuka  N'joy, = 67,5 XB 5 N'| min = 45 xB .
rizpotyp06inu PO 500/3502-B-80 Ne 2515 XT3. PagianpHo-nmiaronansHa — rigporypbina  POJI 600
IIpoanarnizyeMo OCHOBHI IMOKa3HUKH TigpoTypOiH Ha  (puc. 3) Mae:
OCHOBI yHIBepCaIBHHAX XapakTepucTHK (puc. 3, 4, 5). Nmax = 92,5 % npu N'jyr = 55 XB™Y Q'jomr = 210 s1/c.
PaniamsHO-0ckOBa TimpoTypbina PO 500 mae: Jlianma3zoH HaIiHHOT eKCIUTyaTalii XapakTepru3yeThC:
Nmax = 90,7 % 1pst N' i = 67,5 XB™Y; Q'onr = 227 a1/c. npu N’ max = 67 XB™ Q' min = 120 /c;
Miama3oH HaOIHOT eKCILTyaTalii XapaKTepH3y€eThCs: Q'tonr = 210 11/c; Q') max = 310 1/c;
npu N’ max = 75 XB Q'i min = 160 1/c; npu N'| max = 55 XB Q't min = 120 /c;
Q'tonr = 227 11/c; Q') max = 280 1/c; Q'tonr = 210 11/¢; Q') max = 310 n/c;
npu N'jor = 67,5 XB ™ Qi min = 160 a/c; npu N’ max = 45 XB™ Q1 min = 140 n/c;
Q'\orr = 227 1/c; Q') max = 280 1/c; Q'\orr = 210 11/c; Q') max = 300 n/c.
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Puc. 3. TIpornosua yHiBepcanbha xapakrepucrika POJ] 600; D;® = 0,73 m
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Puc. 4. TIpornosua yHiBepcanbua xapakrepucrika POJ] 700; D;® = 0,74 m
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Puc. 5. YuiBepcasnbHa xapakrepuctuka riaporypbinu PO 500/3502-B-80
Hianazon ekcmiyarauii mo oboporax (Hamopax) Hamopu 600-700m i HaBith gm0 800-1000 M

XapaKTepU3yEThCS:
mph Q'jonr = 210 /¢ N’ pax = 67 xB
N’ min = 45 xB™
[lopiBHAHHS TOKAa3HWKIB TMPOITYCKHOI 3IaTHOCTI
MATBEPIKYE TPUIYIISHHS, IO NPH TEpexoii BiX
rizpotyp06inu PO 500 (ra mamip 500 M) BoHa He TilIBKH HE
3MEHIIIYETHCS, a i eIo 30iMbIIyeThCS TIPH MEepPexosi Ha
3acrtocyBaHHsA TigpoTypOinun POJI 600 mpu 30imbIieHHi
KKJI mirimym Ha 2 %.
PanianbHo-niaronansHa
(puc. 4) wmae:
Q'jonr = 210 n/c.
Jiama3on HagilfHOT eKkcIuTyaTanii XxapakTepu3yeThCs:

_l; nlIorIT =55 XB_l

rinporyp6ina  POJ] 700
Mmax=91,5% mpu Mgy = 55 xB ™

pu N’} max = 67 xB " Q'i min = 120 na/c;
Q'Iom =195 H/C; Q'| max — 250 J'I/C;

npu N'tonr = 55 XB™ Qi min = 120 ww/c;
Q'jorr = 195 s1/c; Q'y max = 270 1/c;

npu N'| min = 45 x84 Q'1 min = 120 /c;

Q'tonr = 195 11/¢; Q') max = 250 1/c.

Hiamazon excmyaTtamii mo oboporax (Hamopax)
XapaKTePU3yEThCS:

aph Q'jonr = 195 /¢ N'| jpax = 67 xB~
N’ min = 45 xB™

Mu 6aunmo, IO HPOITYCKHA 3IaTHICTH 1 Jiana3oH
BUCOKOE(EKTHBHOI  eKcIulyaraumii  3a  BUTpartamu
(morykHOCTsIMM) 1 0OOpoTamMHu (Hamopamu) JIOCUTB
BEJIMKUI Yy MOpPIBHSAHHI 3 3aCTOCYBaHHSIM Ha IIi HAIOpH
pamianbHO-0ChOBUX 200 KOBIIOBHX TiAPOTYpOiH.

Ha puc. 6 300paxkeHa eKCIUTyaTariitna
XapaKTepUCTHKA padialbHO-IIarOHAIBHOI TiApPOTYypOiHM
POJ1 600-B-450, moOynoBaHa Ha OCHOBiI yHiBepcalbHOI

1; N'jone = 55 xB !

xapaktepuctuku POJ[-600 (puc.3) 1ma  miamerpa
pobouoro koseca D; = 4,5 M.
Brnepuie y CBITOBIH MPaKTHIL

rizpoTypOiHOOyIyBaHHS pO3po0OiicHa TiApoTypOiHa 3
poOOYNM KOJIECOM pajiaibHO-/1iarOHANLHOIO THITY Ha

VHIKQIbHUMH XapaKTePUCTUKAMU 1 BHUCOKHM CTYIICHEM
HAIIHHOCTI PU EKCIUTyaTallil Ha MKOBUX HABAHTAXKCHHSIX
JI0OOBOTO pETyJIFOBaHHS.

AHanizyroun OCHOBHI IMOKa3HUKH, 110
XapaKTepU3yIOTh eKCIDTyaTalidHI SKOCTi TiApOTypOiHM
PO/ 600-B-450 (puc. 6) cmin 3a3HaYUTH:

1. PexopaHO MIMPOKHUN Aiana3oH HAMIHAX PEXAMIB
ekcrutyaTaiii npu 3miHi HamopiB Bim Hpyi, =430 M 10
Hmax = 740 M mipu KoedilieHTi KOPUCHOT Al Mmax = 94,5 %
IO Mmin = 89 %, TOOTO NpPU TOCUTH BUCOKUX MTOKA3HUKAX.

2. PexopaHO MMPOKWH Aiama3oH HAIiHHUX PEKUMIB
eKCIuTyaTalii npu 3mini notyxHocti Big Npyi, = 400 MBT
10 Npax =600 MBT mpu koedimienTi KopucHOi miil B
nmianaszoni 89-94,5 %.

BucHoBkn. Ha OCHOBI HOBHX KOHCTPYKTHBHHX
pillleH 1 BJOCKOHAJEGHHS poOOOYOro Mporecy, Mo
JTO3BOJIMJIO 3HU3UTH MPAKTHYHO N0 HYJS HUPKYISAIiHHI
BTpPAaTH €HEprii 3 IOTOKOM, SIKMH 3ajfIIae JOHaTeBy
cucreMy pobodoro Koieca, y BChOMY Jiama3oHi
eKCIUTyaTaI[IfHUX PEKHMIB, a TAKOXK 3HU3UTH BTPATH Ha
BXOZi B JIONATEBI CHCTEMH palaialbHO-OCHOBOTO Ta
arOHaJIbHOTO THIY, BJANOCS PO3POOHTH KOMILIEKC
FlZ[pOTyp6lH pamanbﬂo JIarOHAIBHOTO THUIY Ha p13H1
}llaﬂa30HI/I Hal'[OplB 3 BUCOKMMH CHCPICTUYHUMU 1
eKCHHyaTaHlI/IHI/IMI/I IIOKa3HUKaMMu.

Brepie B CBITOBIH MPAKTHUII
rigpoTypOiHOOyIyBaHHS pO3pOOJICHI BHCOKOC(HEKTHUBHI
panianbHO-JiaroHajbHi  TiAPOTYpPOIHM HAa  BHCOKI 1
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Ja. STRYCZEK, P. ANTONIAK, M. BANAS, P. STRYCZEK, O. YAKHNO, O. LUHOVSKY]I, I. GRYSHKO

PHYSICAL FUNDAMENTALS OF ULTRASONIC DEGASSING

One of the key benefits of hydraulic system is its rigidity. It lets the signal to be transmitted from the source to the recipient with no loss. Positioning
accuracy of actuators significantly depends on the rigidity. The higher the rigidity, i. e. volumetric elasticity modulus, the more accurate performance
of hydraulic actuators. The presence of free and dissolved air in liquid is one of the key properties that affect the rigidity. Means of degassing
discussed in the paper show a good potential for the mechanical methods, especially for the cavitation technologies. Based on the physical aspects of
degassing, the authors recommend to use high- and low-amplitude ultrasonic oscillators to remove air from reservoirs of hydraulic systems.
Experiments with degassing of various liquids: water (density p= 1000 kg/m®); hydraulic oil (density p=860kg/m’); engine oil (density
p = 844 kg/m®) were mainly focused on the amount of extracted air depending on the duration of oscillations. Comparative analysis of degassing
velocities at liquid settling technique and ultrasonic degassing technique proved that the latter one has a better potential. A great deal of attention was
paid to the problem of the degassing of hydraulic reservoir, directly at suction line of the pump. The removal of dissolved and free air significantly
influences the non-cavitational operational mode of the pump. Which, in turn, prevents the equipment from early failure.
Keywords: ultrasonic degassing, hydraulic system, density, ultrasonic cavitation method, suction line of the pump, liquid.

A. CTPHYEK, Il. AHTOHIAK, M. BAHAIII, IT. CTPHYEK, 0. M. IXHO, 0. ®. 1YTOBCbKHH,
1. A. 'PHIIIKO

®I3UYHI OCHOBH ITPOIIECY YJIbTPA3BYKOBOI JIET A3AIIIT

OnHOO 13 mepeBar TiZpaBIiYHUX CUCTEM € ii BUCOKA XKOPCTKICTh. L5 SKiCTb 03BOJISIE 3 BUCOKOK IIBHIKOIIEI0 MEpPEeJaBaTH CUIHAI BiJl Kepesa 10
crnoxuBada. Brparu npu 1poMy MiHiManbHI. Bix skopcTKocTi cuctemu 6e3mocepeHbo 3aNeKUTh TOYHICTh HO3UIIOHYBAHHS BUKOHABYUX IIPUCTPOIB.
Yum OGisblIe >KOPCTKICTh, NMOKa3HUKOM SIKOi CITYXKHTh O0'€MHHH MOJYNb HPYXKHOCTI pOOOYOi piMHM, TUM TOYHIIIE ONEpalii, 0 BUKOHYIOTbCSA
rizpasniyHUMHU npuBonaMu. Ha neii napaMerp Mae 3Ha4YHUil BIUIMB HAsIBHICTD B pPOOOUil piIMHI PO3UMHEHOT0 i HEPO3UMHEHOT0 MOBITPs. PO3rIsHYyTI B
CTaTTi BapiaHTH AeTa3allii piguHN IOKa3aIi NePCHEKTHBHICT, MEXaHIYHHUX CIIOCO0IB, 30KpeMa 3aCTOCYBAHHS KaBiTAliHHUX TexHoNorid. Crimpaodnck
Ha (i3MYHI OCHOBHM MPOTIKAHHS IpPOLECY Jerasalii, aBTopamMd OyJO 3alpONOHOBAHO BHKOPUCTAHHS BHCOKOAMIUNITYAHHMX 1 MAaJOaMILTITYIHUX
YJIBTPa3BYKOBUX BHUIPOMIHIOBadiB ISl BHJAJICHHS IMOBITPA 3 Oaka rimpaBiniyHoi cucteMu. HaBeneHi aBTOpaMu €KCIIEPUMEHTANBHI JTOCHIIKEHHS
Tporecy Jierasanii pisHuX pizMH: Bomu (WikHicTs p = 1000 kr/mM); Macna riapapniuHoro (IimbHICTH p = 860 Kr/M°); MOTOpHOTO Macia (IiTbHICTH
p = 844 xr/M®), cToCyBaTHCS MUTAHB KiBKOCTi BHJIEHOTO TIOBITPS B 3aIeKHOCTI Bijl acy O3BYdyBaHHs pimuHK. ITOpiBHAIGHMN aHAN3 MBHIKOCTI
Jierasanii pilMHM i3 3aCTOCYBaHHSAM YIIBTPa3ByKOBOTO METOIY i METOJXY, 3aCHOBAHOTO Ha BiJICTOIOBAHHI PiIMHH, HAOYHO IOKA3aB IEPCIEKTHBHICTh
3aCTOCYBaHHS yIbTPa3ByKOBOIO KaBiTaIiHOro MeToxy. OcoOnuBYy yBary aBTOpM NPHUALIIIM MpoOIeMi BUAAICHHS HOBITPS 3 TigpaBlidHOrO Oaka
OesrocepelHbO B JIiHII BCMOKTYBaHHsA Hacocy. BHJaleHHS pPO3YMHEHOTO i HEPO3YMHEHOrO IOBITPS 3 JIHII BCMOKTYBAaHHS BIUIMBaE Ha
0e3KaBiTaLliOHHUH PEXHM POOOTH HACcOCY, 110 B CBOIO YEpry 3amodirae nepeayacHoMy BUXOLy 0OJIaJHAHHS 3 Jajy.

Kuro4oBi ci10Ba: ynpTpa3BykoBa Jierasallis, TiipaBiiyHa CUCTEMa, IUIBbHICTh, YIbTPa3BYKOBUI METOJI KaBiTallil, JIiHisi BCMOKTYBaHHS Hacoca,
piauHa.

A. CTPBIYEK, IT. AHTOHHAK, M. BAHAIII, I1. CTPBIYEK, O. M. IXHO, A. ®. IYTOBCKOH,
H. A. T'PHIIKO

®U3NYECKUE OCHOBBI TPOIIECCA YJIbTPA3BYKOBOM JIETAZAIIUM

OJHUM M3 NPEeMMYIIECTB THAPABIMYECKHX CHUCTEM SBIACTCS ITOBBILICHHAS KECTKOCTh. JTO Ka4yeCTBO MO3BONSAET C BBICOKMM OBICTPOACHCTBHEM
nepefaBaTh CHIHAlI OT MCTOYHHKA K moTpeOuremo. Ilotepu mpu 3ToM MHHUMAmbHBL OT JKECTKOCTH CHUCTEMBI HANpSMYIO 3aBHCHT TOYHOCTH
[O3ULIMOHUPOBAHNS MCIIOIHUTENBHBIX YCTPOCTB. YeM Oosblie KECTKOCTD, MOKA3aTeIeM KOTOPOH CIIY>KHT 0OBEMHBIN MOYJIb YIPYrocTH pabodeit
XKUJIKOCTH, TeM TOYHEE OIEpall{H, BHINOJHSAEMbIC TMJPABIMYECCKIMH NpuBoAaMu. Ha 3ToT mapamerp oka3bIBaeT OrpOMHOE BIIMSHHE HAJIMYUE B
paboueil KHIKOCTH pPACTBOPEHHOIO W HEPACTBOPEHHOIO BO3IyXa. PacCMOTpEHHBIE B CTaThe BAapUAHTHI [ETa3alliy >KHAKOCTH MOKAa3aid
MEePCHEKTHBHOCTh MEXaHWIECKUX CIIOCOOO0B, B YACTHOCTH MPHMEHECHHE KaBUTAIIMOHHBIX TeXHOIOTHH. Onupasics Ha (U3HIECKHE OCHOBBI IIPOTEKAHHS
poliecca Jerasalin, aBTopaMi ObUIO MPEIOKEHO HCIIOIb30BAHUE BHICOKOAMILUIMTYAHBIX H MaJOAMIUINTYIHBIX YIBTPAa3BYKOBBIX M3ITydaTesnel s
yaaneHus BO3AyXa M3 0aka THAPABINYECKOH cucteMsl. IIpHBefeHHBIC aBTOPAMH 3KCIIEPUMEHTAIbHBIC HCCICAOBAHMS MPOLECCa Jera3alui PasHbIX
KHIKOCTeit: BOaBI (II0THOCTB p = 1000 Kr/M*); Macna rHApaBIMYeckoro (TIOTHOCTh p = 860 Kr/M’); MOTOPHOro Macia (IIOTHOCTh p = 844 Kr/M’),
KacaJliCh BOIPOCOB KOJHMYECTBA BBIJCICHHOTO BO3JyXa B 3aBHCHMOCTH OT BPEMEHH O3BY4YMBAHMS >KMAKOCTH. CpaBHUTEIBHBIN aHAIU3 CKOPOCTH
Jera3aluyl JKHAKOCTH C NPHMEHEHHEM YIbTPa3ByKOBOTO MeETOJa W METOJa, OCHOBAHHOIO Ha OTCTAMBAHMM JKHIKOCTH, HAIVIIAHO IOKa3all
MEepPCHEKTHBHOCT NIPUMEHEHUs YIbTPa3ByKOBOTO KaBHTaMOHHOTO MeToaa. Ocoboe BHMMaHUE aBTOPHI yASMIIM IMpoOIeMe yIaleHus BO3MyXa U3
TUJIPaBINYECKOro Oaka HENOCPEICTBEHHO B JIMHMM BCAachlBaHMs Hacoca. YjJaJleHHe PacTBOPEHHOTO M HEPAacTBOPEHHOrO BO3JyXa W3 JIMHUH
BCACHIBaHMS BIMACT Ha OE3KABUTALIMOHHBIN PEXXUM PabOThI HACOCA, YTO B CBOIO OYEpPEIb HPEAOTBPALIACT NPEKICBPEMEHHBIN BBIX0 000pPYI0BAHUS
U3 CTPOSsL.

KroueBble cj10Ba: yIbTpa3ByKOBasl Aera3alys, FTHAPABINYECKas CHCTEMA, INIOTHOCTb, YIbTPA3BYKOBOH METOJ KaBUTALIUH, JIMHHS BCACBIBAHHS
Hacoca, KHIKOCT.

Statement of a problem. The efficiency of many
processes depends on the quality of the power fluid used

0,5-5 %, but this value can even be as high as 15 %.
Dissolved air does not affect the modulus of elasticity

in the hydraulic actuating systems. The quality of the
power fluid is significantly affected by the dissolved and
undissolved air content. Undissolved air reduces the
volumetric modulus of elasticity of the power fluid.
Normally, the content of such air in hydraulic systems is

during normal operation of the hydraulic actuator.
However, when the pressure drops, e.g. at the pump inlet,
if the suction filter is fouled, air is vented and bubbles
form, which results in a higher content of undissolved air
in the power fluid. As a result, the volumetric modulus of
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elasticity of the working fluid decreases, significantly
increasing the probability of cavitation phenomenon with
its destructive consequences for elements of the hydraulic
system. The main nucleating center of cavitation in this
case, as a rule, are undissolved air bubbles. Undissolved
air also accelerates the oil ageing process in hydraulic
systems. Therefore, the issue of fluid degassing is very
relevant to ensure efficient and long-lasting operation of
hydroficated process equipment.

Physics of the degassing process. Chemical,
mechanical and physical methods of degassing liquids are
known [1, 2].

When degassing liquids by chemical method
reagents that bind gases dissolved in the liquid are used.
For example, sulphur dioxide, sodium sulphite or steel
wool are used for oxygen removal. Chlorine is used to
remove hydrogen sulphide from water. The reaction
produces sulphur crystals, which precipitate.

Mechanical methods of degassing operate on the
principle of mechanical separation of the gas-liquid
mixture by separation and filtration. These methods
include centrifugal and filtration methods.

Degassing liquids physically involves influencing
the physical properties of the liquid, usually by creating
conditions in which the solubility of the gas in the liquid
is close to zero, for example by heating, vacuuming or
settling.

Physical methods of degassing also include widely
known in practice technologies of cavitation degassing
used in various industries in the food and chemical
industries, power generation, metallurgy, etc. Cavitation
technologies are implemented by means of hydrodynamic
or ultrasonic cavitation. The acoustic or ultrasonic method
of degassing is very common and consists in the
introduction of intense ultrasonic vibrations into a
liquid [2-4].

The mechanism of ultrasonic degassing occurs when
nucleating centers of cavitation present in liquid in the
form of stable gas bubbles and gas micro-bubbles on the
surface of particles suspended in liquid under the
influence of ultrasonic waves begin to vibrate intensively
and increase in size at half-period of rarefaction and
decrease in size at half-period of contraction. The increase
in the bubble size is due to the fact that the internal
pressure of the vapor-gas mixture in the rarefaction phase
exceeds the external pressure of the liquid due to gas
diffusion into the bubble from the liquid, as well as due to
liquid evaporation from the inner surface of the bubble
and an increase in the mass of vapor in the bubble [5-7].
The predominance of one or the other mechanism of
bubble size growth depends on wave frequency, pressure
and gas saturation of the liquid.

At high oscillation frequencies in a low gas saturated
liquid at temperatures far from the boiling point, the main
factor for bubble growth is the periodic excess of the
internal bubble pressure over the external one.

The diffusion mechanism is the main one in the
region of low vibration frequencies, when there is a low
rate of pressure change in a liquid with significant gas
saturation. As the concentration of gas in the bubble
decreases due to a gradual increase in its size, gas diffuses

from the liquid into the bubble. At the half-period of
increasing pressure, the size of the bubble decreases and
gas diffuses from the bubble into the liquid. Since the
amount of gas, diffusing is proportional to the surface area
of the bubble, which is larger in the bubble growth phase,
in general during vibrational period due to the rectified
diffusion process an increase of gas mass in the bubble
and corresponding gradual growth of its size takes
place [8]. Due to the described mechanism, cavitation
bubbles either collapse with formation of spherical blast
waves and intense microflows or they have time to rise to
the liquid surface with increased size due to the growing
ejection force and are released from it.

The main characteristics of degassing process are
rate of change of gas concentration C in liquid dC/d¢t and
equilibrium gas concentration C’,, which is established in
liquid in presence of ultrasonic field after some time
interval. The change in gas concentration in the liquid in
the acoustic field during the irradiation time is determined
by the expression:

C=C,+(C,—C)e”, (D)
where C, — initial concentration; b — a parameter that is
determined by acoustic characteristics — sound intensity
and frequency.

There are two modes of ultrasonic degassing - pre-
cavitation and cavitation.

In the first case speed of concentration change is
proportional to intensity of sound, and its dependence on
frequency f, obtained by generalization of experimental
data, has the following form:

E:B.fﬂ.e_k’

0 2

where B, n, k — other empirical constants.

For the water degassing process (by air) at ultrasonic
intensity /=0,03 W/cm® the constants have the following
values: B=2,3-10", n=1,43 and k=6,7-10°. And the
rate of change in concentration is maximum at a frequency
of f=200kHz. The value C', is independent of the
ultrasonic intensity and frequency.

If the ultrasonic intensity is sufficient to cause
cavitation in the liquid under given conditions, the rate of
change in gas concentration is also proportional to the
sound intensity, but increases with increasing sound
intensity faster than in the pre-cavitation mode, i.e.
cavitation contributes to accelerating gas removal from the
liquid. The gas removal rate remains at a value
corresponding to pre-cavitation conditions. Only at very
high sound intensities can an oscillation mode of
cavitation bubbles be realized, at which a further increase
in intensity causes a decrease in degassing rate.

The use of low-amplitude and high-amplitude
ultrasonic emitters is recommended for introducing
ultrasonic vibrations into the liquid. Low-amplitude
transducers are used when it is necessary to obtain
intensity of ultrasonic vibrations in liquid up to
6-8 W/cm?. In this case, the mechanism of pre-cavitation
and degassing is activated in the liquid due to the elastic
vibrations. With increasing intensity of oscillations to the
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threshold of cavitation in the rarefaction phase began to
actively form a large number of small vapor-gas bubbles,
which are practically not visible to the naked eye
(Fig. 1) [9]. Having made one or more oscillations with a
change in size and accumulated energy, the bubbles
collapse during the contraction phase. In this case, if the
bubble is remote from neighboring bubbles or solid
surfaces, its shape is close to spherical and its slamming
occurs with the formation of spherical shock waves.
Otherwise, the bubble shape is distorted and, due to radial
unbalance of forces, the bubble collapses to form a
cumulative jet directed towards the nearest surface. Shock
waves and cumulative jets cause erosive destruction of
solid surfaces. However, the slight oscillation of the
bubbles and the diverging shock waves generate only
minor microleaks in the liquid volume, which does not
contribute to intensive degassing.

Fig. 1. Cavitation area formed by an ultrasonic low-amplitude
transducer mounted on the bottom surface of the cavitation
chamber

When the intensity of ultrasonic vibrations exceeds
6—-8 W/cm’ in the rarefaction phase cavitation bubbles are
formed, which due to large amplitude values of sound
pressure do not have time in the compression phase to
slam shut, but continue to oscillate in time with the
ultrasonic wave, gradually increasing in size to the size
that can be observed with the naked eye (Fig. 2). At the
same time, intensive cavitation pulls formed by steam-gas
bubbles depart from the radiating surface. Fluctuations of
these bubbles cause intensive microfluidic flows in the
volume of the process fluid. The liquid enters a quivering,
dynamic state. This is when the degassing process reaches
its maximum intensity.

S e mermerrree o8 e e

Fig. 2. Picture of the cavitation region created by a high-
amplitude transmitter with a developed emission surface

In ultrasonic emitters high amplitude vibrations are
achieved through the use of oscillating speed transformers
(Fig. 3, b).

Fig. 3. Ultrasonic emitters:
a — low-amplitude; b — high-amplitude with developed
surface

Attempts to increase the vibration intensity more
than the specified limits for low-amplitude and high-
amplitude emitters leads to disproportionate increase in
losses when introducing high-frequency vibrations into
the liquid. This is caused by the formation of a cavitation
layer on the emitting surface, which is a cluster of steam-
gas bubbles (Fig.4). This two-phase layer causes
scattering and absorption of ultrasonic energy. The need to
increase the productivity of the degassing process requires
the introduction of ultrasonic energy of sufficiently high
power into the liquid. For this purpose a developed
radiation surface is used (Fig. 3, b), and if necessary to
increase the ultrasonic intensity different methods of
concentration of ultrasonic energy in liquid are
applied [10, 11].

Fig.4. Formation of a cavitation layer on the radiation surface
when the vibration intensity increases

Experimental study of the degassing process. For
experimental investigation of degassing of liquids the
volumetric method was chosen, which consists in
investigation of change of liquid volume due to removal
of air.The ultrasonic degassing method and the
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sedimentation method were chosen for comparison.

The experiment was carried out with the help of an
experimental bench (Fig. 5).

A measuring tube 5 was used to
change in liquid volume during degassing.

Water and two different oils were
experiments:

- water (p = 1000 kg/m’);

- hydraulic oil Envirologic 3046 (p = 860 kg/m’);

- motor oil Shell Helix Ultra 0w40 (p = 844 kg/m”).

Water saturation with air was carried out by actively
stirring the tank with liquid for 30 sec. To prevent the

investigate the

chosen for the

liquid from heating up under the influence of ultrasonic
vibrations, this degassing method was investigated for no
more than 1 min.

The intensity of the ultrasonic vibrations on the
radiation surface is 12 W/cm®. Power consumption —
100 W, temperature — 19 °C.

Fig. 6 shows how, due to degassing, the liquid
becomes more transparent, the distribution 2 into a
transparent degassing volume 3 of liquid and the volume 1
of the two-phase, air-saturated liquid are clearly defined.
The volume of air removed reduces the liquid level in the
measuring tube.

5
IM
! 20°(
6 -: ¢
1 E .
4 =
=l
3 =
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1
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i : d 9
- 8 e 10
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Fig. 5. Experimental unit for investigation of degassing liquids:
1 —body; 2 — high amplitude ultrasonic radiator; 3 — tank for investigation; 4 — cover; 5 — measuring tube; 6 — tank for pouring;
7, 10 — liquid inlet and outlet pipes; 8, 9 — inflow input and drain liquid valves; 11 — ultrasonic excitation generator

Fig. 6. Photo of the experimental setup during the experiment:
1 — gas-oil mixture; 2 — environment limit; 3 — degassed liquid;
h — change in research liquid level

The results of the experiments are presented as
graphical relationships (Fig. 7).

The study of the degassing process by sedimentation
was carried out on the same experimental setup at 190 °C.
Liquid volume changes were recorded after 15, 35, 60,
120, 180 min. and 12:00 after the start of counting.

The results of the study are presented as graphical
relationships in Fig. 8.

Fig. 9 shows a graphical comparison of the
effectiveness of ultrasonic degassing and sedimentation
degassing.

Conclusion. When comparing ultrasonic degassing
with sedimentation, one can conclude that the former
method is highly effective. After all, one minute of
ultrasound is equivalent to about 20 minutes of
sedimentation. With time, as it is possible to see on
graphs, intensity of air release from liquid decreases,
therefore for full degassing at sedimentation it was
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required about 12:00, the same effect by means of
ultrasound at the applied parameters can be reached in
4-5 minutes.

In future, it is reasonable to carry out tests at

substantially higher intensity of ultrasonic vibrations,
using high-amplitude radiator with developed emission
surface and at increasing temperature of technological
liquid.
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Fig. 7. Graphical relationship between air volume removed and ultrasonic degassing time
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Bulletin of the National Technical University "KhPI".
Series: Hydraulic machines and hydraulic units, no. 1'2021 21



ISSN 2411-3441 (print), ISSN 2523-4471 (online)

Cnucoxk jitepatypu

Anekcees JI. 3., I'nmanxoB V. A. Vayuwenue xavecmea msacKux 600.
Mocksa: Ctpoiinsnar, 1994. 150 c.

Povyshenie effektivnosti ul'trazvukovogo vozdeystviya na zhidkie
sredy [Improving the efficiency of ultrasonic action on liquid
media). Polzunovskiy vestnik. 2007, no. 3, pp. 172—179.

. 4. Kapustina O. A. O zavisimosti stepeni i effektivnosti ul'trazvukovoy
2. Kanyetnna O. A. [lerasaust kujkocTeif. (DU3MUECKHE OCHOBBI degazatsii  zhidkosti ot izluchaemoy moshchnosti [On the
YIIbTpa3ByKoBo# Texnonorui. Mocksa: Hayka, 1970. C. 253-336. dependence of the degree and efficiency of ultrasonic degassing of
3. Xwenes B. H, bapcyxos P.B., Xwenes M. B., [piranox C. H. liquid on the radiated power]. Akusticheskiy zhurnal. 1963, vol. 9,
ToBbuenue >pHEKTUBHOCTH yIBTPA3BYKOBOTO BO3JEHCTBUS Ha issue 4, pp. 424-426.
sxuakue cpensl. [Toazynosckuti eecmuuk. 2007. Ne 3. C. 172-179. 5. GolyaminaLP., ed. Ul'trazvuk. Malen'kaya entsiklopediya
4. Kamycrnra O. A. O 3aBHCHMOCTH CTeNCHH H 34)?6”"3”0“” [Ultrasound.  Little  encyclopedia]. =~ Moscow,  Sovetskaya
yJIBTPa3BYKOBOM JIETa3aliu KHIAKOCTH OT M3JTydaeMOl MOIIHOCTH. entsiklopediya Publ., 1979. 400 p.
Aryemuveckui oicypran. 1963. T. 9, peim. 4. C. 424-426. 6. Kapustina O. A. O kinetike protsessa ul'trazvukovoy degazatsii
5.0 HompA3EYK. Manenvrasn snyurnoneous | pen. W.IL T'onsmuna. zhidkosti v dokavitatsionnom rezhime [On the kinetics of the
Mocksa: Coserckas onmukonezus, 1979. 400 c. . process of ultrasonic degassing of liquid in the pre-cavitation mode].
6. Kanycrmma O.A. O  xuHernke —mpouecca  yibTPasByKOBOH Akusticheskiy zhurnal. 1964, vol. 10, issue 4, pp. 440443,
JeTasaLyn KHIAKOCTH B OKABHTALHORHOM PEkUME. AKycmutueckuil 7. [yoqgyskoy A. F., Chukhraev N. V. Ul'trazvukovaya kavitatsiva v
AHCypHAT. 1v964- T. 10, . 4. C. 440-443. sovremennykh tekhnologiyakh [Ultrasonic cavitation in modern
7. Jlyrosckoit A. @., UyxpaeB H. B. Viempaseykosas xasumayus 6 technologies]. Kyiv, VPTs "Kyyiv. un-t" Publ., 2007. 244 p.
coepemennbix mexnonozusx. Kuis: BIIL] «Kuis. yH-T», 2007. 244 c. 8. CrumL.A. Hansen G. M. Growth of air bubbles in tissue by
8. CrumL. A, Hansen G. M. Growth of air bubbles in tissue by rectified diffusion. Phys. Med. Biol. 1982, vol. 27, pp. 413-417.
rectified diffusion. Phys. Med. Biol. 1982. Vol. 27. P. 413-417. 9. Yakhno O. M., Lugovskaya E. A., Movchanyuk A. V. Issledovanie
9. Sxwo O.M., Jlyrosckas E. A., Mosuaniok A. B.  Hccnenosanne vozmozhnostey tekhnologii ul'trazvukovoy kavitatsionnoy ochistki
BOSMOXCHOCTCH  TCXHOIOTMH  yJIbTPA3BYKOBOM  KABUTALMOHHON elastichnykh poverkhnostey [Investigation of the capabilities of the
OYHCTKH OJNACTHYHBIX 1oBepxnoctedl. Bicnux HTVY  «KIlD. technology of ultrasonic cavitation cleaning of elastic surfaces].
Mawunobydysanns: 36. nayk. np. Kuis: HTYY «KIII». 2010. Ne 58. Visnyk NTUU "KPI". Mashynobuduvannya: zb. nauk. pr. [Bulletin
C. 234_249' of the National Technical University of Ukraine "KPI". Engineering:
10. Jlyrosckoii A. ®@., Fpumko U. A. Tpobuemsr CO3/IaHuA a collection of scientific papers]. Kyiv, NTUU "KPI" Publ., 2010,
TEXHONIOTHYECKOT0  O0OpYNOBaHMSL Ui YIbTPa3ByKOBOIO no. 58, pp. 234-240.
KaBHTALIOHHOTO 00e33apaXuBaHus BOABL. [Ipomucnosa ciopagiuixa i 10. Lugov’skoy A.F. Grishko L A. Problemy sozdaniya
nnesmamura. 2009. Ne 4 (26). C. 3-6. tekhnologicheskogo ~ oborudovaniya  dlya  ul'trazvukovogo
11. Jlyrosckoii A. @., I'puuiko . A., Mosuaniox A. B. Hccnenopanne kavitatsionnogo obezzarazhivaniya vody [Problems of creating
paboThI  yNBTPA3BYKOBOIO TPYOuATOro KaBHTATOPA B  PEKHME technological —equipment for ultrasonic  cavitation water
PalMaJIbHBIX KoIneOanHi. Bicrux HIVY «KI». disinfection]. Promyslova hidravlika i pnevmatyka. 2009, no. 4 (26),
Mawunobyoyeanns: 36. nayk. np. Kui: HTYY «KIID». 2010. Ne 59. pp. 3-6.
C. 285-287. 11. Lugovskoy A. F., Grishko L. A.,, Movchanyuk A. V. Issledovanie
. raboty ul'trazvukovogo trubchatogo kavitatora v rezhime radial'nykh
References (transliterated) kolebaniy [Investigation of the operation of an ultrasonic tubular
1. Alekseev L. Z., Gladkov U. A. Uluchshenie kachestva myagkikh vod cavitator in the mod.e of radial vibrations]. I/.sty k NTUU ”KP I
[Improving the quality of soft waters]. Moscow, Stroyizdat Publ., Mashynobuduvannya: - zb. n.auk‘.‘ pr. [Bulletin of the National
1994. 150 p. Tevchnvlcal University of }Jkrame KPI". Engineering: a collection of
2. Kapustina O. A.  Degazatsiya zhidkostey. Fizicheskie —osnovy scientific papers]. Kyiv, NTUU "KPI" Publ, 2010, no.59,
ul'trazvukovoy  tekhnologii [Degassing of liquids. Physical pp. 285-287.
foundations of ultrasonic technology]. Moscow, Nauka Publ., 1970. .
P. 253-336. Received 28.05.2021
3. Khmelev V. N., Barsukov R. V., Khmelev M. V., Tsyganok S. N.
Bioomocmi npo asmopis / Ceedenus 06 asmopax / About the Authors
Cmpuuex Apocnae (Cmpuiuex Apocnas, Stryczek Jaroslav) — moxTop TexHiY4HHX Hayk, mpodecop, BpoiyiaBchkuii
VHIBEepCHUTET Haykd Ta TexHoJoriif; M. Bpommas, Ilomema; ORCID: https://orcid.org/0000-0003-2650-2968;

e-mail: jaroslaw.stryczek@pwr.edu.pl
Anmoniax Iemp (Anmonuax Ilemp, Antoniak Piotr) — mokTOp TeXHIYHMX HayK, JOLEHT, BpolyiaBchkuii

YHiBEpCUTET

HayKd Ta TEXHOJIOTii, M. Bpomas,

e-mail: piotr.antoniak@pwr.edu.pl
Banaw Miwens (bBanaw Muwens, Banas Michal) — noktop TexHIYHMX HayK, IOLEHT, BpoIyIaBChKUi

YHIBEpCHUTET

HayKM Ta TexHousoriii; M. Bpoiyas,

e-mail: michal.banas@pwr.edu.pl
Cmpuuex Ilemp (Cmpuoiuex Iemp, Stryczek Piotr) — BpouaBcbkuil yHIBEpCHUTET HAYKH Ta TEXHOJOTIH, MaricTp

IHKEHEPHUX

HayK; M. Bporas,

e-mail: piotr.stryczek@pwr.edu.pl
Axno Onez Muxaiinosuu (Axno Onez Muxaiinosuu, Jakhno Oleg) — nokrop TexHidHHMX Hayk, mpodecop,
HarmionansHauii TexHigYHUE yHiBepcuteT YKpainu «KuiBchbkuii nmomitexHidauit iHCTUTYT iM. I. Cikopcbkoroy, mpodecop
kadenpu «[IpuxiagHa rizpoaepomMexaHika i MexaHOTpoHika»; M. KuiB, Ykpaina; ORCID: https://orcid.org/0000-0002-
9522-5549; e-mail: o.yahno@kpi.ua
Jyzoecokuii Onexcanop @edoposuu (JIyzoeckoii Anexcandp @eooposuu, Luhovskyi Oleksandr) — moxrop
TEXHIYHUX HayK, npodecop, HamionansHuil TexHiuHMi yHiBepcurer YkpaiHu «KWiBCHKHH MONITEXHIYHMH HCTUTYT
im. I. Cikopcbkoro», 3aBimyBau kadenpu «[IpuknagHa rigpoaepoMexaHika i MexaHOTpoHika»; M. KuiB, YkpaiHa;
ORCID: https://orcid.org/0000-0003-1076-7718; e-mail: atoll-sonic@ukr.net

Tpuwixo I20p Anamoniiiosuu (I'puwkxo Hzopv Anamonvesuu, Gryshko 1gor) — xaHaugar TeXHIYHHX HAyk,
nmoueHt, HamioHansHuil TexHiYHUNA yHiBepcuTeT YKpainn «KuiBchkuil momiTexHidHUE iHCTHTYT iM. I. CikopchKOToy,

JIOLIEHT

kadenpu «[Tpukmnagna

Tlonpmia;

Ilonpma;

Ilonbia;

rizpoaepomexaHika

ORCID: https://orcid.org/0000-0001-5043-2686;

ORCID: https://orcid.org/0000-0003-3433-1249;

ORCID: https://orcid.org/0000-0001-5696-080X;

1 MEXaHOTPOHIKay; M. Kuis, VYkpaina;

ORCID: https://orcid.org/0000-0002-5709-1359; e-mail: griwko@ukr.net

22

Bulletin of the National Technical University "KhPI".

Series: Hydraulic machines and hydraulic units, no. 1'2021



ISSN 2411-3441 (print), ISSN 2523-4471 (online)

VK 681.52 doi: 10.20998/2411-3441.2021.1.03
O.B. Y3YHOB, O. II. 'YEAPEB

METO/IAKA IMIOBYJIOBUA CTPYKTYPHO-IMITAIIMHUX MATEMATUYHUX MOJEJEMN
KOMIIOHEHTIB CUCTEM I'IAPOITPUBOAY

AHaJi3 BiIOMHUX MiIXOAIB 10 MOOYIOBH MaTEMaTHYHHX MOJICNCH JO3BOJMB BHSIBUTHU iX CXOXKICTh Ha 3arajlbHOMY PiBHI i OCHOBHY IpoOneMy ix
po3pobku. IlpoGnema momsirae y 3HaYHUX BTpaTax 4acy i (p)axoBUX pecypciB BHACIIOOK BEIMKOI KITBKOCTI ITEpaTHBHHX LHMKIIB 3a0e3MeucHHs
aZieKBaTHOCTI Mozeni. B po0oTi HaBeneHO METOAMKY MOOYJOBUM MAaTeMaTHYHHUX MOJENeld pOOOYMX MPOLECiB KOMIIOHEHTIB CUCTEM TiIpONPUBOY.
OCOoOIHMBICTIO METOJMKU € BUKOPUCTAHHS y SIKOCTI OCHOBH MOJEJI 3MICTOBHOI CTPYKTYpH Ipolecy (yHKIiOHyBaHHsS 00'€kTy MoneiroBaHHs. s
BUSIBJICHHS B Hpoleci Hill 00'€kTy Takoi CTPYKTYpH 1 HepeBipkH Ii BIANOBIIHOCTI peajbHHM IpPOLECaM BHUKOPUCTAHO psij KpuTepiiB. Takum
KPHUTEPISMH € — IOCSHKHICTD 3aIUIaHOBAHOTO PE3YJIbTATy (IIPOAYKTUBHICTS); IIMKJIIYHA TIOBTOPIOBAHICTH MPOLIECY (3aMKHEHICTb); JIOT1YHA BU3HAUCHICTh
npouecy (IOCTAaTHICTh). BinmoBimHICTh CTPYKTYpH MOJENi BKa3aHHM KPHTEpisM 3a0e3ledye, Ha MOHATIMHOMY piBHI, il aJeKBaTHICTb CTPYKTYpi
nporecy (yHKLIIOHYBaHHS pealbHOro 00'ekTy. MareMaTHYHMI OmMmUC Mojedi OyAyeThCs LUISXOM HANOBHEHHS IMITauiffHOI CTPYKTYpH OMNHCaMu
€JIEMEHTaPHUX IPOIECIB Ta IX JIOTIYHUX B3a€MO3B'3KiB. IMiTallist mporecy (pyHKIiOHyBaHHS BUKOHYETHCS y BUIIISAI HECKIHUEHOTO IIUKITY BiNOBIAHO
JI0 CTPYKTYPH Ta MAaTeMaTHYHOTO OIKCY ¥ (OpMi MPOrpaMHOro KoLy B ONEpaliiiHOMy CepeioBHILi KOMITIoTepa. BUKOPHUCTaHHS METOANKH J03BOJISIE
CKOPOTHTH TEPMiHH PO3pOOKH MaTeMaTHYHHX MOJENeil 32 paxyHOK 3MEHIICHHs 4acy OTpMMaHHs il KopekTHoi Bepcil. [Iparesnarnicts po3pobieHoi
METOJMKH TEpeBIpeHO Ha MpHKIanl ii 3acTocyBaHHS Uil MoOyaoBH Mopeni (YHKIIOHyBaHHs rigpasiiudHoro aemmdepy. [ToOynoBany mopens
TIepeBipeHO Ha KOPEKTHICTh Ta CTIHMKICTh 3a Jomomororo cepii excriepumenTiB. Cepesl SIKMX €: BU3HAYCHHS peakiii Jemrdepy Ha Jit0 30BHINTHBOT
CHIM, sfKa 3MIHIOBAJNACh 3a CTYMIHYaTHM 3aKOHOM, IepeBipka CTiHKOCTI poOOTH Mojeni HpH 3MiHI BEIMYMHM TaKTy IHKIIYHOTO IIPOIECy
MOJICJTIOBAaHHS Ta Pi3HUX MapameTpax aemmdepy, nepeBipka CTiHKocTi podOTH MOJENi B XOPCTKHUX EKCIUTyaTallilHUX yMOBax, Ta iHui. PesynbraTn
EKCIIepHMEHTIB MiATBEPANIIH NPALe3AaTHICTh METOMVUKH 1 KOPEKTHICTh MaTEMAaTHIHOT MOJIEII.
Kuarouosi c10Ba: MaTeMaTHYHA MOZIEIIb, METOIMKA, TIPOLIEC, CTPYKTYPA, TiApaBIIiuHi KOMIIOHEHTH, JeMIidep.

A. B. Y3YHOB, A. Il. 'YBAPEB

METOJUKA NOCTPOEHMSI CTPYKTYPHO-UMUTAIAOHHBIX MATEMATHYECKHUX
MOJEJIEM KOMIIOHEHTOB CUCTEM I'MAPOITPUBOJIA

AHann3 N3BECTHBIX IOJXO0J0B K MOCTPOCHUIO MaTEMaTHUECKHX MOJIEIICH MO3BOJIMII BBIABHTh UX CXOXKECTh Ha OOLIEM YPOBHE U OCHOBHYIO IIpoOIeMy
ux pas3paborku. IIpobireMa COCTOMT B 3HAUHTENBHBIX 3aTPATaX BPEMEHH U CIIENUATBHBIX PECYPCOB H3-3a OONBIIOr0 KOIMYECTBA HTEPAIMOHHBIX
LIMKJIOB OOECIICUeHHsl aieKBaTHOCTH Mojeld. B paboTe NMpuBEACHO METOAMKY MOCTPOCHMS MaTeMaTHYECKHX Mojeleil paboduuX IpoLEccoB B
KOMIIOHEHTaX CHUCTeM TuiponpuBoaa. OCOOCHHOCTbIO METOAMKH SBISIETCS HCIOJB30BAHME B KAa4eCTBE OCHOBBI JUIS OPraHU3ALUM MOJIEIH
COep KaTeNbHOI CTPYKTYpHI Iporecca (QYHKIMOHHUPOBAaHHA. [l BBIABICHHS TAKOW CTPYKTYpHl B Ipomecce AeicTBHS 00BEKTa U IPOBEpKE ee
COOTBETCTBHUS PeasIbHBIM IPOLIECCaM MCIIOIb30BaHO Pl KpUTepHeB. TaKMMH KPUTEPHIMHU SIBJIAIOTCS — JOCTHKHUMOCTD 3aIUIAHUPOBAHHOTO PE3yJsbTaTa
(IIPOAYKTUBHOCTB); LIUKJIMYECKast HOBTOPSIEMOCTh MpPOLecca (3aMKHYTOCTb); JIOTHYECKash ONPEIEIeHHOCTh Tpolecca (10cTatouyHocTh). COOTBETCTBHE
CTPYKTYPBHI MOJEIN YKa3aHHBIM KPHUTEpHsIM OOeCIeunBaeT, Ha MOHATHHHOM YPOBHE, €€ aJeKBaTHOCTh CTPYKType Ipouecca (yHKIHOHHPOBAHHS
peanbHOro o0bekTa. MaremMaTHYecKoe ONMHMCAHHME MOJENM CTPOMTCS ITyTeM HAIOJHEHHs MMUTAIMOHHOH CTPYKTYpBI OITMCAHMSIMH 3JI€MEHTapHBIX
TIPOIIECCOB ¥ MIX JIOTHYECKUX B3aMMOCBs3ei. MiMutanus nporecca (pyHKIMOHUPOBAHNUS BBINONHACTCS B BHIe OECKOHEUHOTO IIMKJIA B COOTBETCTBUH CO
CTPYKTYypOl H MAaTeMaTHYECKHM ONHCaHHEeM B ()opMe IPOrpaMMHOIO KOJa B OIEPalMOHHOH cpele KOMIbIOTepa. lcronb3oBaHHE METOOHKU
MO3BOJIACT COKPAaTUTh CPOKH pPa3pabOTKH MAaTeMaTHYECKUX MOJENed 3a CUeT YMCHBIICHHsS BpPEMEHM IIONYYeHHs €€ KOPPEKTHOH BEpCHH.
PaborocniocoOHOCTE  pa3paOOTaHHOW METOJMKHM IPOBEPEHAa HA NpHUMEpPEe €¢ MPUMEHEHWs JUIs IIOCTPOCHHS MOAeNH (YHKIMOHUPOBAHUS
TUApaBIHYecKoro aemidepa. IlocTpoeHHYI0 MOETb MPOBEPEHO Ha KOPPEKTHOCTh U YCTOHYMBOCTD C MOMOIIBIO CEPUH YKCIIEPHUMEHTOB. Cpequ 9Tux
SKCIIEPUMEHTOB OBLIN: ONpENelcHHE Peakuuy aemrdepa Ha JCHCTBHE BHEIIHEH CHIIBI, KOTOpas M3MEHsIACh 10 CTYIIEHYaTOMY 3aKOHY, MpOBEpKa
YCTOMUYMBOCTH PabOTBI MOJENH TNPH W3MEHEHWH BEJIMYMHBI TaKTa LHKIMYECKOro IpOIlecca MOJCIMPOBAHHSA M Pas3HBIX IMapaMerpax aemmdepa,
IPOBEPKA YCTOHYUBOCTH pabOTHI MOAEIH B )KECTKHX JKCIUTyaTAllMOHHBIX yCIOBHUSIX. Pe3ylbTaThl 9KCIIEPUMEHTOB MOATBEPAMUIN pabOTOCIOCOOHOCTH
METOIUKH M KOPPEKTHOCTh MaTEMAaTHYECKOH MOJIEIIH.
KurodeBnle c1oBa: MaTeMaTHYECKast MOZIEIb, METOANKA, MPOLIECC, CTPYKTYpPa, THAPABINYECKAE KOMIIOHEHTHI, JIeMIdep.

0. UZUNOQOV, O. GUBAREV

METHODOLOGY OF BUILDING STRUCTURAL SIMULATION MATHEMATICAL MODELS OF
HYDRAULIC DRIVE SYSTEMS COMPONENTS

Analysis of known approaches to building mathematical models allowed us to identify their similarity at the general level as well as the main problem
of their development. The problem is related to the necessity of significant time and professional resources due to a large number of iterative cycles
needed to ensure model adequacy. The work deals with the methodology of building mathematical models of operational processes of hydraulic drive
systems components. The specific feature of the methodology is application as a basis for the model of the meaningful operation structure of the
modelled object. A series of criteria was used to verify its compliance with the real processes. Such criteria included achievability of the expected
results (efficiency); cyclic recurrence of the process (closed process); logical certainty of the process (sufficiency). The compliance of the model
structure with these criteria enabled ensuring at the conceptual level its adequacy to the process of the real object operation. The mathematical
description of the model has been built by filling the simulation structure with the descriptions of elementary processes and their logical relationships.
The simulation of the operation process has been performed in an infinite cycle in accordance with the structure and mathematical description in the
form of program code in the computer operating environment. Methodology application enabled reducing the time required to get its correct version.
The efficiency of the developed methodology has been checked on the example of its application for building the hydraulic damper operation model.
The developed model was tested to check the correctness and stability by performing a series of experiments. They included: determining the response
of the damper to external forces, which varied according to the step law, checking the model stability when changing a step of the cyclic modelling
process and various damper parameters, checking the stability of the model in harsh operating conditions, etc. The results of the experiments
confirmed the efficiency of the methodology and the correctness of the mathematical model.
Keywords: mathematical model, methodology, process, structure, hydraulic components, damper.
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Cran NUTAHHA. MopaentoBaHHs HIUPOKO
BUKOPHCTOBYETHCS B PI3HOMAHITHUX Taly3siX — TEXHIL,
Oiosorii, ~MeAWIMHI, COLIAJBHUX Haykax Ta iH.
CkJaHiCTh  B3a€MO3B'A3KIB  NPUPOJHMX  SIBHII  Ta
CKJIAJTHICTh TEXHIYHMX CHUCTEM OOYMOBIIOKOTH MOTPeOy B
mATOTOBII  (axiBLiB, $Ki CIPOMOXKHI aHaNi3yBaTH,
TIyMaduTH, (OpMalli3yBaTH, CTBOPIOBATH 1 TECTYBATH, Ta
BIITBOPIOBaTH (POpManbHUMH 3aco0aMM TporecH mil
peamsHEX 00'ekTiB [1-3]. Haiiuactime, maremMaTHYHY
MOJIETb CKJIAIal0Th JIBA OCHOBHUX KOMIIOHEHTH — CHCTEMa

iHTEeTpO-TUdEepeHIifHNX  piBHAHb, IO  3B'SI3YIOTh
mapaMeTpd Yy BIAMNOBIAHOCTI 13 3aKOHOMIPHOCTSIMU
¢i3uyHMX TpoueciB, Ta METOAM IX  YHCEIBHOI0
po3B'szaHHsA. KUIIOYOBUM MOMEHTOM Yy BUKOPHCTaHHI

MaTeMaTUYHOTO MOJICTIOBaHHS € 1moOyJnoBa ajeKBaTHOL
MOJIeNli, MOBEIHKa SKOi Oy/Ae BIANOBIIATH B JIOCTATHIH
Mipi Ta y BU3HAUCHUX Jiana30oHax mapaMeTpiB Mporecam B
00'exTi MomemoBaHHs. Ha 3aranbHOMY piBHI METOIUKH
PO3pOOKHM MaTeMaTHYHUX MOJAENEH € CXOKHUMHM 1 MICTAThH
OITC CHCTEMH, IO MOJIEIIOETHCS, TTOOYIOBY CIPOIIEHOT
MOJIeNi, MaTeMaTHYHy (hopMali3amito, IepeBipKy MOJIENI,
il yTOYHEHHs, Yy pa3i HEIOCTaTHBOI BiAMIOBITHOCTI
pea’bHUM Tmporiecam, abo ¢ikcawii (akTy TOTOBHOCTI
MoJieni y pasi 1 BiamoBigHocTi uum mporiecam [1, 2, 4]. B
3aJIeKHOCTI Bl METH MOJIEIIOBAHHS BHKOPHCTOBYIOTH
pi3Hi KoHIENii Moaenel. SIKIo po3poOHUK Mae CrpaBy 3
poGourMu  mporiecaMH B TEXHIYHHX  CHUCTEMax,
HAIPHKJIAJ], IPUCTPOSMH CUCTEM TiIPOIPHUBOLLY, TO JUIS iX
JOCIIJKCHHST HAW4YacTillle BHKOPHCTOBYIOTH IMITaIliiHI
Mojeni. Taki Momeni MO3BOJSIIOTH IMITYBaTh OKpeMi
¢yHKIIT abo mponecn ekciuryaranii CHcTeMH HOAIOHO 110
TOTO, SIK BOHHU BiIOYBarOThCs Ha mpaktuii [1]. IMiTamiiiHi
MOJICNI  TiAPaBIiYHUX  KOMIIOHCHTIB Ta  CHCTEM
Haiyacrime OyqylOTh HUISXOM OIMCIB LIUMX IPOLECIB 3a
Joromoror  audepeniiiinoro uuciaends [5-9] abo
Metony 3B's3aHux rpadiB [10-12]. Ocranmiii MeTon, Ha
OYMKY psiy IOCHIJHHKIB, MAa€ IEPCICKTUBY PO3BHTKY
[13, 14]. Ile MOSACHIOETBCS MOXKIIMBICTIO BpaxyBaHHS B
MaTeMaTHYHIN MOZEJI TOIIOJIOTIi IpOIeciB, M0, 3 OJHOTO
00Ky, € OUTBII HAOYHUM, a, 3 IHIIOTO OOKY, MiJBHIIYE
CTymiHb iMiTamii o00'ekTa, 1, SK HACHIZOK, MiIBHUIIYE
TOYHICTh PE3YJIbTATIB MOJICNIIOBAHHS, OCOOJIMBO ISt
CKJIaZIHUX a00 THYYKHUX IPOLECIB.

e oguMM MmiAX0AOM A0 MOOYAOBH MaTeMaTHYHHX
MoJIeiell € CTBOPEHHSI MOJIeJIi Ha OCHOBI SIKICHOT (hi3UKH
[15]. B upoMy mifgxo/i MOAENb MPEACTABISIOTh Y BUTIISIL
KOMIUIEKTY KOMIIOHEHTIB, IO TIO€THAHI CTPYKTYpPOIO
cucteMu. [Ipu 1pOMy, caMe TOHATTS CTPYKTYpH He
MicTHT B co0i  (QyHKIIOHANBHHX  HAaBaHTaXXCHb
KOMIOHEHTiB. Ha Hamm morisim, Takuid MiAXix BigKpHBae
MOJKJIMBOCTI JUIS OUBII TIIMOOKOTO PO3YMIHHS CHCTEM i
CTBOPIOE MIATPYHTS it (HOpPMAaIbHOTO HAOIMIKCHHS
MaTeMaTHYHUX MOJENeH 10 B3a€MO3B'SI3KIB NPHPOTHUX
sBHIll B 00'ekTax MojemtoBaHHsI. OJHAK B HaBEJICHOMY
MIX0Ai HE HaBEJAEHO 3aco0M  MpeJACTaBIeHHS 1
3aKOHOMIPHOCTI OYZIOBH CTPYKTYpH.

[Hma KOHIIETIITis MOKJIaJIeHa B OCHOBY
(YHKIIOHaJBHOTO MOJIENIIOBaHHS, IO 0a3yeTbcsl Ha
CBOEPIZTHOMY BHKOPHCTaHHI MOHATTS ¢yHKOii. B psni
pobit [15, 16] mpomnoHyeTbCsl po3riIsAAaTH (QYHKIIIO K
NIEPETBOPEHHSI MIX BXOJOM Ta BHXOJOM Martepiaiy,

eHeprii Ta inpopmanii. B [17] aBTopn Takox BigMiTHIIH,
10 TEpPETBOPEHHS] CUTHANY B BXOAY 1O BHXOIY
BinOyBaeTbcsi Kpokamu. lle minTBEp/KEHO TakoX B
nocmipkeHHsax [18-21], a B ormsai [22] mimkpecieHo, mo
TaKUH MiXi1 € €IMHUM NEPCIIEKTUBHAM B NPE/ICTaBICHHI
mporeciB B (QyHKIIOHATBPHOMY MojentoBaHHI. [leBHUM
HIICYMKOM €  TPEACTAaBICHHS  CIOBHMKA,  SIKUH
CHCTEMATH3y€ TePMiHH (QYHKI[IOHAIEHOTO MOJIETIOBAHHS 1
SIKI MOXYTh OyTH BHKOPHCTaHI JUIA IeTajli3amil mporeciB
B TeXHIYHMX cucremax [23]. B Toif ke wac, 3MicT
CJIOBHMKA HE MICTUTh JIOCTaTHRO TEPMIHIB I HOTrO

BUKODHCTaHHS  NPU  MOJICNIIOBaHHS  KOMIIOHEHTIB
TiIPaBIIYHUX CUCTEM.
OmauM 3 OOOB'I3KOBUX  €TamiB  CTBOPEHHS

MaTeMaTHYHUX MOJeNed TEXHIYHUX OO0'€KTIB € IX
Bepudikamis ta Bamigamis. Lleil eran e 3aBepriagbHUM
nepel  BHUKOPUCTaHHSAM  MOJETl sl JOCATHEHHS
mocraBieHoi MeTH po3pobHukoM [3]. Sk mpaBwmio,
Bepuikamito MIPOBOJIATH IIIIXOM BHU3HAYCHHS
BIINOBITHOCTI pe3yNbTaTiB MOJENIOBAHHA  (i3UIHUM
3aKOHaM, a BaJIiIAIIO BHKOHYIOTh [IIIXOM
CIIBCTAaBIICHHS PE3YJIbTATiB MOJCIIOBAHHS 3 PealbHUMU
MPOLECAMU. IloTpiOHOTO  CTYmEHIO  HAOJMKEHHS
MOJICIbHUX MPOIIECIB JI0 PEalbHUX MPOIECIB JOCATAIOThH
ITEpaTUBHUM IUIIXOM, BHIIPABIISIOYM, YTOYHIOIOYH Ta
HAJAIITOBYIOYH MOJENb. ITepaTuBHHU HUISX NOOYAOBH
MoOJieNiell MPOIIECiB, B 3aJ€KHOCTI BiA IX CKIAJHOCTI,
MOXE po3TsraThcsi B 4Yaci Ha Micsmi 1 poku. ToOro
po3pobka Mozelni GakTHIHO YTBOPIOE iITEPaTUBHUMN LUK,
SKHA  TIOCTYNOBO  YCKJIAOHSETBCA, 1 Moxke Oyth
OXapaKTepU30BaHO dYacoBHM mepiogoMm. [Ipm 3pocTanHi
KUTBKOCTI IMKIIB 1 TPHBAJOCTI OJHOTO IIEPiOay
MaTeMaTH9Ha  MOJENb  MOXE  BTPaTHTH  CBOIO
akTyanbHicTh.  CKOpPOYCHHS  TEpPMiHIB  TOOYIOBU
MaTeMaTUYHUX MOJEeNell € OHOI0 3 3a/a4, 10 MoTpedye
(opMarbHOTO BHUPILICHHS, SKE JICKHTh B IUIONIUHI
PpO3po0OKH e(h)eKTUBHUX METOMAIB MOOYIOBH MaTeMaTHUYHUX
MO/IeJIeil Ta HAaBYaHHIO iX BUKOPHUCTAHHIO.

OcHoBHI nepeAyMoOBH i MAIPYHTA 1Js1 MOOYI0BH
CTPYKTYPHO-iMiTAlliiHMX MaTeMaTHYHUX MO/IeJeH.

Amnaniz ITEpaTUBHOTO LUKITY noOynoBH
MaTeMaTUYHOI MOJENi IOKa3ye, IO IOBTOPIOBAHICTh
OUKITYy  Mae  Micme  BiJ ~ I[IOYaTKOBOI  TiMOTE3U
MaTEeMAaTUYHOTO ONHCY TpOIeCy, SKHH TMOTPIOHO

MO/IETIFOBATH, JI0 OLIHIOBaHHS KOPEKTHOCTI MOJieNi, TOOTO
OXOILTIOE BCi eTamu CTBOpeHHs mozeni. Lle o3Hadae, mo
Yyac BIANPAlIOBaHHA IHMKIY € JOCTaTHBO BEIMKHM.
[IngxoM 0 CKOPOYEHHS LBOTO TEPMIHYy € BHKOHAHHS
MMOTOYHUX MEpEeBipOK B Tpoleci MoOyZOBH MOAETI, IO
pOOUTH  aNeKBATHICTh  IHTETPAILHUM  ITOKa3HUKOM
nporecy po3poOku. it 3anpoBaKEHHS TAKHX MOTOYHHX
NepeBipoK HEOOX1THO MaTH BiNOBIAHI KpuTepii. OnHUM 3
BapiaHTIB € mmoOymoBa MOJENI TMpOIECiB B 00'€KTi
YacTHHAMHM, SIKI  BIJINOBLIAIOTH  (QYHKIIOHAILHOMY
HaBaHTAKCHHIO YacTWH 00'ekTy. B mpomMy Bumanky uac
LUKy  CKOPOYYETBCS 1  WMOBIPHICTH  OTpUMaHHS
KopekTHOI Mozeni 30imbinyerbess. OpHak, mpoOnema
HEOOXITHOCTI ITepaTUBHOTO HAOIMKEHHS 10 KOPEKTHOCTI
MOJIeNi 3alumaeTbes. PimenHs mpoOmemMu 0a3yeTbes Ha
TMOWHI PO3MIIANY i BpaXyBaHHI SIK TPOIECiB B 00'€KTi,
Tak 1 iX B3aeMO3B's3KiB. Posrmsag pobotu  00'ekTy
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MOJICTIIOBaHHS Ha PIBHI CTPYKTypu IIpouecy Horo
(byHKIIOHYBaHHS 11030aBiisie HEOOX1HOCTI MaTH CIpaBy 3
¢bi3nuHNMHU napaMeTpamu 00'ekTy, (QiI3MYHUMHU 3aKOHAMHU,
SIKi IFOTh B HBOMY, Ta KUTbKICHUMH 3B'SI3KAMH MiXK HUMH.
Posrisnatoun poOoumii mporec Ha piBHI CTPYKTYpH
HEOOXiJHO 3'ACYBaTH IEpeNiK Aii B MpoIeci 1 9eproBicTh
iX BHKOHAaHHS JUIi  OTPUMAHHS  3aIJJAaHOBAHOTO
pe3ynpTary. SIKI0 TPUHAHATH A0 yBarw, mo podounid
IpoLeC TPOTOTHITy MOJEIIOBAaHHS Ma€  LUKJIIYHO
MMOBTOPIOBATUCh, 1 IO BCi Jii Tpomecy € B3a€MHO
CKOOPAMHOBAaHUMH, TO CTBOPIOETbCA MIATPYHTS IS
BU3HAYCHHS KPUTEpIiiB, SKI INpHUTaMaHHI CTPYKTYpi
peasbHUX MPOLECiB QYHKIIIOHYBaHHS TEXHIYHOTO 00'€KTY.
BinmoBigHO 0 3ampoOINOHOBAHOT KOHIICMINT TaKUMHU
kpurepisimu € HactynHi. Kpurepiii 1. HasBHicTh Takoi
KUTBKOCTI i  3aMaHOr0 3MICTY 1 YeproBocTi IX
BUKOHAHHS, SIKI NPU3BOIATH IO OTPUMAHHS MOTPiOHOTO
pe3ynpTarty mporecy (MpoayKTHUBHICTB). Kpurepiid 2.
HasBHicTE B cTpykTypi cepem  miii  mporecy
(GYHKIIOHYBaHHS ~ B3a€MHO  3BOPOTHHMX  Hap, IO
3a0e3meuye MOKIHUBICTh HOTO IUKITIYHOI TOBTOPIOBAHOCTI
(3amxHeHicTh). Kputepiit 3. Po3rtamyBanHs map nid B
CTPYKTYDi mpouecy IIOBUHHO OyTH B33€EMHO
CKOOpPJIMHOBAHUM, 10 3a0e3MeUnTh HUKITIYHY
MTOBTOPIOBAHICTh Ta JIOTIYHY BH3HAYCHICTH MPOIECY
(moctaTHICTB).

BuxkoHaHHA  3ampOTMOHOBAaHUX  KPWUTEpiiB  IpH
po3poOdIli  CTPYKTypHO-iMiTamifHOI Mozemi MiJgBHILye
TOIOJIOTIYHY BIANIOBIJHICTH NPOLECY MOACTIOBAHHA 1
mporecy (yHKIIIOHYBaHHSA peabHOrO 00'exTy.
BukopucranHs Takoi iMmiTamiifHOi CTPYKTYpH B SIKOCTI
Kapkacy  JIO3BOJIUTH  HOOyZyBaTH  MOZEIb-TIPOLEC
¢byHKIIOHYBaHHS 110 30epirae BHOPSAKYBaHHS (Di3MYHUX
NpOLIECIB B MaTeMaTMYHOMY ONHCI 1 HaJa€e alropuTMm
po3paxyHKy napametpiB. [Ipu mpoMy cam MaTeMaTHIHHUN
omuc € iHmoOM, OUTPII  y3TOHKEHOI  (OPMOIO,
MPEICTAaBICHHA MOJENTI, SIKa KOHKPETHU3ye eJeMEHTapHi
¢yHKIii mporecy Ha piBHI NMPHHIUIIB (YHKIIOHYBAaHHSI

MPOTOTHIly Ta  3Ha4YeHb  mapamerpiB.  Hamemeni
MIpKyBaHHS TOKJIQJ€HO B  MIATPYHTS  METOIUKH
CTBOPEHHSI ~ CTPYKTYPHO-IMITAlllHHUX  MaTeMaTHYHUX
MoOJIeNEN.

Metoanka nodya10BM MaTeMaTHYHOI Mojei, siKka
€ imiTaniiiHoo 10 B3aeM03B's13KiB (i3MYHMX NpoueciB
Ha CTPYKTYPHOMY PiBHi, IOJIsiTa€ y HacTynHomy [24].

1TlobynoBa po3paxyHKOBOI CXEMH, BH3HAYCHHSI
Kepyrouoi mii Ta pe3ynpTaTy BHKOHAHHS IIPOIECY
(GYHKIIOHYBaHHS.

2. leramizaris porecy (yHKIIIOHYBaHHS,
(bopMyBaHHS IEpETiKy eJIeMEHTapHHUX i Ta BU3HAUYEHHS
YEeproBOCTi IX BUKOHAHHS.

(mepexin g0 1. 2).

7. IlepeBipka OUKIIYHOCTI Ta JIOT1YHOT BU3HAYEHOCT1
npouecy GpyHKIiOHyBaHHS.

8. Kopexkuis CTPYKTYpH y BUMAJKY i
HEBI/IIIOBIIHOCTI YMOBI JIOTIYHOI BHU3HAa4eHOCTI (mepexin
JO 11. 2).

9. Bu3HaueHHA MaTeMaTHYHHUX 3al€XKHOCTEH IS
iMmiTamii miif mpomecy (YHKIIOHYBaHHS BiIIOBITHO X0
3aMiTHUX (I3UIHAX MPHUHITAIIB.

10. 3amina eIeMEHTapHUX It poriecy
(hyHKIIOHYBaHHS 1X MaTEMaTHYHUMH IMITaTOpaMH.

11. Imitaumst  npouecy  (YHKUIOHYBaHHS  JUIs
miaTBep/KeHHs (PyHKIIOHAIBHUX BIACTHBOCTEH MOJIEII.

Hpukaan. PosrmsHemMo — npukian — po3poOKu
MaTeMaTHYHOI MOJIeJi POOOTH TiIpaBIivHOrO AeMIdepa.
[Tpu3HaYeHHAM TifpaBiIivyHOTO JeMiipepy € KOMICHcalis
30BHINIHBOI CHJIM LIJIIXOM CTBOPEHHS IIPOTHIIOUOT CHIIH
3 IOCTYIOBUM PO3CIFOBaHHS €HEpTii.

lppaeniuanit  gemmdep 3a  OpUHOUNOM il
MPE/ICTABICHUH LMIIHAPOM 3 MOPIIHEM, SIKi yTBOPIOIOTH
KaMepy 3MIiHHOTO o00'eMy, IO  3allOBHEHa pPOOOYO0I0
piguaotO (puc. 1). [IpodinpoBanmiA BHCTYNT HAa MOPIIHI B
MOETHAHHI 3 OTBOPOM B KPHIILI HUJIIHAPY, B SIKUH BUCTYII
MOXE 3aXOIW, YTBOPIOIOTH JApocenb. [lmoma i
TiIpaBIiYHUNA OMIp LHOTO JAPOCENI0 € 3MIHHUMH 1
3aiexaTh BiX 3MilIeHHS BUCTymy. Poboua pinmmHa depes
JIpocerb MOXe MOTPAIUITH B 0ak. 30BHIIIHS cuiia Jli€ Ha
MOPIIEHb, TEPEMINIye HOTro 1 BHINTOBXYE piAHMHY, IO
NPU3BOAMTE N0 3MiHH 00'eMy kamepu. Ilpu mpomy
poboua piaMHAa TPOXOASYM UYepe3 APOCelb CTBOPIOE
JIOZATKOBUH THCK SKHH 30UIbIIye CHJIOBHI Omip pyxy
MOPIIHS.

Puc. 1. IlpunimnoBa cxema rigpasiidHoro gemidepy:
1 — xamepa aemmndepy; 2 — Apocesb 3MIHHOT IO

[Ipouecu, mo BinOyBalOThCSI B KaMepi Mix dYac
poboTtu rimpasiiyHoro aemndepy, QopmMyoTh ioro
eKCIUTyaTalliiHI XapakTepucTUKH. [l IPUIIBHUIILICHHS iX
BU3HAYEHHS, JIOCHI/PKEHHS B3a€EMO3B'SI3KIB MPOLECIB 1
KOHCTPYKTUBHHMX Ta (I3MYHHMX IapaMeTpiB, BHU3HAYECHHS
iX palioHaJbHHMX 3HA4YeHb JUIS 3aJlaHAX YMOB 1 PEXUMIB
pobotn nmemmdepa HeoOXimHA po3poOka MaTeMaTHIHOI

3. AHami3 mepemiky eleMEHTapHHX il Ta ix  MOJENI, sKa JIO3BOJMTH IMITYBaTH eKCIUIyaTaliiiHi
pO3MOMITICHHST 1O Tapax 3a O3HAaKOK B3aeMHOI  IPOICCH.
3BOPOTHOCTI. Po3podka maremaruunoi mopeni. Ha mnepmomy

4, HO6y}IOBa CTPYKTYpPH HPOLECY (byHKHiOHyBaHHﬂ, eTari SaHpOHOHOBaHO'l' METOAUKHN Mae€e 6yTI/I C(bOpMOBaHO
sgKa Biﬂo6pa)Ka€ TIEPETBOPEHHS Kepy[oqo']' )11] B HepeHiK Ta ‘ICpFOBiCTB BHUKOHAHHSA CJIICMCHTAPHUX
3aIIAHOBAHMI PE3yIbTAT. mporieciB  (pi3MUHUX MpOLECiB, MEPETBOPEHB), SIKi

5. IlepeBipka iHpopMmaniiHoT joctatHbocTi  BiOYBAKOTbCS y rigpanidHoMy aemmngepi B mpoueci
CTPYKTYpH Tpoliecy (QyHKIIOHYBaHHS. poGoru.

6. KopeKHi;{ CTPYKTYpU MpOLECY Y BUIALKY 11 I[J_IH BUKOHAHHS IbOro cramny HeO6Xi[[H0
HEBIAMOBIAHOCTI YMOBi iH(QOpPMAIIIIHOT JOCTaTHBOCTI noOynyBaTH  PO3PAaXyHKOBY — CXEMy  TiJpaBjliyHOro
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nemrdepa, sika I03BOJISIE NETANI3yBaTH HOTO MPUHLMI il
(puc. 2).

-

Puc. 2. Po3paxyHkoBa cxema TiJjpaBiigHOro aemrdepy

Ha gpyromy erami (GopMyeThCcsl  BIIACTHUBICTH
MPOAYKTUBHOCTI: Tpomec (YHKIIOHYBaHHA IemIdepa
Mae OyTH HacJiJIKOM [ii Ha MOpPIIEeHb 30BHIIIHBOI CHiIH. B
npoueci (yHKIIOHYBaHHS BUSIBIICHO HaCTYIHI
€JIEMEHTapHI NPOLIECH Ta TIEPETBOPECHHSL:

1. [lepeTBOpeHHs 30HINIHBOI CHJIM y IPUCKOPECHHS
PYXy MOPIIHSL.

2. IlepeTBOpEHHS IPUCKOPEHHS B IIBHJIKICTb.

3. [lepeTBOpEHHS MBUAKOCTI Y BUTPATY PiIHM.

4. IlepeTBOpEHHS] BUTPATH y TPHUPOIIEHHA THCKY B
KaMepi.

5. JlonaBaHHS TPHUPOIIEHHS THCKY JO IOTOYHOTO
3HAYEHHS THUCKY.

6. IlepeTBOpEeHHST THCKYy Ha BXOAI B JApOCENb Yy
BUTpPATy PiJMHU, KA IPOXOTUTH Yepe3 HbOTO.

7. 3MeHIICHHS BUTPAaTHU TPHU3BOIAMTH JIO BiJ'€MHOTO
NPUPOLIECHHS TUCKY B Kamepi.

8. JlonaBaHHs BIA'€MHOrO TMPHPOIICHHS THUCKY [0
MOTOYHOTO THCKY.

9. IlepeTBOpEHHS THCKY B CHIIY OHODY.

10. OprMaHHS MOPIIHEM HOBOTO TIOJIOKECHHS.

Tperim eTarnom € (dhopmyBaHHS map
B3a€MHOKOMIICHCYIOUMX [ilf (3aMKHEHICTh CTPYKTYpH
npouecy). st mporo s KOXHOT ii, 3 HaBEICHOTO BHIIE
MEepPeNiKy, BINIIYKAaHO B3aEMHO 3BOPOTHY [if0, sKa Ii
KOMITEHCYe a0o TmornauHae (HiBUTIOE) B 3arajibHOMY
nporeci. OTpuMaHuii Iepesik nap Aill HaBeJeHO HIDKYE.

1 — mepeTBOpPEHHS 30BHINIHBOI CHIIN B TPUCKOPEHHS;

1 — mepeTBOPEHHS THCKY B CHITY OIODY;

2 — TepeTBOPEHHS IPHUCKOPEHHS B IIBUAKICTH
MOPIIHS;

2 — OTpPMMaHHS HOBOTO MOIOKEHHS TIOPIIHS;

3 — nepeTBOPEeHHS MIBUIKOCTI Y BUTPATy PiIUHM;

3 — meperBOpeHHs mepemagy THCKY Ha Apocemi y
BUTpATy 4epe3 JIpocelib;

4 — epeTBOPEHHS BUTPATH y IPUPOLICHHS THCKY;

4 — HepeTBOPEHHS BUTPATH B 3MEHIICHHS THCKY;

5 — orpumaHHsI 301JILIIICHOTO TUCKY;

5 — OTpHMAHHS 3MEHIICHOTO THCKY.

UYerBeptM eTarmoM € (OPMYBAaHHS CTPYKTYpH

npouecy (yHKUIOHYBaHHSA, sKa Mae BigoOpaxaTu
NepeTBOPEHHsT  BiJ ympaBisouoi [Jii Ha BXoai B
3alulaHOBaHUI pe3ynbTaT Ha BUXOAL. [ 1bOro KOXHY
0 TPENCTaBIEHO Yy BHIVISAI TpadiyHOTO CHMBOIY
€JIEMEHTapHOI0 TMPOIleCy — CIPSIMOBAHOI IyTr'H, sKa
BimoOpaXkae TIOYAaTOK, WPOTHKHICT, HANPAMOK Ta
3aBepIIeHHs] BUKOHAHHS Hii. Bimsg ayru 3ammcaHo Takox
nudpoBe MO3HAYCHHS, SKE BIiAMOBiNae 3MicTy Iii, a THII
Iii BiAMI4€HO 3HAKOM « », HASABHICTb AKOTO CBIIYUTH IIPO
il 3BopotHicTh. [msa ¢yHKuii nemmdepa, BiINOBITHO 10O
CXeMH, CTPYKTypa TpOLECY Mae€ HACTyIHHH BHUIJISA
(puc. 3).

- 3
1

Puc. 3. Ctpykrypa npouecy GyHKI[IOHYBaHHS TiAPaBIiYHOTO
nemmndepa

IlepeBipka KpuUTEpiiB 3aMKHEHOCTiI i JOCTATHBOCTI.
Jns BCTAaHOBJICHHS KpHTEpito 3aMKHEHOCTI
NPOAHANII30BaHO CTPYKTYpY Tpouecy (yHKIIOHYBaHHS
(puc. 3) 3a NMOKa3HMKaMHM: a) HASBHOCTI BCIX MOTPiIOHMX
I U1 oTpUMaHHs 0a)kKaHOTO pe3yJbTaTy; 0) HasBHOCTI
Juil  KOXHOI OCHOBHOI (mpsMoOi)  [ail, BiAmoBigHOT
3BOPOTHOI TI0 BIiZHONICHHIO 10 Hei; B) HasIBHOCTI
OJTHAKOBOI KIJILKOCTI Ta YEPrOBOCTI MPSIMUX Ta 3BOPOTHHUX
miif B cTpykTypi mporecy. Hasemena ctpykrypa (puc. 3)
BKa3aHWM BHIMOTaM BiAmoOBimae, ToOTO € iH(popmariitHo
3aMKHEHOIO.

IlepeBipka mocTaTHOCTI (JOTiYHOI BH3HAYECHOCTI)
CTpYKTypHu mnpouecy. Jius mbOro Ha cXemi CTPYKTYpH
npouecy (yHKIIOHYBaHHS T0OYIOBaHO JIiHIT 3B'SI3KY, 1O
3'€/IHYIOTh MIXK COOOIO MOCIIOBHO PO3TAIIOBaHI OCHOBHI
i 3B0poTHI Jii. OTpHUMaHHy CTPYKTYpy NpPOaHaIi30BaHO Ha
HasIBHICTh 3B'S3KIB MDK IapaMd B3a€MO3BOPOTHHX JiH.
Skiro ABi JiHIT HEpEeTHHAIOTH OJHA OAHY, TO PE3yJIbTaTU
IUX Aid € B3a€MOOOYMOBIICHMMH. SIKIIO ISl YacTHHH
JHIA 3B'I3Ky HEMa€e TaKOTO MEPETHHY 3 JKOTHOI0 iHIIOI0
JiHIEIO, TO I YacTHHA NPOLECY YTBOPIOE OKpEMY
CTPYKTYpY, TOOTO cHucTeMa HE € LiUTiCHO. B mpukiani
miuii 1-i ta 2-i #giff BigoKpemuleHI Bif iHIIOI YacTHHU
CHUCTEMH, MIO TPOLTIOCTPOBAHO IIHIEI0 HEBU3HAYCHOCTI
(puc. 4, nynktupHa uiHif). CIpykTypa mpomecy €
HEJIOCTaTHROIO 1 BOHa MOTpedye abo KoperyBaHHs, abo
YTOUHEHHSL.

MeTtoauka MOBEpTAE€THCS Ha MOMEPEAHINA MyHKT IS
MIEPEBIPKU MMOBHOTH OIHMCY BiAMOBITHO A0 MPUHIUMY il
npuctporo.  bimbmn  geranpHME  aHami3  mporecy
(YHKIIOHYBaHHSI CIIPIMOBAaHO Ha BHSBIICHHS paHIll He
BpaxoBaHUX Jii. byno 3'1coBaHo, mo B nmpoueci npuiiMae
ydacTh (YHKIIis, $Ka BH3HA4a€ Yac CIPUHHATTA
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30yIKyI04oro curaairy 0e3 3MiHM cTaHy cucTeMu. Takoro
¢yHKIielo € QopMyBaHHS ~ Yacy  CHPHHHATTA
30yPKYI0YOT0 CUTHajly. 3BOPOTHOIO (DYHKIIEIO UISt HET €
NOTJIMHAHHA [BOI'0 4Yacy IUIIXOM TNpHEAHAHHSI JI0
IHTerpaJibHOrO0 dacy poOoTu cucteMu. IlozHauuBLIH

BKasami (yHKmii (mii) cumBomamm «6» Ta «B» i
BCTaBUBIIK IX B TakKi MICI MPOIECY, SIKi JO3BOJSIOThH
JOTIYHO  po3paxyBaTH  IX  3HAYEHHA, OTPHUMAHO
BIZIKOpUTOBaHy CTPYKTYpy (puc.5). Hakpecnenus minii
3B'AI3KY MIX JOJAQHMMH JiSIMH TIPH3BEJIO N0 YTBOPEHHS
B3a€EMHHUX IIEPETCHIB BCIX JiHIH 3B'A3KYy B CTPYKTYpi
mpoIecy 1 3HUINCHHS JiHil HeBU3HaueHocTi. OTpuMaHa
CTPYKTYpa BiZIIOBiTa€ KPUTEPiIM 3aMKHEHOCT], TIOBHOTH 1
IOCTATHOCTiI 1 JIOTIYHO BH3HA4Ya€ MOIENb (Pi3MIHOTO
mporiecy Iii xemmdepa Ha CTPYKTYPHOMY piBHi.

Puc. 4. Ctpykrypa npouecy (GyHKI[IOHYBaHHS TiAPABIiTHOTO
nemidepa 3 Mo3HAYCHHSIM JIiHIN 3B'I3KY MK B3a€MO3BOPOTHHMH
iAMU

1

i

Puc. 5. JloriuHO BU3HAUEHA CTPYKTYpa MPOLIECY
(YHKIIOHYBaHHS TiApaBIiYHOTO JAeMiipepa

HanoBHeHHSI CTPYKTYpH MojaeJi MaTeMaTHYHUM
OTHCOM eJNeMEeHTapHHUX TmporeciB (pyHKOid abo miif).
MaremMaTHyHUN ~ONMWUC  BHOCHUTHCS IIISIXOM  3aMiHH
CJIOBECHOTO OIIMCY Ha MaTeMaTH4Hi iHTepnperaropu. [lpn
bOMY MaTeMaTH4YHI 3aJIe)KHOCTI TIPYHTYIOTbCS Ha
(GI3UYHUX 3aKOHAX, WO ONMUCYIOTh IEPETBOPEHHS, SKi
BINOBiNatOTh 3MicTy nidd. [lopsaok BiAmpaitfoBaHHS
eneMeHTapHuX mpoueciB ((yHKUiii ado i) MoBTOpIOE
CTPYKTYpY mpoluecy (pyHKUiOHyBaHHS ab0 NPUHLUITY Aii
o0'ekta MonemoBaHHs. OTpUMaHHMH MaTeMaTHYHUH
omuc (1) Komifoe CTPYKTYpY NPOTOTHILY, TOOTO €
CTPYKTYPHO HaONMKEHUM 110 (Pi3MgHOI Ail TigpaBIidHOTO

6:1, = (hy—h)/c,
lra=(F-R-F)/m;

2:v=v+a-t;

3:q=v-5;

4:dp, =E- (0 —0,)/ ((hy —h)-s)-t;

5:p =p +dp-t;

6:t=t+t; @
3:qp =p-f2/p- P =Py | sign(py — Py);
4:dp, =E (@~ )/ (g —h)-9)t;

5: P, =P, —dp,t;

1:F, =s-p,;

2:h=h+v-t,

ae t; — 4ac CupuHHATTS 30yMKYI04Oro BIUIMBY POOOYOI0
pimuHoOIO Tifpasmiunoro aemrmdepy; hg — Bigcrane Big
JBOT CTIHKM HOPLIHS JO NPaBOi CTIHKM LMJIIHIpA, IO
BI/IMOBI/Ia€ MOYATKOBOMY CTaHy; h — OTOYHE TOOKEHHS
mopmiHsA; C — TIBUAKICTE PO3MOBCIODKEHHS — XBHJIL
nedopmamiii B piauHi; 8 —TIPUCKOPEHHS PYXY IOPIIHS,
(i — BUTpaTa pIiIUHH, SKa BHHHKAE B HACTIIOK PYyXy
nopinHst; dp; — 30UIbIIEHHS TUCKY; 0 — HIBHAKICTH PyXy
HOPIIHS; S — IUIOIIA IOPIIHS; (, — BUTpaTa PiAMHH, SKa
noTpamsie 10 Oaky uepes3 Apoceib; dp; — 3MCHILCHHS
TUCKY; P — TUCK B KaMmepi micis 3MilleHHs nopiuHs; E —
MOJyJIb TIPY)XHOCTI PIJWHHU; P, — TUCK B Kamepi Hicis
CKUJIaHHS YacCTUHM BMTpPATH uepe3 Jpocens; F. — cuia
CIPOTUBY; W — KoediuieHT BUTpaTu Apocens; f — miomra
LIIJIMHU JIPOCENII0; p — TYCTHHA PiAMHH; Py — THCK Yy
3MUBHIN MaricTpadii; t — moTouHuil gac mporecy.

Imitamis ¢pyskmionyBaHHS Aemiipepy BigOyBaeThCs
Yy BHIIAII HECKiHYEHOT'O IMKIY BIAMOBIOHO 1O Tpady

(puc.4) Ta wMmaremarmynoro ommcy (1) y dopmi
MPOTPAMHOTO KOAYy B  OIEpamiHHOMY CepeIOBHII
KOMI'IoTepa.

Bepigikaniio Mojaei BHUKOHAHO HUTSIXOM
MIOCTaHOBKH Cepii TECTOBUX EKCIIEPUMEHTIB.

Byno 3amaHo  HacTymHI  KOHCTPYKTHBHI  Ta

eKCIUTyaTallii{Hi oYaTKoBi mapamerpu. JliamMerp MmopiHs
nemrdepa 0,06 m, maca nopuras 20 Kr, IiaMeTp Apocess
0,0008 M, koedimienT BuTpaTé Apocens 0,6, mogaTkoBe
nonoxenHs mopiras 0,3 M, Tuck Ha 3nmuBi 0,0 I1a, Moxyns
mpyXHOocTi  pobouoi pimguma  1,74e9 [la, mBUAKiCTH
PO3MOBCIOKEHHST XBIJIL TPYXHOI Medopmamnii B piawHi
1200 m/c, 3HauenHs cunu 30ypeHas 15 H.

B mepmomy excmepumeHTi cuina  30ypeHHS
3MIHIOBaJIach 3a CTYIIHYATHM 3aKOHOM 1 MOYMHAIA TiTH
Ha mopuieHs aemmdepy uepes 0,005 ¢ micms mouatky
npouecy  croctepexxeHHs.  CrocTepiraiuch — Ipolec
MepeMillleHHs] TOPIIHA Ta 3MIHH THCKY B Kamepi.
Otpumanuii pe3yipraT (puc. 6, @) moOKa3aB, M0 10
moyaTKy 30ypeHHS IpolecH B Jemidepi BiACYTHI, TOOTO
JMUHAMIYHAa MOJIENb IMITye crarioHapHui mponec. Ilicms
Ji1 30ypeHHsI TUCK B Kamepi pi3KO 3pOcTa€e i BUHHKAIOTh
HOro  BHCOKOYACTOTHI KOJIMBAaHHS, SKi MOCTYIIOBO
3aracaroTh 1 TUCK cTabinizyerscs. [Ipu npoMy, Ha moyaTky

femudepy. nporuecy BiAOYBAlOTbCS HE3HAYHI MYJIbCYIOYl pyXH
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NOPIIHSA, SKI IOCTYIIOBO 3racaroTh 1 HepeMilleHHs
nopmHs crae piBHOMipHHM. CrymiHuaTtuii xapakrep
GyHKIIT TMEepeMillleHHs MOPIIHSA BiJANOBIJa€ TaKTam
LUKJIIYHOTO PO3PaxyHKy Ipolecy. Xapakrep MpoleciB Ha
SIKICHOMY DiBHI CBITYUTB PO KOPEKTHY pOOOTY MOJIETI.

B 1pyromy ekcrnepuMeHTi, BpaxOBYIOUH, IO TAKT
OUKITY B MaTeMaTHYHIA MOJEN BH3HAYAETHCS HA OCHOBI
gacy MpOXOIDKCHHS XBHII Nedopmarii, Oyio mepeBipeHo
BIUIMB BEJIMYMHM TAaKTy Ha Xapakrep npouecy. st mporo
OyJl0o TIPOBEIEHO EKCHEPHMEHT B SKOMY HPUMYCOBO
3a7]aHO TaKT OUKITY B 25 pa3iB MEHIIMI HDK po3paxoBaHa
BENMYMHA «IPUPOJHOTO» TakTy. Pesynbrar (puc. 6, 6)
MoKaszaB, [0 TPH LBOMY 3MEHIIMIACh AaMILTITy/a
KOJINBaHb THUCKY 1 MEpEMIICHHs, OJHAK Yac cTalimizariii
TUCKY 1 QyHKIIs epeMillleHHsI TPaKTUYHO HE 3MIHMJIIHCS.
3MEHIIEHHS! aMIUTITY/l KOJMBaHb MOXE OYTH IMOSCHEHO
3MEHILICHHSIM TEPMiHY 3MIiH BEJIMYMH Ha KOXXHOMY TaKTi
npouecy. OJHaK 11e He 03HA4ae, 0 TaKe YIOBUILHEHHS €
OlThIl ONM3BKUM IO peaJbHHUX TMpoleciB. PeanbHi
MIPOLIECH € Y3TOJUKEHHUMH 3 YacOM IIPOXOJPKEHHS XBHII
nedopmarii, SKUH BiAMOBiNaEe BHOpPaHUM ITapaMeTpaM
nemmdepa. Tomy 3amexsocti (puc. 6, @), Ha HaIll TOTIIS,
€ OLTBII peaniCTHYHIMHU Ta HAOIIDKEHIMH 10 IPOTOTHUITY.

AHaJoriuai exkcrepuMeHTH OyJio TPOBEACHO s
pi3HMX 3HaYeHb NpUBEACHOI pyxomoi wmacu. Maca
cranoBuna M =20 kr, TepMiH TaKTy pO3paxOBaHUH B
excriepumenti  (puc. 7, @) cranoBuB 0,00025c, a

fm E ¥=0.000=000 t= 0.
1.865=-003.

| 1 2

- —

|~

1.600=-005"
1.200=-005
7.8982-006
3.8992-006
0.000=:000
-3.8152-006
-7.6302-006
-1.1442-005
-1.5262-005.
-1.9072-005: o

0.000 0.006 0.012 0.018 0.024 0.030 0.036 0.042 0.048 0.054 0.060
a

NPUMYCOBHIM TepMiH B ekcnepumeHTti (puc.7,6) -—
0,00001 ¢. Pe3ymbTaTd MOKa3yrOTh, MO 31 30LIBIICHHIM
Macd TIOpIIHSA Tpolec 3MiHM THCKY B  Kamepi
YIOBUTBHIOETHCSA, IO BiAMOBigae GiznaanM 3akoHam. [Ipu
IbOMY 3MEHIICHHS TEPMiHY TakTy B 25 pa3iB HE 3MIHIIO
KIJIbKICTh ~ HEPEKONMBaHb  THUCKY  BIJHOCHO  HOTO
yCTaJIeHOTO 3HAYEHHs, Maike He 3MIHWIIO X aMIUTITyAy,
aje TPU3BENO O HE3HAYHOrOo CKOPOYEHHS dYacy
cra0bii3alii mporecis.

[epeBipka cTifiKOoCTi MareMaTH4HOI MoJeNi 10
30ypeHb cKiiajia 3MiCT HACTYITHUX TecTyBaHb. MoaenbHUH
SKCIICpIMEHT OyB IIOCTABJICHUH HACTYITHUM YHHOM.
Hpocens Ha Buxoai geMiepa Oyio 3aKpHUTo, Ha MOPIICHb
Iista cuiaa 30ypeHHs, ska 3MIHIOBAJIACh 33 CTYIIHYATHM
3aKOHOM. Pesymbrar (puc. 8, @) moka3aB He3aTyXarouui
aBTOKOJIMBAJILHUH Mpoliec. SIKII0 NPUMHITH 10 YBaru, 1o
B MaTeMaTHYHIl Mojeni He BpaxoBaHI CHIHM TEPTs, TO
OyJI0 MPUIYIICHO, IO PE3Y/IbTaT BiAMOBINAE iIcabLHOMY
nporiecy 0e3 BTpat eHeprii. J{Jsi mepeBipky MPUMYIICHHS
OyJi0 MpPOBEIEHO EKCIIEPUMEHT, B SKOMY B MOedi Oylo
JIOJIAHO CHJTY B'SI3KOTO TEPTS MK MOPIIHEM Ta Tilb3010
nemrdepa. Pesymprar (puc. 8, 6) mokasas, mo mpoiec
CTaB 3aTyXaluyhM i, 10 HOro 3aBEepIICHHIO, MOPLICHb
3MICTHBCSl Ha BEJMYHHY, 1[0 KOMIICHCYE CHIIy 30ypeHHS
3a paxyHOK TmpyxHOl pgedopmanii piguan. e
SKCIIEPUMEHT TAaKOXK MNPOAEMOHCTPYBAB BIIIOBIIHICTH
pobotu Mozeni pi3myHIM 3aKOHAM.

S.m I; A=3.56T=+003 t=

1.868=-005- T Vi
1.600=-005- -
1.200=-005
7.598=-006
3.595=-006
0.000=+000
-3.815=-006
-7.630=-006
-1.1442.003
-1.526=-005
-1.507=-005. (9

0.000 0.006 0.012 0.018 0.024 0.030 0.036 0.042 0.048 0.034 0.060
6

Puc. 6. Pe3ynpTaTl MOZEIIIOBaHHS MPOLECIB B TipaBIivHOMY AeMIIepi i Ai€lo CTyniHIaTol 3MiHN CHITH 30ypeHHS:
@ — 4ac TaKTy MOJICIIIOBAHHs NPUPOIHiiL; 6 — yac TakTy 3MEHIIeHHH y 25 pasiB;
1 Ta 2 — rpadiku 3MiHH THCKY i TEpeMiIlIeHHs TOPILIHS BiAIOBIIHO

S.m E ¥=0.000=+000 = 0.

1.9992-005.
1.600=-005.
1.200=-005
7.998:-006
3.999-006
0.000=+000

-3.3132-006

-7.630=-006

-1.144=005

-1.5262-005.

-1.907=-005- e

{f\
/
T

0.000 0.005 0.010 0.015 0.020 0.023 0.030 0.035 0.040 0.043 0.050

a

Em E ¥=0.000=+000 = 0

1.9992-003.
1.600=-005
1.200=-003
7.5882-006 AT
3.5992-006 f

0.0003000 T
3.8152.006
7.630=-006
1.1442-005
11.5262-005.
11.907=-005. e

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040 0.045 0.050
o

Puc. 7. PesynpraTit MO/IeNIOBaHHSI IPOLECIB B TiApaBiIiYHOMY AeMidepi Mmif Ai€ro CTyMiHYaToi 3MiHU CUITH 30ypeHHsI IPU Maci
nopiuHs 20 Kr:
a —9ac TaKTy MOJEIIIOBaHHS NPUPOHIiL; 6 — Yac TaKTy 3MEHIIEHUH y 25 pasis;
1 Ta 2 — rpadixu 3MiHU THCKY 1 TepeMiIleHHs TOPIIHS BiIIOBIIHO
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TecroBa mepeBipka ekcIuTyaTalifHUX BJIACTUBOCTEH
Oyna copsMoBaHa Ha poOoTy Jemiipepa B pexHUMI
KepyBaHHS IUIOIICIO Jpocens. B ekcnepumenti Oyio
BPAaxOBaHO 3aJEXKHICTh MDK IEpPEeMIIIeHHSM IOpIIHS i
IUTOLIEI0 TONEPEeYHOro MepeTHHy apocens. BennunHa
IUTOII TPOXiTHOTO OTBOPY Apocens 3amaHa IiHIIHOIO
3aJICKHICTIO BiJl BENWYMHMA TIEPEMIMICHHS ITOPIIIHS.
Pesymbrar mMozemoBaHHs (puc. 9, @) moxaszas, IO MicCIs
nii cwau 30ypeHHS IOpIIeHb IUTAaBHO TalbMyBaBCs |
3YIUHUBCSA HE TOXOASYH JO KiHIEBOro mnojoxeHHs. [Ipu
OimpIIOMY 3HadeHHI Koe(ilieHTy IiHIHHOI 3a1eXHOCTI
VIO  JIpocelisi BiJ IEepeMIleHHs 3YNHHKa MOPIIHS
BinOysacs 3HaYyHO paHimie, a 3MIHM THCKY B Kamepi, 3a
YMOB HE BPaxOBaHMX CHJI TEPTs, Mall aBTOKOJIHMBaJIbHUM
pexum (puc. 9, 6).

Cepist TECTOBHX CKCIICPHMEHTIB MiATBEpaUIa Ha
SIKICHOMY PiBHI KOPEKTHY pOoOOTY MaTeMaTH4HOI MOJei 3

CTPYKTYPHOIO  IMITali€l0 NpHHOUIY Oii  00'eKTy
MOJIeIOBaHHS. TakuM YHHOM, IMiTallis BIIOPSAKOBAHOCTI
EIEMEHTAPHUX  MpPOIECiB  Ta  HEePeTBOPEHb  IpHU

(YHKIIOHYBaHHI 00'€KTy B CTPYKTYpi MOJENi, pa3oM 3
BUKOHAHHSAM KPHUTEPIiiB MPOIYKTUBHOCTI, 3aMKHEHOCTI 1
JIOCTATHOCTi,  MOXYTb  OyTH  BUKOPHUCTaHI  JJIst
MPUIIBUAMICHHS PO3POOKHM MaTeMaTHYHHX  MoJenei
00'€KTIB 3 TiApaBIIYHIMHA KOMIIOHCHTAMH.

I; T=2.062=-006

2m

15552003

BaxnuBo BiAMITHUTH, L0 JUIS OTPUMAHHS OUIbLIOT
BINMOBIAHOCTI  MOJENi  peajbHUM XapaKTEPUCTUKAM
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Puc. 8. Pe3ynpTaTl MOZIEIIIOBaHHSI POILIECIB B TipaBIiYHOMY AeMIIepi Mix Ai€ro CTYNiHIaTol 3MIHU CHIIH 30YPeHHS IIPH 3aKPUTOMY
JIpocedi:
a — 6e3 BpaxyBaHHS CHJI TePTS; O — 3 BpaXyBaHHSAM CHJI B'I3KOTO TEpPTS;
1 Ta 2 — rpadixu 3MiHU THCKY 1 TepeMiIlleHHs ITOPIIHS BiIIOBIHO
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Puc. 9. PesynbpraTit MozieNIOBaHHsI IPOLECIB B TiApaBiiYHOMY Aemidepi MiJ Ai€ro CTyMiHYaToi 3MiHU CHIH 30ypeHHsI NP 3MiHHIi
IUIOLLII IPOCEIIS Ta BiCYTHOCTI CHJI TEpPTsL:
a — xoedilieHT 3MiHH TUIOLII Apocelis 1opiBHIOE — 5,024e-3; 6 — koediwieHT 3MiHuM oL Apocess gopiBHioe — 5,024e-2;
1 Ta 2 — rpadixu 3MiHU THCKY 1 TepeMiIeHHs TOPIIHS BiIOBIIHO

OoroBopennsi. Po3pobOiieHa MeToanka TOOYIOBH
iMiTamiHHUX MOJeNell BUKOPHCTOBYE CTPYKTYPY IpoIeCy
(GyHKIIOHYBaHHS, AK 1€ OyJIO0 3ampoIlOHOBAaHO B POOOTI
[14, 15], ane noAaTKOBO Haga€ iHCTPYMEHTAbHI 3aco0u
NIPE/ICTABIICHHS TaKOi CTPYKTYPH Ta KPHUTEpii, SKMM BOHa
MIOBUHHA 3a/I0BOJIBHSITH.

Po3BuHYTO 1710 NOKPOKOBOTO  IEPETBOPEHHS
BXI1JTHOTO CUTHAITY (BIIMBY) y BUXiTHUI
(mponyktuBHicTh) [14—-17] mmsaxom neramizamii mporecy
(YHKIIOHYBaHHS, HACIIAKOM 4YOr0 € TWapHICTh Miid-
(GYHKIOIA B JAHIIOTY IEPETBOPEHB IUKIIYHOTO MPOIECY
(GyHKIiIOHYBaHHs. B 3ampomoHOBaHii METOAMIN TaKOXK
BUKOPUCTaHO imet0  (opMyBaHHSA (YHKIIOHATHLHOTO
CJIOBHHKA, 1[0 3HANIIUIO BTLICHHS 1 PO3BHTOK B TepPMiHAX
€JIEMEHTapHUX MPOLECIB B TiIPaBIiYHUX HPUCTPOSX.
3aBIsSIKM  BHKOPUCTAHHIO  KpUTEpiiB Tpu  HOOYyHOBi
CTPYKTYpH Tpoliecy (DyHKLIOHYBaHHs eTarn Bepudikawii i
Bamiganii moxeni [3] cTae MOXIMBHM BHKOHYBATH
MMOKPOKOBO, IO JI03BOJISIE 3MEHIIUTH KUIBKICTh iTepamii
Ta CKOPOTHTH TEPMIHM TMOOYAOBH  Ipane3daTHHX
Mozeneil. HaBeneHi mepeBard CTBOPIOIOTH HMO3UTHUBHHUIH
ebpekt mpm  TWOOYIHOBI  MaTeMaTHYHHX  MOJeiel
KOMIIOHCHTIB T1IpaBIiYHUX MPHUCTPOIB i CUCTEM B IILJIOMY.
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I. NOCHNICHENKO, V. KRYVOSHEIEV, O. JAKHNO, O. LUHOVSKYI

EXPERIMENTAL STUDY OF CAVITATION-HYDRODYNAMIC LUMINESCENCE IN GAS-LIQUID
ENVIRONMENT

The article presents the results of the study of cavitation processes in technological equipment related to analytical phenomena that are accompanied
by cavitation. One of the important factors accompanying cavitation processes is hydrodynamic luminescence. The information analysis of the existing
theories of luminescence formation, including at hydrodynamic processes in liquids and gas-liquid environments is carried out that allowed to
substantiate the basic conditions which provide emergence of the phenomenon of hydroluminescence. A literature search revealed that there is no
unambiguous theory of the nature of sonoluminescence and hydroluminescence. These processes have several theories of their origin: thermal,
electrical, quantum and even nuclear. Moreover, each theory is to some extent confirmed by the experiments of scientists, but at the same time is not
fully disclosed. This ambiguous interpretation leads to the conclusion that the current situation cannot be considered satisfactory. Detailed
experimental studies of this phenomenon are needed. For the practical study of the mechanisms of hydrodynamic luminescence, an experimental stand
based on a hydrodynamic cavitator was developed and manufactured. This stand allows to investigate the cost characteristics of the cavitator, to
observe and make photo and video fixation of the phenomenon of hydroluminescence in the flow of liquid or gas-liquid mixture, for which an ejector
mixer was used. As a result of application of experimental-analytical method and technical visualization it is established that the phenomenon of
hydroluminescence begins at an oil pressure of 20 bar, and at its saturation with inert gas — occurs at much lower pressures within 10 bar. According to
our observations, with increasing flow velocity in the narrowing region, cavitation first occurs, then, with a further increase in the flow velocity, single
sparks begin to appear, and at some point there is a "breakdown™ and a stable glow. Based on the results of processing and analysis of experimental
studies, a conceptual model of the stages of origin and development of the cavitation process and the accompanying effects is built. The conducted
researches allowed to reveal the cavitation zones arising in the cavitator. Cavitation areas were identified with the help of high-speed video recording
and the mechanism of its development was investigated. In addition, the visualized characteristics of the closed volume to some extent clarify the
existing ideas about the behavior of the liquid and gas-liquid mixture in the nozzle. It is concluded that the phenomenon of hydroluminescence
(triboluminescence) can be used as a method of cavitation visualization. At the same time, the management of workflows that accompany the
phenomenon of cavitation is quite relevant because it allows you to deal with the undesirable consequences of cavitation.

Keywords: luminescence, cavitator, cavitation, sonoluminescence, hydroluminescence, triboluminescence, throttle, ejector, gas-liquid mixture,
visualization of liquid flow, point temperature, viscosity, cavitation number, liquid flow rate, spectroscopy.

1. B. HOYHTYEHKO, B. €. KPUBOIIIEEB, 0. M. AXHO, O. ®. TYTOBCbKHH

EKCIIEPUMEHTAJILHE JIOCJIJIKEHHS KABITAIIIHO-TTIPOINHAMIYHOL
JIIOMIHECHEHIIII B FA30-PIMHHOMY CEPEIOBHIII

V cTatTi NpeacTaBieHi pe3yabTaTH JOCHTIPKSHHS KaBiTalliiHUX HPOLIECiB Y TEXHOJIOTIYHOMY OOJiaJHAHHI, MTOB'SI3aHUX 3 AHAIITHYHUMU SIBULIAMH, 10
CYNPOBOUKYIOTbCS MMiA vac KaBiTawii. OIHHM 3 BaXJIMBUX (DaKTOPIB, II0 CYNPOBOKYIOTH KaBiTaliifHI HpouecH SBISETbCS TiIpOAMHAMIYHA
moMinecueHuis. [IpoBeneHo iHpopMauiiiHuil aHaNi3 ICHYIOYHX TEOpiil yTBOPEHHS JIIOMIHECLEHIIIT, B TOMY YHCII NPU TiAPOJUHAMIYHHX MpoLecax B
pinMHax i ra3o-piIMHHUX CEpelOBHIIAX, IO JO3BOJIMIO OOIPYHTYBATH OCHOBHI YMOBH, sIKi 3a0€3I€4yIOTh BUHUKHEHHS SIBUILA TiIPOIIOMiHECIICHIII.
IIpoBenenuii niTepaTypHHii MOMIYK BUSBUB, L0 HE iCHY€E OJHO3HAYHOI Teopii MPUPOIY BUHUKHEHHS COHOJIOMIHECHeH] 1 rixpomominecuennii. ani
MPOLIECH MAIOTh KilbKa TEOpiil X BUHHKHEHHS: TEIUIOBA, €JIEKTPUYHA, KBAHTOBA 1 HaBiTh saepHa. [Ipudyomy KoXHa Teopis B sKiiick Mipi
i ITBEPKYETHCS IOCHIIIAMH BUCHHUX, aJle B TOH e 4ac He € IMOBHICTIO pOo3KpHuTOr0. Take HEOTHO3HAYHE TPAKTYBAHHS IPU3BOAUTH O BUCHOBKY, IO
CHTYaIlilo, 1110 CKJIaNacsl He MOXKHA BBaXKaTH 3aJI0BIIbHOI0. HeoOXizHI po3ropHyTi eKcriepiMeHTasbHi JOCIIIKEHHS JaHOTo sABUINA. s mpakTHYHOro
BHMBYCHHS MEXaHi3MiB BHHHKHEHHS TiIPOJMHAMIYHOI JIOMiHecUeHLii OyB po3poOIeHHi i BUTOTOBJICHMI €KCIIEPUMEHTAIBLHUN CTEHJ Ha OCHOBI
TiIPOJMHAMIYHOTO KaBiTaTopa. JlaHui cTeH 103BOJISE JOCITIIKYBaTH BUTPATHY XapaKTEPHCTHKY KaBiTaTopa, croctepirati i podurn ¢oto- i Bineo
(ikcarifo ABHIIA TiAPONOMIHECIIEHIIIT B TTOTOLI PiIMHN a0 ra30-piAMHHIN CyMIllli, /I OTPUMaHHS SIKOi BHKOPHCTOBYBABCS €XEKTOPHMH 3MillIyBad.
B pesynbTaTi 3acTOCYBaHHS €KCIEPUMEHTAIbHO-aHAIITHYHOTO METOMY i TEXHIYHOI Bidyami3alil BCTAaHOBJEHO, L0 SIBHIIE TiAPOTIOMIHECIIEHIT
TIOYMHAETHCS IPH THCKY Macia 20 Oap, a mpu HOro HaCHMYEHHI iHEPTHHM ra3oM — BiIOyBaeThCS HPH 3HAYHO MEHINHUX THCKax B Mexax 10 Oap. 3a
HALIUMHU CIIOCTEPEKCHHSAMH, 31 30LIBIICHHAM LIBHAKOCTI MOTOKY B OOJACTi 3BY)KCHHS CIIOYATKy BHHHKA€ KaBiTallis, MOTIM, NPU HOAAIBIIOMY
301JIBIIEHH] IIBUIKOCTI MOTOKY, TIOYMHAIOTH 3'SBJISTHCS MOOAMHOKI iCKPH, a 3 IEBHOTO MOMEHTY BiJJOyBa€ThCs «Ipo0iil» 1 BCTAHOBIIOETHCS CTa0IbHE
CBiUGHHs. 3a pe3yibTaTaMd OOpPOOKM 1 aHai3y MHpPOBENECHHX CEKCIEPUMEHTAJIbHHX IOCITIIKEHb MOOyJOBaHA KOHIIENTyalbHa MOJETb eTamiB
BUHUKHEHHS 1 PO3BHTKY IIpOIlecy KaBiTamii i cymyTHIX mpomy edekTiB. IIpoBeneHi MOCHifUkeHHS O3BONMIN BHABMTH KaBiTaliifHi 30HH, IO
BHUHHKAIOTh B KaBiTaTOpi. 3 JOMOMOIOI0 MIBUAKICHOI BiJI€O3HOMKH OyiM BUSBIIEHI 00J1acTi KaBiTauii i JOCIIKEHO MexaHi3M 11 po3ButKy. Kpim Toro,
OTpPHMaHi 3a PaxyHOK Bi3yaJli3allii XapakTepHCTHKH 3aMKHYTOTO OOCSTY IE€BHOIO MipOO MPOSICHIOIOTH iCHYFOUi YSBICHHS IPO MOBOPKECHHS PiMHH i
ra30-piAMHHOI CyMimi B coruli. 3po6ieHO BUCHOBOK, IO SBUINE TiAPONIOMIHECHEHIIT (TPUOOIFOMIHECTIEHIIIT) MOXKE BUKOPHCTOBYBATHCh SK METOJ
Bi3yaiizauii kaBitauii. ¥ TOH e yac KepyBaHHsS pOOOYMMH IPOLIECAMH, SIKI CYNPOBOUKYIOTh SIBUILE KaBiTAallil, € JOCUTb aKTyalbHUM, OCKUJIbKH
J103BOJIsIE OOPOTHCS 3 HEOAKAHUMHM HACIIIAKAMH KaBiTarlii.

Kii040Bi c10Ba: JITOMiHECLICHITiS, KaBITaTOP, KaBiTallisl, COHOJTIOMIHECIIEHIIs], T1APOTIOMiHECIIEHIIis, TPHOOTIOMIHECIIEHIIISI, IPOCEND, EKEKTOP,
ra3o-pilMHHE CEepelOBHUILE, Bi3yali3allis IMOTOKY pIiAMHM, TOYKOBA TEMIIEpaTypa, B'A3KICThb, KaBiTalliiiHE YHCIO, HIBUAKICTH IMOTOKY piJIMHH,
CHEKTPOCKOIis.

H. B. HOYHHYEHKO, B. E. KPUBOIIIEEB, 0. M. AXHO, 0. ®. IYTOBCKOH

3KCHEPUMEHTAJIbHOE UCCJIEJIOBAHUE KABUTAIITMOHHO-TUAPOJIUMHAMUYECKOM
JIOMHUHECIEHIIMM B I'A30-) KMJIKOCTHOM CPEJIE

B cratbe NPEACTABJICHBI PE3YJbTATHI UCCIICAOBAHNUA KaBUTALIHOHHBIX MPOLIECCOB B TEXHOJIOTHYECKOM 060pyz[013aﬂ1414, CBA3AaHHBIX C aHAIMTUYCCKUMHU
SABJICHUAMH, COIIPOBOKIAMOIIMMHUCA MPHU KaBUTALUU. OfHUM M3 BaKHBIX q)aKTOpOB, COIIPOBOKAAIOIINX KAaBUTALIMOHHBIC NPOLECCHI ABIIACTCA
TAAPOAAHAMUYCCKAsA JIIOMUHCCIICHINA. HpOBCHCH PIH(IJOpMaLIHOHHLIﬁ aHaIU3 CYUICCTBYIOIUX TeOpI/If/‘I 06p330BaHI/IH JIIOMAHCCOCHIIMM, B TOM 4YHCIIC
Ipyu TUAPOJAMHAMHUYCCKUX IIpoLeccax B JKUIAKOCTAX M Ta30-KUAKOCTHBIX Cpe€aax, 4YTO I103BOJIHIO 000CHOBaTh OCHOBHBIE ycioBus, KOTOPBIC
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obecreunBaroT BOSHUKHOBEHUSI SIBJICHHS THAPOIIOMHHECLICHINN. [IpoBeIeHHBII TUTEpaTypHBIil MOMCK OOHAPYXKHII, 4TO HE CYIECTBYET OAHO3HAYHOM
TEOPUH TIPUPO/IBI BOSHUKHOBEHUS COHONFOMHMHECICHIIMN W THAPOTIOMHHECHCHIMH. JlaHHBIC MPOLECCH HMEIOT HECKOJIBKO TEOPUH BOSHHKHOBCHHS:
TEIUIOBast, SIEKTPUYECKas, KBaHTOBas U Jaxe saepHas. [IpnueM Kaxnas Teopus B KAaKOH-TO CTENCHH MOJTBEPIKAACTCS ONBITAMH YYCHBIX, HO B TO XK€
BpeMsl He SBIAETCA MOJIHOCTBIO PAacKpbITO. Takoe HEOJAHO3HAYHOE TPAKTOBAaHUE HPHBOAMT K BBIBOJY, 4YTO CHUTYallMIO0 HENb3s CUHTATh
yaoBIeTBOpHTENbHO. HeoOXOmHMBbI pa3BepHYTBIC OSKCIEPUMCHTAJIbHBIC WCCICAOBAHMS [TAHHOTO SBICHUS. JIsi NPaKTHYECKOro H3ydeHHs
MEXaHH3MOB BO3HMKHOBEHHs T'MAPOJMHAMUYECKONH JIOMHHECLEHIMH ObUI pa3paboTaH M HM3rOTOBJIEH SKCIEPHMEHTAIbHBI CTEHJ Ha OCHOBE
THIPOJMHAMUYECKOro KaBuTaTopa. JlaHHBI CTEH]I MO3BOJIAET UCCIIEA0BATh PACXOJHYIO XapaKTEPUCTHKY KaBHTAaTOpa, HaOJrOAaTh U AenaTh GoTo
BUCO (PUKCALMIO SIBICHMS TMAPOIFOMHHECLICHIIMH B IOTOKE XKUIKOCTH WIIH Ta30-)KHAKOCTHOW CMECH, /Ul MOIy4eHHsS KOTOPOI HCIIOIB30BAJICs
KEKTOPHBIH cMecuTenb. B pesysnbraTe NpUMEHEHHs SKCIEPUMEHTAIbHO-aHATUTHYECKOr0 METOAa M TEXHUYECKON BU3yaH3allMH YCTAHOBJICHO, YTO
SIBJICHUE THPOIIOMHHECIICHIINY HAUMHACTCS IIPU JaBleHHH Macia 20 6ap, a IpH ero HaChIEHHH HHEPTHBIM Ta30M — MPOMCXOIUT IIPH 3HAYUTEIEHO
MEHBIINX JaBieHusX B npenenax 10 Oap. Ilo HammM HaOMIOAEGHHMSM, C YBEIMYEHHEM CKOPOCTH MOTOKA B OOJACTH CYXEHHs CHadana BO3HHKAET
KaBHTALlHs, 3aTeM, IPH NAIbHEHIIEM YBEIMYCHHH CKOPOCTH ITOTOKA, HAYMHAIOT IOSBILATHCS CIMHHIHBIC MCKPBI, a C ONPEIEICHHOT0 MOMEHTa
MIPOUCXOIUT «IIPOOOI» M yCTaHABIMBAaeTCs CTaOwibHOe cBedeHue. Ilo pesynbpratam oOpaGOTKHM M aHamM3a MPOBEICHHBIX JKCIIEPHMEHTAIBHBIX
HCCIICZIOBAHMIT TIOCTPOCHA KOHIIENTyalIbHash MOJIENb ITAllOB BOSHUKHOBCHHS U PA3BUTHS MPOILIECCAa KaBUTALMK U COMYTCTBYIOIIUX 3TOMY 3()(EKTOB.
IIpoBeneHHbIC UCCIIEIOBAHNS TTI03BOJINIIN BEISIBUTH KABUTALIMOHHBIEC 30HbI, BO3HUKAIOIIHE B KaBUTaTOpe. C MOMOIIBIO CKOPOCTHOH BHICOCHEMKH OBLIN
OOHapy)XeHBI O0JIACTH KaBHTALMM W HCCIIENOBaH MeXaHM3M e€ pa3BuUTHs. Kpome TOro, moiydeHHBIE 3a CUET BH3YyalM3alUM XapaKTCPUCTUKU
3aMKHYTOr0 00bEMa B OIPEICICHHON CTEICHHU MPOSICHSIOT CYIIECTBYIOIIHME NPEACTABICHUS O MOBEICHUH XXUIKOCTUH M Ta30-)KMAKOCTHON CMeECH B
comue. CrenaH BBIBOJ, YTO SIBJICHHE THIPOJIIOMIHECIICHINH (TPHOOIFOMHHECIICHIIHS) MOXKET UCIIONB30BAThCS KAK METO BH3yaJlM3alluy KaBuTanuu. B
TO K€ BpeMs yIpapleHHs pabOYMMH HPOLEeCCaMd, KOTOPHIC COIPOBOXKAAIOT SBICHHE KaBHTALMHU, SIBIIETCS BECbMa aKTyaJbHBIM, IHOCKOJBKY

II03BOJIICT 60pOTI>C$I C HCXKECIIATCIIbHBIMU ITOCJICACTBUAMU KaBUTALIUH.

KioueBblie ciioBa: JIIOMUHECLEHLIMS, KaBUTATOp, KaBUTalMsl, COHOJIOMHMHECUCHIMS, THUAPOJIIOMHUHECLHECHIINS, TpI/I60JIIOMI/IHeCH€HLII/I$I,
ApOCCEib, IKEKTOP, Ia30-KUAKOCTHASA Cpe€la, BU3yaIn3alys IMOTOKA XUAKOCTH, TOUEYHAsA TEMIIEpATypa, BA3KOCTb, KABUTAITUOHHOE YHCJIO, CKOPOCTh

TIOTOKA XKUIKOCTHU, CIIEKTPOCKOITHA.

Introduction. The phenomenon of luminescence can
be interpreted as the light radiation of substances that is
excess over their thermal radiation at a given temperature
and excited by a certain energy source. Such sources can
be radioactive, X-ray or light radiation, chemical reactions,
mechanical actions, electric fields, etc. (Table 1).

Table 1 — Types of luminescence

Types of luminescence (by the method of excitation of
molecules)

Excitation by visible or

Photoluminescence . T
ultraviolet radiation

X-ray luminescence X-ray excitation

Luminescence of a phosphor
when bombarded by electrons
(cathode jets)

Cathodoluminescence

Glow under the action of
nuclear radiation (alpha parts,
beta parts, gamma radiation,
protons, etc.)

Radioluminescence

Glow due to the energy of

Chemical luminescence . ; )
chemical (and biochemical)

(bio-chemical luminescence)

reactions
. Glow of phosphors in electric
Electroluminescence ;
fields
. Excitation by sound or
Sonoluminescence
ultrasound

Luminescence as a result of
deformation during rubbing,
destruction of mechanical
particles

Triboluminescence

Emission of light by the liquid
arising at cavitation of the
bubbles caused exclusively by
hydrodynamic effects

Hydrodynamic luminescence

In the elements and devices of modern hydraulic
systems, the working pressure can reach up to 2000 bar
[1, 2]. In the throttle elements of hydraulic equipment, the
flow of working fluid has a pronounced turbulent nature.
At a high speed of the working fluid in the throttle
elements there is cavitation and the associated active
release of bubbles of undissolved air and steam [2-5].

Cavitation leads to a number of physicochemical
processes, may be accompanied by cavitation chemical
reactions, oxidation, destruction, destruction of molecules
and luminescence. Rapid collapse of vapor-gas bubbles-
caverns, according to the laws of thermodynamics, can
cause a local increase in temperature up to 1500 K, and
under certain conditions, and light radiation of liquid or
radiation of light quanta (electronic breakdown [1]).

The effect of hydroluminescence (GL) was first
discovered by Konstantinov in 1947 [6]. With a flat flow
of water of a solid body (round cylinders) in the flat
channel there was a glow behind the cylinders, with
highly developed hydrodynamic cavitation.

In 1964, Jarman and Taylor recorded a weak
luminescent glow of water in the area of the cavitation
cavities in the Venturi tube. In his dissertation, Peterson
[2] in 1966 also noted light radiation in the field of
bubbling during hydrodynamic cavitation.

In the 70s of the twentieth century Koldomasov A. 1.
the glow of distilled water flowing in a narrow channel
was detected [7]. The nature of light radiation was
explained by plasma discharges during water cavitation,
but the cause of the discharges and the source of plasma
formation were unclear.

In 2004, Pilgunov V. N. and Efremova K. D. found
intense light radiation during the passage of mineral oil
through the diaphragm throttle [2].

Later (2007-2010) similar phenomena were found in
the study of cavitation in organic liquids flowing at high
speed in narrow dielectric channels [5].

The information analysis of the sources showed that
there is no unambiguous theory of hydrodynamic
luminescence and unambiguous interpretation of its
nature.

The largest number of results of experimental and
theoretical works indicates that the processes of
hydrodynamic luminescence have an electrical nature of
origin, but there are also a number of works in which
arguments are made in favor of thermal theory.

Electrical theory is based on electrical phenomena
inside the bubble itself or its interaction with near-caviting
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bubbles. As a substantiation of this theory, the messages
about the correspondence of the continuous spectrum
observed during sonoluminescence to the radiation
spectrum of an absolutely black body play a certain role.

Even in [8], light radiation was associated with
electric discharges in the liquid. The electrical effects that
accompany the flow of liquid at high pressure were
directly observed in [5, 6], in [4] a similar conclusion was
made as a result of indirect measurements. In general, the
relationship between cavitation and electric discharges can
be important for understanding the physical nature of the
breakdown of liquid dielectrics.

However, detailed ideas about the mechanism of
hydroluminescence are still unclear. Which phases — gas
(bubble), liquid (flowing liquid itself) or even solid
(channel wall) — are responsible for light radiation, to
what extent can this physical mechanism be applied to
sonoluminescence as a phenomenon in general?

For example, in [9] the crucial role is played by the
emission of electrons from the wall, which adhere to the
molecules of the liquid with the release of photons.

The thermal theory is based on the assumption that
when exposed to a cavitation bubble, high temperatures
are formed inside it, which stimulate the emission of
radiation by the bubble.

The thermal theory of hydrodynamic luminescence
was proposed by Koldamasov [7], pointing out in his
article that the source of luminescence is a plasma clot
formed with an average temperature. 10* K.

Proponents of the thermal theory of hydrodynamic
luminescence include Gordeyev and Serbinov [10, 11]. In
a series of experiments to study the excitation of an
explosion in liquid explosives in [11] it was found that the
initiation of an explosion by cavitation does not occur
during expansion, but during the closure of the cavitation
cavity in the explosive liquid. Based on the obtained
results, the authors [10, 11] concluded that the cause of
light emission during hydrodynamic luminescence is the
thermal processes that occur during cavitation.

There are also other variants of thermal theory.
According to Griffing's hypothesis, light radiation in water
occurs during radical recombination H*, OH", formed by
thermal hemolytic dissociation of water. Jarman
considered the closure of a cavitation bubble as a
microscopic shock tube in which, when the bubble is
compressed, the shock waves are focused, and the light
radiation corresponds to a thermal process. The possibility
of excitation of thermonuclear reactions in a
sonoluminescence bubble is expressed by the authors, and
there is also refuting this possibility of the article [12].

There is also a hypothesis based on quantum
theory, which was proposed by the famous physicist
Julian Schwinger [13] and discussed in more detail in an
article by Claudia Eberlein of the University of Sussex
(UK).

Eberlane [14] assumes that sonoluminescence during
cavitation is generated by a vacuum inside bubbles,
similar to Hawking radiation, ie radiation emitted on the
horizon of black hole formation. Quantum theory states
that a vacuum contains "virtual" particles. According to
this explanation of vacuum energy, the rapidly moving

interface between a liquid and a gas converts "virtual"
photons into real photons.

This hypothesis is based on the consideration of
changes in the vacuum state of the electromagnetic field in
the bubble in the process of rapid change in the shape of
the latter, in terms of close to that usually used in
describing the Casimir effect. For example, when
considering the vacuum state of an electromagnetic field
in a flat capacitor, depending on the boundary conditions
defined by the plates.

However, some authors have argued that
sonoluminescence releases too much energy in a very
short time interval to match the explanation of vacuum
energy [15], although other reliable sources claim that the
explanation of vacuum energy may be correct [16].

If this is true, then sonoluminescence is the first
example in which radiation associated with a change in
the vacuum state is directly and experimentally observed.

Some researchers have proposed and substantiated
the theory of nuclear fusion on the grounds that the actual
temperatures in sonoluminescent systems can be much
higher than 20,000 K. Some studies claim that the
measured temperatures reach 100,000 K, and suggest that
the temperature can reach millions of kelvins [17]. Such a
high temperature can cause fusion. This phenomenon is
sometimes called "bubble fusion™ and is compared to the
implosion scheme used in the thermonuclear component
of thermonuclear weapons.

In 2006, researchers from the Rensseler Polytechnic
Institute (USA) stated that in experiments on
sonoluminescence produced nuclear fusion [18, 19].

R. P. Taleyarkhan's experiments conducted in 2002
and 2005 using deuterium acetone showed that he was
able to reach temperatures of the order of millions of
kelvins in a sonoluminescent flash, observing the products
of the thermonuclear reaction: tritium and neutrons.
Confirmation of the results of these experiments would
allow to obtain a compact thermonuclear reactor.
However, the experiments were considered poor, and
doubts were expressed about the report of the author's
scientific discovery. This report has lost interest among
the scientific community.

This paper presents the results of studies of the
phenomenon of hydroluminescence, ie the emission of
light by a liquid, which occurs during the cavitation of
bubbles caused by hydrodynamic effects in a gas-liquid
medium.

The main processes that accompany hydrodynamic
luminescence are:

- sound,;

- luminescence;

- local temperature rise;

- hydraulic shocks and pressure pulsation, etc.

Cavitation can cause many effects (Fig. 1).

Hydrodynamic luminescence (HL) is the emission of
light by a liquid in a narrow channel. It can be explained
that HL is caused by friction, so this is also a special case
of mechanical luminescence, which occurs when grinding,
crushing or splitting crystals — triboluminescence. That is,
HL is the triboluminescence of the fluid.

HL spectroscopy gives us information about the
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conditions in the fluorescent liquid — exactly, about the
conditions in the bubbles, because the main source of light
is the emission of gas into the air bubbles. The HL
spectrum gives a clear light of non-equilibrium plasma
radiation in bubbles.

Cavitation

Shock point /
increase in
pressure Sound
‘Warmth
Electrllﬁcz?non Stablhzatl_on Hydrodynamic
of liquid consumption luminescence

Sonoluminescence

Fig. 1 Cavitation processes and effects

Thus, the effect of hydrodynamic luminescence is
electrical. The insert material, in the zone of intense
cavitation, emits electrons that are transferred by the flow,
and at the inlet edge of the holes a positive charge of high
density is formed, the potential of which relative to the
ground can reach kilovolts.

What is the drag when flowing around solids with a
stream of liquid or gas — it is well known. However, in
addition to the drag, when flowing there is a so-called
wave resistance, which is the result of energy
consumption for the formation of acoustic or shock waves.
In gases, for example, shock waves occur during the
formation of a jump seal in the frontal surface of the body
when flowing around it by a supersonic gas flow. At
formation of a jump of consolidation density, temperature,
pressure, speed of substance of a stream sharply increase,
as a result processes of dissociation and ionization of the
molecules which are followed by powerful light radiation
can take place. Light radiation can greatly heat both the
gas in front of the wave front and the surface of a moving
body.

The questions related to the description of the stages
of luminescence in the fluid flow during hydrodynamic
cavitation are quite complex, which until recently remain
completely unexplored. This is especially true of the
multicomponent medium, which includes oil and
petroleum products (hydraulic oils). In this regard, we
consider hydrodynamic luminescence from the standpoint
of physicochemistry and the most well-founded two
theories of origin — thermal and electrical. Information
about the formation of Iuminescence is especially
important for cavitation technologies, as at this level when
closing the bubble in oscillations can release significant
energy, which is often used for high-quality mixing of
media, their separation and destruction at the molecular
level, polarization, etc. So, for example, it is established
that at fluctuation of small gas bubbles in water, in a
compression phase, in a short period of time 10°-107 ¢,
order pressures may occur 10°MIla and "point"
temperature 10* °C.

Sufficiently high energy is released in a short time
when the bubble closes, when an area of high pressure

appears in the local area (to 4-10° MIIa) and intense jet
flow  with  cumulative  microcurrent  velocities
300-500 m/c. During a pulsed discharge, radiation occurs:
ionizing, acoustic waves, electromagnetic fields and high-
speed fluxes with the occurrence of cavitation when
closing the discharge zone [1].

Visualization and study. A sample with a
transparent plexiglass cylinder was used for visualization

(Fig. 2).

Fig. 2. Design of a model (sample) of research:
1 - reactor; 2 — ejector; 3 — body

The experiments were performed at a pressure drop
to 5 MIIa and consumption to 107 m%/c. The sample was
connected to the hydraulic system according to the
scheme (Fig. 3).

M1 & 1 1%

gf C? p] ,/'/ ‘/ pf
— e b7

Fig. 3. Schematic hydraulic diagram of the test bench:
1 - cavitator; 2 — ejector; 3 — speed video camera

The main parameters that were controlled: the level
of inlet pressure, the pressure drop at the inlet and outlet
of the sample, flow rate and outlet temperature. The
temperature of the working fluid was monitored in the
apparatus using a reference thermocouple. Experimental
studies on the rotary mode using the working fluid type
"H-L". Processing on the sample of the piston valve was
carried out by the camera at a speed of 120-1000 frames
per second. Studies were conducted to obtain data
describing the structure and parameters of the flow
(Fig. 4).

The amount of gases in the bubbles depends on the
number of cavitation. Critical flow parameters and
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depending on the height and velocity of the pressure,
indicating the beginning of the cavitation of the flow, can
be calculated [1]:

y = 2(p1_2p2)
p-Vy

>

where p;, Vi — pressure and flow rate, for example at the
inlet of the valve; p, — vapor pressure; p — fluid density.

Fig. 4. Schematic diagram of hydraulic test stand:
1 - cavitator; 2 — ejector; 3 — system for saturation of the liquid
flow with noble gases; 4 — safety valve; 5 — manometers at the
inlet and outlet; 6 — temperature sensors; 7 — speed camera

The method of experimental research consisted of
the following actions. Setting the required pressure drop
on the apparatus, the temperature of the working fluid was
controlled by a reference thermocouple and measured the
volumetric flow rate. According to the results of the study,
a number of images were obtained, which are presented in
Table 2.

Investigation of the influence of inert gas
saturation on hydrodynamic luminescence. According

to the results of the study, a number of images were
obtained, and it is possible to draw conclusions about the
effect of noble gas saturation on the intensity of
luminescence that occurs behind the screw in the throttle
channel.

Table 2 — Conditions for conducting experiments

Conditions for
the Parameters Picture
experiment
Ap = 2 MPa, oil temperature
Without t=33°C, Q =0,000012 m¥s, | Fig.5, a,
saturation throttle area 0,00003 m?, b
Ve = 25 mM/s
Ap =5 MPa, oil temperature
Without t =33 °C, Q = 0,0000004 m%s, Fia. 6
saturation throttle area 0,00003 m?, 9.0, 4
Vi = 100 m/s
Ap =5 MPa, oil temperature
Nitrogen t=33°C, Q = 0,0000004 m%s, Fio 6. b
saturation throttle area 0,00003 m?, 19-5,
Vi = 100 m/s
Ap =5 MPa, oil temperature
Argon t =33 °C, Q = 0,0000004 m%s, Fio 6
saturation throttle area 0,00003 m?, 9.5, ¢
Vi = 100 m/s
A mixture of Ap =5 MPa, oil temperature
gases t=33°C, Q = 0,0000004 m%s, Fia. 6. d
Nitrogen + throttle area 0,00003 m?, 9.5,
Argon Vepr = 100 m/s

In Fig. 5,6 show images for different stages of
luminescence with saturation and without saturation
(argon and nitrogen) (single-phase, two-phase flow).

Thus, observations show that the least intense
luminescence was observed without additional saturation
of the liquid with noble gases (Table 2). Thus, we can
assume that the luminescence intensity will increase with
gas saturation. To test this hypothesis, a stand was
developed to investigate the effect of gas saturation on the
luminescence effect. Saturation was due to the use of a
specially designed ejector before entering the cavitator.

luminescence

Fig. 5. The results of experiments:
a — without luminescence; b — "shot" appearance of luminescence
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a b
c d

Fig. 6. Emission of light in mineral oil cavitation flow:
a — without saturation; b — argon; ¢ — nitrogen; d — nitrogen & argon

This allowed directly at the entrance to the cavitator to
obtain a two-phase flow with different depths of
saturation.

It was also observed that the luminescence in the
two-phase medium forms a "shot" that occurred earlier in
the gaseous medium at 2 bar (Fig. 7). It is established that
in the gas phase we can obtain this luminescence effect.
Thus it is possible to draw an analogy between the jump
of the seal. It follows that the effect of hydrodynamic
luminescence can also be called "gas-dynamic
luminescence”, or biphasic luminescence. The advantages
of the following are lower energy costs for obtaining
luminescence for technological processes.

Fig. 7. Emission of light in the two-phase cavitation flow of
mineral oil (gas-dynamic luminescence)

Based on the results of elaboration and analysis of
the conducted experimental researches, a conceptual
model of the stages of origin and development of the
accompanying

cavitation process and effects is

constructed (Fig. 8).

!

"point" temperatire

stages of hydroluminescence (heat

and mass transfer processes)

cavitation number

Fig. 8. Occurrence of cavitation and accompanying physical
processes in the fluid flow

According to our observations, with increasing flow
velocity in the area of narrowing, first there is cavitation,
then, with a further increase in flow velocity, single sparks
begin to appear, and from a certain point there is a "shot".
and there is a stable glow. When reaching the "point
temperature” and in the presence of parts of materials with
cavitation emission, there is an increase in the intensity of
the glow due to triboluminescence, in the absence of
suitable materials, the process is less intense.
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The study of the nature of hydrodynamic
luminescence can be compared to fire: first it is a weak
spark, then a flickering flame, and then a powerful flame
endowed with speed and power.

It can be assumed that the process of cavitation in the
flow of mineral oil in narrow slits can cause electrical
resistance of the oil base and channels, as well as lead to
burnout of corrective additives to the oil. The main source
of light radiation is the emission of gas into vapor bubbles,
such as hydrogen. For example, water present in the
working fluid under the action of cavitation can
decompose into hydrogen and oxygen, which then ignite
with a discharge.

The conducted researches allowed to reveal the
cavitation zones arising in the cavitator. Cavitation areas
were identified with the help of high-speed video
recording and the mechanism of its development was
investigated. In addition, the visualization characteristics
of the closed volume to some extent clarify the existing
ideas about the behavior of the liquid in the nozzle.

The results of the study are valid for Newtonian
fluids, which include oil used during the experiment. For
non-Newtonian fluids, the cavitation process can be more
complex, requiring further research. In addition, the
purpose of further research is a detailed study of the
influence of the phenomenon of hydroluminescence on
cavitation processes[20-24].

The cavitators that have been studied in this article
can work with a variety of liquids. Some of them are
sensitive to the effects of cavitation, which can change
their physical, chemical and rheological properties. Thus,
the study of the conditions of cavitation phenomena and
their development will allow to choose rational modes of
operation of the cavitator: the diameter of the fittings, the
pressure drop, flow rate and temperature of the working
fluid.

The wuse of hydrodynamic cavitation with
hydrodynamic luminescence to obtain energy under
certain conditions is rational, which is due to the
compactness and cheapness of the installation as a whole.
Cavitation energy storage can be one of the most
innovative and effective ways to achieve high energy
density today.

Conclusions. An experimental stand and a model of
a hydrodynamic cavitator were developed and a series of
experiments were conducted. The studies allowed to study
the cavitation in the throttle element and below the hole.
Observations have shown that luminescence is observed
under certain conditions. Its intensity is determined by a
number of factors, one of which is the correlation between
the intensity of luminescence and gas saturation.

A review of studies has shown that light radiation
depends on the rheological properties of the liquid. More
intense where there is less viscosity. The gas-oil mixture
has a significant effect, more radiation was observed. The
concentration of dissolved noble gas (Ar) Argon, (N)
Nitrogen, in hydrodynamic luminescence significantly
affects the light radiation that occurs during cavitation at
the edge of the choke.

Thus, during hydroluminescence, excitation of the
added inert gases occurs first of all, which then, as a result

of second-order Frank-Hertz shocks, transmit the
perturbation to the oil molecules. Increases as the ionized
potential (perturbation potential) decreases. Based on the
work performed, it can be concluded that the cause of
hydrodynamic luminescence is the friction of the liquid
against the walls of the channel and the light radiation of
the double electric layers. Therefore, the cause of
hydrodynamic luminescence is a local increase in electric
field strength, which occurs when the electroneutrality
inside the cavity.

Experimental studies have shown that the
temperature of the working fluid significantly affects the
flow characteristics of the choke. The result of heating is a
decrease in the viscosity of the working fluid, which leads
to an increase in the Reynolds number and, accordingly,
the flow rate. The obtained experimental data were
approximated to the possibility of using a mathematical
model of a hydrodynamic cavitation generator and
allowed to take into account the properties of the working
fluid.
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H.T. IIEBYEHKO, H. M. PATEEBA, B. 0. IBAIIIEHKO, O. M. PATEEB

BILJIUB CKJIA/LY TA PEOJIOT'TI HA®TOBOI IMTPOJAYKIIIi HA POBOTY IITAHIOBOi HACOCHOI
YCTAHOBKHA

Po3ristHyTO ekcrutyarariilo HaQTOBHX CBEP/UIOBUH i3 3aCTOCYBAaHHAM INTaHTOBMX IIIMOMHHUX HacociB. JloCmipKeHo, IO CKimaj i BIAaCTHBOCTI
CEpeJIOBHIIL, IO IEPEKavylThCs, ICTOTHO BIUIMBAIOTH Ha POOOYI MapaMeTpH HACOCHOTO OOJaJHAHHS, MPHBOJATH JO IMiJBUILCHHS CHEPreTHYHHX
BUTpAT Ha MiTiOM MPOIYKLii, 3pUBY MOAAYi Ta iHIIMM TEXHIYHUM rpodiemaM. [Ipoaykuis CBEpATIOBHH € cyMill HaTH, BOAU Ta ra3y — ra3opiJuHHa
cyminr. 3MiHa IJIACTOBUX YMOB (THCK Ta TEMIIEpaTypa) y310BXK CBEPAIOBHHHU 3MIHIOE 00'€MHY YacTKY BiIbHOTO/PO3UHMHEHOr0 ra3dy y Hadri Ta dizuyHi
BJIACTUBOCTI ra3opianHHOI cyMiwi. [IpoBeaeHo oI NPOMUCIOBHUX PEOJIOTIYHMX TOKA3HUKIB BOZOHA(TOBOT CyMillli IPU MEXaHi30BAaHOMY BUIOOYTKY
HadTu. AHami3 moka3as, 110 3MiHa 00'eMHOI KOHIeHTpamii Boau B HaTi y giamasoni 50-80 % crpusie 3MiHI PEONOTiYHIX MOKA3HUKIB Ta IPHBOAUTH
JI0 MiJBHIIEHHs B's3kocTi. [IpuitHATO MOMyIIEHHS, 1O HENiHIHHY B'I3Ky Mojenb BopoHadrToBoi eMyubcii Tuiy I'epmrens-Bankii MoxHa ommcaTi
y3araJbHEHOI HbIOTOHIBCHKOT MOJIEILTIO 3 BBEJICHHSM epeKTHBHOI B's3KkocTi. st JocniukeH s cKi1aay HadhToBOT MPOAyKIil Ha eheKTUBHICTE POOOTH
HACOCHOI YCT@HOBKM PO3IVISHYTO HACTYIHI B3a€MOIOB's3aHI 3aiadvi. [leprna — BH3HAUMTH 3aJ€KHOCTI 3MIHM TIAPOAWHAMIYHHX XapaKTEPHUCTHK
Ha()TOra30BOro MOTOKY Yy CBEPJUIOBHHI, JMHAMIYHOTO PiBHA Ta MICIsl yCTAaHOBKM Hacoca. Ha ruracToBi ymMoBM Ha mpuWiioMi y Hacoc IpOBECTH
PO3paxyHKH poOOYMX XapaKTEPHCTHK IITAHTOBOro Hacoca. s oOpaHOi KOHCTPYKI KOJIOHH INTaHT BU3HAYUTH HANpPYTy Y TOYI IiJBiCY INTaHT —
nepeBipka 3a0e3nedeHHs MillHOCTI. Po3paxyBaTu OCHOBHI €HEPIreTUYHI OKa3HUKHU BCi€l HACOCHOT YCTaHOBKH. PO3B'sI3aHHS LUX 3aBJaHb BUKOHAHO 3a
JIOTIOMOTOI0 TIPOTPAaMHOTO KOMIUIEKCY. Y poOOTi yJZOCKOHaJeHa METOIMKa BH3HAYCHHS e(PEKTUBHOI B'I3KOCTI 3 ypaxyBaHHSAM 3MiHH PeOorii
IIPOMHCIIOBHX JaHHX. Y poOOTi MpOBENEHO IOCIIKEHHS 3MiHM 00'€eMHOi m0Ji BiIbHOrO Ta3y Ta BOAHM y HadTOra3oBoi HMPOAYKIIl Ha TIHOMHY
YCTAaHOBKHM HAacoca, AWHAMIYHMNA pPiBEHb, THCK Y HACOCI, pe&XHMMHI mapameTpu Hacoca. HamaHo pesynbTaTH aHalily BIUIMBY 3MIHM CTPYKTYPHOL
B'I3KOCTI BOZOHA(TOBOT MPOMYKIIii Ha ITaApaMeTpH BCi€i HACOCHOT YCTAHOBKH.

KurouoBi cioBa: cBepioBHHa, HACOC, KOJIOHA LITAHT, PEOJIOTis, HEHBIOTOHIBChKA PiAMHA, Ta30piIMHHA CYMIIll, BUIBHUH Ta PO3YMHEHHH ra3,
00'eMHa (ha3a, TUCK HACHYEHHS, B'A3KICTh €)eKTHBHA, KOS(DILIEHT KOPUCHOT Mil.

H.TI. IIEBYEHKO, H. H. PATEEBA, B. 10. UBAIIIEHKO, A. H. PATEEB

BJIMSTHUE COCTABA Y PEOJIOTUM HE®TAHOM MPOJAYKIIMA HA PABOTY HITAHIOBOM
HACOCHOW YCTAHOBKH

PaccmoTpena dKcIulyaTanuss HE(TSHBIX CKBRKHH C IPUMEHEHHEM INTAHTOBBIX ITyOMHHBIX HAcocoB. [I3BeCTHO, 4TO COCTaB M CBOICTBa
THepeKaynBaeMoil POIYKIMH, CYIICCTBEHHO BIIMSAIOT Ha pabodne rmapamMeTpbl HACOCHOTO 00OpYIOBAaHMS, MPUBOAAT K MOBBIIICHAIO SHEPIeTHIECCKUX
3aTpatr Ha MOIbEM NPOAYKINH, CPBIBY IOJa4H, BUOpALMHU U JIPYTUM TeXHHUeCcKUM npobiemaMm. [Tpoxykiueii 100bIBAIOMNX CKBAXHH SBIISIETCS CMECh
He(TH, BOIBI M ra3a. VI3MeHeHHE IUIACTOBBIX YCIOBHil (IaBICHHE M TEMIEpaTypa) BIOJIb CKBaXHHBI NMPHUBOANT K HM3MCHCHHIO OOBEMHOW IONH
cBOOOJTHOr0/PacTBOPEHHOTO Ta3za B HE(TH M (DM3MYECCKUX CBOMCTB Ta30KHMAKOCTHOH cMecu. IIpoBeneH 0030p HMPOMBILIICHHBIX PEOJIOTHYECKHX
HoKa3aTtesiell BOAOHE(TAHOW CMECH NPHM MEXaHM3HPOBAHHOH J100bYe He(TH. AHANIM3 MOKa3aj, YTO W3MEHEHHE OOBEMHOH KOHLEHTPALUU BOJIbI B
HedTr B amamazoHe 50-80 % cmocoOCTBYyeT M3MEHEHHIO PEONOTHYECKHX XapaKTEePHCTUK CMECH M IIPHUBOJHUT K IOBBIICHUIO BS3KOCTH. [IpHHSATO
JIONYIIICHNE, YTO HEJIMHEHHYI0 BS3KYI MOJENb BOJOHE(TAHON sMynbcun Tuna I'epruens-bankin MoxHO onmcaTe 00OOIIEHHOH HBIOTOHOBCKOWM
MOJIENIBIO C BBeJICHHEM d(D(PEKTUBHOM Bs3KocTH. J{JIst ccie1oBaHUs COCTaBa U CBOWCTB HEPTAHON MPOLYKIHHK Ha 3(P(EKTUBHOCT PaOOTHI IITAHTOBOH
HACOCHOW YCTAaHOBKH PAaCCMOTPEHBI CIICAYIOIIME B3aHMMOCBS3aHHBIC 3a/a4i. [lepBasi — ONMpeAeseHbl 3aBHCHMOCTH M3MEHEHHS THAPOANHAMHYCCKHX
XapaKTEepUCTHK He(TerazoBoro NOTOKa B CKBAXKMHE M PEKOMEHIYEMOE MECTO YCTaHOBKM Hacoca. Ha NpHHSATBIE yCIOBHsS Ha IpHeMe Hacoca
OIPENIEIAIOTCSl PSKUMHBIC MapaMeTpsl paboTHl MITAHrOBOro Hacoca. Jlyist BHIOpaHHOW KOHCTPYKIMH KOJIOHHBI LITAHT ONPENENSIOTCS pacueTHbIC
HANpsDKCHHUST B TOYKE IMOJBECA INTAHI — MPOBEPKAa OOECIEUCHHs MPOYHOCTH. PacyeT OCHOBHBIX JHEPreTHYCCKHX IOKas3aTelel Bceil HAaCOCHOI
ycTaHOBKH. PenreHne 3THX 3a7ad BBIIOJHEHO C IOMOIIBIO IPOIPaMMHOrO KOMIUIEKca. B paboTe ycOBepIIEHCTBOBaHA METOAMKA ONPEHENICHHS
3 EKTUBHOM BA3KOCTH C YYETOM PEOJIOTUH IPOMEBICIIOBBIX JaHHBIX. B paboTe mpoBeneHo McciiefoBaHHE H3MEHEHHsT 00bEeMHOM 1011 CBOOOJHOIO
rasa ¥ BOJAbl B He)TerasoBOil MPOAYKIMH HA [TyOMHY yCTAHOBKM HAcoca, AMHAMHUYECKUH YpPOBEHb, JABICHHS B HACOCE, PEKMMHbBIC MapaMeTphbl
Hacoca. [IpecraBieHsl pe3yIbTaThl aHaIN3a H3MEHEHHsT 00BOIHEHHOCTH HE(TSHOM MPOIYKIIMH Ha TapaMeTphl BCel HACOCHON YCTaHOBKH.

KaioueBble cjI0Ba: CKBaKHHA, HACOC, KOJOHHA INTAHT, PEOJIOTHsI, HEHBIOTOHOBCKAS J>KHIKOCTh, Ta30’KHIKOCTHAs CMeCh, CBOOOIHBIA H
pacTBOpEHHBIH Ta3, 00beMHas (a3a, JaBICHUE HACHILCHUS, BA3KOCTb () (heKTuBHASL, KO3(DOHULIUEHT MOJIE3HOTO ACHCTBUSL.

N. SHEVCHENKO, N. FATIEIEVA, V. IVASHCHENKO, O. FATYEYEV

THE INFLUENCE OF THE COMPOSITION AND RHEOLOGY OF OIL PRODUCTS ON THE
OPERATION OF THE ROD PUMP UNIT

The exploitation of oil wells using sucker rod pumps is considered. It is known that the composition and properties of pumping products significantly
affect the operating parameters of pumping equipment, lead to an increase in energy costs for lifting products, disruption of supply, vibration and other
technical problems. Production wells produce a mixture of oil, water and gas. A change in reservoir conditions (pressure and temperature) along the
well leads to a change in the volume fraction of free/dissolved gas in oil and the physical properties of the gas-liquid mixture. A review of industrial
rheological parameters of a water-oil mixture in mechanized oil production is carried out. The analysis showed that a change in the volumetric
concentration of water in oil in the range of 50-80 % contributes to a change in the rheological characteristics of the mixture and leads to an increase
in viscosity. It is assumed that a nonlinear viscous model of a water-oil emulsion of the Herschel-Bulkley type can be described by a generalized
Newtonian model with the introduction of effective viscosity. To study the composition and properties of oil products for the efficiency of the sucker
rod pumping unit, the following interrelated tasks are considered. First, the dependences of changes in the hydrodynamic characteristics of the oil and
gas flow in the well and the recommended place for the pump installation are determined. On the accepted conditions at the pump intake, the operating
parameters of the sucker rod pump are determined. For the selected design of the rod string, the design stresses at the suspension point of the rods are
determined — checking the strength. The calculation of the main energy indicators of the entire pumping unit was carried out. The solution of these
tasks was carried out using the software package. The work has improved the method for determining the effective viscosity, taking into account the
rheology of the field data. In the work, the study of the change in the volume fraction of free gas and the parameter of water cut of oil and gas products
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at the depth of the pump installation, dynamic level, pressure in the pump, operating parameters of the pump was carried out. The results of the
analysis of changes in water cut of oil products on the parameters of the entire pumping unit are presented.
Keywords: well, pump, rod string, rheology, non-Newtonian fluid, gas-liquid mixture, free and dissolved gas, bulk phase, saturation pressure,

effective viscosity, efficiency.

Beryn.  Awnamiz  crany BunoOyTky HadTH i
ra30KOHJEHCATy Ha TNPOMHCIAaX YKpaiHM II0Ka3aB, IO
eKCITyaTalliss ~ ManoJeOIiTHUX  CBEpAJIOBUH  OUIbII

epeKTHBHA i3 3aCTOCYBaHHSM INTAHTOBUX TIyOiHHHX
HacociB (II'H). B octanHi poku 3HAYHO YCKIIAJTHUIHCS
YMOBH eKCILTyaTarii 3arIMOHOTO HACOCHOTO
oOnamHaHHSA — 30UTBIIMIIACS TAMOMHA yCTAaHOBKH HAcOCa,
3HIKAETHCS TUHAMIYHUH piBEeHB, MaJja€ TUCK HA IPUHOMI,
pO3IIMpPHBCSA  Jiama3oH B'SI3KOCTI IUIACTOBOI  PiMHU;
30UTBIIMITKCS 00'€MHI YaCTKH BOJHM, Ta3y, MIiCKY, CMOI i
napadiny y HadrToBoi npoxykuii. Ckiag i BIacTHBOCTI
CepesIOBHII, L0 MepeKayyloThCs, ICTOTHO BIUIMBAIOTH Ha
poOoui TapamMeTpu HAaCOCHOTO O0JIaHAHHS, IPHUBOISATH 110
MIBUINCHHS CHEPTeTHYHUX BUTPAT HA MMiIHAOM MPOIYKIIii,
3pUBY T07a4i, 3HOIYBaHHS €JICMEHTIB Hacoca, BiOparismM
Ta IHITUM TeXHIYHEM Tpobaemam [1-3].

[papunpHuic  BUOIp  OCHOBHOTO  OOJNaTHAHHS
HAacCOCHOI YCTAHOBKM Ta pEeXUMYy poOOTH 10 YyMOB
eKCIUTyaTallii CBEepAJIOBUHU TapaHTye HaIiifHICTh 1
e(peKTHBHICTh POOOTH yciei ycraHoBKH. HuHI akTyanbHUM
HaMpsIMOM € pIllleHHs NMPaKTUYHUX 3a7ad B CKJIAJHUX
TeXHIYHUX  O00'€eKTax 3  ypaxyBaHHSIM  pealbHUX
XapaKTepUCTUK cepefopuia: razopiguani cyminmn (I'PC)
Ta HEHBIOTOHIBCBKI piAMHK (30KpeMa, BOJOHA(TOBI
emynbcii). Ha pme. 1 Hagama mnpuHOHIIOBA CcXeMa
ycranoBku [IIT'H Ta ocHOBHI o3HaueHHS.

Puc. 1. Ilpunuunosa cxema LIIT'H:
1 — BepcraT-Kayaika; 2 — MoJipOBaHMUi IITOK; 3 — yCTHOBE
obnasHeHHsT; 4 — KOJIOHA LITAHT; 5 — HACOCHO-KOMIIPECOPHi
tpyou (HKT); 6 — macoc

Indopmaniiinuii orasa. 3aramom, BCi YUHHUKH, IO
BIUTUBAIOTh Ha €()EeKTHBHICTh POOOTH 3arIMOHOTO Hacoca
YMOBHO MOXHA pPO3JUIMTH Ha OCHOBHI rpymu [4-6]:
KOHCTPYKIisl CBEpAJIOBMHM (KpUBU3HA 1 Jliamerp),
KOHCTPYKIisi Hacoca (BMKOHAHHS OCHOBHHX JeTanei i
BYy3JIiB), TMOMHa MiABICKM (THCK Ha NpHUioMI Hacoca),

BiacTuBOCTi HadroBoi mponykuii (HadTa, BOJa, ras,
MeXaHi4YHi JOMILIKH, HasBHICTh napadiHy 1 cojuei).

VY yucni TOMOBHUX MpoOJeM, II0 BUHHUKAIOTH IPU
eKCIITyaTalii CBEpJUIOBMHHHUX INTAHTOBHX YCTAaHOBOK €
o6puBu koioHm mTaHr (mo 30 %), BimmoBm HKT Ta
HacociB  (15% Ta 50%, BimHOCHO). 3a3BHuait
PO3MIISIAIOTH /1BA THIA BIAMOB: KOHCTPYKTHBHI BiIMOBH
(momomka) Ta TexHONOTiYHI abo ekcruryaTtamiiHi. [o
JIPYTOTO THILY BiZIMOB BiTHOCHUTHCS 3aMiHA MPane3aaTHOTO
Hacoca Ha HOBHMH 4Yepe3 3MiHY TJIMOMHH YCTaHOBKH
Hacoca, ONTHMI3alii pexumy, 3MiHA MPOMYCKHOI
3IATHOCTI, PEBi3isl 3arIMOHOTO 00JIaHAHHS TOIIIO.

y poboTtax [7, 8] OTICaHO JMUHAMIYHI
HaBaHTAXEHHS, WO Ail0Th Ha geranmi Bysnis IIT'H
BIIPOZOBXK POOOYOro MUKITY HPH XOJI BCMOKTYBaHHS Ta
Har"iTaHes. PO3MIIIHYTO BIUIMB CHJI TepTsd IUIyH)Kepa O
WIIHAP, a TaKoX BIUIMB TiIPOAWHAMIYHUX CHJI, IO
BUHMKAIOTh TIPH TEPEMIICHHI IUTyHXepa Yy KiJIbIIEBOMY
MPOCTOPI PiIHUHM.

Y pobGorax [9-12] Oymo BCTaHOBIEHO, IO MpHU
poOoTi 3armMOHMX HACOCIB y CBEpUIOBHHAX 3MiHA
00'eMHOT KOHIIEHTpamii BoAX B HaTi CIpHs€ yTBOPEHHIO
BooHadToBHX emynbciit (BHE) 3 pisHuMyu peosoriaanMu
xXapakTepucTukamMu. [lpw aHami3i MPOMHCIOBHX IaHUX
BCTAHOBJICHA  KOPEJAIiS  TOKAa3HUKIB  aBapilHOCTI
IITAHTOBUX HACOCIB 31 3MiHAMH CTPYKTYp IUCTIEPCHOT
¢asm  BHE. Haii0inpm  KpUTHYHUM  Jiaria30HOM
ob6BogHeHHs HapTH € 40-70 %, KOJIM B'S3KICTH €MYJIbCIl
Pi3K0 30UIBIIYETHCS Y IeKUIbKa pa3iB — puc. 2.

3MiHa B'I3KOCTI Ta CTpYKTypHu HadToBOI nmpoaykKuii y
CBEpJIOBMHI B IEpIly 4Yepry BIUIMBaE Ha poOOTy Beiel
HAaCOCHOI  INTAaHrOBOi  YCTAaHOBKH:  IiJIBUIIYIOTHCS
aMIUTITyJHI  HaBaHT@XCHHS Ha  KOJIOHY  INTaHT,
30UTBITYIOTHCS TiAPaBIiuHI TEPTS IITAHT IPH X0 iX BHU3
HEpIAKO JO 3HAYCHHA BarW KOJIOHM INTaHT, IO
MIPU3BOJUTS JI0 3aBUCAHHS IITAaHTOBO{ KOJIOHH.
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Puc. 2. 3anexnocri edexkruBHoi B's3kocti BHE Bin 06'emHO1
Joni Boan y HadroBoi npomyxuii [9]

AHaJi3 BIUIMBY Ta3y Ha poOOTYy HMITAHTOBOTO HACOCY
MOKa3aB, 1[0 MOTPAIUISIHHS B HACOC IUIYHXXEPHOTO THITY
BIIBHOTO Ta3y 3 pIiIMHOI0 NPWU3BOAWUTH IO ICTOTHOTO
3MEHIIIEHHS TMoJadi pIgWHH, [0 XapaKTepHU3yeThCs
KoedirienToM HamoBHeHHs [13,14]. V' poboti [15]
BiJ[3HAYAETHCSA, 100 TOYHO BH3HAYUTH YMOBH B SIKHX
Ipaifoe  Hacoc, HEOOXIMHO Hapsxy 3 JaHHMH,
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OTPUMAHUMU BiJ NATYUKIB PIBHS, MATYUKIB MOTYXKHOCTI
€JIEKTPOJBUIYHa BUKOPHCTOBYBATH JliHAMOTpaMy Hacoca,
sIKa BKa3ye B1JICOTKOBE HAIIOBHEHHS HACOCA PiJJUHOIO.

st BUOOpY pesxuMy poOOTH HACOCHOTO arperary Ha
peaNbHi YMOBHM CKCIUTyaTalii, BHUHUKA€ HEOOXiIHICTh
MPOBEIEHHS Oy)XK€ BEIUKOTO 00'€eMy pO3paxyHKiB:
BH3HAYCHHS TiApOINHAMITHHX XapaKTEPUCTHK
Ha(TOTa30BOTO IOTOKY, MICIS BCTAHOBJCHHS Hacoca y
CBEpUIOBHHI 3  ypaxyBaHHAM  00'€eMHO{  dYacTKu
BUTPHOTO/PO3UYMHEHOTO Ta3y Ha mpuiioMi; poOodmx
mmapaMeTpiB MITAHTOBOTO Hacoca; BHOIp Ta po3paxyHKH Ha
MIIHICT, KOJIOHM INTAHI, BH3HAUEHHS IIOKA3HHKIB
e(hekTUBHOCTI pOoOOTH BCi€l HACOCHOT YCTAHOBKH Ta 1HIIIL.
3aKopJIOHHI NPOrpaMHi HPOAYKTH B o0ONacTi migdopy
CBED/JIOBMHHUX HAcOCIB — 16 pO3pOOKM KOMMaHii
«REDA», nporpamue  3abesneueHus  «WellFloy,
«SubPUMP», «NovometSel-Proyra iH1i.

V poborti [16] HagaHO MPUHIKIIK TOOYAOBH MO
CBEpPAJIOBUHHOI IITAaHIOBOi HACOCHOI YCTaHOBKHM UL
cepenoBumia  Maplesoft MapleSim 7. Ha xadempi
«[igpaBniuai mamman»y HTY XIII (M. XapkiB) cTBopeHa
nporpamma  «PVT-Well-Pump» [17]. YV poboti [18]
aBTOpaMH HaJaHO pe3yJbTaTH BepuQikalii — NOpiBHAHHA

pPO3paxyHKOBUX  TiAPOJAMHAMIYHMX  MapaMeTpiB  3a
IIPOrpaMoI0 3 MPOMHUCIOBUMHM AaHMMHU poposua HI'BY
«Oxrtupkanadroras».

Memow oOanoi pobomu € TPOTHO3YBAaHHSI Ta
JOCTIKCHHS. PEeXUMY POOOTH HACOCHOTO OO0JaHAHHS
UL peaNlbHUX YMOB  eKcIDTyaTamii  HadTora3zoBmx
CBepUIOBHH. YWCENbHI PO3paxXyHKH B CHCTEMi «ILIACT-
CBEPUIOBUHA-HACOCY OB'sI3aHi 3 BUKOHAHHSM
TPYAOMICTKHX  Ta  TPOMI3OKHX  OOYHCIIEHh  Ta
3MIACHIOIOTECT 32 momomorm  EOM. VYV poboti
YIOCKOHAJIGHA  METOAWKAa  BH3HAYCHHA  POOOYMX
XapaKkTepUCTUK IITAaHIOBOTO HAacoca 3 ypaxyBaHHIM
MPOMHCIOBUX JTaHUX Ui BOJO- HATO- ra3oBOi CyMilili.
Heminiiina B'i3ka moxenp piguan BHE tuny [eprmens-
Bankm  ONMUCYEThCS — y3arajJbHEHOK  HBIOTOHIBCHKOT
MOJICJITIO 3 BBEACHHIM €(hEeKTUBHOI B'I3KOCTI.

MaremaTnuna mogeabr (MM) Ta T 4ucejabHa
peamizamia. Ilpm ommci 3arampHOi po0OOTH CHUCTEMH
«cBepanoBrHa-Hacoc-HKT»  HeoOXimHO  BpaxoByBaTH
CHUTEHY POOOTY OCHOBHUX ii €JIEMECHTIB.

Po6oTa midra HaTOBOI MPOAYKIIi B CBEpPAJIOBHHI 1
HKT (mpomec posra3yBaHHsS TMOTOKY, 3miHa PVT
xapaktepuctuk [ PC, BTpatu Hamopy):

dP d 2 2
I Prpe "8 "COS QL +Z[(1—ﬁr )Ppr +B.p.v; ] +
A
+5 (1-B,)p,v. +Brprvrz:|s
ne A — Koe(ilieHT TigpaBIigYHOTO OIOpY, SIKHA B

3aJICKHOCTI BiJl CTPYKTYpHOi (POPMHU MOTOKY BH3HAYAIOTH
[0 CeMINPUYHUM a00 HAMIBEMITIPUYHUM 3aJICKHOCTSIM;
Br— o6'emHa nmons dasu (rasy), 1. O1; Vp, Vr — MIBHAKOCTI
piaxoi Ta razoBoi a3 cymii; py, — miabHicTs I'PC.
ITomaya mTAaHrOBOro Hacoca Ha peajbHI YMOBH
EKCILTyaTaIlil € 3aJIeXKHICTIO HACTYITHUX MapaMeTpiB:

QH :.f(LycT’Pnp’G():B»HrpcaAPH’qTaDu785kn0ﬂ‘5)\’11)a

ne O — nozjaua Hacoca; Lye, — IMuOMHa yCTaHOBKH HAcoca;
P, — Tuck Ha npuitomi Hacoca; Gy, B, i, — razoBuit
(axkTop, BMICT BOJM y NPOJYKLIl Ta B'A3KICTH HAPTOBOI
cymimri; AP, — mepenaja THCKY; ¢, — TEOpETHYHA T0jada
Hacoca; Dy, 0, — IiaMeTp Ta 3a30p Hapu «ILUIYHXKEp-
MITHAPY; Kyon, A — KOSDIMIEHT MOAAaYN HAacOCa, BTPATH
XOJTy IITOKA ITOPIITHS.

JocBin ekcrnryaTanii HACOCHUX YCTaHOBOK ITOKa3ye,
110 pyHHYBaHHS LUITAHTOBUX KOJIOH 3a3BHYail 3yMOBJIEHO
3HOCOM MeETally, BUKJIMKAHOI TPHUBAIOIO TI€I0 IMUKITITHIX
3MIHHUX HaBaHTa)XeHb. TOMY Ul IITAHTOBHX HACOCIB Y
MM HEOOXiHO BKIIOYHMTH 3aJCKHOCTI I TMEPEBipKU
3a0e3nedeHHss BTOMHOI MIIIHOCTI 00paHoi KOHCTPYKINi
LITAHT B TOYI ix mifgicy [13]:

Oupi = [an ] ,

Je Gy, — HAmpyrd B Oy/b-iKOMY JOBUIBHOMY Iepepisi
wradr, MIla; [G] — IPaHMYHO JOIYCTUME 3HAYEHHA
Harpyru Juist obpaHoro marepiany mrasr, MI1a.
Hasenena Hampyra B TOYLI MifBiCY INTaHI Gy
po3paxoByeTbest 3a popmynoro 1. O. Opinra:

Omp = VOa " Omax >
ne o, — aMmiTynHi Hampyrm  1umkiay, Mlla:
Gy = 075 (Gmax - 6min); Omax>  Omin MAaKCUMAJIBHC 1

MiHIManbHe 3HauUeHHs Hanpyry nukiry, MIla.
MakcumanbHy Ta MiHIMQJIbHY HAmpyry IHKIY
BU3HAYaIOTh 3a (HOPMYJIaMH:

max =Pmax /fmT; Omin =Pmin /fun’

e Poao  Puin MakcHUMallbHe Ta  MiHIMajbHe
HABaHTaXXCHHS B TOYI MiABicy wraHr, [1a; f,, — mroma
mTOKa, M.

Jis  po3paxyHKy 3Ha4eHb P, Pun Y POOOTI
BUKOPHUCTOBYIOThCSL ~ popmysnm  A. BipHoBchkOoro  Ta
A. Anonina [13]. Tlpu poGoTi Hacoca KOJOHW INTaHT i
TpyOH TIEpiOAMYHO MiANAIOTHCS MPYXKHUM JedopMarisM
Bil Bard piAWHU, MmO Ji€ Ha TuryEXxep. Kpim Toro, Ha
KOJIOHY HITaHT MIifOTh AWHAMIYHI HABAaHTAKCHHSA 1 CHIIH
TEpTs, BHACIIIOK YOTO JOBKHHA XOMy IUTYH)KEpa MOXKE
ICTOTHO Bifpi3HATHCS Bi JOBXHHH XOAY MOJIPOBAHOTO
mroka. [TpoBeneHo po3paxyHOK BTpaTu X0oay ILUTyHXKepa i
JOBXXHHH XOJly TIOJIipOBAHOT'O LITOKA.

Onuc  OCHOBHMUX TNPOrPaMHUX  MOJYJIB,
BUKOPHCTOBYIOTBCS y YHCEIbHIN peatizartii.

Mooynb Ne ] — cityuTh Uil BU3HAYSHHS PO3IIOLTY
TUCKY ¥ (I3NYHHMX XapaKTEPUCTUK Ta30piJHHHOI CyMmim
IpH Pi3HUX TEPMOAWHAMIYHHAX YMOBaxX Vy MiTHOMHHUX
TpyOax (cBepmroBmHa Ta HKT); Bu3HaueHHS TIIMOWHU
YCTaHOBKHM Hacoca y CBEPJUIOBHHI IIpU 3aJlaHOMY 3HA4YeHi
00'eMHOT YaCTKH BUTFHOTO Ta3y Ha Ipuiiomi y Hacoc [18].

Monyne Nel po3poOieHO B iHTETpOBaHOMY
CEpeloBHUIIll  PO3POOKKM  MPOrPaMHOTO  3a0e3MeUYCHHS
DELPHI 3 aBTOHOMHHMMH IOJaTKaMH Ta 3 rpadiuHuM
inTepdeiicom. IIporpamMHuii MOAYJIb MICTHTH KOPEISIii
CHIBBITHOIIEGHHS THCKYy, 00cATy ¥ TeMIlepaTypu s
pO3paxyHKiB XapaKTEPUCTHK ¢hmoiny, 10
BUKOPHCTOBYIOTh BiIOMI 3arajibHi METOJIUKU
A.TI. Cinam, M. IlupBepnsna Tta L. lmaTynuHoBa Ta

(9

o
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3aJeXKHOCTI BHM3HaueHHs edekTuBHOl B's3KocTi BHE,
srigno [13, 19, 20].

Mooynb Ne 2 — ciiyKuTb JJIs1 PO3paxyHKIB OCHOBHHUX
napaMeTpiB IUTYHXXEPHOTO Hacoca: BTpaTH THUCKY B
KJIalaHax; BUTOKY B Mapi IIIyHKep-UWIiHAp; KoedilieHTy
HATllOBHEHHS HACOCy Ta pEXHMHHX IapaMeTpiB (Xix
MOPIIHS Ta YHACIIO XUTAHB).

Mooynb Ne 3 — ¢y XUTh UL pO3PaxyHKiB OCHOBHUX
mapamMeTpiB  poOOTH KoymoHHM mTaHT. lle mepeBipka
3a0e3neueHHss BTOMHOI MIITHOCTI B TOYIIi MiABICY KOJOHU
IITaHT; BU3HAYCHHS JOBXHH 1 JiaMeTpiB PiBHOMIITHOCHOT
CTYIEHEBOI KOJIOHH ILITAHT; PO3PaXyHKH MaKCHMallbHOTO
i MIiHIMAJbHOTO HABAHTA)XCHHS B TOYII MiABICY IITAHT;
BU3HAYCHHS HANIPYTH B IITAHrax; BU3HAYEHHS BTPAT XOIy
MOJTIPOBAHOTO IITOKA HACOCA.

Mooyns Ne4 — CcAyxuThb JUIsl BHU3HAUYCHHS
eHepreTnuyHux napamerpis poborn HITH. YV momymsx
Ne2-Ne 4  BHKOPHCTOBYIOTHCS ~ TEOPETHYHI  METOIU
JIOCITIZPKeHHSI, 1110 3aCHOBAHI HA MPOMHUCIIOBHX JAHUX IS
pO3paxyHKiB  XapaKTepHCTHK  IITAHTOBOI  HACOCHOI
ycraHoBKH, 3rigHO [13]. ¥V maHiit poOoTi ymockoHaieHa
METOJMKa BHU3HAUeHHS edekTuBHOI B's3kocti BHE 3a
MPOMHUCIIOBUMH JTaHHMHU.

HocaigxeHHs Ta pe3yJbTaTH po3paxyHkiB. J[ns
MIPOBEICHHS JIOCTI/KEHHS yMOB POOOTH CBEpUIOBHH Ha
poboui Ta eHeprernuyHi mokaszHuku IIII'H o6pani
npomuciosi gani HI'BY "Oxtupkanadroras". Ha puc. 3
MOKa3aHO PpO3MOJI THCKY B CBEp/UIOBHHI POJOBHIIA
Byrpu npu nponenTHiit gactii Boau 10 %, 56,3 % 1 95 %.
Po3paxynku mpoBeneHO 3a momomororw — Moodyas Ne 1.
[lpoBeneHo  MOpIBHSHHA  PO3PaxXyHKOBHX  3HAuCHb
MUHAMIYHOTO  pIBHA pIIMHA HA  3aJaHi  yYMOBHU
eKCIUTyaTallil 3 MPOMHCIOBUMH AaHUMHU pojaoBHia Byrpu
HI'BY «Oxrupkanagproraz». Iloxubka oOuncneHHs
IUHAMIYHOTO PIiBHS PIAMHM y CBEpIJIOBHHI JOCSTaE HE
6impm 8,6 % [18].

P, MITA
2 7 12 17 2
0
300 —B=10%
1000 ——B=56,3%
1500 \\“ B=95%
= 5, \\ ——
", 2000 —~ \_\\
2500
—
3000 =
3500 ¥
4000

Puc. 3. Po3no/ii THCKY B CBEPAJIOBHHI IIPU Pi3HUX 3HAYCHHSX
00BOTHEHHS IPOXYKIii B

Busnauenns enubunu ycmanoexu nacoca npu 3MiHi
00'emuoi doni eazy ma 800u y Hagmozazosii NpoOyKyii.

OcHOBHI JmaHi: BiJACTaHb JO KPOBIi IUTacTa
H.,=3800 M, 3aIJIaHOBaHUH nediT piauHA
0,=25 M*/n06y, rasoBmii (akrop o =60 m’/m°, THCK
Hacu4eHHS HadTH Ta3oM P, = 22 Mlla, npoayKTHBHICTh
mwracty K, = 8,8 M>/106a/MIla Ta iHmi.

Ha puc.4 mHaBeneHo ¢parmenr
intepdeiicy Moodyra  Ne . Tlapamerp
npoaykiii B = 0.

Jlyis 3amaHoro 3HAYEHHS 00'€éMHOI YaCTKH BiTbHOTO

rpadivyxoro
00BOHEHHS

rasy y I'PC na npwuitomi y nacoc — 10 % (B, = 0,1) Oymo
BU3HAYEHO: PO3IOJUI TUCKY B3JOBXK IMIIHOMHHX TpyO —
ceepmioBuan  ta HKT, wMicue ycraHOBKM Hacoca
(kpanka 4), TMOMHA CIycKa Hacoca, TMHaMIuHIi piBeHb
pinuHH, THCK Ta BiaactuBocTi I'PC Ha npuifoMi Hacoca.

£ MecTo ycrawosi macoce - x

P, MIIa
Inguenne NBpaMETDa Ha BroLe yrmepniie " M
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Puc. 4. ®parment nporpamu Mooyra Ne |

Ha puc. 5 HaBeneHi y3arajbHEHi 3aJ€XHOCTI: THCK
Ha rpuiiomi Hacoca P, Ta IJMOMHA YCTAHOBKH Ly BiX
06'eMHoi 49acTku BinbHOro rasy (Br)n,. Pospaxynkm
HaBE/IEHO UII 3HaUYeHb OOBOJHEHHS HA(PTOBOI MPOMYKIi
B=0% (puc. 5, a) ra 90 % (puc 5, 6).
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Puc. 5. Po3paxyHKOBI 3aJIe)KHOCTI THCKY P,y Ta TITHOHHN
YCTaHOBKM Hacoca Ly, BiTl (Br)up

VY Ttabn. 1 HamaHO 3BEACHI PE3yNbTaTH PO3PAXYHKIiB
npu 3a0e3nedenHi ymoBu 10 % BimpbHOTO ra3y Ha npuioMi
Hacoca. [Ipum BuOOpi rmMOMHM yCTaHOBKHM Hacoca Tpeba
BpPaxoBYBaTH JUHAMIYHIH PIBEHb PIIMHU Y CBEPIOBHHI —
Lyey = Hyyy + min 50 m.

IToka3aHo, mo 3MiHa 00'€MHOI 4YacTku BOAM B y
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HadTora3oBiii NMpOAYKIii BIUIMBAaE Ha MICIE YCTaHOBKH
Hacoca. Tak, npu 30UIBIICHHI OOBOTHEHHS TPOIYKIIIT BiJ
B=0% JI0 B=90% JUTST 3a0e3MeueHHs
pexoMeHaoBaHOro 3HadeHHs 10 % BiTbHOrO ra3y Ha
mpuiloMi y Hacoc, TJIMOMHA YCTAaHOBKM Hacoca Oyne
3MEHIITYBAaTHCS.

Tabnuus 1 — Po6oui mapamerpu nipu 10 % BiibHOTO ra3zy Ha
npuifomi Hacoca

Bwmict | Junamiunnii | Tuck Ha | peys I'mubuna | Hdebit
BOJU piBeHB, M npuitomi | xr/m’ | yerasosku | I'PC,
B, % Hacoca, Hacoca M’ Ha
MIla 00y
0 750 5,6 724 1520 30,26
40 950 4,8 823 1400 28,63
70 1080 3,6 905 1321 27,26
90 1150 1,9 959 1188 26,5

I'mubuna 3aHypeHHs Hacoca IiJ piBEHb pPIIUHU
3aJIeXKHUTh BiJl BMICTY ra3y W Boxu y HadTi. 30LIbIICHHS
rMOMHN 3aHYpPEeHHS Hacoca IPHUBOJIUTH JI0 3MEHIIEHHS
KUTBKOCTI Ta3y, M0 MOMaxae B HACOC pa3oM 3 PiIMHOIO.
OmgHak 3  TiABHIICHHAM  THOWHH  3aHYPEHHS
30UTBITYIOTECS MPYXKHI MOJOBXKEHHS HACOCHHUX IITAHT i
Tpy0. Y pe3ympTari IOr0 HACTYIae€ MOMEHT, KOJH

mojayeiie 30UTbIICHHS TAHOWHM 3aHYpPEeHHS Hacoca
CIIPUUMHSIE 3HIOKEHHS KoedirieHTa rnojayi "
NPOXYKTUBHOCTI Hacoca. ToMmMy B TakMX BHIIAJKax

MOTPIOHO BU3HAYMTH 3 OOJIKOM 000X (akTopiB (BILIUBY
ra3y i TOMOBXKEHHS HACOCHHX INTaHT 1 TpPyO)
pauioHaNpHY TIJIMOMHY 3aHypeHHs Hacoca, INpH SKid
BUXOJIMTh HAWOLIBII BUCOKHI KOCOIIIEHT Moaadi.

IMonanpmri PO3paxyHKH MIPOBEJICHO pu
MaKCHMaJIbHO NIPHITYCTUMOMY 3Hau€HHI 00'€MHOTO BMICTy
BIIBHOTO ra3y Ha npuiiomy Hacoca — 25 %. IIpu meHmmx
3HAQUEHHSAX TNIMOWHM YCTAHOBKH Hacoca (110 €KOHOMIYHO
BUTITHO) 3HAYEHHS BIIBHOTO Ta3y Ha TpHiioMi Hacoca
30UTBIIyETBCI  —  TOMY  HOTPiOHO  YCTaHOBHTH
rasocenaparop.

Bnaue 3minu cmpykmyphoi 8'a3xocmi 6000Haghmogoi

npooykyii na napamempu I[II'H. AHami3 TPOMHUCIOBUX
PEOJIOTIYHIX XapaKTePUCTHK IUIACTOBOI MPOAYKIUI MpH
pi3HUX 3Ha4YeHHSIX 00'eMHOI YacCTKM BOAM IIOKA3aB, IIO
BHE BinHOCHTBCS 10 HEHBIOTOHIBCHKOI DIJUHU THITY
I'epmens-banki.

T=1,+K-y",

JIe Tp — MeXa TEKy4oCTi IpH IIBHIKOCTI 3CYBY 7, IO
nopisaroe 0; K — mipa KoHcUcTeHmil pimuau, [la-c; n —
MMOKAa3HUK, IO XapaKTepuU3ye€ CTEeMiHb BiTXWJICHHS
HEHBIOTOHIBCHKOT PiIMHU BiJl HBIOTOHIBCHKOT.

YV Tabn 2 mnpencraBiieHi KOeQillieHTH IOTIHOMA
ampoKciMamii peoyoTidHOl XapaKTepUCTHKH IUIACTOBOT
piAMHYU IPH Pi3HUX 3HAYEHHSIX 00'€MHOI YaCTKH BOIHU B.

Y poboti uis omucy TiIpOJUHAMIYHHMX IpPOLECIB
HEHBIOTOHIBCKHX PiAMH MPUHHATO JOMYIIEHHS — PEOJIOTis
poboYOro  cepeloBHINA  ONHMCYETHCS  y3arajbHEHOIO
HBIOTOHIBCHKOT MOJEIUIIO. Hns y3araJbHEHOI
HBIOTOHIBCHKOI MOJIelNi BBeJieHa e()eKTHBHA B'S3KICTh, 1110

e(eKTUBHOT B'SI3KOCTI i piauHu tumy [ epiuens-bankmi
Mae BUJ:

o n my
K- +71,| 1—exp| ——
Y 0 p( r j

o . ’
Y

JIe m — SKCTOHEHTHUH MHOXHHK (mpuiimarots Big 500);
I' — xapakTepHa NIBUIKICTh 3CYBY.

Tabmur 2 — KoedinienTn noniHoma anpoxcimariii He
HBIOTOHIBCHKOT pigunu Tumy ['epmremns-bamxii [12]

B, % K n Ty
20 0,02 1 0
30 0,25 0,75 0
45 1,8 0,53 0
60 5 0,5 0
70 9 0,48 3
77 10 0,4 10
83 0,6 0,7 7
95 10°° 1 0

[Ipn BUKOHaHHI JOCHIHUIBKOI YAaCTHHU pPOOOTH
Oyno 3alUTaHOBAaHO BW3HAYWTH BIUIMB 00'€MHOI YacTKH
Bomu B (0;0,4;0,7;0,9) npu He3MIHHOI TINOWUHH
ycranopkn IIIT'H Ly, = 1200 M Ha poGoui mapamerpu
IUTYH)KEPHOTO ~ Hacoca Ta  3arajbHi  €HEPreTHYHi
xapaktepuctuku III'H. TasoBuit dakrop HadroBoOi
MPOAYKINI TIpH JOCHTiKeHH] — He3MiHHuH ['0 = 60 M.

PospaxyHkn poOouYMX TmapaMeTpiB IUTIYH)XEPHOTO
Hacoca, pO3paxyHKHM Ha MIIHICTh KOJOHM INTAaHT;
BU3HAYECHHS! EHEPTeTHMYHUX XapaKTEePUCTHUK HACOCHOI
YCTAaHOBKM Ha 3aJaHi IUIACTOBI YMOBH MPOBEICHO 3a
JOTMOMOT0oK0  MOAymiB Ne2-Ned4 3a  ymOCKOHAJICHOIO
METOIWMKOI0 BU3HaueHHS edektuBHOI B's3kocti BHE 3a
MPOMHCIIOBUMH JTAaHUMH.

Y poboTi TpoBemeHO EHEePreTUYHI pPO3PaxyHKH
pobotu Bciei ycranoBku LITH. IoTyxkHicTh, crioxmBaHa
OBHTYHOM  BepCTaTa-KayajKd,  BHUTPAYae€Tbcs  Ha
BUKOHAHHSA KOpHCHOI po0OOTH 3 mMigHOMYy piOWHA Ha
MOBEPXHIO 1 Ha TIOKPUTTS BTPAT MOTY)KHOCTI B €JIeMEHTax
III'H. Bu3HaumMmo BUTpaTH MOTYXHOCTI B MiA3EMHIH
YaCTHHI YCTAaHOBKHM: BTpPAaTH IOTY)XHOCTI Ha BHTOKY;

BTPaTH TMOTYXHOCTI B KIAlMaHHUX BYy3JaX; BTpaTd
MOTY>KHOCTI Ha MTOJI0JTAHHS MEXaHIYHOTO Ta
riIpOMEXaHIyHOro TepTs INTAHI, a TaKOX TepTd

IUTyH)Kepa B mwmiHApi, 3rigao [13]. Ha puc. 6,7 Ta y
Tabi1. 3 HaJaHO PE3yJIbTATH PO3PAXYHKIB.

BucHoBku. {11 TpoBeAeHHS  TOCIIJHUIBKUX
po3paxyHKiB y po0otTi BukopucToByIoThCS nNani HI'BY
"OxTtupkanagroras".

Y poboTi ymockoHaJleHa METOJAUKAa BH3HAYEHHS
po0oYMX  XapaKTepUCTHUK  INTAHIOBOrO  Hacoca 3
ypaxyBaHHSM pEAIbHUX XapaKTePUCTHK CEpeOoBHIIA:
ra30piAvHHI CyMillli Ta HEHBIOTOHIBCHKI PiAWHU (30KpeMa,
BOZIOHA(TOBI eMymhbCii). ¥ poOOTi MPOBEAEHO YHWCENbHI
JOCIIKEHHS Ul yMOB €KCIUTyaTalii CBEpATIOBHHU IS
KPUTHUYHHUX 3HaueHb oOBoxHeHHs HapTu Bix 40 % no
90 %; nocCHiIPKEHHS BIUIMBY €(QEKTUBHOI B'I3KOCTI

3alekKUTh Bia IIBUAKOCTI gedopmanii  cepenosuina — BOJOHA(QTOBOT eMynbCii Ha eKCIyaTalliifHi HapameTpu
[9,12]. Ampokcumyroumii BHpa3 IS BH3HAYCHHA  IUIYHXKEPHOIO  HACcOCy, BHM3HAYCHHS CTaTHYHUX Ta
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Tabmuns 3 — 3BefeHi pe3yabTaTé po3paxyHKiB TapaMeTpiB HACOCHOT yCTaHOBKU

OCHOBHI mapameTpu 3HaueHHs
O06'eMHa 107151 BOAM y poAyKIii B, % 0 | 40 | 70 [ 90
I'mubuna ycranoBKku Hacoca Ly, M 1200
O6'eMHa 107151 BUILHOTO Ta3y Ha npuiomi Hacoca (B)y,, Yo 22 21 17 9
B'si3kicTh edpexTrBHA Ha puioMi (W), MITa-c 2,2 22,4 10,13 1,2
IlibHICTh CyMilTi Ha NPHIHOMi (Pype)up, KI/M 741 885 993 1065
Trck HacHYEHHS 3 ypaxXyBaHHIM cenaparii nepex Hacocom P, MIla 5,48 4,86 4,26 3,6
THcK B IIMITIHPI Hacoca MPH BCMOKTYBaHHI p,., MIla 3,88 3,17 2,57 1,96
TuCK B IMITIHAPI HACOCA IPH HATHITAHHI P50, MI]a 10,3 10,43 11,46 14,0
Ilepenan THCKy, cTBOpIOBaHUI HacoCOM (Ap),,., MIla 6,3 7,23 8.8 12,1
Koedimient HamoBHEHHsI Hacoca Ky, J1.0. 0,786 0,811 0,826 0,93
Brpara X0y mosiipoBaHOT0 MITOKY A, M 0,132 0,183 0,21 0,2
Koeoiient nonaui Hacoca ki, A.0. 0,681 0,72 0,74 0,82
MakcumManpHe HaBaHTaXeHHs y Toull miasicy kojgouu mradr (KII) P, kH 47 48 48,7 49
Poszpaxynkose Hanpysxkenss KII o,,,;, MITa 50 52 53 53,5
KpyTHuii MOMEHT Ha KpUBOLIMIIHOMY Baily pegykropa M,,, kH'm 13,31 14,0 14,4 14,45
KoeoirieHT BTpAT MOTYKHOCTI Ha BUTOKH K, 1, 1.0 0,958 0,992 0,98 0,799
Koedinienr Brpar notyxHocti Ha TepTst Kiepy, 1.0 0,68 0,64 0,43 0,29
KK/ y nigzemuoi yactuau HITH 1y, 1.0. 0,579 0,608 0,68 0,658
3araneanit KKJ1 ycranosku IHI'H n,,., % 38,5 40,4 45,5 43,7
[oTyxHicTh, IO 3aTpaycHa Ha MiTHOM piauHH, KBT 3,94 5,2 5,3 7,2
2 — IITaHT IS BCHOTO Jliana30oHy 0OBOAHEHHS HA(QTH.
Penp: % | _'f’-_'}up OOnik  HeNHIWHOCTI  PEoNIOTIYHOI  CTPYKTYpH
et L B BOMOHA(GTOBOI €Mynbeii Ta 1i B'3KOCTI MOKa3aB, MIO
T e -7 BTpaTH  MOTYXHOCTI y  KPHUTHYHOMY  Jiamna3oHy
/ .
2 L ob6Bognenns Haptu 40-70 % y mITaHroBOoMy Hacoci
, . HCBI1-38 36ubimyrorscst Ha 20-30 %.
8 / [ \ BcTanoBneHo, mo mpu 30idbIIEHHI 00'€MHOI 0TI
ol ! ! N BoAM Yy  HApTOra3oBoi  MPOAYKIII BIUIMB  rasy
{ N 3MeHIyeTbes. Tak, mpu He3MiHHOI I'TMOMHI yCTaHOBKH
o3 20 0 80 80 100 Hacoca y CBepUIOBUHI — Ly = 1200 M, cnocTepiraerscs

B, %
Puc. 6. 3anexHicTs 3MiHH (i3HYHUX BIACTHBOCTEH Ha MPUIHOMI
Hacoca (Lye, = 1200 M, T'o = 60 M*/m°) Bin 0GBOHEHHS
npoaykuii B

\
S 08 { |
= - -
I —x.
205 =l | :
] =~ I— -k

. ~ wepr
_— -~
= -
204 ~
= ~

~
0.2+
0.0 ! : T T
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B, %

Puc. 7. 3anexHicTh KOe]ili€HTIB BTPAT BiJ 0OBOJIHCHHS
npoaykuii B (Lye; = 1200 M, T'o = 60 M /)

JUHAMIYHUX HAaBaHTa)X€Hb, IO AIIOTh HA KOJOHY INTAHT;
BTpaTH  JOBXHHM  XOAy IUIyH)Kepa;  BH3HAUYCHHSA
€HEePreTHYHUX XapaKTePUCTHK BCi€] HACOCHOT YCTaHOBKH.

BceranoBneno, mo s oOpaHOi KOHCTPYKHii Ta
Mmarepianry 1wrtanr AX 13 neroBanoi crami 20HM
(momyctma Hanpyra  [G]; = 90 MIla) BUKOHYIOTBCS
YMOBH 3a0€31e4YeHHsT BTOMHOI MIITHOCTi KOJIOHH HACOCHHUX

3MEHIICHHS 00'eMHOI 10JIi BUJIBHOrO ra3dy Ha HpHUHOMI
Hacoca, (Brmp 3 22% no 7 %. IloryxHicTh, sKka
BUTpadYe€Ha Ha  MIAOM  PiAWHH,  30ITBIIYETHCS.
[IpucyTHICTS Ta3y Ha BXOAI B HACOC TPA€ HETaTUBHY POJIb,
3HIKYIOUH KOe(illieHT HAOBHEHHS HACOCA My, AJeE 3
iHmoro OOKy, ra3, SKWHH TMOTpauB B HACOCHO-
KOMIIPECOPHI TPYOH, CTBOPIOE «Ta3ni)THHI eerT.

3a pe3ynbTaTaMu po3paxyHKiB y Ta0i. 3 6aunmo, 110
3MiHa O0'€eMHHMX YacTOK BOAM Ta ra3dy y HapTOBOi
NPOJXYKILIT HEOJHO3HAYHO BIIMBAE HAa EHEPreTHYHI
xapaktepuctuku Bciei ycranoBku III'H. Tomy s
MiABUIICHHS €(EeKTUBHOCTI NMPOEKTHHX pPOOIT 3 BHOOpPY
ONTUMAIIFHOTO PEXUMY POOOTH HACOCHOTO OOJaTHAHHS Y
CBEpAJIOBUHAX 3 YCKJIaJHEHUMH YMOBAaMH i 3a0e3MeueHHs
HagiiHOCTI POOOTH, HEOOXITHO TPOBOAWTH UHCENBHI
eKCIICPUMEHTH 32 JIOTIOMOTOI0 KOMIUIEKCY TNPHUKIATHUX
porpam.
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0.1 TACIOK, €. M. IIEHTA

JUHAMIYHI XAPAKTEPUCTUKHU I'TJPOITPUBOJAY POBOYOI'O KOJIECA MIOBOPOTHO-
JOMNATEBOI I'I/IPOTYPBIHU

VY crarTi mOCHiKYETbCS POOOUYMI MpOLEC MEXAaTPOHHOIO TiAPONPUBOLY POOOYOro Kojeca IOBOPOTHO-JIONATEBOI TinpoTypOiHM Ha OCHOBI
YAOCKOHAJICHOi MaTeMaTuuHOi Mozeni. [TosinieHHs MoKa3HUKIB SIKOCTI IMHAMIYHUX XapaKTEPUCTHK 3a0€3MeUeHO BBEACHHAM B IPHCTPIi yrpaBiIiHHA
nsox IIIJ[-perymsitopiB 3 mudepeHIiaTbHAM 130APOMHUM KaHAJIOM HAJAlITYBaHHS. BimparfoBaHHS MajauX IEPEMIIICHb MOPIIHS CEPBOMOTOpPA
(MaJux KyTiB OBOPOTY JIomaTeii) 3 JOCTaTHBOIO JUIs IPAKTHKU TOYHICTIO JIOCATHYTE IUIIXOM IOCTAHOBKH i BUPIIIEHHS 3a/1a4i JMHAMIYHOIO CHHTE3Y
KOPUTYBAJIbHOTO MPUCTPOIO. 3HAYECHHS OTPUMAHOT KPHBOI BBOASTBCS B IIPOrpaMHe 3a0€3IeYEeHHs CUCTEMH YIPABIIHHSA 1 B poLeci poOOTH HAJIXOATh
B mponopuiiHuii kanan I[1I/I-perynstopa, nepeTBOPOIOYM HOr0 B KOPHUTYBajbHUil mpucTpiit. [Ipy 1pOMY OJHOYACHO NOCSATHYTa iHBAapiaHTHICTb
pobovoro mporecy, B TOMY 4YHCIi, B PEKHUMI MajluxX KyTiB IOBOPOTY Jomareil rigporypOinu. [laHa omiHKa BIUIMBY 301JIbLICHHS Ta30BMICTY B
nBodasHii pobouii pimuHi 10 15 %. OTpumaHi pe3yibTaTd MiATBEPKYIOTh HEOOXIJHICTH 3HIIKEHHS ra30BMIiCTy B poOOdYil piiuHi, 110 BUKIIHKAE
KOJIUBaHHS TUCKY B 00'€eMHOMY TiZIpONPUBO/I, MpUUOMY ABO(a3Ha podoya pilMHa BUKIMKAE OINIbII CYTTEBI KOIMBAHHS, HiXk ofiHO(a3Ha. PesynbraT
TPOBE/ICHUX JOCII/KEHbh MOXYTh OYTH BHKOPUCTaHI NpH po3poOlli HOBHX O0'€MHHX TiZIPONPUBOJIB Ta JO3BOJAIOTH aHAJIi3yBaTH JWHAMIYHI
XapaKTEePHCTUKU TiAPONPUBOJIB pi3HOro mpusHadeHHs. ONTHMI3allis NPoBOAMIACS METOJOM Ipob i mommiok Ta MeromoM Polak Ribiere makera
VisSim [yis 3100yTTsI CHHTE30BaHOI HENMIHIIHOT 3ale)KHOCTI Koe(illieHTa po3y3rofKeHHs e. J[oChimKeHHs AMHAMIYHMX MPOLECIB MPOBOAUIOCH B
makeTi imitaniiiHoro MozemoBanHsa VisSim i JaHa OLiHKa MTOKa3HUKAM SKOCTI MEPexiJHUX MPOLECiB s 3a0e3MedeH s 3aJaH0l TOYHOCTI IPH MaJuX
HepeMillleHHIX CepBOMOTOpA.

KaiouoBi c10Ba: MaTeMaTHYHAa MOJENb, TiIPONPHBOA, IIOBOPOTHO-JIOMATEBAa TiApoTypOiHa, poboue komeco, ITIJI-perymsrop, koedimieHT
ITiICHIICHHSI CUTHAJIIB, KOPUTYBaJIbHHUI MPUCTPIl, OMTUMI3ALlis, CHHTE3.

A . U.TACIOK, E. H. IEHTA

JAHAMUYECKHUE XAPAKTEPUCTUKU I'HIPOITPUBOJJA PABOYEI'O KOJIECA TIOBOPOTHO-
JOMACTHOM T'UJIPOTYPBUHBI

B crathe ucciemyercst paboumii MpoLecc MEXaTPOHHOTO THAPOIPHBOAA padodero Kojeca IIOBOPOTHO-JNOMACTHON THAPOTYpOMHBI HAa OCHOBE
YCOBEPIIICHCTBOBAHHOM MaTeMaTHYeCKOW MOJENH. YIIydIleHHEe IOKas3aTeleil KadyecTBa JMHAMUYECKMX XapaKTEPHCTHK OOCCIICYEHO BBOJAOM B
ycrpoiictBo ympasnenus n8yx IIM/I-perymsatopoB ¢ muddepeHIHan-HEIM H30JPOMHBIM KaHAJIOM HacTpoiku. OTpaboTka MaibIX IepeMeIleHUH
HOPIIHS CEPBOMOTOpa (MaJIbIX YIJIOB IOBOPOTA JIOMACTEH) € JOCTATOYHOH IUI MPAKTUKU TOYHOCTHIO JIOCTUTHYTA ITyTEM IOCTAHOBKM M PELICHUS
3a/1a4M MHAMHYECKOr0 CHHTE3a KOPPEKTUPYIOIIEr0 YCTPOHCTBA. 3HAYEHHS IOIY4YCHHON KPUBOW BBOASTCS B IIPOIPAMMHOE O0ECIIEUEHHE CHCTEMBI
YIPaBICHUS U B IPOLecce padOThI MOCTYNAOT B MPONOPLUMOHabHBIN KaHan [IV/]-perynsaTopa, npeBparias ero B KOppeKTHUpYyollee ycTpoicTBo. [Ipu
3TOM OJHOBPEMEHHO JIOCTUTHYTAa MHBAPMAHTHOCTH PabOdero Ipolecca, B TOM YHUCIE, B PEKUME MaJlbIX YIJIOB IIOBOPOTA JIONACTEH TMAPOTYPOHHEL.
JlaHa oLeHKa BIMSHUS YBEIMYCHHS ra3ocoiepkaHusi B IByxdasHoll paboueld >kumxoctd 10 15 %. IlomydeHHble pe3ynbTaTbl MOATBEPKIAIOT
HEOOXOAUMOCTh CHIDKEHHUS Ta30COACpXKaHHs B pabouell KUAKOCTH, BBI3BIBAIONIETO KOJICOAHHS JAaBICHUS B OOBEMHOM THAPONPUBOAE, IpUYEM
nByX(asHasi paboyast )KHIKOCTb BBI3BIBACT OOJIee CyNIeCTBEHHbIE KoJeOaH s, 4YeM ofHO(a3Has. Pe3yabTaThl POBECHHBIX HCCIECAO0BAHUI MOTYT OBITh
HCTIONB30BaHbl NMPH pa3paboTKe HOBBIX OOBEMHBIX TMIPOIPHBOJOB, IO3BOJSA aHAIM3HPOBATh NHHAMHYECKHE XapaKTEPHCTHKH THIPOIPUBOIOB
pasnu4HOro HazHadeHws. ONTHMH3AUWs MPOBOJAMIACE MeTonoM mpod u omubok u Mmeromom Polak Ribiere makera VisSim mis momydenwus
CHHTE3MPOBAHHON HEJIMHEIHOI 3aBHCHMOCTH K03 dUIHeHTa paccoriacoBaHus e. MccienoBanie JUHAMHYIECKHX MIPOLECCOB MPOBOJHIOCH B MAKeTe
HMMHUTAIMOHHOTO MOJGNIHPOBaHMs VisSim U JaHa OIeHKa MOKa3aTeNsIM KauecTBa MEePEeXOIHBIX MPOLECCOB I 00eCIIeueH s 3a1aHHOI TOYHOCTH TIpU
MaJbIX HepeMeIICHHAX CEPBOMOTOPA.

KnioueBble cjoBa: MareMaTHdyecKas MOJENb, THIPOIPHBOI, NOBOPOTHO-JIONACTHAs THAPOTYpOMHA, padouee koseco, ITUJI-perymnsrop,
KOO (UINEHT YCHIICHUSI CHTHAJIOB, KOPPEKTHPYIOIIEe YCTPOHCTBO, ONITHMH3AIINs, CHHTES.

0. HASIUK, E. TSENTA

DYNAMIC CHARACTERISTICS OF HYDRAULIC DRIVE OF THE RUNNER OF A KAPLAN
HYDRAULIC TURBINE

The working process of the mechatronic hydraulic drive of the runner of a Kaplan hydraulic turbine on the basis of an improved mathematical
model is studied in the article. Improvement of the quality parameters of the dynamic characteristics is provided by the integration of two PID
controllers with differential isodromic tuning channel into a control device. The development of small displacements of the servomotor piston
(small angles of blade rotation) with sufficient accuracy for practice was got by formulating and solving the problem of dynamic synthesis of the
correcting device. The values of the obtained curve are fed into the control system software. In the process of operation this data is fed to the
proportional channel of the PID controller, turning it into a correcting device. At the same time, the invariance of the operating process is
achieved, including in the mode of small angles of rotation of the hydraulic turbine blades. The estimation of the impact of increasing gas content
in the two-phase working fluid up to 15 % is given. The obtained results confirm the need to reduce the gas content in the working fluid, causing
pressure fluctuations in the volumetric hydraulic drive, and the two-phase working fluid causes more significant fluctuations than single-phase
one. The results of the conducted research can be used in the development of new volumetric hydraulic drives, making it possible to analyze
dynamic characteristics of hydraulic drives for various purposes. Optimization was carried out by the trial-and-error method and the Polak Ribiere
method in the VisSim package to obtain a synthesized nonlinear dependence of the mismatch coefficient e. The study of dynamic processes was
carried out in the VisSim simulation package. The estimation of the quality parameters of transient processes to ensure the specified accuracy at
small movements of the servomotor was given.

Keywords: mathematical model, hydraulic drive, Kaplan hydraulic turbine, runner, PID controller, signal amplification factor, correcting
device, optimization, synthesis.
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(mami CYYOP) 3acHoBaHa Ha LIMPOKOMY 3aCTOCYBaHHI
004ncIIoBaILHOT TEXHIKH, B TOMY yuci
MmikpokonTposepie Ta EOM [1-9]. Lle no3Bonse icToTHO
CKOPOTHTH  KIUIBKICT  TifipoamapariB,  MeXaHIYHHX
eJIEMEHTIB (TPOCIB, BaXkeJiB, KyJIa4KiB Ta iH.) 1 mepenaTu
iX (YHKIIi eTeKTPOTEXHIYHUM MPHUCTPOSIM, YIPABISIOUii
eNeKTPOHII, TnporpaMHOMy  3abe3nedeHHI0O EOM.
3'sIBUIIACS MOXKITUBICTD pO3pOOIATH MEXaTPOHHI CHCTEMHU
3 MOJIIIICHUMH JUHAMIYHUMH XapaKTePUCTUKAMH, YOMY
1 IpUCBsYEHA IS CTATTS.

AmHauni3 ocranHix aocaizkens. B podorax [10, 11]
BUKJIQJA€EThCS  METOJAMKA  PO3PAaXyHKY  JMHAMIYHHX
XapaKTEepPUCTUK CHUCTEM YIPAaBIIHHS TiAPOTYpOiHAMH Ha
OCHOBI MateMaTH4yHoi Mojeni (nani MM), npezacraBineHol
JIHEApU30BaHHUMHU  PIBHSAHHAMH B IPUPOLICHHSIX.
TouHICTh pPO3paxyHKYy TaKOIro MiIXOAYy BH3HAYAETHCS
BUOPAHOI TOYKOIO JiHEApH3allii 1 BEJIMUUHOIO MPUPOCTY.
ABTOpH BiA3HAYAIOTh, MO MPH OIIHII CTIHKOCTI MOXKHA
KOPHUCTYBaTHCSl Takow Mmojeuno. OmHaK 3 IOSBOKO

KOMI'IOTEPHUX CHCTEeM JIiHeapm3oBaHa MM  Moxke
CIY’)KATH JIAIIe JUIA TOMEpPeqHIX pPO3paxyHKIiB i
JOCTIKCHb, BUOOpPY OCHOBHOTO OOJagHAHHS, YaciB

3aKpHUTTS HANpABISIOYOTO amapaty, a IJisi MOBOPOTHO-
jonaTeBux TiapoTyp6in (mani ITJII) i po3BopoTy sonatei,
Ta iH.

Po6ota [12] npucBsiueHa OCHOBaM JAWHAMIKH CHCTEM
JMHIMHAX 1 JiHEapU30BaHUX CUCTEeM. BuKiageHo meToan
PO3paxyHKy CTIHKOCTi, BHOOpY MmapameTpiB i CTPYKTypHu
peryiaTopiB MBHUAKOCTI TiApoTypOiH, IO 3acCHOBaHI Ha
BUKOPHUCTaHHI JorapupMiyHuX 1 (a3oBUX YaCTOTHHUX
XapaKTepUCTHK. Hagseneno TPUHIUIIOB1 CXEMH
peryiiaTopiB  IMIBUAKOCTI Ta METOAM 1X HATypHHX
BUIpoOyBaHb. He3Baxkaroun Ha nepeBa)kHe BUKOPUCTAHHS
Teopii miHiiHUX cucteM, pobora [12] i cporomHi Mae
TEOPETHYHY 1 MPAKTHYHY 3HAUYIIICTb.

Y pobori [3] Bukmameno anamiz CYUOP
rizpotyp6inun (I'T) Bim rigpomexaHiYHHX IO CYYacHHX
KoMI'IoTepHuX. Bim3Hawaerncs, mo BBeaeHHI EOM B
CHCTEMY, 3 OJTHOTO OOKY IiIBHIIY€E 3HAUYIIICTH PO3POOKH
YKpynHeHHX 1 Oimpm moBHmXx MM, a 3 iHmoro -
BIZIKpUBAaE€ MOXJIMBICTH 32 JOIIOMOIOI0 IPOTPaMHHX
3ac00iB peali3yBaTH Pi3Hi 3aKOHM yrpaBiiHHs. HaBeneHo
GYHKIIOHAJIBHY CXeMy, pO3pO0JIEHOT KOHCOPLiyMOM
«Perynstop» (Ykpaina, XapkiB) coiibHO 3 (ipMoro
ALSTOM POWER HYDRO (®panuis, ['penoGins)
mepmoi B Ykpaini komm'iorepHoi CYUOP  npm
PEKOHCTPYKIIiT Ir Kpemenuyupkoi I'EC
JIHITPOBCEKOTO  Kackamy. 31 CXeMH IPOTpaMHOTO
3a0e3neueHHs BUTHO YIPaBIiHHSA poO0OYUM KojJecoM (Iaii
PK).

Po3po0bmi mareMaTHYHUX MOZENECH CIIEMEHTIB 1
By3nmiB CYUOP (y ToMy wuHciHi TiApONpUCTPOIB s
o0'eMHHX TipocucTeM) mpHUcBsAueHi poboru [14-18].
AHamiz pobiT mokazye, 1m0 po3poOka  Mojaenei
BHUKOHYyBanacs 6e3 ypaxyBaHHS pSIy BaXJIUBUX (pakTopis,
SKi TO3BOJIAIOTH MiABUIIUTH iX aJeKBaTHICTh peaTbHOMY
00'exTy Ta OuTbmI edexkTuBHO BHKOpHcTOoBYBaTH CYYUOP
I'T.

Binburicte  poOIT TNPHCBAYEHHX MaTeMaTHYHOMY
OINCY EJIEMEHTIB KOMILJIEKCY TipOIPUCTPOIB 3BOAMTHCS
0 JIIHEApU30BaHWUX PIBHSAHb, JO CHCTEM JIiHIHHUX

piBHAHB, B TOoMy uHcii audepenuianpaux. [Ipn mpomy
BHUKOPUCTOBYEThCS TepeTBopeHHs Jlamaca, mepenatHi
¢yHKLil, TOOTO Teopis JiHiitHUX cuctem [12].

B papi pobiT  pO3IISAHYTO — 3aCTOCYBaHHS
rigpomMexaHiyHux  [12]  Ta  enexTporiIpaBIiyHUX
peTyasATOpiB AN pamialbHO-OCROBHX 1 TOBOPOTHO-

JomaTeBux rigportyp6in [12, 13, 19].
Po6otu [13, 19] mpucBs4eHi onucy yIOCKOHAJICHIX

€JIeKTPOT1IPaBIIIHIX CYYOP. [IpuBenena
(yHKIiOHAPHA CXeMa, SKa MICTUTh TPUCTPOi 3
MPONOPUiHHO-IHTeTpaJbHAM  3aKOHOM  YIPaBIiHHA,

i30/IpoM, TIPHUCTPil ynpaBisouoi Aii MO NMPHUCKOPEHHIO.
Marematnynnii onuc CYYOP npesacTaBieHuii niHiIHHO0O
MO/JIEIIIO.

B po6ori [14] po3risHyTe NUTAHHS ITiABUIICHHS
skocti nepexinHux npouecis B CYUOP rigpotyp0inu, 1110
BUKJIMKAaHI PI3HUMH BIUIMBAMU. Bim3HadyeHo, M0 mpHU

BIIHOCHO  CJIA0KMX  BIUIMBaX (HEBEIMKHX  3MiHaX
HaBaHTaXCHHS abo YaCTOTH) HEeTiHIHHOCTI
XapaKTePUCTUK JIAHOK HE CHPAaBJISIOTH  BiAYYTHOTO

BIUIMBY Ha IIPOIIECH PETYIIOBAHHS 1 aHAJi3 ITOBEIiHKH
CHCTEMH MOXe Oa3yBaTHCA Ha Teopil JHIHHUX CHCTEM.
[Tpu cuiIbHUX BIUTMBAxX (CKUIAHHS HABAHTAXKECHHS, ITyCKaX
1 3yIUHKaX, MBUIKUX 3MiHAX HABAHTKEHHS 1 BiTKPUTTS
TypOiHM) TapaMeTpH AeSKUX JIAHOK CHCTEMH OTPHUMAIOTh
3HA4YCHHS Ha HeJiHIWHIN YaCTHHU XapaKTePUCTUKHU. Y IHX
yYMOBax HEJNIHIMHOCTI XapaKTepPHUCTHK JAHOK ICTOTHO
BIUTMBAIOTh HAa TIEpEXifHI Mpoiecu. ABTOpP MPOTOHYE
y3arajJbHEHUH MOKa3HUK SKOCTi, J€ 3 IEBHOIO Baror
BXOJIITh IPUHHSATI TIOKAa3HUKH IIEPEXiJHOTO Tpoliecy (Jac
pETYIIOBaHHS, TIEPEPEryIIOBaHHs, KUIbKICTh KOJIMBaHb Ta
in.). Ilpu y3aranbHeHOMY NOKa3HHKY SKOCTI Kparmii
pesynbratu otpumani 3 IIIJ[-perymsropom. Kpim Toro,
MiIKPECTIOETCS, 110  BIOCKOHAJIEHHS  METOJHKH
ONTHMI3allil TOBUHHO 0a3yBaTHCs Ha aHAJI31 MepexXiTHuX
MpoIleciB, OJAepXKyBaHMX 3a pgomoMororo EOM Ta
PO3pO0IIEHOT MATEMAaTHIHOT MOJIEII.

Y pobotax [3-5] Bmepmie B HayKOBO-TEXHIUHiH
JmiTeparypi BHKIAQJEHI pPe3ylbTaTH MOJCTIOBAHHA Ta
JIOCTIKCHHS TIePIIoi KOMITIOTEPHOI CHCTEMH YIIPaBITiHHS
IUII'. Ognak y mux poOoTax HE MPUAUICHO HAJICKHOT
yBaru JOCHTIDKCHHIO JTUHAMIKH pPOOOYOro MpoIecy
rinponpusony PK (mami I'Tl PK), 1o € ogHUM 3 BaXITHBHX
CKJIaOBUX KOMII'toTepHOi cuctemu [1JIT.

IMocranoBka 3agavi. Pesynbratu aHanizy ocTaHHIX
myOmikamid ToKa3aimu, M0 3a0e3nmeueHHs CydacHHX
BHCOKHX TEXHIYHHX BHMOT 10 pobodoro mporecy ['TI PK
st noeopoty Jjomared IIJIIT mponomxye 3amuiuaTucs
aKTyallbHOIO 3aj1auero. [1 pillleHHs MOB'A3aHe He TilbKH 3
MONIMIIEHHAM TEXHIYHUX XapaKTEpPHCTHK €JEeKTPO- i
rizpooOnamHaHHA, aje 1 3 ICTOTHUM TMEperisiaoM
(opMyBaHHS 3aKOHIB B IPHUCTPOSX YNPABIIHHSI, IO
BXoATh 1o cknaay I[TI, Ha 0a3i JocsrHeHb Teopiii
ABTOMAaTHYHOTO yIIpaBJIiHHS, METOJIiB CUHTE3Y,
ontuMizanii Ta o04MCIIOBaNBHOI TexHikW. [lomimmeHHs
JUHAMIYHUX 1 CTaTHYHHX XapaKTepUCTHUK (TIOKa3HUKiB
SKOCTI TepexXiTHUX MpOoIeciB) i 3abe3NedeHHs PEeKUMY
MaNuX  TEpeMilieHb  [UIIXOM  BBEACHHSA  OLIbII
e(eKTUBHUX 3aKOHIB YIIPABIIHHSI 1€ B HAJICKHIN Mipi HE
BUKOPHCTaHI 1 NPOJOBXYIOTh 3AJIMINATHCS AKTyaJIbHOIO
3aj1a4ero.
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OcHoBHa 4vacTHHA. Po3risHEeMO poO3paxyHKOBY
cxemy I'TI PK (puc. 1). Jo i cknagy BXOAUTH TiNbKH TPH
ringponpuctpoi (Ha Bigminy Bix momnepennix I'TI): EI'TT —
€JIEKTPOT1IPABIIIYHUIT TIepPEeTBOPIOBAY JUIsl NEPETBOPEHHS
BXITHOTO  EJISKTPUYHOTO CHTHally, WIO BiJIOBIJIa€E
3HAYCHHSAM KOMOIHATOPHOI 3aJIe)KHOCTI B JAaHUH MOMEHT
gacy, B TigpaBmiuamii; P3 - Tigpopo3nmomimeHHEK
30JIOTHAKOBOTO  THIy 3  TiAPOYIPABIiHHAM, IO
3abe3neduye BUTpATy i 37MB poOodoi pinuau (mami PP) 3
MOpIIHeBOi i IITOKOBOI ~ TOPOKHMH  TPETHOIO
rizpomnpucTporo — cepsomoTopa (gani CM); CM 3xiiicHioe
4yepe3 MPUCTPii KIHEMaTUKU po3BOPOT 10 37° 1 3ropTaHHs
nonareit PK.

I'TT PK ocHameHudl BUMIpIOBaJbHUMH, aHAJIOTO-
uudpoBuMH 1 1MPO-aHATOTOBUMH  MPUCTPOSIMH
BU3HAYCHHS (PAKTHYHOTO TOJOXKEHHs 3070THHKIB EITI i
P3, mroka CM, koutpoito Ticky PP B pi3HuX Toukax Juis
momadi  iHdopMmarii B Komm'torep.  [Iporpammue
3a0e3nedeHHs dopmye YIPaBISIOUNHA CUTHaI
KOMOIHATOPHOT 3aJIEXKHOCTi, IO 3a0e3ledye MiATPUMKY
pobotu ITJII" B onTUMabHOMY PEXHUMi IIPH 3MiHI HATIOPY
i motyxHocti. Cxema (puc. 1) MiCTUTb NPHUIHATI B CTATTI
MTO3HAYCHHA ITOCTIHHUX 1 3MiHHHUX [TapaMeTpiB, MO3UTHUBHI
1 HeTaTHBHI HapsAMKH nepeMimiens 30m0THUKIB EI'TI, P3 i
mToka CM, a Tako>K BUTpAT.

Ynockonanena HemniHiitHa MM munamiku I'TI PK 3
ypaxyBaHHSIM HENTIHIHHOCTEH TigpONpHCTPOiB, 3MIHHHX
KoedimienTiB BUTpar y ¢yHKIil uwmcna PeiiHombaca,

Komm'torep 3 npucrposimu

MPUBEJICHUX MOMIYNIB NPYXKHOCTI aBodasHoi PP Ta im.
npexacrasieHa cucremoro (1) 3 10 mudepeHmiambHUX
PIBHAHb TEPIIOTO TOPSAAKY (3 AKMX 6 — HENiHIWHI) B
HOpMambHIH Gopmi Ko,

VY cucremi piBasaHb (1) dopmymu (8.1), (9.1), (10.1)
BIAMOBiA0OTE po3BOpOTY Jomareit; (8.2), (9.2), (10.2) —
3TOPTaHHIO JIOMIaTeH.

Hdas OTpUMaHHs OJTHO3HAYHOT'O pileHHs
BU3HAYAIOTHCSI TI0YATKOBI YMOBH (BIANOBIHO JI0 CUCTEMH
piBasaHb (1) ix 10) Ha OCHOBI cTaTW4HOI MOJEJNi i CTaHy
I'TI B MOMeHT, 110 TIepeye NOYaTKy pyxy.

[Ipu moGynoBi MM mpuHAHATI Taki ZOMYIICHHS:

- PP oxHOpiznHa i 1i Tedis Hepo3puBHa,

- TeMIeparypa, TYCTHHA, B's3kicte PP crami, mo
JIOPIBHIOIOTH CEPEeTHIM 3HAYCHHSIM;

- PP B 3a3opax map tepts EI'TI, P3, CM BBaxkaemo
HECTHCIIMBOIO y 3B'I3Ky 3 THM, IO JOBKHHA 3a30piB
3HAQUHO MEHIIE JIOBXHMH XBHJb KOJMBaHb,  SIKi
MOMINPIOIOTHCS B CTUCIMBHX CEPEIOBHIIIAX;

- putoku PP yepes 3a3opu B rigponpuctposx [Tl He
BpPaxOBYEMO uepe3 IXHI0 MaliCThb Yy TMOpPIBHAHHI 3
BUTpaTaMH B CUCTEMI;

- irepuifiHicts PP B rigpominisx ET'TI i P3 mana y
MOPIBHAHHI 3 CHJIaMU TiAPaBIivHOI ii Ha 30JI0THHUKH;

-BTpaTd THUCKy B HATHITaJNbHIA 1 3IUBHIN
Marictpaimsix Bix P3 o CM He BpaxoByeMo depe3 IXHIO
MAJIiCTh Y TIOpiBHAHHI 3 THCKOM B ['TI;

- tuck PP Ha Buxoni MHY mpuiiHATHII TOCTIHHUM.

PO3BOPOT JlONATei

MHY BBE/ICHHS T4 BUBE/ICHHA Bllps n CM
}'Hpﬂli_llﬂl(l‘ll‘lx CHI'II?J.'IiB
3rOpTaHHs
\ Py P3 nonareii +lx¢_\1 +ld%:\’cm
Z 1

B

P Rl‘""f . Blleum
T -4 A

-
f—a

EI'TI

M +f}(p3 +1 % =Vp3

{ } +lXE +l((11—)t{£:\-’1-: '

= AN =R—

PK

Puc. 1. Po3paxyHkoBa cxema IiJJponpuBoay pobo4oro Komeca:
MHY - macnonamnipHa ycraHoBka; P3 — rigpopo3noainsauk; CM — cepBomotop; EI'TI — enekrporigpaBiniuHuii mepeTBOpIOBaY;
b — rigpo6ax; BIIp3, BIlcm — BuMmiproBaibHi neperBoproBadi BianosinHo P3 i CM; PK — po6oue koneco; U,  — €IeKTpHYHa HAIpyTa
KOMOIHATOPHOT 3aJIeKHOCTI
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dx
l. Tf = VE!
o i 1(Uy Ky —i
Tdt T, R '
5, Mo _ (Kai=Ce (3 +3)+ G /m
dt ~Forpe = Froe — FHE) £
4. d;‘:3 —v,,,
5 avp, _ (Ap3 11 D3 + Aps Py — Gos — m
dt _FP.TP.P3 - FTP.P3 - Fl'}:[AP:;) e
dx,
6 g ~Vow
dVCM _ (Anpn _ALUpLL[ _FC.CM —/mCM ’ (1)
dt _FTP.CM - FP.TP.CM)
dp Vyps + Ay
8.1 d? = (qP3 = AV )/[OHI;AM},
P3
dp X
8.2. - (APSH b3 ~ Ups )/{UNI;AWJ
3
dp V, + A x,
9.1 dtn = (Yo — ArVen )/[OMEAHCM]

CMLIT

d
9.2. p“ = (AnVew qCM,H)/[OlCMEAHXCM]
Ml
10.1. dpm (ALLIVCM Oemm )/{ OZCME AUJXCMJ
M

10-2-%:(%VcM—%M_m) Vozen ~ Auom ]
dt ECM.LLI

TyT VE, Vp3, Vems X, Xp3y, Xem — BiZ[HOBiZ[HO
MIBUAKOCTI 1 mepeMinieHHs 3omotHukiB EI'TI, P3, mrToka
CM; i - enekTpuYHHIl CTPYM SKIPHOTO JaHIIOra
enexktpomarHity EITI; Uy — enexrpuyna Hampyra Ha
Bxoji enekrpomarnity EI'Tl; R, T\, Kpg, K¢ — BignosigHo
aKTHBHUI omip 1 mocTiiiHa dacy sKIpHOTO JIaHIIOTa,
koedilieHTH mpoTH-e.p.c. 1 MarHiTopymiitHol cum; G,
Mg, Cg, Xgo — BIANOBIAHO cHJIa BarM i Maca PyXOMHX
€JIEMEHTIB, JKOPCTKICTb 1 BEJMYUHA TIONEPETHBOTO
crucHeHHs npyxunu EI'TI; Po, Pes, Pm, Pm — Tucku PP
BimmoBigHO Ha Buxomi MHY, P3, B mnopmHeBidd i
IITOKOBIH TIOPOKHHUHAX CM, AP3AH1 AP3AB1 AH, A]_H, VOAP31
Voi.cms Voz2.oMm — BIITIOBITHO TUTOIINI TIOTIEPEYHUX TIEPEPi3iB
HIDKHBOT 1 BEpXHBOI yrpasisitounx kamep P3, mopiixeBoi
i mrokoBoi nopoxuuH CM, i1 modatkoBi o0'emu PP B

IITOKOBI# mopoxxauHax CM; Mp3, Mcy — BIAMOBIIHO Maca
pyxomux enemeHTiB P3 1 CM; Gpz — cuiia Baru pyxomux
enementiB P3; Op3, Qemr Gemans Eps Eomnm Eomm —
BUTpATH 1 MpHUBEAEHI MOyl MpYy>KHOCTI JBodasHoi PP 3
ypaxyBaHHAM nedopmanii crinok P3, mnopmineBoi i
mTokoBoi mopoxHuH CM; Fprpe, Free, Fprpes, Freps,
Ferpems Freem: Froes Froes, Fcom — cumm piguxHOrO,
HaIIBCYXOTO TepTs 30J0THHKIB BimmosimHo EITI, P3,
mToka CM, rigpomaunamivni cunmm ETTI i P3, npuBenena
cuia ornopy 1o mToxy CM.

Hocmimkenns nuaamiku ['TI PK mounemo 3 EITI,
SKAH TepIIMM CHpUIMae yNpaBIslOuWil BILIMB 3 OOKYy
CYUOP, sk BHYTpimHiil KOHTYp cucTeMH. JlMHaMi4Hi
XapaKTepUCTUKU IIbOTO BYy3Ja BIUIMBAIOTH ICTOTHO Ha
pobounit npouec 'l PK. Ilpencrasnse teopernyHuil i
NPaKkTUYHUH  IHTEpeC  MPOXOJUKEHHS TapMOHIYHOTO
CUTHAJIy 4Yepe3 pO3TIHYTHH By30J. s mporo Ha BXi
EI'Tl momaeThcst cyMa CTYHiHYacCTOTO CHTHalIy 3i
3HaueHHAM 10 B i cuHycOigaapHOTO CHTHAITYy 3 4acTOTOIO
©=6,283¢* (1Tn) i ammuirtygoro 4 B 3a momomorowo
OIIOKY U nakety VisSim. OcnuiorpamMu KOJHBaHb
BXIJIHOTO CHTHATY i ABOX 3MiHHEX (i, Xg) TOKa3aHi Ha
puc. 2.

SIKIo KpWBa CTPyMy | TPaKTHYHO CHHYCOITalbHa,
TO KOJNHMBAaHHSI MEPEMIIICHHS  30JIOTHUKA  MaloTh
TPUKYTHHUH BHUTIIAA] 1 HE € MOHOTAPMOHIYHIMH SIK BXiTHHUN
curnain Uy. Lle noscHioetses HemiHiiHOocTsiIMu ET'TI. Kpim
TOTO CTaJli KOJHMBAHHS IOYHMHAIOTHCS HE Bigpasy (ime
NepexifiHuii  mpouec iX  BCTAaHOBJIEHHs), a ICiA
BKJIFOUCHHS MOJIEJIi Yepe3 OJIHY CEKYHIY.

B wmimomy EITI BinbHO mnporyckae KOJIWBaHHS 3
yactoToto 1 ', ToOTO He € BinbTpOM I1i€i yacTOTH.

[Ipu gacroTi 62,83 ¢ (10 I'y) rpadiku mepexigHmux
npotieciB nmokaszani Ha puc. 3. Tyt kapruna iHma. [Ipu Tii
K€  aMIUNTydi BXiTHOTO TapMOHIYHOTO  CHTHAIY
aMIUTITYA JBOX 3MIHHHX ICTOTHO 3MEHIIWIUCS ¥
MOpIBHSAHHI 3 KPHUBUMH pHC. 2, OCOONHMBO y KpWUBOI Xg
(mampuxnang, y Xg B 9,45 pa3u, y CTpyMy €IEKTPOMATHITY
B 2,11 pasm). Omxe, aMIUNTyAM KOJIMBaHb ICTOTHO
3MEHIIMJIMCS 1 HPaKTHYHO 3YNHHSIOTH IIPOXOJKEHHS
KOJIMBAJIbHOT CKJIQJIOBOT BXIJIHOrO CHTHAJIYy Jajl Ha
rinpomexaniuny vactuny [Tl PK. Takum umHOM, 3
poctoM wactoTH BXimHoro curnany EI'TI crae ¢imbrpom
yacrtot Buie f = 10 ',

Ha mactymHOMYy eTami IOCTIIKECHb PO3TIANAETHCS
MM  Bysma  «EITI-3omoramk  P3». IlomepenHi
JNOCIIUKEHHST OWHAMIKKA IIOKa3ajM, II0 CTIHKICTh 1
MOKa3HUKH SKOCTI MEPeXiJHUX MPOLECIB I[bOTO BY3J]a, K

HIDKHIM ympapisrounii kamepi P3 i B mopmmesili i CaMOCTIHHOTO, MOMHA 3a0€3NCYHTH  BBEACHHAM B
» ” Plot N ‘ Plot N . Plot
) . 2
N o DN ANNNDNTB Ll A A A A
AT AWAWA IWAWA < g [\/ VA\VAVAY
= 10 " .
ER avavavavavi(ERAVAYAVA'AY I
g g
0 0 0
» 0 2.5 5 N 0 25 5 N 0 25 5
t.e te t.c

Puc. 2. TIpoxo/pKeHHS rapMOHIYHOI CKIIanoBoi BXigHoro curnainy yacrororo f = 1 I'y wepes ET'TI
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20 Plot P Plot IN R Plot
2 o MAARAAMARALAL 1< ARAAPARAARARAR M 2 2 AT
S VYUY | | 2 =
o »
0 0 0
N 0 S 1 1.5 N 0 S 1 1.5 IN 0 i) | 1.5
t.c t,c tc

Puc. 3. Ocrumorpamu npomecis By3ima ELTI 3 rapMOHI4HOIO CKIIaZ0BOIO BXiZHOTO CHTHATY 4acToToio o = 62,83 ¢ (f = 10 I'm)

MIPUCTPIN YIPaBIIHHS KOPCTKOTO 3BOPOTHOTO 3B'SI3KY 10
MBUAKOCTI  TmepemimenHs 3onotHuka P31 TII/-
perymnsaTopa 3 Au(EepeHIiI0I0YIM 130 APOMHUM KaHAJIOM.

Ha puc. 4 306paxeni I1IJ]-perymsarop 3a 10momMoroio
KoMMayH[ OJIoKy makeTy VisSim i Tpu KaHaJIM HaCTPOHKH
3 IPUHAHATHMH YHCIIOBUMH 3HAYCHHSIMHU.

3rigHo TecTy (2), MoJAITHCsI KOMaHAW Ha IMiiiMaHHs
i omyckanHs 3omoTtHUKA P3. Bxomom e mampyra Ugyyx,
BHXOJIOM — TEpeMilIeHHs Xp3 30J0THHKA P3. Po3rmsHemo
(YHKIIOHYBaHHS By3Jla IPH MPUHHATHX BUXITHUX JaHUX.
Ha puc. 6 mokazani ocrpuiorpamMu 3 3MiHHHX: TIEPEMIilICHHS
sosorHuka EI'TI, mBuakocti 1 mnepemimieHHs (BEpXHS
KprBa aOCOFOTHOTO MEPEMIIICHHS 1 HIDKHS 3 ypaxyBaHHIM

»| 0T » TO3UTHBHOTO HEepEeKpUTTS) 30J10THHUKA P3. ‘
| [Id-peryn — - Kpusi  puc. 6 MOKa3yroTh (bYyHKIIIOHYBaHHS
» »2 i,(lOZs JMOCTIKYBAaHOTO By3Jla, TOYHHAIOYM 3 IiJiiMaHHS
T 002s+1 sosiorHuka P3 Ha 10 MM 1 3Haxo/KeHHI B LBOMY
monoxeHHi mporsromM  1,5c¢. Ilorim  BigOyBaeTbcs

Puc. 4. 3aransunit Burisig [1/I-perymnsropa, Horo kaHam 3
YHCIOBUMU JaHUMU

Ilo piBHEM YHUCIIOBUM JaHUM YHCEIbHUKA 1
3HaMeHHHKa Audepennitorogoro kanamy [1IJ[-perymaropa
MO>KHa BU3HAYUTH, IO BiH 130 IpOMHHUH.

Cxema BBenmeHHs IlI/I-perymsaTopa i 3BOpPOTHOTO
3B'SI3KY IO MIBHIKOCTI MTOKa3aHa Ha pHC. 5.

P
P
»
»

Ll

I A-peryn

Puc. 5. Cxema BBenenns I11/[-perymsatopa i 3B0OpOTHOTO 3B'I3Ky
10 IIBUIKOCTI

Tyt K33.Vp3 — koedilieHT 3BOPOTHOrO 3B'S3KY II0
MIBHKOCTI 30J10THHKA P3.

MOBEPHEHHS Y BHXIJHE IMOJOXKEHHA 1 TEPEeKpPHUTTS
JIPOCENIOY0] MIUIMHA A0 2,8 ¢ 3 MOMEHTY BKIIOUCHHSI.
Jami BignoBimHO A0 TecTy (2) MOmaeThcs CHUTHAN Ha
onyckaHHs 30JI0THHKa Ha 10 mm. Yepes 4,5 ¢ HanxoauTh
CUTHaJI Ha TIOBEPHEHHS 30JI0THUKA Y BUXIJHE TOJIOKCHHSI.
Takum 4yMHOM, KPHBI pUC. 6 MIATBEPAKYIOTh €(DEKTHBHICTD
BBEJICHHS B JiaHIfor ynpasmiaas [1IJ[-perymsropa
3BOPOTHOT'O 3B'sI3Ky IO IIBUAKOCTI P3, 110 He cynepeunTsb
¢bi3uuHii cyTi 1 MIITBEPIKYE aNeKBaTHICTb PO3pPOOIIEHOT
MM By3na «EI'TI — 3onotHHK P3».

[pu mocmimkenni nuaamiku ['T1 PK B nimomy MM
JIOTIOBHIOETHCS. PIBHAHHSAMH BHUTPAT 1 TUCKIB IBO(A3HOI
PP y warictpamsx P3, y mnopmHeBid 1 IITOKOBIH
nopoxkauHax CM, pIBHSHHAMH pyXy 3 ypaxyBaHHSM CHII
TEpTsS 1 HaBaHTaXCHHs (CHIH TiJPOJWHAMIYHOTO OMOPY
notoky Bogu 1o 7000 kH nosopory nonareit PK). Kpim
Toro B MM mnepenbadeHo ypaxyBaHHS cTHUcIUBOCTI PP B

Junamika BYy3J1a «EI'TI°-°30m0THHK P3»  rigponinii «EL'TI — 30;10THHK P3».
JNOCTIDKyBaJlacsi TPH TECTOBOMY IMKJI, 3aJaHOMY 3 ormany Ha Te, mio Ha pomy etami ['TI PK B mimomy
BHPa30M: € TBOKOHTYPHOIO CHUCTEMOIO i3 30BHIIIHIM 1 BHYTPIIIHIM
10B mpm 0<t<1,5c, 3BOPOTHUMHU 3B'SI3KaMM, (OPMyBaHHS 3aKOHY YIPaBIiHHSI
0 mpn 1,5<t<2,8¢ KOYKHMM KOHTYPOM i TOTIEPE/IHE TOCITI/DKEHHS IMHAMIKH
Upgixx (1) = ’ 7 (2) Buknukano norpedy BBeneHHs asox IIIJ]-perynsropis 3
-10B mpu 2.8<t<4,5c, J(epeHIiIoIoYNM 130JJpOMHIM KaHAJIOM (pO3paxyHKOBa
0 mpu 4,5<t<5,5¢c. 1 GYHKIIOHAJIbHA CXEMH TaKOX CTAIOTh JJBOKOHTYPHUMH).
» : Plot N o0 Plot N _ 0 Plot
ol L s 2k uE A
z H /_J'\_ = 0 ‘ S 0
% -1 /1 g . VI o]
P> 1Y A B > 2
-3 -100 “.10
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Puc. 6. Ilepexigni nponecu By3na «EI'T] — 3omoTHrK po3noainsauka P3y»
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Ha ocnoBi mopeni I'TI PK moOynoBana cTpyKTypHO-
¢yHKIIOHaTbHA cXeMma (JiarpamMa  OOYHMCIIOBAaJIBHUX
OJIOKIB), 1110 JTO3BOJISIE JOCIIKYBATH JUHAMIKY.

30BHILIHIKH KOHTYp 31 3BOPOTHHM 3B'I3KOM IIO
nepeminienHro mroka CM QopMmye ynpaBiiHHA dYepes
BepxHiii IIIJ] (pumc.9), #ioro crpykrypa i 3Ha4CHHA
MMOKa3aHi Ha pucC. 7.

>
»

20 )

002s
5

25—
002s+1

Puc. 7. Crpykrypa Bepxusoro [TI/I-perymnsropa i 3HaueHHs
KaHaJIB HOro HaAIITyBaHHS

BryTpimHIH KOHTYp 31 3BOPOTHHM 3B'SI3KOM IIO
nepeMilleHHIo 30J0THHKA P3 ¢opMye ympaBiiHHS depes
mwkHid T (puc. 9), Horo cTpykTypa 1 3Ha4eHHS
IoKa3aHi Ha puc. 8.

3rigHo 3 puc. 7 i 8 mudepenuiroroui kanamu I11]]
NpPEeACTaBISIIOTE  co00K0  130ApoMHI  slanku.  Puc. 9
uTrocTpye nmiarpaMmy OOYHCIIOBANFHUX OJIOKIB HPHUCTPOIO
yropaBiiHHA, mo BxomuTh A0 ckiany ['T1 PK. Tlepeitnemo
mo pmochmimkeHHs mguHaMmikun. Ha pme. 10  mokasani

ocumwinorpaMu 6 3MiHHMX 3 13 mpu  BigmpaunoBaHHI
MaKCHMaJIbHOTO 33J]aBaJIbHOI'0 BIUTUBY, IIPU SIKOMY IITOK
CM npoiimoB nuisx 410 MM, a jonaTi MOBEPHYJIHCH Ha
KyT 37°.

2 “p
»[0.01 1/3 55
+
.002s
1 J
002s+1

Puc. 8. Ctpykrypa Hikaporo I1IJ]-perynsitopa i 3HaueHHS
KaHaJIB 0o HaaITyBaHHS

IotiM micns 3akiHYeHHS 25 ¢, NPUIHATUM HAMHU
TECTOM IepeadauyeHo NOBEPHEHHS y BUXIIHE HOJIOKEHHSI.
Kpusi orpumani npu razosmicti My = 0,025 B nBodasHiii
PP. Anani3 nepexinnux npouecis (puc. 10) miarsepmxye
HOpManbHe  (QYHKLIOHYBaHHA  TiAPONIPHBOAY  HpHU
MaKCHMAaJIbHOMY 3aJaBaibHOMY BILTHBI (X3.cM = 410 MM,
enektpuuHnid curHan 10 B) i cumi omopy Ha mToky CM
(sxa obymoOBIIeHA TimpoauHaMikol0 TMOTOKY Boau B PK),
o popisHioe 7000 kH.

Ipu me=0,15 (MakcUManbHO  JOMYCTUMOMY
3HaueHHI I mojanbinoi excruryatanii I'TI), He3MiHHHMX
MM 1 BUXiTHMX JaHUX OTPHMaHI aHAJOTIYHI KPUBI
(puc. 11).

I /1-peryn

-+

-3

B enexrporiapasniuny
yactuny I'TlT PK

I T-peryn

Puc. 9. Ipucrpiit ynpasmni

HHs1 MexaTponHoro ['TI PK:

X3.cM, XcM — 3aaane i pakrudne nepemimienHs mroka CM; Xp3.c — ¢akTuuHe nepeminieHHs 30J0THIKa P3;
K33.cMm, K33.p3 — koedinieHTH 3BOPOTHHX 3B'S3KIB BiIOBIIHO 10 NiepeMinieHHo mroka CM i mepemileHHo 30510THHKA P3

Plot Plot Plot
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Puc. 10. Tlepexinui nporecu 6 3MIHHUX TiIpONpHUBOAY poOOUOT0 Kojeca IpH MaKCHMAIFHOMY 3a1aBaJIbHOMY BILIHBI 1 My = 0,025
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[opiBHsiHHs BiamoBigHMX KpuBux puc. 10 i 11
JTO3BOJISIE OIIHUTH BIUTUB JBo(dasHocti PP Ha aunHamivHi
XapaKTePUCTHKH IPH MOBHOMY PO3BOPOTI 1 3TrOpPTaHHI
JionaTei. SIKIo B KPUBUX Xp3, Vems Opss Pri 1 P Bi3yaJIbHO
CIIOCTEPIraloThCsA HE3HAYHI BIIXWJICHHS HAa IMOYAaTKOBHX
ninsHKaX 1 npm  mepemumkaHHsx B ITI, To KkpuBi
nepemimenHs Xcy puc. 10 1 11 mpakTHyHO iAEHTHYHI.
Crhixg 3a3Ha4YWTH, IO 3HAYCHHS NPUBEACHUX MOIYJIB
npyxHOCcTi n1BodasHoi PP Ecyvp 1 Ecymn 3 ypaxyBanusm
nedopmanii cTiHOK Koprmycy CM mpu po3BopoTi jonareit
i mg=0,025 BigmosimuHo mopisutoe 860 i 370 MIla, mpu
po3BopoTi Jonateir i My = 0,15 BoHu mopiBHIOIOTH 238 i
70 MIla. Takum umHOM, 31 30LIBIICHHSIM My B 6 pasiB
Monyii Ecyp 1 Ecmn 3MeHImyroThCs BiamosiaHo B 3,61 i
5,285 pa3u. OpHak 1ie He BIUIMHYJIO Ha quHaMmiky [T
Hesna4Hi 3MiHM THCKIB Py, Py TPY IEPEXiTHUX MIPOLIECaXx,
o BuAHO 3 puc. 101 11, a omke, OMU3BKICTh X MOXITHUX
0 HyJs, 30epiraloTb 3HAYEHHS CTUCIMBOI CKJIaIOBOi
BUTPAT, HE3BAYKAIOUN HA 3MEHIICHHS MOJYIIIB MPY>KHOCTI.

Hyxe Baxumsoro Bumororo 1o III PK e
3a0e3nedeHHs Manux IepeMimens mroka CM (mammx
MIOBOPOTIB Jiomateil), MpHu SKUX (aKTHIHI TOJO0KECHHS
mroka CM Bim 3agaHuX 3HA4YCHb HE IOBHHHI
MePEeBHILYBATH BEIHYHHY pO3y3ropkeHHst A =+ 0,75 mm.
VY pexumi manux nepemimens ['TI PK mpaioe Ginbiry
YacTHHY 4acy. SIKIIO 3aKOH ynpaBiliHHS MOOYJOBaHMH 3
MNOCTIMHUM ~ KOe(IUi€EHTOM  IJCWJICHHS  BEJIWYUHH
PO3Y3ro/DKEHHS, TO NPHU 3aBJAHHAX IEPEMINICHHS MTOKA
CM (moBopory nonareit) 80 mm (19,5 % mMakcuMaabHOTO)
i MeHme, BenmymHa A icToTHO TepeBumye + 0,75 mwm.
PimenHs miel 3agadi MOXJIMBE HAa OCHOBI CHHTE3Y
kopuryBanpHOoro mpuctpoto (KII), mo Bxomute y
Mexatponauid [Tl PK, y rtakwmii cmoci6. s xoxHOTO
3a[JaHOTO MAJIOTO TEepeMIlIeHHs 3a TOToMOorot Beiei MM
BUDINIYEThCS ONTHMI3alliiiHa 3a3ja4a TOIIYKY TaKoro
3HAYEHHS KoedirienTta M ACUICHHS BEITUYHHH
PO3Y3rO/DKEHHS, MPH SKOMY JOCTAaBIISETHCS MIHIMYM

TaKOMY KPHUTEPil0 ONTUMI3AIL:

& = Xaomi — Xewi — Min, mpu i = 4,1; 8,2; 12,3;

@)
16,4...80 mm.
OTtxe, & € MonyieM BennuuHHA A. VY 3araipHOMY
BHIIAJKy Ie KpuTepili Moxe OyTH y3araJpHEHHH IO
BHY:

g =

(|X3CMi _XCMi|’lOO/X3CMi)a%_>mina (4)
3a JIOTIOMOTOI0 SIKOTO HPH 3HAXOKEHHI ONTUMAIIbHOTO
PpIILICHHS TaKOXK BU3HAYAETHCS 1 3HAYECHHS KpuTepito (3).

Onrumizaris 3aificHIOBaNIacsd BPYYHY METOJI0OM Ipo0
1 mommitok 1 MmetozoM Polak Ribiere makera VisSim.

Ha puc. 12 300pakeHa oOTpHMaHa CHHTE30BaHa
HeJiHIMHA 3aJieXHICTh, SK KpuBa 3MiHHM KoedilieHTa
migcwiIeHHs po3y3ropkeHHs €. [To oci abcimc BinkmameHi
3HaueHHs1 AXg HeoOXigHOro nosoxeHHs mwrToka CM (kyTta
MIOBOPOTY JIOTIATI), SIK yHpaBisitoui BXinHi curnany Ha [T

Ha oci opamHat moka3aHi 3Ha4deHHS Koe(]illi€eHTiB
macunenas Kp, 1o BIiAMOBIZAIOTh 3HAYEHHSAM AXg.
Benukum 3HAYEHHSIM KoeimieHTa MiACUIECHHS

BiNIOBIJAIOTh JyK€ Mai 3a/JaHi 3HAYCHHS IEPEeMIIIeHb
(1-3% Bim ™akcumaneHoTo 410 MM).  Koeoimient
MiJICUIICHHST PI3KO 3MEHIIYETHCS TPH 3pOCTaHHI AXg 1,
nounHatouu 3 19,5 % Bim MakCHMambHOTO TIEpEMIlICHHSI,
MPAaKTUYHO  3aJMIIA€TBCS ~ HE3MIHHMM.  3HA4YeHHS
CHHTE30BaHOi  KpPHWBOI  BBOJSTHECA B IPOTpPaMHE
3a0e3neueHHs] KOMIT'TOTEPHOI CUCTEMH 1 B IPOLECci poOOTH
HAAXOIITh B mpomopuitiamii kanan I11/], neperBoproroun
vioro B KII.

Ipu nyxe w™amux nepemimenasx (1-3% Bix
MaKCHUMaJIbHOTO) Koe(illieHT mifcuiIeHHs qopiBHIoe 160, a
31 3pOCTaHHSIM NepeMilleHHs 3MeHIyeThes 1 ipu 80 MM Ky
Oyne nopiBHroBath 20, 3aJMUIIAIOYKHCh HE3MIHHHAM JI0
410 mm.
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Puc. 11. Tepexinni nporecu 6 3MiHHEX ipONPUBOAY POOOYOro Kojieca Mpu MaKCHMalIbHOMY 3a/1aBajbHOMY BILIMBI 1 My = 0,15
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Puc. 12. Kpusa Kp(AXg), oTprMaHa B pe3ysibTari CHHTE3Y

Bxutouenns KIIT B JIAHLIIOT
3IIMCHIOETHCS TIOCTiIOBHO (puc. 13).

PosristHeMO TUHAMIYHI XapaKTEPUCTHKH JJIS TPHOX
Mamux mepemimens: 4,1 mm (1 % MakcHMambHOTO
nepeMilieHHs Xey), 8,2 MM (2 %) i 12,3 mm (3 %), sxi
nokasaHi Ha puc. 14, a—s.

JIiiss KOKHOT KPHBOT BU3HAYCHO 3HAYCHHS KPUTEPIIO
€, SIKE ICTOTHO MEHIIE JOMYCTUMOrO (3HAUCHHS KPUTEPito
€ HaBEJICHI B miamucax no puc. 14, a—s.

Ha 3akinuenHs omninumo BIumB ABodaszHoi PP na
pobouwmii mporiec I'TI PK B pexkxnmi manux mepeMinieHs Ha
TPUKIAI 3aJaHOTO TepeMilmeHHs Xcy = 12,3 MM (3 %)
(puc. 15).

YIPaBIiHHS

L TG ]-)| Heniniiisa ciuTe3oBaHa kpusa |-) .
] >

KopuryansHiii npHetpiii —

I

Puc. 13. Beepenns KII B naHmior ynpasmiaHs

Kpusa pwuc.15 ¢ orpumana 1npu ra3oBMicTi
mo = 0,025, a kpuBa puc.15, 6 — npu HalbGiIBIIOMY
mo = 0,15. Anani3 xpuBHX TOKa3zye, mo mpu Mg = 0,025
(puc. 15, a) BuUXig Ha cTanwii pyx 3OiHCHIOETBCS 0e3
kKonuBaHb 3a uvac 1,15c¢; mpu my=0,15 (puc. 15, 6)
mporiec KOMWBAIBHUHN 3 mepeperyimoBaHaaM 16,7 %, dac
BUXOAy Ha cTanuid pyx craHoBuTh 4c. Ilpmuomy
aMIUTITyJ]a TIePIIOTo KOJIMBAaHHA AOopiBHIOE 14,35 MM, 1m0
Oinpmre crasoro 3Ha4eHHA Ha 2,05 MM i Maibke B TpH pasu
Oinpme pomyctumoro A. Takum 4uHOM, 3 OISy Ha
BaXUMBICTh Manmux mepemimiens [T1 PK, cmig B
eKCIUTyaTallifHNX YMOBaxX HE JOIyCKaTH IiJIBUIEHOTO
razoBmicty B PP Bume my = 0,075, npu sikomy amrutityna
(Ha puc. 15 xpuBa Xcm npu Mo =0,075 He mnokasana)
MIEPEBHUIIYE CTasie 3HaYeHHS TUTHKH Ha 0,7 MM.

Bucuosku. Iloeramue nmocmimkenas guHamiku [T1
PK nHa ocHOBIi po3pobineHoi HemiHiltHOI MM 1 MeToamka
fioro BukoHaHH#, mouymHatodu 3 EITI, motiMm By3ma
«EI'TI — 30omotHuk  P3» 1 rigpompuBogy B LiIOMY,
O3BOJISIE TIepeBipUTH: (YHKIIOHYBAaHHSI 1 YacTOTHI
XapaKTEPUCTUKHU EI'TI, KU € BX1JTHUM
enekrporigponpuctpoem [Tl PK; dyHkumionyBanus i
JHaMiuHi xapakrepuctuku By3na «EI'TI — 3omotHuk P3»
3 yKpyHmHEHOW 1 mnoBHOWO MM; dyHkuioHyBaHHS 1
BU3HAYCHHS AMHAMIYHUX 1 CTATHYHUX XapakrepucTuk ['T1
B ILIOMY.
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Puc. 14. Kpusi manux nepemimens I'TI PK i 3HauenHs kputepiro &:
a-e=027mm;6-£=0;6-¢=0,17 Mmm
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Puc. 15. Kpusi nepemimenss mroka CM mpu pizHOMY ra30BMICTi Mg:
a —npu My = 0,025; 6 — mpu my = 0,15
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Takuil miAXiJ BiIKPUBA€E MOXIUBICTh KOPHUT'YBAaHHS
MM i minBuiieHHs ii aeKBaTHOCTI HATYpPHOMY OO0'€KTY.
Buxonani JIOCII JDKEHHS IMHAMIKA EI'TI npu
rapMOHIYHOMY BXiJTHOMY BIUIMBI mokaszamy, mo EITI e
¢inerpom uactor Bume 10T Otpumani TuHaMIiYHI
XapaKTEPUCTUKU BYy3J1a «EI'TI - 3010THUK P3»
BiNIOBIiAIOTh CYYacCHUM BHUMOTAaM 10 MOKa3HHKIB SKOCTI
MEepPeXiIHOro MPOIeCy, M0 BKIYAE PO3BOPOT JOMATeH
PK, Buxin Ha cTanmii pyX i 3ropTaHHs JIOMATEH.

Hocmimkennss muHamikun [T1 PK B mimomy, sx

IBOKOHTYPHOI ~ CHCTEMH, BHKJIHKaJO  HEOOXigHICTH
BBEJICHHS B JIAHIIOT yrpasiinus nBox [11/[-perymsitopis 3
130 IPOMHUM U EPEHIIFOI0YUM KaHaJoM JUTSt

3a0e3neueHHsT HEOOXIAHMX JWHAMIYHUX XapaKTePHCTHK
pO3BOPOTY 1 3ropraHHs Jjomareid Ha KyT 37°. [lyxe
BOXJIMBUI pEeXKUM Maiux nepeMimieHb mToka CM
(moBopoTy JomaTe Ha MauMi  KyT), NPH SKOMY
rizpotypOiHa mpaifoe OUTBITY YacTHHY dYacy, BIIEpIIE
BUpIMIEHWH HAa OCHOBI CHHTE3Y KOPUI'YBaJbHOTO
MIPUCTPOIO, 10 BXOAUTH A0 ckiany mexarponHoro I'TI PK.

Buxonane B mimoMy gocmimkenns nuHamiku [T PK
MATBEPIKYE, IO 3amporoHoBaHa MM 31 3MiHHOIO
CTPYKTYpPOIO Ta airopuTM ii BBeJeHHS B makeT VisSim
BiIKpMBa€ MOJIMBICTh OUTBII TIOBHO BUKOPHCTOBYBATH
MOJUJIMBOCTI ~ KOMITIOTEPHOI ~ CHCTEMH  YIPaBIiHHSA
MTOBOPOTHO-JIONATEBOI TiAPOTYpPOIHOIO, 0 CKJIATy SIKOT
BxoauTh po3risaHyTuil I'TI PK.
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L I. THHBHOBA, K. C. PE3BA, B. E. IPAHKOBChKHH

BU3HAYEHHSA T'TAPOAMHAMIYHUX XAPAKTEPUCTHUK OBOPOTHUX TI'ITAPOMAIIWH HA
OCHOBI METOJAIB MATEMATUYHOI'O MOJEJIOBAHHA

ITuTaHHs JOCHTIDKEHHS Ta MOJCPHIi3allii MPOTOYHUX YaCTHH OOOPOTHHMX TiIPaBIiYHUX MAIIWH 3apa3 Jyxe akTyaibHi. [Ipd po3poOii mpoToyHHX
4acTHH 0OOPOTHUX TiIPOMAIINH IIMPOKO BUKOPHCTOBYIOTBCS MaTeMaTHYHI MOJZIENi OIMHCY poOOYOro Mpolecy, sSKi IPYHTYIOTBCS Ha Pi3HUX CTYHEHSX
Horo pmeramizanii. B gamiif poOoTi po3rsIaeThest omHuc podOUOro MpoIecy Ha Makpo- Ta MIKPOPIBHSX, IO Ja€ MOXJIMUBICTh BHPINIyBATH KOMILIEKC
3a/1a4 B 3aJ©KHOCTI Bil MOCTaBiIeHHX Ifijeil. OOHUM i3 METOAIB € METOJ 3 BHKOPHCTAHHSIM Oe3pO3MIpHHX yCepeIHEHHMX mHapameTpiB. B poGoti
OTpUMaHi PIiBHAHHSA Mozeidi (MakpoOpiBeHb) poOOYOro MpoLECy, sKi MOXYTh OYTH BHKOPHCTaHI SIK Ul aHai3y KiHEMAaTHYHHX I CHEPreTHYHUX
XapaKTEePUCTUK 00OPOTHOI riApoMaIIMHy py (GiKCOoBaHiH reoMeTpii MPOTOYHOT YaCTUHH, TaK 1 VI YMCEIBHOTO MOJICITIOBAHHS BILTHBY FC€OMETPUYHUX
napameTpiB Ha Ii xapakTepucTHkH. CTaTrTst MicTUTh 3anexHocti ButpatH, KKJI, mOTY)KHOCTI BiJ reOMETpUYHHMX 1 PEKHMHHX HapaMeTpiB, IO
JIO3BOJIAIOTh BJKE HA IOYATKOBIH CTajiil IPOEKTYBaHHS OLIHUTH CHEPreTHYHI SKOCTi 000poTHOI rinpomammHy. HaBeneno dopmyity Juist BU3HauCHHS
KyTa IIOTOKY 3a HampsIMHUM amapatoM. HaBeneHo po3paxyHKH CHEPreTHYHMX XapaKTEPHCTHK I IMPOTOYHHX YACTHH OOOPOTHHX TiApOMAIINH
OP0O200, OPO500. ITo6ymoBani moBepxHi rigpasiiunoro KKJI gias OPO200 i OPO500, Bu3HaueHi TEOPETHYHI i eHepreTuuHi mapamerpu. Jis Oibl
JIOCKOHAJIOTO JIOCIIZKEHHs 00OPOTHOI rijpoMaIinHu Oy/no MpoBeleHe YKceIbHe JOCITiIKEHHs Ha MIKpopiBHI 3a jpomomoroto nporpamu CFD, mo
JIO3BOJIMJIO OTPHMATH PO3IOJII THCKIB Ta IIBMAKOCTEH B MPOTOYHIM YaCTHHI B TYpOIHHOMY PEKHMMI IPH ONTHMAJIbHUX 3HAYCHHSAX BUTPATH Ta
o0eprtiB. Po3risiiaroThest MUTaHHS JOCTIKEHHs OaaHcy eHeprii. AHai3 pe3ysbTaTiB JOCiIKEHb T0Ka3aB, IO TiAPaBIivHi BTPAaTH 3aiiMalOTh 3HAYHY
JIOJIO Bifl 3arajbHHUX, TOMY B X0Ii poOOTH OyiiM BH3HAUYCHI iJpaBiivuHi BTPATH B EEMEHTaX MPOTOYHOI YACTHHHU HACOC-TypOiHM HAa OCHOBI METOXY
ycepeqHeHuX Oe3po3MipHHUX IapaMeTpiB Ta METOXy IpocTopoBoi Tedil. IlopiBHAIBHUM aHAi3 OTPHMAaHUX PE3yNbTATIB 3a PI3HUMH MOJCISIMH 3
pesynbTaTaMu (Hi3MYHOrO EKCIICPUMEHTY II0Ka3aB 3aJ0BUIbHY 301KHICTh, IO CBITYUTh HPO AOLIIBHICTH 3aCTOCYBAaHHS OOpPaHMX METOMIB JUISI
JIOCTIJKEHHS. 000POTHHUX TiPOMAIIIHH.

Kuiro4oBi cioBa: 000poTHa TigpOMAIlINHA, CHEPreTHYHI XapPAaKTCPUCTHKM, KIHEMaTHYHI XapaKTEPHCTHKH, BTpATH CHEprii, MaTeMaTH4Ha
MO/ICIb, PEXKUMHI TApaMETPH, ONTHMAIBHUN PEKUM.

H. H. TBIHBAHOBA, K. C. PE3BAA, B. 3. JPAHKOBChKHH

ONPEJEJEHUE THAPOJUHAMHUYECKUX XAPAKTEPUCTUK OBPATUMBIX T'NIPOMAIINWH
HA OCHOBE METOJOB MATEMATHYECKOI'O MOJAEJIUPOBAHUA

Bompocs! uccnenoBaHus U MOJEPHM3ALMM NPOTOYHBIX YacTel OOpaTMMBIX TMAPABIMYECKHX MAIIMH celyac ouyeHb akTyaslbHbL. IIpu paspaborke
NPOTOYHBIX YacTeil 0OpaTUMbIX TMAPOMAIIMH INMPOKO MCIOJB3YIOTCS MAaTEMAaTHYECKHE MOJEIM ONMCAHHMs pabodero Ipolecca, OCHOBAHHBIE Ha
pasHBIX CTENEHsAX AeTamu3anuu. B mamHol paboTe paccMaTpuBaeTcs ommcaHue pabodero mporiecca Ha Makpo- M MHUKPOYPOBHE, 4TO MO3BOJIAET
pelaTh KOMIUIEKC 3ajady B 3aBUCHMOCTH OT IIOCTAaBJIEHHBIX Hened. OJMH M3 METO0B OCHOBAaH Ha INPMMEHEHHH Oe3pa3sMepHBIX OCPEIHEHHBIX
napamerpoB. B paGore momydeHsl ypaBHeHMs pabouero mnpouecca (MakpoypoBEHb), KOTOpbIE MOTYT ObITh HCIIONB30BaHBl Kak JUli aHaIu3a
KMHEMATHYECKHX M DHEPreTHYECKUX XapaKTePUCTUK OOpaTMMOH THMAPOMANIMHBI NPH (QHKCHPOBAHHOW I€OMETPMH HMPOTOYHOM YaCTH, TaK M JUIA
YHCJIEHHOTO MOJICJIMPOBAHHS BIIMSAHUA F€OMETPUYECKUX NapaMETPOB Ha 3TH XapaKTEPUCTHKH. ITpUBe/IeHbI pacyeThl SJHEPIETHIECKUX XapaKTEPUCTUK
JUIsL IPOTOYHBIX YacTteil obpatumbix ruapomammnH OPO200, OPOS500. beum moctpoens! moBepxHocTH Tuapasmnueckoro KITJ pms OPO200 n
OPOS500, onpenencHHbBI TEOPETHYECKHE M HDHEPreTHMYECKUE IapaMeTpbl, IOCTPOEHA MPOTHO3HAs XapakTepucThka. J[ns 0ojee COBEPIIEHHOTO
MCCIIeZIoBaHMS 0OPaTUMO¥ T'MIPOMAIINHBI OBLIO MPOBEACHO YHCICHHOE HCCiIe/[OBaHNe Ha MUKpoypoBHe ¢ nomomibio CEFD, 4To mo3Bosmiio nomyaunts
pacripe/ielieHHe NaBI€HWH M CKOpocTeil B TNPOTOYHOH YAacTH B TYpOMHHOM pEeXHME NPH ONTUMATbHBIX 3HAYECHUAX pacxoga M 0OOPOTOB.
PaccmatpuBaroTcs BOpOCH HCCIIeIoBaHNs OanaHca PHEPTHH. AHAIN3 PE3yIbTaTOB MCCIIEJOBAHMI TTOKA3al, YTO THAPABIMYIECKHE TIOTEPH 3aHUMAIOT
3HAYUTEIBHYIO J0JII0 OT OOIINX, TO3TOMY B X0J1€ paOOTHI OBLTH OTIpE/IeIeHBI THIPABIMYECKUE TOTEPH B IIEMEHTaX MPOTOYHON YaCTH HACOC-TYPOHHBI
Ha OCHOBE METOZa OCPEJHEHHBIX OE3pa3MEpHBIX MapaMeTpOB M METOZa INPOCTPAHCTBEHHOTro TeueHHs. CpaBHUTENBHBIH aHAIM3 MOIy4EHHBIX
pE3yNbTaTOB C PA3TUYHBIME MOJEIAMH Pe3yabTaTaM (PU3HIECKOro SKCIIEPUMEHTA TOKa3all yI0BICTBOPUTENbHYIO CXOAUMOCTb, YTO CBUJICTEIBCTBYET
0 11e71ec000Pa3HOCTH IPUMEHEHHMS BRIOPAHHBIX METOOB I MCCIICAOBAHMS 00PATUMBIX THIPOMAIIIHH.

KaroueBnle cioBa: oOpaTiMas TMIPOMAIINHA, SHEPreTHYECKHE XapaKTEPHCTHKH, KHHEMATHYECKHME XapaKTEPUCTUKH, IIOTEPH SHEPTHH,
MaTeMaTH4YecKas MOJENb, PEKUMHbIE TapaMETPhI, ONTHMAIbHBIH PEKIM.

I. TYNYANOVA, K. REZVAYA, V. DRANKOVSKIY

DETERMINATION OF HYDRODYNAMIC CHARACTERISTICS OF REVERSIBLE HYDRAULIC
MACHINES BASED ON MATHEMATICAL MODELING METHODS

The issues of research and modernization of water passages of reversible hydraulic machines are now very relevant. During development of the water
passages of reversible hydraulic machines, mathematical models for describing the working process are widely used. These models are based on
different degrees of detail. The description of the working process at the macro and micro levels are considered in this paper. It allows to solve a set of
tasks depending on the purposes. One of the methods is based on the use of dimensionless averaged parameters. In this work, the equations of the
working process (macro level) are obtained. Such equations can be used to analyze the kinematic and energy characteristics of a reversible hydraulic
machine with a fixed geometry of the water passage, and for numerical modeling of the influence of geometric parameters on these characteristics. The
article contains the dependences of flow rate, efficiency, power on the geometric and mode parameters, which allow to assess the energy quality of the
reversible hydraulic machine even at the initial stage of design. The formula for determining the flow angle of the wicket gate is given. Calculations of
energy characteristics for water passages of reversible hydraulic machines OR0O200, ORO500 are given. Hydraulic efficiency surfaces for ORO200
and ORO500 are constructed, theoretical and power parameters are defined. For a better study of the reversible hydraulic machine, a numerical micro-
level study was performed using the CFD program. This software product allowed to obtain the distribution of pressures and velocities in the water
passage in the turbine operation mode at optimal values of flow rate and rotation speed. The issues of energy balance research are considered. The
analysis of research results showed that hydraulic losses occupy a significant share of the total. So during research the hydraulic losses in the elements
of the water passage of the pump-turbine were determined based on the method of averaged dimensionless parameters and the method of spatial flow
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(numerical research method). Comparative analysis of the results obtained by different models with the results of the physical experiment showed
satisfactory convergence, which indicates the apropriateness of using the selected methods for the study of reversible hydraulic machines.
Keywords: reversible hydraulic machine, energy characteristics, kinematic characteristics, energy losses, mathematical model, mode

parameters, optimal mode.

Beryn.  BinHoBmOBaHa ~— C€HEpreTMKAa — aKTHBHO
PO3BHUBAETHCS, OUIKYETHCSA, IO MOMUAT Ha Il TOCIYTH
rigpoenepreTiku OyJe TiAbKM 3pocTaTu. PosmmpeHHs
mepexxi TAEC B YkpaiHi, cnpusTHMe BUKOHAHHIO BUMOT
B YACTHHI KOHTPOJIO YaCTOTH 1 TOTYXHOCTI s
iHTerpanii BITYM3HSIHOI E€HEPTrOCHCTEMH B €BPOICHUCHKY
MEpEXKy OIEepaTopiB CHUCTEM Iepenadi eIeKTPOCHEepril

(ENTSO-E). 3apmsku moryxkHoctsiMm ['AEC Gymyts
3MCHIIIYBaTHCS ~ «MPOBajM» HABAHTAXKCHHS B  HIYHI
romuau, po3BaHTaxyBatucs AEC 1 TEC; Oyne

CTBOPIOBATHCSI MOOUTLHUHN aBapiiiHuil pe3epB reHepyruoi
NOTY)KHOCTi, a TaKoXX pe3epB pETyIIOBaHHA I
MiIKITIOUSHHS reHeparii 3a «3eneHuM» Tapudom [1-5].

3 mpoBeAEHOTO aHalizy pPOOIT 3 JOCHIHKEHHS
poboyoro mporecy OOOPOTHHX TiIpPOMAIIUH BHUILIMBAE,
IO B JAHMI 4ac NMUTAHHSA LIOAO CTBOPEHHS IPOTOYHHX
YaCcTHH 00OPOTHHX TiIPOMAIINH € JOCUTh aKkTyanbHe. J{is
I'AEC Bu3HaganpHUM TIpU BHOOPI ITapaMeTpiB € HACOCHUI
PEKHM, OCKUIBKM OOOpPOTHa TiJpOMAlllMHA IOBHUHHA
3a0be3nedyBaTd  HEOOXimgHMKA  Hamip 1  HeoOXimHi
XapaKTepUCTHKH KaBiTallii B HACOCHOMY peXnMi poOoTH

32 yMOBHM JIOCSITHEHHS B TYpOIHHOMY pEeXUMI IpH
PO3paxyHKOBOMY HAIOpy HEOOXiIHOI BCTaHOBJICHOL
motyxxHocti 3 MakcumaneHuM KK, PisHuis

ONTUMAIIFHOTO PEXUMY 3 PO3PaxXyHKOBHM BHMAarae
PETEIBHOTO JOCIIKEHHS MPOTOYHOT YaCTHHU 00OPOTHOT
riZpoMamiHN  TpH  TypOIHHOMY peXHMi 3 METOI0
0OIpyHTOBaHOTO BU3HAYCHHS PO3PaxXyHKOBOI MOTYKHOCTI,
pe3epsiB miaBumieHHs rigpaBiaigHoro KK/ i 3MeHIICHHS
IHTEHCHBHOCTI I'iIpOIMHAMI4HOT HECTAIlIOHAPHOCTI.

CyvacHH Tiaxig 10 po3poOKH MPOTOYHOI YaCTHHHU
nependavae MPOBEACHHS BEJIMKHX YHCEITBHUX
OCTI/KeHb, CHPSMOBAHWX Ha BHSBICHHSA BIUINBY
TCOMETPUYHUX 1 PESKUMHHUX HapaMeTpiB Ha CHEPreTUYHI
nokasuuku [6-10]. OcHOBOIO IS TPOBEACHHS TAaKOTO
YHCEIBHOTO aHANi3y € MaTeMaTH4yHi Mojeni poOoYoro
nporiecy. [lopsn 3 PO3BHTKOM METOIB MOJEIIOBAHHS
pobodoro mporecy, MO BHKOPUCTOBYIOTH pE3YJIBTAaTH
BUpIIICHHS 3aBJaHHSI TPUBUMIPHOTO B'SI3KOTO TIOTOKY
[11-21], 3HaxodsTh IIHUPOKE 3aCTOCYBAHHS METOAU
pPO3paxyHKy  CHEPreTHYHHX  XapaKTEePUCTHK,  II0
0a3yrTHCS HA CIPOIIECHUX MOJCISIX Teuil.

OmHOrO 3  MareMaTWYHHX  MOJeNell,  sKa
3aCTOCOBYEThCS Ha IIOYATKOBHX CTalisfAX, € MOJEIb,
3aCHOBaHa Ha OE3pPO3MIPHUX yCEepPEIHCHHX MapaMeTpax —
MmakpopiBerb [6-10]. V ngawiii po6oTi po3rismaeThes
METOJI, 3aCHOBaHMA Ha BHUKOPHUCTaHHI 0€3pO3MipHUX
YCepeNHCHUX  MapaMmeTpiB A PO3PaXyHKOBOTO
JIOCITIKEHHS XapaKTepUCTUK 000POTHOI TiApOMaIIiHu Ha
Hamip 200M Tta 500M 3 oOTpUMaHHIM mHapaMeTpiB

IPOCTOPOBOTO  NOTOKY B HPOTOYHIH YacTHHH —
MIKpOpiBEHb.

OcHoBHAa 4acTuHa. HaBenmemMo OCHOBHI pPIiBHSHHS
MaTeMaTuyHoi ~ Mozeni  poboyoro  mporecy, IO
BUKOPHCTOBYIOTBCSI B IOJAJBLIOMY IIPH PO3PaxyHKY i
aHaJi3l  eHepreTMYHMX  XapakTepucTuk.  Hasenewi

napamerpu Q, n; i rigpasmiuauit KK/ rigporyp6inu nr

BHUPAXKAIOTHCSI B 3aJI€XKHOCTI Bix KoedirieHTa
TeoperrnyHoro Hamopy Kyr i koedirienra Brpar Ky, [6, 7]:
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Koe(iIieHT BTPAT MPOTOYHOI YaCTHHH; Ht — TeopeTHIHMit
Hamip; hr — rigpaBiaiydi BTpaTM B HPOTOYHINH YaCTHHI;

Q| — HaBemeHa BuTpara uepe3 rigpomammby; N -
HaBeJICHA MOTY>KHICTh 000POTHOT TiIpOMalINHHU.
Crpykrypa (byHKLIIOHATBHUX 3aJIeKHOCTEH

KoedilieHTa TEOPEeTHIHOTO Harmopy i KoedimieHTa BTpaT
Bil TEOMETPHYHHX 1  pEKHUMHHX  [apaMeTpiB
BCTaHOBJIIOETHCS 3a JIOTIOMOTOI0 T€Opii po3MipHOCTI 1 Mae
Burysy [6]:
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Q Q
XapaKkTepu3yloTh HANOPSMOK IMOTOKY mepex 1 3a
HaOpsIMHUAM ariapaToM;
oD® 7 n . N
Ko =——=—=—-—— — y3arajbHenuil pexuMHUH
Q 30Q
napamerp;

L' — cuMBOJIbHI MO3HAYCHHS HAOOPY 6e3pO3MipHHX

TeOMETPUYHHX IIapaMeTpiB IPOTOYHOI YaCTHHH.

Jlnst oTpuMaHHsT po3rOpHYTHX 3ajiexuocteit Ky 1 Ky
BUKOPUCTOBYETECSI ~ ONUC  IIOTOKY 3a  JOIOMOTOIO
KiHeMaTHuHuX Komruiekcie [,D/Q siki ysaraibHeHO
XapaKTepu3yloTh TOTIK Yy Oe3nonareBUX —AUITHKAX
IPOTOYHOT YacTUHM (TEepeTHHaX Iepe] 1 3a HanpsIMHUM
araparoM, BXiJHa i BHXiJHa KpOMKH po0OodYoro Koseca, a
TaKOX BXIHHH TEpeTHH BiICMOKTYIOUOI TpyOm).

3ayBaxknmo, mo kommiekc [', D/Q He 3amexuTh Bix
pexuMy pobotu, xommieke [(\D/Q 3amexurs Bix

Bi/IKpUTTS HanpsiMHOTO amapary 1,D/Q = f (ao) .
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JIns omucy MOTOKY B OKOJIMIN BXITHOT 1 BUXIiTHOT

KPOMOK pPO0OOYOro Kojeca BBOIATHCS KiHEMAaTHUHI
: . I'yD . TIyD
KOMIUIEKCH TTIOTOKY V BiTHOCHOMY pyci T i T .

YcepenHeHa UMPKYISLis OTOKY Y BiIHOCHOMY pyci
BU3HAYA€ThCS (POPMYJIaMu:

r..D 1
“w? _ 2 oW, dQ,
Q Ql i 6Q ®)
r,.,D 1
Taw? L forew,, d0,
Q Qi W 0Q ©)

pe Wy, =Cy U, Wy, =C, -U;

Wi oy 1 Cy oy — OKpYXHI CKJIQIOBI LIBUIKOCTI B TaHiN
TOYIIl NMOTOKY BiANOBIJHO y BiJHOCHOMY 1 aOCOJIIOTHOMY
pyxax.

r,,D

KinemaTHyHI KOMITIEKCH B a0CONIOTHOMY i

le,ZD

Yy BiJHOCHOMY pyxax B JaHOMY TIIepPETHHI

IOB'SI3aH1 3aJIEKHOCTIMM:

r,,D =,
:_krl,Z
Q 2

D
KQ_ w12 ' )

(®)

r,D ; r,b
poOoUYMM  KOJECOM BCTAHOBIIIOETbCA 3a JOIOMOIOIO
PIBHSHHS KIHEMaTHYHOTO 3B'SI3KY JUIS IPOCTOPOBOI

3B'S130K KOMILIEKCIB nepex 1 3a

PEIIiTKH:
r,p  T,D n
=k—2=-(1-K)p+(1-K)=A’Ky,  (9)
2=k (k) (1=K S A,
ne K — KkoedilieHT mpo30poCTi peniTKy;
ctof
u =% mapameTp, II0  XapakTepHu3ye
2

HampsAMOK TOTOKY Y BIOJHOCHOMY pyCi, HpH SKOMY
TiApaBIiYHAI MOMEHT Ha PEIIiTI JOPiBHIOE HYIIIO;

I, . o o . .
A= Ea — 0e3po3MipHHUit aKTUBHUI pajlyc PeLIiTKY.

. . r,D
BCHI/I‘{I/IHI/I KIHCMAaTHYHUX KOMIIJICKCIB L

r,D

MPaKTUYHO HE 3MIHIOIOTBCS Y3IOBX IIOTOKY B

MeXax O0e3/IomaTeBUX JUITHOK MPOTOYHOI YaCTHHHU.
BinmoBigHO 10 I[bOrO HA JIISHKAX MPOTOYHOI YACTHHHU

Mk nepernHamu 0-0 i 1-1, 2-2 i 3-3 maroTh Micue
piBrocTi [6, 7]:

r,D T,D . LD _TD

Q Q Q Q

(10)

VYcepeaneHni KyTu aOCOJIIOTHOTO 1 BIJHOCHOTO
MOTOKY B JIAaHOMY MEPETUHI IMOB'sI3aHi 3 KiHEMAaTHIHUMU
KOMILICKCAMH:

r,,D _ ctgay, Ty,wD _ ctgp,,

) ) (11)

Q Si2 Q Si2
ne  Sp, — mapaMeTpH, L0 XapaKTepU3yloTh BHUCOTY
MPOTOYHOT YACTHHH B OKOJIMIN BXiHOT 1 BHUXIiIHOT

KPOMOK;

012 — YCEpEIHEHI KyTH ITOTOKY B aDCOTIOTHOMY pyci
BIJIMTOBITHO Ha BXOJIi 1 BUXO/II 3 PENIITKH;

12 — ycepenHeHi KyTH HOTOKY BiIIOBiIHO HA BXOi
1 BUXO0J1i 3 pOO0OYOro KOJecy Y BiIHOCHOMY pyci.

Kyrn motoky B abconmtoTHOMY 1 BiIHOCHOMY pyci
3HaxX0AAThCs 3 popmyi (5, 6, 7):

S,ctga, <

1

ctgé, = k l—k)82p+(1—k)gSZA2KQ, (12)

ctgp, = k%—(l—k)32u+

1

2 2
R R
+(1—k)gs2 N LK

1-k Q

(13)

Koedimienr Teopernynoro mamopy Kuyr 1 kj
Koe(illieHT BTpaT BUPAXKAETHCS B 3AJIEKHOCTI  Bij
KiHEeMaTHYHHX [TapaMeTpiB:

_(@-K)TD 7, 0D oD’
Sl Mt e o ™
— — 2

khzkm+a(%—réDJ +
(15)

— 2 2
T r,b T,
+b(EKrlKQ_p‘m —OT] +C(5A KQ_HJ ,

me Kk — miHiManpHe 3Ha4YeHHS KoedilieHTa BTpar B

m
IIPOTOYHIN YacTHHI;

_ Ctgﬁﬁy

1
koe(imieHT BTpaT y pobOOYOMYy KOMIUIEKCI TNpUHMaE
MiHIMallbHE 3HAYCHHSI.
IMapametpu a, b i ¢ B (15) He 3anexath Bif peKUMY
poOOTH 1 BH3HAYAIOTHCS 32 JIOTIOMOTOIO JOCBiTYCHHX
JIAHUX, HAOJIMKEHO MOYXKHA BBaxkatu [6-9]:

[T — KiHEMaTHIHUN KOMIUIEKC, TIPH SIKOMY
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— I(HA . — kl . — kZ
2n°K2 i 2n°k7,

2 2
1l hina . 1l b2
me Koy, :6_[( R, j dQ; ki, , :6"‘[?] dQ.

Cropomena monens BTpar (15) ommcye moBenmiHKy
koe(imieHTa BTpAT NPOTOYHOI YACTHHH B Jiama3oHi
POKMMHHX  TapaMmeTpiB, 10  OXOIUTFOE  00JacTh
MakcuManbHoro rigpasmiyunoro KKJI. Y 3a3HaueHomy
Jiarna3oHi MOXKHa MPUITYCKaTH HE3aJEXHICTh IapaMeTpiB
a, b i c, mo BpaxoByIOTh BTPATH B pOOOYHX OpraHax, Bil
PEKHMHUX TTapaMeTpiB.

Bukopucrosyroun (14), 3a gonomororo (1) i (3),
3HaxoauMo QGopmynu rigpasiaiuaoro KKJI i rigpasmigaoi
HOTY>KHOCTI B 3aJIeKHOCTI BiJl HaBeJICHUX apaMeTpiB N,

iQ:

a

(16)

oD TEZAan
(1_"){ Q M eng J
60g <

2!

Mr =

nz/\zn,’
+u— :
Q 60 Q,

, _p(l—k)(foD

=60 J”lez'- (17)

[incransiroun B (2) posropuyti Bupasu Kyr i Ky
BignoBigHo 1o (14) 1 (15), HaBemeMo pIBHSHHS, IO

. . oD
3B'A3y€ KiHEMATUYHUH KOMIUIEKC —— 3 HABECICHUMHU

BeIMuMHAMH N| i Q):

A-Q”+B-n-Q +C-n”+D=0. (18)
A
D) . T.D
A:km+a( ° J —2a————mbk,,p,, +
Q Q

+bp? +2bpm%+b+c+pz;

oD
= 2 nzbkrl 2 42
B—FOD_A_+£_ Q mCcA'p,
60Q 120 60 30 30
c= n'bk? N n’cA’p ;
4.30°  4-30°
D=-g.

3anexnocti (16), (17) 1 (18) € ocHOBOW s
PO3paxyHKy 1 aHalli3y €HEPreTHYHUX XapaKTePHUCTHK
000pOTHOT I'iIPOMAIIINHH.

IIpu dikcoBaHMX 3HAYEHHSIX HABEICHUX MapaMeTpiB

ny i Q mapamerp [oD/Q, mo XapaKTepu3ye BIAKPUTTS

HampsSIMHOTO  amapary, 3HaXOOUTBbCS 3  PIBHSIHHA,

ozaepxkyBanoro 3 (18):

F, [F(OQD T +F, (I:OTDJ+ F,=0. (19)
ac
R (n,Q)=Q%, — 2Q2a(%j—(gznbkﬂum +
+Q%p’ +Q’h+Q%c+Q%u—
—% nQA’ +%nQu —3—10 nQn’cA’u +

+Lgn2ﬂ4bk2 +Lgn2n4A4c— g;
3600 " 3600

1 1
F(n,Q)=2Qy, +&nQ +%nQn2bkr1;

F,(n,Q)=Q%.

3 (19) BuTikae BUpa3 Al BUSHAUYCHHS YCEPEIHEHOTO
KyTa IIOTOKY 33 HalpPsIMHUM alapaToM:

oD -F*yF’-4FF,

Q 2F (@)

ITincTaHoBKa

B (16) i (17) mae BimmoBimHO

BesmuuHU Nri N 4714 3amanux 3Ha4eHs N i Q).

oD

Bpaxaroun B

(18)

= const (a, = const)

3HAXOAUMO PIBHSAHHA JiHII PIBHOIO BIAKPUTTA &, = CONSt
B MOJie yHiBepcalbHOI Xapaktepuctuku N; —Qp. s

. T'oD
3HAXOKEHHS BUTPATH IPH (iKCOBAHUX 3HAYECHHAX

i n; mepersopumo (18) no Burisny:

AQY +BQ/ +C, =0,

me B, =Bnj, C,=Cn?+D=0.

Bupinrytoun KBajgpaTHE — piBHSHHS,

bopmyiy
—B, +/B2—4AC,
Q| = 2A1 .

Pospaxynox €HEepPreTHIHUX XapaKTePUCTUK
HPOBOAUTHCS B Jiala30Hi 3MiHM PEXXUMHHUX ITapaMeTpiB N,

mono  Q
3HAXO0IUMO obopotHy

TiZpoMaImuHy:

BUTpaTh  uepe3

(21)

i Q, 1O OXOILIIOIOTH O0NACTh ONTHMAIBHOIO PEKHMY.
Jlnst BU3HAUYEHHsI PO3PaXyHKOBOTO [iala3oHy TMapaMmeTpiB
n; —Q| ciix cHoYaTKy BU3HAYMTH MapaMETPH ONTHMAIBHO

pexumy Ny i Q [7]. InTepBanu 3MiHM NPU3HAYAIOTHCS B
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3aJIE3KHOCTI Biﬂ 3Haﬁﬂ€HHX napaMeTpiB OIITUMAJIBHOI'O

Q
’
lont

pexumy Ny, 1 Qp,, (Hanpukmax: 0,8< <12 i

’
08<—
lont
HageneHi piBHSHHS MaTeMaTUYHOT MOJIEIN pOOOYOTrO
npouecy (MakpopiBeHb) MOXYTb OyTH BHKOPHCTaHI SIK
JUIl  aHalidy ~ KiHEeMaTHYHMX 1 E€HepreTHYHHX
XapaKTepUCTUK TiAPOTYpOiHM mpH (ikcoBaHii reomerpii
HPOTOYHOT YaCTHHU, TaK 1 VIS YHCEIHHOTO MOACIIOBAHHS
BILTHBY TEOMETPHUIHUX rmapamMeTpiB Ha i
XapaKTePUCTUKH.

@opmymu (17) i (21) HO3BONAIOTH MPOAHATIZYBAaTH
BIUIMB Ha BETMYMHY BHUTpAT, motyxHocti i KKJI 3MiH npu
BHECCHHI 10 reoMeTpii mporouHoi wactuHu. Dopmyna
(21) Bupaxae 3aJeXKHICTH BUTPATH BiJl T€OMETPUYHUX
rapaMeTpiB NPOTOYHOI YAaCTWHHM B SIBHOMY BHIJISI, IO
CYTTEBO  DO3IIUPIOE  Jianma3oH  JOCHKEHHS 0
BUSIBJICHHIO BIUIMBY T'€OMETPUYHHUX NapaMeTpiB Ha
XapaKTEepPUCTUKU 000POTHOT TiIpOMAaIIHHH.

3a I0IIOMOTrOI0 CIIIBBiJHOIIECHb, HABEICHHUX BHUIIIE,
BUKOHAHI PO3PaxyHKH EHEPreTHYHUX XapaKTEePUCTHK
obopotHux rigpomamma OP0O200, OPO500 (6a3oBuit Ta
MoM(piKOBaHUN BapiaHTH MPOTOYHUX dacThH). OTpuMaHi
JIaHi TO3BOJISIOTH CYNTH 1 PO KIHEMaTHYHI TapaMmeTpH, i
Ipo  EHeproOallaHCOBI  XapaKTePHCTUKH  0OOPOTHOT
riIpOMaIIMHK B TypOiHHOMY pexumMi poboTu. PesynbraTu
po3paxyHKiB 3BeaeHi B Tada. 1 [16, 18-19].

<12).

n.%
100

Tabnuus 1 — [TapamMeTpr ONTUMAIBHOTO PEXUMY

Tun OPO500 OPO500
IIPOTOYHOL OPO200 6azoBuit MoauGikoBaHUi
YaCTUHU BapiaHT BapiaHT
n 91,8 79 78
Q 0,313 0,151 0,150
n 94,1 88,3 90,3
ctgfy 3,7 2,1 2,4
ctgfl, 2,9 2,5 2,4
ctgoy 3,1 3,5 3,3
ctgoy 0,7 0,23 0,3

B pesysbraTi npoBeieHHsT po3paxyHKIiB IapameTpiB
ONTHMAIBEHOTO PEXHUMY CTa€ MOXJIMBUM I00YIyBaTH
noBepxHio KKJI ams moTodHOi YacTWHH OOOPOTHUX
rigpomanma OP0O200, OPO500 (puc. 1).

Ha pwuc.2 HaBeneHi po3paxyHKOBI €HEpreTHYHi

xapaktepuctukn  OP0O200, OPOS00 n=f(Q|,n;),
o= f(Q[,n]) Ta mniHiA MaKCUMAIBHOI IOTYKHOCTI
Nimax = f(Qr.n).

Jlyist OB TOCKOHAIBHOTO JTOCIIIKCHHS 000POTHOT
rizpoMamuHN Oys0 TPOBEICHE YHCEIbHE IOCIHIKEHHS
Ha MikpopiBHI 3a jgomomororo mnporpamu CFD, 1o
JTO3BOJIMJIO OTPUMATH PO3IMOJILI THCKIB Ta IIBHIKOCTEH B
MPOTOYHOI YaCTHHI B TYpOIHHOMY pEXuMi TpH
ONTHMAIILHUX 3HAYCHHSIX BUTPATH Ta 00epTiB. OgHUM i3
€TalliB YUCEIBHOTO TOCIIKCHHS IPOCTOPOBOIO TIOTOKY B

Puc. 1. Iosepxust KKJ{ 060poTHOi TigpoMarinHu:
a — 6a3oBuii Bapiant OPO500-B-100; 6 — moaucdikoBauuit Bapiant OPO500-B-100; ¢ — OPO200
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Puc. 2. Po3paxyHKOBI XapaKT€pPUCTUKH:
a — eneprernaai OPO500; 6 — enepreTuyHi Ta KIHEMaTHYHI
xapakrepuctukn OPO200

MIPOTOYHIA YaCTHHI € CTBOPEHHS MPOCTOPOBOI MOJEIN B

nporpami CAD (puc. 3).
Po3paxyHnkoBa ciTka

efleMeHTa  MPOTOYHOI

CTBOpEHa JUIi  KOXHOTO
yactuad.  Jns  crartopa,
HaTpaBJLIOYOTO amapary 1 pobodoro komeca OyB
3aCTOCOBAHMN  CEKTOPHHWMA  MiOXil, IO JO3BOJIAIO
CKOPOTHUTH 4Yac TMpPOBEICHHA pO3paxyHKiB (puc. 4).
3arajgpHa  KIUIBKICTH  KOMIPOK — pPO3PaxyHKOBOI — CITKH
cTaHoBuTh 8,5 MuH (migBix — 6 muH, pobode Koieco —
1 mun, Bimcmoktyroua Tpyb6a — 1,5 muH). B obGmacrax
KPOMOK IIPOBEJCHO 3ryIIeHHs CiTKH. B skocti mopeni
TypOyJIeHTHOCTI 00paHa cTanaapTHa K—e Moels, cepeHe
3Ha4eHHA y+ =35 (mo mgomyctuMmo Uit oOpaHol Mozeni
TypOynentHocri) [11-20].

Puc. 3. IIpocroposa moaens OPO500-B-100

B sxocTi rpaHUYHUX YMOB OyJM MPUHHATI pEXXUMHI
napamerpu (N;, Q) 3 yHiBepcaJbHOI XapaKTEPHUCTUKH.

OOpaHo Tpu pEXUMH pOOOTH Ha ONTUMAIBHOMY
BIJIKPHTTI JIONATOK HATIPABJIAIOYOrO anapary (puc. 5).

n',
of/xe

90 |

70 ¢

50

(Y

Puc. 5. YuiBepcanpHa xapaxrepuctuka OPO500-B-100:
CyLiJIbHA JIiHIs — PO3paXyHKOBI TaHHI; MyHKTUPHA JIiHis —
eKCIIepUMEHTaIIbHI TaHH]

Yucenbne  nmochimkenns  OPOS500-B-100 B
TypOiHHOMY pexumi poboTH OyiaM mpoBeleHi B
nporpamaomy komiuiekci CFD. Pe3ynbTatu qociikeHHS
3BeZieHi B Ta0u. 2.

Tabnuit 2 — PesynpTaTit po3paxyHKiB eHEPreTHIHUX
mokazuukie OPO500-B-100

0, 0,
Mo Q| N M, kg | ™% (e:lcrﬁ: (}:1)10’3;/)0a
-1 3 . Q - -
xg ™ | Mo | KBT | Hm (3D) PHMEHT) XYHOK)
85 ]0,140|11,05/201,1|0,016| 82,1 82,5 84,3
78 |0,145|11,38/210,2|0,018| 78,5 81,0 84,4
92 10,133]10,04|170,8|0,014| 81,6 80,5 82,5
Hus  Bigyamizamii Tedii piguHE B eJEMEHTax

MIPOTOYHOI YACTHHH (B ONTHMAJIbHOMY PEXKUMI poOOTH)
OynaH OTpHMaHi MOJS PO3MOMIN IIBHAKOCTEH B TiIBOI,
pobogomMy KoJteci i BimcMokTyro4ilt Tpy6i (puc. 6-8).

AHani3 pe3ynbTariB, OTPUMAHHUX IpPU IPOBEJICHHI
YHUCENIBHUX PO3PAaxXyHKIB IPOCTOpOBOT Tewii B'sI3KOT
pimuHKM B poOOYMX Koyecax OOOPOTHOI TifpOMAalIMHH B
nporpamHomy  komruiekci  CFD, HaouHo mokasye
ocoOnuBOCTI Tewii 1 J03BOJISIE BHM3HAYUTH XapakTep
pPO3MOALTY IIBHAKOCTi, THCKY, KYyTiB TOTOKY, IO
CTBODIOIOTH  JIONIATEBI  CHCTEMH, 3a0e3Nedyroud  ix
00rpyHTOBaHE MPOCKTYBAHHSI.

[IpoexryBanHs BHCOKOHAIIPHUX 000pOTHHX
TiIPOMAIINH 3 BHCOKHMH CHEPreTHYHHMH ITOKa3HUKAMHU
0a3yeThcsl Ha IOCTIKCHHI OamaHCy eHeprii. 3araipbHHUN
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KKJ] rigpomammHu CKJIANAETbCsAs 3 TiAPaBIIYHOIO,

JIUCKOBOTO Ta 00'€MHOTO.

M i

180°

W

270°

Puc. 6. Po3noain abcomoTHOT IIBHAKOCTI Y MiABOAIL B
MepuaioHanpHUX nepernHax CK

Puc. 7. Po3mo/ii1 KOMIOHEHTIB IBHIKOCTI B MEPHIIOHATEHOMY
MepeTHHI JIomati pobouoro Kosieca (MepuAiOHaNIbHA 1 BiTHOCHA)

Puc. 8. ITonst aGcoMrOTHOT MIBUAKOCTI y BIICMOKTYOUii TpyOi

AHai3 iCHyI0UMX pe3ysbTaTiB JIOCHTIIPKeHb 1T0Ka3aB,
IO TifpaBIiyHI BTpaTW 3aiiMaOTh 3HAYHY JOJKO BiJ
3arajJbHUX, TOMY B Xoai poborn Oyiau BH3HAueHI
TiIpaBiIiyHI BTPaTH B €JEMEHTaxX MHPOTOYHOI YaCTHHHU
Hacoc-TypOirm  OPO500-B-100 Ha ocHOBI Meromy
OCepemHeHHX Oe3pO3MipHMX TapaMeTpiB Ta METOAY
pOCTOpOBOi Teuil (puc. 9).

PospaxyHok; 5%

PospaxyHoK;
26%

"\ PospaxyHoK;

Ofiasia OPK @Biasia

Puc. 9. 3HaueHHs rigpaBaiyHUX BTPAT B €IEMEHTAaX IPOTOYHOT
JaCTHHU

B xoami aHamizy BTpar B €JEMEHTAax IPOTOYHOI
YaCTHMHU BUCOKOHAIIpHOI 00OPOTHOI rifipomMamuHu 0yio
BU3HAYEHO, 1110 B €JIEMEHTaX MiBOAY (CHipabHIA Kamepi,
CTaToOpl Ta HANpPaBISIOYOMY arapari) 3HAYeHHs BTpaT
HaWOUIBIII.

[opiBHsJIBHUI aHaNi3 OTPUMAaHUX PeE3yJbTaTIB 3a

pI3HEMH  MOJCSIMH 3  pe3yJbTaTaMd  (Hi3UIHOTO
SKCIICPUMCHTY IOKa3aB 3aJOBUIbHY 30DKHICTH, IO
CBIIYMTH PO JOLUIBHICTH 3aCTOCYBaHHS OOpaHHX

METOIB U JOCHIKEHHS 000POTHHX TiAPOMAIIIHH.

BucHOBKH. 3aCTOCYBaHHS METO/IB MaTeMaTHYHOTO
MOJICTIIOBAHHS  JUIi  BU3HAUYCHHS  TiAPOJMHAMIYHHUX
XapaKTEePUCTUK obopoTHo1 THIPOMAIIUHA c
BUKOPHCTaHHSIM O€3pO3MIPHHMX IapaMeTpiB  JI03BOJISIE
MOBHIIIIE PO3KPHUTH 3aKOHOMIPHOCTI pOOOYOro MpoIecy
TiIpOMAlIMHU Ta OLIHWUTH BIUIMB TreoMeTpii poOoumnx
OpraHiB Ha EHEPreTHYHI XapaKTePUCTHKH.

Hageneni 3anexnocti Butpatu, KKJI, moryxHOCTI
BiJl TEOMETPHYHUX 1 PEeKUMHHUX ITapaMeTpPiB J03BOJISIOTh
BXKE Ha TIIOYATKOBiil cTamii NPOEKTYBaHHA OI[IHUTH
EHEepreTHdHi SKOCTi 000poTHOI TimpomammHu. HaBemeHo
dopMynly IUIi BU3HauYeHHs KyTa HOTOKY 3a HaIpsMHHM
armapaToM. Y TOUHIOBATH IPOBECHI PO3PaXyHKH MOXKIIHBO
3aBISKM TIporpaMaM Uil  YHCENBbHOTO  JOCIIJDKEHHS
npocrtopoBoi Tedii. Bubip Haiibinem  edekTUBHOrO
METO/ly 3aJeXHUTh B CTajil NMPOEKTYBaHHS MPOTOYHOL
YAaCTHHU Ta BiJ| TOCTaBJICHOT 3aaui.
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€. C. KPYIIA

YUCEJBHE JOCJI)KEHHS EHEPTETUYHUX XAPAKTEPUCTHUK I'OPU3OHTAJILHOI
KAIICYJBbHOI I'lIPOTYPBIHA

IIpoBeieHHST YHCENBHOTO EKCIEPHMEHTY J[03BOJSE 3MEHIUUTH (DiHAHCOBI BHTPAaTH HA MHPOBEACHHS JaOOPaTOPHMX BHUNPOOYBAaHb MOZICIBHOL
rigpoTypOiHN Ha TiIPOAMHAMIYHHX CTEHJAAX, a TAKOX O3BOJSIE y OUTBII IIBHIKI CTPOKH CIIPOCKTYBaTH BHCOKOC(EKTHUBHY TimpoTypOiHy, ska
BiZINIOBifa€ BCIM BIMOTaM 3aMOBHUKA. B ocTaHHI poku OyB HOCATHYTHH ICTOTHHH IIPOrpec y CTBOPEHHI 3ac00iB MOAEIMIOBAHHS Ta PO3PAXYHKY Tedilt
PiIMHY, IO IO3BOJISIIOTH BHUKOHYBAaTH PO3PAaXyHOK 3 HACTUIBKH BHCOKOIO BIPOTIAHICTIO OAEPKYBaHUX pe3yJbTATiB, W0 HEOOXiAHHN obcsr
eKCIEPHMEHTY B 0araTbOX BHMAJKaX 3BOAUTHCS 10 MiHIMyMy. Byio mpoBemeHO umcenbHE MOJCIIOBAHHS MPOCTOPOBOrO MOTOKY B TOPH3OHTAJbHIi
KancynpHil rigpotyp06ini I1JI-15I'K-100 3 BUKOpHCTaHHSAM JBOX CYy4acHHX MPOrPaMHUX KOMIUIEKCIB — koMepuiitnoro FlowVision Ta OpenFOAM,
sikuit BumymeHo mix minensiclo GNU GPL (srinensist BiTbHO HOIIMPIOBAHOTO IIPOTPAMHOTO 3a0€3MeUeHHs 3 BIIKpUTUM KozxoM). IIponec BupimenHs
MOCTaBJICHHUX TiIPOAMHAMIYHHX 3a1ad 3a jJoromMoroio nporpamuux kommiekciB CFD (Computational Fluid Dynamics) BkiItodae B cebe HACTYIHI
eTamy: CTBOPCHHS TPHUBHMIPDHOI Mojeni 00'€KTa 3a OMOMOIOK CHCTEMH aBTOMATHYHOIO IIPOCKTYBAaHHS; MOOYIOBAa PO3PAXYHKOBOI CITKH 3
HEOOXiTHUMH TapameTpamy; BHOIp MaTeMaTH4HOI Mojeni; BHOIp BigMOBiAHOI Mopeni TypOyJIeHTHOCTI; 3aBJaHHs I'PaHUYHUX YMOB. lIpuBeneHo
Bi3yani3aiifo pe3y/IbTaTiB YHCENBHOTO JOCITIIKCHHS IPOCTOPOBOTO MOTOKY MO ABOM IPOTrPAMHUM KOMIUIEKCAM Ta BUKOHAHO ITOPIBHSHHS PE3yJIbTATIB
PO3paxyHKy 3 JaHUMH MOJEIbHHX BUIPOOYBaHb. 3JiHCHEHO PO3PAaXyHOK TifpaBliYHUX BTPAT B MPOTOUHIIl YaCTHHI FOPU3OHTANIBHOI TiAPOTYpOiHH.
Bukonano aHani3 pe3ynbTaTiB YHCEIBHOTO MOJEMIOBAaHHA. JlaHWH aHami3 J03BONUB 3pOOHTH BHCHOBOK IIPO HMOAIOHICT PE3yIbTAaTiB PO3PAXYHKY
TPUBHMIPHOTO MPOTOKY B NPOTOYHIM YacTHHH TiApoTypOiHM B mporpamMHux komiuiekcax FlowVision ta OpenFoam. Otpumani B pe3ynbraTi
YHCENBHOTO eKCIIEPUMEHTY 3HaueHHs rifpasiignoro KK/ riaporyp6inu ast 060X MporpaMHUX KOMILIEKCIB aJIeKBATHO CHIBNAJAIOTh 3 aHAIOTIYUHUMH
3HAYCHHSMH €KCIIEPUMEHTAIBHUX JOCIIKEHb, pO30KHICTh cKitanae 6mu3bko 0,5 %.

KurouoBi cioBa: rifpaBnivuHi MammHU, poboYe KOJIECO, TiIPOAMHAMIYHHN PO3paxyHOK, KOe(iLieHT KOPHUCHOI Aii, MaTeMaTH4YHA MOJEINb,
[IPOCTOPOBA TEHisl.

E. C. KPYIIA

YU CJIEHHOE HCCJIENJOBAHUE SHEPTETUYECKHX XAPAKTEPUCTHK TOPU3OHTAJBLHOU
KAINICYJBHOU I'TJTPOTYPBUHBI

IIpoBeneHHe YHCICHHOrO AKCHEPUMEHTA IIO3BOSCT YMEHBIIUTH (DHMHAHCOBBIE 3aTPaThl HA IIPOBEICHHE Ja0OPATOPHBIX HCHBITAHUA MOAEIBHON
TUAPOTYPOUHBI Ha THAPOJINHAMHYECKHX CTCH/IAX, a TAKXKE NO3BOJIAET B OoJiee OBICTPBIC CPOKH CIIPOCKTUPOBATH BHICOKOA((EKTHBHYIO THIPOTYpOUHY,
KOTOpasi OTBEYaeT BCeM TpeOOBaHUSIM 3aKa3uuKa. B mocneanue romsl ObII JOCTUTHYT CYMIECTBEHHBIN IIPOTPECC B CO3NAHUHU CPEICTB MOJCIUPOBAHIS
U pacyeTa TEUCHHIl )KHUJIKOCTH, NMO3BOJAIOMINX BBIIOIHATE PACYET CO CTOJIb BBICOKOH BEPOSTHOCTBIO MONYYaeMBIX PE3YIIBTATOB, YTO HEOOXOAMMBIH
00BeM JKCIIEpPHMEHTAa BO MHOTHX CIydasX CBOJHTCS K MHHHMYMY. BBIIO IpOBeIeHO UYHCIEHHOE MOJEIMPOBAHUE IPOCTPAHCTBEHHOIO NOTOKA B
TOPH30HTANBHON KancynbHoi ruaporypbune [1JI-15I'K-100 ¢ ncrons3oBaHHEM JBYX COBPEMEHHBIX IPOTPAMMHBIX KOMILIEKCOB — KOMMEPYECKOTO
FlowVision u OpenFOAM, kotopsiii Beimyien noxn guuensueit GNU GPL (auueH3us cBOGOIHO pacipocTpaHsIeMoro NporpaMMHOT0 00eCIIeueHHs ¢
OTKPBITBIM KOJ0M). IIpomecc pemieHust MOCTaBICHHBIX THAPOAMHAMHUYECKHX 3a[ad C IIOMOIIbI0 MporpaMMHbIX KomiiekcoB CFD (Computational
Fluid Dynamics) Bkitodaer B ceOs CIEAYIOIIUE Tallbl: CO3JaHME TPEXMEPHOHW MOJENH OOBEKTAa C ITOMOLIBIO CHCTEMBI aBTOMATH3HPOBAHHOTO
MIPOEKTUPOBAHMS; OCTPOCHUE PACUCTHON CETKH C HEOOXOAMMBIMH IapaMeTpaMH; BHIOOD MaTeMaTHYECKOH MOJIENH; BBIOOp momxossmieil Momenu
TypOYJICHTHOCTH; 3aJlaHUs IPAaHNYHBIX yCIOBHM. IIpeacTaBieHa BU3yanu3aluus pe3ysbTaToB YHCICHHOTO HCCIEI0BAHUs MPOCTPAHCTBEHHOTO MOTOKA
10 JBYM IIPOIPaMMHBIM KOMIUIEKCaM H BBIIOJIHCHO CPAaBHEHHE PE3ylbTaTOB pacdyeTa C JAHHBIMH MOJENBHBIX HCHBITaHHIl. OCYyIIECTBICH pacder
TUJPABIMYECKUX MOTEPh B NMPOTOYHON YacTH TOPH3OHTAJIBHON TI'MAPOTYPOWHBI. BBINMONHEH aHaM3 pe3y/lbTaTOB YHCICHHOTO MOJCIHPOBAHHUS.
JlaHHBI aHaNU3 MO3BOJIMI CHACIAaTh BBIBOJ O CXOACTBE DPE3yNbTaTOB pacdeTa TPEXMEPHOTO IIOTOKA B IIPOTOYHOM YacTH THAPOTYpOHHBI B
nporpaMMHbIx KoMmiuiekcax FlowVision nu OpenFoam. [lomydenHsle B pe3yibTaTe YHCICHHOTO IKCHEpPUMEHTa 3Ha4deHHe ruapasmudeckoro KITJ|
THAPOTYPOUHEI Ul 000OMX IPOTrPaMMHBIX KOMIIIEKCOB afeKBATHO COBIANAIOT C AHAJOTHYHBIMU 3HAUCHUSIMH JKCIICPHMEHTAIbHBIX HCCICIOBAHMUI,
pacxoxaeHne cocraisieT okoino 0,5 %.

KaioueBble cJ0Ba: THIPABIMYECKHE MAaIIMHBL, pabodee KOIECO, THAPOJWHAMHYECKHII pacdeT, KOd((PUIMCHT IOIE3HOTO ICHCTBUS,
MaTeMaTH4YecKasi MOZENb, IPOCTPAHCTBEHHOE TCYEHHE.

E. KRUPA

NUMERICAL STUDY OF THE ENERGY CHARACTERISTICS OF A HORIZONTAL CAPSULE
HYDRAULIC TURBINE

Carrying out a numerical experiment allows you to reduce the financial costs for laboratory tests of a model hydraulic turbine on hydrodynamic stands,
and also allows you to design a highly efficient hydraulic turbine that meets all customer requirements in a faster time frame. In recent years,
significant progress has been achieved in the creation of tools for modeling and calculating fluid flows, which make it possible to perform calculations
with such a high probability of the results obtained that the required amount of experiment is in many cases reduced to a minimum. A numerical
simulation of the spatial flow in a horizontal capsule hydraulic turbine PL-15GK-100 was carried out using two modern software systems —
commercial FlowVision and OpenFOAM, which is released under the GNU GPL license (free open source software license). The process of solving
the set hydrodynamic problems using CFD (Computational Fluid Dynamics) software systems includes the following stages: creating a three-
dimensional model of an object using a computer-aided design system; construction of a computational grid with the required parameters; selection of
a mathematical model; selection of a suitable turbulence model; setting boundary conditions. A visualization of the results of a numerical study of the
spatial flow using two software packages is presented and a comparison of the calculation results with the data of model tests is performed. The
calculation of hydraulic losses in the flow path of a horizontal hydraulic turbine is carried out. The analysis of the results of numerical modeling is
carried out. This analysis made it possible to draw a conclusion about the similarity of the results of calculating the three-dimensional flow in the flow
path of the hydraulic turbine in the software packages FlowVision and OpenFoam. The value of the hydraulic efficiency of the hydraulic turbine
obtained as a result of the numerical experiment for both software systems adequately coincides with the analogous values of experimental studies, the
discrepancy is about 0,5 %.
Keywords: hydraulic machines, runner, hydrodynamic calculation, efficiency, mathematical model, spatial flow.
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Beryn.  OcHoBHa  337a4a  TiAPOMEXaHIYHOTO
pO3paxyHKy TigpoTypOiHM B TOMY, W00 NpaBWIBHO 1
pauioHAIBHO CHpOeKTyBatu ii mpotouny wactuny (IT4),
siKa, B IMEPIIy Yepry, MOBUHHA 3a0C3MCUUTH OTPUMAHHS
HEOOXiTHOT MOTYXKHOCTI NpH HaWMEHIIMX Tradapurax i
BHCOKHX CHEPreTHYHUX 1 KaBiTalliHHUX TIOKa3HUKax
TypOinn.  Pimenns  manoi 3amadyi  moB'sizaHe i3
3a0e3MmeueHHsIM  MiHIMAIBHUX BTpAaT B  €JIEMEHTax
MIPOTOYHOT YACTHHU /I 3aJaHUX IPUBEACHUX MTapaMeTpiB
ONTUMAIIBHOTO PEXUMY, TOOTO 3HAYCHb TPHUBEICHUX
obepTiB 1 TmTpuBeneHOi BUTpaTH. B  maHWid  bac
MakcumanbHe 3HadeHHs KKJ[ rigporypOin  mocsrae
92,5-95% 3a [nmaHMMU MOJENBHUX BHUIPOOYBaHb, B
3aJICKHOCTI BiJl KOS(ili€HTa IIBUAKOXiTHOCTI.

KpiM eHepreTM4HMX XapaKTEpUCTUK, HEOOXiIHO,
mo0 TypOiHa Majia XOpOLIi KaBiTaliiHI NMOKa3HUKH, NPH
KX OyJe BIACYTHS pO3BMHCHA KaBiTallisl Ha BCIX
pobounx pexumax TiapoTypOian. B manmii wac 1ei
aCTIeKT KOPCTKO PETIaMEHTYETbCS  TCHICPHOIO
JIOKYMEHTAIII€I0 1 BiJICTEXKYETHCSA B XOJi JOCIIKEHb Ha
Mozeni TypOiHu. B mporieci mpoekTyBaHHS TiIpoTypOiHH
JIOBOJIUTHCS BPaxOBYBaTH pi3HI, YacTO CyINEpPEWINBI
BUMOTH JI0 T€OMETpil MpOTOYHOI YacTwHU. Hampukian,
ONTUMAJIbHA 3 TOYKU 30PY CHEPreTUYHUX IMOKA3HUKIB
reomeTpiss pobouoro komeca (PK) Moxxe BusButHCS
HENPUHHATHOIO 3 TOUKH 30Dy ii KaBiTalifHUX SIKOCTEH.

Jis  BUpINIGHHS BCIX IEpPEpaXxOBaHUX IUTAHb
HEOoOXiHe MOJEIIOBaHHS pobouoro rpotecy
rigpoTypOinn. 3 1i€l MPUYUHUA PO3BUTOK PO3PaXYHKOBUX
METO/IiB JTOCITIIKEHHSI pobodoro porecy i
MIPOTHO3YBaHHS CHEPTETUYHUX XAPAKTEPUCTHK € OTHIEIO 3
OCHOBHHX 3aja4 Teopii TiIpoTypOiH.

3amaui, TmOB'sA3aHI 3 PpO3paXyHKOM OOTiKaHHS
3alaHuX E€JIEeMEHTIB MPOTOYHOI YaCTHUHH TiApoTypOiHU i
BU3HAYCHHSM IX TiIpaBIiYHMX IIOKa3HHMKIB Ha pPI3HUX
pexuMax, B Teopii TrifApoTypOiH HA3WUBalOTh HPSIMUMHU
3amadyamMu. 3ajadi, MOB'sI3aHi 3 MPOCKTYBAHHSAM CJICMCHTIB
NPOTOYHOT ~ YacTMHU  TigpoTypOiHM Ha  3aJaHOMY
PO3paxyHKOBOMY peXxHuMi (30KpeMa, 3 BH3HAUCHHSIM
reoMeTpii JOmaTeBHX CHCTEM), B Teopil TiIpoTypOiH
MPUHHATO HA3WBATH 3BOPOTHUMH 3a1a9aMHU.

ITounnaroun 3 90-X pPOKIB MHUHYJOTO CTOJITTS,
aKTUBHO TIIOYaJM PO3BUBATHCA 1 BHUKOPUCTOBYBATHCS
YUCENbHI METOIHU PIllIeHHsI CIOYaTKy Ha OCHOBI PiBHSIHB
Eiinepa, a motim i ycepenHenmnx piBHsHL Has'e-CrTokca.
OpHi€l0 3 mepeBar YHCEJIBHOTO MOJICIIOBAHHS €
MOXUJIMBICTh JOCIHI/DKEHHS BJIACTUBOCTEH 00'ekta B
BEJIMKOMY Jliala3oHi 3MIHIOBAaHUX IapaMmeTpiB 1 NpH
pi3HOMY TX IO€JHAHHI.

B ocranHi poku OyB JOCATHYTHIl ICTOTHHH mporpec
y CTBOPCHHI 3ac00iB KOMIT'IOTEPHOTO MOJICIIOBAHHS Ta
PO3paxyHKy TeUill piAWHU, IO JO3BOJSIOTH BHKOHYBATH
PO3PaxXyHOK 3 HACTUIBKM  BHCOKOIO  BIPOTiAHICTIO
OlIepKYBaHUX pe3yJbTaTiB, IO HEOOXimHUU obcsr
eKCIIepUMEeHTy B 0araThOX BHIAIKaxX 3BOAWUTHCS MO
Mminimymy [1-20].

Meta Ta 3axadi gociigxeHns. MeTtoro poOoOTH €

JIOCITIPKEHHS €HEepPreTHYHUX XapaKTEepUCTHK
TOpU30HTaNbHOI KarcynbHOI rifpoTyp6inm [JI-15TK 3
BUKOPHCTaHHIM JIBOX Cy4acHHX HpOrpaMHUX

KoMIUIeKciB — komepuiiinoro FlowVision ta OpenFOAM,

skuii BumymeHo mig Jinensietro GNU GPL  (nminensis
BUIBHO IIOIIMPIOBAHOTO IIPOrpaMHOrO 3a0e3MledyeHHs 3
BIIKPUTUM  KOAOM) Ta  IOPIBHAHHS  pe3yJbTaTiB
PO3paxyHKy 3 JaHUMH MOJICIbHUX BUIIPOOYBaHb.

Jlnst nocsirHeHHst MeTH OYJIH MOCTaBJICHI TaKi 3a/1a4i:

- BU3HAYMTH paIlioHaJbHI apaMeTpH po3paxyHKOBOT
MOJIeTi: THIT 1 PO3Mip CITKH, MOJENb TypOYJIeHTHOCTI,
TpaHWYHI YMOBH Ta 1HIIII;

- BAKOHATH PO3pPaxyHOK TMPOCTOPOBOi Tedii B
rigpotyp6ini ITJI-15T'K-100 Bix BX0oay B miaBimHY Kamepy
IO BUXOJY 3 BiZJICMOKTYI0401 TpyOH;

- IPOBECTH PO3PAaXyHOK TiIPaBIiYHUX BTPaT B
€JIEMEHTAaX IIPOTOYHOT YaCTHHH.

Po3paxyHoKk mpocTOpPOBOro MOTOKY B HNporpami
FlowVision. Cyvacuuit koMepuiiiHuii mnporpaMHuit
kommiekc  FlowVision B nmaHWidi 9ac  IIMPOKO
BUKOPUCTOBYETHCS JJIsl BUPIIICHHS TPUKIATHUX 3aBIaHb
TiApOTa30JUHAMIKH.

[Iporpamuanii komruiekc FlowVision npuszHaueHuit
JUTSL MOJISTIOBAHHS TPUBUMIPHUX Tedid PiTUHM 1 Ta3y B
TEXHIYHUX 1 MPUPOAHUX O00'€KTax, a TaKOXK Bizyauizamii
X TeYill METOAaMH KOMIT0TEpHOI rpadiku [1-4].

MoenboBaHi Tevii BKIIOYAIOTh B ceOe cTamioHapHi
Ta HECTAal[lOHApHi, CTUCKyBaHi, cJIabOCTHCKyBaHI 1
HECTHCKYBaHI NOTOKM pigMHU 1 ra3y. Bukopucranus
pi3HMX  Mozeined  TypOyJleHTHocTi 1  ajanTUBHOI
PO3paxyHKOBOI CITKM JO3BOJISIE MOJCIIOBATH CKJIaJHI
PYXH DPiJMHHU, BMHKAIOYM TEYil0 3 CHIBHOIO 3aKPYTKOIO,
TOPIHHAM, Tedii 3 BUTLHOIO TIOBEPXHEO.

FlowVision, ocHoBaumii Ha KiHIEBO-00'€eMHOMY
METOJIi pillIeHHsI PIBHSAHB T1APOAWHAMIKH, 1 BHKOPUCTOBYE
OpSIMOKYTHY — aJanTHBHY  CITKy 3 JIOKAIbHUM
nonpionenHsM. Jlnsg  anpokcuMariii - KpHBOJiHIHHOL
reomerpii 3 migBumeHoro TouHicTIO  FlowVision
BUKOPHCTOBYE TEXHOJIOTIIO MiJACITOYHOTO pPO3MIMPEHHS
reomerpii. Ll TexHOJOTi JO3BOJSE  IMIOPTYBaTH
reomerpito 3 cucteMm CAIIP 1 oOmiHrOBaTUCs
iHpopMalier0o 3 CcHCTEMaMH  KiHIIEBO-CJIEMEHTHOTO
aHanizy. BukopucraHHs wi€l TEXHOJOTIi J03BOJIHIO
BUPIIINTH NPOOJEMy aBTOMAaTHYHOI TIeHepauii CiTKH —
mo0 3reHepyBaTH CiTKy, JOCHUTh 3aJaTH JIUIIE KiJIbKa
napameTpiB, MICIS YOTO CiTKa aBTOMATHYHO Te€HEPYEThCS
JUTSL pO3PaxXyHKOBOi 00JIacTi, M0 Ma€e TeOMeTpilo OyIb-
SIKOTO CTYIICHSI CKJIaJJHOCTI.

Cmeopenus ceomempuunoi mooeni ¢ CAIIP ma
imnopmysannsi it 6 FlowVision. FlowVision He Mae
BJIACHOTO T'€OMETPUYHOIO IpOLEcopa, TOMY TIeOMeTpis
rizpoarperaTy noBuHHa iMmnoprysatucst 3 CAD-cucremu.

B naHmit wac icHye winMH psAng  IpOrpaMHHUX
NPOJYKTIB, SKI JO3BOJSIOTH €(EKTHBHO BHMKOHATH 1€
samanns: SolidWorks, T-Flex, Unigraphics, Autocad
Mechanical Desktop, ProEngineer, Catia Ta in. [3, 4].

I'eoMeTpis KarCyIbHOTO TiApoarperary, BAKOHAHOTO
B CAD-cucTemi npezcTaBiicHa Ha puc. 1.

Po3paxyHok Tedii BOJu B Tipoarperari € 3aBIaHHsIM
BHYTpimHBOi Teuwii, Tomy B FlowVision jaocraTHbO
IMITOPTYBaTH TEOMETPII0 MPOTOYHOT YacTHHHU. [Ipy IbomMy
BHYTpilIHIM 00'eM rigpoarperaty IIOBHHEH OyTH
NPE/ICTABICHUH K TBEPOTLUIbHA MOJIEIIb.

HactynHwuii eranm MmigrOTOBKM TeOMETPIi MOJsArae B
HOAII PO3paxyHKOBUX oOjacTeld migBopa, oOepTOBOTO
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pobouoro koneca i BigBomgy. [nsg 1pOro HeoOXigHO
PO3CIKTH T€OMETPIt0 [BOMA IUionmHamMu epen i 3a PK. B
pe3yibTaTi MU OTpPUMAlld TBEPAOTUIbHY Mojens I[TU
MOXHA

rigpoarperary, sKy Jaii IMIOpTYBaTH B

FlowVision (puc. 2).

Puc. 2. TBepaoTiibHA MOJIENE IPOTOYHOT YACTHHH 3
PO3IIIEHNIMH PO3PaXyHKOBHMH 00JIACTSIMU

3aeoanns Mmooeni mypoy1eHmHOCMI. Jlost
IIOCTaBJIEHO1 3amadi PO3paxXyHKY KarcynbHOL
rizpotyp0Oinu IIJI15-I'K mis Bcix TphoX po3paxyHKOBHX
obmacreii Oyma BHKOpHCTaHAa CTaHAapTHa k-€ Momenb
TypOynenTHocTi. JlaHa Mozens, a TakoX il Moampikarii
LIMPOKO BHKOPUCTOBYETHCSI B Cy4YacCHUX IPOTPAMHHX
npoaykrax [2,5,15]. Ilpu Bukopuctanui wiei momemi
cucTteMa pIBHAHb PyXy PIIMHU JOIOBHIOETHCS JBOMA
JudepeHIiaJbHUMH PIBHSHHAMH, IO OMHCYIOTh NEPEHOC
BIZMOBIHO KiHETHMYHOI eHeprii TypOynentHocti k i
MIBUAKOCTI aucumnarii € [8, 16].

3asoanna epanuunux ymos. Y FlowVision mporec
3aBJIaHHS TPAHUYHAX YMOB po30uTHit Ha nBa etamw [1, 2]:

- CTBOPCHHS Ta peHaryBaHHS BCIX HEOOXiTHHX
IPaHUYHUX YMOB;

- PO3CTaHOBKA TPAHMYHHX YMOB Ha I'€OMETPUYHHX
rpymnax.

YucenbHI TOCHIKCHHS BUKOHAHO JJISI MOJENi 3
nmiametpom PK D;=1wm npu nHanopi H=1wm s
ONTHMAJIBHOTO PEeXUMYy poOOTH TigpoTypOiHM (3rigHO
yHiBepcanbHol xapaktepuctuku [1J1 15/984-T'K-46).

Ha wmexax po3paxyHKOBHX oOilacTeil 3amaBaiucs
HACTYIIHI TapaMeTpH:

- Ha BXOJIi — MacoBa PeXXUMHA BUTPATA;

-Ha CTIHII — YyMOBa MpPWIHIAHHS (IIBHIKICTH
TIOPIBHIOE HYITIO);

- Ha BUXoni — cratuynuii Tick P = 101325 I1a.

3asoanns euxionoi pospaxynkoeoi cimxu. OqHEM 3

HaWBaXXJIMBIIIMX  €TamiB  CTBOPEHHS PO3paxyHKOBOI
MoJieni € o0y/I0Ba PO3pPaxyHKOBOI CITKH.
[ToOynoBa po3paxyHKOBOi CITKH — @€ Ipolec

pO30UTTS PO3PaxyHKOBOI 00JacTi Ha O€3iy OKpeMHUX
ocepenkiB.  Ocepeku  CITKM  SBISIOTH  COOOIO

OaraTorpaHHUKH, 3a3BHYail TeTpacapH, reKcaeap, IpU3MH
abo mipamign. Kpomku mux ocepenkiB yTBOPIOIOTH JIiHIT
PO3paxyHKOBOI CITKH, @ TOUKH, pO3TAllIOBaHI Ha Kpaiikax
a0o0 B LIEHTPi OcepelKiB — BY3JIM PO3paxyHKOBOi ciTku. B
pe3ysbTaTi YUCEIbHOro DIlIeHHsS DPIiBHSHb MaTeMaTHYHOI
MOJENI caMe€ Yy BYy3JaxX pPO3PaXyHKOBOI CITKH 1
BH3HAYAIOTHCS ITyKaHi MapaMeTpy Tedil.

FlowVision BHKOPUCTOBYE JOKaJIbHO aJalTHBHY
po3paxyHKOBY CciTKy. CrouaTky OyIyeThCsl HOYaTKOBa
ciTka (piBHOMipHa a0 HEpPiBHOMIpHA), MMOTIM 3a1al0ThCS
Kpurepii aganramii [1, 2].

[Nepmmm eTarnoM CTBOPEHHS! pO3PaxyHKOBOI CITKH €
noOynoBa Mo4aTKoBoi ciTku (puc. 3).

Puc. 3. Po3paxyHKoBa ciTKa HOYaTKOBOTO PiBHS

Jpyruii eram — yTOYHEHHS PO3PaxXyHKOBOI CIiTKH,
MOB'SI3aHUNA 3 aNaNTali€l0 IOYaTKOBHX PO3PAaXyHKOBHX
OCepeIKiB.

Y FlowVision BHKOPHCTOBYETBCA MPSIMOKYTHA
aJlanTHBHA JIOKAJIbHO TojipidHeHa citka (AJITIC).

Cytaicts TexHomorii AJITIC nmomnsrae B HacTymHOMY.
VY Bciif po3paxyHKOBiif o0macTi BBOAWTHCS MPSIMOKYTHA
citka. Buninsrorecs migobmacti 3 0COONMBOCTAMHU
reomerpii abo Tedii, B SKMX HEOOXiJHO IPOBECTH
pO3paxyHOK Ha OinblI ApiOHiH, HDXK BuXinHa, citui. [Ipu
OMY PO3PaXyHKOBHU OCEpEIOK, B SKHH IOTpaIuia
BHJIJICHA OCOOJIUBICTD, NITUTHCA HAa 8 PIBHUX OCEPEIKiB
(B TpMBHMIpHOMY BHIAIKy, B JBOBHUMIpHOMY — Ha 4).
Jami, aKmo HeoOXigHO, OCepeqKu TUIAThCS IIe pa3 i TaK
0  JOCATHEHHS HeoOXimHoi TouHocti. Ocepenxu
MOYAaTKOBOI CITKM HAa3WBAIOThCSA ocepenkamu piBHA O,
ocepenkd, ofepxkyBaHi moapiOHeHHsM  piBHZ O,
Ha3WBaIOThCS ocepenkamu piBHs 1 i T.m. [Ipu renepamii
AJITIC HaknamaeTbcss yMOBa, IIO TI'paHAMH 1 pedpamu
MOXXYTh MEXYBAaTH OJUH 3 OJHUM TUIBKH OCCPEAKH 3
HOMEpaMH PiBHIB, IO BIAPI3HAIOTHCS HE OLIBINE HIX HA
OJIMHULIIO.

Ilpoyec piwenns ma eizyanizayis pe3yromamis
pospaxyuxy. llepen movaTkOM BUPINICHHS Mporpama
poOuTHh MOOYMOBY ITOYAaTKOBOI PO3PAaXyHKOBOI CITKH 1
aJanTamif0o  [IOYaTKOBHX  PO3PAaXyHKOBHX  OCEpEAKiB
(puc. 4). 3aranbHa KiJbKICTh BY3JIiB PO3PAXyHKOBOI CITKH
cxiana 10 mitH.

Ha puc. 5-7 mpexacraBieHo Bi3yami3amio MOTOKY B
MpoTouHii wactuni riapotyp6inm IIJI15-I'K-100 vy
BUTJISIII pi3HOOAPBHOT 3aJIMBKH.

Po3paxyHOK mpocTOpPOBOro MOTOKY B HNporpami
OpenFOAM. 3acarvha xapaxmepucmuka npocpamHoco
xomnaexcy OpenFOAM. CBow Ha3By Ta 1€0JIOTIIO
nodynoBu mnaker OpenFOAM Oepe Bix mnonepeaHuka
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FOAM (Field Operation And Manipulation), sikuii €
3aKPUTUM 1 IIPOJOBXKYE PO3BHUBATHUCS MapajleibHO 3
OpenFOAM. Ilaker FOAM 0Oy wnanucanuii ['enpi
Bennepom, mpodecopom Jlonnonckoro KopomicTBa Ta

OyB mponaHuil sk KoMmepuiitauii kommnanii NABLA Ltd
[6-10].

Puc. 6. Po3mo/iin BiZHOCHOT LIBUAKOCTI MOTOKY Y3A0BK
MOBEepXHi rigpoarperary

Puc. 7. Po3monin abcoMroTHOT IBUAKOCTI TOTOKY Y3IOBXK
MIOBEpXHi poO0Y01 KaMepH Tifpoarperaty

Y 2004 poui mno4MHaETbCA ~icTOpis  mMakera
OpenFOAM - B mpomy poui mnaker FOAM Oys
punymennid mig minensiero GNU GPL (minensist BiUTbHO
MOLIMPIOBAHOTO POTPAMHOTO 3a0e3Ie4eHHs 3 BIAKPUTUM
kozoM) i mepeiimeroBanuii B OpenFOAM (Open Source
Field Operation And Manipulation CFD ToolBox -
BUTBHO PO3TOBCIOIKYBAaHUI iHCTpyMeHTapiit
OOYHCITIOBAIFHOI  TiAPOAMHAMIKM UIA  Omeparii 3
ronsimMu). B nanmit wac maker OpenFOAM miaTpumyeTbes
i posnoBcrokyethes dipmamu OpenCFD Ltd, Wikki Ltd,
AKi ~ 3aiMa€eTbcs  PO3POOKOIO,  PO3MOBCIOKEHHSM,
MiATPHUMKOIO | HABYaHHSAM KOpHCTYBadviB [7].

IMaker OpenFOAM Hanucanuii Ha MoBi C++ i
BUKOPUCTOBYE 00'eKTHO-OpiEHTOBaHI METOIHU
nporpamyBanHsi. IIporpamue 3a0e3neueHHs] BKIIOYAE SK
TrOTOBI MOAYJi pIlICHHS IIMPOKOrO KOJa 3aBJaHb
MEXaHIKM CYHIIBHOTO CEepelOBHINA, TaK 1 JI03BOJISIE
po3poliATH BiIAacHI MojeNi 1 BHpimIyBadi mif pi3Hi
3aBIAHHS.

OpenFOAM Ha ChOTOAHI € OTHUM 3 «3aKIHUCHHX) 1
BIJIOMHX OJATKIB, Ipu3HaYeHUX i FVM-004ncieHs.

CriouaTKy mporpama Ipu3Hadanacs Ui pO3paxyHKiB
Ha MilHICTh, ame B pe3ynbTari  0araTopiyHOro
aKaJeMiyHOro 1 IPOMHCIIOBOTO  PO3BUTKY  Ha
CHOTOJHIIIHIM MOMEHT J03BOJISIE BUpIIIyBaTH Oe3iid
pI3HMX 3aBJaHb MEXaHIKM CYLUIBHUX CEpeOBHIL,
30Kpema:

- PO3paxXyHKH Ha MILIHICTb;

- TiZpoaMHaMika HBIOTOHOBCKMX 1 HEHBIOTOHOBCKIX
B'SI3KMX DPIIWH SIK B HECTHCIMBOMY, TaK 1 CTHUCIHBOMY
HaOIKEHH] 3 ypaxyBaHHIM KOHBEKTHUBHOTO
TEIUI000MiHy Ta mii cui rpasitamii. [l momemroBaHHS
TypOyJIEeHTHHX Tedii MOKIMBE BHUKOpUCTaHHA RANS-
moxenert, LES- i DNS-metomiB. MoXIuBO pimeHHS
JI03BYKOBHUX, HABKOJIO3BYKOBHUX 1 Ha/I3BYKOBHX 3aBJ/IaHb;

- 3aBJIaHHsI TEIUIONPOBIHOCTI B TBEPAOMY TiJi;

- bararoaszHi 3aBIaHHS, B TOMY YHCII 3 OIHCOM
XIMIYHHX PeakIiii KOMIOHEHT ITOTOKY;

- 3aBJIaHHA, OB 's13aH1 3 Jneopmariero
PO3PaxyHKOBOI CITKH;
- Jesiki  IHIN  3aBOaHHSA, TPH  MaTeMaTH4HIH

ITOCTAHOBII SKUX MOTPIOHO pimieHHS IU(epeHIiaTbHIX
pIBHSHbP B YAacTHMHHHX IOXIJHHX B YMOBaxX CKJIAIHOI
reoMeTpii cepeToBHIIa;

- po3mapaneoBaHHs PO3PAXyHKY IS 3aIllyCKy Ha
6araTonpouecopHUX cucTeMax (B T.4. KIACTEPHUX).

B ocHoBi konmy naexuts HaGip O6ibmioTek, w0
HaJalOTh  IHCTPYMEHTH sl BHUPIIICHHS  CHUCTEM
JUQepeHIliaTbHUX PIBHIHb B YACTHMHHHUX TOXITHUX 5K B
npocropi, Tak i B 4aci. Pobouoro moBoro xoxy € OOIL
C++. ¥V tepmiHax gaHoi MOBH OUIBIIICTH MaTEMaTHYHHX
mudepeHmiadsbHUX 1 TEH30pHHUX  OmepaTopiB B
MIPOTpaMHOMY KOZi PiBHAHb MOXX€ OyTH TpPEICTaBICHO B
3po3ymifiii popmi, a MeTo AMCKpETH3aLil 1 PillICHHs st
KOXXHOTO  omeparopa Moxke Oyrn oOpaHmWii  BXe
KOpHCTyBadeM B Ipolieci po3paxyHKy. Pasom 3 komom
MTOCTaBJISIETRCSL HAOIp TpOTrpaM-«BUPINIYBadiBY», B SKHX
peayizoBaHi pi3HI MaTeMaTH4YHI MOJENI MEXaHIKH
CYLIJIBHUX CEPEOBHUIIL.

IMporpama moxxe npamtoBatu mix Windows yepes
BipTyaJbHYy MAaIllMHY; € TakoX peanisauii, sKi He
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BHUKOPHCTOBYIOTH I0JJATKOBUX HAIOyI0B [7].

[Maker OpenFOAM wmae Oarato yTwimiT, SKi
JIO3BOJISIIOTH KOHBEPTYBaTH CTOpOHHI (opmaru B hopmar
OpenFOAM (nampuknan, ANSYS, Fluent, Gambit, VTK
abo in.) [6-10].

Pospaxynkoea  cimxka. B  HamoMy  BUIAAKY
MUCKPETH3AI[I0 JOCHIKYBaHOI MPOTOYHOI  YaCTHHU
BUKOHAaHO 3 JONOMOTOI0 HECTPYKTYpOBaHOI CITKH 3
KOMIpKaMH  TeTpaenpainbHOi (opMH 3  JOKaJIbHUM
3TYOICHHAM Oilg KPOMOK KOJIOH cTaTopa, jomaTok HA,
nomnateit PK.

HIBHAKICTE YMCETBHOTO PO3pPaxyHKY HMPOCTOPOBOIO
HOTOKY Yy Oynb-sikomy mnporpamMHomy komruiekci CFD
3a1exuTh BiJ KoHQirypauii 1K, Ha sikoMy 31iiicHIOETBCS
JIaHui po3paxyHok. O0'eKT MOCTiKCHHS B IaHii poOoTi,
a came rigporyp6ina IIJI15-I'K wmae ckiagHy
«TeOMETpilo», TOMY I MOOYJOBU PO3PaXyHKOBOI CITKH
Ta MOJAIBIIOTO PO3PaxXyHKY CHUTYyalis MOTpeOyBaTHMe
JOCUTh BEIMKHX 3aTpaT dYacy Ta OOYHCIIIOBAIBHOI
motyxxuocti IIK. [ ckopodeHHS dYacy pO3paxyHKY B
aHiii poOOTI BHKOPHUCTAHO «CEKTOPHHI» MiAXim, Komn
CKIIaIHI KpUBOIiHiIHI €JIeMEHTH KOHCTPYKIIii
rigpoTypOiHM 3aMiHIOIOTBCS cekTopamu. Hampukian,
Hanpasisitounid anapar (HA), mo mae 24 nonarku, Oyne
NPE/ACTABICHO OJHHMM CEKTOpOM, IO BKIIOYAaE B cebe
OJHY JIONaTKy; poOode Kojieco, L0 CKiIagaeTbes 3 4
nonareil Oyne MpeacTaBieHO OJHUM CEKTOPOM, IO
BKJIIOUYa€ B ceOe JIoNaTh Ta MKJIONATEB] KaHAIIH.

3arajibHe 4KCJIO €JIEMEHTIB 6,4 MIIH: IiABig — 3 MIIH;
omud MbkiaonarkoBuii kaHan HA - 300 tuc.; omun
MbkionareBuil kaHan PK — 2 mutH; BimcMmokTyroda tpyba
(BT) - 1,1 mun.

Jnst AKICHOTO ONMCAaHHS MOTPAaHWYHOTO IIapy Ha
cTiHkax oOjacteil OymyBammcsi TPU3MATHYHI KOMIipKH

(puc. 8).

Puc. 8. Po3paxynkoBa ciTka Mojei

B po6oti Oyno npoBeneHO YHCENbHUN PO3paxyHOK
TPUBUMIPHOTO NOTOKY B IPOTOYHIM YacTHHI KamlcCyJbHOI
rigporyp6inu I1JI-15-'K 3a momomororo mnporpamHoro
komiuiekcy ~ OpenFOAM.  I'panuuni  ymMoBH  Ta
MaTeMaTHdHa MOJAENbh OyiaM NpWUHHATI Taki, K 1 B
ToriepeIHLOMY po3paxyHKy o FlowVision.

Ha puc. 9-12 npexacraBieHi pe3ynbTaTd JaHUX
OCTIKeHb, a CcaMe Bi3yami3amis MOTOKY Y BHIJILAII
3aJIUBKH.

Po3paxyHok rigpaBaidyHHX BTpPaT B eJleMeHTax
nporoyHoi yacruHu. CymapHi BTpaTH B WiABOAI Ta
BIZICMOKTYIOYiil TpyOi 00UMCITIOBAIUCS SIK PI3HUL TIOBHOT
eHeprii Ha BXO/Ii Ta BUXOJi, IOAiICHa HA TIATOMY Bary.

K™=

Puc. 9. Po3noin BigHOCHOT LIBUAKOCTI B MEPUIIOHAIBHOMY
MePEeTHHI KarCyJIbHOI IiapoTypOiHU

Puc. 10. Po3noain abconroTHOT HIBUAKOCTI B MEPUAIOHAIBHOMY
MePEeTHHI KarCyJIbHOI TiapoTypOiHU

I\‘ .

Puc. 11. Po3noain mOBHOTO THCKY B MEPUIIOHATIBHOMY MEPETHHI
KarcyJbHOI TiAPOTYpOiHK

0 FIG Mhogrrue

—

Puc. 12. Po3nonin aGconroTHOT MIBUAKOCTI B BiICMOKTYOYii
TpyOi KarncyabpHOI TiAPOTYpOiHH

h= PBX — PBPIX )
P9
Cymapui Brpatm B PK oOumcmioBamucs 3a
hopmynoro:
N
Mo =1-mp =1- 0 Mo
PIQcHy PIQxHy

Tgpasmiuauit  KKJ[ rigporyp6inu T1JI-15T'K-100
BHU3HAYaBCA 32 (OPMYIIOIO:

_ Neq) _ MO)
pgQH  pgQH’

ne Q- BuTpara piauHK Yepes rigpoTypOiny;

H — namip rigpotypOiHu.

3HaueHHs MOMEHTy M Ha Bajy Tigpoarperary Oyio
OTPHUMAHO B PE3yJIbTaTi YHCEILHOTO EKCIIEPUMEHTY.

B Tabxn. 1 mpuBeaeHO 3HAYCHHS BENMYMH BTPaT B
€JIEMEHTaxX NPOTO4YHOI yacTuHM riapotyp6Oinn ITJI15-T'K-
100, mo orpumaHi B pe3yibTaTi pPO3PaXyHKIB Y
nporpamax FlowVision ra OpenFoam.

Ne
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Tabnuiyt 1 — igpaBiiyni BTpaTH B MPOTOYHIN YacTHHI

. [Iporpamui komIIeKcH
EnemenTty npoto4Hoi yacTHHU —
FlowVision | OpenFoam
IigBix, % 1,8 1,3
PobGoue koneco, % 3,1 3,5
Bincmokrytoua Tpy6a, % 2,3 2,2
Cymapsi Brparu B T4, % 7,2 7,0

B Tabn. 2 npencTarieHo MOPiBHAHHSA TiApaBIiqHOTO
KK nnst onTUMalibHOTO peXuUMy poOOTH TifpoTypOiHwm,
pPO3paxoBaHOTO IO JBOM IPOTPaMHHMM KOMIUICKCAM, 3
TipaBIiYHAM KK 3rifHO YHIBEpCaJIBbHOT
xapakrepuctuku [1J1 15/984-I'K-46.

Tabmuns 2 — lNgpasniuanit KK rinpotyp6inu I1J115-I'K-100

IIporpaMHi KOMIIIEKCH, MOJIETbHA Tinpasmivamii KK/,
XapaKTePUCTHKA %
FlowVision 92,8
OpenFoam 93,0
VHiBepcaiabHa XapaKTepHCTHKA 95
ITJT 15/984-T'K-46 '

AHaJ3 pe3yabTaTiB YHCEJIbHOTO IOCTiTKeHHsI.
AHani3ylous pe3yJIbTaTH YUCEIbHOI0 PO3PaXyHKY ITOTOKY
B ITY rizpotyp6inmn ITJI115-'K moxHa BuaiauTH HacTymHi
MOMEHTH:

- Teyisl B MiJiBOAI piBHOMIpHA, 03 CYTTEBHX BiJPUBIB
notoky (puc. 5-7, 9-11);

- O0TiKaHHS ~ KOJIOH  CTaTopa Ta  JIOMATOK
HAMpPAaBJSFOYOr0  amapary IMpPOXOAUTh 0€3 CyTTEBUX
BizpuBiB moToky (puc. 5-7, 9-11);

-teuin  pimuam B BT XxapakrepusyeThcs

HEPIBHOMIPHICTIO 3HaYeHb mBUAKOCTI (puc. 9-10, 12). Sk
BUAHO 3 pwuc. 12 3a oOrikadem PK cmocrepiraerscs
HE3HAYHE BUXPOYTBOPECHHS;

- OTpHUMaHi B PE3yJIbTaTi YUCEIBHOTO EKCIIEPUMEHTY
sHadyeHHs riapasniyaoro KKJ rimpotypOinu miis nBox
NPOTrpaMHUAX KOMIUIEKCIB aJIeKBATHO CIIBMAAAIOTh 3
AHAJIOTIYHUMH 3HAYCHHSIMU EKCIIePUMEHTATbHUX
nocnipkens (yHiBepcanbHa xapakrtepuctuka [1JI 15/984-
I'K-46); po36ixkHicTh ckiamae 6mu3bko 0,5 %.

Sk BUAHO 3 puc. 5—7, 9-12, 3HaYCHHS MIBHAKOCTEH
MOTOKY, THCKY B XapakTePHUX MEPETUHAX Ta XapakTep ix
PO3MOIIEHHS, PO3paxoBaHi 3a mormomMoroio FlowVision Ta
OpenFoam (akTHIHO HE BiIPi3HAIOTHCS.

BucnoBku. 1. AHami3z mNpOBENEHOTO YHCEIHHOTO
JIOCHI/DKEHHST  JIO3BOJISIE  3POOMTH  BHCHOBOK  IIPO
noAiOHICT,  Pe3yNIbTAaTIiB  PO3PaxyHKy TPHUBUMIPHOTO
IPOTOKY B IPOTOYHUX 4YacTHHAX TifpoTypOiH B

nporpamHux Kommuiekcax FlowVision Ta OpenFoam.
TakuM 4YHMHOM, NHakeT 3 BIAKPUTUM BHXIIHUM KOJOM
OpenFOAM Moxe OyTH YCITIITHO BUKOPUCTAHUH B SKOCTI

aNbTepHATHBM  KOMEPLIMHUM  M[akeraM  HOporpam
00YHNCITIOBAIBHOT T1IPOIUHAMIKH.

2. TlpencraBieHo AITOPUTM PO3paxyHKY
IHTeTpaJIbHUX ~ TIapaMeTpiB  TimpoTypOiH, a  came:
koe(imieHTy  KOpucHOI  Jdiil, MOMEHTYy Ha Bally
rigpoarperatry, IOTY>KHOCTi, Ha OCHOBI YHCEIHHOTO

MOACIIOBAHHS ITIPOCTOPOBOIO MOTOKY.
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10. M. KYXTEHKOB

MPUCTPOI 1 3AXOH 1IOJ0 3MEHIIEHHS HU3bKOYACTOTHHX JIKI'YTOBUX NYJIbCAIIIMI
THUCKY Y BIICMOKTYIOUUX TPYBAX ) KOPCTKOJIONATEBUX I'I IPOTYPBIH

PiBeHb HecTaLiOHAPHOCTI B JKOPCTKOJONATEBUX TiApPOTYypOiHAX B 3HAYHIM Mipi 3aJeXKUTh BiA PIiBHS MyNbCAIid THCKIB, sSKi OOYMOBICHI pyXoM
BUXPOBHUX JDKTYTIB 32 POOOYHM KOJIECOM Y BiICMOKTYro4Hii TpyOi. CHiIOBa B3a€MOJIisi BUXOPIB 3 €I€MEHTaMH IIPOTOYHOTO TPAKTy MOXKE MPH3BECTH 10
CEepHO3HHX aBapiifl. 3MCHIICHHs] HU3bKOYACTOTHUX [UKTYTOBHX IYJIBCALN THCKY € aKTyalbHUM 3aBIaHHSIM, TaK SIK CIPHSE IiABHILCHHIO HAJIHHOCTI 1
301JBLICHHS] MOTY)XXHOCTI TrifgpoarperaTiB. EKCHepUMEHTAaIbHO BUSBICHO, LIO Ha PEKUAMaxX HEJOBAHTAKECHHS 1 (OPCYBaHHS IOTY)XHOCTI B
rigpoTypOiHax Mae Miclie HasBHICTb OJHOTO a0 JNEKITbKOX BHXPOBHX JUKIYTIB. MeTolo poGotH Oyino po3MISIHYTH pi3HI 3aXOAH, IO CHPHSIOTH
3HIDKCHHIO PIBHSI aMILTITY JUKI'yTOBHX ITy/bCaliil THCKY B IPOTOYHIH YacTuHi. Lle mocsraeTsest 3a OMOMOTO0 BIyCKY IOBITpS IiJ pobode Kojeco
a00 3aCTOCYBaHHSIM Di3HHX CIELialbHUX KOHCTPYKTHUBHHX MPUCTPOIB. Bymu nocmipkeHi Taki MpUCTpOi: MOBOPOTHI €NEMEHTH Jiomarti podovoro
xoneca B PO rinporypOiHi, MOBOPOTHI JOMaTi MOJOBKEHOr0 OOTIUYHHMKA POOOYOro KoJjieca IMPOIMENEPHOI TiIpOTypOiHN; XPECTOBHHH, LIHIiHIAPUYHI
BCTaBKH y BiICMOKTYIOUHil TpyOi, OOTiYHHMKH poOOYOro Koieca pi3HOI TOBXKHHM, HPOQinboBaHi OMYKM HA CTIHII BIICMOKTYyIOuoi Tpyou. Bys
JIOCIIJUKCHHI BIUIMB BIYCKY TOBITPSl Ha PiBEHb HU3bKOYACTOTHUX JDKIYTOBUX IyNIbCALlii THCKY Y NMPOTOYHOMY TPAaKTi B HIMPOKOMY Jiana3oHi
peXHUMIB poOOTH TpU BUIPOOYBAaHHAX MOJENIBHOI TiApoTypOiHH. 3a3Ha4eHO Ha INepeBary 3alpoNOHOBAHMX HMPHUCTPOIB MO 3HMKCHHIO JUKTYTOBHX
IMyJIbcallilf THCKIB B BiACMOKTYIOUHII TPyOi B IOPIBHAHHI 3 BXKe iCHyIOUMMH criocoOaMu. HaBeneHi pe3ynabTaTH eKCIepHMEHTANBHUX JOCTIKEHb Ha
MOJICTIBHUX CTEHIAX Ta HATYPHIH TinpoTypOiHi, SKi MiATBEPIKYIOTh e)eKTUBHICTH BUKOPHCTAHHS 3aIIPOIIOHOBAHUX PO3POOOK.

Kurouosi ciroBa: rinporyp6ina, pobode koneco, BiICMOKTYr04a TpyOa, BUXPOBHIA [KTYT, MyJbcallii THCKY, OOTIYHUK poOOYOro Kojeca, BITyCK
MIOBIiTpsI, IOBOPOTHI €IIEMEHTH JIOMATI.

10. M. KYXTEHKOB

YCTPOI‘/‘ICTB“A N MEPONPUSATHUS IO YMEHBHIEHHIO HU3KOYACTOTHBIX KI'YTOBBIX
nyJbCAIIMA JABJIEHHUSI B  OTCACBIBAIOIIUX TPYBAX JKECTKOJIOMACTHBIX
Ir'maPOTYPBUH

VYpoBeHb HECTAIMOHAPHOCTH B JKECTKOJIOINACTHBIX T'MAPOTYPOMHAX B 3HAUUTEIBLHOH CTCNCHH 3aBHCHT OT YPOBHS IyIbCalUi JaBIEHUS, KOTOPHIE
00yCIOBICHBI OBIKCHHEM BHXPEBBIX JKTYTOB 3a pabounmM KOJIECOM B oOTcachiBaromeil Tpybe. CHIOBOe B3aHMMOACHCTBHE BHXpEH C dIIEMEHTAMU
MIPOTOYHOTO TPAKTa MOXKET MPUBECTH K CEPHE3HBIM aBAPUAM. Y MEHBLIEHUE HU3KOUACTOTHBIX JKI'yTOBBIX IyJbCALUHA NaBIEHU ABISIETCS aKTyaJlbHOU
3ajauelf, Tak KaK CHOCOOCTBYET IIOBBHINICHHIO HANACKHOCTH M YBEIHMUYECHHS MOIIHOCTH THAPOArperaToB. DKCIEPHMEHTAIBHO YCTAHOBJICHO, YTO Ha
pexXHMax HEIOTpy3KH U (OpPCHPOBAHHSA MOIIHOCTU B THIPOTYPOMHAX MMEET MECTO HalUdYHe OJHOTO MM HECKOIBKHX BHXPEBBIX XKIyTOB. llempio
paboThl OBUIO PAcCMOTPETh Pa3IUYHBIC MEPONPHATHS M YCTPOICTBA, CIOCOOCTBYIONIME CHU)KCHUIO YPOBHEH aMIUIUTYJ JKI'YTOBBIX ITYJIbCAIlHil
JaBICHHS B NMPOTOYHOH yacTH. OHa JOCTHraeTcs ¢ IOMOIIBIO BIyCKa BO3MyXa 10 pabodee KOIECO MM NMPUMEHEHHEM Pa3IMYHBIX CIICIHATbHBIX
KOHCTPYKTHBHBIX YCTPOHCTB. BBIIM HCCIEIOBaHbI ClEAyIOMUE ClIeNUalbHbIe YCTPOHCTBA: IIOBOPOTHBIE dIEMEHTSHI JIONACTU pabodero koieca B PO
TUAPOTYPOUHE; TOBOPOTHBIC JIOMACTH, YCTAHOBIICHHbIC HA YUIMHEHHOM OOTeKarene pabodero Kojeca B MPOIEUICPHOI THAPOTYpONHE; KPECTOBUHBI,
IIIMHIPHYIECKHE BCTaBKH B OTCACBHIBAIONICH TpyOe, oOTekaTenn pabodero xoieca pasHOH AIMHEIL, OBIYKH Ha CTEHKE OTCACHIBAIOIIEH TPyOBL bBruio
HCCIIEIOBAHO BIMSHUE BIIyCKa BO3MyXa IOJ pabodee KOIECO Ha YPOBEHb HH3KOYACTOTHBIX JKI'yTOBBIX IyJIbCAIMil NAaBICHHS B IPOTOYHOM TPAaKTe B
IIMPOKOM JAMAMA30HE PEKUMOB POOOTHI MPH HCIBITAHUSX MOAECIBHONW TMAPOTYPOMHBIL YKa3aHO Ha MPEHMYLIECTBO INPEUIOKEHBIX YCTPOHCTB I10
CHIDKEHUIO XKT'yTOBBIX ITy/IbCAIlIi JaBIeHUII B OTCACHIBAOIIEH TPyOe 0 CPAaBHEHHUIO € YKe CYIISCTBYIOIUME crocobamu. [IpuBeneHHbIe pe3yabTaTsl
OKCIICPHMEHTAIbHBIX HCCICAOBAHMH Ha MOJENBHEIX CTEHAAX M HATYPHOH THIPOTYpOMHE, NOATBEPKAAIOT 3(G(PEKTUBHOCTh IPUMEHEHHS
HPEIOKEHHBIX Pa3pabOTOK.

KaioueBble cioBa: THIpOTypOHHA, pabodee KOIeco, OTcachlBaromas TpyOa, BUXPEBOH JKIyT, ITyIbCAllMM JAaBJICHUS, oOTeKaTenb pabodero
KoJleca, BITyCK BO3/TyXa, HIOBOPOTHBIC 3JIEMEHTHI JTOMAaCTH.

Yu. KUKHTENKOV

DEVICES AND MEASURES TO REDUCE LOW-FREQUENCY HARNESSPRESSURE PULSATIONS
IN THE DRAFT TUBE OF HARDVANE HYDROTURBINES

The level of unsteadiness in liquid-bladed hydraulic turbines largely depends on the level of pressure pulsations, which are caused by the movement of
vortex bundles behind the impeller in the draft tube. Forceful interaction of vortices with elements of the flow path can lead to serious accidents.
Reducing low-frequency rope pulsations of pressure is an urgent task, as it helps to increase the reliability and increase the power of hydraulic units. It
has been experimentally established that in the modes of underloading and power forcing in hydraulic turbines, there is one or more vortex bundles.
The aim of the work was to consider various measures and devices that help reduce the levels of amplitudes of rope pulsations of pressure in the flow
path. It is achieved by introducing air under the impeller or using various special design devices. The following special devices were investigated:
rotary blade elements of the impeller in the hydraulic turbine of the Francis, rotary blades of the elongated fairing of the impeller in the propeller
hydraulic turbine; crosses, cylindrical inserts in the suction pipe, impeller fairings of different lengths, gobies on the wall of the suction pipe. In
addition to various design measures, the effect of air inlet under the impeller on the level of low-frequency rope pulsations of pressure in the flow path
in a wide range of robot modes was investigated during testing of a model hydraulic turbine. The advantage of the proposed devices for reducing rope
pressure pulsations in the suction pipe is indicated in comparison with existing methods. The presented results of experimental studies on model stands
and a full-scale hydraulic turbine, confirming the effectiveness of application the proposed developments for these types of turbines.

Keywords: hydraulic turbine, impeller, draft tube, vortex swirls, low-frequency pressure pulsations, impeller fairing, air inlet, rotary blade
elements.

Beryn. Ilpu 3MiHI HaBaHTaKeHHS TinpoarperaTd  BUHHKHCHHS IHTEHCHBHUX HHU3bKOYACTOTHUX
HEO/IHOPa30BO MPOXOJAThH Yepe3 HEPO3PaxyHKOBI PeXXUMHU  TiipoanHaMiyHuX Iynbcaniil Tucky (I1T) npuunHOIO SIKMX
pobotn. 3 HECTIHKICTIO 3aKpy4deHOi Tedii moB's3aHe v BigcMmokTyrouuit Tpyo6i (BT) 3a poGoummm koljiecamu
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(PK) »xopcTkononaTeBuX TiApoTYpOiH € BUXPOBI DKI'YTH
(BJ), siki cTaHOBIATH 3arpo3y HaAiHHOCTI Npu poOoTi
TypOinn. B]l € ceplio3HOI0 HEOE3MeKow uis TiApoTypOiH
B 3BSI3KY 3 IOTY)XHUMH BiOpalisMu HOTOKY, SKi
NPU3BOJATE 10 CWIIBHOI BiOpalii BChOTO rifpoarperary i B
pa3i pe3oHaHCy MOXYTb HPHUBECTH [0 PYHHYBaHHS
€JIEMEHTIB Ta MPOTOYHOI YaCTUHHM TiapoTypGinm [1-20].

MeTow po6oTH Oyno pO3TIASTHYTH €PEKTUBHICTH
Pi3HUX KOHCTPYKTUBHHUX 3aXOJIiB 1 BIyck moBitps min PK,
SIKI  CIIPYSIFOTh 3HAYHOMY 3HIDKEHHIO PIiBHSA aMIDTITY]T
HU3bKOYACTOTHUX JUKTyTOBHX 1T B mpoTOUHIH YyacTHHI.

1. 3acTocyBaHHSl MOBOPOTHHUX eJIeMEHTIiB Jomnari
(ITEJI) y xopcTrononareBux PK:

la. 3acmocysanus IIEJI PO poboyoeo konreca.

Tak sk  iHTeHcuBHiICT, BJI  BH3Ha4aeThCs
LUpKyJsiniero nmotoky 3a PK y BTynkoBux mepepisis, To i
MOBOPOTHUH €JEMEHT pO3MILYIOTb B 30HI BHXIJHOI
KpoMKH Jiomati. lle Takok coporrye i KOHCTPYKTHBHE
pillleHHS B 3B'A3Ky 3 THUM, IO B Ilil YacTHWHI JIOMAaTh
riapoTypOiHM Mae Mally KpUBH3HY. 3 Ii€l0 METO OyIiio
3anponionoBaHo PK BucoxonamipHoi PO rigpoTypbiam 3
ITEJI y Bryaku Ha Buxoni (puc. 1) [4, 5]. s mexaHizmy
MOBOPOTY  Jiomareil  IPOINOHYETHCS  KOHCTPYKTHUBHE
pitenns, sk y giaronansHoi I1JI rizpotyp6inu. 3 MeToro
nepeBipkn  edexruBHocti  IIEJI  Oyiam  mpoBenei
EHEepreTu4Hi  mynbcalii 1 30HIOBI  BUIIPOOYBaHHS
rigpotyp6inn 3 PK PO-500 (D; =350 mm) npu KyTax
¢ =+ 5° 0° - 5° Eneprerrudi BUIPOOyBaHHS ITOKA3aJIH,
mo ontumanpHu KKJ B TypOiHi Ha kyTax ¢ = + 5°, — 5°
3MEHIIYETHCS B MOPIBHAHHI 3 KyToM ¢ = 0° Ha 2 %. 3a
000pOTaMu ONTUMYM HE 3MICTHMBCS, a IO BUTpaTi IpHU
3MiHi KyTa ¢ Bix 0° mo + 5°, BiH 3MicTuBCs B Oik OibIIOT
Butpatd Ha 7,5 %. Hapmami onTumizamis reoMeTpHYHHX
napametpiB [1EJI moBuHHa mnependavyatd miIBUIICHHS

KKJI pu xkytax ¢ # 0.
30H10B1 BHNPOOYBaHHS TIPOBOIMITUCS 3a
JIOTIOMOTOK0  KYJIbOBOTO  IT'SITUKAHAJIIBHOTO  30HIAa 3

JiaMeTpoM TOJIOBKH 7 MM, sikuid OyB po3rarmoBanuii 3a PK
1 TPOXOIWB TMapaJiebHO BHUXITHUH KPOMIIN JIOTIATI.
Bumipu mnpoBoguimcs s ONTHMAIBHOTO — PEKHMY
(a0 = 16 mm), HEJIOBAHTAXKEHHS (ap = 12 Mm) i
nepeBaHTaXXeHHS (2p = 28 MM), Uit KyTiB @ = —5°, ¢ = 0°,
¢ =+ 5° Pe3ympratu BUMIpIOBaHb ckianoBux VU i Vz
abcomoTHOI mBUAKOCTI V HaBeneHi Ha puc. 2, 3. 3 ix
pO3MIISLy BHIHO, IO HAa PEKUMI IEpEeBaHTa)KCHHS
(ap =28 Mm) mpu 3mini kyra ¢ Bimx 0° mo +5° «—»
3akpyTka notoky 3a PK 3menmyetscs. Lle mpusseno no
smentrenHs [T 3 4% no 2 % npu Q'; = 0,18 m/c. Ha
peKUMax ONMM3BKMX [0 ONTHMAIbHOrO (ag = 16 Mm)
30UTBIICHHS KyTa () TIPU3BEJIO TAKOX 10 3MCHIICHHS «—»
3aKpYTKHA, @ y BTYJKH 1 000Iy TpH IHOMY JAEIIO0
30imbImnacs «+» 3akpyTtka. IlymbcariiiHi mgocmimKeHHS
nokazanmu, Gimseko g0 omtumymy (Q'; = 0,13-0,15 m%/c)
3MIiHM KyTa @ TpakTHdHO He 3MiHoBam [IT mpu
n'y = 80-90 x8™ (puc. 4). Ha pexuMi HEIOBAHTAXCHHS
3miHa kyta ¢ Big 0° go +5° mpussena 10 AesIKOro
30UIBINCHHST «+» 3aKPYTKH NOTOKY, IO 1 cmijg Oylo
ouikyBatH. TyT HeoOxinHo po3sepratu [IEJI Ha 3akpurTs
JUIl 3MEHIIEHHS «+» 3aKpyTKH. 3 OISy KpUBHX VZ
BUJIHO, 110 30UIbIICHHS KyTa ¢ (Ha BIAKPHUTTS) ICTOTHO
sminmno Burisin Vz =f(l): y Brynku mBuakocti Vz

301IBLIYIOTBCS, 8 Y 00018 3MEHIIYIOThCA (pHC. 3).

Puc. 1. PK rigpotyp6inu 3 ITIEJI:
1 - Brynka PK; 2 — mmxkniit 06ix PK; 3 — nonars PK;
4 — NOBOPOTHHI el1eMeHT Jionari; 5 — niadparma; 6 — ITEJT mis
¢ =+ 5% 7 —TIEJI nnst ¢ = —5°; 8 — Bich noBopory I1EJI

[Ipy upoMy Ha  ONTUMAJIBHOMY  BIIKPHUTTI
(8, =16 mm) BuTpara Q'; Maibke He 3MiHWIAcs, a MPU
8, = 28 MM (puc. 3, 6) BuTpara 30u1bIIyeTHCS Ha 6,6 %.
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Puc. 2. 3mina mBHAKOCTI VU TIO IOBKHHI MIPHOTO TIEPETUHY:

a—a,=12mm, n'; =90 x87, Q'; = 0,11 M/c; 6 — a, = 16 MM,

n'y =80 xe?, Q"1 = 0,136 M/c; 6 —a, = 28 MM, N'; = 80 xB™,
Q1 =0,171M%c

Tak K Ha BEJMKUX BIAKPUTTAX MpPU IHOMY
OJHOYAaCHO 3MEHUIYEThCS «—» BenuuuHa VU, ToOTO
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3MEHIIYEThCS «—» LuUpKyisinis 3a PK, To 3'sBnserscs
MOXJIMBICTb 301IbIIEHHSI MOTYXHOCTI IpH BiakpuTTi [TEJI
6e3 momiTHoro 36inbuienns 1T (puc. 4).
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Puc. 3. 3mina mBHAKOCTI VZ 110 JOBXKHHI MiPHOTO MEPETUHY:

a—a,=12mm, n'; =90 x87, Q"1 = 0,11 M/c; 6 — a, = 16 MM,

n'y=80xe?, Q1= 0,136 M*/c; B 6 — a, = 28 MM, N'; = 80 xB 7Y,
Q41 =0,171 M%c

Ipu 3akpurri IIEJ (Bix ¢ =0° mo ¢ =-5°) mua
8 =12MM mnpu peskomMy 3MeHmieHHi VZ kpuBa VU
3MIHMJIACsl HE3HAYHO, IO CBIAYHUTH MPO Majie 3MEHIICHHS
«+» 3akpyTku 3a PK.
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Puc. 4. ITynecamii Tucky 3a PK npu pizHOoMy nonosxerni ITEJI:
a-n1=90x8t6-n";=80xs"

Tomy 1 IIT npu Takiii 3mini kyra ITEJI He moBuHHI
NPaKTUYHO 3MiHIOBAaTUCS. Y 3B'SI3Ky 3 LUM Ha puc. 4
npuseneni 1T npu ¢ = - 5°. Bugno, mo 11 3HWKEHHS
I[IT na pexumax Maaux BUTpAT (B 30HI a, = 12 Mm)
HeoOxigHo 3akpuBaty [1EJI Ha Oinmpmmii KyT @, HiX — 5°.

Bumipu T IIPOBOJWIINCS 3a JIOIIOMOT' 010
TCH30MCTPUYHHMX JATYMKIB THUCKY, TiJCHIIOBaYa 1
SJICKTPONPOMiHEBOTO  ocumwiorpadga 3a  3BICHUMH
METOIUKAMHU.
16. 3acmocysanms Nn000BAHCEHO20 0OmMiyHUKA
nponeneprozo PK 3 nosopomuumu nonamsmu.
3anpomnoHOBAaHO  PsIA  KOHCTPYKIH — TOJBIHHOTO

perymosanns [T rigporyp6in [13-15, 18], mo 3Ha4yHO
PO3MINPIOE 30HY eKCIUTyartarii, mpoTe B IMX HaTeHTax
MPOTIISIAETHCS PSIT HEIOJMIKIB — PETyNIOBaHHS BUTPATH B
JMAHUX KOHCTPYKLIAX mependadae HasBHICTh MOTYKHOTO
MeXaHi3My MOBOPOTY Jonareil 2-i cTymeHi, mo npusBee
JI0 30UbIIEHHS BTYJIKOBOrO BimHomieHHs R, /R;, a orxe,
0 3HAYHOTO 3MCHINCHHS BHTPATH. 3ampONOHOBAaHE
BUKOPHUCTAHHS MIOJIOBXKCHOTO oOTiYHMKA JUIS
npomnenepHoro PK 3 moBopoTHUMH JIONATAMH JTOBKHHOIO
(0,25-0,35)l,,o, PK i d,, = (0,5-0,6)D; i mexaHizmMoM ix
MMOBOPOTY Maioi TMOTYXHOCTI  JO3BOJSIE  3HH3HUTHU
amronityan  jpkryroBux  [IT, gk Ha  pexmMax
HEJOBAaHTAXXEHHS, Tak 1 (OpCyBaHHSA TOTYKHOCTI Ha
20-40 % (puc. 5).

2. BctaHOBJIEHHSI  XpPeCTOBHH 32  PO0OYHM
KojecoM. 3MeHmmTH Lupkyisgito Bl 3a PK moxHa 3a
PaxXyHOK TalibMyBaHHs MOTOKY 3a JOMOMOTOK HEPYXOMHUX
panianbHUX pebep (XpectoBuH), BcTaHOBIeHHMX 3a PK
[3, 7, 12]. Ha BiaMmiHy BiJ pO3IJISSHYTOTO BHIIE 3HUKCHHS
mupkyssanii BJl perymoBaHHAM 3aKpyTKH TIOTOKY Ha
BHXOJIi 3 KOpeHeBUX TepeTnHiB yonati PK 3a momomororo
IIEJI, B maHoMy BHIIQJKy 3HWKECHHA IUPKYJsiii BJ]
HeperynboBaHe. Cig 3a3HAYMTH, IO XPECTOBUHU HE
3amobiratote mosiBM 1upkyssnii 3a PK, ax IIEJI, ame B
3HauHid Mipi ii 3MeHmyoTh. [IpM IIbOMY BHHHKAIOTH
BucokovactotHi [1T, mo MarTh CBOi HEraTUBHI HACIIIKH.
Aze Tak sk piBenp [IT mpu ycraHOBII XpEeCTOBHH BCE K
HIDKYE 1 MOXIIMBO (DOPCYBaHHSI HOTYXKHOCTI, TO 1X iHOAI
3aCTOCOBYIOTb. Ha mijcTaBi YUCJIEHHUX
CKCICPUMCHTAIEHUX ~ JOCHIDKCHb  PI3HUX BUJIIB
XpPECTOBUH, BHKOHAaHMX B TiIpoTypOiHHili naboparopii
BAT «Typ6oarom» 3a ydacTio kKadempw TiIpOoMamTuH
HTVY «XIIl» Ha momensHii rigpotypoini PO310/957-46,
OyJl0 BCTAaHOBJICHO, IO HAWOUTBIIUK eQdeKT Moo
sumwkeHHs IIT mpu 30epexenni KKJ[ Buxomuts mpu
po3TamryBaHHi pebep B 30HI KOpEHEBUX NEPETHHIB JIOMATi
(6mm3pko obTivnuka PK) [3, 7]. Lleit 3axig epekTHBHO
3aCTOCOBYBATH SIK IIPH YACTKOBHX HABAHTA)KCHHSX, TakK 1
Ha pexuMax (popCcyBaHHS MOTYXKHICTI. YCTaHOBKAa TaKOl
¢dopmu xpecroBuHu Ha TypOiHax Hypekcskoi T'EC
Npu3BeJia 10 PO3IIMPEHHS [iana3oHy pPeXHuMy poOOTH
rigporyp6in 3 pomyctuMuMm piBHeM IIT B obnacts
MiABUIEHUX BHUTPAT 1, TAKUM YHHOM, II€ IO3BOJIHIIO
MABMINUTH 1X mOTyXHicTe Ha 30 MBr. Ha puc. 6
HaBeneHi rTpadiku pisHiB [IT B BT rimporyp0Oinu
PO-310/957-475 10 BCTAQHOBIICHHS XPECTOBMHHU 1 IiCJIs
Hei. 3 iX aHami3y BuIummBae, 1o 3HWKeHHs [IT Tucky
BIIYyTHO B 30HI YAaCTKOBHX HaBaHTaXeHb  (Xif
cepBomoropa S < 0,25 M) i 0cOOIMBO B 30HI PEIKUMIB 3
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¢dopcosanoro notyxHictio (S > 0,4 m).

Puc. 5. Ilponenepue PK 3 mogoBkeHUM 0OTIYHUKOM i
[OBOPOTHUMH JIOTIATSMH:
1 - PK; 2 — moBopoTHI Jionarti
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Puc. 6. Bruus xpectoBunu Ha piBess [1T B HaTypHil TypOiHi
Hypexcbkoi I'EC

3. BukopucTaHHfl cHemiadbHMX BCTaBOK Ta
onukiB Ha ctinmi BT, 3mina go:kuau o0Tiunnka PK.
Bcranosnenns 3a PK (0e3 0oOTiyHMKA) CHEiaIbHHAX
BCTaBOK - MW HIPUIHOT KOJIOHH (puc. 7, a),
MEPEIIKOPKAE 3MHUKAHHIO KOHTYPY 3 IUPKYILILIEI0, M0
OXOIUTIOE MAaTOYMHY y KOPEHEBHX IEpETHHAX JIOMATI.
Takum umHOM, 00acTh Teuii 3a PK cTae aBox3B'sa3HoI0, 1
B/l six OM «ueHTpYEThCS» Ha BHYTPILIHBOMY KOPJIOHI, 1110
CIIpUsiE 3HAYHOMY 3MEHIICHHIO eKCLeHTpUcuTeTy [12].

Y Hammx Jociizax B MOJCNBHIA TiApoTypOHHI
P0O230/9896-40 BUKOPHCTOBYBAINUCH BCTABKH 3 PI3HUMHU
JiaMeTpamu LHWITiHpA 0,15D, i 0,33D;.
ExcniepuMeHTanbHI  TOCHIMKCHHS 13  3aCTOCYBaHHSM
¢doTorpadyBaHHs MOKa3aaW, IO BCTaBKa 3 JAiaMETPOM
0,15D; 3mauno mocnabiroe piBeHp mkrytoBux IIT Ha
peKMMax JAJeKUuX BiJl ONTUMAJIBHHUX 1 MOBHICTIO yCYBa€
iX Ha peXHMax OJIM3BKUX JO ONTHUMAILHUX. 301IBIICHHS
niamerpa BctaBku 1o 0,33D; mpusBeno no toro, mo B/
HE CIIOCTEpIraeThCsi y BCbOMY Jliala3oHi PEXUMIB 1 He
peecTpyBaBcs NaTYMKaMH, BCTAHOBJICHUMH Ha crinmi BT.
3anuc mnpouecy IIT mpu npoMy Haragye 3amuc
BHCOKOYACTOTHOTO IIYMY 31 CJIA0KOIO iIHTCHCUBHICTIO.

BukopucTaHHs TOJOBXKCHOTO KOHIYHOTO OOTIYHHKA
PK (puc. 7, 6) Takox NPU3BOAUTH 10 «ICHTPYBAHHS
JKTyTa Ha Aeskomy npots3i BT. OnHak pigkuiéi KOHTYp,
[0 OXOIUIIOE OOTIYHMK 1 CIIOB3a€ 3 HBOTO, Mae€
MOXKIIUBICTh 3IMKHYTBCS JI0 JiameTpa sapa mkryrta. [Ipu
IbOMY yTBOpIOEThCS BJI, X04a HOTO 1HTEHCHBHICTH JACIIO
ocimabjeHa OOTIYHMKOM 3a paxyHOK Teptsa. Ha puc. 8.

HaBeJeHI pe3yibTaTd BuMiproBaHHsa piHa [IT B
MozensHid rigpotyp6ini PO-310/1118-40 3 pisHuMHE
oOTiyHMKaMH  (IOJOBXXCHMH KOHIYHMH OOTIYHHMK 3

h=0,35D; 3amicte 0,21D;). 3Beprae Ha cebe yBary
PO3IIUPEHHs 30HU MiHIManbHUX 3Ha4YeHb [T i 3mimeHHs
i€l 30HU B 00JIACTh MiIBUIICHUX BUTpaT. L{to oOcTaBuHy

MOJKHA TIOSICHUTH THUM, IO 3HIDKCHHS HUPKyJsii B/l 3a
paxyHOK TepTs OijblI BiAYYTHO IpaBillleé ONTHMYyMY, e
3aKpyTKa IIOTOKy npotmiexxHa obepranuio PK. Ha
onTUMaNbHOMY pexuMmi i npu nepeBantaxenni KKJ[ He
3MIHHMBCS, & Ha PEKUMI HEJJOBAHTAXKCHHSI BiH 30LIHIIUBCS
Ha 1-2%. Jlast 3HWwKeHHS piBHA kryroBux IIT Ha
pexumax uemoBantaxenus (0,1-0,25)Q', B miamasowni
N'max—N"min OYJIM BUKOPUCTaHI OMYKH Pi3HUX TPOoQiTiB HA
crinni xoryca BT 3a PK (puc. 7, 6). Ixue BuKopucTaHHS
MPUBEJIO JIO 3HWKEHHA piBHA kryroBux IIT B
1,5-2 pazm.
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Puc. 7. CnemianbHi BctaBku 3a PK:
a — KoJIOHa; 6 — OJIOBKeHHUH KoHiuHHuK 00TiuHKMK PK 1 Onukm 1
Ha ctinmi BT
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Puc. 8. Brutus noBxunu o0TiuHnKa Ha pisens 1T B
rigpotyp6ini PO310

4. BuiuB Bnycky mnoBiTps Ha piBens IIT B BT
MoaeasHnX rigporyp6in PO115 i PO230. YV moxpenbHil
rinporyp0Oini PO115/810-51,56 BITyCK HOBITPS
3nificHroBaBcst B 30HI oOtivamka PK [7] Ilositps 3
atMocepn Hagxomuwiuo 1O  TpyOompoBoay, depes
KOJICKTOp, Bajl Mojeni TypOiHM 1 uepe3 OTBOpH B
o0tiunuky PK Buxoguno 3a nomarteBoi cuctemoro. Ha
TpyOompoBoi  OyB  pO3TaliOBaHWK  BEHTWIb IS
PETYIIOBaHHS KiJIbKOCTI TIOBITPSI, @ TAKOXK BUTPATOMIPHHUI
pucTpiii 3 MaHoMeTpoM. Ha OiuHiil moBepxHi 0OTIYHHMKA
PIBHOMIPHO 10 KOJIy B Tiepepisi, MeprneHANKYIIPHOMY OCi
Bany TypOiHH, i po3ramoBaHoMy Ha Bifctani 100 MM Bif
Topus 00TiuHKKa, BUKOHAHI 24 oTBOpH 3 d = 4 MM KOXHE.
BumiproBanHsi 00'eMHOi  KIIBKOCTI  BIIyCKa IIOBITpS
3IIHCHIOBANIOCS BUTPATOMIPHOIO MIAii00¥0.

OuiHka BIUMBY BirycKy noBiTpst Ha 1T B MozaenbHii
rigporyp6ini  PO115 npoBommiacs 3a  JaTYMKOM,
po3ramoBanuM 1ig PK na Bigcrani 0,63D; Bif HIDKHBOTO
o6ony PK. PesynapTatm mocmimkeHHS BIUIUBY BITYCKY
moBiTps Ha piBens IIT npemcrasieni Ha puc. 9 y BUISIAL
sajexnocreir 2A/H, % mnpu IOMIHYIOYHX JDKTYTOBHX
gacTtoTax s pexumi 3 Ny =70 XB_l, IO BIAMOBIZAE
H =108 M. Amnaii3 pesynbTaTiB BHIPOOyBaHb IOKa3aB,
[0 BITYCK TMOBITPsI MPH PoOOTI TiApOoTypOIiHU iCTOTHO
3HMKye piBenb [IT Ha  peXUMax  YacTKOBOTO
HaBaHTaxxcHHs. KinbkicTh MOBITPs 3MiHIOBasocs Big 0 1o
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0,6 % Bin BuTpaTH Boau yepes TypOiHy. BeranosneHo, 1o
Bxke Maii Kuibkocti mositps (0,1 %) 3HIKYIOTH piBEHb
I[IT BaBiwi (HAa peXUMi Majoro HaBAaHTAXKEHHA IPH
a, =16 mm). Pienp I[IT Ha pexumax OIM3BKUX 1O
HOMIHAJIBHOI TOTYXHOCTI (8, = 28 MM) HE 3aJICXKHUThH BiJ
KUIBKOCTI TIOBITPS, IO HAIXOIUTH B IPOTOYHY YaCTHHY.

JlocTipkeHHST BIUIMBY BITYCKY TOBIiTpst Ha piBeHs [1T
B MOJENbHIN rigpoTyp6ini PO230/9896-46 mpencraBneHi
Ha puc. 10 y BHIIIAAI 3aI€)KHOCTEH MOABIMHUX aMILTITY.
IIT pns pexxuMmy 3 ONTUMAJIBHOIO HABEJEHOI YacCTOTOIO
obepranHs. 3  aHami3y pe3yJNbTaTiB  BHMIipIOBaHb
BUILTUBAE, L0 TIPH ONTUMAIBHOMY BIJKPUTTI (8, = 25 MM)
BITYCK IIOBITPS MPAaKTUYHO HE BIUIMBae€ Ha piBens I1T, Tak
SK Ha npoMy pexumi Hemae BJ[. Ilpu pexumax 3
possunenum B/ (a, = 10 MM i a, = 35 MM) BIycK mOBITpst
Jla€ 3HaYHUK NO3WTHBHUH edekT. [Ipuuomy, nei BIUIMB
BXE€ BiJUyTHO NPH MaluX J03ax NoBiTps piBHUX 0,25 %.
Sk BugHO 3 aHaNmizy rpadikiB, Mmoaaibine 30iTbIICHHS
BITYCKY TOBITPS BXK€e HE Aa€ 3HadyHOTO 3HMKeHHs [1T.

Brnyck moBiTpsi BIiMBae i Ha 4acTOTy OOepTaHHS
BJI. Tak nipu a, = 10 mm gacrora mxryra f, = 0,25f,5 6e3
BIIyCKaHHs MOBITps, a mpu a,=35mm — 0,4f; Ilpu
BITYCKYy MOBITpsI YacToTa OOEpTaHHS Ha BUILEHABEICHHX
peKMMax crajia JOpIBHIOBATH, NPHOJIN3HO, OOOPOTHIMN
yactoTi. CyrreBe 3meHmenHs [IT npu Bmycky mHoBiTps,
MOSICHIOEThCS. TUM, IO BiH Hajae AeMI(yIOUYUil BIUIUB, i,
NPU3BOJIUTh 1O 3MEHILIEHHS eKcleHTpucutery BJ[ B
3B'A3KY 3 €()eKTOM LEHTPUYTYBaHHS.

? ]
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Puc. 10. BB kinbkocti nositps Ha 1T B MoaensHi TypOiHi
PO230
BucnoBku. 1. EkcieprMeHTaNbHI  KOMILIEKCHI
IoCHipKeHHs  (TyJbcarliiHi, 30HIOBI, EHEPTeTHYHI)

TTOBHICTIO MATBEPIMIIA TOMUIBHICT 3acTocyBanHs [1EJI B
30HI BUXiIHOI KpoMmMkd y BTylku PO rimporypOiHu.

Binkpurrs [TEJT Ha + 5° 1m10/10 BUXiTHOTO MOJIOKEHHS Ha
peKMMax BEIMKHX a, 1 HpU pi3HUX N'; NpPU3BEJIO 10
smenmienHs [IT B 1,5-2 pasu, BHACHIIOK 3MCHIICHHS
mupkysnii 3a PK.

2. BukopucranHs MOJOBXKEHOT0O 00TIYHHKA
nponenepHoro PK 3 moBopoTHUMH JomaTsiMu J03BOJISIE
3HM3UTH aMIUNTyau mkrytoBux [IT Ha pexkumax
HEIOBaHTaXCHHs 1 popcyBaHHs moTykHOCTI Ha 20-40 %.

3. 3acrocyBaHHs XPECTOBUHU 3 pebpamu,
BCTAHOBJICHIMHU B 30HI KOPEHEBUX IIEPETHHIB JIOMATi
no6mu3y ooTiuanka PK, 103B0MMIIO B TpH pa3u 3MEHIIUTH
I1T B 30HI GopcyBaHHS NOTY>KHOCTI TiAPOTYpOiHH.

4. BukopuctaHHs UeHTpanbHOi BcraBku BT i
nojoxeHoro o6tiyanka PK no3Bomsiiors  oTpumarn
cyrTeBe 3HIKEeHHS jokryroBux [IT 3a paxyHok Toro, 1o
BUXOP LEHTPYETHCS BHACIIIOK 3MEHILICHHS
excueHrpucurety BJI.

5. Bukopucranas OwdkiB pi3Hux mnpodimiB 3a PK
rigpotyp0inu Ha cTiHmi BT Ha pexxumax HeJOBaHTaXCHH
(0,1-0,25)Q’', B miama3oHi N'max—N'min AO3BOISIE 3HU3UTH
mxrytosi IIT y 1,5-2 pazu.

6. Amamiz pesymbraTiB BmycKy moBitps mig PK
nmokasas, IO Bxe Maii kinbkocti moitps (0,1 %)
3HWKYIOTh piBeHb IIT BaBiui Ha pexnMax YacTKOBOTO
HaBaHTaXeHHS B rigpotyp6ini PO115/810. B wmoxeni
P0O230/9896-46 no icrorHoro 3uwkenHs 1T npusBoanTs
BIycK THOBiTps B Kumbkocti 0,25 %. Ha pexnmax
HOMiHaibHOI moTryxHocTi piBeHb [IT He 3anexuTh Bifg
KUTBKOCTI TIOBiTpsI, 110 mocTymae mig PK.
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V. SAMORODOV, G. AVRUNIN

SOLUTION OF THE PROBLEM OF CALCULATING THE LEAKAGE WORKING FLUID IN
ECCENTRIC GAP OF THE BALL PISTON PAIR HYDRAULIC FLUID POWER MACHINE

Goal. Conclusion of an analytical expression for calculating leaks in the gap between the ball-pistons and cylindrical holes in the cylinder blocks of
radial-piston hydraulic pumps and hydraulic motors of hydraulic fluid power transmission. The object of study was the hydraulic fluid power
transmission of the GOP-900 model in a monoblock design, consisting of a pump with an adjustable displacement and an hydraulic motor with a
constant displacement. Method. For the laminar flow of the working fluid in the gap between the ball-piston and the cylinder, a calculation scheme is
developed and a corresponding mathematical model is proposed for calculating the flow differential in each of the sections along the forming hole in
the cylinder block of the hydraulic machine, followed by the integration of the specified differential. The calculation of the working fluid leaks in the
MathCAD-15 medium allowed us to determine the average values of leaks with a concentric and eccentric arrangement of the piston balls in the holes
of the cylinder blocks for specific set values for the diameters of the piston balls, the viscosity of the working fluid and the pressure drop between the
discharge and discharge cavities. Results. For the first time analytical expressions are obtained that allow calculating leaks in the gap between the ball-
piston and the hole in the cylinder block of a radial-piston hydraulic machine. The adequacy of the mathematical model is confirmed by the results of
comparisons with the data of experimental measurements of working fluid leaks. It is shown that the coefficient of eccentricity of the circular gap used
in the calculations using the Hagen-Poiseuille formula with a value of 2,5 is significantly overestimated. Conclusion. The method of calculating
working fluid leaks in ball-piston hydraulic machines is recommended for use by specialists when developing new hydraulic machines and conducting
diagnostics of the technical condition of those in operation in order to determine the volumetric efficiency and, in particular, its effect on the speed of
vehicles whose transmissions use hydraulic machines with ball-pistons.

Keywords: fluid power hydraulic machines, hydraulic transmissions, ball-piston, cylinder, mathematical model, working fluid leaks, Reynolds
number.

B. 5. CAMOPO/JOB, I'. A. ABPYHIH

PIIIEHHS 3AJAYI PO3PAXYHKY BUTOKIB POBOYOI PZINHU B EKCHEHTPUYHOMY 3A30PI
IMAPUKOIIOPIIHEBOI ITAPA OB'€EMHOI I'TIPOMALIINHHA

Mera. BHCHOBOK aHaJiTHYHOrO BHpa3y Ui PO3PaxyHKYy BHTOKIB B 3a30pi MK IIapHKaMH-TIOPINHSAMH 1 LMIIHAPUYHUMH OTBOPaMM B OJOKax
T HAPIB PaialbHONOPIIEBUX TiJPOMAIIHH — HACOCIB 1 TiApoMOTOpiB 00'eMHHX Timponepenad. O0'ekToM BHBUCHHS CTala 00'eMHA Tigpomepenada
Mozeni I'OIT-900 B MOHOGIOYHOMY BHKOHAHHI, IIJ0 CKJIAJAETHCS 3 Hacoca 3 PEryabOBaHUM POOOYMM 00'eMOM i TiApOMOTOpa 3 MOCTIHHUM POOOYHM
o0'emoM. Meron. [lns namiHapHOi Tewii po6GO4YOl PiaMHM B 3a30pi MK IIAPUKOM-NOPIIHEM 1 LIMIIHAPOM pO3po0ieHa po3paxyHKOBa cxema i
3alpOIIOHOBAHA Bi/IIOBITHA MAaTEMAaTUYHOI MOZENb Ui OOYMCIICHHS AuQepeHliana BUTPATH B KOXKHOMY 3 IEPETHHIB Y3I0BXK OTBOpPY B Onoii
LJTIHAPIB TIAPOMANINHHU 3 HOJAJIBIINM IHTErPYBaHHAM BKazaHoro qudepeHuiana. PozpaxyHok BUTOKIB pobouoi pizunau B cepenoBuii MathCAD-15
JIO3BOJIUB BH3HAYUTH CEPE/IHI 3HA4YEHHs BUTOKIB IPM KOHIEHTPUYHOMY i €KCIIEHTPUYHOMY DO3TalllyBaHHI IIAPUKIB-TIOPIIHIB B OTBOpAX OJIOKIB
LHWIHIPIB U1l KOHKPETHUX 3a/IaHUX 3HAY€Hb MO J[iaMeTpaM IIapHKiB-NOPIIHIB, B'S3KOCTI poOOYOl piAMHM i mepenaay TUCKY MiXK HarHITaJbHOIO i
3JIUBHOIO TTIOpOoXXHHHAMK. Pe3ynbraTi. Briepie oTpuMaHi aHamiTHYHI BUpa3y, 1O JO3BOJISIIOTH MPOBECTH PO3PAXYHOK BUTOKIB B 3a30pi MiXK IIapUKOM-
TIOPIITHEM 1 OTBOPOM B OJIOLI IWIIIHAPIB palialbHONOPIIHEBOI TifpoMammHy. ITiATBEpKEHO aIeKBAaTHICTh MAaTEMAaTHIHOI MOJEINI 3a pe3yJbTaTaMu
MOPIiBHSHB 3 TAHUMH EKCIIEPUMEHTAILHUX BUMIPIOBaHb BUTOKIB po0040i pianHu. [Toka3aHo, 1110 BUKOPUCTOBYBAHUIA MIPU PO3paxyHKax 3a Gopmysor
I'arena-Ilya3eitns koeQillieHT EKCIIEHTPHYHOCTI KPYroBOi IIUIMHM 3HA4EHHAM B 2,5 € iCTOTHO 3aBHIIEHHM. YKJIaJeHHA. MeToANKa po3paxyHKy
BUTOKIB POO0YOi PiIMHU B INaPHKONOPIIHEBHX TiJPOMAIINHAX PEKOMEHJYEThCS 0 BUKOPHCTaHHA (axiBIAMHU MPH Po3poOIli HOBHX TiIpOMAMINH i
MIPOBEJICHHI JIarHOCTUKU TEXHIYHOTO CTaHY THX, IO 3HAXOJSTHCS B EKCILTyaTalii, 3 MeTor Bu3HaueHHs 00'emHoro KK/I i 30kpema ioro BIIMBY Ha
IBHAKICT TPAHCIIOPTHHX 3aC00IB, B TPAHCMICISX SKMX BUKOPUCTOBYIOTHCS TiAPOMAIIMHH 3 HIAPHKAMU-IOPLIHIMH.

Kurodosi cioBa: 00'eMHi TizpoMamnHy, Tifponepeaadi, MapHK-MOpIIeHb, HUIIHAP, MATEMAaTUYHA MOJIENb, BUTOKHA POOOYOI PiJMHH, YHCIO
Petinonpaca.

B. b. CAMOPO/IOB, I'. A. ABPYHHH

PEINEHUE 3AZIAYH PACYETA YTEYEK PABOYEN KHUJKOCTH B IAPUKOIOPIHIHEBOM
ITAPE OFBEMHOH 'NIPOMAIIINHBI

Llens. BeiBog aHAMUTHYECKOTO BRIPAKESHHS VIS pacdeTa yTeueK B 3a30pe MEXKy IIapHKaMU-NOPIIHAMY U IIINHIPHIECKAMU OTBEPCTHAMH B OI0KaxX
IIIMHIPOB PaJHaIbHOIOPIIEBHIX THAPOMAIIHH — HACOCOB U THAPOMOTOPOB OOBEMHBIX ruapomepenad. OOBEKTOM H3ydeHHs SBHIACh OObEMHAs
rupponepenada mMopenu 'OII-900 B MOHOOGIOYHOM HCIOIHEHHH, COCTOAINAs M3 HACOCA C PETYIUPYeMBIM pabodnM 00BEMOM U THAPOMOTOpa ¢
MOCTOSIHHBIM pabounM o0beMoM. Meron. s IaMHHApPHOTO TEUCHHs pabodeill >KUIKOCTH B 3a30pe MEXKIY MIAPHKOM-NIOPIIHEM H LHHIMHAPOM
pa3paboTaHa pacueTHas cXeMa M IPeIJIOKeHa COOTBETCTBYIOMIAs MaTeMAaTHIECKOH MOJeNb Ul BRIYHCICHU quddepenHnnana pacxona B KaxKI0M H3
CeyeHHi BJONIL oOpasyromeil oTBepcTHs B OJIOKE LIIMHIPOB THIPOMAIINHBI C MOCICAYIOIINM HHTEIPUPOBAHHEM yKazaHHOro auddepenHnuana.
Pacuer yreuek paboueit xuakoctu B cpeae MathCAD-15 mo3Bonui ONMpeAesuTh CpeJHAE 3HAYCHUS YTEYEK MPH KOHICHTPHUYHOM M SKCIEHTPHYHOM
PACIONIOKEHHU IIAPUKOB-NOPIIHEH B OTBEPCTHAX OJNOKOB IMIMHAPOB I KOHKPETHBIX 3aJaHHBIX 3HAYEHMH IO JUaMeTpaM IIapHKOB-IIOpIIHEH,
BS3KOCTH pabodyell >KUOKOCTH M Tepenaay AaBJICHHS MEXIy HAarHEeTaTeNbHOW W CIMBHOM MojocTsAMH. PesynbraTbl. BrepBble momydeHs
aHAIUTUYCCKHE BBIPA)KCHHS, MO3BOJIIOMINE IIPOU3BECTU PAcdeT yTedeK B 3a30pe MEXKIy HMIAPUKOM-TIOPIIHEM U OTBEPCTHEM B OJNOKE IHIIMHIPOB
PagHaTbHOIOPIIHEBOH THAPOMAIINHBL. IloATBepkIeHa aJeKBaTHOCTh MATEMAaTHYECKOM MOJENHM IO pe3yldbTaTaM CpPaBHEHHH C JaHHBIMH
9KCIIEPUMEHTAIbHBIX M3MEpEeHHH yTeuek paboueit kuakoctu. I[lokazaHo, 4TO HcHonb3yemblii mpu pacyerax no ¢(opmyne ['arena-Ilyaseitns
K09 (QUIUEHT dKCHEHTPHIHOCTH KPYroOBOH IIENU 3HaYCHHEM B 2,5 SIBISCTCS CYLIECTBCHHO 3aBBINICHHBIM. 3aKiioueHue. MeToauka pacyera yTeuek
paboueil JKHIKOCTH B MIAPHKONOPIIHEBBIX THAPOMAIIMHAX PEKOMEHIYeTCs K HCTIONB30BAHHUIO CHEIHAINCTAMH IIPU Pa3pabOTKe HOBBIX THIPOMAIINH U
IPOBEJCHUU AUATHOCTUKH TEXHUYECKOTO COCTOSHHS HAXOISMIMXCS B OKCILIyaTallMd C Lelbio ompeneneHus oobemuoro KIIJI u B wacTHOCTH ero
BJIUSIHUS HA CKOPOCTH TPAHCIIOPTHBIX CPEICTB, B TPAHCMHCCHUSIX KOTOPBIX HCIIONB3YIOTCS THAPOMALINHEI C IIAPUKAMU-TIOPIIHIMU.

KaioueBble ci10Ba: 00beMHBIE THAPOMAIIMHBI, THAPONEPEAAduy, IOPIICHb-IIAPUK, IHIMHAP, MaTeMaTH4ecKas MOAeNb, YTeUKH paboueit
JKHJIKOCTH, YnCcIIo PeliHombaca.

© V. Samorodov, G. Avrunin, 2021
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Introduction. Hydraulic fluid power [1] (HFP) have
become widely used as straight-line and rotary
transmissions in mobile machines for various purposes.
When assessing the energy efficiency of the use of HFP,
the efficiency is subject to evaluation, which significantly
affects the fuel consumption as a parameter of the
efficiency of the machine and the overall mass indicators,
which mainly affect the cost of its manufacture. In
hydraulic fluid power machines (pumps and hydraulic
motors), the total efficiency and its components are
distinguished - volumetric and hydromechanical
efficiency. The volumetric efficiency takes into account
the power losses due to the leakage of the working fluid
(WF) through the gaps of the precision pairs, and the
hydromechanical efficiency takes into account the losses
on mechanical friction and in local resistances during the
WF flow.

The object of the study is radial-piston pumps and
hydraulic motors, in which the working chambers consist
of ball-pistons in the cylindrical holes of the cylinder
block. These hydraulic machines with ball-pistons have
been used in mobile machines for general industrial and
special purposes in the last thirty years due to advances in
the technology of processing solid materials with high
accuracy [2, 3]. Such hydraulic transmissions include
monoblock HFP manufactured by Eaton [4] for
agricultural and road construction vehicles, Bradley
infantry fighting vehicle [5], HFP GOP-900 developed by
NIIGidroprivod [2], in which radial-piston HFP are used
in parallel power flow of two-stream hydraulic hydraulic
fluid power-mechanical transmissions (GOMT), providing
stepless speed control of rectilinear movement and
rotation for mobile vehicles. Recently, information has
appeared about the creation of hydraulic motors with ball
pistons of the 1QJM series by the Chinese specialists of
the company Ningo Kingbonny Machinery [6]. Hydraulic
motors are multi-pass, i.e. with a profile cam for driving
pistons, have a working volume from 83cm® to
10150 cm?, a nominal pressure of 10-20 MPa (maximum
16-32 MPa), a speed of up to 800 min™, develop a torque
of up to 15 kNm and a power of up to 150 kW.

It should be noted that two-flow continuously
variable automatic transmissions GOMT using HFP with
ball-pistons belong to the advanced and effective direction
of modernization of transmissions of mobile machines.
The development of the domestic industry of hydraulic
transmissions with ball-pistons of the GOP-900 type [7]
and stepless two-flow HVMT for various purposes [8]
became the basis for writing this article. For a number of
years, the authors have provided a theoretical and
experimental justification for the hydraulic transmission
of the GOP-900.

Analytical review of the literature. The creation of
the first domestic hydraulic transmission GOP-900 has
become a powerful basis for analysis of the kinematics of
ball piston jet ring stator, static and dynamic stress and
strain, and of course, the analysis of power losses in
friction hydraulic machines [9-16]. Such units are piston
pairs and a trunnion-type distribution unit. At the same
time, volume losses are caused by under-filling of the
working chambers in the pump, internal and external leaks

through narrow working gaps, compressibility of the WF,
which generally reduces the volumetric efficiency of the
hydraulic machine, the HFP and the transmission in
general. The hydrodynamic losses depend on the speed of
the WF movement, the viscosity, and the geometry of the
roughness class of the pipeline processing.

The solution to the fundamental problem of
calculating the WF leaks between the ball-piston and
cylinder hydraulic fluid power and hydraulic transmission
is of particular importance and relevance to subsequent
evaluation of the volumetric efficiency of the speed of the
HFP with beads-pistons running in full flow transmissions
and dual continuously variable GOMT. The analysis of
numerous literature sources, including fundamental works
of scientists and specialists in hydraulics and
hydroaerodynamics, has shown that there is no solution to
the problem of determining the flow rate of a liquid in a
narrow concentric or eccentric gap between a ball and a
cylinder under the influence of a pressure drop.

Experimental studies were limited to measuring the
flow rate of leaks during static modeling of the ball in the
cylinder or determining the total leaks in the piston pairs
and the distribution unit [14]. The problem of analytical
determination of leaks in the gap between the piston-ball
and the cylinder is caused by the fact that in the well-
known Hagen-Poiseuille formula [15] for the laminar flow
regime of the WF, leaks are inversely proportional to the
length of the sealing gap and in the case of the ball, the
problem becomes formally indeterminate, since when the
gap length tends to zero, the leak tends to infinity.

Due to the fact that the volume of WF leaks depends
on the nature of its expiration, the problem of analytical
calculation of leaks between the ball and the cylinder is
solved in two stages — determining the mode of WF
leakage (laminar or turbulent) in the gap and then creating
a method for analytical calculation of the volume of WF
leaks.

The main part. Fig.1 shows a radial piston
hydraulic transmission with ball-pistons GOP-900 of the
NIIGidroprivod design [4]. Max capacity (displacement)
of each hydraulic 680 cm®, the maximum frequency of
rotation of a hydraulic motor up to 3100 min™, pressure
up to 32 MPa, output power up to 700 kW; temperature of
up to 130 °C WF.

Let us solve the problem under the assumption that
the Reynolds number Re is less than the critical one and
the leakage between the ball and the piston is laminar.
Number Re for annular slit:

_Vav'dh _Vav2h_ Q2h _ Q

Re = = ,
v v 2nRh-v  z#R-v

(1)

where

V, — is the average fluid velocity in the radial
clearance h;

Q - fluid flow through the gap;

R — the average radius of the annular slot (half-
difference between the diameters of the cylinder and the
ball-piston);

v — the kinematic coefficient of viscosity of the fluid;

dy = 2h — hydraulic diameter.

82

Bulletin of the National Technical University "KhP1".
Series: Hydraulic machines and hydraulic units, no. 12021



ISSN 2411-3441 (print), ISSN 2523-4471 (online)

1 46532

@560
L

215

Fig. 1. Hydraulic transmission GOP-900 (a) and its individual parts (b):
1 and 2 — cylinder blocks of the pump and hydraulic motor, respectively; 3 — ball-piston; 4 and 5 — jet rings (clips) pump and
hydraulic motor, respectively; 6 — housing; 7 — block of camshafts; 8 and 9 — input and output shafts

When determining the flow rate in an eccentric thin
gap between the piston ball and the rotor (cylinder block)
cylinder of a hydraulic machine, assuming the existence of
a laminar flow (this will be justified below), it is assumed
that the WF outflow is adiabatic. In the first
approximation, the influence of the temperature gradient
caused by the throttling effect on the change in the
viscosity of the WF is not taken into account. The gap is
considered to be eccentric with an eccentricity parameter
€ =1 because the piston ball is constantly pressed against
the cylinder wall in the contact reaction zone. In Fig. 2
shows a design diagram for determining the differential of
the flow rate dQ in the diametrical section of the ball-
piston along the generatrix of the rotor cylinder.

An elementary slot with a width dx with a variable
gap h and a total pressure drop is considered Ap = p; — pa
(where p, — is the atmospheric outlet pressure), divided

into n sections. Each selected section is a rectangle with
vertices A; and B; a constant flow rate flows dQ. The angle
¢ is chosen small (0,05-0,30 rad), but arbitrary and, as
will be shown below, its value affects the calculation of
the elementary flow rate dQ. The flow rate between
sections 1 and 2 has the form of recording:

(P, p,)(0,5(h, +h,)+3)’ dx
Q= : L= e

12uR % cos @

where

p; and p, — are the pressures in the sections;

& — the smallest clearance between the ball and the
cylinder,;

0,5(h; + hy) + & — is the average gap in an elementary

slot on the path BB, = Rgcosw .
n

The clearance § is constant when the ball-piston is
concentric in the cylinder and is equal to zero when

pressed against its wall. Below in Fig. 3 at the point of

contact is shown the contact reaction N acting on the ball-

piston during the operation of the hydraulic machine.
Variable parameters characterizing the change in the

gap in sections 1 and 2 are given by formulas
hl:ZRsinZE; h, = 2R -sin? n__l.ﬂj.
2 n 2

Let us construct a chain of equalities for n sections of
an elementary gap.

3
Rsinz(P+Rsin2(n_1~(P)+8
2 2

p— P, n .
dQ = . ,
12uR 9cos<p
n
P, — Ps
d = —
Q=R
3
{Rsinz(n_l-(pj+ Rsinz[H~(pj+6}
n 2 n 2
) : N )
‘PCOS(—(pj
n n
Pi — Pia
d =
Q 12uR )

where i — is the number of sections, which varies from 1 to
N
' In this case, at the exit from the slot p, +1 = pa.
Sequentially equating the i-equation with the i—1
equation, starting with the last one at i=n, excluding
Pn Pn-1s ---» P2, We obtain the general formula for
calculating the leakage differential:
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Fig. 3. To the calculation of the flow rate in the eccentric clearance between the piston ball and the cylinder

dQ:(pl_pa)dX>< Sn: n _
12uR n-i+1

) oS e .
* : Zie1 @ 02, i+1 i )

n cos( ~(pj @ - Rsinz(n_“r )y Rsin[ P72 4

n n 2 n 2
(p; n—-i+1 n—i ’

{Rsinz( o (g}r Rsin® (n'g}rﬂ was investigated for convergence at n—oo in the
MathCAD-15 based on the d'Alembert test, when the limit
) ) of the ratio of the next member of the series S+, t0 S,
A series of a kind: with an unlimited increase in n remains less than 1 and the
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series S, converges.

Table 1 shows the results of the influence on the
convergence of the S, series (5) and on the flow rate Qgonc
through the concentric slot of the number n of splits and
the angle ¢. In this case, the flow rate through a concentric
slit with a radius of R=0,03175m with a gap of
d=20pum at a dynamic viscosity coefficient
p =0,0144 Pa:s, a pressure p; =10 MPa and ¢ =0,1 rad
tends to a value of 139 cm?/s.

As you can see, with the number of partitions
n=10-1000, the flow rate Qcn, €expressed for
convenience in cm®s, for different ¢ =0,05-0,3 has a
stable tendency to convergence due to the convergence of
the series (5).

Taking into account the eccentricity between the
piston ball and the cylinder (Fig. 3) 3(y) = 8(1 — &-cosy),
the differential dx = Rdy; eccentricity parameter ¢ = 1.

Then the expression for the numerical integration of
the total fluid flow rate between the piston ball and the
cylinder has the form:

AQ'l — (p1_ pa)x

124R
.| . (6)
XJ. lﬂl n-i+1 dv.
0 | COS(T-q))
(PZ n-i+1 n—i ’
= {Rsinz [7-9} Rsin? (—<gj+8(17cosw):|
n 2 n 2

Formula (6) at ¢=0 gives a special case for
estimating the flow rate between the cylinder and the
piston ball when they are concentric. If in the formula (6)
we take at small ¢ the leakage path L equal to
BiBh+1= R(pand

Cos(n_l +1.(pj=1; sinz(n_—l—’—l.g) =0;
n n 2

then the relation (6) takes the well-known expression for
determining the differential of the flow rate in a narrow
flat slot

(P.—P)dx n _ Apd’dx
12uL o1 12uL )
25
i=1

Aél = dQ =

According to the formula (6), it is necessary to make
three important remarks. First, in the presence of
eccentricity € e (0;1] in the annular gap, the known factor

1+ 1,5¢° cannot be used to change from the flow rate
through the concentric annular slot to the flow rate in the
eccentric slot. At ¢ =1 the flow rate in the eccentric slot
increases by 2,5 times in comparison with the concentric
slot. In the case of an outflow between the ball and the
cylinder, the studies carried out in the MathCAD
environment give another important factor for practice,
equal to about 1,93, i. e. less than 2,5. The results of this
study of costs are shown in Table2 with numerical
integration according to the formula (6) for the number of
partitions of the gap k=10; k=100 and k =360 of the
integration interval [0; 2x].

For n =200, ¢ =0,1, the convergence of the flow
rate on k can be considered ideal for practice. The flow
rate ratio at e=1 and €=0 in accordance with the
research results given in Table 2 (for different ball radius
R at a pressure drop Ap =10 MPa, u=0,0144 Pa-s,
8 =20 um, n=200, ¢ =0,1rad) gives an approximately
constant ratio 1,92-1,96.

Secondly, it is necessary to pay special attention to
the reliability of the assumption that the outflow through a
narrow gap between the ball and the cylinder is of a
laminar nature and the entire theory presented, which is
based on the Hagen-Poiseuille formula [15], is applicable.
Let, for definiteness, the annular eccentric gap be divided
into k=16 equal parts (2n/16) and in each elementary
section (Fig. 4) the number (Table 3) is estimated for
different radial gaps (10 um, 12,5 um, 15um and 18
microns).

Table 1 — Influence of parameters n and ¢ on the convergence of the series (5) and outflow Qcgnc

o Outflow Qggne, cM°/s
¢ = 0,05 ¢=0,1 ¢ =0,15 ¢0=0,2 ¢=0,25 ¢=0,3
10 144,56 146,39 155,27 168,65 - -
100 142,79 139,43 139,34 139,44 139,59 139,78
200 142,77 139,37 139,22 139,23 139,26 139,31
500 142,77 139,36 139,19 139,17 139,17 139,17
1000 142,77 139,36 138,18 139,16 139,16 139,16
Table 2 — Research of expenses according to the formula (7) for different k and R
R sm Qece, SM'/s to the formula (6) Qconc, SMIS Qece/ Qconc
' k=10 k=100 k =360 k =360 k =360
1 156,87 156,88 156,88 79,66 1,969
2 214,92 214,92 214,92 111,22 1,932
3,175 268,66 268,66 268,66 139,76 1,922
4 300,95 300,95 300,95 156,78 1,919
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Table 3 — Values of the number in the eccentric clearance between the ball-piston and the cylinder

Radial clearance between ball and cylinder 8, um
K Ap =10 MPa Ap =25 MPa
10 [ 125 ] 15 | 18 10 [ 125 ] 15 | 18
Re Re
1 0,0 0,0 0,1 0,1 0,0 0,1 0,2 0,3
2 0,7 1,3 2,0 3,2 1,8 3,2 5,0 8,0
3 4,7 8,2 13,0 20,5 11,8 20,6 32,5 51,3
4 15,7 27,5 43,5 68,5 39,4 68,9 108,6 1714
5 354 61,9 97,8 154,4 88,6 154,9 2444 385,9
6 60,1 105,0 165,8 261,8 150,2 262,5 4144 654,6
7 81,0 141,6 223,7 353,4 202,5 354,1 559,2 883,5
8 89,3 156,1 246,5 389,6 223,2 390,3 616,4 974,0
9 81,0 141,6 223,7 353,4 202,5 354,4 559,2 883,5
10 60,1 105,0 165,8 261,8 150,2 262,5 4144 654,6
11 35,4 61,9 97,8 154,4 88,6 154,9 2444 385,9
12 15,7 27,5 43,5 68,5 39,4 68,9 108,6 1714
13 4,7 8,2 13,0 20,5 11,8 20,6 32,5 51,3
14 0,7 13 2,0 3.2 1,8 3.2 5,0 8,0
15 0,0 0,0 0,1 0,1 0,0 0,1 0,2 0,3
16 0 0 0 0 0 0 0 0
Vay 29 50 80 127 74 127 204 323
A(jl, sm®/s 47,3 82,7 130,6 206,2 118,3 206,6 326,4 515,6
As you can see from the Table 3, for 10 MPa the Conclusion. 1. Shown and substantiated the

maximum number Re does not exceed 400 (average — no
more than 127). For a control point pressure of 25 MPa,
the maximum number Re (Table 3) does not exceed 1000
(the average is not more than 330), i. e. much lower than
critical.

Experimental pouring of a ball in a cylinder with
TAD-17(GL-5) oil at a temperature T =100°C and a
radial clearance 6 =15 um under a pressure of 10 MPa,
carried out in the laboratory of the NIIGidroprivod —
Research Institute of Hydraulic Drive (Ukraine, Kharkov),
fully confirmed the laminar nature of the RL flow.
Unfortunately, such a test was not carried out for a load
pressure of 25-30 MPa.

However, in the laboratory of NIIGidroprivod, a
mock-up of a piston-ball in a cylinder was tested during
spillage in a static mode of supplying WF under a pressure
of up to 20 MPa with the following data: Ap = 5-20 MPa,
n=0018Pa:s (v=20mm%*s at  p =900 kg/m®),
8§=9-12um, D=2R=50,8mm. The experimental
leakage value was 2,73 1/min. The calculated value
according to the algorithm developed above for the
indicated data (specifically for 6 = 12 um) for a piston ball
with D = 50,8 mm was 6,41 I/min.

The participants of the experiment, however, note a
possible inaccuracy in the above initial data. So the
kinematic coefficient of viscosity v during the experiment
could be in the range v = 18-23 mm?s. The gap between
the piston-ball and the cylinder was determined by
measurement as 6 = 12 um with a possible error 3-5 um.
It turned out that at the values of these "suspicious"
parameters v = 23 mm?/s and & = 9,2 um (these values are
included in the range of errors), the calculation according
to the proposed algorithm gives a leakage of 2,78 I/min
(close to the experimental value of 2,73 1/min at
v=20mm?s and &=12pum). Further theoretical and
experimental developments will make it possible to clarify
analytical expressions and an algorithm for calculating
leaks in thin eccentric slots between piston balls and guide
cylinders in rotors of modern radial piston hydraulic
machines.

existence of a laminar flow regime of the working fluid in
the gap between the ball-piston and the cylinder in the
rotors of powerful radial-piston modern hydraulic
machines in the entire range of their operating parameters.

2. A mathematical model of the flow of the working
fluid in the eccentric gap between the ball-piston and the
cylinder of radial-piston hydraulic transmission machines
of the GOP-900 type has been developed. The problem is
solved on the basis of the principle of passing a constant
differential of pressure leaks through a set of elementary
planes with their elementary pressure drops and by way of
leaks, i. e. finite elements for which the Hagen-Poiseuille
formula is applied. The integral calculated values of leaks
in the case of a laminar flow are obtained. The problem
with determining unproductive fluid leaks between the
piston ball and the cylinder is that the zero leakage path in
the denominator of the Hagen-Poiseuille formula turns the
leak into infinity. The proposed mathematical model
solves this issue.

3. The ratio of working fluid leaks with an eccentric
and concentric arrangement of the ball-piston in the
cylinder is 1,93, which is almost 30 % less than that used
in the Hagen-Poiseuille formula for calculating leaks in a
spool or piston pair with a real value of the sealing gap.

4. The developed method of analytical calculation is
recommended for use in design calculations of volumetric
hydraulic transmissions of radial piston type with piston
balls to assess pressure leaks and is decisive in
determining their volumetric efficiency.
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BIJI KJIACUYHOI 10 IU®POBOI MIJICTAHIIII

IcHytoua MoJieNb yIpaBIIiHHS €ICKTPOCHEPTETHKOIO 3 KOKHUM JJHEM BTpadae cBOI MoximBocTi. ToOTO MOBa iifie caMe NIpo HarajabHICTh 3MiHH MOZEI
pobOTH Ta B3a€MOIT CKJIAJ0BUX ENEKTPOCHEPIeTHKH, abK 3pOOUTH Mepexi OLTbII YyTIMBUMU 10 HABAHTAXKEHHS i3 3MIHIOBAHHX JDKEpEN TeHepallii B
YMOBaX 3MiHIOBAHOTO IIOMHTY. BUKIHK, 3 SKMM 3yCTPUINCS MOCTAYaIbHUKK HOCIYT Ha KOMYHAIbHOMY PiBHI — Ii¢ 301IbIICHHS KOHKYPEHIIT 3aB/IIKN
301/IBIIICHHIO PO3IOINIEHOT JJOCTYIHOI TIPONO3UIIT eHePreTHYHNUX 1ociyr. TakuM YHMHOM, NMOCTa4YaJbHUKH €HEPreTHYHHX MOCIYT JUIS 3aJI0BOJCHHS
noTped CHOXKHMBAyYiB MAIOTh AISTH NPOAKTHBHO, MPOIOHYIOYM IM iHIMBITyalbHO ONTHMI30BaHHMI CEpBIiC, BOAHOYAC 3aXHUIIAI0YM KOH(IIEHUIHHICTH
omeparii Ta 3abe3medyioun Oe3leYHHI KOHTPONb 3a JAHUMH TPAH3AKIIH MOMIX yJaCHHKaMH eHepreTHdHoro puHKy. Crenudika 3MiHIOBaHHX
BIZIHOBIIIOBJIBHUX JDKEPEN eHepril, okpiM mpobiem 3a0e3ledeHHs! CTajol JOCTABKM €Heprii y BigIOBIAHOCTI 3 HONUTOM, MOTPEOYE CTBOPEHHS
MOTY)KHOCTEH 13 HAKOITMYEHHs NepPereHepOBaHol B MEBHUI 4ac €Hepril, IBUJKOro OalaHCYBaHHs Ta KepyBaHHs sKiCTio camoi eHeprii. Lli BUKIMKH
MOJKHA IOZIONATH CTBOPEHHSM IITYYHO «IHTEIEKTyalli30BaHOI» CHEPrOCHCTEMH, TOOTO CHEPreTHKa 3 ONEPaTHBHOI TOYKH 30pY MAa€ TEX CTaTH
«pO3yMHIIIO» Ta edeKTHBHIMOW. OIHUM i3 KIIOUOBHX €JIEMEHTIB IHTENEKTYalIbHHX EIEeKTPOSHEPIeTHYHHX CHUCTEM € IM(pPOBI MiJcTaHIi, sKi
3a0e3MeuyroTh HOBHH piBeHb PO3BUTKY B YNPaBIIiHHI TEXHOJOTIYHMMH MpOILEcaMM Tiepesiadi i posmoximy enekrpoereprii. Ilepexin mo mepenaui
CUTHAJIB B U(POBOMY BHUITISII HA BCIX PIBHAX YNMpPAaBJIiHHS MiJACTAHIIEIO JO3BOJIUTh CTBOPUTH TEXHOJOTIYHY iHPPACTPYKTYpy Ul BIPOBAKCHHS
iH(OpMaLifiHO-aHANITHYHAX CHUCTEM, 3HM3UTH TOMHJKH HEHOOONIKY eJNEKTPOEHEpTii, 3MEHIIMTH KalliTallbHi Ta eKCIUTyaTaliifHi BHTpPaTH Ha
00CITyroByBaHHs IiJCTAHIIii, @ TAKOX IiJBHUIIUTH €IEKTPOMArHiTHy 6e3neKy i HaJliiHICTh poOOTH MIKpONPOIECOPHNX MPUCTPOiB. BrpoBa/keHHs
nU(pOBI30BaHUX CHCTEM, 3a0e3nedye OiIbI BUCOKY MIBUAKICTD 1 Oe3neky nepeaadi iHGopMarii, B3a€MO3aMiHHICTh OKPEMUX KOMIIOHEHTIB CHCTEMH,
ITiABUIIEHHS HamiHOCTI cucTeMu. OCHOBHA i/iest IM(POBHX MMiACTAaHMLII NOJsrae B oprauianii 0OMiHy iH(pOpPMALi€ro MiXK Pi3HUMH iHTEIEKTyaIbHUMA
€JIEKTPOHHUMH TIPUCTPOSMH i CHCTEMaMH aBTOMATH3allii Pi3HUX PiBHIB yNPaBIiHHA 3a JJOIIOMOTOO MPOTOKOIMIB mepenadi faHux. HaiiOimbm mosHO
npUHIKIH 00MiHy iH(opMamico Ha tubpOBHX miacTaHUisx (opmyrothes rpymoio craunaaptie IEC 61850. ABtopamu crtatti Oyino po3risSIHYTO
IepeBard 3acTOCYBaHHS LM(POBUX CHCTEM YIpPABIIHHSA, SKi PO3poOieHi BigNOBiAHO m0 MbkHapomHoro cranmapry IEC 61850. Takox OyB
NIPOBEJICHHH aHaIli3 TOSTAITHOTO IIePEX0 Ty BiJ KIACHYHOI IiJCTaHMLil 10 H(pPOBOI.

Kuaiouosi cioBa: mexapOonizamis, muppoBa eHepreTuka, nudpoBa miacTaHMis, uppoBizamis, nudposa TpaHchoOpMalis, piBeHb IpoLecy,
IIMHA TIPOLIECY, TPOTOKOII.

O.T. I'PHB, I. A. CEHJEPOBHY, A. B. JAYEHKO, C. B. IIIBEI], H. C. IPOBAS
OT KJIACHYECKOM K [IUPPOBOI NOJACTAHIINA

CymecTByromas MOZAEIb YIPABICHUS SJICKTPOIHEPICTUKOH C KaKIbIM [HEM TepseT CBOM BO3MOXHOCTH. TO ecTh pedb HJICT HUMEHHO O
HEOOXOAMMOCTH U3MEHEHHUSI MOZIEIN paboThl M B3aUMO/CHCTBHUSI COCTABILIOIIMX HICKTPOIHEPIETHKH, YTOObI CIENATh CETH 0OJIee 1yBCTBHTEIBHBIMH
K Harpy3Ke ¢ M3MCHSIOLMMUCS HCTOYHUKAMHU TCHEPALMH B YCIOBHUIX MEHSIOIETOCs CIIpoca. BEI30B, ¢ KOTOPBIM BCTPETHIINCH MTOCTABIMKH YCIyT Ha
KOMMYHAJIbHOM YPOBHE — 3TO yBEIMYCHHME KOHKYPCHIMM OJIarojaps yBEIHMYEHHIO PACIPENEICHHOIO IOCTYIHOTO INPEUIOKEHUS SHEPreTHYECKHX
yeayr. TakuM 006pa3oM, MOCTABIIMKY YHEPIETHYECKUX YCIIYT [T YAOBICTBOPEHHUsI OTPEOHOCTEl MOTpeduTeNel JOMKHEL ACHCTBOBATh IPOAKTHBHO,
npeaiaras HIM MHIMBHAYaJIbHO ONTHMH3HPOBAHHEIN CEPBUC, OJHOBPEMEHHO 3allUINast KOHGHUACHINAIBHOCTD OHepanuii 1 obecednBas Oe30MacHBbIH
KOHTPOJIb IO JIAHHBIM TPAH3aKUUH MEXIy y4aCTHHKAaMH 3HEPreTH4eckoro pbiHKa. Crienu@uka M3MEHSIOIMXCS BO30OHOBISEMBIX HCTOYHHKOB
9HEPTHH, KPOME TPO0OIeM 00eCTIeYeHNs HOCTOSHHOM {OCTABKH SHEPTHU B COOTBETCTBHH CO CIIPOCOM, TPEOYyeT CO3MaHHsI MOIHOCTEH MO HAKOILICHUIO
[EPEreHEPOBAHON B ONPEACICHHOE BPEMsI JHCPTHH, OBICTPOHl OalaHCHPOBKM M YIPABICHUS KAa4eCTBOM CAMOH SHEPTHH. DTH BBI30BBI MOXKHO
MIPEOJIONETh CO3JaHNEM HMCKYCCTBEHHO «HHTEIUICKTYalIN3HPOBAHHOI» YHEPrOCUCTEMBI, TO €CTh JHEpPreTHKa C ONEPATHBHOH TOYKH 3PEHHS JOJDKHA
TOXE CTaTh «yMHee» U d¢bdekTuBHed. OTHUM U3 KIFOYEBBIX 3IEMEHTOB MHTE/UIEKTYAIbHbBIX 3JIEKTPOIHEPIeTHYECKUX CHCTEM SIBISIOTCS LH(POBEIC
[OJICTAHIMH, KOTOpbIC OOECIICYMBAIOT HOBBII YPOBEGHb PAa3BUTHSI B YNPABICHHH TEXHOIOTHYECKHUMH IPOLECCAMM IEpefayd U PacHpe/ieiICHUs
anekTpodHeprud. Ilepexon k mepenaye CUrHAJIOB B IIM(POBOM BHJIE Ha BCEX YPOBHSX YIPABIICHHS ITOJCTAHIHMEH O3BOJIUT CO3aTh TEXHOJIOTHYECKYIO
uHGPACTPYKTYPY VIS BHEAPCHUSI HHPOPMAIIMOHHO-aHATUTHIECKUX CUCTEM, CHU3HUTh OIMOKY HEJ0ydeTa SJICKTPOIHEPTHH, YMCHBIINTh KAHTaIbHbIC
U IKCIUTyaTal[MOHHBIC 3aTpaThl Ha OOCIY)KMBAaHHMC IOACTAHINM, a TAKXKE IOBBICHTH DJICKTPOMATHUTHYIO O€30MacHOCTh M HAAEKHOCTH PabOTHI
MHKDOIPOIIECCOPHBIX YCTPOHCTB. BHenpeHne mu@poBH30BaHMX CHCTEM, oOecrednBacT Oojee BBICOKYIO CKOPOCTh M 0E30IacHOCTh Iepenadun
nH(pOpMAIHH, B3aNMO3aMCHIEMOCTh OT/IC/IbHBIX KOMIIOHCHTOB CHCTEMBbI, TOBBIIICHNE HAJCKHOCTH cucTteMbl. OCHOBHAs Hest HN(POBBIX HOACTAHIIMI
COCTOMT B OpraHu3anuud oOMeHa HHQpOpPMAILMEll MEXTy pPa3IMYHBIMU HMHTCIUICKTYalbHBIMU OJICKTPOHHBIMU YCTPOHCTBAMH M CHCTEMaMH
ABTOMATH3ALMH PA3JIMYHBIX YPOBHEH YIIpaBJICHHs C IIOMOIIBIO IPOTOKOJIOB Ilepeayn JaHHBIX. Hanbosee moimHO MpUHIMIB 0OMeHa HH(popManuen
Ha 1udpoBbIX noacTaHuMAx Gopmupyrorcs rpynnoi cranaaptoB [EC 61850. ABtopamu cTaThyl ObUIM PACCMOTPEHBI NPEUMYILECTBA NPUMEHEHHS
mr(POBBIX CHCTEM YIPABICHHS, KOTOPBIE pa3paboTaHbl B COOTBETCTBHU ¢ MexayHapomHsiM cranaapToM IEC 61850. Takke ObLT MPOBEAEH aHATH3
TO3TAITHOTO MEPEX0/ia OT KIACCHYECKON MOJICTAHIINN K IIH(POBOI.

KaioueBble cioBa: nekapOoHm3anus, IudpoBas dHEpreTuka, MudpoBas MOACTaHIMSA, HUdpoBu3anys, HudpoBas TpaHcopMaus, ypoBeHb
poriecca, IIHa IPoIiecca, IPOTOKOIL.

0. HRYB, G. SENDEROVICH, O. DIACHENKO, S. SHVETS, I. YAROVA
FROM CLASSIC TO DIGITAL SUBSTATION

The existing model of electricity management is losing its capabilities every day. That is, it is about the urgency of changing the model of operation
and interaction of components of the power industry to make networks more sensitive to the load from changing sources of generation in a changing
demand. The challenge faced by utility providers at the municipal level is to increase competition by increasing the distributed available supply of
energy services. Thus, energy service providers must act proactively to meet the needs of consumers, offering them individually optimized service,
while protecting the confidentiality of operations and ensuring secure control over the data of transactions between energy market participants. The
specifics of changing renewable energy sources, in addition to the problems of ensuring a sustainable supply of energy in accordance with demand,
requires the creation of capacity to accumulate energy regenerated at a certain time, rapid balancing and quality management of energy itself. These
challenges can be overcome by creating an artificially "intellectualized" energy system, energy from an operational point of view should also become
"smarter" and more efficient. One of the key elements of intelligent power systems are digital substations, which provide a new level of development
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in the management of technological processes of transmission and distribution of electricity. The transition to digital signal transmission at all levels of
substation management will create a technological infrastructure for the implementation of information and analytical systems, reduce errors of
electricity, reduce capital and operating costs for substation maintenance, and increase electromagnetic safety and reliability of microprocessor
devices. Introduction of digitized systems, provides higher speed and security of information transfer, interchangeability of individual system
components, increase system reliability. The main idea of digital substations is to organize the exchange of information between different intelligent
electronic devices and automation systems of different levels of control using data transmission protocols. The principles of information exchange at
digital substations are most fully formed by the group of IEC 61850 standards. The authors of the article considered the advantages of using digital
control systems developed in accordance with the international standard IEC 61850.
Keywords: decarbonization, digital energy, digital substation, digitization, digital transformation, process level, process bus, protocol.

Beryn. Enepretwuni cucteMu MaHOyTHBOTO BCe
OiybIe JIeKapOOHiI3YIOThCS, PO3MOIISIFOTHCS i
MIEPETBOPIOIOTHCS B udpoBy dbopmy. Taka
¢dbyHmaMeHTanbHa TpaHchopmaris Hae MOBHUM XOIOM i
mepen yciMa  3aliKaBICHUMH CTOpPOHAMH  BHHHUKAE
mupokuid  cnekrp mpodneM. Tinpku mudposizaris
JIO3BOJIMTH HAaM BIIOpAaTHUCS 3 LUMH IpoOieMaMu.
3abe3neueHHs ycmixy nudposoi Tpanchopmauii B
CHEePreTUYHOMY CEKTOp1 BHMMarae pillly4ocTi, THYYKOCTI i
PO3YMHHX IHBECTHLIH B IHTENEeKTyajbHI IHM(POBI
TexHouorii. Takui miAXia € eIMHUM CIIOCOOOM KepyBaTu
MOTOYHUMH  3aBJAHHSAMHM, CTBOPIOIOYM TIPH  LBOMY
JIOCTaTHIO CcBoOOay mid, MO0 akTUBHO (opMyBaTH
ManOyTHe. [HBECTHIIT B iHHOBAIIIIHI TEXHOJOTIT ChOTOIHI
CTBOPIOIOTh TIEPCIIEKTHBHI  €JIEKTPUYHI MEpexki, Mo
BiZPI3HAOTHCS HaAIHICTIO 1 epekTuBHicTIO [1, 2].

OcranHiM yacoMm Bce Ounblle HPUIUIIETHCS yBara
mudpoBiii enepretuni. lle MmoB'sI3aHO 3 JAMCTAHIIIHHUM
KOHTpOJIEeM  SIKHH  IIBUJIKO 3pOCTa€ B  IHAYCTpil
BUpoOHHMLTBa  enekrpoeneprii.  Lludposi  mocmyru
JIO3BOJISIIOTH B OibLII Mipl TypOyBaTucs mpo CBOIX
KJIi€HTIB. Po3mMpeHi nmociayru 1iarHocTHKY 3a0e3ne4yIoTh
B MOBHOMY o00Ocs3i 30ip maHmWx, aHami3, 30epiraHss, i
Pi3HOOIYHI MOKIIMBOCTI 3BITHOCTI, 5IKi BUKOPHUCTOBYIOTHCS
JUIl TOTO, IOO JONMOMOTTH Yy BHSIBICHHI AHOMAaJIbHHX
YMOB  eKCIUTyaTamii  €HepreTHYHOro  OOJIaJHaHHS.
Otpumana iHQOpMalis Ha OCHOBI IarHOCTHKH 3
BIINOBITHAMH PEKOMEHAAIIIMH  JIO3BOJISIE  3POOHTH
JIOCTOBIPHI pillleHHs PO Xia Aii. PimeHHs, 3acCHOBaHI Ha
¢dakrax, nUpUNycKaloTh (IHAHCOBI  mepeBaru  Juis
kiientis [3].

[TigBuimieHHs ajanTamii axkTHBIB Ta MiATPUMKA
HaIiHOCTI CHCTEMH MpPU OJHOYACHOMY 3MEHIICHHI
MarepiaJlbHUX Ta TPYIOBHX BHTpaT € KPHUTHYHO
BaXJIMBOIO PIBHOBaror s 0araThOX KEpiBHUKIB
miacranuii (IIC) [4, 5]. Tomy Ha aymMKy aBTopiB uuppoBa
mincTanmiss (LITIC) Moke cTaTH KIIIOYOBHM CJIOBOM IS
BUPIIICHHS [TUX TPoOIeM.

AHaJi3 ocTaHHIX JoCHiKeHb Ta myoJiKamiii.
LIIC npexacTaBnsitoTh HAYKOBMH 1HTEpeC Al HPOBITHHUX
3apyObKHUX 1 ykpaiHChKMX BueHuX. Cepen SKHX CIIij
BIZI3HAYMTH OCOOJMBUI BHECOK TaKMX BUEHHMX SK
Holbach J., Rodriguez J., Bautista Flores J., Brunner C.,
Kupunernko O. B.,,  Bytkesuu O. ®.,  banamos O. B.
Ta iH. [6-16].

EnexTpoeHepreTrika nmepeKuBae BKIIMBI 3MiHH, SKi
CTOCYIOTBCS TaKoX 1 cuctemu aBTroMatm3amii IIC — SAS
(Substation  Automation System). PesynsTaTom
TEXHOJIOTIYHOTO TIPOTPECy CTalM €JIEeMEHTH KOHQIryparii
1 TOKyMEHTyBaHHA B cucTeMi 300py maHuX. [ 0J0BHOIO
BAMOTOI0O O CHCTeMH 300py [aHHX € 3[IaTHICTh
MIKpOIIPOIIECOPHHX ENIEKTPOHHUX TPHUCTPOIB 10 OOMiHY

TEXHOJIOTIYHAMH Ta CepBiICHUMHU HaHUMH. OCHOBHHMHU
BUMOTaMH JI0 CUCTEMHU €:

- BUCOKOIIBUIKICHAN 00OMIH TaHUMHA
MIKPOIIPOIIECOPHUX EIIEKTPOHHHUX IPHCTPOIB MiK COOO0I0
(omHOpPaHTOBHIA 3B'SI30K);

- HpI/IB’)ISKa 0 JJOKAJIbHUX O6‘-II/ICJ'IIOBaJ'H)HI/IX CUCTEM
(JIOC) IIC;

- BUCOKA HAaMiWHICTh, IIBHUAKOMIS, BIAMOBIIHICTE
craggaprtam [1, 3].

3a OCTaHHE  JECATUPIYYsl  Pi3KO 3pociio
BuKopHucTaHHS "mudpoBux" iHGOPMALIMHUX JaHHX.

Bunukira HeoOXigHICTE Y CTBOPEHHI HOBOI iH(OpMaIiifHO1
MOJeNi KOMYHIKamii Uil aBTOMATHYHOTO VYIIPaBIIiHHS
BEIMKOI0 KUIBKICTIO MPHUCTPOIB 1 3BS3KY pi3HHX
MPUCTPOIB ONWH 3 OJHHM, y TOMY 4YHCIi B Tramysi
eleKTpoeHepreTuku. Taky mozmenb Oyio po3poOieHo i
CTAaHJAPTU30BAHO  BIAMOBIAHO 1O  MDKHApPOJTHOTO
craggapry IEC 61850 (Communication networks and
systems in substations — Mepexi Ta cuctemMu 3B'SI3Ky Ha
MiJCTAHIISX), SKUH cTaB OCHOBOO s ctBopenHs LIIIC i

OJIHUM 3 KJIIOYOBHX CJCMCHTIB  IHTEJIEKTyaJbHUX
CJICKTPOCHEPTETUYHUX CHCTEM, SIKHi BUBOJIUTh HA HOBUU
piBEHb  YNpaBNIHHA  TEXHOJOTIYHUMH  IPOIECAMHU

nepeziaBaHHs i po3MmoAiy enekrpoeneprii [17, 18].

MeTor0 CTaTTi € PO3TJIAA MepeBar Py 3aCTOCYBaHHI
IUPPOBUX CHCTEM YOPABIiHHA 3 BHKOPHUCTAHHAM
IEC 61850 Tta anami3 TMOETAHOTO TIEPEeXOay Bif
knacuaroi [1C no mudposoi I1C.

Buxsian ocnoBHoro Marepiany. Ilin Tepminom
«uundposa MiACTaHIIs» MAa€ThCS Ha yBasi
apromatu3oBana IIC, oOmagHaHa B3a€MOMIIOUMMHU B
pexuMi exuHOro 4acy uudpoBuMHU iHPOpMALIHHUMHU 1
KepyHUYUMH  CUCTeMaMmH, sika  (yHKHioHye  0e3
MPUCYTHOCTI MOCTIHHOTO YeproBoro nepconany [17-19].
HIIC w™mae BucOKMH piBeHb aBTOMAaTH3allii, B HIH
MPaKTUYHO BCi Ipomecu iHpopMmamiitHoro oOMiHYy MiX
enementamu [IC, a Takox ympaBmiHHA pobotoro [IC
3MIHCHIOIOTECS B NOH(QPOBOMY BHUTIAIAI Ha OCHOBI
cragmaptiB cepii |IEC 61850. LIIC 110-220 kB a6o
By3soBa L{I1C 3 Bumioto Hampyroro 35 kB, Big PIT CH i
HH Bin sikoi enexkTpuyHa €Heprisi PO3NOIiISETHCS IO
CNIEKTPUYHIA  Mepexi  Ha3MBaeTbcsi —  HU(DPOBUM
xuBJsTauM 1ieHTpoM. Takoxk 1o HIIIC Hamexuth nudposa
eJIeKTpHYHA Mepexka. 1l MOKJIMBO OXapaKTepu3yBaTH sIK
oprasizauiifHo-TexXHiuHe 00'eTHaHHS €IEKTPUYHUX
MEPEKHUX 00'€KTIB, OCHAILCHUX LHU(PPOBUMU CHCTEMAMH
BHUMIPIOBaHHS TTAPAMETPIB PEKUMY MEPEKi, MOHITOPHUHTY
cTaHy oOJaJHAaHHS Ta JIiHIHM eleKTponepenayi, 3aXUcTy Ta
MPOTHABapiHOI aBTOMAaTHKH, MEPEKEBOTO 1 00'€KTOBOTO
ynpaBiiHHs, iHQopMmauiiHuii OOMIH MDK  SKMMH
3MIMCHIOETBCS 33  €IMHAMHM ~ NPOTOKOJIAMH i3
3a0e3MeueHHsIM CHHXPOHI3allil 3a yacoM puc. 1, 6 [19].
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€JIEKTPHYIHOT Brnipopas i Auanisarop [HTENeKTYaNBHI BUMIPIOBATBHI IPUCTPOT
eHeprii repeTBopIoBay II5E
m [udposmii BumiprosasbHuit oMU
JHYMIBHUK feperBoprosat,
\ 4 \ 4 \ 4 anamizatop IISIE
Indopmaniiina mmHa

A
A 4

Cranniiina mmna |[EC 61850-8-1

Cucrtema 3a0e3meueHHs €ANHOI0 4acy

Puc. 1. ITixcranmii:
a — KjacuyHa; 6 — uudpona

Ha puc.1, a i 6 300paxeni kiracuyHa i mudposa
micTaHUii 3  BUMIPIOBAILHUMH  TpaHC(hOpMaTOpaMu
ctpymy (BTC), BumiptoBanbHHUMH TpaHc(hOpMaTOpaMu
Hanpyru (BTH). [Ins cripoleHHst pUCYHKY HE IOKa3aHi
IpUCTpoOl peneifHoro 3axucty Ta aBromMatuku (P3A), mo
BxoTh B ckiaj [1C. B LIIC BimnosigHo, nupposi BTC
(IBTC), mudpori BTH (UBTH). B o6ox [IC nasBHUit
aHaJi3aToOp MOKa3HUKIB sKocTi enektpoeneprii (IIAE).

Tl'onoaumu nepeBaramu LIIC e:

- BUCOKa HAAIWHICTh Ta SAKICTh Iepenadi CHTHAJIB.
3maTHicTh  TIMOOKOI  CaMOMIaTHOCTUKH  ITHU(PPOBHUX
MIPUCTPOIB 3a0e3Medye MaKCUMaNIbHY KUTTe31aTHICTB [1C.
Bynp-sike mOripiieHHs Npane3faTHOCTi (IKCYIOThCS B
PEXHUMI PEalIbHOTO Yacy;

- HasBHICTh U(PPOBOT 0OPOOKH CUTHAIIB;

- BIICYTHICThP HACHYCHHsS Ta (EPOPC3OHAHCY B
urQpoBUX MEpeTBOPIOBaYAX;

- BIZICYTHICTb BIUIMBY CHJIOBOTO OOJIaJHAHHS Ha
BTOPHUHHI KOJIa;

- Majia KUIBKICTH KaOeIpHO-TIPOBITHUKOBOT
npoxaykuii. [{udposa peamizamis gomoMarae 3MCHIIUTH
¢izmaanii posmip [IC 1 HaBiTh mepemimara poOOTH IO
KOHpirypamii 1 TeCTyBaHHIO TIpH  NPHUHAMAIBHO-
3/1aBaJbHUX BUIPOOYBaHHSX Ha EHEepreTHYHe
i IIPUEMCTBO;

- BIICYTHICTh MacTuIa, NETI0I03H Ta ellerasy;

- HU3bKI 3aTpaTd Ha MOHTaX Ta eKCIUTyaTaIiio

ycTaTKyBaHHH;
- onTuMi3amis poOoTH. AHami3 SIKHH BUKOHYETHCS
muppoBumu  cxemamu I[IC  1mo3BONsE€E  TPOBOJHUTHU

peTeJ’ILHI/Iﬁ MOHiTOpI/IHF O6C${I‘y JaHUX, IO HaAXOoAAThb 3
CTaHHiﬁHOFO YCTAaTKyBaHHs, MIO0J0 Horo IMMPOCKTHUX

JIETaTbHO BiICIIAKOBYE BCi MPOIECH IO BiAOyBarOThCS B
obnmamHaHHI. [HTENEKTyambHI CHCTEMH aHANi3y NaHUX
HA/Ial0Th PEKOMEH[AIll 3 TeXHIYHOro OOCIyroBYBaHHS i
peMoHTy. Lle 103BOJIsAE IEPEeXOAUTH Ha IPOTHOCTHYHE 200
HaJiHHO-OpI€HTOBaHEe  OOCIYyrOBYBaHHS,  YHHKAIOUH
HE3aIlJJaHOBAaHWX MPOCTOIB 1 HAIA3BHYAMHUX BHTpAT Ha
PEMOHT.

- IOKpalleHi KOMYHiKaliiHi
JAHUMH ~ MDK  IHTEJIEKTYaJIbHUMH  HPUCTPOSIMH,  SIK
BCEpeIMHi, TaK 1 MibK MibkperioHampHuMu [IC,
ontumizoBanuii depe3 Ethernet. fkicHi sokameHi 1
rio0anabHi  OJIOKM KOHTPOJIO JO3BOJISIOTH MPOBOAUTH
oomin ganmmu Ha IIC, a Takox Mmix IIC. Ilpsmi 3B's3ku
Mix IIC, 6Ge3 HEOOXiZHOCTI TpaH3UTy dYepe3 LEHTP
YIpaBIiHHS, 3MEHIIYIOTh Yac pearyBanus [5, 19].

Apximexmypa LIIC. Po6ota HIIC 3acHOBaHa Ha
apXITeKTypi, sIKa JO3BOJSIE TPOBOIMTH EKCIDTyaTaliiHi
BUMIPIOBaHHS B pEaJbHOMY 4Yaci 3a JaHUMH Bif
mepBuHHOI cuctemu. Ili  JgaHi  OTPUMYIOTBCA  3a
JIOTIOMOTOIO0 JIATYMKIB, BOYIOBaHUX B IEPBUHHY CHCTEMY.

Pisenvb  npoyecy. OOMIH MDK  HPUCTPOSIMH,
BimOyBaeTbCs 3a  pe3yiabTaTaMH  BHUMIpPIOBAaHb IO
6asyrothest Ha "mmHi mporecy” (puc. 1). Haitronoswimnie B
TOMY, IO IHTEJEKTYyaJbHI IPUCTPOI Ta CUCTEMH MOXYTh
Biipa3y oOpoOuTH 1i onepaTuBHi AaHi B Mexax [1C [20].

[IpormcaBnmmch K KII€HTH HNOTOKY JAHWX IO LIMHI
npouecy Ethernet, inpopmariist Bi eHepreTHIHOI CUCTEMH
JIOBOJATECSL Habarato OLTbII e(EeKTUBHO, 1O piBHA
LHEHTPAIBHUX TEPMiHANIB, HK B 3BHYAHHUX IPOTOBUX
cxemax. OOMiH JaHUMHU BimOyBa€ThCsl 3a pe3yabTaTaMH
BUMIpIOBaHb 3a JOINOMOIOK HIMHHU mpolecy (puc. 1, 6).
HaiironoBuime B TOMy, IO iHTEJIEKTyalbHI MPUCTPOI

MOKJIMBOCTI, OOMIH

piBHIB; ciineHO 3 mpuctposimu T1C, (pene 3axucTy, peecTparopw,
- cKopoueHHs BUTpaT Ha oOciyroByBanHs. LIIIC  Omokm BuMiproBaHHS BekTOpiB ((asz), KOHTpoepu
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TepMiHaNiB, 0OararoyHKLIOHAIBHI
Kepyroui  NPUCTPOI), MOXYTh
OTepaTUBHI aHi.

[TuHa nporecy Takox 3AIHCHIOE 3B'I30K, Yepe3 KU
iH(pOpMAILlis BiJ IEPBUHHOTO, BYJIMYHOTO O0JIaHAHHS HJe
HasaJl [0 amapaTypu KOHTPOJIO CTaHIii — BOHA
3abe3neuye 3BopoTHHH 3B's30k Ha I[IC. Y moBHIicTIO
IUPPOBUHA  apXiTeKTypi, Kepyrodi KOMaHAHW (KOMaHIN
orepaTopa, CIpanbOBYBaHHS 3aXHCTY) TaKOX
HaNpaBISIOTBCSI HAa IIEPBHHHI TPHCTPOi depe3 MIMHY
nporecy, B IPOTWISKHOMY Hanpsmky [20].

Ilvea n$pouecy, TakuUM  YHHOM,
TepMiHOBE 00CITyrOByBaHHS.

Pigenv inmenexmyanvrux enekmpoHHUX npucmpois.
[Mpuctpoi MK MIMHOIO TpoUecy 1 CTAaHLIMHOI MIMHOO
ICTOPMYHO BH3HAYeHI sK "BTOpuHHE oOdagHaHHA". Y
HIIC, i MIPUCTPOT € IHTEJICKTYaTbHUMHU
BHMIiPIOBaJIbHUMH MIPUCTPOSIMH (puc. 1, 6), SIK1
B332€EMOJIIIOTH 3 TOTOKAMU Yepe3 MINHY TPOIECy, 1 TAKOX 3
NPUCTPOSIMH B CTiiKaX TepMiHANiB, 3  IHIIAMHU
TEepMiHANIAMH, 1 TUPPOBOIO CHCTEMOIO YIIPABIiHHS depe3
IIMHY CTaHIIIi.

Pisenv 06'ckmie konmpons cmanyii. Iludposa mmHa
[IC (cranmuiiina muHa puc. 1, 6), Habararo Oinbina, Hik
tpagumiiina SCADA muHa, Tak SK JTO3BOJISIE KiTbKOM
KIieHTaM OOMIHIOBaTHCS JaHUMH, BOHA IMiATPUMYE
PIBHOIIPAaBHY B3a€MOJII0 MPUCTPOIB, a TAKOXK OOMIH MiX
I1C. Haituacrime BUKOPHUCTOBYIOTHCS JUISL
BHCOKOIIIBHJKICHOTO OOMiHYy OiHapHOW iH(pOpMaLi€e
nportokon GOOSE [17, 18].

Ilepexio 0o uugpposoi IIC. SIkmo eneKTPOCTAHIIIS
3HaXOJUTKCS y BiAJaJeHOMY paloHi, IHHOBaLiitHUM Oyxe
Bukopuctanus LIIC, mo no3Bossie 00CITyroByBaTH
YCTAaHOBKM  JUIi  BUPOOHHMITBAa  €JIEKTpOeHeprii B
muppoBOMy pexuMi 0e3 y4acTi (axiBIiB.
BukoprcToByroun HamiiHy oONepalliifHy cucTeMy, sKa
MOEHYE B cO01 HOBI po3poOKH B 0OONIACTI aHANI3y JaHUX,
MAKIIIOYCHHS Ta  KibepOesrmekn 3 MepeBipeHUMH
MOYKITHBOCTSMHA BIITAJIEHOTO 00CITyTOBYBaHHS i
onrtuMmizanii. Hampuknan, Ko HasBHI HaBaHTaKEHHS K1
MIBUJKO 3MIHIOIOTBECS, IOB'S3aHI 3 HE 3allJIaHOBAHUM
BUPOOHMIITBOM €HEprii, TO BOHM BIUIMBAIOTH Ha
HaBaHTaXEHHS  TpaHcpopmaropa. [lpu  Benmukomy
HaBaHTXXEHHI TpaHChOpMaTOp meperpiBaeThes. SKio
I1C € mudpoBoIo, TaTUYMK MOBIIOMIISE MPO 1€, BUMIPSIBIIN
TEeMIlepaTypy Maciia 1 CTpyM OOMOTKH, HaIpaBIIsie
pesynbTaTd  Ha cepBep. lle m03BONsE  YHHKHYTH
TOMIKO/DKEHHSI, aXK JI0 BIIKITIOUEHHS XUBJICHHA. HaBiTh B
pasi 30010 ceHcopa MIBUAKO 3'SICOBYETHCS, 1€ 3HAXOJUTHCS
nmaHui npucTpif. OcoOIMBO BaXXIMBO II€ Y BiIJaleHUX
paiionax. CepBiCHI iH)XKEHEpH HETaliHO pPearylTh i THM
caMUM 3HIDKYIOTh PU3HK BIJIKIIOUEHHs. Bignanenwii
KOHTPOJIb, MOHITOPUHT CTaHy 1 JIarHOCTHKH, NPOJOBXKYE
TEepPMiH eKCIUTyaTalii i ciyx6u. BipTyanpHe ynpaBiiHHS
MPOTIOHYE OLIBII BHCOKY JIOCTYIIHICTh 1 HaIilHICTS,
TOPSIT 3 TABHINICHOO €KCILTyaTalliifHo0 THy4KicTio [3].

[ToOymosa LITIC nependauae:

KOHTpoJiepu  abo
BiZipasy  00poOuUTH

niaTpuMye

- IiABHUILEHHS HaaildHOCTI (hyHKIIOHYBaHHS
00J1aTHAHHS,

- BHIDKCHHSI BUTPAT Ha CKCILTyaTallifo 00JalHaHHS,

- i ABHUIIEHHS e(eKTUBHOCTI BUKOPHUCTAHHS

OCHOBHOT'O 00JIaJHaHHS.

KommnekcHuii  miaxix 10  CTBOpPEHHS
aBToMarm3anii 1 pimens g LITIC Bxitovae B cebe:

- €IUHY KOHLIETILII0 CTBOpPEHHS cucTeM
TelleMeXaHIK{, aBTOMAaTHKH 1 UHUQPPOBHX CHCTEM 3
MOXITMBICTIO ITOE€TAITHOTO PO3BUTKY;

- MAaKCUMaJIbHY CyMicHiCTh pimens mo LIIC 3
icHyfoumMH 1 0aratopa3oBO  BIIPOBaKyBaHUMHU
pIMICHHSMH TTO aBTOMATH30BAHUM CHCTEMaM YIPABIIHHSI
Tpanchopmaropuumu miacranmismu (ACY TII), (P3A),
cucTeMoro 360py i mepenasanns indopmartii (C3ITI);

- BIJINIOBITHICTh MI)KHAPOIHUM CTaHAapTaM;

- BU3HAYCHHS MPIOPUTETIB BIPOBA/KEHHS PI3HUX
enementiB LI[IC, Buxonsum 3 BUTpaT 1 OYIKyBaHOTO
edexry;

- ontumizanito apxitektypu LIIC mis mocsrHeHHS
MaKCUMAaJbHOIO CKOHOMIYHOTO €(eKTy 3a paxyHOK
3aCTOCYBaHHs OaraTo(yHKIIOHATEHUX MPUCTPOIB [3].

[Ilpy mpOMy mHTaHHA IHTETpamii CKIAIHUX BHIIB
CJIIEKTPOTEXHIYHOTO OONAAHAHHSA 1, B TMEpIIy dYepry,
CHJIOBHX TpaHC(pOpMAaTopiB, aBTOTpaHchopMaTOpiB i
LIYHTYIOUMX PEaKTOpiB, KOMIUIEKTHHX PO3IOIUIBINX
YCTaHOBOK €JIera30BHX (KPVYE), BUMHKaYiB
PO3MIISIAIOTECS B KOHTEKCTI (PYHKLIH caMOCTiHHOTO
aHaJi3y JaHuX i camofiarHocTuku. [lependagaerscs, mo B
"po3ymHuX" Mepexax 3 HeoOciyroByBanumu [IC Oyne
BCTaHOBJICHO "iHTENEKTyaJbHI" TpaHChOpPMATOpH, IIiJ
SAKAMHU PO3YMIIOTBCS TpaHc(hopMaTopH, SKi 3a0e3MedyoTh
MaKCHMaJIbHO MOJJIMBHH KOHTPOJb CTaHy BCIX CHCTEM
(akTMBHOI ~ YacTHMHM,  Macila,  BBOJIB,  CHCTEMH
OXOJIO/XKEHHS1, Pery/IIOBaHHs MiJ HaBaHTaxeHHsAM (PITH),
TEXHOJIOTIYHUX 3aXHUCTiB), CaMOJIarHOCTUKY 1 BHIady
PEKOMEHJAIIM IIOJM0 MOJNAIBIINX [Milf y pas3i MNOsSBU
MOUIKO/DKCHHS,  SIKE  pPO3BHMBAEThCS, abo  #oro
HEHOPMOBAHOTO BIUIUBY Ha TpaHC(HOPMATOP.

Bapiaar mo6ymoBu HIIC s pexoHCTpyHOBaHHX
o0'extiB. OmHOUacHWH Tepexig Ha IUQPOBY Imepenady
JAHUX B paMKax BChOTO O0'€KTa € JOCHTH CKIIAJHUM
3aBmaHHsAM. [l  9acTKOBO — PEKOHCTPYHOBAaHHX i
posmmproBannx [IC  BHKOpHCTOBYETBCA KOMOiHOBaHE
TeXHIYHE pilleHHs, sKke 3abe3nedye Il HOBUX 1
PEKOHCTPYHOBaHUX NpPUETHAHb TOBHHUH 00csAr (QyHKIiH
ACY TII, a ans icHyrounx npueananb — QyHkuii C3I11
(30ip JMCKPETHHUX CHTHAJIB 1 BUMIPIOBAHHS 3 HPSIMUM
BBeneHHsM) [3].

Iepexin mo UHIIC BinOyBaeTscs moeramHo. Ha
MEepIIOMY €Tami yCTaHOBIIOIOTHCS  MIKPOIPOIECOPHI
CHCTEMH 3aXHCTy 3 YpaxyBaHHAIM BHMOT CTaHAAPTY
IEC 61850. Ilpm mpoMy peami3yeTbcs Tepenavya IaHUX
MiX TepMiHanamu o uudposomy inrepdeiicy Ethernet 3a

CUCTEM

noriomororo  mporokony — Generic Object  Oriented
Substation Event (GOOSE) - moigomieHp Juist
TPUCTPOIB Y Mepexkax BHCOKOI Hampyru (puc. 2).

IIporokoun, omucanuit B IEC 61850-8-1, mis mepemadui
JaHUX 32 TEXHOJIOTIEI0 «BHIABELb-TICPEIIIATHUKIY,
NPU3HAYCHUH 11 Tiepeadi MIHPOKOMOBHUX ITOBITOMIICHb
(muckpeTHux curHaniB) mpo moxii Ha I1C [3, 17, 18].

Jns cepenHboi Hampyru mepepady AaHHX MOXHA
3anumaTi 0e3 3MiH 1 BUKOHYBaTH ii 1O KOHTPOJBHOMY
Kabenro mpH 37ilicHeHHI nepenadi manux B ACY TII
BianoBigHO 10 pekomennauii IEC 61850.
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Puc. 2. ApxitekTypa cuctemu 3B's13ky Mk asoma L[I1IC

B mopmanemomy mepeiitm 1o BuUkopucTtaHHI MMS
(Manufacturing Message Specification) - mnporoko,
onucanmii B IEC 61850-8-1, ansa mepemaui jgaHumx 3a
TEXHOJIOTIE) «KIIIEHT-CEPBEPY», SIKUH BHKOPUCTOBYETHCS
T OOMiHY [aHWMH, pe3yiabTaTaMH BHMIipIOBaHb,
JIarHOCTUYHUMHU TOBIJOMIJICHHSIMH, TIE€pefadyi KOMaH]
yIpaBIIiHHA Ta iHIMX 1iaei [3].

[lepmia rnaBa craHgapTy BHIYIIEHa Yy BHIJISII
TEXHIYHOTO 3BITY 1 CIYXHUTb BBEJCHHSIM B Cepiio
craumaptie I[EC 61850. ¥V posnini omucani 0a3oBi
MPUHIUITH, TOKJIAJICHI B OCHOBY CUCTEMHU aBTOMATH3allii,
mo npairoe Biamosigao mo |EC 61850. INepmmoro rimaBoro
CTaH/AapTy BHU3HAYCHA TPUPIBHEBA apXITEKTypa CHUCTEMH
aBTOMATH3allli, IO BKIIIOYAE€ pPIBCHb IPOIECY, PIBEHBb
npuenHaHHS 1 piBeHb cTaHmii. CroOYaTKy CTaHIAPTOM
OyJa BU3HAYCHA JIMIIE CHCTEMa aBTOMATHU3allii B paMKax
omHoro o0'exTa i 3B'M30K Mik nekinbkoma [IC He OyB
BKJITFOUCHHUH 10 Mozedi. [Ti3Hime Moaesnp Oyia po3imupeHa
Ta ONUCaHa JIPYrol  peNakii€lo  CTaHaapry, [e
nependaueHi Takox 3B'13ku Mix [1C y cepeinHi KOXKHOTO
3 piBHIB. MK piBHIMH  OIHMCaHa CTPYKTypa
iHpopMmariiiHoro oOwminy. Ilepenmik iHTepdeiiciB 1 ix
NMpU3HAYCHHS TIpUBeACHWX Ha puc.2: 1 — oOmiH
CUTHAJaMHU (PYHKIIH 3aXMCTy MK PIBHSIMH IPUETHAHHS 1
cTaHlii; 2 — OOMiIH curHamamu (QYHKIIH 3aXHCTy Mix
PiBHEM IIpHEHAHHS OJHOTO 00'€KTa i PiIBHEM IIPUETHAHHS
cyMibKkHOTO 00'ekTa; 3 — OOMIH JaHMMHU B paMKax piBHA
NpUETHAHHS; 4 — meperadya MUTTEBUX 3HAYE€Hb CTPYMY i
Hampyrd BiJl BHMIipIOBaJLHUX IEPETBOPIOBAUiB (PiBEHB
MpoIIeCy) MPUCTPOSM PiBHA MpHETHAHHSI; 5 — OOMIH
curHamaMu (QYHKIIA yOpaBiiHHSA OOJaQJHAHHAM PIBHS
Mporecy 1 piBHA TpHETHAHHSA; 6 — OOMIH CHUTHaJaMHu
GyHKIIH ynpaBaiHHS MK piBHEM NpPHETHAHHS 1 piBHEM
craHmii; 7 — OOMiIH JaHWMH MDK piBHEM CTaHIli i
BiJUIaJICHUM pPOOOYUM MICIIEM IHXEHepa;, 8 — MpsMuid

orepaTuBHEe OJOKYBaHHS; 9 — OOMIH JaHUMHM B paMKax

piBHs crannii; 10 - oOMiH curHanamu (QyHKLiH
VOpaBIiHHA MDK  pIBHEM CTaHIii 1  BiIJaJCHUM
JICIIETYePCbKUM  eHTpoM; 11 — oOMiH curHanamu

GYHKIIH ynpaBiaiHHS MDK PIBHSAMHU IIPHEJHAHHS JBOX
pi3HHX O0'€KTiB, HANpPHUKIAZ, AUCKPETHUMH CHUTHAIaMU
IUTA  peaizamii OomepaTHBHOTO OJIOKyBaHHS a0o iHIIOI
aBroMaTukH [3, 17, 18].

VY pa3i moeramHOrO mepexoxy mpuctpoi P3A Ha
00'eKTi HEOOXIiHO BCTAHOBIIOBATH 3 MiATPUMKOIO
KJIACHYHOI Ta HHU(PPOBOi cXeMH BUMiptoBaHs. Ha apyromy
erami  3IiHCHIOETHCS: 3amMiHa ~ abo0  JoJaTKoBe
YCTaHOBJICHHsSI HOBHX BHMIPIOBAIBHUX TPaHC(HOPMATOPIB
CTpyMy 1 Hampyru, sKi TNpamiolTh Ha HU(GPOBOMY
NPUHIINII; TepeXxil] Ha MOBHICTIO HU(POBHI OOMIH MiX
npuctposimu P3A, a Takox ynpaBiiHHS KOMYTaliiHUMH
amapatamu 3a craggaprom |EC  61850. Jluckpetsi
BUXOAM, SKi TPU3HAYCHO I TIepenadi  KOMaH[
VOpaBIiHHA HA TPHUBOAM KOMYTAIlIfHMX amaparis,
3aNMINAIOTECA 3aiTHUMH JUI1 AyONoBaHHS 1H(POBOT
nepenayi mij yac ynpasiinas [3].

Ha ocranHpoMy eTami 3IIHCHIOIOTBCS —3aMiHA
MEPBUHHOTO  OOJaJHAaHHS EHeprood'ekTa, a TaKOXK
MOJIEpHi3allis 1HIIMX CHCTEM: HIMT TMOCTIHHOTO CTPyMY,
IIUT BIACHUX MOTPEO, BIPOBAIKYIOTHCS CHUCTEMHU
JIarHOCTUKHU TIEPBUHHOTO 00JIaHAHHS TOIIO.

BucHoBKH. ABTOpaMH CTaTTi TpU  PO3TIIAII
IU(GPOBUX CUCTEM YIIPABIIHHS, PO3POOIIEHUX HAa OCHOBI
cepii nmpotokoniB IEC 61850, Oynu BuineHi Taki royioBi
TepeBaru:

- CKOPOYEHHS 4Yacy 1 BapTOCTI BIPOBAKCHHSI
IHTCNICKTyalbHUX TMPHUCTPOIB B CHCTEMH YIPaBIiHHS
PO3MOAUTEHIMHU MEPEIKAMU;

- onTHMI3allis O0JaTHAHHS Ta 3HIKCHHS KUTBKOCTI
BHI31iB Ha 00'€KTH;

OOMIH JaHUMM MDK IpUETHAHHSIMH, 30KpeMa, JuIs - MIBUIIEHHS CIIOCTEPEXKINBOCTI 1 KEpOBaHOCTI
peamizamii  IUBMAKOAIOYMX  (YHKLIH, Takux SK  JUISHOK CEPEIHbOI 1 HHM3bKOI HAIPYyrd MEpeki, B TOMY
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yucIi obnacTei po3noaizeHoi reHeparii.

IMoeramumii mepexiy Bif KIACHYHOI 1O IUQPPOBOI

migcraHiii, ska Oa3yerscs Ha IEC 61850, mno3Bosse
3MEHIINTH 3arajibHy BapTiCTh MiACTaHUii. 3MEHIIEHUH

po3Mmip i

Bara BHUMIPIOBaJbHUX TpaHcdopmaropis,

IUGPOBUX TIPIJIAAIB 3aXHUCTY 1 KOHTPOIIO 3a0€31edyI0Th

IpUBaOIINBI

mepeBaru, O3BOJNSIOYM  OyAiBHHIITBO

KOMIAKTHUX MiACTAHIIH, 00MEXEHIX pO3MipiB.
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B.JI. UYXJIIB, A. B. AIIKEJITHEIIb, C. O. TYECHKHH, O. B. IIETPOB, 0. M. IYBAHChKHH,
B. O. IIATIEHKO, A. O. OKYHb

PO3POBKA TEXHOJIOTTYHOI KOHIIENIIIi MPOEKTYBAHHS IPOIIECIB KYBAHHS 3
YPAXYBAHHAM BIIVIUBY PEXUMY JE®@OPMYBAHHSA HA AKICTbh IIOKOBOK

OKpeclieHi OCHOBHI HampsIMU JOCII/KEHb, SIKi TOJSATalOTh Yy 3aCTOCYBaHHI 1 CTBOPEHHI HOBHX MiAXOMAIB ILIOAO PO3POOKH 1 BIOCKOHAJICHHS
TEXHOJIOTIYHUX MPOILECiB KyBaHHS 3 OTPHMMAHHIM IOKOBOK IPOTHO30BAHOI SIKOCTI, II0 3aCHOBAaHI Ha BU3HAYCHHI HEPIBHOMIPHOCTI Aedopmarii Ta
[030BXKHBOI KPHBH3HM INpPH 3MiHI Hanpsmy AedOpMyBaHHsS NpH BHKOHAHHI omepauiii OCa/uKyBaHHS Ta NpOTAryBaHHs. PospobneHnit mMerox
MPOTHO3yBaHHsI 00'eMHOI HepiBHOMipHOCTI Aedopmaiii B mpomecax raps4oro neopMyBaHHS Ha OCHOBI TEOPETHYHOrO BU3HAYCHHS 30HHU
MaKCHMaJIbHOI HEpiBHOMIPHOCTI Aedopmanii B mepepidi MOKOBKU Ta IMOB'I3aHOI 3 HEIO MO3I0BXKHBOI KPMBH3HU. PaHilie BKasaHW# Mixix miono
MPOTHO3yBaHHsI 00'éeMHOI HepiBHOMipHOCTI aedopmalii MeTady npu KyBaHHI OyB HeBimomuil. lle nae MOXIMBICTH OLIIHIOBATH 1 BU3HA4aTH
pauioHanpHi pexxumu aedopmanii Npu KyBaHHI Ul OJEpKaHHS HEOOXIIHHMX BIIACTUBOCTEH BUPOOIB. 3 BHUKOPUCTAHHAM PO3POOJICHOTO METOLY
MOJKIIMBO NPOBEIEHHS JOCII/PKEHHS HOBUX CXeM KyBAaHHS BaJliB Ta AWCKIB i BCTAHOBJIEHI IONS PO3NOALNTY HepiBHOMIpHOCTI Aedopmanii B 00'emi
3arOTOBOK, SKi JIO3BOJISIIOTH BCTAHOBHTH pAlliOHANBHI PEKMMH KyBaHHS 1 3a0e3rmevarh MiJBHIIECHHS PIBHOMIPHOCTI PO3MOALTY MeEXaHiYHHX
BJIACTHBOCTEW BHPOOIB Ta 3HIKEHHS BHUKPHUBICHHS MOKOBKH. [IpH 3acTOCYBaHHI 3ampONOHOBAHOTO METOAY PO3pOOJIEHI HOBI TEXHOJIOTIUHI MpoLecH
BUT'OTOBJICHHSI TIOKOBOK.
Ku1r04oBi cj10Ba: KyBaHHS, HEpiBHOMIpHICTB nedopmaltii, IKICTh, OKOBKA, 0CAXKyBaHHS, IPOTATYBaHHS, KPUBU3HA.

B.JI. YYXJIEB, A. B. AHIKEJAHEI], C. A. T'YECKHH, A. B. IETPOB, A. H. IYBAHCKHH,
B. A. ITAJINEHKO, A. A. OKYHb

PA3PABOTKA TEXHOJIOTUYECKOW KOHIENIIUA MPOEKTUPOBAHMS ITPOIIECCOB KOBKH
C YYETOM BJIMAHUS PEXXUMA JE@OPMHUPOBAHUSA HA KAYECTBO ITOKOBOK

OuepueHBl OCHOBHBIC HAIpPABJICHUS HCCICIOBAHMI, KOTOpBIE 3aKIIOYAlOTCS B IPUMEHEHHH H CO3JaHHM HOBBIX IIOAXONOB K pa3paboTke U
COBEPIICHCTBOBAHUIO TEXHOJIOTHYECKUX IPOIECCOB KOBKH C IOTYyYEHHEM IOKOBOK IIPOTHO3HUPYEMOro KadecTBa, OCHOBAHHBIE HA OIpPEAENCHHU
HEpaBHOMEPHOCTH JieOpMALUU Y TPOAOIBHON KPUBU3HBI NPH W3MECHEHUM HAINpaBlIeHHs Ae()OPMHUPOBAHUS TIPU BBIIOJIHEHUM ONEPALMi OCAIKH U
IpoTsDKKU. Pa3paboTaHHBIH METO IPOrHO3HPOBAHHS 00BEMHOI HEpaBHOMEPHOCTH JiehopMaIiy B IpoIieccax ropsiaero 1ehopMUpoBaHUs] Ha OCHOBE
TEOPETHYECKOTO OIPEIEICHNUS 30Hbl MAKCHMAaIbHOM HEPaBHOMEPHOCTH Ae(OpMaIuy B CEUEHUH OKOBKH U CBSI3aHHOHU C Hell MPOJOIBbHOI KPUBH3HBL.
PaHee yka3aHHBIA IOAXOA K INPOTHO3MPOBAHUIO OOBEMHOW HEPaBHOMEPHOCTH JeOpMally MeTala HpPH KOBKE ObII HEM3BECTEH. OTO JaeT
BO3MOXKHOCTb OIIEHUBATh W OILPEIENATh PalMOHATbHBIE PEKHMBI AedopManuy HpH KOBKE IS MONY4YeHUS HEOOXOAMMBIX CBOUCTB m3pemuil. C
HCTIONB30BaHUEM DPa3pabOTaHHOIO METOZa BO3MOXKHO IIPOBEACHUE HCCICHOBAHHS HOBBIX CXEM KOBKH BallOB M JAWCKOB M YCTAHOBICHBI OIS
pacrpeneneHys HepaBHOMEPHOCTH JiehopMauu B 00beMe 3aroTOBOK, KOTOPbIE MO3BOJISIIOT YCTAHOBHTH ONTHMAJbHBIE PEXKUMBI KOBKH M obecredar
MOBBIIICHIE PABHOMEPHOCTH PACIIpe/IeIeHUs] MEXaHHIEeCKHX CBOICTB U3/eINil M CHIDKCHHS HCKaXKeHHS IIOKOBKU. [Ipy mpuMeHeHNH NpeIosKeHHOro
MeTozia pa3paboTaHbl HOBBIE TEXHOJIOTHIECKHE MPOIIECCH H3TOTOBICHHS IIOKOBOK.
KroueBble c10Ba: KOBKa, HEPABHOMEPHOCTH JiehOpMaIi, Ka4yecTBO, TOKOBKA, 0CAaJIKa, IIPOTSDKKA, KPHBH3HA.

V. CHUKHLIB, A. ASHKELIANETS, S. GUBSKII, O. PETROV, O. DUVANSKII, V. PALIENKO, A. OKUN

DEVELOPMENT OF A TECHNOLOGICAL CONCEPT FOR DESIGNING FORGING PROCESSES
TAKING INTO ACCOUNT THE INFLUENCE OF THE DEFORMATION MODE ON THE QUALITY
OF FORGING PIECES

The main directions of research are outlined, which consist in the application and creation of new approaches to the development and improvement of
technological processes of forging with obtaining forged piece of a predicted quality, based on determining the unevenness of deformation and
longitudinal curvature when changing the direction of deformation during upsetting and broaching operations. The developed method for predicting
the volumetric non-uniformity of deformation in the processes of hot deformation based on the theoretical determination of the zone of maximum non-
uniformity of deformation in the section of the forged piece and the associated longitudinal curvature. Previously, this approach to predicting the
volumetric unevenness of metal deformation during forging was unknown. This makes it possible to evaluate and determine the rational modes of
deformation during forging to obtain the required properties of products. Using the developed method, it is possible to study new schemes for forging
shafts and disks and determine the distribution fields of non-uniformity of deformation in the volume of workpieces, which make it possible to
establish optimal forging modes and ensure an increase in the uniformity of distribution of the mechanical properties of products and reduce the
distortion of the forging. When applying the proposed method, new technological processes for the manufacture of forged piece have been developed.
Keywords: forging, uneven deformation, quality, forged piece, deposition, broaching, curvature.

Beryn. Ha 3aBogax BHpPOOHMITBO  KOBAaHUX  PErJIAMEHTYIOTH TEXHOJIOTIYHMH IPOLEC, CKOPOUYETHCS
3arOTOBOK y KOBaJbCHKMX I€XaX HOCHTb OJMHMYHMH 1 10  MiHiMymy. Ilpm Takii  mocraHoBHI — CIIpaBU
JpiOHOCepiliHui xapakrtep. st po3poOKM HOBMX BUPOOIB  BHKOHYETHCS JIMILE BUMOTa OTPHMAaTH IIOKOBKY B 3aJaHi

PO3pOOISIIOTE COTHI TEXHOJIOTIYHUX mporeciB,  Tepminu [1-22].
MIPOEKTYIOTh 1 BUTOTOBJIAIOTh OCHACTKY. Hepinko cimyxoun OnmHuM i3  IDXiB MiABUINCHHS  SIKOCTI
3aBOAY HACTUIBKH nepeBaHTaKeHi 00CATOM  TEXHOJIOTIYHOI MiATOTOBKH KOBAJECHKOT'O BUPOOHUIITBA €

TEXHOJIOTIYHAX PO3pO0OK, IO 3MyIIeHi OOMEXyBaTHCS  pO3poOKa METONIB NMPOTHO3YBAHHS SIKOCTI MOKOBOK IIPH
JUIIE KOPOTKOIO IPOPOOKOI0 TEXHOJOTIYHMX NPOIeciB  KyBaHHI 1 WOJanbllla MeXaHi3amis TMpami iHKeHepa-
KyBaHHA. Ilpm  IIbOMy  YHMCIO  BeJNMYMH, IO TEXHOJOra 3 3aCTOCYBaHHSAM Cy4acHOI KOMITIOTEPHOI
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TexHikH [8, 16-21]. Taki MeToau po3paxyHKIB CIPHAIOTH
CIPOLIEHHIO TEXHOJIOTIYHUX po3pobok. HeoOxinHicTs y
NPUBEJICHHI KOHKPETHHX pO3paxyHKiB IPOAMKTOBaHA
Ti€f0 00CTaBMHOIO, IO 3a3BMYail MMpH crpoOi MOBTOPUTH
pPO3paxyHOK TEXHOJIOTIYHOTO TIpolecy KyBaHHS, B
3aralbHOMY BHUTJISI  BHUCBITICHOTO Y  JTEpartypi,
IHKEHEPU-TEXHOJOTH, SIK MPaBHJIO, HE OTPUMYIOTh
04iKyBaHOTO pe3ynbTatis [13].

OcTaHHE TIOSICHIOETHCS ~ BIACYTHICTIO  €IHHOTO
METOIy 1 JOCTaTHBOI KiJTBKOCTI PO3PAaxXyHKOBHX JaHUX,
MEepPEeBIPEHNX  INPAKTHKOI0, 1 TOMYy B  KOXXHOMY
TEXHOJIOTIYHOMY npoueci BHUSIBIISIETHCS GaraTo
HE3pPO3YMIIUX MICIb, [J¢ 3aKjiIajcHi 1HIUBIAyaIbHI
MIpDKYBaHHS  IH)KCHEpa-TEXHOJOra, SKHH  CTBOPHB
TEXHOJIOTIIO.

B ocHOBY yrpynoBaHHs IOKOBOK IIOBHHHa OyTH
MOKJIaJeHa CHUIbHICT, (OPMH TIOKOBOK, 1JAEHTHYHICTB
IHCTpYMEHTY Ha OCHOBHHX OIEpalisX 1 CIUIBHICTh
TEXHOJIOTIYHUX OTIepaIiii.

Ingopmaniiinmii orasia. 3agada MPOTHO3YBAHHA 1
VIOpaBIIHHA TEXHOJOTIUHICTIO METaly TNpH KyBaHHI 1
MOKAa3HUKaMU  AKOCTI  IIOKOBOK HE €  HOBOIO
[2,4,7,14, 15]. Bona BUHHKIA i pO3BUBANACS pazoM 3
mporecaMd  KyBaHHA. 31 30iiblIeHHSM — 0o0cATy
BUpPOOHHUIITBA IOKOBOK 3pocTae obOcar Opaky i
HeBUPOOHUUI BTpaTH. IIiMBHUIIYIOTECS BUMOTH JO SIKOCTI
MMOKOBOK. SIKicTh MpOAyKIii TOBHHHA BiAMOBITATH
BHMOTaM MDKHAapOJHUX CTAaHIAPTIB 1 PiBHA JOCATHEHB
HaykH i TexHikd. CTae Bce OUEBUAHIIIE, O TPATUIITHAN
KOHTPOJIb SIKOCTI TEXHOJIOTIYHOTO MPOLECY 1 OKOBOK HE
BIZIMOBiJa€ CyYaCHWM BHMOTaM. 3aBIaHHsS TNOJATAE B
TOMy, 1100 SKICTh HE TUIBKM KOHTPOJIOBATH, aie i
yIpaBiIiATH TpouecoM ii ¢opMyBaHHs, 3abe3neuyBaTH
TEXHIYHI Ta EKOHOMIYHI BUMOTH CIIOXKHMBA4iB IIOKOBOK.

PimenHs 3amaui yOpaBIMiHHA SIKICTIO BHMAarae
CHCTEMHOTO  MIiAXONy, BpaxyBaHHA BCiX  eTamiB
BUPOOHMYOTO MKy, BKIIOYAIOYH  TEXHOJOTIYHY
MiATOTOBKY BHPOOHHIITBA, KOHTPOJIb SKOCTi. YTIpaBITiHHS
SAKICTIO  Tepembadae Ha  eTami  KOHCTPYKTOPCHKOI
MMATOTOBKHA BHPOOHHIITBA TiCHY B3a€EMOIIT0
KOHCTPYKTOpa, TEXHOJOra i MaTepiajJo3HaBIlsi; Ha eTarli
BUTOTOBJIEHHS — B3a€EMOJII0 TEXHOJOra, MalcTpa Ta
JIOCITITHUKA.

MosKHa TOBOPUTH, IIO Ui IBOTO € O0'€KTUBHI
ymoBH.  OCBOIOIOTBCSI ~ aBTOMAaTHU30BaHI  KyBaJbHI
kommiekcu (AKK), ympaBmiHHS SKUX 3OiHCHIOETBCS 3
noromororo EOM.

3aBoaHHsA MiIBUINEHHS SKOCTI MMOKOBOK HEOOXIIHO
(dbopMyIIOBaTH, BUXOISYM 3 KOHKPETHHX YMOB. MoxHa
BUIUJINTH 1Bl TOCTAHOBKH 3a/1ayi:

1) IcToTHE TMIABUIICHHS SAKOCTI TOKOBKH, IO
CYMPOBOKYETHCS 3MIHOK TEXHIYHUX BUMOT (CTAaHAAPTY).

2) 3abe3neueHHs AKOCTi, fKa pPErJIaMEHTYEThCS
CTaHAApTOM, TIpU HAWKpaIUX TEXHIKO-€KOHOMIUHUX
MOKa3HUKaX BUPOOHUIITBA.

SkicTh He € caMomiyumio. Y KIHIIEBOMY paxyHKY
moTpiOHa He sKicTh camMa 1o coOi, a MiJBUIICHHS
e(eKTUBHOCTI BUPOOHHMLTBA. TakuM YHHOM, pillIEHHS
npoOJieMH SKOCTi TOKOBOK 1 e)EeKTUBHOCTI BUPOOHMIITBA
MOB'sI3aHe 3 peaji3aliclo NPUHLHUIY «HEOOXiJHY SIKICTh
IPY HAHMPOCTILIN TEXHOJOTI».

VYrpaBniHHA ~ SIKICTIO  [TIOKOBOK ~ Ma€  METOIO
BCTAHOBJICHHs, 3a0e3MeYeHHS 1 IMATPUMAHHSA SKOCTI
MOKOBOK Ha pIBHI CTaHIApTiB. YNPaBIIHHS SKICTIO
BUPIIIY€eThCS HA PIBHI MIANPUEMCTBA 1 MA€ CBOEIO METOIO
HiBUIICHHS €()EKTUBHOCTI KOBAJILCHKOTO BHUPOOHUIITBA,
mo-meprie,  BHACHIZOK  (GopMyBaHHA  HEOOXiTHHX
TEeXHOJIOTIYHMX  BJACTUBOCTEH  MeTaly, HO-Ipyre,
(opmyBaHHS  HEOOXigHOI  SIKOCTI  IOKOBKH  TIpH
MiHIMaBHiH ii coGiBapTOCTI.

Ilix  TEXHOJNOTIYHMMH  BJIACTUBOCTSAMM  CTall
PO3YMIIOTh  IUIACTHYHICTB, oOmip  JePOpMyBaHHIO,
TBEPAICTb, TEIUIONPOBIAHICTb, CXMJBHICTH 1O CTIHKOTO
neperpisy Ta iH. Ilig sKicTiIo MeTalxy po3yMIilOTbh

HIBHICTE, MeXaHivHi BJIACTHBOCTI, Makpo- 1
MIKPOCTPYKTYpY.
Mogens  ¢GopMyBaHHS ~ SKOCTI  IOKOBOK 1

TEXHOJIOTIYHUX BIACTHBOCTEH MeTaly TpU KyBaHHI
PO3pOOISIOTE HA €Talll TEXHOJIOTIYHOTO ITPOEKTYBAHHS
[3,6,23-25]. Mopmenp He MOXe BpaxyBaTH BCIX
BUTMIANKOBUX (akTopiB BHpOOHHMITBA. ToMmMy Ha erarmi
BUIOTOBJICHHSI TIOKOBKM 1i KOpPUIYIOTb. Y LbOMYy il
MPOSIBISIETBCSL  CYTHICTh ~ YIpaBIiHHA. EQexTuBHICTH
YIpaBIiHHSA OIHIOIOTh HACTIIKaMU KOPUTYBAaHHS MOJEIi:
BiIOYBa€cThCs  3HIDKEHHs  Opaky 1  coOiBaprTocTi,
3a0e3MeuyeThCst IPH 1IbOMY SKICTh IPU MaKCHMalbHOMY
BHUITYCKY TIOKOBOK.

[poBimHuM  mpuHIUIOM €  yHiikamis i
CTaHJApTHU3AIlisl METOiB MPOTHO3YBAaHHS, KOHTPOIIO M
OIIHKH TIOKa3HHKIB sKOCTi. HeoOximHa yHidikaris
METOJIiB BHM3HAUEHHS TEXHOJIOTIYHMX BIJIACTHUBOCTEH 1
MOKa3HUKIB SKOCTI METaTy IIPH KOHTPOJI Ta JIOCIIPKEHHI
SKOCTi TTOKOBOK. HeoOxitHa cyBopa pernamMeHTanis JaHuX
PO THpOLEC BUTOTOBJICHHS — BiJ| MIPOLECY BHILUIABKU JIO
KOHTpOJIO skocTi geranedd. Llg indopmaris e 0a3oro
KOHTPOJTIO, aHai3y i BUPOOJEHHS KepYIOUHX BIUIMBIB 3a
sKicTio [12].

SIKicTh TIOKOBKH 3yMOBITIOETHCS SIKICTIO BHXIiJHOTO
(ytuTorO) MeTarmy i 3MIHIOETBCS B TIPOIECi TEIUIOBOTO i
IUIACTUYHOTO BIUIMBY HA METaJ B 3aJIC)KHOCTI BiJ 3MiHHU B
yaci TOJIOBHHX TEXHOJOTIYHHX (DaKTOpiB  Ipolecy
00poOku (Temmepatypu, Hampyr, aedopmauiit). Llnsaxis
TaKOTrO BIUIMBY Moke Oytu Gesmiy. OgHak oOuparoTh
OJMH 3 HUX — pamioHaJbHUH IS (HIKCOBAHOT BHUXIiTHOT
SIKOCTI MeTanmy. TakuM YHWHOM, TOJIOBHHUMH (haKTopamu,
II0 BU3HAYAIOTh SKICTh MOKOBKH, € II0YaTKOBAa SIKICTBb
MeTaly 1 peXUM 3MIiHM TeMIepaTypH, Halpyr Ta
nedopmarii.

Tpaauniiino ¢hopMyBaHHS SIKOCTI IPU BHUTOTOBJICHHI
MOKOBKHM 3BOJUTHCS [0 MiATPUMAaHHS SKOCTI 3JIMTKa 1
3MIiHM TOJIOBHHX TEXHOJIOTIYHUX MAPaMETPIB y 3aJaHOMY

(npoexTHOMY)  miana3oHi.  PamioHanbHy — po3poOKy
MPOSKTHOTO TEXHOJOTIYHOTO Ipouecy OyayloTh 3a
MPUHIIUIIOM TapaHTyBaHHA HEOOXiZHOI sKOCTI TpHu
HalOUTpII ~ HECNPUATIMBHX  IOEOHAHHAX  TOJOBHHX

¢axropi [23, 26-30]. fAx mpaBuiIo, OIIHKY BiIIOBITHOCTI
(aKTUYHUX TMOKA3HHKIB SKOCTI MOKOBKH TEXHOJOTIYHUM
BAMOTaM 3MiHCHIOITh Ha ¢iHimi. Ha paHHIX cramisx
BUTOTOBJICHHSI OpaKy BUSBIISETHCS JIHIIE PUA SBHOMY
pyiinyBaHHI Mertany. [IpuxoBaHuii Opak MpPOXOIUTH BECh
LUK BUPOOHUIITBA.

VYrpaBniHHS SKICTIO TIOKOBOK Ma€ HOBU3HY B TOMY,
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IO 3 YCIX MOXJIMBHX LIISXIB TEIUIOBOTO 1 MJIACTHYHOTO
BIUIMBY Ha ME€Tall B SIKOCTI paliOHAILHOIO OOUPAETHCS
TOW, SKMHA 3a0e3nedye HEOOXiJHY TEXHOJOTIYHICTh
MeTaly 1 SIKICTh TIOKOBOK HpU OiJbII  CTPOrOMy
¢ikcoBaHOMY Jiama3oHi 3MIHM TOJIOBHUX YWHHHUKIB
SKOCTi. Y TIpoIleci BHTOTOBJICHHA IIOKOBKH BEIYyTh
KOHTPOJIb ITNX TOJOBHUX YMHHHKIB. Y pa3i BIIXWICHHS 1X
BiJl HOPMH TEXHOJIOTIYHHUI MpPOIeC Ha HACTYITHUX CTadisIX
00pOOKHN KOPUTYIOTH, 100 YHUKHYTH OTPHMaHHS Opaky B
MeXax JOTPUMAHHS TEIUIOBOTO 1 IIACTHYHOTO BILIHBY.
CaMe B TIBOMY TIOXOAI pEANI3YETbCA  MPUHIIHI
«HEOOXI1IHY SIKICTh NP HAWIPOCTIILii TEXHOIOTII.

SIKICTh  OI[IHIOKOTH  BIAMOBIAHICTIO  (hAaKTUUHUX
MOKa3HUKIB MpOLeCYy MpPOCKTHUM Ha KOXHIN cramii
BUTOTOBJICHHS. 3a I[I€I0 OIIHKOIO BHPOOJIAIOTH 3aXO0IU
BIUIMBY Ha SIKICTh 4epe3 KepoBaHi (pakTopH Ha HACTYIHUX
CTaisX BUPOOHHUIITRA.

HafiBaxuBimi kepoBaHi TEXHOJOTiUHI (akTopu Ha
BCIX cCTamisx oOpoOKM — Temmeparypa, CTYHiHb 1
mBHIKICTE Aedopmartii merary. Li hakTopn HalO1TBIIO0
MIpOI0 BIUTMBAIOTH Ha (OpPMYBaHHA TEXHOJOTIYHHX
BJIACTMBOCTEH 1 SKICTh IOKOBOK. BOHM mOCHTH JEerKo
¢bikcyroThes 1 THYUKI B ynpasiindi [5, 9, 11, 24].

BaxuBum (aktopoM (OpMyBaHHS SKOCTI MTOKOBKU
e crymnp gedopmarii. [lo-mepme, aedopmarris
MPU3BOJANTH O 3aKOBYBAaHHS YyCaIOYHUX Je(PeKTiB i
MiIBUIICHHS I[IUIBHOCTI  MeTally; M OTPUMAaHHs
IIUTBHOTO METaTy HeoOXiTHa Jiesika MiHIMa bHa BeJIMIUHA
nedopmanii. Poss TennmoBoi 00poOky B 1IbOMY HEBEJIHKA.
[To-npyre, nmedopmarist cropusie pyHHYBaHHIO —JIUTOL
CTPYKTYpH, MOAPIOHEHHIO KPYHMHOTO 3€pHa IeperpiBy.
AJe Ha 1l TIpOIIECH BIUTMBAE TaKOX 1 Temreparypa. Tomy
HEOoOXiTHO OIIHIOBAaTH BIUIMB 000X (akropiB Ta 3 ix
ypaxyBaHHSM PpO3pOOJSATH TPOLEC i YHPaBISATH SKICTIO
MTOKOBKH.

Pomp wHampyr y ¢opMmyBaHHI SKOCTI IOKOBOK
MPOSIBISIETBCSL  MEHIIOI0 Mipoto. Jlmme mpu KyBaHHI
MaJIOIIACTUYHOT crail el YHUHHUK HaOyBae
BUpimansHOro 3Ha4eHHsA. OMHAK HOro MOXHA BpaxyBaTH
IpH  TPOEKTYBaHHI  TEXHOJOTii OUIAXOM  BHOOpY
paliOHAIILHOTO KOBAJIbCHKOTO IHCTPYMEHTY 1 PEXUMY
KyBaHHs. KepyBaTu Hampyror B Npoleci BUTOTOBJICHHS
MOKOBKH BaXkKue, Hi’ TEMIIEPaTyporo Ta aedopMariiero.

MoHa 3pOOMTH BHUCHOBOK IIpPO Te, IIO HAayKOBa
OCHOBa  YIpaBJiHHSA 0azyerbcst Ha  Merojax
MPOTHO3YBAaHHA SIKOCTI, 5Ki, SK CKJIaJ0Ba YacTHHa,
MOB'A3aH1 3 BUKOPUCTAHHAM MaTEMaTHYHUX MOJEINEH, 10
OMHCYIOTH nedopMarii i Temmeparypy 0OpoOIrOBaHOTO
MeTaly 1 3B'SI30K 3 HHM 1 BIACTHBOCTEH i CTPYKTypH
Metanmy. Lli Meromm MOXyTb OyTH BUKOPHUCTaHI st
MPOBEJICHHST OOYNCITIOBAILHOTO EKCIIEPUMEHTY sIK 3acid
JUTs1 pO3pOOKH HAYKOBO OOTPYHTOBAHHMX PEKOMEHAITIH.

IMocranoBka 3aaaui. [Ipoaykiis, o OTpUMY€ETHCS
BIIbHMM KYBaHHSM, Y OUIBIIOCTI BUNAJKIB, HAJICKHUTH 10
BUpOOIB BiANOBIMATLHOTO MPHU3HAYECHHS, SKi TOBHHHI
MaTH YHIKaJIbHHN Habip MeEXaHIYHHX XapaKTEePHCTHK.
Takumu BHpoOaMH €, HaNPHUKJIAA, JOBTOMIpPHI Baim i
JIICKM PI3HUX THIIOPO3MIpIB, IO BUTOTOBIIIIOTHCS SK 3i
craneil (ByrieueBuX i CHemiadbHUX), TaK i 3 TUTAHOBHX
craBiB. BopHowac myisi iX oTpuMaHHS TpH KyBaHHI,
3a3BH4Yaii, BUKOPUCTOBYETHCS KOMOIHYBaHHS OCHOBHHX

KOBaJIbCHKUX OIlepaliii: MPOTATyBaHHS 1 0Ca/KyBaHHS.

BimoMi oOCHOBHI miaXogd [0 BUKOHAHHS IHX
oreparii 3 oepKaHHsIM HEOOXiHOTO CepeHbOro PiBHS
MEXaHIYHUX  XapaKTepUCTUK  IIOKOBOK,  ane  Iie
CYIIPOBOJIKYEThCA HEepiBHOMIPHUM posmoiioM
BIacTuBOCTEll B 00'eMi MeTamy. Lle 3ymoBieHe, 30KkpemMa,
HECTAuel0 3HaHb I0J0 3aKOHOMIPHOCTEH BIUIUBY
KOMOIHYBaHHSI OC3/KyBaHHS Ta TPOTATYBAaHHA TIPH
HEBU3HAUEHOCTI  JOUITBHUX  yMOB  JeOopMyBaHHS
(ctynmens nedopmarii, cXeMH KaHTyBaHb, BITHOCHOI
mojadi, TeMmmepaTrypu oOpoOKkHM, TeoMmeTpii 30HH
(dbopMo3MiHEHHs, MiXIepopMaliiHUX nay3 Tomlo). Takox
HEOOXIJTHO BpPaxXOBYBAaTH HMOBIPHICTh IO3/J0BKHBOTO
BUKDUBJICHHS TMOKOBKHM MNpPHW TNPOTATYBaHHI, IO ICTOTHO
BIUIMBa€ Ha SKICTb MNPOAYKWii 1 TOB'I3aHE 3
HepiBHOMIipHicTIO Jaedopmarii. OTke, NPaKTHYHO He
PO3BHHYTHH  METOI  PO3paxyHKy  paliOHaJIbHHX
IapaMeTpiB Mponecy KyBaHHS NPOTHO3YBAaHHAM pIBHSA i
PO3IOAITy MEXaHIYHHX BJIACTUBOCTEH MOKOBOK. Yce Iie
NPU3BOJUTh BXKE Ha €Tami IPOSKTYBaHHS IPOLECy
KyBaHHS 70 TIPU3HAYCHHA 3aBHIICHUX IIOKa3HHKIB
nedopMamiiHoro nepepoOIeHHS, MM ABUIIIEHHS
€HEePro€MHOCTI Ta TPYAOMICTKOCTI OTPUMaHOI MPOIYKIIii.

Jlotenep He iCHye METOLy OIIHKHM pPalioHAJIHHOTO
CITIBBIIHOIIEHHS XapaKTePUCTUK (POPMO3MIHU MeTay
mpu  Bapiamii HampsAMKy JOeQOpMyBaHHA  IHUIIXOM
KOMOIHYBaHHSI OCaKyBaHHs Ta TPOTATYBaHHs, a TaKOX
BUHHUKAIO4Oi MpPH [bOMY HEPIBHOMIPHICTI pPO3MOILTY
nedopmanii, [0 TAKOXX MOXXE  INPHU3BOJUTH  JIO
MOBEPXHEBOTO TPIIIMHOYTBOPEHHSI MOKOBOK. OcolimBo
IIe CTOCYETHhCS THUTAHOBUX CIUIABIB, OCKUIBKH I HHX
TEeMIlepaTypHO-e(OpMalliifiHi ~ TapaMeTpu  KyBaHHS
ICTOTHO TOB'I3aHI 3 TEMIEPaTypol0  MOJTIMOPHHUX
NIepEeTBOPEHB Y MpoIeci 1e(OpMyBaHHS.

BigcyTHICTh mHMX NaHWUX TMPHU3BOAWTH IO TOTO, IO
npu aedopmamnii MeTamy KyBaHHSAM 3 BHKOPHUCTAHHAM

KOMOiHyBaHHS PI3HOCTIPSIMOBAHUX ormepartin
MPOTATYBaHHS i 0capKyBaHHS HEMOJKJIUBO
CIPOTHO3YBaTH  HEpiBHOMIipHICTE  agedopmarii  Ta
3abesmedeHHs il 3HWKeHHA. Tomy poOora, mIO
MPUCBSYECHA JOCIT PKEHHIO 3aKOHOMIpHOCTEH

(opMyBaHHS XapaKTEPHCTHK SIKOCTI IOKOBOK IUISIXOM
PO3pOOKH METOJIB OTPHMMaHHS MOKOBOK IPOTHO30BaHOI
SIKOCTI, € aKTYaJIbHOIO.

Po3podka MeTOo1y TPOTHO3YBaHHS
HepiBHOMIipHOCTI Jedopmanii mMerasy B mnpouecax
KyBaHHs1. [Ipyn KyBaHHI TOKOBOK SIKICTh MeTaly, HOTo
MaKpOCTPYKTYpa, CYHUTBHICTh 1 MeXaHIUHI BIaCTHUBOCTI
3MIHIOIOTHCS B 3aJICKHOCTI Bil CTyTeHS e opMallii.

[Ipn BuBuUEHHI BIUIMBY cTyneHs aedopmauii Ha
BJIACTHBOCTI MOKOBKH KOPHUCTYIOTBCSI OHSTTSIMH: YKOB 3a
omeparito, YKOB 32 BHHOC 1 3arajbHa BeJIMYMHA YKOBA 3a
BECh MPOILIEC BUTOTOBIICHHS IOKOBKH.

TToHsATTS 3aradpbHOTO YKOBa Mae (i3MYHUN CEHC
JIUIIEe TIPU TIOCTIIOBHOMY BUKOHAHHI DSy OTHOPITHHX
omnepariid, HapuKiIaa NPH BUKOHAHHI MPOTATYBaHHS 3a
KiJIbka BHHOCIB. SIKIIO TpH BUTOTOBJICHHI TIOKOBKH
3aCTOCOBYIOTbCS PI3HOMAHITHI ~omepauii, HarpukiIaz,
0CaDKYBaHHS 1 INPOTATYBaHHS, TO MK pPE3YJIbTYIOUOIO
(3arajipHOI0) nedopmari€ero i MEXaHIYHUMU
BJIACTHBOCTSIMH METaly HEMa€e OJHO3HA4YHOI'O 3B'A3KY, SIK
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IIpY KyBaHHI 3 3aCTOCYBaHHSIM TUIBKH MPOTATYBaHHS abo
TUIBKA OCQ/DKyBaHHS. Y IbOMY BHUIIAJKy HEMaEe CEHCY
pO3paxoByBaTH  3arajbHy  BEIMYUHY  YKOBa, IO
XapaKkTepu3ye cyMapHy AeOopMalliio Npu NpOTATyBaHHI i
oca/pKyBaHHI. MiX TUM y 3aBOJICHKIN MPAKTHIIl B TaKHX
BHITAJKaX HEPIOKO pOOJATH PO3paXxyHOK 3arajabHOTO
yKoBa. B omgHMX BHIamkax 3arajibHUH YKOB BH3HAYA€THCS
SIK  TOOYTOK BENWYMH YKOBY TIpH TIPOTATYBaHHI 1
OCa/DKyBaHHi, B IHIIKX — fK iX cyma. B 000X BHmagkax
BEJINYMHA 3arajibHOTO YKOBA HE MOXKE JATH YSIBJICHHS PO
SIKICTh KOBAaHOTO MeTajly, 30KpeMa Mpo HOro MeXaHidHi
BJIACTHBOCTI.

Jnst OLIHKM SIKOCTI TIOKOBKH B 3aJIe)KHOCTI BiJ
crynenss pedopmauii TpH  PI3HOPITHMX — OHepamisx
KyBaHHS (OCa/UKyBaHHS Ta TPOTATYBaHHS) HEOOXiJHO
3HATH TOCTIIOBHICTh BHUKOHAHHS [HUX oOmepamii i
BEJIMYMHY AeopMaliiii B KOXHIH 3 HUX.

VY pesyabTari HepiBHOMIpHOCTI Aedopmarii mpu
MIPOTATYBAHHI, TaK i MPH 0CaPKyBaHHI BEIMYNHA MiCIIEBOT
nedopmariii Mo TMEpeTHHY Ta JOBXKHHI TOKOBKH MOXKE
Oyt pi3HOIO, B TOH dYac SK BiJHOMIEHHS TUIOII
MOTIEPEYHUX TIepEepPi3iB 3aroTOBKH 1 MOKOBKH Ja€ JIHIIE
MOHSATTS MPO CepeiHto Aedopmarltito (YKOB).

Sxuo MIOKOBKa JIOCTaTHHOIO Miporo
npojaedopMoBaHa IPH  3aroTiBEJILHUX OMepamisiX, TO
BIUIMB BEJIMYMHU YKOBY Ha MakpOCTPYKTYpY i MeXaHi4Hi
BJIACTMBOCTI MeETajlly 3a OCTaHHIi BuHOC (TOOTO mpH
03/100JII0BJIBHUX ~ OTEpalisix) pi3KO0 3MEHIIyeThCS. Y
I[bOMY BHIAJKy TEPMOMEXaHIYHHH pPEXHUM KyBaHHA 3a
OCTaHHIH BHHOC, 30KpeMa BeIWYMHA YKOBY 1
TEMIIEpaTypHUH  IHTEpBal  KyBaHHA,  BHU3HAYAIOTh
TOJIOBHUM YHWHOM MIKPOCTPYKTYpPY 1 TIOB'sS3aHi 3 HEIO
MEXaHi4Hi BJIACTUBOCTI MeTanmy. OnmHak mojaibiia
TepMOOOpOOKa MOXKE TIOBHICTIO 3HATH €()EKT BILTUBY
KyBaHHS Ha MIKPOCTPYKTYPY METay.

BennunHa ykoBY 3a OCTaHHIH BUHOC 3 ypaxyBaHHIM
TEMIIEPAaTYpHOI'O IiHTEpBaly KyBaHHS POOWUTH ICTOTHHUH
BIUIMB HA SIKICTh IIOKOBKH B TOMY BHII3JIKY, KOJIH:

1. TlokoBka He migmaBamacs TepMooOpoOmi 3
MEPEKPUCTAITI3AIIEI0 CTPYKTYPH.

2. TlokoBKa BHTOTOBIISIETECS 3
3aeBTEKTOIIHOI 1 JIeAiOypUTHOI CTaJI.

3. [IokoBKa BHIOTOBISIETHCSA 31 CTadi, sfKa HE Mae
(ha30BHUX IIEPETBOPEHB.

BB 3aranpHOi BemmumHEM AedopMariii Ha SKICTH
MeTally 3Ha4yHOI0 MIPOIO 3aJISKHTh BiJl YMOB KyBaHHs. [1if
YMOBaMH KyBaHHS CIiJI PO3YMITH CYKYIHICTh OCHOBHHX
TEXHOJIOTIYHMX NapameTpiB (BiIHOCHa mojaya, ¢opma
OOWKIB 1 3aroTOBKH, CTYIIHb OJMHWUYHOTO OOTHCHEHHS 1
T.1H.), 110 BHM3HAYAIOTh CXeMy Hampyr 1 aedopmanii B
MeTaJi.

IIpu po3poOIi TEXHOJOTIYHOTO TMpOIeCY KyBaHHS
Tepe]] TEXHOJIOTOM MOCTa€ 3aBAAHHS OTPUMATH IIOKOBKY
BHCOKOi $IKOCTI 3a MIHIMAIBHOIO TPYIOMICTKOCTIO. Jlis
OBOr0 HEOOXiTHO BCTAHOBHTH MiHIMAJbHY BEIHYHHY
nedopmarii, mpu skii 3a0e3MeYyIOTECS BHCOKI MEXaHI9HI
BJIACTHBOCTI METally i 3aBaproBaHHs NE(PEKTIB yCalOYHOTO
TIOXO/PKESHHSI.

Terep TEXHOJOI HE Mae€ B CBOEMY PO3MOPSKEHHI
yciX HEOOXiMHUX TaHHWX JUI1 HAWKpamoro pilneHHsd Iiel
3a7aui 3 ypaxyBaHHAM MaKCHMAaJbHHX POOOYMX HATpYT,

IHCTpyMEHTaJIBHOL

SIKMM TI1JTA€ThCS ICTATh 1 PU3HAUYEHHS TTOKOBKH.

YV TeXHIYHUX yMOBaxX Ha TIOKOBKH 3a3BHYAl 3aJal0ThCS
MEXaHI4HI BIACTUBOCTI, SKi BHM3HAYAIOTHCS Ha 3pas3Kax,
BUpI3aHMX 3 TE€BHHX JUITHOK TMOKOBKH. CraHmapT
BCTaHOBJIIOE TPYIHU MMOKOBOK 1 OCHOBHI TEXHIUHI BUMOTH JIO
MpUiiMaHHs 1 MOCTa4YaHHA iX. BuxigHuUM Matepianom Uit
BUTOTOBJICHHSI ITOKOBOK MOXYTh OYTH 3JIUTKH, KOBaHi a0o
KaTaHi 3arOTOBKH, a TAKOX OE3MIEePEBHONMUTI 3aTrOTOBKH.

HasBHicTh TOBepXHEBUX JAE(EKTIB HE € €IUHOIO
NPUYMHOIO  HE33J0BUIGHOI  SIKOCTI  TOKOBOK.  AHami3
3aBOJICHKOT JIOKyMEeHTail TMIOKa3Yye, 110 npH
YIIBTPa3BYKOBOMY KOHTPOJI B IOKOBKAX iHO/II BHSABIIAIOTHCS
1 BHYTpIIIHI JeekTrH — 03 X0BXKHI 200 MOIepedHi TPIIHH.
3 miel TpUYMHM HA MANPUEMCTBAX OpakyeThCcs 3HAYHA
KITBKICTh TOKOBOK.

BcranoBneHo, mo B OUTBIIOCTI BHIAIKIB IPHIUHOIO
pyHHYBaHHS TIOKOBOK TIOpSA 3 HE3aIOBUIBHOIO SIKICTIO
MOBEPXHI BUXITHUX 3JUTKIB € HEIOCKOHATICTh TEXHOJOTIi
KyBaHHS, HEIOCKOHAIICTh ICHYFOUOTO IHCTPYMEHTY Ta
YCTaTKyBaHHSI, a TAKOXK HEpaliOHAIbHI PEKUMH BUKOHAHHS
OCHOBHMX  KOB&IBCBKMX  omepaiii  (ocamKyBaHHS,
MIPOTATYBAHHS).

Bce me CBigUMTE PO  BaXKIMBICTH  3aXOIIB,
CIOpPSIMOBAHMX HA TIOJIMIIIEHHA SKOCTI TIOKOBOK, IO
BUTOTOBJIIFOTHCS METOAAMH BUTFHOTO KyBaHHSI.

[Ipu migOopi BIATIOBIAHMUX YMOB Tapsdoi IDIACTUYHOL
medopmamii  MeTanm  MOXKE  BOJOMAITH  HAWOUIBIIION
TEXHOJIOTIYHOIO TUIACTHYHICTIO 1 3aJaHAMH MEXaHIYHAMH
BJIIACTUBOCTSIMH. Y Ci IIPOIIECH 1 SIBUINIA, IO CYMPOBOIKYIOTH
iacTH4Hy JedopMarlito, BijJ| SIKHX 3aJ€KUTh [UIACTHYHICTb
Ta IHIII MEXaHiYHI BJIACTUBOCTI e(OPMOBAHOTO METANYy,
MOXKHa 3MIHIOBATH B Oa)XaHOMy HANpPSIMKY, 3MIiHIOIOYH
TepMOMEXaHI4Hi (aKTOpH: HaNpYKEHHH CTaH, CXeMy
nedopmamnii, Temmeparypy, CTymiHb 1  IIBHIKICTB
nedopmarii.

Y  uinomy
3a0€3MeuyI0ThC:

1. BubopoM BimoBiiHOT MapKu cTai.

2. BuxiHOIO SIKICTIO 3ITUTKA, IO 3aJI€XKAaTh BiJl MECTOLY
BUIUIABJICHHS, yMOB KpHCTaNI3amil 1 T. iH.

3. VYMoBaMH HarpiBy i TemrmepaTypHHM iHTEpBajIOM
KyBaHHSL.

4. TepMOMeXaHIYHUM PEXUMOM KyBaHHSI.

5. TepmigHOIO OOPOOKOFO TTOKOBOK.

TakuM 9MHOM, SKICTH MMOKOBOK OOYMOBITIOETHCS BCIM
TEXHOJIOTIYHUM MPOLIECOM IX BUTOTOBJICHHSI.

Jns obmacti 0OpoOKM MeETalmiB THCKOM HAaHOUTBII
ICTOTHUM € TepMOMEXaHIYHHI pexuM KyBaHHS. [Ipu
IUIACTHYHIA  gedopMmanii 371MTKa  BiOyBaeThcs 3MiHA
LIUTBHOCTI MeTajly, HOro MakpOCTPYKTYPH Ta MEXaHIYHHX
BlacTHBOCTEH. Y  BUPOOHMYMX YMOBaX OCHOBHHUM
MMOKa3HUKOM, IO [O3BOJIIE TEXHOJOTaM SKOIOCH MipOio
CYAWTH TIPO OTPUMAaHHS HEOOXiTHMX BIIACTHBOCTEH METaITy
B pe3ynbTaTi KyBaHHI, € BelnmumHa YKOBY. [Ipote
JOCHIKCHHS TTOKa3yIOTh, IO TPH OAHIM 1 Till e Mipi
YKOBY MEXaHIUHI BIAaCTHBOCTI TIOKOBKH 3MIHIOIOTBECS B
3aJIeKHOCTI BiJl MEXaHIYHOTO pPEXHMY KyBaHHA. Aje B
3aBOJCHKIM MpaKTHLI 3a3BHYaii 1€ HE BPaXOBYETHCH,
OCKUIBKH PEKMM KyBaHHS BUBYEHHI HEJJOCTATHEO.

Po3poOnennii  TEXHOJIOTIYHMH — MpoLec  KyBaHHS
MOBMHEH BIJMOBIJATH BHMOTaM TEXHOJIOTIYHOCTI Ta

MEXaHIYHI  BJIACTMBOCTI  IIOKOBKH
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palliOHaIBHOCTI  CTOCOBHO IO
KOBaJILCHKOTO BUPOOHMIITBA.

[IpoexTyBaHHS TEXHOJOTIYHOTO NPOLECY KyBaHHS
MOBUHE BKITFOYATH HACTYITHI OTIEpAaIlii:

- BUOIp CXeMH KYBaHHS Ta BHU3HAYCHHS IEPEXOIIB 3
ypaxyBaHHAM BHMOT JO SKOCTI IOKOBKH; TIpPH IIbOMY
PO3TIIAIAIOTECS BCI TEXHOJIOTIYHO MOYKIIMBI BapiaHTH;

- BUOIp iHCTpyMEHTY a00 KOHCTPYIOBaHHS HOBOTO;

- BU3HAYCHHA  PO3MIpiB  3aroTOBKH 1  BHOIp
MPIOPUTETHOTO BHUIY 3arOTOBKH (3JMTOK, MPOKAT, KOBaHA
3ar0TOBKA) 3 ypaxyBaHHSIM 3aBOJICBKOTO COPTaMEHTY;

- BUOID OCHOBHOTO TEXHOJIOTIYHOIO YCTATKYBaHHS;
(mpec, MooT);

- IpU3HAYEHHs TEMIIEPaTypPHOTO IHTEPBATY KyBaHHS;

- IpU3HAYCHHS pexumy OXOJIOKEHHS
(TepMOOOPOOKH) TOKOBKH.

[Tpoiec MpOEKTYBaHHS TEXHOJIOTIi YCKIIaHIOETHCS
TUM, IO Ha OUTBIIOCTI 3aBOMIB TI€I0 YH IHIIOI MipOIO
BiZICYyTHI  3HaHHSA, [0  BCTaHOBIIOIOTH  IIpaBHIa
paliOHAIFHOTO ~ BHKOHAHHA  OKPEMHX  TEXHOJOTTYHHX
omepaniid. e mpu3BOAUTE 0 CYO'€KTUBI3MY y BHUpIIICHHI
0araThOX TEXHOJOTIYHMX IUTaHb 1 3HIKYE SKICTh
TEXHOJIOTIYHUX PO3POOOK 1 BIMOBITHO TEXHIKO-€KOHOMIYHI
MOKa3HUKH KOBaJIbCHKOTO BUPOOHHIITBA.

OTtxe, HeoOxigHa po3podka HAyKOBO
OOIpYHTOBAaHOTO  METOJy HPOEKTYBaHHS  TEXHOJOTIT
KyBaHHS 3 YpaxyBaHHSIM Yy3araJibHEHOIO0 BUPOOHHYOTO
JIOCBiAy 1 TOJaNbIle BIPOBADKEHHS IHOTO METONY Ha
peaTbHIX TPOMHUCIIOBUX YMOBaX.

SIKicTh TPOAYKIIT MOBMHHA BiIMOBIIATH BUMOTaM
CTaHJAPTIB, TOOTO BaXIIMBUM € HE TUIBKA OTPUMAHHS
HEOOXITHOT TeoMeTpii IMOKOBKH, ajie¢ 1 JOCATHCHHS
HEOOX1THOTO PiBHS MEXaHIYHUX BJIACTHBOCTEH. 3a3BUuaii
BHUPOOHHUK MPOAYKIIi 3BepPTa€ YBary JIUIIC HA TOTPUMAHHS
BHCOKOTO pIiBHS MEXaHIYHHX BJIACTHBOCTEH Ta BHCOKOI
TOYHOCTI T€OMETPUIHUX nmapameTpis, OJTHAK,
HEBPaXxOBaHNM (DaKTOPOM € PiBHOMIpPHICTH PO3IIOMITICHHS
nedopmamii i, K HACHITOK, MEXaHIYHHX BIACTHBOCTEH
BHpOOiB. PiBHOMIipHICTE  HAampyXeHO-IePOPMOBAHOTO
ctany B Tmpomeci pgedopmarii, i SK HACIIIOK —
PIBHOMIPHICTh PO3MOJUICHHS MEXaHIYHHMX BJIACTUBOCTEH
B MeTaji, 3aJeXHTh BiJ CHOco0y OOpOoOKHM THCKOM, a
came — BUIBHMM KyBaHHAM. HalOytu piBHOMIpHOCTI
HaTpyKeHO-1e(hOPMOBAHOTO CTaHy B JAaHOMY HpoIeci

KOHKPETHUX YMOB

00poOKHU THCKOM CKJIaJTHO, aine 3MCHIIUTH
HEPIBHOMIPHICTb y TpoIeci KyBaHHI MOXJHBO 3a
JOIIOMOTOI0  BapifoBaHHsA IapaMeTpiB  Mpouecy  sK
0CaJDKyBaHHS, TaK i mpoTsAryBaHHs. s HbOro HEOOXiTHO
CIIPOTHO3YBaTH  HEpiBHOMIpHiCT,  gedopmamii  mpu
BHKOHaHHI KOBaITbCHKUX OIEPAIiil.

Ha ocHOBI TeOpeTHYHOro BH3HAYEHHS 30HH

MaKCHMalIbHOT HepiBHOMIpHOCTI Jedopmaiii B mepepisi
IIOKOBKHM Ta MOB'I3aHOI 3 HEIO0 MO3I0BXHBOI KPHUBHU3HU
po3pobieHo METO/I MIPOTHO3YBAaHHS 00'eMHOT
HEPIBHOMIpHOCTI  aedopmariii MeTasy B mporecax
KyBaHH, SIKUI Ja€ MOXXJIHBICTH OI[iHIOBaTH 1 BU3HA4aTH
pamioHansHI pexuMu gedopmarii TpuM  KyBaHHI IS
oJiepKaHHs HeoOXiTHUX BIaCTHBOCTEH BUPOOIB.

Jns  mporHozyBaHHS 00'eMHOi HEpIBHOMIPHOCTI
nedopmarniii MeTaly B Ipouecax KyBaHHS 1, BIAIIOBIIHO,
NIPOTHO3yBaHHS HEPIBHOMIPHOCTI PO3MOIULY MEXaHIYHHUX

BJIACTHBOCTEH OyB pO3pOOJICHHI METO, 3TiTHO 3 SIKUM y
KO)KHOMY  Tepepi3i, M0 MiJAaeTbCcs aHamily Ha
HEepiBHOMIpHICTh JedopMmanii, 3HaXOAMTbCA TOYKA 3
MaKkCHMaJIbHUM 3HaueHHsAM aedopmanii (puc. 1). Hami
BIZITHOCHO Hel yepe3 LIEHTP MEPEeTHHY MPOBOANUTHCS JIiHIs.
Y minoMy 1O TEpeTHHY MPOBOIATHCS YOTHPH JiHIil
(BkIOYArOUM  JIHIIO 3  TOYKOW 3 MaKCHMaJIbHHUM
3HAYCHHAM Jedopmarii), IKi po3TamoBaHi mig KytoM 45°
omHa 10 onHoi. [lami Ha KOXHY IIiHIIO HAaHOCATBCS 6
KOHTPOJBHUX TOYOK CHMETPHYHO JO TOYKH 3
MaKCUMAaJbHAM 3HAYCHHSIM Ta CHMETPHYHO [0 IICHTPY
nepepizy, SK IOKa3zaHO Ha puc. | (rycTHHa KOJbOpYy B
[OMY Tepepi3i BIAMOBINAE BEIUYMHAM IHTCHCHBHOCTI
nedopmarrii).

KoHTponsHi ninii

Torka 3 MAKC SHAYCHHAM

KonTponsHi Touki

Puc. 1. Cxema po3ranryBaHHS JiHIH Ta KOHTPOJIBHUX TOYOK Y
nepepisi npu oca/uKyBaHHI Ta MPOTATYBaHHI 3arOTOBOK P
BUKOPUCTaHHI PO3pO0IICHOr0 METO/LY IIPOrHO3YyBaHHs 00'€MHOT
HEepiBHOMIPHOCTI Aedopmarii Metany

Jdns  OmiHKM ~ pPIBHOMIPHOCTI  PO3MOJUICHHS
nedopmariiid, sKa MOPEACTaBIse COOOK  HaiiMeHIe
BIIXWJIGHHS TIIOKa3HUKIB jaedopmanii MikK coboro B
nepepisi, Ha OCHOBI po3po0biieHoro METOY
PO3paxoBYEThCSl MOKAa3HUK HEpiBHOMIpHOCTI aedopmarii
K, 3a ¢popmymoro (1):

K =, M

Iie €; — BeIMIrHA JedopMallii B KOHTPOJIbHIN TOYI; Epax —
MaKCHMallbHa BeJIMUWHA nedopmariii B mepepisi.

ITokazuuk K, Moke pUiiMaTH 3HAYCHHsI HE Oinbiine
OJIMHMI[, OCKUIBKM € BIJHOIIEHHSM IIOKa3HUKIB
nedopmamii B KOHTPOJNBHHUX TOYKAaxX Iepepizy 10
MaKCHMaJIbHOTO 3HauyeHHs Aedopmanii B mepepisi. [Ipu
bOMY HEOOXiZHO BpaxoByBaTH TOH (akT, IO KOJIH
3HAUEHHs MOKa3HUKa HEpiBHOMIpHOCTI aedopmarii K
MpUiiMae CBOE MAaKCHMaJbHE 3HAYCHHS, SIKE OPIBHIOE 1,
TO 1Ll BiANOBiZAae piBHOMIpHIN nedopmamii (B 1pOMy
BUIIAJIKY BIJHOCATBCS MIX COOOIO Pi3HI TOYKM TiNa, SKi
MaloTh OJHAKOBE 3HAueHHs nedopMallii — ToOTO MH
MaeMO PiBHOMIpHY JedopMariito). YnM MeHIe 3Ha4eHHS
TTOKa3HWKa HEpiBHOMIpHOCTI Aedopmartii K, BiJl OJUHUIII,
M Oinbina HepiBHOMIpHICTH aedopmariii. Komm skacek
IUITHKAa MeTally He mimmsrae medopmarii, ane momagae B
MEepeTUH, II0 pO3MIIAaeThecsl, TO K, TNpUHMae CBOE
MiHiIMaJibHe 3HaYeHHs — K, = 0.
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AmHaniz pesynabTaTiB  JOCHIDKEHHS  (OPMO3MIHK
MeTaly 3a pO3pOOJICHMM METOJOM IIpH BH3HAYEHHI
HepiBHOMIpHOCTI Jedopmauii npu KyBaHHI HEOOXiJHO
NIPOBOAMTH B IONEPEYHUX Iepepizax IMOKOBKM Ha erarri
OCa/PKyBaHHS Ta Ha erami NpoTsryBaHHsA. Ha koxxHOMY
erari HE0OXiTHO po3paxoByBaTH TTOKa3HUK
HepiBHOMIipHOCTI nedopmanii Ky, K MIHIMyM, y TphOX
mepepizax MO BHUCOTI JUIA OCa/PKyBaHHSA Ta Yy TPbOX
nepepizax 1mo MOBXKHUHI U IPOTATYBAaHHS, K 300paKeHO
Ha puc. 2 Ta 3.

TMepumii nepepiz

Jlpyruii nepepis

Tperiii nepepiz

Puc. 2. Cxema po3ralyBaHHs Hepepi3iB IpH BUKOPUCTAHHI
PO3pO0IICHOr0 METOAY BU3HAUCHHS HEPiBHOMIPHOCTI
nedopmariii a7s orneparii ocaKyBaHHS

Tpyruit mepepis Tperiii nepepiz

[lepmmit nepepis

Puc. 3. Cxema po3rauryBaHHs Hepepi3iB Ipx BUKOPUCTaHHI
PO3pO0IICHOr0 METOAY BU3HAUCHHS HEPiBHOMIPHOCTI
nedopmarii oyt onepanii mpoTAryBaHHS

Po3poOka MeToay BH3HAYeHHS BHKPHUBJIEHHA
NMOKOBKM B mpoueci NPOTAryBaHHS NPH KYBaHHI.
SKicTh IPOAYKINT CKIIANAETHCA 3 IBOX 3aralbHUX 3acal —
Ile TEOMETPUYHI TMOKA3HUKHA TOKOBKH, KYIU BXOJHTH
MO3/IOBKHS KPHWBHM3HA, a TaK CaMO — BHCOKHU piBEHb
MeXaHIYHUX BiacTuBocTell. LIi ckiamoBi SKOCTI MOBHHHI
BIINIOBIiJaTH BHMOTaM CTaHJAApPTIB, M0 PETYIIOIThH
MOKA3HUKHK PIBHS MEXaHIYHUX BJIACTUBOCTCH, TaK 1
MOKa3HUKH I'€OMETPUYHHUX po3MipiB. OCTaHHE 3BHYAHHO
MPEJCTaBICHO B CTaHAApTaX Yy BHIVBIAL JOMYCTUMHX
BiIXWJICHb PO3MIpPIB IIOKOBKH, a TaK CcaMO — BEIIMYHH
MIPUITYCKIB, SKi B CBOIO YePry 3aKpHUBAIOTh HETOYHOCTI
pO3MipiB 1 KPHBH3HH TOKOBKH IIAPOM IOIATKOBOTO
MeTanmy, SKHi OyAe BUAAJICHWH TpH TOXANBININ
MeXaHiuHid 00poOIi. 30UIBIICHHS I[BOT0 APy METaly

BUIOTOBJIEHHI J€Talli, 1 $K HACIiJOK — J0 OLIbIIol
cobiBaprocTi Jerasi Ta 3MEHIICHHS  KoedilieHTa
BUKOPHCTAHHS METay.

[To310BXKHE  BHKDHBIEHHS ~ 3arOTOBKH  TaKOX
3YMOBJICHE HEpIBHOMIipHICTIO jAedopmariii 1  Moxe
MpHU3BECTH 1O HeOakaHUX BHUTPAT METAIy i OCOOIHBO
CHEPreTHYHUX  BHTpaT Ha  TPaBICHHA  IIOKOBKH.
PerymoBaHHsM  mapaMmeTpiB  HpoLeCy — MOXXIHUBE
JNOCSTHEHHS BHCOKOi TOYHOCTI TreoMeTpil IMOKOBKH,

30KpeMa, 11 MPSAMOIIHIHOCTI, 1 BiIHOBITHO — TOCATHEHHS
MMO3UTUBHUX PE3yJbTATIB B CKOHOMIYHOMY IUIaHi. Tomy
IUTS  JOCHTIDKEHHS BIUIMBY [apaMeTpiB KyBaHHS Ha
BUKPHUBJICHHS TIOKOBKM OyB  po3poOieHuii  Meron
BU3HAYCHHS BHKDPHUBJICHHS TMOKOBKH. JlaHmid Meronx
TIOJIATAE B MOPIBHSAHHI aOCONIIOTHUX BEJIMYUH BiIXUJICHHS
LEHTPY B KOHTPOJIBHUX IEPETHHAX TOKOBKH BiX IICHTPY
«OCHOBHOTO» TIepepidy IOKOBKH, pPO3TAIlIOBAHOTO Ha
cepeuHi UpUHU OoiiKa.

Koeoimient, sgxuii TOKa3ye CTyIMiHb KPWUBHU3HU
TTOKOBKH IO TOPU3OHTAIBHIN 1 BEPTUKAIBHIN CKIIAI0BHUX,
OyB Ha3BaHMH «KOE(IIi€HT BUKPHUBICHHS» (Kuup). BiH
MOXKe TpUAMaTH 3HadeHHS Bix —1 mo +1, OCKUIBKH €
BiTHOIICHHSM BCIWYMHHM BIiIXWICHHS B IOTOYHOMY
nepepi3i 0 MaKCHMAaIbHOT BEIUYMHHU BIAXHMICHHS BiJ
LHEHTPAIBHOI OCi MOKOBKH. [103UTHBHUI YW HEraTHBHHUU
3HaK [MOKAa3HWKA BHU3HAYAETHCS 3MIIICHHIM IICHTPY
KOHTPOJBHOTO Mepepi3y B3JOBXK OCI B MO3UTHBHY abo
HETaTUBHY 00JIACTh, BITHOCHO «OCHOBHOTOY» HIepepi3y.

Ha puc. 4 300paxkeHa cxema BHU3HAYCHHS 3MIiIIEHHS
LEHTPY KOHTPOJIBHOTO Tepepi3y Mo Topu3oHTaii (10 oci
Y) # BepTukani (1o oci Z), Big NEeHTPaIbHOI OCi MOKOBKH,
sIKa TIPOXOIUTH Yepe3 HEHTP «OCHOBHOTOY» NEPETHHY.

Buxpusnenus 3arOTOBKH TIPU3BOJUTH bi(s)
30UTBIIICHHS €HEePTeTHYHUX BUTPAT 1 BUTPAT METATy IpH
¢iHaNBHUX oOIepalisx KyBaHHS, TOOTO IpaBJeHHS Ha
CIeIiaabHOMY O0JIaIHAHHI, a TAKOK MEXaHIYHOI 0OpOOKH
MOKOBKHM. TOMy JIOCHI/KCHHS BIUIMBY HapameTpiB
orepariii KyBaHHs IPU KOBAJIbCHKIM BUTSDKII Ha CTYIHb
BUKPUBJICHHS TIOKOBKH € BaXJIUBUM 1 pO3pOOICHUI METOT
BU3HAYCHHS BUKPHBIICHHS B TPOLIECI KyBaHHS I03BOJISE
OIIIHATH CTYIiHb KPWBWU3HW TOKOBKH BiJl 3aCTOCOBAaHOI
CXeMHU KaHTOBOK, HE BIAIOUHCH 10 aOCOJIOTHHUX BEJIWYHH,
SIKI MOKYTh 3MIHIOBATHCh Y 3aJIEKHOCTI BiJ] THTIOPO3MIpY
MTOKOBKH.

KoedinieHT Ky po3paxoByeThes 3a hopmynoro (2)
It oci Z:

hsmc i
=— 2

BUKp >
BHKp max

N€ MNyyp; — MOTOYHA BETMYMHA BUKPUBJIEHHS B JIAHOMY
nepepisi Mo oci Z; Mpypmax — MAKCHMMalIbHA BEJNIUYMHA
BHUKPHUBJICHHS IOKOBKH IT0 OCi Z.

I 3a popmymoro (3) mmst oci Y:

b
BHKD (3)

BUKp H
BHKp Max

n€ by — TMOTOYHA BENMYMHA BHKPHBICHHSA B TaHOMY
nepepisi mo oci Y; bpypmax — MAKCHMMallbHA BEJNIUYMHA

NPU3BOIUTH 10 IMIIBHIICHHX BUTpAT METaly INpPH  BHUKPHUBICHHS ITOKOBKH IO OcCi Y.
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Puc. 4. Cxema BU3HAUCHHS 3MIIIEHHS LIEHTPY KOHTPOJIFHOTO IIepepizy NpY NPOTATYBAHHI BiTHOCHO LEHTPY «OCHOBHOTO»
nepepisy 3a po3po0JIeHNM METOJOM BU3HAYCHHS BUKPUBJICHHS TOKOBKH

AmHani3z po3po0JeHNX METONIB I0Ka3aB, L0 BOHHU
NpuAaTHI  JUIsl  PO3pOOKHM  TEXHOJOTiH BUPOOHHMLITBA
MOKOBOK IIUISIXOM BHU3HAYEHHS palliOHAILHUX MapamMeTpiB
IpoLecy KyBaHHS.

BucHoBKH. PiBHOMIipHICTB HaTpy>KeHO-
negopMoBaHOTO CTaHy B mpomeci aedopmamii, 1 sK
HACNZOK — pIBHOMIPHICTE PO3IMOTUIEHHS MEXaHigHIX
BJIACTUBOCTEH B METali, 3aJIeXKHUTh Bi cxeMu Aedopmartii

mpu  BITBHOMY KyBaHHI. A caMe  MOMIJIHBICTh
NPOTHO3yBaTH  HEpIiBHOMIpHICTE  aedopmauii  nae
MOXIIMBICTh JIOCSTHEHHSI PIBHOMIPHOI'O  HaIpy>KEHO-

neGOpMOBAHOTO CTaHy MeETally 1 TOMY JOCIIKCHHS
BIUIMBY TapaMeTpiB omepaniii KyBaHHS Ha HarpyXeHO-
nepopmoBaHuii  cTaH € BaxiauBow. OKpIM  I[BOTO
BUKPHBJICHHS IIOKOBKM TIPU3BOAWTH IO 3HMKEHHA
TOYHOCTI TEOMETPUYHHAX PO3MIPIB Ta SKOCTI METaly, Y
3B'A3Ky 3 NOAAJBLIMM MPaBICHHSIM Ha CIICIiaJbHOMY
oOnamHaHHI abo Tpeci, sSKe MPU3BOAWUTH O HABEACHHS
JOJaTKOBOI  HEpIBHOMIpHOCTI nedopmamii B 00'eMi
MIOKOBKH, @ TaKOX CTBOPIOE JOAATKOBI 3TWHAJbHI
Hampyru, HeOaxkaHi aisi ToToBOro BHpoOy. Takox,
MOJAJIBIIIE  MPABICHHA HENPSIMOJIHIHHOCTI TTOKOBKH
MPU3BOANTE 10 30UTBIICHHS EHEPreTHYHHMX BHUTpAT, a
TaKOX BHUTpaT Merany mpu (GiHaJdbHIA MexaHiuHii
00pobmi. VY BiamoBimHOCTI 3 BHIECKa3aHHM, OyB
po3po0ieHniA MeTOA OI[IHKM KPHWBH3HU IIOKOBKH B
npoueci KyBaHHA. JlaHWHi MeTon JO3BOJISE OLHHUTH
CTYIiHb BHKPHBIICHHS ITOKOBKHM BiJl 3aCTOCOBAHOI CXEMH
KaHTyBaHb, HE BJAIOYNCH N0 aOCONIOTHMX BEJIWYMH, SIKi
MOXYTh 3MIHIOBATUCh B 3QJIG)KHOCTI BiJl THIIOPO3MIpY
TIOKOBKH. AHaJi3 Ta OLiHKa KPUBU3HHU IIOKOBKH MOKa3aJIy,

o0 po3poOJNIeHHH METOJ HaJae BHCOKOI TOYHOCTI
pe3yipTaTd 1 TPUJATHHA Ui PaIliOHaJLHOTO
NPOCKTYBaHHS  BHUPOOHHUIITBA  TOKOBOK,  ILUIIXOM

BU3HAUCHHS paLliOHAJBHUX IapaMeTpiB cXeM KaHTyBaHb
JUIi YCYHEHHS HEOOXiTHOCTI 3aCTOCYBaHHS NpaBJICHHS
ITOKOBKH, SIKE€ CTBOPIOE HeOa)kaHi 3aJUIIKOBI 3THHAIBHI
HAIMPYTH, a TAKOXK HABOJHUTH JOJATKOBY HEPiBHOMIPHICTH
nedopmarii Mmetany.

Y  pesympTari  OyB  pO3pOONCHHN ~ METOX
MPOTHO3yBaHHs 00'€éMHOI HEPIBHOMIpHOCTI Jedopmalii B
mporecax — rapsuoro  jaehopMyBaHHS ~Ha  OCHOBI
TCOPETUYHOTO BU3HAUYCHHA 30HU MaKCHUMaJIbHOT
HepiBHOMIpHOCTI aedopMariii B mepepi3i MOKOBKH Ta
MOB'SI3aHOT 3  HEKW  II03MOBXHBOI  KPHBU3HH. 3

BUKOPHCTaHHSIM PO3POOJIEHOT0 METOLYy MOXYTh OyTH
MIPOBEJCHI JOCII/KCHHS] HOBMX CXEM KyBaHHS BaJliB Ta
IUCKIB 1 BCTAHOBJICHI TIOJII PO3MOAUTY HEPIBHOMIPHOCTI
nedopmarii B 00'emMi  3aroTOBOK, SKi  JIO3BOJIATH
BCTaHOBUTH palliOHANbHI PEXKUMH KYBaHHS 1 3a0€3ME€YUTH
MiIBUIEHHS ~ PIBHOMIPHOCTI  PO3MOJUIY  MEXaHIYHHX
BJIACTHBOCTEH BHPOOIB Ta 3HWKEHHS BUKPUBJICHHS
nokoBkH. IIpu 3acTocyBaHHI 3ampoONOHOBAaHOTO METOMY
MOXYTh OyTH po3poOJIeHI HOBI TEXHOJIOTIYHI MpoIecH
BUTOTOBJICHHSI ~ TIOKOBOK HA  OCHOBI  IIPOBEJICHHX
JOCITKEHb 3 ypaxyBaHHIM TEXHOJIOTIYHUX
0co0IMBOCTEN KOXKHOI 3 TOKOBOK.
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