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AHOTAIIA

Haszapenxo B. B. JIocniJKeHHsT HaIpy>KeHO-Ie(OpMOBAHOTO CTaHy €JIEMEHTIB
poTopy TypOoreHepaTopiB 3 METOI OOIPYHTYBaHHS IiJIBUIIECHHS MIITHOCTI METOJAaMU
TPUBHUMIPHOTO MOJietoBaHHs. — KBamidikaliiiiHa HayKoBa Mpalisl Ha IpaBax PyKOIHCY.

Huceprtamiss Ha 3700yTTS HAyKOBOTO CTymeHS JOoKTopa inocodii 3a
cunemianpHicTIO 134 ABiamiiiHa Ta pakeTHO-KOCMiYHA TeXHIKa (rajdy3b 3HaHb 13
MexaHiuHa 1HKeHepist). — HarioHanpHUN aepOKOCMIYHUM YHIBEPCUTET «XapKiBChKUM
aBlallifHUM IHCTUTYT», XapkiB, 2026.

HucepraniiiHy po0OOTy TPHUCBSIYEHO CTBOPEHHIO METOJMIB  JOCIIIKCHHS
Harpy>keHo-negopmoBanoro crany (HIAC) enemeHTiB poTopy TypOOoreHepaTopiB s
BUPILIEHHS AaKTyaJbHUX MHTAHb IIOAO IMIJIBUILIEHHS MIHOCTI MHOro €JIEMEHTIB 3
PO3B’A3aHHSIM CYKYITHOCTI 33J1a4 TEPMOIPYKHOCTI Ta TEIJIONPOBITHOCTI B TPUBUMIPHIN
MOCTAHOBIIl 3 BUKOPUCTAaHHAM MeToay ckiHueHux eneMeHTiB (MCE).

CkJIafHICTh OLIHKM 3amaciB MIIHOCTI €JIE€MEHTIB KOHCTPYKII Ta BY3JIB
TypOOTE€HEpaTOPIB BEJIMKOI TMOTY)XKHOCTI TiJ BIUIMBOM TEMIEPATypPHUX 1 CHIIOBHUX
HaBaHTaXX€Hb 00YMOBJICHA HEOOX1HICTIO KOMITJIEKCHOTO PO3B's3aHHS TEMIEPATYPHOI Ta
TepMomnpy:xkHoi 3a1ad. [Ipu mpoekTyBaHHI OaHAAKHOTO By3ja poTOpa TypOoreneparTopa
pO3B'sI3aHHS [IBOTO KOMIUICKCY 3ajad, IMOB'S3aHe 3 BU3HAUCHHSM TEPMOHAIPYKEHOTO
CTaHy KOHCTPYKIM, YCKJIQJIHIOETbCS HAsBHICTIO TMIONEPEHIX HATATIB, BIIMBOM
TEeMIIepaTypHUX TOJIIB, IO 3aJIEKATh Bl MapaMeTpiB poOOTH CUCTEM BEHTUIIIOBAHHS, Ta
Oaratbox 1HIMX (HakTOpiB. BUKOpPUCTAaHHS BUCOKOJIETOBAHUX CTajeil 13 BHCOKOIO
TBEPJICTIO Ta MEXEI0 MIITHOCTI K OCHOBHOTO MaTepiaiy OaHJaXHHX KIJEIh TaKOX
notpedye 30UIbLICHHS HATATIB, 10 MOXKE BUKIMKATH TOSABY TPILMH Yy HAMOLIbII
HaIPY)KCHUX €JIEMEHTAaX KOHCTPYKIlii. Po3B’s3aHHS 3a/ayi BU3HAYCHHS HAMPY>KCHO-
nehOpMOBAHOTO CTaHy E€JEMEHTIB OaHIaXHOTO BY3JIa MPH BUKOPUCTAHHI BUKIIFOYHO
KJIACUYHMX 1HXKEHEPHUX METOMIB HE JI03BOJISIE OTpUMATH HEOOXIJHY TOYHICTh, IO
NOB’SI3aHE 3 HEMOJKJIUBICTIO €(EKTUBHO BpPAaXOBYBAaTH BCIO CYKYINHICTh (PaKTOPIB
YHACJIIIOK HAsSIBHOCTI iX B3a€EMHOTO KOMIUIEKCHOTO BILTUBY. byio po3pob6ieno Mmetos, o
JT03BOJISIE O1IBII TOUHO PO3PaX0OBYBATH 3aMlacy MIIHOCTI Ta BU3HAYATH HEOOX1H1 HATSTU
3aBISKH PO3B’SI3aHHIO CYKYMHOCTI 3a/a4 TEPMOIPY>KHOCTI Ta TEIJIONPOBIAHOCTI B

TPUBUMIPHIA TIOCTAHOBLII 3 BHUKOPHUCTAHHSAM METOJY CKIHYEHHUX €JIEMEHTIB 13
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nepesayeto IMOYaTKOBUX 1 TPaHUYHUX YMOB MK 3amadamu. I[lpu mpoBeneHHI
JOCITIDKCHHSI 3 BHKOPUCTAaHHSAM poO3po0jieHOro MeToay Oyiau BH3HAYEHI YTOYHEHI
KoeIII€EHTH 3amaciB MIIHOCTI €JIeMEHTIB OaHJaKHOTO By3Jla B CTaHI CIIOKOIO, MPHU
HOMIHAJIBHIN 1 YrOHHIM YacToTax oOepTaHHs. byslo BCTaHOBJIEHO, IO JJII OCHOBHUX
KOHCTPYKTUBHUX €JEMEHTIB OaHAa)XHOTO By3Jda TypOoreHeparopa MOTYKHICTIO
200 MBT minimMansHu# KOSPIIIEHT 3ammacy MIIIHOCTI MPY YTOHHINM 4YacTOTI 00OEpTaHHA Ta
MaKCUMaJIbHOMY HaTATYy cTaHOBHB 1,3. MakcuMalibH1 KOHTaKTHI HanpyKeHHs (OJIU3bKO
685 MIla) BUHUKAIOTh y LIEHTPYIOYOMY KUIbLII IPH HYJIbOBIM 4acTOTI 0OEpTaHHS, MAIOTh
JOKQJIbHUM XapaKTep Ta 30CEpPEeIKEHl B palloHI KOHILIEHTPATOpa HaIpy>KE€Hb — OTBOPY.
Jlig BCIX peXUMIB HANpPYKEHHS HE MEPEBUUIYIOTH JONYCTUMUX 3HayeHb. [lpu npomy
HATATH HE MOXKYTh OyTH 3MIHEHI B MEHIIMI OIK y 3B’S3Ky 3 TUM, IO MiHIMaJbHUUI
JOMYCTUMMI 3arac MIIMHOCTI I €JIEMEHTIB KOHCTPYKIi OaHJa)XHOTO By3Ja
TypOoreneparopa noryxHictio 200 MBT ctanoBuTs Bix 1,5 1o 1,05 npu yronsiii yactoti
oOepTaHHs.

B Mexax mpeacTaBIeHOro JIOCHIDKEHHS 3alpONOHOBAHO HOBUM METOJ
po3paxynky HJ/IC eneMeHTIB Ta BY3JB €JEKTpUYHUX MamuH. OCOOJMBICTIO METOAY
CTaJI0 PO3B’SI3aHHS CYKYITHOCTI 3a7a4 TEPMOMPYKHOCTI Ta TEIUIOMPOBITHOCTI Yy
TPUBUMIPHUX MOCTaHOBKax 13 BukopucTaHHIM MCE 3 mnepemavero moyaTKOBUX Ta
IrPaHUYHUX YMOB MDK 3ajayamMu. BupimieHHs 3amadi  aHamizy  HamnpyXeHo-
neopMOBaHOTO CTaHy pOTOpa Yy TPUBUMIPHIN IMOCTAHOBIII MPOBOIUIOCH METOJOM
CKIHYEHHUX €JIEMEHTIB 3a JOMOMOTO0I0 mporpamHoro kommiekcy SolidWorks.

Metor naucepraniifHoi poOOTH € OOIpYHTYBaHHS MIJBUIICHHS MIIHOCTI
CJIEMEHTIB poTOopa TypOOoreHepaTopiB Ha OCHOBI PO3pOOJEHUX METOMIB JOCIIKCHHS
HamnpyKeHO-1e(POPMOBAHOTO CTaHy HOTO €JIEMEHTIB 3 BHKOPHUCTAaHHSIM TPUBUMIPHOTO
KOMII’FOTEPHOTO MOJIETIOBAHHS.

[lepmmii po3ain aucepTaliiHoi poOOTH TPHUCBAYEHUM aHAI3y OCOOJIMBOCTEN
KOHCTPYKII POTOpIB TypOOreHepaTopiB Ta METOAIB AOCHIHKEHHS iX Hampy>XKeHO-
nedopMoBaHOro CcTaHy. PosrisHyTa 3aragbHa KOHCTPYKLIsL TypOoreHepartopa
noTyxHicTio 200 MBT Ta #10r0 OCHOBHUX KOMIOHEHTIB. BUKOHAHO aHai3 KOHCTPYKIIii
poropa TypOoreHeparopa Ta XapakTEpHUX MJI HBHOTO MOIIKOIKEHb, M0 MOXKYTh

BUHUKHYTU B TPOIEC] eKCIUTyaTallii BHACIIIOK BIUIMBY pi3HUX (aktopiB. [IpoBeaeHo
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anami3z meroaiB aocuimkernHs HIC poropa typboreneparopa. Po3risiHyTo pe3yiabTaTu
aHAJITUYHUX PO3PaxyHKIB 3araciB MIIHOCTI KOHCTPYKTHMBHHUX YacTHH poTopa
TypOoreneparopa.

VY apyromy po3nuii gucepTaliifHoi poOOTH MPeCTaBIICH] pe3yJIbTaTH TOCTIKEHb
HaIpy>KeHO-1e(POPMOBAHOTO CTaHy OaHJAAXKHOTO BYy3Jla pOTOpa TypOoreHepaTopa.
30KkpeMa pO3TIIIHYTI pe3yJbTaTH BUKOHAHOTO KOMILIEKCY AHAIITHYHUX PO3PaxyHKIB
3yCHWJIb, HANPY>KEHb Ta MEPEMIIIeHb BHACHIIOK BIUIMBY BIJIEHTPOBUX HABAHTAKEHb Ta
HaIpy>KeHb BiJ] MOCaIKU OaHAAXKHOTO KUIbI HAa O0UKY pOTOpa Ta IEHTPYIOUE KiIbIIE, a
TaK0>X BU3HAUEHHS pO3’€IHYBAJIbHUX IIBHJKOCTEH IIMX KOMIOHEHTIB. [IpeacraBiena
METOJI0JIOT1 BUOOPY HATATY OaHIaXHHUX KUIELb Ha pOTOp TypOOreHepaTropa Ta BIepIlie
IIPOBENICHI PO3PAXYHKU HANPYEHb B TPUBUMIPHIA MTOCTAHOBII B JETAISIX OAHIaKHOTO
By3J1a pOTOpa METOJIOM CKIHYEHHUX €JIEMEHTIB IIPU PI3HUX YAaCTOTax 0OepTaHHS.

Tpetiil po3aul aucepTamiiiHoi poOOTH MPUCBSYEHUIN JOCIHIKEHHIO HANpPyKEHO-
nehopMOBAHOTO CTaHy Basia poTopa. PO3rsHyTO pe3yibpTaT po3paxyHKy HAMpyKEHO-
nedhopMOBaHOTO CTaHy Bajia pOTOpa METOJOM CKIHYEHHUX €JIEMEHTIB, B TOMY YHCII1
BUKOHAHO PO3PAaXyHOK KPUTHYHUX YACTOT Bajia pOTOpa Ta CTATHYHUHN pO3paxyHOK Baja.
Takox nMpoBeIeHO TPUBUMIPHUN PO3PAaXyHOK HAMPYKEHO-e(HOPMOBAHOTO CTaHy OOYKHU
poTOpa Ta KJIMHIB KPIIJIEHHS! CTPYMOMIABOIY pOTOPA.

Pe3ynbraToM MpoOBEAEHOI HAYKOBO-IIOCHIHOI pOOOTHM cTamu  po3poOseHi
e(deKTHUBHI METOJM OIIHKH HANpy>XeHO-Ie(hOPMOBAHOTO CTaHy BY3JiB Ta E€JIEMEHTIB
KOHCTPYKIIH TypOOreHepaTopiB.

BukopuctanHs METOAIB MOCTIPKEHb B TPUBHUMIPHIN IMOCTAaHOBII JTO3BOJISIE
BU3HAYHUTH HAIPY>KCHHSI KOHCTPYKTUBHHUX EJIEMEHTIB TypOOTeHEpaToOpiB, sIKI paHiIle
HEMOXXJMBO OyJ0 OI[IHUTH ICHYIOUMMH METOJaMHU  CIPOUIEHUX aHATITHYHHUX
pPO3paxyHKIB.

[IpeacraBneni B poOOTI pe3yiabTaTH AO3BOJIAIOTH OLIBII TOYHO BU3HAYATH 3aIlacu
MILIHOCTI KOMIIOHEHTIB poTopa TypOoreHepatopa Ta 3a0e3MEYUTH OTPUMAHHS
ONTUMAIBHHUX MapaMeTPiB KOHCTPYKIIT Ha €Tarll MPOEKTyBaHHS.

PesynbTaTu nucepraiiitHoi po6oTu Bukopructao Ha AT "YkpaiHChKi eHepreTH4H1
mammmHu" (M. XapkiB) MpU MPOEKTyBaHHI HOBUX Ta PEKOHCTPYKIT I1CHYIOUHUX

TypOOreHepaTopiB  BEJIMKOI TMOTYXHOCTI. OKpiM IIbOTO, pe3yJabTaTh POOOTH



5

BIIPOBA/PKEHO Yy  HAYKOBO-METOAWYHMX  TMpoiecax Kadeapu HaimioHnansHOro
ACPOKOCMIYHOTO YHIBEpCHUTETY "XapKiBChbKUM aBlallliHUN 1HCTUTYT".

HanpsimoM momanblinx OOCHIIKEHb € pPo3poOKa METOJUKH OIIHKM 3amaciB
MIIIHOCT1 HaNOUIBII HABAaHTAKEHUX BY3JIIB TypOoreHeparopa 3 BHUKOPHUCTaHHSIM
KOMITJIEKCHOTO TAXO/Y 3 ypaxyBaHHIM JIii JEKIJTbKOX YHHHUKIB (TEIJIOBUX, MEXaHITHUX
Ta 1H.) y TPUBUMIPHUX MOCTaHOBKax. PO3BUTOK MOCHITKEHHS y I[bOMY HaIpsIMKY
JIO3BOJIUTh OOTPYHTOBAHO IMIJIBUIIUTH TIOTY>XHICTh TYpOOTE€HEpaTopiB 3a paxyHOK
MIJBUIIICHHS HAIIMHOCT1 IX KOHCTPYKTUBHUX €JIEMEHTIB.

BukopuctaHnHs HaBeleHHX y poOOOTI pe3ysbTaTiB Jla€ 3MOrYy IPOaHaJi3yBaTH
NOTEHI[a]  MIJBUIIEHHA EJEKTPUYHOI TMOTYXKHOCTI Ta 3a0e3nmeuyuTH HaJIIdHYy
eKCIUTyaTallllo TEIUIOBUX 1 aTOMHUX eJeKTpocTaHli Ykpainu. lle, cBoew ueproro,
CIPUATUME CTA0TLHOMY BUPOOHUIITBY €JIEKTPUYHOI 1 TEIJII0BOI €Heprii, HEOOX1IHOT JIJIst
(yHKIIOHYBaHHS Ta PO3BUTKY BCIX Tayly3eid EKOHOMIKH KpaiHU.

Hayxosea nosusna pobomu:

1. Briepiie cTBOpeHU HOBHI METO/ pO3paxyHKy OaHJIaKHOTO By3Jia pOTOpa, 10
BIJIDI3HSIETHCS B ICHYIOUMX 3aBIaHHAM (AKTHYHUX HATITIB  HEPIBHOMIPHHUX
KOHTaKTHHX TTOBEPXOHb («HOCHUK» Ta «CIMHKAY), TEIJIOBUX TPAaHUYHUX YMOB | poay Ta
(aKTHUYHOI reoOMeTpii Ma3iB pOTOpa MPU HOMIHAIBHIN Ta KpUTUYHIN (YrOHHIM) YacToTax
oOepTaHHs.

2. YI0CKOHAJIEHO METOJ] PO3paxyHKy HampykeHO-Ie(popMOBaHOTO CTaHy OOYKH
Bajia 3 (ppe3epoBaHUMHM MiJ OOMOTKY Tazamu, 110 Ha BIIMIHY BiJ ICHYIOUUX MICTUTH
YTOUYHEHHS CITKH I KOHIIEHTPATOPIB HAMpYyXeHb, 3a/laHi TpaHW4YHI yMOBU | pomy,
OTPUMAHUX 3 KOPEJSIii EeKCIEPUMEHTAIbHUX Ta aHANITUYHUX JaHUX Ta 3aBJIaHHS
peaTbHUX MOJYJIIB MPY>KHOCTI.

3. Po3pobneHo MeTon po3paxyHKy —HaIpyKeHO-Ae(hOPMOBAHOTO  CTaHY
KJIIMHOBUJHUX €JIEMEHTIB CTPYMOIIJIBOAY POTOpPA, B SIKOMY Ha BIJIMIHY BiJ] 1CHYIOUHX
YPaxoBYIOTbCA BIALEHTPOBI CHIJIA Ta KOHTAKTHI HAIPY>KEHHSI, 00yMOBJICHI TEXHOJIOTIEO
30upaHHS.

4. Y 10CKOHAJIEHO METO]T OOYHMCIIEHHS KPUTUYHUX YaCTOT Bajla pOTOpa B YACTHHI
3aBJIaHHS €KBIBAJICHTHHUX Mepepi3iB B TPUBUMIPHII MOCTAHOBIII Ta 3aBAaHH YTOUHEHUX

HO,Z[aTJ'II/IBOCTeI\/’I O110D.
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5. HalGynmu mopanbIIoro po3BUTKY ICHYHOYl 1H)XXKEHEPHI METOAM PO3PaxyHKY
HaIpy>KeHO-1e(POPMOBAHOTO CTaHy KOHCTPYKIIi OaHJaXHOTO By3Jia pOTOpa B YaCTHHI
YTOYHEHHS CHWJI, BHKJIMKAHUX BIAIICHTPOBOIO CKJIAJOBOIO Bia 1ii JIOOOBOI 4YacCTHHU
OOMOTKHM Ta BpaxyBaHHS TeOMeTpii 3yO11s ik 00UMCIECHHS PO3’€JHYBaIbHOI YaCTOTH.

IIpakmuune 3uauenns OMpPUMAHUX pe3yTbmamie:

1. B po6oTi yTO4HEHO 3aracu MIITHOCTI /TSl HalO1IbIII HABAHTAXKEHUX EJIEMEHTIB
poTopa TypOoreHeparopa Ta OOIPYHTOBAHO MOXKJIMBICTH BUKOPHCTAHHS Cy4acCHUX
MaTtepialiiB JJisl iX BUTOTOBJICHHS.

2. Po3po06ieHo Ta BOPOBAIKEHO METOJ PO3PAXYHKY OAHIaKHUX BY3JIB POTOPIB
TypOOT€HEpaTOpiB BEJIMKOI Ta CEpelHbOi MoTyxkHocTe. I[lokasaHa MOMXIHMBICTh
YJAOCKOHAJIEHHS KOHCTPYKIII 31 30€pEKEHHSIM MOCATKOBUX MMOBEPXOHb.

3. IlpencraBneHuil MeTOA JAO3BOJIMB OOIpYyHTyBaTH Oe3leyHy poOoTy
TypOOreHepaTopa B HOMIHAJIbHOMY PEKHMI 3 JIOCTAaTHIM 1HTEPBAJIOM MK MEPIIOO Ta
JIPYTOI0 KPUTHIHUMH YaCTOTAMH JJIS ITOAATINBHUX OTIOP.

4. Bmepmie oOIpyHTOBAHO 3aCTOCYBaHHSI PO30IpHOI KOHCTPYKIII €JIEMEHTIB
KPIIJIEHHSI CTPYMOITIIBOAY pOTOpa TypOOoreHeparopa Ta npopaxoBaHa ix aedopmartis.

Po3po6sieni B poOOTI METOIM TPUBUMIPHOTO PO3PAXYHKY PO3MOJALTY HAIpy>KEHb
MOXYTh OyTH BHUKOPUCTaHI MpHU JOCIIHKEHHI HaNpyKeHO-Ae(pOPMOBAHOTO CTaHY
€JICKTPUYHUX MAIIMH PI3HOTO MPU3HAYECHHS Ta 1HIIIOTO €HEPreTUYHOI0 00IaIHAHHS.

OTpuMaHi HAyKOBI Pe3yIbTaTH MOXKYTh OyTH 3aCTOCOBaHI B isUIBHOCTI HAYKOBO-
JOCIITHUX 1 TMPOEKTHUX YCTAHOB, KOHCTPYKTOPCHKUX  OI0OpO, MIJNPUEMCTB
CHEPreTUYHOTO CEKTOpPY, ACPOKOCMIYHUX 3aKjaJiB BHUIIOI OCBITH, a TAaKOX IHIIUX
oprasizaiiiif, 10 CHeHiali3yIOThCS Ha JMOCTIDKCHHI Ta eKCIUTyaTallii eHepreTHYHOTrOo
oO0J1aTHAHHS.

Knwouoei cnosa: TtypOoreneparop; OaHAaXKHUN BYy30J; LEHTPYIOYE KUIBIIE;
TPUBUMIpPHE MOJIETIOBAHHS; HaNpyXeHO-Ie(OpMOBaHUIN CTaH; HANPY>KEHHs B JIOKAIli

HATATY; KOE(IIEHT 3aracy MiI[HOCTI.



ABSTRACT

Nazarenko V. Investigation of the Stress—Strain State of Turbogenerator Rotor
Elements for Substantiating Strength Enhancement Using Three-Dimensional Modeling
Methods. — A qualifying scientific work as a manuscript.

The thesis for a degree of Doctor of Philosophy (PhD) in specialty 134 Aerospace
Engineering (13 Mechanical Engineering). — National Aerospace University "Kharkiv
Aviation Institute", Kharkiv, 2026.

The dissertation work is purposed to the creation of methods for studying the stress-
strained state (SSS) of Turbogenerator rotor elements to address current issues related to
increasing the strength of its elements by solving a set of thermal elasticity and thermal
conductivity problems in a three-dimensional formulation using the finite elements
method (FEM).

The complexity of assessing the safety margins of structural elements and
assemblies of high-power Turbogenerators under the influence of temperature and force
loads is due to the need for a comprehensive solution of the temperature and thermal
elastic problem. When designing the Turbogenerator rotor retaining rings unit in
assembly, the solution of this complex of problems associated with determining of the
thermally stressed state of structures is complicated by the presence of pre-tension fit, the
influence of temperature fields that depend on the parameters of the ventilation systems,
and many other factors. The use of high-alloy steels with high hardness and tensile
strength as the main material of the retaining rings also requires an increase in tensions,
which can cause cracks to appear in the most stressed structural elements. Solving the
problem of determining the stress-strained state of the retaining rings unit in assembly
elements using exclusively classical engineering methods does not allow obtaining the
necessary accuracy, which is associated with the inability to effectively take into account
the entire set of factors due to the presence of their mutual complex influence. A method
was developed that allows more accurately calculating safety margins and determining
the necessary tensions by solving a set of thermal elasticity and thermal conductivity
problems in a three-dimensional formulation using the finite elements method with the
transfer of initial and boundary conditions between problems. When conducting a study

using the developed method, refined safety margin factors for the elements of the
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retaining rings unit in assembly at rest, at rated and runaway speeds were determined. It
was found that for the main structural elements of the retaining rings unit in assembly of
a Turbogenerator rated 200 MW, the minimum safety margin factor at runaway speed
and maximum tension was 1.3. The maximum contact stresses (about 685 MPa) arise in
the centering ring at zero speed, are local in nature and are concentrated in the area of the
stress concentrator namely the hole. For all stress modes, they do not exceed the
permissible values. At that, in this case, the tensions cannot be changed to a smaller side
due to the fact that the minimum allowable safety margin for the structural elements of a
Turbinegenerator rated 200 MW retaining rings unit in assembly is from 1,5 to 1.05 at
the runaway speed.

Within the limits of the submitted research, a new method for calculating the NDS
of elements and assemblies of electrical machines is proposed. The peculiarity of the
method is the solution of a set of problems of thermoelasticity and thermal conductivity
in three-dimensional formulations using the FEM with the transfer of initial and boundary
conditions between the problems. The solution of the problem of analyzing the stress-
strained state of the rotor in a three-dimensional formulation was carried out by the finite
elements method using the SolidWorks software package.

The purpose of the Dissertation work is to substantiate the increase in the strength
of the rotor elements of Turbogenerators based on the developed methods for studying
the stress-strained state of its elements using three-dimensional computer modeling.

The first section of the Dissertation work i1s devoted to the analysis of the structural
features of Turbogenerator rotors and methods for studying their stress-strained state. The
general design of a Turbogenerator rated 200 MW and its main components is considered.
The design of the Turbogenerator rotor and its characteristic damages that may occur
during operation due to the influence of various factors are analyzed. Methods for
studying the NDS of the Turbogenerator rotor are analyzed. The results of analytical
calculations of the safety margins of the structural parts of the Turbogenerator rotor are
considered.

The second section of the Dissertation work presents the results of studies of the
stress-strained state of the Turbogenerator rotor retaining rings unit in assembly. In

particular, the results of the performed complex of analytical calculations of forces,
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stresses and displacements due to the influence of centrifugal loads and stresses from the
landing of the retaining ring on the rotor body and the centering ring, as well as the
determination of the disconnecting speeds of these components, are considered. The
methodology for selecting the tension of the retaining rings on the Turbogenerator rotor
is presented and for the first time, stress calculations in a three-dimensional formulation
in the details of the rotor retaining rings unit in assembly are carried out using the finite
element method at different rotational speeds.

The third section of the Dissertation work is devoted to the study of the stress-
straine state of the rotor shaft. The results of the calculation of the stress-strained state of
the rotor shaft by the finite element method are considered, including the calculation of
the critical frequencies of the rotor shaft and the static calculation of the shaft. A three-
dimensional calculation of the stress-strained state of the rotor body and the wedges of
the rotor current supply fastening are also performed.

The result of the research work carried out was the development of effective
methods for assessing the stress-strained state of components and structural elements of
Turbogenerators.

The use of research methods in a three-dimensional setting allows you to determine
the stresses in the structural elements of Turbogenerators, which were previously
impossible to estimate using existing methods of simplified analytical calculations.

The results presented in the work allow for more accurate determination of the
safety margins of the Turbogenerator rotor components and ensure the obtaining of
optimal design parameters at the design stage.

The results of the Dissertation work were used at AT "Ukrainian Power Machines"
(Kharkiv) in the design of new and reconstruction of existing high-power
Turbogenerators. In addition, the results of the work were implemented in the scientific
and methodological processes of the department of the National Aerospace University
"Kharkiv Aviation Institute".

The direction of further research is the development of a methodology for assessing
the safety margins of the most loaded Turbogenerator units using an integrated approach
taking into account the action of several factors (thermal, mechanical, etc.) in three-

dimensional settings. The development of research in this direction will allow for a
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reasonable increase in the power of Turbogenerators by increasing the reliability of their
structural elements.

The use of the results presented in the work makes it possible to analyze the
potential for increasing electrical capacity and ensure reliable operation of Thermal and
Nuclear Power Plants in Ukraine. This, in turn, will contribute to the stable production of
electrical and thermal energy necessary for the functioning and development of all sectors
of the country's economy.

Scientific novelty of the work:

1. For the first time, a new method for calculating the rotor retaining rings unit in
assembly has been created, which differs from existing ones by the actual tensions of
uneven contact surfaces ("nose" and "back"), thermal boundary conditions of the first
kind and the actual geometry of the rotor slots at rated and critical (runaway) speeds.

2. The method for calculating the stress-strained state of a shaft body with slots
milled for winding has been improved, which, unlike existing ones, contains a refinement
of the grid for stress concentrators, given boundary conditions of the first kind obtained
from the correlation of experimental and analytical data, and the assignment of real elastic
moduli.

3. A method for calculating the stress-strained state of wedge-shaped elements of
the rotor current supply has been developed, which, unlike existing ones, takes into
account centrifugal forces and contact stresses caused by the assembly technology.

4. The method for calculating the critical speeds of the rotor shaft has been
improved in terms of setting equivalent cross-sections in a three-dimensional formulation
and setting refined compliances of supports.

5. Existing engineering methods for calculating the stress-strained state of the rotor
retaining rings unit in assembly structure have been further developed in terms of
specifying the forces caused by the centrifugal component from the action of the overhang
part of the winding and taking into account the tooth geometry for calculating the
disconnecting frequency.

Practical significance of the obtained results:

1. The work specifies the safety margins for the most loaded elements of the

Turbogenerator rotor and justifies the possibility of using modern materials for their
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manufacture.

2. A method for calculating the retaining rings unit in assembly of rotors of large
and medium-sized Turbogenerators has been developed and implemented. The possibility
of improving the design while preserving the fit surfaces has been shown.

3. The presented method allowed to justify the safe operation of the Turbogenerator
in the rated mode with a sufficient interval between the first and second critical
frequencies for compliant supports.

4. For the first time, the use of a disassemble design of the fastening elements of
the power supply of the Turbogenerator rotor was substantiated and their deformation
was calculated.

The methods developed in the work for three-dimensional calculation of stress
distribution can be used in the study of the stress-strained state of electrical machines for
various purposes and other power equipment.

The obtained scientific results can be applied in the activities of research and design
institutions, design bureaus, power sector enterprises, aerospace institutions of higher
education, as well as other organizations specializing in the research and operation of
power equipment.

Keywords: Turbogenerator; retaining rings unit in assembly; centering ring; three-

dimensional modeling; stress-strained state; stress in the tension location; safety factor.
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YMOBHI ITO3HAYEHHS T4 CUMBOJIH
¢ — BIIHOCHE 3BY>KEHHS, %0
KCU — ynapua B’s3kicth, JIx/cm?
n —4actoTta obepTaHHs, 00/XB
0 — AlaMeTpajJbHUM HATAT, M
m — maca, Kr
U - xoediuient Ilyaccona, B.o.
Z — 4HCJIO Ma3iB, 07
0. — KOe(IIieHT JIIHIMHOro po3mMpeHHs Marepiany, 1/°C
T — remnieparypa, °C
D — niametp, M
h — TOBIIWHA KUIBIIS, M
S — mIomia nepepisy Kinplis, M°
[ — 0oeorcuna, m
C — BiLIEHTPOBA CUJIA, KT
K — Tuck Bij BigueHTpoBoi cunu, MIla
d — giamMeTp LEHTPaIbHOTO OTBOPY Bajia pOTOpa, M
f—dacToTa eJIeKTPUYHOTO CTPYMY, 00/XB

E — moxyns npy»xHnocti, H/m?

Innexcu
002 — Mexa mmHHOoCT1, MIla
0, — TAMYACOBHI orip po3puBy, Mlla
05 — BiJTHOCHE MOI0BKEHHS, %0
0, — TaHTEHIllaJIbHE HaNpYy>KeHHs B OaHnakHOMY Kiblll, Mlla
0, — CyMapHe TaHTeHILl1aJbHE HAMPY>KEeHHS BiJ BiALeHTpoBuX cui, Mlla
K, — xoedirieHT aedopmatiii BHyTPIIIHBOTO JiiaMeTpa OaHIaKHOTO KiUblist, M/(00/XB)
K,— xoedimieHt nedopmartii potopa, M/(00/xXB)
Kx— xoedimieHT nedopmariii 30BHIITHBOTO JAlaMeTpa HEHPYIYOro Kijblis, M/(00/XB)

Py — HOMIHANTEHA TOTY>KHICTH, MBT



M, — HOMiIHaTBHUN KPYTUILHUM MOMEHT, (H M)
M,; — MOMEHT KOPOTKOTO 3aMHKaHHS, KI*CM
Ap — IOTATIIMBICTh OAHJAKHOI'O KIJIBIIS, M

@max — MAKCUMAJIBHUM KyT TTOBOPOTY OaHIAKHOTO KUIBI, paj

CxopoueHHs
HJIC — nanpyxeHo-aepopMoBaHuii CTaH
MCE — meTo/1 CKIHUEHHHUX €JIEMEHTIB
AEC — aTomMHa eJIeKTpOCTaHI1s

KK/I — xoedirieHT KOpUCHOi Iii
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BCTVII

AKTYaJBHICTh A0C/TiIAKeHb. EJeKTpoeHepreTHKa € OJHIEI0 3 KIIFOUOBUX raity3en
IPOMUCIIOBOCTI, 110 BU3HAYA€ PIBEHb HAYKOBO-TEXHIYHOIO PO3BUTKY JACpXKaBU Ta
3abe3neuye (PyHKIIOHYBAHHS IPOMUCIOBOCTI, TPAHCIOPTY, CLIILCHKOT0 TOCIOAApCTBA 1
noOyToBOTO  cekTopy. (OCHOBY CydYacHOTO €JIEKTPOTEHEPYIOYOro  00JagHaHHS
CTaHOBJISITh CHHXPOHHI T€HEPaTOPU BEIMKOI MOTY>KHOCTI, CEpe/l SIKUX MPOBIAHE Micle
3aliMaloTh TypOOTEeHEPATOPH.

3riHo 3 oimiiHuMU AaHUMHU MiHICTEpCTBA €HEPreTHKU YKpaiHW Ha MOYaTOK
2022 poky 6nu3bko 84,3% enexkTpoeHeprii BUPOOJSIEThCS TEIJIOBUMU Ta aTOMHUMU
CTaHLISIMM, J€ B SKOCTI T'€HEPAaTOpiB BUKOPUCTOBYIOTHCS TYypOOr€HEpaTOpU BEIMKOI
NOTY>KHOCTI. BHCOKa OJMHMYHA NOTYXHICTh, HAJIMHICT Ta EHEProePeKTUBHICTh
poOsATh TypOOT€HEepaTopy HE3aMIHHMMM B LIEHTPalli30BaHUX eHeprocuctemax. Ha
noyatok 2025 poky cranuil 1eilUT e1eKTPOCHEPTril B EHEPrOCUCTEM] CTAHOBUB OJIM3bKO
20%. 1le BuKIMKa€e HEOOX1HICTh YACTOrO MEPEPO3NOILTY TeHepallii, 110 MPU3BOAUTH 0
poOOTH TYpOOTEHEPATOPIB Y HAIKPUTUYHUX PEKUMAX.

CyvacHMil cTaH reHepaTOPHOTo OOJIaJIHaHHA B YKpaiHl XapaKTepU3YEThCS THUM,
[0 TEPMIH CIIYKOM OIIBIIOCTI MAIIMH 32 HOPMATHUBHOK JOKYMEHTAIlE€I BXXE J00ir
KiHI[ a00 3aKiHYUTHCS y HAMOMMxk4i poKu. ABapiiiHe BUBEIEHHS 3 JIaAy MOTYXKHOTO
TypOoreHepaTopa 4epe3 pYWHYBAaHHS KOHCTPYKIIi pOTOpa MOXE CIPUYUHUTH
KaTacTpodiyHi HACIIJIKK Ta 3HAYHI €EKOHOMIYHI BTpaTH. BimHOBIICHHS TypOoreHepaTropa
¥ 3aIyCK €eHepro0JIOKy 4acTo 3aiiMae KiJIbKa MICALIB, IPUUOMY KOXKEH J€Hb BUMYILIEHOTO
MIPOCTOIO OJTHOTO OJIOKY 00XOMUTHCS MPUOIN3HO y 1—2 MitH rpH 30UTKIB. OCOONHBICTIO
poOOTH ENEeKTPOCHEPTeTUYHOI CHCTEMU YKpaiHW € B3a€MO3AJICKHICTh CTPOKIB
MPOBEICHHS PEMOHTIB Ha PI3HUX eJIeKTpocTaHUiax. Hanmpukmnan, 4uHHI 1HCTPYKIi
3a00POHSAIOTH BUBOJMTH 3 €KCILTyaTallii oJuH 13 1BoxX 0J0KiB XMenbHUIbkoi AEC, k1o
B Liel yac peMoHTyeThes 0510k Ha PiBHeHchkil AEC, 1 HaBnaku. Tomy (QyHKIIIOHYBaHHS
€HEpProCUCTEMU Ma€ BHUKIIIOYATH PANTOBI aBapiiiHI BIIKIIOYEHHS EHEProOJIOKIB 13
TSOKKUMH ~ TEXHIKO-€KOHOMIYHMMM HaciiakamMu. Y 3B’S3Ky 3 [HUM  OCOOJIMBOI
aKTyaJIbHOCTI HaOyBa€ MiABUIIEHHS HAJAIMHOCTI POOOTH TypOOTreHepaTopiB 3a PaxXyHOK
OLTBII TOYHOTO OOYHCIIEHHS HANPYKEeHO-1e()OPMOBAHOTO CTaHY.

Ha TennoBux Ta aTOMHHUX €JEKTPOCTaHIIAX YKpaiHM MOCTYNOBO BifOYyBa€TbCS
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MPOIIEC OHOBJICHHsSI 1 MOJEpHi3allii HasBHUX TypOOoreHepaTopiB 31 30UIBIICHHSIM iX
noTy>HOCTI. Uepe3 3HA4UHY BapTICTh BUTOTOBJIEHHS HOBUX MacUBHUX poTopiB TT°
3a3BUYail MparHyThb BHUKOPUCTOBYBAaTHM ICHYIOUI POTOpPH, IO  BIANpPAIfOBaIH
BCTAHOBJICHUM TEpMIH poOOTH. 3a JIONMOMOTOI PEHTTeHOCKOIi, BHU3HAYA€THCS iX
TEXHIYHUH CTaH, 30KpeMa BIICYTHICTh TPIILIMH, CKOJIB YU BlAJITaMaHUX YaCTUH 3yOI1iB. 3a
BIJICYTHOCTI IIMX YIIKOJKEHb B OOYKYy pOTOpa BKJIAJalOTh HOBY OOMOTKY 1 3HOBY
3alyCcKaloTh B poOOTY. 3aii3o Takoro poTopa 3a3BUYail Mae€ MOTIPIIEHI MPYXKHI
BJIACTUBOCTI MaTepiajly BHACHIJIOK TpUBajIoi poOOTH MpU 3MIHHMX MEXaHIYHHX Ta
€JICKTPOMArHiTHUX HANpyXEHHAX, 10 MpH MOAAJBIIM eKCIUTyaTalli MiJABHILYE
BIPOT1/IHICTh BUHMKHEHHS Ta MIBUJKOTO PO3BUTKY Y HHOMY TPIIIIHH.

AKTyaJlbHUM LUISIXOM 3a0€3ME€YeHHs HaJliHOI poO0OTH TypOOTeHepaTopiB MpHU
HOMIHAJIbHUX Ta KPUTHUYHUX HABAaHTAXKEHHSAX € MPOBEACHHS aHaJi3y iX HaIpyXKeHO-
nepopmoBanoro crany (HJC). CknaaHICTh OLIHIOBaHHS HAIPYKEHO-AE()OPMOBAHOTO
CTaHy €JIEMEHTIB KOHCTPYKIUIH 1 By3J1iB HOTYXHUX TypOOTreHepaTopiB MPU aHaNi31 iXHbOI
MIIIHOCTI T Ji€I0 TeMIepaTypHUX 1 CHJIOBHMX HABaHTa)XEHb HacamIepe] 3yMOBICHA
HEOOXIIHICTIO  KOMILJIEKCHOTO  PO3B’SI3aHHS  Ta30JMHAMIYHOi, TEIJIOBOI  Ta
TEPMOHANPYKEHOT 3a7a4, 1[0 € B3aEMOIIOB’ I3aHUMHU M1 COOOIO.

PoTop cunxpoHHOTO TypOOTreHepaTopa € CKIaJHUM KOHCTPYKTUBHUM €JIEMEHTOM,
KU M1 4ac eKCIUTyaTallli cupuiiMae BKpall BeJMKI HaBaHTaKE€HHA. BUXpoBI cTpymu,
HABEJICHI €JIEKTPOMATrHITHUM TOJIEM Y MOBITPSIHOMY BIATHHKY MK POTOPOM 1 CTATOPOM
IpU HEPIBHOMIPHOMY HABAHTAXKEHHI (a3 1 KOPOTKOMY 3aMUKaHHS, CTAlOTh MPUUYUHOIO
BUHUKHEHHSI Jy>X€ HEPIBHOMIPHHMX HECTAI[IOHAPHUX TEMIEPATypPHHUX TIOJIB Y30BXK
nepepizy poTropa Ta IHTEHCUBHOTO JIOKAJIBHOTO HArpiBaHHS KIMHIB, IO TPUMAIOTh
00MOTKY 30y/DKEHHS y Ma3zax poropa. e Moxke CIpUYMHNATH SBUINA, HACTIIKOM SKUX €
HEPIBHOMIPHOCTI TPOTHHIB POTOpa, IO HEraTHBHO BIUIMBAE HA HAJINWHICTH POOOTH
TypOoreneparopa. Lli cami sBUIAa MOXIJIMBI TakoX 3a CTallOHAPHUX PEXKUMIB
eKCIUTyaTallli Mpu TMOPYIIEHHSX BIJBEACHHS TEIla B OXOJO/KYBIBHINA CHCTEMI
OOMOTOK.

Po3B’si3aHHg  3a7adyl  OI[IHKA  BHUKPHUBJIEHHS OCI  pOTOpa CHHXPOHHOIO
TypOoreHepaTopa 4epe3 HEepiBHOMIPHOCTI TEIUIOBUIIICHHS B OOMOTKax 30Yy/KEHHA 3

BUKOpHUCTaHHAM HamiBaHamitnuHoro MCE y mumiHApUYHIN CcHCTEM1 KOOpJWHAT
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MIPOJIEMOHCTPYBAJIO, 1[0 HE3HAYHA HEPIBHOMIPHICTH BIIOOpPY TeIjla B OOMOTKaxX CTae
MPUYHUHOIO TETJIOBOTO BUKPUBJIEHHS OC1 POTOpA, 1110 CTBOPIOE CUIIM HeballaHCy, a BOHH,
y CBOIO UEpTY, MEPEBEPIIYIOTH Bary poTopa, [0 MOXKE CIIPUUUHUTH HeaOUsIKe 3pOCTaHHs
Bi0Opaliii reHeparopa.

OpnHuM 3 HaHOTBIIT HABAHTAXKECHHUX BY3JIiB TypOOTeHepaTopa € OaHdaKHHUA B30I,
NpU3HAYEHUN I 3anmobiranns aedopmartiidi I0O0BUX YaCTHH OOMOTOK poTopa Bim il
BIJIEHTPOBUX CUJI. PO3B'A3aHHS KOMIUIEKCY 3a7a4 3 BHU3HAYEHHS TEPMOHAIPYKEHOTO
CTaHy KOHCTPYKIIA MpH MPOEKTYBAHHI OaHIAXXHOTO By3Jla poTOpa TypOoreHepartopa
YCKIIQIHSAETHCS HASBHICTIO MOMEPEIHIX HATATIB, BIUIMBOM TEMIEPATypHUX IOJIIB, 110
3aJieXxaTh BiJl TapaMeTpiB poOOTH CUCTEM BEHTUIIIOBaHHS Ta 0araThoX 1HIIUX (HaKTOPIB.

BennuuHa HaTATY Ha MOCAAKOBUX MICHAX OaHAAKHHUX KUIELb POTOpa ICHYIOUUX
TypOOTreHepaTopiB  (BHACIIOK TPUBAJIOI EKCIUTyarTaiii Ta HEOJHOPAa30BOTO iX
JIEMOHTAXKY ) 3HaXOAUTHCSA 3/1€01IBIIIOT0 HA MiHIMAJIBHO JOMYCTUMOMY PiBH1 200 3a oro
MeXaMH, HaBITh BUXO/SYM 13 IABHIIIHIX HOPM 0€3 ypaxyBaHHs I1JIBUILIEHUX BUMOT J10
HAJIMHOCTI JAHOTO BYy3JIa 3a OCTaHHI pOKH. BpaxoByrodi Te, IO MOIIKOIKCHHS
OaHIAKHUX KUIeUb MpUd PoOOOTI MOXKYTh NPHUBECTH JO PYHHYBaHHS YCbOIO
TypOOTeHepaTopa, iX TEXHIYHUN CTaH MOBUHEH PETENBHO BIJICTEKYBATHUCA 3 METOIO
CBOEYACHOI'O BUSIBJICHHS TPILLIKH, Ae(OpMAalliil Ta IHIIUX MEXAHIYHUX YIIKOJKEHb.

CyuacHi METOJIUKH PO3PaxXyHKIB 13 3aCTOCYBAHHSIM KOMIT IOTEPHUX CUCTEM JIAl0Th
3MOTY pO3B’A3yBaTH CKJIaJHI 3ajadl aHali3dy HamnpyKeHO-1e(OpMOBAHOTO CTaHY
€JIEMEHTIB KOHCTPYKIII €JIEKTPUYHUX MAIIHH.

BpaxoByroun BuIlieBUKIIaeHEe, Po3poOKa MeToay po3paxyHky HJIC koHcTpyKITiit
TypOOTE€HEpaTOPIB BEIMKOI MOTYKHOCTI Y TPUBHUMIPHIN MOCTAHOBII, KU JT03BOJUTH
1JIBUIIMTH TOYHICTh OIIHKW MIITHOCTI iX KOMIIOHEHTIB, Ma€ BEJINKE HAYKOBE 1 IPAKTUYHE

3HAYEHHS ISl Y KpaiHU.

Merta i 3aBJaHHA TOCTIKeHHS.

Metoro naucepramiiiHoi poOOTH € OOIPYHTYBaHHS MIABUIICHHA MIIIHOCTI
€JIEMEHTIB POTOPY TypOOTEHEpaTOpiB HAa OCHOBI PO3POOJICHUX METOMIB JIOCIIIHKEHHS
HaIpY>KeHO-1e(POPMOBAHOTO CTAaHy MOTO €JIEMEHTIB 3 BUKOPUCTAHHSM TPUBHMIPHOTO

KOMH,IOTCpHOI“O MOJCIITOBAHHA.
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JI71s1 TOCSATHEHHS MOCTaBJICHOI METH y IMCEPTaliiHIi poOO0TI HEOOX1AHO BUPIIIUTH
HACTYTHI 3aBJIaHHA:

J171s TOCSITHEHHSA TOCTaBJICHOI METH Y TMCepTaliliHii poOOTI HEOOX1AHO BUPILIIUTH
HACTYTHI 3aBJIaHHA:

- POBECTHU aHaI3 0COOIUBOCTEN KOHCTPYKIIIi poTOpa Ta 1Oro KOMIIOHEHTIB;

- MPOBECTH aHAI3 MOIIKOKEHb POTOPA, III0 00YMOBIIEHI yMOBaMU POOOTH;

- TMPOBECTH aHaJl3 METOMAIB JOCIIPKEHHS HaIpy>KeHO-Ae(OPMOBAHOTO CTaHy
poTopa;

- po3poOUTH HOBUU METOJ PO3paxyHKy OaHJaXKHOTO By3ja poTOpa 3 3aBIaHHSIM
(baKTUYHUX HATATIB HEPIBHOMIPHUX KOHTAKTHUX TMOBEPXOHb (KHOCHK» Ta «CIHHKAY),
TEIUIOBUX TpaHMYHUX YMOB | poay Ta QakruyHOi reomeTpii Mmas3iB poTropa IpHU
HOMIHAJIBHIN Ta KPUTUYHIN (YTOHHIN) YacTOTax o0epTaHHS;

- YIOCKOHAJIUTH METOJ PO3paxyHKy HampyKeHO-Ie(OpMOBAHOTO CTaHy OOYKH
Bajla 3 (pe3epoBaHUMHU MiJ OOMOTKY Ma3aMH, 3 PO3POOKOI YTOYHEHOI CITKU Jif
KOHIIGHTPATOPIB HAMpy>KeHb Ta 3a/JaHHS TPaHUYHUX YMOB | poay, OoTpuMaHux 3
KOPEJSIIil eKCIEPUMEHTATBHUX Ta aHATITUYHUX JaHUX Ta 3aBJaHHS PEaTbHUX MOJIYIIB
MPY>KHOCTI;

- YAOCKOHAIWTH METOJ PO3paxyHKy HaIpyXeHO-Ie(hOpPMOBAHOTO CTaHY
KIIMHOBUIHUX €JIEMEHTIB CTPYMOMIiABOAY pPOTOpa 3 YpaxXyBaHHSM BiIIICHTPOBUX CHJI Ta
KOHTaKTHHX HaIpy>KeHHs, 00yMOBJICH1 TEXHOJIOTI€I0 30UpaHHS;

- YIOCKOHAJIUTH METOJI OOYMCIICHHS KPUTUYHUX YacTOT Bajla pOTOpa B YaCTHHI
3aBJIaHHS €KBIBAJCHTHUX MEPEPi3iB B TPUBUMIPHINA MMOCTAHOBIII Ta 3aBJAHHS YTOUHEHUX
MOJATIIMBOCTEN OIOP;

- YJAOCKOHAJIUTH METOAM PO3paxyHKy HampyXeHO-Ie(pOpPMOBAHOTO CTaHy
KOHCTPYKIli OaHIa)XHOTO By3jJa pOTOpa B YACTHUHI YTOYHEHHS CHJI, BUKIHWKAHHUX
BIJILICHTPOBOIO CKJIAJ0BOIO Bif JI1i JJOOOBOT YaCTMHU OOMOTKHM Ta BpaxXyBaHHS reoMeTpii
3yOLs 711 OOUMCIICHHS PO3’ €IHYBAIBHOT YaCTOTH

- MPOBECTH aHaJI13 pe3yIbTaTIB PO3paxXyHKy 3aMaciB MilIHOCTI KOMIIOHEHTIB pOTOpa

J1s1 3a0€e31eueHHs] HE0OX1/THOT dKOPCTKOCTI;

00'exT HocaiKeHHs — poliecu AeOopMyBaHHS €IEMEHTIB KOHCTPYKIIIA POTOPIB
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TypOOreHepaTopiB BEJIUKOI MOTY>KHOCTI MPU POOOTI HA MPOEKTHUX Ta HAAMPOEKTHUX
pexuMax.

IIpenmer nociigaxeHHss — HaIPyKeHO-AePOPMOBaAHHIA CTaH OaHIAXKHUX BY3JIB Ta
BaJia pOTOPIB TYpOOTEHEPATOPIB BEIUKOI MMOTYKHOCTI.

JIis BUpIIIEHHS MOCTAaBJICHUX B AHMCEpTAalliiiHiii poOOTI 3aBJaHb BUKOPHCTaHI
HACTYTHI HAYKOB1 METOIM TOCJIiIzKEeHHSI:

1. Kmacuunai meToau 1 Mojeni Teopid TEPMOMNPYKHOCTI, TEIJIOMPOBIIHOCTI Ta
MEXaHIKU CYIIJILHUX CepeOBUIL JJisi GOPMYBaHHSI PIBHSIHb CTaHYy.

2. Jluckpertusaniisi po3B’sS3yBaJIbHUX CITIBBIJHOIIECHD JJISl aHANI3y HaIpy>KEeHO-
nehOopMOBAHOTO CTaHy JOCIIKYBAaHUX T1J1 HA OCHOBI METO/Ia CKIHYEHHUX €JIEMEHTIB.

3. YucnoBl NOCHIKEHHS, IO 3AIMCHIOBAJIMCS Y CEPEIOBUIII IPOrpPAMHOTO
koMmiuiekcy SolidWorks Simulation, B sikomy CTBOpIOBaJIMCSI TPUBUMIPHI KOMIT IOTEPHI1
MOJIeJIl Ta MMPOBOAMIINCS PO3PAXyHKU HAMPYKEHO-ASPOPMOBAHOTO CTAHY €JIEMEHTIB.

TouHiCTh OTpUMaHUX B POOOTI pe3yJbTAaTIB 1 BUCHOBKIB 3a0€3Me4y€eThCs
MaTeMaTUYHUM MOJICITIOBAaHHSM 3 BUKOPUCTAHHSIM YMOB CUMETPIi.

OTtpumaHi pe3yibTaTd MAaTEMAaTUYHOTO TPUBUMIPHOTO MOJICTIOBaHHS HANPY KEHO-
nehopMOBAHOTO CTaHy BY3JIIB Ta €JIEMEHTIB KOHCTPYKIIT TypOoreHepaTopiB 3aJ10BIJILHO
MOTOKYIOThCS 3 JTAHUMH CKCIEPHUMEHTAIBHUX 1 TCOPETUYHHMX JOCTIHKCHBb 1HIIAX
aBTOPIB.

HaykoBa HOBHM3HA oJiep:KaHUX Pe3yJbTATiB.

1. Briepiiie cTBOpeHU HOBUIM METOJT pO3paxyHKy OaHJIaXKHOTO By3Ja poTopa, 110
BIJIPI3HSIETHCS B ICHYIOUMX 3aBAaHHSAM (DaKTHUYHUX HATATIB  HEPIBHOMIPHUX
KOHTaKTHHX TIOBEPXOHb («HOCHK» Ta «CIMHKAY), TEIUIOBUX TPAHUYHUX YMOB | pomy Ta
(baKTHUYHOI reoMeTpii Ma3iB poTopa MPU HOMIHAIBHIN Ta KpUTUYHIN (YrOHHIN) YacToTax
obepTaHHS.

2. YI0CKOHAJIEHO METOJ PO3paxXyHKY Hampy>KeHO-1e(pOopMOBaHOTO CTaHy OOYKH
Basia 3 (ppe3epoBaHUMHM MiJ OOMOTKY Tazamu, 110 Ha BIIMIHY BiJ ICHYIOUUX MICTHUTb
YTOYHEHHSI CITKM JJIsi KOHIIEHTPATOpiB HaIpy>KeHb, 3aJaHl I'paHu4Hi ymoBu | pony,
OTPUMAHUX 3 KOpEJlii EeKCHEPUMEHTAIbHUX Ta aHaNITUYHUX JaHUX Ta 3aBJaHHS
peaslbHUX MOAYJIIB IPYKHOCTI.

3. Po3pobieHo MeToj pO3paxyHKYy HaIpyKeHO-Ae(POPMOBAHOIO  CTaHY
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KJIMHOBUJHUX €JIEMEHTIB CTPYMOMIIBOY POTOpa, B SIKOMY Ha BIJIMIHY BiJ 1CHYHOYHX
YPaxoBYIOThCS BIJILICHTPOB1 CHJIM Ta KOHTAKTHI HaIPY>KEHHS, 00YMOBJICH1 TEXHOJIOTIEIO
30upaHHs.

4. Y 10CKOHAJICHO METOJT OOYHCIICHHSI KpUTUYHHUX YacTOT Bajia pOTOpa B YaCTHHI
3aBJIaHHS €KBIBAJICHTHUX Mepepi3iB B TPUBUMIPHII MOCTAHOBII Ta 3aBJaHHS YTOUHEHUX
MOJATIMBOCTEN OIOP.

5. Halynmu mopanbIIoro po3BUTKY ICHYHOUl 1H)XKEHEpPHI METOJM PO3PaxyHKY
HaIpy>KeHO-1€(POPMOBAHOTO CTaHy KOHCTPYKIIii OaHJaKHOTO By3ja pOoTOpa B YaCTHHI
YTOYHEHHS CHWJI, BUKJIMKAaHUX BIAIEHTPOBOIO CKJIAJOBOIO BiA J1i JIOOOBOI YacCTHUHU

OOMOTKHM Ta BpaxyBaHHS TeOMeTpii 3yO11s 111 00UMCIEHHS PO3’ €JHYBAIbHOI YaCTOTH.

IIpakTH4yHe 3HaYeHHSI OTPMMAHMX pe3yJIbTaTIB.

1. B poOOTI yTOYHEHO 3amacu MIIHOCTI JIsl HAOJIbIII HABAHTAKEHUX E€JIEMEHTIB
poTopa TypOoreHepaTopa Ta OOIPYHTOBAHO MOMKJIHMBICTh BUKOPHUCTAHHS Cy4acCHHUX
MaTepiaiiB JJis iX BUTOTOBJICHHS.

2. Po3po06ieHo Ta BOPOBAIKEHO METOJ PO3PAXYHKY OAHIAKHUX BY3JIB POTOPIB
TypOOreHepaTopiB BEJIHMKOI Ta CepelHbOi MOoTykHOCTeH. IlokazaHa MOXKJIUBICTh
YJAOCKOHAJIEHHS KOHCTPYKIII 31 30€pEKEHHSIM MOCATKOBUX MMOBEPXOHb.

3. llpencraBieHuil MeTOA JO3BOJIMB OOIPYHTyBaTH Oe3medyHy poOoTy
TypOOTeHepaTopa B HOMIHAJILHOMY PEKHMI 3 JIOCTAaTHIM IHTEPBAJIOM MIXK IEPIIOI0 Ta
JPYTO0 KPUTHIHUMHU YacTOTaMH sl TIOAATIUBUX OTOP.

4. Bmepmie oOIpyHTOBAHO 3aCTOCYBaHHS pPO30IpHOI KOHCTPYKIlI €JIEMEHTIB
KPIMJICHHST CTPYMOIIIIBOAY POTOpa TypOoreHeparopa Ta nmpopaxoBaHa ix nedopmartis.

Po3po0biieHi B poOOTI METOIM TPUBUMIPHOTO PO3PAXYHKY PO3MOALTY HANpY>KEHb
MOXYTh OyTH BUKOPHUCTaHI TPHU TOCHIIKEHHI HaMpyKeHO-Ae(hOPMOBAHOTO CTaHY
E€HEePreTUYHOr0 00JIaTHAHHSI.

OTpumaHi HayKOBI pe3yJbTaTH MOXYTb OyTH BHUKOPUCTaHI OpraHi3aillisiMH, sKi
CHeLiali3yl0TbCcsd B 00JIACTI JOCITIKEHb 1 eKCIUTyaTallli eHepreTUYyHOro oOJagHaHHS,
KOHCTPYKTOPCHKMMHU OI0pO, HAYKOBO-JOCIITHUMU Ta TPOEKTHUMHU OpraHizallisiMu,
aepOKOCMIYHMMH YHIBEPCUTETAMH Ta IHIIMMH OpraHi3alisiMi €HePreTUYHOI ramys3i.

BnpoBam:keHHs pe3y/abTatiB po6oTn. Po3po0ieHi aBTOpoM HaAyKOB1 MOJOKEHHS
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peai3oBaHi:

-Ha AT "YkpaiHceki eHepretuuHi Mmammman" (M. XapkiB) NpU NPOEKTYBaHHI HOBUX
Ta PEKOHCTPYKIIT ICHYIOUHX TypOOreHepaTOpiB BEIUKOI MOTY>KHOCTI;

- B HayKOBO-METOJMYHUX Tpouecax kadeapu HaiioHaabHOTO a€pOKOCMIYHOIO
yHiBepcuTeTy "XapKiBChKMIA aBialliiHUN THCTUTYT' .

Oco0uctuii BHeCOK 3100yBaya. HaykoBi 1Mo10)KeHHs, BUCHOBKH 1 peKOMEH 1aIIi1,
BUKJIAJICHI B IUCEPTAIlil Ta MpeJACTaBICHI JO 3aXUCTy, BUKOHaHI 0COOUCTO aBTOpoM. B
JIYcepTalii BIACYTHI pPe3yjbTaTd, IO HAJIEXKaTh CIIBABTOpaM, pa3oM 3 SKUMH
OITy0JIIKOBaH1 HAyKOBI Ipari.

3B's130K po00TH 3 HAYKOBUMH NPOTrpaMamMH, IJIaHAMU, TeMaMu. J[ucepraiiiina
poOoTa BuKOHaHa B HalloHanbHOMY aepOKOCMIYHOMY YyHiBepcuTeTl "XapKiBCbKUI
aBlaIliiHUM IHCTUTYT".

Anpolania pesyabtatiB aucepraunii. Pe3ynbratm poOOTHM AONOBIIATHUCH,
O0OrOBOPIOBAIMCH 1 OTPUMAIH O3UTUBHY OLIIHKY Ha: HAyKOBO-IPAKTUYHIN KOH(pepeHIi1
"Integrated Computer Technologies in Mechanical Engineering - 2023", (YxpaiHa,
M XapkiB, Harionaneuuii aepokocMiuyauil yHiBepcuTeT iM. M. €. )KykoBcbkoro «XAl»,
2023 p.), XXX - wmidsicnapoornomy Kouepeci 08ucynobyoisenuxie (YKpaiHa, M. Xapkis,
Hamionanbpauit aepokocmiunuii yHiBepeutet «XAl», 2025 p.), Mixcuapoowuit naykoso-
NpAKmMuyHitl  iHmepHem-kougepenyii Ha memy «lngopmayiline  cycninbcmeo:
MEeXHONI02IYHI, eKOHOMIUHI ma MeXHIuYHI acnekmu cmanosieHHay» (M. TepHOIIb,
VYkpaina, M. Onione, [Tonbiia, 14-15 xoBtHs 2025 p.).

IMyoaikanii. OCHOBHUIA 3MICT aucepTallii BioOpakeHO B 3 CTATTAX Y HAYKOBUX
daxoBux Bumanusx 3arBepkeHnx MOH Vkpainu [1-3], 3 crarTax y BHIAHHSX, IO
pedepyroTeesa B 6a3i ganux Scopus [4-6]. OkpiM 1IbOTO, OCHOBHI Pe3yjbTaTu pPOOOTH
OImyOJIIKOBaHI B TPHOX Te€3aX HAYKOBO-TEXHIYHOI KoH(pepeHmii [7-9] Ta B omHii
KOJIEKTUBHIM MoHorpadii [10].

Bci nonioskeHHs1 HayKOBOT HOBU3HHU JIMCEPTAallii OTpUMaHi aBTOpOM caMOCTiiiHO. B
CTaTTAX, WIIO OIMyOJIKOBaHI y CIIBaBTOPCTBI, MPOBEIEHHS JOCIIHPKEHb 1 aHami3
pe3yJIbTaTiB BUKOHAHI aBTOPOM 0COOMCTO; (hOPMYITFOBaHHS 3a/1a4 1 BACHOBKIB BUKOHAHO
pa3oM 13 HayKOBUM KEPIBHHKOM 1 YaCTKOBO 13 CIIBABTOPaMHM ITyOJIiKAIlii; MATOTOBKA U

BUAAaHH HaYKOBO-TGEXHi‘IHI/IX cTareld BHUKOHAHO 3a Y4acCTro CHiBaBTOpiB. B cnimpauX
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po0OoTax aBTOPY HAJIEKUTB:

[1] —Po3pobneHo meron Ta oOuMclieHI MEXaHIuHI HalpyXKEHHS B €JIeMEHTax
0aHIaXXHOTO By3J1a poTopa TypOoreHeparopa.

[2] — Po3pobka koHcTpykiii koHTypHOi TemioBoi Tpyou (KTT), pospoOka
eKCIIEPUMEHTAJIBHOTO CTEHIy JUIS JOCIIKEHHS IMPOLECIB TEeIUionepeaadi B CHCTEMI
oxomnoxeHHs Ha 6a31 KTT Ta Bamigaris pe3yabTaTiB TOCHTIIKCHHS.

[3] — [IpoBeneHo po3B’si3aHHA 3aJadl BU3HAUYEHHS HaANpyKEHO-AE(POPMOBAHOIO
CTaHy €JIEMEHTIB OaHIaXHOTO BYy3Jld, BH3HAYCHHS TPAHUYHUX YMOB KOHTAKTHOI
MOBEPXHI Ta 00UYMCIICHI MEXaHI4YH1 HAPYy >KCHHS.

[4] — Po3po0ka npuHIMIIOBOI CHJIOBOT CXEMU HAaBaHTA)XKEHHsI HAa OTIOPHI €JIEMEHTH
pOTOpa BEMUKUX EJNEKTPUYHUX MaimH. [IpoBeneHo po3paxyHOK mapaMeTpiB OJUBHU Ta
CTBOPEHO BUCOKOSIKICHY PO3PaXyHKOBY CITKY;

[5]—O0unciaeHo MOMEHT KOPOTKOI'O 3aMUKaHHS, IO JI1€ HAa €JIEMEHTH KOHCTPYKIIi1
TypOOTreHeparopa;

[6] — Po3pobneHa mnpuHIMIOBA CXeMa KOMIIOHYBaHHS 3 KIHMHOMOAIOHUMHU
eJIeMEHTaMH POTOPIB BETUKHUX €JIIEKTPUYHUX MAIIKH, OOIPYHTOBAHO BUOIP TUITY OJHMBU
Ta BUKOHAHO JOCIIIKEHHS TEMIIEpaTypH;

[7] — Po3pobka meTona BHOOPY TpaHMYHHMX YMOB JJIsl TEIJIOBOIO PO3PAXYHKY
TypOOTreHeparopa;

[8] — Bynu po3paxoBaHi MiHIMaJIbHUN KOEQIIIEHT 3aracy MIITHOCTI MIPH YTOHHIM
4acToTi 00epTaHHS Ta MAKCUMaJIbHOMY HATSTY, BU3HAYEHO, 110 MAKCUMAaJIbHI KOHTAKTHI
HaNpy>KeHHS BUHUKAIOTh Y LHEHTPYIOUOMY KIJIbI[l MpU HYJbOBIN 4acTOTI 0OepTaHHS Ta
MAarOTh JIOKAJIbHUM XapaKTep;

[9] — Po3poOka Meromy OOYHMCIEHHS TeMIIEpaTypu CTPYMOMPOBIIHUX
KOMIIOHEHTIB 00€PTOBUX YaCTHUH €JIEKTPUYHOT MAITMHY Ta BUKOHAHHS 33/1a4l TPAaHUYHUX
yMOB | poay 110 TOBEpXHSIM.

[10] — Amnani3 3arajJibHOi KOHCTPYKI[Il BEJIMKUX EJIEKTPUYHHUX MAIlIWH, BUOIp

MaTepiajiB Ta OOTPyHTYBaHHS PEKUMY poOOTH (HOMIHAIBHUHN Ta KPUTUIHHN).

Crpykrypa i o6car auceprauii. /{ucepraiiis ckiagaeTbest 13 BCTYIY, TPhOX

O3B, BUCHOBKIB Ta CIIMCKIB BUKOPUCTAHUX JHKEPEIT 10 KOKHOTO PO3/LITY 1 3arajibHUX
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BHUCHOBKIB. 3arajibHuil o0csr auceprarii ckiagae 130 ctopinku, 3 HUX 118 cTopiHOK
OCHOBHOTO TeKCTy, 81 pHCYHOKIB MO TEKCTy, 5 TaOmuIb IO TEKCTy, CITUCKIB

BUKOPHUCTAHUX JKEPET 10 KOKHOTO PO3/LTY, CYMapHO BUKJIAJACHUX HA 12 cTOpiHKAaX.
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PO3/IUT 1 AHAJII3 OCOBJIMBOCTEM KOHCTPYKILII POTOPIB

TYPEOTEHEPATOPIB TA METOIB JOCJIPKEHHS IX HAIIPYKEHO-
JE®OPMOBAHOI'O CTAHY

Ha tenepiuHiii yac eaekTpoeHepreTuka € 6a30BOI0 raly33i0 MPOMHUCIOBOCTI, SKa
dbopmye enepreTuuHH (yHAAMEHT (YHKIIIOHYBaHHS HaIllOHATHHOI EKOHOMIKH Ta
3a0e3rnevye cTadlIbHICTh POOOTH MPOMHUCIIOBOCTI, TPAHCIIOPTY, )KUTIOBO-KOMYHAIIBHOTO
ceKTopy Ta iHdopmarlliitHoi iHppacTpykTypu. 3a TaHUMU M1KHApOTHOTO EHEPTETUYHOTO
arentctBa (IEA), 3arasbHe CBITOBE BHPOOHHUIITBO €JIEKTPOCHEPrii MEpPEBUIILYE
29 000 TBt'ron Ha pik, npu 1pomMy moHan 60 % enekTpoeHeprii reHepyeThCs Ha
TEIJIOBUX E€JIEKTPOCTaHIIisAX, 0n3bko 10 % — Ha aTOMHUX, 1 IlI€ 3HAa4YHA YacTKa — Ha
ra3oTypOiHHUX Ta KOMOIHOBaHUX ycTaHOBKax [1]. B YkpaiHi BcTaHOBJIEHA MOTYX HICTh
CJIEKTPOCHEPTETUYHOT CUCTEMHU CTaHOBUTH Om3bko 50—55 I'BT, 3 sikux Baromy 4acTky
CKJIaJIal0Th TypOOTreHepaTOpU BEIMKOI OAMHUYHOI noTy>kHOoCT1 (200—1000 MBT) [2].

OCHOBHUM JIKEpENOM €JEKTPUYHOI €eHeprii Ha TEeIUIOBUX, AaTOMHHUX 1
ra3oTypOIHHUX EJEKTPOCTAHINSAX € TypOoreHepaTopH, siki 3a0e3neuyroTh eheKTHBHE
NEPETBOPEHHS MEXaHIYHOI €Heprii 00epTaHHs TypOIHU B €JIEKTPUUHY €HEPTit0 3MIHHOTO
ctpymy mpomuciioBoi yactotu 50 I'i. [loTykHicTh cydacHUX TypOOreHepaTopiB MOXKe
nocsratu 1750 MBt. Koediumient kopuchoi aii (KK/[) cyuacHux typOoreHeparopi
nocsirae 98,5-99 %, o poOuTh iX OAHUMU 3 HAO1JIbII €PEKTUBHUX €IEKTPOMEXAHIUHHUX
nepeTBoproBaviB eHeprii [3]. [lpu iboMy MBUIKICTH OOEPTaHHS POTOpPA CTAHOBHUTH, K
npaBuiio, 3000 06/xB i 1BOMOMOCHUX MaIiuH a00 1500 06/XB 711 YOTUPUTIOIIOCHUX,
110 00YMOBITIOE 3HAUHI MEXaHIYHI Ta TEIUIOBI HABAHTAKCHHS HA €JIEMEHTH KOHCTPYKIIIi.

OngHuM 13 HAWBXKJIMBIMIUX BY3JiB TypOOreHeparopa, BiJ HAIIAHOCTI SKOTO
3aJIeXUTh poOOTa BChOTO TypOoarperarty, € potop. POTop BUkoHye (DyHKIIIFO CTBOPEHHS
MarHiTHOTO TOJSl Ta Mepejaavyi MEeXaHIuyHO1 eHeprii BiJl TypOiHU JO E€IeKTPOMAarHiTHOT
cucTeMH reHepaTopa. Moro nosxkuHa Moske nepeBuinyBati 10—15 m, Maca — 50-100 T, a
nepudepiitna mBUAKICTE gocsrae 150-200 m/c. Y mporieci ekcrutyartaiii poTop
HiAJa€eThCs Oii BIALIGHTPOBUX CHJI, TEPMIYHHMX HaIpyXeHb (MakcuMajibHa poOoua
temreparypa oOMOTKM cTaHOBUTH 120-140°C, 1m0 oOyMOBIIOETBCA KJIACOM
eJIEKTPUYHOI 130JIA1111), eIEeKTPOMAarHiTHUX CHJI Ta BiOpauiifiHUX HaBaHTaxeHb. HaBiTh

He3HayH1 nedextu (nucbdananc, TPIIUHM, AETpajallis 130Js1ii) MOXYTh IPU3BECTH 0
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aBapIMHUX CHUTYyaIlid 1 BUBEACHHS 3 JaJy arperaTiB MOTY>KHICTIO COTHI Meramar, IO
€KBIBaJICHTHO BTPATI 3HAYHO1 YACTKU T€HEPYIOUOi MOTY>KHOCTI €HEPTOCUCTEMH.

Potop € wactuHOIO HaWOLIBII aBapiiHO HEOE3MEYHOI CHCTEMH KOMITOHEHTIB
Typboreneparopa (potop—crarop). IIpu 1npoMy BiH € HaWOUIBII MEXaHIYHO
HaBaHTa)XEHUM BY3JIOM TypOoreHneparopa. HezabesmeuenHns iioro HamiitHoi poOOTH €
OJTHIE€I0 3 OCHOBHUX IIPUYKUH BUHUKHEHHS aBapiii Typooreneparopis (~30 %) [4]. Iloaioni
aBapii IpU3BOAATH HE JIMIIE 10 3HAYHUX (PIHAHCOBUX BUTPAT, MTOB’I3aHUX 3 BUBEJACHHIM
TypOoarperaTy 3 eKcIUlyaTallli Ta BHKOHAaHHSM pEMOHTHUX poOIT, a J0JaTKOBO
CTBOPIOIOTH 1 3arpo3y HUTTIO Ta 3J0pOB’I0 IMEPCOHANY €JIEKTPOCTAHIIN BHACHIIOK
BUOYXOHEOE3NEKH, HAsBHICTh SKOI IOB’Si3aHA 3 BHUKOPUCTAHHSAM BOAHIO. Tomy
3a0€3MeUeHHs] BIAMOBIHOT MIITHOCTI, €(PEKTUBHOIO OXOJIOJPKEHHSI Ta KOHTPOJIIO

TEXHIYHOT'O CTaHy POTOPA € OJTHUM 13 HAHOUIbII aKTyaJIbHUX 3aB/IaHb.

1.1 3aranbHa KOHCTPYKIis TYypOOreHepaTopa Ta HOro OCHOBHMX KOMIIOHEHTIB

OCHOBHMMHU KOMIIOHEHTaMU TypOOTreHepaTopa BEIHKOT MOTYHOCTI 3 BOJHEBUM
OXOJIOJKEHHSIM € CTaTop, poTop, cHucTeMa 30Yy/DKeHHs, CHUCTeMa BOJHEBOIO
OXOJIO/PKEHHSI, MIJUIUITHUKOBI BY3JM, anapaT MITKOTPUMAYIB Ta JOMOMIKHI CUCTEMHU.
Crartop BKJIIOYA€ IIUXTOBAHUN MArHITONPOBI 1 OOMOTKY, B SIKIH IHIYKYETHCS
eleKTpopyiiiftHa cwia. Porop MicTuth Bajn 1 OOMOTKY 30y/KEHHS Ta 3a0e3neuye
CTBOPEHHSI 00EpPTOBOr0 MarHiTHOro noJisi. Cucrema 30y KEHHS 10/1a€ OCTINHUI CTpyM
y poTtop st (OpMyBaHHS MAarHITHOTO TOJISI HEOOXiMHOI iHTeHCHUBHOCTI. [loBiTpsiHui
3a30p MK POTOPOM 1 CTAaTOPOM CTAHOBUTH KiJIbKa MUTIMETPiB, HOTO BEJIMYHUHA CYTTEBO
BIJTUBA€ HA MAarHITHI XapaKTePUCTUKH TypOOTeHepaTopa, piBeHb IIyMy, BiOparliii Ta
Benu4YMHY BTpaT. OCcOOIUBICTIO TYpOOTEeHEPATOPIB 3 BOJAHEBUM OXOJIOKEHHSIM € poboTa
il HAMIIKOBUM TuckoM BoaHio (0,3 — 0,45 Mlla). BoaHeBe 0OX0JIOMKEHHS
pealti3y€eThCsl 4Yepe3 3aMKHEHHUI KOHTYD 13 Ta300X0JI0KyBadyaMH Ta YIIUTbHEHHSIMHU, 1110
103BOJI€ €(hEeKTUBHO BIIBOAUTHU Teruio Ta miasuinyBat KK/ mammau. [TiammmHaukoB1
By3JM 3a0€3MeuyloTh MEXaHIYHy CTIMKICTh pPOTOpa, a JONOMDKHI CHUCTEMH
(MacTUIONMOCTauYaHHs, KOHTPOJIO Ta 3axXUCTy) TapaHTYIOThb HajliHy W Oe3neyHy
eKcIutyartaiito  typboreHeparopa. Ha puc. 1.1 300paxkeHo 3arajJibHUil  BUJ

TypOoreHneparopa, a Ha puc. 1.2 — 3arajgpbHy KOHCTPYKIIit0 TypOOTeHepaTopa.
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Puc.1.2 — 3aranpHa KOHCTpYKLisl TypOoreHeparopa notyxHictio 200 MBt

CraTop € HEpyXOMOIO YacCTHHOIO TypOOreHepaTtopa Ta CKJIaJa€ThCcs 3 ocephs 1
obmotku. Ocepast cTaTopa BHUTOTOBISIETBCS 3 TOHKUX  130JIbOBAHUX  JIUCTIB
CJICKTPOTEXHIYHOI CTaJi, 10 3MEHIIy€ BTPATU Ha BUXPOBI CTPYMHU Ta HarpiB. Y mazax
cTaTopa pO3MIIIy€eThCcsl TpudazHa OOMOTKa, 3 €qHAHA 3a CXEMOI «3ipka» abo
«TpUKyTHUK». OOMOTKa cTaTopa 130JIIOEThCS  CIEUIAIbBHUMU  TEPMOCTIMKUMU
MaTepiaJamMH, 3JaTHUMH BHUTPUMYBAaTH BHCOKI TEMIEpaTypu Ta EJIEKTPUUHI
HaBaHTa)KECHHS.

3aranpHa KOHCTPYKIliS poTOpa TypOoreHepaTtopa 3 BOJAHEBUM OXOJOKEHHSIM
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notyxHicTio 200 MBT nipencraiiena Ha puc. 1.3.

Cepedura {epeduna
madwiunHuKa Cepedura nawanHura
/ V2 | pomopa 6 2
\ e T R/ -
T s
3 \4 |5 4 vz \8

Puc.1.3 — Porop typboreneparopa (1- Hanismydra, 2 — Baju, 3 — BEHTHISATOP, 4 —
OangaxHuM By30d1, 5 — poTop (60ouka), 6 — KOMIIpecop, 7 — KOHTAKTHI KUIbI, 8 —

BEHTUJISITOP arapaTy HITKOTPUMAYiB)

3 00Ky TypOiHM pOTOp MiCUTh HamiBMyTy (puc. 1.3, mo3. 1), axa npu3HaueHa s
YKOPCTKOTO a00 HAMiBXKOPCTKOTO 3’€HAHHS Bajy TypOoreHepaTopa 3 BaJioM TYpOiHH.
HaniBmydTa 3a6e3neuye nepegady KpyTHOroO MOMEHTY MPH 4acToTi odepTanHs 10 3000
00/XB 1 TIOBMHHA KOMIICHCYBaTH HE3HAYHI MEpPEKOCH Ta BiOpallii, 1[0 BUHHUKAIOTH Yy
mpoiieci poboTH arperary.

OCHOBHUM HECyYyHMM €JIEeMEHTOM € Bal poropa (puc. 1.3, 1o3.2), sxui
BUTOTOBIIIETHCS 3 BHCOKOMIITHOI JIETOBAHOI CTall METOJOM KyBaHHs. Ban crpuiimae
3HAYHi KPYTHi MOMEHTH, BiJICHTPOBi CHJIM Ta 3TMHAJBHI HaBaHTaXeHHs. Loro
KOHCTPYKIIisl Tiepeadadae HasBHICTbh OChHOBHUX KaHAIB 1 pajiaJbHUX OTBOPIB JIs
oprasizaiii CHCTEeMH OXOJIO/PKCHHS, 30KpeMa TpH BUKOPHCTAHHI BOJHIO Yy SIKOCTI
OXOJIOJIKYBAJILHOTO cepenoBuiia. JlisHKa Baldy poTopa, [0 CIIUPAETHCS Ha ITiIITUITHHK,
Ha3uBaeThes narndoro. Po3mipu nandu BU3HAUAIOTHCS 3 MEXaHIYHOI MIITHOCTI BaJly Ta
pexuMy poOOTH TIIMIUITHUKA.

Ha Bamy posmimrytorbest BeHTHIsITOpH (puc. 1.3, mo3. 3, mos. 8). Bentuistop
(puc. 1.3, mo3. 3) 3abe3neuye MUPKYIAIIIO OXOJOMKYIOUOTO Ta3y (BOIHIO) BCepeauHi
repMETUYHOTO KOPIYCY FeHepaTopa Ta CTBOPIOE HEOOX1JHUI TUCK 1 IIBUAKICTH MOTOKY,
110 7103BOJIsE ePEKTHBHO BiJBOAUTH TETLIO Bl 0OOMOTOK i AKTMBHHUX YaCTHH MAIIMHH. IX

KOHCTPYKIIISI ONTUMIZYETHCS 3 ypaxyBaHHSIM aepOJUHAMIYHUX BTPAT 1 MIHIMI3AIII] IIyMYy.
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[{leHTpanbHOI YaCTHHOIO poTopa € “Oouka” poropa (puc. 1.3, mo3. 5) — akTHBHA
30Ha, B SKIM pO3MINIy€e€ThCcsl 0OMOTKa 30ykeHHs. B ma3su Oouku yKIIamaroThCs MiJIHI
NPOBITHUKA OOMOTKH POTOpA, sIKi (GOPMYIOTH MAarHiTHE MOJIe IPU MPOTIKAHHI CTPYMY.
s yrpuMaHHs OOMOTKH B IMa3ax 1 3aro0iranHs ii BUKUAY i 1€ BIILEHTPOBUX CHIT
3aCTOCOBYEThCS OaHAaXkHUM By30i (puc. 1.3, mo3s. 4).

banmaxxuuii By301 (puc. 1.3, mo3. 4) ckIagaeTbcsi 3 BUCOKOMIITHUX HEMarHITHUX
OaHaXHUX KUJICIb, [EHTPYIOUYUX KIJICIh Ta €JIEMEHTIB KpIIUICHHSA. baHIakHi BY3/IH
MOJKYTh MaTH OJTHOTIOCAJIKOBE Ta JBOTIOCAIKOBE BUKOHAHHS.

JlocmipkeHHsT ABOMOCAIKOBUX OaHJAKHUX BY3TiB (DAKTUYHO 0a3yloTbcs Ha
poboTax, TPUCBIYCHUX aHaNi3y OaratomapoBux 3’€qHaHb 3 Hatsirom (multi-layer
interference fit), y sIkux cucreMa «0aHIaX—1IEHTPYIOUE KUTbLIE—POTOP» MOJIETIOETHCA K
OaraTomrapoBUil TOBCTOCTIHHUHN IWTIHAP [5—7], @ TAaKOX Ha TOCHTIKEHHSIX HaIPYy>KEHO-
ne(opMoOBaHOTO CTaHy Ta HAAIMHOCTI OaHJAKHUX KlJIelb TypOoreneparopis |8, 9].

B nporieci ekcrutyararii reHepaTopiB 3 ABONOCAIKOBUMU OaHJaKHUMU By3JaMU Y
3'€MHAHHAX OaHJAX—pOTOp Ta OaHAAK—ILIEHTPYIOYE KUIbLIE—POTOP BUHUKAIOThH
00OyMOBJIEHI KOHCTPYKIlI€IO TpoOsieMH. 30KpeMa, MpU BUKOPUCTAHHI JBOMOCAJIKOBUX
0aHIaXIB 3 )KOPCTKUM LIEHTPYIOUUM KUIbIIEM MOKIIMBE MOPYIICHHS TTOCAIKN KUIbLS Ha
O0YKy pOTOpa BHACIIAOK HEMUHYYOI B €KCIUTyartaiii 3MiHM (Iedopmarii) diHii By
poropa Ta 3MIIIEHHS Kpal OaHAAKHOTO KUIbLS BIJHOCHO TOpUA OOYKH, WIO
Y3TOJKYETHCS 3 JIOCHIKCHHSIMU HaIpY>KEHO-1e(OPMOBAHOTO CTaHy OaraTtoiapoBHX
3’eqHaHb 3 HATATOM [5, 9].

[TopymieHHsT TOCaJAKU MPU3BOAUTH J0 MOTIPIIEHHS €JIEKTPUYHOTO KOHTAKTY MIXK
OaHIKHUM KUTbIIEM 1 OOYKOI pOTOpa, IO, Y CBOK 4YEpry, MOXKE CIPUYUHSITH
BUHHUKHEHHSI ICKpIHHS TMPU HECUMETpli CTPyMIB CTaTopa Ta PO3BUTOK JIOKAJIbHHUX
CJIEKTPUYHHUX PO3psIiB Yy 30HI KOHTakTy [9]. Taki sBuIIa CyNpOBOIKYIOTHCA
IHTEHCUBHUM JIOKaJbHUM PpO3IrpIBOM TOCAJKOBUX MOBEPXOHb, TOSBOIO CIIIJIIB
NIATOPSHHSA, BUTOPSHHSM MaTepiajly Ta TMOLIKOKEHHSIM OaHIaXHUX KIJIelb, 110
MATBEPIKYETHCS pe3yabTaTaMu JOCIIKEHb EKCTUTyaTaIliiHOT HaIHHOCTI Ta JAerpaarii
OaHAaXHUX K1JIelb TypOooreneparopis [8].

KpiM Toro, BHAcCmiIOK HEPIBHOMIPHOTO pPO3MOALTY KOHTAKTHUX HAINpPY>KEHb 1

TeMIlepaTypHUX AedopMalliil MOKIIMBE BUHUKHEHHS MEXaHIYHUX MOLIKOI)KEHb, 30KpeMa
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CKOJIB TMOCAJKOBUX MICIb 3yOIlIB OOYKHM pPOTOpa Ta TMOUIKOJKEHHS KOHTAKTHUX
MIOBEPXOHBb 3’ €JIHaHHA [3, 8].

3a pesynpTaTaMu eKCIUTyaTarlii TypOoreHepaTopiB OyJI0 BCTaHOBJIEHO, IIO
JIBOITOCAJIKOBA KOHCTPYKIIIsI OaHIa)KHUX BY3JIIB Ma€ CYTTEB1 €KCILTyaTallliiHI HEIOIIKH,
NOB’s3aHI 3 HECTAOUIBbHICTIO KOHTAKTHMX YyMOB Ta CKJIQJHUM HampyKeHO-
neopMOBaHNUM CTaHOM OaratomapoBuX 3’€IHAHb 3 HATATOM, IO IIiITBEPKYETHCS
JOCITKEHHSIMH 1HTEephEepeHIIMHUX MOCaJ0K 1 OaraTomapoBUX HWJIIHIAPUYHUX CHCTEM
[5, 10]. KpiM TOro, BIUIMB LMKIIYHHUX HABAaHTAXEHb 1 TEMIIEpaTypHUX Jedopmanii
MPU3BOIUTH JI0 TTOCTYIIOBOI JIerpajiallii KOHTAKTHUX MTOBEPXOHb Ta 3HUKEHHS HAIIHHOCTI
3’e¢aHans [8, 11, 12]. ¥V 3B’53Ky 3 UM MiANPUEMCTBA-BUPOOHHUKH MTOCTYIIOBO NIEPEHIILITH
JI0 3aCTOCYBaHHSI KOHCOJIBHOTO BUKOHAHHS OaHJaXXHUX BY3IiB, iK€ 3a0e3mnedye OuIbIl
cTabUIbHI YMOBU POOOTH Ta MiJIBUILIEHY €KCIUTyaTalliiiHy HaaiiHICTh |8, 13].

JIBomocaskoBa KOHCTPYKLI 3 TMOC3JKOK LEHTPYKOYOro KUIbLSI Ha Bal
30epiraeTbCsi MEPEeBAKHO JIUIIE Y paHIle BUMYIICHUX T€HEpPaToOpiB 1, 32 MOXKIMBOCTI,
MIA€THCS MOJICpHI3allil M1 yac MJIaHOBUX PEMOHTIB arperaTiB 3 METOIO ITiIBHUIIICHHS
eKCIUTyaTalliiHOl HAAIMHOCTI Ta YCYHEHHsS XapaKTepHHX [e(eKTiB, MOB’S3aHUX 13
KOHTAKTHUMM SIBUILIAMU Ta €JIEKTPUYHUMHU po3psaaamu [9, 11].

J171s1 KOHCOIBHOT KOHCTPYKIIi, 32 YMOBH SIKICHOTO BUKOHAHHS, JOCTAaTHBO IIUIHHOT
MOCAJKU €JIEMEHTIB Ta HAJIMHOIO 3aKplIUICHHs OaHJIa)KHOTO KUIbIA Ha POTOpl 3a
JIOTIOMOT'OX0 KOHCTPYKTHBHUX €JIEMEHTIB (KIJIBI[EBUX IITOHOK a00 Pi3b00BUX 3’ €IHAHD),
HMOBIPHICTh BHHHMKHEHHS IIOIIKO/DKCHb, ITOB’S3aHMX 13 TIOPYIICHHSIM KOHTAKTY,
ICKpIHHSIM Ta JIOKaJbHUM TEpPerpiBOM, ICTOTHO 3HUXKYETHCS, IO Y3TOIKYETHCA 3
pe3ynbTaTaMu JOCTIIKeHh KOHTAKTHOI B3a€MOIIi Ta BTOMHOI MIITHOCTI OaHIaKHHUX
KiJienb TypOoreneparopis [8, 9, 11].

OpmHomocankoBa KOHCTPYKIIS OaHAaXKHOTO KIS 3 KOHCOJBHOIO MOCAJIKOI0 Ha

00uKy poTopa npejcTaBieHa Ha puc.l.4.



34

R e

bl
&
‘] . =
] et ... [
o gl ! g i 5l *
h L %] " [ 0
B it D

/|

Puc.1.4 — bannaxxuuii By3o0s1 1— 6aHgaxHe KUIbIE, 2 — IEHTPYIOYe KUIbIIE, 3 — IITNOHKA,
4 — ynopHe KiJiblie, 5 — 130Js11iHE Kublie, 6 — 1000Ba yacTUHA OOMOTKH POTOpA,

7 — potop (6ouka), 8 — mImoHkKa

CraJieBl HeMarHiTHI KOPO31MHOCTIMKI OaHIa)KH1 KIJIbIIA CaIKal0ThCs Ha Tapsde Ha
00UYKy pOTOpa 1 3aKPITLIIOIOTHCS CIICIiaTbHUMHM KUTBIIEBUMH IITTOHKAMHU, 1110 JI03BOJISIIOTH
pu HEOOXITHOCTI 3HIMATU OaHjaxi. [HIIMM KiHlleM OaHIaXKHi KUIbLS CAIKAIOTHCS 3
HATSATOM Ha IEHTPYIOUl KUIbII, SIKI HE TOPKAIOThCs Baly. LleHTpyrode Kiiblle yTpuMye
OOMOTKY POTOpa B OCbOBOMY HAampsIMKy NpH ii TEmIOBOMY po3iuupeHHi. Kpim Toro,
[EHTpYyIoUe KUIbIle 3a0e3neuye 30epeeHHs HUIIHAPUYHOT (opMHU OaHIaXKHOTO KUTbIIS
Ta MEHTPYE WOro moa0 oci Baixy potopa. s BUTOTOBJICHHS IIEHTPYIOUMX KUJIEIb
BUKOPUCTOBYIOTh JieroBaHy ctaiib Mapku 38XH3MA. Bin akcialbHHX TNepeMillieHb
IEHTPYIOUE KUIbIIE YTPUMYETHCS KUIBIIEBOIO MIMOHKOW. [Iporun Bamy mpu oOepTaHH1
poTopa HE CTBOPIOE B KOHCOJBHOMY BY3JIl 3HAKO3MIHHUX 3YyCWJIb, IO 3a0e3mnedye
HAJIMHICTh eKCIUTyaTalli BCi€el KOHCTPYKIi. 30BHIIIHIM AiaMeTp OaHAaKHOTO KUIBIIS
OOMEXKYEThCS JIaMETPOM CTaTOYHOT PO3TOYKHM 1 JUISI BIIRHOTO 3aBEJEHHS pOTOpa
BUKOHYEThCS Ha 15-20 MM men1ie. ToBIMHA KUTBI O0aHIaXXHOTO CTaHOBUTH 40+80 MMm.
BuyTpinHs noBepxHs Kuiblis Ma€ 1°-4° KOHYCHICTD JIJIsl TOJIETTIIEHHS HIOTO MOHTAXKY.

Konctpykiuis potopa Bkitouae kommpecop (puc. 1.3, mos. 6), axuii pazom i3

BEHTUWJISATOpaMH (HOPMY€ LUPKYJISAIII0 OXOJIOIKYIOUOro CepeloBUIIA JUIsl M1BULICHHS
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edexkTuBHOCTI TemaooOMiHy. Ile 0coOMMBO BaXXJIMBO JI MOTYXKHUX MAIIIUH, JI€
TEIJIOBUAICHHS 1OCSATAa€ 3HAYHUX BEITUYHH.

Jlnst migBeneHHsT CTpyMy 30y/DKEHHS JO0 OOMOTKH POTOpa BHUKOPUCTOBYIOTHCS
KOHTaKTHI Kijbls (puc. 1.3, mo3. 7), BCTaHOBJIEHI Ha Bajy 1 130JbOBaH1 BiJl HHOTO.
Bentunsarop (puc. 1.3, mos. 8) 3abe3nedye MUPKYISII0 OXOJIOMKYIOYOTO TOBITPS
BCEpEANHI KOPIYCy amapary HiiTKOTpuMadiB. Uepe3 amapaT MITKOTPUMAYiB 10 KIJIEIh
MO/MAETbCS TOCTIMHUI CTPYM BiJl CUCTeMH 30y/DKEHHS. Y CydaCHUX KOHCTPYKIIISX
MOXJIMBE 3aCTOCYBaHHS 0€3KOHTAKTHUX CUCTEM, OJTHAK KOHTAKTHI KUIbI[S 3JIUIIAI0THCS
MOIIUPEHUM PIIICHHSIM 3aBJISIKU MTPOCTOTI Ta HAAIMHOCTI.

BaxxnmuBuUM €1eMEHTOM KOHCTPYKIIii pOTOpa € eIEeKTpUYHA 130111151 OOMOTKH, SIKa
NOBMHHA 3a0€e3MeuyBaTy HaJlliHy poOOTy MpH NIABULIEHUX TEMIIEpATypax, B yMOBax Ail
BIJIICHTPOBUX CUJ Ta BiOpamiid. [3o5diiss BUKOHYEThCS OaraTomiapoBoro, 13
3aCTOCYBaHHSM  CKJIOTKAaHWHH, CIIOISHUX  MaTepiaiB  Ta  TEPMOPEAKTUBHUX
MPOCOYYBAIBHUX KOMIAyH/iB. BoHa MOBHMHHA MaTH BHUCOKY EJICKTPUYHY MIITHICTB,
terocTivkicTh (knac 13omsmii F abo H, mo 155-180 °C) 1 cTidKiCTh 1O CTapiHHSL.
Oco0nuBa yBara NpuIUIsS€ThCS 13051011 B MICLSIX BUXOly MPOBIJHUKIB 13 Ma3iB 1 B 30H1
J000BUX YaCTHH, JI€¢ MEXaHIUHI Ta €JICKTPUYHI HABAHTAXKCHHS € MAKCUMAJIbHUMU.

TakuM 4YMHOM, pOTOp TypOOoreHeparopa sIBIsi€ COOOI CKJIAIHY I1HXEHEPHY
KOHCTPYKIIIIO, B SIKI MOENHYIOTHCS €JIEMEHTH CHUJIOBOT MEXaHIKH, €JIEKTPOMAarHITHUX
CHUCTEeM 1 TEIUIOTeXHIKW. HamiiHICTh KOXXHOTO 3 MOro KOMIIOHEHTIB O€3MOoCepeIHbO

BIUIMBA€E HA JOBTOBIYHICTD 1 €PEKTUBHICTH pOOOTH BCHOT'O TypOOarperary.

1.2 AHani3 0co0JHBOCTEH KOHCTPYKUII Ta MNOLIKOMXKEHb POTOpa, IO
00yMoOBJIeHi yMOBaMHu po0oTH

TypOorenepaTopu po3paxoBaHi Ha TPUBAIUNA TEPMIH €KCILTyaTallii, 0 3yMOBIIIOE
BaXUJIMBY yMOBY: JedOpMyBaHHS €JIEMEHTIB KOHCTPYKIM Ta BYy3JIiB poTopa
TypOOreHepaTopa Npy HOMIHAJIbHUX 1 aBap1MHUX HABAaHTAXXEHHSX MOBUHHO B1JI0yBaTUCS
B MPYKHIN 007acTi 6€3 3aJUIIKOBUX TUTACTHYHUX AedOopMalliif, OCKUIbKHU 1€ TapaHTye
BIJTHOBJICHHS MIOYATKOBOI T€OMETpIii MpH 3HATTI HABAaHTAXKEHHA Ta CTAaOUIBHICTH pOOOTH
arperary [9, 14, 15]. JlorpumaHHs 11i€] YMOBH OCOOJIMBO BaXXJIMBE ISl HEPECYPCHUX

BY3JiB, /1€ HAaKOMUYEHHS 3aJHMIIKOBUX JedopMaliiii ab0 BTOMHHX IOIIKOKEHb MOXE
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MIPU3BECTH JI0 3HWKEHHS Pecypcy poOOTH 1 CYyTTEBO CKOPOTUTH MIXPEMOHTHI IHTEPBAIH
[15, 16].

3rifHO TEXHIYHUX BUMOT J0 TypOOTeHepaTopiB, BOHM MAIOTh BHUTPUMYBATU
HACTYMHI1 HAaBaHTAXEHHS:

- MEXaHIYHI HABaHTAKCHHS BUKIIMKAaH] Baro0 KOMIIOHEHTIB TypOOreHepaTopa;

- TETUIOB1 HABAaHTAXEHHS, BUKJIMKAHI €JICKTPUYHUMHU Ta MEXaHIYHUMH YHHHUKAMU,

- CWJIH, 1110 BUKJIMKAaH1 BIOpaIlisiMH;

- BIILIEHTPOB1 CHJIM, BUKJIMKaH1 00EpTaHHSIM JieTaliell pOTOPHOI IPYIIU.

OcHoBHUM (hakTOpOM, 110 BHU3HAYAE KOHCTPYKIIIO poTopa TypOoreHepartopa, €
BHUCOKA 4acTOTa oOepTaHHS, sSKa BUKIIMKAE 3HAYHI MEXaHIYHI HAIMpPY>KEHHS B POTOPI.
Tomy Ban poTopa BHKOHYETHCS 3 IIUTICHOI TOKOBKM 3 BHCOKOJIETOBAHOI CTali, 0 Mae
BEJIUKY MIIHICTh. BHACTIJJOK BUCOKOTO MEXaHIYHOTO HAINpPY>KEHHS JlaMeTpU aKTHUBHOI
yacTUHU (OOYKM) POTOPIB HAWUMOTYXKHIMIMX JIBOTIOJIOCHUX TYpOOT€HEpATOpiB HE
NepeBUUIYIOTh 1,25 M, HaBITh NIPU BUKOPUCTAHHI CyYaCHUX BHUCOKOMII[HUX MaTepiaiiB.
Tomy Bast poTopa € BUTSATHYTOIO B JIOBKMHY KOHCTPYKIIIEIO 3 BIAHOIIEHHSAM JTOBXUHU
O0ouku poTopa J0 ii JiameTpa, 1O cTaHoBUTH Bixg 2 10 6 (puc. 1.3). Ilogansiie
MIJBUIIEHHS TMOTY>KHOCTI TypOOT€HEpaToOpiB 3a PaxyHOK 30LIBIICHHS WOTO JOBXKUHU

00OMEXY€ThCS JOMYCTUMUMU 3HAYEHHSIMU MPOTUHY Bally poTopa.

1.2.1 Ananiz oco6aMBOCTEN KOHCTPYKIIT BaJly poTopa

Bucoka uwacrora oOepTaHHA NPU3BOJIUTH 1O BUHUKHEHHS B POTOPl 3HAUHHUX
MEXaHIYHUX HanpyKeHb Yepe3 Aito BiAUeHTpoBux cull [ 17]. Ban poTopa B HOMiHaIbHOMY
pexumi poboTu TypOOTeHepaTopa CripuitMae HACTYITHI HABAaHTAXKCHHS:

- KpY4CHHSI — BHACI1IOK HOMIHAJIBHOTO MOMEHTY 00€pTaHHS, 1110 CTBOPIOE JOTUYHI
HaIpy>KeHHA (HaMpY>KEeHHS 3CYBY) Y MEPIEHIUKYISPHUX O OC1 TUIOLIUHAX;

- BUTMHY — BHACHIZOK BJIACHOI Macu, ILIO0 CTBOPIOE HANPY)XCHHS BUTHHY Y
HanpsMKy oci [18].

Opnak, mpH pO3paxyHKY MIIIHOCTI Bally pOTOpa CIiJ BPaXxOBYBaTH HE TUIbKH
BIJIIICHTPOBl CHWJIM 1 3TUHAJIBHI MOMEHTH BHACIIJOK BJIACHOI Macuh Ta 3THUHAIBHUX
KOJIMBaHb, aJIe TAKOX 1 00epTarodl MOMEHTH, 1110 BAHUKAIOTh MPU KOPOTKUX 3aMUKAHHSAX

[19]. OctanHi BU3HAuUal0Th BUOIp JlaMeTpa MIMIOK Basly B MIAIIMITHUKOBUX ONOpax K y
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HalcaadIMX MICHSAX Baly HAa KPYYEHHS.

[Topsim 3 ycTaJIeHMM PEXHUMOM ICHY€E IIUIMH psii HeycTajJeHUX (MEepexiTHUX)
PEXHMIB, SIKI 32 TIEBHUX YMOB MOXYTh BUKIWKATH BEJMKI HAaBaHTAXXCHHS Ha Ball i
HaJlaBaTH BUpIIIAILHUNA BIUIMB Ha BUOIp #oro po3MmipiB. Taki mepexigHi pekKuMU, SK
3amycK a0o0 rajJbMyBaHHS, 30yIKYIOTh BUMYIIICHI KOJIUBAHHS Baly, AKi € MEXaHIYHUMHU
NpUYUHAMH, 10 BIUIMBAIOTH pOOOTY TeHeparopa (HepiBHOMIPHMI MPUBOJHUI MOMEHT,
BIUIUB MIiAIIMIIHUKIB, AucOanaHcu). EnektpoauHamiuHi (akTopu (MPUYMHHU) TaKOXK
30yKYIOTh KOJMBAHHS 1 MallMHH, IO BIUIMBAIOTh Ha POOOTYy — II€ OJHOCTOPOHHE
MarHiTHe TsDKIHHS, KOpOTKi 3amukaHHs [20, 21]. Skmo 30ymkeHHs BIIOyBaeTbes 13
4aCTOTOI0, sIKa 301ra€ThCs 31 CBOEIO YACTOTOIO POTOPA, TO BUHUKA€E pe3oHaHc [18].

[nsixom BUOOPY BIANOBIAHOI OPMHU Bally IPArHyTh YCYHYTH 3HAUYEHHS BIACHHUX
4acTOT Yy Takl Jiama3oH, B SIKUX HEMae HEOE3MeKH MOSBU PE30HAHCHUX KOJIMBAaHb.
[To6mu3y pe3oHaHCy JIOCTaTHHO HANMEHIIOTO 30YJKEHHS JJIsl TOTO, 100 3a KOPOTKUIA
yac cTajiocsl HeOe3NeYHe HapOCTAHHS aMILTITYAN KOJIMBaHHs. Tomy BHOIp po3MipiB BaLy
MOBWHEH BU3HAYATHUCS HE TITHKH 32 HASIBHUMH HAaBAHTAXKEHHSIMU (3 YMOB MIIIHOCTI), ajie
1 3 ypaxyBaHHSIM 3Ha4€Hb BIACHUX YACTOT (3 YMOB KOPCTKOCT1).

YacTtotu oOepTaHHs, 110 BIANOBIAAIOTH BJACHUM YaCcTOT, HA3UBAIOTh KPUTUYHUMU
gacToTaMu oOepTaHHs poTopa. TypOoreHepaTopy MPOEKTYIOTHCS TaKUM YHWHOM, 100
MaTl TEpIly KPUTUYHY YACTOTYy MEHIIEe po0od4oi (HOMIHAJILHOI) YaCTOTH OOepTaHHs
(HM3bKE MEXaHIYHE HaNAIITyBaHHA), 1 JPYTy — BHINE HOMIHAJIBHOI YaCTOTH (BUCOKE
MEXaHIuHe HanamrtyBaHHs). st Toro mo0 YHUKHYTH SBHIIA PE30HAHCY 3 yciMa HOoro
HENPUEMHUMU HACIIIKaMHU, HEOOX1JHO ParHyTH A0 3a0e3Me4eHHs O1JIbIIOro IHTEpPBATY
MDK pOOOUYOI0 YACTOTOI0 00EPTaHHS Ta KPUTUIHOIO.

3MillleHHs] 3HaYeHb BJIACHUX 4YacToT (BUOiIp (popMu Baly) BUKOHYIOTHCS JBOMA
crioco0amMu: BaJl TIOCIA0MIOEThCS (3MEHIITYETHCS IaMETp Bally BiJ OOYKK 70 OTOpH),
BHACJIIZIOK 4YOTO BiAOYBA€ThCA 3HUKEHHS BJIACHOI YaCTOTHU, a00 Bajd MOCHIIIOETHCS
(301IBIIYETHCS JIlaMeTp Basly Bil O0YKHU JI0 OTIOPH), IO JACTh MPOTUJICKHUN PE3yIbTaT.

Ban poropa TypOoreneparopa Mae pi3Hy >KOPCTKICTh 1 MPOTHH MO JBOX HOro
NEPHEHAUKYJIIPHUX OCSIX. KO po3risAaTi MPOTHH Baly pOTOpa TUIbKW BiJ BJIACHOI
Bark 0€3 ypaxyBaHHA TEMIIEpaTypHHX BIUIMBIB Yy IUIOMIMHAX MAaKCUMAJIbHOI 1

MIHIMAJIBHOI KOPCTKOCTI, TO MaKCHMMajbHa CTpLIa MPOTMHY POTOpa PO3TAILOBYETHCS
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B37I0BK HEUTpaJIbHOI OCl 0OMOTKHM Ta jocsirae mopsaky 0,3-0,5 mm. Lle cBiguuth npo
PI3HOKOPCTKICTh poTOpa y 01K OCHOBHMX MOMEHTIB 1Hepliii, 1110 Moxe OyTu 10 13%.
MowmeHT iHepmii mepepidy OOYKM poTOpa MION0 OCi, IO MPOXOIUTH Yepe3 mepepis
BeJIMKOTOo 3y0a, Ha 20-25% MeHIle, HiXk MOMEHT 1HEepIIii 111010 OCi, 0 MPOXOIUTh Yepe3
CEepeIMHNA 30HM TMa3iB. Y pOTOpax, IO MAalTh OOYKY MTOBXKHHOIO TOHAA 4 M, HOTO
XKOPCTKICTh 1O TO3JOBXKHIM Ta TMOMEPEYHI OCSIX BHUPIBHIOIOTH CIIELIAIBHOIO
MEXaHIYHOIO 0OpOOKOI0 JIOJATKOBHUX Ia3iB Ha BEIUKHUX 3YyOIsXx. Y TypOoreHeparopax
BEJIMKOI MOTY>KHOCTI BHpoOHULTBA AT «YEM» y Benukux 3yO1sx ¢pe3epyroTh
MO3/IOBXKHI a3, K1 3aMIOBHIOIOTHh CTAJIECBUMHU MarHiTHUMU OpUKETaMU Ta KIIMHAMHU IS
3MEHIIICHHSI BUILUX TAPMOHIK Y KPUBIA MarHiTHOTO MoJis. PO3Mipu Ta 4MCIIO MO3/10BKHIX
Ma3iB BU3HAYAIOTH PO3PAXYHKOM JIJISI KOYKHOTO THITY POTOpA.

3ycuyuist BiJl BIAUEHTPOBHUX CHII, IO JIIOTh HA OOMOTKY, NEPEAAIOTHCS Ha KIIUHU,
K1 HABaHTaXYIOTh 3yOIll pOTOpa HIKKOIO 3y0a 1 M0 30BHIIIHBOMY J1aMETPy 1 BHOCSTh
OCHOBHHUI BHECOK y HaINlpy>KeHUH cTaH poropa. JemrndepHa cucrema po3BaHTaXy€e pOTOP
BiJI MPOTIKAHHS BUXPOBUX CTPYMIB Ta MOCIa0II0€ MarHiTHI TOJIS, 1[0 MPU3BOAATH J0 iX
BUHUKHEHHS. BUKOpUCTaHHS I KIWHIB HEMar"iTHOrO Marepiaay 3 BHCOKOIO
MEXaHIYHOIO MIIHICTIO, BUCOKOI TEIUIONPOBIIHICTIO Ta HEBEJIUKOI MIUIHHICTIO
(manpuknan, J[16.T) no3Bossie 3HU3UTH HANPYXKEHHS BiJ BIALIEHTPOBUX CHJI y OOYIIl
poTopa Ta 3yOusx. HasBHICTh KOHTAKTHUX 30H MK METaJICBUMHU KIMHAMU, 3yOISIMU
O00ukM Ta OaHJAKXHUMH KUIBIISIMA MOXKYTh BHMKJIHMKATH MICICBI ITATrapy, yTBOPEHHS
TPIIMH y 3yOIsX Ta OaHAQKHUX KUIbLSX, IPU3BECTU O MICIIEBOTO 3arapTyBaHHs 3y0iB,
MOTIIKOPKEHHS MIKIMHOBOT 130711111 Ta AedopMaliii KOHCTPYKTUBHHUX €JIEMEHTIB.

st oTpuMaHHS HEOOXIIHOT MIITHOCTI Bajl POTOpa BHUTOTOBJISIIOTh MACHBHUM
HUAJIHAPUYHUM 13 HUIBHUX TOKOBOK BHCOKOJeroBanoi cram Mapok 35XH3IMODAP,
35XH4MAP. OcHOBHI XapaKTepUCTUKH MEXaHIYHUX BJIACTHBOCTEH MOKOBOK POTOPIB

TypOoreHepaTopiB HaBeZeHo y Tabmuil 1.1, 3a XiMiyHUM ckiagoM y Tabmumi 1.2.
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Taomung 1.1
MexaHiuH1 BJaCTUBOCTI OKOBOK BaJIiB POTOPIB
HopMmu MexaHIYHUX BJIIACTUBOCTEH, IOHAMEHIIIE
'g E o as e VYnapHa B'sI3KiCTh
= s ES | EE - NS
2 2 .8 g = = - ) S o o
= £ E5 =2 Q| B A
£ 8 | EE | 5%:| 88| 2% KCV, KCU,
? ® © E = S >:\8 =33 g 5
5 = = = S 2 g e § A 2 [[_}K KIrC'M ,Zl_)xc KIc'M
5 S = a7 o > 2 2 2 2
S s 28 = & CM% " CM CM% " CcM
=6 F & g
392 540 49,1 68,7
| Iloznopxue 17,0 40,0 ) ’
(40) (55) (5) (7)
. 392 540 39,2 49,1
II | TanrenmansHe 16,0 35,0 ’ ’
(40) (55) (4) (5)
540 687 98,1 117,7
III Tloznorxue (55) (70) 19,0 55,0 (10) (12)
. 540 687 68,7 78,5
1V | TaHrenmanbHe 17,0 45,0 ’ ’
(55) (70) (7) (8)
638 785 78,5 98,1
A\ IloznorxHe 18,0 55,0 g ’
(65) (80) (8) (10)
. 638 785 58,9 68,7
VI | TaHreHimaneHe 17,0 45,0 ’ ’
(65) (80) (6) (7)
Tabmums 1.2
XIMIYHUM CKJIaJl MApOK CTaJIel JIsl 3arOTOBOK BaJliB POTOPIB
3MICT eJIEMEHTIB, BiJICOTOK
2 5 Bz 2 B, 5 Ee Ba E5
2 5, Iz Bs Bz fs 3. E° I 29
s | g wm S| 80 2Z > E > O
= He O1JIbIIe
35XH3M®AP | 0,30- 1 0,17- 0,25- | 1,1- |2,75-10,30- 0,08-
35XH3MAP | 040 | 037 050 14 325 040 o015 0025 0025 102

TexHosOTiE BUTOTOBJICHHS TOKOBKMA Bally pOTOpa TMOJSITAE y HACTYITHOMY:

CTaJIeBUH 3JIMTOK, Maca sIKOTO Maiike B 2 pa3u MEPEeBUIyE Macy MailOyTHbOI TOKOBKH,

BIJIJTMBAIOTH Y BEPTUKAIILHOMY IOJIOKEHH1; 3TMBKU JIJIsl BaJIiB pOTOPIB Macoto rnoHazg 20 1

PO3HMBAIOTh Y BaKyyMi; 3aTBEPAUINN 3JUTOK MOBLILHO HarpiBaroTh 10 1000-1200°C 1

KYIOTb y3/I0BXK HOTO JOBKWHH, OTPUMYIOUX OLIBII IIUIBHY 1 OTHOPiAHY OYy/I0BY MeTay.
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[TotiMm BiApi3arOTh 3BEpXy Ta 3HU3Y JUISHKH 3 paKOBUHAMH Ta BKIIOYCHHIMH.
HarpiBatoTb TOKOBKY Biapyre i 0epyTh B 00JI0TYy KOBKOIO 10 BUCOTI 10 70% Bif
MOYaTKOBOI JOBXHUHHU. [IpH IIbOMY CTBOPIOETHCSI PO3TAITYBAHHS KPHUCTAJIIB METAITY, SKE
Jla€ TIOKOBII BaJly MiJBUILNECHY MIIHICTh Yy pajiadbHOMy HampsMKy. [loTiM HarpiBarouu
BTPETE TTOKOBKY BaJTy MPOKOBYIOTH B OCHOBOMY HampsmMKy. OcTtaTodyny GpopMy KyBaHHS
OTPUMYE ITICIIA BUTSDKKU KyBaHHSM KiHIIEBUX YaCTHH (XBOCTOBUKIB). HacTymHuii Bimman

yCyBa€ KyBaJbHI HAIIPYKEHHS B MOKOBIII BaJIly POTOpA.

1.2.2 TTomkomkXEHHS Bally pOTOpa

Hedopmariiss Ta 3HIDKEHHS MIIHOCTI Bajldy poTopa TypOoreHepartopa
3YMOBJIIOIOTBCSI KOMILJIEKCHOIO JII€I0 MEXaHIYHMX, TEIJIOBUX 1 EKCIUTyaTalliHuX
(dakTopiB. Jlo OCHOBHUX HaJleXkaTh BUCOKI BIAIIEHTPOBI Ta KPYTUJIbHI HABAHTAXEHHS, 1110
BUKJIMKAIOTh 3HaYH1 HOPMaJIbHI ¥ TOTHYHI HANIPYKEHH S, TEPMiUHI TPAIIE€HTH Ta UKIIYHI
HarpiBU/0XOJIOHKEHHS, SIK1 CIPUYUHSIOTH TEIUIOBY BTOMJIFOBAHICTh 1 BUKPHUBIICHHS BAITY;
BiOpariii Ta JuHaMIYHI AUCOANaHCH, IO MPHU3BOJATH JO PO3BUTKY BTOMHHUX TPIIIUH;
KOHIIGHTpAIlli HalPY>KeHb Y 30HaX MEPEXO/IiB MepepisiB, Ma3iB 1 OTBOPIB; MOB3YYICTh 1
penakcanis HamnpyXeHb MpU TPUBAIId poOOTI 3a MIABUIIEHUX TEMIEPATYpP; & TAKOXK
KOPO31MHO-BTOMHI TPOIECH, OB’ s3aH1 3 BIUTMBOM po0O0OUYOro cepenoBuina. J{ogaTkoBo
HEraTUBHUN BIUIUB MOXKYTh MAaTH TEXHOJIOTIYHI JAeQeKTh Marepiany (BKIIOUYEHHS,
MIKPOTPIIIMHK) Ta MOPYLIEHHS PEKUMIB €KCILTyaTallii, 0 B CYKYITHOCTI 3HH)KY€E HECYUy
3JJATHICTH 1 TOBTOBIYHICTH BaTy.

BuHUKHEHHST Ta TONANBIIMKA PO3BUTOK TPIIIMHU B POTOPI CYMPOBOKYIOTHCS
ICTOTHUM 3pOCTaHHSIM JIOKQJIbHUX MEXaHIYHUX HaIpyXeHb, II0 MPU3BOJUTH [0
NePEePO3NO LTy Hampy)eHO-1e(OopMOBAaHOTO CTaHy B ychoMmy 00’emi nmerami. Y 30HI
nedeKTy BUHUKAIOTh KOHIIEHTpallli Hampy>KeHb, sIKI 3 4aCOM IHTEHCU(]IKYIOTh MpPOLEC
pyHHYBaHHS MaTepiaiy Ta CIPUSIIOTh IPUCKOPEHOMY MOMIMPEHHIO TPILIUHH.

Hali0i1p My KOHCTPYKTUBHUMH 30HAMU POTOPA, B IKMX BUHUKAIOTh I11IBUILIEHI
KOHIIEHTpAIlli MEXaHIYHUX HAIpPY>KEHb € NIISHKUA OISl OCHOBH 3yOILlIB OOYKH pOTOpA 1
30Ha IEHTPAJIbHOTO OTBOPY. BHACHIAOK YCKIQAHEHOTrO JOCTYMYy JiarHOCTHUYHUX
IPUIAAIB JIOCTOBIPDHE BMSIBICHHS TPILIMH B 30HI LEHTPAJIbHOIO OTBOPY € 3HAYHO

CKJIQJHIIIMM HIDK B TMAa30BId 30HI, 10 HE 3abe3nmedye B TMOBHIA MIpl HajliHe
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JI1arHOCTYBaHH TPIIIMH B POTOP1 TypOOTreHepaTopa METOJIOM pEeHTIreHOoCcKormii [22].

OpHouacHO 3 MM BiIOYBa€ThCA 3MIHA JUHAMIYHUX XapaKTEPUCTHK pPOTOPA,
30KpeMa HMOTo >KOPCTKOCTI, BIACHUX YacTOT KoiMBaHb 1 ¢opM BiOpariid. [lopymenns
CUMETpii KOHCTPYKIi, BUKIHUKaHE Je(EeKTOM, MPU3BOAUTH 1O TMOSBU JOJATKOBUX
TapMOHIK Yy CHEKTpl BiOparfiii, 3pOoCTaHHA aMIUIITyl KOJMBAaHb 1 BHUHUKHEHHS
HECTaOLTPHUX PEKUMIB POOOTH.

3a3HayeHl 3MIHU MOXYTh OyTH €(QEKTUBHO BHUSBJICHI METOJaMH BiOpalliiHO1
JIarHOCTUKH, $KI XapaKTEPHU3yIOTbCd BUCOKOK UYYTJIMBICTIO /10 HAaBITh HE3HAYHHMX
nedeKTiB CTPYKTypHu matepiany [23, 24]. AHani3 cnekTpaibHUX 1 YaCOBUX IMapaMeTpiB
BiOpaIlifHUX CUTHAJIB Ja€ 3MOTy He JuIe 3adiKCyBaTH HassBHICTh MOIIKOKEHHS, ajie i
OIIIHUTH CTaJit0 HOTO PO3BUTKY, IO € BAXJIMBUM JIJII CBOEYACHOTO TPUHHSITTS PIIlICHb
I10/10 PEMOHTY a00 BHBEJICHHSI 00JIaJHAHHS 3 €KCIUTyaTallii.

3rilHO 3a3HAYEHOTO BAXJIMBUM € BUSIBJICHHS 30H KOHIIEHTpallli MEXaHIYHHX
HaIllpy>KeHb Ha paHHINA cTajli. YMOBM BHHHKHEHHS 1 3pOCTaHHA TPIIIMH B POTOPI
TypOOTeHepaTopa BHACIIAOK E€JIEKTPOJMHAMIUYHUX BIUTMBIB B aHOPMAJbHUX PEKUMAX
JTOCITIKEHO aHATITUYIHUMHU METOJIaMH B CTaTTAX [25, 26]. Aje aHanITUYHI MAXOAU TIPU
pO3paxyHKax MEXaHIYHUX HalpyXeHb HE JI0O3BOJISIOTH JOCTOBIPHO BHU3HAYUTHU
MaKCHUMAaJIbHI JIOKaJIbH1 30UIbIIICHHS HAIPY>KEHb.

Takum YMHOM, OCHOBHHMH BHJIaMH TIOITKO/DKEHB BAJTy pOTOpa TypOOTeHepaTopa
€ BTOMHI TPIIIMHY, [II0 BUHUKAIOTh 1 PO3BUBAIOTHCA B 30HAX KOHIIEHTPAIlll HAMPY>KEHb
(30Kpema OuIsl LEHTPAJBHOIO OTBOPY Ta OCHOBHU 3YOILIB), TepMiuHi Aedopmailii Ta
BUKPHBJICHHS, IOB3Yy4iCTh MaTepiaay MpHU TpUBaIii poOOTI 3a MiABUIIIEHUX TEMIIEPaTyp,

a TaKOX KOPO31HHO-BTOMHI pyHHYBaHHS.

1.2.3 Ananiz 0oco6aMBOCTEN KOHCTPYKIIIT OaHaKHOTO BY3J1a

Ha 6annaxkue Kiblie TiF0Th BIATICHTPOBI 3yCHIUIA BiJl BIacHOI MacH (0m3bko 60%
B1JI BChOTO HaBaHTa)XEHHS), B1Jl TOOOBUX YaCTUH OOMOTKH POTOPA, a TAKOXK 3yCHILIA, 10
BUKJIMKAHI TMOCAAKOI0 (IKCYyrOUMX Kinemb 3 HaTsaroMm [27]. JlomaTKoBO IitOTh CHIIH,
COpsAMOBaH1 B3I0BX oci poropa. [IpmunHaMu BUHUKHEHHS LHMX CHUJ € KOHYCHICTb
BHYTPIIIHBOI MOBEPXHI OAHJAXKHOTO KIJIbLIS, Yepe3 110 3'BISEThCS aKcialibHa CKJIa0Ba

ocell BIALIGHTPOBHUX CUJI JOOOBUX YaCTUH OOMOTKHU; CIPUNHATTS LIEHTPYIOUUM KUIbLIEM
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3YCWJIb BiJ] TEMIIEPATYPHOTO PEXKUMY OOMOTKH; 3HAKO3MIHHI 3yCWJUISA BIJ MPOTHHY
Bana [28]. CymapHe 3HA4YeHHS LHUX CHJI MOXE JIOCATAaTH KiJbKOX JECATKIB TOH.
HaBaHTa)keHHS BijJ HATATIB MOPIBHSHHI 3 HABAHTAKEHHSMHM BiJ Jii BIAIIEHTPOBUX CHII,
JaCTKOBO X KOMIICHCYIOTb 1 MMEPEIIKOKAOTh PO3'eTHAHHIO 0aHIaKHOTO KUIBIIS 1 00UKH
B mporieci ekcruryataiii arperaty [13]. HaBaHTakeHHS Ha «HOCHK» 1 «CIIMHKY»
OaHmaXHOTO By3Ja (OPMYIOTHCS TiA JI€I0 BIANCHTPOBUX, KOHTAKTHUX, TETUIOBHUX 1
JUHAMIYHUX (DAKTOPIB, MPUUOMY iXHIM PO3IOIiT € CYTTEBO HEPIBHOMIPHHM 1 3aJICKUTh
BiJl p&KUMIB pOOOTH, 30KpeMa MPOXOKCHHS KPUTHYHUX Ta YTOHHUX IIBHIKOCTEH.
Amnaniz MopemoBaHHa 3 BukopuctanHsM MCE mokasye, mo piBeHb KOHTaKTHHX
Harnpy:keHb 1 gedopmaniii y 0aHJaKHUX KUIBLSAX 3pOCTAE 3 MIABHINCHHSIM IITBHUIKOCTI
oOepTaHHs 1 HETaTUBHO BIUIMBA€E Ha pecypc Bysna [29-30]. Ha HOMiHaIBHUX peKkUMax
OaHIKHUKA BY30J MpAIIO€ B yMOBax IOMIPHOTO TEMIEPATypHOr0 HaBaHTaKEHHS,
BUKJIMKAHOTO HarpiBaHHsIM OOMOTOK.

Marepiasi, 3 SIKOTO BUTOTOBJISIIOTH OaHJI@)KH1 KUJIbLSl, MOBUHEH MaTH BHUCOKI
BJIACTUBOCTI MIITHOCTI, BEJTUKE 3HAYEHHSI MEXK1 TEKY4OCTI TIPHU pO3TIATyBaHHI, HEOOX1IHY
3IaTHICTh JI0 XOJIOJHOI 1 rapsA4oi OOpOOKH THUCKOM, JOCTaTHIO BEJIUYUHY TEIJIOBOTO
PO3IIMPEHHS, a TAKOXX BUCOKY KOPO31MHY cTilKicTh [31].

Kpinnennss OaHmaXHOTO KUIBIE Ha OOYKY pOTOpa 3IIACHIOETHCS Tapsvuor
MOCAJIKOI0 3 HaTATOM. [Ipm bOMy HATAT TOBWHEH 3a0e3leuyBaTv IIUTbHE 3'€THAHHS
KUIBIISI HE TITBKY MPU HOMIHAJIBHIN 4acTOTI OOEPTaHHS, ajie 1 IPU YrOHHIN, KOJU B pasi
panToOBOro CKUAYy HABaHTAXKEHHS YaCTOTa 00epTaHHsS poTopa Moke 301buThCs Ha 20%
[32].

Opi€HTOBHO BBaXKA€THCS, 110 301IBIIICHHS JiaMeTpa IMOCaaKu OaHIaKHOTO KUTbIl
Ha 0,1 MM BHUKIIMKAae 3HIKEHHsS po3'eAHyBanbHOI yacToTd Ha 100 06/xB. 3aranbHe
MIBUIIEHHS TEMIIEPAaTypy TOPIIEBOI 30HU POTOpPa B ACHHXPOHHOMY PEXKHUMI CIPHUSE
3HI)KEHHIO PO3'€IHYBaJIbHOI YaCTOTH, IO TMOSICHIOETHCS PIZHUICIO KOe(DIllEHTIB
JTHIMHOrO PO3IIMPEHHs aycTeHiTHOI (Oanmaxue kimpie - 1,7 10° 1/°C) ta poTopHOi
(1,2 107 1/°C) craneii. ITpu cyTTeBiii pisHuii pobounx TemepaTyp OaHmaxka Ta G0YKH
poTOpa 3HAYHO 3HIKYETHCS 4YAaCTOTa OOEpTaHHA POTOpA, MPU SKIM MOXKE HacTaTu
po3'eTHaHHS, MO TOTIPIIYE EIEKTPUYHUNA KOHTAKT MDK OaHJakeM Ta IOCaIKOBOIO

MoBepxHe 004ku poropa. OTxe, 11 HaAIHHOT poOOTH OaHIAXKHOTO By3j1a HEOOX1THA
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Taka KOHCTPYKIis, sika 3a0€3MeYnTh BUPIBHIOBAHHA TEMIEpaTypu KIHIEBOI YaCTUHU
00UKH poTopa.

Yepes BITHOCHO HEBEJIMKY TOBILMHY 1 BEJTMKI MEXaHIYH1 HaBaHTaKEHHS OaH1axXHI
KUIBLISI BUTOTOBJISIOTH 3 METANIB 3 BHCOKMMH BJIACTUBOCTSMHU MinHOCTI. [Ipu BHOOpI
MaTepially HeoOXi/IHO BpaxoBYBaTH, 1110 HAHOUIbII HAMPY>KEHHS 1I0Th HA BHYTPILIHIN
MOBEPXHI KUIBIY. 3amac MIMHOCTI OaHIaXHOTO KUTbISI BU3HAYAETHCS BIIHOIICHHSIM
MaKCHMAaJIbBHOTO CyMapHOTO HalpY>KCHHS y HaWOUIbII HaBAaHTAKEHOMY MICIIl 10 MEXi
mHHOCTI. Moro 3HauyeHHs Mae OyTH He MeHme 1,6 mpu BHUNpOOGYBajbHiil 4acToTi
obepranns 3600 06/xB.

[Topopkena mocaaka O6anmaxa 3abe3neuye HaIIMHAN eeKTPUYHUM KOHTAKT MIX
O0aHIaKeM Ta KIHIIEBUMHU KIIMHAMH POTOPA, SIK1 BUTOTOBJEH1 3 OpOH3HU, Ta 3y0aMu na3iB
0ouku. KiHieBi OpoH30B1 KJIMHHU, BCTAHOBJICHI IO KOy, MalOTh HAJAIWHUNA KOHTAKT 13
MOCAIKOBOIO MOBEPXHEIO OaHIAXKY 1 3aXUINAOTH BiJT MIArapiB Ta MiKaIIB MiCIS TOCAIKU
0aHIaX1B Ha O0YKY pOTOpa BHACTIAOK LIKIJIMBOI A1l CTPYMiB 3BOPOTHOI MTOCIIIIOBHOCTI.
[Ipy BUKOHAHHI IMOCAJIKU Ta 3HIMaHHSA OAHJTAKHUX KUICHb IS 3aroOiraHHs Iiarapy
nia0aHIaXKHOT 13011111 TeMrepaTypa ix HarpiBy He nepeBuirye 250 °C, mo 3abe3neuye
PO3IIMPEHHS KUTBIIS B MeXax 2,5 — 4,5 MM B 3aJIEKHOCTI BiJ] pO3MipiB MMOBEPXOHb, IO

CIIOJTy4ar0ThCs MOCAAKOI0, 3 3aJMIIKOBAM HATATOM B Mexkax 1,8 —2,3.

1.2.4 TlomkomkeHHs1 OaHaXKHOTO By3J1a

JHedopmartist 6aHIaKHOTO By3Jla pOTOpa TypOOTeHepaTopa Moke OyTH 3yMOBIICHA
CYKYMHOIO JII€I0 MEXAaHIYHMX, TEIUIOBUX Ta €KCIUTyaTaliiHuX (gaktopiB. OCHOBHUMU 3
HUX € BHUCOKI BIIIIEHTPOBI CWJIM, IO 3pPOCTAlOTh MPOIOPIIIHO KBaApaTy 4YacTOTH
oOepTaHHS 1 BUKIMKAIOTh 3HAYHI PO3TATYBAJIbHI HAMPYXKEHHS B OAHTAKHUX KITBIISX;
HEPIBHOMIPHUI TEIUJIOBUI PEXHM Ta TEMIIEpAaTypHI TPAIIE€HTH, SKI MPU3BOIATH 10
TepMidHUX Aedopmarliii; BiOpaiiitHi HaBaHTaXKCHHS Ta AUHAMIYHI 1ucOaIaHCH pOTOpa;
MOB3Yy4IiCTh 1 BTOMa Marepiajly NpH TpHUBaIild eKCIuTyartailii; OciabJIeHHS MOCaJKu
OaHJQXHUX KIJelb YHACHIJOK peiaKcallii Hanpy>KeHb; a TaKOX TeXHOJOTI4HI JedeKTu
BUTOTOBJICHHS 1 MOHTaXy. CyKymHUH BIUTMB 3a3Ha4eHUX (PaKTOPIB MOKE MPU3BOIUTH JI0
3MIHH T€OMETpIi By3Jia, 3HMKEHHS MOT0 KOPCTKOCTI Ta, SIK HACIIJIOK, O MOTIPIIECHHS

HaJIHHOCTI poOOTH TypOoTreHepaTopa.
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Jlns OaHI@XHMUX KUJIElb T€OMETpis KOHCTPYKII Mae OyTH BpaxoBaHa TaKuUM
YUHOM, 11100 3a0€3MeUUTH BIACYTHICTB Aedopmartii 1yt MiHUX eeMeHTiB [27, 28]. Crin
3a3HAYMTH, 1110 Maca JJOOOBHUX YACTHH OOMOTKH POTOPA PO3MOAICHA HEPIBHOMIPHO MO0
MO3JIOBXHBOI 1 MOMEPEYHOI OCel poTOpa, TOMY B KUIbIl, KPIM PO3TITYBAJIbHUX 3YCUJIb,
BUHUKAIOTh 3TMHATIbHI MOMEHTH, B Pe3yJbTaTi KUX OaHJaKHE KUIbIE MOXe Ha0yBaTu
oBasibHOI (popmu. HaBaHTakeHHS B OKpEeMHUX TOYKaxX OaHAaKHOTO KUIBILSI pOTOpa Ha
KPUTUYHUX PEKUMAX POOOTH MOXKYTh JOCATATH MEK1 TEKY4OCTI MaTepiainy. PyliHyBaHHs
0aHIaKHOTO KUIbLS MOKE MPUBECTH O CEPUO3HUX HACHIJKIB SIK JJI1 OOCIYyTrOBYHOYOTO
NEepCOoHAIy, TaK 1 10 BUXOAY 3 JIay BCi€i MalIMHU. 3 OTJISAY Ha L€, IX TEXHIYHOMY CTaHy
HEOOX1THO MPUILIATH 0CcOOMUBY yBary. PerymspHuii 1 neTadbHUN KOHTPOJIb J103BOJISIE
CBOEYACHO BHUSBIISITH TPILIMHU, 3aJUIIKOBI Jedopmalii, 03HaKM BTOMH MaTepialy Ta
1HIII MexaHi4Hl JedexTtu. Takuii MOHITOPUHT Ma€ BKIIIOYATH SK IJIAHOBI OTJISAIN, TakK 1
3aCTOCYBaHHS CY4YaCHUX METOAIB JIarHOCTUKH, 30KpeMa HEPYHHIBHOTO KOHTPOJIIO.
CBoe€yacHe BUSBIICHHS HaBITh HE3HAYHHMX BIIXUJIEHB JAa€ 3MOTY 3all00IITH MOJANIbIIOMY
PO3BUTKY TIOMIKOJKEHb, MIABUIIUTH HAIHHICTG POOOTH OOJaJHAHHS, YHUKHYTH
JIOPOTOBAPTICHUX PEMOHTIB 1 3a0e3neunTy Oe3NeUHy eKCcIlyaTalio TypooreHeparopa B
iomy [33-35].
Takum YMHOM, OCHOBHHUMH BHUJAMH IOIIKO/KEHb OaHIaKHOTO BY3J1a POTOpA
TypOOTreHepaTopa € TPIILMHU B KUIBLISIX, 3aJIMIIKOBI Aedopmallii, oBajibHa (hopma KiJelb
yepes 3rMHAJIbHI MOMEHTH, BTOMHI PYHHYBaHHS Matepiaity, 0caabJIeHHs TOCAIKHU K1JIeIh

Ta JIOKaJIbHI pyHHYBaHHS HA MEX1 TEKy4OCTI.

1.3 AHaJj1i3 MeToAiB T0CTiIKEHHSI HATIPYKEHO-1e(OPMOBAHOI0 CTAHY POTOpa

JocmimkeHHs HaIpy>KeHO-1e(OPMOBAHOTO CTaHy (HAC) poTopa
TypOOTeHepaToOpa BEIIMKOI MOTYKHOCTI € CKJIAJHOK HAyKOBO-TEXHIUYHOIO 3aJ1aueto, 110
noTpedy€e 3acCTOCYBaHHS PI3HHUX IMIAXOMIB 1 METOJIB aHami3y. HaiOinpmn nommpeHuMu
cepell HUX € KJIACUYHI aHATITUYHI METO/IM, METOJIU POTOPOAMHAMIKH, M1X0 11 MEXaHIKH
pyWHYBaHHS, €KCIIEPUMEHTAIbHI METOIM Ta YUCEIbHE MOJCITIOBAHHS, 30KpeMa METO]I
CKIHUEHHMX eJEeMEeHTiB. IX 3acTOCYBAaHHS JO3BOJSE OTPUMATH ySABIEHHS IIPO
HaIpY>KEHUW CTaH Baly POTOpa Ta €JIEMEHTIB OAaHIaKHOTO By3Ja, OJAHAK KOXKEH 13

M1IXO0/IB Ma€ SIK MIEPeBaru, Tak i CyTTEBI OOMEKEHHHI.
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Tpaauitiiidi aHaTITAYHI METO/IU, 110 0a3YIOThCSA Ha TEOPii 000JOHOK 1 KJIACHYHHUX
MOJIOKEHHSX OMOpPY MarepiajiB, IIMPOKO BUKOPUCTOBYIOTHCS JJI 1HXKEHEPHUX OI[IHOK
MIIHOCTI. Y MeXax IUX MiAXOAiB OaHIaXHE KUIBIE PO3TISAAETHCS SK TOHKOCTIHHA
IUJITHAPUYHA 000JIOHKA TTOCTIHHOTO Mepepi3dy, HaBaHTa)KeHa BIIACHUMU BIALICHTPOBUMU
CHJIaMH, BHYTPIIIHIM THCKOM BiJ JOOOBHUX YaCTUH OOMOTKHM Ta KOHTAKTHUMU
3YCHJUISIMH, III0 BUHUKAIOTh TIPH MOCAIl Ha IEHTPYIoYe Kuiblle Ta 604Ky poTopa [33].
Ban potopa npu 1iboMy MOJAEIIOETHCS K OCECUMETPUYHUNA €JIEMEHT, 10 MpPAaIto€ i
J€0 KPYTHOTO MOMEHTY Ta BiIIEHTPOBUX crjl. OCHOBHUMHU MepeBaraMu TaKux METO/IB
€ 1X BIIHOCHA MPOCTOTAa, MOKJIUBICTh OTPUMAaHHS MIBUAKUX OILITHOK 1 MPUAATHICTD JIJIS
NOMEPEHbOr0 NpoeKTyBaHHs. [IpoTe BOHM 0a3yroThCS HA CYTTE€BUX MNPUIYLIECHHSX,
30KpeMa WHI0JI0 PIBHOMIPHOTO PO3MOJLITY KOHTAKTHOTO THUCKY, HE3MIHHOCTI (popmu
IONEPEYHOr0 Tepepidy Ta ITHOPYBaHHA CKJIAAHOI mpocTtopoBoi reomerpii. Lle
NPU3BOJUTH /10 3HMKEHHS TOYHOCTI pE3yJIbTaTiB, OCOOJMBO MPHU OLIHI JIOKAJTBHUX
HaIpY>KEHb Y 30HaX KOHUEHTpAIlil, TAKHX SIK [I0CAJKOB1 TOBEPXHI1 OAHIaKHOTO By3J1a a00
001acTh HEHTPAJIHLHOTO OTBOPY Bally poTOpA.

Metoau poTOpoIMHaMIKH, 1110 0a3yI0ThCS Ha OAIOUHKMX MoJeNsx (Teopii Eitnepa—
bepHyiii), 3aCTOCOBYIOTHCSI TIEPEBAXKHO JIJISI aHATI3Yy JAMHAMIYHOI MOBEIIHKH POTOPA,
BU3HAYECHHS KPUTUYHHUX YaCTOT 0OEpTaHHSA Ta OLIIHKM BiOpauiifHoi cTiiiKocTi [36]. Bonu
JO3BOJISIIOTH €(PEKTUBHO BPAXOBYBATH B3a€EMOIII0 POTOPA 3 MiAIIMITHUKOBUMHU ONIOPaMU
Ta 30BHIMIHIMH HaBaHTA)XCHHSIMHU, OJHAK MalTh OOMEXKEHY MPHUIAATHICTh IS
BU3HAUCHHS HamNpyXeHo-AepopMoBaHoro craHy. CHpolleHe MpeacTaBlIeHHS Baly y
BUTJISIII OQJIKK HE JTO3BOJISIE BpaXyBaTH pPealibHy TEOMETPIir0, HAsBHICTh OTBOPIB, Ma3iB 1
JIOKAJTBHUX HEOTHOPITHOCTEH, 10 € KPUTUIHO BKIMBUMH MPU aHAT131 MIITHOCTI.

JInst mocipkeHHs BIUTMBY Ae(eKTiB, 30KpeMa TPIIIUH, 3aCTOCOBYIOTHCS T1IXO0IH
MEXaHIKH pyHHYBaHHS, sKi 0a3ylOTbCS Ha BU3HAYEHHI KOEQIIIEHTIB 1HTEHCHUBHOCTI
HaIpy>KeHb Ta EHEPreTUYHHUX KPUTEPIiB pOCTy TpimmH. Taki MeToau A03BOJISIIOTH
OLIIHUTH HEOE3MEeKy PO3BUTKY AE€(PEKTIB y KPUTUUHUX 30HAX Baly POTOpA, HANPUKIAJ,
noOJMM3y TEHTPAIBHOTO OTBOPY, [I€ CIHOCTEPIra€ThCs TIABUINEHA KOHIEHTpPAIIiS
HarpykeHb [37]. BogHouac BoOHM 3a3BHuail BUKOPUCTOBYIOTh CIIPOIIEHI F€OMETPUYHI
MOJIeJIl Ta HE BPaXOBYIOTh KOMIUIEKCHY /10 MEXaHIYHUX, TETUIOBUX 1 €JIEKTPOMArHiTHUX

HABAaHTAXKEHb, III0 0OMEXYE 1X 3aCTOCYBaHHs 1Jisi noBHOro aHamizy HJIC.
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ExcnepuMeHTabHI METOIM JOCHIKCHHS, Takl SK TEH30MeTpis, BiOpalliiiHa
JIIarHOCTHKA Ta TEIUIOBI3IMHUN KOHTPOJb, 3a0€3MeUyI0Th OTPUMAHHS JOCTOBIPHUX
JAHMX OPO pealbHUH CTaH POTOpa B yMOBaX eKCILTyarallii. [X mepeBaroro € BHCOKa
TOYHICTh 1 MOKJIMBICTh BpaxyBaHHS BCiX (pakToOpiB, 110 AiI0Th Ha KOHCTPYKIIito. [IpoTe
3aCTOCYBaHHS TaKUX METOIB YCKJIAaJHEHE uepe3 OOMEKEHUH TOCTymn 0 OO0EpTOBUX
€JIEMEHTIB, BUCOKY BapTiCTh 1 HEMOXJIMBICTh JCTAJLHOTO BH3HAYEHHS BHYTPIIIHHOTO
PO3IOIITY HAIPY>KEeHb, 0COOIMBO B 30H1 0aHIaKHOTO By3Jla Ta BCEPEIUHI BaTy.

Haii0inp1 mepcreKTHBHUM HAIpsIMOM € 3aCTOCYBAHHS YHUCEIbHUX METO/IIB,
30kpemMa Mmetony ckindeHHuX eneMeHTiB (MCE), skuii no3BoJisie BpaxyBaTh peasibHy
TPUBUMIPHY TE€OMETPII0 POTOpa, CKJIAJAHI TpaHUYHI YMOBHU Ta OararodakTOpHUMN
xapakTep HaBaHTaxeHHs. Buxopucrtanns MCE nae 3Mory MonaentOBaTH KOHTAKTHY
B3aEMOJIII0 MK OaHIaKHUM KUIBIIEM, IMEHTPYIOUMM KUIbIIEeM 1 OOYKOI poTOpa,
BU3HAYATH PEATBHHUIA PO3TO/I1] KOHTAKTHUX THUCKIB, @ TAKOK BPaXOBYBAaTH TEMIIEPATyPHIi
MoJISI Ta EJNEKTPOMAarHiTHI cwid. lle € NpUHIHUIIOBO BaXKIWBHM IS aJICKBATHOTO
BU3HAUCHHS MTOCAJKOBHMX HATATIB 1 OIIHKM MIIHOCTI OaHmaxkHoro Bysna. Kpim Toro,
TPUBUMIPHE MOJIEJIFOBAHHS 103BOJISIE TOCIIII)KYBATH BIUIUB AE(PEKTIB, TAKUX K TPIILIUHH,
Ha HANPY>KEHUM CTaH BajJy poTOpa Ta BU3HAYATH 30HU MOTEHIIIIHOTO pyiTHYBaHHSI.

Y pob6orax [38-40] posrasgalOThCs YHUCENIbHI METOJU, 10 HaivacTiie
3aCTOCOBYIOTHCA JJIsl JTOCHIJIPKEHHS MIIHOCTI KOHCTPYKI[IH Ta I'PYHTYIOThCS HA METOI
ckinueHHux eneMmeHTiB (MCE). OcHOBHa 0COOMMBICTh CyYaCHOTO €Talmy PO3BUTKY ITUX
METO/IIB JOCII/PKEHb TOJISITa€ B MEPEX0/11 BiJl OUIBIIT MPOCTUX MOJEIEH 10 CKIAAHIIINX,
SIK1 MatOTh OLIbIII BUCOKY TOYHICTb 1 YHIBEPCAJIbHICTb.

VY pob6ori [41] npencraBnenuit MCE, skuii Ha gaHWN 4Yac JO3BOJISE OTPUMATH
HaWOUIBII TOYHI Pe3yJIbTaTH J0 CIIIKEHb TUHAMIKM 00€pTOBUX YACTHH, ajie 3BaXKalouu
Ha JOCUTh 3HAYHHUM PO30Ir MK pO3MIpaMu €JIEMEHTIB KOHCTPYKIlli IPH BUKOPUCTaAHHI
OJIHOTUITHOI CITKH Y€ YaCTO HE BAAE€THCS OTPUMATH HEOOX1IHY TOUHICTh Ha piBH1 95 %
B1JI MEXI IJIMHHOCTI. PO3BUTOK JaHOTO MeTOAy OyB mpejacTaBieHuil B poOoTi [42], ane
BpPaxoBYIOUH CKJIQJHY T€OMETPII0 Ta TEXHOJOTIUHI HAampyKEeHHsI MpeacTaBieHa podboTa
HE MOXe OyTH BHKOPHUCTAHA B IMOBHOMY OOCS31 JIJII PO3PaXyHKY MIIIHOCTI €JIEMEHTIB
TypOOreHepaTopiB BEMUKOT OTY>KHOCTI.

VY pob6orti [43] npencraBieHUd METOJ, 110 JTO3BOJISIE ONTUMI3YBaTH KOHCTPYKIIIT
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IUISIXOM MIABUIIEHHS 1X )KOPCTKOCTI. HemomikoM 1iboro MeTo1y € BiZICYTHICTh PO3TIISAY
CKJIaJIOBUX CHJI 3arajioM. PimeHHs naHoi nmpobiieMu HajgaeTbes B pobortax [44, 45], ne
HasIBHUH JeTalbHUM aHai3 MexaHiyHuX (akTtopiB. Takoxx He0OX1AHO BpaxOBYBaTH, IO
CYTTEBMMH YMHHUKAMH TI1]] 4ac BUOOPIB ICHYIOUMX JeopMalliii € TEIOB1 CKIIAIO0BI.

3riIHO 70 BUIICBUKIIAJEHOTO, MOKHA TIOOAYUTH, IO ICHYIOY1 YUCEThHI METOIH
TaK0X MalOTh MIEBHI 0OMEXEHHs. Y 6araTboXx poO0Tax po3IiIsJal0ThCS OKPEMI €IIEMEHTH
KOHCTPYKIIi 6€3 ypaxyBaHHS iX B3a€EMO/IIi, CIIPOLILYETHCS ONMUC KOHTAKTHUX YMOB a00 HE
BpPaXOBYIOThCSl TEPMOMEXaHIYH1 €()EeKTH.

Hocnimxennss HIC koMIoHEHTIB poTopa, K MpaBuiio, 6a3yr0ThCS Ha CIPOIICHUX
M1IX0/1aX 13 BUKOPUCTAHHSIM OCECUMETPUYHUX MOJIeIIeH Ta MPUITYIIICHHSM PIBHOMIPHOTO
HATATY 1 11€aJIbHOTO CYLIIBHOTO KOHTAKTY, [0 HE BIATIOBIAA€ pealbHUM yMOBaM poOOTH
OannaxxHoro By3ia [46]. KpiMm Toro, MexaHi3MH yIIKOJKEHHS MaTepiany OaHIa)KHUX
KUJICI[h, BKJIFOYAIOUH IIUKJIIYHI Ta KOPO31HHO-CXWIbHI SIBUIIA, MOXYTh CYyTTEBO BILIMBATU
Ha JIOKAJIbHI KOHIIEHTpalli HalpyKeHb y KOHCTpykwii [47]. Lle 3HMXye TOYHICTH
BU3HAYCHHS HANpPYXEHb 1, BIAMOBIAHO, KOC(IIIEHTIB 3aMacy MIIHOCTI Ta 00YMOBIIO€
HEOOXITHICTh Yy HOBOMY MiAXOAl, L0 OyJe BpaxoBYBaTW HENIHIMHY KOHTaKTHY
B32€MO/I110, HEPIBHOMIPHICTh HATATY, TEOMETPUYHI OCOOJTMBOCTI KOHTAKTHUX TOBEPXOHB
Ta JUHAMIYHI €(EeKTH, BKIIOYAIOUYM TMPOXOKCHHS KPUTUYHHMX 1 YTOHHUX DPEXKHUMIB.
Oco0MBO 11€ CTOCY€ETHCS 0aHAAKHOTO BY3J14, /1€ peaTbHUNA PO3MOIiJI KOHTAKTHOTO THCKY
€ HEPIBHOMIPHHM 1 CyTTEBO BIIMBAE HA HAIIMHICTD 3’ €THAHHS.

Takum 4MHOM, aHaJII3 ICHYIOUHUX METOIB MOKAa3ye, 10 JKOJEH 13 HUX OKpEeMO He
3a0e3neduye T0CTaTHOI TOYHOCTI JJII KOMITJIEKCHOI OIIIHKY HAIPYKEHO-1e(OPMOBAHOTO
CTaHy BajJy poTopa Ta 0aHIaXHOTO By3Jia TypOOoreHeparopa BeluKoi moTy)HOCTi. Lle
00yMOBIIIOE HEOOXIAHICTH PO3POOKH YTOUHEHOTO METOJy YHCEIBHOTO0 MOCITIOBAHHS
HJIC potopa, sxuii noeJHyBaTUME NEpEBark Cy4yacHHX IMiJIX0/iB 1 BpaXOBYBaTUME MOBHY
TPUBUMIPHY TE€OMETPII0 KOHCTPYKIIi, KOHTAKTHY B3a€EMOJIIO0 €JEMEHTIB, a TaKOX
CYMICHY /110 MEXaHIYHUX HABAHTAKCHbD.

CTBOpeHHSI METOAY TPUBHMIPHOTO MOJCIIOBAHHS HAIMPYKEHO-Ie(HOPMOBAHOTO
CTaHy pOTOpa Ha OCHOBI YTOYHEHUX TPaHUYHHUX YMOB | poay IJisi TEIJIOBOIO CTaHYy,
YTOYHEHUX TOYATKOBUX 1 TPAHWYHUX YMOB [JISl JETAJCH 3 Tapsuol0 MOCAIKOI0 Ta 3

BUKOPUCTAaHHAM pPCaJIbHHUX 3HAYCHDb HOH&THHBOCTCﬁ OIIOp IIpHU PO3PAXYHKY KPUTHYHUX
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YacTOT Ta 3aBJAAHHS HENHIMHUX XapaKTePUCTUK MOIYJIO MPY>KHOCTI METay J03BOJIUTH
MIJBUIIUTH TOYHICT, BHU3HAUCHHS HAINpyXeHb 1 jaedopmaliiid, YTOYHUTH 3HAYCHHS
KoeIII€HTIB 3amacy MIITHOCTI Baldy pOoTOpa Ta €JIEMEHTIB OaHIa)KHOTO By3J71a, a TAaKOXK
3a0€3MeunTH MIABUIIEHHS HAIIAHOCTI Ta OE3IMEeKH eKCIUIyaTalli TypOoreHepaTropis
BEJIMKOI MOTY>KHOCTI.

HaykoBe oOrpyHTyBaHHsS 3alpOIIOHOBAHOTO METOJY MOBMHHO Oa3yBaTHCS Ha
BukopuctanHi MCE sk yHIBepcaJbHOTO 1HCTPYMEHTY JUCKpPETH3allli CKJIaJHHUX
TEOMETPUYHUX 00J1acTel 1 pO3B’A3aHHS CUCTEM U(PEPEHLIATBHUX PIBHSIHD Y YACTHHHHUX
noxigaux [40]. Ilpu 1bOMy BaXJIHMBHM € TMpOBEICHHS Bepudikaimii Ta Bamigari
PO3po0IIeHNX MOJIeIel Ha OCHOBI €KCIIEPUMEHTAIbHUX JJaHUX a00 B1IOMUX aHAJITUYHUX
PO3B’SI3KIB.

Kpim Toro, nmominsHUM € po3poOka amroputmy po3paxyHky HJIC enemeHtiB
KOHCTPYKLIi TypOOreHeparopa, SIKUWA JO3BOJUTh YTOYHUTH PO3PAXYHKOBY CITKY
CKIHUEHHHUX E€JIEMEHTIB Y 30HaX KOHIEHTpallli Hapy>KeHb, 0 JO03BOJIUTH IMIIBUILUATH
TOYHICTh PO3pPaxXyHKIB 0€3 CyTTEBOTO 301IbIIIEHHS] O0OUHCIIIOBATIBHUX BUTpAT. [HTETparis
TaKUX aJITOPUTMIB 13 Cy4aCHUMHU NPOrpaMHUMH KomIuiekcamu nociikenHs HJIIC

3a0€3MeUnTh MPAKTHYHY MPUIATHICTH 3aIPOITOHOBAHOTO METOTY.

1.4 Amnaniz pe3yabTaTiB AHAJITUYHOIO PO3PaxXyHKY 3amaciB MiIlHOCTI
KOMIIOHEHTIB poTopa

B Ta6muii 1.3 HaBegeHi 3amacu MIIIHOCTI BY3J11B Ta €JIEMEHTIB KOHCTPYKIIii poTopa
TypOorenepatopa mnotyxHicTio 200 MBt BupoO6nuutBa AT «YEM». Po3zpaxynku
BUKOHAHI 3 BUKOPUCTAHHSIM KIACHYHUX aHAMITUYHUX MeToniB [48-51]. 3 HaBemeHmux
JAaHUX BHJIHO, IO OaHJaKHE KUIbIle TeHepaTopa MpU YTrOHHINM YacTOTi 0oOepTaHHS
(n=3600 06/xB) Mae 3amac MinHOCTI piBHUK 1,36, a TIpu HOMIHAIHLHOMY
(n = 3000 06/xB) pexxumi HOro 3amac MIIIHOCTI CTaHOBUTH Bxke 1,55. KoedirienT 3amacy

MILIHOCTI JI M1l pOTOpa JJis IbOTO Te€HepaTopa CTaHOBUTH 1,34.



49

Tabmuus 1.3
3amacy MIITHOCTI By3J11B Ta €JIEMEHTIB KOHCTPYKIIIA poTopa TypOoreHeparopa
noTyxkHicTio 200 MBT
HaiiMeHnyBaHHs1 BY3J1iB i ieTajieil TypOOreHeparopa 3anac minHocTi
3ybeLb poTopa 2.07
[Iuiika poropa 2.4
BaHakHe Kinblie n = 3000 06/xB 1,55

n = 3600 06/xB 1,36
Kiun nasa poropa 3pis 5,02
3TMH 1 CTUCK 2.6
Miap poTopa 1.34
OcboBHIT BEHTUIIATOP BTylika 2,02
JIOIIAaTKa 1,89
Kommpecop KoJIeco 2,75
JIOIIAaTKa 2,07

HaBengeni B Tabmwuii 1.3 pe3ynbTaTH TMOSCHIOIOTHCS OCOOJMBOCTSMH il
BIJILEHTPOBUX CUJI Ta YMOB POOOTH PI13HUX €JIEMEHTIB pOTOpA.

[To-nepiie, 6anAaKHE KUTBLIE MPAIIOE B HANOUIBII HAMPYKEHUX YMOBAX, OCKIIBKU
caMe€ BOHO yTpUMye€ JOOOBI YacCTUHU OOMOTKH pOTOpa BIJl PO3PUBY TIiJ JI€HO
BIJILIGHTPOBUX CUJI. MexaH14H1 HaNpy>KeHHS B KUIbII1 3pOCTAI0Th MIPOTMOPIIIIHO KBAAPATY
KyTOBOI MIBUAKOCTI o0epTanHs (6 ~ ®* ~ n?). ToMy mpu nepexoji BiJl HOMIHAIBHOL
yacTtoTu obeptanHa n = 3000 06/xB 10 yronnoi n = 3600 06/xB (30u1bmeHHs Ha 20 %)
HaIPY>KEHHS 3pOCTatoTh TpuoOIM3HO Ha 15 %. e nmpu3BOAUTH 1O CYyTTEBOTO 3MEHIIICHHS
koedirienTa 3anacy mitHocTi 3 1,55 g0 1,36, ToOTO 6aHAaKHE KIJIbLIE MTPAIIOE Maihke Ha
MEX1 JOMYyCTUMHUX HamnpyxeHb. Takuil pexuM € KOpPOTKOYACHUM (aBapiiHUM alo
NEePEeXiAHUM ), TOMY JTOIMYCTUMUI MEHILIUH 3a1ac MIilIHOCTI.

[To-npyre, npu HOMiHanBHOMY pekumi (3000 00/XB) BIAUEHTPOBI CHUIIU 3HAYHO
MEHIIT, BIJIMOBITHO 3HIDKYIOTHCSI MEXaHIYHI HANPY>KEHHS B OaHTKHOMY KUTbII, IO 1
3abe3rneuye OuTbIME 3amac MirHOCTI (1,55). Ile BiamoBizae BUMOTram 10 TPUBAIOL
eKCIUTyaTallii, e HeoOX1Ha MiBUIIeHa HAAIHHICTh 1 JOBIOBIYHICTb.

[To-TpeTe, Migb OOMOTKH POTOpa Ma€ BIJIHOCHO HEBUCOKHI Koe(dillieHT 3amacy
MmirHOCTI (1,34), 1110 MOsSICHIOETHCA 11 (H13UKO-MEXaHIYHUMHU BJIIACTUBOCTSMM:

- MiJIb Ma€ HIDKYY TPAHUITIO MIITHOCTI TIOPIBHSIHO 31 CTAISIMH OaHIaXKHUX KiJICTIh;

- BOHA OJTHOYACHO BUKOHY€ €JIEKTPUYHY 1 MEXaHIYHy (DYHKIII0, TOMy HE MOXE
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OyTH 1CTOTHO TTOCHJIEHA 0€3 MOTIPIIEHHS eIEKTPUUHUX XapaKTePUCTHK;

- 0OMOTKa MpaIffoe B yMOBaxX HarpiBy, 110 JIOAATKOBO 3HUXKYE 11 MIIIHICTb.

Pazom 3 ThM, MigHAa 0OMOTKA YaCTKOBO PO3BAHTAXKYETHCSA 3aBISKH KOHCTPYKITI
nasziB 1 OaHAaXHOTO By3Jla, TOMY ii 3amac MIIHOCT1 JIONMYCKA€ThCS MEHIIUM, HIXK Y
CUJIOBHX €JICMEHTIB.

Omxe, oTpuMaHi 3HaueHHS KOe(IlI€HTIB 3amacy MIIHOCTI € 3aKOHOMIPHUMH 1
B1I0OpakaroTh:

- KBaJI[paTUYHY 3aJIEKHICTh HAIIPYKEHb B1Jl IIBUIKOCTI 0OEpTaHHS;

- pI3HY POJIb €JIEMEHTIB Y CHIPUMHSITTI HABAaHTAKCHb;

- BIAIMIHHOCT1 Y ME€XaHIYHUX BJIACTUBOCTAX MaTEpialliB 1 yMOBax iX poOOTH.

1.5 BuCHOBKM /10 epLIOT0 PO3aiay

B nanomy po3zniii Oyiu BUpIIIEHI HACTYITHI 3aBIaHHS:

- MPOBEJEHO OIJIAJl KOHCTPYKIIi pOTOpa Ta HOr0 KOMIIOHEHTIB;

- MPOBEJICHO aHaJli3 OCOOJMBOCTEH KOHCTPYKIII Ta MOIIKOIKEHb pPOTOpa, IIO0
00yMOBJICHI YMOBaMHu po0OOTH;

- MPOBECHO aHali3 METOJIB JOCHIIKEHHS HaNpyX eHO-Ae(hOPMOBAHOIO CTaHY
poropa;

- MPOBEICHO aHaJi3 PE3yJbTaTIB AHAIITUYHOIO PO3PAXyHKY 3amaciB MIIHOCTI
KOMIIOHEHTIB pOTOpA.

byno Bu3HaueHo, IO POTOP € YACTMHOI HANOUIBII aBapiifHO HeOEe3MeYHOi
CUCTEMHU KOMIIOHEHTIB TypOoreHepaTtopa (poTop—CcTaTop) Ta HOTro HEBiANOBiIHA poOoTa
€ OJIHIE€I0 3 OCHOBHUX MPUYMH BUHUKHEHHS aBapiii Typboreneparopis (~30 %). Potop €
HAWOUIBIIT MEXaHIYHO HABAHTAXKEHUM BY3JIOM TypOOreHeparopa.

BusnaueHno, 1o HalOLIbII MEXaHIYHO HAaBaHTAKEHUMH KOMIIOHEHTaMHU poOTOopa
0OMOTAHOTO € BaJI pOTOpa Ta OaHJAKHUI B30I

Bu3nadeHo, 1110 OCHOBHMMH BUAAMU MOITKOHKCHB BaTy pOTOpa TypOoreHepaTopa
€ BTOMHI TPIIIMHY, [0 BUHUKAIOTH 1 PO3BUBAIOTHCS B 30HAX KOHIICHTPAIIll HAMPYKCHb
(30Kpema Ol IIEHTPATBHOTO OTBOPY Ta OCHOBHU 3YOIliB), TepMmiuHi aedopmairii Ta
BUKPHUBJICHHS, IOB3YYICTh MaTepially IIPU TpUBAJIiH PoOOTI 3a MABUIIIEHUX TEMIIEpATyp,

a TaKOX KOPO31HHO-BTOMHI PyHHYBaHHS.
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BuszHayeHo, 1110 OCHOBHUMHU BHJAAMH MOIIKOJKEHb OaHJaXHOTO By3Jia poTOpa
TypOOoreHepaTopa € TpIMHU B KIJIBIISX, 3AJIUIIKOBI AedopMaliii, oBasibHa ¢hopma KiJIelb
Yyepe3 3TUHAIbHI MOMEHTH, BTOMHI pyiHYBaHHS MaTepiaiy, 0ciaa0aeHHs MOCAIKH KUTEIb
Ta JIOKaJIbHI pyHHYBaHHS Ha MEXK1 TEKY4OCTI.

CykynHICTh IIUX AePEKTIB MPU3BOAUTH JIO 3HIKEHHS dKOPCTKOCTI Bally poTOpa Ta
SJIEMEHTIB OaHIaKHOTO BYy3Jia Ta, BIATIOBIAHO, 3arajdbHOI HaIIMHOCTI TypOOTeHepaTopa.

AHami3 ICHyIOUMX METOIB PO3paxXyHKy MOKa3aB, IO KOJIEH 13 HUX OKPEMO He
3a0e3Mevye TOCTaTHbOT TOYHOCTI JIJIs1 KOMITJIEKCHOT OI[IHKK HaMpy>KeHO-1e(hOpPMOBaHOTO
CTaHy BaJly poTopa Ta OaHJaXXHOTO By3Jla TypOOreHepaTopa BEJIMKOI MOTY>KHOCTI 1
00yMOBITIIOE HEOOXIJTHICTh PO3POOKH YTOYHEHOI'O0 METOJYy YHCEIBLHOTO MOJESIIOBAHHS,
KU TOE€IHYBAaTUME MEPEBAru Cy4aCHUX MIIXOIB 1 BpaXOBYBaTUME NTOBHY TPUBHMIPHY
TE€OMETPII0 KOHCTPYKIIii, KOHTAKTHY B3a€MOJIII0 €JIEMEHTIB, & TaK0X CYMICHY JiiO
MEXaHIYHUX HaBAHTAXKCHb.

CTBOpEHHS Ta BIPOBAHKEHHS METOAY TPUBUMIPHOTO MOJCIIOBAHHS HAPy>KEHO-
ne(OpMOBAHOTO CTaHy pOTOpa Ha OCHOBI YTOYHEHMX TpaHMYHUX yMOB | ponmy s
TEIUIOBOTO CTaHy, YTOUHEHUX MOYATKOBUX 1 TPAHUYHUX YMOB JJISl JA€Tajeil 3 Tapsioro
MOCAJKOI0 Ta 3 BUKOPHCTAHHSM peEaJbHUX 3HAu€Hb MOJATIMBOCTEH OINOp MpHU
pPO3paxyHKy KPUTHYHUX YaCTOT Ta 3aBJaHHS HENIHIMHUX XapaKTEPUCTHK MOJIYIIIO
NPY>KHOCTI MeETally JAO3BOJIUTh MIABUIIUTH TOYHICTH BHU3HAYEHHS HAIPY>KEHb 1
nedopmarliii, YTOYHUTH 3HA4YCHHS KOE(IIIEHTIB 3amacy MIIHOCTI Bally poTopa Ta
€JIEMEHTIB 0aHJaXXHOTO BYy3Ja, a TaKOXX 3a0e3MeYUTH IMiJIBUIICHHS HAJIMHOCTI Ta

Oe3mekn eKcruTyarailii TypOoreHepaTopiB BEIUKOT OTYKHOCTI.
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PO3AUI 2 JOCJIDKEHHA HAC BAHIAXKXKHOI'O BY3JIA
2.1 3arajbHUIi aJrOpUTMY PO3PAXYHKY

Ha mouaTky IoCHipKeHHS € HEOOXITHICTh CTBOPEHHS y3araJlbHEHOIO aJrOpUTMY
PO3paxyHKY, SIKAW 3a0€3MEeYUTh MOXKIIUBICTD JOCTIIXKEHHS HApy>KeHO-1e(pOPMOBAHOTO
CTaHy KOHCTPYKTHMBHHX €JIE€MEHTIB poTopa TypOoreHeparopa.

AHai3 HampyKeHO-Ie(pOPMOBAHOTO CTaHY EJIIEMEHTIB poTopa TypOoreHeparopa
BUKOHY€ETHCSA y MPOCTOPOBIN (TpUBHUMIpHii) mocTaHoBIi [1], 10 Ja€ 3MOry BpaxyBaTu
pealbHy T'€OMETPil0 KOHCTPYKTHBHHMX KOMIIOHEHTIB, CKJIAaJHUN Xapakrtep ix
HABAHTAKEHHA Ta OCOOJIMBOCTI B3a€EMOJIII MiK OKPEMUMH €JIEMEHTaMH. 3aCTOCYBaHHS
TPUBUMIPHOT Mojieli 3a0e3mnedye OUIbIl MOBHE BIATBOPEHHS PO3MOJLIY HAMNPYyXKEHb 1
nedopmMaiiiil y By3iax Ta 30HaX iX KOHIIEHTpaIIii.

VY po3paxyHKax NpUIMaEeTbCs NPUITYLIEHHS MPO HE3B sA3aHUI XapakTep 3aaadl
TEPMOIIPYXKHOCTI. TemnepaTypHe 1oJie BU3HAUYAETHCS HE3aJIE€KHO B1J] MEXaHIYHOTO CTaHy
KOHCTPYKIIi Ta HE 3a3Ha€ CYTTEBOrO BIUIMBY 3 OOKy nedopmarii. Takuil miaxifg
OOTPYHTOBaHMI BIJIHOCHO HEBUCOKUM PIBHEM HarpiBaHHS €JIEMEHTIB TypOoreHeparopa
1] 9ac eKCIUTyaTallii, 3a sIKOTo TeMIIepaTypHI 3MIHU HE CIPUYUHSAIOTH ICTOTHOI 3MIHU
(b13MKO-MEXaHIYHHUX BJIACTUBOCTEW MaTepialliB 1 HE 3yMOBIIIOIOTh 3HAYHOTO 3BOPOTHOTO
BIUIMBY Ha Hamnpy>XeHo-nedopmoBaHuil craH. BukopucTaHHs He3B’s3aHOI MOCTAaHOBKH
3aa4i JTO3BOJIAE€ CIPOCTHTH MaTeMaTHYHy MOJAENh 0e3 CyTT€BOi BTpaTh TOYHOCTI
pe3ynbTaTiB, O € AOUUIBHUM JUIsl 1H)KEHEPHOTO aHalli3y Ta MiABUILY€E €(EKTHUBHICTh
YUCEIBHUX PO3PAXYHKIB.

B pamkax TpUBUMIPHOTO MOJICJIOBAHHS BUPINIYIOTHCS 3a7adyl  BU3HAYCHHS
HaIpy>KeHO-1e(OPMOBAHOTO CTaHy €JIEMEHTIB pOoTOpa TypOOTeHepaTopa MpU BiJOMHX
CWJIOBHX 1 TEMIIEPATYPHUX HaBaHTAXKEHHIX [2-5].

CrpykTypHa cxeMa anroputmy pospaxyHky HJIC enemeHTIB KOHCTpyKIIi poTopa

TypOOTeHepaTopa Ha OCHOBI TPUBUMIPHOTO MOJICTFOBaHHS HaBeAeHa Ha puc. 2.1.
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[NoyaTKosi AaHi: NoTyHHICTL TypGoreHepaTopa, reoMeTpuYHi napameTpu,
Temneparypa Ta noTy}HIiCTb Harpiey akTMBHOT cTani, MexaHi4Hi BnacTWBoCTi MaTepianis

|
Fs ‘

BuaHaueHHsa MexaHiHHWX HaBaHTaxkeHs

k.

TprBMMIpHE MOOENHBaHHA
3'eHaHL 3 HaTAraMU

h

KoHTakTHa 3agaqa

Pesynsrar: posnofin KOHTaKTHUX TUCKIB

TpuBnMipHa 3aga4a NpyXHoCTI

PeayneraTt: npocTOPORWA po3nNoain HanpykeHs Ta
AedhopMaliil Bif, CUMOBUX HaBaHTaMeHb

2 ... 3iTepaui

Pesynetat: Ginbl TOYHE BU3HEYEHHA MILHOCTI
neTanei potopa

Puc. 2.1 — CtpykTypHa cxema airoputMy po3paxyHky H/IC eneMeHTIB KOHCTpyKIIii

poTopa

3amaul  TEPMOMPYKHOCTI  PO3TISTAIOTECS Yy  TPOCTOPOBIM  (TPUBHUMIpHIiL)
MOCTAHOBIl, IO JO3BOJISIE TOBHOK MIpOI0 BpaxyBaTH MPOCTOPOBHI PO3MOILT
HaIpy>keHb 1 nedopmaniii y KoHcTpykiii. Takuil miaxin 3abe3nedye OuIbII aleKBaTHE
BIJITBOPEHHSI PEAJbHUX yMOB POOOTH E€JEMEHTIB 1 MiJIBUIYE TOYHICTH OI[IHIOBaHHS
IXHBOT MIIIHOCTI Ta HAIWHOCTI.

Ha mnouatkoBOoMy erami 3IIHCHIOETBCS MOJEIIOBAHHS 3'€qHaHb 3 HATATaMU
CJIEMEHTIB poTOopa TypOOTeHepaTopa 3 ypaxyBaHHAM iX (DaKTUYHOI T€OMETPHUYHOI
KoH(irypaiii, HOPMAaTUBHO BCTAHOBJIEHUX TEMIIEpaTyp MEPErpiBy, MeEXaHIYHHUX
BJIACTUBOCTEH KOHCTPYKIIIWHUX MaTepiaiiB  €JIeMEHTIB Ta JII0YWX CHJIOBHX
HABAHTA>KEHb.

Ha nactynHoMy ertami po3B’A3ye€TbCsl 3a/aya MPY>KHOCTI 3 METOI YTOUHEHHS
(aKTUYHOrO PO3MOJLTY HAMNpyKeHb Ta IMEPEMIIICHb BiJ] CHJIOBUX HABAaHTaXEHb Ha

IMOBCPXHAX KOHCTPYKTUBHHX €JICMCHTIB.
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ITepariifina mporeaypa MpPOAOBXKY€EThCS 10 AOCSATHEHHS 301)KHOCTI pe3yJIbTaTiB:

PO3paxyHOK BBAXKAETHCSA 3aBEPIICHUM, SKIIO pO30DKHICTE MDK 3HAUYCHHSIMHU

KOHTPOJIbHUX MapaMeTpiB Ha JBOX IMOCHIJOBHHUX iTepalisx He mepeBuirye 5%. Takwuii
TIX17] T IBUIIY€E JOCTOBIPHICTH OTPUMAHUX PE3yJIbTaTIB.

Ha 3aBepmianpHOMYy eTami, Ha OCHOBI BH3HAYEHUX IIONIB HAaMpy>KeHb Ta

NepeMillleHb BUKOHYETHCS OLIIHIOBaHHS HaIpPYXEHO-Ie(OpPMOBAHOTO CTaHy Ta

MepeBIPKHU €JIEMEHTIB Ha BIIMOBIAHICTh YMOBAM MIITHOCTI.

2.2 BHKOHAHHA MeEXaHIYHHUX PO3PaxXyHKIB 0aHJAaKHOIO BYy3Jla pOTOpa
TypOoreseparopa nory:kHictio 200 MBT aHaJliTHYHEM METOAOM

3au1s TOCATHEHHSI METH TIPEICTABIICHOT pOOOTH Ta BHKOHAHHS ITOCTaBJICHUX 33129
OyJsio oOpaHo TypOoreHepaTop notyxHicTio 200 MBT BupooHunrsa AT «YKpaiHChKI
eHepreTuyHi MamuHm («YEM»).

Merta po3paxyHKy: BU3HAUCHHS HAMPY>KCHb B ICTAIIAX OaHTaKHOTO BY3Jia POTOpA
Ta po3'€IHYBAJIbHI YaCTOTH 00epTaHHs 0aHIa)KHOT'O KIJIBIIS, OCAKEHOTO 3 HATSTOM Ha

004Ky pOTOpa Ta IEHTPYIOUE KUIbIIE.

Buxinni mani g po3paxyHKiB OaHI@XHOTO By3Jia pOTOpa TypOoreHeparopa

HaseeH1 B Tadmui 2.1.

Tabmuus 2.1

BuxinHi nani 11t po3paxyHKiB 0aHIa)KHOTO By3Jia poTopa
HajimenyBaHHs napamerpy 3HayeHHA
Yactora obepranHs, 00/XB:
- HOMiHaJIbHA (Nn) 3000
- yronsa (ny) 3600
JliameTpasibHUI HATAT OCaAKU O0aHIaXKHOTO KiJIbIIS, M:
- Ha 604Ky poTopa (41), max/min 2,2x107
- Ha HeHTpyloYe Kiiblie (02), max/min 2,2x107
Maca 1000801 4acTUHU OOMOTKH (7712), KT 870
Paniyc mo nenTpy mac 1060B01 4acTUHH (10), M 0,428
Meska MIMHHOCTI MaTepiany 6aHiaxkHOro Kibis (a0%), MIa 900
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[Tponorxenus Tabmui 2.1

Meska MIMHHOCTI MaTepiaty HEHTPYIOUYOro Kb (0&;), MlIla 700
Meka MIMHHOCTI MaTepiany Baly poTopa (U(I,J, ,), MIla 687
Maca BMmicTy na3a poropa (myp.), KI/M 29,64
Monyns npysxuocri (E), H/m? 2,1x10!!
Koedimient Ilyaccona nenTpyrodoro kuibis (L), B.O. 0,29
Koedimient [Tyaccona 6angaxHOTO KUTbI Ta 00YKH poTopa (LL), B.O. 0,28
Yucmo nasiB (Zsar.), O, 52
KoedirmienTn niniitHOro po3mmpeHHs matepiany, 1/°C:

- OaHTKHOTO KUIBLS (k) 1,7x107
- 60YKHM POTOpA Ta IEHTPYIOYOr0 Kb () 1,2x107
Temneparypu neperpiny, °C:

- 6anpaxxHoro KUTbLs (75 ) 70

- 6ouku poropa (75 ), 50

- LEeHTpyouoro Kbl (7, ) 50

I'eomeTpuyni po3mipu OaHIAKHOTO Ta IIEHTPYIOUOIro KijJelb HaBEJICHI Ha

pucyHkax 2.2 —2.3.

720

' Ll
A Q
- g =
& S
o0

Puc.2.2 — bannaxkae KUIbIe

0001 &
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Puc.2.3 — llenTpyrode Kijblie

2.2.1 Po3paxyHOK HamnpyKeHb Y O0aHZaKHOMY KiJblUi BiX BJACHUX

BiZIIIEHTPOBMX CHJI TA BiJl BIAIIEHTPOBUX CUJI JI0OOBOI YACTUHM 0OMOTKH POTOpA.
Cepenuiit BHyTpinHii giamerp 6annaxuoro kinpus D, =0,9963 u
Cepenns ToBmmHa 6anpaxnoro kineus 72 =0,0793 u
[Tnoma nepepisy 6annaxknoro kinslsg S = 0,0575 M2,

PospaxynkoBa noBxuHa 0angaxsoro ke [ =0,725 u

Bianentposa cuia 1060Boi yacTiHU 00MOTKH C BU3HAYAETHCS 332 (POPMYIIOIO:

2
n
C=|—| -W-R,=3,72-10° ke 2.1
(300j ’ e

Tuck Bi BIAIIGHTPOBOI CUJIM JOOOBOI YacTMHM OOMOTKHM K BH3HAYa€ThCS 3a

dbopmyroro:

K= L] =16,08 MIla (2.2)

T Dcep .
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TanreHIiasbHe HaMpy»XEHHS B OaHIaKHOMY KUIBII BiJl BJACHUX BIIIIEHTPOBUX

CUJl 0, BU3HaYaeThCs 3a (popMysiaMu:
n 2
o, =0,207-7/-D]@ (%j (1+0,212a%) = 246,1 MIla (2.3)

ne: Deep — cepenHii BHYTPIIIHIN 11aMeTp OaHIa)KHOTO KUIBIIS, M;
D3 — 30BHINIHIN JlaMeTp 0aHIaKHOTO KiJIBIIS, M;

O — KoeQIIIEHT BIIHOIIEHHS JIlaMeTPiB, B.O.

D
a =" - 0,864 (2.4)
D

3

TaHreH11aIbHE HATIPY>KEHHS B OaHIaXKHOMY KUTbII B1J] BIALIEHTPOBUX CUJI JIOOOBOI

YaCTHHU OOMOTKHU 0y, BU3HAYAETLCS 32 (POPMYIIOH0:

2
o, — K _109,8 MiTa 2.5)
-

CyMapHe TaHTeHIlIaJIbHE HANpPYXEHHS BiJ BIAIECHTPOBUX CHJI Y OaHIaKHOMY

KUIBIIl 0; BU3HAYAETHCA 32 POPMYIIOIO:

o,=0,+0, =355,9 Mlla (2.6)

2.2.2 Po3paxyHOK HampysKeHb Bil IOCAAKM O0aHJAKHOIO0 KLUIbLIA Ha
HEeHTPYHYe Kijblle i Ha 004Ky poTopa
Koedimient nedopmaiiii BHyTpIIIHBOTO JiaMeTpa OaHTKHOTO KUIbIIS BiJl TUCKY

OOMOTKHM Ta BiJl BIACHUX BIAIEHTPOBUX CHI K; BU3HA4Ya€ThCS 32 (POPMYIIOIO:
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3 K-D 2 2
Kb:3,83&(4,7+a2)a-10’3+ iz 1+0‘2+y L@j =194,2.10° —2 2.7)
E E \l-«a n 00/ x8

Koedimient nepopmariii poropa K, BU3HAYaeThCs 3a GOpMYyJIaMHU:

2 2
K,:& 3,83D2(1+4,7a)10° + P, ”“2-;[ +14’5-i1g(gj [@j =45210° —— (2.8)
E 1 N, C-Z \Z n 00/ x6

ne: d — aiaMeTp LEeHTPaIbHOTO OTBOPY B POTOPI, M.
Dz— niameTp 1o JHy masiB poTopa, M.
h;, C;u Z — po3mipu 3y011s poTopa, M.
0 — KOe(IIIEHT BITHOIIECHHS JIIaMETPiB, B.O.
d
a =—=0,164 (2.9)
D V4
KoedimienT aedopmaiiii 30BHIMIHBOTO JIIaMETPa LIEHTPYIOYOTO KUTbLIS B1J] BIACHUX

BIJIIIEHTPOBUX cull Ky BU3HAYAETHCA 32 POPMYIIaAMHU:

D3
KK=3,83i(1+4,70512<)-10_3=6(),2-10_6 M (2.10)
E 00 / x6
ne: Dygp— BHYTPINIHINA JiaMeTp IEHTPYIOUOTO KUTBIIS, M.
Dg3— 30BHIIIHIN TiaMeTp HEHTPYIOYOTO KiJIBI, M.
Ox— BITHOIIEHHS J[IaMETPiB, B.O.
D
ap =—£=0,7 (2.11)
Dy

[TomatnuBicTh GaHIAXKHOTO KUIBLS BiJ OCAIKKA WOTO HAa LIEHTPYIOUYE KUIbLE A

BU3HAYAETHCS 32 (OPMYJIOLO:
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2, =3182=7,3-10" u (2.12)
r

Jie: ¥ — CepeIHIN paaiyc OaHTaKHOTO KUTBIIS, M;
y — IPOTHUH HECKIHYEHHO JOBTOi OaIKH, 110 JISKUTh Ha CYLUIbHIN MPY>KHIM OCHOBI

3 PIBHOMIPHO PO3MOJIJICHUM Ha JUISHIN «26» HaBaHTaKEHHsSM ( = 1/2b, modaTok sKoi
3HAXOJIUTHCS Ha BIJICTAHI «C» BIJ TOPIA OaHaXKHOTO KUIBIIA (3 TOro 00Ky, JIe BOHO Cij1a€e

Ha LIEHTPYIOYE KIJIbIIE).

O°[B(c+b)]+ %l//[ﬂ (c+D)OLS(c+D)]-

y:%(l—e‘ﬁb cos fb) + gbp | (2.13)
—Ew[ﬁ (c+b)I[B(c+Db)]
ne: K — xoedilieHT )OpCTKOCTI OCHOBH, 1110 BUBHAYAETHCA 32 POPMYJIOIO:
KZE—2h=57,7MH/M2 (2.14)
r

KoedimienT HepiBHOMIPHOCTI TeoMeTpii [ 110 BU3HAYAETHCS 3a GOPMYIIOLO:

2
ﬂ:4%:0,0624 1/ M (2.15)
r

['eomeTpuyHi maHi I PO3PaxXyHKY Ta PO3pPaxyHOK ITOJATIMBOCTI OaHIAKHOTO
KUITBIIS BiJ] TOCAJKKA HOTO Ha IEHTPYIOYE KUThIIE:

b =0,0183 m; ¢ =0,0367 m; Bb=0,624-0,915 = 0,057;

eB® = 0,944, cosf3b = 0,998; B(ct+b) = 0,0624-4,585 = 0,286.

[ B(c +b)] =0,7209

w[f(c+D)]=0,51
EB(c+b)]=0,2111
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3rigHo popmynm 2.13

y=123-10" nu

[TopaTnuBicTh OaHIAXXHOTO KUIBISI BiJ MOCaAKU MOro Ha O04Yky poropa A

BU3HAYAETHCS 32 (HOPMYJIOIO:
2, =31821=415.10°
= =41, (2.16)
r

['eomeTpuyHi AaHi A PO3PaXyHKY Ta PO3PAXYHOK MOJATIMBOCTI OaHIaXHOTO
KUIBIIS BiJl MOCAJIKK MO0 HA OOUKY pOTOpA:

c1=0,1033 cm;  b;=0,00835M;  Bb; =0,0624-0,00835 = 0,00052;

B(ci+b)) = 0,0624-0,11165 = 0,00696;e ~PP1 = 0,949 ; cos fb,;=0,999.

g[ﬂ(cl + b1)] = 0,383
w[B(c, +5)]=0,0632
s[B(c, +b)]=0,319

3rigHo ¢popmynu 2.13
y=7-10" m

ITonatnueicte 604km portopa Ap, npuiiMaemo piBHOW 10% Bix mogaTIMBOCTI

0aHIaKHOT'O KUIBLIA:
ﬂ% =O,l/1111 =4,15-10_6M (2.17)

[TonaTauBiCTh 30BHIIIHBOTO JlIaMETpa LEHTPYIOUOTro Kbl Ay BHU3HAYAETHCS 3a

dbopmyroro:

320 | 1+ af
A, = L _ 1 |=6,3-10"m 2.18
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ne: bx = 0,064 M — npuBeIeHa TOBIIUHA IICHTPYHOYOTO KUIBIIS.
3ycuIIs Bi MOCAAKU OaHJaXXHOTO KUTBIlS HA IIEHTPYIOYE KIJIbIIE:

1) ITpu n = 0 06/xB:

=%

——mx =715.10° ke (2.19)

O =70 7

1e: Omax — MOJATIMBICTH 30BHIIIHBOIO J1aMETPY LEHTPYIOYOro KUIbIS BiJ] MOMEHTY,

110 BUKPYUYE.

12(x, — b)?
A, = Cxe )D =102 - 107 MM /K, (2.20)
m-E-b} -lnDZ";‘

ne: Xe = 0,032 M — MOJOXEHHS LEHTPY TSKKOCTI Mepepi3y LUEHTPYIOUOro KUTbIlA

(HaBENIEHOTO).

Opin =— 20— =635-10° k2 (2.21)

2) IIpu n = 3000 06/xB:

1000
AgH g+ Ay,

) K, — k) (2=)
max = (0 = K0 (555) — 210 - 10° kr (2.22)

’ _
Qmax_

2
Smin - (Kb - KK) (1:?)
AgH g+,

= 128103 kr (2.23)

’ —
Qmin_

KyTu noBopoTy 6aHmaXHOTO KUTbLIS

1) IIpu n = 0 06/xB:



Ak
Pmax = QOax = 0,0159 pan

Ak
Pmin = m Omin = 0,0141 pap
2) IIpu n = 3000 06/xB:
Ak,

!/

Q max mQ max — 0 00468 pang

/ AK

P min = mQ min = 0,00285 paz

68

(2.24)

(2.25)

(2.26)

(2.27)

2.2.3 IlepeminieHHs Bil MOCAIKHA KPAMHBOI TOUYKHU HEHTPYHOUY0r0 KiJIbIs

Jedopmariist HEHTPYIOUOTO KUIbIISI BUBHAYAETHCS 32 POPMYIIOIO:

AD = 2¢Z — 14 0Q,

(2.28)

ne Z=0,046 M — BiJiCTaHb BiJl IIEHTPY TSKKOCTI IEHTPYHOYOro KUIbLS (IMCHOTO) 10

i€l TOYKH.

1) IIpu n = 0 00/xB:
ADpoy = 207 — Ak Qg = 1,01-1073

AD, i = 29Z — A Qi = 0,895 - 1073

2) IIpu n = 3000 06/xB:
AD' oy = 290Z — A¢Q' . =0,298-1073

AD' pin = 20Z — 2¢Q' . =0,181-1073

(2.29)

(2.30)

(2.31)

(2.32)
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2.2.4 BusHauyeHHsI 3yCHJIb MK 0aHIA)KHUM KijJIblleM Ta 004YKO0I0 poTOpa

1) Ilpu n = 0 06/xB:

Q1 max = % = 4380 - 103 kr (2.33)
Q1 min = Otmin_ _ 4000 - 10% kr (2.34)
Ap, + A,
2) IIpu n = 3000 06/xB:
Q' gy = 1450 - 10° kr (2.35)
Q',, . =1100-103 kr (2.36)

Bu3zHaueHHs HanpyKeHb B 0aHAa)KHOMY KUIbLI1 BiJl TOCAJAKU KOT0 Ha O0YKY pOTOpa

1) I[Ipu n = 0 06/xB:

Oimax = 676,7 MIla (2.37)
0y min = 617,8 MIIa (2.38)
2) IIpu n = 3000 06/xB:
0'1 max = 223,6 MIla (2.39)
(2.40)

0’1 min = 169,7 MIa

BusnaueHHst Hanpy>KeHb B OaHAaXKHOMY KUIBII Bij] TOCAJIKU HOTO Ha IIEHTPYHOUe

KUJIbLIE
1) ITpu n = 0 06/xB:

E Q Iz
Omax = 1—_112(80 + ue) = =D, (AbE + m) = 1610 MIla (2.41)
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Opmin = amax% = 157,9 MIla (2.42)

2) IIpu n = 3000 06/xB:
0' max = 46,58 MIla (2.43)
0' min = 28,44 MIla (2.44)

MakcumanbHe TaHIeHL1aJbHE HANpPYKEHHS B OaHAAXKHOMY KUJIbL1 BIJl BJACHUX
BIILICHTPOBUX CUJI 1 TOCAJKU oro Ha 004Ky poropa (mpu n = 3000 06/xXB) BU3HAYAETHCA

3a GOPMYJIOIO:
01 = 0; + 0 max = 579,5 MIla (2.45)

KoedimienT 3anmacy mirnHocTi (MeXa TMIMHHOCTI MaTepiay OaHIa)KHOTO KIJbIIA

ctanoButh 900 MIla) Bu3HauyaeThCs 3a GOPMYIIOHO:

900
K=——=155 (2.46)
O,

2.2.5 BuzHaueHHs po3'€IHYBAJIbLHUX HIBUAKOCTE
Pos'ennyBanbHa KiIBKICTH 0OEPTIB 11 OaHIaKHOTO Ta LEHTPYIHOUOro KUIbISA

BU3HAYAETHCS 32 (OPMYyIIaMHU:

n... =1000 Onw =3560 006/ x6 (2.47)
K,-K,
o
n.. =1000 [—2— =3360 006 / x6 (2.48)
K, =Ky
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Po3'ennyBanbpHa KUIBKICTh OOEPTIB UIsi OaHIaKHOTO KUIbIA Ta OOYKH poTOpa

BU3HAYAETHCS 32 (OPMYyIIaMHU:

(2.49)

(2.50)

2.3 TpuBumipuuii po3paxynoxk HIC 6anma:kHoro Bysia

Merta po3paxyHKy: BU3HAUCHHS HAMPY>KCHb B ICTAIIAX OaHIaKHOTO By3Jla POTOpa
Ta po3'€IHYBaJIbHI YaCTOTH 0OepTaHHs 0aHIa)KHOT'O KUJIBIIS, TOCAPKEHOTO 3 HATSITOM Ha
OO0UKYy pOTOpa Ta LIEHTPYIOUE KIJIbIIE.

[Ipu po3paxyHKy OaHAaXHOT'O By3Jia BpaxOBaHI HAaBAaHTAXEHHS, 3yMOBJICHI €0
BIJILIGHTPOBUX CHJI 3 OOKY MIJIHUX KOTYIIOK, TEIJIOBUMU BIUTUBAMHM, a TAKOXK HATATOM
nocajku 0aHaaXHOTO KUIbIA. OIlHKA MIITHOCTI OaHJaXHOTO By3Jia 3/IMCHIOETHCS SIK Y
CTaH1 CIOKOI0, TaK 1 Mpu poOOTI B TUHAMIYHUX pekUMax — 3a HOMiHaIBHOI (n = 3000
00/xB) Ta yrouHoi (n, = 3600 06/xB) yacToT 0OepTaHHs Baa.

Jlns 1ined yucenbHOro aHamizy Oyno mooymoBaHo TpuBuMmipHy CAD-Monens
O0ouku poTopa, mO BKIOYae OannmaxHi By3nmu (puc. 2.4). I'eomerpis mozem Oyna
CITPOIII€HA 0 OJTHOTO CEKTOpa 32 YMOBAMHU CUMETPI1 31 30€pEKEHHSIM KIIFOUOBUX HECYUHX
CJIEMEHTIB 3a]1J151 3HKEHHS 00YNCITIOBAIBHUX BUTPAT.

Pospaxynok mpoBeaeHo y mporpamHomy komruiekci "SolidWorks". banngaxae
KUITBIIE MOCa/KEHE Ha 00YKY pOTOpa 1 IEHTPYOUEe KUIbIIE 3 HATATOM. B yciX po3paxyHkax
y SKOCT1 MTOYaTKOBUX TETUIOBHX TPAaHUYHUX YMOB 3a/IaHI YMOBH TEPIIIOTO POy, a caMe

poboua Temneparypa eJIeMeHTIB OaHJaKHOTO By3JIa, 110 ckianae 293 K.
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Puc. 2.4 — TpuBumipHa MojieIb OaHAAKHOTO By3Jia pOTOpa.

2.3.1 CtaTnuHuUii pO3paxXyHOK HEHTPYIUYOIr0 KijIbIS POTOPA Y CTaHI CIIOKOI)

J)1si BU3HAYCHHS HANPYXEHb, 1[0 BUHUKAIOTh B IICHTPYIOYOMY KiJIbIll BiJl HATATY,
BUKoHaHUM po3paxyHok H/IC koHCTpyKIlii B TPUBUMIPHIM MTOCTAHOBIII.

[ToyaTkoB1 yMOBH:

a) y MICISIX TOPKaHHA IOBEPXOHb OaHJaXHOTO KUIbLA Ta OOYKM poOTOpa
(01 =2,2 Mmm), 6aHTAKHOTO KIJBIlSA Ta MEHTPYIOYOTo Kbl (02 = 2,2 MM) BCTaHOBJICH1

noBepxHi 3 HaTsToM (Puc.2.5);
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Puc.2.5 — IloBepxHi 3 HaTIrOM: a — O0YKa poTtopa Ta OaHAaKHE KiJIBIIC;

0 — OaHTaKHE KUTBIIC Ta ICHTPYIOYE KIJIbIIE

0) 3amaHi yMOBHM cHUMETpii i OOYKM poTopa, OaHAAKHOTO KIJIbLS Ta

LEHTpYoUoro Kunsls (Puc.2.6);
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Puc.2.6 — YMoBH cuMeTpii 1 1eTanei po3paxyHKy

B) TOpPIIEBA MOBEPXHS OOYKU POTOPA KOPCTKO 3aKPIIJICHA y TOPLIEBOMY HAIMPSIMKY

(Puc.2.7).

Puc.2.7 — IloBepxHs 1y1st 3aKpirieHHs O0YKH poTOpa

Ha pucynky 2.8 HaBeeHa po3paxyHKOBa CiTKa 0aHAaXKHOTO By3Jia pOTOpa.



Puc. 2.8 — Po3paxyHkoBa ciTka.

Ha pucynkax 2.9 —2.16 HaBeneHO pe3ynbTaT CTATUYHOTO PO3PAXYyHKY.

300

150

75

Puc. 2.9 — 3aranpHi enmopu HaApyKeHb

von Mises (M/mm*2 (MPa))



von Mises (M/mm* 2 (MPaj)
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Puc. 2.10 — Emtopa Hanpy>keHb HEHTPYIOUOTO KUTBIIS
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Puc. 2.11 — Po3noain Hanpy>keHb KOHTAKTHOI MMOBEPXHI1 HEHTPYIOYOT0 KUJIbLIS
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Puc. 2.12 — I'padik po3noiny Hanpy>keHb KOHTAKTHOT MOBEPXH1 EHTPYIOUOTO KUIbIIS

MaxkcruMasbpHe HampyKeHHS B JIOKalii Hatiry (OaHma)kHe KUTbIIE / EHTPyIoue
kiunbie) — 327 Mlla.
KoedimienT 3anacy k = 687/327 = 2,14.
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Puc. 2.13 — Po3noain Hanpy>keHb B OTBOP1 LIEHTPYIOUOTO KIJIbI[S
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Puc. 2.14 — I'padix po3noaury HanpykeHb B OTBOP1 HEHTPYIOUOTO KUIbIIS

von Mises (MAmm"2 (WPa)
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Puc. 2.15 — Po3noain Hanpy>keHb B3/10BXK KOHTYPY OTBOPY LEHTPYIOYOTO KiJIbLS
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Puc. 2.16 — I'padix 3MiHEHHS HANIPY>KEHb B3JI0BXK KOHTYPY OTBOPY LIEHTPYIOUOTO

KUTBISI

MakcumanbH1 Hallpy>KeHHsSI BUHUKAIOTh B 00JIACTI OTBOPY HEHTPYIOUOTO KIJBIIA 1
JocsraroTh 3HaueHHs 685 MIla, 1o maiixe JOopiBHIOE MEXI1 TUTMHHOCTI MaTtepiaa.

Koedimient 3amacy k = 687/685 =1

2.3.2 Po3paxyHOK HEHTPYH40r0 KUIbIA PH HOMIHAJILHINA 4acTOTI 00epTaHHS

J1J1st BU3HAaYEHHS HAllPY>KEHb, 10 BUHUKAIOTh B IEHTPYIOYOMY KUIbLII B1Jl HATATY 1
BIJILICHTPOBUX CHUJI, BUKOHaHWM po3paxyHok HJIIC KoOHCTpyKmii B TpUBUMIpHIiH
MOCTaHOBII PU HOMIHAJIBHINA YaCTOTI 00EpTaHHS pOTOpa.

[TouaTkoB1 yMOBH:

a) y MICIIX TOpPKaHHS TIOBEPXOHb OaHJAXHOTO KUIBIS 1 OOYKM poTOpa
(01 =2,2 Mm), OaHJAKHOTO KUIbLA 1 IEHTPYIOUOTO KuUIbLs (82 =2,2 MM) BCTAHOBJIEHI
MOBEPXHI 3 HATSTOM (3T1HO MOYATKOBUX YMOB CTATUYHOTO pO3paxyHKy 1m.2.3.1);

0) 3amaHl yYMOBM CcHUMETpii i1 OOYKHM poTOopa, OaHAAKHOTO KUIbILS Ta
[IEHTPYIOYOT0 KUTBIIS (3T1THO TOYaTKOBUX YMOB CTATHYHOTO PO3paxyHKy 1.2.3.1);

B) TOpIIEBa MOBEPXHS OOYKM POTOpa >KOPCTKO 3aKpiljieHa (3riJHO MOYaTKOBUX
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YMOB CTaTHYHOTO pO3paxyHKy 1m.2.3.1);
I') 3a/1aHa HOMIHaJIbHA yacToTa ooepranHs n = 3000 06/xB;

1) 3a7aHa BIAIICHTPOBA CUJIa, 10 BIUTMBAE Ha OaHmaxHe Kimblle (puc. 2.17).

Puc. 2.17 — [ToBepxHs 0aHIAXKHOTO KIJIbLIS, /1€ BIUIMBAE BIALICHTPOBA CUIa

3Ha4YCHHS BiI[I.[GHTpOBO.l' CHJIN OJIA HOBerHi 6aHI[a)KHOFO I(iJ'IBHSI BHU3HA4Ya€THCA 3a

dbopmyiioro:

2
C:(%j W-R, =36,7-10°H (2.51)

3HaueHHs BIAIEHTPOBOI CHJIM JIJISl CETMEHTa BU3HAYAETHCS 32 (POPMYIIOIO:

- 20°-C

C =
360°

=2,039-10°H (2.52)

Ha pucynkax 2.18 — 2.23 HaBeieHO pe3yJIbTaTH PO3PAXyHKY.
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von Mises (M/mm”2 (MPa))
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Puc. 2.18 — 3araypHi enopu HapyKeHb

von Mises (Mimm»2 (MPa))
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Puc. 2.19 — Entopa Hanpy>keHHS [IEHTPYIOYOTO KUTBIIS
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Puc. 2.20 — Po3noin HanpykeHb KOHTAKTHOT TOBEPXHI EHTPYIOUOTO KUTBIIS
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Puc. 2.21 — I'padik po3noauty Hanmpy>keHb KOHTAKTHO1 MTOBEPXH1 IEHTPYIOUOTO KIJIbLIS
MakcuMalibHe Hampy’>KeHHS B JIOKallii HaTAry (OaHIaKHE KIJIble / IEHTPYrUe

kibie) — 463 Mlla.
Koedimient 3anmacy k = 687/463 = 1,48.
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Puc. 2.22 — Po3noain Hanpy>keHb B OTBOP1 IIEHTPYIOUOTO KUIbIIS
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Pucynok 2.23 — I'padik po3noaity Harpy>XeHb B OTBOP1 IEHTPYIOUOTO KIJIbIIS

83

MakcuMalibHe Halpy>KeHHS B 00J1aCTi OTBOPY LIeHTpyrouoro kiibi — 200 MITa.

Koediuient 3anacy mirHocTi k = 687/200 = 3.4.
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2.3.3 Po3paxyHOK HEHTPYIO4Y0I0 KiJIbIsl IPU YTOHHIN 4aCcTOTi 00epTaHHSA

J1J1st BU3HAaUEHHS HANPY>KEHb, 110 BUHUKAIOTh B IEGHTPYIOYOMY KUIbLI1 BiJl HATATY 1
BIUEHTPOBUX CHJ, BUKOHaHUN po3paxyHok HJIC koHcTpykuii B TpUBHUMIpHIN
MTOCTaHOBII P YTOHHINA 4aCcTOTI 00€pTaHHS POTOpa.

[TouaTkoBi yMOBH:

a) y MiCUAX TOpKaHHS TMOBEPXOHb OaHAAKHOTO KUIbLA 1 OOYKH poTopa
(01 = 2,2 MM), OaHITKHOTO KUIBII 1 IEHTPYHOYOro Kiiblld (0, = 2,2 MM) BCTaHOBJICHI
MOBEPXHI 3 HATATOM (3T1IHO MOYATKOBUX YMOB CTaTUYHOTO PO3PaXyHKY 1.2.3.1);

0) 3amaHi yMOBM CcHMETpii g OOYKHM poOTOpa, OaHAAKHOTO KUIbIS Ta
HEHTPYIOUOr0 KUIBIIS (3T1/IHO TOYaTKOBUX YMOB CTATHYHOTO PO3paxyHKy 1.2.3.1);

B) TOpLIEBAa MOBEPXHS OOYKH POTOpA KOPCTKO 3aKpIIJIEHA (3rIHO MOYATKOBHUX
YMOB CTaTHYHOTO pO3paxyHKy 1.2.3.1);

I) 3aJlaHa YTOHHA YyacTtota ooepTanHsa n = 3600 006/xB;

1) 3aJlaHa BIAIIEHTPOBA CUJIA, 1110 BIUIMBAE HA OaHAaXKHE KUIbIlE (IUB. puc. 2.16).

3Ha4YCHHS BIAICHTPOBOI CHJIM JJIi BCi€l TMOBEPXHI OaHIaXHOTO KUIBIlA

BHU3HAYAETHCS 32 (POPMYIIOIO:

2
C:(%) W R, =52,86-10°H (2.53)

3HauCHHS BIANICHTPOBOT CHIIH JIJIsl CETMEHTY BU3HAYAETHCS 3a (OPMYIIOH0:

20°-C

G =
360°

2,94-10°H (2.54)

Ha pucynkax 2.24 — 2.33 HaBe/ieH1 pe3yJibTaTH PO3PaXyHKY.
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van Mises (N/mm"2 (MPa))
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Puc. 2.24 — 3aranbHi entopy HaNpyKEeHb
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Puc. 2.25 — Entopa Hanpy»KeHb Uil IEHTPYIOYOro Kb
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Puc. 2.26 — Po3noain Hanpy>keHb KOHTAKTHOI MOBEPXHI HEHTPYIOYOTO KiJIbIIs
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Puc. 2.27 — I'padix po3noniny HanpyeHb KOHTAKTHOT MOBEPXHI LIEHTPYIOYOTO KUIbLIS

MakcumanbHe Hampy>XeHHS B JIOKamii HaTiIry (OaHga)xHE Kiblle / EHTPYoYe
kibie) — 543 Mlla.
Koedimient 3anacy k = 687/543 = 1,26.
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MaxkcruMasbHe HarpyKeHHs B 001acTi OTBOPY LieHTpyrouoro kublsg — 410 MlI]a.

Koediuient 3anacy k = 687/410 = 1,67.
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Puc. 2.30 — Po3noain Hanpy>keHsb y rnepepizi Mi>k OTBOPAMHU 31 CTOPOHU LIEHTPYHOYOTO

von Mises (N/mm*2 (MPa))
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Puc. 2.31 — I'padix 3MiHEeHHSI HANPY>KEHb Y3[0BX pPaiiaibHOI KOOPAUHATH

[EHTPYIOUOTO KUIBIS y TIepepi3i MiXk OTBOPAMHU
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Puc. 2.32 — Po3nosin HanpykeHb B3I0BK KOHTYPY OTBOPY LIEHTPYIOUYOTO KIJIBIIS
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Puc. 2.33 — I'padik 3MiHEHHS HAaMPyKeHb 110 KOHTYPY OTBOPY LEHTPYIOUOTO KUIbIIS

MaxkcumarnbHe HanpyxeHHsi cTaHoBUTH 370 Ml Ta.

KoeiuienT 3anacy mitHocti craHoBuTh k = 687/370 = 1,86.

89
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2.3.4 BusHayeHHs HaaiiiHOCTI po00TH 0AHIAKHOTO BY3JIA.

Jlns BU3HAYEHHS HAAIMHOCTI poOOTH OaHAaXHOTO By3Ja OyJlI0 IPOBEACHO
JOCTIIKEHHS TIOJIATIMBOCTI 0aHJaXKHOTO KIS Ta EHTPYIOYOTO KIIbLIA, @ TAKOXK OyIn
BU3HAYCHI pO3'€JHYBaIbHI YACTOTH AJI XOJOJAHUX 1 HATPITUX JCTaJICH.

Pe3ynbpTatu BU3HaYCHHS HANPYKeHb B OaHAa)KHOMY KiJIbII1 BiJl BIALIEHTPOBOT CHUITH
71000BOT YaCTUHU OOMOTKH Ta BiJl BIACHHUX BIAIIEHTPOBHUX CHJI OAHIAXKHOTO KUIBIISI MPU

YTOHHIN 4acTOTi 0OepTaHHs HaBeAeH1 Ha puc. 2.34 — 2.35.

won Mizes (MAnm™2 (MPa))

6611

. 6061
(04 11 d- 6125 himm2 dps L

_ 4860

S 4410

| 3854

33049
27549
L 2208

. 1658

1108
557
ar

Puc. 2.34 — [lone Hanpy>keHb B OaHJAKHOMY KIJIbIII
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Puc. 2.35 — I'padik 3MiHEHHS HANPyKEHb B3JJOBXK MO3/I0BKHBOI 0C1 0aHIa)KHOTO KIS

MakcumanbHe Hanpy>KeHHs B OaHIa)KHOMY K1JIbIli cTaHOBUTH 661 MIla.
KoedimienT 3anacy migHocTti ctanoBUTh k = 900/661 = 1,36.
Pesynbrati po3paxyHKIB JUIsi BU3HAUEHHS TMOJATIMBOCTI 1 KoedimieHTa

nedopmaiiii 0aHIaKHOTO KiJIbIIA 31 CTOPOHM OOYKH pOTOpa HaBelleH1 Ha puc. 2.36 — 2.37.

LI (m)
6 G0Ge-004

l 6.033e-004
L 5.460e-004
- 4.888e-004
- 43152004
. 3742e-004

3.169e-004

e

L 2.597e-004

. 2.024e-004

- 1 451e-004
8.784e-005
I 3.056e-005
-2 672e-005

Puc. 2.36 — [lone nepemimnieHs B 6aHIaKHOMY KUTbIII IPH paflalibHOMY HaBaHTa)KEHHI

31 CTOpOHU OOYKHM poTOpa (CTaTHKA)
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Puc. 2.37 — I'padik 3MiHEHHS TTEpEMIILICHB Y30BK TBIPHOT OAHJAXHOTO KUIbIS

(craTuka)

Panianbue nepemintenst U, = 5,5 107 m.
JliameTpalibHa MOJATIUBICT, 30BHINIHBOTO JiaMeTpa OaHIaKHOTO  KIJIbIA

BHU3HAYAETHCS 32 (POpMyII0IO:

2-U
A% = Tp =1,1-10"1°H/m (2.55)
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L 20240-004
-1 as =003

8 7Ede-005

Puc. 2.38 — [1one nepemiiiieHb B 0aHJaXXKHOMY KUTbLII ITPU pajliallbHOMY HaBaHTaKECHHI

31 CTOpOHH 00YKHU poTOpa (YyroHHA 4acToTa OOepTaHHS)
Panianbue nepemimenas U, = 4,5 107 m.

JliameTpasibHa MOJATIAMBICTG OaHJAXXHOTO KIJIbIS 31 CTOPOHM OOYKH pOTOpaA

BH3HAYA€ETHCS 32 (POPMYII0IO:
2-U
258 = % =0,9-10"1°H/m (2.56)

Pesynbraty po3paxyHKiB IJisi BUSHAUCHHS TOJATIUBOCTI OaHJaXHOTO KUIBIS 31

CTOPOHH LIEHTPYIOUOT0 KiJIbIS HaBeIeH1 Ha puc. 2.39 — 2.41.
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1Y (m)
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Puc. 2.39 — [lone nepeMilieHpb B 0aHAaXXHOMY KUIbLII IIPU pajllalbHOMY HaBaHTaKECHHI

31 CTOPOHHU LIEHTPYIOYOTO KiJIbIS (CTAaTHKA)
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Puc. 2.40 — I'padik 3MiHEHHS TTEpEMIIIICHb Y30BK TBIPHOT OaHJAXHOTO KiIbIIS

(craruka)

Cepennst pagianbha gedopmartis Ue,p = 5,75 107 m.
JliameTpajibHa TMOJATAUBICT, 30BHINIHBOTO JlaMeTpa OaHIaKHOTO KUIbLS

BU3HAYAETHCS 32 (OPMYJIOLO:
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2 Ucep. _

A%¢ = =1,2-10"1°H/m (2.57)

= |i Hode 2517 (0.013 0 0365,0.201 m)
b = 50192 006m
d oo

U (m)

6.544e-004

=10
Trinde 0139 m
Mode 2123 (0,15 -0.0672,0.189 m)| 5.965e-004
=-1.682e-005m
. 5392e-004

Mode 1454 (0.21,-0.0708 0,158 m)
= -2 575e-005 m 4.515e-004

hlode 52666 (0.285,-0.0715,0.185 m) _ 4.230e.004
= _3.3638-005 m

. 3663e-004
hode1535 (0.36,-0.0722,0.1 87 m)|

- _3.0216-005 m | 3067e-004

Node52044 (0.435,0.0729 0187 m)| L 2511e-004
= _1.039e-006 m
. 1.934-004

Mode52984 (0.504,-0.0735,0.187 m)|
=5 .574e-005m _ 1 .358e-004

=1.666g 2
Nnd;SSDSP (0605 -IZIEI?4_5EI‘1 ? ) - 2 0586.005
K e
L= 2/ Node 1250 (0.717 -0.0711,0.188 m)

5 = 5.0462-004 m

Puc. 2.41 — [lone nepeMiiiieHb B 0aHJaXXKHOMY KUIbLII ITPU pajliallbHOMY HaBaHTaKECHHI

31 CTOPOHU LIEHTPYIOUOTO KiIbIls (YTOHHA YacTOTa 00EpTaHH)

Cepennst nepopmartist U, = 4,5 104 m.
JiameTpaibHa MOAATIMBICTH BHYTPIUIHBOTO JiaMeTpa OaHAAKHOTO KUIbLA 31

CTOPOHHM IIEHTPYIOUOTO KU1 BU3HAYAETHCS 32 (HOPMYJIOIO:
2-U
A58 = % =1,1-10"°H/m (2.58)

PesynpTaTn  po3paxyHKiB  JJIsI  BU3HadeHHA  koedimieHTa  aedopmarii
BHYTPIIIHBOTO JllaMeTpa OaHIa)KHOTO KUTbISA HaBeICHI Ha puc. 2.42 — 2.43.

[IpuknaneHe HaBaHTAXEHHS — BIIIEHTPOBA CUJia OOMOTKH.
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Puc. 2.42 — [1one nepeMiiiieHb B 0aHJaXKHOMY KUTBLII ITiJT JI€I0 BIIIIEHTPOBUX CHJT B

0OMOTKH (HOMIHaJIbHA 4acTOTa 00EepTaHH)
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Puc. 2.43 — I'padik 3MiHEHHS TIEpEMIITICHB Y310BXK TBIpHOT OaHTa>KHOTO KUTBIIS 1111

JI€I0 BIAIIGHTPOBUX CHJI BiJl 0OOMOTKH (HOMiHAJIbHA 9acTOTa OOEepTaHHS)
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Pe3ynbraty po3paxyHKiB JJii BU3HAYEHHS TOJIATIMBOCTI 30BHIIIHBOTO Ji1aMeTpy

HEHTPYIOYOro Kbl TypOoreHepaTopa Bija CWil, MPUKIAIEHUX Ha HbOMY, HaBeJleHI Ha

puc. 2.44 —2.45.

Puc. 2.44 — [1one nepemillieHb B IIEHTPYIOUOMY KIJIbLII MiJ JI1€0 paaiaibHOTO

-0,00056

-0,000565

-0,00057

UY (m)

-0,000575

-0,00058

-0,000585

—

MR

Qi0E 3250 017«
ElNC-UE 2064 (00020123, 325017 m i
- .5 E43=004 m

HaBaHTaXXCHHAA

1 gim)
-2 T0e00d
l -3 O
| 3E9te 004

L -3 45000

. -3E02a-00d

- A ST 04
6.5 Ja00d

-4 5534-004

| d e

| -5 CEdeO0d

-5.3352004
-5 531=00d.
-5 Ed5a 004

) 3 L9 M A%
AL M L
B Ny % o

Node Title

AR & oAy A b A g
P PSP E oSS @
"pt&%"‘fob&a@ N A ’9&”69)"’

Puc. 2.45 — I'padik 3MiHEHHS MTepeMillieHb B3J0BXK TBIPHOT IIEHTPYIOUOTO KIIBIS 11T

JIEI0 paTialIbHOTO HABAHTAXKEHHSI (CTaTHUKA)
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Cepenne panianshe nepemimenss Uep, = 5,75 107 m.
JliameTpanbHa TOJATIMBICTG 30BHIMIHBOTO JlaMETpa IIEHTPYIOUOTO KiIbLIS

BHU3HAYAETHCS 32 (POPMYJI0IO:
2-U
Ayy = T" =1,15-10"1° H/m (2.59)

Pesynbraty po3paxyHKiB I BUSHAUCHHS KoedilieHTa aedopmariii 30BHIIIHBOTO
JiaMeTpy HMEeHTPYIYOro KiTbIld MPH BIUIMBI IHEPIIMHUX CUJI MPU HOMIHAIBHIN 9acTOTI

oOepTaHHs HaBeJleH1 Ha puc. 2.46 —2.47.

LI (m)

4.597e-004

T ' 4.4042-004

Wﬁ [ = ' L 4.212e-004
hode 1640 (0.0375,0.128,3.25-017 m)|

e . 4.019e-004

III Mode 2064 (0.002,0.128,3.25-017 m)i . 3.827e-004

|| - 43532004 m

. 3B35e-004

3.4425.004
3.2508-004
| 3057e004

. 2.8658-004

2673e-004
2.480e-004
2.2882-004

Puc. 2.46 — [1one nepemilieHb B IIEHTPYOYOMY KiJIbII
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Puc. 2.47 — I'padik 3MiHEHHS TIEpeMIIIIEHb Y30BXK TBIPHOT IIEHTPYIOUOTO KUIbIIS

Cepenns pagianbHa geopMallis HEHTPYIOUOro Kilbls Areep = 4,510 M.
Koediumient nedopmaiiii  30BHIIIHBOTO  JiaMe€Tpa LEHTPYIOUOTO  KIJIbIA

BHU3HAYAETHCS 32 (POpMyII0IO:

2 Atep,

UK __
ky” = 30002

=1,1-1071° m/(06/xB)? (2.60)

Cepenns pagianpHa gedopMaiiisi HOCMKa OaHJAXHOTO KIJbLS 31 CTOPOHU OOYKHU
pOTOpa CTAHOBUTH Arcep = 1,35 107 M.

Cepennst pamianpbHa OaHJ@KHOTO KUIBISI 31 CTOPOHHU IIEHTPYHOUOTO KIUIBILS
CTaHOBHTH Arcep = 1,15 107 M.

MakcumainbHa JgedopMalris B cepeIHi YacTHHI KUTbId OaHAaXKHOTO CTAaHOBUTH
Almax = 1,689 1073 m.

Koedimienr nmedopmariii  BHYTpIIIHBOTO  jJiaMeTpa OaHAKHOTO  KUIBIIS
BHU3HAYAETHCS 332 HACTYITHUMH (OpMYJIaMHu:

- HOCHKa 0aHJIayKHOTO KIJIBIISA 31 CTOPOHH OOYKH pOTOpa
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2 A4r
66 _ cep. _ .10-10 2
k3 36002 2,083 -10 M/(06/xB) (2.61)

- KIHIIS OaHAaXHOTO KUIBIIA 31 CTOPOHU IEHTPYIOUOTO KiIbIls

2 Ar
6K _ cep. _ . 10-10 2
ki 36002 1,775 -10 M/(06/XB) (2.62)

— cepeHbO1 YaCTUHU 0aHIaKHOTO KIIbIA (MaKCHUMaJIbHE 3HAUCHHS)

2
Kimax = ﬁ = 2,606 - 1071° M/(06/xB)? (2.63)

OcnabneHHs HATATy B HOMIHAJIbHOMY PE&XHMI OaHAA)KHOTO KUIBILS 31 CTOPOHU

00YKH POTOpa BU3HAYAETHCS 32 (POPMYIIOLO:
Aﬁp=D1-(a6K-T6K—ap-Tp):0,65-10_3M (2.64)

ne: D; = 1,098 M — mocagkoBuii niameTp OaHTKHOTO KUJTBIIS.
OcnabneHHs HATATy B HOMIHAJIbHOMY PEXHMI OaHAAKHOTO KUIBILS 31 CTOPOHU

LEHTPYIOUOT0 KIJIbIS BUBHAYAETHCS 32 POPMYJIOO:
Ay =Dy (T, —a,-T,)=0,63-10"xu (2.65)

ne: D, =1,062 M — 30BHIIIHIN JiaMeTp BCTAHOBJICHHS IIEHTPYHOYOTO KUIbIS Ha
00uKy poTopa.
Pos'ennyBanpHa yacToTa OOEpTaHHS XOJOIHOTO OAaHIAKHOTO KUTbIA Ta OOYKH

pOTOpa BU3HAYAETHCA 32 (POPMYJIOH0:

O-l min

oK op
kl B kz

n =

=3609 06 / xs. (2.66)
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Pos'ennyBanpHa yacTtoTa OOEpTaHHS XOJIOAHOTO OaHIAXXHOTO KIJIBLS Ta

HEHTPYIOYOT0 KUIbL BUSHAYAETHCS 32 (POPMYIIOLO:

—=m_ — 4938 06 / xs.
klék _kgk (265)

Po3z'ennyBanpHa yactoTta oOepTaHHS HArpiToro OAHIaXHOTO KUIbLA 31 CTOPOHHU

O0YKH pOTOpa BU3HAYAETHCS 32 (POPMYIIOLO:

Gmin _A
1—@@ =3000 06 / x8. (2.67)

k"~ K

Pos'ennyBanpHa yactota oOepTaHHS HArpiTOro OAHMAKHOTO KUIbLS 31 CTOPOHH

LHEHTPYIOUOI0 KUIbLISI BU3BHAYAETHCA 32 POPMYIIOO:

“A
—=mn___% = 4050 06/ xs.
klék _k;;x (268)

2.4 BUCHOBKH 110 APYroro po3aiiy

1. IlpoBemeHo MexaHIYHHMH pPO3paxyHOK OaHJaXHOrO By3jl1a poOTOpa
TypOOTeHepaTopa aHAIITUYHUM MeTogoM. OTpumaHi 3HAYCHHS HAMpPYXKEHb ¥
O0aHIaXKHOMY KUIbII BIJ JAIFOYMX HAa HHOTO 3ycuib. OTpUMaHi 3HAYEHHs HANpyXeHb Ta
nepeMilieHb y 0aHJaXKHOMY KUIbLI BiJl TOCAJAKU HAa HEHTPYIOYE Kilblle Ta 0a4Ky poTopa.
BusznaveHi 3ycuiuig MK OaHJaXHUM KUTbLEM Ta OOYKOIO pOTOpa Ta PO3'€IHYBaIbHI
[IBUIKOCTI.

2. ITlpencraBneHa METOAOJOTisI BUOOPY HATATY OaHOAXHMX KUIEHb Ha POTOP
TypOoreHeparopa Ta BIIEpIIE€ IPOBEACHI PO3PAXYHKU HANPYKEHb B TPUBUMIpPHIN

MOCTAHOBIII B ACTANIAX OAHIAKHOTO By3Jia pOTOPA.
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3. B xomli po3paxyHKIB BCTaHOBJIEHO, IO [JIi OCHOBHUX €JIEMEHTIB
Typboreneparopa noryxHictio 200 MBT:

1) po3'eqHyBasibHI YaCTOTH 0OEPTAaHHS CTAHOBUJIH:

- 0aHTKHOTO KUIBIIS — O0YKH pOTOpaA XOJIOTHOTO Nnix = 3609 06/xB;

- 0aHIAXKHOTO KITBI — 609KK poTopa HarpiToro nir = 3000 06/xB;

- 0aHAKXHOTO KIJBII — IIEHTPYIOUOTO KUTBIS XOJIOAHOTO Nox = 4938 00/XB;

- 0aHTXKHOTO KUIBIIS — IIEHTPYOYOTr0 KUIbLS HArpiToro nyr = 4050 06/XB.

2) koedimieHTH 3amacy MINHOCTI MpH YrOHHIM 4YacToTi oOepTaHHsA Ta
MaKCUMaJIbHOMY HaTs31 CTAHOBUJIU:

- OaHgaXHOTO Kb 1,36;

- LIEHTPYOYOro Kunbls 1,3;

3) makcumanbH1 HanpyxeHHs1 685 MIla BUHMKaIOTh Y EHTPYIOUOMY KUIBII MpU
CIIOKOI Ta MarTh JOKaIbHHI Xapaktep. [lpy HOMIHanmbHIA Ta YrOHHIM YacToTax
o0epTaHHs HANPYKEHHSI HE TIEPEBUILYIOTh TOMYyCTUME 3HAYCHHS.

3. Po3paxoBaHi 3HAYCHHS MOJATIIMBOCTEH Ta Koe(dilieHTIB medopmariii, o
BPaxOBYIOTh JIMCHY KOH(Irypaiito Mepepi3iB LEHTPYIOUYOro Kbl Ta KIHIEBUX
nepepiziB 0aHAKHOTO KUTBIIS, MOKYTh OyTH BUKOPUCTaH1 /ISl YTOYHEHOTO PO3PaxXyHKY
By3Jla TpaJMIIIHUM MeTOAOM Teopii npyxHocTi Ilpu 1boMy [ BHU3HAYCHHS
MaKCUMaJbHUX HAaNpyXeHb Yy OaHJaKHOMY KUIbLI HEOOXIAHO KOPUCTYBAaTHCS

MaKCUMaJIbHUM KoedirieHToM aedopmarii Kmax.
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PO3/IUI 3 JOCJIJKEHH S H/C BAJIA

3.1 TpuBumipuuii po3paxynoxk HJIC Bana

MatemaTuHa MOJIENb CTAI[IOHAPHOTO HAMIPYKEHO-Ae(POPMOBAHOTO CTaHy POTOpa
TypOoreHepaTopa IPYHTYEThCS Ha CHCTeM1 BigoMuX AudEpeHIliaIbHUX pPIBHSIHD Y
YaCTKOBHUX TMOXIJHUX, IO 3aCTOCOBYIOTHCS [UJIsl PO3B’SI3aHHS CTAI[lOHAPHUX 33134
CTPYKTYpHOi MexaHiKu. Bu3HaueHHS MeXaHIYHHX HampyXeHb Ta Aedopmaliiii Baja B
TPUBUMIPHUN MOCTAHOBIII METOJOM CKIHYEHHUX €JIEMEHTIB BUKOHAHE B MPOTPAMHOMY
komiiekci SolidWorks Simulation [1-3].

OCHOBHOO PO3paxXyHKOBOIO BEJIMYMHOIO IS OLIIHKHU HAIPYKEHO-/1e(hOpPMOBaHOTO
CTaHy poTopa TypOoreHeparopa Oyjao 0OpaHO €KBIBaJECHTHI MEXaHIUHI HAMPY>KEHHS 3a
¢doH MizecoM, sIKl IMPOKO 3aCTOCOBYIOTHCS IiJ] YaC aHaji3y MILHOCTI KOHCTpyKuii. 1li
HaIpY>KEHHS B1JOOpaXXarOTh YCEPEIHEHE 3HAYCHHS HAIMpPY>KEHOTO CTaHy B OJMHUII
00’eMy MmaTepiany, II0 BUHUKAE€ BHACIIJOK OJHOYACHOI [ii CHJI Pi3HOI BEIUYUHU,
HampsMKy Ta ¢i3uuHoi npupoau. JocmimkeHHs Oylio 30cepelkeHe Ha MEXaHIYHHUX
HaIpPY>KEHHAX Y CTaJll pOTOpa, OTPUMAaHI PO3PaxXyHKOBI 3HAYEHHS MOPIBHIOBAJIHU 3 MEKEIO
TJIMHHOCTI BIATIOBITHOTO MaTepiay.

Mera po3paxyHKy: BU3HAUYECHHS HANpPYXEHb Ta KPUTUYHUX YACTOT MJIS OIlIHKH
MIIIHOCTI1 Bajia poTopa.

Ha puc. 3.1 npeacrasieHuil ecki3 Baldy TypOoreHepaTropa sl po3paxyHKIB.

b
f=310.0)
S0

= i

A

Puc. 3.1 — Ecki3 Bana

VY tabGaumi 3.1 3a3Ha4eHH1 BUX1IHI JaHHI 17151 BUKOHAHHS PO3PaxyHKYy.
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Taomug 3.1
Buxignai ganH1 111 BUKOHAHHS PO3paxyHKY
Ha3pa napamerpy 3HaYeHHS
Howminansna notyxsicts Py, MBT 200
YacroTa obepTaHHs ny, 00/XB 3000
YacroTa enexTpuuHoro crpymy f, 00/xB 50
Me:xa MIUHHOCTI MaTepiay G, Mlla 687

s pospaxyuky HJIC 6yno noOynoBano tpuBuMipany CAD-Mozens Bana potopa.
['eomeTpiss Mojzeni Oyia 4aCTKOBO CIpOIIEHA 31 30€pEKEHHSIM KIIOUYOBHUX EJIEMEHTIB

3a1J151 3HUKCHHS 00YMCITIOBAJIBHUX BHUTpAT.

Puc.3.2 — Po3paxyHkoBa MOJIEb Bajia

OKpiM BITUBY MOMEHTY KOPOTKOTO 3aMUKAHHS BPaXOBaHI TaKOX HABAHTAXKEHHS

Ha KIHIIl BaJTy BiJl BIUTUBY Bard KOHCTPYKTUBHUX KOMITOHEHTIB.

3.1.1 Po3paxyHOK KPUTHYHHUX YaCTOT BaJia.

Merta po3paxyHKy: BU3HAUEHHS JUHAMIYHUX XapaKTEpUCTHUK OMOp Bajia pOTOpa.

3HaueHHS AMHAMIYHUX XapaKTEPUCTHUK B OMOpax 3ajexaTh BiJ BUIY OMOPHUX
npuctpois. Potop TypOorenepartopa cnupaerbcs Ha NiAMUITHUKA KOB3aHHS.

[TouaTkoB1 yMOBH:

a) 3a7aH1 3yCUJUIA Ha NIIIUITHUKOBUX IHiikax Bana (Puc.3.3);
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Puc.3.3 — 3ycuiuis Ha TiIIUITHAKOBUX IIMIKaX BaJia

0) 3amaHi yacTtoTa oOepTaHHS (HOMiHAJIbHA) Ta PO3MOJAUT Mac E€JIEMEHTIB Baya

(Puc.3.4);

Puc.3.4 — YacroTta oOepTanHs (HOMiHAJIbHA)

B) HEIMOKa3aH1 €JIEMEHTH POTOpa OyJIU PO3TJISHYTI B SIKOCTI JOJATKOBUX Mac.
JInst po3paxyHKy BUKOPHCTOBYETHCSI CITKA 3MIIIAHOTO TUMY JJIS BCIX €JIEMEHTIB

KOHCTPYKIi (1uB. puc. 3.5).

Mesh Dretaids o

Sk Fiaquance 2 hom [Frecuency 1] »
Mash pe Salid Mesh

Mesher Uiesd Blended curvabrs-bazed mesh
Jacobier poiks o High gesbly mesh | 16 pors

e Elemert Soe 100 rrm

Percertooe of elements paE

wihArpect Ago < 3 | Bt

Fercertaoe of elements 0493

weih fspect Fiaio = 10 i

Fereerteae of disioned sereri 1

Furmber of disloilzd slemerls ]

Flamesh faled pals indapeadanily 0N ~

Puc. 3.5 — [TapameTpu po3paxyHKOBOI CITKH
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Ha pucynkax 3.6 — 3.9 HaBe1eHO pe3yJIbTaTH pO3paXyHKY KpPUTUYHUX YACTOT Baja

poTopa.

AMPRES
00005
T.080e-8

- BS60-T3
_ 50T
. SH0e-
| Rt
S 3660

20

EETIRE
1520
B000=-04

Puc. 3.6 — Ilepma kputuuna yactota (15,888 ')

AR
l BO00e-13
Tt

- BT
LMD
e
.ﬁam«m
& 1EEen

L 19T

1.740ATE
15003
B0

Puc. 3.7 — Ipyra kputuuna yacrota (32,3221'n)

ANEPOES

l aDate-22
FaG0e-00

_ 550003

- 5,Bd0e-05
L S120e-03

h_n_ 2 400w T3

& 36800

. 2.900:-03
2.2a0=-05
152003

00004

Puc. 3.8 — Tpersa kputuuna yactota (52,17 I'n)
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MEM

50 T — " - + + - - + - -
95 ——

50 |

|

|

45 | |
20 S A
' |
|

30 | =
25 | \

|
20 | | \\_//T\
15 | I | \\ =
10 | 1 | ‘ \____________/' \\_ |
| e I \-
0 I I | |
700 953 1939 3130 ob/xB

Puc. 3.9 — I'padik pe3ynpTaTiB iICIIUTIB MiAMIUITHUKA.

3riHO TPOBENEHOT MOPIBHSUIBHOI OINHKH pEe3yJbTaTiB OTPUMAHUX MUISIXOM
MaTEeMaTUYHOTO MOJENIOBAaHHS KPUTHYHUX YacTOT pOTOpa 3 JAHUMU CTEHIOBUX
BHUMIPIOBaHb MOKa3aHO, 0 PO3PaXyHKU MAaIOTh BUCOKY TOUHICTb, & IOXMOKA PO3paxXyHKY
HE TIEPEBUIILY€ MOXHOKY BU3HAUEHY BUMIPIOBAIBHUMH MpuiiagamMu. Po30DKHICTD ckiana

0,1 %.

3.1.2 CraTuyHMi PO3pPaxXyHOK BaJjia

MexaHiuH1 Hanpy>KeHHS BaJla CTAHOBJISTh:

Ty 2%2458,1 Mlla (4‘4)

3
r-dy

ne:
M. — MmomeHT KopoTKoro 3amukanHs. M; =7400 kH-wm;

dy — niameTp muiky Bana. dy =0,435 M.

OTpumaHi 3HaY€HHS BU3HAYAIOTh BUKJIFOYHO MEXaHIYH1 HANPYTU KPYUEHHS IIUHOK

Baja B1Jl MOMEHTY KOPOTKOTO 3aMHUKaHHs 0€3 ypaxyBaHHS 1HIIUX CUJI, IO J1I0Th Ha BaJl.



109

J11st po3paxyHKy BUKOPUCTOBYETHCS CITKa 3MIIIAHOTO TUITY (IUB. puc. 3.10).

Sy e (s [Dendl |~
Hohipe | Bt

Whashor Lied | Curastuma bsad st |
ks etz b High gty eachy | 16 pori

M Elrsart Gim |30

Min Elerent Gire: A

[ Hin

Tobredes L]

Tdalakraris | EXE

Wcarus Arpuct st BT

Forcardagm of shaers 5

Pacentageof i 12
p E
Patirus o ductrddasrh |1

Humbem i chittac stz I
Auwwerh fadedd pat = rcepurcienty oF -

Puc. 3.10 — [TapameTpu po3paxyHKOBOI CITKH
B po3paxyHky 3aani 3ycusuis, siki it0Th Ha BaJ (auB. puc. 3.11):

— 3yCHJUIS B1I MOMEHTY KOPOTKOTO 3aMUKAHHS;

— 3YCHJJISL Ha HiI[HII/IHHI/II(OBPIX IIMHAKaX Bajia

Puc. 3.11 — 3ycwis, 1o Ait0Th Ha Baj

Ha puc. 3.12 Ta 3.13 BiAMIOBIIHO HABEICHI EITIOpa PO3IOALTY HAMPy>KEHb Ta eMopa

nedopmMairiii 3a pe3yjpTaTraMu CTAaTHYHOTO PO3pPaxyHKY /i Baja.



110

s b e Sl
l aE10
4122
IniA

_ A

L 2748

Puc. 3.12 — 3aranpHa emropa po3noiry Hamnpy>KeHb

URES fmm)
L
. am

. RER

Puc. 3.13 — 3aranpHa emntopa aedopmairiii

MakcumanbHI 3HaUCHHS MEXaHIYHUX HAMPYKCHb BaJla BiJ 3yCHJIb 3HAXOAATHCS B
Mexax 15 Mlla 3 HalOIIBIIIO KOHIEHTPAIIIEIO B 30HI 3aKJIMHYBAaHHS CTPYMOIIOABOIY
poTtopa. MakcumaibHi AedopmMaliii Bajia CIOCTEPIraloThCs B IEHTPAIbHIN YacTUH1 00UYKU

Ta gocsararTh 3HadeHHS 0,94 MMm.

3.2 TpuBuMipHUil pO3PaXyHOK KJIMHA CTPYMOIIABOIY poTOpa

3rigHo nonepeanboro Aociikenusm HJIC Bana poropa (nuB. 11.3.1.2) HaitbibIIa
KOHIICHTpAIlii MEXaHIYHUX HaANpy>XeHb 3HAXOJUThCA B 30HI 3aKJIMHYBaHHS
CTPYMOMIABOAY pOTOpA.

Merta po3paxyHKy: BU3HAUCHHS HAIPY>KEeHb B 30H1 3aKJIMHYBAaHHS CTPYMOITiIBOTY
poTOpa Ta KJIMHI JUIsl pO3PaxyHKY 3aracy MIIIHOCTI KJIMHA.

Jl1s 1isieit yucenpHoro anamizy 0yso modynoado TpuBuMipHy CAD-Moe1bs 30HU
3aKJIMHYBAHHS CTPYMOMIABOAY pPOTOpa. 3aJisi 3HIKECHHS OOYHMCIIOBAJIBHUX BUTPAT

reomMeTpiss Mozen Oyia COpoIleHa 3a YMOBaMH CHUMETPIi 31 30€peKEHHIM KIHOUOBHX
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enemMeHTiB (puc. 3.14).

Puc. 3.14 — TpuBuMipHa MOJI€IIb 30HU 3aKIMHYBaHHS CTPYMOIIBOAY POTOpa

Puc. 3.15 — [TapameTpu po3paxyHKOBOI CITKH

Ha pucynkax 3.16 — 3.24 mHaBeleHO pe3yJbTaTH PO3PaXyHKy KJIMHA

CTPYMOIIOJIBOJLY pOTOpA.
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wan Mises [N/mm#2 [MPa))

992
G2F

- T44

_ 662
_ 579
496
414
331

_ 248

Puc. 3.16 — 3aranpHa emtopa po3noAilTy Hallpy>KeHb

Y [mm)]
0.0z
l 0064
0058
_ 043
_ 040
~ 0.033
0.025
0.01¥
0.009
. 0.oo1

-0.008

-0.014

-0.nzz2

Puc. 3.17 — 3aranbHa entopa po3nojalTy nepeMilieHb



von Mises (N'mm*2 (MPal|
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Puc. 3.18 — Po3noin HanpyxeHb B3I0BXK Ma3a

280 |
260 |
240 |
220 |
200 |
180 |
160 |
140 |
120 |
100 |

80 |

60 |

Puc. 3.19 — I'padik 3MiHEHHS HaNpyKeHb B3JIOBXK Ia3a
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won Mises [Mmma2 [MPa))
992
ain
g27
744
A6
574
496
414
331

245

166

83

Puc. 3.20 — Po3noaisn HanpyXeHb B3JIOBXK KJIUHA

280 |

270 ]

van Mises [Mimm®2 [MPa]|

Byzon

Puc. 3.21 — I'padix 3MiHEeHHSsI HANPy>KEHb B3J0BXK KJIUHA



von Mises [Nimm®*2 [MPal|

115

wan Mises [Mémma2 [(hPa))

992

310

a27

_ 744

662

574

496

414

331

248

166

a3

| [Byzan] 12 ]

[Byzae] 3 ] [Buzan] 11 ]

Puc. 3.22 — Po3noain Hanpy>XeHb B3J0BK KJIMHA

Puc. 3.23 — I'padik 3MiHEHHS HaNPY>KE€Hb B3JI0BXK KIMHA
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URES (rim)
0.316
0,291
- D265
_oD23a
. 0214
- 0las
0162
0,137
. 0111
_ 0086
0.060

0.034

0.004

Puc. 3.24 — 3aranpHa emopa po3moALTy MepeMillieHb Y KIHHI

MakcumanbHe Halpy>KeHHsI B KIIMHI CTPYMOIIOABOAY poTopa ctaHoBUTh 330 MIIa
(B3mOBX 30HI KpimieHHS B ma3y). KoedimienT 3amacy MIIHOCTI CTaHOBUTH
k=650/330 = 1,96.

3TiIHO 3 OTPUMAHWMH PE3yNbTaTaMH KJIWH CTPYMOIIOJIBOJIY POTOpa Ma€ 3HAYHI
3amacy 3a MEXaHIYHUMHU HaNpyXEHHSMHU, 110 JO3BOJISE BUKOHATH 3aKJIMHYBAHHS 31
30epeXeHHSIM 3aIaciB MIIHOCTI, HEOOXITHUX I 3a0e3MeUeHHs HaA1iHOT eKCIuTyaTarlii

poropa.

3.3 Tpusumipumii po3paxyHoxk H/IC 6ouku poropa

Jlns 1ined gucenbHOro aHamizy Oysio moOynoBaHo TpuBumipny CAD-Mopaenb
O00ukM poTOpa, MO BKIIOUAaE OaHmaxHI By3nu. ['eomeTpis Mozem Oyia CrpoIieHa 1o
OJIHOTO CEKTOpa 3a YMOBAMH CHUMETPIi 31 30€pEKEHHAM KJIFOYOBHX HECYYHMX CJIEMCHTIB
3a/1J1s1 3HWKEHHST 00UHCITIOBAILHUX BUTPAT (puc. 2.4).

OxkpiM BITUBY MOMEHTY KOPOTKOTO 3aMUKAaHHS BPaxOBaH1 TAKOK HABAaHTAXCHHS
Ha 0OYKY BiJ] BIUIMBY Barl KOHCTPYKTHBHUX KOMITOHEHTIB.

BusnaueHHss MexaHIYHUX HampyXeHb Ta Jedopmariii O00ouyku poTopa B

TPUBUMIPHUN MTOCTAHOBIII METOJOM CKIHYECHHUX €JIECMEHTIB BUKOHAHE B MPOTPAMHOMY
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komiekci SolidWorks Simulation [3].

[TouaTkoBl yMOBH Ta THapaMeTpyd PO3PaXyHKOBOi CITKH 3ajJaHl BIJAMOBIIHO 0
nmn 2.2.1 -2.2.3.

HpI/IKJIaIIGHC HaBaHTAa>XCHHA Ha OAHH ?:Y6 CTaHOBHTD

1-10 .

Pe3ynbpTaTi po3paxyHKIB JJii BU3HAUEHHS MOJATIMBOCTI OOYKM poTOpa Bija il

pazianbHOTO HaBaHTAKEHHS HaBeJleH1 Ha puc. 3.25 — 3.26.

URES (m)
1.261e-004
1.185-004

. 1.089-004
. 9927e-005
. 89646005
. 8.001e-005

'”. 7.033e-005

. B.07Ee-005

. 5113e-003

_ 4.151e-005

3.1688e-005
2.226e-005
1.263e-005

Puc. 3.25 — [1one nepemiiieHb 00YKH pOTOPA MMiJ €0 paliaIbHOTO HABAHTAXKEHHS

(cTaTuka)



0,00014

/O'M-q-l-g-_.-‘.e
® —g,
0,00012 \“"---...
@
™~

@

0,0001 \

0,00008

URES (m)

0,00006 N

0,00004 "~

0,00002

N IPSA NP TIPS - MV BPL TAC JA S TPA ST o B PR o B P P\ S B B B S T
P PGP PP PP S @GP FP PP P PSS
b KON W

v w W W o
Node Title
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Puc. 3.26 — I'padix 3MiHEHHS TIepeMilIeHb Y30BXK TBIpHOT O0YKM pOTOpa Ha MOBEPXHi

3y0a MiJ1 J1€10 pajiiaiIbHOr0 HAaBaHTAXKEHHS (CTaTHKA)

Panianbua nedopmartis Ueep = 1,3 107 M.

JliameTpalibHa MOIATIAMBICTh 30BHIIIHBOIO JllaMeTpa OOUKH POTOpPa BU3HAYAETHCS

3a hopMYJIOHO:

Busnauenns koedimienty aedopmaiiii 004k poTopa

Maca BmicTy maza Ha | M IOBKMHU BU3HAYAETHCS 32 (HOPMYJIOH0:

m, = _99 64 ke

n
b2

(3.66)

(3.66)

BignentpoBa cuna BMicTy maza mpu n = 3600 006/XB Ha OJMH METpP JIOBXKUHHU
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BU3HAYAETHCS 32 (POPMYJI0IO:
Cy=m;-& R, =1959-10° H (3.68)

[Ipuknanene HaBantaxeHHs Ha 1 3y0 Big BiaueHTpoBux cui mpu n = 3600 06/xB
Bijx BMicTy masa ckuano 1,959 10° H/m.
Ha oqun maiinanuuk Ha moBepxHi 3yda — 391800 H.

Ha nonoBuny maiinanunka — 195900 H.

Pe3ynbraty po3paxyHKiB 1Ji BU3HAUYECHHs Koe(DilieHTy neopMalii 00uku poTopa

M1 110 1HEPIIMHUX CUJI B1JT OOMOTKHU HaBezeH1 Ha puc. 3.27 — 3.28.

LRES (1]
1 260004
l 30 a0
L 2B 0d
- 2 ESGe0d
- 2 45900

L2 ARea0d

l PRLTENY S
L ST

L1 M Oe08

IR R e

1 = el
1 118002
0 20fa-005

Puc. 3.27 — I[lone nepeminieHb 00YKH poTOpa i JI€I0 IHEPIIHHUX CUJT B1JT OOMOTKHU

(yronHa gyactora o0epTaHHS)
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0,000335
0,00033

0,000325 /

0,00032 L .J'/

0,000315 /

0,00031 P

URES (m)

0,000305 -~

0,0003 /
0,000295 /

0,00029

B L % vl 2\ e b My & &b o
i A L L¥ o 0 o P £ F
W 9 3 W " " “ 7
(..?‘ <:P‘ 0? -’.-P (‘)

Mode Title

Puc. 3.28 — I'padik 3MiHEHHS IEpEMILIEHb Y3/10BXK TBIPHOT OOYKH pOTOpA MiJ J1€F0

IHEPIIIHHUX CHJI Bl OOMOTKH (YTOHHA YacTOTa 00epTaHHs)
PanianbHa redopmartis 60UKH pOTOPa CTAHOBUTH Arep. = 3,1 107 M.
KoedimienT nedopmariii 30BHIITHBOTO JiaMeTpa OOYKH pOTOpAa BU3HAYAETHCS 3a

dhopmyIioro:

M

2-Ar
kP =~ 47,8.10°

n, 00/ x6

(3.69)

Pe3ynbratu po3paxyHKiB JjIsl BU3HAUEHHS HAIIPY>KEeHb B 00Ulll pOTOpa Bl BIACHUX

BIJIIIEHTPOBUX 1 BIJI 3AJIMIIIKOBHX MOCAJIKOBUX 3yCHJIb HaBe/IeHI Ha puc. 3.29 — 3.30.



| (A7% 27 494 7 mem|

M bincde 19554 7217514 1 95 9 mml

I8 1ine 19541 11230917 93 1 mm)]

W rinde 13540 12123 12 1 90 7 mm)
de 19547 v 172

Mode 10102 (-] 23162 92.1 mm)|
Wl =510 hind? (MPE)

Mode 18873 {-123,-238,76.8 mm)
=840 hinm'2 (MPa)
Mode 18558 (-123,-276,69.5 mm)

=101 3 Kmm*2 (MPs)

Mode 10113 (-123,-314,52.3 mm)

Rlode 19781 1
Blode 19 (i
{ ode 19754 (123 372,50 3 mm)
= 2066 Minm2 (WP

4 mim|
E0 50 8 men)]
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wion Mises (Mimm"2 (MPa )
BEB11
I B0B.1
. 5510
. 4880
- 4410

. 36858

L 2208

3308

2758

L 1858
1103
557

o7

Puc. 3.29 — [lone Hanpy:keHb B TOpLEBii 30H1 O0YKK poTOpa (YrOHHA YacTOTa

o0epTaHH:)
250
-
200
=2 h
: .
':.]JD
E -
i /
E /'/
£ 100 e
-
= ,".-' ,o’
g e \ -
- —_
/., \o-ﬁ"—.—.-.’
50 - Lz
.
g
-
.,
4
0
W M »w= O Ch 00 = = O M~ WO O h &0 O Y AN &N P~ NN M M 00 M O e N
u}%u}hwr\lmﬁ-:r:r-anmmn':rc‘—cgammhmﬂmmmm
= (o B o O O o T o T ¥ N TR ' T O TR " T ' N o O B | ™ «~ @ 80 00 «~ I~ I~ M~ M~
IR I = T - = - == T = e B - B I R ol o
o= e e e e e e e e e e e e e e e v e e e e e e e e e e
Node Title

Puc. 3.30 — I'padik 3MiHEHHS HaNpyeHb Ha O1YHIM MOBEPXHI OOYKU POTOPA B3OBK

oci Ox (yroHHa 4acToTa 00epTaHHs)

MakcuManibHe HampyXeHHss B Ooulll

poTtopa

cranoButh 207 MIla (y
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HeHTpaabHOMy 0TBOP1). KoedimieHT 3amnacy MiiiHOCTI cTaHOBUTH k = 638/207 = 3,1.

3.4 BUCHOBKH 10 TPETHOI0 PO3JALTY

Tpertiit po3ain aucepTaiitHoi poOOTH MPUCBSIUYEHUN JOCTIIKEHHIO HAMPYXKEHO-
nehopMOBaHOTO CTaHy Bajla poTopa. PO3riIHYTO pe3ynbTaTH po3paxyHKy HampyKeHO-
nehOopMOBaHOTO CTaHy Bajia pOTOpa METOJOM CKIHYCHHUX €JIEMEHTIB, B TOMY YHCJI1
BUKOHAHO PO3PAXYHOK KPUTUUYHHMX YaCTOT Bajla POTOpA Ta CTATUYHUI pO3paxyHOK Balia.
Takox mpoBeEHO TPUBUMIPHUHN pO3paxyHOK HaIPyKEHO-Ie(pOPMOBAHOIO CTaHy OOUKHU
poTOpa Ta KJIHMHIB KPIIJIEHHS! CTPYMOMIABOIY pOTOpA.

1. BukoHaHo poO3paxyHOK HaIpyXeHO-Ie(pOPMOBAHOIO CTaHy Baja pOTOpa
METOJIOM CKIHUYEHHUX €JIEMEHTIB.

2. BUKOHaHO pO3paxyHOK KPUTUYHUX YacCTOT Baja poropa. OTpuMaHi pe3yibTaTu
JIO3BOJISIIOTH  OOIPYHTYBaTU Oe3neuHy poOoTy TypOoreHeparopa B HOMIHAJIBHOMY
peXHUM1 3 JIOCTAaTHBOIO BIJCTAHHIO BiJ NEPIIOi Ta JIPYroi KPUTHYHHUX YACTOT JUJISt
MOAATINBUX OTOP.

3. BuUKOHaHO CTaTMYHUN pPO3pPaxXyHOK Bajia poTopa. Po3paxyHOK J03BOJIUB
OTpUMAaTH JOKJIAJAHY KapTUHY PO3MOALTY HaMpy>KEeHb Ta Aeopmallii Jjisl yChboro 00’ emy
Bajia 3 ypaxyBaHHSM BCIX JIIOYUX CHJI. 3TiTHO 3 OTPUMAaHUMHU pe3yIbTaTaMu Baj poTopa
Ma€e 3HaA4HI 3aMach 3a MEXaHIYHMMH Halpy>XEHHSMH, 110 3a0e3nedye WOro TpUBAIY
HaJ1iHY eKCIUTyaTallko.

4. TlpoBeneHO TPUBUMIPHUN PO3PAXYHOK HaIpPYXEHO-Ae(OPMOBAHOTO CTaHY
00uku poropa. BukoHaHMil po3paxyHOK J03BOJISI€E BU3HAYUTH PO3MOAUT BHYTPIIIHIX
HaIpy>KeHb 0OYKHU pOTOpA.

5. TlpoBeneHo TpPUBUMIPHUN PO3PAXyHOK HAIMPYKEHO-A(HOPMOBAHOTO CTaHY

KJIMHIB KPITUIEHHSI CTPYMOII1IBOTy pOTOpa.

3.5 JlirepaTypa 10 TPETHOI0 PO3iTy
1. ly6enerns B.I'., XimpueBcbkuit B.B., CaBuenko O.B. 179 OcHoBu MeTomy

CKiHUEHHUX eneMeHTiB: HaBuansuuit mocionuk. — Yepniris: YATY, 2007. — 288 c.
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BHUCHOBKU

VY nucepraiii HaBeJICHO TEOPETUYHE Y3aralbHEHHS Ta 3alIPOIIOHOBAHO BUPIIICHHS
HayKOBOT'O 3aBJIaHHsI, IO TOJISITa€ y OOIPyHTYBaHHI I1JIBHUINCHHS MIIIHOCTI €JIEMECHTIB
poTopy TypOOoreHepaTopiB Ha OCHOBI pO3pO0JIECHUX METOMIB JOCHIKCHHS HAMPY>KEHO-
neopMOBaHOTO  CTaHy MOro  €IeMEHTIB 3  BHUKOPUCTAaHHSAM  TPUBHMIPHOTO
KOMIT FOTEPHOTO MOJICJIIOBaHHS.

B X0l BUKOHaHHA KOMIUIEKCHHUX IUCEPTALIMHUX IOCIIKEHb OyJlIM OTpUMaHI
HACTYMHI HOB1 HAYKOBI1 Ta MPAaKTUYHI PE3yIbTaTH:

1. ITpoBenenuii anasiz 0cOOIMBOCTEN KOHCTPYKIIli pOTOpa Ta HOro KOMIIOHEHTIB
Ta BU3HAYEHI XAPAKTEPHI MOIIKOKEHHS, 0 00OyYMOBIIEHI YMOBaMH POOOTH, 0 SKHX
BIJIHOCSITHCS TPILIMHU B KIJIBISX, 3aJIUIIKOBI Jedopmailii, oBaiabHa (hopma KiJielb yepe3
3TMHAJbHI MOMEHTH, BTOMHI pyHHYBaHHSI MaTepially, OCJIa0JeHHsS MOCaIKA KUIEUb Ta
JIOKaJbH1 pyHHYBaHHS Ha MEX1 TEKYYOCTI.

2. IlpoBeneHuii aHai3 METOAIB JOCIIKEHHS HAMPY>KEHO-e(HOPMOBAHOTO CTaHY
poOTOpa, BU3HAUCHO, 110 KOJIEH 13 HUX OKpEeMO He 3a0e3edye J0CTaTHhOT TOYHOCTI JIJIst
KOMITJIEKCHOI OI[IHKM Halpy»XeHO-1e(OpPMOBAHOTO CTaHy Baly poTopa Ta OaHIa>KHOTO
By3J1a TypOOreHepaTopa BeIUKOl MOTYKHOCTI.

3. Po3po0JiieHo HOBHIT METO] pO3paxyHKy OaHaKHOTO By3J1a pOTOpa, 110 J03BOJISIE
3amaBaTi (DaKTHUYHI HATATIB HEPIBHOMIPHUX KOHTAKTHUX TOBEPXOHb («HOCHK» Ta
«CTIHMHKA»), TETUIOBI TPaHUYHI YMOBH | poay Ta pakTuyHy reoMeTpito na3iB poTopa mnpu
HOMIHAJIBHIN Ta KPUTHYHIN (YTOHHIN) YacTOTax oOepTaHHS.

4. Y 1OCKOHAJIEHO METOJI PO3PaxXyHKy HaIpy>KEeHO-Ae(OPMOBAHOTO CTaHy OOUYKH
BaJla 3 (pe3epoBaHUMHU IMiJ OOMOTKY Ia3aMu, IO Ma€ YTOYHEHY CITKY A
KOHIICGHTPATOPIB HAIIPY>KEHb Ta B IKOMY 331af0ThCS TPaHUYH1 YMOBH | poay, oTpuMaHux
3 KOPEeTSIlii eKCIEpUMEHTAIBHNX Ta AaHAJITUYHHUX JTAHUX Ta 3aBJaHHS PEaTbHUX MOJTYJIiB
MPY>KHOCTI.

5. VYaockoHameHO METOj PO3paxyHKy HampyKeHO-Ie(POPMOBAHOTO CTaHY
KJIIMHOBUJHUX €JIEMEHTIB CTPYMOMIABOAY POTOpa 3 YPaXyBaHHSM BiJILIEHTPOBUX CHJI Ta
KOHTaKTHUX HaMpPyXeHHs, [0 00yMOBIIEHI TEXHOJIOTIE€I0 30MpaHHSI.

6. VI[OCKOHaJICHO METOA 00YHCIICHHS KPpUTHUYHUX 9aCTOT BadJla pOTOpPA B YaCTHHI
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3aBJaHHS €KBIBAJICHTHHUX MEPEPi3iB B TPUBUMIPHIN MOCTAHOBIN Ta 3aBJIaHHS YTOUYHEHHUX
MOJIATIIMBOCTEN OTOD;

7. VYIOCKOHAJeHO METOAU PpO3PAXyHKY HampyXeHO-Ie()OpPMOBAHOTO CTaHY
KOHCTPYKIi OaHIa)XKHOTO By3Ja POTOpa B YAaCTHHI YTOUYHEHHS CHWJI, BHUKIMKAHUX
BIJIIIEHTPOBOIO CKJIAJ0BOIO BiJ Jii JIOOOBOT YaCTMHM OOMOTKH Ta BpaxXyBaHHS reOMeTpii
3yOI1s 11T 0OUHCIIEHHS P03’ €THYBATLHOT YaCTOTH

8. IlpoBeneHuii aHam3 pe3yabTaTiB aHAIITUYHOTO PO3PaXyHKY 3araciB MII[HOCTI
KOMITIOHEHTIB POTOpa, BU3HAYEHO HANpPY>KCHHS Y OaHJa)KHOMY KUIbLI BIJ JIFOYMX Ha
HBOTO 3YCHJIb, HAMPYKEHHS Ta MEPEeMIIICHHS y OaHIaKHOMY KiJbIll BIJl TOCAJKH Ha
HEHTPYIOUe KiIbIle Ta 0auKky poTopa, 3yCHIUISI MDK OaHJaKHUM KIJIbIEM Ta OOYKOIO
poTopa Ta po3'eHyBaJIbHI IIBUKOCTI.

9. TlpoBenenuii aHaimi3 MIMHOCTI KPIIUJIEHHS €JIEMEHTIB CTPYMOIIIIBOY IS

3a0e3reueHHs] He0OX1THOT &KOPCTKOCTI Ha 0ocHOBI MCE
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3n00yBava Kadeapu 101
Hazapenko Bayecnasa Biktoposiya
Ha 3700yTTA CTYNEHA BHILOT OCBITH - 70KTOP hinocodil
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TOJIOBH: npodecopa kadeIpH aeporipoanHaMike, .T.H., npodecopa JImutpa OBIJIIHA
YJIeHIB: IouenTa Kadeapn aeporiipoInHaMiky. K.T.H.. fotenTa Muxaiiia PETTETEHKA
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y nepioa 3 07 ksitua 2026 poxy no 09 kBiTHa 2026 poxy po3rjsHy/ia MaTepialn HayKOBAX
nocnigxens Hasapenko Bauecnasa BikToposuua

Kowmicia 3acBiguye:

1. Pesynbratd AMcepTallifHOrO JOCHiKeHHA, fKe ocobHcTo mnposeneHe Hasaperko
Bsuecnasom Bikroposruem, MIiCTATL CTBOPEHHI HOBHIT MeTO/1 po3paxyHKy OaHAamHOTO By3/1a poTopa,
IO BiIPI3HAETBCS Bijl ICHYIOUYMX 3aBJAaHHAM (PAKTHYHHX HaTAriB HEPIBHOMIPHHX KOHTAKTHHX
NOBEPXOHL («HOCHK» Ta «CIHHKAY), TEIUIOBHX rPaHHYHUX yMOB | poay Ta dakriunol reomeTpii nasis
pOTOpa NPH HOMIHANKHIH Ta KPHTHYUHIN (YroHHIH) yacToTax 00epTaHHs.

VIOCKOHAJIGHO METOJl PO3PaxyHKY HanpyikeHO-ieOpMOBaHOro craHy Oo4kH Bana 3
dpeseposanmumu 1ia OGMOTKY NasaMm, L0 HA BiIMIHY Bill iCHYIOYHX MICTHTbL YTOUHEHHS CiTKH s
KOHICHTPATOPIiB  HANpyKeHb, 3aldaHi rpaHdYHi yYMOBH | poay, OTpUMaHHX 3 KOpemauil
eKCMEPHMEeHTAIbHUX Ta AHATITHYHHX JAaHHX T 3aBJIaHHs PEATbHUX MOIY/IB NPYIKHOCTI,

PoszpobGneno MeTojl po3paxyHKy HarpykeHo-Ie(opMOBAHOIO CTaHY KIHHOBHIIHHX €leMEeHTIR
CTPYMOTIIBOJY POTOpa, B AKOMY Ha BLAMIHY BiJl ICHYIOYHX YPaxoBYKOThCA BiLICHTPOBI CHIIM Ta
KOHTAKTHI HANPY/KeHHsl, 00YMOB/IeH] TeXHOIOrI€0 30HpanHs.

Y I0CKOHANEHO MET0[ O0YHMCIEeHHA KPHTHYHHX 4YacTOT Baja poTopa B YACTHHI 3aBJaHHs
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€KBIBAICHTHHX NEPEpi3iB B TPUBUMIpHIil 0CTAHOBL T4 3aBJAHHS YTOYHEHHX [0JATIHBOCTEI omop.

HaGynu nopanemioro po3BHTKY iCHYIOMI IHDKEHEPHI METOINH PpO3pPaxyHKY HampykKeHo-
Je)OpMOBAHOTO CTAHY KOHCTPYKIUIT 6aH1aKHOro BY3/1a poTOpa B YACTHHI YTOUHEHHS CHII, BUK/IMKAHHX
BI/ILICHTPOBOIO CKJIAJI0BOIO Bij Ail moGoBOl YacTWHH OOMOTKH Ta BpaxyBaHHs reomerpii 3y0us s
o04nCIeHHA po3’ € AHYBATBbHOI YaCTOTH.

Po3poGieni Ta BHNpoBaj/UKeHI METOAM PO3PaxyHKY elIeMEHTIB poropis TypOoreneparopis
BEJIMKOT Ta CEpeHbOl MOTYKHOCTEH N03BOIHB OOIpyHTYBaTH Oe3neuny poboty TypboreHeparopa B
HOMIHaJIBHOMY PeXKHMI 3 I0CTATHIM iHTEPBAIOM MiXk NepIIOIO Ta APYrol0 KPHTHUHHME YacTOTAMH st
MOJATIHBUX OTIOP.

Po3pobneni B poboTi METOM TPHBMMIPHOTO PO3PaxyHKY PO3NOJLUTY HanpyKeHb MOXKYTH OyTH
BHKOPHCTaHI NMPH JOCTIHKECHHI HaNpyKeHO-Ae(OPMOBAHOIO CTaHY EJIEKTPHYHHX MAlLMH PI3HOIO
NpU3HAYEHHA T4 IHIIOr0 SHepPreTUYHOTO 00/1aHAHHA.

2. PesynpraTh HayKOBHX JIOCHIKeHb BAKOPUCTaH] TPH po3podui pobounx nporpaM Ta BHECEHi
y nekuiitai kypen qucnuniin « BunpoGysanna Ta ceprudikanis gitanpHuX anaparis» ta «[igpasnikay.

3. PesyabTati HayKOBHX JOCTIDKCHb BBAXKATH PeaTi30BaHHMH.

T'onoea koMicii J.T.H., npodecop Jmutpo OBIJIIH

Ynenn komicii K.T.H., JIOLIEHT Muxaiino PEIIETEHKO

K.T.H., IOIIEHT ayy @ Ounekcanap KAILLEHKO
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" [loCIIiIKEHHS HANpPY KeHO-/1e(OPMOBaHOTO CTaHy €JIEMEHTIB POTOPY
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TPHUBAMIPHOTO MOJeMOBaHHA"

Ha AT "VkpaiHcEKi eHepreTH4Hi MalTHHH"

JlaHHM aKTOM IiITBEP/UKYETHCS, IO HAYKOBi pe3yJbTaTH JAMcepTaliiHol poboTH
Hasapenko Bsagecnasa Bixtoposuda BHpopamkeHi B NOBHOMY o0cssi  mpH
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notyxsicrio 325 MBr ta TI'B-550-2MVY3 notyxsictio 550 MBr BIAMOBIAHO [0
3apojichkux 3aMoBneHs Ha AT "VKpaiHchKi eHepreTHYHI MalMHu".

Po6oTta npoBOAKIACE B 4aCTHHI IOCII/KEHHs HATPYKeHO-/1€(pOPMOBAHOrO CTaHy
KOHCTpYKIIiii TypGoreHepaTopiB BeIMKOI MOTYKHOCTI Y TPUBMMIpHIA MOCTAHOBL, IO
JI03BOJIMIIO TABHIIMTH TOYHICTH BH3HAYEHHS 3amacy MillHocTi iX By3niB Ta eJleMeHTIB.
TouHe BH3HAYEHHs ICHYIOUMX pE3€pBiB MILHOCTI 3a0e3Ne¥HIO  MOXKIHBICTH
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