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Annomayun: B craThe npou3Be/ieHA OLEHKA BIMSHUS HETOYHOCTEW M3rOTOBJIECHUS Balia
ra3oTypOMHHOTO JBUTATENsl HA €ro KpyTWwibHbIe KosieOaHus. B o0030pHOM yacTu ObLIN
PacCMOTPEHBI Cly4au, B KOTOPbIX MPUCYTCTBUE MPOU3BOICTBEHHBIX MOIPEIIHOCTEN MOMKET
MIPUBECTH K BOSHUKHOBEHHIO Y(PPEKTOB, HETATUBHO CKA3BIBAIOIINXCS HA pabOTe IBUTATETIS.
Hanpumep, B Basie, BEIMOJIHEHHOM C OTKJIOHEHHUSIMU, MOXKET MOSABUTHCS JTOMOJIHUTEIbHBIM
aucbananc B paboTe, KOTOPBIM MPUBENET K yBEIUYEHHIO pabouero mporuba Bana. Takue
3¢ (}eKxTsl  CBUIETETBCTBYIOT O HEOOXOJUMOCTH MPABWIBHOTO  KOHTPOJUPOBAHUS
OTKJIOHEHHUI B pa3zMepax (JOMYyCKOB) H3rOTABIMBAEMBIX JETaliel, KOTOPOE MOMKHO
IPOBOJUTH C MPUMEHEHHEM METOI0B MAaTEMATUYECKOT0 MOIeTpoBanus. B nannoi pabore
OB MPOM3BE/ICH aHAJIN3 KPYTHIbHBIX KOJieOaHUN BBIOPAHHOTO POTOpa C MPUMEHEHHEM

METOJa KOHCYHBIX 3JICMCHTOB. brita pa3pa60TaHa KOHCYHO-3JICMCHTHAA MOJICJIb pOTOpPa U



ompejeNieHa TiepBas KpPyTWIbHAsh COOCTBEHHAs 4YacTOoTa W COOTBETCTBYIOMIAs e
cooctBeHHass ¢opma konebaHuii poropa. CpaBHUTENbHAs OIEHKA TOJYyYEHHBIX
pEe3yNbTaTOB M PE3yJbTAaTOB pacyeTa C MPUMEHEHHEM YMPOIIEHHOTO aHAJIUTUYECKOTO
MOJX0Ja ToKa3ajga, YTO KOHEYHO-’JIEMEHTHAas MOJedb JaeT pe3yJbTaThl, OJNM3KHE K
aHAIUTUYECKOMY MeTony. Jlanmee KOHEUYHO-3JIeMEHTHAss MOJIENb OblIa MCIIOJIb30BaHa IS
OLICHKH BJIMSIHHSI TIOTPEITHOCTEN M3TOTOBIICHUS Bajla Ha €ro KpyTHIIbHbIE KoeOaHus. J{ms
3TOr0 B T€OMETPUYECKONW MOJIEIH Bajia B COCTaBE PACCMOTPEHHOTO paHee poTopa Oblia
BHEJPEHA 3aJaHHasl Pa3HOTOJIIMHHOCTh U pacdeT ObUT MOBTOPEH C TEMU K€ MCXOJHBIMU
OaHHBIMH. Pe3ynbraThl MMOKa3aiM, 4YTO HAJIWYHE PA3HOTOIIIMHHOCTA MPHUBOIHUT K
CMEIICHNI0 MECTa KOHIICHTPAIMi HalpsHDKEHUH B CTOPOHY OOJIaCTH YTOHUEHHS Bajia, YTO
corjiacyeTcsi ¢ MpeAnoioxeHusiMu. [lpu 3TOM MakcUMallbHOE€ 3HAa4YeHHE HaANpPSOKEHUH
YBEJIMYMIIOCH TPUMEPHO Ha 12% (3HaueHrne COOCTBEHHON YaCTOTHI HE M3MEHUIIOCH). TakuM
o0pa3oM, HATMYUE HETOYHOCTEH N3TOTOBJICHHSI BaJIOB MOXKET Oy TUMO BiUATh Ha X HIIC
pU KPYyTHIBHBIX KoseOaHusix. B paboTe mpoaeMOHCTPUPOBAHO TaKKe, YTO M3MEHEHHE
o0jacTl KOHIICHTpAlMil HANpsDKEHWH  BCJIEACTBUE HAJIWYHMS  MPOU3BOJCTBEHHBIX
MOTPEIIHOCTENW MOXKET MPUBECTH, COOTBETCTBEHHO, K M3MEHEHHUIO MECT MOSIBIICHUS TPEIIHH.
Takum oOpa3om, pa3paOOTaHHBI METOJ MOXHO MPUMEHSATh A OojJee TOYHOTO
OTIpe/ICTICHUS] TAKUX 30H.
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JIna yumupoeanusn: YcmanoB A.P. BnusHue mNOrpemHocTedl W3roTOBIEHUSA Baja
ra3oTypOMHHOTO JIBUTATelIs HA €ro KpyTuibHble Konebanus // Tpynst MAU. 2025. Ne 142.

URL: https://trudymai.ru/published.php?ID=185103




Original article

AFFECTION OF MANUFACTURING ERRORS OF A GAS TURBINE
SHAFT ON ITS TORSIONAL OSCILLATIONS

Anton R. Usmanov
Peter the Great St. Petersburg Polytechnic University,
Saint Petersburg, Russia

ysman2d@gmail.com

Abstract: In this work the affection of the shaft manufacturing errors on its torsional
oscillations was analyzed. In the literature review part the author considered the cases, on
which imperfection in shafts could lead to effects, which could be hazardous for the engine
during its operation. For instance, if there is imperfection in a shaft, there could occur an
unbalance during its operation, which could lead to additional deflection of the shaft. Such
effects prove the necessity of the proper controlling of gas turbine part size deviation
(tolerances), which could be conducted with mathematical modelling methods applied. In
the present work the analysis of torsional oscillations of the considered rotor was carried out
by implementing the finite element method. The finite element model of the rotor was
constructed and the first torsional natural mode and the corresponding first natural frequency
of the rotor were obtained. The comparison of the obtained results with the ones of the
calculation with implementation of the simplified analytical approach showed, that the finite
element model gives the results close to the analytical one. Then the finite element model
was used to estimate the influence of the manufacturing errors of a shaft on its torsional

oscillations. For this purpose, in the geometrical model of the shaft being the part of the



rotor considered before the specified thickness variation was inserted and the calculation
was repeated with the same source data. The results showed, that thickness variation
presence leads to the shift of the area of the stress concentration to the zone of the shaft
thinning, which matches assumptions. At the same time, the maximum value for the stress
raised by 12% (the value for the natural frequency didn’t change). Overall, shaft
imperfection presence could significantly affect its stress-strain behavior upon torsional
oscillations. In the present work it was also demonstrated, that the shifting of the area of
stress concentration caused by the presence of manufacturing errors could lead to the
corresponding shifting of the area of potential cracks. Therefore, the developed method can
be implemented in order to determine such zones more accurately.
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1. Beenenue
ITpu nmpousBoxacTBE AeTajiell MaIlMH, B YaCTHOCTH Ta30TypOMHHBIX JIBUraTelEH,
BCEr/la IPUCYTCTBYIOT OTKJIOHEHHUS OT UX Pa3MEPOB I10 YEPTEXKY (HOMUHAIBHBIX PAa3MEPOB)
[1-12]. Takue HETOYHOCTH OOBIYHO KOHTPOJUPYIOTCS MaKCHUMAJbHO OIYCTUMBIMU
OTKJIOHEHHUSIMU (JIOIIyCKaMH), KOTOPbIE OMNPENEISAI0T, HACKOJIbKO 3TH pa3sMepbl MOTYT
BApBUPOBATHCS OT JAETANM K JAeTalu. B ciydyae mpocThIX UMIMHAPUYECKUX BaJOB TaKHUE
JIOITyCKa YCTaHABIMUBAIOTCS AJI PA3HOTOJIIMHHOCTH, OMEHHUsI Hapy’>KHOM MOBEPXHOCTH U

OMeHus MOCcaI0YHBIX MoBepxHocTel [13].



[Ipu paGote ra3oTypOMHHOTO ABUTaTess JuHaMU4Yeckue 3(PQPeKThl, TPOUCXOIsIINe
Ha Bajax (Hampumep, BUOpaIim), MOTYT IPUBECTHU K pa3pyIlIEHUIO Bajla U, KaK CIEACTBHE,
K BbIXOMy W3 cTpos asurarens [14]. Takum obOpazom, ycTtpaHeHue TakuxX 3(h(exToB
SBJISIETCS BAXKHOM 3aJa4ei PU NPOCKTUPOBAHUN U3ICIIUM.

B pa6orax [13,15-17] 6b1710 mOKa3aHO, YTO MOTPEIIHOCTHA U3TOTOBJICHHS Bajla MOTYT
3HAUUTENFHO TOBJIMTH Ha €ro JUHAMUKY, BbI3BaHHYIO qucOanaHcoM. Takum oOpazom,
NpaBUILHOE KOHTPOJMPOBAHUE HETOYHOCTEW M3rOTOBJICHUS Bajla MOXKET CIIOCOOCTBOBATH
CHIDKEHUIO HETaTUBHBIX 3(DPEKTOB, BHI3BAHHBIX €r0 pad0ounM MpOorudom.

Kpome monepeyHbix kosieOaHMii, BEI3BAHHBIX HAJIMYUEM AucOanaHca, MOTYT UMETh
MECTO TMpPOJOJIbHBIE U KpPyTHJIbHBIE KojJeOanus Bana. IlocienHue OOBIYHO MOTYT
MOSIBJISITHCS BCJIE/ICTBUE HAIMYMS BO3MYILIEHUN C YaCTOTaMH, KPAaTHBIMU YACTOTE BPAILICHUS
Bana [18].

[{enb HacTosAIIEH paOOThI — OLIEHUTD BIUSHUE MOTPEUTHOCTENW U3rOTOBJICHHMS Bajia Ha
€ro KpyTHIbHBIC KOJICOAHMSI.

2. MeToas! uccjieq0BaHus

W3 xypca Teopum KoJieOaHWN W3BECTHO, YTO CBOOOIHBIC KPYTHIIHHBIC KOJICOAHUS

MHOTOMAacCOBON KPYTHJIBHOM CHCTEMBI MOTYT OBITh ONUCAHbI CIEAYIOIIEH CHUCTEeMOMN

auddepeHnrnaIbHbIX YpaBHEHHIH:
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KPYTHWJIBHOW CHCTEMBI.
[Ipn mepexone K HENPEPHIBHOW TPEXMEPHOM CHUCTEME YpPABHEHHs IBH)KCHUS B
KOHEYHO-3JIEMEHTHON anlpOKCHMAIIMU MOTYT OBITh 3allMCaHbl B BUJIE:

| M J{ii}+ | K [{u}={F] (3)

rae {u}- BEKTOp Y3JIOBBIX MEpPEMENICHUH, [M } - MaTpulla Mmacc, [K ] - MaTpulia

AKECTKOCTH, {F } - BEKTOp BHEIIHUX y310BbIX cull (https://ansyshelp.ansys.com).

3agavya ompeaesieHUs COOCTBEHHBIX (OpPM U 4YacTOT KoJICOAHWM CHUCTEMBI,
onuchIBaeMoii (3), CBOAUTCA K HAXOXKIECHHIO COOCTBEHHOIO 3HAueHHs A, IS KOTOPOIo
OyJIeT BBITTOJHATHCS PAaBEHCTRBO:

(K {o}=4[M ]{p} @)

r1€ {(} - BEKTOp COOCTBEHHOH (OPMBI KOIEOAHUIH.

Jljis peieHust TaHHOM 3aJja4i MOKET ObITh MPUMEHEH, HapuMep, OJIOUHBII METO.

Jlanmomra [20].

3. [locTanoBka 3agauu

Paccmotpum Ban B coctaBe poTopa, n300paKeHHbIN Ha puc. 1.

PaccmatpuBaeMslii Ban

\

Puc. 1. PaccmarpuBaemslii poTop



Koneuno-aneMeHTHast MOIETb POTOPA, ONUChIBAEMast ypaBHEHUSIMU (4), MOKa3aHa Ha

puc. 2.

I !‘ x
am 10000 200.00 frmmi)
| — —

50,00 150:00

Puc. 2. PacueTHast KOHEUHO-3JIEMEHTHAS MOJIEIb

PacueTsl MpoOBOAMINCH B CIEIYIONIEM MOPSJIKE:

1. beima ompeneneHa mepBas KpyTWIbHAs COOCTBEHHAas dYacToTa poTopa |
COOTBETCTBYIOIIAsl €l gopma KosieOaHMM ¢ TPUMEHEHHEM pa3pabOTaHHOM

KOHEYHO-3JIEMECHTHOM MOACIIN.

2. Pacuer ObUT MOBTOPEH B AHAJIMTUYECKON MOCTAaHOBKE IyTeM pemeHus (1) ¢

OMOUIBIO (2); pe3ynbTaThl ObUIA COMOCTABIIEHBI C PEIICHUEM, TOJTYYeHHbIM B1I. 1.

3. Pacder B m.1 Obu1 MOBTOpEH [Js Cioy4yas Baja, BBIMOJIHEHHOTO C
Pa3HOTOJNIIMHHOCTBIO  (CM. puc.3), pe3yiabTaTbl ObUIM  COMOCTAaBJICHBI;
Pa3HOTOJIIIMHHOCTS 3a/1aBajiach N0 GopMyIie, peKOMEHyEMOM Ipu ONpeeIeHIH

JIOTTyCKaeMbIX OTKJIOHEHUM B hopme okoBoK (https://mpommnopTan.su/otklon/).




Puc. 3. Ceuyenue Bana: a) ucxoHOTO (0) pa3HOTOJIIIMHHOTO
4. Pe3yabTarnl
[lepBass kpyTtunbHas coOcTBeHHass ¢opma KojebaHWW Baia, TMOJy4YeHHas C

MIPUMEHECHUEM KOHEYHO-3JIEMEHTHOW M aHAJTUTUYECKOU MOJIesiel TToKa3aHa Ha puc. 4.

= K3 pacyer
== = gHaNIM4EeCKN pacyeT

10.0 -

yroJl NoBopoTa

-0.30 -0.25 -0.20 -0.15 -0.10 -0.05

InuHa Bana (M)

Puc. 4. TlepBas kpytunbHas coocTBeHHas (hopma KoeOaHnii Bajia (3HaYCHUE

cobcTBeHHOM yacToThl: 11t KO pacuéra 326.8 I'1, niig ananutuaeckoro pacuéra 342.2

I')



Pesynprarhl nokasanu xopoliee COOTBETCTBUE IBYX MOAXOA0B. B nanpHeiem ais

ompeeeHUs HANPsDKEHU OyIeT UCTI0Ih30BaHa KOHEYHO-3JIEMEHTHAS MOJICITb.

[lepBas kpyTuibHas coocTBeHHast popma konedaHuil poTopa mokaszaHa Ha puc. 5.

Q.00 150.00 300.00 {ram)
L Se—  SS—
75.00 225.00

Puc. 5. [lepBas kpyTunbHas coOcTBeHHas Gpopma KoeObaHui

Pacnpenenenne SKBUBAJCHTHBIX HAMNpPsDKEHUNW B MECTax WX KOHIICHTpAIUU IS

HCXOAHOT'O XU Pa3HOTOJJIIIMHHOI'O BaJIOB ITOKAa3aHO Ha pUC. 6.



Puc. 6. Pacnipenenenrie 3kBUBaJIEHTHBIX TI0 MU3eCy HaNpsOKEHU: a) UCXOIHBINA Ball

(cobcTBennas yactota 329.3 ', MakcuMalibHOE 3HaueHue HanpshkeHus 2250 MITa); 6)
Pa3HOTOJIIIMHHBIN BaJl (COOCTBeHHas yacTota 326.2 ['11, MakcuMaabHOE 3HAaUCHUE

HanpsbkeHus 2580 MIla);

Pe3ynbTarhl MOKa3bIBAKOT, YTO XOTS PA3HOTOJIIIMHHOCTD HE BIUSET B 3HAUUTEIBHON
CTENIEHH Ha COOCTBEHHYIO YacCTOTy, OHAa BHOCHUT OIIYyTHMBIM BKJaJ B HaNpsOKEHUS,
YBEJIMYMBAs UX MPUMEPHO Ha 12% B MecTax yTOHUEHHS CEUECHHSI BaJa.

5. 3akiaouenune

B mnacrosmedt pabore OblUla MpOM3BEACHA OICHKA BIMSHUSA TOTPEIIHOCTEH
M3rOTOBJICHMS BaJla HA €ro KPYyTUJIbHbIE KoJieOaHus. bbuia pelieHa TectoBas 3ajgaya Io
OTIPENEICHUIO TIEPBOM KPYTWJIHHONW COOCTBEHHOM 4YacTOTHl W COOTBETCTBYIOIICH €M
coOcTBeHHOU (popmbl KoeOaHUil Baja B cOCTaBe BHIOPAHHOIO POTOpa ¢ MPUMEHEHHEM
pa3pabOTaHHONW KOHEYHO-DJIEMEHTHOW Mojenu. JlaHHas momens ObUla BaIMIUpPOBaHA

MOCPEJICTBOM pEUICHUsI JIUCKPETHOM aHAJMTUYECKOM 3aJaud, pe3ysbTaThl MOKa3aiu



XOpOIllee COOTBETCTBUE JABYX MOJX0/I0B. PacyeT ObL1 MOBTOPEH ISl Baia, BHINOJHEHHOTO C
Pa3HOTOJIMHHOCTBIO. Pe3ynbTaTel moKa3any, 4YTO HAJW4YUE MOIPEITHOCTH U3TOTOBIICHHUS
BaJIa BHOCUT OLLlYTUMBIN BKJIaJ] B MAKCUMAJIbHBIEC SKBUBAJICHTHBIE HAIIPSIKEHUS B HEM.

[lonydeHHble pe3ynbTaThl JEMOHCTPUPYIOT, YTO HAJIWYKAE MOTPEIIHOCTEN
usrotoBienuss BajmoB ['TJ[ moxer omrytumo BmuaTh Ha ux HJC. Takum oOpasowm,
HEOOXO/IUMO B OTAENbHBIX CIIy4asX MpU MPOBEIECHUU MATEMATUYECKOTO MOJEIUPOBAHUS
BHEJIPATH 3TH MOTPEITHOCTH B TEOMETPUUECKHUE MOJIEIIH.

Pe3ynbTaTtel, moOIyuYeHHbIE B JAaHHOM paboTe, JOMOJHAIOT HCCIEAOBAaHUSA
norpemHoctel BaioB ['T/l, moiydyeHHbIe B IpeabIIyInX paboTax, U MO3BOJISIOT CAENATh
BBIBOJ[, YTO HOTPELIHOCTM HW3TOTOBJICHHWS BAJIOB MOTYT HE TOJBKO IIPUBOJIWUTH K
BO3HUKHOBEHUIO TOINEPEYHBIX KOJEOAHW, HO W B 3HAYUTEJIbHOW CTENEHU BIUATH Ha
HaMpPsDKEHUS B BajlaX MPU KPYTHIBHBIX KOJICOAHUSX.

PazpaGoTanubiii  MeTOn  ompelereHUs HKBUBAJICHTHBIX HANpsDKEHUH — Baja,
YUYUTBIBAIOIINN HAIMYKME B HEM IPOU3BOJACTBEHHBIX HETOYHOCTEH, B JAIBHENIIEM MOXKHO
NPUMEHSTh HAa peajbHbIX OOBEKTaxX IJIsl YTOUHEHHsS HauOoJiee HArpy>KEHHBIX Y4aCTKOB
BaJIOB ¢ 00Jiee BBICOKUM PUCKOM BO3HUKHOBEHUS TPEIIHH.

Crnenyetr OTMETHTB, YTO B JAHHOM paboTe ObljIa MPOU3BEACHA JTUIIIH OIEHKA BIIUSTHUS
NOTPENIHOCTEN Baja Ha €ro KpyTWUJIbHBIE KOJeOaHMs, MPU 3TOM ObLIAa MOJIy4eHA TOJIBKO
dbopma koneOanuii HanpspkeHu. [{ns onpeneneHus KOHKPETHBIX 3HAYEHUN HEOOXOAMMO
IPOBOJUTH HKCCIEAOBAHUS IO OMNPENEICHUI0 Harpy3kH, BO30Y>KIArolleld KpYyTUJIbHBIE
KoJe0aHusi poTopa, € MOCIEIYIONIUM MPUIOKEHHUEM 3TOM HArpy3ku B TapMOHHYECKOM

aHaJIN3c.
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