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

YJIK 621.165 doi: 10.20998/2411-3441.2020.1.04
B. B. JOHYEHKO, B. U. THECHH, JI. B. KOJIOJA’KHAA, H. ®. KPABYEHKO, A. B. IIETPOB

YU CJEHHBIA AHAJIM3 BJIUSHUSA PEXKUMA SKCILUTYATAIIMA BEHTHJISATOPA HA
HECTAIIMOHAPHBIE HATPY3KHU U PEXKAUMBI KOJIEBAHUM JIOMTATOK

CTpemieHye K TOBBILIEHHIO 3((GEKTHMBHOCTH Ta30TypOMHHBIX JBHMrarelieii NPUBOAMT K HEOOXOAMMOCTH KOHCTPYHPOBATH JIOMATKH OCEBBIX
TypOoMauIuH Oojiee TOHKMMH, ¢ OONBIIMMH YIJIAMM aTakH U IPeJHA3HAuYeHHBIMU JUIs paboThl IPH BBICOKHX CKOPOCTSX BpameHus. OJHaKo, 3T
KayecTBa yBEIMYHBAIOT PUCK TIPOSIBICHHUS adPOYNpPYroi HEyCTOHYHBOCTH, TaKoil Kak (hIaTTep MM Pe30HaHCHbIC KoneOanus. DraTTep NpencTaBiseT
co00i1 caMOBO30Y>K/IAIOILYIOCS HEYCTOHYMBOCTD 1101 JIEHCTBUEM a3POJAMHAMMYECKUX CUJI, MHYLIMPOBAHHBIX BBIHYXKIECHHBIMH KOJIE0aHHAMH JIOIIATOK,
KOTOpBIE BBI3BaHbI, B CBOIO 04Y€PE/lb, BHELIHUMM BO3MYIIAIOIMMH CHUJIAMH IIPH BPALIEHHH JIONIATOK B HEOJHOPOJHOM BBEPX 110 T€YEHHIO IoTOKe. Jlist
TOro, 4TOOBI BBIIOJIHUTH Ba)kHeiillne TPeOOBaHHS HAJEKHOCTH M OE30MACHOCTH SKCILIYaTallMH Ta30TYpOMHHBIX JBMraTeleH, HEOOXOMMMO yYMETh
HPOrHO3MPOBATEH a3POYNPYToe MOBEJICHHUE JIONATOUHBIX aNapaToB KaKk MOXHO PaHbIe M TouHee. B nocienHee BpeMs pa3BUBAIOTCS HOBBIE IOIXOIBI,
OCHOBaHHBIC Ha MapIIEeBOH 1O BPEMEHU CXEMe, BKJIIOUAIONIEH MHTErpHPOBaHNE yPaBHEHMH a3pOJMHAMHKHI M JIMHAMUKHN YNPYrux Konebanmid. Xors
3TH METOJbl TPEOYIOT 3HAUHTENbHBIX BEIYMCIUTENBHBIX PECYPCOB, OHU MPHBIEKAIOT KOPPEKTHOCTHIO OCTAHOBKM CBSI3aHHOM 3a/1a4i a9pOyHPYroCTH,
YUHTHIBAIONIEH B3aMMHOE BIMSIHHE KOJEOAHMIT JIOMIATOK M HECTAIlMOHAPHBIX a’pOAMHAMUYECKHX HArpy3ok. Ha ocHoBaHMM aHaiM3a COBPEMEHHOTO
COCTOSIHMS TIPOOJIEMBI a3POYNPYTOCTH TypOOMAIIMH M CYIIECTBYIONINX METOJO0B MPOTHO3MPOBaHMs (raTTepa MOXKHO 3aKIIOYMTB, 4TO Hamboiee
HEPCIEKTHBHBIM IOIXO00M B HCCIIENOBAHUH a3POYNPYToro MOBEACHHUS JOMATOYHOr0 BeHIIa 0CEBOH TypOOMAIIMHBI SABISETCS MOAXO0M, OCHOBAHHbIN Ha
TPEeXMEPHOH MOJIENN HECTAI[MOHAPHON a3pOJMHAMUKM M MOJAJIFHOM aHAJM3€ JBIKCHHS JIOMAaTKU. IIpe/ioKeHHbBI YMCIICHHBI METO/ pEIIeHHs
CBSI3aHHOM a3pOyNpyroil 3aJadd B TPEXMEPHOM TPAH3BYKOBOM IIOTOKE MJEABHOTO Ta3a IMO3BOJSET MPOTHO3MPOBATH a3pOYNpPyroe IHOBEJCHHE
JIONATOK, BKJIIOYAsi BBIHY)KJICHHBIE, CAMOBO30YKIAIOIIHECs KONeOaHHs U aBTOKOJIeOaHHUs ¢ LENbIO TIOBBILCHHUS HAJGKHOCTH JOMATOUHBIX alIapaToB
TypOOMaIInH.

KurodeBble c10Ba: JOMAaTOYHBINA BEHEL BEHTUIISTOPA, COOCTBEHHAs YacTOTA, a9pOYNPYroe MOBEICHHE BEHIA, CBsI3aHHAs a3poympyras 3anava,
(narrep, TypOomammHa.
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YU CEJbHUN AHAJI3 BIUIUBY PEXXUMY EKCILTYATAIII BEHTHJISATOPA HA
HECTAIIOHAPHI HABAHTA’KEHHS TA PEXKUMHA KOJIMBAHB JIOITATOK

IparaenHs 10 MigBHINCHHA e(EKTHBHOCTI ra30TypOiHHMX ABUTYHIB IPU3BOJHUTH IO HEOOXiHHOCTI KOHCTPYIOBATH JONATKH OCHOBUX TypOOMAIIMH
O1IBII TOHKMMH, 3 BETMKMMH KYTaMHU aTaKH i IPU3HAYCHUMH ULl POOOTH NMPU BUCOKUX LIBUAKOCTSX 00epTanHs. OmHAK, 1Ii IKOCTI 301IBIIYIOTE PH3UK
MPOSIBY ACpOIPYXKHOI HecTifKkocTi, Takoi sk ¢uiarep abo pe3oHaHCHi KkoiuBaHHsA. Dnarep — 1e caMo30ymKyro4a HECTIHKICTh MiJ Ai€lo
AepOAMHAMIYHUX CHJI, 1HIYKOBAaHHX BHMYILICHHMH KOJHBAHHSMH JIONATOK, SIKi BUKJIMKAHI, B CBOK YEPry, 30BHIIIHIMU OOYPIOIYMMH CHIAMHU IMIPH
o0epTaHHi JIONAaTOK B HEOAHOPIAHOMY Bropy 3a Tediero moroui. it Toro, o0 BUKOHATH HABaXIUBIII BUMOTH HaAIHHOCTI Ta Ge3MeKU eKCIuTyaTanii
ra3oTypOiHHUX ABUTYHIB, HEOOXiJHO BMITH HPOTHO3YBAaTH aepOIPYKHY ITOBEAIHKY JIOIATKOBHX amapaTiB Lie Ha cTaiii mpoekTyBaHHs. OCTaHHIM
4acoOM PO3BUBAIOTHCS HOBI MiZIXO/M, 3aCHOBAHI HAa MapIIEBii 3a 4aCOM CXeMi, 110 BKJIIOYAE IHTETPYBaHHS PIBHSAHb a€POAMHAMIKY 1 AUHAMIKY MPYKHUX
KOJIMBaHb. XO4Ya [ METOAM BHMAararoTh 3HAYHMX OOYHMCIIOBAILHHX PECYPCiB, BOHHM INPHBEPTAlOTh KOPEKTHICTIO IIOCTAHOBKH 3B'sA3aHOi 3ajaui
aepOIPYKHOCTI, 110 BPAXOBY€E B3aEMHHH BIUIMB KOJIMBAHb JIONATOK 1 HECTAIIOHAPHUX aepOAMHAMIYHUX HaBaHTaxeHb. Ha mijncrasi anaiizy cydacHoro
CTaHy NpoOJIEeMH aepoNpyKHOCTI TypOOMAaIIMH 1 ICHYIOUHMX METOMIB TNPOTHO3YyBaHHA (uiaTepa MOXKHA 3pOOMTH BHCHOBOK, IO HaHOLIbII
MIePCHEKTHBHUM IiIX0/I0M Y JIOCIi/KEHH] aepONpY>KHOI OBEAIHKH JIOIIATKOBOTO BiHII OCbOBOI TypOOMAIIMHHY € MiJIXiJ1, 3aCHOBaHHI Ha TPHBUMIPHIN
MOJieNi  HecTaliOHapHOI aepoAMHAMIKM Ta MOJAIBHOMY aHali3i pyXy JIONAaTKH. 3amnpoNOHOBAaHMI YHMCENBbHHIl METOX pO3B'I3aHHS 3B'S3aHOI
aepomnpyxHoi 3aJayli B TPUBUMIPHOMY TPAH3BYKOBOMY IIOTOI 1/1€aJbHOTO Ta3y JO3BOJS€ IPOTHO3YBATH AaepONpPYKHY IOBEAIHKY JIOMATOK,
BKJIIOYAIOYH BUMYLIEHI, CaMO30y/IHI KOJMBAHHSI 1 aBTOKOJIMBAHH 3 METOIO ITiIBUIIEHHS HAiHOCTI JIONATKOBHX alapaTiB TypOOMAIIHH.

KurouoBi c1oBa: J0onaTkoBHi BiHENb BEHTHJIATOpA, BIAcHAa YacTOTA, aepOIPY)KHA ITOBEAIHKA BIiHIIL, 3B’s3aHa aepompykHa 3aiada, duarep,
TypOOMaImHa.

V. DONCHENKO, V. GNESIN, L. KOLODYAZHNAYA, I. KRAVCHENKO, A. PETROV

NUMERICAL ANALYSIS OF THE INFLUENCE OF THE FAN OPERATION MODE ON NON-
STATIONARY LOADS AND REGIMES BLADE OSCILLATION

The desire to improve the effectivity of gas turbine engines leads to the need to design axial turbomachine blades thinner, with large angles of attack
and designed to work at high speeds. However, these qualities increase the risk of aeroelastic instability, such as flutter or resonant vibrations. Flutter
is a self-excited instability under the action of aerodynamic forces induced by forced vibrations of the blades, which are caused, in turn, by external
disturbing forces when the blades rotate in an inhomogeneous upstream stream. In order to fulfill the most important requirements for the reliability
and safety of operation of gas turbine engines, it is necessary to be able to predict the aeroelastic behaviour of vanes as early and more accurately as
possible. Recently, new approaches have been developing based on a time-marching scheme, including the integration of aerodynamic equations and
the dynamics of elastic vibrations. Although these methods require significant computational resources, they attract the correctness of the formulation
of the associated aeroelasticity problem, taking into account the mutual influence of the oscillations of the blades and unsteady aerodynamic loads.
Based on the analysis of the current state of the problem of aeroelasticity of turbomachines and existing methods for predicting flutter, it can be
concluded that the most promising approach to studying the aeroelastic behaviour of the blade rim of an axial turbomachine is an approach based on a
three-dimensional model of unsteady aerodynamics and a modal analysis of blade motion. The proposed numerical method of coupled aeroelastic
problem solution for three-dimensional transonic ideal gas flow allows to predict aeroelastic behaviour of blades including the forced, self-excitation
oscillations and autooscillations with purpose to increase the reliability of turbomachines blades devices.
Keywords: blade row fan, the natural frequency, aeroelastic behaviour of blade row, coupled aeroelastic problem, flutter, turbomachine.

Beenenue. IloBeneHue ynpyrux Tel B IOTOKE C  BbIHYXJCHHbIe KoNeOaHHMsS W CaMOBO30YKAAroIInecs
MO3WIIUU TEOPUW KOJeOaHWH, MOXKHO pas[eluTh Ha  KojebaHus. DTO JelieHHe OCHOBAHO Ha XapakTepe oOMeHa
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SHEpruel MexJy IOTOKOM M KOJICOMIOENHCs] CHCTEMO.

I[Ipn  BBIHYXJIEHHBIX  KOJEOAHUSX  JHEPrus
MOJBOANUTCA  TOPUUSIMH, TaK KaK HEepHOANYECKUM
SIBISIETCSI MCTOYHHMK OJHEpruu (HEOIHOPOJAHBIN MOTOK).
BeiHyX/IeHHBIE  KOJI€OaHUs  SIBISIFOTCS  yCTOWYMBBIMU
KOJICOAHUSMH C YaCTOTOM BO3MYIIAOIICH CHIIBL.

CaM0BO30Y ) TatoIIHecs KoseOanus
XapaKTepU3yIOTCSI HETPEPHIBHBIM OOMEHOM JHEprucu
MEXIy KOJEOIOImEeHCs] CHCTEMO M OCHOBHBIM TOTOKOM
1 MOTYT TIPOSIBIISATECS B CIACAYIOIINX HAIIPABICHUSX:

- aspomeMnupoBaHre  (3aTyxaHue  KoJeOaHWit
JIONAaTOK), KOTJa OHEeprus KOJEOJIOWEeHCs CUCTEMbI
OTBOJIUTCSI B OCHOBHOM IOTOK;

- aBTOKOJIcOaHusl, KOrja 3a MepHoja KojeOaHuil
KOJINYECTBO SHEPTHUH, MTOJIBEICHHOE OT OCHOBHOTO ITOTOKA
K KOJICOJIOIIEHCSl cHCTeMe, PaBHO KOJNMYECTBY SHEPIHH,
OTBEJICHHOM OT KOJEOIIOIIEHCS CUCTEMBI B OCHOBHOM
MMOTOK. ABTOKOJICOaHUS SIBISTIOTCS YCTOMYMBOW (HopMOit
KosieOaHMH, YacToTa KOTOPBIX 3aBHUCHT OT >KECTKOCTH
MEXaHWYECKON CHCTEMBI;

- HEYCTOMYMBEIE CaMOBO30YXIarouuecs: KojaeOaHus
(pnarrep), Korna SHEPTUS OCHOBHOTO ITOTOKA HOABOIUTCS
K KomeOmromencs cucreMe, IpH 3TOM aMIUIMTYJa
KoneOaHWi BO3pacTaeT, YTO MOXET TPUBECTH K
pa3pywIeHUI0 MEXaHUIECKON CHCTEMBI.

TpebGoBaHNe BBHICOKOI HAZEKHOCTH M 0€30IIaCHOCTH
TypOOMaIIMH TPUBOAUT K HEOOXOIMMOCTH pa3paboTKh
HOBBIX COBEPIICHHBIX MECTOJI0B H MO}IeHeﬁ, KOTOPbIC
YUUTHIBAIOT peasibHble (PM3MYECKUE CBOICTBA IIOTOKA Ta3a
Y KOHCTPYKIIMH JIOIATOYHBIX ammapatos[1-15].

B craree mpencraBieH  YMCICHHBIH  aHAIU3
a’pOyIIPYroro IMOBEJCHUSI BHOPHUPYIOIIETO JIONATOYHOTO
BEHIIa BEHTWJISTOPA aBUAIIMOHHOTO JIBUTATENsl HA OCHOBE
YHUCJIIEHHOTO METOJIa PELIeHUs! 3a/laud HeCTalMOHAPHOM
a’poJVHAMUKN W YOPYrHX KoJeOaHWil  JIOMAaToK,
YpaBHEHHsI KOTOPBIX HHTETPHPYIOTCA MapaulesbHO-
MOCTIEIOBATENEHO ¢ OOMEHOM WH(pOpManneil Ha KakIon
urepanuu [1-4].

IlpennoxxeHHBI  METON  PEIICHUS  CBA3AHHOM
a’poymnpyrod  3amadyd  MO3BOJISICT  IPOTHO3MPOBATH
aMIUTUTYTHO-4aCTOTHBIH CHEKTp KoJieOaHMH JIONaToOK ¢
LCJIbIO MOBBIMICHUA HAACKHOCTHU JIOMATOYHBIX alllapaToB
TypOOMaIIWH.

Hens padorel. Llens nanHON paOOThl — YHCICHHBIN
aHaJIN3 a3pOYyNpPYrUX XapaKTEPUCTHK JIOMATOYHOTO BEHIA
BEHTWJIATOPAa aBHAIMOHHOTO JABUTATENS IS 3aJaHHOTO
PEKMMa 3KCILUTyaTalluy ¢ [EIbIO MOBBIMICHNS HAIEKHOCTH
W TIPOUIEHHS pecypca BEHTHIATOpa aBHALMOHHOTO
JIBUTaTEIIS.

IocranoBka 3agauu. TpexMepHbI TPaHC3BYKOBOM
MOTOK HAEAIHLHOTO Tra3a ONHCBIBAETCS B OTHOCHTEIHHOM

JIeKapTOBOMU cucreme KOOpJUHAT TIOJTHOM
HECTAIlMOHAPHOW  CHUCTeMOW  ypaBHeHHH  Dilnepa,
MPEJCTAaBICHHOW B HWHTErpalbHOM (opMe 3aKOHOB

COXpaHEHHs MAacChl, UMITylibca W dHepruu. IlocTaHOBKA
TPaHUYHBIX YCIOBHH OCHOBaHa Ha OJHOMEPHOH TeophH
xapakrepuctuk [1, 2, 16].

Juuamudeckas MOJENb KOJEONMOMENHcs JONaTKH ¢
UCIIONB30BaHUEM MOJAJIBHOTO MOJAX0Ja TNpPHBEICHA K
cucTeMe OOBIKHOBEHHBIX M) (epeHIMAbHBIX YPaBHEHHUH
OTHOCHUTENFHO MOJATBHBIX KO3()(DHIHEHTOB COOCTBEHHBIX

¢dopm. [lepemerieHnss U CKOPOCTh JIOMATKH, MOTYYCHHbIE
U3 pEeIICHMs AMHAMUYECKOH 3a/1a4M, Ha KaXKJA0H NTEepaliy
UCTIONB3YIOTCS B KauecTBE TPAHWYHBIX YCIOBHH B
a’pojIMHAMUYECcKoH 3amaue [3, 7, 16, 17].

Pacuernas oOyacTh BKJIOYACT 24 MEXKIOMATOYHBIX
KaHaa.

PazHocTHast ceTka pa3OmBaeTCs Ha CErMEHTH,
Ka)XIbII N3 KOTOPBIX BKJIIOYAECT OJHY JIONATKY M MMEET
MNPOTSHKEHHOCTh B OKPY)KHOM HAIpaBICHUH, DPABHYIO
mary BeHua. Kaxzaplil U3 CerMeHTOB IUCKPETU3UPYETCS C
ucrojb3oBaHueM rubpuaHoli H—-H pasHocTHOH ceTkm
(puc. 1).

[ns  YUCIEHHOrO HWHTETPUPOBAHUS  ypaBHEHUU
Diinepa npuUMEHsETCS pa3HOCTHas cxeMa [oayHoBa-
Konrana 2-ro mopsiaika TOYHOCTH 1O KOOpAMHATAM U
BpeMeHH, 0000IleHHass Ha CilIy4ail MpOU3BOJBHOM
MPOCTPAHCTBEHHON Ae(OpPMUPYEMOil Pa3HOCTHOW CETKHU
[2, 18].

ANTOPUTM  pelIeHHs  adpOoyHpyrod  CBA3aHHOU
3aJadyl OCHOBaH Ha IIOCIENOBAaTEIHLHOM II0 BpPEMEHHU
MHTETPUPOBAHNY YPAaBHEHUI ra30MHAMUKN ¥ YpaBHEHUH
KOJICOaHWH JIOMAaTOK ¢ OoOMeHOM wuH(opMalued Ha
Kaxa0i urepanuu (puc. 2) [1-4, 19, 20].

3nech f - CHMBOJIMYCCKUIT BEKTOP
a’pOJIMHAMUYECKUX MapamerpoB; U,U — MepeMelieHne u

CKOPOCTD JIONIATKHU; F- BCKTOP CHJI, PACIPCACIICHHBIX I10
MOBEPXHOCTH JIONATKHU.
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Puc. 2. brok-cxema pelnieHus CBI3aHHOW 3aa4H adpOIHHAMUKH
U yIIPYTUX KoJeOaHui JIOmaTok
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Yucaennplii anaam3. YucieHHoe wHcciaeIoBaHUE
MPOBEACHO IS JIOMATOYHOTO BEHIIA BEHTWIATOpA
aBUAIIMOHHOTO  JBHUraTelsi B TPEXMEPHOM IOTOKE
HJICaILHOTO Tasa.

I'pannunble yCIOBHS s PEKHUMA IKCILTyaTallUd
BEHTIIATOPA:

- mojiHoe aasienue Ha Bxoue Py = 90500-93600 Ila;

- OJIHAs TemriepaTypa Ha Bxoae To = 291 K

- yII6l TIOTOKa B OKPY)KHOM U paguajbHOM
HaIpaBJICHUSX 3a1aHbI,

- CTaTHYECKOE JaBJIECHHAE Ha BBIXOJIE 3a
BeHTHIAITOpOM P, = 112000-117000 ITa;

- CKOPOCTb BpaIlCHUS JIOIATOYHOTO BEHI[A
n = 5810 06/MuH.

Ilpu pacuere KonebOaHWU  JIOMATOK  POTOpA
YVUUTBIBAIACH  TEPBBIC  MATh  COOCTBEHHBIX  (hOpM
konebanuii. CoOCTBEHHBIE 4YACTOTHI MJIs KaXXIOM U3
CcOOCTBEHHBIX (OPM IIPHUBEICHHI HIXKE B Ta0I. 1.

Tabnuma 1 — CoOCTBEHHBIC YaCTOThI

CoOcTBeHHast hopma Yacrota v, I'n
1 119
2 263
3 415
4 524
5 640

Hedopmanum pabodei TONMATKH, COOTBETCTBYIOIINE
1-i coOGcTBeHHOM (hopme KoJeOaHmid MOKa3aHbl Ha puC. 3
(mepeMenieHnsT IeHTpa TSKECTH JIOMATKH BIOJNb BBICOTHI
JIOTIATKH B OKPY>KHOM HarpasiieHuu (puc. 3, @), B 0CEBOM
HampaBiIeHHH (puc. 3, 0) W TOBOPOT CEUYCHHUS IIOMATKU
OTHOCHTENBHO LIEHTPa TsDKEeCTH (puc. 3, 6)).

Ha nepBoM sTame BBINOSHEHBI adpoJAMHAMHYECKHE
pacueTsl MOTOKa raza 4epe3 BpalllalollMiics JTONaTOYHbIN
BCHCH i1 TapMOHHUYCCKUX KOHe6aHMI71 JIOTIATOK IIpH
MEXJIONATOYHOM yrjie cxasura mno dase KkonebaHuid
smomatok MJI®Y =0 c yderom B3ammopeucTBus 1-5
COOCTBEHHBIX (POPM.

Bce  nomaTkm  coBepIIalOT  TapMOHHUYECKHE
KOJICOAHUS 0 KaXKIO0H U3 COOCTBEHHBIX ()OPM IO OJTHOMY
U TOMY € 3aKOHY C HOCTOSIHHBIM YIJIOM ciaBura ¢as o
MIIDY):

q'J = in Sln[27TV|t +(J —1) 8],

rae (jj — MoJanbHbIi KoddduImeHT;
i — HOMep cOOCTBEHHOIT (HOPMBI;
j — HOMep JomaTKy;

Qoo — AaMmIuIMTyJda KoneOaHuil i-i coOCcTBeHHOM
(bopMmsI;

V; — COOCTBEHHAs YaCTOTa,

0 — MOEXJIONAaTOYHBIM yroa caBura 1o dase

KOJe0aHNHi COCENHUX JIOMATOK.

Xapaktep oOOMeHa DJSHEprued MeXIy MOTOKOM
BO3QyXa M KOJEOJIOIIMMHCS JIONAaTKaMH II0Ka3aH Ha
puc. 4 (rpadux M3MCHEHHS KO3 puImIeHTa
a’poJeMnGUpPOBaHUsl 10  BBICOTE  JIONATKH  JUIA
MJI®Y =0). Kak BugHo u3 rpaduka, kodddunueHT
aspopemmduposanus D >0 (W <0), 4to cooTBETCTBYET

(asponemmndupoBanue KOJICOAHNUI).
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Puc. 3. [lepemerenus eHTpa THKECTH JONATKU 10 1-i
coOCTBeHHOH (hOpPME B/IOJIb BBICOTHI JIONATKH:
@ — B OKPY)KHOM HaIlpaBJICHHH; 6 — B OCEBOM HAIPABJICHUM;
6 — IOBOPOT OTHOCUTENBHO LIEHTPA TSHKECTH
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Puc. 4. Vamenenne kodddunnenta adpoaeMnpupoBaHus 1o
BeicoTe Jionatku (MJIOY = 0 rpax, 1-5 cobcTBeHHas hopma)

Ha BTOPOM ITallC pacyeTa MPUBCACHLI PE3YJIbTAThI

OTBOAY OHEPrun oT JIOIIAaTKHU K TMOTOKY YHUCJICHHOI'O aHaJiu3a HECTAllMOHAPHBIX
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a’pOJMHAMUYECKUX XapaKTEPUCTHK JIONATOYHOI'O BEHIA
st MJIOY =0 rpagyc mpu CBsI3aHHBIX KoJieOaHMX
JIONIATOK.

Ha pwuc.5 mnpuseneHsl rpadyiku W3MEHEHHS BO
BpeMeHH MoJanbHbIX Koddduuuento (i = 1-5) mns
MJI®Y =0 rpam C y4eTOM B3aUMOJCHCTBUS TISTH
coOcTBeHHBIX GopM (pHc. 5, a,8) M HX aMIDIUTYIHO-
YaCTOTHBIC XapaKTepHCTHKH (puc. 5, 6,2) B Teuenue 40
000poTOB poTopa.

Ha rpadukax mpenacraBieHsl OOWH  TEPHOX
rapmMoHmdecknx komebanmit  (t=0-0,0419¢) uw 39
MIEPHO/IOB CBS3aHHBIX KOJICOaHHH.

Kak cnenyer w3 rpadukos, mo 1-ii coOCTBEHHOMH
(bopmMe MPOHUCXOIUT MEePexo]l K PEKUMY aBTOKOJIEOaHUi ¢
4acTOTOH OJM3KOH K cOOCTBEHHOH dacTtoTe 1-i1 (hOpMBI.
ITo BceM ocTaibHBIM COOCTBEHHBIM ()OPMaM MPOUCKOJIUT
3aTyxaHue konebauuii (puc. 5, 6, ).

[Bmxenue JIOTIaTOK oTpenemseTcs
HECTallMOHAPHBIMHA ~ a3POANHAMUYECKHMH HArpy3KaMmH,
JIEWCTBYIOIIMMH Ha JIOTIATKH, W AedopMarueil JomaTok
(cBsI3aHHBIEC AdPOYIPYTHE KOICOAHMS).
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Ha  puc.6,a,6,0  mpeacraBieHbI rpaduKu
HECTAIIMOHAPHBIX AdPOJANMHAMUYCCKUX Harpysok
(OKpyKHasi, oceBas U a’POJAMHAMHUYECKHI MOMEHT),

JIeHcTBYIOIUX Ha nepud)epuiiHbIi ClIoi padoueil tomaTku
B TeueHre 40 mepuosoB KoJieGaHWH JIOMATOK POTOpa, U3
KOTOPBIX OJIWH IIEPHOJ TapMOHHYECKHX KoJcOaHWiA, a
TaKXKe 1704 aMIUTATYJHO-9YaCTOTHEIC CIIEKTPEI
(puc. 6, 6, 2, e).

Kak BugHO u3 rpadukoB, OCHOBHOW BKIAJ B
HECTAlIHOHAPHBIC  COCTABILIIONINE  AdPOJUHAMUICCKHX
Harpy30K  BHOCAT  HH3KOYACTOTHBIC  TapMOHUKH,
BEI3BaHHEBIE HEpaBHOMEPHOCTHIO B OKpPY>KHOM
HaTpaBJICHUH 32 POTOPOM, M KOJNEOAHUSAMH JIOTIATOK II0
coOcTBEHHBIM (popmam.

ITepememienne nepudepuitHOrO cedeHus pabdoueit
JIOTIATKH B OKPYXXHOM, OCEBOM HAIIPABJICHUSIX U TIOBOPOT
OTHOCHTEIIFHO TICHTPA TSDKECTH, a TAaKXKe MX aMIUIATYIHO-
YaCTOTHBIC CIIEKTPBI TIOKA3aHbI HA PUC. 7.

Kak BugHO n3 rpagukoB (puc. 7, 6, 2, €), OCHOBHOU
BKJIaJ B KOJeOaHHs JIOMATOK BHOCAT aBTOKOJICOAHHS C
4acTOTaMU COOCTBCHHBIX (POPM.
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Puc. 5. 3menenune MoansHOro ko duuuenra no 1-it u 2-i cobersensbM Gopmam (MJIDY = 0):
a, 8 — MOJAIIBHBIN K03()(OUIUEHT; O, 2 — AMIUTUTYJHO-9aCTOTHBIA CIIEKTP
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Puc. 6. AsponuHampdeckast Harpys3Ka B iepudepuitHoM cioe padodeil IOmaTKu:
a, 6 — OKpyXHasl CHJIa; , 2 — OCeBas CHIIA; 0, € — a3POANHAMHIECKHIH MOMEHT
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BriBoabI. IIposenen YUCJIEHHBIH aHanu3
a3pPOYNPYTrUX  XapaKTepPUCTHK  JIONIATOYHOTO  BEHIA
BEHTWJISITOpA TS pexuma JKCILTyaTaluu

(n = 5810 06/Mun).

[lpn naHHOM peXUME SKCIUTyaTallM{d IPOUCXOAUT
a’poseMIIpUpOBaHHE M IIepexol K  YCTOWYHBBIM
KoJIeOaHHsIM JIONIATOK C MHHUMAJIBHOW aMIUIUTYAOH
KosieOaHMH (aBTOKOJIEOaHUS).

OCHOBHOM BKJIaJ B KOJIEOAHMSA JOIATOK BHOCST
KoJIeOaHus ¢ 4YacTOTOM OnM3KOM K yacrore 1-M m 2-#
COOCTBEHHBIX (POPM.

IIpennoxxeHHbIil METO/ pELIeHHs CBSI3aHHOM 3a1auu
a’pOYIPYroCTH MO3BOJISIET ITPOTHOZUPOBATH  PEIKUMEI
KOJICOaHWH JIOTIATOK W HECTAI[OHApHBIC HATPy3KH C
IIEJIBIO TOBBIIICHUS HAJIGKHOCTH JIOTIATOYHBIX aIlllapaToB
TypOOMaIIuH.
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Puc. 7. Konebanus nepudepuitnoro ceueHns: pabodeif onarku:
a, 6, — B OKpY>KHOM HaIIpaBJICHHUH; @, 2 — B OCEBOM HAIIPABJIEHHH; 0, € — YroJI IIOBOPOTA OTHOCUTENIHHO IIEHTPA TSHKECTH

Bulletin of the National Technical University "KhP1".
28 Series: Hydraulic machines and hydraulic units, no. 12020



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

10.

11.

12.

13.

14,

15.

16.

CHnucok JIHTEpaTyphl

I'mecun B. I, Kononsxnas JI. B. Abspoymnpyruii aHanm3
JIOIIAaTOYHOI'O  BCHIIA Typ60MaLLII/IHBI Ha OCHOBC YHCJIICHHOI'O
peLIeHuUs CBA3aHHOM 3a7a4i adpOANHAMUKHI H YIIPYIHX KOJIeOaHHI.
Ipobremuvr mawunocmpoenus. 1998. Ne 3-4. C. 29-40.

T'necun B. U., Konopsxuas JI. B., aunkoscku P., [lemuenko A. B.
Marematudeckoe MOJCIIMPOBAHUE U aHAJIU3 a3pPOYHPYyIrux SIBJICHUH
B JsomatouHoMm Benre Typbomamun. Bulletin of the National
Technical University "KhPI". Series: Hydraulic machines and
hydraulic units. Kharkiv: NTU "KhPI". 2018. No. 17 (1293).
p. 17-24.

Gnesin V. I., Kolodyazhnaya L. V. Aeroelastic analysis of vibrating
blade row using a coupled fluid-structure problem. Proc. of 14"
Intern. Sump. on Air Breathing Engines. Florence, Italy, 1999.
P. 1-9.

T'necun B. 1., Kononskuas JI. B., Kpasuenko U. ®.,
Mepkynos B. M., Ilepemerser A. B., IlerpoB A. B. UYucneHHslit
aHaJIM3 adpoynpyroro noBEACHHU JIOIIAaTOYHOI'0 BEHLIA BEHTUIIATOPA
aBHALMOHHOTO JBuraTens. [Ipobremvr mawunocmpoenus. 2017.
T. 20, Ne 3. C. 3-11.

Konoraukos M. E., Makapos I1. B., Cauun B. M. HccnenoBanue
ﬂHHaMH‘ICCKOﬁ HaNpsHKEHHOCTH  HIMPOKOXOPAHOI'O0 BEHTHUJIATOpPA
TIpU CTEHAOBBIX HUCIIBITAHUAX. Aeuauuonuo—xocmuqecxaﬂ mexHuKka u
mexnonozus. 2008. T. 56, Ne 9. C. 58-64.

CrenpMax A. J1., 3uHbpKOBCKUH A. IT., CrenbpMmax . A.
31<cnepnMeHTam,Ho—pacquHoe HUCCICOOBAHUC Z[I/IHaMI/I‘IeCKOﬁ
YCTOHYMBOCTH HW3TMOHO-KPYTHJIBHBIX KOJIEOAHMH KOMIPECCOPHBIX
JIONAaTOK MpH OE30TPHIBHOM M CpbIBHOM oOTekanuu. Coobmienne 3.
B3sanmubie aspoauHamudeckie cBsi3u. [Ipobnemsr mpounoctu. 2010.
Ne 3. C. 89-99.

Rzadkowski R., Solinski M., Szczepanik R. The unsteady low-
frequency aerodynamic forces acting on the rotor blade in the first
stage of an jet engine axial compressor. Advances in Vibration
Engineering. 2012. Vol. 11, iss. 2. P. 193-204.

Solinski M., Rzadkowski R., Szczepanik R., Drewczynski M. The
unsteady low-frequency forces acting on the rotor blade in the first
stage on an axial compressor of SO-3 jet engine. Journal of
Vibration Engineering & Technologies. 2014. Vol. 2, iss. 4.
P. 385-393.

Petrie-Repar P., Fuhrer C., Griibel M., Vogt D. Two-Dimensional
Steam Turbine Flutter Test Case. Proc. of the 14th International
Symposium on Unsteady Aerodynamics, Aeroacoustics &
Aeroelasticity of Turbomachines (8-11 September 2015, Stockholm,
Sweden). Stockholm: ISUAAAT14 Organizing Committee, 2015.
P. 33-43.

Petrie-Repar P., Makhnov V., Shabrov N., Smirnov E. Analysis of a
Long Shrouded Steam Turbine. Proc. of ASME Turbo Expo 2014.
Vol. 7B: Structures and Dynamics (16-20 June 2014, Dusseldorf,
Germany). P. GT2014-26874. doi: 10.1115/GT2014-26874

Wang Wei-Ze, Xuan Fu-Zhen, Zhu Kui-Long, Tu Shan-Tung.
Failure Analysis of the Final Stage Blade in Steam Turbine.
Engineering Failure Analysis. 2007. Vol.14. P.632-641.
doi: 10.1016/j.engfailanal.2006.03.004

Rzadkowski R., SurwiloJ., Kubitz L., Lampart P., Szymaniak M.
Unsteady Forces in Last Stage LP Steam Turbine Rotor Blades With
Exhaust Hood. Proc. of ASME Turbo Expo 2016. Vol.7B:
Structures and Dynamics (13-17 June 2016, Seoul, South Korea).
P. GT2016-57610. doi: 10.1115/GT2016-57610

Sanvito M., Pesatori E., Bachschmidt N., Chatterton S. Analysis of
LP steam turbine blade vibration: experimental results and
numerical simulations. 10th Int. Conf. on Vibrations in Rotating
Machinery (11-13 September 2012, London). London: IMechE,
2012. P. 189-197.

Chassaing J. C., Gerolymos G. A. Compressor Flutter Analysis
Using Time Nonlinear and Time Linearized 3D Navier-stokes
Method. Proc. of the 9th International Symposium held in Lyon
"Aeroacustics and Aeroelasticity of Turbomachines". Grenoble,
France: Universitaires de Grenoble Publ., 2001.

Huang X. Q., He L., Bell D. L. Influence of Upstream Stator on
Rotor Flutter Stability in a Low Pressure Steam Turbine Stage.
Proceedings of the Institution of Mechanical Engineers, Part A:
Journal of Power and Energy. 2006. Vol. 220, iss. 1. P. 25-35.
Rzadkowski R., Gnesin V., Kolodyazhnaya L., Szczepanik R.
Aeroelastic Behaviour of First Stage Compressor Rotor Blades With
Foreign Object in Engine Inlet. Proc. of the 13th International

17.

18.

19.

20.

10.

Symposium on Unsteady Aerodynamics, Aeroacoustics &
Aeroelasticity of Turbomachines (11-14 September 2012, Tokyo,
Japan). Tokyo: ISUAAAT 12, 2012. P. 3-4.

Kubitz L., Rzadkowski R., Gnesin V., Kolodyazhnaya L. Direct
Integration Method in Aeroelastic Analysis of Compressor and
Turbine Rotor Blade. Journal of Vibration Engineering &
Technologies. 2016. Vol. 4, iss. 1. P. 37-42.

Tonynos C. K., 3abpoaun A. B., Manos M. 5., Kpaiiko A. H.,
Ipoxonos I'. II. Yucnennoe pewenue mnocomephvix 3a0au 2azoeoi
ounamuxu. Mocksa: Hayka, 1976. 400 c.

Gnesin V. I, Kolodyazhnaya L. V. Numerical Modelling of
Aeroelastic Behaviour for Oscillating Turbine Blade Row in 3D
Transonic Ideal Flow. Journal Problems in Mash. Eng. 1999. Vol. 1,
no. 2. P. 65-76.

Rzadkowski R., Gnesin V. I., Kolodyazhnaya L. V. Rotor Blade
Flutter in Last Stage of LP Steam Turbine. Proc. of the 14th
International Symposium on Unsteady Aerodynamics, Aeroacoustics
& Aeroelasticity of Turbomachines (8-11 September 2015,
Stockholm,  Sweden).  Stockholm: ISUAAAT14 Organizing
Committee, 2015. P. 1-6.

References (transliterated)

Gnesin V. 1., Kolodyazhnaya L. V. Aerouprugiy analiz
lopatochnogo ventsa turbomashiny na osnove chislennogo resheniya
svyazannoy zadachi aerodinamiki i uprugikh kolebaniy [Aeroelastic
analysis of a turbomachine blade row based on the numerical
solution of a coupled problem of aerodynamics and elastic
vibrations]. Problemy mashinostroeniya. 1998, no. 3—4, pp. 29-40.
Gnesin V. 1., Kolodyazhnaya L. V., Zhandkovski R.,
Demchenko A. V. Matematicheskoe modelirovanie i analiz
aerouprugikh yavleniy v lopatochnom ventse turbomashin [The
mathematic modeling and analysis of aeroelastic phenomena in
turbomashine blade row]. Bulletin of the National Technical
University "KhPI". Series: Hydraulic machines and hydraulic units.
Kharkiv, NTU "KhPI" Publ., 2018, no. 17 (1293), pp. 17-24.

Gnesin V. I., Kolodyazhnaya L. V. Aeroelastic analysis of vibrating
blade row using a coupled fluid-structure problem. Proc. of 14"
Intern. Sump. on Air Breathing Engines. Florence, Italy, 1999,
pp. 1-9.

Gnesin V. 1., Kolodyazhnaya L. V., Kravchenko I. F.,
Merkulov V. M., Sheremet'ev A. V., Petrov A. V. Chislennyy analiz
aerouprugogo povedeniya lopatochnogo ventsa ventilyatora
aviatsionnogo dvigatelya [Numerical analysis of the aeroelastic

behavior of an aircraft engine fan blade]. Problemy
mashinostroeniya. 2017, vol. 20, no 3, pp. 3-11.
Kolotnikov M. E., Makarov P. V., Sachin V.M. Issledovanie

dinamicheskoy napryazhennosti shirokokhordnogo ventilyatora pri
stendovykh ispytaniyakh [Investigation of the dynamic tension of a
wide-chord fan during bench tests]. Aviatsionno-kosmicheskaya
tekhnika i tekhnologiya. 2008, vol. 56, no. 9, pp. 58-64.

Stel'makh A. L., Zin'kovskiy A. P., Stel'makh Ya. A.
Eksperimental'no-raschetnoe issledovanie dinamicheskoy
ustoychivosti izgibno-krutil'nykh kolebaniy kompressornykh lopatok
pri bezotryvnom i sryvnom obtekanii. Soobshchenie 3. Vzaimnye
aerodinamicheskie svyazi [Experimental and computational study of
the dynamic stability of flexural and torsional vibrations of
compressor blades in a continuous and stall flow. Communication 3.
Mutual aerodynamic connections]. Problemy prochnosti. 2010,
no. 3, pp. 89-99.

Rzadkowski R., Solinski M., Szczepanik R. The unsteady low-
frequency aerodynamic forces acting on the rotor blade in the first
stage of an jet engine axial compressor. Advances in Vibration
Engineering. 2012, vol. 11, issue 2, pp. 193-204.

Solifiski M., Rzadkowski R., Szczepanik R., Drewczynski M. The
unsteady low-frequency forces acting on the rotor blade in the first
stage on an axial compressor of SO-3 jet engine. Journal of
Vibration Engineering & Technologies. 2014, vol.2, issue4,
pp. 385-393.

Petrie-Repar P., Fuhrer C., Griibel M., Vogt D. Two-Dimensional
Steam Turbine Flutter Test Case. Proc. of the 14th International
Symposium on Unsteady Aerodynamics, Aeroacoustics &
Aeroelasticity of Turbomachines (8-11 September 2015, Stockholm,
Sweden). Stockholm, ISUAAAT14 Organizing Committee Publ.,
2015, pp. 33-43.

Petrie-Repar P., Makhnov V., Shabrov N., Smirnov E. Analysis of a

Bulletin of the National Technical University "KhP1".

Series: Hydraulic machines and hydraulic units, no. 1’2020

29



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

Long Shrouded Steam Turbine. Proc. of ASME Turbo Expo 2014. 16. Rzadkowski R., GnesinV., Kolodyazhnaya L., Szczepanik R.

Vol. 7B: Structures and Dynamics (16-20 June 2014, Dusseldorf, Aeroelastic Behaviour of First Stage Compressor Rotor Blades With

Germany). P. GT2014-26874. doi: 10.1115/GT2014-26874 Foreign Object in Engine Inlet. Proc. of the 13th International
11. Wang Wei-Ze, Xuan Fu-Zhen, Zhu Kui-Long, Tu Shan-Tung. Symposium on Unsteady Aerodynamics, Aeroacoustics &

Failure Analysis of the Final Stage Blade in Steam Turbine. Aeroelasticity of Turbomachines (11-14 September 2012, Tokyo,

Engineering Failure Analysis. 2007, vol. 14, pp.632-641. Japan). Tokyo, ISUAAAT 12 Publ., 2012, pp. 3-4.

doi: 10.1016/j.engfailanal.2006.03.004 17. Kubitz L., Rzadkowski R., GnesinV., Kolodyazhnaya L. Direct
12. Rzadkowski R., Surwilo J., Kubitz L., Lampart P., Szymaniak M. Integration Method in Aeroelastic Analysis of Compressor and

Unsteady Forces in Last Stage LP Steam Turbine Rotor Blades With Turbine Rotor Blade. Journal of Vibration Engineering &

Exhaust Hood. Proc. of ASME Turbo Expo 2016. Vol.7B: Technologies. 2016, vol. 4, issue 1, pp. 37-42.

Structures and Dynamics (13-17 June 2016, Seoul, South Korea). 18. Godunov S. K., Zabrodin A. V., Ivanov M. Ya., Krayko A. N,

P. GT2016-57610. doi: 10.1115/GT2016-57610 Prokopov G. P. Chislennoe reshenie mnogomernykh zadach gazovoy
13. Sanvito M., Pesatori E., Bachschmidt N., Chatterton S. Analysis of dinamiki [Numerical solution of multidimensional problems of gas

LP steam turbine blade vibration: experimental results and dynamics]. Moscow, Nauka Publ., 1976. 400 p.

numerical simulations. 10th Int. Conf. on Vibrations in Rotating  19. Gnesin V. l., KolodyazhnayaL.V. Numerical Modelling of

Machinery (11-13 September 2012, London). London, ImechE Aeroelastic Behaviour for Oscillating Turbine Blade Row in 3D

Publ., 2012, pp. 189-197. Transonic Ideal Flow. Journal Problems in Mash. Eng. 1999, vol. 1,
14. Chassaing J. C., Gerolymos G. A. Compressor Flutter Analysis no. 2, pp. 65-76.

Using Time Nonlinear and Time Linearized 3D Navier-stokes  20. Rzadkowski R., Gnesin V. l., Kolodyazhnaya L. V. Rotor Blade

Method. Proc. of the 9th International Symposium held in Lyon Flutter in Last Stage of LP Steam Turbine. Proc. of the 14th

"Aeroacustics and Aeroelasticity of Turbomachines". Grenoble, International Symposium on Unsteady Aerodynamics, Aeroacoustics

France, Universitaires de Grenoble Publ., 2001. & Aeroelasticity of Turbomachines (8-11 September 2015,
15. Huang X. Q., He L., Bell D. L. Influence of Upstream Stator on Stockholm,  Sweden).  Stockholm, ISUAAAT14 Organizing

Rotor Flutter Stability in a Low Pressure Steam Turbine Stage. Committee Publ., 2015, pp. 1-6.

Proceedings of the Institution of Mechanical Engineers, Part A:

Journal of Power and Energy. 2006, vol. 220, issue 1, pp. 25-35. Iocmynuna (received) 15.07.2020

Bioomocmi npo asmopis | Ceeoenus 06 asmopax | About the Authors

Honuenko B'auecnaeé Bonooumuposeuu ([Jonuenxo Bsuecnae Bnaoumuposuu, Donchenko Viacheslav) —
JI1 «Isuenko-IIporpecy, imkeHep-koHcTpykTop 1-i kateropii; m. 3amopixoks, Ykpaina; ORCID: https://orcid.org/0000-
0001-9585-2991; e-mail: 03530@ivchenko-progress.com

Tnecin Bimaniu Icacéuu (I'necun Bumanuii Hcaesuu, Gnesin Vitaly) — noxtop Texuidynux Hayk, mpodecop,
I[IMMam im. A. M. Iligzropuoro HAH Vkpaiau, ronoBHHII HayKOBHH CIHIBPOOITHHK BiAOUTYy TiIpoacpoMeXaHiKH
CHEPTEeTUIHHNX MAILIVH, M. XapkiB, VkpaiHa; ORCID: https://orcid.org/0000-0001-6411-6158;
e-mail: gnesin@ipmach.kharkov.ua

Konoossicna JIroooe Bonooumupiena (Konooascnas Jro6oev Braoumuposna, Kolodyazhnaya Lyubov) — qokrop
TEeXHIYHUX HAyK, CTapIIuii HaykoBuil cmiBpoOiTHuK, I[[IMam im. A. M. Ilizropporo HAH Vxkpaian, mpoBigamii
HAyKOBHI  CHIBpOOITHHK  BiAOTy  TigpoaepoMexaHiKM  €HepreTHYHWX  MamuH; M. XapkiB,  YKpaiHa,
ORCID: https://orcid.org/0000-0001-5469-4325; e-mail: lyubovvladimirovna60@gmail.com

Kpasuenxo Izop ®edoposuu (Kpasuenxo Hzopv ®eooposuu, Kravchenko 1gor) — nokTop TexXHIUHHX Hayk,
akageMik [mxeHepHol akaaemii VYxkpaiam, JIII «IBueHko-IIporpec», IOHPEKTOp, TCHEPAIbHUA KOHCTPYKTOD;
M. Banopixoks, Ykpaina; e-mail: progress@ivchenko-progress.com

Ilempoe Onexcii Bonooumuposuu (Ilempoe Anexcei Braoumuposuu, Petrov Oleksii) — kangumat TexHiuHHX
Hayk, [II1 «IBuenko-IIporpec», KepiBHMK TIpynM CTaTHYHOI Ta JMHAMIYHOI MIIHOCTI POTOPIB KOMIIPECOPIB,;
M. 3anopixoks, Ykpaina; ORCID: https://orcid.org/0000-0001-8819-0125; e-mail: 03530@ivchenko-progress.com

Bulletin of the National Technical University "KhP1".
30 Series: Hydraulic machines and hydraulic units, no. 12020



