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YU CJEHHBIA AHAJIM3 TPEXMEPHOI'O HECTAIIUOHAPHOI'O ITIOTOKA
HJIEAJILHOI'O I'A3A B IOCJIEJHEN CTYIIEHU TYPBOMAIIMHBI C YUETOM
HEOCECUMMETPHUYHOI'O BBIXJIOITHOI'O ITATPYBKA

AHHOTAITHA [lpeocmasienvt pe3yivmamol YUCIEHHO20 MOOCTUPOBAHUSL MPEXMEPHO20 NOMOKA UOEAbHO20 2A3d Yepes3
NOCNEOHIO Cmynenb mypOoMawuHbl ¢ Y4emom HepagHOMEPHOCIU NOMOKA, 6bi36AHHOU HANPAGIAIOWUMU JIONAMKAMU,
HeocecuMMempuyHbiM nampyoKom, U HeCMAayUOHApHLIX P PeKmos, 6vi36anHblx Koaedanusmu sonamok. IIpedcmasnennulii
Memoo peuteHust C653aHHOU a3poynpy2oul 3a0ayu NO360s1em NPOCHO3UPOBAMb AMIIUMYOHO-YACIMOMHbII CREeKMP KONeOaHutl
JIONAMOK, 8KIIOUAS BLIHYHCOCHHbBLE, CAMOBO30YHCOAIOUUECs KOeOAHUs U A8MOKOAOAHUS C Yelblo NOGbIUUEHUS IKOHOMUUHO-
CMU U HAOENHCHOCMU IONAMOYHBIX ANNAPAMO8 MyPOOMAULUH.

Knruesvie cnosa: nocieonss cmynenv [[HJ, evixnonnoii nampy6ok, mpexmepHulili u0eanbHulil NOMOK, YUCIeHHOe MOOeu-
Ppo6aHue, HeCMAYUOHAPHBIE HASPY3KU, AIPOYRPYIUEe XAPAKMEPUCTUKU

V. GNESIN, L. KOLODYAZHNAYA, R. RZADKOWSKI

NUMERICAL ANALYSIS OF THE THREE-DIMENSIONAL NONSTATIONARY FLOW OF
IDEAL GAS IN THE LAST STAGE OF TURBINE MACHINE TAKING INTO
CONSIDERATION THE NONAXISYMMETRIC EXHAUST PIPE BRANCH

ABSTRACT A problem related to the forecast of the aeroelastic behavior and aeroelastic instability of blades (in particular
self-oscillations, flutter, and resonance vibrations) becomes of great importance for the development of high-loaded com-
pressor and vent rows and the last turbine stages whose long and flexible blades can be exposed to such phenomena. The
solution of this problem requires the development of new models for the nonstationary three-dimensional flow, the use of
contemporary numeric methods and the comparison of theoretical and experimental data. This scientific paper gives the data
of numerical simulation of the 3-D flow of ideal gas passing through the last stage of turbine machine taking into account the
flow nonuniformity caused by guide blades and nonuniform pressure distribution in the exhaust pipe branch and also nonsta-
tionary effects caused by blade vibrations. The numerical method is based on the solution of combined aeroelastic problem
for the 3-D flow of ideal gas passing through the turbine stage and the nonaxisymmetric exhaust pipe branch including the
annular diffuser. To solve the combined problem a partially integral method was used that includes integral equations of gas
dynamics (Euler equations) and vibrating blade dynamics (modular approach) at each time step with the information ex-
change. The given method of the solution of combined aeroelastic problem allows us to predict the amplitude-frequency spec-
trum of blade vibrations in the three-dimensional flow of ideal gas including forced self-excited vibrations and self-vibrations
to increase efficiency and reliability of the blade units of turbine machines.

Key words: the last stage of low pressure cylinder (LPC), exhaust pipe branch, three dimensional ideal flow, numerical simu-
lation, nonstationary loads, and aeroelastic characteristics.

BBenenue

HecraunoHapHble a’poJMHAMHUYECKUE U adpo-
YIpYTHUe sIBJICHUS OKa3bIBAIOT CYLIECTBECHHOE BIUSHUE
Ha TIpEACIbHYI0 MOIIHOCTH, HAJEKHOCTh H 3 ¢ek-
THUBHOCTB paboThl TypOOoMammHbl [1].

[IpobmemMa TPOTHO3UPOBAHUS AIPOYIPYTOTO
MOBEJICHUS JIOMATOK U adpOyINpyroil HeyCTOHIUBOCTH
(aBTokonebanus, (aTrep, pe30HAHCHBIE KOJIeOaHMs)
nproOpeTaeT 0coOyI0 BaXKHOCTh MPHU Pa3pabOTKe BBI-
COKOHAarpy»X€HHbIX KOMIIPECCOPHBIX M BEHTHIISTOP-
HBIX BEHIIOB, a TAaKXe MOCJIEJHUX CTYNEHeil TypOuH,
JUIMHHBIE M THUOKHE JIONIATKH KOTOPBIX MOTYT OBITh
MOABEP>KEHBI 3TUM SIBJICHUAM. PelieHue gaHHOU mpo-
OsieMbl TpeOyeT pa3pabOTKHM HOBBIX MOjeENeil HecTa-
[UOHAPHOTO MPOCTPAHCTBEHHOTO TEYCHUS, UCTIONB30-
BaHUs COBPEMCHHBIX YHCICHHBIX METOJIOB, COITOCTAaB-
JICHUSI TEOPETHUYCCKUX HCCICOBAaHUN C HKCICPUMCH-
TalbHBIMU JIaHHBIMU [2, 3].

B mocnenHee BpeMsi pa3BHTHI HOBBIC ITOJXOIBI

JUISl UCCIIEJIOBAHMS adpOYIPYTroro IMOBEJACHUS JIoma-
TOYHBIX BEHIIOB B TPEXMEPHOM IIOTOKE HICAIHLHOIO
[4-6] wnu Bsi3koro rasa [7], oOCHOBaHHBIE Ha MOCIIENO-
BaTEIbHOM HMHTCTPHPOBAHHU BO BPEMEHH ypaBHCHUMN
IBIDKCHUS Ta3a W KOJICOAHWH JIOMaToK ¢ OOMEHOM
nHpOpManuei Ha KaXI0U UTepaIHH.

ABTopamu pa3pa0OTaHbl YUCICHHBI METOJ H
NTOPUTM pEIICHUS CBA3aHHOW 3a/Ja4dl B3aUMHOTO
oOMeHa Heprueid MeXIy HeCTallHOHAPHBIM MOTOKOM
ra3a v KOJICOIOIUMUCS JIOATKaMH, KOTOPBIA TI03BO-
JIIET MOJETHPOBATh a’pOYNPYroe MOBEJACHUE JIoma-
TOYHBIX BEHIIOB, BKIIIOYas CaMOBO30YKIAIOIIHECS
konebanus Jomarok [4-7]. PaspaGoraHHbBIi MeTOX
pelieHns CBSA3aHHOM a’poympyrou 3ajadud MO3BOJSET
MIPOTHO3UPOBATh  AMIUIUTYHO-YACTOTHBI  CIEKTP
KOJICOaHUH JIOMATOK B TPEXMEPHOM ITOTOKE HJICANTb-
HOTO Tra3a, BKJIIOYas BBIHYKICHHBIC, CaMOBO30YKIa-
fonecss KoieOaHWs W aBTOKOJEOAHWs C IIENBI0 IO-
BEIIICHUS SKOHOMHYHOCTH W HAJEKHOCTH JIOMATOY-
HBIX aIlmapaToB TypOOMAIIIHH.
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Heab pa6oThI

Lenpto HacTosAmed pabOTHI SBISAETCS YUCIICH-
HBIIl aHAJIM3 TPEXMEPHOTO ITOTOKA ra3a uepe3 CTYIEHb
TypOOMamMHEl U KoJeOaHWH JIONMAaTOK C y4eToM He-
PaBHOMEPHOCTH MOTOKA, BBI3BAHHON KaK HalpaBsi-
IOLIMMH JIOTIATKaMHU CTaTOpa, TaK U HEPaBHOMEPHBIM
pacripezielleHHeM JaBlIeHUsS 3a PabdodnuM  KOJIECOM,
BBI3BAaHHBIM HEOCECHMMETPHYHBIM BBIXJIOMHBIM I1a-
TPYOKOM.

ITocTanoBKka 3agaun

TpéxMepHbIN TPAHC3BYKOBOW MOTOK HEBSA3KOTO
HETEIUIONPOBOIHOTO ra3a 4epe3 HOCIEeIHIOI CTYIEHb
oceBOH TYpOMHBI paccMaTpuBaeTcs B (U3UUECKOM
obJiacTy, BKITIOYAIOIEH HaNpaBIsIONIMN anmapar cTa-
Topa, pabodee KOJECO M HEOCECHMMETPHYHBIA BBI-
XJIONTHOHM maTpyOok. TedeHne WaeanbHOTO Ta3a OnH-
ChIBA€TCs IIOJIHOM CUCTEMOH HECTAallMOHAPHBIX ypaB-
HeHMH OMepa, MNpPENCTaBICHHOW B WHTETPajbHOM
(dopme 3akoHOB coxpaHeHus [4, 5]. YuuteiBas Here-
PHOAMYHOCTH MOTOKAa B OKPY)KHOM HAIpaBICHUH, B
pacueTHyI0 00JacTh CJIEAyeT BKJIIOYATh BCE JIOTIATKU
ctaropa u poTopa. COOTHOIICHNE YHCEN JIOMAaTOK CTa-
TOpa M pOTOpa B PacCMaTpHBAEMOM BapHaHTE PAaBHO
48:53.

PacuérHas obnacTe BKIIIOYACT YETHIpE MOI00-
JACTH. CTaTop, POTOP, OCECUMMETPUUHBIN Auddy3op
U HEOCECHMMETPHYHBIM  BBIXJIONMHOH  HaTpybok
(puc. 1-3). B kaxmoii u3 momobnacteil a3poanHaMu-
YeCKHe U TeOMETPHYECKHE XapaKTEPUCTHKHU OIIHCHI-
BAlOTCS B aOCOJIFOTHON WJIM OTHOCHTENBHOM (st po-
TOpa) AEKapTOBOM CHCTEME KOOP/IHHAT.

Ha puc. 1, 2 moka3anbl pa3HoctHbie H—H ceTku
JUIA CTaTopa, poTOpa M BHIXJIONHOTO MaTpyOka B Me-
PUIMOHANBHOMN IJIOCKOCTH X—Z (pHc. 1) U B III0CKOCTH
MEPIEHANKYISIPHOM K OCH BpaIlleHHs X—Y 3a pabounm
kojecoM (puc. 2). PasHOCTHas ceTka COICPIKHUT
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5160720 sueex B craTtopHOW momobmactu, 5241600
s;yeek B poTopHOU momodiactd U 6739200 siueek B
BBIXJIOITHOM maTpyOke. CyMMapHasi IUIOTHOCTH pas-
HOCTHOW CETKM B pacyeTHOH OOJIaCTH COCTaBIISIET
17147520 staeek.

Ha puc. 3 mokasan ¢parMeHT pa3HOCTHOII ceT-
Kd B TaHTCHUMAIBHOW uiockocTu (Y-z) mis nepude-
pUIHOTO ceueHHs TypOWHHOW cTyrneHW. B momoOma-
CTH, BKJIFOYAIOIICH IepeceyeHrne pa3HOCTHBIX CETOK B
OCEBOM 3a30pe, MPOUCXOAUT OOMEH HHGpopManuen
MEXAY a’dpPOAMHAMHUYECKHMH XapaKTePUCTHKAMHU He-
MTOJIBMYKHOTO CTaTOpa M BPAIAIOIIEToCcs POTOpa.

JIJisl 4MCIEHHOTO WHTETPUPOBAHUS HCXOHBIX
YpaBHEHHH NpUMEHSeTCsl pa3HOCTHast cxema ['omyHo-
Ba-Kosrana 2-ro nmopsiaka TOYHOCTH 10 KOOPJAMHATAM
U BpeMeHH, 00OOIEHHAsT Ha Ciy4ail MpPOM3BOJILHOM
MPOCTPAHCTBEHHOH  MeOpMHpPYEeMO  pa3HOCTHOU
cetku [8].
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Puc. 1 - Pasnocmuas cemka ons cmamopa, pomopa
U 8bIXJIONHO20 NAMPYOKA 8 MEPUOUOHANLHOU
naockocmu (nrockocmu X—2)
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Puc. 2 — Pasnocmuas cemka 0151 6bIXI0NHO20 NAMPYOKA 6 NIOCKOCHU NePReHOUKVISPHOL
ocu spawenus (niockocmu X=Y)
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Puc. 3 — Pasnocmnas cemxa 6 nepugeputinom
ceuenuy mypounnot cmynenu (niockocms Y—2)

ITocTaHOBKa IrpaHUYHBIX YCJIOBHM OCHOBaHA Ha
OJIHOMEPHOH TEOpUM XapaKTepUCTUK. B kauecTBe
TPaHUYHBIX YCJIOBUI NPUHUMAIOTCS:

— Ha BXOJIe — JIaBJICHHE M TeMIlepaTypa 3aTop-
MOXEHHOTO IOTOKa, MEPHUIMOHANBHBIN M TaHTE€HIH-
QIBHBIH YTIIBI IOTOKA,

— Ha BBIXOJIC — CTAaTHYECKOE JIaBJICHWE B KOH-
JIeHCaTope.

I'paHnuHBIC yCIOBUSI JOTOJHSIOTCS COOTHO-
HICHUSMH Ha XapaKTEPUCTHKaX BO BXOJHOM U BBIXOJ-
HOM CEYEHHsX pacuETHOM obnactu [4-6].

Junamudeckass MojeNnb KOJICOMIoUIencs Jo-
MaTKA OMKCBIBAETCS C HCIIOJIb30BAHHEM MOJAIBLHOTO
noaxona [4-7].

ANTOpUTM peIICHHs CBSI3aHHON 3aJadll OCHO-
BaH Ha IIOCIJIEIOBATEIILHOM I10 BPEMEHH HHTErPHPO-
BaHWW YpaBHEHUH T'a30IMHAMHKH ¥ ypaBHEHHH KoJe-
0aHWI POTOPHBIX JIOMMATOK C OOMEHOM HWH(pOpManueit
Ha Ka)XJOH HTepanu.

YucjIeHHBIH aHAJIN3

YucneHHOE UCCIIEAOBAHUE TPOBEIEHO JUIS I0-
ciefHed cTyneHu TypOuHbl MomHOCThIO 370 MBT ¢
YUYETOM BBIXJIOITHOTO MAaTpyOKa JJIst ABYX PEXKUMOB!

— HECTallMOHAPHBIH TPEXMEPHBIM IIOTOK HJe-
JIBHOTO Ta3a yepe3 CTaTop, POTOp M BBIXJIONHON Ia-
TpyOOK Oe3 yuyera KoneOaHuit JomaTok (adpoJruHAMHU-
4eckas 3anava, pexcum 1);

— HECTallMOHAPHBIA TPEXMEPHBIH MOTOK HIe-
JIBHOTO Ta3a yepe3 CTaTop, POTOp M BBIXJIONHON Ia-
TpyOOK ¢ y4eToMm kosebaHuii pabouux nomatok (CBsi-
3aHHas adPOYIpPyras 3a1aua, pexcum 2).

B xauecTBe rpaHUYHBIX YCIOBUI IPUHATHI:

— uuciio 060potos poropa N = 3000 06/muH;

— JIaBJIeHHE M TeMIeparypa 3aTOPMOKEHHOTO
HoTOKa Ha Bxome B cratop P, =39200 Ila;

Ty = 348°K;
— YIJIbI TOTOKA HA BXOJIE B CTATOP B TAHT€HIIU-
anpHOM (&) 1 MepUAnOHANBHOMH (J) IIOCKOCTSX;

— CTaTU4eCKOe [aBJICHHE 3a BBIXJIONHBIM Ia-
TpyOkom (B koHzeHcarope) P, = 10300 ITa.

ITpu pacuere KonebaHMi JIONATOK poTOpa y4u-
THIBAJIUCH TIEPBBIE IIECTh COOCTBEHHBIX (GOpPM KoJe-
6anuit. CoOCTBEHHBIC YaCTOTHI IS KaXKJIOW U3 coO-
CTBEHHBIX ()OPM NPHUBECHHI B Ta0M. 1.

Ta6muma 1 — CoOCTBEHHBIE YaCTOTHI

N dopmsl 1 2 3 4 5 6

Yacrorav, I'm | 120 | 160 | 240 | 360 | 480 | 520

Ha mepBoM 3Tarie BBIMOJIHEH pPacyeT Tpexmep-
HOTO HECTAIIMOHAPHOTO MOTOKa 0e3 ydera KoneOaHmit
JOMATOK B TEYEHHEe OMHOro obopora portopa (pe-
orcum 1).

I'paduxu pacrpeneieHus M0 BBICOTE JOMATKH
MOJIHOTO JaBIICHHS B aOCONIOTHOM CHCTeMe KOOpPIH-
HAT Ha BXOJAe B CTymeHb ( Py), monHoro naeneHus B

OTHOCHTEJILHOM BpaIlaromieicss cucTeMe KOOPIHHAT
(Pyy), cratmueckoro maBienust 3a poropoM (P,) n

CTaTHYECKOTO JABJICHHUS B OCEBOM 3a30pe MEXAY CTa-
TopoM u potopom ( P ) npusenens: Ha puc. 4.

Ha puc. 5 mokasano pacrpefienieHue cTaThde-
CKOTO JIaBJIEHHs 3a PabOYMM KOJECOM B OKPYKHOM
HaIpaBJICHUM Ha TIOJHOM JyTe OKPYKHOCTH. YTO0I «0»
COOTBETCTBYET ceueHnio Y = 0; X > 0 B INIOCKOCTH X, Y
(cMm. puc. 2). HepaBHOMEPHOCTh B pacrpeaeieHun
CTaTUYECKOTO NABICHHS BBI3BaHA IIArOBOM HEPaBHO-
MEPHOCTBIO B KaHaIaxX poTopa.

MrHOBEHHOE pacmpeieieHne CKOpOCTH (YHCII0
Maxa) o 0680y mpoduis pabodeii TomaTku B KOp-
HEBOM, CpPEIHEM U TEpU(PEPUITHOM CEUCHHUSX Mpe-
CTaBJIcHO Ha puc. 6. TeueHne B KaHAlE pOTOpPa Xapak-
TEPU3YETCS TPAHC3BYKOBBIMH cKopocTssmMu (M ~ 0,8
1,6) m OTCYTCTBHEM 30H OTPBIBA MOTOKA.
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Puc. 4 — Pacnpedenenue oasnenus
no gvicome NONAMKU

40000

Ha puc. 7 mpeacraBneHsl rpaduki HECTaLHO-
HAPHBIX adPOJMHAMHUYCCKHX HArpy30K (OKpyXHasl,
oceBass W a’pPOANHAMHYCCKHH MOMEHT), ACHCTBYIO-
IMX Ha nepudepuitHbIil cioil pabouel JOmaTKH B
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TE4eHHUE MATH 000POTOB POTOpa C YUETOM KoJeOaHuH
JIOTIATOK, a TaKXE€ HUX aMIUIMTYJIHO-YaCTOTHBLIC CIICK-
Tpel. Kak cienyer m3 rpadmkoB, OCHOBHOM BKian B
HeCTallMOHAapHBIE aPOJMHAMHYECKHE HAarpy3KH BHO-
CST BBICOKOYACTOTHAs TapMOHHMKA, BBI3BAHHAs IIAro-
BOW HEpPaBHOMEPHOCTBIO IIOTOKa 32 CTaTOpPOM
(Npoy "2, =507 48=2400 T, rae Npor — 4YacToTa

por
BpaLICHUS. POTOPa, Z, — YHCIO JIONATOK CTAaTopa),

HU3KOYACTOTHAs TapMoHHKa ¢ 4actortoil 50 ', BBI-
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Puc. 5 - Pacnpedenenue cmamuueckozo oasnenus
8 OKPYICHOM HANPAGLEHUU 34 POMOPOM:
a — nepugepuiinoe ceuenue; 6 — cpeonee cevenue,
6— KOpHegoe cedenue

[Tepemerienus nepudepuitHOro ceueHus pado-
Yyel JIomaTkh B OKPY)KHOM, OCEBOM HAIPAaBICHUAX U
MOBOPOT OTHOCHUTEIBHO IEHTPA THKECTH, a TAKKE MX
AMIUTMTYHO-YaCTOTHBIE ~ CIIEKTPHI  TOKa3aHbl  Ha
puc. 8. OcHOBHO# BKJaI B M3THOHEBIC KOJICOAHUS JIO-
natok (hy, h;) BHOCAT rapmonuku ¢ yactoroif 100 I',
Oomu3koit k wactore 1-if coOcTBEHHOH (OPMEIL, B KPy-

3BaHHAs HEPABHOMEPHOCTHIO B OKPY)KHOM HampanJe-
HHUH 32 POTOPOM, M rapMoHHKa ¢ yactotod ~110 I',
BBI3BaHHAs KOJE€OAHUSIMHU JOIATOK IO 1-ii coOCTBEH-
HOW (popme. Hambonmpmmii BKIAm BHOCHT HH3KOYA-
crotHas rapmonuka (50 '), ammiuTynaa KOTOpoi
COCTaBISICT AJIsi OKpYKHOW cmibl 2 %, s oceBo
cuiel 4,5 %, it aspoguHaMudeckoro momenrta 9 %
OT CPEHHUX 3HAYCHHUU a3POJHHAMUYCCKUX 3arPy30K.
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Puc. 6 — Mznosennoe pacnpedenenue ckopocmu
no 06600y npoguis paboueil 10NAMKU:
a — nepugepuiinoe ceuenue; 6 — cpeonee cevenue,
6 — KOpHegoe ceyenue

THIIBHBIC KOJleOaHust (¢) — TAapMOHHKH C YacCTOTAMH
100 'y (-5 cobeTBennast popma konebanuit), 160 'y
(2-1 cobcrBennas dpopma konebanuii) u 230 'y (3-s
cobctBenHast popma kosebanwuii). Crenyer oOpaTutTh
BHHMAaHHE, YTO BBIHY)XACHHBIC BBICOKOYACTOTHBIC
KOJIeOaHUS SIBISIIOTCS PSHEOPEIKMMO MATBIMH.
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Puc. 8 — Ilepemewenue nepugpeputinoco ceuenus paboyeil 10namKu pomopa:
a — 6 OKPYICHOM HANPAGIEHUU; 8 — 8 0CEBOM; O — Y20l NOBOPOMA OMHOCUMENbHO YEHMPA MANCECMU;
0, 2, e — aMRAUMYOHO-4ACMOMHbBI CNEKMP

BriBobI

BeinoniHeH 4YMClIEHHBIN aHANIU3 a’poynpyroro
MOBEJICHUS JIOTIATOYHOTO BCHIIA POTOpa IOCICIHEH
CTYNEHU OCEBOH TypOMHBI MPH HEPABHOMEPHOM pac-
TpeJCTICHUN TaBIICHUS 3a CTYIICHBIO.

IToka3aHo, 4TO OCHOBHOM BKJaJl B HECTaIHO-
HapHBIC a’POJMHAMHYCCKIEC HArPY3KU OIPEIEIICTCS
BBICOKOYACTOTHON rapmonukoil (2400 I'n), BbI3BaH-
HOW IIAarOBOW HEPAaBHOMEPHOCTHIO MOTOKA 3a JIOTAT-
KaMHM CTaTopa M HHU3KOYAaCTOTHOM TapMOHUKOH
(50 T'1), BBI3BaHHOW OKPYKHOW HEPABHOMEPHOCTHIO
MOTOKA 32 POTOPOM.

OCHOBHOY BKJIaJl B KOJICOAHUS JIONATOK BHOCAT
HU3KO4YacTOTHast rapmonuka 50 [l u aBTOKOJICOAHUS
¢ vactoroi ~ 100 I'm.

IIpennoxxeHHbIf METOH MO3BOJISIET MPOTHO3MU-
pOBaTh aMIUIUTYAHO-YaCTOTHBIA CIEKTP KoJcOaHMIA
JIOTIATOK OCEBOM TypOWHBI, BKIIOYAs BEIHYKJCHHbBIE H
camoBO30yxaatoiuecst Bubpauuu (duaarrep, aBTOKO-
nebaHusn).

CHHCOK JUTEePaTypbI

1 T'uecun, B. U. Aspoynpyrue sBJICHUS B TypOOMAIIMHAX
[Texcr] / B. M. T'necun, JI. B. Konoasixuas // Aspo-
IUHAMHKa # AdpoakycTrka. [Ipo6neMbl U IepCIIeKTHBBI
: CO. mayunsix TpynoB. -XapwskoB @ XAMW, 2009. —
Ne 3.— C. 53-62.

2 Cinnella, P. A Numerical Method for Turbomachinery
Aeroelasticity [Text] / P.Cinnella, De Palma,
G. Pascazio, M. Napolitano // Journal of Turbomachin-
ery. — 2004. — April, Vol. 126. — P. 310-316.

3 Bolcs, A. Aeroelasticity in Turbomachines: Comparison
of Theoretical and Experimental Cascade Results [Text]

/ A. Bolcs, T. H. Fransson // Communication du LTAT.
- EPFL Switzerland, 1986. - Ne 13. - P. 174.

Gnesin, V. I. Numerical Modelling of Aeroelastic Be-
haviour for Oscillating Turbine Blade Row in 3D Tran-
sonic  Ideal Flow [Text] / V.l Gnesin,
L. V. Kolodyazhnaya // J. Problems in Mash. Eng. —
1999. - Vol. 1, No. 2. - P. 65-76.

I'necun, B. U. Aspoynpyroe mnoseneHue mocieqHen
CTYNCHU TypOOMAIINHBI HA HOMHHAJIBHOM U YaCTHYHOM
pexumax [Tekcr] / B. M. Tuecun, JI. B. Koaoasizkuas
/I TIpo6in. marmmuocTpoenus. — 2003, — T. 6, Ne 1. —
C. 48-57.

Gnesin, V. . A numerical modelling of stator-rotor
interaction in a turbine stage with oscillating blades
[Text] / V. 1.Gnesin, L.V.Kolodyazhnaya, R.
Rzadkowski // Journal of Fluid and Structure. — 2004. —
No. 19. - P. 1141-1153.

I'necun, B. U. YnceHHbIH aHAINU3 BIMSHHUS COOTHOIIE-
HUSL YKCell JIONATOK CTaTopa M pOTOpa Ha HECTallMOHAap-
HbIe HArPY3KH U peKUMbI KoJiebauuii somnarok [Tekcr] /
B. U. T'wecun, JI. B. Konogskuas//  Bicauxk HTY
«XII». Cepis: EHepreTndHi Ta TEINIOTEXHIUHI MPOIECH
it ycratkyBaHHs. — Xapkis : HTY «XIII», 2009. — Ne 3.
—C. 23-32. — bi6miorp. : 12 na3s. — ISSN 2078-774X.
Toaynos, C. K. YucneHHoe pelieHHe MHOTOMEPHBIX
3amau raszoBoit auHamuku [Tekcr] / C. K. TomyHos,
A. B.3a6ponun, M. 51. UBanoB, A. H. Kpaiiko,
I'. I1. IpokomnoB. — M. : Hayka, 1976. - 400 c.

Bibliography (transliterated)

Gnesin, V. I. and Kolodyazhnaya, L. V. (2009),
2Ajerouprugie javlenija v turbomashinah [The Aeroelas-
tic phenomena in the turbomachines]?, Ajerodinamika i
Ajeroakustika. Problemy i perspektivy [Aerodynamics
and Aeroacoustics. Problems and prospects], no. 3, pp.
53-62.

52

Bicnux HTY «XIII». 2016. Ne 8(1180)



ISSN 2078-774X (print)

Enepeemuuni ma mennomexuniyni npoyecu i ycmamxy8aHHs

Cinnella, P., Palma, De, Pascazio, G. and Napolitano
M. (2004), 2A Numerical Method for Turbomachinery
Aeroelasticity2, Journal of Turbomachinery, vol. 126,
April, pp. 310-316.

Bolcs, A. and Fransson, T. H. (1986), 2Aeroelasticity in
Turbomachines: Comparison of Theoretical and Exper-
imental Cascade Results?2, Communication du LTAT, no.
13, pp. 174, EPFL Switzerland.

Gnesin, V. I. and Kolodyazhnaya, L. V. (1999), 2Nu-
merical Modelling of Aeroelastic Behaviour for Oscillat-
ing Turbine Blade Row in 3D Transonic Ideal Flow?, J.
Problems in Mach. Eng., vol. 1, no. 2, pp. 65-76.
Gnesin, V. I. and Kolodyazhnaya, L. V. (2003),
2Ajerouprugoe povedenie poslednej stupeni turbomash-
iny na nominal'nom i chastichnom rezhimah [Aeroelas-
tic behaviour of the last stage of turbomachine on nomi-
nal and partial regimes]2, Probl. mashinostroenija [J.

Gnesin, V. I., Kolodyazhnaya, L. V. and Rzadkowski,
R. (2004), 2A numerical modelling of stator- rotor inter-
action in a turbine stage with oscillating blades?, Journal
of Fluid and Structure, no. 19, pp. 1141-1153.

Gnesin, V. I. and Kolodyazhnaya, L. V. (2009),
2Chislennyj analiz vlijanija sootnoshenija chisel lopatok
statora i rotora na nestacionarnye nagruzki i rezhimy
kolebanij lopatok [The Numerical Analysis for Influence
of Stator-Rotor Blade Number Ratio on Unsteady Loads
and Blade Oscillations Regimes]?, Bulletin of NTU
"KhPI". Series: Power and heat engineering processes
and equipment, no. 3, pp. 23-32, ISSN 2078-774X.
Godunov, S. K., Zabrodin, A. V., lvanov, M. Y.,
Krayko, A. N. and Prokopov, G. P. (1976), Chislennoe
reshenie mnogomernyh zadach gazovoj dinamiki [The
Numerical solution of multidimensional tasks of gas dy-
namics], Nauka, Moscow, Russia.

Problems in Mach. Eng.], vol. 6, no. 1, pp. 48-57.
Ceenenus 00 aBTopax (About authors)

I'necun Butanmii McaeBu4 — TOKTOp TEXHUYECKHUX HAYK, MPOQeccop, 3aBeAYIOMNI OTIeIOM HECTAl[HOHAPHOI Ta-
30JJMHAMHKA U a’poymnpyroctd, UHcTuTyT mpobiem mammHocTpoeHus uM. A. H. [oagropaoro HAH VYkpaussr; r. XapeKkos,
Vkpauna; e-mail: gnesin@ipmach.kharkov.ua, ORCID 0000-0001-6411-6158

Gnesin Vitaly Isayevich — Doctor of Technical Sciences, Professor, Head of Department of Unsteady Gasdynamics
and Aeroelasticity, Institute of Problems of Mechanical Engineering A.N. Podgorny NAS of Ukraine, Kharkov, Ukraine.

Konoas:knas JIw60Bs BiagumMupoBHa — JOKTOp TEXHUYECKUX HAyK, CTapIIMi Hay4yHBIH COTpYOHMK OTHeNa He-
CTaLlMOHApHOMN Ia30AMHAMUKY U a3poymnpyrocty, MHCTUTYT npobiem mammHocTpoeHus um. A. H. [Tonropnoro HAH Ykpa-
uHBI; T. XapbkoB, Ykpauna; e-mail: lyubovvladimirovna60@gmail.com, ORCID 0000-0001-5469-4325.

Kolodyazhnaya Lyubov Vladimirovha — Doctor of Technical Sciences, senior researcher, of Department of Un-
steady Gasdynamics and Aeroelasticity, Institute of Problems of Mechanical Engineering A.N. Podgorny NAS of Ukraine,
Kharkov, Ukraine.

Kanakosckn Pomyanb] — TOKTOp TEXHHUECKUX HAyK, MPOQeccop, 3aBeAYIONIHi OTASIOM AWNHAMHUKH U a3pOyIpy-
roctd, MactuTyT npotounsix Mamus ITAH, r. Tnansck, [obiia; e-mail: z3@imp.gda.pl, ORCID 0000-0002-0560-1222.

Rzadkowski Romuald — Doctor of Technical Sciences, Professor, Head of Department of Dynamics and Aeroelas-
ticity, The Institute flow machines PAN, Gdansk, Poland.

Toorcanyiicma cceinatimecs Ha My CMamoio credyIoWuM 0opazom:

I'necun, B. M. Yucinennslil aHanu3 TpEXMEPHOTO HECTALIMOHAPHOTO MOTOKA MEAJbHOIO ra3a B MOCIeIHEH CTyNeHU
TypOOMaIIMHbl ¢ y4€TOM HEOoCeCMMMETpUYHOro Bbiximomuoro marpyOka [Texcr] / B. WM. T'mecun, JI. B. Konoaskuast,
P. Kanakoscku // Bicauk HTY «XTIII». Cepist: EHepreTudHi Ta TEIUIOTEXHIYHI poLiecH i ycraTkyBaHHs. — XapkiB : HTY
«XTII», 2016. — Ne 8(1180). — C. 47-53. — BiGumiorp.: 8 na3s. — ISSN 2078-774X. — doi: 10.20998/2078-774X.2016.08.06.

Please cite this article as:

Gnesin, V., Kolodyazhnaya, L. and Rzadkowski, R. (2016), 2Numerical Analysis of the Three-Dimensional Non-
stationary Flow of Ideal Gas in the Last Stage of Turbine Machine Taking into Consideration the Nonaxisymmetric Exhaust
Pipe Branch?, Bulletin of NTU "KhPI". Series: Power and heat engineering processes and equipment, no. 8(1180), pp. 47—
53, ISSN 2078-774X, doi: 10.20998/2078-774X.2016.08.06.

Byow nacka nocunaiimecs Ha yio cmammio HACMYRHUM YUHOM.

I'necin, B. I. YncenpHuit aHami3 TpUBUMIpHOI HeCTalliOHAPHOI Tedii iIealbHOTO Ta3y B OCTAHHBOMY CTYIICHI TypOO-
MAIlIMHK 3 ypaxXyBaHHAM HeocecumeTpudroro marpyoka [Tekcr] / B. L. Tuecin, JI. B. Kosoasixkua, P. ’Kanakoscku // Bic-
Huk HTY «XIII». Cepis: Eneprernuni Ta TeruioTexHidyHi npounecu W ycraTkyBanHs. — XapkiB . HTY «XIII», 2016. —
Ne 8(1180). — C. 47-53. — Bi6miorp. : 8 Ha3s. — ISSN 2078-774X. — doi: 10.20998/2078-774X.2016.08.06.

AHOTAILIA [peocmasneni pe3yibmamu YUCEIbHO20 MOOCTOSAHH MPUSUMIPHO20 NOMOKY I0edlbHO20 2a3y uepe3 OCMAH-
Hill CIyNniHb MypoOOMAWUHY 3 YPAXY8AHHAM HEPIBHOMIDHOCMI NOMOKY, KA SUKTUKAHA HANPABGIAYUMU IONAMKAMU, Heoce-
CUMEMPUYHUM NAMPYOKOM, | HeCAYIOHAPHUX epeKmi8, UKTUKAHUX KOAUBAHHAMU aonamok. [Ipeocmasnenuii memoo pi-
WeHHsL 368’ A3AHOT AepOnPYNHCHOT 3a0ayi 00368018€ NPOSHO3YEAMU AMNIIMYOHO-YACMOMHULL CNEKMP KOJIUBAHb TONAMOK, GKII0-
QYU BUMYULIEH] KOTUBAHHSA, CAMO30YOHT KOIUBAHHS MA ABMOKOIUBAHHS 3 MEMOI0 NIOSUUeHHST eKOHOMIYHOCI | HAOTUHOCMI
JIONAMKOBUX ANaApamie mypoomMauiuH.

Knrouosi cnosa: ocmanniiic cmyniny [{HT, guxnonnuii nampyb6ok, mpugumipHutl ioeaivbHuti NOmix, 4uceibHe MooenoeanHs,

HecmayionapHi HA6AHMANCEHHSL, ACPORPYHCHI XAPAKMEPUCTIUKU.
Iocmynuna (received) 09.01.2016

Bicnux HTY «XIII». 2016. Ne 8(1180) 53


mailto:gnesin@ipmach.kharkov.ua
mailto:lyubovvladimirovna60@gmail.com
mailto:z3@imp.gda.pl

