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IIpexncTaBieH YUCIEHHBII aHAIM3 a3pOYIPYroro MOBEJSHUS KOJIEOIIOIErocs JIONaTOYHOro
BEHI]A OCEBOIl TypOOMAIIMHEI B TPEXMEPHOM TPAHC3BYKOBOM IIOTOKE HJEAIBHOIO Tasa,
OCHOBAaHHBII Ha pENICHWH CBS3aHHON 3aJayd HECTAlMOHAPHOH a’poJWHAMHKU M YIPYIHX
koseGaHuit jomatok. [IpoBeAeHHbIH YWCICHHBIH aHAIU3 CBA3AHHBIX KOJEOAHWH JIOMATOK
MOATBEPAMWI adpOAEMI(UPOBAHNE IIPU B3aMMOACHCTBHUH IIEPBBIX IIECTH COOCTBEHHBIX (HOpM.
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IHocranoBka mpoljeMbl M aHaau3 Jjaureparypbl. OpHOH u3
BOKHEHIINX MpPOOJEM MpH CO3JaHUHM WM MOJCPHH3AINH COBPEMEHHBIX
TypOOMaIINH SBJISCTCS MPOOIeMa HaeKHOCTH U O€30MaCHOCTH.

Jnst Toro 4to0bl BBHINOJHHUTH Ba)KHEWIINE TPeOOBAHUS HAlICKHOCTH H
0€301macHOCTH  SKCIUTyaTalll Ta30TypOMHHBIX JBHUTATeNICH, HE0OXOIMMO
MPOTHO3MPOBATH A3POYNPYroe COCTOSHHUE JOMATOYHBIX ammaparoB [1], kak
MOJKHO paHbIlIe ¥ TOYHEE.

B nocnenHee BpeMsl pa3BUBAIOTCS HOBbIE IIOAXOJbI, OCHOBAaHHBbIE Ha
MapIleBOM II0 BPEMEHM CXEME, BKIHOYAIOIICH HMHTETPUPOBAHUE YPaBHEHUM
aIPONMHAMUKY M JTUHAMHMKH YHOPYTUX KoJieOaHMH. DTH METOJbI NMPHUBICKAIOT
KOPPEKTHOCTbK) ~ IIOCTAHOBKM  CBSI3aHHOM  3aJaud  a’poOyHpYrocTu,
YUUTHIBAIOIIEH B3aMMHOE BIIMSHUE KOJIEOAHWH JIOMATOK M HECTAMOHAPHBIX

a’poIMHAMHUYEeCKUX Harpy3ok [2 — 6]. Koncrpykropy Heob6xoammo
MPOTHO3UPOBATh CIEKTP KOJEOaHWH JIOMaToK, dYTOOBl M30ekaTh HX
paspyIIeHHs. Pexum  konebanmii  ompenensieTcss — COOTHOLICHHEM
BOSMYWIAIONIMX CWJI M CHWJI  MEXaHHYECKOro  JeMIGHUpPOBaHHA U
a’pozieMIpHUpoBaHusI.

Ecmn npu KOJ'[e6aHI/IHX JIOTTIATOK SHEPTHUA OCHOBHOT'O ITOTOKA MOABOIUTCA
K JIONaTKaM, MPOUCXOUT POCT caMOBO30yKAaarommuxcst konebanuii (pmatrep).
JIJI TOCTaHOBKH 3aJaud adpOyINpPYyroCTH TYpPOMHHOHM CTYNEHH HCIONB3YeTCS
YaCTUYHO-UHTETPAIbHBI METOJI, KOTOpBIM BKJIIOYAET IOCJIEI0BAaTEIbHOE
WHTETPUPOBAaHUE YPaBHEHWH a’dpOAMHAMHKH W  YIPYTHX KojeOaHWi
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JIONATOK PAa3leNibHO, HO NPH JTOM pEIIEHUE, MOIYYEHHOE B KaXKIOW H3
(bU3UYECKHX CPEl, CIIONB3YETCS B KAUECTBE TPAHMYHOIO YCIOBHSA IS APYroi
cpemsl Ha ciemyromieit wrepammu [7]. OmHaKo BTOT MeTON HMeEeT
OlpeIeNeHHbIE HEIOCTATKH.

Hens cratbu. Ha ocHOBe adpommHammdeckoit wmoxpenw [2],
MOJATFHOTO MOIX0/a K PEHICHUIO 3aJaul AWHAMUKH JIOMaTokK [3, 4] pa3BUTh
METOJI PCIICHHUS CBA3aHHOW 3aJa4ydl W BBINOJHUTH YHCICHHBIA aHAU3
a’pPOYIPYroro MOBEJICHHUS JIONIATOYHOTO BEHIIA B TPAHC3BYKOBOM ITOTOKE rasa.

Aspoynpyrasi Moaenb. PaccmarpuBaercs 00TeKaHHWE TpPEXMEPHBIM
MOTOKOM HJICaJbHOTO ra3a BpPAIlAIoIEerocs JOMaTOYHOro BeHIa C JIONaTKaMHy,
KOJIEOMIOMIMMKCA 10 COOCTBEHHBIM (opMaM IpH 3aJaHHBIX 3aKOHAaX
rapMOHMYECKMX KOJICOaHMH W MEXKJIONATOYHOM yriie caBura mno ¢ase
kosebanui jonarok (MJIDOVY).

B kauectBe 00BEKTa HCCIECIOBAHHS PACCMOTPEH JIONATOYHBIA BEHEIl
0CeBOIi TYpOUHBI, KOTOPBI IIPEACTABIACT COOOH KONMBLEBYIO pelieTKy [8].

TpexmepHbIH TpaHC3BYKOBOH MOTOK HEBS3KOTO HETEIUIOIPOBOJHOTO Ta3a
yepe3 BEHEIl 0CEBOH TypOOMAIINHBI pacCMaTpUBAeTCs B (hU3MUECKOH 001acTH,
BKITIOUaromieit padodee komeco (PK) TypOuHBI, Bpamaromeecss ¢ IOCTOSHHON
YIJIOBOM CKOPOCTBIO, M OIMCHIBACTCA IMOJHOW CHUCTEMOM HeCTalMOHapHBIX
ypaBHeHHI OJiiepa, NpeINCTaBIEHHbIX B WHTErpajbHONW (opme 3akoHOB
coxpanenus [2].

JInsl YUCTICHHOTO MHTETPUPOBAHUS MCXOJHBIX YPaBHEHHH HCIIOJIb3YEeTCs
sBHas KOHEYHO-oOBeMHas pa3HOCTHas cxema l'oxyHoBa-Konrama co 2-m
MOPSIIKOM  aripokcumaiuu [2, 7], oboOlieHHas Ha Ciay4aidl MpOM3BOJILHON
MPOCTPAaHCTBEHHOH JIepOpMUPYEMOIl Pa3HOCTHOI CETKH.

PazHocTHast ceTka pa3OMBaeTCs HAa CETMEHTHI, KaXIblii M3 KOTOPBIX
BKJIIOYAET OJHY JIONIATKy ¥ UMEET NPOTSHKEHHOCTh B OKPY)KHOM HaIlpaBJICHHH,
paBHYIO IIAry craropa Wiu potopa. B cBoro ouepens, KaxkIplil N3 CErMEHTOB
JMICKPETU3UPYETCS C UCIIOIb30BaHNEM H—CeTKM U CTAaTOPHBIX KaHAIOB WA
rubpugHoit H—H-cetkn anms kaHanoB potopa. [Ipu stom BHemHss H-ceTka
ocTaeTcsl HEIOJBIKHOM B TEUYEHHE BCEro pacyera, a BHyTpeHHss H-cerka
MepecTpanBaeTCs Ha KaXI0H UTepaluy Mo 3aJaHHOMY aJTOPUTMY TakK, 4TO ee
BHEIIIHUE Y3JIbl OCTAIOTCS HETOJBIKHBIMU, & BHYTPEHHUE JKECTKO CBS3aHBI C
KOJIEOIOIIEHCS JTOaTKOM.

Ha pwmc. 1, 2 mpuBeneHsl ¢parMeHTHI pPa3HOCTHOW CETKH —
MEpUANOHATBHOE ceueHue (pHc. 1) M TaHTeHIIMAFHOE CEYEeHHE B CPEIHEM
cinoe (puc. 2). KommdecTBO TaHTCHIMANBHBIX CETOYHBIX cedyeHud — 31.
KonmuecTBo y3I10B B Ka)XK/JJOM TaHICHIIMAJILHOM CEUCHHUH B HAPaBJICHUHU OCH Y
— 41, B nampasieHun ocu Z — 65. Takum 00pa3oM, KOJIMYECTBO CETOYHBIX
Y3JIOB B K&XKIOM MEKIIONATOYHOM KaHaie paBHO 31x41x65 = 82615.
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Puc. 2. Pa3HOCTHas ceTka B cpeTHEM CEYCHUHU

JluHamuueckass MOJENb  KOJEONIOUmICHCs  JIOMAaTKH B JIMHEHHON
MOCTaHOBKE C MCIOJIb30BAaHHEM MOAJIBHOTO Noaxoa [6], cBomutes k cucteme
HE3aBUCHMBIX JU(QEpeHIaIbHbIX YPaBHEHUH OTHOCUTEIBHO MOJAIIBHBIX
k03¢ (UIHEHTOB COOCTBEHHBIX (hOpM

Gi (t) +2h; G () + oy 05 (t) = 2, (t). (1)

3mece h; — xoadduumentr Mexanudeckoro neMnbpUpOBaHUS i-i MOIBL, O
coOcTBeHHast yacToTa i-if GopMbl; A; — MoJajbHas CHJa, COOTBETCTBYIOLIAS

MepeMEIIEHHIO 110 I-i (hopMe, KOTOpast PACCUMTHIBAETCS Ha KaKIOM MTepaiuu
10 MTHOBEHHOMY PacHpe/IeJICHUIO aBJICHHS Ha TIOBEPXHOCTH JIOTIATKH
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rjae P JaBICHHE HA IOBEPXHOCTH JOMATKH, U, — BEKTOp MEpeMEIICHHs

JIOIIATKH T10 | -1 MOJE.
MojansHyl0 CHIy A; MOXKHO HMHTEPIPETUPOBATh KaK OOOOIICHHYIO

CHJIy, NEHCTBYIOUIYIO Ha JIOMATKY MPH ee MepeMeuleHud mo i-i dopme u
OTHECEHHYIO K eIMHHILIE MACCHI.

OmpenenuB MonanbHBle KOIGOUIMEHTH |-H MOZBI (; M3 CHCTEMBI
muddepeHunanpHpIX ypaBHeHUH (1), MOIy4nM mepeMelleHHe U CKOPOCTh
JIONAaTK!U B BUJE:

U, 1) =X Ui (090 ()
0t =D Ui (98 ()

Pemienve cBs3aHHON 3aJauyl 3aKIIOYAETCs B MApaIeIbHOM PELICHUH Ha
KaX/IOM Ilare IO BPEMEHM a’3pOAMHAMHUYECKOW W JUHAMHUYECKOH 3ajau ¢
00MEHOM pPe3yJbTaTOB pacueTa KaKAoi U3 3a1ad Ha NpeIbIAyIe nTepauy B
Ka4yecTBE MCXO/HBIX JaHHBIX Ha ITOCIEIYIOIEH HTepainm.

Yucnenuplid aHanm3. UucieHHbIE pacyeThl  BBIMOJHEHBI  JUIA
JIONIaTOYHOTO BEHIIA OCEBOI TypOMHBI, BPAIIAIOIIETrocs ¢ IIOCTOSIHHOHM YTII0BOH
ckopocteio @ = 50 I'm. Bener mpeacraBnseT co0oi KOJBIEBYIO PEIIETKY,
COCTOSIIYIO U3 53 pabodYnX JIOMATOK.

Ha mepBom osrtame TpoBeAeHBl  pacueThl  adpOJMHAMHYECKHX
XapaKTepUCTHK TypOMHHBIX JIONATOK JJIsl CTAIMOHAPHOTO PEXHUMa.

3HaueHus ra30JJMHAMHUYCCKUX MMapaMETPOB Ha BXOAE€ U BBIXOJIC!

— nonHoe gasienue Py = 29400 + 37800 Ia (puc. 3);

— TeMIepaTypa 3aTOPMOXKEHHOT0 IoToka T = 348 K;

— yINBl MOTOKA B OKPYXHOM M paJMalibHOM HAaIpaBieHHsX (B
abCOJTIOTHOHN CHCTEME KOOPANHAT);

— CTaTUYECKOE JaBIICHUE 3a pabounM BeHIoM P, = 10400 ITa (puc. 3).

AdpOoJMHAMHYECKUI pacdeT BeleTcsl JO YCTAHOBJICHHS IEPHOIUYECKOM
HECTallMOHAPHOCTH IOTOKA C YaCTOTOW, paBHOW 4acTOTe KOJIeOaHHH JIONATOK.
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V3MeHeHHME TIOHOTO AaBIEHHS MO BBICOTE IOMATKU L BO Bpamamomeics
CHCTEME KOOpAMHAT P, ~MpU 3aJaHHOM 4ucie 060poroB N =3000 o6/mMun

MPUBEJIEHO Ha puc. 3.

T ||P: Pow Po
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10000 20000 30000 P, Ila

Puc. 3. Pacnpeznenenue no BEICOTE JONATKU MOJHOTO AaBICHHUS B a0COTIOTHON
CHCTEME, TIOJTHOTO IABICHUS BO BPAIIAIONIEHCS CHCTEMe KOOPIWHAT U CTAaTHYECKOTO
MPOTHBOIABICHHS

Ha puc. 4 npuBeneHsl rpadyKk W3MEHEHUS OKPYXKHOW  CHIIBI,

nelicTByromell Ha nepudepuitblii caoit ang MJIDY = +90° ¢ yuetom 1 — 6
coOcTBeHHBIX (hOpPM KoJIeOaHuUI.

A/AD Ab=-11,44

|-
I

S1z.4 . t.c 000 x|{ I‘. l|‘ I R
000000 0.00625 001256 001884 0.02512 0 200 400 600 Yactora, I'u

a 0
Puc. 4. VI3MeHeHHe a’pOIMHAMHYECKON CHITBL, ICHCTBYIONIEH Ha pabodyro
nonatky BeHna Typounsl (MJIOY=+90 rpan): a — okpyxHas CHa;
6 — aMIUTUTYIHO-4aCTOTHAs XapaKTePUCTHKA

Aspoymnpyrast yCTOMYMBOCTh CHCTEMBI "TIOTOK Ta3a — JIONATOYHBIH
BeHen" 0e3 ydera MEXaHMYECKOro JEMI(UPOBAHUS  ONpENeIsIeTCs
a’pOoIMHAMUYECKUM KoddduureHToM aeMipupoBanus D, paBHBIM B3sTOMY
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co 3HakoM '"mmHYC" KO3pduummenty pabotsr W, comeprraemoii
a’pOJMHAMUYECKIMU CHIIaMH 33 TIEPHOJT KOJICOaHMA:

1
V_

W:'[F.Bdt, D:—L, )

0

( pO_pl)TCC hg

rae F — BEKTOp a3poMHAMHYECKOM CHIIbI; U — BEKTOP CKOPOCTH JIONATKH, ¢
— xopza npoduist; h, —aMmmTyna M3rHOHEIX KoyeOaHHIL.

[MpoBenen aHanu3 KOA(GPUIUEHTOB a’pOJAEMI(PHUPOBAHUS JOMATOYHOTO
BEHIIA TPH 3aJaHHBIX T'aPMOHUYECKHX KOJEOAHUSX JIONATOK C Y4eToM 6-Th
COOCTBEHHBIX (OPM TIPH Pa3IUYHBIX yriax caBura mo ¢ase koneOaHui
nonaTok. COOCTBEHHBIC YaCTOTHI IIPHBEICHBI B TaOJIHLIC.

Tabmuma
CoOCTBEHHEIE YaCTOTEI

v, I'u 119.43 159.24 238.85 358.3 477.7 517.5

Ha puc. 5 mnokazaHo BiMSHHE MEXJIONATOYHOro yria ciasura a3
KoJsiebaHMi JIonaToK Ha KO3 GHUIMEHT a’poaeMndupoBanus ¢ ydyerom 1 — 6
cOOCTBEHHBIX (OpM KosieOaHuid. Pe3ysibTaThl pacyeToB mokasail yCTOHUUBOE
aspoaeMidupoBanue st BceX HopM KoJaeOaHHiH.

Kak BHHO 3 rpaduka, 3aBHCHUMOCTh Kod(pdunmeHTa
a’pozeMndupoBaHus OT yrja ciasura ¢a3 HMeEeT  XapaKTEepHYIO
CHHYCOMIaTbHYI0 (popMy MakcnmanabHOE aspoaeMn(UpoBaHIE HMEET MECTO
st MJIOY = +45 rpan, — 90 rpaa, MUHIMAIEHOE a3pOAEMI(UPOBAHUE — IS
MJI®Y = +90 rpan, — 45 rpan.

3nak  koadduumenra a’poaeMnduUpOBaHMA, PACCUUTAHHBIH  IpH
3aJJaHHbIX KMHEMaTHYECKUX KOJIEOaHHSAX JIONATOK, MOXXET paccMaTpHBaThCs
JIUIIb KaK HE0O0XOIMMOE YCIIOBHE, HO HE JIOCTATOYHOE I BOZHHKHOBEHHS
camMoBO30yXaromuxcs kojeOaHmid. OKOHUATENBHYIO OLEHKY a’dpOoyNpyroro
MOBEJICHNUS JIOMATOYHOTO BEHI[A MOXXHO IIONYYWTh JIMIIb IIPH  PEUICHUU
CBSI3aHHOH 33/1a4H a3POJAMHAMUKH U YIPYTUX KOJICOaHUH.

Huxe IIpeJCTaBIEH YHUCIICHHBIH aHanm3 HECTallMOHAPHBIX
a’pOJMHAMUYECKMX HArpy30K W aMIUIUTYJ KOJEOAaHWH JIONaToOK IS
MIJI®Y =+90 rpan. ¢ yueToM B3aUMHOTO BIHMSHUS a3pPOAMHAMHUYECKUX CHUI U
YIpyrux KojieObaHni J0NaToK.
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Puc. 5. 3aBUCHMOCTH OCPEAHEHHOTO I10 BBICOTE JIOMATKH Kod(duImenTa
asponemmduposanus or MJIDY s 1 — 6 coOcTBeHHBIX GopM KoeOaHuit

Ha puc. 6 mpuBeneHsl rpadukd W3MEHEHHS adpOAWHAMHYCCKIX
Harpy30K, IeHCTBYIOMUX B IepuepruitHOM clloe pabodeii JTOIaTKH.

Ha puc. 7 moka3zaHo miepeMemieHne MepudepuifHOTO CEUYCHUS
JIOTIATOYHOTO BEHIIA B OKPY)KHOM HAaNpPaBICHWH H aMIUTUTYIHO-YaCTOTHBIH
CIEKTp IMPU MEXKIIONATOYHOM YTJIe CABHMra KoJeOaHWi Jonarok, paBHoM +90
rpaycoB.

OcHOBHOM BKJIaJl B M3TUOHBIE KOJeOaHUsI BHOCUT TApMOHHUKA C YaCTOTOM
6mm3koil k uwactoTe 1-i coOcTBeHHOH (opmbl KoieGaHW. [laHHBIM pexuM
XapaKTepPU3yeTCs 3aTyXaHUEeM KoyieOanui (adpoaeMinpupoBaHueM).

Fy.H sl l40=-11.45

TyAa

-10.20

O 1 | T /
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| A L 0002

-12.00

REJE. i - . . . r t.c oooo
00000 DOS§2 04104 0656 0.2208 02760 a S00 200 YacToTa, 'y
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Puc. 6. Mi3MeHeHHe adpoAMHAMUYECKOW CHIIBI, JCHCTBYIOIIEH Ha pabouyro
nonatky BeHa TypOunsl (MJIOY=+90 rpan): a, 6 — okpy>xHast cujla U aMIUTUTYIHO-
YJaCTOTHAsA XapaKTepUCTHKA
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Puc. 7. IlepeMelienre nepudepuitHoro ceueHus JonaTtoysoro senna (MJIOY = +90°):
a — B OKPY)XHOM HATPABJICHHUH; 6 — aMIUTUTYIHO-YaCTOTHBII CIIEKTP

BeiBoabl. IIpoBeneH UYUCIECHHBIM aHAIN3 a’3pOYIPYIHUX XapaKTEPUCTUK
JIONIATOYHOTO BEHIA OCEBOM TYpOMHBI C HCIOJIb30BAaHHEM MaTeMaTHUECKON
MOJICTIH CBSI3aHHOM 3aJayd HECTAlMOHApHON a’pOAMHAMUKH W IUHAMHUKH
ynpyrux koneOanmil. IIpm TapMOHHMYECKMX KOJICOAHUSX JIOIMATOK IIO
3aJJaHHOMY 3aKOHY C Y4€TOM B3aHMOJICHCTBHA BCEX IIECTH (POPM MMEET MECTO
"monmoxxurenpHOE"  a’popeMHHpPOBaHWE, T.6. OTBOJ  DHEPTUH  OT
KOJIEOITIOIIEHCS JIONaTKH B OCHOBHOM MOTOK. UMCIICHHBIN aHaNn3 CBSI3aHHBIX
KoneOaHNi MOATBEPAMI a’3poJeMI(UPOBAHNE MIPH B3aHMMOJCHCTBUM TIEPBBIX
HIECTH COOCTBEHHBIX (POPM.
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JI.B. Konoosicnas Il Asporuapomunamuka u Aspoakyctuka: IIpoGieMbl U HEpPCHEKTHBEL
COopHuk HayuHsix TpynoB XAM, 2009. — Ne 3.— C. 53-62. 2. He L. Integration of 2D Fluid -
Structure Coupled Systems for Calculation of Turbomachinery Aerodynamic, Aeroelastic
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