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WUMECA
72 C. BBeneHune

* yBennyeHne 3pGeKTUBHOCTU U YMEHbLUEHME MACCbl = YBENIMYEHUE a3POANHAMMYECKON HArPy3KU Ha
NIONATKKU, NOBbIWEHNE BEPOATHOCTU BO3HUKHOBEHUA HEXeNnaTe/lbHbIX a3pOMeEXaHUUYECKUX ABNEHU

* nccnegoBaHMeE AMHAMMYECKOrO NOBEAEHMA N0MATOK B HECTALMOHAPHOM MOTOKe — KOMMJ/IEKCHaA npobnema

* opaHa 13 Hanbonee CNOXKHbIX 3a4a4M — aHA/INM3 aBTOKoNebaHWIA, B TOM Yucie paatrepa

* NpPOrHo3mMpoBaHue ¢pnaTrepa:

o KpuTepuanbHble oueHKu (Hanp., ymcno Ctpyxana)
o BEPOATHOCTHO-CTATUCTUYECKME NOAXOAbI

o YUC/ZIeHHble Nnoaxoabl:

- COBMECTHOE pelleHue ra3aoanHaMmK1 U TBEpAO0TE/IbHOWN 334a4M
- nocneaoBaTeNbHOE pelleHne rasoaMHaMUYECcKON M TBepAOoTe/IbHOM 3a4ay WMAM OAHOM U3 HUX C
MCNONb30BaHUEM aHA/IUTUYECKUX QYHKUMIA ANA ApYroi (Hanp. sSHepreTUYeckuin MeToa)

Phone: +7 (812) 702 5249 Web: numeca.ru E mail: contact@numeca.ru 2



NVONWECA Lenn n 3apa4vu

POCCUA

Lenb — oTpaboTKa MeToA0B YUC/IEHHOIO MOAENMPOBAHMA aA3POYNPyroro B3ammogenctsma nonatok [TA wm
HecTaLuMoHapHoro Haberatowero notoka B MK Numeca Fine/Turbo

3apaum:

* pa3paboTKa MmaTemaTU4yecKux MoAenem ABYMePHbIX Npodunen MU TPEeXMepHbIX N0MNaToK TypbomaluuH,
NO3BOIAOLWMX NPOBECTU YNC/IEHHYIO OLLEHKY YCTOMYMBOCTU K dnaTTepy

* npoBedeHMe MWAEHTUPUKALUUM MNOJIYYEHHbIX Pe3y/NbTaTOB HAa OCHOBAHWUM OTKPbITbIX 3KCMEPUMEHTANbHbIX
MCCNeaoBaHUI NO NPOAYBKaM MIOCKUX PeLleToK CTaHAaPTHbIX KOHPUrypaumin

* CpaBHEHME Pas3ANYHbLIX NOAXOA0B OLEEHKW YCTOMYMBOCTU TPEXMEPHOM NIONaTKU (SHepretTMvyeckumn merton W
cBsi3aHHaA 3a43a4a)

Phone: +7 (812) 702 5249 Web: numeca.ru E mail: contact@numeca.ru



NUHECA JHepreTn4yeckmm metTos

KonebaHne 6yaetr HeycTOMUMBBLIM, €CAM NonaTKa B pes3yabTaTe MOMHOIo LUWMKAA MOAYYUT SHEPTMIO OT MOTOKA

BO3A4yXxa

Mpepnonaraetca, 4TO BCe NOMATKU KONebnTcA No oAHOM M Ton e ¢dopme, C OAMHAKOBOM YacToToM W
amnantygon (NocTaHOBKA COOTBETCTBYET CAy4Yatd C HAMMEHbLUEeN YyCTOMYMBOCTbIO). OCHOBHOE NpeanoaoXKeHUe -
aBTOKO/1ebaHMA NpoOUCXOAAT NO COOCTBEHHbIM YacToTam U popmam

ANropuTm:

e onpeaeneHne cobcTtBeHHbIX GOPM M YacTOT KosiebaHM NonaTkn 6e3 yyeTa HecTauMOHaPHbIX Fra30BbIX HArPy30K
* Bblbop GOPM M YACTOT, A/19 KOTOPbIX HAnbonee BepPOATHO BO3HMKHOBEHME aBTOKO/IebaHM

* 3aJaHue 3aKOHa ABUKeHUA NonaTku: Gopma, YactoTa, amnamTyaa, $pa3oBblv CABUT MEKAY NONATKAMMU

* npoBeAeHMe HeCcTauMOHaPHOro ra3ogMHaMMYecKoro aHaam3a nNpu 3agaHHOM ABUXKEHUM N0NaTOK

* BbluMcAeHUe paboTbl ra3a Had NONATKOM 33 OAMH Nepuoa KonebaHun. lNpoBepKa Kputepusa paatrepa

_|

Kputepuin pnatrepa: koadduuneHT agemndunposaHma E=-A,=—

O —_—

|
[ (Fv+Mw)dsdt
y - 0

o HEYCTOUYUBOCTb: = <0

o ycrtonumsoctb: E >0
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WJ/EC%
POCCHA

MOJETMPOBAHME OBTEKAHMA KONEBOLENCA NTOCKOM
PELLETKKM AO3BYKOBbIM NMOTOKOM

SHEPTETUYECKMI METO/,

Phone: +7 (812) 702 5249 Web: numeca.ru E mail: contact@numeca.ru



NVOHECA
POCCHA

Bolcs A. Aeroelasticity in Turbomachines — Comparison of
Theoretical and Experimental Cascade Results / A. Bolcs,

T.H. Fransson// Communication du LTAT-EPFL, Lausanne,
Switzerland. —1986. — 230 p.

suclion surface
lupper surface)

PewéTKa 13 11 nonatok c npodunem NACA 65, coBepLuaroLLLmx

3a/laHHble KPYTU/IbHble KonebaHns OTHOCUTE/IbHO LIEHTPa XOpapbl:

im (1) = a™(x, y)eltetms

a™ — amnauTyaa yrna yctaHoBku, o (M) — Kpyroesas yacTtoTa

Phone: +7 (812) 702 5249 Web: numeca.ru

1-aAa cTaHAapPTHaA

KOHPUIYypaLUS

MonorkeHne MakCMManbHOM TONLWMHbI Npoduna

X 0.5
OTHOLWeHWe TONLWMHBI K Xopae d 0.06
Xopaa c,M 0.1524
OTHOLLEHMeE LWara peweTku K xopae npodpunn T 0.75
Yron yctaHoBKM npodunn Y 55°
KpuBusHa npoduna 10°
BbicoTa nonatku S, M 0.254
Yucno Maxa Ha Bxoae M, 0.18
Yron ataku i 6°
OTHOWeHMe CTaTUYEeCKOro AaBeHMA K NOIHOMY Ha
Bxoze P1/Puw1 0.979
OTHOWeHMe CTaTUYEeCKOro AaB/IeHMA Ha BbIXoAe K
NMOAHOMY Ha BXoAe P2/Pun 0.9852
Yron noToka Ha Bxoae B, 62.5°
Amnantyaa konebaHuin npodpunei a 2.0°
YactoTa KonebaHuit npodpunen f, My, 15.5
MerKnonaTouHbIi yron casura gas o] £45, 290, 2135,

0°, 180°

E mail: contact@numeca.ru




NVOHECA
POCCHA

OcHoBHbIe aonyuweHuA:

*  OBYMEpPHbIN XapaKkTep Te4eHus - MoaenmpoBaHue npoBeaeHo Ass
NSIOCKOrO CII0A TOSILLNHOWM B O4HY AYEnKy

* B MOAENb BKMKOYEHbI TONMBbKO 5 N3 11 nonaTok, T.K. aAHaNMM3npyroTCA
napamMeTpbl TOJIbKO Ha cpe,u,He|7| ionartke

MocTtaHoOBKa:

MKO NO Numeca Fine/Turbo v.13.1

* rekcaroHarnbHas cetka: 183 TbIC. A4eek, y'<1

*  TEepMUYECKN COBEPLLEHHbIN ra3, 3akoH CasepreHga ons u

*  RANS gnsa HenogBWMXKHOW peLLETKU

* URANS gnsa konebntowuxcsa npocdunen, At = 6.5 - 104 ¢ (100 waros

Ha nepuog konedaHun)

* SST mopgenb TypbyneHTHOCTH

*  PaHUYHbIE YCIOBUSA:
o HaBxope: Py = 101.3«lla; Ty = 285.8 K; V,/|V| = 0.47; V,/|[V| = 0.88.
o Ha BbIxoge: P =99.7 kla.
o CTEeHKu agnadaTHbie

Phone: +7 (812) 702 5249 Web: numeca.ru
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IVOMECA
POCCHA ANTOPUTM peLleHnA

Ha kaxxgom BpeéMeHHOM Llare rnpoBoanTCA.

‘‘‘‘‘‘‘‘‘‘
nnnnnnnnnnnn

« pedopmaums ceTkn (nepemMelleHmne CEeTOYHbIX Y3I10B) Ha
OCHOBaHWM 3a4aHHOro yrna yctaHoBkn metogom RBF

* npoBegeHmne rasognHamMmn4yecKkoro pacyerta

Phone: +7 (812) 702 5249 Web: numeca.ru E mail: contact@numeca.ru 8



NVOHECA

POCCKHA

Amnantypa C,

®dasosbiti yron C , rpa

Phone: +7 (812) 702 5249
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WM%’A’ PesynbTatel 418 KONEONOWENCA PELIETKM

POCCKHA

KoadppumumeHT asapognHammnyeckoro aemnPpmpoBaHms:

- —C ~
Eq = """'f"'/mrz = —Im{C,}
-—a
NU ECA IBPA —_— 0 Relative Mach NunaPzer
0.8 i
s (]
[ J
0.4 b
$ $ $
0.0
-180 -135 -90 -45 0 45 90 185 180
-0.4 8 )
HeyCTOM4YMBOCTb
-0.8
O, rpaj,
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WJ/EC%
POCCHA

Phone: +7 (812) 702 5249

MCCNELOBAHWE ASPOYIIPYTOIO NOBEAEHNA
PABOYEW TONATKM OCEBOIrO KOMIMPECCOPA B
HECTALMOHAPHOM MOTOKE

SHEPTETUYECKMI METO/,
CBA3AHHAA 3AOAHA

Web: numeca.ru E mail: contact@numeca.ru 11



WM%% CtyneHb 37. MocTaHOBKa 3a4a4u

POCCKHA

36 nonaTokK,

46 nonaToK
PaccmatpusaeTtca ABa nogxoaa: 3a3op 0.356 mm ——

* KonebaHusA c 3a4aHNEM aMNANTYAbl Ha KaXKA0M BPEMEHHOM Liare
(aHepreTnueckmn metoa) - NLH meTtop,

* KonebaHwusa c onpegeneHMem amnanTyabl Ha OCHOBaHWUU
ra3ogMHaMmM4ecKkoro pacyeta (cBasaHHas 3aaadva) — URANS

BbIXOZ,

MocTtaHOBKa:

* MKO MO Numeca Fine/Turbo v.13.1
* reKkcaroHasnbHasa cetka: y*< 1, PK—1.14 mnH Aadeek, HA — 730 TbiC. A4eeK

* TepMMYECKU COBepLUEHHbIN ras, 3akoH CasepneHga ana

* SA mogenb TypbyneHTHOCTU MaTtepuan: Maraging 200 1a popma f=1141.3 Iy,

* TPaHMYHbIE YC/IOBUA:
o HaBxoge: Py=101.3 kMa; T,=288.2 K; V,/|V]| =1
o Ha Bbixoge: P
o CTeHKM agunabaTHble
o vactoTa BpauweHusa N = 17188 06/muH

* KonebaHus PK no loi cobctBeHHOM dopme —> onpeaeneHa MK

3ajenkKa

Phone: +7 (812) 702 5249 Web: numeca.ru E mail: contact@numeca.ru 12



WM%% DHepreTMYeCcKnin MeTos,

POCCKHA

NUMECA IBPA:OO
Anroputm:

* gedpopmaums ceTku (nepemelleHMe CETOUYHbIX Y3/10B) Ha
OCHOBAHMW 33a[aHHbIX NepemMeLLeHNI

®* nposeneHue rasoguHamMmmyecKoro pacyeTta

e IBPA=90"

NMocTtaHOBKa:

*  Amnautyga - 0.7% ot xopapi= 0.4 mm
* Pabouas Touka
* NLH 3h

NMapameTpbil:

* MeKaonaTtouHbIn yron casura ¢pas (IBPA) NUMECA ]
IBPA=180
n —
o =27 —, n=1,2,3.nT14.,
Nj Ns1 —yncno nonatok

Phone: +7 (812) 702 5249 Web: numeca.ru E mail: contact@numeca.ru 13



NVOHECA
POCCHA

Anroputm:

* gedpopmaums ceTku (nepemelleHMe CETOUYHbIX Y3/10B) Ha
OCHOBAHMW 33a[aHHbIX NepemMeLLeHNI

®* nposeneHue rasoguHamMmmyecKoro pacyeTta

MocTraHOBKa:

*  Amnautyaa - 0.7% ot xopabi= 0.4 mm
* Pabouas Touka
* NLH 3h

NMapameTpbil:

* MeX/ionaTto4Hbl yron casura ¢as (IBPA)

o= 2T - i n=1,2,3.nT1.4,

)
Nj N1 — uncno nonatok

*  Kputepuu dpnatrepa — MOWHOCTb ra30BbIX CUN

T — BA3KME HANpPAXEHUA,

P = f(pﬁ + Tﬁ)l{g dS V, — ckopocTb AedopmaLmm,

S — noBepxHOCTb IONATKMK

Phone: +7 (812) 702 5249 Web: numeca.ru

JHepreTnyecknm meTos

MowHOCTb ra3oBbiX CMA 3a nepuog, KonebaHumn
U3onuposaHHoe PK, IBPA =0

BT

aero’/

100

50

-50

-100

= UJRANS

-150
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NUHECA JHepreTMyecKknm meTos

-180  -135 -90 -45 0 45 90 135 o, rpan
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Pras, BT —®—M30/1MPOBaHHbIA POTOP ——POTOP B COCTaBe CTyNeHu

Phone: +7 (812) 702 5249 Web: numeca.ru E mail: contact@numeca.ru 15



‘)/ﬁ;%@zy
POCCHA

CBA3aHHAA 3343443

Anroputm: NocraHoBKa:

* BbluMC/IeHNE NnepemeLleHUN: .

y;'(t) + 20),‘5] y’j (t) + a)jzyj (t) = Fj (t)
F ) ={p,} {F )} .
{u(t)}= 21 yi (O){o;}

y(t) — BEKTOP rnaBHbIX KOOPAUHAT

¢ — KoadpdunumeHT aemndpupoBaHUa

@ — COBCTBEHHbIE YaCTOTbI

{¢} — cobcTBEHHbIE POPMDbI

{u(t)} — BekTop y310BbIX NEPEMELLEHNI
{F(t)} — BHewHe Harpysku

* nedopmauma ceTku (nepemeleHMe CeTOYHbIX Y3/108B)

¢ nposegeHune rasoguHammn4eckoro pac4yeTta

Phone: +7 (812) 702 5249 Web: numeca.ru

URANS: At =5-10%c (20 waros Ha Me»10NaTOYHbIM
KaHan PK, 175 waroB Ha nepuop KonebaHui)

PK (c 1 n c 18 nonaTkamu B cekTope)

CTYNeHb CO CKOPPEKTUPOBAHHbBIM KOIMYECTBOM
nonatok 36 PK — 48 HA (BmecTo 46)

E mail: contact@numeca.ru

16



WJ/E&%
POCCHA

n*

2.15

2.05

1.95

1.85

CBA3aHHaA 3a4a4a. MI3onmpoBaHHaA onaTKa PR

0606wWeHHble nepemeLyeHUa 18Tn nonatok B Touke No3

E.\ Generl_D
0.00000
9] -0.00001 ” ﬂ ﬂ
T -0.00002
@ -0.00003 U U u
-0.00004
18.5 19.0 19.5 20.0 20.5 G,kr/c c 2 4 6 8 10 12 14 16 18 20 22 t/Tkon

Phone: +7 (812) 702 5249

MNepemelieHna nepeaHeit KPOMKU NO OKPYIKHOCTU HA TPEX peEXKMUMAX

0 0.5 1 1.5 2 2.5  T/Tkon
0.10

0.00
-0.10

-0.20

-N 2N
Dt_LE, mm —isol 1 ------ isol 2 ——isol 3

Web: numeca.ru E mail: contact@numeca.ru 17



WJ/E&%
POCCHA

CBA3aHHaA 3a4a4a. MI3onmpoBaHHaA onaTKa PR

max_|Dxyz|, mm 1, %

Pexxnm 1 0.348 83.25
Pexxnm 2 0.353 84.40
Pexxnm 3 0.424 78.75

Cray,. nonaTtka pexxumm 1 - 83.19
Crau. 1onaTtka pexumm 2 - 84.42
Cray,. nonaTtka pexxumm 3 - 78.94

PagmanbHbi 3a30p = 0.356 mm
D.c Ha nepudepun = 0.25 mm
Xoppaa Ha nepudepumn = 56.5 mm

Phone: +7 (812) 702 5249

Web: numeca.ru

NUMECA Dxyz_mm
0.3

0.3;

0.25

0.2

0.1508

0.1

0.05

Pexxum 2
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WJ/E&%
POCCHA

s i

Pypbe-paznoreHue a3poduUHAMUYECKO20 MOMEHMA

M, Hwm
oso .| 1 lpynna
----- 2 [pynna
o40 v | === 3 rpynna
0.30
0.20
0.10 K _',:;;'; %
0.00 ‘:-:-‘.:-:-:—:-.'-'_.‘-'-:: === \:333}3.-::-»-...1-::56'-:
1 12 f/fkon

Phone: +7 (812) 702 5249 Web: numeca.ru

CBA3aHHAA 3a4a4a. PK B coCTaBe CTyMneHu

max_|Dxyz|, mm 1, %

Pexxnm 1 0.348 83.25

Pexxnm 2 0.353 84.40

Pexxnm 3 0.424 78.75

Cray,. nonatka pexxmm 1 - 83.19
Crtau. 1onaTtka pexumm 2 - 84.42
Crau. n1onaTtka pexum 3 - 78.94
Pexxum 2 ctyneHb = 0.356 83.98
Crau. nonaTtka peXxmnm 2 cTyneHb 83.97

E mail: contact@numeca.ru
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WJ/E&% BpemeHHble 3aTpaThl

POCCKHA

CtyneHb: 9 PK n 12 HA B ceKTOpe

Pacuet Bpemsa NUMECA

STEADY-STATE 1
URANS 11.5
URANS 2-way FSI 15.23

Potop: 1 nonatKa Ha ceKTop,
201 pexxum (pabouan Touka)

Pacuet Bpemsa

STEADY-STATE 1
URANS 8.8
NLH 1-way FSI 5.6
URANS 1-way FSI 9.6
URANS 2-way FSI 10.2

Phone: +7 (812) 702 5249 Web: numeca.ru E mail: contact@numeca.ru 20



NUHLECA 3aKa4yeHumne

POCCKHA

 OTpaboTaHbl MeETOAbl WCCreaoBaHUS aopoynpyroro MNOBEeAEHUS JlonaTOK OCEBbIX KOMMPECCOPOB B
HecTauMoHapHOM MoToke Bo3ayxa. [NokasaHa addekTnBHOCTb npumeHeHma NLH nogxopga npu peweHuu
3agaydun donatrepa

» [lpoBeoeHO uccnegoBaHMEe HeCTaUMOHAPHLIX XapakKTeEPUCTUK MOToKa Mpu yyeTe KonebaHun ronaTok Ans
MSIOCKOW peLUeTku ¢ naeHTndukaumen pesynsraTtoB

* WccneposaHo aspoynpyroe nosegeHne PK oceBoro kommnpeccopa ¢ NpUMEHEHNEM 3HEPreTUYeCcKoro noaxoaa
N B CBA3aHHOW nocTaHoBKe. [lpoBeaeHa oueHKa BIMAHUSA BSA3KOCTHLIX 9pPEKTOB M CTATOPHOro BeHua Ha
aspoynpyroe gemndunpoBaHue

Phone: +7 (812) 702 5249 Web: numeca.ru E mail: contact@numeca.ru
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Womeca
\/ /£ C 3aK/oueHwe

CIMACNBO 3A BHUMAHWE!
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