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B HacTosLiee Bpems NpOLLECC MPOEKTUPOBAHKSA KOMMPECCOPHBIX BEHLLOB BK/OYAET B Cebsi 06513aTeNbHYO
pacyeTHYI0 NMPOBePKY MPOYHOCTHbIX XapakTepucTuk B CAE-cuctemax tuna ANSYS, NASTRAN u fp. 3Tu pac-
YeTbl He OTMEHSIKOT HaTYPHbIX UCMbITAHWA, 0AHAKO MX NPOBeAeHWEe MO3BONAET 3HAYNTENbHO MOBBLICUTL BEPOSAT-
HOCTb Y/J0BNIETBOPUTENBHBIX UCTILITAHWIA; B CBA3W C COKpaLLeHneM 06bema WCMbITaHUi paauKaibHbIM 06pa3oM
CHUXAETCA CTOMMOCTb U BpeMs [JOBOAKW. AHANOMMYHO NPOYHOCTHLIM pacyeTaM TPeXMepHbIe rasofuHaMuUyecKune
pacyeTbl UrpatoT Pofib HATYPHBIX UCMbITAHUI C Liebio JOBOAKN KOHCTPYKLMK 0 HEOOXOAMMbIX NapaMeTpoB.
TeM He MeHee, Ha CErOAHALUHUIA feHb MHCTPYMEHTapuiA ANA peLleHns YKasaHHbIX 33fa4 NpefcTaBneH B OCHOB-
HOM KOMMEPUECKMMM NakeTamu, CTOUMOCTb KOTOPbIX [OCTATOYHO BeNMKa. Takxe, AafeKo He BCerga packpbiTbl
3a/I0KEHHbIE B HUX MOJENN U anropuTMbl, YTO He MO3BO/SET NPOEKTUPOBLLMKY MOMHOCTLIO A0BEPSATL Mosyyae-
MbIM pesy/bTaTam. Kpome TOro, npeAcTaB/sieT 3HAUUTENbHbIA HayUHbIA U NPaKTUYeCKNA HTEPeC COBMECTHOe
peLLeHMe yKa3aHHbIX BbllLe 3afja4, YTO NM03BOAMO Obl CYLLECTBEHHO COKPATUTL BPEMS NPOEKTUPOBaHUS 1 3HAYU-
TeNbHO MOBLICUTb €ro 3PMEKTUBHOCTb. YUUTbIBAA BblLLECKA3aHHOe, aKTyaNlbHOW ABMSETCA pa3paboTka HayyHo-
METONYECKOr0 0becreyeHns f/19 pelleHns 3afaumn pacyeta NMPOYHOCTY NONaToK KOMMNPECCOPHbIX BEHLIOB. Pas3-
paboTaHO Hay4HO-MeTOAMYeCcKoe obecreyeHne, KOTOpoe No3Bo/seT COBMECTHO pellaThb 3afady YUCIEHHOro Mo-
[ennpoBaHNs NMPOCTPAHCTBEHHBIX TYPOYNEHTHbIX ra3oBbiX TEYEHWA B KOMMPECCOPHBIX BeHLaX U 3afady pacyeTa
MPOYHOCTY NIOMATOK KOMMPECCOPHbIX BEHLIOB. [laHHOe obecreyeHve pa3paboTaHO C MPUMEHEHWEM peLuaTesnei
6nbnmotekn OpenFOAM [and  pacyeTa MNONMS TEYEHUs B MEX/IONATOYHOM KaHaie W HanpshKeHHO-
[ehopM1pPOBAHHOTO COCTOAHMA IONATKW. B3anMogeiicTBre peLLaTeneil OCYLLECTBAAETCA Yepes nepefady AaHHbIX
B rpaHn4HbIX ycnoBuax. MpegnonaraeTcs, 4To M3MeHeHWeM (DOpMbI TOMATKW NOA BO3AENCTBIEM ra30BOro NoToka
MOXHO npeHe6peyb. BbINOMHEHO TeCTMpOBaHWe pa3paboTaHHOro HayYHO-METOANYECKOro ObecneyeHus nyTem
peLLeHns 3ada4m 0 B3aMMOZeCTBUM 3aLeMNeHHoN 6anku ¢ 06TeKaroLyM ee NOTOKOM. [onyyeHHble pe3ynbTaThl
Y/0BNETBOPUTE/HO COrNacytoTCs C pesynbTaTaMu PeLleHns JaHHON 3afiauu C WUCMO/b30BaHWEM CTaHAapTHOro
pewatens icoFSIFoam, Bxogsllero ¢ coctas BeTkn OpenFOAM extensions. BbINONHEH pacyeT Mons TevyeHus B
MEX/I0MaTOYHOM KaHasie 0CeBOro KOMMPEeCCOPHOro BEHLIA U pacyeT HanpsXXeHHO-AeOpMUPOBAHHOMO COCTOSHMS
ero nonaTtku. KayecTBeHHbI aHaM3 NoMyyYeHHbIX pe3ynbTaToB CBUAETENLCTBYET O paboTOCMOCOBHOCTY paspa-
60TaHHOrO Hay4YHO-MeTOANYECKOro obecneyeHns. B fanbHeiliem npeanonaraeTcs npoBefeHne AOMONHUTENb-
HbIX MCCMeoBaHWA NO OLeHKe ero paboTocrmoco6HOCTY W NPUMEHVUMOCTY C MPUBIEYEHNEM COOTBETCTBYHOLLUX
3KCMNEPUMEHTAbHBIX JaHHbIX.

Y TenepilwHii Yac NpoLec NPOeKTyBaHHS KOMMPECOPHUX BiHLIiB BKNtOYae 40 cebe 060B'A3KOBY po3paxyH-
KOBY nepeBipKy MiyHocTi B CAE-cuctemi Triny ANSYS, NASTRAN Ta iH. Lli po3paxyHK/ He CKacoBYylOTb HaTy-
PHYUX BUNPO6YBaHb, MPOTe X NPOBEAEHHS [03BO/SE 3HAYHO MiABULLIMTYA MMOBIPHICTb 3a[0BINbHNX BUNPOGYBaHb;
y 3B'A3KY 3i CKOPOYEHHAM 06CAry BUNpobyBaHb pafvKanbHUM YMHOM 3HUKYETHCA BapTICTb i Yac AOBEfAEHHS.
AHanNoriyHo pospaxyHkam MiLHOCTi TPUBMUMIPHI ra3ofMHaMiYHi po3paxyHKW BifirpatoTb posib HaTypHUX BUNPO-
6yBaHb 3 METOH [JOBEfIEHHS! KOHCTPYKLIT 10 HeobXigHUX napameTpiB. [poTe, Ha CbOrOAHILUHINA AeHb IHCTPYMEH-
Tapili Ans po3B’A3aHHA 3a3HaYeHNX 3afay NpeacTaBneHo B OCHOBHOMY KOMepLiiHUMU MakeTamu, BapTiCTb AKX
[0CUTb BennKa. TakoX, Janeko He 3aBXAM PO3KPWUTO 3aknafieHi B HUX MoAeni i anropuTMmu, L0 He [O3BONSE
MPOEKTYBaIbHUKY MOBHICTIO AOBIPATM OTpUMaHUM pesynbTatam. Kpim Toro, npeactaBnse 3HauHWiA HayKoBUA i
NPaKTUYHUIA iHTepeC cnifbHe PO3B’A3aHHS 3a3HayYeHuX BHLLE 3adad, Lo A03BOAMNO 6 ICTOTHO CKOPOTWUTM Yac
MPOEKTYBaHHA i 3HAYHO MIABULLMTY Or0 edieKTUBHICTb. 3 OrNAAYy Ha BULLECKasaHe, aKTyasbHOK € po3pobka
HayKOBO-METOAMYHOrO 3abe3neyeHHs AN PO3B’A3aHHS 3afadi po3paxyHKY MiLHOCTI /I0NaTOK KOMMPECOPHUX
BiHLiB. PO3p06/eHO HayKOBO-MeTOAWYHE 3a6e3neyeHHs, ke A03BO/SE CMiflbHO PO3B’A3yBaTy 3afady YMCeNbHOro
MOZENOBaHHA NPOCTOPOBMX TYpPOYNEHTHUX ra3oBMX Tedili B KOMMNPECOPHUX BIHLAX i 3aBAaHHA PO3paxyHKy Mili-
HOCTI IONaToK KOMMPECOPHUX BiHLiB. [aHe 3abe3neyeHHs po3pobeHo i3 3aCTOCyBaHHAM BUpiLLyBaYiB 6ibnioTe-
kn OpenFOAM [ans po3paxyHKy Mons Tedil y MiDK/I0ONaTKOBOMY KaHani i HanpyXeHo-AeOpMOBAHOro CTaHy
nonatkv. B3aemogis BupiLLyBadiB 34i/iCHIOETbCS Yepes nepefady AaHuX B rpaHUYHMX ymoBax. MepegbadaeTses,
L0 3MiHOKO hOpMM NonaTky Nif BNAMBOM ra3oBOro NOTOKY MOXHaA 3HeXTyBaTW. BMKOHaHO TecTyBaHHSA po3pob-
NEHOro HayKoBO-MeTOAMYHOTO 3abe3neyeHHs LUISAXOM PO3B’A3aHHS 3adadvi Mpo B3aEMOZiI0 3aTUCHEHOI 6anku 3
NOTOKOM, L0 06Tikae ii. OTpUMaHi pe3ynbTaTy 3a10BifIbHO Y3roMKytOTbCA 3 pe3y/ibTaTaMu po3B’A3aHHS faHoi
3afiadi 3 BMKOPWCTaHHAM CTaHAapTHOro Bupilysaya icoFSIFoam, wWwo BXoauTb [0 cknagy rinku OpenFOAM
extensions. BNKOHaHO po3paxyHOK Mo/ia Teuil B MiDKNONaTKOBOMY KaHa/li 0CbOBOr0 KOMMPECOPHOro BiHLA | po3-
paxyHOK Hampy»eHo-AeopMOBaHOr0 CTaHy Oro nonaTtku. SKICHUIA aHani3 OTpMMaHWX pesy/nbTaTiB CBIfYMTb
npo Mpaue3faTHIiCTb Po3p0o6IeHOro HayKoBO-METOAMYHOrO 3abesneyeHHs. Hagani nepefsbaqaeTbcs nNpoBefeHHs
[0aTKOBUX AOCAIMKEeHb 3 OLiHKM /0ro npaue3faTHOCTi i 3aCTOCOBHOCTI i3 3a/y4eHHsAM BiAnOBiAHWUX ekcnepu-
MEHTabHUX AaHUX.
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The now design of compressor rims requires a computational verification of strength characteristics using
the CAE systems such as ANSYS, NASTRAN, etc. Those computations do not abolish field tests, however, they
significantly increase the probability of satisfactory tests; due to the reduction of tests, costs and time for fine-
tuning are drastically cut. Similarly to strength computations, three-dimensional gas-dynamic ones play the role of
full-scale tests to finalize the design to the required parameters. Nevertheless, today’s tools for solving those prob-
lems are mainly presented by commercial high-priced packaged programs. Also, it does not always happen that
they reveal models and algorithms incorporated. Thus, the results obtained are suspect for the designer. In addi-
tion, the simultaneous solution of the above-mentioned problems is of considerable scientific and practical inter-
est, resulting in significant design time cutting and the improved design efficiency. On this basis, the development
of scientific and methodic support for designing the compressor rim blades strength is topical. The scientific and
methodic support has been developed to solve simultaneously the problem of a numerical simulation of spatial
turbulent gas flows through compressor rims and the problem of the computation of the strength of the compres-
sor rim blades. This software has been developed using solvers of the OpenFOAM library to compute the flow
field in the vane channel and a stressed-strained state of the blade. Solvers interact via the data communication
under boundary conditions. It is assumed that the change in the shape of the blade under the influence of the gas
flow can be neglected. The developed scientific and methodic support has been tested solving the problem of
interactions between the clamped beam and its streamlined flow. The results obtained agree satisfactorily with the
results of the solution of this problem using the standard icoFSIFoam solver, which is part of the branch of the
OpenFOAM extensions. The flow field in the vane channel of the axial compressor rim and the stressed-strained
state of its blade have been computed. A qualitative analysis of the obtained results demonstrates the applicability
of the developed scientific and methodic support. In the future, additional studies are assumed to conduct for
evaluating its efficiency and applicability with the use of the corresponding experimental data.

KntoueBble CN1oBa: KOMNPECCOPHBIN BEHeL, 10naTKa KOMMPECCOPHOro BeHLa,
YMCNEHHOE MOZENMPOBaHWe, HanpAXKeHHO-4edhOPMMPOBaHHOE COCTOsAHMe, FSI 3a-
pava, OpenFOAM, ypaBHeHust HaBbe—CTOKCa, MHTEHCMBHOCTb HaNPS>KeHU No
(hoH Muszecy.

BeeseHue. B HacTosLLee Bpems NpakTUYeCKu BCe NPOeKTHbIe paboThbl B OTe-
YECTBEHHbIX N 3apY6eXHbIX KOHCTPYKTOPCKMX OGP0 BefyTCs C NPUMEHEHVEM
3BM. OueBuAHO, 4YTO pajuKabHOEe NOBbILLEHVE 3PPEKTUBHOCTU MpoLecca npo-
eKTMPOBAHUA C/IOXHbIX HALEXHbIX W3LeNNA BO3MOXHO /Wb C MPUMEHEHWEM
KOMI/IEKCHBIX CUCTEM, OXBAaTbIBaKOLLMX BECb XXM3HEHHbIA LMK/ CyLLECTBOBAHMA
n3genus.

B TpagnUMOHHBIX MeTofax NMPOeKTUPOBaHMUA, KOTOPbIe NMOBCEMECTHO Npeob-
naganu go sHeppeHus CAD/CAE-cuctem, OCHOBHBIM MHCTPYMEHTOM NpW [0BOAKE
U34ennin 6b1In HaTYpHbIE UCMbITAHUA Kak B COCTaBe U3LeNns B LIeSIOM, Tak U C UC-
M0/1b30BaHNEM MOY3/10BOV JOBOAKW.

B fByX cnoBax, MeTOL HaTypHbIX WUCMbITaHUIA BbIFNAAWUT Cneaytowmm obpa-
30M: KOHCTPYKTOP CO3[aeT BapuvaHT KOHCTPYKLWW, ee U3roTas/nBaloT B MpPOu3-
BOACTBe, CTaBAT Ha CTEHA WM YCTAHOBKY W WCMbITbIBAKOT. ECM MCMbITaHUA He
AN MONOXMWTENbHbIX Pesy/bTatoB (Hanpumep, HECOOTBETCTBME TEXHWYECKUM
TpeboBaHMAM, MOMOMKA [ieTann), TO KOHCTPYKTOP CO3LaeT HOBbIN BapuaHT 1 BCe
MOBTOPAETCA 3aHOBO. B OTAE/bHbIX CNyyasx Takue LWKIbl: «MPOeKTMpoBaHue —
N3rOTOBJ/IEHNE — UCMNbITaHUE» TPebyeTCs NPOBOANTL LECATKM pas.

MosBneHne TpexmepHbIX MeTofoB npoekTvposaHus (CAD) M TpexmepHbIX
MeTOZO0B NPOYHOCTHOrO, TennaoBOro, rvaporasoguHamuyeckoro aHanmsa (CAE)
MO3BOJIN/O HECKO/IbKO N3MEHUTL TEXHOOTMIO MPOEKTMPOBaHUS.

B HacToslee BpeMs MNPOLECC MNPOEKTUPOBAHWUA KOMIMPECCOPHbLIX BEHLIOB
BK/IIOYAeT B cebs 0053aTeNIbHY0 PacyeTHYH NPOBEPKY MPOYHOCTHBIX XapaKTepu-
cTuk B CAE-cucteme tuna ANSYS, NASTRAN n gp. 31K pacyeTbl He OTMeHSAoT
HaTYPHbIX UCMbITAHWUIA, 04HAKO UX NPOBEAEHVE MO3BO/IAET 3HAYUTE/IbHO NOBbLICUTb
BEPOATHOCTb Y/0B/IETBOPUTE/IbHBIX UCMbITAHWIA; B CBA3WN C COKpalleHneM o6bema
UCMbITAHWA pafnKanbHbIM 00Pa30OM CHWMXaeTCsi CTOMMOCTb W BPEMS [LOBOAKM.
AHaNOrMYHO NMPOYHOCTHLIM pacyeTaM TPEeXMEPHble ra3oAMHaMUYECKUE pacyeThbl
UrpatoT Posib HATYPHbIX UCTbITAHWIA C LieNblo JOBOAKWM KOHCTPYKLMM 0O HEOOXO-
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AVMbIX napameTpoB [1]. Tem He MeHee, Ha CErOAHALIHWIA AeHb UHCTPYMEHTapuil
4719 peLleHns yKa3aHHbIX 3afay NpescTaBneH B OCHOBHOM KOMMEPUYECKMMU nake-
TaMK, CTOMMOCTb KOTOPbIX AOCTAaTOMHO Be/inKa. [pu aToM, faneko He Bcerpga pac-
KpbITbl 3a/10)KEHHbIE B HUX MOLENN U aNrOpUTMbI, YTO He MO3BONSET MPOEKTUPOB-
LMKy MONHOCTLIO A0BEPSATL MOyYaembIM pesynbTataM. Kpome Toro, npeacTtasns-
eT 3HauMTe/bHbIV HayUHbIN N NPaKTUYECKWIA MHTEPEC COBMECTHOE peLLeHue yKa-
3aHHbIX BblLLE 334a4, Y4TO MO3BOAWO Obl CYLLECTBEHHO COKpPaTUTb BPEMS MPOEK-
TUPOBaHUSA 1 3HAUYNTE/IbHO MOBLICUTL ero 3MHEKTUBHOCTb.

YunTblBasi BblleCKa3aHHOe, pa3paboTka Hay4HO-MeTOAMYECKOro obecrneve-
HUA 4N pelleHns 3agadn pacyeTta MPOYHOCTU N0ONATOK KOMMPECCOPHbIX BEHLIOB
ABNSETCA aKTyasIbHOA

JlonaTkn KOMMPECCOPHbIX BEHLOB WUCMbITLIBAIOT AEACTBME LEHTPOOEXHbIX
CWN BpaLLEHNs 1N a3poAMHAMMUYECKMX CUA Fa30BOr0 MOTOKA. DTW CUNbI BbI3bIBAOT
B pabounx flonatkax HanpshkeHWs pacTsHkeHus, n3rméa u KpyyveHus. LieHTpobex-
Hble CW/Ibl OTHOCATCA K CTalMOHapHbIM CUMaM, U OT HUX 3aBUCUT CTaTM4eckKas
KpaTKOBPEMEHHAs 1 A/INTeNbHAsA MPOYHOCTb N0NATOK. A3pOLMHAMMUYECKME CUbI
MMEIOT Kak CTaTuyeckue, Tak M AVHaMUYecKue COCTaBnstolime. VIMEHHO nepe-
MeHHbIe COCTaB/AOLME ONPeLeNatoT AMHAMUYECKME HANPSXKEHUS 1N BUOPaLMOH-
HY0 MPOYHOCTb NONATOYHOrO annapata. JuHaMuyeckne Hanps>keHus B paboumx
nonatkax 06YyCnoBfAeHbl MHOTMMW MPUYMHaMK: BUOpaLveid poTopa; OKPYXKHON
HepaBHOMEPHOCTbIO ra30BOr0 MOTOKA; HEPaBHOMEPHOCTbIO MOTOKA B COMJIOBbIX
KaHanax; OTPbIBHbIMU ABMEHMAMMW Y KOPHS U Ha nepudepun. OnpeaennTb UX ro-
pasfo TpyAHee, YeM CTaTUYeCKue, HO BaXKHbIM SIBNSIETCA TO, YTO OHWU NPOMNOPLMO-
Ha/lbHbl CTATUYECKMM HanpsbkeHuam [3].

Mpouecc onpefeneHns Hanps>KeHU B foNaTke 4acTo pasfgensercsa Ha [ga
aTana.

| 3Tan — onpegeneHve pacTArMBatoLLMX HanpsXKeHni. Ha gaHHoM aTtane Tpe-
OyeTcs MWL TBEpAOTeNbHas MOAENb NI0MNaTKM U AaHHble 0 MaTepuasie NonaTku
(MNOTHOCTb, MOAYb YNPYrocTh, KO3dguumeHT MNyaccoHa u ap.).

Il 3Tan — onpegeneHne N3rnbaroLwmx HanpsXXeHnin. B 4ononHeHve K AaHHbIM,
3aflaHHbIM Ha MEepBOM 3Tane, BbIYMCIEHWME W3rMOBalOWMX HanpskeHUii TpebyeTt
NpoBeAeHNS ra3oAnHaMUYECKOro pacyeTa 418 NoNyyYeHUs KONMYECTBEHHON OLEeH-
KV CWUMI0BOTO BO3AECTBMA NOTOKA Ha IonaTKy KOMMPeCCOPHOro BeHLa.

3afjaya BTOPOro 3Tama OTHOCMTCA K Knaccy TakK HasbliBaembix FSI (Fluid-
Structure Interaction) 3agay, TpebyHOLMX ONMUCaHNS B3aMOAENCTBUS XNLKOCTU 1
AethopMupyeMoro Teepforo Tena. CyulecTByeT ABa NOAXO4a K peLleHuto 3afad
noAo6HOro TMNa.

PasaeneHHbIn Nogxod. STOT NOAX0A NpeAHasHaveH ana cnabocBsasaHHbIX FSI
3afiay, T. e. TaKOBbIX, KOra N3MEHEHWS TEOMETPUN Tefla He3HaUUTeNbHbI 1 CNabo
BIUAOT Ha TeYeHMe XXMAKOCTU. [aHHbIA NOAXO0L XapaKTepu3yeTcs UCMob30BaHu-
eM pa3fenbHbIX MaTeMaTUYeCKUX MOAEeNein Ana XWMAKOCTU U TBEpAoro Tena, oT-
A€bHBIMW U, BO3MOXKHO, Pa3MYHbIMK CNOCO6aMM UX AUCKPETM3aLMK, CBA3b Me-
XAy MOZENSMM OCYLLECTB/ISETCA 3a CUET Nepefayn faHHbIX Ha rpaHMLax B3anuMo-
AENCTBUSA XNAKOCTb — TBEPLOE Teso.

EavHbIli nogxog. MNpegHasHayeH 415 pelleHns 3agay ¢ CUIbHbIM B3aMMHbIM
BO3AENCTBMEM MEXAY >XXMAKOCTbIO U TBEPAbIM Te/IOM. XapaKTepusyeTcs pas/iny-
HbIMW YPOBHAMW CBA3W: efMHas MaTMOAENb; eAuHas MaTMOAe b U CXema AUCKpe-
TM3auuu; eguHas npouegypa peweHns (06Las mMaTpuua UCXOAHbLIX YpaBHEHWI
peLlaeTca ofHUM peluatenem) [4].
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B pamkax cTaHAapTHOW NUHENKN Bepcuil nakeTa nporpamm OpenFOAM Ha
CErofHAWHNIA AeHb He cyulecTByeT FSl-pewwateneli. B anbTepHaTMBHO pa3paba-
TbiBaeMoli BeTke OpenFOAM-extensions  cyuwiectByeT pa3paboTku  FSI-
peluateneil, KOTopble MO3BOMAIOT pellaTb cnabocsa3aHHble FSI 3agayun B3avMmo-
JelicTBuA  AethopMUpPYyeMOro TBEPAOrO Tefa C MOTOKOM BSA3KOW HeC)KMMaemol
XNLKOCTW.

MocTaHOBKa 3ajaun. B pamkax faHHOl paboTbl paccMaTpvBaeTcsi BOMPOC
Pa3paboTKM Hay4HO-METOAMYECKOro 0BecreyeHns Ans peLleHns cnabocBA3aHHOV
FSI 3agaum B pamKax pasfeneHHoro nogxofa. HayuHo-metogmueckoe obecrieve-
HWe OCHOBbIBAETCA Ha CNEAYIOLMX AOMYLLIEHMSAX.

ﬂonyLLl,eHVle 1. TeyeHme rasa B MEX/NOMATOYHOM KaHase KOMMPECCOPHbIX
BEHLIOB OMMCHLIBAETCA CUCTEMOI OCpefHeHHbIX YypaBHeHuii Hasbe—CTokca [5],
3aMKHYTbIX C MOMOLLbIO HEKOTOPOI MOAeNu Typ6YNeHTHOCTH.

JonylieHve 2. HanpspkeHHO-AeOpMUpOBaHHOE COCTOSIHME TBEPAOr0 Tena
OnnCLIBAETCA YpPaBHEHNEM

o*(pD)

at—z—V-[uVDJru(VD)THJ -tr (VD)]:O, M)

roe D — BEKTOp NepeMelleHVs; p — MAOTHOCTb TBEPAOro Tena; WA —

KoapuumeHTol Nlame; | — eanHUYHaa matpuua; V — onepatop Habna.
JonyweHve 3. M3mMeHeHusiMM  OpMbl - /IoNaTKM  NOL  BO3AENCTBMEM
[eVCTBYIOLWMX Ha HEe CUT MOXKHO MpeHebpeYb.

ANropuTM peLleHns 3agavn. YuuTbiBas Bblllecka3aHHOe, cxema paboTbl
pa3pabarbiBa€MOro Hay4YHO-METOAMYECKOro 06ecrneyeHns Ans peLleHus 3ajayuu
pacyeTa NPOYHOCTUN NONATOK KOMMPECCOPHbIX BEHLLOB MOXET ObIThb MpeAcTaB/eHa
B cnefytowem suge (puc. 1).

OnpeaeneHve cUnoBoro
PacueT nona Te4yeHun BO3AelcTBUA
Ha nonaTky BeHUa

v

lMNepepaya cuNoBOro BO3AeHCTENA
B KayecTEe MPaHNYHbIX YCNOBHIA

Pacuer
HanpsaskeHHo-Ag hopMUpPOBaHHOMO
COCTOAHWA NONATKK

Puc. 1

PacuyeT Mons TeyeHWs B MEXI0NAaTOYHOM KaHasie KOMMPECCOPHOro BeHLa
BbIMO/IHAETCA MYTEM YUCMIEHHOrO MOAENVPOBaHWUS TeYeHMs,, OCHOBAHHOIO Ha
YUMCMIEHHOM  WHTErpypoBaHMM  CUCTeMbl  ypaBHeHWin  HaBbe-CTokca ¢
ncnonb3oBaHneM pewareneii rhoMRFPimpleFoam wnm transonicDyMFoam. B
KayecTBe MoAenn TypOyneHTHOCTWM WCMONb3YeTCs, Kak Mpaswuno, Mbo mMogenb
TypbyneHocTtn Cnanapta—Annmapaca [6], nim6o k—w mogens MeHTepa [7].
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OnpegeneHve CWIOBOTO  BO3AEKCTBMS  3aK/IHOYAETCS B OMpPeaesieHnu
pacnpefieneHnin [aBneHns U KOMMOHEHTOB TEH30pa HaMpsKEHWI Ha rpaHuLax
pasfena cpef: ras — TBepAoe Teno. PacueT pacnpefeneHnil OCyLLEeCTBASETCS C
MCMOMb30BaHKEM YTUANTLI sample.

MonyyeHHble pacrnpeaeneHns NepecunTbIBAKOTCA C YUYETOM PacUeTHON CeTKM,
MCMOMb3yeMO AN pacyeTa  HanPsHKEHHO-Ae(OPMUPOBAHHOIO  COCTOSIHIS
TBEPAOro Tena, U UCMO/b3YHTC B KAUeCTBE MCXOAHbIX JaHHbIX MNPV MOCTPOEHNN
rPaHNYHbIX YCOBWIA.

Mpn pacueTe napameTpa B TOYKE WCMO/MbL3YeTCS MPOCTPAHCTBEHHAS
MHTEpronauwWs. Hanpumep, AaBneHne B HEKOTOPOIA TOUKE PacCUMTbIBAETCS Kak

p(x,y,z)=ar?+br+c, ()

rAe r — paccTosiHMe A0 HEKOTOPOW TOUKM, AaBneHne B KOTOPOI M3BECTHO.

TakuM ob6pa3om, YTo6Gbl OAHO3HAYHO 3adaThb AaBfeHMe B HEKOTOPOM TOuKe
(x, y,z), HEeo6X0AMMO OMpPeaenuTb 3HayYeHUs Koa(uuMeHToB a,b,c. Ona ux
ornpeAeneHns UCnosb3ytoTCs 3HAYEHWS [aBfieHUst B TPEX TOUKax, 6/MKanwmnx K
(x,y.2).

Torga AaBneHuWe B TOUKe (x, y,z) onpegensieTcs u3 BblpakeHus (2), rge
Ko3(hhuumeHTsl a,b,c onpeaensatoTca B pesy/bTare peLleHns CUCTEMbI

py=ar? +br, +c
p, =ar? +br, +c, 3)

ps=ar? +bry+c

e r; = \/(x ~x; P +(y-y; P +(z—z)? - paccTosiHe 0 ofHO i-i Touku; p; —
naBnexue B i-t Touke; (Xq,¥1,21), (X2,¥3.23), (X3,¥3,23) — KOOpAWHaTLI Tpex
ToueK, 6vKannx K (x,y,z).

PacueT HanpsbkeHHO-4eOPMMPOBAHHOIO COCTOSIHUA  OCYLLIECTB/ISETCA C
ncnonb3oBaeHvem pewateneii Trna solidDisplacementFoam.

Bepumkauma. C  uenblo  OUeHKM  paboTOCMOCOGHOCTM  Hay4HO-
METOAMYECKOro obecneyeHns ANA pPelleHns 3afady pacyeTa NpPOYHOCTU 1ONaToK
KOMMPECCOPHBLIX BEHLOB pewyM C ero MoMOLb TeCcTOBYH 3ajayy o
B3aMMOZEWCTBMN  NOTOKA >KMAKOCTM C  3alieMneHHON 6ankoil. CpaBHUM
nofiyyeHHble pesy/bTaTbl C pe3ynbratamul, MOMYYEHHLIMW C WUCMO/b30BaHWEM
CTaHAapTHOro pelsatens icoFSIFoam, Bxogswero ¢ coctaB BeTKM OpenFOAM-
extensions.

Ha puc. 2, a) npeAcTaBneHa pacyeTHas CeTKa, MCMOoNb3yemas LNA peLueHus
TaKoM 3agaun.

Ha pucyHke 2, 6) npefcTaB/ieHO pacrnpefefieHe MOLyNs CKOPOCTH, NoJTyyeH-
Hoe B 06/1aCTU B3aMMOAENCTBMS C UCNOMb30BaHMEM pellatens icoFSIFoam. U3
pucyHKa 2, 6) BUAHO, 4TO B paMKax peluatens icoFSIFoam peann3oBaHO B3aMmo-
AeNCTBME XXNAKOCTY C TBEPAbIM TE/IOM C YYETOM M3MEHEHUS (hOpMbI TBEPAOTO Te-
na nog, AercTBMEM NOTOKA XXMAKOCTH.

Ha pucyHke 2, B) npuBefeHO pacnpegeneHvie MoAyns CKOPOCTU B 06nacTu

B3aVIMO,D,EI7ICTBVIFI XnAKoCTn C 6anko, Mnosly4eHHOE C NUCMOoNb30BaHNEM peLlaTe-
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ns rhoPimpleFoam B pamkax pa3pabaTbiBaeMOro Hay4Ho-MeToAn4Yeckoro obec-
neyeHus.

MonyyeHHble B pe3ynbTaTe pacnpeaeneHns U3GbITOUHOrO JaBNneHns P BAOMb

06e3pasmMepeHHOro 0680Aa 6ank h Mo OTHOLLEHMIO K [aBMIEHNI0 HaBEraroLLero
MOTOKa NpuBeseHbl Ha pucyHke 3. Mpy 3TOM CM/OLWHOM KPYBO 0603HaYeHO pac-
npegeneHve n3BbITOYHOrO LaBNeHWs, NOoSyYeHHOe C MCMO/b30BaHWEM peluatens
rhoPimpleFoam, npuvMeHsemMoro B pamkax pa3pabaTbiBaeMoro  Hay4Ho-
METOLMYECKOro obecrneyeHns, a Mapkepamu — pacnpegeneHune n3bbITOYHOroO AaB-
NEHWs, NOMyYeHHOE C UCNosb30BaHWeM peluatens icoFSIFoam.

10 ‘ 20 m/c

10 20 m/c
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Puc. 3

[na OUEHKN MPOYHOCTU KOHCTPYKLMUW WCMONb3YeTCA Teopus HanbosbLuel
YAeNbHON MOTeHUManbHOW 3Heprun (opmonaMeHeHns (oH Mwuseca, KoTopas B
HacToslLLee BPEMS YaCTHO NMPUMEHSIETCA NPU PeLLeHUn 3a4a4y pacyeTa NpPoYHOCTU
Typ6omaLuuH [8].

B pamkax [aHHOW Teopuu pacCUMTLIBAETCA WMHTEHCUMBHOCTb HanpsXKeHWi,
KOTOpas OnpefenseTcs Kak

2 2
- _\/(011 —522) +(022 —033) +(033 —011)2 +6(012 + 023 +031) (4)
eq - 2 Il
[€ Ggq — NHTEHCUBHOCTL HanpsXKeHNIA; Gjj — TeH30p HanpPsXKEHNIA.

Ha pwc. 4 npecTaB/eHbl Nosly4YeHHbIe NONSA pacnpesefieHns MHTEHCUBHOCTY
HanpskeHWi B Gaske.

sigmakq, Ma sigmakq, Na
1,60e+07 1,60e+07
~1,20e+07 - 1,200+07
- 8,006+06 —8,000+06
~4,000+06 ~4,00e+06
a) 6)
Puc. 4
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Mpwn 3TOM, Ha puC. 4, a) NOKasaHa NHTEHCUBHOCTb HaNPSXXEHWI, NONyYeHHas
C ucnonb3oBaHMeM pellatens icoFSIFoam, a Ha puc. 4,6) — WHTEHCUBHOCTb
HanpsHKeHWI, NosyyYeHHas ¢ Ucnosb3oBaHvem peluatens rhoPimpleFoam, ncnosns-
3yeMOro B paMKax pa3pabarbiBaeMoro Hay4Ho-MeTAMYECKOro 06ecrneyeHus.

BugHo, 4TO MoMyyYeHHbIe pacnpefeneHuns ya0BNeTBOPUTENbHO COracytoTes
MeX Ay COOOM, YTO AaeT BO3MOXHOCTb B Aa/IbHENLLEM MPUMEHATb pa3paboTaHHOe
Hay4YHO-MeTOAMYeCKoe ObecrneyeHve A1 pelleHns 3afady pacyeta MPOYHOCTM
NoNaToK KOMMPeCcCOPHbIX BEHLIOB C COXPaHeHVEeM BbIABMHYTLIX paHee npegmnono-
XeHun.

PacueT HanpsXXeHHO-AeOPMMPOBAHHOI0 COCTOSIHMS /TI0NATKM KOMIpPEC-
COpHOro BeHuUA. Tenepb paccMOTPKM BO3MOXHOCTb MPUMEHEHUS JaHHOTO Hayuy-
HO-METOAMNYECKOr0 06ECreyeHrs HeMoCpPeACTBEHHO K PELLeHMI0 3aauM pacyeTa
MPOYHOCTYM NIOMATKM KOMMPECCOPHOro BeHUa. Ha puc. 5, a) npeacTasieHa pacyeT-
Hasi CeTKa MeX/onaTo4yHolil 06/1acTy, UCTOoMb3yeMasi MPU YMC/IEHHOM MOZEeMpo-
BaHWM TEUYEHUS B HEA.
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Puc. 5

Ha puc. 5, 6 npefcTasneHbl M30AnMHUM Maxa B pas/IMyHbIX CEYEHUSX MEX/0-
NaToO4YHOWN 06NaCTW.

[ns pacuyeta HanpsXXeHHO-4ePOPMUPOBAHHOIO COCTOSAHWS IONATKMU UCMO/b-
30BaHa HECTPYKTYpUPOBaHHas pacyeTHas CeTKa, NpuBeAeHHas Ha puc. 6, a).
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sigmakEq, Ma
1,60e+08

1,20e+08

T T—

8,00e+07

~4,00e+07

1,40e+06

Puc. 6

MonyyeHHOe B pesy/bTaTe pacrpeAenieHne MHTEHCUBHOCTU HanpsKeHWid (4)
MpPeAcTaBneHo Ha puc. 6, 6). KauecTBEHHO OHO COOTBETCTBYET aHa/OrMUHbIM pe-
3ynbTaTam, NpefacTaBneHHbIM, Hanpumep, B pabotax [9, 10]. Tem He MeHee, Ans
MOMHON OLEHKM PaBoTOCMOCOGHOCTY NPEeACTaBNEHHOr0 HayYHO-METOANYECKOTO
o6ecreyeHnss HeoBXoANMO MPOBEAEHNE AaNbHENLLINX UCCNEf0BaHUIA C NpuB/eYe-
HUEM pe3y/bTaToB IKCMEPUMEHTaNIbHbIX UCCIEA0BaHNIA.

BbiBoAbI. Pa3paboTaHO Hay4YHO-MeTOAMYeCKOe 0becneyeHmne A1 COBMECTHO-
ro peLleHns 3agayy YMCNeHHOro MOAENMPOBaHUA NPOCTPAHCTBEHHBIX TYPOY/IeHT-
HbIX ra3oBbIX TEYEHW B KOMMPECCOPHbIX BEHLAX M 3afayn pacyeta NpPOYHOCTU
NONaToK KOMMPeCCOPHbIX BeHLOB. [JaHHOe 0becreyeHre pa3paboTaHo ¢ NpUMeHe-
Hue pellateneii 6ubnnotekn OpenFOAM ansa pacyeta nons TeUYeHWUs B MeXnona-
TOYHOM KaHasie N Hanps»KeHHO-Ae(hOPMMPOBAHHOI0 COCTOAAHUA NonaTku. B3anmo-
AeCTBME peLuaTeneil ocyLwecTBSETCA Yepes nepesady AaHHbIX B rPaHUYHbIX yC-
nosusix. MpegnonaraeTcs, YTO M3MeHeHWeM (HOPMbl SI0NATKM NOA BO3LEVCTBMEM
ra3oBoro rnoToka MoXHO npeHebpeub.

BbINoiHeHO TecTpoBaHMe pa3paboTaHHOro Hay4HO-MeTOAMYEeCKOro obecne-
YeHMA NyTeM peLUeHWs 3afayn O B3aMMOLEVCTBUM 3alleMNeHHOW b6aikm ¢ Habe-
raroLiMmM noToKoMm. MonyyeHHble pe3ynbTathl YA0BIETBOPUTE/NIBHO COMNIacyHoTea C
pesynbTaTaMy peLleHns AaHHOW 3af4ayn ¢ UCMoMb30BaHMEM CTaHZApTHOrO pelua-
Tens icoFSIFoam, Bxogsulero ¢ coctas BeTkn OpenFOAM-extensions.

BbINONHEH pacyeT Mong TeYeHWs B MEXI0NATO4YHOM KaHasie 0CeBOro KOoM-
MPecCOPHOr0 BeHUA M pacyeT HanpsXXeHHO-Ae(OpPMUPOBAHHOIO COCTOAHUSA ero
nonaTky. KayecTBEHHbIN aHanM3 MOMYYeHHbIX Pe3y/nbTaToB CBUAETENbCTBYET O
paboTocnoco6HOCTN pa3paboTaHHOro Hay4YHO-MeTOAMYecKoro obecneyexvs. B
Aa/lbHelileM npegnonaraeTcs NpoBefeHWe LONOMHUTENbHbIX WCCMef0BaHWn No
OLeHKe ero paboTocrnocobHOCTM U NMPUMEHUMOCTU C NPUB/IEYEHNEM COOTBETCT-
BYIOLLMX SKCMEPUMEHTA/IbHbIX AaHHbIX.

1 NHosemues A. A. Mas3oTyp6uHHble asuratenu. Mepmb: OAO «ABnagsuratenb». 2006. 1202 c.

2 OpenFOAM User Guide. OpenFOAM Foundation. URL: http://cfd.direct/openfoam/user-guide/ (gata obpatLe-
Hus: 15.05.2017)

59



3 boromonoga T. B. MpumeHeHne ANSYS-FLUENT a1 NpOYHOCTHBIX pacyeToB paboumx s0naTok nocnefHmnx
CTyneHel. DNeKTPOHHBbIV XypHan «Tpyasl MAW». 2013. Beinyck 66. C. 1 —10 .

4 Tukovic Z. FVM for Fluid-Structure Interaction with Large Structural Displacements. OpenFOAM Wiki. 2009. 23 p. URL:
http://sourceforge.net/projects/openfoam-extend/files/OpenFOAM_Workshops/OFW2_2007_Zagreb/
WorkshopZagrebJun2007/presentations/capability Talks/slidesConjugateAndFSI.pdf (last accessed: 15.05.2017)

5 Tannehill J. C. Computational fluid dynamics and heat transfer. New York: Taylor & Francis. 1997. 785 p.

6 Spalart P. R. A one-equation turbulence model for aerodynamic flow. AIAA Journal. 1992. Vol. 12. N 1.
P. 439 - 478.

7 Menter F. R. Two-equation eddy viscosity turbulence models for engineering applications. AIAA Journal. 1994.
Vol. 32. N 8. P. 1598 — 1605.

8 Mueller L. Multidisciplinary Optimization of a Turbocharger Radial Turbine. Journal of Turbomachinery. 2012.
Vol. 135. Is. 2. P. 20 — 28.

9 Koopmans M. Turbine Blade FEA Project. Lectures from Cal Poly San Luis Obispo. 10. p. URL:
http://michaelkoopmans.com/ME404_calpoly.pdf (last accessed: 15.05.2017)

10 Srivastava S. Design analysis of Mixed Flow Pump Impeller Blades Using ANSYS and Prediction of its Pa-
rameters using Artificial Neural Network. Procedia Engineering. 2014. Vol. 97. P. 2022 — 2031.

MonyyeHo 29.05.2017,
B OKOHYaTenLHOM BapuaHTe 22.06.2017

60



