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IIpencraBiieHbl Pe3yJbTaThl UCCIENOBAHUS BIWSHUS TOAX0Aa K MOIEIUPOBAHUIO TYpOYJIEHTHOCTU MPHU
pacueTe reHepaivy IymMa CTYyNeHbIO NTBYXKOHTYPHOTO BEHTHUJISITOpPA Ha Pe3yJbTaThl MPOTrHO3MPOBaHUS
YPOBHS 1ryMa. YucaeHHBIE NCCIeIOBAHUST BBITIOJIHEHBI Ul MOAEJIBHOM CTYIIEHW BEHTUJISITOPA Ha OCHOB-
HBIX pabOYMX peKUMax, OMpPenessIolINX ero aKyCTuuecKue cBoiictBa. Pacuersl ypoBHS IIyMa B JaJIbHEM
TT0J1e BBITTOJTHEHBI C TIOMOIIBIO METO/Ia KOHEYHBIX 2JIEMEHTOB, HA OCHOBE MOJAJILHOTO COCTaBa TeHepUPY-
eMoro 1yma. [IpoaHanu3upoBaHO BIUSIHUE MOIEIU TYpOYJIEHTHOCTU Ha KOJMYECTBO M aMIUIUTYIbI aKy-
CTUYECKHMX MOJI, BO3OYXKIAIOIIMXCS B MMOTOKE Ha OCHOBHBIX TAPMOHUKAX YaCTOTBI CJIEAOBAHUS JIOMMATOK
BeHTUJIsATOpa. [ToKazaHo, UTO MOAEIMPOBAHUE AaHU3OTPOITHON TYpOYJIEHTHOCTH TTOTOKA TIPU pacueTe He-
CTallMOHAPHOTO POTOP-CTATOP B3aMMOICHCTBUS TTO3BOJISIET MOJYUYUTh OJIM3KKME K 3KCIEPUMEHTATbHBIM
YPOBHH IIIyMa.
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BBEAEHUE

OIHUM 13 NPUOPUTETHBIX HAIIpaBJICHUl cTpaTe-
ruu pa3BuTtuss OO0beIMHEHHON IBUTATEICCTPOUTEITh-
HOIi KOpropaiuu sIBJIsieTCsl yBEJIMYEHUE JOIU TPaxk-
JaHCKOM MPOIYKIIUU B 00IIeM MOpTdese 3aKa30B U
BBIXOJ Ha MEXIyHapoaHble phIHKU. OQHAKO B YCJIO-
BUSIX BBICOKOII KOHKYPEHIMU Ha PbIHKE TpaKIaH-
CKMX aBUAIEPEeBO30K HEOOXOOMMO YACIATh BHUMA-
HUE HEe TOJbKO TEXHOJOTMYECKOMY COBEPIICHCTBY
CUJIOBBIX YCTAHOBOK, HO M X BKOJIOTUUYECKUM XapaK-
tepuctukam. Berynnenue B cuity B 2017 r. I'maBbr 14
crangapta ICAO mo 1rymy maccaxkupcKux camoJie-
TOB Ha MECTHOCTHU O3HA4yaeT HOBbII BUTOK IO MPHU-
HYXIESHUIO TPOU3BOAUTEIIEI K aKTUBHOM paboTe 1o
CHVXKEHUIO IIIyMa, MO3TOMY IPOM3BOIUTEIN aBUa-
JIBUTaTeJieii M caMOJIETOB MOJDKHBI JEMCTBOBAaTh B
JTaHHOM HaMpaBJIEHUU COBMECTHO.

! Crarps moxroToBnena mo marepnanam IOKIana Ha 7-0if Bee-
poccuiickoii KoH(pepeHIINN “ BhIYUCINTEIbHBIIA SKCITEPUMEHT
B aspoakyctuke”, 17—22 cenrsiops 2018 roma, r. CBeTJIOropcK
Kammuunrpaznckoii odiactu, http://ceaa.imamod.ru/

Pa3paboTka coBpeMeHHBIX aBUALIMOHHBIX IBUTA-
TeJIe — 3TO KOMIUIEKCHBII MpoLecC, KOTOPhIM Xa-
paKTEepU3yeTCsI BBICOKOM MYJIbTUINCUIUIUIMHAPHO-
CThlO. YUeT BceX MPOTHUBOPEUMBBIX TPeOOBAHUIT MO
BBICOKUM YIIeJIbHBIM ITapaMeTpaM, YPOBHIO Oe3omac-
HOCTH, 3KOJOTUYHOCTH, 3PTOHOMWYHOCTH M 3KOHO-
MIYECKOM 3((GEKTUBHOCTU B YCIIOBUSX CXAThIX CPO-
KOB BbIBOAA MPOAYKIMN HAa PHIHOK BO3MOXEH TOJIBKO
MpU OIlepeKarolleil OTpabOTKE BCEX TEXHUUECKUX pe-
IIEHUI CPeACTBAMU BEIYMCIIMTEILHOTO 9KCIIEPUMEHTA.

JIy1st Toro YToOBI Ha CaMbIX PaHHUX CTaAUsIX IIPO-
€KTUPOBAHUS CIIPOTHO3UPOBATh YPOBEHbL IIIyMa
aBUAIIMOHHOTIO JIBUraTeJisl, HEOOXOAUMO UMETh BUP-
TyaJIbHYI0 MOZeJIb, OTPaxKalollyl0 M3MEHEHHE aKy-
CTUYECKMX XapaKTePUCTUK OCHOBHBIX €TI0 y3JIOB IIpU
M3MeHeHUU obuKa. Takast Monesib, C OMHOM CTOPO-
HbI, JOJ>KHA 00J1a1aTh JOCTaTOYHON TOYHOCTBIO IS
aIeKBaTHOIO OTPaKCHMsSI MaJIbIX KOHCTPYKTHBHBIX
W3MEHCHUII U MOJy4YeHUsI OIM3KUX K peajlbHbIM
YPOBHEM 1lTymMa, a C IPyroil CTOPOHBI, NOJKHA 0bJia-
IaTh JOCTATOYHOHW “po0ACTHOCTBIO” M CKOPOCTHIO
MOJIyYEeHUS Pe3yIbTaTOB.
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BIIMAHUE ITOAXOOA K MOAEIMPOBAHUIO TYPBYJIEHTHOCTHA

Puc. 1. ['eomeTpryeckast MOIeIb BEHTWJISITOPHOI CTYITCHM.

PaboTel B 061aCTH MOJIETMPOBAHUS TeHEepaLlUU U
pacrpocTpaHeHUsl llIyMa BeHTWISITOpA TpecTaBlie-
HbI B paboTtax [1—4]. CiaenyeT Takke OTMETUTh pabo-
THI [5, 6], B KOTOPBIX TIpeUIOKeHAa MaTeMaTdecKast
MoOJieJIb TeHepallui U paclpoCTPaHEHUsI TOHAJIbHOTO
myma BeHTuisitopa TP/, OnHolt U3 nepBbIX padboT
O MPUMEHEHUIO BUXpepas3pellarolux Moaeei Typ-
OyJICHTHOCTU [IJIsl TIPOTHO3UPOBAHUSI 1IIyMa BEHTU-
JsiTopa siBisieTcs padora [7]. IlpumeHeHue rudbpui-
HBIX RANS-LES MeTomn0B TakKe pacCMOTPEHO B CTa-
The [8]. Cx0OXyl0 TeMaTHUKy MMeeT TakKe padoTa [9],
B KOTOPOIi BBIMOJHEHO YMCJIEHHOE HCCIeAOBaHUE
aKyCTUYECKOTO TMOJISI BEHTWISITOpA aBUALIMOHHOTO
JIBUTATE]Is, UMEIoLIEero cxemMy “OTKpHITHIE poTOp”, a
Takxke padota [10], B KOTOpOii BBIMOJIHEH YMCJICH-
HbIIl aHAIX3 IIIyMa 3aKaroTUPOBAHHOTO BEHTUJISITO-
pa aBUALIMOHHOTO JABUTATENS.

OO1Me BBIBOABLI JAaHHBIX pa60T IIOATBEPKIAIOT,
YTO HMCIIOJBb30BaHME BUXPECpa3pCIIaroero Moacjin-
PpOBaHUsA IMTO3BOJIACT IOOUThCS J'[y‘-IH_ICI‘/)I CXOOIMMOCTH
C JaHHBIMHU 3KCIICPUMECHTOB.

B nmaHHOI1 cTaThe MpeacTaBieHbl pe3yJbTaThl 10
HaCTpOIKe MPOMBIIIIEHHO METOAMKM pacueTra Iy-
Ma BEHTWISITOpA JBUratesisi ¢ BBICOKOH CTEIEeHbIO
JIBYXKOHTypHOCTU. IIpoBeneHO cpaBHeHUE pe3yJib-
TaTOB pacueTa, BBIMMCASHHBIX ¢ TToMoliibio 3D Mome-
JIMPOBaHUsI TIpoliecca reHepaluy IyMa U MeToia Ko-
HEYHBIX 2JIEMEHTOB, C 9KCIIEpUMEHTAIbHBIMU JaHHbI-
MU, MOJYYEHHBIMM TIpU UCHBITAHUU MOMAEJbHOIO
BEHTWJISITOpA B 3arIyllieHHOI Kamepe. [IpeacraBieHa
TaKKe OLIEHKA BJIMSIHUSI UCIOJIb3YEMBIX TOIXOA0B K
MonenupoBaHuio TypoOyiaeHTHocTu (RANS, DES,
SAS) Ha MojanbHBIN COCTaB U OOIIUIT YPOBEHb IIIy-
Mma. ToyHOCTh pa3paboOTaHHONM METONUKU OLIEHUBA-
€TCsl TIyTEM COMOCTaBJIEHUSI PACUETHOTO YPOBHSI 3BY-
KOBOTO JIaBJEHUSI C BKCIIEpUMMEHTaJIbHBIMU 3Haye-
HUSIMM, TIOJTy4eHHBIMU B paboTte [11] o oTaeabHbIM
rapMOHMKaM.

OBBEKT MCCIEJOBAHWA

HccnenyeMblii 00beKT, Ha MpUMepe KOTOPOTO
OLICHMBAETCS BIUSIHUE MOJEIN TypOYJICHTHOCTH, —
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JNIBYXKOHTYPHbI!I BEHTUJISITOP C BbICOKOI CTEIEeHbIO
JNBYXKOHTYpHOCTU. CnpsaMJISIIOIIMI anrapaT BTOpPO-
ro KOHTYypa SIBJSIETCS YacCTbIO CUJIOBOM CXEMbI KOM-
npeccopa Hu3koro aaieHust (KH/) u nmeeT paBHO-
MEPHO pachpenejeHHbIe 10 OKPYXHOCTU CUJIOBbIE
copsamisitonive jornatky. CrienuaabHO MoaodpaH-
HO€E KOJIMYECTBO JIOMAaTOK pabouero Kojieca v CrpsM-
JISIIOLLIETO amnriapaTa, a TakXe OTCYyTCTBUE CTOeK Mpo-
MEXYTOUYHOIO KOpIHyca MO3BOJSIET TMpakKTUYeCKu
MOJIHOCTBIO UCKJIFOYUTH TOHATbHBIN 1IIYM Ha MepBOi
rapMOHMKE YacTOThI CJAE€A0BaHUS JIOTIATOK BEHTUJISI-
TOpa 3a CYET pean3alluy SIBJIeHU “oTceuku” . JlaH-
Hy1o cxemy KHJ/I nMeroT ceromgHs Takue OBUraTeau
kak GE90, GEnx, Trent1000, GP7200, LeapX, onHa-
KO, B oTiin4ue oT peajabHoro TP/1Jl MoaeabHEbIT BEH-
TuisaTop (puc. 1) mMeeT ABa psima CTOEK, KOTOPBIE
o0ecrneuyuBaloT CHUJIOBYIO CBSI3b TEXHOJOTHUYECKUX
KOpITycoB. Hajinuue gaHHbBIX CTOeK MOXKET MPUBOAUTD
K BOBHMKHOBEHUIO TOHAJILHOTO IITyMa Ha 4acToTe clie-
JIOBaHMSI JIOTIaTOK paboyero Koseca, MO3TOMY MX He-
00XOIMMO YYUTHIBATh TPU MOAECIUPOBAHUM.

st TOro 4ToOBI paccUMTaTh TeHEPALMIO IIyMa B
CTYIIEHU BEHTWISITOpPA, HEOOXOAMMO C ITOMOIIBIO
CFD MmeTonoB cMoaeupoBaTh BCe BHYTPEHHUE UC-
TOYHUKU, UMesT MHGOpMALIMIO O KOTOpPLIX (maBie-
HYSI, CKOPOCTH 1 UX ITYJIbCALIMI ) MOXHO CITIPOTHO3MPO-
BaTh YpPOBEHb 3BYKOBOI'O HAaBJICHMS, KOTOPbLIA OymeT
MMETh MECTO B TOYKE HAOIIOIEHMS B JaJIbHEM ITOJIE.

METOANKA YNCITEHOI'O PACHETA

ITpn pa3paboTke a’3poAMHAMUYECKOTO TPOEKTa
KHJ, xorga mo pe3yjJbTaTaM pPacuyeTOB CTAHOBSITCS
M3BECTHBI BCE T€OMETPHYSCKUE U a’dpoauHaMUUe-
CKHe€ nmapaMeTpbl HA OCHOBHBIX PeXXMMaX, BO3MOXHO
HWCIOJIb30BaHME TTOIYSIMIIMPUYECKON TEOPUM IS
pacyeTa 1ryMa BEHTUJISITOpA, U3JIOXKEHHOU B padoTte
[12]. HecMoTpst Ha TO, YTO JaHHAas TEOPUS MOXKET
JIaTh TOCTAaTOYHO TOYHOE MpeCTaBICHUE 00 YPOBHE
IIIyMa BEHTWISITOpa, padoTaeT OHa TOJBKO JJTST CpaB-
HUTEJIBHO MPOCTHIX KOHCTPYKIUIA U aDCOIIOTHO HE
YYUTBIBAET TPEXMEPHBIX 3(P(PEKTOB U reoMeTpUude-
CK1X OCOOCHHOCTE KOHCTPYKIIUM (ITPOCTPAHCTBEH-
HYIO FT€OMETPUIO JIOTIATOK U CJIIOXKHYIO CTPYKTYPY TTO-
ToKa). boiiee TouHyI0 MHPOPMALIUIO O IIIyME BEHTH -
JIITOpa MO3BOJISIET TIOJIYYUTh pacyeT aKyCTUYeCKUX
WICTOYHUKOB Ha OCHOBE HECTAIIMOHAPHOTO a3pOAu-
HamMuyeckoro moaenupoBaHus. [Ipu 3Tom Heobxo-
JIUMO MOJEIMPOBATh HE TOJIBKO POTOP-CTATOP B3au-
MoAeHCTBHE, HO U (JIYKTyallMM MOTOKA, BO3ZHUKAIO-
1Ive Mpy HeCTallMOHApHOM OOTEKaHUU 3JEMEHTOB
KOHCTPYKIIUU.

Hawnbosee TOYHBIM pelleHrneM JaHHOM 3a7adn SIB-
JIsIeTCsl IMpsIMoe YrcjieHHoe MoaenupoBaHue (DNS —
Direct Numerical Simulation), ogHaKO UCITIOJIb30Ba-
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HUEe HAaHHOTO TMOIXoda B paMKaX ITPOMBIILICHHOTO
MIpUMEHEHUsI TIPY MOACITMPOBAHUM JIOTIATOYHBIX Ma-
IIWH TTOTPe6OBaI0 OBl OTPOMHBIX BHIYMCIUTETBHBIX
pecypcoB, UTO AeIacT pellicHUe TOM 3a1aun TTPaKTH-
YeCKM HEBO3MOXHBIM. Ha cerogHsIIHWIT neHb He
ITO3BOJISIET PEIINTh TAaHHYIO 3a1avy U MOIENIb KPYIT-
HbIX Buxpeii (LES — Large Eddy Simulation).

PewienveM naHHOM 3a1a4i MOXET CTaTh UCIIOIb-
30BaHUe TMOPUIHBIX MOJIeJIeil, KOTOphIE COUETAIOT B
cebe Bo3MoxxkHOCTH RANS m LES momxomos. Pac-
CMOTPUM HECKOJILKO OCHOBHBIX MOJEJIeil, KOTOphie
peanusoBaHbl B KomMepuyeckux CFD komax.

MeTon MoIeIMPOBaHUST OTCOSAMHEHHBIX BUXpEil —
Detached Eddy Simulation (DES). Mpes monenu
DES cocrout B TOM, 4TO omHa “6a3zoBasi” RANS mo-
nenb padotaeT B pexkume RANS ToibKo B o0acTsx
MOTOKa, IIe CeTKa HeAOCTAaTOUHA UIST pa3pellecHUst
TYpOYJIeHTHBIX CTpYKTyp wiun B pexume LES B
OCTaJIbHOI YacTy TOTOKA. JIJIsT TIPUCTEeHHBIX OTPBIB-
HBIX TeUeHUIT 3T0 o3Ha4vaeT, yTo LES padoTaeT ToJb-
KO B OTPBIBHBIX 00J1aCTSIX, HACEJIEHHBIX OTHOCUTEIb-
HO KPYNHBIMU (“OTCOEIMHEHHBIMU ) BUXPSIMHU, IS
pa3pelicHUsI KOTOPBIX BBIYMCIUTEIbHBIC 3aTPaThl
LES npuemnemsl. RANS paboTaeT TOJIBKO B ITIPUCO-
eIUHEHHBIX 00J1aCTSIX, HACCJICHHBIX MEJKUMU BUX-
psSIMU, TSI pa3pellieHus KOTophiX B paMkax LES Hyk-
HBI O4eHb MeJkure ceTku, a RANS saBisieTcs mocra-
TOYHO HAJIEXXHbBIM U “IAELIEBbIM” MOIXOIOM.

MeTton amanTUBHBIX MacIITaboB — Scale Adaptive
Simulation (SAS). B otnnuune or monenu DES pasne-
neane Ha RANS u LES mponcxoanT mo penieHuio:
10 HAJIMYMIO WA OTCYTCTBUIO BUXPEBBIX CTPYKTYp. B
ITaHHOI MOIEIM TMHEWHBIN MacIuTad onpencisieTcs
HE IIIaroM CETKH, a pelIeHNeM C IMOMOIIBIO TOICe-
TOYHOM MOJENN.

[ aKyCTUYEeCKUX ITyJIbcalliii B KaHajlaX Typ0Oo-
MAaIlIMH BO3MOXHO ITPUMEHUTD TEOPHIO PaCIIpOCTpa-
HEHMST 3BYyKOBBIX BOJIH B KOJIBLIEBOM WJIY LIMUTMHIPU-
YeCKOM KaHajle. 3BYKOBBIC BOJIHBI B TaKMX KaHajax
pacTIpoCTPaHSIOTCS B BUIE ITPOCTEUIITNX (DOPM KoJIe-
0aHuit (Mod) WIM MX CYIEPIO3UIINKU Ha HEKOTOPBIX
pPe30HaHCHBIX YacToTax. 111 X BEIYMCIICHUS] BMECTO
MIPSIMOTO YMCJIEHHOTO pacyeTa B KaHaJle BEHTUJISITO-
pa HeOOXOIMMO HUCITOIb30BaTh IpeobpazoBaHne Py-
pbe K BOJITHOBOMY YPaBHEHUIO, 3alTMCAHHOMY B IIH-
JIMHIPWYECKNX KooparHaTtax. JlaHHas cxema pacde-
Ta WCIIOJb30BaHA aBTOpPaMMU TIPU BHITTOJTHEHUU
JTaHHOI paOOTEL.

Kak wu3BecTHO, pu POTOP-CTATOpP B3aMMOIEH-
CTBMU Ha YacToTe CJIelIOBaHUs JIOMATOK paboyero
KoJjieca U ee rapMOHUMKax BO30YKAAI0TCSI TOJbKO MO-
JIbl, OKPY>XHO€ YUCJIO 71 KOTOPBIX BBIYUCISICTCS T10
dopmyiie:

m=nB+kV, Q8

IMATYHWH u np.

Puc. 2. CerouHast Moeb JUIsT pacyeTa aKyCTUYECKHUX Xa-
PAKTEPUCTUK BEHTUJIATOPA.

rae B — KoJIM4yecTBo JIoNaTokK padoyero Kojeca; V' — Ko-
JIMYECTBO JIOMATOK CHPSIMIISTIOILIETO arrapara; # — HO-
Mep rapMOHUKM YaCTOThI CJIEOBAHUS JJOMATOK; kK — 11e-
Jioe yucio (...—1, 0, 1, 2...).

Ha xaxnoit rapMOHMKe 4acTOThI CJIeIOBaHUS JIO-
naTok obOpasyeTcss 6ecKoHeyHoe 4yucio mond. Ilpm
9TOM, €CJIU JOOUTHCS 3aTyXaHWsl MOJbl C HAUMEHb-
LLIUM BO3MOXKHBIM (10 MOMYJII0) OKPY>KHBIM UUCIIOM,
TO yJaeTcsl MOJyYUTh IKCTIOHEHIIMAJIbHOE 3aTyXaHue
OCTaJIbHBIX MOJI Ha 3TOM rapMoHuke. YToObl momy-
YUTh 3aTyXaHUE MOJI Ha MIEPBOI rapMOHUKE, HEOOXO-
JIMMO BbIOUPATh COOTHOILLIEHUE YMCJIa JIOTATOK pabo-
yero KoJieca M CIPSIMIISIIOLIIETO allfapara COTJlacHO
cienytolieit (hopmye:

V > 2nB. (2)

3aryxaHue MOJ Ha BTOPOM rapMOHUKE BO3MOXXHO
B cllyyae, KOrja OKpY>KHOE YUCJIO m SIBJISIETCSI OTPU-
HaTteJbHbIM. B JaHHOM ciiyyae mMoja Bpallaercsl B
CTOPOHY, MPOTUBOMOJIOXKHYIO BpaICHUIO paboyero
KOJIeca, U BEHTUJISITOP TPEMSITCTBYET pacIipocTpaHe-
HUIO BOJH. Ha Kaxmoil rapMOHUKe 3aTyxaTb OymyT
TOJILKO T€ MOJIbI, 1151 KOTOPBIX BBIMOIHSIETCSI YCJIOBUE:

nB <|m|. (3)

BBIYMCIIMTEJIBHAA TOCTAHOBKA 3ATAY N

TeopeTnueckn, MOOAIBHBIN COCTAB IITyMa, TTOY-
YyeHHBIM Ha ocHOBe RANS Meroma, MOKeH MMETh
Ipyroit Habop aKyCTUYECKUX MO, IT0 CPaBHEHUIO C
IIYyMOM, nojiydeHHbIM Ha ocHoBe RANS/LES meto-
IIOB, 3a CYeT MOI, 0O0pa30BaHHBIX TYpPOYJICHTHBIMU
ITyJIbCALIUSIMU TTIOTOKA.

It TIpoBepKM JAHHOTO TIPEINoJOoXeHUsT Oblia
BBITIOJIHEHA Cepusi adpOIMHAMMYCCKUX pPacUYeTOB
BeHTHIIsITOpa Ha Moaenstx k—e, DES u SAS u rmpoBe-
JIEHBI pacyeThl PaCHpPOCTPaHEHUS IIyMa B JalbHEM
nosie. Ha puc. 2 ripencraBiieHa UCIIONIb3yeMasl B pac-
yeTax ceTouHast Moaesib. OHa UMeeT OIIOYHO-CTPYK-
TYPUPOBAHHYIO TOIOJOTUIO U CONEPKUT BCE MEXKIIO-
MaTo4YHble KaHalbl pabod4ero Kojieca, BXOOHOIO Ha-
MpaBISIONIEro  ammapara Oycrepa  (ITOAIOPHBIX
AKYCTUYECKHWH XYPHAJ Ne 6
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Yacrtora |CranmapTHast ITpusen. ITpusen.
Yacrora [Momiasg |CranmaptHoe| IlonHoe
BpalleHs TOJHas pacxof, pacxof
PexxuMm | BpalieHus, npuBen., |Temmeparypa TeMIieparypa MOJHOE JaBJIeHue Ha depes B depes BHel
% P ” ’| HaBxone, K |maBnenue, Ila| Bxone, I1a yIp- )
00/MUH K KOHTYD, KI/C | KOHTYD, KT/C
IMocanka 53.9 5813 288.16 274 101325 100600 3.600 32.29
Ha6op 82 8843 288.16 274 101325 100600 5.716 50.29
Bzaer 95.4 10288 288.16 274 101325 100600 6.710 60.05
Homunan 100 10784 288.16 274 101325 100600 7.8344 66.61

CTymeHeit), CIIpSIMJISIONIETO arapara BHEIIHETO KOH-
Typa W KacKajgoB TEXHOJOIMYECKMX CTOeK. Makcu-
MaJIbHYIO TYCTOTY UMEET 00J1aCTh 00pa30BaHUsI aKyCTH -
YEeCKMX MCTOYHMKOB, TJe HAMOOJBIIWKI JIMHEHHBIN
pa3Mep siueeK BEIOpaH M3 YCIOBUS pa3pelieHs MaK-
CUMAaJILHOI YaCTOTHI, pacCMaTpUBAEMOI IIPU pacye-
Te. TakuMm 006pa3zoM, AjIs1 BTOPO TapMOHUKHN 4aCTO-
ThI CJIEIOBAaHMSI JIOMATOK paboyero Kojaeca Ha pexXu-
Me B3JIETa BBIIIOJIHSETCS YCJIOBHE COOTBeTCTBUS 10
sTYeeK CETKM Ha JIVIMHY BOJIHBI. Ha BXOIHOM 1 BBIXO -
HOM YyYacTKe CETKHU IPeIyCMOTpPEeHbI Oy(pepHEIEe 30-
HBI UISI TIOAABJICHUSI aKyCTUYECKHUX BO3MYILIEHUN U
MUHMMHU3ALAN OTPAXKEHMSI BOJIH OT BXOIHOI M BbI-
XOMHOM rpaHull Moaeau. OOlee YMCIo y3JI0B pac-
YeTHOM ceTKH cocTaBuio 180 MIIH y3J10B.

IlepBoHavyaiIbHO Ha TIPEACTABJICHHON CETOYHOI
MOMENN CpEACTBAMU IIPOrPAMMHOIO KOMILIEKca
ANSYS CFX Obuti BBINTOJIHEHBI CTallMOHAPHBIE
a’poJMHAMUYECKME pacueThl Ha pexXuMax B3JIeTa,
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Puc. 3. HanopHble xapakTepyCTUKN MOJIEJIbHOTO BEHTU -
JISITOpA.
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Ha6opa BBICOTBI M ITOCAAKHN, N OIMPCACIICHbI T'PaHN4-
HBIC YCJIOBHMA HA JIMHUH pa60‘II/IX PEXKMMOB. OcCHOB-
HBIC IMTapaMETPbl PEXKMMOB YKa3aHbI B Tabm. 1.

IIpu mpoBeneHMM CTAllMOHAPHBLIX pacyeTOB Ha
uHTepdeiice POTOP-CTATOP UCHONAB30BAICS METOI
OKpPY>KHOTI0O OCpeITHeHUs ImapaMeTpoB “Stage” [15].

Ha kaxmom pacueTHOM pexXume 06ecIieunBanioch
COOTBETCTBUE YCIOBUSIM SKCIIEPMMEHTA IO Tieperamy
TOJTHOTO TaBJICHUSI W PacxXolaM BO3Iyxa 4epe3 BHYT-
PEHHUI1 ¥ BHEIITHUI KOHTYPhI BeHTUISTOpA. [TomydeH-
Hble HAITOPHBIE XapaKTepUCTUKU BHEIIHETO0 KOHTYypa
CTYIIEeHU BEHTUJIATOPA MPeICTaBICHBI HA pUC. 3.

Janee B ToYKax Ha JUHUU pabOUYUX PEXUMOB BhI-
MOJHSUIMCh HeCTallMOHApHBIE a’poguHaMUYEeCKUe
pacyetsl. [1py BBIITOJIHEHUU JaHHOM pabOThI aBTOpa-
MU UCIOJIb30Bajach YMCICHHAs! peaan3alusi MoJe-
neit DES u SAS, onucannas B pa6otax [13, 14]. O6e
3T MOJEIN OCHOBaHbI HA Mojenu 3aMblKaHust SST.
JlaHHBIe 4YMCJIEHHBIE CXEMbl peaiM30BaHbl B IIPO-
rpamMHoM KoMminiekce ANSYS CFEX [14]. aa am-
MPOKCUMALIMM KOHBEKTUBHBIX U IUMDY3MOHHBIX
MOTOKOB UCMOJIb30BajIaCh CXeMa LICHTPaJIbHOI pa3-
HOCTH U CXeMa UHTErPUPOBAHUS 110 BpEeMEHU BTOPO-
ro nopsiaka. 11t To4HOM MTHOBEHHOM TIepeaadn I1o-
Jieli ra3oaMHaMUYEeCKUX MapaMeTpoB 0e3 ocpeaHe-
HUSI HAa KaXXIOM BPEMEHHOM Illare MCITOJIb30BaJICs
tun uHTepdeiica “Transient rotor-stator” [15]. B
Mpoliecce HeCTAIMOHAPHOTO MOACIMPOBAHUSI HEO0-
XOIUMO OOEeCIIeUnTh YCTAHOBJICHWE KBa3UCTAIIMO-
HApHOTO peXuMa TeYCHUSI B MPOTOYHOI YacTU BeH-
TUISITOpPA, IJIsI 4ero ObUIM BBIMOJHEHbI IIpeaBapu-
TeJbHBIC pacyeThl TPEX MOJHBIX 00OPOTOB paboyero
KoJjleca, MocJjie YeTrOo BBIMOJHSIACH 3alUCh HECTALIMO-
HapHBIX JAHHBIX 32 IIEPUOJ, OJHOTO MOJIHOTO 000pOoTa.

PE3VJIBTATBI YNCJIIEHHOT'O
MOAEJINPOBAHUA

Ha puc. 4 nmpencraBieHo paciipeae/ieHre KUHETU-
YeCKO SHEpPTUU TYypOYJIEHTHOCTH B MEKJIOMATOY-
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Puc. 4. PacnipenesieHne MoaeIbHONM KWHETUUECKON 9HEPTUU TYPOYJIEHTHOCTH B TPOTOYHOM YacTu.

HBIX KaHaJIaX CTyIIEeHU BeHTWIsITopa. JlaHHbIe KapTh-
HBI TEYSHMUSI TT03BOJISIIOT IIPOaHAIN3UPOBATh IITyOUHY
pacnpocTpaHeHMsI 3aKPOMOYHEIX CJIEIOB OT JIOIAaTOK
BEHTWJISITOpAa IO TPaKTy BBIXOAHOro KaHaja. Ilo
CTPYKTYpE CJICA0B BUIHO, YTO HAMMEHBIITYIO MHTEH-
CUBHOCTb UMEIOT CJICAbI, IOJydeHHEIE B pe3yJIbTaTe
pacyeTa Ha Mozeu k—e, a HanOOJIbIIYIO — Ha MOJIE-
s SAS SST. Ipu aTOM TeueHue, MoJy4eHHOE I10 pe-
3yJbTaTaM BUXpepa3pellaloero MOIEIUPOBAHMS,
UMeEET MEHee PeryJIspHYIo CTPYKTYpy ITOTOKa, Oojiee
OOILIMPHBIE OTPBIBHBIE 30HBI U 00J1aCTH 00pa30BaHUS
BUXPEM, CXOOSIINX C BBIXOOHBIX KPOMOK JIOMATOK
BeHTHIsITOpa. TakuM oOpa3oM, pe3yJIbTaThl MOACIIN -
pOBaHMS, MOJYyYEHHBLIC C IOMOINbLIO Momean SAS
SST, noJiXHBI TTOKa3bIBaTh 00Jiee BHICOKMI YPOBEHb
TOHAJIBHOTO IIIyMa B CPaBHEHUH C pe3yJIbTaTaMU, IO~
JIydeHHBIMH I1pu ucnonb3oBaHnuu RANS noaxona.

Pacnipenenenne yncen Maxa B IpOTOYHOI YacTu
(puc. 5) moka3biBaeT 3HAYMTEJIbHBIE (IYKTyalluu
MOTOKA, TIPU 3TOM OCHOBHBIE Pa3JIMIUs MEXIY MO-

nenssmu k—e, DES 1 SAS BuaHbI Ha pexXuMax Imocaj-
KU U Habopa BbIcOThl. Ha JaHHBIX pexkruMax XOpollo
mpocMaTpuBaeTcsl IMpolecc oOpa3oBaHUSI U CXofa
BUXpel ¢ Tpoduis padoyeii jonatku. JIaHHbIEe BUX-
PM U UX pacriaj B cliefiax 3a JornaTKaMu U SIBJISTIOTCS
OCHOBHbBIM MCTOYHUKOM ILIMPOKOIIOJIOCHOTO IIyMa.
Ha pexxume B3neTa OTUETIMBO BUMHBI yIapHbIe BOJI-
HbI, KOTOpbIE SIBJISIFOTCSI OCHOBHBIM MWCTOYHUKOM
1IymMa B TiepeliHei ojycdepe.

Ilo pesynapTaTaM HeCTallMOHAPHBIX pPAacUETOB C
MOMOIIIBIO MPOrpaMMHOIo Komiuiekca Actran TM
ObUTa BBITIOJTHEHA MOTTbHAS IEKOMITO3UITNS TOJIeit
HECTaIlMOHAPHOTO AaBJIEeHUs W OIpenesieHbl OCHOB-
HBbIE (DOPMBI aKyCTHUYECKMX KOJIeOaHUIA BO BXOTHOM
¥ BBIXOTHOM KaHaJlaXx BEHTHWJSATOpa. 1T JeKOMIIO-
3ULIMK UCTIOJIb3yeTcs moaxon Triple-Plane Pressure-
Matching Method [16]. Onpenensiorcs Koadduim-
€HTBI KaHATHHBIX MOJI, M3JTyYaroITNXCsI MU3HYTPH pac-
YeTHOI 00J1aCTH, a TaKKe KO3 (UIIMEHTHI MO, BO3-
HUKAIOIIHNX TIPU OTPAXKEHUU OT TPAHMIIL.
AKYCTUYECKUM KYPHAJ Ne 6
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Puc. 5. PactipeneneHne abcomOTHBIX Yrces Maxa B TIpPOTOYHOI YacTH.

HJ1st cpaBHUTEIBHOTO aHaaW3a BIAWSTHUS MOJIE]IN
TypOYJIEHTHOCTHU Ha KOJIMYECTBO aKyCTUUECKUX MO,
TeHEepUPYEMbBIX BEHTUJIITOPOM, Ha pHC. 6 TIpeacTaB-
JIEHbI HOMEpa U aMIUTUTYIbl PACIIPOCTPAHSIIOLINXCS
MOJ IJIsl TIEPBOM TApMOHUKMU YaCTOThI CJICIOBAHUS
JIONATOK paboyero Kojeca Ha B3JISTHOM pexKuMe.

BunHo, IpW MCHONB30BaHUN PA3TUIHBIX MOIIE-
JIeli TypOyJI€HTHOCTH pacueTHBII HabOp pacOopocTpa-
HSTIOIINXCS MOl MICHTUYEH, OMHAKO TTOSIBIISIETCS CY-
IIeCTBEHHAsI pa3HUIIa B UX aMruuTygax. OcobeHHO
5TO 3aMETHO TP CPAaBHEHUU aKyCTHIECKUX MOI BO
BXOIHOM KaHajie BeHTmIsiTopa. [1o pesynbraTam pac-
YETOB TOJIYIEHO, YTO pas3jIMdme 10 aMIUTUTYyIe Hau-
6o0JIee UHTEHCUBHBIX MoA gocturaeT 20% Ha pexume
B3jieTa, 30% Ha pexume Habopa BbICOTHL U 50% Ha
pekuMe TTOCaIKH.

B mie1oM mpu Mcnosib30BaHUMM BUXpepe3peliaro-
mux nogxomoB (DES, SAS) Habmtonaercs 6oee Ha-
TOJIHEHHBI MOJAJIbHBIM COCTaB 3a CYET TOro, YTO
MOIBI, 00pa30BaHHbIE TypPOYJIEHTHBIMHU ITYJIbCAIIMSI-

AKYCTUYECKHUH KYPHAI Ne 6

TOM 66 2020

MU, JOTOJHUTEJILHO YCWUJIMBAIOT MOIbl POTOp-CTa-
TOp B3aMMOJEHCTBUSI, UMEIOIIUE T€ XE& OKPYKHbIE
yuciia. Pe3ynbTaThl TakKKe IMTOKa3bIBaIOT, YTO MOJAJIb-
HbI COCTaB IIyMa, PacIpOCTPaHSIEMbIi CTYIEHbIO
BEHTWISITOpPa B IEPEIHION U B 3adHIOI I1oJychepy,
pasnyaeTcs. DTO CBSI3aHO C pa3IMYUsIMU KOHPUTypa-
111 BXOAHOTO U BBIXOJHOI'O KaHAJIOB BEHTUJISITOpA.

HuarpamMMbl HampaBjJ€HHOCTHM aKyCTUYECKOTrOo
U3IydYeHUs B majabHeM mojie (puc. 7—12) moarBep-
KIAOT TIPEANOoJ0XEHNE O 3HAYUTEJIbHOM BIUSTHUU
IIMPOKOMNOJIOCHOM COCTABJISIIOIIEH MPU MOIEIUPO-
BaHUM 1IIyMa CTYNEHU BeHTUIsATOpa. OHU MOJyUYeHbI
Ha OCHOBE pelIeHUs] KOHBEKTHBHOIO BOJIHOBOIO
YpPaBHEHUS METOJIOM KOHEUHBIX 3JIEMEHTOB, pealu-
30BaHHOM B Actran TM [17].

Ha pexxume B3nera HanbOosee OJIM3KME K DKCIe-
PUMEHTY pe3y/IbTaThbl MOJIy4eHbl Ha Momeiau SAS, B
TOYKE MaKCUMyMa aKyCTIIECKOTO M3TydeHUS (Ha yIie
50°) morpeurHocTb He TipeBbiaeT 10 n1b (Ha 1 rapmo-
Huke). HanboJplllee OTKIIOHEHHWE TTOIYyYeHO Ha MO-
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Puc. 6. AMIUTUTY bl aKyCTUYECKMX MOJI HAa PEXXUME B3JIeTa AJIsl IEPBOM rApMOHWKHU YaCTOTHI CJIEIOBaHUsI pabOUYMX JOMATOK.

eI k—e, TIPU 3TOM B 30HE MaKCHUMyMa aKyCTUYe-
CKOTO M3JIydeHUsI Ha TIepBOM TapMOHUKE HaOII01a-
eTcsl “TpoBaj” B pacCYeTHOM YpOBHe IiiyMa. JlaHHOe
SIBJICHUE MOXKET OBITh CBSI3aHO C 3P deKToM “oTceu-
Ku” pacIlpoCTpaHSIIOIIMXCS B IEPEIHION TToJycdepy
aKyCTUYECKUX MO/, T.K. MOJIEJIb k—e MTO3BOJISIET CMO-
JIeJINPOBATh TOJIbKO TOHAIBHBIN IITyM.

AHajiornyHasi KapTvHa HaOI01aeTcsl U Ha IpyTUX
pexumax. Hamnydiiee coBrmageHue IoIy4YeHO Ha MO-
nenu SAS, MakcuMaJlbHOE pacXOXKIeHUE — Ha MOAe-
mm k—e. Ha pexxnmax Habopa BBICOTHI U ITOCAIKHU TTO-
TPELIHOCTb OTHOCUTEIBbHO 3KCIIEpUMEHTA Ha MEePBO
rapMOHMKE He MpeBbIIaeT 5 1b Bo BceM nuara3oHe
yIJI0B. 3aHIDKEHHBIN YPOBEHbB IIIyMa B 3adHEM IOy~

AKYCTUUYECKHWM XYPHATT ToM 66 Ne 6 2020
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Puc. 7. JluarpamMmma HampaBJIeHHOCTH aKyCTUYECKOTO U3-
JIydeHMsI Ha IIEPBOM rapMOHMKE IS peXXKruMa B3JIeTa.
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Puc. 9. JluarpamMma HanpaBJeHHOCTHU aKyCTUYECKOTO 13-

JIY4EHUA HaA l'lepBOf/I TapMOHMKE JJIsI pEXXUMa Ha60pa BbI-
COThI.
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Puc. 11. InarpaMma HampaBJI€HHOCTU aKyCTHYECKOTO
M3JTy4eHUs1 Ha MIepBOii rapMOHUKE TSI peKMMa MOCAAKH.

cepe Ha BTOpOii rapMOHUKE JJIsl PEXKMMOB B3JIeTa U
Habopa BBICOTBEI MOXET OBLITH CBSI3aH C 3aTyxaHUEM
aKyCTHUYECKMX BOJIH B BBIXOTHOM KaHaJjle BCICACTBUE
BJIMSTHUSI CXeMHOM BSI3KOCTHU, UICKYCCTBEHHO CO3/IaH-
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Puc. 8. [luarpamma HarpaBJIeHHOCTH aKyCTUYECKOTO 13-
JIy4eHUSsT Ha BTOPOI rapMOHUKE [UIS1 peXXuMa B3JIeTa.
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Puc. 10. /IuarpamMma HampaBJI€HHOCTH aKyCTHUYECKOTO
MU3JIy4eHUsI Ha BTOPOI rapMOHUKE IS pexxuma Habopa
BBICOTHI.
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Puc. 12. InarpaMma HampaBJI€HHOCTH aKyCTUYECKOIO
M3JIy4eHUs] Ha BTOPOil FapMOHUKeE ISl peXKMMa MOCaaKHU.

HOI 3a CUET BBEIAEHMS B PACUETHYIO CETKY 30H C pas-
MepaMU 3JIEMEHTOB, CUJIBHO MPEBBIIIAOIINMUA -
Hy BOJIHBL. IToaToMy mIs pacueTa Ha 0oJiee BRICOKMX
rapMOHUKAaX CJIeayeT IIPOBECTU amanTaliio pacyeT-



646

HOW CETKU IS pasp€ICeHUA aKyCTUYCCKMNX BOJTH 00-
Jie€ BBICOKOM YaCTOTHI.

SAKJIFIOYEHUE

INpencraBiaeHHBIE PE3YNLTATHl YMCIEHHOIO MC-
clIeJOBaHUS IIyMa MOJEIbHOIO BEHTWISATOpPA IIOMI-
TBEPKAAIOT HEOOXOAUMOCTh ydyeTa IIMPOKOIIOJIOC-
HOM COCTaBJISIOLIEN IIIyMa IPU MPOTHO3MPOBAHUM
aKyCTUYECKUX XapaKTePUCTUK JIOMATOYHBIX MAIIIMH.
HauGosnee TouHbIe pe3yJibTaThl OKAa3ajia IMTOCTAHOB-
Ka 3aJa4i, OCHOBaHHas Ha BUXpepa3pellarolieM Mo-
JIeJIMPOBAHUU TIPOCTPAHCTBEHHOIO TEUEHMSI ra3a B
CTYIIEHU BEHTUJISITOpA C MMPUMEHEHNEM THOPUIHOTO
noaxoaa SAS ¢ Mmoaeibio 3amblKaHus SST 3a cyeT ero
MEHbIIIE TUCCUIIATUBHOCTU, GOJbIIEl pa3peliaio-
el CrnocoGHOCTU, IPOAEMOHCTPUPOBAHHOM IS
paccMmaTpuBaeMoii KoHurypauuu. IlpemioxeHHas
MOJI€JIb pacuera SIBISIETCS KOMIIPOMUCCOM MEXKIY
BBIYMCIIUTEIBHOM CTOMMOCTBIO U TOYHOCTBIO MOJIE-
JIMPOBaHMS aKyCTUYECKUX MCTOYHUKOB. OHa Tmo-
CTpOeHa ¢ UcMob3oBaHueM rudbpuaHoit RANS-LES
MOJIEJIM TYpOYJEHTHOCTU U TO3BOJSIET BBIMTOJIHSITH
aKyCTUYECKOE MOJAEIMPOBAHUE JIOMTATOUYHBIX MAIIH
IJIsT KOHTPOJISI MX 3KOJOIMYECKUX IapaMeTpoB Ha
CTaIuU MPOEKTUPOBAHMUSI.
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