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AHAIIM3 BJIMAHHUSA BbIBOPA MOLAEJINU TYPBYJIEHTHOCTMU
HA NAPAMETPbl B3BAMMOJLENCTBHS _
CBEPX3BYKOBOM CTPYM C MPErPALOM

P. A. NMewkos, A. C. LLIMeTKOBa,
O. B. UcnpaBHukoBa, HO. J1. CiocbKHMHa

FO>xHO-Y panbcKkuii rocygapCTBEHHbIN YHUBEPCUTET (HaLMOHAarbHbIM MCCNIE[OBaTENBCKMI YHUBEPCHTET),
Poccus, 454080, r. Yensburck, np. JlenmHa, 76

B CBSI3M C MHTEHCHBHbIM Harpy)eHHeM 3MIEMEHTOB CTAPTOBbIX COOPYXKEHMH NMPH BO3[EMCTBMM HA HMX
CTPYH PaKeTHbIX ABHMraTesniei ouyeBMAHa HeO6XOAMMOCTb onpefeneHns rasofMHaMMUYeCKHX, TENNOBbIX
M APYrMX Harpy3oK, BO3HMKAIOLMX NMPH CTapTe pakeTbl-HOcuTens. YucneHHoe mopenupoBaHue C No-
MOLLBIO MPMKIAAHbIX NMPOrPamMMm SIBASIETCS OAHMM M3 LUMPOKO MCMOMb3yeMbIX CNOocoBOB MX pacué-
Ta, TaK KaK (hM3nuyeckoe mofaenvpoBaHMe TpebyeT CyleCcTBEHHbIX 3aTpaT pecypcoB. B uccnegoesanmm
NPOoaHanM3MPOBaH Cly4Yal B3aMMOLEHCTBMS OAMHOYHOM CBEPX3BYKOBOM CTPYM rasa C MNOCKOM npe-
rpafjoM, OPHMEHTMPOBAHHOM MNepneHAMKYNSPHO HanpaeneHuio cTpyu. MpuBegeHbl AnddhepeHUManb-
Hbleé YPaBHEHMS, ONMCBIBAIOLLME ABMIKEHWE CKMMAEMOrO BS3KOro TEMNONPOBOAHOrO rasa (ypasHeHus
Haebe—CToKca), M onMcaH mMeTof OocpefHeHMs MX no PeiHonbACy. PacCMOTPEeHbl HEKOTOPble OJHO-
M ABYXMapameTpMyeckMe mofenu TypOyneHTHOCTH, OCHOBaHHble Ha ypaBHeHusx PeiHonbpca. Mpo-
BeleHO YMCNEHHOe MOJAENMPOBAaHME MPOLLecCa HaTeKaHMsI CBEPX3BYKOBOM CTPYM BO3fyxa M3 comsa
JlaBang Ha NNOCKYIO anNnlOMMHMEBYIO MPerpagy, PacrnofioXEHHYIO NEPNeHANKYNSPHO OCH CTpyM. IAng
aHanM3a BnMsIHMS BbibOpa Mopdenu TYpOyNeHTHOCTM Ha pacnpefeneHve uucrna Maxa M pAaBneHue
Ha nperpafe 6bIn MCNoNb30BaH NporpamMmMHbIi naketT ANSYS Fluent. CpaBHeHMe pe3ynbTaToOB MCCRefo-
BaHMS1 C SKCMEPUMEHTANIbHBIMM AaHHbIMM MOKA3ano, YTO Haubonee TOYHbIe Pe3ynbTaTbl NOAYYEHbI MPK
MCNonbL30BaHMM Mopenn TypbyneHTHoCTH k-w SST.

KnioueBsble cnosa: CBepXx3BYKOBasl CTPYS, ra3oBas jJUHaMMKA, paKeTHble KOMMIEKCbl, AU depeHLHanb-

Hble ypaBHeHus, TypbyneHTHoe TeyeHme, ANSYS Fluent.

BreapeHue

Bo Bpemsi 3amyckKa paKeTBI-HOCUTEAS SAEMEHTEI
KOHCTPYKIIUM CTApPTOBOTO COOPY>KeHUsI ITOABEPTaroTCs
UHTEHCUBHOMY BO3AEUCTBUIO CTPYyM DPAKeTHBIX ABUTa-
TeArel. B 0co00 TsKeABIX YCAOBUSIX OKa3bIBaeTCs ra3o-
OTpa’kaTeAb, KOTOPHIM B TedeHHe HECKOABKUX CEeKYHA
OMBIBAETCSI BBICOKOCKOPOCTHBIM IIOTOKOM TOPSTIUX
razoB. OTOT IIPOIECC MOJKeT IIPUBECTH K AedopMa-
MU U TOBPEKAEHUIO JAEMEHTOB KOHCTPYKIIUM, 4YTO
TpeOyeT 0COOON TIIATEABHOCTU IPU IPOEKTHPOBAHUU
U U3TOTOBAEHUM razooTpaskaTerer [1]. [ToaTomy mpea-
CTABASIET AKTyaAbHBIM HAy4YHBIM HHTepec IpoOAeMa
UCCAEAOBAHUS IIPOIECCOB, BOZHUKAIOIINX IIPU B3aUMO-
MEUCTBUU CBEPX3BYKOBBIX ITIOTOKOB Ta3a C IIOBEPXHO-
CTBIO rasooTpaykaTeas. AAsi oOeclleueHUs] NPOYHOCTH
U HapeKHOM paboTEI CTApPTOBOTO KOMIIAeKCa HeoOXo-
AAMO HCCAEAOBATh (pU3MUYeCKHUe IPOolecChl B3auMOAEeH-
CTBUSA CBEPX3BYKOBBIX I'a30BBIX CTPYU C IPETPAAOI AN
OIIpeAeNeHUsI HarPy30K.

B paHHOI paboTe uccAepyeTCd B3aUMOAEUCTBUE
OAMHOYHOM CBePX3BYKOBOM CTPYHM C IIAOCKOM HeIpO-
HHUIlaeMOM IIperpapod, PaCIOAOKEHHOM IepIeHAUKY-
ASIPHO HaNPaBA€HUIO ABUJKEHUSI CTPYHU.

[Tpu ABHM>KeHUM CBEPX3BYKOBOM CTPyHd K IIperpa-
A€ BO3HUKAIOT CAOJKHBEIE IIOTOKH C YIAOTHEHUSMU
U Pa3AMYHBIMU CKOPOCTAMU. [locre B3auMOAENCTBUSA
CO CTEHKOM IOTOK PacIpOCTpPaHSAETCS B pa3HbIe CTO-
poHBL. VMIHTEHCUBHOCTL BO3AEMCTBUSA Ha IIperpapy 3a-
BUCHUT OT HECKOABKMX (DaKTOpPOB, BKAIOUas CTelleHb

HepacueTHOCTHU, PACCTOSIHUE AO IpPerpaabl, reOMeTPUIo
HacapKU U ApyTHe IapaMeTpbl. OTOT apaMeTp UrpaeT
Ba’KHYIO POAb B OIIpepeAreHUHn 3(M(PeKTUBHOCTU a’po-
AMHAMWYECKUX CUCTEM U yIIpaBA€HUH IIOTOKOM BO3AY-
xa. M3yueHne u aHaAW3 MHTEHCUBHOCTU BO3AEMCTBUA
Ha Iperpapy I03BOASET ONTHMHU3WPOBATL IIPOIIECCEHI
BO3AYIIHOM AWHAMUKH U IOBBICUTH 3(PPHEeKTUBHOCTH
paboTEl TeXHUYECKUX YCTPOMCTB, MCIOAB3YIOIIUX
aspopuHaMUUYeCKUe IPUHITUILL [2].

AAST @AeKBATHOTO ONMCAaHUS TYypOYAEHTHOTO Teue-
HUS ra3a HeOOXOAMMO YINUTHIBATH HE TOABKO OCHOBHEIE
YpaBHEHUsI Ta30BOM AMHAMUKH, TaKWe KaK ypaBHe-
HUe Hepa3pblBHOCTH, ypaBHeHUEe 3HHEpPruy, ypaBHe-
HHe UMIIyAbCA U ypaBHeHUe COCTOSHMUS, HO U BEIOPATh
COOTBETCTBYIOIIYIO MOAEAb TypOyAeHTHOCTH. Typ-
OYAEHTHOCTb SIBASIETCS XapaKTEePUCTUKOM CAOKHOTO
W XaOTHYECKOTO ABWIKEHWS ra3a, KOTOPOe TPOSIBASET-
Csl B CAyYaWHBIX KOAEOAHUSIX CKOPOCTH U AABACHUS.
AAd ydeTa 3THX GBA€HUN B ra30AMHAMMYECKUX pac-
yeTax IPUMEHSIOTCS Pa3AMYHBIE MOAEAU TypOYyAeHT-
HOCTH, TaKHe KaK MOAeAb k-g MOAeAb k-0 U ApyTHe.
BBIOOp KOHKPETHOM MOAEAU 3aBUCHUT OT YCAOBHU 3a-
Aauu U TpeOyeMOM TOYHOCTHU pacueToB. IIpaBUABHBINU
BEIOOD MOAEAHW TYPOYA€HTHOCTH ITO3BOASET YAYYIIUTH
TOYHOCTH U AOCTOBEPHOCTh PE3YABTATOB PACYeTOB TyP-
OyAeHTHBIX TeueHUM rasa.

B cBsa3u ¢ KpymnHBIMH rabapuTaMH, CAOKHOCTBIO
KOHCTPYKIIUM CTapTOBBIX CHUCTEM U MHOroo6pasueM
IPOTEKAIOIIUX IIPOIEeCCOB IOAHOMAcCUITaOHOe (U3U-
YecKoe MOAEAWPOBaHWE 3aTPYAHUTEABHO, IIO3TOMY



M ICCAEAOBaHUS Ira30AMHAMUKYU PAKETHBIX KOMIIAEK-
COB IMIHUPOKO IIPpMMEHAETCAd MaTeMaTHu4YeCKOoe MOAEAU-
poBaHue.

UunchreHHBIE METOABI, IIpUMeHdeMble AAA pelieHUud
AU depeHIIMarbHBIX YPaBHEHUM, ONIUCHIBAIOIIUX I'a30-
AVHaMUYeCcKUe IIPOIeCChl, TaKhe KaK ABVDKEeHUEe paKeT-
HOCHTEAEH, WIPAIOT Ba’KHYIO POABL IIPU IIPOBEACHHUU
HAY4YHBIX I/ICC]\eAOBaHHfl. OTtu AATOPUTMBL IIO3BOAAIOT
SKOHOMUTBL PECYPCEl, KOTOpbIe OOBIYHO TPEOYIOTCS
A IIDOBEAEHUS AOPOTOCTOSAIINX IIPOEKTHPOBAHUMN
1 HATYPHBIX JSKCII€EpUMEHTOB. BAaI‘OAapH YN CAE€HHBIM
MeTOAAM, HCCAEAOBATEAU U HMHIKEHEPHI MOTYT IIOAY-
YUTH TOYHBIE PEIIeHUs AN PA3AWYHBIX CIl€HapHuesB,
BO3HUKAIOIIMX B IIPOIlecCe 3allyCKa PaKeT-HOCHUTEAEeH.
OTO NO3BOASET OINTMMU3UPOBATH IIPOIleCC Pa3paboTKu
U obecnieunBaeT OOAee HaAE)KHOe (PYHKIMOHUPOBAHUE
CHCTEM KOCMUYECKOU TEeXHUKHU.

ITocranoBKa 3dAd4u

LleAb HAy4YyHOTO MCCAEAOBAHUSA  3aKAIOYAeTCS
B OIleHKe BO3AEMNCTBHUSA BBIOOPA MOAEAU TypOYAE€HTHO-
CTM Ha IlapaMeTphbl B3aUMOAEUCTBUS CBEPX3BYKOBOU
CTPYH C IIAOCKOM NPerpapol, MeprneHAUKYAIPHOM OCH
CTPYH.

AASL AOCTUDKEHUST YKA3aHHOU LleA HEOOXOAUMO pe-
LIATH CAEAYIOLINE 3aAduu:

1) dopMmpoBaHHEe MaTeMAaTHYECKOU MOAEAU Teue-
HUS BA3KOTO TEIIAOIIPOBOAHOIO Ia3a;

2) BBEIOOD U aHAAU3 MOAeAeld TypOyAeHTHOCTH;

3) mpoBepeHUe YUCAEHHOTO MOAEAMPOBAHUSA
U aHAAU3 BAUSHUS BBIOOpPA MOAEAU TYpPOYA€HTHOCTH
Ha IapaMeTpbl B3aUMOAENCTBHSA CBEPX3BYKOBOU CTPyH
C IIAOCKOU IIPerpapoy;

4) cpaBHeHUe Pe3yAbTAaTOB MOAEAUPOBAHUSA C 3IKC-
NepUMeHTaAbHBIMU AQHHBIMU.

Teopus

B 4YmcAeHHOM MCCAEAOBAaHHWM Ta30AMHAMHYECKUX
TIPOIIECCOB GOABIIYIO POAL UT'PAeT BLIOOP MaTeMaTHhde-
CKOM MOAEAU, KOPPEKTHO OIUCHIBAIOIe CBOMCTBA MC-
cAepyeMoro oO0beKTa U aAeKBAaTHOM MMEIOMIUMCS BBI-
YUCAUTEABHBIM pecypcaM. Ee dopMyAupOBKa Hpesxpe
BCETO BKAIOYAET 3allMCh OCHOBHBLIX AUddepeHIrarb-
HBIX YPaBHEHHUH C YUETOM YCAOBUS 3aAQUU U IPUHSATHIX
MOIYIIIeHUM.

YpaBuenuss Hasbe —CTOKCa, ONUCHIBAIOIIWE ABU-
JKeHUe C’KMMaeMOTO Ta3a, YacTO HCIIOAB3YIOTCS AAS
YUCAEHHOTO MOAEAWPOBAHUS Ta30AMHaMUYECKUX IIPO-
1IeccoB. OTH ypaBHEHUsI BKAIOUAIOT YpaBHEHHUS CO-
XpaHeHUWs] MacChl, WMIyAbCa ¥ DJHEPTUH, a TaKKe
ypaBHEHVE COCTOSHUS rasa. [Ipy IOCTpoeHWM Mare-
MaTHU4YeCKOM MOAEAU HeOOXOAUMO YUYHTHIBATH (pU3NUe-
CKHMe CBOMCTBA rasa, TaKue KaK BSIZKOCTh, TEIAOIIPO-
BOAHOCTB, AU dy3usa u T. A. TakKe Ba’KHO YYUTBHIBATH
TrpaHUYHBIE YCAOBUS, KOTOPBIE OIPEAEASIOT B3auMO-
MENCTBUE Ta3a C OKPY’Kalollel CPepOH.

YpaBrenus HaBbe — CTOKCa B CAydae TPEXMEPHOTO
TeYeHUsI UMeIOT CAEAYIOUIUI BUA:
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h, — noaAHast yaeAbHas dHTaAbIus [3, c. 23].

AAST IAEaABHOTO rasa MOAHAsl yAeAbHasg SHTAABINS
BBIYUCASETCA 110 (POPMYAE:
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rae h — yaeAbHas SHTAABIMA rasa; Y — IIOKa3aTeAb
apmabaTsl [3, c. 23].

B ypaBnenmusax Hasbe —CTOKCa KOMIIOHEHTBHI TeH-
30pa BS3KMX HaIPSKEHUN (ruB) U TENAOBOTO IIOTOKa
(gq,) BHIpaXkaroTCs B popme:
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AAsT MOAEAUPOBaHUS TYPOYAEHTHOTO TedeHUs IIpU-
MeHseTcsl ocpepHeHMe ypaBHeHu# Hasbe—CTOKCa
1o PellHOABACY, IPU KOTOPOM MI'HOBEHHBIE 3HAYEHUSA
CKOPOCTH U U AABACHHS P 3aIMCBEIBAIOTCA KaK CyMMa
OCPeAHEHHOU U IMyABCAIJMOHHOW COCTABASIOIIMUX:

u=1u-+u;
p=p+p.

B pesyapTaTe npeoOpa3oBaHUU IIOAYYAIOTCS ypaB-
Henus Pertnoabaca (RANS), copeprkaiiipue KOppeasiumn
pﬁi’ﬁj', Ha3blBaeMble PelfHOABACOBBIMU HaIPSI)KEHUSIMU.
OHU ONUCHIBAIOT NPOIeCC IIepepadr MMIIyAbCa IIyTeM
nepeMellnBaHUs B MyABCUPYIOIIEeM TypOyA€HTHOM IIO-
TOKe. AAS BBIYMCACHUS YKA3aHHBIX HAIPSDKEHUM U 3a-
MBIKQHUSI CUCTEMBl YCPEAHEHHBIX YPaBHEHUM IpHUMe-
HAIOTCA Pa3AnYHbIe TypOyAeHTHBIE MOAeAU [4, c. 29].

PaccMoTpuM HeKOTOpEIE U3 MOAEAel, OCHOBAHHBIX
Ha RANS.

Moaeap Cnaarapra—Aaamapaca. OpHa 13 Hanbonree
U3BECTHBIX MOAEAEH TypOyA€HTHOCTU NMPHUMEHUTEABHO
K a3poOKOCMHUUYeCcKomn orpacau. OHa Oblra pazpaboTaHa
B 1992 ropy ®pankom Cranraprom u TomacoMm AarMa-
pacoM U IpeACTaBAseT COOOM OAHOMEDHYIO MOAEABb
TypOYAEHTHOCTU. B Hell BBOAUTCS OAHO AOIOAHUTEAB-
HOe YypaBHEHHUE OTHOCUTEABHO MOAUMULIMPOBAHHOU
KMHEeMaTUYeCKONU TypOyA€HTHOU BSIBKOCTH V. Mopenb
CnanapTa — AAAMapaca ONMCHIBAeT BCIO 0OAACTh MOTO-
Ka, B TOM YHMCAe IPUCTEHOUYHBIE CAOU, U AQET XOPOIIHe
pe3yAbTaThl NIPU HCCAEAOBAHHU OOTEKaHUS KPBIABEB
U a’poOAMHAMUUEeCKUX IToBepxHocTeld. Kpome Toro, eé
AETKO PeaAm30BaThb C AIOOBIM TUIIOM CETKU (CTPYKTY-
pupoOBaHHasI M HECTPYKTypHpOBaHHas, MOHOOAOYHAs
1 MHOTOOAOUHAA U ApP.). OAHAKO 3Ta MOAEAb HEe OYeHb
3 deKTuBHA TIPU MOAEAMPOBAHUU CABUTOBBIX M OT-
PEIBHBEIX TeUYeHUU U 3aTyXaHUsl TypOyAeHTHOCTH [9, 6].

Moaeap k-g. Mopenb k- IBAIETCS IIMPOKO UCIIOAb-
3yeMOU B BBIYUCAUTEABHOU TUAPOAMHAMUKE AASL OIIACA-
HUs TypOyAeHTHOCTH. CllenMaAM3upOBaHHBIE IIPUCTe-
HOUYHBIE (DYHKIIUHM WCIOAB3YIOTCSI AASI YI€Ta BAWSHUS
CTeHKU Ha TYpPOYA€HTHBIM IIOTOK. OTH (PYHKLUU Y4U-
TBIBAIOT M3MeHeHUe TypOYAEHTHBIX XapaKTePUCTUK
NOTOKa BOAW3M CTEHKU U IO3BOASIIOT KOPPEKTHO MO-
AEAUPOBATh TypOYAEHTHBIE SIBA€HMS BOAM3U TPAHUIHL.
KpoMme Toro, B A@HHOYM MOAEAM YUIUTHLIBAETCS BAUSHHE
TYpOYyA€HTHOTO IlepeMellInBaHusg Ha TEIIAOOOMEH M Xa-
PaKTepUCTUKU IIOTOKa. And ydeTa 3pPeKTOB TEIIA000-
MeHa BBOAATCSI AOIIOAHUTEABHBIE YPaBHEHUS AAS TeM-
nepaTypel U KOHIIeHTpaluu npuMeceil. MoapeAb TaKKe
npeAycMaTpuBaeT y4eT BAWUSHUSA TypPOYA€HTHOCTH
Ha XMMHUUYECKUEe peaKnuu B NmoToKe. Mopeab k-g mm-
POKO HCIIOAB3YETCS AAS IIPOTHO3UPOBAHUA TYPOYAEHT-
HBIX CABUTOBBIX TE€UEHUM, OAHAKO He CIIOCOOHA TOYHO
NpeACKasaTh MOTOKU C HeOAAronpUATHBIMH TPajAUeH-
TaMU AABAEHUS U AONOAHUTEABHBIMH AedOpMalusMu
(KaKk KpMBU3HA AMHUN TOKQ, BpallleHWue u T.A.). Tem
He MeHee 3Ta MOAEAb PEKOMEHAYETCS AASA IIPEABAPU-
TEeABHOU OIIeHKHU IIOASI TeUEeHUsI U AAST TaKUX CAydYaesB,
Kak ropeHue, MHOroda3Hble TeUeHUsI U TeUeHUs C XU-
MUYECKUMHU peaknusaMu [7].

Mopeap k-¢ realizable. BHeceHue u3MeHeHUN
B IIPEABIAYIIYIO MOAEAb C y4eTOM OrpaHWYeHu¥ Ha
HOPMaAbHBIE HAIpsKeHus PelHOAbACA IIO3BOASET 6O-
A€e TOYHO ONHCATh OCOOEHHOCTH TYypPOYAEHTHBIX IIO-
TOKOB IIyTeM WCKAIOYEHUS OTPUIIATEABHBIX 3HAUEeHUU
BUXPEBOU BSA3KOCTU IIPH MOAEAMPOBAHUHU IIOTOKOB
C BBICOKMMU TpapMeHTaMM IapaMeTpoB. Mopeab k-g
realizable MOKeT OBITH NCIIOAB30BaHa AN OOAee HITUPO-
KOT'O CIIEKTPA 3aAa4, BKAIOYAsd CAOJKHBIE TYPOYAE€HTHBIE
TIOTOKH M HEOAHOPOAHEIE CpeAbl. Kpome Toro, B Moae-

AU k-g realizable cyijecTBeHHO HOBBIIIEHA 3(PHEKTUB-
HOCTb MOAEAVPOBAHUSA A CTPYH M CAOEB CMELIEHU,
KAQHAAOB, IIOIPAHUYHBIX CAOEB U OTPBIBHBIX TeUeHUU [4
c. 31; 8].

Mopeap k-0. IlpeproskeHHas AByXIapaMeTpuue-
CKasl MOAEAb 3aMeHsieT KO3(MPUITUEHT € YAeABHOU CKO-
POCTBIO AMCCHUIAIIUM KUHETHYeCKOM 3Hepruu Typoy-
AeHTHOCTH o [9]. AaHHasg MOAeAb 00AaAAeT BBICOKOU
TOYHOCTBIO B IIPEAEAAX IOTPAHUYHBLIX CAOEB C HebAaro-
MIPUSITHBIM T'PAAMEHTOM AABAEHUS U MOKET MOAEAUPO-
BaTh BSI3KUU ITOACAOW 0e3 KAaKUX-AUOO AOIIOAHUTEAB-
HBIX (PYHKIOUU AeMIdupoBaHUs. Mopeab k-o xopolo
ONUCHIBaeT TeUeHUs 110 KaHaraM, OTPLIBHBIE U CTPYH-
HBle TeueHUdA. BMecTe ¢ TeM k-0 4yBCTBUTEABHA K I'pa-
HUYHBIM YCAOBUSIM M IIPU €€ HCIOAB30BaHUM PaCUET
CXOAUTCSI MEpAeHHee, YeM, HallpUMep, IIPU MOAEAU k-g.
Mopenab k-® obrapaeT xopolied TOYHOCTbIo U 3 dek-
TUBHOCTBIO B MOAEAUPOBAHUU TYPOYAEHTHBIX ITIOTOKOB,
Xopollel YCTOMYMBOCTBIO U He TpebyeT OGOABIIOro
KOAMYECTBA BBIUUCAUTEABHBIX PECypcoB. Mopeab k-o
AETKO HACTPawBaeTCs M IPUMEHSIETCS AN Pa3AMYHBIX
WH>XKeHepHBIX 3aaad [10].

Moaeas k-0 SST (Shear Stress Transport). SIBasi-
eTcs coueTaHUeM MOAeAUu k-, paboTarollell B Ipu-
IIOBEPXHOCTHBIX OOAACTSAX, U k-g, MOAeAMpPYIOIIel Io-
BEeACHME IIOTOKA BAAAU OT CTEHKHU. AAS «aKTHUBALLAN»
TOU MAU UHOM MOAEAW B 3aBUCHUMOCTU OT KOHKPETHOM
30HBI HUCIOAB3YeTCs (PYyHKIHS-TIepeKAlodaTeAb. K po-
CTOMHCTBaM MopeAau SST CTOUT OTHECTH MeHBIIYIO
YyBCTBUTEABHOCTh K YCAOBHUAM Haberarollero IOTOKa
(TOTOK BHE IOTPAHUYHOTO CAOSI), YeM Y MHOTMX APYTHUX
MOAeAel TypOYAeHTHOCTH. TaKyKe B MOAEAU BBOAMT-
Csl OTPAHUYUTEADL HAIPSIKEeHUs] CABUTE, ITOMOTAIOIINH
n30eKaTbh HAKOIAEHUSI Ype3MepHOM TypOyA€HTHOM
KUHETUYECKON 3Hepruul BOAM3U KPUTHUUECKUX TOYeK.
MopaeAb xopolllo paboTaeT Ha TPaHHUIAX pa3AeAeHUs
IIOTOKA U B OOAACTSAX C BHICOKMMH T'PapAUEHTaMH CKO-
pOCTH.

B KauecTBe HEAOCTAaTKOB MOJKHO OTMETUTH, 9UTO
Mopeab k-w SST TpeOyeT OOAee BBICOKOM BBIUMCAU-
TEeABHOM MOIIIHOCTH 110 CPaBHEHUIO C OOAee IIPOCTHIMU
MOAEASIMU TypOyA€HTHOCTH, MOJKeT AAQBaTb HETOUHBIE
pe3yAbTaTHl B CAydae HEOAHOPOAHBIX U CAOKHBIX IIOTO-
KOB, He BCerAa KOPPEKTHO MOAEAUPYET TypOyACHTHEIE
SIBA€HMS BOAM3U CTEHOK MAU B OOAQCTSIX C BBICOKMMU
rpapueHTamMu pAaBaeHus [11, 12].

Pe3y]\bTaTbI 3KCII€EpUMEHTOB

AL BBIIIOAHEHMS PACYETOB BBIOPAH IIPOTPAMMHBIMN
MoayAb ANSYS Fluent, peaAm3yIomuil METOA KOHEUHBIX
SAEMEHTOB M gBAdIOIUNCA 3(M(PEeKTUBHBIM HHCTPY-
MEHTOM AAS MOAEAMPOBAHUSI TMAPO- U Ta30AMHAMUKU
C yu4éToM pa3AnuHbIX npolieccoB. ANSYS Fluent npepo-
CTaBASIET IIMPOKUE BO3MOKHOCTU AAS MOAEAUPOBAHUS
TYpOYAEHTHBIX IIOTOKOB. OH IIO3BOASIET YYUTLIBAThH
BAMSIHVIE TypOYA€HTHOCTH Ha TEIAO- ¥ MaCCOIEpPeHOC,
a Tak)Ke Ha Apyrve (GU3mdecKue IPOIleCCHl B IIOTOKE.
Baaropapss OOABIIOMY KOAMYECTBY MOAEAeN TypOy-
AEHTHOCTH, AOCTyNnHBEIX B ANSYS Fluent, mOAb30BaTeAb
MOJKeT BBIOpaThb HaubOAee ITOAXOAAIIYIO MOAEABL AAS
KOHKPETHOM 3aAa4uil U MOAYUUTH TOUHBIE M AOCTOBEp-
HBle pe3yAbTaThl. PadHooOpa3ue Moperel TypOyAeHT-
HOCTU IIO3BOASIET YUYUTHIBATH Pa3AMYHBIE OCOOEHHOCTH
IIOTOKa, TaKHe KaK BUXPH, OOTeKaeMble ITOBEPXHOCTHU
U ApyTHe SIBA€HMS, KOTOpBble MOTYT BAUSTH Ha Xapak-
Tep TeueHus [13].

B paboTe ucnoab3oBaHa reoMeTpus comnra /\asa-
Ast ¢ uncAoM Maxa Ha cpese M, 4, IpuUBepeHHAsA
B 3KCIIEpUMEHTaAbHOM HccAaepoBaHuu [14]. [Mperpapa
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Puc. 1. Ocknu3 pacyeTHoO# o6AaCTH
(AuHelHBIE pa3Mepsl B MM)
Fig. 1. Sketch of the computational domain
(linear dimensions in mm)
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Puc. 2. PacueTHast ceTKa U rpaHU4Hble YCAOBUS
Fig. 2. Computational mesh and boundary conditions

pacroaoskeHa Ha paccrosstHuu 590 MM OT cpesa CoIl-
Ad. AASL CcOKpallleHMsI KOAWYeCTBa JAEMEHTOB CEeTKU
U BpeMeHU pacuéTa IIOCTpOoeHa OCeCUMMeTpUIHas pac-
4€THas 00AACTb, YTO IO3BOAMAO PACCMATPUBATL 3aAQ4Y
B IICEBAOTPEXMEPHOM ITOCTAHOBKE. DCKU3 PAaCUETHOMU
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Puc. 3. Pacuipepenenne yncaa Maxa nmpu MOAEAH

TypOyAeHTHOCTH k-0 SST

Fig. 3. Mach number distribution under turbulence
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Puc. 4. PacnipepeneHne 4nicaa Maxa Npu MOAeAH

TYPOYA€HTHOCTH k-0

Fig. 4. Mach number distribution under turbulence model k-0
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o0OAaCTU IPUBEAEH Ha puc. 1. 234004

C UCIOAB30BaHUMEM HHCTPYMEHTOB MOAyAd ANSYS
Meshing co3paHa UYeTHIPDEXYTOABHAsl CeTKa (puc. 2)
Cc pasMepoM suedku 1,2 MM. MopeAupoBaAcs Iorpa-
HUYHBINM CAOM C BBICOTOM IE€PBOU IPUCTEHOYHOMN SYel-
ku 0,001 mm.

[Tpy mpoBeAeHUN MOAEAUPOBAHUS IIPEATIOAATAETCS, comouct

YTO MCCAeAyeMOe BellleCTBO SIBASIETCS CYXUM BO3AY-
XOM, IIAOTHOCTb KOTOPOTO U3MEHSIEeTCSI B COOTBETCTBUU
C ypaBHEHUEM COCTOSIHUS UAEAABHOIO Ta3a; MaTepHuan
Iperpaabl MpPeACTaBAsieT CcOOOM aAlOMUHUU. ['paHunu-
HBle YCAOBHUS (PUC. 2): IIOAHOE AQBAEHUE Ha BXOAE — I
105 aT™, cTaTuueckoe paBAaeHHe — 104,9 aT™M U1 ITOAHAsT 501e01
TemnepaTypa — 300 K; nu36LITOYHOE CTaTHYECKOe AAB- e
AeHUe Ha BBEIXOAe — 1 aTM, TeMmepaTypa OOpaTHOIO
noroka 300 K; Ha cTeHKax yCTaHOBAEHBI IlapaMeTphl
HEeIIOABM)XHOM CTEeHKH.

MM YyAYUIIEHUSI CXOAMMOCTH pPacdyéra HUCIOABb-
30BaHa «cBsizaHHasi» (Coupled) cxema TIOAeH AaBAe-
HUS U CKODOCTH, peKOMeHAyeMas INPU MOAEAUPOBA-
HUU CBePX3BYKOBEIX IIOTOKOB KaK OoAee CTabOMABHAs
(mo cpaBHEHMIO, HAaIlpuMep, CO CTAHAAPTHOM CXeMOU
SIMPLE) [13].

CxeMBbl AUCKPETU3AluU:

— mno rpapuenTty — Least Squares Cell Based. Cxe-
Ma AWCKPeTH3aluu IO IPapAueHTy oOecliednBaeT BhI-
COKYyIO TOYHOCTB IIpU pellleHWU ypaBHEHUU Ha CeTKe,
TaK KakK YUYUTBIBAeT IPAANEeHTHl 3HaUeHUN IlepeMeHHBIX -
B KaKAOU sUerKe; 40te0t

— 1o paBreHWIO — Standard. B KauecTBe mpe- e
UMYIIEeCTBa TOM CXEMBI MOJKHO BBIAEAUTH! IIPOCTO-
Ty peaAu3alu¥ U BBIYMCAUTEABHON 3(M(eKTUBHOCTY;
YCTOMYMBOCTL M HAAEKHOCTb IIPU MOAEAMPOBAHUU
Pa3AMYHBIX (DU3UUYECKUX IPOIEeCCOB; XOPONIYIO0 TOY-
HOCTBb IIPU alIlIPOKCUMAIINU A@BACHUS B pacueTax;

Puc. 5. Pacipepenenne uncaa Maxa npu MOAEAH
TypOyAeHTHOCTH k-g
Fig. 5. Mach number distribution under turbulence model k-¢
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Puc. 6. Pacipepenenne yncaa Maxa nmpy MOAEAH
TypOyAeHTHOCTH k-¢ realizable co cTaHA@PTHBIMU
NPUCTEHOYHBIMH (QDYHKIHMSIMHI
Fig. 6. Mach number distribution under turbulence
model k-¢ realizable with standard wall functions
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Puc. 7. PacupepeneHune yncaa Maxa npu MOAEAH
TypOyAeHTHOCTU k-¢ realizable ¢ macmTabupyeMbIMu
NPUCTEHOYHBIMH (QDYHKIIMSIMU
Fig. 7. Mach number distribution under turbulence model k-¢
realizable with scalable wall functions
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Puc. 8. PacipepeneHue yncaa Maxa nmpu MOAEAH
TypOyAeHTHOCTH Kk-¢ realizable
C HEpAaBHOBECHBIMHA IIPUCTEHOYHBIMHA (I)YHKIII/IHMI/I
Fig. 8. Mach number distribution under turbulence model
k-¢ realizable with nonequilibrium wall functions
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Puc. 9. PacipepeneHne yncaa Maxa npu MOAEAH
TypOyAeHnTHOCTH Cniarapra—AAAMapaca
Fig. 9. Mach number distribution under Spalart—Allmaras
turbulence model
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— kw ke

— =k-¢ realizable ====mopens Cnaxapra-Annvapaca
Puc. 10. I'paduku pAaBAeHUSI Ha IIperpaae,
MOAYYEHHBIE C MCIIOAb30BaHNEM Pa3AHYHBIX MOAEAel
TYPOYA€HTHOCTH U KCIEPUMEHTAaABHO
Fig. 10. Graphs of pressure on an obstacle obtained using
various turbu-lence models and experimentally

Tabauna 1. MakcuManbHbIEe 3HAaUEHUSI AABA€HHUS Ha IIperpaje,
MOAYYEHHBIE C MCIIOAb30BaHUEM Pa3AHYHBIX MOAEAel
TypOYA€HTHOCTH

Table 1. Maximum pressure values on an obstacle obtained
using various turbulence models

Mopaean TypOyAE€HTHOCTH
IMapameTpnl k-0 kes MOAEAB
k-0 SST k-¢ realizabl Crnanapra —
calizable Aaamapaca
MaxkcumarbHOE
AQBACTINE 132 19 |172| 183 14,2
Ha IIperpaae p,
aTM
Pacxoxpenune
B Makc.
AABACHUM 278 | 206 | 11,3 5,67 26,8
C AAHHBIMU
9KCIEPUMEHT], %

— IO NAOTHOCTH, UMIYABCY, 3HEePIruu, KUHeTHde-
CKOU 2Heprum TypOYA€HTHOCTH U YAEABHOU CKOPOCTHU
eé auccunanmu — First Order Upwind. B KauecTBe
TIPEeUMyINecTBa CXeMbBl IIePBOrO IIOpPSAKA MOJKHO BEI-
AEAUTH: YAYYIIEHHYIO TOYHOCTH IIPU alIIPOKCHUMAIUN
IIepeMeHHBIX, CBA3aHHBIX C TypOyA€HTHBIMU IIOTOKa-
MH; XOPONIYIO YCTOMUYMBOCTH IPU UUCAEHHOM MOAe-
AUPOBAHUU TypPOYAEHTHBIX IIPOIIECCOB; CIIOCOOHOCTH
5 PEeKTUBHO YyUUTHIBATE OCOOEHHOCTH TypPOYAEHTHBIX
TIOTOKOB M WX BAMSHHE Ha OKPY’KAIOLIYIO CPEeAY.

[MpoBepeHa rubpupHas WHUIMAAW3AIUS, TIOApPa-
3yMeBalolllasg HMTepPallMOHHOe pelleHne IOTeHIIUaAb-
HBIX IIOAEY OAHOBPEMeHHO OT Bcex rpanut [15].

[ToryueHBl KapTHHBI paclpepeAeHus yucra Maxa
IPA MCIOAB30BAHUM PA3AMYHBIX MOAEAEH TypOy-
AeHTHOCTU (puc. 3—9). I'lpu pacuéTtax ¢ MOAEABIO K-g
realizable BapbUpOBAACS TUIl IIPUCTEHOYHBIX (DYHKIMNI
(cTaHpApPTHEBIE, MaclITaOUpyeMble U HepaBHOBECHBIE).
AAST HArASIAHOCTH pacdyéTHasg OOAACTh CUMMETPUYHO
oTOOpa>keHa OTHOCUTEABHO OCH.

Kapruuer Tedenus (puc. 3—9) CXOXKU MEKAY CO-
0O0M1, BOCIIPOU3BEAEHA CTPYKTypa CTPYU: HAOAIOAQIOTCS
pAucku Maxa, o0AacTb CBOOOAHOI'O TeUEeHUsI, TOPMOKe-
HHe IIOTOKAa y Iperpajpbl U pacTeKaHue BAOAbL Hee (OcC-
HOBHOU Nepu@epUrHbIN II0TOK).

I[Mpu Moperax k-¢ realizable ¢ pas3HBIMU IIPUCTE-
HOUHBIMH (PYHKIUSIMU KapTHUHBI pPacIpeAeAeHUsl BU-
3YyaABHO COBIIQAQIOT, HO B CAyd4ae C MacluTabupye-
MBIMH (PYHKIUSIMU MHUHHMaAbHOE YMCAO Maxa paBHO
1,28:107% a co cTaHAAPTHBIMH M HEPaBHOBECHLIMU —
1,36:107%. Ero mMakcuMaAbHOe 3HAYeHUEe pPa3AudaeTCs
He3HAuUMTEeABHO U paBHO 4,05 nmpu mopean k-o SST, 4,02
npu Mmopeau k-o u 4,01 npu ocrtarbHBIX MOAeAsx. [Ipe-
rpapa PacIoOAOKeHa B CEpeprHe YeTBEPTOM «OOuKm»
ctpyu. LleHTpaAbHBEIM CKAYOK YIAOTHEHUSI YETKO BU-
AEH TOABKO IIPU MCIIOAB30BAHUU MOAEAUM k-, Ha Apy-
IMX KapTUHaX OH cAabo BbIpakeH. [Ipm 3TOM MopeAn
CKOPOCTH Ta3a MPHU ero paciIpoCTPaHeHUHU BAOABL IIpe-
TpaAbl AOCTHUTAIOT HAamMOOABIIMX 3HaueHuUln (2 Maxa).
Anst mopenert k-o SST, k-¢ m Cnanrapra— AaaMapaca
IIOAY4YEeHO HamOoAee CHUABHOe CyKaThe «OOoueK» CTpyHu
B pPaAMAABHOM HAIpaBAEHUU: AHMAMETD YeTBePTON
«OOYKM» YMEHBIINUACS B UeThIpe pa3a IO CPaBHEHUIO
C AMaMeTpOM IIepBOM, UYTO OOYCAOBAEHO AMCCHIANuen
KUHETUYeCKOM JHEePIuM BCAEACTBHE BSI3KOTO TPEHWUS.
CHu>XeHHe 4rcAa Maxa B IIOCAeAHeM «OOUKe» COCTaB-
AsleT AO 25 % OT MaKCUMaAbHOTO 3HAYE€HUs B II€PBOU
«OOYKe», TOTAQ KaK IIPU MOAeAU k-m IOoTepu He IIpe-
BBIIIAIOT 15 %. B cAydae c TOM Ke MOAEABIO OTMeUeHO
HavMeHbIllee cXaTue «6odyek» (B 1,8 pasa).

AOIIOAHUTEABHO ITOAYYEHBI AMArpaMMEL, OTpaykaro-
e paclnpepeAreHre aOCOAIOTHOTO AAQBAEHUS Ha IIpe-
rpajpe U IPOBEAEHO COIIOCTaBAEHHE C pe3yAbTaTaMu
SKCIIepUMeHTaAbHBIX u3MepeHuit [14] (puc. 10). Pe-
3yYABTATHl PACUYETOB C MOAEASIMU TYpOYA€HTHOCTH Kk-g
realizable co BceMHu TUIAMU IIPUCTEHOYHBIX (DYHKIUNA
MIPAKTUYECKU IIOAHOCTBIO COBIAAQIOT APYT C APYIOM,
U B 9TOM CAyYae MOJKHO CAEAATh BEIBOA, UTO THII IIPH-
CTEHOYHBIX (DYHKIIUM B 3TOM CAydae He BAUGET Ha MO-
AEAUPOBaHUe TeYeHUsl Y IIPEeTrPaAbL.

C yuéToM ocpepHEHHs TOYeK MaKCHUMyM AABAEHUS
Ha IIperpape, 3aMepeHHOTO B 3KCIepUMeHTe, COCTaB-
aser 19,4 aTM m HaxoApuTcs Ha paccrogHum 10,7 MM
ot ocu. ComocTaBAeHVE AQHHBIX, IOAYYEHHBIX C HC-
IIOAB30BAHUEM PA3AWYHBIX MOAeAed TypOyAeHTHOCTH
(taba. 1).

KauecTBeHHO BUA KPUBBIX COOTBETCTBYeT pacIipe-
AEAEHHIO, IMOAYYEHHOMY 3SKCIEePUMEHTAAbHO, OAHAKO
HAOAIOAQETCSI PACXO’KACHHE B 3HAQUEHUM MAaKCHUMaAb-
HOTO pAaBAaeHUd OT 2,060 % (Mopeab k-0 SST) po 27,8 %



(Mopeab k-w). Tlpu x > 17 MM An k-0 1 X > 25 MM
MNST ADYTUX MOAEAeM pacIpepereHUe AABACHUS OAM3-
KO K JKCIIepUMeHTarbHOMY. KpuBasi, TOAyUYeHHAsT IpU
MopeAn TypOyAaeHTHOCTH CrlaaapTa — AaAMapaca, CooT-
BETCTBYeT CTAallMOHAPDHOMY DPEe’KHUMY B3aHUMOAEWUCTBHUS.
Ilpu OCTaABHBIX MOAEASIX MaKCHUMyM CMeIIEH OT OCH,
YTO SABASIETCS OAHUM M3 IPU3HAKOB aBTOKOAEOATeABHO-
TO pe’kMMa B3aUMOAEMNCTBUSI CTPYHU C Iperpapou [15].
OAHAaKO B paAbHeHIIeM KOAeOaHWM He IIPOUCXOAUT.
KpuBasi, moAydeHHast TIpM MOAEAM TypOYA€HTHOCTH
CnanrapTa —AAAMapaca, COOTBETCTBYeT CTallMOHapHO-
My pe’KUMY B3auMoAelNcTBUs. [To Mepe IpUOAMIKEHUS
K BBIXOAHOM TpaHHUIle AaBA€HHMe BO BCEX CAyYasX CTa-
HOBUTCSI PaBHBEIM 1 aTMm.

BbIBOABI U 3aKAIOUEHUE

[TpoBepeHO 4YHCAEHHOE MOAEAUPOBAaHUE B3aUMO-
AEUCTBUS CBEPX3BYKOBOM CTPYH C IIpErpapOud C HUC-
TOAB30BaHHEM IIporpaMmMHOro Mopyas ANSYS Fluent.
HccaepOBaHBI  pasAWMYHBIE MOAEAM TypPOYA€HTHOCTH
Ha OCHOBe ypaBHeHUMN PeNHOABACA, pe3yAbTaTHI IIO-
Ka3aAM CXOAHBIe pacIpepeAreHUst uncAa Maxa M AaB-
A€HUS BAOABL IIperpapbl. [loAyueHO KauecTBeHHOe
coraacoBaHMe TIpaUKOB AABAEHUS C 3KCIepHUMeH-
TAaABHBIMU AQHHBIMH. KoOAMYecTBeHHOe pPacXOosKAeHHe
B HaYaABHOM y9acCTKe IIperpajpbl MOKET OBITH BHI3BAHO
TIOTPEITHOCTAMU B IIOCTPOEHUHM TeOMETPUYECKOU MO-
AEAU M PacuETHOM CEeTKH, OCOOEHHOCTSIMU HaCTPOUKU
pemtateaa Fluent u HaAM4MeM PAacXO>KAeHUU B M3Mepe-
HHUSAX A@BA€HMS BO BpeMsl IIPOBEAEHUs dKCIIepUMeHTa.
CoraacHO AAQHHBIM JKcllepuMeHTa |[14], pe3yabTaTH,
TIOAYYEHHBIE C UCIIOAB30BAHUEM MOAEAH TYPOYAEHTHO-
ctu k- SST, HauboAee TOYHO COOTBETCTBYIOT MaKCHU-
MaAbHOMY 3HAUeHHUIO AaBAeHMA. PacxokpeHUe MeKAY
SKCIIePUMEHTAABHBIMU AQHHBIMU U pe3yAbTaTaMU MO-
peam cocTtaBasieT Bcero 2,06 %. Ilpu ucmoab3oBaHUU
DAHHOUW MOAEAM MaKCHMaAbHOe AaBAeHHe Ha IIperpa-
A€ COCTaBHAO 19 aTM., YTO 3HQUUTEABHO MEHBIe, 4eM
MaBAEHHE B KaMepe CropaHusl, KOTOpPOe COCTaBAsSeT
105 atm. TakuM 06pa3zoM, MOAEAb TYyPOYA€HTHOCTH k-0
SST AeMOHCTPHUPYEeT XOpolllee COOTBETCTBUE JKCIIepU-
MeHTAAbHBIM AQHHBIM M MOJKeT OBbITh 9(P(PeKTUBHO HUC-
TIOAB30BaHa AASI aHaAW3a AMHAMUKHM AABACHHUS B AQH-
HOM KOHTEKCTE.

CHHCOK MCTOYHUKOB

1. CunuabuimkoB b. E., CunuabiimkoB B. B. MccaepoBanue
TEPMOCUAOBOTO HArpy’KeHHUs ra300Tpa’kaTered CTapTOBBIX KOM-
MIAEKCOB paKeT KOCMUYECKOTO Ha3HauyeHus IMpU paboTe cUcTeM
Bopomopaun // MccaepoBanusa Haykorpapa. 2017, T. 1, Ne 2.
C. 61—71. EDN: ZHEMSD.

2. AyroB B. T'., Aykbsanaos I'. A. [azoAnHaMHUKa IIPOIECCOB KC-
TeyeHus: MoHorp. HoBocubupck: Hayka, 1984. 236 c.

3. PopuonoB A. B. PazpaboTka MeTOAOB U IIPOTPAMM AAS YUC-
AEHHOTO MOAEAWPOBaHUs HEPAaBHOBECHBIX CBEPX3BYKOBBIX Tede-
HUI B NPUAOKEHHHM K adPOKOCMUUECKHM M acTPOPU3NIECKUM
3apavaM: AWC. ... KaHp. ¢us.-maT. Hayk. Capos, 2019. 299 c.

4. Tlpopan H. B. HecramuonapHoe B3auMMOAEWUCTBHE CBepX-
3BYKOBBIX CTPYU MeXXAY COOOM HAU C IIPErpapoOu: AHUC. ...
dus.- mat. HayK. Cankr-IletepOypr, 2016. 141 c.

5. Coaomarus P. C., Ceménos U. B., Menrmos U. C. K pac-

KaHA,

4éTy TypOyAeHTHBEIX Te€YeHMM Ha OCHOBe MopeAu CrarapTa—Aa-
Amapaca ¢ npumeHenueMm LU-SGS—GMRES aaropurma // Tlpe-
npuntel VITIM um. M. B. Keapprma. 2018. Ne 119. 30 c. DOI:
10.20948/prepr-2018-119. EDN: USDDEO.

6. Dacles-Mariani J., Zilliac G. G., Chow J. S., Bradshaw P.
Numerical/Experimental Study of a Wingtip Vortex in the Near
Field // AIAA Journal. 1995. Vol. 33, Ne 9. P. 1561 — 1568.

7. Bardina J. E., Huang P. G., Coackley T. J. Turbulence
Modeling Validation, Testing, and Development // NASA
Technical Memorandum. 1997. URL: https://www.researchgate.
net/publication/24296213_ Turbulence_Modeling_ Validation__
Testing__and_ Development (pata obparenus: 20.09.2023).

8. Fleunt Inc. Fluent 6.3 User's Guide. Lebanon: Fluent Inc.,
2006. 2501 p.

9. Wicox D. C. Formulation of the k- Turbulence Model
Revisited // AIAA Journal. 2008. Vol. 46, Ne 11. P. 2823 —2838.
DOI: 10.2514/1.36541.

10. Baor COMSOL 06 uH)KeHepHBIX pa3padoTKax M HayKe.
URL: https://www.comsol.ru/blogs (aata o6pamenus: 12.10.2022).

11. Leschziner M. A. Modelling turbulent separated flow in the
context of aerodynamic applications // Fluid Dynamics Research.
2006. Ne 38. P. 174—210. DOI: 10.1016/j.fluiddyn.2004.11.004.

12. SST K-Omega Turbulence Models // Autodesk. URL:
https://knowledge.autodesk.com/ru/support/cfd/learn-explore/
caas/CloudHelp/cloudhelp/2019/RUS/SimCFD-Learning/files/
GUID-0F5C4828-9F91-46B6-A16A-2578D72DCFCC-htm.html
(raTa obpamenus: 12.10.2022).

13. NurerpaTtop TexHororni ANSYS B Poccum m crTpaHax
CHI: ANSYSFLUENT. URL:https://cae-expert.ru/product/ansys-
fluent (pata obpammenus: 12.10.2022).

14. Kyaumos H. @., Cacdponos A. B., Tperssikoa O. H. Pe-
3YABTAThl KCIIEPUMEHTAABHBIX HMCCAEAOBAHUHM B3aUMOAEHCTBUS
MHOTOOAOYHBIX CBEPX3BYKOBBLIX TYPOYAGHTHBLIX CTPYyH C IIperpa-
poit // Tpyast MAM. 2013. Ne 69. C. 1—11. EDN: RKNFOZ.

15. T'rasynoB A. A., Karenos A. M., Koctiommuu K. B. [u Ap.].
MaremMaTH4ecKoe MOAEAUPOBAHUE B3aUMOAEUCTBUS OAMHOYHOM
CBEpPX3BYKOBOW CTpyu c mperpapamu // BectHuk ToMcKoro ro-
CyAQPCTBEHHOIO yHUBepcuTeTa. MaTeMaTuka U MexaHuka. 2020.
Ne 63. C. 87—101. DOI: 10.17223/19988621/63/8. EDN: XUSEAS.

ITEIITKOB PychraH AAeKCaHAPOBUY, KaHAUAAT TEeXHU-
YeCKMX HayK, poueHT (Poccus), 3aBepyromuil Hayd-
HOU Aaboparopueil «PaKeTBI-HOCUTEAU, KOCMUUYECKHEe
1 OeCHUAOTHBIE AeTaTeAbHBIE allllapaThl», AOLIEHT Ka-
deapHl «/AeTaTeAbHBIE alllapaThl», CTAPIINU Hay4HBIN
corpypaHuk HUA mpo6aeM (pU3MKO-XUMUM M Ta30AU-
HaMHUKU ABUTATEABHBIX yCTAaHOBOK MHOTOPA30BHIX pa-
KeT-HOCHUTeAel HOZKHO-YPaabCKOro rocypaapCTBEHHOIO
VHUBEPCUTETA (HAIJUOHAABHBIM HCCAEAOBATEABCKUU
yauBepcurert) (FOYpl'Y (HI1Y)), r. HeasOuHCK.
SPIN-kop;: 7783-8484

AuthorID (PMHLI): 655336

AuthorID (SCOPUS): 57212526560

Appec aast epenucku: peshkovra@susu.ru
IIMETKOBA AnHa CepreeBHa, MaruCTpaHT HallpaBAe-
Husl «PakeTHbIe KOMIIAEKCHI M KOCMOHaBTuKa» FOYplY
(HI1Y), r. YeraOuHCK.

SPIN-koa: 5035-0619

AuthorID (PMHLI): 1173091

Apapec anst mepenucku: anna-shmetkova@rambler.ru
NCITPABHVKOBA Onaecst BaapmMupoBHa, Maru-
CTPAHT HallpaBAeHUd «PakeTHBIe KOMIIAEKCHI B KOCMO-
HaBTuka» IOYpl'Y (HWUY), r. HeasOuHCK.

SPIN-koA: 2245-3073

AuthorID (PMHLI): 1174035

Apapec aast mepenucku: ispravnikova.2000@mail.ru
CIOCBKNHA [Oausa AbBOBHA, CTaplIWM Ipenopa-
BaTeAb Kadeaphl «AeTaTeAbHble anmnapaTbl» HOYplY
(HI1Y), r. HeraOuHCK.

SPIN-koA: 5442-8410

AuthorID (PMHLI): 569365

ORCID: 0009-0004-2976-3674

AuthorID (SCOPUS): 57211969633

Appec aas mepenucku: siuskinayl@susu.ru

™

Y202 € ON 8 TOA ONIRIFINIONT JIMOd ANV LINDOA-NOILVIAV SIS "NILITING DIHILNIIDOS XSWO

¥20Z €sN 8INOL INHIOALOOHUMYIN FIONDIhULIIMIHE N JOHIIVA-OHHOUTIVMEY BUJID “HIUHLOIE UIGHRAVH UMNDNO



AAs HUTHpPOBaHUS

TTemkos P. A., IIImetrkoBa A. C., VicupaBaukosa O. B., Crock-
kuHa [O. A. AHanu3 BAUSHUSA BBIOOPA MOAEAU TypPOYyA€HTHOCTHU
Ha IapaMeTphbl B3aUMOAENCTBUSI CBEPX3BYKOBOW CTPYH C IIperpa-
Ao // OMckuil Hay4yHBIM BeCTHUK. Cep. ABHAIIMOHHO-PAKeTHOE

UDC 533.17
DOI: 10.25206/2588-0373-2024-8-3-90-97
EDN: ZEDCYY

U 3HepreTudeckoe MammHocTpoeHue. 2024. T. 8, Ne 3. C. 90 —97.
DOI: 10.25206/2588-0373-2024-8-3-90-97.

CraTths ocTynuaa B pepaknuio 27.07.2024 r.
© P. A. ITemikos, A. C. IlImeTkoBa, O. B. icipaBHIKOBa,
10. A. CrocekuHa

THE ANALYSIS OF THE INFLUENCE OF THE TURBULENCE
MODEL SELECTION ON THE PARAMETERS OF INTERACTION
OF A SUPERSONIC JET WITH AN OBSTACLE

R. A. Peshkov, A. S. Shmetkova, O. V. Ispravnikova, Ju. L. Suskina

South Ural State University (National Research University),
Russia, Chelyabinsk, Lenin Ave., 76, 454080

Due to the intense loading of the elements of launch structures when exposed to rocket engine jets, it
is obvious that it is necessary to determine the gas-dynamic, thermal and other loads that occur during
the launch of the launch vehicle. Numerical modeling using application programs is one of the widely
used methods of their calculation, since physical modeling requires significant resources. The study
analyzes the case of interaction of a single supersonic gas jet with a flat barrier oriented perpendicular
to the direction of the jet. Differential equations describing the motion of a compressible viscous heat-
conducting gas (Navier-Stokes equations) are presented, and a method for averaging them by Reynolds
is described. Some one- and two-parameter turbulence models based on Reynolds equations are
considered. A numerical simulation of the flow of a supersonic jet of air from a Laval nozzle onto a flat
aluminum barrier located perpendicular to the axis of the jet is carried out. The ANSYS Fluent software
package is used to analyze the effect of choosing a turbulence model on the distribution of the Mach
number and pressure on the barrier. A comparison of the results of the study with experimental data
showed that the most accurate results are obtained using the k-w SST turbulence model.

Keywords: supersonic jet, gas dynamics, jet-barrier interaction, turbulence models, turbulent flow,
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