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AnHoTammusi. B pabore npHBOOWTCS ONMCAaHHE MHOTOMAcIITA0HOTO MOAXOMA JUIS
MOJIEJIMPOBAHHMS POLECCOB TEYEHHH ABYX(Aa3HBIX CPEJ B CIIOKHBIX TEXHHYECKUX CHCTEMaXx.
B ocHOBe MHOromacmiTaGHOro MOJAXOJa JISKUT KaK paslelieHHe pacyeTHOH oOiacTH Ha
1oa001acT ¢ COOCTBEHHOI CHCTEMOI ypaBHEHHH, TaK U pacllelIeHHe UCXOIHOW CHUCTEMBI
YPaBHEHUH Ha HECKOJBKO IMOJCUCTEM AT KaKAOTO M3 paccMaTpuBaeMoro macimrabos. B
Ka4ecTBe MPUMEPa BO3MOXKHOTO MPUMEHEHUS] MHOTOMacTaOHOM MOJENH paccMaTpUBaeTCs
3a7a4a ONpEeAEeNeHHsT aKyCTHIECKOT0 IIyMa B JAIBHEM II0JIC IIPH CTapTe PAKeThI-HOCHTENS C
y4eTOM MOAa4M BOABI B Ta30BBIE CTPYM IBHTATEIBHON YCTaHOBKHU. Jlpyrmmm obmactsamu
MIPUMEHEHNs MHOTOMAacIITaOHOM MOJENH MOXHO yKa3aTh 3afauyd He(TerazoBOH OTpaciH:
TIIyIICHHE Ta30/[00BIBAIONINX CKBAXKUH, PACIOJIOKEHHBIX Ha OOJBIION IIyOuHE, TITyIIeHUe
HE(TIHBIX CKBAXUH C BBICOKHM Ta30BBIM (hakTOPOM Ha MecTopoxieHusx. Ilpemiaraemas
MHOrOMacIITabHas MaTeMaTHYeCKasi MOJIC)Ib BKIIFOUaeT B ce0s 5 moamoerneit: 1) moaMoaens
ra30JMHAMHUKH BBICOKOCKOPOCTHBIX MHOTOKOMIIOHEHTHBIX TEUEHHMHl CMecH Ta30B; 2)
MOAMOJIEIb THAPOANHAMUKM TeUeHHs IBYX(a3HOH CMECH B FOMOI'€HHOM HPHOIMKEHUH C
YYeTOM CXXMMaeMOCTH Tra30BOi (a3pl M oOMeHa Maccoil Mexny ¢azamu; 3) MOAMOAETH
mepeHoca Mex(dazHOH TpaHUNbl, 4) TOAMOIENs TepeHoca o0Jaka Kameilb H  ero
B3aUMOJICHCTBUS C Ta30XKUIKOCTHOH CpeIoif; 5) HOAMOMEINb OLIEHKH IITyMa B JAJIbHEM II0JIC Ha
OocHOBe akycTnueckoil anamormn ®ddoykc Bunbsmca-Xoykunra. IIpennoxkeHHas B paMkax
MHOTrOMacmtaGHOrO MOAXOJA MOJeNb MOXET OBITh pacliupeHa JIss — BKIIOYCHHS
JIOTIOJIHUTENILHBIX MOZENell — Takux, Hampumep, Kak Oiiepoa-JlarpaHxeBa MoJeNb
aTOMHU3ALUH CTPYH Ha OCHOBE YPaBHEHMs 3BOJIOLUH IIOTHOCTH MeX(}a3HOH MOBEPXHOCTH.
Peanuzarus nogMozeneil MOKeT ObITh BBINOJHEHA HA OCHOBE ITAKETOB C OTKPBITHIM HCXOHBIM
kogom: OpenFOAM, Nektar++, ITHACA-FV. IloamMonenu akycTHKH U THOPUIHBIN alTOPUTM
pelieHnsT ypaBHEHHH CXXHMaeMOW TOMOTEHHOH AByx(}azHOW cpelsl pean30BaHBI B BHIE
moxyneit libAcoustics u hybridCentralSolvers na 6a3ze ortkpsiToro makera OpenFOAM.
HUcnons3oBanue mratdopmel OpenFOAM B kadecTBe 0a3bl ISl pealn3aldyl IIPOTPAMMBI
II03BOJISIET TOJYYUTh apXUTEKTypy CO B3anMO3aMEHSEMBIMH JJIEMEHTaMH. VICXOIHBINH KOA
pa3pabarbiBacMOi MOJICITH CcBODOOTHO JIOCTYTICH 4yepes MPOCKT GitHub
https://github.com/unicfdlab.
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1. Cnucok cokpaweHul u 06o03Ha4YyeHul

ELSA — Eulerian-Lagrangian Spray Atomization

LPT — Lagrangian Particle Tracking

NASA — National Aero Space Agency

PISO — Pressure Implicit With Splitting Operators

SIMPLE — Semi-Implicit Method for Pressure Linked Equations
VOF — Volume-of-Fluid Method

PIMPLE — PISO/SIMPLE

KA — Kocmuueckuit Annapat

I1O — IMporpammuoe ObecnicueHme

ITY — IlyckoBas YcraHoBka

PH — Pakera-Hocurens

TC — Texauueckas Cucrema

VYBU — YpaBuenue bananca Ummyibca

YCM - Vpasuenue Coxpanenus Macchl

YBD — Ypasuenue bananca Dneprun

YCC — Ypasuenune CoctosiHust Cpenbl

YIIMII — Ypasuenue [lepenoca MexdazHoit [ToBepxHocTu

2. BeedeHue

AKTyanbHOCTh INPUMEHEHUs MHOTOMAacIITa0HBIX MOAXOAOB K MOJIEIUPOBAHUIO
TEUYEHUH KUJIKUX Cpe]] B TEXHUYECKUX CUCTEMax CBA3aHa C BO3PACTAIOLIUM CIIPOCOM
CO CTOpPOHBI NPOMBINUIEHHOCTH Ha pa3pabOTKy Tak Ha3bIBaeMbIX IH(POBBIX
JIBOMHHMKOB — MPOTPaMMHOT0 OOecIieueHHs], IMUTHPYIOILETO peajbHbIe U3AENUs U
MTO3BOJISIIOIIETO POBOIUTH KOMIIBIOTEPHYIO OTPA0OTKY M MCIBITAaHHUS TEXHUYECKUX
YCTPOMUCTB.

Pazpabotka Takoro mpukimamHoro IIO compsbkeHa € HEOOXOIMMOCTBIO
MaTeMaTH4ecKOro MOJEIMPOBAHMS CJIOXKHOTO JBIDKEHUS IByX(asHbIX cper,
00BEINHSIOMNX TaKKE TPOMBIIUICHHBIX 331241 KaK CTapT PAKeThI-HOCUTEI KJlacca,
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JBIDKCHUE JKUJIKOCTH B TEXHWYECKHX CHCTEMaxX KOCMHYECKHX AallapaToB, YHOC
rpyHTa npu nocaiake KA, mporecc npou3BOACTBAa YyryHa B JOMEHHBIX Ieyax,
TIIyIIEHHE Ta30BbIX M HE(TSAHBIX CKBXHWH W Np. DTH 3a/a4d XapaKTEPH3YeTCs
KpaifHell IPOCTPaHCTBEHHON HEOJHOPOAHOCTEIO 10 YHCITy Maxa, MHOT0(pa3HOCTBIO,
«pa3OpBI3TUBAHUEM» BOASHBIX (KHIKHX) CTPYH, HAJIHYWEM (PH3MKO-XUMHUECKUX
MIPOLIECCOB, B3aUMOJCHCTBUEM M OTPAKEHHEM BOJH OT 3JIEMEHTOB KOHCTPYKLINH
craproBoro koMmiulekca PH, OonpmmMu pasnuuusiMu B Maciitabax MOJEIUPYEMBIX
9JIEMEHTOB, ()a30BBIMHU MIPEBPAILECHUSIMH.

MHorue u3 H3BECTHBIX 0a30BBIX MoAened (TOM 4YHCIIE W pEaTl30BaHHBIC B
KOMMEpPYECKUX 3apyOeXHBIX IaKeTax) HCIONB3YIOT IOMyIIEHUS W METO[bI,
OCHOBaHHBIE Ha IIEPEHOCE OTIENBHBIX YaCTHII JINOO 7K€ MHOTOXHKOCTHBIE MOIXO0/Ib,
KOTOpBIE YIOOHBI [UIsl MOJIEIMPOBAHUS OTIEIBHBIX SBJICHHUH, HO MAJIIOTIPUTO/IHBI JUIS
OIMCaHUsI MPOMCXOMSIIMX B YKa3aHHBIX BBILIE CIIydasX CIOXHBIX IEPEXOIHBIX
HPOLIECCOB U 00Pa3yIOIMXCS Pa3HOMACIITAOHBIX CTPYKTYP.

B Hacrosiiee Bpemsl pSJOM Kak POCCHHMCKHX, TaK W 3apyOeXHBIX KOJUIEKTHBOB
Be/yTCsl pabOTHl MO0 OOBEIUHEHHIO PAa3IMYHBIX MOJXOJOB C IIEJbI0 PaCHIMPEHHS
00JIacTH HCIIONIB30BAaHMS MoJieNied TeueHWH MHOroasHbBIX cpel — Harpumep,
MOJIEIH, BKIIIOYAIOLIHE B ce0s IepeHoc Mex(a3HOl rpaHHIbl M OTJEIBHBIX Kallellb.
B pabore mpeanaraercst THOpUAHBIA, HEPAPXUUYECKUH IMOIXON JJIsl PELICHUS
aKTyaJIbHBIX TIPOMBIIUICHHBIX 3a1ad. Takne TIOJIXO/IbI SIBIISIFOTCS
y3KOCHENNATN3MPOBAHHBIMA M B 3aBUCHMOCTH OT IIOCTAaHOBKH 3aJaddl JIOJDKEH
KOPPEKTUPOBAThCSI COCTaB MaTeMaTHYecKoi Monenu. Takum oOpa3oM, IMOCKOIBKY
caMa MOJENb HE MOXKET PacCMaTpUBATHCS B OTPBHIBE OT MPHUKJIAJHON 3a/1aud, TO B
JaHHOW pa0oTe B KadyecTBE NpUMEpa NPUMEHEHHUS B3s5Ta 3a/a4a HMCCIICTOBAHUS
aKyCTHYECKOTO IITyMa IPH CTapTe PaKeThl HOCHTEIIS.

3. MocmaHoeka npuknadHou 3adavyu

B nacrosiiiee BpeMsi 0JHOM U3 aKTyaJIbHBIX 3a/1a4 B PAKETHO-KOCMUYECKON TEXHHUKE
ABIISICTCA CHIDKEHHE aKyCTHYECKOTO ITyMa OT CTPYH paboTarommx aABuratenen. Jlims
pELICHUs 3a1a41 CHY)KEHHMS [IIyMa UCTIONb3YIOTCSI Pa3IMIHbIE METObI — MACCHBHBIC
n aktuBHbIe. OJTHUM 13 TAKUX METOJIOB SBIISIETCSI T0/1a4a CTPYH BOJBI B 30HY I'a30BOI
CTPyH 3a cpe3oM coruta apuratens pakerbl-Hocutens (PH). [annas TexHomorwus
HOCTyXKHUJa MPEIMETOM HCCIEAOBAaHUM, HAXOIAIIMX CBOE OTPaXXEHHE B psije
HEJAaBHUX cTaTed aBTOpoB, npeacrapmsaomux [IUAM um. I1.M. Bapanosa, [IOHKI
HUNCK, ®I'VII HHUMMam, NASA Glenn Research Center, NASA Marshall
Space Flight Center.

JeranbHoe u3yueHHE MNPUMEHUMOCTH JTOM TEXHOJNOTMH U COMYTCTBYIOIIHMX
ra30lMHAMUYECKMX U aKyCTHUECKHX MPOLIECCOB B HATYPHBIX YCIIOBHSAX TpeOyeT
HCIOJb30BAHUS HMHCTPYMEHTOB YHCJIEHHOTO MoJenupoBaHusa. HeomHopoaHOCTh
obmacti mo umcnmy Maxa, MHOTO(a3HOCTh, «pa3OpBI3THBAHNE» BOISHBIX CTPYH,
Hasuue (PU3NKO-XUMHUYIECKUX IPOIIECCOB, B3aNMOJCHCTBHE W OTPAKEHHE BOJIH OT
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9JIEMEHTOB KOHCTPYKIMH cTapToBoro komiulekca PKH, Oonbimme pazmuuust B
MacmTabe MOJEIMPYEMbIX Y3J0B — BCE O3TH OCOOEHHOCTH OO0YyCIaBIMBAIOT
HE00XOAMMOCTh Pa3padOTKH THOPUIHON MOJIETH Ta30MHAMIYECKO-aKyCTHIECKOTO
periatens, CIOCOOHONW KOPPEKTHO BOCIPOHM3BOJHWTH M IPOTHO3HPOBATH JAHHBIC
SIBJICHMS ITPU U3MEHEHUH KOHCTPYKTOPCKON JOKYMEHTALHH.

AHanu3 aKkyCTHKHU JalTbHEro 1Mot (B 00JIaCTH IOJIE3HOTO TPy3a) IPH CTapTe paKeTHI-
HOCHTEIISI COIPSDKEH C aHAIIM30M SIBJICHUH CYLIECTBEHHO PA3JIMYHbIX MACIITa00B!

e  MHOroasHble TeueHHsI B OOJIACTH MOAAYH BOIBI MMOJ] COIUIAMH BHIATEIBHON
ycranoBkH ([{Y);

®  pacnpoCTpaHEHHE Ta30KaNeIbHOW CMECU B ra30X0/JIE;
e  TypOYJIEHTHOE JIBM)KEHHE TPAHC3BYKOBOW CTPYH Ha BBIXOJIE U3 T'a30X0/1a;
®  U3JIy4YCHHE 3BYKOBBHIX BOJIH;

® TMepeHoC (pacmlpocTpaHEHHE) aKyCTHUYECKHX KOJIeOaHWH B CTOPOHY HOCOBOH
YacTH PaKeTHI-HOCHUTEIIS.
O0beM MPOCTPAaHCTBA MOJISTMPOBAHUS OIpeaemsieTcs] rabapuTtaMyd CTapTOBOTO
CTOJa W COOPYXXCHHWH, COCTABISIOIMIMMH IIOPSAKAa COTHH METPOB IO KaXKIOMY
HATPABJICHUIO, B TO BpEMs KaK XapaKTePHBIM pa3Mep pacuyeTHOH CEeTKH II0
NpOCTpaHCTBY MoxeT cocTaBisath okono 0,01 M. Takum oOpazom, dYmcio
HEM3BECTHEIX B 3a7aue OyIeT COCTAaBIATh BelMuuHy nopsaaka 102 ...10'3, uro nenaer
MIPEIbSIBIIIEMbIC TPCOOBAHHS K BHIYUCIUTEIHHBIM MOIIHOCTSM HEBEIIIOJIHUMBIMU B
0003puMoM OyaymieM. [t BOCIpOM3BEICHHS KE KAIlEeIbHOTO MOTOKA CPEICTBAMH
VOF merona (kak OIHOTO W3 HamOOJIee YACTOTO HCIOIB3YEMOr0 M HaIEKHOIO)
moTpeOyroTes emé Oollee MENKHe CETKH, MOCKONBKY ISl pa3pelIeHus Kareib
HeoOxoauMo mopsiaka 10 sgeexk Ha auaMeTp, a XapaKTEpHBIA pa3Mep Kaluld, B
3aBHCHMOCTH OT cocTaBa Xuakoctd — 0.1 — 1 Mmm.
Pemenne Takoif 3amaum TpeOyeT COBMECTHOTO IMPHMEHEHHS Pa3HOMACIITaOHBIX
MoJIeNel, Kaxk1asi U3 KOTOPBIX OyIeT AeWCTBOBATh B CBOCH MTOA00IACTH, TOTYIaeMOM
pa3zeneHreM 06JacTH MOAETHPOBaHuS Ha moxobiactu (puc. 1). C qpyroii CTOpOHHI,
JUIA COTJIACOBAHHOT'O yd4eTa pPacHpOCTPAaHEHHs Kalelb B CBEPX3BYKOBOM ITOTOKE
MOHAZOONTCSl PACIIETIUTh ONMCAHUE Ta30KAaIlleNbHOTO0 IMOTOKA Ha JBE CHUCTEMBI,
JIEHCTBUTENbHBIE ISl CBOMX MaclTabOB: KOHTHHYQJIbHYIO U JHUCKPETHYIO
(omuchIBaeMyI0 B epeMeHHbIX Jlarpanxa).
Pacuérnas o6macTs (reoMeTprudecKas MOJIeNb) Ta30JMHAMUKH U aKycTuku ctapta PH
C Y4eTOM BOJIONOJau BKJouaeT craproBoe coopyxenue (I1Y), PH u marpyOxu
CHUCTEMBI IToJa41 BOJABI U B COOTBETCTBUU C IPUHATBIMU JOIMYIICHUAMA p3,36I/IBaeTCH
Ha TPH MMOJI00JIaCTH:
a) B3aUMOJCHCTBUS CBEPX3BYKOBBIX Ta30BBIX CTPYH C BOASHBIMH CTPYSIMU;
b) TypOyneHTHOTro 10- M TPaHC- 3BYKOBOTO TEUEHHS CTPYH ropsS4ero CkuMaeMoro
COBEPILEHHOTO ra3a;

C) pacmpocTpaHeHHs aKyCTHIECKHX KoJeOaHHH B BO3AyXe (JaTbHEE TOJIE).
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[ono6nacts a) BKitO4YaeT B ceOst MPOCTPaHCTBO BHYTPH Ia30X0a OT cpeda conen PH
J10 BBIXOJHOTO ceueHus. JJisi KOpPEKTHOrO pa3pellieHus: B3aUMOACHCTBHSI Fa30BBIX U
KalleIbHBIX CTPYH HEOOXOIMMO COBMECTHOE WCITONB30BAaHHME MOJENell Ha OCHOBE
KOHTUHYyanpHOro u JlarpamwkeBa mnoxaxona. Ilynbcanuum razogMHaMHUYECKUX
1apaMeTPOB Ha BBIXOJHOM Cpe€3€ ra30XoAa SIBJIAIOTCS MCXOIHBIMM AHHBIMM JUIS
nojo6nactu b). Ilpu B3anMoaeHCTBUHE TIOTOKA POYKTOB CTOPaHUs U CTPYH BOJIbI,
JIOrOpaHue KOMIIOHEHTOB CMECH U KOHIECHCALUS HE YUUTBIBAIOTCS.

[Mono6nacte b) BriIo4YaeT OTKPHITYIO YacTh [1Y ot BeixogHOro ceuenus [1Y BHU3 10
MOTOKYy Ha paccrosHum mnpubmmsurensHo 20-30 mumamerpoB comna. Ilympcarum
ra30JMHAMUYECKAX TapaMeTpoB (IaBICHUSA, IUIOTHOCTH M CKOPOCTH) B JaHHOI
N0A00IaCTH UCIIONB3YIOTCS JUIsl ONPEEICHUs] aKyCTUUECKHX Harpy30K B JalbHEM
nose (Ha nmosepxHoctu PH).

[TomobmacTe C) COOTBETCTBYET NAIbHEMY IOJIO PACIHPOCTPAHEHUS aKyCTHYECKHUX
KOJICOaHUH B pABHOMEPHOM HEBO3MYIIEHHOH Cpe/ie U BKIIIOYAET B Ce0s MOBEPXHOCTh
PH c pacnionoxxeHHbIMH Ha Hell MUKPO(OHAMH.

i PKH

ny (i
MNoBepxHocTb Knpxropda

2

T

BbixogHoe ceueHue rasoxopa

Puc. 1. Cxema pacnonooicenust nodobaacmeii paciemnoui 0oaacmu npu Mooe1uposanu
cmapma PH
Fig. 1. Sketch of subregions introduced for accounting different phenomena during rocket

lifi-off
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4. Mamemamuy4eckue modesnu

C y‘léTOM IIPUHATBIX ,HOHyIIIeHI/Iﬁ H OIIMCaHUsA pvaeTHOI\/‘I CXC€MBbI, MaTCMaTH4YCCKaA
MOJEJIb COCTOUT U3!:

e B 10#00JACTH a) — TpeXMEpHBIX ypaBHeHHi HaBbe-CTokca 1uist TypOyJIEHTHBIX
CBEpX-, TPAHC- M JIO3BYKOBBIX TEUCHHH CIKUMAEMOH TIa30KalesIbHON CMecH,
BKJIIOYasl YPaBHEHHUS! COXPAHEHUS MacChl, UMITyJIbCa M OJHEPTUH; IepeHoca
TypOyJICHTHBIX BEJIMYHMH, IIEPEHOCAa KOMIIOHEHT CMECH, IIepeHOoca Karlelb,
OINICAaHUE MEXAaHU3MOB B3aMMOJCIHCTBHS BOISHBIX W Ta30BBIX IIOTOKOB
(ucmapenue, 0OMEH UMITYIBCOM);

e B HopobmacTu b) — TpexmepHbIX ypaBHeHuit HaBbe-CTokca 1u1st TypOyJIeHTHBIX
J0- ¥ TPAHC3BYKOBBIX TEUYCHHUH, BKIIOYAs ypaBHEHHS COXPAHEHHUS MaccChl,
HMITyJIbCA M SHEPTUH; TIEpeHOCca TYPOYIIEHTHBIX BEJIMUUH, IEPEHOCA KOMITOHEHT
cMecH;

e B momobnacTM C€) — UHTETPAIBHOTO pemeHus ypaBHeHus JlalTxuia,
ITOTy9aeMOTr0 ¢ IOMOIIBI0 aHaiorud (ypaBHeHHs) Poyke Yubamc-XOKUHTa.

Kpome Toro, BMecTo pemenns ypaBHeHmid HaBpe-Ctokca B momoodbmactu Ne2 u
aanmornnn ®oykc YwuibsMmc-XOKHHTa B TOJOOJIACTH C) BO3MOXKHO TIPHMEHEHHE
HWHXCHEPHO-SMIHPHUIECKOTO MOIX0/1a, AHAJOTHIHOTO pa3padboTtaHHOTo B NASA mis
OIIEHKH IITyMa OT CBOOOAHBIX cTpyii [1-4]. laHHBINA TOAXO0/ HAIPSIMYIO HEIIPUMEHUM
JUISL pacCMaTpUBaeMOi 3aJa4ur, IOCKOJIbKY YCIIOBHUSI HCTEUECHUSI CTPYH CYILECTBEHHO
OTJIMYAIOTCS OT UCXOJHBIX JOMYIICHUH aBTOpa.

BriocienctBun TO4HOE paspelleHHe MPOLECCOB Ta30JWHAMHUKA W JAWHAMUKHA
KaleJIbHOTO IOTOKA HAa OCHOBE MHOIOMAacIITa0HOM MOJETH MOXKET ObITh
UCITIONB30BAaHO ATl TOCTPOGHUSI  YNPOIUEHHBIX  MHXKEGHEPHBIX  MOIXOOB,
aHaornyHeIX [1-4] wm [7].

4.1. Mogenb rasokanenbHOM cpeabl

B paccmarpuBaemoii 3anade nporeccsl 0OMeHa MMITYJIbCOM M BHYTPEHHEW SHepruei

MEXAY BOJASHBIMH CTPYSMH M Ta30BBIM IOTOKOM HCXOJSIIMM W3 COIE] PaKeThl-

HOCHTEJSl SIBJISIIOTCS ONPEACISIONIMMY MPY TO/IaBJICHUH IIyMa BO BpeMs CTapTa.

CornacHo [5-7] ocHOBHOW BKJIaJ B 0Ollee CHIDKCHHE SHEPTUHM aKyCTHYECKHX

ITyJIbCAIMH BHOCST MIMEHHO MEXaHU3MBI:

e  0TOOpa KUHETHYECKOH M BHYTPEHHEH 3HEPIHU OT CPEIHEr0 MOTOKA KaIUIIMH
BOJIbI;

®  UHTEHCHU(HKALUK NEPEMEIINBAHUS B SIPE CTPYH, NPEISITCTBYIOIINE PA3BUTHIO
KPYIHOMACIITaOHbIX BUXPEBBIX CTPYKTYp (HEyCTOWYMBOCTEH) B cioe
CMEIICHHS.

CKkopocTh IIPOTEKaHUs IPOLECCOB OOMEHa UMITYJILCOM U JHEPrHed MeX1y Ta30BOi
U BOJsIHOM (pazamu OyZieT BO MHOTOM OIPENENsiTh MOIIHOCTh MOTOKA Ha BBIXOJE M3
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ra3oxojia, a TakXke, CJIEJOBaTeIFHO, M YPOBCHb aKyCTUYECKOTO IIyMa B JallbHEM

noJe.

CornacHo [8], B 3aBHCHMMOCTH OT K03(p(uIMeHTa BS3KOCTH M HOBEPXHOCTHOTO

HATSDKEHUS, IHaMETP CaMbIX MaJICHBKHX KaIlellb, HA KOTOPBIC pa3phIBACTCS CTPYS Ha

TPH MOPSAKA MEHBIIIE XapaKTEPHOTO pa3Mepa (HarmpuMmep, JHaMeTpa CTpYH) — TAKUM

obpazom, st Hacanok 0.1 — 1 M tuameTp Karenb JODKEH COCTaBisITh nopsinka 0.1 —

I mm. C ydetoM TpeOOBaHMA, NPEIBSIBIIEMBIX COBPEMEHHBIMU YHCICHHBIMH

MOJIESIMA K CETOYHOMY Pa3peIieHuro [8], cormacHo KOTOphIM Ha 1 JraMeTp Karin

JOJDKHO TIPUXOTUTHCA OT 8-12 sueek, CTaHOBUTCS MOHATHO, YTO MPAMOE YHCICHHOE

paspemieHne MoJOOHBIX TEUEHHH HE MOXET OBITh NPUMEHEHO B PealbHBIX

MPUITOKCHUAX. boiee TOTO, CTAHOBUTCA OYCBHUAHO, 4YTO Tpe6OBaHl/Iﬂ YUCJIICHHOI'O

METOAAa K TPOCTPAHCTBEHHOMY pAa3peLICHHUIO Ul PELIeHHs 3aJauyd ABOJIOLHU

Me)K(ba3HOI>i IMOBEPXHOCTU OTACIIbHBIX KallCJib SABJIAIOTCA 60.1'166 «BBIYHUCIIUTCIIBHO

3aTpaTHBIMKW» TIO0 CPaBHCHHIO C TPEOOBAHUSAMH MOJCIH PaCHpPOCTPAHCHUS

AKyCTUYECKUX BOJIH U ra30IMHAMUKH (cM. Toapaszen 4.2).

B To ke Bpems, MOJHOCTBIO OTKa3zaTbCsi OT Mojeneil Ha ocHoBe VOF He

MpCACTaBIACTCA BO3MOXKHBIM, ITOCKOJIBKY:

o 9T MOJCIN NPEABbABIAIOT HAWMCHBLIINEC Tpe6OBaHl/Iﬂ K BbIYHCIIUTCIIbHBIM
pecypcaM MO CPaBHEHHIO ¢ MHOTOXHUIAKOCTHBIMH wid JarpamkeBsiM (LPT)
IO TXOTaMHU;

® B pacyeTHoil 00JacTH MOTYT NPUCYTCTBOBaTh OOBEMBI BO/IBI (BOJSHOM CTpyH),
COTOCTAaBHUMBIE TI0 pa3MepaM C MacIITabaMu Ta30BBIX CTPYH.

Takum oOpazom, paspabaTbiBaeMas MOJENb JOJDKHA YAOBIETBOPSTH  Psay

KPUTEPHEB:

o HE NPCABABIIATL CYILIECTBEHHO 60.]166 BBICOKUEC Tpe6OBaHI/IH K BBIYUCJIINTCIIbHBIM
pecypcaM T0 CPaBHEHHUIO C MOAETIBIO ra30IMHAMUKH;

e  o0ecrieunBaTh BO3MOXKHOCTh NEPEHOCA SHEPTUH M UMITYJIbCa B CIIy4asx, Korja
00BEMHAs 10T Ta3a HU3Kas (MeHee 1-5%, HanpuMmep) cpencTBaMu MOJIeIei Ha
ocHose LPT;

®  TOAJCPXKUBATH ATOMU3AIMIO (IPOOJCHUE CTPYH) 3a CUET B3AMMOJACHUCTBHS C
ITOTOKOM T'a3a;

®  TIOANEP)KUBATH B3aWMOJNICHCTBHE Kallellb ¢ KPYMHBIMH OOBEMaMH JKHUAKOCTH,
paspernraeMbIiMu ¢ omoiisio Monenu VOF sBHO;

®  OCYHIECTBIATh NEPEHOC WMITYyJbCa, HHEPTMH M MacChl W3 JKUOKOH B
razoo0pasnyio dazy (dasbr);

®  YYMUTHIBaTh CXXHMMAeMOCThb Ta30BOHM COCTaBISIONEH M JIBHXKEHHE CO
CBEPX3BYKOBBIMH CKOPOCTSIMHU;

o O6eCHe'-II/IBaTI) BO3MOXXHOCTD y4€Ta MHOTOKOMIIOHEHTHOM CMCCH,

e OBITH MacmTaOUPyEMO U PaCIIAPSICMOIA.

KomnuectBo YacCcTUll MOXKET 6]>ITI) BE€CbMa 3HAYUTCIIbHBIM, PACCTOSAHUA MCKAY HUMU

MOT'YT JOCTaTOYHO MaJIbIMH, a AUCIIEPCUOHHBII COCTaB 00Jlaka pa3HOOOPa3HbIH, YTO
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MOJKET CeJlaTh MOJIeNIb KpaiHe CIIOKHOH (CTOJIKHOBEHUS, CIIUIaHKs, 0Opa3oBaHue
BTOPUYHBIX OpBI3T, BO3/ICHCTBHUE C IIOMOIIBIO CITYTHOTO ciieaa u rp). B aTom ciryuae
HMHTEPEC MPEICTABISAIOT MOAEIN CMECH Ha OCHOBE HBOJIIOIMH 00BEMHON MIIOTHOCTH
Mex(a3sHOH TOBEepXHOCTH [9], KoTopas ObBUIM cHenuansbHO paszpaboTaHa st
Oonpmmx 3HaueHnH gucen Re m We. Tem He MeHee B paccMaTpHBaeMOM ciydae
MIPUMEHEHHE 3TON MOJIEJIN COTIPSKEHO CO 3HAYMTENIbHBIMY 3aTPYIHEHUAMHU:

e muMeeTcs OONBIOIOE KOJUYECTBO OJMIMPHUCCKUX COOTHOMICHHUH, KOTOPOH
HEoOXOoAMMO BEpUPHUIHUPOBATH IS CIlydas TOJAdd BOISHBIX CTPYH B
CBEPX3BYKOBEIE CTPYH Ta3a,

® B HCXOJHOM MOJIENH IPEATONIAraloTCs T03BYKOBEBIE CTPYH MTOTOKA, YTO TOBOPHUT
0 HEOOXOJUMOCTH TOPAOOTKH JJIsi COBMECTHOIO PEIICHHS ¢ Y4eTOM OajaHca
SHEPruu NOTOKA.

B mannoit pabote 3a 0cHOBY B3sTa MOAENb, coeaunstomas moaxoasl VOF u LPT [8,

10] u Monenp CkKMMaeMmMoro TedeHHs Ha ocHoBe cxeMmbl Kypranoma-Tammopa u

anroputma PIMPLE [11]. [Ipu 5ToM B nanpHel1IeM OHa MOKET OBbITh pacIIMPEHa ISt

COBMECTHOI'O HMCIIOJIb30BaHUs C MHOI'OXHUJAKOCTHBIMU MOJCIISIMHU HJIM MOJICJIBKO Ha

ocHose ELSA [9].

B ocHoBe mpemaraemMoii MHOromaciuiTaOHOM MOJEIH JISKUT TEXHHKa IepeHoca

Mapkepa KUAKOCTH (OOBEMHOW JOJIM JKUIKOCTH) Ui OIPEIACIICHHUS IMOJIOKCHHS

MeK(ha3HOI IPaHUIIbI C TIOMOILBIO OATAHCHOTO YPaBHEHHUSL:

da (D)
l = = .
¥+V-(Ual)—(al+KC)V-(U)=vl,
rae «; — oOwbéMHas nons sxuakoctH, U — cpeaHeMaccoBoe IojJ€ CKOPOCTH
ra3oXUAKOCTHOW CMeCH, V; — HCTOYHHK WIM CTOK O0BEMa >KHIKOCTH B
KOHTHHYaJIbHOH cucTeMe, MO0 B KallesibHylo cucreMy, K: — Ko3hQuuueHT
C)KMMaeMOCTH JIByX(a3HOH cMecH, onpeaessieMblii B cootBeTcTBuu ¢ [12, 13]:
2 2
_ PgmCam — PiCi (2)
KC - CZ 2
PgmCqm , Pici
agm a;

IJIe MHIEKC gMm COOTBETCTBYIOT CMECH ra30B, UHIEKC | — MUIKOCTH, p — UCTUHHAS
(TepMoAMHAMHUYECKAs) TUIOTHOCTh JKUJKON WM Ta3000pa3Hoi ¢a3bl, ¢ — CKOPOCTh
3BYyKa *KHJIKO! UJIM ra3000pasHoii (asbl, &gy, — 00bEMHAs 10711 CMECH ra30B (ra3oBoii

(azer).
VcTouHrKOBOE cllaraeMoe U; COCTOMT U3 ABYX uactei (3): 11y - mepexoa Macchl
JKUJKOCTH M3 KOHTHHYAJIBLHOTO OIMCaHMs B IepeMeHHble Jlarpamxka (B cucremy
Karenb) U 00paTHo H 11, — 00bEMHOE BCKUIIAHUE.
. 1 1 . 3)
V= —mg+ —m,.
b b
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B cimyuae oOpa3zoBaHUsl CTPYKTYp JKHUAKOHW (ha3bl, pa3mMepbl KOTOPHIX MEHbILE
CETOYHOT0 MacuITada MK CETOYHOE pa3pelieHne He MTO3BOJISIET BOCIIPOU3BOANTD UX
C IOCTaTOYHBIM KaueCTBOM (HaIpHuMep, MeHee 7 sideeK Ha IUaAMETP), TH CTPYKTYPBI
MEPEeBOATCS. B ONHMCaHWE B TepeMeHHBIX Jlarpamka (moOaBISIOTCS K 0O0NaKy
YacTUIIaM) C IOMOIIBIO CllaraeMoro my. Eciam ’ke yacTHIel CTaJKUBAIOTCS C
KHUJKOCTBIO, TO OHU «IIEPEBOAATCS» B KOHTHHYAJIBHOE OIMMCAaHHE KUAKON (asbl C
nmoMouipio ciaraemoro 1y. IlogpobHo 3TOT MOAXOA ommcan B padorax [8, 10].
CornacHo (3) *KMIKOCTh MOXKET KaK HCHapsThCA C IMOBEPXHOCTH Kamelb, TaK U
BCKUIIaTh B 00bEME U MEPeXOUTh B ra3000pa3HOe COCTOSHHE.

JlBrkeHue Kamelb ONKMCHIBAETCS C  IIOMOIIBIO CHUCTEMBI  OOBIKHOBEHHBIX
nuddepeHInaNbHBIX YpaBHEHUH, COCTABIEHHBIX IS KaXIOHW M3 Kanenb (MM
KJlacTepa Karelib), W BKIIOYAromas B ce0s ypaBHEHHs JIBH)KCHHUS IIGHTpa Mace
Karenb, OajlaHca Macc Kamesb, OalaHca WMITyJbca Karenb M OajlaHca 3Hepruu
Karels.

[Ipennonaraercs, 4TO Ta30XKHUIKOCTHAs CHUCTEMa, ONKCHIBAEMas KOHTHHYAJIbHBIM
MI0JIX0/IOM, HAXOIUTCSl B MEXaHNYECKOM U TEPMOIMHAMHYECKOM PAaBHOBECHH U TOT A
MOXKHO 3alucaTh ypaBHEHMs OajlaHCa MAacChl, SHEpruM (IIOJHOW SHTANBIHH) U
HMITyJIbCa:

p o=y “
E+V (Up) =niy,
aphtot R tot ap
T+V-(Uph”)—a—ZV-(pDiVYihi) )
:_VC_I)+ mded+V(ﬁl7),
%+V-(Up®U)=mdUd—Vp+V-(l'[),

rne h'° =h +§l_f U — ynenbHas momHas sHTamemms cMecu, h =u+p/p —
yIOeTabHAs SHTANBINSA CMECH, U — yJebHas BHYTPEHHSSI SHEPTUst CMeCH. Y IebHast
SHTAJBITUSI CMECH SIBIISIETCS B3BEIICHHOM CYMMOW SHTAJIBITHIA €€ COCTABISAIONIHX: h =
Yih + Y h, + Yghy + Yy h,, p — craTHueckoe aBiIeHHE B CMECH, 1T — TeH30p BA3KMX
HANPSDKCHUH B CMECH, €y — yIelbHas MOJHAs SHEPrHsl Karelb Mepelie/ X B/u3
KOHTHHYaJIbHOE€  COCTOSIHHE, Uy — CKOpOCTh Kamenb Tepelieimnx — B/u3
KOHTHHYaJbHOE COCTOSIHHE, Y; — MaccoBas 0N KOMIIOHEHTHI Ta30KHUAKOCTHON
cMecH, h; — yAenpHas SHTAJbIHA KOMIOHEHTHI Ta30XKHIKOCTHOH cmecH, D;
ko3 puurent mupdy3un KOMIOHEHTHI Ta30%KUIKOCTHOM CMECH, § — BEKTOD
TEIJIOBOTO ITOTOKA.

Tenszop Bsa3kux Hanpsvkenuii I1 ¢ yaerom rumote3st CTOKCA IMEET BUT:
- - -\ T 2 -
H=y(VU+(VU))—§u1v.U, )
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rae {4 — KO0d(hOHUIMEHT JUHAMUYECKOH BSI3KOCTH CMECH PACCUHUTHIBAEMBIH I10
TabNMIAM CBOWCTB Cpellbl B 3aBUCHMOCTH OT TEMIIEpPaTyphl U cocTaBa cMecH, | —
€IMHUYHBIN TEH30D.
BekTop TEemIoBOro moToKa BEIYUCIISIETCS B COOTBETCTBUH ¢ 3aK0HOM Dyphe:

d = —AvT, @®)
rae A — KO3QQUIHUEHT TEeIUIONPOBOIHOCTH CMECH PAaCCUMTHIBAEMBIN MO TaOIHIIaM
CBOWCTB CpeJibl B 3aBUCUMOCTH OT TEMIIEPATYPhI M COCTABA CMECH.

Cucrema JAOMOJIHACTCA YPAaBHCHUAMU OajaHca MacChbl KOMIIOHEHT Ia30BOM CMECH B
HI/Iq)q)yi’)I/IOHHOM HpI/I6J'II/I)KeHI/II/I JJI y4€Ta B3aMMHOI'0 ABUIKEHHUA KOMIIOHCHTOB:

apY, - 9
ata+V-(UpYa)—V-(pDaVYa)=O. ©)
apY, - (10)
atg+v-(Ung) — V-(pDyVY,)=0.
apY, (1

N
o +Vv-(UpY,) — V-(p D,VY,) = m,, + iy,

T/ie My, — ICTOYHUK I1apa 3a CUYeT MCIApEHUs ¢ TOBEPXHOCTH Kareyb.
Koa¢ppuunents! quddy3unoHHOr0 epeHoca 3aBUCST OT COCTaBa Cpebl (PaBHBI HYIIIO
JUIS ClTydasi COCEICTBA C JKUAKOH (a3oi), M pacCUMTHIBAIOTCS, HANPUMEDP C
HCIIONH30BaHNEM OWHAPHBIX KOA((UIIeHToB. [ITOTHOCTE cpensl p BBIYUCIACTCS
Yyepe3 MacCoBbIE J0JIM U ICTHHHBIC IUIOTHOCTH KOMITOHEHT:

1L v Y% Y. Y (12)

S . AL

PP Py Pa Pg

[I70THOCTB KUIOKOCTH p; BBIYMCIAETCS C MCIIONB30BaHUEM JIMHEWHOTO YPaBHEHUS
cocTostHus: p; = Pio + Y (p — Pio), TAE Py U Py — pedepeHcHble 3HAYCHUsI
IUIOTHOCTH | JABJICHUSA, P — KOADGHUIIMEHT CKUMAEMOCTH JKUIKOCTH. [I10THOCTH
napa, BO3jlyXa ¥ IPOJLYKTOB CTOPaHUs Py, , Pg , Pg BBIYUCIISIOTCS B COOTBETCTBHH C
YpaBHEHHEM COBEPIICHHOTO Ta3a W 3akoHOM JlambTOHA. YPaBHEHHUS COCTOSHHS
KOMIIOHCHT CMECH B OCHOBHBIC OanancHble ypaBHenus (1) — (10) HenmocpeacTBeHHO
HE BXOIAT M, CJICAOBATEIbHO, MPHUHIUIHAILHO BO3MOXKHO HCIIOJB30BAHUE 3TOM
MOJIEIH COBMECTHO C 00JIee TOYHBIMHU CITIOCOOaMU TEPMOIUHAMUICCKOTO OTTHCAHUS
tas.

IIpu HeoOXOAMMOCTH JUIS 3aMBIKAHUS MOJECIH TYpPOYJICHTHOCTH  MOXKET
HCIIOJIB30BAThCSI METOJ] KPYITHBIX BUXPEH.

4.2. Moaenb razoguHaMuKm

Mozesnp ra30JUHAMUKA MHOTOKOMIIOHEHTHOTO ITOTOKA MMPUMEHSIETCS B 10100J1aCTH
b) moce BeIXoAa U3 ra3oxoja U BKIIIOYAET B ceOs:
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®  ypaBHEHHUE COXPAHCHUS MAcChl cMecH (4) 63 HCTOYHHKOB BOJITHOU (ha3br;

e  ypaBHeHue OaynaHca sHepruu (5);

e  ypaBHeHHe OayaHca uMmmybca (6);

®  ypaBHEHHH NepeHOca MAacCCOBBI KOHILEHTpAIMA Ta3000pa3HBIX KOMIIOHEHT
CcMecH BO3/yXa, mapa v npoaykToB cropanus (9) — (11);

®  ypaBHEHHUH COCTOSIHHS COBEPIIECHHOTO ra3a JIi KOMIIOHEHT CMECH;

®  3aMBIKAIOIIUX COOTHOIICHHUMN ISl BBIYMCICHHS BS3KHX MMOTOKOB BHYTpPCHHEH
sHepruu u ummyibca (7) u (8).

I[Ipu HeoOXOAMMOCTH Uit  3aMbIKaHHUS MOJEIH TYPOYJICHTHOCTH  MOXKET

UCIIONIb30BAThCS METOA  KPYMNHBIX BHXpeil. [l KOppPEeKTHOro paspeuieHust

MaciTaboB, CBS3aHHBIX C PACHPOCTPAHEHHEM aKyCTUUECKHX BOJH TpeOyercs

ceTo4Hoe pa3pemieHne ot 10 saeex (B ciyyae BRICOKOTOYHBIX YHCIEHHBIX METOJIOB)

1o mpuMepHo 60-80 syeek (B cirydae CXeMbl BTOPOTO MOPSAKA) Ha JUIMHY BOJHBL.

4.3. Mogenb aKyCTUKM B AanbHeM none

st yuera akyCTHMKM B JAJbHEM IIOJIE MCIIONb3YETCS WHTErpajibHas MOJEIb Ha
OCHOBE peleHus ypaBHeHuM aHanoruu doykc Buibsimca-XoKkrHra B MOCTaHOBKE
®apaccat 1A [14] c yuérom oOTJIOXKEHHOrO0 BpeMeHU. PaccMmarpuBaeTcs
pacnpocTpaHeHUEe BO3MYLIEHUI B BO3AYLIHON Cpelie TP HOPMAJIbHBIX YCIIOBUSX.

5. Peanusauusi modenu

Peanusyemass Mopenb aKyCTHKM cTapTa pakeTbl HOCHUTENsS BKIIOYAeT B ceOs
MOCJIEIOBATENbHOE BBINOJIHEHHE TPEX PACUETHBIX 3TAMNOB (MoAMOeNel):

®  pacuér B3aUMOJEHCTBUS Ia30BbIX U BOJSHBIX CTPYH B I'a30X0Jl€ U HAKOIIJICHUE
CTaTUCTHKU 10 Ta30JMHAMUYECKHM BeJMYMHAM (JaBJeHHE, TeMIepaTypa,
CKOPOCTb) Ha BBIXOJHOM Cpe3€ ra3oxoa;

e  pacu€r ¢ y4éTOM HAKOIUIEHHOM Ha IMPEABIAYLIEM 3Tale CTATUCTUKUA BBIXOAA
TypOyJIeHTHOI MHOTOKOMITOHEHTHOH CTpPYHM Ta3a M3 ra3oxoja B 00JacTb Haj
IJIOCKOCTBIO ~ CTapTOBOIO  CTOJA M HAKOIUICHME  CTATUCTUKU 11O
ra30IMHAMUYECKIM BEJIMYMHAM Ha KOHTPOJIbHOHM noBepxHocTu Kupxroda;

e  ompefeneHHe aKyCTUYECKOro MOl ¢ ucnonb3oBaHueM aHanoruun doyke
Bunssamca-X0KHMHIa 1 HAKOIUIEHHON HAa BTOPOM 3Tale CTaTHUCTUKU.

Jdnst addexTuBHON 00pabOTKM CTAaTUCTUYECKUX JAaHHBIX Ha TpaHUlaX oOacreil
BO3MOXXHO HCIOJb30BaHUE METOJOB aHajlu3a JAaHHbIX, Takux kak POD [15],
MIPOTOTHUII PEeaATN3alMi KOTOPHIX BBIIOJIHEH B OTKpbITOH Onbimmorexe ITHACA-FV
[16, 17].

Mogenp pacrpocTpaHeHUs] TypOYJICHTHOH C)KMMaeMOH CMeCH HaJ CTapTOBBIM
CTOJIOM MOXKET OBITh pealn30BaHa ¢ IPUMEHEHHEM pa3pbIBHOTO Metoa ["anépkuHa,
peaM30BaHHOTO B OTKpBITOM OmbOmmorexe Nektar++ [18,19]. [lns peanuzanuu
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MOJICNIM AKYCTHUKH [IalbHEro IMOJs Lelecoo0pasHo aganTupoBaTh OHOIHOTEKY
libAcoustics [20], pazpabarsiBaemyro B ICIT PAH.

Mopeneii 1 UX OTKPBITBIX pealn3alnii, KOTOpble Obl MOJHOCTBIO COOTBETCTBOBAIIH
mpoueccaM, MPOUCXOMSAIINM MPU B3aUMOJCHUCTBUH Ta30BbIX CTPYH C BOISHBIMH
CTPYSIMH BO BpEMsI CTapTa PaKeThI-HOCHUTEJIS, B HACTOSIIEE BPEMsI HEe CYLECTBYET.

Havano wara
Nno BPEMEHWN

" TepeHoc hpoHTa XNAKON
thazkl (KCHTUHYa/ILHOE
anucaHve)

OBMeH Maccoii mexay
OVICKPETHBLIM
N KOHTUHYa/IbHbIM
_onucaHUAMU BOASHbIX CTPYIA

— TepeHoc o6naka kanenb  —

g .
—  TMeperoc macce! cmecy -~

_ﬁ' PelleHne ypaBHEHWI ‘ ”
_ Mofenu TypbyneHTHOCTK ng”&'—ékf:ga
VTepauuun
" MepeHoc Macchl KOMMOHEHT | HET cownnce
\ cMmecu |

NaBneHns, 0bHOBNEHME

" Pellenvie ypaBHeHNA 415
Mo/ CKOpPOCTH

‘{ Pewenne YBU n YB3

' MoaroToBKa ypaBHEHUA ANS
JasneHus

BbluncneHne
TEPMOAVHAMNYECKIX W
TENNOU3NUECKNX CBONCTB

b 7

I

Puc. 2. Obwuii aneopumm uHme2puposanus ypasHeHuil 8 MoOenu 83aumMo0etiCmeust
2a306bIX U BOOSIHbIX CMPYIL

Fig. 2. Multiscale model equations solution sequence and sub-models interaction diagram
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HpI/I OTOM MOXKHO YTBEpKAaTb, YTO B 3peJ10171 CcTaauu pa3p360TKI/I HaXoATCA
CJICAYIONE MOACIN, ONIMCBIBAIOIINEC PA3JTIUYHBIC CTOPOHBI 9TOT'O IPOLICCCa:

®  MOJEJb Ia30AMHAMUKH POIYKTOB CTOPAHHsI U TOMOTE€HHOM Ta30BOITHON CMecH
Ha ocHOBe ruOpumHOii Merona KypranoBa-Tagmopa u anropurma CBSI3U
CKOpOCTH U JaBieHus npoekuuonnoro tuna PIMPLE [11, 21-23];

e  MOJENb ABWXKEHHUs HeC)KMMaeMoW IByx(a3HOW cMecH ¢ pasfenoM (a3 u
(ha3oBBIMU ITpeBpateHusIMu [24, 257;

e  Moaenb JBWKEHUsA oOmaka dgacTun [26], Momenb  JIBIDKEHUS |
TEIUIOMacCOOOMEHa PaCIBUICHHON BOISHON CTPYH B TOpSYEH Ta30BOW cpexe
[27].

e  MoJenb TypOYJNICHTHOTO TEYEHHS HAa OCHOBE METOAAa KPYIHBIX BUXPEH,
peanmu3oBanHas B makere OpenFOAM;

e  MHOromaciTaOHas MOJEJb JBIKEHUs ABYX(a3zHOH CTpyH C aToMH3alHed Ha
ocHoBe Ditnep-JlarpankeBoro onucanus [8, 10].

Takum 00pa3oM, C HCIOJIL30BAHHUEM IEPEUYUCICHHBIX Pa3pabOTOK, peanu3aius
MOJIENT B3aUMO/ICHCTBUS I'a30BBbIX U BOJSHBIX CTPYH B ra30X0je BKJIIOYAET B ceOs
AITOPUTM HMHTETPHPOBAHUS YpaBHEHHH TazokuakocTtHou cmecu (1) — (12), moa-
MOJIelb TiepeHoca (POHTA BOJbI, MOA-MOJETb B3aUMOJESHCTBHS KUAKOM (a3bl u3
KOHTHHYAQJIbHOI'O ITPEACTABIICHUS C KallJIAIMH, TOA-MOJACIIb IBUKCHUA 06J13.Ka KarllcJib,
MmoA-MoJi€JIb UCTIApCHUA Kall€jlb, MO0JA-MOACIIb BCKUIIAHUSA O6"béMa KHUJIKOCTH, ITOA-
MoOJielib TypOyJICHTHOTO MEpeHOoca Ha OCHOBE METOJa KPYNHBIX BuXped. C yueTom
MIPEBAIMPOBAHKS B JIAHHOM CIIMCKE peann3alii MOAMOJIeNIe Ha OCHOBE Makera
OpenFOAM, 1nenecooOpa3HO OCYHIECTBISITH Pa3padOTKy Ha OCHOBE OTOH
OHOIHOTEKH.
AJITOPUTM HMHTETPUPOBAHMS YpPaBHEHHM MOJEIM W NPUHIUIHAIBHAS CXeMa
B3aUMOEHCTBUS TOIMOJIETIeH IPe/ICTaBIICHBI Ha puc. 2. 3 pUCyHKa BUAHO, YTO HA
KaXJIOM BPEMEHHOM [Iare MOJEIHPYEMOro (HU3NYECKOro MpoLecca MOXKHO
BBIJICIUTH TPU OCHOBHBIX JTalla:
®  mepeHoC MeX(a3HOH rpaHullbl 1 00IaKa Karelb;
e  pelleHHe ypaBHEHUI MOJenH TypOyJIeHTHOCTH;
®  peIICHUC YpaBHEHWI OalaHCca MacChl, SHCPTUU U UMITYJIbCA Ta30KHIKOCTHOM
cMecH.

ITocnemuuit 3Tam CTPOUTCS B COOTBETCTBHU C AJITOPUTMOM, TIPETOKEHHBIM B [11].

6. 3aknroyeHue

B Hacrosiiee BpeMs Bc€ OOJIBIIYIO MOIYJISIPHOCTh HAOMpaeT HalpaBlieHUEe Pa3BUTHUS
MH(OPMALMOHHBIX TEXHOJIOTHH, CBSI3aHHOE C Pa3paboTKOi 1M(POBBIX JBOHHUKOB
TEXHHUYECKUX CUCTEM — CIEHNUAIM3UPOBAHHBIX MPOrpaMM Ul UMHTALUH
npoucxoamux B TC nporeccos.

287

Kraposhin M.V. Multiscale approach for simulation of complex transient processes of fluid flows in technical systems.
Trudy ISP RAN / Proc. ISP RAS, vol. 30, issue 6, 2018, pp. 275-292.

K anropurmam u mporpammam, pa3padaTbIBaeMbIM B paMKaxX JTAaHHOTO HAPABJICHUS,
MPEIBSIBISTIOTCS  TPeOOBaHUs, OOYCIOBICHHBIE OCOOCHHOCTSMHU OSKCIUTyaTallul
TAKOro MPOrpaMMHOr0 OOECIEUEHHs: TOYHOCTh, OBICTPOJCUCTBHE, HANEKHOCTh U
MyabTUGH3NYHOCTh. [locienHee TpeOOBaHHE COMPSDKEHO C MHOTOCTOPOHHOCTBHIO
IKCIUTyaTHPYEMOM TEXHHYECKONW CHCTEMBbI, BBIpXKAIoOIleecs B Pa3HOOOpa3uu
NPOTEKAIONMX B HEH MPOLECCOB XapaKTepu3yeMbIX OOJbLIMM  pa3dpocom
MacITaboB ONMpeAeSoNX (HU3HIECKUX BEIUIUH.

B kavecTBe MPUMEPOB TEXHUYECKUX CHCTEM M IPOUCXOJSIIMX B HHUX MPOLIECCOB
NPUBENICHBI BBIXOJI Fa30BOM CTPYH M3 ra3000bIBaIOIIEH CKBRKUHBI HA THE OKeaHa,
CTapT pPAaKeTbl HOCHUTENs, TJYHICHHE CKBAXHH, AKCIUTYaTUPYIOLIMX ILUIACTBI C
BBICOKHMM Ta30BbIM (h)aKTOPOM, MPOLIECChl M3TOTOBJICHHS YyTyHa B JOMEHHBIX eYax.
OTMeueHO, YTO pelIeHHe NEepPeYrCICHHbBIX 3a1a4 HEBO3MOXKHO 0€3 COBMECTHOTO U
COIJIaCOBAHHOI'O MPUBJICUCHUA nuepapxum MAaTe€MaTHYCCKUX MOZleﬂeﬁ
pa3pabOTaHHBIX JJIS ONMCAHUS SIBIICHHUIA PA3IMYHOTO MaciiTada.

Ha npumepe 3amauu ucciieOBaHUS aKyCTHUECKOTO IIyMa IPU CTapTe€ PaKEThI-
HOCHTENsl JaHO pa3BEPHYTOE ONKMCAHWE MHOrOMaclTaOHOW MaTeMaTHYeCKOM
MOJIETIM HayallbHOTO ATara NoAbEMA PaKeThl, BKIIOYAIOIIEH HCIIOJIb30BaHUE:

e  MOJEJHM aKyCTHKH JaJbHEro I0JIsl Ha OCHOBE aKycTH4eckol aHainorun Ogoykc
Bunbssamca XokuHra;

e  Mojenu TypOYJICHTHOH Ta30BOW CTPpyH — MCTOYHHKA IIyMa, OCHOBAaHHOHW Ha
pelIeHur OCPEeTHEHHBIX IO TPOCTPAaHCTBY ypaBHeHuid HaBbe-CToKca, OanaHca
SHEPTHHU U MEPEHOCA KOMIIOHEHT CMECH CKUMAEMBIX Ta30B;

¢  MOJETH B3aUMOJCHCTBUS CBEPX3BYKOBBIX Ta30BBIX W JIO3BYKOBBIX BOISTHBIX
CTpY# B Tazoxole ¢ y4€TOM: yJapHBIX BOJH, BOJH Pa3peKeHUs, KOHTAKTHBIX
pPa3phIBOB, OBIDKEHHUA KPYIMHOMACIITAOHBIX M MAJIOMACIITa0HBIX (Kareyb)
JJIEMEHTOB BOJSIHBIX CTPYH, a TaKXkKe MpoLeccoB (Da30BbIX MPEBPALICHHIA.

IIpennoxkeHHoe onucaHue npoucxoasux npu crapre PH nmpoueccoB BkiouyaeT B

ce0s 5 MareMaTHYeCKuX MOJEJIEH, MO3BOJIIONINX OMUCHIBATH MPOCTPAHCTBEHHBIC

Macmtadel oT 100 Mmxm 10 10 M, Bpemennbie MaciTadbl oT 0.01 MC 70 HECKOIBKUX

CEeKyHH, IUIOTHOCTH cpensl or 1 kr/mM® mo 1000 kr/m3, ckopoctn cpen,

COOTBETCTBYIOIIHNE 3HaYeHUAM dncia Maxa ot 0.01 mo 5-6.

Peanm3anus Taknx KOMIDIEKCHBIX aJITOPUTMOB MOKET OBITh CYIIIECTBEHHO YIIPOIIEHA

3a CUeT MPUBJIEUYCHUAX OMOTUOTEK HAa OCHOBE OTKPBITOTO UCXOAHOTO KOJIa, TAKUX KaK

Nektar++, OpenFOAM, LIGGGHTS u ap.
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Multiscale approach for simulation of complex transient
processes of fluid flows in technical systems

M.V. Kraposhin <m.kraposhin@jispras.ru>

Ivannikov Institute for System Programming of Russian Academy of Sciences,
Russia, Moscow, Solzhenitsyna str., 25

Annotation. The paper presents a multiscale approach for simulation of the two-phase flows
processes in complex technical systems. The multiscale approach is based both on the division
of the computational domain into subdomains with their own system of equations, as well as
on the splitting of the initial system of equations into several subsystems each is valid to the
corresponding scale under consideration. The problem of the far field acoustic noise calculation
during the launch of a rocket vehicle is considered as an example of the possible use of a
multiscale model. The case is studied with account to noise suppression due to water supply
into the gas jets of the propulsion system. Other areas of application of the multiscale model
include the cases of the oil and gas industry: killing gas-producing wells located at great depth,
killing oil wells with a high gas factor at the fields. The proposed multi-scale mathematical
model includes 5 sub-models: 1) gas dynamics of high-speed multicomponent gas mixture
flows; 2) the hydrodynamics of a two-phase mixture flow in a homogeneous approximation
with the account for the compressibility of the gas phase and the mass exchange between the
phases; 3) the liquid-gas interface transport; 4) the transport of a cloud of droplets and its
interaction with a gas-liquid medium; 5) noise calculation in the far field using the Ffowks
Williams-Hawking acoustic analogy. The model can be extended to include additional sub-
models, such as the Eulerian-Lagrange Jet Atomization. The implementation of the submodels
can be done on the basis of open source packages: OpenFOAM, Nektar ++, ITHACA-FV. The
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acoustics library and the hybrid algorithm for compressible homogeneous two-phase flow are
implemented as libAcoustics and hybridCentralSolvers modules based on the OpenFOAM
open package. The source code of the developed model is freely available through the GiHub
project https://github.com/unicfdlab.

Keywords: multiscale models; numerical simulation; numerical schemes; compressible flows;
multiphase flows; acoustics; computational hydro- aero- and gas-dynamics; open source
software; finite volume method; discontinuous Galerkin method; libAcoustics;
hybridCentralSolvers; OpenFOAM; Nektar++; Volume Of Fluid; Lagrangian Particle
Tracking
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