VJK 629.76 https://doi.org/10.15407/itm2023.03.003
0. JI. HIKOJIAEBL, 1. [ BALILJITIAL, H. B. XOPSIK?, C. T'. BOHJAAPEHKO?

BIIJIMB IIOPCTKOCTI TOBEPXHI KAMEPU EHEPTETUYHOI YCTAHOBKH
HA HU3BKOYACTOTHI ABTOKOJIMBAHHSA
XOJIOJHOTI'O POBOYOI'O I'A3Y

Unemumym mexniunoi mexanixu Hayionanenoi akademii nayk Yrpainu
i Jleporcasrnoeo kocmiunozo azenmemsa Ykpainu,
ey Jlewiko-Ilonens, 15, 49005, Juinpo, Yrpaina; e-mail: nikolaev.o.d@nas.gov.ua

2Tninposcokuti nayionaronuii ynicepcumem imeni Onecsa I'onuapa,
npocnexm I'aeapina, 72, 49000, Juinpo, Yxpaina

JluHaMiuHi IpoliecH B KaMepi 3TOpsIHHS PaKeTHHX JBHTYHIB TBepaoro namusa (P/ITII) HamatoTh CyTTEBOrO
BIUIMBY Ha XapaKTEPUCTHKH POOOYHMX HpoueciB ABUTYHiB. CKauKH THCKY Ta pi3Ke 3pOCTaHHs JOKAJIbHOI TeMIepa-
TYpH NIPOJYKTIB 3rOPSHHS Ha HECTalliOHAPHUX PEXXUMaX pOOOTH JBUTYHA MOXKYTh IIPH3BOAUTH 0 HATHOPMATHB-
HHX BEJIMYHMH PKUMHHX [IAPaMETPiB, MOPYIIEHb MILJHOCTI Ta pyHHYBaHHS KOHCTPYKLil kamepu 3ropsiaas PIATIL.
Jlunamiuni nporecu B kamepi sropsHHs P/ITII po3BuBaioThCS 31 CKIAJHUM B3a€MO3B'SI3KOM BEIHKOI KiTBKOCTI
(hi3MKO-XIMIYHHUX MPOLECIB, sIKi BiAOYBAaIOTHCS B ra30JHHAMIUHIN YaCTHHI pPOOOYOro mMpOCTOpY KaMepu JBHIYHA i
9acToO BEAYTh 10 BCTAHOBJCHHS aBTOKOJIMBAIBGHHUX PEXUMIB poOOTH IBHryHa. IIpo me cBigyaTh YHCIICHHI JaHI
BorHeBux BunpoOyBanb P/ITIL. [laHa cTaTTs MpUCBSYEHA YHCEIFHOMY IOCITIIKEHHIO BILUIMBY HIOPCTKOCTI BHYT-
pimHboi moBepxHi kamepn PJITII Ha mapameTpu HM3bKOYAaCTOTHHX aBTOKOJMBaHb poOounx mapamerpis PITII,
1110 BUKOHYBAJIOCS 3 BAKOPUCTAHHSM CYYaCHHUX 3aC00IB KOMIT'IOTEPHOTO MOZICIIOBAHHS Ta aHAII3Y.

Jocnimkenns: Hu3bkouactoTHHX (10 1000 T'iy) kosmBanb B kamepi 3ropsiaas PITII npoBoaniock st Tec-
TOBOI KaMepH €HEPreTH4HOl YCTAaHOBKH Ha XOJIOJHOMY PEXHMIi poOOTH i Oa3yBajoch Ha 3aCTOCYBaHHI JBOX pi3-
HUX MIiJXOMIB JI0 YHCEIHFHOTO MOJICIIOBAHHS IMHAMIKA BHYTPIIIHBOKAMEPHUX IPOILECiB: Ha po3polui i mocii-
okeHHi 3D Mozeni ANHAMIYHOI CHCTEMH «KOHCTPYKILsI KaMepH 3rOPSIHHS — HPOAYKTH 3TOPSHHS (aKyCTHYHHI
ra3)» 3 BUKOPHCTaHHSIM METOMY CKiHUCHHHX €IeMEHTIB Ta po3poOlLi i mociikeHHi ocecumeTpryHoi 2D Moxeni
Teyil ra3y B Kamepi JBUTyHA 3 BUKOPUCTAHHSIM METOAY CKiHUCHHHX 00'eMiB.

OTpHMaHO peXxuM Tedii 3 aBTOKOJIMBAHHIMHE, 3yMOBJIICHUMU BUXOPOYTBOPEHHSM IPOIYKTIB 3TOPSHHS B I10-
POXKHHHI KaMEpHU Ta HASBHICTIO aKyCTUYHOTO 3BOPOTHOTO 3B'A3KY, KUl BUHUKAE BHACIIIOK 3ITKHEHHS BUXOPIB 3
eneMeHTamMu kKamepu abo coriom PTII. TToka3aHo, 0 ypaxyBaHHS MIOPCTKOCTI 00YMOBHIIO 301JIbIICHHS] BUXOPO-
YTBOPEHHS Ta3y y 30Hi AMHAMIYHOI B3a€MOIII ra30BOr0 Ta TBEPAOTO CEPEIOBHIL i IIPU3BENIO 0 30UTBIICHHS PO3MaxiB
KOJIMBaHb THCKY Ta3y B Kamepi (B cepemHbOMy B 2,5 pasdl IPH MaKCHMAaIbHIH BHCOTI HepiBHOCTEH ITOBEpXHi Y
56 MxM). Pe3ysnbTaTi MOZENOBAHHS I0JI0 KAPTHHU Tedil ra3y B 30HaX BUXOPOYTBOPEHHS KaMepH Ta IIO/I0 3HAYCHb
IIapaMeTpiB HU3bKOYACTOTHHX KOJIUBAHb THCKY Ia3y SIKICHO Y3TOIKYIOTBCS 3 eKCIIEPHMEHTAIBHIMH.

Knwowuosi cnosa: meepoonanusHuil pakemuuii 08USYH, A8MOKOIUBAHHA POOOY020 Npoyecy, UXOpPOymeo-
penHst NOMOKY NPOOYKMI6 320PsHHSA, aKyCMudHi KOTUBAHHS, WOPCMKICHb NOGEPXHI CIIHOK Kamepu, Memoo CKiH-
uenHux 06'emia.

Dynamic processes in the combustion chamber have a significant effect on the characteristics of the work-
ing processes of solid-propellant rocket engines (SPREs). Pressure jumps and a sharp increase in the local temper-
ature of the combustion products in non-stationary engine operation modes can lead to overrating values of oper-
ating parameters and a failure of the SPRE combustion chamber structure. The dynamic processes in the SPRE
combustion chamber develop in a complex interconnection of a large number of physical and chemical processes
that occur in the gas-dynamic part of the working space of the engine chamber and often lead to self-oscillating
modes of engine operation. This is evidenced by numerous data on SPRE fire tests. This paper presents the results
of a numerical study of the effect of the SPRE chamber inner surface roughness on SPRE operating parameter
low-frequency self-oscillations. The study was made using up-to-date computer simulation means and analysis.

Low-frequency (up to 1,000 Hz) oscillations in an SPRE combustion chamber were studied for a power
plant test chamber in cold operation with the use of two different approaches to numerical modeling of the dy-
namics of in-chamber processes: the development and study of a 3D model of the dynamic system of combustion
chamber structure — combustion products using the finite element method and the development and study of an
axisymmetric 2D model of engine chamber gas flow using the finite volume method.

The study revealed a self-oscillatory flow regime caused by combustion product vorticity and acoustic feed-
back due to vortices colliding with the chamber components or the SPRE nozzle. It was shown that accounting for
the wall roughness increased gas vorticity in the gas—solid dynamic interaction zone and the chamber gas oscilla-
tion amplitude (on the average, by a factor of 2.5 at a maximum wall roughness height of 56 um). The calculated
gas flow pattern in the vorticity zones of the chamber and the low-frequency gas pressure oscillation parameters
are in qualitative agreement with the experimental ones.

Keywords: solid propellant rocket engine, working process self-oscillations, combustion product flow vor-
ticity, acoustic oscillations, chamber wall surface roughness, finite volume method.
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(PATII) BimOyBaeThCss B yMOBaxX pO3BHUTKY Oe3midi (Di3HIHUX, XIMITHHX Ta TEPMO-
nuHaMigHUX TIporteciB [1] — [3], sIKi XapaKTepu3yIOThCS BUCOKUMH MIBUIKOCTIMU
TOPiHHS, CKIAAHOI0 KApTHHOIO Tedii Ta CKIaIOM MPOIYKTIB 3ropstHHA. HecTiiKicTh
MIPOIIECiB Y KaMepi 3TOpSHHS ABUTYHA MOXKE TIPU3BOJUTH IO PO3BUTKY aBTOKOJH-
BaHb pOOOYMX TapaMeTPiB (THUCKY, TEMIIEPATYPH Ta BUTPATH MPOAYKTIB 3TOPSHH)
B KaMmepl 3 MOAaJbIIAM MOPYIISHHSIM IPare3qaTHOCTI K PaKeTHOTO TBUTYHA B
LIJIOMY, TaK 1 Horo okpemux migcuctem. Hecriiikicte P/ITII mae aBTokommBanpHy
MIPUPOY 1 € HACTIIKOM CKIIQJIHOTO B3a€EMO3B’SI3KY 1 B3a€EMO/Ii 3a3HaUEHUX MPOIIe-
ciB. Onmcani y JiTeparypi MeXaHi3MH I1i€] HECTIHKOCTI MOB'A3aHi 4K i3 HECTaIio-
HapHUM (BiOpaliiHMM) TOPIHHAM 3apsiay TBepaoro manusa [4], [5], Tak i 3 raso-
JUHAMIYHOIO HECTIMKOIO TeUi€l0 MPOIYKTIB 3TOPSHHS 3 YTBOPEHHSAM BEITMKOMACIII-
TaOHUX BUXPOBUX CTPYKTYp [3]. AKycTHYHHI 3BOPOTHHH 3B’ SI30K MIXK 30ypeHHSIM
MTOTOKY MacH Ha BXOJi Ta KOJMBAHHSAMH THUCKY BCEpPEIWHI KaMepH JIBUTYHA TeHe-
pPY€ThCS 3ITKHEHHSM BUXOPIB 3 1HTIOITOpaMH, COIIOM TBEPAONAINBHOTO JIBUTYHA
a00 3aHHOI0 MTOBEPXHEIO MIOPOKHIHNA HOTO KaMepH.

Sxmo mynbcarnii Taru aeuryHa npu HectikocTi PITII € gocuth Benmukumu,
CYTTEBO 3HIDKYETHCS WOTO HAMIMHICTH, MOTIPHIYIOTHCS POOOUYl XapaKTePUCTUKH.
Sk mokasye mpakTHKa, y bOMY BHUIIAJIKy MOXKE BHHTH 3 Jaay OOpTOBa amapaTrypa
pakeru-Hocist (PH), 3pyitHyBaTHCsl KOHCTPYKIIisl IBUTYHA Ta KOCMIYHOTO arapara.

Takuit Tun ropiaag TBepaoro manuBa y PJITII, mo xapakrepusyeTbcst 3HaU-
HUMU TyITBCAIliSIMU TSATH, ¥ PAaASHCHKIA TEXHIUHIN JiTepaTypl Ha3BaiIu BiOpalliii-
HuM [5]. [Ipu KoNMBaHHAX THCKY MOOJIM3Y TBEPAOTO MallMBa BiIOYBAETHCA TEPio-
JUYHA 3MiHA 33 9aCOM IIBUIKOCTI TOPiHHS, a OTXKeE, 1 THCKY MPOAYKTIB 3rOPSHHS B
Kamepi ABUryHa. lle mpu3BOIUTH, Y CBOIO Yepry, A0 MyJIbCAIliil BATPATH MPOIYKTIB
sropsiaas B kKamepi PJITII, sixi 3yMOBIIOIOTH PO3BUTOK aBTOKOJIMBAHD THUCKY. SIKIIO
3pOCTaHHs MIBUIKOCTI TOPIHHSA TBEPAOTO MAJIMBa i JOJATKOBOI €HEPTii, 10 BUALIA-
€ThCS TIPH KOJMBAHHAX, MEPEBUIIUTH 3POCTAHHS IVICHIIATUBHUX BTPAT €HEPrii B
kamepi PJITIL, To mpu Takux KONHMBAHHAX MOXKE «peali3yBaTHUCS» BUXIJl Ha He-
CTIMKWY TpaHUYHUHA IUKIT.

Pe3onancue (BiOparriiiHe) TOpiHHS TBEpAOTO MaluBa OyJI0 MPUHHATO 332 OCHO-
By B OaraThox TeopeTHuHux mojensx Hectikocti PATII, manpuknax, B mMomemi
3enpaoBuya [4], moneni Kymuka (30kpema, [6]). [Ipore 3 mpakTuku BiampalroBaH-
Hs PJITII Bimomo, mo onmcaHuii y 6araTb0X TEOPETHIHUX MOJIENIIX MEXaHi3M He-
CTIMKOCTi, 3yYMOBJICHOIO IMHAMIKOK CHCTEMH “TIOBEpXHS TOPIHHSI — Ta30BUI
00’eM”, y JesIKUX BUTIAJKAX HE TOSCHIOE PUYMHNA BUHUKHEHHS KOJMBaHb, TOOTO
MEXaHi3M BHHUKHEHHS aBTOKOJIMBaHb poOOYMX TapaMeTpiB y KaMepi 3ropsHHS
Moke OyTH Habararo CKJIaJHIIMM. B naHwii yac akTHBHO TPOBOJIATHCS AOAATKOBI
TEOPETUYHI Ta eKCTIEPUMEHTAIBHI JocHimkenHs (Hamp., [7], [8]), cipsimoBaHi Ha
BUSBIICHHS JOJATKOBHUX (PaKTOpIB, SKi MOXKYTh BH3HAYaTH PO3BUTOK HECTIHKOCTI
mporieciB y kamepi P/ITII. Sk moka3ye mpakTika eKCIIepUMEHTAIBHOTO BiATpaIlio-
BaHHs PaKeTHHUX ABHUTYHIB [9], mpu BunpoOyBaHHsX gociigHoro 3paska PIATII po-
3pOOHHMKH JIBUTYHA MOXKYTb 3ITKHYTHCSl 3 BHHHUKHEHHSM MYJIbCYIOUOTO PEXHUMY
TOpiHHA B Kamepi, y TOMY YHCIIi, IpH, 34aBanocsi 0, He3HAYHUX KOHCTPYKTHBHHUX
3MiHaxX JIBUTYHA, CKJIaJly MajuBa ado 1HIINX 3aXO0/IiB.

[Jana craTTa npUCBsiYeHA YUCETBHOMY MOJIEIIOBAHHIO JTUHAMIYHHUX HPOLECiB
B KaMepi eHepreTHYHOi yCTaHOBKU Ta aHaJli3y BIUIMBY LIOPCTKOCTI MOBEPXHi Ka-
MepHU Ha HU3bKOYaCTOTHI aBTOKOJIMBAHHS XOJIOHOT'O poO0UOro rasy.

1. ExciepuMeHTAJBHI JOCTiAKEHHS] HU3bKOYACTOTHOI HeCTiHKOCTI BHY-



TPiITHbOKAMEPHUX MPOIIECiB PAKETHOr0 IBUTYHA HA TBepaoMy naiausi. @e-
HOMeEH aBTOKOJHMBAaHb THCKY B KaMmepi 3ropsiHHsA

[Ipo6iema HecTiiikocTi podouoro npouecy B P/ITII 3a3Bn4ail BUABIAETHCS HA
eTari BiANpamroBaHHs JBUTYHIB. 3a0e3meueHHs CTIHKOTO peXXKuMy POOOTH IBHTY-
HiB 13 HEOOXIJHUMH 3HAYEHHSMHU CTATHYHUX IapaMeTPiB — TITH, TUTOMOTO iMITy-
JBCY, Yacy poOOTH Ta iH. BU3HAYAETHCS BUMOTAMH TEXHIYHOTO 3aBJIaHHS Ha MIPOE-
kTyBaHHsI. OCHOBHI MPOEKTHI TEXHIYHI XapaKTEPUCTUKU MIATBEPIKYIOTHCS B pe-
3yAbTaTi AOCHIAHOTO BiamparoBaHHsA. OIHAK JOCHUTh YacTO KOHCTPYKTOPH-
po3poOHMKH, nomaratouuch HeoOximaux xapakrepuctuk PJITIL, He BpaxoBYIOTH
BIDIMBY OCOOJIMBOCTEW TeOMeTpii MPOTOYHOT YaCTHHH JBUTYHA Ha T1APOIWHAMIYHI
Ta aKyCTHYHI MPOIeCH B KaMepi 3ropsHHs. 3a3BUYaidl HACHIIKOM IIbOTO € BHHUK-
HEHHS KOJuBaHb TUCKY Ta Tsru PJITIL

VY cydacHiil miTepaTypi OMUCaHO YAMANIO PE3YIBTATIB JOCIIIKEHb MOMXIINBAX
MPUYUH Ta MEXaHi3MiB BUHUKHEHHS BiOpatiitnoro ropinus y P/ATII (mampuxian,
[10] — [14]). VY psai poOiT HArOJOIIYETHCS, 0 BUHUKHEHHS PE30HAHCHUX KOJIH-
BaHb pOOOYMX MapaMeTpiB (aBTOKOJNMBaHb THCKY 1 mBuakocti Tedii) y PIITII mo-
ke OyTH MOB'I3aHe 3 YTBOPECHHIM IHTEHCHBHUX TOPOiJAIbHUX BUXOPIB Y BOTHEBO-
My MPOCTOPI KaMepH 3ropsiHHs ABUTYHA. Tak, y TBepAONATUBHUX MPUCKOPIOBAYAX
KocMmigHOTO KOopabmns Space Shattle RSRM i B pakerax cimetict Titan-34D SRM,
Titan-IV SRMU (CHIA), Ariane 5 (®panutis), C-300B (CPCP) BUHUKHECHHS He-
CTIHIKOTO pexuMy poOOTH OyIO IOB'S3aHE 31 3pPMBOM HECTAIIOHAPHUX BUXOPIB y
razoBomy npoctopi kamepu sropauns [3], [15], [16], [17]. Ha puc. 1, a) nase-
JIEHO cxeMy BUXOpoyTBopeHH: B kamepi 3ropssaHs P/ITII (P230 motor) TBepaoma-
nauBHOTO cTynens pakeru-aocis (PH) Ariane 5 [3], moOymoBany mo pesyiabraTax
YUCENFHOTO aHalli3y Tedii mMpoayKTiB 3ropsHHsA. Ha puc. 1, 6) moka3aHo cxemy BH-
XOPOYTBOPEHHS Y TIPOTOYHOMY TPAKTi CTAPTOBOTO CTYIEHS 3€HITHO-PAKETHOT CHC-
temu C-300B [17].

0)

Puc. 1 — Cxemu BuxopoyTBopeHHS B Kamepi 3ropstaHs PJITII TBepHonaaiBHOTO CTYIICHS
PH Ariane 5 (a) Ta y IpOTOYHOMY TPaKTi CTapTOBOTO CTYIIECHS
3eHITHO-pakeTHOI cuctemu C-300B (0)

Edext xopensauii AMHAMIYHUX CKJIaJ0BHX THCKY HPOIYKTIB 3TOPSHHA Ta KO-
JIMBaHb KOHCTPYKLii OTPUMAaHO Ta OOIPYHTOBAHO 3a PE3yJbTaTaMH, OTPUMAHUMHU
npu nonsotax PH Turan IV [16]. ®eHoMeH mOCHIIEHHS KOTUBaHb TUCKY TIPH T10-
nsoTi PH mopiBHAHO 3 pesynpTaramu HazeMHHX BunpoOyBanb PIITII mo3Bomse
3pOoOUTH BHCHOBOK IIPO T€, L0 NPH MPOrHO3yBaHHI cTiiikocTi PH He ciix irnopy-
BAaTH 3B'I30K MK KOHCTPYKIII€I0 ABUTYHA 1 aKyCTUYHOIO CUCTEMOIO.



Ha pwuc. 2 HaBeaeHO miarpamy CIIEKTPalbHOI T'yCTHHH TOTY>KHOCTI BiOpomprc-
KOpEHHS KOHCTPYKIIii KaMepu ABUTyHa. BoHa CBITUMTH MPO Te, MO MPHOJIN3HO B
inTepBaii yacy nmonsoty PH Tutan IV 90 ¢ <t < 112 ¢ BigOyBarOThCsl HU3bKOYAC-
TOTHI KOJIMBAaHHA 3 4acToTamu, omu3pkumu A0 14 I'p ta mo 50 I'm, sxi Oynu BHUSB-
JieH1 Ipu BIOpOaKyCTHYHOMY aHaui3i monpoTy PH.
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Puc. 2 — Waterfall-niarpama criekTpaibHOi ryCTHHH TOTY>KHOCTI
BiOpOIIPUCKOPEHHS KOHCTPYKIIii TOJIOBHOI YaCTHHH TBEP/IONAIMBHOTO IBUTYHA
PH Titan-IV SRMU st po3paxyHKOBOTO iHTEpBaIy 4acy MoJIb0Ty pakeTH [16]

KpiM TopoimanpHHX BUXOPiB, MPUUINHAMH €KCIEPUMEHTAIEHO PEaTi30BaHOTO
(heHOMEHY aBTOKOIMBaHb THCKY B KaMepi 3TOPSHHS MOXYTh OyTH aKyCTHYHI SBH-
Ia B ra30BOMY IpocTopi kamepu. lpu mpomy, sSIK BUIUITMBAE 3 pe3ynabTaTiB JOCIi-
ToKeHb [6], [9], [17], xonuBansHa HecTiHKicTh pobdoyoro mpotecy B PJITII 3 BigHO-
CHO BEJIMKHMM HOJ0BxkeHHAM Kanany 3apany L/d >4, (L id — nopxuna Ta nia-

METp 3apsijly) MEepEeBaKHO Ma€ aKyCTHYHY HPUPONY 1 XapaKTepU3yeTbCS BUHHK-
HEHHSIM TIO3/IOBXKHIX CTOSYMX XBHJIb. YacTOTa aKyCTUYHUX KOJHMBAaHb OJHM3bKa JI0
YaCTOTH IO3JI0OBXHIX KOJMBaHb B aKyCTUYHOMY 00 e€Mi kamepu (BiJ MEPEIHbOTO
JHHIIA 10 KPUTUYHOTO Tiepepisy comia). [10310BkKHI aKyCTHYHI KOJTMBaHHS (HIK-
YOro TOHY) 3a3BHYall peani3yloThCcsi B 4acTOTHOMY aiamazoni Bijg 100 'm mo
2000 I'n (mpu ochoBil oBkuHI aBuryHa Big 0.3 M g0 5 m). [Ipore mopsn 3 um y
poGoti [18] moka3aHo B3a€MO3B'SI30K Tra30JAMHAMIYHHMX SBHIL 3 aKyCTUYHHUMH XBH-
nsimu B Kanami 3apsiny PITI, sikuii Mae panToBe po3mMpeHHs MPoXiTHOTO nepepi-
3y 1 BCyHyTe B KaHaj 3apsi1y YTOILIEHE COILIO.

OpHaK OCHOBHUM JIKEPEIOM HaMOUIBII 3HAYHUX 338 PO3MaxOM KOJIMBAaHb THC-
Ky B Kamepi 3ropsiHHS € YTBOPEHHsI iIHTEHCUBHUX TOPOiAaIbHUX BUXOPIB (iX mepio-
JIMYHE YTBOPEHHS Ta MOJIaibIla €BOJIOIIS IPU PYCi Ta30BUM TPAKTOM) 3 4acTOTa-
MU 3puBy TIoToKy 10 50 ', [lane siBuine Moxke OyTH “CITyCKOBHM MEXaHi3MOM™
MpH 1€ CKJIAIHINIMX MPOsIBAX HECTIMKOCTI, MOB’SI3aHUX 3 TOPIHHAM 3apsaay 1 30y-
JOKEHHSIM pi3HuX akyctuuHux Mon y PITIIL. IIpu po3poOiii MmareMaTHYHOT MOJIei
teuii ra3y B kamepi VKI criupaTiMemMocst Ha miJIX0/u, SKi J03BOJISIOThH MPU YUCe-
JTHFHOMY MOJIEITIOBaHHI JAuHamiuHOro mporecy B kamepi PJITII nocmimkysaru, B
MepIry 4epry, pe’kMMH aBTOKOJIHMBaHb THCKY 3 BUXOPOYTBOPEHHSIM TOTOKY Ta3y.
ITpu uncensHoMy MozemtoBanHi Teuii B kamepi PJITII y mepuromy (OIiHOYHOMY)
HaONMVDKEHHI 3a3HAYCeHUI MyNbCYIOUHMH 3pUB BHXOPIB MOKe OyTH BiJITBOPEHHUH 3



BHKOPUCTAHHIM TaKUX CIEIiagi30BaHUX IporpaMHux 3aco0is, sk ANSYS Fluent
[19] 1a ix pizHMX MomUbiKaIiii.

VY nmaHi po6oTi I OUIBIIOT TOBHOTH TOCHIKEHHS HH3BKOYACTOTHUX (IO
1000 I'rr) aBToxonuBanp B Kamepi sropsuus PATII uncenbHe MomeIOBaHHS JUHA-
MIKH BHYTPIIIHBOKaMEPHHUX TPOIECIB TMPOBOIMIOCSA 3 BHKOPHUCTAHHAM ABOX Pi3-
HUX MAXO0MiB. 3 METOIO CIIPOIIEHHS PO3paxyHKiB KiHETHKa TOpiHHA Ta 6araTtodas-
HICTB ITOTOKY ITPOTYKTIB 3TOPSIHHS HE BPaXOBYBAJIUCS.

[lepmuit migxix IPyHTYETHCA HA MAaTEMATUIHOMY MOJICIIOBAaHHI JUHAMIYHOI
CHCTEMHU «KOHCTPYKIiS KaMepH 3rOpSHHS — MPOIYKTH 3rOPSHHS) (IIPOILYKTH 3r0-
PSIHHS TIaJIMBA PO3TILNAIOTHCS K aKyCTUYHHHU Ta3) 3 BUKOPHUCTAHHAM METOIY CKi-
HueHHUX enemeHTiB y maketi ANSYS Mechanical [19]. Lle#t minxin nepenbadae
no0ymoBy TpuBuMipHOi (3D) CKiHYEHHO-CIEMEHTHOI MOJIETi HECTHCIMBOTO aKycC-
tiaHOTO Ta3y B kamepi PITII, mpu oMy BpaxoBYIOThCS ATUHAMIYHI XapaKTepHC-
TUKHA KOHCTPYKII1 KaMepH, MPYKHICTh i CTIHOK, TWHAMIYHA B3a€MOIi OOOIOHKHU
KaMepH Ta aKyCTHYHOTO ra3y, a TaKoXX JeMI(yBaHHS KOJIMBAaHb KOHCTPYKIIi Ka-
MEpH Ta aKyCTUYHOTO razy. Marepian CTIHOK KaMepH BBaXKA€ThCS CYIUIBHAM, OJI-
HOPITHIM, 130TPOITHUM i MPYXHUM, aKyCTHYHHUI a3 — OJHOPITHAM i CTUCIIUBUM, a
pyx rasy — 6e3BuxpoBuM. [lepiuii miaxin qokaamgHo BUKIaaeHO y pobori [20].

Hpyruii miaxin 0 MOAETIOBaHHS AWHAMIYHUX mpoteciB y kamepi PJITII 3a-
CHOBaHHWI Ha MOOYIOBI OCECUMETPUYHOI ABOBHMIpHOI Momerni (2D momeni) Tewil
rasy B KaMmepi JBHTYHa MeToJIOM ckindenHux o0'emiB (FVM-Finite Volume
Method) y nporpamuaomy komruiekci FLUENT [19], sikuit BukopucroBye LES Te-
XHOJIOTI1 i1l MOJIETIIOBaHHS BeMMKNUX BUXOpiB. PeanizoBana y maketi FLUENT Ta
BHUKOPHCTaHa MIPH MpoBeieHH] Aaanx po3paxyHkiB LES Texnomoris [19] 3xiticHioe
¢igpTparnito npidbHOMacmITaOHUX e(EeKTiB BiJ BEINKOMACIITAOHUX PYXiB y TOBHUX
piBHSHHAX 30epexeHHs. Lleil MeTox MIMPOKO 3aCTOCOBYETHCS NMPU YHCEITBHOMY
MOJICTIOBaHHI TypOyneHTHHUX Teuii (Hamp., [21]). Takuit miaxin 10 MOJAETIOBAHHS
JMHAMIYHMX IPOIIECIB Y KamMepi JBUTYHA JI03BOJISIE BPaxyBaTh CTUCIHBICTH rasy,
BUXOPOYTBOPEHHS B TIOTOIIl Tra3y B KaMmepi JBUTYHA 1 MIOPCTKICTh CTIHOK KaMepH.
[Tpu pearnizamii HHOTO IMiIX0y BUKOPHCTOBYIOTHCS TaKi OCHOBHI MOJOXKEHHS:

— Tedis TMPOIYKTIB 3TOPSHHS PO3PaXOBYEThCS HA OCHOBI piBHAHb Hap'e—
CTOKCa B OCECHMETPUYHOMY HAaOJIMKEHHI;

— edexTu TypOYJIEHTHOCTI MOJIETIOIOTECS Ha OCHOBI METOJIy BEJIMKHUX BUXOPIB
(LES);

— ypaxyBaHHA JpiOHOMacmITabHOT TYypOyIEHTHOCTI 31HCHIOETECS 3 BUKOPHC-
TaHHSM TaK 3BaHUX MPABUII ITiJICITKOBOTO 3aMHKaHHS;

— TpaHUYHI YMOBH Ha OIYHUX IMOBEPXHIX PO3PAXyHKOBOI 007acTi (BiJ MOYaTKy
KaMepH JI0 COIUIA) 3aIal0ThCsl y BUTIISIII OTOKIB MacH, 1[0 MarOTh MicIle TPy CTa-
[[IOHAPHOMY TOPiHHI 3apsy;

— IIPY MOJICJTIOBAHHI I'a3 MOKJIAIAETHCS 17IeaTbHUM.

Binznaunmo, 110 npu BUKOPUCTAHHI APYroro MiIXOAy A0 MOZAETIOBAaHHS JTU-
HaMiyHi BJIaCTUBOCTI KOHCTPYKLii Kamepu Ta ii AuHaAMiuHa B3a€MOXIS 3 ra3oM B
KaMepi He BPaxoBYIOThCHL.

2. YncesbHe MOJICJIOBAHHS Tevil ra3y B MPOCTOPi KaMepH 3rOpPsSIHHS Tec-
TOBOT0 PAKETHOI'0 JBHI'YHA TBEPAOI0 NAJINBA

2.1 Iinxix 10 YnceIHLHOr0 MOJEJIOBAHHS TUHAMIKM BHYTPillIHbOKaMep-
HHUX MPOIECiB Y pAKETHOMY JBHMI'YHI TBEPA0OTro MajuBa. Y MPOBEJACHOMY JOCIi-
JDKEHHI 3aCTOCYBABCS IMIJXiJ] 10 MAaTEMATUIHOTO MOJICIIOBAHHS Teuil ra3y B Kamepi



E€HEPreTHYHOI YCTAaHOBKH 3 BUKOPHCTAaHHSIM METONy CKiHdeHHUX 00'eMiB (FVM) Ta
MeTOOJIOTIi MomeroBaHHS Benmuknx BuxopiB (LES) y mporpamMHOMy KOMILIEKCI
FLUENT.

3 MEeTOI0 CIPOMICHHA PO3pPaxyHKIB MPH MOJENIOBAHHI KiHETHKa TOPIHHS Ta
OaraTo(a3HiCTh TOTOKY POIYKTIB 3TOPSHHS HE BpaxoByBanucs. PiBasaas Hap'e—
Crokca, O OMUCYIOTh TUIMH ra3y B Ta30BOMY MPOCTOPI TBEPIONATUBHOTO JIBUTY-
Ha, MAlOTh TaKWUI BUTIIS:
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[TincitkoBa TypOyJeHTHa B’A3KIiCTb Ly y piBHAHHI (6) BH3HAYaeThCs BiAIO-
BiiHO 10 TypOysieHnTHO-B s13k01 (WALE) mozemi SGS [22]
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V supimysaui FLUENT koncranra WALE C,, = 0,325 [19].
KinernuHa eHepris miacitku ksgs y piBHsHHI (7) BU3HAYAETHCS TAKMM YAHOM:
_ 2/3¢ @
ksgs =C\V Sijsij- (11)
OCHOBHI piBHSHHS JIOTIOBHIOIOTHCS PIBHAHHSIM CTaHy i€abHOTO razy:
p=pRT, (12)
ne P — THCK, p —rycTuHa, | —Temmeparypa, R — ymniBepcanbha razosa koHcTa-
ura: R ~ 8,314 Ik / (MmonpxK).
st oTprMaHHs OUTBII CTIHKOTO PO3B'SI3KY HecTallloHapHa 3a/1a4a y 3MiHHUX
HIBUJIKICTh — THCK PO3B'sI3yeThes 3a pornomororo meroxy Artificial Compressibil-
ity y HesiBHIH cxeMi Ta JAMCKpeTH3alil 3a 4acoM 1-ro MmopsiaKy y MporpaMHOMY
komrmiekci FLUENT. Tlpu BHKOHaHHI po3paxyHKiB KPOK iHTEIpyBaHHSI CHCTEMH
piBasiHb (1) — (12), sika omucye Tedito ra3y B Kamepi IBUTyHa, MOKJIAJABCs PIBHUM
1x107® ¢. 3aranpHuil yac HeCTaLIOHAPHOTO PO3PaXyHKY CTaHOBUB Oiu3bKko 0.33 c,

IO JIOCTAaTHBO JIJISl OTPUMAaHHS 33/I0BUIBHUX PE3yJbTaTiB MPU BUKOHAHHI aHaTi3y
HIBHKOTO TiepeTBOpeHHs: Dyp'e A TUHAMIYHOTO MPOIECY, SIKUH JTOCIIKY€EThCS.

2.2 Pe3yabTaTH TeCTyBaHHA Po3po0JieHOI Mojei Tedil razy y BHYTpill-
HbOKaMepHOMY mnpocTopi ocecumerpuunoi 1/30 ¢izuunoi moneni TecToBOi
€HEePreTUYHOI YCTAaHOBKH. P0o3poOKy Mojeni s 4MCeIbHOr0 aHali3y JuHaMid-
Hux npoueciB y PIATII npoBeaeHO CTOCOBHO OCECHMETPHYHOI (i3WUHOI Monemi
VKI (y macmta6i 1/30) npuryna PH Ariane 5 (P230 motor), sika iMiTye TUIMH XO-
JIOJTHOTO Ta3y y MpOCTOpi KaMmepu 3ropsiHHs. Ls ¢i3znyuHa Mojelb JOCHTh PETEIBHO
JOCITI/DKeHA SIK eKCIIEPUMEHTAIBbHO, TaK 1 YHCEeNIbHO (Hampukian, y podorti [18]),
TOMY 1 MOXXHa BHKOPHUCTOBYBATH JIJISl BiANPAIIOBaHHS YUCEIBHHUX MIAXOAIB JI0
aHaJizy HecTiliKocTi Tedii razy y BHyTpimHbokamepHoMy mpoctopi PITII. Cxemy
pyXy ra3y B MOZI€TIbHIH KaMepi HaBeJeHO Ha pUC. 3.
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DCH0BA KOOPAMHATA (M)

Puc. 3 — Po3paxyHkoBa cxema Tedii ra3y B kKamepi TecToBoro asuryHa [18]
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https://ru.wikipedia.org/wiki/%D0%94%D0%B6%D0%BE%D1%83%D0%BB%D1%8C

Tyt pagiyc KpUTHYHOTO mepepi3y coruia ro ckiaaaae 0.015 M, a BXIgHHH IHITi-
HIPUYHAN Ta30BiJ Ma€ OJHAKOBHM IO JOBXHUHI BHYTPIIIHIN pagiyc R, skuii mopi-
BHIo€e (0.038 M. Ilepenikoaa MOTOKY Ta3y y BUIJISII KiJbIIS BHYTPIIHIM paiiycoM
0.029 M, mo iMiTye HasBHICTH iHTIOITOPY (SK y TBepmomy manuBi asuryHa PH
Ariane 5), po3mimyerbes Ha Bigctani 0.19 M Bij KOOpIMHATH BXOMY B YTOIUICHE
coruto kamepu. Y (i3udHiit MoeNi Ha CTiIHKaX KaMepH BCTAHOBJICHO MaTYUKhA. Mi-
CILIS BCTAHOBJICHHS JATYMKIB ITO3HA4YEH] Ha cxeMi sIK Touka 1, Touka 2 Ta Touka 3.
Juia criporieHHs po3paxyHKy (pi3WdHI mapaMeTpw Tedii ra3y BBa)KalOThCS MOCTIN-
HHMH, a 1X 3Ha4YeHHs HaBeaeHi y tabmuri 1 [18].

Tabnus 1 — 3HaueHHs mapaMeTpiB poOoYoro razy, HeoOXiaHi At
MOJICITIOBAHHS PYXY IIPH XOJOJHUX BUMPOOyBaHHAX Kamepu VKI

[Tokasuuk amiabaru, y 1.4
[Mutoma Temmoemuicts Cp, Jx/krxK 1006.43
B's3KicTh 4, Kr/M*c 1.7894x107°
Momnsipa maca M, /Mo 28.966

Sk Oyn0 3a3HaueHO BHUIIE, JUIS BiINPALIOBAHHS YUCEIbHUX IIAXOJIB 0 aHa-
T3y HECTIMKOCTI Teuil ra3y y BHyTpimHbOKaMepHoMy mpoctopi PITII Bukopuc-
TOBYBAJIUCS JIBa Pi3HI MiAXOAU 0 MOJCITIOBAHHS JTUHAMIYHUX IMPOLECIB y KaMmepi
neuryHa. Ileprimii miaxin, 3aCHOBaHM Ha YHCEILHOMY MOJICITIOBAHHI JUHAMIYHOL
CHCTEMH «KOHCTPYKI[iSl KaMepH 3TOPSIHHS — MPOMYKTH 3TOPSHHS» 3 BUKOPUCTaH-
HSIM METOJy CKiHUECHHMX eJieMeHTIB [19], mepenbauae moOya0By TPUBUMIPHOI MO-
JielTi BKa3aHOoi JUHAMIYHOI CHCTEMH 3 ypaxyBaHHSIM TUHAMIYHOI XapaKTEePUCTHKH
koHcTpyKuii kamepu VKI ta ii muHaMivHOl B3aeMOZii 3 MPOAYKTaMHU 3TOPSIHHS Ma-
nuBa. [Ipu 1pOMy MPOIYKTH 3ropsSHHS MMajrBa PO3MIISAAIOTECS K aKyCTUYHUI ra3,
ra3 BBa)KA€ThCS OJHOPIAHUM 1 HECTHCIIMBUM, a TUTHH ra3y — 0e3BHXPOBHM.

OCHOBHMMH BiIMIHHUMH OCOOJUBOCTSMHU JPYTOro MiJX0/ay, 3aCHOBAaHOTO Ha
MoJieNtoBaHH1 Teuii ra3y B kamepi VKI 3 BUKOpUCTaHHSIM METOJly CKiHYeHHUX 00'-
eMiB y nporpamuomy komiiekci FLUENT i LES texnonorii [19] mis momento-
BaHHsI BEJIMKKMX BUXOPIB, €, MO-TiepIie, TodyaoBa ocecumMeTpruHoi 2D mozaeni teuii
ra3y B Kamepi, 1 o-apyre, ypaxyBaHHS BUXOPOYTBOPEHHSI IIPH IJIMHI ra3y B KamMe-
pi. Uepes 3a3HaueHi BUIIE BIJIMIHHOCTI IUX IMiIXOJIB 10 MOJEIIOBAHHS JTUHAMIY-
Hux nporeciB y kamepi VKI pesynsratu po3paxyHkiB, OTpUMaHi MpH X BHKOpPHUC-
TaHHi, MOXYTb IIOMIiTHO BiJIpi3HSATHCS.

Crij TakoX 3a3HAYHTH, 1110 3 METOIO 3MEHIIICHHS Yacy PO3paxyHKiB KUTbKICTh
BY3JIiB PO3PaxyHKOBUX CITOK y MOJENsIX Oyyia oOMexeHa (Jijisi TPUBUMIPHOI CKiH-
YeHHO-eJIeMeHTHOT Mojeni (miaxin 1) — 82273 By3una, Ui 0CECUMETPUYHOT JBOBH-
MipHoi 2D momem (minxim 2) — 35000 By3niB). Tomy O"iKyBaHO, IO 3HAYEHHS
EKCIIEpUMEHTAIILHUX Ta PO3PaXyHKOBUX YaCTOT KOJUBAHb TAKOXK MOXYTh TOMITHO
BiJIpi3HATHCH. [IpoTe 3 oriisfay Ha 0COOIMBOCTI MOJEICH, 3raaHi BUIIE, Y JaHOMY
pa3i BAXJIMBHUM € HE CTUIbKU KIJIbKICHUH 301T pe3ysbTaTiB, CKUTBKH 1X SIKiCHE Y3ro-
JOKEHHSL.

V tabnuri 2 HaBeIEeHO 3HAYEHHS SKCIEPUMEHTAIBHUX YaCTOT YOTUPHOX HUXK-
YMX TOHIB KOJIMBaHb ra3zy y kamepi (ismynoi mozeni (cToBmens 1), BIacCHUX dac-
TOT KOJIMBaHb CUCTEMHU «KOHCTpyKIis kamepu VKI — akycTuuHuit ra3», po3paxo-
BaHMX HA OCHOBI MEPIIOTO MiAXOAY 0 MOJCITIOBAHHS (CTOBIENH 2), Ta BIACHHUX
4acTOT KOJIMBaHb THUCKY Ta3y, OTPUMAaHUX IPH MOJIENIOBaHHI Teyil razy B KaMmepi
VKI — Mopeni 3 BAKOPHCTaHHSM Jpyroro miaxoay (crosmeinpb 4). Y 3-My cToBmii
TaOJUIN MICTIThCS pe3yabTaTH Kiacudikaiii MOJ CHCTEMH «KOHCTPYKIIisSi KaMepH
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VKI — akycTtuuHuii ras», BAKOHAHOI Ha OCHOBI aHaji3y il BIacHHUX (OpPM KOJIH-
BaHb: JiTepor0 L Mo3Ha4YeHI MO3M0BXKHI KOJIMBaHHS, JiTeporo T — momepeui,
L+T — mo3a0BKHBO-TIONIEpPEYHI, a IH(pa BKa3ye HOMEP TOHY KOJINBaHb.
Tabmmms 2 — ExciepiMeHTanbHI 4acTOTH KOJUBAHb Ta3y B kamepi (izmanoi mogeni VKI,
pe3yIbpTaTH PO3paxyHKy MapaMeTpiB KOTUBAHb AMHAMIYHOI CHCTEMHU

«koHCTpyKIis kKamepn VKI — akycTHdHMIA ra3» Ta po3paxyHKOBI 4aCTOTH
KOJINBaHb THUCKY Ta3y B kamepi VKI-moneni

Excriepu- | Po3paxyHKoBi yacToTH ® Po3paxyHkoBi yac-
. OpMH KOJIMBaHb CHC-
MEHTaJIbHI KOJIMBaHb CUCTEMHU . TOTH KOJIUBaHb TH-
. TEMH «KOHCTPYKIIis .
YacTOTH «KOHCTPYKIISI KaMEpH KaMePm CKy ra3y B Kamepi
KOJIMBAaHb, VKI — akycTuanuit pa VKI-mozemi, I'ig
L VKI — akycTuuHHl ras3» L
I'n ra3y, ['n (1-# migxin) (2-1 minxin)
1 2 3 4
280 219 1L 183
- - - 304
_ 439 2L 428
464 466 2L+1T 500
685 664 3L 619
925 893 4L 887

Jani, HaBeneHi y TabmuIli 2, CBiA4aTh MPO SKICHE Y3TOKCHHS pPE3yINIbTaTiB,
OTPUMAaHUX TPH BUKOPHCTaHHI JBOX ONHMCAHMUX BUINE ITiJXOIB 10 MOJICTIOBAHHSI
JMUHAMIKH BHYTPIITHROKAMEPHUX TPOIIECIB, Ta AKICHE Y3TOKEHHS IIUX PO3paxyH-
KOBHX PE3yJbTaTIB 3 Pe3yIbTaTaMH EKCIIEPUMEHTY.

Ha puc. 4 300paxeHo miarpamu po3moOAiTy AMHAMIYHHX CKJIaJIOBUX poO3pa-
xynkoBoro tucky ( Pep, [[a]) B kamepi VKI (miaxix 1) ais pisHUX 4acTOT KOJIH-
BaHb JIMHAMIYHOI CUCTEMH «KOHCTpYKLis kamepu VKI — akyctuunwmii ra3y. Li ngia-
rpaMHi HA0YHO 1TIOCTPYIOTh (JOPMH KOJIMBaHb CUCTEMHU.

a) 6) B) r) 1)

a), B), I'), 1) — MO3I0BXHI KoiuBaHHs 3 wactoTamu 219 T'u, 439 T'u, 664 T,
894 T'11 BiAmoBigHO; 6) — MO30BKHBO-IIONIEPEYUH] KOJUBAHHSI 3 4aCTOTOI0 466 I

Puc. 4 — JliarpamMu po3no/iisty TMHaMIYHHUX CKJIQJ0BHX PO3PAXyHKOBOTO THCKY
B kamepi VKI (miaxin 1) anst pisHux Mox
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Tak, giarpamu Ha puc. 4, a), 4, B), 4, 1), 4, 1) BIJINOBIAAIOTh MO370BXKHIM KO-
nuBanasaM 1L, 2L, 3L, 4L i3 gacroramu 219 I'ni, 439 I'u, 664 I'u, 894 I'i (ToOTO 3
4acTOTaMH TO3JI0BXKHIX MOJ), a Aiarpama Ha puc. 4, 0) — 3MilIaHUM MO3/0BXKHBO-
MIOTIEPEYHNM KOJMBAHHAM 13 4acToTor0 466 I'1. 3a3HaunMo, 10 aMILTITYIH TaKUX
3MiMIaHUX KOJMBAHb Ta3y B KaMepi IBUTYHA, SKi BAHUKAIOTh B PE3yIbTaTi B3a€EMO-
Iii TTO370BXKHIX Ta MONEPEYHNX MOJI, MOKYTh OyTH 3HAUYHO OINBIIMMU, HIXK aMILTi-
TYIH TO3I0BXHIX KOJIHBAHb.

Pesynpratn wmcensHOro MopemtoBaHHS Tedwii B kamepi VKI, orpumani mpu
BHUKOPHCTaHHI Japyroro miaxomy (puc. 5 — 8) cBiguats mpo peamizaiiito B Kamepi
PEeKMMYy HHM3bKOYAaCTOTHHX aBTOKOJHMBAaHb, 3yMOBJIEHHX Ta30AWHAMIYHO HECTiH-
KOI0 TEJi€l0 y MPOCTOpI KaMepH 3 YTBOPEHHSM BEIMKOMACIITAOHMX BHUXPOBHUX
cTpyktyp. Ha puc. 5 — 6 HaBeneno nmiarpamu posmnoairy B kamepi VKI pospaxyH-
KOBOI 3aBUXPEHHOCTI ra3y Ay (Ay — MOZyJTb POTOpa BEKTOPHOTO TTOJIS IIBHKOCTEM)
Ta pO3PaXyHKOBOTO TUCKY Pch B Kamepi juis MoMmeHTy vacy t = 0.33c.

Ay, 1c
7.9x10°
6.6x10*

5.5x10°

4.6x10?

38
3.2

Puc. 5 — JliarpamMa po3noiny po3paxyHKOBOi 3aBuxpeHocCTi razy B kamepi VKI

Pch, ITa
3.50x10°

2.95x10°
2.42x10°
1.99x10°
1.63x10°

1.34x10°

Puc. 6 — Jliarpama posnoziny pozpaxynkosoro Tiucky B kamepi VKI

Ha puc. 7 noka3aHo 3anexHicTh Peni(t) TiCKy Pen B kamepi VKI 'y Touri 1, sika
BIJNOBiZ]a€ MICIIO PO3TAIIyBaHHS MEPIIOrO JaTYMKa Ha CTIHKaxX Li€l KaMepH, Bi
qacy. SIKk BUJHO 3 IIbOTO PUCYHKA, PO3MaxX KOJIMBaHb TUCKY a3y B KaMmepi B Toui 1
J0CATaE B CEPETHROMY 1 aTMm.

Pen1. ITa

1.20
1.18
1.16

¥10

1.4
1.12

1.10

| T | |
0.16 0.18 0.20 0.22 tc

Puc. 7 — 3anexHictb THCKY Pch B kamepi VKI Bix gacy y Touni 1
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Ha puc. 8 HaBeneHO po3paxyHKOBUN aMILIITYAHHIA CIEKTP MyJbCallid THCKY
razy y Tourti 1 kamepu VKI Peh (komuBaHHS peanizyBanucs 3 qacrotamu 183 I'm,
304 I'ny, 428 'y, 500 ', 619 I'i, 887 I').

A(Pch1), TTa/T'rt2

I

52 ' 1208 f, T

Puc. 8 — Po3paxyHKoBHIT aMILTITyJHHH CTIEKTp Mynbcariil Tucky B kamepi VKI y Toumi 1

SAx moxua O6auntH 3 puc. 8, y wactotHoMy miamaszoHi Bix 400 I't mo 600 I'n
aMILTITYIX KOJIMBAHb THUCKY € 3HAYHO OUTBIINMHM, HIXK B 1HIIUX YaCTOTHHX Jiara-
30HaX. lle MOB'A3aHO 3 HASBHICTIO Yy IOMY Jiama3oHi 3MIMIaHUX IMO3A0BXKHBO-
MIOTIEPEYHNX KOJIMBaHb, sIKi BinOyBaroThcs i3 wactororo 500 't (puc. 4, 6)). 3a3nHa-
YUMO, IO [il 9acTOTi KonuBaHb Ta3y B kamepi VKI (miaxix 2) Bimmosimae Tpoxu
MEHIIIa YacTOTa KOJMBaHb CHCTEMU «KOHCTPYKIis kamepu VKI — akycTuanuii raz»
(migxin 1), sika mopiBHioe 466 'y (nuB. Tab. 2, cToBmiii 2, 4).

Tpeba Bim3HAYNTH, IO MyNbCAILlii THCKY B KaMepi 3rOPsIHHAA, [0 BHHUKAIOTH B
pe3ynbTaTi 3aMHUKaHHS BUXOPIB HA CTIHKK KaMepH, CTBOPIOIOTH MEPIOUYHI JHHA-
MIYHI HaBaHTa)XCHHS Ha i1 KOHCTpyKmito. Lli MexaHiuHI KOMWBaHHSI KOHCTPYKIIii
KaMepu JIBUT'YHA TEepelaloThCsl Ha KOHCTPYKLi0 pakeTH. [Ipu monpoTi pakeTtu Bo-
HHU MOXYTb CYTTEBO ITOCHJIIOBATUCS Y Pa3i 30JMKEHHS 1X 4acTOT KOJIMBaHb 3 BJIAC-
HUMHM 4aCTOTaMM KOJIMBaHb Kopiycy PH.

3. UncesbHe J0C/iIKeHHS] BIUIUBY IIOPCTKOCTI MOBEPXHi CTIHOK KaMepH
3rOpPsIHHS B 30HI Te4il HA HU3bKOYACTOTHI ABTOKOJMBAHHS PO0040ro rasy B
KaMepi

JochimkeHHs: TpoBOAMIINCS Ha OCHOBI po3poOiieHoi moxaeni 2D Tedii raszy B
kamepi VKI (mizxin 2) 3 ypaxyBaHHsM 1 0e3 ypaxyBaHHs LIOPCTKOCTI CTIHOK Ka-
Mmepu. Po3paxynkoBy cxemy kamepu VKI HaBeneno Ha puc. 3. [Ipu monenoBaHHi 3
ypaxyBaHHSM IIOPCTKOCTI CTIHOK KaMepH MaKCHUMajlbHa BUCOTa HEPIBHOCTEH MO-
BEPXHI, [0 XapaKTepPU3y€e MOPCTKICTh, MMOKIAIANach piBHOIO 56 MkM. B pesynbra-
Ti pO3paxyHKIB OTPHUMAHO YHCEIhHY OIIHKY BILTUBY IIOPCTKOCTI HUJIIHAPHUIHOI
MOBEPXHI CTIHKM KaMepH B 30HI pajliaJbHOTO BAYBY IOBITPsS Ha MapaMeTpH aBTO-
KOJINBaHb TUCKY T'a3y B KaMepi.

Ha puc. 9 — 12 npeacrasieHo pe3ynbTaTH YHCEIBHOTO MOJICJIIOBaHHS Teyii ra-
3y B kamepi VKI 3 ypaxyBaHHsAM mIOpPCTKOCTI i1 CTIHOK, a caMme: JliarpaMu po3Ioli-
Jay 3aBUXpeHocTi ra3y (puc. 9) Ta tucky (puc. 10) mns momenty uacy t = 0.33c;
PO3paxyHKOBa 3aJIeXKHICTh TUCKY B Kamepi Bif dacy t y Touwi 1, sika Biamosinae
MICI[FO PO3TalllyBaHHS MEPIIOTO JaTYMKa HA CTiHKax Miel kamepH (puc. 11); criektp
nyJbcaniil TUCKY B Kamepi B Toulli 1 (puc. 12). 3a3Haunmo, 110 BiIOBIIHI pe3yib-
TaTH YUCEILHOro MoJenoBaHHs Teyii rasy B kamepi VKI 0e3 ypaxyBanHs mopct-
KOCTI ii cTiHOK OyJI0 IOKa3aHo Ha puc. 5 — 9.
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Ay, 1/c
2.2x108

1.4x10°

87x10° |

55x102 |
34 L
2.2

Puc. 9 — Jliarpama po3noisly po3paxyHKOBOI 3aBUXpeHOCTI ra3y B kamepi VKI,
BH3HAYEHOI 3 ypaxyBaHHIM IMIOPCTKOCTI CTIHOK KaMepH

Pch, ITa
3.61x10°

2.95x10°
2.42x10°

1.98x10°

1.62x10°

1.33x10°

Puc. 10 — [Jiarpama po3moairy po3paxyHKOBOTO THCKY ra3y B kamepi VKI,
BHU3HAYCHOTO 3 ypaxyBaHHIM IMIOPCTKOCTI CTIHOK KaMepH

Pena, I1a

135 ‘

| |
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305 ‘ ‘|' ‘ '}
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Puc. 11 — 3anexwnicts THCKy B Kamepi VKI Bij wacy B Touni 1, BU3Ha4eHa 3 ypaxyBaH-
HSIM IIOPCTKOCTI 11 CTIHOK

I3 mopiBHsiHESA puc. 7, 11 MoxHa 6aunuTH, 10 YpaxyBaHHS IIOPCTKOCTI CTIHOK
KaMepy MpU3BeJIo A0 30UIbIIEHHS po3MaxiB KOJMBaHb TUCKY rasy B Toumi 1 miel
KaMepu B cepeaHboMy B 2.5 pas3u. 3rigHO 3 pe3yibTaTaMd PO3pPaxyHKiB, Take
301IBLICHHS] PO3MaxiB KOJUBAHb THCKY OOYMOBJICHO 301JbIICHHAM BUXOPOYTBO-
PEHHS Ta3zy y 30HI JUHAMIYHOI B3a€MOJil ra30BOTO Ta TBEPAOTrO CEPENOBHUIIA, SIKE
BiZIOYJIOCST 32 YMOBH ypaxXyBaHHs IIOPCTKOCTI CTIHOK kamepu (auB. puc.5,9 Ta
puc. 6, 10).

BrnuB mopcTKOCTI CTIHOK KaMepH MPOSBUBCS TAKOXK Y CIEKTPl YacTOT KOJIU-
BaHb THCKY B Kamepi (puc. 12). 3a pe3ynbraTaMu MOJCIIOBAHHS JHHAMIYHHX MPO-
neciB y kamepi VKI 3 ypaxyBaHHAM MIOPCTKOCTI i CTIHOK YacTOTHHUH Jiana3oH

14



A(Pcn1), TTa/Tul2

6000 —

4000 —

2000 —

0J| T T T T

0 200 400 600 800

f, Ty

Puc. 12 — Ammutitynauii criektp mynbcanii Tucky B VKI kamepi B Toumi 1,
BH3HAYCHHUH 3 ypaXyBaHHIM IMIOPCTKOCTI ii CTIHOK

mo 1000 I'm mictutes 10 gactor konmBaeb TUCKY: 72 I'm, 161 I'm, 219 ', 268 ',
377 T'm, 454 I'u, 563 I'm, 654 I'm, 798 ', 856 I'u. IlopiBHIOMOUM 1Ii pe3yabTaTH 3
JAHUMH TaONHIl 2, MOXKHA BiA3HAYUTH, IO KIJBKICTh YacTOT, SIKi HE MEPEBHIILY-
toth 1000 I'1;, 3a yMOBHM BpaxyBaHHS IIOPCTKOCTI CTIHOK Kamepu 30inbmrmnacs 3 6
no 10. Bognouac 3'sBuiucs moTeHuiiiHO HeOe3meuyHi HU3bKI yactotw — (211 i
161 I'm, 10 MOXe CIIPUSTH PO3BUTKY HU3bKOYACTOTHUX aBTOKOJIMBaHb. /{0 TOTO X,
KOJIMBaHHA THCKY ra3y B Kamepi 3 HU3bkuMu dactotamu 72 ['m, 161 I'u, mepenato-
YUCh Yepe3 MeXaHIYHI KOJIMBaHHA KOHCTPYKIIii JBUTYHA Ha KOHCTpYyKIito PH, mo-
JKyTh 3HAYHO TTOCHITIOBATHCS TP PE30HAHCHIN TWHAMIYHINA B3aeMomii kopirycy PH
3 i qBUTYHOM. 301IBIICHHS PO3MaxiB KOJMUBaHb THCKY B KaMepi 3TOPSHHSA, BiJ[3HA-
YeHe 32 YMOBH YPaxyBaHHS IIOPCTKOCTI CTIHOK KaMepH, 301TbIIye 3arpo3y 3Had-
HOT'O 3pOCTaHHS aMIUTITyl HU3bKOYaCTOTHUX aBTOKOJIMBAHb.

TakuM 4rHOM, PO3paXyHKOBI IMyJnbcallii THCKY B KaMepi 3rOpsiHHSA, 1110 BHHH-
KalOTh B pe3yNbTaTi 3aMUKaHHS BHXOPIB HA IMOPCTKIA CTiHII KaMepH, CyTTEBO
30UTHIIMITUCH MOPIBHSAHO 3 BUMAJAKOM TJIAJKAX CTIHOK KaMepH, i, BIAOBITHO, JH-
HaMiYHiI HaBaHTa)XCHHS Ha KOHCTPYKIIIFO KaMepH 3rOPsHHS TeX 301IbITYIOThCS.

BucHoBku

1. IlpoBeneno nmocimimkeras Hu3bkodacToTHHX (10 1000 ') xonmmBaHb B Ka-
mepi 3ropsiHass PJITI] Ha OCHOBI YHMCENFPHOTO MOJIENIOBAHHS JAWHAMIKM BHYTpIII-
HBOKAMEPHHUX MPOLECiB 3 BUKOPUCTAHHIM JBOX PI3HUX MiIXOAiB. 3 METOIO CIIPO-
IIEHHS PO3paxyHKiB KiHETHKA TOPiHHS Ta 0aratogasHiCTh MOTOKY MPOIYKTIB 3ro-
PSIHHS HE BPaXOBYBAJIUCS.

[lepmmit migXin rpyHTY€ETHCS HAa OOYIOBI 1 mocmimkenHi 3D monmem auHaMi-
YHOT CUCTEMH «KOHCTPYKIIiSl KAMEPH 3rOPSIHHS — MPOAYKTH 3rOpSHHS (aKyCTHYHHUI
ra3)» 3 BAKOPHCTaHHSAM METOJly CKIHYEHHHUX €JIEMEHTIB, PH LIbOMY BPaXOBYIOThCS
JUHAMI4YHI XapaKTepUCTUKU KOHCTPYKLIl KaMepH, IPY>KHICTb ii CTIHOK, TUHAMIYHA
B3a€MOZisl 000JIOHKM KaMepH Ta aKyCTHYHOTO Ta3y, a TaKoX JAeMI(yBaHHS KOJIHU-
BaHb KOHCTPYKIIii KaMEpHU Ta aKyCTHYHOI'O Tazy.

Jpyruii migxig 10 MOJENIOBaHHS 3aCHOBAaHWM Ha MOOYMOBI 1 JOCITIIKEHHI
ocecumerpuyHoi 2D Mopnenmi Teuwii razy B Kamepi JBUTyHA METOJOM CKIHYEHHHUX
06'emiB. Moro BifMiHHOI0 OCOGNMBICTIO € MOXIIMBICTh yPaXyBaHHS CTHCIMBOCTI
ra3y, BAXOPOYTBOPEHHS B IOTOL ra3y B Kamepi 1 IIOPCTKOCTI CTIHOK KaMepH.
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2. BukonaHo MaTeMaTH4YHE MOJCIIOBaHHS Tedil ra3y (mositps) crocoBHo 1/30
KaMepH 3TOPSHHS TBEPIOMAIMBHOIO CTYIEHsS pakeTH-Hocis Ariane 5 — kamepu
VKI, nns sikoi panimre 8 Karman Institute for Fluid Dynamics (benbrist) 6y:mo mpo-
BeleHO (i3myHe MONEeNroBaHHS Tedwii ra3y. lIpm MaremaTmdHOMY MOIEITIOBaHHI
HU3bKOYAcTOTHHUX TporieciB y kamepi VKI y pamkax npyroro migxomy Tedis razy
po3paxoByBaiaca Ha ocHOBI piBHSHb Has'e—Ctokca B ocecumerpuanomy (2D) Ha-
OmmxeHHi; epeKTH TypOyJIEeHTHOCTI MOJEITIOBAIHMCA 3a JTOTIOMOTOI TEXHOJOTIi
Benukux BuxopiB (LES); rpanuuHi yMOBH Ha OIYHHMX MOBEPXHSX PO3PaXyHKOBOI
o0xacTi (BiJl MOYATKOBOTO TEPepily KamMepHu A0 KPUTHIHOTO Tepepily coria) 3a-
JaBajics sIK IIOTOKM MacH, SKi Majd MICLE NPH EKCIIEPUMEHTAIbHOMY BHBUEHHI
Tedii.

B pesynbraTi 4McenbHOr0 MOJENIOBaHHS OTPUMAHO KapTUHY HECTalliOHApHOI
tedil MogenpHOTO Ta3y B Kamepi VKI. Ilokazano, o BoHa Mae CKIIagHUA Xapak-
Tep 13 peaizali€ro BUXpOBUX YTBOPEHb, Ki 00yMOBJIEHI OCHOBUMH 3MiHaMU (Hop-
MU TIOBEPXHI KOHCTPYKIIii KaMepH 3rOpsHHS (HasBHICTIO 1HTIOITOPIB) Ta iX BIUIH-
BOM Ha napameTpu Tedii. Hu3pK09acTOTHI aBTOKOIMBAHHSA Ta3y, 10 peati3yBaucs
B pO3paxyHKax, 3yMOBIIEHI Ta30MHAMIYHO HECTIMKOIO Tedi€l0 razy B MPOCTOpi
KaMepH 3 YTBOPEHHSIM BEJIMKOMACIITAOHUX BUXPOBUX CTPYKTYP.

PesynbpTaTté po3paxyHKy NmapaMeTpiB aBTOKOJIMBAHb MOJEIBHOIO Ta3y SIKICHO
Y3rOKYIOThECS 3 JAHUMH, OTPUMAHUMHU NIPH €KCIIEPUMEHTAIbHOMY BUBUEHHI Teyil
ra3y B kamepi VKI.

3. Ha ocHOBI pe3ynbTaTiB YNCENBHOTO MOJIETIOBAHHS AMHAMIYHHUX MTPOIIECIB B
kamepi VKI, oTpuMaHuX NMpH BUKOPHUCTaHHI MEPIIOTO MiAXOAY, TPOBEACHO aHAII3
(hopM KonMBaHb THCKY Ta3y B Kamepi. [lokazaHo, 10 B 4acTOTHOMY Jliama3oHi 10
1000 I'; BogHOYAC 3 TO3JOBXKHIMH KOJWBAaHHAMH pealli3yBaluCs MOIOBXHBO-
MIOTIEPEYHI KOJMBAHHS, SKI BUHUKJIM BHACIIIOK B3a€EMOZII MO30BXKHIX Ta momnepe-
YHUX MOJ, 1 aMIUTITYAN TaKuX 3MIMIaHuX (POPM KOJIMBaHb a3y BUSBUINCH 3HAYHO
OLTBIIMMY, HIK aMIDTITYOW TO3OBXHIX KOJHMBaHb. Pe3ynmbTaTh pO3paxyHKIB,
OTpUMaHi IpU BUKOPHCTAHHI JBOX 3a3HAUYEHHUX BHUILE MiAXOIIB 10 MOAETIOBAHHS
JTUHAMIKY BHYTPIITHEOKAMEPHUX IIPOLIECIB, CBIAYATH MPO iX SIKICHE Y3TOJKEHHS.

4. Ha ocHOBI po3po0iienoi 2D mopeni Tewii ra3y B TeCTOBiN Kamepi JBUTYHA
MIPOBE/ICHO YMCENBHY OIIHKY BIUIMBY IIOPCTKOCTI IMOBEPXHI CTIHOK KaMepH B 30HI
Tedii ra3y Ha mapaMeTpH aBTOKOJIMBaHb THCKY B Kamepi 3ropsiHHA. Tak, ypaxyBaH-
HSI MIOPCTKOCTI (TP MakCUMAaIlbHIA BUCOTI HEPIBHOCTEH MOBEPXHi, O JOPIBHIOE
56 MKM), TIpHU3BEIO 70 301IBIIIEHHS] pO3MaxiB KOJIMBAaHb THCKY a3y B KaMepi B ce-
pennsoMy B 2.5 pasu. Take 30i/bIIeHHS po3MaxiB KOJIMBaHb THCKY OOYMOBJICHO
30iTBIIIEHHSIM BUXPOYTBOPEHHS ra3y (IiIBUIICHHS TpallieHTa HOro MIBUIKOCTI) Y
30H1 AMHAMIYHOI B3a€MOJil ra30BOro Ta TBEpAOro cepexosuil. Kpim roro, 3a ymo-
BU BpaxyBaHHS LIOPCTKOCTI CTIHOK KaMepH KiIbKICTh PE30HAHCHHUX YacTOT y dac-
ToTHOMY mianasoHi mo 1000 I'm 36impmmnacs 3 6 go 10, i mpu mpomy 3'SIBHIIHACS
MOTEHIIHHO HeOe3neuHi 01k Hu3bKi yactotu (72 'y i 161 ['m), HassBHICTD SKUX
MOKE CIIPHATH PO3BUTKY HU3bKOUYACTOTHUX ABTOKOJIMBAHb.

TakuMm 4YMHOM, Ha MiJACTaBi Pe3yJIbTATiB YUCEIHLHOIO MOJAETIOBAHHS Teuii XO-
nmonHoro razy B kamepi PJITII BcraHOBNIEHO, 110 301IBIIEHHS MIOPCTKOCTI CTIHOK
KaMepy NPU3BOIUTH JI0 3pOCTAHHS 3aBUXPEHHOCTI Tedii Ta po3MaxiB HU3bKOYACTO-
THUX KOJIMBaHb THCKY B KaMepi, PO3LIMPEHHS CHEKTPY YacTOT KOJMBAHb Ta MOSBH
B HbOMY BiZIHOCHO HHM3BbKHX YacTOT KOJIUBAaHb, SIKi € MOTEHUIHHO HEOE3NMEUHUMHU 3
TOYKHU 30pY PE30HAHCHOI B3a€EMOJIi IBUTYHHOI YCTAaHOBKM 3 KOPIIYCOM pakeTH Ha
AKTHBHIN YaCTHHI ii HONBOTY.

16



JlocaimkeHHsT BUKOHAHI 3a PaxXyHOK (DiHaHCYBaHHS 3a OFOJKETHOIO IPOrpa-

Moio «lIligTpuMKa pPO3BUTKY TPIOPUTETHUX HAIPSAMIB HAYKOBHX JOCIIHKCHB
(KTIKBK 6541230) Ha 2023 — 2024 pokn».

1.

9.

Glazunov A. A., Eremin I. V., Zhiltsov K. N., Kostyushin K. V., Tyryshkin I. M., Shuvarikov V. A. Numerical
investigation of the pressure pulsation magnitude and natural aeroacoustic frequencies in the combustion
chambers with a charge of a complex shape. Vestnik Tomskogo gosudarstvennogo universiteta. Matematika i
mekhanika. 2018. No 53. P. 59—-72. https://doi: 10.17223/19988621/53/6

. Ilpucnsaxoe B. @. ]lunamuka pakeTHBIX ABUTaTeneil TBepaoro TommBa. Mocksa: MamunocTpoeHue. 1984.

248 c.

Fabignon Y., Dupays J., Avalon G., Vuillot F., Lupoglazoff N., Casalis G., Prévost M. Instabilities and pres-
sure oscillations in solid rocket motors. Aerospace Science and Technology. 2003. No 7. P. 191-200.
https://doi: 10.1016/S1270-9638(02) 01194-X

. Zeldovich J. B. Selected Works. Chemical Physics and Hydrodynamics. Moscow: Nauka, 1984. 374 p.

Jlapuonos B. M., 3apunog P. I. ABTOKONIEOaHHs ra3a B ycTaHOBKax ¢ ropenueM. Kazans: 1zn-so KI'TY, 2003.
228 c.

Culick F. E.; Kuentzmann P. Unsteady Motions in Combustion Chambers for Propulsion Systems. NATO
Research and Technology Organization Neuilly-Sur-Seine: Paris, France, 2006. 664 p.

Yash Pal, Ravi Kumar V. Physical and Ballistic Characterization of Aluminum-Loaded Paraffin Hybrid Rocket
Fuels. Energy & Fuels. American Chemical Society. 2017. 31(9). P. 10133—-10143. https://doi: 10.1021/
acs.energyfuels.7b01636

Ganesan S., Chakravarthy S. R. Effect of Acoustic Pressure Oscillations on Burning Rate Augmentation of
Composite Solid Propellants at Different Initial Grain Temperatures. Combustion Science and Technology.
2023. https://doi.org/10.1080/00102202.2023.2248369

Boaxos B. T., Aeoonuxos /l. A. ViccnenoBanue W CTeHIOBas OTPaOOTKa PAKETHBIX IBHUraTelied Ha TBEPIOM
roruse. M.: U3n-8o MI'TY um. H. D. baymana, 2007. 296 c.

10. Mununenxo O. B., Hixonaes O. J]., Xopsax H. B., Bawniu, 1. /1., Joneononos C. I. luHamiuHi mporiecu y TBep-

MOMANTMBHUX PAKETHUX ABUTYHAX Ta iX B3a€MOJis 3 BiOpauisiMu KOHCTPYKIIii paKeTH: CTaH IMUTAHHS Ta aKTya-
nbHI mpobnemu. Texuiuna mexanika. 2023. Ne 1. C. 3-14. https://doi.org/10.15407/itm2023.01.003

11. Prevost M., Vuillot F., Traineau J. C. Vortex Shedding Driven Oscillations in Subscale Motors for the Ari-

ane 5 MPS P230. 32" AIAA/ASME/SAB/ASEE Joint Propulsion Conference and Exhibit. Lake Buena Vista,
FL. July 1-3, 1996. https://doi.org/10.2514/6.1996-3247

12. Taherinezhad R., Zarepour G. Theoretical, Numerical and Experimental Investigation of Vortex Shedding in

a Novel Sub-Scaled Motor. Journal of Applied Fluid Mechanics. 2019. Vol. 12, No. 4. P. 1319-1332.

13. Bhutto A. A, Harijan K., Hussain M., Shah S. F., Kumar L. Numerical Simulation of Transient Combustion

and the Acoustic Environment of Obstacle Vortex-Driven Flow. Energies. 2022. 15(16) 6079. 11 p.
https://doi.org/10.3390/ en15166079

14. Sanjeev Malhotra. On Combustion Instability in Solid Rocket Motors. Thesis of the dissertation for the de-

gree of Doctor of Philosophy. California Institute of Technology Pasadena, California. 2004. 122 p. URL:
https://thesis.library.caltech.edu/1648/1/thesis.pdf

15. Ferretti V., Favini B., Cavallini E., Serraglia F., Giacinto M. D. Pressure oscillations simulation in P80 SRM

first stage VEGA launcher. San Diego. American Institute of Aeronautics and Astronautics. 2011. P. 102-116.

16. Dotson W., Sako B. H. Interaction Between Solid Rocket Motor Internal Flow and Structure During Flight

Kirk Journal of Propulsion and Power. 2007. January—February. Vol.23, No.1l. P.140-145.
https://d0i:10.2514/1.20477

17. I'nebos I'. A., Bvicoykas C. A. K Bonpocy 0 MpOEKTUPOBAHUH PAKETHBIX TBEPAOTOIUIMBHBIX JABHUIaTeNed C

IENBI0 MCKIIFOYEHUs HEeyCTOMUMBOCTH pabodero mporecca B kamepe cropanus. BectHmk Konmepra BKO
«AnmMa3z — Anteii». 2017. Ne 4. C. 63-72.

18. Zhang Q., Wang N., Li J., Su W., Zhang Y. Effect of the head cavity on pressure oscillation suppression char-

acteristics in large solid rocket motors. Science China. Technological Sciences. 2015. July. Vol. 58, No.7.
P. 1250-1262. https://doi: 10.1007/s11431-015-5834-z

19. Kohnke P. Ansys Inc. Theory Manual. 001369. Twelfth Edition. Canonsburg : SAS IP, 2001. 1266 p.
20. Nikolayev O. D., Bashliy I. D. Assessment of thrust chamber stability margins to high-frequency oscillations

based on mathematic modeling of coupled ‘injector - rocket combustion chamber” dynamic system. Technical
mechanics. 2022. No 1. P. 3-17. https://doi.org/10.15407/itm2022.01.003

21. Qin W. J, Xie M. Z, Jia M., et al. Large eddy simulation and proper orthogonal decomposition analysis of

turbulent flows in a direct injection spark ignition engine: Cyclic variation and effect of valve lift. Science
China Technological Sciences. 2014. 57(3). P. 489-504. https://doi:10.1007/s11431-014-5472-x

22. Nicoud F., Ducros F. Subgrid-scale stress modeling based on the square of the velocity gradient tensor. Flow

Turbulence and Combustion.1999. 62(3). P. 183-200. https://doi:10.1023/A:1009995426001

Otpumano 04.09.2023,
B ocTaToyHOMY BapianTi 29.09.2023

17


https://doi/
https://doi/
https://doi.org/10.15407/itm2023.01.003
https://doi.org/10.15407/itm2022.01.003
https://www.researchgate.net/journal/Science-China-Technological-Sciences-1869-1900?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIn19
https://www.researchgate.net/journal/Science-China-Technological-Sciences-1869-1900?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIn19
http://dx.doi.org/10.1007/s11431-014-5472-x
https://www.researchgate.net/journal/Flow-Turbulence-and-Combustion-1573-1987?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIn19
https://www.researchgate.net/journal/Flow-Turbulence-and-Combustion-1573-1987?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIn19
http://dx.doi.org/10.1023/A:1009995426001

