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Mera cTaTTi — OITIAA OCHOBHHX PE3yNbTaTiB, OTPUMAHUX 32 OCTaHHI POKH Y BIAJIMI AMHAMIKHU TipoMexa-
HIYHHX 1 BIOPO3aXUCHHUX cUcTeM [HCTUTYTY TexHiuHOI MexaHiku HarionanbHoi akajemii Hayk Ykpainu i Jepxa-
BHOTI'O KOCMIYHOTO areHTCTBa YKpaiHW NP BUPILICHHI Cy4aCHHUX IPOOJIeM IMHAMIKU PiINHHAX PAKCTHUX IBHUIY-
HiB (PPl), m0310BXHbOI CTIHKOCTI PIAMHHHX PAaKET-HOCIIB, IMHAMIKH BIOpPO3aXHMCHHX CHCTEM, ra30JHHAMIKH
€JIEMEHTIB aBialliiHUX Tra30TypOIHHUX IBHIYHIB, AMHAMIKU TiJPABIIYHUX CHCTEM 3 KaBITYIOUUMH CIIEMEHTaMHU.
IIpencraBieHo HacTymHi pe3ynbTaTu. Po3pobieHo MateMaTHIHy MOJesb quHaMiku HacociB PP/, sika momnoBHIOE
rigpoauHaMiYHy MOJENb KaBiTyounx HacociB PPJl 3a paxyHOK MOXJIHBOCTI MaTeMaTHYHOTO MOJIEIFOBAHHS pe-
JKHMIB 3anupanHs. Po3pobieno miaxia 1o nodynoBH HEMiHIHHOT MATEMATHYHOI MOJIEII 3alIOBHEHHSI T1PaBIiYHIX
tpakTiB PPJI, sixuit [o3BoIIsi€ B pa3i HEOOXiTHOCTI aBTOMATHYHO 3MiHIOBAaTH CXEMY PO3OUTTS TiPaBIiqHOTO TPAK-
Ty Ha CKIHYCHHI TiIpaBiyHi €IEeMEHTH B MPOLEC] HOro 3aoBHEHHS MPU PO3paxyHKax 3amycky. IIpoBeneHo goc-
JIDKeHHST TMHAMIYHUX IIPOIIECiB MPH 3aIycKy OaraTOJBHIYHHOI piIMHHOI paKeTHO! YCTAaHOBKH, SIKa CKIIAJacThCs
3 4oTUpboX PPJI i3 fonaoBaHHAM OKHCIIOBAIBHOTO I'€HEPATOPHOIO rasy, 3 ypaxyBaHHSIM MOXJIMBOCTI IXHBOTO
HEOJJHOYACHOTO BCTYILy B po0oTy. Bu3HaueHO MakcHMaibHI BEIMYMHM TiIPaBIiYHUX yIapiB i IPOBATIB THCKIB
OKHCIIIOBAava i ManpHOrO Ha BXOJI B piiuHHY peakTuBHY cuctemy (PPC) npu 3amycky i 3ynuHy IBHTYHA, sIKi Oy
BUKOPHCTAHI IpH BU3HAUeHHI npane3narHocti PPC npu 3amycky i 3ynuHy Mapmosoro asuryna P/ 861K. Buko-
HAHO TEOPETHYHHI aHAI3 MO3MOBXKHBOI CTIHKOCTI pakerH-HOCIS «L[UKIOH-4M» 13 BHKOPHCTaHHSAM KPUTEPitO
Haiiksicra. Po3pobiieHo 4ncenpHMIl mMiaxiJ 10 BU3HAUCHHS [TapaMeTpiB aKyCTHYHHX KOJIMBaHb IIPOJYKTIB 3ro-
PSIHHSL B KITBLIEBUX KaMepax 3rOPsSHHS PiIMHHAX PAKETHUX JIBUTYHIB 3 ypaxyBaHHSIM 0COOIHBOCTEN KOHbirypamii
BOTHEBOTO IIPOCTOPY 1 3MiHH (Di3MYHUX BJIACTHBOCTEH Ia30BOr0 CEPEIOBHINA B 3AIEKHOCTI BiZl OCHOBOI IOBXUHU
kamepu. Po3po6iieHO 1 BUTOTOBJIEHO MPOTOTHUII BiOPO3aXHCHOI CHCTEMH, MPOBEACHO HOro JHHAMIUHI BHIPOOY-
BaHHS # MiATBEPIKEHO BHCOKY €(pEKTUBHICTH BiOPO3aXUCHOI CHCTEMHU IPH IaCiHHI yapHUX i TapMOHIIHUX 30y-
peHb. PO3BHHYTO miaxoau 10 aepoAMHAMIYHOTO BAOCKOHAICHHS €JIEMEHTIB aBialifHUX ra30TypOiHHHUX ABUTYHIB.
Bupimmeno akTyansHi npoOieMH MOAPIOHEHHS TBEPIUX PEUOBHH B PiIKOMY CEPENOBUIII 3 BUKOPHCTAHHSAM KaBi-
TalifHO-IMITyIbCHOT TEXHOJIOT 1.

Kniouosi cnosa: piounna paxemua 0sucyHHa ycmanoeKa, piouHHUll pakemHuuil O8U2yH, OUHamika, cmiii-
Kicmb, 8I0pO3axucHa cucmema, aepoOuHamiyHe 600CKOHANCHHS, 2a30MYypPOIHHULL 08USYH, KABIMAYIIHO-IMNYIbCHA
MexXHON02IA.

This paper overviews the main results obtained over the past few years at the Department of Hydromechan-
ical Systems Dynamics and Vibration Protection Systems, Institute of Technical Mechanics of the National Acad-
emy of Sciences of Ukraine and the State Space Agency of Ukraine, in the solution of current problems in the
dynamics of liquid-propellant rocket engines (LPREs), liquid-propellant launch vehicle pogo stability, vibration
protection system dynamics, the gas dynamics of aircraft gas turbine engine components, and the dynamics of
hydraulic systems with cavitating elements. These results are as follows. A mathematical model of LPRE pump
dynamics was developed. The model complements a hydrodynamic model of LPRE cavitating pumps by allowing
a mathematical simulation of choking regimes. An approach was developed to the construction of a nonlinear
mathematical model of LPRE hydraulic line filling. The approach allows one to automatically change, if neces-
sary, the finite element partitioning scheme of a hydraulic line in the process of its filling during LPRE startup
calculations. An investigation was conducted into the startup dynamics of a multiengine liquid-propellant propul-
sion system that consists of four staged-combustion oxidizer-rich LPRDs with account for the possibility of their
nonsimultaneous startup. The maximum values of oxidizer and fuel pressure surges and undershoots at the liquid-
propellant jet system (LPJS) inlet at an engine spartup and shutdown were determined and used in determining the
LPJS operability at the startup and shutdown of the RD861K sustainer engine. The pogo stability of the Cyclone-
4M launch vehicle was analyzed analytically using Nyquist’s criterion. A numerical approach was developed to
characterizing acoustic oscillations of the combustion products in annular rocket combustion chambers with ac-
count for the configuration features of the fire space and the variation of the physical properties of the gaseous
medium with the axial length of the chamber. A prototype vibration protection system was developed and made,
and its dynamic tests confirmed its high efficiency in damping impact and harmonic disturbances. Approaches
were developed to the aerodynamic improvement of aircraft gas turbine engine components. Topical problems in
solids grinding in a liquid medium with the use a cavitation pulse technology were solved.
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BaxnuBuMmy HayKOBHMH HaNpsIMKaMH MisUTBHOCTI BUIIUTY DWHAMIKA TiApO-
MEXaHIYHUX 1 BIOPO3axXUCHHUX CHCTEM IHCTUTYTY TeXHIYHOI MexaHiku HartioHab-
HOI akajmemii Hayk YKpaiHu 1 Jlep’kaBHOTO KOCMIYHOTO areHTcTBa YKpaiHu
(ITM HAHY i IKAY) € TeopeTudHi JOCTIKEHHS TUHAMIKA PIIHHHUX PAaKETHHX
nBuUTyHHEX ycTaHoBOK (PP/LY) i mo3moBxHBOT CTIHKOCTI PIAMHHUX paKeT-HOCIIB
(PH) 3 ypaxyBaHHsM KaBiTaiiHux sBUI y Hacocax PPIY [1].

JAunamika piAMHHUX PAKEeTHUX IBUTYHHUX YCTAHOBOK. 3 METOIO OTPHUMAaH-
HS JOCTOBIPHUX PE3yNIbTaTiB TEOPETHIHUX MOCIimkeHb nuHamiku PPIY mocTiitHO
BIOCKOHAJIIOETHCSI  €KCIIEPUMEHTAIbHO-PO3PaxXyHKOBA TiAPOAMHAMIYHA MOZETb
KaBITYIOUMX HacociB pimuHHUX pakeTHuX ABUryHiB (PPI). Po3pobneno marema-
TAYHY MOJENb AWHAMIKH HacociB PPJl, sika mOMOBHIOE TimpoauHaMidHy MOMAENH
KaBiTytounx HacociB PP/] 3a paxyHOK MOXKITMBOCTI MaTEMaTHIHOTO MOJICITIOBAHHS
pexxumiB 3anupanHs [2, 3]. BUkopucToByOUH 110 MaTeMaTHYHY MOJEIh, BU3HAUE-
Hi TEOPETHYHI TapaMeTpH KaBiTAIliIHHAX aBTOKOJWBAaHb HAa PeKMMax 3alMpaHHS B
Hacoci PPJ]. [IpoBeneHo ix MOpiBHAHHS 3 pe3ylbTaTaMH €KCIIEPUMEHTAIBHUX JJ0C-
JPKeHb 1 MOKa3aHo X 3aJOBiIbHE Y3TOKEHHS MiX co0010. BcraHoBmeHo, 110
PO3paxyHKOBa BEJIMUYMHA 3HM)KEHHS YacTOTH KaBiTaliWHHUX aBTOKOJHMBAHb 11O Bij-
HOIIIEHHIO IO BJIIACHOI YaCTOTH KOJMBAHb TiIPABIIYHOI CHCTEMH 3 JOCIIHKYBAaHUM
KaBITyIOUMM HAcOCOM OJIM3bKa 0 €KCIEPUMEHTAIBHOI B TOMY BHUIAIKY, KOJIH TO-
yKka 00MEeXeHHS BXiTHIX BUTPATH 1 THCKY MO XapaKTEPUCTHIII PEKUMIB 3alTHpaHHS
3HAXOJIUTHCS Ha TEPEeCideHHi MpPSMOi, IO 3'€HyE€ YHCETbHI 3HAUYEHHS BHTPATH i
THCKY Ha BXOJi B Hacoc Ha i-1 Ta | Kpokax IHTErpyBaHHS, i XapaKTEPUCTUKH pe-
*uMiB 3anupanHs. [lokazano [3], mo xapakTepuCTHKa PEXXUMIB 3allpaHHs Hacoca
€ cnenu(iTHO0 HENiHINHICTIO, KA MOB'I3aHa 3 KPUTHYHOK KaBiTaIlIHHOIO TEUi€l0
PIOVHE B HACOCI 1 MOXE MPOSIBUTHCS TPU BEIUKUX PO3Maxax KOJUBaHb IMapameT-
piB. BcraHoBNeHO, IO XapaKTepuUCTUKA PEXXHUMIB 3amupaHHsa B Hacocax PP/l mpu
peamizarii peXxuMiB 3allipaHHS Halae OLTBIIMI BIUIMB Ha MapaMmeTpH KapiTaiiii-
HUX KOJINBaHb, HIXK 3aJIEKHICTh 00'eMy KaBiTallilHUX KaBEPH BiJl TUCKY i BUTPATH
Ha BXOJl B HACOC 1 € BU3HAYAJIILHOIO HEJIHIMHICTIO B HACOCHIN CHUCTEMI Ha 3a3Ha-
YEHUX PEKUMAX.

Po3po0ieHo MareMaTHYHYy MOJENb >KOPCTKHX PEKUMIB 30YyKEHHsS KaBiTa-
HIHHUX aBTOKOJHMBAaHb B cuctemi xuBieHHs PP/] [4]. BukopucroByroun 1o mare-
MaTH4YHY MOJEJb, BU3HAUEHI TEOPETUYHI NapaMeTpH KaBiTalliiHUX aBTOKOJIMBAHb
B CTEHJIOBIH cucteMi xuBjIeHHA Hacoca PP/ mpu »opcTkux pexxuMax 30yKeHHS.
[IpoBeneHO iX MOPIBHSHHS 3 pe3yJbTaTaMH E€KCIEPUMEHTAIbHUX HOCITIKEHb 1
MOKa3aHo X 3aJ0BUIbHE Y3ro/PKEeHHS MiX co0o0r0. BecraHoBieHo, mo SKmio B Tif-
paBJiYHIA CHCTEMi 3 KaBiTyIOUMM HACOCOM CIIOCTEPIrarThCsl OJIM3BKI 0 TapMo-
HIHHUX aBTOKOJMBAaHHS HEBEIUKOI aMIUTITYH, TO MICIs 30BHINTHBOTO 30ypeHHS
JIOCTaTHHOI IHTEHCHUBHOCTI B IIiif CHCTEMi MOXXYTh BCTAHOBIIIOBATHCS PO3BHUHEHI
(po3puBHi) KaBiTalliiiHi aBTOKOIMBaHHS. 1le y3ro/uKyeThest 3 BiIOMUMH €KCIIEpH-
MEHTaJIbHUMH JJaHUMH 1 € 03HAKOIO KOPCTKOTO PEeXUMY 30YIKEHHS B TiJpaBiiy-
Hill cucTeMi 3 KaBiTyrouuM HacocoM (puc. 1). 3a JonomMororw po3podiieHoi MaTema-
TUYHOT MOJEN OPCTKUX PEXUMIB 30yIKEeHHs KaBiTalliiHUX aBTOKOJIMBAaHb IPOBE-
JICHO MOJEJIOBaHHS BUIMAJKY, SIKUM CIIOCTEPIraBcsl B eKCIIEPUMEHTI, KOJIM 3a JI0TO-
MOT'0F0 30BHILIIHBOTO 30ypEHHs BJaJI0Cs CTa0lIi3yBaTH HACOCHY cucteMy (puc. 1).

IIpoBeneHo MaTeMaTH4YHE MOJETIOBAHHS KaBITAL[IMHUX AaBTOKOJIMBAaHb B CTEH-
JOBi#l TigpaBniuHiil cucteMi 3 KaBiTyrounM HacocoMm PP/l i Bu3HaueHi mapameTpu
KaBITAI[IfHUX aBTOKOJIMBaHb, SKi JIO3BOJMIM SKICHO 1 KIJIBKICHO BioOpa3uTH Ti
CKJIA/IHI HecTalliOHapHI AMHAaMiuHi IpolLecH, sIKi BiIOyBatOThCS MPU PO3BHHEHUX Ka-
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Puc. 1 — Po3paxyHKOBI 3aJI€)KHOCTI THCKY Ha BXOJIi B HACOC BiJ] 4acy mpHu
JKOPCTKOMY PeX¥Mi 30yKeHHS KaBiTalllHHUX aBTOKOIUBAHb: | — 6e3
30BHILIHIX 30ypeHb; 2 — 0JjHO 30BHimIHE 30ypents npu t =0,5 c;

3 — 3oBHinmHiI 30ypenns npu t =0,5¢ci t=2,27 ¢

BITAIlIMHUX aBTOKOJMBAaHHSIX B Hacocax PPJI: peaiizaliisi pe:xxuMiB 3anvpaHHs B Ha-
coci (0OMEXXEHHS BUTpPATH), iICTOTHE 3HMDKEHHS YacTOT KaBiTallIHHUX aBTOKOJIMBAaHb
B TOPIBHSHHI 3 BJIACHUMH YacTOTaMH KOJIMBAaHb TiJPaBIIYHOI CHUCTEMH, CIaOKuii
BIUTUB MApaMeTPiB JKUBIITIOTO TPYOOTIPOBOJY Ha YACTOTH 1 aMIUTITYJH KOJHBaHb
napameTpiB. OTprMaHi pe3ylbTaTH € 3HAYHUM PO3BUTKOM HAHOLIbII cKiagHoi 00-
JlacTi Teopii KaBiTAI[IHHUX KOJMBAaHb B HACOCHHX CHCTEMaXx, sKa 3adilae HeTiHiHHI
KaBiTalllifiHi aBTOKOJINBAHHS B HACOCHUX cUCTeMax >kuBiieHHs PPJI. ¥V 3B'i3ky 3 po3-
pobOkoto B Ykpaini HoBoi paketu-Hocist (PH) «{ukmoH-4M» 1i pe3ynbTatd MaroTh
MEPCICKTUBY iX BUKOPUCTAHHS TPU BHPIIICHHI 337a4 3a0e3MCUCHHS MMO30BKHBOT
criiikocti PH 1 MonienmoBanHs epexiJHUX MPOIIECIB MPH 3aIyCKY i 3yMUHY B JIBUTY-
HHiM ycranorii PH.

BukoHaHO orisj JmiTepaTypHUX JKEpell Ta BUCBITIEHO OCHOBHI CydacHi Ipo-
OnemMu HU3bKOYACTOTHOT nuHamikk PPJI, mo BHHMKAaIOTH HA yCTalleHHX peXUMax
Ta TPW 3allyCKy JBUTYHIB. BIOCKOHaJIeHO MaTeMaTHYHY MOJENb JMHAMIKH Ta30-
BUX TPaKTiB PIMHHUX PAaKETHUX JBUTYHIB CTOCOBHO 0 3a/iadyi TEOPETUYHOTO
MPOTHO3YBaHHS CTIHKOCTI HU3bKOYACTOTHHUX TPOIECIB y CYYaCHHX DPiIUHHUX pa-
KEeTHHUX JIBUTYHAaX i3 JIOMAJIOBAHHSM I'€HEPaTOPHOIO razy Ta OKPEMHX CHUCTEMax
TaKuX JIBUTYHiB. PO3p00JIeHO METOAMYHI peKOMEHIAIT [0/I0 YUCEILHOTO JIOCIi-
JOKEHHS CTIMKOCTI HU3bKOYACTOTHHUX MPOIIECIB y CYyYaCHUX PAaKETHHX JBUTYHAaX Ha
yCTaleHUX pexrMax (Ha aKTUBHIM YaCTHHI MONBOTY PaKeTH) i3 ypaxyBaHHIM 3alli-
3HEHb Y PIBHIHHSAX HU3bKOYACTOTHOI TUHAMIKH T'a30BUX TPAKTIB.

OpHi€r0 3 OCHOBHUX 3a/1a4 pH npoektyBanHi PPJI € 3a0e3neuenHs 0e€3BiaMOB-
Horo 3anycky PP/I. EkcniepuMenransHe BifnpaioBants PP/] € BenbMu BUTpaTHHM,
a B pa3i HEIITATHUX CUTYallill MOXKJIMBI TSDKKI HACHIJKY (B TOMY YHCIT, pyHHYBaHHS
JIBUTYHA 1 CTEHIOBOrO 00JiaJHAHHS). TOMY OJHHM 3 TOJIOBHHMX IHCTPYMEHTIB, SIKi
JIO3BOJSIFOTH HA eTarax MpOeKTyBaHHs 1 BimnpamtoBanHs PPJI nmporHosyBaru iioro
JIMHAMIYHI XapaKTEPUCTUKHU 1 OCOOMMBOCTI (DYHKIIOHYBaHHS NP 3aITyCKy, € MaTe-
MaTU4HEe MOJIeoBaHHs. [IpoBe/IeHO yOCKOHANICHHSI MaTeMaTHYHUX MOJIEIeH, 110
OIMMCYIOTh HU3BKOYACTOTHI JIMHAMIYHI TPOIECH B TiZPABIIUYHHUX 1 Ta30BUX TPAKTaX
PP/I i3 nomasaroBaHHsIM Te€HEPATOPHOTO Ta3y MpH 3aImycKy aBuryHa [5]. Po3pobieno
MOM(iKOBaHY MaTeMaTHYHY MOJICNb TUHAMIKM KaBiTYIOUHX HAcociB [6], ska 30epi-
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Ta€ CBOIO CTPYKTYPY 1 Mpare3aTHIiCTh B IUPOKOMY JTialla30HI 3MiHH YHCET KaBiTamii
1 TIpY B3a€EMHHX TIEPEeX0/ax 3 KaBiTallIHHOrO pekuMy poOOTH Hacoca Ha Oe3KaBiTa-
LiAHAN, 10 HEOOXIAHO TPH YHCENBHOMY IOCHTI/HKEeHHI poOounx mporeciB y PP/]
mpu 3amycky. Po3pobieno miaxix mo moOymoBH HENiHIKHOI MaTeMaTHYHOI MOZETi
3aIOBHEHHS TiMpaBiyHUX TpakTiB PP/I, sxuif m03BoJsE€ B pasi HEOOXIAHOCTI aBTO-
MaTHYHO 3MIHIOBAaTH CXeMY PO3OHTTS TiIpaBIiYHOrO TPAKTY HAa CKIHYEHHI TiIpaBii-
YHI €JIeMEHTH B TPOIECi HOro 3allOBHEHHS MPU PO3paxyHKax 3aIycKy. 3armpornoHo-
BaHO CXeMy HAONIKEHOI 3aMiHM PiBHSHD 13 3aIli3HIOBaHHSIMH B MaTeMaTHUHIA MO-
Jelti TuHaMiKK Ta30BHUX TpakTiB PPJl, ska moOymoBaHa i3 ypaxyBaHHSIM OCOOJMBOC-
Tel po3paxyHKy MepexiTHuX NporeciB mpu 3amycky PP/I i no3Bossie migBUIIATH TO-
YHICTh PE3YNIBTaTiB MOAETIOBAHHS IIPH MiHIMAIIBHOMY YCKJIaaHeHH]I Mozeni. [Ipare-
3IATHICTh PO3POOJICHUX MaTEeMATHIHHX MOJEJCH MPOASMOHCTPOBAHO HA MPHUKIIAII
po3paxyHKy 3armycky mapimroBoro PP/ i3 momamoBaHHSIM OKHCITIOBAIFHOTO TeHepa-
TOPHOTO Tasy.

BaxnnBoro 3aa4ero MaTeMaTUYHOTO MOJENIOBAHHS HU3bKOYACTOTHUX AWHAMI-
YHHX TIPOIIECiB y perynsaropi Butpatu PPJ € moOymoBa #oro miHIHHOI MaTeMaTHYHOT
mozemni. Llg Momenp BXOIUTh 10 CKiIaay MaTematudHoi moaeni PPJI y minomy i Bu-
KOPUCTOBYETBCS JIJIsl aHAII3y HU3bKOYacTOTHOI auHaMiku PPJI i mo3moBkHBOI CTiii-
KOCTI piIMHHOI pakeTu. Po3pobieHo [7] MeTomuunuii miaxia 10 moOymoBH JIiHIHHOT
MaTeMaTHYHOI MOJIeNi perymsaropa Butparu PP/] npu pisHuX (YnMannx) BeTUIWHAX
aMILTITY/I TApMOHIHUX KOJIMBAaHb THCKY Ha ioro Bxomi. Lle# mimxim BKkrovae: guce-
JIbHE BU3HAYEHHSI €KBiBaJCHTHHX (MOOYIOBAaHMX IO MEPIINX aMILTITyaX KOJMBAaHb
TapMOHIHOTO aHai3y) YaCTOTHUX XapaKTEPUCTUK PETYIIATOpa BUTPATH TI0 HEIiHiH-
Hili MOJIENTi MPH Pi3HUX aMIUTITYyJaX THUCKY Ha BXOJI B PEryIsATOp; CKIIAJaHHS PiB-
HSHB JTIHIHHOI MOJENI, 0 BKJI0YaE Koe]imieHTH, SKi 3aJeXaTh BiJ TiqpaBIidHIX
BTpaT TUCKY B IOPOJKHHHAX PEryJATOpa ¥ 3aJ€XKHOCTI CHIM CyXOro TepTs Bif mepe-
MIIIIEHHS 30JI0THHUKA;, BU3HAYEHHS 3HAYECHb X KOE(DIIli€HTIB 3 YMOBH y3TOIKECHHS
YaCTOTHUX XapaKTEPUCTHK, OTPHMAHUX I10 HETiHIWHIN 1 JIHIAHIA MOJENIX HU3BKO-
YaCTOTHOI JAWHAMIKU TiJpaBJIiYHOI CHCTEMHM, L0 BKIIOYAE peryisrop Burpatd. Ha
OCHOBi 3aIIPOIIOHOBAHOI'O METOIMYHOTO MiJIXOJy BH3HAUCHI YaCTOTHI XapakTepHc-
TUKHY (KOe(hIIliEHT TiICUIIEHHS PEeTysITOpa BUTPATH IO THCKY H IMIIEIaHC Ha BXOJIi B
PETYIATOp BUTPATH) PETYJISATOpA BUTPATH MPSAMOI Iil THIIOBOI KOHCTPYKILIi. Pe3yib-
TaTH NPOBEAECHUX AOCIIUKEHb OyJIM BUKOPHCTaHI ISl aHaNi3y HU3bKOYaCTOTHOI -
Hamiku PP/l i 3a0e3mederHs mo310BKHBO1 CTIHKOCTI PIIMHHNX PaKeT.

BumMorn 1m1o/10 3HIWKEHHST BApTOCTi, TEPMiHIB pO3poOKH i BUpoOHHITBa PPJ] ya-
CTO IPHUBOJATH 10 PillIEHHS BUKOPHCTOBYBaTu B MapiuoBux PPIIY paker-HociiB B'a-
3Ky JIeKUIPKOX JIBUTYHIB, BiAIIPallbOBAHUX aBTOHOMHO. Lle BigxpuBae mepcrneKTuBH
3a0e3neyeHHsT HeoOXiaHoi Tsru mMapioBux PPY 3a paxyHOK BKIIIOUEHHS Y B'SI3KY
HeoOxinHo1 KijbkocTi nBUryHiB. Ilpu BukopuctanHi mapmosux PPIY, no ckmamy
SIKMIX BXOJIUTh KiJIbKa JIBUTYHIB, BUHUKAIOTH JIOJATKOBI TIPOOIIeMH, MTOB'SI3aHi 3 HEOI-
HOYaCHMM BCTYIIOM ABHTYHIB B poOoTy. Ll HEonHOUACHICTh MOXKE MOPYILUTH pOOO-
Ty okpemux PPJI, siki BcTynmatoTb B poOOTy 3 3aTpUMKOIO, 200 CTBOPHTH HEpEeKHIa-
JBHUA MOMEHT NP BiIpUBI pakeTu Bija myckoBoro croiy. IIpoeneno [8] mocai-
JDKEHHS! AMHAMIYHUX TpOLeciB Mpu 3amycky OaratoasurynHoi PPJIY, ska cknana-
€TbCsI 3 4OTUPHOX PP/ i3 momamoBaHHSAM OKHCIIOBAIBHOTO T€HEPATOPHOIO rasy, 3
ypaxyBaHHSIM MOJIMBOCTI IXHBOTO HEOJHOYACHOTO BCTYIy B poOoTy. Po3pobneno
MaTeMaTHYHy MOJENb i MPOBEJCHO PO3PAXYHKH 3allyCKy AaHOi OaraToIBUTYHHOI
PPZ1Y. Iloka3ano, mo Ha BiAMiHY BiJ BUNAAKy, KOJIH YCi JBUI'YHU JBUTYHHOI yCTa-
HOBKHU BCTYNaIOTh B POOOTY OJIHOYACHO, NIPH HASIBHOCTI 3MIIlIEHb MOMEHTY MOYaTKy



3aIyCKy JBUTYHIB € MOKJIMBHUMH TIMOOKI 3aTsDKHI TIPOBAIA BUTPATH TTAIMBA HA BXO-
Il B ABUTYHH, SIKI CYIIPOBOJKYIOTHCS INIMOOKUMHU 3aTSHKHUMM IPOBaJlaMU TUCKY Ha
BXOAi B ABATYHH. L[i SBUIIA 37aTHI BUKIIMKATH KaBITAIHHUKA 3pUB OTHOTO ab0 J1eKi-
JIBKOX HACOCIB, M0 MOXKE IMOPYIITUTH pOOOTY BCi€l ABUTYHHOI YCTaHOBKH 1 IPU3BECTH
JIo aBapiitHO1 cuTyamii. Pe3ynpTaT MaTeMaTHYIHOTO MOJIENIOBAHHS 3aIlyCKy Oararo-
nBuryHHoi PPJY, BUKOHAHOTO 1)1 JBUT'YHHOI YCTAHOBKH, IO PO3IJISAAETHCS, IOKa-
3aJH, M0 XapakTep i CTYIiHb BIUIMBY 3MIIIEHHS MMOYaTKy 3amycKy ABUTyHIB PPJY
Ha TIepEeXiTHI MPOIECH 3aIeKUTh B O0e3imidi GakTopiB, SKi BU3HAYAIOTHCS CKIIAIOM
PPV, ii muraMiYHME XapaKTEpPUCTHKAMH, YMOBaMH 3aIycKy Ta iH. ToMy s mif-
BUIIEHHS HAIIHOCTI 3amycKy OaratronBuryHHUX PPJlY HeoOXimHO B KOXKHOMY KOH-
KPETHOMY BHITQAKy — JJIsI KOKHOI HOBOi abo mozepHizoBaHoi PPIIY um pakern-
HOCISI — TPOBOJUTH YHCEIbHI TOCTIDKEHHS TEepeXiTHUX TPOIECIB MPH 3aMycKy 3
ypaxyBaHHSM Pi3HOYACHOCTI BCTYITy ABUT'YHIB B pOOOTY.

Mapmosi PPAIY nepmmx ctyneniB kocmiuaux PH cepexnboro, Baxkkoro i Haj-
B)XKOTO KJTacy 3a3BWYail BKITIOUAIOTH JeMIiepa MOB3IOBXKHIX KOJIMBAHb, AKi € OJI-
HUM 3 TIONIMPEHUX CIIOCOOIB YCYHEHHS TO3J0BXKHIX KONWBaHb piguHHUX PH
(POGO-konuBanb). OmHaK 0 TENEPINIHBOTO Yacy TEOPETHYHI TOCITIHKCHHS 1 aHai3
BIUTMBY BCTAHOBIICHHS AEMIT()EPiB TO3OBKHIX KOJIMBAHD B KUBITIAX MATiCTPaIIX
mapmioBux PP/l Ha mepexinHi mporiecu B cucteMax mipu 3amryckax PP/ He mpoBoam-
JHCA Yepe3 CKIAaTHICTh MPOBEACHHS TAaKOTO aHaji3y i BiICYTHICTh y JOCIIIHUKIB,
TIEPII 32 BCE, OCTOBIPHUX HETIHIMHUX MOJIENell KaBiTaliiHIX SBUII B Hacocax. Po-
3po0iIeHO MaTeMaTHYHy MOJIeNb 3armycky 6ararogsuryntoi PPJIY I ctynens pakeru-
Hocis «ukinon-4My, mo Bkrodae gotupu Mapinosux PP/] P/ 870, 3 ypaxyBaHHSIM
BCTAHOBIICHHS AeMIT()epiB TIO3JOBXKHIX KOJIMBAaHb 1 HEOJHOYACHOTO 3amrycKy PP/I.

IIpencTaBieHo HEMiHIHHY MaTeMaTUYHY MOJIENIb HU3bKOYACTOTHUX IUHAMIYHUX
MIPOIIECiB B IeMI(epax MO3IOBKHIX KOJMBaHb 3 CHIb(OHHUM PO3MIOALIIOM PIAKOI 1
ra3oBoi cepemouil. [loka3zaHo CyTTeBHIi BIUIMB KaBiTallii B HACOCAaX JBUTYHIB 1 IeM-
ndepiB NO3AOBKHIX KOJUBAHb HA YaCTOTHI XapaKTEPUCTUKU CHUCTEMH KHMBJICHHS
okucmosaueM PPIY. Ha ocHoBi po3po0neHoi matemMaTruHoi Moaeni 3amycky PPAY
Oy TipoBeJIeH1 TOCTiKeHHS JUHAMIYHUX TIPOIIECiB TP 3aIyCKy 0araToBUTYHHOT
PPV I crynenst PH «uxiion-4M» 3 ypaxyBaHHSIM HEOJHOYACHOI'O BCTYITy B po0O-
Ty PPJI i BcTaHOBNIEHHS eMII(epiB TO3OBKHIX KOJIMBAHb SIK Y BiITaTyKEHHSIX Ha
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Puc. 2 — 3anexwnicte THCKY pinnau Ha Bxoi B PPJ] P/I-870 Bix wacy: 1 — 0e3
nemndepis; 2 — 3 nemndepamu Ot KosekTopa; 3 — 3 gemrndepamu Ha
BXOJIi B IBUTYHHU



PP/ P1 870 6inst konekTopa (ITaTHe pO3MIIIEHHS ), TaK 1 Ha BXOJI B IBUTYHH. AHa-
JIi3 TIepeXiTHUX TPOIIECIB B CHCTEMi JKHUBJICHHS OKHCIIOBadeM po3rstHyToi PPJLY,
3aJIeKHOCTEW BUTPATH 1 TUCKY Ha BXOl B ABHWTYH BiJl 4acy Irmoka3aB HactymHe. [1o-
Tiepire, Ipyu 0JHOYaCHOMY 3aITyCKy JBUTYHIB BCTAHOBJIEHHS JeMII(epiB MO3IOBKHIX
KOJINBaHb O1JIs1 KOJIEKTOpa J03BOJISIE YCYHYTH MaibKe BCl 3aKHIaHHSA TUCKY Ha BXOI1
B JIBUTYH, sKi icHy!oTh B PPJ1Y mipum BincyTHOCTI nemriepiB MO3I0BKHIX KOTUBAHb.
[Ipu BcTaHOBNEHHI AeMmdepiB Ha BXOAI B JABUTYHH 3aKWAAaHHS THUCKY Ha BXOII B
IBUTYH TIPAKTUYHO BinCyTHI (puc. 2). [lo-npyre, HEOMHOYACHICTh BCTYITy B POOOTY
PP/I P/ 870 HeraTtiBHO BiIOMBA€ETHCS HA 3aJI€KHOCTSX Bifl 9acy BUTPATH i TUCKY Ha
BXOJl B JIBUTYH TIpW pO3TalryBaHHI nemndepiB Oiura xomextopa. Tak, B iHTEpBaii
gacy 0,95 ¢ — 1,35 ¢ mns meskux BapiaHTiB 3MIIIEHHS MOMEHTIB MOYATKYy 3aITyCKy
JBUT'YHIB CIIOCTEPIraeThCsi aHOMAIBHO BEJIMKE MAAIHHS BUTPATH OKHCIIIOBaya Ha
BXOJ[i B IBUTYHH 1 3aKHJaHHS TUCKY Ha BXO[i B IBUTYHH. HeoqHOYaCHICTH 3aImycKy
neuryHiB PJ1 870 mpu BcTaHOBNEHHI AeMiihepiB Ha BXO/Ii B ABUTYHH iCTOTHO HE 3Mi-
HIOE TIepexiaHi TporecH npu 3amycky PP/IY B mopiBHSIHHI 3 OJHOYACHUM 3aITyCKOM
IBUryHIB. [lo-TpeTe, TakuM YHMHOM, ITOKa3aHO, 10 BCTAHOBJICHHS AeMIepiB mo-
3IOBXKHIX KOJMBAaHb K Ha BXOJIi B IBUTYHH, TaK i B BiaramyxeHnsix Ha PP/ PJ] 870
01t KoNeKTOpa, Ma€e CYTTEBUI TIO3UTHBHUY BIUIMB HA SIKICTh TIEPEXiIHUX TPOIIECIB
mipu 3amrycky PPJIY I crymenst PH «ukmon-4M». Po3wmimierns nemrdepiB mo3moB-
YKHIX KOJIMBAaHb Ha BXOJi B IBUTYHH HE € ITATHUM 1 PO3TIISIAETHCS O€3 MPHB'S3KH 10
komnonyBaHHg PP/{Y. Tum monaiimenmie nemrdepr, BCTAaHOBNIEHI Ha BXOM1 B JABH-
TYHH, € JiEBUM 3aCO00M III0JI0 YCYHEHHS 3aKUAaHHS 1 mpoBaitiB mapamerpis PPIY, B
TOMY YHCIIi B yMOBaxX HeoJHO4acHoro 3amycky PP/l B ckiaai GaraToaBuryHHOI yc-
TAHOBKH.

Po3pobka Jlepsxasaum mignpuemctBoM (I1) «Kb «IliBgenHe» 3a yuactio «IliB-
JeHMall» Ta IHIMUX MianpueMctB Jlep)kaBHOTO KOCMIYHOTO areHTCTBa YKpaiHu
(AKAY), ITM HAHY i IKAY, ¢ipm CIIA i Kanagu KocMigHOTO PakeTHOTO KOM-
wiekcy «L{uxioH-4M» € BaXJIMBUM HaNpPsSMKOM poOOTH KOCMIUHOI raiy3i Ykpainu.
3anpornoHoBaHU crociO >KUBJIECHHS piaMHHOI peakTBHOI cuctemu (PPC) BepxHbO-
IO CTYIEHS 13 KMBJITYMX MaricTpajieil MapioBOro ABUI'YHA 3aCTOCOBYETHCS BIEpILE
B CBITOBiHl MPaKTHUIli PH CTBOPEHHI paKkeTHO-KOCMiuHHUX cucTeM. lle mo3Bomse Bia-
MOBUTHCSI BiJ] aBBTOHOMHO]I cucteMH >kuBiieHHs: PPC BepXHBOTr0O CTyINeHs, MOJIMNIIHUTH
MacoOBi XapaKTEPUCTUKU BEPXHBOTO CTYIEHS i, B MiACYMKY, JIO3BOJISIE 30LIBIIATH
KOPHCHY Macy KOCMIYHHX arapariB, BUBEIEHHX Ha poOoui opOiTH. AJie 11e TeXHIuHe
pilIeHHs TIOPO/KYE P TPpoOIIeM, TOB'SI3aHHUX 31 CTIHKICTIO pOOOTH CHCTEMH YIIPaB-
JIHHS PyXOM BEPXHBOTO CTYINEHS B MEPioA 3amyCKy 1 3yHmHMHY MapIIOBOIO JABHUIYHA
P/JI861K Bepxuboro crynens PH «{uxnon-4My. Uepe3s 3arajabHy CUCTEMY KUBIICH-
Hs1 MapoBoro asuryHa i PPC rigpasniuni yaapu i nmpoBaiii TUCKY, 0OyMOBJIEHi 3a-
ITyCKOM 1 3yIIHHOM MapIlIOBOTO JBHUTYHA, TIOMIMPIOIOTHCS 10 BCiH cHCTeMi 0e3 rmoMi-
THOTO NemripyBanHs i ocsraroTh kamep 3ropsHas PPC. Bin mpanesgarHocti PPC B
LUX EKCTpEeMabHUX YMOBax Oy/e 3ajexaTd HaAilHICTh YIpaBIIiHHS BEKTOPOM TSTH
BepxHboro crynenss PH «{uxnon-4M». Po3po0iieHo HeniHiliHI MaTeMaTHIHI MOAeTi
HHU3bKOYACTOTHOI TMHAMIKH CHCTEM >KUBIICHHSI OKMCIIIOBaYeM 1 MaJIbHUM MapIoBOi
PPZ1Y Bepxuboro crynens PH «uknon-4My. [{ns TecTyBaHHS po3poOJIeHUX MOAe-
Jield MpOBEACHO MaTeMaTHYHE MOJAECIIOBAHHS MEPEXiIHUX MPOLECiB B >KUBUIBHUX
MaricTpajsx OKMCIIOBaya i MaJBHOTO IMpHU iMiTalii 3ynuHy ABUTyHa Ha MOAEIBHIiH
pinuni. Ha ocHOBI ciiBcTaBieHHs pe3yibTaTiB PO3PaxyHKIB MEpeXiHUX MPOLECIB B
CHCTEMax KMBJICHHS OKHCIIIOBAYEM 1 MAIBHUM 3 PE3yJbTaTaMH €KCIIEPUMEHTABHUX
JOCITiIKEHb TIOKa3aHO 3a0BUIbHE y3TOKEHHS apaMeTpiB MepexiIHUX MPOLECiB 3a



BEJTMYMHAMH Ta TPUBAJIOCTSAMH TiAPaBIIYHAX yIapiB 1 MPOBAJIiB THCKIB, 33 aMIDIITY-
JIaM¥ 1 9aCTOTaMH KOJIMBAHb 3aTyXaroumx TporieciB (puc. 3). Po3pobieHo HemHIAHY
MaTeMaTHYHy MOJeIb 3aIycKy 1 3ynuHy MapiioBoro nasuryHa PJ[ 861K Bepxuboro
crynens PH «lukinon 4M», B siKiii BpaxoBaHO KaBiTaIliliHi SBHIA B HACOCAX OKFC-
JIIOBava 1 MajgbHOTO B IMHPOKHX MEXaX 3MIHM PSKUMHHX IMapaMmeTpiB HacociB. Ha
OCHOBI TIIi€i MaTeMaTH4YHOI MOJeJi TPOBEASHO PO3PaXxyHKH 3allyCKy JIBHTYHA
PZI861K mpu pi3HHX MOE€THAHHSAX 3HAYEHBb THCKIB 1 TEMIEpaTyp OKHUCIIOBAaYa 1 majih-
HOTO Ha BXOJIi B IBUTYH. BHU3HaueHO MakCHMalTbHI BETMYWHY T1APABIIYHAX YAAPIB 1
MIPOBAJIIB THUCKIB OKHCIIOBa4a 1 maigpHOro Ha BXoai B PPC mpwm 3amycky i 3ynuHy
JIBUTYHA, K1 OyJIM BUKOPUCTaHI pu Bu3HadeHHi mpare3garHocTi PPC mpu 3amycky i
3ynuHy MapioBoro apuryHa PJI 861K.
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Puc. 3 — 3aneKHOCTI 3HaYCHb THCKY B MicCIli BiakiaroueHHs 10 PPC okwucitio-
Badya (a) Ta manpHOroO (0) Bix wacy npu 3ynmuHy Mapmosoro asurysa PJI861K
B CTEHIOBUX YMOBax: 1 — eKCIIEPUMEHT; 2 — PO3PaXyHOK



Jl1st 3ificCHEHHS TIPOTpaMHKX MIEPEMIIIIEHB Y POCTOPi KOCMIYHI CTYIICH] PianH-
HHUX PaKeT-HOCI{B OCHAIIYIOTHCS MapIIOBUMHU JBUTYHaMH 0araTopa3oBOrO BKIIIO-
yenHs. [1i 9ac moMbOTy KOCMIYHOTO CTYTIEHS MICHS 3YIIHHKHA HOTO MapIIOBOTO JBH-
TyHa PigKe MaJIMBO y 0akax B yMOBaxX MIKpOTpaBiTallii MO iHEpIii MepeMilryeThCs
BrOpy, MaKCUMaJIbHO BiIAJISIOUNCH BiJl 3a0ipHOTO MPHUCTPOIO, IO CTBOPIOE TIOTEH-
LiiHY MOKJIMBICTh IPOHUKHEHHS Ta3y HAJJTyBYy Ha BXiJ] y IBUTYH B KUTBKOCTSIX, HE-
HPHUITYCTUMUX YIS TIOBTOPHOTO 3aITyCKy JBHUTYHA. Y 3B'3KY 3 IIMM BH3HAYCHHS Ia-
pameTpiB pyxXy piIFHM B NAJMBHUX 0akax B yMOBaxX MIKpOTpaBiTallii € aKTyaJbHOIO
3aauero, sika BUMAara€ CBOTO BHPIIMIEHHS MPH MPOEKTYBAaHHI PIAMHHUX PaKETHHUX
IBUTYHIB. Y poboTax [9], [10] po3pobiaeHo METOMUKY [T TEOPETUIHOTO BH3HAYCH-
HSl TapaMeTpiB PyxXy TPaHUIll PO3AUTYy CEPEOBHII «Tra3 — PiAMHA» y HOPOKHHHAX
MATMBHUX 0aKiB Cy9aCHUX KOCMIYHHX CTymeHiB pinnHHNX PH B ymMoBax mikporpasi-
Tarii (B mepio MiXk 3aIyCKOM 1 3yIIHHKOIO iX MapIIIOBHUX JBUTYHIB) i3 ypaxyBaHHSIM
KOHCTPYKTHBHHAX OCOOJMBOCTEH BHYTPIIIHHOOAKOBHX 3ac00iB 3abe3redeHHs Cy-
LUTBHOCTI PIIKMX KOMIIOHEHTIB MaymBa. MeTOANKY 3aCHOBAaHO Ha BUKOPHCTAHHI Me-
TOMy CKIHYEHHHX €JIEeMEHTIB, METOAy 00'eMy PIIMHM 1 CyJaCHUX KOMITIOTEPHHUX 3a-
co0iB ckinueHHo-eneMenTHoro aHanizy (CAE-cucrem). Meromnka mo3BoIsie BU3HA-
YaTH Ha MACHWBHIN YacTHHI MONBOTY KocMiuHOi PH mapamerpu pyxy i doopmu BitbHOT
MOBEPXHI PiHN B 0aKax, MapaMeTpH BUTHHHUX Ta30BHX BKIIOUEHb, IO CPOpMyBa-
JUCH B PiuHi, epeKTUBHICTH BHYTPIITHHO0AKOBUX 3aC00IB 3a0€3MeUeHHS CyiIbHO-
CTi KOMITOHEHTIB MalHBa MPH «IITATHOMY» (h)YHKIIOHYBaHHI ABUTYHHOI YCTAHOBKH
KOCMIYHOTO CTYTICHSI.

CTOCOBHO 10 yMOB PyXY €KCIIEpHMEHTAIBHOTO 3pa3Ka MATMBHOTO Oaka 3 piu-
HOO B «KHJIKOBIH BEXi», IO BIITBOPIOE SIBHIIE MIKpPOTpaBiTaIlii, BAKOHAHO UHCENb-
BUTHHOT moBepxHi. OTpuMaHi B pe3yibTaTi MOJEIIOBAHHS 3HAUCHHS TapaMeTpiB py-
XY PIAVMHHM 1 TPaHHUII PO3MITYy CEPEIOBHUII «Ta3 — PIANHAY Y3TOJDKYIOTHCS 3 KCIIePH-
MEHTAIFHUMH JaHUMH. BukopucTaHHS po3poOJICHOTO METOANYHOro 3a0e3NedeHHs
JI03BOJIUTH CKOPOTHTH OOCAT €KCIIEPUMEHTAILHOTO BiIIPAIFOBAHHS HOBHX Ta MOJIE-
pHI30BaHUX KOCMiYHMX CTyneHiB PH.

Io3n0B:KHA CTiliKicTh PITHHHUX paKeT-HOCIiB. HU3pK0UaCTOTHI MO3/10BKHI
KOJIMBaHHS HA aKTHBHIM YaCTHHI MOJIBOTY — SIBUILE, BIACTUBE MPAKTHYHO BCIM Pi-
muaauM PH. TIpu BTpati mo3mpoBxHbo1 cTivikocTi PH amrmiitymu i mo3moBxkHIX KO-
JIMBaHb, 3pOCTAI0YHM, MOXKYTh IEPEBHUILUTH JOIYCTUMHUHA PiBEHb, 10 CTBOPIOE peajlb-
Hy 3arpo3y IMOpYIIeHHs IIICHOCTI elleMeHTIB KOHCTpykiii PH, momkomkeHHs ko-
PHUCHOTO BaHTaXy, 30010 B pOOOTI MPMIIAAIB 1 anapaTypu CHCTEMH KepyBaHHS, Heca-
HKI[IOHOBAHOTO BiJIKITFOUEHHS JABHUTYHIB Ta 1HINNX aBapiiiHuMX curyamniii. He3paxaro-
Y1 Ha HAKONMYEHUH JOCBiJ YCYHEHHS MO3I0BXKHIX KonuBaHb piguHHuX PH B Ykpai-
Hi Ta 32 KOPAOHOM, IpodiieMa 3a0e3eueHHs MO3/I0BXKHBOI CTIHKOCTI 1 Jaii 3anuina-
€TBCSI AaKTYaJbHOIO 1 HAJIEXHUTH A0 YMClia HAWOUIbII BaXKIMBUX MPOOJIEM paKeTHOT
TEXHIKH, SIKI BUMaraloTh CBOrO BUPILLIEHHS IPH MOJEPHi3alii iCHYIOUMX i CTBOPEHH1
HOBHUX pakeT-HOciiB (Hamp., [1], [11], [12]). CknagnicTs BupimeHHs 1i€l mpoOneMu
301bIIyeThCsl Y 3BS3KY 3 THM, o POGO MOXHA BUSBHUTH TUIBKM TPH JHOTHO-
KOHCTPYKTOPCBHKHX BUIPOOYBaHHSX. YCYHEHHs MO370BXKHBOI Hectilikocti PH, Bu-
SIBJICHOI 3a pe3ynpTatamu nmyckiB PH, notpeOye HanTo BenMKkuX (iHAHCOBHX 1 MaTe-
pianbHuX BuTpar. i 3amobiraHHs Takux BUTpaT HEOOXiIHO Ha BCIX eTarax po3po-
Oxu piznaHuX PH npoBomuTy TeopeTHyHM aHaii3 NO3A0BXKHBOI cTiiikocti PH.

[oznoxus HectilikicTs (aBuie POGO) € cnienmgiunoo HOpMOIO HECTIHKOCTI,
10 Ma€ aBTOKOJMBAIbHY MPUPOLY. AHaII3 MO3I0BXKHBOI CTIHKOCTI BUKOHY€ETHCS Ha
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Puc. 4 — Pakera-Hocii
«IukaoH-4M»

OCHOBI YHCEIBHOTO JOCII/DKCHHS TUHAMIKH aBTOKOJIMBA-
npHOL cuctemu «PPIY — kopnyc PH», sika onucye B3ae-
MOJIIF0 TIPYXXHHX TTO3[OBXKHIX KOJMUBaHb Kopmycy PH Tta
HU3bKoYacTOoTHUX mporeciB y PPJlY. CydacHi BuMoru
MiBUIIEHHS CTYIEHS JOCTOBIPHOCTI TEOPETHYHUX TMPO-
THO3IB TO3/I0BXHBOI CTIHKOCTI pimmHHNX PH mukTyrots
HEOOXiTHICTh PO3BUTKY MaTEMaTHYHUX MOJENeH 1 MeTo-
IliB, AKI BUKOPHCTOBYIOTHCSA [UISl aHANI3y ITO3OBXKHBOI
crifikocti pigmaanXx PH. CTBOpeHi B IIbOMYy HANpPSIMKY
po3podku HaykoBniB ITM HAHY i JIKAY e ximrouoBuMu
Yy TEOPETHYHUX JOCIHIHKEHHAX 00 3a0e3MedeHHs M03-
TOBXKHBO1 cTitikocti PH 1 He MaioTh aHAJIOTiB y CBITOBIi
TIPAKTHIII.

BukoHaHo mporHO3YBaHHS TO3IOBXKHBOI CTIHKOCTI
HOBOI aBocTyrneHeBoi PH «lluknon-4M» Ha aKkTuBHIN Ya-
CTHHI HOJBOTY mpH poboti mapmosoi PPJIY mnepuioro
crymens [12]. Pakera-Hocilt «[{uxiioH-4M», mo cTBOpIO-
etbest B gaanid yac y 11 «Kb «lliBgenne», Mae TaHaeMHY
CXeMy KOMITOHOBKH CTYyTIeHiB (puc. 4), a 10 CKJIaxy Map-
moBoi PPJIY ii mepmoro cTyneHs BXOAATh 4 pPiIOMHHUX
nsuryHa PJ1 870 i3 monanmoBaHHSIM OKHCIIOBAJBHOTO I'e-

HepaTtopHOoro rasy. Ha pmuc.5 mokasaHO NHEBMOTIIPABIiUHYy CXeMy JIBUTYHA
PJ1 870, mo po3pobmoersest y A1 «Kb «IliBnenue».

P G

Puc. 5 — [THeBmorigpaBiiuHa cxema apuryna PJ1 870

JlJis TpOrHO3yBaHHS MO30BXKHBOI CTIMKOCTI 3a3HadeHoi PH po3poGieno ma-
TEMaTUYHY MOJEJb 3aMKHYTOI JUHaMiuHOI cucTteMHu «mapiinoa PP/IY mepiuoro
cTynens — koprnyc PH», sika ommcye B3aeMoJlit0 MPY>KHUX TIO3JJOBXKHIX KOJIMUBaHb
KOPITYCY paKeTH-HOCIS 13 HU3bKOYaCTOTHUMH mpouecamu y PPJIY mepimoro cry-
NeHs 3 ypaxyBaHHSM KaBiTal[iiHUX sSBHII B OYCTEpHHX Ta OCHOBHHX Hacocax
OKHCJIIOBaYa Ta najbHOTro [13], BAyBY ra30moai0HOr0 KUCHIO B MOTIK PiJIKOTO KHC-
HIO Ta 3alli3HIOBaHb y PIBHSHHAX JMHAMIKM I'a30BUX TPAKTiB ABUTYHIB [5], [14].
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Teopernunuii aHai3 MO3MOBXKHBOI CTIMKOCTI pakeTu-Hocisd «llukinoH-4M» BHKO-
HAaHO 13 BUKOPUCTaHHAM Kputepito Haifksicra.

B pesynbraTi mpoBeneHoro anamuizy BcraHoBieHo, mo PH «ukmor-4M»y min
gac pobotu mapmoBoi PPJY mepimoro crymeHs BTpadae MO3AOBXKHIO CTIHKICTh
BHacHiIok pe3oHancHoi B3aemonii PP/IY i1 xopmycy PH. Brpara criiikocti BUHH-
Ka€ Ha TOYATKOBIA MUIAHINI aKTUBHOI YaCTWHU TOJHOTY B YMOBaX 30JIKEHHS
TMIePIOi YaCTOTH KOJIMBAHb PIAMHY B KMBWJIBHIN MaricTpasi OKHCIIOBada 3 4acTo-
To10 I-ro ToHY MO3M0BKHIX KonmBaHb Kopiycy PH. Jlns 3abe3nedeHHs MO3T0BK-
HBOI CTIHKOCTI pakeTH-HOCIS 3aIpOITOHOBAHO BCTAHOBUTH B JKUBHJILHUX MaricTpa-
JIX OKHcIoBaya MapioBoi PPJIY mepmoro crymnens aemmdepu moB3TOBKHIX KO-
JMBaHb, 110 AO3BOJIUTH HAJECKHMUM YMHOM 3MIHMTH AWHAMIYHI XapaKTEPUCTHKH
CUCTEMH >KHMBJICHHS IBUTYHIB OKHCITIOBAYE€M 1 YCYHYTH PE30HAHCHY B3a€EMOJIIO
PP/1Y i xopmycy pakeTH-HOCIsL.

Po3pobneno mareMaTHdHy MOJAENTh HU3HbKOYACTOTHOI TUHAMIKH Ta30piAUHHO-
ro nemmdepa 3 CIUIBGOHHNM ITOAIOM CEPEIOBHUII 1 BU3HAUCHO HOTO pallioHaIbHI
napamerpu. [lokazano, Mo ycTaHOBKA 3a3HAYEHUX AeMIipepiB B )KUBHIFHUX Mari-
CTpaJIIX OKHCIIOBAaya MPHU3BOAMUTE 10 CYTTEBOTO 3HM)KEHHS YaCTOTH KOJIHMBaHb Pi-
muHu B cuctemi xuBneras PPJIY mepmoro crynmens PH okucnroBadem i 3MeH-
LICHHS MaKCHUMaJbHUX 3HAYEHb MOJMYJIS 4aCTOTHOI XapaKTEPUCTUKU PO3IMKHYTOI
cucremu «MapmioBuii PP/ — skuBHIIbHI MaricTpaii OKHCIIOBaYa i MaTbHOTO — KOP-
nyc PH (I Ton)», 3aBasku doMy 3abe3nedyeTbesi mo3a0BkKHs cTikikicth PH «Iluk-
JIOH-4M» TIPOTATOM BCHOTO iI MONBOTY NPH Pi3HUX MOEAHAHHIX 3HAUYEHb THUCKY 1
TEeMITepaTypy KOMITOHEHTIB ITaJliBa Ha BXO/JIl B IBUTYHU. PO3paxyHKOBI 3aJI€KHOC-
Ti yacToT I-ro Ta lI-ro ToHy mo3noBxHIX KonuBaHb Kopirycy PH «lukinon-4M» Bix
4acy MOJhOTY MTOKa3aHO Ha pucC. 6.

/o T
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Puc. 6 — Po3paxyHkoBi 3a1exHOCTi 9acTot [-ro Ta II-ro ToHy M0o310BXKHIX KOJIH-
Baub Koprycy PH «l{uxinon-4M» (fsir1, fsiro) Ta yactoT konuBans piguHu B cucteMi
xusnendst PPJIY nepiuoro crynens PH okucmoBadem (foxr — cuctema 6e3 nemi-
bepa, foxico — 3 nemndepom) i mansaum (fr1) Bin yacy mosapory t
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Puc. 7 — Po3paxyHKOBI 3aJIe)KHOCTI MAKCUMYMY MOJIYJISl YACTOTHOT XapaKTEePUCTUKH
PO3IMKHYTOI cucTeMu «MapiioBuii PP/ — ®HBUIbHI MaricTpai OKHCIIOBAaYa i Majib-
Horo — kopryc PH «ukmos-4M» (I Ton)» Big yacy monsoty PH B pa3si ycraHOBKH
nemidepiB y BiranyxeHHsIX Ha ABUTYHHU (KpuBa 1) Ta B pasi iX yCTAHOBKH Ha BXOJi B
OycrepHi Hacocu (KpuBa 2)

[IpoBeneHO po3paxyHKH 3aJIEKHOCTI MAKCUMYMY MOJIYJISI HACTOTHOI XapakTe-
puctuku Woi(jo) po3iMkHYTOI cucTemMu «MmapinoBuii PP/l — sxuBHIbHI MaricTpaiti
okucImoBayda i nansHoro — kopnyc PH «l{uxion-4M» (I ToH)» Bia yacy moiboTy
PH (puc. 7). Tloka3zano, 10 ycTaHoBka jgemidepiB Ha BX0i B OYCTEpHI HACOCH €
OiMBII TIepeBaXHOIO0, 00 B MPOMY BHIIAAKYy MaKCHMalbHI 3HAUYEHHS YaCTOTHOI Xa-
PaKTEPUCTUKY, L0 PO3TIIIAETHCS, € MEHIINMHU.

3anponoHOBaHO MiAXiA A0 MaTeMaTUYHOTO MOJEIIIOBAHHS MO3I0BXKHIX KOJH-
BaHb pimmHHUX PH [15] 3 BUKOPUCTaHHAM TPHUBHMIPHOI CKiHYEHHO-EJIEMEHTHOL
quckpern3amnii KoHCTpyKiii PH i pigkoro 3amoBHeHHS ii manmvBHUX 0akiB, Mpej-
cTaBJieHHA cucTeM i arperartiB PPIY oqHOBUMIpHUMH CKIHYEHHUMH €JIEMEHTAMH 1
BUKOPHUCTAaHHSAM HEJIHINHOI T1IpoJuHaMiuHOI MO/IETIi KaBiTAIlIHUX SBHII B HACO-
cax PPI1Y. lleii minxix BUKoprucTaHO cTOCOBHO A0 nBoctyneHeBoi PH. [ToOynoBa-
HO HENiHIiHY MaTeMaTHYHy MOJIEh HU3bKOYaCTOTHOI AuHaMiku cuctemu «PPJIY
— xopnyc PHy, sika onucye B3aeMozito MpOCTOPOBUX KOJIMBAaHb PIAKOIO MajvBa B
Oakax, IpyXKHHUX KoJlmBaHb KOHCTPYyKUii PH 1 HM3pKO4YacToTHUX mpoueciB B PP/IY
Ha JAUISHII aKTUBHOTO MOJBOTY pakeTd. HnsxoM po3paxyHKiB BCTaHOBIIEHO, IO
PO3MIIIHYTa JUHAMIYHA CHCTEMa BUXOIUTh HAa TPAHUYHUI LUKII 3 YACTOTOIO aBTO-
konmBaHp 15,8 I'1, Oim3pKoro 10 dactotu |l-ro TOHY BIIaCHUX TO3OBXKHIX KOJIH-
BaHb Koprnycy PH. BusHaueno napameTpu aBTOKOJIMBAHb Li€i CUCTEMH: TUHAMIYHI
CKJIaJI0B1 THCKY B 0akax, mepeMilieHHs 1 BIOpOPUCKOPEHHS eIEMEHTIB KOHCTPYK-
uii koprnycy PH, a Takosx Barosi BUTpaTH i THCK B enementax PPY.

3anponoHOBaHUI MiIXil MOXKE 3acTocoByBaTucs Al pociimkeHHs POGO-
KOJINBaHb PIJUHHUX pakeT (B TOMY YHCIi PaKkeT 3 HECUMETPHUYHOIO KOMIIOHOBKOIO
CTYIEHIB 1 MaJMBHUMHU OakaMH CKJIaJHOI MPOCTOPOBOi KOH}irypauii) i Bu3HaUeH-
HSl TapaMeTpiB TPAHUYHOTO LMKy KOJMBAaHb IPH MO3A0BXKHINA HECTIHKOCTI.

BukopucTanHs 1IbOro MiIXOAY A03BOJISIE BpaxyBaTH NPH MOJEITIOBAHHI B3ae-
MOJii IPOCTOPOBHUX KOJUBAHb PIAKOIrO MaNMBa B 0aKaX, NPY>KHUX KOJIMBaHb KOHC-
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Tpykiii PH 1 Hu3pkovacToTHUX TporieciB B PPV, a Takoxk HENMiHIMHI JUCUTIATHB-
HI CHJIH IIPH OMHKCI NPYXHUX Aedopmariit koprycy PH. Po3poOienuii miaxim Mmoxe
OyTH BHKOPHCTAHO TaKOX JIS OIIHKH TPAHWMYHUX aMIUTITYy/ KOJHMBAHb 1 BETHIUH
QUHAMIYHOTO HAaBaHTA)KEHHS KOHCTPYKIH mepcrneKTuBHUX piamaHuX PH, sxi 3a
pe3yIbTaTaMu MONepeaHOTO JTIHIHHOTO aHalli3y BTPAaYar0Th MO30BXKHIO CTIHKICTh
Ha OKPEMHUX IHTepBaIaX aKTUBHOI YACTHHH TOJIHOTY.

BucokxouyacToTHi mpouecu B KaMepi 3ropsiHHsl PiIMHHUX paKeTHHUX IABU-
ryuiB. [Ipu BinmpamroBaHHI PIAMHHUX PaKeTHHUX JBUTYHIB BII3HAYAIOTHCS HU3b-
KOYaCTOTHI Ta BHCOKOYACTOTHI KOJMBAaHHS MapaMeTpiB, SKi BU3HAUYAIOTH Iepeoir
pobounx MpoIeciB y cucTeMax JBUTYHIB (THCKY, IBUAKOCTI MTOTOKY, TEMIIEPATypH
ra3y i piawmHH, 9acTOoTH 00epTaHHA Baiy TypOoHacociB Ta iH.). Haiimenm mocii-
JUKEHUMH € BUCOKOYACTOTHI KOJIMBAHHS B KaMepi 3TOPSIHHS, SIKi MIOTEHITIHHO Hebe-
3meyHi s HagiitHoCcTi podotn PP/l i mimicHOCTI #oro koHCTpyKii. HaliBaskmmBi-
IIMM IHCTPYMEHTOM TIPH BHBUYEHHI 1 pO3po0Ili 3aX0AiB M0/I0 YCYHEHHS TAKUX KO-
JMBaHb NPH MOJBOTI PIAMHHUX PAKET-HOCIIB € MaTeMaTUdHe MOJCTIOBAaHHS BHCO-
KOYaCTOTHHX TIPOIIECIiB B KaMepi 3TOPSHHSL.

[IpoBeneHo oris cydacHUX MyOJiKamii i BUKOHAHO aHAli3 CTaHy CydacHOi
HAYKOBO-METOJMYHOI 0a3W JUIs YMCEIBHOTO JIOCHTIKEHHS BHCOKOYACTOTHHX IH-
HaMiYHHX TPOIECIiB B Kamepax 3ropsHHs PPJ[ 3 MeToro OIiHKA MOMXJIMBOCTEH BH-
KOPHUCTaHHS pO3POOJICHUX YUCETBHUX METOIIB TP MaTeMaTHYHOMY MOJICTIOBAaHHI
3a3HAYCHUX MPOLECIB B 3a/adi TEOPETUYHOT'O MPOTHO3YBAHHS BHUCOKOYACTOTHOL
critikocti PP/l, piBHS aMImiiTy[ KOMWBaHB THCKY 1 BUTPAaTH B KaMepi 3rOpsHHA
neuryHa [16], [17]. Po3rnsHyTo mpuitHATI Ha CHOTOMHINIHIN IEHh MEXaHI3MH BH-
HUKHEHHS! BUCOKOAMILTITY/THAX KOJMBaHb B cucreMax PPJI, mos's3aHi 3 quHamid-
HOIO B3a€EMOJII€I0 (Pi3UKO-XIMIYHHX IMPOIECIB B 30HI CYMINIOYTBOPEHHS 1 TOPIHHS
MIpH TIEPIOAMIHOMY TEIUIOMNIABOII Ti/I BIUIMBOM aKyCTUYHHX KOJIMBAaHB, a TAKOXK 3
TypOYJIEHTHICTIO TPH PyCi Ta TOPiHHI KOMIIOHEHTIB MAJIKBA 1 MPOIYKTIB X 3rOpsH-
HS B KaMepi.

Ha ocHOBI mpoBeaeHOTrO aHali3y MMOKa3aHo, [0 METOIU MaTeMaTHYHOTO MO-
JeTFOBaHHS BHCOKOYACTOTHHX aKyCTHYHUX KoumBaHb y PP/l MoxxHa po3ainmutu Ha
TPU OCHOBHI TPYIH: METOJM PO3PaxXyHKY MapaMeTpiB aKyCTHYHUX KOJIMBAHb B IIH-
JTHIPUYHUX Kamepax, II0 3aCHOBaHI Ha aHAJITUYHUX MATEMAaTHYHHX MOIEISIX
MOPIBHSHO HU3BKOTO MOPSAKY 1 BUKOPHCTOBYIOTH (hyHKIIT beccens; meToan moc-
JJUKEHHST TEPMOAKYCTHYHUX SIBUI 3 BHKOPUCTAHHSAM IiJIXOJIB OOYMCIIOBAIBHOT
ra3oMHaMIiKy; TiOpUIHI METOAM, B SAKMX PO3PAaxXyHOK IWHAMIKWA TOpPIHHS IPOBO-
JUTBCS OKPEMO BiJ PO3paxyHKy MapaMeTpiB aKyCTHYHUX KOJIHWBAHb IPOMYKTIB
3ropsiHHs B Kamepi. OGroBOpeHO OCHOBHI pe3y/bTaTH poOiT, BAKOHAHUX B paMKax
3a3HaueHUX TPpyI. BuKkoHaHO aHai3 mepeBar i HelOMIKiB YUCENBHOTO JTOCIiKEeH-
HS TEPMOAKYCTHYHUX KOJIHMBAHb IPOIYKTIB 3ropsiHHs B Kamepi PP/,

Po3po0ieno uncensHU miaxXia 00 BU3HAYEHHS MapaMeTpiB aKyCTUYHHX KO-
JIMBAaHb MPOJIYKTIiB 3TOPSHHS B KiJBLIEBUX KaMepax 3TOPSIHHS PIAMHHUX PaKETHHX
JBUTYHIB 3 ypaxyBaHHSM OCOOJMBOCTEH KOH(Irypawii BOTHEBOTO MPOCTOPY i 3Mi-
HU (I3UYHMX BJIACTMBOCTEH I'a30BOr0 CEPEOBUIIA B 3aJI€KHOCTI Bil OCHOBOI 10B-
XKHUHU KaMepH. 3allpolOHOBaHUM YHCENbHUH MiAXiJ 3aCHOBaHO HA MATEMaTHYHOMY
MOJICJIIOBaHHI BJIACHUX KOJIMBAHb 3aMKHYTOI JTUHAMIYHOI CHCTEMH «OOOJIOHKOBa
KOHCTPYKLIis KijbLIeBOI KOHGIrypamii — ra3», sKa onucye BUCOKOYACTOTHI IPOLIECH
B TaKiil KaMepi 3TOPSIHHSA, 3a JOMOMOT'0I0 METOAY CKIHUCHHUX EJIEMEHTIB.

IIpoBeneHO TecTyBaHHS pO3POOJICHOrO MiAXOAY 1 aHaNi3 OTPUMAHUX Pe3yib-
TaTiB JUI ABUI'YHA 3 KUIBIIEBOIO KaMEPOIO 3rOpsHHS (IIpH CHiBBiAHOILIEHHI i 30B-
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HIOTHBROTO 1 BHYTPIIIHBOTO MiaMeTpiB, piBHOMY 1,5), e B SKOCTI MaIUBHOI Mapu
BUKOPHUCTOBYETHCS TIapa PiAKUIA KHCEHb—METaH.

Po3po6iieHo CKiHYeHHO-eTIEMEHTHY MO/JIENb CIIITBHUX MPOCTOPOBUX KOJTHUBAHB
KOHCTPYKIIi1 KUTbIIEBOT KaMepH 3TOPSIHHA 1 MPOIYKTIB 3TOPSHHS, IO MICTATHCS B
Hill. MOXyTh OyTH BH3HAYEHI MMapaMeTpH KOJWUBaHb 3a3HAYCHOI JMHAMIYHOI CHC-
TeMu (4actotd, popmu Ta edeKTUBHI MacH) IS 11 TOMIHYIOUMX aKyCTUYHHX MO,
aMILTITYIA KOJTUBAHb 1 BIOPOIIPUCKOPEHH CTIHOK KaMepH 3rOPsIHHS, a TAKOXK BUSB-
JIeHl peXMMHI TapaMeTpu poOOTH PIAMHHOTO PaKeTHOTO ABHUTYHA, TOTEHIIIHO
HeOe3MNeuHi s PO3BUTKY TEPMOAKyCTUYHOI HECTIMKOCTI poO0YOTro mpomecy B Ki-
JBIEBI KaMmepi 3ropsHHSA OBUTYHA. [ 4rcenpHOro BH3HAYEHHS KOedilli€HTIB
T CHIIEHHS JOCTIKYBaHOT KaMepH 3ropsiHHS (TI0 TUCKY) B CKIHYCHHO-EJIEMEHTHY
MOJIeTh TMHAMIYHOI CHCTEMH «OOOJIOHKOBA KOHCTPYKIIA KiTbIIeBOI KOHGITypaii
— ra3» (B eNeMEeHTaX MoYaTKy BOTHEBOTO MPOCTOPY) BBOJIUTHCS JDKEPETO rapMo-
HilfHOTO 30ypeHHs THCKY. Bu3HaueHO dacToTH i ()OpMHU MO3MOBXKHIX, TAHTEHIIIA-
JHHHX 1 paiallbHUX MOJ aKyCTUYHUX KOJUBAHb.

JAunamika BiOpo3axucHux cucreM. [Ipm BHUKOpHICTaHHI THEBMATHYHOTO
MPY’KHOTO €JeMEHTa MOKHA 3a0€3MEeYNTH IOCTATHRO Mally (KBa3iHYJIBOBY) )KOPCT-
KiCTb Ha POOOYid MINSHIII CTATHYHOI XapaKTEPUCTHKH 13 MPOTPECHBHUM HApOC-
TaHHAM JKOPCTKOCTI TIPU XOJi CTHCHEHHS i Big0or0. [pyHTYIOUHCH HA [MX MPUH-
[UTax, 3aIPONIOHOBAHO HOBY BHUCOKOE()EKTHBHY CHCTEMY BiOpPO3axUCTy 00'€KTiB
pPaKeTHO-KOCMIYHOI TEXHIKM ¥ IHIIMX BaXKHUX OO0'€KTIB MamIMHOOYIyBaHHS IPH
iXHPOMY TPaHCIOPTYBaHHI 3aJI3HUYHUM, MOPCHKUM 1 aBTOMOOLIEHUM TPaHCIIOP-
tom [18]. [lokazaHo, mo HUIIXOM BHOOPY KOHCTPYKIII # KOHCTPYKTHBHHX Tapa-
METpiB MOKHA 320€3MeUnTH HEeOOXiIHI TWHAMIYHI BIACTUBOCTI BiOPO3aX¥MCHOI CH-
CTEeMH, [0 XapaKTePU3YIOThCs HAJHU3bKOIO BIACHOI YaCTOTOIO 00'€KTa, IIO 3a-
xumaeTrses (mMeHme 0,5 I'm) 1 HeoOXimHUM KoedimienToM aemrdipyBaHHS KOJH-
BaHb. PO3paxyHKOBHM 1 €KCHIEPHUMEHTAILHUM IUIIXOM IMOKa3aHO MOXIIMBICTH BH-
KJTFOYCHHS 3 KOHCTPYKIIT BIOPO3aXMCHOI CHCTEMH TaKOTO CKIJIQJIHOTO i TOpOroro y
BUT'OTOBJICHHI €JI€MEHTa, SK TiJPaBIiYHUI aMOpPTH3aTop, 0e3 SKOro HEeMOXIHBA
poboTta OyIb-AKOi iHIIOI BIOPO3aXUCHOI CUCTEMH SIK 3 METAIIEBUMU, TaK 1 3 ITHEB-
MaTUYHUMH TIPY’)KHUMHU elleMeHTaMH. Po3po0JieHo i BUTOTOBJIEHO MPOTOTHII 3a-
MIPOMIOHOBAHOI BiOPO3aXUCHOI CUCTEMH, TIPOBEICHO WOTO NWHAMIYHI BUIIPOOYBaH-
HS W TATBEpIKEHO BUCOKY €()eKTHUBHICTH BiOPO3aXHMCHOI CHUCTEMH IpH TaciHHI
yAapHUX 1 TapMOHIMHUX 30ypeHb. [IpocToTa KOHCTPYKIIil, TEXHOIOTIYHICTh Y BH-
TOTOBJICHHI, BHCOKa €(EKTUBHICTh JTO3BOJISIOTH PEKOMEHIYBAaTH 3alpOIIOHOBAHY
BIOPO3aXUCHY CHCTEMY Ul BHKOPUCTAHHS SIK NPHU TPAHCIIOPTYBaHHI pakKeTHO-
KOCMIYHOI TEXHIKH PI3HHUMHU BUJaMH TPAHCIIOPTY, TaK i MPHU 3aXHCTi Bix BiOpamii
IHIMX 00'€KTIB, BKIIFOUAIOYU 1 CAMOPYIITHY BaXKy TEXHIKY.

AepoaMHaMiYyHe BJAOCKOHAJICHHS eJeMEHTIB ra3oTypOiHHMX JABHMIYHIiB. Y
TenepilHii yac O0e3nepepBHO 3pOCTAIOTh BUMOTH A0 SIKOCTi IPOEKTYBaHHS Cydac-
HuX ra3otyp6innux asuryHiB (I'T/l). 3acTocyBanHs MeTOAIB onTuMi3alii A0 MOK-
palleHHs] aepoIUHaMIYHUX XapakTepucTuk esnementiB [T/l npeacrasise ocodnu-
BUH 1HTEpeC, OCKIJIBbKH CTYIiHb iX aepOAWHAMIYHOI JOCKOHAJIOCTI MAa€ BEITUKHUI
BIUIMB Ha €HEPreTUYHI XapaKTEPUCTHKH JBUTYHA B LIIJIOMY.

Po3po06iieHo po3paxyHKOBO-METOUYHE 3a0€3MeUeHHs I aepOANHAMIYHOTO
BJOCKOHAJICHHS BIILICHTPOBUX KOMIIPECOPHHUX CTymeHiB aBiamianux ['TJ] Ha oc-
HOBI YHCEJIBHOTO MOJEIIOBAaHHA NMPOCTOPOBUX TYpOyJEHTHUX ra3oBuUX Tewiid. B
pamkax JaHoro 3abe3rneueHHs MoOYyJ0BaHO €KOHOMIYHY (3 TOYKH 30py OOYHCITIO-
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BaJIbHUX BHUTPAT) METOJMKY, III0 JO3BOJISIE B TIPOIIECI aepOAMHAMIYHOI ONITUMI3aIlii
BapifOBaTH MPOCTOPOBY (HOPMY JIOMATOK HAMPSMHHUX alapartiB i JIOMATKOBUX AU Y-
30piB BiAIIEHTPOBUX CTYIEHIB KOMITPECOPIiB HA OCHOBI BUXIJHIX HaOOPiB KOOPIH-
HaT TpodimiB JIomaTok 0e3 TomepenHpoi ampokcumarii X ¢opmu. Po3pobieHo
METOJINKY, IO JO3BOJISIE BAapilOBaTH MPOCTOPOBY (hopmy Jomareld BiALEHTPOBHUX
KOJIiIC B TIPOIIECI aepOAMHAMIYHOI ONTHUMI3allil 3 BUKOPHUCTAHHSAM MaJIOTO YHCIIa
rmapamMeTpiB (MMOPIBHAHO 3 MacHBaMH IaHUX, SAKi 3aaf0Th ITOBEPXHIO JIOMATEH).
OcoOMMBICTI0O METOIUKH TAaKOXK € MOXIIMBICTH BapilOBaHHS MPOCTOPOBOi (hopmu
JomaTeil Kojiic 6e3 MmomepeaHboi arpoKcuMartii ix BuxigHoi ¢opmu. Po3pobieHo
aNTOPUTM TOOYJOBH MOBEPXHI BIATYKY 3 BpaxXyBaHHAM OOMEKEHOTO YHCIIa 3Bep-
HEHB JI0 PO3PaxyHKY IUTh0BOT (DYHKIIT TPH aepoIWHAMIYHIA ONTHMI3allil KoMIpe-
copHHUX cTyneHiB. OCHOBOIO allTOPUTMY € MOCIiJJOBHUN YUCEIbHUN PO3B'SI30K PiB-
HsaHHs Jlammaca i piBHSHHS qudy3ii Ha piIBHOMIpHHUX PO3paxyHKOBUX ciTkax [19].
[Ipame3aTHiCTh 3allPOMTOHOBAHOTO AITOPUTMY MOOYIOBH MOBEPXHI BIATYKY MpPO-
JEMOHCTPOBAHO Ha TMPHUKIAAI TPHOX ICTOTHO pI3HHX TECTOBUX (yHK-
1iid. 3apPOMOHOBAHO MMiIXi/T 10 aepOAMHAMIYHOI ONMTUMI3aIlil BiIIIEHTPOBUX KOMII-
PECOPHHX CTYIICHIB, TOJIOBHOIO OCOOJHBICTIO SKOTO € TIOIIYK paIliOHaJbHUX 3Ha-
YeHbh TEOMETPUYHHX MMapaMeTpiB HAMPSAMHUX arapariB i poOOYHX KOJIC 3 BUKOPH-
CTaHHSM PIBHOMIPHO PO3MOLICHUX ITOCIIIOBHOCTEH TOYOK B 001aCTi HE3aIEKHAX
3MIHHHX, a TaKOXX (OPMYITIOBaHHS KpPUTEPIiB SKOCTI SK CepeaHbOIHTETPATBHUAX
3HaYeHb CHEPTeTUYHUX XapPAKTEPHUCTHK BiMIIEHTPOBOTO CTYIIEHS B POOOYOMY Jlia-
Ma30H1 3MiHU BUTPATH MOBITPS Yepe3 CTYIIIHb.

Ha ocHoBi pe3ynpTaTiB OararonmapaMeTpUIHUX YUCENBHUX IOCHIHKEHb I103-
HAYEHO LUISXU aepOIMHAMIYHOTO BIOCKOHAJICHHS €JIEMEHTIB BiALIEHTPOBUX KOM-
MIpEecCOpHUX CTymeHiB. Ha mpukiaai BXiIHOTO HAPsSMHOTO armapaTa BiAIeHTPOBOTO
KOMIIPECOPHOT'O CTYIIEHs PO3PaXyHKOBUM IIUISIXOM IOKAa3aHO, LIO 3aCTOCYBAaHHS
PO3pOOIEHOTO PO3PaXyHKOBO-METOJAMYHOTO 3a0€3MeUeHHs JO3BOJSE TOIIMIIATH
€HEepreTHYHI XapaKTePUCTUKH CTYIECHS HaBiTh B pa3i BUOOPY MOPIBHSAHO HEBEIH-
KOTO YHCIia TOYOK PIBHOMIPHO PO3MOILICHOI MOCHTIIOBHOCTI B 00acTi 3MiHHUX
[20]. B pesynbTaTi aepoaMHaMIYHOrO BIOCKOHAJICHHS BiJIIEHTPOBOIO KoJjeca
KOMIIpECOpa BCTAHOBJICHO, IO 3MiHa ()OPMH JIMIIE CepeiHbOi YAaCTHHHU JIOMAaTi
BiJIIIEHTPOBOTO KoJieca 0e3 3MiHH ii BXiTHOT 1 BUXiTHOI YACTUHU € JJOCUTh CHUIIEHOIO
niero Ha moTik. Taka mig ictotHO (i y psAli BUMAKIB MO3UTHBHO) BILTUBAE HA CTY-
MiHb CTUCHEHHS MOBITPS B KOJIECI, aJie MPaKTUYHO He Mmo3HavdaeThest Ha Horo KK/,
[Ipu oMy HEMae HEOOXiTHOCTI B 3MiHI ()OPMH JIOMATOK BXiJHOTO HANPSIMHOTO
armapara i JIOmaTKoBoro Iudysopa, IO 03BOJSIE PEKOMEHIYBAaTH TAaKUH CrociO
BapitoBaHHs (HhOpMHU JIOMATi BiAIIEHTPOBOTO KoOJleca MPH HOTO aepoAMHAMIYHOMY
BIockoHaseHHi [21]. Ha oCHOBI 4nCenbHOTO MOJETIOBAaHHS IIPOCTOPOBHUX TYpOy-
JIEHTHUX Ta30BUX TEYill MOKa3aHo, IO y BUMAAKY O€3BiIpUBHOI Teuil B MiXJIomna-
TEBUX KaHaJaxX BIILEHTPOBOIO KoJieca KOMIIpecopa 3 3a1aHOI0 BUXIIHOIO (hopMoro
MEpUAIOHAIBFHOTO KOHTYpY 3MiHa i€l (opMH POOHMTH MOPIBHSHO HEBEIHKHIMA
BIUIMB Ha €HEPreTHYHI XapaKTepUCTUKU Kojeca. ToMy B MOAIOHMX BHIIAAKaX MPH
aepOAMHAMIYHOMY BIIOCKOHATFOBaHHI BiJIICHTPOBHUX KOJIC MPECTABISETHCS JOITi-
JHHUM BapitoBaTH GopMy iXHIX JlonaTei B OKPYKHOMY HaIpsMKy [22].

Ha ocHOBI uncensHOr0 MOAEIOBaHHS MPOCTOPOBOTO TypOYJIEHTHOTO MOTOKY
B IPOTOYHIM YacTHUHI OAHOTO 3 BapiaHTiB MOBiTpo3alipHUKa aBiawiifHOrO TYpOOT-
BHHTOBOT'O JIBUTYHA OIlIHEHO €(DEKTHBHICTH IIOTO MOBiTpo3adipHUKa. BuzHaueHy
B PE3yJIbTaTi pO3paxyHKy HEpIBHOMIpPHICTh MapaMeTpiB NOTOKY Ha BXOJi B KOMII-
pecop IBUTYHA 3iCTAaBICHO 3 aHAIOTIYHUMH pPe3yJbTaTaMH JAJisl iHILOTO BapiaHTy
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MOBITpO3abipHHUKA ITHOTO X IBUTYHA. BimMmideHo, Mo ApyTHid BapiaHT MOBITpO3a-
OipHHKa 3a0e3medye HadaraTo OibIlle PIBHOMIPHHH PO3IO/ILI IapaMETPIiB IIOTOKY
Ha BXOJIi B KOMITpecop ABuryHa [23].

Pesynpratu po3pobok Hamaixi MOXKyTh OyTH BUKOpHCTaHi B JlepkaBHOMY Tij-
npueMcTBi «IBuerKo — IIporpec» mpu onrruMizartii exemenTiB apiamiiiaux ['T/] Ha
eTarni X IpPOoEKTyBaHHSI.

JAunamika rigpaBaiyHMX cucTeM 3 KaBiTyl0UMMH MiclleBUMM TigpaBJiy-
numu onopamu. B ITM HAHY 1 IKAY nipu mocimimKeHH] TiApaBIidHUX MPOIIe-
CIB Y pO3TaJyXeHHX 1 CKIaJHUX TPyOOompoBoAax OyJo BIAKPHUTE SBHIIE MEPIOAI-
HO-3pUBHOI KaBiTallii B TiApaBIIYHAX CUCTeMax i3 TpyOkoro Bentypi. Lle sBumie
OyJ0 omucaHo, BUBYEHE 1 Ha OTO OCHOBI PO3pO0IIeHa KaBiTaIliifHO-IMITyJIbCHA Te-
XHOJIOTiS 37piOHIOBAaHHS TBEpAWX MaTepiamiB. Ll TexHooris 3HAHIIIA CBOE 3a-
CTOCYBaHHSI Y BUpOOHHUITBI (ap0, 3apiOHIOBaHHI MeTa JJIsl HeCTaTKiB mapdymepii,
ajyie HaiOinpIIe yJaso BOHA BOHCANAcs Y BUPOOHHIITBO BOAOBYTIIHHOTO ITaHBA.
Pospobnena i ctBopeHa kaBiTariitHo-iMmnysbcHa ycTanoBka (KIY) mo roryBanHIO
BOJIOBYTIJIFHOTO TTaJINBa, 110 3a0e3Mevye MpOoAyKTUBHICTh He MeHIT 20,5 TOH y To-
JIUHY TIPY CTIOKHUBAHIN MOTYXHOCTI 9,5 KBT/roinH Ha TOHHY MPOAYKTY TIPH IILOMY
(b pakmiitHuiA CKI1aa BOAOBYTIIFHOTO ManuBa B Mexax 70 MkM — 40 MKM.

l'oTyBaHHS pi3HHX eMYJbCiii 3a TOTIOMOTOX0 KaBiTalliHHO-IMITyJIECHOI TEXHO-
JIOTH JTO3BOIIsIE 320€3MeUNTH TPUBATy CTa0lIbHICTE €MYIbCii 3 3aJaHUM CTYIIEHEM
JUCTIEPCHOCTI. AHaNI3 1 y3araJlbHEHHS! €KCIIEPIMEHTAIBHIX Pe3yJbTaTiB BUSBUB,
o pobodi XapaKTepUCTUKH KaBiTalliHO-IMITYIbCHOTO Te€HepaTopa MPakTHIHO HE
3anexarhb BiJl BUAY CYCIeH3ii, 110 MTOAA€THCS Ha HOTO BXi.

3 ypaxyBaHHSM pe3yJIbTaTiB TEOPETHYHHX 1 €KCIIEPUMEHTAIBHUX AOCHTIKEHb
(GYHKIIIOHYBaHHS  KaBITAI[ifHO-IMIYJIBCHOI ~ yCTAaHOBKM 3  KaBiTalliiHO-
IMIYJIbCHUMH AWCIEPraTopaMy YAOCKOHAJIEHO MaTeMaTHYHy MOJENb, 33 I0IOMO-
TOFO SIKOT 3[IIHCHIOETHCS aHaJIi3 MPOLIECY YTBOPEHHSI, IUTMHY 1 CXJIOyBaHHS KaBiTa-
[MIHHUX KaBEPH, [0 BUHUKAIOTh NIPHU IUTHHI PiTUHU Yepe3 KaBiTaliiiHu{ TeHepaTop
KOJIUBaHb [24].

Po3pobiena KOHCTPYKTOPChbKa JOKYMEHTAllis T4 BUTOTOBJIEHA €KCIIEPUMEHTa-
nsHa KIY 3 cucremoro nonepeanboi miAroTOBKM BOAOBYTUIBHOI CyMilm [yis HpH-
TOTYBaHHs BOJOBYTUJIBHOTO MajMBa Ta CUCTEMOIO BUMIpIB, L0 BKJIIOYAE MPUIAIH
BUMIPY 1 peecTparii HeoOXiqHOTO 00CATy mapaMeTpiB s aHalli3y pe3yJbTaTiB
EKCIEPUMEHTAIbHUX BUIIPOOYBaHb.

Ha mincrasi anami3y rpadikiB myJibcamiii THCKY W CIIEKTpa 4acToT MiiOpaHo
B3a€MHE pO3TAIllyBaHHS KaBIiTAllIMHUX T€HEPaTOPiB Ta BH3HAYEHI KOHCTPYKTHBHI
rapaMeTpy ¥ peKHMHU KaBiTAI[iHOTO TIOTOKY B KaBiTaIlifHO-IMITYyJIbCHIN YCTaHOB-
i, M0 3a0e3MeuyrTh HaWOUIBII MPOMXYKTUBHUM PEXHUM 3/IpiOHIOBAHHS TBEPIUX
MmarepianiB. [IpoBenena ouinka ¢isuuHoro 3Hocy By3miB ycranoBku KIY mo napa-
METpax MEXaHIYHOro Ta adpa3MBHOIO 3HOCY IMOKa3aja TapHy 3HOCOCTIHKICTb Oc-
HOBHUX KOHCTPYKTHBHUX €JIEMEHTIB KaBiTalliiHO-IMITyJIbCHOT YCTAHOBKH IIPH
31piOHIOBaHHI TBEPAMX MaTepialiB 3a KaBiTalliHHO-IMITYJIbCHOIO TEXHOJIOTIIO.

BucHoBku. OTpuMaB MoJaIbIIMK PO3BUTOK HAYKOBHH HampsiM — JUHAMiKa
PIAMHHMX paKeTHUX ABUTYHHHX YCTaHOBOK 1 TO3JOBXHSI CTiHKICTh PIAMHHHX pa-
KET-HOCIiB 3 ypaxyBaHH;IM KaBiTAl[i{HUX SBUIII B IIHEKOBIIEHTPOBUX HACOCAX.

3anponoHOBaHO HOBY BUCOKOE(EKTHBHY CUCTEMY BiOpO3axHCTy 00'€KTiB pa-
KETHO-KOCMIYHOI TeXHIKM W IHIIMX Ba)KKHX OO0'€KTiB MAaIIMHOOYIyBaHHS NpH iX-
HBOMY TPAHCIIOPTYBaHHI 3aJ1i3HUYHIM, MOPCHKHUM 1 aBTOMOOIJIbHUM TPaHCIIOPTOM.
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Ha ocHOBI po3po6iieHOTO PO3PaxXyHKOBO-METOIUTHOTO 3a0E3IeUEHHST BHKO-
HaHO aepOJMHAMIYHE BIOCKOHAJIICHHS OKPEMHX CJICMEHTIB aBiallifHUX Ta30Typ-
OIHHHX JIBHUTYHIB.

[IpencraBineHo OCHOBHI pe3yabTaTH MPUKIAJTHUX JOCITIDKEHb AMHAMIKH Ti1-
PaBJIIYHUX CHCTEM, MPU3HAYEHHX I MMOAPIOHEHHS TBEPAWX PEUOBHH B PIIKOMY
CEpEeOBHII Ha OCHOBI KaBiTaIlIITHO-IMITYJIbCHOT TEXHOJIOT1.
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