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Anapiescbkuii M. B. IIpoekTyBaHHsI paKeTHHUX ABUIYHHHX YCTAHOBOK
HA BHCOKOKOHLIEHTPOBAHOMY IepeKHucy BOAHIO i KepocuHi. — KBamidikariiina
HayKOBa MpaIlsl Ha MpaBax PYKOIHCY.

Hucepraris Ha 3100yTTs cTyneHs AokTopa (iocodii 3a cnenianpHicTio 134
— aBlalfiifHa Ta paKeTHO-KOCMIUHa TeXHIKa (MexXaHIuHa 1HXeHepis ). — JIHIMpOoBChKHiA
Hal[lOHAJIbHUI yHIBepcuTeT iMeH1 Onecst ['onuapa

B XXI cropiuui 6yn0 BUOKpEMIIEHO TpU OCHOBHI (pakTopH, siKi (POPMYIOTh
PO3BUTOK  PaKETHO-KOCMIi4HOI  TexHiku. Ilepmmuii  ¢akTop —  aKTUBHA
Komepiianizamiss kocmocy. Lle o3nauae, mo crtBopeHHs paketu-Hocii (PH)
OOTPYHTOBYETHCS HE BUMOTaMH 3a0e3MCUCHHS MPECTUXKY KpaiHH, sk 11e 0yyio B XX
CTOpIYYi, a BHWKJIIOYHO BHMOraMu pPHHKY. OYEBHJHO, III0 BOHU IOPOJKYIOTh
KOHKYPEHTHY OOpoThOy, 110 3MIHIOE PO3YMiIHHA €(EKTUBHOCTI PaKETHO-
kocmiuHoro komruiekcy (PKK). VYV punkoBomy acmekti, edektuBHicTh PKK
BHU3HAYAETHCS MIHIMAJIBHOIO IIIHOKO 32 BUKOHAHHS ITyCKOBO1 Micii 13 3a0€3MeUeHHIM
3araJIbHONIPUUHATOT HAAIHHOCTI, MOOUIBHICTIO HaJaHHS TyCKOBUX IIOCHYT,
MO>KJIMBICTIO aanTarii 70 cuenu@iaHIX BUMOT PUHKY.

Hpyrum cyTrteBuUM (akTopom, 1o (HopMye HAMPSIMOK PO3BUTKY PAKETHO-
KOCMIYHOI TeXHIKH, € MiHIaTIOpu3allis enekTpoHiku. Llel dhakTop 301nbIIye 3amuT
Ha 3aIyCK MaJluX pakeT-HociiB. O4YeBHIHO, IO KOHIIETIlA Majoi paKeTH-HOCIS
MMOBHHHA TIepea0adaT MaKCUMaIbHY aBTOHOMIIO BT IMIPO3/IUTIB KOCMOAPOMY ISt
3MEHIIICHHS I[IHM eKCIUTyaTallii Ta 3a0e3rnedeHHs] MOOUTbHOCTI HaJaHHS MyCKOBUX
MOCITYT.

Tperim BaknuBuM (AKTOPOM € BHMOTH JO EKOJIOTIYHOCTI Ta Oe3meKu
ekcruTyaraiii paketHoi TexHiku. Lleit dakTop dopmye HEOOXIAHICTH TOMIYKY Ta
BUKOPHCTaHHSI KOMIIOHEHTIB TAJIMBa, K1 Oynu 6 Oe3reYHUMHU HE TUTBKH y TPOIIECi

eKCIUTyaTallii, a il y mpoIeci iXx BUTOTOBJICHHSI.



[epuri aBa pakTopu pOOIATH AKTyAIbHUMH PO3POOKY IBUTYHHUX YCTAHOBOK
Ha BHCOKOKHMIUIIUOMY nanuBi. Ilpore Tpertii (akTtop poOUTH HEMOKIMBUM
BUKOPUCTaHHS «KJACUMYHUX» BHUCOKOKHMIUISIYMX KOMIIOHEHTIB MajuBa, TAKUX SIK
HECUMETPUYHHUMA AUMETHITIAPA3UH Ta a30THUM TETPOKCU. €IMHUM NAJIUBOM, SIKE
ChOTOJTH1 33JI0BOJIbHSIE OUIBIIIOCTI BUMOT, € Mapa: MePEeKUC BOJIHIO — KepOCHH. Take
NaJIMBO Ma€ psJl IepeBar Hajl KIIACHYHUMU Kp1oreHHUM KoMrnoHeHTamu. [lo-niepiue,
y BUMAJIKy 3aTPUMKH IYCKY HEMa€e HEOOX1AHOCTI 3TMBATH KOMIIOHEHTH NaJIUBa, 110
3a0e3neuye MOOUIBHICT MycKOBOi Micii. [lo-apyre, HeMae He0OX1AHOCTI MOCTIHHOT
J03alpaBKA  PAKETU-HOCISI, M0 30UIbIIye HE3aJekKHICTh PpPAKETH-HOCIA Bl
kocmozpomy. Ilo-Tpete, Hemae HEOOXITHOCTI y  CKIAQJHUX CHUCTEMax
TEPMOCTATyBaHHS, 3aX0J0/KYBAaHHS arperariB, TEMIEPATYpHOro KOMIIEHCYBAaHHS
TPAKTIB.

Memoro oucepmayiiinoi pooomu € BU3HAYEHHS 3aKOHOMIPHOCTEH MPOIIECiB B
TPaKT1 OXOJIOJKEHHS, BHYTPIIIHROOAKOBUX IIPOLIECIB, B CHCTEMaxX 3alycKy Ta
pEryJIIOBaHHs ABUTYHA, 1110 [IPALIOE Ha MTapl KOMIOHEHTIB: BUCOKOKOHLIEHTPOBAaHUMN
IEePEKHUC BOJIHIO — KEPOCUH, BU3HAUEHHS METO/(IB BUTOTOBJICHHS! OCHOBHMX BY3JIiB
JBUT'YHA Ha OCHOB1 Cy4aCHUX TE€XHOJIOT'1H;

JIns MOCSTHEHHS TOCTaBJICHOT METH MOTPIOHO OyJI0 BUPINIUTH PsAJ HAYKOBO-
TEXHIYHUX 3aaY:

- YTOYHEHHS BIIOMOi METOAMKH PpO3pPaxXyHKYy TPaKTIB OXOJIOJKEHHS
KaMepu 3TOpSHHS J[IBUTyHA IE€PEKMCOM BOJHIO B YMOBax 3HAayHOIO
HAJJUIIKY OKHCIIOBauya 3 BpaxXyBaHHSIM OCOOJIMBOCTEH TEXHOJOTIT
BUT'OTOBJICHHS;

- BU3HAYCHHsS BIUIMBY NapaMeTpiB PEryJlIOl0YMX €JIEMEHTIB Ha PEeXHUM
poOOTH paKkeTHOrO JABUTYHA HA KOMIIOHEHTAaX MajuBa: MEPEKUC BOAHIO —
KEPOCHH B YMOBaxX 3HaYHOI'0 HaJIMIIKY OKHCIIIOBAYa;

- BU3HAYECHHS KJIIOYOBOTO TEPMOJMHAMIYHOTO CIIBBIIHOIICHHS, SKe
BHUKJIIOYa€E 00 €MHY KOHJEHCAIII0 po00YOoro Tijia IMiJl Yac HaJaJayBaHHA Oaka
OKHUCIIIOBaya NPOAYKTAMHU PO3KJIAJAHHS NEPEKUCY BOJHIO, Ta MaTEeMaTU4HE

MOJIEIIOBAHHS BHYTPIITHbOOAKOBUX MPOIIECIB;



- BU3HAYCHHS BIUIMBY XapaKTEPUCTUK CYJaCHUX aTUTUBHUX TEXHOJIOT1H
Ha KOHCTPYKI[I0O OCHOBHHUX BY3JIiB PAKETHOT'O JIBUT'YHA.

06 ’exm 0ocnidxcenHss — IPOLECH, IO BIIOYBAIOTHCA Y TPAKT1 OXOJOIKEHHS
KaMepu PaKeTHOro JABUT'YHA, BHYTPIIIHLOOAKOBI MPOLIECH Ta JUHAMIYHI MPOLIECH
3allyCKy Ta PETryIIOBaHHS PAKeTHHX ABHUTYHHHX YCTaHOBOK, IIO TPAaIlOIOTh Ha
KOMIIOHEHTaX IMajiBa BUCOKOKOHIIEHTPOBAHUH MEPEKNUC BOJHIO — KEPOCHH.

IIpeomem Oocniodcenns — TapaMeTpu Ta XapaKTEPUCTUKH PAKETHUX

JBUTYHHHX  YCTAQHOBOK, M0  TpAIlOIOTh Ha  KOMIIOHEHTaX  MajuBa
BHUCOKOKOHIIEHTPOBAaHUH MEPEKUC BOJAHIO — KEPOCHH.

Memoou docnioxcenns:

1. KpuTuuynuii aHamni3 iCHyIOUMX THUMIB JBUTYHHUX YCTaHOBOK 3 METOIO
BU3HAYCHHS HAMPSMKIB JOCIIKCHHS.

2. Metonu po3B’si3aHHS HENIHIMHMX KpaloOBUX 3ajlad Ta30BOi JUHAMIKH,
YHCeJIbHI METOAM IHTEeTrpyBaHHs 3a7a4 Kol mij yac po3paxyHKy 3amycKy
PP/I.

3. YUucenbHi METOAM IHTETPYBAHHS PIBHAHB TEPMOJMHAMIKY 3MIHHOI MacH Ta
pPIBHSHb TEIUIOOOMiIHY. MaTeMaThu4yHe MOJICTIOBaHHS TIPOIIECiB B
JIBUTYHHHUX YCTaHOBKaX.

4. ExcriepuMeHTaIbHI METOAM JOCIIDKEHHSI BY3JIIB PAaKeTHUX JIBUTYHHHX
YCTaHOBOK, IO MPAIlOI0OTh Ha KOMIIOHEHTAaX MajinBa MEPEKUC BOJHIO —
KEPOCHH.

5. Meranorpadiunuii aHami3 3pa3kis, 10 BUroToBneHi Ha 3D-npunTepi, s
KPUTUYHOTO aHali3y eKCIepUMEHTAIbHUX JaHWX, OTPUMaHHX B
pe3ynbTaTi BAIPOOYBaHb.

VY BcTyni oOrpyHTOBAaHO BHOIp TeMH IuCEpTaIliitHOT poOOTH, aKTyaabHICTh
JOCITIJKeHHSI, COPMYJIbOBAHO METY Ta 3a7adi JTOCTiPKEHHS, ITOKa3aHo ii 3B’ 530K 3
ICHYFOUMMH HAYKOBHUMH TPOTPAMaMH i TEMaMH, PO3TISHYTO HAYKOBY HOBH3HY 1
MPaKTUYHY I[IHHICTh OJEp>KaHMX pe3ysbTaTiB. HaBelneHo maHi mpo ocoOHCTHI
BHECOK 3700yBaua, anmpoOaiiiro podotu Ta myOsikaiii. 3MIiCT poOOTH PO3KPUTO Y

I’ ATU PO3/LIaX.



VY nmepumomMy po3aiiai HaBEJEHO KPUTHYHMI aHami3 piBHS CBITOBOTO JOCBIAY
BUKOPUCTAHHS TEPEKUCY BOJHIO, MPOCKTYBaHHS PAKETHUX JBUTYHIB, METOJIB
BUTOTOBJIEHHs eneMeHTiB PP/ Ta popmyntoBanHs npobiieMHUX MUTaHb. BuBueHo
miaxig g0 po3podku PPJ] Ta TexHIYHHMX pillleHb, K1 3aCTOCOBYBAJHUCS paHIIIE.
[loka3zaHo, 1m0 nepekuc BOAHIO KOHUEHTpauieo 80+84% BHUKOpUCTOBYBajacs B
NesSsKUX 3pa3kax TEXHIKM - TIJBOJHI YOBHM (OCHOBHE TaJMBO), JIITaKu
(mpuckoproBadi), pakeTu (I0noMixHe 1 OCHOBHE NajuBo). Po3pobiieHi TexHomnorii
3abe3rneuyBanu 0e3neyHy poOOTy 3 UM KOMIIOHEHTOM, SIKUM Ma€ CXWJIBHICTh 0
TEPMIYHOTO 1 KATATITUYHOTO PO3KJIAIaHHS.

HalimommpeHinii «KJIaCHYHI JIBUTYHU», IO TMPAIIOOTh HAa KOMITOHCHTaX
nanuBa pigkuil kuceHb — kepocud Ta AT — H/IMI', He BinnoBigaoTh yciM BUMOram
CydacHOCTI Ta MawTh psAnx HenodikiB. [lpore cworomuni He icHye PH, saxi 0
BUKOPUCTOBYBAJIM JBUTYHHI YCTAHOBKH Ha €KOJOTIYHO YHCTHX BUCOKOKHUILITIUX
KOMITOHEHTaX nanuBa. OOTpYHTOBAaHO HEOOX1AHICTh CTBOPEHHS TaKUX JBUTYHIB.

[IpoBenennii KpUTHUYHUNA aHaAJI3 CTaHy pPO3POOKHM PAKETHO-KOCMIYHOL
TEXHIKH, T1IX0/(IB 10 BUTOTOBJICHHS €JIEMEHTIB PAaKeTHUX JIBUTYHIB JIOBIB TaKe:

- Maibke BC1 BIJOMI JBHUT'YHH1 YCTAaHOBKH PO3POOJISUIMCS BHKJIIOYHO 3a
BUMOTaMH BIWCBHKOBHX, IO HAKJIajdo CBi crnenudiyHuil BIZOMTOK Ha iX
KOHCTPYKIIIT;

-  METOAW BUTOTOBJICHHS €JIEMEHTIB pPAaKETHUX JBUTYHIB, a came
b pe3epyBaHHs KaHAJIB OXOJOKEHHS, (POPCYHKOBOT TOJIOBKH, Y Oararbox BUIAIKAX
3acTapiiad 1 He BIATOBIAIOTh BUMOTAM CY4acHOCTI, /)K€ BOHU HE THYUKI, TOpOTi Ta
MOTpeOYIOTh 3HAYHMX KaIliTaJIOBKJIAICHh B OCHAICHHS,

- cepel peali3oBaHUX y MHUHYJIOMY ABUTYHHHX YCTaHOBOK BHSBJICHO
MPOTOTHIH, 1 MPUHIIAIIOB] TPUYHHI, 3 IKHX BOHU JaJli HE BUKOPUCTOBYBAJIHCS.

Y apyromy po3aii MOKa3aHO, IO 4Yepe3 30UTbIICHHS TadapHTiB KamMepHu
3TOPSIHHSI JUIsl JABUTYHIB Ha Tapi KOMIIOHEHTIB: TEPEKUC BOJHIO — KEPOCHH,
BUKOPHUCTaHHS QJAUTUBHUX TEXHOJOTIM € HalOuibll akTyanbHUM. Po3pobiieHo
peKoMeHfaIii MO0 BHKOPHUCTAHHS  CYYacHOTO  METOJa  BHPOOHUIITBA

HaWCKIaAHIIIMUX JeTaleil pakeTHOro JBUT'YHA, a caMe KaMepH 3rOpsSHHS 3 TPAKTOM



OXOJIOJ)KEHHsI Ta (DOpPCYHKOBI rosioBku. LI By3nu HailOUIbII AOpOri 1 Baxkl y
BUPOOHHUIITBI, a 3 BpaxyBaHHsS 30UIBIICHOI MPOTSKHOCTI TPAKTy OXOJIOIKECHHS
JBUTYHIB [0 OJIMHMIIl TSATHU HA TaKUX KOMIIOHEHTaX, aJlbTEPHATUBHI CIIOCOOU
BUTOTOBJICHHSI CTalOTh HAWOLIBII aKkTyalbHUMHU. HaBeneHo mnpukiagu Ta
MOPIBHSUIBHUI aHali3 BUTOTOBJIEHHA Ta BUIPOOYBaHHS AeTalled OTpUMAaHHUX 13
3aCTOCYBAHHSIM allbTEpPHATUBHUX METOMIB BUpOOHUIITBA. HaBeneHo anroputm
BUTOTOBJICHHS KAMEPU PAKETHOTO JIBUTYHA aJUTUBHUMH METOJaMH BHUPOOHHUIITBA
3a TexHoJorier0 SLM 3 HOBUMU KOHCTPYKTUBHUMHU OCOOJUBOCTSIMU.

CdopmynboBaHO peKOMEH/ Al 1100 KOHCTPYIOBAHHS €JIEMEHTIB JBUTYHA
JUISL BUTOTOBJICHHST 3a TexHosioriero SLM. Po3kpuTo MOXIHMBOCTI BUKOPUCTAHHS
JOTIOMIXKHUX CTPYKTYP JJIsI BATOTOBJICHHSI HABUCAIOYUX €JIEMEHTIB, & TAKOX HAJIJAHO
MOpaJIk 1I0JI0 3aCTOCYBAHHS KOHCTPYKTUBHUX MPUHOMIB JIJIsi CTBOPEHHSI MOJIETICH,
0 CaMOMIATPUMYIOThCA Yy Tmpoiieci moOygoBu Ha 3] mpuntepi. Hapeneno
NPUKJIAad PO3pPOOJEHUX Ta TMEpPeBIPEHHX HU3KOI BOTHEBUX BHUIPOOYBaHb
€JIEMEHTIB, a came — (QOPCYHKOBY T'OJIOBKY, TPAKT OXOJIOKEHHSI.

VY TperbomMy poO3LTl MOKa3aHO, 110 BUKOPUCTAHHS aJAUTHUBHUX TEXHOJIOT1H
JUIS. BUTOTOBJICHHS TPAKTy OXOJIOJKEHHS Ma€ TeBHI OCOOJMBOCTI, a caMme:
BHYTPIIIHS CTIHKa KaMepU Ma€ TMOPHUCTY CTPYKTYpHU Ta TMIABUILNCHY MIOPCTICThH
noBepxHi (M0 Rz 40). Takox mnokazaHo, IO BUKOPHUCTAHHS TEPEKHCY IS
OXOJIOJPKEHHSI KaMepU BHUCOKOKOHIIEHTPOBAaHUM IEPEKHCOM BOIHIO TIOB’si3aHE 3
PSZIOM CBOIX OCOOJHMBOCTEMH, a caMe: MEHIIa MBUIKICTh OXOJIOMKYIOUOi peYOBUHHU
Ta BiMiHHA (hOopMa KaHAJIB TPAKTY Y MOPIBHSAHHI 3 TPAKTAMHU, K1 OXOJIOKYIOThCS
kepocuHoM. Ili ¢dakTopw NPH3BOAATH A0 TOTrO, IO BH3HAYCHHS KOe(DIIli€eHTY
TEIUIOBIIa4l BiJl CTIHKM KaMepH 10 OXOJIOM)KYBaJlbHOI PIIMHU TOBUHHA OyTH
YTOYHEHA.

Jlns  pocmimkeHHS [bhOro KoedimieHTa OyJa0 MPOBEACHO PO3pPaxyHOK
oXoJoMkKeHHsT 3a Metoaukor B. M. HesneBa ne koedilieHT TeIoBIaaau1
BU3HauyaBcs 3a ¢opmynoro Hyccenbra-Kpaycconbna ne xputepiit Hyccenbra
Bu3HayaBca 3a Qopmynoo Nu = 0.021Re®®Pr%43. 8 rta mnposemeno Bormesi

BUNPOOYBAaHHS KaMepu PAKETHOrO JIBUTYHA 3 PEECTpalli€l0 MapaMeTpiB



TEeMIIepaTypH B3JI0OBXK TPAKTY 0X0JI0JKeHHs. [lix yac BorHeBUX BUIPOOyBaHb Oyi0
BCTAHOBJIEHO, M0 BEJIMYMHA MIAITPIBY OXOJOJKYHOUOi PIAMHU B TPAKTI HE
BIJIMOB1/Ia€ pO3PaXyHKOBIN BeMuMHI. JJisl 3SMEHIIIEHHS MOXUOKHU PO3paxyHKy OyIo
3alpONOHOBAHO YTOUHY (GopMyidy po3paxyHKy kpurepis Hyccenbta Nu =
0.0315Re%8pro43 . g,

[linTBEpAKEHO  aIEeKBAaTHICTh  3alpONOHOBAHOT (QOPMYJIH BOTHEBUMU
BUIIPOOYBAaHHSAMM pakeTHUX JBUTYHIB 3 Tarowo 2.5 kH ta 30 xH. Ilpuegeno
NOPIBHSHHS PO3PaxXyHKOBOI BEIWYMHHU MIAITPIBY OXOJOJKYBAJIbHOI PIAUHU 3
BEJIMYMHOI, OTPUMAHOIO MiJ 4ac BOTHEBOrO BHUIPOOYBAaHHS KaMepH PAKETHOTO
neuryna taroro 2500 H. Ilokazano 3arpos3u, siIKI MOXYTh 3°SIBUTHUCA TIJ] 4ac
NPOEKTYBaHHS KaMmep, Kl OXOJIOKYIOThCS IMepekucoM BojHIo. [lokazano, 110
TEPMIYHE PO3KJIAJIaHHS MEPEKUCY BOAHIO B TPAKTI OXOJOMKEHHS MPHU3BOAUTH 10
BUHUKHEHHS HHU3BKOYACTOTHOI HECTIMKOCTI ropiHHA. JlOCHiIPKeHO BIUIMB
IIBUJKOCTI PyXy IMEPEeKUCy BOJHIO B TPAKTI OXOJO/KEHHS Ha CTIMKICTh pOOOTH
KaMepHu PaKeTHOTO JBUTYHA.

VY derBepTOMY pO3/1Ii BBEIEHO PO3TJISHYTO PETYJIIOBAHHSA JBUTYHIB JBOX
CXeM: 3 TOBHOIO BHUTPATOI) OKHMCJIIOBaua Ha ra3oreHeparop Ta 3 YaCTKOBOIO
BUTPATOIO OKUCIIIOBAa4Ya Ha ra3oreneparop. BukoHaHo MareMaTuyHe MOJIEITIOBAaHHS
JIBUTYHIB JIBOX CXEM Ta iX MOpiBHSAHHs. BBeaeHO KOE(IIiEHT CHiBBITHOIICHHS
3BEJICHUX BTPAT Ha JIPOCEIl BCTAHOBJICHOMY IO JIiHI{ )KUBJICHHS KaMEPH MEPEKUCOM
BOJHIO Ta 3BEJACHMX BTpAT Ha JPOCEl KHUBJIEHHS ra3oreHepaTropa IMepeKucoM
BOAHIO. /oBeaeHO, 1110 32 YMOB CYTTEBOIO HaUIMIIKY OKMCIIFOBAaya 3alpOIIOHOBaHA
CX€Ma 3 YaCTKOBOIO BHUTPAaTOI0 BHCOKOHLEHTPOBAHOI'O IIEPEKHCY BOJHIO Ha
ra3oreHepaTop Mae AKICHI MepeBaru y NOpiBHIHHI 3 «KIIACHYHOI0» CXEMOIO, /1€ BECh
OKHCJTFOBaY Ta3u(IKy€eThCS B Ta30T€HEPATOPI.

Po3pob6ieno mareMaTnyHy MoJ1eib pOOOTH PaKETHOTO IBUT'YHA 3 YACTKOBOIO
MacOBOK BHUTPAaTOK OKHCIIOBada Ha rasoreHeparop. IlokazaHo, 1o B ABUTI'YHax
3aKPUTOr0 LUKIY 3 YAaCTKOBOK BUTPATOIO MEPEKHCY BOJHIO HAa Ta30reHepaTop

pEryJtoBaHHS PeKUMY HEOOX1THO BUKOHYBATH ABOMA JPOCEIISIMHU.



Takox y 4eTBepTOMY O3l PO3MVISIHYTO CUCTEMY HaJAyBaHHS MAIMBHUX
0akiB paKeTHUX JBUTYHIB IPOJYKTaMU PO3KJIaJaHHs MEepEeKUcy BOJHIO. BuBeaeHo
TEpPMOJMHAMIUHE CIIBBIHOIIEHHS ©0€3 SIKOro HEMOXJIMBO OpraHi3yBaTu
HaJTyBaHHS TNaJMBHUX OakiB 0€3 BUHUKHEHHsS 00’€MHOI KOHJEHCAIlli BOJSHOTO
napy.

Y m’siToMy po3/i PO3TIISTHYTO 3ayCK PAKETHOTO JIBUTYHA 3aKPUTOTO ITUKITY
3 4aCTKOBOIO BUTPATOIO OKKCIIIOBaya Ha razorenepartop. byno nokaszano, 1o 3miHa
Iparne31aTHOCTI MPOAYKTIB PO3KJIaJaHHS TMEPEKUCY BOJHIO 3a YacOM CYTTEBO
BIJIUBAE HA TOYHICTh PO3PAxXyHKy JIWHAMIYHUX TIporieciB. byno mnpoBeneHo

CKCIICPUMCHT Ta IIOKAa3dHO, IO 3MiHa HpaHCSI[aTHOCTi ra3dy 3a 4aCoM MOKC 6YTI/I

. o . RTy;
3aMiHEHa JIIHIAHOI Qopmynor Ta Mae Takudh Buriasg R, = 1"1"3-

MaTteMaTH4IHy MOJIeNIb PO3PaxyHKY 3alyCKy PaKeTHOTO JBUT'yHa OYJI0 JOIIOBHEHO
BUBEJICHOIO CKCIIEPUMCHTAIBHUM IIIIXOM (DOPMYJIO0 Ta BHUKOHAHO MaTEMaTHYHE
MOJICITIOBAaHHS PI3HUX PEXHUMIB 3allyCKy PaKEeTHOTO JBUTYHA, HABEIEHO OCHOBHI
¢dakTopu, MO BIUIMBAIOTh HAa HAMIMHICTH 3allyCKy, BHKOHAHO MaTeMaTH4HE
MO/ICITFOBaHHS IEKITbKOX PEKHUMIB 3aITyCKYy.

Takox y m’stomy po3aiai Oyjao JOCHIPKEHO BIUIUB BHUTOKY KOMITOHEHTY
najguBa 3 MOPOXHUHM HACOCY OKHCIIIOBada B MOPOKHHUHY TypOIHM Ha CTIMKICTH
pobotu TypOoHacocHOTO arperata. ExcriepuMeHTaIbHUM MUISXOM IOKa3aHo, IO
BUTIK KOMIIOHEHTY MaJIMiBa Ha poOouye Kojieco TypOiHM MPU3BOIUTH JI0 TAJIHHS
pexuMy poOOTH TYpOOHACOCHOTO arperara. 3amporoHOBAaHO CIIOCIO YCYHEHHS Ii€d
mpo0JeMu Ta EKCINEPUMEHTAIBHUM IIJISXOM JOBEACHO €(QEKTUBHICTh TaKOTO

croco0y.

Knwuosi cnoea: 6ucoKOKOHYeHMPOBAHUU NePeKUc B00HIO — KePOCUH,
AOUMUBHI Memoou BUPOOHUYMEBA, OXOT0O0HCEHHS OKUCTIOBAYEM KaMepU PaAKemHO20

08U2YHA, 3aNYCK 1 pe2yNt08aHHS PAKEMHO20 08ULYHA.



ABSTRACT

Andrievsky M. V. Development of Rocket Propulsion Systems Running on
Highly Concentrated Hydrogen Peroxide and Kerosene. — Qualification
scientific paper, manuscript.

Thesis for a Candidate Degree in Technical sciences (PhD): Specialty 134 —
Aviation and Space-Rocket Technology. — Oles Honchar Dnipro National
University.

In the XXI century, three main factors, that make the development of rocket
and space technology, were identified. The first factor is the active
commercialization of space. It means that the creation of a launch vehicle is not
based on the requirements of ensuring the prestige of the country, as it was in the
XX century, but only on the requirements of the market. It is obvious that market
interactions give a rise to competition, which changes the understanding of the
effectiveness of the rocket and space complex (RSC). In the market aspect, the
effectiveness of the RSC is determined by the mobility of launch services, the ability
to adapt to specific market requirements, as well as the minimum price for the launch
mission.

The second significant factor that forms the direction of development of rocket
and space technology is the miniaturization of electronics. This factor increases the
demand for the launch of small launch vehicles. Obviously, the concept of a small
launch vehicle should provide maximum autonomy from the spaceport to reduce the
cost of operation and ensure the mobility of launch services.

The third important factor is the requirements for environmental friendliness
and safety of missile technology. This factor creates the need to find and use fuel
components that would be safe not only during operation, but in the process of their

manufacturing.



The first two factors make the development of storable propellant launch
vehicles relevant. However, the third factor makes it impossible to use classic
storable propellant such as unsym-dimethylhydrazine and dinitrogen tetroxide. The
only fuel that meets all the requirements is a match of hydrogen peroxide - kerosene.
This fuel has a number of advantages over the classic cryogenic components. First,
in the event of a start delay, there is no need to drain the fuel components, which
ensures the mobility of the launch mission. Secondly, there is no need for constant
refueling of the launch vehicle, which increases the independence of the launch
vehicle from the spaceport. Third, there is no need for a complex system of
thermostating and cooling units.

The purpose and objectives of the study — to investigate the throttling and
launch processes of the rocket engine running on hydrogen peroxide - kerosene, as
well as the formation of recommendations for the design of modern rocket
propulsion systems, taking into account trends in the market of the launch services.

The object of the study is rocket engines running on fuel components hydrogen
peroxide — kerosene.

The subject of the study is a method of rocket engines thrust chamber
manufacturing; processes of thrust chambers (TCh) cooling organization; static and
dynamic processes occurring in rocket propulsion systems. Also the internal tank
processes that occur during the inflation of the engine fuel tanks are the subject of
the study.

Research methodology — methods of solving nonlinear boundary value gas
dynamics problems, numerical methods of integrating Cauchy problems during the
calculation of a liquid rocket engine (LRE) start-up, numerical methods of
thermodynamics equating system integration of variable mass and heat transfer
equations, the analysis of experimental data obtained after tests and method of
metallographic samples analysis, that were made on a 3D printer.

The introduction substantiates the choice of the thesis topic and the relevance
of the research, also, the purpose and objectives of the research are formulated. Its

connection with existing scientific programs and topics is shown, the scientific



novelty and practical value of the results are considered. Data on the applicant's
personal contribution, approbation of the study and publications are given. The
content of the study is revealed in five chapters.

The first chapter is devoted to the analysis of the world experience level in the
design of rocket engines, methods of LRE elements manufacturing and the
formulation of problematic issues. The approach to the development of LRE and
technical solutions used earlier has been studied. The most common classic engines
running on liquid oxygen components — kerosene, do not meet all modern
requirements and have a number of disadvantages, but there are no launch vehicles
that would run on environmentally friendly storable propellant. The necessity of
creating such launch vehicles is substantiated.

The analysis of the rocket and space technology development state as well as
the approaches to the elements of rocket engines manufacture, that was conducted,
has proved the following. Almost all the existing launch vehicles were not developed
exclusively for the space purposes, but had military requirements, which led to a
significant complication of the complexes. Methods of rocket engine components
manufacturing are outdated and do not meet any of modern requirements, because
they are expensive, not flexible and require significant investment in equipment.

Prototypes that could form the basis for the development of modern engine
systems running on environmentally friendly storable propellant have been
identified among the propulsion systems implemented in the past.

Modern methods of rocket engine parts production such as thrust chambers are
considered in the second chapter of the study. Examples of parts production and
testing by alternative manufacturing are given. The procedure of a thrust chamber
production by additive manufacturing using SLM technology is shown. This is an
innovative technology for the production of complex products using laser melting
of metal powder on 3D models developed in CAD systems. The operation of a 3D
printer is based on layer-by-layer surfacing of metal with a focused light beam. The

thickness of the layer depending on the material can range from 15 to 150 pm.



Recommendations for the elements design on SLM technology manufacturing
are formulated. Possibilities of auxiliary structures usage for production of
overhanging elements are revealed, and also suggestions on application of
constructive receptions for creation of the models which are self-supporting in the
course of construction on the 3D printer are given. Examples of elements developed
and tested by a number of fire tests are given.

In the third chapter peculiarities of additive technologies applying for cooling
channels manufacturing have been shown. First peculiarity is that wall surface that
IS in contact with the coolant is more rough than usual (Rz 40). Second peculiarity
Is that porosity of the wall is precent. Also, it was shown that using of hydrogen
peroxide is connected with other peculiarities such as lower flow velocity in the
channels and different shape of channels in comparison with the combustion
chambers which are cooled with kerosene. These factors lead to necessity of heat
flow rate calculation formula clarification.

In order to clarify this coefficient combustion chamber cooling was calculated
according to V. M. levlev method where heat flow coefficient is determined
according to the Nusselt-Kraussold formula. In this formula Nusselt number is
determined as n~Nu=0.021Re¢Pr°43.5. A hot fire test was conducted with data
acquisition of temperature in along the cooling channels. During the fire test the
difference between calculated and registered value of temperature increase have
been registered. In order to reduce the calculation error a clarified Nusselt number
formula have been offered nu = 0.0315Re%8pr043. .

Accuracy of the offered formula have been verified during hot fire test of 2.5
kN and 30 kN engines. A comparison of the calculated value of the heating of the
coolant with the value obtained during the fire test of the rocket engine chamber with
a thrust of 2500 N. The issues that can arise during the design of hydrogen peroxide-
cooled chambers are shown. It is shown that thermal decomposition of hydrogen
peroxide in the cooling path leads to low-frequency combustion instability. The
influence of the velocity of hydrogen peroxide in the cooling tract on the stability of

the rocket engine chamber is investigated.



In the fourth chapter the regulation of two schemes have been considered: with
full expense of oxidizer on the gas generator and with partial expense of oxidizer on
the gas generator. Mathematical modeling of motors of two schemes and their
comparison are performed. The ratio of the combined losses on the throttle installed
on the supply line of the chamber with hydrogen peroxide and the combined losses
on the throttle supply of the gas generator with hydrogen peroxide is introduced. It
is proved that under conditions of significant excess of oxidant, the proposed scheme
with a partial consumption of highly concentrated hydrogen peroxide per gas
generator has qualitative advantages over the "classic" scheme, where all the oxidant
Is gasified in the gas generator.

A mathematical model of rocket engine operation with partial mass flow of
oxidizer per gas generator has been developed. It is shown that in closed cycle
engines with partial consumption of hydrogen peroxide on the gas generator thrust
control must be performed with two chokes.

Also, in the fourth section the pressurization of fuel tanks of rocket engines by
decomposition products of hydrogen peroxide is considered. A thermodynamic
relation is derived without which it is impossible to organize the supercharging of
fuel tanks without the occurrence of volumetric condensation of water vapor.

The fifth chapter presents mathematical models for calculating the start
transience of a rocket engine, with particle oxidant consumption per gas generator.
It was shown that product variation of temperature and gas constant leads to a huge
error of mathematical simulation. In order to determine this dependence a few tests

have been conducted. It was proven that in order to simplify the simulation the

RTequl .
1,1

formula may be presented as RT,,,, =
Mathematical modeling of different modes of a rocket engine start transience
are performed; the main factors influencing the reliability of a launch are identified;
the results of mathematical modeling of several launch modes are given.
The general statement of the problem of rocket engine start-up is described and
the mathematical model of dynamic processes of the rocket engine calculation is

described in general.



The calculation results of different methods of rocket engine launch are

presented and the main criteria influencing the reliability of a launch are revealed.

Keywords: highly concentrated hydrogen peroxide - kerosene, additive
manufacturing, cooling of combustion chamber with oxidizer, start and regulation

of rocket engine.
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