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C.C. Bacuris, K.B. TepHoBa
MO/JIEJTIOBAHHA BAYBY IIPOAYKTIB JETOHAIIIT
B HAJZI3BYKOBY YACTHHY COIIJIA

AHomauis. AkmyanbHicms memamuKku O0aHoi pobomu BU3HAYAEMbCA HEOOXIOHICMIO pO3POOKU
cucmemu YHUKHEHHSA 3IMKHeHHS pakemu 3 eeMeHmamu KOCMidyHo2o cmimms. Mema po6omu -
yucesnbHe MOOeOBAHHA npouyecy 80yBy nNpodykmig 0emoHayli 8 conio pakemHo2o 0BU2YHA.
OmpumaHo 3anexHocmi BIOHOCHOT 60K0BOT cusu 8i0 Kyma 8Aysy npodykmis 0emoHayii 8 Kame-
pY 320pAHHA 3 NAUHOM Yacy. Po32/1saHymo cmpykmypy NnomoKy 3a KapmuHamu po3nooiny wauo-
Kocmi 8 conni. Po3pobsieHa cxemMa MoOxe BUKOPUCMOBYBAMUCH 014 MAHEBPYBAHHS BEPXHbO20
CmyneHsa nepcnekmusHoi pakemu-HoCIf, 01 YHUKHEHHA 3IMKHeHHS ii 3 eleMeHmamu KOCMIYHO-
20 cMimmas.

Knto4osi cnosa: 80ys, 0emoHayiliHut 0BU2YH, 3AKPUMUYHA YACMUHGA, KepyBAHHS BeKMOPOM
msau, conJo.

ITocranoBka mpoOysemu. TeHmeHIii CydacHOro pakeToOymyBaHHSI mepenoba-
Yal0Th BUKOPUCTAHHS KJIaCTePHUX 3aMyCKiB. BisbIIiCTh CydaCHMX Ta MepPCIIeKTUBHUX
BEepPXHiX CTYIIeHiB paKeT-HOCiiB MOBMHHI BUBOOUTY Ha HABKOJIO3eMHi OpOiTH Y pi3Hi
TOUKM MPOCTOPY IO AeKiJibka KOCMiUYHMX alaparTiB pi3Hoi macu. [laHa cxema mpu-
Ba0/MBAa MaKCUMaJIbHMM BUKOPUCTAHHSIM TOTEHIlia/ly paKeTH-HOCisI, Xoua i Ma€ He-
nomiku. IIpu MocaimoBHOMY PO3BaHTaKeHHiI KOCMIUHOIO CTYIIEHs Bim 06'eKTiB pi3-
HMX MacC BMHMKAE OTO MacoBa acMMeTpis, TOMy Ha OKpeMUX [Oi/ITHKaxX MOJIbOTY Ha
CTYMiHb TiITUMYTb JOJATKOBi JeTepMiHOBaHi 30ypIOI0Yi MOMEHTH, BeJIMUMHA SIKUX
MOXKe B KiJibka pa3iB mepeBuIlyBaTu AomycTumi. lle 3ymMoBiI0€ HeOOXioHICTh B Ke-
PYIOUMX 3YCUJIISIX, SIKI MAlOTh MOPSIAOK TSATY MaplIOBUX ABUTYHIB BEPXHiX CTYIIEHIB,
110 He 3aBXIY eHepreTM4yHo BUTIOHO [1]. OKpimM TOro, MOX/INMBaA aBapiiiHa CUTyallis
yepes HeBiICTUMKYBaHHI OAHOTO 3 KOCMiUHMX amnapatiB. Taki BUNaaku Bigomi.

Ha cborofiHi 3aj1aua BUBeleHHS Ha OpOiTy KOCMiUHOTO anapaTy yCKJIaJHIOEThCS
po6eMOI0 KOCMiUYHOTO CMiTTS. ToMy B HaitO/MIsKYOMy MaiibyTHbOMY Ha CUCTEMY
KepyBaHHS Oyje IOK/IaZieHa He TibKM 3a/Jadya KepyBaHHS ITOJIbOTOM, HOTPUMaHHS
IIPOrpaMHOI TPAEKTOPIi PyXy, a /i MaHEBPU YXMUJIEHHS BiJ, KOCMIYHOTO CMITTS [2].
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[1st migBUILleHHST HAAilfHOCTi KepyBaHHS IIOJbOTOM pakeTu Ta ii crabimizarlii
Ha op0iTi HeoOXiHO, 100 3amaui MapMpPyBaHHS OJMHOYHMUX HE PO3PaxXyYHKOBUX 30Y-
pPIOIOUMX MOMEHTIB BUKOHYBaJia JOIIOMiXKHA CUCTeMa KepyBaHHSI KOCMIUHUM CTyTIe-
HeM pakeTu. KocMiuHi CTyreHi pakeT-HOCiiB B 6i/IbIIOCTi BUIAIKiB MalOTh BeJIMKUIL
oiaMeTp i Masly JOBXKUHY i, IK 00'€KTU KepyBaHHSI, XapaKTepU3yIOThCS BJIACHOIO M-
HaMiYHOIO Ta CTPYKTYPHOIO HECTIlKICTIO, Y 3B'SI3KY 3 UMM CYTTEBO 3POCTAIOTh BUMO-
I'M OO0 MBUAKOMil BUKOHABUMX OPTaHiB CUCTeMM KepyBaHHS, 10 TOUHOCTI BeJIMUMHU
Ta yacy [Jii kepywouux 3ycuib [3, 4]. [lapupyBaTu oJMHOUHI Hepo3paxyHKOBi 30ypio-
I04i MOMEHTH IIPOTMIOHYETHCSI HE TOJIOBHOIO KEPYKUOI0 CUCTEMOI0, a iHILIOK JOMOMi-
>KHOIO.

MeTa po60TH — UKceIbHEe MOJE/I0OBAHHS IIPOLIeCY BAYBY IIPOAYKTIB JeTOHAIIil
B COIUIO PaKeTHOTO ABUTYHA [IJIsI CTBOPEHHS aJbTePHATUBHUX CIIOCOOIB KepyBaHHS
BEKTOPOM TSITM PAKETHOTO ABUTYHA BEPXHbOTO CTYTIEHSI.

Haii6inb11010 MIBMAKOMIEI0 PY KePYBaHHI JIiTAJIbHUM aIllapaToOM XapaKTepusy-
€ThCSI ra3oauHaMiyHa cucteMa. IIpuHIUI ii po60TM 3aCHOBAHO Ha BAYBi B HaJ3BY-
KOBY UaCTUHY COIIA PiAVHYM UM rasy, iKuii B3a€MO/i€ 3 OCHOBHUM ITOTOKOM.

IeToHallist — 11e Mmpoliec BMOYXOBOTO IepeTBOPEHHS, 3yMOBJIEHU ITPOXO/IKEH-
HSIM yIapHOi XBUJIi 110 BMOYXOBili peuoBMHI Ta iHillialli€elo XiMiuHMX peaxiliii Bigpasy
3a Helo. BiH mpoTikae 3 MoCTiitHOIO AJ1s1 JaHOi BMOYXOBOi peuOBMHM i JJIsT JaHOTO ii
CTaHy HaJ3BYKOBOIO IIBUIKICTIO, SIKa JIeKUTh B AianasoHi 1,2 — 9 km/c. Ha Bigminy
Bif, TOpiHHS JeTOHAllisl MaJIO 3aJIEXKUTh BiJ 30BHIIIHBOTO TUCKY i TeMmriepatypu [7].
Tomy 3acTOoCyBaHHSI JeTOHAIlii B paKeTHUX IBUTYHAX T03BOJISIE HAOIM3UTYU XapaKTe-
PUCTUKM OPTaHiB KepyBaHHS A0 HEOOXiMHOTO PiBHS, IO JO3BOJIWIO 6 peanisyBaTu
CUCTeMM KepyBaHHSI KOCMIUHMM CTYII€HeM pakeTy 3 MOXJIMBICTIO aKTMBHOTO MaHe-
BPYBaHHS [IJIs1 YHUKHEHHS 3iTKHEHHS 3 eJleMeHTaMM KOCMi4YHOT'O CMITTS.

B po6orax [8, 9] mpoBeneHe uucenbHe MOMENIOBAHHS, B XOi SKOro 6ys0 BU-
3HAUeHO, 1[0 IOTepeuyHuii BAyB MPOAYKTIB JeTOHAaIlil JOIJIbHO pO3MilllyBaT Ha
3pi3si coruia. JlaHa CTaTTs € MPOAOBKEHHSIM OOCTIIKEeHb i 30pi€HTOBAaHA Ha BUBUYEH-
HSI CTPYKTYPM MOTOKY B COILI Mif yac ioro 36ypeHHs JeTOHaIliifiHO xBuiIen. Cxema
CUCTeMM KepyBaHHSI BEKTOPOM TSITM BAYBOM MPOAYKTIB JeTOHAIlii pigkoi BUOYXiBKM

B HaJI3BYKOBY UaCTHMHY COILIA ITPOiIFOCTpOBaHa Ha puc. 1.
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BH 1 - Bentuib; PT 1 - pegykrop THcky; (3K 1 — 3K 5) — 3BOpOTHi K/IanaHu,
EIK 1 - enexktpornrHeBMoKIanaH; [13K 1 — mpeHaskHO-3aIl00iKHMI KiIamaH;
(ETK 1 - EI'K 4) — enekTporigpokiaanaHu
PucyHok 1 — [THeBMoOrigpocxema CUCTeMU KepyBaHHS BEKTOPOM TSITU

Ha pifiKiii BUOYXiBITi

MopaentoBaHHS IIPOBOAMJIOCS B HECTALIOHAPHIN MJIOCKi MOCTAHOBIII IPU KyTax
o oci kamepu 3ropaHHs 90°, 60°, 45°, 30° Ta mapasneabHo oci, - 0°. Micile po3Tarry-
BaHHS IE€TOHAIlIIfHOTO ra3oreHepaTopa 3HaXoamI0cs 6M3bKO 3pi3y coruia. 3a IMpo-
TOTUIT BUOpaHo ABUryH 11/125 TpeTboro cTymeHs pakeTu-Hocist «lIukiaoH-3». Mope-
JIIOBAHHS MTPOBOAMIIOCS B MPUKIAAHOMY IporpaMHoMy maketi SolidWorks. Po3Bsizok
piBHsSHb HaB’e-CTokca B HbOMY peasli3yeTbCs METOIOM KiHlieBUX 00’eMiB. Uucesb-
HMM MOJIEJIIOBAaHHSIM OYyJIO BUSIBJIEHO, IO BIUIMB I€TOHAIliifHOI XBWIi HA OCHOBHMIA
MOTIiK rasy B COIUIi BUKJIMKAE Ba CUIOBMUX akTopu [8,9]. 151 meprneHAUKYISIPHOTO
BIIyBY Iepinit cuioBuii pakTop 00yMOBJIEHMIT peaKTUBHOIO CUJIOK TP BUKUIAHHI
MPOAYKTIB IeTOHAllil B COIIJIO Ta 30HOK MiJBUIIIEHOTO TUCKY Ha Tiil CTiHIIi, Ae pO3-
MillleHO OeTOHaliViHuii razoreHepatop. OCKiIbKM rasoreHepaTop 3HAXOAUTHCS Ha
3pisi coria, TO MPOAYKTU AeTOHAallil JOCUTh MIBUAKO MOKMUIAIOTh COIUIO. B 1eii yac
yaapHa XBUJIS AOCSTa€ MPOTUIEXKHOI CTiHKM i, BimOMBa0UMCh, CTBOPIOE 30HY ITiABU-
IIEHOT'0 TUCKY Ha Hiii. Ile mpyruit cumoBuii pakTop, IKUii 00yMOBJIEHMT 3MiHOIO PO-
3MOZI/TY TUCKY IO MOBePXHi comuia. Mloro BIIMB MPOSIBASIETHCS CTPUOKOM 3HAUEHHS
60KOBOI CMUIM B MPOTUIIEKHY CTOPOHY [0 3HaueHHs 6;1msbko 100 % (puc. 2). Moro
HampsIMOK CITiBIIaZa€ 3 HampsSIMKOM BIYBY NMPOAYKTIB JOeTOHallii, i 3BOPOTHIii A0
Nepuioro. Brpayawoun iHTEHCUBHICTD yAapHa XBUJIS 3 4YaCOM «BUHOCUTBCSI» ITOTOKOM
3 CoIjia. MPM L[bOMY Ha CTiHIIi, Ha SIKili pO3MillleHO OeTOHAlliliHMi1 ra30reHeparTop,
30HA MiJBUILEHOTO TUCKY TAaKOX 3MEHIIYeThCS. Lle 3HMKy€e KOMIeHCalil0 BUIIUBY
yAapHOi XBUJIi HAa MPOTMJIEKHINM CTiHIli, IO i BiZmoOpaskae€ThCsl CTPMOKOM BigHOCHOI
O60KOBOi cuM A0 3Ha4YeHHSsT 6113bKO 60 %. [Tpy BOyBi MPOAYKTIB JeTOHALIil 3 KYTOM
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MeHIMM Bif 90° yrapHa XBUIS He J0CSTa€e MPOTWIEXKHOI CTiHKM coruia. JIjisl KyTiB
30°, 45° Ta 60° rpadiku 60KoBOiI cuaM Moxi6Hi (puc. 2) i 06yMOBIIeHi miIe CTBOpeH-
HSIM peaKTMBHOI CMJIM BUXOAOM MPOAYKTiB JeTOHaIlil 3 ra3oreHepaTopa Ta J0Kajb-
HMM ITiABUILEHHSIM TUCKY Ha CTiHIli COIUIa Ha Tiil )Xe CTOPOHI, e pO3MillleHO ra3o-

reHeparop.
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PucyHOK 2 — 3aieXHiCcTh BiTHOCHOI 60KOBOI CyIM Bif yacy

CTpyKTypy MOTOKY MO>XHA OL[IHUTU 3a KapTUMHAMM PO3IOAiTy IBUAKOCTI IO
corury. g kyra 90° Ta fJis iHIIMX BapiaHTiB BOHM IPMHLMUIIOBO Pi3HATHCS, TOMY
npoaHaisyemo aBa sunagxu - 90° ta 45° (puc. 3, 4).

B 060x BuItagKax BUXiJ MPOAYKTIB JeTOHAIlil iHillil0o€ yIapHY XBUJIIO BEJIMKOI
IHTEHCUBHOCTI, SIKa TepeMilyeThCS IMMPOTHU HAZ3BYKOBOTO MMOTOKY, raJibMyKUM OrO.
[Ipy 11bOMY 3a yAApPHOK XBUJIEID POCTe TUCK i, BiAMIOBIAHO, HA CTiHI[i 3’SIBJISIETHCS
60koBa cuja. 3a BeKTOpaMi IMBUIKOCTI Ha 3pi3i coria MOXKHA CYIOUTH, 0 KpiM po-
3Oy TUCKY OOKOBY CMUJTY TaKOK CTBOPIOE 3MiHEHMII TTOTiK rasy 3 cormia, ToOTO IIe
HeBim’eMHi yacTvHM omHOro mporecy. s kyra BAyBy 90° Takoxk BUIHO Bim6uTTS
yIOApHO1 XBWJIi BiJ, IPOTUJIEXKHOI CTOPOHU. TaM TaKOX raJibMy€TbCS MOTIK, ITiABUIILY-
€ThCSI TUCK i CTBOPIOETHCSI OOKOBA CIJIa, ajie OCKiJIbKM BOHA Ha MPOTUJIEKHIN CTiHIIi
COIuIa, TO 1 HANpsM ii MpOTUIEXHUI. BOHa KOMIIEHCY€E IMITy/IbC, OTPMMAaHMI1 KaMe-
POI0 BiJ, TTOYATKOBOT'O PO3IOBCIOJIKEHHS YIapHOI XBWJIi i BUXOAY Macu 3 ra3oreHe-
patopa. 3 4acOM iHTEeHCUBHICTb yIapPHOi XBWIi 3HUKYETHCS, IBUAKICTh 3MEHIIYETh-
Cd 1 ITOTiK «BMHOCUTD» i1 3 coIuia. B 060X BMUITafKaxX BUOHO 3HMKEHHS IIBMIKOCTI Ha
3pisi i, BimmoBimHO, TArM. TOBTO € 3HIDKEHHS MUTOMOIO iMIyabCy. Moro mMoxxHa
KOMITEHCYBaTV peaKTMBHOK CWJIOIO BiJl BUKMIY Macy 3 ra3oreHepaTopa 3i mBUAKiC-
TIO, 1[0 JIEXKUTD B Aiama3oHi 5 - 7 KM/c. Ajie ToAi BUXiJ IPOAYKTIiB AeTOHAIlii MoTpio-
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HO OPi€eHTYBATM IO OCi Kamepu 3ropaHHs. [Ijis1 CTBOpeHHsS 60KOBOi CM/IM MOKHA BMU-

KOPUCTOBYBATU TLJIbKYU BIUIMB YAAPHOI XBUJIi HA HAA3BYKOBUI MOTIK.
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a) 1o meToHalliitHoro BayBy; 6) 0,0001c micist BoyBY;
B) 0,0003c¢ micss BayBy; r)0,001c¢ micist BoyBy
PucyHOK 3 — Po3mofin mBUAKOCTI IO COTUTY IIPY KyTi BAYBY 90°
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a) o meToHailliitHoro BayBy; 6) 0,0001c micist BoyBY;
B) 0,0005c miciss BoyBy; r) 0,001c micas BaOyBy.
PucyHok 4 — Po3mofis mBUIKOCTI IO COTUTY IPY KyTi BAYBY 45°
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OpHak, MOJe/IIOBaHHS TaKOr0 BUITaAKY MMOKa3aa0 AyKe Majie 3HaYeHHS iMITy-
JIbCy OOKOBOI CMJIM, OCKIJIbKM Yepe3 3HAXO/sKeHHS BUXOJy Ta30reHepaTopa Ha Kpaio
CoIlIa Ipollec B3a€EMO/Iii BimOyBaeThcs 3a 3pi3oM. TOMy HAaCTYITHMM KPOKOM B J0C-
JimKeHHI Moyke OyTM ONITUMIi3allisl MicIlsI pO3MillleHHSI Ta30TeHepaTopa, OPieHTOBA-
HOTO ITapaJiejibHO OCi Ccoria.

BucHOBKU

Po3po6sieHO cXeMy CUCTeMM KepyBaHHSI BEKTOPOM TSIM pPaKeTHOTO JBUTYHa
BIUIMBOM [EeTOHAIIiiHOI XBWJIi Ha MOTiK ra3y B ioro cormui. [IpoBegeHO uuce/ibHe
MOZe/II0OBaHHSI MpolieCcy BAYBY NPOAYKTIB JeTOHAIlil B COIJIO NP Pi3HUX KyTax Ha-
XUy AeTOHAIliifHOrO ra3oreHepaTopy OO Oci kamepu 3ropaHHsi. Po3pobiieHa cxema
BAYBY IPOJYKTiB JIeTOHAIlil B COIJIO MOKe€ BUMKOPMUCTOBYBATUCH IJISI MaHEeBPYBaHHS
BEpPXHBOT'O CTYIIEHS TEePCIeKTUBHOI paKeTU-HOCis, IJisI YHUKHEHHS 3iTKHeHHS ii 3
eleMeHTaMM KOCMi4YHOT'O CMITTS.
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Study of the flow structure during the injection of detonation products
into the supersonic nozzle
The gradual unloading of the space stage by undocking objects from it or an emer-
gency situation due to the undocking of one of the spacecraft leads to mass asymmetry. In
outer space there is also the problem of the collision of a space object with elements of
space debris. Therefore, the relevance of the topic of this work is determined by the need
to develop a system for avoiding the collision of a rocket with elements of space debris
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and controlling the flight, observing the programmed trajectory of movement. The gas-
dynamic aircraft system is characterized by the highest speed control. Injection of deto-
nation products into the supercritical part of the nozzle was used as a gas-dynamic sys-
tem. Modeling was carried out in the SolidWorks application software package. The pur-
pose of the work is to develop alternative methods of the thrust vector control of the up-
per stage rocket engine. The scheme of the system for the thrust vector control of a rocket
engine by the effect of a detonation wave on the gas flow in its nozzle has been developed.
The simulation was carried out in a non-stationary flat model at angles to the axis of the
combustion chamber of 90°, 60°, 45°, 30° and parallel to the axis, - 0°. The location of
the detonation gas generator was near the nozzle section. Numerical simulation revealed
that the impact of the detonation wave on the main gas flow in the nozzle causes two
power factors. The first force factor is due to the reactive force when detonation products
are thrown into the nozzle and on the wall of the high pressure zone where the detonation
gas generator is located. The second force factor is due to the change in pressure distri-
bution on the nozzle surface, where high pressure zone creates reflecting on it. The de-
pendence of the relative lateral force on the injection angle of detonation products into
the combustion chamber over time has been obtained. The structure of the flow according
to the patterns of the velocity distribution in the nozzle during the injection of detonation
products is also considered. In cases when the injection is blown at 90° and 45°, the re-
lease of detonation products initiates a shock wave of high intensity, which moves against
the supersonic flow, retarding it. The developed scheme can be used for maneuvering the
upper stage of a prospective launch vehicle to avoid its collision with elements of space
debris.
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