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AHOTAIISA

Emeyv M.B. MozentoBaHHs ra30MHAMIYHUX 1 TEIJIOOOMIHHUX MPOIECIB B IBUTYHI 3
[EHTPAJTHHUM TLIOM aBTO(aKHOI pakeTH.

Juceprariist Ha 3100yTTs cTymneHs gokTopa ¢igocodii 3a cremianpHicTIO 113
[IpuknagHna marematuka — J{HINPOBCHKUI HaIllOHAJIBHHMI yHIBepcuTeT iMeHl Onecs
I'onuapa, uinpo, 2025.

Jlucepraliiro NpUCBIYEHO PO3POOIIl MaTEMaTUYHOT MOJIEII Ta KOMIT IOTEPHOMY
MOJICIIIOBAHHIO  Ta30WHAMIYHUX 1 TEIUIOOOMIHHMX IIPOIECIB B  JBHTYHax
NEPCTIEKTUBHUX aBTOGaxKHUX pakeT. OCOOIMBICTIO TAKOTO 1HHOBAIIIHHOTO THUITY pPaKeT
€ Te, 1[0 B HUX KOHTEHHEPH AJIs MMajJuBa caMi € MajJbHUM, Ta CHATIOIThCS MPU POOOTi
JIBUTYHA.

CydacH1 pakeTH-HOC1i CTBOPEHI Ha OCHOB1 TEXHOJOT1¥ XX CTOITTS 1 MPU3HAYEHI1
JUIsl BUBEJICHHSI Ha OpOITYy KOPUCHUX BaHTaxiB Macor 10 10 toHH. OmHak icHyroYi
pakeTu He BIJIMOBIIal0Th HOBUM BUMOTaM, 30KpeMa I[0/I0 MaCOBOTO 3allyCKy HaHO- Ta
NIKOCYNYTHUKIB I 1HAyCTpiaii3allii HaBKOJIO3E€MHOIO TMPOCTOPY, a TaKoX
Hee(EKTHBHI JIJIS BUAAICHHS KOCMIYHOTO CMITTS 3 HU3BKHUX OpOIT. J{JIs pakeT JIerkoro
Ta HAJJIETKOTO KJIACYy TOCTPO CTOITh MpoOIeMa HU3bKOTO BIAHOIIEHHS MACH KOPUCHOTO
HABaHTAKEHHS 110 MOBHOI cTapToBOi Macu. Lli mpobmemMu MoxyTh OyTH pO3B’si3aHi
BUKOPHCTAaHHSIM aBTO(DKHUX paKET-HOCIiB, y SKHX KOHCTPYKIIIHHI EJIeMECHTH
(oOooHKK 0akiB) CIYIyHOTh MAJIBHUM. 3a PaxyHOK I[LOTO IMAacHMBHAa Maca pakeTH
3MEHIIY€ThCS, 30UIbIIYEThCA BHCOTa a00 AANbHICTh MOJBOTY Ta Maca KOPUCHOTO
HaBaHTa)KEHHs. X04a 1/1esi BAKOPUCTAHHS CTPYKTYPHHX €JIEMEHTIB PAKETH K MajJIbHOTO
BiJIoMa 3 KiHIA XX cTOpivus, J0Cl RKOAHY TaKy pakeTy He peani3oBaHO Yepe3 3HauHi
KOHCTPYKTUBHO-TEXHONOTTYHI TpyaHOIIi. OIHIEI0 3 TOJIOBHUX MEPEIIKOA Ha MUIIXY
CTBOPEHHS aBTO(aXHOi pPaKeTH € BIJCYTHICTh €(QEKTUBHOIO [1H0YOro JABUTYHA

BI/IMOBITHOT KOHCTPYKIIIi.



VY Berymi Ta po3aini 1 guceprariiitHoi poOOTH MPOBEICHO OIS JIITEPaTypH 3a
TEMAaTUKOI MaJIOTO0 PAKETHOrO HOCIA Ta KOHIEMNMIi aBTO(aXKHOTO JBHUTYHA.
[IpoananizoBaHo cy4acH1 TEHACHIIT PO3BUTKY HA/IJIETKUX 3aC001B BUBEJCHHS BAHTAXKIB
Ha OpOITY 1 MOKa3aHO aKTyaJbHICTh BUKOPUCTAHHS MOJTIMEPHHUX MAJIUBHUX O00OJOHOK
JUISL TIJBUINCHHS €(PEKTHUBHOCTI TaKUX pakeT. PO3MIAHYTO 1CTOPUYHI TMEpeayMOBU
CTBOpPEHHsI aBTO(GAXHUX PAKET Ta EBOJIONII0 BIAMOBIAHUX 1Jei. BHCBITIEHO
KOHCTPYKIIIFO €KCTICPUMEHTAIBHOTO aBTO(PaKHOTO PaKETHOTO IBUTYHA 3 IICHTPAIbHAM
TioM (Ta3udikariifHOI KaMepow) Ta Woro mpuHmmn podotu. Ha ocHOBI aHamizy
nyOsikamiii BU3HAYEHO OCHOBHI BIJIMIHHOCTI MiX aBTO(QQKHHMHU 1 TPaJAUIIHHUMHU
pPAaKeTHUMHU JIBUTYHaMH, OKpECJEHO chenudiyHl MnpoOieMu iX MaTeMaTu4HOIOo
MOJIETIIOBaHHs (HETepepBHA Tojjada TBEPIOTO MOJIIMEPHOro MaynBa, ra3udikarlis B
KaMmepl, HasiBHICTb LIGHTPAJILHOTO TiJIa TOILIO).

Y po3aiii 2 npenctaBieHO PO3BUTOK aHATITUYHOI TEPMOJMHAMIYHOI MOJEII
3TOpPsIHHS TIOJIIMEPHOTO TMaJuBa B paKeTHOMY JIBUTYHI. B cTarioHapHoMy HaOIM>KeHH1
3alMCAHO CTEXIOMETPUYHI PIBHSAHHS peakuli TOpPiHHS TMOJIETUIeHY 3 pPI3HUMHU
TBEpANMH OKHCITIOBa4aMHu (30KpeMa TEepXJopaToM JIiTii0, TEPXJIOpaTOM aMoOHIo,
HITparoM Kaiito). 3a JomoMororo mnporpamHoro kommiekcy ASTRA-4 (meton
MiHIMI3alli BUIbHOI eHeprii ['100ca) BU3HAYEHO PIBHOBAXXKHHUM XIMIYHMI CKJIaj
MPOJYKTIB 3TOPSHHS 1 PO3paXxOBAaHO OCHOBHI TEPMOJIMHAMIUHI MapaMeTpu Ta30BOi
cywminii (Temrieparypa NpoayKTiB, CepeHs MOJISKYJIsIpHa Maca, MUTOMI TEIIOEMHOCTI,
XapaKTepUCTUYHI MIBUIKOCTI Tomio). HaBeaeHO MOpIBHSUIBHMIA aHami3 OIepKaHUX
mapaMeTpiB IS PI3HUX TMap «IaJbHE—OKHCIIOBAY», 0 JIO3BOJWJIO OILIHUTH
MEePCIEKTUBHICTh KOXKHOI 3 KOMOIHAIII.

Y po3aini 3 ommcaHo wMareMaTWyHy MOJENbh CTalllOHAPHUX MPOIIECIB
TEIJIOMacOOOMiHY Ta Ta30BOi JUHAMIKH B KaMepi aBTO(aXHOTO PAKETHOTO JBUTYHA 3
BHYTpIIIHIM ra3udikaropom (LeHTpaibHUM KopnycoM). Ha ocHoBI 1iei mopemi
CTBOPEHO JI€TallbHy TPUBHUMIPHY KOMIT IOTEPHY MOJENb Teuli ra3y, peaji3oBaHy i3

3actocyBa"HsM MetoaiB CFD B cepenoBuii ANSYS Fluent. Onncano KOHCTPYKIIiFO
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PO3PaxXyHKOBOI 00JIaCTi, IO BKIJIIOYAE KaMmepy B3TOpSHHS 3 IEHTPAJbHUM TUIOM,
KoH(y30pHO-nU(y30pHy uYacTuHy corma JlaBansa Ta AUIAHKY 1032 COIUIOM JUIS
MPaBUJIBLHOTO 33JaHHs TpaHUYHUX yMmoB. [limiOpaHo CITKOBY MOJENb Ta MapameTpH
TypOyJIEHTHOCTI, MNpPOBeJAeHO Bepudikalio Moaenai. BUKOHAHO cepilo YUCETbHUX
€KCIIEPUMEHTIB JUIsl PI3HUX PEXKHUMIB POOOTH JBUTyHA. Y Pe3yabTari OTPUMAHO MO
napamMeTpiB MOTOKY (THUCKY, TEMIIEpaTypH, MBUAKOCTI, TyCTHHH) B KaMepl Ta COILIi, a
TaKOXX  pO3MONLI  TEeMIeparypu B  CTIHKax LEHTpaJbHOro  rasudikaropa.
[IpoananizoBaHO CTPYKTypy Teuii MOOAM3y IIEHTPAIbHOTO Tila Ta Yy COILIL:
BCTAHOBJICHO, 1110 HAsBHICTh IIEHTPAJIbHOTO Ta3udikaropa ¢hopMye KiJTbLEBUH TMOTIK,
MPOTE HE MEPEIIKOKAE TOCATHEHHIO HA/13BYKOBO1 BUTPATH ra3iB 1 HEOOX1THOTO TUCKY
B KaMmepl 3ropsHHA. Po3paxoBaHO TeIJIOBI TMOTOKM Ha TIOBEpXHI Ta3udikaropa:
MaKCHMaJIbHa TYCTHHA MOTOKY Ha MEpelHi 4acTuHI1 razudikaniiiHoi KaMepu csrae
~1076 B1/M?, 1110 BKa3ye Ha HEOOXIJHICTh TEIUIO3AXUCTY Li€l 30HU. 3a pe3yabTaTaMu
MOJICJIFOBaHHS BU3HAYEHO MIBUJIKICTh Ta3udikalii mojJiMepHOro najanuBa — 0im3bko 20
MM/C, 9OTO JTIOCTaTHBO /ISl CTAJIOTO TOPIHHS Ta poOOTH NBUTYHA. TakoX moKa3aHo, 10
BUKOPUCTAHHS KOMIIO3HULIIT MOJTIMEPHOTO MaJbHOTO 3 TBEPAUM OKHCIIOBAYeM 37aTHE
3a0e3MeunTd MUTOMHUI IMIyasCc ABUTYHa B Mexax 240-280 c¢, ToOTO piBEHb,
CHIBCTAaBHUH 13 TpaauLiitHuMu TBepaonanuBHumMu P/ITT.

Y BucHoBKax c()OpMYIbOBAHO OCHOBHI PE3YJIbTAaTH JOCHIDKEHHS. 30Kpema,
MiTBEP/HKEHO TPalle3aTHICTh 1 BUCOKUN MOTEHIA KOHIIEMIi PaKeTHOTO JBUTYHA
aBroakHoro Tumy. HaBeneHo pexoMeHgamii 1040 BHOOPY KOHCTPYKTHBHHX
napameTpiB JABUTYHa (reoMmerpii rasudikatopa, marepiajaiB WOro BUTOTOBIICHHS,
CUCTEMH OXOJIOJKEHHSI) MJig 3a0e3NeueHHs €(PEKTUBHOTO TOPIHHS MOJIMEPHOTO
nanuBa. OKpecIeHO HAMPSIMKU MOJANBIIUX JTOCHIIKEHb, 30KpeMa eKCIIEPUMEHTAIIbHY
NEPEeBIPKY OTPUMAHUX YHUCEIBHUX PE3YyIbTaTIB Ta ONTUMIZAIII0 KOHCTPYKINT
aBTO(aXHUX JBUTYHIB HACTYITHOTO MOKOJIIHHS.

HaykoBa HOBH3HA OTPHMAHHUX pe3yJbTaTiB AMcepTaLii MOJIArae B po3po0ili

MIIXOAIB JI0 PO3paxyHKy BHYTPIIIHROOQTICTUYHUX Ta TEIIOOOMIHHUX IMPOIECIB IS
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HOBUX THIIIB JBUTYHIB, III0 BUKOPUCTOBYIOTH IEPCIEKTUBHE MOJIIMEpHE MaJIMBO, a
TakoX B aHami3l (yHKIIOHyBaHHS Ta3u(pikaliiHOl Kamepu Ta BHU3HAYCHHI il
KOHCTPYKTUBHHUX  XapaKTEpUCTHK JJs 3a0e3leueHHs €(QEeKTUBHOIO IPOLECY
razugikanii najguBa yepes3 TerIo0O0MiH 3 KAMEPOIO 3rOPSHHS.

3a J0MOMOror MNpOrpaMH TEPMOAMHAMIYHHMX PO3pPaxyHKIB Oyl0 BU3HAYEHO
BUXIJIHI TMapaMeTPpU Ta30BUX CyMilIeld MPOIYKTIB 3TOPSHHS TEPMOIUIACTUKIB Ta
BapiaHTIB TBEPAOI0 OKHCIIIOBaya: MepXjaopary JiTiio, NepXJIopary aMOHII0 Ta HITPaTy
kajito. CkIaZeHO MOPIBHSJIBHY XapaKTEpPUCTUKY BUXITHUX JaHUX AJI MOJAJIBIIOTO
MaTeMaTUYHOTO Ta KOMIT IOTEPHOIO MOJICTIOBAHHS.

OTpumaHi aHaMITHYHI 3aKOHOMIPHOCTI ILIOJO MPOIECIB TEIIIOOOMIHY MIX
ra3udikariiHo KaMepoIo Ta KaMepOoIo 3TOPSIHHS. Byiio BCTaHOBIIEHO TETUIOBI MTOTOKH
Ha MOBEpXHI ra3udikaliiiHoi kamepu. 3 BUKOPUCTAHHSAM METOJY TEPMIYHOIO aHali3y
Ha ycraHoBul STA 6000 Bu3HAYeHl TeMIlepaTypud TOpIHHA, EHEPreTHUYHI
XapaKTEPUCTUKH 1 IIBUIKICTh YHOCY MAacH MEPCIIEKTUBHUX MaTepiajiiB 1 KOMIIOHEHTIB
— BHCOKO- 1 HU3bKOMOJIEKYJISIPHOTO MOJIIETUIIEHY, O1JI0TO 1 CIPOTo MPONIJIEHY Ta TBEPIUX
OKHCJTIOBaYiB: TIEPXJIOPATy JITiI0, IEPXIIOPATy aMOHIIO Ta HITPATy KaJifo.

Ha ocnoBi pesynbrariB CFD MopentoBaHHS BCTAHOBJICHI 3aKOHOMIPHOCTI
(opMyBaHHS TEIJIOBUX MOTOKIB 1 pO3paxoBaHa MIBUAKICTh ra3uQikaliii MoIieTUICHY B
razuikaiiiitiii kamepi aBTo(aKHOTO JIBUTYHA.

[IpoBeeHO KOMITIEKCHY OIliHKY BHYTPINTHHOOATICTUYHUX XapaKTEPUCTHK
aBTO(haXKHOTO PAKETHOTO JIBUTYHA 3 MOJMIMEpHUM NanbHUM. [TokazaHo, 10 moeTHaHHS
MOJIIMEPHOT0 MaJIbHOTO 3 TBEPJAUM OKHCIIIOBaYEM 3a0e3Meuye JOCSITHEHHS MUTOMOIO
iMITynbCcy ABuryHa B gianaszoni 240-280 c. Po3paxoBaHo, 110 MIBUAKICTH razudikariii
nosiMepHoro manuBa (~20 MM/C) € MOCTaTHBOIO JUIsl CTiHKOI poOOTH JBUTYHA B
3aJJaHOMYy PEXHMi, 110 MATBEPIKYE TPAKTUYHY pPEasli30BaHICTh 3alpOTOHOBAHOI
CXEMHU.

Knwuosi cnosa: mamemamuumne ma uyuceivHe MOOENOBAHHSA, 2a3uikayis

npooyKmie po3Kkiady, NIAGIeHHs Noimepis, a3oeuti nepexio meepoo2o paxKemHo2o
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nanusa, eiopocazoounamira, meniooomin, CFD memoou, kamepa 320paHHs pakemHuo2o

08U2YHA, CONTIO 3 YEHMPATbHUM MIIOM, meepoe pakemue naiueo.



ABSTRACT

Yemets M.V. Modeling of Gas-Dynamic and Heat Transfer Processes in an Engine
with a Central Body of an Autophagic Rocket.

Dissertation for the degree of Doctor of Philosophy in specialty 113 — Applied

Mathematics. — Oles Honchar Dnipro National University, Dnipro, 2025.
The dissertation is devoted to the development of a mathematical model and computer
simulation of gas-dynamic and heat exchange processes in prospective autophage
rocket engines. A distinctive feature of this innovative rocket type is that the fuel
containers themselves are combustible, burning during engine operation.

Modern launch vehicles are based on 20th-century technologies and are designed
to deliver payloads weighing up to 10 tons into orbit. However, existing rockets no
longer meet new requirements, especially regarding mass launches of nano- and pico-
satellites for industrializing near-Earth space, and are also inefficient for removing
space debris from low orbits. Rockets of the lightweight and ultra-light classes are
facing a pressing issue of low ratios of payload mass to total launch mass. These
problems can be solved using autophagic rockets, in which structural elements (tank
shells) serve as fuel. This reduces passive rocket mass, increases flight altitude, range,
and payload mass. Although the idea of using structural elements of rockets as fuel has
been known since the late 20th century, such a rocket has not yet been realized due to
significant design and technological difficulties. One of the main obstacles on the way
to creating an autophagic rocket is the lack of an effective working engine of the
corresponding design.

In the Introduction and Chapter 1 of the dissertation, a literature review is
presented on the topic of small launch vehicles and the concept of the autophagic
engine. Modern trends in the development of ultralight payload delivery systems into

orbit are analyzed, and the relevance of using polymer fuel tank shells to enhance the
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efficiency of such rockets is demonstrated. Historical prerequisites for the creation of
autophagic rockets and the evolution of corresponding ideas are considered. The design
of an experimental autophagic rocket engine with a central body (gasification chamber)
and its operating principles are clarified. Based on the analysis of publications, the main
differences between autophagic and traditional rocket engines are identified, specific
problems of their mathematical modeling are outlined (continuous supply of solid
polymer fuel, gasification in the chamber, presence of a central body, etc.).

In Chapter 2, the development of an analytical thermodynamic model for
polymer fuel combustion in a rocket engine is presented. Stoichiometric equations for
polyethylene combustion reactions with various solid oxidizers (specifically lithium
perchlorate, ammonium perchlorate, and potassium nitrate) are formulated under
stationary approximation conditions. Using the ASTRA-4 software package (method of
minimizing Gibbs free energy), the equilibrium chemical composition of combustion
products and their thermodynamic parameters for various pressures, oxidizer-to-fuel
ratios, and combinations thereof are determined.

Chapter 3 describes the mathematical model of steady-state heat and mass
transfer and gas dynamics processes in an autophagic rocket engine chamber with an
internal gasifier (central body). Based on this model, a detailed three-dimensional
computational gas flow model was developed using CFD methods in the ANSY'S Fluent
environment. The computational domain configuration is described, including the
combustion chamber with the central body, a converging-diverging (Laval) nozzle
section, and an area beyond the nozzle to correctly set boundary conditions. The mesh
model and turbulence parameters were selected, and the model verification was
conducted. A series of numerical experiments were carried out for various engine
operation modes. As a result, flow parameter fields (pressure, temperature, velocity,
density) in the chamber and nozzle, as well as temperature distribution in the walls of
the central gasifier, were obtained. The flow structure near the central body and within

the nozzle was analyzed: it was established that the presence of the central gasifier
8



forms an annular flow but does not prevent achieving supersonic gas flow and required
combustion chamber pressure. Heat fluxes on the gasifier surface were calculated: the
maximum heat flux density on the front part of the gasification chamber reaches
approximately ~10"6 W/mM?, indicating the need for thermal protection of this area.
Based on modeling results, the polymer fuel gasification rate was determined to be
around 20 mm/s, sufficient for steady combustion and engine operation. It was also
shown that the use of polymer fuel compositions with solid oxidizers can provide a
specific impulse of the engine in the range of 240280 s, comparable with traditional
solid propellant rocket motors.

In the Conclusions, the main results of the research are formulated. Specifically,
the operability and high potential of the autophagic-type rocket engine concept have
been confirmed. Recommendations are provided regarding the choice of engine design
parameters (gasifier geometry, manufacturing materials, cooling systems) to ensure
effective combustion of polymer fuel. Directions for further research are outlined,
particularly experimental verification of the obtained numerical results and
optimization of next-generation autophagic engine designs.

The Scientific Contribution of the obtained results in the dissertation lies in the
development of approaches for calculating internal ballistic and heat transfer processes
for new types of engines utilizing promising polymer fuel, as well as analyzing the
operation of the gasification chamber and determining its structural characteristics to
ensure an effective fuel gasification process through heat exchange with the combustion
chamber.

Using a thermodynamic calculation software, initial parameters of gas mixtures
resulting from the combustion of thermoplastics with different solid oxidizers—Ilithium
perchlorate, ammonium perchlorate, and potassium nitrate—were determined.
Comparative characteristics of input data were compiled for further mathematical and

computational modeling.



Analytical relationships concerning heat transfer processes between the
gasification chamber and the combustion chamber were obtained. Heat fluxes on the
surface of the gasification chamber were established. Using thermal analysis methods
on the STA 6000 device, combustion temperatures, energetic characteristics, and mass-
loss rates of promising materials and components—high- and low-molecular-weight
polyethylene, white and grey polypropylene, and solid oxidizers: lithium perchlorate,
ammonium perchlorate, and potassium nitrate—were determined.

Based on CFD modeling results, regularities in the formation of heat fluxes were
established, and the polyethylene gasification rate in the gasification chamber of the
autophagic engine was calculated.

A comprehensive evaluation of internal ballistic characteristics of the autophagic
rocket engine with polymer fuel was conducted. It was shown that combining polymer
fuel with a solid oxidizer achieves a specific impulse in the range of 240—-280 s. It was
calculated that the polymer fuel gasification rate (~20 mm/s) is sufficient for stable
engine operation in the designated mode, confirming the practical feasibility of the
proposed design.

Keywords: mathematical and numerical modeling, polymer gasification,
decomposition products, polymer melting, phase transitions of solid rocket propellant,
gas dynamics, heat exchange, CFD methods, rocket engine combustion chamber,

central body nozzle, solid rocket propellant.
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3MICT

PO3/LJI 1. OTJISA JJITEPATYPU CTOCOBHO TEHJIEHIIIHM /IO CTBOPEHHS
JIETKUX PAKET HOCIIB TA IIMTAHHS PO3POBKHU JBUT'YHHUX
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BCTYII

OO0rpynTyBanHsi BHOOpPY TeMH aociig:keHHs. Ha cboroanimHiii neHb Ha
PUHKY KOCMIYHUX 3aIyCKiB ICHY€ CTaJWi MOMUT HA BUBEJCHHS HA HIU3bKI HABKOJIO3EH1
opOITH BEIHMKOI KITBKOCTI MIKPO-, HAHO-, TIIKO- Ta (PEMTO- CITyTHHUKIB. BIIBIIICTh TAKUX
3alMyKiB BIJOYBA€THCS 3a JIONOMOIOK BEIMKHUX PAKET, IO HE 3aBXIHU JO3BOJISIE
IIPOBOJINTH BUBEACHHS KOPUCHUX BaHTaXIB Ha OpOITY B ONIEPAaTUBHOMY PEKHMI 1 Ma€e
BHUCOKY BapTicTb. OTXke, aKTyallbHOIO € MpoOjieMa CTBOPEHHS UIIOBOrO 3acoly
JI0OCTaBKY HEBEJIMKUX BAHTAXKIB HA OPOITY.

OnHuM 3 NMEepCreKTUBHUX HAIPSMKIB pO3POOKH JIEHIEBIINX 3aC001B BUBEICHHS
KOCMIYHUX BaHTAXIB € PAKETH 3 MOJIMEPHUMHU CHATUMUMHU NATUBHUMHU 00O0JIOHKaMHU,
AK1 TAaKOX HA3MBAIOTHCA aBTO(PaXHUMU (BiJ] JJATUHCHKOTO autophagous — «Toi, 110
cam cebe noigae»). OCHOBHOIO OCOOJIMBICTIO IIMX PAaKeT € BUKOPUCTAHHS MAJIMBHUX
0aKiB 13 MOJIMEPHUX MaTEpialliB, K1 11 Yac MOJIbOTY CIIAIOIOTHCSA B KAMep1 3rOpsSHHSA
pakeTHoro nsuryHa. B JIHIIpOBChKOMY HaIllOHAILHOMY YHiBepcHuTeTi iMeHi Onecs
['onwapa Bmepiie po3poOJCHO MPOTOTHI JABHTYHA JUIsl aBTO(MaXHOI pakeTH, IO
MPOWIIIOB YCHIITHI CTEHJ0BI BHUMpoOyBaHHS. [IpoTe BU3HAUEHHS palliOHATHHUX
napamMeTpiB poOOTH TaKOTO JBUTYHA Ta ONTHUMI3allil KOHCTPYKTHUBHUX MapaMeTpiB
noTpedye MPOBEACHHS JOCHTIXKEHb TUIABJICHHS Ta ra3udikailii moJaiMepHOro najinsa,
o BiAOYBAEeThCA B CIEMialbHIA Ta3uQiKaIliiHIi KaMepi, a TaKOX JOCIIKCHHS
NpoLEeCiB Ta30BOI JWHAMIKM Ta TEMOOOMIHY B Kamepi JBuryHa. EdekTuBHUM
THCTPYMEHTOM JIOCII/KEHHSI B JIaHOMY BHUMAAKy € wmetonu uucioBoro ta CFD
MO/ICJTIOBAHHS TAKUX IPOIIECIB.

Crix 3a3aHayuTH, MO0 KOHCTPYKIliA KaMEpU JIBUTYHA, IO PO3TIIAIAETHCS, Ma€e
OCOOJIMBICTH y BUTJISIZII IIEHTPAJIBLHOTO Tila — rasudikamiitHoi kaMmepH, 10 moTpedye
CTBOPCHHSI HOBOI MaTeMaTW4YHOI MoOJeNi Ta TapaMeTPUYHUX JIOCTIIKCHb

TepMOTa30JJMHaMIYHUX MPOIECIB.
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Temoro mocnimxeHHs 1i€i poOOTH € po3poOKa MAaTeMaTUYHOI Ta YHUCEIIBHOL
MOJEII JJI1 PO3PAaXyHKY TEIUIOBMX Ta Ta30JMHAMIYHHMX MPOLECIB 13 ypaxXyBaHHAM
HAsIBHOCTI IEHTPAJIBHOTO Tija, IO BHUKOHYE (QYHKIIIO Tra3udikamiiiHoi KamepH.
3anponoHoBaHa MaTeMaTU4YHa MOJEIb TO3BOJISIE PO3PAaXOBYBATH MPOLIECH razu@ikailii
Ta TEIUIOBI MMOTOKU Ha MOBEPXHI razuQikamiiiHoi KaMepH, a TaK0X KOHCTPYKLIIO i€l
KaMepu Ta MPOIECH TOpPiHHS B aBTO(PaXHOMY IBHUTyHI. Pe3ynbraTé MoJenroBaHHS
MOPIBHIOIOTBCSL 3 YHCEIbHUM MOJICTIOBAHHSIM Ta EKCIEPUMEHTATbHUMH JTaHUMH,
OTPUMAaHHUMH I1iJl YaC BOTHEBUX BUIIPOOYBAaHb MPOTOTHUILY PAKETHOTO ABUTYHA.

OTxe, aKTyaJIbHICTh TeMH POOOTH OOYMOBIIOETHCS PO3BUTKOM TEXHOJOT1I
CTBOPEHHSI aBTO(aXHOI pakeTH, M0 MOTpedye po3poOKKM Mojenell Ta METOIUKU
PO3paxyHKy ra30IMHAMIYHUX 1 TETUIOOOMIHHUX MPOIIECIB B aBTO(PaKHOMY PAKETHOMY
JBUTYHI, 110 MOTPIOHO /JI1 BU3AHAYEHHS palllOHATbHUX KOHCTPYKLUIMHUX MapaMeTpiB
Ta napameTpiB TEPMOra30IMHAMIYHHUX IPOLIECIB B KaMep1 3TOPSHHS.

Mera auceprauiiiHOro AOCJHiI:KeHHHA € po3poOKa MareMaTuyHOI MOAENi Ta
NPOBEJCHHS YHCIOBUX JOCHIPKEHb JJisi BU3HAUCHHS palliOHAIBHUX MapaMmeTpiB
TEIUIOBUX 1 Tra3oJWHAaMIYHUX MpPOLECIB B PAKETHUX [BUTYHAX HOBOTO THUITY IO
BUKOPUCTOBYIOThH MOJIIMEPHE MAJINBO.

3aBiaHHA AMCEPTALINHOIO JOCTIAKEeHHS:

1. Buxkonatu ommsia iHdopmariii IOA0 TOCTIKEHHS aBTO(aKHHX pPaKeT-HOCIIB 1
MOJICJIFOBAHHS iX JBUTYHIB, OI[IHUTA €KOHOMIYHI MEpeBaru Ta MOTEHIIIMHI 001acTi
3aCTOCYBaHHS, y TOMY YHCIIi MPOAHAJi3yBaTy BapTICTh 3allyCKiB Ta albTEPHATUBHI
METOJIM BUBEJICHHS BaHTaX1B Ha opOity. [IpoBecTu aHami3 BIAMIHHOCTEHN ICHYIOUNX
MOJIENIEN pO3paxyHKy ABUTYHIB B1J] aBTO()A)KHUX ABUTYHIB, 30CEPEIMBILIN yBary Ha
OCHOBHHUX TMpoOieMax MOJEIIOBaHHS Ta30[MHAMIKM Ta TEIJIOOOMIHY, fKi
BUHUKAIOTH TIPU PO3POOIII WX MEPCTICKTUBHUX JIBUTYHIB.

2. OOpyHTyBaTH BHUXIJHI JaHl IS MAaT€MaTUYHOTO Ta YHUCEIBHOIO MOJIEITIOBAHHS
TErI0(I3UYHUX BIACTUBOCTEH IMOJIMEPHOTO MAajJbHOTO Ta TBEPAOTO PAKETHOTO

OKHUCJIIOBa4a B IIUPOKOMY TEMIIEpaTypHOMY Jiana3oHi, 30KpeMa MijJ yac GpazoBUX
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nepexoiB y razudikaiiiHii kamepi. 3A1HCHUTA TEPMOJUHAMIYHI PO3PAXyHKH IS
PI3HMX CKJIAJIB NaJdMBa 3 METOK BCTAHOBJIEHHS pallOHAJIbHUX MapaMeTpiB s
npoliecy TOpiHHS B aBTO(PaXKHOMY JIBUTYHI.

3. IloOynyBaTu KOMIT IOTEpHY MO Ta30JMHAMIYHUX 1 TEMJI00OMIHHUX TMPOIIECIB B
KaMmepl IBUT'yHa aBTO(aXHOI PakeTH, 3 YpaxyBaHHAM OCOOJIMBOCTI KOHCTPYKIIII Ta
nojayi majuBa B Kamepy. BHKoOHaTH mapamMeTpuydHi YHCENbHI JOCIHIIKEHHS
IpOLIECIB Ta30/MHAMIKU 1 TEIJI0O00MIHY B KaMepl JBUT'YHa aBTO(a)KHOI pakeTu 3
BUKOPHUCTaHHSIM po3pobienoi moaeni i CFD-monentoBanHs.

4. Ha ocHOBI JaHUX OOYHMCIIOBAJBHUX EKCIEPUMEHTIB BU3HAYUTH OCOOIMBOCTI
nepediry ra3oAMHamMidyHUX 1 TEIUIOOOMIHHMX MpPOLECIB B KaMepl Ta po3poOUTH
pEeKOMEHIaIlli 100 PpAaIlOHATFHUX TapaMeTiB Takux ImporeciB. Po3pobutu
pEKOMEH/1alli 111010 KOHCTPYKTUBHUX MapaMeTiB ra3udikadiiiHOi KaMepH Ta Kamepu
3TOPSIHHS IBUTYHA aBTO()AKHOT PAKEeTH.

O006’exT nocaigxenns: TepMoarHaMIuH, ra30JMHAMIYHI 1 TEIIOOOMIHI TTPOIIECH
KaMmepl JBUTYHA aBTO(aXHOI paKETH.

IIpeamer foc/igsKeHHsI: Ta30qWHAMIYHI, TEMEPaTypHI TMONSI B Kamepi
aBTO(aXKHOTO JBUTYHA.

MeTtoau AOCTiTKEHHSI: MaTeMaTUYHE MOJCIIOBAHHS Ta30WHAMIYHUX Ta
TEIUTIOOOMIHHUX TMPOIIEeCiB ropiHHSA Ta rasudikaiii naausa. UncenbHe MOACITIOBAHHS
TEIUIOBUX MOTOKIB Ha MOBEPXHI LIEHTPAJIBHOTO Ti1a. EKCriepuMeHTabH1 10CI1IKEHHS
METOJIOM TEPMIYHOTO aHami3y TermIo(i3udyHUX Ta EHEPreTUYHUX XapaKTEPUCTUK
MaTepialiiB paKeTHOTO TaJInBa.

JloCTOBIpHICT OTPMMaHUX Pe3yJbTATIB 3a0€3ME€UYIOThCS BUKOPHCTAHHIM
KJIACUYHUX (13MKO-MaTEMaTHYHUX MOJIEIIEH TEIJI000MiHY Ta CTUCINBOI Ta30IMHAMIKH,
o g00pe ampoOoOBaHi y MpakTUIll 1HXEHEPHOro MojentoBaHHs. [locTaHOBKHU 3aa4
c(hopMylIbOBaHI KOPEKTHO 3 YypaxyBaHHAM (I3MUYHHUX OCOOIMBOCTEN pobOTH
aBTO(paKHOTO PAKETHOTO JBUTyHA 3 LEHTpPAJbHUM TUIOM. YmMcenbHa peanmizalis

MoneNield 3iilicHeHa 3 BHKOpUCTaHHsAM HaaiiiHux MeroaiB CFD-monentoBaHHS.
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TouHicTh 00UYMCIIEHb KOHTPOIIOBAJIACS HUISXOM CITKOBOi 30DKHOCTI Ta MEPEBIPKH
€HEepPreTUYHUX OajaHCiB. Y3ro[KEHICTh pPE3ylbTaTiB 13 BIJIOMUMHU TEOPETHYHUMHU
MOJIOKCHHSAMHM Ta ONMyOJIKOBAaHWMH  JIOCHIDKEHHSIMH  IHIIUX aBTOPIB  TaKOXK
MIATBEPIKY€E HANIMHICTh 3pO0JICHUX BUCHOBKIB.

HaykoBa HOBU3HA 0/1ep:KaHUX Pe3YyJIbTaTiB:

1. Brnepuie mnoOynoBaHy 4YHCEIBbHY MOJENIb IO ONHKCYE Ta30AMHAMIYHI 1
TEMI000MIHHI IPOLIECH B KaMepl JBUTYHA aBTO(aKHOI pakeTH, sika Ha BIAMIHHY
B1JI BIIOMHX MOJIeJICH BpaXxOBy€ HasBHICTb MOJIIMEPHOTO ITAJIMBA, SIKE TIEPXOIUTh
13 TBEPJIOTO CTaHy B PIJKWH, 3A1HCHIOIOYM TETUIOBHH OOMIH 13 KOHCTPYKIIIEIO
LEHTPAJILHOTO TiJIa.

2. Bmepuie MeTogaMyu MaTreMaTUYHOTO Ta YHCEIIBHOTO MOJICIIOBAHHS JOCIIIKEHO
OpolecH Ta30JUHAMIKM 1 TeII000MIHY MPOAYKTIB razudikaiii HOBOTO
MOJIIMEPHOTO TMajuBa, IO JO3BOJMIO BCTAHOBUTH 3aKOHOMIPHOCTI PO3MOALTY
TEIJIOBUX 1 ra30/IMHAMIYHUX TOJIIB B KaMep1 IBUTYHA.

3. Brnepmie  MerogamMu = KOMII'IOTEPHOTO  MOJICIIOBAHHS — MHIATBEPIKEHO
e(eKTHBHICTh 3aCTOCYBaHHS Ta3u(IKOBAHOTO TOJIMEPHOTO TMAaJbHOTO IS
aBTO(aXHUX JIBUTYHIB. BCTaHOBIIEHO, 1110 TIOE€THAHHS MTOJIIMEPHOTO MAJTBLHOTO 3
TBEpAUMHU OKHUCIIOBAaYaMM 3a0e3leuye NUTOMHI IMITyJbC aBTO(aX)HOTO
pakeTHoro jBuryHa B giama3oHi 240-280 c¢. Po3paxoBaHO MIBHIKICTH
razugikanii mojgieTuieHy B ra3udikaiiiiHii kamepi aBToQpaxHOTo ABUTYHA, KA
crtaHoBuTh 20 mMM/c, mo 3abe3nedye ioro edekTuBHy podoty. [lomaTtkoBo
BpPaxoOBaHO ITIBUIIICHHS MacOBOi JIOCKOHAJIIOCTI PaKeTH 3aBJISKU BiJICYTHOCTI
METaJIeBUX MAJIMBHUX OaKiB.

IIpakTyHe 3HAYEHHSI OJEPKAHMX Pe3yJbTATIB TONSITaE B TOMY, BIEpIIE
po3pobieHa MareMaTHyHa Ta JeTali30BaHa KOMII FOTepHA MOJENb JJIsi BU3HAYCHHS
TEPMOTa30MHAMIYHUX MPOIECIB B Kamepi 3rOpsSHHS IBUTYHA HOBOTO THITY, SKHI
BUKOPHUCTOBY€E aBTO(haXHUN mpuHIUI. [le Mae Benuke npakTuyHe 3HAYCHHS, OCKITTBKH

JI03BOJISIE€ OLIIHUTH palliOHAIbHI KOHCTPYKTUBHI MapaMeTPH JiJisi BHYTPIIIHBOTO Tija —
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ra3udikiiiHoi KaMepu, KOMIIOHEHTIB TMajuB Ta KOHCTPYKIi cormia. PesymbraTn
JAMCEePTAIIHOTO JOCIIHKEHHS BUKOPHUCTaHI MiJl 9Yac po3pOOKU MPOEKTy aBTO(haXHOT
pakeTH 110 peani3yeTbes B paMkax rnpoekTiB Ha 6a3i [IHY imeni Onecs ['onuapa.

OcoOuctnii BHecok 3100yBaya. Bci OCHOBHI pe3yiabrard, BHKIAJIEHI B
OUCepTaliiiHIi  poOOTI, OTpHUMaHl aBTOPOM CaMOCTIMHO. Y mnyOmikamisx Yy
CHIBaBTOPCTBI O KOMIETEHIIIi aBTOpa HajlekaTh: (POPMyIIIOBaHHS OCTAHOBOK 3a/1a4,
PO3pOOICHHS] YHCENBPHUX AQITOPUTMIB JIA iX pO3B’SI3aHHS, a TaKOXX BHUKOHAHHS
BIJIMOBITHAX KOMIT IOTEPHUX PO3PaxXyHKIB 1 MOOya0Ba rpadiuHUX MaTepiais.

Anpobanisi pe3yibrartiB aucepranii. OCHOBHI pe3ylbTaTH AWCEPTAIlAHOI
poOOTH MOMOBIJATUCh HA TaKUX KOH(EepeHLIsX: AKTyalbHI MNpOOJIEeMH MEXaHIKU
CYLIUTBHOTO CEPENOBHINA 1 MIITHOCTI KOHCTpyKIii. — J(uimpo. — 10-12 xoBTHS 2019,
MixHapogHa MOJIOAIKHA HAyKOBO-TIpakTHU4YHA KoH(pepeHuia «JIroaquna 1 Kocmocy. —
Huinpo. — 15-17 kBitas 2020, International Astronautical Congress. — Dubai. —25—29
October, 2021.

3B’5130K po0OTH 3 HAYKOBUMH NPOTrPAMAMHU, IJIAHAMH, TEMAMH
JlocmiKeHHST 32 TEMOIO JucepTallii BUKOHYBAJIUCS 3TiTHO TJIaHIB HAYKOBOI POOOTH
JIHITPOBCHKOTO HaIllOHAIBHOTO YHIBepcuTeTy iIMeHi Onecst ['onuapa Ta B pamkax HJ[P
«TeopeTnuHe Ta eKCIEpUMEHTaJIbHE OOIPYHTYBaHHS aBTO()aKHUX IBUTYHHHUX CHUCTEM
BIJIBEICHHS  OO0’€KTIB 3  HHU3BKMX  HaBKOJIO3eMHUX  opOity,  2020-2022
(Ne n/p 0120U102254) ta HAP «O0rpyHTYBaHHS MPOEKTHO-0ATICTUYHUX MapaMeTpiB
HA/JIETKUX PaKeT-HOCIIB 3 MOJIIMEPHUMHU KOPITyCAMH 3 YpaxXyBaHHSAM aepOAMHAMIUYHUX
ta  rtemmodizmuHux  edexkTiB  Ha  arMocdepHid  mimsHIY,  2021-2023
(Ne n/p 0121U109770).

Crpykrypa Ta o0car auceprauii. [{ucepraris ckimagaerbcs 31 BCTymy, 3
PO3/11J1iB, BUCHOBKIB, CIMCKY BUKOPUCTaHUX JpKkepedn (72 HalitmeHnyBaHHs) Ta 1 qongarka.
[loBHuii 06csar poOot — 123 CcTOpIHKM (OCHOBHHMM TEKCT pa3oM 31 CXeMaMH 1

pucynkamu). [{uceprartis mictuth 31 pucyHok i 6 TaOIuUIIb.
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PO3/11 1. OTVISLI JIITEPATYPU CTOCOBHO TEHJAEHIII JO
CTBOPEHHS JIETKUX PAKET HOCIIiB TA TIMTAHHSI PO3POBKH
JBUT'YHHUX YCTAHOBOK SIKI BAKOPUCTOBYIOTh ABTO®AKHUIA
MPUHIIAT

1.1 Orasia cydyacHUX TeHAEeHIIH 3i CTBOPEHHA HAJIETKUX 3aC00iB

BHBEJICHHSI BAHTAKY HA HABKOJI0O3€MHY OpPOITY.

Cy4acHi pakeTu-HOCIi, 1110 BUKOPUCTOBYIOTHCS /JII BHUBEICHHS BAHTAXIB Ha
opOiTy, MalThb HH3Ky CHCTEMHHX OOMEXKCHBb, SIKI YHEMOXXIHBIIOIOTH 1CTOTHE
3MEHILIEHHS BapTOCTI JOCTYIy B KOCMOC. 3a pPO3paxyHKaMH €KOHOMICTIB, 100
paavKaidbHO 30UTPIIMTH MaciiTad BUKOPUCTAHHS KOCMIYHOTO IPOCTOPY, BapTiCTh
JIOCTaBKH OJHOTO KUIOTpaMa BaHTa)XXy Ha HHU3bKY HABKOJIO3EMHY OpOITy TMOBHHHA
3HU3UTHCS Ha 2—3 MOPSIKH BiJl TOTOYHUX 3HA4YEHB [1].

[Tonepeani cipobu peanizyBaru 6aratopa3oBl MMyCKOBI CUCTEMH HE MPUBEIH 10
Oaxxanoro pesynbrary. IIporpama Space Shuttle BusBuIacs eKOHOMIYHO
Hee(hEeKTUBHOIO Yepe3 HEOOX1AHICTh TPYAOMICTKOTO MIXKIIOJIbOTHOTO OOCITYTOBYBaHHS,
BHUCOKI PU3UKH 1 CKIaaHy iHGpacTpykrypy [2]. CydacHi komepiliiiHi Oaratopas3osi
pimmeHHs, 30kpema Falcon 9 xommanii SpaceX, 3HaYHO MIJBUIIUIN €(EKTUBHICTH
3aITyCKiB, O/IHAaK HaBITh Y IUX CUCTEMAaX MOBTOPHE BUKOPUCTAHHS MEPILIOTO CTYIICHS HE
no30aBiieHe 3aTpaT Ha TEXHIYHE OOCIYTOBYBAaHHS, TPAHCIOPTYBAHHA Ta MOBTOPHY
ceprudikauito [3]. Kpim Toro, tTaka mMozaenb Bce 1€ MOTpeOye MOTYX HOI CTapTOBOI
1HOPACTPYKTYpH Ta MATPUMKH BEITUKUX KOMaH]I.

3ycuyuist 31 3MEHIIIEHHS Macu KOHCTPYKIIiM 3a JOMIOMOTOI0 HOBHX Marepialis,
TaKUX K TUTaH, aJJIOMIHI€BO-JTITIEB1 CIIJIAaBU, BYTJICIIEBI KOMITO3UII11, I03BOJISIOT JIUIIIE
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4acTKOBY onTuMi3ailito [4]. KoHCTpyKTHBHA Maca KIIaCMYHUX 0araroCTyleHEeBUX PAKET
CTaHOBUTH NMpUOIN3HO 5—12% Bia MOBHOI cTapToBOi Macu [5]. baku, MiKCTyneHeBi
KOHCTPYKIIii, TETUIO3aXUCT Ta CUCTEMHU YIPABIIHHS 3QJIUIIAIOTHCS 3HAYHUM TATApPEM
JUISL 3aITy CKY.

JlonaTkoBOIO IPOOJIEMOIO € TOKCUYHICTh Ta €KOJIOT1YHA HeOe3IeKa TpaauLiiHuX
pakeTHUX maiauB. [IpoTAroMm necsATWIITh y PIAMHHUX CHUCTEMax BHKOPUCTOBYBAJIH
TOKCUYHI KOMIIOHEHTH, SK-OT HECUMETPUYHUM NUMETHITiIpa3uH (TenTui) y mapi 3
TETPAOKCHJIOM J1a30Ty, SKiI 3aJUIIal0Th XIMIYHO HEOC3MEeUHl CIIJAW NpH MaJiHHI
CTYNEHIB 1 MOTPeOyIOTh CHEllaJbHOro OOCIyroByBaHHS [6]. Y TBepaomaJMBHUX
JIBUTYHAX, 30KpEMa Ha OCHOBI IEpXJIOpAaTy aMOHIK0, MPOAYKTH 3TOPSHHS MICTSTh
xsopoBmicHi cnionyku (HCI, Clz), mo maroTh MKIJUIMBUN BIUTUB Ha atMocdepy Ta
310pOB's IepcoHay [7].

VY 3B'A3ky 3 onucaHMMH OOMEKEHHSMHM, YNpOAOBXK ocTaHHIX 10-15 pokis

aKTUBI3yBaJIMCS JOCIIKEHHS IIOAO CTBOPEHHS HaJuierkux pakeT-HociiB (PH),
3MaTHUX 3a0€3MeYUTH ONEpPATUBHI, 1HAMBIAYalbHI MYCKHM MajuX CYMyTHHUKIB. Lo
noTpedy CTUMYJIIOE€ CTPIMKE 3pOCTaHHS CETMEHTIB MIKpPO-, HaHO-, IMKO- 1
(heMTOCYITyTHUKIB, Maca SKUX MOXE CKJIaJaTH BiJ KiJIbKOX KUIOTpaMmiB J0 JECATKIB
rpaMis.
CydacHi HaHOCYNYTHHUKH, CTBOpPEHI Ha OCHOBI cTanaapty CubeSat, MaioTh po3mipu
10x10x10 cm 1 macy 1-6 k1, Tozi SIK KO- 1 pemToPopmMarr MOKYTh BaskuTu juiie 0.1—
0.01 kr [8]. Taki [#OCATHEHHS CTald MOXJIMBUMH 3aBISKH TMPOrpecy y
MIKPOEJIEKTPOHIIl, PO3BUTKY IHTETPOBAaHUX CXEM, MIHIATIOPHUX KOMYHIKAIIHHUX
MOJTYJIIB, @ TAKOK HOBHX JIKEPEJ eHeproXuBIeHHs. [Ipu bomMy 30epiraeTbcs 3AaTHICTD
CYIyTHUKIB BUKOHYBaTH CKJIQJIHI 3ajiadi: JAUCTAHI[IHHE 30HIAYBaHHS, TEpEIaBaHHS
JTAaHWX, HaBIraIlito, HayKoB1 €KCIIEPUMEHTH.

CrarucTuuHi JaHl MIATBEPKYIOTh IO TEHJEHII0. 3a JaHUMHU JOCTIKEHHS
Space Foundation [9], y 2022 pomi mnonam 90% CynyTHUKIB, 3amylIeHUX Ha

HABKOJI03eMHY OpOiTy, Hajexanu a0 kiacy <50 kr. 3rigHo 3 iHpopMailieto miaThopMu
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NanoSats.eu ta ananituku BryceTech [13], y 2023 poui Bxe noHaa 92% cymyTHUKIB
Manu Macy A0 50 Kr, mpu bOMY HalakTHUBHIIIMMU CETMEHTaMU OyiH amapaTH Kiacy
1-10 k.

Sk mokazaHo Ha pucyHky 1.1, e HaBeneHo rpadik pocTy 3aIlyCKiB PI3HHUX KJIAciB
CYIIyTHUKIB, OYIKYETbCS CTaJIMi TPEHJ Ha 30UIbIICHHS KUIBKOCTI ITYCKIB MaluX

anapariB 70 2035 poky.
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Pucynok 1.1 OminouHu MPOTHO3 3aMyCKiB MaIuX CymyTHUKIB [10]

Oco0nrBO IMHAMIYHUM € CErMEHT CYNMyTHHUKIB Macoro MeHiie 1 kr. Ha pucynky
1.2 moka3aHO OIIIHKY 3pOCTaHHS TMONUTY Ha Takl arapard, sKi BHMararTb
pPaANKaIbHOTO MEPEOCMUCIIEHHS MIAXO/IIB 10 MYCKOBUX IUIAT(HOPM.

[Iporuno3u NASA i Euroconsult cBimuats, mo 10 2030 poky KigbKICTh MaJUX
CYNyTHUKIB y CYKymHOCTi nepeBuiiuth 25 000 anapariB, mo copmye notpedy y
COTHAX IIOPIYHUX 3aIyCKIB caMe y opMmari iHAMBIAYaJTbHOTO OOCIYTOBYBaHHS MajuX

KJIIEHTIB.
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[Torpeba y uimboBux Manux PH 3ymoBrnena nucOamaHcoM MK KUTBKICTIO
BUTOTOBJICHHX MaJHMX CYIMyTHUKIB Ta iX MOXJIMBOCTSAMH 3amycky. CydacHa ITyCKOBa
1H(MpacTPyKTypa 3aJUIIAETHCS CJIa00 MPUCTOCOBAHOIO 70 BUMOT 3aIyCKy HaJIETKUX
CYNYTHHKIB. BUIBIIICTh TPagUIIMHUX pPAKET-HOCIIB, BKJIFOUAIOUM CUCTEMHU JIETKOTO
KJIacy, pO3poONsIUCS MAJisi BHUBEACHHS BaHTaXIB Macol y JAECATKH abo COTHI

KUJIOTpaMiB.

Nanosatellite launches with forecasts nanosats.eu
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Pucynok 1.2. Jlunamika 3amyckiB HaHOCyyTHHKIB (1-50 kxr) Ta mporuos g0 2027 p.

[11]

Benuka yacTHa MIKpOCYNYTHHKIB HUHI BUBOAMTHCS Ha OpOITY SK MOMMyTHUI
BaHTaX BaxXkux abo cepeanix PH, takux sk Falcon 9, Ariane 6 a6o Coroz-2.
BuBeneHHs o1HOTO a00 KUJIbKOX CynyTHUKIB TUITy CubeSat 3a 101oMororo Takux pakeT

3a3BUYall 3MIMCHIOETHCS y CKIIAJl KJIACTEPHOTO 3alyCKy, IO € HEOMEepaTUBHUM 1
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HEJOCTAaTHRO EKOHOMIYHUM pimieHHsIM. Takuii dopmar mnorpedye CIUIBHOTO
IUTAHYBaHHS, 0OMEXy€e MOXJIMBICTh BUOOPY OpOITH Ta YHEMOXKJIHMBIIIOE OIEPATUBHE
pearyBaHHs Ha 3aBIaHHS.

Lle He BiAMOBinae iHTEpecaM OIEparopiB MIKPOCYMYTHUKIB, SKI MPALIOIOTH Y
rajgy3six arpOMOHITOPUHTY, €KOJOTTYHOTO CIIOCTEPEKEHHS, aTMOC(PEPHUX JOCTIIKEHb
Ta KOCMIYHOT HayKH 1 MOTPeOYIOTh IIIBUIKOTO Ta THYYKOT'O JOCTYIMY JI0 OpOITH.

3a panumu Visual Capitalist [14], BapTicTh 3allyCKy 3MEHIIYETHCS, OJHAK
3aJIMIIAETHCS. BUCOKOIO ISl MaluX amapariB. Tabmur 1.1 umocTpye muTOMi BapTOCTi

3anmycky Ha HHO s tunoBux nerkux PH.

Tabnuys 1.1 [12]

e MinimaneHa
. . . BanTaxoniafioMHICTE, .
Pakera-Hocii Komnania, kpaina ir NHTOMA BAPTICTE,
aon. CHIA/kr
Pegasus XL Orbital Science corp., CLLIA 310 181 161
Alpha Firefly, CIIIA 434 19 868
Demi-Spite Microcosm, CIIIA 160 22 500
Electron Rocket Lab, CILIA 1 Hoga 150 49 000
JenaHmsa
GOLauncher2 Generation Orbit, CIIIA 40 62 500
Launcher One Virgin Galactic, CHIA 225 44 444
SOAR Swiss Space Systems, 250 38 400
Hleeiinapia
VLM-1 AEB and DLR, Bpaznms 1 150 66 bbb
INepmanis

VY 3B’A3Ky 3 LIMM aKTHUBI3YBAJIUCh JOCIIKEHHS 11100 CTBOPEHHSI HAJJIETKUX
paker-HocliB (PH), 3matHux 3a0e3neduTd 1HAMBIAYaJbHUNA MYCK MaorabapuTHOTO
KOPHUCHOTO HAaBaHTAKEHHA. Taki BUKJIMKMA BUMAararoTh BiJl 1H)KCHEPIB Ta BHPOOHHKIB
KOCMIYHOI TEXHIKM TMOIIYKY HOBUX TEXHIYHUX pIIIEHb 31 CTBOPEHHS JCIIEBUX Ta
HAJIMHUX 3ac001B JIOCTaBKM Ha HHU3bKI HaBKONO3eMHI opOiTH. OIHUM 3 TaKux

OpUTIHAJIBHUX PINIEHb € TMPOMO3UIlISA 31 CTBOPEHHS PaKeTH HAJIETKOTO Kiacy 3
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TBEPIOTIAJTMBHUM JIBUTYHOM Ha MoyliMepHoMY naiuBi [ 15, 16], abo aBrodakHoi pakeTu
— TOOTO paKeTH, sika CIATIOE BIIACHY KOHCTPYKIIIIO SIK ManuBo. Peamizaris aBrodakHoi
pakeTu cTaja MOXJIHMBOI 3aBISKH BUKOpUCTaHHA mnomiedeHiB sk manuBa [17]. Lle
JI03BOJISIE CYTTEBO 3MEHIITUTH 1HEPTHY Macy, YHUKHYTH CTYIICHEBOTO TOJLTY, @ TAKOXK
3ENIEBUTH BHPOOHMUIITBO Ta 3allyCK 3aBASKA MiHIMI3alll KUIBKOCTI €JIEMEHTIB
KOHCTPYKIIi.

BuxopucTtanus nojiMepiB HaQTOXIMIYHOTO TOXOXKEHHS B SIKOCTI MajuBa (y T.4.
MOJIICTUJICHIB) MOMKJIMBO 3aBISKH BHUCOKOi TEIJIOYTBOPIOKOUOT 37aTHOCTI TaKUX
pedoBuH [18]. B TemepimHiii yac po3poOieHo Oararo TEXHOJOTIM MO KOHBEpTarlii
MOJIIMEPIB, 30KpEMa MONIETHIECHY SIK, HU3bKOI TaK 1 BUCOKOI IIUIBHOCTI, Y PiJIKE NAJIUBO
[19]. OTpumaHe TakuM YMHOM piJKE MAJIWBO IIJIKOM TpPHJATHE, HAMPUKIAI, IS
BUKOPUCTAHHS B AKOCT1 AU3EIBHOTO najbHoro [20].

Bukopucranus noyieTuieHy BUCOKOI HIUTBHOCTI B IKOCT1 OJTHOTO 3 KOMIIOHEHTIB
najguBa sl TIOPUIHUX paKeTHUX JBUTYHIB pO3NISHYTI B poborax [21, 22]. B poboTi
[23] noniMepHe MajJrMBO MpPOaHATI30BaHI €KOJOTIYHI aCIEKTH MOJIMEPHUX MaJUB IpH
BUKOPHUCTaHHI B pakeTHHX JBHUTyHaX. OCOONMBICT, BUKOPUCTAHHS TMONICTHIICHY SK
TBEPJIOTO PAKETHOTO MAJIMBA MOJISITA€ B HEOOX1THOCTI ra3udikaliii nepea cnajieHHsIM B
KaMmepl 3ropsiHHA. 11 1pOoro, y KOHCTPYKIl BIAMOBIAHOTO ABUTYHA MEpea0avyeHo
crenianbHy rasu(ikaiiliiny kamepy, Temmeparypa B sKii csrac 450-550°C [24].
lNasudikamis sk manuBa, Tak 1 OKHMCHIOBa4a BiJIOYBAETHCSA Mij] BIUIMBOM BHCOKHX
temrieparyp. EdexkTtuBHICTE  poOOTH  JBUTYHAa  3aJIKWATh Bl  mepediry
TEPMOJMHAMIYHUX TPOIIECIB B pOOOYMX KaMepax JBUTYHA, [0 OTpedye MPOBEICHHS

BIJAIIOBIIHUX JTOCJIIKEHD.
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1.2 IcTopu4Hi mepexyMoOBH CTBOPEHHSI ABTO(PAKHUX PAKeT

Ines BUKOpHCTaHHS KOMIIOHEHTIB paKeTH SK JOJATKOBOTO TMaliuBa JIs
M1JIBUIIICHHS i1 eHEPreTUYHUX XapaKTEPUCTUK MA€ TOCUTh TpUBATY 1cTOpit0. OHUM 13
NepIINX [0 KoHUemnuito 3anpononysas FOpiit Kongpariok y 1929 poui. Bin BucyHnys
171e10, 110 Miciis BUXOAy OaraTocTyleHeBOi pakeTh Ha opOity 3emiii, BiAmpalnboBaHi
CTyIIEHI MOKHa Oyn0 0 po30uparu, MeperiaBisTH Ta BUKOPUCTOBYBaTH OTPUMAHUN
Marepiaja sSK MaJuBO JJIsS MOJAJIBIINX MDKIUIAHETHUX IOJIbOTIB. KoHApaTIOK Takox
pO3IIsiIaB MOXKJIMBICTH BUKOPHUCTaHHS TBEPIOTO BOJHIO, SIKMM TEpe] IMOAavyero B
JBUIYH migmaBaBcs 6 rasudikamii. [oro pospaxyHKH IIOKa3aid HPUHIIHIIOBY
MOXJIUBICTh MIKIUIAHETHHUX TOJIOTIB 3 BUKOPHUCTAHHIM DPAKETHUX TEXHOJOTIM Ta
BIJIOMUX Ha TOW dYac MarepiajiB, NPUIUIAIOUM 3HAUYHY yBary Macli pakeTu Ta
XapaKTEPUCTUKaM nanusa. [25, 26]

3HaYHUI BHECOK y PO3BUTOK 17IeH "caMOMOXuparounx" KOHCTPYKIIINA HAJIEKUTh
Opinpixy Haugepy. Bin OyB najkum NpuUXUIbHUKOM CIIAJIOBAHHS HE JIUMIIE PAKETHUX
CJICMEHTIB, TaKUX SK MiABICHI 0aKu, ajie i YacTHH JITAJbHUX anapariB, MPH3HAYCHUX
st atMoc(epHoi IUIIHKY MoNboTy (Kpuii, MoTopiB Tomno). Ilanaep chopmymntoBan
BUMOTHU JI0 METajiB, MPUIATHUX i CTBOPEHHS CHAIUMHUX €JIEMEHTIB, 1 HaBiTh
3alpoOTNIOHYBaB BUKOPUCTOBYBAaTHM IUIACTMAacHM Ta HEMETadd 3 METaJleBUMH
HamoBHIOBauamMu. BiH neTtanpbHO OmMMCaB HEOOXIJIHI arperatd s peaiizaiii 1boro
MIPOIIECY: «TUIABWIIBHUI KOTEID) 3 «TOMKOIOY, IO HATPIBAETHCS MPOAYKTAMH 3TrOPSHHS;
THKEKTOp JUIsl Tofayl po3IUIaBy B Kamepy 3TOPSHHS 3a JOMOMOTOI0 Ta30moiOHOTO
OKHUCJIIOBa4a; Ta MIAICpiBaHI TpyOONPOBOAM [Jsi TPAHCHOPTYBAHHS PO3ILIABIEHOTO
najgpHOTO. [laHaep mMpoBiB YHCIICHHI €KCIIEPUMEHTH 31 CTBOPEHHS Ta BUIIPOOYBAHHSI
JIETKUX CIUTaBiB HAa CHAJMMICTh, XapaKTEPUCTUKH YOTHUPHAATH 3 SKUX HABEIACHO B

OJH1H 13 Horo poOiT. Moro nocnimxeHHs Oyl 4aCTKOBO MOTHBOBAHI MEPEKOHAHHSIM,
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10 paKeTa BUKJIIOYHO Ha P1JIKOMY MaJMB1 HE 3MOXKE JOCITTH KOCMIYHUX IIBUAKOCTEH,
110, IMOBipHO, OyJIO TIOB’A3aHO 3 KOHCTPYKTUBHUMH OCOOJUBOCTSIMH MOTO KPHIIATOi
paketu. Hes3Baxaroum Ha crernudiky TOro 4acy, HOro KOHIEmIii 0araro B YoMy
NEPETYKYIOThCA 13 CyYacCHUMH TIPOEKTAMHU aepOKOCMIYHUX CHUCTEM. Baxiuso
3a3HaunTH, Mo K Llangep, Tak 1 Kormpariok po3misganu KOHCTPYKTHBHI €JIeMEHTH
NEPEBAXKHO SIK IOMOMIXKHE MaJMBO JI0 OCHOBHOTO piakoro. [27].

[meto MOINBHOCTI CHATIOBAaHHS BiAMpAaIbOBAHWX YAaCTUH paKETH TaKOX
BucnoBmoBaB Api lllrepudensn y cBoiii Bimomid mparli, Xxo4a ¥ HE HaJaBaB
KOHKPETHHX MPOIO3HUIIIH 00 peaizallii, 00MeXyunuCh 3ayBaXKEHHIM PO MOXKIIUBE
YCKJIQAHEHHS! KOHCTPYKLII.

Oxpemo BapTo 3rajilaTh IPOEKT KOCMIYHOTO Kopabis Banbrepa 'omana (prcyHok
1.3). Horo xonmenmisi mepenbadana CTBOPEHHsS KOpaOIs, KOPIYC SIKOTO TOBHICTIO
CKJIQJIa€ThCS 3 TBEPAOTO MallMBa 1 MOCTYMOBO 3MEHIIY€EThCA i Yac MOJbOTy. TBipHA
KOpITyCy Majla EKCIIOHEHIMHY ¢GopMy, a TOpiHHS BimOyBajocs O JuIe 3 TOPIIA,
3a0e3Meuyour MOCTIMHE MPUCKOPEHHS. ['0JIOBHUM HEIOIKOM Ili€l aMOITHOT CXeMHu
Oyia BIACYTHICTb KaMepu 3TOpSHHS, 10 HE J03BOJSUIO JOCATTH BUCOKOTO MHUTOMOTO

IMITYJIbCY, HEOOX1THOTO JJIsI BUXOAY B KOCMOC.
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Pucynok 1.3 — Kocmiunuit kopabens Bansrepa ['omana 13 cnanumuMm kopmycom [28].
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[Ti3H111€ 1161 BUKOPUCTAHHS PAaKETHUX KOHCTPYKLIH SIK MajlMBa 3HAXOIUIN CBOE
BIIOOpa)KEHHSI TEPEeBAXHO B TATEHTHIN JitepaTypi cepenuHn XX CTOJITTS.
Hanpuknaz, B onnomy 3 nateHTiB (Pat. 3127739 USA. Rocket Motor with Consumable
Casing / C.R. Miller, 1961) npononyBanacs pakera, ¢ 000J0OHKa MaIMBHOIO Oaka, 110
CKJIaJanacs 3 TBEpAOro NajabHOTO, MOJaBajjacs B KaMepy 3ropsiHHS Y TBEPIOMY CTaHI
32 JIONOMOTOI0 TBMHTOBOTO MEXaHI3My IO Mipl CHOpPOKHEHHS ii BIJl PIiJIKOTO
oKkHciroBada. [HI BuHAxX1THUKU Toro k mepioxy (Pat. 4703694 USA. Single Stage
Autophage Rocket /| M.J. Corbett, 1987) 3amponoHyBaiy CrHagtOBaTl KOMIO3UTHY
OOOJIOHKY TMajauBHOro Oaka (akenamMu pakeTHUX JIBUTYHIB, BHKOPUCTOBYIOUH
THKEKTOpH JIJIsl oAyl MOBITPS Ta PEUKOBUN MEXaHI3M JUIsl MO/Ia4l PiAKOTO MaJIbHOTO
3cepenrHrd OOOJIOHKM B PyXOBY ycTaHOBKY. Came Ii aBTOpPH Ha3BaJld CBOIO PaKETy
«aBrodakHoto». Ll BmyuHa Ha3Ba BHUIAETHCA LIJIKOM MPUIATHOIO JUIS MMO3HAYEHHS
BCi€l CYKYITHOCTI MEPCTIEKTUBHUX PaKeT 3 BUTpPAdaHHSIM OOOJOHOK OakiB y Mipy ix

CIIOPO’KHEHHSI B1J piaKoro nanusa [28].
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Pucynoxk 1.4 — [Ipono3wurtis pakeTHOTO IBUTYHA 3 TBUHTOBOIO MOAAYEI0 OAKOBOT

ob6omnonku B K3 [28].
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Pucynok 1.5 — XBocTtoBa yacTrHa aBTO()aKHOI PaKEeTH 31 CAJIEHHAM 0aKOBOi

00010HKY (pakeraMu pakeTHHX JBUTYHIB [29].

OCHOBHUMH HEJOJIIKAMH 3TQJIaHUX paHHIX MaTeHTHUX CXEeM € HEOOX1JIHICTh
MNIATPUMaHHS BUCOKOTO THUCKY B Oakax (MpHU BUTHUCKYBAJIbHIM IMO/a4i) Ta HAsBHICTb
MeXaH13MYy JIJIsl To/1a4l TBEPA0i 00OJIOHKH B 30HY ropiHHs. [{ux HeoMikiB MOXKHA OyII0
0 YHUKHYTH IUISIXOM TIOTIEPEIHBOTO TUIaBlIeHHs a00 ra3udikailii MaTepiary 000JIOHKH
nepe]T HOoTo IO/Ia4ei0 B PyXOBY YCTAHOBKY. 3arajioM, 3 aHajli3y CTaHy PO3pOOKH pakeT
13 crlaJIeHHSIM a00 JUCKPETHUM BiJIKHIaHHSAM 00O0JIOHOK IAJUBHUX OaKiB BUILUIMBAE, IO
HaWOUIBII JOIIIBLHOO 1 OIM3BKOI0 JI0 TPAKTUYHOI peasizallii BUIIsSaae cxeMa Mmporecy
criajeHHs, 3ampornoHoBaHa @piapixom llangepom, sika mnepegdavae monepeaHe

PO3IUIABJICHHS TBEPJOTO MaTepiaty 1 HOTO po3Muil y Kamepy 3ropsiHus [28].
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1.3 Konuenuisi aBT0(pa:KHOI0 ABUIyHA

CxeMaTu4HO PO3MISTHEMO MPUHIUI YCTPOIO 1 poOOTH aBTO(aKHOTO ABUTyHA. B
paMKax I[i€l KOHIIEMIIii OyJ0 po3po0IeHO ABI OCHOBHI 1IHKEHEPHI peati3ali: riopuany
(3 plOAKMM OKHUCIIOBau€M) Ta 1HEpIiiHy (3 TBepauM okucioBadem) [30]. B o0b6ox
BUIAJKaX MaJbHUM € TEPMIYHO JECTPYKTOBaHI TEPMOIUIACTUKH, IO OJHOYACHO
BUKOHYIOTh (DYHKII1}0 0aKOBOT OOOJIOHKH.

I'iOpuana pakera 3 aBTO()aKHUM NPUHLIMIIOM il

VY 1iOpuaHiii cxemi pakeTa-HOCIH OCHAIILYEThCS BHYTPIIIHIM OakoM 3 PIIKUM
okucmoBaueM (Hanpukiaa, LOX, H20:), po3minieHUM KOakCiaJIbHO BCEpEeanH1
MoJIieTUIICHOBOI  00OJMIOHKM. B mporeci mompoTy 3agHs TOpIEBa YacTHHA
MOJIIETUIIEHOBOI OOOJIOHKH MIJAA€THCSl IHTEHCUBHOMY TEIIJIOBOMY HABaHTAKEHHIO Bij
razugikaniiinoi kamepu (I'K), BHacnigok 4yoro BinOyBaeTbes ii Miposi3 3 yTBOPEHHSIM
roptodoro raszy. OTpuMaHi IpOAYKTH ACCTPYKIIIT MOAAIOTHCS 10 KaMEPH 3TOPSHHS, ¢
3MIIIYIOTBCA 3 PIOAKUM OKHCIIOBaYeM, MOAAHUM 32 JOMNOMOIOK TypOOHACOCHO-
komnpecopHoro arperary (THKA).

Inepuiitna aBrodaxna pakera 3 TBepaMM OKHCJIIOBa4YeM

[mepuifina cxema mependadae BUKOPUCTAHHS — TBEPJOTO  OKHCIIOBa4a
(HampuKIIa, TMEepXJIopaTy aMOHII0 a00 KaNiiHOI CemTpu), KU pO3TaIlOBYETHCS Y
BUTJISIII CTPYOKHIB 200 TpaHyN y3[0BX BHYTPIIIHBOTO KaHaly pakeTu. llpu mpomy
razudikaiis MOJMIETUIICHOBOTO KOPITYCy IHIMIIOETHCS CTapTEpHUM 3apsaoM  ado
(GpOHTOM MOIYM s, SIKMI pO3IrpiBae TOpEIh KOPIMyCy, MPUBOASYH 10 MOTO TEPMIYHOI
nectpykiii. OTpuMaHi TOprOYi Ta3u MPOXOJATh YE€pe3 CUCTEMY KaHaJiB /10 KaMepu

3IroOpsAHHA, A€ PCAryr0Th 3 TBEPAUM OKHUCIIIOBAYCM.
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PucyHok 1.6 — BapiaHT KOHCTPYKTHBHO-KOMITOHYBAJIbHOI CXEMHU OJTHOCTYIIEHEBOL

criasimmoi PH 3 koMnpecopHo-HacOCHOIO nojavero nanusa [28].

Ha pucynky 1.6 no3naueHo:

1 — BiICIK KOPUCHOTO BaHTaXXy a00 Mmacakxupchbka KaliHa;
2 — GanicTUUHUNA a00 KpUJIaTUH CITyCKOBHI amapar;

3 — mpuIagoBUH BIJICIK;

4 — mapanryTHUH BiJICIK;

S —ra3oBa NOAYIIIKA;

6 — PIAKHIA OKUCITIOBAY;

7 — TBepaa moyriMmepHa 000JI0OHKA;

8 — TemeckomiyHa Oropa 3 MapHIPHO 3aKPITIICHOIO TOYIIKOIO;
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9 — mepecyBHe 0aKOBE JTHUIIIC;

10 — razoreneparop;

11 — obTrOparop;

12 — razudikariitna kamepa,

13 — nmarpiBau 3youacrtoi popmu;

14 — BX11 rapsiunx rasiB B HarpiBad;

15 — nBUryHHA YCTaHOBKA;

16 — BuXij rapsiuMx rasiB 13 HarpiBaua;

17 — 3a6ip razonoai0HUX MPOIYKTIB TEPMIYHOI IECTPYKIIIi MOJIETUIICHY;
18 — ra3oBa TypOiHa;

19 — xommpecop razonoAiOHUX NPOAYKTIB TEPMIUHOI JECTPYKIIi MOTIETHIICHY;
20 — HacOC OKHCIIOBAYA;

21 — TermI0130JIs111s;

22 — OTBOpH JIJIsi BUXOJly Ta30MOIIOHUX MPOAYKTIB MIPOJIi3y MOTIETUIICHY;
23 — KOJIEKTOp ra30Moii0OHNX MPOAYKTIB MIPOJIi3y MOJTIETUIICHY.

[Tomava manbHOTO Y IBOMY BapiaHTi 3A1MCHIOETHCS 32 PaXyHOK 1HEPIIIHHOT CHIIH
IIPH PYCi PaKeTH Ta TSATH JABUTYHHOI YCTaHOBKH, Ta JIJIs CyOOpOITaIbHOTO BUKOHAHHS
MOXE€ KOMIICHCYBAaTHCh 3a PaXyHOK EJEKTPHYHOI JOMOMIXHOI CHCTeMH moaadi 3a
BIJICYTHOCTI HACOCHHUX CHCTEM II KOHIICHIliS 3a0e3medye MiHIMI3allilo MacHh i

KOHCTPYKTUBHY IIPOCTOTY, aJie MOTpeOy€e TOUHOTO PO3pPaxyHKy JTMHAMIKHU Ta3udikallii.
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6)

<

a — rmepeJ cTapToM; O — Ha CTapTI; B — M1 Yac MOJIbOTY;

| — KOprCHUY BaHTaK;

2 — noniMepHa 000JI0HKA KOPITYCY PaKeTH;

3 — TBEpAUM OKUCIIIOBAY;

4 — ctinka I'K;

5-K3;

6 — o0TIOpaTopH;

'] — cTapTOBUU 3apsii;

8 — rapsi4i ra3u, yTBOPEHi 3rOpPSIHHSIM CTaPTOBOTO 3apsiy;

9 — raszomnoAiOHEe MaaUBO, IO YTBOPUJIOCS MPU TEPMIYHOMY PO3KIIAI KOPIYCY

pakeTu;
10 — musixu BUXoy razudgikoBaHoro nainusa B K3.

Pucynok 1.7 — BapiaHT KOHCTPYKTUBHO-KOMIIOHYBAJIbHOT CXeMH aBTO(aKHOT pakeTu

3 IHEPIIHHOIO MmoAaueto manusa [28].
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3anuiiemMo TUIOBI XapaKTEPUCTUKH JJIsl pakeT-HOCIiB B Tabmwmili 1.2.

Tabnuys 1.2. [28]

[IBuaKicTh, HEOOX1HA JJIs1 BUBEICHHS Ha OpOITY
o S 9400 M/c (HH3bKa
Veuml|l(BpaxoBye rpaBiTaiiifai, aepouHaMidHI Ta 1HIIT '
HaBKOJI03eMHa op0iTa)
BTpaTH)
o _ Big 1 mo 5 (3anexHo Bix
N |KuibkicTb cTyIeHiB .
rpadikis)
¢; |LLIBuaKicTh BUTIKAHHS 3 COIIA
rac + piJIKMil KUCEHb 3300 m/c
NOJIIETUJIEH + PIAKUN KUCEHb 3300 m/c
MOJIIETHIICH + TIEPOKCHU/] BOJTHIO 3000 m/c
n; |[louaTkoBe nmepeBaHTaXEHHS (IPUITYIICHHS ) 1
BigHomeHHs: Macu KOHCTPYKLIi OakiB A0 Macu
At; 0.07
MaJIHHOTO
BigHomeHHs: Macu BIJICIKY KEPYBaHHS 10 Macu
ay, 0.005
CTYTICHS
as; |BigHOmMEHHA Mach IHIIKMX BiACIKIB 10 Macu ctynens (0.01
y; |BimHomeHHs Macu IBUTYHA JI0 TATH 0.012

JInst TpaMIiiHOT pakeTU-HOCIS CIIpaBe/IMB1 HACTYIIHI CIiBBiHOIICHHS [28]:

Vsum
exp(—N—Ci —ai—pin;

1-a;

Hpay =

_ Q;tagi*as;
a = +——~—L
1+ati

N
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Vi
pi = .

o 1+ati;
e Hpgy — 1€ BIJIHOCHA Maca KOPHCHOTO HaBaHTA)KEHHS; TIOKA3ye, SIKMM BIJICOTOK BiJ
MOYaTKOBOi (CTapTOBOI) Macu pakeTH MpUNAJae HA KOPUCHE HaBaHTaXEHHs (Maca
KOPHUCHOTO HaBaHTAXCHHS TO/IIJICHA HAa TIOYaTKOBY Macy PaKeTH);
a; — Koe(]iIleHT, 0 XapaKTepu3y€e YacTKy MacH KOHCTPYKTUBHHUX €JIEMEHTIB 1-TO
CTYTICHS PaKeTH;
fi - KoedilieHT, 0 XapaKTepU3y€e YaCTKy MACH JIBUTYHA 1-TO CTYyIIEHS PAKETH.

3BEpHIMO yBary, 10 KOMIOHOBKA Mae OyTH TaHAEMHOK. SIK BHIHO, BEIMYUHA Lyqy

MEePEBAKHO 3JICKUTD BiJl KIHIIEBOT MBUAKOCTI pakeTu Vi, , KITBKOCTI cTymeHiB N, Ha
SIK1 TIOJIJIEHO PAKETOHOCIM, Ta IMBHAKOCTI BUTIKAHHS C; JJII KOXXHOTO CTYIICHS 1 (1€
JiTepa 1 mo3Ha4yae BIJIMOBIAHUHN CTYIIIHB).

Takox HeoOXiqHO BpaxoByBaTH KoedIIEHTH @; 1 f;, IKI B OCHOBHOMY BHU3HAYaIOThCS
MacaMu 0akiB, KOHCTPYKTUBHHX €JI€MEHTIB Ta IBUTyH1B. KpiM Toro, ciijl ypaxoByBaTu
MOYAaTKOBE NMEePEBAaHTAXKEHHS N; IBUTYHA, OAHAK JUJISl CIIPOLLEHHS NpuitMaemMo n;=1 st
BCIX CTYTICHIB.

Po3rnsiHeMo TUNOBUI pakeToOHOCIA 13 N CTYyNEeHSMH 3 XapaKTEepUCTHKaMH,
HaBesleHnMu B Tabmui 1.2, 1 moOyayemo rpadik 3aIeKHOCTI Hyqy Big N. Sk BUaHO 13
rpadika Ha pucynky 1.8, npu N=1 3Ha4YEHHA W,y € HEPEATI30BHUM, OCKIILKH BOHO
Bi1’eMHe. Ase BKe pu N=2 BEIMYMHA |15, CTAE JOAATHOIO. BOHA CTPIMKO 3pocTae, a
MOTIM MOCTYIOBO 3MEHIIY€EThCS. SIK MpaBuIlo, paKeTOHOCIT MalOTh HE OUIbIIE HIXK 2—3
CTyNE€HI — 3 MIPKyBaHb EKOHOMIYHOi JOIIBHOCTI, OCKIIbKH KOXKEH JIOAaTKOBHI
CTYIIHb CYTTEBO 301JIBIIIYE BapTICTh pakeTu [28].

SckpaBUM IPUKIAA0M € pakeTa «3eHIT». i1 BUBEIEHHS CyITyTHUKIB HA HU3bK1 OpOITH
BOHA BHUKOPHCTOBYE 2 CTyNEHi, a i BHCOKHUX OpOIT ab0 Ba)KKOTO KOPHUCHOTO

HAaBAHTAKCHHA — 3d4CTOCOBYETHCA 3-CTy1'I€H€Ba MO,)II/I(i)iKaIIiSI.
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Puc. 1.8. BinHocHa Maca KOpUCHOTO HaBaHTaxxeHHs 3Bu4aitHoro PH (rac + pinkuit

KHCEHB) 3QJIC)KHO BiJ KIJIBKOCTI CTyIIeHIB [28].

Jocmiaumo 3HadeHHs |, M08 aBToGaxHOI pakeTn. Boma He Mae TpaauiiiHuHX

najauBHUX 0aKiB, TOMY Yy BIANOBIIHUX (OpMyJax BIJCYTHIM mapaMeTp «;.

Vg N
Hapay = [exp (_ Nw ) - .Bini]

i

a; = ag, + As;
Bi =vi;
Ha rpadiky Ha pucyHKy 1.9 IpeaCTaBIeHO 3aI€KHICTD |y gy BiJl KIILKOCTI CTyNEHIB N

st aBrodaxHOl pakeTd. BumHo, MmO OAHOCTyneHeBa aBToakHa pakera €
peasi3oBHOIO Il BYIVIEBOJAHEBOTO TMAJILHOTO 1 MOXKE JIOCSTaTHh JIyK€ XOPOIIOTo

3HAUECHHS Wpqy, — Onu3bko 3%. [l MOpiBHAHHSA, 3BMYaiiHa OJHOCTYNEHEBA PaKeTa

noTpedy€e TUTbKM KPIOTE€HHOTO BOAHEBOTO MaibHOTO. J[BOoCcTymeHeBa (pO3IMIMPIOBAHA)
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BEPCisl aBTO(PAKHOTO PAKETOHOCIA MOKE 3a0€3MEYNTU LIE BUILY Wpqy — TMPUOITU3HO

4,5%.

0.05 - |
0.04
oay(N) 0.03
09
Hapay(N)
.ﬁ’}ay( 0.02
0.01
0
1 2 3 4 5
N

Puc. 1.9. BinHocHa Maca KOpUCHOTO HaBaHTAXXEHHS 3BUYaiiHOTO Ta aBToarnoro PH

(oOmaBa: rac + piIKH KUCEHB) 3aJIEKHO BiJ KIJTBKOCTI CTymeHiB [28].

[Ipore mpobnema BUKOPUCTAHHS TOJIETWICHY B KPIOTEHHOMY CEpEIOBHINI Hapasi
3aJIMIIAETHCS HEBUPIMICHOI. 3 1I1€i NMPUYMHUA MOXKHA 3aCTOCOBYBATH OKHCHUK 13
BHCOKOIO TEMIIEPaTypol0 KHITIHHS — Hampukiaf, nepokcun Boano (H20:2). YV takomy
pa3i MUTOMHI IMITYJIBC 1ICTOTHO 3MEHITY€eThCsl — npubnu3Ho 10 3000 m/c, 1 BIAMTOBIIHO
SHHIKYETBCA pgy. I'Padix HaBeneno Ha puc. 1.10. PisHULA MK [,g, aBTO(aKHOI
paketn Ta 3BuUYanMHOI mpu N=2...5 € He3HayHoro. lIpore 1 omHOCTymEHEBOI
aBTOGAXKHOT PAKETH g, TEPEBUIIYE 1%, WO € JyKEe XOPOIIMM PE3yJILTaTOM —

0COOJIMBO MOPIBHSHO 3 B1JI’ €MHUM 3HAYEHHSM JIJIs1 3BUYAHOT OJHOCTYIIEHEBOI PAKETH.
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Crni 3ayBakHTH, 110 KOMIIpECOp IS TOjAayl MOJIETHUIIEHY y Ta30moai0HOMYy CTaHi
Hapa3i me He po3pobneHuil. BogHowac KoHIEMIlSE aBTO(a)XKHOTO PAKETOHOCIS

3IIMIIAETHCS IEPCTIEKTUBHOIO JUTSI MOAAIBIINX JTOCIIHKEHD 1 TEXHIYHOT peaizarii.

0.05
0.04
—4
Hay(N)0.03
oo®
Haut(N)
max | 0.02
0.01
0
1 2 3 4 5

N

Puc. 1.10. BignocHa maca KOpucHOro HaBaHTakeHHs 3BuuaiiHoro PH (rac + pigkuii
kuceHb) Ta aprodaxknoro PH (rac + nepokcuy BogHio 98%) 3amexHo BiJl KITBKOCTI

cTymneHiB [28].

TakuM 9MHOM, BIACYTHICTH KOMIIpEcOpa JUIsl MOAadi MOMIETHICHY B Ta3onoaiOHOMY
CTaH1 YHEMOXJIMBIIIOE pealiizallito aBTo(paxHoOi pakeT Ha JaHOMY eTarll.

[Ipore icHye ramys3pb, 1€ BHKOPUCTAaHHS TAaKOrO KOMIpecopa HE € OOOB’S3KOBHM.
Mnerbcs Ipo ManoraGapuTHi CyIyTHHKH, IO MaloTh 3HAYHY BaXJIMBICTh JUIA HAYKH,
OCBITH, 3B’s3Ky Ta 1HIIUX moTped. BomHowac aiis 3amycky mManaux CynmyTHUKIB Hapasi
BIJICYTHI crieriani3oBaHi pakeToHocli. [1i1 «crnerianizoBaHuMuU» TYT MalOThCs Ha yBasi
TaKl pakeTH, sSKi HE MalOTh HAJJIUIITKOBOI BaHTAXXOIIIMOMHOCTI TTOPIBHSHO 3 MacoO0

KOPHUCHOI'O HABAHTAKCHHI.
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[IprunHa 1boro — macitabHuil e(peKT: HenponopuiiHe 3pO0CTaHHA MAaCH KOHCTPYKIIT
IIPY 3MEHUIEHH] TOYaTKOBOT MacCH PAKETH.

3riIH0 3 TCOPETHYHUMHU OIIHKaMH B [28], HalMEHIIUH MOXJIMBHUN 3BHYAMHUI
PAKETOHOCIH, 3AaTHUN BUBOIUTU NMPUOIM3HO | KI KOPUCHOTO HaBaHTaXKEHHs, Oye
MaTH CTapTOBY Macy ONHM3bKO 1 TOHHH.

Takum uMHOM, 1711 CTBOPEHHS PAKETOHOCIS 13 CTAPTOBOIO MAcOl0 MEHII HiXK 1 TOHHA,
MPU3HAYEHOIO JJIsl JIOCTAaBKM CYNyTHHKAa MAacOol MEHII HDK 1 KI, HEOoOX1JHO
3aCTOCOBYBATH HOBI TEXHOJIOT1T — 30KpeMa, aBTO(aKHUN MPUHIUI Y MOEIHAHHIL 3
€JIEKTPOMEXAHIUYHOO MOJJaueI0 MAJIBHOTO Ta MYJIbCYIOUUM PEXUMOM pOoOOTH JIBUTYHA.
CxemMaTnyHO JOIUIBHOCTI 3aCTOCYBaHHS aBTO(AKHHUX PAKET-HOCIIB y MOPIBHAHHI 13

TpaaUIIiHUMU 300pakeHo Ha pucyHKy 1.11.

M, > 1000kr

Mpq, > 1kr
TPaauLinHi
paKkeTun-
HocCii

MEXa

aBTOdaXKHI pakeTu-
Hocii (TBepaonanneHa KoHpirypauis)

nogibHo pakeTi-Hocito CLUA

nosiTpaHoro ctapty NOTS EV-1,

< 1Kr NPU3HaYeHOI ANA BUBEAEHHA
CYnyTHMKA macoto 1 Kr

M, < 1000kr

MP ay

Pucynok 1.11. Teopetnuna mexa Mix 00IaCTAMH 3aCTOCYBAaHHS TPAIUIIINHUX Ta

aBTO(haXKHHUX PAKET-HOCIIB 13 TBOKOMITOHEHTHUM TBEPIANM TTAJTHBOM.
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Ha pucynky 1.12 cxemMaru4HO 300paX€HO 3MEHIICHY EKCIEPUMEHTAIbHY MOJIENb
aBTO(aXXHOTO JBUTYHA, kUil BuripoOyBascs B IHY im. Onecs [onuapa. Ha pucynky
1.13 — rasudikamiiiny Kamepy Takoro JBUTyHa, Ta Ha pUCYHKY 1.14 — 3adikcoBaHo
NyTbCAlIHHANA PEKUM POOOTH JIBUTYHA TPH CTEHAOBUX BHUMPOOYBaHHSX. Takox Ha
pucynkax 1.15 - 1.16 — ¢ortorpadii Ta ommc mabopaTopHOi Mozaeni aBTO(PaKHOTO
JBUTYHA Ta CTEHJOBOTO JONOMIKHOro obnagHaHHs. OCHOBHMMHU €JIE€MEHTaMH Ha
pucyHky 1.12 € manuBHa TpyOKa 3 pO3MIllICHUM BCEPEANH1 OKUCTIOBAILHUM CTPHKHEM
(1, 2), a Takok Kamepa 3TOpPSHHSA pa3oM 13 rasudikaiiiiHoro kamepow (9, 12).
Enexrpoakryaropu mogayi (3) BUKOPUCTOBYIOThCS JUIsl MOJaul CTEP>KHS IMaliiBa B

KaMepy 3 BHYTPIIIHIM THUCKOM.

cross-section A-A B C

14 5 9 10
15
12
16 1 *.‘
1..4-"" 8
2
7

PucyHok 1.12. 1 — TBepae nonimepHe nasabHe; 2 — TBEPAUN OKUCNOBAY; 3 —
eNleKTpoMexaHiyHi Koneca nogadvi; 4 — obTiopaTop; 5 — 3BOPOTHI KNanaHu; 6 —
$OPCYHKM OKMCAIOBAYa; 7 — 3MillyBa/sibHA Kamepa; 8 — KpuLKa; 9 — Kamepa
3ropsiHHA; 10 — KaHanm 360py okucatoBayva; 11 — otBopm 360py OKMcatoBaya; 12 —
40



rasndikatop; 13 — conno; 14 — pikcyBanbHe Kinbue; 15 — KaHanm 36opy nanbHOro; 16

— oTBOpPWM 360pY NanbHoro; 17 — ¢opcyHKU nanbHoro [31].
T

a)

6)

PucyHok 1.13. MNasudikauinHa kamepa ans nabopaTopHoi moaeni aBTodaxkHoOro
ABWUTYHa: a) ocHOBA ra3udikauinHoi Kamepu; 6) i3 geTaneto HakpPMBAHHA KaHanis; B)

OCHallleHa NAaCTUHHUMM KnanaHamu; r) poboya KomnoHoBKa. [31].

PucyHok 1.14. CTon-Kagpw i3 Bi4e03MOMKN BOFHEBOTO BUNPOOyBaHHA moaeni

aBTOdarKHOro ABuryHa. 3adikcoBaHO NynbCaLiMHUIA peXxUm PpoboTH Ha YacToTi

6num3bKo 3, [32]
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Pucynok 1.15. CxemaTuuHe po3rairyBaHHs €KCIIEPUMEHTAIBLHOTO aBTO(aKHOTO

pPaKeTHOTro JIBUTyHa Ha BUIPOOYBaJIILHOMY CTEH/I1 Ta AOMOMIXHOTO 00saHaHHs [24].

Ha pucynky 1.15 no3znaueno:

] — mHEeBMAaTUYHMI IITOBXAY;

2 — BiicOKaMepH;

3 — 06aJI0H 3 BYIJICKUCIIUM Ta30M;
4 — GaJIoH 13 MPONaHOM;

5 - BUTSKKA TIPOYKTIB 3TrOPSHHS;

6 - OaJIOH 3 KHCHEM;

7 - 6aJI0H 3 a30TOM;
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8 - cTiHM, J1ax 1 ABEp1 BUMPOOYBAIIBHOTO OOKCY;
9 - mxepeo eIeKTPOXKUBICHHS,

10 - koTy1IKa BUCOKOI HAIPYTH;

11 - apoTH BUCOKOI HANIPyTH;

12 - myneT KEpyBaHHS;

13 - niHis HaTYMKa TEMIEPATypH;

14 - niHig JaTYMKaA TUCKY;

15 - peectparop naHux;

16 - 6GaIoOH 3 3aKHMCOM a30TYy.

Pucynox 1.16. [TanuBHMI CTpUKEHb CKOPOUEHU, BHACIIIOK 3TOPSIHHA B Kamepi

3ropsiHHS 1111 yac BunpoOyBaHHs (Ha 20 cm). 1 — pama, 2 — MHEBMaTUYHUN TWIIHAD, 3

— IITOBXa4, 4 — HampaBJstoya TpyOKa, 5 — MITOK MHEBMAaTUYHOTO IMIiHIpa [24].

I[J'Iﬂ IMOJICTHICHHSA ITIOYAaTKOBOI'O 3allaJIl0OBAHHA BHKOPHUCTOBYETBHCA HYCKOBI/Iﬁ

HarpiBay. [licis 3anoBHeHHs ra3udikaniiHoi KaMepu rapsyuM MajJbHUM B110YBa€ThCS
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HOTro 3aropsiHHA ¥ TOPIHHSA, BHACIOK YOTO MaJUBHUN CTPUIKEHDb MOYMNHAE TTOCTYIIOBO
BKOPOYYBaTUCh, 10 BUAHO HA (oTO HA pucyHKY 1.16. Ha pucynky 1.17 300paxeHo
JIBUTYH Ta CTEHJ0BE OOJaJHAHHS MOHENi aBTO(AXHOTO IBUTYHA, BUTOTOBIECHOTO
Emiem B.B. B 2012 porii, Ta Ha pucyHky 1.18 300pakeHO BHYTpIIIHIO Oy/OBY Ti€i
Bepcii IBUTYHA, CXeMaTHYHO MMO3HAYEHO OOJIaJHAHHS CTECHIY, Ta HaBEICHO (OTO BCIiX

HeTaﬂeﬁ CKCIICPUMCHTAJILHOI'O ABUT'YHA.

Pucynok 1.17. a) Crenpa ans sunipoOyBanHs 20-MM manuBHOTO cTepkHs B JIHY im.
Onecs ['onuapa; 0) cTomn-kajp i3 BiJIe03arnucy BOTHEBOTO BUITPOOYBAHHS MPOTOTHUITY

nBUTYHa. [33]
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Ha pucynky 1.17 nmo3naueno: 1 — pama; 2 — kaMmepa 3ropsiHHs; 3 — YIIUTbHIOIOYUT
BYy30J1 4 — HANpaBIIAIOYa TPyOa; S5 — CJICKTPUYHU THEBMOKJIATIAHU; 6 — TPOITAHOBHIA
0anoH; 7 — Ta30BUM PEeAYKTOp; 8 — KUCHEBUH 0ajoH; 9 — irHitop; 10 — mHEeBMAaTHYHMIMA
mToBxay; 11 — mHeBMaTHYHUN HWIIHAP; 12 — NIJTaHTH JOTMOMDKHHMX PO3IrpiBaIbHUX

raziB; 13 — a3oTHwmii 6anoH; 14 — qaTYuK TUCKY B KaMepi 3TOPSTHHSL.

(d)

Puc. 1.18. Kondirypaiist ekciepuMeHTaIbHOI YCTAHOBKH Ta il OCHOBHUX €JIEMEHTIB:
a) — MOYaTKOBE MOJIOKEHHS; (0) — KIHIIEBE MOJIOKEHHS: 3apsi/] NaJTbHOTO MOIAETHCS

B JIBUT'YH 3a JIOTIOMOTOI0 MTHEBMOLIUJIIHIpa [24].
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Ha pucynky 1.18 mo3HaueHo: 1 — cuioBa KOHCTPYKIIis; 2 — MHEBMAaTUYHUN IIAJITH/IP;
3 — mToBxay; 4 — 3apsAa MaabHOrO; 5 — NBUTYH. 301IbIIeHE 300pasKeHHS IBUTYHA
HaBeJIeHO B (B), a (hoTorpadii ioro yactua — y (T), ne: 6 — HampsMHA TPyOKa; 7 —
VIIUIbHIOBAJILHUH (priaHelp; 8 — ymiiibHeHHs; 9 — cTBou; 10 — TpyOKa 3 moJgiMepHUM
najgbHuM; 11 — cTpukeHb TBEpAOro OkKHcitoBaya; 12 — ¢uanens (HOpCyHKOBOL
roioBkH; 13 — ¢opcyHkoBa royoska; 14 — najguBHa TpyOKa cTapTOBOTO MaIbHOTO; 15
—TpyOKa CTapTOBOTO OKHUCIIOBada; 16 — oTBopuU IS naiabHOro; 17 — oTBOpU st
okucioBada; 18 — ogHOOOOMOHKOBA razudikaiiitHa kamepa; 19 — kopmyc kamepu
sropsiHas; 20 — rpaditoBa BcTtaBka; 21 — duanens cormna; 22 — tepmonapa; 23 —

TpyOKa JaT4ynKa THCKY.

46



1.4 Oco6,1MBOCTI paKeTHUX JABUTYHIB 3 HEHTPAJIbLHUAM TLIOM

SxicTb poOOTH IBUT'YHA, HOTO EKOHOMIYHICTD, @ TAKOXK MIPOAYKTUBHICTb IBUTYHA
B LIJIOMY 3aJICKUTh BIJ TEPMO- 1 Fa30/MHAMIYHMX MTPOLIECIB B KaMepl 3TOPSHHS 1 COIUT
JBUTYHA, JI¢ TEIJIOBA €HEPrisl MajiuBa MEPETBOPIOETHCS B KIHETUYHY EHEPTii0 pyXy
MPOAYKTIB 3TOPSHHS.

[cHye nBa OCHOBHHMX THIHM KOHCTPYKTHMBHHMX CXE€M PYXOBHX YCTaHOBOK, IO
BUKOPHUCTOBYIOTh IMOJIIMEPHE MAJIUBO: 3 KPYIJIMM a00 KUIBIEBUM COIUIOM. Y cXeMmi 3
KPYIJIUM COIUIOM MOYJIMBE BUKOPUCTAaHHS TPAAMIIINHOI KaMepH 3rOpPsSHHS 1 COIIa e
JlaBans, 1110 € mepeBaroxo Iiei cxemu peanizarii. Hegomikom miei cxeMu € He0OX1aHICTh
CHEIIaJIbHOTO KOHTYpY OOIrpiBy Kamepu rasudikaiii, KUl MOBHUHEH 3a0€3MEUYUTH
IIPOIIeC ACCTPYKIIT momiMepHOro maaupa. CxeMa 3 KUIbIIEBUM COILJIOM JIA€ MOYKJIUBICTh
PO3MICTUTH KaMepy razudikaiiii 0e3nmocepeHp0 B KaMepl 3ropsiHHA 1 00'eHaTH iX B
oJivH 0J10K. [le 3HauHO CIpoIily€e MTHEBMOT1IPABIIYHY CXEMY 1 MOJIETIIY€E KOHCTPYKIIIIO.
Buxoasuu 3 umx MipKyBaHb, A JBUTYHA, IO MIPALIOE€ HAa MOJIMEPHOMY MaJluBi,
JOLIJIBHOIO € CXeMa 3 KUIbLIEBUM cOTuIoM. OTKe, 0COONMBICTh KOHCTPYKIIIT MOJISITa€e B
nojiadi ra3u(ikoBaHOi MAJUBHOI CyMIlll B KaMepy 3rOPSIHHS 3 KaMepH razugikaiii, aka
CUMETPUYHO PO3TAIlIOBaHA B IIEHTPalibHIN yacTuH1 ABUryHa. Ha puc. 1.19 mokazano
3D-Mozenb kKamepu 3ropsiHHS 3rajlanoro Bulle ABuryHa PH Ha nmonimepHomy manuBsi.

B aepoxocMmiuHii 1HXKEHEpIi TakKi COIUIa Ha3UBAIOTHCS COTUIAMH 3 TICHTPATBHAM
koprrycoM [35]. OCHOBHOIO METOIO IEHTPAJIbHOT BCTABKHU (IIEHTPAIBHOTO KOPIYCY) €
KOHTPOJIb BeKTopa TAru. Coria 3 HeHTPaIbHUM KOPIYCOM IMOJETIYIOTh MOMIMIIEHHS
aCpOAMHAMIYHUX XapaKTEPUCTUK 3aBISKH OUIbII PIBHOMIPHOMY 1 TapalieTbHOMY
NOTOKY Ha BMXOJ, SIK AEMOHCTPYIOTh [36, 37]. OTxe, nepeBaraMu Takux COIEN €:

MOYKJIMBICTh CcTa01mi3a1lil MOTOKY B HEOOX1JHOMY HAampsIMKY; KOHTPOJIb TATH JIBUTyHA
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[UISIXOM PEryJIOBaHHS IUIONIl MOMEPEYHOro rnepepizy coria. BUKOpUCTaHHS TakKux

I[BI/IFYHiB AO3BOJIIE€ adallTyBaTH TATY 3aJICKHO BiI[ BHUCOTH I10JILOTY.

Pucynok. 1.19. Cxemarnune 300pakeHHsI IBUT'YHA aBTO(PaKHOI paKkeTU-HOCIS Ha
MOJIIMEPHOMY MajuBI: 1 — MaJMBHUI CTEPKEHb; 2 — KaMepa 3ropsiHHS; 3 —

razudikariiiina kamepa; 4 — corio [34].

IaTepec n0 comen 3 HEHTPAIBHUM TiJIOM 3 OOKYy KOHCTPYKTOPIB pPaKETHO-
KOCMIYHOI TexHIKM Bigomuii gaBHO [37]. OCHOBHOI MEpPEBAror0 TaKWUX COMEN €
MOJKJIUBICTh 3a0€3Me€UeHHs MapaiebHOrO 1 PIBHOMIPHOTO MOTOKY HAa BUXOl. Takum
YUHOM € MOXKJIMBICTH PETYJIIOBAHHS Ta30/IMHAMIYHUX XapaKTEPUCTUK COIUIA Tij Yac
nosboty [38]. Ha choromHi coria 3 1eHTpadibHUM OOMEKEHO BHUKOPHUCTOBYIOTHCS Ha
MPAKTHIII, 110 TIOB’SI3aHO 31 CKIQJHICTIO X BUTOTOBJICHHS, TPYIHOIAMHU OXOJIOIKCHS
[EHTPAJIBHOTO TiJla, a TaKOXX 4Yepe3 BIUIMB 30BHINIHBOTO IOTOKY Ha CTIHKICTh
HAJ3BYKOBOTO CTpyMeHs Ta3zy. [IpoTe, Taki comia € JHOCHTh NMEPCTICKTUBHUMH IS
PO3B’sI3aHHS OKpEMHX 3ajad, HaNpUKIaa JUId KaBiTamiiaux comen [39], abo mus
iHTeHcudikalii mpolecy KOHACHCAIllM B HAA3BYKOBHX COIUIaX ISl cemaparlii
npupoaHoro razy [40, 41].

BukopucranHs 1EHTpPaIbHOTO KOPMYCY 3HAYHO YCKJIAJHIOE KOHCTPYKIIIO 1
BHUMarae J0JJaTKOBO1 CHCTEMH OXOJIO/I>)KEHHSI IIEHTPaJIbHOI BCTaBKU. ToOMy ChOTO/IHI TaKi

COIUIa HE IIUPOKO BUKOPUCTOBYIOThCA B JaBuryHax PK. Comna 3 1eHTpaibHUM
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KOPITyCOM BHUKOPHCTOBYIOTHCS B KaBITALIMHUX MPUCTPOsiX abo maynbHuKax [39], ski
OpalOITh NPU HU3BKOTEMIIEPAaTypPHUX HaBaHTaKEHHSAX. BoaHodac mMoTeHuiNHI
nepeBarn BUKOPUCTAHHS TaKWX COMEJI B AaCPOKOCMIYHIN Taly3i CTUMYJIIOIOThH
AOCHipKeHHsT pymidHuX cucteM PK 3 BUKOpUCTaHHSIM LEHTPAIbHOTO KOPIIYCY.
3okpema, B pobotax [38, 42] npeacTaBiIeHO NepeBaru ABUTYHIB HA PIAKOMY MaJIUBI 3
[EHTPAJIBHUM KOPIYCOM 1 KUIBIIEBUM COIUIOM, @ TaKOXX OMUCAHO Cy4YaCHUW CTaH
JOCTiIKEHb Y IbOMY HAIPSIMKY, BKIIOYAIOYM BUBEICHHS Ha OpOITYy OJHOCTYIECHEBUX
PK. 3 inmoro Ooky, Ha BifIMiHYy BiJ BiJIOMHUX KOHCTPYKIIH cOmMea 3 IEHTPAIbHUM
KOPITyCOM, y MPEJCTaBJIeHIN poOOTi COIJIO HE MPU3HAYEHE JJIsl PETYIIIOBAHHS TATH, A €
HEOOX1THUM KOHCTPYKTUBHUM €JE€MEHTOM.

OTrxe, BHHMKAae IOTpeda B  MPOBEIACHHI  JIOAATKOBHX  JIOCIIKCHB
ra3oJlMrHaMIyHUX 1 TEIJIOBUX TMpPOLECIB B Kamepl aBTO(PaKHOrO JABUTYHA 3

HEHTPAJIbHUM TI1JIOM.
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BucHoBku 10 posaiay 1

1. Ha ocHOBI1 aHamizy JiTepaTypHUX HKEpesl BCTAHOBJIEHO, IO MEPCICKTUBHUM
HAIPSIMKOM 3/ICTIIECBIICHHS 3aITyCKIB MAJIMX KOCMIYHUX BAaHTAX1B € BUKOPHUCTAHHS
aBTO(haKHUX PAKET-HOCIIB 3 TOJIIMEPHUM NaIMBOM. Taka KOHIIEIIis repeadadae
CHAJTIOBAHHS KOPIYCY PaKeTH B SIKOCTI MaJbHOTO, 110 3MEHIIY€E Macy MacUBHUX
€JIEMEHTIB 1 ycyBae moTpely y 0araTrocTyneHEBOCTI, MOTCHIIIHO 3HIKYIOUH
BapTICTh BUBEACHHS KOPUCHOTO HAaBaHTAXEHHs Ha OpOiTy.

2. Bu3HaueHO OCHOBHI BIAMIHHOCTI MDXK aBTOQ@KHUMH Ta TPATULIMHUMU
PaKETHUMU JIBUTYHAMU Ta OKPECJICHO creludiyHi npoldiaemMu iXx MOAeIOBaHHS.
30kpeMa, i aBTO(PaXHOrO JBUTYHAa XapakTepHI HENepepBHA Iojada
MOJIIMEPHOTO MAJIBHOTO B IBUTYH (TpoI1iec ra3udikalii majibHOTo 6e3mocepeIHbO0
BCEpEIMHI KaMepH) Ta HAasABHICTh IEHTpaJibHOro Tina B coruii. lle Bumarae
BpaxyBaHHSI B3a€MOINOB’S3aHUX Ta30JJMHAMIYHUX 1 TEIIOOOMIHHUX MPOILIECIB
P MOJICNIIOBaHH1 TAKOTO JIBUTYHA.

3. Po3misHyTO 1Bl ajdpTepHATHUBHI KOHCTPYKTHBHI CXEMH JBUTYHA 3 IOJIMEPHHM
MaJuBOM: 3 OKPEMOI0 Ta3u]ikaliifHOI KaMepor 1 KPYIIIUM COILIOM, Ta 3
IHTErpoOBaHO0 Ta3u(DIKAIIHHOI KaMepow 1 KUIBLIEBUM COIJIOM HAaBKOJIO
HeHTpanbHoro Tina. IlokazaHo, no cxema 3 KUIbLEBUM COILIOM 1 IIEHTPAIbHUM
T1JIOM € ORI JOIUTBHOIO JIJ1s1 aBTO(aKHOTO PAKETHOTO JIBUTYHA, OCKIJTLKH BOHA
00’eqHye mporec rasudikailii MaJbHOrO 3 TOPIHHSAM B OJAHIN KaMmepi Ta
3a0e3neuye OUIBII PIBHOMIPDHUM, NapajlieNbHUNA BHUX1A MOTOKY. OJHak
BUKOPHUCTAHHS IIEHTPAIBLHOTO TiJIa 3HAYHO YCKJIAJAHIOE KOHCTPYKIIIO JBUTYHA
(Hacammepen yepe3 HeOOX1THICTh €(DEKTUBHOTO OXOJIOKEHHS BCTABKH ).

4. 3a3HaueHo, IO LIEHTpaJbHE TUIO COIUIa MOXE CIyryBaTH i cTabumizamii Ta

KEpPYBaHHSI BEKTOPOM TATH, TMOKPAIIYIOUd aepoJUHAMIYHI XapaKTepUCTUKU
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ra3oBoro crpymMmeHs. BogHowac, CkiajHICTh BUTOTOBJIEHHSI Ta BUCOKI TEIJIOBI
HAaBaHTAKEHHS Ha LEHTpaJbHE TUIO OOMEXKYIOTh NPAKTUYHE 3aCTOCYBAaHHS
TAaKUX CONEJI y CydyaCHUX PAaKeTHHUX JBUTYHax. Lle miakpecitoe akTyajabHICTb
NOJANbIIMX  JOCHIPKEHb, CHPSMOBAaHMX HA BIOCKOHAJIEHHA  MOJENeH
ra3oJIMHaMIYHUX 1 TEIUIOBUX MPOLECIB B aBTO()aKHOMY JBUTYHI 3 [IEHTPAJIbHUM
T1JIOM.

TakuM YUHOM, JIJIsi TOBHOI[IHHOTO JOCIIPKEHHS Ta MOJICIIOBAHHS MPOLECIB Yy
aBTO(paXKHOMY PaKeTHOMY JBUTYHI JOIJIBHO 3aCTOCYBAaTH KOMIUIEKCHUN T1IX1]1,
10 MOEJHYE TEOPETUYHUIN aHali3, TEPMOAMHAMIYHI PO3PaxXyHKU Ta YHCEIbHE
MozientoBaHHs. Lle 103BonKUTh BpaxyBaTH Bl KItOYOB1 (pakTopu (razudikariro
MajJbHOTO, XIMIYHI peakilli 3TOpsHHsS, OCOOJWUBOCTI Ta30WHAMIKH Ta
TEMI000MIHY) 1 OTpUMAaTH HAMOUTbII JOCTOBIPHI PE3YJbTaTH MPU MPOEKTYBAHHI

TAKOro JIBUI'yHa.
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PO3I1J 2. PO3PAXYHOK TEPMOAUMHAMIYHUX ITPOLECIB B
PAKETHOMY JABUI'YHI 1O BUKOPUCTOBY€ NOJIIMEPHE ITAJINBO

2.1. AHasiTH4Ha TepMoAMHaMiYHa MoaeJb 3ropsinHsa IIE+AII B pakeTHOMY
ABUTYHI (cTramioHapuuii pexum). CrexioMeTpu4yHe PIiBHSIHHS 3rOPsIHHS Ta

TeMIepaTypa nojaym's.

Jlns manuBHOi mapu nonietuiieH (IIE) + amoniét mepxnopar (AIl) crmodarky
CKIIQJIAEThCS CTEXIOMETPUYHE PIBHSHHSA TOBHOTO 3ropsiHHS. [lomieTwiieH MokHa
npeacTaBuTH emnipuyHor ¢opmynoo C.Hs (moBTOproBaHa mnaHka NOJIMEpY), a
okucitoBad — popmyioro NH4ClOa4. V Bunagky noBHoro okucHeHHst Byriemo 10 COz,
BonHIO 10 H20, azoty no N2 ta yrBopenns HCI 3 xiopy, crexiomeTpuyHo 30a1aHcoBaHa
peaxilisi Ma€e BUTIIS;

12 NH4ClO4 + 5 C:Ha — 10 CO2 + 28 H20O + 6 N2 + 12 HCI

Ile BiamoBiiae MacCOBOMY CITIBBIJTHOIIEHHIO OKHCIIOBaY:maauBo 0im3bko 10:1. 3rigHo
3 po3paxyHkamu rporpamu ASTRA-4, Toune crexiomerpruuHe criBBigHomeHHs All 1o
ITE nopisHroe ~10,05 3a Macoro, 110 MiATBEPHKY€E HaBEACHE PIBHIHHS.

Ha ocHOBI 11bOTO PIBHSHHS MOKHA OI[IHUTH TEOPETHUYHY aJ(1a0aTHYHy TEeMIIepaTypy
MoNyM'ss — MaKCUMajbHy TEeMIIEpaTrypy TNPOAYKTIB 3TOPSHHS TMPH BiJICYyTHOCTI
TerutoBTpaT. [ monepenHpoi OIIHKY MPUITYCKAIOTh MOBHE 3ropsiHHS 0e3 aucornarii
(yrBopenns numie CO2, H.O, N2, HCI). Toai Temmeparypy mnojiyM's 3HaxoIsThb 3
E€HEPreTUYHOTO OalaHCy: TEIUIOTBOPHA 3aTHICTh MajuBa (i3 ypaxyBaHHSM TEILJIOTH
YTBOPEHHS PEareHTiB) IEPENA€TECA Ha HArpiB NPOMYKTIB 10 AesAKkoi Temneparypu T, ;.
Po3B'si3anHs 11b0TO OanmaHCy moTpelye iTepailiii, OCKUIBKH TETIOEMHOCTI MPOIYKTIB
3anexarb Bl Temneparypu [28, 43]. YV nauHiii poboTi 00paHO MiAXiJ Yepe3 XIMIYHYy
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piBHOBary: T,, BM3Ha4a€TbCs OJHOYACHO 3 PIBHOBAKHMM CKIIQJOM IIPOAYKTIB IpU
MiHIMyMi 1300apHoro mnoreHmiany [160ca. Takuit MeTom € €KBIBaJIGHTHUM METOIY
PIBHOBa)XKHUX KOHCTAHT peakiliii, ajie He moTpeOye 3a/laHOT0 HaMepe]l CIIUCKY peaKkilii
— KOXXKEH MOXJIMBUA KOMIIOHEHT BpPaXxOBY€ThCs aBromatuyHo [28, 44]. Biu
peanizoBanuii y nporpamax tuiny ASTRA ta NASA CEA 1 mmpoko BUKOPUCTOBYBABCS

BIIPOJIOBX JE€CATHIIITb.

2.2 PiBHOBaXKHUI CKJIaJ NPOAYKTIB 3ropsiHHA (MeToa MiHiMi3auili BLUIbHOI

eneprii I'i60ca)

JIJist TOUHOTO BU3HAYEHHS CKJIAy TMPOAYKTIB 3TOPSHHS 3aCTOCOBAHO YMOBY XIMIYHOL
piBHOBaru. Y CTalllOHapHOMY pPEXHMI B KaMepl 3ropsiHHA IepeadavyaeTbcsi MOBHA
piBHOBara B ra3oBiil ¢a3i [44], TOOTO CKJaa MPOAYKTIB BCTAHOBIIOETHCS TaKWiA, IO
MiHIMI3Yy€ BUIbHY eHeprito ['166ca npu 3ananux p, T [28].

Merton pospaxyHKy IOJSra€ B TOMY, W00 3HAWTH MO 7j KOXHOIO MOXKIMBOIO
KOMITOHEHTY, 110 3a/I0BOJIbHSIOTH OaJlaHCH €JIEMEHTIB 1 MIHIMI3yIOTh QYHKIII0 G =
G(ny..n,) [44]. TlpakTuuHO T1I€ peai30BaHO INUIIXOM PO3B'SI3aHHS CHUCTEMHU
HEJTIHIWHUX PIBHAHD, HAIPUKIIA]I, Y€PE3 ITEPATUBHUIA AITOPUTM TIOMTYyKY MiHIMyMy G
a00 depe3 pO3paxyHOK pPIBHOBAKHMX KOHCTAHT peakIlii Ta Mig0ip CTYMNEHIB iX
nportikanHs. Jlanuit migxia onucanuii B kinacuuHux npaimsx NASA (aanp., Gordon &
McBride, 1994) 1 B HaBuaIbHUX MOCIOHUKAX 3 TEPMOJIMHAMIKHU PEAKIIIHUX cUCTEM [40,
48, 49]. YV namomy anHami3i BUKOpHCTaHO mporpamMHuil komruiekc ASTRA-4 sk
THCTPYMEHT AJii OOYHMCIICHHsSI piBHOBaKHOTO ckiamy cymimi [TE+AIl (camocriiina
peaizallis aJropuTMy Ha OCHOB1 MeTOIUKH B poborti [28] €musg B.B. (2012) nana 6
aHAJIOTT4YH1 pe3yJbTaTH).
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Cxaan npoaykTiB 3ropsinns. [Ipu crexiomerpuunomy ropinai [IE+AIl ocHoBHUMHU
KOMITOHEHTaMH IPOAyKTiB (razoBa (a3a) € Bona H20, xnopuctuii Bogens HCI, niokcun
Byniento COz, a3or N2, okcup Bymiemno CO, a Takok MEHI KUTBKOCTI BOIHIO Ha,
kucHi0 Oq, rigpokcuny OH Ta iHmmx pagukaniB. Po3paxyHoOk mokasye, 1110 3a YMOB
kamepu 3ropssHHs ~44,3% Macu cymimn npunagae Ha H20, ~17,9% — na HCI, ~11,9%
—Ha COz, ~9,8% — Ha N2, ~5% — na CO (perrra — ciJid 1HIIUX Ta3iB).

HasBHicTe 3HauHOi yacTku CO (=5%) Ta BuibHOro H>, O» B piBHOBaXHiil cyminii
CBITUMTH Ipo aucorialiro yactuau Boau 1 CO: mipu BucoKii Temreparypi (~3000 K).
Ile TUMOBO naJisi pakeTHHX JBUTYHIB: YacTHHA EHEPTrii MOJyM's BUTPAYAEThCS Ha
IUCOLIAIII0, 3HWKYIOUM €(EeKTUBHY TeMIeparypy Ta nuToMuid immyibc [28]. Ilicns
PO3IIMPEHHS B COILTI (710 aTMOC(EepH) TeMIepaTypa majiae, i OUTbIIiCTh TUCOIIHOBAHUX
KOMIOHEHTIB pekomOinye (Hanpukiag, CO okucnroerbes 10 CO2, H2 — 1o H20 Toto).
TakuM 4MHOM, XIMIYHA PIBHOBAra J03BOJIsi€ BUBHAYUTH HE JIMIIE KIJIbKICTh MPOIYKTIB,
aje W Tero, 10 BUIAUIAIOCA B peakilli mpW AaHid Temmeparypi, 1, BIAIOBIIHO,
po3paxyBaTu TEPMOJUHAMIYHI TapaMETPH ra3y.

J1J1st KOHTPOJITIO TOYHOCTI HE3AIEKHHUIA PO3PAXyHOK 32 METOJIOM PIBHOBKHUX KOHCTAHT
(3a moromoroto mporpamu Ha Mathcad) Oyso nmpoBeeHO 3a METOAMKOO, OMMCAHOO B
po6oti [28] €mus B.B. (2012). Bin naB Ti & pe3yiabTaTd CKJIaay, 10 MiATBEPIXKYE
nocToBipHICcTh 3acTocyBaHHSI ASTRA-4 sk iHCTpyMeHTY. 3a3HauuMo, 110 poOoTi [28]
JUISL aHAJIOTIYHHUX TBEPAUX NaNHB (MOJIETWICH + KHUCEHb, IMOJNICTHIICH + IMEepPEKHC
BOJIHIO) OTPUMAHO aJICKBaTHY 301KHICTh TEOPETHYHHX TPOTHO3IB 31 CTCHIOBUMH
BUNPOOYBAHHSIMHU 1 PEKOMEHIyBaHO 3aCTOCOBYBAaHHSI XIMIYHO PIBHOBA)KHOI MOJIEII Ha

Inepmux €rarax MmMpoCKTyBaHHA.
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2.3 Pe3yabTartH pPoO3pPaxyHKy TePMOAMHAMIYHMX BJIACTMBOCTEH Ta30Boi

cyMmini

. OCHOBHI BUXIHI JaH1 A5 TEPMOJMHAMIYHOTO PO3paxyHKy HaBeJeH1 B Tabmumi 2.1.
3a nonomororo ASTRA-4 Bu3HaueHo, 110 mpu Tucky p ~ 3,12 Mlla (31,8 atm) y kamepi
3ropsiHHA ajiadaTuyHa TeMreparypa aocsrae o6muszbko 7' = 3010 K. [{g Temneparypa
NOJMyM'ss ~ CTOCYEThCS ~ PIBHOBKHOTO  CKJIAAy  MPOAYKTIB  3TOPSHHSA A
crexiomerpuuHoro criBBiiHomeHHs [IE+AIL. Otpumane 3Ha4eHHS BUKOPUCTOBY€ETHCS
nani sik 0a3oBe I aHAII3y Terionepenadi 1 rpaHuyHuX yMoB. CliijJl 3a3HaYUTH, 10 3a
HIKYOTO TUCKY a00 MpU HAJUIMIIKY MabHOTO TeMIIepaTypa MojlyM's 3HU3UTHCS Yepes

HEIMOBHE BUTOPAHHS Ta IHTEHCUBHIIY JAMCOLIAIII0 TPOAYKTIB.

Tabnuys 2.1. [50]

Buxiani qani 1y1s TEpMOAUHAMIYHOIO PO3PAXyHKY B IPOrPAMHOMY KOMILIEKCI

ASTRA-4
Tuck B kamepi 3ropsiHHS 31.8 atm.
KoeditienT po3mupenHs cora 9.61
XimiuHa (hopmyJia maabHOTO C2H4
XiMiuHa (hopmyIia OKMCTIOBaYa NH4C104
EnTanbnis yTBOpeHHS MOMIETUIIEHY 52.3 kJ>x/mMomb
EnTansmis yTBOpeHHS NEepXJIOpaTy aMOHIIO -295.3 x/Ix/moib

Ha ocHOBI pIBHOB@XHOIO CKJIaJy BHM3HAUaIOThCS yCEPEIHEHI Teropi3udHi
BJIACTUBOCTI MPOJYKTIB 3TOPSIHHS B KaMmepi: CEpelHs MOJEKyJspHa Maca, MUTOMI

TEMIOEMHOCT], TIOKa3sHUK afiabatu (Y = Cp/C,), xoediumienTn B'A3K0CTi Ta

temtonpoBigHocTi. [li mapamerpu HEOOXiIHI K AJi1 aHATITUYHUX OIIIHOK, TaK 1 JIs
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nonaneimoro CFD-monentoBanHst mporieciB y aBuryHi. B tabmuii 2.2 HaBeaeHi

po3paxoBaHi NapaMeTpy ra3oBOi CyMiLll IPOAYKTIB 3rOPSHH.

Tabnuys 2.2. [50]

ITapamMeTpu NpoayKTIiB ra3oBoi CyMillli po3paxoBaHi B IPOrpaMHOMY KOMILJIEKCI

ASTRA-4 nas napu okucioBaya LiClO, Ta najabHOTO NOJTieTHIIEHY.

[Tapa | Hazpa mapamerpa | B xamepi B Ha PasmepHicTh
METp 3TOPSHH | KPUTUYHOM | BHUXITHOMY B CI
s y mepepisi | 3pi3i coria
P THUCK 3,12 1,803 0,47 MITa
T TeMIieparypa 3010,20 1850,70 1855,70 K
A\ IMUTOMMI 00’ €M 0,31 0,49 11,88 M>/KT
S SHTPOITIsI 10,16 10,16 10,16 kJox/(xr-K)
I CHTAJIBITIS -2116,30 | -2624,40 -5258,90 K JIK/KT
U BHYTPIIILIHS €HEPT1s - -3521,00 -5818,10 KJ>K/KT
30727,0
0
M 3arajgbHe YHCII0 37,11 37,83 36,24 MOJIB/KT
MoJIel KOMIIOHEHTIB
Cp nuToMa 1,78 1,85 1,71 kJx/(kr-K)
TEIJIOEMHICTH TPH
MOCTIHHOMY THUCKY
(3amMopokeHa)
k k =Cp/Cv 1,21 1,21 1,21 1
Cp" nMToMa 1,39 4,18 2,06 kJx/(xr-K)
TEIJIOEMHICTD MPU
MOCTIHOMY THUCKY
(piBHOBa)KHA)
k" k'=Cp'/Cv' 1,15 1,15 1,19 1
A PiBHOBaXkHA 1041,30 1008,00 813,69 Mm/c
HIBUIKICTD 3BYKY
Mu KoedimienT 9,08*% | 8,74¥*107° | 6,35%107° H-c/Mm?
JIMHAMIYHOT 107>
B’S3KOCTI
Lt Koedimient 0,23 0,25 0,16 Bt/(Mm-K)
TEIJIONPOBITHOCTI
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[Tapa | Haspa mapamerpa | B xamepi B Ha Pa3mepHicTh
METp 3TOPSHH | KPUTUYHOM | BHUXITHOMY B CI
s y mepepisi | 3pi3i comia
Lt" | IloBHuit KoedirieHT 0,56 0,75 0,22 B1/(M-K)
TETJIOMPOBI THOCTI
MM | Cepennst MmoasipHa 26,94 26,44 27,59 r/MOJIb
Maca
R.r I'a3oBa cTana 317,73 314,52 301,35 kJ[x/(kr-K)
W HIBUAKICTH TOTOKY 1008,00 2507,00 Mm/c
W/A yuciao Maxa 1,00 3,08 1
Iynn IIutoma Tara 193,51 278,40 c
(iMmyJBC) B
TOPOXKHEU1

Pospaxosani 3nauenns npu 7' = 3010 K, p = 3,12 MIla (ymoBU Kamepu) HaBEICHO

HMKYC:

Cepennsi MoJiekyjasipia maca M =~ 26,94 r/moinb. BianoBigHo, razoBa craia
cymimi R = 8,3143 xJIx/(kr-K) / (M, xe/monv) = 317 HOx/(xr-K), 1mo
y3rojkyeThes 3 nanumMu ASTRA (317,7 Hx/(kr-K)) .

ITuTomMa TeII0EMHICTL NpU MocTiiHOMYy THCKY C), = 1,78 k]JDx/(kr-K) (Tak

3BaHa '"3aMOpOKeHa" TEIIOEMHICTh MpU BpaxyBaHHI Jaucomiamii). s
PIBHOBa)KHOTO TPOIECY (KOJIU CKIJIaJ, MUTTEBO MPUCTOCOBYEThCSA 10 3MiH T)

edexTuBHa TernoemHicTs Cp memo Huxk4da (~1,39 k/x/(kr-K)) gepes Te, mo
peKoMOIHAIIISI BUALISIE TETLIO.

IMoxkaznuk agiadaru y = 1,21 (1715 3aMOpPOKEHUX KOMIIOHEHTIB), abo y' = 1,15
JUIsl pIBHOB&)XHOTO MPOILECY HAa PO3IIMpeHHI. 3HaueHHs Y < 1.4 BimoOpaxae
BUCOKY 4YacTKy Oaratoaromuux moiekyn (H20, CO2, HCI Tomio) ta cryminp ix
30y/HKEHHS.

JMuuamivyna B's3kicTb 1= 9,1x107(-5) H-c/m? (ITa-c) mpu Temneparypi kamMmepHu.
B'si3kicTh Taps4oro rasy MOMITHO BHWINA, HDK y XOJIOMHOTO TOBITPS, 3aBISKH

Bucokiit T 1 gucorrianii (HasIBHICTh JIETKUX PaJIUKATIB).
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o TemnonporignicTs A = 0,23 B1/(M-K) ns rasy B kamepi. Pazom 13 A, ASTRA-4
TaKOXK OIlIHIOE €(EeKTHUBHY TEIUIOMPOBIAHICTE 3 YpaxyBaHHAM TIEPEHOCY
EHTaBIIT XIMIYHUMHU peakilisiMu (Tak 3B. MOBHA TEIUIOMPOBIAHICTE A' = 0,56
Bt1/(m-K)). Lleit npupicTt nos'si3anuii 3 TUM, 0 AUQY3is aKTUBHUX PaJUKaIiB Ta
pexkoMOlHallsl MOXYTh  IEPEHOCUTH  TEIJIOTY, €(EeKT eKBIBaJEeHTHUI
[T IBUILIEHHIO A.

HaBeneni 3HaueHHsI BIJNOBIJAIOTH CKJIAAy HOPOAYKTIB y Kamepi 3ropsHHs. [lpu
po3mMpeHHi B corui Temmeparypa mnamgae (~1850 K na 3pizi comma) [50], mio
PU3BOIUTH J10 301JIBIIIEHHS CEPETHBOT MOJIEKYIISIPHOT MacH (110 ~27,6 r/MOJIb) Ta 3MIHU
C,, A, u Tomo. [IpoTe aJist mepiioro HaOMMKEHHS TPUINHATHO BBAXATH 111 BIIACTUBOCTI
CTaJMMHU Ha PIBHI KAMEPHHUX, 0COOIIMBO MPU MOJIEITIOBAHHI TOTOKY B KaMepl.
OTpumaHi TEpMOIMHAMIYHI MapaMeTPH Y3rOUKYIOTbCS 3 JaHMMHM B JITEparypi.
30kpeMa, 3a METOIMKaMHu, HaBeAeHUMH B « Teopii pakeTHHX NBUTYHIB» (AJeMacoB Ta
iH., 1989) [51], and raziB 3 OIM3BKUM CKJIaJA0M (KOMIIO3UTHI TBep/l nanuBa Ha All)
3HAuCHHs Y KOJIMBAEThCA B Mexkax 1,2-1,3, a €, ~ 1,5-2 kJ/kg K npu remneparypax
2500-3500 K. Takum 4YuHOM, aHaJITUYHA TEPMOJMHAMIYHA MOJIENb 3a0e3neuye
JOCTOBIpHE TmepeadayeHHs Tero(I3UYHUX BIACTUBOCTEN MPOIYKTIB 3TOpPSHHS,
HEOOXI1THUX YIS pPO3PAaXyHKIB TEIUIONEpe/iadl Ta ra30IMHAMIKH.

Tenonepenaya 10 CTIHOK KaMepH: KOHBEKIisi TA BUNIPOMiHIOBAHHA

OnHUM 13 KIIIOYOBHX MPAKTUYHUX ACHEKTIB € OLIHKA TEIUIOBOTO HABAHTAXCHHS Ha
CTIHKM KaMepH 3TOPsIHHS BiJ rapsauux NpoaykTiB. Teronepenaya Big ra3y A0 CTIHKA
3MIACHIOETBCSL  JIBOMA MEXaHI3MaMH — KOHBEKIi€l (4yepe3  TypOyleHTHH
NPUKOPJOHHUMN IIap) Ta BUIIPOMIHIOBAHHSIM (32 paXyHOK TEIUIOBOTO BUIIPOMIHIOBAHHS
rapsiaux rasi). Po3misHemMo o0uiBa METOAM IEPEHOCY TETlIA.

KonBekTuBHA Temuionepenaya. B ymMoBax BUCOKOI TeMIiepaTypu Ta THCKY B Kamepi
CIIOCTEpITa€ThCs IHTEHCHBHA TYypOyJIEHTHAa KOHBEKI[isl Oins cTiHOK. B TOHKOMY

IPUMEKOBOMY IIapi POpMyeThCS BEIUKUN TPAI€EHT TEMIIEpaTyp, 1 TEIUIOBHM IMOTIK
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MOYKHA OIIIHUTH SIK Qrony = O ° (Tg — TW), ne Ty — Temneparypa rasy B spi HOTOKY
(3000 K), T,,— Temmneparypa CTIHKH, a & — KOS(DIIIEHT TEIIOBIAaul (KOHBEKTUBHUI
koedimient) [51]. g po3paxyHKy @ BUKOPUCTOBYIOTh €MIIPUYHI KOPEJALii 3 Teopii
TeII000MiHy. 30KpeMa, ra3 y Kamepi MO>KHa 3MOJICTTIOBATH SIK TIOTIK BCEPEUH1 IIIaIKO1
TpyOu mnpu Bucokomy uucm PeitHonsaca (Re 1075-1076). ¥V mnpomy BuIagky

cripaBeIMBe ciiBBiAHOMIECHH JliTTyca—boiiTenepa nis TypOyaeHTHOT TeI10-Biaaqi:

A
a = 0.023 — Re%8pr033,
dp

ne d, — rigpaBiaiyHUM nOiaMmeTp KaHanmy (= niamerp kamepu), Re 1 Pr — uucna
Petinonbca ta [Ipanaris rasy BignoBigHO, a A — TeronpoBigHicTs [S1]. s popmyna
copaseanuBa st 2300 < Re < 1076 Tta raziB i3 Pr=0.7 (ans mpomyKTiB 3rOpsiHHS

Pr~0.9-1.1). IliacTaBnsitoun TUIIOB1 3HAUYCHHS (HAIPUKIAJ, AlaMeTp KaMepu ~34 M,

3KT

BATpaTa rasy 6 rc, p~2——, 4~ 9 X 10°Ma-c,A =~ 0.2 Br/Mm'K, ¢, ~ 1800

Jbx/xr-K), orpumaeMo ouinky « nopsaky 10° go 10* Bt/(m?:K). Po3paxyHok Ha
KOHKpeTHOMY Tipukiazi B [45] naB a = 1457 Bt/(m?-K) mns kamepu miametpom 65 Mmm

npu T=1600 K

VY HamoMy BuINajky Temmneparypa maibxke Basiui Buma (~3000 K), Tomy ouikyBaHO
JIeno OUThIINUM KOe(ili€eHT TEeTUIOB111adi.

JleTanpbHUN eKCTIEpUMEHTANIBHUI aHaJi3 TEIUIOBIAAa4l B TIOPUAHIN Kamepi 3TOpSHHS,
BUKOHAHWN Ta ONUCAaHUK B poOoTi [28] mokazaB, IO JOKadbHI Koe(IiIIEHTH
TEIUIOBIAAAYl BiJl TrapAyux Ta3iB [0 BHYTPIIIHBOI CTIHKM MOJIMEPHOI KaMmepu
3HaXO#sAThCs Ha piBHI o =~ (1-3)x10° Bt/(M*K). MakcumanbHi 3HaYCHHS
CIIOCTEPIraloThCsl Y 3BYKEH1M yacThH1 (OIS KpUTUYHOTO Mepepisy), TOAl SIK 'y IHOWHI
KaMmepHu (01151 TOpLIS ) ra3 pyXaeThCs MOBUIBHILIE 1 TEIJIOBIa4a MEHILA. Y CEPEHbOMY

x, mopspok 10° Bt/(M*K) € xapaktepHum [isi 0ararbOX pakeTHUX JIBUTYHIB;
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HaAMpUKIaA, y TBEpAONAJIMBHUX JBUTyHax npu p = 5 MIla excnepumeHTanbHO
orpumyBaiu o =~ (1-3)x103 Bt/(m?-K) ma ninsaii kamepu [45].
Otpumanuit KoeiIieHT TEIIOBIAAY1 T03BOJISE OIIHUTH TETUIOBUMA TMOTIK J0 CTIHKH.
[IpunyctuBimm Temneparypy BHYTpiliHbO1 moBepxHi cTiHkU T = 600 K (3a paxyHok
IHTEHCUBHOI'O OXOJIOJIPKEHHSI BUIIAPOBYBAaHHSAM IIOJIMEpY), TEMIEPAaTypHUU Hamip
ctanoBuTh AT = 2400 K. Toxi muToMa rycTMHA KOHBEKTHBHOTO TEIJIOBOTO IOTOKY
CKIIANC: ronpy= - AT = 2.4x10° Bt/M? (mpu a = 1000) [28]. Lle Haa3BU49aitHO BUCOKUI
TEIUIOBUM TOTIK, IKUM, OHAK, i€ JIUIIe HAa HEBEIUKIHN IUIOIT 1 YaCTKOBO BUTPAYAETHCS
Ha BUITAPOBYBaHHS Ta MipOJIi3 MOJIETHICHOBOI 0000HKH. PoboTa [28] 3acBimuunia, mo
3HaYHa YacTWHA TIiIBEJCHOTO TeIUla MIMCHO WIe Ha PO3KIaJaHHS TOJIIMEPHOTO
MaJIbHOTO, 3MCHIITYIOUM HaBAaHTAKCHHSI Ha 1HII €JIEMEHTH KOHCTPYKIIIi.
TensioBe BUNIPOMiHIOBAHHA

JlpyruM MexaHi3MOM € paialliiHAi TETIO00MIH MK TapsST9UM Ta30M 1 CTIHKaMH.
IIpu temmeparypi ~3000 K mpomykTu 3ropssHHS BHUIPOMIHIOIOTH Y BHIUMOMY Ta
iH(ppauepBoHOMY  fiana3oHax. OCHOBHMMH  BUIIPOMIHIOIOYMMH  BHJIAMH €
reTepOTOSIpHI MOJIEKYJd — Taki, IO MaroTh JWUMOJNHHUN MOMEHT 1 AaKTHBHI
obepranbHO-KoNMuBaNbHI ciektpu: H20, CO2, CO, HCI, OH, NO Tomo [46]. HatoMicTh
nBoxatoMHi roMmonouisipHi ra3u (Hz, Oz, N2) Maiike He BUNPOMIHIOIOTH Y TEIIOBOMY
mianazoHi. Y  HamIOMy TaluBi  TBEpJl YACTHMHKW BIJICYTHI (alIOMIHIA He
3aCTOCOBYBABCS), TOMY TOTY)KHICTh BHIIPOMIHIOBAHHS BHU3HAYAETHCS JIUIIE Ta30BOIO
CKIIa710BOI0. J[J1s1 MOPIBHSIHHS, B KOMIIO3UIIIMHUX TBEPAUX ManuBax 3 Al yTBOpIOEThCS
3HayHa KUTBKICTh Al:Os (y BUIISII YaCTHHOK) 1 caxa, sIKi MOXYThb 301UIbIIyBaTH
TEIUIOBUM MOTIK BUMIPOMiHIOBaHHS B 2—10 pa3iB [46].

Po3paxyHok pamiamiiiHOTO MOTOKY TPYHTYEThCS Ha 3aKOHAX BUIIPOMIHIOBAHHS

YOPHOTO TLJIa 3 MOMPABKOIO HA ra3oBy Mpo30picTh. [I0BHUI MOTIK Ha CTIHKY MOXKHA

OWiHUTH 33 (OPMYNOI: q rq = &4 0(Ty —Ty), T, ,T,, — Temmeparypa rasy Ta
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CTiHKH, £; — €(EKTUBHA BUIIPOMIHIOBAJIbHA 3/1aTHICTh (€MICUBHICTB) rasy, 0 BPaXOBY€
HOro 4acTKOBY MPO30PIcTh [46].

EMiCUBHICTh Tapsuux MPOAYKTIB 3rOPSHHS 3QJICKUTH BiJ TOBIIMHU Ta30BOTO
miapy Ta MapliiajbHUX THUCKIB BUIPOMIHIOIOYUX KOMIIOHEHTIB. [[si XapakTepHuX
po3MipiB kamepu (miametp ~0,03 m) Ta cknaaxy (H20 ~ 40%, CO2 ~ 12%, HCI ~ 18%
npu 3 Mlla) moxna ouwinutH &5~ 0.2-0.5 (20-50%) y cmekTpanbHHX CMyrax
nornmuHaHHa BoasHOl mapu Ta CO: [46]. IligcraBistoun 11l 3HAYEHHS, OTPHUMAEMO
Graqa = (0.3)(5.67 X 1078)(3000* — 600*) ~ 1.1 x 10° Br/m>. lle npubIH3HO
B/BIUl MEHIIIE 3a KOHBEKTHBHUM TOTIK, ajie BCE OJHO 3HadyIlle. 3BICHO, IS OIlIHKA €
rpy00I0 — TOUHE BU3HAYEHHS paialliiHOTO TEIJIOBOTO MOTOKY BUMArae CrieKTpajbHOIO
MOJICTIIOBAHHSI 13 BpaxyBaHHSIM CMYTOBOTO CIIEKTPY BHIIPOMIHIOBaHHS Ta3iB. TuMm He
MEHIIIe, HaBITh HAOJIMKEHO BUJIHO, 110 BUMPOMIiHIOBaHHS Moke ckiactu 30—50% Bif
KOHBEKIII1 Y BUITAJIKy TTPO30POTO TMOTYM's.

[IpakTuyHuil aHai3 MOKa3ye, M0 CyMapHUI TEIUIO-MOTIK 0 CTIHKU KaMepH
TTE+AII nocsrae NopsaKy Georgi~3 X 10° B1/M?. 3HauHa yacTHHA BOTO MOTOKY iije
Ha HarpiB Ta TUIABJICHHS MOJiETWICHY. BracHe, 3aayM BHUKOPHUCTaHHS MOJIMEPHOI
00O0JIOHKH SIK TIaJILHOTO TIOJISITa€ B TOMY, IIIO BUIIAPOBYIOYKCH, BOHA 3a0HMpae TEIUIo i
THM CaMHM 3aXMIIAa€ iHII eJIeMEHTH KoHCTpykKmii. €menp B.B. B poboti [28]
EKCIIEPUMEHTAILHO TIOKa3aB €(EKTHBHICTh TaKOTO TEIUIO-3aXHCTY: TeMIleparypa
30BHIIIHBOI MTOBEPXHI MOJIETUICHOBOTO MaJUBHOro Oaka He mepeBuinyBaia ~350 K,
HaBITh KOJIM BHYTPIIIHS CTIHKA KOHTakTyBada 3 razoM 1200—1500 K B razudikariiiniii
kaMmepi. TakuM YMHOM, aHaJ13 Terionepeaadl MiATBEPIKY€E HEOOX1THICTh BpaXyBaHHS
000X MeXaHi3MiB — KOHBEKIIii Ta BUTIPOMIHIOBaHHS — MIPU PO3PAXYHKY TEMIIEPaTypPHOTO
ctany cTiHOK. OTpuMaHi TyT OIIIHKM TEIUIOBHX TMOTOKIB OyIyTh BHKOPUCTaHI MpHU
MOCTAaHOBLI TpPaHUYHMX YMOB 3aJladyl TEIUIONPOBIAHOCTI 1 NPU NOPIBHSAHHI 3

eMHipI/IqHI/IMI/I JaHUMU.

61



2.4 TlopiBHSJIbHUIT aHAJI3 XapAKTePUCTHK NMAJTUBHO-OKHMCHIOBAJILHUX NP

B po6oTi BUKOpHUCTAHO METOAMKY PO3PAaXyHKY TEIJIOTBOPHOI 3JaTHOCTI
MaJMBHO-OKUCIIOBAJBHUX TMAp 3 YpPaxyBaHHSAM XIMIYHOI pIBHOBaru MPOAYKTIB
3ropsiHHs. Po3paxyHOK TETUIOTBOPHOI 3MaTHOCTI (TEIJIOTH PEakiiii) MPOBOIUTHCS 3a
JIOTIOMOTOI0 CHTAJIbIINA YTBOPEHHSI KOMIOHEHTIB [53, 54]. sl KOXXHOI MajIuBHO-
OKHCHIOBJIBHOI TApU 3alUCyBAIM CYMapHY PEakIilil0 TOPIHHS B CTEXIOMETPHUUYHOMY
CIIBBITHOIIIEHHI 1 OOYMCIIOBAIM TeIIOBUM edekT AH K pI3HUII0 CyM eHTalbIIii

YTBOPEHHSI MPOJIYKTIB 1 peareHTiB [53]:

Y NV R Y —

Hampuknax, s momiermneny (CH,), 3 aMOHIM  IepXJIopaToM — peakiis
(ctexiomerpuuna) pgae mpoayktu CO0,,H,0,HCl 1 N,, a Temuora 3ropsHHS
BHU3HAYAETHCS 3 BUKOPUCTAHHSAM €HTaJbIi yTBOpEeHHA nomietuwieny (~—1334 xJx/kr
npu 298 K) Ta eHTanbmiii yTBOPEHHS OKCHIIIB Ta 1HIIMX MPOMYKTIB. Temmeparypa
amiabarmyHoro 3ropstHHS  (T,y) 3HAXOMWTHCS MUISAXOM PO3B’S3aHHS  PIBHSIHHS
E€HEPreTUYHOTO OallaHCy: CyMapHa CHTaNbIIIs peareHTiB (3 ypaxyBanasMm AH peakirii)
Ipu AucoIlialii MPOAYKTIB 3aCTOCOBAHO MOJENbh XIMIYHOI PIBHOBaru — MiHIMI3aIlis
BUIbHOI eHeprii ['100ca npu 3amaHomy THCKY (TunoBo ~5-10 Mlla nns kamepu

paKeTHOro JBHUryHa) [S5]:
G = 2 n;iu;(T,p) - min,
J

Po3paxynku mpoBemeHo 3a momomoror mporpamHoro komy tumy ASTRA-4 a6o
€KBIBAJCHTHOTO, IO A€ CKJAJ MPOAYKTIB, T,q, @ TAKOXX MUTOMHH IMIYyIbC. Y
PIBHOBaXHOMY pO3paxyHKy BpaxoOBaHO OCHOBHI Ta30moOAiOHI MPOIYKTH 3TOPSHHSA:

H,0,C0,,C0,H,,N,,0,, HCl (m1s XJIOpOBMICHUX OKHCIIOBa4iB), Ta TBEpAi
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KoHIeHCOBaH1 (a3i, 30kpema Al, 05 (ns nanus 3 Al). OTpumanuii ckiia MPOIYKTIB
MOJaHO B MOJISIX (MOJIBHUX JIOJISIX) T4 MACOBHX JIOJISX.

Buxonsum 31 ckinaxy npoaykriB i T,gq, OOUHUCTIOBABCSI MUTOMUI IMITYJIbC PAKETH
y BaKyyMmi (I Sp,vac) Ta Ha PiBHI MOPS (1 sp, SL). J1J1s IbOTO BUKOPHUCTOBYBAJIOCS PIBHSHHS

171eaIbHOI TATH PaKeTH:

; c
sp—
Yo
Jle ¢ — edexkTuBHa IIBUIKICTh BUTIKAHHS CTPYMEHSA. 3HAUYCHHS C BU3HAYaJIH

IHTErpyBaHHSAM pPIBHSHb PO3IIMPEHHS MPOAYKTIB B comli JlaBans 3 BpaxyBaHHSIM

. o c . .
CIIBBITHOIIEHHS MUTOMUX TEIJIOEMHOCTEN k = C—p Ta CEepeIHbOI MOJIEKYJIIPHOT MacH
14

rasy. [Iporapama tuy ASTRA 0Oesnocepenbo o0uncioe I, 3 ypaxyBaHHAM XIMIYHOT
3aMOPOKEHOCTI/peKoMOIHalIi ra3y.

Y naniit po0oTi 5, BU3HAYABCS /I PO3LIMPEHHS 10 BakyyMy Ta 10 THCcKy 0,101MIIa
(piBeHb MoOps). Bapro 3asHaunTH, WO Igpmay IS OLIBIIOCTI NAJMBHUX CyMIIIEH
JIOCSTAETHCS B yMOBAX, JIe CyMIlll € 0araroro Ha MaIMBO (HAJIUIIIOK MAJIBHOTO), TOOTO
MIPH JIEII0 MEHIIIH TeMIepaTypi, Hixk MaKCUMallbHa cTexiomeTpuuHa. Lle nmosicHioeTbes
TUM, 110 HAJUIUIIOK BOAHIO B MPOAYKTAX 3MEHIIYE X CEPEAHI0 MOJICKYJSPHY Macy 1
MiBUIIY€E TIBUAKICTh BUTIKAHHS C, HABITh SKIO TEMIEpaTypa MOIyM’sl TIPU IBOMY
nelno Huxk4va [55].

TepmoauHaMiyHi BJaCTUBOCTI NPOAYKTIB:

JIJisi IpOAyKTIiB 3rOPSIHHA BU3HAYEHO CEPEIHIO0 MOJCKYISIpHY Macy M (BuUXOmA4u 3
o R
MOJIBHMX YaCTOK) Ta ra3oBy cCTajly cywimni R = ﬁ” Takoxx OOYMCIEHO CEepenHIo

IIUTOMO-MACOBY TEIUIOEMHICTh NPH MOCTIHHOMY TUCKY (), (BBaXKarouu PiBHOBAKHUM

ckiag abo 3aMOPOXKEHMM — Yy KaMmepl 3rOpsHHsS Ta MPU PO3LIMPEHHI) 1 MOKA3HUK
amiabaru k.

Hanpuknaz, nis cymimi nonietuneH—LiClO4 B kamepi 3ropsiHHSI OTPUMaHO
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M=~26,1 Kr/KMOJIB,
Cp=4,65x]JIx/(xr-K),
1o nae k=1,07.
JUist O1IBIIOCTI pO3MIAHYTUX Map k 3HaxoguThess B Mexax 1,10-1,25 (uum Ounble
gacTka 6aratoaromaux moiekyin H.O, CO2, HCI, tum HIXKYE £).
JlunaMidHM# KoeIIleHT B’ I3KOCTI MPOAYKTIB (L) OI[IHIOBABCS 32 KIHETUYHOIO TEOPIEI0
ra3iB 3 MOMPABKOIO HAa BUCOKI TemMIepaTrypu 3a 3akoHoM Caszeprienpa. JlJisi BU3SHaAUCHHS
B’SI3KOCTI CyMiIlli BUKOPUCTAHO TpaBmiio Binke [56]:

Yilti
l. yi®ij’

Umix =

JI€ Y; — MOJIIPHA 9aCTKa KOMIIOHEHTA 1, [{; — B’A3KICTh YMCTOIO KOMIIOHEHTa, a D;; —
KOe(IlIEHTH B3a€EMOMIi, IO OOYUCIIOIOTHCA 32 MOJICKYISIPHHUMH MacaMd Ta
B’SI3KOCTSIMH KOMIIOHEHTIB [56].
Ha ocHOBI mMX po3paxyHKiB OTpuMaHo, 110 npu Temieparypax ~3000 K B’43kicTb
MpOAyKTiB cTaHoBUTh Topsaky 107*Ma-c,u =9 X 107 °Ma- ¢ (Hanpuknam, u =
9 x 1075Ma - ¢ ans cymim mogiMep+TepXaopar JiTiio).
TenmonpoBigHICTL Ta3y A OLIHIOBAIACA YEPE3 BIAOME CHiBBIAHOIIECHHS MK A, u 1 C,
(aucno [panarns qis npoaykTiB 3ropsiaas ~0,9...1,1). [{ns sraganoi cymimri mpu 3000
K Temnonpogignicts A = 0,23 Bt/(M - K).
Teno00MiH i3 cTiHKaMuU:
O1iHKa TETUIOBOTO MOTOKY JI0 CTIHOK ra3udikaropa (Ta KaMepH ) BKIII0UYa€ KOHBEKTUBHY
Ta pajiamiiiHy CKIa0BI:

Qtot = 9conv t Graa-
KoHBEKTHBHHI TETIIOOOMIH PO3paxoBaHO 3a eMIipUYHOK (Qopmynoro bapria, ska
IIMPOKO BHUKOPUCTOBYETHCS ISl pakeTHUX JABUryHIB [57]. Ll kopensuis 3B’s3ye
JOKaNbHUM KOE(DIMIEHT TeIIoBiAAaYl @4 3 TapamMeTpaMmH TMOTOKY (IIBHJIKICTB,

B’S3KICTh, TEMIIEpATypa ra3y 1 CTIHKH, AlaMeTp KaMmepu Touno). JJisa mpuban3Ho1 OIliHKH
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TaKOXX 3aCTOCOBYyBaJlocs chiBBiAHOmEHHs Hyccenbra mis TypOylneHTHOT TpyOKH
(ananoris Peitnonbica), ne: Nu = 0,026 - Re®8 - Pr%*, 3 noganemuM BU3HAYEeHHSAM
a, = Nu-A/D.
TumoBi 3HaYCHHS TYCTHHU TEIUIOBOTO IOTOKY B KaMmepax pakeT 3HaXOMSIThCS B
mlara3oHi:
Geony~107 — 108 Br/Mm2.
Pamiamiiina ckimamoBa omideHa 3a 3akoHoM Credana—boiasiimana:
qrad = & ° O-(Tg4 - Tvg)»
Jie €, - €(heKTUBHA BUIIPOMIHIOBAJILHA 31aTHICTh NMPOAYKTIB 3ropsHHsA. [l momym’s,
1110 MicTUTh Juine razononioHi npoaykru (H20, CO2, CO), BUunipoMiHIOBaHHS TOMIpPHE:
&g mopsiaky 0.1-0.2.
Opnak OpPHUCYTHICTh YacTUHOK TBepaoro koujaeHcary (AlQOs, caxa ToIio) pi3ko
M1IBUIITY€ IPOMEHUCTHI TeT1000MiH [57].
V Hammx oImiHKax Ui najius 0e3 Al:
q raa < 0.1 qconw
TOIl AK UIg METAII30BaHuX ImaiauB Moxke gocaratu 20—-30%.
Hanpuknan, npu T, = 3000 K i £,=0.2 Buxoauts:
q rqqa = 0.3°5.67-1078-(3000* — 600%) ~ 0.9 MBT/M?,
TOII SIK:
Geonv~2 — 5 MBT/M2.
VY cyMi OTpUMAaHO OIIHKY (¢op MOPSIAKY:
o 5-6 MBT1/M*> — 1151 HEeMeTani30BaHUX CyMILIEH
o ~7 MBT1/M?> — st cymimieii 3 Al (depes migsuinenns Ty 1 BUIPOMIHIOBAHHS)
Pe3yabraTH 1011 CTEXiOMETPUYHHUX CyMilleid.
VY Ttabmumi 2.3 3BEACHO OCHOBHI PO3PaxyHKOBI MOKa3HUKH s 20 koMOiHaIii

«IMAJIMBO—OKHUCITIOBAY» y CTEXIOMETPUYHOMY CITiBBIJHOIIIEHHI.
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Tabnuys 2.

TeopeTnyHi XapakTepUCTUKHU NAJMBHO-OKMCHIOBAJILHUX Nap (cTexiomeTpis,

3.

px=5SMlIlIa).
[TamuBo (80% | OxucmroBay | AH, T4, K OcHoBHi ipoayKTH (Mac.%)
MOJTIETUIIEH + kJ>K/KT (Tem.
20% Al (Temnora | morym’s)
MIO3HAYEHO SIK 3TOPSIHHS)
PE+Al)
HDPE AP 5100 2950 H->0 44%, N2 21%, HCI, CO
HDPE AN 4800 2700 H>0 51%, N2 34%, CO
HDPE LiClOx4 6200 3200 H-0 36%, CO2 22%, Li.O
40%
HDPE KNOs 4600 2500 H>0 47%, CO2 26%, KOH
LDPE AP 5100 2940 (maibxke i1eaTuaHo HDPE)
PP AP 5120 2960 (sx HDPE)
POM (CH:20) | AP 3700 2600 H-0 47%, CO2 19%, HCI
POM AN 3400 2350 H->0 55%, CO227%
POM LiClOx4 4800 2900 H-0 40%, CO2 30%, Li-O
29%
POM KNOs 3300 2200 H->0 52%, CO2 20%, KOH
PE+Al AP 5800 3150 H-0 36%, CO2 18%, HCl,
Al:Os
PE+Al AN 5500 2900 H-0 43%, CO2 22%, Al:Os
PE+Al LiClOx4 7000 3400 H-0 30%, CO2 21%, Al2Os
PE+Al KNOs 5300 2700 H-0 39%, CO:2 17%, KOH
~20%, Al>Os
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B TabGmuim 2.3:

AH — macoBa Teruiota peakuii (eHepris, o BUIAUISIETbCS MPHU 3TOPsAHHI 1 KT
CyMiii).

Hageneni T,y — npu 6ananci 6e3 TeroBTpar (Jucolliallisi BpaxoBaHa).

OcHosui npodykmu. TEPENIueHo MPUOTU3HUN MAcOBUU CKJIaJ HAW3HAYHIIINX
KOMIIOHEHTIB IIPOYKTIB 3TOPSIHHS (JIJI1 METaJI130BaHUX IMaJIUB HaBEICHO 1 TBEP/II
KOHJIEHCATH).

(Isp'vac) Ta (ISP,SL) — TUTOMHUU IMIOYJIbC Y BaKyyMi Ta Ha PIiBHI MOpS
BIJIITIOB1IHO.

M 1p0, — CEPEIHS MOIEKYJISIPHA Maca MPOIYKTIB 3TOPSIHHSL.

C,, kK — OpIeHTOBHI cepeAHl TEIUVIOEMHICTh (IIPU MOCTIMHOMY THCKY) Ta

MOKa3HUK a/iabatu B KaMepi.

[lauBamu €:

noJieTusieH Bucokoi miisHoCcTi (HDPE),
noJieTusieH Hu3bKoi minbHOoCTI (LDPE),
noninporniuiex (PP),

nonidopmanbaeriy (monuokcumetuiien, POM),

komno3uT 80% nomermiieH + 20% Al.

OKucIroBayi:

nepxJjopar amoHio (AP),
HiTpaT aMoHi10 (AN),
nepxiuopar aitiro (LiClOa),

HiTpar kaiio (KNOs).

Sk BuaHOo 3 Tabmui, okuciaoBad LiClO4 3a0e3nedye HaWBUIN 3HAYEHHS TUTOMOTO

IMITyNbCy 17 BCIX manuB — 30kpema, 1t HDPE gy, 4. & 265 c. lle noscHioeThes

BHCOKHMM BMICTOM KUCHIO B niepxjopari jitito (O/I1 crexioMmerpuyHe HailHUxk4e, ~5.7)
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Ta JIETKUMU NpoayKkTamMu Ha ocHOBI JiTio (Li20 B KoHJeHCOBaH1N (a3i), 10 3HIKYE
CepeHIO MOJIEKYJIIpHY Macy raszy [46].
[lepxmopar miTit0 Ja€ TakoK HaWBHUILY Temrieparypy mnomym’ss (mo 3400 K 3
AJTIOMIHI30BaHUM IMAJIMBOM), 3aBJISKH TMOBHOMY OKHCHEHHIO TajuBa 1 JI0JIaTKOBOMY
BUJIIJIEHHIO €Heprii npu yTBopeHH1 Li20.
OxucmoBauy AP (NH4ClO4) nocinae npyre Miciie 3a €HEPreTUKOIO: JJI MOJIMEPHUX
nanuB 0e3 Al
T,q~2900 — 3000K,
sy yac = 255 — 260 c.
[TepeBaroto AP € Buainenns azory (N2) B MpoayKTax, 10, SK 1 BOJICHb, HE YTBOPIOE
BKKMX MOJIEKYJ 1 CIIPUsE MIBUILEHHIO [g, [28]. Omnak xyop 3 AP mpUBOAUTHL 10
nosBu HCl y mpoaykrax — BITHOCHO Baxkkoi mojiekynmu (M = 36), mo 3MeHIye
edextuBHUM imMnynbe. Tak, 1s HDPE+AP ~9% macu razy cranoButs HCI (i3 TaGmuin
2.3), 1 I, € TPOXU HIKIUM, HIK MIr Ou OyTH 6€3 XJopy.
Hitpar amonito (AN) Mae HallHIKYY TETUIOTBOPHY 37aTHICTh Cepell OKUCHIOBAYiB —
Horo po3Kia] YacTKOBO CHJIOTEPMIUHHMN, IO 3HIDKYE TEMIIEpaTypy MoiayM’s (s
HDPE = 2700 K, natimenmie cepen ycix map — 2350 K 3 POM). Xoua AN nmae Tiibku
nerki monekymu (Hz0, Oz, N2), BincyTni Baxkki HCI uu meranu, oro Iy, oOMexeHui
came HeBenukoro enepriero peakuii. Ipuknan: HDPE + AN wmae Iy, 0. = 240 ¢, mo
Ha ~7% MeH1e, Hix 3 AP. OkucinroBau KNOs neMoHCTpye A€o Kpaily TEIIOTBOPHY
3MaTHICTh, HDK AN, ane mpoayktu MicTaTth Bakki kommoHeHTH Tumy KOH, K2COs
TOIIIO, IO IPU3BOJUTH 0 BITHOCHO BHCOKOI CepeIHBOT MOJICKYIISIPHOT MacH MPOTYKTiB
(nanpukian, ~27.5 r/mons it HDPE+KNO:s), i BianosiaHo HaliHmwkuuii I, ~ 230 ¢
y Bakyymi s momiMmepiB, ~238 ¢ mans momiMmep+Al (e udacTMHa Kallilo MOXKe
3B si3yBarucs 3 Al y kongencari tuny KAIO»).

Cepen nanuB yucti ByrieBoaHeBi nmomimepu HDPE, LDPE ta PP mposiBunmm

NPAKTUYHO OJIHAKOBI pe3yabraru. lle ouiKyBaHO, OCKUIbKM iX yMOBHa (opmyia
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omuspka 10 (CH,),, i BOHM MarOTh NOJIOHY CHTAIbBIiI0 3ropsHHS ~46 MJDK/KT.
He3nauHi BigMiHHOCTI (Ha piBHI 1-2%) 3yMOBIIEHI PI3HULICIO Y TYCTUHI Ta €HTAJIbIIIL
YTBOPEHHSI: HampuKiana, s noiinpomniuieny (popmyna npubmusno C3;Hg TerioTa
MoJIIMEpHU3allii TPOXH BIIPIZHAETHCS, ajieé 1€ MIHIMAJIBHO BIUIMBAE€ Ha CyMapHHUI
6ananc. Otxxe, HDPE, LDPE ta PP MoxxHa po3misigaTv sIK €KBIBAJIEHTHI 3 TOUKHU 30PY
TEIJIOTEXHIYHUX TOKa3HUKIB. [loieTuneHoBl MajnuBa 3arajoM HE MOCTYIMaThCs
TpaJuLIfHOMY BYIJIEBOAHEBOMY MaJIUBYy — racy: 3a JaHUMHU poOoTu [28], nis mapu
nojieTunen—O2 MaKCUMaNbHUK TeopeTHinui g, ~ 3680 M/c (abo 376 ), 110 HaBITh
nemio Buie, HixK 3640 M/c (a6o 371 ¢) mns racy—O: mpu Tux camux ymoBax. lle
MTOSICHIOETHCS BUIIIOK0 €HTAJIBITIEIO 3TOPSIHHS MOIETHIICHY MOPIBHSHO 3 racoM (Ha 5%)
Ta OUIBIIMM BMICTOM BOJHIO B moiietwieHi (14% wmacu npotu ~13% y racy), 1mo
MPUBOIUTE 0 yTBOpeHHs Oinbioi yactku H,0/H, i menmoi CO,/CO nipu TOpiHHI.
BHac/mi10K 11b0ro TpoXH 3pocTac gy, 1 Temreparypa nomym’st [28].

[TanuBo nonipopmansaeria (POM), sike Bxke MICTUTh KUCEHbB Y CKJal (hopmyna
CH,0), nokasye inmi TeHnenuii. Moro Temiora 3ropsHHA 3HAa4HO MeHIa — ~16,9
MJIx/xr (qume 60% Bij MOIETUIIEHY ), OCKUIBKK YaCTHHA BYTJICLIO BXKE OKHMCIIEHA JI0
crynens +2 (—-CHO-rpyna). Le 3amxkye T,4 (Ha 100-300 K meHII€ IPOTH aHATIOTIYHOTO
BUIAJIKYy 3 TOJieTHSIeHOM, B Tabmuii 2.3). OnHak MeHIa motpeda B 30BHINIHbOMY
okucitoBaui (crexiomerpuune criBigHomeHHs: O/I1 qnus POM ~2,7-3,4 3amictb ~7—10
st CH,) o3Hauae MeHITy 9acTKy «0amacTy» B MPOAYKTaX — 30KpeMa, yTBOPIOETHCS
menie N, Ta HCI (nnsa map 3 AP, AN) a6o menmie Bepaoro K,CO5 (3 KNO3). Binsina
gacTka Macu nponykris npumnagae #Ha CO, 1 H, O — BimHOCHO JieTki MONeKyH (cepeaHs
M nemo B3HWXKYEThCS). SIK HACHIOK, MATOMUM IMIyiabe st POM-komOiHalii

BHMXOJIMTh TIOPIBHAHHUM 13 TIOJIMEPHUMH: HAUPMKNAL, 3 Isy, 4. = 250 ¢, (mpotm 257 ¢
i HDPE+AP). 3 LiCl0, POM wnagite nae tpoxu Buiui g, (~270 c) nixx HDPE

(~265 c¢), ockinbku Li,O yTBOPIOETHCS B TOMY 3K 00CS3i, a TETUIOTH BUCTAYa€ JJIS

Bucokoro T,4. Hatomicte 3 AN ta KNO3; POM-nanuBo He mae mepeBaru, 00 Tam
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BU3HAYaJIbHy pOJb I'pa€ Maja eHepris okucioBada. Takum umHoMmM, POM wmoxe
PO3IIISAATHCH SIK «9aCTKOBO OKMCHEHE» MATMBO: BOHO 3a0€3I1eUy€ MEHIITY TETIIOTY, aje
noTpeby€e MEHIE OKUCHUKA. Y CyMi 1€ HE3HAYHO BIUIMBAE Ha Iy, (£2-3%), ane moxe
OyTH KOPUCHUM IS 3MCHIIICHHSI MAaCH OKHCITIOBada Ha OOpTY.

AmominizoBane nanuBo (PE+Al 20%) neMoHCTpye TiABUIIICHHS! €HEPTeTUIHUX
XapakTepUCTUK. [lo1aBaHHs aTlOMiHIt0, SKUH TIPU TOPiHHI OKUCHIOETHCS 10 Al, 05, nae
nonatkoBy Teruoty peakili (~31 M/x/kr Al). ¥V Bcix Bunagkax ue migusino T,y Ha
+150...+250 K (nnsa nopiBasaus, Hanpukiaa, HDPE/AP 2950 K i3 PE+AI/AP 3150
K). ITutomuit imnynbe Takox 3pic Ha ~3—5 ¢ (2-3%) y Bakyymi. Haitbinbiie Burpaii
Big Al momiThui 3 kucHeBumu okucoBadamu: 11t LiClOa Igy, 1,4, 3pic 3 ~265 o ~274
¢ (+3.4%), st HNOs 3 230 go 238 ¢ (+3.5%). 3 AP ta AN npupicT Tpoxu MEHIINN
(+2 c¢). i pesynabratd y3rOMKYIOTHCS 3 JITEpATYpHUMHU JaHUMH, JI€ 3a3HAYCHO
MIJBHUIICHHS TEOPETUYHOTO Isp Ha 5-7% mnpu BBemenni 20-30% wmeTaneBoro
HaITOBHIOBAYa JI0 MTOJIIMEPHOTO MayivBa [28] (11 OKUCIIIOBAYIB THITY TICPOKCHIY BOIHIO
a00 kucHI0). Menmmii eexT y Bunaaky AP nosicHioeTscst THM, 1110 YacTUHA eHeprii Al
BUTPAYAETHCS HAa YTBOPEHHS MEHIN ek30TepMmiuHoro AlCl; (B MPUCYTHOCTI XJIOpY), a
Takok 3HagHOI YacTkoto HCI B mpomykrax, sika 3MeHIye Burpai. BigzHaaumo, 1o
Al, 05 y npoayKTax IpUCyTHI1! NepeBaKHO B KOHACHCOBaHIH (a3i (piKi YaCTUHKH, 110
IIBUIKO TBEpAimarTh). Lleil TBepamii KOHAEHCAT HE PO3MIHMPIOETHCS SK a3, TOMY
e(heKTUBHUN TUTOMUN IMIYJIbC MOXe OyTH [eHI0 HIDKYUM PO3PaXyHKOBOTO
PIBHOBaXHOTO (y peajibHOMY JBUTYHI BaXKKI YACTUHKH 3a0MparOTh YaCTKy KIHETHYHOT
eHeprii motoky). Kpim Toro, HasBHICTH Al,0; TPU3BOAWTH 10 CHUIIBHIIIOTO
IIPOMEHHUCTOTO TEIUIO0O0MIHY 31 CTiHKaMu [46], 1110 BUMAarae J01aTKOBOTO OXOJIO0KCHHSI
razudikaropa. He3Bakaroun Ha 111 HIOAHCH, 3arajbHUN TO3UTUBHUUA €(EKT BIJ
MeTami3alii MaJbHOTO OYEBUIHUN: 3pOCTAa€ TYCTHHA MAJIBHOTO Ta HOro TEIJIoTa
3TOpPSIHHS, IO IT/IBUIYE CHEPreTHYHI XapaKTePUCTUKH CyMimlli. 3 MPaKTHIHOTO

nonsiny, 20% Al — ne TUnoBuid BMICT Il TBEPAUX KOMIIO3UTHHX PAaKETHHUX IAJIUB
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(manpukian, APCP 68% AP, 12% nonimep, 20% Al mae Bakyymnmii Iy, = 260 c) [58].

Hamn pesynbraTv NIATBEPIXKYIOTh, IO TaKl MajJWBHI KOMIIO3MIII € OJIM3BKUMH [0
ONTUMYMY: HOJajblue 30inbpuIeHHs yacTku Al nae cnaganus Ig, 4epe3 HaaIMIIKOBY
Macy KOHJIEHCaTy B IpoayKTax (Hanpukna, npu 30% Al I, Bike He 3pocTae MOMITHO).

Posrnsaemo BrumiB criBBigHOIIEHHS naauBo/okucitoBad (O/I1) Ak 3aznaganocs,
MAaKCUMyM MHTOMOTO IMITYJbCY 3a3BHUYail JOCSTAETHCS MPHU MATHBHOMY HATUIIKY
BiHOCHO ctexiomeTpii [55]. Hns cymimi HDPE+AP crexiomerpuune O/I1 =10, mpote

MakCUMaNbHUM Ig, ~262 ¢ nocaraerses npu O/T1=8 (tobto mpu ~20% HapmMiKy
nanuea). Jlani 30arauyeHHs MajquBOM NMPU3BOIAUTEL JI0 3MEHIIEHHS lg, depe3 maminus

TeMmreparypu 1 HemoBHE OKucCHeHHs (mosiBa 3HauHoro CO, H,), xoua cepemus
MOJIEKYJIsipHa Maca Bce Imie 3HwkyeTbes [55]. st HDPE+AN ontumym ~ O/I1=14
(ctexiometpiss ~17), mna HDPE+KNOs ~ O/II =8 (crtexiomerpis ~9), mis
HDPE+LiCIO4 ~ O/T1=4,5-5 (cTexiomeTpisi ~5,7). B ycix Bunaakax ajist ONTUMaIbHOTO
CIIBBITHOIIIEHHS MOTPIOHO MEHIIIE OKMCHUKA, HIXK Ha cTexiomeTpito. Ile cninbHa puca
pPaKeTHUX IMAJIMB: MAKCUMAIBHUI MUTOMUHN IMITYJTHC TIOCATAETHCS B 00JIACTI TATUBHOTO
HAJUIIIKY, TIPU TEMIIepaTypl TOPIHHS HIDKYIN 32 MaKCUMAaJIbHO MOKIIUBY. [Ipuunna —
JOMiHYBaHHS €(eKTy 3MCHIICHHS MOJICKYJSIPHOI MacH NPOAYKTIB HaJ e(eKTOM
3HIDKEHHS Temreparypu. Hampukiaza, mepexia BiJ CTEXiOMETPUYIHOTO 10 30araueHoro
pexumy mina HDPE+AP: T,y mamae 3 2950 K no ~2700 K, ane cepennss M rasy
3MEHIIY€EThCSE 3 ~26 10 ~22, 3a paxyHOK 4oro Ig, = 3poctae [55]. Ilpu upomy,
TeMITepaTypa MOJyM s 3aBXKIH JIOCATAE MAKCUMyMY TPU CTEXiOMeTpii, a B MaJTUBHO-
HAJTAIIKOBINA 00J1aCT1 3HUKYETHCS.

HonaBanus Al B manuBo BrmmBae Ha ontumym O/II. Mertan mnorpebye
JI0JIATKOBOTO OKHCJIIOBAa4Ya, TOMY CTeXioMeTpuyHe crhiBBigHomIeHHs aisa PE+AI Bue,
HIXK JUIsi 9UCcTOTO ToyiMepy (Hampukian, ais AP: ~11,5 mporu ~10). BiamosinHo,
MaKkCUMyM [g, JUId METani30BaHOrO MalKMBa 3MIILYEThCSA 10 OLIBII OKUCIIOBAILHOI
cymimii. 3 HammMX po3paxyHkiB, misi PE+AI+AP ontumym ~O/F=9,5 (mpotu 8 nnsa 6e3
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Al), pu upomy Ig, Ha ~2 ¢ BuIe cTexiomeTpuuHoro. B minomy, Burpain Big Al gemo
MCHIIIMA Yy TaJWBHO-HAJIMIIKOBIM 001acTi, OCKUIBKM HAJJIUIIOK IajliBa MOXKE
MPUBOJUTH J10 HE TOBHOTO BUropanus Al (yactuna Al Moxe 3a/IMIIaTUCh B KOHACHCATI
0e3 peanizarlii Bciel XiMI4HOT eHeprii). Tomy npakTuuHi komno3uuii 3 Al yacto 6im3bKi
10 onTUMyMy 3a g, pu TPOXH OLIBIIOMY, HIXK CTEXIOMETPUYHOMY, BMICTI OKHCHUKA

(o monermrye moBHEe BUTOpaHHs Al 1 3MEHIITye BTpaTH).
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BucHoBku 10 po3aiiay 2

Po3po0neHo aHaNMTHYHY TEPMOIWHAMIUYHY MOJEb 3TOPSHHS MAJUBHOI HapH
nomietusien + amowniii mepxmopar (IIE+AIl) y pakerHomy JBUTYHI B
cTalioHapHoMy pekumi. Ha ocCHOBI 11i€i Mojeni CKJIaJIeHO CTeXiOMeTpUYHe
PIBHSHHS TIOBHOTO 3TOPSHHSA Ta BHU3HAYEHO TEOPETHYHY ajladaThuyHy
TeMIieparypy noiaym’s (6e3 ypaxyBaHHS AUCOITIAI] MPOITYKTIB 3TOPSIHHS).

3a pomomororo mnporpamHoro komrmuiekcy ASTRA-4, mo peanizye meron
TEPMOXIMIYHOI PIBHOBAru, OOUKCIEHO PIBHOBAKHUI CKJIAJ] IPOAYKTIB 3rOPSIHHS
cymimi TIE+AIL.  TligTBepmkeHO, IO CTEXIOMETPUYHE CIIIBBITHOIICHHS
OKHCIIOBaua /10 MaJbHOTO CTaHOBUTH npubnu3no 10:1 3a macoro. Busnaueno,
mo mpu Ttucky p = 3,12 MIla agiabarnuna Temmeparypa MOIyM’sl JOCSTAE
omuzpko 3010 K jamsg cTeXioMeTpUYHOI CyMilll MOJIMEPHOTO MajuBa 3
OKHCITIOBAYEM.

BcranoBneHno, 1m0 BIAXWIJICHHS BiJI CTEXIOMETPUYHOTO CKJIAMy Cymimn abo
3HMDKCHHS TUCKY B KaMepi 3rOpsSiHHS MPU3BOAITH JI0 3MEHIICHHS aaiadaTnyHol
TEMIIEpaTypy TMOJyM’si 4epe3 HEMOBHE BHUTOpPAHHS MajnBa Ta 1HTCHCHBHIIIY
JTUCOITIAIIIFO TTPOTYKTIB 3TOPSTHHS.

Po3paxoBaHo ycepenHeHi Teruio(i3uuHi BIACTUBOCTI MPOJYKTIB 3TOPSHHS B
KaMmepi (CepeaHIo MOJICKYISIPHY Macy, TUTOMI TETUIOEMHOCTI, TOKa3HHK ajiadaTu
Y, KkoedimieHTH B’SA3KOCTI ¥ TeruomnpoBigHocTi). OTpumani  JaHi
BUKOPHUCTOBYIOTHCS JUTsI OIIHKU TEIUIONEpenadyl B ABUTYHI Ta CIyTyBaTUMYTh
BUXITHUMHU TIapamMeTpaMH Ui TOAANBIIOT0 YHUCEITBHOTO MOJIEITIOBAHHS
IPOLIECIB Y KaMepi 3TOPSIHHSL.

[TopiBHSAIBHUN aHANI3 XapaKTEPUCTHK PI3HUX MATWBHO-OKHMCHIOBAIHHUX Tap

nokazaB, mo okucaoBad LiClOs y moegHaHHI 3 TOJIMEPHUM MaJIbHUM
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3a0e3nedye HaBUIIMK MUTOMUH iMIyJIbC (Is), = 265 ¢ y Bakyymi) i Temmeparypy
nonym’st (~3200-3400 K) cepen po3misiHyTux KoMOiHaIiil. AMOHIN mepxJyiopar
TOCIa€ APyre MICILE 32 EHEPreTUYHOK ePEKTUBHICTIO (I, = 255-260 ¢, Ty =
2900-3000K), Tomi sIK HITpaT aMOHIIO Ta HITPAT Kalll0 JIEMOHCTPYIOTh
HakHMKY1 OKa3HUKK (Ig, = 230-240 ¢) yepe3 MeHILy TEIIOTBOPHY 31aTHICT
ab0 yYTBOpPEHHS Ba)XXKMX MpOAYyKTIB 3ropsHHA. [lomaBanus ~20% Al 1o
noJiiMepHoOro mnajuBa miaBuiye T,; Ha ~150-250 K 1 mutoMuii iMmynbsc Ha 2—
3%, MOKpal[youn eHepreTUYH1 XapaKTepUCTUKH CyMIIIi

. [l minBUINEHHS JOCTOBIPHOCTI pE3y/bTaTiB MPOBEICHO AHANITHYHI OIIHKH
OKpEeMHUX MapaMeTpiB, 30KpeMa TEIJIOBOTO MOTOKY /10 TOBEPXHI IIEHTPAIBHOTO
TiJa 1 NajauMBa Ta B A3KOCTI ra3oBoi cywimn. BcTaHoBieHo, 10 OoTpuMaHi
aHATITUYHI 3HAYeHHs Y3rokyroTbes 3 nanumu CFD-monemtoBaHHS, 110
HOIATBEPIKYE aJECKBAaTHICTh MPUHUHATUX y Mojeal (I3MYHUX NPUITYLIEHB 1

qUCeIbHOI METOIUKH.
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PO3I1JI 3. MATEMATHYHA TA KOMII'IOTEPHA MO/JEJII
I'30IUHAMIYHUX I TEIIJ/TIOOBMIHHHUX ITPOLIECIB B
ABTO®AKHOMY JIBUI'YHI

3.1 CucremMa piBHSIHb TeNJIOMACOOOMIHY Ta ra3oBoi JUHAMIKH.

Y 1poMy MyHKTI HABEJEHO MAaTeMaTH4YHY MOJENb Ta30JWHAMIYHUX TPOIECIB Ta
TEIJIOO0OMIHY B aBTO(aXKHOMY pAaKE€THOMY JABUTYHI 3 IIOJIMEPHHM IaJIMBOM,
pearnizoBany y mporpamHomy komiuiekci ANSYS Fluent. Monens IpyHTyeThCS Ha
cuctemi TpuBUMIipHUX piBHSIHB HaB’e—CToKCa 7151 CTUCAMBOTO TYpOYJEHTHOTO OTOKY,
JOTIOBHEHIH PIBHSHHSAMHU €HEprii Ta cTany. L1 piBHAHHSA ONUCYIOTh 3aKOH 30€peKEeHHS
MacH, KITBKOCTI pyXy (IMIyJbCy) Ta €HEprii /uisi B SI3KOTO TEIUIOHOCIS (IIPOIYKTIB
3ropsiHHs nanuBa) 1 € 6azoBumu st CFD-MonentoBaHHs BHYTPIIIHBOL Teuli B Kamepi
sropsiHHs. Hrokde mojgaHo cucTeMy piBHSHB Ta30BOI JMHAMIKH 1 TEIUIONEPEHOCY Y
dbopMi piBHSHB y YAaCTUHHUX TMOXITHUX, IO BHUKOPHCTOBYIOTHCS JUISI YMCEIHHOTO
PO3B’sI3aHHS 3a]1a4i.
OcHoOBHi piBHSIHHA 30epesKeHHsI MacH, iMITYJIbCY Ta eHeprii.

TpuBuUMipHMIA CTHCIMBUN TMOTIK B Kamepi JBUTYHA OIHUCYETHCS PIBHSIHHIM
HeTepepBHOCTI (30epekeHHs MacH), piBHSHHAMH Hap’e—Crokca isi 30epekeHHS
IMITYJIECY 110 KOOPIUHATHUX HAMPSAMKAX Ta PIBHAHHIM €HEprii. Y BEeKTOPHO-1HIEKCHIM

(dopMi cucTeMy piBHSHb MOXKHA 3alIMCaTH TAK:
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( dp

E‘l‘V'(pV):O,
9]
. %+V-(pvv):—Vp+V-t+pf, (3.1)
d
(Le)+v-(pev+pv)=V-(r-v—q)+pf-v,

\ Jt

1e p —rycTuHa rasy; v = (U, v, W) — BEKTOp IIBUIKOCTI IOTOKY; P — TEPMOTUHAMIYHU
TUCK; € - TIOBHA (MUTOMa) eHeprid rasy. llepie piBHSIHHS (HEMEpEpPBHOCTI) BUpPAKAE
3aKOH 30€peKeHHS Macu — 3MiHa TYCTHHU B 4Yaci IUIIOC MOTIK MAacH 4Yepe3 T'paHHMIli
KOHTPOJILHOTO 00’€My JOPIBHIOIOTh HYNIO. [[pyre piBHAHHS € 3aKOHOM 30epe’KeHHS
KUIBKOCTI pyXy (IMIIYJIbCY): 3MiHA IMITYJIbCY T'a3y BU3HAYA€ThCA I'PAJIEHTOM THUCKY Ta
CHWJIaMH B’S3KOTO TepTs (IUBEPTEHINIEI0 TEH30pa HAIMPYXKEHb T, a TAKOX 00’ €eMHUMH
cunami pf (Hampukia, cuiia TsokiHHA) [59, 60]. Tpete piBHIHHS — 3aKOH 30€peIKCHHSI
eHeprii — onucye OalaHc TOBHOI €HEepTii: 3MiHA CyMapHOi eHeprii ra3zy (BHYTpPIIIHbOI
Ta KIHETHMYHOI) BH3HAYAETHCS IEPEHOCOM eHTablii motokom V- (pev + pv) i
TEIUIONPOBIIHICTIO V * g, a TakoXK poOOTOIO B’ SI3KMX cvi V * (T * V) Ta CHIIO0 TSHKIHHS
pf - v [59].

Jlns  3aMuUKaHHS HaBEICHUX PIBHAHb HEOOXITHO BHU3HAYUTH  MOJEII
TPAHCMIOPTHUX TOTOKIB — B’SA3KOTO TEPTS Ta TEIUIOMPOBITHOCTI — a TaKOXK
CHIBBIIHOIIIEHHS CTaHy ra3y. B’s3kuil HbIOTOHIBCHKUHM Ta3 OMHUCYETHCS CUMETPUUYHUM
TEH30pOM HampyXeHb 3CYBy T, KOMIIOHEHTH SKOTO BH3HAYAIOTHhCS TPaTi€HTaMH
mBuaKocTe. [lpu mpumymnieHH1 JTiHIHHOT 3aJIeKHOCTI HANMPYKEHb BiJ HMIBUIKOCTEH
nedopmaiii  (3akoHy HprooroHa Uit B’A3KOi  piAMHM) KOMIIOHEHTH TEH30pa
BHU3HAYAIOTHCS SIK:

Wi 9% 25w (32)
’l’. . = M L — —_— P . v .

H ax] axi 3 H ’

e U - TMHAMIYHUK KOEQILiEHT B SI3KOCTI (MOXKE 3aJI€KaTh Bijl TEMIEPATYpH); 8;; —
cuMBoJ KpoHekepa; iHIEKCH i,j BIIMOB1AAI0Th KOOPJMHATHUM HampsIMKaM X,),z. Bupas

(3.2) € cranmapTHUM BU3HAYCHHSIM IS HAPY>KeHb Y CTUCIMBOMY HBIOTOHIBCHKOMY
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ra3i [59]. TemnonpoBigHICTh Ta3y oOMHUCYeThCs 3akoHOM Dyp’e: TEMIOBHM MOTIK
CHpAMOBaHUI BiAg OUTbII HArpiTUX oOmacTed A0 XOJOAHIMIUX Ta MPOMOPLIHHUN
TpaJilEHTy TEMIIepaTypH:

q=—AVT, (3.3)
e q = (qx, Ay, qz) — BEKTOp TYCTHHHM TEIUIOBOTO MOTOKY; I — Temmeparypa; A —
KOoe(IIIEHT TEIUIOMPOBIIHOCTI Ta3y (Takok moxke Oytu (dyukiiero 7). IligctaHoBka
(3.2) ta (3.3) B piBHsHHA (3.1) 3a0e3neuye BpaxyBaHHSI €(DEKTIB B’SI3KOIO TEPTS Ta
TEIJIONIEPEHOCY B €HepreTuuHOMY piBHsAHHI. KpiM Toro, /utst 3amukanns cuctemu (3.1)
HeoOXiJHa PIBHSHHS CTaHy, SKe IMOB’S3y€ TEepMOAMHAMIYHI mapameTpu. B monmemni
NPUIHATO Ta3 SIK iealbHUI, TOMy BHKOPHUCTOBYETHCS PIBHSHHS CTaHy 11€aJbHOTO
rasy:

p = pRT, (3.4)
ne R — razoBa crasia CyMmilli IpOAYKTiB 3TOpSiHHS. Y MeXaX JaHoi poOOTH mapameTpH

rasy (3Ha4eHHs R, a TakoK MOKasHWKa aaiabatk y = Cp/C, Ta TeMIEparypHHX

3aJIeKHOCTEHN TETTO(13MIHUX BIIACTUBOCTEH ) BUSHAYAIKCS Ha OCHOBI TEPMOXIMIYHOTO
PO3paxyHKy NPOAYKTIB 3TOpSHHS TajauBa. TakuM 4uHOM, piBHsSHHS (3.1) paszom i3
monensimMu  (3.2)—(3.4) onucyroTh TPUBHUMIPHUN CTUCIMBUM pearyroduil MOTIK 3
ypaxyBaHHIM B’SI3KOCTI Ta TEIJIOMPOBITHOCTI.

BumienaBenena cucrema piBHSIHb € aAudepeHiiiHo (GOpMOI0 3aKOHIB 30€pEKEeHHS,
Ky PO3B’SI3yIOTh YHCEIHHO METOJAOM CKIHYEHHUX 00’eMiB. Y TpOrpamMHOMY
cepenoBuiii ANSY'S Fluent 1i piBHAHHS IHTETPYIOTBCSI B KOHTPOJIBHUX 00’ €Max, MiCIs
YOro 3aCTOCOBY€EThCS TUCKPETU3AI[isl KOHBEKTUBHUX Ta IU(PY31MHUX MMOTOKIB 3 IEBHUM
MOPSIIKOM TOYHOCTI (B JaHI poOOTI BUKOPHUCTOBYBAJIACS CXEMa JPYTOTO TMOPSAKY
TOYHOCTI). 3B’SI30K MK 3MIHHUMHM THCKY 1 IIBUJKOCTI 3a0€3MeUy€eThCS 3a JOTIOMOTOI0
anroput™My SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) ms
CTalliloHapHOTO po3paxyHKy [61]. HaBemena marematuyHa Monenb peajizoBaHa y

BUIJISAJII CTalllOHAPHOI 3aja4i, TOOTO PO3B’SI3yEThCS BCTAHOBICHUM pekuM Teuli (yci
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d/dt = 0), mo BIANOBIJIa€ YCTAJICHOMY TOPIHHIO MaJuBa B ABUTYHI. TakuM 4MHOM,
BU3HAYAIOTHCSI CTAI[lOHAPHI MOJIs MIBUJIKOCT1, TUCKY 1 TEMIIEPATypH ra30BOro MOTOKY.
Po3paxyHOok mpoBoIUBCS 3 YBIMKHEHUM €HEPreTUYHUM PIBHSHHAM (energy equation =
on), TOX Yy MOJIeJll BpaXxOBaHO TEIIOOOMIH B poOouomy Tiii (iieayibHOMY rasi) 3a
PaxyHOK KOHBEKIIii 1 TEIUIONPOBIAHOCTI. ['paHuuHi yMOBHU JJisi 00JacTi OOTIKaHHS
JIBUTYHA 3aJ]JaHO TaKUM YUHOM, 1100 B1I0Opa3UTH peajibHI yMOBU pOOOTH: Ha BXO1 B
KaMepy MOJaHO BUTpary Ta3y (MPOAYKTIB 3TOpsiHHS) 3 3aJaHUMH TapaMeTpaMu
(Temmeparyporo, THUCKOM, CKJIQJOM), Ha BUXOJl — YMOBHHM BuXiJ y atMocdepy i3
3aJTAaHUM THCKOM (TIPUITYCTUMO, OJTM3BKUM JI0 HABKOJIMIIIHHOT0) 200 YMOBOIO BIJILHOTO
BUTIKaHHS, @ Ha CTIHKAX — YMOBHM HENPOHUKHOCTI Ta NpuiaunaHHs (no-slip) mis
mBUAKOCTI. TeraoBi rpaHUYHI YMOBU Ha CTIHKax NMpUAHATI amiabatic wall (anuabarHi
CTIHKH), OCKUIbKM TEIUIOOOMIH 31 CTIHKaMd JIBUTYHa B paMKax JaHOi Moei
BPaXOBY€ETHCS CIPOIICHO (6€3 po3paxyHKy IPOTrpiBy TBEPAUX CTIHOK).

Moneab TypOyjgeHTHOCTI SST. OCKUIBKM peXUM Tedil razy B pPaKeTHOMY
JBUTYHI € TypOYJICHTHUM (4€pe3 BUCOKY LIBUKICTh Ta XapaKTEPHI MacITaON MOTOKY ),
JUIs aICKBAaTHOTO OMHUCY MEPEHOCY IMIYNbCY i €Heprii HEOOX1AHO 3aCTOCYBaTU MOJIEIb
TypOyJleHTHOCTI. Y fAaHiii poOOTI BHUKOPUCTAaHO JIBONApPAMETPUYHY MOJIEIh
typOynentHocti SST (Shear Stress Transport) Mentopa [60], ska moeaHye nepeBaru
Mozene k — € Ta k — w 1 0coOnmuBO eeKTHBHA IS 3a/1a4 13 CKIITHOI0 T€OMETPIEI0
Ta CHJIbHO BHPRXCHUMH TIPUMEXKOBHMH IIapaMHu. 3acTOCYBaHHS  MOJENi
TypOYJICHTHOCTI O3HaYae, M0 PO3B’SI3yIOThCSA OCEepeaHeH] 3a PeiftHONMbICOM PIBHSHHS
Har’e—Crokca (RANS), B sKuX BIUIMB IyJibCalliii BpaxOBaHO Yepe3 0JaTKOBI
MEPEHOCH] WICHH — TaK 3BaH1 pEHHOJIBCOBI HANIpYyXeHHs. )15l 3aMUKaHHS LUX PIBHAHb
BUKOPHCTOBYETHCS TiIOTE3a MPO TypOyleHTHY B’ s3KicTh (byccinecka), 3riiHO 3 KOO
HEBIJIOM1 HaNpy>KeHHsI MOZENIIOIOTHCSA aHAJIOTIYHO /10 MOJIEKYJISIPHOI B’A3KOCTI, alie 3
edexTuBHUM KoedilieHTOM U, (TypOyneHTHa B’s3kicTh). Momens SST mo3Bossie

OOYHCIIUTH [y HA OCHOBI PO3B’sI3aHHS IBOX AU(PEPEHINIAIBHUX PIBHSIHB JIJIs1 KIHETUIHOL
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eHeprii TypOyJaeHTHOCTI k Ta MUTOMOI IMBUIAKOCTI 11 aucumnamii w. Huxde HaBeneHo
piBHsHHS TiepeHocy ansd k Ta w B momem SST (y cramioHapHii MOCTaHOBIN, 0e3
BpaxyBaHHS 3aJICKHOCTI BiJl 4acy):

pv - Vk = P, — B pkw + V- [(u + o, u) VK], (3.5)
)
k

Piusaunas (3.5) ommcye Oamanc TypOyJaeHTHOI KIHETHYHOI eHeprii k: KOHBEKIIis

1
pv Vo =a —P, — fpw? + V- [(u+ o,u)Vw] + 2 (1 — F,) po,, ZVk -Vw. (3.6)

(JiBOopydY) JOpIBHIOE CyMl TepMiB TeHeparii P, Ta TOIMHAHHA (JUCHIIAIi])
TypOyneHTHOi eneprii [*pk 1 nudysiiiHoro nepeHocy (ocranHii ieH) [2]. PiBHSHHS
(3.6) — GanmaHc MUTOMOI IIBUJKOCTI JUCUNIALIT w: MEPIIMHA YJIeH MpaBopyd BIANOBIAA€E
re’epanii @ 3a paxyHOK MpOAyKUli TypOyJIeHTHOCTI, IPYTrui — ii BJACHIA JUCHIIALIL
S pw?, Tpertiit — nudysii, i ocTaHHIN YIeH — Tak 3BaHA nepexpecha Ougyszis (diaeH 3
rpagieHTaMu k 1 w), mo BuHUKae B Moxeni SST mpu nepexoi Big Mmoxeni k — w o k —
€ (ueht unen mictuth pynkuiro F;) [60]. YV HaBeneHUX pIBHAHHSIX [ — TypOyJIeHTHA
(BUpOII’KEHA) NUHAMIYHA B’SI3KICTh, 110 BU3HAYAETHCS 3 CHIBBIJHOIICHHS [U; =

pa4 3TiTHO 3 METOJIOM TIEPEHOCY HaIpyx)eHb 3cyBy Mentopa [60]. Tyt

max(a,w1,SF;)
S =,/25;jS;; — IHTEHCHBHICTh TE€H30pa IUBHAKOCTEN Aedopmanii (MOIyIb rpaaieHTa
MIBUAKOCT1); P, — WBUAKICTH TreHepalii TypOyJeHTHOI KIHETHMYHOI €Heprii Bij
CEPENHBOTO CTPYMEHIO, HIO OILIHIOEThCA AK P, = f:S? (11 HEropu30HTaIbHHX
MOTOKIB TPH BIJICYTHOCTI MiTHOMHUX CHUJI, BHECKOM IUIaBy4OCTI Pj 3HEXTYyBaHO).
Koncrantu %, B, a, 0, 0,, 042 Ta a; — eMIIIpUYHiI KOS(IIIEHTH MOJENTI, M ai0paHi Ha
OCHOBI PSIZTy €KCIIEPUMEHTAILHUX TaHUX 1 YMCETbHUX TECTIB (TUIOBI 3HAYCHHS: [§* =
0,09, =0,075,a¢ = 0,31, 6y, = 0,85,0,, = 0,5,0,, = 0,856, a; = 0,31 Tomo).

Oynukiis F; — e 3ragana gynkumis 3minryBadHs (blending function), sika 3a0e3neuye
TUTaBHE MEPEKIIIOUEHHST MOJENl MK (POPMYITIOBAaHHSAMU K — w 1 kK — &€ y IPUCTIHHIH
obnacti. F; —» 1 1 Mozenp mparfroe siKk CTaHIapTHAa K — w, TOJI K JaJeKO BiJ CTIHKU
F; = 01peani3yerbcs pexxuM k — € . 3aBasKku 11boMy Miaxoay moaenb SST ycnaakoBye
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nepeBaru 000x 6a30BUX MOJIEJICH: BOHA HEUYTJIMBA /0 YMOB Ha BXO/Il BIILHOTO IMMOTOKY
(six k — €) 1 oqHOYACHO 3/1aTHA TOYHO BiATBOPIOBATH SIBUINA B MIPUKOPIAOHHOMY Iapi
aX JI0 CTIHKM Oe3 BUKOPUCTAHHS HaIiBeMIIpUYHUX (YHKIINA CTIHKH (K k — w).
binbuie Toro, BBenenuit y monenb SST MexaHi3M 0OMeXeHHs BEJIMUUHU [y (depe3 S Ta
¢byskiio F, B HaBenmeHii ¢opMysi) T03BOJISE MPABWILHO BpaxyBaTH TMEPEHECCHHS
HaIpy>KeHb 3CyBY B 30HaX BIJIPUBY IOTOKY 1 CHUIBHOTO TPaJiiEHTa TUCKY, 3aI1001rarouu
HaJMIpHOMY 3pOCTaHHIO TypOyneHTHOi B’si3kocTi. Came tomy monens SST (Shear
Stress Transport — mepeHeCceHHs HaNpy>KEHHS 3CYBY) 3apeKOMEHIyBasia ce0e Kparle 3a
CTaHAApPTHI JBONApaMETPUYHI MOJETl TMpPU MOAENIOBAaHHI Te4id 31 CKIAIHOIO
TEOMETPIEI0 1 CTPYMHUHHOIO CTPYKTYPOIO, 30KpeMa 3a HAsIBHOCTI MICHTPATBHAX TUT YH
BIJIpUBHUX 30H. Y JaHI{ 3a/1a4i HASBHICTb IIEHTPAILHOIO Tija (MMAJIMBHOTO CTPYOKHS)
Ta 3BY)KYBaJIbHO-PO3IIMPIOBAJILHOI  KOH(iryparii KaHaily CTBOpro€ oOnacTi
PEIUPKYIIAIT Ta 00TIKAHHS, 1€ MOKJIUBUN BiJIPpUB MOTOKY; BUKOpUCTaHHs SST-momeri
JI03BOJIIE€ OLIBII TOYHO CIPOTHO3YBATHU TaKi SBUINA MOPIBHSHO 3 KIACHYHOIO k — w-
moaemto. JlogatkoBo, SST-mozens n00pe mpaifoe Npu HasBHOCTI 1HTEHCHUBHOTO
TEIMJI000MIHY, OCKIJTBKH KOPEKTHO BITBOPIOE CTPYKTYpPY MPUKOPJOHHOTO Iapy MpH
HAsiBHOCTI TpaJI€HTIB TeMIleparypu (30Kpema, Moxe OyTu 3acTocoBaHa 0e3
BUKOPHUCTaHHS (PYHKITIH TPUCTIHHOTO APy 3a TOCTATHHOT PO3AUTEHOT 3IaTHOCTI CITKH)
[60].

Oco0smBocTi MocTaHOBKH Ta npunywmenHs. /L nposenenas CFD-po3paxyHKy
MPUHAHATO P CHPOIIESHb 1 YMOB, IIIO BIAMOBIAAIOTH crienudimi 3a1adi MOACITIOBAHHS
aBTOXXMBHOTO PAKETHOTO JBUTYHA 3 TOJIMEpHUM nanuBoM. Hrkdye mepepaxoBaHO
OCHOBHI 3 HUX:

o CranionapHuii pexxXuMm Tedii: po3paxyHOK BHKOHAHO B CTalllOHApHIN

noctaHoBIll (steady-state), TOOTO pO3B’S3y€TbCSI yCTAlCHUM pexuM 0e3
BpaxyBaHHS HECTAI[lOHAPHUX KOJMWBaHb. lle BiAMOBimae MPUMYIIEHHIO, IO

JIBUTYH TIPAIIO€ B KBa3iCTAI[IOHAPHOMY PEKHMI MIC/S 3aKIHUCHHS MEPeXiTHUX
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npoiieciB 3anainoBanHsa. CtarfioHapHUHN MiAX1]1 3HAYHO 3HIKYE 00UMCITIOBAIbHI
BUTPATH 1 € BUIPABIAHUM, SKIIO LIKABUTh BCTAHOBJIEHUI PO3MOJLI HapaMeTpPIB
OTOKY [61].

TypOysenTHicth 3 Mopesarw SST: Tediss B kamepi BBaXKA€THCS MOBHICTIO
TypOYJICHTHOIO; JJI BpaxyBaHHS TypOYJICHTHHX IyJIbCAIliii BUKOPUCTOBYETHCS
onucana Buiie moaenb SST k — w (3 aBTOMAaTUYHUM MIEPEKITIOYCHHSIM Ha k — €
y najexkomy noii). Bei piBHsiHHS (3.1) po3B’sI3yI0ThCS ISl OCEPEIHEHUX 3MIHHUX
(RANS-miaxing), a BmmB TypOyJICHTHOCTI Ha CEpeaHId MOTIK BPaXOBYETHCS
yepe3 JOAATKOBI B’SI3Kl HANpPYKCHHS, OOYMCIEHI 3 BHUKOPUCTAHHIM [Ug.
3acrocyBanHsi SST nae 3Mory TOYHO MOJEIOBATH TOHKI IMPUMEXOBI IIapy Ha
CTIHKax JIBUTYHAa 1 30HHM MOXJIMBOTO BIJPHUBY MOTOKY 3a IIEHTPAJIbHUM T1JIOM
[60].

YBiMKHeHe piBHSIHHS €Heprii: Py MOIETIOBaHH] YBIMKHYTO PO3PaXyHOK ITOJISI
Temreparypu (energy equation = on), IO JO3BOJSE€ BHU3HAYATH PO3MOILT
TEeMIIepaTypH a3y Ta TEIJIOB1 MOTOKHU JI0 CTIHOK. BpaxyBaHHS piBHSIHHS €HEpril
€ HEOOX1THUM, OCKUTBKH MPOAYKTH 3TOPSTHHSI MAIOTh BUCOKY TEMIIEpaTypy, i 0e3
TEIJIONEPEHOCY HEMOMIIMBO OI[IHUTH TEPMIUH1 HABAHTAKECHHSI T 3MiHY T'YCTUHH
B MMOTOII. Y MOJIeJ1 MPUNUHSATO, IO TEIUIOBA pajiallisi HE BPaXOBYEThCS (JOMIHYE
KOHBEKTUBHO-KOHTyKTUBHHI TETUIOOOMIH), a CTIHKH JBUTYHA PO3TIISIAIOTHCA SIK
ajiabaTu4Hi, TOOTO TETUIOBUH TMOTIK O CTIHOK BPAaXOBYETHCS OIMOCEPEIKOBAHO
yepe3 OamaHc eHeprii rasy.

Ineanbumii ra3 06e3 XiMiyHHUX peakuiii: sK 3a3Hayanocs, poboye TUIO
MOJICITIOEThCA K 17IcaIbHUI Ta3 13 MOCTIMHUM XIMIYHUM cKiIagoMm. Lle o3Hauae,
mo y po3paxyHky Fluent He BHpIIIyIOTBCS PIBHSAHHS XIMIYHOI KIHETHKH a0o
MEePEHOC OKPEMHUX XIMIYHUX KOMIIOHEHT (Mojesib Oe3 peaxitii). Takuil miaxin
3aCTOCOBaHUM Yepe3 Te, 10 XIMIUHI peakilii ropiHHs He MoaemoBanucs y Fluent
— TPOIEC 3TOPSHHSA MOJIMEPHOTO TMaJMBa PO3pPaXx0BaHO OKPEMO 3a JIOMOMOTOI0

30BHIIIHBOTO TEPMOXIMIYHOTO OOUHUCIIFOBAILHOTO MOYJIS
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e . 30KpeMa, CKJIaJAW MPOAYKTIB 3TOPSIHHA, iXHI TeIIO(pi3uYHI BIACTUBOCTI
(3nauenHs R, ¢, (T), y TOII0) Ta MapaMeTPH Ha BXOJi B KaMepy OyJu MONepeHbO

BU3HAueHI 3a jomomororo mporpamu ASTRA-4 [62]. ASTRA-4 — 1ue
cremiajgizoBaHa MporpamMa TEPMOXIMIYHOTO pO3paxyHKy, MpU3HAYEHa JJis
MOJIETIIOBaHHS XIMIuHOT Ta (Da3oBoi piBHOBaru mpu BUCOKUX TEMIIepaTypax,
30KpeMa JIsl PO3paxyHKy NPOAYKTIB 3rOpsSHHS pakeTHHX maiauB [62]. VYV miid
po0oti kog ASTRA-4 BUKOpHUCTOBYBABCS JJI pO3paxyHKy MPOLECy razugikaii
Ta TOPIHHS TOJIMEPHOTO TaJrBa: Ha OCHOBI 33/ITaHUX YMOB (THCKY B KaMepi,
CKJIaay TMOJIiMEpy Ta OKHCIIOBava), BU3HAYAINCSA PIBHOBAXHHUM CKJIaJ ra3oBOl
CyMiIlli TIPOAYKTIB, ii Temreparypa Ta TeruiodizudHi mapamerpu. OTprmMana
ra3zoBa CyMIII MPOAYKTIB 3rOpsiHHS MojjaBajacs sk BxigHa ymoBa B CFD-monens
Fluent. ToOT0, Ha BX0A1 B 00YKCIIIOBaIbHY 00MACTh OyJ0 33JaHO TOTOBY CyMIII
rapsuMx rasiB 13 BiIOMUMH mapaMmeTrpaMu (0€3 MOIETIOBaHHS XIMIYHUX
epeTBOpeHb ycepeauHi o0nacTi Teuii). Takuil miaxij CyTTEBO CIPOILY€E MOJENb
Ta 3MEHIIY€ OOYMCIIOBAJIbHI BUTPATH, OCKUIBKM BHUKIIOYAE HEOOXITHICTH
pPO3B’S3yBaHHS JKOPCTKHUX CHCTEM DPIBHSHb XIMIYHOT KIHETHKH B KOXXHOMY
KOHTPOJBbHOMY 00’ eMi [62]. BiH € BUnpaBaaHuM, KOJIM MOXKHA TPUITYCTUTH, IO
XIMIYHI peakirii MpOTIKaIOTh MIBUIKO 1 3aBEPITYIOTHCS B MIPUKOPAOHHIHM 001acTi
(HampuKIian, y 30HI TOpiHHS MOONM3Y TMOBEPXHI MajuBa), a Jajl B KaMepy
HAJXOJIUTh BK€ C(POPMOBAHUM MOTIK MPOAYKTIB ropinHsa. B pesynprari, CFD-
PO3pPaxXyHOK 30CEPEIKYEThCS Ha Ta3oAuHaAMIIll Ta TETUIOOOMiHI TIOTOKIB
NOPOAYKTIB 3rOpSIHHS B T€OMETPIl JBUTYHA, TOMI SK PO3MOJALUT KOHILEHTpaIii
XIMIYHUX KOMIIOHEHT JIUIIAETHCS CTAIUM 10 BChOMY 00’ €My.
[TincymoByroum, MaTeMaTHIHa MOJIE/Ib, BUKJIAJCHA B IIBOMY IAPO3/ILJIi, BKIIOUAE
MOBHY CHCTEMY PIBHSIHb T'a30BOi JUHAMIKM Ta TEIJIOMACOOOMIHY IJII CTHUCIMBOIO
TypOYJICHTHOTO TOTOKY B Kamepi aBTO(a)XHOTO PAKETHOTO JBUTYyHA. BukopucTaHo

cydacHy mojnenb TypOyneHTHocTi SST, mo 3abe3nedye HajiliHe pO3B’sA3aHHS 3aaadl
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JUTSL BUMIAJKY CKJIQJHOI T€OMETPIi 13 IEHTPAJIbHUM TUJIOM Ta ICTOTHUM TETUIOOOMIHOM.
Po3paxyHKy BUKOHAHO B CTALIIOHAPHOMY PEKUMI 3 1I€aJIbHUM ra3oM, IPUYOMY IIPOLIEC
ropinHs BuHeceHo 3a Mexi CFD-mopmeni (1o MOCATAETHCS NMUISIXOM BUKOPUCTAHHS
pesynbrariB kKogy ASTRA-4). Taka mocTaHOBKa MOJEIIOBAHHS J103BOJISIE OTPUMATH
noJisA Tedii (IBHUIKOCTEH, THUCKY, TEMIIEpaTypH) Ta TEIJIOBI HABAHTAKEHHS HA CTIHKH
KaMepu 3 JOCTaTHHOI TOYHICTIO 1 MPUUHATHUMH OOYHMCIIIOBAIBHUMHU 3aTpaTaMHu.
OTpumMaHa y IbOMY IIYHKTi CUCTEMa PiBHSIHB Ta OMKC MOJIET CIIYyTyBaTUMYTh OCHOBOIO
JUISE TIOAQIIBIIOTO aHami3dy pesynbraTiB CFD-excriepuMeHTy B HACTYIHUX ITyHKTax

po3ainy 3.

3.2 Komn’rorepHa moaennb

Komm’rorepHa reoMmerpuuHa MOJENb JABUTYHa Oyna moOygoBaHa Ha OCHOBI
peaTbHOTO0 EKCIMEPUMEHTAIBHOTO 3pa3ka aBTO(PaKHOTO PAKETHOTO JBUTYHA 3
nojiMmepauM nanuBoM. Cmovarky CAD-Mozienb KOHCTPYKINI JBHTyHa (Kamepa
3TOpsIHHSL 3 IIEHTPaJbHUM ra3udikatopoM Ta coIio) Oyna po3poliieHa B CHUCTEMI
SolidWorks. Ha pucynkax 3.1 Ta 1.18 nHaBemeno Qotorpadiro HaTypHOro 3paska
JIBUTYHA 3 IEHTpaJIbHUM razudikatopom, a Ha puc. 3.2 — iforo nouarkoBy CAD-Monens,
ctBopeny B SolidWorks.

Ham reometpito Oyno ekcrioproBaHo B moayib ANSYS DesignModeler mis
MOJIAJIBIIOrO CIPOIIEHHS Ta MIArOTOBKHU J0 MOOYIOBH CiTKOBOI Mojenl. Ilpu iMmopri
3MIACHIOBAIMCS OMEparii 3MIaJKyBaHHS TMOBEPXOHb 1 BUIAJICHHS JPYTOPSIHUX
IpiOHUX JeTaneil, 10 HE BIUIMBAIOTh Ha Iepelir Ta30AMHAMIYHUX TMPOIIECIB

(HampuKIIaJ, TEXHOJIOT1YHI BUIMKH, KPITJIEHHS TOILO).

83



Puc. 3.1. a) ExcnepumenTanbamii 3pa3ok aBTo(PpaskHOTO ABUTYHA; 0) foro
razudikariiiina kamepa (13 i1’ €JHaHUMU TepMornapamu) [34].

KoneKktop ctapToBux rasis

Teepani okncaoBau MigHe ywinbHeHHA

IHXeKTop CTapTOBMX rasis
Teepae nanbHe

KaHanm ans rasudikosaHoro naabHoro

Kamepa 3ropaHHA
KaHanu ana rasndikoBaHoro okucniosaya

FasumoikauiiHa kamepa

IHXXEKTOpHi oTBOPMU
nasbHOro

IHXXEKTOpPHI oTBOPM
OKMCtoBaYa

OTBOpPM BigBeAeHHSA
rasandikoBaHUX KOMMOHEHTIB

TennoobmiHHa noBepxHsA

Puc. 3.2. CAD-Mozenb eKCnepuMeHTaIbHOTO ABUTYHA [63].
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3o0kpeMa, 3aMiCTh MHOKUHHM MaJIUX OTBOPIB JUIS MMOjadl KOMIIOHEHTIB IajiiBa

Oyna BHKOpHCTaHa €KBIBaJEHTHA CYIIUIbHA KIiJbI[EBa IIIJTMHA Ti€l K IJIOMII — II€
cnpoctusio dopMmy o6yacTi Tedii Ta TOAANBINY TeHepaiir CIiTKHu. B pesynbrari
BUKOHAHUX 1 OTPUMAHO YHCTY, «CITKOMIPUIATHY» FEOMETPII0 PO3paxyHKOBO1 001acTi
0e3 3aiiBux enemeHTIB (pucyHok 3.3). [eomeTpuyHa MOAENH OXOIUTIOE BHYTPIIIHIN
00’€M KaMmepu 3rOpsiHHS Pa3oM 13 EHTPaIbHUM TUIOM (Ta3udikaTopom), KOHPY30pHY
Ta Audy30pHY YacTUHU coruia JlaBans, a TakoX MEBHY MUISHKY 1M03a COIJIOM JUISI
KOPEKTHOTO 33JIaHHS TPAHUYHUX YMOB Ha BUXOJII TIOTOKY.
['eoMeTpuyHi XapakTepuUCTUKUA MozieNbHOT o0macti [S50]:

+ 30BHIIIHIN AiaMeTp BHYTPIIIHBOTO TiNa (razudikaropa): 26 Mmm;

e BHYTpINIHIN AlaMeTp KaMepH 3TOpsiHHS: 34 MM;

e JllaMeTP KPUTUYHOTO Tepepizy comia: 2 MM;

e JllaMeTp BUXITHOTO Mepepi3y cora: 6,2 Mwm;

o KoeIIEHT PO3MUPEHHS cotuia: 9,6 MM;

e PpO3MIPH MOJEIBHOI 00JacTi 3a BUXIJHUM IEPEpI3oM: JiaMeTp — 78 MM,

noBxuHa — 102 M.

0.000 0.050 0.100 (m)
I 2 .00

0.025 0.075

Puc. 3.3. I'eomerpuuna mozens obiacti CFD mozgentoBaHHs, BUIJIS B pO3pi3i.
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T'onoBHOIO 0COOIMBICTIO PO3pPOOJICHOT KOHCTPYKINI € HAasBHICTh BCEPEIUHI
KaMepu 3TOPSHHS IEHTPAJIBHOTO Tima — rasudikaropa. ['asudikarop sBisie coO0r0
BHYTPIIIHIO TIOPOKHUCTY BCTaBKY, J€ BiAOYyBa€ThCS TEPMIUYHUN PO3KIaA (IipoJii3)
TBEPAOTO MOJIIMEPHOIO MAJTLHOTO JI0 Ia30M0A10HUX MPOIYKTIB Mepe iX HaAXOHKEHHIM
y 30Hy ropinHs. Ha pucynky 3.1 ta pucynky 3.3 noOpe BHUIHO KOH(QITypaliro
PO3MIIIIEHHSI LIEHTPAJIBLHOTO TiMa BCEpelMHI KaMmepu. Taka KOMIIOHyBajbHa cXema
JIBUTYHA peanizye aBTopaxHuil npuHUUN KuBiaeHHS [50] 1 BIAPI3HAETHCA BIA
KJIACHYHUX TIOpUIHUX PaKeTHUX JBUTYHIB, Ji¢ BIJACYTHI BHYTpIlIHI razudikariiini
KaMmepu. Y BIJIOMUX ITyOJTIKAIlIsAX 3 YUCETLHOTO MOJICTIOBAHHS MOPUIHUX ABUTYHIB [64,
65, 66] 3a3BU4Yall pPO3MISIAAETHCS TOPIHHA B TMOPOXKHUHI TajdbHUKA 0€3 KOAHOTO
[IEHTPAJIBHOTO eleMeHTa BcepeanHi. Tox BpaxyBaHHS B MOJIENI IIEHTPAIBHOTO Tijla—
razudikaropa € HayKOBOIO HOBH3HOIO IIHOTO JOCIHIKCHHS. TakuMm 4YMHOM, BIIEpIIe
c(hOpMOBAHO JIeTaIbHy KOMIT IOTEPHY MOJIETh KAMEPH 3rOPSIHHS PAKETH HOBOTO THITY 3
BHYTPIIIHIM ra3udikaTopoMm, Ky He OyJ0 MpeCTaBICHO B IMOIEpeaHiX podoTax [64,
65, 66].

JIisi 3MEHIIeHHST OOYMCITIOBAILHOT CKJIQAHOCTI MOmeNi Oya0 BHKOPUCTAHO
cUMeTpito reoMeTpii. KOHCTpyKIisi ABUTYHA € OCECUMETPUUHO0, TOMY B PO3paxyHKax
MOJIENTIOBAIACS JIMIIIE TTOJIOBHHA TIOBHOTO 00’ €My KamepHu Ta coria. Ha miomuHi, mo
MIPOXO/IUTH Yepe3 MOIOBKHIO BICh IBUTYHA, HAKJIAIEHO YMOBY CUMETPii. 3aCTOCYBaHHS
CUMETPUYHOI 00JacTi JO3BOJIMJIO MPAKTUYHO BJBIYI CKOPOTHUTH  KUIBKICTb
KOHTPOJIbHUX 00’€MIB Ta BY3JIiB CITKH, a BIATaK — ICTOTHO 3MEHIINTH OOYHUCITIOBAIIBbHI
BUTpATH MOJIETIOBaHHs 0e3 BTparu TouHOCTi. Ha pucynky 3.4 mokaszano (iHaibHHI
BUIJISAJT PO3PAaXyHKOBOi 00JacTl, sika BKIIOYA€ MOJOBUHY TeOMETpli JBUTYHA 13
3a3HAUCHHSM TPAaHWUYHUX YMOB Ha IUIONIMHI cuMmeTpii. Ha pucyHKy mo3HaueHo
I'paHUYHI YMOBHU PO3PaxXyHKOBOI MOJCIII TaKUM YMHOM: ITOBEPXHS BHJIIJICHA YKOBTHM
KOJIbOPOM — CUMETPisi, CUHIM — MPUTIK a3y, YEPBOHUM — 30HA BHUTIKAHHS, CIpUM —

MOBAa CTIHKH. TaKM YMHOM, IT1JCYMKOBAa KOMII FOTEPHA MOJIEJIb aJIEKBATHO BIATBOPIOE
9
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TEOMETPiI0 eKCIepUMEHTaIbHOTO JBUryHa [50] 1 BoaHOYAC ONTHUMI3OBaHA IS

edextuBHOrO yncenbHoro ananizy B ANSYS Fluent.

6)

Pucynok 3.4 ®inansauit Bursg 3D Mozaeni po3paxyHKOBO1 001acTi B MO

DesignModeler
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3.3. CFD-monemoBannst B ANSYS Fluent: citka, mapamerpu, po3paxyHoK

Ta pe3yJabTaTH

IToOynoBa 004HCIIOBAJIBHOI CITKH.

['eoMeTpisi po3paxyHKOBOi 00JIaCT1 BKIIFOUAE KAaMEPY 3TOPSIHHS 3 IIEHTPAIBHUM T1JIOM Ta
KoH(py30pHO-M(y30pHY YacTHHY coruta. JlJisi KOPEeKTHOTO 3aJaHHs TPAaHUYHUX YMOB
Ha BHUXOJII J0 oOjacti Oylo JoAaHO HWIIHAPWYHHUMA BiAPI30K KaHAIy (JIOJATKOBHUIH
BIJIP130K OOYHCIIFOBAJIBHOI 00J1acTi), 110 3armo0irae BIIMBY BUXOAY Ha TEYilO B COILTI.
OO6uucnoBaIbHy CITKY TOOYIOBAHO 13 HECETMEHTOBAHUX TETPACIPUIHUX €IIEMEHTIB 13
JIOKaJIHbHUM YIIUTBHEHHSM B 001aCT1 KPUTHYHOTO Tiepepisy coria. Ha TBepai moBepxHi
(CTIHKM KaMepH, COIIa, LIEHTPAILHOTO Tij1a) C(HOPMOBAHO MPUCTIHHI IIAPOBI €JIEMEHTH
(inflation layers) — nekuibKa MNPU3MOBHX NPOLIAPKIB MIABUIIEHOI TYCTHHH IS
HAJIEKHOTO ONUCY MPUKOPJOHHOTO Iapy. 3arajibHa KUJIbKICTh KOMIPOK CKJalia
~9.5%10"5 (mpoBeAEHO TAKOK TECTOBUM pO3paxyHOK Ha CiTIi ~3x 1076 enemMeHTIB 1is
KOHTPOJIFO 301KHOCTI CITKOBOTO pillIeHHS). SIKICTh CITKH OIiHIOBAJIACS TEPEayCiM 3a
KPUTEPISIMU MPUCTIHHOTO PO3PI3HEHHSI MOTOKY — JOCTaTHS IIUIbHICTH €JIEMEHTIB Y
MPUKOPAOHHOMY IIapl € KPUTUYHOO JIJIs1 TOUHOCTI MOZENIOBAaHHS TypOyJEHTHOI Teuii
[67]. Bimomo, 110 HaBiTh MPH BEJIWKIN 3arajbHii KUTBKOCTI €JIEMEHTIB BIJCYTHICTh
MPaBHIBLHO CIIPOEKTOBAHKMX MPHUCTIHHUX MIAPIB MOXKE MPU3BECTHU J0 3HAYHUX TTOXHOOK
y pe3ynbratax [67]. Tomy OCHOBHa yBara mpuJiJicHA HAJICKHOMY BiJITBOPEHHIO
CTPYKTYpH NMPUKOPIOHHOTO IIapy CITKOIO.

JIst KiABKICHOT OIIIHKK SIKOCTI MPHUCTIHHOT CITKM BUKOPUCTOBYETHCS O€3pO3MipHa
BizicTanpb y+. Lle xapakTepucTKa MOJIOKEHHS TIEPIIIOTO By3J1a Bl CTIHKHA, HOPMOBaHA
Ha XapakTepHy JOBXKHHY B’S3KOTO Miamapy (BU3HAUYAETHCS Yepe3 MIBUIKICTh TEPTS Ta
KiHEMaTU4YHy B’SI3KICTh) [67]. 3HaueHHs y+ MoKa3ye, B siKiil 001acTi TPUKOPIOHHOTO

mapy (B’s3kuii mimmap, nepexigHa OydepHa 30Ha um TypOylieHTHa o001acThb)
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3HAXOJAUTHCS TMEPIIMM OcepenoK CITKU. J[Jii KOpPEKTHOro 3acTOCYBaHHSI MOJENei
TypOyJAEHTHOCTI BaXXJIMBO PO3TAIlyBaTH MEPIUINH IIap eIEeMEHTIB Ha CTIHII a0o0 Jayxe
6mu3bko A0 Hel (y+ ~ 1...5 ans inTerpyBanHs 10 CTIHKHK), abo aemo maii (y+ > 30 pis
BUKOPHUCTaHHS HamiBEMIIIPUYHUX MNPUCTIHHUX (QyHKIi). HeobxigHO yHUKaTH
MPOMIXKHOTO J1ana3ony 5 < y+ < 30, e KJlaCu4H1 MOJIeJl HE MalOTh HaJEKHOT TOYHOCTI1
[68]. YV HamoMy BuUNaaKy KpUTepiit y+ nepedyBaB came B mepexiaHii oomacti (1 < y+
< 30), oTke 3aCTOCYBaHHS CIIELIaIbHOT 00POOKU MPUKOPIOHHOTO HIAPY € HEOOX1AHUM
JUTSL OTPUMAaHHS TOYHUX 1 CTIMKUX pe3ynbTaTiB. [lepmmii mprucTiHHMIA POIIAPOK CITKH
Oyno mimiOpaHo 3 ypaxyBaHHSIM EMIIPUYHHUX 3aliekHOCTEH. OpIEHTOBHY BHCOTY
MEPIIOro IIapy PO3paxoBaHO 3a (POPMYJIOK0 OI[IHKM TOBIIMHU B’S3KOTO MiAIIapy s
MJIOCKOI TUTACTUHM, BUXOSIYM 3 OYIKYBaHOT IIBUJIKOCTI TIOTOKY Ta BJIIACTUBOCTEH Ta3y
[67]. OTpumaHe 3Ha4eHHs 3a0e3neuye y+ MopsaKy OAUHUIL Ha OUIBIIOCTI TOBEPXOHb
1 IUTaBHUMA TPAIEHT POCTY €JIEMEHTIB 10 TOBIIMHU TPAHUYHOTO Mapy. TakKuM YHHOM,
noOyoBaHa CiTKa BIJTOBIIa€ BUMOTaM BHUCOKOI PO3/iIBHOIT 3aTHOCTI O11s CTIHOK 1
3aKJIaJ]a€ OCHOBY JIJIsi KOPEKTHOT'O MOJICJIFOBaHHS TEIJIOO0OMIHY Ta TEPTS.

Metoan npuctinkoBoro MojaeaoBanusa (Wall Treatment). VY mnporpami
ANSYS Fluent qyst TypOyaeHTHUX Mojieel ICHYIOTh Pi3H1 MIXOIW 10 MOJCITFOBaHHS
MPUKOPAOHHOIO IIapy: CTAaHJIAPTHI MNPUCTIHHI (PYHKIII, MOKpalleHe MPHUCTIHHE
MOJICTIIOBaHHS Ta HU3bKOpeiHombACiBebki  Momeni  (Low-Re). Bubip meromy
BHU3HAYAETHCS XapaKTEPOM Tedii Ta CITKOI, Hacamriepes 3HadeHHsAMHU y+. KoporTko
MOPIBHSAEMO I METOJIH:

o Cranpaprui npuctiaai pynkuii (Standard Wall Functions) — naniBemmipuanuii
MiaXia, 1o 0a3yeTbesi Ha JOrapu(MiuHOMY 3aKOHI CTIHKH. 3aCTOCOBYETHCA 3
BHCOKOPEWHOJIBICIBCLKUMH MOJEISIMU (HAmpuKIiIan, K-g) juisi BUTIQIKIB, KOJH
NepIIni By30JI JICKUTh y TYpOyJIeHTHIN 30H1 moToKy (y+ = 30-300) [67]. Llei
METOJl JI03BOJISIE BUKOPHUCTOBYBATHM BIHOCHO TIpyOy CITKY OLIs CTIHKH,
CKOPOYYIOUH OOYMCIIIOBaIbHI BUTpaTu. OJIHAK BiH Ma€ OOMEKEHHS: SKIIO CiTKa

HaTo 3ryieHa (y+ < 30), cranaaptHi GyHKIIIT Jar0Th 301ii 1 pe3ybTaTH CTaloTh
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HEKOpeKTHUMH. KpiM TOro, 3a HasBHOCTI CHUJIBHMX TpaJi€HTIB ab0 BIApHUBY
MOTOKY BiJ] CTIHKHA TOUHICTh CTAHAAPTHUX (DYHKIIIH PI3KO 3HUKY€EThCA. Tomy st
Te4iil 31 3HAUHUMHU TPUKOPJOHHUMH edekTamu (TIPOTIKaHHS BY3bKHUX KaHAIIB,
ICTOTHA KPUBUHA TPAEKTOPIN, IHTEHCUBHE TEIJI000OMIHHE HABAaHTAKEHHSI TOILIO)
CTaHAAPTHUU MIAX1A MOXKe OyTH HEeNpUuAaTHUM [68].

[Tokpamene npuctinne mozaemoBanus (Enhanced Wall Treatment) — riOpuanmii
METOJI, pealli30BaHuil y Moniensix Ha ocHOB1 k-o (3o0kpema, SST). Bin noeanye B
co0i IHTeTpyBaHHS PiBHSAHB TypOYJICHTHOCTI 10 CaMOi CTIHKHU TIPH ApiIOHOMY Y+
1 aBTOMaTHUYHO TTEPEXOAUTh Ha BUKOPUCTaHHS log-law QyHKIIIHM Tpu OLIBIINX y+.
@DakTUYHO, I cXeMa pOOUTh MOJENIb MEHII YyTJIMBOIO 10 3HaueHb y+ (“y+-
insensitive”) y MHUpOKOMY Jiana3oHi, 3a06e3nedytodr KOPEKTHI pe3yJIbTaTH K JJIs
no0pe po3B’s3aHOT CITKHU, Tak 1 Juist moMipHO rpy6oi. ¥ Fluent nana meronuka
BCTAaHOBJICHA 3a 3aMOBUYBAaHHSIM JJis BCIX Mojeneil tumy k-m, ToMmy B Mozeni
SST BoHa BHUKOPUCTOBYEThCS aBTOMaruyHo. [lokpalieHe NPUCTIHHUM
MOJICITIOBAHHS. OCOOJNMBO JOLIIBHE B CHUTyallisX, KOJIU Y+ 3HAXOAUTHCS B
OydepHiii 30H1 (mopsaky 5-30) — ToOTO ciTKa 3aHAATO TOHKA JUIS YHCTO
norapudmiyHux QyHKIIK, ajge 1e He JJAOCTaTHhO TOHKAa JUIsi TOBHOTO
1HTerpyBaHHs. 3a JitepaTypHuMu ganumu, metog EWT 3abe3neuye npuitHATHY
ToyHicTh Tpu y+ g0 ~100 1 Oumbmre, ane ISl MIABUINEHHS HAAIHHOCTI
PEKOMEHAYETHCSI MParHyTu A0 y+ ~ 1-5. YV Hamniii Monmesni BelMWYMHH y+ Ha
CTIHKaX 3HAXOMATHCS AKPaA3 y IbOMY MEepeXiTHOMY iana3oHi (mepeBaxkHo 1-30),
TOMY 3aCTOCYBaHHS TOKpPAIICHOTO TMPUCTIHHOTO METOAY € ONTHUMAJIbHUM
KOMIIPOMICOM MIDK TOYHICTIO Ta CTIMKICTIO PO3B’SI3Ky. 3a3HayuMo, IO B
ANSYS Fluent peanizoBaHi TakoX Tak 3BaHI MacmTaboBaHi1 MPUCTIHHI QyHKITIT
(Scalable Wall Functions), siki aBTOMaTM4HO OOMEXYIOTh MiHIMAIbHUN Y+
3HaYeHHSAM ~11 AJid yHUKHEHHS Opo0JieM y BUIAJKY 3aHaATO ApiOHOI CITKU. Y

JaHii poOOTi, YyTiM, OCHOBHUU aKIIEHT 3pOOJIEHO HA BHKOPUCTAaHHI BHUCOKOL

90



posainsHOCTI citku Ta Moxeni SST 3 EWT, tomy macmraboBani (yHKIIT He
BIJIICParOTh BUPIIAJIBHOIL poii [6967, 70].

Low-Re wmomeni (iHterpyBaHHs 110 CTiHKH). [liT HH3BKOPEHHOJBIACIBCBKUM
OiIXOIOM MalTh Ha YyBa3l MOJETIOBAHHS TypOYJIEHTHOCTI 3 MOBHUM
pO3B’s3aHHAM B’S3KOro miamapy Oe3 BUKOPUCTAHHSA MPUCTIHHUX (PYHKIIIH.
3a3Buuail 11e peanizyeThesi ado creriaabHuMU BepcisiMu k-g 3 nemmdipyrounmu
dyHKIisiMH, a00 3acTocyBaHHAM k-m Mozenel Ha HaaTOHKIN citui (y+ = 1 mo
Bciit crinmi). [lepeBaroro Low-Re miaxomy € mOTEHIIWHO BUINA TOYHICTH y
CKJIJIHUX yMOBaxX — HANpUKIaA, TMPU BIAPHBI TOTOKYy ab0 3MilIaHOMY
JaMIHApHO-TypOYJIEHTHOMY pEXHMI Tedli, J€ MNPUCTIHHI (PYHKIIT MOXYTh
crioTBOproBaTy npodimi. OgHAK IHOK € 3HAYHE 3POCTaHHS YKCIIa €JIEMEHTIB Y
OpUKOpPAOHHOMY Mapi (HeoOximHo >10—-15 mapiB o y+ = 1 mis HagidHOTO
pO3B’si3aHHS MPOQUII0 MIBUIKOCTI Ta Temieparypu). Takum uumHoMm, Low-Re
MOJIEJITIO CJIiJT KOPUCTYBATHUCS, KOJIM 11€ BUMPABIAHO TOTPEOOI0 Y MaKCUMAJIbHO
JETaNbHOMY pO3paxyHKy OUIsl CTIHKM 1 KOJIM OOYHMCIIOBaJbHI pecypcH
J03BOJISIIOTh HACTUIBKU TYCTY CITKY. Y TaHOMY JIOCIHIKEHH1 OyB BUITPOOYBaHUI
BapiaHT HAJTOHKOI CITKH (~3 MJIH €JIEMEHTIB) 3 I[IJIKOBUTUM 1HTETPYBAHHSM JI0
CTIHKH, SIKUH MIATBEPJIUB TEHICHIIII OCHOBHUX pe3ynbTariB. OTxe, Hajai 0yiio
OPUIHATO PIIIEHHS BUKOPUCTOBYBATH Mojiesib SST 3 moKpalieHuM NpUuCcTiHHAM
MOJICITIOBAHHSIM, SIK 3/1aTHY 3a0€3MEUNTH Maii’Ke TOH caMuii piIB€Hb TOUHOCTI MTPH

CYTTEBO MEHIIIOMY YHCIIi €JI€MEHTIB [68].

OOpanmii miaxin. 3 omisiay Ha HaBelEHE TMOPIBHSAHHA, JUIsl PO3paxyHKy Oyio

3acTocoBaHo TypOyneHTHy Moxaenb SST k-o 3 mnokpalieHUM MOPUCTIHHUM

MoznemtoBanHsIM. [leit miaxin HalOiIbIIe BIAMOBI A€ YMOBAM 3aj1adi — MOMIpHHH y+ Ta

HasIBHICTh CKJIAJHUX €(EeKTIB Ol CTIHOK. 30KpeMa, B pe3yJbTarax MOIEIOBaHHS

CHOCTEPIraeThCs BIAPUB MOTOKY BIJl CTIHKU COILIA, IO CYTTEBO BIUIMBAE HA PO3MOALI

napameTpiB 1 Mae BpaxOBYBATUCA NP MPOCKTYBaHHI KOHPIryparlii COmioBoi YaCTHHH.

Buxopucranus SST (sika iHTErpye piBHSHHSA 10 CTiHKHM) y KoMOiHamii 3 EWT
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J03BOJIMJIO TIPABWJIBHO MepelaTd Take BUIJIUICHHS IMOTOKY Ta TMOB’Si3aHI 3 HHUM
rpagieatu TUcKy. CtangapTHi k- Moneni 3 mpucTiHHUME (QyHKIISIMUA, HABIAKH, MOTJIH
0 mpoirHopyBatd ab0 3MICTHTH TOUYKY BIJIpUBY, OCKUIbKH iX MEpIIMA BY30J HE
3aXOIUTIOE B’ SI3KUM MifIIap, a caMa MOJENb He IPUCTOCOBAHA 10 PI3KUX 3MIiH PEXUMY
teuii [68]. Takum ynHOM, OOpaHa KOMOIHAIISl MOJIEN! 1 CITKHU 3a0e3neuye OanaHc MK
TouHiCcTIO (OM3BKOI0 10 Low-Re migxoay) Ta CTIHKICTIO pO3paxyHKY.

I'panuyni ymoBu Tta ¢izmuna moaenb. Ha BXigHOMY mepepi3i KamepH 3rOpsHHS
3aJIaHO BUTPATY TrapsiauX MPOAYKTIB 3TOPSHHS MaTbHOTO. BUKOpUCTAaHO THTT TPAaHUYHOL
ymoBu Mass Flow Inlet: macoBa Butpara m = 0.012 «kr/c (12 r/c), remneparypa T =
3000, tuck Onm3pko 3 MIlla (Bu3HauaeTbca mepedIroM po3paxyHKy). Bkasanuit
MAaCOBUM IMOTIK BIJIMOBIIA€ PEKUMY POOOTH JIaOOPATOPHOTO 3pa3Ka JBUTYHA 3 TATOIO
o6musbko 100 H. Temneparypy Ha Bxoai oOpaHO Ha OCHOBI a1abaTHYHOI TeMIepaTypu
MOJTyM sl 111 KOMIIO3UIIIHHOTO TanuBa (moiiMep + OKUCIoBav) mpu TUCKY ~3 MIla.
PiBHOBa)kHMI CKJIaJ] MPOAYKTIB 3TOPSIHHS BU3HAYEHO MOMEPETHIM TEPMOJAUMHAMIYHUM
po3paxyHkoM (ASTRA-4) 1 mogaHo y BUIIISII MAaCOBUX YaCTOK OCHOBHUX KOMITOHEHT.
30kpema, NI TaquBa Ha OCHOBI MOJieTWwiIeHy 3 mepxijopatom amoHiio (PE+AP)
npoayktu Ha 36% ckiagatorbes 3 H20, Ha 18% — 3 COz2; mpucyTHi Takox N2, HCI Ta
1HIIIl KOMIIOHEHTH B MEHIIMX A0JsX. BuxigHi yMOBH (Ha 3pi3i I0AaTKOBOTO IUIIHIpA
3a comioM) 3amaHo TtunoMm Pressure Outlet i3 cTaTUYHUM THCKOM, OJIM3BKHM JI0
armocdepnoro (=0.1 MIla). Ile BiamoBigae MOJETIOBAaHHIO JBUTYHA, IO MPAIIOE€ B
yMOBax ONM3BKUX N0 piBHSA MoOps. TakuM UYMHOM, ra3, MO0 BUXOAUTH 13 COILIA,
PO3IIMPIOETHCS 10 TUCKY HABKOJMIIIHBOTO cepenoBuia. Ha TBepai moBepxHi (CTIHKH
KaMepH 3TOPsIHHS, LIEHTPAJILHOTO TiJia Ta COIUIAa) BCTAHOBIICHO TPAHUYHI YMOBH THUITY
Wall 6e3 mpoayBaHHS (HEMPOHWKHA CTIHKA) Ta 3 yYMOBOIO mnpuiaunaHHs (no-slip).
TennoBi rpaHMYHI YMOBU Ha CTIHKaxX MPUUHATI aaiabaTHYHUMHU, TOOTO TEMIOO0OMIiH
gyepe3 CTIHKM BijncyTHiH. Lle BiAmMoOBimae mMpuUITYyIIEHHIO, MO TETUIO HE BiJBOIUTHCS
HA30BHI (KOPITyC TEPMIYHO 130JIbOBAaHUI), & TAKOK € KOHCEPBATUBHHUM CIICHAPIEM 3

TOYKH 30py HarpiBaHHs CTIHKH (/la€ MaKCHUMAaJIbHY OL[IHKY TeMIIepaTrypH CTIHKH). 3a
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TaKWX YMOB YBECh TEIUIOOOMIHHMM TOTIK BiJ razy 3aJUIIAEThCA B MEXKaX poOOYOTo
TLJ1a, 1 MOJIEJIb JI03BOJISIE OLIIHUTH MAKCUMAJIbHO MOKJIMB1 TEMIIEpATypHI HABAHTAKEHHS
Ha CTIHKM rasudikaiiiHoi KaMepu Ta coruia. Y BHMNAAKy HEOOX1THOCTI MOJICITFOBAHHS
TEIUIOB1IBOJy MOXKHa Oyino O 3acTocyBaTd TpaHMYHI YMOBH 13 3aJlaHUM TEIJIOBUM
MOTOKOM a00 TemIepaTyporo CTIHKH, IPOTE B AaH1A poOOTI 1€ HE pO3NISIAAIOCH (TIpU
BIJICYTHOCTI €KCIIEPUMEHTAIBHUX JJAHUX MPO IHTEHCUBHICTH OXOJIOKEHHS CTIHOK).

HanamryBanns po3paxynky y Fluent. Po3paxyHok BUKOHYBaBCsl y CTallioHapHii
nmocTaHoBII (steady-state) 3 BUKOPUCTAHHAM 3rajjaHuX TypOYJIEHTHHX Mojeneit. bymo
BBIMKHEHO PIBHSIHHSI €HEPTii AJIs1 BpaxyBaHHS TEIUIONEPEHOCY B Tra3i. XiMIUHI peakiii
B pamkax CFD-mopeni He BII0yBalOThCSI — BBAXKAETHCS, 0 HA BXOJII BXKE MOJAIOTHCS
MIPOIYKTH 3TOPSIHHS MOCTIHHOTO cKiamy. Pobode cepenoBuiie (ra3) MOAETIOETHCS K
17IeaTbHUM Ta3 — HOTO T'YCTHHA OOYMCIIIOETHCS 32 PIBHSHHIM CTaHy 11€ajbHOTO razy p
= p/(R T) 3 ypaxyBaHHSM JIOKaIbHUX 3Ha4eHb p 1 T. OCHOBHI TepMOIWHAMIYHI
BJIACTHUBOCTI T'a30BO1 CyMiIlli (TETIOEMHICTD, B’ A3KICTh, TEIJIOMPOBIAHICTD) 3a/1aI0THCS

AK (QYHKIIT TeMIepaTypy Ha OCHOBI OTPUMAHOIO CKJIay, HaBe/leHl B Ta0bmuii 3.1.

Tabnuys 3.1. [50]

ITapamerpu razosoi cymimi st Bxignux gauux CFD moaesoBanHst

3aKoH 3MiHU TYCTUHU [neanbuuit ra3

ITutoma TernoeMHicTs, €, Tocriiina, 4650,7 i_’*;
TermonpoBiAHICTH Tocriiina, 0,885%
Koedinient nuaamivnoi B’a3k0cTi | [TocriitHa, 9 - 107° &
MonexkynsipHa Bara [Mocriitna, 26,074 KMKOFHb

Yucno Maxa moToky B KpUTHYHOMY Tiepepi3l coria gocsirae 1.0 (3Byk), a Ha
BUXO/JI1 — Oin3bKO0 3.1, 110 MIATBEPKYE NOUIIBHICTh BpaXyBaHHS CTUCIMBOCTI Ta3y Ta
BUKOPUCTAHHS 17]€aIbHOTO Ta3y sK MOJENbHOro HaOmmkeHHs. Jlyis po3B’s3aHHA

piBHSHB BUKOpHUCTOBYBasacs cxema (Pressure-Based Solver) y 3B’s131i 31 anropurMom
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Coupled Solver (Pressure-Based Coupled Algorithm) (Tucko-mBuAKICHUHN 3B’ sI3aHUN
aJArOpPUTM), IO MOKpAILy€e 301KHICTh JiJI1 BUCOKOIIBUAKICHUX MOTOKIB. KOHBEKTHBHI
YJIGHU AUCKPETH30BaHO npyropsaHoro cxemoro upwind (Second Order Upwind) 3
METOIO MiJBUIIEHHS TouHOCTi. Kpurepii 36iHOCTi BcTaHOBNEHO Ha piBHI 107> mis
3aIIMINKIB PIBHAHBb IMITyJbCy Ta eHeprii. Po3paxyHOk BBakaBcsi 30DKHUM TICIIS
JOCSTHEHHS CTalllOHApHUX 3HAY€Hb KOHTPOJILOBAHMX IMapameTpiB (BUTpaTH,
IHTErpajgbHl CUJIH, TETNIOHAAXOIKEHHS) Ta cTablI13aLii mos Teyii.

Ha pucynkax 3.5 Ta 3.6 HaBe[ieHO UIIOCTpaIlit0 MOOYI0BaHOI CITKM B 00JacTi
KaMepH 3rOpsIHHS Ta COTuIa. BUTHO KOHIICHTpAIliI0 €IEMEHTIB Yy MPUKOPAOHHUX 30HAX
OIS CTIHOK 1 3HAUHE YNIIUIBHEHHS CITKA B pailOHI KPUTUYHOTO Tepepisdy cora. Y
HACTYITHIM YaCTUHI pO3JLTy Oy/e JeTaabHO PO3TIISIHYTO OTPUMaHI MOJIS pe3y/IbTaTiB Ta
MIPOBEICHO aHali3 TEIUIOra3oJlMHaMIYHUX IMPOLECIB, a TaKOXX HAaJaHO BIANOBIJIHI

peKoMeHaITl 00 KOHCTPYKITIi.

0.00 30.00 100.00 {rarm)

25.00 75.00

Puc. 3.5. CitkoBa moxens [50].
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10.000 {rrim)
]

Puc. 3.6. CitkoBa MOIe/Tb B 30H1 COIIJIa Ta IPUMEKOBUM MPOIIAPOK.

3.4 Pesyabratn CFD-Mone/ii0oBaHHsI: aHAJI3 OTPUMAHMX MOJIiB Ta (pizu4Ha

iHTepnperanis

IHosie Temneparypu B Kamepi Ta conuii

YucenpbHe MOJENIOBAHHS JI03BOJIUJIO OTPUMATH JETaJbHUI PO3IOLT TEMIIEpaTypu B
00’eMi Kamepw 3ropsiHHsA 1 corjia JaBuryHa. Ha pucyHky 3.7 moka3zaHo moje
TeMIEpaTypu: MaKCUMaJIbHI 3HAUCHHS TeMIEpaTypu J0cArarTs npudnusno 3000 K 'y
30HI 3TOPSHHA TAajJbHOTO Ta Ha BXoal B comio [50]. Taki BHUCOKiI TeMmIiiepaTypu
HAKJIaJaloTh BUMOTM Ha Mareplaid KaMepu Ta LEHTPAJbHOIO Tila: HEOoOXiJaHe
3aCTOCYBaHHS XapOCTIMKUX KOHCTPYKIIMHHX MaTepiaiiB abo e(peKTUBHOI CHCTEMHU
OX0JI0/KeHH. TemneparypHe mojie HepiBHOMIpHE: B 001acTl MOOIN3Y CTIHOK KaMepH
3TOpSIHHS: TeMIIepaTypa JIeII0 HUXKYA Yepe3 BIJBEJICHHS TeIjia 0 CTIHOK, TOMl K Y
[EHTPaIbHIN YaCTUHI KaMepHu — MoOau3y (akena TOPiHHS — CIOCTEPIraloThCs MIKOBI

3HaA4YCHHAI.
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0 0.045 0.090 (m)
]

00225 0.067

Pucynox 3.7. Po3paxyHok po3noainy temmeparyp [50].

bins moBepxHi neHTpanbHOrO Tina (razudikaropa) (HOpPMYOTHCS JIOKaIbHI
MEePerpiTi 30HU, OCKUIBKH MONyM’st 00Tikae rasugikarop i HarpiBa€ HOTO CTIHKH.
30kpema, mepeHs yacTMHA TasudikaTopa, 3BEpHEHa 10 KaMepu 3rOpsiHHS, 3a3Ha€
IHTEHCUBHOT'O TEIJIOBOTO HaBaHTakeHHs. Lle 30Ha, 1€ BiAOyBaeTbCs TETIOOOMIH ISt
razudikanii manuea, 1 MOJedb IMOKa3aja MiJBUIICHY TEMIeparypy Li€i NIISHKA —
MOTEHIIMHO KPUTUYHY 3 TOYKH 30py TEPMOHANPYKEHHS KOHCTPYKIL. Y cOIuIl michs
KPUTHUYHOTO TIEpepizy TeMmIeparypa ra3dy IOCTYHOBO 3HIDKYEThCS BHACHIIOK
aa1abaTHYHOro PO3IMMUPEHHS MOTOKY (Ha Buxoi — mpubnuszHo 2300 K) [50], ane Bce 11e
3aJTUIIAE€THCS JOCTaTHRO BHCOKOIO, IIIOO BUMAraTu 3aXHCTy CTIHOK coruia. B minomy,
TEeMIEepaTypHe Toje BKa3ye Ha HEOOXIAHICTh BpaxyBaHHS TEeMIEpaTypHHUX IIKIB MpH
MIPOEKTYBaHHI IBUTYHA — OCOOJIMBO B MICIISIX KOHTAKTy MOJYyM sl 3 Ta3U(P1KaTOPOM Ta y

BY3bKHX IIEPETUHAX COILUIA.
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Po3monisi THCKY B310B:K OCi Ta B COILITI

Ha pucynky 3.8 HaBeneHO pO3MOALT CTATUYHOTO TUCKY B3JIOBXK OCI KaMepH 3TOPSHHS 1
coria. Y Kamepi 3TOpSIHHS BCTAHOBIIIOETHCS BIAHOCHO PIBHOMIPHHI BHCOKHI THCK —
omusbko 3,2 MIla, m0 XapakTepHO UIsl CTAJIOr0 PEXHUMY TOpPIHHA B 3aMKHYTOMY

00’ eMl.

0 0.050 0.100 (m)
1

0.025 0.075

Pucynok 3.8. Po3paxyHnok po3noainy tucky [50].

B npucyTHOCTI leHTpaabHOro Tijla Kamepa (pakTUUHO Ma€ KiJIbIeBUIl NEPETHH,
aje 1€ He 3aBaka€ MIATPUMYBATH THUCK, HEOOXITHUW JUIsl 1HTEHCHBHOTO TOPIHHS
MaJUBHUX Ta3iB. B3IOBK KaMepH THCK 3HIKYETHCS HE3HAUHO aX JI0 00JI1acTi 3BYy)KCHHSI.
Ha Bxo0si B comjio — y KpuTUYHOMY Tiepepisi (Ha piBHI HAMMEHIIIOTO JiaMeTpa coruia) —
TUCK pi3ko majae o npudnusno 1,7-1,8 MIla. Lls 30Ha BiamoBigae mepeToky Tedii
qyepe3 3BykeHHs e JlaBais, ae GikcyeTbest KpuTuaHUN peskum (ducio Maxa ~1). ami
B PO3IIMPIOBAIBHIN YaCTHUHI COIIa TUCK MPOJOBXKYE MaJaTH BHACTIIOK PO3ITUPEHHS
ra3oBoro notoky. Ha Buxoji 3 corsia cTaTUuHUM TUCK CTaHOBUTH opieHTOoBHO 0,03 MIla

(=30xIla), mo 3HayHO HIKYEe aTMOoc(epHoro. Takuil PO3MONALT TUCKY CBIIYUTH, IO
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poboumnii mporec BiAOyBaeTbCs TP HEMOBHOMY PO3IIMPEHHI (Tepepo3nIupeHH1)
CTPYMEHS: TOCATHYTHI TUCK HA BIUXO/II MEHIIINHN 33 TUCK HABKOJIMIITHHOTO CEPEIOBUIIA,
TOOTO TOTIK «IEPEPO3IMUPIOETLCS» B COILI. SIK HACIIJIOK, 3a MEXaMH COIlIa
dbopMyeTbCs cHCTeMa YOapHUX XBHWIb JJs BHUPIBHIOBAaHHS THCKY CTPYMEHS 3
arMocepHrM. Po3paxyHOK BHSBHB, IO B CaMOMY COIUTI TaKOK BHUHHUKA€E 30HA
JIOKAJBHOTO BiJIpUBY MOTOKY BiJl CTIHKH, CIIPUYMHEHA TUM, 10 TUCK HABKOJIUIITHHOTO
cepeIoBUIIA MEPEBUIIYE JIOKAIBHUI TUCK PO3LMIUPEHOro ra3y Ouis cTiHku. JIiHii Teuii
B 30HI 3pi3y COIUIA, 13 Bi3yai3alli€lo BiApUBY HaBeAeHI Ha pucyHky 3.9. lleit Bigpus
CYNPOBOJI)KY€ETbCS YTBOPEHHSIM 30HH 3BOPOTHO1 TeYil (peLMPKYIIALii) TOOIU3y CTIHKA

COIUIA Ta YJApHOIO XBUJIEIO, SIKA OOMEXKYE 110 30HY.

Puc. 3.9 Comnosi miHii Teuli 3 BIAPUBOM MOTOKY BiJ] CTIHKH,

XapakTepHUM 151 JaHo1 Mmoaudikartii [S0].

SlBuiie BiAPUBY IMOTOKY € THUIOBUM Il PEXHUMIB 13 MEPEepO3UIUPEHHIM

CTPyMEHS 1 TPHU3BOAUTHL JO BTPAaTH YACTUHU KOPHCHOTO IMITYJbCY: 3aMICTh
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napajieIbHOTO BUXO/Y Ta3iB 3 COIUIA, YACTHHA MOTOKY 3aKPYUYy€EThCs y BIPUBHIN 30HI1
[50]. TakuM yuHOM, aHAJII3 MOJS TUCKY JEMOHCTPYE OYIKYBaHHUW MPOQLIb: BUCOKHIA
THCK y KaMmepi 3ropsiHHS JiJIs 3a0e3MeueHHS CTaOUIBHOTO TOPIHHS, PI3KMMA CrHaj Ha
KPUTHUYHOMY Tepepi3i Ta Mmojajblile pOo3MHUPEHHS 3 BHHUKHEHHSIM YIapHO-XBHIIbOBUX
CTPYKTYp MPHU BUXOJI CTPYMEHS.

ITosie MBUAKOCTI Ta CTPYKTYypPA Teuil.

[Tone mBuakocTi Ha pucyHKy 3.10 xapakTepu3ye MPUCKOPEHHS ra30BOT0 MOTOKY Bij
KaMepH 3TOpsIHHS Yepe3 COIUIO J0 HaJ3ByKOBUX MIBHUAKOCTEH. Y Kamepi 3TOpsHHSA
CepelHl IIBUIKOCTI ra3y BIAHOCHO HEBEJHKI, OCKUIBKM 00’€M KaMepH JO0CTaTHbO
HIMPOKHUM 1 MOTIK Mae OyTH Maike HEpYyXJIMBHUM Yy CEPEIHbOMY I HIATPUMAaHHS
BHCOKOT'O THCKY (PEKUM OJU3BKHH 0 3aMKHEHOTO 00’ emy). [IpoTe tokanbHO, mo0au3y
OTBOPIB MIJBOY OKHUCHUKA YU MAJIBHOTO (SKIIO TakKl 3MO/ENbOBaH1), MOXYTh OyTH
BHUCXIJIHI CTPYMEHI 3 MiJIBUIICHOIO MIBUIKICTIO, @ TAKOXK TypOYyJIEHTHI 3aBUXPEHHS. Y
IIEHTPaJIbHIN 30H1 MPSAMO Nepea ra3u(ikaTopoM MOXKIIUBE ICHYBaHHS PEIUPKYIIALIIHOT
o0acTi: MOTIK, HATPAIUISIOYH Ha TOPEIb HEHTPAIBHOIO TiJIa, YTBOPIOE 32 HUM 30HY 31
3BOPOTHUMH TEYisIMU Ta MOHWXEHUM THCKOM [71]. Bmepine momiOHe MomemtoBaHHS
Oyso 3xaiiicHeHo y po6oti [72]. BonHouac, y 3ragaHoMy JAOCIIKEHHI sIK poOode TiI0
BUKOPHCTOBYBaJach yMOBHA Tra3oBa CyMill, $Ka HE€ BIANOBigana (HaKTUIHUM
MPOJYyKTaM 3ropsiHHs. ToMy OTpuMaHi pe3ylbTaTH, Xo4a W JIEMOHCTPYIOTh 3aralibHi
TEHJEHI[li, He MOXYThb OyTH 0e33acTepeXHO NEpEeHeceHl Ha peajbHl yMOBH. Taka
CTaIllOHapHA PENUPKYJsIiiHa «Oynb0arika» XxapakTepHa Juisi oOTiKaHHS TYMHX T 1
BUKOHY€E BXXJIMBY POJIb JJIA CTabuIi3aIli TOPIHHSA — BOHA YTPUMYE rapsidi IpOAyKTH
3ropsiHHS 1MOOMM3y Tasudikaropa, MIATPUMYIOUM HOT0 po3IrpiB Ta TMOCTIHHY

ra3uikarito majbHOTO.
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Velocity Mag nitude [ m/s]
veloc_

000e+00 262e+02 D529e+02 7T94e+02 106e+03 13 2e+03 1.38e+03 1.8%+03 212e+03 238e+03 26D2e+03

3.10 ITone mBUAKOCTEM ra30BOro Notoky [50].

3a pe3yinbraraMy MOJCIIOBAHHS, HABKOJIO TEPEAHBOTO TOPIS rasudikaropa
(bopMyeThCS MUPKYISIIHHUN pyX: Tapsdi ra3u YaCTKOBO MMOBEPTAIOTHCS B HAMPSIMKY 10
I[LOTO TOPIIS, CTBOPIOIOUH 30HY 3HIKEHOI IIBUAKOCTI Ta IMiIBUINEHOIT Temneparypu. Lle
MO3UTUBHO BILJIMBAE Ha Mpollec razudikailii (3ade3nedye TErIomigBOA 10 TBEPIOTO
nmajnuBa), aje MOXKE CHPUYMHITH JOJATKOBE JIOKAJIbHE HAarpiBaHHS CTIHOK
razudikaniiHoi kKaMepHu.
Ha pucynky 3.10 mnpeacraBieHo TMoj€ I[MIBUAKOCTI: BHAHO, IO Ta3uW PI3KO
MIPUCKOPIOIOTHCS B 3BYKEHHI COILJIA, JOCSATAIOUN O1JISI KpUTUYHOTO TIepepi3y MIBUIAKOCTI
3ByKy (~1000 m/c). Ilicist mpoXo/pKeHHsT KPUTHYHOTO TEpepi3y, Y PO3IIHUPIOBAIbHIN
YaCTHHI COIJIA, MOTIK MPOJOBKYE MPUCKOPIOBATHCS 10 HA3BYKOBUX IIBUAKOCTEH — HA
BHXO/II BeJTMYMHA MBUIKOCTI csirae ~2500 m/c [50]. BekTopHe 1mmose mBUAKOCTI Ta JTiHi1
TOKY UTIOCTPYIOTh (POPMYBaHHS PO3IIMPEHOTO HAA3BYKOBOTO CTPYMEHS, 110 BUXOIUTH
3 coria. B imeanpHOMY peXuMi TaKWil CTPyMiHb MaB OW 3ajUIIATA COIUIO CTPOTO
napajelibHO, MPOTE uYepe3 3rajlaHe TMEepPepO3NMIUPEHHS CIOCTEPIracThCs BiIXHICHHS
YaCTUHU MOTOKY: MOONM3Y CTIHOK COTJIa YAaCTHHA Ta3y 3aKPYy4yEThCS y 3BOPOTHOMY

HaNpsIMKY, YTBOPIOIOUM 30HY penupKyisiii (BiapuBy). OCHOBHA Maca MOTOKY, YTiM,
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pyXaeThes J1ajil B3I0BXK OC1 COIJIa 3 BUCOKOIO IIBUJIKICTIO, (DOPMYIOUH MOTIK MPOIAYKTIB
3ropsiHHs. Ha Buxo/1 3 coria HalpsIMKH IIBUAKOCTI ra3iB NEPEBaXHO MapaJelibHi ocl,
10 BIJMOBIJA€ BUMOTaM JI0 €()EKTUBHOTO CTBOPEHHS TiAru. HasBHICTh 1IEHTPaTBHOTO
TiJa CHOpPUSE BUPIBHIOBAHHIO OCHOBOIO KOMIIOHEHTY IIBHJIKOCTI — 3TITHO 3
JITEPaTypHUMH JAHUMH, LEHTpalbHI BCTAaBKM B COIUIaX POOJSATH BUTIK CTPYMEHS
PIBHOMIPHIIIMM 1 OMMXKYMM JI0 OChoBOro HampsMky [50]. YV Hamomy BHUITaIKy
ra3udikarop BUCTYIIA€ SIK Taka BCTaBKa, 1 MOJE MBHAKOCTI MOKa3ye, IO 1CTOTHUX
3THUHIB UM aCUMETPIl CTPYMEHsI HE BUHUKAE — MOTIK CUMETPUYHO OOTIKA€E IIEHTPAIbHE
TUIO 1 BUXOAUTh HA30BHI IPAKTUYHO MPSAMOJIIHINHO. MakcuManbHl IIBUIKOCTI
30Cepe/>KeHI B 00J1acTi BY3BKOTO IMepepidy Ta oapa3y MICIAs HbOTo (JIOKaJIbHUI
MaKCUMyM Yy KPUTHYHOMY TIEPETHHI), a TaKOXX Yy 30HI1 BHXITHOTO 3pi3y cora. [lo3a
COIJIOM, y BIIBHOMY CTPYMEHIi, 4Yepe3 HaKJIaJCHHS YAAapHUX XBWJIb, MIBUAKICTH
MICHSMH 3MEHILIYETHCS 1 30UIbIIYETHCA NEPIOANYHO ((POPMYIOTHCS yIapHO-XBUIBOB1
KOMIPKH Ha/J3BYKOBOTO MOTOKY [50]). 3aranom, aHaii3 moss MBUAKOCTI Y3TOKY€EThCS
3 KJIACUYHOIO KapTHHOIO TeYil B paKeTHOMY coIull Je JlaBasns: M03BYKOBHM MOTIK y
KaMmepi, 3ByKOBa IIBHJKICTh B KPUTHII, 1 HAJA3BYKOBAa Ha BUXOII, 3 XapaKTCPHUMH
NepiONNIHIUMHE 30HAMHU PO3IITUPEHHS 1 CTUCHEHHS.

TypOy/ieHTHICTH Ta TypOy/JIeHTHA KIHETHYHA €Heprid

Jlsist XapakTepucTUKu TypOyJIEeHTHUX BJIACTUBOCTEM TMOTOKY Oyau JOCIHIJIKEH1 OIS
TypOynentHoi kinetuuHoi eHeprii (TKE) ta TypOynentHoi B’si3kocti. CFD-mozens (i3
3aCTOCYBaHHSIM MOJETi TypOyJeHTHOCTI K — € mokaszayia, 0 MaKCHMallbHiI PiBHI
TypOYJIEHTHOCTI KOHIIGHTPYIOTHCSI B 30HaX 3HAYHUX TPAJIEHTIB IMIBUJIKOCTI —
nepenyciM Ha MeX1 MIXK MOTOKOM, 110 00TIKa€e NEHTPaIbHUI ra3uikarop, 1 BITHOCHO
CTOKIITHOIO TPHUIIOBEPXHEBOIO OONACTI0O 3a HUM. [HIIMMM clOBaMHu, 3a TOpLEM
LEHTPAJIBHOIO TiJa YTBOPIOETHCS 3pUBHA 30HA, y SIKIH BHHHUKAIOTh TYpOYJIEHTHI
Buxopu. Came Tam 3HayeHHs TKE HaiiBumi, mo BigoOpaxae I1HTEHCHUBHE
MepeMillyBaHHs TajdrBa 3 OKHMCHUKOM Ta MPOAYKTaMH TOpiHHs. TakoXX ITiJIBHUINECHA

TypOyJIeHTHA KIHETUYHA €HEPrisl CIOCTEPIraeThCs MOOIU3Y CTIHOK KaMEpH 3rOpPSHHSA Y
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MICIISIX BBOJIY PEarceHTIB (SKIIO MOJEIIOBAIUCH (PopCcyHKH a00 MIUTMHHI 1To/1a41 Ta3y) —
TYyT yTBOPIOIOTHCS CTPYMEHS, HABKOJO SKUX PO3BUBAIOTHCS TypOYJIEHTHI mmapu. Y
Coruri piBeHb TypOYJICHTHOCTI 3a3BUYall 3HIKYETHCS Yy I1IEHTPAJIbHIN 4YacTHHI
MPUCKOPEHOT0 TIOTOKY (Yepe3 TOMIHYyBaHHS OCbOBOT'O PyXY), ajieé MOXE 3pOCTaTH O1Jis
CTIHOK, 0COOJMBO B 00JIacTi BIJIpUBY MOTOKY. Po3paxyHOK mokasaB, 110 B 30HI, /€
CTPYMiHb BIJIOKPEMIIFOETHCS BiJI CTIHKU cOILIa (pUCYHOK 3.9), TypOylIeHTHICTh 3pOCTae
— TaM BHUHMKAIOTh XAOTHYHI KOJMBAaHHA IapaMeTpiB MOTOKY BHACIHIJIOK B3a€EMOIIi
MOTOKY Ta 3BOPOTHOI perupkymsaii. [limBumena typOyiaeHTHa B’A3KICTh Yy ITUX
o0nacTAX BKa3zye Ha IIOCHUJICHE MEpeMilllyBaHHSA 1 JWCHUIALi0 eHeprii. Baximmso
3a3HAYUTH, IO KOHCTPYKIiA 3 IEHTPAJbHUM TUIOM BIUIMBAaE Ha TypOYJICHTHY
CTPYKTYpy IIOTOKY: rasudikaTtop, 3 OJHOro OOKy, cTabimi3ye TropiHHSA (OCKIIbKH
PELUPKYIALISA 32 HUM Ji€ K cTabuIi3arop MmoyiyM’s), a 3 1HIIOTO — MOXE TeHEepyBaTH
JOJATKOBY TypOYJIEHTHICTh Y 30H1 OOTIKaHHS.

TensioBuUil MOTIK HA CTIHKH

OnmHUM 13 KITFOYOBUX PE3YNBTATiB TEIUIOBOTO aHAII3Y € BUSHAYCHHSI TYCTHHH TETZIOBOTO
MOTOKY Ha CTIHKM KaMepH 3ropsiHHs Ta rasudikaropa. 3a momomoroio CFD-momeri
PO3paxoBaHO TEIUIOBI MOTOKH, IO MEPEIAIOTHCS Bij TapsSYUX MPOIYKTIB 3TOPSHHS 10
MOBEPXOHb KOHCTPYKIii. BcTaHOBNEHO, 10 HAWOLIBIIUM TETUIOBUM HABAaHTAKCHHSAM
3a3Ha€ MOBEPXHs razu(ikaiiiHoi kamepu (IIEHTPAIBHOTO TiNa), AKa 0e3rnocepeaHbo
KOHTaKTye nmoiayM’siM. Ha pucynky 3.11 yMOBHO moka3aHoO pO3MOLT TEIJIOBOTO MOTOKY

0 TIOBEPXHI1 IIEHTPAIBHOTO Tija.
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T otal Surface Heat Flux
[Wm*2]
8.58=+ 06

6.3 1e+06
4 03e+06
1.75e+06
-5.22e+05
-2.80e+ 06
-5.07e+08
=7.35e+ 08
-9.63e+06
-1.19e+07

-1.42e+07
con fou r-2

Puc. 3.11 Po3noain TemioBoro noToky mo nmoBepxHi HEHTPAIHHOTO Tijla —

razuikaiiiHoi KaMepu, BUTTISI B pO3Pi3i.

B u4uciaoBoMy exBiBaJ€HTI, MIK TYCTHHM TEIUIOBOIO TOTOKY Ha CTIHKY
razudikaropa nocsrae 3HaueHb nopAnky Beaununau 1075-1076 Bt/m”*2 (3anexHo Bifg
peXUMY Ta MOJEJI TeII00OMiHy) — Takl 3HAYEHHS € TUMOBUMH JJIi BHYTPIIIHIX
MOBEPXOHH KaMep 3TOPSIHHS PAKETHUX JBUTYHIB 1 TOTPEOYIOTh PETEILHOTO BpaxXyBaHHS
npu BuOOpi marepianiB. TemioBui MOTIK HA CTIHKMA 30BHINIHBOI KaMEpH 3TOPSHHSA
(kopmycy ABUTYHA) TE€X 3HAUHUW, MPOTE TPOXM MEHIIMM, OCKUIBKMA YacTHMHA Terula
BinOHMpaeThes razudikaropom. HalikpuTuuHina qiasHKA 30BHIIIHBOT CTIHKH — 00JaCTh
01151 COIITIOBOTO 3BY)KEHHS (TOPJIOBUHM): TaM BHCOKa TeMIIepaTypa 1 IMIBUIKICTh Ta3iB
MPU3BOJATH JO IHTEHCHUBHOTO TEIJIOBOTO IMOTOKY JO CTiHKHM. Binomo, mo 30Ha
KPUTUYHOTO TIepepi3y COIJia € OJHIEI0 3 HAMOUIBII TEMIOHABAHTAXKEHUX B PAKETHUX
JIBUTYHAX, 1 HAaIlIe MOJICJIFOBAHHSI 11€ MATBEP/KYE — TETUIOBUH MOTIK y TOPJIOBUHI COILIIA
csiTa€ MaKCUMAaJTbHUX 3HAYEHb y BCil KOHCTPYKITii. [[e mOsICHIOEThCST KOHIICHTPOBAaHUM
MMOTOKOM Tapsiyoro Ta3y BUCOKOI IIBUAKOCTI, SIKU OMUBA€E CTIHKU B HAWBY>KYOMY MICIIi,
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JIe yac KOHTAaKTy 3pOCTa€, a TeIIoo0MiH 1HTeHCU(IKyeThCs. [Jlanmi B31OBXK po3Tpyda
COILIa TEIUIOBUM MOTIK JEIIO CHAaAA€, OCKIIBKH I'a3 PO3LIMPIOETHCS 1 OXOJIOKYETHCA.
OTpumaHi JaHi MO0 TETUIOBUX MOTOKIB € HAJA3BUYAMHO BAXIIMBUMHU JIJIS TTOIAIIBIIIOTO
MPOEKTYBAHHS: BOHU BKa3yIOTh, SIKI AUISHKU JIBUTYHA MOTPEOYIOTh OXOJOIXKEHHS a0
BUTOTOBJICHHSI 3 MarepiaiiB, CTIMKHUX 10 HarpiBy. 30Kpema, IeHTpajdbHE TLIO-
razugikarop Mae BUTPUMYBATH SIK BUCOKI TEeMIIEpaTypH, TakK 1 BEJIUKI TEIUIOB] MTOTOKH,
TOXXK MO)XE€ BUMAaraT, Halnpukiajd, TEIUJIOI30JALIMHOTO MOKPUTTS 4YM aOJsIiHHOTO
3axucTy. MOeIOBaHHs JO3BOJIMIO KUIBKICHO OIIIHUTH Ii HABAaHTAXXEHHS 1 BUSBUTH
30HU MOTEHIIIITHOTO MEPErpiBY, SIK1 B €KCIIEPUMEHTI BU3HAUUTHU CKIIATHO.

Posnmoais yucen Maxa

JIJist Kpaimoro po3yMiHHS peKMMY Tedli Oysio mpoaHali30BaHO Moie yucend Maxa y
JIBUTYHI — B1J] BXOJIy B COIUIO 10 BUX1gHOTO 3pi3y. Ha 3.12 mpencraBiaeHo mosist yucen
Maxa: BOHU MiATBEPKYIOTh, IO B KaMep1 3TOPsSIHHS MOTIK € J03BYKOBUM (unciio Maxa
M<1 y 6inbmocTi 00’ eMy KaMepH, 32 BUHATKOM JIOKAJIbHUX CTPYMEHIB Bil JOPCYHOK).
VY kpuTnuHOMY Tiepepisi coria (3By:keHHs) uncio Maxa gocsrac M=1 — TyT HOTiK
MePEeXOUTh uepe3 3ByKoBHil Oap’ep. [lami, y po3mmproBaHiii 4acTHHI COIIA, YUCIIO
Maxa cTpiMKO 3pocTae€, BiIOOpa)karouu MEpexi]] ra30BOro MOTOKY B HaA3BYKOBHIA
pexxum. Ha Buxoni 3 comia po3paxyHkoBe yuciao Maxa ctaHOBUTH Onu3pko M =~ 3
[50], mo BiamoBigae rmOOKO HaI3ByKOBOMY BHUTIKaHHIO. e 3HaUeHHS y3roKy€eThCs 3
OY1KYBaHHSIMH JIJIs TAaHOTO CITIBBIIHOIIICHHS TUCKIB: PO3IIMPEHHS MOTOKY Bija ~3 Mlla
1o aecsatkiB kl1a gae mpupicT NIBUAKOCTI 10 KIJTBKOX TUCSY M/C 1 BACOKUH Haa3BYK. Ha
KapTuHI 1Toyisi Maxa oMITHO TaKoX 30HHM, Jie 3Ha4eHHsT Maxa pi3Ko 3MIHIOETBCS — I1e
oOnacTh 017151 CTIHOK cOIlIa B palioH1 BIAPUBY MOTOKY (TYT Y€pe3 3BOPOTHE 3aBUXPEHHS
JIOKaTbHO M 3MEHIIY€ETHCS) Ta MO3aCOIIOBHI MPOCTIP, A€ HASBHICTH YAAPHUX XBUIIb
NPHU3BOANUTH JIO YEPryBaHHsS O0OJacTeil ITiJBHINEHOTO 1 3HIKEHOTO 4Yucia Maxa

(xapakTepHa iHTep(]epeHLiiiHa cxemMa yIapHUX XBUJIb HAJ3BYKOBOTO MOTOKY).
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Contours of Mach Number

Mach Mumber
contour-1

1.27e-06 3.04e-01 607e-01  911e01  121e+00 152e+00 1.62e+00 213e+00 243e+00 273e+00 3.04e+00

Pucynok 3.12. Po3paxyHnok po3noairy uucen Maxa [50].

3aranom, aHaii3 yucia Maxa marBepaxye e(eKTUBHICTh PO3TOHY T'a31B y COILII:
OTPUMAaHO HAJ3BYKOBUH BUTIK, HEOOXiTHUU AJIi CTBOPEHHS BHCOKOTO PEaKTHBHOTO
iMmynscy. [{ns ontumanbsHOI poboTH nBUTyHa OaskaHo, o0 unciao Maxa Ha BUXOII
Oyno AOCSITHyTO ©€3 YTBOPEHHsSI BHYTPIIIHIX 30H BIJIPUBY; II€ MOXKE BHUMAaratu
VIOCKOHAJIEHHA TeoMeTpli comia (Hampukiaja, 3MIHM KyTa pO3MIMPEHHA abo
BUKOPHCTAHHS aJIallTUBHOTO BUXITHOTO TIEPEPi3y).
®di3zn4yHa iHTepnpeTanis Ta 00roBOpeHHs pe3yJIbTaTiB
Otpumani pesynsrati CFD-MozentoBaHHS B LUIOMY HIATBEPIKYIOTh TEOPETHYHI
VSIBJICHHSI TTPO MPOIIECH B IBUTYHI 3 IIECHTPAIILHUM T1JI0M, BOAHOYAC HAJAAI0UHU YTOUHEHY
KUIbKICHY KapTHHY LMX mnponeciB. llepmr 3a Bce, poib UEHTPaJIbHOrO Tijia
(rasmdikaropa) mposBIiacs y (opmyBaHHI cnenudidHOlT CTPYKTYpH  Tedii.
["a3udikarop 3aiiMae EHTPaIbHY 00JIACTh KAMEPH, 3MYIITYIOYHU Fa3U PyXaTUCh HABKOJIO
HBOTO KUITBLIEBUM MOTOKOM. Lle mpu3Beno 10 BUHUKHEHHS PEHUPKYIAIIHOI 30HU 32
TopiieM ra3udikaropa, sika BiJIrpa€e MO3UTUBHY POJIb: BOHA YTPUMYE rapsidi Ta3u nopyd
13 TBEpAUM TIAJMBOM, 3a0€3MEeUyrud CTalui TEIJIOBUU pO3Kiay (ra3udikalliro)

nosimMepy. [ToxiOH1 siBUIIa 100pe BiAOMI B TEXHILI FTOPIHHS — LIEHTPAJIbHI BCTABKU 200
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OJJaKUTHI TiJa B KaMepax 3rOpsSiHHS 3aCTOCOBYIOTHCS SIK CTaOLII3aTOPU MOJIyM ST caMe
3a paxyHOK YTBOpPEHHsI 3BOpPOTHMX Teuid [71]. Takum YMHOM, MOJEIIOBAHHS
MiATBEpAWIIO €()eKTUBHICTH BUKOPUCTAHHS IEHTPAJIBLHOTO Ta3u(ikaTopa: BiH HE JTUIIIE
BUKOHY€E CBOIO OCHOBHY (YHKIIIO (ITo/1aya ra3u@ikoBaHOrO MajuBa), ajie ¥ crpuse
(OpMyBaHHIO CIPUATIMBOI A€POJUHAMIYHOI CTPYKTYpPH MJis CTIMKOrO TOpIHHA. 3
1HIIOro OOKY, IIEHTpaJIbHE TUIO BIIMBAE HA PO3IO/ILII HABAHTAXKEHb — OYE€BUIHO, BOHO
3a3Ha€ I1HTEHCHUBHOIO HarpiBy, 1 L€ CJIiJ BpaxoByBarh. Binomo, 1m0 HasBHICTb
[IEHTPAJIHHOTO TLMA CYTTEBO YCKIAIHIOE KOHCTPYKIIIO 1 BHUMAarae JJ0AaTKOBOTO
oxojomxkeHHs [50]. Harmi pe3ynbsratu KUTbKICHO 11€ TATBEPUKYIOTh: 0€3 CIeliaIbHOTO
OXOJIOJKCHHSI TeMIieparypa rasudikaropa Moxe TOCSTaTH TPAaHUYHHUX 3HAYCHb, a
TETJIOBUH TMOTIK — CTBOPIOBATH MOTEHIIIMHE MEPEBAaHTAXKEHHS MaTepiay.

30HHM peunMpKyJasilii Ta BiAPMBY MOTOKY. Y pO3paxyHKy BHUSBICHO JABI PI3HI 3a
MPUPOAOI0 PELUPKYIALINHI 30HU: (1) B Kamepi 3ropsiHHS 3@ LEHTPAILHUM T1J10M Ta (2)
B coruti OUIa CTIHOK (MpH BiApuBi MOTOKY). [lepiia 30Ha, sk 0OrOBOpEHO, MO3UTUBHO
BILJIMBAE HA MPOLIEC TOPIHHS, 301IbIIYI0OYN Yac nepeOyBaHHs peareHTIB y raps4iil 30H1
1 CIIPUSFOYH TIOBHINIOMY BUTOpPaHHIO nanuBa. BoHa daktuuHo migBuiye eheKTUBHICTD
KaMepHu 3TOPSHHSA, OCKUIbKHM 3a0e3ledye MOBTOPHE 3ayYeHHS HEMpOopearoBaHUX
YacTOK MMaJIMBa 1 MOKpaIlye 3MillyBaHHs. Jlpyra * peuupKyssiiiiHa 30Ha, 1[0 BUHUKAE
B COIUTI MPU MEPEPO3NMIUPEHH], Ma€ HETATUBHI HACTIAKU A1 €EeKTUBHOCTI JBUTYHA.
L1s1 30Ha 03HAYaE, M0 YACTHHA ITOTOKY PYXA€THCS HE Y3/IOBXK OCi COIIa, a 3aKPyIyEThCS
BCEpENIMH1, YTBOPIOIOYH 30HY 3BOPOTHOI Teuii. Yepes 1e 3HIKYEThCSI KOPUCHA TUIOIIA
BUXOJY CTPYMEHSI Ta BTPAYaEThCS YaCTKa KIHETUYHOI €Heprii ra3iB Ha TypOyJIeHTHE
NepeMillyBaHHs B BIAPUBHIA 00JacTi. YAapHI XBWII, IO CyHPOBOIXKYIOTH BIAPHUB,
TaKOXX CIIPUYHMHSIIOTH JOAATKOBI BTPATH TUCKY. Y TIJCYMKY, HAsBHICTh BIIPHUBY B COTUTI
JIeI0 3MEHIITY€e KoedilieHT KOPUCHOT i COTUIOBOTO po3IupeHHs. B imeani, xoTinocs
0 YHUKHYTH [IbOTO SIBUIIA, HAAIITYBABIIU PEXXUM POOOTH JBUTYHA HA MPOCKTHHH (3
MOBHUM PO3LIUPEHHSAM CTPYMEHS J10 aTMOoc(epHoro TucKy). [IpoTe B HamoMy BUnaaxy

JBUTYH MPALIOE B yMOBaX, OJIM3bKUX JI0 PIBHS MOPSI, 1 TOMY MTOBHOTO PO3IIUPEHHS 10
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0,1 MIIa He nocsraeTbcs — 3BiACH 1 mepenaau TUCKYy Ta BiapuB. Lli pe3ynasraru
Y3TO/DKYIOThCSI 3 BIJIOMUMH JIaHHUMHM PO HAA3BYKOB1 COIUIA: MPU HEBIANOBIAHOCTI
THCKIB BHHHKAae a00 (EHOMEH HEIOPO3IIMPEeHHS, a00 TEpPepo3MHMpPEeHHS 3
XapaKTepHUMU XBUJIBLOBUMHU cTpykTypamu [50]. Ham Bunagok BIANOBIIAE
nepepo3MMpPEHHI0 (BUXIAHUN THCKU < HaBkojuiiHii), 1 CFD-MonentoBaHHS 4ITKO
[10Ka3aJ10 BIAMOBIIH]1 HACTIAKH.

EdexTuBHicTs po3mmpenHss B coruni. [lonpu HasBHICTh 3a3HaYeHUX BTPAT,
pe3yabTaTH MOJCIIOBAHHS BKAa3yIOTh, IO PO3MIMPEHHS Ta3iB y COIUI BilOyBa€ThCS
noBoJii  eexkTuBHO. binblra YacTWHAa TOTEHINIAJly BHUCOKOTO THCKY B Kamepi
MEPETBOPIOETHCS HA KIHETUYHY €HEPIi0 CTpyMEHs Ha BUXo/i. JlocsArHyTa IBUIKICTD 1
grciio Maxa (0:113bK0 3) Ha BUXO/I € OIM3bKUMH JI0 THX, IO OYiKYBAJIUCS TEOPETUIHO
JUIsL JTAHOTO TUCKY B Kamepi. Lle miaTBepaKye npaBUIIbHICTh BUOOPY TeOMETpii corLia B
nepuomMy HabavmxkeHH1. BinzHaunMo, 110 HasiBHICTh HEHTPAIBHOIO TUIA IEU[0 3MIHIOE
XapakTep po3mupeHHs. [leHTpanbHe TiJI0 BUKOHYE (DYHKIIIFO TOMIOHY A0 YaCTKOBOTO
aepocrnaiika: BOHO CIIPSIMOBYE IOTIK Y3JIOBX CBO€EI MOBEPXHI 1 MOXKE 3MEHIIYBaTH
BTpaTH BiJ PO3IIUPEHHS 1] HAJITO BEIUKUM KyToM. JliTeparypHi Jkepena BKa3ylTh,
110 COIlIa 3 IIEHTPAILHUMH BCTaBKAMHM 1HO/I1 JIO3BOJISIFOTH MOIMIIIUTH aepOAMHAMIYHY
JOCKOHAJIICTh MOTOKY 1 HAOMM3UTHU KOTO0 10 0ChOBOro HanpsiMKy [50]. Haun pe3ynsratun
JEMOHCTPYIOTh, III0 CTPYMIHb Ha BUXO/II CIIPaB/Al Ma€ JOCUTHh PIBHOMIPHUMA, ONMU3bKHIA
70 TapaieNbHOro, Mpo(dib — HEMae 3HAYHOTO PO3XOMKEHHS TIOTOKY, sKe O
3MEHIITYBajJ0 €(EKTHUBHY IMPOEKIIO TATH. TakuM YHWHOM, KOHCTPYKINS coria 3
[EHTPaJTbHUM Ta3u(}ikaToOpoM MOKE MaTH MepeBary 3 TOUYKU 30py popMyBaHHS OLIbII
npsimoro ctpymens. [Ipore ¢opma meHTpanbHOTO Tijla Ta COIUIa B LUJIOMY IIIE MOXKE
Oytu ontuMmizoBaHa. Hapasi 3adikcoBana B CFD kaptuHa ymapHUX XBWJIb 1 BiIpUB
MiKa3y0Th, 0 MNpo(duUIb COMJIa MOXHA BIOCKOHAJIUTH (HANMpUKIIAJ, TIJIaBHIIIE
PO3LIMPIOBATH MOTIK a00 BUKOPUCTOBYBaTH aJaNTUBHUN BUXIJHUN O1aMeTp), 1100
3MEHIIIUTHA IHTEHCHUBHICTh yHapHUX CTPYKTYyp. Taki BIOCKOHAJEHHS MiJBUIIUAIN O

Koe(IIIEHT BUKOPUCTAHHS IMITYJIbCY 1 3arajibHy e(eKTUBHICTH JIBUTYHA.
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30HM NMOTEHIIIHOTO MeperpiBy Ta pekoMeHAauii s KOHCTPYKIii. Jlyxe 1IHHUM
PE3yABTATOM MOJICIIOBAHHS € BUSBIICHHS NUJISTHOK, 1€ KOHIIEHTPYIOTHCS TEIUIOBI Ta
MEXaHIYHI HaBaHTAXKEHHA. SIK 3ramyBajnocs, Ie: NepeaHs 4YacThuHa rasudikaropa,
3BY’KEHHSI COILJIa, a TAKOXK (B MEHILIA Mipl) CTIHKA KaMepH 3rOpsiHHS B 30H1 TOPIHHS.
Hani CFD Bka3yroTh, 110 caMe rasugikarop norpeOye HalNWIbHINION yBark — oMy
HeoOXiIHO 3abe3neunTu €(PEeKTUBHE OXOJOMKEHHS. MOXIUBUMH 1HXEHEPHUMHU
pILIEHHSMU € 1HTerpalis KaHalliB OXOJIOIKEHHS BCEpEAMHI IEHTPAJIbHOro Tina abo
BUKOPHUCTAHHS a0NAIIMHOTO Marepiaiy, SKUil BUIIAPOBYBATUMETHCS 1 3aXUIATHME
CTpYKTYpy Big meperpiBy. Illomo comma, miaTBepKeHO, IO  HAHOUIBIN
TEIJIOHABAHTAXKCHOIO € KPUTUYIHA 001aCTh; B PIIUHHUAX PAKETHUX JBUTYHAX 1€ MICIIC
3a3BUYall OXOJIOMKYIOTh PETEHEPATHBHO YM IHIMUMHU CIIOCOOAMH — aHAJOTIYHO, JUIS
JaHO1 YCTAaHOBKH BapTO PO3TISIHYTH 3aXHUCT TOPJIOBHHH. PeMPKYIIAIis B COIUTI, OKPiM
BTpar IMITYJIbCY, MOXXE€ BHUKJIMKATH 1 JIOKaJbHE HIATOPSIHHS CTIHKUA Yepe3 TpHUBalle
KOHTAKTYBaHHSI rapsiuMX ra3iB.

IinTBepaxeHHs1 Teopili Ta HOBi YTOYHEHHsl. 3arajoM, pe3yJabTaTH MOCIIOBAHHS
Y3TO/DKYIOTBCSI 3 TCOPETUYHUMHU OIIHKAMU W  EKCIIEPUMEHTAIbHUMHU JaHUMH,
HassBHUMU JIsI TOAIOHUX cucTeM. BoHU MiATBEPKYIOThH Mpale3 aTHICTh KOHIIEMIIIT
JBUTYHA 3 LIECHTPAJIbHUM TUIOM Ha MoJIiIMepHOMY nasnbHOMY [50]. 30kpema, T0CATHY THIA
PiBEHb THCKY B KaMepi 1 TeMIeparypa 3ropsiHHs CBi4aTh, 110 ra3udikoBaHe MoJiMepHE
NaJMBO MOKE€ 3a0€3MEUYUTH BHCOKMH NHTOMHUH IMIyJbC — II€ CIIBOAJAE 3
OYIKYBaHHSIMHM, BUCIIOBJICHUMH B IIOIIEPEIHIX TOCTIHKEHHAX aBTO(axkHUX pakeT [50].
Y Toit )xe wac CFD po3Bonmio moGauuTH AeTani, HEAOCTYIHI NPH aHATITHIHUX
OITIHKAaX: HAIPHKJIaA, TOUHY (DOPMY PEeIUPKYISAIIHHOI 30HH, CTPYKTYpPy HAJA3BYKOBOTO
CTpyMEHSI 3 4YepTryBaHHSAM YIApHUX IIISHOK, PO3MOJIJ TEMJIOBOTO TOTOKY MO BCIH
BHYTPIIIHIA NOBepXHI ABUTYHA. Lli HI0aHCH Jaidu MOXJIMBICTh BUSIBUTH TOTEHLIHHI
npoOJeMHI 30HM KOHCTPYKIii. OTxe, YhCeNbHUN EKCIIEPUMEHT BUKOHAB HE JIUIIE
MEPEBIPKY TEOPETUYHUX IIOJIOKEHB, aje ¥ BHUCTYIHUB I1HCTPYMEHTOM OITHMI3aIii

npoekty. Ha 0CHOBI OTprMaHUX MOJIB MOKHAa PEKOMEH]IyBaTH 3MIHU B KOHCTPYKIIIi:
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MOKpAIIUTA TEIUIOBUN 3aXUCT rasudikatopa, NEpeniIHYyTH T€OMETPII0 COIula s
YCYHEHHsI BIJIpUBY (MOXJIMBO, 3aCTOCYBaTH 1HIIE CITIBBIJHOIIEHHS PO3IIMPEHHS a00
[EHTPaIBHUHN TUTO 1HIIOT KOH(DIrypallii), a TAKOX BpaxyBaTH PO3IMOALT TypOyIeHTHOCTI
IpU  PO3MIIICHH] MAJIMBOMOJAIOYUX OTBOPIB (1100 YHUKHYTH 30H 3acTol abo
HEPIBHOMIPHOTO BUTOPAHHS).

BucHoBkoM paHoro eramy pociipkeHHs € Te, mo CFD-monentoBaHHS YCIIIIHO
B1I0Opa3Wjio OCHOBHI Ta30JAMHAMIYHI Ta TEIJIOOOMIHHI TPOLIECH B JBUTYHI 3
[EHTPaTBHUM TUIOM. MozeNb miATBepANIIa, 0 KOHIEMIIA € KUTTE3AATHOIO 1 TOCATAE
3asIBJICHUX XapaKTEPUCTHUK, OJHOYACHO BHUCBITIMBIIM AacCHEKTH, $KI MOTPeOYyIOTh
1HXKEHEepHO1 yBaru. BusiBIeHI 30HM MOTEHLIMHOTO TMEperpiBy Ta HElIeaIbHOTO
PO3IIMPEHHS CTPYMEHSI CTaHYTh OCHOBOIO TSI TOAAIBIITUX BJIOCKOHAJICHb KOHCTPYKIIi1

aBTO(PaXKHOTO PAKETHOTO JBUTYHA.
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BucHoBku 10 po3aiay 3

1. BukoHaHO cepil0 YHUCETbHUX EKCIIEPUMEHTIB Ui JOCIHIKEHHS pOOOTH
aBTO(aXHOTO PAKETHOTO JBUTYHA 3 LIEHTPAJbHUM MAJMBHUM TUIOM 3a PI3HUX
pexkumiB. OTprUMaHO TPOCTOPOBO-YACOB1 PO3MOJILIU MMAPAMETPIB MOTOKY (THCKY,
MIBUAKOCT1) Ta TeMIlepaTypH B razudikaiiiiHii kamepi 1 Kamepi 3ropsiHHs, 110
JI03BOJIMJIO TIPOAHAJI3yBaTH XapaKTep Teuli Ta TEIUIOBI HABaHTAXEHHS Ha
€JIEMEHTH KOHCTPYKIIii ABUTYHA.

2. TlokazaHo, MO TEMIOOOMIH MiX Ta3u(ikamiifHOIO KamMepow Ta KaMepolo
3TOPSIHHSI CYTTEBO BIUIMBAE Ha POOOYMI mTpoIec JBUTYHA. 3OUTHIICHHS
TEMJIOBOIO TMOTOKY JO TOBEPXHI LEHTPAJBHOTO TUIA MPHUCKOPIOE HOTO
razudikaifio 1 MABUILYE MOJadyy NajuBa B KaMepy 3TOpSIHHS, 10 Beae 0
3pOCTaHHA TATH; OJIHAK HAJMIPHE HArpiBaHHSA KOHCTPYKIIT MOXKE CIIPUYMHHUTH
noripiieHHs: eeKTUBHOCTI poOOTH a00 HaBITh MOILIKOKEHHS Marepiaiy.

3. Bcranonneno, mo po3po0ieHa Moes 3a0e3nedye CTiiKe TOpiHHA 1 cTabuTbHY
poOOTy IBUTYHA TMPOTATOM YCHOTO TIEPiONYy BHUTOpPAHHS IMATUBHOTO CTEPIKHS
(IpoTOTUITY PAaKETHOTO KOpItyca). 30KpeMa, TUCK y KaMepl 3rOpsiHHS Ta PIBEHb
TSATH 3JIMIIAIOTHCS BIJIHOCHO CTAaOUTBHUMU 1 HE BUXOAATH 32 MEXi, JOMYCTUMI
I HOPMAJIBHOTO PeXXUMY poOOTH JABUTYHA, IO MiATBEPKYE MpaIle31aTHICTh
KOHIIETIIIi aBTO()aXHOTO ABUTYHA.

4. OTpuMaHO 3aJEKHOCTI KIIOYOBUX XapAaKTEPUCTUK POOOTH JBUTYHA BIJ
napaMeTpiB mpoliecy rasudikaiii HEeHTpalbHOro Tijia. BU3HaueHo, K 3MiHa
MIBUKOCTI ra3udikailii Ta recOMETPUIHUX PO3MIPIB IIEHTPATHHOTO Tijla BIUTHBAE
Ha BEJIMYMHY TATH, TUCK y KaMepi 3TOPSHHS 1 TEIUIOHAPYKEHICTh KOHCTPYKIIIi;
1€ JI03BOJIAE OOIPYHTYBAaTH pEKOMEHJAlli 00 BHUOOPY ONTUMAJIBHUX

KOHCTPYKTHBHUX NTApaMETPIB 1 peKUMIB pOOOTH aBTO(PaXKHOTO JBUTYHA.
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3. PG3YHBT3TI/I YUCCJIBHOTO MOICIIFOBAHHA  Y3TO/UKYIOTBCA 3 IIPOBCIACHUMU

AHAJTITUYHUMH OLIHKaMU Ta BIJOMHMH OITyOJIIKOBAHUMHU €KCIIEPUMEHTAIbHUMHU
JOCHIDKEHHSAMUA 3 Ta3uikaiii KOMIIOHEHTIB Ta BOTHEBUX BHUIIPOOYBaHb
3MEHIIIEHO1 JlaboparopHOi Mojeni JBUryHa aBTodaxkHoi paketu. lle
MIATBEPIXKYE aJEKBAaTHICTh PO3pOOJIEHOI MOAEINI 1 JOCTOBIPHICTh OTPUMAaHUX
JaHUX, K1 MOXYTb OyTH BHUKOPHMCTaHI JJsl IMOJAJbIIOTO IPOEKTYBAHHS Ta

ONTHUMI3alii paKeTHUX JABUTYHIB 3 aBTO()aKHUM MPUHLIUIIOM Jii.
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BUCHOBKH

1. Ha ocHOBI mpoBeAeHOro OISy JOCHIIKEHb BCTAaHOBJICHO, IO OJHUM 13
HAWTIePCIIEKTUBHININX HAIMPSAMIB 3/CHICBICHHS 3allyCKiB MalliX KOCMIYHUX
amapariB € 3aCTOCyBaHHsI aBTO()aKHUX PAKET-HOCIIB 13 MOJIMEPHUM IMAJIMBOM.
Teopetnuno, BukopucTaHHs aBTodaxuux PH no3Bonse 3abe3neunTtu
IHAUBIAyallbHI W THYYKI 3allyCKM Ha IUIbOBI OpOITH, TOMAl SK TpaguliiHI
KJIACTEPHI MyCKH Ha Baxxkux PH He BIAMOBIAAIOTH BUMOTAM ONEPATUBHOCTI Ta
opOiTaTbHOT THYYKOCTI JIJIsl HEBEJTMKUX BaHTaXiB. ABTO(GaXH1 PaKeTHI ABUTYHH
MPUHIIMIIOBO BIAPI3HSIOTHCS BiJ KJIACUYHUX: JUIsl HUX XapaKTepHa HelepepBHa
nojaya TBEPAOi TMOJIMEPHOI PEYOBHMHM Ta TBEPAOTO OKHUCIIOBaYa, IO
ra3udikyroThcsi 6€3MOCepPeNHbO NEpel 3STOPSHHIM, a KOHCTPYKIIISI COIJIa MOXKe
MICTUTH TIeHTpalibHe Timo. Ili  ocoOGmMBOCTI BHUMAaramTh BpaxyBaHHS
B3a€EMOIIOB SI3aHUX TIpolleciB Ta3u(ikallli MmajabHOTO, PEakiliil TOPiHHS, PYyXy
ra3oBOr0 MOTOKY Ta IHTEHCUBHOTO TEINIOOOMIHY 3 €JIeMEHTaMU KOHCTPYKII1i, 110
ICTOTHO YCKJIQJTHIOE TXHE MOJICTIOBAHHS MIOPIBHSIHO 3 TPAIUIIHHUMU PAKETHUMH
JIBUTYHAMH.

2. Po3po0seHO KOMILJIEKCHY 4YHCENIbHY MOJAENIb POOOTH PAKETHOrO JBUTYHA 3
aBTO(haXKHUM TTPUHITUTIOM i1, TOOyI0BaHy 3 BUKOpUCTaHHSIM mporpamu ASTRA
st TepMoxXiMidHUX po3paxyHkiB 1 ANSYS Fluent ans tpuBumipnoro CFD-
MO/JICITIOBAHHS MIPOIIECIB y ABUTYHI. Takuii miJaxia J03BOJIMB BpaxyBaTH KIKOUOBI
¢bi13u4uHI MPOIECU: TEIUIOBI HABAHTAXKEHHSI HA METAJIEBHM rasuQikaTtop Bil
NPOAYKTIB 3TOPSHHS, TEIUIONEpenady 10 MaJIMBHOTO KaHaly 1 Tasugikariiio
TBEP/IOTO MAJTHHOTO Ta OKUCITIOBAYa, Moj1ady ra3nugiKoBaHUX KOMIIOHEHTIB Yepes
razuikaTop y Kamepy 3ropsiHHs, a TAKOX JTUHAMIKY IOTOKY i TOP1HHS B Kamepi.

3. 3aranbHi pe3yJbTaTH JOCTIIHKEHHS MIATBEPKYIOTh BUPIIIAIBHY POJb BUOOPY
napy OKHUCIIOBauY—TajgbHE ISl €(heKTUBHOCTI POOOTH aBTO(aKHOTO PAKETHOTO
JBUTYHA. 30KpeMa, BUKOPUCTAHHS OKHCIIOBaua 3 BUCOKOK MAacCOBOK) YAaCTKOIO
KUCHIO (HAMpUKIIAM, TEpXJjopaT JITiI0) 3 TOJIMEpHUM MajbHUM 3abe3nedye
MaKCUMaJIbHUI TEOPETUYHUI MUTOMUM IMITYJIbC (OHM3BKO 265 ¢ y BakyyMi), TO1
SK MEHII e(PEeKTUBHI 3 TOYKH 30pYy TEIUIOTH 3TOpsiHHS Tapu (HITpaT aMOHilo,

HITpaT Kalliio) 3a0e3MeuyloTh CYyTTEBO HUXK4l 3HAYEHHS MUTOMOTO IMIYJIbCY
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(=230-240c). 1Ile migkpecnmoe BaXKIUBICTH ONTUMAIBHOTO  MIAOOPY
KOMIIOHEHTIB MaJIUBa JJI1 JOCATHEHHS MaKCUMaJlbHOI €(EeKTUBHOCTI poOOTH
aBTO(PaXKHOTO ABUTYHA.

JlociiKeHo BILTUB MeTali3alii NadbHOro A0AaBaHHSAM aJIFOMIHIEBOTO MTOPOLIKY.
[TokazaHo, 1110 BBEJICHHS allFOMIHIEBOT JOOABKH M1BUIILY € TEMIIEPATYPY TOTYM s
Ta 30UIbIIy€E€ MUTOMUN IMITYJIBC JBUTYHA: 30KpeMa, nonaBaHHs Al mo3Bommiio
MIBUIIUTH TeMIiepaTtypy ropinas 10 ~3400 K, a nuromuii imMmynsc — 10 ~265
c. OTpuManuii PUPICT CHEPTETUUHUX XAPAKTEPUCTUK CBIAUUTH MPO CYTTEBE
MOCUJICHHSI TETUIOBUAUICHHSI TPU MeTaji3allli najJbHOro, M0 € IEePCIEKTUBHUM
JUTSL TIABUILEHHS €()eKTUBHOCTI IBUTYHA 332 YMOBH 3a0€3MeUYeHHS 10IyCTUMHUX
TEIMJIOBUX HABAHTAKEHb HAa KOHCTPYKIIIIO.

3a pesynsraramMmu CFD-MojnentoBaHHS BU3HAUE€HO, 110 MAaKCUMAJIbHUN THUCK Y
KaMmepl g PO3MISHYTHX BHUXIIHUX JaHuX csaraB ~3,12 MIla. Ortpumano
JIeTaNbH1 PO3MOALIN TEMIIEPATyPH B CTIHKAX Ta3u(ikaropa, mojiiB MIBUIKOCTEH 1
B’A3KOCTI Fa30BOr0 MOTOKY, & TAKOX IIUIBHOCTI TEIVIOBUX MOTOKIB HA MIOBEPXHSX
KOHCTpyKIIi. [le 703BOMNII0 BUSBUTH MOTEHLIHO KPUTHUYHI 30HU MEPErpiBy Ta
CIIYTY€ TIAIPYHTSAM JJI IHKEHEPHUX PIIICHb LIOJI0 TEPMO3aXUCTY razudikaropa
(BuOOpY >KapOMIIIHMX MaTepialliB, CHCTEM OXOJIOJKEHHS TOIIIO).

PesynbraT qOCIiKEHHS M ATBEPKYIOTh IPAIe3AaTHICTh 1 BACOKHI MOTEHITIaT
KOHIIEMI[li PAaKETHOTO JBUTYHA 3 aBTO(DAKHUM NPHUHIMIOM [ii Ta MaroTh
BAXJIMBE MPAKTHUYHE 3HAYEHHS JUIsl MOAAQJIBIIMX  EeKCIEePUMEHTATbHUX
JTOCHTIIKEHB 1 MPOEKTYBAHHS TaKUX JBUTYHIB. 3alpOTIOHOBAHE MOJICITIOBAHHS Ta
OTpMMaHI YHCENIbHI XapaKTePUCTUKH MOXYTh OyTH BUKOPUCTAHI IS
omruMmizamii TeomeTpii rasudikaTopa, MIAOOPY KAPOMIITHUX MaTepiamiB i
BJOCKOHAJIEHHSI CKJIaJly TBEPAOT0 MNaJbHOrO, IO B MIJCYMKY CHpPHUSITHME

NiABUIIEHHIO €(EKTUBHOCTI i HAAIMHOCTI paKeTHUX JBUTYHIB JAHOTO THITY.
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