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2. Features of heat transfer modeling in liquid propellant rocket engine chambers manufactured using additive
technologies

Pedepar:

1. Inceprauiiina po60Ta CKIaJA€ThCs 3 BCTYIIHOI YaCTUHU, YOTMPbOX OCHOBHUX PO3[LijiiB, BUCHOBKIB, CIIUCKY
BMKOPHMCTaHUX JIKepeJl Ta JBOX HofaTKiB. PoboTa npencrapieHa Ha 125 cTopiHKax, MicTUTb 42 pucyHKa Ta 4 Tabauui
i CIIMCOK mxeped, o MicTUTh 121 HaliMeHyBaHHs. [Ipy IpOeKTyBaHHi pifMHHUX pakeTHUX IBUTYHIB (PP]I) onHiero 3
HaMBa)KJIMBIIIMX 33/1a4 € PO3POOKA CUCTEMHU OXOJIOIKeHHS. OX0JI0/)KyBalbHUA TPAKT CYTTEBO BIUIMBAE HA Pi3Hi
[apameTpy CUCTEMH, TaKi K IOIYCTUME MaCOBE CIIiBBiJHOLIEHHS KOMITIOHEHTIB [1aJIMBa, IIOTY>KHICTh HACOCIB,
KOMIIOHYBaHHSI Ta MacCy JIBUT'YHA. B cBOI0 uepry, po3pooka e(peKTUBHOI CUCTEMHU OXOJIO[KEHHS HEMOKJINBA 6€3
IOCTOBIpHUX JaHMX I10 TEMJIOBOMY CTaHy KaMepU IBUTYHA HA BCiX peXuMax 1oro po6otu. OTpumaHi napameTpu

Teronepeayi MaloTh 3aJI0BOJIBHITH BUMOTH 3a 6araTbma pakTopamMu: TEMIIEPATypH CTiHKU KaMepy He MalTh



[epEeBUIIYBAaTH 3HAYEHD, [IPU SIKUX MaTepiasl BTpayae CBOi MeXaHi4Hi BJIaCTMBOCTI, TEMIIEPATYPU KOMIIOHEHTIB
MaloTb OyTH MEHII 32 TeMIIEPaTypH KUIIiHHS, [IpY BUKOPUCTaHHI BYTJIeBOJHEBUX I1aJIUB HEOOXIAHO NiATpUMYyBaTH
TEeMIIEpPATypy CTiHKM 3i CTOPOHM OXOJIO/IKyBaya B [IEBHOMY [1ialla30Hi J1s1 3a1106iraHHs BUNIaliHHIO TBEPIUX OCaliB
Ha CTiHKax KaHaJjy (L0 € TUIIOBUM JJIs1 racy) abo JeToHallii (1o MOXJINBO Ipu BUKopuctanHi HIMT'), Tomo. Kpim
TOTO, PO3PaxXyHKU TeIJIoNepeiadi akTyasbHi He TiIbKY Ha CTafil MPOEKTYBaHHS IBUTYHA, ajie i HeoOXigHi 1yis
aHasli3y pe3yJIbTaTiB BOTHEBUX BUIIPOOYBaHb Ta YCYHEHHsI BUSIBJIEHUX NledeKTiB. Bce BullleckazaHe MifTBEpIKye
HEeOOXiJIHICTb pO3pPOOKM HOBUX MOJieJIel Terionepenayi B kamepax PPl ki 3 ogHOro 60Ky OyAyTb Biipi3HATHCS
IIPOCTOTOIO Ta €(PEKTUBHICTIO y NOPiBHSHHI 3 CFD-Moze/I0BaHHsIM, a 3 iHIIOTO — 3MOXYTb IIOBHOIO MipOIO PO3KPUTHU
IIOTEHI[iaJl Cy4aCHOrO PiBHS PO3BUTKY OOUKCIIIOBAJIBHOI TEXHIKM Ta BpaxOBYyBaTU 0COOJIMBOCTI HOBUX TEXHOJIOTI
BUT'OTOBJIEHHS 3Pa3KiB PaKeTHO-KOCMIYHOI TEXHIKM Ha BiIMiHY Bifl KJIaCUYHUX MoJesiell Teronepenadi. O6’eKTom
IIOCTIiIPKEHHS 1aHO1 pob0TH € Mpoliecy Terionepenayi ta rinpoguHamiky B arperatax PPJI. [IpenmeTom
IOCiIKeHHs € Tery1odisnyHi IPOoLeCH Y TPaKTax 0Xoao0keHHs PP]l, BUTOTOBIEHUX 3 BUKOPHUCTAHHIM aAUTUBHUX
TEXHOJIOTi!. MeTolo po60TH € po3po6Ka METOAUKY ONTUMI3allil TapaMeTpiB TPAKTy OXOJIOAKEHHSI, BATOTOBJIEHOTO
aJUTHMBHUM METOJIOM, sIKa 3abe3levyBasa 6 MiHiMaabHy Macy KOHCTPYKLIi IpX JONYCTUMHUX 3HAUYEHHSIX
TEeMIIEPATyPH CTiHKU. [lJ1s1 HOCATHEHHS JAHOI METU OyJI0 ITOCTABJIEHO HACTYIIHI 3aadi: 1) mpoaHasnidyBaTy icHy04i
nifaxony 0o po3paxyHKy OXoJomKkeHHs Kamep PP]I; 2) po3pobutu nudepeHuiaabHy MOAEb TPAKTy 0XOJIOIKEHHS
kamepu PP]I; 3) cdopmyBaTu HOBi pO3paxyHKOBIi 3aJ1€XKHOCTI /1J11 KoediljieHTa e(peKTUBHOCTI OpeOpEeHHS 3
ypaxyBaHHSM HEPIBHOMIPHOCTI 110JIs1 TEMIIEPATYP B IIONIEPEYHOMY I1epepisi pedpa; 4) po3poOUTH aJITOPUTM
ONTMMi3allii Ta 3aCTOCYBaTH MOTO AJ151 TPOEKTYBAHHS TPAKTy OXOJIOAKEHHS KaMePpU NEPCIEKTUBHOTO ABUTYHA
TPEeThOTO CTyIEeHs pakeTu-Hocis. HaykoBa HOBM3HA JJaHOI pOOOTH NOJIAra€e y HAaCTyIIHOMY: 1) po3po6iieHo Ta
BepuQiKoBaHO HOBY Au(EPEHLiaIbHy MOME/b TPAKTy OXOJIOAKEHHS KAMEPU JBUTYHA, SIKA € PO3BUTKOM iCHYI04YOr0O
IiAX0nIy IO PO3PaxyHKY OXOJIOAKEHHS 3 SIBHOIO IMCKPEeTU3Aalli€l0 pO3paxyHKOBOi 0671aCTi; 2) po3po6yeHo Ta
BepruQiKoBaHO HOBY MOJieJIb MiCIIEBUX OIOPIB, 110 6a3yeThCs HA BUKOPUCTaHHI y3araabHeHUX PyHKLIH; 3)
po3pobiieHo Ta BepudikoBaHO HOBY MOJieJib pedpa [0BibHOI PopMY, SIKA BiIPi3HSAETHCS Bifl iICHYIOUHUX TUM, L0
BpaxoBye Pi3HULII0 MDK TEMIIEPATyPOIO MNOBEPXHI pedpa Ta cepefHbOi TEMIIEPATYPOIO B IIEPEPi3i; 4) a TAKOXK BIEPILE
OTpUMaHa KpUTepiasbHa 3aJIEXKHICTD 110 3B'13y€ TEMIIepaTypy IIOBEPXHi pebpa i3 cepeHbOI0 TEMIIEPATYPOIO B
nepepisi. [IpakTyHe 3HaYeHHs OfleP>KaHUX pe3yJIbTaTiB [10JIsITae y TOMY, 1110 po3po0byieHa MOJieJlb TPaKTy
OXOJIOJPKEHHS A€ MO>KJIMBICTb IIBUIKO BU3HAYMTH I1apaMETPH TEIJIOBOTO CTaHY KAMEPU JBUT'YHA Ta BpaxyBaTu
PI3HOMaHITHI [IPOLLECH, 1O HE PO3IJISHAIOTHCS B iICHYIOUMX METOAUKAX. Lle, TIOMIXK IHIIMM, TOCATaeThCs 3a
IOTIOMOTOI0 HOBMX OTPUMAaHUX CIIiBBiJHOLIEHB, 1110 LO3BOJISIIOTH OiJIbII TOYHO Ta 3 MEHIIOK TPYAOMICTKICTIO
BU3HAUUTU TEMIIEpPATypHE I10Jle B peopi i3 ypaxyBaHHAM Horo HepiBHOMipHOCTI. KpiMm Toro, po3po6ieHo
OpUTiHaJIbHY METOAUKY IIPOEKTYBAaHHS TPAKTiB OXOJIOAKEHHS MiHIMAJIbBHOI MacH i3 3aJJaHNM OOME>XKEHHSIM 110
TeMIepaTypi CTIHKM KaMep PiUHHUX paKeTHUX JBUTYHIB. [i BUKOpUCTaHHS MO3Ke CyTTEBO MOKPALUTH TapaMeTpy
IBUT'YHA, @ caMe 3MEHIIUTH Macy KOHCTPYKIIii 6e3 roripiieHHs TenjaoBoro CTaHy Kamepu IBUryHa. [IpakTuyHa
L[iHHICTb pOOOTH NI TBEPIKYETHCS BIIPOBAI)KEHHSIM PE3YJIbTATiB JOCIIIPKEHHS B NisJIbHICTh IIPUBATHOI pakeTo-
KocMiuHoi komnaHii TOB «®JIAVIT KOHTPOJI», mo 3acBimT4yeHo akToM peasnizauii. Kiito4oBi cj10Ba: KOCMi4Hi JIiTaJbHi
anaparTH, pifHHUI PaKeTHUIN JBUTYH, TPAKT OXOJIOMKEHHS] KAMEPH JBUTYHA, OXOJIOJI)KEHHS COILIA, PETEHEPATUBHE
0XO0JIOJKEHHS, €(PEKTUBHICTb Ope6PEHHS, 3a7a4i MOJIEJII0OBAaHHSI, MaTEMAaTUYHE MOJIEJIIOBaHHS, YMCEeJIbHE
MOJIEJIIOBAaHHS TeIIoNepeayi, 3ajaya ONTUMI3allii, ONTUMi3allisg TPAKTy OXOJIOIPKEHHS, aIUTUBHE BUPOOHUITBO,

3J-IpyK, nmosiermena KOHCTPYKIis, pO3IOMiJI TUCKY.

2. The dissertation comprises an introduction, four main chapters, conclusions, a list of references, and two
appendices. It is presented over 125 pages and includes 42 figures, 4 tables, and 121 references. When designing
liquid rocket engines, one of the central tasks is developing an effective cooling system. The cooling channels
strongly influence key system parameters, including the allowable mixture ratio of the propellants, pump power,
overall layout, and engine mass. Designing a reliable cooling system, in turn, requires accurate data on the thermal
state of the engine chamber across all operating modes. The resulting heat-transfer parameters must satisfy
several constraints: the chamber wall temperature must remain below the limits at which the material loses its
mechanical strength; propellant temperatures must stay below their boiling points; and when hydrocarbon fuels



are used, the wall temperature on the coolant side must be kept within a specific range to avoid solid-deposit
formation in the channels (typical for kerosene) or detonation phenomena (possible when using UDMH). Moreover,
heat-transfer analysis is important not only during engine design but also for interpreting fire-test results and
diagnosing observed anomalies. All of this highlights the need for new heat-transfer models for rocket engine
chambers that, on the one hand, are simpler and more computationally efficient than full CFD simulations, and on
the other hand, can take advantage of modern computing capabilities and account for the characteristics of new
manufacturing technologies - capabilities that classical heat-transfer models do not provide. The object of this
work is heat transfer and fluid flow in the units of a liquid-propellant rocket engine (LPRE). The subject of the
research is thermophysical processes in cooling channels of LPREs manufactured using additive technologies. The
aim of the study is to develop a method for optimizing the parameters of an additively manufactured cooling
channel that ensures minimum structural mass while maintaining permissible wall temperatures. To achieve this
aim, the following tasks were defined: 1) to analyze existing approaches to calculating the cooling of rocket engine
chambers; 2) to develop a differential model of the chamber cooling channel; 3) to derive new correlations for the
fin efficiency coefficient, taking into account the non-uniform temperature distribution across the fin cross-
section; 4) to develop an optimization algorithm and apply it to the design of the cooling channel for the chamber
of a prospective third-stage launch vehicle engine. The scientific novelty of this work can be summarized as
follows: 1) A new differential model of the engine chamber cooling channels was developed and validated. Unlike
conventional approaches, it does not require explicit discretization of the computational domain. 2) A model of
local hydraulic losses based on generalized functions was developed and verified for the first time. 3) A new model
for fins of arbitrary shape was created and validated. Its distinguishing feature is that it accounts for the difference
between the fin’s surface temperature and the average temperature across its cross-section - an effect not
included in existing models. 4) For the first time, a criterion-based relation was obtained that links the fin surface
temperature to the cross-section-averaged temperature. The practical significance of the results lies in the fact
that the developed cooling-channels model enables rapid determination of the thermal state of the engine
chamber while accounting for processes that are not included in existing calculation methods. This is achieved, in
part, through the newly derived relations that allow the temperature field within a fin to be evaluated more
accurately and with less computational effort, including its non-uniformity. In addition, an original method was
developed for designing minimum-mass cooling channels subject to specified limits on chamber-wall temperature
in liquid rocket engines. Its application makes it possible to improve engine performance by reducing structural
mass without compromising the thermal state of the chamber. The practical significance of the work is confirmed
by the implementation of its results in the activities of the private aerospace company LLC «Flight Control» as
documented by an official certificate of implementation. Keywords: spacecraft, liquid propellant rocket engine,
thrust chamber cooling channels, nozzle cooling, regenerative cooling, fin performance, modelling problems,
mathematical simulation, numerical heat-transfer modeling, optimization problem, cooling-channels optimization,
additive manufacturing, 3D-printing, lightweight design, pressure distribution.
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Cdepa praBJIiHHﬂ: MiHicTepcTBO OCBiTH 1 HayKH YKpaiHu

InenTudikarop ROR:

PeuenseHtu

Baacue IlpizBume Im'a Ilo-6aTbKOBI:
1. JlinoBchkuii Bonopumup IsaHoBu4

2. Volodymyr I. Lipovskyi
KBasigikanis: k. ¢.-m. 1., goir., 01.02.04
Inentudgikarop ORCID ID: 0000-0002-7939-7973

JoparkoBa iHpopmamuist: ;https://scholar.google.com.ua/citations?user=V6YM5IgAAAAJ&hl=ru;
https:/ /www.scopus.com/authid /detail.uri?authorld=57265743200

IloBHe HaliMeHYBaHHSI IOPHUAHUYHOI OCOOH: [IHINPOBCHKMII HALIOHAIBHUIA YHiBEpCUTET imMeHi Onecst
l'oHuapa

Kopg 3a €IPIIOY: 02066747

Micue3Haxoa>KeHHsI: npocnekt Hayku, JlHinpo, JHiNpoBcbKuil p-H., 49045, Vkpaina
dopma ByacHOCTI: [lepxkasna

Cdepa ynpaBriHHS: MiHicTepCTBO OCBITH | HayKy YKpaiHu

InenTudikarop ROR:

Baacue IlpizBume Im'a Ilo-6aTbKOBI:
1. BosoTbKO Onekcangp €BreHoBruY

2. Oleksandr Zolotko
KBasigikamis: . r. u., gou., 05.05.03
InenTudikarop ORCID ID: 0009-0008-5600-500X

JopaTrkoBa iHdpopmamnist:



IloBHe HaliMEeHYBaHHS IOPUAHYHOL 0CO0H: J[HINMPOBCHKMIA HAlliOHAIbHUI yHiBEpCUTeET imeHi Osecs

'oHuyapa

Kopg 3a €IPIIOY: 02066747

Micuesﬂaxo,rm(el-lﬂﬂ: npocnekT Hayku, [JHinpo, JIHinpoBchKuil p-H., 49045, YkpaiHa

dopma BracHOCTI: JlepxasHa

Cdepa yIIpaBJIiHHﬂ: MiHicTepcTBO OCBiTH 1 HayKU YKpaiHu

InenTudikarop ROR:

VIII. 3aKkJII04Hi BiZoMOCTi
BsiacHe IIpi3Buie Im'sa ITo-6aTbKOBi
TOJIOBH paju

BaacHe IlpizBuiie Im's ITo-6aTbKOBI
rOJIOBYIOYOTO Ha 3acCiiaHHi
BignoBigasbHUMH 3a HiATOTOBKY

00JIiKOBUX JOKYMEHTIB

PeecTpartop

KepiBHuk Bigginy YKpIHTEI, mpo €
BiZINIOBiZaJIbHUM 32 pEeECTpallil0o HAyKOBOIi

OisIJIBHOCTI

Hasupos Cepri OsieKCaHgpoBUY

Hasupos Ceprit OsieKcanapoBuy

Hocosa TersHa BanepiiBHa

Opuenko TersiHa AHaToJIiBHA

Opuenko Tetsana AHaTosiiBHa



