O0Js1ikoBa KapTKa aucepTaii

I. 3arasibHi BimOMOCTI

Jep>kaBHUH 00J1iKOBHI HOMeP: 0824U003099
Oco006J1uBi TO3HAYKH: BinKpura

JaTa peectpauii: 12-09-2024

Craryc: Haka3 npo Bugady gumnioma

PexBi3utu Hakasy MOH / Haka3y 3aKjazmy: N 1752-y4 Big 25.09.2024,
HanjionanpHni1 a€poKOCMivyHMN yHiBepcuTeT iM. M. €. J)KykoBcbKOro "XapKiBCbKUH aBiallilHUN

incturyt"

I1. BizomocTi npo 3100yBaya
Baacue IlpizBumie Im's Ilo-6aTbKOBI:

1. Tanb Kynb --
2. Kun Tan

KBasmiikamis: 134

Inentudikarop ORCID ID: He 3actocosyerbcs

Bupg, nucepranii: nokrop dinocodii

AcmipanTtypa/JlOKTOpaHTypa: tak

IITu¢p HayKOBOi cHeliaIbHOCTI: 134

Ha3Ba HayKOBOi CIIeliaJIbHOCTI: ABianjiiiHa Ta PAKETHO-KOCMIYHA TEXHIKa
T'anmy3p / rasysi 3HaHB. MexaHi4HA iHXeHepis

OcBiTHBO-HayKOBa porpama 3i creniaJbHOCTI: AsiauiiiHa Ta paKeTHO-KOCMiYHa TEXHiKa
Jara 3axHcTy: 05-09-2024

CreniaJbHICTh 32 OCBITOIO: iH>)XeHep-[OCIiIHUK

Micue po6oTH 3400yBayva:

Kopg 3a €IPIIOY:

Micue3HaxoaKeHHS:

dopma ByracHoCTI:

Cdepa ynpasiriHHS:

InenTudikarop ROR: He zacrocosyerscs



I11. BimomMocTi mpo opranizariiio, e Big0OyBcsl 3aXHCT
Iudp cnenianizoBaHoi BYU€HOI pagH (Pa30Boi Cleliajai30BaHOI BYEHOI pazu). ID 6774

IloBHe HaliMeHYBaHHSI IOPHUAHUYHOI 0COOM: HaujoHanbHuil aepoKOCMiuHwMii yHiBepeuTeT im. M. €.

JKykoBcbKoro "XapkiBCbKUM aBiallilHUM iHCTUTYT"

Kog 3a €IPIIOY: 02066769

Micue3Haxoa>KeHHS: Bys1. Ukanosa, 6y, 17, Xapkis, XapkiscbKuii p-H., 61070, Ykpaina
dopma ByracHOCTI: Jlepxasna

Cdepa ynpaBitiHHS: MinictepcTBo oCBiTH i HayKu YKpainu

InenTudikarop ROR:

IV. BizomocTi nipo nmiznpueMcTBO, yCTaHOBY, OpraHisalliio, B sIKii 0yJ10
BUKOHaHO JHUCEPTALil0

IloBHe HaliMeHYBaHHSI IOPUAUYHOI 0COOH: HaujoHanbHuil aepokocmiunumii yHiBepeuter im. M. €.

JKykoBcbKOro "XapkiBCbKUM aBiallilHUI iHCTUTYT"

Kopg 3a €IPIIOY: 02066769

Micue3Haxoa>KeHHS: By/1. Ukanosa, 6y, 17, Xapkis, XapkiscbKuii p-H., 61070, Ykpaina
dopma ByacHOCTI: [lepxkasna

Cdepa ynpaBiriHHS: MiHicTepCTBO OCBITH | HayKy YKpaiHu

InmenTudikarop ROR:

V. BimomocTi npo gucepraniio
MoBga guceprTalii: Anriiicbka
Koau TemaTHYHHX PYOPHK: 55, 55.22, 55.23.09

Tema guceprauii:
1. Po3po6s1eHHS HaJ3BYKOBUX COIIEJI [1JIs1 XOJIOLHOTO Ta30jHaMiYHOTO HallUJIIOBaHHSI

2. Development of supersonic nozzles for cold spraying

Pedepar:

1. Inceprauifina po60Ta IPUCBIYEHA CTBOPEHHIO MiIX0y 4O IPOEKTYBAHHS HAJI3BYKOBUX COIIEJI Pi3HO]
KOHIrypaliii 719 X0JIOJHOTrO ra30MHAMIYHOr0 HANMJIIOBAHHS Ta ONTHUMI3allii mapaMeTpiB HAIWJIIOBAaHHS NpU
PO3pO6JIeHHI TEXHOJIOTIYHUX PEKOMEH/Ia1liil Ha OCHOBI YMCEIbHOTO MOJEJIIOBaHHSI MTPOLIECiB TPUCKOPEHHS
YaCTUHOK IOPOIIKY B Ta30BOMY IIOTOLIi Ta iX BUCOKOMIBUIKICHOTO 3iTKHEHHS 3 IOBEPXHEIO MiaKaaaku. O6'eKToM
TIOCJIiIPKEHHS € TIPOLeC MPUCKOPEHHS YaCTUHOK ITOPOIKY HaJ3BYKOBUM IIOTOKOM B KaHaJli COMJIa AJ151 XOJI0AHOTO
ra30[IMHaMiYHOTO HANMJIOBAHHS Ta BUCOKOIIBUAKICHOI B3a€MOII IPU 3iTKHEHHI YaCTUHOK 3 MiAKJIaIKOIO.
[IpegMeTOM IOCIIIIKEHHS € 3aKOHOMIPHOCTI BIIJIUBY F€OMETPii COIIa Ta MapaMeTpiB IIPOLECy XOJIO0IHOTO
ra3olMHaMiYHOTO HAIMJIIOBAHHS HA TEMIIEPATYPY Ta MBUAKICTb YACTUHOK IIOPOIIKY B IIOTOL. AKTYaJIbHICTb Ta
HEOOXiJIHICTh IPOBEAEHHS AOCTiIKEeHb OOYMOBJIEHA PO3BUTKOM TEXHOJIOTIi X0JI0IHOTO ra30guHaMiqHOTO

HaIMWIIOBAaHHS B 06J1aCTi iHbKeHepii MOBepxHi, a TaK0X BUKOPUCTAHHS TEXHOJIOTII JIJIsI CTBOPEHHS 00’ €MHUX



aIWTHMBHYX MaTepiais. [1iBUIIEeHHS MTPOAYKTUBHOCTI IIPOLECy Ta 3a0€3M1eUYeHHs BUCOKMX eKCIUlyaTalliitH1X
[TOKa3HUKIB SIKOCTi IOKPUTTIB MOKe OyTH JOCSITHYTO IIJISIXOM BI,OCKOHAJIEHHS €JIeMEeHTIiB 00JIalHaHHS Ta
oNnTUMi3allii pe>KxMMiB HallUJIIOBAHHS 17151 GOPMYyBaHHS IIOKPUTTIB i3 3aJaHMX [TOPOLIKOBUX MaTepiasiB. OKpiM Toro,
PO3LINPEHHS TEXHOJIOTIUHAX MOXJIMBOCTEN OOJIalHAHHS /171 HAllWJIIOBAHHS IIOKPUTTIB HA BHYTPIlIHI Ta
Ba>KKOZ,OCTYIIHI IOBEPXHi JieTasiel, BiIKpre HOBi HANPSMKU [TPAKTUYHOTO 3aCTOCYBAHHS TEXHOJIOTI] B 06J1aCTi
HalWIIOBaHHS 3aXMCHUX i BiTHOBJIIOBAJIbHUX ITIOKPUTTIB. HayKOBa HOBM3HA OTPUMaHUX PE3YJIbTATiB IOJISITAE B
TakoMmy: 1) ynepliie 3alipoIIOHOBAaHO METO/ TPOQiIIoBaHHS HAJ3BYKOBUX OJIHO- Ta 6araToKaHaJIbHUX [IOBOPOTHUX
COII€eJI 1171 XOJIOZHOrO ra304MHaMiYHOrO HAlIUJIIOBAHHS ITIOKPUTTIB HA BHYTPILIHI Ta Ba)KKOLOCTYIIHI IIOBEPXHI, IKEe
3abe3nevyye HeoOXigHi 3HaUeHHS IBUIKOCTI YaCTMHOK IIOPOLIKY Ha BUXOJIi 3 COILIA AJ1s1 iX 3YeIlJIeHHS 3 MiKIaKOI0
IIpU IOBOPOTi OTOKy Ha 90°. 2) Ynepiue 3a pe3yabTaTaMy YMCEIbHOTO MOJIEJIIOBAHHS OJIE€P>KaHO 3aJ1€KHOCT
TeMIIEPaTyPHO-LIBUAKICHUX XapaKT€PUCTUK YACTMHOK IIOPOLIKY Ha BUXO/i 3 IOBOPOTHOTO COILJIA Bif MaTepiany
YaCTHHOK, iX po3Mipy, TEMIIepaTypy Ta TUCKY a3y Ha BXOZi B COILIO. 3) YIleplie 3allpONIOHOBAHO MiAXin go
NIPU3HAYEHHS PEKMMIB XOJIOJHOrO ra30JMHAMIYHOIO HaNMJIIOBAHHS, 3aCHOBAaHUN Ha IJIaHyBaHHI
6araToakTOPHOr0 €KCIIEPUMEHTY, METOL0JI0Tii MoBepXHi Binryky i GA+BPNN, sikuii 103B0oJIsie IpU3HaYaTH
TEXHOJIOTIYHI TapaMeTpy HAIMJIIOBaHHS [TOKPUTTIB, IO 326€3I1e4YyI0Th LOCSITHEHHS YaCTUHKAMU ITOPOIIKY
IIBUJIKOCTI, HEOOXiIHOI 117151 iX 34eryIieHHs 3 MiAKIaaKo1o. 4) Yrieplie Ha OCHOBI YMCEIbHOTO MOZEJIIOBAaHHS Ta
METOJ0J10Tii IIJIaHyBaHHS 6araToakTOPHOTO €KCIIEPUMEHTY OTPUMAHO 3aJIEXKHOCTI [IOPUCTOCTI BiJl IIBUIKOCTI
YaCTUHKHY, ii TeMIiepaTypy, Ta TEMIIEPATypy MiAKIaAKY B JOCIIKYBAaHUX Jlialla30Hax 3HaueHb. [IpakTuyHa
3HAUYILIiCTh OTPUMAHUX PE3YJILTATIB I0JIATAE B TOMY, L0 PE3YJIbTATH, OTPUMAHI Y AYCEPTALiNHOMY NOCJII>KEHHI,
MO>XXyTb OYTYU BUKOPUCTAHI IIPY PO3B’sI3yBaHHI MKXPOKOro KIacy NPaKTUYHUX 33724 IIPU po3pobJieHi TeXHOJIOTIN Ta
TEXHOJIOTIYHMX PEKOMEH Iallill 3 HaNM/IIOBaHHS 3aXMCHUX i BiJHOBJIIOBAJIbHUX MTOKPUTTIB, 30KpeEMa: -
3aMPONOHOBAaHUI MeTO, MTPO(iNI0BaHHS TIOBOPOTHOTO HA/I3BYKOBOTO COILJIA [1J151 XOJIOJHOTO ra30iMHaMIYHOTO
HaIlWIIOBAaHHS [03BOJISI€ BUBHAYUTH T€OMETPUYHI IapaMETPH COILJA 32 33JaHUMU XapaKTE€PUCTUKAMU
BHMKOPHCTaHOI'O IIOPOLIKOBOrO MaTepiay, TUCKY Ta TEMIIepaTypy ra3y Ha BXOJli B COILJIO; - BUSIBJIEHi 0COOJINBOCTI
BILJIMBY MaTepiajly 4YaCTUHOK [TOPOLIKY, iX po3Mipy, IOYaTKOBUX 3HaY€Hb TEMIIEPATYPU Ta TUCKY ra3y Ha
TEMIIEPATYPY Ta WIBUIKICTh YACTUHOK Ha BMXO/i 3 COILJIA, PO3IIMPIOIOTh YABJIEHHS PO 3aKOHOMIPHOCTI IIPOLIECIB
razofrHamiku 1BOQa3HOro OTOKY B HAJ3BYKOBUX COILJIAX 711 XOJIOJHOTO ra30JMHaMIiqYHOTO HaIlUJIIOBaHHS; -
Pe3yJbTaTU JOCiIKEHHSI IPOLECiB IPUCKOPEHHS YaCTUHOK IIOPOLIKY B HAaJI3BYKOBUX COILJIaX Ta
BHCOKOIIBUIKICHOTO 3iTKHEHHS YaCTUHOK 3 MiJIKJIaIKOI0 CTBOPIOIOTh TEOPETUYHY 06a3y [1J1s1 BLOCKOHAIEHHS
MOJeJsiell IUX MTPOLEeCiB, TPOEKTYBAHHS Ta CTBOPEHHS 00JIafHAHHS JJ1s1 XOJIOTHOTO ra304HAMIYHOrO
HaIMWIIOBaHHS; - 3aIIPOTIOHOBAHI B IUCEPTaliiiHill po6OTi MigXoau 00 NPU3HAYEHHSI PEXXUMIB HAMIUIIOBAaHHS
MOXYTb OyTM BUKOPUCTAHI [J1s1 ONTUMi3allil MapaMeTpiB XOJOJHOI0 ra30JMHaMiYHOTO HANIMJIIOBAHHS 3 METOIO

KEPYBaHHSI Ta 3a0€3IeYeHHS 33/IaHNX XapaKTePUCTUK ITOKPUTTIB.

2. The dissertation is devoted to the creation of an approach to the design of supersonic nozzles of various
configurations for cold gas-dynamic spraying and the optimization of spraying parameters in the development of
technological recommendations based on numerical modeling of the processes of the acceleration of powder
particles in the gas flow and their high-speed deposition with the substrate surface. The object of research is the
process of acceleration of powder particles by a supersonic flow in the nozzle channel for cold gas-dynamic
spraying and high-speed interaction when the particles impact on the substrate. The subject of the study is the
influence of the nozzle geometry and the parameters of the cold gas-dynamic spraying process on the
temperature and speed of the powder particles in the flow. The relevance and necessity of research is due to the
development of cold gas-dynamic spraying technology in the field of surface engineering, as well as the use of
technology to create volumetric additive materials. Increasing the productivity of the process and ensuring high
performance indicators of coating quality can be achieved by improving equipment elements and optimizing
spraying modes for forming coatings from given powder materials. In addition, the expansion of technological
capabilities of equipment for spraying coatings on internal and hard-to-reach surfaces of parts will open new
directions of practical application of technology in the field of spraying protective and restorative coatings. The
scientific novelty of the obtained results is as follows: 1) for the first time, a method of profiling supersonic single-



and multi-channel right-angle nozzles for cold gas-dynamic spraying of coatings on internal and out-off-view
surfaces was proposed, which provides the necessary values of the speed of powder particles at the exit of the
nozzle for their adhesion to the substrate when the flow is turned by 90°. 2) For the first time, based on the results
of numerical modeling, the dependence of the temperature-velocity characteristics of the powder particles at the
exit from the right-angle nozzle on the material of the particles, their size, temperature and gas pressure at the
entrance to the nozzle was obtained. 3) For the first time, an approach to assigning cold gas-dynamic spraying
modes is proposed, based on the planning of a multi-factor experiment, response surface methodology and
GA+BPNN, which allows assigning the technological parameters of coating sputtering, which ensure that the
powder particles achieve the speed necessary for their adhesion to the substrate. 4) For the first time, on the basis
of numerical modeling and the planning methodology of a multifactorial experiment, the dependences of porosity
on particle speed, its temperature, and the temperature of the substrate in the studied ranges of values were
obtained. The practical significance of the obtained results lies in the fact that the results obtained in the
dissertation research can be used in solving a wide class of practical problems when developing technologies and
technological recommendations for spraying protective and restorative coatings, in particular: - the proposed
method of profiling a right-angle supersonic nozzle for cold gas-dynamic spraying allows to determine the
geometric parameters of the nozzle according to the specified characteristics of the used powder material,
pressure and temperature of the gas at the nozzle entrance; - the revealed features of the effect of the material of
the powder particles, their size, initial values of temperature and gas pressure on the temperature and speed of
particles at the exit from the nozzle, expand the understanding of the regularities of gas dynamics processes of
two-phase flow in supersonic nozzles for cold gas dynamic spraying; - the results of the study of the processes of
acceleration of powder particles in supersonic nozzles and high-speed deposition of particles on the substrate
create a theoretical basis for improving the models of these processes, designing and creating equipment for cold
gas-dynamic spraying; - the approaches proposed in the dissertation regarding the designation of spraying modes
can be used to optimize the parameters of cold gas-dynamic spraying in order to control and ensure the given
characteristics of the coatings.
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