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AHOTAITIA

bonoapenko O. €. Y 10cKOHaJIEHHS MacOBOi €(DeKTUBHOCTI CUJIIOBHX €JIEMEHTIB

paKeTHUX JABUTYHIB.
Kamidikariitna HaykoBa Iparisi Ha MpaBax PyKOIHCY.

JucepTaltiss Ha 3100yTTs CTyIeHs JokTopa dimocodii 3a cremianpHicTIO 134
ABiariifHa Ta pakeTHO-KOCMIYHA TeXHiKa. J|HIMPOBCHKUI HAIIOHATBHUM YHIBEPCUTET

imeni Onecs ["onuapa, [uinpo, 2024.

Hucepraiiiiina poOoTa MNPUCBAYEHA CTBOPEHHIO METOAMK YAOCKOHAJICHHS
MacoBO1 €(PEKTUBHOCTI CUJIOBUX E€JIEMEHTIB PAKETHUX JIBUTYHIB IIJISXOM YHCEIBHOIO
MOJICTIOBaHHSI ~ HANPY>KEHO-1e(OPMOBAHOTO CTaHy THUIIOBUX 1 HE THUIOBHUX

KOHCTpYKHiﬁ JJIA CHJIIOBHUX CJICMCHTIB PAaKCTHHUX IIBI/II‘YHiB.

Ha croroanimiHii JeHb paKeTHO-KOCMIYHA Tally3b NEPEXOASATh HA HOBUM PIBEHb
PO3BUTKY TE€XHOJIOT1A. PO3MIUpEHHS] MOXIMBOCTEH aJUTUBHUX TeXHOJOT1A misg 3D-
JIPYKY 1 KOMIO3UTHUX MaTepiaiB MO3WTUBHO BIUIMBAIOTh HA Taly3b B LUIOMY. Y
Cy4aCHOMY a€pOKOCMIYHOMY PHUHKY KOHKYPEHIIISI CTPIMKO 3pOCTa€, TOMY OUIBIIICTh
KOCMIYHUX KOMTaHIN (K JepKaBHUX, TaK 1 MpUBATHUX), Takux sk, SpaceX, Firefly
Aerospace, FlightControl Propulsion, Ta iH1111, Bce 4acTiiie BUKOPUCTOBYIOTh 3D-1apyk
3a]i11 3MEHILECHHS 4Yacy BUTOTOBJIEHHS OKPEMHX BHpPOOIB Ta arperarip, IO CTae
BOKJIMBUM (DAKTOPOM TIPH CEpitHOMY BUPOOHMIITBI. byJio TPOBENEHO OTJISA CUIIOBHUX
CJIEMCHTIB, 1[0 BUKOPUCTOBYIOTHCS K CHJIOBHM €IEMEHT y ABUTYHHHX YCTaHOBKaX
Takox TIPOBEIEHO aHai3 ICHYHOYMX METOJIB MiJABUILECHHS EKCIUTyaTalliiiHuX
XapaKTEPHUCTHK Ta BUIJICHO JIeKUIbKa 3 HUX. Hanmpukian, iHKeHepHUN Ta CUCTEMHUN

M1JIXO/I1, TOTIOJIOTIYHY ONTUMI3AIlII0 Ta €KCIIEPUMEHT.

Cy4acHi JOCSTHEHHS B Tajly31 aIUTUBHOTO BUPOOHHUIITBA BIJKPUBAIOTH HIMPOKI
MOKJIMBOCTI JUIsl CTBOPEHHS HETHUIOBUX CKJIAJHUX TEOMETPUYHHX (HOPM pI3HUX
KOMITIOHEHTIB. AJIUTUBHI TEXHOJOT1i OCHOBaH1 Ha PI3HOMaHITHUX (DI3UYHUX TIpoIIecax
Ta BKJIIIOYAIOTh PI3HOMaHITHI TEXHOJIOT1i BUPOOHUIITBA, B TOMY yncii SLM (BubipkoBe

Ja3epHe IUIABJICHHS), SKU BUKOPUCTOBYETHCS [JIsl CTBOPEHHS OMNTHMI30BaHHX
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KPOHILTEIHIB, paM, TOIIO. TakoX MPUIICHO yBary KOMIIO3ULIWHUM Martepiajiam y
pPaKeTHO-KOCMIYHIM TexXHill Ta (i3MKO-MEXaHIYHUM XapaKTEepPUCTHUKaM, 110 MaloTb
nepeBary HaJ CTalsIMH YW CIUIaBaMH. bBylo IOCHIIKEHO BIIMB BUKOPUCTAHHS
KOMIIO3UTIB y Il Taily3l Ta HaBEICHO OKpEeMi IMepeBard TaKUX MarepialliB y

NOJAJIBIIUX KOHCTPYKIISIX.

Oxkpemy yBary MpHUAUIEHO TaKOX BJIACHO IIPOLIECY BUTOTOBJIEHHS Ta
TEXHOJIOT1SIM BUTOTOBJICHHS KOHCTPYKIiK 3 /-IpyKoM Ta HAMOTYBaHHSIM KOHCTPYKIIIi

3 KOMITO3UTHUX MaTepiaiiB.

[s nuceprauiiina poOoTa (GOKYCYETbCSI HAa MPUHLMIIAX METOAY TOMOJIOTIYHOI
ONTHUMi3allli, BAKOPUCTOBYIOUH ONTHUMI3allI0 TUIOBUX KOHCTPYKIIA KPOHIITEHHIB Un
CIWJIOBUX paM Yy SIKOCTI MpPHUKJIany, SIK HAWOLIbII MOMIMPEHUX CHIJIOBUX EJIEMEHTIB.
[IpuaineHo yBary TakoX Ha METOJlax TOMOJIOTi4HOi omTmMmizalii, a came SIMP Ta
IHIIMX. Y BCIX IIMX METOJIaX Pi3HA CTPYKTypa Ta METOIU PO3B’A3aHHS 3aa4l, ajle MeTa
OJlHA — CTBOPUTH TaKy KOHCTPYKI[iIO, II0 Oy/ne BOJHOYAC MIIHOIO, KOPCTKOIO Ta

nerkoro. Kputepiit MiHiMyMy Macu B IIbOMY JOCJII>KEHH1 TOJTIOBHUM.

OkpemMuM pPO3IIIOM JUCEPTALINHOTO JOCHIKEHHS 3raJaHo eKCIUTyaTalliiiHi
XapaKTEPUCTHKYU Ta iX 3HAUYCHHS JI1 KOHCTPYKITiH B 1isiomy. CpopMOBaHO OCHOBHI 3

HUX JJIs TOJIAJIBIIIOT POOOTH Ta PO3PaXyHKIB.

Oco06nuBy yBary MOpUAIEHO 3aCTOCYBAaHHIO MEPEIOBUX OOYMCITIOBAIBHUX
METO/I1B, TAKUX K YUCEIbHE MOJICIIOBAHHS, 110 BIJITPA€ KIFOYOBY POJIb Y aHai31 Ta
MIPOTHO3YBaHHI MOBEAIHKM LIMX €JIEMEHTIB B PI3HUX yMOBax ekcrutyartauii. OnucaHo
L1TOB1 PYHKIT AJ1 TOMOJIOTIYHOI ONTHUMI3alli Ta mapameTp, y NpocTopi SKOro I
ITHOB1 PYHKITT paxyroThes. 3rajjani METOIM OOYUCIICHHS] TEOMETPUYHUX ITapaMeTpiB

KOMITO3UTHHUX HECYUYHUX KOHCTPYKI[IH paKeTHUX JIBUTYHIB HA TBEPAOMY MaJIMBI.

B okxpemMomy po3aim gucepraiiiiHoi poOOTH HaBEAEHO NpPaKTUYHI MOJeENi
PO3PaxXyHKOBUX CITOK ISl TPOCTUX PO3PaXyHKOBHX 3aj1a4 (TECTOBHX ) Ha ipukiaai 3 /]
Ta 2J] 06’ exTiB (Tu1acTUHU Ta KyOu). HaBe1eHO OCHOBHI IIepeBaru MeToy CKIHUEHHHUX
eneMeHTiB. Onucano ocHOBHI (Gopmynu Ta ¢i3uunmii 3amuc. [[01aTKOBO OMMCAaHO

3akoH ['yka g mpyXHHUX 3aJa4 y MaTeMaTU4yHil MOCTaHOBIN, a TaKOXX HABEICHO
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OTKCaHHSI OCHOBHUX (OPMYII JIJIsl TEH30pIB HANPY>KEHb, AePopMalliil Ta nepeMilieHb
1iXHI IepeBeIeHHs B BEKTOP-CTOBIYUKH JJI1 METOLY CKIHUEHHUX €JIEMEHTIB (PiBHSAHHS,
K1 JISKaTh B OCHOB1 METO/ly CKIHYEHHUX €JIEMEHTIB). TaK0oK pO3TJISHYTO y3arajabHEeHHUH

3akoH ['yka, 1110 mpallioe B 3aJja4ax MIaCTUYHOCTI.

Oxpemuil po3AlT TPUCBSIUEHO TMOSCHEHHIO HENIHIKHOCTI MarepiaiiB, e
PO3KPUTO 3HAYEHHS 130TPOITHOTO MYJIBTHUJIIHIMHOTO 3MIITHEHHS Ta KIHEMaTHYHOTO
3MIITHEHHST MaTepiajiB, sKa MOACIb IS SKUX 3a7a4 OUTBIIE MiIXOJAUTh Ta K MOJICIh
KOHKPETHO BHKOPHUCTOBYBajach y JUCEpPTAIlifHOMY JOCIIDKEHHI Ta 4oMy.
OOrpyHTOBaHO came, KOJM Ta YM 1HIIA 3a/7a4a Ta 00 €KT JTOCIIIPKEHHS BBAXKAETHCA
JIHIMHO TpPYXHUM, a KOJU 3ajlaya Ta KOHCTPYKINS TiJ JJI€I0 30BHIIIHIX CHII

IICPCXOIUTH 3a MCKY IIACTUYHOCTI.

VY 1boMy JOCHTIDKEHHI BUBYCHI Ta PO3p00JIeHI METOIU CUCTEMHOTO ITiJIXOY J0
YIOCKOHAJIEHH MacoBOI €(EKTHBHOCTI CHJIOBUX €JIEMEHTIB PAKETHHX JBUTYHIB.
Po3rnsHyTi pi3HOMaHITHI CTpaTerii Ta METOAHW, CIPSMOBAHI Ha ITiABUIIECHHS
HaJIHHOCTI, €()EKTUBHOCTI Ta 3arajbHOl MPOIYKTUBHOCTI HUX eneMeHTiB. Cepen
PO3IIIIHYTUX METO/IB BUAUISIIOTh BUKOPUCTAHHS MEPEIOBUX MaTepiaiiB, TONOJOT14YHA
ONTHUMI3allis, 1HHOBAIlIMHI TEXHOJIOTIi BHUPOOHUIITBA, CHCTEMHa IHTETparlis,

ONTHUMI3allisi TEOMETPIi Ta 1HIIIL.

B pe3ynbTaTi npoBeAeHOro TOCTIHKEHHS pO3p00JICHO METOIMKA ONTUMAJIBHOTO
PO3paxyHKy KpPOHIITEHHIB, caMe PO3TJISTHYTHX Y KOHTEKCT1 TOMOJIOTYHOT ONITUMI3allii.
[Is MeToauMka MICTUTh CHUCTEMaTHU30BaHUN 1 HAYKOBO OOIPYHTOBaHUW MIiAXiA 0
BUOOpY TMapaMeTpiB Ta MPOEKTYBAHHS KPOHINTEHHIB 3 YpaXyBaHHSIM PI3HUX YMOB
excrutyararnii. dopMyBaHHS METOJMUKH, IO JIO3BOJISE€ TMiJBUIIATA €(PEKTUBHICThH

CUJIOBHX €JIEMEHTIB PAaKETHUX JBUTYHIB B110YyBajoCs 3a HACTYITHUMU €Taramu:

— MPOBENICHO Bepu(DIKaIIiHNN PO3PAXyHOK OAIOHY BHCOKOTO THCKY JIJIS
M1TBEPKCHHS PO3PaXyHKOBHX PE3YJIbTATIB YMUCEIHHOTO MOJICITIOBAHHS;
— pPO3pO0JICHO Ta CTPYKTYpPOBAHO OJIOK-CXEMY aJITOPUTMY TOMOJIOTTYHOI

OIITUMI3AI];
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— OMHCAaHO BECh MpOILEC L€l ONTUMIi3amii, MIIb0BOI (YHKINI, 1 MOsSCHEH]
ocHosHi npuniunu Metoxy SIMP (Solid Isotropic Material with Penalization),

— Ha OCHOBI MPOMDKHHMX pE3yJIbTAaTiB OyJIM IPOBEJACHO PO3pPaxyHKH Ha
MIIHICTh 3 BHKOPUCTaHHSIM MeTony ckiHueHux enementiB (MCE) o 1 micns
TOIOJIOTIYHOT ONTHUMI3aIlli, BPaxOBYHOYHM pPIi3HI PO3PAXYHKOBI CXeMH (OChOBI
CTUCKalO4l HABAHTAKECHHS, KBAa3ICTAaTUYHI TEPEBAHTAKEHHS, Macy KOHCTPYKIIIi,
TOIIIO.);

— OTPUMAHO OCTATOYHUI BapiaHT KOHCTPYKIIii, SKUIl BUTOTOBJICHO, Ta KU
YCHIIIHO MPOWIIOB CEPII0 CTATUYHUX BUIPOOYBaHb B PEAIbHUX YMOBax Ha Kamepi
piauHHOTrO pakerHoro apuryHa (PPJl) 1 epexTuBHO BIpoBajK€HO B KIHUEBUW BUPIO.
[Ipu mpomy 110 cxemy OyJi0 3aCTOCOBAHO 1 JIJISl 1HIIMX KPOHIITEHHIB (KpIIUICHHS,
YTPUMAaHHS, TOINO.) 1 SIKI TakKOX 3HaXOJAThCA Ha CTajli BUTOTOBJIEHHS Ta
BIIPOBA/KCHHS B PAKETHI JBUTYHH;

- IPOBEJACHO MOMIOHMM MUK 1 JUIsi CHUJIOBOI paMH PO3TIHHOTO OJIOKY
PIAMHHOTO PAKETHOIO ABUTYHA, 33Ul YAOCKOHAJIEHHS MacoBOi €(EKTHUBHOCTI B
MOPIBHSHHI 3 MOIIOHOK KOHCTPYKINIEIO, III0 BUTOTOBJICHO KJIACUYHUMHU METOJIaMH, Ta
MPOBEJICHO BIJIMOBIIHI pO3paXyHKHU Ha MIIHICTh Ta CTIUKICTD;

— BUKOHAHO YHCEJIbHE MOJICIIOBAHHS JJIi KOMIIO3UTHOIO HECY4yoro
KOPITyCy PaKeTHOT'O IBUTYHA Ha TBEPAOMY NajuBi. bylo npoBeaeHO MM KOMITJIEKC

pPO3paxyHKIB 3 Bapialli€ro KyTiB ApMyBaHHs Ta CTPYKTYpU apMyBaHHS, TOLLO.

Oco0OnmuBy yBary NpHUAUIEHO 3aCTOCYBAaHHIO TMEPEIOBUX OOYHCIIOBAIBLHUX
METO/IIB, TAKUX K YUCEIbHE MOJICIIOBAHHS, 110 BIAITPA€ KIFOYOBY POJIb Y aHAI31 Ta
MIPOTHO3YBaHHI MOBEAIHKY IIUX €JIEMEHTIB B PI3HUX YMOBax ekciutyaraiiii. Came Tomy
Oys0 mpoBesieHO BepudiKaiifHUI po3paxyHOK 0aJOHYy BHUCOKOTO THCKY, SIKMM Oyiio
BUTOTOBJICHO AJWTWBHUMHU TEXHOJOTISIMH, € pPO3paXyHKOBUU pPYHHIBHUN THCK
BIJIPI3HSIBCS BiJl PEAIbHOTO PYHHIBHOTO THCKY B Mexkax 5%, TakoK MPOTHO30BaHE
MicIle pyHHYBaHHS OBHICTIO 301ra€ThCs, 10 JOBOAUTH MIPABUIIbHICTD Ta KOPEKTHICTh

PO3paxyHKIB Ta PO3PAXyHKOBOT MOJIEI B I[1IJIOMY.
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VY 1poMy AOCHIIKEHHI BUBYAIOTHCSA Ta PO3POOISIOTHCS METOAU CHUCTEMHOIO
HiAX0AYy A0 YAOCKOHAJIEHHS MacoBOi €(EKTUBHOCTI CHJIOBUX €JIEMEHTIB PaKeTHHX
JIBUTYHIB. PO3IIISIHYTI p13HOMaHITHI CTpaTerii Ta METOIM, CIIPSIMOBaH1 Ha ITiIBUIIIEHHS
HAJIMHOCTI, €(EeKTUBHOCTI Ta 3arajbHOI MPOJIYKTHBHOCTI LUX eneMeHTiB. Cepen
pPO3TIITHYTHX  METOMIB  BUIUISIFOTBCS BHKOPUCTAHHS TIEPEIOBHX  MaTepiais,
TOMOJIOTIYHA ONTHMI3allisd, I1HHOBAIlIMHI TEXHOJIOTli BUPOOHMIITBA, CHCTEMHA

1HTErpallis, ONTUMI3aIlis TeoMeTpii Ta 1HIII.

OTtpumaHni pe3yJbTaTh HaJAl0Th BAXKJIMBUM BHECOK Yy PO3BUTOK PAKETOOY/IIBHOI
ramysi, a TaKOXX MOXYTb CIYI'yBaTH OCHOBOIO Ul NOJAIBIINUX JOCIHIIKEHb,
COPSIMOBAaHUX Ha BJOCKOHAJIEHHS KOHCTPYKIIA CHJIOBHX €JIIEMEHTIB Ta 3arajbHe

HiIIBI/IIHCHHH HpOIIYKTHBHOCTi PAKCTHUX CUCTCM.

KirouoBi cnoBa: pakeTHO-KOCMIYHA TEXHIKA, PIAMHHUN paKeTHUN JBUTYH,
TBEPJAONAJIMBHUN pPAaKETHUI JABUTYH, HANpPY>KE€HO-AC(POPMOBAHMUI CTaH, MILHICTb,
aJUTUBHI TeXHOJOT1i, 3D-ApyK, KOMIO3UIIIITHI MaTepiaiy, INIACTUYHICTh, TIPYKHICTB,
pimuaHui paketoHociid, CAE-cucremMu, METON CKIHYCHHHX €JIEMEHTIB, MOJIBiiiHE

3MIITHEHHS, TexHoJoris SLM.

ABSTRACT

Bondarenko O. E. Improvement of mass efficiency of power elements of rocket

engines.
Qualifying scientific work on the rights of the manuscript.

Dissertation for the degree of Doctor of Philosophy in the specialty 134 Aviation
and Rocket and Space Engineering. Oles Honchar Dnipro National University, Dnipro,
2024.

The dissertation is devoted to the study of methods for improving the mass
efficiency of rocket engine power elements, numerical modeling of the stress-strain

state of typical and non-typical structures for rocket engine power elements.



;
Today, the aerospace industry is moving to a new level of technology

development. Expanding the capabilities of additive technologies for 3D printing and
composite materials have a positive impact on the industry as a whole. In today's
aerospace market, competition is growing rapidly, so most space companies (both
public and private), such as SpaceX, Firefly Aerospace, FlightControl Propulsion, and
others, are increasingly using 3D printing to reduce the manufacturing time of
individual products and assemblies, which is becoming an important factor in mass
production. A review of the power elements used as a power element in propulsion
systems was conducted. An analysis of existing methods for improving performance
was also conducted and several of them were identified. For example, engineering and

system approaches, topological optimization, and experimentation.

Modern advances in additive manufacturing open up wide opportunities for
creating atypical complex geometries of various components. Additive technologies
are based on various physical processes and include a variety of manufacturing
techniques, including SLM (selective laser melting), which is used to create optimized
brackets, frames, etc. Attention is also paid to composite materials in rocket and space
technology and the physical and mechanical characteristics that are superior to steels
or alloys. The impact of the use of composites in this field was investigated and some

advantages of such materials in further designs were presented.

Special attention is also paid to the manufacturing process and technologies for
manufacturing structures by 3D printing and winding structures made of composite

materials.

This research work focuses on the principles of the topological optimization
method, using the optimization of typical bracket or power frame designs as an
example, as the most commonly used force elements. Attention is also paid to
topological optimization methods, namely SIMP and others. All of these methods have
different structures and methods for solving the problem, but the goal is the same: to
create a structure that is strong, rigid, and lightweight at the same time. The criterion

of minimum mass is the main one in this research.
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A separate subsection mentions performance characteristics and their

importance for structures in general. The main ones have been formed for further work

and calculations.

Particular attention is paid to the use of advanced computational methods, such
as numerical modeling, which plays a key role in analyzing and predicting the behavior
of these elements under various operating conditions. The objective functions for
topological optimization and the parameter in which these objective functions are
evaluated are described. The methods for calculating the geometric parameters of

composite bearing structures of solid-fuel rocket engines are mentioned.

In a separate subsection, practical models of computational grids for simple
computational problems (test problems) are presented on the example of 3D and 2D
objects (plates and cubes). The main advantages of the finite element method are
presented. The basic formulas and physical notation are described. Additionally,
Hooke's law for elastic problems in mathematical formulation is described, as well as
a description of the basic formulas for stress, strain, and displacement tensors and their
translation into vector-columns for the finite element method (equations that underlie
the finite element method). The generalized Hooke's principle, which works in

problems of plasticity, is also considered.

A separate section is devoted to explaining the nonlinearity of materials, where
the meaning of isotropic multilinear hardening and kinematic hardening of materials is
revealed, which model is more suitable for which tasks, and how the model was
specifically used in the dissertation research and why. It is substantiated exactly when
a particular problem and object of study is considered linearly elastic, and when the
problem and structure under the influence of external forces goes beyond the plasticity
limit.

As aresult of the research, a methodology for the optimal calculation of brackets,
specifically considered in the context of topological optimization, was developed. This

methodology contains a systematic and scientifically based approach to the selection
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of parameters and design of brackets taking into account various operating conditions.

The development of the methodology to improve the efficiency of rocket engine power

elements was carried out in the following stages:

— a verification calculation of a high-pressure cylinder was performed to
confirm the calculated results of numerical modeling;

— a block diagram of the topological optimization algorithm was developed
and structured,

— the entire process of this optimization, the objective function, and the
basic principles of the SIMP (Solid Isotropic Material with Penalization) method are
described;

— on the basis of intermediate results, strength calculations were carried out
using the finite element method (FEM) before and after topological optimization,
taking into account various design schemes (axial compressive loads, quasi-static
overloads, structure weight, etc;)

— the final version of the design was obtained, which was manufactured and
successfully passed a series of static tests in real conditions on a liquid rocket engine
(LRE) chamber and effectively implemented in the final product. At the same time,
this scheme was applied to other brackets (fasteners, holders, etc.), which are also at
the stage of manufacturing and implementation in rocket engines;

— a similar cycle was carried out for the power frame of the upper stage of
a liquid rocket engine to improve mass efficiency compared to a similar structure made
by classical methods, and the corresponding strength and stability calculations were
performed;

— Numerical modeling was performed for the composite solid-fuel rocket
engine bearing body. A whole range of calculations was carried out with the variation

of reinforcement angles and reinforcement structure, etc.

Particular attention is paid to the use of advanced computational methods, such
as numerical modeling, which plays a key role in analyzing and predicting the behavior

of these elements under various operating conditions. That is why a verification
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calculation of a high-pressure cylinder manufactured by additive technologies was

performed, where the calculated destructive pressure differed from the actual
destructive pressure within 5%, and the predicted place of destruction completely
coincided, which proves the correctness and correctness of the calculations and the

calculation model as a whole.

In this research, methods of a systematic approach to improving the mass
efficiency of rocket engine power elements are studied and developed. Various
strategies and methods are considered to improve the reliability, efficiency, and overall
performance of these elements. Among the methods considered are the use of advanced
materials, topological optimization, innovative production technologies, system
integration, geometry optimization, and others.

The results make an important contribution to the development of the rocketry

industry and can serve as a basis for further research aimed at improving the design of
power elements and the overall performance of rocket systems.

Keywords: rocket and space technology, liquid rocket engine, solid rocket
engine, stress-strain state, strength, additive technologies, 3D printing, composite
materials, plasticity, elasticity, liquid launch vehicle, CAE systems, finite element
method, double hardening, SLM technology.
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AKTYaJILHICTh TeMH

[IpoGnemMu CUJIOBUX €JIEMEHTIB y PAaKETHHUX JBUTYHAX € aKTyaJlbHUMHU 1 10
ChOTOJIHI. AKTYaJbHICTh MIJBUIICHHS EKCIUTyaTallliHUX XapaKTEPUCTUK CUIOBHUX
€JIEMEHTIB PAKETHUX JIBUTYHIB YITKO MPOCTEXKYETHCS B TEHJAEHIISIX PO3BUTKY Cy4aCHOI
KOCMIYHOI Taily3l. TE€XHOJIOTIYHMIA MNporpec 1 MiABUIICHUN 1HTEpPEC JO0 OCBOEHHS
KOCMOCY ITPU3BEJIN A0 HEOOX1THOCTI BIIOCKOHAJIEHHS! KOHCTPYKIIIi PAKETHHUX JIBUTYHIB

JUISL TOCSTHEHHS O17bIIT BUCOKUX TTOKAa3HUKIB IMTPOTYKTUBHOCTI Ta €()EKTHBHOCTI.

30KpeMa, BUKOPHCTAHHS MEPEIOBUX MaTepialiB 1 TEXHOJIOT1 BUTOTOBIICHHS
JTO3BOJISIE 3MEHIIUTH Bary CHJIOBUX €JIEMEHTIB 1 MIJBUIIUTU iXHIO €()EKTHUBHICTD.
[HTerpanist KOMIO3UTHUX MaTepiajiB, BYIJIEHEBUX BOJOKOH 1 TUTAHOBHUX CIUIABIB CTAE

BAYKJIMBUM KPOKOM Ha IUIAXY 10 CTBOPEHHS JIETIIHUX 1 MIIHIIIUX KOHCTPYKIIIH.

TonosnoriyHa ontuMizalis 3 BHUKOPUCTAHHSIM MEPEIOBUX AITOPUTMIB 1
OOYHUCITIOBAILHUX METOJIB JIO3BOJISIE CITPOCKTYBATH ONTUMAIBHY POPMY 1 CTPYKTYPY
CUJIOBOTO €JIEMEHTa, 3MEHILYIOYM Bary 1 BUTpaTy Marepiany. Lle 0oco0amMBO BakIMBO
JU1s1 €DEKTUBHOI pOOOTH PaKETHUX CHUCTEM, i€ KOXKEH KIJIorpaM Bard Ma€ BUPIIIaJIbHE

3HAYEHHS /151 00'eMy MajiiBa Ta MAHEBPEHOCTI PAKETH.

[HHOBAI[IIiHI TEXHOJOT1i Ta YHCEJIbHE MOJEIIOBAHHS CIPUAIOTH PO3poOI
HAJIWHUX Ta €(EeKTHMBHUX PAKETHUX CHCTEM, JIO3BOJISIIOUM BCEOIUHO aHai3yBaTh

CHJIOBI €JIEMEHTH 32 Pi3HUX YMOB €KCILTyaTallii.

Takum YMHOM, TIIBUINEHHS XapaKTEPUCTUK CHIIOBUX CICMCHTIB € BaKJIUBHUM
HAIMPSIMKOM  YZIOCKOHAQJICHHSI PaKeT-HOCIIB, M0 BIJMOBIJA€ BHUMOTaM CYy4acHOI

KOCMIYHOT TalTy31 Ta CIIPHsIE PO3BUTKY CUCTEM PAKET-HOCIiB HOBOT'O MOKOIIHHSI.
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Merta i 3aBIaHHA TOCTiKEeHHA

MeTor0 AOCHIIKEHHS € TIABUIICHHS eKCIUTyaTallliHUX XapaKTepUCTHK
PaKETHUX JIBUTYHIB IUIIXOM YJAOCKOHAJICHHS MacoBOi €(EeKTUBHOCTI 1 KOHCTPYKIIii
CUJIOBUX €JIEMEHTIB Ha OCHOBI PE€3yJIbTaTiB TOIOJOTIYHOI ONTUMI3allli KOHCTPYKIIT 1
BCTAHOBJICHUX 3aKOHOMIPHOCTEH (POpMyBaHHsS HampyKeHO-Ie(POPMOBAHOTO CTaHY

€JIEMEHTIB.

3aBHaHHIM JOCILDKEHHS € a”Hall3 MOXJIMBUX IUISXIB BJOCKOHAJIECHHS

KOHCTPYKIIIK:

— JOCIITUTH CY4aCHUMHU METOJlaMUd TpoOsieMy, 3 BUKOPHUCTaHHSIM
iHHoBamiHnX CAE mnakeTiB;

— MPOBECTU MOJICTIOBAHHS 3a71a4 Ta 00’ €KTIB JOCIIII)KEHHS;

— PO3pPOOUTH METOJMKY palliOHaIBLHOT KOHCTPYKIIII CHJIOBOTO €JIEMEHTa 3a
JIOTIOMOT'O0 TOIOJIOTTYHUX MIEPETBOPEHD B PO3PAXYHKOBIN MOJEI;

— OOTpyHTYBaTU OTPUMAaHI PE3ybTaTH JOCIIKEHHS 3T1IHO 3 KPUTEPIsIMU

MIITHOCTI Ta MiHIMi3aIlii Macu KOHCTPYKITii.

06’exkm Oocniodcennss — npouecu ¢dopmyBanHs HJIC cumoBux ejaeMeHTIB

PAKETHHUX JIBUTYHIB.

Ilpeomem Oocniodcenns — BU3HAUCHHS KpPUTEPIiB MacoBOi €(EeKTUBHOCTI

CUJIOBHX €JIEMEHTIB PAKETHUX JBUTYHIB.

Memoou oocniddcenns — YUCENbHE MOJEIIOBAHHS, aHAIITUYHI PO3PAXyHKH,

eKCIIEpUMEHTaIbHE BiAMpPAIOBaHHSI.
HaykoBa HOBH3HA OTPUMAaHHUX Pe3yJbTATIiB MOJIATAE Y HACTYITHOMY:

— BIIEpIIE MPOBEJEHA ONTHUMI3allisl TeOMETPii KPOHIUTEHHIB KPIIUICHHS,
CWJIOBHX PaMm JiJisl peasibHuX KOHCTpYKIiH PP/l Manoi taru Ay po3riHHOro 00Ky, AKi
y CKJIaJll ABUTYHA MPOMIIUIM Psii BOTHEBUX BUIIPOOYBaHb

— JIOBEJICHO, 1110 TPAaHUYH1 YMOBH, SIK1 BCTAHOBJIFOIOTHCS TIPH TOIOJIOT14HIM
ONTUMI3alii KOHCTPYKIIi €JEeMEHTIB, 3ajJeXaThb BiJ THUIy HaBaHTAXKEHHS 1

0COOIMBOCTEH 30HU IMPUKIAACHHS HABAHTAXKCHHAA;
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— HAaOyIM  MOAANBIIOTO  PO3BUTKY 3aKOHOMIPHOCTI  BIUIMBY  30H
KOHIIEHTpaIlli ~HampyXeHb Ha  eKCIUTyaTaliiiHI  XapaKTepUCTHKH  JeTaJeH,
BUTOTOBJICHUX 3 BHUKOPHCTAaHHSAM MeToay 3D-Ipyky, 10 103BOJISIE PO3MIUPHUTH

00J1acTi 3aCTOCYBaHHS aAUTHBHOI TEXHOJIOT1.

Taxum 4MHOM, OTpUMaHI PE3YNbTATH BIAPI3HAIOTHCS HE TUIBKH 3aCTOCYBaHHSIM
Cy4aCHHX MaTepialliB i IEPEIOBUX TEXHOJIOTIH, ajie ¥ BIPOBAHKCHHAM KOMILJICKCHOTO
MiIXOMy 10 ONTUMI3amii KOHCTPYKII CHUJIOBHUX €JEMEHTIB PAaKETHUX JIBUTYHIB.
HaykoBa HOBHM3HA OTPUMaHUX PE3yJbTATIB MOJIATA€ B JOOIpPAIOBAHHI ITiIXOJIIB 10

YIOCKOHAJIEHHSI MacOBO1 €()eKTUBHOCTI CHJIOBUX €JIEMEHTIB PAKETHUX JIBUTYHIB.
IIpakTHYHA 3HAYUMICTHL OTPUMAHHUX Pe3yJIbTATIB:
a) 3aIIPOIOHOBAHO T'OTOBHM AJITOPUTM ISl pOOOTH 3 TAKMMH KOHCTPYKIIISIMU.
0) OTpUMaHO TEOPETUYHE 1 MPAKTUYHE MiATBEPKEHHS OTPUMAHUX PE3yJIbTaTIB.

B) 3a IPEJICTABICHUM AJITOPUTMOM 1 METOAMKOIO, PO3PAXOBAHO 1 BUTOTOBIIEHO
KPOHIITEHH KpIIUIEHHS KaMepu PIAMHHOIO PAKETHOIO JBUTYHA, SKUW MPOWIIOB
YCHIITHO BUTIPOOYBAHHS HA MIITHICTD 1 3arajloM BEJIMKUM IIUKJI BOTHEBUX BUIIPOOYBaHb

JIBUTYHA.

— po3po0iicHa, EKCIEPUMEHTAIBHO Ta MPAKTUYHO IMiATBEpH)KCHA HOBA
METO/IMKA TOTIOJIOTIYHOT ONTUMI3aIli] y BUTJISII CTPYKTYPOBAHOTO AJITOPUTMY, 32 SIKOIO
MOXHa 3a0€3MeUYUTH YyJIOCKOHAJEHHS MacoBOi €(EeKTHUBHOCTI CHUJIOBHUX EJIEMEHTIB
KOHCTPYKIIii JTBUTYHHUX yCTaHOBOK ITII¢ Ha €Tami MPOEKTYBAHHS JJIS IMOAAIBIIIOTO
BUTOTOBJICHHSM aJUTUBHUMU METOJaMu. Bmepmie ojepkani KOHCTPYKTHBHI

€JIEMEHTH, SIK1 M1ITBEPKYIOTh I[1€1 METOJUKHN HAa BUPOOHUIITBI.;

- 3aMpONOHOBAHUI HOBUM MIIX1 10 IHTETpallli YMCeTHbHOTO MOICTIOBAHHS
y cepenoBuiti CAE Discovery Live B mpomecu TEXHOJOTIYHOI TMiATOTOBKU
BUPOOHMIITBA EJIEMEHTIB KOHCTPYKIIA JBUTYHHUX YCTAHOBOK 13 3aCTOCYBaHHSIM
aIUTUBHUX TEXHOJIOTIH, SKUM BIEpIle BIPOBAKEHUN Ta peasli3oBaHUN Ha

Bupobunuiii 6a3i FlightControl Propulsion;
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— BUKOHAHI JOCIIUKEHHS MOMKJIMBOCTI  TOIIOJIOTIYHOI  OIITHUMI3AL]
€JIEMEHTIB KOHCTPYKLIi JBUTYHHUX YCTAaHOBOK, BHUTOTOBJICHHUX 13 KOMIIO3MIIIMHUX
MaTepiaiiB, Ha OCHOBI SKHMX BIIEpIIE 3alpONOHOBAaHA METOAMKA MJISl ITiBUIICHHS
MacoOBOi JJOCKOHAJIOCTI KOMITO3UTHUX KOHCTPYKIIiH, €)EeKTUBHICTb SKOI MiATBEpAKEeHA

HiI[ 94aC YU CCIbHOI'O MOACIIFOBAHHA PAKCTHOT'O ABUT'YHA HA TBCPAOMY HaJII/IBi;

Pe3ynbraTu nucepTaliiiHOro JOCHIKEHHSI OyJIo BIPOBAHKEHO Yy IMPUBATHIM

paketo-kocMmiuHii kommanii Flight Control Propulsion (Axt BnpoBajKeHHS Bij
13.03.2024).

OOrpyHTOBaHICTh, JAOCTOBIPHICTh HAYKOBHX II0JIO)K€Hb, BHCHOBKIB Ta

pPeKOMeHAalii

CyuacHi CAE cucreMu BUKOPUCTOBYBAJIUCS AJII TEOPETUUHHUX JOCTIIKEHbD,
pe3ysbTaT SKUX OyJiy MIATBEPKEH] eKCIIEpUMEHTAIbHUMU BUIIPOOyBaHHAMU. Bysu

anpoOanii Ha HayKOBUX KOH(EPEHIISX.

OcoOuctuii BHecok 3100yBaya 1oJiArae B aKTHBHIA y4acTl y BCiX eTamax
nociikeHHss. YucenpHOMY MOJIETIOBaHHI Ta aHaii3l pe3ysibTaTiB po3paxyHKiB. Lle
OXOIUIIOE ~ BUBYEHHS HAYKOBUX JDKEpEN, PpPO3pOOKY METOIIB  MPOBEACHHS
€KCIIEPUMEHTIB, IMJAHYBaHHS Ta 31MCHEHHS NMPAKTUYHUX TOCJHIIKEHb, 0OpOOKYy Ta

aHaJ3 OTPUMAHUX JaHUX.
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1 AHAJI3 ICHYIOUUX METOAIB MHNIJIBUINEHHA

EKCINIYATAINIMHUX XAPAKTEPUCTHUK KOHCTPYKIIN
CUJIOBUX EJIEMEHTIB

1.1 Orasia cnj10BMX eJIEMEHTIB, [0 BUKOPHUCTOBYIOTHCS Y

PAKETHO-KOCMIYHIN TexXHili

CuIoBi eleMeHTH B PaKeTHHX JBHUIYHAX € KIIOYOBUMHU KOMIIOHEHTaMH, 00
BOHHM BUKOHYIOTh HU3KY BaXJIMBHUX (DYHKIIIH, 110 BU3HAYAIOTH YCHIIIHICTD MOJIBOTY
Ta (YHKIIOHAIBHICTh KOCMIYHOIO amapara. ToMy MOBCTal0 MUTaHHS, IK MOXHa
HNOKPALIUTH CUJIOBI €JIEMEHTH, 3MEHUIMTH iX Macy Ta IpU LbOMY 3aJIHUILUTH

KOHCTPYKIii MIIHUMH Ta CTINKUMHU.

ChorogHi pakeTHO-KOCMIYHA TEXHIKa BCTyINa€e B HOBY (pa3y PO3BUTKY, a
PO3LIUPEHHS MOXKJIMBOCTEH aJUTUBHUX TEXHOJIOTIM Ta KOMIIO3UTIB IMO3UTUBHO
BIUIMBAE HA raiy3b B IIoMYy. Uepes CTpIMKE 3pOCTaHHS KOHKYPEHIIli Ha CyYacHOMY
AaCpPOKOCMIYHOMY PHMHKY OUIBIIICTh KOCMIYHMX KOMIMAaHIN (SK Jep)KaBHUX, TaK 1
npuBatHUX), Takux sk SpaceX, Firefly Aerospace ta FlightControl Propulsion,
3apa3 BHUKOPUCTOBYIOTH 3D-npyk. 3D-Apyk MoOXHA BUKOPHCTOBYBATH JIJIA
BUTOTOBIICHHS OKpeMHuX jetaiieid. BiH crae BaxiauBuUM (PaKTOpoM MacoBOTO

BUPOOHMIITBA, OCKUIBKM 3HAYHO CKOPOYYE Yac BUTOTOBJIEHHS OKPEMHUX BUPOOIB.

HanBaxnmmBuM KpUTEpIiEM y pAaKETHIM TEXHILI € KpUTEpid MIHIMYMY MacH,
TOMY BUKOPHUCTAHHSI TEXHOJIOT1H TOMOJIOTTYHOI OMTUMI3aIlii Ta JETKUX MarepiajiB
JI03BOJISIE 3MEHIIMTH Bary CHJIOBHX €JIEMEHTIB, IO BIUIMBAE€ HA 3arajibHy Macy

pakeTH.

3aranbHa BaXKJIMBICTh CUJIOBUX €JIEMEHTIB MOJISTA€ B IXHbOMY BUPIIIATLHOMY
BHECKY Yy (YHKIIIOHYBaHHSI PAKETHUX CHUCTEM, 3a0e3Meuyrou CTaOUIbHICTD,

MIIIHICTh Ta €(DEKTUBHICTH Yy BCIX eTamax Micii.

Jlo cuUOBUX €NEeMEHTIB B PAKETHIM TEXHIIl Ta pPAaKETHUX JBHUTyHaX

BigHOCATRCS [1]:
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a) 0aJIOHU BUCOKOTO TUCKY;,
0) KpOHILUTEIHY KPIMJICHHS,
B) CHJIOBI paMu;

') KOMIIO3UTHUI HeCy4duil Kopmyc (KaMmepa 3ropsiHHs) pAKETHOT'O JIBUTYHA Ha

TBEPAOMY MaJHBI.

banonu eucoxoeo mucky nHeoOxiaHi s 30epiraHHs Ta TOCTaYaHHS MAJIbHOTO.
IX KOHCTpYKIIis TOBMHHA OYTH He TilbKH JIETKOIO, alle il BUTPUBAIIOO 10 BUCOKHMX
HAaBaHTA)XEHb THCKOM. BaXXJIMBUM acIIEKTOM TOIIOJIOTIYHOI onTuMisarii OajioHIB
BHCOKOTO THCKY € 3HaXxO/KEHHS ONTUMajbHOI (OopMH Ta CTPYKTYypU IS
MaKCHMAJIbHOI MIITHOCTI Ta MiHIMaJabHOI MacH. BUKOpHUCTaHHS BHCOKOMIITHUX
MaTepianiB, TAKUX SIK aTIOMIHIEB] Ta TUTAHOBI CILJIaBH, J03BOJIIE CTBOPIOBATH JIETKI
Ta BUTpUBAJI 0anoHu. Takok MIMPOKOro BXKUTKY KOMIIaHISIMU CTaJI0 BUKOPUCTAHHS
KOMIIO3UTHMX MarepiaiiB, TaKWX $K apMOBaHI BYIJICIUIACTUKOM, J0O3BOJIE
3a0€3MeUYnTH ONTUMAIbHY MILHICTh PU HU3bKINA Macl. [Ipukinaa 0ajgoHiB BUCOKOTO

TUCKY HaBeJIeHO Ha pucyHky 1.1.1.

Pucynox 1.1.1 — ByrnennactukoBi 0aJOHH BUCOKOTO THCKY
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Kponwmetinu B pakeTHUX IBUTYHAX BIAITPAOTh KIIOYOBY POJIb YTPUMAHHS

Ta TIATPUMKA PI3HOMAHITHUX KOMIIOHEHTIB. BOHW TiIar0ThCAd CKIIATHUM
JUHAMIYHUM 1 CTaTUYHUM HaBaHTAXXEHHSM I Yac MoaboTy. OnTumizamis ix
KOHCTPYKIIii Ta BUKOPUCTAHHSI JICTKHX, ajJi¢ MIITHAX MaTepiaiiB, TAKUX SK TUTAHOBI

CILIaBH, CIIPHUAIOTH IIOKPAIICHHIO BaFO-MiHHiCHI/IX XApaKTCPHUCTHK.

OCKUTBKM KPOHIITEHHH TMIIJAI0ThCA CKIIAJHUM TUHAMIYHUM 1 CTaTHYHHM
HABaHT)XCHHAM IIiJ] Yac MOJIbOTY, ONTHUMI3AIlisl X KOHCTPYKIIi CTa€ KIIOYOBUM
aCIIEKTOM PO3pPOOKH pakeTHUX cucTeM. [Ipukiian KpOHINTEHHY KPIiTJICHHS HaBEICHO

Ha pucyHKy 1.1.2.

Pucynok 1.1.2 — KpoHITeiiH KpirieHHs

Cunosi pamu po3TallIOBaHl B OCHOBHUX KOHCTPYKIISX PaKETHUX JBUTYHIB i
NIATPUMYIOTh 3HAa4YHI MEXaHIYHI HaBaHTAXKEHHS. 3aCTOCYBaHHS TOMOJOTTYHOT
ONnTHUMi3alii Ta BUKOPUCTAHHS BUCOKOMIIHUX CTaJe€l J103BOJSIOTH CTBOPUTH

KOMITaKTH1 Ta €()EKTUBHI CHJIOBI paMHu.

BrpoBamxeHHsT TOMOJIOTTYHOI ONTHUMI3AIli Y KOHCTPYIOBaHHI CHUJIOBUX PaM
pPAaKeTHHX JBUTYHIB € BKpail Ba)JIMBUM, OCKUIbKH I €JIE€MEHTH HECYTh 3HauHI
MEXaHIYH1 HaBaHTaXEHHS B OCHOBHMX KOHCTPYKISIX. 3a3BUYail BUTOTOBJIEHI 3
CTaJiel, aJfOMIHIIO YU THTaHYy, a TaKOXX MOXYTh BUKOPHUCTOBYBAaTH KOMITIO3UTHI
MaTtepialid JiJisi 3SMEHILICHHS Bary Ta MiABUIIEHHS MIHOCTI. OnTuMizaiis ix Gopmu
Ta BUKOPHUCTAHHS BHUCOKOMIIIHMX CTaJiell JO3BOJISIIOTH JOCSITH KOMIAKTHUX Ta
eheKTUBHUX pillleHb. TOMOJIOTIYHA OMNTHMI3aIlsl BHU3HAYAE ONTUMAJbHE

po3TalllyBaHHSI MaTepialy B MEXaX CHJIOBHX paM, 3a0e3MeUyrodd MaKCHUMAJIbHY
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MIIHICTh Ta HAAIMHICT, TNPU MiHIMAIBHIA Maci koHcTpykmii. Ile cmpuse
MOKPAIIEHHIO 3arajibHOT (PYHKITIOHAJIBLHOCTI pakeTHOTo ABUTyHa. [Ipuknan cunoBoi

paMu HaBeJIeHO Ha pUCyHKY 1.1.3.

Pucynok 1.1.3 — CunoBa pama asuryHa Tsroro 250 kre

Komnoszumui xopnycu 3HaXOASTh IIUPOKE 3aCTOCYBAHHS B TBEPAONATUBHUX
pakeTax, Jie BOHU BUCTYIAIOTh SIK KOHTEHHEPH JJIs1 TBEPIOTO MajnvBa. BoHU MaloTh
BIJIMIHHI a€pOJIMHAMIYHI Ta MIIIHICHI BJIACTUBOCTI, 1110 MOKPAIIYIOTh €(DeKTUBHICTh
NnoJIbOTy Ta 3a0e3meuyroTh Oe3meuHe 30epiraHHs mnanuBa. [li  kopmycu
BUTOTOBJIAFOTHCS 3 KOMOIHALII pi3HUX MaTrepiaiiB, TAKHX sIK KapOOHOBI BOJIOKHA,
€MOKCHUJIHI CMOJIM Ta 1HIII nojiMepu. [Ipukiiag KOMIO3UTHOTO HECYUOT'0 KOPITYCY

PaKEeTHOTO IBUTYHA HA TBEPJIOMY IMaJIMB1 HABEICHO HA pUCYHKY 1.1.4.

Pucynok 1.1.4 — Hecyunii Kopiryc pakeTHOrO JBUT'yHA

Ha TBEpJOMY MaJIMB1 3 BYIJICTIJIACTUKY
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KpiM TOro, BUKOpHCTaHHS JIETKUX MaTepiaiiB JO3BOJISIE 3HHU3UTH Bary
KOHCTPYKIIIi, 110 € KIIFOUOBUM (PAKTOPOM ISl JOCATHEHHSI O11bI1I0T BUCOTH MOJIBOTY

Ta MaHGBpeHOCTi.

MIiIHICTh KOMITIO3UTHUX MaTepiajiB TaKOXX BaXJHMBa JJIs 3a0e3MCUCHHS
Oe3mneku 30epiraHHs Ta TPAHCIOPTY TBEPAOTro NanuBa. BoHM 31aTHI BUTpUMYBaTH
3HaYH1 ME€XaHIYHI HAaBAaHTXKECHHS Ta TEPTS, 1110 MOXKYTh BUHUKHYTH ITiJ] 4ac Pi3HUX

eTariB BUKOPHUCTAHHA PAKCTH.

[Tomimepni kommo3uiitHi Marepianu (IIKM) po3poOasitoTeCsi TEXHOTIOTIUHO
B TMPOIECI BHUIOTOBIICHHS BUPOOY, BIJKPUBAIOYM HOBI MOMIMBOCTI  JJIst
KOMIUIEKCHOTO BHPIIIECHHS! KOHCTPYKTOPCHKUX Ta (POPMOYTBOPIOBATBHHX 3aB/IaHb.
[{i acmekTH B3a€MOAIIOTH BXKE€ Ha €Tall 1HXKEHEPHOTO IMPOEKTYBaHHA 00'€KTa

BUPOOHMIITBA.

3acHOBaHI Ha e(eKTI KOHCTPYKTHBHOI  aHI30TPOMii  MEXaHIYHHUX
BJIACTMBOCTEH  OJHOCIPSAMOBAHMX  TOJIMEPHHUX  KOMIIO3UTIB  CTBOPIOIOTH
NepeyMOBUA I  PO3POOKM KOHCTPYKIIM 3 PIBHOMIPDHUM  PO3MOIIICHHIM
HanpyxeHb. llell acmekT BiAKpuUBaEe 1€ OJUH CHOCIO 3MEHIIEHHS Macu

MIPOEKTOBAaHUX BUPOOIB.

Takum 4MHOM, BUKOPUCTaHHS KOMIIO3UTHHUX KOPIYCIB y TBEPIOMAIMBHUX
pakeTax crpusie MOKPaIICHHIO MAaCOBUX Ta MIIHICHUX XapaKTEPUCTHUK, 110 BILJIUBAE

Ha 3arajbHy e(PEeKTUBHICTH Ta OE3MEKy X PAKETHUX CHUCTEM.

1.2 IloHATTS NPO eKCIJIyaTANiHI XapaKTePUCTUKH CHJI0BUX

eJICMEHTIB

Excrutyarariiiini  XapakTepUCTHKHA € HEBII'€EMHUMH TapaMeTpaMud abo
BJIACTUBOCTSIMU 00'€KTa, SIKI BHM3HAYAIOTh MOro Mpane3fgaTHICTh, €(PEeKTUBHICTD,
HaJIHHICTh, O€3MeKy Ta 1HII acleKTH y pealbHuX yMmoBax. LI xapakTtepucTuku
PO3KPUBAIOTh B3a€EMOJII0 00'€KTa 3 OTOUYIOUMM CEpPEIOBHUINEM, MOTO 3/IaTHICTH

BUKOHYBATH (DYHKIIIT 1 TPUBAIICTh YTPUMAHHS BU3HAYEHOTO PI1BHSI TPOYKTUBHOCTI.
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Y BuUNaAKy CHJIOBHUX €JEMEHTIB pPAKETHUX JBUTYHIB €KCIUTyaTalliiiH1

XapaKTePUCTUKU OXOILTIOIOTh:

1) Minnicte: 37aTHICTP BHUTPMMYBAaTH MEXaHIUHI HaBaHTAXKEHHS 1
yTpuMyBaTtu GopMy Ta CTPYKTYPY MiJ BIUTMBOM CHJI 1 TUCKY. MIIHICTh CHJIOBHX
CJIEMCHTIB PAaKETHHX JIBUTYHIB BU3HAYAETHCS IXHBOIO 3ATHICTIO BUTPHUMYBATH
MEXaHIYH1 HABaHTAXXEHHS, K1 BUHUKAIOTH IiJI 4aC BCHOTO ILHKIY MOJLOTY Ta
po0OOTH pakeTHOTO ABUTYHA. Llei actiekT BaKJIIMBUM AJ1s 3a0e3MeueHHs OS3MMeKu Ta

HaAJIWHOCTI.

2) Temnocridikicts: CTIAKICTh 10 BHCOKHMX TEMIIEpaTyp, L0 MOXKYTb
BUHUKHYTH TIiJ] 4ac poOOTH paKeTHOro ABUTYHA. AJDKe Ha TPHUKIaAl poOOTH
JIBUTYHA TEMIIEpaTypu KaMepH 3rOpaHHs Yd 3MIITYBaJIbHOI TOJIOBKH MOXYTh OyTH

BKpai BUCOKHUMHU.

3) Jlerkicth 1 MiHiIMI3allisg Macu: BaxnuBo nyst 3a0e3nedeHHs e(eKTUBHOCTI
BUTPATH MAJBLHOTO Ta 3araJIbHOI MPOJYKTUBHOCTI pakeTu. SIK Bxke OYyJI0 3a3HAUYECHO

BUIIE, TO KPUTEPIH MIHIMYMY MacH € HaJI3BUYailHO BArOMUM Ta OCHOBHUM.

4) Criiikicte A0 BiOpamid 1 yaapiB: 3JaTHICTb 30epiratd CTPYKTYpHY
LUTICHICTh NMPU JUHAMIYHUX BIUIMBAX, TakUX AK BiOpauii Ta ynapu. Ha nmpuknani
CTapTy pakeTd B KOpIyci BUHHMKaIOTh random vibration [2], 110 3HAYHOIO MIpOIO

HaBaHTAXy KOHCTPYKIIIIO.

5) Criiikicth 10 KOpo3ii: PoOOTO3AaTHICTH MaTepialliB B YMOBAaX BHUCOKHX

THCKIB Ta AI'pCCUBHUX CCPCHOBUIL, HAIIPUKIIA, OKUCHHUK B PAKCTHUX ABUI'YHAX.

6) JoBroBiuHicTh: 3AaTHICT 30€piraTh CBOI XapaKTEPUCTUKU TPUBAIMN Yac

0€3 3HaYHUX BTPAT MPOAYKTHUBHOCTI.

7) XKopctkicTb: Hackiibki KOHCTPYKLIS 3aTHA yTPUMYBATH CBOIO PopMy Ta
CTPYKTYpY MiJl BIUTMBOM 30BHIIIHIX CHJI 1 TUCKIB. JKOPCTKICTh Ma€ MPSIMUM BIUIMB

Ha CTaOUIbHICTh Ta HAJIIWHICTh KOHCTPYKLUII IM1J1 Yac pi3HUX YMOB €KCILTyaTarlii.

[{i xapakTepuCTUKH CHJIBHO 3ajieXaTh BiJ MaTepialiB, KOHCTPYKIli Ta

TEXHOJIOT1 BUPOOHUIITBA CUJIOBUX €JeMEeHTIB. OnTuMi3allis rpae BaXXJIMBY POJIb Y
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3a0e3neyeHH] ePeKTUBHOI Ta HaIHHOT pOOOTH paKeTHUX CUCTeM. ToMy BBOIATHCS

TaKi MOHATTSI, IK TUTOMAa MIIHICTh, MUTOMA XOPCTKICTh Ta MUTOMAa Maca.

B 1miii po6oTi OCHOBHHUM akIEHT OyJIo 3pOoO0JeHO Ha IMJABUIIEHHS TaKHX
EKCIUTyaTalllHUX XapaKTePUCTUK SK MIIHICTh, JOCTATHS )KOPCTKICTh KOHCTPYKIIIi,
aJI>ke BUCOKa KOPCTKICTh 103BOJISIE 3aM00IrTH AegopmariisiMm Ta 30€pertu HuTiCHICTh

KOHCTPYKIIii, III0 € KIIFOYOBUM JIJIs1 PAKETHUX JIBUTYHIB Ta MIHIMyMY MacH.

IIpu BuOOpi MaTepialy KOHCTPYKIIi BapTO BpaxOBYBaTH HE TUIbKU
HEOOX1/IHICTh 3MEHIICHHS MacCH, aJie 1 psA/ IHIUX (PAKTOPiB, TAKUX SK TEXHOJIOT1UHI

BJIACTUBOCTI, BapTICTh, KOPO31iiHA CTIUKICTH 1 1H.

I{i muTaHHS PO3IIISIAIOTHCS B HACTYMHHUX PO3JUIAaX, J€ JaHO KOHKPETHI
3HAYEHHA (P13MKO-MEXaHIYHUX XAPAKTEPUCTUK, OCHOBHI TEXHOJIOT14YHI BJIACTUBOCTI
1 0COOJMBOCTI TUIIOBUX MAaTepiaiB PaKeTHUX KOHCTPYKIH. Y gaHOMY poO3iiii
Ha3BaHI MOKA3HUKH, MO SIKUX CJIiJI BUOUpATH Marepiall, BUXOJSIYU 3 TOJIOBHOTO

KPUTEPIIO0 KOHCTPYIOBAHHSA - KPUTEPII0 MIHIMAJIBHOI MACH.

CyTHICTh MOKA3HUKIB BaXKJIUBA ISl aHATI3y POOOTH CHUJIOBUX €JIEMEHTIB 1]l

HaBaHTaKCHHSM 1 ITOJISITAE B HAaCTYITHOMY:

1. JIns e’1eMeHTIB, IO MPalo0Th Ha MILHICTh MIPU PO3TATHEHHI, KpaliuM Oyie
Martepiaia, y SKOro BHUIE MUTOMAa MIIHICTh, IO TPEJCTaBIsie€ COOOIO
B1IHOILICHHS MEX1 MIIIHOCTI 0, 10 HOTO TYCTUHH P, TOOTO 0,/p.

2. Jlns eneMeHTiB, IO TPAIIOIOTh HAa MIIHICTh MPH CTUCKAHHI, KOJU IXHS
Hecy4ya 37aTHICTh HE BHM3HAUYA€TBCS CTIMKICTIO, KpaluM OyJie TaKoX
MaTtepian, 10 Mae MaKCUMalbHY MUTOMY MilHICTh. [loka3HMK MHTOMOI
MIIIHOCTI B IIbOMY BHUNAAKy MPUHAMAETHCA y BUJI BITHOIICHHS TPaHMUII
TUTMHHOCTI Gy, (4 YMOBHOI TpaHMIN TUIMHHOCTIN 002) A0 TYCTHHH P, TOOTO
ow/p (002/p). HampyxeHHs BHIIE TpaHMIl IUIMHHOCTI B CTHCHYTHX
TOHKOCTIHHUX KOHCTPYKIIISX SIK MPABUJIO HE JTOMYCKAIOTHCS Yepe3 BEIHUKY
IMOBIPHICTbh NOPYILIEHHS iXHBOT MPALE31aTHOCTI YHACTIJOK YTPaTH CTINKOCTI

pu poOOTI B IMJIACTUYHIHN 30HI.
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3. Jlna enemMeHTIB, MiAJIaHUX CTUCKY, Y SIKUX Hecyda 37aTHICTh BU3HAYA€THCA
CTIMKICTIO, BUOMPAETHCS TOM MaTepiai, y sIKOTO BHUIIE MUTOMA KOPCTKICTb.
dopma mNOKa3HUKAa MHUTOMOI JKOPCTKOCTI 3allekKUTh BiJ XapakTepy
HaBaHTa)XECHHA. J[J151 TO310BKHBOTO CTUCKAHHS BiH MPUUMAETHCS 3a3BUYAN Y

i VE/p. ne E — MOIyIIb TIPYXKHOCTI.

3 BUIIEBUKIIAJICHOTO BUILIUBAE, 110 MPU POOOTI eleMeHTa Ha PO3TATHEHHS
KpUTepii BUOOPY Marepiany OAHO3HAYHUM. Y BHIIQJKy * CTUCKAaHHS HEOOXITHO
BPaxOBYBaTH TaKy 3aKOHOMIPHICTh — KOHCTPYKIIIi, Kl MPAIfOIOTh Ha MIIHICTh
(TOOTO Ti, 1110 MAIOTh J1F0Y1 HATIPYKEHHS, OJIM3bKI JO MAKCUMAIBHO JOIMYCTUMUX ),
SK MPaBUJIO, OUIBII €(PEKTUBHI MO Macl, YUM KOHCTPYKIIii, y SKUX BU3HAYAIBHOI €

BTpaTa CTIMKOCTI U OLIBII HU3bKUX HAIPY)KEHHSIX.

ToMy npu KOHCTpYIOBaHHI CTUCHYTHUX €JIEMEHTIB BapTO BUOUpATH MaTepiaj
SIK TI0 TOKA3HWKY MAKCHMAIBHOI ITHTOMOI >KOpCTKOCTi VE/p, mo6 ITiABHIHTH
KPUTUYHI HAMIPY>KEHHS, TaK 1 MO MOKa3HUKY MAaKCUMAaIbHOI MUTOMO1 MIITHOCTI G/p
(002/p), Maroun Ha yBa3i. po3pOOKY BHCOKO HAINPYKEHOI, a OTXKe, OLIBII JIETKOT
KOHCTPYKIIi, y $KOI BTpaTa 3arajJbHOi 1 MICIEBOI CTIMKOCTI BUKIIOYAETHCS
KOHCTPYKTUBHO (HampHKIJIaJ, PO3HECEHHSIM MaTrepiany MEepeTHUHY, CKOPOYEHHSIM

PO3paxyHKOBOT IOBKUHH, JKOPCTKICTIO TOPIB 1 T.1.). [3]
1.3 BucHoBKH 10 po3aiay 1

AHani3 ICHYIOYMX KOHCTPYKIINA CHJIOBHUX €JIEMEHTIB PAKETHUX JIBUTYHIB
JatOTh MiJICTABU JIJIS1 ONTHMI3allii Ta BAOCKOHAJIEHHS IUX BaXXJIMBUX KOMIIOHEHTIB
KOCMIYHUX CHUCTEeM. BUKOpHUCTaHHS MepeoBUX MaTepialiB, TAKUX SIK KOMIIO3UTH
abo Mmarepianu 11t 3D-npyky, Moxke 3a0€3MeunTd ONTUMabHI YMOBU POOOTH B

YMOBAX BUCOKHX TCMIICPATYP.

[Tomanpiie ymOCKOHANEHHS MAacoBOi €(EKTUBHOCTI CHUJIOBHUX €JIEMCHTIB
3JTUIIAETHCS KITFOUOBUM 3aBIaHHSAM JUTS ITABUINCHHS 3arajdbHOi €(peKTUBHOCTI
paKeTHUX CUCTeM. TOMOJIOTIYHA ONTUMI3AIlSl Ta BUKOPUCTAHHS JITKMX MaTepiajiB

MOXYTb 6yTPI BAOCKOHAJICHHAM B IbOMY HAIIPSAMKY.
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IaTerpamis cydacHux cuctem, Takux sk CAE 1HCTpyMEHTH 103BOJISIE
¢eKTHBHO BH3HAYATH CTaH CWJIOBHX C€JIEMEHTIB Ta TepeadadaTd MOKIIWBI

MOJIOMKH, 1[0 CTIPUSIE MABUIICHHIO HAIHHOCTI.
3anauyi, iK1 HEOOX1JHO BUKOHATH Y XO/1 1aHOT poOOTH:

—  PO3pOOWTH YHIBEpCATLHY aJITOPUTM ISl PO3PaXyHKY CUIIOBUX €JIEMEHTIB.
— 00rpyHTYBaTH €()EeKTUBHICTH I[OT'O AJITOPUTMY.

— TIPOBECTH unceNibHe MoientoBanHs 3a1a4y y CAE cepenoBuii.

binbm mormmbaeHe qoCIiKEHHS B IbOMY HAIIPSIMKY Mepeadavac iHTerpario
PI3HOMAaHITHMX METOJIB Ta miaxomiB. [4]. Hampukiaa, BUKOPUCTaHHS aJIrOPUTMIB
CIEI1aTi30BaHOT 0 MPOTPAMHOTO 3a0€3eUeHHS JIJIsl aBTOMATU3AaIll1 MPOIIECY aHAIII3Y
Ta ONTUMI3alli KOHCTPYKIIM MOK€ 3HAYHO MOJIETIIMTH 3aBIAHHS 1 MPUCKOPHUTH
MIBUAKICTH po3poOKku. Takok, iHTerpaiiss OOYMCITIOBAIBHUX METOJIB 3
EKCIEPUMEHTATILHUMH JIOCJIPKCHHSIMUA JIO3BOJIMTh OTpUMATU OUIbII TOYHI Ta

JIOCTOBIPHI JJaH1 JJId aHaJli3y Ta ONTUMI3alii KOHCTPYKIIH.

[TinBumenHs MacoBoi e(EKTUBHOCTI CHJIOBHX €JIEMEHTIB € CKJIAIHOIO
3a/1a4uero, sKa IMoTpedye KOMIUIEKCHOTO MiAXOAY Ta BUKOPUCTAHHS IEPEIOBUX
TeXHOJIOTiH. [IpodOBXKEHHS MOCTIIKEHh Y IIbOMY HAINPSAMKY Ta TOIIYK HOBHX
IHHOBAIlIMHUX PIIIEHh COPUSITHME JIOCATHEHHIO BHCOKOI €(QEKTUBHOCTI Ta
HAJIHHOCTI PAKETHUX CHCTEM, IO € KIFOYOBUMH JJIsS TIOJATBIIOTO0 PO3BHTKY

PaKeTO-KOCMIYHOI raxy3i IPOMUCIOBOCTI.
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2 METOAM BUPIINEHHSA 3AJJAYI ITPO HNIABUIIIEHHSA

EKCJIYATALIMHUX XAPAKTEPUCTHK CHJIOBHUX
EJEMEHIB PKT

2.1 OOrpyHTYBaHHSI HANIPSIMY JAOCJIi/I?>KEHHS TA MOCTAHOBKA

3agauvi

BukopucTaHHS Cy4acHUX METOIB BUPOOHHUIITBA JI0O3BOJISIE 3apa3 BUTOTOBIISATH
Ty’Ke CKJIaJHI KOHCTPYKIIii, sKi OyJI0O HEMOXJIMBO BUTOTOBHUTH 3a TPATUIIHHUMU

TE€XHOJIOTTYHUMH IMPOLIECaMHU.
2.1.1 AauTuBHEe BUPOOHUIITBO

AuTHBHE BHUPOOHUITBO, MPEACTABIISAE COOOI TEXHOJIOTIIO, IO JO3BOJISIE
CTBOpIOBATH OO0'€KTH IIap 3a IIapoM Ha OCHOBI Ludposoro 3D-mopentoBaHHS.
[IpyHMn nonsirae y mociaiAOBHOMY J0/JaBaHHI Marepiainy, TaKOTO K IJIACTHK,

MeTal abo KepaMiKa, JJIs1 (bOpMYBaHHSI KOHKPCTHUX I'COMCTPUIHHX CTPYKTYP.

L5 iHHOBAITI/iHA TEXHOJIOT1sl BUKOPUCTOBYETHCS B PI3HUX raly3siX, BKIIOUAIOUN
ACpPOKOCMIYHY TMPOMHUCIIOBICT,. BoOHa Haga€ MOXIMBICT IMIBUIAKOTO Ta
e(deKTUBHOTO CTBOPEHHSI JieTajieil Ta BUPOOIB 31 CKIaAHOIO (GOPMOIO, BIAKPUBAIOYN

HOBI MO>KJIUBOCTI ISl IHHOBAI[ll Yy BUPOOHMIITBI.

IcHye kinbka pizHUX MeToAiB 3D-ApyKy, sIKI BUKOPUCTOBYIOTHCS IS
CTBOpPEHHsI 00'€KTiB pi3HOI (popmMu Ta MaTepiamiB. AKTyaJbHUMHU 3apa3 € HACTYIHI

METOIM BUpOOHMIITBA: [5-7].

1) Fused Deposition Modeling (FDM): lleii MeTox BHKOPHUCTOBYE
TEPMOIUIACTUYHUN MaTepian, SKUW PO3IUIABISIETHCS 1 HAHOCUTHCS Iap 3a
mapoM, gopmytoun 00'ext. Ilpunrep FDM mae HarpiBasibHMII €KCTpyep,
SIKUI MIEPEHOCUTH MaTepiaj Mo MporpaMOBaHOMY IIUISIXY.

2) Stereolithography (SLA): y mpoMy MeTOAi BHKOPHUCTOBYETHCS Jja3ep sl
3aTBEP)KEHHSI PIJIKOTO CMOJIONOAI0HOr0 Marepially Imap 3a IIapoM, IO

CTBOpIOE  JeTaji  BUCOKOi  Jeram3aiii. SIKIo  BUKOPHUCTOBYETHCS
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6)
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8)
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CBITJIOUYTJIMBUI TMOJNIMEp, BiH BHUCHXae ab0 3aTBEPIKYETHCS BHACIHIIOK
BIUIMBY yJIbTPagioieTOBOrO CBITIA.
Selective Laser Sintering (SLS): Ileiti MeTton BUKOPUCTOBYE Jazep s
3aTBEPXKEHHS TOHKOTO IIapy MOPOIIIKY, YaCTO METajIeBOro abo HaUTOBCTIIINX
riactMac. Jlazep HarpiBae nmopouiok g0 TeMIEpaTypH TUIABJICHHS, 1110 CIIPUsE
HOTO0 37UTTIO Ta CTBOPEHHIO 00'€KTA.
Digital Light Processing (DLP): Cxoxwuit ma SLA, DLP BuxopuctoBye
CBITJIOBUH JDKepenio, ajie 3aMICTh Jia3epa BUKOPUCTOBYETHCS CBITIOBHIMA
IPOEKTOP, SIKUI BU3HAUAE KOXKEH IIap 3a JOMOMOT0I0 MacKH, pO3TaIlIOBAHOI HA
MOBEPXHI PIIKOr0 MaTepiay.
Binder Jetting: y 11soMy MeTO/II TOHKHUH IIap MOPOIIKY HAHOCUTHCS, a TOTIM
3B’SI3yl04a pPiAUMHA PO3MWIIOETHCS a00 HAHOCUTHCS, 3JIMBAIOYM YACTHUHKU
MOPOIIKY pa3oM, 100 CTBOPUTH 00'€KT.
Electron Beam Melting (EBM): lleit MeTon BUKOPUCTOBYE €IEKTPOHHUMN
IPOMEHb 7S IJIABJIEHHS METaJEBOT0 MOPOIIKY Hiap 3a mapoM. BiIMIHHICTh
BiJl SLS nossirae B BAKOPUCTAHHI €JIEKTPOHHOTO TIPOMIHHSI 3aMICTh Jla3epa.
PolyJet Printing: y npomMy MeTOMAl piiki CMOJHU 3 MOJIMEPIB BUTUCKAKOTHCS
yepe3 HACAJKY, a MOTIM 3aTBEP/KYIOThCS 32 IOMOMOTOI0 YIIbTPadioaeToBOro
CBITJIA.
Selective Laser Melting (SLM): Merox 3D-npyky, 1110 BUKOPUCTOBYE JIazep
JUTSL pO3ILJIABIICHHS Ta 3'€JHAHHS IIapiB METAJIEBOTO IMOPOIIKY, CTBOPIOIOYHU
BUCOKOMIIIHI METajJeBl JeTajal 3 BEJIUKOI TOYHICTIO. 3aCTOCOBYEThCS B
AepPOKOCMIUHIA MPOMHUCIOBOCTI, MEIUIIMHI Ta IHIIUX Taly3sX, € MOTpiOHA

BHCOKA SIKICTh Ta CKJIaJH1 (hOpPMH.

Jlesiki MeXaHiuH1 XapaKTEPUCTUKH I MaTepialliB, 10 BAKOPUCTOBYIOTHCS Y

3JI-npyui HaBeneHo y Tabsmmi 2.1.1.
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Tabmums 2.1.1 — MexaHiuHl XapaKTepUCTHUKKA METAJIeBUX MaTepiaiiB, o

BUKOPHUCTOBYIOThCS y 3J[-apy1i

BigHocue
Me:xa
. I'yctuna p, . . Monyiib OJOBKECHHS
Marepian MIITHOCTI O3,
Kr/m IOnra E, I'Tla | matepiany J,
MllIa
%
Anrominiii (Al) 2700 240 - 310 68.9 3-10
Turan (Ti) 4500 240 — 550 110 25— 30
Hikens (Ni) 8900 140 — 460 190 25-35
Hep:xagitoua
7900 500 — 700 200 50
cranb (316L)
KoGanbT-xpom
8500 600 — 800 220 15-25
(CoCr)
XpOM-HIKETb
) 8200 800 — 1200 165 10 - 40
(CrNi)

KonkpeTHi KOHCTpYKINi, mo OynyTh (irypyBatu y IbOMY TOCIHIJKEHHI

BurotoniieHi Selective Laser Melting (SLM) metomom. [8].

Meronx SLM, mo € nepenoBUM TEXHOJOTIYHUM MiaxoaoM y 3D-mpyky
METaJeBUX KOHCTPYKIIIH, BU3HAYAETHCS CBOEI0 BUCOKOIO TOYHICTIO Ta 3/IaTHICTIO
CTBOPIOBATH CKJIAAHI J€Tall, 1[0 POOUTh HOro MOMyJIAPHUM y PI3HUX MPOMHUCIOBUX

raigyssx.

OcHoBHuii npuHIMI MeToay SLM mnossirae B mociiJOBHOMY pO3IUIaBJICHHI
TOHKOTO [Iapy METAJIEBOTr0 MOPOIIKY 3a JOIIOMOT0F TOUKOBOTO Jiazepa. Komn'torep
Kepy€e J1la3epoM, BU3HAUAIOUYM TOYHI KOOPAMHATH JIs PO3IUIABJIICHHS MOPOILIKY B
KOHKPETHUX 00J1acTsAX Ta BiaTBOproro4n 3D-monens 06'exta. [licas po3miaBieHHsS

KOKHOT'O IIapy METaIy MPOLEC MOBTOPIOETHCS: HOBUM AP MOPOUIKY JOJAETHCS Ha
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MOTIEPE/THIN, 1 JIa3ep 3HOBY PO3IUIABIISIE HOTO 3a HEOOXITHUMHU KOOpIAWHATAMHU.

Taxkum 9uHOM, 00'€KT OYTyETHCS TIap 3a MIAPOM.

Opniero 3 kIr04oBUX mepeBar Merony SLM € MOXIUBICTH BUTOTOBJICHHS
00'€KTIB 3 BHUCOKOIO CKJIQJHICTIO T€OMETpii, JO3BOJSIOYM CTBOPIOBATH JETall 3
ONTHMI30BaHMMH BHYTPIIIHIMH MOPOKHUHAMHU JIJIsl Bard Ta (PYHKIIOHATBHOCTI.
[e#t MeToa MIMPOKO BUKOPUCTOBYETHCS B BUPOOHUIITBI MPEIU31MHIX KOMIIOHEHTIB
JUTsL aBiallii, METUIIMHN, aBTOMOOUIRHOT TMPOMHUCIOBOCTI Ta IHINHUX Tally3ed, Je
BaXKJIMBA BHCOKA SIKICTb 1 TOYHICTh BUroToBJIeHHS. Ha pucynky 2.1.1.1 HaBeneHo
cxemy pob6otu 3D-mpunrtepa 3a merogoM apyky SLM. Ha pucynky 2.1.1.2
HaBEJICHO peallbHUI UTtocTpaTuBHUEA npukian 3D-apyky.[9]. Ha pucynky 2.1.1.3
HABEJICHO BHUTOTOBJICHI KOHCTPYKIi TexHonoriero SLM npyky ne BumHO, 110
BUTOTOBJICHHS TaKOIO TEXHOJIOTIEI0 HE OOMEXYEThCS APYKYBAHHSM OJHIET AeTami
(sIK1I0 3BICHO BOHA HE TrabapWTHA), a MOYKHA JAPYKYBATH 3a pa3 JAeKUIbKa JpiOHUX
neTaneit, To0TO BUKOPUCTOBYBATH €(PEKTUBHO KOPHUCHY IUIONLY ITUTH JIJIsl APYKY,

IO III¢ TIPUCKOPIOE YaC BUTOTOBJICHHSI.

Scanner
Head

Powder Bed

Powder Overflow ; '
| Ventilator |

" Build Platform with
Removable Build Plate

Pucynok 2.1.1.1 — Cxema po6otu 3D-npunrepa (texnosnoriero SLM)
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Pucynok 2.1.1.2 — ImoctpatuBHuil npukian 3D-npyky TexHonoriero SLM

Pucynok 2.1.1.3 — I'oToBi nerani, BUTOTOBJIEHI TEXHOJIOTIEIO APYKY



32

2.1.2 KoMno3uTHI MaTepiajd Ta METOAH iX BUTOTOBJICHHS

Kommo3utHuit MaTepian — 1e iHKeHepHHUI MaTepial, Mo CKIAIA€ThCS 3 IBOX
abo OLTpIIe KOMIIOHEHTIB 3 IOBEPXHEI0 po3AuTy MiK HuUMH. Kommonentamu
KOMITO3UTHOTO Marepialy € MaTpuils 1 HaloBHIOBa4Y. MarTpuilsi BHKOHYE PpOJIb

CHOHY‘IHOT PCUYOBHUHH, 4 HAIIOBHIOBAY € apMYIOYUM CICMCHTOM.

3a3Buy4ail y BUpOOHHUIITBI KOMIIO3UTHUX MaTepiaiiB BUKOPUCTOBYIOTh 0a30Bi
moJiMepH, 3MillaHl 3 1HIIMMH PEUYOBMHAMH, 1 KOMIIO3MTHI Marepiajii MOXKYTh

mictuTé 10 90% n0o0aBoOK.

Ha cporogni mnpoOnema pamioHAJIBHOTO MPOEKTYBaHHS OOOJOHOK TiJI
obepTaHHS 3 OHOCHPSAMOBAHOrO BOJOKHHCTOTO [IKM MeTromomM HamMoTyBaHHS
BHBYEHA BCEOIYHO 1 IpyHTOBHO. Hacammepen, 11e cTocy€eThCs MITHAPUIHEX (TpyoOa,
UUJIHAP 3 JAHUIIEM), KOHIYHMX 1 C(HEpUYHUX KOMIIO3UTHHX €MHOCTEH, IO
MIPAIIOIOTH ITiJT TUCKOM. Y MEHIIIM Mipi BUBYAJIUCS TaKOK KOMITIO3UTHI TOPOi1aibHI
00O0JIOHKH, IO MPALOKOTh MiJ TUCKOM, 1 KpUBOJIHINHI TpyOonpoBoan. OCHOBHUM
HECYYHM €JIEMEHTOM KOHCTPYKIIIi, 10 MPAIIOIOTh IT1/1 TUCKOM, SIK 3 METally, TakK 1 3

HaMOTaHUX ogHocHpsiMoBaHMX KM, € TOHKOCTIHHA CHJIOBAa 00O0JIOHKA.

Jlo mepeBar KOMIO3ULIMHUX MaTeplajiB Ha OCHOBI MOJIMEPHHMX MaTpULb
HaJeXaTh BUCOKI MUTOMI MIIHICHI Ta MPY»HI BJIACTUBOCTI, CTIMKICTh 10 XIMIYHO
arpeCUBHUX CEpPEAOBUII 1 JOCTaTHS NPOCTOTAa BUTOTOBIEHHSA. OAHAaK € 1 psf
HEJIOJIIKIB, 3YMOBJICHHX BJIACTMBOCTSIMHM MOdiMepHOi MaTpuii. [lo-nepiie, BoHU
MaroTh HU3bKI 3HAUYEHHSI MIIIHOCTI Ha CTUCKAHHS 1 3CyB (TP BHCOKHX MUTOMHX
3HAYEHHAX LUX BEJIWYMH), HU3bKY TEPMOCTIHKICTh 1 CXWJIBHICTb J0 CTApiHHSA MiJ

BIJIMBOM KJIIMATUYHUX (PaKTOPIB.

CyvacHi  TexXHOJOTIi  JO3BOJISIOTH  BUKOPUCTOBYBAaTH  TMOJIMEpHIi
kommosuiiai Mmatepiamu (IIKM) st BUTOTOBIIEHHS PI3HOMAHITHUX BHUPOOIB
pI3HUX PO3MIpiB, KOHGIryparlliil 1 mpu3HaueHb. OJHUM 3 KITIOUOBUX TEXHOJIOTTYHUX

IPOLECIB € HAMOTYBaHHs KOHCTpyKLii 13 [IKM.
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[1ix yac HaMOTyBaHHSI BUKOPUCTOBYIOTHCS PI3HOMAaHITHI HAallOBHIOBAY1, TaKi
K JDKTYTH, TKAHUHH, TIPETIPETH, a B SIKOCTI 3B’ I3HUKIB BUKOPUCTOBYIOTH EITOKCUIHI

Ta (PEHOJIbHI CMOJIH.

[Ipoiiec HaMOTyBaHHS BKJIFOUA€ B ce0€ HACTYITHI €Talu: CIIOYaTKy CYUIIbHUN
apMyBaJIbHUI HAMOBHIOBAY MPOCOYYEThCS 3B’SI3HUKOM. [loTiM 11ei marepian
MOJAETHCA Ha OIPaBKy, sIKa Mae KOH(DIryparliio BHYTPIIIHBOI MOBEPXHI BUPOOY.

[Ticast 11pOTO MaTEpias YKIAAAETHCS IO TIOBEPXHI OMPABKH B 33JaHOMY HAIIPSMKY.

OTpumaBim HEOOXITHY CXEMy apMyBaHHS Ta 3a7aHy TOBIIUHY, CTPYKTYpPY
MaTepianty miJaarTh TBEPAIHHIO 1 BUJAISIOTh ONPABKY. 3a MOTPeOu OmpaBKa MOXKe
CIIY’)KUTH €JIEMEHTOM HaMOTYBaJIbHOI KOHCTPYKIIii, HAIPUKIIAJ, TEPMETHU3YIOUOIO

000JIOHKOIO.

HamoTyBaHHSI IIMPOKO 3aCTOCOBYETHCS [JIsi BUTOTOBJIEHHS BHUPOOIB, IO
MaroTh (popMy 00epTaHHs, TaKUX sIK 0aku, OAJOHU AJIA TUCKY, KOPITYCH PAKETHHX
OBUTYHIB Ta iHmm getami. [10 — 11]. Cxema HaMOTYBaJILHOTO CTaHKY IIPHBEICHA Ha
mamoHKy 2.1.2.1. ®oro peanpHOro mpolecy HaMOTYBaHHS KOMIIO3UTHHUX

KOHCTPYKIIM BYTJIEIIJIACTUKOM HAaBEJIEHO HAa pUCYHKY 2.1.2.2.

KyT HaMOTyBaHHA BOJIOKHA KOHTPOTIOETHCA CIIiBBIIHOMEHHAM
MIBHIKOCTI PyXY Bi3KY i IIKBHIKOCTI 00epTaHHA

<
< HatsxHi BaIHKH
OcpoBuii o0eprau “ BaHHOUKA 31 CMOIIOO
Pyxowmit |
Bizok 4 >
(<) )
- Bookua

Pucynok 2.1.2.1 — Cxema HaMOTYyBaJIbHOT'O KOMITO3UTHOI'O CTAHKY
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Pucynok 2.1.2.2 — InrocTpaTUBHUI TPUKJIIA] IPOLIECY HAMOTKHA KOMIIO3UTHO1

KOHCTPYKIIIi 3 BYTJICTIIIACTUKY

ba3oBa KOHCTpYKIliSi KOMIIO3UTHUX KOHCTPYKI[Ii € OCECMMETPHYHOIO,
OMu3bKy 3a (POPMOIO JI0 EININCOIAHOI, 000JIOHKY OOEpTaHHS, L0 CKIAJAEThCS 3

METaJIeBOi EMHOCTI (OIpaBKHY 3a3BUYAll 4M Jieepa) 1 KOMIIO3UTHOI CHIIOBOT 000JIOHKH

(puc. 2.1.2.3). [12].

7 Komnosur

/1 .
r,

> r

Pucynok 2.1.2.3 — KoHCTpyKTHBHA cXeMa KOMITO3UTHOI KOHCTPYKIIT

BuxopucTtanHs nux TEXHOJOTIYHUX IMPOLECIB JO3BOJISIE OTPUMATU BUPOOU

y’Ke CKIaaHux (opM, siKi HaBeJIeH1 Ha pUCYHKY 2.1.2.3.
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Pucynok 2.1.2.3 — Ilpuknanu ckiiaqaux GopM BUTOTOBIIEHUX HOBITHIMU
MeToJaMH (e a) aAUTUBHUMH TEXHOJIOT1IMH, 0) HAMOTYBaHHSIM KOMITIO3UTHHUX

MarepiaiiB)

Ane nns OTpUMaHHS TakKuX BHUPOOIB HEOOXIHO BUKOPUCTOBYBATH HOBI
METOJM MPOEKTYBaHHS, ONTUMI3alii GopMHU 1 METOAIB aHAII3y EKCILTyaTalliiHuX

XapaKTEPUCTHK.

ToMy MNiABUIIEHHS EKCILTyaTAlllfHUX XapaKTEPUCTHK CHIJIOBUX EJIEMEHTIB
paKeTHUX JBUTYHIB 3 ypaXyBaHHSM HOBUX MOKJIMBOCTEN BUPOOHHULITBA € CY4aCHOIO

Ta aKTyaJIbHOIO.

2.2 Ichywui MeToam MiABUINEHHSA eKCITyaTauiiHuX

XaPaKTEPUCTUK CHIOBHUX ejgeMeHTiB PKT

CyuacHa 1HXeHepiss nmoTpedye METOIB BHPILIEHHS 3aJad 3 MiABUIICHHS
eKCIUTyaTaiiHuX XapakTepucTuk. OpHaK BUMOTH JI0 TaKHX METOMIB TEX
BIJIMOBI/IHI, a/PKE BOHW TOBHHHI OYTHM HIBUJIKUMH, BITHOCHO TMPOCTHMH Ta HE

CWJIBHO PECYPCOBUTPATHUMHU. MOXHA BUIUIUTH JI€KIIbKa METO/IIB, a CaAMeE:

1. Inmxenepuuii miaxia. ToOTo cnemianicTi KOHCTpYKTOpH 3a noroMmororwo CAD
CUCTEM  pO3pOOJISIIOTH  KOHCTPYKLIIO,  sIKa  OoApa3y  IJIaHYEThCS
BUKOPUCTOBYBATHUCH SIK OCHOBHA KOHCTPYKIIiA. 3a3BHUaid, SKIIIO MOBA e mpo

KPOHIITEWHH YW CWJIOBI paMH, TO TaKi KOHCTPYKIII Baxkki, 60 € Oararto
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HE3AJIy4eHOT0 y poOOTy Marepiaidy, ajle Taki CKJIaIoBI MIIHI 1 >KOPCTKI.
OCHOBHMMH MepeBaraMu 1HKEHEPHOTO MiIXO0/Y € IIBUAKICTh MPOEKTYBAaHHS Ta
MOXJIMBICTh IIBUJKO BHECTH 3MIHM JO KOHCTPYKIIi 3a MOTpeOHu. 3aBasku
BukopuctanHio CAD cucteM iHXeHEpH MOXKYTh Bi3yali3yBaTH Ta aHATI3yBaTH
KOHCTPYKIIi B peaJIbHOMY 4aci, 10 J03BOJIS€ IMIBUAKO BUSABIATH HEJOJIIKU Ta
ONTUMI3yBaTH iX MepeJ TUM, sIK PO3MOYaTH BUPOOHHUIITBO.
Cucremunii miaxig. CucreMHui miaxig y cydacHii iHXeHepii BKItoyae B ce0e
IHKEHEepHUM TIAXiA, ajie J0JAaTKOBO PO3LIMPIOE HOTrOo 3a PaxyHOK
BUKOPHUCTAHHSA KOMIT'IOTEPHUX CHCTEM aBTOMAaTHU30BAHOTO IPOEKTYBaHHS
(CAIIP).[13]. Le# miaxix mepeadadae HE JUIIC CTBOPEHHS KOHCTPYKINHA 3a
nomomororo CAD cuctem [14], ane i iXHIO KOMILICKCHY MEPEBIpKY Ta aHAI3
32 JOMOMOIOI0 PI3HOMAHITHUX I1HXEHEPHUX IMporpaM Ta MaTeMaTHYHHX
Moesnel. BaxxnBuM eTaromM CUCTEMHOTO MiAXOAY € BU3HAUYCHHSI B1IMOBITHUX
KpUTEPIiB SKOCTI Ta O0e3MeKu KOHCTPYKILiH. Lli kputepii BCTaHOBIIOIOTHCS Ha
OCHOB1 BUMOT 3aMOBHHUKA, HOPMaTUBHUX JOKYMEHTIB, & TAKOX OCOOIMBOCTEH
camMoi KOHCTPYKIIi Ta yMOB ii ekcruryaTaiii. J{js 1boro BUKOPUCTOBYIOTHCS
PI3HOMAHITHI 1HXKEHEPHI METOJY, BKJIOYAIOYM YHCEJIbHE MOJCITIOBAHHS,
EKCIIEPUMEHTAJIbH1 JIOCHIJKEHHSI Ta aHalll3 pealbHUX yMOB EKCIUTyaTarlii.
[Ticnst BU3HAYEHHS KPUTEPIiB SIKOCTI KOHCTPYKIII MTPOBOJUTHCA ii JETaNTbHUIMA
pO3paxyHOK Ta aHamii3 3a jgomnomoroto crerianizoBanux CAIIP cucrem. L1
CHUCTEMU JI03BOJISIIOTH 1HXKEHEpaM BpaxyBaTH BCl HEOOXIJHI MmapaMeTpu Ta
YMOBH, 10 BIUIMBalOTh Ha pOOOTY KOHCTPYKLIi, Ta 3a0e3neuuTd ii
BIJIOBIJIHICTh BCTAHOBJIEHUM KpUTEPIsIM AKOCTi. OTHUM 13 TOJJOBHUX IE€peBar
CUCTEMHOTO IMJXOAYy € MOXJIMBICTh aBTOMAaTu3allii 0araTh0X TMPOIIECIB
MPOCKTYBAaHHS Ta aHaJ13y KOHCTPYKIIIM, 1110 3HAYHO 3011bIIYy€E €(PEKTUBHICTD
Ta TOYHICTh poOOTH iHXKEHepiB. Kpim Toro, Takuii miaxia T03BOJISE TIBUIKO
BUSIBJSITH Ta BUMPABIATH HEJOJIKH B KOHCTPYKIIISIX II€ HA €Tami iXHBOTO
pPO3pOOJICHHS, 110 3MEHIIYE€ PU3UK BUHUKHEHHS HEMOJIAJIOK Ta 30UIbIIye

HaJIHHICTh Ta 6€e3MeKy BUPOOIB.
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TomnoJioriyna onrumizaniss koHerpykuii. Lle ckimagauil nponec, B SKOMy 3a
JIOTIOMOTOIO BIAMOBITHUX KPUTEPIiB Ta aATOPUTMIB BHIIYKY€ETHCS ONITUMaIbHA
dbopma Ta po3MOIia MaTepiaay y BHUpoOOl 3 METOI MiHIMI3allii Macu Mpu
3a0e3MeUYCHHI BH3HAYCHWX BHMOI JIO MIIHOCTI Ta >kopcTkocti. [15, 16].
OcHOBHa 1J1es ToJIsIrae B TOMYy, 100 JIMIIIE TaMm, A€ 1€ J1MCHO HEOOXITHO JJIs
JIOCSITHEHHSI  BCTAHOBJICHMX BHUMOT, 3aJMIIUTA Martepiaj, YCyBalouu
HE3alydeHl y poOoTy dacTuHH. [lepeBaramu TOMOJOTIYHOI ONTHUMI3aIii €
aBTOMAaTH3allisl MPOIECY Ta MIBUAKICTh OMPAIIOBAHHS KOHCTPYKIINA. 3aBIsSKU
BUKOPHUCTAHHIO CHEIIaJIbHUX aJITOPUTMIB Ta MPOTrpamMHOro 3abe3neueHHs
MOJKHa IIBHUIKO OTPUMATH pe3yibTaTd, IO 3a3BUYAil MEPEeBEPIIYIOTH
edekTuBHICTh TpaauliiHux MeToaiB 00pooku B CAD/CAE cucrtemax. Ilpore,
€ JesIK1 HeAOJIKH 1Iboro Metoay. Hanpukian, Ha mepimx eranax TonoJoriyHoi
ontumizanii CAE 1HCTpyMEHTH HE 3aBXKIM MOXYTh HAJaTH IOBHICTIO
«aJIeKBaTHI» pe3yibTaTH, IO MOXKE BHUMAaraTd JOAATKOBOI iTepamii Ta
KOHTPOJTIO 3 00Ky 1HxkeHepa. KpiMm Toro, BUKOpHUCTaHHS IOTO METO/ Ty BUMAarae
MOTYXXHUX OOYMCIIOBAIIBHUX PECYPCIB, OCKUIBKKA 00poOKa BEJIMKOI KIIBKOCTI
JAaHUX MOTPeOye BEIUKOT KUTBKOCTI 0OUHCIIEHb.
Excnepument. ExcriepuMeHTaNbHI JTOCHIKEHHS € Ba)XKJIMBOK CKJIAJIOBOIO
Cy4acHO1 1H)KEHepii, OCKIJIbKM BOHHU JI03BOJISIIOTH IEPEBIPUTH TEOPETHYHI
NPUIYILIEHHS, BaliyBaTl MaTeMaTUYH1 MOJIENl Ta OTPUMYBATH peajibHI JaHi
Opo TOBEAIHKY MarepialiiB 1 KOHCTPYKIH Mmiag pI3HUMU yMOBaMHu
HaBaHTa)XeHHA. EkcriepuMeHTH HaJaloTh MOXKIMBICTh OTPUMATH 00'€KTHBHY
1H(pOopMaIliI0 PO BJIACTUBOCTI MaTepialiB, iXHIO MILHICTh, CTIMKICTh Ta 1HIII
XapaKTePUCTHKH, SIKI HE 3aBXKIAM MOXHA TOYHO NEepe0aYuTH 3a JAOMOMOTOI0
TEOPETUYHUX MeToMiB. KpiM TOro, eKClepuMeHTH HO03BOJSIOTH BHUSBISATH
HEJIOJIIKY Ta MOTEHIIIHI TPOOJIEeMU B KOHCTPYKITIAX a00 MaTepiaigax Ha paHHIX
CTalliAX pO3pOOKH, 110 JT03BOJIIE BYACHO BBECTU KOPEKTUBM Ta MOKPAIIUTU
AKICTh NpoaykTy. Takuil miaxig Jg03BoJsiE €(EKTUBHO BUKOPHUCTOBYBATH
pecypcH Ta 3MEHIIIy€e BUTPATH Ha MOJaNblIe BAOCKOHAIECHHS Ta BUPOOHUIITBO.

OTxe, eKClIepUMEHTadbHI JOCHIDKEHHS € HEBIJ€MHOI  YacCTHHOIO
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1H)KEHEpHOT0 TMpOIIeCy, sKa JJ0NoMarae 3abe3MeuuTH BUCOKY SKICTh Ta

HAJIMHICTD MPOIYKIT NpY MiHIMAIbHUX BUTPATaX Ta 3yCHILIAX.
2.3 TomoJioriyna onTuMi3alisi CHJIOBHX €JIEMEHTIB

Tomonoriyuna onTuMi3aliss € TMEPEJOBUM  1HXKEHEPHUM  METOJOM,
CIIPSIMOBAHUM Ha CTBOPEHHSI ONTUMAIBHUX CTPYKTYp LUIAXOM paliOHAJIbHOTO
pO3TallyBaHHs Ta BUKOPHCTAHHSA MaTepialiiB y KOHCTpyKuii. BuxopuctoByroun
MaTeMaTU4HI aJTOPUTMH, IIed METOJl aBTOMATUYHO aHAIII3ye Ta ONTUMI3ye Gopmy
00'eKTa 3 METOI0 JOCSATHEHHS KOHKPETHMX IIIJIeH, TaKUX SK MiHIMI3allisl Macu MpH

3a0e3neueHd1 HeOOX1THOT MIITHOCTI Ta CTIMKOCTI.

OcHOBHa MeTa TOMOJOTIYHOT ONTUMI3AIll — CTBOPUTU CTPYKTYpY, SKa
e(eKTHUBHO PO3TAIIOBY€E MaTepiaid Ta 3a0e3Medye ONTUMANIbHI BIACTUBOCTI MpHU
MiHIMaJIbHIM Ba3l. Ilpu npoMy oTpumaHi (GopMH MalTh 30BCIM HE3BHYHUUI
GyTYypUCTHYHUMI NU3aiiH, HA BIAMIHY BiJl KOHCTPYKIIIHM, 3p0O0JICHUX KIACHYHUMU
METOJaMH. 3 PO3BHTKOM aJWTHBHHUX TEXHOJOTIH B3araji CTEpJIOCS IMOHSATTS IPO
HEMOXJIUBICTh BUTOTOBJIEHHS THUX 4YM IHIIMX Jerajgedl um arperariB. s
JIOCSITHEHHSI ITbOTO BUKOPUCTOBYIOTHCS aJITOPUTMHU YUCEITHHOTO MOJICTIOBAHHS IS

BHU3HAYCHHS 1IealIbHUX 00JacTel MaTepially Ta iX pO3TallyBaHHS B KOHCTPYKIII.

el migxix 3HAXOAUTh HIMPOKE 3aCTOCYBaHHS B A€POKOCMIYHIA Tallys3l.
TomomnoriyHa onTUMI3aIis JO3BOJISIE 1HXKEHEpaM 1 Ju3aiiHepaM ONTUMI3YBaTH
BUKOPUCTAHHA MarepiaiiB, TOJIMNIIYBaTH EKCIUTyaTaliiiHl XapaKTepUCTUKU
KOHCTPYKIII Ta 3MEHIIYBAaTH €KCIUTyaTalliifHi BUTpaTH, JOCATAIOYH BHUCOKOI
epekTHBHOCTI Ta criikocTi. [17 — 25]. ImocTpaTuBHMIA TpUKIaaA POOOTH

TOIOJIOTIYHOT ONTUMI3aIlli HaBeJIeHO Ha PUCYHKY 2.3.1.
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Pucynok 2.3.1 — ImtocTpatuBHHIA IPUKIaT POOOTH TOMOJIOTIYHOT ONTHUMI3aIlii

KPOHIITENHA

Tomosoriyna ontumizailis COpPsSMOBaHA Ha 3HAXO/KEHHS ONTHMAaJIbHOTO
PO3MOALTY MaTepiany y KOHCTPYKIIil 3 METOIO TIOCATHEHHS TIEBHUX KPUTEPIiB, TAKUX

SIK MIHIMI3aIlisl MaCH M MaKCUMI3aIlis >KOPCTKOCTI.

Monyne FOHra (Moaynb HpPYXKHOCTI) TaKOX BIUIMBA€ Ha TOMOJOTIYHY

onTuMizariio. Horo Bupas HaBeneHo y dopmyi (2.1).

E=2 (2.1)

&
1ie 0 — HaNpyKeHHs, & — nedopmartis.

VY  TomosioriuHii onTUMi3allii PO3TIASAAETHCS PO3MOJAUT Marepiany Y
KOHCTPYKIIii. Moysib IPY>KHOCTI BU3HAaUa€ MaTepialibHy )KOPCTKICTh MaTepiay. Y
BUIAAKY MIHIMI3aIl Mack KOHCTPYKIIi MO)€ OyTH BUTIAHO BUKOPHUCTOBYBATHU
MaTtepiajid 3 BACOKUM MoayjieM FOHra, ocKiIbKY BOHU MOXKYTh 3a0€3M€UUTH BUCOKY

YKOPCTKICTh IPU MIHIMAJIbHIN Maci.

Opnak Bapiarmii momyisi FOHra Takok MOXYTh BPaxOBYBaTHCS B 3ajavax

TOMOJIOTIYHOT ONTHUMI3AIi JUIsi ypaxyBaHHS aHI30Tpomii MmarepiaiaiB  abo
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BUKOPHCTAHHS PI3HUX MarepiajliB y pI3HUX YaCTUHAX KOHCTPYKLii. Y Takux
BUMAAKaX (POPMyIIH TOMOJIOTIYHOT ONTUMI3AIII MOXKYTh BKIIOYaTH MOy FOHTa B

SKOCTI IapaMeTpa.

OnHUM 13 TOJTOBHUX KOMIIOHEHTIB TOIIOJIOTIYHOI OonTUMi3arii € 00'€KTUBHA
byHKIIIS, Ky TOTPIOHO MiHIMI3yBaTH a00 MaKCHUMI3yBaTH 3aJI€KHO BiJl KOHKPETHUX
1ijiel npoekty. [26]. Y Bunaaky TOMOJI0riyHOI ONTUMI3AIli1, I1e YacTo GyHKIis, sKa
BUpa)kae Macy CTPYKTypH. 3arajibHuUi Bu Takoi (GyHKIIT Ha MPUKIaAl MiHIMI3aLii

MacH HaBeJieHO y popmyii (2.2):
minimize M(2) = [, p(x)dQ, (2.2)

ne Q - o06nacTh KOHCTPYKIIii, p(X) — TYCTHHA MaTepiay B KOKHIN TOYII X.

JUist Makcumizaiii KOpPCTKOCTI Bupa3 Oyzae omucaHo y dopmyni (2.3) 1
BHUPaXXEHO TaK:

1

— (2.3)

maximize K() = -
Jo o2

ne E(X) — moaysas FOura B KOXKHIH TOUII X.

OOMexeHHsI BU3HAYaIOThCSl HA OCHOBI KOHKPETHHX YMOB Ta OOMEXEHb, K1
MOBMHHA BpaxoBYBaTH KOHCTpyKiis. Hampukman, oOMexeHHS MOXe BKIIOYATH
BUMOTH JIO HaIlpy>KeHb, )KOPCTKOCTI, nedopmarliiii, Tomo. OOMEKEHHsS] MarThCs

HacTynmHui BUrsig (2.4):
gix)<0,i=1,2,..,n (2.4)
1e gi(X) — ooMexkeHHs1, N — KUIBKICTh 0OMEIKEHb.

Jiist eheKTUBHOT ONTUMI3AITlT 4aCTO BUKOPUCTOBYIOTH TPAIIEHTH 00'€KTUBHOI
GbyHKLIi Ta 0OMexkeHb. ['pafieHTH 103BOJSAIOTH OUTbII €()EKTUBHO OPIEHTYBATHUCS B

MIPOCTOPI1 TH3aMHY.

®opmymu (2.2) ta (2.3) € 3aradbHUMHU ISl TOTIOJNOTIYHOT OMTHMI3aIii Ta
MOXXYTh BapifOBaTHCh. 32 KOHKPETHUMH ITapaMeTpaMu Ta OOMEKCHHSIMHU MOXKYTh

BUKOPHCTOBYBATHUCS Pi3HI (PYHKIIIT Ta METOIM ONTUMI3AIIi].
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2.4 Metoa SIMP nJis1 TOmoJI0TivHOI ONTHMIi3aNil CHJIIOBHX

eJIEeMEHTIB B PaKeTHiM TexXHiIli

B cydacHOoMy po3yMmiHHI TOIMOJIOTIYHOI ONTHMI3AIlT ICHY€E 0Jipa3y JIEKIJIbKa
MeTo/iB. Bci 11l MeToM BUKOPUCTOBYIOThH Pi3HI MiIXOIH, ajie iX CIHiIbHA MeTa —
3HAWTH ONTHUMAJBHY TOIOJIOTII0O CTPYKTYPH MJIsl 3aJlaHUX YMOB Ta OOMEKCHbD.

HaBenmy Te3ucHO neKiibKa CIiB PO KOXKEH METO/I.

1) BESO (Bi-directional Evolutionary Structural Optimization): Lleit meTox
BUKOPHUCTOBYE €BOJIOMIMHUN TMIAXiA g onTumizamii Tomosorii. Enementu
Martepialy J0JaloThcsi a00 BUAAISAIOTHCS, 13 3MIHOKO iX TYCTHHH, 11100

MaKCHMI3yBaTH CTIMKICTh Ta MIHIMI3yBaTH Macy.

2) MMA (Method of Moving Asymptotes): Ileii meronm Oa3yeTbcsi Ha
BUTIPaBJIEHH1 MmITpadiB 1 BUKOPUCTOBYE ACUMMOTOTUYHI KPHUBI JJisi 301KHOCTI A0
ONTUMAJBLHOTO PO3B'sA3Ky. BiH eexkTuBHUMN 111 OOMEXKEHUX 3a/ad TOMOJOTTYHOI

OITUMI3ali.

3) Level Set Method: Meron, 110 mpeaCTaBisie TPAHUIIO MK MaTepialioM i
MyCTOTOIO SIK MOBEPXHIO piBHA. OnrTuMizanis BiI0YBA€ThCA 3a PAXyHOK €BOJIOLIT

I1€1 TOBEPXHI JUIsl TOCATHEHHST Oa)KaHOTO PO3MOJILTY MaTepialy.

4) Evolutionary Algorithms: I'eHeTnuHi anropuT™MH Ta IHII €BOJFOLIHI
METOAM MOXYTh BHKOPHUCTOBYBAaTUCSA JUIsl ONTUMI3AIli TOMOJOrIi, /€ BOHHU

TeHEPYIOTh Ta OI[IHIOIOTH MOIMYJISAIT PI3HUX CTPYKTYD.

5) Memoo SIMP (Solid Isotropic Material with Penalization): 1leit meton
BUKOPUCTOBYE (yHKLIIO IITpady s KEepyBaHHA HAsBHICTIO MaTepialy B
KOHCTpyKLIi. BiH perymioe ryctuHy matepiaidy B KOXHIM 001acTi KOHCTPYKIIII,
3aCTOCOBYIOUM IITpadHl KoediieHTH jis obOjlacTei 3 HU3BKOI TycTHHOW. Lle
JTI03BOJISIE CTBOPIOBATH OMNTUMAJbHI CTPYKTYpH, MaKCHUMI3yIOUM MILHICTh pH

MiHIManbHIN Maci. [27].

VY mpotieci TOMoNOriYHOI onTuMizallii, BukopuctoByroun metoa SIMP (Solid

Isotropic Material with Penalization), € BaxI1BOIO 3a/1a4€t0 PETYJIIOBAHHS I'yCTUHU
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MaTepiany B pi3HUX YaCTHHAX KOHCTPYKIIii 3 METOIO TOCATHEHHS MiHIMaJILHOT MacH

npu 3a0e3neyeHH1 He0OX1HOT MIITHOCTI 1 )KOPCTKOCTI.

Meron SIMP € mnOTy)XHHUM 1HCTPYMEHTOM Yy Taly3l TOIMOJOTIYHOI
ONTHUMI3allli, CHOPSIMOBAaHUM Ha CTBOPEHHS ONTHUMAJIbHUX CTPYKTYp IUIIXOM
paIliOHATBHOTO PO3TANTyBaHHS MaTEpialliB JIs TOCATHEHHS MIHIMAIBHOI Baru MpH
3aJlaHUX MEXaHIYHUX BIACTUBOCTAX. OcHOBHI mpuHIUnu wmetony SIMP
BKJIIOYAIOTh PETYJIIOBAHHS JOCTYITHOCTI MaTepialiiB y pi3HUX YaCTUHAX KOHCTPYKIIIT
3a JoroMororw mTpadHoi (YHKINI, M0 KOHTPOJIOE ONTHUMIZAIIMHUA Mpolec.
Buxopucrtanns mrtpagHux KoedilieHTIB Mg AUISTHOK 3 HHU3BKOIO TyCTHHOIO

MaTepiairy, CTBOPIOIOYH IPA/IIEHTH TYCTUHU Ta BIUIMBAIOYU HA PO3MOALT MaTepialy.

®opmamnizamis Meroay SIMP Bkitouae BU3HAUEHHS TYCTHHH MaTepialy B
00JacTsX KOHCTPYKIIi, /¢ KOKHa 00JacTh XapaKTepHU3ye€TbCs 3HauYeHHAM Bin 0
(BiacyTHICTh MaTepiaiy) 10 1 (moBHui Marepian). I[Iporec ontumizamii BKIIOYae
peryJioBaHHs T'YCTMHU Martepially 3 METOI MiHIMi3allli Macu KOHCTPYKIII MpH

320€3IeUEeHH] BU3HAUEHUX MEXAHIYHUX BJIACTUBOCTEN.

OcHogHa i1ea metony SIMP nossirae B mpeicTaBiI€HHI TOMOJIOTTT MaTepiary
3a JIOMOMOTOI0 ITapaMeTPiB, K1 Bapirol0Thes B fMiana3oni Big 0 go 1. Taki mapameTpu
BU3HAYAIOTh, HACKUIBKM MaTepiall MPUCYTHIM B KOXHOMY €JIEMEHTI (BY3Ji)

KOHCTPYKIIIi.

Onumy Aekiibka BapiaHTiB 00’€kTUBHOI (yHKIlli. Hexail ocHoBHA meTa —
MIHIMi3alisl 00’€KTUBHOI (YHKIIII, sIka BUpaxae macy KOHCTpykii. O0’eKTUBHA
GyHKLIS MOXe OyTH BU3HAUY€HA, HAIPUKIIA, SIK cepeaHe apuMeTUIHEe Macu s

BCIX €JIEMEHTIB KOHCTPYKIi (2.5):
.. _ N
minimize f(x) = Yi=1 p;(x) (2.5)
ne f(x) — o0'extuBHa QyHKIIIs, pi(X) — MapaMeTp TOMOJIOTIT IS i-TO EIIEMEHTY.

OOMexeHHsT 4acTo BHU3HAYaeThesl JUisl  3a0e3NedeHHs  MPaBUIILHOTO

MPEICTaBIICHHS TOomoJorii Marepiany. Hampuxman, Moxke OyTH BCTaHOBJICHO, IO
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napaMeTpH TOIOJIOT1i MatoTh OyTH B Aiana3oHi Big 0 10 1, TOMy BOHU MatOTh BUTJISIA

(2.6):
0<p,x)=1 (2.6)

Meron SIMP BukopucTOBYe MEHai3alilo A PO3TISAYy HE MEpEepBHUX

dbyukiii Tonosorii. [lenanizariina GyHKIis Moke MaTy BUTIL (2.7):

p,(x) = %[1 + tanh(Bn,)] (2.7)

1ie f/ — napameTp neHanmizallli, 77;— JoKanbHui edekTuBHUNA Moy FOHra /st 1-ro

CIICMCHTY.

EdextuBHuii Moxyns FOHra (i) oOYMCHIOETBCS SIK HACTYIIHUM YHUHOM 3

ypaxyBaHHSM MapaMeTpiB TomnoJorii (2.8):

ni = pi(X)p ) Emin+(1 - pl(x))p ) Emax (28)

ne p — mapametp neHamizamii (3a3Buyail 3), Emin Ta Emax — mMomym FOnra mis

BIJICYTHBOTO Ta MPUCYTHHOTO MaTepialy BIMOBIIHO.

OHOBIIGHHS TIapaMeTpiB TOMOJOTIi 3IMCHIOETHCA B KOXKHIA iTepalii
onTUMI3aIli JJs JOCSATHEHHS ONTUMAaJbHOI TOIMOJOTII, IO MIHIMI3yE Macy

KOHCTPYKIIii TPY BUKOHAHHI 0OMEXKEHb Ta BpaxyBaHH1 MEXaHIYHUX BJIACTUBOCTEH.

[nma oO0’exkTMBHA (QyHKIIA (Makcumizalisl >KOPCTKOCTI) MoOxe OyTu

BHU3HAYCHA, SIK CyMa KOPCTKOCTEH BCIX €IEMEHTIB KOHCTpYKLIi (2.9):
maximize f(x) = XN, k;(x) (2.9)

ne f(X) — 06’exTuBHA GYHKIIIS I MaKCUMI3allii )KOpPCTKOCTI, Ki(X) — )KOpCTKICTH i-

ro €JIEMEHTY KOHCTPYKIIIi.

XKopcTkicTh eneMeHTy Moke OyTH BH3HAUY€Ha 3a JIOMOMOrolo 3akoHy ['yka

JUTS €IEMEHTIB KOHCTpyKii (2.10):

ky(x) = Ey(x) 2 (2.10)
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ne Ei(x) — moxgynp FOHra mis i-ro ejxeMeHTy, KU MOKe OyTH 3aJeKHUM Bij
napaMeTpiB TOMOJOTiI, A; — TUIOIIAa MOMEPEYHOro mepepi3dy i-ro eneMmeHty, Li —

JOBXKHWHA 1-TO CIICMCHTY.

OO6MexeHHS MOXKYTh BKJTIOUATH B ceOe mapamMeTpH TOIMOJIOTII Ta 1HIII YMOBH,
K1 0OMEXYIOTh AeopMallii, HarpyKeHHs a00 1HII ACTIEKTH MPOEKTY BiAMOBIIHO

710 KOHKPETHUX BUMOT Ta yMOB (2.11):
9i(x) <0 (2.11)

Takum umHOM, MeTonm SIMP no3Bomsie epeKTHBHO KepyBaTH PO3IMOALIOM
MaTepianty JjIs MaKCUMIi3allil dKOPCTKOCTI MpH 3a0e3nedeHHi 00MEKeHb Ha Macy Ta

1HII TPAaHWYH1 YMOBH KOHCTPYKIIIi.

2.5 MeToanka po3paxyHKy KOMIIO3UTHOT'O KOPIYCY PAKETHOIO

JABUTYHA HA TBEPAOMY NAJMBI

VY nucepramiiHoMy AOCIHIIPKEHHI BHUKOPHUCTOBYBAJOCh TaKOX IPOTPaMHE
3a0e3MeueHHs, sike OyJo po3po0ieHe Ta BUKOPUCTOBYETHCA Yy HAYKOBO-
BUKJIQIAllbKIA ~ poOOTI  CHIBpOOITHMKAMU  JOCHIJHUIBKUX  JIabopaTopiid

Yuisepcurery. [28].

[Tporpama COCOON mnpu3HaueHa sl BU3HAYCHHS ONTHUMAIBHOIO KyTa
apMyBaHHS JJII KOMIIO3UTHUX KOHCTPYKIIM, a TaKOXK pO3paxyHKy MacH 1 00’emy

0OO0JIOHOK 1 JHUIIA IUX KOHCTPYKI[IH.
IIporpama COCOON mnpaiiroe 3a HaCTYITHOIO METOJIUKOIO:

1. Busnauaemo napamerpu b, ta by (2.12), (2.13):
bO = - I‘O (212)
bl = - I‘1 (213)

1ie o — pajilyc BHYTPIIIHBOI MEXI1 JHUIIA, 1 — pajilyc 30BHIITHBOT MEXI JTHUIIA

2. BuzHayaeMo yTBOPIOIOUY:
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—B lana3oHi Iy < r < by Ta ry <r < by HaBeneHO y Gpopmyii (2.14)

m_ y(1+6)°) : [2r2_3r°2]

n r r2—ry2 (2.14)
— B miana3oHi by < r < RTtab; <r < Ruaseneno y popmyii (2.15)
L(14+(y")? 2_. 2
it = L) ey (2.15)

r r2—rg2

Vreoproroua Yy — e marematruna Qpynkuis, sixka Bu3Ha49ae GopMy (3a€KHO
BiJl I') TOBEpXHI YACTUHU KOHCTPYKIIii (y JaHOMY BUMAAKYy AHHIIA). Dopmyma s
y'"' BukopHCTOBYETBHCS I PO3paxyHKy BHCOTH 4M KOOPAMHATH TOYOK Ha IIiif

MOBEPXHI B 3aJIEKHOCTI BiJl pajaiycy I.

3. Tlo yTBOpIOKOYIH 3HAXOAMMO JOBXKUHY AHUII 1, 1 Ta 1, 5, dopmynnm mms

KOTpHUX HaBeneHl y popmynax (2.16) ta (2.17):

b dvi\ 2
Ls = 01+ (25 ar (2.16)

Lle#i iHTErpai BU3HAYAE TOBKUHY JTHUIIA, 1 00J1aCTh IHTErPyBaHHS BU3HAUYCHA

MEXaMH Bifl I 10 Do, SIKi € rpaHUIAMU 00JIACTi, e MM PO3IISAaEMO yTBoprorouy Y.

b dy'™\ 2
Lz = [ 1+ (dL) dr (2.17)

Lle#i iHTErpan BU3HAYAE TOBKUHY JTHUIIA, 1 00J1aCTh IHTErPyBaHHS BU3HAUYCHA

MeKaMU Bif Iy 10 Dy, ki € rpaHusaMu 061aCTi, 1€ MM PO3IIIAAaEMO yTBoprorody Y,

4. Busnauaemo 00’em auui Vi i V; (2.18), (2.19):
Vi=2ome Ry, (2.18)
Vp=2- 1 Ry, (2.19)

ne R — paniyc 30BHIIIHBOT MEXI1 TOCTII)KYBaHOT KOHCTPYKIIIi (B JaHOMY BUIAIKY

JTHUILIA).

5. Buznauaemo 06’em mumiHapudHoi gacTuau (2.20):
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V=1 R2-1, (2.20)

ne R, — paniyc NMITHAPUYHOT YaCTHHH, |, — TOBXXHWHA UTIHIPUYHOT YaCTHUHH.

6. I3 piBasanst Knepo 3naxonaumo const st gaumg (2.21) ta (2.22):

@, = arcsin (%‘)) (2.21)

(, = arcsin (%1) (2.22)

7. 3a 3HaliICHUMH TTapaMeTpaMu 3piBHAEMO BUKOHAaHHS yMOBH (2.23):

1 1 R
(sin(mo) ~ sin(gy) ) . I =f (2.23)

8. BusHauaemo ToBIMHY nuitiaapa h, (2.24):

_ P-R
% 2:G71cos?(go)

h (2.24)

9. Buznauaemo ToBuwau Aaui hi(r) (2.25) Ta ha(r) (2.26):

ha-cos(@o)R

Jr2-rgy2

ha-cos(¢@1) R

Jré-r,2

s metonuka BH3HAYEHHS (POPMU KOHCTPYKUIM, BKIIOYAIOUM [HMILNA Ta

h1(r) = (2.25)

h2(r) = (2.26)

MWTIHAPUYHI YaCTHHH, TIPOSIBISIE BHCOKY €(EeKTHBHICTH Ta THYYKICTh B
3acTocyBaHHI. [i 37aTHICTH TOYHO BPaxoOBYBaTW T'€OMETPUYHI OCOOJIMBOCTI Ha
pI3HMX Jlama3oHax pajlycy HaJae I1HXEHepaM TMOTY)KHUM I1HCTPYMEHT IS

CTBOPEHHSI ONITUMI30BaHUX Ta (PYHKITIOHAIBHUX KOHCTPYKIIIH.
2.6 BucHOBKH 10 po3aiay 2

BukopucTaHHs HOBUX 1 MEPCHEKTHUBHUX TEXHOJOTIA BKpail BaKJIMBE IS
Cy4acHOTO I1HXKE€Hepa. YJOCKOHAJIEHHS MacoBOi €(PEKTMBHOCTI — II€ BaXXJIMBa

3aja4a, 0COOJIMBO y pakeTHii TexHili. Tomy MokHa 3p0OUTH HACTYIHI BUCHOBKH:

1) Tononociuna onmumizayisi: BUKOPUCTAHHS TOMOJOTIYHOI ONTUMI3AII,

30kpeMa metony SIMP, € BaXXJIMBUM 1HCTPYMEHTOM [IJIsl CTBOPEHHS JIETKHX,
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MIIHUX Ta KOPCTKUX KOHCTPYKIIN CUIOBUX eneMeHTiB. Llel meton mo3Bosse
ONTUMI3YBaTU PO3MOJLNT MaTepiany, 3a0e3Neuyloud MaKCUMAallbHy MIIHICTh
IIpU MiHIMaJIbHIA Maci.

2) Hamomyeanns xomno3umig: BHUKOPHCTaHHS KOMITO3UTHHX Marepialis,
OTPUMAHUX 32 JIOMOMOTOI0 TEXHOJIOT1 HAMOTYBaHHS, JI03BOJIIE CTBOPIOBATH
KOHCTPYKIIii 3 BUCOKOIO MIITHICTIO Ta JIETKICTIO. Bapiroroun KyTH HaMOTyBaHHS
Ta IIapud Marepially, MOXHa JOCATTH ONTUMAJIbHHUX EKCILTyaTallliHuX
napaMeTpiB.

3) Bukopucmanmus 3/[-0pyky: texnoinoris 3D-npyky, 3okpema metoq SLM mis
METaJeBUX KOHCTPYKILIM, € e(EeKTUBHUM 3acOo00M CTBOPEHHS CKIJIAIHUX
JieTane 3 BUCOKOIO TOYHICTIO Ta MinHicTIo. Lle mo3Bosisie peanizyBatu HOBI
KOHCTPYKIIMHI PIIIEHHS Ta 3a0€31euy€e THYYKICTh Y BUTOTOBJICHHI.

4)  Vpaxysauns egexmie nonimepuzayii: PO3yMIHHS TPOICCIB MOJiMepU3allii
KOMIIO3UTIB Ba)KJIMBO JUIS 3a0€3leUeHHs CTIHKOCTI Ta HAJIMHOCTI CHIIOBHUX

€JIEMEHTIB Y PI3HUX YMOBAaX €KCILTyaTallli.

OO0'enHyrour 1HXEHEPHUM MIAX1J, CHUCTEeMHHH MiJAX1J, TOMOJIOTIYHY
OTITUMI3allil0 KOHCTPYKIIIT Ta €KCIIEPUMEHT, MU OTPUMYEMO KOMIUIEKCHUHN MiJIX1]
JI0 BUPILIEHHS 3a/1a4 3 M1JIBUILEHHS €KCIUTyaTallliHUX XapaKTepUCTUK. Y CHHEpril
Il METOAM JIO3BOJISIIOTH JOCSTTH  KpalluX pe3yJbTaTiB, 3a0e3Mevuyroun
ONTUMAJIbHUA 0anaHC MK Macolo, MILNHICTIO Ta IHIIMMU [apaMeTpamu
KOHCTPYKIli. OHaK, BaXKKO TIPOBOJUTH BCI 111 TPOIECH OJHIN Y1 HEBEIUKIN TpyIi
JHOJIeH, OCKUIBKH BOHU TMOTPEOYIOTh IMIUPOKOTO CIEKTPY 3HAaHb, HABUYOK Ta
pecypciB. Tomy ycmimiHa peanizaiis 1IbOr0 KOMIUIEKCHOTO MIiAXOJY 3a3BUYai
BUMArae CITIBIpaIll PI3HUX CHCIIATICTIB 3 PI3HUX Traidy3edl Ta BUKOPUCTAHHS

Creliajli30BaHUX MPOTPAMHUX 3aC001B 1 00OUHMCITIOBAIBHUX TEXHOJIOT1H.

Bci i meToan MoXyTh OyTH BUKOPHCTaHI B KOMOIHAIlIl JJIg JTOCATHEHHS
ONTUMAJIbHUX EKCIUTyaTaI[iiHUX XapaKTePUCTUK CHJIOBUX €JIEMEHTIB PaKETHO-
KOCMIYHOT TEXHIKHM, 3a0e3Meuyloud BaroMHii BHECOK y PO3BUTOK KOCMIYHUX

TEXHOJIOTIH.
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3 BUPIIIIEHHS 3AJIAUI HNIIBUILIEHHSA

EKCILTYATAHNIMHUX XAPAKTEPUCTHK 3A JOIIOMOI'OIO
CAE CUCTEM

3.1 AaroputM pimeHHs 3a1a4i Ta iioro 00IPyHTYBaHHSA

J11st BUpIlIEHHS 3314 3 MIJBUILIEHHS €KCIUTyaTallliHUX XapaKTEPUCTUK OYII0
3aIIPONOHOBAHO HACTYITHHII aNTOPUTM, KM HaBeleHO Ha pucyHKy 3.1.1. Horo
MTOCJTITOBHICT TTOUIAETHCS Ha BUKOHAHHS YCiX MyHKTIB. CIIOYaTKy po3po0IISI€EThCS
MmoYyaTKoBa KOHCTPYKIlS (TMyHKT 1), 1daimi TpPOBOAMTBCA aHalli3 HaIpyKeHO-
nedopMoBaHOTro cTaHy i€l KOHCTpYKIIii 3a qornomoroto CAE cucrem (Hanmpukia,
ANSYS Workbench, Nastran/Patran NX, Abaqus um Catia V5 Tomo).
OcHoBytothcs 111 CAE cuctemu Ha metoi ckindenux eneMenTtiB (MCE), o 3Hauno
JIOTIOMArae Ta MOJErmye OOYMCIECHHS CKJIAJHUX KOHCTPYKLIH, y TOpIBHSHHI 3
IHKEHEPHUMHU MeToJMKamMu. Tak, Hampukiajl, MOXIHUBOCTI B PO3PaxXyHKOBIH
oOnacTi Mmaixke HeoOMexeHl. Te, IO CKIagHO, ad0 HEMOXKJIMBO MOpPaxyBaTH
aHATITUYHUMH METOJIMKaMH — TETep MOXKHA IMOPaxyBaTH 3a JOMOMOTOI0 Cy4aCHUX
nporpam. Y Ttakux CAE cucremax mnpoBOAUTHCA MOOYJI0Ba PO3PAXyHKOBHUX
CKIHUYEHO-EJIEMEHTHHUX CITOK, Ta CKIHYEHO-€JIEMEHTHUI aHalli3, /1€ 3aJal0ThCsl yCi
rpaHUYHl yMOBH (KOPCTKI 3aKpiIJIEHHS, IIApHIPH, KOHCOJI, TOIIO) Ta
HaBaHTAXEHHS (TUCK, CUJIU, TIEpPEHAaBaHTAXXEHHSI, TOIO) KOHCTPYKIIiH (IyHKT 2). A
Jlajil BXK€ MPOBOJAUTHCS TOMOJIOTTYHA onTuMizalis (myHKTH 3 — 6). HuHi B nesikux
CAE cucremax Bxe € OKpeMuil BOyJOBaHHI MOJYJIb TOMOJIOT1YHOI OMTHUMI3allii
(mampukian, ANSYS Discovery un ANSYS Discovery Live, Autodesk Inventor,
Abaqus, TopOpt 1 Tak gami). | Bxke Ha miacTaBl TOrO, YU BiAMOBIIa€ KOHCTPYKIIiS
NEBHUM yMOBaM (HaIlpHKIaJ, HOpMaM MILHOCTI, MIHIMyMy MacH 4Yd MaKCUMyMY
JKOPCTKOCTI), SIKIIO BIAMOBIIb «Tak», TO KOHCTPYKIIS MPOXOAUTH TEBHI
JOpOOJTFOBAHHS Ta B PEIITI PEIIT MH OTPUMYEMO (hiHAIbHY KOHCTPYKIIifO (ITyHKT 7),
a BXe MmoTiM BoHa iae Ha 3J[-npyk (myHKT 8). SKIIO BIAMNOBIAL «HI», TO
MPOBOJIUTHCS TOBTOpPHA iTepallisa 3 3 mo 6 myHKTH. Sk Oylio 3rajjaHo BWIIE, TO

TOTIOJIOTIYHA OMTUMI3AIlis — 1€ ITEPATUBHUMN TIX1 JIJIs TOKPAIIEHHS KOHCTPYKITIi.
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1. 3D-moAeNtoBaHHA 2. Nobyaosa po3paxyHKOBOI
(Mo4aTkoBa KOHCTPYKLiA) CiTkn Ta KE ananis

3. BuaaneHHs 3aisoro <
marepiany

4. 3rnapmyBaHHa
NoBepXOHb

5. NMobyposa po3paxyHKOBOI
citkn 1a KE aHanis

6. PiweHHA onTumancHe?

7. ®iHanbHa
8. 3D-apyk KOHCTPYKUifA

Pucynok 3.1.1 — CxeMaTtnyHe 300paK€HHS aJrOPUTMY TONOJIOTTYHOT ONTUMI3aLIli

KOHCTPYKITIH
3.2 MeToJ CKIHYeHHX €JIEMEHTIB TA MOHATTS PO HHOT'0

B cyuacHiit iHkeHepii BUKOPUCTOBYIOThCS JIEKUIbKA YUCIOBUX METOIB IS
pPO3paxyHKy THX CKJIQJHHX 3aja4, J¢ IHKEHEPHI METOUKHA YK PO3PAXYHKU CKIATHO
a00 HEMOXKJIMBO 3pobuTth. B nucepTartiiiniii podoTi Oy BUKOHAHI Ta MPEACTABIICHI
po3paxynku CAE cucremu ANSYS Workbench, ocHOBHI Momymi sIKOTO

BUKOPUCTOBYIOTh METO/I CKIHUEHUX €JIEMEHTIB.

Meron ckinuenux enementiB (MCE) npencrapiise co000 YUCTOBUN METO/,
SKUW BHUKOPUCTOBYETHCS IS alpOKCHMAIlli Ta PO3B'A3aHHS PI3HOMAaHITHUX
G1BUYHMX ~ 3a7a4, TakUX K CTPYKTYpHAa  MEXaHika, TeIJlonepeaaya,
eNeKTpoArHaMiKa Ta 1HmI. Ileii mMeTom 103BOJIsAE€ 1HXKEHEpaM Ta JOCTITHUKAM
MOJICJIIOBAaTH CKJIaJHI TE€OMETpUYHI Ta (I3UYHI CTPYKTYpH, BUPILIYIOUH iXHI
MOBE/IHKOBI XapaKTEPUCTUKH Ta B3aEMOJIII0 B YMOBaxX PEaIbHOTO CEPEIOBHUIIA.

[29].
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MCE mnouuHaeTbcst 3 moApiOHEHHS o00dacTi Ha CKIHYEHHY KIJIbKICTh
eneMeHTiB. Lli eneMeHTH MOXyTh OyTH pI3HOI (OPMHU Ta PoO3MIpy, a JAeTai3allis
reoMeTpii BUMarae BiJl IHKEHEpa YBaXKHO BUOHpATH PO3IOLT BY3JIIB Ta BU3HAYATH

TpaHUYHI YMOBH JIJIsl TOYHOTO BifoOpakeHHs 00'eKTa.

By3nu € xpaiiHiMu TOYKaMU KOXKHOTO €JIeMEHTa Ta MalOTh KOOPAMHATU B
npocTopi. EneMeHTH MOXXyTh OyTH JTBOBUMIPHUMHM (TPUKYTHUKH, YOTUPUKYTHHUKH )
abo TpuBuMIpHHUMH (TeTpaeapu, KyOu). BaximBo NpaBUIbHO BHU3HAYUTH

KOH(}ITypallito BY3JIiB JJIsl TOYHOCTI PO3PAXyHKIB.

BusnaueHHs1 BIacTHBOCTEM Marepialy KOXHOTO €JeMEHTa — 1€ BaKJIUBa
3amadya. Monynes FOnra, koediuieHT Ilyaccona, TepMiuHi BIACTUBOCTI — BCE II€
BPaxOBY€ThCA. ['paHWYHI YMOBU BH3HAYalOTh B3a€EMOJIII0 3 HABKOJHUIIHIM

CEPEIOBUIIEM Ta 30BHIITHIMU YHHHUKAMH.

Bubip MmaremaTuyHO1 MojieJll BU3HAYA€ TOYHICTh anpokcumaliii. JliniiitHa uu
HEIHIHA MO/, CTATHYHUN a00 TMHAMIYHHI aHaJ13 — I1e JINIIE JEsIKI 3 aCIICKTIB,

K1 CJI1J1 BpaXOBYBaTH.

JUist  koxkHOro eneMeHTa (OPMYIOThCSl PIBHSHHS Ha OCHOBI 0OpaHOi
MaTteMaTtnyHoi mojeni. LI piBHSHHS MOTIM 30MpalOThCS B CUCTEMY PIBHSHb IS

BUPIIIICHHS 3a]1a4l.

JUisi 94MCIIOBOTO pPO3B'SI3aHHSI CUCTEMHU PIBHSHB, IO OMHUCYIOTh MOBEIIHKY
CUCTEMHU, 3a3BUYall BUKOPUCTOBYIOTH PI3HI YUCEIbHI METOAM — METOJ CKIHUEHHX

pi3HUIL, MeTO ["ayca, ToIo.

Otpumani pe3yabTaTH MIAJAIOTHCS PETEILHOMY aHaji3y Ta MOPIBHAHHIO 3
EKCIIEPUMEHTAJIbHUMU JaHUMH a00 aHATITUYHUMH PIIICHHSAMH, 3a0e3Meuyrouu

JOBIPY JI0 OTPUMAHUX PE3YIbTATIB.

Opnietro 3 nepeBar MCE e iioro 31aTHICTh 00p0OJIATH HEPETYIISIPHI Ta CKIIA IHI
reomerpii. Lleii meTon MoxHA BHUKOPUCTOBYBATH JUIsl BUPILIEHHS MpoOOJeEM,
MOB’SI3aHMUX 13 HEOJHOPITHUMHU MaTepiallaMi Ta HEPETYJSIPHUMH TPAHMISIMH, 110

pOOUTH HOTO MOTY>KHUM IHCTPYMEHTOM JIJIs1 MOJIETTIOBaHHS.
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e omna mepeBara MCE — 1me 37aTHICTH OOpOOJIATH HIMPOKUN CHEKTP
¢bi3nunux sBunl. Hampukiazn, #oro MojkHa BUKOPHUCTOBYBATH JJISi MOZCIIOBAHHS
MOBEIIHKYA KOHCTPYKIIIH 1] HABaHTA)KCHHSIM, Tepeiadl Tera yepe3 MaTepiaau Ta

MOTOKY PIIUH Uepe3 CKIaIHI TeOMeTpii.

Onuak MCE mae nesiki ooMmexenass. OqHuM 3 OOMEXEHD € T€, IO 1€ MOXKE
OyTH O0O0YMCITIOBAJIHHO-IHTEHCUBHUM, BHMAaralo4i 3HAYHUX OOYHCITIOBAIBHUX
pECypCiB )1 BUPIIICHHS BETMKHUX MpooOsieM. KpiM TOTo, TOUHICTh METOTY 3aJICKUTh

B1J] IKOCTI CKIHYEHO-EJIEMEHTHOI MOJIEJI Ta TOYHOCTI BXIIHUX JTaHUX.

Takum YMHOM, METOJ CKIHYEHHMX €JIEMEHTIB € TMOTYXKHOI0 YHCEIbHOIO
TEXHIKOI0, sKa JIO3BOJIAE aHATI3yBaTH CKIQTHI CHCTEMH Ta IMHPOKHHA CIIEKTP
Gbi3nyHuX sBUII. Xo4ya BIH Mae Jeski OOMEXEHHS, BIH CTaB BaXJIHMBHUM
IHCTPYMEHTOM Y I1HXKEHEepii Ta HayIlll, 1 OYIKYEThCS, IIO HOro MOMYJISIPHICTh

MPOJIOBAKYBAaTUME 3pOCTATH B HAMOIMKY1 POKHU.

JUist nesikoro miACYMKY HpO METOJ CKIHYEHUX €JIEMEHTIB MO)KHa CKa3aTH
HACTYIIHE — 1€ IHCTPYMEHT AJI1 MOJEJIIOBaHHS Ta aHali3y CKJIAJHUX (PI3UMYHHUX
CUCTEM. 3aCTOCOBYEThCS B PI3HUX 00JIACTAX, BKIIIOYAIOUM MPYKHI Ta IJIACTHYHI

nedopmariii MmaTepialiB, TEIJIONEpeavdy, €IeKTPOMArHITHI MOJIsI Ta Oarato HIIOoro.

VY npyxHUX 3a1adax, BUKOPUCTOBYIOUYH 3aKOH ['yka Ta piBHSHHS CTaTUYHOI
pIBHOBaru, MO>KHA MOJIEIIOBATH TOBEAIHKY JIHIMHO-YNIPYTHMX MaTepialiB.
BaxxnuBoi0 4YacTHHOIO IILOTO METOJYy € MaTpHIlsl rpajaieHTa (OpMyBaHHS Ta

MaTpPHIIS )KOPCTKOCTI.

OuiHIOI0YM BaplaHTH, MOXHA POOUTH MPOTHO3M II0/0 3MIH y MaTepianax Ta
KOHCTPYKLUISX, JOTIOMaraioyur 1HXeHepaM yJIOCKOHAIIOBAaTH Ta ONTHUMI3yBaTH CBOT
NPOCKTH mepea (GI3UYHUM BUPOOHHMITBOM. MeTOJ CKIHYECHHX CJICMCHTIB
3AJIMIIAETHCS BAXKIMBUM 1HCTPYMEHTOM Y CyYacHId 1H)KEHepii, I03BOJISIOUU
pO3B'I3yBaTH CKJIaJHI 3aBJaHHS Ta 3a0e3nedyroun Oe3neky Ta e(EeKTUBHICTDH

KOHCTPYKIIIH.
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CKiHUEHO-€NIEMEHTHI CITKA CKJIAJaloThCsi 3 BY3JIB, SKI B CBOIO 4epry
dbopmyroTh enemenTu. EnemMenTu MOXyTh OyTH pi3HOI POpMH (YOTHPUKYTHUKHU Ta
TPUKYTHHKH JJIs1 ABOBUMIPHUX 33Jay Ta KyOM Ta TeTpaelpu Al TPUBUMIPHHUX

3a]a4), IPUKJIAU BUTIISATY €IEMEHTIB PO3PaXxyHKOBOI CITKA HAaBEJEHO HAa PUCYHKY

3.2.1. [30].

SN

el A
o e A
el =

Pucynok 3.2.1 — OCHOBHI TUIH CKIHUCHUX €JIEMEHTIB

Ha pucynky 3.2.1 nmoka3aHi OCHOBHI TUIH CKIHUEHUX €JIeMEeHTIB. st pi3Hux
3a/1ad BUKOPUCTOBYIOThCA pi3HI TunH. Hampukman st po3paxyHKy (hepMOBUX
KOHCTPYKII BHUKOPUCTOBYIOTHCA JIIHIMHI CTPUXHEBI eneMeHTu (a). Takumu x

eJIEeMEHTaMHU MO>KHA MOJICJIIOBATH NPYKUHU, CTPUKHI, OAJIKK Ta paMu, TOLLO.

[Tnocki nBoBUMIpHI eneMeHTH (0-B), BUKOPUCTOBYIOTH IS MOJICITFOBAHHS

MeMOpaH, TOHKUX IUIACTUH, TOHKOCTIHHI 000JIOHKH, TOIIO.

OG’emHI TpUBHUMIpHI eleMeHTU (T-1), 3aCTOCOBYIOTHCSA JJIsi JOCIIIIKCHHS

00’€MHOTO HaMpPyXeHO-1e(HOPMOBAHOTO CTaHY.

JUis KOKHOTO eJIEeMEHTY MOoOYyT0BaHO JIOKaJdbHI PIBHAHHA, IO OMHUCYIOThH
NOBEAIHKY MaTepiany abo moje B eJeMeHTI. B cBowo depry JoKajdbHI PiBHSHHS

00’ €THYIOThCS ISl YTBOPEHHS rio0aibHuX piBHSAHb. Ha pucynkax 3.2.2 ta 3.2.3
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MOKa3aHl Bi3yaJbHO BUAM CKIHYEHO-EJIIEMEHTHHUX CITOK JUIsl IBOBUMIPHHUX 3a/1a4

BIIITOBITHO.

Pucynok 3.2.2 — CtpykTypoBaHa CKIHYEHO-€JIEMEHTHA CITKa YOTUPUKYTHUKaMU

JUTSI IBOBUMIPHOI TIJIaCTUHHU

Pucynok 3.2.3 — CkiHuU€HO-eJIeMEHTHA CiTKa TPUKYTHUKAMHM TSI TBOBUMIPHO1

IIJ1aCTHHHA

Jns TpuBuUMIpHHUX 3amad Ta QopM OyAyeThCcsl pO3paxyHKOBa CiTKa
TeTpaeapaMud Ta KyOamu. BiamoBigHI pO3paxyHKOBI CITKM JI€MOHCTPOBAaHO Ha

pucyHskax 3.2.4 ta 3.2.5 BiANOBITHO.



54

Pucynok 3.2.4 — CtpykTypoBaHa CKIHUEHO-€JIEMEHTHA CITKa KyO0aMu Juist

TPUBUMIPHOTO TiJa

Pucynox 3.2.5 — CkiHYeHO-eJIeMEHTHA CiTKa TeTpaeApaMH ISl TPUBUMIPHOTO Tijia

B nucepramiiiniii poOOTI BCi KOHCTPYKIT TPUBUMIPHI, TOMY ISl HUX

pO3paxyHKOBa CKIHYEHO-€JIeMEHTa CiTka Oylia 30yJoBaHa TeTpaeapaMu.
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[TapameTpu pO3paxyHKOBOi CITKM B OCHOBHOMY 3aJIeKaTh BiJ CKJIAJHOCTI
pO3paxyHKOBO1 Mojieii. TOOTO SIKIO KOHCTPYKITiS IO PO3TISAAETHCS CKIaaHa (Mae
HEPIBHOCTI, Pi3Ki MEPEXOI1, 3aKPYTJICHHS) TO TaKy KOHCTPYKIIIO pO30MBalOTh HA
TeTpaeapu, 00 BOHM 37aTHI npuiiMatu Oyab-siky (opmy. Taki KOHCTPYKINi SIK,
HaIpuKiIaa, Tpyoa, Ui IIECTUTpaHHA Taiika, maida uu Tina oOepTaHHs (IKIIO 1Ie
CTOCY€ETBCSI COTICI, 1[0 HE MAIOThCSI KaHANIIB OXOJOPKCHHS, TOIO) MOJICTIOIOTHCS
KyO0aMH, Ta MalOTh OUTBII CTPYKTYpOBaHY PO3paxyHKOBY CiTKy. J{si po3paxyHKiB
Ha MIIHICTh METOJIOM CKIHYEHHUX €JIEMEHTIB BaXXKJIMBO, 1100 ciTKa Oyna sKicHa, 00

BiJI ITHOTO 3aJIeXKaTh PE3yJIbTATH PO3PAXYHKIB.

SKICTh pO3paxXyHKOBOI CKIHUEHO-EJIEMEHTHOI CITKU OI[IHIOETHCS Ha OCHOBI
KUJIBKOX MapaMeTpiB, ikl BU3HAYAIOTh, HACKIJIBKU 100pE CITKA allPOKCUMYE pEealIbHY
reoMeTpito Ta (Pi3uyuHiI BIACTUBOCTI aHAII30BaHOTro 00'ekTa. OIliHKA SKOCTI CITKH €
BAKJIMBUM €TallOM MpPHU 3aCTOCYBaHHI METOAY CKIHYEHUX eJeMeHTIB. OCHOBHI

rapaMeTpH JUIs OIIHKH SIKOCTI CITKH BKJIIOUYAIOTh:

1) Posmip enemenmie (Mesh Size) — Maauii po3Mip €IIEMEHTIB JIO3BOJISIE
JIOKJIQJIHIIIE alPOKCUMYBATH TE€OMETPir0 Ta (PI3UYHI BIACTUBOCTI, aje MOXKE
MPU3BECTH JI0 3HAYHOT'O 30LIBIIESHHS KUJIBKOCTI €JIEMEHTIB, III0 BUMarae OiIbIe
Oo0UHCMIOBATBLHUX pecypciB. ONTUMAIbHUN PO3MIP €JIEMEHTIB 3aJCKHUTh Bij

KOHKPCTHOI'O 3aBAaHHA Tda BUMOT' TOYHOCTI.

2) ©@opma enemenmis (Element shape) — ineanbHOIO (OPMOIO €IEMEHTIB
BBAXKAETHCS MPSIMOKYTHHUK 200 Ky0, OCKIJIbKM BOHU MatOTh MEHIIUH PO3CII0OBaIbHUI
edekT. 3a3BUuail YHUKAIOTh JyK€ BY3bKHX a00O JOBTUX €JIEMEHTIB, OCKUIBKH IIE

MO>K€ MPU3BECTH JIO TIOTIPIICHHS SIKOCTI CITKH.

3) Acnexmmue gionowenns enemenmis (Aspect Ratio) — BiTHOIICHHS JTOBXKHUHH
0 IIMPUHU €JEMEHTIB MOBUHHO OyTH NPUMHATHUM, 100 YHUKHYTH
nedopmarlitHux aHoMmani. Benanki acmekTHI BIAHOMIEHHS MOXYTh MPHU3BECTU 10

YUCJIOBUX HECTAOIILHOCTEN Ta MEHIII TOYHUX PE3YJIbTaTIB.
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4) Kymosi enemenmu (Angular Elements) — 3a3Buuaii yHHKAIOTh
BUKOPUCTAHHS JTy’XK€ MajluX a00 BEIMKUX KyTOBHX €JIEMEHTIB, OCKIJIBKH 1€ MOXKE

BIUTMHYTH Ha TOYHICTh PO3PAXYHKIB.

Bci 1 mapameTpu MaroTh BENMKE 3HAYCHHS Yy MOOYJIOBI CKiHYEHO-

eJIEMEHTHHUX CITOK.

3.3 3akoH I'yka Ta y3arajibHeHui 3akoH I'yka 1J151 MO/1e/II0BaAaHHA

3agav

3akoH ['yka B KOHTEKCTI METOJy CKIHUYEHUX €JEMEHTIB € KIIOYOBHUM
aCIIEKTOM IIPU MOJICIIIOBAHH1 JIIHIMHO-TIPYKHUX MaTepiaiiB Ta iXHbOT MOBEAIHKHU 11
BIUIMBOM HaBaHTaxkeHb. [31]. Llei 3akoH, Ha3BaHWiA Ha 4ecTh BueHOoro PoOepra
['yka, BuU3HAuUae JiHIMHY 3aJIEKHICTh MDK HaMpyXEHHAM Ta jAcehopMalli€ro y

MPYXKHUX TiIax.
MaremaTtidano 3akoH ['yka BupaxkaeThbcst piBHIHHIM (3.1):
c=E-¢ (3.2)
ne E — Monyib IPY>KHOCTI, & — teopMariisi, ¢ — HanpyKeHHs.

VY wMeronl CKIHYEHHMX €JIeMEHTIB BUKOPUCTaHHS 3akoHy ['yka BuMmarae
dbopMyTIOBaHHS BUpa3y I BU3HAYCHHS HAIPYKCHHS Y KOXKHOMY CIICMCHTI B
3aNeHOCT1 Bia Horo nedopmartii. Lleit mporec BkItouae OOYHMCICHHS TPAai€HTY
nedopMailii Ta 3aCTOCYBaHHS MATPUIlb KOPCTKOCTI JIJIi OMUCY B3a€EMOJIIT MIXK

CIICMCHTaMU.

BuxopucroBytoun 3akoH ['yka y MeTOIl CKIHYEHHX €JIEMEHTIB, 1H)XXCHEpHU
MOKYTb JIE€TAJIbHO MOJENIOBATH BIAT'YK MaTepiaiiB Ha pi3HOMaHITHI HABaHTaKEHHS.
[le BiIKpUBaE MOXKJIMBICTh BU3HAYATH KPUTHUYHI TOUYKUA KOHCTPYKIIN, IepeadayaTu

nedopmarlii Ta CTBOPIOBATH ONITUMAJIbHI YMOBH JJISI TOBTOBIYHOCTI Ta HAAIMHOCTI.

3akoH ['yka, BOpOBa)KEHUH y METOJ CKIHUYEHUX EJIEMEHTIB, PO3LIUPIOE

MO>KJIMBOCTI TOYHOT'O MPOEKTYBaHHS Ta aHami3y. Lle poOUTh 1HX’EHEpH1 pillIeHHS
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OUTbII TOYHUMH Ta €(EKTUBHUMHM, CIPHUSIOUH TMOJAJbINIA ONTUMI3alii Ta

BJIOCKOHAJICHHIO B 00JIACTI 1HKEHEPHUX JTOCI1KEHb.

Hanpyxenuii ctan B Oyab-sSKiii TOYIll OJHOPITHOTO TiJIa XapaKTePU3y€EThCS

TEH30pPOM Hanpy>XKeHHs, Sikuii Mae BUrsia (3.2):

Ox Txy Txz
S=|Tyx Oy Tyz (3 . 2)
Tzx Tzy Oy

ne oy Oy, 0; — HOpPMalbHI HaNpyXeHHS, M0 [II0Thb Ha IUIOMIAJKAX,
HEePIEHANKYJIPHUX OCSIM KOOPAUHAT, Ty, Txz, Tyxs Tyzy Taxs Tzy — LOTHUHI HAIPY>KEHHS
(mepuii 1HJIEKC BKa3ye Ha OPIEHTAIIO IUIONMIAJIKH, APYTHM — HA HampaBlCHHS

JIOTUYHOTO HATIPYKEHHS)

TeH30p HaNpyXeHb Ma€ CUMETPUYHI BIacTUBOCTI, T06TO S'=S. Tomy B MCE

TEH30p S 3aMIHSAIOTh BEKTOPOM-CTOBIIUMKOM HarpyxeHs (3.3):

(Ox

- (3.3)

\ T,/

I'padpiuno HABeEHO KOMIIOHEHTH T€H30pa HANPYXeHb HA pUCYHKY 3.3.1.

Pucynok 3.3.1 — KoMnoHeHTH T€H30pa HAPYKEHb
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AHaJzoriuna cutyais 1 s TeH30py aedopmaiiiii, 60 nepopMoBaHuil CTaH B

OyIb-sIKild TOYIII OJJTHOPITHOTO TiJIa XapaKTePU3YEThCS TEH30pOM nedopmartii (3.4):

T=1Yyx & Vyz (3.4)

Ex  Yxy yxz]
Vzx  Tzy &2

1€ &, &y, & — JIHINHI Aeopmarlii B HalpaBIeHH1 BIAMOBITHUX BICEH, & Yxy, Yxz Vyx Vyzs

V2% Yzy— 3CYBHI JedopMallii y BIAMOBIAHUX KOOPAUHALIMHUX IUIOIIUHAX.

30BciM MOAIOHO 10 TEH30pY HANpPYXEHb TEH30p AedopMalliidi TakoX Mae
cuMeTpudHi  BaactuBocti, T06T0 7'=7. Tomy B MCE Tensop 7 3aMiHAIOTH

BEKTOPOM-CTOBITYMKOM jAedopmartiii (3.5):

(x)
€y
EZ

vt (3.5)

Vyz

\Vzx/

I'padiuno HaBeneHo TeH3op aedopmaiiii Ha pucyHky 3.3.2.

Pucynok 3.3.2 — 'padiune 300paxeHHs TeH30py Aedopmarriit
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Koxna To4Ka, 1110 MiA1a€ThCS HAPYKEHO-1e(POPMOBAHOMY CTaHY, OTPUMYE

HepeMIIeHHS, SIKe MOYKHA 3amucaTh y BUsidl (3.6):
S=ul+vj+wk
ne U, V, W — poeKIIii mepeMilieHHs Ha Bicl X, Y, Z BIJIMOBIAHO

ToMy BBeIeMO BEKTOP-CTOBITYHK IepeMilieHb (3.7):

-

I'padiuno nepemilieHHs eJIeMEHTY HaBeICHO Ha PUCYHKY 3.3.3.

Pucynox 3.3.3 — BekTop nepemilieHHs eJIeMeHTY

(3.6)

(3.7)

Pignanns Kowu BCTaHOBIIIOIOTH 3B’ 130K KOMIIOHEHTIB J16()OPMOBAHOTO CTaHy

3 BEKTOPOM TepeMiiieHb. B Mexax JiHIiMHOT Teopil MPY>KHOCTI 111 CIiBBITHOIICHHS

MaroTh BUrIIL (3.8):

du _du  dv
& = %) Yy = ay " ax
e = & _ @ aw,
Yoooay’ Yyz = G2 T a0
e = W, _ du  aw
z dz '’ Vax = 07 T e

a0o0 y matpuuniit gpopmi (3.9):

(3.8)
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€ =Du (3.9)

ne D — marpuns qudepentiroBanns (3.10):

(3.10)

)

Il
Rla © &= o o &=
o §laglr © &la o

§|a8|n o Rl o ©

V3aranbHEHUM 3aKOH FYKa BCTAHOBJIIOE 3B’ SI30K KOMITOHCHTIB HAaIIPpY>KCHO-

nehOpMOBAHOTO CTaHy 1 y BHITAJIKY 130TPOIHOT0 MaTepiainy Mae Burisy (3.11):

(ex =%[0x—v(ay+az)]; (ny = Tx?y;
{ &y = %[O'y —v(o, + O'x)],' Yyz = Tcﬂ; (3.11)
kez = %[ay —v(o, + O'y)]; U/zx = TZTX,

ne E —Monyinb npykHOCTI MaTepiany, G — MoayInb 3CyBy, v — koedirient [lyaccona.

BcranoBineHo 38’5130k Mixk mapameTpamiu v, E ta G (3.12):

G=—- (3.12)

2(14v)

Cuctema (3.11) B MaTpUYHOMY BUTJISI TpHiiMae HacTymHui Bursy (3.13):
€ = Mo (3.13)

ne M — BBenieHe 3HaUYCHHS Ta Ma€e Burs (3.14):

1 v —v 0 0 0
v 1 —v 0 0 0
1l=v —v 1 0 0 0
M=2lo o o 200+v) 0 0 (3.14)
0 0 0 0 2(1+v) 0
) 0 0 0 0 2(1+v)

3 (3.13) orpumyemo 3akoH ['yka B o0epHenii dpopmi (3.15):
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o = Ae (3.15)

ne A — matpurils 3akoHa ['yka, o BH3HAYa€ThCs HACTYITHUM YrHOM (3.16):

1 —v Vv % 0 0 0 1
v 1—v v 0 0 0
% v 1—v 0 0 0
_M1l=—E | 0 0 o = o0 o0
A=M (1+v)(1-2v) 2 o (3.16)
0 0 0 0 — L)
0 0 0 o o =

KimtouoBum B MCE € Matpuiis >KOpCTKOCTI €IEMEHTY 4Yd By3Ja, BOHA Mae

HacTynmHud Burisia (3.17):
Ku=F (3.17)

A€ U — BCKTOP-CTOBHNYMK BY3JIOBUX 3MiIJ_[€HB CJICMCHTA, F - BCKTOP-CTOBITYHK

nirounx cui. [32].

3.4 IloHATTS NPO MJIACTUYHICTH MaTepiajiB Ta MoaeJTi

3MillHEHHSI MaTepiaJiB

B nuceprariiiniii poOOTI A GBI MIKPOKOTO PO3YMIHHS HENMIHINHOCTI Ta
NOBEAIHKA MarepiaidiB KOHCTPYKIIH MpyU HABAHTAXKEHHAX OYJI0 PO3IJISHYTO
NOHATTS HemiHiiHoCcTI. [33, 34]. 3HauHi KJIacH KOHCTPYKI[H HE MarTh JIHIAHOI
3aJIEKHOCTI MK CHJIOIO Ta nepemilieHHsIM. Ockinbku rpadik 3aiexxHocti F Big U
JUISL TaKMX KOHCTPYKIIA HE € MpSAMOI0 JIHIEI, Takl CTPYKTYpH HA3UBAIOTh

HEJHIAHUMU.

XopcTkicTh Olbllle HE € MOCTIMHOI BEIMYMHOIO, a 3MIHIOETHCA B MIPY
IpPOCYBaHHA 110 TPAEeKTOpil HaBaHTaxeHHs, a mnoHsaTrs K' (TaHrenmianbHa
KOPCTKICTB) SIBJIIE COOOI0 TAHICHC KyTa HAXUITY KPUBOI BIIXUJICHHS CHJIM B TIEBHIH

TOUYIIl HA IUISIXY HaBaHTaKeHHA. Takuii rpadik HaBeIeHO HA pUCYHKY 3.4.1.
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Pucynok 3.4.1 — I'padik 3a5exKHOCTI CUIIM BiJl IEPEMIIIICHHS

KoHCTpyKIiE BBa)Xa€eTbCs HENIHIMHOIO, SKIIO HABAHTAKEHHS BUKIIMKAE

3HA4H1 3MIHU KOPCTKOCTI, TaKi SK:

e Jnedopmarrii 3a MEXKEIO MPYKHOCTI (TJIACTUYHICTB);

e  BCIIMKI IPOTUHH, TOIo. [35].

VY HeniHIMHOMY aHaji31 peakililo He MOXHA MepeadaunT 0e3mocepeHbo 3a
JIOTIOMOTOI0  HAO0Opy JMHIMHUX piBHSAHb. OJIHaK HENIHIAHY CTPYKTYpY MOXHa
MPOaHaNI3yBaTH, BUKOPUCTOBYIOUM ITEpalllifHy cepito JIHIMHUX HAOIMXKEHb 3
nonpaBKkaMu. BHUKOpUCTOBYE iTepalliiiHUIA MPOLEC, KU HA3WBAETHCS METOIOM

Hrrotona-Padcona. KoxHa iTepailisi Ha3MBa€THCS pIBHOBAXKHOIO 1TEPALII€TO.

Jyist G1IBII TIOBHOTO PO3YMIHHSI IIbOTO METONY, Ha PUCYHKY 3.4.2 HaBeleHO
rpadik moBHOro iTepauiifHoro anamizy Hsiorona-Padcona nis omHoro mpupocty

HaBaHTAXXEHHSI, TOKA3aHOTO B YOTUPHOX 1TEpallisiX.
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Pucynok 3.4.2 — I'padix noBHoro itepauiiitHoro anainizy Hetorona-Padcona nns

OJIHOTO MPUPOCTY HABAHTAKCHHS

[Inactuuna nedopmallis BUHHKAE BHACIHIJIOK KOB3aHHS MK IUIOIIMHAMH
aTOMIB TIiJ] JII€I0 3CYBHUX HANpPYXEHb 3CYBY (J€BiaTOpHUX HampyxeHsb). Lleit pyx
JUCJIOKAI MO CYTl € MeperpynyBaHHSM aTOMIB y KpUCTamuHIA cTpykTypi. Lle
MPU3BOJAUTL 70 MOCTiMHOT AedopmMaliii HaBiTh IICIS 3HATTS HaBaHTAKCHHS.
KoB3anHs, sk mnpaBuio, HE MNpU3BOAUTHL 10 oO0'eMHUX pAedopmaiiid (ymoBa
HECTUCJIMBOCTI), Ha BIAMIHY Bia mpykHocTi. Ha pucynky 3.4.3 HaBeneHo rpadik

HaIpy>KEeHO-1e(POPMOBAHOTO CTaHy MaTepiamy.

a

(o)

Elastic Plastic €
Pucynok 3.4.3 — I'padix Hanpyx’eHO-1e(POPMOBAHOTO CTaHy MaTepiaty

Ha pucynky 3.4.3 gk pa3 HaBeJ€HO 30HU MPY>KHOCTI 1 MIacTUKHU. ToOTO K

BUJIHO 3 rpadiky, SIKIIO0 HAMpPY>KEHHS B KOHCTPYKIIl MalOTh 3HAYEHHS MEHII 3a
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MEXY ITMHHOCTI MaTepiary, TO Taka KOHCTPYKIIiSI MPAIIOE Y TIPYKHOCTI, aJie SKIIO
HaIPY>KEHHS CTAlOTh BUIMMMHU 33 MEXY IUIMHHOCTI Marepiaidy, TO Taka 3ajada
MpaIfoe y riacTuill, 60 nedopmaiiii, skl BAHUKaIOTh, BOHU HEB1IBOPOTHI. [IpocTime
Ka)Xy4dd, HaBITh IICIS PO3BAHTAXEHHS KOHCTPYKIi — BOHA 3aJHIIUTHCS
3naedopmoBaHoro. B nmucepraiiitHoMy TOCTIHKEHHT YUCEIbHE MOJCITIOBAHHS OYJI0

BUKOHAHE 3 YpaxyBaHHSIM HEJIIHIMHUX BIACTUBOCTEH MaTepiaiB.

SAxmo mobynyBatu mnacTuuHy aedopmarito B 3D mpoctopi rojoBHHX

HaIpy>XeHb, TO OBEPXHs TNIMHHOCTI (hoH Mi3eca Ma€e BUTJIST LIWIIHIPA.

Hunisaap cyMileHuii 3 BicCIo BICCIO g1=d2=03. OC0O0JIMBO MOTPIOHO 3BEPHYTH
yBary, IO SKIIO HAaNPY>KCHWA CTaH 3HAXOAWTHCS BCEPEAWHI IWIIHApPA, TO
IJTMHHOCTI He Bij0yBaeThcs. lle o3Hauae, 1m0 SKIIO MaTepiad 3HAXOIUTHCS ITiJT
TAPOCTaTUYHUM TUCKOM (G1=02=03), KOJIHA BEJIMUYMHA T1APOCTATUYHOTO TUCKY HE

CIIPUYNHHUTDH IUIMHHOCTI.

[HIIIMIA OS] HA T1€ TIOJISATAE B TOMY, IO HATPYKEHHS, K1 BIIXUJISIOTHCS BiJl
oci (61=02=03), OepyTh y4yacThb y pO3paxyHKy HampyxeHb 3a Gon Mizecom. Ha

pUcyHKy 3.4.4 300paxxeHo Takuil MUIIHAP mIacTUdHoi aedopmaiii B 3D npocTopi.

0'1 =0'2 =G3

/

G;

Pucynok 3.4.4 — ImocTpatuBHE 300pakeHHS TIaCTUYHO1 Aedopmarrii B 3D

poCTOpi
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[TpaBuso 3MIITHEHHS OMHKCYE, SIK 3MIHIOETHCSI TIOBEPXHS TIMHHOCTI (po3Mmip,
1eHTp, ¢opma) B pe3yabTaTi IacTU4HOi nedopmari. [IpaBmio 3MirHEHHS
BU3HAUa€, KOJM MaTepiall 3HOBY MiAmacThCs aedopmariii, SKIIO HaBaHTaXCHHS
IPOJOBKYEThCA a00 3MIHIOEThCA Ha MpoTuiexHe. Lle Ha BiIMIHY BiJ MPYXKHO-
17IealbHO TUIACTUYHMX MaTepialliB, Kl HE JEMOHCTPYIOTh HISKOTO TBEPAIHHSA —
TOOTO OBEPXHsI IUTMHHOCTI 3alUIIaeThes pikcoBaHor. Ha pucynky 3.4.5 mokazano

came BIIMIHHICTb TUTIOIIA/I0K TUTMHHOCTI MPY>KHOCTI Ta TUIACTUYHOCTI.

Plastic

—— Yield Surface after Loading

"~ Initial Yield Surface

Pucynok 3.4.5 — CxeMatuyHe 300pa>keHHS BIIMIHHOCTI IUTOMIAIOK MPY>KHOCTI 1

IJIACTUYHOCTI

IcHye nBa OCHOBHUX MpaBuja 3MIIHEHHS, SIKI BU3HAYalOTh MOAMQIKAIIIO

IJTMHHOCTI ITOBEPXHI:

e  Kinemaruyne 3minHeHHs ([loBepXHs MIMHHOCTI 3aJIMIIAETHCS MOCTIMHOIO 3a
PO3MIPOM 1 3MIILIYETHCS By HANPSAMKY ITMHHOCTI).
e I3orpomne 3MinHeHHs (IloBepxHS MIIMHHOCTI PIBHOMIPHO PO3IIUPIOETHCS B

yCiX HaNpsIMKaX 3aBJSKU TIacTHUHOCTI) [36]

Ha pucynky 3.4.6. HaBeqeHO cXeMaTU4YHE 300paKeHHS KIHETUYHOTO Ta

130TPOMHOTO 3MIIHEHHS MaTepiany.
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Subsequent Yield

/Surface
\

Initial Yield
Surface

Subsequent Yield
(¢ ) Surface

Initial Yield
Surface

Pucynok 3.4.6 — CxemaTuuyHe 300paxeHHs KIHETUYHOTO Ta 130TPOIHOTO

3MII[HEHHSI MaTepiary

OcCKUIbKY KIHEMaTH4Ha MOJIEIb 3MIITHEHHSI MaTepialy BUKOPUCTOBYETHCS Y
3aJa4ax HUKITYHOTO HABAaHTAXKEHHSI, TO OyJIO MPUIHSTE PIICHHS] BUKOPUCTOBYBATH
130TPOITHE 3MIIIHEHHS MaTepialliB y CBOEMY YMCEILHOMY MOJIeTOBaHHI. [30TpomnHe
3MIIHEHHS CTBEPJIKYE, 110 MOBEPXHS TIMHHOCTI PIBHOMIPHO PO3LIUPIOETHCS il
yac IJIacTUYHOI Teuii. TepMiH «I30TPONMHMI» BIJHOCUTBHCS [0 PIBHOMIPHOTO
PO3LIUPEHHS MOBEPXHI TUIMHHOCTI Ta BIJIPI3HIETHCS BiJ] «130TPOMHOT0» KPUTEPIIO
IUIMHHOCT1 (TOOTO opieHTalii Marepiany). Ha pucynky 3.4.7 HaBegeHO cxemy
3B’SI3KY HWJIHJPY TJIACTUYHO1 JedopMaliii 3 HanpyxeHO-AehOpMOBAaHUM CTaHOM

Marepiaiy.

Subsequent
Yield Surface

Initial Yield
Surface

Pucynok 3.4.7 — Cxema 3B’sI3Ky IIIIIHIPY TUIACTUYHOI AeopMallii 3 HanpyKeHo-

nehopMOBaHUM CTaHOM MaTtepiaity
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3.4 Oco6MBICTH 32IaHHS TPAHUYHHUX YMOB TA HABAHTAKEHb
IJIS TONOJIOTIYHOI onmTHMi3amii

OpHuM 3 HaWBKIIMBIIIAX ACTIEKTIB TOMOJIOTIYHOI ONTUMI3AIlI] € MPaBUIIbHE
3aJlaHHS TPAHUYHUX YMOB, SIKI BH3HAYaIOTh, SK KOHCTPYKIIS B3aeMOMIE 13
30BHIIIHIMA HABaHTAKEHHSMHM Ta oOmopaMH. AJIEKBaTHI T'paHUYHI YMOBH
3a0€3IeUyIOTh PEATICTUYHICTh Ta e(PEKTUBHICTh OTPUMAHHMX OITHMI30BaHHUX
KOHCTPYKIIN. ['paHnYH1 yMOBU MOBUHHI BIJOOpa)kaTH peaibHl yMOBH, B IKUX OyJie
mpamioBaTH  KOHCTpyKIisA. lLle BkiIoyae HaBaHTaXeHHsA, sKI BoHa Oyne
BUTPUMYBATH, CIIOCOOU KPIMJICHHS Ta MIATPUMKH, & TAKOXK B3a€EMOJIIO 3 1HIIUMHU
eJleMeHTaMu cucTeMu. HempaBuiibHe 3alaHHSI TPAHUYHUX YMOB MOXKE MPU3BECTU
JI0 CTBOPEHHS KOHCTPYKIIM, SIKI HE 3MOXKYTh €(EeKTUBHO (YHKI[IOHYBaTH B
peaTbHUX yMOBaX, IO 3HIDKYE IXHIO HaAIMHICTH 1 Oe3mexky. HempaBwmiibHi a0o
HETOYHI TPAaHWYHI YMOBU MOKYTh BUKJIUKATH aHOMAaJIbHI PO3MOJILIN HANPYKEHb B
ONTHUMI30BaHIi KOHCTPYKIii. [{e MoXxe MpU3BECTH A0 KOHLEHTPALIN HAIpy>KEHb,
0 BUKIWKAIOTh TMEpeAYacHe pyHHyBaHHA a00 TMOIIKOHKEHHS Marepiaiy.
[IpaBuibHI IpaHUYHI YMOBHU JIONOMAararoTh 3a0€3MEUYUTH PIBHOMIPHUN PO3MOALT
HABAHTAXKEHb 1 MIHIMI3yBaTH PU3UKH JIOKAJTLHUX MIEPEBAHTAXKEHb.

['paHuyH1 YMOBH € KPUTHYHUMH JJIs1 TOYHOCTI 1 JOCTOBIPHOCTI PE3yJIbTATIB
TOTIOJIOTIYHOT OonTUMI3allii. SIKIO0 TpaHWYHI YMOBU HE BIANOBIJAIOTH PEATbHUM
poOOYMM YMOBaM, pe3yJIbTaTH OMTUMI3allii MOXYTh OyTH HETOYHUMH 1 HEBIPHUMU.
[le mpu3Beae 10 BUTPAT Yacy 1 peCcypciB Ha MOAANbIIIE KOPUTYBAHHS KOHCTPYKIIIN
ab0 iX NOBHE NEPEeNnpOEKTyBaHHA. AJIEKBAaTHI TPAHMYHI YMOBHU JO3BOJISIIOTH
ONTHUMI3yBaTH BUKOPUCTAHHA MareplajiB, II0 3HUXKY€E 3arajbHl BHUTpPAaTH Ha
BUPOOHMIITBO 1 EKCIUTyaTaIlil0 KOHCTPYKITiH. e 0co0imMBO BaXIIMBO B Talmy3six, /€
MaTepiajbHl BUTPATU CTAHOBIATH 3HAUHY YAaCTUHY OIO/UKETY, TaKMX SIK aBiallisd,
pakeToOyyBaHHS, Tomlo. [IpaBuibHI TpaHUYHI YMOBHU 3a0€3MEUyIOTh HEOOX1IHY
YKOPCTKICTh 1 CTIHKICTh KOHCTPYKIIi. BOHU H03BOJISIOTH MPABUIIHBHO PO3MOIIIUTH
Matepial Jisl TOCATHEHHs ONTUMAJIBLHOT )KOPCTKOCTI Ta MiHIMI3aIlii Aedopmariii mija
JIIE€0 HaBaHTAXXEHb, 1110 BAXKJIUBO JJI MIATPUMKH (DYHKIIOHATBLHOCTI Ta O€3MeKH

KOHCTpYKIiH. B mporieci ekcrutyaTallii KOHCTPYKIIi MOXYTb Ii/IIaBaTUCS PI3HUM
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THIIAaM HaBaHTA)XCHb, BKIIOYAIOYM CTAaTHYHI, JAWHAMIYHI, TCIUIOBI Ta 1HIII.
BpaxyBaHHs BCIX MOXJIMBUX CIICHApIiB HABAaHTAXKCHHS Yepe3 aJeKBaTHI IPaHUYHI
YMOBHU JI03BOJISIE CTBOPUTH YHIBEpCajdbHI Ta HaJIdHI KOHCTPYKIIi, 3/aTHI
BUTPUMYBATH Pi3HI €KCILTyaTaIliiHI YMOBH.

YV monyni DISCOVERY Live 3amaHHs TIpaHUYHHX YMOB pETYIIOETHCS
30HaMU 3aKpITJICHHS] KOHCTPYKIIIT Ta ii HaBaHTaXeHHAM. L{1 30HU MarOThCs TEBHUIMA
«IMYHITET» 1 BOHH HE YiNalOThCs 715 MpuOHpaHHs 3aiiBoro Marepiany. Ha pucynky

3.4.1 HaBeeHO MPHKIIA] KOHCTPYKITIT Mepe] TOMOJIOTTYHOI ONTUMI3AITIETO.

Pucynok 3.4.1 — KoHcTpyKIisi 10 TOMOJIOTIYHOT oNTUMI3allli (pOKeBUM IMO3HAYEHO
30HU «IMYHITETY»)
A Ha pucyHky 3.4.2 HaBeJIeHO KOHCTPYKITiS MICIs TOMOJIOTTYHOT ONTUMI3aITlT,

ajie rpaHuYH1 YMOBH OyJIM 3aJJaHl HEKOPEKTHO.

Pucynok 3.4.2 — KoHCTpyKIIisl IiC/IS TOMOJIOTTYHOT ONITUMI3AIIIT 3

HCKOPCKTHUMHU I'PAHUYHUMHU YMOBaAMHU
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3amaHHs aJeKBaTHUX TPAaHUYHHUX YMOB € KIFOYOBUM E€TarlOM TOMOJOTIYHOI
onTUMI3aIli, 1o 3ade3rneuye TOYHICTh 1 HAAIMHICTh ONTHMI30BaHUX KOHCTPYKITIH.
BoHU 103BOJISIOTH OTPUMATH PEATICTUYHI pe3yIbTaTH, IO BiAMOBIIal0Th pEaTbHUM
yMOBaM €KCIUTyatailii, 3a0e3leuyloTh pPIBHOMIDHUM pO3MOAUT HaNpY>KEHb,
eKOHOMIYHY €(eKTHUBHICTb, >KOPCTKICTb Ta CTIHKICTb KOHCTPYKIIH, a TaKOX
aJIarTaIliio 0 pi3HUX ClIEHapiiB HaBaHTaXEeHHA. ToMy yBara /10 TpaHUYHUX YMOB €
KPUTHUYHO BaXJIMBOIO ISl YCHIITHOTO 3aCTOCYBAHHS TOMOJOTIYHOI ONTHMI3allii B

1HKEHEPHUX MPOCKTaX.

3.5 BUCHOBKM Ta OCHOBHI pe3yJbTATH A0 PO3aiiy 3

Y pozaum 3 Oyno pO3TJSHYTO Take MHUTAHHS, SK BUPINICHHSA 3ajadi
NIJBUILIEHHS eKCIUTyaTalliHuX XapakTepuctuk 3a gonomororo CAE (Computer-
aided engineering) cucrem. ToMy 1€ NHTaHHS BUMAara€ CHCTEMATHYHOI'O Ta
OOIPYHTOBAHOTO TMIAXOAY, SIKHA MOXKHa PO3TISAATH 4Yepe3 MPU3MY aIrOpUTMy
pilIEHH 337a4l, METOly CKIHYEHHMX €JIEMEHTIB Ta BUKOPUCTaHHS 3aKoHy ['yka s
MOJIEJIIOBAaHHS MPYKHUX 337a4 YU y3arajJbHEHOro 3aKoHy ['yka JUisi MOJIeTIOBaHHS
3a/a4y, KOJIM Marepiajl 4d MaTepiaiy MpOsBISAIOTh HEJIHIMHY ab0 aHI30TPOIHY

MTOBE/IIHKY.

Byno Boepiie 3armpornoHoBaHO alrOpUTM MTOCTAHOBKY Ta PIIICHHS 3a/1ad4i, Ta
Horo oOrpyHTyBaHHs. A came, IO IIed aJIrOPUTM PO3MOUYMHAETHCS 3 YITKOTO

dhopMyIIFOBaHHS 3a/1a4i, BA3HAUYCHHM II1J11 Ta 00JIaCT1 JOCIIIKEHHS.

3ary4eHO METOJ] CKIHUEHHUX €JIEMEHTIB, 1110 € TOTYXXHUM 1 CY4aCHUM METOJIOM
JUISL MOJENIOBaHHA CKJIAaOHUX (I3MYHUX SBHUIL B 1HXKEHepli. BukopucraHHs
CKIHUEHHUX €JIEMEHTIB JI03BOJISIE €(PEKTUBHO alpPOKCUMYBATH T€OMETPUYHI 001acTi
Ta aHai3yBaTH iX BIUIMB Ha Marepial. llell mMeToa € OCHOBOIO YHCEIBHOIO
MOJICTIOBaHHS JJIi BUPIIICHHS PI3HOMAHITHUX 3aB/laHb, TaKUX SK MIIHICTb,

TEPMOIMHAMIKA, TOIIIO.

3akoH ['yka € KJIIOYOBUM €JIEMEHTOM JUJIsi MOJEIIOBaHHS NPYXHUX 3a7ad.
HMoro BHUKOpHUCTAHHS JI03BOJIIE BpPAaxOBYBAaTH JIHIMHY 3aJ€XHICTh MIXK

HaIpY>KEHHAM Ta fedopmartiero s mpyKHuX matepiami. Di3ugHo 00TpyHTOBAHA
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MoOJieJIb BUKOPUCTaHHS 3akoHY ['yKa mossirae B ToMy, 110 JIJIsl IPY>KHUX MaTepiaiiB
30epiraeThCs JdiHIHA €1aCTUYHICTh, @ MOAYJIh KOHra BU3Hava€e CTymiHb JKOPCTKOCTI

Marepiainy.

V3aranpHenuit 3akoH ['yka 3aCTOCOBYEThCS y BUMNAAKaX, KOJIM 3akoH ['yka

CTa€ HEMPUIATHUM Yepe3 HelliHIiHI a00 XapaKTepUCTUKH MaTepiany.

[TnacTuuHIiCTh MaTepiajiB Ta MOACII 1X 3MIITHEHHS € KJIIOUYOBUMH aclieKTaMu
JUIS pO3pOOKHM CyYacHUX KOHCTPYKIH Yy PI3HHUX Taly3sx iHeHepii. Po3ymiHHA
IUTACTUYHOCTI MaTepiajiB J03BOJSE 1HXKEHEpaM CTBOPIOBATH OUTBII HaAliHI Ta
edeKTUBHI KOHCTPYKIIl, SIKI MOXYTh WpaIlfoBaTU B yMOBaX pI3HOTO POy

HABAHTAKEHb Ta 30€piraTv CBOi BIIACTUBOCTI MPOTITOM TPUBAJIOIO Yacy.

Mogeni 3MillHEHHsT MaTepiaiiB, Takl $K 130TPOMHE Ta KIHETUYHE,
JIOTIOMararoTh IPOTHO3YBATH IOBEIIHKY MaTepialiB I JI€0 HaBAaHTAKCHHS Ta
pO3pOo0JIATH ONTUMAaNIbHI cTpaTerii 3minHeHHs. lle BaxiauBo A 3a0e3nedeHHs

0e3MeKH Ta HaJIMHOCTI KOHCTPYKIIIM Y PI3HUX yMOBaX €KCIuTyaTalli.

OcHOBHUI BHECOK B 1€ HampsMOK poOOJSITh EKCIEpUMEHTAIbHI
JOCIIIJIKEHHS, KOMIT'IOTEpPHE MOJIETIOBaHHS Ta aHalll3 pe3yibTaTiB, 110 J03BOJISIE
MOCTIHHO TOKpAaIlyBaTH PO3YMIHHS TUIACTUYHOCTI MaTepiaiiB 1 pO3BUBATU HOBI
METO/M X 3MIIIHEHHS. PO3yMIHHS IMX KOHIICTINHN € BaXXITHUBUM JUIsI TIOJAJBIIIOTO

PO3BUTKY CYYaCHOI 1H)KEHEpIi Ta CTBOPEHHSI HOBUX TEXHOJOTTYHUX PILLIEHb.

ToOTo 3aranbHICTF Ta €(EKTUBHICTb BUPIMICHHS 3a4ayl M1JBUIIECHHS
eKcIuTyarariiinux xapakrepuctuk depes CAE cuctemu (MeTon CKIHYEHHX
€JIEMEHTIB Ta 3akoH ['yka, y3araibHeHHH 3akoH ['yka) cTtae 3p0o3yMmijior0, KOiH i
CJIEMEHTH KOMOIHYIOTBCSI ISl CTBOPEHHS TOYHHMX Ta JOCTOBIPHUX MOJEJEH, IO
BiOOpakaloTh TMOBEIIHKY MaTepiajiB Ta KOHCTPYKLIH B pI3HUX yMOBax

eKCIUTyaTallii.
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4 OTPUMAHHA CHJIOBUX EJIEMEHTIB 3

HIABUIIEHNUMMU EKCILTYATAIIMHUMUA
XAPAKTEPUCTUKAMUA 3A JOIIOMOI'OIO YUCEJIBHOI'O
MOIEJIOBAHHA

4.1 BepudikaniiiHuii PO3PaXyHOK HAa TPHUMKICTL O0aJIOHYy

BUCOKOI'0O TUCKY, BUT'OTOBJICHOI'0O aIMTUBHUMH TEeXHOJIOTisIMH

Y upoMy WiAPO3AUTT TMPEACTaBICHO BepUdIKAIITHUNA pO3paxXyHOK Ha
TPUMKICTh OaJOHy BHCOKOTO THUCKY, SKHH OyJI0O BHUIOTOBJIEHO aJUTHBHUMH
texHoyorismMu 3D-npyky. Po3spaxyHok Oyno mpoBeaeHO y ocecuMmeTpuuHiil 2d-
MOCTAHOBII 3a7aui. Marepian KOHCTpYKIii OajoHy — HikeneBud cruiaB mig 3D-

npyky Inconel 718, mexaniuHi BIaCTHBOCTI SIKOTO HaBeACHO y Tabiwmii 4.1.1, 3rimHo
3 SAE AMS 5662. [37]

Tabnuus 4.1.1 — MexaHiuHi BIaCTHBOCTI HiKesieBOro ciuiaBy Inconel 718

Monyib Mexa Mexa Bignocue
Temneparypa . . .
Lo NPYKHOCT1 £, | MIIHOCTI 05, | IUIMHHOCTI 02, | MMOJOBXKEHHS
’ MIla MIla MIla S5, %
20 165000 1242 1001 3

JUist TaKOi KOHCTPYKIIIT TaKOX OyJi0 MOOYJ0OBAaHO CTPYKTYpOBaHY CKIHYEHO-
€JIEMEHTY CITKY, JUIs MOJAJIbLIOTO YUCEIbHOTO MoetoBaHHs. CKIHYEHO-eIeMEHTa

CiTKa MokaszaHa Ha pucyHky 4.1.1.
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Pucynox 4.1.1 — CkiHueHO-eJIeMeHTa CITKa KOHCTPYKIIii 0aJOHY BUCOKOTO TUCKY

Pe3ynbTaTu po3paxyHkKy OalloHy Ha TPUMKICTh, a caM€ MaKCHUMaJlbHi TOJIs

IUIACTUYHUX Ae(POopMalliii KOHCTPYKILIIi HABEAEHO HAa PUCYHKY 4.1.2.

Type: Equivalent Plastic Strain
Unit: mm/mm
. 0,0371 Max

0,03
0,026
0,022
0,018
0,014
0,01
0,006
0,002
0 Min

Pucynok 4.1.2 — MakcumainbHi NOJs IIACTUYHUX JAePopMaliiii B KOHCTPYKIIii

0aJlOHy BUCOKOTO THUCKY

3a pe3ynabTaTd YUCEIBHOIO MOJEIIOBAHHS MOKHA CIPOTHO3YBaTH, JI€
KOHCTpYKIlisi Oyae pyhHyBatuch. CamMe Ha 1€ BKa3ylOTh IOJS IIJIACTUYHUX

nedopmariiii. AHami3 OTpUMaHUX pe3yJIbTaTiB BKJIOYaE B ce0€ BHU3HAYCHHS
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BEJIMUMHU PO3PAaXyHKOBOTO PYHHIBHOTO TUCKY AJIsl Takoi KOHCTpyKuii. [Ticist goro

PO3paxoBYEThCS KOS(DIMIEHT TPUMKOCTI KOHCTPYKITii 3a popmyiioro (4.1):

ep = -2 (4.)

1€ Ppp — PO3PAXYHKOBUI pyHHIBHUH TUCK, P, — HOMIHAJIBHUH THCK.
Taxuit G6anon OyB BurortoBieHui Ta BunpoOyBaHuii. Ha pucynky 4.1.3

nokazaHo (oTo 1bOro OajaoHy, a Ha PUCYHKY 4.1.4 HaBeAeHO KaJp MOMEHTY

pyHHYBaHHS IIbOTO OaJIOHY.

Pucynok 4.1.3 — BuroroBieHuii 6ajloH BUCOKOTO THCKY Ha BUITPOOYBAJIbHOMY

CTEH/I
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Pucynok 4.1.4 — MoMeHT pyiiHyBaHHsI 0aJIOHYy BUCOKOTO THCKY

O6nactpb, 0 BUJIIJIEHA YEPBOHUM BKa3ye Ha MOYATKOBE MiCIe PyHHYBaHHS
KOHCTPYKIIii. ToOTO, AKIIO MOPIBHATH MPOTHO30BAHE MiCIle PyWHYBaHHS (PUCYHOK
4.1.3) Ta peasibHe Miclle pyiiHyBaHHs (pucyHOK 4.1.4), TO BUIHO, IO pe3yabTaTH
30iraroThcs. Takok peaqbHUN PYHHIBHUN TUCK IS Ii€1 KOHCTPYKINT BiIPI3HIBCS

BiJl pO3paxyHKOBOTO He OIbIe HixK Ha 5%, 10 € B MEKax TOMYCTUMOI MOXUOKH.

Takum uyrHOM Oyn0 Bepu(DIKOBAHO MIAXIM O YUCEIHHOTO MOJCIIOBAHHS B

CAE cepenopuiii ANSYS.

4.2 TlokpamieHHsI KPOHIITEHHY KPIiNJIeHHs KAMePU PAKETHOT0

ABHUIYHA

KitouoBUM ~ KOMITOHEHTOM  KOHCTPYKIli ~ pakeTHoro  oOjajaHaHHS,
BIIMOBIJAILHUM 3a Ha/llliHE yTPUMaHHS KaMepHu PaKeTHOTO JIBUTYHA, € KPOHIITEIH
kpirieHHs. [{eit enemMeHT Bu3Hauae He JuIe CTabUTbHICTh KAMEPH ITiJT Yac 3aIyCcKy
Ta TOJIbOTY, aJie ¥ Ma€e CYTTEBUM BIUIMB Ha 3arajibHy MIIHICTh Ta €()EKTUBHICTh

JIBUT'YHA.

VY 3B'A3Ky 13 HMIBUIKUM PO3BUTKOM TEXHOJIOTIM Ta 3pOCTAaHHSM BUMOT JI0

MPOJYKTUBHOCTI Ta O€3MEeKH paKeTHUX 3alyCKiB, a TaKO0X HEOOXIJHICTIO B
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onTuMi3alii Macu Ta 00'eMy, YJOCKOHAJICHHS KPOHILUTEHHY CTa€ HEBIIKJIAIHUM
3apmaHHsaM. OpwuriHaJbHE JOCHIDKEHHS Ta BIOCKOHAJICHHS KOHCTPYKIIIT
KPOHIITEHHY KpIMJIEHHS KaMepu paKeTHOTO JBUTYHAa HMHI CTAa€ aKTyaJbHUM
3aBJaHHSIM, CIIPSIMOBAHUM Ha JOCSITHEHHSI ONTHUMAIBHOTO OalaHCy MiK MIIHICTIO,

Baroro Ta €()eKTUBHICTIO.

[locTaHoBka 3ajadi  HACTyNHA: HEOOXIHO TMPOBECTH  TOMOJOTIYHY
ONTUMI3AII0 KPOHIITEHHY KPITUIEHHS, Ui MiHIMIi3allli HOro Macu, mpu ToMy 1100
BiH BIJINOBIJIaB yCIM HOPMaM MIITHOCTI Ta MaB JIOCTaTHI 3aracu MIIHOCTI. Matepian
KOHCTPYKIli HikeneBuil criaB Haynes230. ®i3uuHI BIACTUBOCTI IBOTO CILIABY

HaBeneHb y Tabmmi 4.2.1. [38].

Tabmuus 4.1.1 — MexaHi4H1 BIaCTUBOCTI HikeneBoro criaBy Haynes230

Monynb Mexa Mexa Bignocue
Temmnepatypa . . . .
Loc MPYKHOCT1 £, | MIIHOCTI 05, | IJIMHHOCTI 002, | MOJOBXKECHHS
’ MIla MIla MIla S, %
20 200900 838 422 47

Ha pucynky 4.2.1 HaBeJEeHO KOHCTPYKLIIO

OINTHUMI3alIli.

KPOHIITEHHY 110 TOIMOJIOTTYHOT

Pucynox 4.2.1 — KoHCTpyYKITisi KpOHIITEHHY 710 TOMOJIOTIYHOT OMTHMI3aIlii
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[Tocunatouuce Ha miapo3ai 3.1 BHUKOPUCTOBYIO QJITOPUTM Ui poOOTH 3
TaKUMU KOHCTPYKIIAMU. TOMY MOJENIOI0 CKIHYEHO-EIEMEHTHY CITKY AJIs JAHOTO
KpPOHIUTEHHY, 100 3pobutn umcenbHe MozemtoBaHHs y CAE cucremi Ansys

Mechanical. [39 — 40]. CkindeHo-eIeMeHTHY CiTKy HaBelIEHO Ha PUCYHKY 4.2.2.

Pucynox 4.2.2 — CkiHueHO-eJIeMeHTa CITKa KOHCTPYKIIIi KPOHIITEHHY KPITJICHHS

JI0 TOIIOJIOT1YHOI OIITUMI3ari

OCKUIbKM KOHCTPYKIIA CKJIaJHa TE€OMETPUYHO (Ma€e ToCTpl MEepexo.iu,
3aKpYTJICHHS, TOIO) CKIHYEHO-€JIEMEHTa CiTKa TMOo0y/IoBaHa TeTpaecapaMu.
YMoBaMu HaBaHTaXEHHS IS 11€1 KOHCTPYKIIi OyAyTh OCbOBa CTHUCKaroua cuja
exkBiBajeHTOM 250 Kr TArM JABUTYHAa, Maca JBUTYHAa Ta KBa3iCTaTU4HI
nepeBaHTaXEHHS. Y MOBaMU OOMEXeHb OyayTh 3a00pOHa OCHOBUX MEPEMIIIIEHbD, 1110
IMITy€ 3aKpIIUICHHS KpOHIUTEWHa 10 pamMu JBUryHAa. (Cxema HaBaHTAKEHHA

KOHCTPYKIIii HaBeJIEHO Ha pUCYHKY 4.2.3.
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A rorce: 2500, N
B Acceleration: 30000 mm/s?
. Point Mass

Pucynok 4.2.3 — CxeMa HaBaHTa)KE€HHSI KOHCTPYKIIIi KPOHIITEHHY KPITUICHHS J10

TOIIOJIOTTYHOI OIITUMI3arl

Jlami BUKOHAaHE YHCEIbHE MOJICTIOBAHHS [Ie¢ TPH OIlIHIl HANpPyXEHO-
neopMOBAaHOTO CTaHy KOHCTPYKIIT pO3TJISAaINCh E€KBIBAJECHTHI HANPYKCHHS
(HampyxeHHss 1o Misecy). [41]. dopmyna eKBIBAJICHTHHX HAIpPYyKCHb

npezacTasiieHa (4.1)

— 2 - 2 — 2
o, = \/(al o) +(0,=05)"+(o5=0) 1)

KoedirmienT 3amacy mMirtHOCTI BU3Ha4Ya€eThCs 3a (hopmymoro (4.2):
ng =— 4.2)

1ie 0, — MeXKa MIITHOCTI MaTepialy. MiHIMalabHO JOMYCTUME 3HAYCHHS KOS(ILIEHTY
3amacy  MIIIHOCTI €JIEMEHTIB KOHCTPYKLIi JBUTYHIB 10 €KBIBaJEHTHUM

Harnpy>XeHHsAM Mae 0yt 1.5.
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B xoa1 yncensHOro MoieII0BaHHs OyJI0 OTPUMAaHO Pe3yIbTaTH, SIK1 HAaBEACHO

Ha pUCYHKY 4.2.4.
Type: Equivalent (von-Mises) Stress
Unit: MPa
. 183,44 Max

166,79
150,14
133,49
116,84
. 100,19
83,536
66,884
50,233

33,582
I 16,93
0,27865 Min

Pucynox 4.2.4 — ExBiBajieHTH1 HanpyXeHHs 10 Mi3zecy B KOHCTPYKIIi1

KPOHIITEHHY KPITUICHHS 0 TOIMOJOTIYHOT ONTHUMI3aIli

PesynbTaTi po3paxyHKy mokasaji, 1o KOHCTPYKIis 3a popmyroro (4.2) mae
3amac MIIHOCTI 4.54, 10 € JOCTaTHIM 3TiTHO HOPM MIIHOCTI. AJi€ TaKHil BEITUKHI
3amac CBIIYUTH MPO Te, 10 KOHCTPYKIS Mae 3aiiBy macy. Came TOMy MOTPiOHO

MPOBECTH TOMOJIOTTYHY ONTUMI3aLIIO.

3riiHO aJIropuTMy, IO MPEACTaBiIeHO B miApo3aim 3.1 MmpoBOAUTHCS
TOTOJIOTIYHA onTuMizallisi, a came metonoM SIMP y cepenosumie CAE makery

ANSYS Discovery Live. [42]. YMoBa onTiMmi3ariiii MiHIMi3allis MaCH KOHCTPYKIIIi.

OTpuMaHO KOHCTPYKIIIFO KPOHIITEHHY 3 BHIAJICHUM 3alBUM MaTepialioM, Y
obmnacTsix, ae 1e moTpioHo. HoBa KOHCTPYKIlisS KPOHIITEHHY KPITUICHHS BXKE ITICIIS

TOMOJIOT1YHOT ONTUMI3allli HABEJEHO HA PUCYHKY 4.2.5.
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Pucynok 4.2.5 — KoHCTpyKIIlis KPOHIITEHHY KPITUICHHS MICIS TOMOJIOTTIHOT

oInTuMizarii

KoHcTpykIiis KpOHIITEHHY KPITIJICHHS MICHs TOMOJIOTTYHOI ONTUMI3allii Mae
30BCIM IHIIUH BUTIIAM, OCKUIBKH BUAAJICHHS 3ailBOrO MaTepialy, 0 HE 3alydyeHui
y poOOTy Hagano IIbOMY KPOHIITCHHY (PyTYPUCTHYHOI Ta CKJIATHOT T€OMETPUYHOT

(I)OpMI/I. CxiH4YeHO-eJIEMEHTHA CITKa JJI1 ObOI'O KpOHIHTCfIHY HaBCCHA HA PUCYHKY

4.2.6.

Pucynok 4.2.6 — CkiHuU€HO-eJIeMEHTHA CITKAa JUIsl HOBOI KOHCTPYKIII1 KPOHIITEHHY

KPIIUIEHHS MICIIsI TOMOJIOTIYHOT ONTUMI3aIlii
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CkiHueHO-eNleMeHTa CITKa Il TAKOro KpOHINTEHHY Ie OUIbII CKJIaJHA
T€OMETPUYHO, aHK JUIsI TMONEpeqHbOI KOHCTPYKLII 1 3BICHO X mNoOymoBaHa

TETpaeIpPaMHU.

JIist HOBO1 KOHCTPYKIII TMPOBEIACHO YHCEJIbHE MOAYJIIOBAaHHS, CXeMa

HaBaHTa)XCHHA 0€3 3MiH, Ta HaBe/leHa Ha pUCYHKY 4.2.7.

- Point Mass
. Force: 2500, N
Acceleration: 30000 mm/s?

Pucynok 4.2.7 — CxeMa HaBaHTaKE€HHS HOBOI KOHCTPYKIIli KPOHIITEHHY

KPITUICHHS T1CIIs TOMOJIOTIYHOT ONTUMI3aIlli

B xo/11 uncensHOTO MOJIETIOBaHHS OYJI0 OTPUMAHO PE3yJIbTaTH, Ki HABEICHO

Ha pUcyHKy 4.2.8.
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Type: Equivalent (von-Mises) Stress
Unit: MPa
. 391,27 Max
358,67
326,07
293,47
260,87
228,28
195,68
163,08
130,48
97,878

65,279
I 32,68
0,08023 Min

Pucynok 4.2.8 — ExBiBaneHTHI HanpyxeHHs 110 Mizecy B HOBii KOHCTPYKIIii

KPOHIITEHHY KPITIJICHHS TICIIs TOMOJIOTTYHOT ONTUMI3aIlii

PesynbraT  po3paxyHKy T[OKa3ajid, 10 KOHCTPYKIlSI OHOBJIEHOTO
KPOHIITEHHY KPIMJICHHS Ma€ 3amac MIIHOCTI, 3rifHo dopmynu (4.2) 2.13, uio
BIMOBiAa€ HopMaM MimHOCTI Ta >1.5. TakumM 4yMHOM pPOOMMO BHCHOBOK, IO
KOHCTPYKIIiSI Ma€ OCTATHIN 3amac MIITHOCTI 1 HE MOTpeOye HACTYMHOI JOPOOKH.
Taky KOHCTpyKLII0O MOXHa pekoMeHayBaTh Ha 3D-mpyk. Bike micns yoro
MPOBOJIUTH BIAMOBIAHI BUMpoOyBaHHA. B Tabmuii 4.2.2 HaBeIeHO BUCHOBKH 3

JTAHOTO JIOCIIPKEHHS 1 pO3paxyHKiB.
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Tabnu 4.2.2 — BUCHOBKU Ta pe3yJabTaTH YHCEIbHOTO MOJICTIOBAHHS KPOHIITEHHY

KPITJICHHS 710 Ta MICJISA TOMOJIOTIYHOT ONTUMI3aIlii

Buxigna OnrTumizoBana
IHapamerp
KOHCTPYKIList KOHCTPYKIList
Maca KpOoHIITEHHY KPITIJICHHS 250 rpam 124 rpama
MakcumanbH1 €KBIBAICHTHI
. 183 MIla 391 Mlla
HaIpy>KEHHS B KOHCTPYKIIIL
Koediuientu 3anacy MinHoOCTI 4.54 2.13

TakuMm 4YMHOM ONTHMMI30BaHA KOHCTPYKIlSA KPOHIITEHHY KPIIJICHHS cTaja
agermoro Ha 51% 1 mpu mpOMy 3amac MIITHOCTI CTAHOBUTH Oinbine 2. Takox
BOKJIMBUN aCIEKT, M0 KOHCTPYKIiS HE MOTpedye NOJATKOBUX POOIT 1 MOXKE OyTH

nepenana Ha 3J1-npyk.

Lle#t kpoHIITEHH Oy0 HAAPYKOBAHO, LTIOCTPATUBHUN MaTepiall HAaBEACHO Ha

pucyHky 4.2.9.

Pucynok 4.2.9 — KoHCTpyKIlisl KpOHIITEHHY MICs APYKY
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[Ti3Hime #oro BUMpoOyBaiM sIK KPIMJICHHS KaMEpU IBUTYHA HA CTEHJI JJIs
BOTHEBUX BUITPOOYBAHb 1 IIe¥ KPOHIITEWH qy’Ke A00pe BIAMpPAIIOBaB BECh Yac LUX
BOTHEBUX BUNPOOYyBaHb. KOHCTPyYKIIisl poOOTOCIIPOMOXKHA Ta TOTOBA /10 HACTYITHUX
BumpoOyBanb. Hisikux nedekTiB 4u MOIMKOKEHb B XOA1 OISy 1 TOCHIKEHHS He

BusiBiieHO. Ha pucyHnky 4.2.10 HaBeIeHO KOHCTPYKIIIIO Iepe BUIIPOOYBaHHSIMHU.

Pucynox 4.2.10 — KoHCTpyKIIisi KpOHIITEHHY KPITJICHHS MICJIsl BAIPOOYBaHb

3acTOCyBaHHSI TOMOJIOTIYHOI ONTHUMI3alli Ma€ BEJIMKUN MOTEHIan Yy
BIJIHOIICHH] CaM€ CHUJIOBUX €JIEMEHTIB, TAKUX K KPOHIUTEHHU YU CUJIOBI paMu. Y
IOMY HIAPO3AUTL TMPOJEMOHCTPOBAHO TE, ILIO AJITOPUTM pPOOOTH 3 TAKUMHU
KOHCTPYKI[ISIMUA TIPaIlO€ 1 MOKE BHKOPUCTOBYBATUCH 1HXeHepamu. Ha pucyHkax
4.2.11 — 4.2.13 naBeneH1 KPOHILUTEIHH, AKI OylIM ONTHMI30BaHI MHOIO 3a LIUM XKe
QITOPUTMOM 1 TAKUMH K CaMUMH MeTosilaMu. Bci 111 kpoHIITeitHN 00’ €AHY€E Te, 0

3aMOBHHUK 0aka€ OTPUMATH MIHIMYM MacH IIpU JOCTATHIN MIIIHOCTI.
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— =

Pucynok 4.2.11 — Kponmirelin nepenavi HaBaHTaXeHb, AKHI OyB ONTUMI30BaHUIN

3a JIOIIOMOT'OX0 TOIOJIOTTYHOT OImThMI3arii

Pucynok 4.2.12 — KpoHmireliH KpituieHHs, sIKuil 0yB ONTUMI30BaHUH 3a

JIOTIOMOT'OFO TOITOJIOTIYHOT OITTUMI3aliii

Pucynok 4.2.13 — Kponmireiin yrpumaHHsi, skuii OyB ONITUMI30BaHUM 32

JTOIIOMOT' OO TOITOJIOTIYHOT ONITUMI3aIl]
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4.3 IlinBuuIeHHsA MacoBoOi e(peKTUBHOCTI CHJIOBOI paMH JIJIst

PO3riHHOTO 0JIOKY PIAMHHOI0 PAKETHOI0 JIBUTYHA

B cyuacHili pakeTHili TE€XHOJIOTIi MOCTIMHO MOCTA€ 3aBJIaHHS II1JBHUIICHHS
OPOAYKTUBHOCTI Ta €(EKTUBHOCTI PIAMHHUX PAaKETHUX JBUTYHIB. OIHUM 13
KJIIOYOBUX KOMIIOHEHTIB y LIbOMY TPOIIECi € CHJIOBA pamMa PO3TiHHOTO OJIOKY, sKa
Hece Ha co0l 3HaYHI HABAaHTAXKEHHS 1 Ma€ BEJIMKHUU BIUIMB Ha 3arajibHy MacoBY
XapaKTepUCTHKY pakeTH. I[liABUIIEHHS MacoBOi €(QEeKTUBHOCTI I€]l pamMu €
BOXJIMBUM 3aBIAHHSAM sl 3a0€3MEeUeHHs] ONTHMAJIbHOTO CIHiBBIAHOIIEHHS MIiX

Macol0 Ta NPOJYKTUBHICTIO PAKETHU-HOCIS.

VY nmanomy mipo3/17i OCHOBHY yBary CIpsSMOBAHO Ha aHalli3 1 ONTUMI3AIlII0
KOHCTPYKLIi CHJIOBOT paMu JiJIsl pO3TiHHOIO OJIOKY PIAMHHOIO PAKETHOI'O ABUTYHA 3
METOIO MIJBUILIEHHSA ii MacoBOi eekTuBHOCTI. LIIIIXOM BUKOPUCTaHHS Cy4YaCHHX
TEXHOJOTIM  NpPOEKTYBaHHS Ta  YHUCEIBHOIO  MOJENIOBAHHS, a  TaKOX
MaTepiajJo3HaBCTBA MOCTA€ 33/1aya 3HAMTU ONTUMANbHE PILICHHS, SIKE J03BOJIAThH

3HU3UTHU Macy paMu IpH 30€peKeHHI ii MIITHOCTI Ta CTIMKOCTI.

Jlana koHCTpyKIisi Oyna po3poOsieHa JJis PIIUHHOTO PAKETHOTO JBUTYHA,
aroto 250 krc. ToOTo reomMerpis Mayioi Ta BEIMKOI OCHOBH Oylu OOMEXKeH1
MaKCUMAaJILHO JOMyCTUMUMHU Mexamu aApyky 3J[-npuntepa 400 mm. [43] Tomy
BeJIMKa OCHOBA cTaHOBUTH 400 MM, a Majia OCHOBA — IiaMeTp 3MIITYBaJIbHOI TOJIOBKH
neuryHa 80 MM. YMOBHM HaBaHTaXEHHs — II¢ TATa JBUTYHa, Maca ABUTYHa Ta

KBa31CTaTUYHI IEPEBAHTAXKEHHS.

3BUYaiiHa KJIaCHYHA paMa Mae OUTBII MPOCTY T€OMETPII0 Ta BUTOTOBIISETHCS
KJIIACHYHUMU TPAJAUIIIHHUMHU METOTaMH. AJle TaKi paMH MalOTh BEJIUKY Macy, TOMY
nocTajia 3ajgaya Jjisi 3MEHIIEHHSI MacH, aje MpU YMOBI 30epeKeHHSI MII[HOCTI Ta
CTIKOCTI KOHCTPYKIIii. Tomosoriuna ontumizariis mMiei KOHCTPYKIIii Oyia 3poOsieHa
M0 aJTOPUTMY, IO HABEJAEHO y Po3/iai 3. €IMHOI0 YMOBOK OOMEXKEHHS Oyiu
niaMeTpu OCHOB. Bonu moBuHHI OyTH cTamuMu. Takok BaKIIMBO, 100 OyB BITbHUN

JOCTYTI JI0 BCIX HEOOXITHUX MITYIEPIB YA TPYOOK.
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3 ypaxyBaHHSIM BCIX (pakTOpiB OyJ0 BHKOHAHA TOIOJOTIYHA OMTHUMI3AIlis.
KinueBuii pe3ynbTaT KOHCTPYKII CHJIOBOI paMH JJsi PO3TIHHOTO OJIOKY

npe/cTaBlieHo Ha pucyHky 4.3.1.

Pucynok 4.3.1 — OntumizoBaHa KOHCTPYKIIisl CHJIOBOi paMH PO3TiHHOTO OJIOKY

piI[I/IHHOFO PAKCTHOT'O ABUT'YHA

3 pucynky 4.3.1 BuAHO, IO pamMa Ma€ CKJIAQJHY TE€OMETPII0, MPU TOMY
MPUCYTHI OTBOPU AJisi O€3MEPEHIKOJHOrO JOCTYMYy JI0 HEOOXIAHUX €JIEMEHTIB

3MiHIYBaJILHOI T'OJIOBKH 4YM AJIA I[aT‘—II/II(iB TUCKY, TCPpMOIIapHn, TOLIO.

Jist 111€1 KOHCTPYKIIii OyJI0 TaKOXK BaXKJIMBO 1 MOTPIOHO MPOBECTU YMCETHHE
monemoBanHss y CAE cepenoBumi ANSYS. bByno moOymoBaHo CKiHUEHO-
€JIEMEHTHY CITKY. 3 0COOJIMBOIO YBArok J0 MepexiJHUX €JIEMEHTIB Ta 3aKpYTJIEHUX

rpaHei. Taka CKiHYCHO-eJIEMEHTHA CiTKa MpeACTaBIcHa Ha pUCYHKY 4.3.2.
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Pucynox 4.3.2 — CkiHueHO-eJIeMeHTa CiTKa JUIsl CHIIOBOT paMH PO3TiHHOTO OJIOKY

PIAMHHOTO PAKETHOI'O IBUTYHA

CkiH4YeHO-eJIeMeHTa CiTKa MOoO0yJ0BaHA TeTpacaApaMu,

3 JIOKaJIbHUMH

3TYIICHHSIM €JEMEHTIB Ta BY3/dIB ISl OUIbII TOYHUX PE3YJIbTATIB MOAAIBIINX

pO3paxyHKiB.

Marepian 1mi€i KOHCTPyKIii CHJIOBOI pamu HikeneBuil crutaB Haynes230.

®di3U4HI BIACTUBOCTI IILOTO CIUIABY HaBEeACHH Yy Tabymii 4.3.1.

Tabmums 4.3.1 — MexaHiuHi BIaCTUBOCTI HikeneBoro criaBy Haynes230

Moaynb Mexa Mexa BigHocue
Temneparypa . . ' _
c MPYKHOCT1 £, | MIIIHOCTI 05, | IJIMHHOCTI 002, | MOJOBXKEHHS
t,’
MIla MTIla MIla 0, %
20 200900 838 422 47

PesynbTaTn po3paxyHKy Ha MIIHICTh, a CaMe€ pPO3MOJAUICHHS TIOJiB
eKBIBAJICHTHUX HampykeHb o Mizecy HaBeneHo Ha pucyHky 4.3.3. KoeoiuieHnt

3amnacy MIIHOCTI po3paxoBaHo 3a (popmyoro (4.2).
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Type: Equivalent (von-Mises) Stress
Unit: MPa

. 535,36 Max

486,69

J 438,02
389,36
340,69
292,02

243,35
194,68

L
, 146,01
i 97,34

48,67
0,00098287 Min

Pucynox 4.3.3 — ExBiBanieHTH1 Hanpy»eHHs 110 Mizecy KOHCTPYKIIIT CHJIOBOI paMu

PO3TIHHOTO OJIOKY PIAUHHOIO PAKETHOTO JBUTYHA

PesynbraT po3paxyHKy MOKa3aad, IO JJisi KOHCTPYKIl CHUJIOBOI pamu
PO3TIHHOTO OJOKY PIAMHHOTO PAKETHOTO JBUTyHa KOE(IIEHT 3amacy MIIHOCTI
ckianae 2.29, mo BiAMOBIa€ HOPMAM MIITHOCTI Ta >1.5. BaxnuBo 3a3Ha4uTH, 110
MJIACTUYHI BiAHOCHI aedopmaliii B KOHCTPYKIIi BijcyTHI. Mics, 10 Mo3Ha4YeH1
YEpPBOHMM TIOJIEM HAIPY>K€Hb — 1€ MICIEBI KOHLEHTPATOPU HAIpY>KEHb, SK1
3YMOBJIEHI TOCTPUMHU KyTaMHU. Takl AUISTHKA CTaHOBIISATh JIOKAJIbHUM XapaKTep Ta B
OIIHIII MIIHOCTI HE BPaXOBYIOThCA. TakuM YMHOM POOHMMO BHCHOBOK, IO

KOHCTPYKIisl Ma€ JOCTATHIN 3amac MIiI{HOCTI.

JUisi Takoro TUNY KOHCTPYKIIN I1I€ HEOOX1JHO BUKOHATH PO3PAXyHOK Ha
CTIHKICTh, OCKIJIBKA HEOOX1THO, 100 KOHCTPYKIIis 30epirana cBoro GopMy Ta He
Oyno pyiiHyBaHHs. B nmaHoMy nmociipkeHHI OyJio BHKOHAHO PO3pPaxyHOK Ha
CTIHKICTh KOHCTPYKINi. Pe3ymbratu po3paxyHky Ta ¢dopma BTpaTH CTIMKOCTI

HaBEJCHO Ha pUCYHKY 4.3.4.
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Type: Total Deformation

Load Multiplier:B,61]
. 1,0652 Max

0,94689
' 0,82853
—— 0,71016
0,5918
047344
0,35508
0,23672
0,11836
0 Min

HE =

Pucynox 4.3.4 — ®opma BTpaTu CTIHKOCTI KOHCTPYKIIi CUIIOBOI paMU PO3TIHHOTO

6J10Ky piI[I/IHHOFO PAKCTHOT'O IBHUI'YHA

Pe3ynbrat po3paxyHKy Ha CTIHKICTh MOKa3ajid, IO IS TAKOTO THITY
KOHCTPYKIIi 3 TaKUMU KOHKPETHHMMH BHUJaMHU HaBaHTaXeHb ckianae 3.61, 1o
TaKOX € JIOCTAaTHIM, OCKUTIbKH KOEQIIIEHT 3aMacy CTIMKOCTI JJi CUJIOBHX paM Mae
Oytu He MeHme 2. ToOTo MokHa BBa)xaTh, IO KOHCTPYKIli TOTOBa [0
BUTOTOBJICHHA Ta eKcrutyaraiii. Lls cumoBa pama Mae mocTaTHIN 3amac MIIHOCTI 1

CTIAKOCTI.

J11st o1liHKM MacoBoi €(heKTUBHOCTI 0yJ10 3p00JIEHO MOPIBHAHHS KOHCTPYKIIN
CHJIOBOI paMM, KoTpa Oyja BHUTOTOBJEHA aJAUTUBHUM METOJOM Ta TOMOJOTIYHO
ONTHMI30BaHA, a TaKOX KJIACH4YHYy, sika Oyla BUTOTOBJEHA TPAJULIAHUMHU

METOJIaMU, PE3YJIbTaTH TAKOT'O MOPIBHAHHS KOHCTPYKIIIM HaBeIeHO B Tabsmili 4.3.2.



90

Tabmuns 4.3.2 — IlopiBHATIBPHA XapaKTEPUCTHKA CHUJIOBUX pPaM PO3TIHHOTO OJIOKY

PIAMHHOTO PAaKETHOTO JIBUTYHA

Kouncrpykuis Kaacnuna OnrumizoBana

Maca KOHCTpYKITii 3.33 kr 1.053 kr

TakuM 4MHOM MOXKHA CKa3aTH, IO KOHCTPYKIIiS CHJIOBOI paMy PO3TiHHOTO
Onoky crana serme Ha 68%. [Ipu 1bOMYy KOHCTPYKIliSi BUKOHYE BCl YMOBH IS
HOJANBIIOT0 BUKOPHCTaHHS Yy CKJIAAl PYIIHHOI ycTaHOBKW. TormoJoriuyHa

ONTUMI3AIllsd Ma€ 3HAYHY TepeBary y MacoBiii eEeKTUBHOCTI B 11l KOHCTPYKIIIi.

4.4 TlokpaneHHs1 KOMIIO3UTHOI0 HECYYOI0 KOPIYCY PAKETHOI0

JABUTYHA HA TBEPAOMY NAJIMNBI

Hecyunii kopriyCc pakeTHOro JBHUTYHA Ha TBEPAOMY NalMBl BUCTyHAa€ HE
TUIBKH SIK CTPYKTYPHHI €J1€MEHT, aje i K KJIOUYOBUN (paKTOp, BUBHAYAIOUU YCITIX

MalOyTHIX KOCMIYHHUX MICIH.

el miapo3ain MPUCBAYEHUN BIOCKOHAJICHHIO KOMIIO3UTHOTO HECY4Oro
KOPIYyCy PaKETHOTO ABUTYHA, HAIIJICHOTO HAa OTPUMaHHS MIIHOI Ta JIETKOl
KOHCTPYKIIii. 3aCTOCYBaHHS MEPEAOBUX MAaTEPIalliB Ta IHKEHEPHUX PIIICHD Y IILOMY

KOHTEKCTI1 BIAKPUBA€ HOBI EPCIEKTUBH JJIsl PO3BUTKY KOCMIYHOI 1HAYCTPIi.

KoMmno3utHuii Hecyuuid KOpIyC pakeTHOTO JIBUTYHA Ha TBEPAOMY MajuBI
SBJIIETHCSI OPTOTPONHHUM TUIOM, TOMY MEXaHIYHI BJIACTMBOCTI 3aJIeKaTh BiJl
HaIpsIMKy y HpOCTOpPl, B MOPIBHAHHI 3 130TPONHUMHU MaTepiajlaMH, SIKI MaroTh
OJIHAKOBI BJIACTMBOCTI Yy BCIX HampsMKax, OPTOTPOMHI MaTepialidi MaroTh

ACHUMETPUYHY CTPYKTYPY ab0 BIACTHBOCTI, SIKi 3aJIe)KaTh BiJl opieHTalii. [44]

KirouoBi popmynu HanpyxkeHb Ta aedopmaliiii 3aaulIaloThCs Maibke 0e3
3MiH, OKpIM TOTO, 10 TeH30p HampyXeHb ¢ AJI1 OPTOTPOITHOTO Tija Oyae MaTu
OUTbII CKJIAZHY CTPYKTYpPY, OCKUIbBKM OyJIyThb BpaxOBYBaTHUCSl BJIACTHUBOCTI

MaTepianty B3J0BXK PI3HUX HAMPSIMKIB.
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Ha 0a3i yHiBepcHUTETCHKOI AOCTIAHUILKOI J1aboparopii Oys0 BHKOHAHO
po3paxyHok y nporpamuomy 3adesneueHHi COCOON. Meroauka po3paxyHKYy ITi€l
porpaMH OINMHUCAHO y Miapo3aiual 2.5. BuxigHi mapameTpu mjisi po3paxyHKY Ta
pEe3yNbTaTH PO3pPaxyHKIB HaBEICHI JJIi KOMITIO3UTHOTO HECY4Ooro KOpITyCy

PAaKCTHOT'O IBUI'YHA HA TBCPAOMY MTaJIMB1 HIDKYE.

PE3YJIBTATY POEOTU IIPOT'PAMM "COCOON"

BUXIJHI JAHT:

Panmiyc umniHOpmyHOI uyacTwuHuU, [M]: 0.9
HoBxMHa UMJIiHOPWMYHOL uYacTwmHM, [M]: 3
Po3paxyHKOBUM TuCk, [Mlla]: 4.439
OiameTp HMUTKM, [M]: 0.001

MEXAHIYHI XAPAKTEPUCTUKN KM:
TUIT KM: ByrmennacTuk
Mexa MiLHOCT1 HOpM PO3TATYBaHHI
y HanpsaMKy apMmyBaHHs, [MIla] : 1979
Mexa MiUHOCT1 IpM CTMCKAHH1 y HaNpsaMmKy,
IEePIeHOUKYJIAPHOMY apMyBaHHDO, [Mlla] : 260
TycTuHa MaTepiany, [kr/m3]: 1540

[NAPAMETPIU IIEPIIOT'O IOHUIIA:

Pazmiyc moOJIOCHOTO OTBOPY, [M]: 0.2

Pamiyc odmanus, [M]: 0.245

llar BMIaBaHHS pes3yJbTaTiB [M]: 0.05

KYT

PALNTYC YTBOPIOIOUA TOBIVHA HAMOTYBAHHA
R, [M] Y (R), [M] H(R), [M] F1(R), ["]
.2000 .0000 === 90.0000
.2001 .0000 .0430 88.1886
.2501 .0041 .0018 53.0996

.3001 .0108 .0012 41.7932



.3501 .0190 .0009 34.8385

.4001 .0292 .0008 29.9917
.4501 .0420 .0007 26.3815
.5001 .0577 .0006 23.5732
.5501 .0770 .0005 21.3196
.6001 .1004 .0005 19.4678
.6501 .1291 .0004 17.9174
.7001 .1643 .0004 16.5991
.7501 .2082 .0004 15.4639
.8001 .2650 .0004 14.4757
.8501 .3452 .0003 13.6073
.9000 .5635 .0003 12.8396

NIAPAMETPY UWJIIHOPMUHOI UYACTVHMN:

llar Bupmaul pesynbTaTie [M]: 0.1

KyT TOBIIVHA TOBIIVHA

JTOBXVHA HAMOTKN HAMOTKI NIOCVIIEHHA

L, [M] Fr(L),["] Ha (L), [M] Hyx (L), [M]
.0000 12.8396 .0003 .0006
.1000 12.8396 .0003 .0006
.2000 12.8396 .0003 .0006
.3000 12.8396 .0003 .0006
.4000 12.8396 .0003 .0006
.5000 12.8396 .0003 .0006
.6000 12.8396 .0003 .0006
.7000 12.8396 .0003 .0006
.8000 12.8396 .0003 .0006
.9000 12.8396 .0003 .0006
1.0000 12.8396 .0003 .0006

1.1000 12.8396 .0003 .0006



93

1.2000 12.8396 .0003 .0006
1.3000 12.8396 .0003 .0006
1.4000 12.8396 .0003 .0006
1.5000 12.8396 .0003 .0006
1.6000 12.8396 .0003 .0006
1.7000 12.8396 .0003 .0006
1.8000 12.8396 .0003 .0006
1.9000 12.8396 .0003 .0006
2.0000 12.8396 .0003 .0006
2.1000 12.8396 .0003 .0006
2.2000 12.8396 .0003 .0006
2.3000 12.8396 .0003 .0006
2.4000 12.8396 .0003 .0006
2.5000 12.8396 .0003 .0006
2.6000 12.8396 .0003 .0006
2.7000 12.8396 .0003 .0006
2.8000 12.8396 .0003 .0006
2.9000 12.8396 .0003 .0006
3.0000 12.8396 .0003 .0006
3.0000 12.8396 .0003 .0006

3 IbOr0 pO3paxyHKy BHUHO, II0 IPOrpaMa BUKOPUCTOBYIOUN MaT€MATHYHUN
amapat, HaBEeICHHUU Miapo3Aiii 2.5 BUpaxoBye pallloHAIbLHUNA KYT MEPEXPEeCcHOro
HAMOTYBaHHS JUIsl AHMIL Ta LWJIIHAPUYHOI OO0OJOHKH. UucCenbHE MOJEIIOBaHHS
TaKoi KOHCTPYKIi Takox Oyno BukoHaHo y CAE cepepoBumii ANSYS, ane y

moayisix ACP (Pre) Ta Mechanical.

CtpykTypa makeTy apMyBaHHsA HacTymHa: KuibneBux mapiB (I) — 50%,
nepexpecHux (X) — 50%. Ha pucynky 4.4.1 npuBegeHO cCXeMy HaMOTYBaHHS

KOMITO3UTHUX KOHCTPYKIIiH, /e BKa3aHO OPIEHTALlIIO KyTiB apMyBaHHS.
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BuroToBnenHs HWIIA BUKOHYETHCSI HAMOTYBAaHHSM KOMIIO3UTY Ha
MeTaJeBUH JIeep, KyT HAMOTYBaHHSI SIKOTO 3MIHIOETBCS 3a T€OIC3MUHOIO JIIHIETO, SKa
onucyerbes piBHaHHAM Kiepo. [45]. Kyt mepexpecHOro HaMoTyBaHHS Ha BXOI 1

BUXO/1 BUTKA MTOCTIHHUA +13°.

Kinbuesi mapu (1)

[TouaTok BUTKY / epexpecHi(X)
< . .
i
i
: R
§ 3 :
IR ARG - bt e
®nanéup :
H ==
Lo Lu J Lma |

Pucynox 4.4.1 — Cxema HaMOTyBaHHSI KOMITIO3UTHUX KOHCTPYKIIIH

KoHCcTpyKIlis HeCcydoro KOpmycy pakeTHOro JBUTYHA Ha TBEPJOMY MaJIMBI
npejicTaBieHa Ha pucyHky 4.4.2. B tabnuui 4.4.1 HaBeneHO OUIbII JETAIBHY

1H(DOopMaIrio nmpo mMaTepiaiu, 3 SKMX BUTOTOBJICHI CKJIAJIOBI PAaKETHOTO JABUTYHA.
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Pucynox 4.4.2 — Koncrpykiiis koMrno3utHoi kKoHcetpykiii PJITII

(1 — KoMIIO3KUTHE AHHMIIE, 2 — KOMIO3UTHA HUJIIHAPUYHA 000I0HKA, 3 — 3aKJIaJHHH

CIIEMEHT, 4 — eJTaCTUYHHUMA KJIUH, 5 — KOMIIO3UTHA CITiTHHIA)

Tabmums 4.4.1 — Jlerani KOMIO3UTHOTO KOPITYCY Ta TXHI MaTepiaau

Hassa gerami Marepian
KommosuTtHe nHuie Epoxy Carbon UD (395 GPa) Prepreg
Komrmo3uTtHa 006010HKa Epoxy Carbon UD (395 GPa) Prepreg
3akIagHuil €JIEMEHT AMTI6
Enactuunuii kiuH CK®-32
Komno3uTHa crigHuils 0aky Epoxy Carbon Woven (230 GPa) Wet

B tabauisix 4.4.2 ta 4.4.3 HaBeneHO MEXaHIYHI BJIACTUBOCTI MaTepiais,

BUKOPUCTAaHUX MPU PO3PAXYHKAX.
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Tabmus 4.4.2 — MexaHiyH1 BTaCTUBOCTI KOMITIO3UTIB MPH PO3TATYBaHHI (Bich X)

['ycTuna p, Mesxa MiIHOCTI1 05, | Moaynb npy»kHoOCTi E,
Marepian
Kr/M° MIIa MIla
Epoxy Carbon
UD (395 1540 1979 209000
GPa)
Epoxy Carbon
Woven (230 1450 513 59160
GPa)

Tabmuns 4.4.3 — Mexaniuni BiaacTuBocTi matepiamy CKd-32.

' ['ycTuna p, Mesxa MiHOCTI 05, | Moaynb npy»kHocTi E,
Marepian
Kr/m3 MIIa MIIa
CK®-32 1850 35 200

MexaHi4HI BTaCTHBOCTI KOMIIO3UTHUX MaTepiajliB 3a3BHYall JEMOHCTPYIOTh

y HOJISIpHiﬁ cHucTeMi KOOpAWHAT. MexaHiuH1 XapaKTCPUCTUKU KOMITIOBUTHUX JTHUII]

Ta MWIHAPUYHOI 000JIOHKH HaBeICHO Ha pucyHKax 4.4.3 ta 4.4.4,

Dnisha PP, AP

z Coorddinate

Polar Properties

Pucynok 4.4.3 — MexaHi4Hi XapaKTepUCTUKN KOMIIO3UTHUX JTHHUII]
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Obolochka PP,AP

Polar Properties

.....

-._*_.'
S B21e+04

:'7%‘,4_.&004 e

z Coorddinate

Pucynox 4.4.4 — MexaH14H1 XapaKTepUCTUKH KOMIIO3UTHOT O0OJIOHKH 31

CTPYKTyporo apmyBaHHs £13°, 90°

Jns Takoi KOHCTpyKIii Oyno moOyAOBaHO pO3PAXyHKOBY CITKY, SIKY
npenctaBieHo Ha pucyHky 4.4.5. Citka Oyna moOyaoBaHa TpPSIMOKYTHHUKaMHU,
OCKUIBKM PO3paxyHKOBa MOJEINb CKIAJAETbCsl 3 MPOocTUX 2D MOBEpXOHb Ta Til

obepranHs (HampuKiIan, ITWIHAPUYHA 000J0HKA). Taka CciTka BHUXOIUTH

CTPYKTYpPOBAHOIO Ta 3HA4YHO MpPOCTimIe, aHbK o0’emHa ciTka. ToOTO KUIBKICThH

PO3paxyHKOBHX €JIEMEHTIB CTa€ 3HAYHO MEHIIE 1 Yac pPO3paxyHKy CYTTEBO

CKOPOYYETHCS.

ALY
R ALY
“\\\‘}“\ \\R\\\
T
QUL
ity
i
i
i
R
LTI
A
|

Pucynok 4.4.5 — CkiHu€HO-eJIeMEHTHA po3paxyHKoBa ciTka s kopmycy PJITII
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Pe3ynbraTi uncensHOTO MOJIECTIOBAHHS JUTsl TAKOI KOHCTPYKIIIT HABEACHO HA

pucynkax 4.4.6 — 4.4.8 ta B Tabnui 4.4.4.

Type: Maximum Principal Stress
Unit: MPa

988,04 Max

912,04
836,03
760,03
684,02
608,02
532,02
456,01
380,01
304,01
228
152
75,994
-0,01002 Min

Pucynox 4.4.6 — MakcumainbHi po3paxyHKOB1 HAPYKEHHSI B KOHCTPYKITIi

BEPXHBOTO KOMITO3UTHOTO AHUINA P TII

Type: Maximum Principal Stress
Unit: MPa

771,02 Max
711,67
652,32
592,97
533,62
474,27
414,92
355,57
296,22
236,87
177,52
118,17
58,821
-0,52897 Min

Pucynok 4.4.7 — MakcumanbH1 po3paxyHKOBI HaMPYEHHsI Y KUTBI[EBUX IIapax

utiHApuaHOT o6omorku PJITIT (90°)

HaBeneHo MakcuMaiibHI pO3paxyHKOBI HAaIlPYXXEHHS TUIBKH Y KUIBLIEBHX
mapax TOMY III0 TEpeXpecHi mapu HaMOoTkKu +13° marwTh Habarato MeHIl
HanpyXeHHs. ToO0TO HaWHANpyXEHIIIUMHU [apaMH KOMITO3UTHOI LMIIHAPUYHOT

000JIOHKH € K1JIBLIEBI.



Type: Maximum Principal Stress
Unit: MPa

| ]

. 513,82

834,96 Max
770,73
706,5

642,28
578,05

449,59
385,36
321,14
256,91
192,68
128,45
64,225
-0,002812 Min
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Pucynok 4.4.8 — MakcumanbHi po3paxyHKOBI HAIIPYXEHHS B KOHCTPYKIIiT

HWKHBOTO KoMmIio3uTHoro auuma P/TII

Tabmuus 4.4.4 — Pe3ynbrati po3paxyHKy Ha MIIHICTh Ta KOE(IIIEHTH 3amacy

MIITHOCTI KoMIo3uTHOTO Koprmycy PJITII

Prepreg

Me>xa MIITHOCTI 0p MaxkcuMalibHi
Heranb Marepian MIPU PO3TATYBaAHHI, HAMNPY>KEHHS Opay, N
Mlla Mlla
Epoxy
Bepxne
Carbon UD
KOMIIO3UTHE 1979 988.04 2
(395 GPa)
JTHUIIIE
Prepreg
Epoxy
KommosutHa
Carbon UD
HWIIHIpUYHA 1979 771.02 2.57
(395 GPa)
000JIOHKA
Prepreg
Epoxy
Hwxue
Carbon UD
KOMIIO3UTHE 1979 834.96 2.37
(395 GPa)
JTHUIITE
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3a pe3yabTaTaMu pO3paxyHKy BHJIHO, IO TaKa KOMIIO3UTHA KOHCTPYKIIISI Ma€e
KoeIlI€EHTH 3amacy MIIHOCTI BCIX €JIEMEHTIB Ouiplie 2, 10 € JOCTaTHIM 3a

HOpPMaMH MIITHOCTI.

Y Xonal BHUKOHaHHS JAWCepTaIlifiHOi poOOTH, Ta IS MATBEPIHKCHHS
MPaBUJIBLHOCTI Ta JOMUIBHOCTI OOpaHOTO KyTa apMyBaHHS ¢, OyJIO PO3TISHYTO
JeKiTbKa CTPYKTYp apMyBaHHS MIJIIHAPUYIHOI YaCTUHU KOMIIO3UTHOTO KOPITYCY
PTII. [46]. 3okpema mpoBeaCHO TOCHTIHKEHHS KoMIto3uTHoro kopmycy PJITIT i3

3MIHCHHSM TaKuX MapamMeTpiB:

- @ KyT apMyBaHHs niepexpecHux mapis (X);
- CTpPYyKTypa 1 KUIbKICTh KublieBuX mmapiB (I) Ta nepexpecuux (X).

Kytu apmyBanna ¢ — +13° ta +45°. CTpykTypa 1 KUIBKICTh ILapiB
BapitoBanach HacTynmHuUM yuHOM: 50% (1) Ha 50% (X), 40% (I) Ha 60% (X) Ta 60%
(I) na 40% (X) BignmoBimHO. KOHCTpyKIlisSi KOMIO3UTHOTO KOPIYCY HE3MiHHA,
3MIHIOETBCS JIMIIE CTPYKTypa apMyBaHHS UWJIIHAPUYHOI 000J0HKH. Hinkue
puBeeHa KOHCTPYKITisi komno3uTHoro kopmycy PITII ¢ =+45° ta ctpykTypa 50%
(D) ma 50% (X), Tak K Takuil KyT apMyBaHHS € KJIACUYHUM JJis MOJIOHUX
KOHCTPYKIIi. MexaHi4H1 BJaCTUBOCTI KOMIIO3UTHOTO Martepiaily Ta pe3yjbTaTH 3
TaKOI0 CTPYKTYypOIO apMyBaHHs TpuBeneHOo Ha pucyHkax 4.4.9 — 4.4.12, ta B
tabmuii 4.4.6. Tak sK CTpyKTypa apMyBaHHs JTHHUIN HE3MiHHA, MEXaHiuHI

BJIACTUBOCTI aHAJIOTIYHI THM, 110 300paxeH1 Ha pucyHky 4.4.3.

Obolochka PP,AP Polar Properties
Carbon, a=90.0, t=0.1

Carbon, a=00.0, t=0.1
075 4+ Carbon, a=45.0, t=0.1
Carbon, 3=45.0, t=0.1
Carbon, a=45.0, t=0.1
Carbon, 3=45.0, t=0.1
Carbon, 8=90.0, t=0.1
025 = Carbon, 3<80.0, t=0.1
Carbon, a=45.0, t=0.1
Carbon, 3=45.0, t=0.1
Carbon, 8=90.0, t=0.1
Carbon, 3=90.0, t=0.1
025 & Carbon, a=45.0, t=0.1
Carbon, a=45.0, t=0.1
Carbon, 3=90.0, t=0.1
Carbon, 2=90.0, t=0.1
Carbon, a=45.0, t=0.1
075 + Carbon, a=45.0, t=0.1
Carbon, 3=90.0, t=0.1
Carbon, 3=90.0, t=0.1

,-F‘;T"lﬁe#os

S peperod

z Coorddinate
o

Obolochka, 3=0.0, t=2

Pucynox 4.4.9 — Mexani4Hi XapaKTepUCTHUKHA KOMITO3UTHOI 0O0JIOHKH 31

CTPYKTYpOI apmyBaHHs +45°, 90°
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Type: Maximum Principal Stress

Unit: MPa
1125,7 Max

10391
952,53
865,93
779,34
692,74
606,15
519,55
432,96
346,36
259,77
173,17
86,577
-0,018692 Min

Pucynox 4.4.10 — MakcuMaibHi po3paxyHKOBI HAPY>KEHHS B KOHCTPYKITIT

BEPXHBOTO KOMIIO3uTHOrO AHMIma P TII

Type: Maximum Principal Stress

Unit: MPa
939,52 Max
867,24
794,97
722,69
650,42
578,14
505,87
433,59
361,32
289,04
216,77
144,49
72,217
-0,05842 Min

Pucynok 4.4.11 — MakcumanbH1 po3paxXyHKOBI Halpy>KE€HHS y KUIbLIEBUX IIapax

nuTiHApuaHOi o6omorku PJITIT (90°)



Type: Maximum Principal Stress
Unit: MPa

996,8 Max
920,12
| 843,44

766,77
1 690,09
‘ 613,41
536,73
460,05
383,37
306,7
230,02
153,34
76,661
-0,01693 Min
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Pucynok 4.4.12 — MakcumanbsHi po3paxyHKOBI HAPy>KEHHS B KOHCTPYKIIi

HWKHBOTO KoMmIio3uTHoro auuimia P/TII

Tabmuus 4.4.6 — Pe3ynbrati po3paxyHKy Ha MIIHICTh Ta KOE(IIIEHTH 3amacy

MiltHOCTI Kommno3uTHOro koprycy PJITII 31 3MiHEHOIO CTPYKTYypOIO apMyBaHHS

nepexpecHrx mapis £45°

Me>xa MIITHOCTI 0p MaxkcumanibHi
JleTainb Marepiann | Opu po3TATYBaHHI, HaIMpPYKCHHS Oy, nB
MIla) Mlla
Epoxy
Bepxne
Carbon UD
KOMITO3UTHE 1979 1125.7 1.75
(395 GPa)
JHUILIE
Prepreg
Epoxy
Komrmo3ntHa
Carbon UD
WJIIHIpUYHA 1979 939.52 2.1
(395 GPa)
000JI0HKA
Prepreg
Epox
Hixue POxy
Carbon UD
KOMIIO3UTHE 1979 996.8 1.98
(395 GPa)
JTHUILLE
Prepreg
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3a pe3yabTaTaMu pO3paxyHKy BHJIHO, IO TaKa KOMIIO3UTHA KOHCTPYKIIISI Ma€e
JocTaTHI Koe(illieHTH 3amacy MIITHOCTI, ajieé TOMITHO HUXK4e, aHIXK y TONepeIHbOT

KOHCTPYKIIIi.

[TpoBiBmM Jgekiabka KoMOiHAIINA uucenbHOTO MonaentoBaHHI B ANSYS
KOMITO3UTHOI IWIIHAPUYIHOT OOOJIOHKHA 3 PI3HUMHU CTPYKTypamMu apMyBaHHS Ta
pI3HUMH KyTaMH apMyBaHHS ¢ TNepexpecHux ImapiB (X) MOXKHA INpoaHaai3yBaTH

OTpHUMaHi JIaHi Ta BUOpaTH HaWOUIbII palioHAIbHY KOHCTPYKIIIIO.

B Ttabmuui 4.4.7 HaBeneHO pe3yabTaTH Mepedopy KOHCTPYKIIN 3 Pi3HUMHU
CTPYKTYypaMH apMyBaHHS UMJIIHAPUYHOI OOOJIOHKM Ta KyTaMu apMyBaHHS

MepeXpPEeCcHOr0 HaMOTYBaHHSI.

Tabmuus 4.4.7 — Pe3ynbraTi 4YMCENbHOTO MOJEIIOBAHHA KOHCTPYKIi 3 pi3HUMU

CTPYKTypaMH apMyBaHHs Ta KyTaMH apMyBaHHS MepeXpecHux Imapis (X)

Koedirmient
_ Crpykrypa Kyrtu apmyBanHs
Koncrpyxkiis 3amacy MIIHOCTI
apMyBaHHS @, Tpagycu
nB
50% (1) ma 50%
+13°, 90° 2.57
X)
50% (I) na 50%
+45°, 90° 2.1
X)
Huninagpuyana 50% (I) na 50%
o (D ma 30% +£30°, 90° 2.22
000JIOHKa (X)
40% (1) ma 60%
+13°,90° 2.15
(X)
60% (1) ma 40%
+13°,90° 2.14
X)




104

J1J1 OLlIHKY 3MEHIICHHS MacH PY BUKOPUCTAHHI KOMITO3HUIIIMHUX MaTepialiB

OyJI0 TPOBEECHO MOPIBHAHHSA KOHCTPYKIINA HECY4OT0 KOPITYCY PAaKETHOTO JABUTYHA

Ha TBCPAOMY HaJ]I/IBi, SIKUAM 6YB BUTOTOBJICHUM KJIACUYHUMH MCTOJaMH Ta

KOMIIO3UTHY KOHCTPYKIIiIO. Pe3ynbratu Takoi OLIHKH KOHCTPYKIIH HaBeIEHO B

tabmuin 4.4.8.

Ta6nuis 4.4.8 — [lopiBHAHHS KOHCTPYKIIIM Mac

Koncrpykuis Knacuuna Komno3utna

Maca KOHCTpYKITii 410 xr 188 kr

TakuM YMHOM BHUKOpPUCTAaHHA KOMIO3MI[IMHUX MaTepialliB J103BOJISIE

3MEHIIUTU Macy aBuryHa Ha 54%. [lpu 11bOoMy KOHCTPYKIliS BIAMOBIAAE yCIM

HOpMaM MiITHOCTI. BUKOpHUCTaHHS KOMIO3UTIB Ma€ 3HAYHY TEpeBary y MacoBiii

€(PEKTHUBHOCTI B I[1i1 KOHCTPYKIIIi.

1)

2)

3)

4)

Pexomenaauii /i1 NPOEKTYBAHHA KOMIIO3UTHUX KOHCTPYKILIM:

CTpykTypa apMyBaHHsI KOMIIO3UTHOTO KOPITYCY Ta BU3HAUYEHHS ONTHUMAaJIbHUX
KOHCTPYKIIH 3aJIEKUTh B1Jl BUYy HABAaHTA)KCHHS.

PexoMeHyeThCS pY CTBOPEHHI TAKOT KOHCTPYKIIIT CHMETPUYHE, 3HAKO3MIHHE
+¢, AK€ BU3HAYAETHCS KyTaMH BUXOJY 3 AHHII KOMIO3UTHOTO KoOpmycy. Y
BUMAJAKY SIKIIO TOJIOCHI OTBOPU [JHUIN HE OJHAKOBI, TO HEOOXITHO
BUKOPHCTOBYBATH MiHIMAJIbHI 3MIHU KyTa Opi€HTAIIT 110 JOBXKUHI IIHIIIHJIPA.
OpHakoBa KUIBKICTb +¢, CTPYKTypa (CTEK) 3 TAaKOIO K KIJIBKICTIO IIapiB IpH +
45°, sax mpum —45°, Ha3MBaeTbCcs 30alaHCOBAHOIO CTPyKTyporo. Lls
pPEeKOMEH Al Ma€ CEHC 3aBSIKH CTIMKOCTI JI0 3CYBY (3CyBHA HalpyTra CTBOPIOE
OJIHAaKOBY BEJIMYMHY HANpPYyTH Npu + 45° Ta cTUCHEHHS npu -45°).
[TocnigoBHICTh HAMOTYBaHHS, PEKOMEHY€THCSl YHUKATH PO3MIILIEHHS 3aHAATO
0arato TOCIIJOBHUX IIApiB B OJIHOMY HAmNpsSMKy 1 MOTpiOHO HamaraTucs
po3noAinuTy ix mo Bciil ToBmMHI. Lle oOMexye mpoMikHE HAmpyKEHHS 1,

TaKAUM YUHOM, PO3IIAPYBAHHS.
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5) CrpykTypa apMyBaHHS IWIIHIPUYHOI 4YaCTHHH OaKy TIOBHHHA MaTH
nocmitoBHICTh HamoTyBaHHA (X) Ta (I) mapiB, Ta K TMOKa3aB €KCIIEPUMEHT,

palioHaIbHOIO ABISETHCSA CTPYKTYypa 50% Ha 50%.

4.5 KoHIleHTpPaTOpH HANPY:KeHb y TOMOJIOTIYHO ONTUMIi30BAHHUX
KOHCTPYKIIfAX CHJIOBHX €JIEMEHTIB

TonosoriyHa onTuMmizailis € TOTYXHUM 1HCTPYMEHTOM JiJii CTBOPEHHS
edeKTUBHUX Ta JIETKUX KOHCTPYKIii. BoHa 103BoJisie iHXKEeHEpaM ONTUMI3yBaTH
pPO3MOMLT MaTepially, 3MEHIIIYIOUM Bary Ta MOKPANTyIOYM MEXaHIYHI BIACTHBOCTI
KOHCTpYKIiMA. OJHaK, NpH BUKOPUCTAaHHI TOIOJIOTIYHOI ONTHUMI3alli OCOOJIUBY
yBary NOTPIOHO MPUAUISATH KOHILIEHTpAllIIM HaIlpy>Ke€Hb, 110 BUHUKAIOTH Y
KOHCTPYKIIi, OCKIJIbKM BOHHM MOXXYTh CYTTE€BO BIUIMBATH Ha ii JIOBFOBIYHICTH Ta
HajiiHIcTh. KOHIIEHTpaIlli Halpy>KeHb € MICISIMU, JIe¢ BUHUKAIOTh BUCOKI JIOKAJIbHI
HAIPY>KEHHA, SKI MOXYTh MPU3BOJUTH /10 YTBOPEHHS TPIIIUMH 1 MOJAIBIIOTO
pyriHyBaHHS KOHCTpyKmii. [47 — 54]. B yMoBax NUKIIYHMX HaBaHTaKCHb IIi
TPIIIIMHN MOXXYTh PO3BUBATHCA 1 TPHU3BOJAWTH J0 BTOMHOTO pPYyWHYBaHHSI,
CKOPOUYIOUM TEPMIH CIY»KOM KOHCTPYKIli. OnrTumizaiisi TOMOJOrli YacTo
NPU3BOAUTh 1O CKIAQAHUX (OpM 1 CTPYKTyp, B SIKHX MOXKYTh BHUHHUKATH
KOHIIGHTpAIlli HampyXeHb uepe3 pi3kl Tmepexoau y Treomerpii. BaxmmBo
3a0e3MeUYnTH PIBHOMIPHHUM PO3MOJIIJ HAaBAaHTAXXEHb MO BCIM KOHCTPYKIIi, 1100
YHUKHYTH JIOKQJIbHUX IEPEBAHTAXKEHb, K1 MOXKYTh BUKJIHMKATH nedopmarlii ado
MOIIKOKCHHS.

KoncTpykInii, 10 MiiIat0ThCs BUCOKUM €KCIUTyaTal[itHUM HaBaHTAKECHHSIM,
HampuKiIag y a.iamii, aBToMOO11eOyAyBaHHI 4d OYIIBHMUIITBI, MOBUHHI OyTH
MaKCUMalbHO HaAliHUMHU Ta Oe3neyHuMU. KoHIEHTpallli HamnpyKeHb MOXKYTb
CTaTH KPUTHUYHUMH TOYKAMH BIIMOBH, IO OCOOJMBO HeOE3meyHO s
BIJIMOBIIAJIbHUX KOHCTPYKITiA. ToMy BpaxyBaHHs X (aKTOPIB IPH MPOCKTYyBaHHI
Joromarae 3abe3neunTy 6e3neKy Ta HaaiiHICTh poOOTH KOHCTpYyKLii. Tomonoriuna

ONTUMI3allis CIPSIMOBAHA HA 3HM)KEHHS MacH KOHCTPYKIIIi, III0 MOKE IPU3BECTH 10
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BUKOPHUCTAHHS MIHIMAJIBHOI KIJIBKOCTI MaTepiajay y BU3HaueHHX Micigx. Ilpote,
KOHIIEHTpAallli Hampy>KeHb MOXYTb BHMAaratv JOJAaTKOBOTO MIAKPIIUICHHS YU
3MIIIHEHHS B TIEBHUX 30HAX, 1100 3a0e3MeYuTH HEOOXIIHY MIIHICTh 1 )KOPCTKICTh.
TakuMm YWMHOM, BpaxyBaHHS KOHLIEHTpAIlli HampyX eHb J03BOJISIE ONTHUMAIbHO
BUKOPHCTOBYBAaTH Marepiaid, HE 3HIDKYIOUHM TP I[bOMY EKCILTyaTaImiiHuX
BJIACTUBOCTEH KOHCTPYKIli. B MICIIX 3 KOHIIEHTpAIEI0 HAMpYXeHb YacTo
BUHUKAIOTh MIKPOTPILIUHY, IKI MOXYTb CIIYT'YBaTH OCEepeaAKaMH Kopo3ii, 0COOTUBO
B arpecuBHUX cepefoBuiiax. lle Moke 3HA4YHO 3HM3UTU JOBTOBIYHICTH
KOHCTPYKIid. BpaxyBaHHS KOHLIEHTpallii HamnpyXeHb JI03BOJISIE MPOEKTYBaTH
KOHCTPYKIIi 3 MEHIIIUM PU3UKOM PO3BUTKY KOPO31MHUX MPOIIECIB.

B KOHCTpyKIIfX, 10 PO3MIIANAIUCS B JUCEPTAIIHHOMY JOCIIHKEHHI OyIi0
BUSIBIICHO JICK1IbKA 30H KOHIIEHTpaIlii Hanmpy>keHb. ToMy MOTpiOHO O1JIbII AETATEHO
pO3MIISIIaTh 11l 30HW KOHIICHTpaIlid. BaXIWBO y TOIMONOTIYHO ONTHMI30BaHUX
KOHCTPYKIIiSIX TIPaBWJIBHO pearyBaTH Ha 30HM KOHIICHTpAIlid HampykeHb. Ha
pucynkax 4.5.1 Ta 4.5.2 HaBeJeHO 30HM KOHIICHTpAIlli HAIMpPY>KEHb y TaKUX

KOHCTPYKIISIX, sIK1 OyJIM HABEJIEHO paHiIIIe.

Pucynok 4.5.1 — 30HM KOHILIEHTpaLliil HAallpyeHb Y KPOHIUTEHHI KPITJICHHS

(BuaLIeH1 (P10JIETOBUM KOJIHOPOM)
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KonnenTpartiii HanpyXeHb MPU3BOAITH 10 JOKAIBHOTO IiJBHIIEHHS PiBHS
Hanpy>XeHb B MaTepialli, 10 MOXKE CYTTEBO 3HU3HMTH 3arajbHy MIIHICTh JCTa.
Micuss 3 KOHIEHTpalisIMA HaNpy>KeHb CTAlOTh HAWOUIbII Bpa3JIUBUMHU 1O
MOIIKO)KEHb Ta PyWHYBaHb. TOMY OCOOJIMBO Ba)KJIMBO MPUAUIATH I[OMY OLTTbIIIE

yBary Mpy aHaji3i OTPUMaHUX KOHCTPYKLIN MICs TONOJOTIYHOT OMTUMI3AIlii.

Pucynok 4.5.2 — 30H1 KOHUEHTpaLiil HaIPYXEHb y CUIJIOBIHA pami piIMHHOTO
pPaKeTHOTo ABUTYHA (BUALIEHI (D10JIETOBUM KOJIHOPOM)

JUis BpaxyBaHHS KOHLIEHTpallld HampyXeHHs BUKOPHUCTOBYIOTh YHMCEIbHI
METO/H, TaKuil K MeTo/ ckiHueHHux eneMeHTiB (MCE), nns neransHOTO aHaizy
Halpy>keHb B KOHCTpykKuii. Onrtumizamis reoMerpii, a came 3MiHa (opmH
KOHCTPYKIIi B MICIISIX KOHUEHTpALll Hallpy>KeHb, HAIPUKIA/A, T0JaBaHHS pajlyCiB
KPUBU3HHU, TJIABHUX IMEPEXOMAIB Ta IHIIMX EJIEMEHTIB IJIsl 3HIDKEHHS JOKAJTbHUX
HanpykeHb. [55, 56].

BpaxyBaHHsI KOHIIEHTpaIliil Hanpy>XeHb y KOHCTPYKIIISX, ONTUMI30BaHUX 3a
JIOTIOMOT'OF0 TOTIOJIOTIYHOI ONTUMI3aIlil, € KIIFOUOBUM aCIeKTOM, KU 3a0e3neuye

JIOBTOBIUHICTh, HAJIWHICTh Ta O€3MeKy IHKEeHepHUuX pimeHb. lle mo3BosE
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YHUKHYTH TIepeI4acHOTO pyHHYBaHHS, 3a0€3MeUUTH PIBHOMIPHHM PO3MOILT
HAaBaHTA)XCHb Ta ONTHMAaJIbHO BHKOPHUCTOBYBATH MaTepiaid, MO0 B MiJCyMKY

MIJBUIIY€E €(PEKTUBHICTD 1 EKOHOMIYHICTh KOHCTPYKITIH.

4.6 BuCHOBKM Ta OCHOBHI pe3yJIbTATH 10 po3aiity 4

VY Xoai MOCHIIPKEHHA Ta ONTHMI3allii CUJIOBHX E€JIEMEHTIB ISl PaKeTHUX
JIBUTYHIB 3a JIOMOMOTOI0 YHCEIHFHOTO MOJETIOBAHHS OyJiIHM TPOBEICHI JeTalbHi
aHaI31 Ta BAOCKOHAJIEHI KOHCTPYKIIIHHI €JIEMEHTH 3 METOI YIOCKOHAJICHHS IX
MacoBO1 €peKTUBHOCTI. byso mpuitHATO pillieHHs pO3pOOUTH Ta MpoaHaIi3yBaTH Ta
MIPOBECTH YHUCEIbHE MOJIETIOBAHHS /IS BCIX KOHCTPYKIIHM, SIKI TaK 4Yd 1HAKIIIE

M1/IM1a/1aI0Th O KaTeropii CUIOBUX €JIEMEHTIB.

B xomi pochmigHunpkoi pobGotH  Oyno mpoBeAeHO BepuiKaliiHUN
pO3paxyHOK 0aJOHYy BUCOKOTO THUCKY, AKUH MOTIM OyB YCHIIITHO BUIIPOOYBAHUI Ta
3pyitHOoBaHUi. Po3paxyHKOBUI PYHHIBHUI THCK 1 peajJbHUN pPO3PaXyYHKOBUH THCK
MaloTh pi3HULIIO B 5%, 1110 € B MeXax jJonyctuMoi noxuoku. Lle nae 3mory kazaru
Ta CTBEP/KYBaTH, 1[0 YUCEIbHE MOJICITIOBAHHS Ta MOIAJIbIII PO3PAXyHKH MTPaBIAMBI

Ta MarOTb CKCIICPUMCHTAJILHE HiI[TBCp)I)KCHHH.

Y upoMy po3auTl 30CEpPemKEHO yBary Ha ONTHMI3allii KpPOHIITCHHY
KPIIJIEHHSI KAMEPHU PaKeTHOTO JBUTYHA, 10 BIAIPA€ BAXJIMBY POJIb Y 3a0€3MEeUEHHI
HAJIHHOCTI Ta CTaOUIbHOT pOOOTH PAaKETHOrO JBUTYHA. 3aCTOCYBAHHS YMCEIBHOIO
MOJICJIIOBAHHS JI03BOJIMJIO TIPOBECTH CEPII0 aHAMI31B Ta BU3HAYUTH ONTHUMAJIbHI
napaMeTpy KPOHIITEHHY, SIKI COPUSIOTH MIJBHUIICHHIO MIITHOCTI Ta 3MEHIICHHIO
Baru KOHCTpyKIlii. OTpuMaHi pe3ydbTaTd CBIAYATh NPO 3HAYHE TMOJIIMIIECHHS
MacoBOi e(EeKTHUBHOCTI JAHOTO €JNEeMEHTY, OCKUIbKM Maca KOHCTPYKIIi crana

sermoro Ha 51%.

CumoBa pama BiJirpa€ KJIOYOBY pOJIb Yy TMIATPUMII Ta PO3MOILII
HAaBaHTa)XCHb B CHUCTEMI, TOMY ii ONTUMI3allisg Ma€ MpPsSIMUN BIUIMB Ha Macy Ta
NPOAYKTUBHICTh paketu. IIlo0 gocsarTu migBUIEHHS MacoBOi €(EeKTUBHOCTI,

BUKOPHCTOBYIOTHCS Pi3HI CTpaterii Ta TexHoorii. OHi€0 3 HUX € BUKOPUCTAHHS
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NEepeIOBUX JIETKUX MarepiamiB, Kl 3a0e3MeuyloTh HEOOXIJHY MILHICTh MpU
MiHIMaJbHIM Ba3i. Tak0X BaKJIMBUM € BUKOPUCTAHHS TOIMOJIOT1YHOT ONTUMI3aIlli Ta
ananTanis KOHCTPYKIIi 10 crenu}iky HaBaHTaKeHb, 10 JO3BOJISIE€ 3MEHILIUTH Bary
0e3 BTpatu MminHOcTi. Ha 6a31 oTpumaHuX pe3ysbTaTiB BapTO OKPEMO 3BEpHYTHU
yBary, 10 KOHCTPYKLsS ONTHMI30BAHOI paMu Jierma 3a Ki1acuyHy Ha 68%. s

paKCTHOT TEXHIKU 1§ BA)KJIMBUM MOKA3HUK.

3acTocyBaHHS MEPEJOBUX TEXHOJOTIH B 00JacTi BUPOOHUIITBA Ta aHANI3y,
TaKUX K KOMI'IOTEpPHE MOJEIIOBaHHS, YHCEIbHE MOJETIOBAaHHS  Ta
eKCIIEPUMEHTaIbHI JOCIIIPKEHHS, J03BOJISIE MOCTIMHO BJOCKOHAIIOBAaTH CUJIOBY

pamy Ta JOCSITaTH ONTUMAJIbHUX PE3yIbTaTIB II0JI0 il MAaCH Ta MIITHOCTI.

Takok y 1bOMY pO3IUIL JOCTIIHKEHO MOXKIMBOCTI BJIOCKOHAJICHHS
KOMITO3UTHOTO HECY4YOTO KOPIYyCY PaKEeTHOro JBUTYHA Ha TBEPJOMY MaJIMBI.
BHUKOpHUCTaHHS 4YMCENBPHOTO MOJEIIOBAHHSA JO3BOJWIIO aHAJI3yBaTU pi3HI
CTPYKTYpPH apMyBaHHsS Ta KOHQ]Iirypariii KOpmycy 3 METO 30LIbIIEHHS MHOTro
MILIHOCTI Ta 3HM)KEHHS Macu (B MOPIBHAHHI 3 KOHCTPYKUISIMH 3 KJIACHYHHUX
MmaTepiaiiB). OnTumizallis KOHCTPYKII NpU3BeNa 0 TMOKPAIICHHS 3arajbHUX
XapaKTEPUCTUK KOMIIO3UTHOTO KOPITYCY PAKETHOTO JBUTYHA HA TBEPJIOMY TaJIHBI,
3a0€e3Meuylourd BHUCOKI KOE(IIIEHTH 3amacy MIIHOCTI B yMOBax 3aJaHuX
HABAaHTAXKEHb. TakuM YMHOM BepU(]PIKOBAHO YHCEIHHUM MOCIIOBAHHAM METOAUKY
miI0MpaHHs pallioHATBHOTO KyTa apMmyBaHHsS. llepexin B CTOpOHY KOMITO3WTIB
JI03BOJIsIE 3MEHIINTH Macy ABUTYyHa Ha 54%, 11e BKpail BaXKIIMBO IS TAKOTO THUITY

arperary.

B minoMy, BUKOpPUCTaHHS YHCEIIBHOTO MOJICIIOBAHHA € BaXIWBUM Ta
HEOOX1THUM 1HCTPYMEHTOM JIJIsl ONITUMI3aIlli CUJIOBUX €JIEMEHTIB PAKETHUX CUCTEM.
[57 — 60]. Orpumani pe3ysbTaTH JEMOHCTPYIOTh BKJIHMBI MMOKPALICHHS 00
MIIIHOCTI Ta JIETKOCTI KOHCTPYKIIM, 10 € BaXJIUBUM BHECKOM Yy Cy4YacHY
TEXHOJIOTII0 pakeToOyayBaHHs. OTpumaHi pe3yiabTaTd MOXYTh CIyTyBaTH
OCHOBOIO JJIsi MOAAJBIIMX JOCHIPKEHb Ta PO3BUTKY B 00JIaCTI KOHCTPYKLIN

PAKECTHHUX CUCTCM.
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BucCHOBKM 10 JUCEPTAMIMHOTO A0CTIIKEHHS
VY mporeci TociipKeHHS 0Y10 PO3pOOJICHO Ta BIIPOBAIKEHO METOJIUKY, KA
JI03BOJISIE 3HU3UTH Bary CHJIOBHX €JIEMEHTIB paKeTHUX IBUTYHIB. BuUKOpucTaHHS
TOIOJIOTIYHOT ONTHMI3allli, HOBUX MaTepiajliB Ta Cy4aCHMX METOJIB UHCEJIBHOTO
MOJICJIFOBAHHS JaJl0 MOKJIMBICTH JOCSIITH MacoBoro 3meHmenHs g0 40% 0e3

3HAYHOI BTPATH MIIIHICHUX XapaKTEPUCTHUK.

3acTocyBaHHA TOMOJOTIYHOI ONTUMIZAIl [0 KOHCTPYKIIM pakeTHUX
JIBUTYHIB JIO3BOJIMJIO BU3HAYUTH ONTHUMalbHI (OpMH Ta KOHQIrypari CHIOBUX
€JIEMEHTIB, M0 3a0e3MeuyloTh HalBUILYy MacoBY e(QEeKTHBHICTh. B pe3ynbrarti
onTHUMi3allii BAAIOCS JOCATTA 3HAYHOTO 3MEHIICHHS Macu TpH 30epekeHHI

HEOOX1JHMUX MEXAHIYHUX BJIACTUBOCTEM.

JlocIiKEHO MOKITMBICTh BUKOPUCTAHHS CyYaCHUX KOMIIO3UTHUX MaTepialliB
Ta BUCOKOE(PEKTUBHUX CILIABIB /ISl BUTOTOBJICHHSI CUJIOBUX E€JIEMEHTIB PAKETHUX
JBUTYHIB. BUKOpHCTaHHS MX MaTepiaiiB J03BOJIWIO 3HU3UTH Macy KOHCTPYKIIH,

10 3HAYHO MJBULIWIO 3arajbHy €(EeKTUBHICTh PAKETHUX CUCTEM.

Po3po6iaeno maremarwdHi MOjCHI Ta BIOCKOHAJEHO METOAU YHCEIHLHOTO
aHami3y, Kl J03BOJISIIOTH TOYHO IMPOTHO3YBaTH HAMNpyKeHO-Ie(popMoBaHUN CTaH
CWJIOBHX €JIEMEHTIB pakeTHMX JBUTyHIB. lle 3a0e3neuye OuIbll TOYHE

MPOEKTYBAHHS Ta ONTHUMI3aIl0 KOHCTPYKIIIi.

BrockoHnaneHo miIxoAu 10 YMCETBHOTO MOJEIIOBaHHS IUISIXOM iHTerpari
OaratoakTOpHUX MOJENed, SKI BPaxoOBYHOTh BIUIUB OCHOBUX CHJI, THCKY,
TUHAMIYHUX HaBaHTAXKEHb Ta IHIIMX 30BHINIHIX YWHHUKIB Ha HaIpy>KEHO-
neopMoBaHuii ctaH KOHCTpykKiii. lle mamo 3mory orpumaTtu OUIBII TOYHI Ta

HaJ1IH1 Pe3yJIbTaTU MPU MPOEKTYBAHHI CHJIOBUX €JICMEHTIB.

Ha ocHOBI mnpoBeieHUX MOCTIIKEHb PO3pOOJICHO peKOMEHAAIi st
1HKEHEPIB-KOHCTPYKTOPIB IIOJI0 BUKOPUCTAHHS HOBUX MarTepiajiB Ta METOJIB
TOTIOJIOTIYHOT OMNTHMI3aIli TPHU TMPOEKTyBAaHHI CHUJIOBUX EJIIEMEHTIB PAKETHUX

JIBUTYHIB, & TAKOXK MPH MTPOEKTYBaHH1 KOMITO3UTHUX KOHCTPYKITi. 11 pexomenaartii
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COPUATAMYTH MIJBHUIIEHHIO MacoBOi €(QEKTUBHOCTI Ta HAJIHHOCTI PaKETHUX

CHCTCM.

3anpornoHOBaHO HM3KY TEXHOJOTIYHMX pIIIEHb JJs BIPOBAKEHHS Y
BUPOOHMYI TpOLIECH, IO JO3BOJSIOTH 3HU3UTH Macy CHUJIOBUX €JIEMEHTIB Ta
MiABUIINTU 1X €KCIUTyaTalliifHI XapaKTepUCTUKH. BKIIOUeHO peKoMeHAIlll 11010

BUKOPHUCTAHHS aIUTUBHUX TEXHOJIOT1H Ta CydacHUX METO/I1B 00pOOKH MaTepialiB.

BusHaueHO mNepCHEeKTHBHI HANPSMKA [OAANBIIMX  JOCHIKEHb, IO
BKJIIOYAIOTh BIOCKOHAJICHHS! METO/IIB YUCEIBHOTO MOJICIIOBAHHS, PO3POOKY HOBUX
MaTepiajiB 3 MOKPAIIEHUMH BIJIACTUBOCTSMH, a TAaKOXK EKCIEPUMEHTaJIbHE
BUBYCHHS TIOBEIIHKM ONTHUMI30BAHMX KOHCTPYKLIA B YMOBaX pealbHOI
excruryaTaii. [loganbmuii po3BUTOK LKMX HANpsSMKIB CHOPUATUME MOJAAJIBIIOMY

1JIBUIIICHHIO €()EKTUBHOCTI Ta HAIIMHOCT1 paKETHUX JBUTYHIB.

PexoMeH10BaHO 3aiTydaTy MIKAUCITUIUIIHAPHI H1AX01, MOE€HYIOUN 3HAHHS
Ta METOAM 3 PI3HHX Tally3ed HAyKH 1 TEXHIKH, TaKMX K MaTepiajlo3HaBCTBO,
MexaHika 1e(hopMOBaHOTO TBEPJIOTO Tijia, TEPMOJIMHAMIKA Ta 1HIII, JIsI BUPIIICHHS

CKJIQJIHUX 3a/1a4 ONTHUMI3allil paKeTHUX CUCTEM.

[IpoBenene mgucepTaliiiHe JOCHIPKEHHS 3pOOUSIO 3HAYHUN BHECOK Y
BJIOCKOHAJICHHSI MAacoOBOi €(EKTUBHOCTI CHUJIOBHX €JIEMEHTIB PaKETHUX JBUTYHIB.
Po3po6ieHi MeToauku Ta PEeKOMEHJallil MaloTh BaroMe MpPaKTUYHE 3HAYCHHS 1
MOXXYTh OyTH YCHIIITHO BIPOBAKECHI y pakeToOyayBaHHI, CIPHUSIOUN PO3BUTKY

O11b1I €(hEeKTUBHUX Ta HANIMHUX PAKETHUX CHCTEM.
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