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Pedepar:

1. ¥ nepmomy po3zisi npoaHani3oBaHo JiTepaTypHi JaHi CTOCOBHO OLIiHKMA HaBaHTaKEHOCTI JJOBFOMiIpHUX
TOHKOCTiHHUX O0OJIOHOK Iifj-4ac TPAaHCIIOPTYBaHHS HA3€MHUM Ta BOJHUM TPaHCIIOPTOM. [IpoaHanizoBaHoO icHy10Ui
METOJIMKH eKCIIepUMEHTAIbHOTO NOCJIiIKeHHS IPUCKOPEHb, BUMIPIOBAHHS Ta CTATUCTUYHOI 06pOOKU. [l71s1
3abesnevyeHHs LinicHocTi PH npu TpaHCHOpTyBaHHI MOBITPSIHUMU CyJIHAMU HEOOXiHO AOCTiTUTH CIIEKTP
HaBaHTaX€Hb IIPM TPAHCIOPTYBaHHi, JOPMU i YACTOTHU BJIACHUX KOJIMBAHb aHAJIITUYHUM i YMCJIOBUM METOJAMU 3
ypaxyBaHHSM BIIMBY I€OMETPUYHUX PO3MipiB, ClIOCOOY 3aKpillJIeHHS, a TAKOX ITiCUIEHHS 000JIOHOK. Bu3HaueHo

KpUTEPIi JOMyCTUMOI BTOMHOI JOBIOBIYHOCTI €J1eMEHTIB KOHCTPYKUii PH. BusHaueHo nopir Hanpy>xeHb 115



anominieBoro crnasy J16AT Y gpyromy po3zini po3po6eHO CKiHU€HHO €JIEMEHTY MOJIeJIb Iepiuoi ctyneni PH y
BUIJISIAI MifcuieHoi Ta riafkoi HUIHAPUYHUX 000JIOHOK. 3 BUKOPUCTAHHSIM MOJIaJIbHOTO aHAaJli3y METOI0M
ckinueHHux enemeHTiB (MCE) nocmimkeHo BiacHi yacToTu Ta popMu KOJIMBAaHb I1aK0i 000JI0HKU — MOAeJi
[epHIoi CTyNEeHi paKeTU-HOCIs. BU3Hau€HO BIJIMB HAsIBHOCTI MiJICUJIIOI0YMX €JIEMEHTIB(CTPUHIEPiB) Ha BJIACHI
9aCTOTU UWJIIHAPUYHOI 000JIOHKYU. BrsBIE€HO XxapaKkTep 3MiHM 4aCTOT BIIACHUX KOJIMBAHb MiJICUIEHOi 060JIOHKU B
3aJIXKHOCTI Bifl TUIY 3aKPillJIeHHs Ta 3MiHU IJIO1L [TifICUJIIOI0YUX eJIEeMEHTIiB. PO3po6JieHO opUriHajbHy METOLIUKY
Iepexofly Bifi MOBHOPO3MipHOi 060s10HKM nepuoi ctyneHi PH no ii MogenpHoi 060710HKM. 3a pesysbTaTaMu
MOJaJILHOTO aHasi3y OTpYMMaHi 3Ha4Y€HHS BJIACHUX YaCTOT LMJILHAPUYHOI MifCUIEHO] CTPUHIE€PAaMU TOHKOCTIHHOI
MOJI€IbHOI KOHCTPYKIi MepIIoi CTyneHi pakeTu HOCis. 1719 3MEHIIeHHS 3Ha4Y€Hb YaCTOT BJIACHUX KOJIMBaHb MOJIEI
IIO 4YaCTOT [TOBHOPO3MipHOi 060JIOHKM 3aIIPOIIOHOBAHO BUKOPMCTOBYBATH I10J1iypeTaHOBUI HAaIlOBHIOBAY i3
HACTyNHUMU Qi3UKO-MexXaHiYHUMU BaactuBocTsiMu 0= 1,0 103 H/m3, E = 1,6 MIla. Po3po61eHo maTeMaTU4YHY
MOJeJIb IWTHIPUYIHOI TOHKOCTIHHOI I71a4K01 060JIOHKY, HA OCHOBI SIKOi BUBHAY€HO YaCTOTH BJIACHUX KOJIMBAHb
HeMiJCcUIeHol LW HIPUYHOi 06010HKU. [ToKazaHo J06pPY y3roIKeHICTh pe3yJbTaTiB aHaliTUYHOrO i YMCeIbHOTo
PO3PaxyHKiB BJIaCHUX YaCTOT KOJIMBaHb OO0JIOHKU. Y TPETbOMY PO37ijli PO3PO6IEHO METOLLOJIOTIIO
eKCIIEPMMEHTAJIbHUX JIOCTIi/IKeHb BUMYIIEHNX KOJIMBaHb IiICUIIEHO] CTPUHIepaMU UJIHAPUYHOI 060JIOHKH Ha
6a3i cepsoriznpasiniuHoi Bunpo6ysaabHoi Mmamuau CTM-100. Ha ocHoOBI 3acTocyBaHHs adiHHOI OAI6HOCTI
CIIPOEKTOBAHO i BUTOTOBJIEHO €KCIIEPMMEHTAJILHY MOJIEJIb NepIIOi cTyneHi PH y Burssazi nigcunaeHoi crpuHrepammn
Ta IIINAHTOyTaMU 0O0JIOHKH, a TAKOX IJIaTdOPMY M4 il KpIIMJIeHHs i CUCTeMY 34UTyBaHHS IapaMeTpiB KOJIMBaHb
IIpY BUIMIPOOYBaHHI Ha 6a3i cepBo-rifpasniyHoi BunpooysanbHoi MmamH CTM-100. ExcrieprMeHTaIbHUM LIJISIXOM
IOCJiIKeHO apaMeTpy Ta aMILIITYZy BUMYLIEHUX KOJIMBaHb MiJICUIeHOi MOZIeIbHOI 060JIOHKU 3 HallOBHIOBAYEM Ta
6e3 Hpboro. Ha 0CHOBI OTpUMaHUX €KCIIEPMMEHTA/IbHUX IaHUX BU3HA4Y€Hi FPaHNYHI HAalIPY>K€HHS MiJCUIE€HOI
MacITabHOI 060JIOHKY 3 HAIIOBHIOBAYEM. 3 BUKOPMCTAaHHSM KPUBOi BTOMM 17151 cIlylaBy [I16AT Bu3HaUeHY KilbKiCTb
LIMKJIB 10 PyHHYBaHHS B 3aJI€>KHOCTI Bif] 4aCTOTU BUMYLIEHNX KOJIMBaHb HAIIOBHEHOI MiZICUIEHOI MOJIEIbHOL
000JIOHKM NIPY CTAJIOAMILIITyIHOMY 30BHIIIHBOMY HaBaHTa)KEHHI. Y 4eTBEPTOMY PO3/iJi 171 IOBHOPO3MipHOi
IifCUIeHOI UMJIiHOPUYHOI TOHKOCTIHHOI 000JIOHKY 3 BUKOPUCTAHHSIM IPOrPaMHOro KoMiuiekcy ANSYS
IOCJIiZIPKEHO BILJIMB BJIAaCHUX KoMBaHb Ha HJIC maTepiany 060710HKU. BcTaHOB/IEHO, IO XapaKTep 3MiHU HaIlpY>KeHb
€ KPUBOJIiHITHUM Ta 06€pHEHO MTPOMOPI[iIHHUM 10 YACTOTU BIACHUX KOJIMBAHb ITiICUIEHOI HUJIHAPUIHO]
060Js10HKHM. [IpoTe, Ha BiAMIiHY Bif BEJIMYMHY HOPMaJIbHUX HAIlpy’KeHb 0y, BU3HAYEHH] 3HAaU€HHS JOTUYHUX
HAIPYXE€Hb OXY [IEPEBUILYIOTh TPAHUILIIO TEKYYOCTi Marepiany J16AT. BusBieHo, 0 MiCLSIMU KOHLIEHTPALiN
HaIlpy>KeHb [O0X, 0y, 0Z € BEPIINHYU NONEPEYHUX Ta MO3TOBXHIX XBUJIb. MiCIIIMU KOHLIEHTpaLlii JOTUYHMX HATIPYKEHb OXY,
0XZ € MICLISl 3MiHM HaIIPSMKY [ePEeMIlleHb XBUJIb, HA BiIMiHY Bifl HAalIlpy>KeHb 0XZ. BU3HaY€HO MaKCUMAaJIbHi 3Ha4E€HHS
HaIpy>XeHb B TOHKOCTIHHIN NiicuyIeHi! UAIiHOPUYHINA 000JI0OHLI IIPU il BIACHUX KOJIMBaHHb. HaykoBa HOBHU3HA
OTPUMAaHUX PE3YJIbTATIB IOJISITA€ B TOMY, I0: PO3PO6JIEHO METONMKY MacIITabyBaHHS i OGIPYHTOBAHO reOMeTpUYHi
i ¢pisuuHi napameTpu mopei nepoi cryneni PH y Burssai nincuneroi uuninapuyHoi o6ononku; MCE pocnimkeHi
BJIACHI YaCTOTY LUWJIIHIPUYHOI, MiZICUIJIEHOI CTPUHI€PAaMU TOHKOCTIHHOI MOZIE/IbHOI KOHCTPYKII I1epIIoi CTyneHi
PaKeTH HOCis; pO3p006JIEHO MaTeMaTUYHY MOJieJIb LMJIiHAPUYHOI TOHKOCTIHHOI T71aJJKOi 000JI0HKY, HA OCHOBI SIKOi
BM3HAYE€HO YaCTOTHU BJIACHUX KOJIMBaHb HEMiNCUIEHOI NUIHIPUYIHOI 000JIOHKY; OTpUMaJa IOJAbIINN PO3BUTOK
METOJIMKAa KOMITIOTEPHOT'0 MOJIE€/II0OBAHHS i BUSIBJIEHO OCHOBHI 32aKOHOMIPHOCTI IIJIMBY YaCTOT Ta aMILIITYZ, B1aCHUX
KOJIMBaHb Ha HaNIPYy>KeHO-1e(pOPMOBAHMI CTaH MilCUJIEHOI UUIIHAPUYHO] 0O0JIOHKU 117151 BEJIMKOTO YUCjla MOJ;
PO3pO6JIEHO METOAMKY €KCIIEPUMEHTAJIbHUX JTOCIiIKeHb BIJIMBY YaCTOTHU Ta aMILIITYyJy HABAaHTa)XEHHS Ha

BUMYIIEHI KOJIMBaHHS MiCUIeHO] CTpUHIepaMu HUTHIPUIHOI 060JIOHKHU.

2. The first section analyzes the literature data on the assessment of the load of long thin-walled shells during
transportation by land and water transport. The existing methods of experimental research of accelerations,
measurements and statistical processing are analyzed. It is established that to ensure the integrity of the LV during
transportation by aircraft, it is necessary to investigate the range of loads during transportation, the shape and
frequency of natural oscillations by analytical and numerical methods, taking into account the influence of
geometric dimensions, fastening method and shell strengthening. Criteria of admissible fatigue durability of
elements of a design of LV are defined. The stress threshold for the D16AT aluminum alloy is determined In the



second section, a finite element model of the first stage of launch vehicle (LV) in the form of reinforced and
smooth cylindrical shells is developed. Using the modal analysis of the FEM, the natural frequencies and forms of
oscillations of the smooth shell - the model of the first stage of the launch vehicle - were studied. The influence of
the presence of amplifying elements (stringers) on the natural frequencies of the cylindrical shell is determined.
The nature of the change in the frequencies of the natural oscillations of the reinforced shell depending on the
type of fastening and the change in the area of the reinforcing elements is revealed. An original method of
transition from a full-size shell of the first stage of LV to a model shell of the first stage of LV has been developed.
According to the results of the modal analysis, the natural frequency values of the cylindrical stringer-reinforced
thin-walled model structure of the first stage of the launch vehicle are obtained. It is found that the natural
frequencies of the model structure exceed by several orders of magnitude the values of the natural oscillations
taken as the basis of the first stage of the LV. In the third section the methodology of experimental researches of
the forced oscillations of the stringer-reinforced cylindrical shell on the basis of the STM-100 servohydraulic test
machine is developed. Based on the application of affinity similarity, an experimental model of the first stage of LV
in the form of a shell reinforced with stringers and frames, as well as a platform for its attachment and a system for
reading oscillation parameters when tested on the basis of servo-hydraulic test machine STM-100. The parameters
and amplitude of forced oscillations of the reinforced model shell with and without filler were investigated
experimentally. Based on the obtained experimental data, the ultimate stresses of the reinforced scale shell with
filler are determined. Using the fatigue curve for the D16AT alloy, the number of cycles to failure is determined
depending on the frequency of forced oscillations of the filled reinforced model shell at a constant amplitude
external load. In the fourth section, for the full-size reinforced cylindrical thin-walled shell using the ANSYS
software package, the influence of natural oscillations on the SSS of the shell material is investigated. It was found
that the nature of the stress change is curvilinear and inversely proportional to the natural frequency of the
reinforced cylindrical shell. However, in contrast to the value of normal stresses oy, the values of the tangential
stresses oxy exceed the yield strength of the material DI6AT. It is found that the places of stress concentrations ox, oy,
oz are the vertices of transverse and longitudinal waves. The places of concentration of tangential stresses oxy, oxz
are the places of change of the direction of displacements. The maximum values of stresses in a thin-walled
reinforced cylindrical shell under the action of natural oscillations are determined. The scientific novelty of the
obtained results is that: the method of scaling is developed and the geometric and physical parameters of the
model of the first stage of LV in the form of a reinforced cylindrical shell are substantiated; The natural frequencies
of the cylindrical, stringer-reinforced thin-walled model structure of the first stage of the launch vehicle were
studied; a mathematical model of a cylindrical thin-walled smooth shell has been developed, on the basis of which
the natural oscillation frequencies of an unreinforced cylindrical shell have been determined; the method of
computer modeling was further developed and the main regularities of the flow of frequencies and amplitudes of
natural oscillations on the stress-strain state of the reinforced cylindrical shell for a large number of modes were
revealed; the technique of experimental researches of influence of frequency and amplitude of loading on the
forced fluctuations of the cylindrical shell strengthened by stringers is developed.
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