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Annomayusa. TOHKOCTEHHbIC UIUHAPUYECKUE 000JIOYKHA MMEIOT IIMPOKOE MPUMEHEHUE
B Pa3IUYHBIX OTPACISAX MPOMBIIUICHHOCTU. Pa3BUTHE TEXHUKH BBIIBUTAET Bce Ooliee
Cepbe3HbIe TPEOOBAHHUS K MPOYHOCTH W YCTOWYMBOCTH KOHCTPYKIMHM Ha psSAy € HUX
HEBBICOKMM BECOM M CTOMMOCTBIO. Takue TpeOOBaHUS MPUMEHSIOTCS K BO3AYIIHON
TEXHUKE, K OCCIMJIOTHBIM JIeTaTeIbHBIM anmaparaMm. ONTHMalbHBIM pPEHICHHEM BO
MHOTHUX CIIy4asiX SBJISIETCS HUCIIOJb30BAHUE TOHKOCTEHHBIX OOO0JIOYEK M3 KapOOHOBBIX
MaTepHalioB, O00JIAAIONUX BBHICOKUMHU TPOYHOCTHBIMH KadecTBaMH. ONTUMaTbHBIM
pelIeHneM BO MHOTHX CIIy4asiX SIBISIETCS MCMOJb30BaHWE TOHKOCTEHHBIX O0O0JIOYEK W3
KapOOHOBBIX MaTEPHAIOB, OO0JANAIOIMIMX BBHICOKUMH MPOYHOCTHBIMH KadyeCTBAMH.

OO6oisioueyHble KOHCTPYKLUUM TOABEPTatOTCA TEeMIIEpaTypHbIM, BETPOBBIM HArpy3Kawm,
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MEePEMEHHBIM aTMOC(EpPHBIM JAaBICHHEM BO BpEMs IOJI€Ta JIETATEIbHBIX annapaTtoB U
MHOTUM JIPYTUM JUHAMHUYECKUM BO3JEUCTBUSIM. [103TOMY, KOHCTPYKTHUBHBIE MaTEpHUAIIbI
000JI0YEeK JTOJKHBI OBbITh JNErKMMU U NpodyHbIMU. Hanbosee yacto B mocienHee Bpems
MPUMEHSIOT KapOOHOBBIE MaTepuaibl, KOTOPbIE HA MOPSAIOK Jieruye U npoyHee metamwia. B
YCIOBUSAX  OKCIUIyaTalud  OOOJIOYKM  MOJBEPraroTCs  BBICOKUM  JAMHAMUYECKUM
BO3/ICHCTBUSAM, KOTOpPbIE MOTYT MPUBECTH K HEOJIArompusiTHIM Bo3naecTBusiM. OmHAKoO,
npobsiemMa TMHAMHKHA MHOTOCJIOMHBIX KapOOHOBBIX 000JIOYEK HA CETOIHAIIHUN JEHb HE 10
KOHLA u3yyeHa. Tak, Hanmpumep, W3BECTHbIE TEOPETHUUECKUE HCCIEAOBAHUSA, B PsC
CIy4yaeB, MMEIOT 3HAYUTEJBHBIE PACXOXKIECHUS B 3HAYEHUAX HUBLIMX YacCTOT CIEKTpa
KosieO0aHuii apMUPOBAHHBIX O00OJOYEK C UHUCICHHBIMH pPacyeTaMH, BBITOJHEHHBIMU
METOJIOM KOHEYHBIX JJIEeMEHTOB. JlaHHOEe OOCTOSTENbCTBO TpeOyeT MpOBEACHHUE
AKCHEPUMEHTAIBHOIO MCCIEIOBAHUS IOBEICHUS HU3IIMX 4acTOT B cTaThe mpoBeneHo
HKCIIEPUMEHTAITBLHOE UCCIEIOBAHUE BIUSHUS MHOTOCJIOMHOTO apMUPOBAHUS KapOOHOBBIX
TOHKOCTEHHBIX Pa30MKHYTHIX HUJIUHAPUUECKUX 000JI0UEK Ha UX CBOOOJIHBIE KOieOaHMUs.
JInsi SKCIEPUMEHTAIIBHOTO HCCIIEIOBAHUSL BIMSHUS MHOTOCIOMHOCTH apMHpPOBAHUS
KapOOHOBBIX TOHKOCTEHHBIX PA30MKHYTHIX IIMJIMHIPUYECKUX 0007I0YEK Ha UX CBOOOJIHBIC
Kosnebanus, Ha 06a3ze KoMcomombckoro-Ha-AmMype rocyaapCTBEHHOTO YHUBEPCUTETA OBLIH
CO3/1aHbl  JKCHEpUMEHTaJbHble 0oO0pas3nbpl. Mogaenu 000J04eK C  OJHOCIOWHBIM
apMHUPOBAaHWEM BBITIOTHSIIUCH U3 KapOoHoBoi Tkanu 2/2 12K-1000-600. JIByxcmnoitHoe
apMHpOBaHWE CO37aBaJIOCh U3 ciiosi kapOoHoBor TkaHu 2/2 12K-1000-200 u cmost TkaHU
2/2 12K-1000-400. TpexcnoliHOE apMHUPOBAHHUE CO3/1aBAIOCh U3 TPEX CIOEB KapOOHOBOM
tkaau 2/2 12K-1000-200 BrimonHeHO CpaBHEHHE OKCIIEPUMEHTAIBHBIX JAHHBIX C

AHAJIUTUYECKUM pelIeHueM. BbISIBIEHO yBeJIWYEHHE 4YacTOT KoJjieOaHMM KapOOHOBBIX



TOHKOCTEHHBIX PA30MKHYTHIX MWIMHAPUYECKUX OOO0JOYEK C YBEIUYECHUEM KOJIMYECTBA
CIO€B apMHUPOBaHUsSI KAapOOHOBOM TKAaHbIO [0 OTHOIICHUIO K 3HAYEHHUSIM 4YacToT,
MOJTyYEHHBIX aHATUTUYECKH.
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Abstract. Thin-walled cylindrical shells found wide application in various industries. The
development of technology puts forward more and more serious requirements for the

strength and stability of structures along with their low weight and cost. Such requirements
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are being applied to aeronautical engineering and unmanned aerial vehicles. The optimal
solution in many cases consists in applying thin-walled shells made of carbon materials
with high strength properties. The shell structures are being exposed to temperature and
wind loads, variable atmospheric pressure during the aircraft flight and many other
dynamic impacts. Thus, the structural materials of the shells should be lightweight and
durable. Recently, carbon materials, which are an order of magnitude lighter and stronger
that metal, are being applied more often. Under operating conditions, shells are being
exposed to high dynamic stresses that may lead to adverse effects. However, the problem
of the multilayer carbon shells dynamics is not fully understood up to now. Thus, for
example, the known theoretical studies in a number of cases, have significant
discrepancies in the values of the lowest frequencies of the vibration spectrum of
reinforced shells with numerical calculations performed by the finite element method. This
fact requires an experimental study on the behavior of low frequencies. The article
provides an experimental study of the effect of multilayer reinforcement of thin-walled
carbon fiber open cylindrical shells on their free vibrations. Experimental samples were
created on the Komsomolsk-on-Amur State University basis for the experimental study of
the effect of multilayer reinforcement of carbon thin-walled open cylindrical shells on
their free vibrations. Models of shells with single-layer reinforcement were made of 2/2
12K-1000-600carbon fabric. Two-layer reinforcement was created from a layer of 2/2
12K-1000-200carbon fabric and a layer of 2/2 12K-1000-400 fabric. A three-layer
reinforcement was created from three layers of 2/2 12K-1000-200carbon fabric. The
experimental data was compared with the analytical solution. The experiments revealed an

increase in the vibration frequencies of carbon thin-walled open cylindrical shells with an



increase in the number of layers of carbon fabric reinforcement in relation to the values of
frequencies obtained analytically.
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BBenenue

ToHKOCTEHHBIE IUIMHIPUYECKUE OOO0JIOUYKM HMEIOT IITUPOKOE TNPHUMEHEHHUE B
PAa3JIMYHBIX OTPACIAX MPOMBIIUIEHHOCTU. Pa3BUTHE BO3MYIIHON M KOCMHUYECKON TEXHUKHU
BBIJIBUTAET Bce OoJiee cephe3Hbie TPeOOBaHMS K MPOYHOCTH M YCTOMUYHNBOCTH KOHCTPYKIIUMA
Ha PSAly C MX HEBBICOKMM BECOM M CTOMMOCTHIO. ONTUMAJIBHBIM PEIICHUEM BO MHOTHX
CITy4asix SIBJISIETCS MCIOJIb30BaHME TOHKOCTCHHBIX 000JI0UEK M3 KapOOHOBBIX MaTEPHAJIOB,
00JIalafoIMX BBICOKUMH TMPOYHOCTHBIMU KadecTBaMH. (00JI0YCUHBIC KOHCTPYKIIHH
MOABEPTalOTCS TEMIIEPATyPHBIM, BETPOBBIM Harpy3kaM, IMEPEeMEHHBIM aTMOC(EpPHBIM
JIABJICHUEM BO BPEMs T10JIETA JIETATEJIBHBIX ANMNapaTOB U MHOTUM APYTUM JUHAMUYECKUM
Bo3ercTBUAM. [103TOMY, KOHCTPYKTHBHBIC MaTepHaIbl 000JI0UYEK JOJKHBI OBITh JIETKUMHU
1 npouHbIMU. Hamboiree 9acTo B mocieaHee BpeMsl IPUMEHSIOT KapOOHOBBIC MAaTEPHATHI,

KOTOPBIC HA IMOPAAO0K JICTYC U IIPOYHCC MCTAJlJIa.
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Opnako, mnpoOjemMa JHWHAMHUKHM MHOTOCJIOWHBIX KapOOHOBBIX OOOJIOYEK Ha
CETOJIHSIIIIHUI JIeHb HE JO0 KOHIa M3ydeHa. Tak, HampuMmep, W3BECTHHIE TEOPETUUYECKUE
WCCIIEIOBAHUS, B PsJie CIydyaeB, HUMEIOT 3HAYMUTENIbHBIE PACXOXKICHHUS B 3HAUYCHUSIX
HUBIIMX YaCTOT CIEKTpa KoieOaHU apMUPOBAHHBIX 000JIOUEK C YHCICHHBIMU pacueTamu,
BBINIOJITHEHHBIMU METOJIOM KOHEYHBIX 3JIEMEHTOB. JlaHHOE 00CTOATENBCTBO Tpedyer
MPOBEJICHUE IKCIIEPUMEHTAIIBHOTO UCCIIE0BAHUS TTOBEICHUS HU3IINX YacToT [1-2].

MeTtoabl Mccae10BaHUA

JI71s1 SKCTIEpUMEHTAILHOTO UCCIIEA0BAHUS BIMSHUS MHOTOCJIOMHOCTH apMUPOBAHUS
KapOOHOBBIX TOHKOCTEHHBIX PA30MKHYTBIX IUIUHIPUICCKUX 000JI0UEK Ha UX CBOOOHBIC
kosieOanus, Ha 6a3ze KomcoMoabCckoro-Ha-AmMype rocy1apCTBEHHOTO YHUBEPCUTETA ObLIH
CO37aHbl DKCHNEpPUMEHTAbHbIE 00pa3ipl. Mojgenu 000J04€K C  OJHOCIOWHBIM
apMUpPOBaHUEM BBITIONHSINCH U3 KapOoHOBoM Tkanu 2/2 12K-1000-600. J[ByxcnoiiHoe
apMUpPOBaHUE CO3/IaBAJIOCh U3 cliosl kKapOoHoBoM Tkanu 2/2 12K-1000-200 u ciost TkaHU
2/2 12K-1000-400. TpexcnoiftHOe apMHpPOBAHUE CO3/IaBANIOCh M3 TPEX CJIIOEB KapOOHOBOM

tkaau 2/2 12K-1000-200, cMm. puc. 1.

“A

Epoxy resin

Puc 1. OnemeHT kapOOHOBOW TOHKOCTEHHOM 000JIOYKH TIPH TPEXCIOHHOM

ApMHUPOBAHUH.



Pa3mepsl Moaeneil TOHKOCTEHHBIX PA30MKHYTHIX HUIMHAPUYECKUX 000JI0UEK ObLIN
npuHATH crnenytomue: H=R= 200 mm, L = 400 mm, h = 1,2 mm. Kone6anus 3anaBanuce
moiorkom AUO3 cuma P = 0,2 H. AMIumTyga W 4YacToTra KojieOaHUM 000JI04eK
M3MepsIach ¢ UCIMOJIB30BaHUEM BBICOKOCKOpPOCTHOTO BuOpomerpa HSV2000 ¢ TouHOCTHIO
1 wmukpon (ammuutyna) B auanazoHe 1I'm - 50 Kl (uwacrora). brnok-cxema

AKCHEPUMEHTAIBHON YCTAHOBKH IPEACTABIEHA HA pUC. 2.

rec
POWV 700
HS HSV 800
Laser Unit
PC

Puc. 2 Cxema sKkCiepuMEHTaIbHOM YCTAaHOBKHU.

[Ipeamnooxkum, 4T0 TMHAMHAYECKOE IMOBEACHUE MTOAKPEIIICHHBIX 000JI0YeK
HUJIEHTUYHO TIOBEJEHUIO 000JI0YEK C HECOBEPIIICHCTBAMH (hOPMBI, H3MEHSIOIINUXCS 10
3aKOHY: [2]

n
wo(¥) = fosin(By + ¢o); B = R (1)

rae fy, — aMIUITy/la Ha4dalbHBIX OTKIOHEHWH; Py — HAYaIbHBIM YyroJl OTCYETa.



Y4auThIBast, UTO HaYaJIbHBIE HECOBEPIICHCTBA, MPUBOIAT K B3aUMOICHCTBHIO
M3TMOHBIX U paualibHBIX (popM KoseOaHuii 06omouku [3-6], Torna ee mporud
OyAeT anmpoOKCUMHUPOBAH BBHIPAKEHUEM:

w(x,y, t) = Zm,n[flm,n(t) sin B,y + me,n(t) cos fry + f3m,n(t)] sin @, x;

n mm (2)
Pn = RP m =

B ypaBuenuu (2) KOOpAMHATEI f1, n U fo, n OTBEYAIOT U3TUOHBIM, A f3,, n

panuanbHbIM (hopmam kosiebanuit obomouku [7-11].

Orcroga HaxoauM GyHKIHIO Hanpsukeauit @ (x, y, t):

®=E {Zm,n[CDOm,n sin B,y + chm,n cos Bpy + cI)Zm,n Sin(ﬁo + :Bn)y + 3)

cD3m,nSin(,80 — )y + cDéerl,nCOS(.BO + By + (DSm,nCOS(.BO — By + cI)6m,n cos By +

q) 2
O;x + Dy,xy +

. Dgzy?
O] SIN A x + 03 }

[lepBbie Bocemb K03(pdUIIHUEHTOB, BXOIAIIUX B (3), paBHBI:

i U

cI)Om,n = R(arzn +.3121)2 flm,n; CI)1m,n = R(arzn +.8121)2 me,n;

) _ a‘rzn.ggfoflm,n . D _ arzn.Bngflm,n (4)
20wk + Bo + BB M 2(ad, + (Bo — Br)?)?
® _ a?nﬁ(%fOme,n . ayznﬁgfoflm,n
iImn —

" 2(aZ + (Bo — P22’

“iﬁgfmﬁm,n_ 1

Pgmn = — = f
emn (arzn'l'.Ber)z ’ mn aranf3m,n

T2+ o+ B

VY 10BIETBOPUB KpaeBbIM yclioBUsIM [12-16]:

bR bR
h 0P h 02D

R) 352 % = "brk | axdy
0 0

dy =0npux =0,x =L



nosyyuM, 4yTo Pp1= Py = Dp3 = 0.

OpTroronanu3anus JTMHEAPU30BaHHOTO YPAaBHEHUS ABUKECHUS NMEET BUJL:

1 1 19w

EV4® =-3 [L(wg +w,wy + w) — L(wg,wg)] — R X%’ )
D 10°d q  0*w
—Vhw = L(® - ——p—
pVw=L@wotw) ot~ P o

rae V*- Gurapmonudeckuii onepartop Jlannaca, IPUBOJUT K CHCTEME CBA3aHHbIX

JMHAMMYECKHX YPABHEHUH OTHOCUTEIBHO 0€3pa3MEPHBIX KOOPAUHAT Uiy, =

Imn (j = 1,2,3):

n (0)

[TyTem BeleHHsST HOPMAJILHBIX KOOPJUHAT MOYKHO ITOKa3aTh, YTO JIUIS ONPECIICHHS

GOpM IPEUMyIIECTBEHHO HM3THOHBIX (GOopM Kosebanmii obomouku ¢ Wo(y) Buma (5)

HE0O0X0AMMO "TIPOCYMMHPOBATh" (POPMBI U3TUOHBIX KOJeOaHU HIeaTbHONH Pa3OMKHYTOM

00O0JIOUKH TOJIBKO TIO OKPYXHOW KoopauHare y.PaccMmarpuBasi HEKOTOpbHIE YacTHBIC

CJlydad, KOTJa YUCIIO HECOBEPIICHCTB OOOJOYKH IO OKPYKHOCTH (TO €CTh, KOJIMYECTBO

IPOJIOJILHBIX YKPETIEHUH) TaKoe K€ KaK M KOJIMYECTBO BOJIH 000JI0YKH, 00pa30BaBIINECS

pH ee KojebaHusax n = n, [17-22] nomydaem ciaeayromiue pe3yabTaThl

PesyabTaThl
Ha pucynke 3 noka3zaHbl pe3yJbTaTbl TEOPETUUYECKUX PACUETOB IO MPEIJI0KEHHOM
MaTeMaTUYeCKON MOJIETTM pacueTa YacTOThl KOJIEOAHWH TOHKOCTEHHBIX Pa3OMKHYTHIX

HWIHHAPUIECKUX 000JI0UEK.
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Yacmoma, [y
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HYucno nonybonu

Puc. 3 3aBucHMOCTb 4acTOTHI KOJIEOAaHUN KapOOHOBBIX TOHKOCTEHHBIX
Pa30MKHYTBIX HWJIMHAPUYECKUX 000I0UYEK OT KOJIMUECTBA BOJH MPH: 4 - TPEXCIOHHOM
apMHUPOBAaHUHU; 3 - IBYXCIOWHOM apMHUPOBAHUH,

2 - OTHOCTIOWHOM apMUpPOBaHuM; | - rpaduK TEOPETHUECKOIO pacueTa YacTOThI

KoJIeOAHUN 00O0JIOUKH.

W3 rpaduka BUAHO, 4TO PE3yNbTATHl TEOPETUUECKOTO pacdeTa yI0BICTBOPUTEIHHBI
0 OTHOUIEHHWIO K pe3yJibTaTaM IPOBEJECHHOIO 3KCIIEPUMEHTa C OJHOCIOHHBIM
apMUpPOBaHUEM, OTKIIOHEHHE cocTaBisieT 7-8 %o.

IIpr nBYXCIIOMHOM apMUPOBAaHUM TOHKOCTEHHOW PAa30MKHYTOM LUJIMHIPUYECKOU
KapOOHOBOW 00O0JIOYKHM, OTKIIOHEHHE BEJIMYHMH YaCTOT KOJI€OaHUM 3HAUYMUTEIHHO BHIIIEC U B
uccieayeMoMm Jnuamna3zoHe jpocturaet o 20%. A nOpu  TpEeXCIOWHOM apMHpPOBaHUU

OTKJIOHEHUE TEOPHUH OT SKCIIEPUMEHTA yBeIruuBaeTcs 110 45 %.
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