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Hocniodcyemvca — 6naue  ceOMemMpuyHuUX — NApamempie  HA  HANPYICEHO-
Oeghopmosanuii cman 000NOHKOB0I cucmemu AKA NIOOAEMbCA KOMNIEKCHOMY 6NIUBY
CUNIOBUX Ma MeMNePAMYPHUX QaKmopis.

Issues related to calculations of strength, stiffness, and stability play an important
role in the design and creation of the latest modern structures used in various industries.
The construction of mathematical models and calculation schemes for the purpose of
researching their stress-strain state is especially important. Quite often, the elements of
such structures are made in the form of plates and shells, which makes it possible to
make them sufficiently strong, light, and resource-saving. Multi-layer shells of complex
shapes are widely used in industrial, civil, and road construction, mechanical
engineering, aviation, and rocket technology.

For the production of multilayer plates and shells, various materials are used,
which are anisotropic in nature. The calculation of structures made of anisotropic
materials in a three-dimensional setting is a rather difficult task and is possible only for
certain cases of shell geometry, load, and boundary conditions.

Solutions obtained on the basis of a mathematical model of the deformation of
plates and shells in a linear arrangement lead to significant errors in the results. In this
regard, approximate two-dimensional models of the theory of plates and shells, which
take into account the anisotropy of properties and transverse shear deformation, have
been widely used.

Quite often, multilayer structures are subjected to the combined influence of force
factors and temperature, which causes the formation of a complex type of stress and
deformation fields. There are solutions to such a problem in a refined setting, taking into
account the dependence of the physical and mechanical properties of the layer material
on temperature. This paper considers constructing a mathematical model and analyzing
the stress-strain state based on applying the finite-shear theory of shells using numerical
methods.
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The purpose of this article is to solve the boundary value problem of thermoelastic
equilibrium of a multilayer orthotropic composite shell and to analyze the obtained
results.

A converging composite shell is considered, which is formed from cylindrical and
conical parts that work as a whole. The influence of the taper angle on the stress-strain
state of the folded shell, which varies in a fairly wide range, is studied.

Various variants of boundary conditions are considered:

Option 1. The left end has hinged and movable support, and the right end is
pinched.

Option 2. The left end is free, and the right is pinched.

Option 3. The left end has hinged and movable support, and the right end has
hinged and fixed.

Option 4. Both ends are pinched.

Option 5. The left end has hinged and fixed support, and the right is pinched.

Option 6. Both ends have hinged and fixed support with an absolutely rigid
diaphragm in its plane.

Knuouosi croga: bazamowaposi 06010HKU [ NIACMUHY, KIHYEB0-3CY8HA MOOENb
meopii 06010HOK .

Keywords: multilayer shells and plates, finite-displacement model of shell theory.

Beryn. Iluranss, moB’s3aHi 3 po3paxyHKaMH Ha MIIHICTB, JKOPCTKICTB Ta
CTIMKICTP, BIAIrpaloTh BaXXJIMBY POJIb y MPOCKTYBAaHHI Ta CTBOPEHHI HOBITHIX
Cy4acHMX KOHCTPYKIiH, SKi BUKOPHCTOBYIOTHCS Yy DI3HOMAHITHHX TalTy3six
BUpoOHUIITBA. OCOOIUBO BXKIMBUM € MOOYJ0Ba MaTeMaTHYHUX MOjelNel Ta
PO3paxyHKOBUX CXEM 3 METOI0 JOCIHI/DKeHHsS IX HalpyXeHo-1e(hOopMOBaHOTO
crany. JlocUTh YacTo eJNEeMEHTH TaKMX KOHCTPYKLIH BHKOHaHI Yy BHIJISII
IJIACTMH Ta OOOJOHOK, IO J03BOJISIE BHTOTOBISATH iX HOCTATHBO MII[HMMH,
JISTKUMU Ta pecypcoomanuumu [1]. bararomaposi 000J0HKH CKIAAHOT hopmu
LIMPOKO 3aCTOCOBYIOTHCS y TPOMHUCIOBOMY, LMBUIBHOMY Ta JOPOKHBOMY
OyIiBHHMLITBI, MalIMHOOYIyBaHHI, Y aBialliiiHiil Ta pakeTHIH TEXHiL.

AHaJii3 ocTaHHIX gocaimkenb Ta myOaikauiid. IloctanoBka npo6Jemu

Jis  BHUTOTOBIEHHA ~ OaraTomrapoBHX  ITUIaCTHH ~ Ta  OOOJIOHOK
BHKOPHUCTOBYIOTBCS DPI3HOMaHITHI Martepiajny, $Ki [0 CBOIM mpuponi €
aHi30TPONHUMH. P0O3paxyHOK KOHCTPYKIIiH, III0 BHTOTOBIIEHI i3 aHi30TPOITHUX
MaTepiaiB 'y TPUBHMIpPHIM MOCTAaHOBII € JOCHUTh CKJIATHOIO 3aJadero i
MOXJIUBUAN TUTBKH JUISI OKPEMHX BUIAJIKIB TeOMeTpii 000JOHOK, HAaBAaHTAKEHHS
Ta TPAaHUYHHUX YMOB [2].

Po3B’s13kH, AKi OTpUMaHi Ha OCHOBI MaTeMaTHYHOI Mojeni AehOpMyBaHHS
IUIACTUH Ta OOOJIOHOK Yy JiHilHINH nmoctanoBui Kipxroga-Jlssa, npuBogsTs 10
CYTTEBUX IOXHOOK y pe3ynbrarax [3].
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VY 3B’A3Ky 13 IIUM, IIMPOKE 3aCTOCYBaHHS 3HAMIUIM HAOIIKECHI ABOBHMIpPHI

Mozem Teopii IMIacTHH Ta OOOJOHOK B SKHX BpPAaXOBYETHCS aHI3OTPOIIS
BJIACTHUBOCTEH Ta e opMarist ormepedHoro 3cyBy [4].
Hocutp gacto OaraTomrapoBi KOHCTPYKIIl Migal0TECsA KOMOIHOBAaHOMY BILUTUBY
CHJIOBHX (DaKTOPIB Ta TEMIIEPATypH, IO BUKINKAE YTBOPSHHS CKJIAIHOTO BHIY
MOJNIB HampyXeHb Ta nedopmariii. Po3’s30k Takoi 3amadi B yTOYHEHIH
MTOCTAHOBIII, i3 BpaxyBaHHAM 3aJICKHOCTI (Di3MKO-MEXaHIYHUX BIACTUBOCTEH
MaTepiary IIapiB Bijl TeMIIepaTypH, HaBeACHUH y poOoTi [5].

B naniii poboTi po3risgaeTbesi MoOyaA0Ba MaTeMaTHYHOT MOJIETI Ta aHalli3
Hanpy)XeHO-1e()OPMOBAHOTO  CTaHy OOOJIOHKOBOi CHCTEMH Ha OCHOBI
3aCTOCYBaHHS KIHIICBO-3CYBHOI Teopii 000JOHOK [6,7,8] 13 BHKOPHCTaHHIM
YUCEJIbHUX METOIIB.

Mero10 i€l cTaTTi € PO3B 30K KPaiHoBOl 3a1a4i TEPMOTIPY>KHOI piBHOBArA
OaraTomiapoBoi OpPTOTPOIHOI CKJIAaZIEHOI OOOJNOHKM Ta aHali3 OTPUMAHHX
pe3yIbTaTIB.

OcHoBHa yacTHHA. Po3rianaeTses ckiazeHa 00OJIOHKA, sIKa YTBOpPEHa i3
UM HAPUIHOI 1 KOHIYHOT YaCTHH, IO MPAMIOITh K oHE mije (puc.1)
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Puc. 1. KoHcTpyKTHBHA cXeMa 00O0IOHKH

Jlo 00O0JIOHKM IpHKJIaZeHe PIBHOMIPHO pPO3IOJICHE HAaBAaHTAXKEHHSA 3
iHTeHcuBHicTIO q = 0,03MI]a.

OOononka  mignaeTbes BIUIUBY  TEMIIEPaTypHOTO oJts 3
XapaKTePUCTUKAMH:
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0= @,= ®;= 20°C, ©,=100°C,

ne 0, 0, O3 - 3HAYCHHSA TEMIIEpPaTyp OTOUYIOYOTO CEpPEIOBHINA BiIIMOBIITHO
01151 JTIBOTO TOPIIA, IPABOTO TOPIS Ta BHYTPIIIHBOI MOBEPXHI 0OONOHKH, a ®4—
TEMIIepaTypa 30BHIIIHBOT TOBEPXHI 0OOIOHKH.
BinOyBaeTbcsi KOHBEKTMBHHUH TEIIOOOMIH OOOJIOHKH 3 OTOYYHOUYHM
CepesOBUILEM.
CriHKa OOOJIOHKH CKJIQJIAETHCS 13 TPHOX MIapiB (pUC. 2) TOBIUMHU SKHX
HACTYITHI:
t;= t3=t,= 0,001 M (Hecyui mapn),
t;=t,,,= 0,012 M (3amoBHIOBaY).
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&

Puc. 2. KoHcrpykuisi CTiHKH 000JI0HKH

JloBxMHa KOHIYHOI 4YacTHHU 000JoHKM L; = 0,24M, IMIIHAPHUYHOI —
L,=0,19m. Paniyc muniaapuyusoi gactiuau — Ry = 0,2M, konigaoi — Ry = 0,1m.

di3uko-MeXxaHiYHi BIACTUBOCTI MaTepiaity mapiB 000JOHKH TaKi.

KoedinienTu TeruoBigayi:

as=a,= 1500 B1/(M**K) — 30BHILIHS i BHYTPILIHS IOBEPXHS 0GONOHKH,

a; = a; =200 B1/(M2-K) - npaBuii ta niBuii TOpIii.

Monyns npyxHOcTi: E, = 7- 10* MIla, E,,, =70 MIla.

Koedimientu [lyaccona: v, =0,3; v, =0,1.

Koedimientu temmonpoigHocTi: A, = 100 B1/(M-K), A5, = 100 B1/(M-K).

Koediuient niniiiHoro TemioBoro posmmpenns: o, = 0,238 - 10 1/K,
Osan = 0.

JocmikyeTbes BIUIMB KyTa KOHYCHOCTI 1] Ha HAalpy>KeHO - 1e(hOPMOBaHUH
cran ckmageHoi o6ononkn. Kyt xonycrocti 3mimoersest Bin 0° no 25°, o610
po3B’sizyeTbest mimuit psag 3amad npo HJIC 000J0HKOBOI cCHUCTeMH sKa B
IPAaHMYHOMY BHITAAKY HpHiiMae GopMy LumiaapraHoi 06omonkn (n=0°).

PosrnsmatoTecs pi3Hi BapiaHTH IPaHHYHUX YMOB!

Bapianr 1. JliBuii Topemnp Mae MapHIpHO-pPYXOME CIUPAHHS, a TpaBUil —
3aleMJICHUH.

Bapiant 2. JliBuii Topenp BUIbHUM, a IpaBUid — 3aIEeMJICHUI.

Bapiant 3. JliBuii Topeus Mae ImapHipHO-pPYyXOME CIHpaHHS, a MpaBHH —
LIapHipHO-HEPYXOME.
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BapianT 4. OOuzaBa TOpIIi 3amIeMIICHi.

Bapiant 5. JliBuii Topeups Mae MIapHIPHO-HEPYXOME CIHMpPAHHS, a MpaBUi
3aILEMIICHUN.

Bapiaar 6. OO0umgBa TOpHi MAalOTh IMIAPHIPHO-HEPYXOME CIHPAaHHSA 3
a0COITIOTHO JKOPCTKOIO 13 CBOET IUIOIUHY TiagparMoro.

3a pesynpTaTaMH  pO3paxyHKy MOOyImoBaHi Tpadiku 3aleXHOCTI
MepeMilieHs 1 Hamlpy>KeHb Bi KyTa KOHYCHOCTI OOOJIOHKH Ui Iiepepi3iB
MMO3HAYCHHX Ha pucyHKax 3 Ta 4 mmdpamu 1-5.

Sk mokaszaB aHaJi3 pe3yJbTaTiB, OTPUMAHUX UIA 3aleMIICHOI 000IOHKH,
MakcUMalibHi nepeminieHns U,, siki BHHUKAIOTh B 30H1 3’ € JHAHHS MJTIHAPHYHOT
i KOHIYHOT YacTHH 0O0OJOHKH (T.3), NMpHM 3MEHIIEHHI KyTa KOHYCHOCTI 1|
HemniHiiHO crnagaoTh (puc.3). B mpomikHux Toukax 2 i 4 crocrepira€rbcs
3BOPOTHE SBUIIE: IPH 3MEHIIICHH] KyTa 1) epeMimenHs U, TiHIiHHO 3p0oCTaioTh.

. . -0 :

Hnsa muniaapugHoi obononkn (M=0") mepemimenHs 2, 3 T1a 4 TOYOK
NPaKTUYHO OIHAKOBI. MepuzioHanpHi HalpyXeHHS G1; JOCATalOTh
MaKCHMallbHUX 3Ha4eHb B TOYKax cmmpanHi (1.1 1 T.5), mpudomy i3

3MEHIIICHHSIM KyTa KOHYCHOCTI HAaIlpyXCHHS I‘J'Il 3aNMIIAIOThC  Maibke
- + . . L
noctitanmu; a O 4 4 30inbmyeThes Ha 20%. B 30Hi 3’eqHaHHSA 13 301IbIIEHHAM

. — + PV

KyTa KOHyCHOCTi emopu O34 ; (P11 MalOTh CyTTE€BO HENIHIHHUM Xapakrep.
Skmo npu n= 15+25° Brasani HaNpy>XeHHS MaiKe TOCTiiHI, TO TIpH 1 = 0-15°
Ma€ Micle 3HauyHe 3MEHIICHHS. 3ayBakKMMO, LI0 IPpH KyTi KOHYCHOCTI

OJIU3BKOMY JI0 13° HaTPYKCHHS []'Il B 30HI 3’€IHAHHS 3MIHIOIOTH 3HAK.

Kisnpuesi HanpyxeHHs D';:z i 055 B IPOMDKHUX Toukax 2 i 4 mpu 36inbieHHi

N B3aNHMIIAIOThCA MOCTIHHUMH. B 30HI 3’€qHAHHSA KiIbIEBI HANPYKEHHS
waninapa (M=0°) y Bcix NPOMIKHMX mMepepisax MaroTh NOCTiiHI 3HAYCHHS
XapaKTePUCTUK TEPMOIPYKHOTO CTaHy. AHAJOTIYHMM YHHOM 3MIHIOIOTHCS
napaMeTpud TEPMOIPYXKHOTO CTaHy OOOJIOHKM B 3aJIeKHOCTI Bim 1  wis
IpaHUYHUX YMOB 5 1 6.

PosrissnemMo 000510HKY mpu rpaHu4YHHMX ymoBax 1, 2, 3. Ha BiaMmiHy Bin
000JIOHOK 3 HEPYXOMHUM 110 X CIIMPaHHAM TYT HE NPOSBISETHCS Pi3Ka 3MiHA
rapamMeTpiB TEPMOIIPYKHOTO CTaHy IpH 3MiHi KyTa KOHYCHOCTI 1. Sk BHIHO i3
rpadikiB ski moOy0BaHi 111 000JIOHOK IPH 'PaHUYHUX yMOBax 1, 2, 3 (puc.4),
MepeMiIIeHHs 1 Hanpy>KEeHHS 3aIHIIAI0ThCSA MPAKTUIHO MTOCTIHHIMH.
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BukirouenHs cknamaioTh nepemimeHHs U, apyroi TOYKH, SIKi IIpH
36LIBIICHH] 1) CYTTEBO 3MEHUIYIOTHCS, @ TAKOXK KiIbLeBi HanpyxeHHs O55 B

MepIIOMY Tepepidi OOOJIOHKH sIKi TNpH 30UIBIIEHHI KyTa KOHYCHOCTI Pi3KO
3MEHIIYIOTHCS 1 3MIHIOIOTh IIPH LILOMY 3HaK.

TakuM 4YHMHOM, aHaji3 OTPUMAaHUX pe3yNbTaTiB IOKa3ye, MO JUIs
CKJIaZIeHUX OOOJIOHOK, MPHW BiJCYTHOCTI BUIBHHX TEeMIIEpaTypHHX 3MillleHb B
MEpUIIOHAILHOMY  HamlpsIMKy, i3  30iJbLIGHHSAM  KyTa  KOHYCHOCTI
CIIOCTEpIraeThCsl CYTTEBE 30UIBIIEHHS MEpPEMIllleHb 1 HalpyXeHb B 00JacTi
3’€THaHHS LWTIHAPUYHOI Ta KOHIYHOT YaCTHH OOOJIOHKH. Y 3B’SI3KY i3 UM, IJIS
000JIOHOK 3 BEWKHM KYTOM 1| HEOOXITHO MpUHMAaTH MOJAaTKOBI KOHCTPYKTHBHI
3aXOJM JUTA MiACUIICHHS CTUKY CKJIaAeHOT KOHCTPYKLIi.
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