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Structural elements in the form of rotating shells made of composite materials are
used quite often in various industries. Such shells, as a rule, have a multi-layered structure
and are subject to the combined influence of force and temperature factors. Therefore, the
questions related to the calculations of shell systems for thermoforce loads are quite
relevant in the design and construction of such structures.

The calculation of structures consisting of multilayer shell systems of different
configurations is a rather complex mathematical problem, especially in cases where the
shell layers have properties of orthotropy.

The implementation of such problems by analytical methods is possible only for a
narrow class of shells under certain boundary conditions and certain loads.

The calculation of multilayer structures based on the classical theory of Kirchhoff-
Lewa, as numerous studies have shown, in many cases gives rather large errors.

In view of this, applied refined theories were developed which take into account
transverse shear deformation and compression in the calculations. As research has shown,
on the basis of such models, fairly accurate values of the parameters of the stress-strain
state of multilayer orthotropic shells were obtained.

Quite often, such structures are affected not only by force factors but also by
temperature loads. A mathematical model was proposed that took into account
temperature effects when calculating the stress-strain state of multilayer orthotropic plates
and shells.

This article considers the problem of determining the thermoelastic state of a three-
layer orthotropic shell under the influence of a temperature field and a force load.

The purpose of this work is to study the influence of the thermomechanical
characteristics of the material of the layers on the thermoelastic state of the shell system.
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A divergent three-layer shell of the "cylinder-cone™ type is considered, which is
under the influence of the temperature field and force load under the conditions of
convective heat exchange with the surrounding environment.

A load uniformly distributed over the surface acts on the shell. The shell has three
layers, two of which are bearing layers and one layer is aggregate.

Kurouogi cnosa: 6azamowaposi 000I0HKY | NAACMUHY, KIHYEBO-3CY6HA MOOeb
meopii 06010HOK.
Keywords: multilayer shells and plates, finite-displacement model of shell theory.

Beryn. [locuth 4acto B pi3HHUX raily3six MPOMHCIOBOCTI 3aCTOCOBYIOTHCS
KOHCTPYKTUBHI €JEMEHTH Yy BHUIIIAII 00OJOHOK OOepTaHHs SKi BHTOTOBIEHI i3
KOMIO3UTHHUX MartepialiB. Taki 000JOHKH MaloTh, SIK MPaBWIO, 0araTomapoBy
CTPYKTYpPY 1 HiANaroTbcs KOMOIHOBAHOMY BIUIMBY CHJIOBHX 1 TEMIIEPATYpHHUX
¢akropi. ToMmy nuTaHHsA, SKi OB’ sA3aHi i3 po3paXyHKaMHu 00OJIOHKOBUX CHCTEM
Ha TEPMOCHIIOBI HAaBaHTAXKCHHS, € JOCHTbh aKTyaJbHUMH IPU IPOCKTYBaHHI Ta
CHOPYJUKEHHI TaKUX KOHCTpYKLi [1,2,3].

AHaJni3 ocTaHHiX JocaizxeHb Ta nyoaikanii. IloctanoBka npodJjaemn.

Po3paxyHOK KOHCTPYKI[iff, 10 CKJIaJal0Thcss 13  OararomapoBHX
000JIOHKOBUX CHUCTEM Pi3HOI KOHQITypallii, € JOCUTh CKJIAIHOK MaTeMaTHYHOIO
3ajJia4ero, OCOOJMBO y THX BHIIAJIKaX, KOJU [Iapy OOOJOHKH BOJIOAIIOTH
BIIACTHBOCTSIMH OPTOTPOIIi.

Peanizamis Takux 3aad aHAIITHYHAMH METOJAMHM MOXJIIMBA TUIBKH JUIS
BY3bKOTO KJIacy OOOJIOHOK IIpH IIE€BHHX TPAaHWYHMX YyMOBaxXx 1 NEBHUX
HaBaHTAKCHHSX.

Po3paxyHok OaraTolmrapoBHX KOHCTPYKIIH Ha OCHOBI KJIACHYHOI Teopii
Kipxroda — JlsBa, sk moxasamu OaraTOYMCIECHHI JOCITI/PKEHHS, B OaraTbox
BHUITaJKaX JAa€ JOCUTH BEIMKI TOXHUOKH.

3 ormany Ha me, Oymu po3poOiieHI NMPHUKIAagHI yTOYHEHI Teopii sKi y
po3paxyHKax BpaxoBYIOTh AePOpMaIlil0 MOMEPEIHOTO 3CYBY i 0OTHCHEHHS. Sk
ITOKa3aJy TOCIiPKEHHS Ha OCHOBI TaKUX Mojieneli OyJin oTpuMaHi TOCHTh TOYHI
3HAUEHHs MapaMeTpiB HampykeHo-aeGopMoBaHOr0 craHy OararomapoBux
opToTponHUX 000JI0HOK [1,2,3].

JlocuTh 4acTo Taki KOHCTPYKIII MiJIal0ThCsl BIUIMBY HE TUIBKH CHIIOBHX
¢axTopiB, ame 1 nXii TemmepaTypHHMX HaBaHTaXeHb. byna 3ampornoHoBaHa
MaTeMaTudHa MoOJIellb, SIKa BpaxoByBaJa IIPH pPO3paxyHKax HaNpyXeHO-
nedopmMoBaHoro crany OaraToImapoBUX OPTOTPOIHUX ILIACTHH 1 000JI0HOK, i€ i
TEMIIEpaTypHi BILTUBU.

B nawiit cTarTi po3rAgaeThes 3agada BU3HAYCHHS TEPMOIIPY>KHOTO CTaHY
TPUIIAPOBOI OPTOTPONHOI OOOJIOHKM fKa 3HAXOAWTHCA IMiJ BIUINBOM
TEMIIEPaTYPHOTO TOJIS 1 CHIIOBOTO HABAaHTA)KECHHS.
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Metoro 11i€i poOOTH € JIOCHIPKEHHS BIUIMBY TEPMOMEXaHIYHUX
XapaKTepUCTUK Marepialy HIapiB Ha TEPMOIPYKHHH CTaH 0O0OJOHKOBOT
CHCTEMH.

OcHoBHa yacTuHA. Po3rismaeTses po30iKHA TpUIIApOBa 0O0IOHKA THITY
“muniHAp-KoHyc” (puc.l) sika 3HAXOAWTHCS MiJ TIEI0 TEMIIEPATypHOTO MO 1
CHJIOBOTO HABAaHTA)XCHHS B YMOBAaX KOHBEKTUBHOI'O TEINIOOOMIHY 3 OTOUYIOUMM
CEepPEIOBHILIEM.

1 2 3 Rz
R:

Puc. 1. KoncTpykTHBHA cXeMa 000JIOHKA

XapakTepuCTUKU TeMIIEpaTypHOTO IIOJIST HACTYIIHI

01= 0= 03=20°C, 04 =100°C,

ne 01, O, - BeMUYUHH TEMIIEPaTyp, IO AKUX HATPITI JIBUH Ta MpaBUid TOPII
00omoHKH; ®3 _ Temrieparypa, Ky Ma€ BHYTPIIIHS ITOBEpXHS OOOJIOHKH, a B4 —
TeMIIepaTypa 30BHIIIHBOT MOBEPXHI 0OOJIOHKH.

Ha 060i0HKY i€ pIBHOMIPHO PO3MOIICHE MO MOBEPXHI HABAHTAKCHHS,
IHTEHCUBHICTB SIKOTO JIOPiBHIOE

q=0,03 MIla.

OO6osoHKa Mae TpW IIApH, 3 SIKUX JBa — HECYYi IIapW Ta OAWH IIap —
3armoBHIOBadY. ToBHOIMHM Hecydmx mapiB ti = t3 = t, = 0,001 M, a ToBmIKMHA
3anoBHIOBaYa t2 =ty = 0,012 M.

Oo6omonka Mae noBxkuHy L = 0,4M; NHOBXMHA HWIIHIPUYHOI YaCTHHU -
L1 =0,19m. Kyt konycrocti 1 = 25°.

[lapu 000JIOHKH BOJOIIIOTh HACTYITHHUMH XapaKTePUCTUKAMHU.

Moy npy*kHOCTi Hecyuux mapis - E, = 7-10* MIla, 3amoBHIOBaua -
E3an =70 MIla.

Koedirient ITyaccona Hecyunx mapis - vy, =0,3, 3a110BHIOBaYA - Vsan = 0,1.

KoedimieHTH TeruoBingadi 30BHINIHBOI Ta BHYTPIIIHBOI ITOBEPXOHb
0060710HKH - a3= a4 = 1500 B1/(M?-K), a 17151 mpaBoro i JIiBOro TOPIiB 06OIOHKH -
a; = ap = 200 Br/(M?*'K).
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KoediieHTr JTiHIHHOTO TENJIOBOrO PO3IIUPEHHS HECYYMX IIapiB - Oy =
0,238 - 10 1/K, a ans 3alIOBHIOBAYA - Olsay = 0.

KoedimieHTH TeIIONPOBiAHOCTI HECYUHX IIAPiB MpUHMaIHcs GikcCoBaHUMH
- A = 100 B1/(Mm°K), a 3ammoBHIOBaYa 3MiHIOBaBCS TaK, 00 BUKOHYBAJIacs yMOBa

-1< |y=1g (;)] <2

B sikoCTI TpaHMYHUX YMOB NpHHAMAJOCS, 10 OOOJIOHKAa Ma€ IIapHipHE
CIMPaHHS MPU BiJICYTHOCTI MEPEMIIIIEHb TOPIIIB B3JJOBXK OCi 000IOHKH.

Jnst po3paxyHKy Takoi 0OOJOHKH 3aCTOCOBYBaJlacsh MaTeMaTHYHa MOJEINb
TEPMOIIPY>KHOTO CTaHy OaraTolapoBUX OPTOTPOITHUX 000IOHOK [3].

PesynbraTi po3paxyHKy TEPMOINPYKHOTO CTaHy OOOJIOHKH Uil TPbOX
CiYeHb 110 TOBKMHI KOHCTPYKIIi HaBeAeHi B Ta0II. 1.

Ta6mums 1
PesynbraTi po3paxyHKy 000JOHKH
Homep BennunHu nepeMiliieHb Ta HanpyXeHb
CideHHS U, *10% M oo | 0 v | 0w | 055,
MIla
y=-1
2 1,92 -50,6 -164 86,1 -81,1
3 -1,65 348 -563 -44,1 -451
4 2,75 -19,8 -136 81,0 -70,9
vy=0
2 1,98 -62,7 -152 83,0 -77,0
3 -1,64 339 -554 -46,3 -448
4 2,77 -30,3 -125 76,2 -64,3
y=1
2 1,93 -65,8 -149 82,2 -75,9
3 -1,64 337 -552 -46,9 -447
4 2,77 -33,0 -122 75,0 -62,5
vy=2
2 1,93 -66,1 -148 82,1 -75,8
3 -1,64 337 -552 -47,0 -447
4 2,77 -33,4 -122 74,8 -62,3
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3 HaBeJCHUX pe3yJbTaTiB BUILIMBAE, 10 mepeMileHHs U; i3 30UIbIIEHHIM Y
3QUTMIIAIOTHCS Maiike MOCTIHUMH, @ HATIPYKEHHA 011, 071, O , Oz2 CYTTEBO
3MIHIOIOTECS. Tak MepHAiOHANbHI HAaNPYXXEHHS 011 B IPOMDKHHUX CIYEHHSX (T.2
i T.4) mpu 30iMBIIEHH] BiTHOCHOTO KOe(iIlieHTa TETUIONPOBITHOCTI B MeEXax
—1 < y <0, 3#a4HO 36iIBIIYIOTECS: IUIsL CIYEHHs 2 PI3HULS B Pe3yJibTatax
nopiBHioe 19%, a mna cidenss 4 - 35%. Ilpu momansmoMy 30inbHICHH] Y 1
PI3HUIIA TIOMITHO 3MEHIITYETHCS.

MepugioHanbHI HaIpy>KeHHS O'I—l 1 OKpyXKHi 0';2 , 025 TIpH 30iJBLICHH] Y
3MCHIIYIOTBCSI, [IPH LBOMY HAWOLIBII CYTTEBO TaKOX B miamasoni —1 < ¥y <
0. Bkasane sBMIIE MOSCHIOETHCS TUM, IO sKpa3 B miamasoni —1 < y <0
erIopa TEMIICPATypH SIKICHO 3MIHIOE CBif XapakTep, IO 1 MPHBOIUTH 0
Nepepo3IOoIily HAIPY)KEHOTO CTaHy TaKoi 000JOHKOBOT CHCTEMH.
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