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PACYET HAHPH)K]EHI/IFI B TPEXCJIOI7II-EOI7I TPYBE
C BSI3BKOYHNPYI'OH TEILJIOU3OJISILIUEN

B. B. MOXKAPOBCKMIA*, JI. C. KY3bMEHKOB, E. A. TOJIYBEBA

T'omensckuii rocygapcTBeHHbIH yHUBepcuTeT nMeHH Ppannucka Cropunsl, yi. Coserckas, 104, 246019, r. 'omens, benapycs

Ilpuseden 0630p Memodos pacuema YUIUHOPUYECKUX MPYO U3 KOMROZUMOS U KPAMKULL AHAIU3 CO8pe-
MEHHBIX UCCIe008AHUL 8 00OIACMU pacyemad YUIUHOpuueckux mpyo cioucmoil cmpykmypul. Paccmompena
3a0aya pacuema HanpadjceHull 6 mpyoe u3 QYHKYUOHATbHO-2PAOUECHMHO20 MAMEPUana ¢ ynpy2ou 000104Kou
U NOUYPEMAHOBOU MENLOUZONAYUEH, HASPYICEHHOU GHYMPEHHUM OAGIEHUEM, NPU IMOM NPUHSIMO, YMO NO-
JIUYPEMAHOBbIIL MAMeEPUA 0b1adaem 6s13KOYNPYUMU CEOUICMBAMU.

Tocmpoen ancopumm pewenus 2pAHUYHbIX 3a0ay, MOOEIUPYIOWUX ONpedeeHue HanpsiceHull 6 OecKo-
HEeUHO ONUHHOM YNPY2OM YUTUHOPE, 3AKTIOYEHHOM 8 YINPY2ylo 0D0JI0YKY, HASPYICEHHOM 6HYMPEHHUM Odasie-
HUEM C 8S3KOYNPY20ll NOIUYPEMano8oll meniousonsyuell. Ucnonv306aiu onepamopuviil Memoo peuleHust 3a-
0auu BA3KOYNpy20Cmu Ol MPexciouHou mpybvl, Cuumas, yYmo noauypeman obradaem peoHOMHbIMU
ceolicmeamu (3ameHsisi MOOYib YAPY2OCmU HA 6peMeHHOl onepamop no npunyuny Bonvmepa). /[ns peanusa-
Yuu pacyema HanpsiCeHHo-0ephOpMUPOBAHHOZ0 COCMOSIHUL MPYObL UCHOB306AU NAPAMEMPbl PA3TULHBIX
A0ep no3yuecmu U peraKcayuu, xoosuue 8 unmezpaibHvle ypasHenus meopuu eazkoynpyzocmu. Ilposenu
sbluucaenus 0s crabocunzyiapHoeo aopa Pocanuyvina-Konmynosa.

Yuumuieas epanuunvle ycnosus, cocmasnena cucmema IUHENHbIX al2eOpauieckux ypagHeHul OJisi Haxoic-
OeHlisl HeUu38eCMHbIX KOIMDDUYUeHmos, 6X00Auux 6 ypaeHeHus 0is nepemeujeruti. Mampuunvim memooom peuia-
J cucmemy YpagHeHUll npu 3a0aHHbIX 2eOMEMPUYECKUX U (UULECKUX NAPAMEMPAx (C YUEmom c8olcme (hyHK-
YUOHAIbHO-2PAOUEHMHO20 Mamepuana yunuHopa). Tlonyyenuvie Kkodghpuyuenmol npumena 6 Gusuyeckux
ypasHeHusix 05l OnpeoeieHusl HanpsidiceHull u nepemewenuti ¢ mpyoe. Paspabomana npozpamma pacuema, 0o-
CMOUHCIMEOM KOMOPOU AGISLEMC st NPOCIOMA GbIYUCCHUSL HANPSIHCEHUIL U NEpeMeUueUtl He MOLbKo Ok mpyo u3
DYHKYUOHATILHO-2PAOUESHMHO20 MAMEPUAA, HO U OJisi OOHOPOOHO20 U30OMPONHO20 MAMEPUANQ, KAK 6 Ynpyeol,
MAK u 613K0YNPY20ii NOCMAHOBKE.

Coz0an npoepammubiil KOMNIEKC O paciema HANPANCEHHO20 COCMOAHUA MPEXCAOUHbIX MpYo, 6
KOMOpOM YUUMbIBAIOMCS 683KOYNpY2Ue CEOUCMEA MAmMepuald, HeoOHOPOOHOCIU 2e0MempPUudecKux u
Qusuneckux ceoucme KOMNOHEeHmMOo8 ciroucmoix mpyo. Ilpugedenvl npumepuvl paciema, nocmpoenvl epa-
QuKru uzmMenenuss paouaibHblX U OKPYICHLIX HANPANCEHUL 8 MPEeXCAOUHOU mpybe U3 pasHvlx mamepua-
106 onst pemen t = 0 u ona t = oo, [loxazan xapaxmep usmeHenuss paouaIbHblX U OKPYICHIX HANPIICE-
Huil. Ommeueno, Ymo 0coOeHHO 803PACMAIOM HANPANCeHUs 015 QYHKYUOHATIbHO- HeOOHOPOOHbIX MPYO
npu pocme napamempa HeoOHOpoOHocmu .

KuroueBble ¢j10Ba: BI3KOYIPYTOCTh, CIOHCTas Tpyda, (yHKIMOHATHHO-TPAAMEHTHBIN MaTepHal, KOMITBIOTepHas
IporpamMma, KOMITO3HT.
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The review of calculation methods of cylindrical composites pipes and the brief analysis of modern re-
searches in the field of calculation of cylindrical layered structure pipes are presented. The problem of cal-
culating stresses in a pipe made of a functionally gradient material with an elastic shell and polyurethane
thermal insulation loaded with internal pressure is considered. It is taken into account that the polyurethane
material has viscoelastic properties.

An algorithm for solving boundary-value problems modeling the determination of stresses in an infinitely
long elastic cylinder enclosed in an elastic shell loaded with internal pressure with viscoelastic polyurethane ther-
mal insulation is developed. An operator method to solve the viscoelastic problem for a three-layer pipe is applied.
It is considered that polyurethane has rheonomic properties (it is replaced the elastic modulus with a temporary
operator according to the Voltaire principle). To implement the calculation of the stress-strain state of the pipe, the
parameters of various creep and relaxation kernel included in the integral equations of the theory of viscoelasticity
is used. Computations were performed for the weakly singular Rzhanitsyn-Koltunov kernel.

An algorithm and software implementation of the solution to the calculation problem has been created.
Taking into consideration the boundary conditions a system of linear algebraic equations is compiled to find
the unknown coefficients in the equations for displacements. It is solved the system of equations for given ge-
ometric and physical parameters (taking into account the properties of the functionally gradient material of
the cylinder) with a matrix method. The obtained coefficients are applied in the physical equations to deter-
mine the stresses and displacements in the pipe. The advantage of the developed calculation program is cal-
culation simplicity of stresses and displacements not only for pipes made of a functionally gradient material,
but also for a homogeneous isotropic material, both in elastic and viscoelastic formulations.

As a computer software implementation of stress state calculation for three-layer pipes was created a
software package. It includes viscoelasticity, inhomogeneity, geometric and physical properties of laminated
pipe components. Examples of calculations are given. Graphs of changes in radial and circumferential
stresses of three-layer pipe att = 0 and t = oo are plotted. The nature of the change in radial and circumfer-
ential stresses is shown. It was noted that stresses of functionally inhomogeneous pipes increase especially
with an increase in the inhomogeneity parameter j.
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