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YUCJEHHOE MOJIEJJMPOBAHUE HEJIMHENHBIX KOJIEBAHUM
BA3KOYIIPYT'OI'O TPYBOITPOBOJA C KKUJKOCTBIO

ITpuBeneHa MaTeMaTHYecKas MOJIENb 3aa4i O HEJIWHEHHBIX KOJNeOaHUIX BA3KO-
yIpyroro TpyOoIpoBoaa ¢ MpoTeKaromel depe3 Heé XHAKOCcThi0. C MOMOIIBI0
Mmerona byOHoBa — TamepkmHa MareMaTmdeckas MOJIENb 3aJadyd CBOJHUTCS
K PElIeHHI0 CUCTEMBI OOBIKHOBEHHBIX MHTErpoAnu(depeHIHaIbHbIX YpaBHEHUH,
pelraemasi YUCICHHBIM METOJIOM MCKIIIOUYEHHS CIa00CHHTYJISIPHBIX 0COOSHHOCTEH
B MHTETPAIBHBIX U UHTErpoIu(PepeHIMaIbHBIX YPABHEHUSX. Y CTAHOBIICHO, YTO
JUIsL BBIABJICHUS BIMSAHUS BA3KOYNPYTMX CBOWCTB MaTepuaia KOHCTPYKLHME Ha
KosilebaHus TpyOOIpoBoIa, HEOOXOJMMO HCIOIB30BaTh CIIA0OCHHTYISIPHBIE sapa
HACIIeICTBEHHOCTH THIa AOes.

KiroueBble ciioBa: mamemamuueckas MoOenb, 8A3KOYNPYy20CHib, UHMeZPOOUGh-
Gepenyuanvhuvle ypasrenus, areopumm, mpybonpogoo.

B Hacrosmee Bpemsi HehTerazoBasi MPOMBIIIIICHHOCTh YacTO CTAJIKMBAETCA C MPO-
OGreMaMH PEeMOHTa, PEKOHCTPYKIMH W BOCCTAHOBICHUS TPyOOIIPOBOJOB M3-32 BO3/CH-
CTBHS Ha HUX PA3IMYHBIX BHEIIHUX (akTopoB. OJHUM M3 IyTel pelIeHus] JaHHOH Mpo-
OmemBbl ABISETCA TNPHMEHEHHE COBPEMEHHBIX, PeCcypcocOeperarommx, 3KOJIOTHYeCKH
6e30MacHBIX TEXHONOTHH, K KOTOPHIM MOXHO OTHECTH HCIIOJIb30BaHHE HeMeTaJlInye-
CKHX, B YaCTHOCTH TIOJTUMEPHBIX KOMITO3UITMOHHBIX MaTepuanos [1-3].

Llenpro JaHHOM pabOTHI SBISIETCSI CO3JAHUE MAaTEMaTHYeCKONH MOJIENH, YUCICHHOTO
ANrOpUTMa U KOMIIBIOTEPHOM NMpOrpaMMBbl JUI PELIeHHs 3aJa4d O HEITMHEWHBIX KoJe-
OaHMSIX BSI3KOYNPYIMX TOHKOCTEHHBIX TPYOONPOBOJOB OOJBIIOTO JuaMeTpa Ha 0Oase
Teopun o0omouek [4, 5].

PaccmoTpuM moBeneHHE TOHKOM KPYTOBOW BS3KOYIIPYTOHM IHIMHIPUYIECKOH 000-
JIOYKH, BHYTPH KOTOPOH C TIOCTOSIHHON CKOpPOCTBIO U ABMXKETCS MeallbHAs JKHIKOCTb.
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Pemenue cucrem HenmMHEHHBIX HHTETrpoAn((epeHIINANBFHBIX YPaBHEHNH B YaCTHBIX
MPOU3BOIHBIX (1) IPH pa3sTHMUHBIX TPAHWYHBIX YCIIOBHSIX U NP HATWYUH CHHTYIISIPHBIX
s7iep HACJIeICTBEHHOCTH MPEACTaBIsieT co00M 3HAUYNTEIbHbIE MaTeMaTHIECKUE TPYIHO-
cti. [103TOMY ecTecTBEHHBIM CITOCOOOM PEIISHHUS] STHX CHUCTEM SIBISIETCS JJUCKPETH3a-
LM 10 NMPOCTPAHCTBEHHBIM MIEPEMEHHBIM U MOJIYUYEHHUE CUCTEMBI pa3pelIarolInX Hellu-
HeitHbIX UJIY oTHOCHTENBHO (QYHKIHI BpEMEHH.

[pubnmxeHHOE PEIICHUE CHCTEMBI (1) OyJeM UCKaTh B BUJIC
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Hainee k cucteme (3), omuchIBarOIICH HEIMHEHHBIC 3a1a4K O KOJICOAHUAX BA3KOYII-

PYTHX TPyOOIPOBOIOB, MIPUMEHEH YUCICHHBIH MeTox [6—8]. ClleAy oM 3TaroM Juc-
JICHHOTO MeTOofa siBiseTcs perymsipuszanus cucrembl MY (3) ¢ cuHTYIsIpHBIME sipa-
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MHU. C MMOMOIIBIO 3aMCHBI TEPEMECHHBIX
t—1=z"% 0<z<1* (O<a<l)

uHTerpai npu siape Konrynosa — PixaHnipiHa ¢ 0COOCHHOCTBIO CIIEAYIOIIETO BUAA!
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3aMeTuM, YTO MOCje 3aMEHbl MEPEeMEHHBIX MOJbIHTErpaibHas (QyHKINS OTHOCH-
TENBHO Z CTAaHOBUTCA peryisipHoii. [lomaras 3atem ¢t = ¢, t; = iAt, i =1, 2,... (At = const —
IIar MHTEPIOISIMN) U 3aMEHsIsl HHTEerpalibl HEKOTOPBIMH KBaJIpaTypPHBIMHU (HOpMyTiamMu
(B yacTHOCTH, 1O (hOPMYyJIE TPAICIUH), HMEEM
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Ha ocHoBe 3TOro MeToja OmMcaH aarOpUTM UYUCIEHHOTO pelleHus cuctemsl (3).
WuTerpupys cuctemy (3) 1Ba pasa 1o ¢, MOKHO 3alucaTh €¢ B HHTErpalbHOU (hopMe U ¢
MOMOIIBI0  PAIMOHATHHOTO TPeoOpa3oBaHMs HWCKIIOYAM CHHTYISAPHBIE O0COOCHHOCTH
HHTETPaIBHOTO OIlepaTopa R. 3arem, nonaras t=t;, t;=1ih, i=1, 2,... (h = const) u 3a-
MEHSISI HHTETPaJbl KBaApaTypPHEIMH (HOpMyTIaMH TPaNeIHi ISl BEIYUCICHUS Uy = Uy(t;),
Vi = Vi(t;) B Wyg = wy(t;), TIOTYIUM peKyppeHTHBIe (GopMynbl s sapa KonTyHoBa —

, k=Li-1

Pxanunpina R(t) = A~exp(—Bt)~t°‘71, O<ax<l

TakuMm 00pa3oM, COTIACHO YHCIEHHOMY METOJy OTHOCHTEJIFHO HEM3BECTHBIX I1OJTY-
YHM CHCTeMY aireOpanyuecKux ypaBHEHWH. J[JI1 perieHus CUCTEMbI HCIOJIBb3YETCs Me-
tox 'aycca. Ha 6a3ze pa3paboTaHHOrO aaroputMa co3faH MakeT MPUKIAIHBIX KOMIIBIO-
TEPHBIX IIPOTPaMM.

Pe3ynpTaThl BEIYHCICHUH, TONTYyYSHHBIE UL CIIEAYIONIMX YHCIOBBIX 3HAYEHHH OC-
HOBHBIX IapaMeTpoB TpyGomposoza: p = 0.32; E = 2.10° kr/cm?; p = 7.8, npescTaBnens!
B BHUze rpadukoB. Ha puc. 1-4 npusenens rpaduku nepemerienuiit W, U, V B 3aBucu-
MOCTH OT BPEMEHH / COOTBETCTBEHHO. PacdeTs! moka3any, 9TO NMPH PELICHHH JaHHBIX
3amad B pasnokeHnHn MeTona byOHoBa — amepkuna noctatodHo yaepkuBaTth 10 mep-
BBIX TapMOHUK (N =2; M =5), Tak KaK najbHelIlee yBeIMUeHHEe KOIMUECTBA WICHOB
HE OKa3bIBaeT CYNIECTBEHHOTO BIIMSHUS HA aMIUTUTYAy KOJIEOaHHs BS3KOYNPYToW IH-
JUHIPUYICCKON 000JIOUKH.

Ha puc. 1 comocTtaBneHbl KpUBbIE H3MEHEHUsT BO BPEMEHH IepeMelleHuin W
(puc. 1, a), U (puc. 1, b), V (puc. 1, ¢) cpemuano Touku ympyroi (4 =0 — kpuBas /) u
BSI3KOYTIPYTOI TPyOOIPOBOIOB THIIA IMIIMHApUUecKuX obomouek (4 = 0.05, 0.1 — xpuBble
2, 3). Kak BUAHO W3 pUCYHKa, Y4eT BSI3KOYIPYI'MX CBOWMCTB MaTepuaja TpyOOoIpoBoja
MPUBOIUT K 3aTyXaHUIO KOIEOATEIFHOTO MpoLecca, IPH 3TOM, XOTS pelleHHe yIpyroi u
BSI3KOYTIPYTOH 3a/a4 B HAYAIBHBIA NTEPHO BPEMEHH MAJIO OTIIMYAIOTCS APYT OT APYyTa, C
TEYEHHEM BPEMEHH BA3KOYIIPYTHE CBONHCTBA OKA3bIBAIOT CYIIECTBEHHOE BIMSHHE.
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Brusinne peonorumyeckoro napamerpa o Ha KoJjieOaTeNbHBI Mpolecc MoKa3aHo Ha
puc. 2. U3 pucyHka BUAHO, YTO YBEIHUYECHHE 3HAUYEHHUS ITOTO MapamMeTpa MPUBOAMUT K
YBEJIMYCHUIO AMILUTUTYIbI U YaCTOTHI KOJICOaHUS.
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Puc. 2. 3aBucumocts nporuda ot Bpemenu npu o = 0.1 (1), a = 0.3 (2), a = 0.7 (3);
A=0.05;3=0.005,y=0.02; p=7.8; E= 2105 N=2; M=5,M;=0.1,8=1.2
Fig. 2. Deflection as a function of time at o = 0.1 (1), . = 0.3 (2), a = 0.7 (3);
A=0.05;p=0.005y=0.02;p=78, E=210 N=2; M=5;=0.1,8 = 1.2

W3ydeHo Takxke BIMSHHE TEOMETPHYECKOr0 apaMeTpa Y, paBHOTO OTHOIICHHUIO pa-
muyca R k umHe L TpybonpoBoza (puc. 3). BeraucneHust mpoBOAWINCE IS BI3KOYIIPY-
rux TpyO C OTHOCHTENBHOW ITHHOH y = R/L, m3mensronteiicsa B npeaenax ot 0.01 xo 0.5.
W3 pucyHKa BUAHO, YTO YBEIWYEHHE HTOTO MapaMeTpa NPHBOIHUT K YMEHBUICHHIO Yac-
TOTHI KOJNEOAaHUI M OJHOBPEMEHHO K YBEJMYCHHUIO aMIUIMTYABl M3THOHBIX IepeMele-
HU W TpyOompoBoaa.
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Puc. 3. 3aBucumocts nporuda ot Bpemenu npu y = 0.01 (1), y=0.05 (2), y=0.5 (3);
A=0.050=025p=0.0058=12;p=7.8,E=210 N=2; M=5; M, =0.1
Fig. 3. Deflection as a function of time at y = 0.01(1), y = 0.05(2), y = 0.5(3);
A=0.050=0.25;=0.0056=12;p=7.38; E=2-10%N=2; M=5; M; =0.1
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Ha puc. 4 n300paxkeHbl KpUBbIE 3aBHCUMOCTH NPOruda W oT BpeMeHH BS3KOYIpY-
roro TpyOOnpoBo/ia MPU Pa3IMYHBIX 3HAUYEHHSIX Tapamerpa O = R/h. Beraucnenue mnpo-
BOJMJIMCH JJIS BA3KOYNPYTHX TPYO C OTHOCHTEIBHOM TOMIIMHOM & = R/, W3MEHIEMOI B
npenene oT 1.1 mo 5. AHanu3 yka3aHHBIX KPHUBBIX IO3BOJISIET CAENaTh BBIBOJ, UTO
YMEHBILEHUIO TOJIIMHBI TPYOOIPOBOJA CIOCOOCTBYET ITOBBIIIEHHE YacTOTHI KoJieba-
Huid. Ha puc. 4 Habmomaercst TOBOJIFHO 3aMETHOE YBEIMYEHHE aMILIMTYJbI IPOruoda
TpyOorpoBoza B ciaydae § = 5 (kpuBas 3).

w 3 : : :
3010 /
20-104
14-104
N T I
8104 I I N o N AN 7R A
IARAROLN T >
210+ ] ‘ 1 z :
0 6 12 18 24 7 c

Puc. 4. 3aBucumocts nporuda ot Bpemenu npu 6 = 1.1 (1), 8=1.5(2), 6 =5 (3);
A=0.05,0=0.25$=0.005,y=0.02; p=7.8; E= 2-106; N=2;M=5;M,=0.1
Fig. 4. Deflection as a function of time at 3= 1.1 (1), 8=1.5(2), 6 =5 (3);
A=0.050=0.253=0.005vy=0.02; p=7.8; E= 2:10% N=2: M=5; M, =0.1

Heo0x0anmMo OTMETHTB, YTO aJrOPUTM MPEIaraeMoro MeTo/1a MO3BOJISIET JeTAIEHO
WCCIIE0BaTh BIMSHUE PEOJIOTHYECKHX MTapaMeTpOB BSI3KOCTH Ha XapakTep KoyebaTelb-
HOIl yCTOHYMBOCTH BS3KOYNPYTHX TPYyOONPOBOJOB, B YaCTHOCTH INPHU HCCIICIOBAHUH
cBOOOIHBIX KoeOaHuil TpyOOIIPOBOIOB HA 0a3e TEOPHUHU HICANFHO-YTIPYTHX 000I0YeK.
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Khudayarov B.A., Turaev F. (2016) NUMERICAL SIMULATION OF NONLINEAR OSCIL-
LATIONS OF A VISCOELASTIC PIPELINE WITH FLUID. Tomsk State University Journal of
Mathematics and Mechanics. 5(43). pp. 90-98
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In this paper, mathematical models of nonlinear dynamic problems with fluid and gas flows
through pipelines have been developed based on the Boltzmann — Volterra integral models with
weakly singular hereditary kernels. Using the Bubnov—Galerkin method for the boundary
conditions, the resulting nonlinear integrodifferential equations with partial derivatives are
reduced to solving systems of nonlinear ordinary integrodifferential equations with both constant
and variable coefficients as functions of time. It is proposed to investigate oscillating processes
occurring in a pipeline by a numerical algorithm for solving the nonlinear integrodifferential
equations with weakly singular hereditary kernels, which is convenient for a computer
implementation. On the basis of the developed computational algorithm, a complex of computer
application programs allowing one to explore a completely new class of mathematic simulation
problems, such as an oscillatory process of viscoelastic thin-walled pipelines with a large
diameter, in terms of the shell theory is designed. The influence of a singularity in the hereditary
kernels on oscillations of the construction with viscoelastic properties has been numerically
investigated. When simulating the nonlinear problems, a number of new dynamic effects were
explored. It was found that the determination of the effect of viscoelastic properties of the
construction material on vibrations of the pipeline with a flowing liquid requires applying weakly
singular hereditary kernels with an Abel type singularity.

Keywords: mathematical model, viscoelasticity, integrodifferential equations, algorithm, pipeline.
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