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OCOBJIMBOCTI JIi NUJIOMOAIFBHOIO CUJIOBOI'O

HABAHTAYKEHHS HA JIMHAMIKY KOHCTPYKIII I3 PIJUHOIO

En

Within the framework of the nonlinear statement, we consider a problem of dy-
namics of a cylindrical reservoir with a liquid under non-periodic force loading in
the form of a saw-tooth pulse. The selection of such type of loading is caused by
the application of such type of impulses for variation of position or orientation of
the structure, but not sinusoidal type, which is more peculiar to systems with re-
covering force. This type of pulses is used both periodically and one-time. The
problem of impulse disturbance of the translational motion of the cylindrical reser-
voir partially filled with liquids is considered. Modeling is done based on the non-
linear model of the combined motion of a liquid with a free surface and the reser-
voir, which uses the problem statement in the form of the Hamilton-Ostrogradskiy
variational principle, variational methods of mathematical physics and methods of
nonlinear mechanics. The developed nonlinear model of dynamics of combined
motion of the structure with a liquid was tested for different problems of transla-
tional and angular motion of the systems and qualitatively reflects main properties
of such systems in the nonlinear range of excitations of parameters, which were
given in numerous publications of experimental direction. A comparison of the ob-
tained results with a variant of disturbance of motion by the pulse in the form of
one period of sine is done. Variation in time of excitation of a liquid free surface
and velocity of the translational motion of the reservoir was analyzed. Moreover,
we consider the case when the liquid mass exceeds considerably the structure
mass, which causes the considerable effect of liquid filling on the system dynam-
ics. It was shown that activation of the saw-tooth pulse of force results in perturba-
tions of kinematical parameters (excitation of a liquid free surface on reservoir
walls and the velocity of translational motion of the structure) of the system lesser
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that in the case of the action of the sine-type pulse. We explain this effect and note
the presence of amplitude and frequency modulation in the law of variation of ex-
citations of a liquid free surface.

Rll B coBMeCTHOI HENMHENHOW NMOCTAaHOBKE paCCl\fOTpeHa 3aJaya I[I/IHaMI/IKI/i u-
JMHJIPUYECKOTO Pe3epByapa C KUIAKOCTHIO MOJ ICUCTBUEM HEMEPUOIUYECKON CHU-
JIOBOM HArpy3ku B opMe MUI000pazHOro umiyibca. M3yyaercsa 3agada o0 um-
MYJIbCHOM BO30YXJCHUU TMOCTYINATEIbHOTO JIBMXKEHUS HWJIMHIPUYECKOTO pe3ep-
Byapa, YaCTUYHO 3aIIOJHEHHOI'O HUJKOCThIO. MOJEIMpOBaHUE OCYIIECTBISAETCA
Ha OCHOBE HEIMHEHHOM MOJCIN COBMECTHOI'O JBKCHHMS KUJKOCTH CO CBOOOTHOM
MMOBEPXHOCTHIO M pe3epByapa, KOTOpasi OCHOBAaHA Ha MOCTAaHOBKE 3a/1a4u B Gopme
BapUalMOHHOTO TpuHIMIA ["ammibToHa-OCTPOTpascKoTO, BapUAIMOHHBIX METO-
Jax MaTeMaTH4ecKoW (PU3WKM M METoJaxX HEIMHEHMHOW MeXaHWKH. BwImoiaHeHO
CpaBHEHHUE PE3YJIbTATOB C BAPUAHTOM BO30YKIACHUS JBUKEHUSI UMITYJILCOM B BUJIE
OJHOTO MepHoJia CUHycouAabl. [IpoaHanm3npoBaHO W3MEHEHHE BO BPEMEHH BO3-
MYIICHUS CBOOOJHOW TOBEPXHOCTH KHUIAKOCTH U CKOPOCTH TMOCTYMATEIHbHOTO
JBIDKEHUs pe3epByapa. [lokazaHo, 4To AEMCTBHE MUI000PA3HOTO UMITYJIbCA CHITBI
MPUBOJUT K BO3MYILEHUIO KHHEMAaTUYECKUX MapaMETPOB CUCTEMbI MEHBIINX YEM
B CJIy4ae JEHUCTBUSI CHHYCOWIaJIbHOTO UMITYJIbCA.

Beryn

VY ckimagHuX yMOBax eKcIulyaTallii CydacHHX TPaHCHOPTHUX 3ac00i1B, sKi
MOXKYTh TIEPEBO3UTH BaHTaXi 3 PyXOMHUMH KOMIIOHCHTAMH BUKOPHUCTOBYIOTHCS
pi3HI anropuT™MH KepyBaHHS pyxoMm. OcoOnuBe 3HaueHHS HaOyBae mpoOsemMa
BUCOKOTOYHOTO KEpYyBaHHS TaKMMH CHUCTEMaMH IiJ] YaC BUKOHAHHS MaHEBPIB
00’€KTIB 13 PIAUHOIO HABKOJIO 1HIIUX BiIMOBITAIPHUX KOHCTPYKIIIHM, HATPUKIIA],
pUYaTIOBaHHS KOPaOIiB, CTUKOBKA—PO3AUICHHS CKJIaJ0BUX KOCMIYHMX arapa-
TiB, BCTAHOBJICHHS Pi3HUX 0aKiB 13 PIAUHOIO (AU3ENbHE MaJuBO, BOIA, 3Ma304HI
onii, Tomo) Ha AEC. Hait6unpmii npobiieMr BUHUKAIOTh y BUIAJKY TPaHCIOP-
TyBaHHsI PIIMHY 13 BUIBHOIO MOBEPXHEIO, KOJIM BITHOCHA Maca PIAUHU MOXKe Oy-
TH BHCOKOI. OIHUM 13 HaNpsIMKiB PO3BHHEHHS HOBHUX 3aCO0IB KepyBaHHS Ta-
KAMH CHUCTEMaMHU € BUKOPHCTAHHS IMITYJIbCHOTO KEpYBaHHS 3 MOJAJbIIUM BU-
BUCHHSM THUTAHHS IMPO JOIUTBHICTh BHKOPHUCTAHHS Pi3HUX (HOPM IMIYJIBCIB.
AHaJI3yeThCSl MOXIIMBICTh BHKOPHUCTAHHS IMUJIOMOMIOHMX IMIYJIBCIB I Ha-
JaHHS Pe3epByapy 13 PIAMHOIO MOCTYNAIBHUX MEPEMIIICHb 32 YMOBH MiHIMI3a-
11ii 30ypeHHsI pyXOMOCTi BUIbHOT IIOBEPXHI PITUHH.

Mopeni quHaMIKH KOHCTPYKIIIHA 13 PITWHOIO BIIHOCATHCS JO MHOTOBUIY
00’€KTiB 13 BHYTPIIIHIMU CTYTIEHSIMH BUTBHOCTI, 1 Y BUMAIKy BUCOKOI BITHOCHOT
Macy PIIMHUA CYTTEBUM € YpaxXyBaHHS CYMICHOTO XapaKTepy pyXy CKIaJOBHX
KOMITOHEHTIB CUCTEMHU, 1110 TPATUIIIHHO € CKJIAIHOIO 3a7a4yero. IMmyapcHUM Xa-
pakTep 30y/KEHHSI pyXy NPHU3BOAUTH 10 30ypeHHS BUIIHMX (HOPM KONHBAHB Bi-
JBHOT TOBEPXHi pimuHM. J[oCHimKeHHS OCTaHHIX POKIB MTOKa3yIOTh, IO aJICKBa-
THE MOJICTIOBAHHS TaKHUX 3a7a4 MOXKe OyTH BUKOHAHE JIMIIE y paMKax HEJiHiH-
HOT MaTeMaTUYHOI MOJIeJIi CYMICHOTO PyXY CKJIaJJOBUX KOMIIOHEHT CHCTEMH 13
ypaxyBaHHSM 30ypeHHs BUIIIKX ()OPM KOJIMBaHb BUTbHOT IOBEPXHI pimuau [1-4].
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ITocTanoBka 3axaui

Metoro pobOTH € JOCHIIKEHHS OCOOJMBOCTEH BIUIUBY CHIIOBOTO 30Y-
JDKEHHSI CyMICHOTO PYXy CUCTEMU pe3epByap — pIAMHA 3 BUIBHOIO MOBEPXHEIO Y
BUIAJIKy BUKOPUCTAHHS MUJIONOIOHOTO IMITYJIbCY.

MaremaTuuHa MojaeJib

PosristHemMo nMHaMIKy CUCTEMH KOHCTPYKLIS—pPiAMHA 13 BUIBHOIO MOBEP-
xHeto. PezepByap po3risiiaeMo sik aOCOJIOTHO TBEPJE TUIO, SIKE Pa3oM 13 KOHC-
TPYKIIEI0 MOXE 3/1IHCHIOBATH MOCTYNAJIbHUM PyX y TOPU3OHTAIBHIN TUIONIUHI
mij i€F0 aKTUBHUX 30BHINIHIX CHUJI, @ TAKOX Y pa3l HAsIBHOCTI KIHEMaTUYHUX
30ypeHb. PiguHa BBa)ka€Thesl i7€ajbHOI, HECTUCIUBOIO, OJHOPIIHOIO, a ii To-
YaTKOBHM pPyX BBaXKAETHhCS OE3BUXPOBUM. Taka MOAENb PIIMHH OOyMOBJIEHA
TeM, 110 y OUTBIIIOCTI BaXKJIMBUX MPAKTUYHUX 3a7a4 YuCao PeifHonbca NeXuTh

y Jiama3oHi 10° <Re <10°, mo no3BoIsie T Yac MOIETIOBAHHS BIACTHBOCTEH
B’SA3KOCTI OOMEKHUTHCS TPHUITYIICHHIMH TEOpii MPUMEKOBOTO MIapy, a JJis Jia-
HOT'O KJIacy 3ajad II¢ 3BOJUTHCSA O BKJIIOUCHHS y MaTEMaTUYHY MOJCIb CHJI
y3araJIbHeHO1 JUCHIIAIlii, BA3HAYECHUX Ha OCHOBI JormoMiKHUX [1]. Po3risgaers-
Csl BUIIAJOK, KOJIM pe3epByap NPEJCTaBIIsI€ COOO KPYroBy HMIIHIPUYHY 00-
JIACTh, X0Ua BXKE PO3TIIIHYTI BapiaHTH Pe3epByapiB y BUTIIAA1 TUT o0epTaHHs [5].
Jlani BUKOPUCTOBYEThCSI MaTeMaTuyHa mojenb [3, 4], sika Oyna O6araToKpaTHO
IPOTECTOBaHA HAa PI3HUX 3ajadyaxX, BKIIOYAIOYM SKICHE MOPIBHAHHS 3 JaHUMU
€KCTICPUMEHTIB.

Mopenb cuCTeMH € MaTeMaTHYHUM 00’ €KTOM HEOAHOPIAHOI CTPYKTYpH.
Pinuna onucyeThCsl sIK KOHTUHYallbHA MOJENb (PIBHAHHS Y YACTUHHUX IMOXI1J-
HUX), @ PyX KOHCTPYKIIIi — y GopMi CUCTEMH 3BHYANHUX TUdEPCHITIATBHUX PiB-
HsHB. J[J71s mepexoay A0 MaTeMaTUYHOTO 00’ €KTY OJAHOPITHOT CTPYKTYpPU BUKO-
pPUCTAHO METOJ MOJAJIBHOI JIeKOMIO3HuIIiii (BapiaHT MeTona Kantopopuya), Ko-
T pyX BUIBHOT IMOBEPXHI PIAMHU 3aJA€THCS Yy BUTJISA1 PO3KIALy 1Mo ¢opmax Bi-
JHHUX KOJIMBAHb:

&= Zan (t)Wn(r’G) ’

ne W, (r,0) — dopMu BiTEHMX KONMBaHB PiMHH 3 BLTBHOK IOBEPXHEID;
a,(t) — amnmityna xomuBaHb BinbHOI MOBEpXHi pimUHU 3a N-10 popmoro. s
OMHUCY PYXYy PIAUHHA Yy BCbOMY 00’€Mi BHKOPHUCTAHO ITOTEHINAT MIBHIKOCTEH
D=, +&-F, de P, — MOTEHLiad IIBUIKOCTEH XBHILOBOIO PYXY PilHHU;

€-T _ moTeHIaJ IIBMAKOCTEH MOCTYNAIBHOIO PYXy CHCTEMH, TYT & — BEKTOP

IBUIKOCTI IOCTYNAIBLHOIO PYXy CUCTEMH, I — paaiyc-BEKTODP JOBUILHOI TOYKH
o0macTi, SKy 3aiiMae piuHa, SKIIO 32 MOYATOK BIJJIIKY MPUNHSATH IIEHTP HE30 Y-
peHoi BUTHHOI MOBEpXHI pinuHu. JJIS MOTEHIIaTy MIBUAKOCTEH MPUIAMAIOTHCS
TaKWi pasKiaj 1Mo BIaCHUM (opMam:
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chk (z+H)
=) b (t r,0 n
(0 Z (O, (r,0) s H

ne b (t) — ammnityaui napamerpu noteHmiany, siki 3a Metoaukow [2, 3] Bupa-

JKAIOThCS Yepe3 aMILIITYHI IapaMeTpu pyXy BinbHOi mosepxHi pinunu a,(t).
MoXuBICTh OMHUCYBATH PyX PIIMHU JIMILIE Yepe3 pyX ii rpaHullb (mapamerpu
PYXy BUIBHOI IpaHMIll 1 PyX CTIHOK pe3epByapa) BU3ZHAYAIOTHCS TEOPEMOIO PO
TE, 0 0€3BUXPOBUH pyX 11€adbHOI OAHOPIAHOI HECTUCIUBOI PITUHU MOBHICTIO
BHU3HAYAETHCA PYXOM ii rpaHullb. ToMy 3a He3alleXKH1 MapaMeTpu MPUNUHATO aM-
wIiTyau 30yKeHHS (opM KOJIMBaHb BUIBHOI MOBEPXi PIAUHU &1 mapameTpu
NOCTYNAIBHOTO €; pyXy KOHCTpyKIii. OOpaHi mapamMeTpu MOBHICTIO XapaKTepH-
3yI0Th JMHAMIKY CHCTEMHU 1 MO I[UM MapaMeTpaM MOXHa MOBHICTIO BiIHOBUTHU
XapaKTEPHCTHKU PyXy BUIBHOI MOBEPXHI pimuHK &, , MOJE MBHAKOCTE PiLHHH,
10JIE€ TUCKIB.

VY MareMaTuyHOMY IUTaH1 CUCTEMa PIBHSIHB PyXy MpeAcTaBisie cOO00k0 He-
JTHIAHY CUCTEMY 3BMYAWHUX AU(PEpEeHIIaTbHUX PIBHSIHb APYTOro MOpSAKYy, y
SKIA APYT1 MOXIIHI HEBIAOMHUX BXOSATH JIIHIAHO, 110 CTBOPIOE TIEPEIYMOBH JIJIsI
aHAITUYHOTO TMPUBEJEHHS CUCTEMH PIBHSHB pyxy a0 (opmu Komri, 3pydHoi
JUTSL TOIANIBIIIOTO YMCENIbHOTO 1HTerpyBaHHs. CucreMa piBHSHb pyXy Ma€ Takui
BUTJIAT [3]l'lomm1|(a! [:Kepeno nocMnaHHA He 3HAUAEHO.

Za {6 +Za A”+Za akA”k}H, {B%Zal rI+Za,a]Bf”+Za mk}
—Zaa Co +ZaaaC”kr+§-[Zainr+ZaiajD§r+ 0

i,j,k

+Zaa akD”kr} gN—V’ar.
ar

Za Bl+2a B; +Za B, [+e=
M + M
: )
=——+§+——| > aa,B; + > aaaB;
Mc +M; M + M i 7K
Bkazana cuctema piBHSHB BKIItodae B cebe N + 3 cTymeHst BUIBHOCTI, 1€
N — KUTbKicTh (pOpPM KOJIMBAaHb PiTUHM, sIKi OepyThcs 10 yBaru. Y poboti [3]
MOKa3aHO K OOWpaTH YeproBiCTh po3TanryBaHHSA (OPM KOJNHMBAHB, iX 3arajibHY
KUIBKICTH 1 CITOCOOM MOJIEIOBAHHS HETIHIHHUX BIACTUBOCTEN U aIEKBATHOTO
MOJICITIOBaHHSI CYMICHOTO PyXY CKIIAQJOBUX CUCTeMH. Y cucTtemi piBHIHB (1), (2)
OaratoiHmeKcHI Koe(iIlieHTH € KBaJapaTypaMu Bix (popM KOJWBaHb BUIHHOI MMO-
BEPXHI pilMHY, a IXHI 3HAYCHHS HaBeeH1 y [3]
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YuceabHUN MPUKIIAL

Po3zristHemo BUIaJoOK MOCTYNAIBHOIO PYXy KOHCTPYKLUII 3 PIIMHOIO Y TO-
PU30HTAIBHIN TUIOUIMHI. Y IBOMY BUIAAKY PYX KOHCTPYKIIll HOBHICTIO 33a€Th-
Csl JIMILIE OJTHUM [apaMeTpOM MOCTYNANbHOIO PyXy €, BIINOBIIHO, JBa IHIINX

PIBHSIHHS 32 HallpsIMKaMmM X Ta Z 13 CUCTEMH PiBHSIHB (2) onyckatotbes. [Ipuitns-
TO HENIHIIHY Mojelb, sika BpaxoBye N=12 ¢opm KoauBaHb BUIBHOI MOBEPXHI
piavuau. YucenbHl pe3ynbTaTd OTPUMAaHI JUJIsl BUIMAJKY pe3epByapa y BUIIIAII
BEPTUKAJIBHO PO3TAIIOBAHOIO KPYrOBOrO IMIIHIPUYHOTO pe3epByapa pajiyca
R=1 m, 3 rmubuHoI0 3anoBHeHHs: H=1 M Bojo10. 3aranbHa cxema pyxy Takoi Cu-
CTeMHU ToKa3aHa Ha puc. 1.

Z), <z,

Puc. 1. 3araisHa cxema 3aaul

PosrnsimaeTbes BUMAAOK, KOJMM Maca PIIMHU y ITATh pa3iB MepeBeplIye
Macy pe3epByapa, TOOTO KOJIM BIUIUB PyXOMOCTI PiIMHU € BATOMUM M, =0,2M, (
M, — Maca pesepByapy, M|— maca pimuan), R— paniyc pesepByapy, riubuna
3anoBHEeHHS pe3epByapy H =R. Pesynprati 004YMCICHD MPEACTaBICHBI Y Oe3-
PO3MIPHOMY BUTJISIIBI BITHECEHHSIM JIIHIHHUX PO3MIpPIB JI0 pajiycy pe3epByapa.

PosristHyTo Ba BUIMMAIKU CHIIOBOTO TOPU3OHTAILHOTO HABAHTAKCHHS Ha
CUCTEMY Y BHUTJIS1 MUIONOAIOHOTO (CyITbHA KPHMBA HA PUCYHKAX) 1 CHHYCOina-
JBHOTO (IITPUXOBA KPUBA Ha PUCYHKAaX) HaBaHTaXeHb bI3 yactoToro 3,0 1/c (3a-
YBaXUMO, IO YaCTOTa KOJWBAaHb PIAMHM bI3 BUIBHOIO MOBEPXHEIO MO MEPIIiii
dopmi 4,14 1/c) i3 amrmritynoro 5 KN. Ha puc. 1 mokazano 3MiHy y daci 30ypeHb
BUTRHOT TOBEPXHI PITMHU HA CTIHIII Y TUIOMIMHI PyXy CUCTEMH, a HA PHC. 2 HaBe-
JICHO pe3yJbTaTH 3MIHU HIBUIKOCTI PyXy pe3epByapa y daci. Sk 6aunMo Ha
puc. 1 KonMBaHHS BUTBHOI MOBEPXHi piAnHU BinOyBanucs y mexax 0,2—0,35 pa-
niyca, TOOTO y HENIHIMHOMY Jiana3oHi. XBWJIBOBUN PYX PLAWHU JJISl TIHIIOTION -
OHOTrO IMITYJIBCY 32 aMIUTITYJIOI0 € MEHIITUM HDK y BHIAJIKy CHHYCOiIaabHOTO
iMysscy. B 000X Bumajkax croctepiraerbest €pext amIuniTyaHOi MOAYJsLii
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KOJMBaHb, a JJIs MUJIOMNOAIOHOTO IMIYJIbCY IIE MOMITHUN 1 €PEeKT YaCTOTHOL
moxaynsnii. Ile Bkazye Ha HEBNOPSAKOBAHICTh XapakTepy KOJMBaHb ISl MUJIO-
MOA10HOTO IMITYJIbCY Y OPIBHSIHHI 13 TAPMOHIYHUM HABAHTAKEHHSM.

0.4

Puc. 2. 36ypenHs BUTbHOT OBEPXHI PIAMHY Ha CTIHIII pe3epByapa

AHaJi3 KBa3iTBEpIOro pyXy cucTeMu (puc. 3) CBIIUUTH MPO T€, IO IIBU-
JIKICTh PyXy pe3epByapa JiJis MIJIONOI0HOTO IMITYJIbCY OY/Ie TAaKOK MEHIIIOIO 3a
BUIIaJIOK CHHYCOIaIbHOTO IMITYJIbCY. MoaynsiiiiHi ehekTH B 000X BUITAJIKAX €
MeHII moMiTHUMU. OcOOJIMBO Ha e€Tall pyXxy CUCTEMH 3a 1HEpIi€r0. 3MEHIIICHHS
aMILTITY] KOJIUBaHb 000X KIHEMAaTUYHUX TapaMeTpiB 00OyMOBJICHA THM, IO CH-
HYCOiaJIbHU# IMITYJIbC HaJla€ CUCTEeM1 OUIBIY KUIBKICTh PYXy Yy NMOPIBHSIHHI 13
MUJIOMOMIOHUM IMITYJIBCOM (1€ TIOMITHO 4Yepe3 MOPIBHSHHS IUIOII T€OMETpUY-
HUX QITyp IUX IMITYJIBCIB).

BucHoBkm

Ha ocHoOBI paHitie po3po06sieHOT aHATITHIHOT MOJEI1 TUHAMIKH CyMICHOTO
PYXy KOHCTPYKIIIi 3 PITUHOIO Y HENHIMHOMY Jiana3oHi 30ypeHb BUBUEHO Xapa-
KTep MOBEAIHKA CHCTEMH T/l Yac 30y/KEeHHS 11 pyXy MIJIOMOMIOHUM CHUIIOBUM
IMITYJIBCOM.

JlaHO MOPIBHSHHSA OTPUMAaHUX PE3YIBTATIB 13 BUMAJAKOM CHHYCOIJaTbHOTO
CWJIOBOTO iMITyibCy. [loka3aHo HasiBHICTH €(EKTIB aMIUIITyIHOI 1 4aCTOTHOI
MOIYJISAIIN Y KOJIMBAHHSIX BUTBHOI MOBEPXHI pinuHu. [IposicHeHO MPUYMHH 3Me-
HIIICHHS aMIUTITY/l KOJIMBAaHb CHCTEMH IS MUJIOMOAIOHOTO IMITYJIbCY Y TIOPiB-
HSIHHI 13 CHHYCOIJQJIbHAM IMITYJIECOM.
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