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JHepreTHYecKasi OCHOBA Pe30HAHCA B YNPYIHX Tejax
IO.A. Ao

HarmronaneHbIi uccnenoBaTenbCkuii Texnonornueckuii yausepeuter MUCuC, Mocksa, 119991, Poccus

HoBast KOHIIETIIHS B MEXaHHUKE C OJIHMM MOJIYJIEM yIIPYTOCTH UCTIONB30BaHa JUIsi 000CHOBAHUSI CYILIECTBEHHOTO BO3PACTAHHS aMILTHTYIbI
IIPY B3aUMOJICHCTBHUH BBIHYXX/ICHHBIX M CBOOOIHBIX MOMEPEUHBIX, KPYTHIBHBIX M IIPOIOIBHBIX KOJICOAHUH B YIIPYTOM TeJie C OJJHHAKOBO
WM Onu3Kkoit yactoToil. [IpUHIUI CYTIepIIO3UIIMU U PacueT yIpyroi SHEPruu Yepe3 WHBAPUAHTHI YPABHEHUH BIDKCHUS 00CCIICUNBAIOT
BBINOJTHEHHE 3aKOHA COXPAHEHHS JUISI CHCTEMBI B 11e7IoM. Ha OCHOBe aHasin3a SHEPreTHYECKUX COOTHOLICHHI MPEIOKEH MEXaHU3M Ipe-
00pa30BaHMs BEIHYXKICHHBIX KOJICOAHUIA C YaCTOTOM, ONpe/essieMOoil BHEUIHUMH BO3ICHCTBUSAMHU, B COOCTBEHHBIC MOCIIE TIPEKPAILCHUS
JIECTBHS BBIHYXKIAIOIIEeH cruibl. [IprBe/ieH aHaIN3 KWHEMAaTHYECKUX aHAJIOTOB SHEPTUH, ONPEACIIIEMbIX Yepe3 CPEAHUE 3HAUYCHHUS OTHO-
CHUTEINBHBIX JUTHH peOep YaCTUI] U CPEIHEKBAIPATUUECKIE OTKIIOHSHUS MX OT CPEIHETO JUIsl KaKI0H YaCTHIIbL. BBIIEIICHBI COCTABIISIONIIE
nedopMarniuii, KOTOpbIe He BIHSIOT Ha HHTETPAJIbHBIC 10 00beMY YIIPYToro Teljia 3Ha4eHHs SHEPTUH, HE MPeo0pasyoTcs B KHHETHYECKYIO
SHEPTHUIO M HE YYaCTBYIOT B BBINIOJIHEHUH 3aKOHA COXPAHEHHS SHEPTHUH JUTS CHCTEMBI B [IEJIOM. DHEPrHsl ISl TAKOH Jie(hOpMalIny TOCTyIaeT
13 BHYTPEHHUX HCTOYHUKOB, KOTOPBIE ITPU CBOOOIHBIX KOJICOAHHUSX M PE30HAHCE UTPAIOT CYILE CTBEHHYO poJib. [Ipu pe3oHaHce HHTerpalib-
HBIE 110 00bEMY TeJla YIIpyTas i KHHETHYECKasi SHEPTHY U3MEHSFOTCS C OIMHAKOBO# YaCTOTOM 0€3 M3MEHEHHSI UX CYyMMBI, 4TO 00eCIICUBaET
BO3MOXKHOCTh HEOTPAHHUYECHHOTO TPOJIOJKEHUSI KoJIeOaHui 6e3 MPUTOKa TOMOHUTEBHOM SHEPTUH U3 BHEIIHUX HCTOYHHKOB. COOCTBEHHbBIC
KoJIeOaHus B3aUMOJICHUCTBYIOT C MOAOOHBIMU MPHU ONU3KOM MM PaBHOI YacToTe, MPU 3TOM AMIUTUTY/BI U CKOPOCTH CYMMHPYIOTCS, a
JHEPreTUYeCKHE XapaKTEPUCTHKU BO3PACTAIOT MPOMOPIMOHATBEHO KBAIPaTy CYMMBI aMILTHTY/]. MHOTOKpATHBIC B3aUMOJCHCTBHSI CBOOOTHBIX
KOJeOaHuil C BBIHY)XKJICHHBIMHU TPH OJM3KHUX 4acCTOTaX MPHBOJSAT K MHOTOKPAaTHOMY YBEIHUCHHIO SHEPIreTHYSCKHUX XapaKTePHCTHK pe-
3YJABTHPYIOLIETO PE30HAHCHOTO KOIeOaHHsI.

Knioueevie co6a: pe30HAHC, YJHEPTeTHUYECKAsh MOJICNb, YPABHEHHUS JIBHDKCHHUS, NIepeMeHHbIe Jlarpanka, HHBApHAHTBI, IPUHILIUI CY-
MePHO3UIINH, 0000IICHHAs CKaIsIpHast (DYHKIMS, CBOOOAHBIE KOJICOAHUs
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Energy basis of resonance in elastic bodies
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A new concept in mechanics with one modulus of elasticity is used to justify a significant amplitude increase during the interaction of
forced and free transverse, torsional, and longitudinal vibrations in an elastic body with the same or close frequency. The principle of
superposition and the calculation of elastic energy using invariants of the equations of motion allow the conservation law to be satisfied for
the system as a whole. Based on the analysis of energy relations, a mechanism is proposed for converting forced oscillations with a
frequency determined by external influences into free oscillations when the driving force is removed. Kinematic analogs of energy deter-
mined by the average values of the relative edge lengths of particles and their mean-square deviations from the average for each particle are
analyzed. The strain components are determined which do not affect the energy values integrated over the volume of the elastic body, are
not converted into kinetic energy, and do not contribute to the fulfillment of the energy conservation law for the whole system. The energy
for the deformation is supplied from internal sources, which play an important role in free oscillations and resonance. At resonance, the
elastic and kinetic energies integrated over the body volume change with the same frequency without changing their sum, due to which
oscillations persist indefinitely without the influx of additional energy from external sources. Free oscillations interact with similar ones at
a close or equal frequency, while the amplitudes and velocities are summed up, and the energy characteristics increase in proportion to the
square of the sum of the amplitudes. As a result of multiple interactions of free oscillations with forced ones at close frequencies, the
energy characteristics of the resultant resonant oscillation increase many times.

Keywords: resonance, energy model, equations of motion, Lagrangian variables, invariants, superposition principle, generalized sca-
lar function, free oscillations

1. BBegenne

Pe3onaHCOM Ha3bIBalOT CYIIECTBEHHOE BO3pacTaHUeE
aMIUTUTY/IBI TIPH B3aUMOJICHCTBUM BBIHYKICHHBIX U CBO-
0OJHBIX KOJICOAHUIl B YNPYroM TEJl€ ¢ OJWHAKOBOW HITH

© Amoms 10.A., 2019

Onm3koii wactotoit [1-4]. Pezonanc oTHocsT K Hanboee
WHTEPECHBIM U BaXKHBIM JJIS TPAKTHUECKHUX TPHIIOKEHUI
SIBJICHUSIM, MICTIONIB3YIOT B (PU3UKE, XUMHHU, ONOIOTHH, TEX-
HUKE [5], B TOM 4Hcie Uil N3MEpEeHHsT YIIPYTUX CBOMCTB
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MarepuaioB [6] ¥ kKak UCTOUHUK 3HepruH [1, 7]. EcTb ocHO-
BaHMSI CYUTATh, YTO IHEPreTUYECKOM OCHOBOI pe3oHaHca
siBsieTcst 3 (HEeKTUBHOE MCIOB30BaHUEC BHYTPECHHUX HC-
TOYHHUKOB 3HEPTUH JIJIsI U3MCHEHUS 00beMa M (POPMBI
YaCTHUI MEXaHUYECKON CCTEMBI IO CPABHEHUIO C DHEPTUEH
BHelHUX cul [8]. MccnenoBanuio pe3oHaHca MOCBSIIEHO
0O0JIBITIOE KOTMYECTBO paboT [ 1—8], B KOTOPBIX aBTOPHI pac-
CMaTpHBalOT B OCHOBHOM KHHEMATUYECKHE aCIIEKThI pa3BU-
THUS BBIHYKJICHHBIX KoJieOaHuil [2—4] uin cynepro3uiiuu
CBOOOJIHBIX ¥ BBIHYKJICHHBIX KoJieObanuii [6, 7].

YTOoOBI MOHATH MPUYMHY U MEXaHU3M PE30HAHCA, ClIe-
JIyeT PaCCMOTPETh YJHEPTETHYCCKUE 0COOCHHOCTH BHIHY K-
JICHHBIX U CBOOOJHBIX KOJICOAHUI MPU UX CYNEPIIO3UITUH
M0 aHAJIOTUH C BBIMOJIHCHHBIMU B pabore [8] Ha ocHOBE
SHEPreTHYCCKOM Mojieny MexaHuku [9, 10] s cBOOOTHBIX
koneOanuii. B HacTosIel paboTe BBITIONHEH aHATN3 MeXa-
HU3Ma peoOpa3oBaHusl YIIPYTOi U KHHETUYECKOM SHEPTUU
TIPY CYTIEPIIO3UIIMN BBIHYKICHHBIX i COOCTBEHHBIX KoJieOa-
HUHN Ha OCHOBE HOBOM KOHIEMIIMM MEXaHUKH [9].

2. OcHOBBI 3Hepl‘eTH‘leCKOifI MOJACJIN MEXAaHUKHN

OHepretudeckas Mojiels [9, 10] ocHoBaHa Ha ONMCaHUU
JBIDKeHUs B opme Jlarpamnxa:

Xi :xl-(OCp,l), (1)
e t—BpeMs; Xx; € (x, y, z) — TeKyllue KoopAuHaTsI (Jii-
nepa); o, € (o, B,y) — mepemennbie Jlarpamxa, omHo-
3HAYHO CBSI3aHHBIE C HAYaJIbHBIMHU KOOPAMHATAMH YaCTHII.
IpownsBosbIe x; , = Ox; / do.,, oT nepemMenHbIX Diiepa mo
nepeMeHHbIM Jlarpamxa o0pa3yroT TEH30p BTOPOIO paHra

ox, e b
yExi,p: Yo B Wy} (2)
P Z(X ZB ZY

KOTOpBIi onpenensieT ne(opMUpoBaHHOE, HANPSKEHHOE U
SHEPreTU4ecKoe COCTOSHUS YaCTUI] MEXaHUUYECKOI! cucTe-
™Mbl [10, 11]. B nanpHelem HUKHUN HHAEKC ¢ UCTIONB30BaH
TaKoKe JUIsl 0003HaYeHUsI CyOCTaHIIMOHAIBHBIX IIPOU3BO/I-
HBIX 110 BpemeHu: x;, =dx; /dz.

B sHeprerudeckoil MoieI MEXaHUKH OCHOBHBIE COOT-
HOIIEHHSI OJIM3KH K HCTIOJIb3YEMBIM B KJIACCHUYECKON TEOPHHU
[10, 11] u BMecTe C TeM AOMYyCKAalOT MEepeXxo]l K OMHOMY
MOJIYJIIO YIIPYTOCTH U HOBOH IIIKajie OTcueTa CpeIHUX Ha-
NpsDKEHUH, paccMaTprBaeMbIX Kak 00beMHas IUIOTHOCTh
SHepruu yacTuul. [Ipu TakoM npennonokeH!y MOHATHE Ha-
NpsDKEHUH CTaHOBUTCS M30BITOUYHBIM, T.K. OHH OTJIMYAIOT-
Csl OT KOMIIOHEHT TeH30pa (2) TOJIBKO MOCTOSIHHBIM MHO-
JKUTEJIEM, PaBHBIM YABOSHHOMY MOJYJIIO YIPYTOCTH K:

Ty = 2KX; . 3)
Ilo cymiectBy, T, — 5TO HAMPSDKCHUS Kupxroda mist mpoct-
paHcTBa nepeMeHHbIX Jlarpanska B HOBOM cHCTEMe OTcueTa
[11, 12]. B COOTBETCTBUH C KJIaCCHUUECKON MEXaHUKOI
TBEPJIOTO TeJIa, HANPSDKCHUS T,,; XapaKTEePU3YIOT MOBEPX-
HOCTHYIO TUIOTHOCTh CHJI Ha TPaHsX OECKOHEYHO MaJoro

HPSIMOYTOJIBHOTO MapaJuienenunesa (B UCXOJHOM COCTOS-
HHH) paccMaTpuBaeMoro ynpyroro tena. [lepBeiii nHaekc
o, € (0, f,Y) ykaseiBaeT HanpaBleHHe HOPMaIM K pac-
CMaTpUBaeMOH ILIOIAJIKe, BTOPOH HHAEKC X; € (X, y, z) —
HarpapJIeHHe POEKIINH HanpspKeHHH. B ncxomnHoM cocros-
HUH TeH30p (2) npeoOpasyercst B AMHUYHBIN, HOpMaJIbHbIE
¥ CPENIHHE HAIPSIKEHNs O = (T, +Tg, +7T,.) / 3 mpuHuMa-
10T 3Ha4YeHHUe 2K.

[Ipu yka3aHHBIX IPEATIONOKEHUIX HHBAPUAHTHI TEH30-
pa (2) mpuoOpeTarT OMPEACIICHHBIH YHEPreTHUCCKUN
CMBICT U, KaK OyZIeT MOKa3aHO HIKE, CTAHOBSITCS KHHEMa-
TUYECKUMH aHAJIOTaMH Pa3IMYHBIX COCTABIISFOIINX YHEP-
TMH, OTJIMYAsICh OT HUX ITOCTOSIHHBIM MHOXKUTENEM, PaBHBIM
MOJIYJIIO YIPYTOCTH Marepraia. B yactHocTH, KBagpaTny-
HBII MHBapWaHT TeH3o0pa (2), paBHBI CyMMe KBaJIpaToB
BCEX €ro AJIEMEHTOB:

Fﬁ=x§+y§+z§+xé+yé+z§+x$+y$+z$, “)
SBISAETCS KMHEMaTH4eCKHM aHaJIOroM YNpPYToi SHEpruu
[10] u onpeensieT 00BEMHYFO TNIOTHOCTD SHEPTHU YaCTHI]
C Y4ETOM HMX MCXOIHOT0 cocTosiHUs. B nanbHeitmem 0060-
3HaueHHs1 OF; COOTBETCTBYIOT SHEPIUH YaCTHIIBI C 00be-
moM OV, e; =0E;/(kdV,) — Ge3pa3MepHbIe IKBHBAIICH-
TBI 00BbEMHO#! TNIOTHOCTH COOTBETCTBYIOIINX BHJIOB SHEP-
ru. [Ipro6peTennyto 3a cuet aedopmaniu (e > 0) umm
HOTEPSIHHYIO (€4, < 0) SHEPIHUIO YaCTHIBI OF, ¢ = Kegop X
% 8V}, MO CPaBHEHHUIO C UCXONHBIM COCTOSIHHEM, OIIpEsie-
JISIET JIOKAIBHBIN KNHEMaTH4eCKUil mapameTp

2
Cef = Fe -3. (5)
IIpaByo uacTe B ypaBHEeHUsX (4) 1 (5) MOXKHO 3anucarhb
4epe3 KBaApaThl OTHOLICHH HH pebep mo 8, u mocie

nedopmaruu 8/, mepBOHaYATLHO OPHEHTUPOBAHHEIX B Ha-
MIPaBJICHUU COOTBETCTBYIOIINX OCEH:

1, =(®1/8ly), =x, +y, +2,, PE(B,).
Torma mapametp (5) MOXKET OBITh IPEICTABIICH Yepe3 APY-
rue 0e3pa3MepHbIC HHBAPHAHTHI:

s =2 =3=3(" ~)+e, =¢, +e,, (6)
e=(l,+lg+1)/3, e, =3(" -1,

2 2 2 (7)
e, =(l,—e)" +(g—e)" +(l,—e),

TJe e — CpelHee 3HaueHHEe OTHOCUTEIbHBIX JUIHH pebep
[,, BeCKOHEYHO MAJIOTO NapajlIeleuIIe]1a 10 1 I0CIe Je-
(bopmanu, e, 3aBUCHT OT CpeIHEN JTHHBI €, MOJKET OBITh
KaK MOJIOKUTENBHBIM, TaK U OTPHIATENIbHBIM, Benuunna
e, BCEr/a MOJOXKUTENbHA U COBMAIAET CO CPETHEKBAIPa-
THYECKMM OTKIIOHEHHEM JUIMH pebep napauiesnenunesa /,,
OT UX CPEIHETO 3HAYCHUS €.

WHBapuaHTHI ¢, U e, MOTYT OBITh IIPE/ICTABIICHBI Yepe3
JpyrHe KHHeMaTH4YecKHe mapaMeTphl 10 TUITY e, = ¢, +
+e,, U e, =e, +e;,, KOTOPbIE HTPAIOT Pa3INYHYIO POIb
B BBINOJIHEHUH 3aKOHA COXpaHeHwus dHepruu [§]. B yactHOC-
TH, K TapaMeTpaM e,; U e, OyleM OTHOCUTh KHHEMAaTH4ec-
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KH€ aHaJIOTH DHEPTUH, KOTOPBIE Y4acTBYIOT B IIpeoOpa3oBa-
HUSIX KHHETHYECKOW YHEPTHH YacTHI B YIPYTYIO WIH Ha-
000pOT, a TaKKe B BHIITOJHEHHH 3aKOHA COXPAHEHUS DHEP-
TUHU A7 yIPYToro Teia B nenoM. IlapameTpst e,, u e,
YUUTHIBAIOT EPEXO/IBI TOJIBKO B ITPEIeNiax ynpyroi aedop-
MallM{ YacTHUI], HAI[PUMEp MepeXoJl PHEPIHH U3MEHEHHUS
o0beMa B 9HEPTHIo U3MeHeHust popMbl w1 Hao0opoT. OHK
YIOBJICTBOPSIIOT 3aKOHY COXPaHEHHsI DHEPTHU BHYTPH CHC-
TEMBI U He TpeOyIOT NPUTOKA YIHEPTHH Yepe3 ee TPaHuIIbI,
TI0 QHAJIOTUH C BBITIOJIHEHUEM 3aKOHA COXPaHEHHsI SHEPTHU
JUISL TeJIa B LIEJIOM ITPU CBOOOTHBIX KOJIEOaHUX B YIIPYTOM
tesie. Harpumep, npu MpoJoibHBIX, MONEPEYHBIX U KPY-
THIJIBHBIX CBOOOHBIX KOJIEOAHUSIX YacTh YHEPTHH, PACXO0-
Jtyemasi Ha JIOKaJIbHbIe U3MEHEeHHs 1e(hOpMUPOBAHHOTO CO-
CTOSIHUSA ¥ ACCOLIMMPYEMAA C €,, U €y, NOCTYNAET U3 BHYT-
PEHHUX MCTOYHHMKOB W HE BIMSIET Ha MHTETPAIBHYIO IO
00BeMy SHEPTHI0 yIpyroi nedopmanuu tena [§].

Pa3mepHOCTB JIOKaJIBHOM SHEPrUH Ie(OpMaLliK COBIa-
JIaeT C pa3MEPHOCTHIO MOJIYJISl YIIPYTOCTH K:

SE s = K8V (2 —3) = k8, [3(e* 1) +e,]=
=0E, +3E, =xdV,(e, +¢,). (8)
Ornomenre 00beMoB dacThll ocie OV u 1o gedop-
Maruu OV, omnpezenser KyOUYecKHil HHBapHaHT TEH30-

pa (2):

Xy Xg Xy
R=——= . 9
37 Yo V8 W ©)

Z(x ZB ZY

W3 3akoHa cOoXpaHEHHs M YCJIOBUS WHBapUAaHTHOCTHU
SHEPTHH 110 OTHOILICHHUIO K BBIOOPY CHCTEMBI OTCUETA CKO-
pocreit [9-11] ypaBHeHuUs IBI>KEHUS MaTepHAIbHBIX Yac-
THII JOJDKHBI YIOBJIETBOPATH AN PepeHINaIEHOMY YpaB-
Henwuo [11, 12]

ot T
px »
Xt —PoXy | TV “Pou |t
do.,, do.,,
ot
pz _
+z ) —Pozy |=0, (10)
O{'IJ

TA€ X;,, X; ;,— KOMIIOHEHTHI CKOPOCTH M yCKOPEHHUS B Ha-

NpaBIEHUAX OCEH X;; P, — IUIOTHOCTh MaTepuasa B UC-
XOTHOM cocTossHUM. [Ipy TOMOTHUTEIHHOM MpeIoIoKe-
HHUH 00 OTHOM MOJIyJIe YIIPYTOCTH X HOBOH IITKaJIe CPEIHUX
HanpspKeHUH (6 = 2K) mpeApayliee YpaBHEHUE Mpeodpa-
3yercd K Buay [8§, 13]

ox oy
P 2 P 2
Xt —Wxy [T Wy, |t
doL,, do.,
oz
tz Bocp _MZZ” =0, (11)

P
e koo durment u’ = Po/(2x) xapakrepusyer pusmdec-
KHUe CBOMCTBa MaTepuaia. Mozelb ¢ OTHUM MOIYIIEM YIIPY-
roCcTH OyZeT UCTIOIb30BaHa B JAIbHEHIIIEM, OHA IIPHBOHUT
K CYIIECTBEHHOMY CHIKEHHIO MaTeMaTH4eCKUX TPYAHOC-

TEH, ¥ pellIeHHs] He POTHBOPEYAT KJIACCHYECKOH MEXaHHUKe
JUTSE TEOOBIX THTIOB 3a1ay [11].

B ornmuuune ot cBoOOAHBIX KONeOaHuit [8] nmpu aHaH3e
YCIIOBUI pe30HaHCca HEe0OXOANMO YUUTBIBATH CKOPOCTh M3-
MEHEHHUS YHEPTUH, TOCTABISIEMOM BO3MyIIatoeil CUIoi.
[To3TOMY B JIONIOJHEHHUE K MCIIONB30BAHHBIM B paboTe [8]
XapaKTepUCTHKaM YHEPTUH YacTHIl IPH aHAIIU3E BBIHYXK-
JICHHBIX KoJIeOaHNi HEOOXOMMO YUUTHIBATH CKOPOCTH M3~
MEHEHHsI KHHETUYECKOI SHEPTrUH U SHEPTUHU YIPYTOi Je-
(bopManyu Kak JUIs YacTHIL, TaK U ISl TeJla B 1IeTIOM, IS
KOTOPBIX B AajJbHEHIIEM OyIyT MCHOIb30BaHbl TEPMUHBI
«MOIITHOCTh KHHETHYECKOW DHEPTHN» U «MOIIHOCTB YIIPY-
roii neopmanmm». Tak kak Bce ypaBHEHHSI 3aITMCaHBI JJIs
MPOCTPaHCTBA IIepeMeHHbIX Jlarpanika, COOTBETCTBYIOIINE
MOIIIHOCTH MOKHO ITOITY4YHTh U HepeHIIMPOBaHUEM ypaB-
HeHui (4)—(8) mo BpeMeHHU.

Bo Bcex paccMOTpEHHBIX ciTydasix B KadecTBe (pr3ndec-
KOTO TeJIa pacCMaTpUBaeTCs YIPYyTHi CTep:keHb JITUHOM L
C HOTIEPEUHbIM CEUEHHEM S, KOHIIBI KOTOPOTO 3aKperie-
HBI B HETTOJIBHKHBIX MacCHBax, He 0OMEHHMBAIOLIUXCS SHEP-
rHei ¢ koneomromiercs cuctemoil. CTepeHb MoaBepraeTcst
BHEIIHEMY BO3JCHCTBHUIO C MOSBICHHEM jaedopmanuid,
SHEPreTHYECKH DKBHBAICHTHBIX padoTe, MPOU3BEICHHOMN
BHEITHUMH CHJIAMH Yepe3 HEeHTpaIbHOE (TI0 JUTHHE CTePXK-
Hs1) CEUEHHE.

Hapsimy ¢ mepeuucieHHBIME BBIIIE, B JAalbHEHIIIEM B
YPaBHEHUSIX JBIKEHUS UCIIOIb30BAHbI KOHCTAHTHI Mare-
pHaia ¥ KHHEMaTHYeCKUE XapaKTePUCTHKH KoJleOaHMH:

}\%:%, 0:2_L, (J)O:n_}\‘o, T:E’
Po Ao L A
(12)
0=t =l 0
L A o

rIe K, P, — MOAYJb YIPYTOCTH U IUIOTHOCTh MaTepHaa
crepxus; Ty, 0,7, ®— nepuox M Kpyropas 4acToTa
COOCTBEHHBIX U BBIHYXJIECHHBIX KOJeOaHUU COOTBETCT-
BEHHO.

Jnst sHEepreTHYECKOro 000CHOBAHUS Pe30HAHCa pac-
CMOTpPEHBI BAPUAHTHI BBIHYKIEHHBIX, CBOOOIHBIX M COBME-
IICHHBIX KOJIeOAHMH C aHATTM30M MEXaHH3Ma Ipeodpa3oBa-
HUSI BBIHY)KIEHHBIX KOJIeOaHUM B CBOOOTHBIE MTOCTIE Tpe-
KpalieHust eHCTBUS BHEITHUX CHIL.

B pabore [8] mpu onucanuu 0cOOCHHOCTEH CBOOOIHBIX
KoneGaHuii 3a HA4aI0 OTCYEeTa BPEMEHH PHHATO COCTOS-
HHE, KOoTJa ecTh JedopMaiuu, HO HET IBIDKeHUs. Takoe
COCTOSIHUE MOYKET MPOIODKATHCS HEOTPAHWYEHHO JIOJT0
M TI03TOMY yMOOHO MPUHSATH ero 3a ucxoaHoe. [locne mpe-
KpalleHust BHEIITHETO BO3ACHCTRYSL, YAECPKHUBAIOIIETO TEIO
B COCTOSIHMHM IOKOsI, YIIPyTHe CBOMCTBA Marepuaiia CTpe-
MSTCSI BOCCTAHOBUTD HCXOHOE COCTOSTHHE, YTO TPUBOMUT
K HavaJy KoJeOaHui.

B n1aHHOI# cTaThe TarpaKeBbl KOOPIUHATHI COBITAIAI0T
C HaYaJbHBIMHU, KaK OOBIYHO MPHUHUMAIOT MPU PEIICHUN
JIPYTHX 3aJ1a4 C OMMCAaHUEM JIBHKEHHS B (hopme Jlarpamka
[10, 11]. Takoit BEIOOp TpeAIONaracT, 4To AcPOpMaITUN
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elIie HeT, HO KoJIeOaHusI yKe CYIIECTBYIOT, M HaYaso OTcueTa
BpPEMEHH BBIOMPAIOT, YTOOBI MATEMATHYECKHH armapar ObuT
0oJiee IPOCTHIM.

3. Ilonepeunblie KojgedaHUS

Jnist BBIICHEHUSI MEXaHM3Ma pPe30HaHCa PacCMOTPUM
TMIOCJIEZI0BATENIbHO KWHEMATHIECKHE M DHEPTETHIECKUE 0CO-
OEHHOCTH BBIHYK/ICHHBIX, COOCTBEHHBIX ¥ COBMEILICHHBIX
kostebanuii. ByneM cuuTarh, YTO NMPUYMHON BBIHYXICH-
HBIX KoJIeOaHHH sIBIIsIeTCsI eproaryeckas cuia [1, 2]

F = Fsin (0t), (13)
IeHCTBYIONIAst B IIEHTPAJILHOM I10 JUTHHE ceueHnn O, = L/2
C aMILIMTYAOK F{; ¥ KPyroBOH 4acTOTOH (M, KOTOpas BO3-
Oy aet KosieOaHusl C ypaBHEHHSAMH JIBYKSHHUS 4acTHIL [ 8]

x(o,, 1) =0, y(a,t)=PB+gsin(mo/L)sin (w),

z(a,, 1) =Y. (14)
31ech ¢ — aMIUIUTY/A.

[Ipu U3BECTHBIX YIIPYTHX CBOWCTBAX Marepuasa CTepk-
Hs CULy [, MOXHO OIPENIeIUTh U3 PABEHCTBA MOITHOCTH
BHEIITHEH CHJIBI M CKOPOCTH M3MEHEHUs] KHHETUYECKOH 1
YIpyroil 3Hepruu B oObeme crepikHs. [Ipon3BoaHbIe MO
BpEMEHH M niepeMeHHbIM Jlarpanka ot ypaBHenuit (14)

¥, = qosin (no/ L) cos (wt),

¥, =—qu’ sin (moy/ L)sin (wr),

Yo = q(1/L)cos (mo,/ L)sin (01), (15)

Vaa =—q(m/L)* sin (no,/ L)sin (w1),

Vi, = g/ L cos (mo,/ L) cos (wt)

MOJIHOCTBIO ONPENENSIOT Ae(OpMUPOBAaHHOE U SHEPTETH-
YeCKOe COCTOsTHUE YyacTull 1 Tena B esiom [ 10, 11]. C yue-
TOM 3Ha4EHHs CKOPOCTH Y, B CedeHun o= L/2, tre npu-
noxeHa cuia (13), monydaeM MOIITHOCTh

W,

ot = F¥;|or ) = Foqosin(ot) cos(o). (16)
[epenannas cucreme SHEprHst MpeodpaszyeTcs B KHHe-
TUYECKYIO U YIIPYTYIO OHEPIrUi0 4aCTHUI CTCPIKHSA, KOTOPbHIC

XapaKTepU3YIOT YAeIbHbIe MOIHOCTH OW;, 1 OWye:
_ BB, _ O.5p06%dytz _ 218V, vy

8W in - b
. dr dr A2 an
dSE, KOV, dy?
6VVdef = dtdef = 0o :2K6%yayta‘

B BhIpakeHHe AJIS1 KUHETHUECKOM SHEPIHU YacCTHIIBI
OE,;, BXOIMT yIOMSHYyTas B COOTHOIIECHNMsIX (12) KoHCTaH-
Ta Marepuaa ké =2K/p,, KOTOpas OmpeJeNnseT NepHos
coGcTBeHHBIX Konebanuit Ty = 2L/A,, 1 KpyroBy0 4acToTy
o, =T\, /L [2,8]. OtHourenne M =A/A, = w/®, xapak-
TepHU3yeT KaK KMHEeMaTHUeCKUe 0COOEHHOCTH KoneOaHui
(w, A), Tak ¥ du3HUCCcKHe CBOficTBa MaTepuana (Mg, Ag).
C yueroM npou3BOmHBIX (15) MOIIHOCTE KMHETHYECKOH
Wyin ¥ ynpyroil Wy SHeprum 4acTull ONPEAEIIAIOT ypaB-
HEHUS

2

2

Hurer pajibHasd 1o 061)eMy CTCPIKHA CyMMapHast MOITHOCTb
B JII000I1 MOMEHT BPEMEHHU COCTaBHT
Ws — Wdef + Wkin —
2xV,  2xV, 2V

=0.50(¢gm/L)*(1-n*)sin(wr ) cos(wt). (20)
OTMeTHM, YTO TIPH OTIMCaHNU IBWOKeHHUs B hopme Jlar-
pamXxa HeT HeOOXOTUMOCTH CIIEANTH 32 M3MEHEHUEM KOH-
Typa yIpyroro Telja B rpoiecce KojaeOaHus, T.K. s jar-
paH)XeBOM CHUCTEMBI KOOpAMHAT OHA COBMAJAET C MCXOM-
HOM KOH(Urypanuei 1 He U3MEHSETCS BO BDEMEHH.
IIpupaBHrBas MoOIHOCTH BHEUTHUX (16) ¥ BHYTpEHHUX
(20) cui, HaxomuM cuiny Fj;, COOTBETCTBYIOIIYIO KoyieOa-
HUSIM C PacCMaTPUBAEMBIMHU YaCTOTOM U aMILIUTY/IOM:

Fy =xVyq(1-")(w/L)". @1

B 3aBMCHMMOCTH OT OTHOILIEHHUS YACTOT, CUJia F; MOXeET
OBITB MOMOKUTENBHOH (W < 1)), OTPHUIATETBHOH (W > )
U HyNeBo# (W =m,). Tlonoxurensnas cuna, Kak cieayer
u3 ypaBHeHUS (16), MOCTaBISET YHEPTHIO B CTEPKEHb B
NIepBOM M TPEThEel YETBEPTSX LIMKIIA, KOT1a KHHETHYeCKas
9Heprusi npeodpasyeTcst B yIpyryro 1eGopMaliio YacTHII.
B 1ByX Ipyrux 4eTBEPTSAX MOIIHOCTH Oy/IeT OTpHIIaTENbHa,
SHeprus ynpyroil gedopmaryn yactui npeodpasyercs B
KUHETHUUYECKYIO U IIepeacTcsl BHEITHEMY HCTOUHUKY. OTpH-
HarenpHas cuna F, BO3HHMKAaeT, KOIa Kpyrosas 4acToTa
MIEPHOIMYECKOM BHEITHEW CHIIBI TPEBBIIIAET COOCTBEHHYIO
4yacToTy KonebaHuit cucteMsl. Torna Ha nepBoil U TpeThel
YEeTBEPTSIX IIUKJIAa MOIHOCTh OTPUIlaTeNIbHA, KHHETHUECKas
SHEPrusl pacxodyercsi U Ha AeOpMaIfIo YacTHIl U Iepe-
JlaeTcs BHELIHEMY UCTOUHHKY.

VYpasuenus (14), (18)—(20) cOOTBETCTBYIOT BBIHYK/ICH-
HBIM KOJIeOAHHSM B yIPYIOM CTEp)KHE C mepuopoM I =
=2n/® Tox AeHCTBUEM TIEPHOTMIECKOM BO30YKIAIOIIEH
cuisl (13) ¢ ammurynoit (21). Ilocne 3aBepiieHus 1uKIa
CHCTeMa BO3BPAIlaeTCsl B UICXOAHOE COCTOSHUE U, €CIIU CHIa
(13) nponomxkaer qelcTBOBATD, LUK OBTOPSIETCS.

Ecnu BHemIHs cuia npexpaiaet aeiicTBUe mocie oue-
PEAHOTO LIUKJIA, HE3aBUCUMO OT OTHOIIEHUS YaCTOT, B CHC-
TeMe OCTaeTCs KHHeTHYecKas SYHEPrusl YaCTHIL

2
SE |, = 0.500v28 = O.SSVOpO[qw sin(%ﬂ =

2
=0V, (wj sin? (Ej,
L L
KOTOpasi IPUBEJET K MPOAODKEHUIO KoieOanuit. Yactora
Y aMILUTATY/a MOTYT U3MEHSThCs, HO ypaBHeHus (17)—(20)
OCTaloTCs B CUIIE.

N3 (20) cnemyet, yTO €ClIM YaCcTOTAa BHEIIHEH CHJIBI
MEHbIIIE COOCTBEHHOW (< ®,, TOTAA MOJIOXHUTENbHAS
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MOIIHOCTB W > 0 B mepBOii UeTBEPTHU IIUKJIA OyIIeT yBEIH-
4YuBaTh (PAKTUYECKYIO YacTOTy. AHAJIOTHYHBIM 00pa3oM,
npu M > (0, OTPHUIATENLHAS MOIHOCTE W, < 0 OyJIeT yMeHb-
marh (hakTHIECKyro 4acToTy. ToNpKo B Cllydae o= (), Ha
MPOTSHKEHUHU BCETO IIMKJIAa HHTErpalibHas 10 00beMy MOIII-
HOCTh OyzieT paBHa 0, cyMMa KHHETHYECKOW M yNpyrou
SHEPIUU B CHCTEME OCTaeTCsl HEM3MEHHOM, YTO COOTBETCT-
BYET OIpeJIENICHHIO CBOOOHBIX KOJIeOaHHi, KOTOPBIE MOTYT
MIPOJIOJIKATHCS O€3 TOCTYIIICHUsI SHEPTHH U3 BHELITHUX UC-
TOYHUKOB [6—8].

B BBINOJTHEHUU 3aKOHA COXPAHEHUS YHEPTUU MOXKHO
yOeIuThCS 10 YCIIOBUIO TIOCTOSHCTBA MHTETPAIBHON 1O
00beMy CTEpIKHsI SHEPTUH Ha JII0OOM MHTEpBase IHMKIIA.
[Tpu nokanpHOM 3HEpryu Nedopmannu yactuil (7)

SE e = K(I'2 —3)8V, = Keyo; OV =

=k8V,(ng/L)* cos* (noy/ L)sin* (wyt) (22)
SHEPIHs yIpyroit 1edopMaliu B 00beMe CTEPKHS COCTaB-
JsieT

Eyor = 0.5V (ng/L) sin’ (wy?). (23)

JI71st KHHETUYeCKOM SHEPTHH YacTHIl ¢ yaeToM (18) mo-
Jy4UM

Ey, = 0.5xV,(gnn/L)* cos® (wyt). (24)
CymMmMapHasi ynpyrasi 1 KHHETHYeCKasi SJHEprus B o0beMe
CTEP>KHsI IPU YacToTe COOCTBEHHBIX KonebaHui (1 = 1)

Ege + By = 0.5V, (qn/L)?

He u3MeHsieTcst Bo BpemeHu. [Ipu 3aBepmiennu nukna (¢ =
=T=2m/w,) cucTeMa BO3BPAILACTCS B UCXOLHOE COCTOS-
HHe, yIpyTrasi 3Heprusi OTCyTCTBYeT, a KHHEeTHYecKas IPUHHU-
MaeT MaKCUMAaJIbHO BO3MOXKHOE 3HaYeHHUE (24) Ipu ® = .

C TOYKHM 3peHus pe30HaHCa IPEACTARISIET HHTEPEC CITy-
Yaii, Kora IeicTByeT nukinyeckas cuia tumna (13), co3na-
10111331 BBIHYKJICHHOE KoJIeOaHUe C YaCTOTON COOCTBEHHBIX
KosteOaHui miu 6aM3kux K Hed. Torma nBe BOJHBI OymyT
B3aUMOJICIICTBOBATh, (HOPMHUPYST HOBYIO BOJIHY.

B cootBercTBHM ¢ mpuHIMIOM cyneprnosunuu [ 10, 14],
YTOOBI MOJYYHTh YPaBHEHUS JBUKEHHUS COBMELICHHOTO
JIBUKEHUS TOCTaTOUYHO 3aMEHUTH epeMeHHbIe Jlarpanika
BHEIITHETO (HAJIOXKEHHOT'0) ABHXKEHHSI HA BBIPAKECHHS JUIS
COOTBETCTBYIOIIMX NEPEMEHHBIX Oilliepa BHYTPEHHETO
(BIO’)KEHHOTO) NBIKEHMs. B paccmarpuBaeMoM citydae
YpaBHEHHMSI 715l COOCTBEHHBIX U BBIHYKACHHBIX KOJICOaHMUH
MOTYT OTJIMYAThCS KPYrOBOH 4acTOTOM () M aMIUTUTYIOH ¢,
HO OHM PaBHO3HAUHBI MO BIMSHUIO Ha pe3yibTHPYIOIIee
KosiebaHue, 1000e U3 HUX MOKHO CUMTATh BHEITHUM, JIPY-
roe — BHYTPEHHHM.

Beiienum aMIuuTyny cOOCTBEHHBIX KOJIEOaHUI HUXK-
HHMM HMHJIEKCOM aMILUTUTYNBI ('

x(oL,, ) =0, y(a,t) =P+ gqqsin (mo/L)sin (wyt),
z(a,, 1) =Y.

J171st BBIHY>KICHHOTO KOJIEOAHHS C YUETOM pe30HaHca BOC-
MOJIb3yEMCS YPaBHEHUSIMU

(25)

x(a,, 1) =0, y(o, 1) =P+ g, sin(mo/L)sin (wy?),

p’

z(a,, 1) =Y.
3amensist TiepeMeHHyI0 3 B ypaBHeHuu (25) Ha IpaByio
4acTh ypaBHeHUs (26), 1715t COBMELIEHHOTO IBU)KEHHS 10~
Jy4UM

y(o, 1) =B+ (g, +¢)sin (mo/ L)sin (7). 27

[Tpum paBeHCTBE YaCTOT BHEITHUX M COOCTBEHHBIX KOJIe-
OaHMii B HOBOM LIMKJIE aMIUIUTY/a OyJIeT paBHa CyMMe aMII-
JIUTY]] BBIHYXJICHHBIX (Ha TEKYIIIEM LIUKJIE) ¥ COOCTBEHHBIX
(Ha mpenpIayIIeM IKKJIIe) KolleOaHuii cucteMsl. J{ist BbIsic-
HEHHs BOIIpoca 00 SHEpreTHYeCKOH BO3MOXXHOCTH TaKHX
KoJIeOaHMi ClIeyeT JOMOIHUTEIBEHO ONPEAETUTh KHHETH-
YECKYIO U YIIPYTYIO SHEPTUH Yepe3 MPOU3BOJIHBIE OT ypaB-
HeHui (27):

¥, =(gq + ;)W sin (mor/ L) cos (wg),

Vo = (g + q)(m/ L)cos (mor/ L)sin (my1),
C YYETOM KOTOPBIX MHTErpalibHBIC 10 00BbEMY 3HAUCHHUS
COCTaBJISIIOT

Eo = 0.5V, (g0 + ) (n/L)* sin® (wt),

Eygo = 05KV (go + ¢)* (7n/ L)’ cos” (yt).

Tonbko 9T1 ypaBHEHwUsI, 110 aHajioruu ¢ (23), (24), moryt
o0ecrieunBaTh NMPOIOIDKEHUE KOJIEOaHUH C BHITIOJTHEHHEM
3aKOHA COXPAaHEHHUS SHEPTUH JJIsl CUCTEMBI B 1IETIOM:

Ege + Egn = 0.5V, (g0 + ¢,)* (n/L)* =const.  (29)

VYpaBHeHue (29) MOXKHO CUUTATH SHEPTETHICCKOM OCHO-
BoM pe3onanca. [Ipunnun cynepnosunuu [14], ycnemso
UCTIONB3YEMBIH B Pa3IMYHbIX 3a/1a4ax Juisi a0COIIOTHO TBEp-
JbIX 1 1edopmupyemsix tei [10, 11], u HoBast Moz Me-
XaHUKHU C OTHUM MOJyJIeM yIpyrocTH (3) HOATBEPKIAatoT
KWHEMaTHYECKYIO ¥ SHEPTeTUUECKYIO BO3MOKHOCTb Pealti-
3allMM COBMEIIEHHOTO JBMKeHUs (27) ¢ cobmoaeHueM
3aKOHa COXpaHEHUs SHepruu. [Ipu paBHBIX aMIUIUTYIAax
gy = ¢, BCE SHEpreTuuecKHe XapakTepUCTUKH COBMEIIECH-
HOTO KoJIeOaHUsl BO3pacTaroT B 4 pa3a MO OTHOUIEHHUIO K
HCXOJJHOMY CBOOOIHOMY KOJICOAHHIO.

J1ist BBISIBIICHUS! POJI BHYTPEHHHUX MCTOYHHUKOB DHEP-
MM 00paTM BHUMaHHE Ha KHHEMAaTHUECKHIE DKBUBAJICHTBI
nHBapHuaHToB 3Hepruu (5)—(7), KOTOpbIE 3aBUCST OT OTHO-
CHUTENILHOW Cpe/IHEH JUTUHBI € ¥ CPeTHEKBAIPaTHIECKHUX OT-
KIIOHEHUH e,. JI1s1 Kax10i YaCTHIII MOXKHO YKAa3aTh YEThI-
pe monu 6e3pa3MepHO 00bEMHON TIOTHOCTH PHEPTUU:

1(ng Y o .
e,=e,te, :_(—qj cosz(Tjs1n2(c00t)+

(2%)

3\ L
5 12
+i 1+(ﬂj cosz(n—ajsinz(o)ot) -1,
3 L L
2 g 2 2 ML) . 2
e, =e, tey, :E(Tj cos (Tjsm (0yt) -

12

2
—% 1+(nqj cosz(ﬂjsinz(wot) -1,
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2
o .
Cger =€, t e, :(%) cos’ (%)smz (wg?).

Onu HecyT 0OBbEKTUBHYIO HH(OPMAIIHIO, B TOM YHCIE 00
HCTOYHHMKAX YHEPTUH, HE CBSA3aHHBIX C BHEIIHUMHU CUIaMU
U HE Npeo0pa3yeMbIX B KHHETHUECKYIO DJHEPIHIO YaCTHII.
Haubonee nHGOpPMaTUBHBIMU SIBISIFOTCSI OTHOCUTEIIBHBIE
MEpBI 110 OTHOIICHUIO K KHHEMaTHYeCKOMY aHaJIOTy IOJ-
HOI1 yripyroii sHepruu yactuipl (5). C y4eToM HepBhIX IByX
uieHOB pasnokenus Gynkimu B pag V1+x=1+1/2x—
-1/8 x” ... TH OTHOLICHHS O CTAIOTCS OJIMHAKOBBIMH JUIST
BCEX YacTHII B JII0O0H MOMEHT BpeMEHH

€ _2_1

Ca G 12 ey ep 2 1
Cact  Caet 3 3 G €ar 3 3
Jomu sHeprun e, =1/3ey 1 ey =2/3e4; UMEHSIOT-
Cs CHHXPOHHO C KMHETHUECKOW 2Hepruei yactur (22).
VIMeHHO 3TH 1011 y4acTBYIOT B IPe0o0pa30BaHUAX YIPYTOit

OHEPIrur B KNHCTUYCCKYIO, obecreunBas B CyMMEC

2
g 2f WAL . 2
€def = € +es =€ + €1 :( I cos I Sin (wot)

BBITIOJTHEHHE 3aKOHA COXPAHEHHS SHEPTHU B 00bEME CTepPK-
HS TIPH MHTETPAJILHOM 110 00beMy 3HaueHuH (23) u criure
(a3 Ha /2 10 OTHOMIEHHIO K U3MEHEHUIO KHHETHIECKOU
SHEpruu yacTui (24).

Honu sHepruu e,, U e;, MEHIIOTCA B IPoTHBO(da3ax,
CyMMa 3THX JoJiel Bceraa paBHa 0, XOTS KaxAas U3 HUX
consMepuMa ¢ obuieil sHepruei ey. MHBIMHU cloBamy,
SHEPIUA e,,, onpenenseMas U3MEHEHUEM CPeJHEH JTTHBI
pebep yacTuibl B popMe OECKOHEUHO MaJIoro Iapasuiesne-
THTIeNIa, IEPEXOUT B SHEPTHIO €,, CBA3aHHYIO CO CpeIHE-
KBa/IpaTHYECKUM OTKJIOHEHNEM OTHOCUTEIBHBIX JITTHH pe-
0ep YaCTHIIBI OT UX CPETHETO 3HaYeHHs U Hao0opoT. Takne
nedopmaly He MEHSIOT SHEPTETUUECKOE COCTOSTHHE Yac-
THIIBL.

CrnoxxeHne ckopocTeil B COOTBETCTBUM C IMPUHIUIIOM
CYTIEPITIO3UIMH ABWKeHNUH (27) oOecrieunBaeT Hy)KHYO KH-
HETUUYECKYFO SHEPTHIO YaCTHIL sl 1e(hOPMUPOBAHHOTO CO-
CTOSIHUSI Ha ITPOTSDKEHNH 1IUKJIA M BBITTOJTHEHUSI 3aKOHA CO-
XPpaHEHUsI SHEPTHH JIJIsl CHCTEMBI B TIEJIOM.

JanbHeiiee pa3BUTHE KOJIEOaHUI MOXKET MPOUCXOTUTH
IO O/THOMY M3 BapUaHTOB!

1) mosiBIIeHHE HOBOTO KOJIeOaHMs C aMIUIMTYJIOH, 3a-
BUCAIIEH OT COOTHOMICHHS dacToT: (0., ¢)=f+[g, %
xsin (0,t) + gnsin (0¢)]sin (1o, L), ecin nocie o6pa3osa-
HMS1 CBOOOTHBIX KojleOaHHii BHOBb HAYHET JICHCTBOBATH BHEII-
w1 cruia (13) ¢ gacToToit 0 =TA/ L, OTIHYAromeiics OT 0);
BIIMSTHHE CBOOO/THOM BOJTHBI YMEHBIIUTCS M Oy/IyT IIPOOI-
JKEHBI BBIHY)K/IEHHbIe KoneOanus (14) ¢ yacToTod CHIIBI
(13), st peanmu3aruu KOTOPBIX TpeOyeTcst MOIHOCTS (16);

2) IpOI0IDKEHUE CBOOOTHBIX KOJICOaHUH C aMILTUTYION
qo+¢q; +...+¢q; TIOCIE 0YEPEAHON CYNEPIO3UIHHU, E€CTIH,
KpOMe BBIHYXJICHHBIX BOJIH, He OyneT sHeprooOMeHa ¢
BHEIIHEH cpeoif;

3) CHW)KEHHE aMIUTUTY/bI, €CJIM PE30HUPYIOIIasi CHCTE-
Ma UCIOJIb30BaHa KaK HaKOIIUTE b DJHEPIHHU U 3allaceHHas
B CHCTEME SHEPTHsi Oy/IeT EPEXOIUTh BO BHELITHIOIO CPENy,
B TOM YHCJIE 33 CUET CMEUICHUs] CYMTABIIMXCS 10 3TOTO
HETIOIBHYKHBIMH OTIOPHBIX CTEHOK U3 a0COIOTHO TBEPIOTO
Tela, B KOTOPBIX 3aKpeIyIeH YIPYTUil CTep)KeHb;

4) Hanbornee ONMacHbBIM SBISIETCS MPOAOIDKEHNE KOJIe-
0aHMI1 B yCITOBUSIX PE30HAHCA C JOCTIKEHHEM U ITOCIIEAYI0-
UM IIPEBBIILICHUEM TIPE/IebHBIX 3HAYCHUH ISUCTBYIOIIMX
B CHCTEME HalpshKEHUH, BOSHUKHOBEHHEM HEOOpaTUMBIX
nedopmanuii nim paspynieHHeM CHCTEMBI.

4. KpyTWibHble KoJieOaHust

Hcnonb3ys 1eKapTOBY CUCTEMY KOOPJHUHAT, IS KPY-
THJIBHBIX KOJICOAHU YPaBHEHUS IBUKCHHUS YaCTHI] MOXKHO
3anucars B Buje [8]

x=0a, y=pcosAy —ysinAy, (30)
z=Psin Ay +ycosAy,
rae Ay(a, t) =\ — |, — U3MEHECHHUE yIIa IOBOPOTa ceue-
HHUI{ Y IO CPaBHEHHIO C HCXOAHBIM !

Ay (o, 1) = Osin(ma,/L)sin(w?). (31)
IIpou3BoaHbBIE IO BpEMCHH U HATTPABICHUSM

v, (0, £) = Bwsin (1or/ L) cos (wr),

v, (01, 1) = -8’ sin (mor/ L)sin (wr),

v, (a, t) = 0m/Lcos (no/ L)sin (w?),

Voo (0, £) =—0(m/L)* sin (noy/ L)sin (w?),

W, (0, 1) = 0w/ Leos (moy/ L) cos (wr),
KakK ¥ JUTs OMEePEYHBIX KOJICOAHUIA, OTIPEICNITIOT KHWHEMATH-
YecKue, 1e(hOPMAITMOHHBIC U PHEPTETUUCCKUE XapaKTEePHC-
THUKHU YaCTHII U TEJIa B I[CJIOM.

[IpuarHOl BBIHYXICHHBIX KPYTHJIBHBIX KOJICOaHMUIT MO-
JKET OBITh MOMCHT

M =M ,sin(ot), 32)
KOTOPBIH ACMCTBYET B CEUEHUU C HAYaIbHON KOOPANHATON
o= L/2 ¥ npOU3BOIUT MOLIHOCTD

W, =My, |a=L 12 = MoBasin(wr) cos(wi), (33)

npeodpazyeMyro B yIPYT'YIO M KHHETHUYCCKYFO SHEPIHEO Yac-
THII, JJIs1 CKOPOCTH U3MCHEHHS KOTOPBIX ITPH 0003HAYCHUSIX
(12) cipaBeIUBEI ypaBHEHUS

Wy,
ﬁ =YWt~ = 0°0(r/ L) %

X cos’ (mor/ L)sin(we) cos(we),
Wy, 1 2 2, 2.2 2
— kin = — = —e (0] L X
20, A (VAT N o(r/L)

xsin? (oy/ L)sin (o) cos(or).
I/IHTel"paJ'ILHLIe j1(6] 06’beMy MOIIIHOCTHU
Wy = 0.5kV,n’0% (R/ L) wsin (wr)cos (wr),  (34)
Wi, = —0.5k7,0°1'n*(R/L)* wsin (wf)cos (wt) (35)
YCPpe3 SHCPIETUUYCCKOC TOXKACCTBO C YHaCTUECM BHCUIHETO
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MomMmeHTa (33), a Takke BHyTpeHHHX cui (34) u (35) mo3Bo-
JISIFOT HAWTH MOMEHT

M, =0.5xV0n (R/L)*(1-1?). (36)

Cucrema (30) mop neictBueM MomeHTa (32) ¢ aMIIn-
Tynoi (36) COOTBETCTBYET BHIHYKIECHHBIM FapMOHIYE CKUM
KOJIEOaHHAM C KPYTroBoO# yactoroit = 1A/ L. Ecnu BHew-
HUI MOMeHT (32) mpekpariaer JelicTBre, HalpuMep HocIe
3aBEPIICHHUS OYEPEIHOTO IUKIIA, B CHCTEME OCTAeTCs KMHE-
THYECKast SHEPTHsI YACTHIL, KOTOPasi CTAHOBUTCS PUYUHON
coOcTBeHHBIX Konebanuii. Cymma mMorHoctei (34) u (35)

Wyer + Wi = 0.5kV,03m° (R/L)* %

x (1-n%)wsin (wr)cos (o) (37)
NIPU OTCYTCTBUM BHEIITHETO BO3JCHCTBUSI XapaKTEpPH3YeT
BO3MOXKHBIE TIEpEXO/Ibl YIPYrol SHEPTUU B KHHETHYEC-
Ky!0 1 Ha000poT. CTariioHapHBII pE)KHM HACTYIIAeT, KOTia
/o, = 1. Ecnu akrudeckas gacrora xonebanuii Oyaet
HIDKE COOCTBEHHBIX, ONIPEICIIEMBIX YIIPYTHMH CBOICTBa-
MU MartepHala, MoJ0KUTEIbHAs MOIIIHOCTh IPUBEIET K €¢
YBEJMUCHUIO B TIEPBOI U TPEThEHl YeTBEpPTAX LMKIOB. B
MPOTHBHOM CJIydae IPOM301IeT yBEINUeHHE TIeproia KoJie-
0OaHUi1 ¥ B KOHEYHOM UTOTE PEIKUM Oy/IeT COOTBETCTBOBATh
COOCTBCHHBIM KOJIcOaHUsAM. YpaBHeHHE (37) MOXKHO pac-
CMaTpHBaTh Kak MEXaHHU3M ITPe0OPa30BaHUs BHIHYKICHHBIX
KostleOaHuit B COOCTBEHHBIE ITOCIIE MPEKPAILICHUS BHELITHETO
BO3/ICHCTBHUSL.
OTMeYeHHY0 0COOEHHOCT ITOJTBEPIKIACT aHAIN3 CYM-
MapHOHM yHpyrod M KHHETHYECKOH SHEpruM B oObeMe
CTEPIKHsI, KOTOpast 3aBUCUT OT OTHOILICHHUS YaCTOT:

2
Ey + By, = kV, 0’1 %[sinz(wt) +1? cos*(wr)] (38)

Y TOJIBKO TIPH MX paBeHCTBE (1) = 1) ocTaeTcst MOCTOSIHHOM,
KaK 9TO CJIEAYET U3 ONpe/IeICHUsI COOCTBEHHBIX KOJICOAHUH
cucreMsl [1-4].

Pe3oHaHC BO3MOXKEH, €CIIM HA CBOOOHBIE KOJICOAHMS
OyIyT HAKJIA/IBIBATHCS BBIHY)KICHHBIC C KPYTOBOW 4acTOTON
coOCTBeHHBIX Konebanuil . Bocmons3yemcs ypaBHeHHS-
MU JIJI1 COOCTBEHHBIX

x=0, y=PcosAy,—ysinAy,,

z=Psin Ay, +ycos Ay, (39)
Y BBIHYKJICHHBIX KOJICOaHU#
x=0, y=PcosAy, —ysin Ay, (40)

z =Bsin Ay, +ycosAy,,
rie Ay, u Ay, — yIJbl TOBOPOTA CEYEHUH B CBOOOTHOM
1 BBIHYKJICHHOM KOJIEOaHUSIX:

Ay, =0, sin (or/ L) sin (0y?),

Ay, =6, sin (mor/ L) sin (wy).

[Moxp3ysce 00MMM MPaBHIOM CYNEPIIO3UIIAHN JIBHIKE-
Huil [14], 3amennM nepeMeHHbIe JIarpaHka B ypaBHEHUSIX
BHEIIIHETO JBIDKEHMS, B KaU€CTBE KOTOPBIX MPHUHATHI BbI-
HyX/eHHble KoneOaHus (40), Ha BBIpOXEHHS VIS COOT-
BETCTBYIOLINX [IEPEMEHHBIX JiiJiepa COOCTBEHHBIX KoJieOha-
Huii (39), Hanpumep

y=PcosAy, —ysinAy, =
= (Bcos Ay, —ysin Ay )cos Ay, —
—(Bsin Ay, +ycos Ay, )sinAy, =
=Bcos(Ay, + Ay) —ysin(Ay, + Ay,).
B pesynsrare nomydaem cucteMy ypaBHeHuil tuna (30),
B KOTOPBIX yroJ IMOBOPOTa B COBMELICHHOM KOJEOaHWHU
BMecTO (31) paBeH cyMMe YITIOB TOBOPOTA COBMEIIACMBIX
KOJIeOaHMH:
Ay = (0, +6,)sin (moy/ L) sin (wy?). 41
O0ocHOBaHHE YHEPTETHYECKOW BO3MOXKHOCTH peall-
3allM¥ COBMEIIEHHBIX KOJIeOaHU B COOTBETCTBHUH C ypaBHe-
HusiMu (30) 1 (41) MU HE3HAYUTENBHO OTIIMYAETCS OT
MIPUBEJCHHOTO B pasziene 3 Juis MONePeYHbIX KOIeOaH .
B cootserctBuu ¢ ypaBHeHusMu (30) u (41), gacTuisl
CTepxKHs ¢ 00beMoM V[, IIOTHOCTBIO P, U MOIYJIEM
YIPYTOCTH K BPaIIAIOTCS OTHOCHUTENIFHO OCH C YIIIOBBIMU
ckopoctmMu Y, (., 1) = (0 + 6, )w, sin(mar/ L) cos(mwyr) u
3a CUET ITOTO CUcTeMa MpHoOpeTaeT KNHETHYECKYIO0 DHEP-
THIO

En = KGRI @ +0 cos’(@ne).  (42)
VYipyryto suepruto st ypasaeHui (30) ¢ Tenzopom (2)
1 0 0
X, =| ~Wqz cosAy  —sinAy
Y,y sinAy  cosAy

orpeJessieT MHBapHaHT (5), KOTOPBIil MPUHUMAET BH]T
— 2.2
€def = € +es _I\U(xr -

= (0, +6,)*1* (r/L)* cos* (mor/ L)sin? (oyf).
VYnpyras 3Heprus B 00beMe CTEPHKHsI COCTABISICT

Eg = %KVO(RR/L)Z(GO +0,)”sin? (wy?). (43)

YpaBuenust (42) u (43) COOTBETCTBYIOT TapPMOHUYECKUM
konebanusiM (30) c m3menenusimu yriios (41). Kuneruuec-
Kasl M yIipyrast SHepriuu 00eCIeuuBaloT MOCTOSTHHOE 3HaYe-
HHUE UX CyMMBI B JJFOOOH MOMEHT:

En + Egep = 025V, (0, +0,)* (R/L)” = const. (44)

Pe3oHaHC ¢ TOYKH 3peHNs 3aKOHA COXPAHEHHUS DHEPTHU
BO3MOJKEH H JIOITYCKAEeT CYIECTBEHHOE YBEINUCHUE aMILTH-
TYJIbI BMECTE C JIpyTUMHU YHEPTreTHIECKUMH MTapaMeTpaMH.
CTpyKTypa JOKaJIbHBIX KHHEMaTHUECKHX aHAJIOTOB 00beM-
HOM IIIOTHOCTH 3Hepruu (4)—(7), KOTOpbIe 3aBUCAT OT CPe-
HETO0 3HAUEHH e, U CPEJHEKBAAPATUUECKOTO OTKIOHEHH S
e,, aHaJOTHYHa, KaK U JIsl oTepedHbIX konedanuii [8]. C
YUETOM pa3IoKeHHs B psijl QYHKIMH C KBaJPaTHBIM KOPHEM
MoTy4aeM

e Vo ea _Bwer’ 1

Cdef szxi”z , Cdef Wi’”z 3
o _23Wert (2 e 2 2_
Cdef Wé’”z 3 e 33

o _2Wert 2 ep 43wy 2
Cdef 3\11(2;(7”2 3 eger Wé’”z 3
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Kax 1 B mpesisiay1iieM ciiydae, 0IK SHEPTUH €, U €
U3MEHSIOTCSA CHHXPOHHO U B CyMMe 00eceunBaroT HeoO-
XOAUMYIO JUISl BBIIOJIHEHUS MHTET PAIbHOTO 3aKOHA COXpa-
HEHU YIPYTYIO SHEPTHIO, Ipeodpas3yeMyro B KUHEeTHYeC-
kyto. CocTaBnstomue e,, 1 e, B2 pasa O6omblle e,;, HO
HE Y4acTBYIOT B TaKUX IPeoOpa30BaHUSIX U OIpPENeIsIoT
3aTpaThl SHEPIUH TOJIBKO Ha M3MeHeHHe GpopMbl yacTHll (7),
CBSI3aHHBIC C U3MEHEHUAMHU CpelHel OTHOCUTEILHOU AU~
HbI pebep 4acTHI] e, ¥ UX CPEIHEKBAIPATHIECKUM OTKIIO-
HEHHEM OT CPEIHETO ¢,. MI3MeHeHHs IPOUCXOIIAT C OTHOM
YacTOTOM, HO B IPOTUBOIOJIOKHBIX (ha3ax, 3aTpaThl IHEP-
T'MU KOMIICHCHPYIOTCS 3a cueT Ae(opMaliy MPpOTUBOIIO-
JIOXHOTO THIIA.

IpuBeeHHbIN aHATM3 OKA3bIBAET, YTO YaCTh SHEPIUY,
y4acTBYIOLIEH B CBOOOAHBIX M COBMEIIAEMBIX KOJICOaHHSX,
He CBA3aHA C YHEpPTUel, HOCTYyNAOIIeH U3 BHEIITHUX UCTOY-
HHKOB, He IIpeo0pa3yeTcs B KUHETUUECKYIO SHEPIHIO, HO
ABIIAETCA HEOTHEMIIEMBIM DJIEMEHTOM PE30HAHCHBIX SIB-
JICHUH.

5. IIpoposbHbIE KoJIeOaHUsI

Hcnonb3ys METOIUKY MIPEBITYIIUX PA3IEIIOB, PACCMOT-
PHMM IPOIOJIbHBIE KONEOaHUs ¢ yPaBHEHHMSAMH IS TIEpe-
MEHHBIX Dijepa [8]:

x(a, )= o+ psin(moy/ L)sin (o2), y =0, z=Y. (45)

Haubonee BaykHbIE OTINYMSA CBI3aHBI C A€POPMALUAMH
PACTSIKEHHA-CHKATHSA (BMECTO CIBHIA IIPU TIONEPEUHBIX
KPYTHUIILHBIX KOJIEGAHUSIX ), KOTOPBIE OMPEIEISET IPOU3BOJI-
Hast 0x/doL = x,:

X, (0, 1) =14 pm/Lcos (moy/ L) sin (o1),

X, (0, 1) = pmw/ Leos (moy/ L) cos (wi),

x, = posin (ma,/L)cos (wt), (46)

x,, = —pw’sin (noy/ L)sin (wr).

Kaxk u B npensinymem pasaene, ypaBHeHus (45) coot-
BETCTBYIOT CHCT€ME KOOPAUHAT, HauaJl0 KOTOPOi COBMe-
IIICHO C JICBBIM HETIOBIKHBIM TOPLIOM YIIPYTOrO CTEPIKHS,
OCh X HaIlpaBJICHa BJIOJIb OCH CTEPIKHA JJIMHOHU L U cede-
HUEM S, a TAKKe TPAHMYHBIM U HA9aJIbHBIM yCIIOBUAM

x(=0,6)=0, x(aa=L,t)=1L,

x,(=0,0)=x, (=L, 1)=0, x;(t,, t=0)=00,.

HeiicTByrolas B EHTPAJILHOM I10 JUIMHE CEUESHUHU O =
=L/2 nepuomuueckas cuia

47

F =Fsin (nAt/L) (48)
MMPpOU3BOAUT MOIIHOCTDH
Wet = FX, | s o = Fy pwsin (1) cos (1), (49)

KOTOpasi paCXOyeTcs Ha YIPYTYIO Ae(POPMAIIHEO U KHHETH-
YECKYIO IHEPTUIO YACTHIL:

MWy =2 K/}Vé SV, Xy

SWer = KOVy (eger), = KV (xg, = 1), = 268V xg X
rae K — Monyib ynpyrocti. C yaeToM cootHorneHu# (12)
A= 2K/py, N=w/®, 1 npou3BoaHbIX (46) Monyyaem

3w, )
m _ _ L
200, o(rpn/L)” X
xsin? (moy/ L) sin (wt ) cos(wt). (50)

JlokaspHast MOLITHOCTB YIPYTOH ieopManu, o cpas-
HeHuro ¢ (19), uMeeT caraeMoe ¢ epBOY CTEIICHBIO aMIT-
JUTYJBL:

S}iVTdIZ = XX, = pOT/Lcos(moy/ L) cos(wr) +
+(mp/L)* weos® (mor/ L) sin(wr) cos(wr). (51

CyMMapHas MOIITHOCTb YIIPyToi M KHHETUYECKOM! 3Hep-
THH Takke onyaercs ot (19) nononHuUTENsHBIM carae-
MBIM

SI/Vdef + 6I/Vkin

= pnw/Lcos(mo/L)cos (wt) +
2 2y = P/ Leos (o Lycos @)

+(mp/L)* wsin (o) cos (wr) X

x[cos® (moy/ L) —n? sin® (moy/ L)],
HO OHO HE BJIMSICT Ha MHTErPaJIbHOE IO 00BEMY CTEPIKHS
3HA4YE€HUE MOIHOCTH!
ZS_VZJF% :%(np/L)zw(l—nz)sin Qwr).  (52)
W3 paBenctBa MomHocTel (49) u (52) HaxoaUM CUILY
F,, BXoasuiyto B ypaBHeHue (48):

Fy =xVyp(1-m*)(/L)?, (53)
KOTOpasi 00ecreynBaeT SHepruel aeopMarfio YacTHIl 1
TeJa B [EJIOM.

B nauaie (¢ = 0) 1 KoHIIe Kaxa0r0 nukia (1= T'=27/w)
10 BceMy 00beMy CTepKHs JiehopMaliyist OTCyTCTBYET, CO-
XpaHAETCsl TOJIKO KHHETUYECKast SHEPTHs YaCTHII IIPH MaK-
CHMaJIbHOM €€ 3HaueHHU B 00bEME CTEPIKHSL:

Eygn = 0-5Vyk(mpm/L)’. (54)

Cucrema (45) mon neiictBrueM cuiibl (53) COOTBETCTBYET
TapMOHWYECKUM BBIHYKJICHHBIM KOJIEOaHHUSIM C IEPUOIOM
T=2m/w Bo30y:xaromiei cuibl. Ecii BHEII S Crita rpe-
KpallaeT AeHCTBUE, OCTaeTCsl KHHETUYECKasi JHEPT s Yac-
Tl (54), KoTopas CTAaHOBUTCS NMPUYMHOM MPOIOIKEHUS
kosiebanuii. Kak u B ciryuae rornepedyHbix KojiebaHui, B co-
OTBETCTBHHU C ypaBHEHHEM (52), 3a CUeT MOSIBISIFOLICHCS
M30BITOUHON SHEPIHH NTPU O < (), (MITH HETOCTATKE SHEP-
THH TIPH O > ()) cucTeMa OyeT mpuoamxkarh hakTuiec-
KYIO 4acTOTy kK coOcTBeHHOI. Tonbko mpu w=w, (n =1)
CyMMa KHHETHUYECKO! U YIIPYTOi SHEPrHH B CHCTEME OCTa-
€TCsl HEU3MEHHOM, YTO COOTBETCTBYET OIPEAEICHHUIO CBO-
OOITHBIX KOJIEOaHUH.

Kak oTMeueHO BbIIIe, KHHEMAaTH4YECKUH IKBUBAJICHT
SHEPTUHU YNpyroii nedhopmaruu e, A7 NPOIOTBHBIX KO-
neGaHnit COEPIKUT /IBa CIIAaraeMBbIX, IIPHYEM B CBSI3U C Ma-
JIOCTBIO OTHOIIEHHUS p/L TepBoe MOXKET GbITh Ha HECKOJb-
KO TIOPSIKOB OoJIbInie BTOporo [8]:

I -3=e¢y; =2mp/Lcos(no,/L)sin(wt)+

+(mp/L)* cos®(mar/ L)sin” (wt), (55)
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HO MHTErpajibHOE 10 00beMy 3HaueHue FEy, COBIamaer
o opme ¢ (25):
Eger = | k(T2 =3)8V, = 0.5k¥, (np/ L) sin*(w2). (56)
0
Kunernueckas sHeprust yacturl ¢ yuetom (50)
SEy, = 0.5px; 3V, =
= k8 (mp/L)* (w/w,)* sin* (moy/ L) cos® (wr)  (57)
JUIsl BCETO 00beMa CTEP)KHS COCTABUT

I 2pte? 2pte?
E.. =—Spg—>——cos (wt) =VyK—=——cos (wr).
gt e o o

B kaxx70M ceueHn CKOPOCTh U3MEHEHHUS YNPYTOd U KU-
HETHYECKON DHEPTUU U3MEHSIIOTCS B COOTBETCTBUU C ypaB-
uHenusivu (50) u (51), HO I BCcero oObeMa CTEPHKHSI CyM-

Ma 3Hepruit
2 2
Tp

212 [sin® (wr)+1* cos” (w)]  (58)

Eger + Eyin =VoK

Ipu 1) = 1 ocTaeTcs NOCTOSIHHOM, COBIAIaeT ¢ UMeromIeiics
B cucreme (54) npu ¢t = 0 ¥ HE U3MEHICTCS BO BPEMECHH,
YTO CBUJIETEIBCTBYET O NIEPEXOE CHCTEMBI K CBOOOIHBIM
KOJIEOaHUSIM.

Kax cieyer u3 mpenbaymx paszielios, ynoOHee U 1po-
111e Pe30HaHC pPacCMaTpUBaTh Kak HaJIOXKEHUE JIBYX He3aBU-
CHUMBIX KOJIEOaHUI M ITOCIIE CYTIEPIIO3UIIUH TPOBEPSITH KH-
HEMaTHYECKyIO (110 BBIMIOIHEHUIO TPAaHUYHBIX YCIOBUH) U
SHEPTeTHUYECKYIO (T10 BBIMOJHEHUIO 3aKOHA COXPaHEHUs
SHEPTHH IJIsl CHCTEMBI B IIEJIOM) BO3MOXKHOCTb UX peajIv-
3aLuu.

Jist cBOOOMHBIX KOeOaHHid BOCIIONIb3YeMCsl ypaBHe-
HUsMU TUMA (45), KOTOpbIE BBEIETUM 0003HAYEHUEM aMII-
JIUTYJIBL:

x(ct, ) = oL+ py sin (moy/ L) sin (wyt),

y=B, z=v.

J11st BBIHY)KJICHHBIX KOJICOAHHUH C YaCTOTOW COOCTBEHHBIX
), 0003HAYNM AMITTUTYIY p;:

x(a, t) = o+ p; sin (moy/ L) sin (yt),

y=B, z=Y.

Kak B ciydasix ¢ mornepeyHbsIMHU ¥ KPy THIIBHBIMH KOJIe-
OaHUsMH, TIPH MCIOJIB30BaHUN MPUHINIIA CYTICPIO3UIINN
[10, 14] moboe nBMXEHNE MOKHO TPUHUMATH 32 BHY TPEH-
Hee, Ipyroe — 3a BHemHee. Ho nmocie 3aMeHbl nepeMeH-
HbIX Jlarpanska, Hanpumep, B ypaBHeHuH (60), Ha BeIpaske-
HUSI 1Sl COOTBETCTBYIOIINX MEPEMEHHBIX Diiiepa u3 ypas-
HeHwi (59) monyuaem OoJiee CI0KHOE BBIPAKCHHE

x(ot, 1) =0+ pysin [%Jsin(wot) +

(59

(60)

Nk AR .
+p sm{z{owpo sm[T)sm(wot)}}sm(wot).

Bwmecte ¢ Tem, npuHUMas BO BHUMaHUE MaJIOCTh OTHO-
mennit p/L <<1, MOXKHO yTBEPKIATh, UTO AMIUIUTY/A CO-
BMEIIEHHOTO KOJIeOaHNs paBHA CYMME aMILTUTY/I BHYTPEH-
HEro CBOOOJTHOTO M BHEIIHETO BBIHYKJJCHHOTO KOJIe0aHMiA:

x(o, 1) =0+ (py + py)sin (mor/ L)sin (7). (61)
DTOT pe3yabraT HOATBEPXKIAAET U TPAAUIMOHHBIA MOAXO0]
K OIIpEEeNICHUIO COBMEIAeMBbIX ABIKECHUN uepe3 CIoxe-
Hue ckopocreil [3, 10]. OTMeTuM, 4TO rpaHUYHBIE YCIIO-
Bust (47) 1utst cucteMsl (61) BBITOIHSIOTCS, KaK U JUIS COBMe-
maembIx konebanuii (59) u (60).

Cynepno3uiys KojaeOaHui MPUBOIUT K KHHETUYECKOM
SHEPrHH YaCTHUI] B COBMEIICHHOM JBHXECHHU:

1
OEy;, = Epox,z 8V, =

2
=x8Vo(po+ 11) T sin?[ 22 |cos? (o).
L L
Jliist o0beMa CTepIKHS SHEPTUSI COCTABUT
1
Eyiy =%V (o + p1)” (1] L) cos” (@) (62)

KnHemarnueckuii SKBUBaJICHT 3HEPTUU JieopManuu
JUTS YaCTHI]

tL oL .
eger = 2(Po + Pl)(ZjCOS(Tjsm(motH

2

T o .

+(py + pl)2 = | cos?| == |sin® (wy?)
L L

MPUBOIUT K YIPYTO# SHEPTUH JIJIsI TEJIA B LIEIIOM

Ey = KI €gerOVy =

=0.5k(py + py)* Vo (1/L)* sin® (wo?). (63)

J1Ba Buzna sHepruu (62) v (63) U3MEHSFOTCS C OAMHAKO-
BOM 4aCTOTOMH U CABUIOM IO (ase Ha 7/2, uTo obecmedn-
BaeT MOCTOSHCTBO UX CyMMBI U BBITIOJIHEHHE 3aKOHA COXpa-
HEHUsI SHEPTUU ISl CTEPXKHS B I[EJIOM:

Ein + Eger =0.5€(py + p,) Vo(m/L)* =const.  (64)

JlomoTHUTENBHOM 3HEPrUM U3 BHEIIHUX HCTOUHUKOB
JUTS TIPOJIOJDKEHUST KOJIeOaHHH, OTIPEAEIIEMbIX TPUHIUTIOM
CYTICPIIO3UIINH, HEe TpeOyeTCs. YpaBHeHuE (64) MONTBEPXK-
JIaeT BO3MOXKHOCTB pPe30HaHCa IIPU UCIOJIBb30BAHUU METO-
JIMKH TIepecyeTa 1e(hOpMUPOBAHHOTO COCTOSIHUSL, OTIpeie-
JIIEMOTO YPaBHEHUSIMU JIBIDKCHHUS, B YIIPYTYIO SHEPTHUIO MO
ypaBHeHUIO (8). OHO MOKa3bIBACT BO3MOXKHOCTE MPOJIOI-
JKeHUsI KosieOaHui 0e3 HapyIIeHUs] 3aKOHa COXPaHEHHsI 1
MIPUTOKA SHEPTUHU U3BHE, €CIIH YaCTOTA BHIHYKJICHHBIX KO-
nebGaHuil COBIaAaeT ¢ 4acToTol coOcTBeHHBIX. [locne 3a-
BEPIICHUS KaXKA0TO0 KA aMIUTUTY/1a COBMEILIEHHOTO KO-
ne0aHus BO3pacTaeT Ha BeIMYMHY aMIUTUTY bl HAJTOXKEHHO-
TO BBIHY)XKJICHHOTO KOJICOaHHS C YBEITMUCHUEM DHEPreTH-
YEeCKHUX MapaMeTpOB CUCTEMBI B COOTBETCTBUHU C U3MEHE-
HUEM TIPOU3BOAHBIX (46).

JIns BBISIBIEHUS pOJIM BHYTPEHHUX MCTOYHHUKOB JHEP-
THH PaCCMOTPHM, KaK U B IPEABIIYIIUX pa3/ienax, COCTaB-
JISIOIIME KHHEMAaTUYeCKOTO aHajlora YIpyroi sHepru# (8).
Hanuwme ByX ciaraeMbIx B BRIpaXeHUH (55) He TO3BOJISIET
MepeiTH K OTHOCUTEIBHBIM JIOJISIM, KaK MPH MOMEePEUHbBIX
KOJIeOaHHSIX, TOATOMY HIKE IPUBEICHBI TOJIBKO X (PaKTH-
4ecKHe 3HaUCHUS
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2
e, _1fmw cos?[ ¢ sin®(07),
3\ L L

21p o .
e,, =——Co0s| — |SIin(w¥),
e2 L ( L ) ( )

2(mp Y .
e, =ey ZE(TCTP) COSZ(%)SIHZ ((Dt), €5 =0.

Tak kak MHTerpanbHas o o0beMy 10N e, paBHa 0,
OHa HE MOXKET y4aCTBOBATh B BHIIIOJIHEHHUH 3aKOHA COXPaHe-
HUSI SHEPTUH JUISl CUCTEMBI B 1I€JIOM. DTa SHEPTHsl UrpaeT
POJb «HCXOTHOTO YPOBHS», 0 OTHOUIEHHIO K KOTOPOMY
M3MEHSIOTCS YIIpyras 1 KWHeTHuecKkas sHepruu. Yacrora
M3MEHEHHs J071eil ynpyToii SHeprun e, M e,; COBMAMAET,
COIVIACYeTCsl C YaCTOTOW M3MEHEHUS] KHHETHYECKOW DHEp-
ruu (57) n omimyaercs mo dase Ha /2, yro obecnednBaeT
PaBEeHCTBO UX CyMMBI (58) Ha IPOTSDKEHUH BCETO IUKIIA,
HeoOX0IMMOe JIJIsI BBITIOJIHEHHS 3aKOHA COXPaHEeHUS DHEP-
THH JUTS TeJa B LIEJIOM.

Acconunpyemasi ¢ KHHEMaTHIECKHM SKBHBATIEHTOM €,,
SHEPTUs COOTBETCTBYET e(hOPMAIMsIM B CUCTEME 3a CUET
BHYTPEHHUX HCTOYHHKOB, B YACTHOCTH YMEHBIICHHIO U yBE-
JMYEHHI0 00beMa yacTuIl (9) B pa3iIMYHBIX YaCTSIX CHCTEMBI
0e3 n3MeHeHus ux oouiero oorema. [1pu 3ToM oTHOIIEHNE

e, 6 _ 6
. (mp/L)cos(mar/L)sin (wr) 8V/3V, -1
MOXKET JIOCTUTaTh OOJBIIHMX 3HAYCHUH, 0COOCHHO TPH Ma-
JIBIX OTHOIICHUSX aMIUTATY/IBI K JUTMHE CTEPKHS p/L.

Taxum 06pa3oM, IpH MPOAOIBHBIX KOJIeOaHUAX OOJIb-
I1ast YacTh SHEPTUH s Ne(hOopMalMi YacTHI[ OCTyHaeT
U3 BHYTPEHHUX MCTOUYHUKOB U TOJIBKO Majas 4acTh (e, U
e, ), Ipeobpasyemas B KHHETHIECKYIO (57), CBsi3aHa C IIpH-
00peTeHHOI N3BHE SHEPTUEH U YUaCTBYET B BHIIOIHEHUH
3aKOHA COXPaHEHHMsI SHEPTUH ISl YIIPYTOTO TeJa B IETIOM.

Jist cpaBHEHUS! IPUBEIEM YPaBHEHUS ISl COBMEIICH-
HBIX MTPOJOJEHBIX KOJIEOaHUH, KOT/Ia YacTOTa BBIHYK/ICH-
HOTO KoJIeOaHHs He COBIAJIaeT C YaCTOTOH COOCTBEHHOTO.
Torma BMecTO (60) cieayeT UCob30BaTh cuctemy (45) u
B pe3yJIbTare CyHepIo3UINH MOITydacM

x(o, t) =0+ py sin(%jsin(mot) +

€

+ p;sin {%[a + Do sin(%jsin(mot)}}sin(mt).

Jaxe B 061acTy MajbIX cooTHOWeHNn p/L << 1 cucrema
x(a, £) = o +[ py sin (0yt) + p, sin (0¢)]sin (na/L),
y=B, z=Y

OITHCHIBACT KONICOAHS C U3MEHSIFOLIEICS BO BpEMEHH aMII-

JIUTY/IOM, 3aBUCAIIICH OT COOTHOIICHHUSI AMILTUTYJT X YaCTOT

COBMEIIAEMBIX KOJIeOaHHiH. YpaBHEHHUS TS TOKaIbHBIX U

HUHTETPAbHBIX KMHETHUYECKOM U yrpyroit sHepruu OymyT

HUMETh, 10 cpaBHEHUIO ¢ (56)—(58), Oonee CroXKHBIN BUI,

HE MPeIyCMaTPUBAIOINIHI BOSHUKHOBEHHS PE30HAHCA.
[maBHBIM YCIIOBHEM PE30HAHCA SBISIETCSI PABEHCTBO

YaCTOT COBMEIIAEMbIX IBIKCHHH M TOTIA OH BO3MOXKCH

TPH CYTIEPIIO3UIIAH Pa3IHIHBIX THIIOB KoNeOaHHi, HATIPH-

Mep mpononbHBIX (59) u nonepeunsix (14). B pesynsrate
MOJy4YaeM YpaBHEHUS JBIDKEHUS [8]

x =0+ psin (no./L)sin (o7),

y =P+gsin(noy/L)sin (02), z(y, )=y
¢ TeH30poM (2)

(66)

Xo Xg Xy
xi,p: Yo yﬁ yy =
Z(X ZB ZY

1+7p/Leos (na/L)sin(wz) 0 0
=| mg/Lcos(mo/L)sin(ws) 1 0]
0 01

Cucrema ynoBieTBopsieT nudepeHInaIbHbBIM yYpaBHe-
HEUsM (8), a TakKe HauyallbHBIM M TPAHUYHBIM YCIOBUSAM
(47) anst KAXOOTO U3 pacCMaTPUBAEMBIX U COBMEIIEHHOTO
kosiebanui. [1py 3ToM anredpanyecku CKJIaIbIBAFOTCS KaK
JIOKaJIbHBIE

eger =2 =3 =€l ey =272 os| 22 sin (0yf) +
L L
2
mp (ma .
+| ==cos| — [sin(wy?) | +
e[ 5 Jsin )|

2
+ [%cos(%)sin (wot)} ,

2 2, .2 , ”
€in = 0-5pgv™ = 0.500 (x; +37) = €in +€in»
TaK U WHTETPaJbHbIE JHEPreTUYECKHE XapaKTePUCTUKU
(ipu yacToTe COOCTBEHHBIX):
4 ”
Eger = Eger + Eger =
1 p . : . :
=—xV, [—psm (wot)} +| M sin (we?) | 1>
2 L L
g
2r

cos’ (W),

TCZ 2
Ey, =V 2; cos’ (wyt) + VK

JUTS| SHEPTeTHYECKOM peaTu3aliiy ABYKeHHs (64) T0ToTHu-
TENILHOM PHEPTHH HE TpeOyeTcsl.

Jo cux nop ObUIM pacCMOTPEHBI TPOCTEHITINE OTHOMED-
HBIE KOJeOaHus, HO U3JI0KEHHAss METOANKA MOXET OBITh
UCIIOJIB30BaHA U UL OoJiee CIOXKHBIX CIIydaeB, HallpUMep
TIPH CYNIEPIIO3UIIMH MTPOJIONIBHBIX KostebaHui (45) u koneba-
HUI ¢ TOBOPOTOM CEYEHHH B COOTBETCTBUH C yPaBHEHUSIMU

2B . (mo) .

x(o, ) =0+ p&TBSH{T sin(wyt), y =P, z=1.

C HOMOIIBIO IPHHIKIIA CYTIEPIIO3UIMHU TIPH PABEHCTBE Yac-
TOT MOJTyYaeM HOBBIE JBYMEPHBIE KOJIeOaHus

268 . . (o .
x(o, ) =0+ p(l + &7Bs1n(w0t) jsm(Tjsm(wot),
y=B z=Y, 67)
e & — oTHOcHTENbHAS U Ep — abCONMIOTHAS aMILTHTY/Ia
CMEUIEHHH Ha MOBEPXHOCTH 00pa3iia TONIIMHON / 3a cHeT

HOBOpOTa cedeHus. [ 6e3pa3MepHbIX KOOpIHHAT TeH30pa
(2) nonyuaem
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X, = 1+%{ p(1+§27ﬁsin(u)ot)ﬂ cos(”—;‘)sin(moz),
xg :%sm( 7 jsinz(wot),

KHHEMAaTU4eCKUI 3KBUBAJICHT yIIPyTOi 3Hepruu (8) NpuHuU-
MaeT BUJ

Cyer ={1+%{p 1+§27Bsin(wot) }x

2
X Cos % sm(wot)} { pgsm TCZ sin (wot)}

ATUTUBHBIC CBOMCTBA HE PACIPOCTPAHSIOTCS Ha SHEpre-
TUYCCKUC XAPAKTECPUCTHKH, TEM HE MECHEE MOXXHO TOBO-
PHUTH O MHOXECTBE KHHEMAaTUICCKH M SJHEPTETHYCCKHU BO3-
MOJKHBIX BAPUAHTOB CYMEPIIO3UIIH 33 CYCT Pa3HBIX COOT-
HOIIICHU I MEX]Ty aMILTUTYJAMU COBMEIIIACMBIX KOJICOAHHIA
C BO3MOXKHOCTBIO KaK YBCJIMUYCHHS, TAK U YMCHBIIICHHUS
00BbEMA YaCTHI]

R=1+12 7 (1+ Zié sm(u)ot)jcos(n%)sin(wot),

B TOM YHCJIE C TIOSIBJICHUEM PE30HAHCA.

[TpuMephl CyMEPIO3UIHH IPYyTUX TUIIOB KoJeOaHui
MPUBE/ICHBI B pabote [8], OIeHUTh BO3MOKHOCTD UX PealTH-
3aIMA MOKHO C TIOMOIIBIO METOAMKH, UCIIOIL30BAHHON B
JTaHHO¥ paboTe.

6. O6cy:xkaenne pe3yJibTaTOB

OCHOBOI1 pe30HaHCa, KaK U APYTuX (pU3N4ecKux sBie-
HUH, SBJISETCS 3aKOH COXpaHeHust SHeprun. OOBIYHO cUMTa-
10T, YTO B PE30HAHCE YYaCTBYIOT J[Ba BUA YHEPTUH, yTIOMU-
HAaEeMBIX B JIEBBIX YaCTAX ypaBHeHUi (29), (44) u (58). Ux
OTIPE/ICIISIIOT B MHBAPHAHTA yPABHEHUI JBHIKCHUS: KBaJI-
par ckopocTH (TIepBbIe IPOU3BOIHEBIE OT KOOPIUHAT IO Bpe-
MEHH) ¥ KB3/IpaTHYHbIi MHBapuaHT (4) Ten3opa (2) ¢ nep-
BBIMU TPOW3BOJHBIMU OT KOOPJMHAT I10 HAIPaBIICHUSIM.
OHeprus — 0000MIEHHBIN CKAISIP JTI0OBIX BUIOB IBHKESHHS
W JUISl OTIMCaHUs HAOMIONAEMBbIX MPU JIBYDKCHUU SIBICHUN
JIOJDKHBI OBITh NCTIOIB30BaHbI IIPABUIIEHBIE CIIOCOOBI ITepe-
cdeTa MHBapHaHTOB B 3Hepruto [9, 10]. OnbIT npuMeHeHus
KWHETUYECKOH SHEPTUU B MEXaHUKE aOCOIOTHO TBEPABIX
TeN He MO3BOJIsIET YCOMHUTBCA B IPaBHIIBHOCTH Nepexoaa
0T KBaJIpaTa CKOPOCTH K COOTBETCTBYIOIIEMY BUJLY SHEPTHH.

C ynpyroii sHeprueit cutyarus cioxsee. ECTb ocHOBa-
HUS IPEATNoIIaraTh, YTo KIaCCHUECKask MEXaHUKa C TpeMs
MOJYJISIMH YIIPYTOCTH HE OOBSICHSIET CBSI3aHHBIE C PE30HAH-
COM SIBJICHHSI, TOTOMY 4TO HE YYHTBIBAET yYACTBYIOIIYIO B
pEe30HaHCE BHYTPEHHIOIO SHEPTUI0. DTy SHEPTUIO YUUTHI-
BaeT SHEepreTHUecKast MOJICNIb MEXaHUKHU C OTHUM MOJTyJIEM
YIPYTOCTH, HO C HOBOH IIKAJIOH CPeTHUX HANPsDKEHUH, Xa-
PaKTepU3YIONINX HaualbHOE DHEPreTHYECKOE COCTOSHHE
gactuil [13]. [lepecuer nedopmaruu (5) B ypyryro sHep-
THIO TI0 YpaBHEHHUIO (8) oOecrieunBaeT BBIOJHEHHE 3aKOHa
COXpaHEHHs SHEPTruH KaK B MHTErpaibHOH (1Mo 00bemy)
(opMe ¢ yueToM Nepexoia 4acT! yIpyron SHEpTuH B KHHE-

THUYECKYI0, TaK H JUIs IOJICUCTEM C ITPe0Opa30BaHUEM CBsI-
3aHHBIX C Jiepopmanmelt MoauduKaIyii BHy TpeHHEH (yrpy-
roif) sHepruu.

AHanu3 CTpyKTypbl UHBapHaHTa (4) MOKa3bIBaET, YTO
TIPY CBOOO/IHBIX KOJIEOaHUIX U PE30HAHCE JUISl U3MEHEHHUS
o0bemMa 1y (POPMBI HYACTHIL HCIIONIB3YIOTCS KaK BHEIIHHE,
TaK ¥ BHyTPEHHHE NCTOYHUKH dHepruu. B yactHOCTH, M3Me-
HeHHe 00beMa YacTUI] B 00IaCTIX PaCTSHKEHHS U COKATUS
TIPH ITPOOIIBHBIX KOJIEOaHHSIX He TpeOyeT MPUTOKA SHEPTUU
W3BHE, TAKXKE KaK 0€3 BHEITHHUX JJOIOJHUTEIBHBIX MOCTYII-
JICHU SHEPTUH IPOUCXOJIAT CBOOOIHBIE KOJIEOaHusI B yIIpy-
TUX TeNax. AHaJOTUYHO, YacTh PHEPTUU Ha U3MEHEHHE
(OpMBI YaCTHII IPU NONEPEYHBIX M KPYTHIIBHBIX KoseOa-
HUSIX TIOCTYTIAET N3 BHYTPEHHHUX HCTOYHHUKOB, B TOM YHCIIE
OT YIPYrod SHEPruy CaMUX YacTHIl IIPH SKBHBAJICHTHOM
W3MEHEHHH JIe)OPMHUPOBAHHOTO COCTOSTHHSI.

Oco0eHHOCTH HEPTETHYECKOTO COCTOSIHUSI YACTHUI] ITPU
CBOOOJTHBIX KOJICOAHUSIX U PE30HAHCE TIO3BOJISIOT BEISIBUTH
JIOKaJIbHBIC KHHEMaTHuecKue aHasoru sHepruu (4)—(7), ko-
TOpbIE OTIIMYAIOTCSl OT 0OBEMHOM IIOTHOCTH COOTBETCT-
BYIOIINX BUIOB YIPYTOif 9HEPT MU IIOCTOSTHHBIM MHOXKHUTE-
JIeM, paBHBIM MOJTYJTIO YTIPYTOCTH MaTepHaa, Kak B ypaBHe-
HuH (8). DTH Ge3pazMepHbIe apaMeTpEI SIBISIOTCS peajb-
HBIMH Zie(pOpMaIUsIMU, COOTBETCTBYIOIIUMH YPaBHEHUSM
JIBUKEHUS, ONPENIENSIOTCS uepe3 MPOU3BOHBIE OT mepe-
MEHHBIX Diijiepa o nepeMeHHbIM Jlarpamka 1 oTpaxarorcs
B uX uHBapuanrax (4)—(7). OHU UMEIOT YETKYIO TEOMETPH-
YeCKyH0 MHTEPIPETALIUIO 1 3aBUCAT OT U3MEHEHUS CpeTHeH
OTHOCUTENBHOM JUIMHBI CTOPOH 4acTHll (e,), UMEIOIIUX B
WCXOZHOM COCTOSIHUM (POpMY MPSIMOYTOJTbHBIX ITapajiiesie-
MUMEA0B, U CPEIHEKBAIPATHUYECKOI0 OTKIOHEHUS ITUX
JUIMH OT CPEJTHETO 3HAueHUs IS KaKIoN JacTHIbI (e ).
Taxoe BblJe/IeHUE JaeT BO3MOXKHOCTh KOHKpETHEe Mpe-
CTaBJIATh FEOMETPUYECKUE OCOOCHHOCTH JIe)OPMHUPOBaH-
HOTO COCTOSTHHSL.

bonee Toro, B ka0l U3 MHBAPDMAHTHBIX JOJEH e, U
e, BBIJIETIEHB] YaCTH e,; U €, KOTOPBIE MOTYT OBITh Ipe-
00pa3oBaHbl B KHHETHYECKYIO SHEPIHIO U Y4aCTBYIOT B BBI-
MIOJTHEHUH 3aKOHA COXPAHEHUS SDHEPTUH JISI CUCTEMBI B 1ie-
JIOM, BIIMSIIOT Ha MHTETpaJIbHBIE 10 00beMY 3HAYEeHHS yIIpy-
roit snepruu. Jlpyrue nokanbHsle fedopmalyu e,, " e,
CBSI3aHBI C BHYTPEHHUMH HCTOYHHKaMH, B TOM YHCJIE TIpe-
00pazoBaHMEM SHEPTUH B MpeZeax OIHOM YacTHIbI (KaK
NIPU KPYTHIIBHBIX KOJIEOAHHSIX) WM TEPEXOIOM SHEPTHU
U3 YacTH €,, U e,, U Hao0opoT. IMeHHOo o e,, U e,
MOKA3bIBAIOT UCIIOIb30BAHUE BHYTPEHHUX UCTOYHHUKOB, KO-
TOPBIE B OTAENBHBIX CITy4asix, HAPHUMEp ITPH IPOJOIBHBIX
KOJIeOaHHSX, MOTYT IIPEBBINIATh BHELTHNE 3aMMCTBOBAHUS
B BUJIC DHEPTHHY BBIHYKJICHHBIX KOJIEOaHUi, KOTOpas 0cTa-
€TCsI B CUCTEME IT0CIIe MPEKpaIlleH s BHEIIHETO BO3AeHCT-
Busl. IH(OpMaTHBHBIM OKazaycs Mepexo]] K OTHOCUTENb-
HBIM JIOJSIM €, /€4p M €, /€4er » KOTOPBIE IIsl TIOTIEPEYHBIX
W KPyTHIIBHBIX KOJIEOAHUH HE 3aBUCSIT OT aMILTUTYBI (pa3-
nensl 3, 4).
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B mexannke nedopmupyemoro tepaoro tena [10] mc-
MOJTE3YFOT TEPMUHBI 00 SHEPTHSX, CBSI3aHHBIX C H3MCHCHUSI-
MU oObeMa U (opMbl dacTuil. [Ipu momepeuHsIx U Kpy-
TUJILHBIX KOJICOAHUAX 00BEM YaCTHIT HE MEHSICTCSI, TOITOMY
MPEJIOAKEHA HOBAsK TCPMUHOJIOTHS, Y TOYHSIFOIIAs MaTeMa-
TUYECKHIA CMBIC]I COCTaBHBIX YacTell nedopManuu.

Amnanmus sHepreTryeckux 6amancos tumna (20), (37), (51)
MO3BOJISICT TOBOPHUTH O MEXAaHU3ME MPEoOpa30BaHUS BbI-
HYXJICHHBIX KOJICOaHUI C YaCTOTOMU, ONPEACIIICMO BHEIII-
HUMH BO3JICHCTBUSAMH, B COOCTBEHHBIC MOCTIC MPEKPAIIe-
HUS ISUCTBUSI BRIHYKJIAIOLIEH CHITBI. DTOT MEXaHHU3M ITPO-
JIOJDKACT JICHCTBOBATh MPHU CYNEPIO3HUIIMU CBOOOIHBIX H
BBIHYKJICHHBIX KOJICOaHHI, 4acTOTa KOTOPBIX OJIM3Ka K
COOCTBEHHOI1, HO HE COBITAJAET C HEW.

Pe3oHaHC BO3MOXKEH B PE3YINIbTaTe CYMEPIO3UIIUN KaK
OJIHOTHITHBIX, TAK ¥ Pa3HBIX MO THITY KOJIICOAHUH, €CITH UX
YaCTOTHI COBIIAIAIOT C COOCTBEHHBIMU MITH OJTM3KU K HUM.
Hanpumep, npu cyneprno3uIiuy IpoI0ibHEIX U MOTepey-
HBIX KOJICOAHUI ITPU OJIMHAKOBBIX YaCTOTAX, COBIAIAFOIINX
C YacTOTaMU COOCTBEHHBIX KOJeOaHHH, 0ObEMHBIC TIIOT-
HOCTH KHHETHYCCKON U YIPYTOI SHEPTHUH, a CIICA0BATEIb-
HO W MHTETPAIbHBIC 10 00bEMY MX 3HAYCHHUS O0JIAJaroT
CBOMCTBOM QI/TATUBHOCTH, 3aKOH COXPAHCHHS SHEPTUH BhI-
TIOJHSAETCS, PE30HAHC BO3MOXKeH. HampoTus, ypaBHEHHUS
(65) npuBeeHBI B KauecTBe MpUMeEpa IPOJONIBHBIX KoeOa-
HUH C pa3HBIMH YaCTOTaMH, KOTJIa PE30HAHC HEBO3MOXKCH.

Bricka3zaHO PEAOI0KEHUE, YTO IS SHEPTETUICCKOTO
o0ecrieueHNsT KHHEMATHYECKH BOSMOKHBIX KOJICOaHHUH, 110-
JIy4aeMBbIX B PE3yJIbTaTe CyIepIIO3UIIUK KOJICOaHU pas3iiiny-
HOTO THIIA, MOTYT OBITh 3a/ICHCTBOBAHBI MEXaHU3MBI POP-
MHUPOBaHUS HOBBIX BUJIOB JIBIKCHUS, HarpuMep (66) u (67).
JIOTIOTHUTEIEHOMY BBIJICIICHUIO SHEPTUH M3 BHYTPCHHUX
HCTOYHHKOB CIIOCOOCTBYET IEPEXOJ OT IehOpMAaIliK CIBUTA
K Je(hopManusIiM PacTsDKCHUSI-COKATHS ¢ IMHCHHBIME OTHO-
CHUTEIIFHO aMILIUTY/IbI CTaracMbIMH, KaK B ypaBHEHHH (55).

OTIUYUTETFHON 0COOCHHOCTHIO PE30HAHCA SBIICTCS
B3aUMOJICHCTBHE Ia)KE C MATBIMUA BHCIITHUMH KOJICOaHUSIMU
C COOCTBEHHBIMH YacTOTaMHU. MHOTOKpPaTHOE B3aUMOJICHCT-
BHUE C MAJIBIMH KOJICOAHUSIMH MPUBOIUT K MHOTOKPATHOMY
YBEITUYCHHUIO aMILTUTY/IBI ¥ SHEPTHU PE3YJIBETUPYIOIIEH pe-
30HAHCHOW BOJIHBI.

Bce npuBeicHHBIC B pab0OTE YPaBHEHUS JBIKCHUS Ma-
TepUANTLHBIX YaCTHII, HarpuMep (45) U JIp., YIOBICTBOPSIOT
T depeHInaTbHBIM ypaBHEHHSM (8), a TaroKe TPaHIYHBIM
Y Ha4aJIbHBIM YCJIOBUSAM THUTA (47).

[NomydeHHbIE pe3yIBTaThI IO IPEOOPa30BAHHIO BEIHY K-
JICHHBIX KOJIcOaHUN B CBOOOJHBIC MOCIC MPEKPAICHHUS

Csedenus 06 aemope

JIeHcTBUS BHEITHEW CHJIBI, BBIOJIHEHHUIO 3aKOHA COXpaHe-
HUSI JIJTsI THTETPAIBHBIX TI0 00beMy 3HaY€HHH KHHETHYEC-
KO 1 yIIpyTO# SHEPTUH, YUaCTHIO B pE30HAHCE BHYTPEHHUX
VCTOYHUKOB SHEPI WU, B JIOTIOJTHEHHE K M3BECTHBIM pelle-
HUSIM JIJ1s1 a0COJTIOTHO TBEPBIX U AepopMHUPyEeMBIX Te [8,
9], 00BsICHEHHIO YHEPTETUUECKOH ITPUPOJIBI LIEHTPOOESIKHBIX
cui [15], MexaHn3Ma repexoza oT 00paTUMBIX AeopMaruit
K HeoOpaTuMbIM [16] MOXKHO paccMarpuBarh Kak JOMOJ-
HUTEJbHBIC APTyMEHTHI [IPAaBOMEPHOCTH IPUMEHEHHS SHEp-
TETUYECKOW MOJEIH /ISl PEIICHNsT Pa3IMuHbIX 3a]1a4 Me-
XaHHKH.
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