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BBEJEHUE

B paboraromem nBurareie BOSHUKAIOT EPEMEHHBIE CHIIBI 1 MOMEH-
ThI, JCHCTBYIOIIME KaK Ha OTAENbHBIC JACTANIH, TAK M Ha COBOKYITHOCTb
neraneil, onpeaeneHHbIM 00pa3oM CBS3aHHBIX MEKAY COOOH M Ha3bl-
BaeMbIX Jlasee cucteMamu. IlepeMeHHbBIE CUIIBI U MOMEHTHI BBI3BIBAIOT
BBIHYXJICHHBIC KojieOaHus (BHOpalunio) aeraieii, y3ioB (Hampumep, po-
TOpOB) M JaBUTaTENs B 1enoM. CHCTeMa MOXKET COBEpLIaTh KOJIeOaHUs
OTHOCHTENBHO COCTOSIHHSI PABHOBECHS U MIPU OTCYTCTBUU BHEIITHUX CHIL.
Takue konebaHUs HA3bIBAIOTCSI CBOOOTHBIMH MJIH COOCTBEHHBIMH.

Konebanus B aurarene NpuBOIAT K JOMOIHUTENBHEIM TUHAMUYE-
CKUM Harpy3kaMm M HaIllpsDKEeHHSM, CHIDKCHHUIO HaJISKHOCTH U pecypca,
OKa3BIBAIOT BIMSHUE HAa padOTy cucTeM. J[BUraTenb CTAaHOBUTCS UHTEH-
CHUBHBIM HCTOYHHUKOM LIyMa.

CraTrcTHKa MOKa3bIBaeT, YTO YUCIIO OTKAa30B, CBA3AHHBIX C BHOpa-
nuel, B MalIMHOCTPOEGHHH IOCTHTaeT BOCBMHUIECATH HpoueHToB. llo-
3TOMY OOpbOa ¢ KoeOaHUSIMH SIBJISIETCS BaXKHOW W aKTyalbHOW MpO-
0J1eMoii COBPEMEHHOT'O IBUTaTEIECTPOCHHUS.

MeponpuaTusiM M0 YCTPaHEHHUIO WM YMEHBIIEHUIO KoleOaHui He-
00X0IUMO YAEISTH CaMOe MPUCTaIbHOE BHUMAHUE Ha dTanax MpOeKTH-
poBaHus (HauMHas ¢ BHIOOpA KOHCTPYKTHBHOW M CHIIOBOM CXEM), H3TO-
TOBJICHHSA, JOBOJAKM M OKCIUTyaTallMd ABUTaTenei. BuOpoakTHBHOCTH
COBpPEMEHHBIX JBHUraTeieldl BCeX Ha3HAUYCHHWH JOJDKHA YIOBJIETBOPSTH
JKecTKUM TpedoBanusM HopM R51 EDK OOH.

K Hacrosmemy BpeMeHH pa3paboTaHa TEOpHs MEXaHUYECKHUX KoJe-
OaHuil, MO3BOJIAIONIASl HE TOIBKO BCKPHITH TOBOJBHO CIOXKHYIO IPUPOAY
COOTBETCTBYIOIIUX (PU3MUYECKUX SBICHWH, HO U OOECIEYUTH LieIeHa-
MpaBJeHHYI0 O0pBOY ¢ BUOpaIen.

Ecnu nmapamerpsl konedaTenbHON cHCTeMBbI (Macca, )KECTKOCTh MU
YIPYrocTh, KOI(PGUIHUEHTH TPEHUS) IOCTOSHHBI JTHOO MEHSIOTCS CO
BpEMEHEM, HO HE 3aBHUCAT OT KOOPAWHAT U CKOPOCTEH, TO MOBEACHUE
TaKUX CUCTEM MOXKET OBITh ONMKCAHO C MTOMOIIBIO JTHHEHHBIX Auddepen-
IUaNbHBIX ypaBHEHHH. Takue cucTeMbl Ha3bIBAIOTCS! JIMHCHHBIMH.



Onnako mMeercss OOJNBLIOE KOJNMYECTBO CHCTEM, TJ€ HapaMeTpbl
CIIO)KHBIM 00pa30M 3aBUCST OT CMEILCHHUS MM CKOPOCTH (TTapameTprye-
ckue konebanus). JuddepeHunanbHple ypaBHEHUS, OMUCHIBAIOIIUE T10-
BEJECHHE TAaKMX CHUCTEM, CTAHOBSITCS HEMWHEHHBIMH, a CAMU CHUCTEMBI
TaKXe Ha3bIBAIOTCA HeMMHEHHBIMU. HenvHeliHble ypaBHEHHS Oar0T 0o-
Jiee TMOJIHOE M NPaBUWIIbHOE MpeAcTaBieHue o Konebanusx cucteM. C ux
MTOMOIIIBIO MOYKHO MCCJIEI0BaTh TaKUE BOMPOCHI, KaK YCTOHYNBOCTD, aB-
TOKOJIE0aHUs, TapaMETPHUUECKHE PE3OHAHCHI CUCTEM U T.1I.

C »Heprernyeckoil TOYKH cpean KoieOaTeNbHBIX CHUCTEM MOXKHO
BBIJICTTUTD.

- KOHCEPBATUBHBIC, B KOTOPHIX HET (YCIIOBHO) MOTEPh SHEPTHH;

- IMCCHUIIaTUBHBIE, B KOTOPBIX MEPBOHAYAIBHO COOOICHHAS SHEPTHsI
pacxomyercs, B pe3yjbTaTte 4ero KojaebaHus 3aTyxaroT;

- aBTOKOJIeOATENbHbIE, B KOTOPHIX MPOHCXOAUT HE TONBKO MOTEps
SHEpPruH, HO U MONOIHEHNE €€ 32 CUET UMEIOIINXCS B CUCTEME ITOCTOSH-
HBIX MCTOYHHKOB DHEPrHHU (ITHM aBTOKOJIICOAHUS OTIHMYAIOTCS OT BBIHY-
JKACHHBIX KONeOaHWH, aMIUIMTYyZa U IEPHOI KOTOPBIX ONPEAEISIETCS
XapaKTepOM BHEITHETrO BO3/ICHCTBHSA).

Jlrobas MexaHMUYeCKas cUCTEMa B IEHCTBUTEIBHOCTH UMeEET Oecuuc-
JICHHOE YUCJIO CTEINeHEeH cBOOOIBI (CHCTEMBI C pacipe/ieieHHBIMU T1apa-
merpamu). TouHOe pereHne 3a1a4n 0 KOJeOaHUIX TaKHX CHCTEM MOXK-
HO TIOJIYYUTbH JIMIIb IJIS1 IPOCTHIX CIy4aeB, HAPUMeEp, IS NPSAMBIX Ba-
JIONPOBOAOB C OONBIION MPOTSKEHHOCTHIO. [103TOMY 4HCIO cTemeHei
CBOOOBI CUCTEMBI OTPaHUYHUBAIOT.

IIpu pacuere Ha KpyTHIbHBIE KOJIeOaHUsI BaJIOIPOBOJAOB OHU Tpel-
CTaBJISIIOTCA KAaK JUCKPETHBIE YNPYrOMAacCOBBIE CHCTEMBI, TO €CTh KaK
CHUCTEMBI C COCPENOTOUYEHHBIMU MapaMeTpamMH. JTO AA€T BO3MOXKHOCTb
OrPaHUYUThH YUCIIO CTEleHel CBOOOIBI CUCTEMBI U C TIPUEMJIEMOW CTe-
MEHBIO0 TOYHOCTH pelIaTh NPAKTUUECKHE 3aJauH.

s uccnenoBaHusl KPYTHIIBHBIX KOJeOaHUM MPUMEHSIOTCS pa3iny-
HBIE METOJIBI cocTaBieHusl nuddepeHnnaIbHbIX ypaBHeHUH. s Heko-
TOPBIX CIy4yaeB ypaBHEHHUs KPYTWIBHBIX KOJIEOaHHUH COCTaBJIAIOTCS Ha
ocHoBe mpuHIOMNa JlanambOepa, Kak ypaBHEHHsI paBHOBECHS BCEX MO-
MEHTOB CHJI, JCHCTBYIOLIMX Ha OT/ACIBHBIC AJIEMEHTHI BasonpoBoa (po-
Topa). boee o0muM MeTOOM MCCIIenOBaHUs KOJICOaHUH SIBISCTCS Me-
TOJ, OCHOBAHHBII Ha MPUMEHEHNH ypaBHeHus Jlarpamxka.

ITo Bugy medopmauuii mpu KoneOaHUSX Pa3UYalOT MPOAOJIBHEIE,
U3ruOHbIC, KPYTUJIBHBIC U CIOKHBIE (CBs3aHHbIC) KoneOanus. [Ipu cBs-
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3aHHBIX KOJICOAHUSX B 3aBUCHMOCTH OT BEIWYMHBI YKECTKOCTEH CHCTe-
MBI B Pa3JIMYHBIX HAIPaBJICHUSAX MOTYT BO3HHUKATh OJHOBPEMEHHO He-
CKOJIBKO BHJIOB KOJIeOaHMi (HarmpuMmep, MpOa0JIbHO - KPYTHIIBHBIE KOJIe-
OaHMsI POTOPOB BUrATENICH BHYTPEHHETO CTOPAHUS).

OtaenbHbIe eTanyd Win cOOpOYHbIC eIMHHIEI (HalpuMep, poTopa)
OOBIYHO PACCYUTHIBAIOTCS Ha KOIEeOAHUS KaK M30JTMPOBAHHBIC HJIEMEHTHI
MpU BO3HUKHOBEHUHU B HUX TOJBKO OJHOTO BUJAA KONEOaHUH, HalIpUMep,
W3THOHBIX MJIM KPYTHIBHBIX. Takoil Meron pacdera AJisi MHOTHX 3a7ad
SIBIIIETCS onpaBAaHHBIM. OHAKO B 3TOM CIIy4ae UCKITIOYAETCs BO3MOXK-
HOCTb OLIEHKH JUHAMUYECKOT'O COCTOSIHHS JETajl WIH cOOpOYHON enu-
HULBI B CUCTEME, T.€. BO B3aMMOCBSI3U C JIPYTMMH JETAISAMHU U Y3JIaMHU,
YTO CYLIECTBEHHO CKa3bIBaeTCsl Ha OCOOCHHOCTSAX KOJIEOaHUH.

[TonHBIA CHEKTp YacTOT U COOTBETCTBYIOUIMX UM (OpM KojieOaHHH,
a TaKXKe paclpeneleHne HAPsHDKEHUH B OTAENBHBIX AJIEMEHTAaX MOXKHO
MOJTyYUTh, paccMaTpUBasi CHCTEMY KaK €MHOE LIEN0E.

s pacdera CIOXHBIX CUCTEM Ha KoileOaHHs MPHUMEHSIOTCS pas-
JUYHBIE METOZABI, HAPUMEP, METOA IMHAMUYECKHX >KECTKOCTEH HIIN
JUHAMUYECKHX TOAATIMBOCTEH.

Haubonee nmepcreKTHBHBIM METOJIOM pacyera BaJoMPOBOAOB Ha KO-
neGaHusl ABISETCS MaTPUYHBIA METON. DTOT METOA YHHUBEpCajeH, KOM-
MAKTEH, JIETKO PEaIN3yeTcsl C UCIOJIIb30BAHUEM KOMITBIOTEPHBIX TEXHO-
noruii. Oco0eHHO yI0OHO MCIOIB30BAThH €r0 MPH pacyeTe KPYTUIBHBIX
KOJIeOaHUH CIIOKHBIX CUCTEM.

K Hacrosimemy BpeMeHH co31aHO OONbIIOE KOMUYECTBO IAKETOB
MPUKIAIHBIX MPOrpaMM Ui UCCIEHOBaHUS KUHEMATHKH U JUHAMHKH
CIIOKHBIX MEXaHWYeCKMX cucTeM. HamOomnbliee pacnpocTpaHeHue IO-
ayamiio cemeiictBo nporpamm ADAMS (Automatic Dynamic Analysis
of Mechanical Systems) ¢upmer Mechanical Dynamics (www. Ad-
ams.com).

VYrpouieHHBIH U OBICTPBIM aHaIM3 KWHEMaTHYeCKOro W JTUHaMuYe-
CKOTO COCTOSIHUH MEXaHHW3MOB MOXKeT ObITh BbimomHeH B KOMIIAC-
3DV8 Plus (paspabdoran kommanueii ACKOH) mpu wucnonb3oBaHum
OnOmMoTeKn «YHUBEPCAIBHBIN MEXaHU3M EXPress».

KpyruneHble KonebaHus MPEACTaBIAIOT MpodiieMy B TypOOBHHTO-
BbIX (TypOOBaNbHBIX) U, OCOOCHHO, B MOPIIHEBBIX ABHUTATEsIX. [103TO-
My B IIEpBOM 4acTH METOJIUYECKHUX yKa3aHUU MpUBEIEeHA METOANKA TEO-
PETUYECKOTO M AKCIEPUMEHTAIBHOTO ONpeneeH!s] COOCTBEHHBIX Yac-
TOT U (hopM KonebaHuii komeH4aThIx BajoB [IBC.
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1. OBIIUE CBEJAEHUSA O KPYTUJIBHBIX KOJIEBAHUAX

KonenuaTslii Ban, Kak BCsKas ympyras CHCTeMa, MOJA JAeHCTBHEM
BHEILIHEH MEepeMEeHHOH Harpy3kd MPHUXOAUT B KoieOaTeNbHOE JBHKE-
Hue. Konebanus ynpyroid cucTeMbl, MPOJODKAIOMINECS U IOCIE TOTO,
KakK BBI3BaBILIAs MX Harpyska IepecTaya JeicTBOBaTh, Ha3bIBAIOTCS C60-
0oonvimu. KoneOaHusi, BBI3BIBAEMbIC U TOAJIEPKUBAEMBIC TTEPHOANYC-
CKH M3MEHSIOIEHCS Harpy3KOi, Ha3bIBAIOTCS GbIHYICOCHHBIMU.

Yacrora P cBOOOAHBIX KOJNIEOAHUI CHCTEMBI 3aBUCHUT OT T'€OMETPH-
4ecKoil (POpMBI, pa3MepOB U YIPYTOCTH OTACIBHBIX €€ JJIEMEHTOB.

[Tox BAMSIHUEM CONPOTHBICHUI BHYTPEHHUX (M3MEHECHUS CTPYKTY-
pBl MaTepuaia, TUCTEpEe3ca) M BHEIIHUX (TPEHHs OTHOCHTEIBHO Ha-
PY)XHO# cpenbl) CBOOOAHBIC KOJEOaHUsSI IMOCTEIEHHO 3aTyXaloT, T.C.

YMCHBIIAKOTCA OTKIIOHCHHA OTACIIbHBIX TOUCK CUCTCMbL (er'ILI 0] ) OTHO-
CHUTCIILHO ITOJIOXKCHUA PAaBHOBCCHUS. YeMm aTH COIIPOTUBJICHUSA 6OJ'IBIIIC,
TEM 6I>ICTpee MPOUCXOAUT IMOJHOC 3aTyXaHUC KOJIeOaHUM CHCTEMBI.

Yacrora BBIHYXACHHBIX KOJICOAaHWH () 3aBHCHUT OT XapakTepa H3-
MEHEHHMsI IeMCTBYIONIEW HArpy3KU.

B HeKoTOpBIX ciydasx, KOTJa 4acToTa BBIHY)KICHHBIX KoJeOaHUH
COBIAJAET C YaCTOTOH COOCTBEHHBIX KOJEOaHWH CHUCTEMBI, aMIUIATYa
BBIHY)KJCHHBIX KOJI€OaHUN M BBI3BIBAEMBIC €10 HAINPSDKEHUS B JIEMEH-
Tax CHCTEMbI pe3Ko Bo3pacrtatoT. [lomo0HOe cocTosiHME CUCTEMBI Ha3bl-
BAE€TCS PE3OHAHCOM.

[Ipu xonebGaHMAX YNPYTroll CHCTEMBI €€ MOTEHIMalbHas dHEPTUs B
KpailHEM MOJIOKEHHH, HauOojee yNaJeHHOM OT IOJOKEHHs] paBHOBE-
cHsl, JOCTUTaeT MakcuMyMa. [Ipu mpuOImKEeHUH K TOJIOKEHHUIO PaBHO-
BECHs NOTEHLMAJIbHAs SHEPIHs IpPEBpaIlacTcsl B KHHETHUYECKYIO, U B
MOJO)KEHUN PaBHOBECHsI HAMOONbIIEe 3HAYCHUE UMEET yXKe KHHETHYe-

CKas 9HEprus, T.K. cKopocTh konebauuii (A /dt) cranosurcs makcu-
ManbpHOH. [Ipn manpHeleM mepexoe CUCTEMBI U3 MOJIOKEHUS paBHO-
BECHA B JIpyroe KpaliHee MOJO0KEeHNE KHHETHIeCKas YHEPTHsl KojaeOaHusI
CHOBA MPEBPALIAETCS B NOTEHIHAIBHYIO.

[Ipu oTCyTCTBUM BHEUIHUX HArpy30K, a TAaKKe BHYTPEHHUX M BHEII-
HUX CONPOTHUBJICHHH, T.€. IPU HE3aTyXaloWKX CBOOOTHBIX KOJIEOaHMSIX,
cymMMa 00eux dHepruil He u3meHsercs. [Ipu Hanuuuu 3TUX COMpOTHBIIE-
HUI Ha IPEOJONIEHUH MX 3aTpaurlBaeTCsl 4acTh SHEPTUU KoneOaHUi cuc-
TeMbl, 1 KoJieOaHMs TIOCTENEeHHO 3aTyxawT. [Ipu uccnenoBanuu ympy-
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THX KPYTHJBHBIX KOJICOAHMH CHCTEMBl YUHUTBHIBAIOT CIICIYIOIIUE JNEHCT-
BYIOIIME Ha Hee Harpy3kH (puc. 1):
a) MOMEHTBI CHJI MHEPLIUU OTACIBHBIX Macc

d 2
M =] dtf,
rae \] - MaCCOBBIﬁ MOMCHT I/IHepL[I/II/I
d%p
[Ipu GonbIIO# YacTOTE KONEOAHUH MTHOBEHHBIE YCKOPEHHMS e

JOCTUTAIOT OYCHb OOIBIINX 3Ha‘{€HHfl, 494TO U 06YCHOBJ'II/IB2.CT BEChbMa
SHAYUTCIIbHBIC BCJIMYMHBI MOMCHTOB CHWJI HWHCPUUHN KOJ'IC6J'IIOH_[I/IXC$I
Macec.

(Tonosenwe
PaBrosecys

%ax_

[ /

Puc.1. KpyrunbHbie KoeOaHNST OTHOMACCOBOW CHCTEMEL:
a) MOMEHTBI, JISHCTBYIOIINE HA CHCTEMY;,
0) 3MrOpa yrioB MOBOPOTA CHCTEMBI



6) Mowmentsr cun ynpyroctu (My = Co, rae C - xpyruibHas xect-
KOCTh BaJia), CTPEMSIHECS BEPHYTh CUCTEMY B ITOJIO)KEHHE PaBHOBECHS
U TPENSATCTBYIOIINE €€ YAAJCHUIO U3 3TOr0 MOJ0XKEHNUS. DTU CHUIIBI A
HanboJiee YacTo BCTPEUYAIOIIUXCS B HHKCHEPHOU MPAKTUKE CIydaeB KO-
neGaHuid, B YaCTHOCTH, MPH pacyeTe KOJIEHYATHIX BaJOB MPUHUMAIOTCS
MPONOPIIMOHATBHBIMU OTKIOHEHHSAM CHCTEMBI U3 MOJI0KEHUS PaBHOBE-
cusl.

B) Brewmnue nepemennbie Momentsl cuin My = M7 cos(at + ), Boi-
3BIBAIOIIME BBIHY)KICHHBIC KONeOaHusi cUCTeMbl. [Ipr 5TOM BBIHYK/ICH-
HbIe KOJeOaHHs 00YCIOBIMBAIOTCS HE a0CONMIOTHBIMH 3HAYCHUSIMH MO-

MCHTOB, & X U3MECHEHHSMH OTHOCHTEIBHO cpenHero 3HaueHus M.

r) MOMEHTBI CHJI COIPOTHBIICHUSI KOJICOAHHUSIM CUCTEMBI

Mc= £ do.dt,
rae & - Koo PUIMEHT MPONOPIUOHATIBHOCTH WK TaK HA3bIBAEMbIN KO-
s¢¢unmeHT 3ariymeHus. B ycnoBusx paboOTbl KOJEHYATHIX BajoB,
ONMM3KMX K PE30HAHCHBIM, 3TH CHJIbI 3HAYUTEIBHO YMEHBIIAIOT aMILIU-
Tyoy KoneOaHWii, a clenoBaTenbHO, U HampsDKeHUs B aneMeHTax KB.
OpHako siBJIeHUE Pe30HAHCa OCTAETCs, XOTsI U B CMATYEHHOH (popme.

Hnst Oonee >QQPeKTUBHOTO CHUKEHUSI aMIUTUTYIbl KoJieOaHUH TpU
pe3oHaHce HeOOXOIUMBI CIeUalIbHBIE YCTPOMCTBA, MOBBIIIAIONINE CO-
MPOTHUBIIEHUE CPEIbl KOJIEOaHUSIM CHCTEMBI.

Konebanus ynpyrux cucreM, B YaCTHOCTH KPYTHJIbHBIC KOJEOaHUs
KOJICHYaTHIX BajiOB, yJOOHO BHAadYaJle paccMaTpHBaTh Kak He3aTyxalo-
LM W JIMIIb B JaJbHEHIIEM YYWUTHIBAThH BIMSHUE 3aTyXaHHs Ha Xapak-
T€p ¥ HHTEHCUBHOCTH KOJICOaHUH.

UccnenoBanne kpyTwibHBIX Konebanuii KB, kak mpaBmiio, mpous-
BOIUTCS IJIsl YIPOILIEHHOM, TaK Ha3bIBAEMOW 9KBUBANEHMHOU CUCTEMBI,
COCTOAIICH U3 ATMHHOTO MPSIMOTO Bajla IIOCTOSIHHOT'O CEYEHUS C )KECTKO
3aKpeIUICHHBIMH Ha HeM Maccamu (Tpy3amu), YUCIO KOTOPBIX PaBHO
YHCITy Macc MCCIIEAYEeMOM CUCTEMBI, BKIIIOYAs CI0Jja MAcChl, CBA3aHHBIC
C OTZAENBHBIMU KOJICHAMH KPUBOLIMITHOTO MEXaHU3MA.

Pacuer xoneHYaTHIX BaJIOB Ha KPYTWIBbHBIE KOIEOAHUS MOXKET OBITH
pas3OuT Ha CIICAYIOLIHE TAIbI:

1) npuBeneHne AeHCTBUTENBHON (peaibHON) CHCTEMBI KOJICHYATOrO Ba-
Jla ¥ CBSI3aHHBIX C HUM Macc K DKBHBAJCHTHOM (TEOPETHYECKOi) CHc-
TEME;

2) onperneneHne 9acToThl COOCTBEHHBIX KOJIEOaHUil Il SKBUBAJICHTHOU
CHCTEMBI,
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3) ompenencHue NEHCTBYIOIIUX HA CHCTEMY BHEIIHUX Harpy3ok (Mo-
MEHTOB) M TNPEICTABICHUE HX B BUJE CYMMBI OTIEIBHBIX TPUTOHO-
METpUYECKHX QyHKUUIT (rapMOHHUK);

4) pacuer BBIHY)XICHHBIX KojeOaHuil Bana (0e3 3aTyXxaHHs U C 3aTyxa-
HHEM);

5) onpenenenne pe30HaHCHBIX YCIOBUI paboTHI Baja;

6) co3manue Oe3pe30HAHCHBIX YCIOBHI Pa0dOThI Baja WU MOA0O0p Cre-
[UAJTBHBIX YCTPOUCTB (1emiiepoB) Al rameHus: KpyTHIIBHBIX KOJe-
OaHuil.

2. IPUBEJIEHUE PEAJIbHOM CUCTEMbI
KOJEHYATOTI'O BAJIA K DKBUBAJIEHTHOM

B cucremy konenuatoro Bana JIBC BXOAAT HE TONBKO COOCTBEHHO
y3€J1 KOJEHYATOro Bajia C MPUCOCAMHEHHBIMH K HEMY IBUKYILIHMMCS
MaccaMH KPUBOIIUITHBIX MEXaHU3MOB, HO U KHUHEMAaTUYECKU C HUM CBSI-
3aHHBIC PEAYKTOPHI, MYJIBTUILTUKATOPBI, BUHTHI, KPBUIYATKH U T. 1.,
CYIIIECTBEHHO BJIMSIOIIUE HAa KOIEOAHMS BCEH CHCTEMBI.

JlelicTBuTEnLHAS KoleOaTenbHAas CHCTEMa Bajia, KaK OBIIO CKa3aHO
BBIIIIE, 3aMCHSIETCS] TEOPETUUECKOU CHCTEMOM, COCTOSIIIECH U3 TPsIMOIU-
HEefHOTO “He UMEIOIIEero MacChl. TPUBEICHHOTO Baja C pa3MeleHHBIMU
HA HEM OTJACIBHBIMH Tpy3aMHu (MaccaMH), ¥ DKBHBAJCHTHOH JIeHCTBU-
TEIBHOM CHCTEME B CMBICIIEC PABEHCTBA KUHETUUECKON U MOTCHIIMAIBHOMN
SHEPTUH MPU KOJICOaHUAX.

3ajgaya mNpuUBENCHUS NCHCTBUTEIBHOM CUCTEMBI K TEOPETUYECKOM
CBOAUTCS K OMPEICICHUIO MPUBEACHHON MJIMHBI OTIACIBbHBIX YYacCTKOB
Baja (MEXIy KaKIBIMH IBYMs COCCIHUMH MaccaMu) © MOMECHTOB HHEp-
WY OTACTHHBIX MPUBEICHHBIX Macc.

JIMHBI OTAENBHBIX YYAaCTKOB MPUBEICHHOTO Balla OMPEACTSIOTCS U3
YCJIOBUSI PABEHCTBA UX JKECTKOCTEH KECTKOCTSM 3aMEHSEMBIX YUaCTKOB
JIEHCTBUTENBHOTO Bajia. B 3TOM ciiydae U yriibl 3aKpyTKU MPUBEIECHHOTO
U JIEHCTBUTENBHOrO YYaCTKOB Balla NMPU OJMHAKOBBIX MPHIOKEHHBIX
Harpy3kax OyayT paBHbIMH. [Ipu 3TOM pa3Mepbl CeUeHUS PUBEICHHOTO
Bajla OOBIYHO OEPYT PaBHBIMH pa3MepaM KOPEHHBIX MICEK KOJIEHYATOTO
BaJja.

Onpeoenenue npueedeHHbIX OJIUH YUACIMKOE KOEeHUAMO020 6ana
1. TlpuBeneHHas AJIMHA HOCKA WM 3ajaHed yacTH Bana (ydactku 2 u 4
Ha puc. 2,a) ¢ pa3MepaMu KonbleBoro ceuenus Dy u 0y gmunoii |1 on-
peaensercs u3 yCiaoBHs

10
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Puc.2. IlpuBesienre peaabHON CHCTEMbI KOJIICHYATOrO BATa K YKBUBAJICHTHON: pealibHas
cucrema (a), SKBUBasIeHTHas cucreMa (6) ¥ KOHCTPYKTHBHAs cCxeMa KoneHa Bania (6)

1

Cl = Cnpy
rae Cj - %ecTKOCTh paccMaTpUBAEMOrO y94acTKa JCHCTBUTEILHOIO Ba-
na,
C,p- KECTKOCTb COOTBETCTBYIOLICTO y4acTKa IPHBEACHHOIO Baa,
pa3Mepbl CeueHUs1 KOTOPOro paBHBI pa3MepaM CEYCHUS KOpEH-
HO¥ meiiku (cM. puc. 2, 6).
[TockonbKy Ipu Kpy4eHHH BaJia

J,..G

non

= —I ,
ra€e Jy, - MONAPHBIA MOMEHT MHEPIMU cedenus Bana, a G - Moayis yi-
pyroctu BTOporo poma (MpHHUMAETCS OAWHAKOBBIM ISl PEAbHOTO U
MPHUBEJCHHOTO YYaCTKOB Baja), TO

J,.,.G J...G

noal noinp

Il np
rae UMHACKC «np>» OTHOCUTCA K JJIMHC Yy4aCTKa U MOMCHTY HWHCPUUUN
MNPpUBCACHHOI'O0 Bajida, a MHACKC 1-x 3aMCHACMOMY YYaCTKYy I[CflCTBH'

TCIBHOI'O BaJjia.
Taxk kak JJISL KOJIBLEBOI'O CCUCHUA HOHHpHLIﬁ MOMCHT MHEPUIUHN

T 4 4
J =—(D"-d"),
32( )

non

TO OKOHYATCJIIbHO IMOJIYIUM

4 4
I — DKW B dkw
np T 71 4 4
Dl - dl
rae DKW u d «u - HAPYXKHBIA M BHYTPEHHHH IHAMETPhl KOPEHHOM

IICHKU.
2. TlpuBeneHHas JUIMHA ydacTka ¢ KoyneHamu (ydacTka 3 Ha puc. 2, a)
AHAIUTUYECKU HE MOXET OBITh OIpPENeNeHa C JIOCTATOYHOW TOYHOCTHIO
BCJICJICTBUE CIIOKHOM reoMeTprudeckor (hopMel 3Toro yuactka. [loatomy
OHA TOJCYUTHIBACTCA IO SMIHPUICCKUM (OpMysiaM, TOTYYCHHBIM B
pe3ynabTaTe OOpabOTKU CTATUCTUYECKUX NAHHBIX IO 3aKPyTKE KOJCH
HEKOTOPBIX KOHCTPYKIIHUI BajOB.

Xopoiue pe3yibTaThl JaeT dMIupudeckas (GopMyia, MpeIoKeH-
Hag C.C. 3uMaHeHKo

12
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rze 0003HaueHHs IOKa3aHbl Ha pHC. 2, 6.

B nocnenneit ¢popmyne mepBeId YieH MPaBoOid YacTH MPEACTaBIACT
co0oil ATMHY KOPEHHOH HIEHKH ¢ Y4eTOM BIUSHHS Ha JKECTKOCTb KOJIe-
Ha €€ COMPSDKEHUS CO LEKOo. BTopoll wieH — npuBeneHHyIo JUIMHY Ma-
TYHHOH IIEHKH C TEM XK€ yCIOBHEM. TpETU WIeH — IPUBEACHHYIO JUIH-
HY JBYX ILEK, YIUTHIBAIONIYIO U3MHOHYIO Ae)OpMAalHIO IIEKH B TJIOCKO-
CTH, NMEPHEHAUKYISAPHON KOJEHY MpH NMPUIOKEHUH K KOHIIAM KOJEHa
OJIMHAKOBBIX KPYTSIIMX MOMEHTOB Pa3HOTO HalpaBJIEHNUS.

3. [IpuBeneHHyI0 AIMHY y4acTKOB BAJIOB, BPALIAIOIINXCS C OTINYHBIMU
OT KoJIeH4YaToro Baya yacroramu (yuactku 1 u 5 Ha puc. 2, a), onpene-
JISIIOT, UCXOJSl U3 CIEAYIOIUX COOOpaXKeHUH.

Kpytsmme MOMEHTBI Ha y4acTKax JEHCTBUTENBHOIO U MPUBEIECHHO-
TO BaJOB CBSI3aHBI C YIJIOBBIMU JIe(pOPMALUSIMH U YKECTKOCTAMH 3THUX
YYaCTKOB CIEAYIOUIMMHU MPOCTHIMHA COOTHOIIEHUSMHU!

M po — Cio 9,

M pnp — C mpPop s
OTKy/Ia

Cinp — Mkpnp P,

G, Mkp() Dy |

B kuHeMaTHyecku CBSI3aHHBIX BaJjlax KpyTAIIUEC MOMCHTBI O6paTHO
MMpONOpIHUOHATIbHEIL, a YIJIOBBIC I[e(l)OpMa]_[I/II/I MpsMO ONPOIMOpHUHOHAIBHBI

UX yacToTaM Bpamenus. O0o3nauus Ny N,y = I, momyuum
C./C, =i’
inp i0 !
nim C = C I 2
inp io ’

HOZ[CTEIBH}ISI 3HAa4YCHU A )KCCTKOCTefI, MMOJIy4uM

13

noJj — noJ

! np ! 0

J .G JGi2

OTKy/ia TIPUBEIECHHAs JUIMHA COOTBETCTBYIOIIMX YYacTKOB Baja (Ipw
G,y=Gy) paBHa

I _ I Jno.‘z. np 1
inp ~ Yio J o
non. 0 |

Onpe()eflenue MOMEHMO6 UHepuuu npuee()euubtx macc

OCHOBHBIMH Maccami, OOpa3yOUIMMH KOJIeOaTeIbHYI CHUCTEMY,
SIBIISTFOTCSL:

1) Macchl OTAENBHBIX KOJEH Bajla M CBSI3aHHBIX C HUMH ITOCTYIAaTEIbHO
U BpAIIATEIbHO ABMKYIIUXCS YacTell KPUBOIIMITHO-IIATYHHOTO Mexa-
HH3Ma;

2) Macchl KPbUTbYATKH HarHETAaTeNs M BUHTA (€CIIM OHH €CTh);

3) Macchl IIECTEPEH U JIeTalleid peayKTopa U MyJIbTHIUIMKATOpa.

OcranbHble CBSI3aHHBIC C BAJIOM MaccChl (IIECTEPHH MPUBOIOB arpe-
raToB, KyJa4yKOBbIC HIAWObI M T.X.) 00JaJalOT OTHOCHTEIHHO HEOOIb-
[IUMA MOMEHTAMH HMHEPLUUH U TPH pacuere KPYTHIbHBIX KoieOaHuit
BaJia MOTYT HE YYUTHIBATHCSL.

[Tpu cocraBieHHN SKBUBAJICHTHOH CHCTEMBI MOMEHTHI HHEPIIHH OT-
JENBHBIX MacC JAOJDKHBI MOAOUPATHCS, KaK CKA3aHO BBIIIE, TAKMM 00pa-
30M, 4TOOBI UX KHHETUYECKasl DHEPTHS PU KOJICOAHHUSX COOTBETCTBOBA-
Jla KHHETHYECKOW DHEPIHU KOJICOITIOMIMXCS MAcC NeHCTBUTEIBHON CHC-
TEMBI.

1. MOMEHT MHEepLHHU MTPUBEICHHON MacChl KOJIeHa

Jenp = Jeor + Mugp RE+ M, R,
rae Jioy - MOMEHT HHEPIUH COOCTBEHHO KOJIEHa (BKIFOYAsi IPOTHBOBE-
ChI);
M., ¢p - Macca 4acTu IIATYHHOTO MEXaHH3Ma, OTHECCHHOH K Bpa-
MIAOIIUMCST MaccaM,;
M, »p - yCIOBHasl Macca CBSI3aHHBIX C OJHHMM KOJICHOM IIOCTYIIa-
TEIBHO JBWKYLIMXCS 4acTeH, OTHECEHHAs K OCH IIATYHHOM
IIEHKH,
R - pamuyc konena.

MoMeHT HHepIHK COOCTBEHHO KOJICHA OOBIYHO MOJICYMTHIBACTCS 11O

YepTEeXKY MyTEM JCJICHHS KOJICHa Ha OTIEIbHBIC JJIEMEHTHI MPUOIH3HU-

14



TCJIbHO TCOMCTPUYCCKU HpaBHJ’IBHOﬁ (l)OpMLI U CYMMHUPOBAHUA UX MO-
MCHTOB MHCPILIUHU:

2
JK‘O/‘! = merx !
rae My - Macca X - TO DJIEMEHTa,
I'x - pacCcTOsIHHE OT LEHTPa TSHKECTH 3TOTO AJIEMEHTa A0 OCH KOpEH-
HOM IIEHKHU.

VYcnoBHass Macca CBSI3aHHBIX C OJHMM KOJIGHOM TMOCTYMAaTElIbHO
JBIDKYLIMXCS YaCTeH MOXKET OBITh ONpEZecHa U3 PABEHCTBA KMHETHYE-
CKOW PHEPTHH 3THX MACC B TEOPETHUYECKOH CXeMe CpelHeMY 3HauCHHUIO
KUHETUYECKOW YHEPTUHU NEHCTBUTEIBHBIX MOCTYMATENbHO ABMKYIIUXCS
Macc 3a OZJMH 000pOT Baja:

1 1 1 %
2 2 2
M, R0?=>M,~— [W?da,
2 2 "2rm 3
rac Mn - MacCa NOCTYNAaTCJIbHO ABUXYHINXCA qacTen KPpHUBOILIUIIHO -
MMAaTYHHOI'O MCXaHU3Ma OAHOI'O KOJICHA, W - CKOPOCTH HOpH.IHiI; a -
YTOJI ITOBOPOTA Bajla OTHOCUTCIIbHO OCH LUJIMHAPA.
910 PaBCHCTBO IMOCJIC MMOACTAHOBKHU B HCT'O BBIPAKCHUSA JId CKOPO-
CTH TIOPIIHS U Psifia TPpeoOpa30BaHUM JaeT CISNYIONIee COOTHOIICHUE:
2
M M, 1 A
e 4
2) Mowment HUHCPLUUU MMPUBCACHHBIX MAaCC BUHTA U KPbUIbYAaTKH TaK-
JKC OIMpeAciasaCTCs U3 YCI0BUA PABCHCTBA KUHCTUYCCKUX 3H€pFI/Iffi:
.2 . 2
Ji(Di _ ‘]inpq)i 1
- -2
2 2
rac Ji - HGP’ICTBHTCHLHBIIZ MOMCHT MHCPIHUU COOTBETCTBCHHO BUHTA HUJIN
KpLIJ'IL‘{aTKI/I;
. do,
(Di — _dt - yrioBas CKOpPOCTb I[e(l)OpMaL[I/II/I BaJla BUHTA WUJIU KPbUIb-
YaTKU,
i - IepeaAaTOYHOC YHCIO OT KOJCHYATOro Bajla K pacCMaTpuBacMOMY
Bay.

Takum oOpazom, ‘]inp = Ji P2,
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3) MoMEHTBI MHEpUUU TAaKHX JeTaieil, KaKk MIEeCTePHU U BaJIUKU
MPHUBOJIA BUHTA U KPBUTLYATKH HarHeTaTessl, ONPEACISIOTCS TEM JKe Me-
TOJIOM, YTO U MOMEHT MHEPUHHU COOCTBEHHO KOJEHA, T. €. MyTeM pas-
OVBKH MX Ha OTJEIbHBIC DIIEMEHTHI:

J()em = merxz )

Buy sxBuBaneHTHON (pacyeTHO) CUCTEMBI KOJIEHYATOTO BaJia IOKa-
3aH Ha puc. 2, 6.

3. ONPEAEJIEHUE COBCTBEHHBIX YACTOT U ®OPM
KPYTUJIbHBIX KOJIEBAHUI SKBUBAJTEHTHON CUCTEMBbBI

Omnpenenenrie COOCTBEHHBIX 4YacTOT M (OpM KoieOaHWUH ympyrou
CHCTEMBI SIBJIAETCA KJIaCCHUECKOH 3a7auell B TEOPHH JTMHEHHBIX Kojeha-
Huil. K Hell cBomsATCA 3HAYMTENBHOE YMCIO MHKCHEPHBIX 3a/Jad — U3-
ruOHbIe, TPOAOIbHBIE, KPYTUJIbHBIE KojeOaHHs BaJIOMPOBOIOB, OOLIHE
KoNeOaHus ABUTATENS Ha y3JlaX MOABECKH H T.J.

Kak mpaBuiio, TouHOE pelieHre MoAo0HBIX 3a4a4 MOMYYUTh HEBO3-
MOXHO, I03TOMY pacueTHast MOJeJb YIPOLIAETCs.

OxuH #3 crocoOOB YIPOILEHHUS CBOJUTCS K CIEIYIOIIEMY:

- B CHCTEME BBIIENSIOT a0CONIOTHO TBEpHbIC Teia, oOiagaromiue
Maccoi M; MM MacCOBBIM MOMEHTOM MHEpLUH J;;

- CBSI3M MEXKIY TelaMHU 3aMEHSIOTCSI HEBECOMBIMH YIPYTUMH y4acT-
KaMH, XapaKTEepU3YIOIIUMHCS >KECTKOCTAMHU C; WIH TONATINBOCTSIMH
1/ Ci,

- MIOJIOKEHUE TBEPABIX TEN ONpeneseTcs 0000meHHPIMI KOOpANHA-
TamH 0.

3anmaua onpeneneHust COOCTBEHHBIX 4acToT U (opM kojebaHuit pac-
najgaeTcs Ha CIEeAYIOIIUE dTalbl:

1. CocraBnenne auddepeHINAaTBHBIX ypaBHEHUH CBOOOAHBIX Koieba-
HUII,

2. Pemenne muddepeHnnanbHbIX ypaBHEHUH U ONpeaeneHne coOCTBEH-
HBIX YacTOT KoJeOaHMiA;

3. Ompenenenue GopM koiaeOaHUH s KaXKIOW U3 COOCTBEHHBIX YacTOT.

Cnocoovl cocmaenenusn ougpepenyuanvbHbvIX ypasH eHui

Nmeercst Tpu crnocoba cocrasieHus anddepeHInanbHbIX ypaBHe-
HUH U1l CHCTEMBI C KOHEYHBIM YHCIIOM CTEIIEHEH CBOOOIHI S.

16



[lepBeiit, Hanbonee 00Ul coco0, OCHOBaH HAa MPUMEHEHHU YPaB-
HeHus JlarpaH)ka, KOTOpO€ /Il KOHCEPBATUBHOIN CHCTEMBI UMEET BUJ]

dfor) ot om_
dtiog ) aq o

rac ajA N-mMaccoBoi prTI/IJ'ILHOﬁ CUCTCMbI KHHCTHUYCCKAS OSHCPIUA

0,

n n
T =£z Ji@! , a norenumanbHas sueprus I1 :EZ“CiA(pi2 . Moxcra-
243 243
BHB 3HAYCHMSI KHHETHYCCKON M MOTCHLHAIBHON YHEPIUi B ypaBHEHHE
Jlarpanxa, Hoxy4uM cucteMy AupdepeHIHaIbHbIX YPaBHEHH BTOPOro
opsiaKa:

J.¢p, +Cy(p, —9,) =0,
3,0, —Ci (@, —9,) +C, (9, — ;) =0,
Jio; —Ci (@i —9;) +Ci(p; —9,,,) =0,

J n(bn - Cn—l((on—l - (Dn) =0.

BTopbIM crioco0oM SIBJISIETCS COCTABIICHHE TaK HA3bIBAEMOM MPSIMO
(hopMbI ypaBHEeHHI KonebaHU. B 3TOM ciiydae u3 CUCTEMBI BBIICISIOT-
sl COCPENOTOUEHHBIE MacChl M; (MJIM MacCOBBIC MOMEHTBI HHEPIHH J;),
Ha KOTOpbIC JCHCTBYIOT BOCCTAHABJIMBAIOIINE CHIIBI yNPYrocTu (Wiu
MOMEHTBI CHJI YIIPYTOCTH). 3ateM, mpuMeHsist mpuniwn Jamambepa, 3a-
MUCBHIBAOTCS AU depeHIINaTbHbIC YpaBHEHUS JBIKCHHS B (hopMme pa-
BEHCTBA CHJT MHEPIIUH (MOMEHTOB CHJI MHEPIIMH) U BOCCTAHABIUBAFOIIIIX
CHJT ypyroctd (MOMEHTOB CHJI yIIpyroctH). [IpuMeHeHre BTOPOro Cro-
coba Juisi perieHus 3ajad O KPYTHIIBHBIX KoJIeOaHUAX OyAeT Mmoka3aHo
HIKE.

Tperuii cnocod cocraBieHus aupdepeHnnanbHbIX YpaBHEHHH CBO-
OOIHBIX KOJICOAHWI CBSI3aH C WCIOIH30BAHMEM OOOOIIEHHOrO ypaBHE-
HHSI METOMA CUIL.

1 1 1 1
g ="—"pP +—Py+tet—Pp +..t—p,,

Ciy i2 Cik in

17

rae s KPYyTHIBHBIX Konebauuit g = ¢i, pi = — Ji,, a — — yrox 3a-
ik

KPYTKH I-i Macchl OT €IMHHUYHOTO MOMEHTa, IPUIIOKEHHOr0 K Touke K

k=1,2,...n).

Bri0op cniocoba cocraBienus nudepeHnnanbHbIX ypaBHEHUH CBO-
00MHBIX KOJIEOaHWH 3aBHCUT OT THIA YHOPYrod cuctembl. [is pemeHus
3aJa4u CBOOOIHBIX KPYTHUJIBHBIX KOJEOAHMH CHCTEMBI SKBUBAJICHTHOTO
Baja HanOoJjee YIOOHBIM SIBISIETCS BTOPOI CIIOCO0.

CocraBuMm cucremy auddepeHIHaNbHBIX ypaBHEHUH CBOOOTHBIX
KPYTHJIBHBIX KoNeOaHUil IS OHO-, ABYX-, TpeX- U N - MAaCCOBBIX CHUC-
TE€M HKBHUBAJIECHTHOTO BaJa, MOJIb3YACh BTOPHIM CIOCOOOM.

U3 puc. 1 Bugno, uto 0o0I1Iee ypaBHEHUE JBMXKEHHSI TSI OTHOMACCO-
BOii CUCTEMBI OyJIeT UMETh BUA

d’p do
J +Cop+E—L=M'coslw.t+7).
dt? p+<$ dt ( 0 7/)
[IpeneOperast MOMEHTaMH CHJI COPOTUBIICHUS (5 —— =0) u cun-

Tasi, YTO BHENIHUH (BO3MYIIAIOIINIT) MOMEHT MPEKPATUII CBOE JICHCTBHE,
a Ha JMCK JCHCTBYET TOJIBKO MOMEHT CHJI YIIPYTOCTH, MOJIyYUM ypaBHe-
HUE CBOOOJHBIX KoJieOaHU 0THOMAaCCOBOI CHCTEMBI

d’p
J +Cp =0,
dt? ¢
501051 J¢+C(p=0.

JIi1st IByXMacCOBOM CHCTEMbI SKBHBAJICHTHOTO Bajia (K TaKOW CHCTe-
M€ IPUBOIUTCS, HAITPUMEP, OIHOPSIHBIN 3Be31000pa3HbIi ABUTATEINb C
BUHTOM 0€3 peayKTOpa M HarHerartelnsi) CBOOOIHBIC KolieOaHHs OyIyT
MPOUCXOUTH ClIenyomuM oopa3oM (cM. puc. 3, a). [Ipu npekpamieHun
JEeWCTBUSL PaBHBIX M IPOTHUBOIMOJIOXHO HANPAaBICHHBIX BHEIIHUX MO-
MEHTOB 00€ Macchl HAYHYT COBEpILATh CBOOOAHBIE KONEOaHHUs ¢ OANHA-
KOBOH 4acCTOTOI M MPOTUBOIOJIOKHBIMU HANPABIEHUSAMH TaK, YTO HEKO-
TOpoe MpoMexyTouHoe ceueHue O-O OyaeT ocTaBaThCs HEMOABIKHBIM,
00pa3ys Tak Ha3bIBaEMBIi y3el Koiebanuit (cM. puc. 3).

3amucaB ypaBHEHHE JBWKCHHUS JUTA KaXIOH M3 Macc (U1 KaKIoro
JIMCKA), TIOlyYMM CUCTEMY JBYX HU(QPepeHIMaNbHbIX YPaBHCHUH, OIH-
CBIBAIOLINX CBOOOJHBIE KOJIEOAHNUS ABYXMAaCCOBOM CHCTEMBI
18



J,¢, +C(p, —,) =0,
J,0, —C(p,—,) =0

(yl"J'ILI (1 U (P2 OTCYATHIBAIOTCA OT HCfITpaJ'IBHOFO HOHO)KCHI/IH).

Yreq A/

2max

NN

2, %

Puc.3. [IByxmaccoBast (a) u TpexmaccoBast (6) CHCTEMBI SKBUBAICHTHOTO Basia 1 (op-
MBI X KPYTHIBHBIX KOeGaHmii

19

Pa3Hble 3HaKM B MOMEHTaxX CHJ YIPYrOCTH OOBSICHAIOTCS T€M, UYTO
3T MOMEHTHI JEWCTBYIOT B NPOTHUBOIOJIOXKHBIE cTOpoHEl. Ha puc. 4
n300paXkeHa cxemMa HKCIIEPUMEHTAJIbHOM YCTAHOBKH U €€ JIByXMacCOoBast
SKBUBAJIEHTHAs CHUCTEMa C 3aJENIKOM Bama ¢ oxHOW cTOpoHbI. Cucrema
muddepeHIHANBHBIX yPaBHEHHH, OMUCHIBAIOIIMX CBOOOIHBIE KojeOa-
HUS TAKOW CHUCTEMBI, OyAET UMETh CIACAYIOMNN BU:

J,¢, + Cp, —C, (9, —,) =0,
3,0, +C,(p, —,) =0.

JI1st TpexMaccoBoi cUCTeMBI (CM. prc. 3, 6) PKBUBAJICHTHOTO Baja (K
TaKol CHCTEME MOXKHO MPUBECTH OJHOPSITHBIA 3BE31000pa3HbBIN JIBUTA-
TENTb ¢ BUHTOM M PEAYKTOPOM HJIM HATHETATEJICM) CUCTEMa YpaBHEHUH,
OIMCHIBAIOIINX CBOOOIHBIE KOJeOaHus1, OyIeT UMETh CIICAYIOUIHIA BUI:

3,9, +C (@, —9,)=0,
J, ¢, - C(p,—9,)+C,(p, —9,;) =0,
J;0,-C,(p, —9;)=0.

PaznuyHblil BUA ypaBHEHHH ISl KpaitHUX M CpeiHel mMace (IMCKOB)
OOBSICHAETCS TEM, YTO BOCCTAHABIIMBAIOIIMA MOMEHT CHJI YIPYTOCTH
JUTSL KpallHUX Macc JeUCTBYET C OJTHOM CTOPOHBI, a AJIs CPelHENd MaCCHI C
00CeHX CTOPOH OT Hee. CJIeBa — OTPUIATEIbHBIN, CIIPaBa — MOJOKHUTEITh-
HBIH.

Hcnonw3yst 3T0 mpaBmiio, MOXKHO 3amucaTh cucrtemy nuddepeHn-
ANBHBIX YPaBHEHUH I OMPENEICHUs COOCTBEHHBIX YacTOT KPYTHIIb-
HBIX KojeOaHuii N - MacCOBOI DKBUBAJIEHTHOM CHCTEMBI

3,0, +C (@, —p,) =0,

3,0, = Ci(p, —9,) +C,(p, — ;) =0,

3.9, —Ci (0, —9;) +Ci(p; —,,,) =0,

J nflqb.nfl - Cn72 ((anz - (anl) + Cnfl ((anl - (Dn) = 01
‘]n¢n - Cnfl ((anl - (Dn) =0.
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Pewenue ougpghepenyuanvrvix ypasnenuit

Pemennem muddepeHunanbHbIX ypaBHEHUH CBOOOAHBIX KOJIeOaHUN
SABIISIIOTCS TapMOHUYeCKUe QpyHKuuu @ = a; COS(pt + ), uro 06ycioB-
JICHO TIOBTOPSIEMOCTBIO MPOLIECCOB, OMKCBHIBAEMBIX PEIIaeMbIMU YpPaB-
HECHUSIMU.

Jnst onpeneneHuss COOCTBEHHBIX YACTOT KOJNEOaHWH P MOICTaBUM
3HAYCHHUS yTJIOB u ux BTOPBIX HPOU3BOIHBIX

Q;, =—q pz COS(pt +y) B m06yro u3 cuctem auQdepeHIHATBHBIX

ypaBHeHMH. B pe3ysbrare moacTaHOBKH MOIYYHM:
o 2 —
171 ogHomaccoBoii cucremsl J p°— C = 0, orkyna

=<
T

JUTSL IBYXMAcCOBOM CHUCTeMBI (CM. puc. 3, a)
J,p’a, +C(a, —a,) =0,
J, p2a2 -C(a, -a,)=0,

OTKyJa

Jids
JUid ABYXMaccOBOW CHUCTEMBI KBHBAJIEHTHOI'O Baja JKCIEpHMEH-
TaJbHOW YCTAaHOBKHM, M300pakeHHOH Ha puc. 4,

2 —
‘]1 pra, - Clal + Cz (az - al) =0,
2 —
‘sz a, _Cz(az _al) =0.
. a, _ C,
HaI/I,Z[ﬁ OTHOLICHUC aMIIJIUTYQ a_ —W U3 BTOPOro
1 2 2P
YpaBHCHUA CUCTCMBI U NOACTABUB 3TO 3HAUCHHC B IICPBOC YPaBHCHUC,
MOJIyYUM YpPAaBHCHHUC I OIMPCACICHUA COOCTBEHHBIX YaCTOT KpyTHJIb-
HBIX KOJeOaHHUI SKBUBAICHTHOr'O Baja BKCHepI/IMCHTaJIBHOﬁ YCTaHOBKUA
s [C C, C,), CC
p'—| 2+=2+—-%|p°++2=0.
oo J, 4 Jids



Pemenre 3Toro ypaBHeHUs AaeT JBa JCHCTBUTENBHBIX 3HAYCHUS P
1 P2 COOCTBEHHBIX YaCTOT.
Jiis TpexmMaccoBO CUCTEMBI, M300pa)KeHHOM Ha puc. 3, 0,

J; p2a1 —-Ci(a, -a,)=0,
J; pzaz +C(a,—a,)-C,(a, —a;) =0,
Js p2a3 +C,(a, —a;) =0.
a C, a, C,

. 1
Haiing oTHOIIEHHE aMILTATY] — = —————— 0 — = ———————
” a C,-J,p° a, C,-J,p°
2 1 1 2 2 3
U3 TIEPBOrO M TPETHErO YPABHEHUH CHCTEMBI U MOJCTABUB UX 3HAYEHHUS BO
BTOPOE YPaBHEHHUE, MOJYyYMM ypaBHEHHE YETBEPTOM CTENEHH IS OIpe-
J€NIEHUs] COOCTBEHHBIX YaCTOT
pt—| 2+ 2+ L1+ 2 |p°+CC| —+——1|=0.
J J, 3, 3 S (O TR R
1 2 2 3 293 192
DTO ypaBHEHHUE MEPEXOAUT B YPABHEHHE JUIA ONpEIEIIEHHs COOCT-
BEHHOM YacTOTHl KPYTHJBHBIX KOJEOAHWMl IS DKBMBAJEHTHOIO Bala
OKCIEPUMEHTAILHOM YCTAaHOBKHU, €CJIM MPHUHATH, HanpuMep, 4to J3 (B
3ajielKe) OECKOHEUHO BEITHK.

Jiga N - MaccoBOM CUCTEMBI OITYYHM
2
J;p°a +Ci(a, —a,) =0,
2
J.p7a, —Ci(a, —a,) +C,(a, —8;) =0,

‘]i pzai - Ci—l(ai—l - ai) + Ci (ai - ai+1) =0,

J n-1 pzanfl - Cn72 (anfz - anfl) + C:nfl (anfl - an) = 0’
‘]n pzan + C:nfl(an—l - an) =0.

Pemenune »Toii cucreMul MPOBOAUTCA aHAJIOTMYHO PCHICHUIO IJIA TPEX-

a a

MaccoBOM cHCTeMbI. Bblpaxass OTHOLIEHUS aMIUTUTY L =t
a, &

W3 TEpBOro, BTOPOTO M T.J. YPABHEHUH, MOIYYHM YpPaBHEHHE CTEHEHU

2(n — 1) mns onpenenenus cOOCTBEHHBIX YacTOT, rae N - YKCIO Mace

CHCTEMBI.

Takxum 00pa3oM, Uil CUCTEMBI M3 YETHIPEX MAcc 3HAUCHHE YaCTOTHI
HEOOXOMMO ONpeAeniTh U3 ypaBHEHHUS IIECTOM CTEMEeHW, A TMATH
Macc U3 ypaBHEHUS BOCBMOM CTENEHHU U T. 1. Perienne 3TuX ypaBHEHUN
nact N — 1 neficTBUTENbHBIX 3HAYCHUH COOCTBEHHBIX YaCTOT.

OOBIYHO TSI TPAKTUYECKUX IIeJeHd JAOCTATOYHO OTPaHUUUTHCS OIl-
peIeieHreM TONBbKO ABYX-TPEX HauOoiee HU3KUX 4acToT (COOTBETCT-
BYIOLIMX OJHOY3JIOBOH, IBYXY3JIOBOM M TpeXy3ioBod (opmam komebda-
HUIT), TaK KaKk 0oJiee BHICOKME YaCTOTHI HE BBI3BIBAIOT OMACHBIX HAIps-
JKEHUH B KOJIEHYATBIX Bajlax.

JlJis MHOrOMAacCOBBIX 3KBHBAJICHTHBIX CHCTEM YacTO MPUOErarT K
NpUOIMKEHHOMY PEIICHUIO 3a7a4M, 3aMEeHs HECKOJIBKO PSAOM pacIio-
JIO)KEHHBIX MacC OJHOW (MOMEHT MHEpIMH KOTOPOH pPaBeH CyMMeE MO-
MEHTOB MHEPIIHMH 3aMEHIEMBIX Macc), paclojloKEeHHOH B IIEHTPE TsDKe-
CTH 3aMeHsAEeMBIX Macc. [IpaBUIBHOCTH MOJNYyYEHHBIX 3HAUEHUH 4acTOT
M0 YNPOUIEHHOHN CXeMe MOATBEPHKAAETCS MOACTaHOBKOW MX B HCXOAHOE
ypaBHEHUE.

Onpeoenenue popm Konedanuil 01 Kax3coou u3 co6CmeeHHbIX 4acmom

dopmMa KPYTHIBHBIX KOJcOAHMI SKBHBAJICHTHON CHCTEMBI OMpese-
JIICTCS TI0 3HAKAM B OTHOIICHUHU aMILIUTY]] MEXIY COCCTHIUMU MaccaMu
(muckamu).

U3 puc. 1 BUIHO, YTO /11 OJHOMACCOBOW CHCTEMbI BO3MOXKHA CIUH-
CTBeHHAs (popMa KoJIcOaHUM C y3JIOM B 3aJICNIKeE.

JIns IByXMAacCOBOM CHCTEMBI, M300PaXKEHHOM Ha pHC. 3, @, BO3MOXK-
Ha TaKKe CAMHCTBeHHAs (opMa KoNeOaHWH ¢ y37I0M MEXAY MaccaM,

a _ J,

IIpH 3TOM OTHOIICHUC aMIUIUTY/ KojnebaHu —— = —

a, ‘]1
Jnsg nByXMaccoBOW CHUCTEMBbI SKBHBAJEHTHOIO Baja, K KOTOPOM
TPUBOIMTCS SKCIIEPUMEHTANIbHAsL YCTaHOBKA (CM. pHC. 4, 6), BO3MOXKHBI
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nBe (OpMBI KPYTHUIIBHBIX KOJIeOaHUH, KOTOpPBIE COOTBETCTBYIOT cOOCT-
BCHHBIM 4acToTaM P1 u P2.

a, C, y
Ecnu npu mopcranoBke B hopmMyny —=2 = —————— KaKoi - T0
a, Cz - 2P
A3  4YacTOT IIOJAYYMM  I[OJOXKUTEIBHOE  OTHOUIEHWE  aMIUIUTY]
a_2 > 0 |, TO 9TO O3HAYAET, YTO IPU ITOH YaCTOTE TUCKU KOIEOIIOTCS
a
1

B (haze, T.c. peanmsyercs omHoy3noBas (y3en B 3aaenke) Gopma koneba-
HUIA.
az
Ecau xe okaxercs, uto —— < 0, TO KOJICOaHUS TUCKOB MPOUCXO-
al
JSIT B MPpOTUBOda3e, T.e. peam3yercs JByXy3ioBas (opma KoieOaHU
(Y371BI B 3a/1e/TKE I MEKY TUCKAMH).

a, C,

Breipaxkenne —= =

Q Cz_‘]zp2

MOXHO 3anucaTthb CICAYHOIIHUM

obpazom: 4, (C2 -J, pz) = a1C2. Orcroma BHAHO, YTO MpHU
(C2 -J, pz) =0 ammmuTyna a; Taxke 10MKHA GBITH PaBHA HYIIIO.

®u3MYECKH 9TO 03HAYACT, YTO IIPH 4acToTe P, = [—Z= BTOPOIl JUCK
2

MOJTHOCTBIO TAaCHUT KonebaHus nepBoro. Takas yacTora Ha3bIBaeTcs ydac-

MOMOU OUHAMUYECKO20 2aulenus. JTO SIBICHUE HCIONIb3YeTCs IPU CO3-

JaHWUU TACUTENIeH KPYTHIIBHBIX KOJIeOaHUH.

HJ’I?I TpeXMaCCOBOfI CHUCTCMBI DKBHBAJICHTHOI'O Bajila M3 ypaBHeHI/Iﬁ

& C, d, C,

JIBUKCHUA MOTyYUM —— = ——————— 3 — = —————
a, Cl_‘]lpz a, Cz_Jap2
U3 puc. 3, 6 BUIHO, YTO €clH MpHU MOJACTAHOBKE OAHOW M3 COOCT-
BEHHBIX YaCTOT OKaxkercs, uro ai/a, < 0, a as/az > 0, 1o s1a yacrora
COOTBETCTBYET OIHOY3J0BOW (opme komebanuid. Ecnu xe okaxkercs,
9TO a1/a2 <0mn a3/a2 < 0, To 3Ta yacTtoTa COOTBCTCTBYCT JABYXY3JIO-
BOI (popMe KoJTeOaHMiA.
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AHaJIOTHYHO MPOBOHUTCSA aHanmu3 (opM KpyTHIBHBIX KoJeOaHWN
JUIA N - MAcCOBBIX CUCTEM SKBHBAJIEHTHOI'O BaJa.

4. AHAJIN3 KPY TUJIBHBIX KOJIEBAHUI
C IOMOUIbIO MAKETA ADAMS

B coBpeMeHHBIX TPOrpaMMHBIX MaKeTax JJIsl HH)KEHEPHBIX PacueToB
MPEAYCMOTPEHBI CIIOCOOBI OMNpEAeNeHus] COOCTBEHHBIX 4acTOT U (opm
konebanuii BasioB /IBC. OCHOBHOI1 3Tam 3TOro pacyera HOCUT Ha3BaHUE
«MOJaNbHBIN aHamu3». HazBaHue 3TO MPOMCXOIUT OT aHTJIMHCKOTO CIIO-
Ba «MOd», 4T0 OOBIYHO MEPEBOAUTCS HA PYCCKHU Kak «popma Koieba-
Huii». Ha cerogusmHuii 1eHs Ha Kadeape NPUMEHSIOTC ABE Mporpam-
MBI JUIs pacdera KpyTHibHbIX konebanuii: ANSYS u ADAMS. B npun-
LUIe, METOMIBI UX pacueTa BecbMa moxoxu, ogHako ADAMS cnenmans-
HO aJanTHPOBAaH Ul aHANIN3a TUHAMUYECKOTO COCTOSHHS MEXaHH3MOB.
Jlanee paccMOTpUM MeETOX pacdera 4acToT U (popM KPYTHIIBHBIX Kolle-
Oanmii cucteM konenvatsix BasoB [IBC (puc.5) B cpene ADAMS.

Puc. 5. O6beMHas MOJIEIb CHCTEMBI KOJICHYATOrO Bajia

1. Mcnonb30BaHME SKBUBAJICHTHBIX CXEM

[TockonbKy Afis MHOIMX KOHCTPYKIIUN M3BECTHBI METOMABI MOCTPOE-
HUSI 9KBUBAJICHTHBIX CXEM, MOXKHO 3apaHee CO3[aTh TaKyl0 CXEMy, Ofl-
PEACIUBIINCH C MACCAMH U MOMEHTAMHU MHEPIIUU a0COIIOTHO )KECTKHUX
yacTel, a TaKke JUIMHOM, JKECTKOCTBIO U JeMI(pUpoBaHHEM J1ehOpMU-
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PYEMBIX Y4acTKOB. 3aTeM MoJ00HYI0 cxeMy MoxHO BBecTH B ADAMS,
KakK Mmoka3aHo Ha puc. 6. [IpeumyriecTBo MeTOZ]a B CKOPOCTH BBOJIA MO-
JIeN B TIPOrpaMMy U mipoctote Mojeni. OCHOBHOH HEAOCTaTOK — HEe0O-
XOAMMOCTh OOJBIINX TPEIBAPUTEIBHBIX PAcUeTOB M HEBO3MOXKHOCTH
OTpe/ICIICHHS HAIPSDKEHUS B JICTANIAX NMPH BHOpaIlMOHHOM pacdere. B
ATOM Cllydae TpeXMepHasi MOJEIh MOXET MTOMOYb BaM JIUIIb B ONpesie-
JICHWM MacC U MOMEHTOB MHEPIIMM BCeX jeranei. MoaenupoBanue je-
(hOpMUPYEMBIX YIACTKOB MOXKET MTPOU3BOAUTHCS JBOSKO:

a) UCIOJIb30BaHUE IEPOPMUPYEMBIX CTEPIKHEH;

0) MCITOIB30BAHUE KIICEBAOTUOKIX» COCAMHCHHH.

Mepeas macca
(ABCONKTHO XKecTkas )

S

MBKui
Y4acToK

Bropas macca
(ABCONKTHO XKecTKad )

Puc. 6. BHenHuii BU1 JByXMaccoBOi 9KBH-
BaJICHTHO#1 cucreMsl B takere ADAMS

U AeMIIpUpOBAHHE.

2. Ucnonp3oBanue 00bEMHOI MOJEIN

O wmerone a) moapoOHO
pacckaspiBaeTcst HuUxe. Me-
Tox 0) 3aKiIIOYaeTcs B 3ame-
HE pealbHBIX AehopMHpye-
MBIX Tell MPYKUHAMU JKBH-
BaJICHTHOM  JKECTKOCTH U
JIeMrrpoBaHHUS. Habop
NPY)XHUH BeCbMa IIMPOK, OT
NPOCTEHINNX JTMHEHHBIX (IUis
KonebaHui pacTsHKeHus-
CKaTHS) U TOPCHOHHBIX (ISt
KPYTWIBHBIX KOJIeOaHUit), 10
MHOTOKOMIIOHEHTHBIX, KOTO-
prle  MO3BOJSIIOT — 3a7aBaTh
JKECTKOCTH U KO3 PUIIUEHTHI
neMmnupoBaHus IO BCEM
LIECTH CTENEHAM CBOOOJBI
(s M3TUOHBIX M CIIOKHBIX
konmebanuit). Bee ympyrue
BIIEMEHTHI IIO3BOJISIIOT 3a7a-
BaTh HEJIMHEHHBIE )KECTKOCTU

Ber moxere Hanpsimyto BBectH B ADAMS o0bemHyI0 Mozenb ABH-
raTensi BMecTe C MaTepraaMy, U3 KOTOPBIX U3TOTOBJICHBI JETANH, 3aTEM
OCHACTUTh TPAaHUYHBIMU YCIOBUSMH M MPOU3BECTH pacyeT. B aTom ciy-
Yae OTNajaeT HeoOXOAWMOCTh B TMOCTPOCHHUH DKBUBAJICHTHBIX CXEM.
Kpome Toro, co3nanHasi €MHOKABI MOJIEIb MOYKET UCIIOIb30BATHCS IS
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KMHCMATUYCCKOI'0, CTATUYCCKOIr0, AMHAMUYICCKOT O, ITPOYHOCTHOI' O, BUO-
pallMOHHOI'0 U INpOYUX TUIIOB PACUYCTOB. HemanoBaxHa B BBICOKAs TOY-
HOCTb pacucTa 3a CUCT yUCTa COBMCCTHOI'O I[eﬁCTBPI}I Pa3HbIX (I)OpM KO-

JIe0aHuH.

He,[[OCTaTOK - HCO6XOI[I/IMOCTL HUMCTh TOYHYIO 06’LGMHYIO TreoOMCET-

puto, OJO0HYIO0 MMOKAa3aHHON Ha pHC.
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Puc. 7. O6pazen pa3OuBKH KOJIeHA Baia HA
KOHEYHBIC JJICMEHTHI

7, a TaKKe JIUTEILHOE BpeMs
CO3IaHMS MOJICIH.

B stom cnywae, odeBHIHO,
HCIOIL30BAaHUE  KIICEBIOTHO-
KUX» COCIMHCHHI MCKIIIOYacT-
csl, M TPUXOAUTCS TpUOeraTh K
CO3JIaHHIO e opMHUPYEMBIX
ten. Jlns cozmanus nedopmu-
PYEMBIX TENl UCIOJb3yeTCs Me-
TOJ  KOHCGUHBIX  DJICMCHTOB
MKD. Ilpu Hanuuum coBpe-
MEHHBIX PACUCTHBIX MAIIUH 3TO
OU€eHb JIETKUI U TOYHBIA METOL,
TeM Ooliee YTO MOYTH BCE OIle-
paruu aBTOMAaTHU3HPOBAHBI.
DTOT METOJ UCHOJB3YeT IMpo-
rpamma ANSYS. On 3ameua-
TEIBHO MOAXOAUT AJIA PELICHUS

cratuyeckux 3anad. OIHAKO MpU MOMBITKE MPUMEHUTH €ro MPHU pelie-
HUU 33/1a4 KHHEMAaTUKW U JIMHAMHUKH, OOHApYyKUBaeTcsl c1aboCcTh METO-
nma. Pacuer paboThl MexaHU3Ma SIBJISICTCS HETMHEWHOMN 3ajadecii, rmepe-
MEIICHUSI MEXaHU3Ma Ha MHOTO TMOPSAKOB MNPEBBIIAIOT JOMYCTUMbBIE

nedopMaliy Te.

KpomMe Toro, mocTossHHO MEHSIOTCS CKOPOCTH M CHJIBI, BO3JEHCT-
BYyIOLIME Ha AeopMupyeMoe Teno. [IonbITKH NCIONb30BaTh B 3TOM CIy-
4ae MeETOJ] KOHEUHBIX JJIEMEHTOB MPHUBOIAT K pa3AyBaHHUIO CHUCTEMBI
YpaBHEHUH U TaKOMY POCTY CIIO)KHOCTH pacyeTa, KOTOPBIN HE MOJ CHUITY

JaK€ COBPCMCHHBIM KOMITBIOTCPAM.

B kauecTBe ambTEpHATHUBBI 3TOMY METONY OBLI MPEIJIOKEH METOJ
Kpeiira-bamnrona, niu meron cymepno3uiuu moi. CyTeh Meroaa 3a-

KJII0YACTCA B CIICAYIOIICM:

a) TECII0 pa36I/IBaCTCH Ha KOHEYHBIC DJICMCHTHI,



0) MPOU3BOIUTCS MOAANBHBIN PacyeT, B X0e KOTOPOro Ornpejie-
JsieTcs 3aAanHoe yucio GopM KonebaHui Tena,

B) KOHEYHBIC DJIEMEHTHI IIEPECTAIOT Y4aCTBOBAThH B pacuere, Mo-
CKOJIBKY TEJIO TElephb MPeNCTaBIsieT COO0H OIWH CyMepa3JIeieHT, Xapak-
TepusyeMblid Habopom (opm konebanwmii. [Ipennomnaraercs, 4To Kaxaas
¢dopma KomeGaHUH IEHWCTBYET HE3aBHUCHMO OT Apyroi. B atom ciyuwae
NOJHYIO AedopManuio Ha y3je Tela MOXKHO OIpeNeNuThb, KaK BEKTOp-
HYIO CYMMY I€pEMEIICHIH OT KaxJI0H (HOpMBI;

T) MOClie CO3JaHusl camoro AeopMHUPYEeMOro Tena, BO3HHKAET
BOMPOC. KaKUM 00pa3oM MOIYYEHHBIH CYMEepaJIeMEHT MOXKET OBITh
BKJTIOYEH B TBEPJOTENBHYIO MEXaHUYECKYIO MOJIENb?

st 3TOr0 OBUT PEATIOKEH CIenuanbHbId Merod. g rubkoro Te-
Jla, MOMHUMO ONHMCAaHHBIX BbImE (popM KoneOaHWii, Ha3BAHHBIX <HOP-
MaJbHBIMUY, OBIIIM BBEAECHBI «MOJBI MPUCOSTUHEHU». Mo mpucoenu-
HeHus — 3To (opma KosebaHu, BbI3BaHHASI SIUHUYHOHN AedopManueil B
TOYKE MPUCOCANHEHHS IO BCEM TpeOyeMbIM CTeneHsM cBodonsl. Omnpe-
JIENTMB TaKUM 00pa3oM >KECTKOCTh B 3TOM TOYKE OT €AWHUYHOHN nedop-
maruu, ADAMS MoxkeT IprUCcOoeTMHUTE B Hell K JeopMUPyEMOMY TeITy
Ipyroil 00beKT, Oynb TO TBEpAOE TENO, CHJIA, COCAUHEHHE WIN JPYyroe
nehopMUpyEMOe TEO.

Takum 00pa3oM, BBl 3apaHee JODKHBI BBIOpaTh TOYKH, B KOTOPBIX
negopmupyeMoe Teno OyAeT B3aMMOIACHCTBOBATb C IPYTUMH SJIEMEH-
TaMH, ¥ MPH CO3JaHHUU CyIEpaJieMEHTa yKa3aTh KOMIIBIOTEpY paccuu-
TaTh HEOOXOJUMBIE MOJIBI TIPUCOSTUHEHNUS,

Puc. 9. KpyrunbHas popma xoneGanus
KOJICHYATOr'0 Bajla JBUTATEIsS

Puc. 8. Mzrubnas ¢popma konaebaHus Ko-
JICHYaTOro Baja IBUraTels

J) Terepb, eciaH TeNo ObLIO CO3AaHO C MOMOIIBI0 BCTPOCHHBIX
onuuit ADAMS, BaM 10CTaTOYHO MPUKPEIUTH €ro B 3aJaHHBIX MECTax
Bamieil Mmozenu. Ecnu ke BBl co3maiu Teno B APYroM Makere, HanpuMep
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B ANSYS, BbI MoxeTe nmnoptupoBath ero B ADAMS, ncnons3ys daiin
MNF. MNF — 5T0 MonanbHbIid HEHTpabHBIN (Dailsl, B KOTOPOM XpaHsT-
cst reoMeTpHst U Bee HopMBbI KoieOaHui Tena.

Ha sToMm mocTpoeHne Moienn 3aKaH4YMBAETCSI U MOKHO TPUCTYNATh
K pacyery.

B makere ADAMS cymectByer aBa criocoba ompeneneHust coocT-
BEHHBIX ()OPM U YACTOT:

1. B nuHaMu4eckoM pacyere.
2. C momorpto moaynst ADAMS/Vibration.

B nepBoMm cnydae BeI caMu 3a/aeTe BO30YXAAIOMIYIO CUITY, a 3aTEM
MPOBOANTE OOBIYHBIN pacyeT JUHAMUKU cHcTeMbl. Eciin BB 3a7anu Bo3-
Oy>KIaIoUIyI0 CUTy C MOHOTOHHO M3MEHSIOIIEHCS YacTOTOH, TO BBl MO-
JKeTe MPOWTH MO BCEMY MHTEpECYIOIIEMY Bac CHEKTpy yactoT. B mpo-
1ecce aHaiM3a BBl MOXKETE MPOCMOTPETh AedopMalud TMOKOro Baja
(puc. 8,9) B m0OOM 3 €ro MapKepoB.

Anammupys rpapuku  (puc.10), MOXHO ONpENeNUTh TEKYIIYIO
¢dopmy KonebaHMil U ee 4acTOTy. B TO ke camoe BpeMsl Bbl OTCIIEKUBaE-
T€ aMIUTUTYLy KoJeOaHWH, CIIEIUTe 3a TMOBEACHHEM BCEH CHCTEMBI U
u3MepsieTe HanpsDKeHHs B 1eOPMUPYEMOM Telle.

15000.0
10000.0

5000.0

Force (newton)
|

00

-5000.0 ¥

Oporal_Force.Y
----- Opora2_Force.Y
Opora3_Force.Y

-10000.0

2900.0 4350.0 5800.0
Angle val, degrees

Puc. 10. ITonyueHue pe3oHaHca It YETBIPEX OIOpP B TUHAMHYECKOM pacyeTe

0.0

Bo BTOpOM cityuae BO BXOIHOM KaHase BBIOMpAETCsl Mapkep, K KO-
TOpOMY MPHUJIOKEHO BO30YXKIarolee BO3ACHCTBHE, W MapaMeTphl BO3-
Oyxaaromedd cuibl. B mpocteiiieM ciydae TOCTaTOYHO HCIOIB30BAThH
CHJIOBOE BO3JICHCTBHE C TapMOHMYECKOW (QyHKIMEeH (QUKCHPOBaHHOU
aMIUTATYIbl MOHOTOHHO BO3pACTaIOLIEH YaCTOTHI.
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B BbIXOOHOM KaHalle BRIOMpaeTcsl MapKep, mapaMeTphl KOTOPOro He-
00X0OMMO M3MEPUTH. M3MepSThCS MOTYT BCE IOCTYIHBIC MapameTphl,
TaKue Kak MepeMelieHre, CKOpocTh, YCKOPEHUeE, crujla 1 MHOTHE JIpyTHUe.
Ha3znauaercst auamnaszoH 4acToT, B KOTOPOM TpeOyeTcsl MPOU3BOJUTD T10-
HCK.

[IporpamMma HaxomuT Bce popMbl KONEOAHUN CUCTEMBI B YKa3aHHOM
nuanasone. Ha puc. 11 nokazana amrumTyza, a Ha puc. 12 — ¢asa ogHoit

13 Gopm KoreOaHu CUCTEMEL.
Modal Participstion - Magnituds
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Puc. 11. AMmmiTyna KpyTHIBHOH (OpMBI KOIEOaHNs KOJICHYAaTOr o Bajla C YaCTOTOH
65 I'y

Ecnu nnst omHOro BXOOHOTO KaHaja MCIOJIb30BAaTh HECKONBKO BHI-
XOJIHBIX, TO MOXHO HACTPOUTH KaXKIBI Ha BOCIPUSATHE TOJBKO OJHOTO
tuna (opM KoiedaHMid, MOCKOIbKY 1o ymondanuio ADAMS naxoauT
Bce OpMBI KoJleOaHMH, Jexkalye B 3aJaHHOM JUala30He. pacTsHKeHUS-
CXKaTHs, U3TUOHBIE U KPYTUIbHBIE. 11 HEKOTOPBIX PEXUMOB AOCTYITHA
BU3yanu3anusa GopM KolebaHUI Ha KpaHe, YTO MO3BOJISIET HEMOCPe-
CTBEHHO ONpeneinTh uX Tul. Kak nmpasuio, nepsrie 6 ¢popm konebaHmit
OJMHAKOBHI y AeOPMHPYEMOro U HeleOpMUPYEMOro Teja — 3TO Iie-
peMelieHne 1o MWeCcTH cTerneHs M cBoOoabl. OcTtanbHble POpMBI Koeba-
HUH MPUCYTCTBYIOT TOJBKO y Ae)OPMHUPYEMBIX TEIL.

I[lomumo  ompeneneHuss  coOCTBEHHBIX  (opM  KojeOaHHH,
ADAMS/Vibration no3Bossier onpeaeiuTh TONOTHUTEIBHBIC TapaMer-
pBI, TaKue Kak reperaTouHast GyHKIHMs, BKIAJ Kaxka0i (GopMbl Kosebda-
HUH B 00IyI0 SHEPTHUIO AedOpMaLUU H T.1.
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Bo3moxkeH pacueT BBIHYKACHHBIX KonebaHuil. Beibop merona pac-
gera COOCTBEHHBIX ()OPM 3aBUCHT OT KOHCTPYKIHMH M TpeOyeMBIX BbI-
XOAHBIX JaHHBIX. I MOPIIHEBOTO ABUTATENS CIOKHOCTD 3aKIF0YaeTCs
MIPEXE BCETO B 3alaHNU BXOAHOTO KaHana, KOTOPBIH T0JIKeH UMUTHPO-
BaTh NIEPEMEHHYIO, HEMHEHHYIO Ta3oByto cuiy. [loatomy ans npensa-
PUTETBHOTO

Modal Participation - Phase
2000

[ —vibration&nalysis_1: Input_Channel_1 Cutput_Channel_1 Mode 2
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Puc. 12. ®a3bl KPYTHUIBHBIX KOJIEOAHHI KOICHYATOrO Baia

pacuera JIBC, ocoOeHHO MHOTOLIMIIMHIPOBBIX, KaK MPaBUIIO, HCIONb3Y-
ercs OUHaMU4eckuid meron. st Goimee TOYHOTO M IOJHOIO pacyera
npuMeHsieTcs crenuanbabiii Moxyne ADAMS/Vibration. Tlpu sTom ra-
30BYIO CHITY IPUXOAUTCSI MOJIETUPOBATh TApMOHMYECKON (QYHKIMEH HIIn
WX CyMMOH M3 YCJIOBHSI paBEHCTBA YacCTOTHI M COBEpIIaeMON padoThI.
JA71st caMBIX MPOCTHIX CITy4aeB JOCTaTOYHO 00ECIEUNTh COBMAACHUE Yac-
TOT peanbHOM ra3oBod M Bo30Oyxpmaromed cuibl. Bo3amMoxHO 3amanue
BO3OYKIAIOLIETO BO3IEHCTBUS KaK MEPHOAMYECKOTO IEpeMEelIeHNUs
MOPILHS.

Takum obpaszom, 1 Gopmbl KoJdeOaHHH, PacCMOTPEHHOH B 3TOM
npuMepe, Mbl monyduian dactory B 65 I'm. Cama ¢opma komebanuit
npuBeneHa Ha puc. 9. [ HarMAAHOCTH aMIUTUTYAa KoineOaHul yBenu-
YeHa BO MHOTO pa3. PeanbHble OTKIOHEHUs He Oonee MuiuuMerpa. Yto-
Obl MOJTYYUTh TOYHOE 3HAYCHHE aMIUIUTYAbl, MOKHO 3aIlyCTUTh AMHA-
MUYECKHI pacuer ABUTATENs Ha MOMYyYCHHOW 4acTOTe U OTCIEAUTH H3-
MEHEHHUE HHTEPECYIOLIEr0 MapaMerpa, Kak mokasano Ha puc. 10.
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5. HEJIb JJABOPATOPHOI'O 3AHATUA

Henbio nmabopatopHoii paboOTHI SBISIETCSI M3yYEHHE BOIPOCOB, CBS-
3aHHBIX C KPYTHJIBHBIMHU KOJNeOaHUsIMU KoeHuaThix BajoB (KB) nurare-
neit BHyTpeHHero cropanus (JIBC).

KpyruisHeie konebanusi BO3HUKAIOT B CBSI3U C JICHCTBHEM Ha KOJIEH-
YaThIi BaJI MIEPEMEHHBIX KPYTSIIMX MOMEHTOB, KOTOpBIE (B OCOOCHHOCTH
Ha PE30HAHCHBIX PEKUMAax) MPHUBOIAT K MOSBICHUIO YCTaJOCTHBIX Tpe-
IIMH U B OTAGNBHBIX CIy4asxX K pa3pyLICHHIO 3JIEMEHTOB KOHCTPYKLHWH.
[TosTomy konenuatsie Banbl JIBC momiexat o0s3aTelIbHOMY pacuery Ha
KpPYTHJIbHBIE KOJIEOaHusI.

Lenpro HacTosmeil pabOTHI SIBIsIETCS U3yYeHUE CrIoco0a MpUBEACHUS
peabHOI CHCTEMBI KOJICHYATOr0 Bajla K SKBHUBAJCHTHOM (TEOpPETHYECKOM
WIIN PaCcUETHOM) CHCTEME M OBJIAJICHUE METOANKAMH PAcYETHOTO U JKCIIe-
PUMEHTAIBHOTO OIpEeNieHNs COOCTBEHHBIX YacTOT U (JOPM KPYTHIIBHBIX
KoNeOaHUH CHCTEMBI DKBUBAJICHTHOIO BaJIa.

[Tpu BeIIOTHEHUH Ta00PATOPHOI paOOTHI HCIONB3YIOTCS:

- HacTosIIee MOcoOHe;

- YCTAaHOBKa JJIsl HCCIICIOBAHMS KPYTHIIBHBIX KOJIeOaHU BaJOB;

- IJTaKaT C JAaHHBIMH JUTSl PACUYETOB.

Pexomenayercs cnemyromas mociae10BaTebHOCTh MPOBEICHHS 3aHATHUS

1. Tlo HacToOsIIIEMY TOCOOUIO U3YUUTH OOIIUE CBENCHUS O KOJICOaHMSIX.

2. T103HAaKOMUTBCS C METOAOM MPHUBEICHHS PEabHON CHCTEMBI KOJIeHYa-
TOrO Bajia K SKBUBAJICHTHOW (pacyeTHOM).

3. U3yunThs METOABI ompeeneHns cOOCTBEHHBIX 4acTOT U GopM Komeda-
HUH yIPYTUX CUCTEM C COCPEIOTOYEHHBIMU MaCCaMHU.

4. PaccuuTaTh COOCTBEHHBIC YaCTOTHI M YACTOTHl IWHAMHUYECKOTO raiie-
HUSI KPYTHIIBHBIX KOJEOAHHM sl ABYXMACCOBOH CHCTeMBI (peain3o-
BaHHOW Ha YCTaHOBKE).

5. Tlo3HAaKOMUTBCS C KOHCTPYKIHMEH YCTAaHOBKH M METOIMKOW MpOBEZE-
HUS OKCIIEPUMEHTA.

6. BBIMOIHHUTH IKCTIEPUMEHTATBHBIEC HCCIEIOBAHMS.

7. CpaBHUTb pe3yabTaThl TEOPETHYECKUX PACUETOB M IKCIIEPUMEHTAJb-
HBIX JJAaHHBIX.

8. IloAroToBUTH OTBETH HA KOHTPOJIbHBIE BOIPOCHI.

B mpornecce paGoTHI BHIOTHATH HEOOX OAMMBIE 3aIIMCH B TETPAIH LIS
nabopaTopHbIx pabot. JlabopaTtopHas paboTta paccuntaHa Ha 4 4aca U
MPOBOAMTCS B JIAOOpATOpPUU AMHAMHUKHA M HpOYHOCTH. 3a 15 muHyT 1O
OKOHYAHUS 3aHATHS HY’KHO OBITH TOTOBBIM K OIIPOCY.
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6. YCTAHOBKA U METOJAUKA ITPOBEJEHUSA
SKCIHEPUMEHTA

Ha puc. 4, a npencraBnena cxema dKCIEPUMEHTAILHON YCTaHOBKH,
Ha puc. 4, 6 - ee PKBUBAJICHTHAS CHCTEMA.

B omopax 6 ycranoBieH Ban 1 ¢ HacaKEHHBIMU IUCKaMH 2.

C moMomIpbI0 AHTOBBIX 3aKMMOB 7 TIONOXKEHHSI TUCKOB MOTYT Me-
HATBCA 1O JUIMHE Baja 1, U3MEHssA TeM caMbIM KPYTHJIBHBIE KECTKOCTH
COOTBETCTBYIOIIMX YYAaCTKOB Bajia M YHCIO BapUAaHTOB YKBHUBAJICHTHOU
cucreMbl. Ha ofHOM KOHIIE Baia »KECTKO YCTaHOBJIEHA Kadajka 3, B
BUJIKE KOTOPOH Bpallaercsl yepe3 MOMIIMITHUK 4 BaJ poTopa 3JIEKTpo-
neurarens 5. [Togmmmank 4 moctaBieH ¢ SKCHEHTPUCUTETOM, Oiaroza-
psl UeMy NIpH BpaIlEHWH Baja 3JICKTPOABHUTATENS Kadyajika 3 COBEpIIaeT
YIJIOBBIE TIEpEMEILEHHS], TIepeiatorecst Ha Basl 1 yCTaHOBKH.

Tak KuHeMaTHYeCKd BO30YKAAIOTCS BBIHYKIICHHBIC KpPYTHIIbHBIC
KonebaHusl AUCKOB 2 Ha ympyrom Bainie 1. JIns paboTsl yeKkTpoaBUrare-
ast 5 (MA- 250) mopmaercst MOCTOSIHHBIA TOK, BBIPa0AaThIBAEMBIN dJIEK-
TpoMauHHEIM ycunutenem AJY- 1300.

Meroayka npoBeIeHNS SKCIIEPUMEHTA 3aKIII0YaeTCA B PETUCTPALIN
PE30HAHCHBIX KPYTHJIBHBIX KONeOaHU NUCKOB 2 Ha ympyrom Baie 1
MyTeM 3aMepa aMIUTUTYI, 4acToT U (a3 i Kaka0i popMbl KoJeOaHHI.

s 3TOro Ha Ka)XIOM M3 JHMCKOB YCTaHOBJICHBI IbE303JICKTpUYE-
CKHE JaT4uKu AJs 3amepa BuOpauuii tumna MC-313. IIpu konebaHusIX B
JaTyiKax WHAYLUPYETCs 3.1.C., KoTopas mojaercs Ha Impubop u3Mepe-
Hus yckopenus tuna [IMY-1M. B Hem curnan ycuinBaercsl 1 OAaeTCs
Ha TUIACTHHBI BEPTUKAJIBHOTO OTKIOHEHHUS Jyda IBYXJIY4EBOI'O OCLIHJI-
norpada tuna C1- 77.

SIBieHMe pe3oHaHCca XapaKTepU3yeTcsl Pe3KUM yBeTHUECHHUEM aMILIH-
Tyasl KonebaHuil. HacrymieHune pe3oHaHCHOrO peXMMa KPYTHIIBHBIX
KoNeOaHU PErucTpUpyercss M0 MaKCUMAaJIBHOMY YBEJIWYEHHIO BEPTH-
KaJBbHOTO Jyya ocuuiorpada, a Takke Mo MakCHMalbHOMY OTKJIOHE-
HUIO cTpenku npubopa [TNY- 1IM.

ITocre Toro kak MOMEHT pe3oHaHca 3a(MKCHPOBaH, COOTBETCTBYIO-
1asi eMy 4acToTa MOXKET OBITh ONpeeneHa YaCTOTOMEPOM.

s n3bexanusi BO3MOXXHBIX OLIMOOK MPU ONpPEAETICHUN pe3oHaHca
HEoOXO0MMO HCIOIb30BATh 3BYKOBOM reHepatop. Jjist 3Toro Ha TiiacTu-
HBI TOPU30HTAIBHOIO OTKIOHEHHMS Jyda ocuuiiorpada mogaercst cur-
HaJ 3BYKOBOro rereparopa tuma ['3-34. B pe3ynbrare cloKeHUs: ABYX
B3aMMHO TEPIIEHANKYISPHBIX KoleOaHWi Ha dKpaHe ocuuiuiorpada Oy-
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ner nony4datbes purypa Jluccaxy. [Ipu copnageHnu yactor 3Ta Gurypa
Oyzer uMeTh (OpMy 3ILIHUIICA HIIM HAKJIOHHOW mpsiMoid. UncieHHoe 3Ha-
YEHUE YaCTOT OMPENESIOT 10 IIIKaJie 3ByKOBOTr'0 TeHEpaTopa.

Omnpenencrarie popM KoiebaHul u (a3 KOICOTIOMUXCH JUCKOB OCY-
LIECTBIISIETCS BU3YaJIbHO C MIOMOIIBIO CTPOOOTaxXOMeTpa U 10 B3aMMHO-
My PacIoNOKEHHIO 3unIicoB uryp Jlnccaxy Ha 3KkpaHe IBYXITy4EBOTO
ocutorpada.

7. MMOCJIEAOBATEJIBHOCTDb BBIIIOJTHEHUA PABOTbI

1. ITony4uTh MHCTPYKLHUIO MO TEXHUKE 0€30MaCHOCTH Y MPENOAaBaTelNs
WK nabopaHTa.

2. TlomyunTh y mpenopaBaTens JaHHbIC BapHaHTa KBHBAJICHTHOTO Ba-
na.

3. IlpoBecTn pacyeT COOCTBEHHBIX YaCTOT KOJICOaHHWH IO YpaBHEHHIO
IUISL  OTIpeleNieHns] COOCTBEHHBIX YacCTOT, ONPEAETUTh COOTBETCT-
BYIOILIE UM (POPMBI.

OmnpenenuTs 4acTOTy JUHAMAYECKOTO TallleHHs.

4. BHUMATEIBHO O3HAKOMHTHCS C DKCIIEPUMEHTAIBLHON YCTaHOBKOH M
ec ONKCaHHEM.

5. Bxurounts ocuuuiorpad, 3BykoBoi reneparop, npudopsl [INY- 1M
W 1aTh UM IPOTPETHCS.

6. Ilo pa3pemienuio mpenogaBaTens Wik JadopaHTa BKIIOYHTh ITUTAHHE
MOCTOSTHHBIM TOKOM.

7. Brurouenunem Boikitrouatenss BK1 npousBectu myck siaeKTpoMalivH-
HOT'O YCHJIUTESL.

8. Brurouennem Boikmodarens BK- 2 mpoussecTy myck 37eKTpoABHra-
Tensl.

9. IlnaBHO perynupys 4acTOTy BO30YXAEHHS peocTaTaMH M Bpaias
PYUKY M3MEHEHHUS YacTOTbl 3BYKOBOI'O T'€HEpaTopa, NOOHMTHCS H30-
OpaskeHHs JIIJIMIICA Ha SKpaHe ocuuiuiorpada.

10.ITpon3sBecTr HACTPOMKY YCTAaHOBKHM BHadale Ha MEPBYIO, a 3aTeM Ha
BTOPYIO KPUTHYECKYIO YaCTOTY, IPOU3BECTH 3aIUCh YaCTOT.

11.C nomotmrpio cTpoboTaXoMeTpa MM 10 SKpaHy ociuuiorpada Bu3y-
AIBHO omnpeaenuTs GopMy KonebaHUl — IBMKEHHS AUCKOB B (ase
WK B IpoTUBO(ase.

12.CHu3UTH peocTaToOM YacTOTY BpAIlEHHS SJIEKTPOIBUTATENS.

13.BBIKJIFOUUTH TIOCIENOBATENLHO AeKTpoaBurarens MA-250, smiek-
TpomamuHHEI yeunutenbs AJ[Y-1300, renepatop I'CP- 9000, 3By-
KOBO# TeHepartop, npudops! [IMY-1M, ocummmnorpad.

14.0¢dopmuts otder mo nadbopaTopHoit padoTe.

Ortuer no 1a00paTOpHOIA paboTe JOMKEH CONIEpPKATh!

- HasBanwue u uens paboThI.

- Pacuernyio cxemy 3KBHMBaJEHTHOTO Baja M €ro MapaMeTphl.

- Pacuer coOCTBEHHBIX YacTOT KPYTWJIBHBIX KOJNEOAHWH CHUCTEMBI U
9acTOTH AUHAMHYECKOTO TalllCHHS.

- Macmrabnoe nzoOpakeHne QGopmbl KojeOaHWH I KaXAOW H3
4acToT.

- CpaBHeHHE pacUeTHBIX M SKCIEPHUMEHTAJIBHBIX 3HauYeHHH coOCT-
BEHHBIX YacTOT KoJIeOaHUH M aHaIN3 MPUYHH X PACXOXKIICHHS.

- H3obpaxenne Habmomaembix ¢uryp Jluccaxxy Ha KPUTHUYECKHX
gacToTax KolieOaHWH CHUCTEMBI M 4acTOTe TUHAMHYECKOTO raiie-
HUSL.

- BeBons! mo patore.

8. KOHTPOJIBHBIE BOITPOCHI

1. TIlocnenoBaTenbHOCTh pacdeTa KOJCHYATHIX BAJOB Ha KPYTHUIIbHBIC
KonebaHusl.

2. UYro Takoe SKBHBaJEHTHas (TEOpETHYECKas) MM pacuyeTHasl CHCTe-
Ma KOJIEHYaToro Bana?

3. Kak ocymecTBisiercsi mpuBeACHUE JUIMH OTAETbHBIX yYacTKOB KO-
JIEHYaToro Bajua?

4. Kak onpenensitoTcst MOMEHTBI HHEPLUH IPUBEACHHBIX Macc?

5. Kakoii BuI IMeeT SKBUBAJIEHTHBIN BaiI?

6. CnocoObl cocraBieHusi nu¢¢epeHInanbHbIX ypaBHEHUH cBOOO-
HBIX KOJIEeOaHUH.

7. Kak pemaercs cucrema auddepeHINaTbHBIX ypaBHEHHH, OMUCHI-
BalOUIMX CBOOOJHBIE KOJIEOaHNs SKBUBAJICHTHOTO Basia?

8. Kak cocTtaBuTh M pelIUTh ypaBHEHUE AJs1 CBOOOJHBIX KojeOaHWUU
OJTHOMacCOBOHM CHUCTEMBI, H300pakeHHOH Ha puc. 17?

9. Yo Takoe “opma konedanus’?

10. Kak onpenenuTh, Kakas 4acToTa Kakoil opMe COOTBETCTBYET?



11.

12.
13.

14.

15.

16.

17.

OT KakuxX MapaMeTPOB CHCTEMbI 3KBHBAJICHTHOIO Baja 3aBHCHUT
coOCTBEHHAs YaCcTOTa KOoIeOaHmii?
Yto Takoe KpyTHIbHAS YKECTKOCTh U KaK OHA OMPENENACTCS?
ITo xakum (hopMynaM OMPEACTSIOTCS MOMEHTBI HHEPIIMY BpaIllato-
IIUXCA JUCKOB?
Yrto Takoe 4acToTa AMHAMHUYECKOTO TAIlCHUS U KaK OHA OMpeensi-
erca’?
B kakux ycTpoWCTBaX MCMONB3YeTCs SBJICHUE TUHAMHUYCCKOTO Tra-
[IEHUA?
Kaxum 06pa3oM MOXHO yNPOIIEHHBIM CIIOCOOOM OMpENeUuThb CO0-
CTBEHHYIO YaCTOTY KPYTHJIBHBIX KOJICOaHUU 110 OHOY3JIOBOH (op-
Me TS 9KBUBAICHTHOIO BaJla SKCIIEPUMEHTATBHOW YCTAaHOBKH ?
K kakoMy m3MeHeHUIO (YBENHUYCHUIO WM YMEHBIIICHUIO) YaCTOTHI
COOCTBEHHBIX KOJIcOaHUH MPUBEIET:

- yBENWYCHHUE JUaMeTpa Baya?

- yBENWYCHHUE JUaMeTpa JucKa?

- YBEIUYCHHUE TONIIHHBI JUCKA?

- yBEIWYCHHE JJTUHBI Baya?
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IIpnioxenune
CITPABOYHBIE MATEPUAJIBI

1. MaccoBbIii MOMEHT MHEPITUH JIUCKA C OTBEPCTHEM:

J = pj;_Zb(D“ —d4), [kr-m?].

2. KpyTuibHas )KeCTKOCTh | -TO y4acTKa Bajia C OTBEPCTHEM:

C = 3G , [Hom],
Ii
rae \]nm = %(d: - d:), [M'].
JU7ist BBIYMCTICHUSI MAaCCOBBIX MOMEHTOB MHEPIIUH TUCKOB U KPYTHIIBHBIX
KECTKOCTEH Y4acTKOB Bajia IMPHUBEIEM OCHOBHBIC TApaMETPhl YCTaHOB-
KH, UMUTHPYIOIIEH 3KBUBAJICHTHBINH Ba:
- nuamerpsl Bama: Hapyxusii 0, = 6-10° m;
BHyTpennuii d, = 4-10° ;
- JUIMHA YYaCTKOB Bajia (eCiii He OTOBOPEHO UHAYE):
l1=7,910% m;
I, =20-107 m;
- IJOTHOCTh MaTepHayia TUCKOB O = 7,8-10° kr/m?,
- Momynb ynpyrocTd mMatepuana Bana G = 8,1-10" H/m%
Kax bl muck cocTouT U3 AeTaned, MoATOMY CYMMAapHBIH Macco-
Ji=Jdu+ I+
J, =3+, + s 234,
rae Jna = Mya Rzu_m — MaccOBbIii MOMEHT MHEPLUH IIOCKOW JIONATKH
(TUTacTHHBI), YCTAHOBJICHHOM Ha AMCKe. Macca IIacTHHBI ONMPEAeNsIeTcs
Mpou3BecHHEM ee 00beMa Ha IUIOTHOCTh MaTepHala, pajuyc LEeHTpa
TSHKECTH U3MeEpsieTcs Ha YCTaHOBKE.

Ecnu Bce 3HaYeHUs MU BBIYMCIEHUAX MOACTABIATE B cucteme CH,
YacToTa MoIyvaercd B paguaHax B ceKyHAy. YacToTy B repuax npu He-
00XOIUMOCTH MOKHO MOJYYHTh, Pa3[AeiuB IONyYeHHBIC 3HAYCHUS Ha
2m.

Pasmepsr (MM) 1 popma OTHENBHBIX JeTaNeil TUCKOB MPEICTaBICHBI

Ha puc. 13.
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Puc. 13. Pazmepst (Mm) 1 hopMa OTIENBHBIX JeTajieil THCKOB
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VYueGHoe M3naHme

Prkeecrxuii Banepuii IIpoxogveeuu,
ITapoeaii Pedop Bacunveeuu,
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I'eo3dee Anexcandp Cepzeeeuu
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