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HNPEJUCJIOBHUE

Hacrosimas paborta mocBsiiieHa CHCTEMAaTHIECKOMY H3JI0KEHUIO
YacTU Kypca TEOPETHUECKOW MEXaHWKH, OOBIYHO YHTAEMOMY B TEX-
HUYECKUX By3axX. A MMEHHO, OHA IIOCBSILEHA OCHOBHOMY pa3leiry
Kypca — JUHAaMHKE, [IpUYeM B HEil M3JI0KEHBI TOJIBKO BOIPOCHI JU-
HAMHKH TOYKH.

Janroe mocobme — 3TO He y4yeOHHK, a Kypc JeKIui. ABTOp
HaMEPEHHO HaIlKCaJl € MaKCUMAaJbHO NPUOIIKEHHBIM K ayAUTOPUH
B HaJIe’KJ€ BBI3BATh OTKJIHMK M JKHBYIO peakuuio. Bcero B mocobun
COACPIKUTCA MATH JICKHI/Iﬁ — JHMHaMHKa MaTepI/IaJII)HOI\/'I TOYKHU, HIPpA-
MOJIMHEHHBIE KOJe0aHWs TOYKH, HECBOOOJHOE [BM)KEHHE TOYKH,
JBIDKEHHE TOYKM B HEHMHEPIHMATBHOM CHUCTEME OTcueTa W 0OIue
TCOPEMbI JUHAMHUKU TOYKH. B IMPUWJIOKCHHUU OaHbl PCIICHHUA BCTPEC-
YarOLIUXCs B JEKIMAX JuddepeHnnanbHbIX ypaBHEHUH.

[locobue HammcaHO Ha OCHOBE JIEKIHUH, KOTOPHIE aBTOP B Tede-
HUE MHOTHX JIeT YnuTal B HoBOCHOMPCKOM TocylapcTBEHHOM apXu-
TEKTypHO-CTpOUTEIbHOM yHHBepcuteTe (CubcTpuH).

ABTOp BBIpa)kaeT 0JaroJapHOCTb BCEM COTPYIHHKaM Kaderpbl
TeOpeTH‘IeCKOﬁ MCXaHHUKH, KOTOPBIC MMPUHUMAIN AaKTUBHOC Yy4aCTHC
B paboTe HaJ JESKIHSIMHU.



Jexuus 1. JTMAHAMHUKA MATEPUAJIBHOM TOUKH

1.1. [IpeaqMeT u 3a7a4u TMHAMHKHA

[IpucTynmum K paccCMOTPEHHMIO OCHOBHOT'O pa3Jiena Kypca Teope-
TUYECKOW MEXaHUKU — JUHAMUKHU, M3YYaroIleH IBHKCHUEC MaTepHU-
QIBHBIX TEJ, BO3HUKAOIIEE MPH WX B3anMoaeicTBuu. Ho mockonbky
B MEXaHHKE MEpOH B3aMMOJICHCTBUS Tell SIBJISIOTCS CHIIBI, TO OUHA-
MUKa usyyaem O08UNCEHUE MAMEPUATLHBIX Tel NOO 0eliCMEUeM CUl.
Cunbl B IMHAMUKE OyJeM CUMUTaTh B OOIIEM Cliydae NMEePeMEHHBIMH,
3aBUCSIIMMH OT BPEMCHH, MOJIOKECHHS TEN M HX ckopocTel. Tak,
HampuMep, OT BPEMEHH MOXKET 3aBHCETh CHJIA JIaBJICHHs BETpa Ha
nperpany, cujia ynpyrocTH MPYKHHBI 3aBUCUT OT ITOJIOKCHHS TIPHU-
KPETUICHHOTO K Hell rpy3a, a cuiia CONPOTURIICHUS BO3yXa — OT CKO-
pocTH majaroniero kamus. [log Tenamu mo-npekHeMy OyneM MOHH-
MaTh JTUOO MaTepuaabHbIE TOUKH, JTUOO aOCOJIOTHO TBEpIbIC TEia,
00 KOHCTPYKITUH, U3 HUX COCTOSIITHE.

ITpu BceM pa3HOOOpa3WM AMHAMHYECKHX 33734 BBIACIHM Oge
ocnosnvle. B nepsoui 3adaue (npsamoti) 3a1aHHBIME OyIeM CUHTAThH
3aKOH JIBIDKEHUS Tena (WM CHCTEMBI TEJ), a HAXOJHUTh CHJIbI, TOJ]
JIEMCTBUEM KOTOPBIX 3TO JIBMIKEHHE coBeplaeTcs. Bo emopou 3ada-
ye (06pammnoil), HAOOOPOT, OyAEeM CUNTATH 3aJaHHBIMH CHIIBI, & WC-
KaTh 3aKOH JBWXeHUsA. CTOMT OTMETHTh, YTO Ha MNPAKTUKE 4YacTo
MPUXOANUTCS PEIlaTh CMEIIAHHYIO 33734y, KOIJIa 4acTh CHUJI M3BECT-
Ha, @ HEKOTOpbIe (HAmpUMep, PEakiu CBs3el) HEOOXOAUMO HANUTH
Hapsily ¢ 3aKOHOM JBIKeHMs. [Ipu peleHnn 3Tux 3aja4 Mbl OyaeM
ONMUPAThCS Ha YK€ U3yUeHHbBIC pa3/ielibl — CTATUKYy U KHHEMATHKY.
A MMEHHO, TIOJIb30BATHCS IPUHIMIIOM OCBOOOXKIaEMOCTH OT CBSI3Ci
(T.e. cunTaTh HECBOOOMHBIE TETa CBOOOMHBIMHU, OTOPACHIBAS CBA3H M
3aMEeHAA UX JeHCTBHE CHIIAaMH pEeakiuy CBs3ei), crrocodamu mpuBe-
JeHUsI cui (3aMEHATh OJIHY CUCTEMY CHJI JPYTOi, €l SKBUBAJICHT-
HO) ¥ METO/IaMHt OIMCaHUsI JBWKCHHS TeJ (3aKOHAMH JBWKCHUS U
CBOMCTBaMU OCHOBHBIX KHHEMAaTHYECKHX XapPaKTEPUCTHK).



W3yueHne TUHAMUKY, TaK ke KaK M U3yYeHUE CTATUKU U KHHE-
MaTHKH, Mbl HAYHEM C PACCMOTPEHHS MPOCTEUIIIEro cirydasi — JIBHU-
KEHUSI MaTepUaIbHOW TOYKH. HamoMHMM, YTO TOJ| MaTepUalIbHOM
TOYKOW MBI TIOHUMAeM T€OMETPHUYECKYIO TOUYKY, HAJCIICHHYIO Mac-
coil (T.e. TENO KOHEYHOW MAcChl, pa3MepamMH KOTOpOro IMpeHedpe-
raem).

1.2. Akcuombl fuHAMuKH (3akonbl ['ajmies — HproToOHA)

B ocHOBe AMHAMUKM TOYKH J€KaT 3aKOHBI, YCTaHOBJICHHBIE
OTIBITHBIM ITyTEM B Pe3yJbTaTe HAOIOJEHNN U IKCTIepUMEHTOB. CH-
CTeMaTU4eCKU UX BHepBble n3noxui Mcaak HptoToH B kHUre «Ma-
TeMaTHUYeCKHEe Havajla HaTypalbHOU (rocopuun», B 1687 r. OHU-TO
U SBJISIFOTCS] aKCUOMaMU TUHAMUKHU.

Axcuoma 1 (3akoH uHepuuu I'anunesi, niuM nepBblii 3aKOH
HerotoHa). Eciu Ha c60000HyI0 MamepuanbHylo Mouky He oeli-
CMBYIOM CUJbl, MO OHA HAXOOUMCS 8 COCMOSAHUU NOKOSL UIU PABHO-
MePHO20 NPAMONUHEH020 O8udiceHusi. TaKyro TOUKY Ha3bIBAIOT €Ille
M30JIMPOBAHHOM, OHA HE B3aMMOJEHMCTBYET C APYTUMH TeJaMH, U JJis
HEe PaBHOAEHCTBYIONIAs BCEX JICHCTBYIOIIMX CHJI paBHA HYIIO

F :ZFk =0. CoOTBETCTBYIOIIEE 3TOMY CIIy4al0 JIBUKCHHE Ha3bI-
k

BAIOT OBUICEHUEM NO UHEPYUL.

Mel YK€ 3Ha€M M3 KMHEMATHUKH, YTO 3aKOH IABMXCHHUA 3aBUCUT
OT BBIOOpPAa CHCTEMBI OTCYETa, MOITOMY €CTECTBEHHO ITOCTaBUTh
BOIIPOC: M0 OTHOLICHHIO K KAaKOW CHUCTEME OTCUETa CIPaBEIJIUB 3a-
KOH nHepuuu l'anunes? Benp nBmkeHune, NpOUCXOAsIIEe C OCTOSH-
HOH CKOPOCTBIO B OJJTHOM CHCTEME OTCUETA, MOKET UMETh YCKOPEHUE
B JIpyroil cucTeMe oTcyeTa. BBeaeM nostomy onpeneneHue: cuctemMa
OTCUeTa, B KOTOpPOM CHpaBeIMB 3aKOH uHepuun [anumies,
Ha3bIBaeTCs uHepyuanvrou. U, Ha060poT, cucteMa oTcueTa, B KOTO-
pOii HecTIpaBeAIMB 3aKOH MHEPIMH | anwiesi, Ha3bIBaeTCs HeuHepyu-
ANbHOLL.

3ameTuM, YTO €ClM CUCTeMa oTcuera A; JABWKETCS TMOCTyma-
TEJIbHO PABHOMEPHO NPSMOJIMHENHO OTHOCUTEIBHO MHEPLUUAIBHOMN
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CHUCTEMBI OTCUETa A, TO OHA TOKE WHEpIHMAIbHAs. A Takxke, eCu A;
U A — 1Be WHEepIHaJIbHbIe CUCTEMBI OTCUETa, TO OHH JBHKYTCSI OTHO-
CUTENFHO JPYT APYyra MOCTYMATEIhbHO PABHOMEPHO MPSIMOJIHHEWHO.
Jloka3aTenbCTBO 3THX YTBEPXKACHHH HETOCPEICTBEHHO CIEAYyeT W3
olpeeNieHUs HHEPIUATbHON CHCTEMBI OTCUETa U TEOPEMBI O CIIOKe-
HUU CKOPOCTEW TMpPH CIOXHOM ABIKEHWH TOYKH. Takmm oOpazowm,
BCE MHEPIHAIbHBIE CUCTEMBI OTCUYETa ABMXKYTCS OTHOCUTEIBHO APYT
Jpyra ¢ IOCTOSIHHOM 110 MOJYJIIO U HAIIPAaBJICHUIO CKOPOCTBIO.

WHepumanpHble CHCTEMBI OTCUETa SBISAIOTCS Healn3alueil pe-
IBHO CYNIECTBYIOIUX. J[pyrumMu cioBamu, nro0asi KOHKpETHAsl CH-
CTeMa OTCYeTa, CTPOTO TOBOPSI, SBJISIETCS HEMHEPIHAIBHOM, a HUHEp-
[MaNbHAsg CUCTEMa OTCYETa — ATO HealbHas CUCTEMa OTCYeTa, K
KOTOPOI MOKHO TOJIBKO CTpeMHThCS. C OOIBIIOH CTEeNeHbI0 TOYHO-
CTH 32 MHEPUHUAIbHYIO MOXKHO MPHUHATH 2e1U0YeHmPU4ecKylo CUcTe-
My OTCYETa — C HayaioM B LeHTpe COJHEYHOU CUCTEMBI M OCSIMH,
HaTpaBJICHHBIMHI Ha «HETIOJBUKHBIE» 3Be31bl (1IeHTp Macc ColHeu-
HOW CHCTEMBI JBWKETCS OTHOCHUTENLHO LIEHTPa MAacc Hallel rajiak-
THKH C TIPEHEOPEKIMO MAaIbIM YCKOpeHHeM, mopsiaka 3-107° m/c?).
Jnst  OONBIIMHCTBA TEXHUYECKHX 3a/1a4 33 MHEPIUATBHYI0 MOXKHO
TIPUHATD 2e0yeHmpUyYecKylo CUCTEMY KOOPIHMHAT, JKECTKO CBS3aH-
Hy!0 ¢ 3emueli (HO He sl BCeX, CBSI3aHO 3TO C CyTOYHBIM BpalleHH-
eM 3eMJId, ¥ TaKue 3aJ]a9¥ MBI PACCMOTPUM B 1. 4.3 nexkiuu 4).

Axkcuoma 2 (BTopoii 3axkoH Hwrotona). Cuna, deticmeyiowjas
Ha C80O00HYI0 MAMEPUATLHYIO MOUYKY, coobuaem el YyCKopeHue,
Komopoe 8 UHEepYUdlbHOU cucmeme Omcyema nponopYUOHATbHO
MOl cuile u umeem 0OUHAKOBOe C Heli Hanpasnenue. B aHamuTHue-
CKOil (hopMe ITOT 3aKOH NPEACTABISAETCS B BUAE OCHOBHO20 YPABHE-
HUs OUHAMUKU

ma=F wm mi=F, (1.2)

rae F — cuna, aeicTByromas Ha CBOOOAHYIO MaTepHUATLHYIO TOUKY;
a=rI- ee yckopenue; M — KO3)GHUIKEHT MPOMOPIHOHATEHOCTH



MEXIy CWIOW M YCKOPEHHEM, KOTOPBIA B KJIACCHYECKOH MEXaHHKE
CUMTAETCS IOCTOSAHHBIM ™ U HA3bIBACTCS MACCOIL.

IIpu 3TOM MEXTy MOIYISIMU CHIIBI U YCKOPEHHS UMEETCS 3aBU-
CUMOCTh

ma=F. (1.2)

U3 (1.2) HEenmocpencTBEeHHO CIIEMyeT, YTO Macca MaTepHabHON
TOUYKHU SIBJISICTCSI MEPOil €e WHEPTHOCTH, MOCKOJIBKY TPH JEHCTBUU
TAHHOM CHUTBI TOYKa, Macca KOTopoit Oonpire, T.e. Oojiee WHEpTHA,
MOJIYYUT MEHbIIIEe YCKOpeHHe u HaoOopoT (inercia — B mepeBoje Ha
PYCCKHIA SI3bIK 03HAYAET «KOCHOCTBY, «JICHBY).

IMpumenss (1.2) x Touke (teny) Becom G W yuuThHIBas, 4ro
yCKOpeHue cBOOOTHOTO MaZeHUs paBHO (J , TOIy4YUM

m=G/qg. (1.3)

To ectp mMacca MaTepuanbHON TOYKHM (Tella) YHCICHHO DPaBHA
BeCy TOUYKH (Tela), IEeJIEHHOMY Ha yCKOPEHHE CBOOOIHOTO MaICHYSL.

Axcuoma 3 (tpermii 3akoH HbrTOHA). [J6e mamepuanvhbie
mouxu delicmgyiom Opye Ha 0pyea ¢ CUNaMu, PagHbIMYU NO GEIUYUHE
U HANPAGIEeHHBIMU 80016 OOHOU NPAMOU 8 NPOMUBONONONCHBIE CINO-
ponvl. Tak ke, Kak U B CTaTUKE, 3TOH aKCMOMOU MbI BOCIIOIb3yEMCS
IIPH PaCCMOTPEHUHU CHUCTEMBI MaTepUAIbHBIX TOUYEK (TEN).

AxcuoMa 4 (MIpUMHOMI CyNepno3WMuMu AedcTBUA cuj). /leii-
cmeue Ha MamepuarbHylo MOUYKY HPOU3GONbHOU cucmembl N cul

F....F, axeusanenmuo oeiicmeuro 0OHOU Cubl, PABHOU UX CyMMe

n
F= sz' DOTa akcuoMa O3HA4aeT CIeIyoIlee: ecliu MpHu JIeHCTBUN
1

oxHo# cunel F, Touka nomyvaer yckopenue a, =F, /m, to npu ox-
HOBPEMEHHOM JelcTBUU Ha Hee N cun F,...,F, oHa momyuur ycko-

peHue a=F/m=(Zn:Fk)/m=Zn:(Fk/m):iak.
1 1 1

! B creunanbHoit TEOPHUH OTHOCUTEIBHOCTH M =M,/ N1-v?/c? , roe mg —
Macca TOKOs, C — CKOPOCTh CBETa, V — CKOPOCTh TOYKH. TakuM oOpazom,
paMK# IPUMEHUMOCTH KJIACCUUECKON MEXaHUKW OTPaHWYCHBI CydaeM Ma-
JIBIX CKOPOCTEH TeJ 10 CPaBHEHUIO CO CKOPOCTHIO CBETA.
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AkcuoMa 5 (akcuoma cBs3eii). Bcsakoe nec60b600Hoe 08udice-
HUe MAMeEPUAIbHOU MOYKU MOICHO PACCMAMPUBAMb KAK C80000HOE,
eciu 0ce0000umvbcs om CeA3ell U 3aMEHUMb UX CULAMU peaxyuil
Imux ceszell. 3aMEHATh CBSI3U UX PEaKIUSAMH MBI OYJEeM TOYHO TaK
ke, KaK 3TO JieNlalld B CTATUKE TPU U3YYCHUH PABHOBECHS TEI.

OcHoBHoI1 3akoH nuHamuku (1.1), B camom obmiem ciydae, Ko-
IJla TOYKa HeCBOOOJHA M HAa HEE JICWCTBYIOT HECKOJIbKO aKTHBHBIX
CHJI, COTJIACHO akcuoMmam 4 u 5, OyIneT UMeTh BHI

ma=F=>F, (1.4)
1

rzae nox F Hy>KHO MOHUMATh CyMMY BCEX CHJI — aKTHBHBIX M PEaKLUil
CBA3EH.

B 3axiodyeHne 3TOoro myHKTa oOpaTUM BHHMaHHE Ha JIBa BaX-
HBIX 00CTOSITENBCTBA:

1. ®opmansHO, ucxoas u3 GOPMYITHUPOBOK, MEPBHINA 3aKk0H Hefo-
TOHa SBJISETCA MPOCTHIM CIEJACTBHEM BTOporo 3akoHa HbioToHa.
HeiicTButenbHo, noactasisis B ypaBHenue (1.1) F = 0, momyuaewm,
gyro a = 0, uiu, yTo TO *e camoe, V=const. Toraa cnpammBaercs:
a 3ayeM OH HykeH? OTBET Ha 3TOT BONPOC CIEAYIOUIMH — 3aKOH
uHepuuM ['anmuiiess mocTyIMpyeT CyIIECTBOBAaHHE TAKUX CHCTEM OT-
cyeTa, B KOTOPBHIX OH CIIPaBEJIMB, M TEM CaMbIM YKa3bIBAaeT Ha paM-
KH IPUMEHUMOCTH OCHOBHOTO 3aKOHA JIMHAMUKH. A UMEHHO, Ha TO,
YTO OH IPUMEHHUM JJIS1 HHEPLUHUAIBHBIX CUCTEM OTCUETA.

2. Tak kak Bce WHEpLHAJIbHbIE CUCTEMBI OTCUETA ABHXKYTCS OT-
HOCHUTEJBHO JIPYT Apyra ¢ MOCTOSHHON IO MOJIYJIO U HalpaBIeHHIO
CKOPOCTBIO, TO YCKOPEHHsI TOYEK BO BCEX MHEPLUUAIBHBIX CUCTEMax
orcyera OyIyT OAWHAKOBBIMHU (BCIIOMHH, YMTaTElb, TEOPEMY O CJIO-
KEHUH YCKOPEHHUH MPHU CI0KHOM JABIDKEHUH ToukH). [loatomy dop-
MyJupoBka 3akoHOB ['aynmnes — HploTOHa BO BCeX HMHEpPLMAIBHBIX
cucTeMax oTrcuera OyAeT OJIMHAKOBA, T.€. 6Ce UHEPYUATbHbIE CUCTe-
Mbl Omcyema pasHONpAGHbvl, MeXaHuuecku Hepasiuyumul. B 3roM
COCTOHT NPUHYUN OMHOCUMENbHOCHU KIACCHIECKOW MEXaHUKH.
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1.3. InddepenunanbHbie ypaBHEeHHS MaTEPHAIbHON TOUKH

OcHoBHO¥ 3akoH AuHamuk# (1.1) ycTaHaBnMBaeT 3aBUCHMOCTh
MEXIy CHUJIaMHd, ACUCTBYIOIIMMH Ha TOYKY, U €€ YCKOpPEHHEM.
Haiinem Tenepp B3auMOCBS3b 3THX CUJI HEIIOCPEICTBEHHO C 3aKOHOM
JIBIDKEHUSI MaTepUaIbHOM TOUKH. B 1exkapToBOM cucTeMe KOOpAUHAT
TaKo¥ 3aKOH 3amaercs ypaBHeHusMu X=X(t), y=y(),z=2z(t), a B
€CTECTBEHHOU cHCTeMe KOOpAWHAT — ypaBHeHHeM S =S(t). Yckope-

HHEC A, KaK U3BCCTHO U3 KMHCMATHUKH, CBA3aHO C 3TUMH Q)YHKHI/ISIMI/I
COOTHOIICHUAMHU

a =%Xa,=ya=2%a =5a,=$/pa =0,

e (a,a,,8,) u (a,a,,a) — NPOEKIUH YCKOPEHHs Ha OCH
X,Y, Z JeKapToBO# U Ha ocH 7,N,D ecTeCTBEHHOW CHCTEM KOOP.IH-

HAT, p — paJuyCc KPUBHM3HBI TPACKTOPHUHM B PaCCMAaTPHUBAEMOMN TOUKE
M (puc. 1.1).

Puc. 1.1
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[Ipoextupys Teneps paBeHcTBO (1.1) Ha 3TH OCH, ITOydYUM ypaBHe-
HUS

mx = Fx (ta X, Y.z, X, y’ Z)’ my = Fy (t' XY, 2, X, y’ Z)’
mz =F, (t,X,Y,2,%,¥,2); (1.5)

ms=F (t,s,3), ms$/p=F,(t5s,3), 0=FK(ts,9). (1.6)

n
3mech y4reHo, uro cwia F = ZFk SIBIIIETCSI PaBHOJEHCTBYIO-
1

el BCeX aKTHBHBIX CHJI M CHJI PEaKLMi CBs3eH, NEHCTBYIOUIUX HA
TOYKY, KOTOPLIC B O6H1€M cjIydya€ MOTr'yT 3aBUCCTb OT BPpEMCHH, I10-
JIOXKEHUS TOUKU U ee ckopocTH. COOTBETCTBEHHO, Ipoekuuu cui F_,

Bxogsmme B ypaBHeHHS (1.5), (1.6), BerucisioTces o Qopmynam
F, :ZFM ,rme a=Xx,Y,z,7,nb.
1

VYpaaeans (1.5), (1.6) HazpBawoTCA OugpgepenyuanvrHbimu
ypasnenusmu (V) osusicenusi mouxku, COOTBETCTBEHHO, B JEKapTO-
BOU M €CTECTBEHHOU CHCTEME KOOPJIUHAT.

1.4. OcHOBHEIE 321241 INHAMAKH TOYKH

Huddepennmansupie ypasaenus (1.5) u (1.6) sBistoTcss OCHOB-
HbIM WHCTPYMEHTOM I PEUIeHHs 3aJa4 AMHaMUKH To4yku. Kak u
[IPY PELIeHUH JIF000H 3a/1a41, HEKOTOPbIE U3 BEJIMYUH JOJDKHBI OBITh
3aJaHbl, a Japyrue TpeOyeTcsl ONpelesuTb B IPOLECcCe PELICHUs.
[To aTOoMy mpu3HaKy MOKHO BBIJENNUTH JBE OCHOBHBIE 3a/1a4H — Npsi-
MYIO B 00pammyio.

[Ipsimoi#t (Mnm mepBoii) Ha3bIBaeTCs 3a7ada, B KOTOPOHU IO 3a-
JAHHBIM JBIKEHUIO M Macce MaTePHAIbHON TOYKH OIpEAenseTcs
paBHOJEUCTBYIOIIAsT CUJI, IPWIOKEHHBIX K Hed. [lo cymecTBy 3ta
3aja4a cBOAMTCA K AU((HEepeHUNPOBAHUIO H3BECTHBIX (YHKIIMM,
3a1a0IMX 3aKOH ABMW)KEHMs Todyku. Hampumep, ecin 3akoH JBU-
JKEHUSl 3aJaH B JIEKapTOBOM cHCTeME KOOPAWHAT YpaBHEHUSMU
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x=f,(t), y= f,(t), z= f,(t) , To mpoexuuu uckomoti cunet F,,F ,F,,

COTJIACHO YpaBHEHHUsIM BHKEHUS (1.5), BEIUUCIISAIOTCS TaK:

2 2 2
F-mx=mih fl, Fyzmyzmddtzz, dtze’.

X dt?
MO,I[YJ'H) Hu HaHpaBHeHI/IC CHIJIBI MOFYT 6LITB BBIYUCJICHBI OaJICC
M0 U3BECTHBIM (OpMyJIaM

F=,fFf+Fy2+FZZ,

cos(F,x) =F, /F,cos(F,y)=F,/F,cos(F,z) =F,/F.

F,=mZ=m 2.7

3anaua 1. YpaBHEHMs TUIOCKOTO JBIDKEHHUS TOYKH Maccoil m
uMeroT BuI X =t coskt, y =rsinkt +b.. Onpenenuts cuny, nox nei-

CTBHEM KOTOPO MPOUCXOANT 3TO IBHIKEHHE.
Pemenue. Vckirouas BpeMs t U3 ypaBHEHUH JBHYKEHUS, HAXO-
UM ypaBHEHUE TPACKTOPUH TOYKH

X* +(y—b)* =r?,

HPEJICTABISIONLYI0 CO00i OKPYKHOCTH ¢ 1eHTpoM B Touke A(0,b)
pamuyca r (puc. 1.2).

M
F
A
J X
O i
Puc. 1.2
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OmnpenenseM TPOEKIIUN YCKOPEHUS TOYKH HA OCH KOOPIMHAT

a, =X= —rk? coskt, a,=y= —rk?sinkt. CnexzoBaTenbHo,

F,=mX = —mrk? coskt = —mk?x,

F, =my =—mrk?sinkt = —mk?y + mbk®.

Taxum o0pasomM, cuia F Ooyner HMETH BUI
F = —mk’OM + mbk?j = —mk*(OM —bj) = —mk*MA. CnenoBares-
HO, TOYKA JBMKETCS 110 OKPYKHOCTH pajuyca I ¢ IEHTPOM B TOYKE
(0,b) mox meficTBueM CHIIBI NIPHUTSDKEHMS, HAPABICHHON K LEHTPY

3TOi OKPYKHOCTH ¥ NPOHOPIHOHAIBHOM ee paauycy, F =mkr.

A T

P,

mg

n

Puc. 1.3

3agauya 2. Paguyc 3akpyrnenuss mocta B Touke A paseH R
(puc. 1.3). Haiitn gaBneHue aBTOMOOMIISI MACChI M, ABKYIIETOCS CO
CKOPOCTBIO U, Ha MOCT B TOUYKE A.

Pemenne. Cuntasi aBTOMOOWIIb MaTepHAIbHOW TOYKOH, BBEJIEM
€CTECTBEHHYIO cucTeMy KoopauHaT (puc. 1.3) m Bocmonb3yemcs
ypaBuenueM (1.6) B mpoexiuu Ha HopManbs Mu’/R=-N+mg, rue
N — HopMmanbpHas peakmust MocTa. Cuia HaBiIeHHs aBTOMOOMIIS Ha
MOCT, COTJIACHO TpeTheMy 3aKkoHy HpIOTOHa, paBHa MO MOMYIIO
N =m(g—u®/R) u Hanpapnena BHu3. Tak Kak 10 (QH3HYECKOMY
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cmpicny 3amaun N >0, To monydaem orpaHWYeHHE Ha CKOPOCTh

IBIDKEHUS aBTOMOOWIS U S«/Rg. IIpu u >~/Rg aBTOMOOMJTb OTO-

pBETCA B TOUKE A OT MOBEPXHOCTH MOCTA (B3JIETUT B BO3LYX).

OO0partHoii (MM BTOPOH, WJIH €€ ellle Ha3bIBaloT OCHOBHOM) 3a-
Jaueil TUHAMUKW Ha3bIBaeTcs 3afjada o0 OmNpeneNeHUH 3aKoHa JIBU-
JKEHUS TOUKH I10 3aJaHHBIM cuiIaM M Macce. i1t ee perieHus HeoO-
XOAMMO TpOHMHTErpupoBaTh ypaBHeHus (1.5) wmu (1.6). Ilpu unTe-
TPUPOBAHNY 3TUX YpaBHEHHUH MOSABATCS MPOU3BOJBHBIE TIOCTOSHHBIE
UHTErpupoBaHus. sl UX onpesneneHus: B yCIOBHE 3aa4d JAOJIKHbI
OBITh BKJIIOUEHBI JIONOJHHUTENbHBIEC NAaHHbIC, Ha3bIBAEMBIC HAYAIb-
HbIMU YClo8usMY 3aaun. B kadecTBe 3TUX ycIOBHUH OOBIYHO 3aja-
FOTCSI TIOJIOKEHHUE M CKOPOCTh TOYKM B HEKOTOPBIH (PMKCHPOBAHHBIH
MOMEHT BpeMeHH (HampuMmep, HadanbHbIH, pu t = 0). Tak, ecnu 3a-
Jlada peraeTrcs B MPOEKUUAX Ha OCH JEKapTOBOW CHCTEMBI KOOP/H-
HaT, TO I[P UHTETPUPOBAHUU CUCTEMHI (1.5) B cilydae mpou3BOJIbHO-
IO NMPOCTPAaHCTBEHHOTO ABHXXKEHHS TOUYKU IOSIBSATCS LIECTh IIPOM3-
BOJIBHBIX TOCTOSIHHBIX (TpH ypaBHEHHs, MPUYEM KakJ0€ BTOPOTO
nopsiaka). s ux onpezneneHrss HEOOXOAUMO 3aJaTh HIECTh JOIOJI-
HUTEJbHBIX YCJIOBUH, HAllpUMeEp, MOJOXKEHHUE TOYKU B HAYAJIbHBIH
momeHT Bpemeru t=0:x(0) =X,, y(0)=Y,, z(0) =z, u ee ckopocTsb
X(0) =gy, Y(0) = Vo, 2(0) =V,

Penrenne oOpaTHOH 3aauM TpeACTABISET [MO4AC 3HAYUTEIb-
HBIE CIIO)KHOCTH, CBSI3aHHBIE C MHTETPUPOBaHHMEM cHCTeMbl audde-
pPEHLMAIBHBIX ypaBHeHHH. B olmem ciaydyae ygaercss MOIydYUTb
JUIIb TPUONIMKEHHOE pelleHHe C NMPUMEHEHHUEM YHCIEHHBIX METO-
noB Ha OBM. B KaxIoM KOHKPETHOM Ciiy4ae, B 3aBHCHUMOCTH OT
Buna pynkumn F=F(t,X,Y,2,X,Y,2) u THna aBrwkeHus (Hanpumep,
IJIOCKOTO WJTH MPSMOJMHEHHOT0), 3a7a9a MOXKET OBITh 3HAUUTEIIHHO
ynpoieHa. Crioco0bl MHTETPUPOBAHUS IJI1 HEKOTOPBIX THUITHYHBIX
3aj1a4 gaHsl B npwi. [11 u npeacTaBisioT cBeleHUS YUCTO MaTeMa-
THYECKOTO XapakTepa. UTo xke kacaeTcs peleHus 3aad B [IeJI0M, TO
oOmIrie peKOMEHJAIMM W TIOJIE3HBIE COBETHI JIaHBI B CIEAYIOIIEM
MyHKTE.

OtMeruM (cM. Taroke 1. 1.1 neknuu 1), 9To He Bce 3amaum au-
HAMHKH TOYKH CBOJSATCS K MPSIMBIM WM 00paTHbIM. YacTo BcTpeua-
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IOTCA 3ala4i, B KOTOPBIX U3BCCTHA JIUINb YaCThb CHII, I[CﬁCTBymn.[PIX
Ha TOYKY, HO 3aTO IIPU 3TOM HACTCA KaKasA-TO HOIIOJHHUTEJIbHasA WH-
q)OpMaHI/Iﬂ O JBIDKCHHH ITOM TOYKH. HaanMep, B ClIyda€ HECBO-
6OI[HOI‘ 0 ABUIKCHHSA TOYKHU MOTYT OBITh 3aJJaHbl aKTHUBHBIC CHJIbI U
IIpH 3TOM U3BCCTHA TPACKTOPHUA €€ NIBHKCHUA.

3apaua 3. Touka M maccel M CKaTHIBACTCS IO TJIAJKONH BHYT-
pEeHHEH MOBEPXHOCTH TMOJIOTO MUIMHIApa paamyca R 6e3 HadambpHOI
ckopoctH (puc. 1.4). Onpeaenutb CKOPOCTh TOUKH U €€ TaBICHHE HA
MOBEPXHOCTH B 3aBUCUMOCTH OT yIJIa @.

Puc. 1.4

Pemenue. PaccMoTpuM JBUXEHUE TOYKA M B IPOU3BOJIBHBIN
MOMEHT BPEMEHH, COOTBETCTBYIOIIMH yriy ¢. Ha Hee Oyner nmeid-
CTBOBATh CHJIa TSDKECTH MJ W HOpMalbHasg peakius HWINHApUYe-

ckoii noBepxHocT N. CienoBaTtensHO, BTopoii 3akoH HeroToHa (1.4)
3anmuineTcss B Buae Ma=mg+ N, wix B mpoekuusix Ha OCH Kaca-

TEJILHOM T 1 HOpMaJIn N B BUJIE:
dv ) .
r:mazmgCOSgo, n:mv°/R=-mgsing+ N. (1.8)

3aBUCUMOCTD V=V(¢) MOJy4YUM H3 TMEPBOrO ypPaBHEHUS CH-
cremsl (1.8). [l aTOrO 3aMeTHM, 4TO
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CriemoBaTeIbHO, :LZ =2gRcos¢ . UnTerpupyst 3T0 ypaBHEHHE
@

¢ ydyeroM HauyanpHbix ycnoBud  V(p=0)=0, mnomyuum

V(@) =2Rgsing, mu V(p) =,/2Rgsing .

JaBnenue Touku M Ha MOBEPXHOCTb IMJIMHAPA, COTJIACHO Tpe-
TheMy 3aKOHy HbIOTOHA, paBHO ¢ TOYHOCTBIO 10 3HAKa CHJIE peak-
IIMH ATOW TIOBEpXHOCTH. [o/ICTaBIIsAs BO BTOPOE YPaBHEHUE CUCTEMbI
(1.8) BeIpakenue i V(@), NOTydUM

N (@) =mgsin @+ 2mRgsing/ R =3mgsin ¢.

3aMeTuM, 4TO B HIDKHEH TOUKe IWIMHApA, IPU @ = zl2, nas-
neHue Ha Hero Oynet paBHo 3mg. Ecmu 6b1 Touka M mokowmnack, TO

JaBJICHUE €€ Ha IWIMHIDP B 3TOM MecTe ObUIO OBl paBHO, OYEBHIHO,
Mg . Takum o6pa30M, JUHAMHUYECKOE JaBJICHUE IPU ABMOKCHUU TeJIa

MOKET CYHIECTBCHHO (B HameM ciiydac B TpU pa3a) OTJIMYAaThCA OT
CTATUYCCKOI'0 AaBJICHUS IIPH €TI0 IMOKOEC.

1.5. PexoMeHaanuM K pelieHUI0 00paTHBIX 3a1a4
AUHAMHUKH TOYKH

Ilpu pemeHNMHM KOHKPETHOW 3a/lauM NPEKIE BCEr0 HY)KHO BbI-
Opatb cucteMy KoopauHat. Yarie Bcero yao0HO MCIIONb30BATh Mpsi-
MOYTOJILHYIO JIEKapTOBY CUCTeMy KoopauHat. OJHaKO eciiy M3BeCT-
Ha TPAeKTOPHS JBWXKCHUS MaTEepPHANTBbHOW TOYKH, TO MPEIIOYTH-
TENbHEH MOXXET OKa3aTbCid EeCTECTBEHHAsh CHCTEMa KOOpIWHAT.
Yaauaelii BEIOOp Hadajga CHUCTEMBI W HAIPaBJICHHUHN €€ OCeH TakKe
MOJKET CYIIECTBEHHO YIPOCTUTH XOJI pelieHus 3axaun. Havano cu-
CTeMBbl KOOPJMHAT YacTO COBMEINAIOT C TMOJIOKEHWEM TOYKH B
HayvalbHBII MOMEHT BpPEMEHH, a HallpaBJICHUE OJHOW U3 oceil — C
HaTpaBJICHUEM BO3MOXHOTO JBIbKeHHs. [Ipu xonebaTeIbHOM JIBU-
KEHUU TOYKH (Tpy3uKa Ha NMPYXHHE) Hadajo ocu yaoOHee OpaTh B
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TTOJIO’KEHUH €€ TIOKOS, a CaMy OCh HAaIlPaBIIATh B CTOPOHY YAJTHHEHHS
MIPYKUHBI.

Hanee HeoOX0AMMO B MPOU3BOJIBHBIN TEKYIIMH MOMEHT BpeMe-
HU U300pa3uTh MaTepHaJIbHYIO TOUKY U YKa3aTh BCE CHJIBI, KOTOpPbIE
Ha Hee JeicTByIoT. O0sA3aTeNbHO HY)KHO YYeCTb, 9TO BTOPOI 3aKOH
HrroTona crpaBemmuB mis CBOOOTHOW MaTepwaibHON TOUkH. [lo-
3TOMY HY>KHO KpOME aKTMBHBIX CHJI YKa3aTh €Il U BCE CHJIBI peaK-
WA CBs3el. 3aTeM ciefayeT B BEKTOPHOM BHJE HAIMMCATh BTOPOH

3akoH Herorona ma=F = ZF , BKJIIOYUB B 3Ty CYMMY BCE aKTHB-
k

HBIE CUJIBI M PEaKLIUHU CBA3CH.

Bceinen 3a 3TUM HY’KHO CIIpOELIMPOBATh BTOPOH 3akoH HeroToHa
Ha BbIOpaHHBIE OCHM KOOPOMHAT W IONy4uTh cuctemy /1Y B Buze
(1.5) mmm (1.6). Ilpoexmuu CuI HYKHO TIPH 3TOM BEIPAa3HTh Yepes
BXOJSIIIUE B 3Ty CHCTEMY NIepeMEHHBIE (B 00ILEM cilyyae uepes Bpe-
ML, TIOJIOKEHUE TOUKU U €€ CKOPOCTH ).

IIpexne yeM UHTErpUpOBaTh MOIYYEHHYIO CUCTEMY YPaBHEHUH,
HYXHO TIpeIBapuUTeNbHO c(HOpMYIMPOBATh HAdalbHBIE YCIOBHA 3a-
Jayn. Yucio 3TUX yCHOBUM JOJKHO PaBHATHCS YUCITY MPOU3BOJIb-
HBIX TIOCTOSHHBIX HHTerpupoBaHus. CKakeM, NpH ONpeAe]ICHUU
IUIOCKOTO JIBWKCHUS! TOUKU B MPSIMOYTOJIBHOM JEKapTOBOW CHCTEME
koopauHat OXYy HYKHO 3a/JaTh 4YEThIPE YCJOBHS, HampuMmep,

HavanpHoe  monoxenue  X(0), y(O)m  HavyanmbHYI0  CKOPOCTb

x(0), y(0) .

Crnenyronuii 3tam — 4YUCTO MareMaTuueckuid. HeoOxoammo
MPOUHTETPUPOBATh IMOJNYYeHHYIO cucreMy JY 1mpu 3agaHHBIX
HayalbHBIX YCJIOBUSX. 3ECh MOKHO IOJIb30BAThCS KaK OMpeaeeH-
HBIMU WHTETpajgaMH, HaXo[Is Mpeeibl MHTETPUPOBAHUS IO HAYAJb-
HBIM YCJIOBHUSM, TaK U HEOIpEJEIEHHBIMUA UHTETpajiaMu. B nocnen-
HEM clly4ae HYXHO MCKaTh 00Illee pelIeHue 3aa4u, B KOTOPOe BOH-
IyT TIOCTOSIHHBIC WHTETPHUPOBAHWS, W BBIPAXKATh ATH ITOCTOSHHEIE
yepe3 HavyallbHble yCJIOBUsS. Tak MM MHAYe, HAXOJIUTCA 3aKOH JBU-
JKEHUsl MaTepUaIbHOM TOYKM — TO €AMHCTBEHHOE pELICHHUE 3a/layH,
YAOBIIETBOPSIIONIEE BCEM HAaUaJbHBIM YCIOBHUSIM 3aJaUH.

N3 3akoHa JBWXXEHUS MATEPUAIBHOW TOYKHM HAXOIATCS U
OCTaJIbHBIE HEU3BECTHHIC BEJIMYUHBI, TPEOYyEMbIE B YCIOBUH 33J[a4H.
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TakoBeIMH MOTYT OBITh, HapUMeEp, TPACKTOPHS JBIDKEHUS, Jajb-
HOCTP U BBICOTA TIOJIETA, JIN0OO MAKCHMAIBHOE PACTSKEHUE TIPYKUHBI
B 3371a4ax O KojieOaHWU Tpy3a | T.1I.
Cdhopmynupyem emie pas, OUYeHb KPaTKO, OCHOBHBIE 3TaIlbl pe-
IIeHUS 3a/1a9H:
1) yna4Ho BbIOpaTh CHCTEMY KOOP/AMHAT;
2) n300pa3uTh BCE aKTHBHBIC CHIIBI U CHJIBI PEAKLMH CBS3CH B
MIPOM3BOJIBHBII MOMEHT BPEMEHH;
3) mamucath ypaBHeHHe HbIOTOHA B BEKTOPHOM BHJIE, CIIPO-
e[MpOBaTh €ro Ha OCH KOOPAUHAT U BBIPA3UTh HMPOCKIUHU
CHJI 4€PE3 NCKOMBIC BCJIMNYUHBI,
4) chopMyTUpOBaTh HaYaIbHBIC YCIOBHUS 331a4H;
5) mpouHTErpupoBaTh MONYyYCHHYIO cucTemy JIY mpu 3amaH-
HbIX HaYaJIbHBIX YCJIOBHAX U HaWTH NCKOMbIE HEN3BECTHEIE.
PaccMoTpumM Tereph HECKOIBKO MPUMEPOB PEIIeHUs] 0OpaTHBIX
3aJ1a4 ¢ UCTIOIh30BAHNEM yKa3aHHBIX BEIIIEC PEKOMEHIAIINH.

3agaua 4 (OBIKEHHE TOYKH, OpOIIEHHOW TOJ YIJIOM K TOpH-
30HTY). Temo maccel M OpOIIEHO MO YIIOM & K TOPH30HTY C
HaydalbHOM CKOpOCTBIO V,,. IIpeHeOperast conpoTHBICHUEM CPEbl U
cunTasd AJaJbHOCTH IIOJIETa W BBICOTY HaJl 'OPU30HTOM MaJIBIMHU I10
CPaBHEHHIO C PagulycoM 3eMJIM, HaWTH 3aKOH IBIKEHHS, TPACKTO-
pHI0, NaTBHOCTH U BpeMsI 10JIETA, a TAKXKE BBHICOTY TPAEKTOPHH.

y

Vo M

Puc. 1.5
19



Pemenne
1. Boibepem cucremy koopaumHat OXy, Kak MOKa3aHO Ha

puc. 1.5.
2. Ilo ycnoButo 3a1a4u €TUHCTBEHHOM CHIION, AEWCTBYIOMIEH Ha
teno (touky M Ha puc 1.5), sBiseTca Bec Teia Mg, OpuueM (

MOXKHO CUUTATh MOCTOSHHOW (TaK KakK JaJIbHOCTh IOJIETa M BBICOTA
TPaeKTOPUH MaJbl IO CPABHEHUIO C PAAIYCOM 3eMITH).
3. Bropoii 3akon HeloTOHa Torna 3amumieTcst B BUjge ma=mg,

wim a=¢ (Tak Kak Macca COKpaTWIach, TO OT Hee He OyIyT 3aBH-

CeTh KMHEMAaTHYeCKHe XapaKTePHUCTHKH). B MpoeKkmsax Ha ocH Ko-
opauHar OyxeMm umeth X=0, V=-(g.

4. HavanpHBIMU yCHOBUSIMH Ui TonydeHHbIX Y Oynyt
x(0) = y(0) =0, x(0) =v, cose, y(0) =V, sina.

5. Unterpupys 1Y, nonyuum X=C,, y =—0gt+C, . Tak xax npu
t=0:x(0)=v,cose, y(0)=V,sina, To C, =v,cosx,C, =V,sine.
CnenoBarensHo, X=V,C0Sq,y=—Qt+V,Sinc. HWuterpupys yxe
3TH ypaBHEHUSI, TIOJTy4aeM

X(t) = (v, cose)t + C,, y(t) =—gt* /2 + (v, sina)t + C,.

[Mocrosubie C,, C, naiinem n3 ycnosuit X(0) =y(0)=0. Cne-
nosarenbHo, C, =0,C, =0. Takum 00pa3oM, 3aKOH JIBUKEHHUs Tella
(Toukn) OyJeT UMETh BHT

X(t) = (v, cosat, y(t) =—gt* /2 + (v, sina)t .

OmpenenuM Tenepb TpeOyemble XapaKTEPUCTHKH JIBHIKCHHS.
Hckimoyas 3 Moy4eHHbIX YPaBHEHUH JBIKCHUS BpeMs t, Toydnm
ypaBHEHHE TpaekTopuu Y = Xtga —gx’ /(2v; cos’ @). Dto ypasHe-
HUe 1apabojibl ¢ OChIO, mapaienabHoi ocu Oy. JlampHOCTH mojieTa
omnpezenum, roiaras B ypaBHeHun tpaektopun Y =0. M3 ypaBHe-
nust X(tgar — gx/(2V; cos® r)) =0 nonyuaem

x =0, X, =2V cos’ atga/ g =V sin2a/ g.
[lepBoe perieHre cOOTBETCTBYET Hayaly IBHXKEHUS, a BTOPOE —

MOMCHTY IMpPU3CMJICHUSA TOYKHU. To ectb JaJIbHOCTh  I10JIETA
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L=VvZsin2a/g. Beicoty H TpaeKTOpHMM TOTyYHM, MONaras B ypaB-
Henuu Tpaektopuu X=L/2. Torma H=V.sin’a/g. U, nakouern,
BpeMs IOJIeTa OMpeenuM u3 paBeHcTBa L =(V, COSa)t. 3amenss B
HeM L ero 3nauenuem, nomyunm T =2v,Sina/g.

OTmeTnM, YTO NOITy4YeHHbIE (POPMYIBI JAIOT XOPOILIEE COBIAIe-
HUe Ut oneToB paket npu L =~ 200-600 km. B 3TOoM ciiyyae ocHOB-
Has 4acTh IOJIeTa MPOXOJUT Ha BBICOTE, I/IE YXKE CONMPOTHUBIICHHUE
BO3yXa MPEHEOPEKUMO MaJl0 U BMECTE C TEM elle He TpeOyercs
YUUTHIBAaTh U3MEHEHNE YCKOPEHMSI CBOOOIHOTO IMAAEHUS C BBICOTOM
oJieTa.

3anaua 5 (pantactuueckuii mpoekt). s HepeBO3KH IPy30B U3
HoBocubupcka B Ilapmx mpennaraercsi mpopsITh CKBO3b 3EMITIO Ka-
HaJl ¥ OTIIOJIUPOBATH €ro CTeHKH (puc. 1.6).

N
112 X

)%

LA H

D NN,

Puc. 1.6

Hoenet mu rpy3 no Iapuxa? Eciau na, To o KakoMy 3aKOHY OH
OyZeT ABUraThCs, CKOJIBKO BpEMEHH OH OYZAET exaTh M C KaKOW CKO-
pocthio mpuezer B [apmxk? Cumraem, uto u3 HoBocubupcka rpy3
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HAUYMHAET JIBIDKCHHE C HYJIEBOW CKOPOCTBIO, pajnyc 3eMIIH
R = 6370 kM, a cuia MPUTSHKCHUS HAMpaBlieHA K LEHTPY 3eMIIH U
paBHa F=mgr/R, roe m — macca rpysa, I =MC — paccrosiHue ot
Hero 710 HeHTpa 3emun. TpeHueM o CTCHKU KaHajia mpeHeOpeyb.

Pemenue

1. JIBmwkenne, O4YCBHIHO, MNpsMojuHeiHoe. Hawano otcuera
nomecTM B HoBocuOupcke, a och X HallpaBUM BJOJIb KaHaja B CTO-
pony Ilapmxa.

2. Ha rpy3 M, xoTopblii OysieM cYuTaTh MaTepUaIbHON TOYKOM,
B MPOW3BOJILHOM €ro IMOJOKEHUH OyAeT JeicTBOBaThH cuia F mpu-
TSOKEHUS 3eMITH U HOpMaTbHAas peakiius riaaakoro kaHana N.

3. YpaBuenne HrproTona 3anmmertcs B Buge ma=F+N. Cmpo-
eKTUpyeM ero Ha och X : MX = F cosa = mgrcosa /R u Bbipasum
MPOCKIMH CHJT Yepe3 BelnmuuHy x: rcosa =1/2—x, rae | — paccro-
ssaue oT HoBocubupcka no IMapwxka. [Tomyunm AY:

mX=mg(l/2-x)/R,wm X+(g/R)x=9l/2R.

BuauM, uTo Macca cokpatuiiack. ITo 03HaYaeT, YTo AJIS JTIOOBIX
Ipy30B JABWXEHUE Oy/IeT OHUM U TEM Ke.

4. HavansHbIMHU YCIIOBUSAMHU oynyT CIIEYIOIINE:
x(0)=0, x(0)=0.

5. Kak u3BecTHO U3 Teopru OOBIKHOBEHHBIX /1Y, olmiee pemie-
HHe nosrydeHHoro /1Y Oyner uMetb BUI X =X, + X,, , TAe X, — o0riee
pelieHue COOTBETCTBYIOIIIETO OJTHOPOJTHOTO YpaBHEHHS
X+(9/R)x=0; X, — HEKOTOpOE 4aCTHOE PEIIEHHE MOIHOIO ypaB-

uenust X+ (g/R)X =gl/2R (upwun. I11). Torna

X, = Acos(a/g /Rt) + Bsin(a/g /Rt),

rae A u B — npousBonbHbBIE ocTosiHABIE (Tipwit. [11). s Haxoxne-
HUs YaCTHOI'O PELICHHsA X, HEOAHOPOLHOIO YPaBHEHUS BOCIIONbB3Y-
eMcs TeM, 4YTO ero IipaBas dYacThb TocTtosiHHAs. Ilomaras
X, =C =const, HemocpeICTBEHHOW IOJICTAHOBKOW HAXOIUM, 4YTO

X, = | /2. Takum o6pa3zom, 00lIEE pEIIEHUE UMEET BUJL

x=Acos(«/g/Rt)+Bsin(«/g/Rt)+I/2. (1.9

22



Jlnst HaxoxkaeHus mocTostHHbIX A 1 B M3 HavanpHbIX ycinoBuit
3a1a9u x(0)=0, x(0)=0 noyryyaem JiBa YpaBHECHHS:

0=A-1+B-0+1/2 u 0=-AJg/R-0+Byg/R-1+0. 3uaunr,

A=-1/2,B=0. 3akoH IBIWKeHHS rpy3a, TakuM oOpazom, Oymer
UMETh BUJI

X= I(l—cos(,/g /Rt))/2. (10)

IIpoananusupyeM mnomnydeHHoe peumieHue. llpexnae Bcero,
ormernm, 4to npu €0S(y/g/Rt)=-1, x=I. D10 03Hauaer, 4TO rpy3

no IMapmwxa noenet (1), npuuem 3a Bpems 1, onpexnenseMoe paBeH-

cteom  cos(y/g/Rt)=-1. To ects g/Rt, =7, wm

t = m/R/ g= 3,14«}6370 -10%/9,8 ~ 42 MuH. HHTEpeCHO OTMETHTH,

yto BpeMs t; He 3aBucuT oT paccrosHus | (uto mo Ilapmxka, uro g0

Jlonmona, uro 1o Omcka — rpy3 mpudyneT yepe3 To ke Bpems). Cko-
POCTb, C KOTOPOH rpy3 JoeJieT, Oyner paBHa

v, =X(t,) = —Iafg /IR cos(,/g /Rt) =0. Ilpu 3TOM, KaK 3TO BHIHO U3

ypaBHenus (1.10), ecnu rpy3 He 3a0patk B [lapmke, To OH moeneT
obpatHo B HoBocuOupck.

Bomnpocs! AJisi CAMOKOHTPOJIsI

Yro nzyyaercs B TMHAMUKE?
Kakue ocHOBHBIE 3a/1a41 TUHAMUKHN ?
B uem cyTh 3akona uHepimu ["anmumnes?
Kakue cucrembl OTcueTa Ha3bIBalOT WHEPLHUAIbHBIMHU, a
KaKUe HEMHEPLUAIbHBIMU?

5. Kaxk cBs3anbl MeXIy co00W ABE MHEPIHUATLHBIC CHCTEMBI
orcuera?

6. Ilouemy cucremy oTcyera, CBSI3aHHYIO C 3emiied, B 0OJb-
IIMHCTBE CIIy4aeB MPHUOIMKEHHO TPUHUMAIOT 33 HHEPIHAIBHYIO?

7.  CdopmynupyiiTe yclIOBUS, IPH KOTOPHIX CIIPABEAIUB BTO-
poii 3akoH HeloTOHA.

NS
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8. B uem cocTOWT MPUHIIUT CYMEPIIO3UIINN JICHCTBUS CHII Ha
TOUKY?

9. TIlouemy Macca TOUKH SIBISETCS MEPOH ee HHepLUH?

10. Kak mpumMeHsTH BTOpOil 3akoH HbloTOHA, ecnu ABHKECHUE
TOYKH HECBOOOIHO?

11. B 49eM COCTOWT IPHWHIMIT OTHOCHTEILHOCTH KIACCHICCKOM
MEXaHUKH?

12. Jlns gero HyxHBI auddhepeHIraIbHbIe YPaBHEHUS JIBUKE-
HUS TOYKHU?

13. CdopmynupyiiTe npsmMyto 1 oOpaTHYIO 3a1a4d TUHAMHUKH
Toukd. Bee nu 3a1aun AMHAMHUKH TOYKH CBOJSTCS K 9TUM IBYM?

14. Tlepeuncnute OCHOBHBIE dTalbl PEIICHUS OOpaTHOW 3a1a4n
JUHAMHMKH TOYKH.

15. JIns yero HEoOXOAMMO 3aJaBaTh HavajbHBIC (IOIMOJHU-
TENBbHBIE) YCIOBHUS MPHU PEIIeHn: OOpaTHOM 3ajadil TWHAMHUKH TOY-
ku? CKOJIBKO TaKHMX YCIOBUH TpeOyeTcs 3a/1aBaTh?

YnpaxueHusi

¥.1. Ha temo maccel M, jexaree Ha TOPU30HTAIBLHON TIOCKO-
CTH, JACHCTBYET MOCTOsIHHAs cuiia F mox yriiom o k ropu3onty. Ko-
sddurent Tpenus f. Haiimure 3aKOH JBWKECHHS Teja, €CIA B
HaYaJIbHBI MOMEHT BPEMEHHU OHO ITOKOMJIOCH.

¥.2. Cuna conmpoTHUBICHUS BO3AyXa, JACHCTBYIOIIAS Ha KaIUIH
TyMaHa, MPOIMOPIMOHATIbHA MPOU3BEACHUIO Paauyca Ha CKOPOCTH:
F =arv,a=const. Kammm paguyca r=0,1Mm, mamas ¢ O01bIION

BBICOTHI, Y 36MJI UMEIOT CKOpOCTh OKojJo 1 M/C. Kakyro ckopocTb
OyZAyT UMETh KaIlIy, paJuyc KOTOPBIX B 1Ba pa3za MeHblIe? B necsts
pa3 MeHble?

¥.3. Uepes kakoe BpeMs CKOPOCTH Telld, KOTOPOMY COOOIITIIIH
BBEPX I10 HAKJIOHHOH TUIOCKOCTH CKOPOCThH V, CHOBa OyJeT paBHa V?
Koa¢pduument tpenus f, yron Hakimona miockoctu o, tga > f.
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Jexuus 2. MPSIMOJIMHEMHBIE KOJIEBAHUS TOYKHA
2.1. Kone6anus B npupoae M TeXHUKe

KonebarenpsHoe aBmxeHne SBISETCS OJHUM U3 CaMbIX PacIpo-
CTPaHEHHBIX THUIIOB ABWXEHUI. MBI )KMBBI, I0Ka ObETCS Hallle Cep.-
e — T.€. COBepIIaeT KojaebaTeIbHOe ABIKCHHUE, CIBIIIM MBI OJ1aro-
maps KoyieOaHusIM OapaOaHHBIX INEPETOHOK, pa3roBapuBaeM — Oia-
rogapsi KojaeOaHUsAM I'OJIOCOBBIX CBS30K, HAKOHEI, BCE Mbl COCTOMM
U3 aTOMOB, KOTOPbIE TOXKE COBEpPLIAIOT KoJeOaTelIbHbIe JBHKCHUSI.
MHorue siBJIeHuUs] TPUPOJIBI UMEIOT KOJIe0aTeNnbHbIN XapaKkTep — MpH-
JIMBBI-OTJIMBBI, CMEHa BPEMEH rojia, CyTOYHOE BpalleHUEe 3eMIIH.

Cpenu TEXHHYECKUX YCTPOMCTB KOJCOAHUSAM IOJBEPIKEHBI MO-
CTBI, TICPEKPBITUS 3[IaHHUH, TPYOOIPOBOIBI, KPBUIbS CaMOJIETOB, JIO-
naTky TypOomammuH U T.4. B 3TuX mpumepax konebaHusi Hexena-
TEJIbHBI, TAK KaK CO3AAI0T NPSAMYIO yIpo3y MPOYHOCTH KOHCTPYKIIHH.
JocraToyHO BCIOMHUTH O Tparenuu Takomckoro mocrta (CILA,
mrat Bamuarron, 1940 1.), KOTOPEI BCKOpe TIOCIIE BBOJA B DKCILTY-
aTalUI0 HavyaJl MHTEHCHBHO PAaCKa4MBaTBHCS IMOJ ACUCTBHEM IIOCTO-
STHHOTO BeTpa U 3aTeM pyxHyJ. Konen meda cratyn Pogunsi-marepu
Ha MamaeBoM KypraHe B Bosirorpaze B IepBOHa4aJIbHOM €€ UCIIOJI-
HEHMH IIPU CKOPOCTH BeTpa 6—8 M/C coBepiIall KoueOaHus ¢ aMILIu-
Tynoi 50 cM. AKTyaslbHOU TIO cell JieHb sBJIsieTCs Mpobiema BUOpa-
OUH JIOIIaTOK Typ60Maan, HalpuMep, MaXTHBIX BCHTUIIATOPOB,
JUIMHA JIONATOK KOTOPBIX JOCTUrAET TPEX METPOB.

Konebanus Moryt HapymaTh HOpMajbHbIE YCIOBHS IKCILTyaTa-
LMY — 3HAYMTENbHbIE BUOPALMU MPUBOJIAT K HEKAUYECTBEHHOM pabo-
T€ CTAaHKOB MpH 00paboTKe METayIoB, KOeOaHusl MPHOOPOB — K He-
TOYHOCTH B UX padote. KoneOaHUs MOI'YT TakxKe OKa3bIBaTh BPEAHOE
BJIMAHKUEC HA OPraHMU3M YCJIOBCKA. I/ISBGCTHO, 4YTO BpCAHBIMU ABJIAKOT-
cs mpoeccuu, CBA3aHHBIE C PabOTOI BUOPATOPOB, BO MHOTHX CTpa-
HaX MY3bIKaHTaM 3alpelIeHO WrpaTh Ha ONpPEIeNeHHBIX YacTOTax
(3BYK — 3T0 BeJb KoJieOaHHs BO3AyXa), MHOTHE MACCAKUPBI UCTIBITHI-
BalOT MOPCKYIO 0OJIe3Hb NpHW TOMaJaHuH Kopalis B IITOPM, MPO-
OnemMa yMEHbBIICHHS YPOBHS LIyMa TaKKe CBs3aHa C €ro BPEIHBIM
BIIMSTHUEM Ha OPTaHU3M YEJIOBEKa.
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WNnorga xomebaHWS HMCKYCCTBEHHO BO30YXKIAIOT C TOMOIIBIO
BHOPAIIMOHHBIX MAIlINH, KOTOPBIE TEHEPUPYIOT HYXXHBIE JUIS CO37a-
HUS KosiebaHuil cuibl. Jlnana3zoH MOIIHOCTEW TaKWX MAallllH HCKITO-
YHUTENBHO MIMPOK — OT JIOJIEH BaTTa Y KPOLIECYHOTO 3yOOMPOTE3HOTO
Oopa 710 THICSY KWJIOBATT Y TSHKEIOTO BUOPALIOHHOTO JIEIOKOJIBHOTO
cyznHa. [IpumepaMu MCIIONIB30BaHUS BHOPOMAIINH SIBISIFOTCS TAKXKe
BUOpOIIOTPY)KEHHE M BHOpPOBBICPTUBAHUE CBail, W3MENIbUYCHUE,
IpobJieHNe W YINIOTHEHHE MaTepHalioB (HampuMep, YKIaaKka OeToH-
HOTO TIOKPBITHSA), BHOPOTPAHCIIOPTHPOBKA CHIMYYHX MAaTepHAaIOB,
BUOpalMoHHass 00paboTKa METaNIOB C LENbI0 YIPOYHEHHS UX II0-
BCpXHOCTCfI, HCIOJIb3YEMbIC B MCIOUIIMHC BI/I6pOTepaHI/I$I JJ11 BOC-
CTAQHOBJICHHSI KPOBSIHOTO IaBJICHHUS, BHOpoOMaccax, (pu3nojcUeHUe
(manpumep, Toku bepHapa).

Mpl mpuBeNd MHOTO TPUMEPOB KOJIEOATEIBHBIX JBHKECHHH.
OnHako ecmy MBI HA4HEM BBLICHSTB, noYem)y TPOUCXOAAT Koseda-
HHS, TO OKa3bIBAETCS, YTO PAa3HBIX IO CYIIECTBY TUIIOB KoJeOaHMIt
HE TaK YK U MHOTO M OHHU TOIJIAIOTCS TEOPETUYECKOMY H3YUEHHIO.
Bonee toro, MHOTHE (HO HE Bce!) 3aKOHOMEPHOCTH KOJIeOATETHHBIX
MPOLIECCOB MOKHO BBISIBUTH HA MPOCTEUIIEM NPHMEpPEe — TPSIMOIIH-
HEHHBIX KoJieOaHMii TPy3rKa Ha MPYKUHKE.

2.2. CBoOoaHbIEe He3aTyXalolue KoJaedaHusi
(0e3 yuyeTa CONPOTUBJIEHUS CPeIbl)

IIpu paccmoTpernu KonebaHuid Tpy3uKa Ha MpykuHKe (puc. 2.1)
MpPUMEM €r0 3a MaTepHaJbHYIO TOYKY M MPEHEOPEKEM BECOM Ipy-
*UHKHA. He OyJieM Takke B 3TOM IyHKTE YYUTHIBATh CHUITy COIPOTHB-
nenus Bo3ayxa. Kpome toro, Oyzem cHayanga cyurTaTh, 4YTO CHIJIA TSi-
XKecTu Ha Tpy3 He JeiictByer. Ocs OX HampaBuM B CTOPOHY YIUTH-
HEHMS TPYKUHBI, a Hayajao ocd O BO3bMEM B IIOJIOKEHUH paBHOBE-
cus rpysa. Toraa Ha rpy3 IeliCTByeT €AMHCTBEHHAs CHIIa — 3TO CHJIa
peakuuu TNpyKUHbI F, KOTOpYIO Ha3bIBAIOT 60CCMAHABIUBAIoOuel
CHJIOW, TIOCKOJIbKY OHa CTPEMHUTCS BEPHYTh I'PY3 B MOJIOKEHUE PaB-
HOBeECHSI.
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Cuna F mampaBnena x meHTpy kosieOanuwii O M paBHa IO MO-

JTYIIEO
F=c-Al (2.1)

rae ¢ — K03(Q(UIMEHT JKECTKOCTH MPYKUHBI (OH YUCICHHO paBeH
cuiae, HeOOXOIUMOW ISl PACTSDKEHUS NPYKUHBI HA OAWH METP);

Al =1 -1, — nepopmarmst npyxuHsI.

B BbIOpaHHOW HamMM CHCTEME KOOpAMHAT, OoueBHIHO, Al =X
(cm. puc. 2.1) u mb1 momywaem Y (1.5) aBmkeHust Touku (Tpys3a) B

IPOEKLUH Ha OChb X B BuAe MX=F,, umu

mX = —CX. (2.2)

[ens obe yactu ypaBHeHus (2.2) Ha Maccy M u BBOJs 0003Ha-
YeHne

c/m=k?, (2.3)
MPpUBCACM €TO K BUOY

X +k*x =0. (2.4)
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Ypasuenue (2.4) mpencrapiser coboi /Y ceob6ooHbix Koaeba-
HUti npu omcymemeuu conpomuenenus. Ero obiiee pemieHne nMeeT
BUJ (cM. ipui. I12)

x =C,sinkt+C, coskt, wm x = Asin(kt+ ), (2.5)

rae C,, C,, unm, COOTBETCTBEHHO, A, @ — MOCTOSHHBIE UHTETPUPO-

BaHMA. Takoe NBWKEHHWE MaTepUabHOW TOYKH HA3bIBACTCSA 2apMO-
Huyeckumu konebanusmuy. I'paduk Takux KosneOaHUN NpUBElEH Ha
puc. 2.2.

T
A L
H [
Asina t
-A L
Puc. 2.2

Bennunna A, paBHas MakCHMaJbHOMY OTKJIOHEHHIO TOYKH OT
MOJIOKEHHST PABHOBECHSI, HA3bIBACTCS amnaumyoou xkonebanut. Be-
mnunHa @ =kt+a HaseiBaeTCs (hazou Konebanuil, TPU STOM
o(0)=a — nauanvnoli ¢asoii xorebanui. Bennmunny K Ha3pIBaioT

yacmomotu konebanuii. IlpomexyTok BpemeHu 7, B TeUeHHE KOTOPO-
ro COBepHIaeTCS OJHO IOJHOE KoyieOaHue, Ha3bIBACTCs nepuooom
xonebanui. Ilo ucredennn nepuona ¢aza JOHKHA W3MEHUTHCS Ha
27z, moatomy KT =27, oTkyna

T =27/k. (2.6)
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Haiinem Temeps 3HaUEHUS MMOCTOSHHBIX A M . CUHTAsA, 9YTO MPH
t=0:x(0) =X,,V, =X(0)=V,, T.e., 3a1aB Ha4YaJIbHOE MOJIOKEHHUE U
HavyaJlbHYIO CKOpOCTh rpy3a, MIOJIyYUM u3 (2.5
X, = Asina, v, = Ak cosa . CienoBatesbHO,

Azaij +V2IK?,  tga =kx/V,. 2.7)

U3 (2.3)—(2.7) cnenytoT nBa BaKHBIX CBOICTBAa CBOOOIHBIX KO-
ne0aHuii:

1. Ammmutyga w HavyanbHas ¢a3a KojeOaHWH 3aBHCIT OT
HayYaIbHBIX YCIOBHI 3a/1a4H.

2. Yacrota u mepuon KoneOaHHMI HE 3aBHCAT OT HaYabHBIX
YCIIOBUH 3a7a4ll M MOJHOCTHIO ONPEICISIIOTCS MapaMeTpaMy camMoi
KoJe0aTenbHON CUCTEMBI (B HAIllEeM IpUMeEpE CHUCTEMBI U3 TPy3HKa H
NpYyXKUHKH). YacToThl He3aTyXaroluX CBOOOAHBIX KOJIEOaHWH 4acTo
MIO3TOMY Ha3bIBAIOT €LIE COOCMBEHHbIMU YACHMOMAMU.

Oka3bIBaeTcs, yKa3aHHbIE CBOHCTBAa |—2 COXpaHSIIOTCS U IS
OoJiee CIIOKHBIX KOJNEOATENBbHBIX CHCTEM, €CIU TOJIBKO OHU OMHCHI-
BaroTcs nuHeHbIMU JIY. KoneOaHus TakuxX CHCTEM HA3BIBAIOT Jili-
netinvimuy. KoneGaHus, KOTOpPBIE OMKCHIBAIOTCS HeMUHEWHbIMH [V,
Ha3bIBAIOTCS, COOTBETCTBEHHO, HenuHetHbiMu. [l HelMHeHHBIX KO-
neGaHMii yacToTa U EpUOJI, BOOOIIE TOBOPS, 3aBUCAT OT HAYATBHBIX
JAHHBIX U OT aMIUTUTYIBI.

2.3. CBobGoaHbIe KOTeOaAHUS PH HATHYNHA
MOCTOSTHHOM CHJIBI

PaccmoTpumM omnATe KojeOaTeNbHYI0 CHUCTEMY, COCTOSIIYIO U3
rpy3uKa U npyxuHsl (cM. puc. 2.1). B kauecTBe npumepa JeicTBUSL
Ha HEE IMOCTOSTHHOM CHJIBI PAacCMOTPUM JACUCTBUE CHIIBI TSKECTH
P =mg (puc. 2.3). 3amerumM, uto eciu Obl Tpy3 (Touka M) Haxo-
JUJICSI B PABHOBECHH, TO 3TO 03HAYaJIO OBl TENeph, YTO CHJIa TSHKECTH
YPaBHOBEILINBAETCS CUJION YIPYTOCTH NPY>KUHBI, T.€. BHIIOIHIETCA
pasenctBo P =CA,, tne A, =Al, =1, -1, — cmamuuecxas oe-
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@opmayus npyscunsi. BozpMmeM 3a Hauano orcuera ocu x Touky O,

OTCTOSIIIYIO OT KOHIIA HeZleOPMHUPOBAHHOM MpyXuHBI O Ha paccTo-
auuu OO0, = /.

Y r. o

L
0
Olso
F
m
P
X

Torna nedopmaiys NpyXUHBI B 3TOM CUCTEME KOOPAMHAT paB-
Ha Al =X+ A,. CocraBnss terneps ypaBHeHHe HbIOTOHA JBMKEHUS

Puc. 2.3

rpy3a M MpOELHpys €ro Ha ock X, mosydnmM mX=-—C(X+A)+mg.
Ho mockonbky CA =M@, TO Mbl CHOBA NPHXOJIMM K YPaBHEHHIO
(2.4). Otcrona 3axiro4aem, 4To nocmosanHas cuia P, He uzmenss xa-
paxkmepa Koaebauuil, cmewaem yewmp KoaeOauuil 6 CMOpoHy ee
Oelicmeus Ha eeauduny cmamuyeckou degpopmayuu A, = P/cC.

2.4. CBoOoaHble 3aTyXawuue Koaedbanus
(C Y4eTOM CONPOTHRJIEHUS CPeIbl)

BrlsicHuM Teneph, Kak BIHIET CONPOTHBIEHUE Cpebl (BO3AyXa,
BOJIbI) Ha CBOOOAHBIC KoJleOaHus. byjieM cauTaTh CHITy COIIPOTHBIIC-
HUS Cpefibl (ee erne Ha3hIBAIOT CHJION BSI3KOTO TPEHUS, B OTIIMYUE OT
CWJIBl COMPOTUBIICHUSI TPEHUSI CKOJBXEHUS, KOTOPOE HA3bIBAIOT CH-
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JIOW CyXOTO TPEHHs) MPOMOPIHOHAIBHOM ckopocTH R =—uv (3HaK
MUHYC YKa3bIBaeT Ha TO, YTO CHJIa HAMpaBIICHA MPOTHUB JIBIKCHHS).

Ha puc. 2.4 uzo0pakeHa cuctema Cwil, AEUCTBYIOIIAs HA TPY3
(Touky M) B aTOM ciydae. Bropoit 3akoH HpioToHa B mpoeknuu Ha

OCh X C HAYaJIOM B TOJIOKCHHUHM CTATHYECKOTO PaBHOBECHS Tpy3a 3a-
IUIIETCS B BUJIE MX = —CX — X, wiu

e

'n;UO

Puc. 2.4

%+ 2bx +k’x =0, b= z/2m. (2.8)

VYpasuenue (2.8) npezacrapiseT coboi JY c60600Hbix 3amyxa-
rouux xonedoanuu. Ero pemenue (mpuin. 112) Oynmer nMeTs pas3HbIi
BUJI, B 3aBUCHUMOCTH OT Kodddunuentos K u b. A umeHnHo, Bo3MOK-
HBI TPH CITy4asi.

1. City4aii Majoro conpoTuBiieHus cpeibl, kKorma b <k . Obmiee
pemienne ypaBHeHHs (2.8) mMeeT BeIpakeHne (cm. mpwi. [12)

x=e ™ (C,sinkt+C, cosk;t) , mmm

x=Ae"sin(kt +a), k =vk*—b?. (2.9)

Jduddepennupyst (2.9) o BpeMeHH, MOTYYUM BBIPOKECHHUE IS
CKOPOCTH
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v=xX=Ae"(-bsin(kt+a)+k coskt+a).  (2.10)

[TocTosiHHBIE A ¥ O OTIPEACIUM, MOACTABIISS HAYaIbHbIE YCIIO-
Busg X(0)=x, u v(0)=v,, cooTBeTcTBeHHO, B ypaBHeHHUs (2.9) u

(2.10): x, = Asina, v, =A(-bsina +k,; cosa). CnenosarensHo,

A= X+ (v +bx) K2, tga = Xok /(v, +bx,).  (2.11)

Anamm3upyst ypasHeHue (2.9) BHOuUM, YTO IBW)KCHHE TOYKH MPH
b <k HocHT KoIeOaTenbHBIN XapaKTep C YaCTOTOM

k, =vk*—b? (2.12)

¥ TIepHUOIOM

T, =2x/k =27/Jk? —b2. (2.13)
1 1

Tpu sTom ammmTyna Konebanmit A = Ae™ yObIBaeT co Bpe-
MEHEM I10 SKCIOHECHIIHAILHOMY 3aK0HY (puc. 2.5).

T
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BeIsicHMM, KaK MEHSETCS aMIUINTy/a KojieOaHui 3a OJTHH TepH-
on. Ecmu x, = Ae ™ sin(kt +a) u x ., =Ae ™ sin(kt, ., +a) 1Ba
10CJIe/10BATENbHBIX MAKCHMAJIBHBIX OTKJIOHEHHUs TOUKH OT HOJIOXKe-
HMs paBHOBecHs (CM. puc. 2.5), TOo ¢ y4eToM Toro, uro t , =t +T,,

—bT,
nonyaum X,/ X, =", Takum 06pa3zoM, OKa3bIBAETCA, UTO pazsMax

n+1
KoJeOaHuii OymeT yOrIBaTh 1O 3aKOHY T€OMETPUIECKON MPOTPECCHH.
3HaMeHaTelb 3T MporpeccHi € °" Ha3bIBAETCH JeKpeMeHmoM 3d-
myxauus, a MOLyNb ero jorapupma — T1.e. BenuuuHa DT, — noea-
pupmuueckum Oekpemenmom 3amyxanus. JIEKpEeMEHT 3aTyXaHHS
MOKa3bIBAET, BO CKOJIBKO pa3 yMEHBINAETCA aMIUIMTyJa KoyeOaHui
3a OIMH Tepro (HarmpuMep, eClii JeKpeMeHT Konebanuit pasen 1/2,
TO 32 OJIMH MEPHOJ X aMIUTUTYyla YMEHBIIUTCS B JIBA pa3a, a 3a Jie-
caTh eprozioB B 27 =1024 pasa).

OTMeTHM, 9TO AJIs OOJBIIMHCTBA cpel (BO3IyXa, BOJBI) U KOJIE-
OaTenbHBIX cUcTeM ycrnoBue D<Kk Bemonmserca. bomee Toro,
00buHO b <<k. B a3TOM ciydae, Kak 3TO ClielyeT M3 PaBEHCTB
(2.18), (2.19), MmOxHO IPUOIIKEHHO NPHHATH, 4To K, ~K n T, ~T.
To ecTb cuMTaTh, UTO yuem CONPOMUBNEHU CPedbl He3HAYUMETbHO
cKazvleaemcs Ha yacmome u nepuooe KoieOanuu. ITOT BEIBOJ OCTa-
eTCSl BEPHBIM U B CIIydae CIOXKHBIX KOJe0aTeNbHBIX CHCTEM M YacTo
WCTIONB3YeTCs AJIsl TPUOIMKEHHOTO ONpeieieHUs] COOCTBEHHBIX Ya-
CTOT KoneOaHWii 3TUX cucTeM (T.e. KoneOaHuii B Bakyyme). A
MUMEHHO, JUIS Onpe/iesieHus K n3MepstoT SKCIepuMeHTabHo Ky, a 3a-
TeM rojararoT npuommkeHao K, =K.

UYro ke KacaeTcs aMIUIMTY/IbI KOJeOaHuH, TO ee Jake B cliydae
k, ~K.Henp3s cuuTaTh NPUOMIKEHHO TIOCTOSIHHON BEIWYMHOI.
Hampumep, npu b=0,05k, T, =1,00125T e =0,7301. To ecrsb
MepHOoJ 3aTyXamux Konedanuii 7; oraudaeTcs oT nepuoaa 1 cBo-

001HBIX KOneOaHW 0e3 ydera CONPOTHBICHHA CpPEIbl JIMIIb Ha
0,125%, B TO BpeMs KaK aMIUIUTY/a 3a BPEMS OJTHOT'O MOJHOTO KO-

nebanust ymensimaercs Ha 0,27 cBoel BENTWYWHBI, a IOCIE NECSATH
TIOJTHBIX KoJieOauuit ctaHoButcsi paBHOU 0,04304 cBoero mepBoHa-
YaJIbHOTO 3HaYeHHs. TakuM 00pa3oM, OCHOBHOE GausHUe CONPOMUB-
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nenus cpeodwt (6 cryuaeb << K) na ceoboomnvie konebanus crkasviea-

emcsl 8 YMEeHbUleHUU AMIIUMYObl KOIeOAHUT, m.e. 8 UX 3aMYXaHUU.
2. TIpu b > K (ciydaii 6osbIoro conpoTuBaeH s cpepl) 06-

mee pemreHue ypaBaeHus (2.12) 6Oynet umets Bua (M. mpui. 112)

x=Ce" +C,e%,

ql:_b_«/bZ_kz,qz — _b++/b? —K2. (2.14)

VYpaBuenue (2.14) nmokaspiBaeT, YTO IBIKEHHUE TOYKHU HE SIBJISI-
eTCsl KoJe0aTeTbHbIM, €ro Ha3bIBAIOT anepuoduyeckum. Tak Kak mpH
atoM ¢, <0 u Q,<0, To oHO OyzmeT 3aTyXarOlUM [0 BPEMEHHU
(x—0 mpu t > o).

3. Eciu b =K, 10 0611ee pemenne ypapuenus (2.8) 3anuchIBacTCs B
Buje (cM. mput. 112)

x=e"(C, +C,t). (2.15)

B aToM cnydae IBHKEHHE TOYKH TaKke OyJeT anepuoandecKum
1 3aTyXaOLIUM [0 BPEMEHH.

I'paduku nerxeHuit as ciayvaes b >k u b=k B 3aBucumoctn
OT HavanbHbIX ycnoBuid 3anaun X(0) = X,, v(0) =V, cxemaru4HO 110-

Ka3aHbl Ha puc. 2.6.

a) 0) B)

X X X

q s ¢
Xo Xo Xo

t K t
>
Curyuaii Xo> 0, Vo> 0 Ciyuan X, >0,v, <0
Puc. 2.6
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3aMeTHM, 4TO ciiy4yaid b>K B HHXCHEPHOW MpaKTHKE BCTpeda-
eTcs OYeHb PEeNKO, W Ul PealbHBIX KoJeOaTeNbHBIX CHUCTEM (IS
KOTOPBIX YaCTOTHI COOCTBEHHBIX KOJEOAHWH CYIIECTBEHHO OOIIBIIIE
HYJIS1) COOTBETCTBYIOT OUCHb OBICTPOMY 3aTyXaHHUIO JIBIKCHHS.

2.5. BoIHy:KAeHHbIE KoJIeOaHus 0e3 yuera
CONPOTHBJIEHHUS CPebl

ITycTh Temeph Hapsiay ¢ BOCCTaHaBiuBamomiel cuwiod F u cu-
g0l msokectn P Ha Touky meictByer ewinyocoarowas cuna Q
(puc. 2.7), u3MeHSOMAsACs 10 TAPMOHUYECKOMY 3aKOHY

Q=Q,sin pt, (2.16)

rae Q, —ee ammuTyaa; P — 4acrora.

0 —
=
e M
P
Q
X
Puc. 2.7

YPaBHeHI/IC ABHUKXCHHUA B CUCTEMC KOOPAWHAT C HAYAJIOM B IIO-
JIOXKCHUU CTATUYECKOT'O PaBHOBECHUSA B 3TOM Cliydac 6y216T UMCETh
BUJL

mX =—cx + Q, sin pt.
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Hens o6e 4acTh 3TOTO ypaBHEHUS HAa Maccy W BBOIS OOO3HA4YEHHE
Po =Qy /M, momy4nm

X+k*x = p,sin pt. (2.17)

VYpasaenne (2.17) Ha3wBaOT JY 6bIHYHCOEHHBIX KOeOaHUll
mouxu 6e3 yyema conpomugieHust cpedvl. ITO HEOTHOPOIHOE YpaB-
HEHUE U €ro pelIeHHEe MOXKHO 3amlucath B popMe X=X +X,, Ine
X, — ofl1ee peleHre OJHOPOIHOIO YpaBHEHHs (C HyJIEBOW IpaBoH
YacTbl0); X, — 4YaCTHOE peIleHHe IOJHOro ypaBHeHus (2.17).
Ho x, = Asin(kt + @) (cm. pazzen 2.1), yacTHOe xe pelieHue Oynem
UCKaTh B BUIE X, =Bsinpt, roe B — nmocrosnHas BenmuuHa. [lox-
CTaBJIAsg 3TO pemeHue B (2.17), momydum

—p?Bsin pt+k*Bsin pt = p, sin pt.

Tak kak 3TO paBEHCTBO JIOJKHO BBIMOJHATHCS 1151 J1t000TO t, TO
B(k? — p?)=p,, wm B=p,/(k*—p?), ecnu Tomsko p=Kk. Cie-
JIOBaTeNbHO, Ui ciaydas P # K, T.e. KOrja 4acToTa BBIHYKIAOIICH

CWJIBbl HE COBIIAJAET C COOCTBEHHOM 4YACTOTOM KOJIeOATEIILHOU CH-
CTEeMBI, MBI HAIlUTA YaCTHOE pelnieHue ypaBHeHus (2.17) B Buze

X, = (P, /(k* — p?))sin pt. (2.18)

Pemenwue (2.18) HA3BIBAIOT GbIHYHCOCHHBIMU KOACOAHUAMU TOU-
KM TIPH OTCYTCTBUHU CONPOTHBIICHUs cpeapl. OOiee perienue (2.17)
MPEJICTABIISICTCS B BUIC

x, = Asin(kt +a) + (p, /(k* — p?))sin pt. (2.19)

IlocTosiHHBIE A U O OTIPENENSAIOTCS U3 HAYaJbHBIX YCIIOBUH 3a-
nauu. Takum oOpazom, pemienue (2.19) cnaraercs u3 cOOCTBEHHBIX
KOoJeOaHUIl TOYKH C aMIUIMTYJIoi A4 (3aBUCSIIEH OT HadaIbHBIX
YCJIOBHIA) ¥ 4acTOTOM K, M BBIHYKJICHHBIX KOJICOAHUIH C aMILTUTYI0M
B (ae 3aBucsIIel OT HAYaJIBHBIX YCIOBUIT) U YaCTOTOM p.
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[pakTHyeckn, nU3-3a HAJIWYHUS CHJI CONPOTHUBICHHUS, COOCTBECH-
Hble KoneOaHus OyAyT JOBOJIBHO OBICTPO 3aTyXaTh CO BpPEMEHEM.
[TosTOMY OCHOBHOE 3HaYCHHE B PAacCMaTPUBAEMOM JIBM)KCHUH HMe-
10T BBIHY)KJCHHBIC KOJeOaHus, 3aKOH KOTOPBIX JdaeTcsi YypaBHe-
uuem (2.18).

OtMmeTnMm emie pa3 OCHOBHBIE CBOMCTBA BBIHYKJECHHBIX KoJyieOa-
HUH IPU OTCYTCTBUU COMPOTUBICHUS CPEIBL:

1. Beinyx/1eHHBIC KOJICOaHUSI TPOUCXOAAT C TOCTOSIHHOM aM-
IJIUTYI0M, HE 3aBUCSIIEH OT HA4aJIbHBIX YCIOBUI.

2. HYacroTta BBIHY)KJICHHBIX KOJEOaHUH p paBHA YaCTOTE BO3MY-
mwaromieil cuibl. To €cTh MPOUCXOIUT «3aXBaT» YAaCTOThI BBIHYXAa-
IOMIeH CWIoi (BBIHY)KJAOIIasi CHJa «BBIHY)XIAeT» CHCTEMY KOJje-
0aTbCs CO CBOCH 4acTOTOM).

3. ®a3bl BBIHYXICHHBIX KOJCOAHUN W BO3MYIIAMOIIEH CHIIBI
COBHIAJAIOT IpH K > P W CABMHYTH HA 7 TpH K < .

IMocnennee yrtBepkaeHue (0 ¢asax) cleAyeT W3 CPaBHCHUS
dopmy (2.16) u (2.18). Tomsko s caydass K < p Hy)KHO BHECTH B
¢dbopmyrne (2.18) 3HAK MUHYC MOJ 3HAK CHHYCa W IEPENHCaTh €e B
sune X, = (p, /(p® —k?))sin(pt + 7). Tosopsr eme, uro aist K > p
KoJIeOaHUsl TMPOUCXOIAT B (haze ¢ BO3MyIIalomeld CHiiod (Makcu-
MaJIbHOMY 3HAQYEHHIO BO3MYILIAIOMIEH CUJIbI, HAPABICHHOM BIIPaBO,
COOTBETCTBYET MaKCHMaJlbHO€ OTKJIOHEHHME TOYKH, TOXKE Hampas-
JICHHOE BIPaBo), a i K< p — B mpotuBodasze (MakCHMaIbHOMY

3HAQUCHUIO BO3MYMIAOIICH CHIIbI, HANPABJICHHOH BIIPAaBO, COOTBET-
CTBYET MaKCUMAaJIbHOE OTKIIOHEHHE TOYKH, HO HAITPABJICHHOE BJICBO).

3amMeTHM elle, YTO aMIUIUTyda B BBIHYKIEHHBIX KOJicOaHuii
TeM OoJble, 4eM ONMKe APYT K JAPYTY 4acToTa p BBIHYKIAIOIIEH
CHJIBI M 9acToTa K COOCTBEHHBIX KOsieOaHuid. [TOSICHUTh 3TO MOXHO
creayromum odpazom. CobcTBeHHas yacTota K — 310 wacrtora, ¢ KO-
TOpOW cructeMa OyaeT KoliebaThes Jake MPH OTCYTCTBHH BO3MYIIA-
IOIIEH CHIIbI, €CIIM TOJILKO €€ BBIBECTH W3 COCTOSIHUSI PaBHOBECHS
(MOXHO 00pa3HO cKa3aTh, YTO CHUCTEME «HPABHUTCS» KOJeOaThCs
TONBKO ¢ yacToToi K). Boamymiaromas e cuia IeiCTBYyeT Ha CH-
CTEMY C 9acTOTOH p (Ha KOTOPOU cHCTeMe KOjebaThes «HE HPaBHUT-
csi»). OTKIMK CHCTEMbl HAa TaKOe BO3MYIIICHHE IMPOSBIISCTCS B aM-
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mwtyae B. Bor u momydaeTcs, 4To OTKJIMK TeM OoJblle, yeM Onmxe
4acTOThI p 1 K (KOrJa Mbl BO3MYIIIaeM CHCTEMY C YaCTOTOM, Ha KOTO-
poli eil «HpaBUTCSA» KojieOaThes, OHA M OyJdeT 3TO AenaTh ¢ MaKCH-
ManbHOM ammututynoi). [lpn p — K ammmuryna B Oyzaer HeorpaHu-

YEHHO BO3pacTaTh IpPHU OTCYTCTBHM COIPOTHBICHMS cpelbl. M Ml
BIJIOTHYIO TMOJOLUIN, YUTATENb, K PE30HAHCY, KOTOPBIH U paccMoT-
pUM HHXKE.

Pe3onanc. Paccmorpum Ttemepn cimywair p =K, korma co0-

CTBCHHAS YacTOTa COBIAJACT C YaCTOTOM BOBMyHlaIOIIIefI CHIJIBI, T.C.
HUMECT MECTO TaK HA3bIBACMOC ABJICHUC pe30HAaHCA. YacTtHoe peuie-

HHE X, B 3TOM ciydae OyzaeM McKaTh B Buae X, =Ctcospt. Iloa-
CTaBIsis ero B ypaBHeHHe (2.17) v yuutbiBas, uro P =K, HaXoauMm
X, =—(p,/2p)tcos pt wam
X, =(p, /2p)tsin(pt —z/2). (2.20)
Ha puc. 2.8 noka3zan rpaduk GyHKImu X, (t) , 13 KoTOporo cie-
JyeT, 4To Tpu pe3oHaHce (P=K ) mporcXomuT HeorpaHHYCHHOE

BO3pacTaHHWE aMIUINTYAbl KOJIEOaHHWH €O BpEeMEHEeM, NPHYEM DPOCT
aMIUIUTY bl JTMHEEH BO BPEMEHHU.

X2

X=pt/2p

X=—p,t/2p
Puc. 2.8
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OtmeTnM ere, 9T0, Kak 3T0 cienyer u3 (2.20), Ha pe3oHaHCE
cABHUT 1O (pase MeXITy BHIHYKIEHHBIMH KOJIEOAHWUSMH W BO3MYIIa-
folel cuioit paBeH 7/2 (MakCHMaTbHOMY 3HAUYECHHIO BO3MYIIAIO-
el CHIIBI COOTBETCTBYET IOJIOKEHHE CTATHYECKOTO pPaBHOBECHS
TOYKH, ¥, HA00OPOT, KOrJa 3HAYCHHUE CUJIbl PABHO HYJIIO, OTKIIOHE-
HUE TOYKHU OT TOJOXCHHS CTATHUECKOTO PABHOBECHSI OKa3bIBAETCS
HanOOJIBIITIM).

2.6. BoiHy:KeHHbIE KOJ1e0aAHUS IPU HATUYUHN
CHJI COMPOTUBJICHUS

W3yunm Tenepr BOIPOC O TOM, KaK BIHSET CONPOTUBICHUE Cpe-
Ibl (BO3yXa) Ha BBIHYXKJICHHBIC KojeOanus. B aToM ciydae Ha Tou-
Ky MOMHMO BOCCTaHABIIHBAIONICH CHIbl F ¥ BBIHY)XTAIONICH CHITBI
Q neiictByer emie u cuia conpoTusieHus R, mpornopimonanbHas

ckopoctu R =—v (puc. 2.9).

Puc. 2.9
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Z[y TAaKOIro ABMXXCHHA B CUCTEMC OTCUCTA C HAYaJIOM B ITOJIOKCHHU
CTaTHYCCKOI'0 paBHOBECHUSA 6yz[eT HMCTb BU]]

X+ 2bXx +k*x = p, sin pt, (2.21)

i (N Kak u paHble, BBEJICHBI 0003HaYeHUs
2b=p/m,k*=c/m, p,=Q,/m.

VYpasuenue (2.21) HaswbiBaeTcs VY 8biHYHCOCHHBIX KOLEOAHUL C
yuemom conpomugienus: cpedvi. Ero obiuee pereHne Takke UMeeT
BUJ X=X, +X,, I1e X — oOmiee pemenue ypaBuenus (2.21) ¢ nyne-
BOM NpaBO# 4acThlo, T.¢. ypaBHeHHUs (2.8); X, — KaKoe-HHOyIb 4acT-
HOe penieHre NnoxHoro ypasHeHus (2.28). Tak xak mpu J00BIX 3HA-
yeHnsX b m K pemenwe X, OJXHOPOAHOrO ypaBHEHUs SKCIIOHEHIH-
QTBHO 3aTyXaeT co BpeMeHeM (cM. 1. 2.4), TO uepe3 IOCTaTOYHO
0O0JBIION TPOMEXKYTOK BPEMEHHU PE3yJIbTHPYIOIIee IBHKEHUE TOUKH
OyleT ompelensaTbcsl BBIHYKICHHBIMU KOJIEOAHHSAMH X,, KOTOpBIE
OyZeM HCKaTh B BUJC

X, = Bsin(pt — ), (2.22)
riae B u f HyXHO 1oJo0paTh Tak, YToObI paBeHCTBO (2.21) obOpartu-

JIOCh B TOXKJIECTBO. BBIumcIss mpou3BogHbIC U TONCTaBIsAg B (2.21),
TIOJTYIUM

B(—p® +k?)sing+ 2bpBcos ¢ =

) i (2.23)
P, (cos Bsin g +sin fcos ),

rJie JUIs KpaTKOCTH 3amucu obo3HaueHo ¢ = pt— . UToObl paBeH-
cTBO (2.23) BBINOJHAIOCH AJIS JTF0O0T0 MOMEHTa BpeMeHH t, T.e. BbI-
MOJIHSIOCH JUTS JTI000r0 @, K03 duiumeHtsl npu Sing u COS¢ B
JIEBOM M MPaBOW YACTSX IOJDKHBI OBITH PaBHBI APYT IPYTY U, CIEHO-
BaTEJBHO,

B=p,/\/(k? = p?) +4b?p?, tgf=2bp/(k* - p?).  (2.24)
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[Tomyaennoe pemenue (2.22), (2.24) u Ha3BIBAIOT BbIHYIHCOCH-
HbIMU  KoAeOanuamu npu Haauuuu conpomusienus cpeovl. OHO
npeacTaBisieT co00il HezaTyxalollue TapMOHHYECKHe KOJieOaHus ¢
aMIUTUTYJI0W B, 4acTOTOW p M HadalbHOHU (a3oil [, xapakTepusyro-
el cIBUr 1O (a3e MEXIY BBIHYKICHHBIMH KOJEOaHMSIMU M BO3-
MYIIAOIIEH CUIIOMN.

Takum 00pazom, B OTJIMYKE OT CiIydasi CBOOOIHBIX KoJeOaHui,
COIIPOTHUBIICHUE CPEIbl HE NPUGOOUM K 3AMYXAHUIO BbIHYICOEHHBIX
Konebanui. Bo3mymaromas cuia Bce BpeMs MOLACP)KUBaeT Kojeda-
TEJNBbHOE BW)KEHUE TOUKH, B pE3yIbTaTe Yero oHa KoJeOneTcs ¢ mo-
CTOAHHON ammmuTyAoi B. ConpoTUBIEHUE Cpebl, TAKXKE B OTINYHE
OT cIlydasi CBOOOJHBIX KOJEOAHUH, He MeHsem uacmomy u nepuoo
8bIHYHCOeHHbIX KoaeOanuu. Todka Mo-pekHeMy KojeOriercs ¢ ya-
CTOTOM p BO3MYLIAIOIIEH CHUJIBI.

3ameTuM ele, 4To B ciydae P # K, MpH yMEHBIIEHHH COIPO-
TUBJICHUS cpefbl, T.e. npu b — 0, pemenne (2.22), (2.24) miaBHO
nepexonuT B pemierne (2.18), cOOTBETCTBYIOIIEE BBIHYXICHHBIM
konebanusam 6e3 yuera compotusienus (b = 0). Orcroma nonydyaem
eIlle OJMH Ba)XKHBII BBIBOJ: Malloe COnpomusieHue cpedsl 6He pe3o-
nanca (p #K) oxasvieaem manoe énusnue na xapaxmep GoiHY*HCOEH-

Huix konebanuti. Tlootomy B cimydae b <<1 BHe pe3oHaHCca BMECTO
dhopmyn (2.22), (2.24) MoxHO TIPUOIIKEHHO HCIONB30BaTh Oolee
poctyro Gopmyiy (2.18).

Tenepp wccieayeM BIHSHUE CONPOTHUBIICHUS CPEbl B OKPECT-
HOCTH pe3oHaHca P =K. 3aMeTuM, 4To, B OTIIMYHE OT BBIHYKICHHBIX

kojeOaHuii (2.18) 0e3 ydeTa CONPOTHBICHUS CPEIbl, pEIIeHHE
(2.22), (2.24) ocobenHocTn Ha pe3oHaHce P=K yxe HE MMeEET U

aMIUIUTY/Ja B IpUHUMAaeT KOHEYHOE 3HAUEHUE
B,., = P,/ 2bp. (2.25)

[Ipudyem 3TO 3HAUEHWE TEM MEHBINE, YeM OOJIBIIIEe COMPOTUBICHUE
cpennl. Takum 00pazoM, ygeruueHue conpomusienus cpedvl NPUeo-
Oum K yMeHbueHuo amnaumyonl koiebanuti na pesonance (p = k).
DTO CBONCTBO UCHONB3YETCS B TEXHUKE JUIsl OCIIA0JIEHUs pe30HaHCca
C TIOMOIIBIO0 CIENHABLHBIX YCTPONCTB (TOTJIOTUTENECH KoleOaHuit),
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YBEIUYMBAIOIIAX B OKPECTHOCTH PE30HAHCA COMPOTHUBIICHHE KOJIe-
0aTenpbHON CHCTEMBI, KOTOPOE TaCUT €€ «pacKadyky» (cM. puc. 2.8).

BeeneM erie BaxHYIO XapaKTEPUCTUKY BBIHYKICHHBIX KoJieOa-
HUH — K03 puyuenm ounamuunocmu

n=BIB,, (2.26)

rne B, =p,/k*=Q,/c mpencrapuser coboii craTMYecKOe MepeMe-
IIEHHE TOYKHU TOJ AEHCTBHEM MOCTOSHHOM cumbl Q, (cm. m. 2.3).
Ko dunueHT 1MHaMHYHOCTH 77 TOKa3bIBAET, BO CKOJBKO pa3 aM-
IUINTY/Ia BBIHYXKJIEHHBIX KOJIeOaHwil B ToJ MeHCTBHEM BO3MYIIArO-
mei cusl Q,Sin pt Gounblie cTaTHYECKOro mepemernenus By mpu
neiicTBuM mocTosHHOH cuibl Q,. BBonsa o6o3nauenus z=p/K u
h=b/k, nonyaum u3 popmyn (2.24), COOTBETCTBEHHO,

n =1/«/(l— z*)+4h*z®, tgf=2hz/(1-12%).

I'paduku 3aBucHMOCTH KO3(pHUIIMEHTA TUHAMHUYHOCTH 7] H

caBura ¢assl f OT Z A Pa3IMYHBIX 3HAYEHUI COIPOTHUBIICHUS Cpe-
abl  (mapamerpa h) HOCAT Ha3BaHUS  AMAIUNYOHO-HACTNIOMHOU
(puc. 2.10) u gpazo-vacmommnoii (puc. 2.11) xapaxmepucmux.

1 z=plk

Puc. 2.10
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T
h=0,1
/2 \ \h—0,2
h=0,3
0 1 z=plk

Puc. 2.11

OHH, BO-TIEPBBIX, WIIIOCTPUPYIOT BCE CICTaHHBIC HAMH paHee
BBIBOJIBI O Kau€CTBEHHOM MOBEJCHUH BBIHYXKJIEHHBIX KOJCOaHUH U,
BO-BTOPBIX, TO3BOJISIIOT KOJMYECTBEHHO OIEHHUTh 3HAYCHHUS! KOA(-
(umenTa TMHAMUYIHOCTH (AMIUTATY/IBI) U c/IBUTA (a3bl IPU (HUKCH-
poBaHHBIX Tlapametpax K, p u b. Mcnonb3ys 311 rpaduku, OTMETHM
elme /1Ba 00CTOSTENbCTBA:

1. KooppuumeHT AMHAMUYHOCTH 77 TIPH MajJOM COIIPOTHBIIE-

HUU Cpelbl MOXET OBITh 3HAYUTENHHO OONbINe eAUHUILI (YIAUBHU-
TENbHO, HE MpaBJia JIM, YUTATelb, — 3Ha4eHHe cCribl Q,Sin pt MeHb-
e Moxyist cuiibl Q, a BBI3BIBAET OHA ropasfo OOJNBIINE OTKIOHE-

HUS KOJ1e0aTeNbHOM CHCTEMBI OT MOJIOKEHHST PABHOBECHS).

2.Tlpu z—>oo, T.e. ipu P >>K, K03DGUIMCHT TUHAMUYHOCTH
17— 0, T.e. CTAaHOBUTCS OYEHb MajbIM. DTO O3HAYaeT, YTO Kojeba-
TelbHasl CHCTEMa MNMPAKTHUYECKH HE pearupyeT Ha BO3MYILIAIOIIYIO
cwry. Ha mpakTuke 3T0 CBOWCTBO HaXOIWUT NMPUMEHEHHUE, HAlIpUMeED,
IIpHU NEPEBO3KE TPY30B, HE MEPEHOCAUINX TOMYKOB. VX moaBemmBa-
10T Ha «MATKUX» MPYKUHAX MM 00EPTHIBAIOT B «MSTKYIO» YIIaKOBKY
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TakK, 4TOOBI YaCTOTa COOCTBEHHBIX KOJIeOaHuii rpy30B K OblIa 3HAYH-
TENBHO MEHBIIE YacTOThI p BO3MYIIAIOIIUX CHJ OT TOJYKOB, BbI-
3BaHHBIX HEPOBHOCTSIMU JOPOTH.

B 3akmroueHHe 3TOr0 MyHKTa OTMETUM, YTO JJIS CIOXHBIX KO-
nebaTenbHBIX CHCTEM (MOCTOB, MEPEKPBITUH 3MaHUi, TPyOOTPOBO-
JIOB, aBHAIIMOHHBIX KOHCTPYKIIMH) CUTYyalusi OKa3bIBaeTCS BO BMO-
TOM aHaJOrW4Has, TOJBKO Ooliee cioxkHas. Teneps yxe y CHCTEMBI
€CTb He OJHa cOOCTBEHHAs yacToTa K, a menbiif Habop cOOCTBEHHBIX
qacToT K,K,,..., K,,..., ¥ MoJiBepKeHa CHCTeMa B MPOIIecce SKCILTya-
TalUM ACUCTBHIO «HA0Opa» MEPUOJUYECKUX BO3MYILIAIOMIUX CHII C
YacTOTaMH Py, Py,eees Ppyye-.  [lOdTOMY n  pesomancos  p; =k;

(j=1...m,..,i=1..,n,..) MOXeT OBITH MHOTO, ¥ «OTCTPAHBATHCS»

(ecr pe3oHAHC HEXeNaTelleH) MPUXOJUTCS OT KaKJ0ro u3 HuX. Ec-
JIX )K€ PE30HAHC IMOJIC3CH, TO BakKHA, HA00OPOT, «HACTPOMKa» KoJIie-

GaTenbHOM chcTeMBI Ha pe3oHaHc P; =k;. Tak kak npu 5ToM pasHble

coOCTBeHHBIE 4acTOTHl K., K. ,N#M MOryr OBITH ONU3KH MEXIY

co00if, To TIpodIeMa «OTCTPOWKI OT PE30HAHCA M «HACTPOUKID Ha
PE30HAHC CTAHOBHUTCS JOCTATOYHO TPYAHON M COCTABISAET MPEIMET
OTJICJIBHBIX KYpPCOB TEOPUM KojieOaHHi. BOT moueMy O4YeHb Ba)KHO
3HaTh Habop coOCTBeHHBIX dacTtoT K,K,,...,K,,... KoHCTpykImu,
YMETh €ro J0CTATOYHO TOYHO BBIUUCIIATH WM U3MEPsTh. Berumcie-
HUE 3TOro Habopa OOBIYHO MPOBOIUTCS C NMPUMEHEHUEM MOIIHBIX
OBM u cneuuaibHbIX BBIYMCIUTEIBHBIX MPOTPaMM C HMOBBIILIEHHOMN
TOYHOCTBIO pacueTa. V3aMepeHue ke CONpsHKeHO ¢ OCHOBHOU TpY/I-
HOCTBIO, CBSI3aHHOW C TEM, YTO, CTPOTO TOBOPS, U3MEPATH-TO HYKHO
B Bakyyme (K, K,,...,K,,... —3T0 Benb 4acToThl CBOOOAHBIX KOsIeOa-

HUI 0e3 ydera CONpPOTHBIICHHS CpPeNbl, T.€. B BaKyyMme). 31ech Ha
MOMOIIb TPUXOJUT YCTAHOBJICHHBIH Hamu B 1. 2.3 dakr, uTo npu
MaJjOM CONPOTHBIIEHUH CpeAbl (HAapUMeEp, B BO3AYyXE) YaCTOTHI CBO-
OOIHBIX 3aTyXarONMX KOJICOAaHHH Malo OTIMYAIOTCS OT COOCTBEH-
HBIX 4acToT KoJjieOaHWH B BakyyMe. DTO IMO3BOJSIET MPUOIKEHHO
X HaXOOHWTb, IPOBOAA USMEPCHUA B CPEAC C MAJIBIM COIIPOTHUBJICHU-
eM (HampuMep, B BO3OyXe).
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2.7. Pemienue 32124 Ha KoJ1e0aTeILHOE
JBHKEHUE TOYKHU

OO0mye pekoMeHAAUK AJIsl PelieHrs OOpaTHOW 3aJauyd ITuHa-
MHKHU MaTepHaTHHOW TOYKW ObUIH JaHbI B M. 1.5 mekmmm 1. Konkpe-
TH3UPYEM UX MPUMEHUTEIHHO K PEHICHHIO 33[a4 Ha KojebaTenpHoe
JIBUOKCHUE TOYKHU.

1. Tak kak KoneOaHMs MPSIMOIMHEHHBIE, TO JOCTATOYHO BBECTH
onHy ock Ox. HampaBisTh ee Irydiiie B CTOPOHY YIUIMHEHUS TPYKH-
HBI, a Hayano O OCH B3ATh B MOJOKEHUH CTATUYECKOTO PaBHOBECHS
TOYKH.

2. Cunpl ynoOHee M300pakaTh B MOMEHT BPEMEHH, COOTBET-
CTBYIOLIUI PaCTSIHYTOU IIPY>KUHE.

3. Ilpu cocTaBneHWU ypaBHEHHMH JABHXKCHUS TOUYKH B MPOCKIHH
Ha OCh X HEOOXOJUMO TpEABAPUTENHHO BBIPA3HUTH Ae(opManuio
npyxuHbl Al , BXOJISIIY0 B BEIpOXKEHHE IS CHITBI YIIPYTOCTH, Yepes3
KOOpJMHATY X TOYKH. ECnu pemieHne 3Toro BOIpOca BBHI3BIBAET 3a-
TPYAHEHHE, TO CHeNaTh PHUCYHOK, Ha KOTOPOM H300pa3uTh OCh X,
¢ Ha4yaJoM B Touke O, pacTSAHYTYIO NPYXHUHY ¢ AnuHou | U cBOOOI-
HYIO IPYXXuHy ¢ JuiHOH |, a 3atem yxe cBa3ate Al ¢ x.

4. Onpenenuts HavanbHoe nojokenne X(0) ¥ HavalbHYIO CKO-
pocth V(0) =X(0) B BEIOpaHHOI1, cornacHo I. 1, cucTeMe oTcuera.

5. [lomyuennsie B nm. 3 JIY mpuBecTH K CTaHIApTHOMY BHUAY
(X+ k’x=0 — s CBOOOJHBIX HEe3aTyXalolx KoJeOaHuH,
K+2bx+k*x=0 — s CBOGOIHBIX 3aTyxaronmx KojeOaHuii,
X+K*X = p,sin pt — s BBIHYX/IEHHBIX KoJlebaHuii 6e3 ydera co-
npoTuBnenus cpepl, X+ 20X+ KX = p,Sin pt — a1 BEIHYKIEHHBIX
KOJIeOaHUH C y4EeTOM CONPOTUBIIEHUS CPEAbl) U HAITUCATh YK€ TOTO-
Boe oO1iee pelieHre, KOTOpoe Mbl HOTYyYald B IPEABIIYLIINX ITyHK-
TaX. [loCTOSHHBIE B 3TOM pEUNICHUH ONPEACIUTh M3 HAYAIBHBIX
yCIIOBUH 3aauu cornacHo 1. 4. [lo HaiineHHOMY 3aKOHY JBWXKEHUS
OTIPENEeNINTh TpeOyeMble BETUYHHEL.
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3agaya 6 (3aknmHHBaHHE Tpoca). [Ipm paBHOMEpPHOM CIycKe
rpy3a (puc. 2.12) maccel M =2 T cO CKOPOCTHIO V = 5 M/C TPOC MTHO-
BEHHO 3aKIHHINO. JKectkocTh Tpoca € = 4-10° H/m. IIpene6peras
Maccoi Tpoca, OTIPEACTUTh €ro HauOOJIbIIICe HATSIKCHUE.

Pemenue. Ilo ycnoBuro 3agauu TpOC MOKHO CUUTaTh HEBECO-
MO TIPY>KHHOM, a Tpy3 — MaTepruaibHOl Toukoil. Och Ox HampaBUM
BEPTUKAIBHO BHM3, a Hayasio ocu O BO3bMEM B TIOJIOKCHHUH Tpy3a B
MoMeHT 3aknuauBanus t =0 (puc. 2.13).

Puc. 2.12 Puc. 2.13

Ha rpy3 neiicTByer cuia HaTsHKEHUs Tpoca (CHila YIpyrocta
npyxunsl) F u cuna Tsokectn mg. Ipuuem F =cAl. Cornacuo

puc. 2.13, B Hamelt 3amaue Al =c(X+4,), rae /15 — CTaTH4YECKOEe

HaATSAXKCHUE TpoCa, T.C. YAJIMHCHUE TpOoCa N0 3aKJIIMHWUBAHMUA. Onpe-
JACIINM /15 M3 YCJIOBMS paBHOBECHI MJ =C/15, CJICJOBATCIIBHO,

A, =mg/c. Bropoii 3axoH HeroToHa 3anumiercs: B BUJe BEKTOPHOTO
ypaBHeHuss Ma = F + Mg, npoenupys KOTopoe Ha OCh X, HOIYIUM
JAY  nmBwxenus rpysa: MmMX=mg-—-c(X+A). VYuurseBasg, 4TO
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mg =CA,, U Aeasd Ha Maccy M, IOJIy4YHM ypaBHEHHE CBOOOIHBIX He-

3aTyxaronmx kojaebanuit X+ k?x =0, tme k? =c/m. Pemenue >Toro
ypaBHeHHs1 Bo3bMeM B Buze (2.5) X= Asin(kt+«), rae, cormacHo

@2.7), A=¢+VZIK?, tga=kql,. B mameii 3amaue
X, =X(0)=0, a V,=VvV. MakcumManbHOMYy 3HAa4YE€HHIO HATSHKCHHS

TPOCa COOTBETCTBYET HIDKHEE IIOJIOKECHHE TIpy3a, IpU KOTOPOM
X = A Takum obpazom, T, =CAl ., =Cc(A+ A). CnenoparensHo,

Thax =MQ + v/em. (2.27)
PasencTBo (2.27) MOKHO el1ie TepenucaTh B BUJIE
Tmax = Tst +Tdin ! (228)

rae T, =mMQg — HaTsDKEHHE Tpoca A0 3aKJIMHUBAHUA, PaBHOE BECY

rpy3a; T, =V+/CM — InHAMHYECKH «106aBOK», BOSHUKAIOLINIA 13-
3a KoneOaHWH Tpoca Mocie 3aKiIMHUBaHMSA. [loacTaBiss 4HMCIIOBBHIE
3HaueHus, noayuum, uto T, = 20kH, a T, ~446,8xH.

PaccMmoTpeHHBIN IpUMeEp INOKAa3bIBAET, YTO AMHAMUYECKHE J10-
0aBKHM K CHIIaM, BO3HUKAIOIINE U3-3a KoJebaHuil (3aMeThTe, CBOOO/I-
HBIX KoJeOaHWi, HUKAaKOTO pe3oHaHca HeT!), MOryT ObITh OONBIIH-
mu. [losToMy mpu pacuere MPOYHOCTH KOHCTPYKIUH, MOJBEPKEH-
HOM KoJjieOaHUsIM, HEOOXOIMMO peliaTh JUHAMUYECKYIO 33Jlad4y O
KOJIeOaHUAX 3TOH KOHCTpYKuuu. CTaTHUECKHH pacyeT (He y4YHUTHI-
BalONIMH JIMHAMUYECKHE J00aBKM K CHJIaM) MOXET OKa3aThCs
HACTOJILKO TPYOBIM, YTO JaBaTh MOTPENIHOCTh B JIECSTKH, COTHH, a
TO U B Thicsyd npoueHToB! OAMH NpUMeEp: aJbIMHUCTHI NIPU BOC-
XOXKIICHUM Ha BEpIIMHY B LENAX OOJETdYeHHUs] PIOK3aKa SKOHOMST
OYKBaJIBHO TpaMMbI Ha TIHMIIE M OJISKE, HO, TEM HE MEHee, HCIOIb-
3YIOT JUIsS CTPaxOBKH Ha CIydail CpbIBa BEPEBKY, BBIIEPKUBAIOLIYIO
CTaTUYECKYI0 Harpy3Ky B JIB€ TOHHBI, T.€. co3aaioT 20—30-kpaTHblid
3arac MPOYHOCTH 110 CPABHEHHIO CO CBOUM BECOM.
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3agaya 7 (3aMeHa HECKOJBKUX TPYXHH OJHOM, UM JKBUBa-
neHTHOH). YacTo B 3a7auax Tpy3 MOJBENINBAETCS HE Ha OJIHOM, a Ha
HECKOJILKUX MpYyKUHAX. BO3HUKAET BOMPOC: HENb3S T UX 3aMEHUTH
OJTHOW SKBUBaJCHTHOU? JloCTaTo4HO, OUYEBUAHO, Pa30o0paThCA CO
ciydaeM ABYX NpykuH. PaccMoTpuM aBa Hambojee 4acTo BCTpeda-
FOIUXCA CITyqas UX COeIUHEHIIS:

1. llocredosamenvhoe coedunenue npysicur (puc. 2.14). B atom

ciy4ae oOllee CTaTUYeCKoe yIIIMHEHHE A, paBHO CyMMe CTaThde-
CKUX ymmuHeHuit Ay u Ay, kaxaoid w3 npyxun A=A, +A4,.
Wmn A, =mg/c,+mg/cC,. Tak kak, ¢ APYrodl CTOPOHBI, NPH
HAJIMYUHM ~ OJHOM  TPYXHUHBl  (SKBUBAJICHTHOH O3THM  JIByM)
A, =mg/c,,, To Mbl noaydaem ¢opmyny 1/c,, =1/c +1/c, wm
Car«x = C1C2 /(Cl + CZ) *

2. Hapannenvroe coedunenue npysxcun (puc. 2.15). B atom ciy-
yae cuiel P, u P,, pactaruaroniye npyKuHbI, ONpPEAENISIOTCS U3

cootHomenuit B+ P, =mg, Bl =PR,l,.

Cy

o
3

m P, mg P,

Puc. 2.14
Puc. 2.15

Tak kak ymanuHeHHs A, NPYKHH MBI CYMTAEM OJMHAKOBBIMHU
(Tpu IPSIMOTIMHEHHBIX KoJIeOaHusIX anka A A, TODKHA OCTaBaTh-
cs napaulelbHOll camoii cebe), T0 B =AC,P,=AC, u,
ciaemosarenbHo, C, =R /A, c, =P,/ A . Torna xectkocts C ., 9KBH-
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BAJCHTHOW  MPYKHHBI  ONPENENUTCS W3 COOTHOIICHHS
¢,,=mglA =(B+P)IA =BIA+PF/A =c +c, Te. c,, =c+c,.

3agaua 8. ['py3 maccoii 3 kr coBepiiaeT 3aTyxaromue Kojeda-
Hua ¢ nepuogoMm T, =0,3c u gekpementom 3artyxanus A =0,5.

Omnpenenuts K0O3GGUIHUEHT KECTKOCTH C MPYKUHBI U KOAPPHUIUEHT
M CHIIBI BSI3KOTO COMPOTHBIEHHUA. ONpenennTh Takke, BO CKOJIBKO

pa3 HY)XKHO YMEHBIINTh Maccy Tpy3a, 4ToObl JBIKEHHE CTAlO ame-
PHOIMUECKHIM.
Pemenme. Bocromssyemcsi cootHomrenmsamu T, = 277/ k? —b?,

A=e" k=+c/m. TloacTaBiss B 5TH COOTHOLIEHHS YHCIOBBIE

suavenms, momyaum 0,3=27/yk?—b?,0,56=e"" k=+/c/3. Pe-
mas 3TH YpaBHEHHS OTHOCHUTEIbHO ¢, b m K, Haxomum b=2,31,
k=211, c=0,136. CaenosarensHo, €=0,136 H/™M, u=2mb=
13,86 H-c/m.

[Tycts Temeps m, — HOBas Macca. Torna, BBoAs 00O3HAYEeHHE

a=m/m,, 6yzem umerb b = u/2m = pal2m,k =\W=kx/a.
Hanmensias macca M, IpA KOTOPOH ABUKEHUE CTAHET allepUOIU-
YeckuM, Haiinercs u3 ycious b =k, otkyma a=(k2m/u)®~
~ 83 pa3za.

3agaua 9. [lmactuna Becom G =0,5H momemena B cocyn c
BSI3KOH JKMAKOCTBIO (puc. 2.16), mpuKperuieHa K KOHILY B MpyKHHBI
AB ¢ xectkocthio C=0,25H/cM. B HekOTOpBIi MOMEHT BPEMEHHU
MOJNI3yH A HAYMHAET COBEPIIATh BEPTHKAIbHBIC KOJICOAHHS MO 3aKO0-
Hy X, =2sin15t (cm). Cuna cONMpOTHBICHHS JBHKEHHIO IIACTUHBI
co crtopoHbl xuakoctd paBHa R =-3,06v(H). [lonyuuts 3akoH
YCTaHOBHUBIIMXCS BBIHY)KJICHHBIX KOJICOAHUH IJIACTHHBI.
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Puc. 2.16

Pemenne. IlocTynarensHoe NBMKEHHE IUIACTUHBI PACCMOTPUM
KaK JBIKCHHE MaTepHalbHOM TOUYKH M, ochk Ox HampaBUM BHH3,
Havaso O ocH BO3bMEM B TIOJIOXKEHHUH MOKOos Touku M. Cucrema cui,
JENCTBYIONINX Ha TUIACTHHY (TOUKy M), moka3aHa Ha puc. 2.16. Bro-
poti 3axoH Hp0TOHA B BEKTOPHOM (hopMe 3aIuIeTcs B BIIIE

ma=G+F+R. (2.29)

Vanuuenue npyxursl (cM. puc. 2.16) Al cknamsiBaercs u3
CTaTUYECKOTO yUIMHEHUS A, U AMHAMHYECKOTO YUIMHEHHMs, PaBHO-

ro X—Xp, T.€.

Al = A + X—X,. (2.30)

IIpoenmpys ypaBaenue (2.29) Ha och X u yuntsiBas (2.30), mo-
ayunM MX =G —c(A + X—X,) — X [lenst Ha MacCy U MPUHUMAs BO
BHHMAaHME, YTO B M0JI0KeHHU paBHOBecusa G =CA, mpuxoxum k Y
BBIHYKJICHHBIX KOJIeOaHUH
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% + 2bX + k?x = p,sin pt, (2.31)

B KoTopoM b= 2/2m, k? =c/m, p, =2c/m. YactHoe pelenue 3To-
rO ypaBHEHHs, COOTBETCTBYIOLIEE BBIHY)XICHHBIM KOJCOaHHSM,

uMeeT BUA X, = Bsin(pt—/f), rae szol\/(kz—p2)+4b2p2,

tgl = 2bp/(k® — p?). TloACTaBIsAs YHCIOBBIC 3HAYCHHUS, MONYIHM
3aKOH BBIHYK/JICHHBIX KoeOanui mnactuael X = 3,5sin(15t —0,33).

B paccmaTtprBaeMoM mpuMepe HEMoCPeICTBEHHO Ha TPy3 HUKa-
Kas BbIHYXKJarolllas cujia He aeucTByeT. [lnacTtuHa coBepliaeT BbI-
HY)KJCHHbIE KOIIeOaHUs B PE3yJbTaTe BO3MYIIAIOMIETO ACHCTBUS OT
KoJIeOaHUI BEpXHET0 KOHIA A MPYXHUHBL. JTO EHCTBHE Yepe3 Ipy-
XKUHY nepenaercs miuactuHe. Kak mokaspiBaeT ypaBHeHue (2.31),
JBI)KCHUE KOHLIA B NPYXXUHBI 110 3aKOHY X, = 2SiN15t sKkBHBaNCHT-

HO JEHUCTBUIO Ha IJTACTUHY BO3MYUIAOLIEH CUJIbI
Q =cx, =3,75sin15t.

Bomnpocs! AJisi CAMOKOHTPOJISI

1. Kaxk HanpaBieHa u 4eMy paBHa CHJIa YIIPYTOCTU NPYKUHBI?

2. Kakoii Bug umeror 1Y cBOOOHBIX KOJeOaHUH MaTepHalib-
Hoit Toukn? [IpuBenuTe BHUJ €10 OOIIETO pEIICHNSI.

3. Uewm ompeneisroTcs aMILIMTyAa W HadajibHas (asza cBO-
OOIHBIX KONEOaHUI TOUKN?

4. 3aBHCAT JIM YacTOTa U TIEPUOJ] CBOOOIHBIX KOJICOAHUN OT
HavyalbHBIX yciaoBuid? KakuMu mapamerpamMu OHH MOJHOCTBIO OTIpe-
JeNS0TCA?

5. Kaxkoit Bug mmeroT JIY cBOOOIHBIX 3aTyXamomux Koieba-
HUI MaTepuanbHOi Touku? [IpuBeauTe BUI ero o0IIero pemeHus.

6. Kakoit Bun rpadukoB CBOOOJHBIX U 3aTyXalOMIUX Koieda-
HUH, a TAaKXKe allepHOAMYECKOTO JBMKCHUS MaTePUATLHON TOUKH?

7. Kak ompenensiercs IEKpEMEHT 3aTyXaloIIUX KoJeOaHWid H
YTO OH XapaKTepu3yeT?
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8. Kak cBs3aHbI Mexy cOOO0M 4acTOTHI (MIEPHOMBI) M AMILIH-
TyIbl CBOOOJHBIX KOJICOAHUN TOYKH 0€3 ydeTa W C y4eTOM COIpPO-
TUBNEHUS cpenbl? Benuko nu oTauyuue Ui peanbHbIX cpex (Hampu-
Mep, Bo3ayxa)?

9. Kakotii Bua umerot JIY BBIHYKICHHBIX KoJcOaHUN MaTepH-
aIpHOW TOYKM Oe3 ydera compoTuBieHus cpeabl? IlpuBenute ero
o011ee pereHre BHE PE30HAHCA U Ha PE30HaHCe.

10. U3 kakux COCTABISIOMINX CKIIAJBIBACTCS ABHKCHUE Mate-
pHaTBHON TOYKH MOJA ACHCTBHEM BOCCTAHABIMBAIOMICH M BBIHYXKAA-
owei cun? Kakyro U3 3TUX COCTaBISAIOIIMX HA3bIBAIOT BBIHYKIICH-
HBIMHU KOHC6aHI/I$IMI/I TOYKHU?

11. KaxoBHI eproA 1 YaCTOTa BRIHYKJIEHHBIX KOJEOaHNH TOU-
kn? OT Kakux (aKTOpOB 3aBUCUT UX aMIUTUTyAa?

12. Kak BiausieT CONPOTHUBIIEHHE CPEIbl, MPONOPLUOHAIBHOE
CKOPOCTH, Ha aMIUIMTYAy, YaCTOTY M MEPHOJ BBIHYXIECHHBIX KOJIe-
Oanmit?

13. Kak ompenensiercss u 4TO Xapaktepu3yeT Kod(hdUImeHT
nuHaMuaHOCTH?  KakoB rpaduk ero 3aBHCUMOCTH OT OTHOIICHHS
yactor P/K (BBIHYXIAIOIIEH CHUIBI U CBOOOAHBIX KOJeOaHwMiA)?

14. KakoBa 3aBUCHUMOCTH caBura (a3bl KojeOaHuil OT OTHO-
meHus yactotr p/k ?

15. Kak Bemer ceOsi kod(puIMEHT JTUHAMHUYHOCTH TIpU
p >> k ? I'zie 310 Bcnosb3yeTcs B TEXHUKE?

16. KakoBbl 00IMe peKOMEHMIAIMHA K PEUICHUIO 3aJ1ad Ha KO-
nedaTebHOE IBIKEHNE TOUKN?

Ynpaxnenus

Y.4. K npyxune, Ko3QpPHUIUCHT KECTKOCTH KOTOPOH ¢, ObUIH
NOJIBENIEHBI [IBa IPpy3a ¢ MaccaMmu M, u M,. CucremMa HaxoauIach

B TIOKOE€, KOTJIa BTOpPOH rpy3 yOpamm. HaiiT ypaBHEHHE ABMKCHUS
OCTaBLLIErocs rpysa.
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¥.5. Teno macce M = 5 Kr MOABEMIEHO HA MPYKUHE KECTKOCTH
¢ = 2 xH/m. ConpoTrusieHue cpeapl MPONOPHHUOHATIBHO CKOPOCTH.
AMIUTHTYIa TIOcTie 4YeThIpex KojeOaHWil yMeHbIIMiach B 12 pas.
Omnpenenuts NepuoOA U JeKpeMeHT Konebanuii. Haiitu Takke ypas-
HEeHHUE BIDKCHHUS TeJNa, €CIU ero MOABECHIIN K KOHITy HeleopMHUpo-
BaHHOH MPYKUHBI U OTIYCTUIIN 0€3 Ha4albHOW CKOPOCTH.

¥.6. Cratudeckuii mporud peccop TPyKEHOro TOBAPHOTO Baro-
Ha Al =5 cm. OnpenenuTs KPUTHYECKYIO CKOPOCTh JBHKEHHMS Ba-
rOHa, TpU KOTOPOH HAYHETCSl «TaJOMMPOBaHHME» BaroHa, €cid Ha
CTBIKAaX PEIbCOB BaroH HCIBITHIBACT TONYKH, BBI3BIBAIOIINE €TO BBI-
HYX/IeHHbIe KoneOanus. [JimHa penbcoB 12 M.
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Jlexuus 3. HECBOBO/JIHOE JIBUKEHUE TOYKHU

3.1. YpaBHeHue cBs3eii, kiiaccupuranusi cBsizeit

Kaxk yxa3biBanoch B jexkuuu 1, BTOopoil 3akoH HproToHa crmpa-
BEJIUB, €CIIM TOYKa cBOOOAHA. B ciydyae HECBOOOIHOTO NBMKEHUS
TOUYKH, KOT/Ia Ha Hee HaJIOXKEHBI CBSA3H, MBI TIOJIb3YeMCS IPUHIUIIOM
0CBOOOKIaEMOCTH OT 3THX CBS3EH, XOPOIIO 3HAKOMBIM HaM TO Kyp-
Cy CTaTUKU. TUNMYHBIMU MPUMEPAMH HECBOOOJHOTO JIBUIKCHHUSI SIB-
JIAOTCA ABHXKCHUA TOUYKH 110 33):[3HH0171 IMMOBCPXHOCTHU U I10 3aZ[aHHOI71
nuHud. Takue CBSI3M MOTYT OBITh 3aJ]aHbl AHAJMTHUYECKU, B BHJIEC
ypasHenuil cesizu. Hanpumep, ToUka, HAXOAANIASACSA HA KOHIIE Hepac-
TSOKUMOTO CTepoKHS JUTMHBI |, Ipyroit KoHel KOTOpOro 3akperuieH
mapHupHoO B Touke O (puc. 3.1), Oynet nuratbes mo chepe paauyca
I. B cucreme koopaunar OXyz (cm. puc. 3.1) ypaBHEHHE 3TOH che-

pBI OyIeT UMETh BUA
X2 +y?+7°2 -1 =0. (3.1)

JIBrkeHue ke Koapla M, HaCa)XKEHHOIO Ha IIPOBOJIOKY, U30THY-
TYIO B BUJIE OKPYKHOCTH paguyca R (puc. 3.2), Oyner mpoucxoauTh
BJIOJIb 3TOH OKPY>KHOCTH.

s
y
y
M
7 |
0]
X
Z
X
Puc. 3.1 Puc. 3.2
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3amanue ee B cucteme koopauHaT OXyZ ¢ HadaloM B IIEHTpE
OKPYKHOCTH M 1jIockocThio OXY, coBmajaromei ¢ ee IIOCKOCTBIO
(cM. puc. 3.2), onpeAenuTcsi CUCTEMOM ABYX ypaBHEHHUH

x2+y?-R?*=0, z=0. (3.2)

B stux npumepax ypasHenns (3.1) u (3.2) u ABIAIOTCS YpaBHEHUSAMHA
CBsI3CiA.

PaccMoTpuM Temeph BOMPOC O CBA3SX MOAPOOHEE U JaJauM UM
knaccudukanuio. Iloj ceszamu B TuHAMHKE OyIeM MOHUMATS JiF000-
20 8UOA OZPAHUYEHUSs], KOMOPble HANALAIOMCA HA NOTONCEHUE U CKO-
pocmb dsudcyuwuxcs mein (mouex). CBS3b IPH STOM MOXKET BHIOU3-
MEHSTBCSA CO BPEMEHEM, T.e. B OOILIEM Cilydae ypaBHEHHS CBS3CH
HAMEIOT BHUJI

f(t,x,y,2,%Yy,2)=0. (3.3)

Ecnu cBsi3p HE MeHseTCs co BpeMeHeM (T.e. B ypaBHeHuu (3.3)
¢bynkuus f oT BpeMeH# t IBHO He 3aBHCHUT), TO €€ Ha3bIBAIOT Crayu-
OHApHOU, A eCTIU MEHSeTCs, TO Hecmayuonaphou. B paccMOTpeHHOM
HaMU TpuMepe IBWKeHHUs Toukd (3.1) cBs3p sBIIAETCS CTallMOHAp-
Hoii. Ecnu ke crepeHb 3aMEHUTh NPYXHHOM, TO ee JUIMHA yxKe Oy-
net 3aBuceTh oT Bpemenu | =I1(t) u ypasuenwue (3.1) B aTOM citydae

6yHeT OIMUCBhIBATHL HECTAIMOHAPHYIO CBA3b
x2+y?+722—12(t)=0.

Ecnu cBsI3b He HAaKJIaJbIBaeT OTPAHUYCHUI HA CKOPOCTH TOYEK,
TO €€ Ha3bIBAIOT 20NOHOMHOU (ceomempuyecKoil), a eClli HaKJIa/Ibl-
BAET, TO He20N0HOMHOU (Heceomempuyeckoil). Y paBHEHUE TOJIOHOM-
HOM CBSI3M TOTJa OyleT ONHMChIBaThCs ypaBHeHHEM (3.3), B KOTOpOM
¢bynkuums f He 3aBucut ot X, Y,Z. B paccMOTpeHHBIX nprMepax He-

CBOOOJTHOTO JIBMKCHHUSI TOYKH CBSI3H, ONKCBHIBAEMbIE YPAaBHEHHUSIMU
(3.1), (3.2), sBastoTCS TONOHOMHBIMH. [lpuMepoM HeEroJoHOMHON
CBSI3U SIBIISIETCA JBIDKEHHE KOHBKOOEXKIA, a TOYHEe, CKOJBbKEHHE
KOHBKa 10 Jb1y. KoHEK MOXKeT 3aHMMaTh J11000€ MOJI0KEHUE Ha I10-
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BEPXHOCTH JIbJA, HO IIPH STOM CKOPOCTH KOHbKA B KaKIBI MOMEHT
BpPEMEHH JI0JUKHA OBITH HAIIpaBJIEHA BIOJIb KOHBKA.

Haxkomertr, pa3nuyaror cBsA3u 0gycmoponnue (yoepacusarouue) u
oonocmoponnue (rneyoepoicusaiowue). Tlox TByCTOPOHHUMHU TTOHH-
MAarT CBSI3H, KOTOPBIC 3aa0TCS YPAGHEHUSMU, & TIOT OJHOCTOPOH-
HHUMH — CBSI3H, KOTOpbBIC 3aMar0TCs HepagseHcmeamu. It ABYCTO-
POHHEH CBSI3M TOYKA JOJDKHA BO BCE BPEMs JBIDKCHHS HAXOMAUTHCS
ctporo Ha ee moBepxHoctu f(t,X,Y,2,X,y,2) =0 u He MOXET ee 1o-

KHHYTh HH C KaKOW W3 JIByX €€ CTOPOH (IIOBEPXHOCTDH yIEPIKUBAET
Touky). st ogHocToponneit cessu f(t,X,y,2,X,¥,2) >0 (wm <0)
TOYKA MOKET HAXOIUTHCH KaK HA MOBEPXHOCTH, TaK U MOKHHYTH €€
C OJHOM CTOPOHBI (MOBEPXHOCTH HE yAEPIKMBAET TOUYKY OT IOKHIA-
Hus). Hampumep, eciau B paccMaTpuBaeMOM HaMM MEPBOM IIpUMeEpe
CTEPIKEHb 3aMEHHTHh HEPACTSHKAMOM HHTBIO, TO TaKas CBS3b YiKE
OyJeT 3a/1aBaThCsl HEPABEHCTBOM

X +y°+2° -1° <0, (3.4)

yKa3bIBAIOIIMM Ha TO, YTO TOYKA MOXKET OBITh KaK Ha MOBEPXHOCTH
cepsr pamuyca |, Tak 1 BHyTpH ee. CBsI3b B 3TOM NpPHMEPE MO3BOJISI-
€T TOYKE TOKMHYTh IIOBEPXHOCTH B CTOPOHY €€ BHYTPEHHOCTH.

B namem kypce Mbl OyJeM B OCHOBHOM pPaccMaTpHBaTh JIBY-
CTOpPOHHHE, TOJIOHOMHBIE, CTAllMOHAPHBIE CBA3U. Takue CBSI3M 3aj1a-
I0TCS ypaBHEHUSMU BHJA

f(x,y,2)=0. (3.5

3.2. I[BI/DKCHI/IC TOYKH 11O Hel'lOlIBI/DKHOﬁ MOBEPXHOCTH

PaccmoTpum cHavana ciaydail ABMKEHUS TOUKH MO 21d0KOU He-
MTOJIBIKHOM MOBEpXHOCTH (puc. 3.3), 3a1aBaemoli ypaBHeHueM (3.5).
3anumieM BTOpoit 3aKkoH HproTOHA B BHjIE

ma=F+N, (3.6)
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rne F — paBHOzeHCTBYIOIAs BCEX aKTHBHBIX CHJI, JEWCTBYIONINX Ha
Touky; N — peakuus riagkol MOBEpXHOCTH, HAIIPABICHHAS, KaK M3-
BECTHO, MO0 HOpManu K Hed. U3BecTHbiMM Oymem cuurtaTh cuiy F,
Maccy TOYkM M u HavambHble ycnoBus X(0) =Xy, y(0)=Y,,
2(0) = 25, X(0) = Vo, Y(0) =Vp, 2(0) =V,, 3amaHHBIe B HHepLHUAIb-

Holi cucreMme otcuera OXYyZ .

z N
F N/ VT
M
(0]
y
X
Puc. 3.3

Torna nckombeiMu OynyT 3akoH aBmxeHus Touku X(t), y(t), z(t)
u peakust N T71a1K0# TOBEPXHOCTH.

3aMeTHM, YTO IOCTaBJCHHAs BBINIE 3aJada HE SBISETCS HU
npsiMoi, Hu oOpaTHO# (cM. 1. 1.4 nekuuu 1). Cnenudurka 3amay Ha
HECBOOOIHOE JIBKEHUE TOYKU COCTOUT B TOM, YTO PEAKIMH CBSI3eH
3apaHee HeN3BECTHBI.

Pacnmmem Bropoii 3akoH HptotoHa (3.6) B MpOEKIMAX HA OCH
KOOpJHAT

m&=F,+N,,my=F +N,m=F,+N,. (3.7)
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OTU TpU ypaBHEHUS COJIEPIKAT MISCTh HEU3BECTHBIX — TPU KO-
OpJIUHATBI TOUKU X,Y,Z ¥ Tpu mpoekuuu N, Ny, N, peakuuu mo-

BEPXHOCTH. Tak Kak TOYKa BO BCE BPeMs ABWXEHHUS JOJKHA HaXO-
JUTHCSI Ha IMOBEPXHOCTH, TO YPaBHEHHE OTOW IOBEPXHOCTH
f(X,y,z) =0 sBnsercss 4eTBepThHIM ypaBHEHHEM. [l moiyueHus

JIBYX HEJOCTAIOIINX YPaBHEHUM HCIIOJB3YEM YCIOBHE TIIAJKOCTH
noBepxHocTH. Kak m3BecTHO U3 auddepeHInaIbHOi TeOMETPHH,
sekrop Vf =(f,, f/, f)) nanpasnen no mopmanu x mosepxnoctn

f(X,y,2) =0, u MBI UMeeM yClIOBUE KOJUTMHEAPHOCTH BeKTOpoB N 1
Vi

N,/ fy =N,/ =N,/f,. (3.8)

Takum 0Opa3oM, MBI MOMYYHIIM IIECTh YpPaBHEHHH, KOTOpPHIC B
MPUHIATIE TIO3BOJIAIOT PEIINTh IIOCTABICHHYID HaMH 3ajady.
W3 ypaBuenwii (3.7), (3.8) MOXXHO UCKITIOYUTH PEAKIIHIO CBSI3U, €CIH
0003HaYUTh paBHBIC OTHOIICHUS (3.8) uepes 4, T.e.

N,/ £y =N,/ =N,/ /=4 (3.9)

Toraa Mbl IOJIyYUM CIEAYIOUIYIO CUCTEMY U3 UYETHIPEX ypaBHE-
HUHN

. ’ . ’ = '

mX=F, +Af, my=F +Af/,mZ=F, + if;,

f(x,y,2)=0. (3.10)

JUISL  ONpE/IeNieHHsT YeThIpeX HEHM3BECTHBIX (DYHKIHUH BpeMeHH
X(t), y(t),z(t),A(t). Iocme OTBHICKAHUS STHX HEU3BECTHBIX MOXHO

onpenenuth npoekimu peakimu N 1o Gopmyre (3.9). YpasaeHus
(3.10) nazsIBatoTCa ypasnenuamu Jlazpauica nepgozo pooa.

3apaua 10. Onpeaenuts 3aKOH ABMXKEHHSI TOUKH Macchl M 1o

TOBEPXHOCTH TMIAAKOro mummHapa X2 +2°—R*=0 (puc. 3.4), a
Takke peakuuio N IUIMHApa MpU OTCYTCTBUM AaKTHBHBIX CHIL
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B HauaneHbIi MOMEHT BpemeHn t =0 TOYka HaXOIWIach B MOJIOXKE-
muu A(R,0,0) n nmena ckopocteb Vo (0,Vy,,Vy,) -

z

M N
N y
A Vo ‘\\
\ y
Puc. 3.4

Pemenue. B Hamiem ciyyae cymMMma BCEX aKTUBHBIX CHJ, JEH-
CTBYIOIIMX HA TOYKY, paBHa HYJIIO, U BTOpOM 3akoH HbroTOHA 3amnu-
werest B Buge ma=N. YuursBas, uto f; =2x, f; =0, f; =2z, 3a-

nuiieM ypaBHeHUs Jlarpamxka nepsoro pona (3.10)
mX = 24X, my = 0,mZ = 21z, x* + 2> = R? (3.11)

[IPY HaYaJIbHBIX JAHHBIX
x(0) =R, y(0) =0,2(0) =0,%(0) =0, y(0) = Voy, 2(0) = vy, -

N3 Broporo ypaBHenus (3.11) momydaercs ¢ y4yeToM Hadajb-

HBIX JIAHHBIX, Y=V q U Y =V,ot. [logenns nanee nepsoe ypasnenne
(3.11) Ha tpetbe, momyunm X/Z=X/z, otkyma —Xz+Z2x=0, win

d(-xz+12y)

d

WnTterpupyst nocienHee ypaBHEHHE C YYETOM HAYaIbHBIX JAHHBIX,

noiyduM —XZ+2X=RV,,. [lenas 3ameHy nepeMeHHbIX (WU nepe-

0.
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X0/ K MOJIPHBIM KOOpAuHATaM) X = RC0S@, Z=Rsin ¢ mnomy4nm,

gro R? d%t =Ry,,, mm d%t:v(,z/ R. CnenoparensHo (¢ yde-

toM Toro, uto @(0)=0), ¢=at, Tne @=V,,/R. MsI nomyumm
3aKOH JIBWKEHHSI TOUKU M B BUZIC

x=Rcosat,y=V,t,z=Rsinat. (3.12)

VYpasuenns (3.12) o3Ha4arOT, YTO TOYKA OyAET ABUTATHCS II0
BHHTOBOW JIMHHU.
Haiimem temepp peaknuio tmauHapa N=AVf. Tak «kak

A=mx/2x=-mw?/2, To

N =|/”L|w/(fx')2 +(f)* =ma?R.

3Hak MUHYC y A yKa3plBaeT Ha To, 4To peakuuss N HampaBieHa
BHYTPb HUIMHIIPA.

3agauya 11 (3agada o cepudeckom masTHHKe). Touka mMaccoit
M nBWKETCS TOA ACHCTBUEM CHIIBI TSDKECTH 10 BHYTPEHHEH II0-
BEPXHOCTH TJIaJKOM cepsl pamuyca R BOIM3M TOIOKEHUS PaBHO-
Becust (puc. 3.5). B  HavanpHBIA  MOMEHT  BpPEMCHH
t=0, x(0) =%y, y(0)=0,v,(0)=0,v,(0) =v,. Onpenenuts nBuKe-

HUE TOYKU U CHITy PeaKkLuH chepsbl.
@

Puc. 3.5
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Pemenue. Ypasuenue cdepbl B cucreme koopauuat Oxyz (O —
ueHtp coepsr) mMeer Bug X2 + Y2 +2z°—R?=0. CiegoBareibHo,
fe=2x 1) =2y, f; =2z u ypasnenus Jlarpamxa nepsoro pona 3a-

MMAOIYTCSA B BUAC
mX = 21x,my =2y, m7 =21z, x* +y* +z* =R%.  (3.13)

[TonyyeHHas cucTeMa ypaBHEHHH CIIOXKHA JJIsi HHTETPUPOBAHUS
(Hem3BecTHass A Belb HE 00s3aHA OBITH MOCTOSIHHOW BEIIMYMHOMN).
Haitnem mosTomMy mpuOIMKEHHOE PENICHUE 3a7a4H, BOCIIOJIb30BaB-
IIMCh TEM, YTO TI0 YCJIOBHIO 33Jaud JIBUKEHUE MPOUCXOIAUT BOIH3H
nonoxenus pasosecus A(0,0,R). D1o osmauaer, uto X/R u y/R

SIBJISIIOTCS. MAJIBIMU BEJIMYMHAMH M MOXKHO B II€PBOM IIPHUOJIMKECHUN
npeHedpeys X KBaIpaTaMH B BBIPAKCHHUU JUIS Z:

2=\JR?=(x2 +y?) =R{1-(* + y*)/R? =
RA-(x*+y?)/R>)* ~RA-(x* +y*)/R?) =R

[lomarast B TperbeMm ypaBHenuu (3.13) z=R u Z=0, Oynmem
umerb Mg+ 2AR =0. B namem npubmmwkennn A =—-mg/2R okaza-
J1ach MOCTOSIHHOW BETMYMHOW U MBI Cpa3y MOXKEM OIPE/ICIUTh peak-

wo cpeper N =|2y/(£1)? +(f;)? + £)? =-mg.

[MoxcraBisist Temeps MOJYYEHHOE 3HAYEHHWE A B IEpBBIE JBa
ypasaenus (3.13), monyunm X=—(g/R)X, y=—(g/R)y nmm

X+k*x=0,y+k?y=0, k=,/g/R. (3.14)
YpaeHernns (3.14) moka3bIBarOT, YTO TOYKA BIIONb OCEH X U Y
COBEpIIAeT CBOOOJHBIE T'apMOHMYECKHE KojeOaHus ¢ uyactorod K
(cm. m. 2.2 neknuu 2). CrenoBatensHoO,
x=Asin(kt+ ),y = A sin(kt+«,).
IloncraBnsst HayalbHBIE JAHHBIC, MOJIYYUM HCKOMBIE ypaBHE-
HUS JIBMOKCHUS

Xx=X,sin(yg/Rt),y=4/g/Rcos(yg/Rt),z=R.
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Ecnmm uckirounts M3 3THX ypaBHEHWH BpeMs {, TO THOIydnM

ypaBHEHHE TPAEKTOPHUHU
X2 Ix5 +y*I(Rv)) =1,z=R.

To ecTh B IpUHATOM NMPHOIMKEHUH TOYKA OyAET IBUTATHCS IO 3J-
JIUIICY, JIeXalleMy B TNIOCKOCTH Z = R ¢ nientpom Ha ocu Oz.

CnemaeM 3aMedyaHMe K HamleMmy peuleHuto. CTporo rosops,
HENb35l CYUTATh, YTO MBI NOJIYUYMIIN €T0 C TOYHOCTBIO JIO0 YJIEHOB IO-
painka X/R w y/R, Tak Kak JOMOJHUTEIHHO €Ie MPUHSITH, YTO
Z=0 (u3 TOrO, uTO Z =R C TOYHOCTHIO J0 WICHOB mopsiika X/R u
y/R, eme e cremyet, uto Z=0 c TO# xe TOUHOCTHIO). CTpOroe
pElICHrE B TIEPBOM MPUOIMKEHUH (CM., HAallpUMeEp, COOpaHue TPy-
noB akagemuka A.H. Kpeutosa, Beim. |11, Maremaruka, 4. |, uzganue
AH CCCP, 1949, c. 333) naetr BMecTO 3JUIHIICA HE3AMKHYTYIO KpH-
BYI0, OJIM3KYIO JIJIsl IEPBOTO BUTKA K AJUIUICY. J[BMXKEHME 1O TaKoOM
HE3aMKHYTOW KPUBOM MOYKHO IOJYYUTh, €CJIM IOJYYEHHBIN JIIUIC
MTOBOPAYMBATh C OMPEIEIIEHHOW CKOPOCThI0 B CTOPOHY IBHKCHHS
TOYKH.

PaccMoTpum Teneps IBMKEHHE T10 UepoXo8amoti TOBEPXHOCTH.
B sToMm ciyuae peaknust cBsi3um R uMmeeT JBe COCTaBIAIOIINE — HOP-
ManbHy0 peakiuio N u cuiny tpenus F;. OcHoBHOe ypaBHeHuUe nu-

HaMHUKHU 6yIL6T TCIICPb UMCTH BU/]

ma=F+N+F,, (3.14)

WJiK, B IPOCKIHAX HA OCHU KOOpJAUHAT,

m=F +N,+F,, my=F +N +F;,
) f o (3.15)
mZz=F,+N,+F,,.

Tak kak cwiia TpPeHHS HaAIPABJICHA MPOTHUBOIOJIIOKHO BEKTOPY CKO-
POCTH TOYKH, TO €€ MOXHO TpezcTaButh B Bune F; =—(F; /V)v, rae

F; u v — momgymu BextopoB F; m v. Torma ee mpoexkunu OymyT

pasnbl Fp =—(F¢ /)X, Fy, =—(F; Iv)y, Fp, =—(F /v)Z. Yuursisas,
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yro F; =f4N, rne fd — JIUHAMHYECKUN KO3(DQUIMEHT TpeHus

CKOJIBXXCHHA, CHOBA MOJYYHUM CUCTCMY M3 YCTHLIPEX ypaBHeHI/Ifl JBHU-
KCHUA

mX=F +Af/ —(F /v)x,my=F +Af —(F /vy, 216
mz=F,+Af/—(F /v),f(X,y,z)=0 (3.16)

OTHOCHUTENLHO TeX ke Hem3BecTHBIX hyHKmH X(1), y(t),z(1), A(t).

Cucrema ypaBHeHmit (3.16) mo3BomseT, TakUM 00pa3oMm, pe-
IOUTH 3aga4y O ABMIKCHHUH TOYKU C YUCTOM TPCHUA O IMOBCPXHOCTD.
Pemenue ee, omqHako, MOXKET OBITh CIOXHBIM M B O0IIEM ciydae
TpeOyer mpuBiederns DOBM M YHCIEHHBIX METOJOB PEIICHUS CH-
crem 1VY.

B kavecTBe WIIIOCTpalMu PacCMOTPHUM NPHUMEP PELICHUS CH-
ctembl (3.16) i cirydast MPSIMOJIMHEWHBIX KOJEOaHU TOUKH C y4e-
TOM TPEHHs CKONIbXeHus (puc. 3.6).

N

vy

Fy np

Fs X

.

Puc. 3.6

Cuctemy xoopaunat OXyz BBeJeM Tak, 4TOOBI JBH)KEHHE TOU-
KH Tiporcxoamio Broiib ocu OX, Hadano O BeIOEPEM B TOJIOKEHUH
paBHOBECHS TOYKH, COOTBETCTBYIOIIEM HenehopMUPYEeMOH mpy-
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JKUHE, a OCh Z HAIpaBUM BEPTUKAIHHO BHU3, KaK IMOKAa3aHO Ha pHC.
3.6. YpaBHeHue moBepxHocTH Torma 3amnwmmrercs B Buae Z=0. To
ecTb B Haem npumepe f =z u f; =1 =0, f; =1. Tax kax Touka
IBIDKETCS BIONB OCH X, TO Y=2Z=YyY=72=Yy=Z=0 Bo Bce Bpems
OBIDKCHHA. YUWTHIBas, Jajee, YTO CyMMa AaKTUBHBIX CHII

F=mg+F,,, roe F,, =CX; ¢ — K09 PHUIMEHT )KECTKOCTH MPYXKH-
HBI, IPUBEJIEM cUCTeMy ypaBHeHUH (3.16) k Buay
mX =—cx—(F; /v)x,0=1+mag. (3.17)

N3 BTOporo ypasuenus (3.17) nonxywgaem, yto A =-mg u, cie-
nosarenbho, N, =Af;=0, N, =Af/ =0, N,=Af/=-mg. To ects
MBI TTONy9iIn (Kak U JOJDKHO OBITh), uTo N =M@ u HampaBieHa

BCPTUKAJIBHO BBEPX.
Ilepoe ke ypaBuenue (3.17) pacnamaercs Ha Ba ypaBHEHHUS
mX =—cx— fymg, ans X >0 u mX=—cx+ fymg, ms X<0, win

X+k*x=—f,g, mmax>0; (3.18)

X+k°x=f,g, nma x<0. (3.19)

Hns pemenust ypaBHenuit (3.18), (3.19) 3zamagum HauadbHBIC
ycnoBust. [1ycTh B HaYalIbHBIH MOMEHT BPEMEHH TPY3 ObLIT OTKIIOHEH
BpaBo Ha paccrosHue X(0)=A, u Obul oTmymieH Oe3 HadaIbHOU
ckopoctr X(0)=0. Bymem ere CYMTaTh, YTO B ITOM CMEMICHHOM
MOJIOKEHUH BOCCTAHABJIMBAIONIAS CHUJIA YIPYTOCTH MPYKHHBI 00Jb-
me cHiBl TpeHus, T.e. CAy> fymg wm A, > f,g/k* (umaue rpys
OCTaHETCs B ITOKOE).

3aMeTHM, YTO Ha HaYaIbHOM dTare JBmkeHus X <0 u Hy)XHO
uHTEerpupoBarh ypaBHenue (3.19). Obmiee pewenue (3.19) Haiinercs
KaKk CyMMa peIIeHud X=X + X,, Te X, — oOIlee pereHne OmHo-
pomHoro ypasHenus X+Kk°X=0; X, — 4acTHOE pellleHHE MOJIHOIO
ypaBHeHus (3.19).
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Obmee pemenne X = Asin(kt+«a) mbl yxe 3HaeM (cM. 1. 2.2
JeKIe 2), a 9acTHoe pemreHne (3.19) MOXKHO B3ATh B BHIE IOCTO-
aHHOU X, = f 0/ k?. Torma x=Asin(kt+a)+ fq g/k?. ToctosH-
HbIC MHTCTPUPOBaHUS A M o HailleM U3 HaYalbHBIX YCIIOBUI 3a/1a4u
x(0)= A, X(0)=0. Cmenosaremsno, a=7x/2, A=A, f,g/k>
3HayuT,

x=(A, - f,9/k?)coskt+ f,g/k>. (3.20)

Pemenwue (3.20), ogHako, cripaBeAIUBO JIHIIE 0 TE€X MOp, MOKa
CKOpPOCTh

X =—(A, — f;0/k?)sinkt (3.21)

OCTaeTCs OTPHUIIATEIbHOW, T.e. JO MOMeHTa Bpemenu t =r/K.
IIpu >TOM 3HadeHHE X;, COOTBETICTBYIOIIEE KpalHE JIEBOMY IIOJO-
JKEHHIO, paBHO X, = X(t) =—(A, —2f,9/k?). Ammmtyna A =-X
HEepPBOro OTKJIOHCHHUS OMpEeIeTUTCS PaBEHCTBOM
A = (A, —2f,9/k?). B paccMaTpuBacMoM MHTepBajle BPEMEHH IPYy3
COBEPIIHUT MOJIOBUHY KOJIEOATEIHHOTO IUKIIa OTHOCUTEIBHO CpeIHe-
ro nonoxenus f,g/k?.

Hanbueiimee (00paTHOE) ABMKEHUE TPY3a BO3MOXKHO JIUILb TPU
YCJIOBUHM, 4YTO BOCCTaHABIMBAIOLIAsl CWJIa YIPYTOCTH MPYXKHHBI
Oonplie cwiIbl TpeHHWS B KpailHEM JIEBOM TIOJOXKEHUH, T.€.

A > f,9/k®. Ecim 3To ycioBHe coGMIONAaeTCs, TO HAUHETCS JIBHKE-
HUE BIPABO IIPU HOBBIX HAYaJbHBIX yCIHOBUAX X=X =—A,X=0.

Ha srom yuactke X >0 u HMHTErpupoBaTh HYXKHO YK€ ypaBHECHHE
(3.18). Paccyxxnas aHaOTHYHO, TOJIYYUM, YTO 3TO PELICHUE MMEET
BUJ

x=—(A — f,g/k?)coskt — f,g/k?,
x=(A - f,9/k?)sinkt. (3.22)
B komnrie Broporo yuactka X =0, OTKyza cieayeT, 4To IpoMe-
)KyTOK BpeMeHH, B TCUCHUC KOTOpOFO HpOI/ICXOI[I/IT JABUXECHUE Ha
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BTOpOM dTane t, =7 /K, T.e. t, =t,. Haubonbmee oTknonenne A,

TOUKM mHonyduM, moxacrtaBuB t =1, B nepsoe ypaBnenue (3.22),

A=A -2f9/K>

Ecmu okaxercs, uto A, > f g/ k2, TO BHOBb HAUHETCS JIBHIKE-
HHUE BJICBO W CHOBa HY)XHO WHTErpupoBarh ypaBHeHue (3.19) mpu
HOBBIX HadalbHBIX JaHHBIX X = A,, X=0. IloHATHO, 4TO MBI BHOBb
npuzeM K ypasHeHusM (3.20), (3.21), B koTopeIx A, ciexyeT 3ame-
HUTb HA A, U T.I.

Jlerko 3amMeTuTh, YTO 3a KaXAbIM MOJYNEPUOJ aMIUIATYAa
yMmeHbIaercs Ha Benuumny 2 f,g/k?, mpuueM JIHTENBHOCTD Kak-
JIOTO TMONynepruosia onuHakoBa u paBHa /K. Ilocne wcredeHus n

TOJTYTIEPHO/IOB, AMILTHTY/Ia yMEHBIIATCS, O4eBHIHO, Ha 2nf,g/k* u

cramer paHoit A, = A, —2nf,g/k® Taxum obpasom, npu mpenuu

cronvorcenus (cyxom mpenuu), amnaumyoa yovieaem no 3aKOHY
apugmemuueckoll npocpeccuu (HaIIOMHUM, YTO NPH y4YeTE COIPO-
TUBJICHHUA Cpelbl (BSI3KOM TPEHHH), aMILTUTyIa yObIBaia 1Mo 3aKOHY
TEOMETPUUYECKON TPOTPECCHH, CM. TI. 2.3 JEeKIUH 2).

KoneGanust 6yayT mpoucxXoauTh A0 TeX MOop, MoKa cujia ympy-
roctu CA, B OJHOM M3 KpallHUX IIOJIOKEHHUH HE CTAHET MEHbIIE CH-

el Tpenms: CA, < f,mg, mm A, < f,9/k%. Tloms3ysce BIpakeHH-
eM i A, , IoIy4dum

Ay =%, <(2n+1) f,g/k>. (3.23)

HepasenctBo (3.23) MOXET CIy>KWUTh ISl OTIPEAETICHHUS YHcia
MOJYNIEpUOJOB KOJe0aHWH A0 OCTAHOBKM Ipy3a, WM, HAa0O0OpOT,
3HAUCHHUS X, , 10 U3BECTHOMY 3HAUCHHUIO YHCIIA TOITYTIEPHUOIOB.

Ha puc. 3.7 npuBeneH rpauk IBIKEHHS TOYKH (Tpy3a).
Ha »stom rpaduke mapamiensHo ocu t mpoBeaeHBI I1BE MpPSIMBIE

x=b=f,g/k? n x=-b=-f,g/k*.
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Puc. 3.7

OKOJI0 BEpXHEH MPsSMOM pacIoyiaraloTcs MOJyHepUoabl, COOT-
BETCTBYIOIME JBHKCHHUIO BIEBO, @ OKOJIO HYDKHEH NMpSAMOU — JBU-
JKEHUIO BIIpaBO. BHYTpHM 3TUX HpsIMBIX — «30Ha 3acTos». Eciu ka-
KOW-HUOY/Ib TOJIYIIEpHO] 3aKaHYMBAETCS B «30HE 3aCTOS», TO JABH-
xKeHue npekpamaercs. Orubaromue rpaduka UMEOT BUA HAKIOH-
HBIX MpAMBIX X =+(A, —tg(2f,9/7K)-t).

PaccMmoTpeHHBIl TPUMEDP MOKA3BIBAET, B YACTHOCTH, YTO YYET
TPEHUsSI CKOJBKEHHS NP HECBOOOIHOM [BM)XEHHHM TOYKH CyILe-
CTBEHHO YCJIOXHSET 3a/ady.

3.3. /IBH:KeHHE TOYKH 110 HENOABUKHOH KPUBOii

IIpy n3yyeHuM ABMKEHUS TOYKM IO 33JaHHOW HENOJBHKHOMN
KpUBOH ynoOHee monb3oBathes Y apmwxenus (1.6) B mpoekIuax Ha
OCH €CTECTBEHHO# cucTeMbl koopaunat (7,Nn,b). Ha puc. 3.8 noka-
3aHa cwia F — paBHOIEHCTBYOMAs BCceX aKTHUBHBIX CHJI, AEUCTBYIO-
IIMX Ha TOYKY, 1 cuia R — cuia peakunu kpuBoi. Pasnaras cuny R
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Ha HOpMaJbHy!0 peakuuio N U cuty TpeHus ckonbxeHus F; moiy-
gum, uto R, =F;,R, =N, R, =N, u 1Y (1.6) 3amuuryrcs torna B

BUJIE

ms=F +F,, mvV’/p=F +N,,0=F +N,. (3.24)

Puc. 3.8

U3 tperbero ypasaenus (3.24) ciemyer, 4To OMHOpMabHAs pe-
aKUsl KPUBOW TOJHOCTBIO OMNpeNesieTcss OMHOPMAaIbHOW COCTaB-
JIAIOUIEN paBHOJICMCTBYIONIEH aKTUBHBIX CHUJI U OT 3aKOHA JIBUKEHUS
TOYKH HE 3aBUCHT.

Moguynb cunbl Tperus Fp = f;N = f,/N2+NZ, a ee Hanpas-
JICHHE ITPOTUBOIIOJIOKHO HAIIPABICHUIO CKOPOCTH V, TIOITOMY

Fro=—fyyNZ+NZ-v_/v. (3.25)

Ioncrasnss (3.25) B (3.24) u yuuTsiBas, 4o V, =S, MOIYyYUM
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M§=F, - fg[NZ+NZ -$/v,mV?/ p=F, +N,, (3.26)
0=F,+N,.

[Tonydyennast cucrema U3 TpeX ypaBHEHHUI MO3BOJISET OMpese-
JIUTH BCE TPU HEM3BECTHBIX 3amadd S,N, m N, Ipu 3amaHHBIX ak-
TUBHBIX CHJIaX, MAacC€ M HayalbHBIX YCIOBUSX JIBIKCHUS TOYKHU.
Cuna TpeHHs BOCCTaHABIMBACTCS Jaliee 1Mo ypaBHeHuto (3.25).

Ecnu nBmkeHue mpoucXoauT 1o Iriaagkoi kpusoi, To F; =0 u

ypaBHeHus (3.26) IpUHUMAIOT BUJ
ms=F,,mv?/p=F,+N,,0=F +N,. (3.27)

B sTOoM cnydae mepBoe ypaBHEHHE CIY)KUT IUISL ONpPENesICHUS
3aKOHa JIBIKEHUS TOYKH, a BTOPOE U TPEThe — JUIsl ONIpesieIeHUs pe-
aKI1H CBSI3H.

3apaua 12. bpycky Macchl M, HaxXxoAsAIMIEMyCs Ha BEpIIMHE
TNIAJAKOH UWIMHIPHYECKOH TOBEPXHOCTH paanyca R, cooOumian
HaYaJIbHYI0 CKOPOCTH Vo (pHc. 3.9).
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Omnpenenuts 3aBUCUMOCTh CKOPOCTH OpycKa U €ro AaBJeHUs Ha
MOBEPXHOCTh OT YIJa ¢, a TAKKE NpPEeAeNbHBII yron ¢, IpH KOTO-

POM OH OTOPBETCS OT MOBEPXHOCTH LIUIUH/IPA.

Pemenme. [Ipexxne uem pemarb 3Ty 3aj1ady, OTMETHM, YTO B
JAHHOM CJIy4ae Mbl HMEEM JIeJI0 C OJHOCTOPOHHEN CBA3BI0 — OPYCOK
MO’KET KaK HaXOJUTHCS Ha MOBEPXHOCTH LIMIMHJIPA, TAK U MOKUHYTh
3Ty NOBEPXHOCTh — OTOPBATHCS OT Hee. YCIOBHE OTPHIBA O3HAUAET,
9T0 OpPYCOK B 3TOT MOMEHT BPEMEHH YK€ IIepPecTaeT AaBUTh HA IIO-
BepxHOCTh. ClleZI0BaTENbHO, B TOUKE OTPHIBA PEAKLIUS IOBEPXHOCTH
paBHa Hym0. Jlajmee mpu pernieHuu 3aaadd Opycok OyleM CuuTaTh
MaTepUalbHON TOUKOM.

BBenem Teneph €CTECTBEHHYIO CUCTEMY OTCUYETA. 3a HA4ajo OT-
cuera MPUMEM HadyaJibHOE IOJIOXKEeHHe Opycka (TOYKH), a OChb T
HamnpaBUM B CTOPOHY ero JBikeHHs. Ha Opycok neiicTByeT akTHB-
Hasl CUjla — CHJIa TSDKECTH MY U HopMauibHast peakuust N nuimsapa.

3anumieM BTOpoi 3akoH HeloToHa B BEKTOpHOM Buae Mma=mg+ N.

B npoeknusx Ha OCH 7 ¥ N €CTECTBEHHOW CUCTEMbI KOOPIUHAT Oy1eM
HAMETh

r:mi—l’=mgsingo,n:mvlezmgcoyp—N. (3.28)

3aBUCUMOCTD V =V(¢) NOIy4HM M3 TIEPBOTO YPABHEHUS CHCTE-
MHI (3.28). [{71s1 3TOTO 3aMETHM, UTO
&v_dvdp dv  dvyv_ 1 dv
dt de dt de dpR 2R dep
2
CrnenoBatenbHoO, ?jl =2gRsin ¢. VnTerpupys 3T0 ypaBHEHHUE
4

C ydeToM HadaubHbIX ycinoBud  V(p=0)=V,,  nomyuum

V3(9) =VZ + 2Rg(1—C0Sg), mm V() = V2 + 2Rg(L—COSg).

JlaBienne Opycka Ha MOBEPXHOCTH ILMIMHIPA, COTTACHO TPETh-
eMy 3akoHy HpIOTOHA, paBHO C TOYHOCTBIO 10 3HAKA CHJIC PEaKIUU
ATOW TOBEPXHOCTH. [lOJCTaBisIT BO BTOPOE YPaBHEHHE CHCTEMBI
(3.28) BbIpaxkeHue i V(@) , NOTyIUM
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N (¢) = mgcosp—m(V2 +2Rg(1—cos(¢))/ R .
W, HakoHel, IpeNeNnbHBId Yrol @ =, HaliAeM, NIPUpPaBHAB B
touke oTpeiBa N(¢,) =0. CnenosatensHo,
cosg, =2/3—-V2/(3Rg),
umn ¢, =arccos2/3—-v?2 /(3Rg)) .
3ameTnM, 9TO €CIu v§ > gR, TO B MOMTy4eHHOM HaMU PEIICHUU

cos¢, >1 (uero He MoxkeT ObITh!). UTOOBI CHATH Takoe MPOTUBOpPE-
4yhe, pacCMOTpUM CHadalla Cciy4yau v§ =gR. B »3toM cnyuae

cosg, =0. To ectp npu ckopocti V, =+/Rg Opycok oropsercst ot
MOBEPXHOCTHU NWJIMHAPA YK€ B CaMOM HaydaJIC CBOCTO JIBHUKCHUS. Te-
Hephb yKe TMOHATHO, 4To eciu V, > /RQ , Tem Gonee oTpbIB MPOu30ii-

JIeT B CaMOM Haualie IBIKEHHs, 1 OpyCOK BOOOIIEe He OyleT JBUraTh-
Csl TI0 TIOBEPXHOCTH MWIHHApA. B 3TOM ciydae u ypaBHeHwue (3.28) He
OyJeT BBINONHATHCS. 3HAUUT, OTBET Oyner ciepyromum: ¢ =0, ecnu

Vo >+/Rg ; ¢ =arccos(2/3—V: /(3Rg)), ecim v, <4/Rg.

3agayva 13. Haiitu B 3amaue 12 ckopocTs Opycka B 3aBUCHMO-
CTH OT YIJIa ¢ IS Cciydasl IIepOXOBATOTO HWIMHIPA C JHHAMUYE-
CKUM Kod(dunneHToM Tpenus f.

Pemenue. OTnuymne oT IpeapIAYIICH 3aJa4 B TOM, YTO 100aB-
jasercs cwia TpeHus F;, HampaBieHHas [POTHB JIBUXKEHUS

(puc. 3.10).
Y (3.28) Teneps npeobpazyroTcs K BULY

T m% =mgsinp— fN, n:mv®/R=mgcosp—N. (3.30)
HaXOHﬂ N 13 BTOPOT'O YPABHCHUA U IOACTABJIAA €0 3HAYCHHUC B

MEpBOE YpaBHEHUE, MOJIYyIUM

m%: mgsin ¢ — fmgcosp+ fmv? /R,
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Puc. 3.10

YuuteiBas, TaKk € KakK M B MpeablAyLIEed 3amade, 4To

dv dvde dv dvv 1 dv?
—=——"—=—@w=——=——, 0y/IeM UMETh
dt de dt de dpR 2R do

2
?ji+2fv2 — 2gR(sin ¢ — cOS (). (3.31)
¢

VYpasaernne (3.31) npencrapnseT co0oi TUHEHHOE HEOTHOPO/I-

2
HOC YpaBHCHHEC MECPBOro mopsaKa OTHOCHTCIBHO V™. Ero 06H_[ee

PEIICHUC CKJIAZbIBACTCA U3 0611161"0 pPEeICHUA OAHOPOAHOI'O0 ypaBHE-
2

\"
Hus ——+2fv? =0 M YacTHOro pelIeHHs HEOJTHOPOIHOIO ypaBHE-
4

Hus (3.31).
OOmiee pemieHHE OJHOPOJHOTO YPaBHEHUS HWMEET BHT
v, =Cexp(-2fp), rne C — nocrosiHHas UHTErpHpoBaHus. YacTHoe

petieHre OyieM HCKaTh B (hopme

V3 = Acosg+ Bsin ¢. (3.32)
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Jns ompenenenuss moctossHHBIX A w B momcraBum (3.32) B

(3.31):
— Asin g+ Bcosg+ 21fAcose +2 fBsin ¢ = 2gR(sin g — f cose).

Tak kak mociejHee PaBeHCTBO JIOJKHO BBITIONHSATHLCS JUTS JTFO-
6oro ¢, To K03pUIMEHTH IPH COS® | SiN @ B 00ENX YacTsIX pa-

BCHCTBa JOJI’KHBI 6BITB PaBHEI, u MBI nojrydyacm
~A+2fB=2gR B+2fA=-2fgR. Orkyna
A=-2gR(1+2f%)/(1+4f?),B=2fgR/(1+4f?).

Tak Kak V2 =V12 +V§ , TO

vZ =Cexp(2fp)+ (2fgRsin p—2gRA+2f2))/1+4f?). (3.33)
[Mocrosinayto C HaliieM W3 HaYadbHBIX YCIOBHH 3afayu: MpH
t=0:9=0,v=V,. [loagcraBnss >tu 3Ha4eHus B (3.33), Halinem

C=V2+29R(1+2f2)/(1+4f2). (3.34)

U3 (3.33) u (3.34) momydnM OKOHYATEITHHO

V2= (V2 +2gR(1+2f2)/(1+4f?))exp(2fp)+

(3.35)
(2fgRsin @ —2gR(1L+2f2))/(1+4f2).

BunuwMm, uro Beipaxenue (3.35) cosmamaer c (3.29) B cimyuae
f =0.

3ameTuM ele, YTO MBI Tak JKe, KaK W B MPEIbIIYyIIei 3amade,
MoK Obl MOIBITAThCS HAWTH yroj OTPBIBA (=@, MOJICTABUB BO
Bropoe ypaBHeHue (3.30) Bwipakenue (3.35) W IMONOXHB B HEM
N =0. OagHako B 3TOM CiIy4ae Mbl Obl MOJYYUIH YPaBHEHHUE OTHO-
CHUTEJBHO ¢, cojepikamiee Sing,Cos¢ u exp(-2fg), xoropoe
MOXXHO PEIINTh TOJHKO NPUOJIMKEHHO YUCICHHBIMH METOJIAMU C
npuMeHeHneM OBM.
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Bonpocekl 111 CAMOKOHTPOJIS

1. Uro umerT B BUAYy, KOT/Aa TOBOPAT, YTO TOYKAa CBOOOIHA
WM HecBoOomHA?

2. Ectp nu oTiimune B MOHATHSX «CBOOOJHAS TOUKA» M «H30-
JIUPOBaHHAs TOYKa»?

3. 3agaua o HECBOOOAHOM JBW)XEHUHM TOUKH SIBISIETCS TPS-
MOH, 0OpaTHON MITH CMEIIaHHOH?

4. Yro nOHMMAETCS MOJ CBSI35IMU B IUHAMUKE?

5. Kakue cBs3M Ha3bIBAIOTCS CTAIMOHAPHBIMH (HECTallMOHAP-
HbIMH)? ['0OOHOMHBIMU (HETOJIOHOMHBIMH)? JIBycTOpOHHMMHU (OJ-
HOCTOpOHHUMH)? YpaBHEHHUsIMH (MJIM HEPaBEHCTBAMH) KaKOTO BUAA
OHH OTHUCHIBAOTCS?

6. Kak onpenensiercst Bektop VI i1 ypaBHEHHs TOBEPXHO-

ctu f(X,y,z)=0 u xak OH HampaBJIeH MO OTHOIICHHIO K ATOW MO-

BEPXHOCTH?

7. Kak ucnons3yercs Bektop VI mpu cocTaBieHUH ypaBHe-
Huii Jlarpanxa nepeoro poga?

8. Ilo3BomsAroT M B MpUHIMIIE ypaBHEHUs Jlarpanxa mnepBoro
poJa pelnTs 3ajlady O JBWKEHUH TOUKHU 1O 3aJaHHOM TIIaJIKo# mo-
BEPXHOCTH IIPH 3aJaHHBIX HAYaJbHBIX YCIOBHUSAX? A €ciu MOBEpX-
HOCTb LIepoxoBaras?

9. B d4em cymniecTBeHHOE OTJIMYME BIUSHUS Ha aMILTUTYIy KO-
ne0aHNi TOYKH CYXOro M BA3KOTO TPEHUS?

10. ITouemy mnpu onpene’eHUH IBMXKEHUS TOUKH IO 3aJlaHHOM
JIUHUH y100HEe TI0JIb30BaThCs €CTECTBEHHOM CHCTEMOM oTcueTa’?

11. Bcerma nu OMHOpMaNbHAs peakiysi KPUBOW, MO KOTOPOM
JBWKETCA TOYKA, PaBHA HYJIIO? 3aBUCHUT JIM OTBET HA 3TOT BONPOC OT
3aKOHA ABVDKEHUS TOUYKH?
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Ynpaxuenus

V.7. T'py3 noasemien Ha Huth jauHoi | =70 cM. B Husiiem
HOJIO’KEHHUH IPY3y COOOIIEHa CKOpocTh V, =4,9 m/c. Onpenenurs B

KaKOM TIOJIOKEHMH HUTh NEpecTaeT yAEp>KUBATh IPy3 U OH HAYHET
JBUTaThCs KaK CBOOOHAS TOUKA.

V¥.8. TspxenoMy KoJbIly, HAHU3aHHOMY Ha TOPHU30HTAIBHO pac-
HOJOXKEHHYI0 TJaJKyl0 IPOBOJIOYHYI OKpPYKHOCTb, COOOILAIOT
Ha4YaJIbHYI0 CKOPOCTH Vo, HAIIPaBIEHHYIO MO KacaTeNbHOW K OKPYX-
HocTtH. [Ipy OBMXXEHMM Ha KOJBLO JCHCTBYET CHJla CONPOTUBICHUS

R =km,/v, Tme m — Macca KoJblia; V — ero cKopoctb; K — mocrosH-

Hel KO3 dunment. HaliTi, depe3 kakoe BpeMs KOJBIIO OCTaHO-
BUTCA.

¥.9. I'py3 maccoii M mojBeIIeH K TpoCy JAIuHOM | 1 coBepiiaeT
BMECTE€ C  TPOCOM  KOJIeOaHUSI ~ COIJIACHO  YPaBHEHHIO
@=(7/6)sin24 . OnpenenuTh HATHKEHHE TpPOCAa B BEPXHEM H

HIDKHEM TOJIOKECHHUH TPy3a.
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Jlexuus 4. IBUKEHUE TOYKHA B HEUHEPIIUAJIBHOM
CUCTEME OTCYETA

4.1. OCHOBHO# 3aKOH JMHAMMKH B HEHHEPUHAIbHOMI
cucTeMe 0TCYEeTa

Bropoii 3akon Hetorona ma=F crnpaBeanuB B HHEpLHATbHON
cucreMe orcyera. Yacto, 0JHAKO, BO3HUKAET HEOOXOIUMOCTh U3Y-
4aTh JBWXKEHHE B HEMHEPLUAIBHOU cUCTEMeE OTcuera. J[ocTaTouHO
CKa3aTh, YTO CHUCTEMa OTCUETa, CBsI3aHHAs C 3eMJIeH, He sBIseTcs
MHEPLHAIBHON U3-3a €€ CYyTOYHOT'O BPAIllCHHUS.

PaccmoTpuM HemHepiuanbHylo cucteMy koopauHaT OX Y7,

KOTOpasd ABUKETCA OTHOCHUTCIILHO HHepHHaJ’IBHOﬁ CHUCTCMbI KOOPIH-
HaTt Oxyz (puc. 4.1).

7
7 M Y1
.F\A Oy .
@)
y
X
Puc. 4.1

Ilycte F — paBHOACHCTBYIOIIAs BCeX CHIT (AKTUBHBIX U PEAKIIUN
CBsI3€H, €CJIM OHH UMEIOTCS), NEHCTBYIONIMX Ha TOYKY. Tak Kak cu-
ctema koopauHaT OXyZ uWHepIManbHas, TO B HEH BTOPOW 3aKOH

HreroTona

ma=F (4.1)
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BBITIOJTHSACTCS. [IpencTaBuMm Teneps IBIKCHHE TOYKH Kak CII0KHOE.
A MMEHHO, HHEepLMAIbHYIO cucTeMy oTcueta OXyz mpumem 3a He-

MOJIBIXKHYIO U TOT/a JBMKCHUE 10 OTHOIICHUIO K Hell Oymer abco-
moTHBIM (@ ). Hennepuunanbhyto cucremy orcuera O)X Y,Z; — cuu-

TaeM MOJBHKHOM, TOTa JBHKEHUE 110 OTHOLICHHIO K Hel OyJer oT-
HocuTenpHbIM (). CaMO JBW)KEHHE HEUHEPLHAIBHOW CHUCTEMBI
O,X,Y,Z, OTHOCUTENILHO UHEpLUaIbHOU cucteMbl OXyz Toraa Oyzer

nepeHocHsIM (€ ). Bocnons3yemcst Tereps Teopemoirt Kopuomuca o
CJIOKCHUU YCKOPCHUIN

a,=a,+a,+a,,a, =20, xV,. (4.2)

VuureBasg, uto a=a, u noxacrasmia (4.2) B (4.1), momydum

ma, + ma, + ma, = F, nm
ma, =F+F" +F", (4.3)

e BBeleHsl o0o3Hauenns F,' =-ma,, F."=-ma,. 3amerum, 4ro

e e’

Benmunebl ' u F' uMeroT pasMepHOCTh cuibl. VX HasbIBAKOT ne-

PEHOCHOU U KOPUOAUCOBOU CUuiamu uHepyuu, a ypaBHenue (4.3) —
OCHOBHBIM YPABHEHUEM OUHAMUKY 0151 HeUHEPYUAIbHBIX CUCTIEM.

ComoctaBmsiss (4.1) u (4.3) 3akmroyaeMm, 9TO MBI TIOTYYUIIH
«TIONPABJICHHBIN» 3aK0H HbloTOHA: npu paccmomperuu 0gudicerus
MOYKU 8 HeUHePYUATIbHOU CUcmeme Omcuema K 0eucmeyiouwum cu-
JIAM HYHCHO 000a6Umb NEPEHOCHYIO U KOPUOTUCOBY CUTbL UHEPYULL.

B HeuHepumanbHON cUCTEME OTCUETa CUJIbI UHEPIIMH, COTJIACHO
(4.3), nposBIAIOT ce0s Tak ke, KaK U OOBIYHBIE CHIIBI, C KOTOPHIMHU
MBI IMEEM JIEJI0 B WHEPIUAIBHOHN cucteMe otcuera. [lepeHocHas u
KOPHOJIMCOBA CHJIBI MHEPLUU HapsAAy C OOBIYHBIMU CHJIAMH BBI3BI-
BalOT OTHOCUTEIHLHOE YCKOPEHHE, OHU MOTYT Je(pOPMHUPOBATH TEIIO
JakKe Pa3pylIuTh €ro, OHU COBEPINAIOT padoTy U T.I. Bmecte ¢ Tem
HEOOXOAMMO IOMHMTE 00 WX OCHOBHOM OTIWYHH. OOBIYHEBIE CHUIIBI
SIBIIIIOTCA PE3yJbTaTOM B3aUMOJEIHCTBHS TEN MEXIy cOoOoH, ompe-
JEJIFIOTCS  COOTBETCTBYIOIUMH (PU3NYECKHMH 3aKOHAMH B3aHMO-
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JEeUCTBUS U IO3TOMY HE 3aBUCSIT OT BBIOOPA CUCTEMBI OTCYETA, T.C. B
mo0o# cucTeMe OTcYeTa OAMHAKOBHL IlepeHocHass W KOPHOJIHMCOBA
CHJIBI HHEPLIUHU, HA000POT, MOJTHOCTHIO OMPEACTSIIOTCS BHIOOPOM CH-
cTeMbl oTcuera. [103TOMy OHM B pa3nMUYHBIX HEMHEPLUUANbHBIX CH-
cTeMax OTcYeTa pasHble. B COOTBETCTBMM C 3THM U 3aKOHBI JBHIKE-
HUSI MaTepUalIbHBIX TOYEK (TENl) B pa3sHbIX HEMHEPLUAIbHBIX CHUCTE-
Max orcyera OyIyT OTIMYaThCS (HEMHEPUUAIbHBIE CUCTEMBI OTCUETa
JUHAMHUYECKH pa3iuyHbl). Bo Bcex ’k€ MHEPUHANBHBIX CHCTEMax
oTcyeTa, KaKk MBI yXKe YKa3plBalu B JieKuuu 1 (cM. m. 1.2, mpuHImm
lanunest), 3aKOHBI ABKCHUSI MaTepPHAaIbHBIX TOYEK OJMHAKOBBI (M-
HaMUYECKH Hepa3INMuuMBbl). DTO cleAyeT M HEMOCPEICTBEHHO W3
(4.3), Tak KaK BO BCeX MHEPLHUAIBHBIX CHCTEMax OTCUETa IEPEHOC-
Has 1 KOpHUOJIMCOBaA CUJIbI MHEPIUH PABHBI HYJIIO.

Ypasuenue (4.3) Takxke MO3BOJACT JaTh OTBET HA TaKOH Ipak-
THUYECKU BXHBIM BOIIPOC: MOXHO JIM IPH PELICHUH KOHKPETHOM 3a-
Ja4y JaHHYIO CHCTeMy KoopauHar (cucteMy O,X,Y,Z;) NpHOIMKEH-
HO CYHTATh MHEPIHUAIHHOWU? SICHO, YTO MOJOXUTEIHHBIA OTBET Ha

3TOT BOIPOC BO3MOKEH JIMIIb [IPU yCIOBHUH, YTO CHJIbI MHEpIUU F,"

5 ch MaJIbl TI0 CPaBHEHHIO C paBHOJIEHCTBYIOMIEH F OOBIYHBIX CHII,

JIeNCTBYIONINX Ha TOYKY (Teno). OgHaKko, Kak Mbl YBUJIUM Ha MpUMe-
pax, paCCMOTPEHHBIX B TI. 4.3, 3TOTO YCJIOBUS MOXET OBITh HEJIOCTa-
TouHO. HyXHO emie morpeboBaTh, 4TOOBI BpeMsl BO3ICHCTBUS 3THUX
CHJI He OBIIO CITUIIKOM OOJIBIIHM.

OOpaTtumMcst Terneps K PelIeHnio 3a1a4 Ha MPUMEHEHHE OCHOB-
HOTO 3aKOHAa JWHAMHUKHA B HEWHEPIUAIBHON CHCTeMe KOOpIHMHAT.
Pexomenmanum kK X PEMICHUIO OCTAOTCSI TEMU K€, UYTO U IS perie-
HUA 33]1a4 Ha MPUMEHEHUE BTOPOTO 3akoHa HpI0TOHA B MHEpIIMATE-
HOM cucteme KoopawHAT (cM. 1. 1.5 mekumu 1), ¢ ToH NUIL pa3HU-
IIeH, 9TO HApSAYy ¢ OOBIYHBIMH CHJIAMH CIIEIYET eIe n300pakaTh Ha
YEPTEXKE M YUUTHIBATH MPU cocTaBiieHuu Y nmepeHoCHYyI0 U KOpHo-
JIUCOBY CHJIBI WMHepIuu. JlJIi BBIYUCIICHUS 3TUX CHII HEOOXOIAMMO
ONPEJEIUTh NEPEHOCHOE U KOPUOIUCOBO YCKOPEHUS TOYKU, UCTIONb-
3ysd PEKOMEHIAIMM K PENICHUIO 3a71ad KHHEMAaTHKH Ha CJIOXKHOE
JBWOKEHHE TOUKHU (cM. «JIekiuu mo TeopeTndeckor MexaHukey, Py-
ik B, FOoun B.A., 4. 1, nekuus 11, m. 11.4).
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3amaua 14. Touka M NOKOWUTCA B HEMOABMXHOW CHCTEME OT-
cuera OXy wu mHaxommrcs Ha paccrosunn OM =R or ee Hawana

(puc. 4.2). Cucrema koopaunat Ox Y, BpallaeTcsi pPaBHOMEPHO C

YIJI0BOH CKOPOCTBIO (@ TPOTUB X0ja yacoBoil crpenkH. CocTaBUTh
anddepeHnnanbHoe ypaBHEHUE JIBKEHHS TOUYKU M B HOJABHKHON
cucreme koopauHat OX,Y, .

Fin

X1

Vv

r

T &

Puc. 4.2

Pemenne. Tak kak Touka M B cucteme koopaunat OXy Haxo-
auTest B mokoe, o V, =V, +V, =0 u a, =0. Tak kak B 3T10i1 cu-
cTeMe BBITIOIHACTCS BTOpoii 3akoH HetoToHa, To ma, =F u, cieno-
BaTENbLHO, F=0. [anee, Tax «kak V,=oxOM, TO
V, =—V, =—0xOM To ectb Touka M B cucreme koopauHar Ox Y,

JBWKETCS TI0 OKPYXXHOCTH panuyca R 1o Xomy 4acoBO# CTpenKu
(cM. puc. 4.2) ¢ TOCTOSTHHOHM YTJIOBOH CKOPOCTHIO (.

IlepenocHOEe ycKOpeHHE @, HaWeM, 3aKpPelrB MBICIEHHO TOY-
Ky M B NOIBIXXHOM cHCTeME KOOpAWHAT. Tak Kak MOJABMXKHAS CHU-
CcTeMa BpallaeTcs PaBHOMEPHO OTHOCHUTEIIHHO HEITOJBM)KHOU CHCTE-
MBI, TO 8, — LIEHTPOCTPEMHUTEIBHOE YCKOPEHHE, PABHOE 110 MOYJIIO
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a, = °R. Cnenopatensho, F." =-Ma, W HampapjieHa B MPOTHBO-

MIOJIOKHYIO CTOpOHY (OT meHTpa). Ee wacTo Ha3BIBaloT, MOITOMY,
IIEHTPOOCKHOW CHJIIOW WHEpIMU. BenwdmHa >TOW CHIIBI paBHA

F" =mao’R.
KopuonucoBa cuina MHEPUMU BBIUMCISETCS 1O (opMmyle
F"=-ma, =—2m®xV,. Tak Kak BEKTOp > HAIPaBICH MEPICH/IH-

KyJSIpHO 4epTeKy (Ha Hac), a BEeKTOp V, — IO KacaTelbHOH K

OKPY/KHOCTH B CTOPOHY XOJa YacoOBOil CTPEIKH, TO BekTop F,."
Oynet HanpasieH K HeHTpYy O. Tak Kak BEKTOPBI U V, NEpIEHAHU-
KyJSIpHBI, TO  MOAYJIb  KOPHOJIUCOBA  YCKOPEHHUS  paBeH
F" =2mav, = 2mao°R.

VYpapuenue (4.3) B HameMm cioydyae 3alMIIeTCS B BHUJC
ma, =F+F" +F" =0+ mo’R-2me’R =-mo’R, tne R=0M
Takum o6pazoMm, muddepeHnnanpbHOe YpaBHEHHE IBIKEHUS TOYKH
M Bo Bpamaromeiics cucreme koopaumHar OxYy, HMeeT BUJ

ma, = -mao°R.

3agaya 15. banka 45 paBHOMEpPHO BpallaeTcs ¢ YriIOBOH CKO-
POCTBIO (0 B TOPU30HTAIBHON TUIOCKOCTH BOKPYT' BEPTHKAJILHON OCH
Cz. OnHOBpPEMEHHO 110 OaJIKE JBUKETCS C MOCTOSHHOW OTHOCUTEIb-
HOW CKOpOCThIO U mon3yH M maccel M (puc. 4.3). Onpenenurts u3-
ruOaroIMii MOMEHT OTHOCHTEJIEHO OCH BpAIIECHUs, JEHCTBYIOINN Ha
0aJKy, a TakKe 3aKOH M3MEHEHHs CO BpEMEHEM ABIXKYLIeH cuibl F,
HaTpaBJICeHHON BAOJIb Oanku oT A K B, u obecnieynBaromeil paBHo-
MEpHOE JIBIKCHHE TMON3yHA, €Cli KOX(PQHIMEHT TPEHHS MEeXIy
Oaikoii u moa3yHoM paseH f.
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Pemenune. Iloctponm cuctemy xoopauHaT AXYZ, )KECTKO CBSI-

3aHHYIO ¢ 0aIKoi, Kak moka3aHo Ha puc. 4.3. Ha momsyH nmeiicTByer
IBIKymasica cuna F, cuna Tsbkectn Mg, cuna Tperus F; u Hop-

MaibHast peakust 6anku N, KOTOPYIO pa3noXuM Ha BEPTUKAIBHYIO
N; u ropusontansHyto N, cocraBmaromue N =N, +N,. Hamnpas-

nenust cwit unepimn F' u F" mokasanbl Ha puc. 4.3, a uX MOyIH

pasusl F" =mo’x u F," = 2mau, tae X=AM — paccrosmue mon-
3yHa 10 OCH BPALICHHs OAIKH.

YpaBuenue (4.3) B HamieM cirydae OyZeT UMETh BUJI

ma, =mg+F+F; + N, +N, +F" +F". (4.9)

JleficTBIE KOPHONMCOBOM cuibl uHepuud F." mnepenaercs Ha

Oanky, B pe3yabTaTe uero u3rubaromuii MOMEHT M, OTHOCHUTEIBHO
BEPTHUKAIBHOM OcH Z OyZeT paBeH
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M, = F"X = 2maux = 2mau(x, + ut)
rac XO — Ha4aJIbHOE paCCTOSAHUC IOJI3YHAa OT OCHU BpallICHUA.

Jua onpenenenus cwiel F pacnimmem ypasHernwue (4.4) B mpoex-
UAX HA OocU X,Y,Z. Tak kak mon3yH M IBUKETCS PaBHOMEPHO OT-

HOCHTEJIBHO Oanky, To a, =0, 1 MBI UMEEM

F-F, +F"=0, -N,+F"=0, mg—N, =0. (4.5)

CnepoBarenso, N; =mg, N, =2mau u nonHas HopMaibHas pe-

aknuss Oanku N = \/ Nf + N22 = m\/ 92 +40u?. CnenoBarenbHoO,

F, = fN = fm\/g® + 40°u®, u u3 epBoro ypasHenus (4.5) moTydnM

F =m(f /g% +40?u? — (%, + ut)a?). (4.6)

3ametum, 4to ecnu Obl Oanka AB He Bpamanace (w=0), To paB-
HOMEPHOMY JIBHDKCHHUIO IMOJ3YHa COOTBETCTBOBaJa Obl MOCTOSHHAS
cuta F=F; = fN = fmg. Bpamenue xe 6anku yBelInuuBaeT HOp-

ManpHyo peakimio 6amkn N =m,y/g? + 40°U° 1 TeM caMbIM yBelH-

yuBaeT cuwily TpeHus. Ilpu 3TOM BO3HMKaeT erle MmepeHocHas cuia
WHEpLHH, KOTOpasi SBISETCS LEHTPOOSKHOW CHIION, 3aBUCSIICH OT

BpPEMEHH Fei” = ma)z(x0 +ut). U Tereps yxke cuina F gomkHa ypas-

HOBELINBATh JBe Cuibl, T.e. F =F; —F"

. » 4TO U IPUBOJUT K JOCTa-

TOYHO CJI0XHOMY €€ BhIpakeHuIo (4.6).

4.2. Ilokoii B HeMHepUMAJBLHOM CHCTEMe 0TCYeTa

PaccMoTpumM cityuai, korjia MaTepuaibHas TOUKa MoJl IeUCTBU-
€M NPUIOKEHHBIX K HeM CUJI HaXOAUTCS B IIOKOE B HEMHEPLIUAIBHON
cucreme koopauHat O X Y;z; (cm. puc. 4.1). Ilpu orcyTcTBUM OTHO-
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CUTCJIBHOI'O JBYXKXCHUA ar =V, = O, u, CJICO0OBATCIIBHO,

FCin =-2mmxV, =0. Toraa ypaBHenue (4.3) npuHUMaeT BUA
F+F"=0. (4.7)

Takum 06pa30M, eciiu mamepuaibHasl mo4ka HAX00Uumcst 8 no-
Koe no OMmMHOWEHUIO K HeLlHeplﬂ/{aJZbHOﬁ cucmeme omcuema, mo
CYyMMA 6Cex CUujl, nPpUjlONCEeHHbIX K Hell u nepeHOCHOZZ Cujbl unepyuu,
paeHa HyJo.

3agaya 16. Teno maccoii M MOJNI0KEHO Ha TIAAKYIO T'paHb
TpexrpaHHoW mpusMsel (puc. 4.4), npyras rpaHb KOTOPOH JIEKHUT Ha
TOPU30HTAIbHOM IulockocTU. Kakoe ropu30HTalIbHOE YCKOpEHHE
JOJDKHA MMETh NpHU3Ma, 4TOOBI TEJIO OTHOCHTENBHO Hee He JBHra-
JIOCh W Kakoe NPH 3TOM AABJICHHE Ha NPHU3MY CO CTOPOHBI Teya?
I'magxas rpanb MPU3MBI COCTABISIET YTOJ O C TOPU3OHTOM.

Puc. 4.4

Pemenne. Benem noiasuwkHyro cuctemy koopauHat O)XY,

KECTKO CBSI3aHHYIO C IPU3MOM, KaK MoKa3aHo Ha puc. 4.4, u u3o0pa-
3WM BC€ CHJIbI, BXOJISIINE B YpaBHEHNUE OTHOCUTEIBHOTO TIOKOs (4.7).
Torna

N+mg+F" =0, (4.8)
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rme F"=-ma,, a, — ycKopeHHe MPU3MBL. B TpPOEKIMAX HA OCH

X;,Y; BEKTOpHOE ypaBHeHHE (4.8) maeT 1Ba CKaIsApHBIX ypaBHECHUS:
mgsina —F," cosa =0, N-mgcosa—F,"sina=0. Ileppoe wu3
9THX YpPaBHEHHH NaeT Fein =motga u, cienoBarensHo, a, = gtga.
W3 BTOpOro ypaBHEHHUS ONpEAETHM MOIYyJdb peakuuu N MpH3MbI

N =mgcosa + mgtgasin @ = mgy/1+tger.

3aMeTHM, 4TO 3Ty 3aAa4dy Mbl MOIJIM Obl peIiaTh U B HETIOABHXK-
HoM cucteMe orcueta OXY, CBA3aHHON C TOPU3OHTAIBHOW IIOCKO-
cTbio (puc. 4.5). B aTom cityyae Ha Teno OyayT AeHCTBOBATH JIBE CH-
JBl — CHJIA TSDKECTH MQ U peakuus riaakoi npusMel N. Ycnosue ke
OTHOCHTENILHOTO TIOKOSI O3HAUYaeT TeNepb, UYTO TEJIIO HMMEET TaKoe Ke
YCKOpeHHE &, , Kak U mpusMa. B pesynbTare, 3amuceiBas BTOpoi 3a-

koH Heprotona ma, =mg+ N, npuxoxuM K ToMy xe ypaBHeHHIO (4.8).

3agaya 17. Tenexka ABMKETCS FOPU30OHTAIBHO BIPABO C IO-
CTOSIHHBIM ycKOpeHueM a. Ha kakoil yros o OTKIOHUTCSA OT BEpTH-
kanu HuTh OM ¢ rpy30M Macchl M Ha ee koHie M (cMm. puc. 4.5).

F" a
\ /
e e =
mg
Puc. 4.5
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Z S 7

P:
Puc. 4.6

Pemenne. ['py3 Oyaer HaXOIUTHCS B IOKOE OTHOCHTENILHO Te-
nexxku. Ha Hero meiicTByer cuia TSDKECTH MQ , peakuus HUTH 1 |

nepeHocHas cuia uHepiuu F,”, HarpaBiieHHas TOPH30HTAIBHO BlIe-
BO (puc. 4.5). YcioBue paBHOBECHs Tpy3a OTHOCHTEIBHO TEICKKH

3amumiercs TOorJa B BUae MO+ T + F;,” =0. CnexoBareabHO,

tga =F,""/mg. To ecTb HUTb OTKJIOHHUTCS BJIEBO U COCTABHUT C BEp-

THUKAJIBIO yTOII O
Ha npumepe 3Toit 3agaun BUOUM, YTO B JBHIKYILEHCS TEJIEXKKE
pouib cuiibl TsbKecTH P = MQ, co3narolieil HaTsHKeHHe HUTH, UTPAeT

in
cura P, =mg+F,". Eciu 6bl Ha Tenexke ObLI yCTaHOBIICH 0ak ¢

BOJIOHM, TO CBOOOIHASI TOBEPXHOCTH BOJIBI ObLIa OBI IMEPIICHIUKYIISP-
Ha HE K cwie Tsbkectd P, a k cue P, T.e. cocTtaBisana Obl ¢ TOpH-

30HTOM yroi o (puc. 4.6).
3anaua 18. Onpenenuts GopMy CBOOOTHOHN TTOBEPXHOCTH BOJIBI

BO BPAIIAOMIEMCSI C TIOCTOSTHHOW yTIIOBOW CKOPOCTHIO IMIITHHIPHYIC-
CKOM CTaKaHe.
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Pemienue. B 3T0ll 3amaye BoJa HAXOAMUTCS B MOKOE OTHOCHU-
TEJIbHO Bpalaromierocs crakana. Ha yactuny Boasl M, HaxoAs1Lyro-
csl Ha ee CBOOOIHON MOBEPXHOCTH, JEHCTBYET CHIIA TSHKECTH YacTH-

bl MY ¥ NEePEHOCHas CWia MHepuuu k.

e » KOTOpasd ABJISCTCA LICH-

TpobeskHoit cunoit F" =mw’X, Tae X — paccrosHme Touku M 110

ocu BpaieHust Oy (puc. 4.7).

y
M F"0
\ X
~N
0 mg P,
()]
e
“
T
Puc. 4.7

Ponb cuitel TskeCTH  371€Ch Tak ke, Kak U B MpebIIyHIel 3ana-
4e, urpaer cuna P, =mg+F;n U CBOOOAHAs MOBEPXHOCTH BOABI B
Touke M Oyner mepneHAuKyJIspHa 3ToMy Bektopy P,. Ilpunumas
Jlajiee BO BHUMaHME, YTO TAHTEHC yIJa HAKJIOHA KacaTelIbHOW K
¢ynkimn Y = f(X) paBeH 3HauCHHIO €€ HPOW3BOJTHOM, TOJTydaeMm,

df FE" mo’x o’
yto — =1ga = = =—— . CnenoBatenbHO, camMa (PyHK-

dx mg mg g

mus f(X) Oymer pasua f(X)= I(wle 9)dx=w?x*/2g +C. Iocro-

sHHyt0 uHTerpupoBanuss C Haiimem u3 ycnosus Y(0)= f(0)=0.
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CrnenoBarensHo, kpuBas Y = f(X) sBusercs mapabomnoii, a cBOOO-

Hasl TIOBEPXHOCTh BOJBI — MapadOIOMI0M BpPAIICHHS, TTOTYyIalOIM-
Csl TP BPAIICHUU 3TOW MapaboJibl BOKPYT OCH IWIMHAPUYECKOTO
CTaKaHa.

DKCIIEPUMEHTHI C BOJIOM B paBHOMEPHO BpAIIAfOIIeMCs ITHINH-
JPUYECKOM CTaKaHe NEeHCTBUTEIBHO MOKA3BIBAIOT, UTO MO HCTCUYCHUHU

HekoToporo BpemeHnu t,, T.e. mpu t > 1, dopma cBoOomHON MOBEPX-
HOCTH TIPaKTHYECKH COBMAJIAET C TOIYYCHHOH MPH PEIICHUH HaIleH
3amayn. Bpems t; B oskcmepumeHnte — 310 BpeMs, HEOOXOIUMOE I

TOT0, YTOOBI BOJIa OTHOCHTENIHHO CTaKaHa YK€ HE IBUTANIACh, T.€. 3TO
BpeMs YCTAaHOBIIEHUS OTHOCUTEIBLHOTO MTOKOS.

PaccmoTpeHHBIE HAMU B ATOM IYHKTE IPUMEPHI MOKA3BIBAIOT,
YTO YCJIOBHSA MOKOSI B HEMHEPIMAIBHBIX CHCTEMax oTcuera (T.e. OT-
HOCUTENBHO TeJN, IBWKYIIUXCS C YCKOPEHHUEM) MOTYT CYIIECTBEHHO
OTJIMYATHCS OT YCJIOBHM MOKOS B MHEPIMATBHBIX CHCTEMax OTCUeTa
(T.e. OTHOCHTETBHO TEJ, KOTOPBIC CaMH TOKOATCS JINOO IBIIKYTCS
OPSMOJIMHEWHO W PaBHOMEPHO). MBI yOeAMIINCh, YTO TENO MOMKET
HaXOJUThCS B IMOKOE HA TJIAJKOW HAKIIOHHOW MPHU3ME, YTO OOBIYHBIM
OTBEC MOKET OTKJIOHATHCA OT BEPTHUKAJIH, & YPOBEHb BOABI — OT T'O-
pu3oHTaIu. Bee 3T0 — npuMeps! BIUSHUS CUJI HHEPLUU HA PAaBHOBE-
cue Ten. B 3akiatoueHne 3Toro myHKTa pacCMOTPUM YKE COBCEM I1a-
padoOKCalbHBIA NpPHUMEpP BIMSHUS HAa PABHOBECHUE CHUJI HHEPLHH.
A MMEHHO, MOKaXeM, YTO MOXHO Ha TpY30BHKE 3aBE3TH Ha T'OPKY
MOJIHBIN OaK BOJIBI, HE MPOJIMB HU Karuu (0ak 0e3 KphIiku!).

JeticTBuTenpHO, MMyCTh HaM TpebyeTcs B30OpaThes Ha TOpKy BC
Ha TPY30BHUKE C TOJHBIM 0aKOM BOJBI. Y CIIOBHE TOTO, YTO BOJA HE
MpoJMBaeTcs U3 06aka, 03Ha4aeT, YTO 3Ta BOJIa HAXOAUTCS B OTHOCH-
TEITLHOM TOKO€ (OTHOCHTENHHO 0aKa, WM, YTO TO K€ camoe, OTHO-
CUTEIILHO TPY30BUKAa). OTHOCUTENBHBIN ITOKOH BOJBI O3HAYAET, YTO
YPOBEHb BOJIBI B Oake JOKEH OBITh BO BCE BPEMS JABMXKCHUS Mapali-

JienieH nHy Oaka, wiu ropke BC. [locienHee ke ycjaoBHe O3HAYaerT,
uro (cMm. 3amaun 18 u 19) paBHoneictByromas P, cun mg u F)",
JUISE TOYEK BOJIbI, HAXOJSAIIMXCS Ha €€ CBOOOJHOW MOBEPXHOCTH

JOJKHA OBITH NeprieHauKysipHa ropke BC (puc. 4.8).
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Puc. 4.8

Ecnn yron HakioHa TOPKH C TOPU30HTOM PaBEH o, TO YCIIOBHE
HNEPIEHIUKYIAPHOCTH BeKTopa P, ropke BC paBHOCHIIBHO YCIIOBHIO

sina:Fei”/mg:—ma/mg:—a/g. Otcrona a=-gsina. To ects,

9YTOOBI BOJIa HE MPOJIMBANIACh, HY>KHO €XaTh 3aMEJJICHHO, C yCKOpe-
HUEM

a=-gsina. 4.9

B namewm npumepe ycioBue (4.9) HY)KHO yIOBIETBOPATH IS
BCEX TOYEK CBOOOIHOI MOBEPXHOCTH BOABI, @ 3TO BO3MOXKHO JIUIIIb
JUISL WICATEHO POBHOW NOBepxHOCTH Topku (inHus BC nomkHa ObITh
npsamoi smHueH). [lo3ToMy, KOHEUHO K€, TMPaKTHYECKU OCYIIe-
CTBUTHh TaKyIO MpPOLEAYPY B TOYHOCTH (HE TPOJIMB HU Karum!) He
yIacTcs, Tak Kak Ha cThikax B u C ¢ ropu3oHTANBHBIME y4acTKaMu
JOPOTH 3TO YCIIOBUE HAPYILIUTCS U KAaKas-TO YacTh BOJIbI BCE-TaKHU
npoibercsa. [loaTomy pemenue (4.9) maer Wb PEKUM JIBUXKEHUS
ABTOMOOWJIS,, IPU KOTOPOM BOJIBI BBUTBETCS MUHHUMAIILHOE KOJIYe-
CTBO.
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4.3. IToxoii oTHOCHTEJIBLHO 3eMJIH

B kauecTBe mpuMepa pacCMOTPUM MOKOW OTHOCHUTEIEHO 3eMITH
MaTepuaabHONH TOUYKH (Tena), HAXOAIICHCS Ha €€ MOBEPXHOCTH.
YcnoBrue OTHOCUTENBHOTO TOKOs (4.7) B 3TOM Cilydae BBIpasKaeTcs
PaBEHCTBOM

P+N+F"=0, (4.8)

raie P — cuma npuTsbkeHus 3eMiid, HampaBiCHHAs K €€ LEHTPY;
N — peakims 3emiy; F;" — IIEpEHOCHAs CHJIa MHEPIIUH, KOTOpast BCIIEI-
CTBHE PaBHOMEPHOT'O BpaIllCHHs 3eMIIH MPECTABIseT COOOM IIEHTPO-
oexHyro cuy (puc. 4.9). Ee Mmonyib Fein =mhe?, rxe h — paccrosmue
OT Tenma J0 ocH BpameHust 3emnu; @ =27/24-3600 1/c — yrimosas
CKOPOCTb BPAILLEHUS 3EMIIU.

N

Puc. 4.9

Cuny G=P+ F;”, MPEICTABIISIIONIYI0 COO0H paBHOIEHCTBYIO-

LIYI0 CHJIBl TPUTSDKEHHS 3eMIIM M TIEPEHOCHOW CHJIBl MHEPIHH,
Ha3BIBAIOT cunou msaxcecmu. B cootBeTcTBHN C (4.8), 175 moKosIIIe-
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rocst Ha 3emire Teia cria Tsbkecth G =—N, T.e. COBIIamaer ¢ BECOM
Tena (HalOMHKM, YTO IOl BECOM IMOHUMAETCS CUJa, ¢ KOTOPOH Telo
JICHCTBYET Ha OMOPY WU Ha TOUKY MOJBECA).

Hampapnenmne Cuiibl TSOKECTH OMpEeNsieT HalpaBlIeHHE BEpTH-
KaJdu B JAaHHOM TOYKE 3€MHOM MOBEPXHOCTH, a TJIOCKOCTh, MEPIICH-
TUKYJSpHAsS K CWJIC TSDKECTH, SBISCTCS TOPH3OHTAIBHOM ILJIOCKO-
cTpio. TakuM o00pazoMm, HampaBlIeHHE BEPTUKAIU COBIANaeT C
HaIpaBlieHHEeM K [EHTPY 3eMIIM TOJFKO Ha 3KBaTope u Ha CeBepHOM
u FOxxHOM mosrocax. B ocTabHBIX TOYKaX 36MHOM MOBEPXHOCTHU ITH
JIBa HAMPABJICHUS HE COBIAJIAIOT. TeM HEe MEHEe 3TO pas3iudue Majo,

Tak Kak cwia F," mana 1o cpaBHenuo ¢ Becom Tesa. OTHOIEHHE UX
monyseii paao F,"/G =mho®/mg=Rw’cosp/g, roe ¢ — mu-

poTa, Ha KOTOpOil HaxoauTcs Touka; R — paguyc 3emmn. OHO UMeeT
MakcuMajbHOe 3HaueHMe Ha dkBarope (@=0,R=6370kmM,

g=9,78m/c?) u paBHO Fei”/G=1/290. HaumeHnbrmii Bec Temo

uMeeT Ha dkBaTope (TaM G =P —F" u g=9,78m/c®), a Han6os-

it — Ha momocax (taMm G =P u g =9/83m/c?).

3aMeTHM, YTO BECHI JUIsSl B3BEIIUBAHUS TEIl ONPEENSIOT MIMEHHO
cuty TspkecTH (Bec Tena) G (a He cuiry P mpuTshkeHus K 3emie), a
oTBec (Ipy3 HA HUTKE) — HalpaBJIeHue CHIIbl TshkecTH (Beca) G (a He
HaIpaBJICHUE K IIEHTPY 3eMJIHN).

[TepenocHol cuiIOl MHEPLUH, BBI3BAHHOM CYyTOYHBIM BpalleHU-
eM 3eMii, OOBsICHIETCS TakXkKe U ckatue 3emitu. B pesynbrare dop-
Ma TOBEPXHOCTH 3eMJIM TaKoBa, YTO BeC Teja B JIIOOOH ee Touke
MEePHIEHINKYISPEH TOBEPXHOCTH 3eMIIM B 9TOH TOYKE, a TUIOCKOCTb
TOPU30HTa — KacaTenbHas K Hed. Kak mpaBmio, cxatuem 3eMin
TaKxe MpeHedperaroT.

4.4. Briusinne BpameHns 3eMJIH HA JIBHKEHHE TeJl

Kak TOBOPHJIOCH paHCE, MpU PCIICHUU OOJIBIIMHCTBA TEXHHYE-
CKHX 3a/la4 CUCTEMY OTCYUCTA, CBA3AHHYIO C 3eMIIeil CYUTAIOT HUHEP-
HHaHLHOﬁ. TeMm cambIM HE YUUTBIBAKOT €€ CYTOYHOI'O0 BpalllCHHA.
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D10  BpamieHHe ~ TNPOMCXOAWT  C  YIJIOBOH  CKOPOCTHIO
w=27/24-3600~0,000073 1/c. BoiBeneHHOE HaMU YypaBHEHHE
(4.3) nBWXKEHUS Tel B HEMHEPLUUAIBHOW CUCTEME OTCUETa MO3BOJISIET
OIIPE/ICNNTh BIMSHUE TAaKOTO MEUICHHOTO BPAILICHUS HA JBIKCHHUE
TeJ BOIM3M 36MHOH ITOBEPXHOCTH.

Bo-mepBbIX, OTMETHM, YTO TaK KakK MO CHJIOH TSXKECTH (CM.
npenpinymuii m. 4.3) MBI NMOHMMaeM pPaBHOAEWCTBYIOIIYIO CHIIBI

nputsbkenust P 1 niepeHocHON cuibl uHepuun F.', To nepenocnas

CUNA UHepYUU YYUmuvleaemcs npu pewenuu 3a0ad 8 cucmeme Om-
cuema, ceazannou ¢ 3emnei. 110aTOMy HaM HYXHO OIICHWUTH JIMIIb

BIMSIHHEC KOPHOJIMCOBOM CHIIbI MHEpuud F.', paBHOM MO MOIYJIIO

F" =2mav, sina, roe o — yrom Mexay CKOPOCTBIO V, OTHOCH-
TEIFHO 3eMJIM M 36MHOU OChI0. Tak Kak yrioBasi CKOPOCTh 3eMIIH
OY€Hb MaJa, TO IIPU OTHOCHUTEILHO HeOOMbLION V, Bennunna F." 1o

CPaBHEHHIO C CHJION TSDKECTH Takxke OyneT mana (Hampumep, Mpu
CKOPOCTH OOBIYHOTO apTHiLIepuiickoro cHapsga 700 M/C 3Ha4YeHHE

F." cocrasuser Bcero mmmb 1 % ot ero Beca). [loatomy yuer ko-

puonucoBoit cuisl nHepumn F,” npuoOperaer mpakTHYecKoe 3Ha-

YeHHe, eclIM CKOPOCTU Tel OYeHb OoJbINe (HampuMep, CKOPOCTH
nojera OAUIMCTUYECKUX PAKeT), WIM JUIS JIBYDKCHUH, UISIIUXCS
OYeHb JI0Jroe BpeMs (TE€YeHHs PEeK, BO3AYIIHbIE M MOPCKHE Tede-
HUA).

PaccMoTpum, B yeM KauecTBEHHO CKa3bIBAETCS BIUSHHE KOPUO-
JIMCOBOM CHJIBI HHEPIINH:

1. J{euscenue no semnou nosepxnocmu. 1lpu IBIKEHUU MO Me-
pUIMaHy B CEBEPHOM TOJYIIAPUU KOPUOJIHMCOBA CHJIa HHEPIUU

F" =—2m® x V, HanpasieHa Ha 3amaj, eCliM TOYKa JBHKETCA C Ce-

Bepa Ha 10T, M Ha BOCTOK — €CJIM C [ora Ha ceBep. B oboux ciyuasx
OHa BBI30BET OTKJIOHEHNE TOUYEK BIPABO OT HANPaBJIECHUS JBUKECHHUS.
[Ipu aBWKEHNMH B CEBEPHOM MONYIIAPHH MO TApajuleidr Ha BOCTOK

ch Oyner nampasieHa B1oyib CM, a eciii Ha 3aman — T0O BAoias MC
(puc. 4.10).
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Puc. 4.10

B 00oux ciyudasix BepTHUKalIbHAs COCTABJISAIONIAs OYIET BIUATH
Ha BeC TeJa, a TOPHU3OHTAIbHAS COCTABJIAIONIAs, HaIlpaBlICHHAS
BJIOJIb MepHIMaHa (K FOry MpH JBMKCHUH Ha BOCTOK U K CEBepy MPH
JIBWKCHUM Ha 3amaj), BBI30BET TaKKE OTKJIOHCHHWE BIIPABO OT
HampapiieHus ee JBkeHus. OTCIO[a 3aKII0YaeM, YTO 6 CEGePHOM
noywapuy meno, 08udxCyweecs no nosepxXHocmu 3emau, 6yoem om-
KIOHAMbCSL 6NPABO OM HANPAGNeHUus O08udicenus. B roocnom nony-
wapuu, Haobopom, meno 6ydem OMKIOHAMBCA 81e60 OM HANpAeie-
HUST OBUIICEHUSL.

OTUM OOBSACHSAETCS TO, YTO PEKH, TEKYIIUE B CEBEPHOM IIONY-
IIapyy, MOAMBIBAIOT MpaBblii (oporpaduuecku) oeper (3akoH bapa).
B ceBepHOM moOJylIapuu MpaBbie PENIbChl HUCIBITHIBAIOT OOJIBIIHE
Harpy3Kd CO CTOPOHBI KOJIEC 1moe3/a. B 3ToM ke mpuurHa OTKIOHE-
HUS BETPOB IOCTOSIHHOTO HAlpaBiieHUs (I1aCCaToB) U MOPCKHUX Teue-
HUH, a TAKXKe BO3IYIIHBIX MAacC B I[UKJIOHE M aHTHUIMKIIOHE.
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2. Ce0600HOe nadenue men 606au3u 3emMHou nogepxHocmu. Tak

Kak ch Majia 1o CpaBHCHUIO C CHJION TSDKECTH TCJIa, TO MJIA MpH-

ONMKEHHOTO Ol CACIICHUA HaIIPaBJICHUA Fin MOXHO CYUHMTaTb, 4YTO
c b

OTHOCHUTEJIbHAsL CKOPOCTh V  TEJjia IIPU €T0 ITaICHNU HaIlpaBJICHA 110

BepTHKanu. Toraa Fcin Oyzer HampasiieHa Ha BOCTOK. [loaToMy cgo-
000HO nadarwee meio OMKIOHACMCS 8Cle0CmEUe 8paueHust 3emau
om eepmuKanu K 60cmoxy. BemuunHa 3TOro OTKIOHEHHUS OYeHb Majia
M 3aMETHA JIMIIb MPHY MaJCHUH ¢ OOJBIION BBICOTHI (HAaIIpUMep, Ha
mpoTe MoCKkBbI Ipu NaZeHuu ¢ BbIcOThl 100 M BeTM4KMHA OTKIIOHE-
HUS Ha BOCTOK paBHa 1,2 cm).

4.5. HeBecoMoCThL

Ilpu paccMOTpeHHH 3TOTO MyHKTa cucTteMmy koopauHat OXyz,
CBSI3aHHYIO C 3emJieid, OyeM cuuTaTh CHOBA MHepuuanbHoi. Toraa
Ha 4eJIoBeKa MacChl M, CTOAIIETO HEMOABMKHO Ha TOPU30HTAIBHOMN
MTOBEPXHOCTH 3eMIIH, ACWCTBYEeT CHiIa TshHKecTH Mg (paBHOIEH-
CTBYIOIIAsl CHJ TSDKECTH, AEUCTBYIOIIMX HA BCE €r0 TOYKH) M CHJIa
peaktmu nosepxaoct N (puc. 4.11). B cucreme koopaunar OXyz
mg+N =0, nmu B npoekiuu Ha ock Z: N =mg. To ects, cTos Ha
3emiie, MBI OIIyIIaeM BHEILIHEE JaBjeHHe OT Hee. Eciau Mbl MbICIEH-
HO pacwIEHUM YeJIOBEKa 10 cedeHuIo a-a (puc. 4.12) u paccMoTpum,
HalpUMep, €ro BEpXHIOIO YacTbh, TO HA HEro OyAyT JefcTBOBAThH CHJIa
TSDKECTH €ro BepxHed wactu m,g (m, — macca BepxHeil yacTu) u

S
BHE PaBHOBECHUSl BEPXHEH YacTH 4YEJIOBEKa B TOM e cHCTEME KOOp-
nuHat OXyz Oyzmer mmerh BuI S, +M,g=0, WM B MPOEKIMU HA

. — CHJIa JIaBJICHMs HIDKHEH 4acTu uyelloBeKa Ha BEPXHIOI. YCIlo-

oce Z: S, =m,g. Cua S, mpexcrasiseT coOOi BHyTpPEeHHEE /1aB-

JICHHUEC, KOTOPOC MbI OMIyHIa€M, HAXOAACh HAa HOBCPXHOCTHU 3emin
WM BOJIU3H Hee. ITH Halln OINYIICHUA MOXXHO Ha3BaThb OLIIYIICHUEM
eecomocmu.
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Puc. 4.11 Puc. 4.12

[IpeacraBuM Temepb, 4TO YEIOBEK HAXOAMTCS B KaOWHE, IABH-
JKyIIEHcs TOCTYNaTeIbHO OTHOCUTENIBHO 3€MIIH, THO KOTOPOUH ropu-
3oHTanbHO. Toraa B cucrteme koopauHat O;X;Y;Z;, *KECTKO CBA3aH-

HOU ¢ kabmHO# (puc. 4.13), ycioBue ero paBHOBecHs: OyJeT UMEThH
BUJI

mg+N+F." =0, (4.19)

rre R =—ma,; a, — ycKOopeHHe KaOHHbI OTHOCHTEIIBHO 3EMITH.

W3 ypaBuenus (4.19) cnenyer, 4To eciu KaOuHA JBHKETCS OT-
HOCHTENBbHO 3emi ¢ yckopeHueM a, =g, To N=0. To ects ueno-

BEK TepecTaeT JaBUTh Ha IHO KabuHbI. Eciu mpu 3TOM MBI paccMoT-
PHUM BEPXHIOIO YacTh YeloBeKa (BBIIIEC CEUEHUS a-a), To OyieM UMETh

m,g+S, +F"=0, rme F"=-ma,=-m,g, u, CleI0BaTeIbHO,
S, =0. To ectp, HaxonsAChb B KaOHMHE, UEIIOBEK yXKE HE OLIyLIaeT
naBjeHue, 00yCIIOBIICHHOE BECOM Teia (3TOT BeCc HEWTpaam3oBaja
cuna uHepu Fit = —m.g). DTH HalM OIIyIIEHHs HA3BIBAIOT OIIY-
HICHUEM HeB8eCOMOCHIU.
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Puc. 4.13

PeanbHO omrymeHre HEBECOMOCTH MBI TTOYyBCTBYEM, HAXOSICh
B CBOOOMHO majaaromieM JudTe. JIurenbHoe COCTOSHUE HEBECOMO-
CTH MOXHO TMOJIYYUTh MPHU MOMOIIU TaK HA3bIBAEMOI0 OaJlIMCTUYE-
ckoro Opocka camodera. J[s 3Toro caMoleT JTOJKEeH BhIIePKUBAThH
CTPOTO CKOPOCTh M TPACKTOPHIO TOJETa Tella, OPOIIEHHOTO MO/ YT-
JIOM K TOPU30HTY B ITycToTe. COCTOSIHHE HEBECOMOCTH HCIIBITHIBAIOT
KOCMOHABTBI, HaX0/IACh Ha OOPTYy KOCMHUYecKoro kopadus. To ectb
BO BCEX CIydYasiX, HaXOJsICh B CHCTEME KOOPAHMHAT, JIBMXKYIICHUCS C
YCKOpeHHEeM ( BOJIM3M MOBEPXHOCTH 3€MIIM, MBI OyjaeM OIIylIaTh

COCTOSITHUC HEBECCOMOCTH.
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Bonpocekl 111 CAMOKOHTPOJIS

1. B uewm paznuumne mexay Y ABWKEHHS TOYKH B MHEPLU-
aNbHOM M HEMHEPIUAIBHOM cucTemMax orcyera’?

2. Kak ompenmensioTcs INEpeHOCHass M KOPHOJIMCOBA CHIIBI
HHEPIu?

3. Omymaem i1 MbI Ha ceOe AelCTBHE IEPEHOCHON U KOPHO-
JIMCOBOM CHJI MHEPIWH, HaXOIACh B HEMHEPIMAIBHONW CHCTEME OT-
cueta? IIpuBenuTe MpUMEpHl UX ACHCTBUS.

4. B 4eM cx0XecTh U B UYeM OTIUYWE CHJI HHEPLUUH OT OObIU-
HBIX CHJI?

5. Moryr mu ormnmyarbes [V nBWKEHUS TOYKH B ABYX He-
HMHEpUUAIbHBIX CUCTEMax oTcueTa? A B IBYX MHEPLUATBHBIX?

6. KakoBo yclOBHE OTHOCHTEILHOTO IOKOS MaTepHaJbHOM
TOYKHU?

7. Kaxk ompenensercst cuina Tsokectu? YUeM oHa OTIHYaeTCsS OT
CWJIBbI IPUTSDKEHUS K 3emiie? 3aBUCUT JIM ee BeJM4YMHA OT MecTa Ha
3emue?

8. Kak ompenenuTb, MOXXHO JHM IAHHYIO CHCTEMY OTCYETa
MPUOJIMKEHHO CYHMTATh MHEPLIUAIBLHOW MPH PEIICHHH KOHKPETHON
3amaun’?

9. Tlouemy [ pemeHust OOIBIIMHCTBA 3aJa4 CUCTEMY KOOP-
JIHAT, KECTKO CBSI3aHHYIO ¢ 3eMJIeid, MOXXHO TPUOIMKEHHO CUUTATh
nHepuuanbHoi? [IpuBeanTe mprMepsl, KOra 3TOro AenaTh HeJb3s.

10. Ilouemy y pek, TeKyIIMX Ha ceBep, 3amaiHble Oepera mo-
JI0’)K€ BOCTOYHBIX?

11. UYem 0OBsCHAETCS OTKIOHEHHE MAJAIOIINUX TE K BOCTOKY?

12. B kako#f cucTteMe OTCYETa JOJDKEH HAXOAWTHCS YEIOBEK,
9YTOOBI HCHBITHIBATH OlTyIIeHHe HeBecomocTr? [louemy?

13. Yem oTIMYarOTCS OCHOBHBIE ATAIlbl PEIICHHS 3ajiad JHUHA-
MUKH TOYKH B WHEPIUAIBHOW W B HEMHEPIMAIHLHOW CHCTEMax OT-
cuera?
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Ynpaxuenus

¥.10. Touka mojxBeca MaTeMaTHYECKOTO MAasTHHKA JJIHHBI |
JBUOKETCS TI0 BEPTUKAIN BBEPX C yCKOpeHueM a. Omnpesenure nepu-
O/ MJIBIX KOJIeOaHUT MasiTHHKA.

¥.11. Tloe3n eneT ¢ yCKOpPEHUEM a 1O MPSIMOMY TOPU30HTANb-
HOMy IyTH. Ha CKOJIBKO IpaJycoB OT BEpPTHUKAIM OTKIOHHTCS TpPY3,
MOJIBELIICHHBII Ha HUTH B BaroHe noesa’?

¥.12. Bo CKOJBKO pa3 HAJ0 YBEIUYUTH YIIIOBYKD CKOPOCTb
BpAILCHUsT 3eMITH, YTOOBI TsDKENasi TOUYKa, HaXOSIIAsICS Ha 9KBATOPE
Ha IIOBEPXHOCTH 3eMIu, He uMea Obl Beca?
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Jleknus S. OBIUE TEOPEMbI TMHAMUWKHN TOYKH

st penieHuss MHOTHX 3a/lad JTUHAMUKA TOYKH BMECTO HEIO-
CPEAICTBEHHOTO HWHTErpupoBanus aupdepeHIMaIbHbIX YpaBHECHHN
OKa3bIBaeTCs OoJiee A3PPEKTUBHBIM IOJIB30BATHCS TaK HAa3bIBACMBIMU
OOIIMMH TEOpEeMaMHU, SBISIONIMMHUCS CIEJACTBUSIMU BTOPOTO 3aKOHA
Hrrotona. Camu o0mme TeopeMbl BBIPAXKAIOT COOOM 3aBHCHMOCTH
MOBEJICHUSI OT BPEMEHH HEKOTOPBIX TUHAMHUYECKUX XapaKTEPHCTHK.
B ciayyae nBuXKCHHMS TOYKM B Ka4eCTBE TaKUX XapaKTEPHCTUK BHI-
CTYHalOT KOJHYECTBO JIBHXKCHUS (MMITYJIbC), MOMEHT KOJHYECTBA
JBIDKEHHUST (MOMEHT WMMITYyJbca) U KHHETHYeCKas dHeprus. B asToi
JICKOMU Mbl JaauM OIIPECACIICHHUE 3TUM XapaKTCPpUCTHKAM, IMMOACHUM
HX MEXaHMYECKUM CMBICJI, BBIBEACM CaMU TCOPCMbI 06 HuXx 1oBcAcC-
HUM ¥ PAacCMOTPUM TPUMEPBI PEIICHHs 3a1a4 C HCIOJIb30BAHUEM
3THX TEOPEM.

5.1. KotnyecTBO ABMAKeHHUS] (MMITYJIbC) TOYKH

Konuuecmeom osusicenus (umnynvcom) mouxku OyeM Ha3bIBaTh
BEKTOp MV, PaBHBIN MPOU3BEACHUIO €€ MacChl HA CKOPOCTb.

Q=mv. (5.1)

Enununeit usmepenust koiaumuectBa ABUxkeHUs B cucreme CU
sBistercsa 1 H-c.

Hampumep, paspymmurensHOoe IeiCTBHE JETSIIEro KaMHS Xa-
pakTepu3yeTcsi Kak pa3 ero KojuuecTBoM jBmxkeHHs. OHO OynerT,
OYEBHUJIHO, TeM OOoJbIle, YeM OOJbIINe MPOU3BEICHUE MACChl KaMHS
Ha €r0 CKOpPOCTh. Y JETSIIeH Mylu KOJIMYECTBO ABIKeHUs Q =mv
Takke OyJIeT BEJIUKO 3a CUeT OOJIBIION CKOPOCTH, HECMOTPSI Ha Ma-
JIEHBKYIO Maccy. A KOJMYECTBO JBIDKCHUS JIETAIIETO KoMapa OyaeT
OYEHb MAJICHBKHUM, TaK KaK U €ro CKOPOCTh, U €r0 Macca Malibl.

BekTop xonmdectBa nBukeHus Q MoXkeT OBITH 3a]laH CBOMMH
MPOEKUUSIMHU, BBIPAKEHUS JJIsI KOTOPBIX HEMOCPEACTBEHHO CIIEIYIOT
u3 ¢popmynsi (5.1)

Q=my, Q,=my, Q,=my,. (5.2)
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5.2. UmMnyJbe cuiIbl

s xapakTepucTUKU JIEHCTBUS, OKa3bIBAEMOI0 Ha TEJIO CHIIOHN
3a HEKOTOPBIM MPOMEXYTOK BPEMEHHU, BBOJUTCS MOHITHE UMNYIbCA
cunvl. CHayana BBeIeM TOHATHE 00 3JeMEHTapHOM HMITYIIbCE, T.€.
00 MMIyJIbce CHJIBI 32 MPOMEXKYTOK BpemeHH dt. Dremenmaphviv
UMNYTLCOM CUNbL Ha3bleaemcsi gekmophas eemuuuna dS, paguas

npouzseedenuio cunvl F na anemenmapmoiii npomescymox epemenu dt
dS = Fdt. (5.3)

HanpagneHn sneMeHTapHbI HMITYJbC BIOJb JEHCTBUS CHIIBL.
Nmnynsc S nr000¥ cuiibl F 3a KOHEYHBIM MPOMEKYTOK BPEMEHH

t, —t, onpezendgercs ganee Kak Ipeaea MHTETPAIbHON CyMMBI COOT-
BCTCTBYIOLIUX 3JIEMCHTAPHBIX UMITYJILCOB, T.C.

t2
S= '[F(t)dt. (5.4)
tl
Enununeit usmepenus umnysnsca cuiiel B cucteMe CU siBisiercst
1 xrm/c.
B wactHoM cmywae ecim F=const to S=F(,-t) u
S=F(t,—t)). B obmem ciryyae MOIyJIb ¥ HalpaBlICHUE MMITYJIbCa
MOTYT OBITh OIPEICIICHBI IT0 €r0 MPOSKIUSIM

b t t,
S, = [F.dt,s, = [F,@)dt,s, = [F@dt (5.5)
4 t,

4

Ecnm x Touke npuinoxeHo Heckoneko cun F,F,,...,F,, To num-
IyJIbC UX PAaBHOACHCTBYIOIICH OYEBUAHO PAaBEH CyMME HMIIYJbCOB

COCTaBJIAIOIUX €€ cuI S=S5, +S, +...+S,,, COOTBETCTBEHHO,
S, =5,+S,+...+S

n?
Sy =S, + S, +...+ 3,

nx?

S,=5,+S,, +..+S,,.
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5.3. Teopema 00 U3MeHEHNH KOJIUYECTBA
ABMKeHHS (MMILYJIbCa) TOYKHU

Huddepenuupyst paBenctBo (5.1) mo BpeMmeHH, MOTYyIHM

CornacHo BTOopoMy 3akoHy HproTroHa ma= ZF , H, ClleIoBa-
k

TEJIBHO,

€Q _ > F. (5.6)
dt %

PaBencTBO (5.6) BhIpaxkaer co0oii Teopemy 00 M3MEHEHUHU KO-
JUYECTBa JBIKEHUS (MMITyJibca) TOUKH B auddepeHmansHoi Gop-
Mme. IIpoussoonas no épemeHu Om KOAUYeCmea OBUINCEHUs MOUKU
pasHa cymme 0eticmgyiowux Ha nee Cul.

B muddepenmmansaoil popme 3Ta TEOpema MPAKTUIECKH COB-
najgaeT co BTOpbIM 3akoHOM HbroTona. I[lo3ToMy wamie oHa UCHOJb-
3yeTcsi B MHTErpalibHON opme. [ noaydeHus ee NpouHTEerpupyem
paBeHCTBO (5.6) 10 BpeMeHH B Ipezenax ot 4, go t,

Q) -Q) =Y [F ®)dt=3"s,. (5.7)

kt1 k

MBI nOMy4niIH, 4TO U3MeHeHUe KOIUYeCmBA OBUNCEHUS MOUKU
3a HEKOMOPWBIIL NPOMENHCYMOK BPEMEHU PABHO CYMME UMNYIbCO8 Oeli-
CMBYIOWUX HA Hee CUTL 3d MOM Jice NPOMENCYMOK 6PEMEHU.

B mpoexnusx Ha KOOpJAMHATHBIE OCH paBeHCTBO (5.7) mepenu-
LIETCS B BUZC

Qo —Qu = Sk s Qoy = Qy =D .S+ @, ~Q, =Sy, (5.8)
k k k

Ypasaerns (5.8) 00BIYHO MCTONB3YIOTCA NPU PEUICHUH 3a7ad
Ha MPUMEHEHHE TEOPEMBbI 00 N3MEHEHNH KOJIMYECTBA IBHXKCHUSL.
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3ameTnM, 9TO corsacHo (5.7) KOMMYECTBO ABMKEHUS (MMITYIIbC)

TOYKH 3a BpeMs t, —{, MEHSIOT He caMH CHJIBI, a UMITYJIbCHl CHII

(cymMapHBIi Tom9ok cuit) 3a Bpems t, —t;. To ecTh KoHeuHOE H3Me-

HEHHE MMILyJIbca TOYKH 32 Bpems i, —1; TOJHOCTBIO ompenesnsercs
t

3HAYCHHEM HMHTEIPAJIOB J.Fk (t)dt u He 3aBHCHT OT 3aKOHa M3MEHE-
t

Husa cun R (t),te(t,t,) Bo Bpems t, —t,. 'paduuecknu 310 03HAUA-

€T, 4TO, HalpuMep, U3MEHECHHE MPOCKIIMKA MMITyJIhca Ha OCh X 3a

Bpems U, —1; monHOCTBIO OmpesenseTcs MIOMABI0 S, 3alITPHXO-

BaHHOW (GuUrypsl Ha puc. 5.1 W HE 3aBUCHUT OT BHUJAQ KPUBOWM

F=FRO,te(t,t,).

Puc. 5.1

5.4. 3aK0HBI COXpaHEHHUH KOJMYECTBA
JABMKeHMS (MMITYJIbCA)

PaccmoTpuM Temeph Ciiydad, KOTJa COXPaHSIETCS CO BPEMEHEM
KOJIMYECTBO JBUKEHUS CUCTEMBI.

1. [lycte cymma cwii, AEWCTBYIOIINX HA CHCTEMY, PaBHA HYIIIO
ZFk =0. Tornma u3 ypaBuenus (5.6) cneayer, uto Q =const Ta-
k

KUM 00pa3oM, eciu cymma cull, 0eicmeyiowmux Ha moyKy, pagHa Hy-
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JII0, MO BEKMOP KOIUHECMEA OBUICEHUS COXPAHAEMCA 60 6Ce 6PeMs.
OBUICEHUSL.
Eciu ke 3a HEKOTOpPBIM MPOMEXYTOK BpeMeHH OT 1, 1o t,

CyMMa UMITYJIbCOB BHCIIHUX CHUJI, ﬂeﬁCTBYIOHIHX Ha CUCTEMY, paBHA

t
HyJIO, T.€. ZSk :ZIFK (t)dt=0, To, xak cmemyer u3 (5.7), He
k k g
MEHSETCA M KOJIMYECTBO JBMIKEHHUS 3a 3TOT HNPOMEKYTOK BPEMEHU
Q) =Q(L)-

2. IlycTb CHIIBI TaKOBBI, YTO Z F =0. Torga nocTosiHHBIM BO

k

Bce BpeMms jaBWkeHHs ocraerca Q, =const. To ecte eciu cymma
npoeKyuti 6cex OeucmseyIouUx Ha MoYKy CUl HA KAKyIO-HUOYOb 0Cb
DPA6HA Y0, MO NPOEKyus KOIUYeCmea OBUNCEHUS HA M) OCb CO-
XpaHsaemcst 60 6peMeHu.

Ecnu xe paBHa HyIIO NPOEKIHS CyMMBl MMITyJbCOB CHII 3a

t
IPOMEXYTOK BpeMeHH oT t; 1o t,, S, = J. F,(t)dt=0, To coxpans-
b
eTCsl 32 ATOT MPOMEKYTOK BPEMEHH U TPOSKITHS KOJIMUECTBA JIBUKE-
HHS CUCTeMBI Ha 3Ty ock, Q, (t,) =Q,(t,) .
OTH pe3yNbTaThl U BEIPAXKAIOT 3aKOHBI COXPAaHEHHS KOJIMYECTBA
JIBHKCHUSI TOYKH.

5.5. MoMeHT K0JIH4eCcTBa ABIM:KEHHS TOUKH

B HEKOTOpHIX 3ajayax B KauecTBE JMHAMHUYECKOW XapaKTepu-
CTHKH JIBIDKEHHS TOYKH YJI0OHEEe MCIOJIb30BATh HE BEKTOP KOJIHYE-
cTBa ABWKeHHS Q =MV, a ero MOMEHT OTHOCHTEIBHO TOYKH HIIH
oCH. DTH MOMEHTBI OTIPECIISAIOTCS TaK JKe, KAK 1 MOMEHTBI CHJIBI.

MOMEHT KONHYeCTBa JBUKCHUS (MOMEHT MMITYJIbCca) MaTepH-
QJIbHOM TOYKH OTHOCHTENILHO HEKOTOPOTo 1eHTpa O omnpeienum pa-
BEHCTBOM (puc. 5.2)

Ko =rxmv. (5.9
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mv

Puc. 5.2

To ecTb TOYHO Tak ke, Kak B CTaTHKE, Mbl OIPEIEIIAIN MOMEHT
CWJIBI OTHOCUTENBHO LeHTpa O, TOJIBKO POJIb CHUJIBI UTPAeT BEKTOP
KonyuecTa ABwkeHus MV. IIpu stom K, HampaBieH nepneHauky-

JIAPHO TIJIOCKOCTH, TIPOXOAAIICH yepe3 BekTop MV u Touky O (B Ty
CTOPOHY, OTKyZa BpalleHue, MPOU3BOJAUMOE BEKTOPOM MV, BHUIHO
MPOUCXOSIIIUM TPOTHUB YacCOBOW CTPENIKH), a €r0 MOAYJIh DPaBEH
K, =mvh (cm. puc. 5.2).

Kak Bcskmii BEKTOp, MOMEHT KONHMYECTBa ABIKEHUA K Moxker

OBITH 3aJaH CBOUMMH IMPOCKUIUAMUA (MOMGHTaMI/I KOJIMYECCTB ABHMXKCHHUS
OTHOCHUTCIIbHO KOOPDAUHATHBIX oceﬁ)

K, =m(yv, — zvy), K, = m(zv, —Xxv,),
K, =m(xv, —yv,), (5.10)

rae X,Y,Z — KOOpJMHATBI TOUKU M.

5.6. Teopema 00 U3MeHEHHH MOMEHTA KOJTUYECTBA IBUKEHUS
(TeopeMa MOMEHTOB)

PaccmotpuM Temepb, Kak M3MEHSAETCS MOMEHT KOJIH4YECTBa
nemkenns K, Touku co BpemeHeM. OGpaTiMCst KO BTOPOMY 3aKOHY

dv
HeroTona, 3anmucanHomMy B BHUJE ma =F, u ymHOXHMM 00€ wacTn

3TUX YPABHEHUI BEKTOPHO cieBa Ha I'. [Tomydyum, uyto
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dv
rx(m—)=rxF.
x ( dt) X

dv
3ameTuM Janee, 4To rx(ma) MOXXKHO IMPENCTAaBUTHL B BUIE

dv
dt

pallICIIbHBL, TO VXMV = 0, " MBI TOJIy4acM

d
rx(m—)=—(rxmv)—vxmv. Tak Kak BeKTOppl V H MV Ia-
dt

d
—(rxmv)=rxF.
dt
VuaureiBast, uro F = ZFK — paBHOMEHCTBYIOIIAs BCEX CHIL,
K

JIEHCTBYIOLIUX HA TOYKY, IIOJIy4YUM

d

;0 =3 Mo(F). (5.11)
k

YpasHernne (5.12) BepaxaeT meopemy MOMEHMO8: HPOU3B00-
HAsl N0 8PEMEHU OM MOMEHMA KOAUHEeCMEa OBUNCEHUSI MOUKU OTHHO-
CUMENLHO HEKOMOPOo20 Henoodeudichozo yenmpa O pasua cymme mo-
MEHMO8 6cex Cull, OeUCmEYIOWUX Ha MY MOYKY OMHOCUMENbHO MO-
20 orce yenmpa O.

Yacto mpu pemeHuu 3ajad TeopeMa MOMEHTOB IMPHUMEHSETCS B
MPOEKIINH Ha KaKyr-HUOY b OCh (OCh Z):

dK,

dt

=> M, (F). (5.12)
k

5.7. 3akoHbI cCOXpaHeHHS] MOMEHTA KOJIMYeCTBA ABUKEHUS

PaCCMOTpI/IM YacCTHBIC ClIy4Yau, KOrga MOMCHT KOJIHUYECTBA IBU-
JKCHUS COXPAHACTCA.
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1. Ecnmu cymMmmMa MOMEHTOB OTHOCHTENBHO TOUkH O BCEX CHII,
NEHCTBYIONINX Ha TOYKY, PaBHa HYIIO ZMO(FK) =0, To MOMEHT
k

KOJIMYECTBA JBMKCHUSI OTHOCHTEIBHO ITOM ke TOYKH O COXpaHseT-
cs 110 BeIMYHMHE U HanpasieHuio K, =const

2. Ecnu cyMMa MOMEHTOB BCEX BHEIIHHX CHII, JEHCTBYIOIINX
Ha TOYKY OTHOCHTEIbHO HEKOTOPOW OCH Z, paBHA HYJIO
ZMZ(FK) =0, TO MOMCHT KOJMYECCTBA IBUXCHHUS OTHOCHTEIHHO

K

9TOH ocu coxpansercs K, =const.

Dmu pe3ynbmamvi HenOCPEOCMEEHHO BbIMEKAIOM U3 YPAGHEHUIL
(7.6) u (7.7) u svipasicarom co6oii 3aKOHBI COXPAHEHUSI MOMEHTA KO-
JIMYECTBA JBUKEHHS.

5.8. JIBuskeHNe TOUYKH MOJ JeiiCTBMEM LHEeHTPAJIbHON CHJIbI.
3akoH muomanei

[IpuMeHuM TeopeMy MOMEHTOB K CiIy4aro, KOrja Ha TOouky M
neiictByeT cuia F, HampaBieHHass K HEKOTOPOMY HEMOJIBHKHOMY
ueHtpy O (puc. 5.3). Takyio cuiy Ha3bIBalOT IIEHTPAIBHON CHIION.
[Ipumepom Takoro ciydas sBsieTCS JBMKEHHE 3eMJIIH IO IeHCTBU-
eM cuibl nputshxeHnss Connna. Cunia OIPUTSDKEHHS 31€Ch SIBISETCS
LIEHTPaJIbHOMN U HalpasiieHa K neHTpy ConHia.

M(t+At)




Mowment cuinel F oTHOcHTenpHO TieHTpa O, OYEBHIHO, paBeH
HYJII0, TIO3TOMY MOMEHT KOJIN4eCTBa JBIKeHUs Ky JTommKeH coxpa-
HSATBHCS BO BCE BPEMsI IBUKCHHUS

K, =rxmv=const (5.13)

Ycnosue (5.13) o3nadgaer, uto Ky coxpansercs Kak 1Mo MOAYIIO,
TaK ¥ 1o HanpasJieHHI0. COXpaHEHHE ero MOy O3HAYaeT, YTO

[Ko|=|rxmv|= AItiTO(|r x Ar/Atjm) = mAItiEn)O(|r xAr|/At).  (5.14)

Ho |r><Ar| paBHO 4YHCICHHO YJIBOCHHOHM Imiomaaun AS Tpe-

yromparka OMM; (cM. puc. 5.3). D10 0o3Hauaer, cornacHo (5.14),
49TO d%t =Const, T.e. CKOPOCTh U3MEHEHUS TUIOIIAIN TPEYTOIbHU-

ka OMM,; ocraercst OCTOSIHHOII BO Bce Bpems ABMxkeHHs. Mim,
JOPYTHMHU CIIOBaMH, PaJlyC-BEKTOP TOYKH OINHCHIBAET PaBHBIEC ILIO-
a7 B JOOBIE OJJMHAKOBBIE IPOMEKYTKH BPEMEHHU. DTOT PE3yiIbTaT
Ha3bIBA€TCS 3aKOHOM IUIOLIAJEH.

[MocrosHCTBO HanpaBnenus K, 03HadaeT, 4TO pajguyc BEKTOp I
TOYKH BCE BPEMS JISKUT B ILIOCKOCTH, MIEPIICHIUKYIISIPHON BEKTOPY
Ko. OT0 03HauaeT B CBOIO O4Yepellb, YTO TPAEKTOPUS IBHKEHHS TOU-
KM SIBJISICTCSI TUIOCKOM KpuBoii. [ToaTomy opOuTh! tianeT B CosHeu-
HOM CHCTEMeE SBIISIOTCS TUIOCKUMH KPHUBBIMH.

3anaua 19. Tpaekropus HanOosnee ynanenHond ot CoiHIa Iia-
Hetsl [lmyTon umeer Bun smumnca. Paccrosaue ot Conana go Iy-
0
TOHA MEHSIETCS TIPU 3TOM OT 4,46-109 no 7,4-10° xkm. Ompenenurtsb
OTHOIIIEHHE MEXIy MAaKCHMAIbHONM W MHUHUMAIBHOH CKOPOCTSIMH
nexenus [myrona.

Peumrenne. 3ameTuMm, 4TO B MaKCUMAJIBHO YAaJeHHOU (A4) U Mu-
HUMAJIbHO YAAJIEHHOMU (B) TOuKax CKOPOCTH Vi, U Vj, COCTABISIOT
IpsAMOM yron ¢ paguyc-Bekropamu I, ® I, COOTBETCTBECHHO
(puc. 5.4).
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CrnemoBaTenbHO, YCIOBHE MOCTOSHCTBA Moaynsa K, o3Hagaer,

9TO JUIS THX TOYEK I View = minVimin - OTCIOZIa KICKOMOE OTHOLIE-

min Ymin *

Hue V... /v =166.

5.9. KuneTuueckasi JHeprusi TOUYKU

BBeI[eM CIIe OJHY JUHAMHUYCCKYIO XapaKTCPHUCTUKY JABUKCHUSA
TOYKU — KUHemU4eCKyro IHep2curo

T=mV?/2.

Kunemuueckotl snepaueii mamepuanbHol mMOYKU HA3bIBAEMICA
CKANAPHAS 8eNUYUNA, PABHAS NOJIOGUHE NPOU3BEOEHUs ee MACCyl HA
K68a0pam cKOpoCH.

Enunnna m3Mmepenust KuHeTHueckoil sHeprum B cucteme CU:
Ik =xr-M2/c® =H-Mm.

OTMeTuM, 4TO B OTJIMYHME OT UMIIYJIbCA U MOMEHTA MMITYJIbCa,
KOTOpBIC OBUTH BEKTOPHBIMH BETMYWHAMU, KHHETHYECKAST SHEPTHS —
BennunHa ckansipHas. Korga-to B Poccun (no pesomonuu 1917 ro-

7la) ee elle Ha3bIBaJIM GKUBOU cuioi». OHa XapakTepu3yeT SHEPTHIO
JBHXKEHUSI (<COKUBYIO CHITY») TOUKH.
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5.10. Pa6oTa cuabl

[Mepeiinem k MOHATHIO pabOTHI CHUII, C MMOMOIIBIO KOTOPOH MBI
MOJyYHM TeopeMy 00 M3MEHEHHWH KHMHeTHYecKol sHeprun. CHavana
BCIIOMHHM, YTO B MIKOJHHOM Kypce (DM3HKH MOHSATHE PabOTHI CHITBI
yKE ONPENesuIOCh, TONBKO JJIs Clydas MNOCTOSIHHOM IO MOIYIIO U
M0 HANpaBJICHUIO CHIBI F, MpUIoKeHHOW K Touke M, NBUXKYILEHCS
IpSMOJUHEHHO. A UMEHHO, €ClIM To4Ka 3a Bpems At =t, —t, mepe-
MecTHnack Ha paccrosnne M,M, =s, 1o pabora A, cuiel F Ha

3TOM TNEpPEeMEIIECHIH OTIpeersiack GopMynon
A, =Fscose, (5.15)

IJIe . — YroJd MEXJy BEKTOPOM CHJbl F W TepeMereHueM TOYKH
(puc. 5.5).

Koneuno, paBeHcTBO (5.15) MOXKHO 3ammcaTh B BUAE CKAIIPHO-
TO IPOM3BEICHUS

A, =F-s, (5.16)
rage S — BCKTOp NCPEMCIICHUA TOYKH.

[epetinem Ternepb K 00IIEMY ONPE/CICHUIO PA0OThI, KOTJa CH-
na F MoXeT M3MEHATBCS MO BEJIMYMHE M IO HANPaBJICHUIO, a TOUYKa
M mpunokeHus cuibl IepeMemaercs 3a Bpems At=t, —t, mo mro-

00l KPUBOJMHEWHOM TpackTopuu (puc. 5.6).

M,
F
. M./d MV >
M;| S | M, F
I | Ml
Puc. 5.5
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Pazo6seM oTpe3ok kpuBoii M,M; Ha N NPOHU3BOIBHBIX, HO Ma-
JBIX YYacTKOB, 0003HAUMB [UIMHY y4acTKa ¢ HOMepoM K gepes AS, .

3aMmeHsAs Tenepb Kaxblii Malblii y4acTOK MPSIMOJIMHEHHBIM OTpe3-
KOM U CUUTasl, YTO IPU MEPEMELICHUH 110 STOMY OTpPEe3Ky CHJla OCTa-
eTCsl IOCTOSIHHOM IO BEIIMYMHE W IO HAIPaBICHHIO, IOTYyYHM, UTO
pabora Ha k-om ywactke, cornacHo (5.15), OyzmeT mpuOIU3UTEIBEHO
paBHa F AS, coS¢, (cM. puc. 5.6), a Ha BceM iyt oT M, 10 M, —

CyMMe paboT Ha OT/EIBHBIX y4acTKaxX
A, ~ D FAs Cosey = D F-As,.
k k

TouHoe 3HaYeHHE pabOTHI MONYYUM, MIEPEXOAd K Mpeaeny, Ko-
I/1a YUCIIO YYaCTKOB HEOIPaHWYEHHO BO3pACTaeT, a AJIMHA KaXKIO0ro
W3 HUX HEOTPaHWYEHHO yObIBaeT. Takoi mpenen BhIpakaeTcs KpH-
BOJIMHEHHBIM HHTEIPAJIOM

Ap= [F(s)-ds= [(Fdx+F,dy+F,)dz=
MM, MM,

IF(S)COSa(S)dSz .[Fr(s)ds,

MM, MM,

(5.17)

rae F, — npoekuus cuiel F Ha HampaBiieHHE NEpEMEIEHUS TOUKU
M; nHTErpUpOBaHUE BEAETCS BJIOJIb TPAEKTOPUU TOUKHU M.

OA=F(s)-ds=F(s)cosa(s)ds=F,(s)ds. (5.18)

BBIp@KAET PabOTy CHJIBI HAa >JIEMEHTApHOM Tmepememiennu (S wu
Ha3BIBaeTCs d1emenmaprol pabomoiu. ®opmyna (5.17) Torma o3Ha-
YaeT, YTO paboma Cubl Ha nepemMeweHul paeHa uHmezpaty om die-
MeHmMapHoU pabomul, 6351MOMY 800Jib IMO20 NePeMEUeHUS.
Enununeit mamepenus paboTsl siBisercs 1 mxoyis (1 am).

Ecim cuna F 3amanHa kak (yHKOHMS TOJOXKEHHS TOYKH, T.C.
F=F(x,Yy,z), To B coorBeTcTBHH C (5.17)
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X, Yo z,
A, = [Fax+ [Fydy+ [ Fdz, (5.19)
Xy Y1 ]
rae (%,Y5,2) 4 (X,Y,,Z,) — KOOPAUHATEI TOYKH M B MOMEHTBHI
BpeMenu {, u t, .
IIpu ecTecTBEHHOM 3aaHUH ABMKCHHUS TOUKH pabOTa CHIIBI Ha
KOHEYHOM IEPEMELICHNN TOUKH U3 TOJOKEHUS S; B IOJIOXKEHHE S,
cornacHo (5.17) Beipaszutcs GopMyInon

A, = f F(s)cosa(s)ds =f F,(s)ds. (5.20)

Ecmn n3Becren rpaduk ¢pynkuun F (S),s €[s;,S,], T0, cormacHo
rEOMETPHYICCKOMY CMBICTY MHTErpaia, pabota A, YHCICHHO paBHA

IJIOIIAN KPUBOJIMHENHOMN Tpaneuuy, H300pakCHHOM Ha
puc. 5.7.

Puc. 5.7

Ecnu cuna F usBecTHa kak (yHKIMS BpeMeHH, TO GopMyTy
(5.17) ymobro mpeobpaszoBarh, HCIOIB3Yys paBeHcTBO dS=vdt,

BUTY

A= JZF(t)-V(t)dt- (5.21)
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B stoii dhopmyne BenmmunHa

N =FOVO = OVO =R == (5.22)

XapakTepu3yeT padoTy CHIIbI, COBEPLICHHYIO B €AMHUIY BPEMEHH, U
Ha3bIBAECTCS MOWHOCBIO CUbl. MOIIHOCTB CUIIBI H3MEPSIETCS B BaT-
tax ([xoyns/cekynna). M3 pasencrsa N =F.V BuaHo, Hanpumep,
YTO Yy ABUTATENs, UMEIOUIETO AaHHYI0 MOLIHOCTH N, cHujia TATH TeM
Oosblie, yeM MEHbIIe cKopocTh. [lo3TOMy Ha moabeMe Wi Ha IUIO-
XOM y4YacTKe JIOpOTH Y aBTOMOOWIIS BKJIIOYAIOT HH3LIME Tepenay,
MO3BOJISIIOLLIME TIPU MOJHOM MOIIHOCTH JBUTATENS C MEHBIIEH CKO-
POCTBIO pa3BUBATh OOJIBIIYIO TATY.

Cornacao ¢gopmyne (5.21) pabGora cuisl 3a Bpems At =t, —t;

paBHa

A, = J’ N (t)dt. (5.23)

Ecnu mommocts nocrosaaas N(t) = N, To

A,=N '(tz _t1)’ (5.24)

T.e. pabOTy MOXHO H3MEPSATh MPOU3BEJACHUEM MOIIHOCTH Ha BpEMs.
OTcroia BO3HUKIIA YIIOTPEOUTENbHAS B TEXHUKE EIMHAIIA U3MEPEHUS

kunoBarT-uac (1 xBr/uac = 3,6-10°Ix).

[epetinem Teneps K MpuMepaM BBIYHACICHUS PaOOTHI CHII, TIPH-
JIOKEHHBIX K TOUKE.

1. Paboma cunvr mascecmu. Ilycts Ha TOUKy M AeHCTBYeT cuiia
Tsokectd MQ. Ee anementapHast pabora oA =mgds, roe ds — ae-

MCHTApHOC NEPEMCIICHUEC TOUYKHU Mk . Tak kak BCKTOP ( HAaIpaBJICH
BECPTHUKAJILHO BHHU3, TO €ro IPOCKIWHU HA OCH X,Y,Z , COOTBETCTBCH-
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HO, OynyT paBHbl g =(0,0,—g) (ecim ochk Z HampaBieHA BEPTHKAIb-
HO BBepXx). [Toatomy 6A=-mgdz. CrenoBaTenbHO, MONMHAS paboTa

CHIIBI TSDKECTH 3a BpeMs At =t, —1; ompenenuTcs paBeHCTBOM

Z3
A, =-Mg [ dz=-Mg(z,-2) =-Mgh (5.25)

2
Paboma cunvr mascecmu pasua ee eecy Mg, ymnooicennomy na
sepmukanvioe nepemeujerue N mouxu (mpu 3ToM padoTa IMOJOXU-
TeNbHAsA, €CJIM To4Ka omyckaercs, h<0 u oTpumarenbHas — eciu

mogaumMaetcst, h>0).

2. Paboma cunvt ynpyeocmu. Beraucium paboTy CHIIBI yIPYTOCTH
MIPYXHUHBI AB KeCTKOCTH C IpU MEepeMelIeHNnn Tpy3a B U3 mojoxe-

Husa B, | =1, B monoxenne B,, | =I,. Tak kak cuma ynpyroctu
F=cA, rme A=1-1, — nedopmarys npy>KuHbI, TO COIIACHO (op-
myie (5.20)

I, I,
A, = jc,lcoslwdl =—jc(| “l)dl=c(Z-A2)/2.  (5.26)
I1 Il
Paboma cunwt ynpyeocmu pasna nonogumne npoussedeHus Kodgp-
Quyuenma HceCcmKOCmuU HA PA3HOCTL K8AOPAMO8 HAYAILHO20 U KO-
HEUH020 YOTUHEHUN NPYHCUHDL.
3. Paboma cunvt mpenusi ckonvicenus. Tak Kak cuia TPEHHS

Ff IIpU CKOJIBXKCHUU TCJIa BCEraa HalpaBJICHA MPOTHUB €ro ABUIKEC-

uus, to F,ds =—F; ds u cornacuo popmye (8.8) momyuaem

A, :_sf Ffds:—fTN(s)dS. (5.27)

S1 S1

Eciu nopmanbHas peakius N(S) =N uymciIeHHO MOCTOSHHAS

(HanpumMep, TIpU ABMKEHUH TeJla M0 TOPU30HTATHLHOW MOBEPXHOCTH
N =mg=const), To
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A,=—1N(s, —5). (5.28)

Pabota cunbl TpeHHs BCera OTPUIIATEIbHAS W 3aBUCUT OT JIH-
HBI TyTH M1I\7I2 U TEM CaMbIM OT (OPMBI TPACKTOPHH, IO KOTOPOI
Teno (To4ka) MpUILIa M3 TONokeHus M, B momoxeHue M,
(puc. 5.8).

Puc. 5.8

3aMeTnM, 4YTO pabdoTa CHJIBI TKECTH M CWIBI YINPYTOCTH
(cM. dopmyitet (5.25) u (5.26)) TONTHOCTBIO ONMPEIEISIUCH HAYAIb-
HBIM M KOHEYHBIM ITOJIOKECHUSIMA MEXaHHYECKOH CHUCTEeMBI U HE 3a-
BHUCCJIM OT IIYTU MIEPEXOoAa CUCTEMbI U3 HAYAJIbHOT'O K KOHEYHOC I10-
noxenne. Ha 310 00CcTOSATENHCTBO MBI 00paTuM 0cob0e BHUMaHKE B
m. 5.12.

5.11. Teopema 00 U3MeHeHMU KHHETUYECKO IHEPruu

YcTaHOBUM TENEph 3aBUCHUMOCTh MEXJY KHHETHUECKON 3HEp-
rued TOYKM U JEHUCTBYIONIMMHU Ha Hee cuilaMmu. JJjisi 3TOro CHoBa
paccMoTpuM BTOpoit 3akoH HbroToHa

&
dt

YMHOXHUM 00€ 9acTH ypaBHEHUS CKAISIPHO HA V U MEPETHIIIEM ero B
BUJEC
mvadv = Fvdt.
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VunreiBas, yro mvdv=d(mv?/2), nomyunm d(mv?/2)=0A

NIn
dT =cA (5.29)

PaBenctBo (5.29) BbIpaxaer meopemy 06 uzMeHeHuu KuHemu-
yeckou Hepauu 8 oughgepenyuanvrou opme. IHTETpUpYS Tenepb
3TO PaBEHCTBO IO BPEMEHH B IIpejienax oT t; 10 t, , moaydum

T,-T,=A, (5.30)

Ms1 nonmyuymii TeopeMy 00 N3MEHEHUH KHHETUIEeCKON SHePTHH
B MHTETPaIbHON (popMe: uzmenenue Kunemudeckou sHepeuy mouku
PABHO cymme pabom écex 0elicmeyIowux Ha Hee CUll.

5.12. 3akoH coxpaHeHHMs] MeXaHU4eCKO IHeprum

[Tpy M3y4eHUU MKOIBLHOTO Kypca (GU3WKH JJIsl pelieHHs 3a7ad
MIPUMEHSAJICS 3aKOH COXPAaHEHUs IIOJTHON MEXaHUYECKON SHEPTruu

T+171=0, (5.31)
rac 1l — MNOTCHLINAJIbHAs SQHCPIrrUsd CUCTCMBI.

B »TOM nmyHKTE MBI IOKa)K€M, 9TO ITOT 3aKOH SIBISIETCSA YacT-
HBIM CJIy4aeM Halled TEOpeMbl, HO A 3TOr0 HaM HY)KHO pa3o-
OpaThCsl ¢ MOTCHLMAIBHON SHeprueil cucremsbl. Jls 3TOr0 BBEIEM
HECKOJIBKO ONPEJEIICHUMN.

Cuny F nasosem nomenyuanerou (uru koncepsamugnoir), ecu
paboma 3motl Cubl Ha 11000M nepemenjenul He 3a8ucum om opmul
mpaexmopuu, no Komopou oHo cogepuiaemcs. Ha puc. 5.9 s un-
JIOCTPAIMU 3TOTO ONpEACTIEeHUs] M300pakeHbl HECKOJIBKO TPAEKTO-
puii (1, 2 1 3), 10 KOTOPBIM COBepLIAETCA Mepexon U3 Touku M, B

Touky M, . /i noreHnManbHBIX (KOHCEPBAaTUBHBIX) CHJI MHTEIPal
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A, = _[ F(s)-ds ocraeTcs OHUM U TEM Ke, T.€. HE 3aBUCHT OT TO-
MM,

ro, BI0Jb Kakol u3 Tpaektopuii (1, 2 unm 3) Mbl ero OyaeM BbIYHC-

1T, ECM JKe 9TOT MHTErpaj 3aBHCHT OT (DOPMBI TPAEKTOPHH, TO

CHIIa, COOTBETCTBEHHO, HA3BIBAECTCS Henomenyuanvhol (Hekoucep-

B8AMUBHOLL).

1 M,

M,

Puc. 5.9

B m. 5.10 yxe oOpamanocs BHUMaHHE Ha TO, YTO PadOTa CHIIBI
TsDKECTH W paboTa CHIIBL YIPYTOCTH OIPEIEINSIOTCS MOTHOCTHIO
Ha4daJIbHBIM Ml 1 KOHCYHBIM M2 ITIOJIOKECHUAMU CUCTEMBI U HE 3a-

BHUCAT OT ()OPMBI TPACKTOPHUH, T.€. ITU CHIIBI SBIISIOTCS MOTCHIHAb-
HBIMU. [IprMepoM MOTEHIIMATFHON CHIIBI SIBIISETCS TAKXKE CHUIa HBIO-
TOHOBCKOT'O TIPUTSDKEHHS Tell. B 9TOM ke MyHKTe MBI yOeaHIHCh,
4T0 paboTa CHIIBI TPEHUS CKOJBKEHHUS 3aBUCHT OT (POPMBI TPAEKTO-
puH, T.e. CHJIa TPEHHS CKOJBKEHUsS He SIBISIETCS MOTeHIanbHOU. He
SIBIISTIOTCS. TIOTCHIUATBHBIMU TAaK)K€ CHIIBI CONPOTHBIICHUS CPEIIbI
(Hampumep, BO3/IyXa WIIH BOJIBI).

Jns moTeHIMabHOM critbl F MOXKHO BBECTH TIOHSTHE MOTEHIHU-
aIbHOM SHEPrHM 3TOW CHUJIBIL. A MMEHHO: NOMEHYUANbHAs SHep2Us.
cunvt F 6 mouke M(X,Y,z) — amo paboma, komopyio npou3eooum

oma cuna npu nepemeweruu u3 nonocenus M(X,Y,2) 6 nonodce-
nue 0(0,0,0)

II(X,Y,2) = Ayo = IF(s)ds. (5.32)
MO

W3 sToro onpeneneHus SICHO, YTO €CIIM CHJIAa HEMOTEHIMAIbHAS
(HekoHCepBaTUBHAsI), TO IJIsl HEE HENb3sl BBECTH NOTEHLIUAIBHYIO
SHEPTHUIO, TaK Kak uHTerpain (5.32) 3aBUCUT OT QOPMBI TPAEKTOPUH
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nBwxkenus u3 nonoxkenuss M B monoxenune O (puc. 5.10) u oxHo-
3naunoil pynkuun [71(X, Y, Z) npocTo HE CYLIECTBYET.

o)
X

Puc. 5.10

N3 dopmynsr (5.30) HEMOCPENCTBEHHO CICIYET, YTO JUIS I10-
TEHIIUAJILHOU CHUJIBI

Auwm, =1L — 11, (5.33)

rae /1, u II, — COOTBETCTBEHHO, 3HAYEHHUE TIOTEHIHAILHON SHEPTHH
B Toukax M; u M,. [leiictBurensro, Beab Ay v, =Ayo +Pom, =
=Av,0~Au,0 =1L, —1I, (31eCH MBI HCIOIB30BAIN OIpPE/CICHHUE

PaboThI CHIIBI U TO, YTO PA0OTa MMOTEHIIUAIBHOMN CHITBI HE 3aBUCHT OT
BBIOOpA TPAEKTOPUH).

Takum o0Opa3om, Bce CHIIBI, JIEHCTBYIOIINE HAa TOYKY, MOYXHO
pa3eNnuTh Ha TMOTEHIMANBHBIE W HEMOTeHIHAIbHBIE. Temneph yxe
JIETKO BUJIE€Th, YTO €CJIM BCE CHJIbI MOTEHIIHAIBHBI, TO MOJHAS MexXa-
HUYecKas JHepeus COXpaHsemcs, T.e. BBHIINOIHIETCS pPaBEHCTBO
(5.31). llox I tipy 3TOM MOHUMAETCS CyMMa MMOTCHIUAIBHBIX SHEP-

Ul BCeX CUJI, IEUCTBYIOLMX Ha TOUKYy [7 = Zﬂk, k=1...,N. [eii-
k

CTBUTEIIBHO, COTJIACHO TeOpeMe 00 M3MEHCHHH KMHETHYECKOI SHep-
run T, -T, = ZAQ = 2(171k —1I1,,) =11, - II, u, clenoBaTeNbHO,
K k

T,+1L, =T, +11,.
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Ecmu He Bce cwiIbl MOTEHIMANBHBI (HEKOHCEPBATUBHEI), T.C.
CpeaH CHJl, IEHCTBYIOIUX Ha Hee, €CTh HEMOTCHIUABHBIE CHIIBI, TO
MOJIHAs MeXaHW4YecKast SHeprusi He coxpansiercs. [Ipu HamumuumM cun
TPEHUS] MeXaHW4YecKasi SHEprus TOUYKU OyaeT yOwIBaTh, Tak Kak pa-
0oTa CWJI TpeHHsI BCeTaa OTpUIlaTeabHast. Ecioum jke paboTa HEMmoTeH-
IUATBHBIX CHJI OYyZeT TMOJOXKUTENBLHON, TO MEXaHUYeCKash SHEPrHs
cucTeMbl OyJeT Bo3pacTaTh. [IpuMepoM Takol CHIIBI SIBISETCS BbI-
HYX/IalolIas CUJIa TIPY KOJICOAHUSX Tpy3HWKa Ha MPYKUHKE TIPU pe-
30HAHCE W MPU OTCYTCTBUM COMPOTUBIICHUS cpeabl (cM. 1. 2.4, mm. 1
nexuyu 2). B 3ToM citydae paboTa BBIHYKAAIOLIEH CHIIBI 32 MOTHBIN
nepuoJ| KojdeOaHui Tpy3uKa TONOXKUTENbHAs (3aMETHUM, YTO TOJBKO
B 9TOM city4ae (!)); BHe pe3oHaHca paboTa 3a IMOJHbIH MEPUO paBHA
HYJII0), 5TO W MPUBOJUT K BO3PACTAHHMIO aMIUIUTYIbI KOJcOaHUM.
[Ipu HanuuMK CONpPOTUBIIEHUS CPEbl JaKke Ha pe3oHaHce Habmrona-
eTcs OayaHC SHEPrUM — MOJOXKUTENbHAs paboTa BBIHYKIAMOIICH CH-
JIBI KOMIICHCUPYETCSI OTPUIATENBHOW PabOTOM CHITBI COMPOTHUBIICHUS
cpenbl. B pesynbrare mosnHas MexaHH4YecKasi SHEPTHs B KoJieOaTelb-
HOW CHCTEME «IPYXKHHKA — TPY3UK» COXPAHSIETCs, U aMILIUTYyIa KO-
nebaHui ocTaeTcs KOHEYHOH (XOTS M MOXKET OBITh OYCHb OOJBIION
Ha pe30HaHce).

5.13. IlpuMepsl pelieHus 3a1a4 HA MPUMEHEHUE
001X TeOpeM TMHAMHKH TOUYKHU

B sTom IIYHKTC Mbl pCIINM HECKOJIBKO 3aJa4 C IMOMOILIBIO 00-
X TCOPEM JUHAMHKHU TOYKU.

3agaua 20. MastauK (puc. 5.11), npeacrapnstoniuii codoi To-
YEeYHbII TPy3 Macchl M, MOJBEIIEHHbII HA HEBECOMOUM HUTHU JJIMHOMN
|, OTKJIOHEH OT BEepTHKAIM HA YroJ ¢, TaK, YTO IPy3 HAXOAUTCS Ha
pacCTOSIHUU Z, OT 3€MJIM U OTIYyLIeH Oe3 HadalbHOH CKOPOCTH.
OnpenenuTe YriIOBYIO CKOPOCTh MasiTHHKa @, Korga rpy3 Oymaer

HaXOJMThCS HA PACCTOSHHY Z OT 3eMJIM. Bcemu cuiiamu TpeHust mpe-
HeOpeyb.
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Pemenne. Dta 3amada mpolie BCEro pemraeTcs ¢ MOMOINBI0 Teo-
pemMbl 00 M3MEHEHNH KMHETHYEeCKON 3Heprur. Tak Kak Mo YCIOBHIO
3aJlayd TPSHUEM IpeHeOperaeM, TO Mbl UMEEM YaCTHBIN CITydail 3Toi
TEOPEMbI — 3aKOH COXPaHEHUs IMOJTHONH MEXaHWYEeCKOH 3HEepPTruu Ma-

atauka T +[1=11,. W mv?/2+mgz= mgz,. CienoBarensHo,
=Vll=,2mg(z,—12)/l.

Puc. 5.11

3anaua 21. I[lepBoHa4aJIbHO HETIOJBMXKHOE TEJIO, HAXOSAIIEECS
Ha TOPU30HTAIBHON IUIOCKOCTH, HAYalIX TAHYTH 3@ HPUBSI3AHHYIO K
HeMy BepeBKy ¢ cuioil F. Uepes Bpems 7 melcTBHE 3TOH CHIIBI TIpe-
Kpatuioch. Kakas cuia TpeHus AeWCTBOBana Ha TEJO BO BCE BPeMs
€ro JBIKEHUS, €CIM OHO OCTAHOBMJIOCH CITyCTSl BpeMsi 37 IMocie
Hayasna ABWXKEHUS?

Pemenne. PemmM 3Ty 3a7a4dy ¢ mOMOLIbI0 TeOpeMbl 00 H3Me-
HeHuu uMItyibea. CormacHo (5.7) umeeM

3r
Q) -Q(O) = [ (F()-F,, ()dt.
0
B namem ciyuae Q(37) =Q(0)=0, a
3r
[(F®)-F,, @)dt=F z-F,, -3¢
0

Cnenosatensho, F,, =F/3.
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3agaua 22. Touka Maccoil M ABHXKETCS TIO OKPYKHOCTHU C TIO-
CTOSIHHOWM CKOpOCThIO U (puc. 5.12). OnpeaenuTs MOy b UMITYJIbCA
IEeHCTBYIONIEH Ha TOYKY CHIIBI 32 BpeMsl, B T€UEHHE KOTOPOTO TOYKa
MPOXOJIUT YETBEPTh OKPY>KHOCTH.

Y

M, Us 0

Puc. 5.12

Pemenne. Ilo TeopeMe 00  W3MEHEHHMH  HMITYJbCa
S =mul, —mU,. Ctpos pa3HOCTb 3TUX KOJIUYECTB IBIKEHUS (CM.
puc. 5.12), HaXOAUM M3 MOJTYYEHHOTO IPSIMOYTOJBHOTO TPEYIroilb-

HHKA S =\¢u12 +U§ . Tak xak 1o yciioBuro 3amayd U, =U, =U, TO

S:mu\/E.

3anaua 23. lllapuk M npussizan kK autu MBA, yactes BA xoro-
poif mpozeTa CKBO3b BEpTUKaIbHYIO TpyOy (puc. 5.13). B momeHT,
KOT'/la IIIApUK HaXOMUTCS HA pacCTOsiHUM N, oT ocu TpyOKH, eMy co-

O0IIAl0T HAYaIbHYIO CKOPOCTH Uy, MEPICHINKYJISPHYIO TNIOCKOCTH

MBA. OnHOBpeMEHHO HUTh HAYMHAIOT BTATUMBATH B TPYOKy. Haiitu
CKOPOCTb U; LIapHKa, KOIJla €ro pacCTOSIHUE OT OCU TPYOKU CTaHET

paBHBIM h;.
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Puc. 5.13

Pemenne. [lns pewmenns 3Toi 3aa4u NPUMEHUM TEOPEMY MO-
MEHTOB JUIA IIAPHKa, CYUTasl €ro MaTepuabHON Toukoi. Ha mapuk

JefCTBYIOT CHITa TSOKECTH P U Cula HaTsDkeHus HUTH T. MOMEHTHI
3THX CHJI OTHOCHTEIBHO OCH Z, HAIIPABJICHHOW BJIOJb TPYOKH, PaBHEI
Hymo. [1o3TOMy MOMEHT MMITyJbCa IIApPHKa OTHOCHTEIBHO OCU Z
ocraetcs noctossHHBIM. To ectb muh, = muh,. 3Hauwr,

U, =hgu, /hy.

3agaua 24. C BepxHEro KOHIA JIOCKH JUIMHBI L, oOpa3yromeit
Yroll o ¢ TOPU30OHTOM, HAaYMHAET COCKaJbh3bIBaTh 0O€3 HadallbHON
CKopocTH Teno Macchl M (puc. 5.14). Kakyro KHHETHYECKYIO dHEp-
THI0O OHO MPHOOpETET, A0S 10 HIKHEro kpas nqocku? Koadduuu-
SHT TpeHUs MEXy TOockoi u Terom paser f (f <tga).
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Puc. 5.14

Pemenne. Ha teno neiictBytoT (cM. puc. 5.14) cuma TspkecTu
M@ , HopMaJIbHast peaKiys JOCKU N ucuia TpEeHUst Ifmp . Cornacno
TeopemMe 00 N3MEHEHUN KHHETUYECKON SHEPTHH, IMEEM

Teon = Tuaw = Ang T AN+ A,

B wame#t s3amave T,,=0, A, = mgLsin «, A, =0,
A, =—fL pHYeM N =mgcose. CrnenoBaTensHo,
T,,=mgl(sina— f cosa).

3amerum, 4to ycioBue f <tgo o3Hauaer, 4TO TEIO HE MOXKET

HAXOJUThCS B PABHOBECHHU Ha JIOCKE, T.€. OyJET COCKAIb3bIBATH BHH3
U npuodOpeTeT KMHeTH4YecKyto sHepruto 1, >0 (ycnoBue f <tgo

paBHOCHIBHO yemoBuio (Sina — f cosa) >0).

3apaua 25. I'py3 maccoii M, OpOIIEHHBIN ¢ HAYaTLHOW CKOpPO-
ctio V, u3 myHKTa A, Haxomserocs Ha Beicote h (puc. 5.15), ume-

€T B TOYKC IMaJCHUA C CKOpPOCTH Vl . OHpeI[eJ'II/ITL pa60Ty CHJIBI CO-

MMPOTHUBJICHUA BO3AyXa R.
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Puc. 5.15

Pemenue. Ha rpy3 AeiCTBYIOT ABE CUJIBI — CHJIA COIPOTUBIIE-

Hus Bo3ayxa R u cuna Tspkectu Mg . CorjacHo Teopeme o0 u3Me-

HEHMH KHHETHUYeCKOil sHeprum MV? —mV7 = Ay +Ag. Tax kak
A, =mgh, To A =mV? —mVy’ —mgh.

B 3aknroueHue 3ToM JIEKIIMM OTMETUM €Ille pa3, 4To, XOTs BTO-
poti 3akoH HbIOTOHA U SBISICTCS OCHOBHBIM MHCTPYMEHTOM JUIS pe-
IICHMS 3a/1a4 JMHAMUKHA TOYKH, MPUMEHEHHE OOIIMX TEOpPEeM JIMHA-
MHUKH MOKET 3HAUMTEJILHO YIPOCTUTh MX pelieHue. [IpuBeeHHbIC
B 3TOH nekiuu 3anaun 20—25 spKo AeMOHCTPUPYIOT MPEUMYIIECTBO
HX MCIIOJIb30BaHusA. B KauecTBe yIpaKHEHHUS PEIIUTEe, YATATEIIb, ITH
3ajauu «B JI00», C HMCHOJB30BaHHMEM BTOpPOro 3akoHa HbroToHA M
yOeIuTeCh B ’TOM CaMOCTOSITENBHO.
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Bonpocekl 111 CAMOKOHTPOJIS

1. Yrto Ha3pIBaeTCsi KOIMYECTBOM MABIKCHHS (MMITYJIHCOM)
TOYKH? DTO BEKTOP WJIHU CKaJsp?

2. Uro0 TaKoe UMITYJIbC CHIIBI?

3. Eciam nmmynbchl cuil OJMHAKOBBL, TO CaMU CHIJIBI OAWHA-
KOBBI?

4. Cdopmynupyiite TeopeMy 00 N3MEHEHHUH UMITYJIECa TOUKH.

5. B kxakom ciyyae UMITyJIEC TOYKH cOXpaHsercsi? A B KaKOM
ClIydae COXpaHseTCsl MPOEKLUs UMITYyJIbca Ha JaHHYIO OCh?

6. Kak ompenensiercss MOMEHT MUMITyJIbca (KOJIMYECTBA JBUXKE-
HUST) OTHOCUTEIHHO JaHHOMW TOYKH? A OTHOCHUTEIIHHO JaHHOHW OCH?

7.  CdopmynupyiiTe TeOpeMy MOMEHTOB (TeopeMy 00 H3MeHe-
HUHM MOMEHTA KOJINYECTBA ABKCHHUS).

8. B kakom ciyuae MOMEHT MUMITyJIbCa OTHOCUTEIBHO JaHHOU
TOYKU coxpaHseTca? A B KakoM CIydae COXPaHAETCS MOMEHT HM-
MyJIbCa OTHOCUTENIBHO JAHHOM ocu?

9. Kak ompenensiercss KHHETHYECKass JHEPrusi TOUKUA? ITO
BEKTOp WJIH CKaJIAp?

10. Yro Takoe paborta cuibl Ha nepeMenicHun? B kakux ciy-
yasx OHa paBHsIETCA HYJIO?

11. Kak cBsi3aHbl KUHETHYECKAsl SHEPTus 1 pabdora cun?

12. Kakue cuibl Ha3bIBAlOT KOHCEPBATUBHBIMH (TIOTCHIIMAIb-
HBIMH)?

13. Kak omnpenensieTcs HOTeHIHATbHAS SHEPT U ?

14. UYro Ha3BIBAIOT MOJTHOW MEXaHUYECKON SHEpPruei?

15. Chopmynupyiite Teopemy 00 H3MEHEHHH KHHETHUYECKOH
SHEPTUH JUIS CITy4asi, KOTJa BCE CHIIBI KOHCEPBATHBHBI.
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Ynpaxuenus

¥.13. Touka Maccoii M ABMXKETCS C MOCTOSHHON CKOpOCThio V
1o mapaGone y = x?. HaifTi IpoeKIHIo HMITy/Ibca TOYKH Ha OCh Y B

TOYKE X .

¥.14. Tlanaromuii BEPTUKAIBHO MAPHK MACCOW M ymapuics o0
MOJI ¥ TIOATIPBITHYN Ha BeicOTy h. HaiiTu cpenHtoro cuity, AeHCTBY-
IOLIYI0 Ha IIApUK CO CTOPOHBI I0JIa, €CIU JIUTENBHOCTh yaapa T,
a K MOMEHTY yZapa LIapuK UMeJ CKOPOCTh V.

¥.15. Bpycok Maccel M, uMesi CKOPOCTh V, CKaTHIICS IO MIepo-
XOBaTOM HAKIIOHHOM JOCKe MMHBEI L ¢ yrmom HakioHa o. B koHIe
JIOCKH €T0 CKOPOCTh OcTajach mpekHed. KakoB koadduimert tpe-
HUs Opycka o TI0CKy?
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INPHJIOKEHHUE

IT1. B 3TOoM myHKTE OPUBOAATCA CIIOCOOBI MHTETPUPOBAHUS
ypaBHEHUS

mX = F(t,x,X) Q)

JUTS TPEX YacTHBIX CIydaeB 3amaHus GyHkwn F.

1. F =F(t). B atom ciyyae nepenumieM ypaBHenue (1) B Buze
mX = (L/m)F(t, x,X)

Y IPOUHTETPUPYEM €T0:
%= (1/m){[ F(t)dt+Cl}l ,

rae C, =const.
[IpounTterpupoBas enie pas, NOIyYUM peLICHUE:

x(t) = @/ m)[ {[ Ft)dt +C, it + Ct +C,,

rae C, =const.
2. F =F(X) . Cnenaem npeobpa3oBaHue:

_dx dx_dx 1dx®> 1dv?

dx dt dx 2 dx 2 dx

IToncrasus B (1), momyuum:

I/IHTerI/IPYH IIOCJIEIHEE YPABHEHUE, ITOJIYUHM:

=— IF(X)+Cl,HnHV: / J‘F(x)

rae C, =const.
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dx
YuureiBas, 4To V= E , IOJIy4HM:

= { / IF( ) +C, }dx. Wnrerpupys, MOy IHM:
j{ 1/ /—jmw }dx +C,, rne C,=const. To ects mo-

ayunnu pemenue B Bune t=@(x,C;,C,). Obpamas ¢dpynkuuo @,

Haliziem okoHuatensHo X = X(t,C;,C,).

3. F=F(v). epenumem (1) B BUjC m(;—;/ =F(v). Pasmemss

[IEpEMEHHbIE M HHTErpUpys, noiayuum: t= mjm +C,, rme
C, =const. To ectb nonyunnu ¢pynkuuio t=@(v,C,) . Obpamas ee,
nonyanMm V= g(t,C,) . YaursiBasi, ato V= % U MHTETPUPYS, MOITY-
9rM OKOHYATeNsHO: X(t) = I¢(t,Cl)dt +C,, rne C, =const.

MOXHO MpPOMHTErpUpOBaTh U MO-Apyromy. Ilpeacrasum X B

,_ vdv mvdv
Bune X=—— wu nepernumeM (1): =dx. WUnrerpupys, moiy-
dx F(v)
yuM: X = %’+Cl, rae C, =const. B pesynprare mOIy4YHIH
\')

¢yukmmo X =@(v,C,;). Obpamas ee, noryunm V=¢(X,C,), wm
dx
dt

—=¢(X,C,). Pa3menss mnepeMeHHble M HHTETPHPYS, IIOIYYUM

dx
t=J. +C,, rne C,=const. To ectp monyunnu (QyHKIUIO
9(x,C))

t=y(x,C,,C,). Ilocie ee oOpaiieHHs MOIYy4YMM OKOHYATEIHHO
x=X(,C.,C,).
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2. 3nech mpuBomsTCA pemeHus ypaBHeHuii X+k?x=0 u

%+ 2b% +k?x =0, B koTopsix K i b mocTosHHEIE.
1. Pemenwne ypaBHEHUS

X+k’x=0 (2)
Oynem WcKaTth B BUOE X= e”, A=const. YuuteiBas, 4To X = /leit,

%= A%e™, nomyunm mocne moxcranosku B (2): (1 +k?)e” =0.

CremoBaTenpHo, = +iK . 3Haunr, obIee penieHne UMeeT BHUT;
2

ikt —ikt

x=De" +D,e ™, 3

rie D, m D, — KOMIUICKCHBIE IIOCTOSHHBIE. YYWTBHIBas, 4TO
e = coskt +isin kt, moxcTapss B (3) 1 BBLICITSS NCHCTBUTEIBHYIO

4acCTb, IOJIYYHUM OKOHYATCIIbHO!:
X(t) = C, coskt+C, sinkt,
rue C1 51 C2 — IIPOU3BOJIBHBIC IIOCTOSTHHBIE (y>1<e JIEHCTBUTEILHBIC).

2. Peuienue ypaBHEHHUSI
X+ 2bx+k*x=0 (4)
OyaeM  wWckaTh B BHIE x=ze™.  Vuuremas, uro
x =76 —bze™®, x=7e —2bze® +b%ze™, nocne noxcranoBkuU
B ypaBHenue (4)0 momy4um: [Z + (k% - bz)z}%_bt =0, wu
G (L2 2
Z+(k“=b%)z=0. (5)
PaccMOTpUM TpU BO3MOXKHBIX CITydasi:

1. k? —=b?>0. O6o3nauas k, =vk?—b® u moacrasmss B (5),

MOJy4uM: Z+ klzz =0. Buaum, 4To 3TO ypaBHEHHE C TOYHOCTBIO 0O

0003Ha4YeHUI coBMagaeT c ypaBHEHUEM (2).
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CnenoBarteinbHO,
z=C,coskt+C,sinkt,

v noyumu pemenne X(t) =e'(C, coskjt +C, sinkjt).

2. k?—b%<0. O6o3nauas k, =+b? —k? u noxcrasuss B (5),
MOTYIUM

7—k?z=0. (6)

Tax ke, KaKk ¥ B II. 1, HIeM pEIICHHE 3TOr0 ypaBHEHHUs B BUIC
z=e™, A =const. beps npou3BOIHEIEC ¥ MOACTABIsAA B (6), TIOTyIUM
(2 —kZ)e" =0. KopHu 3TOr0 ypaBHEHHsS JIeHCTBHTEIbHBIE
A, =7%K,, W MBI TOJNy4aeM pEIICHHE Z = Ce' +Ce ™, wm
X(t) =e ' (C,e* + C e ).

3. k? —b? =0. B stom ciyuae ypasHenue (5) umeer Bua 7 =0
u ero obmee pemenue Z=Ct+C,, rne C, u C, — npousBoibHbIe

nocrosunpie. CnenoparensHo, X(t) =e ™ (Cit+C,).
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