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NPEOUCITOBHE

N3yueHue (GU3MKH COCTABASET HEOTHEMJIEMYIO YaCTh MOJHOLEHHOTO 06-
pa30BaHUS, MOAPA3YMEBAIOMIETO MOJYUYECHHUE HE TOABKO ONMPEACTCHHOMU
CYMMBI 3HAHMM B HEKOTOPOM 06JaCTH, HO U BCECTOPOHHEE Pa3BUTHE Ye-
JIOBEUECKOH JIMYHOCTH.

3HaueHue GHU3MKM B (POPMUPOBAHMHM HAYYHOTO MHPOBO33PEHHSA
ONpENEIACTCA €€ HEMPEXOASIIEN POIBLIO JUAEPA COBPEMEHHOIO €CTECTBO~
3HaHwst. Ou3NKa 3amaeT CTHIb HAYYHOTO MBILJICHHS, OTIMYAIOMIMICS
BBICOKMM COBCPILEHCTBOM M COAJTAHCMPOBAHHOCTHIO KAUCCTBEHHOTO M KO~
JIMUECTBEHHOIO ONMUCAHMS SIBIeHMi npuponbl. O6mwenpu3HaHo, YTO CTe-
reHb Pa3BUTHS TOM MM MHOM 06/1aCTH APYTMX €CTeCTBEHHBIX HAYK (XM~
MKM, OHOJIOTHH, TEOJIOTHH U T. I.) OUEHHUBAETCS TCM, HACKOIBLKO GJH3KO
MM yaaeTcsl MOMOUTH K YPOBHIO, XapaKTEPHOMY IS (DH3UKH.

DusuKa 3aHuMaer ocoboe MECTO CPEIH BCEX €CTECTBEHHBIX HAYK, TakK
KaK OHa M3yuaer Haubosiee pyHHaMeHTaAbHHE M YHMBEPCATbHBIE 3aKO-
HOMEPHOCTH B3aMMONCHCTBMH YAaCTHL( U MOJICH, JIEXANIME B OCHOBE BCEX
OPYTHX SIBAGHUM — XHMMHUYECKUX, OMOJOIMYECKMX, ACTPOHOMHUUYECKHX,
reoIOTMYECKHMX M Ap. YCTaHOB/MEHHbIE B (DU3MKE 3aKOHOMEPHOCTH 0bs1a-
Na0T HauboJbIIEH OOIMIHOCTBIO M B OMNPENEJEHHOM CMBICIE SIBSIIOTCS
OKOHUATEeAbHBIMK: 3aKOHB HbroTOHA, ypaBHeHus Makceenna, ypapHe-
Hue dpexmHrepa Bcerna OCTAHYTCS CIPABEIIMBBIMM — KaXAbIE B CBOCH
obnactH, — TaK Kak Jwobas HoBas (HU3HUECKAS TEOPUS CBOAMTCS K
npexHed B Toi 061aCTH IMIMPHUECKOTO 3HAHMS, TAE CTapast TEOPUS Bhi-
AepXaJia MPOBEPKY IKCIEPHMECHTOM.

IpeanaraeMelii yueGHUK OPMEHTHPOBAH HA paboTy MO Nporpamme,
NPUHUUNKAABHO OT/IMYAIOmMENCS OT BCEX HCMNONb30BABLIMXCS A0 CHX
nop. Bosablioe BHMMaHHE B HEM YAEACHO MPEOAOJECHUIO XapaKTEpPHOTO
1 yueOHMKOB HEnoCTATKA, CBS3aHHOIO C TEM, YTO HAa OTOOP BKJIIOUEH-
HOrO B HMX Marepuaja Hen3BeXHO OKa3hiBaaa BJMSHHE OrPAHMUEHHOCTH
DOCTYHNHBIX MaTEMaTHMYECKMX CPEACTB. B pesyabrare sror or6op HE B
NOJHOM MEpE OCHOBBIBAJCS HA MCTHHHOM HAay4YHOH 3HAUMMOCTH TOTO MM
MHOTO KOHKPETHOrO BOTMPOCA.

Hosble mpuHuunsl orfopa MaTepuasia MpeXae BCEro NMPUBEJM K OT-
JIUYHOM OT TPAaZMUMOHHOM CTPYKTYpe Kypca GM3MKH, KOTAA M3J0XEHHE
CTPOMTCH HE MO MPHUHLMIYY MCTOPU3MA, OTPAXAIOMIEMY HCTOPUUYECKYIO
MOC/IEAOBATENBHOCTD PA3JMYHBIX pPA3AeJOB — MEXaHuKa, ¢u3uKa Tem-
JIOBBIX SIBJIEHMH, 3;JEKTPOMArHETH3M M T. A., @ OMMUPAETCI HA BHYTPEH-
HIOKO JIOTHKY M Meromosioruio (hu3ukKu Kak Hayku. [Ipu takom momxone
MHOTME OTKDPHITHSI COBPEMEHHON (PU3MKH B MAECHHOM IJIAHE OKA3bIBAKOT-
csl Gosiee MpPOCTHIMM, YeM PSA YK€ OABHO W3YUYaBHIMXCS TPAXUUMOHHBIX



10 MPEXHCIIOBHE

BOMPOCOB, TMOJYYHBIOHX B AEHCTBUTEIBHOCTH YAOBJIETBOPHTENBHOE pa3-
peleHse TOJAbKO B caMoe MocjefHee BpeMs (Hanpumep, npobsiema oboc-
HOBAHUA TEPMOAHHAMHKH M CTATHCTHUYECKOH (DU3HKH).

Crpykrypa Kypca ¢U3NKH, NPHHATAS B JAHHOM ydyeOHHKe, TAKOBA.
B kHure | u3y4yarTcsa OCHOBH MEXaHHMKH, H3JOXEHHE KOTOPO# CTPOHTCH
C yueTom OOIIMX METOZOJIOTMYECKHX MNPHHUHMIOB (DH3NKH, TAKHX, Kak
NMPHHUHXIN CUMMETPHH, OTHOCUTEJBHOCTH, COOTBETCTBHSA H T. A.

Kuura 2 sxiodaeT B cebs OCHOBHI 3JIEKTPOJHHAMHKH M OMTHKH, H3-
JIOXeHHe KOTOpHX OasHpyercd Ha (PYyHAAMEHTAJbHHX TpPEICTaBJICHHAX
06 a/exTpoMarHuTHOM mose Oe3 AeTanM3aundM CTPYKTYpH BElIECTBA,
paccMaTpUBAEMOrO 3XeCh YHUCTO (heHOMEHOMOrHYECKH.,

Haxonen, B KHUre 3 Ha OCHOBE pa3BHTUA (DyHAAMEHTAJILHHX Me-
XaHMYECKHX M 3JIEKTPOMArHHTHHIX MpPEACTAB/JAEHHUH pa3BHBAaeTca Mocsie-
JIOBATEIbHAS KAPDTHHA CTPOEHHS M CBOMCTB BEIIECTBA OT aToMa Ao Bce-
JIEHHOH.

B kaxpoMm paagesne yueOHHKa BhIEJIEH OCHOBHOM MaTrepHas, uTo Mo-
3BoJigeT KoOMBaTHCA ryBOKOro M MpOYHOIO €r0 YCBOEHHS, HE 3arpyxas
NaMaTh YYalUXCd MHOXECTBOM YAaCTHHIX AeTajei. [omosHHTEe bHBIM
MaTepuaN, OTMEUEHHBH MOJ0COH CJIeBa, MPH MEPBOM YTEHHH MOXHO
onycTuTh 6e3 yuepba Aad NOHMMAHHS JIOrHYEeCKHX cBaaeit, Ocoboe BHH-
MaHHe yAEeJeHO MHPOBO33PEHUECKOMY ACMEeKTY H3y4YaeMuX PH3MUECKHX
TEOPHH M MX MECTY B HAY4YHOH KapTuHe Mupa. B yue6HHMKE oTpaxeHH
TEOPETHKO-TIO3HABATENbHEE CTOPOHHE H3/1aTaéMOr0 MaTepUasia: rpaHHLbl
NIPUMEHHUMOCTH (PH3MUYECKHUX TEOpHH, COOTHOIIEHHS MEXAY (DHU3HYECKH-
MH TEOPHSIMH M 33aKOHAMH DAa3/IMUHOM CTENMeHM OOIIHOCTH, POJib OMBITA
B ¢H3MKe KAK MCTOYHMKA 3HAHMH U KPUTEPHUS MPABHJIBLHOCTH TEOPHH,
CBEASHHUY U3 HCTOPUH DHIHKH.

LIeHTpanbHOE MECTO B Kypce 3aHMMAKT GyHIAMEHTANbHEE (DH3HUe-

CKHE 3aKOHBI COXPAHEHHUS — IHEPrHH, MMIYJbCA, IJEKTPHUECKOrO 3a-
psiaa. [logpobHO paccMaTpHUBAeTCd HX COOTHOIIEHHE C (PH3IHUYECKHMMH 3a-
KOHAMH, OMMCHLIBAKOIIMMH KOHKDETHHIE SBJEHHs, — 3akoHaMH Hbioro-

Ha, Oma, Amnepa, Qapaged, Jlenua u 1. 1.

TocTpoeHue TpeRJaraeMoro Kypca OMUpaeTcs HE TOMAbKO HA BHYT-
PEHHIOIO JIOTHMKY (H3MKH KAaK HAyKH, HO MPEANOJaraeT MaKCHMAJbHO
BO3MOXHYK DEaNM3aUHUI0 MEXIPEAMETHBIX CBA3€H, B UACTHOCTH C KYyp-
CaAMH MATEMAaTHKH, ACTPOHOMHH, XHMHH, OMOJIOTHH H T. 1.

3HauuTeNbHOE BHHMAHHE B Y4yeOHHKE YOE/JIEHO 3ajauaM, pelleHHe
KOTODBIX COCTAB/IAET BAXHYK 4YacTb 3PDEKTHBHONO H3yueHHs (PUIHMKH
Ha A1000M YpPOBHE — OT NMEPBOHAYANBHOIO, IIKOJBHOIO, BILVIOTH A0 IPO-
deccronanbHONO (PH3IMKO~MATEMATHUECKOIO 00pa3oBaHud.
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Bce 6e3 uckmoueHus (pU3NUECKUE SIBJEHUS TPOUCXOASAT B NPOCTPAHCTBE
M BO BpeMeHH. [IpucTynast K M3yueHHMIO MPOCTEUIIUX (PUSHUECKHX SIBJIE-
HHit, OObENMHAEMBIX OOLIMM HA3BAHHEM <«MEXAHHUECKOE ABIXKEHUE,
HYXHO B NEPBYKD OYEPEOb COCTABUTH MPEACTABJIEHHE O COAEPXXaHHUH
5TUX (PYHOAMEHTANIBHEIX MOHATHH — npocmpancmea U épemeHil.

§ 1. MNpocrpancreo. Bpemn

«UTo Takoe BpeMs, MPOCTPAHCTBO, MECTO U ABMXEHME, I HE OOBACHSIO,
TaK KaK 3TO H3BECTHO BCEM», — TaK MHIIET CO3JATENb KJIACCHMUECKOIM
mexauuku HMcaak HproToH B KHuMre «MateMaTuueckue OCHOBBl ecTe-
CTBO3HAHHUS», 6GoJiee M3BECTHOM B PYCCKOM INEpEBOAE NOA Ha3BaHUEM
«MareMaTuueckue Havana HaTypanwsHoit ¢uaocodpuu». [eHCTBUTENBHO,
Yy KaXZOro 4eJOBEeKa C JETCTBA HAa OCHOBE JIMUHOIO XHM3HEHHOrO OMNBITAa
BHIpa6aTHIBAIOTCH ONpERENEHHNE MHTYUTUBHBIE MPEACTABJACHUS 06 3THX
MpPOCTENIINX HA MepBHIN B3rnan MoHATUAX. OgHako ueM Gosbuie uye-
JIOBEK y3HaerT 00 OKpYyXamolleM MHpe, TeM SCHEe €My CTAHOBMTCH,
YTO TMOHATHS MPOCTPAHCTBA M BPEMEHM OTHOCSATCA K 4Hcay Haubosce
rry6okux. (DyHZAMEHTANBHOCTD STHUX MOHATHIA 3aK/IIOUAETCS B TOM,
YTO MX HEBO3MOXHO BHIPA3UTb, OOBSCHUTH uepe3 Kakue-aubo 6Gonee
MPOCTHIC TIOHSATHUS.

Ilns uayueHuss 3aKOHOB NPHUPOAB BaXXKHH He (popMasnHEIE Onpene-
JIEHHUS, UTO TAKOE MPOCTPAHCTBO U BpPEeMS, @ UX CE0LCMaa, NO3HABaEMbIe
Ha onbiTe. ONBIT FOBOPUT O TOM, UTO (PU3UUECKOE MPOCTPAHCTBO TPEXMeEp-
HO, OHOPOAHO M H30TPOIHO, a BPEMS — OJHOMEPHO U OJHOPOIHO.

Odnomepuocms gpemery NPOSIBJISIETCS B TOM, UTO I/ YKA3aHUS MO-
MEHTa HACTYIIEHHS KakKoro-nubo coOBITHS WM JUTHTETbHOCTH KaKOro-
aubo mpouecca AOCTATOYHO OTHOTO UMCJA.

Odnopodnocmsb apemenu TIPOSIBASIETCS B HEU3MEHHOCTH (PU3UMUECKUX
3aKOHOB: KAKMMH OHHM OBUTM BO BpeMeHa HBIOTOHA, TAKMMH OCTAKOTCS B
HAaIlIM JAHM, TAKUMHU Xe 6YyayT U 3aBTpa. [Ipy 5TOM COBEPUIEHHO HE BaX-
HO, UTO KaKHE-TO 3aKOHH €HI€ HE OTKPHITH UEJOBEKOM — B NpUpoae
OHM AEeHCTBOBAIH, AeiCcTBYOT M OyAyT AeHcTBOBaTh, OMNLIT, MOCTABJAEH-
HEI/l B OMMHAKOBHIX (DU3UUECKUX YCIOBUSX B PA3HBIE MOMEHTH BPEMEHH,
Jaer OOMHAKOBHIC pe3yJILTATHI.

TpexmepHocms GuU3u1ecKkozo nNpocCmpanHcmaea TNPOSBASETCS B TOM,
4TO ANS yKa3aHus MECTa, Iie NMPOMCXOAMUT Kakoe-aubo cobmtHe, mocra-
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TOYHO TpeX YHuceJ — TpexX NPOCTPAHCTBEHHBIX KOOpHMHAT. TouHO Tak
Xe TPEX YHCEJ HOCTATOYHO HJISl YKa3aHHs OTHOCHTENHHOTO PacHoI0Xe-
HHUS ABYX TOYEK: MOXHO, HANMPHUMEP, 3a4aTh PACCTOSHHE MEXAYy HUMH
(mna uyero TpebyeTcsa OOHO YKMCIO) M HAMpaBJEHHE COERMHSIOMICH HX
npaMo# (A1 yero HyXHH ele ABa 4HCia).

Odnopodnocme gpuunueckozo Npocmpancmaa NposIBASIETCH B HE3ABH-
CHMOCTH (pH3HUECKHUX 3aKOHOB OT MOJIOXKEHHUS: ONHU U TE XK€ 3aKOHHI Aei-
CTBYIOT BO BCex yroakax BeceneHHo#. OnbiT, MOCTABIEHHBIH B O0HHAKOBBIX
(bu3HUECKHX YCIOBUAX B PA3HBIX MECTaX, NAE€T OXUHAKOBLIE PE3YIbTATHL.

H3omponnocme @pu3uueckozo npocmpancmaa NposIBISETCS B HE3a-
BUCHMOCTH (PHU3NYECKHUX 3aKOHOB OT OPHEHTAUHHU (PHU3NUECKOH CHCTEMBI
B MpPOCTPaHCTBE.

[1pu 06CyXHeHHH CBOMCTB MPOCTPAHCTBA M BPEMEHH HAMH MCMOJIb30-
BAJIOCh CJIOBO «COOBITHE», CMBIC KOTOPOTO HHTYHTHBHO Owla siceH. s
OMHUCAHMUS SIBJEHHH MPUPOaHl yAOOHO BBECTH COOTBETCTBYIOLIEE (hU3HYE-
CKOE MOHATHE: MOA cobbimuem OyneM MOHHMATH HEUTO, XapaKTepU3ye-
MO€ MPOCTPAHCTBEHHBIM MOJOXEHHEM M MOMEHTOM BPEMEHH, T. €. TeM,
rIe ¥ KOTHa 3TO «HEeUTO» MPOH30HLIO. TakuM obpa3oM, coObITHE Xapak-
TEPU3YETCHd YKA3aHHEM UYEeTHIPEX YHCET: TPeX NPOCTPAHCTBEHHEIX M Of-
HOH BPEMEHHOH KOODAMHAT.

[Ipumepamu ¢GU3HYECKHX COOBITHI MOTYT CJYXHTb MrHOBEHHAd
BCMHIIIKA CBETA B ONMPEREJTEHHON TOYKE, CTOIKHOBEHHE ABYX 3JEMEHTAP-
HBIX YacTHI M T. A. JI1060M U3HUECKUN MPOLECC MM SBJICHHE MOXHO
paccMaTpUBaTh KAK HEKYIO MOCAEHOBATENBHOCTh WJIH COBOKYMHOCTH OT-
IOeabHBIX COOBITHH,

Qusnueckoe MOHATHE COOBITHA MOXOOHO TEOMETPHUECKOMY TMOHSTHIO
TOYKH KaK OOBEKTA, HE HMEIOIIEr0 MPOCTPAHCTBEHHOM MPOTAXEHHOCTH.,
AHanoTHuHO, OTAEAbHOE (PU3HUECKOE COOBITHE HE MMEET HH MpOCTPaH-
CTBEHHOH, HM BPEMEHHOHW MPOTSXEHHOCTH.

e B Tekcre YTBEpXAaJIOCb, UYTO AJIA yKa3aHWUd MOMCHTa BpECMEHU Tpe6yeTcs;
TONbKO OOHO uucno. Kak ato corjacyerca ¢ TEM, 4UTO MpU OTBETE Ha BOMNpOC
«Korga Bbl pO,IIMﬂMCb?» NpUXOOUTCA Ha3biBaTb I'OA, MECAL, U uucso?

e Ha nyru us Mocksbsl B CaHkr-Iletepbypr Ha asroMmoGune ans onpeneneHus
CBOEro MeCTOMNOJIOXEHUs JOCTATOUHO YKasaTh, Ha KaKOM KHUJIOMETpe Iuocce
Bl HaxoauTtech, Kak 210 cornacosats ¢ TeM akTOM, 4TO A yKalaHUs Mpo-
CTPaHCTBEHHOIO MoJIoXeHUs TpebyloTcs Tpu uncna?

A CsoicrBa cuMMeTpud. OZHOPOZHOCTh BPEMEHH, OQHOPOMHOCTH M
H30TPOMHOCTh MPOCTPAHCTBA OTPAXAIOT ONPEIAECAECHHYIO CUMMEMPUIO
¢huznueckoro Mupa.

OnHOpOOHOCTh MPOCTPAHCTBA CBSI33aHA C CUMMETPHUEH MO OTHOLIE-
HUIO K Npeobpa3oBaHHIO CHBHTA, T.e. K MapaLUIeTbHOMY MEpPEeHoCy.
[TapannensHBH NepeHOC (QU3HUECKON CHCTEMBI KAK ILIEJ0T0 HE BJIH-
sdeT HAa XapakTep NpOTEKALIMUX B Heil npoueccoB. B 3ToM mposs-
JISIETCS 9KBMBAJEHTHOCTH, T. €. PABHONpPABHE, BCEX TOUeK ¢hpU3Nye-
CKOro MpOCTPAHCTBA.
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HsoTponHocTs mpocTpaHcTBa CBA3aHA ¢ CHMMETPHEH MO OTHOUIE-
HHUIO K noBopotaM. [ToBopoT Bcelt CHCTEMBI KaK LEJIOr0, KaK M Napas-
JIEJIbHBIH IIEPEHOC, HE BJUSET HA XapaKTep NMPOTEKAIOMMX B HEH mpo-
UECCOB. B 3TOM mposIBASETCS 3KBUBAJIEHTHOCTh BCEX HAMPABJICHHH B
MPOCTPAHCTEE.

OmHOPOTHOCTH BPEMEHM CBSI3aHA C CHMMETPHEN MO OTHOMIEHHIO K
COBUTY BO BpeMeHHM. Takoil COBMr TakXe HE BJIMAET HA XapakTep
IpoLEeccoB B (hu3nueckol cucreme. B 3Toit cuMMeTpuy npogsageTcs
3KBUBAJICHTHOCTh BCEX MOMEHTOB BDEMEHH.

OTMeueHHBIE CBOHCTBA CUMMETPHH (DU3HUYECKOrO MHMpA HE E€OHH-
cTBeHHHE. CylnIecTBYeT TAKXE CHMMETPHS 10 OTHOLIEHHIO K OTpaske-
HUIO B ILTOCKOCTH, IO OTHOIIEHHMIO K Mpeo0pasOBAHMIO MHBEPCHH OT-
HOCHMTEJIBHO TOUYKH, MO OTHOIIEHHIO K OTPaXEHHUIO BO BpeMeHu. C mo-
caegHed M3 YKA3aHHBIX CHMMETPUH  CBU3aHA  06pamuMocmes
(hu3aNUecKuX ABJICHUH.

TIpencrasnenne 06 06paTUMOCTH SBJECHUIA MOXHO MOJYUYHTD U3 Ta-
KOro mpuMepa. 3aCHMMEM Ha KHHOIUIEHKY CTOJKHOBEHHE ABYX OHJIb-
apaoHbix mwapo. [Ipu npocMoTpe dHIBMAa MUIEHKY MOXHO IOYCKAaTh B
n0boMm HanpasneHud. [To HaGaOnaeMON HA 3KpAaHE KAPTHHE HEBO3-
MOXKHO ONPEREINTD, IBUXETCS JIM IUIEHKA B TOM X€ HAMPABJCHHUH, YTO
U 1IpH CbeMKe (PuaBMa, WK B IPOTUBOMNOI0XHOM. B «obpammenHom» Bo
BPEMEHH ABMXCHUU HUKAKue (hruanueckue 3aKOHul HE HAPYWAKOTCA.

CoobpaxeHuss CUMMETPUM MrpaioT O0JBLIYIO POJb NpH 0ObaCHE-
HHUHM CBOWCTB (hM3UUECKOTO MHUDA. A

e Ecau Bce ToUKY GHU3UUECKONO MPOCTPAHCTBA IKBUBAJNEHTHDBI, TO NOYEMy MpU
B3BELUIUBAHUMU rPy3a MOKa3aHUs MPYXKUHHLIX BECOB Ha MOIOCE W HA 3KBATO-
pe pasnuuairrcs?

e Bce nu npoueccet B npuposie o6patviMbt? Ilpriseiute U3BecTHbIE BaM npUMe-
pbl 0O6paTUMBIX M1POIIECCOB.

§ 2. MexaHnyeckoe ppHxeHHe., CuHcTema orcyerta

[Tpocreituit BUO OBUXEHUS — MexXaHu4ecKkoe OGuUXeHue — 3aKJIIoua-
€TCs B H3MEHEHHUH IPOCTPAHCTBEHHOIO MOJIOXKEHUS TEMa C TEUCHHEM
BpeMeHH, Kak onpenesuTh MOJOXEHHUE TeJAa B npocTpaHcTBe? OKasniBa-
eTcd, 3TO MOXHO CHENaTh, TOJIBKO YKA3aB €ro MoJI0XEHHE OTHOCHUTEIBHO
kakux-nubo gpyrux ten. He cymectsyer dusuueckoro cnocoba yxaszaTh
MOJIOXEHHUE TEIA B MyCTOM MPOCTPAHCTRE, II€ HUKAKUX APYTHX TEJ HET.
HosToMy Hesnb3st rOBOPUTh ¥ 00 M3MEHEHUM MOJIOXKEHHUS TEJA B MYCTOM
MpPOCTPAHCTBE., 3HAUNT, MEXAHHMUECKOE NBUXEHUE TEJA MOXET MPOMCXO-
IOUTh TOJIBKO OTHOCHTEIBHO APYrux Tes. B aroM sakarouaercd mpoctei-
IINA CMBICJT OMHOCUMENbHOCMI MEXAHNYECKOrO ABHMXKEHHS.

Cucrema oTcuera. byaeM HasblBaTb mMeaOM omc4ema HEKOTOPOE TEJIO,
YCJI0BHO NPUMHHUMAEMOE 3a HEMOABHU XKHOE, OTHOCHTEJIbHO KOTOpOro pac-
CManPIBaeTCH OBHUXCHHUEC apymx TCJ. HanpnMep, OBUXKCHHUE JHOIIGI;'I, aB-
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ToMOOUIEH, CAMOIETOB yaoOHO pAacCMaTpUBaTh OTHOCHTEABHO 3eMJIH,
CYuMTas ee HEnmoJBUXHOU. B cBOIO ouepens, ABUXEHHE 3eM/IM U APYIUX
naHer ynobHo paccmarpuBaTh OTHOCHTENbHO CosHua, BBIOMpas ero B

Puc. 1. CriyTHHK Ha OKOJI03eMHOM opOuTe (). ABTOMaTHUECKas CTAKUMS Ha My TH K Mapcy (6)

KAa4ecTBe Teja orcuera. J[BHXeHHE KOCMHUECKHX AMMapaToB MO OKOJO-
3eMHBIM OpOMTaM yHOOHO PacCMaTpPHUBATHL OTHOCHTEIBHO 3EMJIH, a4 TPHU
MEXILITAHETHRIX MosleTax — OTHocuTeabHo Cosuua (puc. 1).

YT0o6K YKa33aTh MOJOXEHHE ABUXYIIEToCd Tea U H3MEHEHHE 3TOro
NOJIOXEHHUA CO BPEMEHEM, T. €. OMUCATh MEXaHUUECKOE JBHXKEHHe, He-
00X0AMMO YMETh M3MEPATh MPOMEXYTKHA BPEMEHH H paccrosHus. Teno
OTCYETa BMECTE C COBOKYIHOCTBIO MPHOOPOB A1 H3MEPEHHA BPEMEHU M
PacCTOAHMIA HA3BIBAXOT CUCMEMOU omcuemda.

Jiro6oe MexaHHUECKOe IBHXEHHE DACCMATPHUBAETCA B KakKou-aub0
cucreme orcdera. OOHO M TO Xe ABHXEHHE MOXHO PAacCMaTPUBATL B
pasHeix cdcreMax orcuera. OTHOCHTEIBHOCTH MEXAaHMUECKOIO IBUXE-
HUS MPOSBASETCA B TOM, UTO OJHO M TO XE ABHXEHHE C TOUKH 3PEHHUS

O OpGura 3emaun
Jlyna
Op6ura JIyHs
3emas
s
— (O~ Comue
a 6 7N

Puc. 2. Apmxenne JIyHsl orHocHuTeNsHO 3eman (a). Heuxenue 3eman u JlyHst OTHOCH-
teasHo Conxua (6)

pa3HHX CHCTEM OTCYUETA MPOMUCXOAMT TO-pasHoMmy. Hampumep, neuxe-
uue JlyHnl oTHOCcHTEabHO 3eMau (B TaK Ha3bBAEMOM reONEHTPUUECKOH



2. MEXAHUYECKOE IBHKEHHWE. CHCTEMA OTCHETA 15

CHCTEME OTCYETA) MPOMCXONUT MO 3aMKHYTOH MOYTH KPYroBoM opbuTe.
Ho ornocutenbho Connua (T. €. B TeJIMOUEHTPHYECKOH CHCTEME OTCUE-
ta) JlyHa mBMXeTCd MO CIOXHOM HesaMkHyTod opbure (puc. 2). Mac-
mrab HA pUCYHKe He cobmoneH. B uacrtHocTu paccrosine Jlyna—3em-
9 CHJIBHO mpeyBesnnyeHo. B peiicTBuTesHOCTH Oopbuta JIyHBI OTHOCH-
teapbHo CoaHua Be3ge (a He TOJBKO B CpefHeM) o0pamieHa B CTOPOHY
or Coauua.

e Kak Bbl aymaeTe, ueMm cJieAYET PYKOBOACTBOBATBHCH TIpHU BbiGope TOM WM
HMHOM CHCTeMbl OTcYeTa AJs ONUCaHUsS HeKoToporo aBuxenus? TlosicHuTe
CBOIO MbICJ/Ib TIPUMEPAMH.

e Manbuuk B BaroHe ABMXYLIErocs Moe3fa noabpachiBaeT BBEPX MSUYMK U JIO-
BMT €ro, He cXoas ¢ MecTa. KakuM npencras/iseTcs 3T0 ABUXKEHHUE Msda Ha-
6J100aTeNI0, CTOALIEMY Ha IJIATGhOPME XENE3HOAOPOXHON CTAHUMH, MHMO
KOTOPOM TNPOXOAMT moe3a?

A OOBEeKTHBHOE M CYOBEKTHBHOE B 3aKOHax npupoapt. Pusuka
U3yuaeT oObEKTHBHBEIE 3AKOHOMEPHOCTH OKDYXAIOWIETO MUpa, HE 3a-
BHCALIME OT TOTO, KTO MMEHHO MX M3yuaeT. Ho onmcanue mMexanuue-
CKOTO ABMXEHHA Tpedyer HEKOTOpOH CHCTEMBI OTCYETA, KOTOPYIO
MO>XXHO BHIOMpPATh MpPOM3BOJIbHO. Kaxabiil MCCAETIOBATEIb MOXET BBI-
6paTh CHCTEMY OTCUeTa MO-CBoEMY. TeM caMbM B M3yueHHE OBUXE-
HUS BHOCHTCA HEKOTOPHIM CyObeKTUBHBIM MOMEHT. B meiicTBuTEIBHO-
CTH 3TOT MPOU3BOJI OTPAHMUYMBAETCS COOOpaXEHUSIMH 1e1ecoo0pas3Ho-
cTM M ymoOcTBa: CHCTEMY OTCYeTa BCeraa CJIEAyeT BuIOMpaTh Tak,
uTOOBl M3Yy4YaeMOE OBMXKCHHME U €r0 3aKOHOMEPHOCTH BBITJISIACIH KaK
MoxHO mpouie. Hanpumep, B cucreMe KomepHuKa 3aKOHOMEPHOCTH
aBuxeHud niaaHer CoJHEUHOH CHUCTEMBI OKa3bIBAKOTCA 3HAUMTEIBHO
npouie, 4eM B cucteMe [lTosieMed, xord A 3eMHOro Habsomarend
IBM)KEHHME IVIAHET BHIVISAUT MMEHHO TaK, KaK OHO OMMHMCHLIBAETCH B
cucreme Ilronemes.

OTMeueHHOEe 0OCTOATENBCTBO XaPAKTEPHO O/ BCEX €CTECTBEHHBIX
HaykK, T. €. HayK o npupone. Ha nepeulif B3r149n KaXeTcs, 4TO y NpH-
POIBI MOXHO HEMOCPEACTBEHHO «BHIBEAATh» ropa3no 0o/buIe, YeM ITO
BO3MOXHO Ha caMoM faeJie. B IeHCTBHTEIbHOCTH LEAbI PAA MOHATHH
HE MO3HAETCd, a onpedeisemcs O MO3HAHMA npupogsl. B uactHo-
CTH, TMPUXOTATCS BBOAMThH MO ONPENEACHUIO CUCTEMY OTCUETa, UTOOH
C €€ MOMOUILK HM3yuyaTh OObEKTHBHBIE 3aKOHOMEPHOCTM MEXaHuye-
CKOI'O OBHMXECHHS, A

e Kak cornacosaTb paBHb]ﬁ BHUO OAHOIO MU TOM0 XK€ MEXAHHYECKOTOo ABHUXCHHUA
B pa3HblX CHCTEMaxX OTCHYETA C 00BEKTUBHBIM XapakTEpoM 2TOIo IBUXKEHHUSA?

o IlpuBeanTe MU3BECTHBIE BaM MPHUMEPbl BBOAMMBIX TI0 OTNPENE/IEHHIO TIOHATHUH,
KOTOpblE HCIIONB3YIOTCS AJIS M3YueHUSA OOBEKTUBHBIX 3aKOHOMEPHOCTEM (H-
3UYECKUX SBJICHUH,
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§ 3. MarepuxanbHas Touka. MMocTynarensHoe ABHMEHHE

Jo6oe Tes1o uMeeT KOHeUHbIe pasMepsl. [103TOMY pasHBIE €ro 4acTH 3a-
HHMMAIOT PAa3HBIC MOJIOXKEHUY B MPOCTPAHCTBE., PaccMOTpUM CHauasia npo-
CTEHLIMH cayuad, Korga JOCTATOYHO YKa3aTh MOJIOXEHHUE JIMINEL OTHOM
Kakoii-mbo Touku Tena. Korma xe a1o Bo3MOXHO?

Bo-nepBriX, 3TO BO3MOXXHO, KOraa pasMepel M ¢opMa Tena B pac-
CMaTpPUBAEMOM IBHKEHHM HECYIIECTBEHHBI U MX MOXHO HE NMPUHUMATh
BO BHUMaHue. Hanpumep, npu OmucaHUu MOJETA MYJAH K MHUIEHM HET
HeOOXOOUMOCTH YUMTHIBATH pasMepbl nyau. Ee MOXHO cuuTaTh OmHOH
«UACTUIIEH», MOJIOXKEHUE KOTOPOM B MPOCTPAHCTBE 3a7aE€TCA KAK MOJIO-
XeHHe OfHOM TOukHu. Takum 0O6pasoM, Mbl MPUXOOUM K MOHATUHIO Marne-
pUGAbHOL MOuKy, TTIOHUMAd TIOJ 9TUM TEJO, pasMepu u ¢opMa KOToporo
B PacCMaTpPUBAEMOM ABJICHHUU HECYINECTBEHHAIL.

OnHO ¥ TO X€ TEJIO0 B OJHHUX YCJOBHSIX MOXHO CUMTATh MaTepUab-
HOM TOUKOH, a B APYrMX — HeJp3s. Hampumep, mpu pacuere ABHUXE-
HHUY KOCMMUECKOro kKopabjs mo opbuTe ero CuMTaroT MaTepuaIbHOH
TOUKOH, HO TNpH IPOBEJEHUM MaHEBPOB cOamXeHna ¢ opOHUTaNBHOM
CTAHLMEN M CTHIKOBKM C HEH HEoOXOOMMO YUMTHIBATH KOHEUHBIE pa3-
Mmepbl kopabna (puc. 3).

B kakux cuTyanmsix pasMepsl Tejga HeCcylHecTBeHHBI? Kak mpasujio,
KOrZla OHM MAaJibl MO0 CPAaBHEHHIO C APYT'MMH XapaKTEPHBIMM pa3MEpaMu,
KOTOpHIE (DUTypUpPYIOT B M3YyUaeMOM SIBJICHUU. [Ipu MosieTe MeXMIaHeT-
HOM cTa”HuMM K Mapcy ero MOXHO CUMTaTh MAaTePUAIbHON TOUKOM, MOKA
paccTosHMe OT CTAHIMHM OO0 Mapca BEIMKO IO CPAaBHEHHIO € €ro pasme-
pamu. Ho npu momsiere k¥ Mapcy W mocagke CTaHIMM HA MapPCHAHCKYIO
MOBEPXHOCTE PasMEphl MJIAHETH YK€ HE MAaJbl 110 CPABHEHUIO C PACCTO-
JHUEM [I0 HEE M YXE€ HE MOXET OnTh M peud O TOM, uTOOB CUMTATh
Mapc mMatepUaIbHON TOUKOM.

I pyroii ciyuai, Korga [OCTATOUYHO PAaccMATPUBATH JHMLIL OJHY TOY-
KY ABMXYIIErocd Teja, — 3TO TaK HA3bIBAEMOE nocmynamesibHoe 0au-
Xenue, IpM KOTOPOM BCE TOYKM TEJ1a ABHUXYTCS OAHHAKOBO M €r0 Npo-
CTPAHCTBEHHAd OpHMEHTANM$ OCTaeTca HeuaMeHHoi. Hanmpumep, npu
ONnepanuu CTHKOBKM KOCMHMUECKOro Kopabss ¢ opOHTaJIBHOM CTaHUIMEH,
Korga kopabsib yXXe COpPHCHTHMPOBAH M €ro NMPOCTPAHCTBCHHAS OpHMEHTA-
M MOANEPXHMBAETCA HEU3MEHHOM, BCC TOUKM KOpab/isg OBHXYTCA Ogu-
HaKoBO. [IpuuanuBarommii Kopabsb MOXHO pPaccMaTpUBAaTh KaK Mare-
pMaJBHYIO TOUKY, XOTSl €r0 pa3Mephl OTHIOAbL HE Majbl M0 CPAaBHEHHIO
C OPYTHMMH XapakTCPHBIMM PasMEpaMu — pACCTOSHHUEM OO CTAHIMH, €€
rabapuTamMy U T. I.

e MOXHO /M CYMTATh MaTEPHANbHON TOYKOM TSKEJbIH 11ap, NoABeuwleHHbIH Ha
ynpyroit NpoBOJIOKe, eC/d liap COBEpIUAET: a) BepTHKajbHele KoAeGaHMS,
NpH KOTOPBIX TIPOBOJIOKA CJIeTKA pacTSrMBaeTcs W yKopauuBaeTcs; 6) Kpy-
TUAbHbIE KoNeBGaHWA, TIPH KOTOPbIX TIPOBOJIOKA 3aKpyuHWBaeTcsi Ha Hebosb-
wWoil yron B OAHY U B APYIYK CTOPOHY?
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MoXHO nv OKEaHCKHI afHep cYMTATh MaTepHaibHOM TOUKOM: a) MpH npo-
K/aflke €ro Kypca Ha IITYPMaHCKOW Kapre; 6) NMpH MaHEBpUPOBAHUM Y BXO-
Aa B Y3KHH 1mmo3?

MoxHo /M cuuTaTh MaTepUaNbHOM TOYKOM CaHKHW, KOTOpbI€ MajlbuMK TAHET
3a BEpeBKY?

A ®n3uyeckas MmoAeap. Ha npumepe MOHATHA MaTepHaJbHOU
TOUKM Mbl BIIEPBblE CTAJIKMBAeMCs C @gu3uweckou modenvro. W3-3a
CNOXHOCTH (DU3NUECKOr0 MHpa, H3yuad peasbHOE HBJIECHHE, Mbl
BCEraa BHIHYXAEHBl YMpPOIaTh €ro M BMECTO CAaMOro SBJEHHUI pac-
CMATpPHUBaTh HEKOTOPYIO HIEATM3MPOBAHHYIO €ro MOIAENb, CTPEMSCh
K TOMY, uToOb B BHIOPaHHOM MOOENM COXPAHUTh CAMbIE XapaKTep-
Hble, Haubosee BaXKHbIE YEPTHl gBjeHHA. [1o ofpasHoMmy Bmipaxe-
uuio 9. Y. Openkend, ¢pu3uku HakTUUECKH BCETAA PaccMATPUBAIOT
HE CaMO 9BJEHHE, 4 HEKOTOPYIO YIPOUIEHHYIO CXEMY, T. €. KaK Obl
Kapukarypy Ha Hero. IIpu 3TOM ycrnex 3aBHCHT OT TONO, HAaCcKOAbKO
yaauyHa BhIOpaHHAd MOJEb.

MarepuaspHad TOYKA MOXET CIYXWUTb IMPOCTEHIINM TPHMEPOM
(bu3HuecKOi MOAETM B MEXAHUKE: BMECTO BCEIO TeJla PacCMaTpPUBAIOT
IBVXXEHHE OJHOHM ero TOukKW. B JaspHEHIIEM Mbl BCTPETHMCH U C IpY-
'MMH MOAENSIMH — a0COJIOTHO TBEPAbIM TEJAOM, MAEAIbHOM XMAKO-
CTBIO U T. A. [IpUMEHNMOCTE TOH HJIM MHOM (PHM3MUECKON MOOEH 3a-
BHUCHT HE TOJBKO OT CBOMCTB PeajsbHONU CHCTEMBI, HO M OT XapakKrepa
MOCTABJAEHHOW 3agauM. B 4ACTHOCTHM, HCMONb3yd MOHATHE MAaTEpPH-
aJIbHOM TOYKH, MBI MOEATU3HPYEM HE CTOJBKO CBOMCTBA CaMoOro Tena,
CKOJIBKO YCJIOBUSI €r0 IBHMXEHHS.

Pa3BuBag 3Ty MBICJIb JaJIbiI€, MOXHO IPHHTH K BBIBOAY O TOM, UTO
M CaMO MEXAaHHMUECKOE IBHUXEHHE 9BageTcd (DH3NUECKOi MOIEJbIO,
T. €. HEKOTOPO#M Hieaau3anuei aBJeHUN mnpuponanl. Jlaxe B TakoM
KJIACCMUECKOM MPHUMEPE MEXAHMUECKUX IBJICHUM, KaK CTOJKHOBEHHUE
OHJIbAPAHLIX HIAPOB, B UIPY BCTYHAKOT CHWIBl YIPYIOCTH, KOTOpHIE HO
CYTH TpPEACTaBAAIOT CO00M MposgBIeHUE 7EKTPOMATHHTHOIO B3aMMO-
JEHCTBHI MEXAY aTOMaMH, M3 KOTOPHEIX MOCTPOEHBI CTAJKHBAIOIUECH
mwapsl. B 3TOM cMbIc/1e MOXHO CKa3aTh, YTO UMCTO MEXAHUUECKUX SB-
JIEHUH B MIPUPOAE HE CYIIECTBYET. A

Kakue cBoiicTBa Tena He NPpHUHHUMAKTCA BO BHMUMaHUWE, KOorga Aans Hero Muc-
NONB3YETCA MOOeNb MaTCpHaﬂbHOﬁ TOYKU?

B HebecHoi MexaHHWKe ABUXeHWe nnaHeT COnHeuHOM CUCTEMBI ONMUChIBAETCA
Ha ocHoBE 3akoHOB HbIOTOHA M 3aKoHA BCEMHPHONO TATOTEHWA. 3HAUYMUT JH
3TO, UTO Takasd MexaHuuyecKas MOfenb afekBaTHa (DU3NUECKOM NpUpode OaH-
Horo 0b6beKTa W AaeT ero McyepribiBawollee ondcaHue?
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§ 4. Papuyc-sektop. lMepemeuienne

B BHIOpaHHOW CHCTEME OTCYETA MOJOXEHHE MATEPHANIBHON TOYKH, KO-
TOPYIO ANAA KpaTkocTd OyaeM HA3BBaTb wacmuled, MOXHO 3a0aTh Ha-
MpaBJEHHBIM OTPE3KOM, MPOBENEHHHIM M3 HAdyaja OTCYETa B Ty TOUYKY
MPOCTPAHCTBA, TAE HAXONUTCH dYacTHua. Takon

HanpaBJeHHBIA OTPE30K HA3BIBAETCH paduycoM-

gexmopom dactuiuel. Havano orcuera — 3rto {
HeKoTopas (UKCHpPOBAHHAS TOYKA TEJAA OTCYe-

Ta, BLIOOP KOTOpOW TNPOM3BOJIEH H OMpexe-

JIIETCSl MCKJIIOUMTENLHO M3 coobpaxeHuit ymob-

crea (puc. 4).

Tpaektopus. [Ipd ABMXEHMHM 4YaCTHLHL, T. €.

NpH U3MEHEHMH €€ MOJOXEHHs, KOHEI[ paguy- Puc. 4. Hawano orcuera
ca-BEKTOpa MEPEMEINAETC B MPOCTPAHCTBE BMe-  (T0uka O) n papwyc-sek-
cre ¢ vacTuicH. BrluepuuBaeMas MM npu 3ToM 0P MATCPHATBHOM TOHKH
pooOpaxxaeMasl JIMHMS HA3BIBAETCH MpaeKmo-

pueil 4acTHLpBL B HEKOTOPBIX CIy4YasX TPAEKTOPUIO NBHXXCHHS MOXHO
HabaogaTh HCHOCpC.(CTBEHHO. B r‘o.nyﬁoM Hebe 4acTo OTYETIMBO BUAEH

6ebIi HHBCPCHOHHmH caen peaKTHBHOFO camosiera; GHICTpO MYaIMIACH
. . o v

Puc. 5. Tpeku yactvi B kamepe Buancona

KATED OCTABJSET MEHUCTHIA CJed HAa TIOBEPXHOCTH BOMBI; 3apsXEHHas
YaCTHIIA OCTABJSET 3a COOOM LEMOYKY KareJeK TyMaHa B KamMepe
Buabcona (puc. 5).

OTMETHM, YTO B BHIOPAHHON CHCTEME OTCYETA PAOUYC-BEKTOP OBUXY-
mieiics YacTMLBI M3MEHHTCS, €CM M3MEHUTh Havano orcyera. OmHAKO
TPaeKTOpUsl YaCTHLBl, T. €. BHIUEpPUYMBAEMas €10 BoobOpaxaeMas JIMHMS,
IOpU 3TOM HE U3MEHHUTCS.

ITycTh B HEKOTOPHI MOMEHT BPEMEHHM !, TMOJIOXEHHUE YACTHLbl 3a1a-

ETCS pamMyCOM-BEKTOPOM ry, a B Oosiee MO3THHA MOMEHT ¢, — pagmy-
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COM-BEKTOpoM r, {puc. 6). HanpaemeHHsll OTpe30K, NMPOBENCHHHIN U3
KOHIA PafMyca-BEeKTOpa F, B KOHEL[ Paguyca-BEKTOpa r,, Ha3bIBaCTCH
nepemelyenuem YacTULUB 33 MPOMEXYTOK BPEMEHHM 1, — /,.

B eme Gomee MO3AHMIA MOMEHT BDEMEHHM f; TNOJIOXEHHE YaCTHULHI
ompenenseTcs paguycoM-BEKTOPOM ;. B COOTBETCTBHM C BBEACHHBIM -
OMpene/icHUEM MCPEMELICHHEM YACTHLUBL 33 TMPOMEXYTOK BPEMEHM

0]
Puc. 6. IlepeMelieHre yacTUUbI 33 NPoO- Puc. 7. TlepeMeILEeHUE YaCcTHUBI 38 NPOMe-
MEXYTOK BPEMEHH [o—1 KYTKH BPEMEHH [ — 1, f3— 1, U [3—1;

{1, — t, OyneT HanpaBJICHHEIA OTPE30K, MPOBEACHHLIA U3 KOHLA PafUyca-
BEKTOPA I, B KOHELl PafHyCa-BeKTOPA ry. AHAJOFMYHO, MEPEeMELICHUEM
3a BeCb MPOMEXYTOK BPEMEHM f; — {, OyAeT HampaBJICHHBIH OTPE30K,
TIPOBEACHHBIA U3 KOHLA I, B KOHel ry (puc. 7).

Craoxeuue BexTopos. Kak cB3aHb MeXRy co0OH MepeMeIneHus JacTy-
Ubl 33 YKa3aHHble NPOMEXYTKH BpeMeHH? ByaeM rosopuTb, 4TO mepe-
MCIICHUE 34 BECh MPOMEXYTOK BDEMEHHU f3 — [; PABHO CyMMe INepeMe-
LEHUIA Ha COCTABASIOMMX €ro MPOMEXYTKAX 1, — I U I3 — 1,. U3 puc. 7

§)

I3

a h

Puc. 8. IlpaBuno cnoxenus nepemewenmit (a@). CrnoxeHue BEKTOPOB NO MpaBMIly napajt-
sestorpamma (6) :

BHMHO, YTO COOTBETCTBYIOLUME HAMPABJICHHBIE OTPE3KH 0OpasyioT
TPEyroJbHUK, JTOT TPEyrOJIbHMK MOKA3aH OTAEAbHO Ha puc. 8. OH ui-
JMIOCTPUDPYET NPAGUAO CROXEeHUs nepemewjenuli. B MaTeMaTHke nmo Tako-
MY 3aKOHY CKJAAbIBAIOTCS BEIUUMHBI, HA3bIBaEMble dekmopamu. Bextop
XapaKTepU3yeTcss CBOMM MmodY/ieM, PABHBIM IJIHHE COOTBCTCTBYIOLICIO
HAMpaBJIEHHOIO OTpE3Ka, U Hanpagsieruem B NPOCTPAHCTBE,
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CroxeHHEe BEKTOPOB MOXKHO BHINOJHATH KaK MO MpPaBUIY TPEYTOMb-
Huka (puc. 8a), korga Hayas0 BTOPONO BEKTOPA NMPHUMBIKAET K KOHILY

HepBOro, a CyMMa 3aMbikaer o0pa3yemblit b

MMM TpPEYTrOJIbHUK, TaK H IO MPaBHAYy mna- c
paanenorpamma (puc. 86), NOCTPOEHHOrO HA

CKJIAObIBAEMBIX BEKTOpax. B 3TOoM cnyuae a d
cyMMa H300pa’kaeTca AMArOHaJbIO0 napasie-

norpamMma. {9 BBINONMHEHHUS CJAOXEHHS IO a+b+c+d

[paBuJy NapajiieJorpaMMa BTOPOH M3 CKAA-  Puc. 9. CromeHme GOMBLIONO
AbIBAEMbBIX BEKTOPOB HYXHO M300Da3HMTh Bbl-  umc/ia BEKTOPOB

XOASILAM H3 TOM XE TOUKH, UTO H MEPBHIH,

COXpAHMB €r0 MOAY/b M HanpasaeHue. [IpaBuiio TpeyrosbHHKA 0COOEH-
HO yZOOHO NpPUMEHSITb, KOTAA MPUXOTUTCS MOCAEAOBATENbHO CKAALbI-
BaTh GOJbUIOE YKMCIO BEKTOPOB. B 3TOM cjiyuae ZOCTAaTOYHO JMIUL CO-
E€IMHHUTb HAUYaJO MEPBOTO M3 CK/JAAABIBAEMBEIX BEKTOPOB C KOHIIOM [O-
cnegnero (puc. 9).

Wrak, nepeMemieHHe — 3TO BEKTOP: ABA MOCACAOBATENbHBIX IEpeMe-
LEHMH YACTHUB 3KBUBAJEHTHBI ONHOMY IIEPEMEIICHHUIO, PABHOMY HX
BEKTOPHOU CymMme, PaccunmtaTh MOAy/b M HanpaBi€HHWE PE3YJbTHPYIO-
LETNO IMEepEMEINEHNS MOXHO 0 M3BECTHBIM IPABHIAM TeOMETpPHH. Bek-
TOpbl 0003HAYAIOTCA CTPEAKOH HAZ COOTBETCTBYIOWEH OykBoMt MO0 Ha-
OuparoTca XupHeM mpudroM. Mogynb BekTopa 0603HAUAETCA TOM Xe
O6ykBo#t 6e3 cTpeakd b0 TOHKUM (OBBIUHBIM) WPHEHTOM.

e BblgenaeTe TpY 1ara Ha ceeep, a 3aTeM yeTblpe L1ara Ha BOCToK. Yemy paBeH Mo-
LyJb pe3ybTUPYIOLEro NepeMellieHUs, T. €. CYMMAa 3TUX CeMH 11aros?

o JlokaxuTe, YTO MOAYJIb CYMMbl JBYX MepeMELUeHUN He NpeBOCXOAMUT CYMMbI
MOLYyJiel COCTaBNAIUMX NepeMelleHrit. B kakoM ciiyyae MOILY/b CyMMbl pa-
BEH cyMMe MOAyJiel craraemblx nepemelueHUin?

e Kak HaWTH cyMMy Tpex MocliefoBaTeNnbHblX NepeMellueHHin? O6o6uTe
CJIOXEHUE BEKTOpPOB MO MpaBWy TpeyYrojibHUKa Ha ciydal HecKOJIbKUX
nepeMelueH M.

o JlokaxuTe, 4YTO pe3ybTaT CJAOXKEHUA ﬂCpCMCU.lCHHl\;{ HE€ 3aBUCUT OT Nocaeno-
BaT€NbHOCTH, B KOTOpOl:'{ NpoUCXoadaT 3TH NCPEMEIUCHUA,

§ 5. OpHoBpeMEnHbIe NEePEeMEeIIeHUS.
ChnomenHe nepemeiiernun

Mbl 3HaeM, Kak CKJAJRBAIOTCS NEPEMEHIEHHS, NPOUCXOASIINE TOCae-
JOBATEAbHO. A Kak CKJIAABIBAIOTCS IEPEMEHICHHS, KOrAa TEA0 OTHO-
BPEMEHHO YYaCTBYET B HECKOJbKHX ABHXEHMAX? PaccMorpum cremy-
omui npuMep. IlapoM mnepenpaBiageT NACCAXHPOB ¢ OogHoro Gepera
¢uopna na apyroit. CTosdmMil B ero JIEBOM YINIy MAccakMp COBEPWIAET
BMECTE C MApPOMOM [EPEMELIEHHME a OTHOCHTENbHO OEperos M momnagaet
n3 Touku A B Touky A, (puc. 10a). Ecam Ob mapom crosn Ha Mmecre,
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a yesoBeK mepecek Obl €ro HAMCKOCOK, TO OH COBEPUIMJ Obl OTHOCH-
TenbHO OeperoB mepeMemenue b u nonan Okl M3 TOUKM A B TOUKY
A, (puc. 106). A Temepb paccCMOTpUM TaKyl CHTYAalLHIO: MAapoM mnepe-
cekaeT (uMOpa, a UENOBEK B 3TO BPEMS MEPECEKAET ITapOM HAMCKOCOK.

77207772, 27727772 P f‘q
3
/
&l
} 1
P!
a g c=a+b
I |
vl
A, T
i/
b /v
A A A
7, T, T,
a 4] 8

Puc. 10. IipuMep cnoxeHns ORHOBPEMEHHDbIX MEpeMelleHnit (Mepenpasa Ha NapoMe)

I'ne OH OKAXETCHd B PE3Y/IbTATE ONHOBPEMEHHONO YUACTHS B ITHX OBYX
apxennax? ONBIT MOKAa3BIBAET, YTO YEJOBEK MOMAAeT B TOUKY Aj,
T. €. COBEPUIMT OTHOCHTEJBHO GEPEroB MEepeMEleHHe €, PABHOE CyMMe
BEKTOpPoB a m b: ¢ =a + b (puc. 106). B ¢usuke 310 yTBEepXICHHE
MHOTAA HA3bIBAOT NMPHHLMIOM HE3ABMCHMMOCTH TNepeMEIIeHMI.

He3zasucuMOCTb nepeMenieHuid. Takoi Xe pe3ysbTaT MOJYUMTCS M B
Clyuyae, KOrga CHauaja napoM nepecedeT ¢MOpPE M TOJBKO INOCHE €10
MPUUYATMBAHMS NMACCaXHp nepeceyeT NapoM HAMCKOCOK, M B ciiyuae, KOr-
Ja CHauaja 4esoBeK Tepeceuer HAMCKOCOK HEMOABMXHEIA MapoM H
TOJIBKO 3aTEM MAPOM TEPEnpaBdT €ro Ha apyroi Geper. Bo Bcex atux
CIy4asix ueJIOBEK NOManer B ONHY M Ty Xe TOuKy A,;. Ero pesyapTupy-

IOlLEE TePEMEIIEHHE OTHOCHTERHO Oeperos OyneT OOHHUM M TEM XE He-
3aBMCHMO OT TOCJENOBATEJBHOCTH BHIIIOJHEHHSA OTAE/JBHHIX COCTABJISIO-
mux nepememennit. C MaTeMaTHUECKOM TOUKM 3PEHMS 3ITO O3HAUAET,
YTO BEKTOPHOE CJIOKEHME TIEPEMEIIEHM KOMMYTATHBHO — €ro pe3y.ib-
TaT HE 3aBUCHMT OT MOpsAKa Cjiaraemeix: a +b=">b + a.

3apnaya

Mepenpaaa na napome. llluprna duopna s = 300 M. KsagpaTHblit napom co
cTopoHnoit [ = 40 M nepenpasaseTcs nornepek GUopaa. 3a BpeMs nepernpassl Mac-
CaXxup, ABUrasich u3 ToukH A (puc. 11) HaMCKOCOK Mapoma, ycresaeT JOHTH [0 ero
cepenuusl. Halinure nepeMelueHue naccaxupa oTHOCHMTeNbHO Geperos.

Pewenue. Ecnu 661 mapoM cTOsN Ha MecTe, TO MepeMeleHde naccaxupa
usobpaxanoco Obl BeKTOpOM b, MpoBefeHHbIM U3 YrAa A KBaipara B €ro LEHTD
(puc. 11). OueBugHO, UTO OH HaMpasneH Mof yraoM 45° k 6epery, a ero Moay/b



§ 5. OHIHOBPEMEHHBIE MEPEMEIEHUA. CJIOXXEHUE MEPEMEIIEHUN

paseH //VZ. TlepemelueHue caMoro napoMa M3obpaxaercsi BEKTOPOM @, neprneH-

IHUKYnsapHbeiM 6epery. Ero monyne a=s — [,

PesynbTupylolllee nepeMellleHHe naccaxupa 0 %
n3obpaxaerca BEKTOPOM €, NMPOBEIEHHbIM MO AU- i
aroHasM napanfefnorpaMMa, MOCTPOEHHOTO Ha 12
BekTopax a U b. U3z puc. Il BugHo, uto ero 12 I
MOAYNb MNpOlle HaXoAWMTb He KakK MJMHY auaro-

Hafiu, a KakK THNOTEHY3y MpAMOYTOJbHOIMO Tpe- A
yronbHMKa ¢ KareTaMu l/2 u a+ /2 =5—1/2.
Ilo TeopeMe Iludaropa a

c=V{U2)2 + (s —1/2)? ~ 280,7 M

AN
N N

—_—

HanpassieHHe BeKTOpa € MOXHO OMpPERE/IUTb, Bbl-
YHC/IMB 3HAueHHe cHHyca yrna a (puc. 11), 06- \

o

pasyeMOoro BEKTOpOM € U NEPMEHANKYAPOM K 6e- 7 7,
peroBoM JTMHUM:

Puc. 11. Crnoxenue nepemelue-
sing =42 = 0,07. HMI IPY NEPENpaBe Ha NapoMe
[

INockonbKy sin @ < |, To ero 3HaueHHe NPUGAUXKEHHO COBMAJAaeT C CaMHUM YIJioM
o B paJuMaHHoOM Mepe. YMHOXas 3TO 3HauyeHHe Ha 180°/m, HaxoguM a = 4°,

HpHBC}IHTe MPUMEDPDI CJIOXEHHUA nepeMemeHMﬁ. Korna Tteno ORHOBPEMEHHO
Y4yacTBYeT B HECKOJIbLKUX ABUXEHHAX.

3aBUCHUT JIM Pe3ysIbTaT CJOXEHUA TpeX U Gosbliero uMcna nepeMelleHUi oT
NOC/IeOBATEILHOCTH, B KOTOPOM MPOMU3BOAUTCA HX croxeHue? Ilposepbre
Balll OTBET Ha KAKOM-1H60 KOHKPETHOM NpUMepe.

A Teomerpus K ombiT. 3aueM HyXHa Oblaa CChJIKA HA OMBIT IIPU
YTBEPXACHUH, UTO Pe3y/IbTHPYIOLIEE MepeMeLIeHUE TEAa, YUACTBYIO-
wero B ABYX ABHXCHUAX, PABHO BEKTOPHOHW CyMMe COCTABJISIOLINX
nepeMereHuii? Passe 310 He oueBHAHO ¢ camoro Hauasna? Korma mmt
TOBOPMM O CJIOXEHHH BEKTOPOB, TO UMEEM B BHAY NpaBHiIa AEHCT-
BMil, OmpedesigeMble B €BKAMAOBOH reomeTpud. ONHIT, O KOTOPOM
HeT peub, (PAKTHUECKU CJTYXUT NPOBEPKON TOrO, UTO reoMeTpus pe-
aJIbHOTO IM3MUECKOr0 IMPOCTPAHCTBA ABJSETCS €BKJIHIOBOM.

HyXxHo /n IpoBepaTh HA OILITE CIPABEI/IMBOCTb EBKJIHAOBOIM reo-
merpun? IlpaBUIbHOCTD MATEMATHYECKOW TEOPHHM, B YACTHOCTH Treo-
merpuu EBxunpa, ompeaensercd €€ BHYTPEHHEM HENPOTHMBOPEUMBO-
CTbIO, YCTAHAB/IUBAECMOMN YUCTO JIOTHUECKUM ITyTeM. CChIZIKM HA OMBIT
31eCb He HYXHbl. B IpOTHMBOITOJIOXHOCTb «UHCTOM» MATEMATHKE, THE
BEJVUMHLL O ompeae/icHuio obJafaloT TEMM CBOMCTBAMM, KOTOPHIE
MM MPOM3BOJIbHO NPHUITUCAHLI, B (hM3MKe HeoDXOOMMO HE MPHUIHCHI-
BaTh, 4 IKCIIEPMMEHTAJ/IbHO OTKPbIBATh OTAENbHLIE OOBEKTUBHO CyLIE-
CTBYIOIINE CBOWMCTBA.

Quanueckue BEJMUUHBL ONPEAECAAIOTCA IpPEXAe BCErO MO TEM
Mpu3HAKaM, II0 KOTOPhIM MBI DAcCIO3HAEM MX, CTAJIKMUBASICh C HHUMH
npu HabjroneHuM OKpyXalomero mupa. Bmecto aBcTpakTHBIX reo-
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METPHUECKMX MOHSITHA TOYKH, MNPSMOd JAMHMKM U T. . B ¢usuke
MIPUXOOUTCSH MUMETh [EJ0 C UX MaTepHaJbHBIMH BorUtomieHusiMu. Ha-
NPUMEpP, MPSIMON JIMHUM COTMOCTABJISETCS Jy4y CBETAa — Y3KUH CBe-
TOBOH MYYOK.

[eoMerpryeckue NPeaCTaBICHUS UMEKT I8 (HHU3UKU MPHHUIUTIH-
asbHoe 3HaueHne. C HMMHU cBS3aH BONpoc O (PM3MUYECKHX CBOMCTBAX
peaJbHOrO MHPA: MOXHO JM B (PU3UUYCCKUX U3IMEDPEHHSX TPEAroJia-
raTh, YTO CIIPABEIIMBbI AKCMOMBl M TEOPEMEI €BKJIHAOBON reoMeTpuu’?
Taxkoii BOmpoc He BO3HMKAJ, moka reoMerpust EBxsimnpa Oblia equH-
CTBEHHOM M3BECTHOW reoMerpueil U €€ MPUMEHUMOCTh K DU3UUECKO-
My NPOCTPAHCTBY cuMTaaach camoouesnaHoit. Onnako yxe B XIX se-
K€ BBIICHWJIOCH, YTO BO3MOXHO CYHICCTBOBAHHE U APYTUX FCOMCTpHﬁ,
OCHOBAHHHIX HA HA0OPax aKCHOM, OTJMYHBIX OT AKCHOM, Ha KOTOPHX
3uxjercs reoMerpus EBxianaa.

McKpHBJEHHOE NPOCTPAHCTBO. 1/1g TOro 4TOOBl MOHATH, B UEM MO-
YT 3aKIK04YaThCsd OTJMYUS PEOMETPUM MPOCTPAHCTBA OT EBKJIMAOBOM
reoMeTpuM, BooOpasuM cebe, KAKMM TPEACTABAICS Obl MHP rumore-
THYECKUM PAa3yMHBbIM ABYMEPHEIM CYUIECTBAM, XUBYLINM BO BCEJIEH-
HOI#, KOTOpast mpeacrasiser co0oil MmoBepXHOCTh wapa. TpexMepHoe
NPOCTPAHCTBO, B KOTOPOM HAXOOUTCS
3TOT AP, MM TaK Xe€ TpyaHO cele
NpEeACTABUTh, KAK HAM — YETHIPEX-~
MEPHOE NMPOCTPAHCTBO.

Yro npeacrasasier coboi reomer-
pHst UCKPHUBJICHHOTO JBYMEPHOrO Mpo-
CTPAHCTBA, B KOTODOM OHHM XHBYT?
AHA/IOTOM MNpPAMBIX JIMHHH CIyXar
ayru 60JbIIMX KPYTOB, TAK KAK MIMEH~
HO OHM Deanu3yioT xparuanmee pac-
CTOSIHME HA MOBEPXHOCTH IIApa MEX-
Oy ABYMs €€ TOUKaMu: BooOpa3uM ce-

! 6¢ HUTb, HATAHYTYIO MEXAY AByMS

Puc. 12. B chepuueckom tpe- TOUYKaMH Ha rnobyce. U3 Takux «aps-

yrombuuke NAB cymma yrios npe-  MBIX» MOXKHO CTPOHTB TPCYTOJIbHUKH.

BhlLIACT T Jlerko yGeautbca B TOM, YTO CyMMa

YIJIOB B TAKUX TPEYTOJIBHUKAX BCETHA

6oabuie . [Tpole BCero 3To YyBUAETD st TPEYTrOAbHUKA, OAHA H3 CTO-

POH KOTOPOTro 1peacrasager coboi yacrb sksatopa (AR Ha puc. 12), a
ABE APYTHE CTOPOHBI — YACTH MEPHUINAHOB.

MoryTr nu Hawu BOOGpa’kaeMble CyUIecTBA YCTAHOBMTH OTJIHuYME
reOMEeTpPHH CBOETO ABYMEDPHOrO MHPA OT €BKJIMAOBOM, HE «BBIXOAS» 3a
e€ro mpemeasl, T. €. B TPEXMepHOe mnpocrpaHcTBo? OTBET OUCBHACH:
KOHEYHO, MOTYT, A/ 3TOr0 MM AOCTATOYHO BHITIOJHHUTh TILATEJbHOE
W3MEpPEHUE YIJIOB KAKOro-IMB0 TPEYroIbHUKA U yOETUThCS, YTO CyM-
Ma 9THX YIJIOB HE paBHa Jt.

N
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B reoMeTpHH MCKPHMBJIEHHOrO ABYMEDHOIO MHpa CyMMa ABYX TO-
C/IEXOBATE/IbHEIX [EPEMELIECHUN 3aBUCHT OT TMOPSAKA CJ1aracMbix.
Hanpumep, Ha rmobyce M3 HEKOTOPOW TOYKHM OJKBATOpA TMpoiineM
paccTosiHHE, paBHOE OOHOW MSITOM 4YacTH MEpHOMAHA, CHadaJsa Ha
ceBep, a 3aTeM HAa BOCTOK. EcaM Xe CHavasa MpoHTH TAKOE paccTo-
SHUE HA BOCTOK, a NOTOM TOBEPHYTh HA CEBEP, TO B HTOre MBI MO-
najgeM B COBEPIUEHHO APYLYIO TOYKY rjiolyca.

TpexMepHOe TPOCTPAHCTBO, KAK M PAacCMOTPEHHOE ABYMEPHOE,
TAKXe MOXET OblTh WUCKPUBJEHHBIM, OIMUCHIBAEMEIM HEEBK/IMAOBOH
reoMeTpueit. T103TOMy TOJIBKO HAa OMBITE MOXET ObITh PEMIEH BOMPOC
0 TOM, KAaKOBa reOMETPUS PpeaJbHOIO TPEXMEPHOrO (H3HUYECKOTO
MPOCTPAHCTRBA. [IEpBEIM 3TO OCO3HAM FCHUANBHHINA HEMELUKHIA yue-
unii Kapn ©pugpux layce, koropweii eme B 1821—1823 rr. mpen-
MIPUHST TIOMBITKY ¢ MOMOLIBIO FEOAE3UYECKUX NMPHOOPOB HAUTH CyM-
My YIJIOB TPEyroJbHUKAa, 00pa30BAHHOIO YAAaJCHHBIMH BEPIUHHAMH
Tpex rop. HH B 3THX, HH BO BCEX MOCJACAYIOMMX IKCIIEPUMEHTAX
OTKJIOHEHHS] reOMETPHH (U3UYECKOTO MPOCTPAHCTBA OT €BKJHMIOBOM
He OblI0 O0OHapyXXeHo.

e Byzaer /1 /1S NPSAMOYTOJIBHOTO TPEYTOJIbHHUKA Ha JBYMEPHOM MCKpPHBJIEH-
HOHM MOBEPXHOCTH cnpaseisiMBa Teopema [ludaropa?

e [Tlpu Kakux YC/IOBHSIX HalIMM ABYMEPHBIM cyuiecTsaM Obljio Gbl TPyRHO
06HapyXHTb Ha OMbITE HCKPHBJIEHHME CBOETO NMpocTpaHcrBa?

e Mhbl XuBeM Ha MOBEPXHOCTH 3IEMHOIO uiapa, T. €. (baKTH‘«IeCKH B TE€X XKe
YcJIOBHSAX, UTO M HaUIH BOOGpa)KaCMble ABYMEPHbBIC CyUlecTBa. Kak xe
Mbl MOXEM YTBEpPXAaTh, UYTO TeOMETPHA pEaJIbHOTO QJHSHLICCKOI‘O npo-
CTpaHCTBa eBK/IMBoBa? A

§ 6. CpegHsas cHOpOCTHL

Bepuemcs k puc. 6, rae Gb110 BREACHO MOHATHE paguyca-BeKTOpa U Tpa-
€XTOpUH. BUAHO, YTO pagMyC-BEKTOP Iy, COOTBETCTBYIOUWIMN MOI0XEHHUIO
YacTHLUbl B MOMEHT BPEMEHH [,, PABCH BCKTOPHOM CyMMeE PagMyCa-BeK-
TOpa r;, COOTBETCTBYIOIIETO TMOJOXEHHUIO YACTHLbI B MOMEHT f;, H BEK-
TOpa TEPeMEUIeHAs 332 MPOMEXYTOK BpeMeHM ¢, — ¢, OGo3HauMB 3TO
nepeMelieHre yepes Ar, MoXeM HAamucaTh

r,=r;+ Ar. (1)

C paBeHCTBaAMH, COACPXAIIMMHM B KAYeCTBE CBOMX UJEHOB BEKTODHI,
MOXXHO 06pamarhbcs Mo TeM Xe MPaBHuIaM, YTO M C PABEHCTBAMM, COAEp-
XamuMy OOBIYHBEIE YHCIA. B YAaCTHOCTH, OTAC/ABHBEIE CAAraeMbIe MOXHO
MEPEHOCHTL B APYTYIO YacTh PABEHCTBA, M3MEHSS NMEpel HUMH 3HAK HA
TPOTHBOMOJIOXHBIN. 3HAK «MHHYC» Tmepef 0003HAYEHHEM HEKOTOPOro
BeKTOpa (T. €. YMHOXEHHe Ha —1) 03HayaeT, YTo ero HarpaB/JICHUE U3-
MEHSIETCS HA MMPOTHBOIIOIIOXHOE.



26 I. KWHEMATHUKA

Bexrop cpenHei ckopocru. Ilepenecem B paBeHcrse (1) r; B JneByio

yacre. Torma
r,—r, = Ar.

Takum ofpasoM, ImepeMewmieHMe Ar 3a TPOMEXYTOK BpPEMEHH
At = t, — {; MOXHO paccMaTpuBaTh KaK PasHOCTb PaIMyCOB-BEKTODOB
YacTHIBI B MOMEHTH f, ¥ {;. OTHOomeHHe nepeMelleHud Ar K mpoMme-
XYTKY BpeMeHH Af, B TEUEHHE KOTOPOTO
OHO MPOM30LLTO, HA3RIBAETCA CpedHel
ckopocmblo Ha MIPOMEXYyTKe Af:

Ar
Vep = o, ()

BekTop v, HampaBieH B Ty X€ CTOPOHY,

Yro M mnepeMelieHHe Ar, TaK Kak
At >0 — MOMEHT BPEMEHH {, IO ompe-

0

Puc. 13. Bekrop cpeaneit ckopocT
3a NPOMEXKYTOK BPEMEHM f — I

menennio Gonee mMO3NHHMIA, HeXenu I,.
[nuHa orpeska, H300paxaloUero BEKTOp
V., Ha DHC. 13, HUKAK He CBA3aHa C IJIH-
HOHM BeKTOpa Ar. OTH (PM3HUECKHE BeJH-
YHHH, KaK FOBOPAT, HMEIOT Pa3HYI0 PA3MEPHOCMb, ¥ OJIHUHB COOTBETCT-
BYIOLUMX BEKTOPOB M3MEPAIOTCA B COBEPIICHHO PA3HBIX eOMHHUAX: Ar —
B MeTpax, a Ar/A{ — B Merpax B ceKyHny. IloaroMy ¥ Macmralu Juis
M306paXXEeHHMd OJIMH M CKOpOCTel BRIOMPAIOTCA He3aBHCHMO.

CpenHss CKOPOCTb XapakKTepusyeT OBICTpOTy, C KOTOpOHd COBepuia-
ercd TmepeMelieHre. DTa XapaKTepHUCTHKA IBHXXEHHS OTHOCHTCH K
ONpeneneHHOMY MPOMEXYTKY BpeMeHH. [loaroMy maxke And ONHOrO M
TOrO K€ OBHXEHMA OHA MOXeT OBTb COBEPIIEHHO DPA3JHYHOM, ecsIn
BHIOMpaTh pa3Hble MPOMEXYTKM BpeMeHHM. Hampumep, cpemHsis CKopo-
cTb 6eryHa Ha NIMHHYIO JUCTAHLIMIO DaBHA HYJIO, €CJIM €C OIpeNeadTh
3a BpeMd npoberaHMs LEJOro Kpyra CTagMOHA, M OTJHMYHA OT Hynd 3a
nonosuHy xpyra. Tax OyaeT ¥ B TOM cayyae, KOraa CIOPTCMEH GeXHT
pPaBHOMEPHO.

IIpoitaeHHblii nyth. ObpaineHue B Hy/nb CPEAHER CKOPOCTH 33 HeJoe
YHCI0 KPYrOB CBS3aHO C BEKTOPHBIM XapaKTepPOM 3TOH (pm3aHyecKoi Be-
auuuHH, Hapany ¢ He#t paccMaTpMBAaIOT M CPEAHIOK CKOPOCTb NPOXO0X-
OEHHA TpaekTopuM. DByaeM HA3HBAaTb NPOMICHHREIM YacTHLEH nymem
IJHHY As OTpe3ka TpaeKTOpHM MeXIy ABYMS €€ IOCJIeNOBATEIbHBIMH
nonoxeausaIMu. Ilyrb — 310 CKansgpHAas TMOJMOXHUTENbHAS BEJIMYHMHA.

CpasauM Mexay co0OM MpOMAEHHHIA 33 HEKOTOPHH MPOMEXYTOK
BpEMEHH nyTh As ¢ MOAYJIeM mepeMenieHus Ar 3a To Xe Bpemd. B ciy-
yae xpugosuHelnod TPAEKTOPUU MyTb OoJsbLie MOAYJAS COOTBETCTBYIO-
ILETO MepeMelleH s, TaK KaK IJIMHA JyrW Bceraa GoJibuie JIMHBL CTATH-
pawouueit ee xopast (puc. 13). Ilyrs ¥ Moxyab nepeMemieHUs COBIANAIOT
TOJIbKO IPH MPSMOJMHEHHOM IBMXXEHHM B OMHOM HANpPABJCHHH.
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Cpednsst ckopocms npoxox0eHus. nymu ONpPEAeseTcsl KaK OTHOLIe-
HHE MPOHUICHHOIO NYTH K COOTBETCTBYIOMIEMY MNPOMEXYTKY BPEMEHH:

(v5)ep = 55 (3)

NMeHHO 3Ty ¢M3NUECKYIO0 BEJMUYHHY HMMEKOT B BHAY, KOr4a TOBOPAT,
HanpUMEp, YTO CMOPTCMEH Npobexas AMCTAHLMIO CO CPERHEH CKOPO-
creio 6,5 M/c.

3agauu

1. Cpednaa ckopocme Ha écem nymu. IlepBylo NoJOBUHY NyTH aBTOMOOHIL
npoulesn cO cpegHel CKOpocTbio v = 40 KM/4, BTOPYK [MOJOBUHY NYyTH — CO
cpenHer CKOpoCThbio ¥, = 60 KkM/u. UeMy paBHa cpeAHSs CKOPOCTh 32 BeCb NMyTb?

PeweHnwue. [lepBriM nobyxaeHHeM MoXeT ObiTb XeflaHHe CJOXHTb 3TH
CpeiHUe CKOPOCTH W MOJEIUTb CYMMY [0MoJIaM, uTo Aasio 6bl 3HayeHUe SO kM /4.
Onnaxo ato HesepHo! Ilo onpeneneHuio (3) Ans HaxoxXAeHUS (v,)c, HYXHO BeCh
NyTb § NOAEIUTb Ha [OJHOE BPEMS ABHXKEHUS f:

)
(U:) cp — 7

ABTOMOGHIIb NMO-pa3sHOMY JABUXKETCSH Ha JBYX OJMHAKOBbIX MOJIOBUHAX NMYTH H
MOTOMY NMPOXOAMT KX 3a pa3Hble MPOMEXYTKH BpeMeHH f, u t,. [lonHoe BpeMs aBU-
XKeHusf =t + t,. OueBHaHO, UTO f; U f, MOXHO BLIPA3UTL UEPE3 CPeIHHE CKOPOCTH
v, ¥ U, TPOXOXAECHUS NEPBOH W BTOPOM MOJIOBHH NMYTH:

s/2 s/2
tl = —, t2 =
v, v,
[Toncrasnas nosHoe BpeMsl IBUXEHHUS B MUCXOAHOE Bbipa)XeHUe ANS cpedHel

CKOPOCTH, Hax0AUM
2vv
172
v = -—=" =48 KM/u4,
(ve)ep v, +v, /
2. Cpednaa ckopocms 3a éce épema. B TeueHHUe nepBoro yaca ABUXEHUS cpel-
HSAS CKOPOCTb aBTOMOGMIS cocTaBMa v, = 40 KM/4, a B TeueHHe BTOPOro Yaca

v, = 60 KM/u. YUeMy paBHa cpedHAS CKOPOCTh 3a BCe BPeMS ABHXEHHUS?

Pewenue. CpeaHsas CKOPOCTb U 3AeCb, pa3yMeeTcs, ONpele/iseTcs TOH Xe
dopmyno#t (3): (v,) o, =s/t. Ho B naHHOM ciiydae Bpems ABHUXKEHHS Ha KaXJoM
yyacTKe OJAMHAKOBO M COCTaB/seT MOJOBHHY MOJHOMO BpeMeHH aBuxeHUs {. [Tytu
$] U $3, TIPOXOdHMble aBTOMOOUNEM, 6yOyT pa3/MYHbIMHU:

t t
$) =M "i, $2 = Uy 3-

IloacraBnss B BeIpaXeHWe AN CPedHEH CKOPOCTH MOMHBIM MyTh §=§; 1 5,,

HaxXoauM
v, +v
(V)ep = —5— = S0 KM/ u.

B aToM ciyyae 3HaueHue cpedHeH CKOPOCTH OKashlBaeTCs PaBHBIM CpelaHeMYy
apudMeTHUECKOMY CKOPOCTeH Ha OTAE/IbHbIX YYacTKax.
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e CdopMyaupy#te npaBujo, MO KOTOPOMY reoMETPHYECKH MOXHO HaXOAMUTh
pPa3HOCTb JBYX BEKTOPOB.

e B kakoMm c/iyyae npH NpsaMOJUHEHHOM ABUXEHWUM NMPOMIAECHHBLIW NyTh He Oy-
JeT coBMajaTh C MoAyJem MepemelleHus? Koropasi U3 3THX BeJMUYMH IIpH
atoM Gonbiie? Bo cKoabKo pa3 MOryT oHM oTjiM4aTbes?

33[13'4” Ald CaMOCTOATEAbLHOrIo pelrendud

1. [Jecatyio yacTb NyTH aBTOoMOOWM/IbL TMpollesl co CcpedHeM CKOpOCTHIO
40 KM/4, a ocTanpbHOM NMYTb — CO cpexHed ckopocTuio 60 km/4. Haliaure cpea-
HIOKO CKOPOCTbH 33 BECb MYThb.

2. Tlosuaca aBToMOOMNL aBUrajicd co cpedHel ckopocTbio 40 KM/Y, a cie-
AOYK0OUIME oTopa 4aca — €O cKopocTsio 60 kM/u. Halaure cpegHOl CKOPOCTb
33 BCe BpeMs ABUXXEHUL.

3. Hecatyw vactb NyTH aBToMoOMWjbL Mpolles 3a Mojavaca, a OCTaBluvecs
45 kM — co ckopocTbio 60 kmM/4. Hakigure cpegHioio ckopocth aBToMoBuag 3a
BECH MYTh.

§ 7. Cropocrtb

Cpennsis CKOPOCTh YACTHLLI XapakTepu3yeT OhCTPOTY €€ ABHXEHHS 33
KOHEUHBIH MTPOMEXYTOK BpeMeHU. HeorpannueHHo yMeHbUIasg ITOT MPo-
MEXYTOK, M&l TIpUAEeM K (PU3MUECKON BEJIHUMHE, XapaKTEpH3YyIOLWeH Obl-

CTPOTY OBUXCHHS B NAHHBIH MOMEHT BpEMeE-

A HU. Takas BeMUHHA HA3BIBAETCS MZHOBEHHOU
v CKOpOCMbIO WU TIPOCTO CKOPOCMbIO:
. . Ar
v=lm v, =lim —. (1)
P At
A0 Ar-0

Cumson lim o603HayaeT MaTEMaTHUECKYIO
onepauMio mnepexoma K mpeaeny. Ilog »Tum
CHMBOJIOM 3aMHUCHIBACTCS YCJOBHUE, TPH KOTO-~
POM BBITIOJIHSCTCS AAHHBIA TIpEACJbHBIN Tie-
pexoda; B pacCMaTpUBAEMOM Cjiyuae 3TO

Puc. 14. Bektop CKOPOCTH B crpemsieHHE K HYJIO TPOMEXYTKA BPEMEHH
TOYKE A HANPaBAEH MO Kaca- Af: At—0

TEJBLHON K TPAEKTOPUH

0

IIpy BBIUMCACHUM CKOPOCTH 1O 3TOMY
MpaBUay Mbl yOeAMMCs, 4YTO YMEHBIIECHHE
MPOMEXYTKA BPEMEHHM Af IMPHUBOAUT K TOMY, UTO HAa HEKOTOPOM 3Tare
[oJlyyaeMbie OuepeqHble 3HAUCHHMS CpeaHel CckopocT OyayT Bce
MEHbIIE M MEHbIIE OTJHUYAThCE APYr OT Apyra. [10o3TOMy Ha TIpaKTHKE
MPH HAXOXICHHH CKOPOCTH MOXHO OCTAHOBUThCS HA KOHEYHOM 3Haye-
HUM Af, JOCTATOYHO MAJIOM A8 ToaydeHus TpeDyeMod TOUHOCTH 3HA-
YEHHUS CKOPOCTH.

BexTop cxopocty M TpaekTopms. PaccMaTpuBaeMulil npefenbHBIN IMe-
pEXON MMEET SICHRIH reoMeTpHUYecKHil cMeIci. [TockonbKy BEKTOp Tepe-
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MEIICHUS Ar HAmpaBjcH MO XOpAE, COCAMHSIOUIEH ABE TOUKM TPaeKTO-
puHM, TO HpH COMMXKEHHHM 3ITHX TOYEK, HMpoucxomsauieM npu Ar— 0, on
NPHUHUMAET MOJOXEHHUE, COOTBETCTBYIOIIEE KACATEAbHON K TPAacKTOPHUHU
B AAHHOW TOYKE., DTO 3HAUYUT, YTO BEKTOP CKOPOCTH HAMpPABJICH MO Ka-
camensrnod K Tpaektopuu. Tak Oymer B 1060f TOUKE TPAaEKTODUHM
(puc. 14). Ilpu npaMoJMHERHOH TPACKTOPUM ABMXEHHS BEKTOP CKODO-
CTH HAampaBJIEH BAOJb 3TON MPSIMOU.

CKXOpPOCTH TPOXOXJEHHA NYTH. AHAJIOTHYHBIM TNEPEXOAOM OMpene-
JISIETCS. MTHOBEHHASI CKOPOCMb NPOXOXKOEHUS. Nymu:

vy =lim (vy)., =lim +. (2)
At—0 At=0

[lng miaBHOW KpUBOHM, KAKOBOM IBJSETCH TPAaeKTOpUst A000ro He-
MPEPHIBHOIO MEXAaHUUECKOIO ABUXKCHUSA, JUIMHA OYIM TEM MCHBIUE OTJIM-
YaeTCs OT AJIMHBI CTITHBAIOUIEH €€ XOpAbl, YEM KOpoue 3Ta ayra. B mpe-
JeJIE 3TU AJIMHH coBnafgawt. [lostomy npu Af—>(0 MOXHO CUMTATh, UTO
As—> Ar. JTo 03HA4aET, UTO CKOPOCTb ¥, MPOXOXIACHHS IYTH PABHA MO-
MyJII0 MTHOBEHHOM CKOPOCTH v: v, = v. [[BUXEHME, TIPH KOTOPOM MOIYJIb
CKODOCTH OCTAaeTCsl HEM3MCHHBIM, HAa3bIBACTCS PAaBHOMEPHHIM. B ciyuae
NPSMOJMHEHHON TPACKTOPUM NMPH PABHOMEDPHOM IBHXEHUM BEKTOP CKO-
pPOCTH MOCTOSIHEH, 4 B CJy4yae KPUBOJMHEHHON TPACKTOPUHM M3MEHSICTCS

TOJIbKO €T0 HaNpasJCHUE.

CioxeHnHe ckopocred. Eciin Te0 OXHOBPEMEHHO YyuyacCTBYET B He-
CKOJIbKMX ABHUXEHHUSX, TO €r0 CKOPOCTb PABHA BEKTOPHOH CyMME CKOpO-
CTed KaXOoro u3 3THX IOBMXKCHUH. DTO HEMOCPEACTBECHHO CJACAYET H3
NpaBUJIa CIOXECHHUS NMEPEMEUWECHUHN: TaK Kak Ar = Ar; + Ar,, To nocie
IeJeHUs Ha Af nosyuaeMm

v=v, t+ v, (3)

Wnoraa 6niBaeT ynoOHO NPEACTABATL HEKOTOPOE CI0XKHOE JABHXEHHE KaK
CYNEPNO3ULHUIO, T, €, HAJ0XEHHE ABYX IPOCTHIX ABMXEHUH. B atoM cay-
yae paBeHCTBO (3) MOXHO TPAaKTOBATh KAK IPABHMJIO PA3JIOXKEHHS BEK-
TOpa CKOPOCTHM Ha COCTABJSIOUIUE,

3apgauu

1. Ilepenpasa uepe3 pexy. CKOpOCTb TEUYEHHUS B peKe ¢ napasiesibHbiMU Ge-
peraMHM BCloly ofMHakoBa M pasHa v;. [ITupuHa peku [ (puc. 15). Karep mMoxer
MJBbITE CO CKOPOCTbIO v, OTHOCHTENbHO Boabl. Ha Kakoe paccTtosiHMe s cHecer
KaTep BHU3 M0 TEYEHUIO PEKH, €CJIM MPH Nepenpase Hoc Karepa HalpaBUTh CTPOro
nonepek Geperos?

PeweHnune. Katep yyacTByeT oJHOBPEMEHHO B ABYX JBUXEHHSAX: CO CKOPO-
CTbIO U, HANpPaBJCHHOM MOMEpeK TeYeHHd, M BMeCTe C BOAOH CO CKOPOCTBIO vy,
KOoTopas HamnpasjieHa napasnienbHo Gepery. B cooTBeTCTBUM ¢ MPaBHIIOM CJIOXe-
HHUg ckopocTel (3) mosHas CKOPOCTb V Karepa OTHOCHTEbHO Geperos paBHa BEK-
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TOPHOM CYMMeE Vi H Vo: V=V, + Vv, (pHc. 16). OueBuaHo, UTO ABUXeHUe KaTepa
NMpoOUCXOAMUT Mo npsaMoit AC, HamnpaByieHHOH BOOJb BeKTopa V. MckoMoe paccTo-

Z 17 % B &
s ] s w
/
——
—_
v, |/
1
—_
—_
7A 7z Z,AW/
Puc. 15. Tlepenpasa uepes peKy, CKOPO- Puc. 16. Cnhoxenune ckopocTeit npu mne-
CTh TEYEHHUS KOTOPOWM BCIOAY paBHA v penpase yepes pexy

AHUE §, Ha KOTOpOe cHeceT KaTep Mpu Mepernpase, MOXHO HaMUTH W3 noaobus
TpeyrojbHuka ABC TpeyrojibHUKY, 06pa3’oBaHHOMY BEKTOpPaMH CKOPOCTeH:

OTKYHOa

s Y
I v,
v
1
s=1—.
v,

ATy 3agauy JIerko peUIMTb U He rnpuberas K C/IOXKEHHIO BEKTOPOB CKOPO-
cTelt. OueBUOHO, UTO PACCTOSAHUE S PaBHO MMPOU3BENEHUK CKOPOCTH TeueHHUs
v, Ha BpeMsa f, B TeueHMe KOTOPOro Karep IMepeceKaeT peky: §; =uvyf. 3To

7A 7.

Puc. 17. Cnoxenue ckopocTe
npy nepenpase Monepexk peku

BpeMS MOXHO HaHTH, pasfe/dB LUHPHHY peKH [
Ha CKOpOCTb v, OBWXEHHA KaTepa MONepeK PeKH:
t = lfv,. TakuM 06pa3oM, HaXORUM

Yy
v,
B sroit npocTolt 3anaye sToport cnocob pelueHus
NpeAnoYTHTENIbHEE, TaK KakK o npotye. OQHaKo yxe
npu HeGOMbLUIOM YCTIOXHEHHH YCIOBUA 3ajauu cTa-
HOBSITCA OTUET/IHMBO BUIHBI MPeUMyIilecTBa MEPBOro
crnocoba, OCHOBAaHHOIO Ha C/I0XEHHH BEKTOPOB CKO-
pocTeH.

2. Ilepenpasa nonepex pexu. Tlpennonoxum,
YTO Telepb HaM HYXKHO INepenpaBMTbCs Ha KaTepe
yepes Ty Xe peKy TOYHO [MoMepek, T. e. Monactb B
TOUKY B, Jexallyi HanpoTHB HaydalbHOM TOUKH

A (puc. 17). Kak HYXHO HanpaBuTb Hoc KaTepa npu nepenpase? CKoOJIbKO Bpe-
MEHU 3aiiMeT Takad Mepenpasa?

Pewenue. B paccMaTpuBaeMoM ciyuae MojHas CKOPOCTb V KaTepa OTHO-
cuTenbHO OeperoB, paBHas BEKTOPHOM CyMMe CKOpPoOCTeH V; U V,, JOMKHa ObiTh



§ 7. CKOPOCTb 31

HallpaBsJ/ieHa nonepek pekd. U3 puc. 17 cpasy BuaHO, 4TO BEKTOp V,, BOOJb KO-
TOPOrO M CMOTPHUT HOC KaTepa, HOJIXEH OTKJIOHSTbCS Ha HEKOTOPBIM Yrosl & BBEpX
MO TEUEHHIO PeKM OT HanpasjieHUs AB. CHHycC 3TOoro yria paBeH OTHOLUEHHIO
MoAYJIeH CKOPOCTEM TeueHUs U KaTtepa OTHOCHTENbHO BOABI:
sin @ = -2, (4)
v,
llepenpaBsa ronepek pekH 6e3 cHoca BO3MOXHA TOMbKO B TOM cJyuae,
KOTZa CKOPOCTb KaTepa v, OTHOCHTE/NbHO BOAbl Go/blUE CKOPOCTHM TEYEHHUS v,.
D10 cpa3dy BHUAHO JAMGO M3 TPEYrojibHMKa CKOpocTed Ha puc. 17 (runorenysa
scerga Oosblue KaTera), JMGo M3 dopmynbl (4) (cHHYC yrna « HOJXEH OblTb
MeHblle eAWHULIbL).
Bpems rieperipaBbl { HaiaeM, pa3sge/iMB LUIMPUHY PeKHU [ Ha MOJHYIO CKO-

pocTb KaTtepa v: f=[/v. Ins v no TeopeMe [ludaropa nmeem v:\/v%—-v%.
TakuM ob6pasom,
l

U= o,
vl—v?

3. Croc npu Getcmpom meuenuu. [peanonoxum teneps, 4To CKOPOCTb KaTepa
OTHOCHTE/ILHO BOAbl MEHbllIe CKOPOCTH TeueHHUs: U, < v;. B Takom cnyuae nepe-
npasa 6e3 cHoca HeBo3MOXHa. Kak cieayer HanpaBuTb HOC KaTepa rpu repe-
npase, 4ToObl CHOC MoJyyMsics MUHHMManbHbIM? Ha Kakoe paccTosHHe S, npH
3TOM CcHeceT kKaTep?

Pewewnne. IonHas ckopocTe V KaTepa OTHOCHUTEbHO Geperos Bo Bcex pac-
cMaTpuBaeMblx cilydasx paercst cdopmysoit (3). OpHako Terepb HarisiHee Bbl-
MOJHUTB CJIOXKEHUE BEKTOPOB Vi U V, 110 MpaBuy TpeyrolbHuka (puc. 18): nep-

2z LB

! s | I s S

| 7 |

I

| |

I o,

| oy I

L |

[ |

e T TR

Puc. 18. Cnoxenue cxopoctedt npy nepe- Puc. 19. Onpenenenue kypca kartepa (Ha-
npaBe ¢ MUHHUMAJIbHLIM CHOCOM NpPaBJEHUE BEKTOPA V) JUIs MEPENpaBb! C

MHUHHMMAJIbHBIM CHOCOM

BbIM M300paxkaeM BEKTOP V;, 478 KOTOPOro Mbl 3HaeM M MOAY/b M HarpaBJeHHUe,
4 3aTeM K ero KOHLY I[pUCTPauUBAEM HAuyajo BEKTOpa V,, I KOTOPOrO H3BECTEH
TO/IbKO MOAY/lb, & HAIlpaBjIEHHUE €Ule MPEACTOUT BbIOpaTh. DTOT BbIGOP HYXKHO
ClenaTh TaK, UTOObl BEKTOP Pe3yJIbTHPYIOIIEH CKOPOCTH V KAaK MOXHO MeHbllE
OTKJIOHS/ICS OT HarnpasijieHUs AB 1onepek peku.

KoHel BekTopa V, 11pu mo6oM ero HarpaBleHHH JOKEH 1eXKaTh Ha OKPYXKHO-
CTH pafMyca v,, LEHTP KOTOPOM COBIAJAET C KOHLIOM BEKTOPA V,. ITa OKPYXKHOCTb
okazaHa Ha puc. 18. Tak Kak 110 Y¢/JI0BHIO 3ala4u v, < v}, TO Touka A’, COOTBETCT-
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Bylowas Hayasy BEKTOPA Vy, JIEXUT BHE 9TOM OKPYXHOCTH. U3 pUcyHKa BUAHO, UTO
BEKTOp V obpa3syeT ¢ npsAMoit AB HaUMeHBbUIMI Yron Toraa, KOrAa OH HanpasJieH 1o
KacaTeNbHOW K OKpYXHOCTH. CneloBaTe/IbHO, BEKTOP V, MEPINEHANKYISPEH BEKTO-
PY V, a TPEYTrONbHUK CKOPOCTeH — NMPAMOYTO/bHBINA.

TakuM obpa3om, AJig nepenpasbl ¢ MUHUMabHBIM CHOCOM HOC KaTepa Cneayer
HanpasJ/sTh BBEPX MO TEHEHUIO NOA yraoM a K NUHUK AB (puc. 19). CuHyc asToro
yria gaercs BblpaxKeHueMm

v
sin @ = =2,
vy

TpaekTopHs KaTepa HarpasjeHa BJIOJb BEKTopa V, T. €. OHa MepreHAUKY AsSpHa
HanpasieHH o, B KOTOPOM CMOTPUT HOC KaTepa. 3TO 3Ha4YUT, UTO N0 CBOEH TPaeKTo-
puu Katep apuxercs 6okom. Ha npyrom Gepery peku katep npuuanur B Touke C,
paccTosiHue S ;. 10 KOTOPOM MOXHO HalTH U3 nosobus Tpeyro/ibHUKOB:

Smin — i

l v,

Mognynib CKOpPOCTH v Haxomurcs To TeopeMe [Mudaropa: v = Vuv} —vi. B pe-
3yJibTaTe nosiyyaem

2
Vvi—ui v
=/ 2=1\/—‘ —1.
v; v

Smin = {

4. Jlodka Ha mpoce. JloaKy TIOATATUBAIOT K Bepery 3a NMpUBA3aHHbLIN K €€ HOCY
TPOC, HaMaTblBas €ro Ha paBHOMepHO Bpauawriics 6apaban (puc. 20). bapabaHn

Puc. 20. TNoarsrueanne k 6epery ¢ noMouisio Tpoca

ycTaHOBJIEH Ha BEICOKOM Bepery. C Kakoit CKOPOCTbIO U ABUXKETCH JIOAKA B TOT MO-
MeHT, Koraa Tpoc obpasyeT yron a ¢ ropusoHToM? Tpoc Boi6upaerca 6apabanom co
CKOPOCTBIO Uy,

PeweHnue. Touka A Tpoca, rie OH NMpPUBS3aH K JIOAKE, ABUXETCH C TOM Xe
CKOPOCTbIO, YTO M JI0JKa. 3Ta CKOPOCTb V HallpasjieHa NOpU3OHTaNbHO. YToGbI
CBSI3aTb €€ CO CKOPOCTbIO BhIOMPaHUS Tpoca, HYXHO coobpa3nuTh, 4TO JBHXEHHUE
Tpoca CBORMUTCA K MOBOPOTY BOKPYT TOYKHU B, rie oH kacaercs GapabaHa, U CKONb-
XEHUI0 BHOJAbL coOCTBEHHOrO HanpasieHus, T. e. npamoi AB. [lostoMy ecrecT-
BEHHO Pa3/iIoXXHUTb CKOPOCTb V TOYKH A Ha JBe cocCTasjfOlIHe V) U V,, Hanpas-
NleHHble BOONbL M Tomnepek Tpoca (puc. 21): v=v; + v;. CKOpoCTb V,, Hamnpas-
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JiIeHHa4d [onepek, cBA3aHa ¢ [TOBOPOTOM TpoOca. Moﬂyﬂb CKOPOCTH V;, HalipaBJieH-
HOM BHOJIb TpOCa, — 3TO H CCTb JaHHOE B YCJIOBUH 3ajauyH 3HAUYEHHUE CKOPOCTH

B

Puc. 2]1. PasnoxeHne CXOPOCTeM TOUYKU A HA COCTABASIOLIMUE

sBbiOMpaHua Tpoca. M3 pucyHKa BHAHO, U4TO U COS @ = vy, OTKYAa v = v;/cos d.

o mepe npubanxenus noakH K Gepery yros a ctaHosuTcs Gosnbule. 310 3Ha-
UHT, UTO €OS ¢ yObIBAaeT U MCKOMas CKOPOCTb v BO3pacTaerT.

38[18'-!8 Ald caMOCTOAdTENBRBHOTO peuwleHH4a

YenoBek HaxoAWTCs B 1ofie Ha PacCcTOsSHUU [ OT NPAMONMHERHOrO y4yacTka
mocce. Cnesa oT ceGs OH 3aMeydaeT ABHXKYLIHHCS Mo mocce aBToMOOHbL. B Kakom
HanpasJieHHWH cheayer Oexatb K ulocce, urobbl BoiGeXaTh Ha OOpOry Brepead
aBTOMOOMAIS U KaK MOXHO Aanblie OT Hero? CKopocTb aBTOMOOGUAS 4, CKOPOCTb
yesoBeKa v,

¢ OO6bscHUTE, TOUeMy BEKTOP CKOPOCTH BCETAa HampasJieH Mo KacaTeslbHOM K
TPaeKTOPUH.

e B HekoTOpblx c/Ay4asix TPaeKTODUS ABHMIKEHMS YACTHUBI MOXET MMeTb M3JO0-
mbl, TIpHBenuTe npumepsl TAKHUX ABHXEeHHH. YTO MOXHO CKasaTb 0 Hampas-
JIEHHUU CKOPOCTH B TOYKAaX, Ile TPaeKTo-
pHs MMeeT M3noM?

e B cJlyyae HENpEPLIBHOTO MEXaHHYECKO-
o OABHXEHHA BEKTOP CKOPOCTH HE HMC-
NbITLIBAET CKAYKOB HH [10 MOAYJK, HH
10 HanpasJicHHKO. IlosiBAeHHe CKauKoB
CKOPOCTH BCEraa CBA3aHO C HCKOTOpOf{
ugeaausaguen peajibHOro 1npolecca.
Kakue upeanusaumm fIPUCYTCTBOBAJIK B

NPUBEICHHBIX BAMM NIpUMepax TpaekTo-  PHC. 22. Padnoxenue CKopocTH 1poca
pHit ¢ HanOMAMM? HA TOPHUIOHTANBHYIO U BEPTHKAILHYIO
COCTAaBASIIOUINE

e Hadnute omwrubky B NpUBOAUMOM HUXE
pelieHuH 3ajayd 4. Pasnoxum ckopo-
CTb V|, TOUKM A TpOCca Ha BEPTHKA/BHYIO WU TOPHU3OHTAJILHYIO COCTaBASIONUIHE
(puc. 22). F'opusoHTaAbHAs COCTaBAAKOLIAS ¥V — 3TO M €CTb MCKOMAasi CKOpo-
cTb JoaKH. TloatoMy v = v cos ¢ (HeBepHo!).

2 E. H. Bytukos n ap. Kuura 1
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A CkopocTh Kak npou3poaHas. Bepuemcs k Bmipaxenuwo (1)
I8 MPHOBEHHOH CKOpOoCTH. [lpM IBMXXEHHUH YACTHLHI €€ pamuyc-
BEKTOpP I M3MEHHETCH, T.€. IBJIACTCS HEKOTOpOH (yHKUMEH Bpe-
MeHu: r=r(t). [lepeMemenue Ar 3a npoMeXyTOK BpeMecHH Af
NpencTasiasgeT co00M pasHOCTh PaIUyCOB-BEKTOPOB B MOMEHTHl Bpe-
MeHH { + Af u 1

Ar =r(t + At) —r(2).

TTostomy dopMyay (1) MOXHO mepenucaTh B BHIAE

r(t +Af) —r(t)

v =lim Y (5)

A0

B MaremMaTHke TaKyrw BEJIHUMHY HA3bIBAIOT MPOM3BOAHOH OT
dyukuun r(f) no spemenu f. a8 Hee HCOOAB3YIOT CIICHYROUINE
o003HaueHUS:

dr

V=W,

v=r(t), v=Tr. (6)
IMocnennee obo3naucHue (TOuxka Haj OYKBOM) XapakTEPHO HMEHHO
AJIsE IPOU3BOAHON mo BpeMeHM. OTMETHUM, YTO B NAHHOM CjIydae Ipo-
M3BONHAg mpencrasiser coboi BEKTOp, TAK KAK MOAY4aeTCss B pe-
syabprare AuddepeHIMPOBAHUS BEKTOPHONH DYHKUMH MO CKAJISPHOMY
apryMeHTy.

Ing MOyt MPHOBEHHOM CKOpPOCTH B COoOTBETCTBHMH C (2) crpa-
BEIJIMBO BRIpaXX CHUE

§ 8. Ycuopeune

Tosbko NpHu NPEMOJIHMHEHHOM PABHOMEPHOM IBMXEHMM YACTHIBI €€ CKO-
pOCTh v OCTaeTcst HemaMeHHoM. Bo Bcex ocTanpHBIX CIydasx BEKTOP CKO-
pocTH M3MeHdercd. IIpM NpAMOJMHERHOM HEPABHOMEPHOM NBMXEHHUHU
H3MEHAETCS MONYJ/ib CKOpOCTU. [Ip¥ KPUBOJIMHEHHOM PABHOMEPHOM HBHU-
XEHUHN HM3MEHSETCS HANpaBACHUE CKOPOCTH. B ofueM ciyyae HepaBHO-
MEPHOro KpPMBOJIHMHENHONO IABMXXEHHUS HU3MEHSETCH U MOIY/b, U HAmNpas-
nenue ckopocty. Ou3Mueckas BEIMUMHA, KOTOpas XapakTtepuayer Owic-
TPOTY M3MEHEHHUS CKOPOCTH, HA3RBAETCS YCKOPEHUEM.

Ilycth 3a mpOMEXYTOK BpeMEHH Af BEKTOpP CKOPOCTH H3MEHSETCH
OT 3HAUEHHS V, A0 3HAueHUS V,. OTHOWIEHME H3MEHEHHS CKOPOCTH

Av =V, —V, K IPOMEXYTKY BpEMEHH Af Ha3BIBAETCA CpeOHUM YCKO-
peHueM 3a ITOT MPOMEXYTOK:

A
ag, =4 , (1)
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yckopeHne — Bextop. CpenHee yckopeHme Mpeacrasiser cofoil BeK-
Top, HanpasJeuubid BA0Ab Av. OH xapakTepusyer OBICTPOTY M3MCHEHNH
CKOpPOCTH 32 OHpPEAC/ICHHBIH KOHEUYHHIN MPOMEXYTOK BpemeHH. Heorpa-
HUYEHHO YMEHBIIAS 3TOT NPOMEXYTOK, IPHXOANM K (bU3NUECKOil BEIH-
YnHE, XapaKTepu3ywmen GhCTPOTY M3MEHEHUSI CKOPOCTH B AAHHHIN MO-
MEHT BPEMEHH, DTa BEJIMUMHA HA3BIBAETCS YCKOPEeHUEM:

a=lim2¥
Ao AT (2)
B oranume OT BEKTOpa CKOPOCTH, KOTOPBIM BCErga HAmpas/ieH mo Ka-
CATEJIBHOM K TPAEKTOPUM, BEKTOP YCKOPEHHS MOXET HMMETh COCTABJS-
[OlINE, HANpaBJICHHBIE KAK MO KAacaTeJbHOW, TaKk W MO HOPMAnH K

TPAacKTOPUH.

HanpasieHue ycKopeHus. BexTop yCKOpEHHUS HampaBJieH BAOJIb TPaek-
TOPHM TOJIBKO TOTAA, KOTAA 3TA TPACKTOPUa NpsmosmHeiHaqa. Ecnn ua-
CTHLIA YCKODSIETCS, T.€. MOAYJb €€ CKOPOCTH pacTer, TO BEKTOP
Av = v, — v, HampasJicH BAOJIb TPACKTOPHM BIEepeA. Takoe Xe¢ Harpas-
JIEHNEe MMEET U BeKTOp yckopeHud. Ecam aBuxenue yacTuupl 3aMensig-
ercs, T. €. MOAYJIb €€ CKOPOCTH yORBAeT, TO BEKTOP YCKOPEHNS HAMPAB-
JIEH BAOJIb TPAEKTOPHM HA3afA.

BexTop yCKOpPEHMS HAmpaBJieH CTPOrQ MOMEPEK TPACKTOPHUH TOJIBKO
Mp¥ PaBHOMEPHOM [BWXEHHMA MO KPHUBOJMHEWHOH TpPAacKTOPHMH, KOraa
MOAyJib CKOPOCTM HeuaMeHeH. Ecinm BEKTOp CKOpPOCTH MO MOAYJIK He

Puc. 23. Ipupauenme ckopoct Av npu Puc. 24. IlpupauweHue CKOpPOCTM TNpH
PABHOMEPHOM [BHXXECHUW 110 KPHMBO/IMU- PARHOMEPHOM ABMXXEHHUH IO OKPYXKHOCTH
HEMHOM TPaexTOpUH

MEHSETCS, TO BCE €r0 M3MEHEHHE CBOAMTCH K MoBopory. Ilpu stom, pa-
3yMeeTcs, BEKTOPbl CKOPOCTH Al PA3HBIX MOMEHTOB BpeMEHM M300pa-
XKAKTCA BHIXOAALUIAMM M3 OJHOM TOYKM, XOTH STH BEKTOPHl COOTBETCT-
BYIOT pPasHbiM TO4YKaM Tpaektopuu (puc. 23). BumHo, utro BekTOop Av,
a CJAeA0BATEIbHO, ¥ BEKTOpP YCKOPEHMS HAMpaBjcHBI B CTOPOHY BOTHY-
TOCTH TPAEKTOPHH.

PaceMoTpyM yacTHBIM chaydail ABMXKEHHSA MO KPUBOJMHEHHON Tpack-
TOpPHM — DPABHOMEPHOE ABMXKEHHNE MO OKPYXHOCTH paguyca R (puc. 24).
B 5ToM cnyuae BexTop yckopenus B 000 TOUKE TPAEKTODHH. HATIPAB-

Je
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JIEH K LEHTPY OKPYXHOCTH. C 3THM CBSI3aHO €ro Ha3BaHHUE — UEeHMPO-
cmpemuntelbHoe YCKOpeHuUe.

LleHTpOoCTpEMHTENbBHOE YCKOpPeHHe. Moay/ib LEeHTPOCTPEMHUTEBbHOIO
YCKOPEHHS 3aBHCHT OT paauyca R OKPYXHOCTH H MOAYJS CKOPOCTH V.
s BeiBOga OPMYyJIbI, BHIPAXAWUEH 3Ty 3aBUCHMOCTb, PACCMOTPHM
aBe GAM3KME TOUKH TPAEKTOPUHM A M B, B KOTOPBIX UACTHUA HAXOIUTCH
yepes mpoMeXxyTok BpeMmenu At (puc. 24). Paguycm OA u OB, npose-
JEHHHIC U3 HeHTpa O OKPY>XXHOCTH B J3TH TOUKH, NMEPHEHAUKYJISPHBI CO~
OTBCTCTBYIOIUMM BEKTOPAM CKOpPOCTEH V U V + Av,

[Tepenecem BexkTOp Vv + AV HAasaa mapasjiienbHo camoMy cebe Tak,
yTOOH €r0 HAYAJI0 OKa3ajJ0Ch B TOHM X€ TOUKE A, UTO M HAUAIO BEKTOpA
v. Toraa BexKTOp mNpupawWeHus CKOpocTd Av OyxerT 3aMbKaTh Tpe-
VTOIBHUK, OBPa3oBAHHBIA OTHMM BEKTOpaMM cKopocTei. M3 moaoGus
paBHOOEIPCHHBIX TPEYTOJIbHNKOB HA puc. 24 caeayer

Av __ AB
v R
Havna xopawl AB npu Af— 0 Bce MeHble M MEHBUIE OTIMYACTCH OT
mnHbL qyru AB, pasuo#t vAt. [Tosromy npu Af— 0 Haxogum
a=lim2Y = U—Z (3)
Aol T R

[MonyuenHoe Bripaxenue (3) A1 LEHTPOCTPEMHUTENBHOIO yCKOPCHHS

CIpaBeNJIMBO NPH PABHOMEPHOM ABHMXKEHHH IO 00O KpPHUBOJHMHEHHOM

A
0
Puc. 25. Mpubmoxenne yHacTKOB KPHUBOJIH- Puc. 26. K HaxXOMAEHUIO LUEHTDA arl-
HEeMHOH TPAEKTOPHM TyraMu OKpyXHOCTerH NPOKCHMHPYFOLIEN OKPYXHOCTH

TpaekTopun. Jleao B TOM, 4TO AOCTATOMHO Manblil ydacTok aioboi niaas-
HOM KPMBOH MOXHO NMpuONMXEHHO PaCCMATPHBATH KAK AYFY HEKOTOPOMH
okpyxHocTH. [TonoXxeHue WeHTpa ITOM OKPYXHOCTH M ee pamuyc OyRyT
CBOMMH /19 KaXI0# TOUKHM TpaekTopuu (puc. 25).

Ins reoMeTpuyeckoro onpeAefieHds! TIONOXEHHMS LEHTpa W paguyca
HYXHO B35Th ABE OJM3KHE TOYKM KPUBOJIMHEHHON TPAaeKTOpHH, NpOBe-
CTM B HMX KAacaTesJbHHE M TOCTPOMTH TEPNEHAUKYASIphl K 9TMM Kaca-
TenpHeM (puc. 26). LleHTp OKPYXHOCTH, anmpoKCHMHpYIOWEH KPHBO-
JHHEHHYIO TPAEKTOPHI0 B TOUYKe A, HaXOAUTCH KaK IpenesibHOe I0JIO-
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xeHue TOUukM (O MEpeceucHWd 3THX MECPNCHAMKY/JISpPOB NpH HCOrPAHH-
4eHHOM YMCHBUICHNHM JJHHBL Oy AB, T. €. NpH CTPEMJCHHH TOUKH
B kK Touke A.

TaxnMm 06pazoM, Mob0€ ABHXEHME MO KPUBOJUHEHHON TPAaEKTOPHH
MOXXHO MPEACTABHTh KAaK JBMKCHHE MO AYTraM OKPYKHOCTEH, LIEHTPHI M
pamMyChbl KOTODBIX H3MEHSIOTCS OT TOYKHM K TOUKE TpaekTopuu. Ilpm
paBHOMEDHOM JBHXECHHH BEKTOD YCKOPEHMS B KaXJOH TOUKE TPAEKTO-
pUM HAamnpaBjiEH K LEHTPY COOTBETCTBYIOMIEH OKPYXHOCTH, T. €. Iep-
[CHAMKYJISPHO KAacaTEAbHOM K TPACKTOPHH, d €ro MOAYJb JACTCH TOM
xe dopmyaoit (3). IlosToMy B OTAHUHE OT PABHOMEPHOrO ABHKEHHS
no OKPYXHOCTH, TA€ BEKTOP YCKOPEHHMSI HE HM3MEHSETCS [0 MOAYJIO H,
[OBOPAUHBASICh, CMOTPUT BCE BPEMS B OGHY TOUKY, MPH PABHOMEPHOM
ABMKCHHH MO NMPOU3BO/IbHOH KPUBOM BEKTOP VCKOPECHMS YXE HE coxpa-
HAETCS 110 MOAYJIO H, W3MCHSISl CBOE HAMPABJICHHE, YXE€ HE CMOTPHT B
ogHy TOuky. OAHAaKO B KaXXAOW TOUKE OH HAMpPA4BJACH MO HOPMAjid K
TPAEKTO PUH.

B of6uweM cayuae nmpd HEPABHOMEPHOM [ABHMXEHHM MO NMPOH3BOJBHOM
KPMBOJTHHEHHOH TPACKTOPHH BEKTOP YCKOPEHHMS MOXHO MpPEACTABHTH B
BUAE CYMMBI JABYX COCTABASIONIMX: TAHTCHUHAMbHOW H HOPMAJbHOH.
TaneeHylaibHOe YCKOpeHue HATIPABACHO MO KACaTeJbHONW K TPACKTOPHH
¥ XapaKkTepu3yeT ObICTPOTY M3MEHEHU MOIAYJ CKOPOCTH. Hopmanbroe
yckOpeHue HATIPABJCHO B KAXIOHW TOUKE K LIEHTPY OKPYXHOCTH, aMmnpo-
KCMMHPYIOIUEH TPAEKTOPHIO ABMXCHHS B 3TOW TOUKC, M XapPaKTEpPHU3yeT
OBICTPOTY M3MEHEHMS HATIPABJCHHS CKOPOCTH.

o OObsICHUTE, MoueMy IPH PaBHOMEPHOM KPUBOJHMHEHHOM ABHXEHHM BCKTOP
YCKOpPEHHS B KaXAOM TOUKE Harpas/jeH NeprneHAUKYISpHO TPAacKTOPHUH.

¢ Onuwute crocob HaxoXAeHHUS LEHTpa W pajuyca OKPYXHOCTH, amrmpo-
KCHMUpYIOUEH AaHHYO TpaeKTOpHIO B KaKOH-NHMOO ee Touke.

¢ B Kakyl cTOpoHy — Brepea WM Ha3ad — Hanpab/eld BEKTOp TaHTeHuWallb-
Horo yckopeHusa? JpyruMu clioBaMH, HamnpasJfieH OH BAOJIb BEKTOPA CKOPOCTH
WK NIPOTHBOIONIOKHO eMy?

& Ycxopenve — mnpou3BojHas cxopoctd. Ilo amanormm ¢ ¢op-
mynoi (5) nmpeasaymero naparpadga, paccMaTpuBas CKOPOCTbh V KakK
BEKTOPHYIO (PYHKLIMIO BpPEMEHHM [, MOXHO CKa3aTb, UYTO OMNpeje-
naemoe dopmynoit (2) yckopeHue a mnpeacraBasger cobod mpous-
BogHYI0 GyHKUHHU Vv(I) mo BpeMeHM {. Mcnoib3ysa nasi NpoM3BOAHOM
Te e oboszHaueHus, yro U B dopMmyse (6) npeasgymero napa-
rpacga, MOXHO HANKUCATh
dv

=-, a=v(l), a=w. (4)

a

CpaBHuBas 2TH OPMYJabi C COOTBETCTBYIOIUMMH BbIPA’KECHHUAMH
(6) u3 § 7, MOXHO OTMETHUTD ONPEACTCHHYIO (DOPMATBHYIO AHAJIOTHIO
MEXOY CKOPOCTBIO M yckopenueM. [1ycTh KOHel paauyca-BekTopa
ONKCHIBAET HEKOTOPYIO TPAEKTOPHIO, KaK MOKa3aHO Ha puc. 27. B




38

I. KHHEMATHKA

KaX bl MOMEHT BPEMEHHU BEKTOP CKOPOCTH HANMPABJIEH MO KACATE/Ab-
HOJt K TpaekTopuH. M306pa3um Bce BEKTOPBI CKOPOCTH V|, V, M T. I.
IAS Pa3HbIX MOMEHTOB BPEMEHHU TaK, UTOOB OHM HAUMHAMUCH U3 Of-
Hoi Toukn A (puc. 27). IIpn ABHXEHHUH YACTHLUBI MO TPAEKTOPHHU KO-

Puc. 27. l'oporpad BexTopa cKOpOoCTH — Kpusasd MN. BekTOp YCKOPEHHS 8 HANpPaBJeH
no kacarensHoW x roporpacdy ckopocTH

Hell BEXTOPa CKOPOCTH H3a TAKOM ueprexe OyaerT OMMUCHBATH KPUBYIO
MN, HasbBaeMyw zodozpagom BekTOpa ckopoctu. Mcnmonbaysa aty
TEPMHHOJIOTMIO, MOXHO CKa3aTb, YTO CaMa TPAEKTOPHUS YACTHLHI SB-
nsercsa ronorpadoM ee pagMyca-BeKTOpa.

Tenepsb Jerko cooOpazutb, UTO BEKTOP YCKOpeHHs HA puc. 27 Oy-
OET B KAXOOH TOYKE HAMPABJEH MO KacatenabHo# K ropmorpady MN
BEKTOPa CKOPOCTH, MOAOOHO TOMYy KaK BEKTOP CKOPOCTH HAaMmpaBjeH
MO KAacaTeJpHOH K TPAaeKTOPHM Ha puc. 14,

C noMoIIb0 OMUCAHHON AHANOTHH J1eTKO HAUTH GOopMyTy Aist MO-
Oy/s LeHTPOCTPEMUTEABHOTO YCKOPEHHUS NPU PABHOMEPHOM JIBUXEHHH

M

\]

a

Puc. 28. BekTop CKOPOCTH NMPH PABHOMEPHOM [IBMXEYMM MO OKPYHHOCTH (@) M ropo-
rpad BekTopa ckOPOCcTH (6). BeKTOp yCKOpEeHHUsS B KaXKA0M TOYKe TPaeKTOPHUM HAnpas-
JNIEH K LEHTPY OKPYKHOCTH

no okpyxHoctu, [ogorpad cCKOpocTH A1 TAKOrO OBMXEHUS MOKA3aH
Ha puc. 28. IToka yacTHLA coBepIaeT On¥H 000 POT MO TPAEKTOPHH, KO-
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Hel, BEKTOpa CKOPOCTH COBEPMAET OXUH 060poT no rogorpady. Moays
CKOPOCTH YaCTHIB PABEH OTHOLIECHHIO JJIMHH OKPYXHOCTH 2RAR K ne-
puony obpauteHus T
__2nR
===
AHaNOTMYHOE COOTHOMICHHE, ECTECTBEHHO, CBA3BIBAET MOXYJb YC-
KOpPEHHS a ¢ paguycom rogorpacda cKopocTH v;
2nv
ar
CpaBHuBasg 3tu ¢opMyabl, nmoayyacm

‘U2

a=7,

a cpaBHuBas puc. 28a, 6, ybexmaeMmcsi, YTO BEKTOpP YCKOPEHHMS a B
KaXIbli MOMEHT BPEMCHHM HAampaBJeH NPOTHBOMOJIOXHO pagMycy-
BEKTOPY YacTHUB AJS 3TOTO K€ MOMEHTA BPEMEHH, MPOBEIEHHOMY
M3 LEHTPA OKPYXHOCTH: YCKOPECHHE @ HANMPABJAEHO K LEHTPY OKPYX-
HOCTH, SBJASIOMIEHCS TPAECKTOPUEH ABHXEHHS,

TaHreHHa bHOe M HOPMajabHOe yckopeHHs., OCTaHOBMMCS NOX-
pobHee Ha BrBOAE POPMYJ IS TAHTEHUHMAIBHOIO H HOPMAJBHOTO yC-
KopeHHil. [Insg 37010 3anMmeM BHIPAXEHHE AJS BEKTOPAa CKOPOCTH B
ONpPERCACHHOM TOUYKE KPHMBOJIMHEHHON TPAaeKTOpHM B BHUAE

V= (5)

Il€ v — MORYJb CKOPOCTH, 3 T — BCKTOP, PABHBIA MO MOXYJIKO €XHU-
HHLE ¥ HANpaBJEHHHIHA BROJb KACATEJBHOH K TPAEKTOPUH B TY CTO-
POHY, Kyna RBHXETCd 4acTHuA, ByxeM mis KpaTKoCTH Ha3biBaTh €10
COMHHYHBIM BEKTOPOM KacaTeabHOoi. [IpH ABHXEHHMH uacTHUH MO
KPHUBOJIMHEMHOI TPAeKTOPHH MEHSETCS TOMBKO HANpPaBJCHHE BEKTOPA
T, a ero MOAY/Ib OCTAETCSd HEM3MEHHbIM M PABHHEM EIMHHMLE,

Tax Kak yckopeHHe B COOTBETCTBHH ¢ (2) paBHO NMpPOM3BOXHOM
CKOPOCTH 1O BpEeMEHH, TO, mpuMeHds K (§) npasuno auddepeHuu-
POBaHMS NMPOM3BEREHHA ABYX (DYHKLHMH, MOXHO HanmHCaTh

v _dv 43
a_dt_dtt-'-vdt' (6)

Iepeoe cnaraemoe B NpaBOd YaCTH — 3TO TAHTEHLMAJBHOE YCKOpE-
HHE: BMOHO, YTO OHO HAMpPAaBJEHO MO KACATEJABHOH K TPAEKTOPHH
BMEpeR, KOrga MOAY/ab cKOpocTH pactet (dv/dt > 0), W Ha3an, Koraa
Monysp cKopocTH yowmBaer (dv/di < 0).

Bropoe cinaraemoe B MPaBOiM YacTH — 3TO HOPMAJIBHOE YCKOpE-
HHE, HAMpaBJEHHOE MEPNEHIUKYAAPHO KACATENAbHOH K TPAEKTOPHH.
Yto6n1 y6enurbea B aTOM, NpeobpasyeM BXOASLIYIO B HETO NIPOM3BO-
HYI0 dt/df cnepyromum obpa3om. Hanpasaenue exHHMYHOIO BEKTOPA
T GaKTHUYECKH 3ABHCHT OT MOJOXCHUS YACTHLB HA TPACKTOPHH, KO-
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TOpOE MOXHO 33aBaTh AJMHOM Ayrd s. [109TOMY ero 3aBUCHMOCTb OT
BPEMEHHM OINPEAEISETCS 3aBUCUMOCTBIO OT BPEMEHM AJIMHEL AYTH S(Z):
t(2) =t(s(r)). Duddepernupys t(¢) Kax CIOXHYK DYHKIHUIO Bpe-
MEeHH, HAHaeM

dt dvds __dt

T dsdt - ds Y 7

3aecs MBI BOCIOJIB30BAIUCh TeM, 4YTO ds/dt = v. CMBICT MPOMU3-
BOAHON dt/ds nerko ysacHuTh U3 puC. 29. Bce u3MeHeHHMe BeKTOpa
T IpM Mepexode 4YacTUIbI U3 TOUKM A B
OMU3KyI K HEH TOUKY B, OTCTOAWYIO MO
TPAaEeKTOPHUH HA JIMHY OYTM ds, CBOAMTCS K
MOBOPOTY HA HEKOTOPHIM Majelii yron da.
TloatoMmy mna Momyna dt BekTopa dt MOX-
HO HaINHUCATh

o g e+ dn

dt=da.
CaM BeXTOp dt MOXHO NPEACTABUTh B BUAE

dt=nda,
Puc. 29. K suumcnesmio TAE M — €AMHUYHbIA BEKTOp HOpManu K
[1POM3BOAHO TPAEeKTOPUM, HAMNPABJCHHBIA U3 JaHHOU

TOYUKU TPACKTOPUU K HeHTpy (O ammpo-

KCUMUpYIOIIeid ee oxkpyxHocTd. M3 puc. 29
BUAHO, YTO ANUHY ds AyrM AB MOXHO BBIPAa3UTE 4Yepe3 paguyc
R annpoKCHUMHUPYIOWIEH OKPYXHOCTH:

ds =R da.

B pesyabTate dt/ds MOXHO NMpPEACTABUTh CAEAYIOLIUM 00pa3OM:
dv _nde_n
ds~ Rda R’ -

nocne yero BepaxeHue (7) MpUHUMAET BUJ

dt v
@ =r™ (8)

Tenepp MOXHO HAMMCATh OKOHUYATENBHOE BHIPAXKEHHME A YCKO-
peHus a, noacraengsa dv/dt B (6):
2
a= % T+ % n. (9)
TTOCKONBbKY €IMHMYHBIM BEKTOP HOPMATM N BCErAAa CMOTPUT B CTO-
POHY BOTHYTOCTHM TPAEKTOPUH, BEKTOD MOJHOIO YCKOPEHMd @ MO OT-
HOWIEHHIO K TPAEKTODHH MOXET OnTh HAMpPABJEH TOJBKO TaK, KaK
nokasaHo Ha puc. 30.
Qopmyna (9) daktuuecku npeacraBager coboil pa3noxeHHe BEK-
TOpa a Ha ABE COCTABJAGIOINME, Takoe pasNoXEHHE, KOHEUHO, MOXET
GHITh BBHIMOJTHEHO GECKOHEUHBIM UMCIOM crocoboe. Hamumii criocod
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3aMEYaTEEH TEM, YTO IBE B3aUMHO [EPIEHIUKY/ISPHBIE COCTABJISIO-
e BEKTOPA YCKOPEHHS MMEIOT SICHBIM (DM3MUYECKUI CMBIC/T: ONHA U3

>0 v<0

Puc. 30. PacnosioxeHue BEKTOPA & MOJHOINO YCKOPEHHUS N0 OTHOLIEHMIO K TPAEK TOPHHU

A
HUX XapaKTEpU3yeT ObICTpOTY M3MEHEHMS MOAYJsS CKOPOCTH, a Ipy-
ras — OBICTPOTY M3MEHEHMS €r0 HarpaBJEHMS.
ITo Teopeme IMudaropa mjs MOxyJsis MOJHOTO YCKOPEHHS UMEEM

2
a= dv vt
dt R
¢ OO6mBACHUTE, MoUeMy BEKTOP dt/ds HanpasjieH BAOMb BEKTOpPaZ M HOPMaH
K TPaeKTOPUH.
e TloueMy paBHbI YIJibi, OTMEUEHHbIE AYXKaMU Ha puc. 29?7

e OT uero 3aBUCUT YroJl OTKJIOHEHUA BEKTOpa & NOJIHOI0 YCKOPEHUSA 4acTH-
Libl OT HanpapJICHUL HopMallk K TpaCKTOPHH? A

§ 9. OpHomMepHoOe ABHIKEHHE

TIpy ABMXEHMH MO 33aAAHHOM TPACKTOPHMH IOJIOXEHHE YACTHUBI MOJIHO-
CTBIO ONpEAE/ISeTCS 3aJaHNeM OAHOM BEJIMYNHbBI — KPHBOJIMHEHHOM KOOp-
AMHATHL, B KAYECTBE KOTOPOil yaoOHO B3ATh paccTosiHue [ BAOJIb TPaeKTO-
PHM OT HEKOTOPOH HauanpHOil Touku. HanpuMep, nosoxenue aBToMoOH-
sig Ha wocce Cankr-Iletep6ypr—MockBa MOXHO 3agaBaTh, yKasbiBas, Ha
xakom kusometpe ot Cankr-TlerepOypra on Haxomurcs. TIpu ABMXEHUH
3TO paccTOSHUE [ UBMCHSACTCS CO BDEMCHEM, T. €. €TI0 CJICAYeT pacCMaTpu-
BaTh Kak (yHkumwo BpemeHu: [ = [(t). HarnsgHoe npencraBaeHue o6
9TOM (HyHKUMM A8 KOHKPETHOTO ABMXKCHUS NACT epagdhuk dduxeHus, Ha
KOTOpOM IO TMOpHM30HTAJIbHOM OCH OTJIOXEHO BpEMS f, a MO BEPTHKAJb-
HOM — pacctossHuE [ OT HayaJbHOU TOYKH.

Tpapux nsuxenus. Eciu aBMXEHHE NMPOUCXOAUT BCE BPEMS B OIHOM
HanpasJIEHUM, TO PacCTOSHME [ COBNAAAET C MPOMICHHEIM OT HAyaJbHOM
TOYKHM myTeM As M Ha rpaduke M300paxkaeTcss MOHOTOHHO BO3pacTaro-
mwen ¢ynkuued. Ilpumep rpacdmka Takoro IBMXEHUS MNPUBEICH HAa
puc. 31a. Teno HauMHaeT ABMXEHHUE B MOMEHT BpeMeHH ¢ = ( U3 TOYKH,
NPUHATON 33 HA4aJ0 OTCYETA paccTOSHUS [ BHOAb Tpaektopuu. [ pacdux
Ha puc. 316 cOOTBETCTBYET CAy4Yalo, KOrma Teao B MOMEHT ¢ = 0 mpoxo-
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IOUT yepe3 TOUKY, MPHUHATYI 33 HAYaJo OTCUETA PACCTOSHHH, XOTA €ro
IBHXEHHE MPOMCXOMUIIO H IO 3TOro MomeHTa. IIpH 3TOM OTCUuMTHIBae-
MEI€ Ha3aj OT HA4aJbHOH TOUKH [ == 0 pacCTOAHHMA CUMTAIOTCA OTpPHUA-
TENBHBEIMH, KaK W MOMEHTH BpPEMEHH, MNPEOIIECTBYIOUHE MOMEHTY

Puc. 31. IM'padmk aBrdKeHus B OIHOM HaripasieHUH

t = 0. I'pacbuk Ha puc. 318 cOOTBETCTBYET ABHXEHHIO, KOTOPOE HAYAIOCh
B MOMEHT ! = 0 M3 TOUKH, OTCTOSIEH HA PacCTOSHHE [, OT MecTa, MpH-
HSATOIO 33 HAYaJO OTCYETA.

B orTaHune oT rpadMyeckoro M300paxeHHs TPAEKTOPHH, MO KOTOPO-
My JIETKO CYAMTb O HAMpaBJEeHHH CKOpOCTH (KacaTeibHas K TPaeKkTo-
pHH), HO HHYErO HE/b3f CKAa3aTbh O €€ MouyJe, rpadHK ABHXEHHMS MO-
3BOJISICT CYAHTb O 3HAYEHHH CKOPOCTH B KaXAHKH MOMEHT BPEMEHH: UEM
Kpyue HAKJOH rpaduka, Tem ObiCTpee MPOHCXOMMT HBMKEHHE. 31ech
MO>XHO BBECTH IO ONPENEAECHHIO CKOPOCTb

v, = lim A—l,
Y'Y (1)
KOTOpas XapakTepH3yeT OhICTPOTY M3MEHEHHS KPHBOJHMHEHHOM KOOpIH-
Hatet [, [pn yBenuuenuu [, korma Al>0, v, moAOXUTE/NbHA; NPH
yMeHbiIcHEHY [, Korna Al <0, v, oTpHuaresnbHa, JIerko BHAETH, YTO MO-
AyJb v; COBIAJAET C MIHOBCHHOM CKOPOCTBIO NMPOXOXIEHUS MYTH, Onpe-
mensemoit ¢opmysoin (2) § 7. Ha
rpacguke ABMXEHUS BO3PACTAaHUKO [
A COOTBETCTBYET TOJOXHTE/NbHbBIH Ha-
KJIOH KpHMBOH, yOmBaHMIO [ — OTpH-
uaTeapHbA HakA0H. KoHeyHo, HHUKa-
koil mHbopmauud o dopMe caMoi
A"' B TPAEKTOPHHU ITOT rpadHk yxe He co-

0 NGB ¢ HCPXHT.
Pyc. 32. Yuactox O A cOOTBETCTBYET PaB- [ipn  pasHOMepHOM HB.},{XEH""’
HOMEPHOMY JBHXEHHIO B OIHOM Hanpas-  1- €. ABHXEHHH C MOCTOSHHOH IO MO-
feHuH, yuactox AB — pasHomepHomy HYJIIO CKOPOCTHIO, rpaduK u3obpaxka-
ABMKEHWIO B 0GPATHOM HarpaBieHKHH erca npamoit auHHer (yuyactok OA
Ha pHc. 32). Jlerko BuaeTb, UTO TaH-
reHC yrja HakJOHa @ 3TOro y4acrka rpaduka K OCH BPEMEHH YHCJIEHHO
pPaBEH CKOPOCTH OBHXEHMS. Y4acTOK AB COOTBETCTBYET PABHOMEDPHOMY

/A
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ABHXKEHMIO B 0OPAaTHOM HANpaB/IE€HMH: PACCTOSHUE [ OT HAUAJBPHON TOU-
ku O ybmniBaer co BpeMeneM. CKopocTb v, = Al/Af Ha ITOM y4acTKe OT-
pHLATEIbHA, TaK Kak Al < 0. Hakson rpaduka Ha 310OM yuyacTke OTpu-
HATENbHBIA, 3 3HAUEHHE CKOPOCTH v, MO-TMPEXHEMY PABHO TAHPEHCY OT-

pHLIATENBHOIO Y13 HAK/IOHA f.

TIpn M3yueHHM OBHXCHHUS IO 3a0AHHOM TpaekTropuu Oynem B najib-
HeiimemM 00603HauaTh CKOPOCTh v, uepe3 v. [Ipu omucaHuu NBHXEHMS Ha-
psaay ¢ rpadpukoM, u300paxalomUM 3aBUCHMOCTb PAcCTOSHUS [ OT Bpe-
MEHH [, yIoOHO paccMaTpuBaTh TakXxe W rpadmk ckopoctd. Ins pasHo-
MEPHOrO NBHXEHHS TrpaduK 3aBUCMMOCTH CKOPOCTH OT BPEMEHHU
npeacrasaser coboi ropusoHTanpHyw OpsMyw (puc. 33). Ilyts As,
OPOXOAMMBIA 332 MPOMEXYTOK BPEMEHM Al ={, — [, HA 3TOM PHCYHKE

p300paxaercsd IUIOWAABID MPAMOYTOJbHHKA, OFPAHMUYEHHOrO OCBIO I,

vh "

lo

0 4 Lt 0 T
Puc. 33. 'paduk ckOpocTH paBHOMEPHO- Puc. 34. I'paduk paBHOMEPHOTO ABMKEHHS
o ABHUXXKEHH Y

ABYyMS| BEPTHKA/IbHHIMHM OTPE3KAMH, TPOXONSMIMMH UEpe3 TOUKH [ U [,,
U rpacukoM ckopoctd v(f). Takass reoMeTpHuecKasi MHTEPIPETALUS CO-
orBeTcTByeT dopMmye

As = v Al

[Ipumenss aty ¢opMyay K NpoMexXyTKy BpeMeHH oT [ = () A0 HEKOTO-
POro MOMEHTA {, MOXHO HAMUCATb BHPAXEHHUE 19 KOOPAHHATH [ B 110600
MOMEHT BPEMEHHM [ MPH ABHXEHHH C MOCTOSAHHOM CKOPOCTBIO v:

(1) = 1y + vt. (2)

3necp [, — 3naueHue koopauHatu [ mpu =0, 1. e, [, = [(0). Tpaduk
ABMXEHMS, OMUCHBaeMoro ¢dopMysaoil (2), mokasaH Ha puc. 34.

IIyts Ha rpadmke ckopocTd. PaccMOoTpuM Tenepb ABHXEHHME, rpadMk
CKOPOCTH KOTOPOro moxasad Ha puc. 35a. Ha npomexyrtke spemeru ot 0
IO f| ABMXXEHHE MPOHCXOAMUT € MOCTOSIHHOH CKOpOCTBIO v;. B MomeHT

[ = {, TeJ0 OCTAHABJIMBAETCH M HAUMHAET ABUIATHCS C MOCTOSIHHOM CKOpO-
CTHIO v, B MPOTUBOMOJIOXKHOM HanpasaeHun., OueBuaHo, uto vy < 0. ITyTs,
NpoiineHHblAl 33 MPOMEXYTOK Bpemenu ot 0 no f,, uaobpaxaercs mio-
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UIANbI0 BEPXHETNO MPSIMOYTOJbHUKA U PaBeH v ¢;. Ecau nBuXeHue Hauu-

Haercd U3 Touku ! = 0, xak nokasaHo Ha puc. 356, To paccrosHue / B JI10-

foif MOMEHT BpPEeMEHH ! < f; COBNAAAET C MPONIEHHBIM K 3TOMY MOMCHTY
NyTeM U AaeTCs BbIPAXKeHUEM

I(y=vi (=<1)).

[TyTb, npofimeHHBI 33 IPOMEXYTOK
BPEMEHH OT f; MO f,, M3o0paxaercs ILIO-
IMAnbl0 HUXKHErO NPSMOYIOJbHHMKA M pa-
BeH —u,(1, —1,), Tak kak v, <0. Ilo-
CKOJIbKY IIOC/IE MOMCHTA BPEMCHU [ =1,
TEA0 NBMXETCH B OOpPATHOM HAampasJe-
HUHM, TO paccTogHue [ OT HAUYaJbHOH
TOUKH Tenepb yObIBAET M yXE HE COBMA-
JACT C MPOUACHHBIM K 3TOMY MOMEHTY
= mnyteM. Paccrosuue [ npu > {; naercs
BHIPAXXEHHUEM

vk a
vyl

Puc. 35. Ha rpaduke ckopoctu
paccrosnue  usofpakaercs  3a- (D=t +u,(t—1) (,<t<ty),
LITPMXOBAHHOI TIOWAALK)

rae BTOpPOE cjaraeMoe B IPaBOM 4acTH
oTpUMuATENbHO. g onpeneseHus MyTH, MPOMACHHOTO K MOMEHTY Bpe-
MCHHU [ > {;, B 3TOH bopMysec HYXKHO HU3MCHUThb 3HAK Iepel BTOPhIM
cnaraembiM. Kak BUOHO U3 puc. 356, B MOMEHT BPEMEHHU !, TEJO BO3-
BpauwlaeTcs B UCXOAHYIO TOouky [ =0, a mpolfieHHHI# UM K 3TOMY MO-
MCHTY MyTb paBeH 2v;f.

o TlocMmoTpHuTe Ha rpadMk OBMXKEHMS, Mokal3aHHBIMA Ha puc. 36. Oxapaktepu-
3yire ABUXEHHe Tena B KaXIbli M3 YKa3aHHbIX MPOMEXYTKOB BPEMEHH.

!

of 4 f ONP? t

Puc. 36. Kak ABHXKETCS TeN0 HA KAXJOM M3 y4ACTKOB?

e Y7o 03HaualOT M3NOMbl Ha rpadHke /(¢)? UYto o3HavaloT paspsiBbl Ha rpa-
duke v(¢)? MoryT nu GeiTh M3nOMBl Ha rpaduke v(f)? Uro onu o3navawT?
MoryT nu GbITh paspeiBbl Ha rpaduke /(£)?

e Tlocne Toro Kak Bbl OTBETHMAM Ha BTOPON BOMPOC, MOXETE MM Bbl YTO-HHUOYb
pobaBUTh K CBoeMY oTBeTy Ha nepeelit Bonpoc? Ecnu ga, to chopMynupyme
YeTKO, 4TO OblIc YMYLUEHO BaMH MpPH MEpPBOM OTBETE.
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& Crenenn ceobGoapl. PeanbHoe ¢uanueckoe MPOCTPAHCTBO TPEX-
MEPHO, MO3TOMY M/l XapaKTEPUCTUKH IOJOXEHUA MAaTEpPHAJIbHOMN
TOYKM HYXHBl TpPU 4ucaa. TakuMM TpeMs 4YdCJIaMu MOryT OBITh,
HallpUMep, MPOCKUMH Paguyca-BEKTOpPA 4YacTMLhl HA OCH AEKApTO-
BOW CHUCTeMBI KOOpAMHAT. HO B pacCMOTPEHHBIX BHILIE CAyYasX BEK-
TOPHBIE XapPaKTEPUCTHKH OBUXKEHUS HHUKAK HE MCMHO/Ib30BanuCh. Ha-
060pOT, YTBEPXKAAIOCH, YTO AJS YKA3AHHUA MOJOXEHUS YACTHLHI XO0-
CTATOYHO OXHOINO YMCJIA, U COOTBETCTBYIOMIEE ABHXEHUE HA3BIBAJIOCH
onHoMepHbiM., YeM oOycioBneHa Takas Bo3MoXHOCTh? Tem, uTO
TPAaeKTOpHUs ABMXXCHUS (DMKCMPOBAHA — OHA HE MCHSETCS MpH H3-
MCHEHMHU TAKUX XapaKTEPUCTHK ABUXEHHSI, KaK CKOPOCTh, YCKOpe-
HHE ¥ T. A.

HeusmenHocTh TpaekTopun obecneunBaeTca, Kak rOBOPST, G351~
MU, HAJIOXKECHHBIMM Ha paccMaTpuBaeMylo cucremy. Hanmpumep, Tpa-
€KTOpUA BaroHa METPO OJHO3HAYHO 3aJaeTcs KOoHdHTrypauued mpo-
JIOXKEHHOTO TOHHENM. ['py3uK MasTHUKA, BBIIOJHEHHOrO B BuaE Ha-
CaXEHHOIO Ha XECTKHI CTEPXEHb IIaPUKa, MOXET ABUIaThCHA TOJBKO
[0 OKPYXHOCTH OMPEACJACHHOrO paguyca. [TomoOHble mpuMeph 4acTo
BCTPCUAIOTCA B MPUPOAE U TEXHHUKE. ['OBOPAT, UTO B ITHUX CAyUasax
HAJIOXKCHHRIC CBSI3M YMECHBINAIOT YUCAO cmeneHeld cGof00bl.

CsobogHas MaTepHanbHasd TOYKA B TPEXMEPHOM NPOCTPAHCTBE
UMEET mpu cmeneiu c80600bl B COOTBETCTBHU C TEM, YTO €€ MOJIO-
XEHUE 3a4acTCsd TPEMS HE3aBUCMMBIMM YHMCJAaMH. Touka, KOoTopas
MOXET ABWUraThCAd MO 3aJaHHOW MOBEPXHOCTH, HMMEET TOJbKO ABC
crenenn ceobonbl, Hampumep, m/igd TOYKHM HAa MOBEPXHOCTH 3EMHOIO
mapa AOCTaTOYHO YKa3aTh ABE reorpaduueckue KOOpAMHATH —
wupory ¥ poaroty. HakoHew, BaroH Merpo B TOHHesae ofsajaer
TOJIbKO OMHOM CTermeHb CBOGOARL. [BHXEeHHE BaroHa MO penbcaM
OHOMEPHO, XOTHA CaM TOHHEIb MOXET ObITh MPUUYATMBEIM 06pPazoM
M30THYT B TPEXMEPHOM IMPOCTPAHCTBE, $ICHO, 4YTO HCHOJB30BATH
BEKTOPHEIE BEJMUMHBI I/19 OMUCAHUS JIBUXEHHA BAarOHA COBEPILECHHO
U3JIMILIHE,

B nmopo6HbIX Cryyasx gias omMCcaHUg ABMXKEHMS BBOAATCA TaK Ha-
3bIBaeMble 0000ujeHHble KOOpduHamsl, YMCJ0 KOTOPHIX PABHO YHCIY
cTencHed cBoboxnl. Korma TpaekTopus YacTMLB 3apaHee 3aAaHa, B
KayecTBe TakKoi 0000IEHHOM KOOPAMHATE yn0OHO BRHIOMPATh paccTo-
SHUE BIOJb TPACKTOPHU OT HEKOTOPOH HAuya/bHOH TOUKH.

o Kakue penuumnHbl yI06HO BbiGpaTh B KauecTBe 0606MEHHBIX KOOPAUHAT
ans Kopabns, mubieywero B okeaHe? [ns momeomHoi noakH? CKOJbKO
0606 1EeHHbIX KOOPAMHAT HYXHO AN Kopabis, paccMarpUBaeMoro Kak
MaTepuanbHas TO4YKa, W /s TOTO Xe Kopabss B ciydae, Korma Heo6xo-
OMMO yuecTh ero rabapurbl?

e DpouteHHbIH MOX YI/IOM K FOPU3OHTY KaMEHb JIETUT [10 HEKOTOPOI Tpaek-
TOpUH. MOXHO JIM CUMTAThL ero OBUXeHWe omHoMepHbIM? EcTb M 3mech
CBSA3M, HaJOXeHHble Ha OBUXeHUe?
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e Kakue BO3MOXHbIE IBHXEHHUS BaroHa MeTPO He NPUHMMAIOTCS BO BHUMa-
HUe, KOTHa CUYUTAETCH, YTO Yy HEero ogHa CTeneHb cBoBons!?

¢ Kax ycxopetive @, 1py1 OFHOMEPHOM ABUXEHHU MO KPUBOJAMHENRHOM Tpa-
eKTOPHH CBA3AHO C BBEAEHHBIM paHee TAHMEHUMWA/bHBIM YCKOpPEeHHEeM? 4

§ 10. HepasHoOMepHOEe OOHOMEPHOE HBMIKEHHE

,HJIH XAPAKTEPHUCTHKH HECPABHOMCPDHOIO ABHXKCHHA IO 332:(3HHOiI TpackK-
TOPHH, T. €. ABHXEHHUS C NMEPEMCHHOM CKOPOCThIO, YAOOHO BBECTH YCKO-
peHue a;, XapakTepusymuee ObICTPOTY M3MEHEHHS CKOPOCTH v
li Ay,
a; = lim —. 1)
At~0 At (

Korna ckopoctk v, ysenuumsaercs, yckopenue a, > 0. Ilpu 3amen-
JICHMH IBUXEHHMS, Korma v, yOmmsaer, yckopenne g, <0. B nanpueii-

weM Oymem ob0o3HauaTh YCKOPEHHE g, 4Yepe3 a, OmycKas 3HAuoK /.

HyXHO, OOHAKO, MOMHUTb, UTO OHO XAPAKTCPU3YET TOJBKO U3MEHEHHE
BEJIMUMHBI CKOPOCTH, @ HE ee¢ HampasjeHUd. [loatoMy a He caenyer
CMELIMBATh C MOAYJEM TOJHOIO YCKOPCHHMS A, KOTOPHIM 0003HAauaercs
TOM Xe OykBoi a. Ilpu M3yuEeHHH ABMXKEHHSA IO 3aNAHHOH TPACKTOPHH
NOJHOE YCKOPEHHE B KMHEMATHUYECKMX 3a4ayax OObIUHO He (PUIypUpy-
€T, 4 WHTEpeC MPEACTaBJsSeT MMEHHO paccMaTpuBaeMoe 34ECh ycKope-
HUE aq;, XapaKTepusywouee ObICTPOTY M3MEHEHMS CKOPOCTH v, MPOXOX-

OCHUS ITYTH.

PaBHOYCKOpeHHOEe W paBHO3aMeajieHHoe Asuxennsi. Camblit TpocToi
CAyuad HEpPAaBHOMEPHOIO ABUXKEHHS — ITO ABMXCHHE C MOCTOSHHEIM yC-
kopeuueM. Takoe ABUXECHUE HA3BIBAKOT pasHonepementbiM. WHOTIA

vl

L

a

Puc. 37. I'pacdux cKOpOCTH 1PH NMOCTOKHHOM YCKOPEHHH

PaBHOMEPEMEHHOE ABMXKEHUE HA3BIBAKOT PAGHOYCKOPEHHbIM, €CU CKOpO-
CTh M YCKOpPEHHE HATIPABJCHH B OOQHY CTOPOHY M MOLYJb CKOPOCTH pac-
TET, H PAGHOIAMEOREHHbIM, ECAU CKOPOCTh U YCKOPCHHE HANpaBJ/ICHH! B
NPOTHBOINOAOXHBIE CTOPOHEl M MOAYJb CKopocTH yOnsaer. Herpyawo
BUIETh, UTO €C/TM PABHO3AMCAJICHHOE ABHXEHUE OVOET MPOXOEXKATHCH C
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APEXHHUM YCKOPEHMEM H MOCJIE OCTAHOBKH, T. €. HOc/Ie oOpalieHus CKo-
pOCTH B HYJ/b, TO OHO MpPEBPATUTCH B DABHOYCKODCHHOC ABMXCHHE B
ITPOTHUBOINOJIOKHOM HANPABJICHHUH.

ITpy nmocTosTHHOM YCKOpPEHMHM NPOMEXYTOK BpeMenu At B copmy.e
(1) mMoxHO BHIOMpaTh MOOBIM, TaK Kak OTHoumeHue Av/Af He 3aBuCHT
or At. Torma mpupamieHue CKOpOCTH 33 11000 NPOMEXYTOK BPEMEHH
MOXHO BBIPA3UTh CJEAYIOIMUM 00pasoM:

Av = a At. (2)

IMpumMensas 3Ty opMysny K IPOMEXYTKY BpeMeHu oT ! = ( 10 HeKoTo-
poro MOMEHTA !, MOXHO HANUCATh BBIPAXKEHUE /IS CKOPOCTH v B JIIOOOH
MOMCHT BPEMCHH ! NMPH IBMXXCHUH C MOCTOSHHLIM YCKOPCHUEM (!

u(t) = vy + at. (3)

3nmeck vy — 3HayeHme cxopoctu npu =0, T.e. vy =v(0). I'pachuxu
ckopocTH, coorBeTcTBylomue dopmyne (3), mokasawel Ha puc. 37.
Puc. 37a OTHOCUTCS K C/Iy4aro, KOTAA HAMPABJCHUS HAUAJBHOW CKOPOCTH
¥ YCKODEHMSI COBMAfaloT (paBHOYCKOPEHHOE ABMXEHHUE), puc. 376 — K
C/Iyuaro, KOraa HampaBJCHUS HAYAJbHOHM CKOPOCTH M YCKODCHHS MPOTH-
BOMOJIOXKHBEL. 33 TMOJOXUTEALHOE HANPABJICHKE BLIOPAHO HAMpPABJICHWE
HAYaJbHOH CKOPOCTH vy Jlo MOMEHTA BPEMCHH !, 3TO DPAaBHO3AMCHJICH-
HOE OBMXEHME, 4 3aTEM — DABHOYCKODEHHOE B MPOTHBOIOJOXHOM HA-
npasycHuu. Ha puc. 376 B XauecTse mos0XUTEIbHOTO HANPABJICHUS BhI-
fpaHo HampasJeHUE YCKOpeHus. [loguepkHeM, UTO BO BCEX ITUX CIyda-
AX CIpaBeIMBA OfHA U Ta Xe dopmyna (3). PaznnuaroTcs OHH TONBKO
3HaKaM# v, ¥ a.

Ilyts npH paBHonepeMeHHOM apHxXeHHH. [Monyunm copmyny, xoto-
pas maer nosioXeHue Tena [(f) B MOMEHT BPEMEHH { NIPH PaBHONEPEMEH-
HOM ABMXCHMH. PaccMOTpuM Manwlit mpomexyTox spemenu Af. Kax
caeayeT U3 ONpEeaesJcHUsS CPeOIHEH CKODOCTH Uep = As/At, NpoUACHHBIN

\\
S TO t
0! At t
Puc. 38. Onpeaenenve nytu no rpadguxy Puc. 39. I'padmk aBKeHMs C MOCTOSH-
CKOpOCTH HbIM YCKOPEHHMEM

32 npoMeXyTOK BpeMeHM Al nyTb As MOXHO 3anucatb B BHUAC
Ag = vcpAt. U3 puc. 38 BugHo, yto NyTE AS YHCIEHHO DAaBEH MJIOIIAXK
NPAMOYTOIBHOM MONOCKK C WIMPUHOM OCHOBAHMS Al ¥ BEICOTOH v¢,. Ec-
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JIA TIPOMEXYTOK BpeMeHM Af BHIOPaTh JOCTATOUHO MAaJBIM, TO CPEIHIOK
CKOPOCTb ¥, Ha MHTEPBAJE Af MOXHO 3aMEHNTb HAa MOAYJIb MTHOBEHHOH
CKOPOCTH v B JI0BOM TOUKE 3TOro MHTEPBAsA:

As = v At.

DTO COOTHOUWICHHUE BHIMOJHICTCS TEM TOYHEE, UEM MEHBLIC IPOMEXYTOK
BPEMEHH Af,

Pasbusas nmosHOe BpeMs OBVXKEHHWS HA TAKWE MaJble HHTEpPBAJBl U
YUHTBIBAS, YTO MOJHBIA NMYTh S CKJAARBAETCS M3 MyTEH, NPOHACHHHIX
3a 3TM MHTEPBAJIbI, MOXHO YOEIMTBCS, uTO HA rpacuke CKOPOCTH OH
n3obpaxaercs IOWAABKD TPANEUHH, OrPAHHUYEHHON OCAMH ! U v, rpa-
¢HMKOM CKOPOCTH M BEPTUKAJbHBIM OTPE3KOM, NMPOXOASIUM YEPE3 TOU-
Ky ! Ha ocH BpeMeHH. Tak Kak ILIOWanb Tpaneuuu paBHA IPOM3BEIC-
HHUIO TOJYyCYyMMbI OCHOBAHHH Ha BBICOTY, TO

s(1) =35 (vo + V1. (4)
Honcrasnsas coga 3HaueHue v(t) = vyt + at 3 (3), noryuaeM
2
s(1) = vot + £ (5)

Fpaduk ABMXeEHHs, HA KOTOPOM M300paxaeTcs 3aBUCHMOCTD §(¢), ONUCHI-
Baemas opmyJoit (§), npeacrapaser coboit orpe3ox mapabosu (puc. 39).

CkopocTh M HAKJAOH KacateabHoM. HaxioH kacarenbHOH k rpaduxy
IBHMXCHUS ONpERENSeT CKOPOCTh. TaHTEHC yryia HAakKJOHA KacaTeIbHOW
npH ¢ = 0 YHC/IEHHO PABEH HAUANTBHOW CKOPOCTH: tg a == v,. M3 rpaduka
Ha puc. 39 BHAHO, uTO NMpPH AAJBHEHIIEM ABHXEHHH HAKJIOH KacaTeb-
HOH BO3pacTaer, YTO COOTBETCTBYET YBEJHWUEHHIO CKOPOCTH B MOJHOM
comiacuu ¢ rpadpMKoM CKOpOCTH Ha puc. 38.

[pn BeiBOge dopmyasl (5) MBI mpeamnosiarajv, 4To ABHUXEHHE BCE
BpEMSl NIPOMCXOOMT B OAHY CTOPOHY. B aToM ciyuae paccrosuue ! tena
OT HAaYaJbHOH TOUKH COBNAAAET C MPOMACHHBIM NMyTeM. T€M He MEHee
dopmyaa (5) maer paccrosHHe ! OT HAYaNbHOM TOUKM M B TOM CJIyvyae,
KOIra Ha mpoMexyTtke Bpemenu or 0 g0 ¢/ HanpapJeHHE ABUXEHUS M3-
MeHstock (puc. 40):

2
1) = vyt + 2. (5a)

[TpoiiaeHHBIt 32 3TO BpeMs MyTh MO-TIPEXHEMY H300paxxaercd IJIo-
IWAABI0 MEXAY OCbK BPEMEHHM M rpadMKOM CKOPOCTH. IJTa Mowagb 3a-
mrpuxopana Ha puc. 40. Ho TpeyroabHHK, JIEXaUIMid HUXE OCH BpeMe-
HH, COOTBETCTBYET ABMXCHHMIO B OOpaTHOM HANpaBJCHMH W JAET OTPH-
UaTeNbHHI BKNag B ompengesaseMoe ¢opmysoi (5a) paccrosHue ot
HAUYaJbHOW TOUKH.

®opmyay (5a) aas pacCcTosiHUA [ OT HAYAJBHOH TOUKM MOXHO 3amu-
caTh TakuM o6pa3omM, uTobbl OHA HE COACPXKAna SBHO BPEMEHHM ! JBUXE-
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uua. Qg atoro B opmyny (5a) caenyer moncTaBuTh HE CKOPOCTh v, a
BpeMa u3 dopmynsl v(f) = v, + at. ITo Bpems Oynmer

v—v
0
! =

a
Torna nna [/ nomyyaem
vot+v v—uyg vz—vg (6)
- 2 a =~ 2a

Ecnn wanpasnensie MBHXEHHWS He M3MeHWIOCh, To dopmyna (6), ec-
TECTBEHHO, aeT BbIPAXEHHE W /1A MPONIEHHOrO MYTH NPH IBMXEHHH
C MOCTOSIHHBIM YCKOPEHHEM,

®opmysnl (4)—(6) nonydyeHs A1 paBHONEPEMEHHOIO ABMXEHHS —
OBHXKEHHMA C OCTOAHHBIM yckopenueM, OnHAKO reoMeTpHueckue coobpa-
KEHMH, MCTOJIb30BABIIMEC TTPH MX BHIBOJE, CIPABEA/INBLI M TOTAA, KOrAa

vl

Yo

0 t
Puc. 40. Onpenenenuve paccrosHus 1o Puc. 41. OnpeneneHue paccTOSHUS MO
rpaduKy CKOpPOCTH, KOTAA HanpasieHue rpapuKy cKOpocTH

ABHXEHHUSI U3MEHU.I0CH

YCKOPEHHME NMpH ABMXKEHMH M3MeHseTcd. Bo Bcex cayuyadax npoiiaeHHBIR
NyTb YMCJAECHHO PABEH IUIOWAAN MCXIY rPachuKOM CKOPOCTH M OCBIO Bpe-
menn (puc. 41). Paccrosnue ! oT Ha4anbHON TOUKM naeTca aarebpanue-
CKOM CyMMOH, B KOTOPYIO IUIOLIAM HAJZl OChIO BPEMEHH BXORAT CO 3HAKOM
«ILTIOC», A JIEKALIME TMOX 3TOH OChI0 — CO 3HAKOM «MHHYC».

3apgauu

1. Pazeon asmomobuan. Jlerkopoit aBTOMOOM/IL CMTOCOGEH Pas3orHaTeCs ¢ Me-
cra po ckopoctH 100 kM/4 3a 16 cekyHa. OueHUTE YCKopeHHe aBTOMOOHS U
nMyTb pasroHa.

PeweHnue. [Ipu oleHKe MOXHO CUHUTATh YCKOPEHHE MOCTOSHHBIM, [Ins ero
HaXOXAEHHUSA HYXXHO pas3ie/uTh CKOPOCTh Ha BpeMa pasroHa. Paspenus 100 kKM /u
Ha 16 ¢, monyyaeM yCKOpeHHE, BbIDaXXeHHOE B KUJIOMETpax B 4ac 3a CEKYHAY:
6,25 (km/u) /c. D10 BHecUCTeMHad enuHuua yckopeHus. B MexayHaponHoit
cucteMe eavtnu CH, raoe B kayecTse OCHOBHBIX €AMHHLL Q/TMHBI U BPEMEHH Bbl-
GpaHbl METP M CeKYHAA, MPOU3BOAHAS €AMHHLA YCKOPEHHUS — 3TO METP B CEKYHAY
3a CeKyHRy, T.e. m/c2. I103ToMy HYXHO CKOpPOCTb MEpeBecTH U3 KM/4u B M/C:

KM __ . _1000M — M
lOO-—q—— 100 36 000 ¢ 27,8 =
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Pasnenup 510 3HaueHue Ha 16 ¢, monyumm 1,74 M/c?. Tlyrh pasroHa MOxHO
OLeHHUThb Kak MpOoU3BefeHHe cpefHell CKOPOCTH Ha BpeMs pasroHa:

8ule 16 =222 m.

2. Topmoxernue asmomobuns. Tlpu 2KCTPEeHHOM TOPMOXEHHUHM aBTOMOOHJIS
MOy Jib €r0 YCKOpeHHsl He npesblinaeT 5 M/c2. OueMuTe TOPMOIHON MyTh aBTOMO-
OGNS NPU CKOPOCTH OBUXEHHUs 60 KM/4.

Pewenue. [Ipu oueHke 6ynem npeHebperaTb BpeMeHEM peakLMH BORUTE/IS,
a ABHUXeHHe aBToMobuas GyaeM cuuTaTh paBHO3aMensieHHbIM. TOpMO3HOM NyThb
MOXXHO Ha¥TH ¢ noMoubio dopmynsl (6), MoacTaBAsis B Hee HauaibHYIO CKOPOCTh
vo = 60 kM/u = 16,7 M/c, KOHEUHYIO CKOpPOCTb v == 0 M ycKopeHHe a = —5 M/ck:

v
s=——=278M~x 30 M.
2a

3. TopmosHoii nyms. Bo cKosbKO pa3 BO3pacTaeT TOPMO3HON NMyTh NpPH yBe-
JIMYEHHUH CKOPOCTH B ABa pasza?

Omaem: B ueTblpe pasa, eCTH CUHTAThL YCKOpeHHUE NOCTOSHHBIM W NpeHeGpeub
BpEeMeHEM peak LMK BOOMUTENS.

4. Bpema mopmoxenus. Bo ckosnbko pas Bozpactaer BpeMsi TOPMOXEHHUS IIpH
yBEJHUEHHUH CKOPOCTH B aBa pasa?
Omeem: B npa pasa.

CroOonHoe mnanenwe. BaXxuwll uyacTHBUA C/1yyall paBHONEPEMEHHOIO

ABHUXKCHHUSA -— OTO c80000H0e nadenue Tena B TMOJE TSXKECTH 3CMJIH.

CBobogHBIM MAZEHNEM HA3BIBAKOT ABVXKEHME B BAKyyMe, KOrga Compo-
TUBJICHHUE BO3JYXa OTCYTCTBYET.

A~ Takue ycaoBMd MOXHO CO3[0aTh, OTKAYAB
Crexiannas BO3AYX M3 QJIMHHOM CTEKJAHHON TpyOxmu (Tpy6-

! -7 Tpy6xa ka Hsiotona, puc. 42). Haxopawmecs B TpyGke
NpeAMEThl, TAKHME, KAK CBUHUOBAS APOOMHKA,

Caunuonas Jerkas mpobKa M NEPHIIKO, NPH MEPEBOPOTE
/ npoGutixa TpyOKM BBEPX AHOM OYyAYT magarhs C OGUHAKO-
}*n BbIM YCKOPEHHEM M JOCTHIHYT HMXHENO KOHUA
| epo ONHOBPEMEHHO., B BO3Ayxe MAajeHHE ITUX Tea
NPOMCXOAMT MHAYE: MEPBOM AOCTUraeT gHa ApO-

6nHKa, 3aTeM NpobKa M JMLIb CIYCTS HEKOTOPOE

I BpEMSI — MEPHIUIKO, KOTOPOE IJIABHO OILyCKAET-

‘ﬁ?/xpa,, Cs, ABHrasCh NPaAKTHYECKH PaBHOMEPHO.

Bo mMHOrux ciyuyasix ¥ Npu HANM4YM{ BO3AY-
Puc. 42. INagenne pasnpix X4 MOXHO HCIOJb30BATh MACATIHU3MPOBAHHOC
npexveros BTpybke, u3kO-  qipepcTaBiAeHME O CBOOOAHOM mageHWH. OTa
TOPOH BHIKAUAH BOSAYX MACANM3AUMS OKA3bIBAETCH TEM JIYUllle, UYeM

BhIIE TLJIOTHOCTH Tesa. Hanpumep, cBUHLOBad
ApobuHKA Magaer MpakTHUECKH OAMHAKOBO KAaK B OTKAUAHHOW TpYOKe,
Tak ¥ B TpyOKe, 3amoJHEHHOM Bo3gyxoM. Ho nmpuMeHMMOCTH AAHHOM
HACANN3ALMH, KAK M JIO00U (PU3NUECKOi MOZEaM, 3aBUCUT HE TOJBKO
OT CBOMCTB Tena (IUIOTHOCTh BewiecTBa, ¢opMa M T.M.), HO M OT yC-
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JNOBHH ero ABUXeHHUd., Tak, MPH 3aTSXXHOM MPbDKKE C MApalroToM na-
ICHHE MOXHO CUMTAThb CBOOOHHLIM, NOKAa CKOPOCTb HE CJAMIIKOM BEJH-
ka. OmHAKO MO MeEpe pocTa CKOPOCTH CONPOTHBJICHHE BO3OYyXa YBEIH-
YMBAETCSI M B KOHLE KOHUOB JAXKE IIPH HEPACKPHITOM MApAaLIOTE yCTa-
HABJIMBAETCI PABHOMEPHOE ABMXEHHE CO CKOpocThio okomo 00 m/c. C
PacKpbITHIM MapailoToOM YCTAHOBJIEHHE CKOPOCTH MPOMCXOOUT 3HAUM-
TEIbHO OBICTPEE M CaMa YCTAHOBMBINASCS CKOPOCTb HE MPEBOCXOOMT
jHaueHua 6—8 m/c.

To, uto cBOOOAHOE MajeHue BCEX TEJI MPOMCXONUT C OMHAKOBBIM YC-
KOpEHHeM, Bhepsele Orut0 ycraHoBieHo lanmmeeM. 3HaueHWs yckope-
HHs CBOOOAHOrO NAACHWS HECKOJBKO PA3IMuaroTCs B 3aBHCHMOCTH OT
reorpachuyecKOro MOJOXEHHUS, HO ITH pa3Juuusd HEBEIUKH. [loaTomy
OOBIUHO CUMTAKOT YCKOPEHHE CBOGOMHOrO MamcHUs PAaBHBIM €ro 3Haue-
uuio B Ilapuxe u obo3znauaror OykBoil g

g=9,80943 m/c? ~ 9,8 m/c%

Hanpasienue BeKTOpa g COBNANAET C HANPABAEHHUEM HEMOOBHXHOIO OT-
BECAa M HA3BIBAETCH GepPMUKANbIO B HAHHOM MecTe 3eMJIH.

O6paTuM BHMMaHME HA TO, YTO CBOOOAHBIM MAJCHHEM HA3BIBAIOT
OBHUXEHHE C YCKOPCHHEM g HE3aBUCHMO OT TOrO, KaK MPH 3TOM HAanpas-
JIEHa CKOPOCTb. BpOIICHHBIM BBEPX MM MOI YIVIOM K TOPH30HTY KaMEHb
HAaXogUTCd B CBOOOZHOM MaAcHHUU BO BCE MOMEHTHI CBOErO MOJETA, MOKa
He ynageT Ha 3eMJIIO.

3apgauwu

5. Bpemsa nodsema. Teno 6pouieHO BEPTHKAIbHO BBEPX C HauaabHOM CKOpo-
cTbio vg. CKOJIbKO BpeMeHH OHO OyAeT nogHHUMaTbes? Kakol MakcHMasbHOM Bbl-
COTbI JOCTHIHET?

Peuwre nune. CkopocTb v(f) = vy — g{B BbICLIEH TOUKe MoneTa obparyaercs
B Hyab. OTclofa BpeMsi noaseMa ¢ = vg/g. IloacTaBnss aTo 3HAYEHHE B BBIPAXEHHE
(5), nonyuaem

gt _vi gvi _ v§

/1=UQ["——2'=?— 282 =5g‘

6. Bpema nadenua. CKOMbKO BpeMeHH ANHUTCcA cBoboAHOe nageHHe OpolueH-
HOro BepPTHKA/IbHO BBEpPX Tesa o0paTHO ¢ MakCHMalbHOM BbicoTsl v§/2g?7 Kakosa
€ro CKOpPOCTb B MOMEHT yaapa o 3emio?

PeuweHnue. Bpemsa coGogHoro mnageHHUs oONpefensieTcs M3 BbIpaXkeHHS
h = g12/2, uto maer { = V2h/g = vy/g. BpeMs najeHHs paBHO BPEMEHH MOABEMA.
CKopocTb B MOMEHT ylapa HAXOAHUTCS W3 BbIDAXEHHWS v = gf NMPH MOACTAHOBKE
B Hero ¢ = vg/g, 4TO AAeT v = vy — KOHEYHas CKOPOCThb NajeHHs paBHa HayalbHOH
CKOPOCTH MOABEMA. JTa CKOPOCTb CBSI3aHA C BbICOTOM A, C KOTOPOH MajaeT Teso,
COOTHOUIEHHEM U = V2gh.

® B KaKUX cAyyasix NpH paBHOYCKOPEHHOM ABHXEHHH BEKTOP MOJHOTO YCKO-
pPEHUS MOCTOSAHEH?

* Yem paBHO3aMeVIEHHOE ABUXEHHE OTIHYAETCH OT paBHOYCKOpCHHOI‘O?
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e Kak no 3aganHoMmy rpaduky CKOPOCTH HEpPaBHOMEPHOTO OBHXXEHUS onpene-
JuTh npoipeHHbl nyTs? IlpusBeante obGoCHOBAHHWE TakOM TreOMETPHUECKOH
unTepnperaurMi. Kakum obpasoM no aToMy rpadyKy onpeaeanTb MojoXeHHe
Tena, T. €. ero pacCTOSHUE OT HauajlbHOM TOYKH?

e KakuM 06pa3zoM nMpoiaeHHbIN MyTh MOXET PaBHATLCS MJOUIadH, OrpaHHYEH-
Ho# rpadvkoM ckopocT? Beldb nMyTh M3MepsAeTcA B MeTpax, a njoulafb — B
KBagpaTHbIXx MeTpax. O6bacHMTe.

3apgauu

1. Becennas kanens. C KpbllIK NajalT ABE KAMIW C WHTEPBAOM BPEMEHHU
t=1 c¢c. Kakoe paccrosnve Oyner Mexay KanmisaMu depes { = 2 ¢ MocJje OTphiBa
nepsoit Kannn? Kakol 6Gyder B 3TOT MOMEHT CKOPOCTb TIePBOM Karijd OTHOCH-
TE€NbHO BTOPOH?

Pewenue. [Tockonbky OBUXKEHHE KaMH MOC/E OTpbIBA NMPOUCXOAUT 6e3 Ha-
4yanabHOM ckopocTH (o = O) M ¢ MOCTOAHHBIM YCKOpPeHHEM (a = g), TO B COOTBET-
cTBUM ¢ PopMysolt (§) npoitieHHOE NepBON KameHl paccTosiHue Ay OT KpbIWK B
MOMEHT BpEeMEHH ¢ AaeTCs BblpaXKeHHeM

h, = 82

-
Bropag kanas HaudHaeT OABMXEHWE Mo3xe nepsBod. [losToMy K MOMEHTY
BPEMEHHW [ OHA HaxogHWiack B [OBUXEHWW B TeUeHWE BPEMEHH  — T W MpoH-

OeHHOE €K paccTosHHe
__gt—r1)?

h, 3

OueBMaHO, 4TO paccToAaHWe A MeXIy KaMjAaMd paBHO hy — hj:
mh —po=t o2 — 2] = X @)
H=h hz—zg[t (t t)]-—gt(t 2).

MoacraBnas ciofia 3HaYeHWs T= | ¢ U £ =2 ¢ 1 NpUHUMad g = 10 M/ c?, Haxo-
oMM A = 15 M.

CKopocTb ¥ MepBOH KalJik OTHOCHUTEILHO BTOPOM JIETKO HAaWTH Kak pasHOCTb
CKOPOCTEH ) M v, C KOTOPBIMH ABHXYTCA Kalljik B MOMEHT BpeMeHH f. C nomouibio
dopmynn (3) MMeeM

v = gf, v, =g(f —1).

Orcioga CIE€AYET, 4TO CKOPOCTHb nepBoﬁ Kanjau OTHOCHUTEJbHO BTOpOﬁ HE 3aBHUCHT

OT BPEMEHMU:
v=v —uU,=gt=10M/c.

BugHo, uTo 3Ta OTHOCHUTE/IbHAA CKOPOCTb PaBHA CKOPOCTH MEPBOK Karju, KOTO-
pYIo OHa ycnena HabpaTh K MOMEHTY T OTpPhIBa BTOPOi. B manwHelneM o6e Kanau
nagatoT ¢ OAHMHAKOBLIM YCKOPEHHEM W UX CKOPOCTH pacTyT, HO Pa3HOCTb CKOPO-
cTel ocraeTcsd HEU3MEHHOM,

C noMolLbIO M3BECTHOM OTHOCHTEIBHOW CKOPOCTH MOXHO HAMTH paccTodHHWe
H mexnpy kaniaMu OpyriM crnocobom. K MOMEHTY T oTpbiBa BTOPOM Kamn/u nepeas
ycrneBaeT yAalHTbhes OT Hee Ha paccTostue Hy = g12/2. C 3Toro MoMeHTa WX OTHO-
CHUTEeIbHOE IBHKEH e MPOUCXOAMT ¢ MOCTOAHHOM CKOpocThio v = gt. [ToatoMy pac-
crosHue A B Mo6ONH MOMEHT BpeMeHH { > T paBHO

H=Hy+v({—r1).
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MNoacrasnas ciopa svauenus Hjy W v, nolywaeM npexuuit pesynavrar (7).
W3 artoro cnocoba pelwieHUss CTAHOBUTCS COBEPLUEHHO SCHBIM, MO4EMY paccTo-
gHUE MEXAy KanisiMu YBeNWUHUBAETCA CO BpeMeHeM Mo SMUHEHHOMY 3aKOHY,
HECMOTPS Ha TO 4TO MYTH, NPOXOAWUMBbIE KaXJOW KamseH, 3aBUCAT OT BPEMEHHU
KBaJpaTH1HO.

3apymMaeMcs Hafd TeM, BCerAa U NOJyHEHHOE 3eCh pellieHWe 3ajadd UMeeT
cMbIca. B ycsioBuM HUYero He OblIo cKa3aHO O BbICOTE KpbILIKM Haa MOBEPX-
HOCTBKO 3eMIH. Mexay TeM OueBHMAHO, UTO AN HU3KOM KpbIWMW nepsBag Kanis
MOXET YNacTh Ha 3eMJIO paHblle, 4YeM OTOpBeTcA BTopas. Urobbl obe Kannu
OOHOBPEMEHHO HaXOAW/IWCh B BO3NyXe, KaK 3TO Mpeanonarafioch B MpPUBEAEH-
HOM PpeLIeHWH 3adaud, HYXHO, UYToObl BbiCOTa KpbIIK Oblla HE MEHbIUEC HYeM
gt /22~ 5 M. A nocTaBneHHbIH B 3ajade BOMPOC MMEET CMBICH, TOMBLKO €C/H
BbICOTA KpBILIW HE MEHbILUE YeM Ay = g2 ~20m — paccTosiiue, NporAcHHOE
nepsoi Kanieu 3a 2 c.

Hrak, Mbl BUOUM, YTO HEKOTOPbIE HE YKa3aHHbIE B YCJIOBUM 3afauu NapaMeTpbi,
dopmanbHO HE BXOASLIME B OTBET, MOTYT PEIlalOIUM 06pa3oM BIMATh Ha yCJIOBHE
ero npuMeHuMocTd. Tak, B JaHHOWN 3agave NonyueHHbil otBeT H = 15 M umeer
CMbICJ TOJIBKO MPH YCJIOBUM, HTO BbICOTA KPbillK HEe MeHblue 20 M.

Yro KacaeTcs WHTepBafa MeXAY MOMEHTaMU NafleHUs Kanenb Ha 3EMJIo,
TO OH, OYEBUAHO, paBeH WHTEpBaly T MEXAY MOMEHTaMW OTpbiBa Kanefb He-
3aBUCHMO OT BbICOTbl KpbllW. IlpuBenuTe pasnuuHble cnocobbl 06ocHOBaHUS
aroro ¢akra'

2. louku y ceemogopa. ABToMOGUNb, CTOALMI y cBeTodopa, MOXET pa3o-
rHaTbcd € MecTa [0 MaKcWUMalbHOW paspelleHHOM cKopoceT vy = 60 xM/4 3a
BpeMs T=6c. B ToT MOMEHT, Korha 3aropaercs 3eleHblii CBET U aBTOMOOUIb
TporaeTcst ¢ Mecra, ero obroHseT rpy3oBWK, ABHXKYIUHHCS C NOCTOSHHOM CKOpO-
CTBIO v = 40 KM/4. CKONMbKO BpeMEeHHW NnoHanoburcs, urtobbl 06orHaTh rpy30BUK,
He Hapyuwas npasun apMxenus? Ha kakoM paccTosHUM oT cserodopa 310 Mpo-
uzoiger? KakoBa GymeT B 3TOT MOMEHT CKOPOCTb aBTOMOOHNA?

Pewenue. SICHO, YTO B NpUHHUMNE 3[eCb WUMEIOTCH OBE BO3MOXKHOCTH:
aBTOMOGH/Ib MOXET AOrHaTh MPY30BWK, W00 elle Mpojonxkas pasroHATbCH, JH-
60 yxXe HOCTHrHYB MakKCHMafbHOW pa3pelUeHHOM CKOPOCTH W ABUrasicb paBHO-
MepHo, KoneuHo, nonesHo 6bino 6bl ¢

caMoro Hadalna YBWUOETb, KOTOpas W3 2 1
U
2

3TUX BO3MOXHOCTEH peanusyeTcs B JlaH- T“‘““_——_—:?'/
HOM cnyuae. DTO 3aBUCHT OT WMCIOBBIX | ~ ;
3HaueHUM MpUBENCHHBIX B YCMOBUU 3a- §
Jaud NapaMeTpos. vy N

PaccMOTpHM MOCTpPoEHHbiE HA OAHOM
uepTexe rpadHKu CKOPOCTH aBTOMOGH/S U
rpysoBuka (pHc. 43). [IpolneHHbBIN Kax-

AbIM W3 HUX NYTb K MOMEHTY BpeMeHH f ol
onpenenseTcs NIoMAaAbI0 MO COOTBETCTBY -
WM rpad ukom. Jlerko BUgeTh, uto aBro-  Puc. 43. Tlnowaawm non rpadrkamu cko-
MOGHL MOT 6bl NOPABHATBCA C FPY30BUKOM, ~ POCTH RS JIBYX ABHXEHHH, paccMaTpy-
NPOZOXKAS [IPH 3TOM Pa3rOHATbCH, TOMbKo — BAEMEIX B 3ajaue 2

MpPU yCIOBUU, UTO OH MOXKET JOCTHUb CKO-

pocTH 2v,. UMeHHO NPU JOCTHXEHUH TAaKOM CKOPOCTH B HEKOTOPBII MOMEHT BPEMEHU
f, nnowanb TpeyrofbHrka GyaeT paBha NIOLWAAU NPSMOYrolbHUKA vsf;. OQHAKO

T tl t2 t
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2v, = 80 KM /U, 4TO MPEBOCXOANT MAKCHUMAJIBHY O pa3pelleHHY10 ckopocTs. [ToaTo-
My aBTOMOOHJIb JONOHHUT PPY30BHK, YK€ 3aKOHUWB Pas3roH U ABUrasick ¢ MNOCTOSHHOA
CKOPOCTBIO V) = 60 KM/4.

MoOMEHT BPEMEHH f,, KOTAA 3TO NMPOUIORIET, MOXKHO HANTH, NMPEACTABUB MPOKi-
OEHHBIA aBTOMOOMJIEM MYTh KaK CYMMY MYTH Ha y4acTKe pasroHa, paBHoro v,¥/2, u
NYTH NMPH PaBHOMEPHOM ABMXEHHH v, (f, — 1) U MPUPABHUBASH ITY CYMMY NYTH
Uyl,, MPOHAEHHOMY T'PY30BHKOM:

v, T
- Fvi(t; — ) = vty

Orcoaa
v,

t2=‘[m=9c.

OTMETHM ellie pas, UTO STOT Pe3yJIbTaT CMPaBelUTUB TONBKO MPH v, < 2v,.
Paccrosnue s oT ceetodopa B MOMEHT BPEMEHH £, PABHO

s =1vyt; = 100 M.

Ilpu nopcraHoske B 3Ty $HopMysly 3HAUEHHH v, W ¢, HEOOXOOUMO COINIACOBATDH
€OUHHLBL, T. €. AuBo BbIPa3UTh CKOPOCTh U, B METPax B CeKyHOy, nubo Bpems
f, — B yvacax.

3. Beepx u exu3. llopbpouleHHOe BEPTHUKAJNBHO BBEPX TEJO MPOJIETAET Yepesd
PacnoNoOXeHHYIO Ha BbICOTe /1 TOUKy A ABaxapl ¢ HHTepBasoM BpemeHH 1. C
KaKoil CKOpOCTbIO Tesio ynafeT Ha 3eMaio? CKOJBKO BPeMEHHM OHO HaXOAMJIOCh
B nonere?

PeweHune. Bricota 4, Ha KOTOPOH HAXOOMTCH TeJO B MOMEHT BpeMeHH
{, Boipaxaerca dopmynoit (§). MMockonbky HauasbHas CKOPOCTb Uy HanpapjieHa

BEPTUKANbHO BBEPX, a4 YCKOPEHME g — BEPTHKAJbHO BHHU3, TO IS HAUIEro
cayuas ¢dopmyna (5) npHHUMAaeT BHUA
gt?
h=vy — >~
of 2

[MopuepkHEM, UTO 3TO COOTHOWEHHE OMMUCHIBAET BECh MOJIET HPOUIEHHOIO BBEPX
TeJla — KaK NoAbeM, TaK H cnycK. DTO KBAAPATHOE Y paBHEHHE OTHOCHTENLHO MO-
MEHTA BPEMEHH £, B KOTOPBI TEJO HAXOAUTCS Ha BbicoTe A. Pewas ero, HaxoauMm

t1‘2=‘—t - — . (8)

Mo ycnoBuio 3afauu Tes1o nobbiBaso HA BLICOTE A ABAX/bI, NOITOMY KOPHM I U
t, MONXHEI OBITH BELECTBEHHBIMHU. DTO 3HAUUT, YTO AUCKPHUMHHAHT MOJIOXHTENIEH:

- ——>0, 9)

OTKyna vg > 2gh. TIpu MeHblUIeH HAaYaNbHON CKOPOCTH TeNo BoobLle He AOCTUIIIO
bl BoicoThl f1. VI3 (8) BUAHO, UTO OAAMH U3 KOPHEH MeHbUIE BETHUKHBI Ug/g, paBHOH
BpEMEHH MOTbEMA TeNa f0 MaKcHMasbHOH Bbicotsl H = v3/(2g). On cooTBeTcT-
BYET MPOXOXACHHIO TeNa yepe3 TouKy A npu nogbeme. Bropoit KopeHb, Kak Jerko
BUAETh, Gonbule, deM vy/g, HO B cHay (9) MeHblle MOJHOMO BPEMEHH MOJETA,
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paBHOro 2v,/g. OueBUIHO, YTO 3a4aHHbIH B YCJIOBUH 3aa4H MPOMEXYTOK BPeMEHH

1 paBeH pa3docTH KopHel (8):
2\/— -
4

Orcioaa ansl HauaJbHOW CKOPOCTH U, Tesla UMeeM
2.2
T
vh = 2gh + £

C TaKoM Xe Mo MOAyJIio CKOPOCTBIO TeJIO yNajAeT Ha 3eMnio. [l NoJHOro BpeMeHHU
nosieta 2uy/g OTCIOda noJiyyaeM 3HaueHue V8A/g + 12,

DTy 3amauyy MOXHO PEUIMTb Mpolue, He npuberas K ypaBHEHUIO ABHUXEHHUS
(5), ecnau BOCMOAL3OBATLCS TEM, YTO BpeMsl MOObEMa HAa MAKCHMAaJbHYKO Bbl-
COTY W BpeMsl MafieHUsl ¢ Hee [0 MpeXHero ypoBHS oOMHaKoBbl. OQ4eBHAHO,
yTo TENO MOAHMMAJNOCh OT BBLICOTHI A [0 MaKCHMaJbHOH B Te4YeHHE T/2 H
CTOJILKO Xe BpeMeHW Mapano obpaTtHo. [ToaTomy, HOCTHUTHYB BbLICOTHI A TpH
CMycKe, OHO HMeJo TaM CKopocTb v, = gt/2. IlpumeHsas K [JasbHeiiuwieMy mna-
OEHUIO C BBICOTb! A 00 MOBEPXHOCTH 3eMJIH dopMyny (6), MOXeM HamMucaTb
BbIpaXXeHHe O CKOPOCTH v B MOMEHT MafeHHs:

gzrz
v =v}+ 2gh = 2¢gh + e

B npenenbHoM cnyuae T — 0 3Ta dopMyna NEPEXOAHUT B U3BECTHOE BbIpaKeHHe
v, = 2gh IS CKOPOCTH NaAcHUs C BbICOTHI A.

A Dopmyabl pABHOYCKOPEHHOrO JBHXeHMsA. Kak U paHelIe, YCKO-
penue a,;, onpenensieMoe opmymnoit (1), MOXHO BHPA3HUTh, UCMOb-
3y MOHATHE MPOU3BOJHOM:

dv

1
a, -_— K = U[ (10)
Kak ormeuanock Beillie, npH 000t 3aBHCHMOCTH CKOPOCTH OT
BPEMEHHM pACCTOAHHME [ OT HAUANMBHOU TOYKH HM300paxaercd IUIO-
WAABI MEXAY rpadMKOM CKOPOCTH M OCbIO BpeMeHHM (CM. pHC. 41).
B maremartuke takad mmomane noa rpacdukom dyHkuuu v(r) gaercd

onpeacJACHHBM HHTECrpaJoM:
t

={ v(1) dv. (11)

0

B Tex cnyuasx, korna Ha BceM HHTepBane oT O 1O { CKOPOCTB
v>0 (1.e. ABMXEHHE NPOUCXOAUT BCE BPEMsA B ONHOM HaMpapJe-
HHH), ITOT HHTErpan ponayuaerca nonoxureashnm (I >0). Ecmu
XK€ HANpPABJCHHE JBHXCHUS M3MEHSIOCh, TO MPOMEXYTOK BPEMEHH,
Ha KoropoM v < 0 (T. €. ABHXEHUE IPOMCXOOUT B OOpPATHYIO CTOPO-
Hy), AAeT OTPHUATC/AbHHI BKJAAA B 3HaueHue mHrerpana (11). Ong
HAXO0XIACHUSA NYTH, rxpoﬁmem{or'o TECJIOM 33 BCEC BPEMYI ABHXCHHA OT
0 no f, mocraroudo 3ameHuts B dopmyne (11) v(z) mon 'MHTErpa-
gom Ha [v(f)].
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Ipy IBAXEHAH C NOCTOSHHOM CKOPOCTHIO v = const MHTErpa/ AaeT
MJI0MIaAb MPIMOYTOIbHHKA [ = vf. B c/lyyae paBHOYCKOPEHHOIO IBH-
XEHH4, KOIma v = v, + af, MHTErpas AaeT IJI0maab Tpaneuu:

t t ¢ 2
1= (vo+ar) dt =v, { dt +a | 1 dt = vot +F,
0 0 0
yTo coBrnanaer ¢ opmyson (3a).

Anramornyso dopmyne (11) moxer OHTbH 3aMHMCAHO BHIPaXe-
HHE O/ MCHOBEHHOH CKOPOCTH MNpPH HEPABHOMEPHOM NBHXKEHHM C
MPOH3BOIBHBEIM YCKOpeHHeM a(f). DTO MOXHO YBUAETb U3 AHAMO-
run Mexay dopmynamu Av=a Af u Al=v At. IlosTomMy npu-
pamieHHe CKOPOCTH v — v, 3@ MPOMEXYTOK BpemeHu ot O mo f

3aMUCBIBACTCA B BHIOC
4

vy, = S a(t) dt. (12)
0

TeoMETPHYECKH 9TO MPHPAMEHME CKOPOCTH M300pakaeTcs MIoMaabio
nox rpacMKoM 3aBHCHMOCTH YCKODPEHHs OT BpeMeHH a(f). B uacTHOM
clyyae OBMKEHUS C MOCTOSIHHBIM YCKOpeHHeM a = const dopmyna
(12) maer

v=v,+ af,
yTtO coBnagaer ¢ Gopmysnon (3).

3anaua

4. [Tyms kax naowads nod epaguxom ckopocmu. I'paduk 3aBUCUMOCTH
CKOPOCTH Teja 0T BpeMeHU UMeeT BUO TPeTH OKPYXHOCTH (pHc. 44), npuueM
MaKCcHUMa/lbHOe 3HaueHWe CKopoctTH paBHO v. Halaute npofimeHHbl#t nyTh s,

ec/l¥ BpeMs OBUXKEHUS PaBHO f.

vh Pewenune. TipoliaeHHbIit TeNoM MyTh §
usobpaxaeTrcs nowaldpo nog rpadHkoM
ckopocTH. B maHHOM cnyuae ato nomwaab
CErMEHTa C LeHTpalbHbIM yriioM 21/3. 0603-
Ha4yMB uepes R paanyc OKPYXHOCTH, Ayra Ko-

0 S~ ///, ¢ Topo# mpenctaBaser coboit rpaduxk ckopo-
R\\?/%//R CTH, A/ IJIOWAAH CerMeHTa MOXHO Hamu-
- caTb cJledyoitiee BrIpaxXeH e, paccMarTpusas

ee KaK pasHOCTb niotuagedl cektopa W Tpe-
Puc. 44. IlyTb, reOMETPUYECKM  yrojbHHKA (puc. 44):
M300paXAEMbil TUIOWAALI) 1O

rparKOM CKOPOCTH s=R? (g - g) ~ 0,61R2. (13)

U3 ceobpaxeHUN pasMepHOCTH OUEBMAHO, YTO OTBET HOJIXKEH MMETb BHA

= kv, roe k — Hekotopbiii OGespa3MepHbld (uucnoBOH) K03PHHLUHEHT.
Hostomy B dopmyne (13) HyxHO BhipasuTb B R? oaHo R uepes v, a
apyroe — uepes f. Us puc. 44 BugHo, uTo R MOXHO BbIpa3uTb ;Jubo uepes
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v Kak R =2v, nM6o uepes t Kak R = t/V3. Takum o6pasoM, ans npoi-
HEHHOTO MYTH § MOyYaem

- 2
S——0,6I\/§vt 0,71vt. (14)

NponenaHHas mnpolenypa BOCCTAHOBJIEHUS MMPaBUIBHOM Pa3sMepHOCTH B
¢opmysie (14) Ha nepBbilt B3M/IAA KaxeTcs BeCbMa MUCKyccTBeHHoW. OpHako
OHa Heo6xonMMa Bceraa, Korza NpoWAeHHbIA MyTb NMOACUMUTHIBAETCA He KakK
UHTerpas oT ckopocTH no copMyne (11),

a Kak Mnolaab reoMeTpudeckoir ¢urypel, v

Bbipaxkaemas udepe3 Kakoi-iM00 oOuH ee
JWHelHbIA pasmep. Benb HMaMeHeHMe Mac-
wtaba rpacduka no ogHoH M3 oceil HU3Me-
HseT ¢opMy reoMeTpuueckor durypul. B
HalleM cJjyyae BMeCTO AYTH OKPYXKHOCTH
rpadUK CKOPOCTU NpPH 3TOM MNpPeBpaTHIICH
661 B yacTe snnunca. [lostomy copmyna
(13) cnpaBennuBa TOJBKO TPU  BMOJIHE 0l PR
onpenesieHHOM COOTHOLIEHUH Macilutabos

MO ocsM ! U v. Puc. 45. Tytb s =vt/2 xak nio-

CKasaHHOE MOXHO MOSICHUTb Ha Gonmee  LULaAb 10X rpadkoOM cKOPOCTH Npu

NPOCTOM TNpUMEpe, Koraa rpacuk ckopo-  PABHO3AMEIUIEHHOM ABMKEHUN
CTU HMeeT BHO, MOKa3aHHbIM Ha puc. 45.
TpoiineHHblit NyTh paBeH, OUEBUAHO, vyt/2. OfHAKO ec/H B yCJIOBUM 3ajauM
yKasaTb, 4To rpadMK CKOpocTH ofpasyeT ¢ OCAMH paBHOOeNpEHHBIA Tpe-
YrOMLHHK, TO MOXET BO3HUKHYTh cobjla3H 3anucaTb NMPOHAEHHBIH NMyTb Kak
1;(2)/2 AM60 Kak 32, uTo, pasymeeTcs, HEJb3s PACCMATPUBaThb KaK OKOHYA-
TeNbHbIA OTBET B (H3UuecKoM sagjade. [Ipu usmeHeHHUHM MacuwiTaba no om-
HOM W3 Oceil TPeyrolbHUK nNepecTaeT ObiTh paBHOOEdpPeHHBIM U nonobHoe
UCKYllleHUe YK€ He BO3HMUKAEeT. i

Y%

§ 11. ns'nmeune NO OKPYMHHOCTH

Ba>kxHBIM UaCTHBIM Cay4yaeM ABMXKEHMS YAaCTHLBI MO 3aAaHHON TpaekTo-
puUH SBJSETCS ABMXXEHME NO OKpyXHOCTH. IlonoxeHue yacTHLn Ha OK-
pyxHOcTH (puc. 46) MOXHO 33a7aBaTh, YKA3HBAsl HE PACCTOSHUE [ OT HE-
KOTOPOM HAUYAJBHOW TOUKK A, a yros ¢, o6pasyemnlit panuycom, npose-
J€HHBIM u3 neHrpa O OKPYXHOCTH K YAacTHLE, C paauycoM,
NPOBEAEHHLIM B Ha4yajlbHYK TOUKY A,

Hapsny co ckopocThIO v, ABHKEHHMS N0 TPAEKTOPHMH, KOTOpasi Ompe-

AeNsercs Kak
v, = lim — (1)

yAOOHO BBECTH Y2108Y/H0 CKOPOCHb, XAPAKTEPU3YIOMYIO OLICTPOTY M3Me-
HEHUS yrja ¢:
w = lim &2 (2)

At=0 at
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CKOpoCTb JBMXEHHMS TO TPACKTOPMH v; HA3BIBAIOT TAKXE AUHeElHOL
CKOPOCTBIO. YCTAaHOBHM CBSI3b MEXAY JIMHEHHOM M YIJIOBOM CKOpPOCTS-
Mmu. [InuHa gyrm [, craruBamomeil yrona
$, paBHa Ry, rae R — paguyc Ok-
PYXHOCTH, a Yroa ¢ H3MEpPEH B pa-
auaHax. Iloatomy Al= R A¢ u yrao-
Bad CKOPOCTh  CBSI3aHA ¢ JIMHEHHOM
CKOPOCTBIO ¥; COOTHOIHEHHEM

v; = Row. (3)

YcKOpeHHe Tpu ABHXCHHH TO OK-
PYXHOCTH, KaK M TpH TNPOU3BOJHHOM
Puc. 46. Yrom ¢ 3apaeT MOMOXEHUE  w DUBOJMHEHHOM JBMXKCHHMH, HMMEET B
TOUKM 12 OKpYXHOCTH obImeM Ccayyae [Be COCTaBSIOIIME:

TAHTEHLIMANLHYIO, HATPABJIEHHYIO 1O
KACATEAbHON K OKDPYXHOCTH M XapAaKTEPH3YIOLIyl0 OBICTPOTY H3MEHe-
HUS BETHUMHE! CKOPOCTH U, H HOPMAIbHYIO, HATIPABJEHHYIO K LEHTDY

OKDYXHOCTH M XaPAKTEPU3YIOMyI0 OHICTPOTY M3MEHEHHMS HANpPaBIEHHS
CKODOCTH.

3HaueHue HOPMAJBHOW COCTABJAIOMEN YCKODEHHS, HA3RIBAEMOHN B
3TOM cayuae (ABMXEHHME N0 OKPYXHOCTH) YeHMPOCMPEMUMENbHOIM YC-
xopenuem, naerca obuei dopmynoit (3) § 8, B koropoit Teneps JHUHEH-
HYI0 CKODOCTb ¥, MOXHO BBIDA3MTb YEPE3 YIJIOBYIO CKOPOCTh @ € MO-

Mowbio popmysr (3):

v? )

Q= p=w R. (4)
3peck paguyc R OKDYXHOCTH, PAa3yMEeTCs, ONUHAKOB AJMA BCEX TOYEK
TPAEKTOPHH.

[Ipy paBHOMEPHOM ABMXEHHMH MO OKPYXHOCTH, KOTrAa 3HAUYECHHME v,
NOCTOSHHO, YIVIOBAs CKOPOCTh , KaK BHAHO U3 (3), TOXe NOCTOSHHA,

B artoM cayyae ee MHOrAA HA3ZBIBAKOT LUKAUUYECKOL Hacmomoil.

Ilepuon u 4yacToTa. [I19 XapakTepUCTHKH PABHOMEDHOTO ABHXEHHS IO
OKDY>XHOCTH HapsaAy ¢ o yAOOHO MCHOMB30BaTh nepuod obpauwenus T,
onpenenseMblit KAX BpeMs, B TEYEHHEe KOTOPOrO COBEPIIAETCA OMH MO-
HEIF 000pOT, M nacmomy v — BeJWYHHY, 00paTHyo nepuoay T', KOTO-
pas paBHa 4yucay o0OpPOTOB 33 €AMHULY BPEMEHH:
i
T = -, (5)
2
U3 onpeneneHus (2) yraoBoi CKOPOCTH CAeQyeT CBA3b MEXAY BEJIH-
yUHAMU ®, T U v;

o=2=2my. (6)
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3TO COOTHOWMEHUE MO3BOJSET 3amucatbh dopmyny (4) anst UEHTpoO-
CTPEMHTEABHONO YCKOPEHHS! €IUEe M B TAKOM BHJC!
2
4
.= —= R=4n2vR.
T
OTMeTHM, YTO yr/IoBas CKOPOCTh  M3MEPSIETCS B pajMaHax B ce-
KyHOy, a yactora v — B ofopoTrax B CexyHay. PaamepHoctH w u v

onuHaxkoBhl (c7!), Tak Kax 3TH BEJHMYHMHB DPA3JIMYAIOTCS JUIIb YHUCJIO-
BBIM MHOXHTENEM 2.

3agaua

Mo koneyesoli dopoze. Penbchl UrpylHeyHoM Xene3Hoi moporn obpasyior
Ko/blo paadyca R (puc. 47). BaroHyuk nepemMellacTcs 1o HHUM, NOATAIKHBa-
eMbiif cTepXHeM O1A, KOTOpBIA MOBOpayy-
BaeTcsl ¢ MOCTOSHHOM Yr/0BOH CKOPOCTbIO
w1 BOKPYr ToukH (1, Jexalweh BHYTPHU
Konblla MOYTH y caMblx penbcoB. Kak Hu3-
MeHsAeTcs CKOPOCTh BaroH4MKa MNpH  ero
ABHUXeHHUH?

Pewenue. Yron ¢, obpazyemsiii ctep-
XHeM O|A ¢ HeKOTOpBIM HanpaBJfieHHEM, K3-
MEHSAETCS CO BPEMEHEM Mo JIMHEHHOMY 3aKo-
HY: ¢; = w;f. B KauecTBe HanmpasfieHHs, OT
KOTOPOro OTCYMTHIBAETCA YIroN ¢, YAOOHO
B3Tb AMAaMETP OKPYXHOCTH, NPOXOAALIUI
yepes Touky O; (puc. 47). Touka O — UeHTp
OKpYy>XHocTH. OueBHOHO, YTO UEHTpPa/bHbIH
yrona ¢, onpefensoIHif NONOXeHHe BaroH-
4YMKa Ha OKPYXHOCTH, B ABa pa3a Oosiblue BNHUCAHHOIO yria ¢, ONHparollerocs
Ha TY Xe Ayry: ¢ = 2¢,. [ToatomMy yrnosas cKopocThb (v BArOHUMKA NPH ABHXKEHHUH
no pesbcaM BABoe Oosblle Yr0BOW CKOPOCTH w;, C KOTOPOH NOBOpauMBaeTCs
CTepXEHb: w = 2.

TakuM 06pa3oM, yrioBas CKOPOCTb  BaroHYMKa 0Kaszajach MOCTOSHHOW.
3HA4YUT, BAFOHYMK OBHXKETCS MO pefbcaM paBHOMEpHO. Ero nuHeiHas ckopo-
CTb vV, HEM3MEHHa W paBHa

Puc. 47. K HaxoXAeHHIO YTIOBOH
CKOPOCTH MPH ABHMKEHWH MO KOJbLIE-
BOM popore

v, = wR = 2w,R.

YckopetiMe BarOHUHKa MPH TAKOM PaBHOMEPHOM ABHXEHHH 110 OKPYXHOCTH BCer-
[a HanpasJ/ieHo K UeHTpY O, a ero MOAY/b JaeTcsa BbipAXEHHEM (4):

a, = w!R=4w?R.
® [locMorpute Ha opMyny (4). Kak ee crenyer moHUMAaTh: yCKOpEHHE a, BCe-

TaKH MponopuHoHansHo R uau obpartHo nporopuHoHansHo R?

e O0ObBAcHHUTE, NoYyeMy NMPH HEPABHOMEPHOM ABHXEHHUH MO OKPYXHOCTH yrjo-
Bas CKOPOCTb W COXpaHsieT cBOM cMeics, a T U v TepsawoT cMbica?
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A YraoBas CKOpPOCTb KaK BEKTOpP. B HEKOTOpBIX cayyasgx yrjo-
BYIKO CKOPOCTh yAOOHO PacCMaTpHBaTh Kax BEKTOP, MONYJb KOTOPOro
PaBCH ®, A HCU3MCHHOC HATPABJECHHE MEPHNCHIMUKYJIIPHO TJIOCKO-
CTH, B KOTOPOH JEXHUT OKpPYXHOCcTh. C mo-
MOLBI0 TAKOr0 BEKTOPA MOXHO 3aMUCATh
¢dopMysy, aHanoruuHyo (3), KOTOpas BhI-
pa’kacT BEKTOP CKOPOCTH V YaCTHUIIbI, IBH-
KYUIEHCS TI0 OKPY>XHOCTH.

[Tomectum Hauano orcuera B weHtp O
OKpyxHOCTH. TOrga npu JBUXEHHUH UYaCTH~
Puc. 48. Bextop yraosoit Wbl €€ PagMyc-BeKTOP r OyAeT TOJBKO TO-
CKODPOCTH BOPAUMBATBLCH C YIJIOBOM CKOPOCTBIO W, a

ero MOIy;1b BCE BPEMY DPaBEH panHycy R
oxpyxHoctd (puc. 48). BugHo, 4TO BEKTOp CKOPOCTH V, HAMPABJICH-
HBbIH MO KACATCJbHOM K OKPYXHOCTH, MOXHO NPEACTABATHL KAK BCK-
TOPHOC MPOM3BENCHKUEC BEKTOPA YIJIOBOM CKOPOCTH @ HA PafgHyC-BEK-~
TOP r YaCTHUILBL:

v

V=0XTr. (8)

BexTopHoe npon3senenue. [1o onpenesieHu0 BEKTOPHOE MPOU3BE-
JEHHE ABYX BEKTOPOB TPEACTABJASET COBOI BEKTOpP, MEPHEHAHKYAAD-
HBIJ TJIOCKOCTH, B KOTOPOIf JIEXKAT MEPEMHOXKAEMLIC BEKTOPBI. BpiGop
HAINPAaBJCHUY BEKTOPHOTO MPOU3BEACHUS NMPOU3BOAUTCA MO CICHYIO-
nIeMy TpaBuy. [1epBBIl COMHOXHUTEIb MBICICHHO MOBOPAUNBAETCH B
CTOPOHY BTOPOrO, Xdx ecju Onl 3T0 ObIa PyKOSTKA [aeyHoro KJwoua.
BexTopHoe MpoM3BeeHUE HAMPABAEGHO B Ty XE€ CTOPOHY, KyAa MpH
3ToM cras Obl MepeMeaThCd BMHT C NPABOH pe3ndon,

Ecnu COMHOXHUTEIN B BCKTOPHOM MPOM3BCHCHHH MOMEHSITh MEC-
TaMl, TO OHO H3MCHHT HANPAB/JICHUEC HA [IPOTHBOMOJIOXHOEC:
aXb=—bxa. 3T0 3HAUUT, YTO BEKTOPHOE IPOH3BEICHHEC HCKOM-
MYTATHBHO,

W3 puc. 48 BunHo, uro dopmyna (8) 6ymer naeaTh NpaBHIBHOC
HATPABJCHHUE N8 BEXTOPA V, €CJHU BEKTOP W HANPABJICH MMEHHO TaK,
KaK I0Ka3aHO Ha 3TOM pHCyHKe. [ToaToMy MOXHO cOpMy/MpOBaTh
CEenyIOEee MpaBUJIO: HATIPABJCHUE BEKTOPA YIJIOBOH CKOPOCTH COB-
NajaeT C HAMPABJICHUEM IBMXXEHMS BMHTA C mpaBoit pe3n0oil, rojo-
BKa KOTOPOrO MOBOPAUMBALTCS B TY XC CTOPOHY, B KOTOPYIO IBHXKCT-
Cd YAaCTHLIA MO OKPY>KHOCTH.

[To onmpeneseHu0 MOAy/ b BEKTOPHOIO NMPOM3BEACHHUS PABEH TMpPo-
HU3BEACHHUIO MOIYJIEH MEPEeMHOXAEMbIX BEKTOPOB HAa CHHYC yrja «
MEXJy HUMH:

{axXb| = ab sin . M
B dopmyse (8) mepeMHOXaeMble BEKTOPBI @ U r NEPNEHANKYJISIP-

HBL IpPYT ApYry, modtoMy sin ¢ =1 u v = @R, XaK ¥ JOXKHO ORITH B
cooTBeTCTBHHU ¢ dopmysoi (3).
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e UYTo MOXHO CKaszaTb O BEKTOPHOM I[POM3BENEHMH LBYX Mapasiie/ibHbiX
BEKTOPOB?

e [Kak HampaeieH BEKTOP YIVIOBOM CKOPOCTHU CTpenkH 4aco? Yem pasnu-
4aTCH 3TH BEKTOPbl A1 MHHYTHOM M 4acOBOOH CTpesiok7a

§ 12. PasHonepemeHHOE ABHMKEHHE B NPOCTPAHCTBE

PaccMoTpuM ABUKEHHE YACTHIBI, IPH KOTOPOM BEKTOP YCKOPEHHS A MO-
cTosHEeH. ITpuMEpOM TAKOIO ABMXEHHUS MOXET CJAYXHTh CBOOOAHBIN mO-
JeT GpomieHHOro C NpOM3BOILHOM HAUAJBLHOM CKOPOCTHIO Tena B II0AE
TIXECTH 3eM/IM, KOTa CONMPOTURJICHHE BO3QyXa HECYIIECTBEHHO.

Ilpu nocTogHHOM YyCcKOpeHMM a =const B dopmysae, onpene-
JASIOWIEH YCKOPEHHE, NPOMEXYTOK BpeMeHHM Af Moxer Obits s100biM,
¥ [O2TOMY IMPUPALICHHC CKOPOCTH Av 3a NpPOMEXYTOK Af MOXHO
3anucaTh B BHJIE

Av=a At. (1)

Buibupas B kauectse Af mpoMexyTok BpemeHu oT O 10 f, A7 CKO-
poctd v(f) B MOMEHT BPEMEHHM ! MOJydYaeMm

v(1) = v, + at, (2)

rae vo — cKopocTb npu ¢ = 0: vy = v(0).

IlepeMewyenue B npocrpancree. Gopmyay (2) MOXKHO MHTEPIPETHPO-
BaTh KAK PE3y/bTAT CJIOXKEHUS CKOPOCTEH ABYX HC3aBHCHMBbIX NPSIMO/IK-
HEWHbIX ABMKCHHHE, B KOTODbIX OJHOBPEMEHHO YYacTBYET YacTHIA: paB-
HOMEPHOIO ABHMKEHHUS C MOCTOSHHOM CKOPOCTBIO V, B HANpaB/JICHUH BEK-
TOpa V, ¥ PABHOYCKOPCHHOIO JABMKEHHS C yCKOpeHHEeM a 0e3 HauaJbHOH
CKOPOCTHM B HANPAB/JEHUU BEKTOpA a.

Ecaun Obl TE10 YYACTBOBAJO TOJAbKO B OXHOM H3 JTHX ABMKEHHH, TO
Jlerko Gbino Obl HAMCATD BHIPAXEHHUS MY €0 NepeMellcHHl. B mepeom
eryyae 310 6buT 6B BEKTOD, PaBHEIA V,f, @ BO BTOPOM CJIy4a€ — BEKTOP,
paBHbIH ar?/2. B caMOM pesie, B 3THX C/y4asix TPACKTOPHS JBHXECHHS —
npsiMasi, 4 pacCTOSHHE BAOb HEE OT HAYA/JbHOH TOUKH PABHO COOTBET-
CTBEHHO vyl U at?/2. B no;IHOM COTJIacHM¥ C MPHHUMIIOM HE3aBUCHMOCTH
nepeMelleHHH Npu OAHOBPEMEHHOM YYAaCTHHM TEJAa B 3THUX JABYX ABHXeE-
HUSAX €r0 NMEPEMEICHUE AT PaBHO BEKTOPHOM CymMme v,f ¥ ar?/2. Eciu
NIOMECTHTb HAUAIO OTCYETA B TOUKY, € HAaXOOHIOCh Teno npu f =0, 1o
BEKTOP nepeMelleHusa Ar 3a mpoMeXxyTok BpeMenu ot ( 10 ¢ cosmajgaeT
C ero panuycoM-BEKTOpPoM r(f) B MOMeHT BpemeH#u f. [Toaromy

(1) = vot + 2. (3)

Herpyano Bugeth, uTO CKOPOCTH TEJA B MOMCHT f, €C/IM €€ HAWUTH C
noMoupo dopmy s (3}, cosnanaer ¢ supaxenuem (2). B yacthoM cny-
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yae IBHXEHHA Teaa, OPOEHHOrO MOA YIJIOM K TOPH3OHTY B MOJE TAXE-
cru 3eman, ¢opmyaa (3) upMHAMAET BUI

2
r(t) = vyt +%, 4

roe g — BEKTOP YCKOpEHHs CBODOOHOTO MAJCHMs, HATPABJCHHBIH BEPTH-
KaJbHO BHM3 M PABHHINA 10 MORyjt0 npubinsurensso 9,8 m/c2.

Xord Kaxgoe M3 ABYX PACCMATPUBAEMBIX NPH MMOJdydyeHun HopMyJibl
(3) mBHMXeHHMH NPOMCXONHT MO NPAMOH, DPE3YJbTHPYIOLIEE IBHXXCHHE
TeJa MPOUCXOOUT MO KPHUBOJAMHEUHOM TPAEKTOPHH, €C/AHM, pa3yMeercH,
HAarpaeJcHus BEKTOPOB V, M a HE COBMNAgalT. JTa KPUBOJMHEHHAS
TPAECKTOPHS, OOHAKO, JIEXUT B TOM Xe IVIOCKOCTH, B KOTOPOH JEXaT
BEKTODH V, ¥ a.

3apauw
1. JansHocme nonema. Teso GpoLLEHO ¢ MOBEPXHOCTH 3EMJIH 1101 HEKOTOPbIM
YIJIOM K TOPHU30HTY € HavajbHOW CKOpPOCTBIO tg = 10 M/c W ymano Ha 3eMio
uepes Bpems [ = 1,5 ¢. Ha KakoM pacCTOSIHUM OT Ha4ajbHOW TOYKH OHO ynasno?
Pemwenwue. [Ina paccMaTpuBaeMoOro ABUXKEHUS cripaBeaiusa ¢opMmyna (4):

r= Vof +§2t—2 (5)

HafigeM reomerpuueckMid obpa3 3toro BeKTOpHOro ypaBHeHus. Ilompo6yem
HapucoBaTh TPEYroJibHWK, COOTBEeTCTBYIOW MM paseHcTBy (§5). Tak kak mo yc-
JIOBUIO 3afjauyM Touka A MajeHUs Tela HAaXOAUTCS Ha [OBEPXHOCTH 3eMJH,

MpoBeeHHbLIM B Hee W3 HayalabHOW Touku O
4 BEKTOp I HarpaBJjleH MOPHU30HTa/bHO (pUC. 49).
BekTop Vpf BLIXOAMT M3 HauanbHOW Touku O
W HamnpasJjieH BHOJb Vg MOA HEKOTOPbIM YIJIOM

K ropusoHty. Bektop g¢%/2 HarpasneH nepTH-

{
{
!
|
l -
y 182 Ka/JbHO BHWU3 W 3aKaH4YMBaeTcs B TOH K€ TOU-
/ :2 ke A, uto W BexTop r. IlosToMy nosy4uB-
/ | WHHCS TpeyrolibHUK MpaMoyroabibii. Paccro-
| AHWEe [, paBHOE MOAYIK BeKTOpa r, MOXHO
% { HaWTH c nomoublo Teopemel [Tudaropa:
| 212
¢
] =1 (vgf)? — | E- (6)
o { (vof) > -
o r A Honcrapnsas B (6) 3ajaHHbie 3HAUEHUS Uy U { U
Puc. 49. [epememenue r kak cym- 8§ ~ 9.8 M/c2, HAXOMMM HCKOMYIO JafbHOCTb
Ma JIBYX CAaraeMbix vol u gt°/2 mojeta: [ = 10,2 M.

ObpaTuM BHUMaHHUE Ha TO, YTO GOpPMaIbHO

NpyH 3afaHHOM BpEMEHH TlojleTa AajIbHOCTh He

34BUCHUT OT YrJla, MOJ KOTOPbIM 6poliieHo Teslo. [leno B ToM, UTO AaHHbIE YC/IOBUS 33~

Aauy OAHO3HAUHO OfpeAessioT 3ToT yroi. M3 puc. 49 BuaHo, uto sin a = gt/ (2vy).
[MoacTaBss 3HaYeHUs vy, { U g, HaxoauM sin a = 0,735.

3HavyeHUs vg U [ B YCJOBMM 3ahaud He MOFYT ObITb [POHU3BO/bHBLIMH. B

caMoM fiejle, BpeMsi TojeTa [ He MOXET MMpeBhaTh 3HaueHUs 2up/g, COOTBET-
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CTBYIOLLErO BEPTHKAJbHOMY HaMpaB/eHUIO HayaJbHOM CKOPOCTH. DTO YC/OBHE
MOXHO, pasyMeeTcs, MOJYyYUTb U HEMOCPEACTBEHHO W3 BblpaxeHus (6), ecau
yuyecTb, 4TO (DUBMYECKUI CMBIC] OTBET MMEET TOJNBKO TOrda, KOrda MOAKOpeH-
HOE BbIpaXeHWe HEoTpHuaTeNbHO. MOXHO MONYUYWUTH €0 U W3 OYEBWIHONO Tpe-
boBaHus sina < 1.

2. Makcumanvrnas darvHocms, KaMeHb OpolleH ¢ MOBEPXHOCTH 3eMIU C
HavyabHOM CKOpOCTbI0 v = 10 M/c, HampaBJeHHON nog yriaoM a = 30° K ro-
pusoHTy. Haipure nanbHOCTb TMosieTa MO TOPU3OHTANM, T.€. PACCTOSHUE 10
TOYKM ero nafeHys Ha semuio. [Tpn kakoM 3HaYeHMH yIia @ JajdbHOCTBL MoJeTa
MaKcHMalibHa?

Pewenwne OueBHaHO, 4TO MOJIET KaMHS OMMCHIBAETCA TEM Xe YpaBHe-
HUeM (5), KOTOPOMY COOTBETCTBYET TPEYroJIbHUK BEKTOPOB, TMOKA3aHHBIM Ha
pHvc. 49, Bbipasus kareT gr?/2 uyepe3 rMMOTEHY3y vgf U CHHYC yIJa &, MOXHO
HaWTU BpeMs MoJjieTa KaMHS:

2y, sin a
g

Ternepb Jlerko HalTH rOpU3OHTaJIbHBIA KaTeT, KOTOPbIM M paBeH MCKOMOM aanb-
HOCTH ToJIeTa KaMHS:

I = ugt cos @ = 2v} sin @ cos a _ v2 sin 2a. N
4 4

[Tpy 3a0aHHOM 3HAYCHWMU HayasbHOM CKOPOCTH vy AAJbHOCTbL MOfeTa 3aBUCHUT

oT yraa a. Haubonbluas ganbHOCTL MoseTa AOCTUraeTcs MpU o = 45°, Tak Kak

B (7) sin2a npu 3ToM MPUHUMAET CBOE MaKCHMaJjbHOE 3HayeHWe, paBHOE
eAHULIE.

U3 dopmynst (7) crneayet, uto Mobas OalbHOCTb MoJeTa, MeHbluas MaKCH-

MaJsIbHOM AaJIbHOCTH v/ g, MosyyaeTcs pH ABYX 3HAYEHHUSIX YIia &, JOMOIHSIOUMX

6] ! vi/g

Puc. 50. Hactanbuas (/) v HasecHas (2) TPAEKTOPHU, IIPOXOASIIHE YEPE3 OHY M TY XKE TOUKY

Apyr apyra fo 90°. 3HaueHHIo YIja ,, MeHbLIeMY 45°, cOOTBETCTBYET Mosioras Tpa-
€KTOpUs, Ha3blBaeMad HACTU/ILHOM, a YIUTY @4, CUMMETPUYHO OTKJIOHSIOLEMYCS OT
45° BBepx, — KpyTas TpaeKTOpU4, HasblBaeMas HaBecHoM (prc. 50).

3. Hoaem mad cxaonom. KaMeHb GpocaloT co CKJOHa ropbl ¢ HayalbHOM
CKOpPOCTbIO Vg, Hampas/eHHOM MOA YIJIOM @ K CKJIOHY ropbl, ofpasyoleMy yroJ
B c ropusontom. Ha KakoM paccToSHMM / BOOAb CKJOHA OT TOYKM 6pocaHM$1
yhajger KaMeHb?
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Pewexue, JpuxeHHe KaMHA NO-NpeXHeMY ONUCHIBaeTCs YpaBHeHueM (5),
HO COOTBETCTBYION{MI €MY TPeYIoJIbHUK BEKTOPOB YXe He GYRET NMpAMOYyTroJ/ibHbIM
{(puc. 51). BekTop r, COOTBETCTBYHOUIMH MOMEHTY NajeHMs, HanpasjeH BAoJb
CK/IOHA NOpbI B KOHEYHYI TOUKY A, BEKTOp Vof HanpaB/ieH BROJb Vg, BEKTOP
gf2/2 — BepTHUKaNbHO BHU3 W 3aKaHuuBaeTcs B Touke A. UTo6bl yCTaHOBUTH CO-
OTHOLIEHHUE MEeXZY CTOPOHAMM 3TONO TPEYrojibHUKa, OMYCTHUM W3 ero BepLIHMHbI
B nepnesaukyndp Ha cTopoHy OA, COOTBETCTBYIOMIYHO CKJIOHY ropbl. Beipaxas
BblcoTy BC TpeyrosbHUKa uepes T'MNOTEHY3bl
Vol B OBYX TIPUMbBIKAIOUIUX K HEH NpAMOYroJibHbiX

TPEYrosbHHUKOB, NMPHUXOAHUM K PaBEHCTBY

. 12
vt sin o = _gT cos B,

OTKYyJda HaxOQWM BpeMA MNoJIETa L

_2vy sina

g cosf’

Ecan nopctaBuThk HaipeHHoe 3Hadexue f
Puc. 51. Peayabripyroyuiee nepe- B Ul M gt/2, To MONYYUM 3HAYEHUS MORYJeH
MCHICHHE [ KaK CyMMa BEKTOPOB  cOOTBETCTBYHOILMX BEKTOPOB, T. €. AJMHBI CTO-
vof v gt'/2 pos OB u BA paccMaTpuBaeMoro Tpe-

yronbHUka. Teriepb MCKOMoe paccTosiHue !
BROJIb CKJIOHA TrOpbl MOXHO HaWTU Kak cymMMmy miuH oTpeskoB OC u CA,
BbIPA3UB MX KAaK KAaTeThl COOTBETCTBYHOUMX TNPAMOYrO/IbHBIX TPeYroJbHUKOB.
Iocne npocThix npeobpasoBaHUM MojyyaeM

sin asin B\ __ 2} sin ¢
cos p g cos? P

BuaHo, uto npu § = 0 sHavyeHHe ! NepexoauT B HalaeHHOE B NpeabigyLlei 3agaye
3HaueHue JAaJILHOCTH roJieTa 1o ropusoHtand (7). Jpyro#t npenefibHbIN caydai,
DOTYCKAIOWMI HENocpeJCTBEHHY0 TNpOBEPKY MNpaBUILHOCTH OTBeTa, — 3TO
a = n/2 + f§, 4To cOOTBETCTBYET GPOCAHUI0 KAMHS BEPTHKAJbHO BBePX, IIpH 3TOM
cos (¢ —f) =0, yro naer ! =0 — KaMeHb YyNageT B TY XeE TOUKY.

v} sin «

g cos P

(cos a + cos (a —B).

3apayM g4 CaMOCTOSATENbBHOTO pewreHHUud

1. Mayuk napaet oTBecHoO 6e3 HayabHOM CKOPOCTH Ha HaKJOHHYIO MJIOCKO-
cTb, o6pasyoulyi0 Yron « ¢ T'ODHU3OHTOM, W YINpYyro orpaxaercs oT Hee {(npu
YyNpYroM yaape MAdUK 0Tpaxaercs oT 1nJo-
CKOCTHU TOROGHO JYydy cBeTa, COXpaHss
MOAYNb cBoel ckopocTHu). Ha kakom pac-
CTOAHHU { BOONb MJIOCKOCTH OT TOUYKH OT-
paxXeHHs MAYMK CHOBa YyJBapuTcst O Ha-
KJIOHHYIO NJIOCKOCTB, €CJIM U3 HauyajbHOM
TOYKU RO MJOCKOCTH OH MpoJieTes paccTo-
aHue A?

2. KameHb OpoineH €O CK/JIOHA ropbl
C HEKOTOpOH HauajlbHOM CKOPOCTBIO, Ha-
NpaBJieHHOM MOR YrjoM ¢ K CKJOHY, 06-
pasyioiemy yron B ¢ ropusoHtoM. Ha KakoM pacCTOSHUM ! BROJb CKJOHA OT
TOYKM GpocaHUs YNageT KaMeHb, ec/id U3BECTHO, UTO OH MpOfieTaeT yepes Tod-

Puc. 52. TpaexTopHs Hax CKJOHOM IOpb!
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Ky A, noJjoxeHWe KOTOPOWM 3afaHO BLICOTOW A Haj CKJIOHOM Iopbl M paccTos-
HUEM S BIOJb CKJOHA OT HaualJibHOM TOukM {puc. 52)7

e [IIpusenute coobpaxeHHd, MNOATBEPXKAAKOLUIME CIPABENTHUBOCTL YpaBHEHMIl
(3) u (4). Chopmynupyiite yCI0BUH UX NPHUMEHUMOCTH.

¢ [Ipu xakoM Hanpas/leHMH HauyaJbHON CKOPOCTH HAJBHOCTb MoseTa OpolieH-
Horo Tena Oyner HauGonbuiei? OGecrneyuT M Takoe HalpasjieHUe Havalb-
HOM CKOPOCTH HauOOJIbLIYIO JaJbHOCTb MPU HpPOCKe U3 TOYKM, HaXOAALIeHcs
Ha HEKOTOPOH BbICOTE Hapn 3emien?

¢ UYro Takoe HacTWUJIbHad W HaBecHad TpaeKTOpHM?

A BexTopubie ¢opMyabl npu a=const. V3 onpenenenns ckopoctu
KakK IpOM3BOXHON pafgMyca-BEKTOpa MO BPEMEHM:
y=de
dt’
CJefyeT, YTO INpUpalieHUe paguyca-BexTopa r(?) 3a NpOMEXYTOK
BpeMeRH OT (0 10 ¢ MoXxeT ObiTh BHIPAXKEHO uepe3 v(¢) ¢ MOMOIUIBIO

ONpPEAC/ICHHOrO MHTCrpaia:
t

Ar=r—r,= S v(?) dt. (8)
0

[pu nBUXEHUM ¢ TOCTOSIHHOM CKOPOCTHIO v = const dopmya (8) maer
r=ry=vl (9

B cnyuae paBHOYCKODEHHOTO ABMXKEHHMS, KOTAA V =V, + af, BBIYUC-
nenue uHTerpana B ¢opmyne (8) maer
t . 2
r=r0+g(v0+at)dt=r0+vot+%—. (10)
0

B csiyuae HepaBHOMEPHOTO ABMIKCHUS C NPOM3BOJILHEIM YCKOpE-
HueM a(t) = dv/dt pna mpupamieHUs CKODOCTH 33 INPOMEXYTOK
BpeMeHd oT 0 10 ¢ MOXHO HanucaTh

Av=v—v,={a()a. (11)
0

IMpn paBHOYCKOPEHHOM MBMXXEHHHM, KOrAa a = COonst, BHIDAXEHHUE
(11) npuBOAMT, ECTECTBEHHO, K (opmyse (2):

| v=v,+at A

§ 13. Tpaeutopuu

PaccMOTpeHHOE BHIIE OMMCAHUE INBUXECHUS YACTULB € MOMOMIBIO IO-
I9THSL paguyca-BeKTopa r(t), U3MEHSIOHIErocs CO BPEMEHEM, OCHOBBI-
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BaJIOCh HAa MCIOJB30BAHHK OIPEACACHHOM CHCTEMbI OTCUETA. PElICHHE
MOMYYABITUXCS BEKTOPHBIX YPABHCHUHN [JId TEPEMEINEHUS UYaCTHLBI
MPOBOAWIOCH MYTEM INPHUBJACUCHUS COOTBETCTBYIOMIMX MM IeOMETpUUEe-
ckux o0pa3oB. B paccMOTpEHHBIX CJIyyadxX TpPH PABHOMEPHOM M paB-
HOMEPEMEHHOM JBMXEHUAX 3T 00pa3nl CBOOWIMCH K TPEYTOJbHHKAM,
00pa30BAHHBIM CKJIANBIBAEMBIMH BEKTOPAMH.

Ins MHOrMX 3agad, OOHAKO, MHTEPEC MPEACTABIAIOT HE TOJBKO Ie-
pEMEIICHUS YACTHUI, B MPOCTPAHCTBE, HO U TPACKTOPUH UX ABMXCHHA.
Ing vccaenoBaHMs KPUBOJIMHEHHBIX TPAEKTOPHM yHOOHO HCIONB30BATH
IDYTOM MAaTEMATHYECKUM ammnaparT, CBA3aHHBIA C MPOELMPOBAHUEM BEK-
TOPHBEIX YPABHEHHWW HA OCH CUCTEMBI KOODOHHAT.

CucreMbl xoopavuart. HauGonee mpocToit M pacmpocTpaHeHHOM $B-
JASeTCA TAK HaswmBaeMas dexkapmoda cucmemda KOOpRHHAT, 00pasoBaH-
Hasl TpeMsd B3aUMHO NEPHEHAMKY-

z agpHeiMu ocsimu. C mOMOIIBK Ta-
A; KOM CHCTEMBI TOJOXEHHE TOUKH B
\\\ MPOCTPAHCTBE MOXHO 3anaTh, yKa-
~o 3aB Tpu ee Koopauuate (puc. 53).

A Iag HaxXoXAEHHS NEKAPTOBRIX KO-

OpOMHAT X, Y, z TOYKH A HYXHO
> ONYCTUTh W3 Hee TEPHCHAMKY/AaPhl
y HAa OCH x, y, z (MM Ha MX TIpO-
nonxenuns). KoopauHAaTel ocCHOBa-
HUH ITHUX MNEPHEHAUKYIIPOB, T. €.
Touek A, A, ¥ A;, — 3TO M €CTh
JNEKAPTOBE KOOPOHMHATHL TOYKH A.
WHorma 310 mpoeunposaHue GrniBa-
eT ynoGHO BBINOJHUTH B ABA 3TANA:
CHAuana OMYyCTUTh M3 TOUKM A NEPNEHOMKYJAAp HA ONHY H3 KOOPOHU-
HATHBIX IUIOCKOCTeH, Hampumep xy (puc. 53), a 3aTeM u3 Toukm A,
T. €. IPOEKLIMH TOUKH A HA 3Ty IUIOCKOCTb, OMYCTUTh MEPIEHAMKYIAPHI
Ha COOTBETCTBYIOIIHE OCH.

poexyusmu eexmopa, T. €. HAMPABJIEHHOTO 0TPE3Ka, COEMMHSIONIE-
ro ABE TOYKHM, HA3BIBAXOT PA3HOCTH KOOPAMHAT TOYEK KOHILA M HAyana
9TOrO BEKTOPA.

3adukcupyeM HEKOTOPYIO CUCTEMY KOOPOMHAT, CBA3aB €€ Hauajlo u
HanpaB/JeHUd OCeil C ONpeAe/eHHBIM TeJAOM orcuera. Torma asag 3ama-
HHUS MOJIOXKEHHA YACTUIB B QPUINUECKOM IPOCTPAHCTBE BMECTO Panuy-
Ca-BEKTOpPAa MOXHO pAacCMATPUBATh TP €ro MPOEKUHH X, Y, z HA OCH
BHIOPAHHOM CUCTEMB KOOPAMHAT. I1OCKOMBKY HAyano paguyca-BeKTopa
0 ONPENEACHUIO BCErAa HAXOOUTCA B Hauajle KOOPAMHAT, MPOEKLMH
pagnyca-BeKTOpa MpPOCTO COBMNANAIOT ¢ KOOPAMHATAMH X, y, Z UACTHLHL.

Puc. 53. JekapToBa cMCTEMA KOOPAMHAT

KoopanHatel Kax NMpoekuuun pajauyca-sexropa. Takum obpasoM, nid
OIMHCAHMS ABMXEHHS UYACTMIIM MOXHO 3a1aBaTh JUOO ONHY BEKTOPHYIO
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¢yHKLMIO BpeMeHM r(f), aubo Tpu ckanapuux dyskumu x(7), y(I),
z(¢). Tlpn atoMm mwboe BEKTOPHOE PAaBEHCTBO, HANPHUMED
ar’

r=ro+ vl +=5-, ()

SKBUBAJICHTHO TPEM CKAJSAPHBIM, MOJAYYACMBIM MYTEM MOYJICHHOIO IpO-
€M POBAHUA €ro Ha OCH BblépaHHOI‘/'I CUCTEMBI KOOPAWHAT.
2 2 2
at at at
X t‘ 2
x=x0+v0xt+T’ y=y0+v0yt+ 2 z=zO+UOzt+—2’ (2)

rne OYKBaMM C MHAEKCAMH X, y, z 0003HAUEHBI MPOEKLMM BEKTOPOB Ha
COOTBETCTBYIOLIME OCU KOOPAMHAT.

[ToguepkHEM, YTO OXHOMY M TOMY XX€ BEKTOPHOMY paBeHcTBY (1)
MOTyT COOTBCTCTBOBATbH PA3JIMUHBIC CUCTCMBI PABEHCTB (2), MOTOMY UTO
NOJIOXKEHUE HAuana KOOPAMHAT M OPUEHTALUS OCEH KOODAMHAT B IIpO-
CTPaHCTBE MOTYT ObITH BHIOpPAHBI I1O-PA3HOMY: C ONHOM M TOH Xe ¢pusu-
YEeCKOH CHCTEMOM OTCUETa MOXHO CBH3AaTh PA3JUUHBIE CUCTEMBI KOOPAM-
HaT. X KOHKDETHBI# BHIOOp ONPENEISETCH UCKIIOUHTENbHO coobpaxe-
HUAMHU YRoOCTBA.

TpaexkTopua — naockas kpupasa. Kak Mbl BUAEIH, NPU ABHXKCHUHU C
MOCTOSHHBIM YCKOPEHUEM, KOTOPOE OMHUCHIBAETCH ypaBHeHueM (1), Tpa-
EKTOpHS ABMXEHHUS MPEACTABAAET cob0# MIOCKYIO KPUBYIO, T. €. BCE €€
TOUKH JIEXKaT B ONHOM ILUIOCKOCTH. I10JI0KeHNe B MPOCTPAHCTBE TJIOCKO-
CTH, B KOTOPOM MPOMCXOOMT ABMKEHHUE, 3aRa€TCA BEKTOPAMH YCKOPEHHUS
a ¥ HAavajJbHOM cKOpOCTH v, IlosTOoMy opueHTaLMio ocet KOOpPAMHAT
BCEraa MOXXHO BbIOpaTh Tak, 4ToObl 3Ta MJIOCKOCTH COBNAAAAa C OAHOM
U3 KOOPAMHATHBIX IUTOCKOCTEH, HATIPUMEP C IUTOCKOCTHIO xy. Toraa Bek-
TopHoe ypasHenue (1) CBOOMTCH K ABYM CKAJSPHBIM — MEPBLIM ABYM
ypaBHeHusaM cucteMbl (2). I1pu 9ToM eme ocraeTcs npou3Boa B BeIGOpe
OPUEHTALMHU OCEM X U Yy, OT KOTOPOro 3aBUCUT KOHKDETHBIM BUL ITUX
YPaBHEHHUH.

HanoMHMM, uTO MpOEKIHA BEKTOPA HA OCh PABHA NPOM3BEICHMNIO MO-
AyJIS 9TOro BEKTOPA HA KOCHHYC YIVIAa MEXIy HANpPABJECHMEM BEKTOPA U
NOJOXUTE IbHBIM HAMPABACHUEM 3TOM OCH.

ConocraBuM MCCIEROBAHUE BEKTOPHOrO ypaBHEHMA (1), ONMUCHIBAKO-
HIEr0 ABMKEHHME C MOCTOSHHBIM YCKODPEHHMEM, ABYMS PACCMOTPEHHBIMM
crocobamu — ONMPARCh HA TEOMETPUUECKUA 00pa3 3TOro ypaBHEHUS H
npoenupys €ro Ha OocHu BHIODAHHOM CHCTEMB KOOpAMHAT. [ad 9TOro
BepHeMmcs K 3amauaMm | u 2 § 12 u paccMOTpUM HX pelieHHEe BTOPBIM
crnocobom.

[ToMecTuM Hauano KOOPAMHAT B TOUKY, OTKyAa 6pocaroT Tej0, ¥ Ha-
MPAaBMM OCh X IO FOPU3OHTAH, a4 OCh y — BEPTHKAJbHO BBEPX TAK, UTO-
OBl BEKTOpP HAUAIBHOIT CKOPOCTH V, Jiexan B muockoctu xy. Toraa mpo-

CKLIMH V, HA OCH x U y OYIyT paBHBI COOTBETCTBEHHO v, COSU U v, Sind,
Tae a — yros, ofpa3oBaHHHI BEKTOPOM V, C OCbIO Xx. [1poekuuyu BEKTO-

3
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pa yckopeHHs g Ha oCH paBHH coorBeTcTBeHHO 0 M ~—g. Takum obpazom,
BMECTO BEKTOPHOTO YPABHEHMSA I =T, + V! + gt%/2 monyuum
2
) t
X = vy, cosa-t, y=vosma-t—%—. (3)
ITosHoe BpeMs mMoJieTa KaMHS HAXOXUTCS U3 BTOPOrO ypaBHEHMS, €C-
JIM TOJIOXUTh B HeM y = () — ymaBillee Ha 3€MJIO TEJO0 HAXOTUTCA HA
TOM X€ YPOBHE, UTO H B MOMEHT OpOCaHus:
f= 2vq sina
g

ITopcraensas 3to 3HaueHue ! B mepeoe ypapHeHue (3), HAXOAUM AANb-
HOCTH [ mo ropuzontanu (CM. 3agauy 2):
202 sin a cos @
| = o (4)
8
s oTBETA HA BOMPOC 3a7auM 1, KOrna B yC/JIOBMU 33AaHO BPEMS MO-
JIeTa, a He HAMpaBJeHHE HAYyajJbHOM CKOPOCTH, HYXKHO BRIDA3HMTh Sin a
U3 Broporo ypasHenus (3), mosoxuB B HeM y = O:
inq=3%L
sin = L (5)
Tenepb mas HAXOXACHUS MAJBHOCTH MOJETAa OCTAGTCH MOACTABUTL B
nepsoe ypaBHenue (3) cosa, BbIpasuB ero uepe3 sina u3 (35):

{ 2
cos a=V] —sintq = 1—(53—:—) .
D

B pesyabrate ang ganpHOCTH [ MOJMETA MONYUYHUM

gt\?
l=uvycos at =uvy\|1 — (553) L,
4TO, Pa3yMEETCs, COBMAJAET C MPUBENEHHBIM B MpeanayiueM naparpade
OTBETOM.

PaccMOTpeHHBIE TTPHMEDR! MOKA3BIBAIOT IKBUBAJIEHTHOCTh O0OHX Me-
TOMAOB, XOTA MCIOJIb30BAHME MPOEKIMHA HA OCH KOOPAMHAT MHOTAA MpPH-
BOAMT K Gosiee rpoMo3akuM anredpanyeckuM npeobpa3oBaHUSM.

PekoMenayeM MONBITATHLCA PEIUMTh ITMM METOAOM €Ilie W 3agauy 3
§ 12 u o0e nmpuBeAeHHbie TAM 33aJau¥ A CAMOCTOSTEJNBHOIO PELIEHUS.

Yro0CTBO HCMOJb30BAHUS KOODAMHAT MpOSIBASETCS, KAK yXE OTMe-
4ya/10Ch, TIpU MCCJAEROBAHMHN (opMBI TpaekTOpHH.

YpapHeHHe TpaekTopuu. ByaeM ongare Aisl ONMPeAESIeHHOCTH paccMat-
puBaTh CBOGOMHOE ABMXEHUE BOMU3U MOBEPXHOCTH 3eMiM. B takom ciy-
uae 3aBUCUMOCTh KOOPAMHAT TE/MA OT BPEMEHM Aaercd ypaBHeHusamu (3).
Yro6hl MOAYYHTH YPABHEHHE TPAEKTOPHH y = y{X), HYXHO HCKJIIOUUTH
BpEMS M3 3TUX ypaBHeHuH. Belpaxas ! u3 mepBoro ypaBHEHHS:

. X

T wgcos @’
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§ MOACTaBJsS BO BTOPOE, HOMyyacM

2
y=xtga— £

(6)

2v§ cos® o
3xech MBI BOCHO/Ib30BANMCH TEM, UTO Sin a/cos a = tg a.
Coornowenne (6) npeacrasaser coboit ypaBHeHue napabosnl, npo-
XOAAIIEN uYepes Hauaso KoopauHat. E€ BETBH HAmpasJeHB BHH3, Tak
xak KoadduuueHT npy x* orpuuarencH. HaiieM HoioXeHHe BEpIIMHEL
tpaeKTOpuH. Boimennm B npapo#t uacty (6) KBaZpaT pa3HOCTH, pacCMaT-
pHBasl WICH, COACPXAIUMil X%, KaK KBafpar IEPBOTO CJaraeMoro, a 4jieH,
COmEpXAallMil X, — KaK YABOEHHOE MPOU3BEACHHE NEPBOrO C1araeMoro
ga Bropoe. JI1g 3TOro HyXHO NpUOABHTHL M BHUECTb HEKOTOPHIA cBOGOA-
HBIH UJIEH, HE COONEpXalluu Xx:

vg sin? ¢ + vg sin® a (7)

2
gxz —xtga-+

r= 2v§ cos® a 2g 2g

Jlerko BHIETH, UTO BHIPAXKEHHE B CKOOKAxX MpeACTaBiseT cofoit KBaapaT

pasHOCTH
. 2
\[g x __ YpSina (8)
2 yycos a 2g '

OueBMAHO, YTO MAaKCMMYM TpaBoM uacty (7) JOCTHraeTcs Npd TOM 3HA-
YEHHH X, MPH KOTOpOM BhIpaxenue (8) obpamaerca B Hy/b:

_ v% sin ¢ cos a (9)

g
CooTBeTcTBYIOIIEE MAKCHMMAJbHOE 3HAYEHHE Mpasod uactu (7), T.e.
BBICOTA BEPIUMHBI Napalosbl, eCTh
vl sin® «
ymax = > 2g M (10)
Koopaunartsl BepmmHbl napabonamueckoit Tpaextopuu (9) u (10)
MOXHO HaiiTH u Oosee mpocTeiM nyTeM. Ilockonsky napabona —
9TO CHMMETPWYHAY KPHBAd, €€ BCPIUMHA JICXKHT HOCEPEIHHE MEXIY
TOUKAMM hNepeceyeHHs C ocblo x. OmHA M3 9THX TOUEK — HAUajI0
KoopauHaT x =0, a Apyras COOTBETCTBYET MAKCHMAJBHOH JAIBHOCTH
nonera x =1 u3 dopmynn (4). IToaromy sepmnHa napabosnel Haxo-
marcs npu x = I/2, uro coemajaer c¢ (9). Ilpm a3toM ee BHICOTa
Ymay [OJYYAETCS NOACTAHOBKOM 9TOrO 3HAYCHHS X B yDaBHEHHUE
Tpaektopun (6).

Hesaeucumocrs apuxenuit. Coortnomenns (9) u (10) MOXHO mony-
YNTb ¥ HA OCHOBE MPHHIMIIA HE3ABUCHMOCTH ABHXeHHH. PaccMaTpupas
BTopoe ypasHenue (3) Kak ypaBHEHWE [BHXEHHS Tesna, OpPOILEHHOTO
BEPTUKANBLHO BBEPX C HAYAJLHOW CKOPOCTHIO v Sin o, HAHAEM MaKCH-

ManpHy10 BRICOTY nogbeMa A = (vg sin a)?/2g, COBHAafaILyO C BRICOTON
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BepuMHH napaboasl y,,, #3 (10). TlomcraBngs Bpems mnombema
t = vysin a/g B neppoe ypaBHEHHe (3), OMHCHIBAIOWIEE PABHOMEPHOE
ABHXEHHE 110 TOPH3OHTAIH CO CKOPOCTBIO Uy COS @, HaHAEM 3HAYEHHE X-
KOOPAMHATH 3TOH BepuinHH, coBnaaawuee ¢ (9). Ho utobu yGenuthes
B TOM, YTO TPAEKTOPHS NMpEACTasaser coboit napabony, Bce pasHO HEOO-
XORHMO o0patutbes K ¢opmyae (6).

Ecau HHTEPECOBATLCH TEM, KaK GyAET MEHATHCS TPAEKTOPHS NIPH H3-
MEHEHHH HANpABAECHHS HA4aJbHOIM CKOPOCTH, T. €. YIa d, TO yaoDHce
npeobpasosath ypaBHeHHE TpaekTopuHu (6) TakuM o6pa3om, 4TOOB OHO
COmEPXAN0 TOMBKO KAaKYIO-HHOYAb ORHY TPHIOHOMETPHUECKYK (DYyHK-
UHIO Yyria a. g 3Toro BOCMOb3YEMCH TPHTOHOMETPHUYECKHM TOXIECT-
BoM sin® a + cos? a = 1, Torna

52 2
1 — Sin” a+cos e +tg2a.

C052 a COS2 a

INoacrasassg 310 3HaueHne B (6), HAXORHM

2
y=xrga-—;§—v%(l+tg2a>. (11)

Ypasuenue (11) onuceiBaeT ceMeHCTBO napaloO/IHUECKHX TPAaEeKTOPHI,
3aBHCSIIEE OT ABYX MNapaMeTpoB: MONyJs HayaJbHOH CKOPOCTH vy H
yria o. PewieHHe KHHEMAaTHYECKHX 33134 O cBOOOMHOM TAagEHHH B
OXHOPOOHOM TII10JIE TSXECTH CbaKTHLICCKH CBOOAHTCH K HCCIAEAOBAHHK
3TOTO CEMEHCTBA.

IpaHuLa GOCTHXUMBIX Liexeil. B xauectse npumepa paccmotpum Gar-
JIMCTHYECKYKO 3a8auy O cTpeasde H3 pyXhbs, npeHeOperas CONpPOTHBIEHH-
eM Bo3ayxa. [Ipexne BCero 3agamuMcs BOIPOCOM, KaK CJEAYET CTPETSITS,
yTOOBI MONACTh B LEb, HAXOAAWYHCHA
Ha pacCTOSHHH [ MO rOPU3OHTAIH H HA
BBICOTE ~ HAX TOPH30HTAJBHOH IJIOCKO-
CTBIO, NPOXORSINEH 4EpPE3  PYXbE
(puc. 54). Ctpensas B ueab, MEl MOXEM
MEHSATh HAKJOH CTBOJA PYyXbi @, HO,
=  pasyMeeTcd, Mbl HE B CHJAX MEHSTH
3HAYEHHE HAYAJTbHOH CKOPOCTH vy, TaK
Puc. 54, Crpeasba B uens, Haxoms- Kak OHa 33BUCHT OT 3apsAAa NATPOHOB H
LYIOCA HA PAcCTOSHUY [ 1 BbICOTE A YCTpOICTBa pyXxbsi. ByaeM cuHTaTh v,
H3BECTHOM 3amaHHOM BeanunHoH. [lon

KaKHM X€ YI/IOM K TOPH30HTY C/IEAYET HANPABHTb CTBOJ PYXbs?
YTtoBbl OTBETHTH HA JTOT BOMNpPOC, MoTpefyeM, UuTOGH TPaeKkTopHS,
onucmBaemas ypasHenueM (11), mpoxoauna yepes ueab, T. €. TOUKY C

KOODAMHATAMH X = [, y = h:

2
h=ltga—(l+tg2a)§£7. (12)
? |
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T0 KBaJpaTHOE ypaBHEHHE OTHOCHTENBHO tg a. Pemas ero, nmonyuaem
Wi KODHEH C/IERyIOIIEe BRPAaXEHHUE:

ga=1 (ugi\{ug—g(g12+2ugh)). (13)
Ecan AUCKPHMHUHAHT HCOTPHULATC/ICH, T. €.
vl — g(gl* + 2vh) 2 0, (14)

TO YPaBHEHHE HMEET BELIECTBEHHHE KOPHHM M, CJIENOBATENBHO, MPH
HAAHHON HayasJbHOM CKOPOCTH MyJH B Lielb MONacTb MOXHO. Ecin npu
3TOM AMCKPDHMHHAHT MOJOXHUTENEH, T. €, ypaBHenme (12) umeeT aBa
pa3TNYHEIX BELIECTBEHHHX KODHA, TO B LEJb Myss MOXET INONacTh
no OBYM DasMyHHIM TPacKTopuaM. TpaeKTOpHUS ¢ MEHbIMIMM 3Haue-
HUEM YIJIa O HA3bIBAETCd HACTHABHOM, ¢ §0sbIMM — HaBecHOW. IIpm
PaBHOM HYJKO AMCKPMMHMHAHTe, Korna kKopHu (13) coBmapaiot, B Lesb
npd AaHHOM 3HAYEHHUHM HAYaJbHOM CKOPOCTH MOXHO MOMNAacThb EAMHCT-
BEHHRIM 00pa3oM.

Ecan Xe AMCKPUMHHAHT OTPHUATENEH, TO ypaBHeHue (12) He Mmeer
BELICCTBEHHHX KOPHE! M B LieMb NPU JAHHOM 3HAYEHMH v, IONAacTb
HEJb35 HU NMPH KAKOM 3HAUEHMH YTJa O HM OJHA U3 TPAEKTOPHH ceMei-
crea (11) He «norarusaeT» 10 3roit ueau. OTCIOOA SCHO, YTO PABEHCTBO
HYJI0 ANCKPUMHHAHTA ONpeaenseT Ty MHHHMAJbHYIO HAYaJbHYIO CKO-
POCTb v, MPH KOTOPOH €lIe MOXHO MNONacTb B NAHHYIO LEJb:

= (gh+VEZ+ 7).

Jina TaHredca yriaa HakJOHA CTBOJA PYXbS NPH PABHOM HYJK0 AUCKPH-
MuHauTe uMeeM u3 (13)

vmin__fl_ _/l
tga= 2l —-l+vl+l.

C npyroii CTOPOHH, NPN 3aJaHHOM 3HAYEHUH VU, PABEHCTBO HYJIIO M-
CKPIMHMHAHTA ONpEEaseT KOOPAMHATH Haubosee yaajeHHHX LeEnei, B
KOTOpHIE eLle MOXHO MONacTs, T. €. FPaHULy 061acTH, NMPOCTPEINBAEMON
U3 NaHHOTO PyXba. Buipaxas u3 (14) 2 B ciyuae paBeHCTBAa, HAXOAHMM
12

—2, (15)

2
2u;

h=

Klso

Jra dopmyaa onperenser HanbOAbWYIO BHCOTY LEAN, HAXOAALIERCS
Ha paccTogHMH [ OT pyXbS MO NOPH3OHTAH, B KOTOPYK €IUE MOXHO MO-
Nacrp npy naHHOM 3HaueHUHM v, C ee MOMOIIBIO JIETKO MOAYYHUTh ypaB-
HEHMe rpaHMUKN NPOCTPEINBAEMOM 001aCTH, ECTH 3aMEHUTb KOOPANHATH
onpenesneHHoN Hanbosiee yaaaeHHON ueau [ U A Ha NmepeMeHHble BeJH-
YHHB! X M y — KOODAMHATH TOUEK MCKOMOW TpaHMLH!

2
- (6)

v

[

y:

Rl

N
on
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OTo ypaBHenue mapabossl ¢ BepwmHoM npu x =0, y=v3/(2g). Ee
BETBHM HAMpPaBJcHH BHU3 M MEPECEKAIOT NOPU3OHTAJBHYIO OCh B TOYKAX
x = *v2/g (puc. 55). Bce TpaeKTOpHM C JAHHBIM v, NPH PasHbIX 3HA-
YeHMSX a, T. €. ceMeHcTBO mapabos (11), meauKoM JexXaT mog 3Toi
rpaHuLEed, U Kaxpaas Hu3 Tpa-
EKTOPHIl KacaeTcd TpaHuUubl B
2 ) ogHO#M Touke. [dpyrumu cjo-
2 =2 " 22 BaMHU, TPAHMLA SIBJSETCS OTH-
famomein A9 CEMEHcTBa Ta-
KuX Tpaektopuit. Uepes kax-
AYI UEdb, PacloJOXEHHYIO
HUXKE TPAHMILL, TIPOXOAST ABE
TPACKTOPUM, TPUUEM HaBec-
Has KacaeTcd rpaHuubl 10 mo-
NafgaHus B LEJb.
PakTHUECKM TPAHULA MPO-
cTpeanBaeMoi objacty mpea-
craBasger coboil  HEKOTOPYIO
MOBEPXHOCTh, a mapabona (16)
€CTh CEUCHHE 3TOM MOBEPXHOCTH BEPTHUKAJBHON IUIOCKOCTBIO, MPOXOAS-
el yepes Hauaao KOOPAMHAT. Bcg MOBEPXHOCTH MOXET ObITh MOJYUEHA
BpameaneM napaboar (160) BOKpyr ocH y.

(=]
|,
=

Puc. 55. ['pannua npocTpennsaeMoi obnactu

Jpyroit cnoco® HaxoxjaeHus rpaHuubl. Ecau ¢ caMoro Hauaaa MHTe-
pECOBaThCA TOMBKO TPAHMLIEN MPOCTPEaMBacMOil 061acTH, TO €€ MOXHO
HaNTHU Cpasy ¢ MOMOILBIO ypaBHeHus Tpacktopum (11). JeicTBuTEeNbHO,
pacCMOTPHUM LE/IH, HAXOAAMIMECS HA OOHOM BEPTHKANH, OTCTOSHICH OT
pYXbs HAa PACCTOSIHHE X, W HAWAEM HA 3TOI BEPTHKAJU CAMYIO BBICOKYIO
TOUKY, B KOTOPYIO €UIC MOXET IOMACTh IMyJd. JTa TOUKA, OUEBUMAHO,
NpPUHAAAEXHUT rpaHuue. Takum obpasoM, 3agaua CBOOUTCH K HaxXOXAE-
HUI0 MakKCMMyMa y MpPU 33AaHHOM X, T.€. MaKCHMyMa KBagpaTHOIo
tpexuneHa (11) oTHocuTenbHO tg a. KBagpaTHHIH TpexueH MMEET MakK-
cuMyM mipH 1g a .., = v3/(gx). CooTBETCTBYIOMIEE MAKCHMAJIbHOE 3HAUE-
HHME y TOJy4YaeTcs MOACTAHOBKOH tg ., B (11). PesysapraTt coBmamaer
¢ ¢opmymoir (16).

[TonyueHHBlE BHILIE PE3YJbTAaTHl, KAK HETPYAHO yOemuThCs, COAEp-
XaT BCE XOPOLIO M3BECTHHIE YACTHHE C1yuyad. Tak, HampuMmep, MakcH-
MaJjibHagd BHICOTA MOTBEMA ymax=v§/(2g) MOJIyUAETCH M3 YPaBHCHHA
(16) npu x = 0, a HanbosiblIAs JAABHOCTD MOJIETA MYJH 1O NOPU3OHTAIH
[P yCJIOBHH, UTO PYXbE U LEJb HAXOAATCS HA ONHOW BHICOTE, MOJy4Ya-
erca u3 (16) npu y=0: x,,, = v¥/g.

3apgauv gA9 CaMOCTOSATENbHOTO pecmicHUA

1. MC)KL()’ Uelbl0 U MUHOMETOM, HaxoAAlIMMUCH Ha OXHOH ropHU3oHTalH,
pacnofioxkenHa TOHKad CTeHa BLICOTOM A. PaccrogHhe oT MMHOMETAa 10 CTEHB!
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/1, @ OT CTeHbl 00 Ueadd — [2. OnpeeuTe MHHHMMAalbHYK HayajbHYW CKOpO-
CTb MHHbI, HeobXomuUMylo A nopaxeHWs uenu. [1og KakuUM YoM NpH 3TOM
cleayeT CTpesaTb?

2. Ha kKakoe MaKCHMAajbHOE PacCTOSHHE MOXHO OPOCHTb TEHHUCHBIH MSY B
cNOpPTHBHOM 3ajle  BbICOTOMW h =8 M, ecJM HayajlbHas CKOpoCTb MsdYa
vg= 10 M/c? vy = 20 M/c? Tlog kakuM yriom clieayet bpocaTb Ma4?

3. Hangure paguyc KpHBU3HbI NapabonmHueckod TpPaekKTOPUM B ce BbICLieH
TOYKE, YUHTbIBAsl, YTO BEKTOP YCKOPEHHWSl TaM HanpabjieH M0 HOpMasld K TPack-
topuH. HauanbHas ckopocTb vy HanpasjieHa MOJ YIJIOM ¢ K MOPH3OHTY.

4. C Kakoll MHHHMaJbHOI HayaslbHOM CKOPOCTbK MOXHO OpPOCHTb MSAYHK,
yToObl OH CMOr MepesieTeTh Yepes aHrap c MJockoi kpwiwer? Beicora asrapa
A=6M, WwHupHuHa [ =10 M,

o [loueMy TpacKTOPHS OBMXEHHS 4acTHUbl C MOCTOSHHbIM YCKOPEHHEM INpel-
craByiser coboi myockyw kpueyw? Kak pacrnosoxeHa B nmpocTpaHCTBE MJIO-
CKOCTb, B KOTOPOH JIEXXHUT TpaeKTopHsa?

s CcopMynupyiTte MpPaBUIO HaXOXIACHUA MPOEKLUHH BEKTOpa Ha O0Cb CHCTEMbI
KoopavHaT. B KakoM ciyyae npoekuMs GyneT MosoXuTesbHOH? oTpHUaTe /b~
HOM? paBHOM HY/0?

e B kako#l Touke napabosiHuecKol TpaeKTOpUM Tena, OGpolueHHOro noa yYrjoMm
K FOPH30HTY, €ro CKOPOCTb MWHHMMaJbHa?

o Tpebyerca nonacTb B Lie/b, HAXOAAWYIOCS Ha BbICOTE A W pacCTOSIHHH [ OT
TOukH GpocaHus. Ha nepsbiit B3rnsag kaxercs, uto Tpebyemas HayasbHas
CKOPOCTb ByHET HaWMEHbILEH, eC/IM BbiCLIAas TOUKA TPAGKTOPHH COBNanaeT C
uenbio. ONpoBEPrHUTE 3TO YTBEPXAEHUE.

A Haxoxaenue 3kCcTpeMyMoB. HaxoXxnoeHHE KOODIMHAT BEPLINHBI
TPACKTOPUM MOXXHO BBITTOJHUTH C ITOMOIIbIO U3BECTHHIX NMPAaBWJI MC-
caenoBaHud (DYHKLIMHK HA 9KCTPEMYM Ha OCHOBE IudepeHUaTbHOTO
ucuucaeHus. Ilonoxenne makcuMmyMa cdyHkuuu y(x), 3amaBaeMou
BbipaxkeHneM (6), onpemensercd NMPUPABHUBAHMEM HYJIIO ITPOU3BOL-
Hoit y'(x) mo x. BriuMcnsis 9Ty NpOM3BORHYIO, HMEEM
tga——F5—=0,
vy Cos” a

OTKyZAa /g X IOJydyaeMm 3HaueHue, masaemoe ¢opmyon (9).

AHAJIOrMYHO MOXHO IMOCTYNATh U B OPYrHX CAyuyasx, rae tpeby-
€TCd HAaXOXIEHUE JKCTPEeMaJbHHIX 3HaueHuid. Hanpumep, mnsg onpe-
IeNeHUsS. MUHUMATBHOTO 3HAYCHMS HauyaJbHOM CKOPOCTH v,, obecrie-
YMBAOWER IMOMAJaHUE B LEIb, HAXOAAIIYIOCS Ha BHICOTE A M pac-
crosHun [, crexyer Bmipasuth u3 (12) v xak yHKuMIO

nepeMeHHoN z = tg a, npomuddepeHIUpoBaTh (HYHKIHUIO vo(z) o

Z U NPUPABHATH NPOU3BOOAHYIO HYJIIO. PaCCManHBaTb C1enyCT TOJNb-

Ko Ty ofiactb 3HaueHuH z, rae v% >0, t.e. z> h/s. Ilpu aTOM 110-

Jy4aercd KBAAPATHOC OTHOCHTE/ABHO Z YPABHCHME, Y KOTOPOrO OOUH
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U3 KOpHell (MOJOXHUTENbHHIA) NaeT HanpaB/JeHHE HAUAJBHOH CKODO-
CTH, TIPH KOTOPOM €€ MOAYJIb MHHHMaNeH. Bropo#t xopeHs ¢pusnue-
CKOIo CMbICJIa HE HMEET.

OOparuMocTh NBHXEHMs. Vcnosp3ys npeacTaBiaeHME O TPAEKToO-
PUM, MOXHO KOHKPETH3HPOBATh CMBICJ OGPATHMOCTH MEXAHHMYECKOIO
ABMXEHHMS, O KOTOPOil yMOMMHANIOCH €ille B CAMOM Hauaje npu of-
CYXIEHMM CBOWCTB CUMMETPHH MPOCTPAHCTBA U BPEMEHH.

PaccMoTpuM ABMXEHHME YACTHUH B 3aJaHHOM CHJIOBOM T10JIE,
KOraa €€ YCKOpPEHHME B KaXJOH TOUKE MMEET OMpPENESICHHOE 3Haye-
HHE, He 3aBucsamee or ckopoctH. Kakum 6yner aBuxeHue IT10it ua-
CTHUH, €CTH B KAKOH-IM00 TOUKE €€ TPaeKTOPMM HM3MEHMTh Ha-
npaBjieHHE CKOPOCTH HAa NpOTHBOMOJAOXHOoe? Matematmuecku 3To
SKBHUBAJIEHTHO 3aMeHe ! Ha —! BO BCEX YpaBHEHHMsiX. B ypaBHeHmHe
TPAaEKTOpHM BPEMsS HE BXONUT, M UYACTHLUA OyAEeT ABHUIAThCH
«BCNATh» MO TOM XE€ caMoil TpaekTopuu. Bosee TOro, MpoMexyTku
BPEMEHH MEXAY TMPOXOXAEHHMEM ABYX JIIOOBIX TOYEK TPAEKTOPHM
6yayT OOMHAKOBH KaK MpPH NpPAMOM, TaK M NpH oOpaTHOM ABHMXe-
HuH, Kaxnoii Touxe TpaekTOpMHM COOTBETCTBYET OMpPEAC/JEHHOE 3HA-
YeHHE MONYJIsi CKOPOCTHM YAaCTHULBI HE3aBHCHMO OT HAamnpaBJIeHHUS
IOBMXEHUS 1O JAHHOH TPAaEKTOPHH,

YkaszaHHble CBOHCTBA OCOOEHHO HAMIAAHH A8 COBEPILAKOMIErO
KoJ1e0aHHs MASTHHKA,

Bce ato crmpaBemuBO, pasyMeeTcs, JIMIUb TOraa, KOrAa MOXHO
npexedpeusb TPEHHEM — COMPOTHBJIEHHEM ABHXEHHIO. [[pyruMu cio-
BaMH, 00pPaTHMOCTb ABMXXEHHMS HMEET MECTO TOTAA, KOrAA BHIMOJHS-
€TCSl 3aKOH COXPAHCHHS MEXAHMUYECKOH JHEPrHH.

3apaua

Obpamumocme deuxenus. CtanbHoil ynpyrufi wapuk csobonHo mnapgaer
6e3 HayabHOM CKOPOCTH ¢ HeKoTopo# BhicoThl /. Ha kakoii Bbicote A M moa

\ F

l

Puc. 56. OtpaxeHue NafalOWENo WAPHKA OT HAKJIOHHOM NJIUThLI

KakKMM YMIOM @ K TOPM3OHTY cJlielyeT TOACTaBUTb MpPAaMOPHYIO TUIMTY
(pHc. 56), uTobbl YNpyro OTCKOYMBLWIMHA OT Hee WAPUK YJeTes KaK MOXHO
Janpliue 1o ropusoHTanu? Yemy paBHa 3Ta MaKcHMa/bHas HajbHOCTL?
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PeweHue ITy sanady MOXHO pewirTe BooOlle npakTHyecku 6Gea Bcd-
KMX pacyeToB, ec/i¥ BOCMO/b30BaThcs 0OPaTUMOCTBIO MeXaHUYECKOro ABM-
xeHusa. Bynem paccyxnate crenywouwmm ob6pasoM. ITycTe Mbl HaWIM Takue
3HayeHus h U a, NMPU KOTOPblX FOPU30HTasbHas OaldbHOCTh [0JIETA OTCKO-
4YMBLIErO WIapuKa OKasanach MakcHMaibHOM. CKOpOCTh WwapuKa B MOMEHT
nageHus Ha 3eMa0 paBHa V2gH U He 3aBUCUT OT 3HaueHWsa A U a.
(ITpouwie Bcero 3to yBMOETh, YUYWTbIBas 3aKOH CoXpaHeHus 3Hepruu.) Ecau
B TOYKE MajeHUs 1apHKa Ha 3eMJI0 HanpaBjieHUe ero CKOPOCTH U3MEHUTh
Ha NPOTUBOMOJIOXHOE, TO OH Npode]aeT BeCh CBO NnoseT B oOpaTHOM Ha-
NpaBjleHUU U TOC/e OTPaXKEHUS OT IJIUTHI NMOAHUMETCH Ha NPEXHIOK Bbl-
coty. EcTecTBeHHO, 4TO 4 B 3TOM 00pallleHHOM OBUXEHWH AabHOCTb €ro
nonera no ropusoHranu Gyaer HaubGonbwieit. Ho Mbl 3HaeM, yTo HaubGOJb-
was ropusoHTajbHas AaNbHOCTbL MoJera NpU JAaHHON HayanbHOM CKOPOCTH
noayuaetcs, ecau ee Hanpab/jeHHe COCTaBJfeT yron 45° ¢ ropuUsOHTOM Npw
YCJIOBUM, YTO TOYKA NMadeHUs HaXOOUTCS Ha OOHOM TOPU3OHTA/NLHOM YpPOBHE
¢ HauyanbHoi Toukoil. Ilpu GoJiee BBICOKOM PacroNOXEHUM TOYKM MNameHus

0

\ H
\
\ a=n/8

Puc. 57. Pacnonoxenue nantsl Ans Haubosblest NaNbHOCTH NOAETA WAPHKA

I=2H

ropM30HTaNbHaA NaNbHOCTL MNoJieTa MOXET TOJMbKO YMeHbWwHThed. [loatoMy
NOACTaBUTh MJIMTY HYXHO Kak MOXHO HuXe, T.e. npu h=0, U opueH-
TUPOBaTb €€ TaK, 4YToObl BEKTOP CKOPOCTH OTCKOUMBLUEro LIAPUKA COCTaB-
asan yroa 45° ¢ ropusoHtoM (puc. §7). Utak, nauTy HyXHO HaKJIOHUTb Ha
22,5° Kk ropusoHTy. B cootBercTBUM ¢ dopMynoit (4) MakcuManbHas dalb-
HOCTb moneTa paBHa 2H.

U3 npuseneHHbIX paccyXaeHuit ICHO, YTO MOPU3OHTAILHY IO NaLHOCTD M0~
Jieta MOXHO Obs10 Obl YBETHUUTD elue Gonblue, ecu Obl YCIOBHE 3a0a4U NO3BO-
JIS710 pacroIOXUTh MIUTY HUXe YPOBHA 3eMu. IIpu 3TOM, pasyMeeTcd, NJIUTY
HY>XHO HaKJIOHUTb Ha HECKOJIBKO MEHbLUMIT yroJ.

3agavya OAA9 cCaMOCTOATENBHOTO peweHUd

B ycaoBuM pa3oOpaHHO! Bbille 3a0ayy MJMTa, OT KOTOPO# OTCKaKMBAer
WapuK, pacnosioxeHa Ha raybuHe A HUxXe ypoBHA 3emau, [log KakuMm yr-
JOM @ K TOPHU30HTY CJIeAyeT HAaKJIOHWTb TJIMTY, 4TOOb! MOJAYYWTbL MaKCH-
MaJibHYK0 TOPM3OHTANIbHYIO AajbHOCThL MoJieta wapuka? Kakosa sTa Makcu-
ManbHas AanbHOCTL?

¢ Hapucyiite rogorpacd BeKTOpa CKOpPOCTH Tena, 6pouleHHOro NMoa YrjoM K
FOPU3OHTY. ’
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e [lokaXkuTe, UTO B PACCMOTPEHHOM Bblllle 3ajlaue AaJbHOCTE MoseTa Mo ro-
PHM30HTAJIM MOXHO cpesaTh Goabie 2H, eciiM NOMECTHTb MJIMTY HMXe
YPOBHS 3EM/IM W OPHUECHTHPOBAThL €€ JOMKHBIM 06pa3oM.

e JlokaXkMTe, 4TO MPH HAJMUUM TPEHUH 0BPAaTHUMOCTh ABHXEHMUS OTCYT-
CTBYET. A

§ 14. OTHOCMTENBHOCTL MEXAaHMYECHOTO HBHIKEHMUS

B caMoM Hauane U3yuyeHUs MEXAHHYECKOTO IBHXEHHUS MOTUYEPKUBAICS €10
OTHOCHMTENBHBIH XapakTep. JBHXEHHE MOXHO PACCMATPUBATH B PA3HBIX
cucreMax orcuera. KoHKperHbiil BRG0P CHCTEMBL OTCUETA AUKTYETCS CO00-
paxeHusMH YIoOCTBA: e€ CaenyeT BHOUpATh Tak, YToOK H3y4aeMoe IBU~
XEHHME U €r0 3aKOHOMEPHOCTH BBHITVISACAH KAK MOXHO MPOHIE.

JABuxeHue B Pa3HbIX CUCTEMAX OTcyera. [lsis mepexoma oT OXHOM CH-
CTEMBl OTCUETa K JAPYTroM HEoOXOMMMO 3HATh, KAKHE XaPAKTEPHCTHKH
OBHXCHHUS OCTAIOTCH HEU3MEHHBIMM, a KAKHE TPH TAKOM MEPEXOAE U3~
MEHSIIOTCS M KakKMM o0pasoM.

Haunem co BpeMeHH. OMET MOKA3BIBAET, UTO, [TOKA peUb MUAET O ABH-
KEHHMAX, MPOUCXOAAIIHX CO CKOPOCTAMHM, MAJBIMH MO CPABHEHHIO CO CKO-
POCTBIO CBETA, BPEMS «TEUET» OAUHAKOBO BO BCEX CHCTEMAX OTCUETA H B
9TOM CMBICJIE MOXET CUMTATHCS a0COMIOTHHIM., DTO 3HAUMT, UTO MpPOME-
KYTOK BPEMEHM MEXIY ABYMs COOBITHSMH ONMHAKOB NPH €r0 U3MEpe-
HUM B 10600 CUCTEME OTCYeTa.

Tlepeiimem K MpOCTPAHCTBEHHEIM XapaKTepucTUkKaM, IlogoxeHue uac-
THILBI, OMPEAENSEMOE €€ PATHYCOM-BEKTOPOM T, U3MEHSETCA MPH MEPeXo-
ae x apyroif cucreme orcuera. OgHAKO OTHOCUTEIBHOE MPOCTPAHCTBEHHOE
PaCMoJIoXKEeHHE ABYX COOBITUI MPHU 3TOM HE MEHSETCS U B 3TOM CMBIC/IE SIB~
asercs abcomoTHeM. HanpuMep, oT BuOOpa CUCTEMB OTCUETA HE 3aBUCAT
OTHOCHTEJABHOE MOJOXEHUE ABYX YACTHIL B KAKOH-TO OAMH MOMEHT Bpe-
MEHH, 3aaBaEMOE Pa3HOCTBIO MX PalMyCOB-BEKTOPOB r,(?) — r,(f), mpo-
CTPAHCTBEHHEIE PAa3Mephl TBEPABIX TEA U T. IL.

Taxum 06pasoM, COMJIACHO KJIACCHUECKHMM IMPEACTABAEHUSM Hepes-
TUBUCTCKOH (DH3MKHM NMPOMEXYTKH BPEMEHH M IMPOCTPAHCTBEHHBIE pac-
CTOSIHMS. MEXIY ONHOBPEMEHHBIMH COOBITMSMH abCOMIOTHH. DTH MpeR-
CTABJEHHS, KAK BBISCHUJIOCH IMOC/AE CO3AaHUS TEOPUM OTHOCHTEIbHOCTH,
CrpaBeUBH JULIb MPH CPABHHUTEJbHO MENIEHHBIX ABHXEHUSX CHCTEM
oTcyera. B TeopuM OTHOCUTENBHOCTH NMPEACTABACHUS O NMPOCTPAHCTBE M
BpEMEHH MpETEPNEad CymecTBeHHEEe u3MeHeHus. ONHAKo HOBBIE pess-
THBUCTCKHME MPEICTABJICHUS, NMPUIIEAINE HA CMEHY KJACCHUYECKUM, Me-
pEXOOSAT B HUX B MPENEAbHOM CiAyvyae MeOJeHHRX JBHXXEHHI.

PaccMoTpuM Temepp M3MEHEHME CKOPOCTM JBMXXEHHSA YaCTHIEl TPH
nmepexone OT OOHOM CHUCTEMHB OTCUETa K APYrod, ABUXYIIEHCS OTHOCH-
TeJbHO MepBoil. Bonpoc 9TOT TECHO CBS3aH C MPHHIMIIOM HE3aBHCHMO-
CTH MepeMemeHuil, obcyxaaBuumcd B § 5. BepHeMcs Kk npuMmepy ¢ me-
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penpaBofl Ha mapoMe uepe3 pHopx, KOraa NMapoM ABHXETCA MOCTyma-
TENBHO OTHOCHTENBHO Geperos. O603HAUMM BEKTOP IMEpPEMEMIEHMS Mac-
caXupa OTHOCHTENbHO Oeperos (T. €. B CHCTEME OTCYETA, CBS3AHHOHM C
3eMieif) uepes Ar, a ero NepeMeIIeHHe OTHOCHTENLHO mapoMa (T. e. B
CHCTEME OTCUETa, CBS3aHHOM C mapoMoM) — uepe3 Ar. [lepememeHue
CaMOT0 MapoMa OTHOCHTENbHO 3EMJM 33 TO Xe BpeMs Af 0003HAuUMM
yepe3 AR. Torga

Ar = AR + Ar'. (1)

PasnenuB 9TO paBeHCTBO NOWIEHHO HA BpeMs Af, B TEUEHHE KOTOPOro
9TH MEpPEeMEUICHUS MPOU3O0LLIH, M mepeas K npegeny npu At —0, mo-
ayuumM aHajgoruyHoe (1) COOTHOLueHME A/t CKOPOCTEN:

'
v=V+vV, (2)
TA€ v — CKOPOCTh IAaCCAXHpad OTHOCHTC/IBHO 3CMJIH, V — CKOpOCTh na-
!
poMa OTHOCHTCJIBHO 3¢MJIH, 4 V — CKOPOCTb nacca>xmupa OTHOCHTCIIBHO

napoMma. BeipaxaeMoe paBeHCTBOM (2) npasuno caroxenus ckopocmeil
NpY OAHOBDPEMEHHOM YUYACTMH TEJA B ABYX ABHXKEHHSX MOXHO TPaKTO-
BaThb KaK 3aKOH hpeobpa30danust CKOpOCMu TEaAa NpU Tepexone OT Of-
HOIl CHCTEMBbI OTUETa K APYroil. B camoM aene, v M v/ — 3TO CKOPOCTH
maccakxupa B IBYX PasHbIX CHCTEMAxX OTcYeTa, a V — CKOpPOCTb OXHOH
H3 3THX CHCTeM (mapoMa) OTHOCHTEIBHO OPYroi (3emuu).

TakuMm 06pa3oM, CKOPOCTb V TeJlda B Kakoif-nubo CHCTEMe OTCYeTa
paBHAa BEKTODHO#H CyMME CKODOCTHM V OTOTO Tela B APYrof CHCTEME OT-
cyeTa M CKoOpocTH V 3TOH BTOPOH CHCTEMBI OTCUETAa OTHOCHUTEIbHO NIEp-
Boi. OTMeTuM, uTO BRIpaxaeMslil ¢popmyoil (2) 3akoH npeobpa3oBaHus
CKOpPOCTEH CHpaBed/IMB TOJbKO OIS CPABHHTEIBHO MeA/eHHBX (Hepeas-
TUBUCTCKMX) IBMXEHHIl, TAK KAK €ro BHIBOA ONMPAJICS HAa MpEACTaBJE-
Hue 00 abCONMIOTHOM XapaKTepe NpPOMEXYTKOB BpeMeHHM (3HaueHde Af
CYUHTAJIOCh OMHAKOBHIM B OBYX CHCTEMAax OTCYETa).

OTHOCHTENbHAA CKOPOCTL M ycKopenue. U3 dopmyaw (2) crenyer,
4YTO OMHOCUMENbHASL CKOPOCMb ABYX YAaCTHL, OIMHAKOBA BO BCEX CH-
cremax orcueta. B camoM gene, mpH mepexode K HOBOM CHCTEME OT-
cuyeta K CKOPOCTH KaXHDOM M3 YacTHL NPHUOABASETCS OOMH M TOT XE
BEKTOp V CKOPOCTH CHCTEMBbI OoTcyera. [103TOMy pa3HOCTB V| — v, BEK-
TOPOB CKOPOCTEH UaCTHL, NMpH ITOM He u3MeHsaercs. OTHOCHTeNbHAs
CKOpOCTb uacTull abconmtoTHal

YckopeHue yacTuubl B 00LIEM CIy4yae 3aBUCHT OT CHCTEMBI OTCYETA,
B KOTOpOM paccMaTtpuBaercs ee aBuxeHue. ODHAKO yCKOpPEeHHE B ABYX
cucTeMax OTCYeTa OXMHAKOBO, KOrga OgHA M3 HMX ABMXXETCS DPABHOMED-
HO M MPAMOJHHERHO OTHOCHTEIBHO Apyroi. 21o cpasy crexyer u3 ¢op-
Myanl (2) mpu V = const.

TIpu M3yuyeHHMH KOHKPETHHX OBMKEHHM WM PELICHMM 3a7aY¥ MOXHO
HCIIOMb30BaTh JII0OYIO CHCTEMY OTcuera. PasyMublii BHOOD CHCTEMBI OT-
CYeTa MOXET CYIECTBEHHO OOJErYdTh MOJAyYEHHE HEOOXOAMMOrO pe-
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3yJbpTaTa. B pacCMOTPEHHBIX A0 CHX MOP NMPUMEPAX MCCIACHOBAHHUS JBH-
XEHHI 3TOT BOMPOC HE 3A0CTPSICH — BHIOOP CHCTEMH OTCUETa Kak Obl
HABSI3BIBAJICSI CAMUM ycsoBHeM 3anaui. OOHAKO BO BCEX CAyuasx, AaxXe
korga BHIOOpP CHCTEMBI OTCUETA HA NEPBHIA B3NIST OYEBHMAECH, NOJE3HO
3a/yMaTbCd O TOM, KAKag CHCTEMA OTCUETA AEHCTBHUTE/BHO OKAXETCS
ontuMansHoM. [IpowiocTpupyeM 3T0 HA CISOYIOWMX 3aA44ax.

3agauu

1. Brus u 6sepx no meuernuio. MoTopHas JodKa IJbBET BHU3 110 TEUCHUIO ¢
IIOCTOSIHHOM CKOPOCThIO. B HekoTOpoM MecTe ¢ JIOAKM B BOAY NafjaeT 3amnacHoe
Bec10. Yepes Bpems { = 10 MUH noTeps o6HapyXH1BaeTcs M JI0OAKA NosopayMusaet
obpaTtHo. KakoBa cKopocTh TeueHHs pekH, ecau Beco 6bl10 rnogobpaHo Ha pac-
CTOAHUM [ == 1 KM HHUXE N0 TEUEHHIO OT MecTa notepu?

PemeH e, Bobepem cucTemy oTcueTa, CBI3AHHYIO ¢ ABUXXYLIeHCH BogoH. B
3TOM CHUCTeMe oTCYeTa Boda HEMOABWXHA M BEC/IO BCE BPEMS JIEXHT B TOM MecCTe,
Kyaa oHo ynasno. JIoaka cHavana yaajsercs OT 3TOro MecTa B TeYeHUe BPEMEHH 1,
3aTeM rnosopauusaet ob6paTHo. O6paTHBIN MyTh K BeC/1y 3alMeT Takoe Xe BpeMs [,
TaK KakK CKOPOCTb JIOAKH OTHOCHTENLHO BOAb! HE 3aBUCHUT OT HaNpaseHUS dBHXe-
HHA. 3a Bce 9T0 BpeMs 2f TeueHHE CHOCHUT BeC/I0 Ha PacCTOSHUE ! OTHOCHUTEbHO
6eperos. [ToaToMy ckopocTb TedeHHs u = I/ (2f) = 1 kM/20 MUH = 3 KM /4.

Yt06b1 yOEAUTECS B TOM, HACKOJIbKO YAA4YHBIH BBIGOP CUCTEMBbI OTCcueTa obJer-
yaeT 3Aech NMoJyUeHHe OTBeTa Ha MOCTaBJAeHHBIA BOMPOC, PELIATE 3TY 3a4auy B CH-
cTeMe 0TcUYeTa, CBA3aHHOM ¢ 3eMJIEH.

O6paTHM BHUMaHHE Ha TO, UTO NPHUBEAEHHOE PeLICHHE He NpeTepreBaeT HaMe-
HEHMI, eC/Id JIoAKa MJbIBET M0 HIMPOKOM peke He BHU3 110 TCUEHUIO, a MoA HEKOTO-

PBIM YIJIOM K HEMY: B CUCTEME OTCUYETa, CBS3aH-
! HOM ¢ ABUXKYLIEHCS BOAOH, BCe TPOMCXOIMT, KakK
l B o3epe, rae soga HeroasMxHa. Jlerko coobpa-
| 3UThb, UTO Ha 0OPATHOM MYTH HOC JIOAKH ClenyeT
' HalnpasHWTb MPAMO Ha 1JIbIBYILEE BECJIO, 4 HE Ha
{ TO MeCTO, A €r0 YPOHUIIH B BOAY.
|

Jgl \ 2. [Tepexkpecmok dopoe. HBe aBTOMOOW/b-
-V, - Hble AOPOTH MepeceKaroTcs [OA NMPSAMbIM YoM
) | (puc. 58). puXywMdics no OAHOH M3 HHUX CO
J CKOpOCTbIO v; aBTOMOOMIL A HAaXOAMTCH Ha

1

paccTosiHUM [ OT nepekpecTka B TOT MOMEHT,
! Korja ero rnepecekaer asToMOOUb 5B, ABUXKY-
LLIKICA CO CKOPOCTbIO 1 N0 Apyroit Aopore. B
KaKoH MOMEHT BpeMeHW paccTOSHHE MeXay
¥ aBToMOOUASMH 10 npsiMod 6ydeT MHHUMA/b-

n HbiM? Yemy oHO paBHO? I'le B 3TOT MOMEHT
HaxoAsTcs aBToMOOMINU?

Puc. 58. JIsmxeune asromobunent

1O MepeceKalouMUMCs JOPOram Pemenune. B oroi 3anaue ynobHo cssizaThb

CHCTEMY OTCUeTa C OOHUM M3 aBTOMOOHUIEH, Ha-

npuUMep co BTOpbIM. B Takoi cHcTeMe oTcuera
BTOPOM aBTOMOOM/b HeroABHXeH (v, =0), a CKOpOCTb Yj IepBOro paBHa ero
CKOPOCTH OTHOCHMTEJIBHO BTOPOTO, T. €. PasHOCTH Vy U V, (puc. 59):

Vi =V — V¥,
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JBuXeHHe NepBOro aBTOMOOU/IS OTHOCHUTENBHO BTOPONO MPOMCXOAUT MO Mps-
moit AC, nanpasneHHoOM Boss BekTopa V). [IoaToMy HcKoMmoe KpaTyaiiulee paccro-
qHUe [, MeXIy aBTOMOOMIAMU PaBHO AJTMHE
neprneHaukynspa BD, onyueHHOMO U3 TOYKH b,
B Ha npamyto AC. PaccMarpuBas nogodHble e _fij%jo
TPEYroJIbHUKH Ha pHUc. 59, UMeeM \ -5 [

lv

lmin = - . D \ '

;v% + v} |

Bpems cbauxeHnus asTomobuiel mO 3TOro -
pACCTOSIHUS MOXHO HaMTH, pasiesuB ANUHY

kartera AD Ha CKOPOCTb v) = \/vil —v? nep-
BOrO aBTOMOOMIIS OTHOCHTEILHO BTOPOrO:

lul -V, L

= 2———-.
v+ vl

Puc. 59. CkOpocTH B cHMCTEME OTCHETA,

TonoxeHUsA aBTOMOOBUIIEA B ITOT MO-  (pgaaynoii c ORHMM M3 ARTOMOGHAEH

MEeHT BDEMEHM MOXHO HaMlTH, coobpasus,

YTO B UCXOJHOM CHMCTEME OTCYETA, CBS3aH-

HOM ¢ 3emJsiell, BTOPOM aBTOMOOM/IbL yedeT OT MepeKkpecTka Ha pacTosHHUe,
paBHOE U,f:

VY,

12=v2f=1m.
IlepBbift aBTOMOOMIL 3a 3TO BpeMs MPUONM3IUTCS K [epeKpecTKy Ha pac-

CTOSIHUE VyL:
v}

1| = ‘Ulf =1 m

3. Bcmpeunsie noe3da. [1sa noesna 0OMHaKOBOM AJMHBI ABUXYTCS HaBCTpedy
Apyr gpyry No napasiesibHbIM MyTsIM ¢ OOMHAKOBOM CKOpPOCTBIO U. B MOMEHT,
Koraa kabGHHbI TENI0BO30B NOPaBHAIUCHL APYr C APYIOM, OAMH M3 [0€3[0B HauM-
HaeT TOPMO3UTb M ABMXETCS Aalibllle ¢ MOCTOSHHBIM yckopeHuem. OH ocTaHas-
JIMBaeTCs CIYCTS BpeMsl { Kak pa3 B TOT MOMEHT, KOFZAa MOPaBHSJIMCh XBOCThI
noeanos. Halaure anuHy noespa.

PeureHue. CBAXEM cUcTeMy OTcUeTa C PAaBHOMEDHO ABUXYLIMMCSH TO€3-
OoM. B 3Toi cHcTeMe OH HEMOABHMXXEH, a BCTPEYHBbIH MMOe3d B HayallbHbIN
MOMeHT { = 0 HMeeT cKopocTb 2v. JIBUXeHHe BTOpPOro Mnoe3fga M B 3TOM CHUC-
TeMe orcueTa GyAeT paBHosamedjeHHBIM. I103TOMy CpPeAHSsl CKOPOCTb v, ABM-
XKEHUs TopMo3sillero noesga pasHa (2v + v)/2 = 3v/2. IlpoiaenHslft 3a BpeMs
TOPMOXEHHUsl ! NMyTb (OTHOCUTEJILHO IEPBOro noesfa) pabeH obliei AIMHE ABYX
noesgos, T.e. 2/. Iloatomy

3
U=vt= 3 v,
OTKy[a HaXodUM
= % vt

OGpaTHM BHUMAHUE Ha TO, YTO B 3TOM 3ajaue NEPEXoa B ABUXYLIYIOCA CUCTEMY
OTcyeTa MCMoOJb30BAsCA AMd paccMOTpEHHUS HEPABHOMEDHONO ABUXEHUSA TeJja, Od-
HaKo aBUXeHHe caMol CUCTeMbl OTCUETA 6b1710 PaBHOMEDHBIM. CJICH)’I-OLU,HC 3agadu
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MoKa3bIBaKOT, YTO MHOrAa ObiBaeT YAOOHO MepexoauTb B YCKOPEHHO ABUXYILYIOCH
CHUCTEMY OTCYETA.

4. «Oxomnux u obezsanka». TIpu crpeabbe 1Mo ropU3oHTaNbLHO ABMXKYILEHCH
UeJIM OTBITHBIN OXOTHUK MpHUENHUBAETCS ¢ HEKOTOPBIM «yIpeXKAeHUEM», TOCKOJIb~
KY 3a BpeMs roJsieTa Apobu uesb ycrieBaeT MepeMeCcTUTHCS Ha HEKOTOPOE PacCTo-
sHue. Kyna on noykeH ueautscs npu crpesibbe no cBoboaHo nafaiolleil MUILLEHH,
€CJIM BLICTPeJ MPOU3BOAMTCS OAHOBPEMEHHO C HauajoM ee MafeHUs?

PeweHue. BoibepeM cucTeMy OTCHETa, CBS3aHHYIO O CBODOAHO Majalolliei
MULIeHbo. B 3ToM cucTeMe OTcueTa MHLIEHb HelOABHXHA, a APOOMHKH JeTar
PaBHOMEPHO M MPSIMOJMHENHO CO CKOPOCTBIO Vo, MTpHobpeTaeMoi B MOMEHT BhICTpE-
jla. Tak MpoMCXOAMT MOTOMY, UTO cBOOOAHOE NMafeH e BCeX Tesl B CUCTEME OTCUeTa,
CBSI3AHHOW ¢ 3eMJlel, MPOUCXOAUT C OOUHAKOBbIM YCKOpPEHHUEM g,

B cucreme orcuera, cBo0OOHO Mafalolledl ¢ YyCKOpPeHMeM g, rae MHUIleHb
HEMOABMXHA, a APOOHMHKH JIETST MPSMOJHMHENHO, CTAHOBUTCS OUEBMAHBIM, YTO
LUEIUTbCS HYXHO TOYHO B MHILIEHb. DTOT akT He 3aBUCHUT OT 3HA4YeHUs Ha-
4YaabHOM CKOPOCTH APOOMHOK — oOHa MoxeT ObiThb w060, Ho mpu cauiukom
Majioll HavaJabHOM CKOPOCTH APOGHMHKHM MOryT MPOCTO He yCMeTb AOJETeTh A0
MMIIEHH, MOKa OHa HaxoAWTcs B cBoOOOHOM mnajaeHWM. Eciau MulleHb napaer
C BLICOTH /, a HadaJlbHOe paccTosHWe [0 Hee Mo NPSMOM paBHO [, TO, Kak
Jierko yb6eauThesl, DOJIKHO ObiTh BBIMOJIHEHO HepaBEeHCTBO

! 2h

—_—< Y—

v, g

’

OTKyAa U MnoJjiydaercst orpaHH4€HHe Ha HadaJIbHYK CKOpPOCTbH ﬂpOﬁMHOK:

&l?

g > TS

[Tpu MeHbLIEH HaYaLHOM CKOPOCTH APOOMHKH YAy T Ha 3eMJTIO paHblile MULUEHHU,

5. I'panuya docmuxumbix yenel. B npensiayulem naparpade Obina HalaeHa
rpaHyua rMpocTpesrBaeMoi o0acTH MpH 3aAaHHOM 3HaueHWH HayajbHOM CKO-
pocTH 1. Bee paccyxaeHus MpoBOOMIMCH B CHCTeMe OTCUeTa, CBI3aHHOM ¢ 3eM-
e, Haliaure aTy rpaHuuy, paccMaTpusas ABHXeHHe B cBOGOAHO NapdatolleH
cHCTeMe oTcdeTa.

Pewenue. TIpeanosokuM, UTo 4acTHUbI BHIIETAIOT M3 HA4abHOM TOYKH
OOHOBpPEMEHHO 10 BCEM HaMpaB/JeHUSM C OOHMHAKOBbIM 3HaudeHWeM HauaJlbHoM
CKOpocTH 1. Eciu 6bl 3eMHOE MPUTSKEHUE OTCYTCTBOBAMO, YACTUUbI ABHUIAJIMCh
Obl paBHOMEDPHO W MPSIMOJIMHEIHO U B JI000 MOMEHT BpeMeHU { HAXOAWIHCH Obl
Ha cdepe paguyca r(f) = vyt ¢ LEHTPOM B HauaJibHOM Touke. Takoe «BbIKJIOUE-
HYe» CHJIbl TSXKECTH 3KBMBAJICHTHO TMepexony B cBOGOAHO Majailoulyilo CHCTEMY
oTcueTa. B cucteMe oTcueTa, cBS3aHHONM ¢ 3emilel, BCS 3Ta pacluvpsiolascs ¢
TeueHUeM BpeMeHH ccepa ellle M MajaeT ¢ yCKopeHHeM cBODOAHOro napeHus g,
M OpOMHATA ee UEeHTpa B MOMEHT ! paBHa —gt%/2,

HOns HaxoXpAeHWs rpaHUUbi «pocTpesuBaeMoil» o06lacTH AOCTATOYHO pac-
CMOTpPeThL ceueHWe 3ToM cdepbl BepPTHKAMLHOM TMJOCKOCTbIO XY, MpoXoasiuen
yepe3 HaudaJlbHYIO TOUKY. DTO ceueHMe MpeacTasiseT cobol OKPYXKHOCTb pa-
aMyca r=uy, KOTOpas «lajaeT» ¢ yckopeHueM cBobomHoro nageHus g. Ee
ypaBHeHHe HMeeT BUJ

2
x? 4+ (y+g—2t~2-) = v 2. , (3)
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Ha camom gene 3To ypaBHeHHe UesOro cemelcTBa OKpyXHocTel: npugasas
pa3Hble 3HauYeHMs, MONy4YaeM OKPYXKHOCTH, Ha KOTOPbIX HAXOZATCA YacCTHLbI
B pas3/ituHble MOMeHTbl BpeMeHH. Mckomas rpaHuua — 3ro orubaruias Takoro
cemeHcTBa OKpyXHocTed (puc. 60). QueBMAHO, YTO BbICILIAS €€ TOUKA JIEXKHT
HaJ TOUYKOH BbLIEeTa 4YacTHU.

ByneM HckaTh rpaHuuy ciaeayiowmdm obpasom. 3aMerUMm, UTO BblieTeBllHe
B OOMH U TOT Xe MOMEHT BPeMeHM YacCTHUbl JOCTHUraroT TpaHUUbl B pa3Hbie

vi

Puc. 60. I'paHrua AOCTHKMMBIX LiesIei Kak orvbamuas CeMencTBa OKPYXKHOCTEM

MOMEHTHl BpPeMEHMU: rpaHHua KacaeTcd pPasHblX okpyxHocreil. Ilposeas ropu-
30HTa/NILHYI0O MOpPSAMYI0 Ha HEKOTOpPOM YpOBHe y, HaligeM Ha Helt Haubonee
YAaNEeHHYI0 OT OCH OpAMHAT TOUYKY, KOTOPOU elle AOCTHUraloT 4YacTHUbl, He
3a4yMbIBasiCb O TOM, KaKoM OKPYXHOCTH 3Ta TouKa MpHHAaANexXHT. Abcuucca
X 3TOM TOUYKH, OYEBHIHO, YAOBNETBOPAET ypaBHeHHIO (3) cemelcTBa OKpYyX-
HocTte#t. [lepenucas ero B BUAE

2 2
x2=y§2 — (%—- + y) ,

ybexnaemcs, uTo npapas yacTb NpeAcTasiseT coboi KBaApaTHbIM TPexXdJieH OT-
HOCHTENBbHO (2;

2 gt 2 _ 2
xt= -4 (g -y
Ero MakcumanbHoe 3HaueHUe npu q)HKCHpOBaHHOM 3HAYCHHUH Yy €CTb
2oV 2%
g g

Buipaxas oTcioga y Kak QYHKUHMIO X, NOJsydaeM ypaBHEHHE IpaHHUbl MpocTpe-
nuBaemol obnacTu:

coBnajampliee ¢ HalAeHHbIM paHee. HOH‘{CPKHCM, 4YTO 34eChb 'paHHUa noJjiydyeHa
Kak orubarlias cemeHcrsa Opr)KHOCTCl:{, Ha KOTOpblX HaXOAHWJHUCb 4aCTHUBbI,
BbUIETEBILHE B OAHWH W TOT X€& MOMEHT BPCMCHH. Tak Kak TPACKTOPHA KaxaoM
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OTOe/NbHOM uYacTHUb! NpeAcTaBaseT coboit mapaGomy B cucTeme oTcueTa, CBS-
3aHHOM ¢ 3emJeit, To 3Ta rpaHHLa OAHOBPEMEHHO sBJfeTcs orubarolued TakMx
napaboJt.

o Kakue M3 KMHEMaTHUYECKHWX BEJIHMUYMH HU3IMEHSAIOTCH npy nepexope or OOHOM
CHUCTEMDBI OTCUETA K ;(pyr‘on“d, a KakHe OCTalTCs HEUM3MEHHbIMU?

o OObAcHMUTE, o4YeMy OTHOCHTECJ/IbHAd CKOpPOCTh ABYX 4YacCTHL, OAHWHaAKOBa BO
BCEX CHUCTEMax OTCUETa.

o [lpuBeauTe apryMeHThbl, CBUAETE/IbCTBYIOLIME O TOM, UTO KJACCHUECKMUI 3a-
KOH npeobpa3oBaHUsl CKOPOCTH MpHM MEPEXOAE OT OOHOM CMCTEMbl OTCUeTa K
Apyroi onvpaercs Ha npeacTtasieHue 06 abcoMOTHOM XapakTepe BpPeMEHHM.

e KakuM nomkHO ObITh OTHOCUTEbHOE ABMKEHME ABYX CUCTEM OTcueTa, UToObl
Npy nepexofe OT OOHOM M3 HUX K APYIOM YCKOPEHMe YaCTHLbI M3MEHSIoCh?



Il. AUHAMHUKA

KuHemamuka gaeT MaTeMaTHUYECKOE OMUCAHHME MEXaHHMUECKOro JBHXe-
HUSA, HE OCTAHABJMBAACh HA (PU3MUECKUX MPUUMHAX TOrO, MOUYEMY ABH-
KEHUE MPOUCKOOUT MMEHHO TaKUM 00pasoM. Juramuka U3ydaeT Mexa-
HMUYECKOE IBMXEHME, BCKPHIBAA MPUUMHEI, MPHAAIOLIUE ABUXEHUIO TOT
unu uHoM xapaktep. OCHOBY AMHAMMKM COCTABJISIOT 3aKOHK HproToHa,
KOTOPHIE MO CYIIECTBY MPEACTABIAOT coboit 06o0ieHne GOMbILIOrO YUCIa
OMBITHBIX (PAKTOB M HAOIIOACHUI.

§ 15. Uuepuun. MNepsbiit 3akoH HbloToHa

O6bsiCHEHHE MPUUMH MEXAHUUECKOTO ABMXEHUS B AMHAMUKE OCHOBBIBA-
€TCA Ha MUCMOMb30BAHMMU TMPEACTABJIEHUM O g3aumodeiicmeuu ten. Baau-
MOJCUCTBUE TE — ITO MPUUMHA WU3MEHEHUS. CKOPOCMU WX JBUXEHUS,
T. €. ycKOpeHus.. YCKOPEHHE TENa B JAaHHBIH MOMEHT BPEMEHM Ompeje-
JISETCH MOJIOXKEHUEM U ABMXXEHMEM OKPYXAKOWMUX TE.

CHCTeMBl OTCHETa B JHHAMHKE. B KMHEMAaTHKE BCE CUCTEMEBI OTCUETA
pPaBHOMpPABHBI M OAMHAKOBO JOMYCTUMBI. B JMHAMMKE €CTECTBEHHO MO-
MBITATBCS. BHIOPATh CUCTEMY OTCUETa TakuM obpa3oM, uToOH MexaHuue-
CKO€E ABMXXEHUE B Hell Bhrageno HaubGonee mpocro. Ciaenysa ucropuue-
CKOMY OMBITY YEJOBEUECTBA, HAUHEM PacCyXAEHHS B CHCTEME OTCYETa,
CBSI3aHHOM ¢ 3emueit.

Hauunag ¢ ApUCTOTeNs, HA MPOTSXEHMM TIOUTH ABAALATU BEKOB CY-
IMEeCTBOBAMIO MpeayOexiaeHue, uTO Ha 3eMiie ABUXEHME C IMOCTOSHHOM
CKOPOCTBIO HYXAAETCH A CBOErO MOAAEPXAHUSA BO BHEIIHEM BO3JCHCT-
BMM, @ TIpM OTCYTCTBUM TAKOrO BO3JACHCTBHS ABMXKEHME MPEKpPAIIAETCH,
TEI0 MPUXOAUT B COCTOsSIHME TOKOos, Kasamoch Owl, BECh OMHWT Habmroae-
HUI 33 TPOMCXOASIIUMMH BOKDPYT HAC ABMXEHMSMH CBHACTEABCTBYET
UMEeHHO 00 3TOM.

IMonanobuaca renuit Fanunes u HprooroHna, uroOel yBHRETbH MCTHMH-
HYI0, COBEpIIEHHO MHYK) KAPTMHY MMpa M OCO3HATh, UTO OOBACHEHMS
TpeOyeT He ABUXEHHME C MOCTOSHHON CKOPOCTBIO, 4 U3MEHEHHME CKOPOCTH.
Cocrosinne ABMXEHHUS ¢ MOCTOSHHOM CKOPOCTBIO SKBUBAJIEHTHO COCTOS-
HUIO TIOKOSl B TOM CMBICJIE, UTO, KAK U MOKOM, OHO SIBASIETCS €CTECTBEH-
HhiIM, He TpeOylolMM HHUKAKOTO «O0bSCHEHMS», HUKAKOM MMPUUKHHL.

HBIMM CJIOBAMU, B COCTOSIHMHM MOKOSl HET HMYEro UCKIouuTenpHoro. O
TOM, HACKOJbKO TPYAEH OBUI 3TOT IIar, MOXHO CyAHTb XOT OBl 10 TOMY
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¢akty, uro lasmned cpoenasn €ro JIMIb HATOJOBMHY: OH CUHTAJ], YTO
MPAMOJTMHENHOE JBHXEHHE COXPAHAETCS TOJbKO B 3eMHBiX MacwiTabax,
a nyig HeGECHBIX TeJl «ECTECTBEHHBIM», COXPAHIIOMUMCH JIBHXEHHUEM AB-
JISETCS KpYToBOE.

JBuxeHue Mo uHepuuu. [BrxeHue Teaa, mpoucxonsmee 6e3 BHEUTHHX
BO3JEHCTBHIA, NPHUHSITO HA3BIBAThb JGUXEHUeM NO uHeplyuu. B 3eMHBIX
YCIOBHSIX TAKHME JBHXXEHUS MPAKTHUECKW He BeTpeuarrtcd, K mpencras-
JIGHHIO O JBHMXXEHHH MO MHEPLUU MOXHO MPUUTH B PE3YJbTATE IKCMPA-
noasyuy K WAEATHM3UPOBAHHBIM ycaoBusM. IlpencraBum cebe, Hampu-
MEp, CKOJIbXEHUE JIbAWHKHM IO FOPH30HTAIbHOM noBepxHocTH. Eciu 3Ta
NOBEPXHOCTH WIEPOXOBATast, Kak acgasibT, 3amylieHHas MO HEW JbAMHKA
OOBOJIBHO OBICTPO OcTaHOBHMTCA. HO B rosonen, KOraa MOBEPXHOCTb ac-
¢hanbTa MOKPHITA TOHKHM CJIOEM JIbAA, CKOMBXEHHE JbIUHKH Oymer mpo-
JOJIXAThCS rOpasfo nosbuie. MoXHO OyMarh, UTO B IpPeAe/JbHOM Cyuae
UEaNbHO IVIAAKOM MOBEPXHOCTH TAKOE ABHXEHHME MPOJOXAIOCh Obi He-
OTPaHMUEHHO AOJIrO.

B wkoabHOM KabuHeTe (PU3MKH NOUTH HAECAbHBIE YCAOBUS ABHXKE-
HHS [0 MHEPLMHM MOXHO OCYILECTBHUThH C IOMOIUIbIO «BO3NYUIHOH JOPOX-
K¥», T TPEHHE O MOBEPXHOCTb MOUTH OTCYyTCTBYeT (puc. 61). Brixoma-
IIM# U3 MAJCHBKUX OTBEPCTHMH CXAaThI BO3AYX CO3MAET «BO3AYUIHYIO

TIpykuHHbIE GaMepbt

Cxxatblit
BO3AYX

OTBepcTHs, Uepes KoTopsie
BLIXOZMT BO3XYX

Puc. 61. Jopoxka C BO3ZYIUHOM MOAYIUKOM, 00ECMEUNBAIOWEN ABHIKEHHE C OUEHb MAJbIM
YCKOPEHHEM

HNOOYUWIKY», NOMAEPXHUBAIOIIYIO TEJIEXKY-OEryHOK, M MOCJIE JIETKOrO TOJ~
YyKa TEJEXKAa JOAT0 ABHXETCS ¢ HEM3MEHHOH MO MOOYJIO0 CKODPOCTHIO,
YIIPYTO OTPaXxasich OT KOHLOB JOPOXKH C MOMOLIBIO IPYXHHHBIX GaMme-
poB. Takum 00pa3oM, CO31AETCA BIEUYATIEHHME, UTO B OTCYTCTBHE BHEUI-
HHUX BO3JACHCTBHMH TEJIO COXPAHSET COCTOSIHHUE MOKOS WJIM ABMIKEHHS C
MIOCTOSTHHON CKOPOCTBIO.

TTocMoTpuM TEmEpb, UTO NMOMYYHMTCH, €CJIH ONMBIT C BO3AYLIHOW OO-
POXKOHW MpoaesaTh B BaroHe ABMXYIErocss moesga. OxkasbiBaeTcs, UTO
IIpH pPAaBHOMEPHOM MPIMOJMHEHHOM JIBHMXXCHHUH MOE3[Aa OTHOCHUTEIBHO
3eMJd BCE MPOMCXOAMT TOUHO TAaK Xe, Kak ¥ B Kabuuere dwusuku. On-
HAKO MpH pa3roHe Moe3a, TOPMOXCHHUU, ABMXEHHH IO 3aKPYTJICHHIO U
IIpU TPSICKE HA HEPOBHOCTAX MYTH BCE MPOUCXOOUT MHAUeE.
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Hanpumep, nmpy TpOoraHuM MOE3AA C MECTA TEAEXKa HA YCTAHOB-
JICHHOM BIOJb BAroHa IOPOXKE CaMa NPUXOAMT B ABMXEHHE OTHOCH-
TEJbHO BAarOHa B IPOTHBOIOJIOXHYK CTOpoHy. TeM He MeHee aJis Ha-
Osromarensi, CTOALWIETO HA miaatdopMe, Tenaexxa Kak Obja, Tak M OC-
TAHETCS HA MeECTe, MPOCTO AOPOXKA MO HEH NpuaeT B ABHUXEHHE
BMECTe C BAroHoM. IIpM TOpPMOXEHMHM MOE34a CTOSABILAST HETOABHXHO
Ha BO3AYILHOM JOPOXKE TeJeXKa ycTpeMUTcs Boeped. OmHaxo O/s Ha-
6srogatesis Ha MIaTGOpPME MpPH TOPMOXEHHH MMOE3[a TeleXKa MpogoJi-
XaeT ABMraThCs MPSIMOIHMHEHHO M PABHOMEPHO C MPEXHEH CKOPOCTHIO.
W Tax manece.

Kakoit xe BbiBog oTcropa caeayer? OUueBHAHO, UTO CBSI3aHHAS C paB-
HOMEPHO M TPSAMOIHMHEHHO MBMXYIIMMCH MOE3IOM CHCTEMA OTCUETa
cTosb Xe ynoOHa, Kak M cessanHas ¢ 3emseit. Kax B Toit, Tak ¥ B Apy-
TOif CHCTEME OTCUETA TEJIO B OTCYTCTBHE BHELIHMX B3aUMOAEHCTBHI JuO0
NOXOUTCS, AUD0 ABUXKETCA C MOCTOSHHOM CKOPOCThIO. IIpH yCKOpeHHOM
OBUXEHUHM CHCTEMBI OTCUETA TEJIO YXE€ HE COXPAHAET COCTOSHHSA IMOKOS
HJIM PABHOMEPHOTO ABMXeHHUS. CKOPOCTh Tena M3MEHSeTcs AaXe Toraa,
KOrJa Ha HEro He AeUCTBYIOT ApYrde Teaa, T. €. «0eCIPUUMHHO».

HHepuMaabHbie CHCTEMBbI OTCcuera. Takum o0pazoM, B TMHAMMKE IpO-
nagaetr paBHONpPABHUE, IKBUBAJIEHTHOCTh BCEX CHUCTEM OTcueTa. B mpous-
BOJILHOH CHUCTEME OTCUETAa U3MEHEHME CKODOCTH Tesa MOXET MPOMCXO-
IuTh Oe3 B3aUMOOEHCTBHS C APYrHMH TeaaMd. CHCTeMbl OTCUETa, B KO-
TOPBIX TEJO, HE B3aUMOACHCTBYIOUICE C APYTMMH TEJAaMH, COXPAHSIET
COCTOSIHME TIOKOSI HJIH PABHOMEPHOTO NPSIMOJIMHEHHOIO ABHXKCHUS, Ha-
3BIBAKOTCS uHepyuanbiuimi. B pacCMOTPEHHBIX TPUMEPAaxX CHCTEMA OT-
cyera, CBS3aHHas ¢ 3eMieid, M CUCTEMA OTCUETA, CBA3aHHAS C PABHO-
MEPHO ¥ MPSMOJMHENHO ABMXYIIUMCS MOE3I0M, MOTYT HPHOJIMXEHHO
CUHMTATHCS MHEPUHUAIbHBIMYA, B OTJIMYME OT CHCTEMBI OTCUETA, CBSI3AHHOMH
C YCKOPEHHO ABUXYIIUMCS MOE3I0M.

Hrax, BBEACHME MHEPLHUAJLHOW CUCTEMBl OTCUETA OCHOBAHO HA MC-
H0/Ib30BAHMH MPEACTABJACHUSA O cd0600HoM mene. Ho xak MoxHO ybe-
OUTBCS B TOM, UTO TEJO ACHCTBHTENBHO CBOOOAHO, T. €. HE B3AUMOOCH-
CTBYET HM C KAKMMHM ADYrUMH TenaMu’? Bce M3BecTHbie B ¢pH3UKE B3au-
MOZEHCTBUS MEXAY MAKPOCKOMUUECKUMH TeJaMH, HANIpUMEpP TaKue, Kak
CHJIBI TSATOTEHHMS MJIM CHJIBI 3JIEKTPOMATHHTHONO B3aMMONCHUCTBHS, yOBI-
BAIOT C YBEJUUECHHUEM DPACCTOSHHUSA. [103TOMY MOXHO CUMTATh, YTO TEJO,
JOCTAaTOYHO YOAJAEHHOE OT APYTMX TEJ, NPAKTHUYECKH HE MCIBITBIBAET
BO3AENCTBUS C MX CTOPOHBI, T. €. ABJASETCH CBoOOAHBIM. PeanbHO, XKax
MBI BHACJH, YCJAOBHS CBOOOXHOIO OBHXEHHS MOTYT BBIIOJHATBLCS JIMIIB
NpubIHXEHHO, ¢ OOMbIIEl UM MEHbIIEH TOUHOCThI0. OTCIOa ACHO, UTO
HEBO3MOXHO OCYIIECTBHUTh TAKOM OMBIT, KOTOPHIH MOXHO OblJIO OB CuM-
TaTh MPSMBIM CTPOTMM JOKA3aTENbCTBOM CYIECTBOBAHMS HHEPLUAIbHbBIX
CHUCTEM OTCUETA.

CeoueHTpHueckas M reiMouEeHTPUYECKas cucreMbl orcyera. Kakue
Xe CHCTEMBl OTCUCTA MOXHO CUMTAaThb HWHEpUUaIbHBIMH? Bo MHorux
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IPAKTHYECKH BAXHBIX C/y4asx MHEPLHAJBHOH MOXHO CYHTATh CHCTEMY
OTCYEeTa, CBA3AHHYIO C 3eMyIel, — TAK HA3KIBAEMYIO 2EeOUEHMPUHECKYFO
cucteMy orcyeta. Ho cTporo MHEpUHMAIBHOH OHA HE ABISETCH, O YEM
CBHAETENBCTBYIOT XOPOUIO U3BECTHHIE OIBITH ¢ MAITHUKOM DYyKO ¥ ¢ OT-
KJIOHEHUEM CBOOOOHO MANAIOMHUX TEJa OT BepTHKaau., C ropasno Gospieit
CTEMEHPI0O TOYHOCTH MOXHO CYUTAaTh HHEPLUMANBHON zeauoueHmpuye-
CKYIO CUCTEMY OTCYeTa, CBSI3AHHYIO ¢ COMHIEM M «HEHMOABHXXHBIMH»
speanamu. Jliobag cucrema orcuera, KOTOpas ABHXETCS OTHOCHTEIBHO
HHEPIMAPHOW C NMOCTOSHHOHM IO MOAYJI M HANpPaBJCHUID CKOPOCTHIO,
TOXE SIBJSETCS MHepuuanpHOi, CHCTEMa OTCYETA, OBHXKYIUALICS OTHOCH-
TEJbHO TeJHOLEHTPUYECKON C YCKOPEHHEM, B YACTHOCTH Bpalaoumascs,
yxe He Oyner uHepuuanbHOi. HenHepuuaapHOCTb reOLeHTPHYECKON CH-
CTEMBI OTCYETA CBA33HA [JIABHBEIM 00PA30M C CYTOYHBIM BPAaIUEHHEM 3eM-
JIM BOKPYT CBOEH OCH.

Hepsoiit 3axoH HpioToHa. COpMYTMPOBAHHBIE BBILUE MOJOXEHHUS U
COCTaBJSIIOT COAEPXAHHE NEPBOro 3aKOHA HBIOTOHA B €ro COBPEMEHHOM
MOHMMAHHH:

Cywecmeyrom maxue cucmembl omcuema, 6 KOMOPbLX MeEJO, He
g3aumodeticmayouee ¢ dpyzumu menamu, COXpaHsem COCMOSIHUE No-
KOSL UM DAGHOMEPHOZO NPIMOJUHELHO20 O0duxkenus. Taxue cucmembl
omcuema Ha3vlearoMCst UHEePUUALIbHBLMU,

YTBEpXAEHHE O CYIUECTBOBAHMH MHEPLHATIbHBIX CHCTEM OTCUETA, CO-
CTABJSIONIEE COOEPXAHME MEPBOro 3akoHa HeioToHa, npeacrasnsier co-
OOM IKCTPANOAALHUIO PE3Y/bTATOB PEAJBHRIX OMBITOB HA WACATH3UPO-
BAaHHBIA CJTyYad MOTHOTO OTCYTCTBUS B33aUMOAEHUCTBHS PAaCcCMATpPUBAEMO-
o Tena ¢ Apyramu teaamu. OTMETHM, uYTO nepsuit 3akoH HploTOHA,
MOCTYJIUPYS CYIUECTBOBAHME HHEPLMAJBHBIX CHCTEM OTCYETAa, TEM HE
MEHEE HHYErO HE TOBODHT O (HDU3HUYECKMX NPUYMHAX, BHAEITIOMIMX
HMHEPLMATBHBIE CHCTEMBI CPEOU BCEX APYTMX CHCTEM OTCYETA.

Csobonnoe rTeno. Ilpn OBCYXOEHMM MHEPLMAIBHBIX CHCTEM OTCUETA
H NEePBOTO 3aKOHA HprOTOHA OBLIO MCHIONB30BAHO NMPENCTABIEHHE O CBO-
BonnoM Tesme. Ctporo roBOps, HpM 2TOM mnpeHedperasoch pasMepamu
TEJAA H q.)aKTPI‘-{CCKPI HMEIach B BHAY CBO60HH3$I MATCpHAJIbHAA TOYKA.
IToaTOMy, NMPUMEHHTEIBHO K PEANbHBIM TEJaM, BCE CKA3aHHOE BHILIE
CNpPABEAJUBO O TAKHUX ABHXCHUH, XapaKTEep KOTOPBIX HE 3aBHCHT
oT pasMepoB U (opmel Tea. I pyrumMu ciaoBaMH, Mbl OrpaHHYMBAEMCS
TOJIBKO CNy4yasaMH, KOraa ABHXECHHE TEJ1a MOXHO pAacCMaTpvBaTh Kak
HnOCTynareabHOE. 30ech MOXHO HE DPasjHyaTh CKOPOCTEH pasIHUHBIX
TOYEK MPOTSXKEHHOTO TEId U TOBOPUTh O CKOPOCTH Tesd KAK WEeoro.
To xe camoe, cripaBeIIMBO H OIS YCKOPEHMH DPa3IMUHMX TOYEK TPO-
TSXKECHROIQ TEJA.

CBobOOnHOE NPOTSXEHHOE TEAO B HHEPUHAMBHON CHCTEME OTCUETA
MOXET HAXOAHUTLCI B COCTOSIHMM DABHOMEPHOIO BpPAIUEHHMS MO HHEP-
upm. Hanpumep, MOryT Bpamarbcs BOKPYT CBOEH OCHM 3Be3fbl, ydajicH-
Hele OT Apyrux Hefecrmx Tena. Bpawaerca u Hawe Coaunne. [Ipu Ta-
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{OM BpAIMCHHH HE JE€XAIMHE HA OCH TOUYKH TEAA ABHXYTCA C yCKOpe-
gueM. DTO yCKOpeHHe O0YC/IOBJICHO B3aMMOAEHCTBHEM MEXAY pas3jHy-
{bIMM YACTSMH NPOTSKEHHOIO TE€aa, T. €. BHYTPeHHHMHM cunamu. Ogn-
1aKO B LIEJIOM TaKOE MPOTSKEHHOE CBOOONHOE TEAO B HMHEPLMAJBHOM
JHCTEME OTCUETA MOXET TOJIBKO MOKOHUTHCSA WJIH ABHUraTtbCsl NPSIMOJIN-
1€HHO M PaBHOMEPHO.

B KakoM CMbIC/Ie COCTOSSHHE MOKOS U COCTOAHHE PaBHOMEPHOIO ﬂpSlMOHHHeP‘P
HOMO ABHXEHHS TeJia 3KBHBAJIEHTHBI?

Kakoe aBHXeHHe Ha3blBalOT ABHUXEHHUEM M0 HHeleHH? MoxxHoO iU MmpaKTH4ye~
CKH OCYWIECTBUTL TAKOE IBHXeHHe?

KaknM obpaszoM MoXHO Y6EAHTbCA B TOM, uTO NAHHOE TeJIO He B3aHMOIAEHCT-
ByeT ¢ APYFrHMMH TenaMu?

YTto TaKoe MHEepuMajbHas cHcteMa oTcuerta? [IpuBenute npuMepbl HHEpLH-
aJbHBIX CHCTEM OTCUETA.

YeMm obbAcHAETCS YCKOPEHHE Pa3HbIX TOUEK MPOTAXKEHHOIO Tejia, COBEpluako-
1Llero BpailleHHe 1o MHepuuu?

A WHepuuaibHble CHCTEMbI M ONbIT, BBeneHnme moHsTus o0 HHEp-
LHMATBHHX CHCTEMAX OTCYETA HATAJKHMBAETCA HA ONPEAE/NEHHBIE JIO-
ruyeckie TpyaHoctd. CyTh MX MOXHO YSCHHMTH M3 CJAEAYIOIIMX pac-
CYXIECHHMN.

Yro Takoe MHEpUMAJbHAA CHCTEMA OTcueta’ DTO CHCTEMA, OT-
HOCHTEJIBHO KOTOPOM HMCCAEOYyEMOE TENO OBHMXETCS PaBHOMEDHO H
NPSMOAMHENHO JHOO TOKOMTCS, €CJIM OHO HE B3aMMONECHCTBYET C
ApyruMu TenaMH. Ho uTO 3HAYNT — TENO HE B3AUMOAEHCTBYET HHM
C KAaKHUMH JPYFUMH TejaaMu?! DTO MPOCTO O3HAYAET, YTO TEJIO IBH-
XeTcsl MPAMOJIMHENHO M PABHOMEPDHO B MHEPLHAJBHOH CHCTEME OT-
cuera. Hannuo nmopounsiit Kpyr. UTo6m BRIPBATBCA M3 HETO, HYXHO
HMETh HE3aBHCHMYIO BO3MOXHOCTb YOEOHTBCS B OTCYTCTBMHM B3aM-
MOOEHCTBHS.

Kak yXe ymoMuMHasn0Ch, BCE M3BECTHHIEC B3aMMOAEHCTBHS MAKpoO-
CKOMMYECKMX TEN YORBAIOT C YBEJIMUEHHEM PACCTOSHUS MEXIY HHU-
MH. Ho B meicTBHTENBHOCTH HE/Ib3d OHITH YBEPCHHRIMH B OTCYTCT-
BHH BBBHMOIICi“lCTBHH TOJIBKO MOTOMY, UTO HHUKAKHE APYTHE TEJAa HE
COMNPHKACAIOTCA MJIH HE HAXOAATCH O4YeHb OMH3KO K JAHHOMY TEy.
FpaBHTaL[HOHHbIC WIH IJICKTPOMATHHTHHEC CHJIK MOrYT HIpaTh BaX-
HYI0 POJb JaXe TOrAa, KOraa GaM3KO OT OaHHOIO Teaa HET OPYTHX
Tes1, TaK KaK 3TH CHJB HEJOCTATOYHO OBICTPO YOBIBAIOT C PaccTos-
HueM. [loaromy ycraHoBAeHME (DAKTAa OTCYTCTBHSI B3aHMOACHCTBHSA
HAa OCHOBE MPOCTPAHCTBEHHOIO YAAJEHHMS TEJ HMEET MPHUOINKEHHEIM
xapaktep. U XoT9 Ha mpakTHKE BCErga MOXHO YCTAHOBHTH TaKHM
cnocofoM CyImecTBOBAHHE CBOOOOHBIX TEA W MHEPLUMANBHHIX CHCTEM
orcuera ¢ moboit TpeOyeMOil TOUHOCTBIO, B MPHHLUIHAABHOM OTHO-
MIEHNH BONpPOC OCTAETCS OTKPHITHIM. B 3TOM CMBIC/IE HE CYIIECTBYET
«PEMAIOUIErO» OMNBITd, KOTOPHH MOXHO OBUIO Ob paccMaTpUBATh B
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KauyeCTBE IKCIEPUMEHTAJbHOTO [0KA3aTEAbCTBA CIIPABEITMBOCTH
nepeoro 3akoHa HeroToHa.

o UYrobb Ha onbiTe yGeOuTbcs B TOM, 4TO BhiOpaHHas cucTeMa oOTcuveTa
HMHepluUanbHa, HYXHO HUMeTb cBoboaHoe Teso. Kakum obpasoM MoXHO
YCTaHOBUTB, YTO HEKOTOPOEe TeJlo SBAseTCs CBOOOOHBIM, T. e. He B3aWMo-
OEUCTBYET C APYTUMM TesaMu? i

§ 16. Cuna — Mepa B3aHMOPEHCTBHSA

B uHEpuMaabHOH CHUCTEME OTCUETA HU3MEHEHHUE CKOPOCTH TeJIa MOXET
ObITh OOYC/OBJIEHO TOMBKO €T0 B3aUMOOEMCTBHEM C APYTHMH TEJaMH.
JIlng onucaHMd B3aHMOAEHMCTBHS MEXAY TeJaMHM BBOOUTCH (huamueckas
BEJIMUMHA — CUIQ, [Amas KOJMYECTBEHHYIO MEpPY 3TOr0o B3auMO-
IenCTBHL.

Buapl cur. Qusnueckas npupoaa B3auMOIEHCTBHS MOXET OHITh pasny-
HOH: CYIUECTBYIOT 'PAaBUTALIMOHHEIE, JJEKTPUUECKHE, MATHUTHHIE U APY-
rue B3auMONEHCTBUA. B MexaHuke ¢u3uueckasl MpUPORA CIUI, BHI3bIBA-
IOI[HMX YCKOPEHHE TeJd, COBEPLIEHHO HECYIUECTBEHHA: BOMPOC O MPOMC-
XOXIEHUH B3aMMOJEHCTBHI B MEXAHMKE HE CTABUTCA H HE BBIACHAETCS.
Ho n1s Bcex BMAOB B3aMMOAEHCTBHMI KOJMYECTBEHHAY Mepa MOXeET OHTh
BHIOpaHA eguHbIM 00pPa3soM — HM3MepATh CWIBl PA3JIUUHOH TPUPOIBI
MOXHO B OOHHX M TE€X X€ eAMHHUUAX C MMOMOIIbI0 OOHHUX M TEX XE€ ITa-
JIOHOB. Byarogaps Tako# yHHBEPCAJbHOCTH MEXAHHMKA YCMEUIHO ONMHMChI~
BAET JBMXEHHUA MOA AEHCTBHEM CHJI JHOOOM TIPUPOMHL.

TakuM 0Opas3oM, omnpeneeHHe CHJIb B MEXAHHKE NOJIXHO OTBEYATH
TOZBLKO HA BOMPOC, KaK uamepums CUIY H KaKOBHEI €€ CEOUCMaEd.

Hamepenne cua. CymecTBYIOT pasnuuHble CrnocoOn H3MepeHHs CHIL.
OnuH u3 HauboJiee pacrnpoCTPaHEHHBIX CrOCOOOB OCHOBAH HA CBOWCTBE
CWJI BHI3BIBAThH yNpyzyro Oecpopmayuto TBEPHBIX TEN.

Hedopmauna TBepmoro Tesa, HaNpUMeEp MPYXHHE, Ha3blBAETCd Y-
pyTo#, €C/TM TEJIO MPUHUMAET NEPBOHAYaIbHbIE (FOPMY M PasMEpH MOCJIE
CHATHS YCHJHd, BH3bBalomero nedopmauuio. I1pocreitmmit npubop mig
U3MEPEHUST CUJI — 3TO MPYXHUHHHHN duramomemp. Hekoropre monndu-
Kauuy 3Toro npuopa, HAMpPUMEDP KpymuJbMble Gecbl, 001a0a0T OUYEHDb
BBICOKOH UyBCTBHUTEJIbHOCTBIO (CM., Hampumep, puc. 93). Takue BechH
NpPeACTaBAgIOT cOO0M OOMH M3 CAMBIX COBEPUIEHHHIX (PU3MUECKHUX npulo-
poB. C MOMOIUBIO KPYTUJIBHEIX BECOB PABEHCTBO MHEPTHOM U rpaBMTaLM-
OHHOM MacC, O KOTOpHIX OYyOET MATH peub HUXE, ObLUIO YCTAHOBJIEHO C
OTHOCHTE/LHON MOrpenIHoCThI0, paBHoit 10712, Takas TOUHOCTb SKBHBA-
JIEHTHA BO3MOXHOCTH 3aMETHTh M3MEHEHHE MAacchl Kopab/ig BOXOH3Me-
menrem B 1000 ToHH npu nobaeseHnn k HeMy | MU/LTHrpamma.

Ins usMepeHus CHJI Ha OCHOBE SBJAEHMS ynpyroi pedopMauum Mox-
HO MOCTYMHUTE caenyromuM ofpasoM. BeibepeM M kauecTse 3TajJoHA He-
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KOTODPYIO MPYXHHY M MO ONPeeacHHI0 OyAeM CUMTATh, YTO NPH PACTH-
XEHMM Ha HEKOTOpYK 3aJaHHYIO AJIMHY NPYXHHA JAEHUCTBYEeT HAa MNpH-
KDEIUICHHOE K €€ KOHLYy Tesqo ¢ cuioi F,, HampasjieHHOH BIOOJMb OCH
NPYXHUHBEL. DyaeM TakXe CUMTATh, YTO IBE JIIOOBIE CHMJBI PABHBL U MPO-
TUBOIMOJIOXHO HAMPABJICHbI, €CJIM NIPM OAHOBPEMEHHOM AEHCTBHUHU TOJBKO
3TMX ABYX CHJI TEJO B MHEPLMAJBLHON CHCTEME OTCUETA OCTAETCH B MOKOE
WIM ABHXETCY DABHOMEDHO M MPIMOJMHEHHO. B COOTBETCTBMM C 3THM
onpeaeseHNeEM 3TAJOH CHIbI MOXHO BOCIIPOM3BECTH B JIFOOOM UHCIE K-
3eMILIAPOB.

I'paayMpoBKka AMHaMOMeTpa. VMes B pacmopsXeHMM 3TAJOHHYIO
NPYXMHY, MOXHO YCTAHOBUTb, WMEET JIM M3MepsdeMas CuIa 3HAueHue
F,, HO elle HEeMb3s U3MEPUTD JIo0yro cumy. s Toro ytobel MosyYynTh

crioco® u3MmepeHns JoObiX cul, nomnpobyeM cHayasna JoOUTbCH TOrO,

a 6

Puc. 62. Pasuosecve np AEHCTBUM TPEX OAMHAKOBBIX CHII

4YTOOBI TEAO B HHEPIMAABHOM CHCTEME OTCYETA OCTABAJOCh B IOKOE
IpH OOHOBPEMEHHOM JACHCTBMH HA HETO TPEX 3TANOHHBIX CUl F,. OmelT
MOKA3HBAET, YTO 3TO BO3MOXHO TOJILKO B TOM CJIyyae, KOrga mOopy-
XXHHBL PACHOJIOXEHB CUMMETPHUYHO: MX OCHM JIEXAT B OJHOM IJIOCKOCTH,
obpasys yram 120° apyr ¢ apyrom (puc. 62a). Otcroma MOXHO CHENATh
BBIBOX, uYTO AcHcTBME ABYX cun F, mom yrnom 120° gpyr kK Apyry
S9KBHBAJICHTHO AEWCTBUIO OOHON CUJIBL F;, HANPABJCHHON NO AUATOHAIHU
napannesorpamma (pom0Oa), NMOCTPOEHHONO Ha 3TUX cuiax (puc. 626).
B sToM mnapanienorpaMMe OIMHA MEHbBIIEH OMATOHAAM pPaBHA IJIMHE
CTOPOHBI.

O606muM 3TOT pe3yabTaT M OyAeM CUUTATh, yTO AEWCTBUE HA TEJIO
ABYX 3TAJOHHBIX CUJ F,, PAacNoJIOXEHHBIX NOX JIIOOBIM YIJIOM APYT K
ApYTy, SKBMBAJEHTHO OEACTBMIO OTHOM CHJIbI, MOOYJb M HAIpaBJICHUE
KOTOpOM 3aJafoTCd AMATOHAJBI0 MapajuienorpaMMa, MOCTPOEHHOIO Ha
OEACTBYIOIIMX CUIAX KAK Ha CTOpoHax. Jpyrumu caoBamu, Mbl NPEONo-
JlaraeM, 4TO ABE ITAJIOHHBIE CHJIB F, CK/JIaJBIBAIOTCH, KaK BEKTOPhL JTa

TUNOTE3a JAE€T BO3MOXHOCTH MPOrpagyHpoBaTh npubop A8 M3MEPEHUs
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cmn — guHamomeTp (puc. 63). Cune F, ypaBHOBEIIMBAIOMENH COBMECT~
HOe NEHUCTBHE JBYX ITAJOHHHX CHUI F,, HalpaBJEHHHX 07 YIIOM Q

Apyr K APYry, MB TPHUIKCHIBAEM
moaynb 2F, cos (@/2) v Hampas-

F JIeHUE, YKa3aHHOE Ha PUCYHKE.

Y

Cuna — sextop. lmes B pac-
MOPSKEHHM TPOrpagy¥pOBaHHBIM
AMHAMOMETD, OCTAETCA TOJBKO
y6eaqnTeCa HA OMBITE, UTO BCE
CUJIBI, HE3ABUCHMO OT MX (PU3H-
YECKOH MpPHUPOABI, CKJIAABIBAIOTCS, KAK BEKTOPH. [ eMCTBUTENBHO, CUJIBI
YIpPYroCTH, HA OCHOBE KOTOPHIX CO34aH MpHOOp /s M3MEPEHUs CHI —
AMHAMOMETp, CKJIAABIBAIOTCH, KAK BEKTOPH, M0 MPUHSATOMY OINpee-
JNenuro. 14 Bcex OCTaJbHBIX CHJI TAKOE CBOMCTBO JOJIXHO NpPOBEPSATHCH
Ha OMbITE.

Ilycte, Hampumep, Ha cTaabHON Mmapux (puc. 64) aedcTByioT IBE
cunsl: cuna ynpyroctd Fy co CTOpOHBI nuHamomeTpa D M MarHuTHast

Puc. 63. Cnoxenme cHa M rpagyvpoBKa AH-
HAMOMETPA

Puc. 64. Cnoxxenue cun pa3Hon pUIHUECKOH NPHUPOIL!

cuna F, co croponsl nocTogHHoro mariuta M. Cuny F,,, ecnu 6bl oHa

JEUCTBOBAJIA OTAENBHO, MOXHO H3MEPHUTh C MOMOIIBK IWHAMOMETpA.
IToaTOMy MOXHO CUMTATh, YTO B PACCMAaTPHUBAEMOM OIMBITE €€ 3HAUEHHE
U3BeCTHO. [IpU OAHOBpPEMEHHOM AEHCTBHHM CHJI Fy u F,, onmIT moxaxer,
YTO MMAPUK OyAeT OCTaBaThCid B NOKOE, €CIM HAa HEero NnoaeHcTBOBATH
eme ¥ TpeTbed cuoit F co CTOpoHB! apyroro guHamomerpa D,, KoTo-
pas yAOBJETBOPSIET PABEHCTBY

F=—(F, +F,).

Ha ocHOBAHHM OMHCAHHBIX CBOHCTB MOXHO 33MEHSATh HECKOJIBKO CHJI
HX padnodeticmayioujeil, paBHOM HMX BEKTODHOHW cyMMe, M Haobopor,
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BCAKYIO CMJIY MOXHO PAacK/JaAnBATh HA COCTABJSIOIIME, BEKTOPHASA CyM-
Ma KOTOPHIX paBHA OAHHOU CHUJIE.

BeeneHHH cnocod M3MepeHHsd CUJl IaeT BO3MOXHOCTb H3yuaTh Ha
ONKITE CBOUCTBA CUJ pa3HoM ¢usuuyeckoit npupoaH. I[Ipu 3ToM okasbiBa-
€TCH, YTO HEKOTOphIE BHABI CHJl 3aBUCAT OT G3AUMHOZO DACNOAOKEHUS.
B3auUMoAEHCTBYOWHMX Tea. K TakuM cunaMm OTHOCATCH, HampuMep, rpa-
BUTALUMOHHHIE CHJIH, CHWIH B3aMMOACUCTBUS HENOABMXHHX IJEKTPH-
YECKMX 3apsSAoB, CHUJIBI B3aUMOACHUCTBUS NOCTOSHHEIX MAarHUTOB U T. I.
Jlpyrue BUABL CHJ 3aBUCAT OT OMHOCUMEABHOU CKOPOCMU B3aUMOAEHCT-
Byromux Tea. K TakuM cunam otHocdaTcd, HanpuMep, CUla TPEHHUS, CH-
JIbl, AEUCTBYIOIIME CO CTOPOHBI NOCTOSHHOIO MAarsfuTa Ha ABUXKYLIUECH
3JIEKTPUYECKHE 3apaasl, U T. 4. OXHAKO HE3aBUCUMO OT ITHUX CIELHUPH-
YECKHUX A/ KaXHOro BUAA CUJ CBOWCTB BCE CHUJIH OG/AfaOT OOHUM YHM-
BEPCAbHBIM CBOMCTBOM — COODIWATh YCKOPEHHE TeJaaM, Ha KOTOPbIE
OHU ACUCTBYIOT.

e B kakom ciyuae AeHicTBYIOUIME Ha TEJO CHJbl CYMTAIOTCH OJMHAKOBbIMU?
e KaxuMH JOCTOMHCTBAMH 06/1agaeT METON H3MEPEHUS CHJI, OCHOBaHHBIM Ha
ynpyro#t aedopMaliid TBEpAbIX Te?

e Kak MOXHO Ha OMbiTe YCTAHOBHTBL, YTO ueﬁcmyromaﬂ Ha cTajabHOM uiapHK
CO CTOPOHBI NMOCTOAHHOI'0O MarHUTa cHiaa ABJACTCA BCKTOpOM?

e UYTo 3HAUMT pasfaoXuUTbh CUAY Ha cocTasasawoive? Korna ato MoxHo menarts?
Kak MoryT ObiTb HanpaB/eHbl 3TH cocTaBasouHe?

§ 17. Cea3sb MeXAYy CHNOH M YCKOPEHHEM.
Bropoh 3akoH HbioTOHA

B cooTBercTBUM ¢ nepBbiM 3aKOHOM HbioTOHA B MHEPUHUAJNBHON CHCTEME
OTcUeTa CBOGOAHOE TENO HE MMEET YyCKOpPEHHS. YCKOpeHue Tena obyc-
JIOBNEHO €ro g3aumodeicmauem ¢ APyrUMHU TEJAMH, T. €. ACHUCTBYIOILU-
MU HA TEJO CHJIAMM.

[Tockonbky MBI yMeeM HU3MEPATb YCKOPEHHE MU CHJIY HE3aBUCHMO
APYr OT Apyra, Mbl MOXEM Ha ONBITC YCTAHOBUTH CBS3b MEXIAY HHUMH.
JTa CBA3b OKA3HBAETCA OUEHb MPOCTOM: BO BCEX CAYUadX YCKOPEHHUC Te-
J1a nponoOpUUOHA/IbHO BHI3BBAIOIEH €ro cuie:

a~F. (1)

[TponopuHoHaAbHOCTD MEXAY YCKOPEHHUEM M CHJIOH CIipaBemnBa A4
cun swoboi ¢uzuueckol npupoan, npudeM kodddUUHMEHT mponopuuo-
HAJIbHOCTM — MOCTOAHHAS A8 AAHHOIO Teaa BeauuuHa. HampasiaeHue
BEKTOpPa YCKOPEHHS COBNAZAET C HANpPaBJCHUEM CHJIBL

OTtknoHeHus OT 3TON (PYHAAMEHTAJIBHOU 3aKOHOMEPHOCTH OOHapy-
XHUBAOTCH TOJBKO AJS OYEHb OBICTPBIX ABMXKEHHH, NMPOMCXOAAUIMX CO
CKOpOCTSMH, CPABHUMEIMHU €O cKopocTbio ceera ¢ = 300 000 kM/c. B mu-
P€ OKPYXa0WHMX HAC MAKPOCKOMMUYECKUX TEJ TAKHUE CKOPOCTH HE BCTpE-
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yarorcs. Camoe OBICTPOE M3 H3BECTHRIX 31€Ch OBHXEHUH — IBUXEHHUE
3emau no opbure Bokpyr CoMHIA — TPOUCXOOHUT CO CKOPOCTHIO «BCEIO»

D

Puc. 65. OnbiT Ha BO3QYLIKROH JOPOXKE, B KOTOPOM IPOBEPRETCH NPOMOPLMOHAJILHOCTh
YCKOPEHHS M CHUJIbI

30 xm/c. C peasSTHBHCTCKMMH CKOPOCTSIMH JBHXYTCSl TOJbKO MHKPOOOH-
EKTHI: YaCTHIbl B KOCMHUECKHMX JIy4aX, SJICKTPOHLEL M TPOTOHH B YCKO-
PHTENAX 3aAPSKEHHBIX YacTHIl U T. 1.

[T ponaaroCTpUpoBaTh 3aKOHOMEPHOCTh (1) MOXHO B HArIAAHKIX Ie-
MOHCTPALHOHHbIX ONBITAX. ¥ QOOHO HCTO/Ib30BATh TY X€ BO3AYIIHYIO JO-
POXKY, UTO M TPH IEMOHCTPALMH ABMXEHHd no uHepuun. ObecrneunTs
MOCTOSSHCTBO CHJIBI, ICHCTBYIOIIEH HA TEJIEXKKY B HATIPABJIEHHH €€ OABHXE-

HHS, MOXHO crenywomuM obpaszom. [1pukpennm
i K Hei auHamometrp D (puc. 65), Kk apyromy
r o KOHIlY TPYXHHbI KOTOPOrO TPHBSI3AaHA HUTh C
3 rpy3oM, nepe6poieHHas 4epe3 HEMONBMXXHBIN
6JI0K B KOHIIE HOPOXKH. [lo mokazaHUIO AUHA-
—° MOMETPa MOXHO CYOUTbh O CHJIE, IEHCTBYIOLICH
Ha TEJIEXKY CO CTOpoHb! HUTH. [logBemusas x
s KOHIly HUTH pasHble IPy3bl, MOXHO NPUAABATh
JTOH CHMJIE pA3HbIe 3HAUECHHU . Y CKOPEHHE, TIPH-
obperaeMoe Te1eXKOH 1o ACHCTBUEM ITOH CH-
P S JIBl, MOXHO pacCuMTaTh C NOMOLIbIO opMya
KHHEMATHKH, H3Mepss, HAaIpUMEp, NYTH, Tpo-
XOOMMEIE TEJIEXKOH 32 ONpeneJCHHhIE TpoMe-
7 XyTKH BpeMeHH. C 3TOH 1e1bi0 MOXHO HCITOJIb-
30BaTh, B YACTHOCTH, CTpobockonuueckyo ¢o-
torpacduio, Korga 00BEKT  OcCBeIaeTcy
KOPOTKHMHM BCTUBILKAMH CBETA 4€pe3 pPaBHEHIE

e npoMeXyTkH BpeMeHu (puc. 66).
Puc. 66. Crpofockomueckas OnsiT MMOKA3BIBACT, 4YTO 10X Hef{CTBHeM
dororpacdus pasHOycKOpeH-  MOCTOSHHOW CHJIBI (O 4€M MOXHO CYAHTb MO
HOMO ABMKERNS HEM3MEHHOMY TMOKAa3aHUIO [MHAMOMETpa BO

BpeMs IBHUXKEHHUS TEJIEXKH) OBUXEHUE AeHCT-
BHTEJHHO TMPOUCXOOUT C TOCTOSHHRIM YCKOpPeHMEM. EcaM noBTODHUTH
ONBIT, U3MEHHUB 3HAUEHUE NEHUCTBYIOIEH CHJIBI, TO BO CTOJIbKO X€ pa3s
M3MCHHUTCY U YCKOPCHHE TEJEXKH.
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HUuepTHocTh. KoadduumneHT nponopuMOHaNbHOCTH MEXAY YCKOPEHHUEM
U CWIOH, HEU3MCHHBHIH /I JAHHOINO TEJAa, OKAa3hIBAETCS PA3HBIM IS
pasHeix Tea. CuenuB BMECTE OBE OZMHAKOBLIE TEJEXKH, MBI YBHINM,
uTO HEKOTOpas cuiaa F coobuwaer UM yCKOPCHHME, BABOE MEHBLIEE TOIO,
KOTOpoe oHa coobmasia ofgHoi Tenexke. Takum obpaszoM, KoaddHuUMeHT
MPONOPUMOHATBHOCTH MEXAY YCKODEHHMEM W CHJION CBSI3aH C ompesae-
JIEHHBIM (PU3HUECKHMM CBOMCTBOM TEJa. ITO CBOHWCTBO HA3LIBACTCA WHED-
muocmeio. YeM Gosbllie HHEPTHOCTH TEJIA, TEM MEHbBLIEE YCKOPEHHE CO-
obuwaer eMy aedCTBYIOL@S CHA.

QusnuecKas BEIMUHUHA, KOTHUCCTBCHHO XapPAKTEPU3YIOas CBOHCTBO
MHEPTHOCTH Tena, — 3TO Macca, WM uHepmuas macca. icnonb3ys no-
HSITHE MAacChl M, CBSI3b MEXAY YCKOPEHHEM M CHJIOM MOXHO BBIPA3UTh
crenyourM obpazom:

a=_- (2)

m’

Macca xax Mepa MHepTHOCTH. Bxoasmas B dopmyay (2) macca m —
3TO Mcpa MHCPTHOCTH Tesa. OHA HE 3aBHCHUT HC TOJMIBKO OT ZEHCTBYIOLICH
Ha Teso cuael F, HO ¥ OT Apyrux (PM3MUECKHX YCJIOBHH, B KOTODHIX Ha-
XOAUTCS 3TO TEJ0, — OT TEMIEPATyphl OKPYXAKOIIEH CPEAbl, HATUYUS
3JIEKTPHUECKOrO WM IPABUTAUMOHHOIO MOJS M T. A. YOEAUTHCS B ITOM
MOXHO, €CJTM MPOAEIATh C AAHHLIM TEJIOM AHAJOTHUHBIC ONBITHI, HCIONb-
3ysd CwiIy Apyroit ¢hM3vueckod NpUpoAbl, NPH PA3HBIX TEMIIEPATYpax M
BJIAXKHOCTSIX OKPY>KAIOLIEr0 BO3AyXa, HA MOBEPXHOCTH 3EMJIH WIH B BHI-
COKHMX Iropax H T. I

CpoiicTBa Macchel. I3 onelta M3BECTHH CIEAYIOMIHME CBOWCTBA MACCHI
3T0 addumugGHas CKAIspHAs BEJIMUHMHA, HE 3aBUCAINAS OT NOJIOXEHHS
tena. Macca Tena He 3aBMCHMT M OT €r0 CKOPOCTH NpPH YCJIOBHM, 4TO 3TA
CKOPOCTh MHOIO MEHBIUE CKOPOCTH CBETA. AJJuUMUGHOCH b 03HAUAET, UTO
Macca COCTABHOIO Teia paBHa CyMme macc ero uacren. CBOHCTBO aagu-
THBHOCTH MACChl CUEHL TOUHO BBIIOIHSICTCS TSI MAKPOCKOMMUECKUX T
M HApYLIAeTCs JIMIIb TOrAd, KOMA 3HEPrsl B3AMMOLEHCTBHUSI COCTABHBIX
4yacTey TeJa BEeJMKA, HAMPUMED MPU COEAMHEHUH NPOTOHOB M HEMTPOHOB
B aToMHoe aapo. Tor dakr, uTo Macca — ckarsap, 03HA4YaeT, UTO UHEPT-
Hble CBOMCTBA TEJIA OMHAKOBHI BO BCEX HANMPABJICHHSX.

PaBencTBo (2) MOXHO TPaKTOBaTh CJACAYIOIIMM obGpasoM. Ecau ox-
HaXIpl NPOM3BECTH C AAHHLIM TEJIOM OZHOBPEMEHHOE M3MEpPECHHME ACH-
CTBYIOIIEH HA HErO CHJBL M MPHOBPETaEMOr0 MM YCKOPEHHS, TO TEM Ca-
MuIM OyfeT HaliieHa ero mMacca m M B JAJbHEHUIEM MOXHO DPAaCCUMTHI-
BaTh yCKOPEHHE a 3ITOrO TEna MO u3BecTHol cwie F, wim maobopor,
PacCUMTEIBATh ACHCTBYIOIYIO CHuy F N0 HM3BECTHOMY YCKOPCHHIO a.
OrTor Tak HAa3pBAEMBIH AMHAMHYECKMH COCO0 OnpenesieHUs Macce B
RaNbHENIIEM Mbl CPABHMM C PaclpOCTPAHEHHBIM CrOcOOOM M3MepeHHd
Macchl B3BELIMBAHUEM.

OnpIT MOKA3HIBAET, UTO NPH OIHOBPEMEHHOM AEHCTBUM HA TEJIO He-
ckonpkux cun Fy, F,, ..., F, yCKOpEHHE a MpONOPUHOHANBHO BEKTOP-
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HOM cymMme otux cuia. [loaromy paseHcTBo (2) oGobaercs caemyro-
muM obpasom:

1
a=— (F,+F,+..+F,). (3)

Bropo# 3akon HblotoHa. Pasencrso (3) Bbipaxaer comepXaHHE BTO-
poro 3akoHa HsrotoHa:

B unepuuanbHod cucmeme omcuema YCKOPeHUe Mena nponoOpuuo-
HAbHO GEKMOPHOU CYMME BCex OeliCMEYROUUX HA HeZO CUL U OOPAmHO
NPONOPYUUOHANLHO MACCEe Meaq.

Bripaxxaemass BTOpHIM 3aKOHOM HBIOTOHA CBSIab MEXIY YCKOpEHHEM
U CHJIOH MMeEeT yHMBEpCaibHbIH xapakrep. OHA HE 3aBUCHT OT KOHKDPET~
HOro BRIOOpA MHEPUHUAJbHOHM CHCTEMBl OTCYETA. 3aKOH CIpPABEITHB MPH
Mo60M HampaBJeHUM AcicTBYowed cuael. Korna ota cuna Hampas/eHa
BOb CKOPOCTH TeJd, OHA M3MEHACT MOMYJb CKOPOCTH, T. €. coobuae-
MOE€ TaKoH CHJIOH yckopeHue OyaeT TaHreHUuHa bHbIM. MIMeHHO Tak H
ObUTO B OMMCAHHBIX OMBITAX C BO3AYIUHOM Aopoxkoit. Korma cura Ha-
MpaB/eHa MEPHEHAUKYIAPHO CKOPOCTH, OHAa HM3MCHSET HAINpaBJIcHUE
CKOpOCTH, T. €. coobwaemMoe Teay yckopeHue Gymer HOpPMaabHBIM (LICH-
TpocTpeMHUTEabHBIM ). HanpuMep, npy MOYTH KPYroBOM ABHXEHHH 3eM-
s Bokpyr ConmHUa AeHCTBYIOWAA TEPNEHAMKYIIPHO OpOMTAIBHONH CKO-
poctu cuna nputsxeduss Kk ConHuy coobwaer 3emiae UEHTPOCTPEMH-
TEJBHOE YCKOpPECHHE.

Korma Bce pedcTByIolMe HA TEAO CHIB YPABHOBEIICHKI, T. €. UX BEK-
TOpHAad CyMMa paBHA HYJ/I0, YCKOPEHHE TeAa OTHOCHTENbHO MHEPLHMATb-
HO#M cHCTEeMBl oTcyera orcytcteyer: a = 0. Teno mubo nmokourcs, mbo

OBHXETCS PABHOMEPHO M MPAMOJAMHEHHO. Ero
OBHXCHUE B OTOM CTY4Yae HEOTJIHUMMO OT JABHXKE-
HUS [0 WHEPUHUH, O KOTOPOM uLIa peub MpH 0b-
CYyXICHUH nepBoro 3akoHa HeioroHa. OaHako ec-
JIM TaM ABHXEHHE B OTCYTCTBHE CHJT HCTIOJIB30BA-
JIOCb 111 BBEACHHUSI HHEPUHANBHBIX CHCTEM
oTcuera, TO 3AeCh PABEHCTBO HYJIIO YCKOPCHHSA
Npv KOMIEHCAUMH OCHCTBYIOIIMX CHJ SBIACTCA
CIEACTBHEM BTOPOro 3akoHa HproToHa.

¢ Cuaa v apuxeHne. CyTh Broporo 3akoHa Heto-

TOHA, BbIpakaemoro dopmynoir (3), BecbMma mpo-

cra. OOHAKO 33YacCTYr Pe3yabTaThl €r0 ACHCTBUA

OKa3BIBAKOTCA HEOXHAAHHHIMH H3-3a CBoeoOpas-

HAEIX TPOSIBJICHHI HHepTHOCTH Tel. eno B ToM,

Puc. 67. Onerr, wamocr- AT B CAMOM 3aKOHE durypupyer yckopesue, a

PHPYIOUIHE HHEPTHOCTH ABHXXEHUC HATAIAHO BOCHPUHHMACTCS Yepes CKOo-
poctb. PaccMoTpuM ciemy oMMl OmbIT.

[MogBecHM Ha TOHKOH HUTH MACCHBHOE TEJsO,

a CHHM3y NPHUBSXEM K HEMY €LIC OAHY TaKyw xe Hutb (puc. 67). Ecau

MENIEHHO MOTIHYTh 33 HEC BHH3, MOCTEINICHHO YBEJHYMBAS MPHIOXCH-
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HYIO CHJIYy, TO B HEKOTOPHIH MOMEHT ODOPBETCH BEPXHAS HHUTb. JTO
JIETKO TIOHATH, TAK KAK CHJIA HATSXKEHUS BEPXHEH HUTH 00ycaoBaeHA
KAK TIPUJIOXCHHOW BHEIIHEW CHJIONW, TAK M BECOM IOABECLICHHOTO TEJA.
OmHAKO €CJIM HUXHIOK HHUTb OEPHYTh BHU3 pPE3KUM OBUXCHHEM, TO
obopBerca HUXHAG HUTb. OOBACHEHHE JTONO 3aK/IYAETCH B CIEAYIO-
meM. OOpBIB HUTH MPOMCXOAMT, KOTAa €€ YAJMHEHWE JOCTMraeT orpe-
ACJIEHHOM BeaMyMHbL YTOOBI PACTAHYJIACH BEPXHAS HHUThb, IPY3 MOKEH
MEPEMECTATLCS BHM3 HA Takoe Xe paccrognue. Ho 310 He Moxer mpo-
U30MTH MTHOBEHHO: 0.1aromapsd MHEPTHOCTH MACCHBHOTO TE/IAa I W3-
MEHEHHMS €r0 CKOPOCTH TPeOyeTCs HEKOTOPOE BPEMs, KOTOPOINO KAk pa3
M HE XBATAET NPH PE3KOM PHIBKE 33 HUXHIOK HUTb.

¢ B uem3akjouaercs cBOUCTBO MHEePTHOCTH? YTo Takoe HHEpTHasd Macca Tesa?
e Kaxue OnbITbl CBUAETENBCTBYIOT 00 a[UIMTUBHOCTH Macchl?
¢ Kaxue yTBepxXaeHUs comepxXarcst BO BTOPOM 3akoHe HbworToHa?

o Kak pomxHa ObiTb HamnpabjieHa OEWUCTBYIOLIAS Ha Teno cujia, 4ToObl €ro
CKOpOCTh W3MEHSJIACh TOJIBKO IO HamnpasseHWio? IlpuBegure npuMepsl Ta-
KHUX JBHUXEHUH,

o MoxeT /M paBHATLCS HYJIIO YCKOpPEHME Tejla B UHEpPLMAJbHOM CUCTEME OT-
cyera, €CJIM Ha Hero AeHUCTBYIOT CUbI?

§ 18. B3anmopeicTeue Ten. Tperud 3akoH HbloTOHa

JeHCTBYIOIIME HA TEI0 CHJILL BCETAA O0YCIOBICHBI €10 B3AUMOACHCTBHEM
¢ ApyruMu Tesamu. Tpetuit 3akoH Hbl0TOHA KOJIMUECTBEHHO XapakTepu-
3yeT 3TO B3aUMOACHCTBHUE!

Cunbl, ¢ komopuimu 0sda mena delicmayrom 0pyz Ha 0pyza, PAdHbl no
MOOYFO, NPOMUBONOAOKHbL NO HANPAGNEHUIO U O0eliCmaYyrom 800Jb CO-
edunsiroweld meana npamoi:

F12=—F21. (1)

IJTOT 3aKOH CHPABEAJHB HE3ABMCHMMO OT (DU3MUECKOH MpPUPOABI B3au-
MOICUCTBUY TEA. BceMupHOe THATOTEHUE, B3aMMOACHCTBHE HEMOABUXK-
HBIX JJIEKTPHUECKUX 3aAPSIO0B — BCE 9TO MPUMEPH B3AUMONAECHCTBUM,
IJIS KOTOPHIX CIpaBeqIMB TpeTHH 3akoH Herootona. OgHako B KaxIOM
KOHKPETHOM cJiiyuae B paseHctBe (1) obe durypupylomue CHIbl HMEIOT
OHY U TY Xe€ (DU3NYECKyl0 MPHPOAY, XOTA M IPUIOXKEHB K PA3HBIM
TEj1aM.

Tpernit 3akon HplotoHa gengercd npaMbiM o000LIIEHMEM 3KCTEpH-
MEHTANMBHBIX (DAKTOB. B €ro cnpaBeaIMBOCTH MOXHO YOEIMTBhCA HA pIAc
TIPOCTHIX OIBITOB.

JIng HEmOABMXHBIX B3aMMOAEHCTBYIOIIUMX TEJI BO3MOXHO HEMOCPEHA-
CTBEHHOE M3MEDPCHUE CHJI B3aUMOACHCTBHA C MOMOIIbI AMHAMOMETPOB.
PaccmorpuM, HanpuMep, NPUTAXEHHE CTAJLHONO INAPMKA MOCTOSHHBIM
MargauToM. [I19 MCKIIOUEHUS TPEHHMS MTOMECTHUM HX HA TOACTABKH, KOTO-
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pHIE MOTYT MepeMeLaThes o Bo3aywHoit opoxke (puc. 68). Coennuum
NOACTABKM CO CTEHKAaMM 4epe3 MpyXHHHHE AMHaMoMeTpn D, u D,. B
PAaBHOBECHH MOKA3aHUS AMHAMOMETPOB OKaXYTCA OXMHAKOBRIMH. Jlerko

Dy

I g & 2
A{E% (O <1

Puc. 68. [Mokasaums auHamomerpos Dy U D) OAMHAKOBbL

Dy

coobpasutsb, uTo D, uaMepsieT cuny F,,, AeHCTBYIOMYO HA mapuk (Te-
Jo 1) co cTopoHe!l MaruuTa (Teso 2), a D, — cuny F,,, IEACTBYIOUIYIO
Ha MArHUT CO CTOPOHBI mapuka. CUibl B3aUMOAEHCTBUSI MAarHUTA M IIA-
pPMKA OKa3aJauCh PABHBIMU M MPOTHBOMOJOXHO HANPABJIEHHBIMH,

B Tex ciayuyasx, KOraa B3aMMOAEWCTBYIOIIME Teaad ABUXYTCS U CO-
obWAIOT APYr APYrY YCKOPEHHS, ONPEAE/UTh CHJIBI, ¢ KOTOPHIMH OHH
OelCTBYIOT APYr HAa ApPyra, MOXHO C MOMOLIbIO BTOPOro 3akoHa Hbo-
ToHA. PaccMoTpuM, HampuMep, B3auMMOAEHCTBUE ABYX ABUXYIIUXCS IO
BO3AYIIHOH MOPOXKE TEJEXEK, MAacCh KOTOPbIX M, M m, HU3BECTHHI
(usMepedn 3apaHee). BsauMopeicTBue Tenexek MOXET ObITh OCylue-
CTBJIEHO MO0 COEAMHSIOUIE MX JIerKod ympyroil mpyXuHoii, subo 3a-
KPEMJIEHHBIMM Ha HUX MAarHUTOM M CTaJbHBIM [IAPUKOM, JUOO ABYMS
MaradTamu, dubo euwe KakuM-HuGyap apyrum crmocoboMm. Hesasucumo
oT cnocoba B3aMMOAEHCTBHS, T. €. (PU3NYECKONH MPHUPOAK AEHCTBYIOMINX
CUJI, MBI OOHApPYXHM, UTO TEJIEXKH COOOWQAIOT APYF APYFY MpPOTHBOIO-
JIOXHbIE TI0 HANpABJECHUIO YCKOPEHMS a, M a,, TNPUYEM MOMAYJH YCKO-

peHMit TeeXeK B JI000M, HO OOMH M TOT XE€ MOMEHT BPEMEHH 06paTHO
MPOMOPLMOHAIBHE MAcCaM TeeXek:

a nm,

=2 ()

a m

B cootBeTcTBMHM CO BTOpHIM 3aKOHOM HblOTOHA 3TO O3RAavaer, 4TO CH-

JIbl B3aUMOIEHCTBUSL TEJNEXEK PaBHBl MO MOAYJIO M IPOTHBOIOJOXHO
HanpaejeHsl. JedctBuTensHo, Tak Kak F,, =m,a, u F, = m,a,, 10 us
(2) ¢ yueroM TOrO, YTO HampaBJIEHUS] YCKOPEHMii &, W a, MPOTUBOMNO-
JIOXHBI, cneayet Ky, = —F,,.

IeiicTeHe U nMpoTHBOAecTBHE. MTak, onuT nokasnBaer, 4YTo A JIO-
Obix ABYX TeJ MpH JI000M XapaKTepe UX B3aMMOAEHCTBUS CHUJIHI, C KO-
TOpBIMM TeNa AeUCTBYIOT ApPYr HA Apyra, paBHH MO MOAYJIO U Hampas-
JIEHH B MPOTHBOIIOJIOXHEIE CTOPOHK. B dopMynupoBke camoro HeiotoHa
TPETUH 3aKOH 3BYUMT Clefyommum obpasom: «JleldcTBUIO Bceraa ecThb
pPaBHOE M MPOTHMBOIMOJOXHOE MPOTUBOAEHCTBUE, HHAYE — B3aUMOIECHUCT-
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BHS ABYX TEJ APYT HA Apyra MexXay co0oiM paBHH M HANDABJAEHBI B IIPO-
THUBOINOJIOXKHEIE CTOPOHEI». He ciaeayer, ogHaKo, AyMaTh, YTO «I1IPOTHBO-
AEHCTBHE» UeM-TH00 NPHHUMNIHNANBHO OTIMYAETCS OT «AeHcTBUs». Takas
TEPMHHOJIOTHA HEyAayHa, TaK KaK B HEM NOAPAa3yMeBaeTCs AKTHBHBINA
XapaKTEP OMHOM U3 CHJI M NAacCUBHBLIM — BTOPOW, XOTS HA CaMOM JAgEJe
CWIB B3aMMOACHCTBUS BCEIAA MMEIOT OAMHAKOBYI0 (DM3UUECKYIO NpPHpPO-
Ay M BBHICTYNAIOT DaBHONPABHBIMM napTHepamu. Ecam «iedcTByromas»
cuia o0ycnoBieHA BCEMHDHBIM TATOTEHHEM, TO M <«NPOTHBOAEHCTBYIO-
masg» cuia obycnosseHa 3Tod xXe npuuyuHON. Ecaum geiicTByrowas cuna
BhI3BAHA YNpyrod aecdopmanueil OQHOrO M3 CONPHKACAIOLMXCS TEN, TO
NpOTHUBOACHCTBYIOWAA — Aedopmanueil BToporo, # T. A.

BasewueaHue Jlynpl. PaBeHCTBO (2) MOXHO MCOJB30BATh AJIS CPaBHE-
HMA Macc HeDecHBIX TeJs, OMHUPAAch HA TO, 4TO TpeTuil 3akoH HploToHa
CNpaBeIIMB AT CHJ MX TPABUTALMOHHOIO Nputsaxenusd. M3 acrpoHoMu-
yecKUX HAOMIoneHNit U3BecTHO, uTo JIyHa oOpamaercs no oKpyXHOCTH

Puc. 69. lenpb 3eman u JlyHbt ABUXKYTCA NO OKPYSKHOCTAM PAAMyCOB fg Mty C OBLIMM
LEHTPOM B TOUKe A

paauyca ry = 380 000 kM, HO HE BOKDYT LEHTPa 3eMJH, a BOKPYT HEKO-
TOpoil TOUKH A (ueHTtpa Macc 3emuu u JlyHml), oTcTOAIIEd OT LEHTPA
3emun Ha paccrosiue ri = 4700 kM (puc. 69). 3T1a Touka JEXUT BHYT-
pM 3€MHOTO 1Iapa, TAK KAK ero CpeaHuil pagmyc R = 6400 kM. Boxpyr
JTOM Xe TOYKM ABMXETCA NO OKPYXHOCTH M UeHTp 3eMau. IIpuH 3ToM
Jlyna u 3emnq Bce BpeMs HAXOASITCS HA NPOTHBONOJOXHBIX KOHUAX OA-
HOM npaMOM, nmpoxoadumell 4yepes TOUKy A, coBepmas NOJHEEA o0opot
BOKDYT HEE 3a OJHO M TO X€ BpeMs. BCnoMuHas BmIpaxeHue a, = wir
IS LEHTPOCTPEMHUTENBHOIO YCKOPEHUSI TOUKH, ABHXYIIEHCS MO OKPYX-
HOCTH pajMyca r C YIJIOBOM CKOPOCTBIO ®, BHAMM, UTO OTHOILEHUE yC-

4 E.H. BytuxoB ¥ op. KHura 1
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kopennit 3eman ¥ JIyHEl paBHO OTHOIUEHMIO PamMycOB rz U Fy OKPYX-
HOCTCH, M0 KOTOPHIM 00pAIAOTCA MX LEHTPHL:

a3 _ 3

an Tn
Ho Bcneacrsue Tperbero 3akona HblOTOHA OTHOIIEHME MORyJeil yc-

KOpEHHil B3aMMOAEHCTBYIOUMX TEA PABHO OOPATHOMY OTHOIICHHIO MX
macc (dopmyna (2)), mostomy

My '3 4700km 1

s rg  380000kM 81

Macca Jlynw B 81 pas MeHblue Macch 3eMH.

Crporo roeopsi, TpeTHl 3akoH HbOTOHA MPUMEHUTENBHO K B3aUMO-
OCHCTBMIO ABMXYLIMXCS YIAJCHHBIX TEM MMEET NPHOIMXKEHHBIM Xapak-
TEP, TaK KaK OH IPEAINOJAracT MTCHOBCHHOE PACIpOCTPAHCHHUE B3AMMO~
OEUCTBMH, YTBEPXAAS O PABEHCTBE CWJI B OOMH M TOT XK€ MOMEHT
BpeMenH. [loaroMy mns ABMXKYLIMXCA YAANEHHBIX TEJ, B3aUWMOOCHCTBY-
IOIIUX TOCPEACTBOM CO3JaBAaEMBIX MMHU TOJCH, 3TOT 3aKOH BHINOIHSCT-
Csl JMIUb NPUOMMKEHHO, B TO BPEMS KAK IIPU «KOHTAKTHOM» B3aUMO-
OEUCTBUM, T. €. IIPU HENMOCPEACTBEHHOM CONPUKOCHOBEHMM TEJ, OH SB-
JA€TCd TOUHBIM.

3akonbl HpioTOHA B MEXAHMKE UTPAIOT TAKYIO XK€ POab, KAK M aKCH-
OMHI TIPH TIOCTPOCHMM MATCMATHUYECKOH TEOPHH, HANPUMCP €BKIMAOBOH
reoMeTpuH. Bea QMHAMMKA MOXET ObITh MOMYy4YCHA OEOYKTHBHBIM IIYTEM
KaK CIEICTBUE 3THX 3aKOHOB.

e OnuchHBasg OMNbLIT, B KOTOPOM CPaBHUBAJIWCH CHU/bl B3aUMOIAEMCTBUS HEMNO-
JABUXHOIO MarHuTa M CTajbHOro wapuka (cM. puc. 68), Mbl cuuTaad, 4YTO
3TU CHJIbl U3MEPSJIUCEL C TOMOIBI AUHAMOMeTpoB. OOBSCHUTE, MOYEMY B
3TOM cJlyyae CHJIbl B3aUMOJEUCTBUS MarHUTa U LIapuKa He coobLUAaloT yCKo-
pCHUS TMOACTABKAM, Ha KOTOPBIX OHM 3aKpernJeHbl. Kak HENOABHUXKHOCTEL MOA-
CTaBOK COriacyeTcs co BTopbiM 3akoHoM HreloToHa?

o Kak MOXHO 3apaHee WU3MEPHUTh MAcChl TejeXeK C MarHUTOM M IIapUKOM,
KOTOPBIE UCMOJIL3YIOTCS B ONNUCAHHOM BBILLIE OMBITE N0 MU3MEPEHHIO CUJ B3a-
UMOJEMCTBUS MEXIY ABUXYIUUMUCSH TeJaMU?

e JionycTUM, YTO B3AWMOJEICTBUE TEEXKEK OCYLIECTBIAETCH OCPEACTBOM 3a-
KaTol MeXAy HUMH MpPYXHUHKH, KOTopas NMpH 0cBOBOXAECHUM pacTajKUBaeT
NOKOMBIIMeCS A0 3TOrO TefleXKHU. JJoKaXuTe, UTO OTHOLIEHUE YCKOpeHWMH
a,/a,;, cooBLIEHHBIX TeNeXKaM MPYXUHKOM, MOXeET ObITb U3MEPEHO IO OTHO-
LIEHHUIO CKOPOCTEH TesleXeK Uy/v,.

o PagpscHUTE MU3BECTHBINA MapajoKC «JOWAAU U Teserd», 3akjaiovanluuiica B
cienywouiem, Jlowaas TSHET Teslery ¢ HeKOTopoil cusoit. OQHaKo B COOTBET-
CTBUM C TPeTbHUM 3aKOHOM HbIOTOHA Tenera meiicTBYeT Ha JolWafAb C paBHOM,
HO TMPOTHBOINOMNOXHO HalpasJeHHOU cuiol. Kasanock 6bl, Tenera W sowaib
JOJIKHBl [IpH 3TOM NPUHTH B ABUXKEHHUE B MPOTHBOMNONOXHbIE CTOPOHBL. ITo-
yeMy Xe Jiollafu yaaeTcs Be3TH Tesery 3a coboit?
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A Jloruyeckas CTPYKTYPAa AMHAMMKHU. [IpM JOrMYECcKOM MOCTPO-
€HUM MATEMATHUECKOM TCOpMM CYUIECTBYET HEKOTOpas ceoboma B
BBIOOPE OCHOBHBIX AKCHOM, B OMHAMHKE TAKXE MOXHO HECKOJIBKO
M0-pasHOMy CQOPMy/JMpPOBATh OCHOBHEIE 33KOHHE, B mpUHITOM BbI-
e HW3JJOXKEHUM OCHOB MEXaHHKU HPBIOTOHA BTOPOi 33KOH CONEPXHUT
JKCMEPUMEHTAJbHO MPOBEPSIEMOE ymaepXkoeHue O TPONOPLHUOHAIb-
HOCTM MEXIY YCKOPEHMEM U JEHUCTBYIOWIEH CHUJIOH U onpedenenue
MHEPTHOM MacChl.

MoxHo copMyaMpOBATh 33KOHBI AMHAMUKHM TaKMM 00pasoM,
yTOOBl ONPENETUTh MAcCy HE3aBUCHMO OT BTOPOro 3akoHa. B oTom
Clyyae BTOpOi 3aKOH OYAET COMepXaTh ABa YTBEPXIEHUS: O MPOIOp-
IIMOHA/JIBHOCTH YCKOPEHHMS Cuje ¥ OOpaTHOM NponopLUOHATbHOCTH
Macce. Kaxpgoe U3 9TUX YTBEPXACHUM MOXHO HE33BUCUMO MOABEPT-
HYTb JKCIEPHUMEHTAJIbHON MPOBEPKE.

He onuparomeecs Ha BTOopo# 3akoH HprooToHa omnpemesaeHUE Mac-
Chl MOXET ObITh OCHOBAHO H3 MCIOJb30BAHHU TPEThErO 3aKOHA. I1pu
TAKOM TMOAXOAE TPETUH 33KOH JUHAMHUKHM (QopMyaupyercda Kak
YTBEPXACHHUE, UTO mpu M000M B3aUMOACHUCTBHM JABYX TeJ OTHOIIE-
HUE MOAYJEH MX YCKOPEHUM eCTh MOCTOAHHAd /I ITUX TeJ BEJau-
YMHA, KOTOpad MO ONpeme/eHHI0 NMPUHUMAETCHd PABHON OOpaTHOMY
OTHOIICHHUIO MX Macc:

at e (3)

a, ﬂll
DTO CcOOTHOWIEHME MO BUAY coBnagaer ¢ Qopmyaon (2), OAHAKO
TENepb B HEN0 BKJAABIBAETCS APYrod cmeica, Ecau paHbine OHO
BbIPA’KaJ0 MPOBEPSEMOC HA OMBITE COOTHOLICHUE MEXAY YCKOPEHH-
SSIMU IBYX TEJ, MAacChl KOTOPbIX ONPEAE/ASITUCh MOPO3HL B OMBITAX,
OCHOBAHHBIX HA BTOpPOM 3aKOHe HpioToHa, TO Temepp 5TO COOTHO-
IieHWe MO onpenesaeHurd, 0e3 moMowM BTOpOro 3akoHa Hpiortona,
MO3BOJISIET BBHIPA3UTb MACChl BCEX TEJ UEPEe3 MacCy HEKOTOpOro Te-
Jia, MPUHATONO 33 3TaJOH Macce. B TakoM criyuae, uMmess HE3aBU-
CHUMBIE CHOCO6bI U3MEPCHNUA CHJIBI M MAcCChbl, MOXXHO 3KCNCPUMCH-
TA/JbHO YCTAaHABJIMBATh 33BUCHUMOCTh YCKODEHMS TejJa OT KaxXmaoH
U3 oTHX BeauuuH. [1pu artom, pasymeercs, paBeHcteo (1) yxe He
ABJISIETCS CAMOCTOATENbHBIM (PU3UUECKUM 33KOHOM, 3 MPENCTABJISET
coboM CaeACTBME 3aKOHOB AMHAMMKH, BbIPAXKAEMBIX COOTHOILIEHHMEM
a=F/m un dopmymroin (3).

Ewme ogmH BO3MOXHBINA CHOCO6 JOTMUECKOro MOCTPOCHUS JAWUHA-
MUKM He TpeOyer npeNBapUTEIbHONO BBEACHUH COocoba Mu3Mepe-
HUS CHJIBI, HE OMUPAOUIerocs Ha BTOpoM 3akoH HeiootoHa. Bwme-
CTO MCMOJb30BAHUS OTAJOHHOM MNPYXHUHB MOXHO MPOCTO MNPHHSATH
no onpedenenuio, 4To ACUCTBYIOUIAA HA TEJO CWIA, coOOLIAHOWAd
€My YCKOpEHHME a, paBHAa NpOM3BEOCHHUIO MAcChl TeAa m Ha 3TO
YCKOpEHHE:

F = ma.
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[Tpu 5TOM mpeamonaraeTcs, 4To MAacca TEa m MU3MEpAeTcs CpaB-
HEHMEM C MAaccoi 3TajioHa ¢ moMowbio cootHomweHus (3). B paMkax
TAKOIO MOAXOAA COACPXAHHME BTOPOTO 3aKOHA HbBIOTOHA HE CBOAMTCS
TOJIBKO K OMpENEACHUIO CUbl. Mi3MepuB maHHyio cuny 1o coobmae-
MOMY €K YCKOPEHHIO B KAKOM-TO OJHOM ABHXKEHHH, HA OMBITE MOX-
HO ybenuThesa, uTo yckopeHue OyIeT mpornopuHOHANBHO CHIE U 00-
paTHO MpPONOPUMOHANBHO MACCe A/ BCEX APYTMX ABMXKEHHUM.

3aKoHbl MIHHAMMKY H onbit. [logsoas UTOrM, MBI BUAHM, YTO BO3-
MOXKHBI PasHbIE cOCOOH (POPMYNTHPOBKM OCHOB AWHAMHMKH, MpPH KO-
TOPBIX BO BTOPOM W TPETHUH 3aKOHBI HBIOTOHA BKJIAQBIBAETCH Pa3JIHY-
Hoe copepxaHue, OXHAKO B KAXIOM M3 3THX MOAXOAOB 3aKOHK Hbro-
TOHA B CBOEH COBOKYMHOCTH OOpasyrT JKBHMBAJECHTHEHIE, JIOTMUECKH
HENpPOTHBOPEUMBLIE CXEMBbI, MO3BOJSIOWINE AABATH AXEKBATHOE OMHU-~
caHue MIOOBIX MEXAHUUECKUX JBHXCHHIL.

3akoHsl HpIOTOHA COREPXAT HACTONBKO CHJBHBIE M OBLIHE YTBED-
KIEHUS, YTO UX IKCNEPUMEHTANbHAS NMPOBEPKA HE CBOAMTCH K Ka-
KMM-TO «PCHIAOMIMM» OMbITAM, MOATBEPXKAAIOIHM OTACJbBHBIE 3aKO-
HBl. YOeXJICHHE B CHPABEIIMBOCTH 3aKOHOB HBIOTOHA OCHOBHIBAETCH
Ha COBMAJEHHUH C OMBITOM BCEX TEOPETHUECKHMX MPEeACKAa3aHUU OTHO-
CHTEJILHO KOHKPETHBIX MEXAHMUYECKUX ABUXCHUM, CAEAAHHBIX C MO-
MOIUBIO ITHX 33KOHOB.

[TognuHHBIM TPpUYM@OM KIACCHUYECKON MEXAHWKHU CTaJO0 OTKDHI-
THe B cepequHe XIX Beka HeusBeCTHOM @0 JToro miaHern He-
NTYH, CAENAHHOE «HA KOHUMKE Tmepa». AHAnM3upys Habnronasiau-
ecd aHOMaauM B JBUXEHUM HAubosice YAANCHHOM W3 H3BECTHHIX B
TO BpeMs miaHern YpaH, Jleseppre B0 Dpanuuun u Axamc B AH-
TJIMKM HE33aBMCHMO APYT OT APyra M NPAKTHYECKH OJHOBPEMEHHO
MPULULTA K BBIBOAY O TOM, UTO MPUYHUHOW TAKMX AHOMAJIMI MOXET
ObITh CYIIECTBOBAHHME €LUE OJHOW MIAHETH, OOnafgarowel onpege-
JIEHHOM Maccod W OpOMTOM, BHEWIHEW MO OTHOWEHHIS K opbure
Ypana. Bcero suumb mocse moayyacoBoro Moucka OepauHCKHH ac-
TpoHOM Tanne OOHAPYXHWM 3TY IJIAHETY B IpPEACKa3aHHOM MeECTE.
B Hacrosuiee BpeMs MNpeacKasaHUE TMOJI0XEHUS MJIAHET HA OCHOBE
KJACCHYECKOW MEXaHUKHM ¢ MOMOIbI pacuetoB HA IJBM cornacy-
eTCa C pe3ysnbTaraMd HAOMIONEHHU B NPEIenax HECKONbKMX YTJIO-
BBIX CEKYHJ AAaXE B TEX CJyyasax, KOraa IMPOHM3BOAMTCH IKCTpamo-
N9UMS HA MHOTHE TOAbl Brepen.

o CohopMyHpyiiTe BO3MOXHbBIE JIOPMYUECKME CXEMbI TOCTPOEHHS 3aKOHOB
OUHAMMKH,

e Y10 MOXHO cKa3aTb 00 3KCIEPHUMEHTA/IbHOM NpOBEpKe 3aKOHOB KJACCH-
yeckol nuHaMUKHU? [ToueMy HEBO3MOXKHBI KakHe-JMG0o «peliakoiire» onbl-
Thl MO MpPOBEPKE 3THX 3aKOHOB?

e YTo BaM M3BECTHO O IPaHMLAX NPHUMEHUMOCTH 3aKOHOB KJaCcCHYECKOM
OUHAMHKHU? A& i
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§ 19. MpumeneHne 3aKOHOB AMHAMMKH

3aKOHHRI AMHAMUKY A3IOT BO3MOXHOCTb HAXOAUTb AEHUCTBYIOILYIO HA TEJIO
CHJIy, KOTJa M3BECTHO, KaK OHO JBMKETCS MO ACHCTBUEM 3TOU Cuikl, B
caMOM [e/1€, KOTAa U3BECTHA 3aBUCHUMOCTb r(f), MOXHO HalTH ycKope-
HME @ H C MOMOILBIO BTOPOro 3akoHa Hretorona F = ma paccuurarth geu-
creyomy cuny F.

CrnpaseanuBo U 00paTHOE: KOTAA H3BECTHA ACHCTBYIOLAA HA TEJIO
cuna F, MoxHO HaitTH coobmaemoe atoit cuaoit yckopenue a = F/m u ¢
noMOLIb0 GOpMysT KMHEMATHKM PacCUUTATh €10 ABUXeHue. g aToro,
paSyMeCTCH, Hy)KHO 3HATh MOJOXCHUE H CKOPOCTh TECJI4 B Ha‘{aﬂbeIﬁ
MOMEHT BPEMCHH.

JIBMKEeHne CO CBA3SAMM. B ITMHaMuKe BCTPEUarTCa M TaKue 3ajgayu, rae
334aHa TOJBKO 4acTb CWJ, ACHCTBYIOLMUX HA PacCMaTpuBagMoOE TEO.
Takas cuTyauus BO3HUKAET, KOTIA ABUXKEHHUE MPOUCXOOMUT MO 3aJaHHOU
TPAEKTOPUM TIPH HAJOXEHHBIX ¢3s3sX. [IpuMepaMu MEXaHUUECKHX CUC-
TEM, COBEPLIAIOIINX TAKHE ABMXKCHHUSI, MOTYT CIYXHTb TPy3MK HA HEpa-
CTSKMMOM HMTHU B TIOJIE€ TSXKECTH, TPYy3bl, COCAMHCHHBIE NMEPEKUHYTOM
yepes 670K HUTBIO, OPYCOK Ha HAKJIOHHOM TJIOCKOCTH M T. I

Hanuyue cBg93M MpUBOAMT K TOMY, YTO JBMXKCHME TPY3MKA HA HHUTH
OTPAHKUYEHO C(hepPUUECKON MOBEPXHOCTHIO C LIEHTPOM B TOUYKE MOABECA;
OBMXEHUE COCIMHECHHBIX HUTBIO TPY30B MPOMCXOAUT TAK, YTO PACCTOdA-
HHE MEXAY HUMM, U3MEPEHHOE BJAOJb HATIHYTOH HUTH, BCE BpPEMd OC-
TAETCH HEM3MEHHBIM, JBMXKCHHUE OpPycKa Ha HAKJIOHHOW MIOCKOCTH —
BIOJIb €€ MOBEPXHOCTH U T. A. [IpM M3yyeHUM TAKUX CHUCTEM BO3HUKAET
3a7a4ya He TOJbKO pacyeTa UX ABMIKEHUY, HO M OMPENCACHUA CUL pe-
akyuu caénled. B ypaBHeHMSX, BHIPAaXawLuX BTOpoi 3akoH Hewortona,
YKCJIO HEU3BECTHBIX BO3PACTAET, TaK KaK NMOMHMMO YCKOPEHHH mnoaje-
XaT OTPEACICHUIO M HEKOTOpBlE U3 ACUCTBYIOHIMX cui. HO U B 3TOM
Clyyae yAaeTcsd HaWTH BCE HEM3BECTHHIE, TaK KaK K YPaBHEHMSM BTO-
pOr0 3aKOHa OUHAMHMKH J00aBASIOTCH YCIOBUS, BBIPAXAIOIUE BAUIHHE
HAJIO)KEHHH X CBY3CH.

PaccMoTpUM nMpUMEHEHUE 33aKOHOB JMHAMHUKM HA MPUMEPE KOHKPET-
HBIX 3axau. g BCex pa3bupaeMbiXx TMPUMEPOB CUCTEMY OTCUETA, CBA-
3aHHYI0 ¢ 3emieit, MOXHO C JOCTATOUHOH CTEMEHbI0 TOYHOCTH CUMTATDL
HEMOABUXHOM,

Zapavwu

1. B ceobodHom nosenie. BpolleHHoe MOA YIJIOM K TOPH3OHTY TeJO Maccehbi
M = 3 Kr gBUXETCHA NO Napabo/MUECcKOM TPAEKTOPUU C TIOCTOSHHBIM YCKOPEHHEM
£=19,8 M/c?, Hanpas/eHHbIM BepTHKa/lbHO BHW3. Kakad cuna npuBOOMT K Ta-
KOMy mBUXeHUI0?

Pewenue. B cooTBeTcTBUU cO BTOpbIM 3akoHoM Hbiwotona F = ma. B pan-
Hom cnyuae a = g. Tloatomy coobuiatolas takoe ABUxXehnue cuja F = mg. 3to
CHna nigxecmit, 06YCNOBNIEHHAS MPaBUTAIIMOH HbIM B32aUMOAEMCTBUEM Tena ¢ 3eM-
fen. Ha ocHOBaHMM TpeTbero 3akoHa HbloToHa MOXHO yTBEp>XAaTh, UTO paBHas
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Mo MOAYJ/II0 U NMPOTUBOMOJIOKHO HANpaBjeHHas CUAa peakUHUH AeHCTBYET €O CTo-
poHbl Tena Ha 3eMHof wap. Ho u3-3a orpomnoit Macchl 3eMau 3Ta cuna, MOAY
KoTopoit paseH F =mg=3kr-9,8 M/c?=29,4 H, npaktuuecku He coobiuaer
3eMne HUKAKOMO YCKOpEHHs.

MMoauepkHeM, uTo aeficTBYIOLLAs HA TENO CHAIA TAXECTH Mg He 3aBUCHT OT TOro,
N0 Kako# UMeHHOo Mapaboan4ecKor TpaeKTOPHH OHO ABHUXETCS.

2. Bec mena @ augme. SIUUK Maccol m CTOMT Ha noay nudra, KOTOpbIil
JBUXETCS C YCKOpEeHHeM a, HamNpas/ieHHbIM BEpPTHKaNbHO BBepX. C KaKoiM CHAol
AaBUT ALLHK Ha noa nudra?

Pewenue. Ha fiuMK aeficTBYIOT ABE CUMbI: CHIA TSHXECTH Mg, HaMpasJek-
Has BepTHKA/bHO BHU3, U cuaa N peakuHH 110/1a, HAMpaBieHHas BEPTHKA/bHo
BBepX. B HenoABUXHOM WM paBHOMEpHO ABUXYluemcs nudTe, korga a = 0, Bek-
TOPHAs CyMMa 3TUX cHua paBHa Hymo: mg + N = 0, otkyaa N = —mg. [lo cBoeit
¢u3nueckoit npupoae cuna N peakiMu nona — 370 CUNA YNPYrOCTH, CBA3aHHas
¢ ero gedopmaiHer.

Cuna P, ¢ koTopo# LMK AaBUT Ha MoJ, Ha3biBaeTcs ero éecom. Ha ocHoBaniuu
TpeTbero 3akoHa HbloToHa oHa paBHa Mo MOAYAIO U MPOTHUBONONOXHO Hanpas/ieHa
cune N peakuuu nona: P = —N. Orcioaa nonyuaem, uto P = mg. B HenmogBHUXHOM
WM paBHOMEPHO ABHXYLeMcs udTe Bec Tena P paBeH aefcTBYIOLLEH HA HETO CH-
ne TaxecTH mg. OAHaKo Mo cBoei PU3IUYECKOH MPHPOIE 3TH CHUIbI Pa3IHUYHbI, TaK
Kak Bec P, kak U N, — 370 cunia ynpyrocTH, B TO BpeMs Kak cHJia TaAxecTH mg obyc-
JIoBJleHa rpaBUTALlHOHHBIM B3aUMOAEHCTBHEM.

B cnyuae, koraa AUdT U cTOALLMI HA €r0 MOAY ALLHUK ABHUXYTCS C YCKOPEHHEM
a, ypaBHeHHe BTOporo 3akoHa HbloToHa 3anuceiBaeTcs B BUAE

ma = mg + N. )
Orcioga ansa N nonyyaem

N=m(a—g). (2)

MMockonbky yckopetie a HanpaBpJyieHO BBEPX, 4 § — BHHU3, MPOEKLUS BEKTOPHOIO
ypaBHetHs (2) Ha ocb, HampaBNeHHYIO BEPTHKA/IbHO BBEpX, AdeT

N=m(a+g). (3)
Cuna P, ¢ KoTopoii fiLLiMK AaBHUT HA MOJ, T. €. BeC fALIHKa, NMo-TIpexXHeMy CBA3a-

Ha ¢ TpeTbUM 3akoHoM HeiotoHa: P = —N, otkyaa ang moayns P umeeM
P=m(a+g). (4)

Mbt BHAMM, uYTO B nMUdTE, YCKOpPEHHE KOTOpPOrO HAMpasfieHO BepTHKaNbHO
BBEpX, Bec Tena Gonbuue ¢BOero obbIYHOrO 3HAUYUEHHS, PABHOrO mg. 310 U ecTb
Tax HasblBacMas hepezpy3ka, KOTOPYIO MCTIbITbiBAIOT KOCMOHABTHI TpU CTapTe
KocMHyeckoro kopabas, koraa yckopexne @ B 6—10 pa3 npeBoCXOAUT 3Haue-
Hue g~ 10 m/c?,

O6paTumM BHUMaHHUE, YTO [TOYUEHHbIH pe3yAbTaT (4) He 3aBUCHUT OT HAMpaB.e-
HUs JBHXeHHUS, T. ¢, HanpasneHHsa ckopoctH. fleperpyska HaGnioaaerca kak np¥
pasrote audTa UAH KOCMHYECKOro Kopabns BBEpX, Tak U MPH TOPMOXEHUH ony-
cKalolLerocs BHU3 nUdTa MU KocMHYecKoro kopabns npu cpabaTbiBaHUH ABUra-
Tenei MArKoH MocaakH.

3. Hesecomocms. SlLLUK Macchbl M CTOUT Ha noay nudTra, KoTopbiil ABHUxeTCd
C YCKOpeHHeM a, HamnpabfeHHbIM BEPTHKA/bHO BHH3, NpuyeM g <g. C Kakod
CHJIOM JaBUT AILUK Ha non audra?
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PeweHnue. YpasHenue (1) Broporo 3akoHa HbloToHa He 3aBUCHT OT Ha-
npaBJeHHs BeKTopa ycKopeHus a. FloaTomy octaercs B cune u BoipaxeHue (2)
s cvabl N peakuun nona. B npoekuns Ha ocb, HanpasieHHYIO BEPTHKAaNbHO
pBEPX, OHO Tenepb MMeeT BUI

N =m(g — a), (5)

4TO Y3Ke He coBnagaet ¢ (3), MOCKONBbKY BEKTOP 8 HAMpPAaB/eH B APYIYIO CTOPOHY.
CoOTBETCTBYIOLWLHMM 00pa3oM M3MeHseTcs M BblpaxkeHue (4) ans Beca rtena:

P=m(g—a). (6)

B nudTe, YcKopeHHWe KOTOpPOro HanpasjieHO BHHU3, BeC Tela MeHblue ero o0bIYHOro
sHavyeHUs. W onaTe 3TOT pesyabTar He 3aBUCHT OT HaNpaBieHUS CKOPOCTH: BEC
yMEHbLUAETCS KaK NpW pa3roHe ONycKalollerocsd BHU3 audTa, TakK W NpH 3aMen-
JEHUH U OCTAHOBKe NOAHMMAMOLLErocs BBepx audrTa,

Ecau B dopmyne (6) nonoxurb a = g, To Bec obpallaercs B Hyab: B CBOGOAHO
nagawileM naudTe nagaolMi BMeCTe ¢ HUM SWHK YXe He AaBWUT Ha noj. D710 U
€cTh TaK Ha3blBaeMOE COCMOAHUE Heeecomocmil. B cocTOSHUM HEBECOMOCTH OKa3bl-
paeTcs noboe Teno, ABHUXKYLLEECH C YCKOPEHHEM a = g, HE3aBUCHMO OT Hamnpashe-
HHS €r0 CKOPOCTH. DTO BUAHO Henocpeac TBerHo U3 dopmyabl (2). Hanpumep, B He-
BECOMOCTH HaXOAWTCS MOANPBITHYBLIUI YEJOBEK, HAYMHAS C MOMEHTA OTpbIBa OT
3eMJIM U 10 MOMEHTA KacaHUs 3eMHOM NOBEPXHOCTHU. B TeueHHe aAnUTenbHOro Bpe-
MEHHU COCTOSHHE HEBECOMOCTH peanusyercs B KabuHe KocMHUYecKoro Kopabas, co-
BEpLIAKOLLETO OpOUTaNbHBINA MONET ¢ BHIKMIOUEHHBIMU JBHUraTENsAMH, TaK KakK KO-
pabnb Bce BpeMs HAXOANUTCS B CBOOOAHOM NafeHUH,

A uto 6yaer, ecau MdT onyckaercs ¢ yckopeHueM a > g? Yrtobbl ocyllecTBUTh
3TO, HYXHO TSHYTb €ro BHU3 JOMOMHUTENbHO K AEMCTBYIOWEH HA HEro CUjle Taxe-
cti. U3 dopmynbr (5) B 3TOM cnydyae nosydyaetrcs AN CUibl peakuuu N oTpuua-
TEeAbHOE 3HaueHHe: YToObl AILKK ABHUrancs BMecTe ¢ MUATOM ¢ YCKOpeHHEM a > g,
CHNAa peakUUH HOMKHA ObiTh HanpasneHa BHU3. Takoe BO3MOXHO, TOJbKO €C/IH
SLLHUK NPUKpETNIeH K nony. B npoTusHoM cnyuae oH GyAer nagark ¢ YCKOpPEHHEM g,
0TCTaBas OT YXOASALLErO U3-MOA HEro NMo1a, U B KOHLE KOHLIOB OKaXeTCd Ha NMOToNIKe
audrTa. Ha noronok oH Oyner naBUTh ¢ HampaBAeHHONH BBEPX CUJIOH, BbIpaXeHHe
Ans KoTopoit AaeTcs Toft xe dopmy ol (2).

4. Buinykastii mocm. ABTOMOOWAbL Macchl 1 ABUXETCS € MOCTOSHHOH CKO-
POCTBIO U MO BBINYKJIOMY MOCTY, NMpeACTaBASIOILEMY co0OM Ayry OKpPY>XXHOCTH
paauyca R (puc. 70). C kako¥ cHoit aBToMoOMAb AaBUT Ha MOCT B €ro Bep-
XHel Touke?

PeweHue. B BepxHel Touke MocTa AefcTBYIOILME HA aBTOMOOUAbL CHAa TS~
XeCcTH Mg W cHUNa peakUuu MocTa N HanpasJieHbl B POTUBOMNONOXHbBIE CTOPOHDI.
Tak kak aBTOMOGHIb PaBHOMEPHO ABUXETCS NO AYre OKPYXHOCTH, TO ero ycKope-
HHe a Hanpas/ieHo K UeHTpY O W paBHO No Moay.tio v2/R. B pesynbTate ypaBHeHuUe
BToporo 3akoHa HeloToHa

ma=mg+ N

B BerHeﬁ TOUYKE MOCTaA B MNPOCKUHUH HA HANPABJCHHYIO BHHU3 OCb NPHUHUMAET BHUI
v? N
n — T m End .
lR g

Orcrona Haxomum CHY peakUuH MOCTa
UZ
N=mig——]|,
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KOTOpas BCJEACTBUE TPETBEIO 3aKOHa HeuloToHa paBHa 1no MOAyJIO CHUNIE Jdas-
JleHUsl aBTOMOOM/I Ha MOCT, BuagHo, uTo 3Ta cHUsia MeHblile HOpMaJIbHOI'0 Becyg
mg HENOABUXKHOINO MW ABUXYUIErocd ro mpuaoHTaanoﬂ aopore aBTOMOGHng_

R yme

°0
Puc. 70. K 3agaue 4

IIp¥ HOCTaTOUHO GOMBILONM CKOPOCTH, Korla v = gR, cuia AaBleHHs Ha MOCT
obpalaercs B Hy/b: aBTOMOOW/Ib, KaK M HaxodslIMecs B HeM [accaxuphl,
OKasblBaeTcsl B COCTOSHWUM HeBecOMOCTH. IIpH v2 > gR aBTOMOGH/Ib OTpBIBACTCS
OT TOBEpXHOCTH ropdaToro MocTa W HEKOTOpoe BpeMsl HaxoAWTcs B cBOOOIHOM
nosiete, AHaJOrMUYHYI0 KapTUHY MOXHO 4acTo HabjloJaTh B COPEBHOBAHMAX M0

MOTOKpOCCY.

5. Mawuna Ameyda. Yepe3 HenogBUXKHbIM GJI0K NepeKMHYTa HepacTsxKUMas
HUTB, K KOHLIAM KOTOPOM NpPUKpEIJeHbl Ipy3bl ¢ MaccaMu my U m, (puc. 7Tla).

T’
T Am
m . Z—Amg
mg
niy -
o V% 5

Puc. 71. K 3agaue 5

Takoe ycTpPOMCTBO MCMOAB3YIOT A/ M3YyYeHUs 3a-
KOHOB AMHaMUKK Ha onbitTe. Haligure cuny Hatd-
KEHUSl HUTH U YCKOpPeHUS I'pY30B.

PeweHnue PaccMOTpUM cubI, OedcTByloUIME
Ha KaxIbiil U3 rpysos. OueBHOHO, UTO KpoMe CHJI
TAXECTH 1118 W Ma2g, HanpaB/JeHHbIX BEPTUKa/bHO
BHU3, Ha Ipy3bl CO CTOPOHbI HUTH OeHMCTBYIOT CHJIb
Hatsxedus Ty u Ta, HanpaBieHHble BEPTUKAIbHO
BBEPX. B MHepLManbHOM cUCTeMe OTcUeTa, CBS3aH-
HOM ¢ 3eMnelt, ypaBHeHHUS BTOpOro 3akoHa HeloToHa
ISl KaxIOoro U3 rpy3oB 3allUchiBalOTCs B BUOE

ma, =mg+ T, mya,=myg+ Ty (T}

DTU ypaBHeHUs cMpaBeauBbl 6e3 KakUx-nubo yn-
POLIAIOUIMX  [PeAMNOokKeHUH ©  COOTHOLIEHUAX
MeXAY MaccaMu I'py3oB, HUTH, 6JoKa, 0 HaJIM4uUH
TpeHUs B Onoke M T. 4. OZHAaKO M3 HMX HEBO3-
MOXHO OMNpPEeNE/UTh BCE HEU3BECTHbIE BEJHMUMHEL,

TaKk Kak 4MCJo HeusBecTHbix OoJiblle uMc/ia ypaBHEHHH.
O6biuHble Uaeanu3alMi, UCMOJb3yeMble NPU pellleHUH NoJoOHbIX 3ajay, 3a-
KJII04aloTCs B NpeHeGpexxeHUU MaccaMd HUTH U 6/1oKa, TpeHHeM B ock 6oKka ¥
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pacTAXHMOCTBIO HUTH. Ha aTHX MaeanusauMax ocHosaHa MpocTeiiiuas GU3HYe-
cKas MoJeslb pacCMaTpUBaeMOM CHCTEMBI.

K d4emy npuBogsaT aTv uaeanusaunu? M3 HepacTAXKHUMOCTH HHUTH, T.e€.
HEU3MEHHOCTHU €€ [JIMHBI, CledyYeT OUEBMOHOE COOTHOLIECHUE MeXOY MNpOeKLM-
AMU YCKOPEHMI I'DY30B HAa BEPTHKANLHYI OCb:

a; = —as.

OOMHaAKOBbIM MOAYJ/IL 3TUX YCKOpeHMI 0bo3HauuM depes a.

HevicTByiollas Ha KaXablil M3 rpy30B CO CTOPOHBI HWUTH CHJIA HaTAXEHUA
BCJICACTBUE TPETHEro 3aKoHa HbioToOHa paBHa Mo MOAYJIO U MpPOTHBOMOMIOXKHA MO
HalpaBaeHUIO CHJle, C KOTOPOM Ipy3 HATAMMBAET HUTh, M3 NPEAnonoXeHms o Hy ie-
BOM Macce HUTH CJIEAYET, YTO HATSXKEHHUE €€ JIEBOTO M I1PaBOro y4acTKOB OMHAKOBBI
BO BCEX TOYKAX, XOTA MOI'YT M Pa3iMyaTbCsl MeXAay coboit. B aToM MOXHO yb6eauTh-
¢f, €CJIM MBICJIEHHO BbIJEJUTb Masbl YH4aCTOK HUTHU Macchl Am (puc. 716) u npu-
MEHHTB K HeMY BTOpO#t 3aKoH HeloToHaA:

Ama=T + T" + Amg. (8)

Ecau Am = 0, to ua (8) cnegyer T' = —T". DT0 03HauaeT, 4TO MOAY/]Ib CHUJBI
HaTAXEHUA OOMHAKOB BO BCEX TOYKAaX HUTH CJieBa U CclipaBa oT 610Ka.

Ecnu Tenepb cUUTaTh, YTO Macca 610Ka paBHa HYJIIO U TPEHUE B €70 OCH OTCYT-
CTBYET, TO CHJIbI HATSXEHUN HMTHU OYyOYT ooMHaKOBBI Mo o6e CTOpoHbI OT 6JioKa.
IpeanonoxeHue o6 oTCyTCTBUM TpeHUs He TpebyeT ocobbix KoMMeHTapHes. Ecau
JOMYCTHTb, YTO MPH 3TOM cHbl HaTsxkeHua T, u T,, gefcTByOLIME Ha 60K clieBa
u cripaBa, He paBHbLI APYT APYTY, TO NPU HYAeBoM Macce 610K fomKkeH Obla 6b1 pac-
Kpy4HMBaTbCs ¢ 6eCKOHEYHO BOMBIIMM YIJIOBBIM YCKOpPeHHeM. O603HauMM paBHbIE
apyr apyry moaynu cun T, u T, opHoi 6yksoi T.

Takum 06pa3oM, B paMKax pacCMOTPEHHON NpocTeilielt MoAeau cucTeMma
ypaBHeHH (7) CTaHOBHUTCS 3aMKHYTOM M MO3BONSAET HANUTH HEHUIBECTHBIC BEUYH-
Hbl a ¥ T. Tlonaras nns onpemeleHHOCTH m; > m,, NMepenuuieM ypasHeHusa (7) B
NPOEKLMAX HA HAMPABJACHHYK BHHM3 OCb:

ma=mg—T, —mua=mg+T. 9)

WUckntodas U3 3TUX ypaBHeHMI a, HaXOAMM

= Zmmy (10)

m,+m,
Ucknouas u3 ypasnenuit (9) T, nonydaeM
m,—m
a="1"" (an
m;+m,

[dna npenensHoro caydas m; = m = ,m ¢opmyna (11) naer a=0, T.ec.
Tpy3el Mbo nokosaTcs, JM60 ABMXKYTcs paBHoMmepHO. IIpu aToM, Kak BMOHO M3
(10), cuna HaTAXeHHA HUTH paBHA CHMJIE TAXECTH, HEHCTBYIOIIEH HA Ka>KAbIi
3 rpysos: T = mg. ’

Ecnau m; <m,, to (11) paer ¢opManbHo a < 0, 4TO 03HAYAET, YTO YCKOPEHHE
fiesoro rpysa (Maccel m;) B AeHCTBUTENILHOCTH HallpaBJIcHO BBEPX.

IMonyueHHble pe3ynbTaThl MOIBONAIOT CYOUTb O HalMpaBIeHHUAX TONABKO yCKOpe-
HUI rpy30B, HO HE UX CKOPOCTEH.
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6. Cucmema 610ko0e. Halaure culy HaTAXeHUS HUTH U YCKOPEHMS rpy3os
B CHUCTeMe, MoKasaHHoH Ha puc. 72. CuuTaTh, YTO Macchl FPY30B M1y U Hi; MHOTO
6osbiie mMacc 6710KOB U HUTH M TPEeHHE OTCYTCTBYET.

Pewenue. ChopmyanposanHsie B yCJA0BHH HAeaM3aLHH NPUBOAST K MpPo-
cTefiied MomeaH, B KOTOPOM cHla HaTSXeHUS NepeKHHYToN uyeped 6JOKH HUTH
oanHakosa Mo sceit mirMHe. CocTaBMM ypaBHEeHHs BToporo 3akoHa HbloToHa mns
Kaxgoro W3 rpy3os. Cusibl, AeficTByOLIHe HA IPy3bl, MoKasaHbl Ha pucyHke. Toraa

ma; = mg + T]. mMydy, = Mg + T2 (12)

CBs3b MEXNY YCKOPEeHMSIMH I'PY30B 8; W 8, B 3TOH CHCTEMe He CTO/Mb O4YeBHMAHA,

Kak B Mpedbiayiueil 3agave. [loaToMy, He npeapelnas 3apaHee HanpasJieHUS yc-
KOpeHH# rpy3oB, o603HauMM uepes a; M a,, HX MPOeK-
LMK Ha OCb X, HAaNpaB/eHHYIO BEPTHKAIbHO BHU3. Cnipo-
eudpyeM ypaBHeHHs (12) Ha 3Ty ocb:

may,=mg—"T), My, =myg—T,. (13
O003HauUM MOIY/Nb CHJIbl HATAXKEHUS NEPEKHUHYTOH

yepes 6j0kH HUTH uepes 7. Torma BcreacTsHe TpeThb-
ero s3akoHa HbloToHa Ha rpys m, co CTOPOHbI HMTH

T, T, aeficteyer cuna T, =T, a Tak Kak Macca Jesoro 67o-

my Ka paBHa Hymw, To T, =2T. Tenepp ypasnenuus (13)
2 nepenHWIyTcA B BHOE

mg may, =mg — 2T, mya,, =myg — T, (14)

m,g Cucrema aByx ypasHeHMit (14) cOmepXHT TpH Heu3Be-

CTHBIX: MPOEKUMH a), U @, YCKOPEHHUH rpy3os Ha Bbi-
6paHHYI0 OCb U CHNY HaTXeHUs HUTH T, YTobbl ycra-
HOBUTb CBSI3b MEXIY NMPOEKLUIMH YCKOPEHHUH, HaKIabl-
BaeMYIO yCJOBHEM HEPACTAXHMOCTH HHUTH, PACCMOTPHM MBICJEHHO BO3MOXHbIE
nepemeuieHHs rpy3os. IlycTb, HanpuMep, JieBbIi IPy3 ONyCTH/ICS Ha PacCTOSHHE
Ax,. Torna, Kak nerko BHAeTb U3 pHC. 72, MpaBsift rpy3 MOOHMUMAETCH Ha BABOE
6onbluee paccTosHHe, T. €. OH CABMHeTcA Ha Ax, = —2Ax,. Ilockorbky 3TH ne-
peMelleH s MPOUCXOAST 3a OOHO H TO Xe Bpems Af, TO TAKHM Xe COOTHOLUEHHEM
6yayT cBsidaHbl M NPOEKLIMM CKOPOCTel, M MPOEKUHH YCKOPEHHH rpy3oB B OOWH
M TOT Xe MOMEHT BpeMeHH:

Puc. 72. K 3agaue 6

U = _zle' Ay = _zalx'

YyurbiBasi 3Ty cBS3b YCKOPEHHUM, MOXHO M3 CHCTeMbl ypaBHeHMi1 (14) Ha#TH
MPOEKUHH YCKOPEHHUM I'PY30B U CH/Ibl HATAXEHHS HUTH:

my,—2m,

5= o Tam, & @, = —2a,
__31",1__"1 _ — (15)
T= 2 Ty=1T, T,=T.

Ecau m; > 2m,, T0 ycKopeHue J1eBOTO Ipy3a Hanpas/ieHo BHU3. [Uis HaxoXIeHHs
Hanpas/fieHHs IBUXEHUSA HYXHO 3HaTh TaKXe Havya/bHYI CKOPOCTb., A IS onpe-
JeJeHHs NoNoXeHUs rpy308 B TI060M MOMEHT BpeMeHH NoTpebyeTc ele U 3HaHUe
MX Ha4a/bHOro MONOXEHHS.
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3agayu AN CaAaMOCTOSATENDbHOroO peweHUs
1. Camoner BbINONHAET «MEPTBYIO MET/I», ABUrasichb B BEPTHKAJbHOM MIO-
CKOCTH M0 OKPYXHOCTH paauyca R. CKOpocTb camonieTa B HUXHell Touke Vi, B
pepxHelt — V,. C Kakol cW/OH AaBUT MPU 3TOM Ha CUAeHbe JIETYUK, Macca
kotoporo m?

2. Hahigute cunbl HaTAXEHUS HUTEH M YCKOPEHMUS TPYy30B My, My U M3 B
cUCTeMe, MOKas3aHHOM Ha puc. 73.

3. Haiaute cuny HaTaxXeHWUs HUTH, YCKOPeHME TpY30B U CWUJY HAaBJeHHUS
Ha OCb O/Joka B cucTeMe, MOKasaHHOM Ha puc. 74. UssecTHbl Macchl rpysoB

/7744477
ny
my
[
Puc. 73. K 3anaue 2 Puc. 74. K 3anaue 3

my U mz U yroa o, obpasyeMblil HaKJOHHOH MJOCKOCTBIO ¢ ropH3oHTOM, Tpe-
HUE OTCYTCTBYET.

L an}lyMaﬁTe npuUMepbl 3aAay, B KOTOPbIX 3aKOHBI AMHAMUKU UCNOJb3IOBA-
JUCh Obl KaK ANS HaXOXAeHHUS YCKOPCHUA, TaK U HEKOTOPbIX U3 ACHUCTBY-
WUHX CUT.

e KakoBa dpusnueckas npupoaa cua peakuu, duUrypupoBaBlinx B3aaayax 1 v 2?

e  OnuwMTe, Kakue OLLYLIEHUS YesOoBeK NOJXKEeH WCMbITATh MPU neperpyske u
B COCTOSIHUHW HeBecoMOCTH, KaKk [oMIXHbI OTNIMYAThCS OLLYL[EHUS KOCMOHABTa
NpU HEBECOMOCTH, MCMBbITBIBAEMON UM B OPOUTANIBHOM MOJIETE U MPU TPeHU-
poBkax B OaccefliHe, rae HEBECOMOCTb UMUTUPYETCS AeHCTBUEM apXUMENOBOM
BbITAJKHUBAOWEN CHABI?

o [Ilafiba cockanb3biBaer 6e3 TPeHUs ¢ BepLIUHBI JIEASHONO noaycdepuyeckoro
Kynona, BymeT /M OHa CKOJIb3UTL MO MOBEPXHOCTH KyMmoja A0 €amoro ero
OCHOBaHUS WM OTOPBeTCS OT MOBEPXHOCTU paHblue?

§ 20. Cunu1 B npupope. Tpeuue

B nunamuxe HpioTOHAa npupoaa cuj, BXOASAUMX B OCHOBHBIE yPaBHEHHUS,
HecymectseHHa. Bropoit sakoH HeioToHa ompepenser yckopeHue tena
HE3aBHCUMO OT MPHPOLH CHJI, COOOIIAOIMX ITO ycKopeHHe. Paszymeer-
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Cs, 3TO HE O3HAYAET, UTO BONMPOC O (PU3UUECKOM MpUpoae CUJI BOOOLIE He
NMPEACTABJSET UHTEPECA.

Bce MHOroo6pasue BCTPEUYAIOHIMXCS B NPUPOAE B3aMMOACHCTBHU B
COBPEMEHHOM HAayKe YAAETCS CBECTH BCEr0 K TPEM pa3/MHUUHBIM THIAM.
310 epasumayuontoe, cunbhoe (SaepHOE) W anexkmpocraboe B3aUMO-
aeicreus.  JsekTpocsaboe B3aMMOACHUCTBHE OObeaUHSET 3.1eKMpo-
MazHumMHOEe W TaK HasbiBaeMoe craboe B3auMopeiicteus., Ciaboe B3am-
MOIEHUCTBHE, KAK M CHJIBHOE, CBOMCTBEHHO JIMIUb 3JEMEHTAPHBIM YaCTH-
UaM U MpOSBASIETCS HA OYEHb MAJBIX pACCTOSHHUSAX, KOrAa 3aKOHBI
MEXaHUKN HbIOTOHA yXe HernmpUMeHUMBI.

B Mupe MakpocKOmMYeCKHX SIBJCHUHM 2JIEKTPOMArHUTHOE B3aUMOJEH-
CTBUE MPOSBJASETCS HE3aBUCUMO OT C;1aboro M ONMCHBAETCS 3aKOHAMH
KJIACCMYECKOH 3JIEKTPONMHAMUKH — ypaBHeHHsMH Makceeana. ['paBu-
TALMOHHOE B3aUMOACHUCTBHE B KJIACCUUECKOH (PHM3HMKE OMUCHIBACTCS 3a-
KOHOM BCEMHMPHOTO TATOTeHHs HproToHa.

B otsnuuue or xopomkodeiicmayrouux CMJIBHOTO M caaboro B3auMo-
JCUCTBUM TIpaBUTALHMOHHOE W IJEKTPOMATHUTHOE B3aMMOACHCTBHA —
danbrolelicmayroujue: WX NCUCTBHE MPOSBASECTCA HA OYCHb OOIBIIMX
paccrosausax. [fo 3Tod npuuyuMHE MMEHHO 2JEKTPOMATHUTHOE M TPABH-
TALMOHHOE B3aMMONCHCTBUSA OIMPENEASIOT BCE KPYMHOMACIITAOHBIE SB-
JIEHMSl, HauWHag OT SBJCHUH Ha MOJEKYJSIPHOM YpPOBHE M KOHuYas
asuxeHueM Hebecumix Ten. Ha camom pmene TosnbKo a1 37€KTpo-
MArHUTHOTO M TPAaBUTALMOHHOTO B3aUMONCHCTBHH M MOXHO HCIO/Ib-
30BaTh MOHATHE CHJIbI B CMBICJIE MeXaHMKM HpIOTOHA H M3MEpATH €€
Ha OIMBITE.

Bce MexaHMueCKHE SIBJIEHHS B OKPYXAKOLIEM HAC MAaKPOCKOMMYECKOM
MHUpE OMNpPEACASIOTCS HCK/IIOUUTEIBHO TPABUTAUMOHHBIMH M 3JEKTPO-
MArHUTHBIMH CHJIAMHU. [1pOSIBJICHHS CHJT 2JIEKTPOMATHUTHOH IMPUPORBI
HACTONbKO MHOTOOOpa3Hbl, 4TO Gbu10 Obl COBEPIIEHHO GE3HAXEXHO Mbl-
TaThCS OMMCATh MX BCE €AMHBIM 00pasoM. B masbHeHmeM npu u3ydyeHHH
33KOHOB 2JICKTPOMArHeTU3Ma OyayT pacCMOTPEHBI HEKOTOPBIE BHUAB Ta-
kux cuia. [loka xe, U3yvyas MEXaHUKY, MBI OTPAHMUYMUMCS TOJBKO CHJIAMHU
TPEHUS M YNPYTUMH CHUJIAMH.

Bo3HMKHOBEHHE CHJI TPEHUS U YNPYTHX CUA 0OYCIIOBJEHO 3JEKTpH-
YECKMMH CHJIAMH, ACHCTBYIOHIUMH MEXIY 3aPSKEeHHBIMH YaCTHLIAMH, U3
KOTOpPHIX MOCTPOEHBI BCE MaKpocKomuueckue tesna. IIpu onmmcaHuu mpo-
ABJECHHUA 3THX CHUJI B MEXAHHKE MBI OrPAHMUYMMCS TaK HA3BIBAEMBIM ¢he-
HOMEHON0ZUHecKUM TIONXOAOM: He BHHMKAs B MpPHUPOAY STHX CHJI, BBISC-
HUM YCJOBHS, P KOTOPHIX OHM MPOSBJSIOTCS, U, ONUPASCh HA OMMIT,
YCTAaHOBHUM MX KOJHMYECTBEHHBIE 3aKOHOMEPHOCTH.

Buapl Tpeuus. «Cyxoe» TpeHHE BO3HMKACT HA IOBEPXHOCTHX COMpPHU-
KOCHOBEHUs TBepamnx Teia. Cuia TpeHHs BCErAa HANpaB/acHA BAONb MO-
BEPXHOCTH CONPHUKOCHOBEHMS, B OTJIMUME OT CHJIB yIPYTOCTH, HaINpas-
JICHHOW IMEPNeHAMKYJSPHO JTOH INOBEPXHOCTH. Pasnuuaror tpu BUA2
TPEHUS IPU KOHTAKTE TBEPABIX TEJ: MPpeHUe NOKOosl, MpeHue CKOAb-
KeHust U mpeHue KaueHus. '
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Tpeune nokos. [To3HAKOMUMCS CHayasa ¢ MPOSIBJIEHUSIMH CHJIKI TPEHUS
nokost. [TycTb, HanpUMep, Ha TOPU3OHTAILHOM MOBEPXHOCTH JNEXHUT Opy-
cok. [TopmeitcTByeM Ha Hero HEKOTOPOi FOPU3OHTANBHOM cHtoit F, Mcmoab-
3yq g ee naMmepenus auHamomerp (puc. 75). OneIT mokasHBaeT, uTo,

MOKa 5Ta CHJa MEHbIIEe HEKOTOPOro
3HaueHua F,,, 6PYCOK HE MPUXOMNT B _4,_@4_F_>
IOBHUXCHHE. B COOTBCTCTBHH CO BTOPbIM

3aKOHOM HBIOTOHA 3TO MOXET O3Ha-
YaTh TOJIBKO OXHO: ONHOBPEMECHHO C
MPUJIOKECHHON BHEWHEH cuioil F Ha
OpPYCOK CO CTOPOHKI OBEPXHOCTH MO~
CTAaBKM HAUMHAET AEHCTBOBATb PaBHAS €M U MPOTHBOIMOJIOXHO HAMPaBJIEH~-
Has cuna Fp,, KOTOPYIO W HA3KIBAIOT CHJION TPEHMS MOKOS. OTH CHAH
yPaBHOBELIMBAIOT APYT Apyra. Korna mpumoxeHHas cusla JOCTUTAET KPH-
THYECKOro 3HaueHus F,, OpyCOK MpPHXOAMT B ABMXEHHE. JleiCTByIomas
HA OBHXYMIMACA OPYCOK CHJIa TPEHMS HAMPABJIEHA NMPOTUBOMOIOXHO €10
CKOPOCTH M HA3BIBAETCSI CUJION TPEHMS CKOJIbXCHHUS.

Ha ombiTe MOXHO YCTAHOBUTDH, OT UEr0 3aBUCHT MAKCHMMAJbHOE 3Ha-
UCHHUE CUJIBI TPEHHS MOKos F . IMomewas Ha GPYCOK OOMOMHUTENbHLIE

Irpy3hl M TEM CAMBIM YBEJIWUMBAS CHIY, MPUXHMAIOIIYIO €ro K MOBEPX-
HOCTH TMOACTABKH, yOexXaaemcs, UTo MAaKCHMAJjbHAs CUIA TPEHHS MOKOS
IpOMOPIHOHANBHA ITOi cune. MHaue 06 3TOM MOXHO CKa3aTh, YTO MakK-
CMMasbHAs CWIA TPEHUs MOKos F,, MPOMOPLUOHANbHA HOPMATbHOM CH-
ne N peakuuH omopsl. JefCTBUTENBHO, TOCKOIBKY OPYCOK HE MMEET yC-
KOPEHHS B HAMpPABJCHUH, MEPINCHIMKYJISIPHOM TMOBEPXHOCTH, NMPHXHMAa-
IOmAas CHJa YpaBHOBELIMBAETCA AEHCTBYIOUIEH HAa OPYCOK HOPMATbHOM
cuoit peakuuu. TakuM oOpa3oM, IS MOAYJSl MAKCUMATbHOM CHJIEL TPe-
HUS TIOKOSI MOXHO HamucaThb

Puc. 75. UameHeHmne MHHHMANLHON CH-
Jibl, CABHTAIOLIEH 6PYCOK

Fyp= PN, (1)

rae KoxhdpuuueHT MpomopuUMOHANBHOCTH U HE 3aBHUCHT OT MPUXHUMAIO-
uieit cuabi. OH HA3HIBAETCH K03 @uuuenmom mpenus nokos. OneIT No-
Ka3bIBAET, YTO 3HaueHHe Ko3xhGUIMEHTA TPEHUS HE 3aBHUCUT OT pasMe-
POB COMpPUKACAIOMMXCA MOBEPXHOCTEH. B OMMCAHHOM BHILE OMHITE GpYy-
COK MOXHO TOJIOXHTb Ha MOBEPXHOCTh M000i U3 €ro rpaHei: mpu OgHOU
M TOM X€ MPMXMMAKOWEH CHIE HYXHO OMMHAKOBOE YCHIIME, YTOOK CABU-
HyTb 6pycok (puc. 76). [pu 3TOM MOBEPXHOCTb MOXET M HE OHITH IrOpPH-
30HTaJIbHOM, BaXKHO JULIb 3HAUEHUE MPHXKMMAIOIIEH CHUILL.

KosdpuuueHT TpeHMS MOKOS |4 3aBUCHUT OT COYETAHMSI MATEPHUAJIOB,
M3 KOTODHIX CIENaHBl compuKkacatommecs Tena. OH Gymer pasHHM INpU
TPEHHH JEPEBA O CTATbh U AEPEBA O AEPEBO. B TEXHHUECKUX CIPABOUHM-
Kax MPUBOAATCS 3HAUEHMS [T MHOIMX Pas3JMyHbIXx KoMOuHauwit. Ho u
IS KaXOOM Takoil KOMOMHAUMM KO3(PHUIIUEHT TPEHUS 3aBUCUT OT Xa-
pakTepa o6paGOTKM MOBEPXHOCTEH M MX COCTOSIHHS.

B paccMOTpPEeHHOM ONBITE TPEHHE MOKOS MPEMATCTBOBANIO BO3HHUKHO-
BEHHIO ABUXEHUS. Biaromaps TPEHUIO MOKOsl 00eCrEeUUBAETCS PaBHOBE-
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CHE MHOTMX TEXHUUYECKUX KOHCTPYKUMH M CTPOMTENBHBIX COOPYXEHHH.
OngHaKo B pajge ciyyaeB MMEHHO CHMJIA TPEHWS MOKOA HeoOxoauma s
BO3HMKHOBEHHWS ABMXeHUsA. Tak, Hampumep, MpH xoabOe Cuia TPEHHs
HOKO#, JEMCTBYIOWAA HA MOAOWIBY, cooliaeT HaM yckopeHue. Beap mo-
JOWIBA HE CKOJb3WT HA3al, W, 3HAUMT, TPEHUE MEXIY HEW U JOporoi —

F
F —>

| L l

Puc. 76. Bo Bcex Tpex rnonoxenusx OpyCka Ha TOPU3OHTAJIBHONM IJIOCKOCTH HYXXHA OfHA
M Ta Xe cuna, uToOb! CABMHYTh €10

9TO TPeHMe MOoKod. TpyaHO yKas3aTh KaKyw-gu00 MAaUIUHY, B ABHXKEHHH
KOTOPOii 10 3eMJi€ TPEHNE MOKOS HE UrPaso Obl MPUHLUMIUAJBHON POJIM.
Ulunbl Bemymmx Kosiec aBToMoOM/eid Kak Obl OTTAJKMBAKOTCA OT ac-
(hanbTa, ¥ B OTCYTCTBUE MPOOYKCOBKH TOJMKAWOIAA aBTOMOOMb CHIA —
JTO CHJId TPEHUS MOKOH.

TpeHuue cxoabxkeHusi. CUIa TPeHUS CKOJMBbXEHUS TAKXeE HarmpaBJjeHa
BAOJb MOBEPXHOCTU COMPUKOCHOBEHUS TEJ, HO B OTJIMUME OT CUJBL Tpe-
HUY MOKOS, KOTOpas MPOTHBOMOJIOXKHA BHEUIHEH CUJIe, CTpeMsilencsd
CIOBHUHYTb TEJO, CHJIa TPEHUSA CKOJBXEHHWS BCeraa HamnpapJeHa MpPOTHBO-
MTOJIOXKHO OTHOCHUTENBHON CKOPOCTH.

Monysb FTp CHJIBI TPEHHS CKOJBXEHHUS, KAK ¥ MAaKCUMaJbHOU CHJIBI

TPEeHHMd MOKOS, TOXKE MPOMOPUHOHA/IEH MPHXXUMAKILEN CHJIE, 4 3HAYUT, U
HOPMAJIbHOU cujie N peakuuH OMOpHI:

\_/ FTP = MN. (2)
L KoapduumeHT TpeHUs CKOMbXEHUS W, Kak

U TpY TPEHUM [OKOS, HE 33aBMCHT OT MpH-
XKHUMAOLIEH CHIB U [JIOMAAN COMPUKOCHO-
BEHMS, HO CHNLHO 3aBMCHT OT Xapakrepa
MOBEPXHOCTEM, HMX 00OpaBOTKH M CTENEHH
yucTOoTH. B ofwem ciyuae koadduuueHt
TPEHHUs CKOJbXEHUS 3aBUCHT OT CKOPOCTH
Puc. 77. 3aBucuMocTs CUABI €Y~ cxopxKeHUsT (T. €. OT OTHOCHTEIBHOH CKO-
XOTO TPEHKA OT CkopocTH pocti). OOGBYHO CH/IA TPEHUS CKOJIbXECHHS

BHAYasie yMEHbUIAETCH C YBEJIUUEHUEM CKO-
POCTH, a 3aT€M HAYMHAET MOCTENEHHO BO3PacTaTh, THMHYHKE XapakTep
3aBUCHMOCTH MOZYJIS CHJIBL CyXOTO TPEHHUS OT MOAYJ/SL CKOPOCTH MOKa3aH
Ha puc. 77. DTa XapaKTEepUCTHKA CHUJIB TPEHUS MEpefacT TaKXe U 0co-
OEHHOCTH CHJIBl TPEHMWS MOKOSA: MNP PABHOW HYJIX0 OTHOCHTENBHOM CKO-

0 u
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pPOCTH CHJId TPEHUS MOXET MMETh J1000e 3HAUeHHe, HE MPEBOCXOAsIIEe
Fyp- DTOMY COOTBETCTBYET BEPTMKAJIbHBIA YUYaCTOK XapakTEPUCTHMKH,
COBMAAAIOMIMKA C OCBIO KOOPOMHAT.

B HEXOTOpHIX MPAKTUUYECKU BAXXKHBIX CAYyYaSX CHJIA TPEHUS! CKOJNbXE-
HUS OKA3LIBAETCH OYEHb CJa00 3aBUCAIEH OT OTHOCUTEIBHOM CKOPOCTH
U [PUMEPHO PABHOM MAKCHMAJIBHOM cuyie TpeHus nokos. OOmYHO 3aBU-
CHUMOCTBIO KO3(pULUMEHTA TPEHUS CKOJAbXEHHS OT CKOPOCTH BooDIIE
npeHebperaloT, CUMTAs ero MOCTOSHHBIM B IIMPOKOM MHTEpBAaJe U3MEHe-
HUS OTHOCHUTE/IBHOW CKOPOCTH M PaBHBIM KO3((HUIMEHTY TPEHUS MOKOS.
WmenHo nosromy xoadduiuuentsl tpeHuda B dopmynax (1) u (2) obos-
HaYeHbl OXHOM M TOM Xe OYKBOH .

MHTEpEeCcHO OTMETHTBH, UTO HAXE MNPH HEU3MEHHOH OTHOCHUTEJIBHOW
CKOPOCTH 3HAUEHHE CHJIBI TPEHWS CKOJBXEHUS HE OCTAETCS MOCTOSH-
HEIM, a4 UCOBIThIBAeT Hebo/IbIIME CyUYaitHble K0e0aHus OKOJIO CPEXHErO
3HaueHus, onpepeasemoro dopmyaoi (2). AMmaurysa takux kojaeba-
HUHU 3aBUCHT OT 00paboTKM COMPUKACAIOIIMXCS MOBEPXHOCTEH U, HANpPH-
Mep, MpU CKOJbXEHUH OTHLTU(MOBAHHOrO aJIOMHUHHEBOrO OPyCKa Mo MoJ-
HPOBAHHOM CTanbHOU moBepxHocTd He mpepwimaer 0,5 % cpexHero 3Ha-
yeHUd CUJIB TpeHud. llomuepkHeM, UTO KO03(EPUIUEHT TPEHUS HE
MOAIAETCS TEOPETHMYECKOMY BBIUMCASHHIO HA OCHOBE MPEACTABJAEHUMA O
CTPOEHHMH TMOBEPXHOCTEM, A OMPEREJSIETCS IKCHEPUMEHTANBHO.

Toanas cuna peaxumn. CTporo ropopd, MoHas cwia Q, ¢ KOTOpoi 0qHO
TEJIO AEMCTBYET HA MOBEPXHOCTh APYTOTO, HAMPABJEHA [0 HEKOTOPHIM yI-
JIOM ¢ K MOBEPXHOCTH. JTO MOKAa3aHo HA puc. 78a. Touxa mpunoxeHus
cunbl Q Moxer ObITh mepeHeceHa BHYTpb Tesia (puc. 786) B ToMm ciyuae,
KOra TeJO paccMaTpuBaeTrcd KaK MaTepuabHas TOUKA.

Bo MHOrMX cayuasx cuny Q ynoOHO paccMaTpuBaTh KaK CyMMY ABYX
cwi: cuabl N, HanpapaeHHOW MO HOPMa/ad K MOBEPXHOCTH CONPUKOCHO-
BeHUd (HOPMAJIbHOM CHJIBI PEAKIIMH OMOPHI), U CHJIBI FTP, HanpapJeHHOU

Q |

Puc. 78. Tlonnag cina 0, ¢ KOTOPOM NMOBEPXHOCTb AEHCTBYET HA TEJIO, HAIMPABIEHA TIOX
YIJIOM ¢ K HOPMAJIH

00 KacaTeJbHOU. YROOCTBO TaKOro MPeACTaBJEHUS, KAK SCHO M3 M3J0-
XEHHOTO, 33KJIIOUAETCH B TOM, UTO MORYJM STHX COCTABJISIOMIUX OXHOM
M TOIt Xe Cubl Q MpPH CKOJIBXEHUU OZHONO TeJia MO MOBEPXHOCTH ApY-
roro CesI3aHBl MeXHy cofoil coorHomeHueM (2). DTO 3HAUMT, YTO YIOA
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¢, 0Opazyemblil OJHOM CUJION Q C HOPMAJIBIO K MOBEPXHOCTH, /ISl KaX-
OO mapel IOBEPXHOCTEH BCETNa MMEET OXHO M TO X€ 3HAauyeHHe, Ompeae-
aaeMoe Toabko koadduumentom tpeHus. U3 puc. 786 u cooTHOmEHUA
(2) crenyer, uto tg ¢ = F /N =p.

[TpowintocTppyeM MpUMEHEHHE WSJMOXEHHBIX BHIIIE 3aKOHOMEDHO-
CTE! TPEHUS Ha CJICAYIOMIUX NMPUMEPAX.

3apmavwu

1. Haxaonunaa naockocms. KoaddHUUHEHT TpeHUS MeXAYy AOCKON M jexa-
IIMM Ha Hell GpyckoM paseH (. JIOCKy HakJIOHSIOT Ha yron o K ropusoHty. C
KakKMM YCKOpeHHeM cocKa/b3blBaeT Opycok?

PeweHnue. Ha puc. 79 nokasaHsl aeicTByouiMe Ha 6pycok cuabt. CorylacHo
BTOpOMY 3akoHy HbloToHa BekTopHas cymMma 3THMX CHJ paBHa ma:

ma=mg+ N+ F.,. (3)

OtHocuTenbHO cunbl Tpedust F_, 3apaHee W3BeCTHO TO/MBKO TO, 4TO OHa
Hamnpas/ieHa BROJb MOBEPXHOCTH AOCKM (HAKJIOHHOHM nuockocTH): IosToMy ec-
TeCTBEHHO 3anucaTb ypaBHeHHe (3) B npoek-
LMSX Ha HamnpaBjeHHs BAOJb M [MOMNepeKk Ha-
KJIOHHOH myocKocTH. Tlockonbsky Opycok Moxer
nepemMeliaTbCs TOJNBKO BAOJb HAaKJOHHOH IIO-
CKOCTH, TO MPOEKIHMS ero yCKOpeHHs a Ha Ha-
npaBjieHHe HOpPMaJd K HeM paBHa HyIw, U
ypaBHeHue (3) gmaer

0=N —mgcos a. (4)

OTcioa creqyeT, YTo HopManbHas cuia N pe-
aKIHMH He 3aBHUCHT OT TOro, ABMXeTcs OpycoK
WK HET, ¥ paBHA mg cos Q.
3HayeHWe CHJbl TPeHMs, HANpOTHUB, 3aBH-
Puc. 79. Cwnbl, peficTayomine  cyt oT TOro, ABMUXETCS OPYCOK MM HeT: 3TO
Ha GpYCOK, COCKANB3BIBAKMIMA € \oxer GbITh JMGO TPeHHE CKOMbXEHHs, NHGO
HAKIOHHOA TLIOCKOCTH TpeHue nNoKosl. PaccmoTpMM cHauana cnyuait,
Koria OpycoK IOKOMTCS OTHOCHTENBHO HOCKH.
Torma BTOpas NpOeKIMs ero ycKopeHHs a ([poeklMsi HA Hanpap/ieHHe BHOJb
HAKJOHHOM MJOCKOCTH) TOXe paBHa HYJlo, M ypaBHeHue (3) maer

(&)

oTkyAa F. = mgsin . BUAHO, 4YTO 3HAaYeHUE CWJIbl TPEHUS MOKOS BO3pacTaer
C yBelHYEHHEM HaKJIOHa AOCKH, T.e, yrya «. OAaHako cu/la TpPeHUs MOKOS He
MOXeT MpeBbllaTh 3HaueHUs WN. 3HaueHue cuabl N, paBHoe mg cos o, yObl-
BaeT ¢ pocToM yriaa a. I[To3ToMy SICHO, UTO CYLIECCTBYeT HEKOTOPbIH Ipeneib-
HBil Yroi @,,. MpW KOTOPOM HEMONBUXHBIA OTHOCHTE/NLHO HAOCKM Opycok Ha-
YHET COCKAasbablBaTh € Hee. ITOT KPUTHYECKUH YroJ HaKJIoHAa AOCKHM HaXOAMT-
cs U3 yCJIOBUS

0 =mgsina — Fp,

mg sin ty, = Mg COS Gyp,

OTKYyZa
18 ayp = [, ' (6)



§ 20. CUJIbI B ITPUPOJIE. TPEHHUE 113

KpuTHueckuit yron He 3aBUCHUT OT Macchl Opycka. MaMepeHue atoro yraa nosso-
JISIET Ha OMbITe ONpPeAcNUTb KOapDHUUHUEHT TPeHUS L 6e3 UCcMob30BaHUS NpUbOpoB
A8 U3MEPEHHS CHIL

Ipu nocTeneHHOM yBelMYEHUH HaKJOHA JAOCKM OpycoK ocTaercs HermoaBHX-
HBIM, 110K YTOJl @ He AOCTHTHET 3HAaUeHUSR a,,. [Ipn @ > a,, cuna tpenus F, — a10
CHJIa TPEHHs CKOJIbXEHHS, U ee 3HaueHWe paBHo UN = wmg cos a. Hanpasnena
OHa B CTOPOHY, MPOTHBOMOJIOXKHYIO CKOpocTH 6pycKka. B atom ciyuae npoekuus
ypaBHeHHs (3) Ha HanpasJieHHUe BOJIb HAKJIOHHOM MJIOCKOCTH

ma = mg sin @ — F,

CJIY>XXHUT He ONs ONpelde/ieHUS CHJIbl TPEHUS, a A1 HaXOXACHUS YCKOpeHUs 6py-
cka. [logcrasnss B 3T0 paBeHCTBO F1_P = umg cos a, HaXoaumMm

a=g(sina — | cos a). 7

OTMeTHM, YTO NpH a < &, BeipaxeHHe (7) dopMaIbHO faeT OTpHUATENbHOE
3Ha4YeHHE MPOEKLMH YCKOPEHHS, UTO He UMeeT PHU3INUECKOro CMbIcia PH YCJIOBHH,
4TO BHauaJe 6pycok 6bi1 HenoaBHUXeH. OOHAKO 3TOT pe3ybTaT UMeeT BpU3HUeCKU
CMBICJI, ecIM 6pYCcOK ABUXKeTCS BHU3 110 HAKJOHHOM MIOCKOCTH 6arogaps cKopo-
CTH, KOTOPYIO OH yXe WUMesl B HauajibHblt MOMeHT, JIeHCTBUTENbHO, MPH MoJyye-
HUM pe3ysbTara (7) UCMOJBb3OBAJIOCH HE TO, YTO @ > @, & JIMILIb TO, UTO CHJIA Tpe-
HUS CKOJIbXEHUS HamnpasjieHa BBEPX BIOJIb HAKJIOHHOM MIOCKOCTH, MMeHHO Tak U
6ynmet, ecay, HANPUMEp, TOJMYKOM cOOBLIMUTL OPYCKY HEKOTOPYHO HAuUaJbHYIO CKO-
pOCTb, Hanpab/leHHYo BHU3, OTpULIaTeIbHOE 3HaUEHHE NPOEKLIUH Y CKOPEHHUS NIPH
a < @, 03Hauaer, uTo Gpycok GyaeT ABUraThCs BHH3 paBHO3AaMEANIEHHO, NOKa He
OCTaHOBHUTCA.

Ecau xe ToNuKOM coobuinTh 6pycKy HauajbHY0 CKOPOCTb BBEPX BIO/b Ha-
KJIOHHOM MJOCKOCTH, TO CHJla TPEHHUS CKOJNbXeHUs OydeT cHavaja HanpasJeHa
BHU3 U yCKOpeHHe 6pycka, Kak Jierko ybeaurtbes, 6yeT aasaTbes BblpaXeHHeM

a=g(sina + ucos a).

Bpycok 6ymer ABUraTbcs BBEPX PaBHO3aMEMJIEHHO, MOKa €ro cKopocTb He obpa-
TUTCS B Hynb., Jasbille oH nubo ocraHercs Jie-

XaTh HETMOABHXHO, €CIH @ < Uy aubo HauHer AN
COCKa/Ib3blBaTh BHH3 C yCKOPEHMWEM, AABAEMbIM
dopmynoit (7), ecn a > ayp,.
2. [Tepedsuxenue eonokom. Ilog kakum yr- £
JIOM @ HYXHO TSHYTb 3a BEPEBKY TSXEJbIH UMK 'Ya{
Maccel M QI8 TOro, 4Tobbl MEpCABUraTh €ro Bo-
JIOKOM M0 MOPU30HTAJIbHOM LLIEPOXOBATOM N0BEPX-
HOCTHU ¢ HaUMEHBLIMM yCHIMEM, eclH KoaddH-
LHeHT TpeHHUs paseH W? KakoBo 3HauyeHHe 3TOM
MHUHUMANbHOM CHUJbI?

PeweHue. BygeM cyuTaTb, YTO BHELIHSASA ng
cuna F npunoxeHa Tak, 4To ALWMK JBUXETCSH Mo-
CcTynaTeabHo. B 3ToM ¢cayuae ero MoXHO paccMar-
pHBATb KaK MaTepHalbHyl Touky. [efcTBytoime
Ha SILMK CHJIbI MOKa3aHbl Ha puc. 80.

ScHo, uTo BHEWHAS cusa F 6yaeT MUHUMabHOM, KOrga AWK ABUXETCS paB-
HomepHo. [IpH 3TOM paBHOZEHCTBYHOLAS BCEX MPUIOXKEHHBIX K SUIMKY CHJI corJac-

Y 44"

Puc. 80. Cunbst, peficTayromme Ha
ALIHK, EPEABUTAEMbIH BOJIOKOM
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HO BTOpPOMY 3akoHY HeloToHa paBHa HyJo:

F+N+F,+mg=0. (8)
Ans wiccnenoBaHus cooTHouleHus (8) 3anumieM ero B NMpOeKUHWSX Ha MOPH3OH-
TanbHOE W BEPTHUKAJIbHOE HalpaBJlieHHUs:

Fcosa—FTp=0. 9

Fsina+N—mg=0. (10)

3apaua 3aknoyaeTcd B ToM, uTobbl HecllefoBaTh 3aBUCHMOCTb CUJbl F OT yria
a. Jns 3Toro HeobXoarMo UCKITIOUUTD K3 YpaBHeHul (9) u (10) cuny peakuuu N u
CUNly TpeHUs F._, TaK Kak WX 3HaueHUs ToXe 3aBUCAT oT yria «. [Tpy cKonbxenuu
SILKKA CHila TpeHus F. ) BbIpaXaercs yepes HOPMaJbHYI0 CHIly peakiuu N ¢ ro-
MOLUBIK COOTHOLIEHUs (2): F,= uN. Beipaxas cuny N u3 cooTHoweHus (10):
N =mg — F sin a, nonyyaem

Fp=p(mg— Fsina).

IMoacTraHoBKa 3TOro Bhipaxeuus B (9) maer

Fe ume (11)

T cosa-+psina’

Yucnurens B npaBoit uacty (11) He 3aBUCHT OT @, NoaToMy cuna F 6yaer Ha-
VMeHblUe, Korga 3HaMeHaTesb MakcyuMaJieH. CienoBarte/IbHO, HYXKHO HaWTH Mak-
CHMYM BbIpaxeHUs

- f(a) =cos a + usin a.

D10 MOXHO CAeNaTh pasHbIMM crnocobamu, HanpuMep MPUPaBHSIB HYJO €ro
Npov3BoAHY no a. B pesynbrate HatineM, uTo 3Hauenue f(@) MakcHMasbHO

l
l
LL{ \ ~\P

WAL 4 Q

g \ye

Puc. 81. 3amena cun N u F., onno#t Puc. 82. K onpenenenuo HauMeHbLIeR
cuort Q ™ cwipl F

npy tg a =u. Ilpu stoM f(a) = 1/cos @ ¥ MHHUManbHas CWa, KaK BHOHO W3
(11), pasna ;
F =pmg cos a = mg sin a. (12)

Urak, TAHYTb 3a BepeBKY CJIEAYET Tak, uTolGbl OHA cOCTaBIsza ¢ FOPU3OHTOM YO/
@ = arctg j. 3HaueHWe MUHUMAaJbHOM CUbl fAaeTcst dopmyoft (12). -
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K oTBeTaM Ha Bonpoch! 3TOH 3aga4d MOXHO NMPHUHATH ropasgo GbICTpee, eClH C
caMoro Hauasia paccMaTpHBaTh cuiy Q, paBHYIO BekTopHOi cymme N u F
(puc. 81). Kak 6bls10 BbissICHEHO, OHa BCErJa HarpablieHa Mo YIJoM ¢ = arctg i K
HOPMAJH ¢ MOBEPXHOCThIO. Terepb yc/noBHe paBHOMEPHOMO OBHXKEHUS SLIHMKa IO
rOPU30HTATbHOM 1IEPOXOBATOM NMOBEPXHOCTH 3amUUIeTcs B BUAE

F+Q+mg=0.

D10 ypaBHeHHe yaobHO HccrenoBaTh rpaduueckd. Ipexae Bcero M3obpasuM Ha
4YepTexXe M3IBECTHYIO M0 MOAY/IO W HalpaslieHHIo cuiy mg (puc. 82). Yto Kaca-
eTcs cnaraemoro Q, To HaM 3apaHee H3BECTHO /ML €ro HampablieHHE
(cM. puc. 81). IToaToMy uepes KOHel, BEKTOPa Mg MPOBOAHUM MpsSMYI0, COCTaBIIs-
IOUYI0 yros ¢ = arctg 0 ¢ BepTHKasbio. Ha artoit npsmoit OGyneM oTK/afbiBaTh
cuay Q, coBMelllas ee Hayalo ¢ KOHLOM BekTopa mg. [TonoxeHHe KOHLILa BEKTOpa
noka HeuaBecTHO. B cootBercTBMM ¢ (13) cuna F fomkHa 3aMbIKaTh TPEYrobHHUK
CHJ, T. €. COeJMHATb KOHel, BekTopa Q ¢ HawasoM BekTopa mg. Kak BHOHO M3
pHyc. 82, cuna F 6yner HauMeHblIel, Korjda ee HamnpaBjaeHUE NePrieHOUKYTSIPHO
HanpasjeHHo Q, T.e. obpasyeT yrom ¢ ¢ ropusoHToM. Ee 3HaueHHe npH 3TOM,
KaK BMIOHO M3 TOrO Xe PUCYHKA, ecTb F = mg sin ¢.

3. ITepemewjerue B0N0KOM C YcKOpeHuem. B ycroBUsSX Tipedbidyulei saga-
4YM HalOWTe HaWMMEHbUIYIO CHIY, cOOOLIAIOWIYIO SHIMKY 3afjaHHOE YCKOpeHHe
a Tio NOPH3OHTAIH.

Pewenue. PaccMarpuBas cyMMy HOpMasibHOH cubl N peakuHH onopbl H
cuibl Tpewus F, Kak ogHy cuiy Q, HanpasieHHyio MOA YIJioM ¢ = arcig i K
HOpMaJsH ¢ TMOBEPXHOCThIO, 3aNMiieM BTOPOi 3akoH HewoToHa B BUOe

ma=mg+ Q+ F. (14)

DTo ypaBHeHHe, Kak W ypaBHeHHe (13), ymobHo HcciemoBaThb rpadHuecKH
(pHc. 83). Yrobbr Momynb cumbl F 6bl1 MUHHMMaNeH, U B 3TOM clyyae CHJa
F ponxHa ObIThb NeprnieHOUKYISPHOH cuiie Q, T. €. OOMKHA COCTaBJsTh TOT Xe
caMblif yrom @ =arcligpt ¢ TOPH3OHTOM.
Boipaxkass Moayab cuibl F; Kak CYMMy
TMMOTEHY3bl BEPXHEr0 TPeyroJibHUKa Ha
pyc. 83 M OOHOMO M3 KAaTETOB HHXHETO, F
nocje 3aeMeHTapHbIX Mpeobpas3oBaHUi Mo-
Jyyaem

F=m(gsin ¢ + acos ¢). (15)

ma

Jlerko BUAETb, YTO 3TOT pe3ybTaT YHOOBJET-
BOPSET JBYM OYEBHOHBIM MpedebHbIM CIIy- ?
yasaMm: nipu a = 0 ua (15) nonyvaercs oTBeT
(12) npemblayuleit 3ajadu, a NnpH OTCYTCT-
BHH TpeHus (¢ = 0) F =ma.

Mpu pgocratoyHo O60JBIIOM YCKOPEHHH
a, Korma gla<p, NEPNEeHIMKYNAP, ONY-  p.. 83 Croxenne cun npu nepeme-
LIeHHBIH M3 KOHLA BEKTOpa &, MEPeCeNeT  pemyy supka C yckopeHHeM
HanpasiaeHHe Q HHXe KoHLA BEKTOpa Mg
M, MOCKOMbKY cHita Q He MOXeT ObITb Ha-
npaBjieHa BHU3, HauUMeHbluas Mo Modyn o cuna F azambikaer TpeyroJbHHUK BeK-
TopoB mg W ma, T.e. Q=0. B 3ToM cnyuae nepemeniaeMbiit SLIHK TPOCTO
He cornpuKacaeTcss C NOPU3OHTANBHON MOBEPXHOCTBHIO, MO KOTOPOH .ero rnepe-

|8
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asurator. M3 puc. 84 BuaHo, yTo
F=mVg?+ a2, lga=%<pt.

4. Bnok u HakaoHHas naockocms. B cucreme, nokazaHHoi Ha puc. 85, B
Haya/JbHBIH MOMEHT Teja MokosTcd. OnpegenvTe UX YCKOPEHHE M CHY HaTs-

F
|
I

5

N bl
7 o W msy
7
mgv/// a
Puc. 84. Cnoxenue cun npu Q=20 Puc. 85. Cuctema ¢ TpeHHeM Mexay 6py-

CKOM M HaXJIOHHOH MJIOCKOCTBIO

XEHUS HUTH B MOCJedYIOLIHE MOMEHTbl BpemeHW. Maccolt 6710ka M HUTH, a
TakXe TpeHueM B ocH 6710ka MOXHO mpeHebpeyb.

Pewenue. OueBUaHO, ANd pelleHHUs 3TOM 3ajauu clelyeT paccMOTPeTh
JeMCTBYIOLME B CHCTEME CHJIBl U COCTaBUTh ypaBHEHUS BToporo 3akoHa Helo-
ToHa O Gpycka Ha HAKJOHHOH MJOCKOCTM M MOABELIEHHOro K HHUTH rpysa.
3peck, 0AHAKO, Mbl CTOJIKHEMCS C TPYAHOCTBIO: IS pelleHUs ypaBHEHHI HYX-
HO 3HaTh, KaK HalpabJyeHbl Bce AelcTBylouwMe cuiasl. Ho kak HanpasneHa
JedcTBylowas Ha Opycok cHaa TpeHHa? 3OTO 3aBUCUT OT HanpabjeHUs ero
nsuxeHus. [onyyaercs mnopouHbI# Kpyr: uToGel HalTH ycKopeHHe Opycka,
HYXXHO 3HaTh HanpabBjeHWe 3TOM CHAbl, a YToObl HAMTH ee HanpaejeHHe, HAOo
3HaTh, B KaKylw CTOpPOHY OyneT HABMraTbCcs HeMOABMXKHBINM BHayane Opycok,
T. €. 3HATh HalpaB/leHHE ero yCKOPEHHS.

MoxHo, pa3zymeetcs, nepebpaTh NOCAeA0BaTENbHO BCE BO3MOXHbBIE BAaPUAHTHI U
0oTOpPOCHTB Te, UTO MPUBOAAT K HejlenoMy pe3ynsTary. Ho npoiue gns uckntoueHus
nopobHblX MpobaeM cHayana paccMOTPEThb 3Ty 3ajavy, MPeanooXus, YTO TPEHUS
HeT. [1py HaNMYUU TPEHUS NOKOUB LI Hecs BHayane 6pycku 6yayT n1ubo npogokars
fIOKOUTBCS, NGO MPUAYT B ABUXEHHE B TY XK€ CTOPOHY, UTO U B OTCYTCTBUE TPEHUS.
IMpomenaiite caMOCTOATENIBHO COOTBETCTBYIOLLEE HccnenoBaHue. [IpuBeaem oTBeT.

Tena nokosatcs (@ = 0) NpH BINOJHEHUH YCIOBUA

. m .
sma—ptcosa<7n—’<sma+ptcosa.
1

CHna HaTSXEHHMS HUTH NpH DTOM paBHa Mm,g.
Ecnu, nanpuMep, m,/nt, > sin @ + [ cos &, TO Tpy3 1, ONTyCKAETCH; MPH ITOM
m, —m, (sin a-+p cos a)
m,+m,

a=g ) T:mz(g_a)
3ampayM A9 caMOCTOSATENbBHOTO pelleHHUSd
1. CknoH ropbl 06pasyeT yroa « ¢ ropusoHToM. [Tog Kakum yriiom B K CKOHY
ropbl cneayeT TAHYTh 3a BEPEBKY, YTOObl PABHOMEPHO TALUMTh CAHKH B rOpy € Hau-
MeHbIIMM Ycunrem? KakoBa fosxHa ObITh aTa cuna?
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2. Ha Hak/IOHHO! NMOCKOCTH, COCTAaBJSIOWEN YrOJ ¢ C FOPU3OHTOM, NeXaT
OflHa Ha APYroM ABe OOCKU. BO3MOXHBI NM Takue 3HAYEHUS Macc HOCOK my W
mz W KO3G@HUHEHTOB TpeHHs NOCOK O TJIOCKOCTb W] M APYT O ApYra g, Npu
KOTOPbIX HMXHSAS [0CKa BbicKajb3biBana Obl
u3-noa BepxHei? B HauanbHBI MOMEHT OOCKH

MOKOSATCH.
3. HaknonHad niockocTe, cocTaBasfoollas —a>
yrol @ ¢ TOPHU3OHTOM, ABHUXETCH C TOPHU3OH- L
Ta/lbHbIM YCKOpPEHHEeM a, HarpabJIeHHbIM Tak,
KaK MNoka3aHo Ha puc. 86. Kak Gynmer gpuratb- a

cq JexalMit Ha Helt Gpycok, ecan koaddu-

LUHEHT TpeHHs 6pycka O HAKIOHHYIO Mjocko- PHC. 86. Bpycok Ha niockoctu,
CTb paBeH W? JBMOKYILENCS C yCKOPEHUEM

4. llonctaBka ¢ nexaluel Ha HeMl MOHeToOM
ABUXETCH MMOCTYNaTe/bHO B MOPHU3OHTAIbHOM MJIOCKOCTH MO OKPYXHOCTU pajgu-
yca r ¢ yrioBol ckopoctblo w. KoaddHLMeHT TpeHUs MOHeTbl O MOACTaBKY
paBeH p. KakuM Oygper ycTraHOBMBUIeeCS OBUXEHUE MOHETbl OTHOCHTENbHO 3€M-~
JIU U OTHOCHTENIbHO TOACTaBKH?

e UYto umeT B BUAY, Korda FOBOPAT, 4TO HEKOTOPbIM hM3MuecKHit npouecc
onuceiBaeTcs B pamMKax QeHOMEHOJIorHueckoro noaxona?

e OnuuuTe pPa3/IMYrg MEXAY TPEHHUEM MOKOA U TPDEHHUEM CKOJIbXKEHHUA. Yem onpe-
ACNA€TCA HanpaBJICHHUE CHJIbl TDEHHUA NMOKOA U CHJTIbI TDEHUSA CKOJIbXEHHUA?

e Kak Moxer ObITb HalpaBJeHa MNMONHas CUIa B3aUMONEHCTBUS Tena ¢ MoO-
BEPXHOCTbIO, K KOTOPOM oOHO npuxato? Ha kakoli MakcHManbHbIM Yron
MOXET 3Ta CHa OTKJOHATbCA OT HOPMajlM K TMOBEPXHOCTH TMpPHU CYXOM
TPeHUH?

e Kako#t cnocob nepemellieHHs S1UHKA MO LEPOXOBATOMY MOPU3OHTAILHOMY 10Ny
TpebyeT MEHbUINX YCHUINUM: KOTa UK TOMKAIOT UM KOrda ero TAHYT?

§ 21. MNposABneHHsa cyxoro TPeHHA

Hcnosp3oBaHHEIM B mpegsayumeM mnaparpade  ¢eHOMEHOJIOrHUeCKHH
MOAXOA IO3BOJHJI HaM ONMCAaTh OCHOBHBIE 3aKOHOMEPHOCTH CYXOro Tpe-
HHUS, HE BHMUKAd B J€TaAM PH3MUECKOrO MEXAHN3MA €r0 BOSHUKHOBEHHUS.
3TH 3aKOHOMEPHOCTH MOI'YT NMOJYYHTH €CTECTBEHHOE KAUECTBEHHOE 00b-
SICHEHHE, €CIM pPacCMAaTPHBAaTh MEXAaHW3M BO3HMKHOBEHHUS TPEHHS HA
MOJICKYJISPHOM YPOBHE.

Kak Mbl yXe 3HaeM, KOrga OZHO CYXO€ TEeJI0O CKOJb3HT MO MOBEPX-
HOCTH APYroro, CWja TPEHHS NMPAKTHYECKH HE 3aBHCHT OT CKOPOCTH H
MJIOIAAM HUX COMPUKOCHOBCHHS, HO 3aBHCHT OT poAa MOBEPXHOCTEH M OT
CHJIBEI, NPHMXHMMAIOWEH Teja APYr k Apyry. Ha mepsriff B3risiy HE SCHO,
MOYeMy 3aKOHOMEPHOCTH OKA3RIBAETCS TAKOH MPOCTOH.

Ilpupoaa cua Tpenus. PaccMoTpuMm GoJiee OETAIBHO [PAHMILY CONPH-
KOCHOBEHHS ABYX Te€/. [lom MHKPOCKOIOM MOBEPXHOCTh TE€Ia MCIELl-
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PEHA HEPOBHOCTIMHM M COCTOUT M3 CBOEIO PoAa BNAOUH, PABHHH M XOJI-
MoB (puc. 87). MOXHO mogyMaTh, YTO TPEeHHE OOYCJIOBIEHO 3auerie-
HHMEM BHIYKJIOCTEH APYr 3a Apyra, HO TOTA3 CWIA TPEHUS NOIXKHA
6bi1a 6 YBEJIHUMBATBCS NPH yBE-
\w JUYCHUH IUIOMAAH TOBEPXHOCTH
\\\‘\\\\\\\ conpukocHoBeHus Tea.  OmHako
IR AN ONKIT NMOKA3hLBAET, YTO ITO HE TAaK.
// TpeHue B ACHCTBUTEIBHOCTH 00YyC-
JIOBJIEHO HE 3aUEIUTCHHEM BHIYK-
Puc. 87. Bun conprkacarommxcs nosepx- HOSTCH Apyr 3a Apyrd, a B3auMO-
HOCTEH NPH CHIbHOM YBEITHUEHHH ACHUCTBUEM TET B TOYKAX COMpH-
KOCHOBCHHUS Ha  MOJEKYJSIPHOM
ypoBHe. OfHMM H3 NOATBEPXACHMIA
OTOr0 CAYXHT TOT (DaKT, UTO MEXIAY OUEHb IMAAKMMH MOBEPXHOCTIMH
cywecTByer 6OJbLIOE TPEHHE CKOJbXEHHdA. M3BeCTHO, Kak TPYAHO
NPOTSHYTb JJEKTPHUECKHII NPOBOA C IVIAAKOM H30aAUMENd CKBO3b 060-
JIOYKY, LIEPOXOBATHI MPOBOA MPOTAHYThb ropasao Jjerue. Mcmosnbsye-
MHE B MAMIMHOCTPOSHMM CTAJbHHIE M3MEDHTEIbHHE KaauOpH C Tmia-
TEJbHO OTNOJMMPOBAHHHMM TOPUAMH (TaK HAa3HBaeMue INTKH MoraH-
coHa) O6aronaps MEXMOJEKY/ISPHOMY B33aUMOACHUCTBHIO HACTOJIBKO
CHJIbHO CJHMAIOTCA APYTr € APYTOM, 4YTO AJA HX DPas3aejeHHS IPHXO-
OUTCA MPHIAraTh 3HAUUTEIbHHIC YCHIHS.

Mosieky1apHas MOZENb TPEHUS OOBACHSIET, MOYEMY CHJIA CYXOro
TPEHHUA HE 3aBHCHT OT IUIOINAAM CONMPUKOCHOBeHus Tea. Korma omHo
TENO MOMEIAETCS HA APYroe, TOJbKO HE3HAUYMTEIbHBIM MPOLIEHT BHAM-
MO IIOImAAN COMPHUKOCHOBEHHUS ASHCTBUTENBHO HAXOAUTCA B KOHTAKTE
Ha MOJIEKY/JISIDHOM ypOBHe. Tena MPAaKTHYESCKHU COMPHUKACAKIOTCS JHIIb
BHIYK/JIOCTSMM HA CBOMX HEPOBHHIX moBepxHocTsx. (PakTHueckas mio-
WAab CONMPUKOCHOBEHHMS T 3aBUCHT OT CHJIHI, MPHXHUMAIOMIEH UX APYT
K OPyry, H B MEPBOM NPUOIHMXKEHAN MPONOPLUUOHAIBHA 7O cuie. s
NOKA3aHHBIX HA DHC. 76 NPAMOYronbHBIX OPYCKOB AeHCTBMTENbHAS 00-
JIACTh CONMPHUKOCHOBCHHA OAMHAKOBA HE33aBUCHMO OT TOrO, KAK OHHM CTO-
ar. B maHHOM Ciryuae 3ta o6macTb ONpeRensercsd TOJAbKO BECOM, a BEC
OIMH M TOT XE npH JIOOOM MNoJ0XeHHH O6pyckoB. Ecnu Xxe cepxy Ha
6PYCOK MOMOXHUTb €me KaKoH-HuOyas rpys, To 6pycoK OCSAET HEMHOTO
HHXE, TAK YTO JEHCTBUTEIbHASA 00JACTb COMPUKOCHOBEHHUS HA MOJIEKY-
JIAPHOM YDPOBHE YBEIHYHTCS MPONMOPIHUOHAIBHO MPHXHMAOIEH CHie,
XOTd BMAMMAS IUIOWAAb KOHTAKTAa OCTaHercs Takoil xe. Orcioga cie-
AYET, UTO CHJIA CYyXOTO TPEHHUS JO/DKHA OITh MPONOPLMOHANBHA MPH-
XHUMAIOWEH cuie.

MonexynapHasd MOAEIb MO3BOJSET MOHATh TAKXKE, MOUYEMY INS AaH-
HHX NOBEPXHOCTEH KOIPDHUIMEHT TPEHUA MOKOS, KAK MNPABHJIO, HE-
ckobKO Bobme koadubHuHEHTa TpeHUS CKOIbXeHusd. Koraa ogHo Teno
HAYHHAET NEPEeMEIAThCsl MO0 MOBEPXHOCTH APYroro, NEPBOHAYAJbHLIE
CBSI3M MEXIY MOJEKYJIaMH OKA3HBAIOTCS PA30PBAHHHIMU u Koadxpuru-
EHT TPEHHUS PE3KO YMEHBIIAETCHd M OCTAETCS MPAKTHMYECKH MOCTOIHHBIM
npM JAJbHEHIIEM yBEJIUUEHUH CKOPOCTH.
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JTa Moxeap MO3BOJIAET MOHATh U TO, IOYEMY TPEHHE KAYEHHS MEHb-
me TPeHus CKOMbXEHHs., Korma ogHO Tes0 Katutca 6e3 MmpocKasib3niBa-
HHA [0 MOBEPXHOCTH APYIoro, MOJEKy/SpHbIC CBS3H Pa3pHBAIOTCH MPH
noaBpEME TOUECK KATAIICroca TEJia, B TO BPpEMA KAK INPH CKOJbXCHHH TOUY-
KH TeJla CMEIAITCS BOOJb MOBEPXHOCTH KOHTAKTA M HA MECTO pa3o-
PBAaHHHX CBf3€¢H Cpa3y MPUXONST HOBHE.

Kak ynpasastbh TpeHneM. Kak yxe ynoMyHasoch, B pafe CJIy4yaeB Tpe-
HHE MrPAeT MOJIE3HYIO PO/Ib U €r0 CTAPaTCH CAEJaTh KaK MOXHO 60/b-
e, HApUMED, TPEHHE MEXAY IIMHAMHM aBTOMOOWIA M moporoii. B apy-
HX o1yyasx Tpebyercs yMEHbIIMTb TPeHue, utoOn ofserdynts pabory
Pa3JIHYHBIX MECXaHH3MOB H H36C)KaTb HCHYXHBIX J2HCPréTHYCCKHX IO~
TEpb. ITOr0 MOXHO HOOUTHCH pa3HBIMHU crocobamu. ONMH M3 HUX — 3a-
MEHA TPEHHMH CKOJbXEHMS TPEHMEM KAUEHHd, UYTO JOCTHraeTCd MpHMe-
HEHHEM IIAPHUKOBHX H POJTHMKOBHIX MOAIIHUITHHKOB.

Jpyroit pacnpoCcTpaHeHHHH cHoco0 yMEHBUICHHS TPEHHA CKOJIbXE-
HUS — MCMNOJb30BaHue cMa3ku., CMaska He nomyckaer o0pa3oBaHHUs yc-
TOHYMBHX CBA3€Hl MeXIy MOJIEKYJAaMH JBHXYIINXCH TBEPABX Tea. [Ipn
JTOM CYXO€ TPEHHE MEXOY CKOMb3ALUIMMH MOBEPXHOCTAMHU 3aMEHAETCH
BA3KHM TPEHHEM, T. €. TPEHHEM MCXAY B3dMMHO ABHXYIIHUMHCH TOHKH-
MH CJIOIMH XHAKOCTH. 3aKOHOMCpHOCTH CHJI TPECHHUA NPH CKOJBbXCHHH
OQHOrO TBEPAOrO TEJA MO MOBEPXHOCTH APYroro M Mpd ABUXEHUH TBEP-
OOro TeJa B XXHAKOCTH COBEPUICHHO pa3nuuHe. CHia BS3KONO TPEHUS
NPONOPILHOHAJIbHA CKOPOCTH M NPHU MCAJICHHOM OTHOCHUTC/JIBHOM JBHUXE-
HUH CTAHOBUTCH OUEHb Masoi.

OnHako 3TO HE EAWHCTBEHHHM CIOCO0 YMEHBIICHMS TPEHUSA CKOJIb-
XeHus. XOpOIIO M3BECTHO, UTO 3aCTPABLINH B JOCKE rBO3Ab JIETYE BbI-
TAUIATh, €CJIH MPU ITOM €ro MOBOPAUMBATH K3 CTOPOHH B CTOPOHY. B

W%

0

Psac. 88. Bpycok Ha ABMXKYIIEHCH JIEHTE TPAHCNOPTEPa

uem Tyt neno? Yrobw pasobpaTbcs B 3TOM, pacCMOTPUM OIKIT, CXeMa
Koroporo mn3oOpaxeHa Ha puc. 88. Bpycok seXuT Ha rOpM30HTaJbHOMN
JIEHTE TPAHCOOPTEPA, a MPYXHHA YAEPXHUBAET €r0 OT MEepPeMELICHUS
BMECTE C JIEHTOi1 npH ee nBuxeHuH. Kakas 6okosas cura F nHeoOxomuma
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IUIg TOro, uToOn BHI3BATh NepeMelieHUe Opycka rnomnepex JIEHTH TPaHC-
noprepa? OnHT MOKa3LBAET, YTO 3TA CHJIA NPH ABHXYILIEHCa jeHTe Oy-
JET TOpasgo MEHblle, YeM IPH HEMmOABMXHOM, U TeM MEHbIIe, yeM Gul-
CTpee ABMXETCH JIEHTA. DTH Pe3yJIbTATHI JIEFKO 00bACHATh HA OCHOBE 3a-
KOHOMEPHOCTEN CYXOr0 TPEHHS.

3HaueHue OeHCTBYIOMEH HA OpYyCOK CWIRI TPEHHS TNPH €ro CKOJb-
XEHUN OTHOCHUTEJbHO JIEHTH HE 3aBMCHT OT CKOPOCTH M PAaBHO MPOM3-
BefeHUIO KO0bEULUHUEHTA TPEHUS | HA HOPMaabHyw cui1y N peakuuu
Omopbl, KOTOpas B JAHHOM Caydyae paBHa Becy Opycka. Hanpasiena
CIJIA TPEHHS MPOTHBOMOIOXKHO CKOPOCTH OpycKa OTHOCHTENBHO JICHTHI.
[Tpu Henonsmxuoit jeHTe GoxOoBOE CKOJAbXeHMe Opycka Oymer npowmc-
XOOHTh TOJBKO TOrAd, KOrAa AeMCTByOIas cuia F He MeHbue wmg,
roe m — Macca 6pycka.

ITycTp Temepb JIEHTA ABHUXKETCA CO CKOPOCTIO U HAMNpPaBO, TOrHA
OpYCOK OTHOCHTEIBHO JICHTH MMEeT CKOPOCTh —U, HAMpPABJIEHHYIO BJE-
Bo. Ecim npm 5toM nox meiicTBreM GOKOBOW CHIH GPycok mepemerna-
eTcd Iomnepek JIEHTH C MOCTOSHHOM CKOPOCTBIO V, TO €ro MOJIHAd CKO-
pocTb V OTHOCHTEJNBHO JEHTH COCTABJASET YroJ ¢ C HANpPaBJICHHEM

u

Puc. 89. Cxopoctb Opycka V OTHOCHTENBHO JIEHThI TpaHcnoprepa (@) M HanpasieHUE CHIIbI
Tpeuus (6)

nsuxennd jgedtn (puc. 89a), npuuem tg a = v/u. Cuna TpeHus CKOJb-
XEHHSI M B 3TOM CIyuyae paBHa pmg, HO TENEPb OHA HAIMpaBjcHa Ipo-
THUBOIOJIOXKHO BeKTOpy V.

BexTopHad cyMMa CHJIH F,p nedcTByromei Ha O6pycoX €O CTOpPOHBI
npyxuHsl, cuis F u cunet Fp ) no BTOpoMy 3aKoHy HeioroHa pasHa
HYJII0, Tax Kak Opycok asmxerca 6e3 yckopenus. [Tpu sTOM, Kak BHA-
HO M3 puc. 896,

F = F,,sin a = umg sin a. (1)

Otcroga BugHO, uto cwiia F, Heobxoammas A9 GOKOBOrO nepeMerneHu st
Opycka, MeHbLIe pmg, U TEM MeHblIe, YeM MeHbine yroi a. Ecau cxo-
pocTh GOKOBOrO CKOJIbXeHHs OpycKa MHOIMO MeEHbIIE CKOPOCTH JIEHTHI,
T.e. v<<y, To tg a = v/u<<1. Ilpu 3tom sin a ~ tg a U dopmyaa (1)
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MPHMHUMAET BHI
F=pumg % (2)

Urak, cuna F, HeoOxonumas nng GoxoBoro nepememenus Opycka, mpo-
HODPIMOHAKBHA €r0 CKOPOCTH U MPH YCAOBMH, UTO JIEHTA ABHUXETCH IO-
pasno 6rictpee Gpycka. Mennennoe nepememenue Gpycka MONepek JeH-
THl OYZIET BBI3BIBATBCA CKOJIb YIOMHO MAaJOM CHIIOM.

«3aHoc» aBTOMOOWAS. PacCMOTpEHHEIM MPUMED TMO3BOJISET YSCHHUTh
npuunHy GOKOBOTO 3aHOCA ABTOMOGHIS MIPH PE3KOM TOPMOXEHHH, KOrna
NPOMCXORUT GIOKMPOBKA KOJEC M aBTOMOOHIbL ABMXeTcs 1030M. [1pu xa-
YeHMH KoJec 6e3 NMpocKanb3bBAHMA KACaloWAagcs JOPOrH YacTh MOBEPX-
HOCTH IIMHBI HETOABMXHA M, CJAEAOBATEIbHO, BO3MOXHOMY OOKOBOMY
NEePEMEMIEHMI0 MPENATCTBYET TPeHHE MoKos. [lpu GIO0KMPOBKE KOsec
NPOMCXOMUT MX TPOCKATb3BRIBAHME OTHOCHTENBHO AOPOTHM M, KAaK B CAy-
yae 6pycka Ha ABUXYLIEHCS JEHTE TPAHCIOPTEPA, AAXe HUUTOXHAS CH-
Na, AEACTBYOWAN B MONEPEYHOM HAMpPABJEHHH, OYyRET NpUBOAUTH K 00-
KOBOMY CMELIEHHUIO Kostec. ONTUMaIbHOE TOPMOXEHHE ABTOMOOUIS mpo-
HUCXOAUT B YCIOBMSAX, KOIMA HE OONMYCKAETCS HE TOABKO GJI0KMpOBKA
KOJIEC, HO M NPOCKAaNb3HBAHHE LIMH OTHOCHTEIBHO KOPOTH.

e T[losnoxure ATUHHYIO AEPEBAHHYHO IIHHCI;'{K)’ Ha yKa3aTeJ/IbHbIC NaJibibl pa3Be-
ACHHbLIX B CTOPOHBI PYK H HAYHHUTE MEAJICHHO, Oe3 PBIBKOB, cOMUXKATD PYKH B Iro-
pH3OHTaﬂbHOﬁ njockoctu. OO6bACHUTE, NMo4YEMY CKOJIbXKEHHE JTUHEHKU NMpourc-
XOAHUT NOOUEPEAHO TO 10 OAHOMY, TO O APYTOMY NnajbLy.

e Kak cieayer nocTynartbh BOAWTE/0 NPU HEOOXOAMMOCTH OCYLLECTBHUTb 3KC-
TpeHHOE TOPMOXEeHHe aBTOMOOMJA: clieAyeT /W pe3Ko HaxaTbh Ha MNeaalb
TopMo3a W 3absokuposaTh Koseca? ByneT su TOpMO3HOM NyTb NPH 3TOM
MeHbILIHUM?

e (Q6bacHure, noveMy O10KHpoBKa Kosec (103) NpH TOPMOXEHHH cnocobCeTBY-
€T BO3HWKHOBEHHUIO 3aHoca aBToMobGUR?

o Ilpu wnudoBKe TPYLMXCS HEPOBHbIX NMOBEPXHOCTEM ABYX TeJl CHJIAa TPEHUS
cHayana yObiBaeT, a 3aTeM MpPH AOCTHXEHWUHU ONpeneseHHON TIafKOCTH Mo-
BEPXHOCTEM HauWHaeT BospacTaTh. Ilouemy?

o YeM 06BACHAETCH HE3ABUCHMOCTb CHJIBI CYXOTO TPEHHS OT BUAWMOWM Mjolta-
W KoHTakTa?

e TloueMy 3acTpSBLUMI B JOCKE TBO3Mb Jlerye BbITALUTb, €CJU NPU 3TOM MOBO-
pauyMBaTh €r0 M3 CTOPOHLI B CTOPOHY?

e B peMeHHbIX NepeAavax NPUBOAHOM peMeHb COCKaJb3bIBAET OOLIYHO NMPU OC-

TaHOBKE HJH pPE3KOM YMEHBUHIEHWH CKOPOCTH BEAOMOro LIKWMBaA, HalpuMeEp
H3-3a 3acgaHrga NpPpUBOOAMMONo BO Bpalll€¢HHUE Baja. HOL{CM)’?

A HeauHeriHble CBOMCTBA TpPeEHHS. B npuHaTON MOAENH CyXOro Tpe-
HUS CHJIA TPEHUS CKOJMBXEHHUS CUMTAETCS HE 3aBHUCAIIEH OT CKOPOCTH.
HOBTOMy B yCJIOBI/IﬂX, Korga npv>XXuMaromas Tejio K MOBEPXHOCTH CHJ1A
HEU3MEHHA, MOXET CJIOXHUTHCA BNEYATICHHUE, UTO PACCMOTPEHHUEC ABHU-
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XEHHUS TIPH yUYeTe TPEHHS CBOAUTCA K 33Jauy€ O OBUXKCHHUM TENa MOA
JEACTBUEM MOCTOSHHBIX CHJI. OOHAKO U3 yXe PACCMOTPEHHBIX MPHMeE-
POB SICHO, YTO B ACHCTBUTEHAbHOCTH BONPOC HE TaK MPOCT. .

BepHeMcs K 3amaue o OBMXEHUH OpycKa MO HAKJIOHHOM IUIOCKO-
ctu. B orcyTcTBHE TpeHHs aBUXeHME OpycKa Kak BBEPX, TAK M BHH3
NPOMCXOAUT C OBHUM M TEM XE YCKOPEHHEM g sin d, TaKk KaK ypas-
HEHHE BTOPOTO 3aKoHa HBIOTOHA He 3aBUCUT OT HANPABJICHUS JBHU-
xeHus 6pycka. T1pu Hanuyuu TpeHus, koraa BoOaBjaSeTCs €Iie OAHA
NOCTOSIHHASA CHMJA, EJI0 HE CBOOUTCH MPOCTO K M3MEHEHHIO 3HAUCHHUS
YCKOPEHHS, 3 CHTYauHs CTAHOBUTCS KAYECTBEHHO MHOI. [IBHXeHue
BBEPX M BHU3 TEMEPh ONHCHIBAECTCH PA3HbLMU YPABHEHUSIMU, U 3HAYE-
HHUE YCKOPEHHS HU3MEHSETCS CKaukom TIPpH IEPEMEHE HANpPaBJICHHUS
ABHXEHHHA. 3AeCh Mbl BIEPBbIC CTAJIKUBAEMCS C IPOSBJICHUEM TAK HA-
3BIBAEMEIX HeJuHelHblX CBOMCTB. B paccMaTpueaeMoM ciyyae HelH-
HEHHOCTb MPOSABJISETCS B TOM, UTO YPABHEHHE ABUXEHHS (ypaBHECHUE
BTOpOro 3akoHa HploTOHA) mpeTepneBaeT KaueCTBEHHbIE H3MEHEHHS
B NIPOUECCEe ABHXKCHHS: KOTZA 3HAYEHHE CKOPOCTH NPOXONUT 4Yepes
HYyJ/1b, OAHO YPABHCHHE 3aAMCHSAETCS APYTHM.

JlOMOIHUTEBHBIE CJIOXHOCTH, CBI3AHHBIE C CYXHM TPEHHEM, BO3-
HUKAOT NPH KPHBOJHHEHHOM IBHXEHHH, KOrga NpH HEM3MEHHOM
MOIyJi€ CWJIbl TPEHHUS €€ HampaBJIeHHE HENPEPHIBHO H3MeHseTcd. Ta-
KO# IpUMEp PacCMOTPEH B CAEAYIOUIeH 3ajmaue.

3anmaua

Pazeon na xonbyeeoll mpacce. TOHKK MOTOUMKIIMCTOB MPOUCXOAST MO Y3-
Kol Kpyroso# Tpacce. Tporasick ¢ MeCcTa, MOTOLMKIIMCT CTPEMUTCH KAK MOXHO
6bicTpee HabpaTh ckopocTk. KaKywo 4acTb Kpyra oH MPORAET K MOMEHTY Jo-
CTHXEHHS MaKCHMMabHO BO3MOXHON ANS 3TOM Tpacchl CKOPOCTH?

Pewenue. Bygem cuMTaTh, 4TO MOLIHOCTb ABMraTe/lsi MOTOLMKNA Ta-
KOBa, 4TO €ro MakCHMajbHasi CKOPOCTb MPH ABUXEHWW Mo npsMoi Gonblie
BO3MOXHOM CKOPOCTH Ha HaHHOM KpYroBoi Tpacce. MakcuManbHasi cKopo-
CTb Ha [JaHHOM Tpacce OrpaHWYeHa TeM, YTO LEHTPOCTPEMMUTENBLHOE YCKO-
peHHe vI/R MOTOLMKIY COOBGILAET CM/la TPEHMA KojleC O OOpOry, MaKCH-
ManbHOe 3Ha4YeHWe KOTOpoH paBHo wmg. [lo3ToMy MakcHMasibHas CKOpPOCTb
Ha Tpacce onpelesiseTcs YCJ0BHEM

mvl
R =umg
M paBHa
v, = VigR.

B npouecce pasroHa MOTOLIMKJA 3Ta MaKCHUManbHas cuia TpeHus (Ko-
Topylo B pganbHediseM Oyaem obosHauaTk uepes F) KMMeET COCTaBJSIOHIYIO,
HamnpaBJIeHHY!O [0 KacaTe/lbHOM K TpaeKTopWM, uToObl obecrnieuuTb Bo3pa-
cTtaHue ckopocTh. Ec/iy MOTOLMKJMCT crapTyeT B Touke A (puc. 90), To
B NPOM3BOJIBHOM TOYKE yYacTKa pa3roHa, noJjoKeHWe KOTopoit onpenensercs
yrJoM @, Hanpab/ieHWe AeHCTBYIOUIEH Ha MOTOUMKJI CWbi TpenHs F co-
CTaBSeT HEKOTOPBIM OCTPBI Yron « ¢ HanpaBfieHWeM CKOpocTH V. Iloatomy
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YpaBHECHHEC BTOPONO 3aKOHa HeioToHa B NPOCKUHUAX Ha KacaTe/lbHOC U HOp-
MaJIbHO€ K TpPacKTOPHUH HANpaB/JCHHA HMEET BUAR

dv
mE—FCOSQ, (4)
Y o Fsi 5
m—=Fsina.

[Tponuddeperumnpyem ypaBreHue {(5) no BpeMeHH, YUYUTHIBas, UTO NpH
pas’roHe H3MEHSIETCA HE TOBKO CKOPOCTb MOTOLHKJIA U, HO U YrOJ1 &, B TO BpeMs
Kak R 1 F ocTaoTcsd HEM3MEHHBIMH:

v dv da
2m -—=F cos a 5.
Rdr dr (6
[Toacrasnss B npasyio yacTb (6) F cos @ U3 ypaBHeHUs (4), nosyuyaem
CBA3b MEXAY CKOPOCTBIO M3MEHEHUS yraa a U
CKOPOCTBIO MOTOLMKJIA:

v _da
— == (7)
2 R dt’

[Tpu ABUXEHUH 110 OKPYXHOCTH JIUHEMHAs
CKOPOCTb U CBSI3aHa C YIVIOBOH CKOPOCTHIO
w == d¢/dt cooTHoeHUeM v = R d¢/dt. TTosTo-
My paBeHcTBO (7) NpHHUMAET BUR

2 de _ du
dt dt

— NpU ONTHUMAJBLHOM pAa3roHe, HCNOJb3YIo-
IEM BCKO BO3MOXHYIO CHJY CLEMNJEHHS KOMEC Puc. 90. Cuna TpeHHs 1pu
C JOpOroi, CKOpocTb HM3MEHEHHMS YIjla G B pa3roHE 1O KOMLLEBOH Tpacce
KaXAblHl MOMEHT BpeMeHH BaBoe 6osbllle CKO-

POCTH M3MeHeHHUs yraa ¢. B HauanbHbIN MO-

MEHT, Korga ¢ = 0, yrojJ @ TakXe paBeH HYJ/I0: NMpPU TPOraHUU C MecTa
CHJIa clUuennieHUd Kojlec ¢ Roporov HanpasseHa Bnepen. [lostomy B m1060i
TOUYKE yyacTKa pasroHa a = 2¢. B koHlLle pasroHa @ = m/2: BcA cHia cUel-
JIeHUsS UAET Ha coollueHHe LEHTPOCTPEMUTENBHOrO YcKopeHUs., Takum o6-
pa3oM, pas3roH 3akaH4YMBaeTC NPH ¢ = T/4: y4yacTOK pasroHa COCTaBJfeT
BCEro OAHY BOCBMYIO YacTb KPYroBoH Tpacchl.

B oriMuMe oT MaKCHMalbHOH CKOPOCTH V., 3HAuY€HHe KOTOpOil orpe-
fensercss KoapPpUUHEHTOM TpeHHs p M pagMycoM R KpyroBoil Tpaccsl,
OTBET Ha MNOCTaBJeHHbIM B 3ajauye BOMPOC HE 3aBUCHUT OT 3TUX NapameT-
poB — [AS BCEX KPYroBbIX Tpacc Mpu a060M TUMNE MOKPLITHA OH OQHUH H
ToT Xe. OT MoTouMKaHucTa Tpebyercss NUILL yMeHHe oBECneuMTh BbINOJHE-
HHE YCJOBMH ONTHMA/JBHOTO pPa3roHa. A 3TO COBCEM He MNPOCTO: HYXKHO
BbIAEPKUBATb MNPABHJIbHBIA Yrosl MeXAY CKOPOCTBI M CHJOH clenjeHus
BEAYLUErO Kojeca ¢ Zoporoit, nobusasdAch, YTOObl B KaXXAblil MOMEHT oOHa
MMesla MakKCcHUMalbHO BO3MOXHOE 3HaueHHe.

e Kak HM3BeCTHO, CHjla TPEHHUA CKOJIbXEHHSA HalnpasjacHa B CTOPOHY, NMPOTH-
BOMNOJIOXKHY KO OTHOCHTEIbHOM CKOpPOCTH. OaHako B paCCMOTpeHHOﬁ BbIlIEC
3apauye CUYMTaJoCh, UTO CHJla TPEHHSA Halpab/i€HA NMOR HEKOTOPbLIM YriaoM
K CKOPOCTH MOTOLIMKJ/IUCTA. Her nu 3aecCh ﬂpOTHBOpC‘{Hﬂ?
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e HO‘{CM)’ nOpyU ABUXKECHUU C TPEHUEM YpaBHEHUE BTOPOro 3akoHa HyloToHA
UMeEET paSHbIl‘:{ BUO B 3aBUCHUMOCTH OT HAMPaBJICHHUA ABUXeHUA? &

§ 22. Cunbl TATOTEHMA

['paBUTAUMOHHBIC CHJbl ONMMCHIBAKOTCS HAHO0JIEE IPOCTBIMH KOJHUYECT-
BEHHBIMH 3aKOHOMEpHOCTIMH. Ho HecMoTps Ha 3Ty mpocTory mposiBiae-
HHUS CHJ TATOTEHHS MOryT OBITH BECHMA CJIOXKHEL H MHOTOOGPA3HBL.

I'paBHTALNOHHEIE B3aUMOACHCTBHS OMMUCHIBAIOTCS 3aKOHOM GCeMup-
HOZO Msizomenust, OTKPLITEIM HbIOTOHOM:

Mamepuanbiole Mouku nPUMsZUGQIOMCSL ¢ CUNOE, NPONOPLUOHALb-
HOU npou3sedeHUrO ux Macc u 06pamHoO NPONOPUUOHAIbHOU K3adpamy
PAcCMOSIHUST MEKOY HUMUL ’

F=c222 (D

r2

I'pasurannonHas mocrosHuada. KoaddunneHT nponopumoHabHOCTH
G Ha3BIBACTCH 2PAGUMALUOHHOL NOCMOSIHHOU. JTa BEJMUMHA XapakTe-
PHU3yET MHTCHCHUBHOCTH IPABHTALHOHHOTO B3aMMOJCHCTBHS M SIBJSIETCS
OAHON M3 OCHOBHBIX (DH3HUECKHMX KOHCTAHT. E€ YUCA0BOC 3HAUEHHE 3a-
BMCHT OT Bpifopa cucrembl eauHMu U B exuHuuax CU  pasHo
6,673 1071 H-m2/kr? (mau M3/ (xr-c?)). U3 dopmyasr (1) suaHo, uto
TPAaBUTALMOHHAS TOCTOSIHHAS YHMCJCHHO PaBHA CHJC MPHTSXKCHHUS IBYX
TOUEHBIX MAacC MO | KT, pacrmoIOXKEHHBIX HA PacCTosSHMA | M apyr or
Apyra. 3HaueHHe rPaBUTALMOHHON MOCTOSHHOH CTOJMB Masjuo, YTO MBI HE
3aMEUaCM TIPUTSDKEHUS MEXAY OKPY>KAIOLIMMH HAc TenaMH. TOJIbKO H3-
3a OPOMHOH MAacChl 3€MJIH NPUTSKCHHC
OKPYXAIOMKUX TeX K 3eMie PeIuaroiuM
Fia 00pa3oM BJAHSET HA BCC, UTO MPOHCXOIUT
Fai BOKPYT HaC.
T m, ®opmyaa (1) paer ToabKO MOAY/b CH-
JIBI B3aHMHOTO TIPHTSKEHHS TOUEYHBIX
r tea. Ha camMom gese peub B HEH HAET O
ABYX CHJIAX, IIOCKOJIbKY CHJIA TATOTCHHNSA
JCHCTBYET HAa Ka’XJ0€ M3 B3aUMOICHCTBY~-
IOIMMUX TeJ1. ITH CHABL PABHBI 110 MOAYJ/IIO H
Puc. 91. 'pasuTaumonnoe B3aMMo-  TIPOTHBOIIOJIOXHEI 110 HANPABJEHHIO B CO-
AewcTBHE OTBETCTBHMH C TPETbHM 3aKOHOM HploTOHA.
OHy HAaTIPaBJCHBI BAOIb TPSIMOM, COEAHHS-
IOLIeH MaTepUadbHble TOYKHM. Takue CHJIBl Ha3bIBAIOTCS KEHMPANbHBIMU.
BektopHoe BhIpaXxeHHe, HATIpUMED AJIST CHUJbL Fy,, C KOTOPO# TE/10 MaCChl

m, ACHCTBYeT Ha Teao Macchl m; (puc. 91), umeer BuUR

Fly=Gmm, 2l (2)

7
lry—ry
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XoTsa pagHyChl-BEKTOPB MATCPHAJIBHBIX TOUYEK | W I, 3aBUCAT OT BHOO-
pa Haya/ja KOOPAMHAT, MX Pa3HOCTb, a 3HAYMT, M cmwiaa F|, 3aBucar
TOJIBKO OT B3aWMHOIO PACIOJIOXEHUS TIPUTSITABAOMINXCI TE.

3akoust Kenjepa. K usBecrHoit sierenne o nagaromeM 1610Ke, KOTOpoe
akobbl Hase10 HpIOTOHA HA MBIC/Jb O TITOTEHUH, BPSIA JIX CIeOyeT OTHO-
CUTbCA cepbe3Ho. [IpM yCTaHOBJIEHMM 3aKOHA BCEMHPHOrO TSATOTEHMS
Heroron ucxogua u3 otkpeiTeix Morannom KemjiepoM Ha ocHOBaHMH ac-
TpoHOMUYeCcKuX Habaromenrit Tuxo Bpare 3akoHOB ABMXEHHS IUIAHET
Cosimeunoit cucremnl. Tpu 3akona Kermiepa riacdar:

1. Tpaexmopuu, no Komopbim OBUXYMCSL NaaHemsl, npedcmagsasirom
coboll annuncol, 8 OOHOM U3 Goxycoa komopuix Haxodumcst ConrHye.

2. Paduyc-dexkmop naanemvl, npogdedennwii uz Coanya, omemaem
3a pagHble NPOMEXYMKU BPEMEHU OOUHAKOGble nAOU,adu.

3. Aas acex naanem omuoweHnue xgaopama nepuoda obpauyenust
K KyOy 60AbWOU NOAYOCU Iaaunmuueckod opbumel umeem OOHO U MO
XKe 3HaqeHue.

Op6utsl GOJBIIMHCTBA TJIAHET MaJi0 OTJIMYAKOTCS OT KPyrobix. Jis
NPOCTOTHI OyAeM CUMTATh MX TOYHO KPYTOBBIMH. 3TO HE IPOTHBOPEUYHUT
nepsoMy 3akoHy Kemsiepa, Tak KaK OKDYXHOCTb MPEICTABJILET CO0OM
YACTHRIA CJayyail ajuunca, y koroporo oba dokyca cosmamawr. Co-
IJ1IacHO BTOpOoMy 3akoHy Keruiepa IBMXEHHE IJIAHETH MO KPYroBoi
TPAEKTOPUM TNPOUCXOAUT PABHOMEPHO, T. €. C IOCTOSHHOH MO MOZY.IIO
ckopocThio, IIpm sroM Tpermit 3akoH Kersiepa roBopur O TOM, UTO OT-
HOWIEHKME KBajpaTta nepuoga obpaienws 7 K kyby pammyca Kpyrosom
opbuThl R OAMHAKOBO IUIg BCEX IUJIAHCT:

2
-;;-3' = const. (3)

JOBuXylmascd [0 OKPYXHOCTH C TOCTOSHHOM CKOPOCTBIO ILIAHETA
ob/agaeT UEHTPOCTPEMHTCIBHBIM yCKOpeHueM, pasHbM 4mZR/T2. Boc-
OJIb3yeMCs 3TUM, YTOOBl ONpene/iuTh CHUJIY, KOTopas coofiaer IiaHe-
TE TAKOE YCKOpeHHe mpH BbinojgHeHuu yciaoBusa (3). CoriacHo BTOpO-
My 3akoHy HbIOTOHa yCKOpeHME ILUTAHETHl DABHO OTHOLICHHIO AEHCTBY-
el Ha Hee CHJIB K MAacCe ITaHEThI:

" 4x°R _ F ( 4)
T2 om

Orcroma, yuutbiBasg tperuit 3akoH Kemrepa (3), Jjierko yCTaHOBHTb,
Kak cuya F 3aBUCHAT OT MacCHl m IUIAHETH M OT paauyca R ee Kpy-
rosojt opbuthl. YMuOXaa obe uactu (4) Ha R?, BUAMM, YTO B JICBOMU
yactu coryacHo (3) cromt omMHAKOBAd I BCCX IJIAHET BEJIMYMHA.
3HAuuT, ¥ NpaBas 4yacTh, paBHas FR%* m, OXMHAKOBA JUId BCEX IJIAHET.
[Mosromy F~m/R? T.e. cuna TaroteHus oOpaTHO NPONMOPLMOHAJIBHA
kBanpary paccrosHus or CojHUA M NIPSIMO NpPONOpPLMOHAJIBHA Macce
nanersl. Ho CosHue M niageTra BHICTYIDAIOT B MX TPABHUTALMOHHOM
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B3aMMOACHCTBUM KaK DaBHONpaBHLIE mapTHepbl. OHU OTJUYAKOTCH APYT
OT Apyra TOJbKO MaccamMu. Y mOCKOJIbKY CHIa TMPUTSXEHUS MIPOIop-
MOHAJbHA MACCe IUIAHETH /M, TO OHA IOJIXHA OBITh MPOIOPHUOHAIbHA
u macce Comnua M:

~mM

F~2g

Beoag B ary dopmysay kosdp@uUUHEHT MPOMOpHUOHAABHOCTH (G, KO-
TOPHIH yXe HE JOJKEH 3aBHUCETh HU OT MAaCC B3aMMOACHCTBYIOMUX TEJI,
HHY OT pACCTOSHUS MEXAY HHMMH, MPUXOAUM K 33KOHY BCEMHUDHOIO TS-
rorenus (1).

I'paBHTauUHOHHOE NOJle. | PABUTALMOHHOE B3aNMOACHCTBHE TEJ MOXHO
OMMCHIBATD, UCIIOJIb3YS MIOHATHE epadumMayuoHHoeo noast. HpbroTOHOBCKas
¢hopMyIMpOBKa 3aKOHA BCEMHUPHOIO TSATOTCHUS COOTBETCTBYET IMPEACTAB-
JIEHMIO O HEMOCPEACTBEHHOM ACHUCTBUH TEI APYT HA APyra Ha pacCTOSHUM,
TaK Ha3biBaeMOM Jdastbnodelicmauu, 6e3 Kakoro-1ubo yyacTus mpomMexy-
TOUHOM cpensi. B COBpEeMEHHOU (pU3UKE CUUTAECTCH, UTO mepeaaua Jrodbix
B3aUMOICUCTBUIM MEXIY TEJAMU OCYILIECTBASETCS MOCPEACTBOM CO3aaBa-
€MBbIX 3TUMU TeJaMu noJei. OgHO U3 TeJ HEMOCPEACTBEHHO HE ACUCTBYET
Ha Jpyroe, OHO HAEAsieT OKPYXAIoWEE €ro IPOCTPAaHCTBO OIpene-
JICHHBIMHM CBOUCTBAMM — CO3A4€T TPABUTALMOHHOE 10/1e, 0cobyIo mare-
pUATBHYIO Cpeny, KOTOpas M BO3ACHCTBYET HA APYroe TeJo.

IIpeacraBaenue 0 (PU3UUYECKOM IPABUTALHOHHOM I[I0JI€ BBHIMTOJIHAET
KaK 3CTETHUECKHE, TAK U BIOJHE mpakthuyeckue hyHkuuu., Cuibt T9ro-
TeHUS AEUCTBYIOT HA PACCTOSHWHU, OHM TYHYT TaM, TAE, Mbl €IBA JIM MO-
XEeM YBUICThb, UT® MMeHHO TsaHeT. CUIOBOE mosne mpeacraBiaser cobon
HEKOTOPYK abCTpakuuo, 3aMEHIIOIIYIO HAM KPIOKY, BEPEBOUKK HJIH pe-
3uHKW. HUKaKo# HArI9IHON KapPTUHK N0JY AaTh HEBO3MOXHO, MMOCKO/Ib-
Ky CaMO MOHATHE (PU3MUYECKOTO MO/ OTHOCHTCH K YHMCTY OCHOBHBIX IO-
HSATUHN, KOTOPHIE HEBO3MOXHO OMPEACIUTD uepes Apyrue, 6o/ee mpocThic
noHaTusd. MOXHO TOJIBKO OMUCAThH €ro CBOMCTBA.

PaccMarpuBasi cioco6HOCTb rpaBUTAIMOHHOINO IO CO34ABATh CHUIY,
MBI CUUTAEM, UTO T10JI€ 3ABUCHUT TOJIBKO OT TOI'O TEJIa, CO CTOPOHBI KOTOPOTO
AEHUCTBYET CHJIA, M HE 3aBUCUT OT TOIO TE1a, HA KOTOPOC OHA JEUCTBYET.

OTMeTHM, YTO B paMKax K/JAaCCHUECKOW MeXaHUKM (Mexanuku Hpro-
TOHa) o0a rpeacTaBAeHUs — O AaHHONEUCTBMM ¥ B3aUMONCWUCTBUHU ue-
pe3 rpaBUTALMOHHOE MMOJE€ — MNPUBOAST K OJUHAKOBBLIM DPE3yJIbTATAM U
B paBHO# Mepe pomycTumbl, Buifop omHOro U3 3tux croco6oB omucauus
OIIpeNeNseTcs UCKIIOUNTENBHO coobpaxeHuamu ynobeTaa.

HanpaxeHHOCTb noas taroreHus. CUIoBOi XapakKTepUCTUKON rpaBu-
TAaUMOHHOTIO NOJS SBJISETCS €r0 HanpsiXeHHocms g, U3MepsieMas CIIOH,
JEHUCTBYIOIIEH Ha MAaTEpUAIBbHYIO TOUKY EAMHUYHOH MAcChl, T. €. OTHO-
meuuem F/m:

g=E (5)
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OueBUAHO, UTO rPABUTALMOHHOE MOJIE, CO3AABAEMOE TOUCYHON MAaCCol
M, obragaer chepryeckoi CHMMeTpHER. DTO 3HAUNMT, UTO BEKTOD Hampsi-
XEHHOCTH g B J1000H €ro TOuKe HAaNpaBJ/jeH K Macce M, co3paromei nose.
Monysp HanpsxeHHOCTH Mot g(7), KakK CJACAyEeT U3 3aKOHA BCEMHUPHOTO
rarorenus (1), paseH

g(r)=G % (6)

M 33BMCHUT TOJBKO OT PACCTOSHHS A0 UCTOUHHMKA Noas, HanpsXeHHOCTh
NOJIsT TOUEYHOM MAacChl yOBIBAET C PACCTOSHMEM MO 3aKOHY OOPATHHIX
KBaApaToB. B Takux moasx ABMXEHHE TEA MPOMCXONUT B COOTBETCTBHMU
¢ 3akoHaMu Kemrepa.

[MpuHyun cynepno3uuMd. ONBIT MMOKA3bIBAET, UTO TPABUTALMOHHBIC
MOJISl YAOBJIETBOPSIOT npunuyuny cynepnosuuyuy. COraacHo 3TOMY NpHH-
UMNy rPaBUTALMOHHOE MOJE, CO3AABAEMOE KaKoM-auMbo MaccoM, He 3a-
BHCUT OT HAJIMuMs APYrMX Macc. HanpsXeHHOCTs MmoJs, cO3AaBaeMoro
HECKOJIBKMMH TEIdaMM, PABHA BEKTOPHOM CyMME HamnmpsaXeHHOCTEH Mo-
JIeH, CO34aBAaEMBIX OTHMH TEJIaMH B OTACJABHOCTH. '

[IpHHIMDO CynepnosuuMHU MO3BOISIET PACCUMTHIBATh MPABUTALMOHHBIC
MOJISl, CO3AABAECMBIC MPOTSXXCHHBIMU TeaaMH. [IJIg 9TOro HyXXHO MBICJCH-
HO pa30uTh TENO HA OTHEABHBIE ITEMEHTHI, KOTOPHIE MOXHO CUMTATh Ma-
TEPHATbHBIMM TOUKAMH, MU HAWTH BEKTOPDHYI0 CYMMYy HamnpsIXXKEHHOCTEH
MOJICH, CO3[aBAaCMBIX JTUMHU 3JeMEHTaMH., [1oab3ysach NPHHLIHUIOM CY-
MEPHO3ULNH, MOXHO MOKA3aTh, YTO FPABUTALMOHHOE I0JIE, CO3AaBaEMOE
wapoMm co chepuuecKu-CHMMETPUUHBIM pacnpeneacHueM maccn (B yac-
THOCTH, ¥ OXHODOAHBIM INAPOM), BHE JTOrO mAapa HEOTJIMUMMO OT rpa-
BUTAUMOHHOIO MOJsI MATEPUANBHOW TOYKM TAKOM Xe€ MacChl, KaK M map,
MOMEIIEHHON B LICHTP [Iapa. JTO 3HAUUT, UTO HANPSIXKEHHOCTh rPABHTA-
IMOHHOIO MOJs mapa gaercd toit xe dopmynaoit (6). Dror nmpocToit pe-
3yJBTAT MPHUBOOUTCA 37ech Oe3 mokasareabctBa. OHO OymeT AaHO A
Cayuyas d3JeKTPOCTATUUECKOrO0 B3aMMOACHCTBHS NMPHU PACCMOTPEHHH MOJIS
3apAXEHHOrO Wapa, rae cuia Takxe yObBaeT o6paTHO MPONOpPLUMOHA/b-
HO KBaJpaTy PacCTOSHHA.

IIpuraxenue chepuueckux rteu. Vcnonwdysa ator pesyabrar M npu-
BJEKas TPETHHl 3aKoH HpIOTOHA, MOXHO IOKa3aTh, UTO ABA IIApa CO
chepruecKM-CHMMETPHYHBIM PACTIPEACICHHEM MACC Y KAXAOTO IPHUTATH-
BAKOTCA APYr K APYry TaK, KaK ecad Obl KX Macchl OBUTH COCPEAOTOUEHEI
B UX LEHTPAXx, T. €. MPOCTO KaK TOYECUHBIE Macchl. [IpMBEaEM COOTBETCT-
BYIOLIEC AOKA3aTEabCTBO.

ITycTe nBa mapa maccamu m; ¥ m, NPUTIATMBAIOT APYr Apyra ¢ CH-
aamu F, u F,, (puc. 924). Ecin 3aMeHuTh NEpBHIM map TOUCUHOH Mac-
coit m, (puc. 926), To co3maBaeMOE MM TPaBHUTALHMOHHOE MOJIE B MECTE

pPacnosI0XKEHUS BTOPOro mapa He M3MECHHUTCA M, CACOOBATEJBHO, HE H3-
MeHuTCA cuia F,,, nedcTByromas Ha BTOpOo# map. Ha oCHOBaHHM TPETh-



128 Il. THHAMHUKA

ero 3akoHa HploTOHA oTClOAa MOXHO CAE/NATb BBIBOA, UTO BTOPOH MIap
REHCTBYET C OMHOM U TOM Xe cutod F, Kak Ha mepBuIl 1Iap, Tak U Ha

3aMEHSIIOLIYI0 €r0 MAaTEepPHaJbHYIO TOUKY m;. DTy CHJIY JIETKO HaWTH,
YYUTHIBAsl, UTO CO3XABAEMOE BTOPbIM LIAPOM IPABUTALMOHHOE TOJIE B

I:12 I;'21
) Gmm my
6

F E
12 21
mle___> <__em2

a

Puc. 92. Cdepuyeckue tesna fMpuTSArMBaloTca APYr K APYTY TaK, Kak eciu Obl Mx mMacchl
ObLIM COCPENOTOUEHDBI B MX LIEHTpPaX

TOM MecCTe, Iie HAXOOUTCS MepBhlil map, HEOTIMYMMO OT MOJISl TOUEUHOH
MAacChl m,, TOMEMEHHOM B ero ueHTp (puc. 926). Takum obpasoM, cuna

NPUTSXKEHUS IMAPOB COBHAAAET C CHJIOM TPUTSXKECHUS ABYX TOUECUHBIX
Macc m, u m,, PacCTOSIHME MEXAY KOTOPHIMH DaBHO PACCTOSIHHIO MEXMY
LEHTPAMM LIAPOB.

U3 3Toro npuMepa HAamISAHO BUAHA MPAKTHUECKAs LEHHOCTb KOH-
LEMUMM TPaBUTALIMOHHOrO nojs. B camoM aene, Owiio Obl OoueHb Hey-
nOOHO ONMCHIBATH CHJY, AEHCTBYIOMIYIO HA OOMH M3 LIAPOB, KaK BEK-
TOPHYKO CYMMy CHJI, AEHCTBYIOMIMX HA OTAEIBHBLIC €r0 3JEMEHTBl, Y4YH-
ThIBAS TP OJTOM, 4YTO Kaxaad M3 OTHX CHJI, B CBOKO oOuepensb,
npeacrasasier cofoil BEKTOPHYK CyMMY CHJI B3aUMOACHCTBHS ITOTO
37IEMEHTA CO BCEMH 2JIEMEHTAMH, HA KOTOPBIE MBI HOJXKHBI MBICIEHHO
paszbutb u Bropoit wap. O6paTMM BHUMAHME €ie M HA TO, UTO B NpO-
1ecce MpUBEACHHOrO J0KA3aTEIbCTBA MBI MIOOYEPENHO PACCMATPUBA/H B
KayecTBe MCTOUHUKA IPaBUTALMOHHOrO MO/ TO OAWMH 1IAp, TO APYIOH,
B 3aBUCHMOCTH OT TOro, MHTEPECOBAJA JM HAC Cuaa, ACHCTBYOAS Ha
TOT WM HA APYrod wmap.

Tenepb OUEBUAHO, UTO HA M0boe Haxonsimeecs BOJIU3M MOBEPXHOCTH
3eMJIM Tea0 MacChl m, JIMHEWHBIE pa3Mepsl KOTOPOro MaJjel MO CpaBHE-
HUIO ¢ paguycoM 3emnu, AeHCTBYeT cuia Tsxectu F, Koropas B cOOT-
BeTcTBUH ¢ (§) Moxer OmTh 3anucaHa xak F = mg. 3HaueHue Moxyas
HanpsXEeHHOCTH g PAaBUTALMOHHOIO Mojs 3eM/M AAaeTCH BhIpaXEHHEM
(6), B xOTOpOM MOA M CJaexyeT MOHUMATh MACCy 3€MHOrO Iapa, a BMe-
CTO r Ceayer MOACTABHTL paguyc 3emad R

F=mg=G%. (7
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Ilng opaMeHHMOCTH dopmynel (7) HeoBg3aTenbHo 3eMII0 CUMTATh Of-
HOPOIHBIM WIAPOM, JOCTATOYHO, YTOOB pacmpeneneHde mace 6euto cde-
pPHYECKH-CHMMETDHYHBIM.

Cs00oaHOe nanenune. Ecnmu Teno BOMM3M MOBEPXHOCTH 3€MaM OBH-
XETCH TOJBKO MHOR NEHCTBHEM CHAB TSXECTH F, T.e. c80600HO na-
daem, TO €ro yCKOPEHUE g COMIACHO BTOPOMY 3aKOHY HBIOTOHA paBHO
F/m. BumHo, 4TO OHO HAMpaBJEHO X LEHTPY 3€MJAH H B COOTBETCTBHH
¢ (7) nmo mMomynaio paBHO
F M

§=u =0 (3)
Ho mpasasg yactb (8) maer sHaueHHE HATIPSKEHHOCTH PABUTALIMOHHOIO
nons 3eman BO6IM3M ee mOBEPXHOCTH. MTak, HAmpsXeHHOCTb FpaBHTA-
LUHOHHOIO MOJIA H YCKOPEHHE CBOOOMHOrO MAfeHHs B ITOM IOJAE — 3TO
onHO ¥ TO xe. MMeHHO mosTOMY MBI Cpa3y O003HAYMIIM 3TH BEIHYHHBL
onHOH OyKBOH g.

AN

Basemnpanune 3emun. OCTaHOBHMMCS TENEPh HA BONpoce 00 JKCHEpH-
MEHTA/IbHOM OMpPENE/JICHHH 3HAYEHHS TIPABHTALMOHHON mocTtosHHOH C.
[Tpexne BCErO OTMETHM, YTO E€r0 HE/Ib3s HAMTH M3 ACTPOHOMHYECKHX
Habmonenuit. JeHcTBHTENLHO, M3 HAOAIONEHHI 33 OBHXXKEHHEM I[LIAHET
MOXHO HAWTH TOJBKO MPOM3BEACHHUE TPABUTALMOHHON MOCTOSHHOM HA
maccy Coanua. Y3 HabaiomeHnit 3a ABM>KeHHEM JIyHBI, HCKYCCTBEHHBIX
COYTHHUKOB 3€MJH WIH 3a CBOOORHBIM ManeHHEM Tea BOAM3M 3EMHOM
HOBEPXHOCTH MOXHO HAWTH TOJBKO TPOM3BENEHHUE TI'PABHTALHOHHOM
NoCTOAHHO#M Ha Maccy 3emnun. [ng onpenenenns G HEOOXORMMO MMETh
BO3MOXKHOCTb HE3ABMCHMO HM3MEDHTh MAacCy HMCTOYHMKA TPABHTALHOH-
HOrO mossg. DTO MOXHO CAEJaThb TOJBKO B OIBITE, INPOM3BOAMMOM B
J1a60pPaTOPHBIX YCIOBHAX.

Takoit onbiT OB BHEpBbie BBIIOAHEH [edpn Kapengumem B
1798 r. ¢ MOMOLIbIO KPYTHABHEIX BECOB, K KOHLIAM KODOMEICIA KOTO-
puiXx ObUTH TIpUHKpEIUIEHH HeOonblIMe CBHHUOBHE wmaps (puc. 93).
B6an3n oT HHX 3aKpEmIAINCh ,

Gosbmrme Tsaxenwe mapwe. [lox !

JEUCTBHUEM CHJI MPUTSKECHHS Ma-
JAblX IAPOB K OOJBUIMM KOpO-
MBIC/IO KPYTH/JbHBIX BECOB He-
MHOrO MOBOPAaYMBAIOCh, M MO 3a-
KDYUMBAHHIO  YNPYyrol  HHUTH
nogseca usMmepssack cuaa. s
WHTEpnpeTalldd  3TOr0  OIKITA
BAXHO 3HATh, YTO LIAPhl B3aH-
MOZEiCTBYIOT TAK €, KAK M COOTBETCTBYIOUIHE MATEPHAIBHBIE TOUKH
TakoW ke Maccel, MO0 3h4eCh B OTJAMYME OT IJIAHET pasMephl LIAPOB
Heb3g cyuTaTh MasbIMH MO CPABHEHHIO C DACCTOSHHEM MEXAY HHMH.

Puc. 93. Cxema onsbrra Kapenauma

5
E M. Byruxon u 1o, Kt 1
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B cBoux onbitax KaBeHAMII MOJyUYUT 3HAUEGHHUE MPABUTALMOHHOMN MO~
CTOIHHOM G, Bcero Ha 19, OTJMUAKIIEeCs OT MPUHATOrO B HACTOSLIEE
BpeMa. B coBpeMennbix Monuukauuax onnrta KaBeHauia npon3soauT-
€ M3MEepeHHe YCKOPEHHWM, cooOmaeMblX MajahlM IIApaM Ha KOPOMBbICTE
FPABUTALIMOHHBIM IIOJIEM TSKEABIX IIAPOB, UTO ITO3BOJISET IOBBICHTH
TOYHOCTb M3MEpPeHUii. 3HAHUE TPABUTALMOHHON MMOCTOSHHON IO3BOJISET
onpeneants Macchl 3eMiu, CoHLA M APYTMX MCTOUHHMKOB TATOTEHMS 11O
HAOJIIONEHUAM 34 IBMXKEHHEM TEJ B CO3JABAEMBIX MMH I'DaBMTAIMOHHBIX
noasx. B atom cmuicne onnit KaBewauiua uHOraa oOpa3HO HA3bIBAIOT
B3BEIIMBAHUEM 3EMJIH.

BcemupHOe TArOTEHHE OMMUCHBAETCS OUEHb MPOCTHIM 3aKOHOM, KO-
TOPBIA, KAK MbI BUACJH, JETKO YCTAHABIMBAETCS HA OCHOBE 3aKOHOB
Kennepa. B uem xe Bennuue oTkpeiTHs HeloroHa? B Hem Hamaa Bo-
IUIOLIEHUE MAES O TOM, YTO majcHue g070Ka Ha 3eMII0 M JBMXEHHE
JlyHel BOKpyr 3eMJIH, KOTOPOE TOXE B M3BECTHOM CMBICJIC MPEACTABLA-
er coboit mageHHEe Ha 3eMIID, MMET OOy NpPUYMHY. B Te manekue
BpeMEHA 3T0 Oblja YAMBHMTEJIbHAS MBICJb, MOCKOJABKY 08mas MyapoCTbh
rJiacuaa, yto HeDecHbIe Teaa ABMXYTCS [0 CBOUM «COBEDUICHHBIM» 3a-
KOHaM, a 3eMHbIE OOBEKTHI MOMUMHSIOTCH «MHUPCKMM» npaBuiaMm. Heio-
TOH TPHMIIEN K MBICIW O TOM, UTO €XMHBIE 3aKOHBI MPUPOMIBI CIIpaBEM-
JUBH 114 Bced BceneHHoi.

e Beegure Takylo €AMHHUUY CHJBI, YTOOb! B 3aKOHE BCEMHUPHONO TaAroteHus (1)
3HAUEHHE TPaBUTALMOHHOM MOCTOSHHOM (G paBHSIOCh efMHMUe. CpaBHHUTE
3TY €JUHHULY CHUJIBI C HBIOTOHOM.

e CyllecTBYIOT JH OTKJIOHeHHMS oT 3akoHoB Kennepa ana nnaver CosHeuHOH
cucTteMbl? YeM oHHU 0DycJioBaeHBI?

o Kak u3 sakoHoB Kennepa ycTaHOBHTE 3aBUCHMOCTb CHJIBI TATOTEHHS OT pac-
cTOoAHMA?

e TloueMy rpaBMTalHOHHYIO MOCTOSSHHYIO G HEMb3sl OMPENESMTh Ha OCHOBE &C-
TPOHOMHUYECKHX HabstoneHUn?

e UYro Takoe rpaBUTalHoHHOe nosie? Kakue npeuMyuiecTsBa OaeT onucaHue
rPABUTALIMOHHOIO B3aHMMOACHCTBUS C [MOMOL{bIO MOHATHH MOJS M0 CpaBHE-
HHUIO C MPENCTABACHUEM O AaJbHOACHCTBHU?

e B ueMm 3akiwouaercs NMpUHUMUN CYNEPNO3UUMHU IVIA I'paBUTAUHMOHHOIO nons?
YTO MOXHO €Kasatb O rpaBUTaqHOHHOM I10J1¢ OAHOPOAHOI'O Luapa?

e Kak cBazanbl MexXay co60M HAMPSKEHHOCTb IPABUTALIMOHHOIO MO M YCKO-
peHue cBoboaHoro naaeHus?

e Paccuuraiite Maccy 3emiv M, WUCHO/IB3YH 3HAYEHMSA TPABUTALIMOHHOM 110-
cTosiHHOM G = 6,67+ 10711 M3/ (kr-¢?), panuyca 3eMin R = 6370 KM U yCKO-
peHus ceoboaHoro naaenms g = 9,81 m/c2.

A Teomerpus ¥ tarorenune. C mpocroit dopMmy/i0i 3aKOHA BCEMMpP-
Horo TaroreHus (1) CBA3aHO HECKOJIBKO TOHKMX MOMEHTOB, 3aC/1yXXH-
BAOIMX OTAeAbHOrOo oO6cyxaenus. M3 sakonos Kemnepa caenyer,



§ 22. CUJbl TATOTEHN4A 131

ca

YTO PACCTOSHHE r B 3HAMEHATENb BBIPAXKEHHS IS CHJIBI TATOTCHHSA
BXOIHMT BO BTOPOM CTENEHH. BCI COBOKYMHOCTH ACTPOHOMHYECKHUX Ha-
6]110}13HHI7[ NPUBOANAT K BbIBOHy, UTO 3HAUYCHHUE NMOKA3aTreasad CTCICHH
pPaBHO ABYM C OUYEHb BBICOKOHM TOUHOCTBIO, @ uMeHHO 2,000 000 000.
OToT PaKkT B BHICUIEH CTENEHH 3aMEUATEJCH: TOUHOE PABEHCTBO MO-
KaszaTens CTCHEHH IBYM OTPAXaeT egkaudosy npupody TPEeXMEpPHOTO
¢pH3MUECKOro MPOCTPAHCTBA. DTO 3HAUMT, UTO MOJOXKEHHE TEJ U pac-
CTOSHME MEXJy HHMH B IPOCTPAHCTBE, CIOXKEHUE MEepeMelieHUN Tes
U T. . ONUCHIBAETCH reoMeTpued EBKsmpa. TouHoe paBeHCTBO ABYM
MOKA3aTeAd CTENEHM MOAYEPKHBAET TO OOCTOATENBCTBO, UTO B TPEX-
MEpPHOM €BKJIHIOBOM MHpPE MOBEPXHOCTh cepbl TOYHO MpPONOpPLHO-
Ha/JIbHA KBaJpaTy €e pamuyca.

HNHeprHas ¥ rpasMTauMoHHAs Maccel. M3 npuBeaeHHOro BBIBOAA
34KOHA TATOTEHHS CJICAYET TAKXE, YTO CHJIA TPABHTALMOHHOTO B3aH-
MOAEHCTBHS TEJ MPONOPILHAOHANBHA MX MAccaM, a TOUHEE — uHepm-
HblM MmaccaMm, PUTYPHUPYIOLINM BO BTOpOM 3akoHe Hplorora m onm-
CHIBAIOIUMM HMHEPTHBIE CBOMCTBA Tes. Ho MHEPTHOCTH M COCOOHOCTH
K IDABHUTALMOHHBIM B3aMMOACHCTBUSAM MPEACTABIALKOT co00M coBep-
LICHHO Pa3HbI€ CBOMCTBA MATEPHH.

B omnpeaescHMM Macchl HAa OCHOBE HHEPTHBIX CBOHCTB MCMOJIb-
3yercs 3akoH F = ma. V3aMepeHns Macchl B COOTBETCTBHHM C 3THM
ee ompenescHHeM TpeOyKT NPOBEACHHS AMHAMHYECKOrO JKCMEpH-
MEHTa -— MNPHKJIAIbIBAETCS H3BECTHAY CHJIA M M3MEPSETCHd yCKope-
Hue. MMEHHO Tak ¢ NOMOLUBID MAcC-CIEKTPOMETPOB ONpPEleasioTCs
MacChl 3apsKEHHBIX OJJEMEHTAPHBIX YaCTHL, M HOHOB (a4 TeM ca-
MBIM H AaTOMOB).

B ompeneneHMM Macchl HA OCHOBE SIBJCHHMS TITOTEHHS HCHOb3Y-
ercss 3akoH F = Gm, m,/r*. iaMepeHue Macchl B COOTBETCTBHH C Ta-
KHMM OIpPENEJCHHEM MPOHU3BOOUTCS C MOMOLUBIO CTATHUYECKOTO JKCIE-
pHMEHTA — B3BEIIMBAHMEM. Tena pacmosaratoT HEMOABUXHO B rpa-
BHTAIMOHHOM noje (O6BuYHO 3TO mnoje 3eMyar) H CPaBHHBAIOT
NEUCTBYIOLIME HA HUX CHIbl TATOTeHMs. OnpenencHHas TakuM obpa-
30M MAacca HasblBAETCH MAXEJN0U WIN ZPAGUMAUUOHHOU.

Byayrt nmu 3HaueHns MHEPTHOH M rpaBHTALMOHHOM MAacC OJHHAKO-
BoiMH? Beab KOJTHUECTBEHHBIE MEPBl 3THX CBOWCTB B MPHHIIMIIE MOTJH
Obl OBITE PAa3IMYHbIMHM., BnepBrie OTBET HAa 2TOT BOmpoc Obii naH [a-
JWUJIEEM, XOTS OH, MO-BHAMMOMY, M He moao3pesan ob stom. B cBomx
ONbITAX OH HaMEPEeBaJ/ICA A0KAa3aTh, YTO HEBEPHBI IOCMOACTBOBABIINE
TOrAA YTBEPXIACHUS APHCTOTE/S O TOM, YTO TS KEJIble Tea MajaroT
BrICTpEE JIETKHX,

Yrobel syylie NpocaeaAnTh 33 PACCYKACHUAMH, 0003HAUMM HHED-
THYIO MAaccy 4epes m,,, a 'PABUTALMOHHYIO — UEPE3 m,. Ha mo-

BEPXHOCTH 3emaun cua Taxectd F TOraa 3amrIIeTCd KAk

m_ M,
F=G 252 = myg,
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rae g — HaNpSIXEHHOCTb IPABUTALMOHHONO MOAd 3eM/d, OAMHAKO-
Bag A14 Bcex Te. Tenepb CPaBHHUM, UTO MPOM3OMAET, €C/M ABa Teaa
ONHOBPEMEHHO COPOCUTh C OAHOM BLICOTHI. B COOTBETCTBMU CO BTODBIM
3aKOHOM HpIOTOHA A9 Ka’KAOro M3 TeJ MOXHO HANmMcaTh

mm{a = mrpg’
OTKyHda

Ho onmt nokaswiBaer, 4To ycKopeHHs 00OMX Te€a OJUHAKOBEL
CrnengoBaTenpbHO, OJHMM M TeM Xe OYAeT A9 HMX M OTHOLICHHE
mrp/m“H. Wrak, ang Bcex ten

T = const

nHH
— rpaBUTALMOHHBIE MAaCCBl TEJ INPONOPLUUOHAABHBI UX MHEPTHBIM
maccam., Hagnexamum BeIGOPOM €IMHML, UX MOXHO CAENATh MPOCTO
pPaBHBIMM.

CoBnageHue 3HAUEHUA HWHEPTHOH M TPABUTALMOHHON MAacC TOA-
TBCPXJAAJOCh MHOTO pa3 CcO BCE BO3PACTAMONICH TOYHOCTHIO B PasHO-
00pa3HbIX OMBITAX YUYEHBIX pasHbBIX 3rmox — Heworona, Becceas, Dt1-
Bemwa, [Iukke ¥, HaAKOHel, DparuHckoro u [laHOBA, KOTOpbHIE AOBEIH
OTHOCHMTE/IbHYIO TIOFPEIIHOCTh M3Mepenuit 0 10712, Utobs ayume
npeacraBuTh cebe YYBCTBUTEIbHOCTh TIPHOOPOB B TAKMX OMBITAX, OT-
METHM, 4TO 3TO 3KBHUBAJCHTHO BO3MOXHOCTH OOHAPYXHUTb M3MEHE-
HHE MAacChl TCIUIOXOAA BOJOM3MEIUECHUEM B THICAYY TOHH NpH a0baB-
JICHMM K HEMY OJHOIO MMJUTMTPAMMA,

B HBIOTOHOBCKON MEXAHUKE COBMAJCHHME 3HAYEHHH HHEPTHOU H
rpaBUTALMOHHON MAacC He UMeeT Tog Co60M (HDH3MYECKON NPUUMHBI
U B 3TOM CMBIC/IE SIBJFETCS CJAy4alHBIM, DTO MPOCTO IKCMEPUMEH-
TanpHbld (HaKT, yCTAHOBJCHHBEIH C OUCHBb BBRICOKOW TOUHOCTBLIO. Eciu
6b1 9T0 OBIIO HE TAK, HHIOTOHOBCKAS MEXAHHMKA HUYYTb He TOCTpa-
aana 6w, B co3maHHON DHHIUTEHHOM PEAATHBUCTCKON TEOPUM THArO-
TEHHS, HA3LIBAEMOM TakXe oOIUEH Teopueil OTHOCHTEIbHOCTH, pa-
BEHCTBO MHEPTHOH M IPABUTALHOHHOM MAacC MMEET NMPUHUMUMHUAIBLHOE
3HAYEHME W M3HAYAJIbHO 3aJI0KEHO B OCHOBY TEOPHH. DHHIUTEHH
MPEANOAOXKHU, UYTO B 3TOM COBMNAACHUHM HET HUYETO YIAUBUTEIBHOIO
WM CAy4YaiHoOro, Wbo B ACHCTBHUTEIBHOCTH WHCPTHAY M TpaBHTALU-
OHHAY MAcCH MpEeACTaBAAOT coDOH OgHY M Ty Xe (DU3NYECKYIo
BEIUYHHY.

o [loueMy 3HaueHHe rokasaTens CTENEHH, B KOTOPOM PacCTOSHHE MexXay
Te/laMU BXOAMT B 3aKOH BCEMHPHOro TAMOTEHMs, CBSI3aHO C €BKJIMOOBO-
CTbIO TPEXMEPHOrO PU3UUECKOro NMpocTpaHcTa?

o Kak onpenensiioTcs UHepTHas M rpaBUTAllMOHHASA MaccCbl B MEXaHMKE
Herotona? IloueMy B HEKOTOpBIX KHHUrax jaxe He ynoMHuHaeTca 06 3TUX
BeJM4YMHAX, a GUrYPUPYET MpPOCTO Macca Tena?
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e TIpearosoXMM, YTO B HEKOTOPOM MHMpe IpaBUTAallUOHHAs Macca Tesl HU-
KaK He cBg3aHa ¢ UX UHepTHoM Maccor. UTo MoxHO 66110 661 HabOAATE
TIpU OOQHOBpEMEHHOM cBOOOAHOM majfeHUH pasHblx Ten?

e Kakue $BJICHUS M ONBITEl CBUAETE/]BCTBYIOT O MNPONOPLUOHANBHOCTH
MHepTHOM M rpaBUTallMOHHOM Macc? A

§ 23. [AsukeHue B none TRATOTEHUS

PaccMOTpHM HEKOTOpblE NMPUMEPHl ABHXKCHHA TEJI, KOIMA €IMHCTBEHHAS
NEHCTBYIOIIAd Ha TEJO CHIAd — 3TO CHJa TATOTeHHdA. B cayuaax, korma
peub HAET O ABHXCHHH OPOIEHHOTO KAMHS MM CHAPAAA, BHITYIIEHHOTO
M3 MYIUIKH, [10Je TATOTCHHSA 3eMIM B Ipeaeaax TPACKTOPHH MOXHO CUH-
tath OnHOpOAHBIM. [IpH 9TOM AEHCTBYIOWIAS HA TEJIO CHJA BCIOAY OXHM-
HAKOBA M B COOTBETCTBHH CO BTOPBIM 3aKOHOM HbIOTOHA ABMXXEHHE MpPO-
HCXOIHUT C MOCTOSIHHBIM YCKOPEHHEM a = g. QAaKTUUYECKH ITO COOTBETCT-
ByeT MpUOMMKCHHUIO «IUTOCKOH 3eM/H», KOrAa BEKTOP YCKOPEHHSA BCIOAY
HATPABJICH OMHAKOBO, BEPTHKANbHO BHHU3, a ero moayab 9,8 m/c? npu-
HUMAETCI PABHBIM 3HAUYECHHIO GM3/R2 HAaNpa>XEHHOCTH IPaBUTALUOHHO-
ro 1moJia BOJIM3M MOBEPXHOCTH 3eMiH. Takoe ABHXEHHE ObLIO MOAPOOHO
W3yUYeHO paHEe B IVIaBe, MOCBAIICHHOM KHHEMaTHke. HamoMHMM, uTo
TPacKTOpHA B 3TOM CAydyae mpeacrasiseT cobod napabony ¢ BEpPTHKAb-
HOH OCBKO CHMMETDHH.

[NpubamxeHne «I0cKo# 3eMan» CIIpaBeqMBO JIMILb [IPU CPABHH-
TEIbHO HeDOIBIIUX CKOPOCTAX, MOKA IMEPEMELICHHE TEIa MAjI0 10 CpaB-
HEHHIO C pagnycoM 3eman. B mpoTMBHOM ciayyae HEOOXOIMMO YUMThI-
BAaTh M3MEHEHHE BEKTOPA g HAMPAXEHHOCTH IPABUTALHMOHHOIO MO JIH-
60 mo moxmym0 (NpH ABMXEHHH B pagvaabHOM HANpaBJECHHH), JTHOO MO
HanpasJeHHIo ([pY ABMXCHHM BAOJb MOBEPXHOCTH 1napoobpasHoi 3em-
n), 1ubo TO M ApYyroe BMECTC.

BbisicHUM CHAauasa, BO3MOXHO JH CBOOOAHOE ABHXKEHHE Teja Ma-
payute/IbHO 3€MHOM mMOBEPXHOCTH. (OQUEBHAHO, YTO B NPHOIHKXCHHMH
«IJTOCKOM 3eMJIM» 3TO HEBO3MOXHO, TaK Kak mnapabosMuecKas Tpaek-
TOpUS HEMPEMEHHO MEPECCYET MJIOCKYI moBepxHocTh 3emun. Ecam xe
NPHHATL BO BHHUMAHUE KPHMBH3HY
3eMHOM MOBCPXHOCTH, TO MpPH HEKO-
TopoM (mocrtaTouno GosbINOM) 3HAUE-
HUM TOPH30HTAJBHOH CKOPOCTH [BH-
XEHHUE BIOJIb MOBEPXHOCTH CTAHOBHT-
C BO3MOXHBIM.

leppas xocMuuyeckas CKOPOCTb. B puc 94 Jeuxenne no nuakoit Kpyro-
9TOM Cayuyae TPAEKTOpUS Teaa Mped-  soit opfure

CTaBageT coBOM OKPYXHOCTh, CTEIIO-

IyoCa MapaJjieIbHO 3EMHOM MOBEPXHOCTH (puc. 94), a COOTBETCTBYIO-
ag CKOpOCTh ABMXEHHS Teja HA3BIBACTCH HepEoU KOCMUHECKOU CKODO-



134 1I. AMHAMHKA

cmero V). Ee 3HaueHMe NEerKo HAWTH M3 YCJIOBHS, YTO B PacCMaTpuBac-
MOM CJyyae B COOTBETCTBMM CO BTOPhIM 3aKoHOM HploToHa ueHTpocTpe-
MHTEIBHOE YCKOpeRHe v%/ R Teny coobwaer cua TAXeCTH mg:

mVlz _ 1
R =mg, ( )
oTKynaa
V,=vVgR =7,9 xM/c. (2)

IIpuBeneHHOE 3HAUEHHME MNEPBOM KOCMHUYECKON CKOPOCTH IOJY4aeTCd
MpH MNOACTAHOBKE B (GOPMYJly 3HAUCHMS YCKOPEHHS CBoBOaHOro mnage-
Hus g=9,8 M/c? n paamyca 3eminm R = 6370 km.

B aeMCTBMTENBHOCTH TAaKOE ABMXKEHME, pa3yMeeTcs, HEBO3MOXHO
M3-33 CONpPOTHMBJICHHMS Bo3Ayxa. /JIBHXeHHMe CyTHHKA 3eMIH MO KPyro-
BO# OopOMTE BO3MOXHO TOJbKO TOrAAa, KOrMa OpOMTAa MpoJaeraer Bbilue
atMocgepsl. CaMblc HH3KHE KPYroBhle OpOMTHI CIIYTHHKOB MPOXOAAT HA
BricoTe Goaee 100 km.

Kpyrosas cxopoctb. CKOpPocTb Ha Takoil KpyroBoil opburte paauyca
r > R Ha3bplBAaeTCs Kkpyco4ol, M €€ 3HAYCHHE 3aBMCHT OT BBICOTH A
OopOMTH HaA noBepxHOCTHIO 3emnu. [lnd ee onpeAesnceHHs B IPaBYIo
yacTb ypasHeHust BTOporo 3akoHa Hbrotona (1) caeayer Bmecro mg
NOACTABUTb 3HAYCHME CHJIBl TATOTEHMS HA pacCTosHMM r =R+ h ot
ueHTpa 3emau:

2
mv mM
_r_*a =G6—2, (3
r
OTKyna
M
vzp = r3' (4)

Gopmyae (4) MOXHO NMPHAATH APYroi, HECKOAbKO Gosnee YROOHM BMA,
ecau Bbipasutb GM, uepes yckopenue cBoBOAHOrO mageHus g y MoBepx-

voctu 3eman: GM; = gR?. Toraa

gR? gR? (5)

2 - —_———=

Y = 5 T R¥A
C yBEJMUEHHEM BHICOTHI OPOUTH KPYroBast CKOPOCTb YMEHbLIAETCH.
Ing BRICOT A, ManbiXx Mo CPaBHEHHMIO C pasnycoM 3emiad R, BHpaXEHHE

ANS Uy, MOXHO YNIPOCTHTb, HCRO/B3YS npubanxeHHyw dopmyay

X

(14+x)""2=1 -5 (=<l

B atoM cayuae u3 (5) nonyuaem

VR E = L apfl—2
pr— gR m—V|m~ Vl(l ZR)' (6)
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W3 (6) suauo, uTo 419 KPYroBOi OpOMTH HA BHCOTE, Hanpumep, 200 kM
CKOPOCTb MEHBIIE TEPBOH KOCMHYECKOMH HpHﬁJIHSHTCHbHO Ha 1/64 ee
4acTeb, T. €. Ha 124 m/c.

3angaum

1. Paccmosnue do JIyHel. 3Be3nHbI Mecsil, T. €. nepyon T obpaueHus Jly-
Hbl BOKpPYr 3eMJM B reJMOLIEHTPUYECKON cUcTeMe oTcueta, paBeH 27,32 cyTok.
3Haq paguyc 3emnn R = 6370 KM U ycKopeHMe ¢BOBORHOro NafieHHs Y ee fo-
sepXxHoctH g = 9,81 M/c?, Haiaure pacctosHue r H0 JIyHbl.

PeweHnue Cumras, uro JlyHa mOBUXeTCE BOKPYr 3eMiM Mo KpPYroBoi
opbure paguyca r, U npuMeHss BTopoit 3akoH HbloToHa Kk ee ABUXEHHI Mo
AefCTBHEM CHABI MPUTAXEHUS K 3eMJe, nosnyyaeM, aHajoruMuHo (5), ans cKo-
pocty JlyHbl

2
v},zgi;_-. (7)

CKkopocTb Uy CBS3aHa ¢ paauycoM r opbutet Jlynsl U nepuonom obpatuenus T
cooTHoweHHeM vy = 2nr/T. Toncrasnsas vy B (7), HaxoouM

13

272
=(5’fn'f) = 3,83-105 kM. (8)

2. JTromHocmes CONIHEYHOZO0 éeljecmaa. 31as paguyc Connua
Rc = 6,96-10% kM, paauyc 3eMHoH opbuthl r = 1,5- 108 kM u nepHoxn obpaue-
Hug 3emau Bokpyr ConHua T = | ron, Ha¥inuTe CPedHIO MJIOTHOCTb COJHEY-
Horo BeulectBa. Halinure Tak)Xe MHHUMA/bHO BO3MOXHBIY NMepHon obpalleHUs
cnytHuka Connua,

Peuwenue. ITpumeHss sropo#t 3akoH HbioToHa K ABHXEeHWUIO 3eMIM MO KPY-
rosoii opbute Bokpyr ConHua, aHanoruHo (4) nosyyaeM

M
v =G —<,
r

roe M — Macca Connua. [Toncrasnss ciona 3Hauenue ckopoctu v = 2nr/T, ans
Macchl Co/THUA HaXoaHUM
4nird

MC=ﬁz—'

Orciopa pns CpeﬂHCl:l MJOTHOCTH P COJHEYHOrO BellleCTBA noyyaeM

Mc 3nrd

p—m—az—k—;—l4l"/clﬂ3 (9)
MunumaneHbii nepuon obpaileHus 6b11 661 y cnytHuka ConHua, obpaiuaio-
uierocst no opbute, cretolledics Han ero NOBEPXHOCTHIO, TaK KaK MMEHHO Y TaKoro
CNyTHHKA AMHA OPOUTHI HAMMEHbLIAS, a CKOPOCTh Haubonblias, 310 ACHO U He-
NnocpencTBEHHO U3 TpeThero 3akoHa Kennepa. MckomMblit MUHUMabHBIN NepHoOd
MOXHO BbIpasuTh Yepe3 CPEAHIOI0 NIOTHOCTh COTHEYHOrO BelllecTBa nNpsMo U3 ¢op-

My bl (9), Nonoxus B Hel r = Re:

12

= .3_:.1:. ~ 4
T—(Gp) ~ 10 C,



136 I1. JTMHAMUKA

4TO COCTaB/SET MeHee Tpex yacoB. OOpaTUM BHUMaHUe Ha TO, UTO Mepuopn 06-
palleHus CNyTHUKa No crenoulerics opOUTe 3aBUCUT TOJNBKO OT CpeRHei NoT-
HOCTH BELIECTBA, U3 KOTOPOTO COCTOMT LEHTPaJsHOE MPUTArHBAKOLLEE TEIO, H He
3aBHCHT OT €70 pasMepos.

Kenneposo asuxenue. KpyroBoe ABHXEHHE MO NEHCTBHEM HBIOTOHOB-
CKOHM CH/IBI TIPUTSDKEHHs! NPeAcTaBjaser coDOM YacTHHH Caydyad Tak Ha-
3bIBAEMOTO Ken/ieposda OeuXenusi, ONHMCHBAEMOINO 3akoHamu Kerutepa.
Yrobbl CNyTHUK, NOAHATRIA HA HEKOTOPYI) BRICOTY, ABHIAJIC MO KPYro-
BOM opbHTE, EMy HYXHO COOOIMUTH BIOJIHE ONPEeIeHHYI0 FOPH3OHTAb-
HYIO CKOPOCTb. Eciin B Kako#~1100 TOUKe cOOOIMUTh CIy THUKY NOPH30H-
TaJbHYIO CKOPOCTh, HECKOMBKO OOJIbLIYIO KPYIOBOH, OH OyaeT ABHraThCs
N0 JAIHITHUYECKOM opbHTe, y KOTOpoM faHHAd Touka Oyaer nepuzeem,
T. e. Gmxaitredt k 3emiie Toukoit opouTH, a Haubosiee ygajdeHHAs TOU-
Ka — anozeli — OypeT seXaTh HA NPOTHBOMNOJOXHOM KOHLE IPAMOH,

Pric. 95. Kpyrosas i aJIIHIITHUECKKE OP~ Puc. 96. Qanuntitueckas opbura B ry-
GHThI IPK PA3HBIX 3HAYEHKAX HAUAJIBHOM Hae HavaJIbHOM CKOPOCTH, MEHBIICH
CKOPOCTH KPYrosost

NpOBEAECHHON U3 Nepures uepes (HOKYC 3/IMICA, B KOTOPOM HAXOTUTCH
uentp 3eman (puc. 95). Tlepureit w anoreil HAXOAATCA HA NPOTHBOIO-
JIOXHBEIX KOHUAX GOJBbIION OCH D/JIHICA,

Eciu Xe COyTHMKY COOBIMTh TOPH3OHTAJBHYK CKOPOCTb, MEHb-
WIYI0 KPYMOBOH, TO OH OydEeT ABHraThCd MO 3JIMITHYECKOH opbHTe, y
KOTOPOM HauajbpHad Touka OyaeT He MepureeM, a amoreeM, M, CJIeso-
BATE/bHO, LWEeHTP 3emyn OyAeT pacmosioxeH B AajbHeMm OT Hee (hokyce
snaunca (puc. 96). [lepuoguueckoe gBHXeHMe 1O TakodW opburte BO3-
MOXHO, pa3yMeeTcs, JIMIlb TOrAd, KOrga OHA HE MNepecekaeT MOBepX-
HOCTH 3eMJih.

CyumecTBoBanMe 3aMKHYTBIX OPOMT — 9TO 3aMeuaresibHas OCOOeH-
HOCTh T0JIZ, B KOTOPOM CHJIa M3MEHSeTCd Mo 3aKOHY oOpaTHBIX KBajapa-
TOB. 3aKOHOMEDHOCTH ABHXEHHS N0 IIJIHOTHYECKHM opbutam OyayT
noapobHee PacCMOTPEHH MOC/IE M3YUEHMs! 3aKOHOB COXpaHEeHH,
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Kpome 3aMKHYTBIX OpPOHT B HbIOTOHOBCKOM MOJE TSTOTEHHS BO3-
MOXHO ABHXCHHE MO HE3aMKHYTHM OpOHTaM, Korga teno mpubauxa-
ercsl M3 OECKOHEUHOCTH M, HM3MEHHB HANpaBJcHHE HBHXCHHUS ITOX
HCHCTBHEM CHJIbI TITOTEHMS, CHOBA YXOAMUT B GECKOHEUHOCTb. Tpaek-
TOpUS B ITOM Ciyyae mpeacraBaser coboit rumepbony. Tpaekropud,
OTACAAOIAS 3aMKHYTHIE OPOMTHI OT HE3aMKHYTHIX, MPEICTABASET CO-
6oit mapaGony (ora mapaona He HMMEET HMKAKOIO OTHOIIECHHMS K Ta-
pabone, MO KOTOPOH HBHXETCS OpOIIEHHOE TEI0 B NPUOAHXECHHH
«TUTOCKOH 3emnu»),

,

Kouuueckue ceuyenus. JwoGoe ABHKCHHE B IIOJIC TANOTCHHS KakK II0
3aMKHYTbIM, TAK U IO HE3AMKHYTHM TPAaCcKTOPHUAM NMPOUCXOOHUT IO OH-
HOMY H3 TAakK HAa3bIBACMbIX KOHUYECKUX ceueHutd — KPHBBIX, KOTOPbIC

-_— e
N
=,

Puc. 97. Konuueckue ceyeHus

MONYYAOTCS MPH M[EPECEUCHHHM KPYTOBOIO KOHYCAa C IUIOCKOCTBIO
(puc. 97). B 3aBHCHMOCTH OT HAKJIOHA IJIOCKOCTH K OCH KOHYCa MOTYT
MOJYYHTBCS OKPYXHOCTH, JTHIC, mapadona u rumepbona.

HesaMKHyYTHE TPaeKTOPHH BO3MOXHH HE TOJAbKO TOTHA, KOTAA TEJO
MPUXOONT M3 GECKOHEYHOCTH, HO M TOTAA, KOrHa eMy coo0marmT HocTa-
TOYHO GOJIBLIYIO HAUANBHYI0 CKOPOCTb B TOUKE, HAXOOSALICHCS HA KOHEu-
HOM PaccTOsHMM. DTOT Bompoc Oyzer paccMoTpeH moapobHee mocsie H3y-
UYCHHS 3aKOHOB COXPAaHCHHS.

Cuna rtaxectd BHyTpM 3emin. 3akoH oOpaTHbIX KBAgpaTOB CIpa-
BECAJIMB AN IMOJS TATMOTEHHS, CO3AAaBAEMOI0 TOUYCUHOHM MAacCcoH WM 1a-
poo6pa3HbIM TEAOM BHE €ro npenenos. BHyTpd widpa Nojae TIroTeHUS
Oyner coscem mpyruM. Kakum xe mMenno? DBymeM, Hanmpumep, CuM-
TaTb, YTO 3eMJd MpeIcTaBasieT Co0OM CIUIOMIHOM OXHOPOXHEIA IIap.
BoiscHMM, Kak AeRcTByOmas Ha npoOHOE TEno CHiaa TSXECTH 3aBHCHUT
OT €ero NOJOXEHHS B CTBOJE BOOOpakaeMmOM INAXTHI, NMPOPBLITOM OT IMO-
BEPXHOCTH X0 LEHTpa 3eMiH.

OueBUZHO, UTO B LEHTPEe 3eMIM 3Ta CHJIAa paBHA HYJKO. DTO HEMoc-
PENCTBEHHO CJEAYET M3 CHMMETPHHM: eCnM Onl CHJa BAPYr OKas3asiach
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TaM OTJHYHA OT HyJd, TO Kyga Oul oHa Owuia Hanpasiena? Beob Hu
OfIHOMY M3 HanpaBJAcHMH HEAb3s OTAaTh npeanourcHue, YtoOm HaiTH
CHJIY TAXECTH B [POH3BOJBHOM TOUKE HA HEKOTOPOM PACCTOSAHHUM 7 OT
uentpa 3emad (r < R), pa3oObeM MBICJIEHHO 3€MHOM mMap Ha TOHKHE
ceprueckHe KOHLIEHTPHUUECKHE CJIOM BOKpyr ueHtpa 3emuu (puc. 98).
CornacHo NpUHUMIY CYNEPNO3ULUH MOJHAS CUJIA TAXECTH, AEHCTBYIO-
mas Ha npobHOe TeJ0 HA paccTos-
HHH r OT LIEHTPa, paBHAa BEKTOPHOi1
CyMME CWJ, ACHCTBYIOMMX Ha HEro
CO CTOpPOHBI OTAEAbHBIX KOHLEHTpPH-
YECKHMX CJIOEB.

Jlerko ybequTbes B TOM, UTO CHAA
TATOTEHHS, AEHCTBYIOmAS CO CTOPO-
HbI 1106010 /108 HA TE/M0, HAXOASLIE-
€CSl BHYTPH ITOIO €105, paBHA HYJMW.
3TO cpa3y BHOHO U3 MOCTPOCHHS, IO-
Ka3aHHoro Ha puc. 98. Manwse yactu
chepuueckoit 000J0UYKM C MaccaMu
m, U m, MPUTATHBAIOT NPobHOE Tea0
Puc. 98. K pacuery cuast Trotenus na ~ MacChl m € CHJI1aMH, NPONOPLHOHANb~
paccTosiHuM r OT ueHTpa 3emaun HbIMH 3THUM MacCaM H 06paTHO npo-

NOPUMOHAAbLHBIMH  KBagpaTaM pac-
CTOsIHMit r| U r,. Ho camu Maccn m,

M m,, KaK BUAHO U3 PUCYHKA, NMPOMOPUHMOHAILHE KBAApaTaM COOTBETCT-

BYIOWKX PacCTOAHUH, [elCTBUTENbHO, MOKA3aHHBIE HA ITOM PHUCYHKE
TPEYTrOJbHUKHM MONOOHBI, a MJIOMIAAM YYacTKOB 000JI0UKH C MaccaMu m,
# M, MPOMOPUMOHA/IbHBI KBAAPAaTaM MX JHMHEHHbIX pa3Mepos. B pesy.ib-
TATE CHJB TATOTEHMS, AEHCTBYIOWIME CO CTOPOHB BhiAEJCHHBX YUYACTKOB
cpepHUECKOro CJ105, YPABHOBEIIMBAKOTCH, YTO U [OKA3BIBAET CAEJAHHOE
YTBEPXAEHHE, TAK KAK BCA 000/10uka MOXeT ObiTh pa3bUTa HA TakHe ma-
Pbl 2JIEMEHTOB.

TTono6HbpIMM pacCyXACHUSMHM OTCYTCTBHE CWIR TATOTEHUS BHYTPH
cpepuueckoi 060404KH ObLI0 ycTaHOBAeHO eute HbroToHOM.

Taxum oBpazoM, HA Tea0 B CTBO/AE waxThl B Touke A (puc. 99) neit-
CTBYET Cvja TSXECTH TOJABKO CO CTOPOHB 3aITPUXOBAHHOIO 1IApA, HA
NOBEPXHOCTH KOTOPOIO HAXOZUTCS 3TO Te0. Tak Kak Macca OJHOPORHO-
rO 3aWTPUXOBAHHOIO IIAPA MPONOPUHOHAALHA KyBy ero paguyca r, a
CWJIA TSTOTEHHS NPOMNOPUMOHAILHA MACCE M B TO X& BpeMs ofpaTHO
NpONOPUMOHAAbHA KBAApPaTy paguyca, TO 3Ta CHJIAa B KOHEUHOM CUeTe
OKAa3HIBAETCH MPOCTO NMPONMOPLHOHANbHA paguycy wapa: F~r. Koaddu-
UHEHT MPONOPLUMOHAIBHOCTH MPOIIE BCETO HANTH, YUUTHIBAS, UTO HA IO-
BepxHocTH 3eMnd, Koraa » = R, cuna taxect pasHa mg. Ha npoms-
BOJIbHOM PacCTOSHMM 7 OT LUEHTPA NpH r € R, oueBHOHO,

F(r) ==&, (10)
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Tak Kak npH r > R CHA3 TAXECTH YORBAaeT 00PaTHO MPONOPLHOHATIBHO
KBAIpaTy paccTosHus, rpadMK 3aBUCHMOCTH CHIBE TxecTH F(r) umeer
BHA, NMOKa3aHHbii Ha puc. 100,

CoBceM MHOM XapakTep 3aBUCHMOCTH CWIB TSTOTEHHS OT 7 BHYT-

p¥ 3emuH O3HAuaeT, YTO NPH ABMXEHHH TEJA3 CO CKOPOCTbK, MEHb-
giel KpYroBOif, ABHXEHHE MO MEPECEKAoUEH 3eMJI0 JUTHNTHYECKON

F
mgl———
|
|
|
|
i
0 R r
Puc. 99. Cuna T9rotenuns B Touke A ofyc- Puc. 100. 3aBMCHMOCTD CHABI THNOTEHUS
NOBAEHA AEHCTBMEM TOJBKO 3aLITPHXO- OT pacCTOSHUS A0 UEHTpa 3eMau

BaHHOM YacTH 3eMHOIO 1apa

TPAaeKTOPHH C AaJbHUM (POKYCOM B LEHTPe 3€MJH HEBO3MOXHO, Ha-
X€ €CJAM MPOPHITh TYHHEJb BIOJb 3TOH TPACKTOPMH M BbHIKAYaTb W3
HEro BO3OYyX.

CoBpeMeHHble aCTPOHOMWUECKME CPeICTBa HabGMIOAEHHN TNO3BONAIOT HU3Me-
PHUTb CKOPOCTb Pa3HbIX YUacTKoB Konbua nnaxerst CatypH. MoxHo nu u3
TakUx HabMONeHUH YCTAHOBUTb, ABNSETCH M KOJBLUO CHJIOWHBIM?

[ToueMy U3 HaGnomeHUi 3a ABHXKEHUEM MNAHETHl MOA ACHCTBHEM CHbI MPH-
TaAXeHUa K CoNHUY HEeBO3MOXHO onpeleauth ee Maccy? Kak Haitu maccy
nJaHeTbl N0 HabMOAEHHUAM 33 ee CIYTHHUKaMH?

Korma teny Ham 3emnelt coobuieHa ropu3oHTanbHas CKOPOCTb, MeHblLas
KPYroBoii, To, KaK OblJIo CKa3aHO, OHO NBHUXETCH MO TPaeKTOPHH, NpeAcTas-
nmoweit coboil yacTe annunca ¢ AanbHUM dokycom B ueHTpe 3emnu. Kak
cornacoBarh 3ToT akT ¢ U3BECTHBIM YTBEPXIEHWEM, UTo GpolleHHOe ropu-
30HTaNbHO TeNO ABUXKETCH B Mone TAXecTd 3emnu no napaGone?

Moxer 1M NpUNeTEBIIHI U3 GeCKOHEUHOCTH MeTeop, He 3aieBLIHI 3eMHOM
at™Mocdepbl, cTaTb CNyTHUKOM 3emMau?

Kak crano 6bl ABUraThCs TENO, KOTOPOE YPOHHUAW B BooOpaxaeMblil TYHHEND,
npopuIThIf Mo AHaMeTpy 3eMnu?

Pewnre 3agauy 1, yuutsiBas, uto B OeiictBUTENbHOCTH 3emng U JlyHa obpa-
AKTCa BOKPYF UX ofLiero LeHTpa Macc.



140 1. AMHAMUMKA

§ 24. Cunbi ynpyroctH u paedopmaumnu

Mo cBoen (U3MUECKOI MPUPOAE CHIBI YIPYrOCTH OMXE K CHaaM Tpe-
HHUS, UEM K 'PAaBUTALIMOHHEIM CHJIaM, TIOCKOJIBKY OHM B KOHEUHOM CUETe
06yCJOBNIEHB B3aMMOJACHCTBHEM 3aPSKEHHBIX YaCTHL, M3 KOTOPHIX MO-
CTpOoeHH Bce Tesa. OQHAKO B OTJIMUME OT CHJ TPEHHUS CKOJIbXEHM S, BO3-
HUKAIOWKUX TP OTHOCUTEIBHOM OBMXEHUHU TECJ, CUIBI YHOPYroCTH OMpe-
AENI0TCS TOJABKO B3aMMHBIM PACHONOXECHHUEM B3aMMOACHCTBYIOIIMX TEN
M BO3HHUKAKOT TOJBKO MPH HUX AehOpMaLINH.

Bunel nedopmauumit. Ias TBEPABIX TEA pas3jMyaloT OBAa Npede/JbHEIX
cnyuas pedopMmanuu: ynpyrue u maacrdueckue. EcaM nmocae mpexpanie-
HHS BHEIIHEro BO3AEHCTBHS AehOpPMHPOBAHHOE TEJO BOCCTAHAB/IMBAET
cBOKO (hopMy 1 pasMmepnl, To AedopManusa HaswiBaercd ynpyeou. daa yn-
pyroil gedopMauMM XapakKTEpPHO CYLIECTBOBAHME OAHO3HAUHOH CBSI3U
MEXJY BEIUUMHON AedopMainyy U BRI3HBAKIIEH ee cunoin. ¥ MeHHO 3TO
CBOVMCTBO OBIJIO MOMIOXEHO B OCHOBY BBEAEHHOTO criocofa M3aMepeHHs CHU
C MOMOIIBID AMHAMOMETPA.

HedopMmaLuy, He MCUE3aKOINME TOCAE MPEKpalIeHNUd OEHCTBUSA CHUI,
Ha3bIBAIOTCA NAQACMUHECKUMU.

3akon 'yka. OneIT 1oKaskIBAET, UTO MOUTH Y BCEX TBEPABIX TEJ MpPH Ma-
JHX ynpyrux gedopMmaumsax BeIMUMHA AedopMauuy NpONopUHOHAIBHA
BBI3BIBAIONIEH €€ cuie. DTO YTBEPXISCHME HOCUT Ha3BaHMe 3akona ['yka.
[Mpu Bonpmmx geopMaLmsX CBA3b MEXAY AcHOPMALIMAMH ¥ CHIAMH Tie-
pecraer GHTh JMHENHOI, a 3aTEM U BOOOIIE CTAHOBUTCS HEOOHO3HAUHOIM,
T. €. AecpopMalds 3aBHUCHT OT NpeauCTOpHH. [ledopMaums CTaHOBHTCS
nnactuyeckoi, [Ipn 3ToM Teno ocraercs aehopMHUPOBAHHBIM X0Ta OB ua-
CTUYHO M MOCJE NpeK palleHus ACHCTBUS BHEIIHUX CHJI.

Taxum ofpasoM, Oyaer 1M aedopMauys ynpyroi UM MIacTHYECKOH,
3aBMCHUT HE TOJBKO OT MaTepuasna Teaa, HO U OT TOTO, HACKOIbKO BETMKH
MIPUJIOXEHHKIE CUIIBI. YTIpyrue acchopMauiy HCHOIb3Y IOTCA BCIOAY, HAaUM-
Has OT pa3JWYHOIO THIA AMOPTH3ALMOHHBIX YCTPOMCTB (peccop, NMpyXUH
M T. O.) ¥ KOHYas TOHYaHWIMMH M3MEPUTEIpHHMHU Npubopamn. Ha mna-
cTHUecKoil nedopMalMM OCHOBAHK PA3/JIMUHEE COCOOH XosoaHOM 0bpa-
60TKH MeTannop (IITAMIIOBKA, KOBKA, IPOKATKA M T. A.).

OcranoBuMcs nogpofHee Ha 3akoHe ['vka, OMMCHBAOINEM MAjhIe yII-
pyrue gedopMauMy B paMKax (heHOMEHOJOrHueckoro nogxoga. Jtort 3a-
KOH CIIPaBENJUB A8 pa3NuHHX BHAOB ynpyrod aedopMmauuu: pacmsi-
xenus (cxamus), cdsuea, kpywenus, useuba.

Hedopmaunsa pactsxeHus (CKaTHs) CTEPXKHSA XapakTepusyercs abco-
JAOTHBIM yaauHennem Al = |l —[,|, rae [, — anMHa CTEPXHS B HEXE-
(hOPMHMPOBAHHOM COCTOSIHMH, M OTHOCHTE/BHBIM yATMHEHHMEM &= Al/l;.

Onsir MOKA3bIBACT, UTO YAJIHUHCHUE CTCPXHSI NMPONOPLUHUOHATBHO BBI3KIBA-

ouen ero cune F:
F=kAL , (1)
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KoadduuueHT nponopuoHaIbHOCTH k B 3TOH ¢OpMysie Ha3BIBAKT Xe-
cmxkocmero crepxHsa. OH 3aBUCHUT KAK OT YNMpPYrMX CBOMCTB MaTepuana,
TaK M OT pa3MepoB AeoOpMHPYEMOTC CTEPXKHS.

Moayap FOura. Jns mobeix ynpyrux pedopMauuii MOXHO BBECTH MO-
CTOSTHHBIE, XAPAKTEPHU3YIOIIME YMpYTHE CBOMCTBA TOJIBKO MATEpHaa,
HE 3aBUCAIIUE OT pPa3MepoB Tesa. [y M30TPOMHOro Teja CyWecTBYIOT
IBE HE3aBUCHUMBIE XaPAKTEPUCTHKHU YTMPYTHX CBOHCTB — Mmodyns FOnza
U xosgppuyuenm ITyaccona. BeegeM ux Ha npumepe aedopmauuu pac-
TSXXEHMS.

PaccMmoTpuM opHOpoaHywo aedopMaunuio, BO3HHMKAIOIIYIO B CTEPXHE
C OOMHAKOBBIM MO BCEH IJIMHE TOMEPEYHBIM CEYEHHEM TMOA AEHCTBUEM
MPUJIOXEHHOW K €ro KOHUY cuibl F. YianuneHue A/, KaK TMOKa3bIBaeT
OMBIT, MPONOPLUHOHAILHO €ro nepsoHavasbHOH anuue [). [lootomy or-

HOCHTENIbHOE YANWHEHME &= Al/l, yXe He 3aBMCHUT OT JUIMHB CTEPX-

Hq. Ho aTa Bea1MuMHA eue 3aBUCHT OT NMOMEPeyHOro CeUeHUs CTEepXHS.
OribIT MOKA3BIBAET, UTO YIIMHEHHE MO AEHCTBAEM 3aMaHHOM CHUIB 00-
PaTHO MPOMOPLHOHAJBHO TUIOIIAAM S MOMEPEYHOr0 CEYEHHUS CTEPXHS.
[ToaTomMy ecim BMECTO CHJIBl F BBECTH MeXanHUUeckoe HanpsikeHue
F/S, To npu 3aJaHHOM HAMNpPs)KCHUHM OTHOCHTEJIBHOE YAJIMHEHHE yXe
HE 3aBHCHT OT MOMEPEYHOrO CEYEHHUS, T. €. OMPENENIeTCs TOJbKO yM-
pYyTHMH CBOWCTBAMM MAaTepHaa:

Al _ 1 F
L, =ES )

Benunumna FE HaswiBaeTcs MopysaeM lOHra marepuana. U3 dopmynw
(2) BumnO, uto Mogysnb HOHra paBeH TOMYy MEXAHHUECKOMY HAMps-
XKEHMIO, TIPH KOTOPOM OTHOCHTE/JbHOE yanuHeHue Al/l, paBHO elMHHU-
e, €CJM, KOHEUHO, CUMTATh, UTO MMPH TAKHX HATIPSXeHHsx nedop-
MauMs ocraeTcd ympyroil. B pamkax wucnonb3yemMoro ¢eHOMEHOJOTH-
YECKOro mnoaxoga 3HaueHue moaynasg HOHra ompeaensercs HA OIBITE.
Hanpumep, ans craam E = 22-10!° H/m2, Takoe HanpsXeHHE MPEBbI-
mIaeT HE TOJBKO npeden ynpyzocmu, korma aedopmauus nepectaet
ObITh YyMIpYroit, HO W npedes NPoOuUHOCMU, KOTAA TMPOUCXOANUT paspy-
menue nedopMupyeMoro Tena.

3ampaua

XKecmxocms cmepxha. Bblpa3uTe XecTKOCTb K YNPYroro cTepXHS 4epes ero
pa3mepbl U moaynb HOHra matepuana.

Pewenue. [nga nonyuyeHUs oTBeTa AOCTATOUHO COMOCTABUTb (DOpMYNy
(1), onmpependIOLLYI0 XeCTKOCTb CTEPXHA Kk, U opMyny (2), BbpaxawolLyo
OTHOCHUTENIbHOE YAJTMHEHWE CTEPXHS uepe3 MeXaHWuecKoe HarnpsxeHue F/S u
Moayns KOura E. B pesyibrate nonyuum

ES
k—T.
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XKecTKocTb CTepXHs 11pOrNOpUMOHaibHa NJOUIaAX TI0NepeYHoro ceueHus, He 3a-
BHCHUT OT (pOpMbI 3TONO CeueHUs ¥ O0OGpPaTHO NPONOPUMOHANIbHA AMHHE CTEPXKHS.

A Koadduunent ITyaccoHa. ONbIT NOKa3bIBAET, UTO IIPH PACTSIXKE-
HUH CTEPXHS YMEHBIIAKOTCS €ro NonepeyHmnle pasMephl. DTO yMeHb-
LIEHHE MOXHO XapaKTE€pPU30BATh OTHOCHUTE/JbHBIM IIONECPEUHRIM CXa-
tueM |Adl/d,, rae d — nonepeyHbIH JUHEHHBHIA pa3Mep CTEPXHS
(muametp, ToMmMUHA U T. 11.). OTHOLIEHHE OTHOCHUTE/IBHOIO TOIEpE Y-
HOTO CXATHS CTEPXXHS K €r0 OTHOCHTE/JbHOMY YIJIHMHEHUIO IIPU YIIPY-
rod gedopMauMy HE 33aBHCUT KAK OT IIPHIOXEHHOrO HANPSIKEHHS,
TaK ¥ OT pasMepos crepxHs. OHO HaswiBacTcsd Koddduumentom Ily-
accona. [{1 MHOTHX BEUIECTB 3HAUYEHHE 3TOM 6e3pasMepHON BETHUU-
HBul 61u3k0 K 0,3.

BcectopoHHee cxartue. [Ipd BCeCTOPOHHEM (IHMAPOCTATHUYECKOM)
CKATHY TEJa OTHOCHTEJIBHOE YMEHblIEHHE ero ofbeMa MpOrmopuuo-
HAJIbHO BhI3BIBAKOIHEMY 3TO CXATHEC HSOTpOHHOMy JA4aBJICHHK p:
AV _p (3)
Vv k’
IA€ HE 3aBHCAMMM OT pa3mepoB M (opMul Tena Koadduuuenr k
HA3LIBAETCH MOOYlem @cecmoportezo cxamus. OH CBS3aH C MO-
aysaeM IOHra u xoadpdunuentom IlyaccoHa misi faHHOro Martepuasa

COOTHOLIECHHUEM
E

k=_—_3(l-—2u)' (4)

3apgauva ANd CaMOCTOSATENBLHOTO peuleHHUda

Hokaxwute hopmyny (4), paccMaTpuBas Masoe BCECTOpOHHEE CXaTHe Ky-
6HKa KaK CyNnepriosuiiHi0 OAMHaKOoBbIX AedopMaLiii OXHOCTOPOHHErO CXAaTHUs
fl0 TpeM B3aWMMHO MEepNEeHAXKYISPHBIM HanpaBleHHUsM.

HeonHopoanas aedopmauus. AHalIOrMuHoO AecopManuu pactsixe-
HHUS MOryT OBITh DACCMOTPEHH M MaJeie Ynpyrue mecdopMaumuu apy-
rux Bupos. Hanpumep, npn nedopma-
uuu uarnba Ganku, gexamed Ha ABYX
onopax, ee¢ MporHd NpPONOPLUOHATEH
npuiaoxeHHon cuine (puc. 101). Koad-
(bMLIMEHT IPONOPLMOHAILHOCTH Bhipa-
Xaercs uepea Monyab FOnra matepua-
jga GankH, IOCKOJAbKY TIIp¥ H3rube

A 72}
Z 4 HUXKHSS CTOpOHAa 0ajsk¥ MCHBITHIBAET
Puc. 101. Uarub 6anku, nexaiiei neopManMio pACTSXEHHS, a BEpX-
HA ABYX OnoOpax HA9 — cxaTtud. 2T1a aedopManus Heo-

THOPOAHAs, TAK KaK pasHblE YacTH
6asku AepOPMHUPOBAHBI B PA3HOM CTENEHH. DJIEMEHTRI, PACIIONIOXEH-
HHE BAOJb WITpUxOBo¥ auHuuM (puc. 101), mpakTHuecku coBceM He
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medopmupoBanbl. Biaromaps atomy obcroarenbcTBy KoaddUIMEHT
MPOTOPLHOHAIBHOCTH MEXTY MPOrubOoM M CHJIOH 3aBHCHT HE TOJIBKO
OT pa3smepoB 6ajkH, HO U OT GOPMHEI €e monepeyHoro ceyenud. Xe-
CTKOCTb ABYTaBPOBOM Oanku HA M3ru0 OKA3RIBAETCS MOUTH TAKOW X,
KaK 4 y Opycka TakMx Xe rabapuToB, XOTS MAacCa €€ 3HAYNTENbHO
MeHblle. Takodl XXKe MPUHLMI MCMOJb30BAH MpUpomod Mpu Bhibope
TpyOUATOro CTPOEHUSI KOCTEN MO3BOHOUHBIX.

IIposisaenust yupyrux cuj. Cuabi ynpyroctH UrypupoBaivd B poJu
CHJI PEAKLIMM OMOPHI BO BCEX PACCMOTPCHHBIX BHILIE TIPUMEPAX ABHXKE-
HUS NPU HAJNUKK CBst3e. [1pu aToM Bcerma mcno/ib3oBagach MAEa M-
3UPOBAHHAY MOIETb YIPYIHX TEJA, B KOTOPOM XKECTKOCTb CUMTANACH
oueHb BobIION (CTPOro roBops, HECKOHEUHO GOJIBIIOI ): HECMOTPS Ha
HAJUYNE YIPYTHX CHJI PEAKLIMH, 1eOpMaLHS TE CUNTANACh HACTO Ib-
KO MAJIOH, UTO €10 MOXHO Obiji0 npeHebpeub.

CuJbl yIpPYrocTH MIPArOT BAXHYK POAb B BOMPOCAX MEXaHHUE-
CKOTO PARHOBECHS, KOTAA B PEAJIbHHIX YCJOBHSIX MOAEIb HeaedopMH-
pPYyEeMOr0 TBEPAOIO TE/IA OKA3bIBAETCH HEZOCTATOUHOM. 3ameuaresib-
Hast OCOGEHHOCTb YIPYIHX CHJ 3aKJKOUAETCS TAKXKE B TOM, YTO OHM
cayxat Haubosiee pacnpoCTpaHEHHONW MPUUKMHON BO3HMKHOBEHMS Me-
XaHUYECKUX KoJ1eDaHui. [Jeso B TOM, uTO NpH ynpyroi aedopManun
BO3HMKAIOLINUE CHUJBI BCEIMA CTPEMSATCS BEPHYThH TEJIO B MOJIOXEHHE
paBHOBECHs. EC/AM TeJO BRBEIEHO M3 PABHOBECHS M NPEIOCTABJIEHO
caMoMy cebe, moa DEUCTBUEM YNIPYTMX CHJI BO3HHKAET €0 ABUXKEHHE
K IMOJIOXKEHHIO PABHOBECHH. Biiarogapsd MHEPUMM TENO NMPOCKAKMBAET
3TO MNOJIOXEHHE, BO3HMKAET AeopMaLns NPOTHBOMOJIOXHOIO 3HAKA,
U BECh- IPOLIECC MOBTOPSETCS.

o  OO0BACHUTE, MOUEMY XECTKOCTh ABYTaBPOBOHM Oasku Ha U3rub NouTH Ta-
Kas xe, Kak y Opycka Tex e rabapyuToB W3 TaKoro e Marepuana.

¢ Kako# Bua AedopMaLIHM UMEET MECTO B MaTepuale NPoBOJIOKH, U3 KOTO-
pOil HaBUTA MpYXWUHA UIKOJLHOrO AWHaMomeTpa? a

§ 25. MexaHnyeckoe cOCTOSIHHE. YpPaBHEHHE OBHIKEHHS

[Ipn npBUXeHMM MAaTepHANbHOM TOUKM H3MEHSIOTCA CO BPEMEHEM ee
MOJIOXKEHUE B IMPOCTPAHCTBE, OMPEEeadeMOe PagHuyCOM-BEKTOPOM T, €€
CKOPOCTh V, YCKOpeHHe a. ['0BOpYIT, 4TO MPOUCXOONUT HM3MEHEHHUE CO-
CTOSHUS MATEPUATBHOU TOUKM CO BpeMeHeM. UTO Xe€ MOHUMAIOT MO
MexaHuueckum cocmostHuemM W KAKMMM MapaMeTpaMM OHO OIpe-
gensgercsa?

MexaHMuecKoe COCTOSHUE MATEpPUaJbHOM TOUKM B HEKOTOPBIH MO-
MEHT BPEMEHM OMNpEeNE/ICHO, €C/IN I/ 3TOTO MOMEHTA BPEMEHM 3aJaHEI
€¢ pagMyCc-BEKTOp K CKOpocTh. EC/M U3BECTHO MEXAHMUECKOE COCTOSTHHE
MaTepHaJbHOM TOUKM B KaKOH-IMO0 MOMEHT BPEMEHHM M ACHCTBYIOLIME
Ha Hee CHJBI, TO C MOMOIIBIO BTOpOro 3akoHa HeioToHa MOXHO onpene-
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JIUTh €€ MEXaHUYECKOE COCTOSIHME B MOCICAYIONIME MOMEHTH BPEMEHH,
T. €. MOJHOCTBIO MPEACKa3aTh ee ABMXeHue. UMeHHO mo 3Toi mpuuMHe
BTOpO# 3akoH HBIOTOHA 4acTO HA3BIBAKOT ypasHeHuem Osuxenus, ubo
OH OMHKCBHIBAET IBOJIOLMI HAYAJTBHOMO COCTOSHUS MEXAHUUECKOM CHCTe-
MBI BO BPEeMEHH.

YpasHenne asuxedds. OcrtaHoBuMcs nogpoOHee Ha BOMpoce onpeae-
JIeHHS MEXAHHUUECKOTO COCTOSHUS B MPOU3BOJIBHBIH MOMEHT BPEMEHH,
Bropoit 3akon HproTOHa, WM ypaBHeHUe ABUXEHUS a = F/m, nossons-
€T MpH M3BECTHBIX CHUJIAaX HAWUTH yCKOpEHHe MaTepuanbHOi Touku. Ho
3HAHUE YCKOPEHHS ZAeT BO3MOXHOCTb ONPEAEJHTh TOJbKO H3MEHEHHE
CKOPOCTH 33 HEKOTOPBIH MPOMEXYTOK BpeMeHH. UToOb HAUTH caAMO 3HA-
YEHHUE CKOPOCTH K KOHIy ITOr0 MPOMEXYTKAa, HYXHO 3HaThb HE TOJIbKO
H3MEHEHHUE CKOPOCTH, HO M €€ 3HAUCHHE B HAYaJbHHU MOMEHT. AHAJO-
TMYHO, 3HAHHE CKOPOCTH MO3BOJSIET HAUTH MU3MEHEHHUE MOJIOXEHHS Ma-
TEPUATbHON TOUKH 33 HEKOTOpoe Bpems. UToOpt HalTH caM paauyc-Bek-
TOP, HYXHO 3HaTh €r0 3HAaUYCHUE B HAYATbHBIH MOMEHT.

Hanpumep, B cayuae ABMXEHHS MOX ACHCTBHEM MOCTOSHHOU CHJIBI,
KOrJa yCKOpPEHHME TaKXe MOCTOSTHHO, CKOPOCTh U PafiuyC-BEKTOP MaTEpH-
aJbHOU TOUKH B MOMEHT BPEMEHHM ! ONPEACASOTCS (hopMyIamMu

v(t) =v, + at, r(t)=r0+vot+a—;i, (1

TAE Vy M fp — CKOPOCTb M PaAMyc-BEKTOp B HadaJbHBI MOMEHT BpeMe-
HY ¢t = 0. YpaBHEHHE OBMXEHUS JAET BO3IMOXHOCTb HalTH v(1) M r(t)
TOJbKO TOTAA, KOIAa U3BECTHO HAUAIbHOE COCMOSIHUE CUCTEMBI, T, €. Be-
JIMUMHEL Vg U T

HauansHble yClIOBUA. 3a0aHUE HAUAJbHBIX YCJOBMU [UIS HAaXOXACHUS
v(?) n r(?) HeOoOXOOUMO H B TOM Cayyae, KOrga AeHCTBYHOUIHE CHIIL Ta-
KOBH, UTO YCKOPEHHE HE OCTAETCH MOCTOSHHBIM. [IpM 3TOM B HEKOTOPBIX
Clyuasix ypaBHEHUE [BUXEHUS YAAeTCsd pemuTh (OpOMHTErpUpOBAaTh)
AQHAJUTHUECKH, T. €. HAaUTH v(¢) U r(f) Kak QYHKUUH BPEMEHH, KOTOPHIE
TakXe OyAyT comepXaTh HauasJbHHIE 3HAUEHHS V, U T, B kauecTe mpu-
MEpOB TAaKMX CAy4aeB MOXHO YKa3aTh [BMXEHHUE MATEPHUANbHOH TOUKHU
noj AEHCTBMEM CHJbI, 00pPaTHO NPOMOPLMOHAIBHOM KBaapaTy paccTos-
HHUS OT LEHTPA CHJIOBOIO NOJs (ABHMXEHHE NJIAHETHl MOA ACHCTBHEM MpPH-
TaxeHua Kk ConHuy, ABMXEHUE CIYTHUKA 3eMJd, IBUXeHHe anbda-ua-
CTHUHL B IMOJIE ATOMHOIO $SApPAa), JBUXEHUE MOJ OEHCTBUEM CHJIBI, MPO-
MOPUMOHANBHOM CMEWEHHUIO OT MOJOXEHUs paBHOBecHs (Teno Ha
NpYyXHUHE), U T. I.

AJIrOPUTM YHCJIEHHOrO pellieHdd. B ciyuasax, korqa ypaBHeHHE qBHXE-
HUA HE yHa€TCd PCIUMTh AHAJTHUTUYECKH, €ro MOXHO pPEMIATbh 4UCAEHHO.
ﬂCﬁCTByEOHLaH Ha MaT€pHUAJIbHYI0 TOUKY CHJIA MOXET 3dBHUCETH OT BPECME~
HU SIBHO, OT ITOJIOXEHHUS TOMKH H OT ee ckopoctu: F = F(7, r, v). Ilyctb
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HaM 3aJaHBl HAYajbHHE 3HAYCHHS Ty UV, YDaBHEHUE NBHMXEHHUS
a = F/m paer Bo3MOXHOCTb HaliTH YCKOPEHHE a, B TOT XE& MOMEHT Bpe-
Mend ¢ = 0. 3Hast yCKOpeHHEe, MOXHO NMpPUOIMXKEHHO HAaWTH U3MEHEHHE
CKOPOCTH 33 Majblil IPOMEXYTOK BPEMEHH Af:

Av = ayAt,
OTKyZa CKOPOCTb V; K KOHIY 3TOTO IIPOMEXYTKa paBHA
v, =V, + apAt. (2)

3Has CKOpOCTh V, B HAYajIbHBIH MOMEHT, MOXHO NMpPHOIMXEHHO HAaUTH
HU3MEHEHHE PafMyCa-BEKTOPA 34 TO Xe€ BpeMda Al

Ar =v,AL

Bosnee TouHoe 3HaueHHe Ar MOXHO MOYy4YUThb, C€CJIAHM B3ATb BMECTO
Yo CpE€AHEE 3HAUCHHME CKOPOCTH HA 3TOM IPOMEXYTKE, CUMTAAd YCKO-

PCHHE H4 HEM TIOCTOSHHBIM:
1
Ar = 2 (VO + Vl)At.

OTC}OZ(a 3HAQUCHHUE paguMyCa-BCKTOpa r K KOHLY MPOMEXYTKAa BPCMCHH
At mosyuuTCs B BUAE

r; =1y + VoAt uam r2=r0+% (vo + v AL, (3)

B 3aBUCMMOCTH OT TOrO, KAKOW M3 MPUBEACHHBIX Bbille GopMya ans Ar
OTAAaTh MPEANOYTEHHE,

Buifop mpoMexyTka BpeMeHu Af ONpeneasieTcss TOM TOYHOCTHIO, KO-
TOPYIO Mbl XOTHM IOJIYUYHTh NMPH TAKOM TNPUOAMXEHHOM BBIUHCIEHHH.
YeM MEHbLIE MPOMEXYTOK BpeMeHd Af, TeM GJHMXe K HCTHHHEIM ByayT
3HaYEHHUS Vv, U T, BouMcaseMsie no dopmyaam (2) u (3). HaitneHnnsie
3HAYEHHS V, M r| TOACTABJISIEM B BHIPAXEHME s cuianl F(f, r, V) U C
TIOMOILIBIO YPaBHEHHUS OBUXCHUS @ = F/m HaxoouM ycKOpeHME a, MaTe-

PHAIbHON TOUKH B KOHLE IPOMEXYTKA BpEMEHH Af,

Tenepb MOBTOPSEM OINHMCAHHYIO MPOLEAYPY MIS CACAYIOUIErO IpoMe-
XYTKa BPEMEHH, TIPHUEM POJib HAYAJbHBIX YCJIOBUHM OYIyT MrpaTh Hau-
meHubie mo dopmyaaM (2) u (3) 3HaUEHUS V| U I}

YV, =V, + alAt,
r,=r, +v,Al win r,=r, +%(vl + vy) At (4)

3aTeM BCe MOBTOPAETCA eile pas U T. A. Ecau tpebyercs HalTH M3-
MEHEHHME MEXAHMUYECKOTO COCTOSHMS MATEPUAIbHOM TOUKH 3a 0ObIION
IPOMEXYTOK BPEMEHH, MPUAETCS Pa3bUThb 3TOT MPOMEXYTOK Ha 60sib-
woe uucao warop Af. YeM MeHblIe pa3Mep Kaxaoro 1ara, TeM TOYHEE
6yaer pesyabrar. Ho HEOOXOOMMOE YHC/IO [IATOB IIPH 3TOM YBENHUYMBA-
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ercda. 3a MOBHILICHHE TOYHOCTH PE3yJbTATOB MPUXOOUTCH MJIATHTH YBE-
JIMUEHHEM OObEMA BBIUMCJIEHHUH.

IMpakTHuecku Takue paborsl yaoOHO BumoaHaTs Ha DBM. Ilpu npo-
BEACHUM PACUETOB MMEIOT AEJ0 HE C BEKTOPaMH, a ¢ uucaamu. [Toaromy
KaXJ0€ U3 NMPUBEACHHLIX BHIIE BEKTOPHHIX YDABHEHHH 3aMHMCHIBACTCA B
BUAEC TPEX CKAJSAPHHIX yPaBHEHHH, COOTBETCTBYIOIIMUX MPOEKUUAM BEK-
TOPHOIO YPABHEHHSA HA OCHM BHIOPAHHOWM CHCTEMBI KOOPAMHAT.

CucreMbl B3aUMOJEHCTBYIOIUNX TeJl. Jacro NmpUXOAUTCH paccMaTpH-
BaTh MEXAHMUECCKYI CHCTEMY, COCTOSINYI0 U3 HECKOJbKHX B3aMMOOCH-
CTBYIOIMX Tesd. EC/M M3BECTHBI CH/IBI B3aMMOACHCTBHUA MEXAY TEIaMH
W BHEUIHME CHJIBI, OEHCTBYIOIIME HA KaXO0O€ M3 T, TO A HAXOX-
ACHUS ABHXCHUSA BCCX ITHX T NPHUXOAMTCI DPELIATH CHUCTEMY YypaB-
HEHUH, COCTOSIIYIO M3 YPAaBHEHMHM ABIKEHHMS AJAA Kaxpgoro Tena. Me-
XAHUUECKOE COCTOSTHME CHCTEMBbI YACTHULL ONpeac/seTcd 3agaHHMEM TO-
JIOXEHHH M CKOPOCTEH BCEX YACTHL B OOMH M TOT XE MOMEHT
BPCMEHU. YPABHEHUS ABUXKCHHS IO3BOJAIOT HAWTH H3MEHEHHE 3TOrO
COCTOSIHHSL CO BpEMEHEM.

AHaTNTHUECKOE pEIIEHHME 3aJaUH O MEXAHUUYECKOM JBMXKEHHHM CHCTE-
MBI B3aMMOJCHCTBYIOIIMX TN ODBIYHO COMPSAXKEHO C OrPOMHHIMHM MaTe-
MATHYECKMMHU TPYAHOCTAMHU. Tak, Hampumep, A0 CHX MOp He pelieHa B
obmeM BUAE 3a4a4a 0 ABUXEHHUU BCETO JHIIb TPEX B3aNMOACHCTBYFOLIMX
TEJ DU MPOM3BOJILHBIX HAUANBHBIX yCI0BUSAX. OQHAKO UMC/IEHHBbIH pac-
YET ABMXKEHHUS CUCTEMBI B3AMMOACHCTBYIOUIMX UYACTHL, HE COACPXHUT HHU-
YEero MPUHLMIIMAIBHO HOBOTO MO CPABHEHHIO C PAaCUETOM ABHXCHHA OO-
HOM MATEpHAIbHON TOYKH. [IpM mpHOMHMXKEHHOM BBIUMC/IEHHH CKOpOCTh
U pagMyC-BEKTOP KaXAOM M3 4acCTHL, HAXOAATCS C MOMOIIbIO TOM Xe ca-
MOH mpoueaypsl mo ¢dopmysnam (2)—(4), TOJABKO NMpU ONPEAECACHAN YC-
KODEHHUH YacTHL, B KaXAbIHW MOMEHT BPEMEHH C NMOMOIIBIO YDPAaBHEHUM
OBUXCHUSA B 3TUX YPABHEHUAX KPOME BHEUIHHX CHJ YUHTHIBAIOTCS M CH-
JIbl B3AUMOACHCTBUS MEXAY YACTULAMM.

e Kako#H CMBIC/ BKAAbIBAETCS B MOHATHE MEXAHHYECKOrO cOCTOAHUA? KakuMM
BEJMYHMHAMM ONPENENIETCS MeXaHHYECKOE COCTOSHHE MaTepHalbHONH TOUKH?
CHUCTEMBI MaTepHaabHbIX TO4eK?

e [IoueMy ycKopeHHe HYacTHUbI HE BXOOHMT B YMC/O BEAWYHH, ONpelefsiolMx
ee MeXaHHYeCcKoe CocTofHHe?

e  OnMILKUTE ANTOPHUTM YHCJIEHHOIO PacuyeTa MEXaHWMYECKOro JBMXKEHHS MaTe-
pHaJbHOH TOYKH.

e Kakyw posib UrparoT Havya/bHble YCI0BUS NPH pellleHHUH YPaBHEHHU I ABUXeHUA?

A HaxoxJIeHHe CHJA MO JBHXEHHIO. YPABHCHUS ABHXEHHUS MOXHO
HCIOMb30BATh A1 HAXOXACHHUS OEUCTBYIOIIUX CHUJI, €CJIM M3BECTHO,
KakK IMPOUCXOAUT ABMXKEHHUE TEJa, T. €. 33JaH €r0 paguyc-BEKTOP KaK
¢dyHkuus BpemecHH. IIpuMepoM TakoM 3ajauM MOXET CAYXHUTh Ha-
XOXIACHHUE CHJIB MPUTSKEHHU Iu1aHeThl K COMHUY MO H3BECTHOMY M3
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aCTPOHOMMUYECKHX HAOMIONCHMIH 3aKOHY 00pallueHns 3TOi IJIAHETHE 10
aaaunTrueckon opbute Bokpyr Connua. MMeHHo tak Obu1 ycTaHOB-
JICH 3aKOH OOpaTHHIX KBaZpaTOB A/ CWIBI TATOTCHHS.

Hpyroit nmpuMep — ABHMXXEHHE TOYKH MO IJINANCY, ONHCBIBAEMOC
YPaBHCHHUSIMH

x(t) = Acos wt, y(t) = Bsin wt, z(t) =0. (5)
B ToM, uTO TpaeKTOpPHMS TAKOro ABMKCHHS ACHCTBHTEIBHO MPEACTAB-
AgeT coOoi IMAMNC, MOXHO YOEOMThCS, MCKIIOUMB BPEMS M3 ITHX
ypaBHEHUI. Pa3nenns nepBoe M3 3THX ypaBHEHUN HA A, a BTOpOE Ha
B, B03BOAA MX B KBAaApaT M CKJIAABIBAs, MOJYyYNM, YUYHTHIBAS TOXHAC-
cTBo cos? a + sin? a = 1, caeqyromyo CBI3b MEXIY X H Y:

2 2
i—2+§3=1. (6)

Orto ypasHenne aannca (puc. 102) ¢ nmonyocsmm A m B, KoTopoe
B YAaCTHOM Cayuyae A = B npeBpamaeTcsd B YPAaBHCHHE OKPYXHOCTH.

4
B

Puc. 102. [pxeHHe MO dIMACY

Jlerko yOeauThCs, UTO MaTepHaJbHAs TOYKA ABHXETCS MO ITOMY
JAMUICY B HANPABJCHUM MPOTHB YACOBOW CTPEJIKHM, IPUYEM TaK,
uTO €€ paguyC-BEKTOP MOBOPAUMBAETCS C MOCTOSIHHOH YIVIOBOH CKO-
POCTBIO .

J19 HaxoXaeHWs CWbi, BRI3BIBAIOLICH TAaKOe ABHXCHHE, HYXHO
¢ nomowpb GopMmya (5) onpenenuTbh yckopeHue uactuunl, [udde-
peHUMpys ypaBHeHus (§) nO BpeMEHH, HAXOAMM MOPOEKUHH CKOpO-
CTH HA OCH KOOPAMHAT:

v, = —Awsin 0!, v, = Bw cos wf, v, =0. (7

IMnddepenunpys no BpeMeHH CooTHomeHus (7), nony4yaeM mpoek-
UMM YCKOPCHHUS:

a, = —Aw?cos wt, a,= —Bw?sin wt, a,=0. (8)
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Wcnons3ys BTOpo#t 3axoH HbpiotoHa u ypaeHeHus (8), moayuaem
NPOCKIUH CHJIBI, ACHCTBYIOWEH Ha MATCPHANBHYIO TOUKY MacChl i

F,= — mw*A cos wt,
%)
Fy = —mw?®B sin wt, F,=0
Cpasuueas (9) ¢ (5), BUOAMM, YTO BBIPAXEHHMS AT IMPOEKLMHA CHIIBI
MO>XHO 3aMMUCATh B BHAE

F,=—mow, Fy=—mu)2y. (10)

JTH COOTHOIIEHMS JAKOT UCKOMYIO 3aBHCHMOCTD AEHCTBYIOLIEH HA
YaCcTHLY CHJIBL OT €€ KOOPAWHAT. B BEKTOPHOM BUAE UX MOXHO 3ami-
caTh CAEAYIOIWMM 00pasoMm:

F = —mo®r. (11)

Cuna F B xaxmoil TOuKe HAampamjeHAa K Hauyajay KOODAMHAT U Mpo-
MOPLMOHAIBHA PACCTOSHMIO F 0 HAXOMALIEroCsd TaM LIEHTpa CHJIOBO-
ro moas (cm. puc. 102). Takyio 3aBHCHMOCTB CHJIBI OT MOJIOXEHHS
MOXHO p€aqN30BaTh, HANPUMED, C MOMOIIBIO ABYX Map OXMHAKOBBIX
npyxuH (puc. [03). Urobsi ABMXEHHE TE1a MPOUCXOAUIO UMEHHO MO
ypaBHenusM (§), HauanbHBIE YCAOBHS AOKHBL OBITH BIOJHE OIpe-
meneHHBIMH: M3 (5) crepyer, uto npH ! =0 Z0MXHO OBITH X, = A,

S

Puc. 103. I1pu cMelieHMM 1apHKa U3 1o~ Puc. 104. MzoTponHbtit OCUMILIATOP
JIOXKEHUS PABHOBECHS JENCTBYIOLIAN €O (TpH napel B3aUMHO nepneHAUKYAsp-
CTOPOHBI MPYXHH CHUJA HampaejeHa K HbIX MPY>KHH)

3TOMY TNOJOXEHHUK) PABHOBECHUS M NIPO-
MOPUMOHAJIbHA CMELLIEHUIO

yo=0, z,=0, a u3 ypasuenuit (7) — urt0 v (=0, Uy = Bo,
v,o = 0. Takoe HauaspHOE COCTOAHME MOXHO OCYIIECTBHUTH, OTTSHYB

[IAPMK B HAMpPABJCHUHM OCH X Ha PacCTOSHUE A U TOAYKOM COOOIHB
€My HauaJbHYIO CKOpocTh Bw Broab ocu y. [Ipu 3TOM ocHM x U y Ha-
NpPABJCHB BAOIb HEXE(OPMHPOBAHHEIX B3AUMHO IEPIEHAUKYISPHBIX
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OPYXHH, a OChb z MEPNECHAMKY/ISPHA ILJIOCKOCTH, B KOTOPOM OHH
PACIOJIOXEHBL,

B aeicTBUTENBHOCTH OKA3BIBAETCSH, OOHAKO, UYTO B3aUMHO MEp-
MEHAUKYJISPHbIE OCH X U Y MOTYT OBITh B IUIOCKOCTH IIPYXHH OpH-
E€HTHPOBAaHbI MPOM3BOJILHEIM 00pa3oMm. Bosiee TOro, ecim K 3THM
OBYM MapaM MpyXuH A003aBUTh euwle TAKYK XE Mmapy, pachnojioXeH-
HyI0 [EpPNEHAMKYJSPHO IUIOCKOCTH, B KOTOPOM OHH JexXat
(puc. 104), To B Takoil CuUcTeMe BBIOOp HAMpPABJACHHS BCEX TpPEX
oceit x, y, z COBEPIIEHHO MNpou3BosieH. [I0 CBOMM MeXaHHYECKUM
CBOWCTBAM CHCTEMA OKas3kBaercs ujomponHod. Ilpu nobpix Ha-
YaJBHBIX YCJIOBUAX TPacKTopus mapuka Oymer miaocko. Opuenra-
Mg 3TOHM IJIOCKOCTH OMNPEAENSETCS BEKTOPAMHU T, U V, HAYaJbHOIO

CMCUICHUS UM HA4YaJ bHOU CKOPOCTH.

Pa3Hble ABHXEHHUA IO IAJIHUTICAM. XOTS ABMXKEHHUE Tesa Mmod ACHCT-
BueM cuabl (11), MpOMOPUMOHANBLHON CMELICHHIO U3 MOJIOKEHUS PaB-
HOBECHd, KaK M ABHXEHHE IyaHeT BOKpYr ConHLA, MPOMCXOXUT IO
/UTMITHYECKOM TPAEKTOPUHU, XapPaKTEP ITUX ABHXKECHHMH COBEPIICHHO
pasnuued, JIBMXXEHUE IUIAHETHI MPOUCXOOHUT MOA ACHCTBHUEM CHJIBI,
o6paTHO MPOMOPLHOHANBHONU KBagpaTy paccrosHusg go ConHua, pac-
MOJIOXKEHHOro B ogHoM U3 ¢okycos asutunca (puc. 103), B To Bpems
KaK B pacCMOTPEHHOM BBILIE MPUMEpE IIapUKa Ha MPYyXHUHAX CHJIO-
BOM LIEHTP COBMAZAET C LIEHTPOM ayaunca. Pasniumume B xapakrepe
ABUXEHUN CTAHOBUTCS OCODEHHO OTYET/JHBBIM, €C/IM BCOOMHHTDb, YTO

Ya

-
~

=
§\ I/
,/\
>

Va

Puc. 105, Mpu asvxkennn nuaHersr sokpyr Cosnnua cxopocts 8 adennu (A) Menbiue,
uyeM B nepureauu (IT)

CKOPOCTH TUIAHETH B a(he/IMU U MEPUTEINH, T. €. HA KOHUAX 00ab1IoM
HOJIyOCH 3JIHMCA, pasianyHel (puc. 103), B TO BpeMs Kak y [apuka
HA MpPYXHHAX CKOPOCTH v, M v, B COOTBETCTBYIOUIUX TOYKAX OPOUTHI
oanHakoBul {cMm. puc. 102).

OTMeTUM, YTO B CAy4ae ABMXKECHUS MPH HAJOXEHHBIX CBI3SX Me-
XaHHUYECKOE COCTOSHUE ONMpeNensercs 3afaHueM 3HayeHuit obobmeH-
HBIX KOOPAMHAT M 3HAYEHUH CKOPOCTEH UX M3MeHeHUs (0000IEeHHBIX
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CKOPOCTEHN ) B OMMH M TOT X€ MOMEHT BpeMeHH. Takum ob6pasoM, uuc-
JIO MapaMeTpPoOB, ONPEACASIOMINX MEXAHHYECKOE COCTOSTHHE CHCTEMBI,
B ABa pasa Oonbloe uMcaa ee creneHei ceobonn. Tak, NpH ABHXEHHH
TOUKHM N0 3aAAHHOM OKPYXHOCTH, €€ MEXAHHUECKOE COCTOSIHHE Ompe-
ACAS9€TCS BCCro I.[ByMSI BCIHMUYHHAMH, HAIIPHUMCD yl"JIOM ‘P H yFﬂOBOﬁ
CKODPOCTBIO 0 = ¢,

e Kak nokasaTb, YTO paaudyc-BeKTOD YACTULIbI, ABUXEHHE KOTOPOH OMHUChI-
BaeTcA ypaBHeHUAMH (5), MoBOpayuBaeTcd MpPOTUB 4acoBOH CTPenKH C
NIOCTOAHHOM YTJIOBOH CKOPOCTBIO?

e [okaxute, uto opMyabl (10), cBA3BIBAWOIIME NPOEKIMH CHIbI C KOOP-
OMHaTaMM liapyka, NMOABELUEHHOro Ha ABYX Nnapax OAMHAKOBbIX MPYXWH,
CMpaBe/iMBbl NIPU NPOU3BO/IBHOM OPUEHTALHU OCeM X U ¥y B MJOCKOCTH
npyxuH (T, e. ocH He 0643aTeIbHO HANpas/sTh BOOJb ITPYXHH).

¢ YeM pasnuyaoTca ABMXEHHUS MO 3MJIUITHUECKHM TPAaeKTOPHAM B Cayua-
X LlapHKa, MOABEILIEHHOr0 Ha TPeX Napax B3aMMHO MepleHAUKYAAPHBIX
OAMHAKOBBbIX MPYXHH, M OPGUTANBHOIO ABMXEHHUS MaaHeTbl? A

§ 26. MpuHuun oTtHocKTenoHocTH Fanunes

OCHOBHBIE 33aKOHB NMHAMHKHM — 33KOHB HbloTOHA — cnpaBemnBH B
HHEPUMATBHBIX CHCTEMAX oTcuera. Ho MHepuMaabHEX CHCTEM MHOro. B
KAKOH MMCHHO HMHEPLHMAJIBbHOM CUCTEME OTCUETA PACCMATPUBAETCS H3Yy-
yaEMOE MEXAHHUECKOE IBMXEHHE — COBEpIIEHHO Oe3pasauuHo. Bnep-
BHE 3TO 00CTOATEALCTBO OBLIO OCO3HAHO [anuieeM.

B cBoeit kHure «Juamoru 0 AByX CHCTEMAax MHUPa — IMTOJEMEEBOH U
KONEPHHUKOBOM», Bmmeamed B c¢BeT B 1632 rogy, anwneit mpusomut
ONMHCAHUC PA3IHUHBX MCXAHHUYCCKHX ONBITOB, MPOHM3BOAMMBIX B 3aKpbi~
TOM KaoTe KOpabss, M3 KOTOPHX CJIEAYET BRBOA O TOM, UTO BCE sBJE-
HHMS TIPOHCXOAST OAMHAKOBO, HE3aBUCHMMO OT TOIO, MOKOHUTCH KOpabnb
HJIM OBUXKETCS NMPSMOJHMHEHHO M PABHOMEPHO.

PaBHONpaBHe WMHEPUHMAJIbHBIX cUCTeM. ['anuieit paccMaTpuBan Cieny-
IOIME MPOCTHE OMBITH. B HemoABHXHOM Kopalje KamiM BOAH M3 MOA-
BELICHHOIO K MOTOJKY BEACPKA MOMAAAIOT B COCYA € y3KUM TOPJIBIIIKOM,
MOACTABJCHHHI BHH3Y. Bpocas mpeaMeT mo HampaBJEHMIO K HOCY KO-
pabis, He npHAeTcd NpUMEHATh Goablero ycwaus, uem Opocas ero Ha
TO Xe€ PacCTOSHME B CTOPOHY KOPMH. IIpHras B aauHy, BH CAejaere
NPBIKOK HA ORHO M TO XK€ PACCTOSTHHE HE3ABUCHUMO OT €TI0 HANpPaBJICHHS.
TIpu paBHOMEPHOM ABHMXEHHH KOPaG/as C KAKOH YrogHO CKOPOCTBIO B OT-
CYTCTBHE KAUKM BO BCEX ITHX SIBJCHHUAX HE yAAeTCs 0OHAPYXHUTb HH Ma-
neimero uameHenus. Hanpumep, nanawomue kamwmw 6yayT mo-mpexHe-
MY NOMANaTh B FOPJIBINKO MOACTABJACHHOIO COCyAa, HECMOTPS HA TO, UTO
3a BpeMs NMAfCHMS KAIUIM COCYR BMecTe ¢ kopabyieM ycnesaer mepeme-
CTHTBLCS HA 3HAUMTEALHOE pacctosiHue. Hu mo ogHOMY M3 3TMX sBJIEHMI
HE YAacTCsl YCTAHOBUTH, ABMXETCS JIM KOPab/b WIM MO-HIPEXHEMY CTOUT
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Ha Mecre. He moMoryr Tyt ¥ caMele TOHKHE MEXAHWUECKHME OMBITHL C
TOUHEMIIUMK MpUGopaMu.

Urax, Haxomsach B 3aKpuITOH KawTe, ¢ MOMOWIBK) MEXAHHUYECKUX
ONMBITOB HEBO3MOXHO OMPEAENUTb, CTOUT JM KOPab/ip MAM OBUXETCS C
MOCTOAHHOU CKOPOCTbIO. [IpyruMu C/lOBaAMHM, MEXAHHUECKUE SIBJICHHS
NMPOTEKAIOT OAWHAKOBO BO BCEX HHEPUUATBHBIX CUCTEMAX OTCUETA B
TOM CMHCJIE, YTO OOUHAKOBRI OMHUCHIBAKOIIHME HX 3aKOHbBI OUHAMHUKH,
IMoaroMy ace unepyuanvhble cucmembl omcyema 3KGUGANEHMHbL, T. €,
PABHOMPABHH.

3TO yTBEPXKIEHHE O MEXAHMUECKOM IKBHBAJIEHTHOCTH BCEX MHEPLHM-
aJbHBIX CUCTEM OTCUETA B MEXAHMKE U COCTABJSET COOEPXKAHHE NPUHLU-
na omuocumeavnocmu I'arunes.

ADcomoTHble ¥ OTHOCUTENbHBIE BeaMunHbl. OCTAaHOBUMCH Ha BOMpoce
O PAaBHOMPABHM MHEPUMAIBHEIX CHCTEM OTCUETA HECKOJIBKO MOgpobHee.
BCHOMHHM npo OTHOCHUTCJIBHOCTD MCXAHHUYECCKONO ABHXKCHHSA, KOTOpAs
OpoABAACTCA B TOM, UTO OOHO M TO X€ OBHXCHHC C TOYKH 3PCHHUA
Pa3HBIX CHCTEM OTCUYCTA BHIVIAOUT IO-pAa3HOMY. TpaCKTOpHH MAYHKA,
KOTOPBIH MOAOPACRIBAET W JOBHT HAXOASIIHIACA B JBHXXYIIEMCS BAroHe
MaJIbYUK, MNPCACTABJISACTCHd €MY OTPE3KOM HpHMOﬁ JUHHH, B TO BPCMA
KaK O Habaogatesns Ha nmaaTdopMe CTAHLMHM 3TOT MSAYHK ABHXKETCH
no napabone. YTBepxnas, uTO ABHXEHHE MSUYMKA B JIO0OH M3 3THX
CHCTEM OTCUeTa OMHUCBIBACTCA OJHUMH U TEMH XK€ 3aKOHAMH, MBI UMEC-
eM B BHAy, YTO YPaBHEHHE BTOPOro 3aKoHa HploToHa B ofeux cuc-
TEMaxX OTCUETA HMMEET BHL

a=_. (1)
[onyuamomeecs U3 HETrO BHIPAXEHHE A/ CKOPOCTH MIUHKA UMEET BHI
v =yv, + aft, (2)

a IS ero paguyca-BeKTOpa
r=ro+vot+aTt2. (3)

ITpu 9TOM HEKOTOpHE M3 BXOASIIHX B 3TH (POPMYJIbl BEJIUYUH OIUHA-
KOBBI BO BCEX MHEPUHMAJBHBIX CUCTEMAX OTCYETA, T. €., KAK MOBOPAT, ab-
coromubt. K HUIM B EPBYIO OUEPENb OTHOCHTCS BPEMS {, UTO yXKe 00CY X-
HaJoch B KMHeMaTuke. ABCOMIOTHA M Macca m, XapaKTepH3yomas HHep-
THHIE CBOMCTBA TeNa. B knaccuueckoil MexaHuke abCcoMIOTHA TAKKE U CHIA
F, onucniBawias B3aUMONEHCTBHUE TET M MOITOMY 3aBUCAIIAs OT UX B3a-
HMMHOIO PaCMoOJIOXKEHUS H, BOSMOXHO, OT HX OTHOCUTEJIBHOM CKOPOCTH, KO-
TOPHE OAMHAKOBH B 00enx cucteMax. Kak Mbl BUAEIH B KHHEMATHKE, yC-
KOPEeHHUE a TaKXe ONMHAKOBO BO BCEX CHUCTEMAX OTCYETa, ABMXKYINUXCS
NPIMOJTHHENHHO U PABHOMEPHO OJHA OTHOCUTEJIBHO APYIOM.

Taxum ofpasomM, ypasHenue (1), BHpaxamomee OCHOBHO! 3aKOH Me-
XAHNYECKOrO JABMKEHMS, YIOBJETBOPSET MPUHLHUNY OTHOCHTEJIbHOCTH,
U060 CMpaBETMBO BO BCEX MHEPLMANBHBIX CHCTEMAx OTCYETa.
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Jpyrue BeJMuMHbI, BXoasmue B ypasHenua (2) u (3), —r, ry, vH
V, — HMEIOT Pa3HBIE 3HAYEHHUS A OOHOIO M TOrO X€ ABMXEHHS B 3a-

BUCHMOCTH OT MCIIO/Ib3yEMON CHCTEMBI OTCUETA. 3aKOHBI MX Mpeodpaso-
BAHUS MPU NEPEXOAE OT OTHOH CHCTEMBI OTCYETa K ApYro# Oblam pac-
CMOTpEHbI B KHHEMATHKE.

JBMxeHHE B pa3HBIX CHCTEMaX OTcueTa. B paccMaTpUBaecMOM mpuUMe-
pe ¢ mogOpacsBAHUEM MSIUMKA EIMHCTBEHHAd AEHCTBYIOIIAS CHJIA — I3TO
cuaa Taxect mg. MAUMK IBMXKETCS C OOMHAKOBBIM YCKODEHHMEM g B
obeux cucremax orcyera. Ho HauajbHas CKOPOCTb MsYMKA V, Oyzer
pasHoit. B cucreMe oTcuera, CBA3aHHON C ABMXYIIUMCS BArOHOM, BEKTOP
Vv, HampasJjeH BepTUKaNbHO BBEPX. M3 (2) mpu 3TOM CcreqyerT, YTo B JK0-
001 MOMEHT BPEMEHM CKOPOCTb V TAKXC HAMpABJCHA MO BEPTUKAIM —
BBEPX WJIM BHU3, B 3aBUCUMOCTH OT TOr0, Ha KAKOM y4acTKE TPAEKTOPUHU
HaxoauTca Mauuk. A u3 (3) BUAHO, YTO OTHOCMTEJBHO BAroHa TPAacKTO-
pUsa MAYMKA MPEACTaBASAET co0oi oTpe3ok mpsaMoi, OOpaTUM BHUMaHHE
Ha TO, UTO B JTOH CHUCTEME OTCYETA ABMXKCHUE MSAUMKA OMUCHIBAETCA
YPaBHEHHAMH, B KOTOPbIE CKOPOCTh BaroHa V BooOuie He BXomuT. [lo-
JTOMY MsAuYHMK OyRET OBUraThCsl ORMHAKOBO KaK B HEMONBMXHOM, TaK H
B PaBHOMEDHO OBHXYIIEMCS BaroHe.

C ToukM 3peHMa HaOAOmATENs, CTOAWENO HAa MAATGOpME, HAUa/Ib-
Hasl CKOpOCTb noxOpachiBAEMOro MSUMKa YXE HE HANpaBjeHAa BEPTH-
KanbHO: OHAa paBHA BEKTOPHOU CyMME BEPTMKAJbHOM HAUaJbHOM CKO-
POCTH MAYUKA OTHOCHTEJBHO BArOHa M [OPH3OHTAJIbHOH CKOPOCTH Ba-
roHa. [loaToMy B 3TOH CHUCTEME OTCUETA HAyaJbHAsl CKOPOCTh MSIUHKA
HampasJ/JieHd MOX YTJIOM K [OPU30HTY, MU OH, ECTECTBEHHO, IBUXETCA
no mapabojie. B 3aBHCMMOCTHM OT 3HAUEHHS CKOPOCTM V BaroHa 3TO
OyayT pasHple napabosibl. YuMTHIBAd, UTO CaAM MAaJbuHK B JTOH CHC-
TEME OTCYETA ABHXETCA [OPU3OHTAIBHO CO CKOPOCTBX BaroHa V, He-
TPYAHO MOKAa3aTh, 4TO, IpPOAEaaB CBOM MMyTh MO mnapabose, MAYHK
OMYCKAETCd TOYHO B PYKM Majbyuka. [JOKaXUTE 3TO CAMOCTOATEIBHO
X CPaBHHTE, HACKOJIbKO MPOUIE OKA3RBACTCS MATEMATHUYECKOE OMMCA-
HHE NAHHOIO OBMXCHHMS B OJHOM CMCTEME OTCYETA MO CPABHEHMIO C
APYroM, HECMOTPA Ha TO, UYTO 3aKOHBI 3TOr0 ABHXCHHUA B OOEMX CH-
CTeMax OOUHAKOBBI.

Ilogsonst UTOrM, MOXHO CKa3aTh, UTO B pa3HBIX HHEPIUAJbHBIX
CHCTEMax OTCUETa O9BOJIOUMS HAYAJBHOIO MEXAHMUECKOrO COCTOSIHUSA
MPOMCXOAMT OOMHAKOBO, MO OOHMM M TEM XE 3aKoHaM. Bce pasauume
3aKJIIOYAETCS B BHMAE HAUYATBbHOMO MEXAHHUUYECKOrO COCTOSIHHS paccMar-
puBaeMoi (HU3UUYECKOH CUCTEMBl. VMEHHO pasjvuMe HAUAAbHBIX YC-
JIOBUH M TMPHUBOAMT K TOMY, UTO ONHO M TO XE SIBJEHHE, OMHCHIBAE-
MOE ONHMMH M TEMH XK€ 3aKOHAMM, BHIDVISAUT MO-PasHOMY B pasHBIX
MHEpUMaIbHBEIX CHCTEMax oTcuera. B Tex Xe ciayuadx, Korma B ABYX
CHCTEMAx OTCUYETA PacCMATPUBAKOTCA OMBITH, AJSI KOTOPHIX M HAaualb-
HBIE YCJIOBUSI COBIANAIOT, BCS KapTHHA OBMXKEHHS BBRIVISAMT COBED-
IEHHO ORMHAKOBO.
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IIpUHUMN OTHOCHTEABHOCTH HA NpakTHKe. [IpHHIMO OTHOCUTEIBHO-
ctu [asnies Ha MPaKTHKE MOXHO MCIIOJb30BATH O/ YIPOUIEHUS pelie-
HUS MHOrMX (PM3MYECKMX 3a7ay. YaauHuid BHIOOp OMHOM M3 MHOXECTBA
BO3MOXHBIX MHEPUMAJIbHBIX CHCTEM OTCUYETA YACTO MO3BOJSET MpeBpa-
TUTb CJIOXHYIK HA IEPBHH B3MJISA 3aJadyy B [IOUTH O4YeBHAHYK. Bosee
TOTO, TPHUHIMUN OTHOCHTEIBHOCTH MO3BO/IAET MHOMAA MOJIYYMTh OTBET HA
BOMPOC O ABJICHHUAX, OIS KOTOPBHIX HAM HEU3BECTHB! OMMCBHIBAKOIIME HMX
KOHKPETHBIE 3aKOHHI.

3apgauwu

1. Jaouxenue no nenine mpancnopmepa. JleHta ropu3oHTanbHOro TpaHCMop-
Tepa ABUXETCH ¢ NOCTOSAHHOM ckopocTbio V. Ha neHTy Bneraer waiiba co cko-
pOCTbIO V, HallpaBfeHHOM nonepek JeHThbl. IIpy Kakol WWpHHe NEeHTH Wafiba
LDOCTHrHET ee TNpPOTHBOMONOXHONO Kpas, ec/M Ko3hdDHULHEHT TPpeHHS CKOMbXEHUS
1waibbl MO MOBEPXHOCTH NleHThl paBeH u? KakoBa TpaeKTOpHs LaiObl OTHOCH-
TelbHO 3eMan?

PeweHnue. B cucreMe oTcueTa, cBA3aHHON ¢ 3emjel, Havya/lbHasg CKOPOCThb
WakObl HalpaBjieHa roriepek JIEHTbl, HO B JalibHellleM CKOPOCTb He ocTaeTcs
NOCTOAHHOM HU MO MOAYJIO, HH Mo HanpasjeHUIo. [TOCKOBKY CUMa CYXOro Tpe-
HUA HanpasJ/jeHa NPOTHBOMOMOXHO CKOPOCTH, TO MOXeET 0Ka3aTbCs, 4TO YCKO-
peHue wWalbbl Toxe BCe BpeMs MeHsAeTcs. A TOTAa yXe CTaHOBUTCS COBCEM He-
NOHATHO, KaK MOACTYNUTbCA K 3TOM 3ajaue.

3agava CTAHOBUTCS COBEPIIEHHO OUEBHIHOM, €C/IM NepelTH B CUCTEMY OTcue-
Ta, CBA3AHHYIO ¢ PAaBHOMEPHO ABHXXY LIeHCS JIeHTON TpaHcnopTepa. Takasa cucreMa
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Puc. 106. Cxopocts v,' waitbst oTHOCK- Puc. 107. Tpaektopus waiibi B HEmo-
TeJIBHO JIEHTs! TPAHCIIOPTEPa HANpABJe- ABMOKHOM CHCTEME OTCUeTa

Ha Mo YIJIOM @ K KPak) JIEHTbI

TaKxXe $IBSETCS MHepUManbHON. B 3Toit cucTeMe oTcueTa HauaslbHasi CKOpPOCThb
1WAkl Vy HaTlpaBJieHa MOA YIJIOM ¢ K KPAalo JIeHTbI, TAHFeHC KOTOPOro paBeH OTHO-
weHuso v/V(puc. 106), a ee MOAY b
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Cuna TpeHHs NOCTOAHHA NO MOAYJIIO U MO HanpaBJieHHIO, TaK Kak OHa Hamnpas-
JIeHa T1POTHBOTIOIOKHO CKOPOCTH Vg Laifbl OTHOCHTENbHO NeHThl. Cllef0BaTeNbHO,
B 3TOM CHcTeMe oTcueTa Laiba ABMXeTcs NPAMONUHENHO ¢ NOCTOAHHBIM YCKope-
HUEM, MOAY/Ib KOTOPOro paseH g. OueBHAHO, YTO NpPOMACHHBIM Waniboi K0 ocTa-
HOBKH (OTHOCHTEJIBHO JIEHTHI) NYTh AaeTCH BblpaXeHHEM
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[Ipu 3ToM monepek JieHTbl TpaHCNOpTepa Liaifa nepeMecTUTCS Ha pacCTOSHHUE

I = s sin qa.
IMoacraenss copa s U3 (4) u
sin g = g = Y
TV Fgta VU
noaydaem
/= WV 2
ug

Ecnau wupuHa neHTsl TpaHcnoprtepa Oosbuie I, To waiba ocTaHOBUTCSH, He HO-
CTUrHYB MPOTHUBOMOJIOXKHOMO Kpas JIEHTHI.

KakoBa xe Oyaer TpaekTopus 1waibbl oTHOCUTeNbHO 3eMaH? [Tockonbky ABH-
XKEHHe MPOUCXOOUT C MOCTOSHHBIM YCKOPEHHEM, TPAEKTOPHS B CUCTEME OTCUETA,
CBSI3aHHOM ¢ 3eMJield, npeacTabseT coboit 0Tpe3ok napabosisl, 0Cb KOTOPOIA COCTAB-
JISeT yroJ @ ¢ KpaeM JeHTsl (puc. 107). B HayansHO! TOuKe KacaTesibHas K napa-
Oosie HanpasJeHa NONepekK JIEHThI, a B TOYKE OCTAHOBKHU — BAOJb JieHTbI, Tak Kak
panslie wanba ABUXETCS BMeCTe ¢ JIEHTOM, OTHOCUTEIbHO 3EMJIHU ee AanbHeHllas
TPaeKTOpHs — NpsMas.

2. Cxopocmbe cmpyltiku 808sl. JJoKaXHWTe, UTO CKOPOCTb MCTEUEHUS BOABI U3
OTBEPCTUSA B CTEHKE COCyHda, HAXOAALIErocs B BaroHe noesfa, OAMHAKoBa He3a-
BUCHMMO OT TOro, CTOMT MOE3A HA MECTE HJIM ABUXETCA PaBHOMEPHO M NpPSMO-
JIMHEHRHO.

Pewenue. [N nookasaTenbCcTBa He TpebyeTcs YMEHUS HAXOOWUTb CaMo
3HayeHHUE CKOpOCTH UcTedyeHHMs BOAbI. JTa CKOPOCTb OAMHaKoBa B oBoux pac-
CMaTpUBAEMBIX CJIYYadX BCJEACTBHE NPHUHUMNA OTHOCUTEIBHOCTH. [IeHCTBH-
TEAbHO, WU3MEPSAS 3Ty CKOPOCTb B HEMOABMXHOM W B OBUXYILEMCS PaBHOMEPHO
M NpPAMOMMHENHO BaroHe, Mbl NOJYYHUM OAMHAKOBble 3HaueHus. MHaue aroT
onbiT Mo3BoJsisin Obl OOHAPYXHUTb (DAaKT PABHOMEPHONO ABUXKEHHSA Moe3fla, He
BLIMIAAbIBAS B OKHO. OQHAKO BCJIEACTBHE MPHUHUMNA OTHOCHTENBHOCTH 3TO He-
Bo3MoXHO. [lono6Hble OMbITBI JAIOT BO3MOXHOCTb 0OHapyXHUTb YCKOpPEHHME Ba-
roHa, HO HE ero CKOpOCTb.

3aMeTHUM, 4TO CKOPOCTb UCTEYEHHS OOMHAKOBA, €CJIU B 0060MX C/lydadx OHa U3-
MepSETCs B CUCTEME OTCUETA, CBA3aHHOM ¢ BaroHoM. CKOpocTb UCTEUEH US BOOBI OT-
HOCHTEJIbHO 3EMJIH 33BUCHUT, pa3yMeeTcs, OT CKOPOCTH BaroHa.

B ueM 3aKkjoyacTcs (U3IHUCCKOE COAEPXKAHUC NMPUHLUMUIA OTHOCHUTEJNSHOCTH
lanunes?

L4 anBCﬂHTC HU3BECTHBLIC BaM MNPUMEPLI SIBJICHUH, NOATBEPXKAAWUIHMX NPUHUHKIN
OTHOCHUTENIbBHOCTH.

e UYTO KOHKPETHO UMEIOT B BUAY, KOTAa rOBOpPSAT, YTO MEXAHHUYECKHE SBJIECHHUS
OMMCBIBAIOTCA OQHUMM M TEMU Xe 3aKOHAMH BO BCEX MHEPLUMUAJbHBIX CHUCTE-
max orcuera? Begb ans pasHeix HabmonaTteneil ooHO U TO Xe SBJICHHE MOXET
BLITJIAAETD [10-Pa3HOMY.,

o IloyeMy, HAXOAChb B 3AKPLITOM KyIeE MOE3Aa U HE BLITJISABIBAS B OKHO, MOX-
HO 0OHApyXHTb YCKOpPEHHe BaroHa, HO HE ero cKopocTs?
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§ 27. Cuctemsr eanHny

JlroBoe usmepenue 3axaI0MaETCS B CPABHEHMHM H3MEPSIEMOM BETHUYMHBI C
IpYyTOil, ODHOPOOHOM C HEell BETMUMHON, MPUHATON 33 equHUuy. B npuH-
LUMIE EAUHULBI 19 BCeX PUBMUECKHX BEJMUMH MOXHO BHIGPATh COBED-
UIEHHO HE3aBHCHMO Apyr oT apyra. OgHAKO 3TO MPAKTHUYECKH HEYHOOGHO,
TaK KAaK TOIMA BO BCEX yPAaBHEHHUAX (DHU3MUECKHX 3aKOHOB, BBIPAXAIO-
IMAX CBSI3b MEXAY pAas3/JMYHBIMU BEIMUMHAMH, MOSBATCS YUCIOBHEIE KO-
adduuuentn. Kpome toro, npunurocs 66l a9 Kaxaod dU3Myeckoii Be-
JIMUMHB BBOOHUTH CBOHM ITAJIOH.

DTanoH. 3maroHom HA3LIBAETCS CPEACTBO M3MepeHHid, obecneunsarnmee
BOCTPOM3BENECHUE U XPAHEHUE BHIOPAHHOM eTMHULE (PUBUUECKOIT BETUUH-
Hbl, 4 TAKXE Mepenayy pasMepa eNMHULBL APYTHM CPENCTBAM M3MEPEHHIH
(T. €. BTOpHUYHBIM 3TAJICHAM H U3MEPHUTENbHHM NpHGOpaM).

CooTHOLIEHHS MeXay eaHHHuaMH. OCHOBHOM 0COGEHHOCTHIO COBpe-
MCHHBIX cucmem eauuuq SABJAIETCA TO, UTO MC)K)ly COHMHULIAMH pa3JIHU-~
HbIX BEJTMUMH MMEKTCH ONpPEAEIEHHBIE COOTHOUWIEHHS. JTH COOTHOUIEHUSI
yCTaHaBJ[HBaIOTCﬂ TEMHU (bHBH'-lCCKHMH 3aKOHAMHU HJIH Oﬂpe}leﬂeHHﬂMH,
KOTODHIMH CBSI3aHBI Mexay co0oi usMmepsembie BenuudHbl, Hanmpumep,
C}lHHlduy CKOPOCTH BbIGHpaIOT TaK, 4YTO OHA Bpra)KaCTCSI qepea COUHHULBI
IndHBl A BpeMeHH. [Ipu TakoM BhIGOpE EQUHULIBI CKOPOCTH HCHOJIb3YIOT
onpedenernue CKOpocTH. EQMHULY CHJIBI YCTAHABJAMBAKIOT C MCMOJIb30BA-
HHUEM Qu3uyeckozo 3aKkoHa — BTOPOrO 3akoHA HbIOTOHA — M BRIpaxa-
0T 4YEpe3 €MMHULB YCKOPEHHS M MACCHI.

3T0 03HAYAET, YTO HPU HOCTPOEHHH ONPENEIEHHON CUCTEMBI EIMHMIIL
A9 HECKOJBbKHX ﬂpOHBBO}IbHO BbIGHpaCMbIX dmauqecxnx BCJIHUHH COH-
HHLBI yCTaHaB}IHBalOT HEC3aBHCHMO prl‘ oT npyra H HA3BIBAKT OCHOGHbI-
Mu. EQVMHULBL 219 OCTaIbHBIX BEJIHYMH BBIPAXAIOT UEPE3 OCHOBHBIE M
HA3HIBAIOT 1POUIO0HbIMU.

OcHOBHbBIE K MMPOH3BOAHLIE €HHHLbI. UHCI0 OCHOBHBIX EOMHHULL K CAM
HX BHIGOD B PA3HbIX CHCTEMAX EAHHHL, MOTYT OHITh Pa3/JHUHBIMH. B cHcTe-
me equnun CTC (ot nepBuix 6yKB HAMMEHOBAHHIM OCHOBHBIX €IMHHL —
CantuMertp, I'pamM, CekyHaa) B KAUeCTBE OCHOBHBIX BHIOPAHBI TPU €0~
HUUB -— gaunbl (L), Maccel (M) u Bpemenu (7). B Mexaynapoguoit cu-
creme egxunun CU (SI — System International) B KauecTBe OCHOBHBIX BhI-
Gpannl ceMb enuHuL; LuHb (L), maccol (M), speMenu (T'), TeMnepaTty-
pul (), Konuuectsa Bewectsa (N), cHabl 2aeKTpHYecKOro Toka (/) H
cunnl ceeta (J).

Kpome npomssona B Beibope PU3UUYECKHUX BEIHMUHH, COHHHULIBI KOTO-
pbiX NPHHMMAKOTCS 33 OCHOBHHIE, M TpoM3Bosia B BeiGope Macurraba
(pazMepa) 3THX €AMHHL MMEETCS €IlEe Mpou3Boa B Beidope koadduuu-
€HTOB I1PONOPLMOHANbHOCTH B (pOpPMYJIaX, KOTOPHIMM BBOISTCS HPOM3-
BOAHBIE €IMHHILIBL.
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EaMHAubl TI0maan. I1powitrocTpupyeM 3TO HA TpUMEpEe EAHHHIBI
maomwany. Buifpas B KauecTse eAMHHULBI AJMHE METDP, MOXHO B KAUECTBE
eNMHULBl TIOWAnu BeIOpath aub0 keadpamMeli Memp — ILIOUIANb
KBaZApaTa, CTOPOHA KOTOPOro pasua 1| merpy, aubo kpyeabii memp —
MIOWANb KPyra, AuaMeTp KoToporo paseH 1 merpy. B nepsom cayuae
wiowans S,, KBaapata co CTOpPOHOM [ Bhipaxaerca dopmynoi S,, = /2,
a mowannp S,, Kpyra auameTpoM d — ¢opmyoit S, = nd?/4. Bo Bro-
poM ciyuae Oonee mpocras dopmyaa moaydaerca aad IUIOmAad Kpyra:
Sep = d?, B TO BpeMs Kak opMmysa mas Maowanu keaapata Oyaer co-
zepxateb n: S, = 4/%/m.

PaccMoTpeHHbic BO3MOXHOCTH BBEAEHHS NPOM3BOAHBIX EAHUHHI ILTO-
WAA¥, OTIHYAKIUXCS HYUCIOBBIM KO3((DHUIMEHTOM, OCHOBBIBA/UCH HA
ONHOH ¥ TOM XE TEeOMETPUUECKON 3aKOHOMEPHOCTH, CBS3BIBAKOIICH
mwiowany nogo6Heix GUryp ¢ UX JuHEeHHHMM pasmepamu: S ~ [2. Ho
TPU BBEACHHH TPOM3BOJHOW ENMHULLI KAKOH-1ub0 u3uueckod Besu-
YUHB KPOME YIOMSAHYTOTNO TPOM3BOJIA B BHIOOPE 4MCI0OBOTO K03(hduLHU-
€HTA MMEETCS elje TMPOM3BOJ B BHIOOpe (DU3MUECKOTO 3aKOHA, C TO-
MOIILI) KOTOPOr0 YCTAHABJIMBACTCS CBSA3b NMPOM3BOAHBIX EIUHHLL C OC-
HOBHBIMH. Hamnpumep, eauHuNa Cwib OOHYHO YCTAHAB/JIMBAETCH C
MMOMOILIBK) BTOPOro 3akoHa HbelootoHa F = ma. B atoMm cayuae 3a emu-
HULY CHAH TPMHMMAETCH CHIa, KOTOpas EJUHHYHON Macce coobaet
EIMHMYHOE YCKOpeHHE. BBIpaXXECHUE EeAMHULBI CHJIbl UEpe3 OCHOBHHE
EOUHULBI, T. €. PA3MEPHOCMb CUJIbI, UMEET BHJ

dim F= [F] = MLT™2 (1)

Pa3MepHOCTb PU3HYECKOH BeaHuHHbl. OQHAKO NpPU TCX K€ OCHOBHHIX
eaunnuax (L, M, T) ANd yCTAHOBJEHUSA EAMHUIIBI CHJIBI MOXHO BMECTO
BTOPOro 3ak0Ha HpOTOHA MCNOAB30BAThH 3aKOH BCEMHUPHOIO TATMOTCHUS,
mojaras B HeM Ko3(hdUUMENT NMPONOPUUOHANBHOCTH O€3pa3MEPHBIM M
paBHBIM, Hanpumep, eAMHUHLE: F = m m,/r’ B aToM cayuae 3a eanHuuy
CHMJIbI TIPUHUMAETCH CH/A, C KOTOPOU NPUTArMBAKOTCA EJMHUUHBIE TOYEY-
HBIE MACCHl, HAXOAAILIMECA HA EQUHHUYHOM DACCTOSHHHU OAHA OT APYroi.
PasMepHOCTb Cwtel Npu 9ToM umeer Bua dim F = M2L72, Tlpu Takom
BBIOOpE €AMHHMLBI CHJBI BO BTOPOM 3akoHe HeoToHa, pazymeercd, nos-
BUJICa Obl pasMepHblil KO3G@HUIMEHT, TOA0OHO TOMY KAK NpH OOBIYHOM
BbIOOpE eqMHMILL CUJB (HAa OCHOBE BTOPOro 3akoHa HeioToHa) pasmep-
HbI KOI(PHHULUHEHT NOABIAETCH B 3aKOHE BCEMHMPHOTO TAroTeHud (Tpa-
BUTALIMOHHAA TIOCTOSIHHASA ).

Paszobpauubiil mpuMeEp MOKA3bIBAET, YTO PAIMEPHOCMb (PUIUMECKOL
GeJlLHbL 3ABUCHT OT cnocoba nocmpoeHus: CACTEMBI EIUHULL.

Takum o6pazom, npH BEIOOPE CrOco0a MOCTPOEHUS CHCTEMbI EIMHHUILL
CyliecTByeT 0osbluoi npou3so1. OHAKO HA NPAKTHKE TIPUXOIUTCH CUM-
TaTbCd C LEJBIM pAaOM TpeGOBAHHM, KOTODHIE CYINECTBEHHO OrpaHUYHM-
BAKOT 3TOT NPou3Boa. CAMIIKOM OONbIIOE YHUCIO OCHOBHBIX €AMHHUIL ObLIO
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Onl HeyMOGHO M3-3a MOSBIECHHS pa3sMEPHBIX KO HUIHEHTOB BO MHOTHX
dusnuecknx dopMmynax u u3-3a HeoOXOAMMOCTH YCTAHOBJIEHUS OOIBIIO-
ro yucaa 3TajnoHoB. CJHIIKOM Majo€ YMCAO OCHOBHHX CHUHHL IIPUBO-
AMT K TOMY, YTO HEKOTOPbIE NOCTPOEHHHIE HA UX OCHOBE IIPOM3BOAHBIE
CAMHHUIIB OKAa3bIBAIOTCH HEYAOOHBIMHU OIS HCIIOJb30BaHMS. [1pakTHueCKH
HCIIONIb3YETCS HECKOMBKO CHCTEM, B KOTOPBIX YHMCJIO OCHOBHBIX EXMHHII
KoaebneTcs OT Tpex AC CEMH.

JTanoHbl BpeMeHd U JaUHbL [IpM yCTAHOBAECHUHM OCHOBHRIX E€IMHHULI
BECbMA BAXXHOW SBASIETCS BO3MOXHOCTb CO3/IaHHS TAKUX ITAMOHOB, KOTO-
pbie obecrieunBasy Gnl IOCTOSHCTBO €AMHMIIE M BO3MOXHOCTb €€ BOCIIPO-
U3BEACHUS, a TAKXKE BOCCTAHOBJEHME JTAJOHA B CAydae ero yrparth. Ca-
MBIA HAZAEXHRIH CIOCO6 PEIICHUS 3TOM 3a0a4d — [OPYYHTh «XPAHEHHUE»
5TAJOHOB CaMoil mpupoae. Tak, NPUHSTHI B HAaCTOSIIHEE BPEMS MM AIOH
épemeHyu OCHOBBIBACTCH HA IEPHOAE KOJICOAHMIL, IPOMCXOAAINX B aTOME
u3orona uesnsg-133 npu cro nepexome MeXAay ABYMS ONPEACJTCHHBIMH
JHEPreTHUYCCKUMH [TOAYPOBHIMHM OCHOBHOTO coctosiHud. [1o onpedenernuro
EAMHHULA BPpEMEHU — CeKyHAaa — coaepxut 9 192 631 770 nepuoxos Ta-
KuX Konebanmit. Takoe CTpaHHOE HA NEPBHIHA B3M/ISA YMC/IO IIEPHOIOB B CO~
BPEMECHHOM OIPEACACHHH CIMHMLIEI BPEMEHH CBI3aHO C HEOOXOAUMOCTBIO
obecrneynTh MPEeCMCTBCHHOCTh CO CTAPHIM 3TAJOHOM CEKYHIbI, OCHOBAH-
HOM Ha CYTOYHOM BPAIHEHHH 3EMJIH.

[Ipu coBpeMeHHOM BBIOOpPE 9TAJIOHA BPEMEHM [PUPOAA IPCAOCTABISA-
€T B HAlllE PACIOPSKEHHE MPAKTHUECKH HEOrpaHWYEHHOC YMCIO COBEp-
MEHHO UICHTHYHHIX «4aCOB», MOCKOAbKY ATOMBI OXHOIO M TOIO XE M30-
TONA TOXAECTBEHHKI, HEPA3JTHYHMBI.

Jlnga ycTaHOBJIEHWS OCHOBHOM E€IWHMIIEI JJIMHBI B HACTOSIIEE BPEMS
UCTOAb3YVETCH TOT X€ CAaMBId JTasoH: no onpedeienuro METp — 3TO
IJIMHA MYTH, MPOXOIUMOTO CBETOM B Bakyyme 3a 1/299 792 458 cexyH-
Ibl. BO3MOXHOCTb HMCIOJB30BAHMS EIMHOTO JTAJIOHA IAF BPEMEHU H
IIMHBL 00YC/OBJIEHA TCM, YTO COMIACHO TECOPHUM OTHOCHTENBHOCTH CKO-
pOCTh CBETA B BAKYyME MPEACTaBAsSeT COO0M YHUBEPCANBHYI) MHPOBYIO
[MOCTOSTHHYIO.

Ilo HegaBHEro BPEMCHH 3a HTAJOH METPa NPHHUMAJIOCh PACCTOSTHUE,
copepxamee 1 050 763,73 mimH BOJH M3Jy4YEHHMS OPAHXCEBOH CHEKT-
pasbHOM suHMM u30oTona Kpunrtona-86. OTkas OT 3TOro 3TajnoHa CBS-
3aH C TEM, YTO COBPEMEHHRIC METOMBI I[TO3BOJIAIOT BRIMOJHUTH M3MeEpe-
HUE PACCTOSHUH HA OCHOBE LE3MEBOIO ITANOHA BpPEMeHH ¢ Oosbliet
TOYHOCTBIO.

Dranon Macchl. [as smanona maccei, KOTOPhIM Onin Gbhl mpHTrogeH
A1 MAKPOCKOMHMUECKUX TEJ, MOKA HE YAAETCS HCIOIb30BATh Maccy
NOKOS KaKOM-JIM00 aTOMHOM UYaCTHMIBl, TaK KaK TOYHOCTb ONpEReCHUS
4YHCZ aTOMOB B MaKPOCKOMMYCCKOM TEJC YCTYIMaeT TOYHOCTH, C KO-
TOpOH MOXHO BBIIIOJHHTh CPABHEHHE MAcC MAaKPOCKOMMYECKHX TEJ
B3BEIIMBAHUEM., [I0JTOMY B KaueCTBE JTAJIOHA MACChl CJAYXHUT OIpe-
ACNIEHHOE MAaKpPOCKOMMHECKOE TEA0 — IJAaTUHO-MpuaueBas rups (Ku-
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JorpamM), xpanaumascs B MexaynaponHom 6ropo Mep u Becos B Cespe
non [lapuxeM, rme XpaHMTCd ¥ TEPBLIA 3TAIOH MeTpa B BHAE Me-
TAJTMYECKOrO CTEPXHSA, PACCTOSHUE MEXIY ABYMs TOUKAMM HAa KOTO-
poM (METp) COCTABASET OOHY MAECATUMH/UTMOHHYX UACTh IJIMHB YeT-
BEPTH 3EMHON0 MEPHAMAHA.

CrnoxuBiagcs B y4eOHOM M HAYyYHOM JUTEPAType CHUTyauus, KOraa
Hapany ¢ Mexaynaponso# cucremoit equauu CH wupoko Mcnonbsyer-
ca rayccoBa cuctema (umu cummerpuynas cucreMa CI'C), tpebyer mo-
HMMAHHMA TPUHUMANOB NOCTPOEHMS Kaxpoid n3 HUX. OOHAKO eqnHMLBI
MEXAHMYECKMX BEJIMYMH B 3THX IBYX CHCTEMAax OTJHYAIOTCS TOJBKO
MacmitaboM, TaKk KaK OCHOBHBIE €IMHHULI B HHX BRIOpaHkl Ha Oaze on-
HHX M TE€X X¢ (DU3UYECKUX BEAUUMH — JJIMHBI, MACCHI, BPEMEHH, a
[IPOXU3BOAHBIE EAMHHULUBI BBOAATCH C MOMOHIBIO OJHMX H TEX XE COOTHO-
wennit. [Toaromy Bce dopMys bl M ypaBHEHHMS, BhIpaxatwuue dusuue-
CKHE 3aKOHBl H OMpPENENeHHs, B MEXAHMKE OAMHAKOBBI B ODEHMX CHCTE-
Max eIuHHML.

¢ Kakosa Pa3MCpPHOCTL CACAYIOIHNX q)HSH‘{CCKHX BECIHUHH: CKOPOCTH, YCKOpE-
HU4, CHUNIbl, €QUHHULIBI H3MEPEHUA KOTOPLIX ABIAKOTCA l'IpOHSBOIleIMH?

e Haifigute cooTHOUIEHHE MEeXAY €AUHHLIAMHU QJUHBI, MACChl, BpEMEHH, CKOPO-
CTH, yckopeHus B cuctemax CI'C u CU.

e 3a epuHuny cunsl B cucteMe CI'C npuHsTa guMHa — cuna, coobuatouias
Macce | r yckopeHHe 1 cM/c?. Bblpazute auMHY B HbIOTOHAX.

e YeMm ob6bRCHAETCA TO 0OCTOSTENLCTBO, UTO PA3MEPHOCTb ORHOM U TOU Xe (PU3M-
4eCKOM BETMUMHBI MOXKET ObITh Pa3HOM B pa3HbiX CUCTEMax eAMHULL?

e C ueM CBI3aHO CTOJIb CTPAHHOE 3HAUeHHWe 1/299 792 458 oy cekyHabl B onipe-
DeNeHUH MeTpa KaK MYTH, MPOXOAHUMOI0 CBETOM B BAKYYMe 3a 3TO BpeMa?

e Kakue Tpebopalivs npeabaBaslOTCs K 9Tal1oHaM GHU3HUECKUX BETUUMH?

§ 28. Metop aHanK3a pa3MepHOCTeH

Oun3anyeckue BEIMYMHBI, YHCIOBOE 3HAYCHHE KOTOPHIX HE 3aBHCHT OT
BRIOpaHHOrO Macwitaba eqMHHUL, HA3HBAXTCA Ge3pazmephbimu. T1puMme-
pul 6e3pa3MEpHEIX BEJHYMH — yroja (OTHOWIEHHE IJTMHEI AYTH K Pafuy-
Cy), MOKa3aTe/ab IPEeJOMICHUS BEWECTBA (OTHOIIEHHE CKOPOCTH CBETA B
BAKyyMe K CKOPOCTH CBETA B BEUIECTBE).

$uzuyecKne BEIUYNHBI, H3MEHAIOUIME CBOE YHCIOBOE 3HAYECHHE TIPH
M3MECHEHMM MacwiTaba eauHHL, HA3BIBAXOTCH pasdmepHsimi. T1puMephl
pa3aMepHBIX BEJIMYHMH — JUITMHA, CHJIA U T. . BeIpaXxeHue eqHHHUBI (-
3MYECKO! BEJMYKMHBI YEPe3 OCHOBHBIC COMHULBI HA3BIBAETCH €€ pasMep-
HOCTBYO (MJIM Gpopmyaol pazmeprnocmu). HanpuMmep, pasMepHOCTh CHIThI
B cucteMax CI'C u CU Buipaxaercs dopMmynon

dim F= MLT™2, (1)
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CoofpaxeHUs pa3MEpPHOCTH MOXHO HCIONb30BAaTh AJS [POBEPKH
MPaBUJIBHOCTH MOJYYEHHBIX OTBETOB MpH pElIeHHHM (GM3UYECKUX 3aaau:
MpaBble U JIEBbIE YACTH IMOJYUYEHHBIX BBIPAXCHHM, KaK M OTJC/JAbHBIE
craraeMpie B KaX@oM M3 4acrteH, AOKHB HMETh OXMHAKOBYK pas-
MEpPHOCTb.

MeTon pasmepHOCTEH MOXHO HCMOJMB30BaTh U U BhiBOAA GOPMyYs U
YpPaBHEHHMH, KOTAA HAaM H3BECTHO, OT KakKUX (PU3MYECKMX MapaMeTpOB
MOXET 3aBHCETh MCKOMas BeauuuHa. CYIIHOCTh METOAA JIerde BCEro
VSICHUTh Ha KOHKDETHHIX MPUMEpAX.

IIpuMeHeHUs MeTOAd pa3MEpHOCTeH. PaccMOTpUM 3amauy, OTBET AJs
KOTOPO# HaM XOPOUIO M3BECTEH: C KAKOM CKOPOCTBIO YMAAET HA 3EMIIKO
Teno, ceoboaHo nanawmmee 6e3 HAYATbHOM CKOPOCTH C BBICOTHL A, €C/H
COMpPOTHBJICHUEM BO3AYyXa MOXHO npeHeOpeub? BMmecTo HemocpencteeH-
HOIO BBHIYMC/ICHHS HA OCHOBE 3aKOHOB ABMXXCHHS OyaeM pacCyXaaTh cie-
OYIOLINM 006pasoM.

[TonymaeM, OT 4ero BOOOLIE MOXET 3aBHCETb HCKOMas CKOPOCTb.
OueBHMAHO, YTO OHA AOKHA 33aBUCETh OT HAYAJbHOU BHICOTHL A M OT
YCKOpeHUs: CBOGOAHOrO mMajcHus g£. MOXHO MpeanosoXuThb, CAeays
ApucTOTEN0, YTO OHA 3aBUCHUT M OT Macchl m. ITOCKOJIBKY CKJIagmIBaTh
MOXHO TOJIbKO BEJMUYMHEL OAWHAKOBOM PasMEPHOCTH, TO IJIsI UCKOMOH
CKOPOCTH ¥ MOXHO MpPEAJIOXHUTh Takyw dopmyny:

v=Ch*g'm?, (2)

e C — Hekoropasa 6e3pa3MepHas NocTosHHag (YucaoBoil Koaddumm-
€HT), a X, y U z — HEU3BECTHBhIC YMCAA, KOTOPHE CAEAYET OMPEAETUTE.

Pa3sMepHOCTb mpaBoil M JIEBOM YAacTEM 3TOro PaBEHCTBA AOJXHA OBITh
ONMHAKOBA, U HMCHHO 3THM YCJIOBUEM MOXHO BOCMONB30BATBHCS A
onpeaeneHus MokasaTeneil CTeneHu x, y, z B (2). PasmepHocTb ckopo-
cTd v ectb LT ™!, pasMepHOCTb BBLICOTH A €CTh L, PA3MEPHOCTh YCKOpE-
HHS CBOGOIHOIO MajicHud g pasHa LT 2, u, HAKOHEH, PAa3MEPHOCTb Mac-
col m paBHa M. ITockonbky mocrosiHHas C GespasMepHa, TO ¢opMye
(2) cooTBeTcTBYET caemylice paBeHCTBO Pa3MEPHOCTEMH:

LT ' = LX(LT %)Y M=, (3)

3T0 paBEHCTBO AQKHO BHIMOJHSITHCS HE3aBUCHMO OT TOrO, KAKOBHl UHC-
JIOBHIE 3HAueHud A, g U m. [loaToMy creayer mpUpPaBHSITH MOKA3aTe U
cremenel npu L, T U M B JI€BOit M MpaBoit YacTax paseHcTsa (3):

L:1l=x+y T: —1l==2y, M: 0==2. (4)
U3 aroit cucremsl ypaBHeHu# monydaeM z =0, y=1/2, x =1/2. Ilo-
atomy c¢opmyna (2) MpUHMMAET BUA
v=Ch2g!2m0 = CVgh.
WcTuHHOE 3HAUCHHE CKOPOCTH, KaK M3BECTHO, paBHO V2gh, T.e. C = V2.

I/ITaK, HCMOJBb30BAHHBIA MOAXOA MO3BOJIWI OMNpEACINTb MPABUJIBHO
3aBUCHUMOCTbL v OT h, g U nm U HE Aaj BO3MOXHOCTH HaWTH 3HAUEHUE
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Bespa3MepHoit noctostuuoi C. XOTS HAM M HE yAaj0Ch MOJYUYHUTh UCUEP-
IIBIBAIOILEIO OTBETA, BCE K€ ITOJyuYeHA BEChbMa CyUleCTBEHHAas MH(opMa-
uug. Hanmpumep, MBI MOXeEM C MOJIHOH ONpENeJIEHHOCTBIO YTBEPXOATh,
UTO, €CAM HAaYaJbHYIO BBICOTY A YBEJUUYUTh B UEThIPE Pa3d, CKOPOCTb B
MOMEHT NAACHUS BO3PACTET BABOC M UTO BONPEKU MHEHHUIO ApPHUCTOTENS
3Ta CKOPOCTh HE 3aBUCUT OT MAcChl NMAAAIOLIETo Teja.

Bri0op napamerpos. I1pu ucno/ib30BaHUM METOAA pa3MEPHOCTEN Caeay-
€T B TIEPBYIO OUEPEAb BRISIBUTh NapAMETPHI, ONpPEAC/ISIOIINE PACCMATPH -
BAeMOE ABJeHHE. DTO JErKo CACJATh, €CIM U3BECTHHI OMUCHIBAIOILHE €ro
¢pusuueckue 3aKoHH. B psige cayuyaes onpeaesdiolmive SBACHUE MapaMeT-
Pl MOXHO YKa3aTh U TOFAA, Koraa PU3UUECKHME 3aKOHR HEU3BeCTHH. Kak
MpaBUiIoO, O HUCNOJb30BAHUS METOAA aHAJU3a pa3MEpHOCTEHd HYXHO
3HATh MEHbILIE, UECM JJISl COCTABJCHUS YPABHEHUIN IBHXKCHHUSI.

Ecnmu  uucno mnapaMerpoB, ONpeAeSSiONIMX HM3yuyaeMoe SBJICHHE,
fo/Ible YHUCTA OCHOBHHIX EJHHHUL, HA KOTOPBIX MOCTpOEHA BhIOpaHHad
CHCTEMAa CAMHUIL, TO, pa3yMeeTcs, BCE NOKA3aTeJd CTENEeHEH B Ipea-
garaemoit opMyJie oIS MCKOMOM BEJUUMHBI HE MOryT OBITH Ompene-
JIeHbl. B 3TOM ciyuyae NOJE3HO NpEXAE BCEro ONpeAeJUTh BCE HE3aBH-
cuMble 0e3pasMepHble KOMOMHAUMHM M3 BeIOpaHHEIX napamerpos. Torama
UCKOMasd (pu3MUeckas BeJHUMHA OyaeT ompeaenadarbcs He (HOpMYJIoR TH-
na (2), a npousseaeHueM KaKOH-JuO0 (caMoOi TpoOCcTOi) KOMOHHALUM
[apaMeTpoB, HMMEIOIIEH HYXHYIO Pa3MEpHOCTh (T. €. pa3sMEpHOCTb HC-
KOMOM BEJUYMHBI), HA HEKOTOpYIO (DYHKIUIO HAHACHHbIX Oe3pasMep-
HBIX INapaMETpOB.

Jlerko BUAETH, UTO B paso0paHHOM BHILIE MpPUMEPE NAACHUS Tena C
BBICOTHI A M3 BEJUUMH A, g U m Oe3pasMepHy0 KOMOMHAILMIO COCTa-
BUTh Heab3d. [lootomy Tam dopmyna (2) ucuepneiBaeT Bce BO3MOX-
HBIC CIyuYau.

BespasMepHbiii napaMeTp. PaccMorpuM teneppb Takylo 3agauy: onpeae-
JIUM JaJbHOCTh NOPU3OHTAJBHOIO IOJETA CHApSiAd, BHIYLIEHHOINO B Io-
PU30HTAIBHOM HANPABJCHUM C HAYaJbHOH CKOPOCTBIO v M3 OPYAMSs, Ha-
XOOAUIErocsi Ha rope BHICOTHI /.

B oTcyTCcTBHME CONMpOTHUBJICHHUS BO3AyXa YUCJAO NMapaMeTpoB, OT KOTO-
PEIX MOXET 3aBUCETh HCKOMAas AAJTbHOCTb, PABHO UETHIPEM: A, v, £ H
m. TToCcKOMBKY UMCI0 OCHOBHBIX €IUHHUL pPABHO TPEM, TO NOJHOE pellre-
HHUE 3aAauM METOAOM pasMepHOCTE HeBO3MOXHO. HaltmeM npexae Bcero
BCE He3aBUCHMble De3pa3MepHble MapaMeTPH Yy, KOTOPHIE MOXHO COCTa-
BUTh U3 A, v, g U m: .

vy = h*vYg*m*,

DTOMY BBIPAXXEHHUIO COOTBETCTBYET CAEAYIOLICE pABEHCTBO PA3MEPHOCTEMN:!
L= L¥*(LT™YY(LT %) M*.
Otcrona noayyaeM CUCTEMY ypaBHEHHMA
L O0=x+y+z, T: 0=—-y—2z, M: O0=u,
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Koropast gaer u =0, y=—2z, x =z, U 1Js UCKOMOTO 0e3pa3MepPHOTO
rnapaMeTpa noJyyaeM
z
- h
v = hzv Zzgzm0= —§ .
v
BHIHO, UTO €AMHCTBEHHBIH HE3aBUCHMBIN Oe3pa3MEPHBIA NapaMeTp B
paccMaTpuBaeMol 3agaue — 310 v*/gh. Tenepb HOCTATOYHO HANTH Ka-
KOM-1u00 TMapaMeTp, MMEIIINIA pa3MEpPHOCTb AJMHBI, HATIPUMEP B3ATh
cam mapaMerp A, A9 TOrO uToOB HAMmUCaTh OOINEE BHIPAXEHHE IS
OAJBHOCTH § MMOJIETAa CHApsSaa MO roOpu3QHTaJ M B BUOC

U'l
S=hf(-g—h), (5)

rae f — MoKa HenmsBeCTHasl GpyHKUIus Ge3pasMepHoro napamerpa v/ gh.
Meron pasmepHocTeit (B M3J0XEHHOM BapHaHTE) HE MO3BOJISIET ONMpene-
ants 1y dynknuo. Ho ecm Ham oTkyaa-HuOyas, HATIPUMEP U3 OMBITA,
M3BECTHO, YTO MCKOMAas JAJbHOCTh MPONOPUMOHANIBHA TOPU30HTAJBHON
CKOpPOCTH CHapsiAa, TO BMA (QYHKUHH f HEMENJEHHO ONMPENeaseTcs: CKO-
POCTb v HOJIXHA BXOAWUTb B HEE B TMEPBOM CTEMEHH, T. €.

7] =c (6)
gh] — ek
Tenepb u3 (§) o019 JAABHOCTH § TOJIETA CHApsSAa MOJayuaeM

_ hv i 7
S—CTgT—CU 2’ ()

uto npu C = V2 COBMamaeT ¢ NPaBUJIbHBIM OTBETOM

th
s=v\—.
8

MopuepkHeM, 4TO MPH TakoM Criocobe onpeneiaeHus Buaa QyHKUMH f
HaM JOCTATOYHO 3HATh XapaKTEP JKCMEPUMEHTAIBHO YCTAHOBJIEHHON 3a-
BUCMMOCTH JAJIbHOCTH TIOJIETA HE OT BCEX MAapaMETPOB, a TOJBKO OT Ka-
KOro-HuOyap OOHOTO U3 HHX.

BexTopHble eguHMUbI gimMHbl. Ho MOXHO onpemenuts ganbHOCTBL (7)
TOJIbKO M3 COOOpaXeHHH PasMEPHOCTH, €CIH YBEJIHYNTD A0 YETBIPEX YHC-
JIO OCHOBHBIX €IMHHII, Yepe3 KOTOPBIE BBIPAXAIOTCA MapaMerpwl A, v, g U
m. Jo cux nop npu 3anucu ¢opMys pa3MepHOCTeN HE 0E1aI0Ch Pa3anuui
MeXOy €IMHUIAMH IJIHHB B TOPM30HTAIbHOM M BEPTHKAJbHOM HArpaBs-
neHun. OOHAKO TAKOE Pa3IMUMe MOXHO BBECTH, OCHOBBIBASICh HA TOM, UTO
CHJIa TAXECTH ACHCTBYET TOJbKO MO BEPTHKAJIH.

O603HaYMM pPa3MEPHOCTb ITMHHL B TOPM30HTAIbHOM HATPABJICHUHM Ue-
pe3 L, a no BepTHKaau — yepes L . Toraa pasMepHOCTb JaJBHOCTH § 110~

JieTa 1o ropusoHTasH 6yaer L, pa3MepHOCTDb BHICOTH A 6yaer L,, pasmep-
HOCTh FOPM30HTAJIBHO| CKOPOCTH v OyaeT LFT“, a 1U1g yCKOpeHus cBobox-
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HOTO najgeHust g noayunm L T2 Teneps, rasas Ha dopMyay (5), Mbl Bu-
AMM, YTO EAMHCTBEHHBIH CMOCOD MOMYYMTb MPABHIbHYIO PA3MEPHOCTb L

B [IPABOM YACTH 3aKJIKOUYAETCS B TOM, UTOOH cuuTath f(v%/gh) nponopuu-
OHaNbBHOM v. MBI cHOBa npuxoguM kK dopmye (7).

Pasymeercsa, uMest yeThIpe OCHOBHBIC €AMHHLIbI L., L, T n M, MOXHO
¥ HENOCPEACTBEHHO CKOHCTPYHMPOBATD BETUUYMHY HYXHOM pa3MEPHOCTH U3
YeThlpex napaMerpoB A, v, g U M

s = Ch*vYg*m".
PapencrBo pasMepHOCTEi JIEBOM M MpABOi YACTEM HUMEET BHN
L. = LI(LT Y (LT ?)*M~, (8)

Cucrema ypapHeHuit mad x, y, z U u pgaetr 3sHavednus u=0, y=1,
z==1/2, x=1/2, u Ml onste npuxoguM k dopmyae (7).

Hcnonbayembie 3aech pasHele €AMHULBL JJMHBL 110 B3AMMHO NEPIEH-
OUKYJSpPHbIM HANPABJCHUSIM WHOTAA HA3BIBAIOT GEKMOPHbIMU €OUHULA-
Mu Onunbl. X NpUMEHEHHME CYHICCTBCHHO PACIIUPSET BO3MOXHOCTH Me-
TOAA AHAJM3a pPAa3MEPHOCTEM.

I1pu ucnoab30BAaHMM METOAA AHAIM3A PA3MEPHOCTEH MOJE3HO PA3BUTD
HABBIKH J0 TAKOM CTCHNEHY, UTOOBI HE COCTABASTL CHCTEMY YPABHEHUIM I/15
nokasaresiedl CTeneHel B UCKOMOH ¢opMyJie, a noabupaTs UX HEMOCpen-
CTBEHHO. [1pow/uIIOCTPUPYEM ITO HA CJAECOYIOMEH 3agaue.

3apmpavya

Maxcumansias danerocms. [loa KaKUM yIVIOM K TOPU30OHTY creAyeT 6pocUTh
KaMeHb, UTobbl Aa/NbHOCTL MoJeTa Mo ropU3oHTanau Hbiga MakcUManbHOU?

Pewenune [HonycTUM, UYTO Mbl «320blM» BCce (GOPMYJbI KMHEMATHUKM, M
noneiTaeMcs TONY4YHTb OTBET U3 coobpaxeHUM pasmepHocTd. Ha nepsbiid
B3IJIA[] MOXET [10Ka3aTbhCsd, YTO METO[ pa3MepHocTel 3dechb Boobule Henpume-
HWUM, TaK KakK B OTBET [O0/KHA BOMTHU Kakas-TO TPUrOHOMeTpUuecKas yHKUMS
yrna 6pocanug. [loaToMy BMeCTO caMoro yrjia o nonpobyeM McKaTb Bbipaxe-
HUe A7 JadbHOCTU S. SIcHO, uTo 6e3 BEeKTOpHBIX eAWMHUL MJIMHBI 3Aech He
0BONTUCD.

BoinuuieM napaMeTpbl, OT KOTOPbIX MOXET 3aBUCETb JanbHOCTb §. QueBUO-
HO, 3TO rOPU3OHTa/bHAS COCTaBJAlOUlas HayaJbHOM CKOPOCTH U, Pa3MEpPHOCTb
KOTOpOM LrT'l, BepTHUKalbHas COCTaB/dlOLlAd UV, C Pa3MEPHOCTbIO LBT'l, ye-
KopeHUe cBoboAHOrO najeHus g(LBT'Z) MU, BO3MOXHO, Macca m ¢ pasMepHo-
cTbio M. PazMepHOCTb MCKOMOM NaibHOCTH § — 3T0 L, MO3TOMYy Cpa3sy ACHO,
YTO Macca m B OTBET BXOJAMTb He MOXeET, TaKk Kak M OTCyTcTByeT B pa3Mep-
HOCTHU BCEX OCTajLHBIX MapamMeTpoB M el He € ueM cOoKpaTUTbesl. [lanee cpasy
OUEBMUAHO, UYTO CKOPOCTbL U, AOJXHA BXOAWTL B OTBET B MepBOM cTemMeH, Tak
Kak L. OTCYTCTBYET B pa3MepHOCTAX BCeX fnapamMerpos, Kpome v.. Ho Teneps
B pa3MepHOCTH NPaBOM YacCTHU TOABUJIOCH BpeMs, KOTOPOE MOXHO COKpPaTHUTh
TOJILKO BBeleHMEM B QOPMYNY WM U, WIM g, WIKM HUX KoMOBHUHauMMu. SlcHo,
4TO 3TO AOMIKHA ObITh HerpeMeHHO KoMOUHaUMa v,/g, Tak Kak Heobxoaumo,
4TOObl COKpaTHIach Pa3MepHOcTb L,. Pa3MepHOCTb KOMOMHAUUU U,/g — 3TO
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T. Noaromy, yuuThiBaf, 4TO B U, BpPeMs BXOAMT B MHHYC MepBOM CTeMNeliM,
npuxoaum kK dopmyrne

s=C—.
g

HOCKO.ﬂbe V=Yg c058a, v, =1, sin a, rnonyydaeM cneayroumyro 3aBUCHUMOCTb
AaJIbHOCTH § OT yIUia a:

v sin @ cos @ v2 sin 2a
=C .
g 2

172}
l

Buano, uTo MakcuManbHas AaibHOCTh MPH 3aJaHHOM 3HAYCHUHM v, M0Jydaercs
npv sin 2a =1, T.e. npu a = n/4,

Meton pasmepHOCTER OCODEHHO MOJE3€H TOrAa, Korma Tpefyercd no-
JJYUATh HE HUCUCPNRBAKOMICE PCINCHUE, 4 TOJbKO YCTAHOBUTH XapPAKTED
3aBHCHMOCTHM HEW3BECTHOW BEJWUMHBI OT KAKOro-aubo W3 napameTpos,
HANpUMEP BBISCHUTh, BO CKOJBKO pPa3 OHAa U3MECHMTCH, €C/M ITOT mapa-
METp M3MEHMUTb, CKAXEM, BJBOE.

AHanu3 pa3MepHOCTEN ABASETCH oueHb IPPEKTUBHRIM METOAOM WC-
caeAoBaHNS (PU3NUECKUX SBJACHWUH WM IOWPOKO IpPUMEHSETCH. Beawkui
dn3nk DHpuko DepMy yTBEpXAAa, UTO ACHCTBUTENBHO NMOHMMAKOIIUE
NPUPOAY TOTO WM HWHOTO HABJCHUS AOJXKHBI YMETh MOJIy4yaTh OCHOBHBIC
COOTHOIIEHNS K3 COOOpaXkeHHUH Pa3MEpPHOCTH.

e Yro Takoe dopmMyna pasmMepHocTH?

e B uem sakmouaercs yao6cTBo Mcronb3oBaHUs Ge3pasMepHblXx KoMOMHalUH
NnapaMeTpoB, XapaKTepH3yloUMX paccMaTpuBaemoe sBiieHUe?

L4 HO‘{CM)’ MOXET 0Ka3ldaTbCd IONE3HbIM YBCJIMUCHHUE YHUCA OCHOBHEIX €AWHMULL,
HanpuMep BBCACHUE BEKTOPHBIX €AMHHUILL IJTUHBI?

e CocraBbTe W pelIMTe CHUCTEMY YPaBHEHMWH, COOTBETCTBYIOUIYX PaBEHCTBY
pasmepHocTeit (8), unu noabepuUte HMCKOMblE M0Ka3aTeNM CTereHel Hernoc-
PEACTBEHHO. .

6



lll. 3AKOHbl COXPAHEHHXA

3aKoHB OIMHAMHKH O30T BO3MOXHOCTH MOJHOCTBI OMHCATh MEXAHH-
YeCKOE MOBEOCHHE M3YuaeMOH CHCTEMEI, €CJIM M3BECTHH CHJIB, OeiCT-
BYIOLLIME HA 00pasyIoUIMe 3Ty CHCTEMY MAaTepHajbHbIE TOUKH. [IpmMme-
HEHHME BTOPOro 3akKoHAa HBIOTOHA K KaXmoi M3 MAaTepHaabHBIX TOUEK
TMO3BOJISICT HAWTH €€ YCKOPEHHE B JAHHOM MECTE€ B OAHHKWIH MOMEHT
BPEMEHU M TEM CAMEIM NOCJICAOBATE/NBHO, INAr 33 IArOM, MPOCAEOHTH
€€ JBWXCHHE.

Ho uacro rakasg geranpbHaga wHGOpMaUMd O ABMXEHHM OnIBAeT HeE
HyxHa. MHOrma Hac MHTEpecyer TOJbKO KOHEUYHOE COCTOSHHE HM3yudae-
MOM CHCTEMBI, @ €€ MPOMEXYTOUHBIE COCTOSHHS, UEPE3 KOTOPHIE CHC-
TEMA TPOXOAWT B KOHEUHOE COCTOSIHHE, HE MPEeACTaBJAAI0T MHTepeca. B
HEKOTOPHIX CIyYadx HAc BOOOINE MHTEPECYET TOJBKO ABMXKEHHME CHCTE-
MBI KaK LEJOr0, a HE ABMXCHHME OTOE/JABHRIX YACTHL, BXOOALINX B CH-
creMy. B momoOHREIX c/yyasx 6mICTpEE BCErO K LEAM IPHBOAMT HE He-
MOCPEACTBEHHOE NMPUMEHEHHE 3aKoHOB HbloToHa, a mcnosb3oBaHue 3a-
KOHOB COXPaHCHHS.

Du3nueckuil MUp YCTPOEH TakK, UTO NMPH NPOUCXOAAIINX B HEM H3-
MEHEHHSIX — MEXaHHUUECCKOM MABHXEHHH, SBJCHHUSAX TEIUIONEpeaau,
TMPOXOXIECHHUH JJCKTPUYECKOrO TOKA, PpACMIpOCTPAHEHHMHM  JIEKTPO-
MarHdTHRIX BOJIH, [TPEBPAIICHUSX ATOMOB, SIIEP M 3JIEMEHTAPHBIX Yac-
THL, — HeKoTopble (hH3HUYECKNE XapPAaKTEPUCTHKH paCcCMAaTpPHUBAEMBIX
CHCTEM OCTAKOTCS HEU3MEHHBIMH. K TaKHM COXpaHSIOWIMMCS BEAHUM-
HaM, TPEXIOE BCEro, OTHOCATCS MMITYJIbC, MOMCHT HMMIIYJIbCA, DHEPIHd,
asekTpuuecknil 3apsa. CaMoe 3aMeuyaTebHOE B 3aKOHAX COXpPAHCHHS
3aKJIIOUAETCS B TOM, YTO OOHA M TA XE COXPAHAIOMIAdACA (uanueckas
BEJIMUMHA, HATIpUMEDP 3HEprusd, GUrypupyer B ABJAEHHUSIX pa3HOM (HH3H-
YEeCKOI MPHUPOABI, KOTOPHIE M3YUAIOTCS B PAa3HHIX pasgenax uzmkm —
MEXaHHKe, 3JEKTPOOMHAMHKE, KBaHTOBOH ¢dmsnke. HMcnosb3oBanne 3a-
KOHOB COXPAaHCHMs TO3BOJIICT B3IVIAHYTh HA M3yUacMhle aBjcHUs ¢ 6o-
Jiee oOIMX MO3WLMHM M 4acTO JaeT BO3MOXHOCTb HAaHTH OTBETH Ha He-
KOTOPHIC BOMPOCHI, KAacaromMecs TEX SIBJCHWH, AJ KOTOPhIX HaM He-
MU3BECTHR ONMUCHIBAIOIIME WX KOHKPETHBIE 3aKOHK, HAmpuUMep Ha
BOMPOCH O B3aMMOACHCTBHIX M B3aMMHHIX MNPEBPALICHUSX 3JEMEHTAp-
HREIX YaCTHII.

CrnpaBegnBocTh (DyHIAMEHTANBHHX 3aKOHOB COXPAHEHHST, OXBATHI-
BAKOIIMX BCE SIBJICHUS TIPUPOABI, TTIOATBEPXIAETCS ONBITHHIM myTem. On-
HAKO OIS ONIPEAESICHHOTO KPYyra SIBJICHHH, OTHOCAUIMXCS K KAKOMY-I160
ONHOMY pasfeny (GM3MKH, 3aKOHBI COXPAHEHHS MOTYT OHThb MOMYYCHH
M3 KOHKPETHHRIX 3aKOHOB 3TOro pasgena. Tak, I/ MEXaHHUECKHX sIBJIe-
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HHMH CYIECTBOBAHNE 3aKOHOB COXPAHEHHS MMITYJIbCA, MOMEHTA MMITYJ/Ib~
Ca M JHEPrMM BBITEKAET M3 3aKOHOB AMHAMMKH, T. €. OHM MOTyT ObITH
NOJYyUEHBbl KaK mpsIMOe CJeACTBHE 3aKOHOB HploToHa.

§ 29. Mmnynec. Umnynbc cunbl

HWMnynabc — 3T0 0gHa U3 caMbiX hyHIAMEHTAIbHBIX XapaKTEePUCTHK (u-
3UYEeCKOH cucTeMBbl. MMIyabc 3aMKHYTOH CHCTEeMbl COXDAHSETCs NpH
A00BIX MPOUCXOAALIMX B HEH MPOLECCax.

3HAKOMCTBO ¢ 9TOH BEIMUMHOM HAYHEM ¢ NMpocTeruero caydas. HMum-
NYJI6COM P MaAMepuaibHOU Mouku MAacChl m, ABMXYIIEHCS CO CKOPOCTHIO
v, Ha3bIBAETCH MPOM3BEACHHUE MV:

p = mv. (1)

3aK0OH HU3MeHeHUs HMNYyJbca. V3 3TOro ompege/eHUs MOXHO C MO~
MOLUBIO BTOPOrO 3aKOHA HBIOTOHA HAWTH 3aKOH u3Meneiius UMRYLIbCa
YaCTHULBl B PE3yJbTAaTe ACHCTBHS HA Hee HekoTopod cuinl F. M3menss
CKOPOCTb YaCTHULIbI, CUJIA MU3MEHSET U ee UMIyJasc: Ap = mAv. B ciyuae
MOCTOSIHHOM AeicTBytomer cunbsl mAv/Af = F, noaromy

Ap _ 2

8 _p. (2)
CKOpOCTh M3MEHEHHS MMITYJICA MAaTEPHAJIbHOM TOUKH PAaBHA paBHOOEH-
CTBYIOIIEH BCEX AEHCTBYIOIMX HA Hee cua. [Ipu mocrosiHHo# cune F
NpOMEXYTOK BpemeHu A? B (2) Moxer OniTh B3dT 00biM. [ToaTomy s
M3MEHEHHS MMITYJIbCA YACTULBI 32 ITOT MPOMEXYTOK CIPABEIINBO

Ap=mv—mvy,=F At (3)
B cnyuae mameHsiomieics co BpemeHeM CHB F Bech mpoMeXyTOK

BpeMeHM A! ciemyeT pasbuThb Ha MaJjible NMPOMEXYTKH Af;, B TeueHHe

KaXJgoro u3 KOTOphIX CHAy F MOXHO CuMTaTh MOCTOsSIHHOM. M3MmeneHue
UMY/ bCA YACTHUB Ap; 33 OTAE/NBHBIH MPOMEXYTOK Af; BBIUMCISETCS
no gopmyae (3):

Ap,=F, At,.

[TonHOe M3MEHEHNE MMITY/1bCA 32 BECh PACCMATPUBAEMBINA ITPOMEXY-
TOK BPEMEHHM PABHO BEKTODHOW CyMME M3MEHEHMi uMmysbca Ap; 3a BCe

NPOMEXYTKH Af;:
Ap=mv—mv,=7% Ap,= > F; At,.
i i

Ec/u BOCHOMB30BATHCH MOHATHEM NMPOM3BOAHOM, TO BMecTo (2), oue-

BAJHO, 3aKOH HM3MCHECHHUSA MMITYJhCA YACTHULBI 3AMHUCBIBAECTCI KakK

dp _
L=F , (4)
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HMnyabc CHAbL. M3MeHeHne MMIy/1bca 33 KOHEUHBIH POMEXYTOK Bpe-
MeHH oT 0 20 ¢ BHIPAXAETCS MHTErPajioM
H

Ap=my—mvy= SF(!) dt. (5)
0

Beauuuna, crosmwas B npasoit uact (3) wam (§), HaseIBAeTCA UMNYIb-
com cunst. TakuMm 00pasoM, M3MEHEHHE MMIMY/ILCA AP MaTepPHAIbHOM
TOUKH 33 MIPOMEXYTOK BpEMEHH Af PABHO MMIIY/IbCY CHJIH, Z€HCTBOBAB-
e HA HErO B TEUEHHE ITOTO MPOMEXYTKA BPEMEHH.

Pasencrsa (2) u (4) npeacrasasor coboit B CyUHOCTH ApYryio ¢op-
MYJHpPOBKY BTOpOro 3akoHa HprotoHa. VIMEHHO B TakoM Buae 3TOT 3a-
KOH U Obi1 cchopmyaupoBad camuM HbrotoHoM,

Du3nuECKHI CMBICT TIOHATHS MMITYJbCA TECHO CBA33aH C MMEIOMMMCS
y KaXJ0oro u3 HaC WHTYMTHBHHLIM WJIH NOUYEPTHYTHLIM H3 NMOBCEXHEBHOTO
OMNLITA NMPEACTABAEHHEM O TOM, JIETKO JIH OCTAHOBHUThH ABHXYILIEECS TEJO,
3HaueHue 34eCh UMEIOT HE CKOPOCTh MJIM MAcca OCTAHABIHMBAEMOrO TENA,
a TO ¥ APYroe BMECTe, T. €. MMEHHO €ro UMIYJInC.

HMnyabc cHcTeMbl. [ToHATHE MMMyJbca CTAHOBUTCA OCOOEHHO COxep-
KATEeNbHBIM, KOrJa OHO NMPUMEHAeTCd K CHCTEME B3aMMOLEHCTBYIOUIHX
MaTepHaabHbIX TOYEK. [Ioanbim umnyiscom P cucmemsr wacmuy Ha-
3bIBACTCA BEKTOPHAs CYMMa HMMIIYyJbCOB OTHENbHBIX YAaCTHL B OZHH W
TOT X€ MOMEHT BPCMEHH:

N N
P=Yp, =3 mv; (6)

jml fom]

3nece CYMMHPOBAHHE BRITNIOJTHACTCA 10 BCEM BXOZAIIHM B CHCTEMY HACTH-
aM, TakK 4YTO 4YHMCJIO CJ1ara€MulxX paBHO YHCI1Y N yacTHL CHCTEMHI.

BHyTpeHHHE W BHewHHe CHJbl. K 3aKOHY cOXpaHeHHMs MMITy/abCa CHC-
TeMbl B3aMMOZEHCTBYIOIIMX YACTHL, JIErKO NMPHIATH HEMOCPEACTBEHHO M3
BTOPOr0 M TpeTbero 3akoHoB HpiotoHa. Cunml, meACTByOU(HE HA KaX-
Ay M3 N BXOZAWMX B CHUCTEMY 4acTHL, pa3o0beM Ha ABE IPyMNIbI:
anympennue ¥ newnue. BHyTpennas cuaa F;, — arto cuna, ¢ Kotopoi
k-5 yacTMna geiicTByer Ha i-10. BHewnas cuna F; — 310 cuna, ¢ KOToO-
po¥M ReHCTBYIOT HA -1 YaCTHIY BCE Tesd, HE BXOZSAILIHE B COCTAB pac-
CMATPHUBAEMOH CHCTEMBI.

3aKOH M3MCHEHHS MMIIY/IbCa [-H YaCcTHUbl B COOTBETCTBHH C (2)
win (4) uMeer BuZ

dp; .
?T=Fi+§Fi,‘ (i=1, 2, .., N). (7

CnoxuM nouwnesHo ypasHenus (7) ang scex uactuu cucteMul. Torxa
B JIEBOIT UyacTH, Kak crexyer u3 (6), noayunM ckOpocTb H3MEHEHHS MO~
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HOro mmmyasca cucremut dP/dt. Ilockonsky BHyTpennue cuibl F;, B3a-
HMOIECHCTBUSA MEXOY YaCTHUAMH YAOBJCTBOPAIOT TPETbEMY 3aKOHY

HploToHa:

TO MpPH CAOXKEHNH ypaBHeHu# (7) B NMpaBoif 4acTH, rae BHYTPEHHHE CH-
Abl BCTpevaworcs Toapko mapamu F,, + F,,, ux cymma obparutcsa B

HyJb. B peaynvrare monyuum
dpP
7{‘ = E Fl" (9)
i

CKOpOCTh M3MEHEHHS TOJHOrO MMITYJbCAa PaBHA CyMME BHELIHMX CHJI,
OEHCTBYIOIIMX HA BCE YACTHILHL

O6paTumM BHHMaHHE Ha TO, 4TO paBeHCTBO (9) mMeeT Takoi Xe BHA,
KaK M 3aKOH M3MECHEHHS MMNY/bCAa OJHOM MAaTepHaNbHOH TOMKH, MPH-
4yeM B MPaBYI0 YacTb BXOZAT TOJBKO BHEWHME CHAKL. B 3aMKHyTOM CHC-
TeMe, I BHEIUHHE CHJIK OTCYTCTBYIOT, MOJHBIA UMOyabsC P cucTeMH He
H3MEHSETCS HE3aBHCHMO OT TOMO, KaKHe BHYTPEHHHE CHIH AECHACTBYIOT
MEXAY YaCTHLAMH,

[TonHbIf HMIYABC HE MEHSETCS M B TOM C/1y4yae, Koraa AeACTBYOIUHE
Ha CHCTEMY BHCIUHHME CHJIBI B CYMME PaBHH HYyJI0. MOXeT okasaTbcs,
YTO CyMMa BHELIHHX CHJI PAaBHA HYJIO TOJBKO BIOJb KAKOroO-TO Hampas-
neHud. Xora GU3HUEcKas CHCTEMA B ITOM C/y4yae M He ABIACTCH 3aMK~-
HYTOM, COCTaB/FKOIUAS TOJHONO HMIYJbCA BAOJb ITOrO HAIMpPaBIEHHUS,
Kak caeayer u3 ¢opmynan (9), ocraercd HEM3MEHHOM.

Ypasuenue (9) xapakrepuayer CHCTEMY MAaTepUanbHBIX TOYEK B LE-
JIOM, HO OTHOCHUTCS K OMpeae/eHHOMY MOMEHTY BpemeHu, M3 Hero sierko
NOJAYUYHTh 33aKOH H3MCHCHHSA HMITYJIbCa CHUCTEMBI 33 KOHEYHBbIH npoMe-
XyTOK BpeMeHH Af. Ecam meiicTBylOMME BHEWIHUE CHUIBI HEM3MEHHEBI B
TEYEHHE ITOrO MPOMEXYTKa, TO U3 (9) cneayer

AP=TS F, At (10)

Eciu BHEWHHME CHAB M3MEHSIOTCH CO BPEMEHEM, TO B NPABOH 4YAaCTH
(10) 6yner cToarb CyMMa MHTErpajioB MO BPEMEHH OT KaXAOW H3 BHCLI-

HHUX CWJI
t

AP=7 (P dr
i 0

Takum oOpa3om, M3MEHEHHE MOJHOINO MMIYJbCA CHCTEMBI B3aMMO-
JAEHCTBYIOIIMX YACTHLL 38 HEKOTOPHH MPOMEXYTOK BPEMEHH PAaBHO BEK-
TOPHOH CYMME HMMITY/JIbCOB BHEIMHHUX CHJI 33 3TOT IPOMEXYTOK.

CpasHenne ¢ nuHaMHyecKHM noaxonoM. CpaBHHM MOAXOAM K pelle-
HHIO MEXAHHYECKHUX 333U HA OCHOBE YPAaBHEHHH JHHAMHKH M HA OCHOBE
3aKOHA COXPaHEHHMS HMMIYJbCa Ha CJAeAyIoILeM Mpoctom npumepe. Cny-
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HIEHHBIH C COPTHPOBOUHOHM T'OPKH XEJE3HOAOPOXHHIA BaroH MaccH mi,
ABUXYIUIMACS C MOCTOSHHOM CKOPOCTBIO Uy, CTAJKMBAETCH C HEMOABHMX-
HBIM BarOHOM MAcCH M, U cuemigercs ¢ HuM. C Kako#d CKOPOCTBIO ABH-~
" XYTCS CLEMIEHHBIE BaroHn?

Ham Huuero He M3BECTHO O CHJIAX, C KOTOPRIMH B3aMMOAEUCTBYIOT Ba-
TOHBl BO BPEMS CTOJIKHOBEHHMS, KPOME TOrO (PaKkTa, UTO Ha OCHOBAHWH
TpeThero 3akoHa HbOTOHA OHM B KaXXIBIii MOMEHT PAaBHEI 110 MOZYJIO U
MPOTHBOMOJIOXHEI 10 HAMpaBjeHn0, [Ipn IMHAMHIUYECKOM Moaxone Heod-
XOAWMMO 33aJaBAThCs KAKOM-TO MOAE/IbI0 B3aMMOIACHCTBUS BAaroHoB. [1po-
CcTEdIee BO3MOXHOE NPEANOI0XEHUAE — UTO CHJIB B3aMMOAEHCTBHS MO-
CTOSHHBI B TEUEHHE BCETO BPEMEHH, MOKA MPOMCXOJUT Cienka. B Takom
C/1ydae ¢ MOMOLIBIO BTOPOrO 3aKoHa HbrOTOHA MUIg cKOopocTed U, ¥ v, KaX-

JOr0 M3 BArOHOB CMYCTSA BPEMY ¢ MOCJIE HA4a/a CUENKH MOXHO HAMucaTh

F F
Y=Yy~ ——1 Up=—L (1)
my my
OueBUAHO, UTO MPOIECC CLENKH 3aKAHUMBACTCS, KOTAA CKOPOCTH Baro-
HOB CTAHOBSTCS OAMHAKOBBIMH. [IpeanosoxuB, YTO ITO NPOM30MIET cly-
CTS BPEMS T, NIMEEM

[Toncrapassa 310 3HaueHue Ft B a0y uz ¢opmya (11), HanpuMep BO

BTOPYIO, HAXOOMM BRIPAXEHHE I KOHEUHOH CKOPOCTH v BArOHOB:
__F1__ my

V= T Vo my

Koneuno, caeslaHHOE MPEANOIOKEHHE O MOCTOSHCTBE CHJIBI B3aMMO-
OEACTBMS BArOHOB B MPOLIECCE MX CLEMKH BECbMA MCKYCCTBEHHO. HMc-
MOJIb30BAHME 00J 1€ PEATMCTHUHBIX MOXEJIEH MPUBOAUT K GOJIEE TPOMO3-
akuM pacuetaM. OmHAKO B A€HCTBMTE/NBHOCTH PE3Y/BLTAT AJS KOHEUHOM
CKOPOCTH BATOHOB HE 3aBHCHT OT KAPTHHBI B3aUMOZEHCTBUA (pa3yMeet-
¢4, NP YCJIOBMH, UTO B KOHLIE MPOLECCA BAarOHH CLEMW/INCh ¥ ABHXYTCS
C ONHOM ¥ TOH X€ CKOpPOCTBhIO). [Ipolie Bcero B 3TOM yOeauThes, UCMOIb-
3ys 3aKOH COXPAaHEHHS HUMITYJIbCA.

TTocKOABKY HMKAaKHME BHEINHHME CHJBI B TOPHM30HTAJBHOM HampaBJie-
HMY HA BAarOHH HE JEWCTBYIOT, MOJIHRIA HMIYJbC CHCTEMBI OCTAETCH
HEHu3MeHHBIM. [0 CTOJIKHOBEHWS OH PaBEH WMIYJbCYy MEPBOr0 BaroHa
m,v,. Ilocse Cuenku MMMy IbC BaroHOB paBeH (m; + m,)v. I1pupaBHu-

Bas 3TH 3HAUCHWS, CPA3y HAXOOUM
my

V=1 "—ml+m2,
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4TO, ECTECTBEHHO, COBMAAAET C OTBETOM, MOJYUEHHHIM HA OCHOBE JHHA-
MHUYEeCKOro noaxona. Mcrnob3oBaHHe 3aKOHA COXpPAHEHHS MMITYJIbCa TO-
3BOJIMJIO HAHMTH OTBET HA HOCTABJIEHHBIM BOIPOC C MOMOMIBIO MEHEE rpo-
MO3JKHMX MATEMAaTHYECKHX BBRIKJIANOK, MPHYEM OTOT OTBET objagaet
Gospmed OOMIHOCTbIO, TAK KAK MPH €ro MOJyUeHHH HE HCIO0/b30BAJ1ach
Kaxkasi 66l TO HM OBIJIO KOHKPETHAsi MOAEIb B3aUMOAEHCTBHS.

[1poM/LTIOCTPUPYEM [IPUMEHEHHE 3aKOHA COXPAHEHHSI UMITYJIbCA CHC-
TeMbl Ha puMepe 6oJiee CI0XHOM 3afauM, e yxe BhOOp MOAEaH LI
AMHAMHYECKONO PELICHHS 3aTPYIHHUTEJIEH.

3angauva

Pa3speis cHapsada. CHapsa paspbiBaeTcs B BepXHEH Touke TPaekTOPHH, Haxo-
Asdueics Ha BblCOTe A HajJ MOBEPXHOCTbIO 3€MJIM, Ha ABa OAMHAKOBbIX OCKOJIKA.
OAMH U3 HUX TajaeT Ha 3eMJII0 TOYHO MOA TOYKOM paspbiBa cnycTs Bpems {,. Bo
CKOJ/IbKO Pa3 U3MEHUTCH PACCTOSIHHE OT 3TOM TOYKH IO rOPM3OHTaNH, Ha KOTOpoe
YJeTUT BTOPOM OCKOJIOK, MO CPaBHEHHIO ¢ PacCTOSHHUEM, Ha KOTopoM ynan Obl
HepasopBaBllMiics cHapsaa?

PeweHue. Ilpexae Bcero HanuileM BblpaXXeHWe AN PACCTOSHUS §, Ha
KoTOopoe yJjeTesl Gbl HepasopBaBLIMHcs cHapsid. Tak kKak CKOpPoOcTk cHapsiga B
BepxHell Touke (0603HauMM ee uyepe3 v) HamnpabjieHa TOpU3OHTasbHO, TO pac-
CTOSSHME § paBHO TpPOM3BEACHMIO U Ha BpeMs ! MaAeHUS C BbICOTHI A 6e3
HayanbHOM CKOPOCTH, paBHOe V2h/g, Ha KoTopoe yieTenl Obl HepasopBaBLIMICH
cHapsa. Tak Kak CKOpPOCTb cHapsdjga B BepxHed Touke (o6o3HauuM ee udepes
) HanpabJjleHa TOPU30HTAsbHO, TO paccTOSIHUE S PaBHO MPOM3BEACHUIO U Ha
BpeMs ¢ MafeHUs ¢ BbICOThl A 6e3 HauanbHOM CKOpPOCTH, paBHoe V2h/g Tena,
paccMaTpUBaeMOro Kak CHUCTEMa MaTepHasbHbIX TOuekK:

s=vt=w/2hlg. (12)

PaspbiB cHapsifa Ha OCKOJIKM MPOMCXOAMT MOYTH MIHOBEHHO, T. €. PaspblBarollMe
€ro BHYTpeHHHE CHJIbl AcHCTBYIOT B TeueHHe OYeHb KOPOTKOrO MPOMEXYyTKa Bpe-
MeHU. QOUEeBMAHO, YTO M3MEHEHHEM CKOPOCTH OCKOJIKOB MOA A¢HCTBUEM CHJIbI TH-
KECTH 32 CTOJIb KOPOTKUI MPOMEXYTOK BPEMEHHM MOXHO NpeHebpeyb Mo cpas-
HEeHHI0 ¢ U3MEHEHHEeM HMX CKOPOCTH MOA Ae¢MCTBUEM 3TUX BHYTPeHHHUX cui. Ilo-
3TOMY, XOTSl paccMaTpHBaeMasi CUCTeMa, CTPOro roBopsi, He SBISETCS 3aMKHYTOM,
MOXHO CYMTaTh, UTO €€ MOJHbIA UMMYbC NPU Pa3pblBe CHapsga oCTaeTcs HEHs-
MEHHBIM.

V3 3akoHa cOXpaHeHUs HMIyJbca MOXHO Cpa3y BbISBUTb HEKOTOpblE OCO-
6eHHOCTH ABUXEHHUS ocKonkoB. MUMnynbc — BekTopHas BenvuMHa. Jo paspeiBa
OH jexal B TJIOCKOCTH TpaekTopuu cHapsiga. [lockonbky, Kak ckasaHo B
YCJIOBUHM, CKOPOCTb OAHOIO M3 OCKOJIKOB BEPTHKa/bHa, T.€. €ro UMMyJbC OC-
Tajacsa B TOM Xe€ INJOCKOCTH, TO M UMIYyJbC BTOPOro OCKOJKa TaKXe JIEXKMUT B
3TOM NJ0CKOCTH. 3HAUMT, W TPacKTOpPUS BTOPOrO OCKOJIKA OCTAHETCS B TOM Xe
MJI0CKOCTH.

Hdanee U3 3aKoHa COXpaHEHUS TOPHU3OHTANBHOM COCTAB/SIOLIEH [MOJHOTO
UMIybca CJeAyeT, UTO FOPHU3OHTasbHAs COCTAaBJSIOLLASN CKOPOCTH BTOPOIO OC-
Ko/lka paBHa 2v, MGO ero Macca paBHa MOJIOBUHE MaccChl CHapsiia, a ropu-
30HTa/lbHAsg COCTAaBAWIIAS MMIyJbca MMEPBOro OCKOJKA M0 YCJOBHUK paBHA
Hynw. IloaToMy ropusoHTanbHasi JalbHOCTB TOJIETAa S, BTOPOrO OCKOJKA OT



170 III. 3AKOHBI COXPAHEHHUA

MecTa paspbiBa paBHa MPOW3BEdEHUIO 2U Ha BpeMA [, ero mojera. Kak HaiiTh
3To Bpema?

Hna 3T0ro BCMOMHHUM, 4YTO BEPTHKA/JbHble COCTABAAKIIHE HMMYJbCOB (a
¢/lefoBaTeNbHO, W CKOPOCTEN) OCKOJKOB HOMXKHBI ObITh paBHBI MO MOOYJK H
HarpasJjieHsl B MPOTHBOMOJIOXHbIE CTOPOHBl, Bpema f, nosnetra uHTepecylolero
Hac BTOPOr0 OCKOJIKAa 3aBMCHT, OYEBMOHO, OT TOro, BBEPX WJIW BHHU3 Hampas-
JleHa BepTHKa/IbHafl COCTAB/SIOAA €ro CKOPOCTH B MOMEHT pa3speiBa CHapfga

2 Y2 a
]
my
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m /<
AL ZO
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s tam
52
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Puc. 108. TpaexTopHsi OCKOJIKOB f0C/1€ Pa3phiBa CHapsaaa

(puc. 108). D10 nerko BuIACHWTH, CPABHUB JAHHOE B YC/OBUW BpeMA {; OT-
BCCHOTO [afJeHHs MepBOro OCKOJIKa ¢ BpeMeHeM ¢BoboAHOro magenus vV2h/g ¢
BBICOTBI A. Ecan ¢, <v2h/g, 10 HayanpHafd CKOPOCTb V; MEPBONO OCKOJKa
HanpasjeHa BHHU3, a BEPTHUKA/NbHAA COCTABJAKWASA CKOPOCTH V, BTOpOro —
BBEpX. U HaofopoT (cayyan a U 6 Ha puc. 108),

Boinucab BolpaxXeHUS O BpeMEH f; U f, OBUXEHHA KAXOOTO M3 OCKO/IKOB
M Y4YuTbIBad, 4YTO YMOMAHYThIE Bbille [Ba cAyyas OTJHYAKTCA TEM, 4YTO MO
OTHOWEHHK K OBHXEHWIO MO BEPTHKAJW OCKOJKH B HUX MPOCTO MEHAOTCA
ponsMH, MOXHO yOeAuTbesd, 4TO BpeMeHa ABHUXEHWS TepBOro W BTOPOro oc-
KOJIKOB f, U [, cBA3aHBl COOTHOLIEHHEM

24
L, =—.
=7

Takum obpasomM, B 06OMX cayyasax BpeMA ABUXKEHHA BTOPOro OCKOJKA [,
BbIpaxXKaercs uYepes OaHHOE B YCJOBUM 3ajaud Bpems f; ABUXEHUS MepBOro
ooHoM U Toft Xxe dopMyon

=2 (13)
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HanbHOCTb €ro mosera no NOpH3oHTaJIM
h
52=2'Ut2=4—l, (14)
8t
Hckomoe oTHOWEHHE NanbHOCTH MoseTa BToporo ockoaka (s,) W HepasopBaBule-
roca cHapsana (s), xak caeagyet u3 (14) u (12), pasHo
514 V2hg
s t

(15)

t
—2t—l,

HccaenyemnonyueHnsiitotset, Ecav naHHoOe B yC/10BHH BpeMs {, paBHO BPEMEHH
cBo6oIHOro NageHH A ¢ BLICOThI A, TO 5, = 2s. B aTOM c/lyyae B MOMEHT pa3pbiBa nep-
BbIl OCKOJIOK MPOCTO OCTAaHAB/IMBAETCA, @ BTOPOI MPOAO/IKAET ABHUXENHE 10 FOpH-
30HTa/H ¢ yABOEHHOM ckopocThio. Ecau £ < f, To HayanbHas ckopocTs BTOPOIro oc-
KO/Ka OTK/JIoHeHa BBepx (puc. 108a ) u, kak BuaHO 13 (15), nanbHOCTb ero rnosera
5, > 2s. Ecan f; > t, To NepBbI OCKOJIOK CHayasa JIeTHT BEPTHKA/IbHO BBEPX, & CKO-
POCTb BTOPOIO OTKJIOHEeHa BHU3 (pHc. 1086). HaabHocTs ero noseta s, < 2s.

Eite pas ofpaTuM BHMMaHHe Ha TO, YTO HaM YHajloCh PeWUTb 3Ty 3ajauy,
HUYEro He 3Has O TeX BHYTPEHHHMX cHiaax, 6aarodaps KOTOPbIM CHapsa pas-
pblBaeTCs Ha OCKOJKH.

3amauyu OA18 CaMOCTOSTEAbBHOTrO pewweEeHHSA

1. SwuK c NeckoM CTOMT Ha ropH3oHTajbHo# nosepxHocTH. KoaddurumeHt
TPeHHUS SAIUMKA ¢ MOBEPXHOCTLIO paBeH W. [on yrsioM o K BepTHKanHW B AIIHK
BJeTaeT My CO CKOPOCTbIO U M MOYTH MIHOBEHHO 3acTpeBaeT B necke. Swuk
MPUXOOHT B ABMXEHHE, a 3aTeM ocTaHasauBaeTcs. CKO/bKO BpeMeHH Mpoaosxa-
Jock ABHUXeHHe Airka? OTHouleHHe Macchl MyM K Macce suMka pasHo y. [lpu
KaKHX YCJOBHAX AIMMK BOOOLle He cABHUHeTCA?

2. llpyu panvoakTHUBHOM B-pacnage MOKOWBUIErocs MepBOHa4anbHO HEUTpo-
Ha o6pa3yloTcs MPOTOH, 3eKTPOH W aHTUHeHTpHHO. MMnyabchl npotoHa W
37eKTPOHA paBHBl p1 W p2, a yroa Mexay Humu o. Onpeneaute UMNy/abc aH-
THUHEUTPHHO.

e UYrto HasbiBaeTCAd MMIY/ILCOM OOHOM YacTHUbl M HMIY/JIbCOM CHCTEMbI MaTe-
pHaabHbIX To4ek?
o CdopMyaupyiTe 3aKoH HIMEHEHHS WUMMY/bca OOHOM YacTHLbI H CHCTEMB!

Fi Fi

s ¢
a 6

Puc. 109. K onpeneneHuio UMnybca cubl U3 rpaduka F(£)

MaTepHabHbIX TOUYEK. Hoqemy BHYTPEHHHE CHJIbl HE BXOAAT ABHO B 3aKOH
H3IMEHEHHUa UMny.abca cucTeMbl?
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e B kakux c/lyyassiX 3aKOHOM COXpPaHE€HHS HUMMNYyJibCca CUCTEMBI MOXHO NOJIb30~
BaTbCAd U NPHU HAJIHUYHUHU BHCIIHHUX cun?

¢ Kakue npeuMyIiecTsa JacT MCNOJb30BAHUE 3aKOHA COXPAaHCHUS HUMNYJbCa
no CpaBHEHUKW C JUHAMHUYECCKHUM noaxoaom?

e Korga Ha Teno neficTByer nepeMeHHasi cuia F (1), ee UMNy/ibc onpeaesercs
npasoit yactelo ¢opMyssl (5} — MHTerpasjoM oT F({) no nNpoMexyTKy Bpe-
MEHH, B TeueHHe KoToporo oHa aevicTteyeT. ITycTh Ham paH rpad Mk 3aBUCH-
MocTH F(t) (puc. 109). Kak no sToMy rpacdHKy onpeleuTb UMNYJIbC CHbI
AJIsl KaXaoro U3 ciayvaes a u 67

§ 30. Llentp Mmacc. PeaktusHOE paBHIKEHMe

Korga Mbl MMeeM Aeno ¢ CUCTEMOM 4acTui, yooOHO HAWTH TaKylo TOY-
Ky — YeHmp Macc, KOTOpas XapaKTepuaoBaja Onl MOJOXKEHHE W OBH-
JKEHHE JITOM CHCTEMH KaK LEJoro, B cucreme M3 OBYX OOUHAKOBHIX
yacTvly Takas Touka C, OUEBMIOHO, JIEXKHUT MOCEPEANHE MEXAY HHUMH
(puc. 110a). D10 ACHO M3 COOBpakeHUH CHMMMETDHH: B OJHOPOAHOM M
H30TPONTHOM MNPOCTPAHCTBE 3Ta TOYKA BRIACJEHA CpeOud BCEX OCTasb-
HEX, W00 m1a moGoi APYroil TOYKH A, pacHoJOXEHHOM OMuXe K Of-
HOM M3 YacTHL, HameTcs CHMMETPHUYHAA €M Touka B, pacmonoXeHHad

l'l+ Ty

m m
Qi
\‘{C
I\
\
5 Q@
m
myli=myl,
a 6

Puc. 110. Uenurp macc ABYX OAMHAKOBbIX 4WaCTHLL HaXOAMTCH B TOUke C C pagMYyCOM-BEK-
TOpPOM rp=(ry+17)/2 (@); ueHTp Macc ABYX 4acTHL C PasHOM MaccOi AeNMT OTPE3OK
MEXAY HHMH B OTHOWIEHHH, 06paTHO MpPONOPUMOHAIBHOM MaccaM uatuy (6)

Gnuxe kO BTOpOM uyactuue. OUYEBMAHO, YTO PamUyC-BEKTOD [ TOUKH
C paBeH MONYyCYMME PagMyCOB-BEKTOPOB I, H I, ONMHAKOBLIX YACTHIL
(puc. 110a): re = (r; + r3)/2. IpyruMu coBaMH, I MPEOCTaBSET CO-
Goit O0OBLIYHOE CPEAHEE 3HAUEHHUE BEKTOPOB I H Iy,

Omnpegenenne uentpa Macc. Kak o6obumrs 310 ompenenesue Ha CIIy-
yaif ABYX YaCTHI, C PasHBIMM MaccaMu m; ¥ m,? MOXHO 0XHAaTh, YTO
HAapSIQy C FEOMETPHUYECKMM LIEHTPOM CHCTEMEI, PAOHYC-BEKTOP KOTOPOrO
no-npexsemy paseH monaycymme (r; +r;)/2, Gymer urpats onpene-
JIEHHYIO POJib TOUKA, IOJOXKEHHE KOTOPOM ONpenensieTcs pacnpenenaeHn-
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eM Macc. Ee ecrectBeHHO onpeaesiuTh Tak, 4ToObI BKJIAJ KAXAOH YaCTH-
Ul OBUT MPONOPUMOHANIEH €€ Macce:

mry+m,ry
Te=—n+m, (1)
Onpenensemuiit opMyoi (1) paaMyc-BeKTOp LEHTpPa Mace r mpen-
craBasier coboi CpeAHee B3BEIIEHHOE 3HAUEHHE PagUyCOB-BEKTOpPOB Ya-
CTHI T, M T,, UTO OUCBUAHO, M mepenucath (1) B BUme
m my
= r .
Te m+my 1 + my +n, T

Pagnyc-BekTop Kaxaoi 4acTHIEl BXOAUT B [ C BECOM, NMPONOPIIMOHAIb-
HBIM ee Macce. Jlerko BUAETh, UTO ompeneaseMuit opmyson (1) meHTp
Macc C JEXHUT Ha OTPE3KE MPAMON, COCOUHAIOMIEH YACTHIN, U ACIUT
€r0 B OTHOIIEHWH, OOpPaTHO TMPOMOPIHOHAJBHOM MAccaM YacCTHIL:
L/l = my/m, (puc. 1106).

O6paTuM BHUMAHME HAa TO, UTO NPHUBEACHHOE 3[ECh ONpEHeJeHHE
ILEHTPA MAcC CBS3aHO C M3BECTHbIM BAM YC/JIOBUEM PABHOBECHS pbluara.
IpeacraBum cebe, YTO TOUEYHBIE MACCHI M, U m,, Ha KOTOPHIE AEHCTBY-
€T OJHOPOAHOE TOJIE TSXECTH, COCAUHEHHl CTEPXHEM TNpeHEOpeXuMo
MaJsioi Maccel, Takoi peruar 6yaer B paBHOBECHH, €CJIM TOUKY €I0 ONOpHI
noMecTuTh B 1eHTp Macc C.

EcrecrBennniM o6obwenneM ¢gopmyan (1) HA cayuwait cucTemer, co-

crosinell M3 N MaTepHaibHHX TOYEK C MACCAMU M, My, ..., My U pa-
ANYCAMHM-BEKTOPaMH Ty, T, ..., Ty, ABJAETCI PABEHCTBO
N
E mg;
=it @

KOTOPOE CNYXHT ONpeaeJeHueM paduyca-sekmopa yenmpa macc (Win
LeHmpa uHepyul) CUCTEMHL.

CxopocTb nenTpa Macc. LIeHTp Macc XapakTepuayer He TOJbKO MO-
JIOXEHHE, HO M ABMXKECHHE CHCTEMbI YacTul kak uesnoro. Cxopocrs
Vo LEeHTPa Macc, onpefesaseMasl PaBEHCTBOM V. = dr./dt, KaKk Clemyer
n3 (2), cneayrowuM o0pa3oM  Bepaxaercd  uepes  CKOPOCTH
v; = dr;/dt o6pa3ylomux CHCTEMY YaCTHIL

Ve —i=l ) (3)
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B uucaMTENE NMpaBOM YACTH DTONO BBIPAXEHHSH, KAK Ciaenyer u3 dop-
Mynasl (6) mpembiaywero naparpaga, CTOMT TOJHBIHA HMIYJbC CHCTEMEI
P, a B 3HaMmeHaTene — ee mosHas Macca M. [loaToMy HMmyJbC CH-
CTEMBl YaCcTHLU PaBEH NPOM3BEACHHMIO MACCBI BCEH CHCTEMBI M HA CKO-
pPOCTh €e LeHTpa Macc
N
P=z myv, = Mv.. (4)

i=1

®opmyna (4) nMoKasplBAET, UTO UMITYJBC CHCTEMBI CBSI3aH CO CKOPOCTHEO
£€ LIEHTPA MACC TOUHO TAK Xe€, KaK MMIYJIbC OTACJbHOM YACTHIHI CBA3AH
CO CKOPOCTBIQ YACTHILB., UMEHHO B 3TOM CMBIC/IE OBMXEHMUE LEHTPA Macc
H XapakTepU3yeT NBHXEHHE CHCTEMBI KaK LIEJIOTO.

3aKOH JBHXEHHS LIEHTPA MAacC. 3aKOH H3MCHEHHS MMITY/IbCA CHCTEMBL
yacTHL, BEIpaxaeMali popmyJoit (9) npersinyiero naparpada, no cyue-
CTBY MpeacTaBaser coboi sakon dauxenus ee yenmpa mace. B camom me-
ne, n3 (4) NpH HEM3MEHHOM MOJHOH Macce M CUCTEMEI HMeEM

dp dv,

dr — M dt’ %)
4YTO 03HAYAET, UTO CKOPOCTh HM3MECHEHHS HMIYJbCA CHCTEMbI DABHA
NPOU3BENCHHIO €¢ MACChl HA yCKOopeHHe 1eHtpa macc. CpaBuuBas (J5)
¢ dopmysoit (6) § 29, mosyuaem

Y= ¥, (6)

Cornacuo (6) uUeHTpP MacC CHCTEMBI OBUXETCHS TAK, KAK NBHTAJach Obl
OfHA MaTepUa/ibHas TOuKa MAacCel M nox AeHCTBHEM CHJIBI, PABHOH CyM-
M€ BCEX BHEITHHUX CHJI, AEHCTBYIOUIMX HA BXOOSIIHE B CHCTEMY UYACTHLIBL.
B uacTtHoCcTH, LEHTP Macc 3aMKHYTOH (PU3MUECKOH CHCTEMHI, HA KOTO-
PYO BHEIIHHE CHJIBI HE REMCTBYIOT, ABMXETCS B MHEPUHANBHOM CHCTEME
OTCYETa PABHOMEPHO M NPSMOJHHEAHO JHOO MOKOHUTCH.

IIpencraBaeHue 0 UEHTPE MACC B PSAC CAy4yacs MO3BOJSET TOJYUHTh
OTBETHl HA HEKOTOPLIE BONPOCH! €LIE MPOLIE, UEM MPH HEMOCPEACTBEHHOM
HCIOJIb30BAHHH 33aKOHA COXPAHEHHS HMMNyabca. PaccMOTpUM cCienyro-
UK TIpUMEP.

KocmoHaeT BHe xopadag. KocMoHAaBT Macesl m|, HENMOOBUMXKHBIH OTHO-
CHTEJIBHO KOCMHYECKOIO KOpabsst MAacCel M, C BHIK/JIIOUEHHBIM ABHTAaTE-
JIeM, HAUMHAET MOATSTMBATBCS K KOPAO/I0 C MOMOILBIO JIErKOrO CTPAXo-~
BouHoro ¢ana. Kakue paccTodaHHs TpOMAYyT KOCMOHABT M Kopabaep xo
BCTPEUYH, €CJIM MEePBOHAUAJBHO PACCTOAHHE MEXAY HUMHU paBHO [?
Uentp Macc kopabig ¥ KOCMOHABTA HAXOAMTCH HA COEAMHAIOIIEN MX
npAMOi, MPHYEM COOTBETCTBYIOLUIME PACCTOsSIHHS [ M [, 06paTHO mporop-
LHOHAJbHBL MaccaM m; H m,. Tak Kak |+ L, =1 u [|/l, =m,/m, TO
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€pasy moJy4aem

m, m
by BT R ™
B manekoM KOCMOCE, TOE BHEUWIHHE CHJIBL OTCYTCTBYIOT, LEHTP Macc
3TOH 3aMKHYTOH CHCTEMB! JM00 MOKOUTCH, JUO0 ABHMXETCA C MOCTO-
SHHOH CKOpPOCThIO. B TOH cuUCTEME OTCueTa, rie OH MOKOHUTCSH, KOCMO-
HaBT W Kopabnab npoinayr mO BCTpeuM paccrosdHus [, u [,, maBaemmie
dopmynamu (7).

Ins cnpaBeAaMBOCTH MOOOOHBIX PACCYXIOCHHH MPHHIMMIHAIBHO BaX-
HO HCMOJIb30BaTh MHEPUHANBHYIO CUCTEMY orcuera. Eciau 6nl 3gech Mni
OMPOMETYUBO CBS3AMM CHCTEMY OTCYETa C KOCMMUYECKMM Kopabiem, To
OPHILAK OBl K 3aKJIOUEHHUIO, UTO MPH MOATATMBAHMM KOCMOHABTA LEHTP
MAacc CHUCTEMBI NPHXOOUT B JBHXCHHC B OTCYTCTBME BHELIHMX CHMJ. OH
npubauxaerca K Kopabswo. LIeHTp Macc coXpaHseT CBOK CKOPOCTh TOJb-
KO OTHOCHMTEJ/IPHO MHEPUMAJbHOH CHCTEMBI OTCUETA.

B ypasHenue (6), onpegensionmee YCKOPEHHE LEHTPA MAacC CHCTEMBI
YACTHUL], HE BXOAAT ACHCTBYIOLIME B HEll BHYTPEHHUE CHJIBL 3HAUMT JIH
3TO, UYTO BHYTDEHHHME CHJIBI BOOOLIEC HMKAK HE BJMAIOT HA JBHXCHHE
ueHTpa Macc? B OTCYTCTBME BHEIIHMX CHJI WJIM KOFAA STH CHJHL MOCTO-
SHHEI, 3TO AEUCTBUTEABHO TakK. HampuMep, B OMHOPOOHOM MOJIE TSIXE-
CTH UEHTP MAacC pa30PBAaBLICTOCA B MMOJIETE CHAPANA MPOAOIXKAET ABM-
XeHUE MO TOH Xe mapabosie, MOKa HA OOUH M3 OCKOJIKOB €UIE HE ymas
Ha 3EMJIIO.

Ponb BHYTpPeHHHMX cHJ. B rtex cayuasix, Korma BHCUIHME CHJIBI MOTYT
H3MEHATBCSA, A0 OOCTOMT HECKOMBKO CAOXKHEe. BHewHue cuin acicr-
BYIOT HE HAa LEHTP MAacc, a Ha OTAE/bHbBIC YACTULBI CHCTEMEI. JTH CHJIBI
MOTYT 3aBHUCETh OT TMOJOXECHUA YACTHI, A MOJOXCHHUE KAaXIOWU YaCTHIIhI
TPH €€ ABUKCHUM ONMPEAE/SICTCS BCEMM ACHCTBOBABLIMMM HA HEE CHJja-
MM, KaK BHELIHUMH, TAK U BHYTPCHHHUMH.

ITossicHUM 3TO HA TOM X€ NMPOCTOM MPHUMEPE CHApsiAa, pa3peiBaioUIe-
TOCSd B TOJIETE HA MEJKHME OCKOJIKM MOd ACHCTBUEM BHYTPEHHHUX CHJI.
Ioka BCE OCKO/KM B TOJIETE, LEHTP MAacC, KAk yXKE€ FOBOPWIOCh, TpO-
JOJXAEeT ABUXEHHUE MO ToH Xe napabosie. OMHAKO KAK TOJBKO XOTS Obl
OOMH M3 OCKOJKOB KOCHETCSl 3€MJIM M €ro JBMXKCHUE TMPEKPATHTCH, OO-
GaBUTCS HOBas BHEIIHSS CHIA — CHJIa PEAKUMH MOBEPXHOCTH 3EMJIM,
OCUCTBYIOAA HA YNaBIIMH OCKOJIOK. B pesysbrare uameHurcs yckope-
HHE LEHTpPA Macc, M OH yXe He Oyaer OBHUrathCsa Mo MpPEeXHEH mnapa-
Gone. CaMo MosiBJICHUE ITOM CHUJIBI PEAKLMH SBISETCS CAEACTBUEM ACii-
CTBUS BHYTPEHHHUX CHJ, pa30pBaBIMX cHapsaa. Wrak, pgeiicTeBue BHYT-
PEHHHMX CHJI B MOMEHT Da3phiBa CHAapsga MOXET [MPUBECTH K
U3MEHEHHMIO YCKODEHHS, C KOTOPHIM OyAeT OBUraTeCd IEHTP MacC B 6o-
Jiee MO3QHUE MOMEHTBE BPEMEHH M, CJECOOBATE/IBHO, K HU3MEHCHHMIO €TI0
TPacKTOpPHUH.

IpuseneM eme Gosee APKUN TPUMED BIHUSHHS BHYTPEHHHX CHJ HA
ABMXeHHE meHTpa macc. [lpeacrasum cebe, uto cnyTHuk 3emuH, 06-
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pamaKnIUiAca BOKPYr Hee MO KpyroBoil opfuTe, rox AeHCTBHEM BHYT-
PEHHHX CHJ pasfensercs Ha ase monosuHbl, OQOHA M3 MOJOBHH OCTa-
HABIMBAETCY M HAUMHAET OTBECHO Magarh Ha 3emumo, ITo 3akoHy co-
XpaHEHUs MMIy/bCa BTOpas MOJOBHHA JOXHA B 3TOT MOMEHT BABOE
YBEJIHUUTh CBOKO CKOPOCTh, HAMPABJIEHHYIO MO KacaTeNbHOH K OKPYX-
HocTH. Kak Mpl YBMAMM HMXE, NpPH TaKOi CKOPOCTH 3Ta MOJIOBHHA
yaetur or 3eMnu Ha GeckoHeuHo Gospiroe paccrosiuue. CrenoBaTenb-
HO, M UEHTP MacC COYTHHMKA, T. € OABYX €ro MOJOBUH, TAKXE YIaJUTCA
Ha OeckoHeuHO 0oJblIOE paccTogHMe oT 3eMau. M mpuuuMHA TOMYy —
OeHCTBME BHYTPEHHHMX CWJI [pH pasfe/leHMH CIIYTHHKA Ha OBE 4acTH,
TaK Kak B IMPOTHBHOM C/Iyuae HEPA3[e/IMBUIMIACS HA YaCTH COYTHHK
npoaosxan Osl OBUXEHHE MO KPYrosoi oplure,

PeakTHBHOE JBHKEHHE. 3aKOH COXPAHEHUd UMMOY/IbCA 3aMKHYTOH CHUC-
TeMBI [TO3BOJISET J1ETKO 00bACHUTEH MPUHIHIT PEAKTUBHOIO ABHXeHHUd. [Ipy
CXXUraHMM TOIUTMBA MOBHIIAETCS TEMIEPATYPAa M B KAMEPe CrOPaHMs CO-
3AAETCA BHICOKOE naBjenHe, Onarozapsa ueMy o0pasoBaBuinecs Tassl C
60.1bLIOH CKOPOCTHIO BHIPHIBAIOTCS M3 COIUIA ABUraTess pakersbl. B orcyr-
CTBHE BHEUIHMX MOJIEN MOHEIA HMITYJILC PAKETHI M BRIJIETAIOLIUX M3 COMIA
ra3oB OCTaeTCd HEM3MEHHBIM. [103TOMy MpH UCTEUEHHUM ra30B PAKETa MpU-
obperaer CKOPOCTh B IMPOTHBOMOJOXHOM HANpPaBIeHUH,

VpasHeHue Mewepckoro. TlonyunM ypaBHEHHME, ONMMCBHIBAIOIIEE ABU-
XeHue pakeThl, IlycTh B HEKOTOPHIM MOMEHT BPEMEHHM paKkeTra B KaKoH-
TO MHEPLUHAJbHOHU CHUCTEME OTCUETA UMEET CKOpOoCTh v. BBemeMm mpyrymo
MHEPUHUAILHYIO CUCTEMY OTCUETA, B KOTOPOH B NAHHBIA MOMEHT BPEMEHHU
pakeTa HemoaBMXHA. HasoBeM Takylo CHUCTEMY OTCUETA COMYTCTBYIO-
weil. Eciu pa6oraomuii ABUraTelh PaKeTH 33 MPOMEXYTOK At BpiOpa-
CBIBAET ra3el MAacChl Am. CO CKOPOCTBIO V., OTHOCHTEJIBHO DAaKETHI, TO
crycts BpeMsi Af CKOpPOCTh DAKETHl B JTOi COMyTCTBYyIOWIENR cucreMe Oy-
JeT OTJIMYHA OT HY/s M paBHA Av,

ITpuMeHuM K paccMaTpuBaeMoil 3aMKHYTOH (hu3nueckoit cucreme pa-
KeTa IUII0C ra3bl 3aKOH COXPAHEHUS MUMMYJanca. B HauanbHBIA MOMEHT B
COITYTCTBYFOLIEH CUCTEME OTCYETA PAKETA M a3kl MOKOATCA, HOITOMY MO/~
HBId MMMOYJLC paBed Hymio. Coycrsi BpeMsa Af UMOYJAbC PAaKeThl paBeH

mAvV, a UMITY/IbC BHIOPOLIEHHBIX Ta30B — Am, v .. IToaTomy

mAv + Amyv,, =0. (8)

ITonHas Macca CUCTEMBI PAKETa IUTIOC rasbl COXPaHSAETCs, MOITOMY Macca
BLIOPOLIEHHEIX Ta30B PaBHA yObLIM MAacChl PAKeTHI:

Am.+ Am=0.

Tenepr ypasHenue (8) mocie geneHUd Ha MPOMEXYTOK BpeMeHU At me-

PEHUCHIBACTCA B BHIC
av_ o am
At T omH Ap”
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Tlepexons k npemeny At— 0, nonyuaeM ypagrexue dduxenus mera
nepemenHoU maccol (PaKeTH) B OTCYTCTBHE BHELIHHX CHJI:

dv dm
m i Vorn dt (9)
YpasueHnue (9) uMeer Bux BTOpOoro 3akona HerotoHa, ecam ero mpa-
BYIO YACTh PACCMATPUBATH KAK PEAKMUGHYIO CULY, T. €. CHIY, C KOTOPOH
AEHCTBYIOT HA DPaKeTy BhUIETAIOIME M3 Hee rasw. Macca paketn m
3[eCh He MOCTOAHHA, a YORIBAET CO BPEMEHEM H3-3a MOTEPH BEILECTBA,
T. e. dm/dt < 0. Tlostomy peaktusHas cuna; F, = v, dm/dt nanpase-

Ha B CTOPOHY, NNPOTHBOMNOJIOXKHYIK CKOPOCTH V... BBUJICTAOMHX H3 COILTA

rasoB OTHOCHTENBHO pakKeTe. BHAHO, 4YTO 3Ta cuaa Tem OosbIIe, 4eM
OosibLIE CKOPOCTb MCTEUEHHS ra30B M YEM BBHILIE PACXOM TOIUIMBA B QM-
HHLY BPEMEHH.

Ypasueuune (9) mosydyeHo B ONpEeNENEeHHOM WHEPLMANBHOU CHUCTEME
OTCYeTa -— CONYTCTBYIOIIEH cucTeMe. BcieacTBue MpHHIMIA OTHOCH-
TEJBHOCTH OHO CHPABEITMBO M B JIKO0OH APYrod MHEPLUHATBHONH CHCTE-
Me oTcueTa. Ecmu, KpoMe peakTHBHOHM CHJIBI, HA PAKETYy ACHCTBYIOT M
Kakue-mubo ApYrde BHEITHHE CHAbl F, HANpUMED CHAA TIXECTH U CHAA
COTMPOTHBJEHHS BO3AyXa, TO HX CJIEAYeT AO0ABHTH B MNpPaBYK YacTh
ypaBHenud (9):

mT=v 94m LR (10)
dt OTH dt
DTo ypaBHEHHE BHOEPBBIE OBLIO MOMYUEHO MENIEPCKMM M HOCHT €10 MMS.
TTpu 3agaHHOM pexuMe paboThl ABUraTens, Korna Macca m(t) NpeacTas-
nsetr coboil ONpENENEHHYI M3BECTHYH (DYHKUHMIO BPEMEHHM, YPABHEHHE
MemepcKkoro Mo3BoIIET PACCUHTATh CKOPOCTb V() pakeThl B 000 Mo-
MEHT BPEMEHH.

e Kakue dusuucckre coobpakeHUs CBUOETENbCTBYIOT O LenecoodpasHOCTH
onpeaeNieHUs LEHTpa Macc ¢ NoMoLLblo ¢opmynsl (1)?

e B KakoM CMbICNEe UEHTP MAacC XapaKTepU3yeT OBUXEHHE CUCTEMBl YacTHULL
Kak Lenoro?

e O 4eM roBOPHT 3aKOH ABMXXEHHA LIEHTPA MacC CUCTEMbl B3aUMOAEHCTBY IOLHX
Ten? BAUsioT N4 BHYTpeHHUe CUMbI Ha YCKOpEHUe LieHTpa Macc?

L4 MOI‘yT JIU BHYTPCHHUE CUNBI BJIUATb Ha TPACKTOPUIO LECHTpa Macc cucteMbl?

e B 3apaue o paspblBe cHapsda, pacCMOTPEHHON B npedbiaylleM naparpade,
3aKOH [OBMXEHUsA LeHTpa Macc MO3BONAET cpa3y HaMTH AanbHOCTb MoJseTa
BTOPOrO OCKOJIKa, eCJIM ero HaualbHasi CKOPOCTb IOpU3OHTanbHa, Kak 3To
caoenars? [loueMy aTH coobpakeHUs HENMPUMEHHMbI B cllyvae, Korja ero Ha-
YyanbHafs CKOPOCTb UMEET BEPTHKABHYIO COCTAaBASIOULYI0?

e B npouecce pa3roHa pakeTsl ee ABUratesb paboTaeT B MOCTOSHHOM pPeXUMe, Tak
4YTO OTHOCHUTENbHAS CKOPOCTb UCTEUEHUS ra3oB U pacxoA TOMJIWBa B eAUHULY
BpeMeHU Heu3MeHHbl, ByeT M Npu 3TOM yCKOpeHUe paKeTbl MOCTOSHHbIM?

e BuiBegure ypaBHeHHe MelllepcKoro, UCronb3y s BMECTO CONMYTCTBYIOLEN CUCTe-
Mbl OTCUETA UHEPLIUAIbHY IO CUCTEMY, B KOTOPOM paKeTa yXe UMeeT CKOpOCTb v,
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A ®opmyna Huouxosckoro. JIonycruM, YTo pasroH pakeThl IMPOUC-
XOIUT B CBOOOIHOM MPOCTPAHCTBE, € HA HEE HE AEHCTBYIOT BHEIN-
Hue cuabl. [To Mepe BripabaTelBaHMs TOMJIMBA MAcCa PAKETH yObIBa-
eT. HaitneMm 3aBMCMMOCTb MEXIY MAcCCOil H3PACXONOBAHHOTO TOMIMBA
¥ HaOpaHHOU paKeToi CKOPOCTHIO.

[Mocse BKIKOYEHUS ABUTATENs MOKOUBIUASCS PAKETAa HAUMHAET Ha-
6MpaTh CKOPOCTb, ABUIasCh 1o NpsMoi AuHuu. CpoenMpoBas BEKTOP-
Hoe ypasHenue (9) Ha HanpaBjaeHUE JBMXKEHUS PAKETHI, TOIYUYUM

dv dm
m‘—E:--vom—‘-[t—. (11)

Bynem B ypaBHenuu (11) paccMaTpuBaTh Maccy m pPaKeThl Kak
¢yukuuo HabpaHHoOit pakeTol ckopocTd v. Torma cKOpocTs u3Me-
HEHUS MACCH CO BpeMeHeM dm/dt MOXHO MpPEOCTABUTH CJACHYOIIUM
obpasom:

dm _dmdv
dt ~ dv dt’
[Moacrasasis 310 cooTHOmEeHUE B ypaBHenue (11), momyuaem
1
W, (12)
v UUI'H

TTpeanonoxXuM, YTo CKOPOCTb UCTEUEHUS rasoB v, HEU3MEHHA,

4YTO MOBOJBHO TOYHO BHIMOJHSETCS B COBPEMEHHBIX pakeTax. B oToM
cnyuae ypasuenue (12) nosBosnsier J€rko HaWTH Maccy m PakeThl
Kak (yHKOMIO ee ckopoctu. B caMoMm pmene, cormacHo (12) mpowus-
opgHas dm/dv uckomoi ¢dyHKuuM m(v) NPONOPUMOHANBHA CAMOMN
dbyukuuu, TakuMm cBOHCTBOM 00J3afACT TONBKO IKCIIOHEHIIMANBHAS
dyukuusa. [Tosromy peuwienue ypasHerus (12) npu MmOCTOSHHON

CKOpPOCTH MCTCUCHHUA v ., HMCET BHI

m = C exp (—-UL) (13)

OTH
3uaueHue nocrosiHHON C onpenenseTcss U3 HAYaJbHOTO YCJIOBMS:
npu v =0 Macca pakeTel paBHAa HauanabHOM Macce m, Takum 06-
pasoM, Macca pakeThel M B TOT MOMEHT, KOIJa €€ CKOPOCTb PaBHA

v, maercs dopMmynoi
v
m = mg €Xp (-—T)’

OTH

KOTOpasi HaseBaercs ¢opmysioi Iluonkosckoro.

TOMJHBO AJsi KOCMHYeCcKHX noJetros. Qopmyna Iluonkosckoro mo-
3BOJISICT PAaCCUMTATh 3aMac TOIMBA, KOTOPhIA HeoOXoouM Ang cood-
LIEHUS PAKETE ONpeaesieHHOM KOHEUHOH ckopoctu v. CornachHo (14)
OTHOLIEHUE HAYaAbHOM MAacChl m, PaKeThl K €€ KOHEYHOH Macce m

pasHo exp (v/v,,) ¥ OymeT teMm MeHblie, YeM Gosblue CKOPOCTb MC-
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TEUEHHS ra30B vV, B COBDEMEHHHIX PAKETAX HA XUMHUECKOM TOILIH-
BE CKOPOCTB Ta3oBoi cTpyM cocraeiaser oT 3 10 5 kM/c. Jonycrum,
YTO PAKETE HYXHO COOOMMTH NMEPBYIO KOCMHUECKYIO CKOPOCTb, T. €.
TAKy!0 CKOPOCTb, NPH KOTOPOH €€ MoJIe3Hast Harpy3ka MOXET CTaTh
MCKYCCTBEHHBIM CITyTHHKOM 3eMJIH. DTa CKOPOCTb paBHA NpPHUOIHM3H-
TespHO 8 kM/c. TIpHM CKOPOCTH HCTEYEHHS v, = 2 kM/c ¢dopmysa
Hnonkosckoro gaer my/m = 54,6, T. e. NPaKTHUECKH BCA HAYAIbHAS
Macca pakeThl IpHXOAHUTCS Ha Tormeo. [Ipu v, = 4 xM/c oTHOWe-
HHE mgy/m cocTaBiser yxe 7,4, HO U B 3TOM CJIyuyae 3amac TOIJIMBA
Mgy — m JDOJDKEH NMPEBOCXOJAHTH MAcCy 1 BBIBOAMMOIO KOCMHMUYECKOIO
annapara B HECKOJBKO pas.

TeXHHUECKHE TPYOHOCTH, CBSI3AHHHEIE C JOCTHXEHHMEM KOCMMYE-
CKHMX CKOPOCTEH, NPEOOIEBAIOTCS C MOMOIIBIO MHOTOCTYIEHUATHIX pa-
KET, A KOTOphIX npHHamaexuT L{nonkosckomy. Korna MaccusHast
nepBsast CTyNeHb pakeTol — OycTep — MCuepnaer 3anac TOIUIMBA, OHA
OTAENAETCS, A TOro uToObl HE MPHUXOANJIOCh PA3rOHSTH AAIBLIE YXKE
HEHYXHBIE MyCThie 0aKM M3-TI0J rOPHUYEro M OTpafoTaBIIHE ABHTATE-
au. Bropas crynenp nobamnsier K paHee AOCTHTHYTOH CKOPOCTH elne
HEKOTOPYIO CKOPOCTb, 4 3aTCM OTAEASETCA U T. I.

Ing MeX3Be3qHEIX MOJCTOB KOCMHMUECKMX KopaOnel nHeoOxomu-
Mbl 3HAUMTEJIBHO 00J€€ BEICOKME CKOPOCTH. Dimxaiimme K Ham
3BE3/bl HAXOASTCY HA PACCTOSHHH OKOJO UETHIPEX CBETOBHIX JIET.
[TosTOoMy O/S 3KCHEAMUMM TPUEMIEMOM MPOXOKHUTEABHOCTH HEOO-
XOOMMBI ckopocTH He menbie 0,1 ckopoctu cBera ¢. Qopmyna Liu-
OJIKOBCKOI'O MMOKA3BIBAET, YTO AT JOCTHXEHHMS TAKMX CKOPOCTEM pa-
KETH Ha XMMMYECKOM TOIUIMBE aOCOIOTHO HENpHrogHsl. ECau naxe
JOMYCTHTb, YTO CKOPOCTb Fa30BOM CTPYH v, YAACTCd JOBECTH MO
10 kM/c, To npu v=0,1 ¢ orHomeHHe my/m coctaBur €°%,
paBHo npuMepro 1013%, TTpu monesnoit Macce m BCero JMmb B Of-
Hy TOHHY CTapTOBas Macca PakeThl MOJKHA coctapastb 101390 toun.
DTa BeIMUMHA [PEBOCXONMT BCIKOe BooOpaxenue. IS cpaBHEHHMS

yKaxeM, 4YTo Macca Hameid [anakTHKM paBHAa <«BCCIO JIMIIb»
3-10°8 ToHuH.

yTo

e 3aeucuT M HabpaHHas pakeTOM CKOpOCTb nocfe BbipabGOTKH Beero Torm-
JIMBA OT TOIO, 34 KaKoe BpeMs OHO OblJIO M3PACXOdOBaHO?

e [loyeMy HEBO3MOXHO OCYLIECTBJIEHHE MEX3IBE3JHOM KOCMHYECKOM 3KCTe-
JUUMKA ¢ HUCMOJIBIOBAHHEM TPaJULMOHHBIX PDAaKETHBIX JBUrarte/ieil Ha XH-
MHYEeCKOM TOrIMBe? 4

§ 31. Mexannueckan pabota. Kunertmueckas auneprus

Hapaay c BpeMeHHO#H XapaKTEPUCTHKOM OEHCTBHS CUIK — €€ UMITYJIb-
COM — B MEXAHHKE CTOJIb X€ BAXHYIO POJb UrPAET M MPOCTPAHCTBEHHAS
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XapakTepPHUCTHKA ACHCTBUS CHJIBI, HA3BIBAEMAS MeXaHuuecKkou pabomoil.
Pabora AA cunel F mpu mepeMeweHnd Ar Tena, K KOTOPOMY OHA MpH-
JIOXKEHA, ONpeaeasercd KaK cKansgpHoe mpoussenceHue F u Ar:

AA=TF-Ar= F Arcos a, 08

rae a — yroJg Mexay HampasieHuamu F u Ar, U3 onpegenenns (1)
CJIefyeT, yTo paboTa HEKOTOpPOH CHUJIBI PABHA NMPOM3BEXCHHUIO NTPOEKLHH
CIJIbl HA HANpaBJeHUE MepeMelleHUS U MOAYJIS ITOr0 MepeMelleHus,
WM Hao0OpOT: MPOU3BENEHUIO MOMYJIS CHJIBI U MPOEKLHH HNEPEMEILEHUS
HA HanpasJjieHUE ACHCTBUS CHJIHL.

CeoiicTsa pabotel. Eciu Ha Teno neldCTBYIOT cpasy HECKOJBKO CHJI, TO
MOXHO TOBOPHTh O paboTe KaXmoil M3 HHUX B OTAEABHOCTH M o pabore
PaBHOAEHCTBYIOWIEN ITUX CHJI, T. €. UX BEKTOpHOH cymMMhu. M3 ompene-
aeHus paboThl ciaexyer, uto pabora CyMMHEl CHMJI paBHAa CyMMe pabor
Kaxaou u3 Hux: korga F = 2 F;, nmeem

{

AA=F-Ar=3 F Ar=3 F Ar=73 A4,
i i i

TaK KAaK MPOEKUHS CYMMBbI BEKTODOB > F; paBHa NpPOEKLUUH DE3YJNbTHU-
pywouero eektopa F. !

Pabora cunbl — 3TO0 cKaagapHas anrebpanueckas BEJMUYMHA, KOTO-
pas, xak caeqyer u3 (1), MoxeT ObITb NOJOXUTENBHON (KOrma cUJa Ha-
NpaBJieHa BOOJb NEPEMELIEHUs WK 00pasyer ¢ HUM OCTPHIA yro), OT-
pUUATEIbHON (KOTMa CHJIA HATPABJIEHA NMPOTUBOMNOJIOXHO MEPEMEIIEHHIO
Wi obpasyer ¢ HUM TymoW yroJ) M paBHOM Hy/0 (eC/IM CMIA Hampae-
JIEHA MEPHEHIAMKYASIPHO TMEPEMEWEHHIO WIH eCIM MEepPEMELEHNs Tea,
HA KOTOPOE OHA AEUCTBYET, BOOOLIE HE TPOMCXOIHT).

PaccMorpuM, Hanpumep, paboTy Cwil, AEACTBYIOWIMX HA SLIUK IpH
€r0 MEPEMELIEHHH N0 FOPU3OHTAJILHOMY MOJY, KOTAA Ero TIHYT 3a Be-
PEBKY, HampaBJEHHYI0 mOA YIJIOM K ropusonrty (puc. 111).

Cuna F HATSXEHHS BEPEBKH MpPH MEPEMEUICHHM SLIMKA BIPABO HA
paccrossHHe Ar  COBEpIIAET MOJOXHUTENBHYK  paboTy, paBHYIO
F cos a Ar. Pa6ora cuiel TpeHHS OTPHULATENBHA M PABHA —FTp Ar, Tak

KaK yrox mexay F, u Ar pasen x, a ero kocuxyc paseH —1. ITpn pas-
HOMEDHOM IBHXEHUM qIMKA, Korma F cos a = FTP, cymmMma pabor cun F

u FTp paBHa Hy 0. EcnM Xe dmuK pasroHseTcs, T. €. F cos a > FTP,
cymma pabor atux cma nosoxuTensHa. CHaa peakuud onopsl N ¥ cuna
TAXECTH Mg NPH NOPU30HTAIBHOM MEPEMELIEHNH AUKA paboThl HE €O~
BEpIIANOT, TaK KaK OHU MEPHEeHIUKYJSPHE MEPEMEIIEHUI0 U KOCHHYCHI
COOTBETCTBYIOUIUX YTJIOB PABHEBI HYJIIO.

IIpusenennoe onpeaenenue (1) paGoThl Kak CKaJspHOrO MpOM3BENE-
HUS BEKTOPOB CHJIBI U MEpPEMEIIEHUS CIIPABEA/IMBO MPU YCJIOBHH, UTO CH~
sa F mocrosHHA Ha BceM nepemeuieHHMH Ar. [loguepkHeM, 4TO y4acToK
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TPAEKTOPHH MEXOY HA4yaJbHOM M KOHEYHOH TOUKAMH NEPEMEIEHHS Ar
MOXeT OBiTh JI0OBIM, B TOM YMCIE M KPHBOJIMHEHWHEIM. EXMHCTBEHHBIM

An E
~p- gt
Ar F
= Ar
2
yme
Puc. 111. Pa6ora, coepiuaemas pasHbi- Puc. 112. Pabora ciint F Ha niepeMeLlieH1m
MM CHJIAMH, TTPH TIEPEMEILIEHHH SILMKA Ar paBHa CymMe paboT Ha Pa3HBIX Y4acTKax

YCIOBHEM, ONpeaeasiomuM BrOOp Ar, aeaderca TpeboBaHHE HEM3IMEH-
HocTH cuutel F (kak mo Modysio, Tak M 10 HanpaBJIEHHIO) Ha BCEM IPO-
TSXKEHMH JTOTO YYacTKa TPaEKTOPHH.

JLefCTBUTENBHO, MOMHOE MEepeMeuIeHHE Ar MOXHO NPEeaCTaBHTh Kak
BEKTOPHYIO CcyMMy Oonee «MeNKHX» mepememeHuit Ar, (puc. 112):

Ar = z Ar,. IToacraBnsas aty cymmy B Bhipaxenue (1) pas paGoThi,
P

nojy4aem
AA=F-Ar=3 F-Ar, = AA,,
k k

rae AA, — pabora cuiel F Ha OTAEIBHOM <«MEJKOM» NMEpPEMEIECHHH
Ar,. TaxuM ob6pa3oM, IpH MOCTOSHHOM cusie paboTa Ha BceM Mepemenie-
HUH Ar pacrnagaetcd Ha CyMMy paboT 3TOM CHJIbI HA OTAEIbHBIX ydacT-
Kax, TPHYEM CyMMa HE 3aBHCHUT OT TOIO, Kakum oOpa3oM Bce mepeme-
nieHne Ar pa3bHTO Ha OTAEIbHBIE YACTH,

Pabota nepemeHHO# cuibl. Ectu mpu mepeMemieHuH Tesa AEeHCTBYO-
LIas Ha HEro CMia M3MEHAeTCd, TO AJIS BHIYMCIEHHS ee paboTh Tpaek-
TOPHIO HYXHO pa30UTh HA MAJIBE Y4AaCTKH, B MpPeRenax KOTOPhIX CHJIY
MOXHO CUMTaTh MocTogHHOM., Torga pabora AA; Ha OTHEABPHOM y4acTKe

TPaeKTOPHH, XapaKTEPU3yeMOM BEKTOPOM HepeMmenieHus Ar;, ompeze-
Jgerca Toi xe ¢dopmysoi (1):
AA; =F,-Ar, = F, Ar, cos q,, 2)

rae F, — 3HaYyeHHe CHJBl HAa 3ToM I-M yuactke. [TonnHas paGora pac-

CMaTpHBAEMOM CHJBL HA BCEH TPAEKTOPHH OmpeaenseTcd Kak anrefpau-
yeckas cyMma paloT Ha OTAEABHBEIX YUYaCTKax:

AA:EAAi=2Fg'Ari=ZF,' Ar, cos a,. (3)
1 i i )
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Cootnomenne (3) osHauaer, uto pabora cwinl F Ha BCell TPaeKTOPHH
BHIPAXAETCS MHTErPAJIOM, BHIUMCASIEMBIM BAOIb TPACKTOPHH:
2
A=\ F(r) dr, (4)
1

roe | 1 2 — HauanpHAs M KOHEUYHAS TOUKHM TPACKTOPHH.

MouHocth. OTHomEHNe paboTh AA K MPOMEXYTKY BpeMeHu Af, B Te-
yeHre KOTOPOIr0 OHA COBEpIUEeHA, Ha3BBACTCH CpedHed MOUjHOCIHIbIO
P, 3a Bpems At:
_a4
T AtS

MeHnosennod MOWHOCMbIO WM TIPOCTO MOWHOCMbI0 P Ha3bIBaeTCs

npeaesa 3TOro OTHoweHus npu At —0:
. AA _ .. F-Ar_ .. Ar
P=11th—=11mT=hm FZ'F:FV
A0 At=0 At~0

Takum 06pa3oM, MOIIHOCTh PaBHA CKaJSPHOMY TMPOH3BEACHUIO CHJIBI
HA CKOPOCTb. MOUIHOCTb — 3TO OCHOBHAS XapaKTEPUCTHUKA 1000t Mamu-
HBl MJIM YCTPOMCTBA, MCMO/Ib3YEMOTO JUTS COBEPILEHHUS PAOOTHI.

Eaunuip pabote ¥ MouHoctH. Hanomuum, uto 8 CH pabGora name-
psaeTca B axoyaax: mxoyab (Ix) — 3rto pabora, coBepmaeMas CHIOiM
B | HBIOTOH NP MEPEMEIUEHUM TEMA HA | METp B HATIPABJICHUM ACHCT-
Bud cuan: 1 Ix=1H-1m.

MomHOCTh N3MepAETCd B AXOYAAX B CeKYHAY. Takas equHHMILA MOL-
HOCTH HaswmBaetcs BarToM (Br): 1 Br =1 Ix/c. B TeXHHKE UCTIONB3YIOT-
Cq TaKXC CAMHULE B THICAYY U B MUWLJTHOH pas 6OJIbIIIC BATTa4, UMCHOILUC
HA3BAaHMUS COOTBETCTBEHHO KMI0BATT (KBT) M merasarr (MBT).

B cucreme emmuun, CI'C pabora mamepsiercas B Iprax: 1 apr=
= 1 qun- 1 cM. MowmoCTs MaMepserca B 3prax B cekyHay (spr/c). Crne-
UMAJBHOrO HA3BaHMS 3TA €QUHMIA MOLIHOCTH HE MMEET.

KuHeTnyeckas 3Heprus. BpeMeHHAS XxapakTepuUCTHKA ACHCTBUS CHIHI,
T. €. UMIYJIBC CUJIBI, OTIPEACISET, KAK MBI BHAC/IH, U3MCHCHHE UMITYJIbCA
TeNMla, Ha KOTopoe oHa AeicTByeT. IIpocTpaHCTBEHHAs XapaKTepHCTHKA
AEACTBUSA CHAHL, T. €, paboTa CHJIHI, ONMPENCISET U3MEHEHHME KHHETHYe-
CKO# SHEpPruu TEna.

Kunemuueckori snepeueii E, MaTepHaJbHOW TOUKH MACCH /71, OBH-
XYMENCS CO CKOPOCThIO v, HA3KIBAETCS CKaJIPHAsg BEJIWUMHA, TPOMOp-
IIHOHAJIbHAA MAacce€ M KBagpaTy CKOpOCTH:

2
my
Ex— 2 (5)

ITokaxem, UTO U3MEHEHUE 3ITOU BEIMUMHH TIPU ABUXCHUU TEAA

paBHO paboTre BEKTOPHOH CYMMH BCcex AeHCTBYOmMX HA Teno cuwa. Ha-
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YHEM C MPOCTEHINErO CAy4yas, KOria HA NOKOMBINEECH TEJIO HAUMHAET
AeiictBoBaTh nocrosHHas cuwiaa F. Teno Gyner ABMraTeCs B HAnpabJie-
HHMM AEHCTBYIOUIEH CHJIB C MOCTOSHHBIM YckopeHueM a = F/m. Iloaro-
My ans paGorel AA cwin F, yunteiBag, uto yros mexny F u Ar pa-
BEH HYJIIO, UMEEM

2

t="7 (6)

AA=FAr=malAr=m -5

~|e
(SR

Tak Kak KMHETHYECKAs JHEPrUs MOKOMBIIETOCA TeJa pAaBHA HYJIO,
TO COBEPIICHHAA NPH PasroHE PaboTa paBHA M3MEHEHHIO KMHETHUECKOM
SHEpPruu TeEaa.

[TycTb Tenepp B HAYABHEI MOMEHT TEJIO MMEET CKOPOCTD V,, @ AEH-

CTBYIOLIAS HA HEro C 3TON0 MOMEHTAa MOCTOSHHAS cuia F MOXeT u He
COBMAAATh MO HAMPABJIEHHIO CO CKOPOCThIO. B 3TOM ciyuae g paboru
cwin F ¢ noMowpio BToporo 3akoHa HeioToHa mmeeM

v—vy v+vy . my? mv(z)
t 2 T 2 T T2 (7

AA=F-Ar=ma-Ar=m

BuaHO, YTO U B ITOM CIyuae u3meHeHue KUHEeMmuUHeckou sHepzuu me-
Jla pasHo pabome acex delicmayrowux Ha Hezo cull, ITO YTBEPXKICHHUE
HA3BIBAETCH MmeopemOi O kuHemuueckod sHepzuu. OHO TMpPeACTaBALET
coboii ceacTeue BTOpOro 3akona HeroToHa.

TeopeMa 0 KHHETHYECKOi 3Heprum. [lokaxem rteopeMy O KHHETH-
YECKOH JHEepruu ajas oOLero cayuas, KOraa B MpOUECcce nepeMelleHnd
TEJAa CWIA He ocTaeTcd mocrtosaHHoil. [lepememenne Ar Bcerna MOXHO
paséuTh HA CTO/b MAJble Y4ACTKH, YTOOH CHJIY B NpEENax KaXxiaoro
YUAaCTKa MOXHO ObLNO CUMTATh MOCTOAHHON. Torma and Kaxnaoro yua-
ctka Oyner cnpasennnBo cootHoweHue (7). CAOXHM MOYAEHHO BCE
BEIpaxXeHua (7), 3aMUCAHHHE A9 KAaXAOro U3 YUYacTKOB. B jieBoi ua-
CTH NOJYUUMM NOJHYIO paboTy HA BceM mepemenicHud. [Ipu croxeHuu
MpaBHX YACTEHl CIEAYET YUECTh, UTO KOHEYHAd CKOPOCTb HA KaXXIOM
YYaCTKE COBHNAAAET C HAUAJBHOM CKOPOCThIO Ha ciaeaywoomem. B pe-
3yJIbTATE€ B NPABOH UYACTH OCTAHYTCH TOJBKO IBA C/AraeMbIX, COOT-
BCTCTBYIOIIHUX KOHEUYHOH CKOPOCTH v HA NOCJCAHEM YUACTKE U HAUYAJb-
HOM CKOPOCTH v, Ha NEPBOM:

_ my? mu% 8
AA==5-——~ ®)

Hcnonp3oBaune TeopeME 0 KMHETHYECKOI 3HEpPruu ofjieryaeT peme-
HUE MHOTMX MEXaHMYECKMX 33Jau.

3apava

Buickanv3vigaroujas docka. Ha xoHue R0cKM UMHBI L U Maccbl M HaxoauTcs
MasneHbKHUi1 6pycok Maccel m (puc. 113). ocka MOXeT CKONMb3UThL 6e3 TpeHHUs
no ropH3oHTanbHoi mnockocTH. KoadduuueHT TpeHUs cKonlbkeHHUs Opycka o
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MOBEPXHOCTb JOCKH paBeH K. Kakyio ropHaoHTasbHYI CKOPOCTb HYXHO TOJUKOM
COOBIUTL O0CKeE, YTOGbI OHa BbICKOJb3HY/A U3-nof Gpycka?

Pemenue. IIpu coobileHUH AOCKE MOPU3OHTANBLHOM CKOPOCTH vy PE3KUM
TOIUKOM WM yAapoM OpYcoK He MoJyyaeT CKOpOCTHM OTHOCHTENIBHO 3€MJIH, Tak
KaK OeHcTBYWOlas Ha Hero co CTOpOHbI JOCKU CH/la TPEHUSt He TPeBOCXOAMT

3HaueHUs Wmg U 3a KOPOTKOE Bpems yna-
- pa He MOXeT cooOlUTL GpyCcKY 3aMeTHO-
M 1 v ro UMIyJbca.

[ — Tlocne ToMuKa B CHCTEMe OTcueTa,
7 CBA3AHHOM C 3eMJIel, U3-3a CUJ B3aUM-
HOro TpeHUs OpycoK OBUXKETCS PpaBHO-
Puc. 113. K onpeaeneHmio yCA0BMI Bbl-  ycKOpEHHO, a Jocka — paBHo3aMensieH-
CKALILIBAHMS 0CKH Ho. Eciu HayanbHas CKOpOCTb HOCKU U
HEeBe/IMKa, TO MOXET HacCTYNUTb TaKou
MOMEHT, KOrla CKOpOCTH [JOCKM W Opycka MpUMYT OAWHAKOBble 3HavyeHus. B
3TOT MOMEHT MpoCKa/b3biBaHWe MpeKpalyaercd, fanee Jocka W Opycok HABHU-
XKYTCA paBHOMEPHO C OJMHAKOBOW CKODOCTbIO U Kak OAHO TeJo, W [JOCcKa,
pasyMmeeTcs, YXe He BbICKOJb3HeT W3-moa Opycka. Ecan xe HauanbHas cko-
pPOCTb [JOCKM AOCTATOUHO BEJHMKA, TO CKOPOCTH AOCKU M Opycka MOCYT He
yCrneTb CpPaBHSATbC 3a TO BpeMs, Noka OpYycOK CKOJMb3UT BAOJb BCEW ROCKH.

B aroM ciyuae [OcKa BbICKOJb3HET M3-mod Opycka.

060o3HaYUM paccTostHUe, KoTopoe OpyCoK [OJIXKeH MPOUTH MO JOCKE A0 MOMEHTA
npeKpallleHUst MpocKanb3biBaHUg, Yepes /. OueBUAHO, YTO NPU BLINOJHEHUH Hepa-
BeHCTBa /[ < L 10CKa He BbICKO/Ib3HET U3-nof Opycka. B nmpoTUBHOM ciyuae nocka
BbICKOJIb3HET.

TTocKobKy MO YCIOBUIO 3aauk MeXAY AOCKOM U NOPU3OHTaIbHOM MJI0CKOCTbIO
TPeHUS HET, TO HANpaBJIeHHbIH MOPHU3OHTAILHO MOJHBIH UMITY/IbC CUCTEMBI OCTAET-
ca 6e3 uameHeHUs. Tak KaK nocJse npekpaiieHUs OTHOCHUTENbHOrO NPoCcKaib3blBa-
HUs 6PYCOK U A0CKA ABUXYTCS C OAMHAKOBOW CKOPOCTLIO v, TO

Muyy= (M + m)v. (9)

anMCHHM TEOpEMY O KHWHETUUECKOHU 3HEPruU 418 KaXA0ro U3 TeJl. HCﬁCTBle‘
ye Nno BEPTUKAJU CHUJIbI TAXKECTU U CUJIBI pE€aklIUH paGOTbI HE COBEPLIAIOT, u6o
Sa s >

] []

Puc. 114. INepemewenne aockm m Gpycka

Hanpas/eHbl NePNeHAUKYIRPHO NepeMelleHUaIM NockU U Opycka. IToatomy HYXKHO
paccMaTpuBaTh TOJbKO paboTy cui Tpenus. Ilepemetiienus nocku I, 1 6pycka I, oT-
HOCUTENLHO 3eMJIM NOKasaHbl Ha pUc. 114. PasroHsiowas 6pycok A0 CKOPOCTH v
CWJla TPeHUS umg COBEpLIAET MOJOXMUTENbHYIO paboTy umgl,, noatomy

2
" gty (1
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Topmossawas HOCKY cHNa TPeHUs Wmg COBeplUaeT OTpULATEeNIbHYI0 pabory,
paBHyw —umgl;:
My Muv} (1
2 Tz - emeh

O6paTUM BHUMaHHe Ha TO, UTO TOUKH MPHJIOKEHUS CHUI TpeHUs, AeHCT-
BYIOUIMX Ha 6pYcoK M Ha JOCKY, COBEpILAIOT OAMHAKOBble MepeMelieHUs OT-
HOCHTE/IbHO 3eMJ/M, paBHble nepeMelleHUo O6pycka /,. OgHaKko B BbIpaXKeHHAX
(10) u (11), B cooTBeTCTBHH c onpegelieHuem pabotbl (1), durypupyoT
nepeMelleHUst caMUX Tes, Ha KOTOpble AeHCTBYIOT 3TH CHJBI, a HE TepeMe-
UIEHUS TOUEK TPHIIOKEHUS CHIT.

CknagpiBas nouneHHo soipaxeHus (10) u (11), nonyvyaem

M+mpr My (12)
T2 Tz wmel

roe, Kak cnegyetr u3 puc. 114, I =1, — [, npeacrasnaser coboil nepeMeuleHHe
6pycKka OTHOCHUTENbHO AOCKMU. PaBeHcTBo (12) o3Hauaer, YTO M3MEHEHHE KU-
HETUYECKOH 3HEPrdH BCcEeH CHUCTeMbl paBHO cyMMapHOi pabore HEHCTBYHOLWIMX
B Hel cHN TpeHus. Bblpaxkas KOHEUHYHO CKOPOCTb v M3 YypaBHeHHMs (9) U
noacTtaenss B (12), Haxooum

j=i M 2 (13)
2 M+m ug

Ecnn BhiuKcaeHHoe 1o ¢opmyae (13) sHauenue ! okaxercs Gonbie L, TO 31O U
6yneT 03HauaTh, YTO MPU TAKOH HauaJlbHOM CKOPOCTHU JOCKHM Uy OHA BbICKOJIB3HET
u3-nog 6pycka. OTcioma HaXOOMM HeobxooMMoe AMs 3TOro 3HaUECHHUE vy

vp > \JZp.gl (1 +%) .

3apgava gns CaMOCTOATENbHOIO pellicHH A

OLeHHUTe CPEAHION CUITY, JEHCTBYIOLIYIO Ha HOTH YEJIOBEKA MOCJIE ero MpbixXKa
Ha 3eMJII0 ¢ MaaTdhOPMbl BBICOTOR 3 M.

e B ueM 3zak/iouaeTcss passiMude NMOHATHUN paboThl B MeXaHHKE U B MOBCEIHEB-
HoM kH3HU? KaKyw MexaHUdecKywo paboTy cosepluaeT WTAHTUCT, KOrAa OH
MOAHMMAET IITAHTY W KOrda AepKMT ee Ha BbITAHYThIX pykax? Hocunbuiuk,
pPaBHOMEPHO HECYUIMH ueMOJaH M0 TOPU3OHTAJIbHOM Jopore, Mo JIECTHULE
BBEPX W BHU3?

o [IpuBeauTe 1pUMEpbI, B KOTOPbIX CUJIA COBEPLIAET OTPULIATE/IBHYIO MeXaHM-
yeckyto paboty.

e BhINMUILKUTE Pa3sMEPHOCTH paboThl U MolHOCTHA. HalouTe cooTHoweHHe mex-
Ay edMHUUAMU 3TUX BennuMH B CU u CI'C.

o Kakue dopMynbl KHHEMATUKH UCIIONB3OBaHbI TIPU NONyuYeHUH (opMyn (6) U
(7) Aans U3MeHEeHUs KMHETHYECKOM 3Hepruu?

e Ha Teno geficTBYET cpasy HecKonbKo cHl. Pa6ora Kakoit cunel Urypupyer
B TeOpeMe O KMUHETHYecKoH 3Hepruu (8)7?

e (Ckonb3uBlIAS TIO HHEPUHUH 1O INTaJKOMYy JibAy AOCKa Hal€TaeT Ha BMep3wue
B Jled NeCYUHKHU U 6naronapﬂ BOSHUKILIEMY TPEHHUK OCTaHABJIMBAE€TCA. Oue-
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BUAHO, 4YTO TOYKA NMPHIOXKEHHUS CHJIBI TPeHHS He MepeMelaeTcs B HHepLuHU-
anbHOM cHucTeMe oTcueTa, cBa3aHHoi ¢ 3emneit. Kak cornacosath Bce 310 ¢
TeopeMoH 0 KHHeTHueckoH aHeprumn? Cosepuiaer M paboTy HedcTByroLlas
Ha JO0CKY cunia TpeHus?

e Peunre pasobpaHHyto B 3ToM naparpade 3agayy o BbiCKa/nb3biBatoLleH no-
CKC ¢ MOMOLUbK 3aKOHOB HbIOTOHA, He HUCMNONb3ys 3aKOH COXPAHEHHUS HM-
nyJikca U TeOpeMy 0 KMHETHYECKOM 3HEpryH.

§ 32. MNotenunanbHas SHeEpPrus

[TonaTue sHepruym kKak (pu3nMueckoi BEJIMUMHB BBOAMTCA IS Xapakre-
PHUCTHKHM CIOCODHOCTH TEJA MM CHCTEMHE TEN K COBEPUICHHIO paboTHI.
Kak m3BecTHO, CymeCTBYIOT pasJMYHEE BUAKW 3Hepruu. Hapsany c yxe
PACCMOTPEHHOM BHIIIE KUHETHUECKOHN 3HEPrHel, KOTOpo# obaanaer aBH-
Xymeecss TeI0, CYLECTBYIOT Pa3JIHYHKE BHAbI TOTCHIMAIBHON DHEPTHUH:
i'IOTCHIlP[aJIbHaSI JHCPrud B ITOJIC TAXKECTH, MOTCHUHUAJIBHAA JHCPrud pac-
TAHYTOM WIM CXATOH MPYXHMHHB WM Boobuie Joboro ynpyro aedopmu-
POBAHHOIO T€Ja U T. O.

Tpespamenns 3Hepruy. OCHOBHOE CBOMCTBO JHEPIHH 3AKJTIOYACTCA B
ee CmoCoOHOCTH K MPEBPALIEHHK U3 OAHOrO BHAA B APYrof B OJKBH-
BAJICHTHHIX KOJMYECTBAX. VI3BeCTHHE TNpPUMEPH TAKHX MpeBpauie-
HUH — NEpexoA NOTECHUHAJIBHOH JHEPrHMM B KHMHETHUECKYK NpH Ma-
JEHUH TEJA C BRICOTH, NMEPEXOA KHUHETHYECKOH IJHEPrHi B NMOTEHIM-
anbHY!O [pH TogpeMe OpOMICHHONO BBEPX TEN3, uepeayrwuecs
B3aMMHBIC TIPEBPALICHUS KHMHETHYECKOH M MOTCHIHUAJbHOH 3JHEPruid
npu Konebanugx MadaTtHuka, Kaxaeli M3 Bac MOXET NMPUBECTH MAacCy
APYTHX MONOOHHEIX TPHMEPOB.

[loTeHnManbHAs IHEPrud CBSI3aHA C B3aUMONEHCTBHEM TEJ WM 4a-
credt ogHoro tena. g NOCAEROBATEJBHONO BBEACHHUS ITOTO NOHATHSA
€CTECTBEHHO PAaCCMOTPETh CUCTEMY B3aUMOAeHCTBYHOmuUX tea. Ormnpas-
HBIM TITYHKTOM 3[€Ch MOXET CAYXHUTb TEOPEMAa O KMHETHUECKOH 3IHEp-
THH CHCTEMBI, ONPEACAIEMOH Kak CyMMa KHHETHUYECKHMX DJHEPrul co-
CTABJIAIOIIMX CUCTEMY YACTHIL:

il mtviz 1
Bx=3 5" )

i=1

Pabora BHyrpeHHux cua. Kak u paHbime, korma obCyxaaacs 3aKOH
COXPAHEHHS HMMITYJbCA CHCTEMH Tea, OyAeM AEMNTh NEHUCTBYIOUIME HA
TeJa CHCTEMH CWJIH HA BHewmHue M BHyTpeHHue. ITo amaiaoruum ¢ 3a-
KOHOM M3MEHEHHS HMMITYJIbCA MOXHO ObUTO OH OXHAATh, YTO OIS CH-
CTEMBI MATEPHANBHBX TOYEK H3MEHEHHE KHMHETHUYECKOH IHEPTHM CHC-
TeMH Oyaer paBHO paoTe TOJBKO BHEWHHX CHJA, ACHCTBYIOLIMX Ha
cucremy. Ho serko Buaeth, uTto 310 HEe Tak. [IpM pacCMOTpEHMHM H3-



§ 32. IOTEHUHUAJNDBHAA 3HEPITN4 187

MCHEHHS [OJIHOTO MMITYJIbCA CUCTEMBI MMITYJIbChl BHYTPEHHHMX CHJI B3a-
MMHO YHHYTOXAJHUCh M3-33 TpeTbero 3akoHa Helorona. Omnako palo-
Thl BHYTPEHHUX CWI [OMAPHO YHUUYTOXAThCH HE OymyT, Tak Kak B
o0meM Cyyae yacTHLibl, HA KOTOPHE 3TH CHJB AEHCTBYIOT, MOIYT
COBEpINATh PA3HBIE MEPEMCHICHHS,

I eACTBUTENPHO, MPH BBIUUCJCHUM MMIYJIBCOB BHYTPEHHHMX CHJ OHH
YMHOXAaJIMCh HA OOHO M TO X€ BpeMsl B3aUMOOENCTBHUS, A MPH BBIUKCIE-
HUM pabOTH 3TH CHWJIBl YMHOXAIOTCS HA MEPEMEMICHMS COOTBETCTBYIO-
HIMX TEJ, KOTOPble MOTYT pasanuatbca. Hampumep, ecin ose MpUTSrU-
BAIOHIMECS YACTHLIBI MEPEMECTIATCS HABCTPEUY APYr APYry, TO BHYTPEH-
HHE CHJBI MX B3aMMOIENCTBHMA COBEPLIAT MOJOXMUTENbHBIE Pa0OTH M HMX
cyMMa Oy#eT OTJIMYHA OT HYJIS.

Takum o6pasoMm, paboTa BHYTPEHHHX CHJ MOXET MPHUBECTH K H3-
MEHEHHUI0 KHHETHUECKOi 3Heprum cucrtemul, UMenHo Gaarogapsa 3tomy
00CTOATENBCTBY MEXAHMUECKAA IHEPrUs CHCTEMbI B3aMMOAEHCTBYIOMX
TEJ HE CBOAMTCH TOJNBKO K CYMME MX KMHETHUeCKHMX 3Hepruil. IlonHas
MEXAHMUECKAS OJHEPrus CHCTEMBl HAPSALY C KWHETHUUYECKOH BHEpPruci
BKJIOYAET B Ce0s MOTEHUMAJPHYK JHEPTHI0 B3aMMONEHCTBUSL YACTHILL
cucTeMul. IlonHag 3Heprusl 3aBUCHT OT MOJIOXKEHHMH M CKOPOCTEH 4ac-
THL, T. €. OHA MNPEICTABIAET COOON (PYHKLMIO MEXAHHUYECKOTO COCTOM-
HUSI CUCTEMBI.

HoTeHumnanbHas 3Heprus. Hapany ¢ meneHmeM cui, OEHCTBYIOHIMX HA
YacTULBI CUCTEMBI, HA BHEWIHUE ¥ BHYTPEHHUE, O/ BBEIEHHS MOHSITHS
MOTCHLMAILHON JHEPIMM HYXHO pa3OMTh BCE CHJIBI HA OBE IPYIMBI IO
OPYTOMY MpPHU3HAKY.

B nepsyw rpynmy oTtHeceM CuJIBl, paboTa KOTOPBIX MPH H3MEHEHUH
B3aMMHBIX MOJOXEHHI YAaCTHIL HE 3aBHCHT OT Cmocoba M3MEHEHNS KOH-
durypauuu CUCTEMBI, T. €. OT TOTO, IO KAKMM TPAEKTOPUSM M B KaKoH
MMOCISOOBATEABHOCTH UYACTHLIBI CHCTEMBI MEPEMEINAOTCS M3 CBOMX Ha-~
YaNbHBIX MOJOXKEHHA B KOHEuHmle, Takue cuinl OyoeM HasblBaTh No-
menyuanvHoimu. TIpuMEpaMy MOTEHUMANBHBIX CHJ MOTYT CJAYXHTb CH-
JIB TITOTEHHS, KYJOHOBCKHME CHJIB 3JIEKTPOCTATHUECKOND B3aMMOIEHCT-
BHS 3aPSIKEHHBIX YaCTHL, ynpyrue CHanl. COOTBETCTBYHOUIME CHJIOBBIE
MoJs TaKXE HAa3bIBAKTCI MOTEHLMAJIbHBIMH.

Ko BTOpO#l rpynme OTHECEM CHJBI, paboTa KOTOPHIX 3aBHCHT OT
dopMbl yTH, ITH Cuabl OObEOMHMM MO HA3BAHMEM HEMOTEHIMAJIb-
Hbix. Hanbosiee xapakTepHBI NpPUMEDP HEMOTEHUMAIBHBIX CHJI — CHJIA
TPEHUA CKOJBXEHHMS, HAMPABJCHHAS MPOTHBOMOJIOXHO OTHOCHUTEJIBHOM
CKOpPOCTH.

Pabora B onHOpoZHOM noxe. IToTeHUNANpHAS JHEPTUS KOJAHUECTBEH-
HO ONMpENenseTcd 4yepes paboTy HOTEHLMANBHHIX CHJI. PaccMOTpHM, Ha-
NpHMEDP, HEKOTOPOE TEJIO B OANHOPOOHOM IMOJE TSXKECTH 3EMJIH, KOTO-
pyr©o mn3-3a ee Goapwoil Maccel OymeM CUMTaTh HenmoaBwxkHOi, B on-
HODOZHOM IOJE OEHCTBYKINAS HA TEA0 CHAA TOXKECTH  BCIOOY
ONMHAKOBA, M MOTOMY, Kak ObLI0 MOKA3aHO B mpembaymieM maparpade,
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ee paboTa mpH mepeMEU[EHUH TEJa HE 3aBUCUT OT (DOPMH TPAEKTOPHH,
COEAUHAIOMEN HAYAMbHYIO M KOHEUYHYKO TOukKH. Pafora Aj, CUIH TH-
XECTU mg TpPH NEpPEeMELIEHUH Teaa U3
z4 nosoxends / B nojoxende 2 (puc. 115)
hy ONpeaeaseTCs TOJbKO PAa3HOCTBIO BBICOT
h, n h, B HayaJbHOM M KOHEUHOM IO-
JIOXKEHUSX:

App=mg(h; — hy). (2)

Tak kak pafoTa He 3aBUCUT OT (POPMEI
myTH, OHA MOXeT CAYXHUTb XapaKTepu-

/12

0 Y CTMKOH HAyajJbHOM M KOHEUYHOH TOUEK,
T. €. XapakTEPUCTUKOU CaMOro CHJIOBOrO
Puc. 115. PaGota cunbt TsKeCTH o P P
mg npy nepeMeuleHu M3 1oJo- TIOJIA.
KeHus | B nonoxeHwe 2 pasHa Ilpumem kakyro-nubo TOuKy mons
mgh;—hy) (HampuMep, Ty, OT KOTOPOH OTCUHMTAHBI

BRICOTH B ¢popmysie (2)) 3a Hauago OT-

cueta u OyaeM paccmatpuBsath paoty,
COBEPLIAEMYIO CUJIOH TSXECTH [PU MEPEMEMICHUM UYACTULBI B 3Ty TOU-
Ky U3 APYrod MpoM3BOJIBHOM TOYKM P, Haxomsamieics Ha BwICOTE A. DTa
pabora, kak cieayer U3 (2), paBHa mgh M Ha3bIBAETCA NOMeHLUanb-
HOU dHepzued E . 4aCcTULBI B TOUKE P:

E,= mgh. (3)

DakKTHUYECKM ITO €CTh MOTEHLMAJIbHAA DHEPrHs T'PABHUTALMOHHOIO
B3aUMOJEHCTBUS Teda M 3eMJIM, CO3JAIomeEl 310 noJe.

Pabora ¥ moTeHuuanbHas 3Heprud. Pafora cuibl TaXeCcTH mpd me-
peMemeHud Tela U3 TOYKM / B TOUKy 2, gasaeMas copmyno (2),
pPaBHA pa3HOCTU MOTCHLMAJBHEIX SHEPr¥il B HAUYAJbHOM M KOHEUHOH

TOUKAX MyTH:
AlZ = (En)l - (En)Z‘ (4)

B npou3BosbHOM MOTEHUMAJBHOM I10Ji€, IIe MOAY/Ib M HANPABJCHUE
CUJBl 3aBHCAT OT IMOJIOXEHUS YACTHIBI, MOTEHUMAIbHAS JHEPrus B HE-
KOTOPOM TOUKE P, KaKk M B OOHOPOAHOM I10JI€, paBHA paboTe CHJIB MOJis
DY MEPEMELCHUM YACTHULB! M3 DTOM TOYKM P B Hayasjo OTCYETA, T. €. B
(bMKCUPOBAHHYIO TOUKY, MOTEHIMAJibHAS SHEPrUS B KOTOPOH MpPHHATA
PaBHOM HYJI0. BHIOOpP TOUKHM, B KOTOPOM MOTEHLHAbHAS JHEPrus NpH-
HUMA4ETCSl PABHOW HYJIIO, MPOM3BOJIEH W ONPEAEaSeTCS TOJBKO coobpa-
XeHustMM yno6crea. Hanpumep, B OMHOPOIHOM NOJIE TAXKECTH 3EMJH OT-
CUET BBICOTH M MOTEHUMA/AbHOM SHEPrUM YAO0OHO BECTH OT MOBEPXHOCTH
3emau (ypoBHS MOpH).

OTMeueHHas HeOAHO3HAUYHOCTh B OMPEACACHHHY MOTEHIIUAIbHOM JHEP-
MM HUKAK HE CKA3BIBAETCH HA Pe3y/ibTaTaX MpU MPAKTUYECKOM MCIOJb-
30BAHUH MMOHATUS MOTEHUMANTBHON JHEPrUH, TaK KaK (PU3HUECKUN CMBICT
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UMEET TOJBKO M3MEHEHUE MOTCHIUAJIBHON 3IHEpruu, T. €. Pa3HOCTh €€
3HAYEHMH B JBYX TOYKaxX I0Js, YEPE3 KOTOPYIO Bhipaxaerca pabota CH
MOJIS TIPU MEPEMEILCHNH TeJIA U3 OOHOU TOUYKHU B APYIyIO.

HentpansHoe none. [lokaxeM NOTEHUUANbHHINA XapaKTep KeHMpaib-
HO2O NnOAsl, B KOTOPOM CHJIA 3aBUCHUT TOJIBKO OT PACCTOSAHHUS IO CHJIOBOIO
LIEHTpAa M HampapjeHa o paauycy. [IpuMepamMu UEHTpAJbHBIX MOJCH
MOIYT CJIYXHTb IMOJIE TATOTEHHS IUIAHETHI MM J1I000ro Teaa co chepu-
YECKH-CUMMETPUYHAIM pacpeaeieHueM Mace, 3JeKTPOCTATUYECKoe IMo-
JIE TOUEUYHOrO 3apsaa U T. A.

[TycTe Teso, HA KOTOpOE ACHCTBYET LEHTpasbHaa cusia F, Hampas-
JIeHHAad Mo paguycy ot cuiaosoro ueHtpa O (puc. 116), nepememaercs
U3 TOUKU / B TOUKY 2 MO HEKOTOpO#l KpHBOil. PazofbeM BeCh MyTh. HA
MaJIcHbKHE yuyacTkM Al Tak, 4ToOH cuay
F B mpegenax Kaxaoro y4yacTKa MOXHO
OBLIO CUMTATh MOCTOSIHHOM. Pabora cuint
F Ha TakoMm yuacTke

AA=F-Al=F Al cos a.

Ho xak sugHo u3 puc. 116, Alcos a
eCTb TMpPOCKUMS IJIEMEHTAPHOTO MepemMe-
weHus Al Ha HampasjeHME paiMyca-BeK-
TOpa r, MPOBEAEHHONO M3 CHJIOBOIO LIEHT-
pa: Al cos a = Ar, Takum 06paSOM, Puc. 116. Pafota cua ueHTpab-
AA=F Ar — pabora Ha oTmesbHom O fOM
y4acTKE pPaBHA NPOM3BEACHMUIO CHJIB Ha
U3MEHEeHHe pacCTOsHUs 40 CWiIoBoro weHTtpa. Cymmupya paboThl Ha
BCEX ydYacTkax, ybexmaemcs, uto paboTa CWJI MoJd MpH MEPEMEIICHUH
TeAa M3 TOYKHM [ B TOYKy 2 paBHa paboTe MO mepeMELICHHIO BA0JIb pa-
auyca u3 touku / B Touky 3 (puc. 116). Wrak, sta pabora ompene-
JISETCS TOJIBKO HAYAIbHBIM M KOHEUHBIM DACCTOSHHUAMHM Teaa OT CHJIO-
BOTO LIEHTPAa M HE 3aBMCHUT OT (POPMBI MYTH, YTO U NOKA3BIBAET MOTEH-
LUHAaJbHBIM XapakTep J00r0 LEHTPAJBHOTO IO,

1 Ar 3 r

IoTeHUMAaNbHAS JHEPrUd B NoJje TAroTeHus. YToOw MoTyuduTh ABHOC
BBIDAXKCHHUE A1 HOTCHH"&HBHOﬁ JHEPruM TEJa B HCKOTOpOﬁ TOUKE II0-
Jil, HyXHO paccuuTaTh paboTy MPH MEPEMEIICHNH Tead U3 ITOM TOUKH
B APYIYIKO, MOTEHINAJbHAS JHEPTHS B KOTOPON MPUHUMAETCS PABHOM HY-
0. [IpuBeneM BhIpaXXeHUs A8 MOTEHLMAJIbHOW JHEPIMM B HEKOTOPHIX
BAXHBIX CJIy‘-[aSIX ICHTPAJIbHAIX nosen.

HOTCHHHaﬂbHaH JQHEPIMA rpaBUTALHOHHOIO B3aHMOHCﬁCTBHH TOUCY-
HBIX Macc m ¥ M win Tesa co chepruuecKu-CAMMETPHYHBIM paclpeac-
JIEHMEM MAcC, LIEHTPHI KOTOPHIX HAXOAATCS HA DACCTOSHHHM r ApYr OT
apyra, gacTcs BBIDAXCHUEM

E,=—-G™M (5)

n r
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Pasymeercs, 00 9TOH IHEPIUH MOXHO OBOPHTH M KaK O HOTEHLUA/b-
HOM HEPIUHM TeJa MacChl M B [OJIe TATOTEHUS, CO3/aBAEMOM TEJIOM Mac-
cul M. B BuipaxeHuM (§) MoTeHIMaJbHAS SHEPrus MPUHATA PaBHOM Hy-
Jto pu 6ecKOHeYHO GOJBIIOM PAacCTOSHHHM MEXIY B3aUMOACHCTBYIOHM-
mu Tenamu: E, =0 npu r— =,

Jis nOTEeHLHMANBHON JHEPTHHU TEIa MACChl M B [IOJIE THAINOTEHUS 3eM-
Jid ynobHO BHAOU3MEHUTH (popmyay (§) ¢ yuetom cootHomienusd (7) u3
§ 23 ¥ BHIPA3UTh NOTCHIMAJIBHYIO JHEPTHIO Y€PE3 YCKOPEHHUE CBODOAHO-
ro majzicHus g y NOBEPXHOCTH 3eMud u paauyc 3emuu R:

2
E R 6)

n— —mg 'r—

Ecau Bhicota Tenia A Hax NOBEPXHOCTHIO 3eMJIM Majia [0 CPABHEHHIO

¢ paguycom 3emnu (h<<R), 10, noxacrasassg B (6) r s Bune r=R+ A

U ucob3yst npubnuxennyto dopmyay 1/(1 +x) =1 — x (upn x<<1),
MOXHO npeobpasosats opMmyay (6) ciexyromum obpazom:

R? mgRrR

Bn=—m8 g7 = ~ThR~

(7

~mgR + mgh.

TlepBoe cnaraemoe B npaBoi 4yacTu {7) MOXHO OItyCTHTh, TaK KaK OHO I0-
CTOSIHHO, T. €. HE 3aBUCHUT OT moioXeHus Teaa. Torna Bmecto (7) umeeM

E, = mgh, (8)

uto cosnanaer ¢ ¢opMynoit (3), moayueHHOH B NPUGIMXEHHH «ILIO-
CKOM» 3emaM 1JI9 ONHOPOAHOro Noas TsxecTH. IloguepkHeM, OXHAKO,
yto B otanume ot (6) wau (7) B popmyne (8) noTeHuHANBLHAS IHEPTHA
OTCUMTHIBAETCH OT [IOBEPXHOCTH 3EMJIH.

3anauwm

1. ITomenyuaisHas 3Hepzua 8 hone maeomenus 3emau. YeMy paBHa noTeH-
yMabHas SHeprys Tea Ha MoBepxHOCTH 3eMiM U Ha GeckoHeuHo 6obloM pac-
CTOSSHUM OT 3eMJIH, €C/i¥ MPUHATb ee PaBHOM HYMIO B UeHTpe 3emMau?

Pewenue. Ytobbl HAMTH NOTEHUHUANLHYIO 3HEPrHI0 Tesla HA 1OBEPXHOCTH
3eMau NpH yCNOBHHM, YTO OHA paBHA HY/MIO B LieHTpe 3eMJIH, HYXXHO pacCuMTarTh
paboTy, coBeplwiaeMyI0 CHJION TATOTEHUS NPH MBICJIEHHOM MeEpeMENIEHHH Tena ¢
nosepxHocTH 3eMnu B ce ueHTp. Kak 6bi1o BbisicHeHO paHee (cm. dopmyay (10)
§ 23), medicTByoluas Ha HaxofAuieecs B riybHUHe 3eMiiM TENIO CHIA TArOTEHHUS
NpONOpUHOHA/IbHA €r0 PACCTOSHUIO 7 OT LeHTpa 3eM/H, ec/id CYUTaTb 3eMilio
OIHOPOAHBIM 1LIAPOM C OAHHAKOBOH BCIOAY MJIOTHOCTBIO:
mer

-

F(ry =

Hna spluvcrienvs paboTbl Bechb MYTb OT MOBEPXHOCTH 3eMiiM 1O ee LEHTpa
pa3buBaeM Ha Masiele YYACTKH, HA TPOTSKEHHH KOTOPbIX CHJY MOXHO CYMUTATDH
nocrosiHHo#, PaGora Ha otaesbHOM Masiom yuacTke u3obpaxaerca Ha rpaduke
3aBUCHMOCTH CHIIBI OT pacctosHua (puc. 117) mwiomansio y3Koit 3aluTpHXO-
BaHHOM 1oJOCKM. DTa pabora NOMOXMUTENbHA, TAK KaK HANpPaBJEHUA CHIIbI
TAXECTH M MepeMelieHHsa cosnagalor. Iloanas pabota, oueBUZRHO, - U306paxa-
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eTcsl MJIOUaAbI0 TPEyrofibHWKa ¢ OCHOBAHMEM R U BbICOTOM mg:
1
A= 3 mgR. 9)

3HauyeHHe NOTeHIMAbHOM 3HEPrUH Ha TToBepXHOCTH 3eMu pasHo pabote, aa-
BaeMoit dopmyJoit (9):

EL(R) =%ng, ecau E,(0) =0. (10)

Jlns Toro utoGbl HAaUTHU 3HauYeHWe TOTeHLHANbLHOM 3HepruM Ha OGeckoHeuHo
6oNbLIOM pacCcTOSHUM OT 3eM/M, ciieAyeT y4yecTb, YTO Pa3HOCTb TMOTeHLHasb-
HbIX 3HeprHi Ha GecKOHEYHOCTH M Ha TOBEPXHOCTH 3eMJM paBHa, B COOTBET-
cTBUU ¢ (6), mgR W He 3aBUCUT OT TOro, rAe BbIOpaH Hy/b NMOTEHUHATLHOM
aHepruu, MUMeHHO TaKyiO BEJMUMHY HYXHO npubaBuTh K 3HauyeHuio (10) mno-
TeHUUAbHOM 3HEPrHH Ha TOBEPXHOCTH, 4TOOB! TOAYYUTH MCKOMOE 3HaueHHe
Ha GECKOHEYHOCTH:

En(ram)z—%ng-’l‘ng:%ng. an

2. I'pagux nomenyuanvHot 3Hepeuu. TlocTpolite rpaduk NoTeHUHaNbHOR
3HEPrUH Tesla MaccChl M B 110J1e TArOTeHUs 3eM/IH, CUMTas ee OJHOPOAHBIM LLIAPOM.
Pewenue. Ilpumem s onpegeseHHOCTU 3HadeHHe TOTEHUUATbHOMN
SHepruM B LUeHTpe 3eMSM paBHbIM Hysio. JIng moGoit BHYTpPeHHeH TOUKM,

E 4
I
| 1
| ngR
| .
} 0 r
0 R r
Puc. 117. K pacuery noteHuHaibsHON Puc. 118. I'padhuk noreHumansHOM s3HEPrun
JHEPrumn

Haxofsuweics Ha paccTofsHUW r (r < R) oT ueHTpa 3emiM, NOTEHLMAbLHAS
JHeprus pacCUMThIBaeTcs TaK Xe, KaK M B TpedbiAyulel 3afaye: Kak ciaelyeT
U3 puc. 117, oHa paBHa IJIOWIAAW TPEYrOJIbHUKA C OCHOBAHWEM r U BbICOTOM
F(ry = mgr/R. Takum obpasom,

E () =5mg% (r<R. (12)

Jna mocrpoenus rpadMka NoOTeHLMATbHON 3HEPrWW Tipu r = R, rae cvia
y6biBaeT o6paTHO TporioplUMOHaNsHO KBaapaTy paccrosHus (puc. 117), cneny-
eT Bocriosib3oBaThes dopmyoit (6). Ho B cooTBeTCTBUM co cAcNaHHbiM Bbibo-
POM TOYKM OTCYeTa TOTeHUMANbHOW 3HEPrMH K 3HA4YeHUio, AaBaeMoMy ¢op-
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Myaort (6), caeayer npubGaBUTb MOCTOSHHYH BEIUUUHY %ng. [Toatomy

_3 R __ 3 _ R

En(r)—ing—mgT—ng (3_7) (r = R). (13)

IMonnuiit rpapuk E (r) mokasaH Ha pHc.118. Ha yuacTke OT ueHTpa 3eM-

Ju po ee noeepxHOCcTU (0 < r < R) oH npeacrtasseT coboit oTpezok napabois:

(12), MUHUMYM KOTOpOl pacnojoxeH npu r= 0. Takyw 3aBUCHUMOCTb WHorza

HasbIBalOT «KBAAPATHUHOM NOTEHIManbHOM sAmMoi». Ha yuacTke oT nmoBepxHoCcTH

3eman po GeckoHedHocTH (R < r < ) rpaduk npeactasiseT cobod OTpes3ok

runep6onst (13). 31U orpesky napabonbl U runepbonbl naasHo, Ge3 M3oMa,

nepexoasat Apyr B apyra. Xoa rpadMka cOOTBETCTBYET TOMY, 4TO B cJydae

CHJ TNPUTSXKEHUS MOTeHUHA/NbHAs 3HEPrHs Bo3pacTaeT NPU YBEIWUYEHUM pac-
CTOSIHUS.

Dueprus ynpyroi aedopManmi. K mOTeHIUATBHBIM CUJIAM OTHOCITCS
TAKXE W CWIBI, BO3HUKAXOMME TpU yrpyroi nmedopmanuu tea. B co-
OTBETCTBUM C 3aKOHOM [yKa 3TU CHJIB MPONOPLUMOHANBHEL nedopma-
uud. [losToMy mnoreHnManbHas 3Heprusd ynpyroi nedopManuvyd KBan-
PaTHUHO 3aBMCUT OT AedopMalUU. DTO CTAHOBUTCS CPa3y SICHBIM, €C/IH
YUeCTh, UTO 3aBUCUMOCTH CHJIEI OT CMELICHUS M3 [MOJIOXKEHMUS PaBHO-
BECUS 3IECh TAKAd X€, KAK U y PACCMOTPEHHOU BHIINE CUJIBI TAXECTH,
OEHCTBYIOWEH HA TEJO BHYTPU OXHOPOAHOIO MAaCcCUBHOIO mapa. Ha-
TPUMED, TPH PACTSIXKEHUM WM CXKATHMM HAa Al ynpyroil mpyXHHBL Xe-
CTKOCTHM k, KOrma medcTByromas cuna F = k Al, moTeHUMaabHAad 3HEpP-
rud OaeTcsd BRIPAXEHHUEM

E, =1 k(AD2 (14)

1
2
3nech MPUHATO, UTO B MOJOXEHUM PABHOBECUS MOTEHLMAJILHAS JHEpPrus
paBHA HYJ1O.

I[ToreHuManpHasgd 3JHEPrUs B KAXIOM TOUKE CHJIOBOIO MO MMEET
ompenenaeHHoe 3HaueHue, [lo3TOMy OHA MOXET CAYXHUTh XapakKTepHu-
ctukoi 3Toro mons. Takum o6pazoM, CUIOBOE MMOJIE MOXHO OMMCATh,
3anaBas Aub0 CUIY B KaX@oM Touke, AMO0 3HAUEHME MOTEHUMATBHOM
SHEPrMM. DTHU CMOCOOH OMMCAHUSA TMOTEHLMAIBHOIO CHJIOBOrO TOJAA K-
BUBAJICHTHHL.

CBH3b CHIbI U NOTEHUHANBHOW JHEPrUU. YCTAHOBUM CBSI3b ITHX IBYX
CocoOOB OMUCAHMS, T. €. 001Iee COOTHOLIEHUE MEXOY CHJION U U3MeHe-
HMEM MOTEHLMAABHOU 3Heprud. PaccmoTpum mnepememieHue Al rtena
MEXIY AByMS OJIM3KMMM TOUKAMM Mojst. Pabora cua moss npu 3ToM me-
pememienu pasHa F-Al. C npyroit cropoHsl, 3ra pabora paBHa pasHO-
CTH 3HAUEHUN TOTEHIMABHON JHEPr¥d B HAUAJBHOW MU KOHEUHOU TOU-
Kax mepememieHus Al, T.e. B3STOMY C OODATHBIM 3HAKOM W3MEHEHMIO
AE, = E, — E, noTeHuUManbHO! 3Hepruu. Iloaromy

F-Al = —AE,.
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JIeBy10 yacTh 3TOr0 COOTHOLIEHMS MOXHO 3aMMCATh B BHAE TIPOH3BE-
neHus npoexuuu F, cuinl F Ha HanpasjeHue nepeMemenus Al U Mony-

as ororo nepememenus Al: F Al = F; Al. Orcrona

AE, (15)
AL

F = —

[Tpoekuusa NOTEHLHAIBHOM CHJIBI HA TIPOM3BOJIBHOE HANIPABAECHHUE MOXET
ObiThb HaWAEHAa KAk B3ATOE C OOpDATHBHIM 3HAKOM OTHOMIEHHUE M3MEHEHMS
MOTEHLMAJIBPHONX JHEPIuM TpPH MAJIOM MEpeMEINeHHH BAOJb JTOr0 Ha-
TIPABJICHUSA K MOAYJIIO TEPEMEIICHHUS.

DKBHOOTEHHAAbHBIE NOBEPXHOCTH. OGouM crmocofaM onmmMcaHua mHO-
TEHUHAJbHOTO M0J MOXHO COMOCTABHTb HATIJIAQHLIE TEOMETPHUUYECKHE
06paspl — KAPTHHEI CHJIOBHIX JIMHHH MJIH KBHIOTEHLIMAJbHEIX MOBEPX-
Hocredl. TloTeHUManbHAA JHEPrHS YACTHLE B CHJIOBOM [IOJIE ABJAETCA
¢yuknueit ee xoopauHar. [lpupasunBaa E (x, y, z) NOCTOSHHOH BEJH-
YyKHHE, TOJYYaEM YPABHEHHE MOBEPXHOCTH, BO BCEX TOUKAX KOTOPOi I10-
TEHIHAJIbHAA JHEPIHS MMEET OOHO M TO X€E 3HAUEHHE. DTH TOBEPXHOCTH
PABHHIX 3HAUEHMIA NMOTEHUHMAIbHON JHEPIMM, HA3LIBAEMHIE IKGUMOMIEH-
LUanbHbIMU, TAIOT HAVISAHYIO KAPTHHY CHJIOBOTO MOJS.

Cuyia B KaXJA0# TOUKE HAMPABJIEHA MEPHEHAUKY/ISPHO NpOXOAdmEei
yepes 3Ty TOUKY IKBUMNOTEHIMAIBHON HOBEPXHOCTH. DTO JIETKO YBUAETDH
¢ momompo (opmyan (15). B camom nene, Bnibepem nmepememenue Al
BJOJIb TIOBEPXHOCTH TOCTOSIHHOM 2Hepruu. Torna AE_, =0 u, cjenosa-
TEJIPHO, PaBHA HYJIIO TMPOEKIMs CHJIH HA TMOBEPXHOCTb E, = const. Tak,

HAmpUMeEp, B FPABUTAL{MOHHOM TI0JIE, CO3QABAEMOM TEJIOM Macchl M co
chepHUECKH-CHMMETPUUHBIM  pACTIPDENE/IEHUEM MACC, MOTEHIHAJbHAA
JHEprus Teja Maccel m aaercd BbipaxenueM (5) . TlosepxHocTu mocTo-
SHHOM SHEPIUMHU TAKOIO MMOJs MPEACTaBafsoT coboil chepbl, LEHTPH KO-
TOPHIX COBMANAIOT C CHUJIOBHIM LIEHTPOM.

IleiicTByOmaa Ha MacCy m cwia TEpIeHOUKYJIpHA JKBUIOTEHIH-~
QJIbHOM IOBEPXHOCTH M HAMpaBJj€HAa K CHUJIOBOMY UEHTPY. [lpoekuuio
3TOHM CHJIB HAa Paguyc, TIPOBENEHHHH M3 CHJIOBOTO LEHTPA, MOXHO HaM-
TH W3 BHIpaXeHHs (5) nJjd MOTEHUMANBHOH JHEPIHH C TMOMOLIBIO ¢op-
myan (15):

F____AEn__GmM 11y _ GmM
T Ar T Ar \r+Ar  r) T rr+ar?
uto npu Ar— 0 maer
F =—G mM

r )'2 M
[osyueHHBIM pe3yabTAT MOATBEPXKAAET NPHUBEAECHHOE Bhime 6e3 qoKasa-
TE/NBCTBA BHIPAXEHHE NJIS MOTEHLMANbHOM 3Hepruu (5).

Harnanuoe npencrapsieHue 0 TOBEPXHOCTAX PABHBIX 3HAUEHHH MOTEH-

LUAJBHON 3HEPIMU MOXHO COCTABUTh HAa TpuMepe pesbeda nepeceueHHOM
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MecTHOCTH. ToukaM 3eMHOM NOBEPXHOCTH, HAXOASIMMCH Ha OXHOM TOpH-
30HTAJIbHOM YPOBHE, COOTBETCTBYIOT OQHHAKOBHIC 3HAUEHUS MOTEHLHAIb-
HOM DHEPTHH IOJS TATOTEHUS. DTH TOUKH 00pa3yIOT HENpEpPHIBHHIE JIH-
uun. Ha Tonorpadmueckux kaprax TakHe JUHHH HA3bIBAKTCS TOPU30HTA -
Jasamu. [To rOpU30HTAISM JIETKO BOCCTAHOBHTD BCE YEPTH pesibeda: XOJIMBHI,
BNAAMHBL, CEAJOBHHBL Ha KpyThiX CK/JIOHAX TOPU30HTAIM MAYT IyIIE, 6,11~
Xe APYT K ApYTY, UeM Ha MOJOrdx. B 3TOM mpuMmepe paBHBEIM 3HAUEHHSIM
NOTCHLHAJIBHON JHEPTMH COOTBETCTBYIOT JHUHHH, a2 HE MOBEPXHOCTH, TaK
KaK 30€ECh PeUb MAET O CHJIOBOM IT0JIE, TAE MOTEHIMAIbHAS SHEPIUS 3aBH-
CHT OT ABYX KOOpPAHHAT (a HE OT Tpex).

¢ ObmnacHuTe pa3nuuue MEXAY NOTEHUMA/ILHBIMHU U HENOTEH I HMA/TbHBIMU CUJIaMH.

e Yro Takoe noreHuHanbHasg sHeprug? Kakue cusosble Mosid Ha3biBalOTCH MO-
TEHUaNbHBIMU?

e [lonyuurte BblpaxeHue (2) ang paboTbl CH/bl TAXKECTH B OAHOPOAHOM o€
3emnu.

e (C 4yeM CBfI3aHa HEOAHO3HAYHOCTb MOTEHUHATbLHOM IHCPIUHU Y NOUEMY 3Ta HE-
OAHO3HAYHOCTL HUKAK HE€ CKAa3bIBAC€TCH Ha q)HBH‘-lCCKHX peayanaTax?

L ﬂOKa)KHTC, YTO B MOTEHUHAJILHOM CHJIOBOM T[10J1€, CAE pa60Ta npu nepe-
MELIEeHHUHU Tesla MeXAay N1ObIMU ABYMdA TOUKAMHU HE 3aBUCHT OT (bOprl
TPAaCKTOPHH, paGOTa npy NepeMEIIEHUM T€1a 1o ]1}060My 3aMKHYTOMY Ny-
TU paBHa HYJO.

e [lonyuute BbIpaxkeHde (6) ANS MOTEHUHUANLHOHM JHEPrWM Tena Macchbl m B
nosie taroreHus 3emau. Koraa cnpasepsivea sta gopmyna?

¢ YeMoAaH HeNMb3g CUUTATD TENIOM cO ChepUUECKU-CHMMETPHUUYHLIM pacrpeaese-
HUeM Maccbl. TeM He MeHee NpU MoAcUeTe ero NoTeHIMaabHOM 3HEPIUM B ionie
TATOTEHHS 3eMJTM MOXKHO Nonb3oBaTbes Gopmyok (6). O6bacHuTe, noYEMY.

e Kak 3aBUcUT NoTeHU Ma bHad JQHEPIrug B NMoae¢ TArOTEHUA 3eMU OT BbLICOTHI
Haj ﬂOBCpXHOCTb}O? PaCCMOTpHTC Cc/lydaH, Korjga BblCcoTa Majla 4 Koraa oixHa
cpapHyUMa ¢ paauycoM 3eMu.

e Ykaxure Ha rpaduKe 3aBUCHMOCTH MOTEHL{HATbHOM 3HEPI UM OT PACCTOSHUS F
(cM, puc. 118) obnacTs, rae cnpaBeanuBo TUHeHHoe npubnuxkenue (7).

A BoiBog GoOpMynl /118 NMOTEHUMAJbHOH 3HepPrud. Ytobw mosy-
unth Hopmyay (§) Anst NOTEHUHATBHON SHEPTHH B LEHTPAJLHOM [10-
JIE TATOTEHHS, HYXKHO BBIUHUCIHTH PaGOTy CHA MOJS NPH MBICIEHHOM
nepeMeLIeHHH Teda MacCh m M3 JaHHOH TOUKH B GECKOHEUYHO yaa-
JIEHHYK TOuKy. Pa6ora B coorsercTBuM ¢ dopmynoit (4) § 31, swi-
paxkaeTca MHTErpaaoM ot ciiaknl F(r) BIoJb Tpa€KTOpHH, NMQ KOTOPOH
nepememaercs Teao. Tak kak sra pabora He 3aBHCHT oT (DOpPMBI Tpa-
€KTOPHH, BBIUUCISTH MHTETPAA MOXKHO JIS NMEPEMELLIEHUS N0 pagHy-
Cy, TMPOXOASIIEMY uepe3 MHTEPCCYIOMYI0 HAC TOYKY:
- @
E()={F()dr=-(G ";" dr=—G "M (16)

r

r r
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®opmyay (15), BHIpaxallyr CH/y Yepe3 NOTEHUHATbHY JHED-
TMI0, CTPOTO rOBOPH, CJAEAYET NOHMMAThL B CMBICJE MPEACABHOIO Mepe-
X0Aa, pacCMATPUBAd MpaBylo uacts (15) Kak NpoM3BOAHYKO OT MOTEH-
[MAJTGHOM HEPTUHU MO MPOCTPAHCTBEHHBIM KOOPAMHATAM, OT KOTOPbIX
3aBMCHT NOTCHIMAAbHAY DHeprus., Hanmpumep, npoekuma F, cnmm F

Ha OCb X PaBHA B3ATON ¢ OOPATHHIM 3HAKOM NMPOH3BOAHOMH OT E (X, ¥,

z) no x npu (PUKCUPOBAHHEIX 3HAUCHNAX IBYX APYIMX MEPEMEHHBIX Y
M Z. AHAJIOTMYHO HAXOAITCA MPOCKIIUH Fy uF.

Ipagvent pyuxkuuu. [Moayvaomuiica Takum 00pasoM U3 CKagapHOR
ysknun E (x, y, z) Bektop F HasmBacTca ¢paduenmor 3ITOH
dyHKuMK (B3aThIM C 0OpaTHBHIM 3HAKOM). BekTop rpagmeHTa «cMoOT-
pMT» B HampasjcHuM Haubonee GRICTPOro BO3pacTaHHA (PYHKLHMH HPH
H3MEHEHHHM KoopauHAT. [103TOMY CHla HANpaBJIeHA B CTOPOHY HAHU-
fosee BpICTPOro yORIBAHMS MOTEHLMAJbHON 3HEPrHHU. A

§ 33. 3akOH COXpPAHEHHA MEXAHHYECKOH 3IHEPTHM

[Mepeitzem Tenmeps K OOCYXHEHHI 3AKOHA COXPAHEHUS MEXAHHYECKOM
9Hepruu. BepHemcs K TeopeMe O KMHETHUYECKOW IHCPTMH, COTJIACHO KO-
TOpOH M3MEHEHHE KMHETHUECKON JHEPTUM CHCTEMBI YACTHUL, IPH NEpexo-
o€ M3 CCoTosHMA | B COcTOosHMe 2 pPAaBHO CyMMe pabor Bcex AEHCTBYIO-
IINX CHJ — BHCIUHHUX W BHYTPCHHHX, KAK MNOTCHIIMAJIBbHBIX, TAK M HE-
NOTCHUHAJILHBIX, HOHCJIPIB BCE IICfICTBy}OIHPIe CJIbl HA NOTCHUHAJLHBIC
M HENOTEHIMANbHEIE, MOXEM HaNUCaThb

(EK)Z - (EK)I = Anor + AHCI’IOT' (1)

PaboTta noteHuMaNbHBIX CHJI A, PABHA PA3HOCTH 3HAUCHHI MOTCHIIM-
A7TbHOM PHCPTHM CHCTEMBI B HAYAJIBHOM M KOHEUHOM COCTOSHHUAX:

Anor = (En)l - (En)2~ (2)

IMoacrasnasa suipaxenne (2) B Teopemy (1) 0 KMHETHUECKOH 3HEPruM
CHCTEMBbl YACTHI] M MEPErPYNIMPOBHIBAS CAATAEMbIE, MOJYyUaeM

(Ex+En)2_ (EK+En)1 =AHCI’IOT' (3)

Mexanuyeckas sHeprua. CyMMa KMHETHUECKOM U MOTEHUMATBHOH HED-
IHI CHCTEMBI HA3BIBAECTCA Mexanuweckodl srepeued (Man noanold mexaru-
yeckoU snepeuel):

E=E +E,. (4)

Tenepp paseHcTso (3) mepenuumeTcd B BHAE
EZ - El = AHEI’IOT' (5)

Pasencrso (5) 03HAYAET, UTO UIMEHEHUE MEXAMUHECKOLU 3Hepeuu
cucmembl pagHo pabome acex HenomernylUanbioix cus (Kak BHEUIHHX,
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TaK ¥ BHYTPEHHHX). DTO #U €CTb 3aKOH H3MCHECHHS MEXaHHUYECKOH
SHEPrUH,

Ecnu HENOTEHLMAMBHBIX CHJI HET WIH eCJIM MX paboTa paBHA HYJIIO,
MEXaHHYeCKass SHEprus CHUCTEMEl coxpaHsiercd. O6janamomue TaKMM
CBOMCTBOM (pM3MUYECKUE CUCTEMBI HA3KIBAKOTCS KOHCcepdamusHoimu. B ta-
KHX CHCTEMAaX BO3MOXHBI JULIb B3aUMHBIE NMPEBPAILIEHUS MMOTCHIHANb-
HOil SHEPrMM B KMHETHYECKYIO M 06pPATHO, HO MOJIHBINA 3a11ac MEXaHuue-
CKOil DHEPTMH CHCTEMB! M3MEHUTBCS HE MOXET.

IloTeHuMaAbHAS JHEPrHsS CHCTEMBl B OOlIEM C/Ayyae BKJIKOYAET B
cebsl MOTEHLHMAIbHYK JHEPrHI0 B3aHMOACHCTBHS YACTUL CHCTEMBI H
MOTEHLMAABHYI) 3HEPTHI0 3THX YACTHL, BO BHEIIHEM ToJje (ecay OHO
ecTb). B HekoTophix cayyasx paboTy BHEUWIHHX TOTEHUMAIBHBIX CHJI
OsiBaer yaoOHO PaccMaTpUBAaTh SBHO, 4 HE BRIPAXATh yepe3 HM3MeHe-
HHE MOTEHLHMAIbHON SHepruu. B 3TOM ciayuae HYXHO CUMTATB, YTO
MMOTEHUMANbHAS JHEPTUsl CUCTEMBl COCTOMT TOJBKO M3 JHEPrHU B3au-
MOAECHCTBHS COCTABJAAIOIIMX €€ 4YacTHL. 3aKOH H3MEHEHUS JHEPruu
npu 3toM (DOPMYJIHUPYETCS TaK: HU3MEHEHUE MEXAHWUYECKOH JSHEPruu
CHCTEMHl paBHO paboTe BCEX BHEWHUX CHJI M HEMOTCHIMAJIbHBIX
BHYTPEHHHX CHJL.

3apgaun

1. Makcumansuas esicoma nodsema. Tenly Ha NoBepXHOCTH 3eMan coobiia-
I0T CKOPOCThb Vg, HAalMpaBJIEHHYIO BepTHKanbHO BBepXx. Ha kakyw Haubonbuiyio
BbICOTY HaA MOBEPXHOCTbIO 3eMJW OHO MOAHHMETCA?

Pewenwue Dra 3agavya He NpeacTaBiseT HHKAKWX TPyAHOCTeH, e€C/IH Ha-
YyanbHag CKOpOCTh 1y Majla HACTOJBbKO, YTO MaKcHMaJslbHas BblcOTa MNOXBEMA
MHOrO MeHblle paauyca 3emnu. B Takom cnyyae medicTBylollas Ha Telo cuia
TAXECTH TMOCTOSAHHA HAa BCEM MYTH, ABHXEHWE [POWCXOAWT C TMOCTOSHHBIM
YCKOpEeHHEM g W MaKcuMa/jbHag BbicOTa TNOAbEMa oONpele/iseTcs HW3BECTHOH
PopMyION KHHEMATHKK A = v/ (2g). DTy POPMYNYy MOXHO Cpasy NOAYYHTb K
C TNOMOILLBIO 3aKOHA COXpaHeHHS 3HeprHH. Tak Kak elHHCTBEHHAs AeHCTBYIO-
mas Ha Teso cvna (CcHsa TAXECTH) NOoTeHUHWalbHA, TO MoJHAs MeXxaHWuyeckas
3HEprHa BO BCE MOMEHTbI ABHXEHHS OAWHakoBa. B HayvalbHbBI MOMEHT 3TO
TONILKO KHHETHUEeCKas 3Heprus mug/2; B Touke HauboMbllero MNomwbeMa, rae
cKopocTb ofpauiaeTcs B HYJb, — 3TO TOJBKO NOTEHUHWAs/bHAs 3HEpPrus mgh.
MpupaBHWBas 3TH 3HauYeHWd, cHoBa mojydaeM h=v§/(2g).

Ecnu xe HauanbHas CKOpOCTb U, BeJMKa HACTO/IbKO, UYTO HE YUHTBIBATh
3aBHCHMOCTH CHJ/IbI THXECTH OT BBICOTBl yXe HeAb3f, TO pellleHHe 3ajayu
HEMOCPEACTBEHHO € NMOMOLIbIO 3aKOHOB HBIOTOHA HaTaJlKKBaeTcs Ha cepbe3Hble
MaTeMaruyeckHe TpyAHOCTH. OOHAKO MCNO/Nb30BAHWE 3aKOHA COXpaHeHHS
3HEPrHKH MO3BOMAET cpaly HaWTH WHTepecyoUlYK Hac MaKCHMajbHYK BbICOTY
nogbeMa. Bee NMpHBeneHHBie Bbillle PACCYXIACHHS CNPaBel/IMBbi W Tenepb, TOJb-
KO O/ TNOTEeHLUKWA/JbHOW 3HEPrHW Tena B Noje TAXECTH 3eM/IH HYXHO BMecTo
npubanxeHHoH dopmyanl £, = mgh B3are TouHyk dopmyay (6) npeaelayiiero
naparpada:

mgR?

En(r)=_ r
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YUHTbIBasi, pasyMeeTcs, UTo Ternepb NOTEHUMANBHYI 3HEPTHIO Teja Ha MOBEpX-
HOCTH 3eMJIM cJiefyeT cUUTaTh paBHOH —mgR.

INonaras r = R + A ¥ NpuUpaBHUBAA 3HAUCHUSA MeXaHUUECKOM SHEPIUU TeNla Ha
MOBEPXHOCTH 3eMJIH U B TOUKE MAaKCHMaJIbHOrO NOABEMA, NoayyaeM

mu} mgR? (6)
7~ mgR = Rii
Pewsas 1o ypaBHeHHe OTHOCHUTENBHO A, HAXOOUM
v 7
h=R I 7)
2gR — v}

Eciu v§ << 2gR, TO BTOPBIM cJlaraeMbIM B 3HAMEHATENE NpaBoit YacTH (7) Mox-
HO npeHeGpeYb M Mbl Cpasy MPHUXOAMM K TPEXHEMY pesynbrary: A= v3/(2g).
MOXHO MONY4YHTh NONPABKY K 3TOMY OTBETY, 00YCJIOBJIEHHY K0 3aBUCUMOCTBI CHJTbI
TAXECTH OT BbICOThl. Microneays npubnuxenHyw copmyay /(1 —x) =1+ x
(x < 1), u3 (7) npu v}/ (2gR) < 1 nonyvaem

_ v 1 v v}
h= 2g 1—v3(2gR) ~ 2g (1 + ZgR)' (8)

U3 dopmyael (7) BUAHO, UTO BBICOTA MOABEMa HEOrPAHUUYEHHO BO3pacTaeT, ec-
JIM HauyajlbHas CKOPOCTb U MpUbAMXKaeTcs K 3HaueHH V2gR . Takas ckopocTb Ha-
3bIBACTCH CKOPOCMBIO 0C8000KX0EHUR WK 6HMOPOll KOCMUYEcKoU cKopocmbio V.
MoacTapnss sHaueHus g = 9,81 M/c? U R = 6370 kM, HaxomuM V= 11,2 kM/c.
Ecnu takyro ckopocTk coo0muTh HaxoaseMycs BOJM3H 3eMHOM MOBEPXHOCTH Te-
Jly, OHO HaBCEraa NOKHHET 3eMIi0.

2. I'pyz Ha cmepxHe. I'pys, NodBelUeHHBbIN Ha JIEFKOM CTEpPXHE OMUHBI [,
KOTOPbIN MOXeT cBOGOAHO MOBOPauYMBAaTLCS BOKPYI MOPU30HTAJbHOM OCH, OTBENH
M3 PaBHOBECHOIO MOJIOXKEHUS TaK, UTO CTepXeHb oOpasyeT ¢ BEPTHKAIbK Yron
¢ (pHuc. 119). Kakyw MakCHUMallbHY KO CKOPOCTh
v NpUoGpeTeT Ipys, eciH ero oOTnyCTHUTL?

Pewenune. B paccmaTpuBacMoil Mexa-
HHUYEeCKOM cHcTeMe Ha TIpy3 NpH cBOOGOAHOM
JBUXKEHUU AeHCTBYIOT TOJbKO ABE CHIbL: CUNa
TAXECTH Mg W cHla peakuuu cTepxHs N.
TeM He MeHee OHHAMUYECKOE pelleHHe STOH
3ajayMd 3aTpyaHUTenbHo, OO cHNA peaklUHH
CTEepXHS 3apaHee He 3aJaHa W U3MEHSETCH B
npouecce ABMxeHus. OOHaKO Ha MNOCTaBJEH-
HBIf B yCJ/IOBUM 3aJayd BOMpPOC JIETKO OTBE-
THTb, UCMOJB3YS 3aKOH COXPaHEHUS MEXaHH-
4YeCcKoM 3Hepruu.

HelicTBHUTENBHO, JaHHAA MeXaHUUYecKas cH-
CTeMa KOHCEPBATHBHA, TAK KaK CHNA TAXECTH  Puc. 119, Cunbl, JEHCTBYOUIME HA
NoTeHUMANbHA, & CUNA PEaKLMKU CTEPXHS MPH  rpy3, MOABELUEHHDI HA CTEPXKHE
OBHXKEHUU rpysa paboTel He coBepwiaer, U0 B
o060t MOMEHT HanpaBlieHa MEPreHAUKYISPHO
ckopocTH. [103TOMY nonHas MexaHHUuecKas S3HEPrUg CUCTEMBI, BKIIKOYaKas KHHe-
THYECKY K0 SHEPTHIO I'py3a W ero NoTeHIIHAbHY 0 SHEPTHIO B [ION1E TAXECTH, COXpa-
HseTcs. PazyMmeercsd, 510 crpaBeasiMBO, KOrda MOXHO NnpeHebpeub TPEHHEM.
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OueBUIHO, UTO KUHETHUECKaA 3HEPrus M, cleJoBaTesbHO, CKOpOCTh rpysa Oy-
AYT MakCUMasbHbl B TOH TOUKe TPaeKTOPHUH, I'le NOTEHUHANbHAS 3HEPIHS MHUHHU-
Ma/bHa, T. €. MPH MPOXOXICHHUH NO0XEHHUS paBHOBecHS. ByaeM oTcuMThIBaTH MO-
TeHUIHANBHYIO 3HEPTHIO FPY3a OT 3TOH caMoi HU3KoM ToukH. Toraa noreHuManbHas
3HEPrys rpy3a npy OTKJOHEHHH CTEPXHS HA YIoa ¢ OT BepTHKANM paBHa mgh, rie
h, Kak BUIHO U3 pHUc. 119, onpenenserca BbipaXeHHEM

h=1(1—cos¢}. (9
[IpupaBHUBas 3HaUYEHHA NMOTEHUHANbHON 3HEPrHH HEMOABUXHOIO OTK/IOHEH-

HOrQo rpysa “u €ro KHMHETHUYECKOM JHEPruu NpH NPOXOXHOCHHH NONOXECHHUA paB-
HOBECHUA, HUMCEEM

muy?
7

mgh = mgi(l — cos ¢) = (10)

oTKyza
v =1v2gI(1 — cos ¢} = 2Vgl sin %

W3 ebipaxkenus (10) BUAHO, UTO CKOPOCThb Ipy3a B HUXHel Touke OymeT mo Mo-
Ay 0 Takoil e, KAK M ApH cBOGOAHOM MafeHHUH C BbICOTHl A. DTO 3HAUMT, UTO
pPOnb CHJBI peakKUHUM CTEPKHS CBENACh TONbKO K M3MEHEHHIO HAnpaBleHHUS CKO-
pocTu. Takue culbl Ha3bIBAOT CHAMM peakUMH HIeaNbHbIX CBS3EH. )

[To cBoet pu3HnUecKol NPUPOAE CHIA peaKMU CTEPXHSA — 3TO, KOHEUHO, Y-
pyras cuna. MUcnonbsyemas sgeck dusHueckas Mofenb, T. €. HAeANU3AUUS CBOUCTR
CTEpPXKHA, 3aKN0uaeTcqd B NpeHeOpexXeHHUH ero BO3MoXHoH aedopmaimeid. [Ipyru-
MU CJIOBAMH, XECTKOCTb CTEPXHSA CYMUTAETCA HACTONBKO OONbILIOH, YTO MPH AedcT-
BYIOWIMX 3ech cHNax fedopMalus MPaKTHUECKHU OTCYTCTBYET: MOXHO He YUMTbI-
BaTbh M3MEHEHMS JANMHBI CTEPXHSA MPH NOACUETE NOTEHUHUANBLHOM IHEPIyH rpy3a B
floNie TAXECTH U npeHebpeyb NOTeHUHANbHOM 3HeprUer ynpyro# gedopMauuu ca-
MO0 CTEPXHS.

OTMeTHM, YTO MCAONb30BAHHME 3aKOHA COXPAHEHMUS 3HEPTHH AaeT BO3IMOX-
HOCTb JIErKO MOJYYHUTb OTBEThl HAa HEKOTOpble HHTEPECYHOLIHEe Hac BOMPOCHI,
HO He JAaeT ucueprbiBalouwed MHdOPMAUMM 0 BceM ABMXeHHMHM. Hampumep, Mul
HE MOXEM C MOMOU(bI0 3aKOHA COXpaHEHUs 3Hep-
MM HaMTH 3aBUCHUMOCTb YIJa OTKJOHEHHS CTepXHs
OT BPEeMeHH.

3. Henouka @ mpybke. B NpU4yaANHBO H3OTHY-
TOM XecTKO# TpyOKe ¢ TNagkKHMM BHYTPEHHUMM
CTEHKaMM HAaXOOUTCA UeMouka ANWHBL [, KoTopas
MOXET CKOMb3UTb CKBO3b TpyOKYy, He H3MeHSs
cBoeil AnuHsl (puc. 120). B HauyanbHbIl MOMEHT
HEMOUKY YAEPXKHBAIOT, MPHUYECM €€ BEPXHHUH KOHEL
HaxoAuTcs Ha BelcoTe h Haa HMXHUM, Kakum Oy-
JeT YCKOpEHHE UEMOouKH cpa3y Mocie Toro, Kaxk ce
OTRYCTHUTB?

Puc. 120. Uenouka BHYTpH

. - Peweunne. JunaMudeckoe pelileHHe TakoH 3a-
H3OTHYTOit raakof TpyOkH

paum Tpebyer 3ajaHMa onpedeneHHOM KoHHrypa-
iy Tpy6ku. Ilpu npeHeOpexeHWH TpeHHEM CHIIBI
peakiMu TPYOKH MOXHO CHMTaTb HAMPABJECHHbIMH MEPRNEHAMKYNAPHO TNOBEPX-
HOCTH B A1060# ee Touke. [Ipyr¥MHU cnoBaMH, Takas CBA3b ABASETCH MASANBHOM,



§ 33. 3AKOH COXPAHEHUSI MEXAHUYECKOH SHEPTUM 199

a paccMmaTpHMBaeMasi MexaHHUYecKasl cHcTeMa — KoHcepBaTHBHOM. Tloatomy Mox-
HO BOCMOJIb30BATbCS 3aKOHOM COXPAHEHHS MeXaHHWUYeCcKOM dHepryu.

HonycTuM, 4TO OTMYLUEHHAs LleNoYyKa CMecTHlach BRoJb TpyOKM Ha Masioe
paccrossine Al. TlockonbKy CKOPOCTH BCEX 3BEHbEB LIEMOYKH OAWHAKOBbI, TO
uernoyka npHobpereT NpH 3TOM KHHETHYECKYIO SHEPruio

_my? _ ply? (1D

kT2 2

rae o — Macca lenoyYkH B pacueTe Ha CAUHULLY ¢€ OJIHHbI (NUHeMHAs MIOTHOCTS).
Orta JHEPrusa NnosiBUAACh 3a CYET TOro, YTO HAa TaKYH Xe BCJIHYHHY YMCHbUIKIACDH
MOTCHUHANIbHASA JHEPrusa LECMNOYKH B M10J1€ TAXECTH. Jlerko cooGpasm'b, 4yTO Mo-
TeHUMaNlbHada 3HEPrusa UEno4YkKH yMEHbUIMTCA Ha

E.= Am gh=p Al gh, (12)

Tak Kak 3T0 YMeHblIeHHe CBSI3aHO C TeM, UTO Tenepb y BEPXHEro KOHLA LeNoYKH
Ha BbICOTe /1 HET KycouKa AnuHbl Al, onycTuBluerocs BHM3. [IpupaBHuBas npaebie
yacTH BbipaxeHuit (11) u (12), nonyyaem

1v? 13
Ecnu yuyactok Al BiOpaH HaCTONBbKO MasibiM, YTO Ha €ro MpoTAXEHUH YCKope-
HHE @ MOXHO CYMTATb NOCTOSHHBIM, TO clipaBeanvMBa popMyna KHHEMATHKH pPaBHO-
ycKopeHHoro gBHxeHus v2 = 2a Al. [ogcTanias 310 3HaueHHe v2 B IEBYIO YACTD
(13), HaxoOMM yCKOpPEeHHe a LLeMOYKH B HayasbHblif MOMEHT:
_gh (14)
a= —l—

3aMeTHM, 4YTO MOJIydeHHbIN pe3ysbTaT clNpaBeffUB He TOJbKO B HauyalbHbli MO-
MEHT, KOraa Lenoyka HayMHaeT cKOIb3UTh No Tpybke. Ta xe dopmyna (14) paer
3HayeHHe YCKOpPEHHs LIEMOYKH M5 1POM3BOSILHONO MOMEHTA BPEMEHH, Bblpaxad
yCKOpeHHe Yepe3 pa3HOCTb BbICOT ee BEPXHEro M HUXHero KoHUOoB. JeicTBUTeNb-
HO, €CJIM MPH CMEILEHUH LeNOoYKH Ha Al ee CKOPOCTb U3MEHSiETCS OT vy 10 v, TO
3aKOH COXpaHeHUs 3Hepruu 3anMchiBaeTcsl B BUIE

muy? mvg

22

=B (12— ).

OTcloma, yuHTbIBas KHHeMaTHYecKoe cooTHoeHHe v2 — v} = 2a Al, cHoBa no-
nyyaeMm BoipaxeHue (14): ycKOpeHHe He 3aBUCHT OT CKOPOCTH LIEMOYKH M oMpene-
JisieTcsl TOJIbKO Pa3HOCTbIO BbICOT €€ KOHLOB. Koraa Hauano M KoHell LleNoYyKH Haxo-
AATCS Ha OOHOM YPOBHE, ee YCKOPeHHe paBHO HYJI0, KakK Obl MpUYyIIMBO HU Oblna
H30rHyTa TpyOKa.

B yacTHoM cnyyae npsamonuHeiHoM Tpy6ku dopmyna (14) onMcbiBaer nosene-
HHe Tesla Ha HAKJOHHOM NMNOCKOCTH B OTCYTCTBHE TPEHUS: YCKOPEHHE Tena nocTo-
SHHO M PABHO g Sin ¢, TaK KaK OTHOUIeHHWe A/l paBHO CMHYCY yria ¢ HakjoHa n.fio-
CKOCTH K 'OPH3OHTY,

4. Haxaonunas naockocmse. I'pys maccel m MenneHHO BTACKMBAIOT MO Ha-
KJIOHHOM MJOCKOCTH Ha BBLICOTY A 3a Tpoc, MapainefibHbl HaKJOHHOM MJIOCKO-
cTH (puc. 121). Cuna HaTsaXeHUS Tpoca coBepllaeT MPH ITOM HEKOTOPYHO pa-
BoTy A. Kakylo ckopocTb HaBepeT rpy3 B KOHIE HaKJOHHOM IUIOCKOCTH, €CJIH
OTNyCTHUThL Tpoc?
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Peure nue. OueBUIOHO, YTO 3afaHHAs B YCNOBUH 3adauu pabota A He MoXeT
ObiThb MeHbllie mgh. B npoTHBHOM cnyuae okazancd Obi HapylUeHHbIM 3aKOH CO-
XpaHEeHUsl 3HEepPTHH.

Ecau A = mgh, To cCUcTeMa KoHcepBaTUBHA, TpEHHUE B HEM OTCYTCTBYET U, CIy-
CTUBLIMCH O KOHUA HAKJOHHOM MJIOCKOCTH, rpy3 HabepeT TaKyl Xe Mo MOAYJ
CKOpOCTh, KakK U NMpH cBOBOAHOM MajleHUH ¢ BbICOTH h: v = V2gh. Ecnu A > mgh,

TO MeXaHHUUyecKas CUCTeMa He sB/eTCA KOHCepBa-
THUBHOM W, MPUMEHAS K HEW 3aKOH U3MEHEHUS Me-
m XaHHUYeCKOM 3HepruM, HeobXOAUMO yUUThIBATH pa-
60Ty CHUN TpeHHUS.
DTy 3ajayy MOXHO pPelIUTb HEMocpelACTBEH-
3 HO C MOMOLIbK 3aKOHOB AMHAMMKM, TakK Kak Bce
JeHCTBYIOLME CUAbl 3flech MocTosHHbI. OnHako
MCTIONb30BAHUE 3JHEPreTUUECKUX MpeAcTaBleHUH
obneryaer nonyuyeHue oOTBeTa, Aenas BbIKJIAIKHU
fonee KOMMAaKTHbIMMU. 3aMnuileM cHayajla 3aKoH
WU3MEHEHUs 3Hepruy IAs MnoAseMa rpysa Ha Bbl-
coty A. Tak Kak Mo YCNOBMIO 3ajayd CKOPOCTb Ipy3a Mafa, TO ero KHHETH-
YyecKoM 3Heprued MoxHo npeHebpeub. [loaTomy

mgh=A+ Ay, (15)

Pabora cunbt TpeHUs 3llech OTpULATeNbHA, TaK Kak 3Ta CWJla HampasfeHa MNpo-
THUBOIOJIOXHO TepeMelLeHHI0.

PaccmoTpum Temepp cnyck rpysa. Ha sbicoTe 2 rpys obnapgan moTeHLM-
anbHOWM 3Hepruei migh, a B KOHUE, Yy OCHOBAHWUA HAKJIOHHOM MJOCKOCTH, OH
obnanaeT TONbKO KUHETHYECKOHM 3Heprueit mv?/2. UaMeHeHMe TIOMHON MeXaHM-
YeCKOM 3HepruM rpysa pasBHo pabore cun TpeHus. Dta pabora OyneT Takoi
Xe, Kak MU npu noameMe, MO0 3pech Takas Xe MO MOAYIW CHIa TpeHUd
Harpas/ieHa TNpPOTHUBOMOJIOXHO MNepemelleHUw. [loaTomy

Puc. 121. T'py3 Ha HaKJIOHHOM
MJIOCKOCTH

mu? _
5 mgh= Ay, (16)

Moncrasnaa 8 (16) A, n3 (15), nonyyaem

mv? = 2A
5 =2mgh— A, T.e. 11—-})4gh-——m—. (17)

Ofpatum BHUMaHMe Ha TO, YTO coOTHolueHWe (17) MMeeT CMBICA TONBKO
Npy BLIMONHEHWM ycnosus A > 2mgh. Ilostomy npHeefeHHbit oteer (17)
cripaBefing, Koraga

mgh < A<2mgh.

Xots npu A <mgh sbipaxeHde (17) ¢dopMajibHO COXpaHsET CMbIC/], OHO
Jaer KOHEUHYK CKOopocTb v > V2gh, uTo HeBo3moxHo. [logymaiTe Hap Tewm,
KakKoM (U3NYECKOW KapTHHe COOTBETCTBYET ciaydyai A > 2mgh, Ons KoToporo
oteeT (17) TepseT cMbICH.

3apgayMv Andg caMOCTOSTENbLHOTO pemeHHnd

1. OT HEMOABMXHOMO rpy3a, BUCALIEIO Ha MpPYXHHE C XECTKOCTbIO k, oTBa-
NIUBaeTCA YacTb, MMelollas maccy m. Ha Kakyio BbICOTY MOAHUMETCA MOC/le 3TOr0
ocTasluuics rpys?
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2. B pesynbraTe TpeHHMS B BEDXHUX CJIoAX arMmocdepbl MexaHuuecKas
JHEprus CHyTHHMKAa 3eM/M 3a MHOMO BMTKOB yMeHbiuunach Ha 2%. Op6ura
CMYTHHMKA MPHU 3TOM Kak Oblla, Tak W ocrajgachk kpyrosoi. Kak uaMeHUnuch
napameTpbl OpOUTBI: paalyc r, CKOPOCTb v, nepHoa obpaiueHus T? [oreHuwM-
albHas 3HEPrys CMNYTHMKA CUYMTAETCA PAaBHOM HY/K Ha OGeckoHeuHo 6osbLUoM
pPacCTOSHUU OT 3eMIIH.

e Uro Takoe MexaHWuecKas 3HEPrUd CUCTEMbl B3aMMOECHCTBYIOUMX 4aCTHIL?
CdopMynupyiTe 3aKOH ee U3MEHEHHUS.

L MOI'}’T JIH BHYTPEHHHUE CHJIbI UBMEHUTb MEXaHHUUYECKYHK IHEPTHIO cHUCTEMBI?

e Bxogur AM B MexaHUYECKYH 3HEPrMI0 CHUCTEMBbl B3aHMOAEHCTBYIOLIMX Tell
noTeHUHaNbHAA 3HEPrys 3THUX Ten Bo BHelwHeM none? Kak dopmynupyercs
3aKOH U3MEHEHHS MeXaHUUEeCKOM 3HEPrHH MpU HAaJMYMH BHELIHUX MOTEHL M-~
anpHBIX cun?

e Kak dopMyaupyercd 3aKOH M3MeHEHHS MeXaHHUUECKOM SHEPrMM CHCTEMbI,
ec/iM B 3Ty 3HEPruio He BKJIOUeHa MOTeHUMasbHAsS SHEePrUd Tejl B 3aAaHHOM
BHelUHEM noJie?

o [Ipu KakMX YCJOBUSIX MEXaHHYECKYIO CHCTEMY MOXHO CUMTaTh KOHCepBa-
TUBHOM?

e [Ipu KakuxX 3HAUYEHHUSAX HAYaJbHOM CKOPOCTHM Uy, BBIUMCIAS MaKCHMalb-
HYI0 BBICOTY MNoaweMa no ¢opMyne A = v3/(2g), MbI ownbaemcs He Gonee
yeM Ha 1%?

e [JokaxuTe, 4To B 3ajaue 4 Npu A > 2mgh rpy3 ocTaHeTCs HEMOABMKHO Jie-
XKaThb Ha HaKJIOHHOM MJIOCKOCTH, €CJIM OTHYCTHTb TPOC.

§ 34, CBA3b 3aKOHOB COXPAHEHHA C CHMMETPHEN
NPOCTPAKCTBA H BPEMEHH

3aKOHB! COXpAaHEHUS SHEPTMM U UMMYJIbCA, KAK U 3aKOHBI HbIOTOHA, BHI-
NOJIHAKOTCS B JIIOOBIX MHEPUHUANBHBIX CHCTeMax orcuera. IpyrMu Cjo-
BaMH, JTH 3aKOHBI YJOBJIETBOPSIOT MEXAHHUECKOMY NPHMHLMIY OTHOCH-
TEJIBHOCTH. XOTS M MEXAHMUECKasg JHEPrus, M MUMIYJIbC pacCMaTpUBae-
MOH CUCTEMBI MATEPHAJbHEIX TOUCK MMEIOT PA3HBIC 3HAUCHUS B Pa3HbIX
CUCTEMAaX OTCUETA, UX U3MCHCHME BO BCEX MHEPLMAJIbHBIX CHCTEMAaX OT-
c4yeTa OMMCHIBAETCS OAHHMH H TEMH XE 3aKOHAMH.

B 3aMKHYTBIX MEXaHHYECKMX CHCTEMAX NPH JIOOBIX B3aMMOAEHCTBH-
SIX YaCTHL, TOJHBI MMIYJILC CUCTEMBI COXPAHSIETCS HE3AaBUCHUMO OT TOrO,
OyayT /v BHYTPEHHME CWIbI TIOTEHUMAJIbHBIMH WM HETIOTEHUMAIbHBIMH.
Ilpy HanMUMM BHEIIHHMX CHJI U3MECHEHHE MOJHOTO MMIMYJIbCA CHCTEMBL
PaBHO CYMMapHOMY HMMIYJBCY 3THX CHJL

B kOHCEpBATHBHBIX MEXAHMUYECKHMX CHCTEMAX COXPAHAETCS MOJIHAs
MexaHuueckas oHeprud, IIpy HAMUMM HENOTEHIHAJIbHBIX CHJ1 M3MEHe-
HUE JHEPrHM DAaBHO CyMMapHO# paboTe 3TMX CHJI, KaK BHEIIHHX, TaK
M BHYTpEHHHMX. [I1 «HCTMHHO MEXaHMUECKHMX», 3aMKHYTBIX CHCTEM,
IIe HeT TaK HAa3hBAGMBIX AMCCHIIATHUBHBIX CHJI, TOXOOHBIX CHJIAM Tpe-
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HH4, MOMHAS SHEPrHs coxpangercd. Korma Ha Takyw CHCTEMY AeiicT-
BYKOT BHCIIHHC CHJIbl, H3MCHCHHUC €€ OSHCPrUM pPAaBHO paGOTC ITHX
BHCIWHHUX CHIT,

3aKkoHBl COXPAHEHHS SHEPTMH M MMITY/IbCA TECHO CBSI3aHbBl C ONpe-
IOCJACHHBHMH CBOWCTBAMH CHMMETPHHM NPOCTPAHCTBA M BPeMeHHM. XOTd
BbIIUE OHM OBLTH NOJAYUYEHBl KAaK CJEACTBME 3aKOHOB AMHaMuku Hpro-
TOHA, B JEHCTBHTENBHOCTH OHM NPEACTABALIOT coboi Gosnee obmmue
NPHHUMIE, 067aCTh X MPUMEHEHHS LIMPE W HE OrPaHHUMBAETCS HbIO-
TOHOBCKOH JMHAMHKOM.

OnHopoaHOCTs npocTpaHcTBa. CoxpaHEHHE HMIY/bCAa B 3aMKHYTOI
CHCTEME CBSI3aHO C OMHOPOAHOCTBKO MpocTpaHcTsa. OXHOPOAHOCTH Mpo-
CTPaHCTBA O3HAYAET, UTO BCE SBJEHHSA B 3AMKHYTOH CHCTEME HE H3Me-
HATCS, €CM OCYLIECTBHUTH MAPAIENbHBI MEPEHOC CHCTEMBI H3 OJHOTO
MECTa B APYroe TakuM o0pa3oM, YTOOH BCe TENA B HEM OKA34JIHCh B TEX
X€ YCUIOBHMSX, B KAKMX OHH HAXOAWJIHCh B NPCXKHEM MOJIOXCHHH. Hp“
TAKOM MEPEHOCE MOTEHUNANIbHAS SHEPrHs B3aUMOACHCTBHS TEJ, KOTO-
pas, KaK 3TO CJeLyeT H3 OQHOPOAHOCTH MPOCTPAHCTBA, 3aBMCHT TOJIBKO
OT MX B33aHMHOIO PACMOJOXEHHS, OCTACTCS HEW3MEHHOH. 3HAYMT, NpPH
MEPEHOCE BCEX TN 3aMKHYTOH CHCTEMBI HA OOHH H TOT X€E BeKTOp R
paBHa Hym0 paGora BCcex BHYTpeHHHMX cHi F:

> F;R=0.

Tak kak R — MpPOM3BOABHBIA BEKTOp, OOAMHAKOBHI BO BCEX CNATaEMBIX
3TOH CyMMHI, TO OTCIOAA CAEAYET, YTO

ZF,-=O, (D)

T. €. CYMMa CHJ B 3aMKHYTOi CHCTEME PaBHA HYJIKO. DTO M €CTh TO YC-
JIOBHE, NMPH BBHIMOMHEHUH KOTOPOIO BTOPOIf 3aKOH HpIOTOHA MPHBOAHMT K
3aKOHY COXpaHEHHS HMMyabca. B 3Tx paccyxaeHMsx TpeTHil 3akoH
HproToHa yXe HE HMCmosb3yeTrcd. BMecTo Hero MCmoap30BaHO OJHO M3
CBOJICTE CHMMETPHH MPOCTPAHCTBA ~— OXHOPOAHOCTD.

M3 nmpuBeAEHHBIX PACCYXACHHUH CACAyeT HE TOJbKO 33KOH COXPaHe-
HHUA [TOJAHOTO HMITYAbCA CHCTEMBI, HO H CaM TpCTHﬁ 3akoH HerotoHa Aas
JII000M0 B3aUMONEHCTBHS ABYX TeA. [IEHCTBHTEIBHO, B YAaCTHOM C/Iy4ae
CHCTEMBI M3 ABYX Te/1 paBeHcTBO (1) npunnmaer sun Fj, + F,, =0, or-

xvia F;, = —F,,.

OanopoaHocTb BpeMeHH. COXpaHEHHE SHEPTUM B 3aMKHYTOH CHCTEME
CBSI3aHO ¢ OAHOPOAHOCTHIO BpeMeHH. OQHOPOAHOCTH BPEMEHH 3aKIKOYA-
€TCs B TOM, YTO BCE SBJACHHS B 3aMKHYTOM CHCTEME NPH OJHMHAKOBHIX
HAYaJNBHHIX YCAOBHAX OyAyT Aajblle MPOTEKAaTh COBEPIUEHHO OAMHAKO-
BO, HE3aBHCHMO OT TOTO, B KaKOW MOMEHT BPEMEHM 3TH HauyaJIbHHIE YC-
JOBHS CO3AaHBl. JTO O3HAYaeT, YTO SHEPTUsl CHCTEMBI OMpEAEnseTcs
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TOJIBKO €€ MEXAHUUYECKHM COCTOSHHEM, T. €. 3aBHCHT TOJBKO OT MOJIOXE-
HUHN U cKopoctelt ofpasyromux ee uactuu. C TeueHHEM BPEMEHHM MEXa-
HUYECKOE COCTOSTHHE CHCTEMBI U3MEHSIETCH, T. €. PAAMYCH-BEKTOPH uac-
THL ¥ MX CKOPOCTH ABIsI0OTCH GyHKUMSIMHM BpemeHH. OmHAKO 3HEprus
CHCTEMBI SBHO OT BPEMEHHM HE 3aBHCHT — BCS 3aBHCHMMOCTb 3HEPTHMU
3aMKHYTOH CHCTEMBI OT BPEMEHHM MOXET MPOMUCTEKATH TOJILKO M3-3a 3a-
BUCHMOCTH T1,(?) H v,(2).

SlBHast 3aBUCHUMOCTH JHEPrHH OT BPEMEHHM Morja Obl COOTBETCTBO-
BaTh, HANPHUMEP, M3MEHEHHIO MHTEHCHBHOCTH I'DABMTALMOHHOIO B3aH-
MOJCHCTBUSL C TEYEHMEM BPEMEHHM. B 3TOM c/ayuae MexaHHuecKas
JHEPrust 3aMKHYTOH CHCTEMHI HE coxpaHsasach Onl. OOHAKO ONBIT rOKa-
3KIBAET, YTO 3TO He TakK. Eciu O 1o moHeae/bHMKAM rpaBUTALMOHHAA
MOCTOAIHHAA Oblna Bosblie CBOEr0 OOBIYHONO 3HAUYEHHUS B COOTBETCTBHUH
¢ nmoroBopkoi: «[loHeOEeNbHMK — OEHb TAXENHH», TO, C JETKOCTHIO
MOAHSB I'PYy3 HAa HEKOTOPYIO BHICOTY B CyO6O0OTY MJIM BOCKPECEHBE, B MO-
HEOENbHUK MOXHO OpUTO OBl MOIYYHTb OT HEro O61pmyio pabory 3a
CUET TOrO, UTO €r0 MOTEHUHUAJbHAd JHEPrUs BO3POC/aa Oaarogaps yBe-
JIMYEHHIO TI'PABUTALMOHHOM MOCTOAHHON. Mpl mosyuuan OB «BEuHBi
OBUraTE/b», KAYAIOWIHI JHEPTHIO H3 BPEMEHH.

OaHOPOOHOCTD BPEMEHH HE TONBKO MPHBOAUT K 3aKOHY COXPAHEHHH
JHEPrMHM, HO H HEJaeT BO3MOXHBIM caM (pakT CYHIECTBOBAHMS HAYKH,
yCTAHABIUBAIOLIEN OObEKTUBHBIE 3aKOHK mpupoanl. CpaBea UBOCTh Ta-
KMX 3aKOHOB MOATBEPXAAETCA OMBITAMH, KOTOPbIE MOryT OBITH BOCIPO-
HU3BEAEHH B 1000e BpeMsd, Mo0yI0 MoXy.

CBf3b NPOCTPAHCTBA U BpeMeHH. B kiaccuueckoi dusuke mpeacras-
JICHHS O MPOCTPAHCTBE M BPEMEHHM HA MNEpBbIH B3NISA COBEPIICHHO HE-
3aBMCHMBI Apyr oT apyra. CBOMCTBO CHMMETPHH MPOCTPAHCTBA — €ro
OOHOPOAZHOCTb — MPHBOAHMT K 3aKOHY COXPAHEHHA HUMMYJbCa 3aMKHY-
TOH CHMCTEMBI. AHANOTHYHOE CBOHCTBO CMMMETPUH BPEMEHHM CBI3aHO C
3aKOHOM COXPAaHEHUS JIHEPrUM 3aMKHYTOH KOHCEPBATUBHOU CHCTEMHI.
OnHako yXe B paMKax KJacCHUECKOH (DH3HKM CBSA3b MEXAY MOHSTH-
IMH MPOCTPAHCTBA U BPEMEHH B OCHCTBUTEJBHOCTH UETKO MPOSIBISET-
cd. A MMEHHO, M3MEHCHHE HMITYJIbCA, COXPAHEHHE KOTOPOrO CBS3aHO
CO CBOWMCTBAMH IPOCTPAHCTBA, onpeneasercd BPEeMEHHOH XapakTepu-
CTHKOII OEHCTBUA CHMIHW — ee umnyascom F Az, M nHaoBopor, uame-
HEHHME JHEPruH, COXPAHCHHME KOTOPOW CBA3aHO CO CBOMCTBAMH BPEMeE-
HH, OMpPEACASIeTCd MNPOCTPAHCTBEHHOM XapaKTEPUCTUKOH AEHCTBUSA CH-
asl — ee paboroii F Ar. B penarusucrckoit ¢H3MKe HOHATHA
MPOCTPAHCTBA M BPEMCHHM MEPEIVIETAKOTCS HACTOJNBKO TECHO, YTO MOX-
HO TOBODHUTH TOJIBKO O €OMHOM (H3MUECKOM MPOCTPAaHCTBE-BPEMEHH,
WIH O YETHIPEXMEPHOM MPOCTPAHCTBEHHO-BPEMEHHOM KOHTHHYYMe. [lo-
HATHY NPOCTPAHCTBA CaMOro mo cebe ¥ BpPeMEHH CaMoro o cebe yxe
yTpauuBawoT GU3UUECKHI CMBICI,

¢ C KakMMM CBOHCTBAMH CHMMMETPHM MPOCTPAHCTBA M BPEMEHH CBSI3aHbI 3aK0-
Hbl COXPaHEHHUS MMMYyJbca M 3HEpruu? .
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Iokaxwure, Kak TpeTuii 3akoH HbioToHa /18 B3aumogneiicTBuil moboli npupo-
bl MOXHO 00GOCHOBATb, OCHOBBIBASICb Ha OZHOPOAHOCTH (PHU3MUECKOrO NPO-
CcTpaHCTBa.

A CoxpaHeHHe IHeprud U OJHOPOJHOCTh BpeMeHH. [IpuBeneHHbIH
paHee BRIBOA 3aKOHA COXPAHEHWS MEXaHHMUecKo# sHepruu paktuye-
CK# OBl OCHOBAH HA MHTErPHUPOBAHMHU B OOIIEM BUAE yPABHEHMIT IU-
HamMukd (Broporo 3akoHa HpmoroHa). MIMeHHO Tak Obia mosyueHa
TEOpeMa O KMHETHUECKOH 3Heprud. MoxXHO 1aTh Apyroe gokasatesib-
CTBO 3aKOHA COXPAHEHHWS JHEPrUH, OCHOBAHHOE HA MPEACTABJICHUH 00
OIHOPOZHOCTH BPEMEHH.

DHeprug 3aMKHYTOH CHCTEMH gBseTca yHKuueH ee MeXaHuue-
CKOTO COCTOSIHHS, T. €. 3aBHCHUT OT PafiUMyCOB-BEKTOPOB I;, ¥ MMITY.Ib-
COB P;, BXOASIINX B CHCTEMY YaCTHL ¥ HE 3aBUCHUT IBHO OT BPEMEHH:
E = E(r;, p;). OHa npencrasger coboif CyMMy KMHETHYECKOH JHEp-
riu E,(p;), 3aBUCAWEHA OT MMIYJbCOB YaCTHL, M MOTEHLHUAIBHON
oHepruu E (r;), 3aBUCAWEN OT MX MOJOXEHHUS:

E(r;, pi) = Ex(p;) + En(ry). (2)

IponudepeHunpyeM 3HEPTHIO M0 BPEMEHH, YUYMTHIBAA, YTO I; H P;
MEHSIOTCH CO BPEMEHEM:

dE __ oE dr,‘ oE dp,‘

dt_Z(ar dt+ap dt | 3

i

Ipu panbHENmEM MPeoOpa3OBAHMM ITONO BBIPAXKEHHS YUTEM, YTO
dr;/dt =v;; dp;/dt =F; B COOTBETCTBHM CO BTODHIM 3aKOHOM Hbro-
ToHa (37ech F; — paBHOgeHCTBYOWAd BCEX CHJI, ACHCTBYIOWIMX HA
i-10 yactuny); 9E/dr; = 0E /dr, = —F{"") — rpagueHT MoTeHUHANb-
HOH SHEPIUH, ONPEACASIOMMUN AEHCTBYIOIYIO HA i-10 YaCTULY MOTEH-
UMaNBHYIO CHY; HaKoHel, dE/dp; = 0E,/dop; = p,/m = v,;, UTO Cle-
AyeT W3 SBHOTO BHIDAXEHHUS A KHUHETHUYECKOH  3HEpPruu
E = E p?/(2m;). TloncraBass 3Tu cooTHouleHUs B (3), MpuxoguMm

11
K pDaBEHCTBY

dE
F=3 By, @)
14

rae F{Hemo) — HemoreHuuanpHas CHia, ASHCTBYIOINAs HA i-K0 Ya-
cruy: F{emon = F, — F("o), CornacHo (4) CKOpOCTb H3MEHEHHS
MEXAaHMYECKOH SHEPruM 3aMKHYTOH CHCTEMBl DABHA MOIIHOCTH Aci-
CTBYIOUIMX B CHCTEME HEMOTEHUMANbHBIX CHA. [Ipu oTCyTCTBHMHM Ta-
KHX CHJI CHCTEMAa KOHCEPBATHBHA M €€ MEXAHUYECKAas 3HEPrus Co-
xpaHserca: dE/dt =0, E = const.
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B 3TOM BHIBOAE ONHOPOANHOCTh BPEMEHH NPOSBUIACH B TOM, YTO
JHEPrud CUCTEMBI CUHTAJACh HE 3aBUCAINEH OT BPEMEHM 9BHO. B mpo-
THBHOM (J1y4ae B IIPaBoOi 4acTH BeipaxeHud (3) mogsusocs 6 eule ox-
HO criaraeMoe 9E/9t, yUNTHIBAIOLIEE 3Ty 3aBUCUMOCTb. MBI mOTyyHIn
6u dE/dt = 0, 1 JHEPTrHA CUCTEMB HE COXPAHUIACH OBl

CumMerpHs npH MacwrabHbix npeobpasosanuax. CaencTeus
CBOMCTB CHMMETPUM HE BCErNA IPOSBIAIOTCH TaK HAIVISAHO M TPOCTO,
KaK B pa3o0paHHBIX BHIIE C1y4yasx. CUMMETDPHS TNPHCYINA HE TOJbKO
MPOCTPAHCTBY U BPEMEHH, HO U caMmoil duauueckoi cucreme. I1pogs-
JIEHUS CHMMETPHH MOTYT OBITh BECEMA HEOXHIAHHHIMM M OOHAPYXH-
BaTh ceOd B 3aByaaMpOBaHHOM dopMe.

OmnpeneneHHad CUMMETPUSA XapakTepHa M g (PU3MUECKUX 3a-
KOHOB, YCTaHABJUBAIOIIUX COOTHOHIEHUS MEXAY XapaKTEPUCTHUKAMH
CHCTEM HJIM HMX H3MEHEHHAMH O BpeMeHeM. OHa 3akia04aercd B
ungapuarnmuocmu (HENU3MEHHOCTH) 3AKOHOB MJIM BHIPAXAKOIIUX HX
YPaBHEHHWI TIpU ONpENENEHHHX NPeo0pa3oBaHUSIX, KOTOPEIM MOTYT
OLITh TOABEPTHYTH (pu3HUecKue cucrembl, OmHUM K3 TaKMX Tpeod-
pa30BaHMI 4BAFETCA TAK HA3KBAEMOE MaclumabHoe npeobpa3osa-
Hue, TIpA KOTOPOM KOODOWHATH U BpPEMSA M3MEHSIOTCA B OMpERe-
JIEHHOE YUCJIO pas:

r—r'=ar, t—t =pt, (5)

rge a U 6 — 3aJaHHHIE YHUCJIOBHIEC MHOXUTEJH.

BhISICHMM, KaK IIpH TaKOM NpeoOpa3oBaHHM KOODAMHAT M BpeMe-
HU TIpeo0pasyeTcs JHEPIHS CUCTEMBI, PABHAS CYMME KMHETHYECKOM
H TIOTEHUMANBbHOW 5Hepruid. IIpM HeMaMeHHOU Macce KMHETHUECKas
JHEprud, MpoIropuHUOHAJbHASA KBAOPAaTy CKOPOCTH, OUCBHOHO, npeob-
pasyercs CaeayomuM obpasom:

2
E,—E, = (%) E,. (6)

Yrobnl CKasaTh, Kak mpeobpasyercd MOTEHUHAIbHAd 3JHEPrud,
HYXHO 3HATh, KAK OHA 3aBUCHMT OoT koopauHat. Hamomuum, yto mo-
TEHUHAJIBHBIC 3HECPIrHH TCJa B OOHODPOOHOM IIOJIE TAXCECTH, B HbBIO-
TOHOBCKOM II0JI€ TAMOTEHHS M IOTEHLMAJIbHYIO SHEPTHIO YIPYro ne-
(hOpMHPOBAHHON NPYXHHBI MOXHO 3amUCaTh KaK OMNpENEJECHHYIO
(hyHKUMIO KOOpPOUHAT:

E,=mgh, E,=—G™Y, E, =3 k(AD?,

1
2
€CJIH a4 Kamoﬁ H3 HHX Bbl6paTb HA4yaso0 OTCYETA COOTBETCTBYIO-
UM 00pa3oM, ITO 3HAYUT, UTO 3aBHCHMMOCTh KaXIOH M3 HUX OT CO-
OTBCTCTByIOII.ICﬁ KOOPAWHATHI I (me 04 r HY>KHO NMMOHUMATh COOTBET-
CTBEHHO h, r unu Al) UMeeT CTETEHHO! XapakTep:

Ey(r)arm, m
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rae n = 1 A8 OAHOPOAHOrO MmoJs, n = —| A1 HBIOTOHOBA MOAA TH-
rOTEHMS M n = 2 AAd yOPYroil MPYXKHHBL.

M3 (7) wienyer, uyto a06as M3 NPUBEACHHBIX MOTEHLIMAIbHBIX
Heprui npeobpasyerca Kak

E,—E, = a"E,, (8)

Jlerko BUOETh, UTO MPHU ONPEACACHHOM BbHIOOPE « U 3, TAKOM, UTO
(a/B)?= «", T. €. npu

B —_ al-n/Z’ (9)
MOJTHAST MEXAHUYECKAS DJHEPrus rpeodpasyercd cegyowmuM obpasom:
E—E = a"E. (10)

BoT 31ech-To M HAUMHACTCS CaMOc HHTEPECHOC.

®usnyeckoe nopobue. INpeobpasosanue sHepruu (10) npu npeob-
pa3sOBaHMM KOOPAUHAT M BpeMeHM 1o (opMyaaM (5) MOXHO TpPaKTO-
BaTb MPOCTO KAK H3MEHEeHWe MAcuTaboB MCMOJb3yeMbIX EAWHHUL, AJTH-
Hbl ¥ BPEMEHM B 3aAaHHOU (PU3MUECKOH CHCTEME.

Ho 210 xe npeoGpazosanue (10) MOXHO paccMaTpMBaTh M KakK
npeoGpa3oBaHUE SHEPrUM MPU U3MEHCHUM CaMoi (hU3MUECKOM cucTe-
Mbl, CUMTAd COMHULIBI M3MEPEHHS MPEXHUMH. Harmpumep, MOXHO
MBbICJICHHO yBC.fIPIl{PITb BCE pacCTtOAHMA B HECKOJbBKO pas. CKa)KCM,
MOHO YBEJHYMTb BABOE Paguyc OpOHTHI, MO KOTOPOM maanera obpa-
maerca BOKpyr CosIHUA, WM BTPOE YBEJIMUUTb BBICOTY, C KOTOPOH
cBODOAHO TMAJAeT TENO B OJHOPOAHOM MOJE TSXKECTH 3EMJM, WM
BUETBEPO YBEJMUMTH PACTSKEHME MPYXWUHbl. ECaAM rpu 5TOM BpeMs
TOXE U3MEHHUTb COrJIACHO BTOpOi u3 dopmyn (§), mpuuem koacbdu-
uueHT {3 Bebpath B cootBeTcTBHU € (9), To mo Buay mpeobpa3zoBaHus
oHepruu (10) Mbl HE CMOXEM ONPEAEIUTb, KOTOPAT M3 YIOMSHYThIX
ABYX BO3MOXHOCTel Oblia peann3oBaHa.

CPIMMCTpPISI MO0 OTHOIIECHHKO K 3TUM BO3MOXHOCTAM TPAKTOBKH
dopmyabr (10) o3Hauaer, YTO NpH PEasbHOM U3MECHCHUH JIMHEHHBIX
pasMepoB (PU3MUECKOI CHCTEMBI B 0 pa3 BCE XAPAKTEPHblE BPEMEHA
B Helt uaMeHarca B B pas, rae B= a!~"? B coorserctsuu ¢ (9):
t'/t=(r'/r)!="2. B uactnocru, npu n=1 umeem t/t= (r'/r)!'%
BHAHO, YTO B OJHOPOJHOM MOJIE BPEMS MAAEHUS C BABOE OO/bIuEH BHI-
cotel Gyaer Gonbwe B V2 pa3. [Ipu n= —1 umeem ¢/t = (r'/r)3?,
YTO COOTBETCTBYET TpeTbeMy 3akoHy Kemsepa: kBagpaTsl mepuoaoB
MPOMOPUMOHANbHN Ky0aM JIMHEHHBIX PA3MEPOB FEOMETPUUECKH MO-
noGHbIX opbuT. Ilpy n = 2 nosnyuyaem ¢/t = 1 — xapaktepHoe BpeMs
(nepuoa) npu koaeOaHUSIX TPy3a HA YIpPYIoi NpPYXHHE HE 3aBUCHT
OT pasmaxa 3TuX KojiebaHuil {(aMIiuTyabl).

TakuMm 00pa3om, MCMONIH3OBAHUE CHMMETPUM (UIUUECKHUX 3aKO-
HOB IO OTHOWIEHHMIO K MacTabHBIM Mpeofpa3oBaHMsSM MO3BOJISET
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HaHTH CBA3b MPOCTPAHCTBEHHBHIX M BPEMEHHBIX XAPAKTEPHUCTUK JIBH-
XeHusa 6e3 ofpaimeHns K 3aKOHAM OMHAMHKH,

e B ueM npossaseTcs CUMMETPUS PUIMUECKUX 3aKOHOB MO OTHOLIEHHIO K
MactuTabHbiM npeobpasoBaHUsaM?

e Kunoonepartop cHUMAeT ClUeHY B3pblBA MOCTa Ha MOJE/JM B OAHY [ne-
CATYI0 HaTypa/jbHOM BesMuuHbl. Kak clielyeT M3MeHUTb 4acTOTy Kaf-
pPOB MPH cbeMKe, 4ToObl B KHHO(MW/IbME ClieHa BbIMJISAeS]a NpaBAono-
n100HO? A

§ 35. NMpumeHeHHe 3aHOHOB COXPAHEHM| NPM pelUeHHMM 3apad

B Go/bIUMHCTBE MPAKTHUECKH MHTEPECHBIX CJAYUaCB IPH PCUIEHHHM 34~
Jau TPUXOOUTCA HCMOJb30BATh KAK 3aKOH COXPAHCHHMS HMMITY/IbCa, TakK
W 34KOH COXpAHEHUS DHEPrHH., B Tex ciydaax, Korga OTBET YHAAeTcd
NOJYYHUTh, HCNOAb3Yys JIMIUb ONMH M3 THX 3aKOHOB, HYXHO 00s3a-
TE/JBHO BBISCHHUTb, BBIMOJHSETCS JIM MPH ITOM BTOPOHM, M €C/IM HE Bbi-
MOJIHAETCS, TO MOUEMY.

3apmpauu

1. Juck Ha npyxune. Ha 1pyxHHE KECTKOCTH kK BUCHUT TOPU3OHTAJIbHBIN
JUCK Maccbl M, Ha KOTOpbIA C BbICOTHI A 1TaflaeT KOJIbLO MacChl M W NpUIMnaeT
K Aucky (puc. 122). Ha Kakoe MaKcUMaJjbHOE pacCTOSHUE CMECTUTCS AMCK W3
CBOEro nepBoHavasbHOro MoJoKeHUs?

Pemwenue. Cpasy OTMETHM, 4YTO OJHMM 33KOHOM COXPAaHEHUS BSHEPrUU
3gecb He OOOMTUCh, Tak Kak NpPU HEYNPyroM yaape Kojblia O AUCK, Koraa
OHO NMpPUAMNAET K AMCKY, MeXaHHUuecKas SHeprus
He coxpaHseTcs. TeM He MeHee 3aKOH coxpaHe-

HUSA DHEPrUM HCIO0J/1b30BaTb MOXKHO, HO TOJIBKO C

TOr0 MOMEHTA, KaK AWCK € NPUIHILINM K HeMy

KOJIbLIOM YK€ ABHUXETCH Kak oAHo uenoe. Mx 06-

LUlYy10 CKOpPOCcTb ¥ B 3TOT MOMEHT MOXHO HaWTH m

C TOMOLWBbIO 3aKOHa coxpaHeHMs UmnyJbca. Tak

Kak B MOMEHT yaapa KoJIbUO, yNaBllee C BbICOTb!

h, UMeeT CKOpoCcTb v =V2gh, TO h

mv2gh = (m+M)V.

[Tpu  panbHedem ABHMXEHHUHA MPOUCXOANT B3aWM-

Hble NpeBpallleHUs KMHETHUUYECKOM M MOoTeHLHa/b~

HOM 3HEpruM, NnpuueM 3aech NOTeHUHalbHas SHep-

THS cHCTeMbl BKIOHAET B Ce0f MOTEHUMAIbHBIE  py. 29 Kone6anus aucka Ha
SHEPTMM IMCKa W KOJbLA B MOJIC TRKECTH 3EMIM  npysppe

M MOTEHUMAJIbHYIO 3HEpPryio ynpyro aedopMHUpo-

BaHHOM npyxuHbl. CocTaB/igs ypaBHeHUe DaslaHca

SHEpruM, cJjedyer yudecTb, YTO B MOMEHT yjaapa MpyXHHa yxXe pacTgHyTa Mol
AeficTBUEM Beca AMCKa Ha xy = Mg/k u, cnenosartesipHo, ob/afaeT MoTeHUHa b=

HOM 3Heprueit kx3/2.
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ByueM OTCUHUTBIBATb PACCTOAHHUE X BHU3 OT repBOHAYAJILHOIO 1oJIOXKEeHHUd qUc-
Ka. YUYUThIBAS, YTO B MOMEHT MAaKCHUMabHOMO OTKJIOHEHUS BHU3 CKOpPOCThk AHUCKA C
KOJ/IbI{OM o6pamaercs B HY/Ib, UMEEM

kx? btz
Lnizyan%:—(ma-M)gxﬁLiz“fi

2)
3HaK «MUHyC» B ujieHe AN MNOTEeHUMUANbHOM SHEPrHH B MOJIe TAXKECTH CBSA3aH
¢ BbIOpaHHbIM HarnpasjeHWMEM oTcyera cMetdeHds x. Hamuuue x; Bo BTOpOM
c/laraeMoM B TMpaBoff YacTH COOTBETCTBYET TOMY, UTO TMOJIHOE pacTsXeHUe
NpY>XUHbl B KpalHel Touxke paBHo x + x,. Hoxcraenss B (2) V u3 (1) ¢
3HaueHUe x, = Mg/k, NpPUXOAMM K KBaApaTHOMY YpaBHeHUlo Ans x. Peas
3TO ypaBHeHHe, HaXOAUM

2
x:ﬂﬁi\/(i"—g) e 3
k k k(m+M)

Kakos cMmeica Broporo (oTpuuarenbHoro) kophst B (3)? Jlerko coofpa3utsb, uTo
nocje NPWIMNAHUS KOJibl@ K AWUCKY JajibHEMILEE WX ABUXKEHUE NpeicTaBiseT
coboit  KonebaHHMe OKOMO  HEKOTOPOro  HOBOTO  MOJIOXKEHWUS  paBHOBECHS
x, = mg/k. TlonoXuTenbHbId KOpeHb AaeT WHTEPECYIOLEE HAC MaKCHMajbHOE
CMeleHMe AMCKA BHU3 M3 HAYyasbHOTO MOJIOXKEHUS, a OTpUUAaTebHbIM — Mak-
CHMaJIbHOE CMelleHHe BBepX MMpH nocjeayowux Kosebanuax. pu atom auck
NOAHUMAETCS BbIlLEe CBOErO MEPBOHAUYANLHOTO MOJOXEHUS. XOTd MpU cocTas-
JICHWU ypaBHEHHUs 3aKoHa coXpaHeHHs 3Heprdd (2) Mbl He 3aAyMbIBaauch Hap
BO3MOXHOCTbK TakMUX KosiebGaHUM, ypaBHEHHE aBTOMATHUYECKU BblAAN0 HAM BTO-
poit KopeHk, u60 Bce, uTO B Hero 6blIO 3aj0XeHo 06 HHTepecyioweilt Hac
TOYKe, — 3To obpalleHHe B HYIb CKOPOCTH, a 3HAYUT, U KUHETHUECKON sHep-
ruM cucteMbl. Ho ckopocTk ofpaiuaercd B Hy/b Kak B HHXHell, Tak W B
BEPXHEH TOUYKAX MaKCHMAajbHOMO OTKJIOHEHMS.

BuaHo, uTo BblpaxeHue (3) yOOBJETBOPSET OUEBUAHOMY MpEdENbHOMY CNy-
yaw A= 0: eC/IM KONbLO MPOCTO MOJOXHUTh Ha AOUCK, TO, OMNYCKaACb BMeCTe
C KO/BLOM, OH TPOCKOUYUT HOBOE MOJOXeHUe paBHOBECHS x, = mg/k Ha Taxoe
Xe paccTosHUE BHU3 M 3aTeM nipu KojebaHusgx Oyder Bo3BpaluaTbcs OO TPEX-
e BBICOTBI.

HApyroi WHTepecHbI MpepebHbI cayvai: M = 0. B atoM cnyuae Heym-
pyroro yzapa Kak TaKOBOro HeT M 3aKOH COXpPaHEeHUs 3HEpPruu crpaBeidB
I/ BCEro mpoiiecca B UEJOM, HaudHasg ¢ MOMeHTa MNaleHWs Kojblla ¢ nep-
BOHAa4asIbHOM BLICOTBI A. YUWTbIBas, 4T0 NpU M = 0 npyXkuHa [epel YAapoM
He gedopMHUpoBaHa, UMeeM

2
mgh = —mgx + f—zx—

Koptu 3toro ypaeHenus patorcs ¢opMmynoit (3) npu M = 0.

ITepeonpedenenue nomenyuansvHoid sHepeuu. OOGpaTUM BHUMaHUE Ha TO,
4To B 3TOM 3ajaye GakTHYECKU MOXHO OBOMTUCL 6e3 paccMOTpeHUs OBYX
BUIOB MOTeHUHA bHOW 3HEeprud. Heso B TOM, uTO AeHCTBUE MOCTOSHHOM CHIIb
Ha MpPYXHHY, B OAaHHOM cJjy4yae Beca OWUCKa C KOJIbLOM, MPHUBOAWUT JIHIUb K
CMELUEHUIO MOJIOXKEHUS paBHOBECHS, He U3MeHSS XeCTKOCTH kK npyxuHbl, [Ipu
3TOM MOXHO CUYMTaTb, UTO B CUCTeMe OCTaeTcd TO/IbKO OAHAa ynpyras cuia,
NpONoOpHUUOHA/bHAS CMEIEHHIO X — X; U3 HOBOIMO MOJIOXEHUS paBHOBECHS, a
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CHA TaxecTH yxe HeT. COOTBETCTBEHHO OCTaeTCsl TOMbKO CBSI3AHHas ¢ 9Toil
HOBOI YNpPYroH cMJIOi MoTeHUMaNbHast SHEPrs, OTCUMTbIBAEMAs OT HOBOTO
NONOXeHUS paBHoBecusl. Ternepb ypaBHeHWe 6anaHca SHEPrUM 3amucbiBaeTcs
B BMOE

m+MV? | kxi k(x—x)?

B T M
YTO, KOHEWHO, coBnagaer ¢ (2).

[TpexAe YeM nepeiiTi K OYepenHoi 3afaue, OTMETHM clieaymotee 06CTOSTe b
cTB0. MHOr#a U3 o6LUMX cOobpaXeHHit HaM yAaeTcsl IPeACTaBUTb cebe KauecTBeH-
HYK KapTHHY paccMaTpWBaeMbix B 3ajave siBaeHMN. IIpu 3ToM, ofHaKo, MOXeT
0Ka3aTbC$l, UTO MOMbITKM PACCYUTATH BHXKEHHE KOJNMYECTBEHHO, MCXOAS M3 ypaB-
HeHHMU AMHAMMKH, HaTa/KHMBAKTCS Ha MOYTH HEMpPEORONMMbIE MaTeMaTHYecKue
TpyAHocTH. KOHeUHO, BCera MOXHO MOMbITATLCS PEILMTb YPABHEHMUS ABHXKEHUS
YKCNIEHHO C MOMOLLbK KOMIBIOTEPA, HO MPU 3TOM PE3KO CYXKAKTCH BOIMOXHOCTH
Ucc/lefoBAHMS B 0BILEM BUIE PasHbIX BO3MOXHbLIX cryyaes. MMeHHO 3gech U yMe-
CTHO MCTIO/Ib30BEHUE 3aKOHOB COXPaHEHMS,

2. Cockans3viéahue ¢ kynoia. Ha BepluivHe noaycgepuyeckoro kyrnosa
pagdyca R HaxoauTcs laiba, KOTOpas MOXET CKOJIb3UTb IO MOBEPXHOCTH Ky~
nona 6e3 tpeuus. llaitbe Tonukom coobuia-

I0T CKOPOCTb g B TNOPHU3OHTa/JIbHOM Halpas- U
AeHUM. B Kako#M Touke Kymoaa wafba oTto-
pBETCS OT ero noeepxHoctu?

a

Pewenue. bBez BCAKUX BbIYHC/IEHUM R v

MOXHo yGeauTtbcd, yto waitba obgzaTenbHO mg
OTOpBeTCH OT MOBePXHOCTH Kynosa. OHa He
MOXET CKOJIb3HUTb MO MOBEPXHOCTH A0 caMo-  Puc. 123. Cockanb3biBande wmalibbl
ro OCHOBaHMS JaXe B TOM cJiydae, Korga C nosaycdepHueckoro Kymona
HayWHaeT Clo/3aTh ¢ BepXHEHW TOUYKHU Kyro-
na 6e3 Haya/lbHOU CKOpOcTH. B camom gene,
M3 puc. 123 ACHO, YTO y OCHOBaHMS Kymnosa CKOpPOCTb waibbi Gbina Obi Ha-
npas/jieHa BepTWKanbHo BHU3. Ho aroro He MoxeT GbiTb, MGO rOpM3oOHTalbHaA
COCTaBAAWILASA CHU/IbI peakUdd N B TeUeHHe BCero ABMXKEHMS MO KynoJjly Ha-
npaejieHa B OZHY CTOPOHY.

Bropoit 3akoH HbloToHa, Mo3BOASS TaK MPOCTO BLISBUTb KaUECTBEHHYI
KapTHHY ABMXEHMS LWalbbl MO KYMosly, OKa3biBaeTCs MaJsIoNpMrOZHbIM A Ha-
XOXIOCHUA OBHMXEHHUA B aHaJIMTHUECKOM BUAe, MO0, KakK fCHO M3 TOro e
puc. 123, yckopeHue wwaibpl HEMOCTOAHHO.

3anuiueM Npoek UMK YpaBHeHUs BToporo 3akoHa HbloToHa Ha paguanbHoe Ha-
npaeneHue Qs MOMEHTa BpEMEHM, Koraa wwaitba HaXOAUTCS Ha NOBEPXHOCTH KyT10-
/la B TOYKE, TMOJIOKEHUE KOTOPOR 3aJaeTcs yI/oM o:
myv? (4)
R

mgcosa— N =

OTMETUM, YTO 3TO YpaBHEHME 3anMCaHO B WHEpUMaJbHOW cHUcTeMe OTcyera,
cBf3aHHOM ¢ 3eMsieit, NpuyeM OCb, Ha KOTOPYK BbIMOJHEHO MNpPoeUMpOBaHHE
ypaBHeHUs BToporo 3akoHa HbloToHa, HemogBuXkHa, XOTS M MMEET CBOE Ha-
npaBlieHWe AN Kaxao Toukd kynosa. (HamomHuMm, uTO ¢ OAHOM M TOM Xe
MHEpUMAIbHOM CHCTEMOI OTCYeTa MOXHO CBA3aTh CKOJBKO YIOQHO pa3/IMUHBIX
CHUCTeM KOOpPAMHAT.)
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Touka oTpbiBa Wwarbbl OT KyoJa onpenensercs yciosMeM obpalueHys B HY b
cuabl N peakLiMM ONOpbI:
N=0.

[ToaToMy B TOuke OTpbIBA @) U3 ypaBHeHUs (4) uMmeeM

v? 5
CosS Qg = —.
g 0 R
Ecnu 6b1 Oblia ycTaHOBJICHA CKOPOCTb U B MOMEHT OTpbiBa, TO BblpaxeHue (3)
W pasajo 6bl OTBET Ha BONPOC 3alauM.
CBs3aThb CKOpOCTb 1aMbbl v B 1060 MOMEHT BpeMEHHM C ee NOJIoKEHHEM
Ha KY[oJle MOXHO C [OMOLIbK) 3aKOHA COXPAHEHWS 3HEPrHH, TaK Kak B OT-
CYTCTBME TPEHMsl paccMaTpuBaeMas MeXaHMdecKas CHCTeMa KOHCEPBATHBHA.
Boibupast Haualo OTCYETA NOTEHUMANbHOM 3HEPruM, HalpuUMep, B BepXHEH
Touke KyMona, MMeeM
ﬂlU% mu? (6)

2 =—2———ng(1—cosa).

[ogcTaBnss cioaa v us (5), anst TOUKU OTpbIBA MOJy4YaeM

vl 7
cosa(,:%-}—s;}a. m

B yacTHOM cnyuae vy = 0, koraa wakba HaUMHAET COCKab3blBATh GE3 HAYaNbHOM
CKOpocTH, cos ¢y = 2/3. Touka oTpeIBA HAXOAWTCH Ha BLICOTE IOBYX TpeTel pa-
AMyca OT OCHOBAHMS KYINONA.

Bripaxaembiit dopMynoit (7) oTBeT MMeeT CMBICT JIUIIbL TOTAA, KOrhga npasasi
4acTb He MPeBOCXOAUT efMHULBL. JInd 3Toro HauaabHas CKOPOCTDb Uy HOJIXKHA yIOB-
JIeTBOPATD yCIoBHIo U3 < gR . [Ipu v} = gR HauanbHas cKopocTb 11akbbl JoCTaTOU -
Ha aJist Toro, 4yToObl OTPLIB OT MOBEPXHOCTH KYIMOJA MPOU3OILIES Cpa3y B BEDXHEM
touke. [Tpu v} > gR sbipaxeHue (7) yXe He UMEET CMbICNA, OMHAKO OTBET COBEP-
LIGHHO SICEH: OTPBIB WAHGBI IPOMCXOAUT B BEpXHEH Touke Kynosa (npu ¢, = 0) u
IanbHeMllee ee ABMXEHUe NMPOUCXOANT 1o napabone, Kak B ciaydae Tea, MpocTo
6poLLIEeHHOTO TOPHU3OHTANLHO ¢ HauaabHOM cKOpOCThio vg. IIpu v = gR napabonu-
yeckasl TPAGKTOPHS UMeeT B BepXHEN TOUKe TAKYIO Xe KPUBHU3HY, KaK W [0BEpX-
HOCTb KYI1ona.

Hcnonb3ys 3aKoH COXpaHeHHs IHEPIUU IUId MEXaHUUECKUX CUCTEM, rae aedcT-
BYIOT CHJIbl TPEHUS, CEAYET TOMHHUTb O TOM, UTO MX NposBleHHE HETPUBHUAJIBHO U
He Bceraa CBOOUTCS K YMEHbLISH U0 (IMccHnali) MexaHMdecKol aHeprum crcre-
Mbl. B 2T0M OTHOILIEHMM BECbMa NMOYUHTE/bHA CIEAYIOWAs 3aa4d.

3. Ha obnedenenoit zopke. ABTOMOOMIb HE MOXET CTOATbL Ha 00JIEdEHEB-
1ieM CKJIOHE, Korga Ko3ddUUMeHT TpeHus W <iga. o KaKoM CKOpPOCTH v
HYXXHO NpelBapUTe/bHO pas3orHaTh aBToMoOMb, 4ToObl OH MOr ¢ pasroHa Moa-
HATbCH IO 3TOMY CKJIOHY 10 BbIcOThl A? Ecau BelcoTa ropel okaxercs Oonblue
W aBTOMOOMW/Ib He «IOTSHET» L0 €€ BepllMHbI, TO KaKoBa OYINET ero cKopocTb,
Korga oH ¢ paboTaolUM ABUraTesieM CIIoN3eT BHU3 M CHOBA OKAXeETCcHd Y OCHO-
BaHWs Topbl?

Peuwenune. HdelicTBytomwme Ha aBTOMOOWbL CHIIbl 3[€Ch HAXOUATCA TakK Xe,
KaK U 18 M0boro Tefla Ha HaKJOHHOM IMIOCKOCTH: 3TO CUNA TAXECTH Mg, HOp-
MajlbHAs CUJa peaklMH, MOAYJb KOTOPOM paBeH Mg CoS @, U CUJa TpeHUsl, Mo-
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nYJb KOTOPOM ITPH NPOCKaJIb3bIBAHHH KOJIEC, OYEBUAHO, paBeH wmg cos a. OgHako
3[€Ch 3Ta CHUJIa TPEHUSA BEAYUIMX KOJIEC O AOPOrY HAIpaB/leHa BBEPX IO CKJIOHY
M NP 1oAbeMe aBTOMOOUIIS B ropy COBEpLUAET IMOJIOXHTEIbHYI paboTy.

XOTH INPHU U3BECTHBIX CHUJIax 3a4aqyy MOXHO PEUIMTbh AMHAMHUUYECKH, NTPoLIE clie-
J1aTh 3TO € MOMOUILK 3aKOHA COXpaHeHUd sHepruH. [IpupaBHgeM U3MEHEHHUE 10/~
HOM MeXaHHUUeCKOH 3Hepriu 3a BpeMs IoAbeMa OT IIOAHOXbS ropbl, IAe aBTOMOOU L
HMeJ CKOPOCTbD U, 110 BBICOTHI A, Tie €ro CKOPOCTh o6paTuiach B HY/ib, paboTe cujibl
TPEHUS umg cos @ Ha NyTH [ = A/ sin a:

2
mgh—ﬁ%zpmgh cig a. (8)

OTclona Ana KBaapata HeoOXOAMMOM CKOPOCTH PasroHa MojydaeM
v2=2gh(l —u ctg a). (9

JTOT OTBET CIIpaBeA/IUB, pasyMeeTcs, JIMIUb TOrga, Korga cujia TPeHHUS He
B COCTOSHHHM YHOEpXaTb aBTOMOOMJIb Ha CKJIOHE, T.e. Koraa u <tg a. M3 oTsera
(9) BHOHO, 4YTO TpeHHe BedyIUMX Kojec O CKJOH [eHUCTBUTENLHO IIoMoraer
MpeonoseTh MOOBbEM: TPH OTCYTCTBUM TPEHUS HYXEH Obll Obl pasroH A0 CKO-
pocth v =V2gh. Hmenno sro u paer dopmyna (9) npu p=0. U3 atonn
GopMyJibl TaKxke BUAHO, UTO LJIS TMOABEMA HAa OAHY M Ty Xe BBICOTY A HYXHAa
TeM GosibLIas CKOPOCTh pasroHa, yeM Kpyde ckioH. Ha Gosiee mosoroM ckioHe
M cama cuia TpeHus Oosibiie, W [JHMHHee IlepeMellleHHe, Ha KOTOPOM OHAa
COBeplUAeT TOJI0XUTEIbHY paboTy.

Ecnu  aBToMOGMIbL  OCTAaHOBWJICA, He JOCTHIHYB BepLIMHBI, TO TpH
W <tga oH Oymer cronsaTh BHU3 AaXe Npu pabortawileM asdratene. Cuna
TpeHUust 1po0YyKCOBBIBAIOLIMX KoJlec O cKJloH OyAeT Ternepb coBepllaTb OTPHU-
natenpuyio pabory. CKopocTh v, KOTOpy aBTOMOGM/L GyneT HMMeTb y OCHO-
BAHHUSA, CHOBA MOXHO OIPENEe/IUTh C TOMOILBIO 3aKOHAa COXPAHEHMUS JHEPIUH,
Tak Kak HaBepXy OH HMMeeT ToJIbKO INMOTEHUMAbHYIO 3HEPryio mgh, a BHU3Y —
TONIbKO KMHETHYecKyl mu'/2, To
mu'?
2

— mgh= —umgh ctg a (10)

OTciona ans v Haxogum
v2=2gh(l —pctga). (11)

CpasnuBaa (11) u (9), 3ameuaeM, 4To CKOPOCTb v CIIOM3UIETO CO CKJIOHA
aBTOMOOM/IA COBIAAAET CO CKOPOCThK U, A0 KOTOPOM oH Oblan pasorHaH nepen
HayajoM rnogbeMa. XOoTs 3TOT pesy/bTaT MOXET II0KasaTbCs M HEOXMOaHHbBIM,
HO, HEMHOro MOAYMaB, MOXHO NPHUATH K BbIBOAY, YTO MMEHHO TaK M [OJIXHO
6b1Th. Bosiee Toro, B 3TOM MOXHO y6eguThcs M3 caMblx OOLMX coobpaXXeHUH,
BooOlile He BbINMCbIBAS HUKaKUX ¢opMy. [lejio B ToM, 4TO B JaHHOM cjyuyae
CHUNa TpeHMs BeAyLIMX KOJIEC O CKJIOH He MEHSET CBOero HallpaB/ICHUS TpH
U3MEHEHWM HarnpaB/eHUs [JBUXeHUs aBToMobunda. B 3toM 3akiouyaetcsa ee
NPUHLIMIIHAILHOE OT/MYHE OT OOGbIUHOM CHJIbI TPEHUA CKOJBbXEHUSA, HaIpas-
JIEHHOM TPOTHBOIONOXHO CKOPOCTH.

B paccMaTpuBaeMOM IpUMepe HajlWuHMe TPEHHUSI 3KBUBAJICHTHO JOIOJIHM-
TeJbHOMY CHJIOBOMY TIOJIO, KOTOpoe Kak Obl yMEHbillaeT HanpasjieHHYK BIOJb
CKJIOHA COCTaBJIAIOLLYI0 IOTEHUHATbHOH CUibl TaXecTH. [loatoMy npH To# Xe
HayajbHOM CKOPOCTH aBTOMOGHJIb TMOAHUMAETCH M0 CKJIOHY Ha OOJbLIYIO Bbi-
COTY, 4eM B OTCYTCTBME TPEHHA, a COCKOJIb3HYB Hasaj K TOAHOXHIO, NpHOO-
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peTaeT TY XK€ CKOpPOCTb, 4YTO M Nepel MOObeMOM. JTO, KOHEYHO, He O3HauaerT,
4YTO CHUCTeMa KOHcepBaTMBHA WM B HEH He TMPOUCXOAUT AMCCHUMALUM MeXaHHU-
4YeCKO# 2Hepruu, T. e, NMpeBpalleHUs ee B TEIJOTY: NpobyKcoBbiBaIOME KoJeca
M TNOBEPXHOCTb HOPOrM HarpeBawTcs. BocnonHeHue mnoTeps MexaHUUYECKOH
SHepruMu obecneunBaer paboTawlUi OBUAraTesb.

OTMeTUM, uTO B 3TOM M B NpeabiAyliei 3afauax 3aK0OH coOXpaHeHHUs UMIyJbca
He Kcnosb3ayeTcs. B aTUX cayuasx oH 6b11 6ecrosieseH MoTomMy, 4To Bo B3aauMogel-
CTBHUM ¢ paccMaTpHUBaeMbIMU Te€JaMU y4acTBOBaso «6onbllioe Teno» — 3eMs, KOTo-
poe cuMuTasnoch HernoAdBUXHbIM. M3aMeHeHHeM KMHeTHYecKOM 3Hepruy 3eMau MOX-
HO Ob1s10 NpeHebpeub U3-3a ee OrpoMHOI Macchl. B To ke Bpems yyacTue 3eMau B
paccMarpHBaeMblX Npolieccax aBToMaTH4ecKH obecrneurBasio BbiNoHEeHUE 3aKoHa
COXpaHeHHUs UMNyJbca A8 Bcel cucTeMbl. CKasaHHOe CrpaBensMBO B TeX cayda-
SIX, KOrOa UCTOIb3YeTCs CUCTeMa oTcYeTa, rae 3eMis HernoaBuxkHa. Huxke Mbi nog-
pobGHee ocTaHOBMMCS Ha BOMpoOCe O TOM, Kak ObiTb, KOrAa B BbiGpaHHOM cHUcTeMe OT-
cuera 3eMJs ABHXKeETCS.

YOauHelit BbIGOp MCMONb3YEMOM MHepLMalbHOM CHUCTEMBI OTCYETa, KaK U MpH
pelleHHUH 3a]ay KMHEMATUKH U OUHAMUKH, MOXeT CYIEeCTBEHHO o6JeruuTh co-
cTaBJleHUe ypaBHeHHW I NMpY UCNO0Ab30BAHUH 3aKOHOB coXxpaHeH s, B kauecTBe npu-
Mepa paccMOTPpHUM CreAYIoWYo 3ajauyy.

4. Ckeo3v dauxywiyioca O0ocky. Tlyns Maccel m, JeTsiias FOPU3OHTAJBLHO
CO CKOPOCTbIO Vg, MpoOHBaeT HACKBO3b OOCKY TOJIUMHbLI d, KOTOPYIO MepeMelia-
IOT ¢ MOCTOSHHOM CKOPOCTbIO ¥ HaBcTpewy nyse. IIpu OBHXeHUU BHYTPHU HO-
CKU MyJs WCMBbITbIBaeT OeHCTBHMe MOCTOSHHON CH/bl comporTuBienus F. C ka-
KOM CKOPOCTbIKO U MYJS BbIJETUT W3 AoCKH?

PeweHnue. QueBHMOHO, YTO O 3aKOHE COXpaHEHUs HUMITy/bca NpH pelleHHH
JaHHOM 3ajayd MOBOPUTH He TNPUXOOUTCS, U6GO MO YCIOBHIO HOCKA OBUXKETCH C
3afaHHOMN NOCTOSIHHOM CKOPOCTbI0, HECMOTPS Ha TO,

- — 4YTO Ha Hee JeNCTBYeT cUJa CO CTOPOHbI NMpobuBa-
rouieit ee nyau. [Ipu cocTaBieHuu ypaBHeHUs Ga-
v d JNlaHca 2Hepruy cieayer yuyWUTbIBaTb TOJIbKO KHHE-
— | THUYECKYI0 SHepryio nynu, ubo noreHuHanbHas
3Heprus B M10JIe TSXKECTH NPHU MOPU3OHTAbHOM I10-
JeTe HeU3MeHHa.
d-s HM3meHeHHe KUHETHUYECKOM HEPrUU NyJad MpU
_’_g_}‘_ npobuBaHUMU HOOCKH paBHO paboTe cHibl compo-
TUBJEHUs F:
2 2
| e (12)
el — —
roe § — MOHOY/b NepeMellleHUs nynu B nabopa-
TOPHOM MHEpLMaNbHOM CHUCTEME OTcueTa 3a TO

BpeMs, MOKa Nyns OBUXKETCS BHYTPU OOCKH M Ha
Puc. 124. Tyna npobusaer 10~ Hee meiicTBYeT cuia cONMpOTUBieHUs F. OueBWa-
CKY, ABMXKYLIYIOCH HABCTPEYY  jo  yTo § MeHbile, YeM TOMMMUHA OOCKH d, Mo~
CKOJIbKY HOCKa OBHUXeTcs HapcTpeuy nyne. Tex-
HUUECKOE YCNOXKHEHHE NpU pelleHWW 3TOM 3ajaud B 1abopaToOpHOil cHcCTeMe
OTCueTa BO3HMKAeT M3-3a HeOOXOOWUMOCTH OmNpelelWTh 3HaueHUe .
[Ipy meicTBUM NOCTOSHHON CHUbl F Mynsi OBUXKETCS BHYTPU OOCKH ¢ IO-
CTOSHHBIM yckopeHHeM. [l03ToMy cpefHsis CKOpPOCTb Nyau B [OCKE paBHa
(vg +v)/2, a Bpems mBuxenuss — 25/(vy +v). Jlocka 3a 3T0 BpeMsl MPOXOOMT
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paccTogHHe d — s (puc. 124), gBurasach ¢ TOCTOAHHOM CKOpocTbl u. [loatomy
CTIpaBelIMBO PABEHCTBO

2s d—s

v, +v u

0TKyZAa
v, t+v

= v+ v+2u

MMoxacTaBass a10 3HayeHue B ypasHeHHe (12), TpUXOAMM K KBafpaTHOMY ypas-
HEHHIO /19 MCKOMOI CKOPOCTH U:
2F
v2 4+ 2uv — v — 2vgu + —d =

OTcroga HaxoguM

2F,
v=—uxY(uy+u)?— *—~md .

npuuyeM q)HSH‘{CCKHﬁ CMBICTT UMEET TOJIbKO KOPEHb

v= —u+ | (v + )2 — 2Fd. (13)

B dpyezou cucmeme omcuema. Peluenue sToit 3agauu 3HaYUTENbHO YNPOLLAET-
cs, eCJIM NepelTH B APYTYI0 MHEPLHAIBHYIO CHCTEMY OTCUETa, B KOTOPOK 10CKa He-
noaBuUxHa. B 3Tol cucTeMe oTcueTa CKOPOCTb MYJIH A0 BCTPEYM ¢ JOCKOMH paBHa
vy + 1. [lyThb, NPOXOAMMBI NyJieH B JOCKE, PaBEH €€ TOJIIMHE d, TAK KaK A0CKa He-
noABuxHa. O603HAYHB CKOPOCTb MYJIM HA BbIXOAE M3 JOCKH uepes v/, 3amuilieM
ypaBHeHHe GasaHca SHEpryH B 3TOM CUCTEME OTCUeTa:

m;" _ m(v02+u)2 - —Fd (14)
Orcroga
(v + 1)? — 2Fd (15)

Jns ckopocTH v BblIeTeBLUEH Ny B na60paTopHoﬁ CHCTeMe oTcyeTa, paBHOM
v =" — u, NonyyaeM, pasymeercs, NpexHee 3HadeHue (13).

O06paTHM BHUMaHHE Ha TO, YTO MOAKOPEHHOE BbipaxeHHe B (13) uau (15) mno-
JIOXKHTENILHO NIPH YCJIOBUM, YTO Ny AeHCTBUTENbHO NPoGHBAaET JOCKY HACKBO3b.
Ucnonb3oBaHue yrauHo BbIOpaHHOM CHCTEMBI OTCYETA He TOJIBKO YTpollaeT MaTe-
MaTHYeCcKHe BbIKJAAKH, HO U oberyaer oT6op pelueHHit, UMeLHX HHUINUECK Uit
cMbich. JleficTBUTeIbHO, NpU Nepexofe oT (14) kK (15) HaM He NpHAeT B TOJIOBY pac-
CMAaTpUBaTb OTPULATE/ILHOC 3HauYcHHUE KBaApaTHOI'C KOpHSHA (‘{TO COOTBETCTBOBAJIO
Obl OBHXEHHIO NYJIM He oT NpoGHTO e AOCKH, a HaoGopoT, K AOCKE), B TO BpeMd
KakK npu oT6ope umMeroLlero pHU3HUecKHit cMbic KopHs (13) KBaapaTHOrO ypaBHe-
HHS TAKOH BONPOC HeH30eXHO BOSHUKAET.

5. Mapadokc kuHemuyeckol 3Hepeuu. [Isa aBTOMOOMAS ABUXYTCS MO LIOC-
ce ¢ OAMHAKOBOM CKOPOCTbIO . B HEKOTOpbI MOMEHT OAWH M3 aBToMOOHWiIEH
(A) HauMHaeT pasroH MU npHobpeTaeT CKOPOCTb U OTHOCHTENLHO BTOPOTO aBTO-
Mobuns (B), B TO BpeMs KakK BTOpPOi aBTOMOOWJIb TpOAONMXKaeT ABHraTbCA €
NpeXHel CKOpOCTbIO U OTHocHTesbHO 3emau. [ns HabnopaTens, HaxoAsLlero-
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cs B aBTomMobu/le B, yBenMuyeHWe KMHETHYeCKOW 3Hepruu aBTomMobuns A pasHo
mvt)2, rae m — macca aBToMobuns. Jlns HaGMOZaTeNst, CTofmero Ha 3emJe,
KUHeTHUYecKas SHeprus asTomobuns A 3a BpeMs pasroHa yBe/JMuMBaeTCs OT
mv?/2 mo m(2v)}/2=4(mv*/2), Tak uTO ee mNpuUpalieHUe COCTABJSET
3(mv?/2). Mexgy TeM B ofedX cUCTeMax OTcHeTa yBequYeHUe KUHETHUYECKOH
SHepruud Mpousollio 3a cYeT CropaHus ORHOro M TOro Xe KojudectBa GeH3uHa.
Kak 06bsacHUTL 3ToT nmapagokc?

Pewetnune. Tlapagokc BO3HMKAET TOJIBKO B TOM cJiyyae, KOra Mbl IIbITa-
eMCSs CBSI3aTb yBEJMYEHHE KMHETUYECKOW 3HEpPruu aBToMobu/Is C sHepreTuue-
CKMMM 3aTpaTaMH, T.e€. C pacXodoM TOMaMBa. [leHCTBUTE/NBHO, YBeJMUeHMe
KWHETHUECKON 3HEPrid 3aBMCHUT OT Bbibopa cucTeMbl oTcyeTa, a pacxol Toil-
AuMBa — HeT. Eciv paccMaTpuBaTh NPOMCXOAALIMA [polecc B paMKax Teope-
Mbl 0 KMHETHUECKOW 3HEPruM, COMVIACHO KOTOPOH ee M3MEHeHWe PaBHO COBEp-
IIeHHOM Hal cucTeMoi pabore, TO HHKaKoro mnapagokca Her. B camoM gene,
MPeArioNoXUM IS MPOCTOTHI, YTO Pas3roH MPOMCXOAMT C IOCTOSHHBIM YCKope-
HueM a. Torma B cUCTeMe oTcyeTa, CBS3aHHOM ¢ 3eMiel, NepeMelleHUe S,
aBTOMOOM/IA 3a BpeMs pasroHa f ecTb

1
$1= (Up) I = 7 v+ 2v)t = ut,

oW

a cosepliaemasl pasfOHSAWLICH aBToMO6UIb cuol F = ma pabora pasHa

3 3
Ay=Fsy=35mavt=> muv2,

B cucTeMe oTcuyeTa, cBS3aHHOM ¢ aBTOMOOUIeM B, cuna F, oueBUAHO, UMeeT TO
Xe caMoe 3HaueHHe, a NepeMelleHM e s, aBTOMOOMAA A yXe UHoe:

1
Sy = (Up)at = 3 v,
M COOTBeTCTBeHHO pabora

A, = Fs, =% ma vt = % muvZ.

HTak, Mbl BUOMM, YTO B KAXAOM CUCTEME OTCYETA MU3MEHEHUE KUHETUYEeCKOoH
JHepruu paBHO coBepuieHHOM paboTe, XOTH caMy 3HAYeHUS ITUX BEJTUYUH 3aBUCHT
oT BbI6opa CUCTeMBbl OTCUeTA.

TMoyemy Xe NpY OAMHAKOBOM pacXofle TOT/IMBa coBepluaeTcs pa3Has pabora?
TMono6Hbifl napanokc BO3HUKAET MOTOMY, YTO B MpHUBEJEHHBIX pacCyXAeHUAX He
yuMTBbIBaNach KMHeTUUECKas aHeprus 3eM/I U ee U3MeHeHWe NMpY B3aUMOAEHCTBUN
KoJlec pasroHslIerocs aBTomMobuns ¢ noporoit. Eciv aTo u3MeHeHUe yyecTb akKy-
paTHO, TO HUKAKOro napagokca sooblle He BO3HUKAET U 3aKOH COXpaHeHHUS 3Hep-
MY, pasyMmeeTcsl, OKa3biBAETCS BbIITOHEHHbIM.

BuibepeM cHauajma cucTeMy oTcuera, B KoTOpod 3emist HeNnoOBUXHa, U
paccMoTpuM (BH3UYECKYI0 CUCTEMY, cocToslylo M3 3eMau maccel M (co Bce-
MU HaXoAflMMUCS Ha Hel NpeAMeTaMH, BKoyas asTomMobuns B) U pasro-
HAwllerocs asToMobuns A. B aToll cucTeMe oTcueTa MOJIHBIA MMNYJabC pac-
cMaTpMBaeMoil cucteMbl paBeH mvu, UMnynsc aBToMo6ung B, Kak U HMITyJbCh
BCEX OCTa/JbHBIX OBUXYIUMXCA Mo 3eMie aBTomobuneil, Moe3foB M T. A., CYH-
TaeM BKJIIOYEHHBIMU B MMIYJAbC 3eMJIM, KOTOPbL 10 pa3roHa aBToMobuns A
paBeH HYJIO.
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IMocne pasrona 3eMnis, UCTIBITbIBAS OTAAYY, MPHOOPETAET HEKOTOPYIO CKOPOCTb,
NIPOEK LIMI0 KOTOPO# Ha HarpaB/ieHHe ABUXeHUS aBToMOOMSA obosHaunum AV, Cko-
pOCTb aBTOMOOMIA A B 3TOM cHcTeMe oTcueTa noc e pasroda oyger 2v + AV, Ybe-
JUTbCS B 3TOM MOXHO clieRytonM obpasoM. ITo ycnosmio 3agauu A pasroHsercs o
CKOPOCTH U OTHOCHTENbHO B, a CKOpoCcTh B OTHOCHTENBHO 3eMJIH He U3MEeHUACh,
T. e. B BbIOpaHHON CUCcTeMe oTcueTa cTana pasHoit v + AV,. TToaToMy cKopocTs aB-
ToMoOMNA A, KoTopas ellle Ha v Gonblue, paBHa 2v + AV,

Tlo 3akoHy coxpaHeHUs UMNyJbca

mv=MAV, +m(2v + AV},

oTKyZa

m

AV, = —1

HsMeHeHHe 3HEprUH BceH paccMaTpUBaeMoOil CHCTEMBI

AE, =3 M(AV)2 + 3 m(2v + AV)? — 2 mu?. (17)
TMoacrasnas 8 (17) AV, u3 (16), HaxonuM
=1 2 (18)
AE, = 5 MV T

B dpyeoii cucmeme omcyema. PaccMOTpHUM Tenepb Te Xe NpoLecchl B CUCTEME
OTCuUeTa, Fae BHauaJse aBTOMOOM/IN HeNoABUX HbI. B Hell MpoeKLIUsA CKOPOCTH 3eM/TH
cHauasia paBHa —Uv, a IOTOMY MOMHBIA UMITYTLC CUCTeMb! ecTh —Mu. Tocne pasro-
Ha aBTOMOOMNS A cKopocTh 3eman M3MeHuTcd Ha AV, U cTaHeT paBHOWM
—v + AV,. CkopocTb aBTOMOOWNIA A B 3TOM CHCTeMe OoTCueTa foc/le pasroHa pasHa
v + AV,. Ilo 3aKkoHy coxpaHeHUs UMNynbca

—Mv=M(—v+ AV,) + m(v + AV,).

Otcioma ans AV, nomyyaeTcs To Xe 3HaueHMe (16), uTo U gns AV,: U3MeHeHMe
CKOpOCTeH, pasyMeeTcsl, ofMHaKoBo B o000l cucteMe oTcuera. UsMeHeHHe aHep-
run AE, Tenepb 3anuiuercs B BUie

AEy=3 M (—v+ AV)2 43 m v+ AV;)? — 2 M2,

TMoacrasnss cioga AV, = —uvm/ (m + M), nonyuyaeMm
_1 . 3
AEy =3 mv* 7o

BuaHo, uTo usMeHeHHe MeXaHUUYECKON 3HEePrUM Bcel paccMaTpHUBaeMOi CHUCTEMbL
nofydyaeTcs ogHHAKOBbLIM He3aBUCHMO OT BbIOopa cUcTeMbl oTcueTa. TakuMm 00-
pasoM, 3aTpaTkl TONJIMBA NPHBOAAT K YBE/NHUEHHIO MEeXaHHUecKoil 3Hepruu Bcei
CUCTEMBI Ha BeIMUUHY, AaBaemylo dopmynoil (18). B pa3ubix cHcTeMax oTcueTa
3Ta 3HEPrus Mo-pasHoMy pacnpefensercs Mexny 3eMiel U pasroHSIOUMCS aB-
ToMoGHUNeM. OHa MOYTH LCNHUKOM ricpchaeTcs aBTOMOOM/IO B CHUCTCMe OTCYeTa,
rie 3eMsas HenomBuxkHa. ITockonbky m/M << 1, To B 3TOM cHCTeMe oTcueTa as-
ToMOGMITb NOTyYaeT 3Hepruto 3 (nv?/2), 4To coBNafaeT ¢ NPUBEAEHHBIM B YCOBHH
3ajauM 3HaueHHeM, KoTopoe cpasy noJydaercs npH npeseOpexeHHH ornaued
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3emau. B aToit cucTeMe oTcueTa ACHCTBHUTEILHO MOXHO NpeHebperaTb oTAaueit
3eMiH, a B APYrHX CUCTEMax OTcYeTa — HEeJb3s, HECMOTPS Ha TO, YTO M3MEHEHHUE
CKOPOCTH 3eMJIM BCIOAY OAMHAKOBO M HHMUTOXHO Majo, Kak 3To BUAHO M3 (16).
Msl ewle BepHeMcS K 3TOMY MapafoKcy «Bosbuioro Tena» B CBA3M ¢ 3ajavyaMu
KOCMHYECKOM AMHAMMKH.

o [IloyeMy npu peilieHUH 3adaud | o NMafcHUU rpy3a Ha TNOABELIEHHBIM K MpYy-
KUHE AMCK HeNb3fl NPUMEHMTb 3aKOH COXPAHEHUS MEXaHUYECKOM 3HEPTUH
KO BCeMy mpoieccy B uesom?

e O6bacHHTE, KakuM 00pa3oM TMOTCHLMAJbHYIO 3HEPTrHIO rpys3a B Moje TH-
XECTH MOXHO BKJIOYHTb B YINPYTYIO MOTEHUHMANBHYIO 3HEPTHUIO MPYXHHBI,
K KOTOPOM OH MOABEUICH, M He YUMUTHIBATb ¢¢ SBHO B ypaBHeHMM OanaHca
SHEPruH.

e O6mwsacHuTe noapobHO, moyeMy B 3amayax Z M 3 MoxHo npeHebpeub M3-
MEHEHHMEM KHHETMYECKOH BSHEeprMu 3eMJIM 1PpH COCTaBJCHHWM ypaBHEHHS
fanamHca 3HepPrMM M B TO Xe BpeMsa YTBEpXAaaTb, YTO YYeT H3MeHeHHSA
uMnyabca 3emiad obecrneurBaeT BbIIONIHEHHE 3aKOHA COXPAHEHHS WMITYJib-
ca BCEH CHCTEMBI.

e Kakylo ponb MrpaloT 3aKOH COXPaHEHHUS 3HEPrMH M BTopoit 3akoH HeloToHa
NpH peilieHWH 3agauu 2?7

e JlokaxwuTe, YTO NMOAKOPEHHOE BbipaxkeHWe B dopMyaax (13) uau (15) 3ana-
UM 4 TOOXHMTENbHO, eC/M 1yns npobUBaeT J0CKy HACKBO3b.

e TIlpu nepexone oT oAHOM MHepLMabHOM CHUCTEMbl OTCUETa K APYroit M3MEHS-
€TCS HE TOJBKO 3HauyeHHEe KMHETHYECKOM DHEPrHH Tesla, HO M ee U3MEHEHMe
B KakoM-aubo npouecce. IloueMy Xe npH TakoM NEPexoAe ocTaeTcsd crpa-
BEI/IMBbIM YPaBHEHHE, Bblpaxkalolliee 3aKOH COXPaHEHHS SHEPruu?

§ 36. KocmHuecnans pHHAMHKA H 3aHOHbI COXPaHEHMS

AHaNUTHYECKOE peUICHME AHHAMMYECKOW 3aJauM O OBMXXCHHUM Teaa B
UEHTPAaNbHOM TIPABUTALMOHHOM T10Ji¢, HATNPUMEP O ABMXXCHUM IJIAHET
BOKpyr CO/MHUA MAM UCKYCCTBCHHBIX CINYTHUKOB 3¢MJIM, COTIPSXEHO CO
SHAYUTEJIBHBIMA MATEMATAUYECKUMU TPYRHOCTIMM. MeXay TeM OTBETH
HAa MHOPME BOTIPOCHI, KACAKOIIMUECH 3TOTO ABUXKEHUSI, MOXHO CPABHUTE/Ib-~
HO MPOCTO MOJAYYUThH C MOMOLIbI 3aKOHOB COXPAHCHMS,

Bropag kocMuueckas CKOpPOCTb. lIpexpae BCEro OINpEmcJuM BTOPYK
KOCMHMUECKYIO CKOpPOCTh V7, T.€. MHHMMAJbHYK CKOPOCTb, KOTOPYIO
HYXHO COOOIIMTh HAXOAAUIEMYCS HA TOBEPXHOCTHM 3eMJM Teay and
TOro, uToObl OHO YAAJWIOCh HA BGECKOHEYHOCTh (€€ YacTO HA3BIBAIOT
TaKXE CKOpocMmbio 0cdoboxdenus). Hng uactHoro cayuas tena, Opo-
WIEHHOTO BEPTHKAABHO BBEDPX, 3TA CKOPOCTh ObliA yXe HAaMJCHA B 3a-
paue 1 § 33.

Haiiziem Teneps BTOPYIO KOCMHYECKYK CKOPOCTh B o0WIieM cayuae.
TIpolue Bcero 3TO ¢AEAATh, UCIOAB3Yd 3AKOH COXPAaHCHUS SHEPrUK. Byaem
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CUUTATh, YTO ABUrATENH DAKETHl CPabaTHIBAIOT HEMOCPEACTBEHHO y MO-
BEPXHOCTH 3eMiH, cOOOMIAIOT paKeTe HEOOXOAMMYIO CKOPOCTh M BHIKJIIO-
vaforcst. KuHeTHueckas SHeprusi TeJa npy 3anycke paBHa mVy/2, a no-
TEHUMATbHAS DHEpras BOIM3H NMOBEPXHOCTH 3emyu pasHa —mgR. Tlo-
Has MEXaHHYECKasd SHEPrust

2
mVy

2

= — mgR

B cBOOOJHOM MOJIETE OCTACTCS HEM3MEHHOH. B KOHEUHOM COCTOSHMH,
KOrAa pakeTa yAanauaach oT 3eMJM Ha OECKOHEYHOCTh, €€ MOTCHIM-
ajbHas HEprusi paBHa Hyso. OueBMIHO, YTO HEOOXOOMMAsl HauaslbHas
CKOpOCTb OymeT HauMEHbIIEH, €CIM B KOHEYHOM COCTOSHMH CKOPOCTb
paketel ofpatutcs B HyJb. CJEIOBATENBHO, B KOHEYHOM COCTOSTHUH
NoJHAY MEXAHWUECKasd JHEPrUd pABHA HYJKO U BCACACTBME 3AKOHA CO-
XPAHEHUS IHEPIuM

V2
m2 n_ mgR =20,
OTKyAa HEMEAJICHHO MOJIy4aeM
Vy=V2gh = 11,2 km/c. (1)

Pakera ymanutca Ha OECKOHEYHOCTb HE3aBHCHMO OT TOro, B KaKOM
HanpaBAeHHH COOOILEHA €i BTOpAas KOCMHUUECKAS CKOPOCTb, XOTH TpPaeK-
TOpMM ABHXXEHMS MpPH ITOM, pasymeetcd, OyayT pasHeiMH. Ho BO Bcex
ciyuaax 310 OyayT napabosibl, XOTS ¥ C pa3HbIM MOJOXEHHUEM OCH CHM-
METPDUHM U KPYTH3HOH BeTBEH.

Oco0eHHOCTH ABMXKECHHUS TeJa B HBIOTOHOBCKOM MOJIE TATOTCHHS
ymo0Hee BCEro M3yuaTh HAa KOHKDETHBIX mpumMepax. B oTtoMm naparpadpe
OydeT paccCMOTPEHO HECKOJbKO MPUMEPOB M3 KOCMHYECKOM AMHAMMKH
IBVXXEHHMS CMyTHUKOB B TPABUTALMOHHOM noje 3eM/JU Ha OCHOBE 3aKO-
HoB Kensiepa M 3aKOHOB COXpaHCHHMS.

IMMpumep 1. Om 3emau no paznbim mpaekmopusm. C nomoca
3eMJM 3anycKalT ABE paKeThbl, OQHY BEPTHKAJIbHO BBEPX, APYTYIO rOpH-
30HTasbHO. HauanbHele CKOpOCTH O0EMX PakKeT paBHHI vy, NMPUUEM v,
fosblIE MEPBOM KOCMMUECKONH CKOPOCTH M MEHbLIE BTOPOil. BBISICHMM,
KakKas M3 pakeT yOAJMTCA JajbIie OT LEHTpPa 3€MJIM M BO CKOJBKO pas.
ConpoTtusjicHueM BO3ayxa OydeM npeHeGperarts.

Paccmotpum BHauase Gosiee MpocToi Cayuai, KOrma pakeTa 3amy-
CKAeTCd BEPTUKAJBLHO BBEPX. Il0CKONBKY €IWHCTBEHHAA CHJa, AECHUCTBY-
0las Ha pakeTy B CBOOOAHOM MOJMETE, €CTh CHJA NMPUTSXKEHUST K 3eM-
Jie, HANparjecHHAs BEPTHUKAJIBLHO BHU3, TO PAKETa MOJETUT MO MPSIMOH,
Mpoxogdiled yepe3 ueHTp 3eMad. Tak Kak HauvajbHAas CKOPOCTh pake-
Tbl MEHBIIE BTOPOH KOCMHUECKOM CKOPOCTH, TO pPaKe€Ta Ha HEKOTOPOM
paccTOSHUM /| OT LEHTPa 3EMJIM OCTAHOBMTCS M HAUHET MajaTh Ha3ald.

Touxky MakKCMMAaJBHOrO yJAJIeHHS MpOLIE BCEr0 HANTH U3 DHEPreTuue-
ckux coobpaxeHuil. JIeMCTBUTENBbHO, TAaK KaK MOJHAS MEXaHUUEcKas



218 III. 3AKOHBbI COXPAHEHHU A

IHEPrusl CUCTCMBI paKeTa—3eMJsl COXPAHSETCsd, SHEPrus B HAuyane ro-
neta (mv}/2 — mgR) paBHa JHEPrHHM B TOYKE OCTAHOBKM (—mgR?/r)).

Otciona cpasy HaxXoOuM pacCTOSHME MAKCHMAJIBHOIO YAAJNEHHs OT LiEeH-
Tpa 3emau:

2gR>
I‘l = 2
2gR -y

(2)

Tlpexne yeM BHIUMCISTL BEIMUHHY MAKCHMMAJbHOTO YOAJCHMS pake-
Tbl TIPH TOPM3OHTAIbLHOM 3aMycKe, BRISICHHM BOMPOC O (hopMe TpPaeKTo-
pun. TTOoCKONbKY HauyaibHAs CKOPOCTh PAKETH TPEBHIILAET MEPBYIO KOC-
MHUECKYIO, HO MEHbBIIE BTOPOH, pPaKeTa ABMXKETCS Mo LIMICY, Y KOTO-
poro (POKYC HAXOAMTCA B LIEHTpe 3eMJHM, a HAyajAbHAs TOYKA MOJIera
siBJeTCsl mepureeM. BosibIIas och 3/UIMNCA MPOXOOUT YEpe3 3TY TOUKY
1 ueHtp 3eman {puc. 125). Harepecyomas
HAC Touka HauboJbLIEr0 YAAJEHHS OT LieH-
Tpa 3eMyM — anored — JEXHUT HA MPOTH-
BOMOJIOXHOM KOHIIE BOJBIIOM OCH, M CKOPO-
CTb DaKeTH v, B 3TOH TOYKE, pazyMeercd,
OTJIMYHA OT HYJIS M HanpasjieHa neprneHau-
KyJasipHO 00JIbLION OCH 3JLIMMCA.

Inst HaxoXneHWs 3HAYEHUS r, OMNSITH

MOXHO BOCMOJBL30BATLCS. 3aKOHOM COXpaHe-
HHUs DHEPTUH:

z M ) >

muv, ng _ ngZ (3)

Puc. 125. Dnauntrueckas opou- YXe OTCIONa JIErko YBUACTDb, HTO MaKCH-
Ta MU rOPMIOHTANLHOM Hanpas-  MAJIBHOE YIAICHHE PAaKeTHl r, B 9TOM CIy-
JIEHHH HAUAJBHON CKOPOCTH yae 6yneT MCEHBbIIE, UYEM r,. YpaBHBHHe

(3) comepXMT gBEe HEM3BECTHHIC BEJMUMHBI
v, M r, ¥ MOITOMY HMMeeT OecuMc/eHHOE MHOXeCTBO pemeHuit. Yto
Obl 2T0 MomIo o3Hauyath? llepeunTas eme pa3 HAWIKM PACCyXAEHHS,
JIETKO 3aMETHTb, YTO B YPAaBHCHHME 33aKOHA COXPAHEHHMS! 3IHEPTHM HE
BOLLTM HHKAKHE TIPH3HAKH, KOTODHE XapaKTepH30BaIM OBl TOUKY 7,
KaK TOUKy Haubosbiiero ynasneHus. TOYHO Takoe Xe ypaBHEHHE Mbl
noayynad Oul M A K000 APYroi TOUKM TPAGKTOPUH., 3aMeTuM, 4TO
B TNEpBOM ciayyae (MpH BEPTHKAJIbHOM 3aMyCcKe PaKeTh) TOYKA Mak-
CHMaJbHOTO yaaseHust Oblia yXe BHIJE/JEHa B YPaBHEHMHM 33KOHA CO-
XPaHEHUs SHEPIHH, TAK KAK TObKO B 3TOH TOYKE KMHETHUECKas SHep-
rusg pakern obpam@aercs B HyJb.

Kakoe xe ycnosme cnenyer no0aBuTh K ypaBHeHMIo DanaHca sHep-
MU BO BTOPOM CJyuae, utoObl yuecTb OCOBEHHOCTH TOUKM Haubosblie-
ro yaajeHusd, OTJMYAIOMME €€ OT BCEX OPYrHX TOueK Tpaekropuu? Mel
yXe 3aMEeTHIH, YTO B ITOM TOUKE CKOPOCTb NEPNEHAMKYJISpHA Hanpas-
 sennio Ha uenrtp 3emun. TOYHO TAKHMM Xe CBOHCTBOM ofJagaer M Ha-
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YaapHAs TOYKA TPAEKTOPHH: MO YCJAOBUI HAYAIbHAS CKOPOCTH PAKETHI
v, MEPNEHAUKY/ISPHA HANpaBICHUI0 Ha ueHTp 3emau. Bo Bcex ocrans-
HBIX TOUYKAX TPACKTOPHH ITO HE TAK. ITOT (PAKT MO3BOJSIET B MPOCTOM
BUAE MPUMEHUTH BTOPOM 3aKOH Kemaepa o MOCTOSHCTBE CEKTOPHOM
CKOPOCTH TpPH JBMXXEHUHM B LEHTPAJIBHOM MOJIE:

UoR = Uyl

Tenepsr MH MMEEM CHCTEMY yPaBHEHUM JUIS ONPENETCHHS U, H I,

MPUYEM M3 HAWMKX PACCYXAEHHH BHTEKAET, YTO 3TA CHCTEMA JOJKHA
MMETh [BA PELIECHMs,, COOTBETCTBYIOIMX Mepurerd u amorer. Jlerko
yOenuThCd, YTO MOC/E MOACTAHOBKU v, = vy R/r, ypaBHeHue Oasnauca

SHEPTMH TpPEBPAMIAETCS B KBAJpaTHOE YPAaBHEHUE OTHOCHUTEJBHO F,,
KOPHH KOTOpOrO paBHb R u r, = vR/(2gR — v3). CpasHuBas r, ¢ r,,

NoJy4YaeM
2
r 26R |4
L= |0 >,
7'2 UO

OépaTPIM BHHUMAHHE HA TO, YTO PACCTOAHHC r, OT LIEHTpA 3emiu o

anorest 0Ka3aJoch TAKMM X€, KAK BbICOTA MAKCHMAJIbHOIO MOABLEMA Haj
MOBEPXHOCTHIO 3eMU Tesa, OPOLIEHHONO BEPTHKAJbHO BBEPX C TAKOM
XK€ CKOPOCTBIO v, DTO MOXHO yBUAETb Kak u3 dopmyan (7) § 33, Tak
M M3 MMOJYYEHHOro B JAaHHOIT 33a7a4e 3HAUEHHS I, €CJTH BHIYECTh U3 HErO

paauyc 3eman R,

Takoe coBnageHue He CIyyaHo. BepTukaiapHniil mogbpeM ¢ MOCACAy-
IOLMM MAJEHUEM MOXHO PACCMATPUBATH KAK ABHKCHHUE IO MPENETbHO
CXATOH JTHNTHUECKOR OPOUTE BOKPYT TOTO XE HHIOTOHOBCKOMO CHUJIOBO-
0 UEHTPaA. DTOM CKATOM OpOUTE COOTBETCTBYET TAKAS XXE JHEPTHs, KAK
H pacCMOTPEHHOM OpOHMTE NP rOPU3OHTA/IBHOM 3AMYCKE, TaK KaK B 000~
HX CAy4Yasx 3anycK MPOU3BOAUTCS C MOBEPXHOCTH 3E€MJU C OOHOM M TOU
Xe HauaJbHOM CKOpPOCTbIO. 346€Ch MB CTAJIKMBAEMCS C YACTHBIM CJIy4aeM
o0miei 3aKOHOMEPHOCTH ABUXEHHS B LEHTPAIbHOM MMOJIE TATOTEHUS, CO-
IIACHO KOTOPOH BCE 3AMKHyThie OpOMTHI C ONHOM M TOH XE OJHEpPrueit
NpeacTaBASIOT co00M /IUNCH ¢ OAMHAKOBBIMM 0oabluMMK ocsamu. Ha-
MOMHHUM, YTO Yy BBIPOAMBINEroCS B OTPE30K MPAMOU 3urnca (HOKyCh
pacnosoXeHB Ha KOHLIAX 3TOr0 OTpe3Ka.

Npumep 2. Manespupoganue Ha opbume. IBa KOCMHYECKHX KO-
pabss ABUXYTCS BOKPYT 3eMJIM MO OfHOM U TOM Xe KPyroBoii opéuTe HA
paccTossHuK L ApyT OT Apyra, CUMTas BAO/b TPACKTOPHH. [lepuoa ux o6-
pawenus pasen 7. Kak cOnuaurs kopabax Ha opbuTe, €CM OLHOMY M3
HHX C MOMOWIBIO JBUrATEsl MOXHO MPAKTHYECKH MTHOBEHHO COOOLIMTDH
HEKOTOPYI0 AOMOJHHUTEIBHYIO CKOPOCTh Av, Majyi MO CPaBHEHHIO CO
CKOPOCTBIO JBHXKEHHS MO OpOUTE M HANPABJCHHYIO IO KaCaTEJbHOH K
tpaektopun? Kak tpebyemas nns cOauxenus kopabmaeit ckopoctb Av
BBIPAXAETCS Uepes 3anaHHble 3HayeHns L n T7?
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Ha pwuc. 126 nokasana Kpyroeas TPaeKTOpHsSI pajuyca r;, IO KOTO-
poi ABMXYTCS KopabJju Ha pacCTOSHMM L apyr or apyra. Ecau B mpo-
U3BOJBHON TOukKe A Kopal/o CooOIIMTh NOMOJHHTENbHYI) CKOPOCTh
Av B HampasjgeHMH OpPOHTANBHOIO ABHUXEHHSA, TO OH OydeT ABMraThCs
o IJUITMITHUECKOM opbuTre ! ¢ dokycoMm B uenrpe 3emau. Ilepron ob-
pALUIEHUS 110 TaKoW opOuTe, o4eBHUAHO, GOJIbIIE, YEM MO HCXOMHOM Kpy-
roBoil. EciM Xe ZONOMHHUTEABHYK CKOPOCTb
Av B TOUKE A HAmpaBUTh MPOTHB JBHXE-
HUS o opbure, TO Kopalsb mnepenaer Ha
JJTUOTHUECKYIO opOuTy 2, mepuon obpame-
HUS MO KOTOpOM MeHbme 7.

OTrcrona CTaHOBUTCH SCHO, KAKME MAHEB-
pbl CJAEIYET BBIIOJIHUATD A8 COMMXEHUS KO-
paGueit. Ilpexpme Bcero OoTMETHM, UTO IO-
CKOJIBKY KDYyroBasg M 2JUIMITHUECKHE OpOu-
Thl MMEIOT TOJMIBKO ORHY OOLIYyK0 TOUKY A,
BCTpeua Kopalbjell MOXET NPOM30HTH TOMb-
KO B Jroit Touke. [Toaromy Takas BcTpeua
MOXET MPOM3OUTH TOJNIBKO Yepe3 MPOMEXy-
TOK BpeMEHH I0Cjie CpabaThiBaHNS ABUraTe-
Jist, KPAaTHHIA nepuony o0pameHus Cry THUKA
O J/TMITHUECKOM opbute, Ecau BK/OUaeT-
ca aBdratenab Ha kKopabse, maywem Brepend (MMEHHO JTOT CAydyad mo-
Kasad Ha puc. 126, rae BTopoit Kopal/ib HAXOMUTCA B TOUKE B mosaau
NEpBOro), TO €ro HyXHO pasorHarb, mepesoas Ha opbuty [. Ecaum xe
BKJIIOUAETCH ABUraTe/Ib HA BTOPOM KOpabJie, MAYIIEM C3aaHd, TO €ro HyX-
HO TOPMO3HTh, rnepesons Ha opbury 2. OOpaTHTe BHMMAaHUE HA KaXy-
IUHCA MapagoKc: 4ToOb! JOTHATH, HYXXHO MPHUTOPMO3HUTD!

Jl1g onpeneseHHOCTH PACCMOTPHM MEPBBIM Caydai: B MOMEHT cpada-
THIBAHWS ABMIATE/ 1S MACCUBHBIM Kopab/ib HAXOAUTCS B TOUKe B, oTCTOs-
med Ha L or Touku A. HaiipeM DOMOMHUTENBHYK CKOpPocTh Av, KOTO-
PYIO HYXHO COOOL{MTbH AKTHBHOMY CIYTHHMKY, UTOOBl BCTpEUa MPOH30IN-
na uepe3 oguH obopor. O603HAUMM Uepe3 v CKOpPOCTh ABUXEHHS IO
Kpyroso#t opbute. Toraa mepuon obpamenus 7' MO JJIMOTHYECKON Op-

6urte gosxeH OuTh GosbLIe mepuoaa obpamenus T no KpyroBod Ha Bpe-
M5 IPOXOXAEHUS Ayru L Mo Kpyrosoit opbure:

T, —T =L/ (4)

Puc. 126. Mauesps! ans cOam-
xenus xkopabnei

HaitneM cBs3p Mexay nepuoaoM obpamieHus T, no 2/JIMITHYECKON

opbute U Toi M0OABOUHOM CKOPOCTHIO Av, KOTOpAs MEPEBOAUT CIYTHHUK
Ha 3Ty opbury. B srom Ham momoryt 3akousl Kemnepa. Ha ocHoBanumn
Tperbero 3akoHa Kemiepa

TZ — TZ E;, (5)

rae a = (ry + r,)/2 — Gonbwag noayock auunca (puc. 126).
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Jlnst Toro uroObl CBSI3aTh PACCTOSHUE r, OT HEHTPa 3eMuM 70 ano-

resi SJUIMOTHYECKOM OopOuThl € Av, BOCMOJb3YEMCS BTODHIM 3aKOHOM
Kemnepa M 3aKOHOM COXDaHEHUs JHEprum: o0O3HAUMB  uepes
v, = v + Av cxopocts kopabsis B mepuree, a uepes v, — B amoree -

JIMIITHYECKOM OPOMTHI, UMEEM

rvy = Iy, (6)
mu? 2 2 2
nvi_ meRT _Mvz  meR (7)
2 " ) ry "

3necs m — Macca kopabas, R — paguyc 3eman. Beipaxas v, usz (0) u
noacrasass B (7), monyuaem

? _a =£R—2( —ﬁ>. (8)

3ameuas, uto gR*/r| ecr» KBagpar cxopocn{‘xopaéjm Ha KpyroBo# op-
6ure paguyca r,, u3 ypasHenus (8) momyuaem
rl.
ry = ———,
2 2v2/v% —1
Orciona Gospmas moayoch 3JUIMICA
"

1
a==(ri+r,) =——-—=.
2(1 2) 2—-U%/U2

IMockoabKy N0 YCAOBUIO A00aBOUHAs CKOPOCTh Av MHOro MEHbUIE
CKOPOCTH OpPOMTAJIBHOrO ABHMXEHUS VU, TO

2 2
U (1+éﬂ) =1+222
v v v

Tenepyr nas Gonbmoit mosyocn uMeeM a = ry(1 + 2Av/v). ToacraBum

MO/NyUEHHOE BBIPAXEHME Ui a B ypaBHEHue Tperhero sakoHa Kerepa
(5). Bossoas orHowenue a/r; B Ky0 u yuureBas, uro Av/v<<1, Haxo-

anm T? = T2(1 4+ 6Av/v), otkyna
T, —T =374
v

CpaBuuBas 3710 BhipaxeHue ¢ (4), BUAMM, 4TO

=L 9

Av = 3T 9

Urak, eciM Mbl XOTHM, 4TOOB BCTpeua Kopabsell mpousounuia yepes
0auH 060pOT, TO MAyLIEMY BIEPEAM HYXXHO COOBLMTH HOGABOUHYIO CKO-
pocts Av, ompenensemyw coortHomenueM (9). Urofu BcTpeua mpo-
H3onLIa yepes n 00OpOTOB, HYXHO COOOWIMTL B n pa3 MEHbIuylo xoba-
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BOUHYIO ckopocTe Av = L/(3nT). Takum 06pasom, MEl MOXEM M3PACXO-
J0BAThb TEM MEHBIIE TOIMUIMBA U1 COBEPIICHUA MaHEBpa, udeM Oosibuie
BPEMEHH COMIACHH XJATh BCTpeud. Ilocsie sasepuicHUs MaHeBpa cOm-
XKEHHS, AJ1g Toro uToOrl mepeBecTH Kopabjb CHOBA HA KPYTroByIO OpGHTY,
NPUOETCS MOracHTh COOBUIEHHYIO eMy A00aBOUHYKO CKOpPOCTb, T. €. €LIe
pas BKJIOYHMTb ABHTATEC/Ib.

Bropo# cnyuail, korna Tpebyerca AOrHaTh MAYIUMEH BOEPEAM KO-
pab/ib, pacCMATPUBAETCH COBEPIIEHHO AHAJIOTHYHO M [IPUBOJMT K TAKOMY
Xe BripaxeHuo (9) naa Av.

HNpumep 3. Jauxenue memeopuma. Ha G0abILIOM pACCTOSHUHM OT
3eM/IM METEOPHUT ABHMXKETCA OTHOCHTEJBHO HEE CO CKOPOCTBIO v, Ecmu

Yo

Puc. 127. TpaekTopus METEOPUTA, Kacaruwascs 3emMiu

Obl 3eMHOE MPUTAKECHUE OTCYTCTBOBAJIO, METCOPHT mpoiues Ot Ha pac-
crosanu | or ueHtpa 3eman (puc. 127). BhIGCHMM, npH KaKOM HaH-
0oAblIEM 3HAYEHHH «IIPHLEJIBHOIO» PacCTOsHUs [ Mercoput Oyaer 3a-
XBAaUEH 3eMJIEH.

Ha Goabwom paccrosHuu oT 3eMJH, TAEC MOTEHIHANBHYI SHEPIUIO
B3AUMOJACHCTBUA C 3eMICH MOXHO CUHMTATH PABHOH HYJIK, METEOPHT
HMEET CKOPOCTb U M €ro [MOAHAS JSHEPrds pPaBHA KHHETHYECKOH
mv/2. Ecan Gbl HaYanbHASA CKOPOCTH METEOPUTA U, Gbl1a PAaBHA HYJIIO,
TO, ABHIadch TOJBKO HOA ACHUCTBMEM CWJIbL NPHUTSXEHHUA K 3eMie, OH
065133TC]HJH0 ynaa 6bI Ha SCM]HO H OpH NaaA€HAHU UMCJ Y NMOBCPXHOCTH
3eMJi CKOPOCTb, PABHYIO BTOPOH KOCMHMUYECKOMH V= 11,2 kM/c, B ueM
JErK0 yOeanuThCd € MOMOUILIO 3aKOHA COXPAHEHHS SHEPrHH. SCHO, uTO
TPACKTOPHS METECOPUTA B ITOM CAydae — INpaAMas, NpoOXoAdulas depes
neHTp 3emau.

Ecsau xe HauanpHag CKOPOCTb METCOPHTA OTJAHMYHA OT HYJS, TO OH B
noJic 3EMHOMO TATOTEHHS JBHXETCA 1o runepbosie u Oyaer 3axBaucH
3eMicit TOABKO TOrAA, Korga 51a runcpfosia «3ajCHET» 3CMHOM 1wap.
HerpyaHo coo6pasuTh, 4TO MPH 3aJaHHOM MPULEIBHOM PACCTOSHHH [
TPACKTOPHS MeTeopuTa OyAEeT TEM MEHbILIC MCKPHBACHA, ueM Gosblie
€ro CKOpOCTb U, TAK YTO JAOCTATOYHO OBICTPhIE METECOPHUTH! Gaaronosyy-
HO MUHYIOT 3eM/10. OUEBHAHO, UTO HAMMEHBINEH CKOPOCTH vy, MpPH KO-

TOPOH METCOPHUT CIE «IPOCKOYUHT» 3EMJIID, COOTBETCTBYCT TPACKTOPHS,
uzobpaxennas Ha puc. 127. U naobopor, npu 3a1aHHOI HAYAJIBHOR CKO-
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POCTH v, 3Ta TPAEKTOPHUsI COOTBETCTBYET HAMOOJIbLIEMY TPULIEALHOMY
pPacCTOSHUIO [, TIpU KOTOPOM MeTteopuT Gyaer 3axsauen 3emnei. Urak,
AJSl TIOJYYCHHS OTBETA HA TIOCTABJCHHBEIA BOMPOC HYXHO DPACCMOTPETD
TPAcKTOPHIO, KACAIOILYIOCS 3EMHOIQ 1iapa.
[Tpu ABMXEHUH METCOPUTA B TOJIE TAXECTH 3EMJIM BRITIOJHSETCS 3a-
KOH COXPAaHEHHS] MEXaHUUECKOH JHEPTUH:
mv% _ my?

=2 T MmeR (10)

TAE v — CKOPOCTb METEOPUTA B TOUKE KACAHMS, OTCTOSILEH OT LEHTpa
3emuin Ha paccrosume R. Bropo#t 3akonw Kemnepa o mocrosHCTBE cex-
TOPHOW CKOPOCTH TIPH ABMXXECHUM TEJA B TOJE TIXKECTH CIIPABEAJIUB
U 118 Pa3OMKHYTBIX TPacKTOpHH. I103TOMYy TIpUpaBHAEM CEKTOPHBIC
CKOPOCTM MeTeopuTa B OECKOHEUYHO YAAJICHHOW OT 3€MJIM TOYKE W B
TOUKE KACaHHUS:

lvy = Ru. (11)

[IpaBasd yacTb 3TOr0 PaBEHCTBA OYEBUAHA, MOCKOJABKY B TOYKE KACAHHS
BEKTOP CKOPOCTH V TMEPNEHAMKYJSPEH paauycy 3eMiaH, a jeBad uyacTb

Puc. 128. Ilpumenenune BTOPOTO 3akoHa Kensepa x JBHXXEHHIO METEOPHUTA

CTAHOBUTCS OYEBHIHOM, €CJIM MMOCMOTPETh HA pPHUC. 128 M BCIIOMHHUTH, YTO
IJIoIHaaAb TPEYrOJbHUKA pABHA MOJOBHUHC MPOU3BEACHUSA €r0 OCHOBAHUA
Ha BpicOTY. [TopcraBasis v n3 ypasuenusd (10) 3akoHa COXxpaHEHHd JHEP-
ruu B (11), Haxomum [:

2
_ 28R _ Vir)
Z—R\/l—{—v—%—R\,l—l— —v:) ) (12)

M3 nosydyeHHOro OTBETAa BUAHO, YTO MAKCHMAJBHOC TMPHLEIBHOE
paccTosiHUE, TPM KOTOPOM METCOPUT OymeT 3axBaueH 3emiieil, 3aBUCHT
OT HAYaJbHOM CKOPOCTH v, Ecam vy—0, T0 /— o, T. e. nepBoHauasib-

HO NOKOMBIIMMACS OTHOCHTEJNBHO 3eMJIM METEOPUT YmageT Ha 3eMin
npu Jobex odcrostenbcTBax (pasyMeercs, 9TO CTpPaBEIIMBO B Mpe-
nosoxednu, yro ConHLEC U APYTUE TJIAHETHI MPAKTUUYECKH HE BJIUSIOT
Ha fABHMXEHHE MerteopuTa). Ecam vy— o, To /— R, T.e. B mpemesae
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6eckOHeUHO GOMBLIONH CKOPOCTH v, TPAaEKTOPUS MPSIMOJHMHEHHA, Tak
KaK 33 Majoe BpEMs IpOJIeETa METEOPHTA BOMM3M 3eM/IM CHJIA 3EMHOFO
NPUTSKEHUST HE YCIEBAET BHI3BATh 3aMETHOTO H3MEHEHHS HMMITYJIbCA
MeTeopuTa (T. €. MCKPHBHTb €0 TPACKTOPHIO), M METEOPUT YIAAET Ha
3eMJII0 TOMIBKO TOrA, KOMAA €ro MPHIEJbHOE PacCTOsHHME | He IpeBoc-
XOAMT paguyca 3emui.

B npuBeneHHOM NMpuMeEpe HE YUHTHIBAJOCH BIMSHME 3€MHOM aTMOC-
depsl Ha TpaexTopuio Mereoputa. OXHAKO MpPH PAacuyeTe MAaKCHMAaJbHOIO
NpUUEABHOrO paccrostHust mo dopmyae (12) Mbl He MOMYUMM 3aMETHOM
MOTPEIHOCTH, TAK KAK TOJIMMHA aTMocdepbl Maja Mo CPAaBHEHHUIO C pa-
auycoM 3eMIH.

e UYro Takoe BTOpas KocMmMueckas ckopocTh? [louemy ee WHOrna HasblBalOT
CKOpOCTBIO 0cBOOOXAEHUA? B KakoM HalpaBieHUU ciedyer coOOLUUTb 3Ty
CKOpOCTh Tely BOMM3H NoBepxHOCTH 3eMin?

e UeMm BbigeneHbl anored M Mepureil cpead APYrUX TOYEK 3SJTUINTHYECKOM
op6ute?

e OOBACHUTE KAUECTBEHHO, IMOYEMY KOCMHUYECKMH Kopabib, Aid TOro YTOGb
JIorHaTh Yepe3 OAMH 000POT MAYIUMI MO ToH e opOuTe Brepend ApYrod Ko-
pabb, AOKEH YMEHBIIHWTL CBOK CKOPOCTH?

e Moxer 1M NpUIeTeBIIUA U3 OECKOHEUHOCTH METEOPUT CTaTh CHYTHUKOM
3emnu? O6bICHUTE KaueCTBEHHO, KaK TPAEKTOPUS METEOPMTA 3aBUCHT OT €ro
CKOpOCTH BAaIU 3eMiu.

e Ha nosepxHocTH 3eMIM HEKOTOPOMY Telly cOOOLLAIOT HAayalbHYH CKOPOCTD,
MeHbIIYIO BTOPOM KocMUUeckoi. IIpu KakoMm ee HanmpaBleHUH TENO yAalUTCs
oT 3eMAu Ha Haubosbllee paccTosHUe?

e Ilpu KaKoM yc/oBUM MepHoAbl 0OpalleHUsS CIYTHUKA MO KPYroBO# M 3/JIMI-
TUUYecKoM opbuTaM OyayT oAMHAKOBbI?

A KocMHYecKHe CKOPOCTH M neuxeHHe 3emiH. Bo Bcex paccmor-
PCHHBIX MpUMEPax U3 KOCMHUYECKON AMHAMHKHM 3eMJS CUHTAIACh HE
noasuxHoH. TouHee, CMCTEMA OTCUETA, CBA3aHHAA ¢ 3eMJIei, CUMTa-
JIack MHEpUHAanbHOU, a npursixedue ConHua u rem Oosiee APyrux mwia-
HET HE YUHMTHBAMOCh. OQHAKO MCIIOIB30BATE HMEHHO 3TY CHCTEMY OT-
cuera cOBepIIEHHO Heoba3arenpHo. Hanmpumep, renvonedHTpuueckas
CHCTEMA OTCUETA SBJSICTCS MHEPUMAJBHON C GOJIBIIEH CTEMEHBIO TOU-
HOCTH, YeM TeOleHTPHYECKasl.

PaccMoTpuM, Hanmpumep, BONPOC O pacyeTe BTOPOW KOCMHUYECKOM
CKOpOCTH B I'eJIMOLEHTPHYECKOM CHCTEME OTCUETA B TOM Xe mpubiu-
XEHHHM, UTO M PaHbILE, T. €. npeHebperas npursxedueM K Coauuy.
IMockoneky npursixeHue K CoyHuy He yuureiaercst, CosHue ciy-
XHUT JIMIIb TEJIOM, C KOTOPHIM CBSI3aHA CUCTEMA OTCYETA, a HE (hU3U-
YECKHMM TEJIOM, BJIMSIIONIMM HA ABHXCHHE.

O603HaUNM CKOPOCTh ABHXEHHS 3eMJIM Yepe3 V U NPEANOJI0XHMM
IJ1sI TIPOCTOTHL, UTO HAXOASMIEMYCS HA MIOBEPXHOCTH 3eMIH Teay cool-
IAIOT HAYaJIbHYIO CKOPOCTh Vy; OTHOCHTENBHO 3EMJIM B HANPaBJICHUH,
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COBNAAAIoLIEM C v. [IpMMEeHMM 3aKOH COXPaHEHMS JHEPIHH, YYUTHIBAS,
4TO, YAAJUBIIKCEH OT 3eMiH Ha GECKOHEYHOCTD, TEJA0 OCTAHABIUBAETCS
OTHOCHMTENBHO 3eMJIM, T. €. B PACCMATPUBACMOH Te/IMOLICHTPUUYECKOM
CHCTEMe OTCUETa UMEET TY XE CKOPOCTh, UTO U 3emud:

2 2
&Vuzﬂ — mgR =", (13)
Orcroga HAXOAUM
VH=V2gR+v2—v, (14)

YTO HE COBNAAAET C MOJAYUYEHHBIM paHee 3HaueHueM Vi =vV2gR (cm.
dopmyny (1)).

Kakomy xe pesyapraty BepuTh?! COBEPUICHHO OUYEBHAHO, YTO
dopmyna (14) e moxer 6bITh BepHOH. B Hee BXOOMT v — OTHOCH-
TEeNbHAA CKOPOCTh ABYX MCIOJIb30BAHHBIX CHCTEM oTcuera. Ho Tak
KaK BCC HHEPUMAJbHBIC CUCTEMBI OTCUETA PABHONPABHEI, TO OTBET HE
MOXET 3aBHCETb OT v. B ueMm xe gmeno? B cnpaBeasMBocTH 3aKOHA
COXPAHCHUS JHCPIMM B JAHHOM C/Ay4yae COMHEBATHCH HE HPUXOJUTCS.
BelpaxenHe a9 NOTEHUMANBHOM JHEPTHH BO BCEX HMHEPLHANBHBIX
CHCTEMAx OTCYETa OAMHAKOBO. 3HAUMT, B YpaBHCHHH OajnaHca sHEp-
rud (13) uro-To He yureHo. UTo xe uMmeHHO? EaMHCTBEHHOE, UTO MEI
MOTJIM YNYCTUTh, — 9TO K3MCHCHHE KHHCTHUCCKOH JHEPruu 3eMIIH.
B camomMm gene, npd YAAJIEHHH Teaa OT 3eMJIHM CHAA TATOTEHHS ACH-
CTBYET HEe TOJIbKO Ha TeJI0, HO M Ha 3eMJII0, OKA3bBas BJIMSHHC HA
ee aBuXeHWe. [IpaBoa, M3MEHEHHE KHHETHUECKOM JHEprMM 3eMJId
np¥ 3TOM OuYeHb Majo, ubo ee mMacca M MHoro GoJblIe, YeM Macca
teaa m. TeMm He meHee monpobyeM yuecTh €ro akKypaTHO.

O6o3Hauaq cKOpocTh 3eMin nocie YAaJcHUd Tejaa Ha OecKoHeu-
HOCTb Y€pe3 v,, 3aIHIIEM 3aKOH COXPAHEHUS IHEPTUM B BUIC

2 2 2
Mzu2 m(Vuz+v) — mgR= M2U1 + _’ﬁzu_l_ (15)

CxopocTh Tela B KOHEYHOM COCTOSIHMM TEHEpb paBHA v, MOO
TEJ0, KaK M pAHbIIE, JOKHO OBITh HENMOABMXXHO OTHOCHTEJBHO
3emau. CKOpOCTb v, MOXHO HARTH € MOMOMBIO 3AKOHA COXPAHCHHS
HMIYJIbCA, NMOCKOJBKY B OTCYTCTBHE BHELUIHHMX CHJI, T. €. B 3aAMKHY-
TOH CHCTEME B3aMMOREHCTBYIOIMX TEJ, NOJHBIM MMIYJILC COXDaHS-

ercst. [ToaTomy
Mv 4+ m(Vy + v) = My, + muy,. (16)

‘Haxons v, u3 ypasHenus (16) u noacrasass B (15), nonyuum
V= ‘(1 +%) -2gR. (17)

ITO BREIpAXEHHE YXE ropaszgo OJUXe K NPEXKHEMY pe3yJabTaTy, YeM
(14), HO Bce-TAKM OTAMYAETCHS OT HEro JMUIHMM MHOXHTEJIEM
1 + m/M. '
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3aMeTUM, YTO €CJAM CUHUTATh MACCy TEJa MHONO MEHBIIE MaCChl
3eman, T. e. m/M<<1, To craraeMeM m/M MOXHO npeHebpeup no
CpaBHEHMIO C enuHHueH U dopmyna (17) gaer mpexHuil pesyabTar

| = V2gR. Herpyano coo6pa3ute, uto npegnosnoxenue m/M—0 ¢
CaMoro Hayana 610 HETBHO MCTIOIb30BAHO MPH PELICHUH 3a1a4M B CH~
cTeMe orcyeTa, cBa3anHoi ¢ 3emuen. leicTeuTenpHo, 3eMad cuuTa-
J1aCh HCHO}IBH)KHOI‘& KaK B HaA4aJbHOM, TAK U B KOHCYHOM COCTOSIHUH,
HECMOTpPA HA TO, UTO HA HEE, KAK ¥ HA TeJI0, ACHCTBOBAIA CHUJIA TATO-
TEHHUA. ITO BO3MOXHO, TOABKO ecau m/ M —0.

Wrak, supaxenue (17) asngerca Gonee obwmm, yem (1). Ono
RAET BO3MOXHOCTh OMpPEIEJINTh BTOPYK KOCMHMUECKYIO CKOPOCTH B
TOM CJyuyae, KOrAa MAacChl 3aMyCKaeMoro TejJa ¥ 3eMId CPaBHHMBI
Mexnay coboit. OpHako Ternepp BO3HHKAET APYrod Bompoc. [Touemy
npeHeOpexeHue U3MEHEHHEM KHHETHUECKOH JHepruu 3emam (1mpu
m/M —0) B reoLEHTPUUYECKON CHCTEME OTCYETA AOIMYCTHMO, a B re-
JIMOLEHTPUYECKOU TIPHBOOUT K SIBHO HEBEpHOMY pe3dyaptaty (14)?
Bens u3aMmenenue ckopocTH 3eMJM OOMHAKOBO B 1000 MHEpUHAb-
HOWM cucTeMe otcueTa. B aToM serko ybeauTbes, nepenucas hopMyay
(16) B HECKOJIBKO MHOM BHUJE:

mVy=(m+ M)(v, —v). (18)

BunHo, uTO M3MeHeHHEe CKOpocTH 3eMau Av = v — v HE 3aBHCHT OT
ee HayaJIbHOH CKOPOCTH v, T. €. OT BbiOopa cucreMbl oTcueta. OXHAKO
M3MEHEHHE KMHETUYECKOM 3Hepruu 3eMJIM B PasHBIX CHUCTEMax OT-
cueTa GydeT Pa3HBIM: B NEOLEHTPHUECKON cucTeMe 310 M(Av)%/2, a
B IeJIMOLICHTPHYECKOU —

2
M(U-;—AU) —M—;——M A‘U+M(AU) (19)

[Tpy m<< M, xak sunHo u3 (18), Av<<V};. [lanee, mockoabKy
CKOpPOCTh v 60JIbLIC BTOPOM KOCMHUYECKOR CKOPOCTH, TO MEPBOE CJa-
raemoe B npasod uactd (19) MHoOro Gosbile BTOPOrQ, T. €. M3MEHe-
HUE KHHETHMYECKOW JHEPTHU B TEJMOLCHTPUUECKOM CHCTEME MHOIO
GOJIbIIE ITOMO U3MEHEHHUS B FEOLUCHTPHUUCCKON M €O HEAb3d HE YUH-
THIBATh B YPABHEHHUH OanaHca SHEPTHH.

Pasymeerca, ¢popmyna (17) moxeT ObITb HOAYYCHA M B TEOLCHT-
PHUUECKOi CHCTEME OTCUETA, E€CJAU TAM YUYECTh M3MCHEHME KHHETHUE-
ckoi omepruu 3emun. PasobpanHbid mpuMmep noyuutenceH. O Ha-
[ISAHO TMOKA3BIBAET, C KAKOH OCTOPOXHOCTBK) HYXXHO MOAXOAMTh K
BOTIPOCY O TOM, YTO CYIICCTBCHHO B PAcCMAaTPUBACMOM SABJIEHMH, a
4eM MOXHO TipeHeGpeub. Bce MHepuuasipHbie CHCTEMEI OTCUETA PaB-
HOMPABHBl B TOM CMBIC/E, UTO 3aKOHBI MPUPORBI B HUX OOMHAKOBHI.
[ToaTOMy MpH TOYHOM pELIEHHH 3aAaud BHIOOD TAKOW CUCTEMBbI Ge3-
pazauueH. OZHAKO NpPH HAXOXACHUM MPUOIUKEHHOIO PEIICHU Mpe-
HeOpeXxeHus, JONYyCTUMBIC B OOHOM CHCTEME OTCUETa, MOIYT OKa3aTh-
€S COBEPLIEHHO HETPHUIOAHLIMH B APYTOM.
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TpeTba KOCMHYECKAA CKOPOCTh. [lepeiacM Tenepp K Onpeac/iCHUIO
TPETbEH KOCMHUUYECKOW CKOPOCTH Vi, T. €. MUHUMAJIBHOU CKOPOCTH,
KOTOPYIO HYXHO CoOOLIMTh Teny BOIM3M MOBEPXHOCTH 3EM/H /IS TO-
ro, 4ToObl OHO CMOIVIO MOKUHYTH nperAcabl CosiHeuHOM cuctemsl. By-
AEM pacCyXaaTeh caenyromumM obpasom. 3abyneM Ha BpeMs O 36MHOM
TSArOTCHUU H HaﬁHBM MUHUMAJIBHYK CKOPOCTH Vi, KOTOPYIO HY>XXHO
coobuuTe TENy, Haxomgsumemycs oT CO/NHUA HA PACCTOSHUM 7, PaB-
HOM paguyCy 3€MHOU OpOUTHI, YTOOBI OHO CMOIJIO IIPEOAOIETD MPUTS-
xenune ComHuAa., DTy CKOPOCTH JIETKO HAWTH, UCTIOIb3YS 3AKOH COXPa-
HCHHS JHEPTHUH.

[Tockoabky MBI OKa npeHeOperaeM MOieM TATOTEHUsS 3eMJH, TO
HYXHO NpPOCTO MOTpefoBaTh, YTOGB CyMMa KMHETHUYECKOH DHEPTUU
Tena mv?/2 ¥ MOTEHUMANBHOM SHEpruu B nose TsaroteHus: ConHuA

—GmM/r PaBEIIACH HY/IO: TEJAO MOJXHO OCTAHOBUTBCS HA OECKO-

HeuHo GonbuioM pacctosHud o1 COMHLA, rae MOTEHUMAIbHAS JHEP-
rusi obpamaerca B HyJb. Orcroona

M
vl =2G—=. (20)

Jlerko BMAEThH, 4TO 3Ta CKOPOCTh B V2 pa3 GoJblne cKOpocTH 3eM/u
Ha KPYTOBOU opbure JBUXEHUS BOKPYT Co.auua
v=VGM./r =29,8 km/c. Teno yaaautcs Ha GECKOHEUHOCTh HE3a-
BUCMMO OT TOTO, B KAKOM HAanpaBJeHUM coofHIeHa eMy CKOPOCThb vy,
Wrak, v, pasHa npubnausurensuo 42,1 kM/c. 3TO OUEHDP MHOTO, Of-
HaKO0, pasyMeeTCs, Mbl MOXEM HCIOIb30BATh ABMXEHHME 3EMIM M 3a-
OYyCTUTh TEJIO B Ty K€ CTOPOHY, KyAd OBUXETCS 3emis 1o opdure.
Torma Teny HyxHO c00OIWUTD AOOABOUHYK) CKOPOCTh, PABHYIO
(V2 — DHr=12,3 km/c.

Tenepp HETPYOHO HAWTHU U CaMy TPETBK KOCMHUYECKYIO CKOPO-
CTh. JIa9 3TOr0 AOCTATOYHO TOJBKO COOOPA3HMTHL, UTO HA CAMOM [efe
ckopocth 12,3 kM/C Teno mOIKHO MMETh MOC/AE TOrO, KAK OHO mpe-
omosicer mputskeHue K 3emse. [loaToMy cymMma KUHETHUECKOU
SHCPrUuu TEJA TIpU 3aMYyCKE mVIZH/2 Y TIOTEHUUANBHONH JHEPrUM Ha

MOBEPXHOCTH 3eMIM —mgR [O/KHA DABHSTBCI KUHETHYECKON
JHEPruu [ABUXKEHHUS CO CKOpocTbio 12,3 kM/c mocie mnpeogosieHus
3E€MHOTO TSITOTCHMS:

mV121[ mWZ —1%?
M mgr =R
OTKyna

Otoit hopMy;ie MOXHO NPUAATH APYTOH BHA, €CJIM BCIOMHHUTB, 4TO
V2gR— 3TO BTOpasi KOCMHYECKAas CKOpOCTh Vi

Vig= (VI — D% + V. @)
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[oxacrapass coga YUC/IOBbIE 3HAUEHUS OPOMTABLHOM CKOPOCTH 3eM-
Ju v = 29,8 xM/C ¥ BTOpOIt KOCMHUUecKo# ckopoctu Vi = 11,2 xMm/c,
nonyuaem Vi & 16,7 xm/c.

CoxpaHeHHe JHEepruM ¥ CHUCTeMbl oTcuera. Mtak, oTBeT mo/yueH.
Ho, BO3MOXHO, BO3HHUK BOMPOC: MOYEMY PACCY>XACHUS MPOBOIUIUCH
B ABa 3Tana? [JpyruMu CJI0BAMHU, MOYEMY 3aKOH COXPAHEHHUS JHEPIHH
UCMO/1b30BAJICS IBAXKABI: CHAYasa AJS MPOLECCa BpIXOAA TEJa M3 IO-
g taroreduss CoMHLA, A 3aTE€M A/14 BBHIXOAA U3 MO TATOTEHUS 3eM-
au? Henbasg v NPUMEHUTh 3aKOH COXPAHEHHMS JHEPrMM OOMH Pas Ko
BCEMY IPOLIECCY B LieoM, noTpeboraB, yToObl MOHAS JHEPrad TEa,
T. €. CyMMa €ro KMHECTHYECKOM DHEPIMH M MOTCHIIMANBHBIX JHEPruit
B noaax raroreHus 3eman U COMHIA, PaBHAAACH HYJIIO:

2
MO g — G = 07 (23)

OnHako OYEBHAHO, YTO TaK MUCATh HEAb3d. [ eHCTBUTENBHO, Bhi-
pasuB BrOpoe ciaraemoe B dopmyne (23) uepes BTOPYX XOCMuue-
CKYI0 CKOpOCTb V¥ = 2gR, a Tperbe — uepe3 CKOpOCTb 3eMin Ha
xpyrosoit opéure Boxpyr Co/xua v? = GM/r, Mbl HE TIOJY4YHM A
TPeTbER KOCMUUECKOM ckopoctd dopmyant (22), U coBepueHHO mo-
HSITHO mouemy: B BhIpakeHHW (23) Mhl HE YUHUTBHIBAJIH H3MEHEHHS
KMHETUUYECKON DJHEPrMM 3eM/IM MpH YAAJCHHU OT HEe 3amyLICHHOTO
teaa. XoTd 2TO M3MEHEHME W Mand, HO, KaK MBI BUACAM B Mpe-
ABIYLOEM TPUMEPE, YUYET €ro B Fe/MOLEHTPHUECKOH CUCTEME OTCHE-
Ta HEeoOXOmuM.

YureM H3MEHEHUE KHUHETHUYECKOW sHeprum 3emun. Pasymeercs,
npu 5ToM Mbl Oyaem npeHebperaTb HM3MEHEHHEM KHMHETHYECKOU
oHeprun COJIHUA: KAK NpPH BBIUMCICHUU BTOPOM KOCMHUYECKOH CKO-
pOCTH MOXHO OblI0 mpeHeOpeub M3MEHEHHEM KHHETHUECKOM JHEp-
r'uy 3eMJIM [PU HCIOJIb30BAHUHU CBA3aHHOM C HEH CHUCTEMBI OTCUETA,
Tax ¥ 316eCh M3MEHECHHEM KHMHETHUeCKOM sHepruu CoOJIHIIA MOXHO
npeHebpeub MpPH MCMNOJAb30BAHMM TEJHOLUEHTPHUECKON CHCTEMBI OT-
cueta. Ero HyxHO Gbu10 OBl YyUMTBIBATB, €CJAH OBl Mbl HCIO/Ib30BATH
Kaxyo-HUOYyIb MHEPIUMAJBHYI CHCTEMY OTcdera, B Kotopoil CosH-
[Ie ABHXXETCS, HAPUMEP CHUCTEMY OTCUETAa, CBA3AHHYKO C KAKOH-JH-
00 raJaKTHKOM.

C y4yeToM CKa3aHHOTO 3aKOH COXPAHCHUS JHEPrMH B IEIHOLCHT-
PMUECKOM CHCTEME OTCUETa C/AEAYET MUCATh B BHAE

mv + V”I)2 Myv? mM Mv% 2
v __ _ = 4
> +—5——mgR—G—; - (24)
B orom BmpaxeHuum M — macca 3emau, v; — CKOPOCTb 3eMJIH

Hocjae ygajJeHus Teja, a ocTanbHule oDo3HAaueHUd npexHue, Tperbe

"H YETBEPTOC CJ1ard€Mbi€C B JIEBOM 4acTH, KAK U pPaHbBIUEC, BBIPAZUM

COOTBETCTBCHHO 4€pPE€3 BTOPYH KOCMHUYCCKYH) CKOPOCTHL M CKOPOCTH
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3emym Ha Kpyroeoit opoure. [lepenecem BTOpoe cjaraemoc U3 Jie-
BOM uyacT ypaBHeHus (24) B mpaBylo; TOrga B mpaBoi uacth Oymer
CTOSITb M3MEHEHME KHUHETMYECKOHW 3JHEPruu 3eMiM, KOTOpoe Mpen-
CTaBUM B BHAE

M (wi—v?)

=T ) S Mun ). (29)

[Tockonbky Macca Tesla MHOTO MEHBIIE MAcChl 3eMJIM, TO UBMEHEHUE
CKOpOCTH 3CeMJIM NP YIAJICHUM TEJAa OT Hee Manad, U CyMMa v, + v
npubMXEeHHO 3aMeHeHa Ha 2v. HeTpymHo coo0pasuTh, u4TO 3TO CO-
OTBETCTBYET MPEHEOPEXKEHNIO BTOPHIM CJIATAEMBIM B MPAaBOM 4acTH
dopmyas (19).

I HaxXOXOCHMUS HU3MEHEHMS ckopoctH 3emian Av = v, — v BOC-
HO/b3YEMCS 3aKOHOM COXPAHCHUS MMIybca. [IpereOpexeM BAUSHH-
eM nossa tarorenuda CoaHLA HA ABMXEHUE 3eMIM U 3aMyLIEHHOTO Te-
J1a B TEYECHME BCETO BPEMEHH, KOTOPOE OHO 3aTPAYHBACT HA BHIXOX M3
30HBI JEHUCTBUSA 3EMHOIO TATOTCHHUS. TaK KaK CKOPOCTh TEJa MPU BBI-
XOZIE M3 3TOHM 30HEI PaBHA v,, MMEEM

m(v+ Vi) + Mv=mv, + Mu,.
Orcrona
M(v,—v)y=m@v+Vy—v)=m[Vy,;— (V2 — D},  (26)

TaKk Kak v; = V2v. O6paTMM BHHMAHME HA TO, UTO M3MEHCHHE CKO-
pocty 3eman Av CTpeMuTCd K HYJII0 nipn m/M— 0, T. €. 3aIycK Koc-
MHUECKHMX aMMapaToB MPAKTHUECKHM HE BJIMSET HA ABHMXKCHHUE CaMOi
3emmn. Ymuoxas (26) Ha v, noryyaem, coriacHo (25), usmeHeHue
KMHETHUECKON sHeprud 3emun. [logcTtasass 3T0 M3MEHEHHME B ypaB-
Henue Oananca sHepruu (24), OPUXOOMM K YPABHECHHIO AJIS ONpEnC-
JIEHHS TPETBEH KOCMHMYECKOH CKOPOCTH Vit

(U + VIII)Z - 2VIZI —_ 2U2 = 2U [VIII - (\/7' - I)U].

Pewas sto ypasuenue, HaxoouMm mns Vi mpexHee 3HAYCHUE, AABa-
eMoe ¢opmy.aon (22).

O zanaue tpex tej. ObparuM BHMMaHMEe HA caegyrouwee odcTos-
TenbCcTBO. HecMoTps Ha TO, uTO 3aKOH COXpaHeHus 3Heprum (24)
ObL1 3aMUCAH OIS BCErO MPOLIECCA B LIEJAOM, MPH HAXOXICHHUH H3-
MEHEHMS CKOpPOCTH 3e€MJIM HAM MPHILJIOCh BOCITOJIB30BATHCS 3aKOHOM
COXpDAHECHUS HUMITYJbCa B NPHOJMXKCHHOM BMAE TOJBKO /IS Ompe-
OEJICHHOIO JTama MpoLEecca, a MMEHHO [/ BhIXOAA TEAA TOJBKO
M3 30HBI ACUCTBUA TAroTeHUs 3emuin. [Ipu 3TOM MBI CUMTAJM, YTO
Ha BTOPOM JTame, T. €. MpU YAAJICHUM TEIA U3 30HBI ZCHUCTBHUS COJI-
HEYHOTO MPHUTSAXECHUSA, CKOPOCTh 3eMJIM yXe He MEHAJach IO MOo-
aymo. Takum obpasoM, pakTHUECKM HAM BCE PABHO MPUILJIOCH MPO-
BOZMTH MO3TAIHOE NMPUOMHMXKEHHOE paccMorpeHue. [lombiTka mpume-
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HHUTb 3aKOH COXPAHECHHUS HMNYJIbCA KO BCEMY NPOLECCY HE NPHBEJA
6e1 k xemaeMoMy pesyabtaty. [leso B TOM, UTO 31eCb MBI CTal-
KHBAEMCSl C TAK HA3BIBAGMOM 3aJauci TpeX TeJ, OBMXYILIMXCS HOX
IlEﬁCTBHEM CHJI B3aMMHOIO NPHUTSXKCHHS. TO‘-IHOE €¢ pEuUICHHUE BO3-
MOXHO JIMWIb B HEKOTOPBIX YACTHHIX CIyuyasX.

Ilpy pemwieHMH HPAKTHUYECKHX 33Jay KOCMHYECKOH IMHAMHKH
OOLIYHO HMCIONb3YEeTCs NPUOIMXKEHHBIA MNOAXOX, OCHOBAHHAIM Ha
pa3bMeHMM NPOCTPAHCTBA HA TAK HasbiBaeMaie cdepsl AEHCTBHS OT-
genbHeIX HebBecHbix Tea. Tak, B pa3o6paHHOM [pUMepe CHayasna
PAaCcCMATPUBAJIOCH ABMXKEHHE TEJIA TOJNBKO NOA ACUCTBHEM IPHTSIXKE-
Hug K 3emie. [Ipu atoM, CTporo roBopst, Mel npeHebperaeM He BJIH-
SSHHEM COJIHLLa Ha OBHXCHHUE TEJA, 4 PA3HOCTHIO BO BJIMSHHSIX COJI'
HUA Ha ABMXEHHE 3eMIM M Tenaa, T.e. GakTHUECKH NpeHeGperaem
HEOZHOPOXHOCTHIO noJag Tsrorenust ConHua B npepenax cdepsl geit-

_ CTBUS 3eMJH.

Ilocne Beixoma Tena u3 cepnl aeiicTeus 3eMyM paccMaTpHBa-
JIOCh €r0 ABMXXCHHE TOJAbKO B noje tarotenuss Cosanua. Pasmep
cepnl geiictBug 3eMJaU ONpencaseTcss TEM PACCTOSIHHEM, HA KOTO-
pOM pasHOCTb YCKOpeHuit, coobmaemeix ConHueMm 3emiae u 3amy-
IIEHHOMY TENY, CTAHOBUTCS CPAaBHMMOM C yCKOpeHHeM, coobiuae-
MbIM Teny 3emiaer. B orauume or cdepbl aeHcTBUs «cdepa npuTd-
xeHud 3eman otHocuteabHo CouHuar», onpeneasieMas Kak 06/1acTb,
HAa CpaHHLE KOTOPON PaBHBI MO MOAYJIO CPABMTALIMOHHBIE YCKOpE-
Hug tena or 3emau 4 ot CoslHLA, HE UIPAET HUKAKOM POJH B KOC-
MHUUYECKON NUHAMHKE.

o [loueMy B reoUeHTpPHYECKOH CHCTEME OTCUYETA MOXHO HE YUMTLIBATH BJIH-
SHHEe CNYTHMKA Ha ABMXEHHUe 3eM/IM, a B IesIMOLEHTpHUECKOM cUcTeMe
oTcyeTa Takoi yueT HeoOxoaum?

¢ B npenenax cepst AeHcTBUA 3eMIIM MOXHO PaCCUMTBIBATS ABHXEHHE KOC-
MHUECKOro annapara, He yUHTbIBAs €ro NPHUTAXKEHHE APYIrHMH HeGeCHbIMH
Tenamu. Yem onpepensotcs pasamepst aToi cdepst AeHcTBUAT A

§ 37. CTONKHOBEHHA “acTHL

3aKOHBI COXPAHEHHS] IHEPrMM M HMIYJbCA UYACTO MNO3BOJSKOT ropasmio
HpOILIE HOJYUYHUTh OTBETHI HA HEKOTOPbIE BOHPOCH!, CBSI3AHHBIE C JBHUXKE-
HHEM TeJ, YEM HENOCPEACTBEHHOE NPUMEHEHHE 3aKOHOB AMHAMHUKH. Pa-
3yMCCTCs, HHGOpMALIMS, HOAyyaeMas ¢ NOMOIIBI0 3aKOHOB COXPAHEHHS,

HE

SIBJISICTCST TAKOM ucqepnmsammeﬁ, KakK IIpH HUCIIOJE30BAHHH 3aKOHOB

OMHAMHMKHM, HO 3aTO M MOJYyYacTCd OHA ropasno 6Gosee JErKUM NyTeM.
OcoBeHHO LIEHHBIM 31cCh ABASETCS TO OOCTOATENBCTBO, UYTO 3a4acTYIO
3aKOHBI COXPAHCHHUS MOrYT 6bITb MCIIOJIb30BAHbI JAXE€ B TEX Clyvyasx,
KOrAa AeHCTBYIOLIME CH/IBI HEM3BECTHRI. Tak OBCTOMT mes0, HAanpUMED,
B (pU3NKE 2JEMEHTAPHBIX YACTHII.
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3aKOHBl COXDAHEHHUS 3JHEPTMM U HUMITYJbCa (PAKTHUUECKH SBJSIOTCH
EIUHCTBEHHBIM CPEICTBOM TEOPETHUYECKONO M3yUEHHUs MPOLECCOB CTOJIK-
HOBEHHMS TEJ, KOMAA XapakTep ACHCTBYIOLIMX MPH CTOJIKHOBEHHMH CHJI
HeusBecTeH. [log cmoakHoseHusmu B (DU3MKE MOHMMAIOT CaMhbie pas-
HOOOpa3HBIE MPOLECCH B3aUMOACHCTBUS MEXIAY TEJaMH MPH YCJIOBHH,
4yTO Ha OeCKOHE4HO 0O/bIIOM PacCTOSTHUHM ApPYT OT Apyra Tesla SBISIOT-
ca cobomubiMu. Korma Tena mpoxomsT OgHO MHMO OPYroro, OHM B3a-
UMOIENCTBYIOT MeXAy coOoM, H DPE3yJbTATHl TAKOrO B3aUMONEHCTBHUS
MOryT OBITh CAMBIMHM DPA3HOOOPA3HBIMHM: TENA MOTYT COSOMHHUTBCS BME-
cTe B ogHO Tesao (abCoMIOTHO HEynmpyruit yaap), B pe3ysbTaTe Coyna-
PEHHsI MOTYT BO3HUKHYTb HOBBIE TE€Ma, MOXET CIYYHUTbCA U TaK, YTO
noc/e B3aUMOAEHCTBMS TENa BHOBb PACXondaTca 0e3 H3MEHEHHs CBOEro
BHYTpeHHEro coctosiHus (abcomotHo ympyruit ymap). CTonxkHOBeHUS
MaKPOCKOMUYECKHUX TE/J BCErNa B TOM WJIM MHOI CTEMEHH SBJISIOTCS HE-
yOpPYruMH, OAHAKO B 001acTH (PU3MKHA ATOMHEX SIBJIEHUH M MPOLCCCOB
C J/MIEMEHTAPHBIMUM YACTHUAMU MOHATHE 00 yNpyroM yaape urpaer
BAXHYI0 POJib, TAK KaK 071arofaps OUCKPETHOMY XapakTepy JHEpreTu-
YECKOTO CMEKTPa CTAJKWBAKIUMXCA YACTHL, MX BHYTPEHHEE COCTOSHUE
aubo He MeHseTcs Boobiwe (ynpyruil yaap), Jubo CKAYKOM HU3MEHSIET-
¢ HA KOHEUHYIO BEJTHYHMHY.

Heynpyrue cCTOJAKHOBeHHS. PaccMoTpuM abconromuo neynpyzuill ydap
ABYX TECJ, OPpU KOTOPOM OHHU COCAMHSIOTCS BMECTEC U NBUXYTCA NaJbIic
KaK OOHO TEJO. CavnaHue BMECTE MJIaCTHUIHMHOBRIX apoB, 3aCTPCBAHUEC
nyau B JEPEBAHHOM OpycKe, 3aXBAaT HEHTPOHA ATOMHBIM SOPOM — BCE
3TO mpuMepsl abCOMIOTHO Heynpyroro yaapa. Ecau crankuBawoiuyecs te-
J1a 00pa3yIoT 3aMKHYTYIO CUCTEMY, B KOTOPO# AeHCTBYIOT TOJBKO BHYT-
PEHHME CHJIBI, TO MOTHBIM UMIYJbC CUCTEMBI OCTAETCA HEH3MEHHBIM. JTO
MO3BOJIAET JIETKO ONPENEIMTh CKOPOCTh Teja, o0pasoBaBIIErocs B pe-
3yJbTaTE€ HEYNPYIrOro COyaapeHus ABYyX TeEJ.

O603HauMM CKODOCTH Tea C MaccaMM m, W m, OO0 ynapa uepes
V, M V,, a CKOpOCTb 00pa3oBaBILErocs NP HEYMpyroM yaape Teiaa
Maccel m, + m, uepe3 v. Torma, NpMpaBHMBAA MOJHHIE MMMYJbCH MO
M mocie ymapa

myv, + myv, = (m + my)v,

noJgyyaeM
myv,+m,v
v= 171 2 2. (I)
ml+m2
Jlerko BHIeTh, uTo ompeaeaseMas dopmyaoi (1) CKOPOCTb V €CTh
MPOCTO CKOPOCTh ABMXKEHHS LEHTPA MACC CTATKMBAIOIIUXCS T, KOTO-
pas, pasyMeercs, B 3aMKHYTOH CHCTEME OCTAETCS HEU3MEHHOH (CM.
dopmyny (3) § 30).

IIpusenenHas macca. [IpM HeympyroM ymape KMHETHYeCKas 3Heprus
MOCTYNATEIBHOrO JBUXXEHHS CTATKMBAIOWIMXCA Tea yObiBaeT, YaCTHUHO
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npeBpauidsacb BO BHYTPCHHIOIO JHEPIrHIO. Kunernueckasa JHEPIrud mocTry-
naTCJAbHOr0 ABUXECHUA TE CHCTEMEL OO0 yaapa
2

2
_ myyy myvy
E = 2 + 2
noc;1e yaapa
. (ml-%-mz)v2
B =Y (2)

[Moncraensas B (2) ckopocts v U3 (1) M cocTaBnsAa Pa3HOCTD KMHETH-
YECKHMX JHEPruM A0 M Mocie yaapa, Hauaem

’ 1
EK - EK = .i p’(vl - UZ)Z’ (3)
rac
o omym,
w= my+m, (4)

— Tak HaselBaemas npugedennass macca AByX Ten. Ilo cymectsy (2)
€CTh KHHETHUYECKAA JHEPrus MOCTYMATEABHOrO ABUXEHHMS CHCTEMEl KaK
LE/I0T0, KOTOpas B 3aMKHYTOM CHCTEME HE MEHSeTcsd, b0 oCTaerca He-
H3MEHHOM CKOpocTh ueHTpa Mmacc. [loaromy (3) MOXHO paccMaTpuBaTh
KAaK KHHETHYECKYI0 JHEPIHI0 OTHOCHTENBHOTO ABMXEHHS CTAJIKNBAIO-
LMXCA UYACTHL[, KOTOpAasl MpPH HEYMPYTOM CTOJKHOBEHHWH MPEBPALIAETCS
B IPYrd€ BUOABl SHEPrMH, HAMPHUMEDP B TEILIOTY.

Ynpyrue cTOAKHOBeHHA. B omiMumne ot HEynpyroro, npu abcoriomHo
ynpyzom ydape COXPAHSAETCS HE TOJIBKO MMIIY/IbC, HO M MEXaHHMuecKas
JHEeprus, Tak Kak BHYTPEHHEE COCTOSIHUE CTAJTKHMBAIOUIMXCH YACTHL MO-
C/le yaapa OCTaeTcs TAaKMM Xe, KaKMM OHo Obuio mo yaapa. Tak kak
YACTULEL 0 M IIOCJE CTOJKHOBEHMS SBJSIOTCA CBOOOOHBIMH, TO [1O-
TEHLMATbHASA SHEPrus OTCYTCTBYET, M COXPaHEHME MEXaHHUECKOH
SHEPruM O03HAYAEeT COXpPAHEHHE KHHETHYECKOM OSHEpPruM CTaJKHUBAIO-
ODIMXCA 4acCTHILL.

[Tpy wM3yueHMM 33aKOHOMEPHOCTEH YIPYroro CTOJKHOBEHHA Oynem
ISl TIPOCTOTHI CUMTATB, YTO OJHA M3 HacTHL, (Maccel m,) O CTOJKHO-
BeHHMS mokourcs: v, = 0. Hasopem ary wacTuny MMINEHBIO, a HaJeTa-
IOMIYIO YACTHLY C MAccoi m; ¥ CKOpOCTBIO vV, — cHapsmoM. CkopocTH
YACTHIL], PA3JIETAIOIIMXCA TIOCTE CTOJKHOBEHHS, O0O3HAUHM uepes v; ]

v,. Torna 3aKoHbl COXPAHEHHS MMIIYJIbCA M DHEPrMM 3aMMLIYTCS B BUAC

myv, = mlv; + mzv'z, (5)
2 2 2
My My + myu (6)
2 2 2

HauHeM ¢ HEKOTOpPHIX MHPOCTHIX YACTHHIX CayuaeB. [Ipexpe Bcero
pPacCMOTPHUM «I000BOE» CTOJIKHOBEHHE YACTHL, HAMPUMEDP IIAPOB, MpPH
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KOTOPOM CKOPOCTb V, HANpaB/JcHA MO JHHUHM, COCOAMHSIOWICH MX IICHT-
pel. Toraa ¥ CKOPOCTH IIAPOB MOC/AE yAapa OyAyT HATPABICHHE MO ITOH
xe nuedd. [Ipoeuupys paseHcTBO (5) HA ITO HAMpPABJEHHE, TONYUUM
CKAJIsIPHOE YPaBHEHUE, KOTOPOC BMECTC C (6) obpasyer CuCTeMy ypaB-
HEHMIt 119 HAXOXJEHHS TPOEKUMI v, M v, CKOPOCTEHl WApPOB MOCTE
yaapa. Pemas ee, maxomum

y Mmp—my ' 2m,
V) ==V Uy = ———— V), 7
' my4m, 0 27 my4m, 1 7

Ecu Maccel [mapos oquHAKOBHL (m, = m,), TO NMEPBEI Wap NMpy yaa-
pe OCTAHABIMBAETCH, @ BTOPOI Wap mocjae yAapa ABMXKETCS C Tako# Xe
CKOpOCTBIO, KAK ¥ MEpBHIl wap no yaapa. Ecayu cuapsan jerue MUIICHU
(m, < m,), o cornacho (7) v; < 0, T.e. cHapax OTCKAKHMBAET HA3al,
MpUYEM TIPH M, << rn, CKOPOCTb CHAPSIAA TMPOCTO MEHSET CBOE HATpaBJic-
HME HA MPOTHUBOMOAOXHOE. Ecaud cHapang Taxesnee MULICHH, TO MOCIE
yaAapa CHApad TPOAO/XKAET ABHIaThCd B TOM XE HANPABICHUU C MEHb-
el CKOPOCTHIO.

Bce OnucaHHbIE 3aKOHOMEPHOCTH JIErKO HAOM0AATh HA OMBITE, H3Y-
yagd CTOJKHOBEHMS OBMXYLIMXCA HA BO3AYIIHOM MOOYIIKE TEIEXKCK,
CHAOXEHHBIX YINPYIUMH NpPYXUHHBIMH OaMIepaMu,

IMepexava s”Hepruu npu yxape. PaccmatpuBas u3MeHEHME KMHETHYE-
CKOIl JHEPIuy IAPOB B PE3YNbTATE yAapa, MOXHO ybeauTscd, 4To B C1y-
4yae paBHBIX MAcC MPOMCXOAUT MOJAHBEINA OOMEH 3HEpPrucit, B TO BPEMs KaK
npy 60JBUIOH PAa3HHUIE B MAaccax CHAPAA MpPH CTOJKHOBEHHH MOXET me-
penaTte MUINEHW JMIIb MAJyK 4YacTh cBoeil SHepruu. B camom gerne,
MyCcTh, HAMPUMEP, CHAPAN MHOIO Jierye MUILCHU: m, << m,. Toraa, npe-

HeOperas B 3HaMcHaTene GopMysabl (7) A4 v, BETMUMHOM m, MO CpaB-
HEHHIO C mM,, moayuyaeMm v, = 2(m,/m,)v,, OTKYyAa ANs KHHETHYECKOM
9HEpruM MUIUIEHU MOCie yaapa MMeeMm

2 2 2
Mavy _ 11— mv) < myvy

2 m, 2 2

AHANOTMUHBN PE3y/AbTAT MOAYUHATCE M B CIyyae, €C/Td CHapsaX 3HAYM-
TEJABHO TAXeaAee MUWEHU (m,; > m,).

B neitcTeuTenbHOCTH M000BOM yaap -—— 3T0 Ooabluas peakocTs. Ero
OTHOCHTE/IBHO JIETKO OCYIIECTBUTL PA3BE UTO MpPU Urpe B OWibapa, a npu
CTOJIKHOBEHHH MOJIEKYJ, aTOMOB M 3JIEMCHTAPHBIX YaCTHL[ NOAABJSIO-
Iee YMCAO YAAPOB ABIMIOTCS HEHEHTPAIbHBIMHU.

Ecnu yacTdia HajeTaeT Ha HEMOABMXKHYIO YACTHLY TAKOHM Xe Mac-
CHl, TO MPU HECUCHTPAJBHOM YIPYroM yAape YACTULBI PA3JIeTAIOTCH MOL
IpAMBIM YTJOM APYT K Apyry. JledcTBUTEbHO, 3aKOHBI COXPAHEHUST HM-
nyneca u 3Hepruu (5) u (6) npu m; = m, NPUHUMAKOT BUI

! r 1 t
vi=v, +vy vi=v2+v}
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IlepBoe U3 3TMX PABEHCTB O3HAYAET, UTO BEKTOPH CKOPOCTEH v, v,
M v, o0pasyloT TPEYToJbHHK, a BTOPOE — UTO ISt ITOTO TPEYTONbHHUKA
cnpaBeaauBa teopema [Iucdaropa, T. €. OH NIPIMOYTOJIBHBINA: YO MEXAY

IIpoton »

M

Puc. 129. Bextopbi v;’ ¥ v,’ CKOPOCTEN 4aCcTHLL C OAMHAKOBBIMM MACCaMH, PR3JIETAIOLUMXCS
nocne ynpyroro yaapa, HampamjeHbl [OX MPSMbIM YRIOM APYF K Apyry (a@); Tpeku B
My3bIPbKOBOM KaMepe (MM Kamepe BuiibcoHa) NpH CTOJKHOBEHMH OLICTPOrO MPOTOHA C
HENnomBHXXHbIM (6)

KaTeTamu v, 1 v, paseH n/2 (puc. 129a). ORHAKO 33KOHOB COXPAHEHHS
SHEPIHM M HMIY/JbCA HEAOCTATOUHO AIS ONpPENENCHHS HANpaBJICHUS
BEKTOPOB V, M V, OTHOCHTENBHO HAINPABIEHHUS ABUXEHUS HAJIETAIOIIEH
yacTuus. s TOro 4ToOn OMPERENUTb ITH HANPABJCHHS, HYXHO 3HATH
3aKOH B3aUMOREHCTBUA MEXIAY YACTHMLAMH M UX B3aMMHOE MOJOXEHHE B
MOMEHT CTOJIKHOBEHHS.

CucTeMa neHtpa Macc. B ofmem cnyuae yacTuil ¢ pasHBIMH MaccaMu
TIPUMEHEHUE 3aKOHOB COXPAHEHUS K HM3YyUEHHI0 TMPOLECCA CTOJKHOBE-
HUg ynoOHO MHTEPNPETHPOBATH reoMeTpuueckd. s aToro mepeitmem
U3 1a00paTOpHOI WHEPLHUAIBHON CHCTEMBI OTCUCTA, B KOTOPOH 4acTH-
Ha-MHUIUEHb A0 CTOJIKHOBEHHUS MOKOMTCS, B APYryI0 MHEPUHANBHYIO CH-
CTCMY OTCYETa, B KOTOPOH UEHTP MAacC CTAJIKMBAIOIIMXCA YaCTHUL] MO-
KOMTCA KaK RO CTOJKHOBEHHMS, TAaK M TMOCAE. DTa CHUCTEMA OTCUETA
OBHXETCS OTHOCHTENBHO JabopaTOpHOH ¢ TaKOM Xe CKOPOCTBIO, KakK
M UEHTp Macc:

. mv, +myv, _ m

T omytmy, mytm,

¥i,

TaK KaK MHIUEHb A0 CTOJKHOBEHHMS B Ja0OpaTOpHOM CHCTEME OTCYETA
nokoutcst (v, =0).

B cucreme 1eHTpa Mace ABHXYTCS 00e UaCTHUB — KaK CHApsj, Tak
U mMulIeHb. X UMOysbCH PaBHE 110 MOAYJIIO U MPOTHUBOMOJJOXHE MO HA-
MpPaBJCHUI0, TAK YTO MOJHHK MMIYJIbC CTAJKUBAOMUXCA YACTHUL B ITOH
CHCTEME OTCUETA PABEH HYJIO.

B cuty 3aKOHA COXPAaHEHHS UMIYJIha UMIYJAbCH 00EMX YaCTHL, OC-
TAWTCS paBHBIMU MO MOAYJK U MPOTHBOMOJIOXKHEIMH TI0 HANpaBJCHUK)
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H TOC/I€ CTOJIKHOBEHHS, a2 B CHWIy 3aKOHA COXPAHEHHS JHEPrMH OCTa-
IOTC HEM3MEHHBIMH M MX MOOY/H. TeM caMblM B CHCTEME LIEHTpPAa Macc
CTOJIKHOBEHHE CBOJMTCA K TMOBOPOTY CKOPOCTEH 0DEHX 4acTHL, OCTalo-
IAXCS MPOTHBOMOJOXHO HAMPABJCHHRIMH H HEH3MEHHBRIMH 1O MOOY-
0. Jto u3obpaxeHo Ha puc. 130, rae BEKTOpH CKOPOCTEN C MHAEKCOM

,
Puc. 130. BekTops! CKOpPOCTEl 4aCTML [TocTpoeHne BexTopa v CKOPOCTH mep-
J0 W TOC/e CTOJIKHOBEHMH B CHUCTEME BO 4aCTHIBL NOC/IE CTONKHOBEHUS B 1a-
uaHTpa Macc GOpaTOpHO cHCcTeMe OTCueTa

«0» OTHOCATCA K CHCTEME LIEHTpPa MAacC. Yroa ¥ B 3aBHCHMOCTH OT B3a-
HMHOIO PpacIHoOJIOKEHHS YaCTHL NMPH CTOJKHOBEHHH MOXET NMPHHHMATD
mobnte 3HaueHud. Ero 3HaueHwe HE MOXET ObITh HAWAEHO TOMBKO H3
3aKOHOB COXPaHEHHS.

Vroa paccesuusa. CKOpocTh 4acTdl B JaBopaTopHOH CHCTEME OTCUETA
MOXHO NoayudTh U3 pHuc. 130 crepyromuM rpaduueckuM MOCTPOEHUEM.
OtaoxumM BekTop OA, paBHBIM CKOPOCTH CHApAAa B CHCTEME LIEHTPA Macc
1o yaapa vy, (puc. 131). Cropocts cHapsana B 1ab0paTOpHOH CHCTEME V,
paBHA CYMME V,, ¥ CKOPOCTH LIEHTPa Macc v, T. €. H300pakaeTcs BEKTOPOM

BA ua puc. 131. Ilocne cToNIKHOBEHHS CKOPOCTh CHApSAa B CUCTEME LEH-
Tpa Macc v,, HIMEET TAKOH XK€ MOMY/Ib, UTO H Uy, H, CIEAOBATEIBHO, H30-

—_—

OpaxaeTca HEKOTOPHIM BEKTOPoM OC, KOHEL, KOTOPOTO JIEXKHT B KAKOU-TO
TOUKE OKPYXXHOCTH PaAHyCOM v;, ¢ LeHTpoM B Touke O. [Toaromy B nabo-

PAaTOPHOM CHCTEME OTCUETA CKOPOCTb V, YACTHILEI-CHAPAAA MOC/E yaAapa,
paBHAS BEKTODHON CyMME Vo M CKODOCTH V LEHTPA MAcC, H3obpaxaercs
BeKkTOpoM BC. Yroa ¢ xapakTepu3yeT U3MEHEHHE HANIPABIEHHS CKOPOCTH

cHapsaaa B J1abopaTOPHOM CHCTEME B PE3YIbTATE CTOIKHOBEHHA. OH HA3HI-
BAETCA Y2AOM PACCESHUSL.

Monynb BekTOpa BA paBeH v, a MOQy b Bekropa BO paseH v =

mv,/(m; + my), mnoromy wmonysnp Bekropa OA eCTb v, =
v, — v = myv,/(m; + m,). Puc. 131 cooTBETCTBYET C/Iyyaro m; < m,,
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T. €. KOTAa CHApsid Jerye MULIEHH. Tak Kak TOuka B JEXHUT [pH 3TOM
BHYTPHM OKDY>XHOCTH, TO YTOJ pacCesHHs CHapsAa ¢ MOXET NPHHUMATh
mobele 3HaueHusd. Ecau cHapan taxe-
Jee Mumenu (m, > m,), TO TOuKa B Ha-
XOOUTCA BHE OKpPYXHOCTH (puc, 132).
BugHO, 4TO B 3TOM C1yyae yros pacces-
HMA YaCTHIBI-CHAPSAA ¢ HE MOXET IIpe-
BHIIATE HEKOTOPOTO MAaKCHMaJbHOTO
3HAYEHHUS P, , CHHYC KOTOPOrO paBeH

OTHOIIEHUIO v/ V:

Puc. 132. Makcumansuslit yron pac- ny

. vy
sin =—=
CESIHUS Ppge TIPH N1y > Mo Pmax v

my”

Hanpumep, npu ynpyroM paccesHUM
JEATPOHOB HA HEMOABHMXXHBIX NPOTOHAX, KOrAa OTHOLICHHE my/m; =
= 1/2, yron paccesHus He Moxer mnpessimath 30°.

Yrona pasnera. Hapagy ¢ yriiom paccesHus ¢, XxapaKTEpPH3YIOLIMM OT-
KJIOHEHUE HAMpPABJEHMUS OBMXEHHS YACTHLbI-CHAPAAA OT MEPBOHAYA/b-
HOTO HAMpABJIEHUS, IPEACTABASET HHTEPEC TAKXKE U Yroja d, MOg KOTO-
PbIM pA3JIETAIOTCS YACTHLBL MOCAE CTOAKHOBEHUSI, OH HA3KIBAETCS Y2ZI0M
pasnema. B cucreMe ueHTpa Macc OH, OUEBHIHO, BCErAA PaBEH T — ua-
CTHMLIBI Pa3/IeTalOTCd B MPOTHUBOMOIOX-
HBIE CTOPOHBI. BBIMIOJHUB MOCTPOEHHE
eme ¥ BEKTOpa CKOPOCTH V; YACTHIbI-
% MHUIUEHH [10CTE CTOJAKHOBEHHS, JIEIKO
‘Aa YBHIAETh OrPAaHUYECHHUSA, KOTOPHIE HAK/A-
v OBIBAKOTCSA 3aKOHAMM COXPAHEHHMS DHEP-
UM U MMITY/JIbCA HA 3HAUEHHUS ITOrO yr-

1a B JabopaTopHOM CHUCTEME,

Ha puc. 133 Takoe mocTpoeHHE BHI-
HOJHEHO A5 cayuas m; < m,. BumHo,
Puc. 133. B cnyuae m, <mj 4acTi-  yTO B 3aBUCUMOCTH OT yria ¥, xapak-
Ul TIOC/IE CTONKHOBEHMS PASNETAOT-  TepU3YOMIENO OBOPOT BEKTOPOB CKOPO-
Csl NIOX YINOM, MpEBbImA0MMM /2 rey B cpcreme mEHTPA MAcC, YrOJ pad-

JeTa « MOXET NPUHUMATh pa3JIMUHBIE
3HAUEHHUS, KOTOpHE, OOHAKO, BCErAa MPEBHIUAIOT /2, — BEKTOPH CKO-
pocTeil pa3JeTalomuxcs YacTuil obpasyror Tynoit yroa. B cayuae, xoraa
CHapsa Tskenaee MumeHH (m; > m,), YacTUIB pA3JIETAIOTCH IIOCJ]E
CTOJIKHOBEHHS MOA OCTPHIM YIJIOM.

IMonyueHHbIE ¢ TOMOMIPK 33AKOHOB COXPAHEHUS 3AKOHOMEPHOCTH
NpOLIECCOB CTOJIKHOBEHHMH OCTAKOTCA B CWIe M ISl TEX CJy4aeB, Korma
paccMaTpuBaeMasl CUCTEMA CTAJKMBAIOLMXCS YACTHUI, CTPOrO roBOps, He
aBserca 3aMkHyTol. Heo6xogumo auwmb, yToOBI BHEUIHHE CHJIB OBLTH
MaJbl II0 CPABHEHHIO C BHYTPEHHUMHU CHJIAMH, JEACTBYIOLIMMH BO BPEMS

N
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CTOJJKHOBCHHUA4. TOTII& UMNYJIBCOM BHCIIHHUX CHJI 34 BPEMS CTOJJKHOBCHHS
MOXHO npeHeOpeus. Hanpumep, maruuTHOe moJsie B Kamepe BuibcoHa
CyWICCTBCHHO HMCKPHUBJIACT TPACKTOPHH 3apPAXKCHHBIX YACTHUIL OO0 U MOCJC
CTOJIKHOBCHHS, OOMHAKO BO BPEMS CTOJKHOBCHHS HeﬁCTBHCM MAFHUTHOIO
M0JIa MOKHO NpeHeOpeus.

O0paTMMOCTh YNPYIMX CTOJKHOBEHMH. YTpyrde CTOJKHOBEHMS ua-
CTHL, B YAaCTHOCTH CTOJIKHOBEHHS MOJEKYJ, 00JafalT 3aMeuaTeNbHbIM
CBOMCTBOM 0OpAaTHMOCTH, MPUCYIIMM BCEM KOHCEPBATHBHLIM CHCTEMAM.
ITpeactasum cebe, UTO MPOLECC YMPYroro COydapeHHMsl 3aCHAT HA KH-
HomnerKy. [Ipu mpocMorpe duabMa MBI YBHAMM, UTO YACTHLBI {«MO-
JIGKYJIBl») CHAaYana CTaJKMBAKTCS, a 3aTeM pasjerarrcs. IlyctuMm Te-
neps KUHOIUIEHKY B MpPOEKTOpE «3aJOM Harepem», T. €. B 0OpaTHOM
HampapJeHUH. Mel yBHOUM, KaK YAaCTHLH CXOOATCS MO TPAEKTOPHUSIM,
MO KOTOPBIM OHM HAa CaMOM JeJ€ pasjeTaTuch, a 3aTeM, CTOJKHYB-
WHNCh, pa3JETAIOTCS MO TPAEKTOPHUSIM, MO KOTOPHIM OHH CXOAMJIMCh.
3pecs BCe OyOET MPOMCXOAMTL MO TEM XE 3aKOHAM, YTO M B HACTO-
AIeM CTOMKHOBeHMHM. Eciu 3apaHee He 3HATH, uTO IUIEHKA MNYIIEHA
BCIISITh, T, €. BpeMs <«0OpailieHO», TO OMPENEIHTh 3TO C MOMOWILK 3a-
KOHOB (usuku He ynactcd. OcoOeHHO HAMIAOHO 3TO MpPOSABJASETCS Ha
PUCYHKaX, TO€ YOpyroe CTOJIKHOBEHHME H300paXkeHO B CHCTEME LEHTpa
Macc, Hampumep Ha puc. 130.

OT00p HYXHbIX pemieHri. Kak yxe oTMeuanocs, NPUMEHEHNE 3aKOHOB
COXPaHEHHUs SHEPIHM U UMIYJIECA K MPOLECCAM CTOJIKHOBEHHM MO3BOMS-
€T MOJIyUHUTh OTBETH HAa HEKOTOPHIE BOMPOCHL AaXe€ B TE€X CIy4asix, Koraa
HEM3BECTEH 3aKOH, OMUCHBAKMMN CHIHI B3AUMOAEHCTBUS MEXAY YaCTH-
UaMd, DTO BO3MOXHO MOTOMY, UTO YPABHEHHS 34KOHOB COXpPAHEHHS
(hakTHUECKH OTPaXaWT HE AWHAMHUKY MPOUCXONSUIMX TPOLECCOB, a
JUIE 6aTaAHC HEKOTOPHIX (PU3MUYECKUX BEJIUUMH, T. €. CBOErO poja «O0yx-
FAJITEPUIO», YUMTHBAKIYK «IOXOHb» M «PacXombl». [103TOMy npu HH-
TEPIPETALMN [OJYUEHHHX M3 3aKOHOB COXPAHEHMS PE3y/IbTATOB, Kak
[PaBuI0, HEOOXOAMM TLIATEIbHEIA OTOOp pElIeHHi, UMEWMX (PU3nue-
CKHH CMBIC, T. €. COOTBETCTBYIOMIMX MMEHHO TEM MpOLECCAM, KOTOPHE
¢urypupyoT B ycIoBMM 3amaud. [lego B TOM, UTO OOHH U TE XE€ ypaB-
HEHMs 3aKOHOB COXPAHEHHS MOrYT COOTBETCTBOBATH DPA3HHIM (PM3HUE-
CKHM MPOLECCAM, M MOCKOJBKY ITHM YDPABHEHHUIM <«HEBIOMEK», KaKOH
MMEHHO M3 3THX MPOLIECCOB HAC HHTEPECYET, TO OHM M «BHIOAKOT» OTBETH
IUTs BCEX MBICAUMEIX ciyyaeB. QOOpaTute BHUMAHKME HA 3TO OOCTOSTENb-
CTBO MpH pa3bope MPUBOAUMEIX HUXE 3aHau.

3apauwm

1. CmonkHoseHue anvpa-uacmuysl ¢ NPOMOHOM. BO CKONBKO pa3 yMeHb-
HIMTCS CKOPOCTb anbda-4acTHUbl NOCAE LEHTPANBHOIO YNPYroro yaapa O He-
NOABHXHBIM TIPOTOH, Macca KOTOPOro My B 4YETbIpe pa3a MeHbIle Macchl mj
anba yactHubI?
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Pewenue llpu HaxoxAEHUM MHTEPECYWLUEro Hac OTHOLUEHMS CKOpPOCTeM
HeT HeoOXOOMMOCTHM B JETalLHOM ONMMCaHMM CaMOro IpoUecca CTONKIIOBEHMS.
CkopocTe anbda-yacTHLBl [10Ce TOIO, Kak CTanKMBAlOLIMeCs YacTULbI padne-
TeUCh, MOXeT OBiTh HalfeHa ¢ [OMOLUBK 3aKOHOB COXpaHeHMs. YclioBue
3ajauu MO03BOJISIET 3anMcaTh YpPaBHEHMs 3aKOHOB COXPaHEHHMS MMIyJbca M
SHEPIUM B CledyIOLleM Buae:

nyu = muy + myuy, (8)
mu? omul myul (9
22 27
Toe v — CKOpOCTb HanetawileH anbda-4acTHULbl, a ¥ U v, — CKOPOCTH afbda-

YaCTHLL! M NPOTOHA NOC/IE TOrO, KaK OHM pa3fieTeNuch. YUUThiBas, 4TO OTHOLLCHHUE
Macc mp/m, = 4, nepenuilieM UX Tak:

4u =4y, + vy, (10)

4v2 = 4v} + v3, (11}

Hng HaxoXAEHUS MCKOMOTO OTHOWIEHUS CKOpOCTeM X = v/v; Heobxoammo
Npexae BCEro MCKIUYMTR v, M3 cUcTeMbl ypaBHenuit (10), (11). Ecaum cue-
NnaTh 3TO CTaHAapTHBIM cnocoboM, moxpctasus v, M3 (10) B (11), nmonyunm
On9 x KBajgpaTHoOe ypaBHeHMUe:

3x2 —8x+5=0.

OHo uMeeT gpa KopHa: x = 1 U x = 5/3. OnucbiBaeMOMy B YCJIOBUM 3ajayM npo-
ueccy n000BOro yzapa COOTBETCTBYET TOJIKO BTOpOH KopeHb x = 5/3. Kopenb
X = 1 COOTBETCTBYET C.1yu4alw, Korga ajbda-yacTvua npocTo nposeraeT Aaneko B
CTOpOHE OT HENOABMXHOIO NMpoTOHa, He B3aMMOZEeMCTBYs ¢ HUM. KoHeuHo, Takoi
npouecc TPMBMAJIEH W HE MpeACTaBsgeT A1 Hac UHTepeca, HO YpaBHEHUS 3aKOHOB
COXpaHEHHUs AN Hero BRIFASQAT TOYUHO TaK Xe, Kak W ypaBHeHus (8), (9) ana
nobosoro ygapa: B 000MX clyuyasx cKOPOCTH YacTML] Mocse «yaapa» HalpasJlieHbl
BAOJbL TOM Xe NPSAMOH, UTO M CKOPOCTh HajeTawllel anbda-uyacTHiel. [Toatomy
anrebpa npocTto «obs3aHa» BhigATh TaKo¥ KOpPEHb.

O @usuueckom cmeicte KopHel ypagHenus. CTporo rosops, 06a KopHs KBaf-
paTHoro ypasHeHUs (12) COOTBETCTBYIOT ellle M obpaTHRIM npoueccaM. s KopHs
x = | obpaTHbIi NpollecC 3aKK4aeTCs NPOCTO B TOM, UTO anbda-4acTuia npo-
JleTaeT BAAM OT HENOABMXHOrO POTOHA B NPOTHBONO/IOXHOM HanpasseHHuu, 06-
paTHbIM npoliecc A8 KOPHA X = 5/3 COCTOMT B TOM, 4TO NPOTOH JAOMOHSAET allb-
a-yacTuuy, ABMXYLIYIOCS B TY Xe CTOPOHY, UTO M OH, M nocJjie 1060Boro yaapa
octaHaBiMBaeTcs. [1py aTom anbda-yacThua NpomosKaeT ABUXeHUe ¢ Gonblueit
CKOPOCTBIO.

Uabexarb nossleHUa KOPHS x = | MOXHO, ecllM ¢ €caMoro Hauya/la y4yecTb,
YTO nocfie yaapa cKOpocTh asnbda-yacTUupl JOJMXHA M3MEHUThCS: v # v;. Hnd
3TOMO MOXHO NepenucaTh ypaBHeHue (11) B Buze

4(v+uv) (v—rvy) =03
W pasfe/iUTh ero NMoulJieHHo Ha ypaBHeHue (10), sanucaHHoe B BUIe

4(v—1)) =y,
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4TO AOMYCTHUMO NpH v = v,. B pesysnbprarte nonyunm
v+ v =, (13)

Tenepb cucTeMa JMHeNHbIX ypaBHeHUM (10) M (13) MMeeT TOMbKO OAMH KOpPEeHb
ang x = vfv,. Peladq aty cucteMy, nosyuaem x = 5/3.

2. Jloboeoii yoap. B MoMeHT HaubosbLuero c6aMXeHUs YacTHL NPHU YNIpYyroM
J1060BOM CTONKHOBEHUH MX CKOPOCTH OAMHAKOBbI M paBHbI V. KakoBbl cKOPOCTH
3THUX 4YacTUU Mocje pasjieTa, €CJIM A0 CTOJNKHOBEHWS OHU ABMUrajMch CO CKOpPO-
CTSMU V| U v,?7 UeMy paBHO OTHOILEHHe MX Macc?

PeweHnwne. Ilockonbky no yciosuioo 3agayv yaap J7060BoM, TO BEKTOpbI
vV, V; ¥ Vv, B snabopaTopHoM cucTeMe OTcyeTa HarnpasJieHbl BAOJb OJHOM nps-
mMoit. Bynem o6o3HauaTh NpoeKUMM BceX CKOPOCTEM Ha 3Ty MpsiMyK COOTBET-
cTByroliMMK OykBaMK Gea cTpenok. B naGopatopHo#t cHcTeme oTcueTa He
npeAcTaBsiseT Tpylda 3anucaTh ypaBHEHMS 3aKOHa COXpaHeHUs MMIyJjbca M
aHepruu. ITocKonbKY 3aKoH COXpaHeHWS MMITysbca CMpaBeA/MB IS BCeX aTa-
MoB Tnpouecca CTOJIKHCBEHWS, TO MOXHO 3alucaTb [Ba ypaBHEHMWS, CMBIC/
KOTOPBIX OUEBMIEH:

my + mavy = (m; + my)v, (14)

(my + mp)v = mvy + myvs. (15)

Kunetnueckas SHeprud yacTuy HUMEET OAHO W TO X€ 3HAaYC€HHE TOJIbKO
nepea CTOJIKHOBCHHUEM M TOCJIE pasJeTa. an CcOMMXEHUH 4YacTHL KHUHeTHU4e-
CKag 3HEprud 4acTUYHO INpeBpawiaeTcd B NOTCHUMHAJIBHYK JHEPrHUIO UX B3aH-
MOAeNCTBUS, KOTopasd npu YNnpyroM CTOJKHOBCHHWM 3aTEM CHOBa IpeBpatnacTcd
B KMHETHUYECKYIO. nOBTOMy ondg 3aKOHA COXpaHEeHMI 3HEPrvu B JaHHOM cjyydae
MOXHO HanucaTtb JHIIb OAHO YypaBHCHHE:

2 2 2 2
muul | omyud  my; n M,V

2 2 2 2

(16)

O6paTuM BHHMMaHHe Ha TO, YTO B CHCTeMY TpeXx ypaBHeHHP (14)—(16)
¢akTHUUecKU BXOAMT TOJIBKO OTHOLIEHWE Macc 4acTuu y = m,/m,. [loatomy H3
Hee MOXHO HaMTH BCe TPU HEU3BECTHbIE BEJMYMHBL. Brarogaps cHMMeTpHM
3TOM CHUCTEMbl YPaBHEHMI OTHOCHMTEIbHO 3aMeHbl HauyajbHbIX CKOPOCTEH U M

i !
v, Ha KOHeuHble v} M v, (4To oTpaxaeT obpaTHMMOCTL BO BPEMEHM Mpollecca
YIPYroro CTOJKHOBEHHMS) cpasy BWAHO, 4TO Y Hee eCTh pelleHHe U} = vy,

'

v, =11, a Yy — TMpou3BoJbHOe. IJTO pellleHWe, OYEBHAHO, HE TMpeAcTaBsifeT
VMHTepeca, TakK Kak He oTBeyaeT npoueccy nob6osoro cronkHoseHWs. Haxoxne-
HHYE HMEIOILEro CMbIC pelleHUS CBS3aHO C JOBOJILHO IPOMO3AKMMH anrebpa-
H4yecKUMU TpeobpasoBauuamu. [Ipoanenalite Mx camocTosiTenbHO M ybenurtecs,
4yTO B pe3yJsibTaTe MOJYUYHUTCH

m, v—u,

=—= , V] =2v—uv, vy=2v—0,. (17
m,  v—v ! Y2 2

’
HOCKOﬂbK)’ N> 0, 3anaBaeMbie B YCJOBHUHM 3HAYCHUA CKOpOCTCﬁ AOJIXKHB! YAOB-
JICTBOPATL Y CJIOBUIO vy <v< Uy WK Uy >vu> v,.

B cucmeme yeumpa macc. K oTBeTY MOXHO TNpUHTH 6e3 yTOMHTEsIbHBIX
anrebpanyecKMUX BBIKJIAJOK, €C/AM pellaTh 3ajadyy B CHCTeMe LEHTpa Macc.
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YpaBHenue (14) 3akoHa coxpaHeHUs HUMNynbca (AKTHUECKW TOBOPHUT O TOM,
YTO CKOpOCTb U MNpeAcTaBisgeT co00M CKOPOCTh ABMXKEHMS LEHTpPAa Macc YacTHL]
B nabopaTopHOi cucTeMe oTcyeTa, a ypaBHeHMe (1§5) — o ToM, uTo 3Ta CKO-
POCTB OCTAeTCs TaKoi Xe M moclle CTONKHOBeHWA. OueBMAHO, UTO CKOPOCTH
YAaCTHIL B CHUCTEMe LIeHTpa Macc A0 CTOJKHOBEHMS PaBHBl U — v U vz — v, Tak
KaKk B CHUCTeMe LIeHTpa Macc B pe3yJibTaTe J060BOrO CTOJNKHOBEHHUS CKOPOCTH
YaCcTULL MPOCTO MEHSIOT CBOM HaNpaBlieHHs Ha NPOTHMBOMOJIOXKHbBIE, TO MOcie
CTOJIKHOBEHHUSI CKOPOCTH YACTHIL PaBHBl ¥ — v) U v — v2. YToObl HAaHTH Tenepb
WX 3HaueHus B nabopaTOpHOM cHUCTeMe OTCUeTa, K KaXXAOHM M3 HHUX, OYEBUJIHO,
HYXHO TNpHBaBUTB CKOPOCTb U LeHTpa ™acc. B pesynesTate nosnyuaem
vi=2v—u U v2=2v—

O6paTHUM BHUMaHUe Ha TO, UTO NPU MPOBEACHHH PACCY KAECHH I B CUCTEME LICH-
Tpa Macc HaM He MPHULIOCh SBHO MCMONb30BATh 3HAYEHHE OTHOILEHHUS Macc yac-
UL y. 19 0TBeTa Ha COOTBETCTBY KOLLIMI1 BONPOC 3afauM ero Npolle BCero Bbipas3nuThb
uepes v, v, MY, U3 ypaBHeHus (14).

3. CmoakHoserue asmomobuneil. llpuMepoM Heynpyroro yaapa MoxeT clly-
XUTh CTOJIKHOBEHHE aBTOMOOUIIEN, AGCONTHO HEYNPYrOMY YAapy COOTBETCTBYET
cJlyuail, KOra CTONIKHYBUIMECS HMCKOPEXEHHble aBTOMOGHUIN «CLUEeNNIf0TCa» ApYr
¢ apyrom. IoueMy npu 1060BOM CTOJKHOBEHHM TSKEJIONO MPY30BUKA C JIETKOBBIM
apToMObuleM ropasfo 6osibltieil OMAaCHOCTH MOABEPralTCs NaccaXHpb! JIETKOBOrO
aBTomMobuna? OLeHUTe, KaKHe Meperpy3ky HCIBITBIBAKOT MACCaXHPLl JIETKOBOMO
aBTOMOOHIS U BOAMUTENL TPY30BOTO.

Peuwenue PaccmaTpuBas Takoe CTOJNKHOBEHHE, MOXHO He YUHUTBIBAThH B3a-
HMMoJelcTBUEe aBTOMOOUIIEN ¢ MOKPBITHEM JOPOTH, TaK Kak CHIbI ClieleHUs Kosec
¢ AOpPOroi ropasao MeHbllle CHJI, BO3HMKAWWNX Npy AedopMalunMn asTomMobHUIEH.
ApyruMu croBamu, B 3TOM 3ajaue CUCTEMY MOXHO CUMTATh 3aMKHYTOM, KakK ec/iu
6bl BCE ITO MPOMCXOAMIO Ha obnenenenoit aopore. Cunbl B3aUMOAeACTBUS KoJleC
¢ JOpOro#t onpefAensioT AUlb BPeMs, B TeUeHHWe KOTOPOro CUenMUBiiMecs aBTOMO-
6UIM NPOJOIKAKT ABUIaTbCS A0 NONHOM ocTaHoBKW. Ho ans oTeeta Ha BOMpOCH!
3a7auM BaXKHO OTHIOAbL He JTO BpeMsd, a Bpems, B TeUeHHe KOTOPOro BblpaBHUBA-
I0TCS CKOPOCTH CTaJKMBaKLIMXCS aBTOMOOHIEH.

[onpofyeM oOLeHWUTb 3T0 Bpems. [IpeanonoxuM, uYTO Tpy30BMK ABHrascs
cO CKopocTho 60 KM/U, a JIerKOBOM JAaxe MeAJieHHEe -— €O CKOPOCTBIO
40 kM/u, O6BIYHO MpHU NOOOBOM YAape CUIbHO AeHOPMHUPOBAHHON OKa3biBaeTCH
MepefHss 4acTb aBTOMOOMIS, 3aHsTas MOTOpOM. [lo3aToMy Ans OUEHKM MOXHO
MpPHHSATH, UTO B pe3y/bTaTe CTOJKHOBEHHS aBTOMOOMIIM «YKOpauMBaiTCS» Ha
I M. OTHOCHTeNbHAsl CKOPOCTh ¥ aBTOMOOMIei nepexn yaapom Obina 100 KM/u,
a nocJjie Heynpyroro yaapa oHa cTana paBHoH Hymwo. [IpuHMMas ang npocro-
Tbl, YTO ABTOMOOMIIM 3aMeIS/MCh € MOCTOSHHBIM YCKOpeHHeM, Halaem Heob-
XOAUMOE AN 3TOr0 BpEeMS:

=82 BA_ IM__447c

Ve T U2 T 50 kMl

HaneHelune paccyxaeHus yaoOHO NMPOBOAWTBL B CHUCTeMEe OTCYeTa, CBA3aH-
HOM ¢ UEHTPOM Macc aBTomMoOunel, Tak Kak CKOPOCTh LEHTpa macc 3a Bpems
yaapa At = 0,07 ¢ npakTHyecKM He MeHseTcs. B aToit cucTeMme orcuerta mociie
yRapa aBTOMOOMIM HenoABMxHbI. MX cKopocTW v, M v, 10 yhaapa 3aBWCAT He
OT TOr0 HACKOIBbKO OBICTPO ABMrasncs KaXAbld M3 HHUX OTHOCHTENBHO 3eMJH,
a OT WX OTHOCUTeNBHOM cKopocTH v (100 KM/4) M OTHOWEHUS HX Macc
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Yy = M/m. OQueBUIHO, UTO
m 1 M ¥

v )mzvm, Uy =1 =

P “mrn Uy (8

B cnpasennnBocTH 3THX BbIpaXXEHHUM MOXHO YOEAUTbCS, YUHUTHIBASL, 4TO MOAY-
JIK UMM YNIBCOB aBTOMOOMIEl B cHCcTeMe LIeHTpa Macc oMHaKoBb!. Ecnu pasnuuue B
Maccax BeJIMKO, Tak 4To y > 1, To v, > v, NpUYeM CKOPOCTh U, JIEMKOBOrO aBTOMO-
OMNig NpaKTUUECKH COBMAAaeT ¢ OTHOCHTEBHOM CKOPOCThIO ¥ (XOTS OTHOCHTENBHO
JOPOTH JIerKoBOH aBTOMODH/bL ABUKETCS MeLJIeHHee rpy30BHKal).

OTclofa BHMAHO, YTO YCKOPEHHME Yy JIerKoBOro aBTOMOOMIS MpH yaape Oyger
ropasao Gonbllie, 4eM y Tpy3oBHKa, Tak KaK CKOPoCTH v, M v, obpamawoTcs
B HYNb 3a OAHO U To Xe Bpema Af. IloatoMy W neperpysku, KOTOpbIM Moj-
BepraloTcs TpUBA3aHHble PEMHAMM MaccaXXupbl, B JIETKOBOM aBTOMOOHJIE TO-
pasgo Oonblue, ueM B rpysosuke. Ecnu, Hanpumep, y= 10, TO ycKopeHHe
rpysoBuKa a,= v /At =35 M/c? = 4g, a ycKopeHHe JIeTKOBOro asToMobund
a, = v, /At = 40g. Kak BUaMM, Jaxe NMPHUBA3aHHblC MACCAXUPbI JIETKOBOTO aB-

TOMOOMUIA HCIBITHIBAIOT BecbMa OWYTHUMbBIE TMEPErPY3KH.
A%

Pons npugazielx pemuetl. Eule Gofblieft onacHOCTH MofBepraloTcs liacca-
KHUpbl, KOrZa NMpUBA3HbiE PEMHM He HajeTbl. B aToM cayuae naccaxup He Mo-
YYBCTBYCT HHKAKOM CHJIbI, NOKA He YAapHTCS 0 MPUBOPHBIN WHTOK HJIM BETPOBOE
ctekyio. B pesynbrate eMy npuaerca octaHoBUTbecd He 3a Af = 0,07 ¢, a 3a eule
fonee KOpOTKOE BpeMd, €CIH TOJMbKO OH He BbUIETHUT Brepel, BbIOMB BeTpoBOE
ctekjo. Ilaccaxkupa TpaBMHUpyeT OTHIOAB He CaMO CTOJIKHOBEHHWeE aBTOMOOHA ¢
NpenaTCTBUEM, a BTOPOEe CTOJNKHOBEHUE, KOrZa OH HajleTaeT Ha BHYTpeHHee 06o-
pyAoBaHHe aBTOMOOHMNA. ABTOMOOUIH yXe MOYTH MpeKpaulaloT cBOe OTHOCHUTEMb-
HOEe ABUXeHHe, KOraa HEeMpUCTerHYThIH Maccaxup BpesaerTcsd B NPHOOPHBIA 1LIU-
TOK. PaccrogHHe, Ha KOTOpoM 3aMeasiseTcd MnaccaxHup, a TeM caMbiM M BpeMs
€ro oCTaHOBKM B HECKOJIBKO pa3 MeHblue, ueM y aBToMobuneit. IToaToMy W aeit-
cTByloUlad Ha Naccaxupa OCTaHaB/MBaloUlag CcHa B HecKo/lbKo pas Donblue,
YyeM B Cclyyae HafleThlX NMpPUBA3HBIX PeMHEN, fa U NpPUJIOXKEHa OHa, oKasbiBaeTrcd,
B CJydyallHOM, He caMOM MOAXOAAUEM MeCTe — O BETPOBOE CTekJIo OObIUHO yaa-
pA0TCA TroJIOBOM.

s BeulecTBo ANd 3aMeasieHHs HEHUTPOHOB B AAEpHBIX peaKTopaxX AOMKHO OblThb
TaKHUM, YTOOb! €ro aapa He Mornouland HeHTpoHoB. B uacTHOCTH, cBUHeU H
TAXeJlag BoZa MOYTH He norjiowaloT HeltpoHst. [loueMy Xe nng saMeaneHus
ObICTPbIX HEHUTPOHOB HCMOJBL3YIOT AOPOTYIO TAXEYIO BOAY U HE UCMOJb3YIOT
ropasgo Oonee aelieBblit cBHHEU?

o Kakue orpaHHueHUs HaK/aAblBalOT 3aKOHBI COXpaHeHUs Ha yroj paccedlud
M Ha yron pasfnera fpH yYOpyroM CTOJAKHOBEHHUM ABMXKYuleHCH YacTULB! C
HenoABUXHOU?

® BrinonuuTe nocTpoeHHe BEKTOPOB CKOPOCTER V) U V, UaCTHLL B 1aGopaTopHO
cHcTeMe oTcueTa nocse CTOAKHOBEHUA A cliyyas my > M, U JOKaXHUTe, UTo
yrojl pasnieTa MpH 3ToM Bceraa ocTpblil (o < 1/2).

e [JoueMy MmpH pellieHUM 3afauyd 2 B CUCTEMe LeHTpa Macc He MOoABJ[ITCH

N P [
MOCTOPOHHHE pEIEHHUs V] = v; U vy = vy7?

e Ilpu Heynpyrom yaape, Hanpumep npu JoOOBOM CTOJIKHOBEHWUH aBTOMOOH-

Jleit, KUHeTyHyeckad 3Heprus 4acTHYHO UIEeT Ha coBeplleHUe paboThl MO UX
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decdbopmanuu, Jokaxure, 4to npu GONbILIOM pasauuMM Macc aBTomMoGunei
3Ta «MOoTepsAHHAS» IHEPrUs MpakTUYECKU COBMAaJaeT ¢ MepBOHAUALHOM KH-
HETUYECKOH 3HEepryeH NErkoro aBToMobund.

§ 38. daszoBas nnockocTh. AguabarMueckue MHBApPHAHTH

Harnsgnoe npeacrasnenue o6 ofmem xapakTepe ABMXKEHUS MEXaHUue-
CKOM CHCTEMHl JAK0T TAK HA3HIBAEMbIE (a3odbie uazpammol.

PaccMOTpUM MEXAHHUECKYIO CHCTEMY C OJHOM CTENEHBK CBOGOANL,
NOJIOXEHHE KOTOPOHM MOJHOCTBIO ONPENETSETCS 3aJaHUEM EIUHCTBEH-
HOM KOODAMHATH. DTO MOXeET OHITh KOODAMHATA TOUKM HA OCH MJIH
HAa KpPMBOM 0NPU OAHOMEDHOM OBHXEHMH (T.€. ABMXEHMHM O 3aJaH-
HOHM TPAECKTOPHM), YIOJ OTKJOHEHUS OT BEPTHKAIH CTEPXHS, KOTO-
pHI MOXET MOBOPAYMBATLCS BOKPYT OCH, M T.A. MexaHuueckoe co-
CTOSIHHE TAKOH CHCTEMBI ONpEOenseTcd 3aJaHUeM [BYX BEJUUMH —
KOOPAMHATH M UMIYJbca (MM CKOpoCcTH). [lns omucaHus IBUXKEHUS
TAKMX CHCTEM HCHOOJIb3YIOTCH TrpadvKd, H300paxkaroume 3aBUCHMOCTb
KOOpAMHATBl OT BPEMEHHM M CKOPOCTM OT BpeMeHu. Hapsamy ¢ HuMu
MOXHO pPacCMaTPUBATh TIpaMK 3aBUCMMOCTH MMIOYJsbca (MM CKOPO-
CTH) OT KOOPAMHATHL. DTOT TrpadMK JErKo MOCTPOUTb, OTTAJIKHBASICh
or rpadukos x(z) u v(t).

da30Bble TPAEKTOPHH. BBeoeM HA IUIOCKOCTH CUCTEMY KOOPAMHAT U
OTJIOXHM KOOPAMHATY X MO OCHM abCLMCC M UMITYJbC p, MO OCH OPZUHAT.
MexaHuueckoe COCTOSHME CUCTEMB! B KaXABIM MOMEHT BpeMeHH Oyzer
1300pakaTbCsl TOUKOM HA 3TOM IUIOCKOCTH, COOTBETCTBYIOUIEH 3HAUCHH-
M X M p, B 3TOT MOMEHT BpeMeHH. [IpH M3MECHEHMM MEXaHHUECKOro
COCTOSIHMS M300paxamwas ero Touka OyaeT ABMTAaTbCH B ITOM ILIOCKO-
CcTH 10 Hekoropod suHuu. Ecnu paccMaTpuBaemasi cucteMa BO3Bpalna-
€TCS B UCXOJHOE COCTOSIHUE, TO COOT-
BETCTBYIOWIAS TAKOMY ABHXXEHHIO
v E JUHHUSA  3aMBIKaeTcH. IT1ockocTh
@ 2 1 (x, p,) wm (x, v,) HasplBaeTCq QPa-
i : | 30600 nAOCKOCMbrO, a KpHUBag, IO
|
|

KOTOpO# aBMXeTcd wu3obpaxaroumas
TOUKA 0NpPpH HN3MCHCHHH MEXAHHUC-
0 = CKOro COCTOSIHMSI CUCTEMBI, — Pa3o-
8ou mpaekmopuel.

IToctpoum ¢ha3oBbie TPAEKTOPUHM
IJISl HEKOTOPBIX MIPOCTHIX CHCTEM.
Puc. 134. Illapuk, ynpyro OTpaxarom M- IIpocreiiunit npumep — 3TO
€51 OT CTEHOK, H ero (ha3osast TPAaeKTOpPHS JBYXY IHHCS 6e3 TpEHMS MO ropH-

30HTAJM YNOPYTMM WIAPHK, [OOYe-
PEIHO OTPaXAMLIMIACS OT ABYX MAPA/IE/bHBIX BEPTHKAJbHBIX CTEHOK
(puc. 134). Ecam ygap o creHKy cuutaTh abCOMIOTHO YNpPYTHM, TO He-
U3MEHHAs 10 MOAYJIIO0 CKOPOCTh IIAPHKA NMPAKTUUECKH CKAUKOM MEHSIET

=

e AN
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HampaBjeHue y creHkd. (DazoBas TPaeKTOpus ABMXKEHHWS IIAPDHKA pa-
auyca r HoKasaHa Ha HUXHed yactu puc. 134, OnHa mpencraeaser co-
00 MpAMOYTOJBHUK, BEPXHAS TOPH30HTAJbHAd CTOPOHA KOTOPOTO CO-
OTBETCTBYET ABHXXEHHMIO IIAPDHKA C IOCTOSHHOM CKOPOCTHIY U HA BCEM
HHTEPBAJE OT JIEBOM CTEHKH A0 MpPABOM, 3 HUXHAA — O0OpaTHOMY ABH-
XEHUIO OT MPAaBOM CTEHKH IO JIEBOHM, KOTrAAa IMPOEKIUMS CKOPOCTH paBHA
—v. BeptukanabHbie CTOpoHbl (ha30BO#M TPAEKTOPHHM COOTBETCTBYIOT H3-
MEHEHHMIO CKOPDOCTH NpPH HEU3MECHHOM 3HAUEHHHM KOOpAMHATHI OT v JAO
—v y NpaBoit CTEHKM M OT —v 0 v y JeBoi. Msobpaxarmas Mexa-
HHUYECKOE COCTOSIHHE MIApHKA TOYKA OOXOXUT (hasoBYH0 TPACKTODHIO B
HAMpaBJEHUHN NO YACOBOH cTpeiKe. 110 ropumsoHTa bHBEIM yyacTKaM ha-
30BOIl TPAEKTOPHM 3TA TOYKA JBHXETCI PABHOMEPHO, 4 BEPTHKAJIbHEIC
NPOCKAKKMBAET MTHOBEHHO B COOTBETCTBMH C BHIOPAHHOM MOZE/IBIO YII-
pyroro yaapa O CTEHKH.

Ipyroit mpuMep — MApHK, CBOOOAHO MAAIIMA B [OJE TIXECTH
¥ YOpyro OTPAaXalOMUHACS OT NOPU30HTAAbHOM MuTh. [Ipu mpexeOpe-
XKEHUM TOTEPSIMM MEXAHMYECKOU IHEPrUM LAapeK OynaeT COBEpIIATh Me-
PHOIMUYECKOE ABHXEHHE, MOAHMUMASACH HO HEKOTOPOM BHICOTH U CBOGOX-
HO manas oOpatuo. llepwoxm ABMXEHHS LIAPHKA 33aBHUCAT OT MAKCH-
MaJIbHOM BBHICOTHI IOAbEMA A, KOTOpas OMNpEReadeTCs HauyaJlbHRIMU
YCJIOBHUSAMM, M PABCH, OYCBMAHO, CYMMAapHOMY BPEMEHH NANeHHUS H
noabeMa, T.e. 2V2h/g. 3aBHCHMOCTB

CKOpOCTH LIApHKa OT €ro BBICOTH Zz v

Iporme BCEro HAWTH C MOMOMLIBIO 3aKO- Vagh

Ha COXPAHEHUs SHEPTHH:

2
mzv + mgz = mgh, (1
0 z
OTKyza mis v(z) momydyaem
o(z) = £VIgh=2).  (2) h

—v2gh

[Ba 3Haka mepex KBAAPATHHIM KODHEM
f;zz’;ie;c;i}:gir ABHKEHHUIO Lrapuka Puc. 135. dazosas TpaekTopus 1wa-
pyKa, OTCKaKMBAIOLWIENO OT rOPU3OH-
(®aszoBas TpaeKTOpUs 3TOrO ABUXE- TaJAbHOM YNPYTOH MJIMUTHI B NOJIE TSKE-
Hud, n3o0paxenHas Ha puc. 135, cocto-
HUT HU3 BEPTHKAJBHOIO y‘{aCTKa, cooT-~
BETCTBYIOIICIO MTHOBCHHOMY H3MEHECHHMIO HanmpaBJC€HH I CKOpPOCTH LIApH-
Ka IpH yAape O IUIHTY, ¥ YAcTH Hapabosbl C FOPU3OHTAIBHON OChIO CHM-
MeTpuH, onpeaeaseMoi ypapaenueM (2). Ona ynobersa Hayasno oTcyera
BBICOTHL z LIAPHKA BHIOPAHO HA YPOBHE r HAA ILUTUTOM, TAE r — paguyc
wapuka. Touka, u3olpaxaromas MEXaHHMYECKOE COCTOSHHE MIapHKa,
IBMXeTCd 1Mo (DasoBOit TpAaeKTOpHUM MO 4acoBod crpesnke. Ha BepxHeit
BeTBM Napabo/MYecKoro ydacTka u300paxarmmas ToukKa 3aMeassercd,
YTO COOTBETCTBYET YMCHBUICHHIO CKOPOCTH HIAPHUKA IO MEPE €ro Mnoab-
€Ma, a Ha HHXHEM — pasroHsdeTcd. BepTukanbHeil yyacTok (hasosoit
TPAaCKTOPHH usoépaxa}omaﬂ TOYKA IMPOCKAKUBAECT MIHOBCHHO,
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®a30Bad TPaeKTOPHA M MOTEHUMAJbLHAA YHEprusa. YpasHeHue azo-
BOM TPAEKTOPHHM KOHCEPBATUBHOM CHCTEMBI (hAKTHUECKM MpEacTaBJ/iser
co0oil ypaBHEHHME 3aKOHA COXpaHCHHS 3HepruH. B maHHOM ciyuae, Ha-

mpuMmep, 3aBUCUMOCTh v(z), BHIpa-

Eq} Kaemas cooTHowieHHeM (2), Onlia
mgz monyuena u3 (1), Tak xak B Bhpa-
mgh JKEHUE OJ MEXAHUUECKOM IHEpPruM

CHCTEMBI BXOAMT CJIAraeMpIM €€ [M0-
TeHUMaj bHas 3Heprus E (z), To
HHTEPECHO COMOCTaBUTh (Ha30BYIO

— TPAaeKTOPHIO C rpaMKOM MOTEHIN-
0 ho oz asibHOM 3Hepruu (puc. 136).
B BepxHell uacTy pUCyHKa OpH-
Vo BegeH  rpadMx  MOTEHIIMaJbHOM

SHEpPruM wapuka. IT1or rpacduk
npeacTaejsger CoO0M «MOTEHLIHAb-
HYIO0 SIMy», COCTOSIIYI) M3 HAKJIOH-
HOM MpaBOM CTEHKH, COOTBETCTBY-
—V2gh IOIIE  JIMHEHHOMY  YBEJHMYEHHMIO
MOTEHIMAbHON 3HEPTMM B OJHO-

Puc. 136. Mpadux notenumansuoit suep- POAHOM MOJIE TAXECTH C BBICOTOH,
ru 1 (Ha3oBas TPAeKTOpHs IS WapUKa B M BEPTHKAJBHOM JIEBOU CTEHKH, CO-
mioJle TSKECTH, OTCKAKMBAIOWETO OT TOPH-  OTBETCTBYIOIIEH BHIOpaHHON Mogme-
30HTAJILHOM YNPYrOH MJIMThI JM yOpYyroro OTPaXEHMs IIapHKa
OT TOPU30OHTAJIbHOM IUIMTH. JTa

BeTBb rpaduka E; COOTBETCTBYET MOTECHUMANBbHOM IJHEPrHH ympyrod

nedopmauuu. OHA MONY4aeTCd BEPTHKAJbHOA npu OGeckoHeuHo 00/1b-
woit xecrkoctn (moaysne IOHra) aedopmmupyemoro marepuana. Ha
rpadpMke MOTEHLMAIbHOU IHEPrdM OTJIOXKEHO TAKXKE 3HAUEHHUE MOJIHOM
MEXaHMUECKOU 3Hepruu E = mgh.

Ha HumxHe# uacty pucyHKa mnokasaHa ¢as3oBas TPaeKTOPHS OBHXKE-
HHS LWAPUKA C TAKMM 3HaueHueM moJiHod sHepruu. Cxopocts obpawa-
€TCs B HyJIb B T€X TOUKAX OCHM z, rde MOTEHLMAJIbHAS 3HEPTUs CTaHO-
BUTCS PABHOM MOJIHOM JHEPrMU. DTO MPAHMIE ABUXEHHUA C TAKOM 3HEp-
rve, WM mouku nogopomda. B JaHHOM ciyyae 3TO TOuka z == A,
COOTBETCTBYIOLIAS MAKCMMAJIbHOM BBICOTE MOABEMA, M Touka z = 0. 3a
npeaejamu 3THUX TOUEK JBHMXEHME MPH JAHHOM IMOJHOW 3HEPruu
E = mgh HEeBO3MOXHO.

QaszoBag TpaekTOpUd JAET HATJISAHOE MPEACTaBJEHHUE O ABUXEHUHU B
11€JIOM, MO3BOJISIE BOCCTAHOBUTB €r0 MOJIHYIO KapTHHY. a30ByI0 Tpaek-
TOPHIO, PAasyMEeTCs, MOXHO MOCTPONTH, PELIMB YyDABHEHUS OMHAMHUKH H
Hauas dyakuuu x(f) u v(f). Ho, Kak MBI BUAE/IH, €€ MOXHO MOCTPOUTS,
HUMES TOJIbKO BBIPAXEHUE O/ MEXaHUUECKOW JHEpruu cucrembl, Meron
(ha30BLIX TPAEKTOPUIT OKa3KIBAETCI OueHb 3(PHEeKTUBHEIM NIPH M3yUEHHHU
CJIOXHHIX ABMXKEHMIA, KOrAa He yAaeTcs NOJYUYUTh aHAJUTHUECKOoe pele-
HHE YPAaBHEHUH IMHAMUKH,

0

&
N
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MaremaTHuecKHH MasSITHHK. B KauecTBe mpuMepa pacCMOTPHM manie
MQMu4eckuli MasmHuk — TOYKY Macchl m, MPHKPEIUIEHHYK K KOHIL)

JIETKOIO XEeCTKOro CTEpPXHS OJIUHH [,
KOTOPHH MOXET MOBOPAaYUBATHCS BOK-
pyr TOPU3OHTAJABHOM OCH, MPOXOASILEH
uepes gpyroi ee kouer (puc. 137). Ilo-
TEHLMAJIbHAS JHEPrus TAKOH CHCTEMBI
B IOJIE TSXKECTH 3aBHCUT OT yrja ¢ OT-
KJIOHEHHS CTEPXHS OT BEPTHKAJbHOIO
PaBHOBECHOIO MoJsioXeHus. Ee MoxHO
3amucaTh B BHAE

E (¢) =mgl(l —cos ¢). (3)

lpadux E (p) npUBEAEH B BEpX-
Hed yvactu puc. 138, Muuaumym no-
TEHLHAJbHOM 3HEPrUM COOTBETCTBYET

Puc. 137. MadTHHK B fone TIXKECTH
E, () =mgl (1 —cos ¢)

YCTOMUMBOMY MOJIOKEHMIO paBHOBecHMss npH ¢ = 0. MakcUMyMbl |
TOYKAX ¢ =T H P = —IT COOTBETCTBYIOT OJHOMY M TOMY XE€ BEPTH:
KaJbHOMY TIIEPEBEPHYTOMY HEYCTOHYMBOMY MOJIOXKEHUKO pPAaBHOBECHS

Ed

N7 B

N F |

| !

| |

| |
| | .
—2n : 0 i .4 2 ¢

|- !

| |

|

| [}
~2n — 0 e 2

Puc. 138. IMorenumansHaa 3Heprvs v HasoBas IUIOCKOCTb TSKENONO MASTHHMKA B ITONE

THAXKECTH

MagTHUKA. Touka MAacCH /7 MOXET OBUFAaThCI TOJBKO IO AYre OK-
pyxHoctu paguyca [. TloaroMy ee CKOpPOCThP v MOXHO 3alMCAaTh Kak
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v=l[w, rae w=d¢/dt — yrioBas CKOPOCTb, a8 KHHETHUUECKYIO IHEp-
rul0 — Kak ml2w%/2. B OTCyTCTBHE TPEHHS MEXAHHUYECKAd DHEprus
MagaTHUKA E coxpaHsfeTcd. YpaBHeHUE 33KOHA COXPAHEHUS JHEPrUU
HMEET BHUX
mi%w?
2

+ mgl(1 —cos p) = E. (4)

3HaueHUEe MOJHOH JHEPruM E Oonmpenesercd HaYabHBIMHM YCIOBHUSA-
Mu. MoxHo, Hanpumep, BO30yXHaTh MAsSTHUK, HAXONALUMICA B HUX-
HEM TIOJIOXEHUH, COOOLAd €My TOJIYKOM HEKOTOPYIO HAUaJbHYH CKO-
pocth v,. B 3ToM ciayuae E = mv(z)/Z. XapaxkTep ABMXEHHS MAasATHUKA

3aBUCHT OT 3HaueHUd 3TOH monHOM sHeprud E. Ecau E mpesmmaer
MaKCHMMaJbHOE BO3MOXHOE  3HA4YeHHE [MOTEHUUANbHOM  DSHEPTHHU

E, nax = 2mgl, Mad4THUK COBEPIIAET HEMPEPRIBHOE HEPABHOMEPHOE

BpalleHUE B OOHY CTOPOHY C MEPHOAUYECKH H3MEHALIEHCS YIJIOBOM
ckopocThio. Ecin xe E < 2mgl, MasTHUK COBEpmaeT Kosie0aHHsd OKOJ10
MOJIOXKEHUS YCTOMUYHMBOIO PABHOBECHS, OTKJOHSACh OT HEro BIPAaBO U
BJICBO HAa OOHWHAKOBLIC YIJIBI.

®a3o0BbId MOPTpPeT MasiTHMKA. HariganHyo KapTUHY BO3MOXHBIX OBHU-
KeHUH MadTHUKA AAeT (pa30Bad ILIOCKOCTh, MMOKA3dHHAS B HUXHEU ya-
ctu puc. 138, roe mo ocu abeuuce OTIOXEH YroJl ¢ OTKJIOHEHUS U3 DaB-
HOBECUS, a MO OCH OPOUHAT — YIVIOBAs CKOpocTh w. HempepbiBHOMY
BPALUEHUIO0 MAATHUKA COOTBETCTBYIOT HE3aMKHYTHIE (Da30Bble TPAEKTO-
pHHU: BEPXHAA TPACKTOPHA OTHOCUTCH K BPALIEHHIO IPOTHB 4YacoBOH
cTpejku (B MOJOXHUTEIBHOM HAMPABJECHHH OTCYETA YIJIa ), a HUX-
HA9 — K BPAIICHHUIO IO YacOBO#l CTpejkKe. BupgHO, uTo mpu mpoxoxuje-
HUM HUXHEH TOUKH ¢ = (0 MAATHUK OBUXeTCA OBICTPO, 4 B BEPXHEH TOY-
K& — 3aMenngeTcd.

3aMkHYTHE (DA30BEE TPAEKTOPHH COOTBETCTBYIOT MEPUOXMYECKHUM
K0J1e6aHMAM OKOJIO YCTOMYMBOIO MOJIOXKeHUs paBHOBecHs, M3obpaxato-
Ad MEXAHUYECKOE COCTOSAHME TOUKA OOXOOUT 3TH TPAEKTOPUH IO 4aco-
BOH CTpeJiKe BOKpYr Touk¥ O HA (Da30BOH IIOCKOCTH, COOTBETCTBYOMIEH
COCTOHHMIO MOKOS B MOJOXEHUU YCTOMYMBOrO PaBHOBECUSI., B mosoxe-
HUY DAaBHOBECHS CKOPOCTh MakcHMasibHa. OHA yOHBAET MO MOYJIO IO
Mepe MpUOMMXEHUS K TOYKAM IOBOPOTa * ¢, , B KOTOPHIX MOTEHLHA/Ib-
Hasl SHEeprus CPaBHHUBAETCA C MOJHOU. B 3THX TOUKAaxX CKOpOCTh 06paiya-
eTCA B HYJIb, d HANPABJCHUE ABUXECHUS MAATHUKA U3MCHSAETCA HA MpPO-
THBOIOJIOXHOE.

({a30BHE TPAaEKTOPHHU, NMOKA3aHHBE HA AMArpaMMe XUPHBIMU JIMHH-
AMH, — 3TO TAK HA3BIBAEMBIC cenapampucsl, KOTOPHE OTAEASIOT 3aMK-
HYThie (DAa30BBIE TPAEKTOPHHU OT PA3OMKHYTHIX. Y DPABHEHHS CeNapaTpuc
nosnyuarorcs u3 (4), ecin nonoxuTe TaMm E = 2mgl:

() = t\}2§(1+cos P) = iZ@cos% (5)
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Touka, M300paxawiuasgs MEXaHUUECKOE COCTOSHME CUCTEMEI C TOJHOM
asHeprueit E = 2mgl, peuxerca Ha (HasoBoi MJOCKOCTUM MO cenapart-
puce. [logxoma, Hampumep, K TOUKe A, COOTBETCTBYIOIIEH mepesep-
HYTOMY TOJIOXKEHUIO MAasTHUKA, OHA TOCTENEHHO 3aMEN/ISIeTCd U B TOU-
Keé A «3aCTpeBaeT» — OCTAHAB/JAMBAETCS B TOJOXEHUU HEYCTOWUYUBOIO
paBHoBecusa, DopMaabHO TPUOIMXKEHUE K ITOMY COCTOSIHUIO B OTCYT-
CTBME TPEHHUS TPOJO/KAeTCa OecKoHeuHo aosro. M3 TOuku A BhIxomsT
aBe (a3oBbie TPAEKTOPUM B COOTBETCTBMM C TEM, UTO 3aCTHIBIIMHA B
HEYCTOMUMBOM TMOJIOXKEHUM DPABHOBECUSI MASATHUK MOXET «CBAJTMTBCS»
B 00YI0 CTODOHY.

e Hapucyiite cxeMaTHdeckd rpadHk MOTEHUMANbHOI 3HEPTHU BMecTe ¢ (a-
30BOM AMarpaMMoil And lapuKa, TMooYepeAHO OTpaxalwmlerocs oT mnapasn-
JleJIbHBIX BEPTHMKATBHBIX CTEHOK. Kakoi cMbici HMeeT TO 0OCTOATENLCTBO,
4TO COOTBETCTBYIOLIAS TOTEHUMANbHAs SMa MMeeT OecCKOHEYHO BbliCOKME
CTEHKH?

o KakuM nonoxeHUSAM MasTHHKA COOTBETCTBYIOT 3HAueHUS ¢ = *n, =+ 3m,
+85n, ... o= *2n, +4n, ... ¢pa3oBoit AMarpammel Ha puc. 1387

e Tlokaxure, 4TO MO 3aMKHYTbIM (ba3oBbIM TpaeKTOopuaM Ha puc. 138 uzobpa-
XKAKLAA TOYKA ABMXKETCS [0 YACOBOM CTpefiKe.

o QOO6mBbacHuTE, MoYeMy ypaBHeHUS cenapaTpuc (S5) nonydaroTcs U3 3aKOHa co-
XpaHeHUd aHepruu (4), ecnu MONoXUTh B HeM E = 2mgl.

o UYepes kaxaylo TOuKy ¢a3oBOi MIOCKOCTH TMPOXOAMT, KaK MPaBUIO, TOMb-
KO ofJHa a3oBasd TPaeKTOPMUS, UTO COOTBETCTBYeT MeXaHWUECKOMY AeTep-
MHUHU3MY: 3afaHHe COCTOSHMUA B Kakoi-THOO MOMEHT BpeMeHM OAHO3HAYHO
onpeaensieT AafbHelllee ABUXeHMe cUcCTeMbl. Kakoft cMblicl UMEIOT TOYKM
¢a3oBoi mnockocTH (Hanpumep, Touka A Ha puc. 138), koropble He
YROBJETBOPAIOT 3TOMY YCJOBHIO?

e [Ilpoxonar A4 asoBble TPAEKTOPHUM veped TOUKY O Ha puc. 1387

& Anunabatnuyeckune mHpBapuaHTtel. M3Menenue napamerpoB ¢usu-
YECKOH CUCTEMBI BCEraa COMPOBOXKIAETCS M3MEHEHUEM HEKOTODHIX
XapaKTEpPUCTUK €€ OABUXEHUs. Hanpumep, M3MEHEHHE IJIMHBI Ma-
ATHUKA HACTEHHBIX YACOB NMPUBOAMT K M3MCHEHUIO TEPUOAA €ro KO-
nebaHui, UTO MUCTIOMB3YETCA OIS DEryJUPOBKM TOUHOCTH XO4a ua-
coB. OcoOulii MHTEpEC MpPEACTABASET CAy4ai, KOraa U3MEHEHUE ma-
paMETPOB CUCTEMBI TMPOUCXOOUT HEMOCPEACTBEHHO BO BpEMsl ee
IOBUXKCHMSL

OxaszniBaeTcs, uto B (PU3NUECKOH CUCTEME CYILECTBYIOT XapakTe-
PUCTUKH, KOTODPHIE OCTAIOTCS TOUTHU TIOCTOSIHHBIMM TPU MEAJICHHOM,
Kak TOBOpPST, anMabaTMUeCKOM MU3MEHEHUM ee mapaMeTpoB. Takue Be-
JIMUMHEL, COXPAHSIOUMECS ¢ 00/IbLIOH TOUHOCTBIO NPU MEAJTCHHOM M3-
MCHEHHMM NapaMEeTPoOB CUCTEMEI, HA3LIBAIOTCA aduabamuiecKkumu uH-
gapuanmamu. YCI0BUe aaMabaTMUHOCTH H3MEHCHUSA TNapaMETpPOB
MOXHO 3anucartb B Buac T',/T,<<1, rae T, — xapakTEpPHHIH AJS CUC-

TeMbI IEPUOR, a T, — XapaKTEPHOE BPEMsl M3MCHCHUSI €€ TapaMeTPOB.
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Kak Haxomnth agnabaTHuecKWe MHBAPMAHTBI M KaK OMpEAensTb
TOYHOCTB, C KOTOPOH OHM coxpaHsrorca? PemeHue 3THX BOIIPOCOB
npeacrasager coboi OAHY M3 KPACMBEHIUMX M ELIE HE3aBEpPIECHHBIX
obnacreit ¢usnkn. C annabaTHYECKMMH MHBAPHAHTAMM CBS3aHO TaK
MHOTO BaXHBIX PE3yJbTATOB B KJIACCHUECKOH M KBAHTOBOIH (hU3MKeE,
uTO Ceifuac yxe HEBO3MOXHO NPEACTaBUTh cebe Kakyro-aubo obaacTs
¢usnku 6e3 3Toro MOHATHS.

IIpuMep uHBApMAHTA. B CyllecTBOBAHMH agnabaTHUYECKHMX HHBAPH-
AHTOB JIETKO ybeanuThbcs, OOpPaTHBILMCh K PACCMOTPEHHOMY BHILIE
MpUMEpy YIPYroro Mapuka, Moo4YepeaHO OTPa)KAIoWIerocs OT ABYX
NMapa/uleJbHBIX BEPTHKAJbHEIX CTEHOK. [IpeamosiokMM, uTto OgHA M3
CTEHOK, HAPUMEp NpaBsas, MENJICHHO ABVXXETCH BIPABO WJIM BJIEBO C
HEKOTOPOH 3aJaHHOH CKOPOCTBIO U, MAJIOH IO CPAaBHEHHK) CO CKOpO-
cThO mapuka v: u/v<< 1, [Ipn KaXaoM OTpPaKCHHUHU MAPHUKa OT 3TON
CTEHKH OyaeT M3MEHATHCS HE TOJIBKO HAMPABJEHHE €ro CKOPOCTH HA
MPOTUBOIOJIOXKHOE, HO M ee MOoayJsb. V3MeHeHMe CKOpPOCTH mmapuka
PN OTPaXXEHUM OT ABUXXYILNEHCA CTEHKM IPOUIC BCEro HalTH cieny-
romum obpasoM. [TepeiineM B CHCTEMY OTCUETA, CBA3AHHYIO C ABHXY-
mencs CTeHKOH. B 3Tol cucTteMe mpoekuus CKOPOCTH WIapuKa MpH
YOpYroM yaape MU3MEHSET 3HaK Ha IpoTuBomnosoxHHi. [Toatomy, ec-
JH [0 yaapa NpoeKUMs CKOPOCTH IIAPHKa B JaOOpaTOPHOM cHCTEME
Obl1a v,, B CHCTEME, CBS3aHHON CO CTEHKOH, oHa Obia v, — u,, TO
[ocJIe yAapa B 3TOW cHCTeMe OHa paBHa —(v, — u,) = U, — U, U CO-
OTBETCTBEHHO B J1a0OpAaTOPHONW CHCTEME MOC/Ie yaapa

o =2u, — v, (6)

Tak OymeT MOBTOPATHCA MPH KaXOOM COYAAPEHHH [ApHKA CO
CTEHKOMW, II03TOMY IUAPHK OyHeT MOCTENEHHO Pa3rOHATbCH, EC/IH
creHky commxarorca (u, < 0), 1 3aMenIaTbCS, ECIM CTEHKH Pa3jBH-
ratorca (u, >0). IlycT ang onpenesieHHOCTH PACCTOSHHE MEXIy
CTEHKaMM yMeHbmaercd. Toraa npu KaXaoM OTPa>XeHMHM OT ABHUXY-
meica HapCTpeuy eMy CTEHKH IAapHkK, B cooTseTcTBuM ¢ (6), yBenu-
YHBAET CBOKO CKopocTh Ha 2u. [Tocse N Takumx CTOJIKHOBEHHH €ro
CKOpPOCTb CTAHET paBHOM

v =uv + 2uN. (7

Cuuras, uto 3t N COyAapeHHI MPOU3OULIN 32 BpeMs Af, 1J1s HOBO-
ro pacctosHusi ' MEXAy CTEHKAMH MOXHO HAMMCATh

I'=1—uAt. (8)

Ecnu 32 BpeMs Af nepBOHauYasibHOE PACCTOSITHME MEXAY CTCHKaMHU

M3MECHH/IOCh HE3HAUNTEIBHO, TO COOTHOIIEHHE MeXAY N U Al MOXHO
npulIMKEHHO 3aMHUCATh B BHJE

At=’t"—N, ( (9)
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TAaK KakK 2//v COOTBETCTBYET MPOMEXYTKY BPEMEHH MEXAY ABYMS MO-
CJIEA0BATEABHBIMU COYAAPEHUSIMHU C ABMXKYyluehcs creHkoit. [Toxcras-
aas At n3 (9) B (8), nepennmem coornowenus (7) u (8) caenyio-
wuM obpasom:

v'=v(1+2%N), l':l(l—2%N). (10)

U3 ¢opmya (10) BMAHO, YTO OTHOCHTE/NBHOE YMEHBIICHHE pac-
CTOSIHMS MEXAY CTEHKAMH COMPOBOXIACTCHd TAKMM XK€ OTHOCHTEJb-
HbIM YBEJHMUYEHHMEM CKOPOCTM IAapuka. EcCau BTOpbIE c/araeMble B
CKOOKAX MaJbl MO CPAaBHEHUIO C €ANHULEH, IPON3BEAEHNE [U OCTAET-
Cd TOYTH TOCTOSIHHBIM:

2
’ u
v =lv 1—(2;1\/) ~ lv = const. (11)
2TO M ecTh aaANabaTHUECKHUIT HHBAPHAHT PACCMATPUBAEMOH CHCTEMBI.

I'eOMeTpPHUYECKHI CMBIC] MHBApUaHTAa. AnnabaTHYecKOMYy MHBApH-
AHTY MOXHO NMPUAATh HArIAAHBIA reOMETPHYECKHUI CMbICA Ha $a30Boi
mockocty (cM. puc. 134). Jlerko BuaeTs, 4To NpousseacHue 2/v npea-
craBageT cofoM maowanp Yactu ¢aso-

BOH IJTOCKOCTH, OXBATHIBAEMON 3aMK- v
HyTOM a30BOH TpaekTopueH pac-
CMaTPHBAEMOrO MEPHOANUECKOTO ABH-
xerud. TIpu cOMMXEHNN CTEHOK JTOT
NpPsIMOYTOJbHUK MEHSET CBOM TPONop- AR NN
umy (puc. 139), Ho Tak, uto ero mwio- 0 Y x
waab 0CTAeTCS HEM3MEHHOM.

JpyruM MEXaHMYEeCKHM CHCTeMaM
COOTBETCTBYIOT, pPa3yMeeTcsl, HHbIE
(a3oBbIe TPACKTOPHH, HATIPUMED 3J1-  pyc. 139. [Ipy MENIEHHOM MIMEHE-
JUICH Ha pHC. 138, ONMUCHIBAIOLIME  uuuM PAacCTOSHMS MEXIYy CTEHKaMM
KOJIe0AHMS MAATHAKA OKOJIO YCTOWYM-  OXBarbisaemas (aszosoit  TpacKTO-
BOTO MOJIOXEHU A paBHOBeCP[SI. HO pHey riomanb oCtaeTCa HEM3IMEHHON
oxBaTbeiBaeMas (pa30BOH TpaeKTOpHEH
wrowaapr OyAeT MNpeacTaBasTs coboil agnabaTuueckuit MHBAPHAHT
JIMIIB TIPHU YCJIOBHHU, KOTAA 3Ta MJIOWAAb COOTBETCTBYET (PH3NUECKOMY
CMBICY MHBAPHAHTA, T. €. HMCET PAa3MEPHOCTh JHEPrHH, YMHOXCHHON
Ha Bpems: ML*T™! (wam L*T7!). DT0 3HAYHUT, UTO A MAATHHKA IO
ocsiM Ha (pa30B0ii T;IOCKOCTH CIEAYET OTKAAAbBaTh ¢ U [2¢. [Ipn mea-
JICHHOM M3MEHEHMM KaKoro-anbo mapaMerpa, B YacTHOCTH AJIMHBI KO-
nebaomerocd MadTHHKA, MJIOWAAb, OXBATHIBAEMas JITMIICOM, OyaeT
0OCTaBaTbCd HEU3MEHHOH, XOTH €ro MOJYOCH N3MEHSIOTCH.

Du3n4ecKHil cMbica nusapuanta. Ousnuecknit cMbica aguadarnue-
CKOTO HHBADHAHTA IPOSCHSAETCH, €CAM B PACCMOTPEHHOM INPHMEPE
IIApUKa MEXAY CTEHKAMH NMEPEHTH OT CKOPOCTH U K MMIIYJbCy Ia-
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pMKa p=mv W TOACTABUTb B HHBAPHAHTHOE IIPOM3BEACHHE
Ip = Imv paccrosgHue [/, BRpPA3UB €r0 UEpPE3 CKOPOCTb v U mepuoa T
aBuxXeHus wapuka: [ = vT/2. B peayasTate moayuyum

2
vT muv
Imv=myv—+5=—T=ET,
2 2
rae E = mv?%2 — xuHeTHueckas SHeprus wapuka. Ecam cucrema

0671anaeT HE TOABKO KHMHETHUECKOM, HO W MOTEHUHAIBHOM OSHEp-
THEH, KaK B CAyuae KadarmuEerocs OKOJIO0 TOJIOXKEHHS DPABHOBECHS
MAasSTHHKA, TO anaMabaTHuecKwil HHBAPHAHT TpeacTasaseT coboi
MMPOM3BEACHHE MOJMHOM MEXaHWUYECKOM JHeprum E cuCTeMbl Ha Iie-
puon 7. Tlpu MemseHHOM H3MEHEHMHM IIAPAMETPOB CHUCTEMBL €€
DHEprusi M Mepuod HU3MEHSIIOTCS TaK, YTO MX MPOU3BEAEHHE OCTa-
ercs HeusMeHHnM: ET = const.

YcnoBus CyilecTBOBaHMs MHBapuaHta. [Ipu noucke aamabatuue-
CKHX HMHBAPMAHTOB B M3y4yaeMOM CHCTEME Caeayer OhThb OueHb OC-
MOTPHTEABHBM, HamoMHuM, uTO ycaoBHe anuabaTHUHOCTH H3MEHe-
HMS MapaMeTpa 3aK/Io4YaeTcs B BBHIMOJHEHWM HepaBeHcTBa T << T
napaMmeTp JOXKEH H3MEHSATLCS MEAIEHHO B MacwTade xapaKTepHOro
s cucreMn BpemeHM T, (mepuona ABmxeHud). Hampumep, ecan
MEVIEHHO ABHXYLIYIOCS CTEHKY B PACCMOTPEHHON BBHIILIE CHCTEME Me-
pea KaXAM CTOJIKHOBEHHEM C LIAPHKOM OCTAHABJAMBATH HA KOPOT-
KOE BpPEMS, TO HHUKAKOro aguabaTHueckoro MHBApHAHTA yxe HE Oy-
OET: MOAYJb CKOPOCTH IUAPHUKA HE MEHSETCA MPH TAKOM MEIICHHOM
MOHOTOHHOM YMEHBLIEHHH DACCTOSHHMS MEXIY CTEHKAMH. 3AeCh Xa-
PAKTEPHOE BpeMs H3MEHEHHS BHEIIHEro MapaMerpa OKasblBAETCH Ta-
KMM X€, KaK M [MEPUOI ABHXCHHUS IUAPHKA.

Ewe Gosiee MOYYUTEIbHHIM MOXET OKAa3aThCd CACAYIOLIMHA MpH-
mep. Kak yxe oTMeuanoch, MpPH MEIJEHHOM M3MEHEHHWH JJIHHBL Ma-
ATHUKA, HANIpUMED TMPH BTATHBAHHH B OTBEPCTHE HHTH, HA KOTOPOH
KauaeTcs TIPy3WK, HHBAPHAHT CYUIECTBYET: MPOHM3BEAEHHE DJHEPIHH
KOeOaHMIH Ha MEPHOI OCTAETCS HEHM3MEHHBIM, XOTS KaXAeli M3 CO-
MHOXHTEAEH uaMeHsaeTcs, OAHAKO MpH MEAJIEHHOM H3MEHEHHH Mac-
CHl TPy3MKa, HATIPHMEP 33 CUET €r0 HCHapeHus, aanabaTHueckoro HH-
BAPHAHTA HE CYWIECTBYCT, TAK KaK MEpHOA ero Koaebauuil ocraercs
HEHM3MEHHBIM. B 1aHHOM ciyuae yci0BHS YMeHbIUEHHS Macchl (CKO-
POCTh OTAC/SIOMXCS MOJEKYJ Mapa) U3MEHAIOTCS B TAaKT ¢ Koseba-
HHSMH MasTHHKA, T. €. MapaMETP H3MEHSETCS B TOM X€ BPEMEHH(M
Mmacwtabe, yTo ¥ KoaeOaHus MagTHHKA. B MpOTHBOMOAOXHOCTL 3TO-
My NPH BTATHMBAHWM HHUTH KOJEOAHMS MAATHMKA HHUKAK HE BJHSIOT
Ha CKOPOCTb M3MEHEHHS IMHBI HUTH, OIMPEAEISEMYIO0 TOJbKO BHELLU-
HUMH YCJOBHSMH.

Bomnpoc OLEHKHM TOUHOCTH, C KOTOpO# CoxpaHsercs aguabatuue-
CKM# MHBapuaut, HanpuMep (11), He Tak mpoct, KaK MOXET TMOKa-
3aThCd Ha MepBLIH B3rasa. Iloka BTOpoe caraeMoe B CKOOKax MHOTO
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MEHbIUIEC eAMHULBI, TOUHOCTb MHBAPHAHTA ONpeaenseTca otOpachiBae-
MBIMM KBAJAPATHYHBIMM WIEHAMH (KOTOPBIE HE YUHTHIBAJIUCH YXE B
(9)). Ho naxe B Tex cnyuasx, koraa wieHs (2(u/v)N)? yxe Heab3s
CYUHUTATh MAabIMH, AAHAOATHUECKUIl MHBAPDHAHT [v COXPAHAETCA C
TOYHOCTBIO, CYLIECTBEHHO NMPEBBIUAKOLWIEH Ty, KOTOPYIO MOXHO OXH-
nath Ha ocHoBaHuM ¢opmyan (11).

e UYrto Takoe apuabatHuyeckHii HHBapuHaHT? KakoB ero reoMeTpHYeCcKHH
CMbICJI Ha pa3oBolt puarpamme?

e [lycTb paccrosnHue Mexay cONMXaWOUWHMHCA CTEHKAMH YMEHBLUHIIOCH B
AJea pasa. Bo CKOMbKO pas NpH 5TOM H3IMEHHTCH SHEPrUs Meuyllerocs
MeXAy HUMH wapHuka? 3a CcyeT yero MpoUCXOAMT YBEAHUYEHHE 3HEPruu
wapuka? Kak usMmenurcs nepuon? a

§ 39. MexaHu4yeckoe paBHOBecke

Paspgen MexaHUKH, B KOTOPOM M3Y4arOTCH YCJOBHS PABHOBECHS TEJ, Ha-
3bIBAETCS cmamukod. IIpole Bcero paccCMOTPETh YCJAOBHMS PABHOBECHS
abconiomno ma@epoozo meaa, T. €. TAKOrQ Teaa, pasMmepel U ¢opMy KO-
TOPOr0 MOXHO CYHTATh HEM3MEHHBIMH, [[OHATHE aOCOMIOTHO TBEPAOIO
Tena saBagercd abcTpakuued, MOCKOJIbKY BCE PEajabHBIE TEAA MO BAHUM-
HHUEM TPUJIOXEHHBEIX K HUM CHJI B TOH WIM MHOH CTeneHH OedopMHpY-
I0TCS, T. €. MECHSOT CBOKO ¢dopMmy u pasmepel. Benvuuna medopmauuii
3aBUCHT KAK OT MPHJIOXEHHBIX K TEAY CHJ, TAK M OT CBOHUCTB CaMoro
Tena — ero opMel U CBOMCTB MATepHasa, U3 KOTOPOro OHO M3TOTOBJE-
HO. BO MHOrMX MNpakTHYECKH BAXHBIX Caydadax AedopMaudu ObIBAIOT
MajIbIMHM M MCTIOb30BAHHUE MPEACTABACHHI 00 aGCOMIOTHO TBEPOOM TEJE
SIBJISICTCS OMPABIAHHBIM.

Moaeas abconoTHO TBepaoro tena. OmHAKO HE BCerma MajoCTh ge-
dopMauuil 9BASETCA AOCTATOUHBEIM YCJAOBMEM HOJAd TOrO, 4ToOH TEI0
MOXHO Ob10 cUMTaTh a6COMIOTHO TBEpABM. UTOGH MOSICHUTL 3TO, pac-
cMoTpuM caegyrowui npumep. Jlocka, Jexamas Ha ABYX Omopax
(puc. 140a), Moxer paccMaTpUBATBCA KaK a0COMIOTHO TBEPAOE TENO, HE-
CMOTpPA HA TO, YTO OHA CJ€rKa nporubaeTcs Mmop AEMCTBHEM CHJ TSXe-
cTH. JIeACTBUTENBHO, B 3TOM Caydde YCAOBHS MEXAHHYECKOTO PaBHOBE-
CH4 MO3BOKIOT ONPENEJUTb CHAB peakuuu onop N, u N,, He yUHUTHIBag
JedopManMH JOCKH.

Ho ecnu ta xe gocka Jaexudr HA tex xe onopax (puc. 1400), o
npencrasieHde 00 a0COAOTHO TBEPAOM TEJE IBASETCS HEMPUMEHHMBIM,
B camom pgese, mycTh KpaiHHE OMOPH HAXOAATCA HA OJHON TNOPH30H-
Taau, a CpefHdas — 4yTb HHXe. Ecad gocka abcosmoTHo TBepaas, T. €.
Boofiie He MporubaeTcs, TO OHA COBCEM HE AABHT HA CPENHION OIOpY
(N, =0). Ecu xe mocka mporubaercst, TO OHa NABUT HA CPENHIO

onmopy, MpPUYEM TEM CHIbHEE, YeM Oospme nedopmanus. YCa0BUS paB-
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HOBecus abCOMIOTHO TBEPAOrO TeMa B ITOM CAYYAE HE TO3BOJAIOT
onpeneauTs cuibl peakuuu onop N;, N, u Nj, Tak Kak NpUBOAAT K

Ny

6 mg

Puc. 140. Cunbt peakuus, ASHCTBYIOUME HA JOCKY, JIEKALLYIO HA AByx (@) v Ha Tpex (&)
oriopax

JBYM YDaBHEHUSM J/11 TPCX HEW3BCCTHBIX BEJUMYUH. Takue CHUCTEMEI
HOCAT HA3BAHME CTATHYECKM Heonpexpenumeix. i Mx pacueta HeoO-
XOZMMO YUYUTHBATH YINIPYrue CBOUCTBA TE.

[IpuBepeHHbId IpUMED MOKA3bIBAET, YTO MPUMEHUMOCTh Moaeu ab-
COJIIOTHO TBEPIOIO TEJa B CTATHKE OMPEAENSeTcs He CTOJAbKO CBOHCTBA-
MU CaMOrO Tejaa, CKOJABKO YCJIOBHMSMH, B KOTOPBIX OHO HAxoguTcd. Tak,
B PAacCMOTPEHHOM MpPHMEpE AK€ TOHKYIO COJIOMHHKY MOXHO CYHTATh
abCoJIFOTHO TBEPABIM TEJOM, €C/IM OHA JIEXHUT HA AByx onopax. Ho maxe
OUYeHb XeCTKYH 0asKy Henab3s cuuTaTh abCOMOTHO TBEPABIM TEJIOM, eC-
JIM OHA JIEXHUT Ha TPEX OMmopax.

Yc10BHS paBHOBECHS. YCJIOBUA paBHOBecHa abCOMIOTHO TBEPROIO Tenaa
NPEACTABAAIOT CO00M YACTHBIM C/Ty4ai AMHAMMYECKUX ypaBHEHHIH, KOrga
YCKOpPEHHE OTCYTCTBYET, XOTH MCTOPMYECKHM CTATHKA BO3HHUKJA M3 IO-
TpeOHOCTEH CTPOUTEIBHOM TEXHUKM MOYTH HA ABA THICSUYEAETUS PAHBILE
AUHAMUKHU. B MHEpUMAIBHOH CHUCTEME OTCUETA TBEPAOE TCJAO HAXOAUTCH
B PAaBHOBECHUM, E€CAM BEKTOpPHAad CyMMa BCEX ACHCTBYHOIUX Ha TEJIO
BHEIUHUX CHJ M BEKTOpHas CyMMa MOMEHTOB ITHX CHJ PaBHEI HYJIIO.
[Ipy BHINOJIHEHMM TEPBOrO YCJAOBMS DAaBHO HYJI YCKOPEHHME LEHTpa
Macc tesa. [1py BEITIOJIHEHMM BTOPOrO YCJIOBUS OTCYTCTBYET YIJIOBOE YC-
KopenMe BpameHud. [ToaToMy eciM B Ha4YaJpHBIA MOMEHT TEJIO TIOKOM-
JIOCh, TO OHO OYAET OCTABATHCA B TOKOE M AAJIbLIE.

B nanpHeimeM Mbl OrpaHHYMMCH M3YUYEHHEM CPABHMUTEJIBHO MPOCTBIX
CHUCTeM, B KOTOPBIX BCE ZCHCTBYIOLIME CUJIBI JIEXAT B OJHOM IIOCKOCTH. B
3TOM CJIy4Yae BEKTOPHOE YCJIOBUC

SF,;=0 (1)

CBOOMTCA K ABYM CKAJIAPHBIM!

> Fix=0, X F,=0, (2)
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" eC/IM PAaCmOIOXUTE OCH X UM y B TIOCKOCTH AeicTBus chi. HexoTophie us
BXOOALIMX B yCJIOBUS paBHoBecust (1) ACHCTBYIOMIMX HA TEJAO BHEUIHMX
CW1 MOryT OBITh 3aJaHBl, T.€. MX MOOYJM M HANDPABJCHUS M3BECTHEL,
YTo Xe Kacaercs CWJ PEakIiUU CBS3CH WIH Omop, OrpaHMYMBAIOLIMX
BO3MOXHOE NEpPEeMEUIEHUE Tesa, TO OHHU, KaK
NpaBWIo, 3apaHee He 3aJaHbl U CaMU MNOAJe-
XKaT ompedeseHuIo. B oTcyTcTBUE TpEHMS CH-
JIbl PEaKIUU MEPNEHANKYISIPHBl MOBCPXHOCTH
CONPHUKOCHOBCHUS TEJI.

Cuapl peakumu. WHoraa BO3HUKAIOT COMHE-
HUA B ONPEACJEHUM HAMPABAEHUS CUIBL pe-
akuuM CBSI3M, KAK, HAampuMep, Ha puc, 141,
rae u300paxkeH CTEpPXEHb, OMMPAIOIIMHCS B  Pyuc. 141. K onpegeseHmio
TOYKE A O TIagKyl BOTHYTYIO MOBEPXHOCTb  HANPABIEHMS CHI PEAKUMM
YalIKHM U B TOYKE B HA OCTpHIA Kpal yYamkwu.

Ing onpedeneHusi HANPAaBJCHUS CHJ peak-

UMM B 3TOM CJAy4ade MOXKHO MBICJIEHHO HEMHOIO NMOABUHYThH CTEPXEHB,
HE Hapymas ero KOHTakTa ¢ vamkoit. Cwia peaxnum OyAeT Hampas-
JieHA TNEPNEHAMKYJSIPHO NOBEPXHOCTH, MO KOTOPOM CKOJIB3UT TOYKA
KOHTaxTa. Taxk, B TOUKE A ACHCTBYIOIIAS HA CTEPXCHbH CHJIA PEAKIUU
NepneHANKYASIPHA TOBEPXHOCTH YAINKH, a B TOYKE B — MEPHEHAM-
KYJSIpHA CTEPXHIO,

MomenT cuasl. MomenTomM M cuibsl F OTHOCHTEIBHO HEKOTOPOM TOUKH
O Ha3BIBAETCS BEKTOPHOC NMPOM3BEACHME paaMyca-BEKTOpa r, NPOBEAEH-
HOro u3 O B TOYKY NPWJIOXEHHUS CHJIbI, HA BEKTOp CHIbl F:

M=rxF. (3)

Bextop M MOMEHTa CHJIH MEPHEHAMKYJISPEH MJIOCKOCTH, B KOTOPOH Jje-
KaT BEKTOPH r U F.

YpasHenvne MoMeHTOB. ECiu Ha Teno geHCTBYyET HECKOABKO CHJI, TO
BTOPOE, CBA3aHHOE C MOMEHTAMH CUJI YCJIOBHE DPABHOBECHS 3aMMCHIBAECT-

¢ B BHAC
>r;xF,=0. (4)
:

I1pu 3ToM Toyka O, U3 KOTOPOH MPOBOASTCH PagMyChl~BEKTOPHL I;, TOJ-
KHa BeIOMpAThCS OOLIEH A BCEX ACHCTBYIOLIMX CHJL

IIn9 mI0CKO#M CHCTEMBI CHMJI BEKTOPH MOMEHTOB BCEX CHJI Hampasie-
HBI TIEPIEHAUKYISIPHO IJIOCKOCTH, B KOTOPOM JIEXAT CUJIBI, €CJIH MOMEH-
THl PACCMATPUBAIOTCA OTHOCHTENBHO TOUKM, JIEXALIEH B 3TOM XE MJIO-
cxocru. ITooToMy BexTopHoe yciosue (4) a1 MOMEHTOB CBOAMTCS K OO-
HOMY CKaJipHOMY: B TOJIOXEHMM DABHOBECHs airebpauueckas CyMma
MOMEHTOB BCeX BHEIIHMX NEHCTBYIOUIMX CHJ paBHA Hya0. Mooyne Mo-
MeHTa Cwibl F oTHOCHTENBHO TOUKM O pABEH NPOM3BEAECHUIO MOAYJIS CH-
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Jbl F Ha pacctosHUE OT TOYKM O A0 JIMHUM, BIOJb KOTOPOH AEHUCTBYET
cuna F. TIpu 2TOM MOMEHTBI, CTPEMAIIMECS MOBEPHYTh TEJIO MO YACOBOM
crpenxe, GepyTcs ¢ OXHHM 3HAKOM, MPOTHB YAaCOBOH CTPENKH ~— C MpPO-
THBOTIOJIOXHBIM, BBIBOp TOUKH, OTHOCHTEIBLHO KOTOPOM PacCMATpPHBAKOT-
€9 MOMEHTHI CHJ, POM3BOIUTCH HCKJIOYHTEIBHO U3 coobpaxeHui ymob-
CTBA: ypaBHCHME MOMEHTOB OymeT TeM mpoue, yeM Oosbuie cua OyxyT
HMETH PABHHIC HYJK MOMCHTHI.

IIpuMep pasHOBeCHA. /19 WIMKOCTPALHH TIPUMEHEHHUS YCJOBUI pPaBHO-
Becud abCo/IIOTHO TBEPOOTO TEAA PACCMOTPHM CJAEAYHOLUN npumep. Jler-
Kas JIECTHUUA-CTPEMSIHKA COCTOMT M3 OBYyX ONMHAKOBHIX YaCTEH, LIap-
HUDHO COCAMHEHHBIX BBEPXY M CBI3aHHBIX BEPEBKOM y OCHOBaHUY
(puc. 142), OnpemenuM, KAakoBa CHJIA HATAXEHHS BEPEBKHM, C KAKUMH
CMJIAMHM B3aMMOAEWCTBYIOT MOJOBMHKM JIECTHHIE B LUAPHHPE W C KAKH-
MH CHJIAMH OHHM OABAT HA moJ, €CJIM HA CEPEAMHE OHHOﬁ U3 HHUX CTOHT
YeJIOBEK BECOM P,

PaccmatpuBaeMas CHCTEMA COCTOMT M3 ABYX TBEPABIX TEJa — IMOJO~
BUHOK JICCTHMLIB, MU YC/JIOBUS PABHOBCCHUS MOXHO NMPHUMCHATH KAK 14
CHUCTEMBI B LICJIOM, TaK U A4 e¢ yactel. [IpuMeHaa yC/JoBUS pPAaBHOBE-
CHS KO BCEH CHCTEME B UEAOM, MOXHO HAWTH CHJIBI PEAKUMH nosa N H

N, (puc. 142). TIpy OTCYTCTBMM TPEHHMS ITH

¢ CWJIBI HATIPABJCHH BEPTHKAJIbHO BBEPX M yC-
JIOBME DPABCHCTBA HYJIK) BEKTOPHOM CYMMBbI
BHEWIHUX cui (1) mpUHUMAET BUA

/ N, N+ N,=P. (5)
N YCJIOBPIC PABHOBECHI MOMEHTOB BHCUIHHUX
! CHJI OTHOCHUTELHO TOYKH A 3aMKUCHIBACTCA CJie-
a AyrwuM obpasom:

B A /
7. Ny2lcos a=Pcos a, (6)
P rae ! - AAMHA JIECTHMLH, a & — yroJ, obpa-
Y 30BAHHBIN JecTHHULEH ¢ moaoM, Pelrag cucre-

Puc. 142. Bextopuas cymma MY ypaBHenu#t (5) n (6), naxomum N, = P/4,

BHEIUHMX CHL M Cymma MO- N, = 3P/4,
MEHTOB BHEIUHMX CHJI B PaB-

HOBECHM PABHA HyTIO PasyMmeeTtcd, BMECTO ypaBHEHHUS MOMEHTOB

(6) OTHOCHTENILHO TOYKN A MOXHO Ob110 OB HA-
MHCATh YPABHEHHWE MOMEHTOB OTHOCHTEJBHO
Toukd B (usu moboi apyroit Touku). [1pn 31oM moayumnaace 6ul cucTeMa
yPaBHECHMI, JKBUBAJICHTHASA MCIO/1b30BaHHOM cucteme (5) u (6).

Cuia HATSXEHUS BEPEBKH M CHJ/IBI B3AUMOACHCTBUS B LIAPHHUPE A4
paccMaTpuBaeMoi (DU3NUYECKOW CHCTEMBI SBJSIIOTCS BHYTPEHHHUMH H MO-
JTOMYy He MOryT ORITh ONpeaesieHBl M3 YCJAOBUM PABHOBECHS BCEH CHC-
TeMbl KAk neaoro. Ijis ompemesieHHd 3THX CHJ HEOOXOXMMO paccMar-
pMBATh YCJIOBHS PABHOBECHS OTHEJbHBIX 4YACTEHW CHCTEMEI. [IpH 3TOM
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yAQUYHEIM BRIOOPOM TOYKHM, OTHOCHTEJIBHO KOTOPOM COCTABASETCS YypaB-
HCHHE MOMEHTOB CHJI, MOXHO A0OHTBCS YNpPOLUCHHS anreOpanuecKon
CHCTEeMBl ypaBHeHHMH. Tak, HampuMep, B AAHHOH CHUCTEME MOXHO pac-
CMOTPETh YCJIOBHE DABHOBECHSI MOMCHTOB CHJ, ACHCTBYIOIIUX Ha Je-
BYIO TOJIOBHHKY JICCTHHMIIEI, OTHOCHTE/ABHO TO4YKH C, B KOTOpOH Haxo-
AUTCSl LIAPHHUP.

Ipu TakoM Boibope Touku C CHIBI, ACHCTBYIOLUME B IIAPHKUPE, HE BOK-
AYT B 3TO YCJOBHE, H MH CPAa3y HAXOAUM CHJY HATSXXKEHUS BEPEBKHU T

Nyl cos a=TI!sin a,
OTKyna, yuuTsiBasi, uto N, = P/4, monyuaem
T = —1:— ctg a. (1)

Ycnosue (7) osHauaer, uro paBHopeHcrBywowas cua T u N, mpoxomur
ucpes touky C, T.e. HanpaejJCHA BAOJb JECTHHIEL [looromy paBHO-
BECHE OJTOHM NOJOBHHKHA JIECTHHULIH BO3-

MOXHO, TOJIBKO ecau cuna Q,, mAeHcTBy- o)

Olass Ha HEEe B MIApHHpE, TAKXE Ha-

npasjeHa BAOAbL jgecTHUUB (puc. 143), a Q

€€ MOAVJIb PABEH MOOYJIO PABHOACHCTBY-

omer cua T u Nj:

p

=153 N

4 sin a

AbGcomoTHoe  3HAueHHE CHJAB  Q,,
JCHCTBYIOUIEH B [IAPHHPE HA APYIYKO €
NOJIOBUHKY  JIECTHHIIBI, HA OCHOBAHUHM Puc. 143. Jluuum geicTBus BCEX
TpeTbero 3akoHa HploToHa paBHO |Q|,  TPex CHJ, AEHCTBYIOUIMX HA NEBYIO

MONOBHMHKY JIECTHHEbI, MPOXOAAT

a ee HanpaB/JCHHUC NPOTHBOMONOXKHO HA-  yepes onny Touxy

npasjseHHO Bektopa Q,. Hanpasienue
cunsl Q, MoXHO ObIo OBl OnpenenuTh

HEMOCPEACTBEHHO W3 pHUC. 143, yuuThiBasi, uTO NpPU PABHOBECHHU TEa
oA ACWUCTBHEM TPEX CHUJ JIMHHH, IO KOTODEIM AEHCTBYIOT 3TH CHJIRL,
NepecekaroTcs B OAHOM Touke. JleHCTBUTENBHO, DACCMOTPUM TOUKY
nepeceueHdss JUHUN ACUCTBUSL ABYX M3 ITHUX TPEX CUJA U COCTABHM
YPABHEHHE MOMEHTOB OTHOCHTEJBHO OJTOH TOYKH. MOMEHTH mepBBIX
}:[ByX CHJI OTHOCHTECJIBHO 3TOI‘/’{ TOYKH paBHbI HyJIIO; 3HA4YUT, AOJXCH
PaBHSITBCS HYJK M MOMEHT TPETbEH CHMJIEL, YTO B cooTBeTCTBHH C (3)
BO3MOXHO, TOJBKO €CIAH JHHHS €€ JCHUCTBUS TAKXKE NPOXOAUT HEPE3
3Ty TOUKY.

3onaoroe npapuao MexaHukd. MHorma 3agauy cTaTMKM MOXHO pe-
WIMTh, BOOOLIE HE pacCMATpUBAs YCJOBHH DABHOBCCHUS, a4 HCIIOJIb3YS
3aKOH COXDAHEHMS DHEPrMM NPUMEHHUTENBHO K MexaHusmam Oe3 Tpe-
HHUSI: HH OAMH MEXAHM3M HE JaeT BuMrpbima B pafore. DTOT 3aKOH
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HA3bIBAIOT 30/I0MbIM NPAGUAOM Mexaruku. I8 WLIIOCTPALMH TAKOro
MMOAXOAA PacCMOTPUM CJEAYIOWMI NpUMep: TAXEJbil rpys BecoM 2P
MMOABCILIEH HA HEBECOMOM ILIAPHHPE C TpeMs
3Benbamu (puc. 144). Kakyro cuny Hatsxe-
HHUS OO0/KHA BRIAEPXKATh HUTh, COSAHHSIOMASA
TOUKH A u B?

IMonpofyeM ¢ MNOMOIIBID ITOCO MEXAHM3-
Ma mnomHuMatp rpy3s P. OTBS3aB HHTbH B
TOuke A, TMOTIHEM €€ BBEPX TaK, 4TOOHBI
TOYKa B Mea/eHHO NOAHAIAach HA paccTod-
HUe Ah. 3TO pacCTOSHHE OrpaHHYEHO TEM,
YTO CHJa HaTtsgxeHus HUTH T OOJKHA ocra-
BaTbC HEM3MEHHOH B MpoOLEecCe Nepemerie-
Hng. B manHOM cnyuae, kak Oyaer BHMAHO
3 orsera, cuna T BooOmEe He 3aBHUCHUT OT
Puc. 144. K onpenenenmio cu-  TOTO, HACKOJNBKO CXKAT MJIM PACTSHYT wWap-
Jibl HATSDKEHWY HUTHU B TpEX-  HHP. COBep]lIeHHaﬂ pHu 3TOM paéoTa
3BeHHOM wWwapuupe, nomuep-  AA = TAh. B pe3ayabrate rpys P noaHuma-
HMBAIOLEM TPY3 BECOM P eTcs Ha BBICOTY AhA;, KOTOpasi, KaKk SICHO W3

reoMeTpuueckux coobpaxeHuit, pasHa 3AA.
Tak kak mpM OTCYTCTBHH TPEHHSI HMKAKMX NOTEpb SHEPrHM He Npo-
HUCXOAMT, MOXHO YTBEPXHATh, YTO M3MECHEHHUE NOTEHUHAJIbHOH IHEP-
MU rpysa, pasHoe P Ah,, onpeneisercs COBEPLICHHON MMPH MOABEME

pa6oroit. [Toaromy

T = 3P.

OueBHIHO, UTO AJS LIAPHUPA, COAEPXAIUErOo MPOM3BOJbHOE UHCIO N
OAMHAKOBHIX 3BEHBLEB,

T =nP.

Herpynno HaiiTH cHly HaTSXEHNS HUTH M B TOM CJ1ydae, KOraa Tpe-
6yeTcsl YYNTHIBATH BEC CaMOro 1IApHMpa P, : COBEPIIAEMYIO NPH IOXb-

eme pabory cienyer MpHUPABHATh CyMMe HM3MEHEHMI MOTEHLHAJbHBIX
SHepruit rpysa ¥ mwaprupa. g mapHupa M3 OAMHAKOBHEIX 3BEHBEB
[EHTP MAacc ero NogHuMaercs Ha nAh/2. Iloatomy

P
T=n(P+—2m-).

CcopmyiMpoBaHHEL TPHHUMI («30/10TOE MIPABHIO MEXAHMKH» ) MPH-
MEHHUM U TOrAa, KOraa B MPoLecce MePEMEIIEHUN HE MPONCXOOUT H3MEHE-
HHA IOTEHUNAIbHON JHEPruH, a MEXaHH3M HCIOIb3yeTCs A1 nmpeobpaso-
BAHMS CHJIEL PEAYKTOpE, TDAHCMHUCCHH, BOPOTHI, CUCTEMBI PHYATOB 1 6510-
KOB — BO BCEX TaKHX CHCTEMax MpeoOpa30BaHHYIO CHJIY MOXHO
ONpeneanTh, NPUPAaBHMBAg paboThl npeobpa3oBaHHOM M IPHJIOXEHHOH
cua. JpyrMu CJIOBAMM, IIPH OTCYTCTBHHM TPEHHMS OTHOLUEHHE 3THX CHJ
OIpeaeIgercs TOJbKO reoMeTpuel ycrpoicrea.
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PaccMoTpuM ¢ 3TOM TOUKM 3peHHs pa3oOpaHHBEIA BBILIE NPUMEDP CO
crpeMaHKoi. KoHEUHO, UCMOMB30BaTh CTPEMSIHKY B KAUECTBE MOABCM-
HOIO MEXaHu3Ma, T.€. MONHHMATb 4YeaoBeKa, cOMUXas IOMOBUHKH
CTPEMAHKHM, BPAX M 1enecoobpasHo. OZHAKO 3TO HE MOXET MOMELIATh
HaM MPUMEHHUTH OMUCAHHBIA METOX A8 HAXOXICHUS CHUJIBI HATSXCHUS
sepeBku. [IpupaBHuBasg pabory, coBeplIAEMYIO IPU COMMXEHHHM YacTeit
CTPEMAHKH, U3MEHEHUIO MOTCHLIU-
aJpHOM SHEPrUd YeJOBEKa Ha
CTPEMSIHKE U CBS3bIBAs H3 Te€O-
METPHUYECKHX COOOpaXkeHMil mepe-
MemeHue Ax HUXHEro KOHLA Jje-
CTHULIBI C M3MEHEHUEM BBICOTHI
rpysa Ak (puc. 145), nonyuaem,
KaK U CJIEN0BAJIO OXHAATb, IpHU-
BEACHHBII paHee pe3y/bTar:

P
T—zctg a.

Kak yxe orMeuanocs, mnepe-
M ’ pe Puc. 145. TlepemetieHust AX HMXHUX KOH-

MEUICHUE CJIenyer BHOpath Ta- JECTHHMLb! M NIEpeMetenme A/ rpy3a npu
KMM, UTOOBl B MPOLIECCE €r0 MOX-  cOAMKEHMM NONOBHMHOK CTPEMSIHKH

HO OBUIO CUMTATh ACHCTBYIOLIYIO

cuny mnocrosHHod, Jlerko y6e-

OUTBCS, UTO B MPUMEPE C LIAPHUPOM 3TO YCJAOBUE HE HAK/IAABIBAET Or-
paHUUECHU HA MEepEMELICHUE, TAK KaK CUIa HATSKEHUS HUTH He 3a-
Bucur or yria § (puc. 144). Hamporus, B 3amaue O CTpeMsIHKe mnepe-
MeLleHHe caeayer BROMparb MajbiM, MO0 ChWia HAaTIXEHHUS BEPEBKU
3aBUCHUT OT Yyria da.

Y CTOYHBOCTL paBHOBECHS. PaBHOBecHe ObIBAaeT YCTOMUMBEIM, HEYCTOM-
yuBbIM ¥ Ge3pasandHbiM. PaBHoBecue ycmoiduugo (puc. 146a), ecau npu
MaJIbIX MEPEMELIEHUIX TeJa U3 MOJOXKECHUS PAaBHOBECHS IEHCTBYIOLIME
CWJIBI CTPEMSATCS BEPHYTb €ro o0paTHO, U Heycmoduugo (puc. 1466), ecau

L2 9. O

a 6

Puc. 146. Ycroitumsoe (@), neyctoiumnsoe (6) u GeapasamnuHoe (8) paBHOBECHH

CHJIBI YBOASIT €T0 AAJIbLIE OT MOJOXEHUS paBHOBecHs. Eciu Xe npu Maieix
CMEIICHMIX AeHCTBYIOMIME HA TEJO CHJIBL M UX MOMEHTHI [O-MIPEXHEMY
YPaBHOBELIUBAIOTCA, TO paBHOBecHe be3pasauynoe (puc. 146g), [pu 6es-
Pa3MYHOM PaBHOBECHMH COCEIHME MOJOXEHUS TE1a TAKXE ABJIAIOTCA PaB-
HOBECHBIMH.



258 II1. 3AKOHBI COXPAHEHUSA

PaccMoTpuM mpUMeEpBl MCCIENOBAHUS YCTOMUMBOCTH PABHOBECHS.

I. YcToHuMBOMY paBHOBECHIO COOTBETCTBYET MHUHHUMYM IIOTEHLIH-
anpHOM OJHEPrMM TENA 10 OTHOLIEHUK K €€ 3HAUCHUAM B COCEOHMX
HOJIOXEHUAX TeNa, DTHM CBOMCTBOM 4acTO YHOOHO MOAB30BATHCH I[IPH
OTBHICKAHUHU TIOJOXCHUSA PABHOBECHUS
M TIPU  HUCCACHOBAHMM  Xapakrtepa
paBHOBECHS.

BeprukaspHas  cBoOOOHO  CTO-
Amas KOJOHHA HAXOAUTCA B YCTOM-
YNBOM PABHOBECHH, IIOCKOJIBKY IIpH
ManblX HAKJOHAX €€ LEHTP Macc
npurogHuMaeTrcs. Tak  TpOUCXOTUT
OO TeX 1op, II0KAa BEpPTUKAJIbHASA
Puc. 147. YctoiuusocTb pasHoBecusa Te- [IPOCKIIMSA ILICHTpA MacC HE BBIAIET
2 M NOJIOKEHHE LIEHTPa Mace 3a Mpenenbl IUIOMIALM OIOpPBI, T. €.

Yol OTKJIOHEHHUS OT BEPTUKAIM HE

MIPEBBICUT HEKOTOPOr0 MaKCHUMaJb-
HOro 3HaueHud. [IpyruMu crnoBamd, 00JaCTh YCTOMUMBOCTH IPOCTHPA-
eTcd OT MHHMMYMA MOTEHLHMAJIBHOH SHepruM (NpU BEPTHKAJIBHOM I10-
noxeHud) Ho Onuxamwero kK Hemy Makcumyma (puc. 147). Korma
LEHTP MAacC PACloJIOXEH TOYHO HAj TPaHULECH TUIOMIAAM OIOPHI, KO-
JIOHHA TAaKXe HaXOOUTCS B PABHOBECHHM, HO HEYCTOHUMBOM. I'OpHU30H-
TANpHO JIEXAIledl KOJIOHHE COOTBETCTBYET ropasno Oosiee wIMpoKas
001acTh YCTOHUHMBOCTH.

2. WmMeroTca mBa KpyMIblX Kapanzamwa c paguycamu R u r. OnuH
M3 HUX PacloyioXeH TOPU30HTAJBHO, IPYrof ypaBHOBEILIEH HAa HEM B
TFOPH30HTANIBHOM TOJIOXEHMU TaK, UTO OCH KapaHAAUied B3aUMHO IMEp-
nenaukyaspabl (puc. 148a). Ilpy KaKoM COOTHOLUEGHHM MEXAY pamuy-
caMd paBHoBecue yctoiumBo? Ha Kakoi#l MakCMMaJbHBI Yol MOXHO
IIpH 3TOM OTKJOHUTH OT ropu3oHTajgu Bepxuui kapaupaw? Koaddu-
LHEHT TPEHUS KapaHaamwed apyr o Apyra paBeH .

Ha mepBuiif B3rnsm MoXeT IIOKA3aThCsl, UTO DPABHOBECHE BEPXHETO
Kapangawa Boo0Ile HEeyCTOHUMBO, TAK KaK LIEHTP MAacC BEPXHEro Ka-
paHAaLla JeXHUT BBILIE OCH, BOKPYr KOTOPO# OH MOXET I1I0BOPAYUBATH-
ca. OmHako 30eCh MMOJIOXEHUE OCH BPAUICHUS HE OCTAETCS HEU3MEH-
HBEIM, TI03TOMY 3TOT Cayuadl TpefyeT creuuanpHOro uccrenoBaHus. [To-
CKOTBKY BEpPXHHUH KAapaHmall ypaBHOBEWIEH B TOPU30HTAJbHOM
NOJIOXEHUHM, LIEHTPH Macc KapaHpawed O, u O, nexaT Ha 3TOH Bep-
tukaau (puc. 1486).

OTxyIoHMM BEpXHUH KapaHJall Ha HEKOTOPHIA Yroa ¢ OT I'OpU30H-
tanu. [IpM OTCYTCTBMH TPEHHS TOKOS OH HEMENJIEHHO COCKOJIB3HYJ Obl
BHM3. UToOB He AyMaTh IIOKa O BO3MOXHOM COCKA/Jb3bIBAHHH, Oymem
CUMTATh TPEHME HOCTATOUHO OosbiiuM. [Ipu 3TOM BEpXHUU KapaHmall
«IIPOKATBIBAETCA» 10 HUXHEMYy 0e3 IIPOCKanb3bIBAaHUsA. Touka OIope!
M3 TIOJOXECHUS A IlepeMelaeTrcs B HOBOE rosoxeHue C, a Ta TOukKa,
KOTOpOW BEPXHHUHM KapaHmawl OO OTKJIOHEHHUS ONUPAJCs O HUXHHH, Ie-
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pexoguT B nosoxcHue B. IToCKOMbKY NMpOCKaAb3BIBAHHE OTCYTCTBYET,
anmHa ayru AC pasHa anuHe otpe3ska BC: AC = R¢ = BC. lleutp

a 6

Puc. 148. BepxHuil kapaHaam ypaBHOBEIIEH B NOPHM3OHTAJLHOM MOJOXKEHWMM HA HMXKHEM
kapaHaamwe (@); K UCCAeOOBaHMIO YCTOMUMBOCTH paBHOBecus (6)

Macc BepxHero kapanmama O, nepexomuT B nojoxenue O, Ecau sep-
THKasb, NpOBeAEHHAs uepe3 O,, MPOXOAMT JIEBEE HOBOM TOUKH OMOPHI
C, TO CHJ1a TSXECTH CTPEMHUTCS BEPHYTb BEPXHMIl KapaHAam B TOJO-
XKEHUE PABHOBECHS.

BrlpasuM 3to yciaoBue MareMaTtuuecku. [IpoBeas Beprukaab uepes
TOUKY B, BMIHM, UTO JOJI)XHO BBIMOJHATHCS YCJIOBHE

BE < DC. (8)

Tak kax BE=rsin¢, a DC=BCcos ¢ = Rpcos ¢, TO U3 YCJI0O-
Bud (8) monyuaem
r___¥

IMockonbky tg ¢ > ¢ (0 < ¢ < 1/2), cuna TaXecTH OyAeT CTPEMHThCA
BO3BPATUTh BEPXHHMH KApAHOAII B IOJOXCHHUE DPABHOBECHUS TOJBKO MpH
r/R < 1. CnemoBaTe/bHO, YCTOMUMBOE DaBHOBECHE BEPXHEro KapaHaa-
IIa Ha HHXHEM BO3MOXHO TOJBKO TOr4a, KOTAA ero paguyc MeEHblue
paauyca HMXHErO KapaHpaalua.

Posb Tpenns. 118 oTBeTa Ha BTOPOH BOMPOC C/AEAYET BHIACHUTDH, Ka-
KHME TPUUYMHBI OrPAHMUYMBAIOT OOMYCTHUMHI Yroja OTK/AOHeHud. Bo-mep-
BbIX, MpH OOJBIIMX YIJIaX OTKJIOHEHHMS BEPTHKAJb, MPOBENCHHAA uepes
LEHTP Macc BEPXHero KapaHaama, MOXET HPOHTH MpPAaBEE TOUKHU OMOPHI
C. U3 ycaosusa (9) BuaHO, uTO Mpu 3aJAHHOM OTHOIIEHHH PAagHyCOB
Kapaungamed vy = R/r MaxkCMMajbHbIH yroJ OTKJOHEHHS ¢, ompeae-
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JISeTCSl ypPaBHEHHMEM g ¢, = y¢,. PelleHHe ITOr0 TPAHCUEHAECHTHOIrO
yPaBHEHHS JIErko HaitH rpadmuecku (puc. 149).

Bo-BTOpHIX, MaKCHMaJbHOE 3HA-
| YEHHE YIVIA OTK/JOHEHHS OrpPAHHUM-
y=tg@ BAaeTCAd TPEHHMEM:. KapaHaall He

OOJXKEH COCKA/Mb3HBATH, T.e€. A4
IPEESbHOIO yIJa ¢, [OJyYaeM

f

|

, tg ¢, =  (BcIOMHHMTE  yC/IOBHE
[y =u PABHOBECHSI HA HAKJOHHOHM TIJIOCKO-
|

|

!

I

vh |

ctn). Pemenne storo ypasHenus

TaKXe Moka3aHo Ha puc. 149. Oue-

BHIHO, UYTO MAaKCHMaJbHO HOIYCTH-

MBIH  yrol  OTKJOHEHHS  PaBEH

0 o, ¢ /2 ¢ MEHBIIEMY H3 ¢, H ¢,. [lockoabky

Puc. 149. I'pacdhuyeckoe pewenye ypasHe- y>1, a xoapbuumeHT TpEeHMs W

HUA G ¢ =y OOBIUHO  MEHbLIE EAHHUIB, TO

MAaKCHMa/bHO  OONMYCTHMBIH  Yroj

OTKJIOHEHHsS] NMPAKTHUYECKHM BCErHa ONPENENsIeTCd YCIOBHEM COCKAb3bI-
BaHMS, T.€. YIVIOM ¢,.

1

i
]
by
L
|
B

e Bcerma M ycioBuit paBHOBECHS TBEPROrO Tejla AOCTAaTOYHO AJIS Orlpeae/eHUs
CHI peakuuu?

e Kak npakTH4eCKH MOXHO OMNpEAe/uTL HanpapjieHUe CH peakUuMH MpH OT-
CYTCTBHM TpeHHs?

e Kak MOXHO HUCII0/1b30BaThb 30JI0TOC MPABH/IO MEXAaHUKH TpH aHaju3e ycjo-
BUI paBHOBecHs?

e Ecau B miapHupe, nokas’saHHOM Ha pHC. 144, HUTLIO COEOUHUTL HE TOYKH A
M B, a ToukH A U C, TO Kakol OyneT ee cH/ja HaATSXEHHUA?

e Kak cBssaHa YyCTOMYHMBOCTbL paBHOBECHA CHCTEMbl C €¢ MOTeHLHa bHOM
aHeprue?

o KakuUMH YC/JOBHUAMH OIpeReseTCS MaKCHMasbHbIH YToJl OTKJOHEHUS Teda,

OfIHpalollerocs Ha IJIOCKOCTh B TpeX TOouKaX, YToObl He Obina yTpadyeHa ero
yCTOHYUBOCTL?

§ 40. AexeHHe TBEpgOro tena

B TBepooM Tese paccTOAHHMS MEXAY JIO0BMH TOYKAMH M0 ONPEACIECHHIO
HeusMeHHH. TBepnoe Teso MMEeT LIECThb CTerneHeH CBOOOMBI: OJs 3ama-
HHUSL €ro MNOJOXEHHs HYXHO yKa3aTb, HAIPHUMED, TPH KOOPAMHATHI Ka-
KOM-1100 €ro TOYKM M TPH yI/1a, XapaKTEPHU3YIOIHE €r0 OPHEHTALHIO B
MPOCTPAHCTBE.

ITocTynaresbHOEe ABHXEHHE. [[BHXEHHE Teaa, NMPH KOTOPOM €ro OpH-
EHTALUMsl OCTAeTCS HEH3MEHHOMH, Ha3bIBAETC nocmynamensisim. 11pH
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MOCTYMATE/IbHOM JABUXEHUH BCE TOYKH TENa ABUXYTCA MO OAUHAKOBHIM
MapaJUIC/IbHEIM TPACKTOPUSM C OJMHAKOBRIMHM ckopocTamu (puc. 150),

Puc. 150. IIpu noctynateqbHOM ABMXKEHUM BCE Puc. 151. CkopocTs TOUEK TBEp-
TOYKHM TE€Jia ABUIXKY TCH 10 OAMHA#£0BbIM MNapasielib- JAOTO TeJia 1pH BPaleHUH BOKPYT
HbIM TPAEKTOPUSAM C OJMHAKOBLIMHU CKOPOCTAMM d;)MKCMpOBaHHOﬁ oCH

MO3TOMY BCE TEJ0 MOXHO PacCMAaTpPUBATh KaK OAHY MATCPUAJBbHYIO TOY-
Ky. JIpyrve BaxXHbIe BMABI ABMXXEHUS TBEPAOrO Tela — BPAIICHUE BOK-
pyr (PUKCMPOBAHHOM OCH, MJIOCKOE JBUXEHHUE, BPALICHUE BOKPYT HEMOA-
BMXHOM TOYKH.

Bpamenyve BOKpyr ocd. IIpu BpameHMM BOKDYr (DMKCUPOBAHHOM OCH
(puc. 151) BCE TOUKM Tesa ABUXYTCHS MO OKPYXHOCTH, NPUYEM CKOPOCTh
v 110601 M3 HUX PABHA BEKTOPHOMY NPOM3BEACHHUIO OMHOM M TOM X€ AJd
BCEro TeJ1a YIJOBOM CKOPOCTH @, HANPABJCHHOU BAOJb OCH BpAlCHMA,
U pagMyca-BEKTOpa I paccMaTpPUBAEMOH TOUKH Teja:

V= XT. (1)

Moaynp ckopoctu v = wR, rae R=rsin 6 — paccrogHue A0 OCH
Bpamenua (puc. 151). TakoMy ABMXEHHIO COOTBETCTBYET OfIHA CTEMEHD
CBOOOMHL.

TInockoe nBuxenue. YacTHplil Cay4ail MIOCKOro ABMXEHMS — Kauye-
Hue uuauHapa (puc. 152). Ero MoXHO MpeACTaBUTh KaK CyMMY Bpa-
IICHMS BOKPYT KaKOH-JU00 OoCM, MapaanenabHod obpasywouieil IUIMH-
Ipa, M NOCTYNATEJbHONO IBUXEHHA CO CKOPOCThIO, PABHOH CKOPOCTH
TOYEeK LMJIMHApPA, Jexamux Ha 31od ocd. Ilpu nwoGoM BrIGOpEe oOcH
YyI10Bag CKOPOCTh @ OAHA M Ta Xe. B KauecTBe ocu BpamieHus yaoOHO
BEIGMpaTh 60 ock O ummMHApa, MO0 suHEMIO O' KacaHMs IMIMHApA
C NOBEPXHOCTBIO, MO KOTOPOM OH KaTUTCA. ECAM KauyeHuMe mpOMCXOaUT
6es mpocKasb3eIBAHMS, TO CKOPOCTM TOUEK HAa JMHMM KacaHus O  paB-
Hbl HYJIO, 4 CKOPOCTb J0G0it Apyrol TOYKM LUAMHApa Oyaer Takoi
Xe, KaK NpPU BPAUWICHUM C TOM XE YIVIOBOM CKODOCTHIO BOKPYT HEMOA-
BUXKHOM OCM, NPOXOASIICi uepes JMHUIO Kacauusa O (MmzHogeHHasw ocb
apaujenus).
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Pacnipenenenue ckopocTeil TOUYEK, JEXKALUMX HA BEPTUKAJBHOM IH-
aMmeTpe, MokasaHo Ha puc. 152a. Hanpumep, CKOpocTh TOUKM A paBHA

y=w-2R y,=v+ wR=20R

A o A
=~
/ /
ol
G v=wR o) v=wR
A
o e ’

A S
%

Puc. 152. CkopocTu Touek Mpy KAUEHUM LMIMHPA

v, = w'2R, TaK KaK OHa HAXOOWTCH HA PAaCCTOSHMHM 2R OT MIHOBEHHOI

ocu O'. Ee MOXHO NMpPENCTAaBUTh KAK CYMMY CKOPOCTH v ocH O LWIMH-
Ipa ¥ CKOPOCTH WR, 00YCJIO0BJIEHHOM BPAIIEHHEM BOKPYr OCH LIMJIHHA-
pa (puc. 1526):

v, =v+ wR=2wR,

TaK KaK NpH KaueHuM 0e3 NpocKanb3nBaHud v = wR. TOukM OCH IH-
JIMHAPA ABMXKYTCH MPSMOJHMHENHO; TOUKH MOBEPXHOCTH LMJIMHAPA — IO
LMKJIOMAAM; TOUKM, HAXOASIIMECS MEXIAY OCBIO U MOBEPXHOCTHIO, — IO
TPOXOHAAM.

BpauieHue BOKPYr TOYKH. [IpvMep BpamieHus BOKPYr HEMOABHXKHOM
TOUKM — KaueHue 6e3 MpoCKasb3bBAHUS KOHYCA B M0 MOBEPXHOCTH HE-
MOABHXHOIO KOHyCa A, HUMEIOLIETO ¢ HUM
oburyto Bepumuy O (puc. 153). Takoe
OBMKEHME MOXHO NpEICTaBUTh MO0 Kak
YHUCTOE BpamIEHUE KOHyca B ¢ yrioBou
CKOPOCTBIO @ BOKpPYr MrHOBEHHOH OCH,
NpOXOAsILEed Mo JUHUM KacaHud, aubo Kak
CYMMY ABYX BpALIEHMIt: C YIJIOBOM CKOpO-
CTBIO W, BOKPYr COGCTBEHHOH OCH M C yr-
JIOBOM CKOPOCTBIO §2 BOKPYr OCM HEMOA-
BUKHOIO KOHyca A:

0 =0,+Q. (2)

DTO 3HAUMT, UYTO CKOPOCTh JOOOH TOUKH
Puc. 153. Kauenne konyca B o garquerocs KoHyca ompenensercs mo dop-
MIOBEPXHOCTH KOHYCa A myJae (1), B KOTOPYIO MOXHO IMOACTABMTb

o u3 (2). Touku OcM MOABMIKHOrO KOHYCA
OBMXYTCS [0 OKPYXHOCTAM, a HE JIEXKAalIME HA OCH TOUKH OIMCHIBAIOT
CIOXHBIE BOJTHOOODA3HBIE TPAEKTOPHH.
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MoMeHT uMnyabca. B nuHamMuke TBEPAOro Te€na HApSIAy C MMITYJIbCOM
BAXHYIO POJb Mrpact ¢u3nueckas BEIHMUMHA, HA3BIBAEMAS MOMEHMOM
umnyasvca. Ina marepuaspHOH TOUKH MOMEHT uMmnyaeca L ompene-
JISETCA KAK BEKTOPHOE MPOM3BEACHHE PAAMyCa-BEKTOpA I YACTHLH Ha
€e MMIYJBC P = mv:

L=rXmv. (3)

W3 sroro onpeaesneHus ¥ BToporo 3akoHa HreiotoHa dp/dt = F cnenyer,
4TO 3aKOH H3MEHEHHMsS MOMEHTAa HMNYJIbCA YacTHLbl HMEET BUX

dL _

ra¢ M — MOMEHT CyMMBI BCeX OeHCTBYHOWHUX cua F:
M:=rXxF. (5)

NMuHaMuka Teepaoro tena. OCHOBHBIE MOJIOXEHHUS AMHAMHKH abco-
JIIOTHO TBEPAOrO TeJja NpHBOAATCH HuXe Oe3 gokasatensctBa. OCHOBY
OIUHAMHKHM TBEPIOrO TEJAA COCTABJILIOT 3aKOHB M3MECHEHHMS HMIYJIbCA
P u mMoMmeHTa umnyiasca L Tena, pacCMaTpMBacMOro Kak CHCTEMa Ma-
TEPHAJIbHBIX TOUEK!

d
x=2F, (6)

HMmnynasc P 1 MOMEHT uMnyibca L Tena CKAAAbIBAIOTCHS M3 MMIIYJIbCOB
U MOMEHTOB MMIYJbCA OTAEAbHBIX MAaTEPHAJbHBIX TOYEK, HA KOTOPHIE
MOXHO MBICJIEHHO pa3buth TBepaoe Teso. LllecTs HE3aBUCHMBIX yPaBHE-
Huit (6) u (7) COOTBETCTBYIOT LWIECTH CTENEHSM CBOOOAB TBEPAOrO TEA.

Ecau Bce HemHue cunbl F; H3BECTHBI, TO ypaBHeHHE (6) mo3Bo.ser

HANTH 33KOH ABHXCHHSA LEHTpa Macc Teaa, a (7) — 3aKoH BpalleHHMs
TE€Ja BOKPYr LEHTPA MAcC.

Bpamenue TBepAOro Tesna BOKPYr (PUKCHPOBAHHON OCH, KAK YXE OT-
MEuaaoCch, XapaKTEPU3YEeTCs ONHOM CTenmeHblo cBobomwl. B arom ciyuae
TPOEKU M YPaBHEHUS MOMEHTA MMIY/ibca (7) HA HampaBJeHHME OCH Bpa-
IECHUS HE CONEPXHUT HEH3BECTHBIX CHJI PEAKLMHM B MOJIIHIHHKAX, YTO
MO3BOJISIET HAUTH YIVIOBOE YCKOpEHHE Tena dw/dt.

MomMeHT uHepumH. [IpoekuMI0 MOMEHTA HMMyJbCa HA OChb BPALICHHS,
KaK cjaenyer M3 (3), MO’XHO NpeacTaBuTh B BUAE [w, rae [ — momenm
uHepyuy TE€Aa OTHOCHTEIBHO OCH, CKIAABIBAIOIIUACA M3 MOMEHTOB MHEp-
UMM OTACJBHBIX €r0 3JICMCHTOB, PABHBIX MPOH3BCACHHIO MACCH JJICMCH-
Ta Am; Ha KBaApaT pPacCTOSIHMUS r; O OCH:

I = 2 Amyr?. (8)
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: b/
@ m
- .
I = mR? I-%mRz I-gszz [—T‘imlz

Puc. 154. MOMEHTBI MHEPUHMH Pa3THYHBIX TN

MoMeHT MHEpUMHM 3aBHCUT HE TOJIBKO OT MACCH TeJd, HO M 0T ee
pacnpeneneuus (puc. 154). MoMeHT MHepuMH o6pyya MM TOHKOCTEH-
HOM TpPyObl OTHOCHTE/JBHO €€ OCH paBeH

I =mR?
TAK KaK BCE 3JEMEHTH Am; HAXORATCA HA OXMHAKOBOM DACCTOSTHUH

R ot ocn. MOMEHT MHEpPUHMH CIUIOMHOIO ORHOPOZHOrO HHUCKA WM IU-
JIMHAPA paBeH

1 2
= 2 mR*,
OXHOPOZHOIO Iapa
_2 2
1= 3 mR*,

OMHOPOXHOTO CTEPXHS HAMHE! [ OTHOCHMTEJIBLHO MEPNEHANKYASIPHOM CTEp-
XKHIO OCH, MPOXOASIIEH Uepe3 ero CepenvHy,
=1 2
I= =3 mi=.
MomeHT MHepUMHM [ OTHOCHUTE/SbHO MNMPOXOASILIEH uepes LEeHTp Macc

! i
OCH CBSI3aH ¢ MOMEHTOM MHepHHMHM [ OTHOCHUTENBHO LPYTOM Mapasiesb-
HOM OCH, otcTrosmei Ha paccrosiHue ! (puc. 155), cooTHomeHnem

I'=1+ mb 9

[TosicHMM TpHMcHeHHE ypaBHeHHs MoMeHToB (7) Ha claenyomeMm
npocroM npumepe., Ha maccuBHblil 6apaban pagnyca R, KOTOpHIA MO-
XeT BpAmaThCs BOKPYT MOPM3OHTANBHON ocM O, HAMOTaHa HeBecoMas
auth (puc. 156). K wutn npunoxena cuia F. Moment umnyasca L
Gapabana orHocureapHO ocH O paBeH [w. MoMmeHT cuabnl F OTHOCH-
renbHo ocu O paseH RF. Ilpoexums ypasHeHHs MoMeHTOB (7) HAa oCh
O TpUHUMAET BHA

d
171$=RF. | (10)
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Yrnosoe yckopenue fapabaHa nNponopLHOHAABHO MOMEHTY CHBL F U 00-
PaTHO MpPOMOPUMOHAABHO MoMeHTy uHepuud /. Cumy peakuud Q nom-

R
L
’ F
4 I mgy
I'=1+mi* |
Puc. 155. MOMERTb! MHEPUHH OTHOCH- Puc. 156. PackpyuuBaHue MacCMBHOIO
TEJIbRO TNapasieSIbHbIX Oceit Gapabana

[IUMTHUKOB, ACHCTBYIOILYIO HA OCb Oapabana, MOXHO HalTH U3 (6), yuu-
THIBASl, YTO YCKOPEHHE LIEHTPA MACC paBHO HY 0. Q = mg + F.

KunerTnueckaa sneprusi. Kunetuueckas HEPrus TBEpAOTO TeJa, Bpaa-

HOLICTOCAd BOKpPYr (bHKCHpOBaHHOﬁ OCH, MOXET 6bITb npeacraBjcHa B BUAC
1 oyo2

I'Ipu MJI0OCKOM ABUXCHHUHU KHHETHUCCKAS JHEPrusi TBEPAOrO TECjJd DABHA

CYMME KMHETHYECKOH IHEPrMM BPAIUEHHUS BOKDPYT OCH, NMPOXOASIEH ue-

pPE€3 LCHTp MACC, U KUHETUUECKOH OHEPruH NOCTYNATE/JBHOTO ABUXCHHU S

€O CKOpPOCThIO V 1LIEHTpa Macc:

E =35 Io?+ 3 mV?, (12)

rae / — MOMEHT MHEPLMH OTHOCUTEJIBHO OCH, NPOXOASIIEH YEPE3 LEHTP
Macc. Ilpu xauenun Ge3 mpockanp3biBaHds oOpyya MM TOHKOCTEHHOMN
TpyObl KHHETUUECKAS DHEPrus ACTUTCS TMOPOBHY MEXAY DHEPrued Bpa-
IEHUS U SHEPTUEH MOCTYNATENBHONO ABMXEHHUS, a TIPU KAYEHUHU CIJIOMI-
HOI0 OJHOPOAHONO LMJIMHAPA — B OTHOLIEHUH | : 2.

I'upockon. CumMerpuynoe Tejo, OHICTPO Bpamawlneecs BOKPYT OCH
CUMMETPHHM, HA3bIBAETCS eupockonom. MoMeHT umnysbsca L takoro tesia
HanpasJeH BAOAb OCH BPALIEHHUs. B OTCYTCTBUE MOMEHTOB BHEWIHUX CHUJI
OCh TMPOCKOINA COXPAHSET CBOE HANPABJECHUE B MHEDPIHMAJBHOH CHCTEME
orcuera. Ha arom cBoiicTBe ocHOBaHO neicTBue mpuOOpPOB, MCTOIB3YeE-
MBIX B MHEDLHMAJIbHBIX CUCTEMax HaBurauuu. VM3MeHeHUe HanpaBJEHUS
OCH THPOCKOINA NPOMCXOAUT MOJ ACHCTBUEM MOMCHTOB BHEHIHUX CHUIL
IMpu ne caumkoM GOABIIMX MOMEHTAX CHJI OCh MOBOPAUMBAETCH MEAJICH-
HO, U C XOPOHICH TOYHOCTBKO MOXHO CUMTATh, YTO MOMEHT UMmyjabca L
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U B 3TOM CJyyae HAmpas/JeH BAOAb OCH, DTO 3HAYHT, YTO MOBENECHUE OCH
THPOCKONA, KaK U MOBENEHHUE BEKTOpa L, OonmuCHBAETCA ypaBHEHHEM MO-
menrta umnynasca (7).

; HeofnuHoe noBeneHue BOAUKA, HE

""l“ T~ COOTBETCTBYIOLIEE MHTYHTHBHBIM OXHWAa-

\ HUAM, OOBACHAETCS TEM, YTO COrJIacHO

(7) DOMHITKA MOBEPHYTH OCh BOIYKA BH-

- 3RIBAET OBMXEHHE OCHM HE B HampasJe-

- HHUM NPWIOXEHHOH CHWJIH, a B NEpPHEHAU-

KYJSpHOM HAmnpasIeHMH — BHOJb BEK-

TOpa MOMEHTA CHJIH. Tak, Hampumep,

HAKJIOHEHHBIN BpPALIAIOIIMNCA BOJYOK HE

ONPOKHABIBAETCA MO HEHCTBHEM CHJIHI

TSXKECTH, TaK KaK OHA BHIHYXOAET €ro

OCh MEAJICHHO OBHraThCAd MO KOHYCY, CO-
XpaHAS HEM3MEHHHRIH HAKJIOH.

[Tokaxem ato. ITycte ochb Bpamaio-
DIErocs TSAXENIOro BOJYKA OTKJIOHEHA OT
Beprukanu (puc. 157). MomenTt cuin
TSKECTH I X mg HANPABJIEH NEPHEHAUKYISAPHO BEPTHKAIBHOM IIOCKO-
CTH, TMpOXOmsSwed yepe3 OCh BOMYKA. B COOTBETCTBHMH ¢ ypaBHEHHEM
MOMEHTa uMnyabca (7) B 3TOM Xe HANpPaBJACHHM TOYYaeT IpHpauie-
HHe AL BexTOop L MOMeHTa MMIYJAbCA BOMYKA:

AL = (r X mg)At.

///
/
\
T~

——

\
\
\
\
\
\

|
N
|
|

\

Puc. 157. Tlpeueccus rupockona

B pesysbraTe BekTOp L (M BMeEcTe ¢ HHM OChb BOJUKA) COBEPIIAET
npeyeccuro, T. €. OMUCHIBAET KOHYC, KAK TNOKa3aHo HA puc. 157. MoMeHT
CHJIbI TSXKECTH, ONPOKMALIBAIOLIEN BOJYOK, 3aCTABJISET €r0 OCh IOBOPA-
YUBATHCA B MCPICHIUKYJAAPDHOM HANPABJICHHH.

o Kak MOXHO 3aJaTb MOJOXeHHE TBEPAOIO TE1a B npOCTpaHCTBC? Mokaxwure,
YTO TBEPHAOC TEJIO B obueM c/lyyae MMeeT LIeCTb CTerneHeH cBo6OabI.

e Yro Takoe MIrHoBEHHAas OCb BpallleHHUd U YEeM OHa 3aMeuateabHa? [Tokaxure
Ha npuMepax, 4YTO MOJOXKEHHUE MI'HOBEHHOM OCH BpallleHHUA H3MCHAETCA Kak
B MIPOCTPAHCTBE, TAK H OTHOCHUTEJIbBHO CaMOro TBEpAOro TeJa.

o Tlokaxure, auddepeHuHpys BeipaxeHHe (3) No BpeMeHH, UTO 3aKOH H3Me-
HEHHUS MOMeHTa MMnyabca (4) creayeT W3 BToporo 3akoHa HeroroHa.

o [lokaxuTe, OCHOBbIBASCH Ha onpeaeseHUH (3), uTo NpH BpalleHWH TBEPAOrO
Tena BOKPYr (PUKCHPOBAHHON OCH MOXHO MpPEACTaBHUTb MPOEKLHIO MOMEHTa
HMNyJbca Ha OCb BpauleHHs B Buae Jw, rae MOMEHT UHepuuu [ ompefne-
nsercs cooTHoleHHeM (8).

o Jokaxure dpopMmyay (11) A1 KMHETHUECKON SHEprMM TBepAoro Tenla, Bpa-
ulaioulerocs BOKpyr ¢GHUKCUPOBAHHON OCH,

e O6BacHHUTE, MOYEMY BOJUYOK MOA ACHCTBHEM OMPOKHIBIBAIOUIEH €ro CHJbI He
ONPOKH/BbIBAETCA, @ COBEpLIAeT MPELEcCHio.
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Cpenu pasHOOOpasHHX (PU3UUECKMX SBJICHHH B OKPYXalOLIEM HAC MHpE
MBl 4acTO HabJIONaEM MEPHOOMYECKHE WM IOUTH MEPHOOMYECKHE MPO-
ueccel: Bocxon M 3axoi CosHua, BOJHEHHME HAa Mope, KoseDaHHs MasT-
HHKA YaCOB, MEPEMEHHHIA HNEXTPUUECKHH TOK, JEKTPOMATHHTHLIE BOJI-
HHI, K0Je0aHNS MOJIEKY]l B TBEPAOM TEJ€E, — MPHMEPH MOXHO ObLIO OBl
NpPOAOIXaTh 0 OECKOHEYHOCTH.

IIpu3naxu xosebanuil. KonebarenbHnie saBieHHs o6Jagaror oOUMMHU
yepTaMH H AaXe MOTUHHSKOTCS OXHHAKOBBIM 3aKOHOMEPHOCTSM, HECMOT-
P Ha TO, YTO OHH MOTYT HMETb COBEPIIEHHO Pa3HYy!0 (GU3MUECKYIO MPH-
pony. CaMas xapakTepHas yepra KojebaTeNbHEIX ABUXEHHH, OTJIHYAK0-
Was UX OT APYruX SIBJEHHH, COCTOUT B TOM, YTO KoJebaTebHEE gBH-
XEHHS MHOMOKPATHO MOBTOPSIOTCS WJIH NPUOIM3HTENbHO MOBTOPSIOTCH
yepe3 onpeneseHHbIE NPOMEXYTKH BPEMEHH. YHHBEPCANBHOCTh 3aKOHOB
K0J1e6aTeNbHBIX MPOLECCOB MO3BOJISET C EAHHONU TOUKH 3PEHHUsS paccMaT-
pUBaTh AaXe pasJHYHHE MO GH3HUYECKOI NMPUPOAe KoJeGaHus, BCTpeya-
JOIIMECS B pPasHOOOpA3HEIX (H3UYUECKUX SBJEHHIX H TEXHHUECKHX
yCTPOHCTBAX. .

Jwobas cuctema, cnocofHas COBepwaTh KosebaTeJbHOE ABHXEHHE,
OMUCHIBAETCSH HEKOTOPOH (PU3UUECKOH BETHMUMHOM, OTKJAOHEHHE KOTOPOH
OT PAaBHOBECHONO 3HAUEHHMS 3aBHUCUT OT BPEMEHH MO MEPHOTHUYECKOMY
WIH TOYTH INEPUORUYECKOMY 3akOoHy. OrmnpenejeHHE NEPHOOHUYECKOM
byHxuun takoBo: dyHKIMA f(¢) HA3bIBAETCS MEPHOTMUECKON C MEpHO-
oM T, ecnu f(t + T) = f(¢) nupu mobOM 3HAUEHHH !,

B cayuae MexaHMUYECKMX KOJe0aTeJbHEIX MPOLECCOB, HAnpUMeEp KO-
nebaHui rpysa, NOABELIEHHONO HA MPYXHHE, TAKMMU BEJUYHHAMHU SIB-
JISIOTCA CMELIEHUE IPY3a H3 MOJOXEHHS DPAaBHOBECHS M €r0 CKOPOCTb.
B cn1yuae 3/neKTpPHUECKHX CHCTEM, HanmpuMep KonefaTenbHOro KOHTYpa,
TAKOH BEJMUYMHON SBJASETCS TOK B KATYLIKE HJIM 3apsay Ha obKjiagkax
KOHAEHCaTopa.

OcobenHocTd ¢Pusuxu xonedanmit. OCTAHOBMMCS HAa HEKOTOPHIX Xa-
PaxTEePHBIX MOMEHTAX, CBA3aHHBIX C (DU3MKOH KosnebaTebHNX SBJEHHH,
Bo3bMeM KOHKPETHHI MpUMEp, CKaXeM CTPyHy rutapn, Hac moryTt uH-
TEpPecoBaTh CHJIA HATSXEHHS CTPYHB! HJIM CKOPOCTH Pa3/H4HBIX €€ TOUYEK
B ONpEAETEHHBN MOMEHT BpeMeHH. Takasi mOCTaHOBKA 3aJauM THIMYHA
s aguHaMukd, Pu3nka xonefaHMil MEHSET 3Ty MOCTAHOBKY BONpPOCA.
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JIl19 Hee THINMYEH MHTEPEC HE K TOMY, UTO NPOMCXOAMT B JAHHBIA MO-
MEHT B AaHHOM MecCTe, a K o0uieMy xapaKTepy HpOLECCa, B3STOro B Le-
oM 3a GOJIBIIOE BpEMS.

ITyctb, Hanpumep, CTPyHa H3OaeT 3BYK «da». DTOT 3BYK ompene-
JIIETCS HE TMOJOXECHHEM U CKOPOCTBIO TOUEK CTPYHH B AAHHEIH MOMEHT,
a XapakTEepoM 3aBHCHMOCTH 3THX BEJIHUYHMH OT BpeMEHH. MOXHO, Hampu-
MeEp, C MOMOLIbI0 MHUKPOGOHA NPEBPATHTh ITOT 3BYK B 2JIE€KTPHUECKHI
curHan u HabmomaTh ero Ha akpaHe ocumutorpada. BaxHo co3HaBaTh,
YTO 3BYK, M3JaBaeMBlil CTPYHOH, onpenensieTcs dopMoH BCel 5TOM KpH-
BOH B 1€/0M. XOTS M I'OBOPAT: «B NAHHBIH MOMEHT s CABIIY 3BYK «a»,
B AEHCTBUTENBHOCTH A€/0 OOCTOMT HE TaK. Te HOJIM CEKYHAH, B TEUECHHE
KOTOPHIX B YX€ CO34aeTCs OLIyLIEHHE TOHA «(pa», OXBATHBAKOT 00/bLIOE
YHCJIO MAKCUMYMOB MU MHHMMYMOB 3TOH KPHBOH.

Ina ¢usuku xonebanuil XxapakTepHO PACCMOTPEHHE MPOLECCa B 1Lig-
JIoM, T. €. 3a BpeMsl, oxBaTbiBawwee 6ospmoe YuCa0 nepuonos. B ¢u-
3uKe kosebaHuit 0COOEHHO SICHO TMPOSB/ASETCS PA3JHyHe MEXAY JHHeH-
HbIMH SIBJICHHUSIMH, IJISl KOTOPbIX CHPaBEIJIMB NMPHHIHUI CYNEpPHO3HULMH,
U HEJIMHEHHBIMY SIBJIEHUSIMHU, B KOTOPBIX OTKJHK CUCTEMBI HE MPONOPLH-
OHAJICH OKa3aHHOMY Bo3geHcTeuio. ECiM B JIMHEHHBIX CHCTEMax BO3-
MOXHO OJHOBPEMEHHOE IPOTEKAHME CPA3y HECKOJIbKUX KOJe0aTESbHBIX
NPOLIECCOB, HE OKA3hIBAIOIIMX HHMKAKOINoO BJIUSHHMS ApPYT Ha Jgpyra, T0 B
HEJIMHEHHBIX CHCTEMAaxX B3aMMOACHCTBHE TAaKMX IPOLICCCOB NPHUBOAMT K
KauEeCTBEHHO HOBBIM SIBJCHUSM. Hampumep, ofHOBpPEMEHHOEe Bo30yxkie-
HHUE OBYX KojebaHWil ¢ pasHHIMM YAaCTOTAMH B HEJMHEHHOH CHCTEME
NPHBOAMT K BO3HMKHOBEHHUIO KO/€0aHMif Ha KDaTHBIX, CYMMapHHX U
Pa3HOCTHHIX YacTOTax.

§ 41. Cob6cTBeHHbie Konebanus

BospmeM mpocTeiiiylo cHCTEMY, B KOTOPOH BO3MOXHB MEXaHMYECKHE
kosnebanus. IlycTh HAa HPYXHMHE XECTKOCTH k MOABELIEH Ipy3 MAcChl
m. PaccMOTpUM BEPTHKANbHOE OBMXEHUE Ipy3a, KoTopoe OymeT mpo-
HCXOOUTh IOA ACHCTBMEM CHJIL YHPYrOCTH HPY>XHMHBI M CHJIBI TSIXECTH,
€CJIM BBIBECTH CHUCTEMY M3 COCTOSHHUS DAaBHOBECHSI M NPEAOCTABHTH Ca-
Mol cebe.

IpocTeHiniA ocuuAngTOp. ByneM cuutaTth, UTO Macca MPYXHWHH HA-
CTOJIbKO MaJa, YTO €€ MOXHO HC YUYHTHIBATb NP ONMHCAHHH KOHC63HHﬁ.
ITomecTM Hayaso0 OTCUETA HA HANMPABJCHHOM BHM3 OCH X B TOUKY, CO-
OTBETCTBYIOILYIO PABHOBECHOMY MOJMIOXEHHI rpy3a (puc. 158). B atom
Nos0oXKeHuM Onarofgaps AEUCTBHMIO CHJIBI TSKECTH NPYXHUHA yXe PacTs-
HyTa HAa HEKOTOPYIO BEJHUUYHMHY b, ONpeneaseMyI0 COOTHOMEHUEM

mg = kb. (1)

IIpn cMemeHUH Xx Tpy3a M3 NOJOXEHUS DPAaBHOBECHS NPOEKLHS AcH-
CTBYIOIIEH HA TEJO CO CTOPOHH NPYXHUHH CHAb YNPYTOCTH pPaBHA
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—k(x + b) B coorBeTcTBUM € 3akoHOM ['yka. OGo03HauMM MNpPOEKLHUIO
YCKOpDEHUSI TpPy3a a, PaBHYK BTOpPOH NpPOM3BOAHOM CMEWIEHUS X TIO
BpeMeHn, yepe3 X. Torma BTopoM 3akoH HprooToHa ang rpysa sanu-
DIETCS B BHUAC

mx = —k(x + b) + mg. (2)

C yueroMm (1) 3TO ypaBHEHHE NEPENUCHI-
BAETCA CACAYIOUINM 00pasoM:

Q

Yir74

mx = —kx. 3)
BeeneM obosHaueHue —‘—IZ
k Or-}———~-
wi=—. (4)

m

Teneps ypasHeHnue aABuxeHus (3) npuHu-
MaeT OKOHYATEJbHBIA BHUI:

X+ wix=0. (5)

Xy

Puc. 158. IMonoxeHue paBHOBECHS

K TOYHO TAKOMy X€ yPAaBHEHMI0 Mpl “ KO/1€0aHMR Tpy3a na npyxune

NpHAEM, PACCMATPUBAA Manble KoaebaHus

OKOJIO TIOJIOXKEHUS PABHOBECHS CAMHIX PA3HBIX (MU3HUYECKMX CHCTEM: Ma-
TEMATUYECKOTO MAsITHUKA — MAaTEPHAJbHON TOYKH, MOABEIICHHOM HA
HEPACTSKMMOM HeBecomoit HuTH (puc. 159a), dusnueckoro MasTHH-
Ka — n000ro TBEpAOro Tena, KOTOPOE MOXET MOBOPAUMBATLCS BOKDPYT
rOPU30HTAIbHOM OCH Mox ACHCTBHEM CHMAH Tsxectu (puc. 1596), xpy-
TIJIBHOTO MASITHUKA — JHUCKA WIM KOPOMBICJA, MOABEMIEHHONO HA YNpy-

a 6 d 8

Puc. 159. Pasunle TUIBI OCUMILISTOPOB: @ — MPOCTOM (MAaTEMATUUYECKHI) MAATHUK, 6 —
PUIMUECKUIT MAATHUK; 6 — KPYTHJBHbII MasTHUK (AMCK Ha yrpyrod HUTH)

roit HuTH (puc.159g), u T, a. [Ipn 3TOM NOA X B KAXHAOM CAyuae ClAeayer
MIOHMMATh COOTBETCTBYIOUIYI0 BEJHUHHY, XapPaKTEPH3YIOUIYI0 OTKJIOHE-
HHUE OT PABHOBECHS: YIOJ ¢ OTKJAOHEHHMS OT BEPTHUKAIU MATEMATHUECKO-
ro win (pu3nyYecKoro MasiTHUKA, yroa ¥ 3aKpy4uBaHUs ynpyroro noase-
€a KPYyTUJIBHOTO MASTHUKA M T. 1.
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T'apmonnyeckue koaebanus. KoneGanuga B mo0oit duanyeckoit cucre-
Me, OMMCHBAEMBIC ypaBHEHHEM (5), MPOMCXOMAT MO CHHYCOMAANABHOMY
3aKOHY M Ha3blBAKOTCA 2apMOHuueckumu, a arodas coBEpIIAMAd TAKUE

X

;‘ AWAWANEN
VAAVIRVAE

Puc. 160. TCpadmk rapMoHHueckoro KoaeGaHus

T

KoseOaHusT U3HYECKAsT CHCTEMA — ZaAPMOHUYECKUM OCUULISIMOPOM.
Pewenne muddepenunansHoro ypaBHenus (5) umeer sux (puc. 160)
x(1) = A cos (wyt + a), (6)

rae A ¥ ¢ — MPOM3BOJIbHBIE MOCTOSHHbBIE: MPH MOOBIX 3HAYEHUIX A U
a ¢yukuus (6) yaosnaeTsopsieT ypaBueHHio (5). Bennunna A xapakre-
pU3yeT MaKCHMMAaJbHOE OTKJIOHEHHE CUCTEMBI OT PABHOBECHS M HA3bIBA-
eTca amnaumydou KosebaHuiA,

Yactora ¥ mnepvoA. [1ockoabky KOCHHYC — mnepuomuueckas (yHk-
IMs, CMCIICHHE X MNPHHUMAET OOUHAKOBBIC 3HAUCHHA 4yepe3 ompeae-
JICHHble ONWHAKOBBLIC TPOMEXYTKHM BPEMEHH, HA3bIBAEMBIE nepuoOlOM
konebanui T. Hapagy ¢ nepuomoM T O XapaKTEPHCTHUKH KoJeOaHui
HCIOAB3YIOT TakXe 00paTHyi0 BeanumHy v = 1/T, HA3bIBaEMYy10 uac-
momou. Yacrora usMmepsiercs B repuax. Iepu (I'm) — wuvacrora ko-
nebaHusi, Mepuog KOTOPOrO PaBeH ONHOM cekyHpe. BennmumHa o, Ha-
3bIBAETCH Uukauueckod wacmomoy Konebauui. OHa cBA3aHA C mepu-
omoM T M 4acTOTON VvV COOTHOIIEHHUEM

L2

v oy

TaK KakK Mepuox KocuHyca paseH 21, ukanyeckas yacrora w, H3Meps-
ercd B paguaHax B ceKyHmy (pan/c).

®aza xonebanmit. Bech apryMent kocuryca B (6) HasnBacTCa ghasol
Konebauuit, a 3Hauenue dasul npu =0, T. e, MOCTOAHHAA d, ~— Ha-
uanbrol ¢azon. ®asza uaMepsiercd B pagnanax (pam). 3Had aMIUTUTYAY
u dasy KoaeGaHHH, MOXHO MO BhipaxcHH©o (6) onpemenuTh MeXaHHYe-
CKOe COCTOSHHME CHCTEMBL,

HauanpHpie ycnoBus. 3HaueHUs aMIUIMTYAH A M HauanpHOH assl a
ONpeaensiioTCd HAUYAAbHBIMM YCJIOBMSAMH, T. €. CIocoboM Bo30yXacHMS
koneBaunit, Ecin, Hanpumep, rpy3 Ha MPyXXUHE OTKJIOHSIOT U3 MOJOXe-
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HHUA DABHOBECHA HA PACCTOAHHUE Xy M OTHYCKAKT Oe3 TOJIYKA, TO HAYaJab-
HBIC yCJI0BUA UMCIOT BHJ '

x(0) = x5, %(0) = v(0) =0.

IMoncrasiagag 3T HauajbHHE YCJAOBUS 8 JieBY1O uacth (6) mpu t =0 u B
nosnyuaemoe u3 (6) BbIpaXeHHe M/ CKOpOCcTH v(!):

v(t) = x(1) = —Awy sin (wgf + a), (7
IPUXOOUM K CUCTEME YPAaBHEHHWH [J1g ONpenesaeHus A U o

xo=Acos a, 0=—Aw,sina.

Orcroma caenyer, uto A=x, u a=0, 1. €. KoseGaHNUd OCUULIATOPA
IpH TakoM Crocobe Bo3OYXAEHHS OMUCHBAKOTCH (QYHKLMEN

x(t) = x4 cos wgyl. (8)

Ecan kosnebanns Bo3OyXAaOT TOIUKOM M3 MOJIOXKEHUS PABHOBECHS,
MTHOBEHHO Coo0mIas rpy3y HauyajbHYIO CKOPOCTb Uy, UTO COOTBETCTBYET
HauaabHeM yc10BuaM x(0) = 0, v(0) = x(0) = v,, To 119 A ¥ & MOXHO
MOJYUUTh 3HaYEHHS A = vy/w,, o= —mn/2. Kosebanusa B 3TOM cayuae
OIMUCHIBAKOTCH (PYHKUHUEH

x(t) = ;;30 sin wqt. )

M30xpoHHOCTH ocumnsaTopa. Yacrora w, coOCTBEHHBIX KOJe0aHUH, B
OTJHYME OT AMILIUTYIB M HAUAJIbHOIM hashl, He 3aBUCHT OT CrIocoda BO3-
OyXAEeHHd, a ONPEAESIeTCd HCK/IOUMTENbHO CBOMCTBAMU CAMOM CHCTE-
Mbl. B HE3aBUCMMOCTH MepHoma KoJeDaHMii OT HAua/bHHEIX YCJIOBHH 3a-
KJIIOUAETCd TAK HA3BIBAEMOE CEOUCMEO U3OXPOHHOCHL TAPMOHHUYECKOIO
OCLUJLIATOPA.

Y6eauTbca B ToM, uto ¢yHKUMS (6) 9BAgETCS pEMIEHHEM YpPAaBHEHUS
rapMOHMUECKUX Kosebanuii (J), MOXHO HENOCPEeACTBEHHOM MOACTAHOB-
Koi. Ho MOXHO 3T0 chenaTh U MHAUE, BOCIOJIb30BABIIKCh YAOOHBIM Cpa-
PHUECKUM METOROM H300paXeHus KosieOaHMIl.

BexTOpHbIE AMarpaMMbl. PacCMOTpUM DAaBHOMEDHOE OBHXKEHHE TOUKH
M0 OKPYXHOCTH paguyca A C YIVIOBOH CKOpocThio w, (puc. 161a).
IlycTe B HauajgbHHI MOMEHT DAagMYC-BEKTOP r 3TOH TOuKM obpasyer
yroi a ¢ oceio x. CrpoeuupyeM Temepb Ha 3Ty OChb pafgMyC-BEKTOD
OBUXYIIEHCS TOUKM F, €€ CKOPOCTb V M YCKODEHHME a. YUMTHIBAfA, UTO
IpH paBHOMEPHOM ABMXEHUM TOUKHM MO OKPYXHOCTH €€ CKOPOCTb Ha-
IpaBje€Ha MO KacaTeJIbHOM, a YCKOPEHHE — K LEHTPY OKPYXHOCTH
(puc. 1616), noayuaem

x(t) = A cos (wyt + a), (10)
v (1) = —w A sin (o4 + a), a. (1) =—wiA cos (wy + a).
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Mbl BOCTIO/IB30BaIUCh TEM, UTO NPH JBHXKEHUH 10 OKPYXKHOCTH MOAYJb
CKOPOCTH v CBSI3aH C PAAMyCOM OKPYXHOCTH A M YIJIOBO! CKOPOCTBIO ®,

COOTHOWICHUEM U=(1)0A, a MOAyJb YCKOPCHHMS — COOTHOWCHUEM

Puc. 161. Casab rapMOHMUECKMX KO01€6aHMIT C PABHOMEPHBIM ABMKEHHEM M0 OKPYKHOCTH

a = w3A. U3 dopmy (10) BuAHO, UTO MpPOEKNMS YCKOPEHHS a (1) B JTHO-
60if MOMEHT BPEMEHH NPOMOPLHOHATBHA CMEIUEHHIO X (), TOUHO TAK Xe
Kak ¥ B ypasHeHud (3) (uau (5)):

a, (1) = —wix(?). (11)

OTcroga crnenyer, uto ypasHeHHe (5) ONMCHIBAET ABMXKEHHUE, IPOUCXOASA-
mee mo CHHYCOMAanabHOMY 3akoHy (10).

[ToguepkHeM ewie pa3, UTO MpPH TAPMOHHMUYECKHMX KOJEOAHUAX r000i
(hu3MyecKoit MPUPOABI, KOTOpHE MPOMCXomaT no 3akoHy (10), uacrora
W, OKA3bIBACTCH 3aBUCALICH TOJBKO OT CBOWCTB CHCTEMH!, B KOTOpPOH

NPOUCXOAST KoJeGaHUsl, HO HE 3aBHCHT OT AMIUIMTYAB KojeGaHuit. B
ONHOH H TOM Xe CHCTEME MOTrYT MpPOMCXONMTh KOJeGaHus omnpene-
JIEHHOH YacTOTHl, KOTOpasi, Hampumep, aaercs dopmyaamu (4), HO
pa3HOi aMIIMTyaBl. AMILTMTYAa KonebaHMit A M HauanbHas daza o
ONpENe/IIOTCS HE CBOMCTBAMM CAMOM CHCTEMBI, 4 TEM CIOCOOOM, Ka-
KHM B CHCTeME BBeI3BaHH Kosncbauus. Konebauus, npoHMcXomsimiMe B CH-
CTEME B pE3yJbTATE BHIBOAA €€ M3 COCTOSHHS PABHOBECHS, MOCJIE YETO
CHUCTEMA NpPegoCTABISETCS caMoit cebe, OyaeM Ha3blBATb COBCMGEHHbI-
Mmu Konebanusamu. B oTcyTcTBHE TpeHMS COOCTBEHHBIE KOAEOAHMS MHOT-
Ia Ha3BIBAIOT CGOGOOHbIMU.

JuepreTHyeckHe npespamieHus. PacCcMOTpUM 3HEPreTUUECKHUE MpeBpa-
MEHHUSI, MPOUCXOAAIIME IIPH CBO6OJ:(Hle TAPMOHHUYECKHX xone6ammx.

[Tpu MexaHHUECKUX KOJEOAHUAX TPy3a HA MPYXHHE MPOMCXOLMT Me-
PHOIHMUECKOE NPEBPAMIEHME KMHETHUYECKOM SHEPTHM ABMXYMIIETocsd rpysa
E, Y NOTEHIMANBHON 3HEPTHH E| CHCTEMEI, KOTOPAsi COCTOMT U3 MOTEH-

UHMATBHON 3HEprHM Ae(POPMMPOBAHHOM TNPYXHHHE H MOTEHIMAJbHOM
SHEPrHH TPy3a B noje TIXecTH. [loTeHuuanbHas 3Heprus aegopMupo-
BAHHOM MpPYXHHH NPOMOPUMOHAJbHA KBAAPATy €€ YAAMHEHMS X + X,
(cM. puc. 158) u, ciemosaTenbHo, paBHa k(x + x,)%/2. IloTeHuuanbHas
DHEPTUS Tpy3a B MOJIE TSIXECTH paBHA —mgx + C.
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BrifepeM mn1a ynobcTBa MPOH3BOABHYIO MOCTOAHHYK C TakuM obpa-
30M, uTOOH MOJIHAS MOTEHIHAJbHAS JHEPrus CHCTEMBI Oniia pasHa HY-
JIIO B ITOJIOXECHHH PABHOBCCHSA:

L)
5 kx5 + C=0.
Tornpa C = -—kx%/2 H MOTCHLUHANbHAS 3HEPrHd CHCTEMH E NMPOH3-
BOJIBHOM TOUKE X BRIpaxaertcs GopMysoi
=1 2 ! =12 12
Ey =3 k(x + X)* — mgx — 5 kx =5 kx*. (12)

[MonHas MexaHMueckas 3Heprus cucteMsl E = E, + E, npu koseba-
HHSX OCTAETCS HEM3MEHHOH, TaK KAK CHCTEMa KOHCepBaTHBHA. B 5TOM
MOXHO y6emHTbhcsl M HEMOCPEACTBEHHO, MOACTAB/SS CMEIIEHHE X H CKO-
pocts v u3 (10) B BBIpaXEHHE O/ SHEPTHH:

E =% mv? -+-%kx2 =1 mwiA? sin? (wyt + a) +

2

+ % kA% cos? (wot + a) =5 kA= —12— mwiAd®  (13)

)
2
U3 aro#t GopMyspl BUOHO, UYTO HCH3MCHHAA MOJHAS JHECPTHS CHCTEMBI
E coBmajaeT ¢ MOTEHLHAIbHOM 3Heprued E; B Toukax Haumbosbliero

: AN
Inva
Efglk—/—\—%\%—\
AL

Puc. 162. I'padpmku CMEIEHMS, KMHETHYECKOH M MOTEHUMaNbHOA SHEPrUi NPH rapMOHH-~
ueckux KosebaHusx

OTKJIOHEHHS] OT TOJIOXEHHS DABHOBECHS, T. €. MpPH X = * A, U coBHa-
JaeT C KHHETHYECKOHM 3SHeprued E, IPH NPOXOXIACHHH TIpy3a 4YEpes
IOJIOXKEHHE PABHOBECHS, TIE €ro CKOPOCTh v, = * wyA.

IMpu B3auMMHBIX MPEBPALICHHIX MMOTEHUMAJIbHAS H KHHETHYECKAS
SHEPrHs COBEPIIAIOT TAPMOHHMYECKHE Kos1eGaHHd ¢ OQUHAKOBOH aMILIH-
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Tynoi E/2 B mporuBodase Apyr C APYroM M C 4acToTod 2w, Yrobwr

y6eauTbes B 2TOM, npeobpasyeM BHIPAXCHHUS A1 KHHETHUECKON M TO-
TEHUIHAIbHON 9HEPruil C MOMOINBI0 (POPMYJT IJISS TPUTOHOMETPHYECKHX
(hyHKUMI NOJOBMHHOIO apryMeHTa:

E, (1) =5 ma}A? sin® (0yf + @) =2 [1 — cos 2(wy! + )],
(14)
Eq(1) =5 kA? cos? (wf + @) =2 [1 + cos 2(w,! + a)].

Ha puc. 162 npusencHul rpaduku 3aBUCMMOCTH OT BPEMEHHM CMEIIEHHUS
rpy3a x(f), KMHETHYECKOH 3HepruM E, (f) M NMOTeHUMATbHOW 3IHEPIHH
E_(¢). LUlTpuxoBBIMH JMHUIMH HA 9THUX rpaduKax MOKA3aHbl CPEIHHC
3HAYEHUSA KUHETHYECKOM M MOTCHIMANBHOM JHEPruM., DTH CPeaHUE 3HA-
YCHUSA PaBHH APYT APYTY U COCTABJAIOT MOJIOBUHY ITIOJIHON 3Hepruu E.

da3zospie Tpaextopuu. Iloctpoum ¢hasoBele TPAEKTOPUH AJIS TapMOHH-
YECKOr0 OCUM/LIATOpA. Y paBHEHHE (DAa30BOM TPAECKTOPHUHM TPEACTABILET
co60#1 ypaBHEHHE 3aKOHA COXPAHEHHUS IHCPTUM:

1 1
v, 5kx2+5 mv§=E. (15)
2E/m PasgenuB o6e¢ uyactu ypaBuenus (15) ma E,
NPUBOAUM €ro K BURY
- 2 2
x x Y _
26k 1 2Em = L. (16)

V2ETE
DT0 ypaBHEHHE OJNIMICA C  TOJTYOCIMH
Puc. 163. dazosastpacxropus  V2E/k u V2E/m (puc. 163).
FAPMOHMUECKOTO OCLMLIATOPA Ipu koneGaHugIX COCTOSHUE OCLU/LIATOPA
U3MEHIeTCS TAKMM 00pa3oM, 4TO H306paxaro-
IAag TOYKA ABUXETCS MO 2/UIMIICY MO YACOBOM CTPEJKE U COBEPIIAET MOJ-
HEIH 060pOT 3a BpeMms, paBHOE mepuony konebanuii T = 21/w,. B atom

serko ybemuthea ¢ nomompio opmya (10), pammwux 3aBHCHUMOCTL X H
v, OT BpeMeHH. M3 atux copMyI1, pasymeercs, MOXHO IOJIyYUTb U CaAMO
ypaBuenue ¢dasosoit Tpaektopur (16), e/ HCKIIOUHUTD U3 HHUX BpEMd.
s sroro HyxHO obe yactu nepsoit u3 copmysn (10) pasmenuts HA A,
BTOPO# — HA wyA, BO3BECTH MOJYUHMBIICECS B KBAAPAT U CJIOXKHUTH, YUH-

THIBas, 4TO cos? B + sin? § = 1. B pe3yabrare mosyunm

L
A (w7

uto cosnagaet ¢ (16), ubo nonmyio sHepruio ocuuanaropa E MmoxHo 3a-
MACATh B OOHOM H3 CACAYIOL(HX BHIOB:

1,2
E—zkA
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1

E =5 mwjAZ%,

o

ConocraBuM (ha3oByH TPACKTOPHIO OCH/UIATOPA C rpadMKOM MOTEH-
uMaabHOM sHeprun (puc. 164). Ha BepxHeit uactu pucyHka nsobpaxeHa
MOTEHIINAABHAS SHEPrus OCIUJLIATOPA M [MOKA3dHBI ABA 3HAUEHHUS I10J-
HOH 3Heprum cucreMul E| u E,. Ha HuxHe# yactu nzobpaxensl ase da-
30BHIC TPAEKTOPHH OCIPULIATOPA, COOTBETCTBYKILHE KoseGaHHUIM C Ta-
KUMU 3HaueHusMH SHeprud. CxopocThs ofpaiuaerca B HyJb B TEX TOU-
KaX, rae MOTEHUHAIbHAS SHEPTUS CTAHOBUTCH PABHOMW IMOJIHOM JHEPTHH,

Eq v A 7% \

\ E, Tk

| |

z Ey | N

NI

} ) 14, ;Az x W‘J—I

Pl v ; { | !

; L g4, { I

@ A, JAy x ] -

-

Puc. 164, IloreHumannHas Puc. 165. Cpsa3b ¢a3oBoi TpaexTOpHH OCLIMILIS-
sHeprus u (asosas SHEpPrus oc- TOpa € rpaduKamMH CMEIEHMS M CKOPOCTH
uMISTOpa

T. €. B TOUKAX MAKCHMAJBHOTO CMEIICHUS U3 [MOJIOXCHUS paBHOBECHSA.
CkopocTh MAakCHMaJbHA TPH MPOXOXACHHUU [IOJIOXKEHUS pPaBHOBECHUS
x =0, roe nmoTeHuMaabHas HEprua obpainaeTcs B HyJb.

Macmra6 rpadguka $asoBoit TPacKTOPHH MO OCH v, NMPOMU3BOJEH M

HE CBf3aH C rpadukoM MOTEHUUMATBHOM 5Heprud. YaobHo Macurab
rpadvka BuIOpaTh Tak, UTOOR ONMHAKOBEIE OTPE3KM COOTBETCTBOBAJIM
EAMHULE TI0 OCH X M w, Mo ock v,.. Torma npu moboit ammuTyne Ko-
nebaHuit A mosnyocw ssmnca Ha ¢as3osoit auarpaMme A U wyA OynyT

OAMHAKOBH M 3JUIMIC MPEBPATUTCA B OKPYXHocTb (puc. 165). Touka,
n300paxapias COCTOSHUE OCLHLIATOPA, ABHXETCA MO ITOH OKPYKHO-
CTH IO YACOBOM CTPEJIKE C MOCTOSHHOW cKopocTeio. M3 puc. 165 BugHa
CBA3b ABMXCHUA HM300paxarmed TOukd B ¢a3oBOM ILIOCKOCTH C Bpe-
MEHHOH 3aBUCMMOCTBIO KOODAMHATH X(f) ¥ CKOpOCTH v, (f) OCUMLIATO-
pa. IIpu nocrpoenuu ¢asoBeIXx AuarpaMm ynobHO BuiOMpaTh Macmtad
MO0 OCAM MMEHHO TakuM 00pa3oM.
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Mokaxure, 4TO NEPUOR rapMOHHUYECKUX KoneGaHHH, OMHUCHIBAEMBIX (HOPMY-
70k (6), cBA3aH C MX UMKJIMYECKOH 4acTOTOH w, cooTHouweHHeM (7).

Kakump OU3MYECKUMH YCJIOBUSIMHM OMpee/sioTcs 4acToTa, aMIUIMTyaa M
HavajbHad ¢a3a coOCTBEHHbIX KoslebaHUN rapMOHUuYeckoro ocuuaastopa?

OnpepenvTe 3HA4€HUS aMNIMTYAbl A U HavanbHOW ¢asbl @ NpU Bo3OyxX-
JeHUM KojiebaHUI OCLMANATOpA HavyajbHbIM TOMYKOM H3 MOJOXEHUS pas-
HOBeCHs.

Hokaxure, 410 U300paxaiad Touka Ha ¢a3oBoH MJIOCKOCTH A/ rapMOHH-
4eCcKOoro OCLMJIATOpPA OMMChIBAET 3/UIHMNC Mo 4acoBod crtpenke. C Kako# yr-
JIOBOM CKOPOCTBIO MOBOpauMBaeTcad Ha hasoBoM MJOCKOCTH pafuyC-BEKTOP
u3obpaxawueit Touku?

Kak HyxHO BbIOpaThb Macwitab no ocd opauHatT ¢asoBoM AMarpammsl,
uToObl pa3oBas TPAEKTOPHUA TapMOHMYECKOro OCLM/NATOpa NpespaTHiach
B OKPYXHOCTbH?

A JIMHeiHble U HeTHHeHHble cHcteMbl. Cpenu BCEX CHUCTEM, B KO-
TOPBEIX BO3MOXHBI KOJE0AHMSA, TAPMOHMYECKHIT OCUM/IATOD Bbife-
JISETCS pSAoM 3aMedaresabHBIX ocobeHHocred. [Ipexpe Bcero, Kak
yX€ OTMEYaysoch, 3TO H3OXPOHHOCTb KOJAeOAHMMH, T.€. HE3ABUCH-
MOCTh MX MEPHONA OT AMIUIMTYAW (WM OT MoJAHOM sHeprum). Ha-
npuMep, Ha puc. 164 usobpaxawumue TOUKH obxomsar oba as/uiMmnca,
COOTBETCTBYIOIINE PA3HBIM 3HAUEHWSIM OSHEPrMM OCHMIIATOpA, 34
ONMHAKOBOE BpEMS.

Yrobul cobcTBEHHBIE KOJEOAHUS MPOMCXOOUAM MO rapMOHMUECKO-
My 3aKOHY, BO3BpAILAKOIAsd CWJIA NOJXHA OBITH MPOMOPLIMOHANbHA
CMELIEHMI0 M3 TOJOXEHUS PpABHOBECHS, A MOTEHLMANbHAS JSHEp-
rud — KBagparty cMemeHus: F = —kx, E = kx?/2. Takue koneba-
TEJIBHBIE CHCTEMBl HA3BIBAKOTCH JUHELHbIMU, TAK KAK MX NOBENEHHE
OMHUCHIBACTCA JUHEMHBIM nudepeHInaTbHBIM YPaBHEHHEM (5) — =B
ypaBHeHMe ucKoMas GyHkUHa x(f) ¥ ee MPOM3BONHAS X BXONAT B
NEePBOi CTEMEHH.

PeanbHuie dm3uueckue CUCTEMEI, KaK MPABUJIO, TAKMMM CBOMKCT-
Bamu He obnaparor. Hanpumep, npu Gonpmux gecdopMauuax mpyxu-
HA yXe He MmoguuHsAeTCd 3aKoHY 1'yka. OnMHAKO BO BCEX CHCTEMAX yC-
TORUKMBOMY TMOJIOXEHHUIO PABHOBECUS COOTBETCTBYET MUHHUMYM IOTEH-
IManbHOK SHepruu. [105TOMy MOBEAEHHE NOTEHLMAJBHOH JHEPTHH
BO/IM3M 3TOrO MOJIOXEHUSA MOXHO AMIPOKCHMHUPOBATh KBANpPATHUHON
3aBUCHMOCTBIO OT CMEIUEHHUA. 3TO 3HAYHT, UTO ApHM MaJjkx Koseba-
HUsAX BOJN3M YCTOMUMBOTO PABHOBECUS JIOOYHO CHCTEMY MPUO/IMXEH-
HO MOXHO CUMTATh TAPMOHMYECKUM OCLMILIATOPOM.

Panee npu o6cyxaeHun ¢as3oBuix quarpaMm ObL1 pacCMOTPEH Ma-
ATHUK B BHJE MATEPUAJIBHON TOUKH, MOABEHMICHHON HA JIETKOM CTEp-
xHe. [ToreHUMaNbHA% JHEPTHS MAATHMKA TPH MPOM3BOJBHEIX CME-
IEHUAX M3 MOJIOXEHUS PABHOBECHS BRIpaxasach GopMyJoi

E, = mgl(l — cos ¢), , (17)



§ 41. COGCTBEHHBIE KOJTEGAHUS 277

WIH, UTO TO X& CAMOE,
E, = 2mgl sin? (¢/2). (17a)

ITpu Manex 3HaUEeHUsX apryMmeHTa (<< 1) KOCMHYC MOXHO Npub/u-
XEHHO NPEICTABUTh B BUIE

COS(p=1—%(pz.

Hoatomy npu manux ¢ dopmyaa (17) maer kBagpaTHUHYIO 3aBHCH-
MOCTH MOTEHUHMATbHON SHEPIMH OT YIVIA OTKJIOHEHHS:

1
E, =~ mgle™ (18)
DTO Xe BEHIpPAXEHHE HEMeQIeHHO caegyer u3 (17a) ¢ yueroM ToOro,

uyrto mpu ¢<<1 MOXHO mosoxuth sin (¢/2) = ¢/2. Takaa anmnpo-
KCHMalMs IOTEHIHAJTBHOH 3JHep-

TMA MO KasaHa IUTPHUXOBOH JH- Eq Lmale?
N +mgle
HHelr Ha puc. 166. \\ //
YuuTeiBasg, UTO CKOpPOCTb v 1—————23151—,—
MATEPHAJBHOM TOUKM HA KOHIE \ / :
N\ /

CTEPXHS MOXeT OHTb 3anucaHa
Kak [¢p, AM9 TOJHOM SHEPTHU INpH
MaJBIX CMEHIEHHAX HMEEM

|
|
{ mgl(l —cos ¢)
!
!
]

b= [ Sp——

1 ]
E =5 ml*p? + 5 mglo?. —-x 0 ¢

Puc. 166. IToTeHuua bHAs IHEPTHUS Ma-
CpaBH“Bag Ty (bopMyJIy ¢ (15)’ TEMATHUYECKONO MaaTHUKA (CTIOWHAg

BUIUM, YTO NMPH MAJBIX OTKJIOHC-  nuuug) urapMOHMUYECKONO OCLMILIATOPA
HHU9X OT BEPTHUKAJH MareMatuue- {(WTpuxoBas AMHUS)
CKMH MAgTHHK, T. €. MOABEIICHHRIHK
HA JIETKOM CTEPXHE IPY3HK, NPEACTABIsSET CO0OM rapMOHHYECKHH OC-
uuanarop. [lepuon ero xosne0aHuii He 3aBUCHT OT aMIUIATYIBI.
Jlerko HammcaTh ¢OpMYJy, BHIPAXAIOIYID YaCTOTY ®, MaJBIX
coOcTBEeHHEIX KosebaHMil MasTHHKA yepes ero napameTprl. Ksampat
YACTOTH COOCTBEHHHX KOJe0aHMM OCHM/UISTOPA, OMpeAesseMEIid
dopmysoit (4), paBeH OTHOLIECHHIO KO3G(MUIMEHTOB NPH KBagpaTax
CMEIEHHd M CKOpOCTH B Bupaxenuu (15) piaa moswmoi sHepruw oc-
unaatopa. Takoe OTHOLIEHHME A MaTeMAaTHYEeCKOro MAasiTHHKA B
cootBercteuu ¢ (19) pasHO

wp =" (20)

Ina nepuona cobcTBeHHBX Koaebanuit T = 21/w, OTCIOAA MOJTyYaeM
T=2xn E. (21)

YpaBueHue koje0aHHH CHCTEMB, SHEPrHS KOTOPOH JaeTcs Bhipa-
xenueMm (19), umeer Bun (5), roe NoA x ciegyer NOHMMATh Yroi ¢
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OTKJIOHEHHS OT BEPTHUKAJIHU:
$ + wlp=0. (22)

O6pat¥M BHMMAaHHME Ha TO, YTO MEepUOp KoaeOaHWUil MaTeMaTu-
YeCKOr0 MAasTHUKA OKa3aJicsd HE 3aBUCSIIMM OT ero Macchl. Tak mo-
JIyUMJIOCh TIOTOMY, YTO MAacca BXOOUT MHOXHUTENEM B KoddduUuUeH-
TH Kak npd %, Tak M npu ¢? B BupaxeHuu (19) gns sHeprum
MasTHHKA M Cokpataercsd npu nepexoge kK (20). Caegyer, omHaxo,
oTaaBaTh cebe OTUET B TOM, UTO (hakTHYeCKM B BhIpAXXKeHHE OIS
MOTEHUHNANBLHON SHEPrMM BXOOUT Tskenas (rpaBUTALMOHHAS) Macca
m,, a B BRIPAXEHHE IS KMHETHYECKOM 3HepruM — WHEpTHas Mac-
ca m,,. INoatoMy cokpailleHHe MacC MpH moxyuyeHuu copmysant (20)
JJIS YACTOTHL BO3MOXHO TOJMBKO MPU YCAOBMM MX TPOMNOPLHMOHAJb-
Hoctd, Takum obpa3oM, HE3aBMCHMMOCTb Mepuofa koJebaHuil MaTte-
MaTHYeCKOro MasTHHKA OT MACCH rpy3a, KOTOpas € BHICOKOH# TOY-
HOCTBIO TIOATBEPXKOAETCS HA OMBITE, CAYXMUT ele ONHUM ISKCIepH-
MEHTQJIbHEIM MOATBEPXAEHUEM OKBUBAJEHTHOCTH UHEPTHOH U
rpaBUTALMOHHOI Macc.

AHrapMoHMyeckuit MaaTHuk. [Tpu GonapuiMx aMmauTygax kKoseba-
HHS MAITHHUKA OMHUCHIBAIOTCS HEJIMHEHHBIM YPAaBHEHUEM

¢ + wdsin =0, (23)

Yron otkioHeHUs ¢(f) BXOOUT B HEMO KaK apryMeHT (YHKUHH
cunyca. [TockoJpKy NmpH Manbx ymiax sin ¢ = ¢, 1o (23) B cayuae
MaJbix KoneGaHuii mepexoauT B YpaBHEHME FAPMOHHUYECKOrO OCUMI-
asropa (22). OnuchiBaeMbie ypaBHeHueM (23) xoseOaHUS SBIASIOT-
CS AHrapMOHMUYECKHUMH: HX TEpHOI 3aBUCHT OT AMIUIMTYABL .
[MpubnuxenHas dopMysa Oas NMepuoAa AHrapMOHMYECKHMX KoJeba-
HHH MasiTHUKA HMEET BHN

2
T=T0(1+-T§),

rae T, COOTBETCTBYET MAJIbiM rapMOHHYECKMM KosieGaHUSM U maeTcs
dopmymoir (21).

e TIlouemy Manble KoneGaHUS BOAM3M MONMOXEHHS YCTOHYMBONO paBHOBECHS
B MOObIX CUCTEMAX MOXHO MPHOAMXKEHHO CUMTATH FTAPMOHHMYECKUMHU?

e OO6bacHHUTe, MoueMy ¢U3HUYECcKasd CHCTEMA, BbIpaxXeHHe A/ IHEPTHH KO-
Topoit umeer BHA (19) wau (15), npeacrasnser coboit rapMoHHYecKHiH
. OCLMJLIATOP.

e KakuM 06pa3oM MOXHO MCMO/Mb30BATh MaATHHK Qs IKcMepHUMEHTaNbHOM
MpOBEPKH PABEHCTBA MHEPTHOM M IpaBHTaLHOHHOM Macc?

e Kak moayuuts auddepeHunansHoe ypasHenue (23), onucbiBawilee aH-
rapMoHHuYeckHe KonebGaHHUs MaTeMaTHYecKoro MaaTHHKa? a
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§ 42. 3aryxaowme konebaHus

CeobonHbie KoJeGaHHA, PAacCMOTPEHHHIE B MpEABAyLIEM mnaparpade,
[PENCTABSIOT cO00M HEKOTOPYIO MAEANM3ALMIO. B peanpHBIX CHCTEMAax
MEXAHHUECKOE ABHMXXEHHE BCETNA COMPOBOXAAETCS TpeHueM. Hanuuue
TPEHUS TIPUBOOHUT K PACCESHHUIO, MJIM, KaK TOBOPAT, K duccunayuu Me-
XAHUYECKOM 3HEpPruM. JUCCHMALMs SHEPTHH KOJAe0aHMH MMPOMCXOAMT B
JOOBIX pEasbHBIX KOe0ATESbHBIX CHCTEMAX, BHI3BIBAA 3aTyxaHue Co0-
CTBEHHHIX KOJIEOAHHIA.

OcuunnsaTop ¢ 3aTyxanueM. PaccMoTpuM 3aryxamomue MEXaHHUYECKHE
KosiebaHus nonpo6ﬂee. YacTto npu OBUXEHHH TeAa B CpeAe AEUCTBYIO-
OIYK0 HA HErO CHJIY COMPOTHBJICHHSA IPH MAaJbiX CKOPOCTSX MOXHO CUH-
TaTh MPOMOPUMOHAJIBHOH CKOPOCTH:

Fiy=—pv. (1)

DTy culy CEAyeT y4ecTb B ypaBHEHHHM BTOpOro 3akoHa HpioToHa,
OMMCHIBAIOWIETO ABHXEHHE Tena. Hampumep, ypasHenue (3) mpeamay-
mero naparpada, ONMCHBAKIIEE BEPTHKANBHEIE KOAe0aHUS rpy3a, mon-
BELIEHHONO Ha TMpPYXHHE, MPH HAJIMYUH TPEHHS OyaeT MMETh BUA

mx = —kx — Bx, (2)

rac 4yecpes x obosHaueHa MPOHU3BOAHAS CMCUICHHA X IO BPEMCHH, T. €.
MPOEKUMA CKOPOCTH T€/a. BBoas o6o3HaueHHs

k 3
wh = et Z‘Y = i:3 ( )

2
m’
nepenuiueM ypasHeHue (2) caenyromum o0paszom:
X+ 2vyx + ojx =0. 4)

Taxkoil Xe BHO MMEET YPAaBHEHHE, OMHMCHIBAIOMIEE MAJEIE COOCTBEHHBIE
Kosnebanug B 1060t (HPM3MUECKOM CHCTEME, 3aTYXAIOWME U3-33 CHJBI CO-
MMPOTHUBJICHHUS, MMPOMOPLHOHANBHONH CKOPOCTH.

Juccnnaupna suepruu. He 6ynem moka pemats ypaBHeHue (4), a mo-
npo0yeM BBISICHHTb, KaK BJIMSET HaJHUME COMPOTHMB/JCHHS Ha KoJeba-
TENbHOE ABHXEHHE. ByaeM IpH 3TOM CUMTATh, UTO 3aTyYXaHUE Majo Ha-
CTOJIBKO, UTO CBA3AaHHASK C HUM IMOTEPS JHEPTrHU CHUCTEMBI 3@ MEPUON KO-
neGaHug Maja 1o CPaBHEHHIO C JHeprued Konebanuit., CornacHo 3aKoHy
COXPAHEHHS JHEPIHH M3MEHEHHME MEXaHMUYECKOH SHEPTUH CHCTEMHl PaB-
HO paboTe CHJIBI TPEHHS:

AE =F, - Ar.

IMoncrasnsas coopa cuiy TpeHus u3 (1) u yuuThBag, uto Ax = v, At, no-

JIydyaeM
AE = —fu, Ax = —fuv? At. (5)
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U3 coorHomrenns (§) B npemene npu Af—0Q BHZHO, UTO CKOPOCTH
U3MEHeHHs 3Hepruu koaebaHui dE/d! nponopuHoHaabHA KBaApaTy
CKOPOCTH M TO3TOMY MOXeT OBITh BHIPAXEHA uepe3d KMHETHUECKYIO
sHepruw E, = mvi/2:

%=—6v§=—2—~2—=*—5x- (6)

13 dopmynel (6) BUAHO, YTO AMCCHTIALHUS SHEPTHH B TEYEHHE MEPHOOA
KoJieOaHUM MPOUCXOAMT HEPABHOMEPHO, TAK KaK KMHETHUYECKAs JHEPTHS
E, ocuuinupyeT. Ho MBI XOTHM COCTaBHTh yPABHEHHE, ONMUCHIBAIOLIEE MO-

HOTOHHOE YOLIBAHME SHEPTHH 334 BpEMSI, COAEPXalllee MHOTO NEePHOAOB KO-
nebanui. OueBMAHO, YTO 3TO YpaBHEHHe OyIer UMETh TAKOM XE BUJ, KaK
4 (6), TosIbKO B MpaBoit ero YacTH CJIeLyeT B3ATh HE MTHOBEHHOE, a Cpeld-
HEE 3a MepHo 3HAUeHHUE KMHETHUYECKOM SHEPTHH (EK):

dE 2
9~ —Bpy. (7)

[ToguepkHeM, UTO 5TO ypaBHEHHE yXE HEIb3s NPUMEHATb OIS IpPO-
MEXYTKOB BPEMEHH, MECHBLIIUX NepHoaa konebanuit. Beuay manocry 3a-
TyXaHUd MOXHO CUMTATh, UTO CPEOHEE 3a MEpPUON 3HAUCHUE KHUHETHue-
CKOM JHEpPruM, KaK M MNpHU CBOOOAHBIX KOJAEOAHHAX, PABHO MMOJIOBHHE
MOJHOM JHEPTUM OCLUMUJUISTOpA: (EK) = E/2. TlogcraBngs 3T0 3HAUEHHUE

(E,) B (7) u ucnonpays obosnauenus (3), nomyuaem

dE

®opmya (8) nokassiBaeT, UTO CKOPOCTb H3MEHEHHS Hepruk {d E/dt),
XAPAKTEPH3YIOUIAS «CTVIAXEHHOE» TOBEAEHUE SHEPTHK KOJeOaHUiM, Koraa
HAC He HHTEPECYIOT AETANH €€ H3MEHEHHS HA MPOTIXEHUHM OAHOIO NEPHUOAa

4y \\/\A(t)
~~7\‘\“ -
N ANAV VA W
: /AR A,
M- T

Puc. 167. 'paduk saTyxaumx koneGanuit

KoJsie0aHuM, MpONOpLUOHAIbHA caMoi sHeprun E. PelueHue ypaBHEHHUS
(8) nmokasmBaer, uTo SHEprUa ocuuIsTopa E(r) ybniBaeT no 3KCnoHeH-
IHATIBHOMY 3aKOHY:

E(t) = E, exp (—2vr). , 9
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3pecy E, — 3HAUEHHME SHEPIMHM CHCTEMHl B HAYAJIBHKIA MOMEHT BpeMe-
Hu. Ho oHeprmst xosneGaHui mpomopuMOHAsbHA KBAAPATy AMILIMTYXHL.
TTosToMy M3MEHEHHME aMIUTMTYABL KOJe0aHmit 3a GoMbIIHE MO CPABHEHUIO
C NEPHONOM TPOMEXYTKHM BPEMEHH HAETCS BHIPAXKEHHEM

A= Ay exp (—v1), (10)

rae A, — HauyajsbHasl aMIUIMTYAa KojaeOaHui. 3aBUCHMOCTD aMILTUTYXbI
OT BPEMEHH MMOKAa3aHa UITPUXOBOM JMHHEH Ha puc. 167,

BpeMms xu3HH xoxeOanmit. Kak sugHo u3 (10), ammumtyna yOeBaet B
e pa3 3a BpeMsl T, paBHOE l/y, HE3aBHCHMO OT HAUYaJIbHOMO 3HAUCHUS
AMIUIMTYXB. DTO BPEMs T HOCUT HA3BAHUE GpeMEHU Kusnu xoaebanuli,
XOTs, Kak BMAHO M3 dopmyant (10), xoneGanna mpomoaxamorca Oecko-
HeyHO gosiro. Mcrnosb3oBaHHOE HAMH MPERMOIOXEHHE O MAJIOCTH 3aTYy-
XaHMA 03HAYAET, YTO BPEMS XHM3HH KOMEOAHHH T BEJHKO IO CPABHEHHIO
c nepronom T: 1>>T. [IpyrMMH CJIOBAMHM, 33 BPEMA T TMPOMCXOXUT 00JIb~
woe yuemo kosebanui. OTMETHMM, UYTO B JAHHOM CJyuae ABHXKECHHE,
CTPOro roBOps, HE ABAAETCA nepuoanueckum, ITox mepuonoM KoaeGaHui
T 31ech yCI0BHO MOHMMAIOT MPOMEXYTOK BPEMEHHM MEXTY ABYMs MocCJe-
10BATENbHBIMM MAKCHMAIBHBIMH OTKJOHEHHUAMH OT PABHOBECHS.

®a3zosas Tpaexropusi. $asoBas TPaeKTOPHS 3aTyXamLEro KosaebaHus
Ip¥ HaJWYMM TPEHMS, MPOMOPLMOHAIBHOIO CKOPOCTH, NPHBEAEHA Ha
puc. 168. Ona npencrasaser cofoi HE3AMKHYTYIO KPHBYIO — CIHpPasb,
3aKPYUMBAIOLIYIOCS BOKDPYI Hauana KOOPAM-
HaTt. [IpM MajgoM 3aTyXaHMHM, KOrga OCUH/I-
JIATOP 34 BPEMS XH3HH T YCIIEBAET COBEP-
MHUTh OOJBIIOE YHCAO KOMEOAHMHM, TAKOE Xe
YKMC/JI0 BUTKOB HAKPYUYMBAET CIHpasab Ha ¢a-
30BOM TJIOCKOCTH. '
3atyxanue KosneGaHui BAMAET M Ha Ie-
pHOA, TIPHBOAS K €ro BO3PACTAHMIO MO CpPAB-
HEHHIO C TMEPHONOM CBOOOMHBIX KosieDaHHH B
toi xe cucteme. OgHAKO MpHM MajsoM 3aTy-
XaHHU YBEJHMUYEHHE NeprHoja KoseGaHUi
OoueHb Mamo. IIpM CHIBHOM 3aTyXaHMM KO- Puc. 168. dasosas rpaekropus
Ae6aHMit BOOOLIE MOXET He ORhITh: BBIBENEH-  JATYXAMOUWETO OCLLIATOpd
Has M3 DaBHOBECHMS CHCTEMAa BCJICACTBHE
60ABIIOr0 TpeHUs OyAeT amepuoOmMYecKH, T. €. 0e3 OCUM/UIAUMH, [MpH-
O1MXaTbCS K MOJMIOXEHMIO paBHOBecHs. Tak OyReT mpH vy > w.

To4HOe peleHHe. Y paBHEHHE 3aTyXawmux Konebaunit (4) uMeer Toy-
HOE pemeHne. HemocpeacTBEHHOM MOACTAHOBKOM MOXHO yOEOUThCA, UTO
OHO MMEET BHUI

x(1) = Ay exp (—vyt) cos (wt + a), o, = Vi — v%, (11)



282 IV. KOJJEBAHHWS Y BOJIHbI

rne A, U o — TIPOM3BOJIbHHIE NMOCTOSHHBIE, 3HAUYEHHUI KOTOPHIX Ompene-
JSIOTCS U3 HAYANBHBIX ycoioBui. Ilpu MajnoM 3aTyxaHuu, Koraa
¥ << wg, YACTOTA ®; MPAKTHYECKHU COBMANAET C YACTOTOH CBODONHBIX KO-
nebaHuil wy, a CTOAUUA TMepen KOCHHYCOM MHOXHUTENb A, exp (—vyf)
MOXHO pacCMaTpHBAaTh KaK MEIJICHHO MEHSIOWIYIOCS CO BPEMEHEM aMIi-
JIUTYLY KoJeGaHui.

DKCIOHEHUMAMBHBIN XapakTep 3aTyXaHud KoiebaHMit CBA3aH C TeM,
UTO BBI3BIBAXOIIAA 3TO 3aTYXAHHE CHIA TPEHHUI NMPONOPUMOHAJIBHA CKO-
poctd. [1pu npyroi 3aBUCHMOCTH CHUJIBI TPEHHMS OT CKOPOCTH 33aKOH 3aTy-
XaHUA KoseOaHuit OYyHeT MHBIM.

Cyxoe TtpeHue. PaccMOTpHUM cayuadl Cyxoro TPEHHMS, KOTAA OT CKO-
POCTH 3aBHUCHT TOJIbKO HANPAaBJCHHUE CHUJIBI TPEHHS, a4 €€ MOAYJb NpaK-
THUYECKH MOCTOSHEH. IlycTh Ha ro-
PH30HTAJbHBI CTEPXEHb HACAXEH
NPOCBEPJICHHHH MO AOUAMETPY WIap
Macchi m, TPUKPETLIEHHBIH K Mpy-
XHHE xecTkoctd k (puc. 169). Cu-
Jla TPEHHUS, paBHAas Wmg, HaNpasJe-
Ha B CTOPOHY, NPOTHUBOIMOJIOXHYIO
CkopocTH X. [103TOMY ypaBHEHHe ABMXEHHS IApa 3aMUCHIBAETCA Cle-
aywoumm o0pasom:

Puc. 169. Ocumansatop ¢ CyXHUM TpeHUeEM

mxX =—kx—pumg npu x>0,
uwmg np (12)

mx =—kx +umg npu x<0.

Taxum 00pasoM, I8 HAXOXIEHUI NBHXEHUS IIapa HeoOXOomuMmo
pemaTh ABa YPABHEHHS, KOTOPHIE CMEHAIOT APYr APYra, KOraa MeEHseT-
€4 HANpaBJEHUE NBMXKEHMH IIApA, T. €. 3HAK MPOEKUMHU CKOPOCTH X.
[lyctp B Haua pbHHIA MOMEHT IIAP CMEWEH M3 TOJOXEHHUS PABHOBECHUI
BJEBO HA HEKOTOPOE pAcCTOSHME A, a CKOpOCThb ero paBHa Hymwo. Ecau
IpU ITOM YNpyrasd CHJIa NPYXHUHBE MEHBIIE, YEM MAKCHMAJbHO BO3-
MOXHOE 3HAYEHME CHJIBl TPEHHMS MOKOS Wmg, TO map OyAET OCTaBaThCs
B TOKOE M HNaJjblle.

Obaacty 3acrosa. Mrak, BOau3u mosnoxeHus pasHoeecus x =10, co-
OTBETCTBYIOIWIENO HEHANPSIXKEHHOM NPYXHUHE, CYLECTBYET 00JaCTh «3a-
CTOSI» IMPHHOM 2umg/k, B M000M TOYKE KOTOPOM IIAp MOXET HAXO-
OUTbCA B TOKoe. Ecau Xe HavyalpHOEe CMEUIEHUE COBMHYTOIO BJIEBO
mapa A Gosbe, ueM pmg/k, TO OTNYIIEHHHH AP HAYHET ABMIAThCH
HANpPaBO M €ro JBHXEHHE OyNeT OnpeneiaaTbCd NEPBHIM U3 YPABHEHHH
(12). D10 ypaBHEHME OMHUCHIBAET rapMOHMYECKHE KOJAeGaHUS C 4acTo-
TOH wy=Vk/m. Hanuuue nocToSIHHOH CHJIB B NPaBOH YacTH 3TOrO
YPABHEHHSA, HE MEHAHd YaCTOThl KOJeOAHUM, MPUBONMT K COBUIY MO-
JIOXEHUS paBHOBECHA (BCIIOMHMM, YTO B pa3’00pAHHOM BHILIE NPHMEPE
KoJ1e0aHMil rpy3a HA MPYXHHE B MOJE TAXECTH KOMeDAHUS TPOUCXONAT
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C TOH X€ YacTOTOH, YTO U B HEBECOMOCTH, HO OKOJIO HOBOTO MOJIO-
KEHHUS DPABHOBECHS).
3anucniBas nepsoe u3 ypasHenuil (10) B Bume

m¥ = —k(x — Xp), (13)

HAaXOANM, YTO CABHMI MOJIOXKEHHS PAaBHOBECHS X4, T. €. CPEOHEH TOUKH,
OTHOCHMTE/JBHO KOTOPOM MHPOMCXOAAT OMUCHIBAEMBIE 3TUM YPABHEHHEM
Ko.1e6aHus, paBeH

o == — P18

0 Pk

Tak Kak x, < 0, TO MosoXXeHHe PaBHOBECHS CMeIUEeHO BjeBo. OHO coB-
najgaer ¢ JeBo# rpanuieit obaactu 3acros. Ilocsae Toro Kak wap JoHAET
10 Kpa#HETO MpaBOro MOJOXKEHMS M €TI0 CKOPOCTh 00paTHTCH B Hy/b, OH
HAUHET JABMTaThCd HAJEBO, MPOEKLUMA CKOPOCTH X CTAHET MEHbIIE HYJS
¥ IBHMXEHHE Imapa OymeT Onpene/sThCs BTOPHIM M3 ypasHenuit (12).
3TO ypaBHEHHE, B CBOIO OUEPEAb, ONMHCHIBAET rapMOHUYECKHE KO1eBaHud
¢ TOH X€ YaCTOTOH W, MPOUCXOASIIME OKOJIO APYIOr0 MOJOXKEHUS PaB-
HOBECHS, CABUHYTOTO OTHOCHTE/IBHO TOYKH X = () Ha TO Xe paccTOogHHE
B MPOTHBOIMOJIOXHYIO CTOpOHY. Iloc/ie TOro Kak map OpUAeT B KpaiHee
JIEBOE MOJIOXKEHUE, JAJTbHEHIIEE er0 NBMXEeHHEe OyAeT CHOBA OMUCHLIBATH-
cq mepBuIM u3 ypaBHeHudt (12) u T. 1.

CiuuBaHHe peweHHit. 3aBUCUMOCTh CMCIUEHMS 1IApa OT BPEMEHH
x(t) nmokaszaHa Ha puc. 170. CHavyana map uMaer cjaeBa HAMpaBo, YEMY
COOTBETCTBYET OTPE30K CHHYCOMOH AB, u300paxarouMii HE3aTyxaro-
mue KojebaHMd OKOJO CpefHero mosiokeHus —umg/k. I BHXeHue

B

D
© E
Rl 70
—umgy 7780227070720

Puc. 170. I'padmk 3aryxarommx KoaeGaHUi 1IpH CyXOM TPEHUH

CIpasa HajneBo H300pakaercs OTPe3KOM CHHycouabnl BC, COOTBETCTBY-
IOUUM KOJeDaHHMIO OKOJIO CPelHero mnojoxenus umg/k, u 1. 1. B pe-
3y/IbTATE UYEPENOBAHMA KYCKOB CHHYCOHWI, OMMCHLIBAIOLUIMX HE3aTyXako-
mue KoseDaHMd OKOJMIO ABYX UEPEAYIOIHMXCH MOJOXEHHHA DPAaBHOBECHH,
HO/Iy4aeTcd KPUBAs, OMMUCHIBAMOWIAS 3ATYXAWOIIEE ABHXEHHE.
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OueBHUIHO, YTO PAHO HJIHM MO3THO CKOPOCTh miapa obpaTHTCA B HYJIb
B TOT MOMEHT, KOrAa OH OyJeT HAaXOAMThCA BHYTPH 0OJACTH 3aCTOA
(rouka E na puc. 170), 1 Ha 3TOM €ro ABUXEHHE MPEKPATUTCA. B oT-
JIMYKME OT 3aTyXaKUMX KojeGaHWid TMpH COMPOTUBJIEHMH, MPOMOPUHO-
HAJIbHOM CKOPOCTH, I7I€ AMIJIMTYAa YOHIBAeT 3KCIOHEHLHMAJIBHO M KO-
nebaHus, CTPOrO TOBOPA, MPOAOJ/IXKAKTCA GECKOHEUHO AOJTO, 3HECh aM-
nuTyaa yobiBaeT NMHENHO M K0JeGaHUMS MOJHOCTBIO MPEKPAlATCs 33
KOHCUYHOE BpEM4.

Ma3oBas TpaekToOpHsA. HarssgHoe mpeacTaBJCHHUE O PACCMOTPEHHBIX
KoneOaHNAX MpH HATMYHAK CYXOTO TPEHHA MOXHO MOJYyUHTh M C MO-
Mompto ¢azosoit gumarpamMmel (puc. 171). HauanpHoe cocrodHue H30-
OpaxaeTcs TOUKOH A Ha ocH x. JIBMXEHUIO mapa CJeBa HArpaso CO-
OTBETCTBYET 4acTh (ha30BOM TPAeKTOpuH AB, mnpexacrasnsgomas cobou
MOJIOBUHY OKPYXHOCTH, LEHTD KOTOPOM HAXOAUTCS HA OCH X B TOYKE
—pmg/k. JanpHeHmIeMy OBUXEHHUIO CIPAaBa HAJICBO COOTBETCTBYET MO-
JIOBUHA OKPYXHOCTH BC, LEHTDP KOTOpOH
ik HAaXOOUTCd B TOYKE pmg/k HA OCH X,
wmglk T. 1. Bca cdasoBag TpaekTopHs COCTOMT M3
TAKUX IOJIOBUHOK OKPYXHOCTEW C uepeagy-
omuMuca uenrpamMa. OHa oOphiBaeTcs B
f B TOUKEe £ HAa OCHM X, KAaK TOJIbKO JOCTHUTHET
C 0

P obsiacTH 3acTos.

~wmglk IorpeIHOCTH  CTPeJouHBbIX npuOopoB.
PaccMoTpeHHRIE OCOOEHHOCTH 3aTyXaIOWKX
Puc. 171. Pasosas Tpaextopus KOJIeOAHUH TIO3BOJISIOT MOHATH MPOUCXOX-
3aTyxalownx xoefanuit np Cy-  neHMe MOrPemHOCTEH Y CTPEIOUHKIX HM3Me-
XOM TpeHUH PUTEABHBIX TIPHOOPOB, CBA3AHHHIX C YCIIOKO-

€HHUEM HX TIOABMXKHOM CHCTEMBI [TPU U3Mepe-
uuax. HenzbexXxHo MPUCYTCTBYIOIIEE CyXOE TPEHHE MPUBOAUT K CYLIECT-
BOBAHHIO 00J1ACTH 33aCTOS OKOJIO MOJOXEHHS PABHOBECHS CTPEJKH mpubo-
pa np#u nmpoBeaeHud n3mMepenns. M3 puc. 170 n 171 BUgHO, YTO OCTAHOBKA
nocse KojebaHui MOXET TTPON3OMTH B 10boi Touke 06/1aCTH 3aCTOS B 3a-
BHCHMOCTH OT HAYAbHEIX YCIOBMH. II03TOMY OCTAHOBKA CTPEAKM npubo-
pa NpONCXOAUT HE TOUHO HA TOM JEJIEHHH HIKaJIbl, KOTOPOE COOTBETCTBYET
U3MEpPSEMON BEJIMUMHE, a B KAKOH-JMO0 Touke 00nacTv 3acTosd BOJAM3H
3TOTO JeNCHHUS.

IIng yMCHBLICHUS MMOTPCITHOCTH M3MCPCHUI CYXOC TpEHHE CTPEMATCS
CBECTH K MUHUMYMY. OOuH M3 COCOOOB YMEHBIICHUS CYXOTO TPEHHS —
npuMeHeHue cMasku. IIpu 3aTOM TpeHMe CTAHOBHUTCS MPOMOPLMOHANb-
HbIM CKOPOCTH W 33aTYXaHHWE MPOMCXOXHUT B COOTBETCTBHU C 3aKOHOM
(11). Ctpenka mpu 3T0M HOJIKHA OCTAHOBUTHCA B MOJOXEHUHM pPaBHOBE-
cus. UToOBl YCIOKOEHHE TMOABHXHOM CHCTEMBI PUOOpA HE MPOMCXOIUIIO
CIMLIKOM JOJTO, MNPUMEHSIOTCS TAaK HaswBaeMble aemndupyoomnme
yCTpOMCTBA, racamue KosebaHud., DTH yCTPOHUCTBA HE AOJUKHH YXyd-
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LIATh TOYHOCTh NPUbOpa, MO3TOMY BBOAMMOE MMH TPEHHE AOJKHO OBITh
IPOMOPUHOHAMLHO CKOPOCTH.

[MokaxwuTre, uTo npv CcOOCTBEHHBIX KoOJlebaHUAX OCUHUNIATOPA C TPECHHEM,
nponopurvoHaNbHBIM CKOPOCTH, aMNJIUTYyAa KojebaHui )’6blBaeT OKCNOHECH-
HHUaAbHO.

Kako#t duauuecku cMbICT MMeeT napaMeTp T, Ha3blBAEMBIH BpeMEHEM XH3-
HU KoJlebaHui?

[Tpy KaKOM COOTHOWIEHUMU MeXAY Koad@PHUUeHTaMU B ypaBHeHUH (4), onu-
CHIBAIOLIEM OCLMUJUIATOP ¢ TPeHHeM, NPONOpPLUOHALHBIM CKOPOCTH, ABHXe-
HUe OyneT anepuoAUUYecKHUM?

Kakos xapakTtep rmocnieqoBarelbHOCTEN, KOTOPble 06pasyroT NocnefoBaTelb-
Hble MaKCUMaJlbHble CMELIEHUS W3 MOJIOXKEHHUS PaBHOBECHS /Sl 3ATY XAKOIIMX
KoneBGaHWi npyu TPEHUM, NPONOPLIMOHATBHOM CKOPOCTH, U MPH CYXOM Tpe-
HUMU? UTO MOXHO €Ka3aTh O MOJHOM uucie KoJlebaHUM 10 0CTAHOBKH B KaX-
J0OM W3 3TUX cllyyaes?

Onvurrte pasnvuue $a3oBelX TPAEKTOPHE 3aTyXaloWero ocUMIIsTopa, H3o-
6pakeHHBIX Ha puc. 168 u 171.

A Wneanu3auud B MPUHATOM Moaenu. IIpu uayuenuu xosebaHwuii,
KaK M JI000ro apyroro ¢GU3MYECKOro sSiBJEHHUS, Mbl BCErda BBIHYXae-
Hbl yIpOIIATh PACCMATPHBAEMYIO CUCTEMY, CTPEMSCH, TEM HE MEHEE,
COXPaHHUTh B BHIOPAHHOM MACATH3IUPOBAHHOM MOAENH HAHOOIEE BAX-
HBle yepThl gBacHUS. OAHAKO HUKAKYIO MACATM3ALMIO HEIb3s MPO-
A0XAaTh A0 OECKOHEYHOCTH, HyKHO BCErAAa OTAABAThH cee OTUET, A0
KAKHUX [IPeJesioB OCTACTCS COPAaBENTMBOM BbIOpanHas Moaens. Ho u B
paMKax BeIOPAHHON MOACTM HHOLAA EIEe OCTAKTCS BOMPOCH!, CBS3aH-
HBIE C YCJOBHSMH NPUMEHMMOCTH NPUOTMXEHMH, MCIOJb30BAHHBIX
[PH KOHKPETHBIX PACUETAX.

ITpoaHanu3upyeM € ITOM TOUKH 3PCHHUS TE MPUOTHKEHHS, KOTO-
poie ObUIM MCIIONB30BAHBL BHILIE NIPH H3y4YeHUHM Koaebauuii rpysa,
MOABELIEHHOrO HAa ynpyrod mpyxuHe. 3agymaeMcs Haj BOMPOCOM, B
YyeM CMBICJ CACJAHHOIO TaM MPEAMOJOXEHHAS O MAJIOCTH MAacChl mpy-
XHMHB IO CPABHEHHIO ¢ Maccod rpysa. Beab mpH BHIBOAE YPAaBHEHHS
ABHXEeHUd rpy3a (5) npeanonoxeHue o 3TOM, Kas3anoch Obl, HUrAe
HE HCIOJIb30BANOCh. [IEHCTBMTEIBHO, MBI BOCIOJIB30BAJIHUCH BTOPHIM
3akoHOM HprotoHa ans rpysa (2), B KOTOPHI BXOAMT Macca rpysa
m, HO HE BXOgUT Macca npyxuHel, OfHAKO ypaBHEHHME KOJIeOaHMI
rpy3a (5) Bce-Takd CpaBedIMBO JIMIIb TOTAA, KOLAA Macca MmpyXH-
HBl JOCTATOYHO Mana.

Ha mepBhlil B3rasg MOXET MOKA3aThCs, YTO AEM0 30€Ch TOJABKO B
TOM, UTO MACCHBHAs mpyxXuHa OyaeT pacTaHyTa ele M MOA ACHCTBH-
eM cOOCTBEHHOM TSXECTH, TAK YTO ASUCTBYIOMAS HA IPy3 CO CTOPOHH
OPYXHUHHE cuIa yxe He Oyaer pasHa k(x + X,), Kak B yPaBHCHUH

(2). OpHako 310 coBCeM He TakK. M mpH ropu3oHTANLHOM pPacoOIOXe-
HUM TpyXuHBE (CM. puc. 169) B oTcyTcTBHME TpeHHs ypaBHeHHE (5)
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CrpaBeqIMBO JMIIL TOTAA, KOrAa Macca MPYXHHK Maja Mo CpaBHe-
HUIO C Maccoii rpy3a. B MpoTHBHOM cilyuae HY>XHO YUHMTHIBATH OBH-
XKEHHE CAMOW MpYXHHH. B caMoMm gesie, npy mojsydyeHUH 3aKOHA OBU-
xeHus (§) mpeamosiaraercs, 4TO €C/IM KOHEL MPYXHWHBI OTTSHYT Ha
paccTosiHNE X, TO ACACTBYIOWAs HA rpy3 cuia paBHa —kx. Ho ato
BEPHO TOJIBKO B CTATHUECKOM CJIyuae, ©CJIM MPYXHHA PACTATHBACTCH
JOCTATOYHO MEJIEHHO.

[Ipu yckopeHHOM OBWUXEHWHW rpysa (a CJIefOBaTebHO, W MPYXH-
Hbl) TIPYXHHA B PA3HHIX CBOMX UYACTSAX PACTAHYTA MO-PA3HOMY M ee
PACTSKEHHE yXE€ He TPOMOpPUHMOHANBbHO cuie. [IpyXXnHa yXe He Be-
oeT cebd KBa3UCTATHUYECKHM: OHA caMa MoXeT KojebaTbCs Kak CUC-
TeMa C pacrpeaesieHHMH napamerpamu. Ho ecsm Macca mpyXuHBL
MaJia M0 CPAaBHEHWIK C MAcCoM TNPHMKPEILIEHHOrO K HEW rpysa, To
MOXHO HE CUMTATBCS C JTHMH KOJIeOaHHMSMHM, TaK KaK OHM <«OmICT-
pHIE» MO CPABHEHHIO ¢ KOJcOAHMSIMHM rpy3a Ha TpPYXHWHE U OYEHb
CKOpPO 3aTyXaloT.

B camom gesne, yacrora kosebaHMil rpysa, Kak BHAHO H3 (4),
MPOMOPLUMOHAIbHA KBAaAPATHOMY KODHIO M3 OTHOLIEHHUS >XECTKOCTH
IpYXHHBL K Macce rpy3a. [Ipy oleHKe yacToThl COOCTBEHHHIX KOJIE-
6aHwuil MPYXHHBI MOXHO CYUHUTATh, UTO €€ 3aBUCUMOCTb OT XECTKOCTH
MPY>XHHR ¥ MAacChl UMEET Tako# xe Bui. [loaroMy mpu Masioi Macce
HpyXHHBL YacTOTa KOcbaHMi BEJAMKA 10 CPABHEHHIO C YACTOTOH KO-
sebanuit rpysa. Eciu g/ mpoCTOTH MPEANOJOXKHTE, YTO YHUCIO KO-
siebaHui 32 BpeMs HMX XHW3HM ONMHAKOBO IO MOPSAAKY BEJUUMHBEI KaK
s Kojebauuit rpysa, Tak m Aad KoseGaHMil mpyXHHB, TO 3aTyxa-
HHME BBICOKOYACTOTHBIX KOJEGAHUN MPY>XHMHBI MPOUCXOANT 33 3HAUM-
TEJTHHO MEHbIIEE BpPeMsd,yeM 3aTyxanue kosnebamwmir rpysa. [losromy
Takue Ko/JaeGaHMs MPYXHWHH MOIJIM Obl CHrpath poJib TOJIBKO B IEp-
BbII MOMEHT, KOTJ1a OHH €Ife HE 3aTyXJIM.

Ecniv B HauansHRIE MOMEHT NMPYXWHA AehOpPMHPOBAHA OAHOPOA-
HO, TO 3TH KosiebaHus BooOWe HE BO3HMKAKT (pasyMeercs, MpH yc-
JIOBHH, UTO Macca MPY>XHHH MHOMO MEHbLIE MAacchl rpy3a). Ecmm xe
B HAYaJbHBI MOMEHT NpYXHHA AeOPMHPOBAHA HEOTHOPOIHO, TO
takue OhCTpeIe KOJeGaHus MPYyXHWHB KAK PACTIPEACTEHHON CHCTEMBL
0043aTeJIBHO BO3HHKHYT, HO OBICTPO 3aTyXHYT, TAK 4TO 33 BPEMS
CYIIECTBOBAHNS IJTHX KoJeGaHWil rpys emle HC YCHEeT 3aMEeTHO
CABMHYTbCA ¢ MecTa. UTO Xe MOXEeT NMPOM30MTH B CHCTEME HM3-3a
atux Kosebanmii?

HeoaHoponnas nedopMauusa npyxuHel [IpomenaeM Takoit OmMmIT.
3axpaTuM TNpyXuHy, H300paxeHHY Ha puc. 169, 3a cepeauHy wu
pacTsHEM ee JIeBYK TOJIOBUHY HAa HEKOTOPOE pacCTOSHUE X,
(puc. 172). Bropas noJiIOBHHA MpYyXHHBI OCTaeTcst B HeaedopMupo-
BAHHOM COCTOSSHMH, TaK UTO Irpy3 B HAyalbHRIH MOMEHT CMELIEeH
W3 TOJIOXKEHMS PAaBHOBECHA BIPABO HA PACCTOSIHUE X; M MOKOMTCS.

3areM MpyXuHY OTHYcTHM. K KakuMM OCOOEHHOCTSM TPHUBEAET TO
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06CTOATENBLCTBO, UTO B HAYAJIbHEIA MOMEHT NpyXHHa aedopMupo-
BaHA HEOTHOPOTHO?

Ecau OBl npu cMeweHHH rpy3a
Ha x, mpyxuHa Osuta nedopMupo- 000000/
BaHa OJHOPOJHO, ABHXXCHHE rpy3a VUV A\
B OTCYTCTBHME TPCHHS MPECACTAB/IA~
J10 661 coB0i rapMOHHUECKOE KOJIe~
OaHHE OKOJIO MOJIOXEHHS PABHOBE~
CHs C 4acToTO# w =vVk/m u amn-

JTUTYROH X UUPUOU g

x(t) = x, cos wt. ﬁ %o ﬁ.‘

Hauanbuas ¢dasa xonefanuit B
dopmyne (14) paBua Hys 0, MO-
ckoabky npu =0 rpy3 cMeweH
U3 TNOJOXCHHUS pPAaBHOBECHS Ha
paccTosiHME X, paBHOEe aMIuTuTyae Kosebanuil. OmHako B HameM

cAyyae nmpyXHWHA B Ha4aJbHbIM MOMEHT aedopMHpoBaHA HEOMHOPOA-
HO — pAa3HbIC YACTH NPYXHHKE AeHOPMHUPOBAHHI O-PA3HOMY.

z

NN
-,

Puc. 172. B HauanbHbIA MOMEHT pacTa-
HYTa TOJBKO JIeBasl MOJOBUHA MDY XHHBI

DHeprus OCHMILIATOPA M ObicTpbie Kosebanus. [Ipu ogHopogHOM
HaYyaJIbHOHN AeGopMaLMK NMPYXXHUHE 3aMaC MEXAHUYECKON JHEPruu CH-
crembl paBeH kx3/2. TIpu HauaIbHBIX YCIOBMSIX HAUIEH 3a1au, KOTAa
PacTSIHYTa Ha X, MOJOBHHA NPYXHHbI, 3aMac SHEPrUM paBeH 2kx3/2,
u60, KaK HETPYIHO CO00Pa3UTh, XKECTKOCTh MOJIOBUHEI IPYXUHEl PABHA
2k. Tocne 3aTyxaHus OBICTPBIX KOeOAHMIA CUTA HATAXEHUS B IIPY KU~
He nepepacnpeneasercs, a CMELWCHHME rPy3a ocTaeTcs NpUOIH3UTENBHO
PaBHEIM X,, TaK Kak rpy3 3a 9TO BPEMs He YCIEBAaeT 3aMETHO COBH-
HyTbcs., JecdopMauus npyXUHB CTAHOBMTCH OLHOPOAHOM, a JHEPrus
CHCTEMbI CTAHOBUTCS PaBHOW kx3/2.

Taxum o0pasoM, posib OBICTPhIX KOaeOaHMI MPYXHMHBL CBEIACh K
TOMY, YTO 3arac JHCPTHH CUCTEMbI YMEHBIIUJICS O TOTO 3HAUCHHUS, KO-
TOPOE COOTBETCTBYCT OMHOPOTHOM HAUYAMbHOM AedopMaLuK NPy XHUHEL,
$lcHO, UTO JabHCHUINUE MPOLECCH B CUCTEME HE OTJHYAIOTCS OT CJ1y4as
OTHOPOMHOM HauyaabHON gedopMaiuu. 3aBHCUMOCTb CMELICHHA TPy3a
OT BpeMeHHM x (1) BhIpaxaercs Toi xe camoit dopmytoit (14). Hamom-
HHM €HIe Pa3, YTO MPUBEACHHOE PAcCyXACHUE CPAaBEIIMBO IIPH YCI0-
BHHM, 4TO BpPeMs 3aTyXaHUsa OBICTPHX KOJAeOAHHN MPYXHMHBI MHOrO
MeHblle NIeprHoaa KosebaHui rpy3a Ha npyXKHHE,

Teneps npeactaBuM cebe, UTO, HE Pazo0paBIIKMCh B 0CODEHHOCTAX
HAYaJbHbBIX YCJIOBHH, MBI MPSIMO MPUMCHIIM 3aKOH COXPAHCHHS Me-
XaHMYECKOU sHepruu! 3aKOH MEXaHUUYECKOW JHEPrMM YHHUBEPCAJICH.
Ho mna ero npaBUABHOTO NPUMEHEHUS HYXHA HCUEPIBIBAOMAS
«OyxranTepus»: HeoOXOAMMO TWATENbHO pa3o0paTbcd, Kakue mnpe-
BpAaIliCHHS JHEPrMH BO3MOXHBI B PACCMATPHBAEMOM SIBJICHUH.
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Takum 00pa3oM, UCTNOAb3OBAHHASA MpPH PACCMOTDEHMH KoJeGaHMI
rpysa Ha NpyXHHe MOAENb MPAaBUIbHO OMMCHIBAET CHCTEMY JIMIIb B
OTCYTCTBHE KOeOaHMIl TIPYXHHB KAK pacrpeneseHHo cucrtembl. He-
CMOTpS Ha TO, UTO OTH KOJeGaHUs OBICTPO MPEKPAIAKTCS M HE BJIH-
SIOT Ha JajbHedIIee NBMXEHHUE rPY3a, OHM MOTYT CHJIBHO OTpPAa3HUThCH
Ha DHEPTeTHYECKUX IMPEBPAILEHHUIX B CHCTEME.

e B 4eM npossnseTcAa HEOAHOPOAHOCTb HavyasbHOH AedOpPMALIUKU MPYXHHBI
npy cobcTBEHHBIX KONebaHUAX MOoABELIeHHOro Ha Hel rpysa?

o [Ipugymainite NpuMep Tako# HauasbHOH neOpMALIMM TIPYXKHHBI, NIPHU KO-
Topoi GosblIas 4acTb 3HEPryH ee AedopMalliH NMpeBpaliaeTcs B TenJo-
Ty, a He B 3HEpruw kKojebaHui. A

§ 43. CobcrBeHHble KonebaHMs B Pa3sHbIX
(P H3IHYECKHX CHCTEMAX

PaccMOTpUM HA KOHKPETHBIX MPUMePAX MpPOABIEHUs 0OLMX 3aKOHOMEp-~
HocTel ¢u3nku coOCTBEHHBIX KOIeO0aHMiA, npeaCTaBUB STOT MaTepuasa B
BHIE OTOEJbHBIX 3adad.

3apgauu

1. Cmewennoe pagrnogecue. B ycnoBUax 3agauu o najeHU Kojiblia Ha MpH-
KPEMNJIeHHbIH K NMPYXHWHE OUCK HAWAUTE 4acTOTy W aMIUIUTYAy KojlebaHUM aucka
BMECTE C MPUJHIIIKUM K HEMY KOJIbLOM.

Peweunue. OueBHUOHO, 4TO AOMOJHHUTE/IbHBIM IPy3 B BUAE NPUIUNLIETO K
JUCKY KOJbLia NMPHBOAUT K JOMOJHUTENbHOMY CMELIEHHIO BHMU3 Ha mg/k no-
JIOXKEHHUA PaBHOBECHA, KOTOPOE M 10 Toro Obljo cMeEUleHO BECOM CaMoro AMCKa.
DTOT COBWI MOJIOXEHUA PABHOBECHS HE BJIMSAET Ha YacTOTy COOCTBEHHBIX KO-
nebaHuit, kKak aTo Oblno BbiAcHeHo B § 41. Yacrora KonebaHui wy onpege-
JIAETCA OTHOLUEHHEM XECTKOCTH NMPYXHHBL K MOJHOM Macce BHUCAUIEro Ha HeM

rpysa, nosTomy
- 1}# (1)
o= Ny +me

Jlerko coo6pasuth, YTO aMNIUTyaa KojebaHUA paBHA KBaJpaTHOMY KOPHIO B Bbl-
paxeHWW (3) NpuBedeHHOro Bhillle pellleHHUs 3TOH 3adaud, [OCKOJbKY HMEHHO
3TOT KOpeHb AaeT 3HaueHWe MaKCHMAaJbHOMO CMEllleHUA AUCKa BBEPX W BHU3 OT-
HOCHUTE/IbHO HOBOTO MOJIOXKEHUS PABHOBECHS, KOTOpOE anHHyTo OT CTaporo BHU3
Ha mg/k. TakuM o6pa3oM,

A:\/ mg\®  _2migh (2)
k kim+M)’

Jna HaxoXpeHUA aMMIMTYAbl KojebaHWMH, B NpUHUMNE, He OblI0 HEeoOXOoau-
MocTH ofpauiatbcs K ynomsaHyTod copmyse (3). BblIICHHUB, UTO B CHUCTEME
BO3HUKAKT CoOCTBEHHBle rapMOHHWUYecKHe KoJebaHua ¢ yactoTod (1), MOXHO

HeMmocpeacTBEHHO 3anucarh oblllee BhIpaXKeHUe ANA cMelleHHs x(f) U3 HOBOIO
NOJIOXEHHUs PABHOBECHA:

x(f) = A cos (wof + a). , (3)
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3Hauenue ckopocTH ¥ (f) B Mo60oI MOMEHT BpeMeHHU nonydaercs U3 (3) audde-
peHuuposaHueM GYHKUHUH x (f) no BpeMeHH:

v(t) = x(f) = —Awg sin (wot + a). 4)

[ng HaxoXAeHUs aMnaUTyAbl A M HauyanbHOM ¢asbl o cleayeT NOACTABUTL B
(3) v (4) HavanbHble yC/oBUA, T.e€. cMelleHHs x(0) U ckopoctu x(0) npu
t = 0, cooTBETCTBYIOLIEMY MOMEHTY NPUIMNAHUS Najalliero Koibua K JWCKY.
Ecan ock x HanpasneHa BHU3, TO Haya/lbHOE cMelleHWe x(0) paBHO, O4YeBUA-
Ho, —mglk:

m

x(0) = — mg (5)

k
HauanbHoe 3HaueHue ckopocTH v(0) MOXHO, Kak W paHbllle, ONPENENUTb, NPU-
MeHSA 3aKOH COXpaHeHMs MMNysbca AN HEYNpYroro ygapa Kosibua O AMCK:

v(0) = x(0) =V=;1%\/2gh (6)

Takum obpasom, a1 HaXOXAEHUS A U o nNoiyyaeM CIENYIOLLYI CHUCTEMY
ypaBHEHUH:
m
2. Vagh. M

Acosa= — —Awg sin a =

n
m+M
Bossond aTH ypaBHeHUs B KBajpaT U cKJaablBaf MOYJEHHO, NPUXOAHM C YYETOM
(1) x dopmyne (2) pns amnautyasl KonebaHuil. Pasgenys nouneHHo BTOpOe M3
ypasHeHul (7) Ha nepsoe, NojyvyaeM 3HauYeHHUE TaHreHca HavyaabHOM ¢asbl:

2k _ 1’ﬁ
tiga= gm+M_w° 7 (8)

2. Ocyunnamop ¢ 08yma npyxunamu. C KakoH
yacToToM wy GyZAeT coBepLIaTh Masble BEPTUKAIbHbIE
Ko1e6aHUs B nojie TAXECTH IPy3 Macchl mi, Noase-
HIEHHbIM Ha JBYX OQMHAKOBBIX NPYXUHaX XeCTKOCTH
k, 06pa3yiollMX B paBHOBECUM YIUibl 3 ¢ BEpTUKANBIO
(puc. 173)? ‘

PeureH e UHTYUTUBHO SICHO, YTO NpH CMellle-
HUM TPy3a U3 NOJOXKEHHS PABHOBECUS N0 BEPTUKAH
BHU3 WM BBEPX B CHUCTEME BO3HUKHYT KojeGaHUs
OKOJIO MOJNOXEHHUs paBHoBecUs. YToObl HaTH YacTo-
TY 3TUX KOeBaHUIl, HYXKHO YCTAHOBHUTD CBA3b MEXAY
CMellleHUeM Ipy3a U3 NONOXeHUs paBHosecus M Bos-  Puc. 173, KoneGamma rpysa
HUKaIOWEH NpU 3TOM BO3BpAalLalolEl CUIoii. Ha AByX NpyxuHax

[IycTh, Hanpumep, rpy3 CMeLleH BHHU3 Ha Ma-

Joe pacctosHue x. Wa puc. 173 BUAHO, 4TO AONOJHUTENbHOE YANMHeHUe Al
KaX[0M M3 NPYXWUH npy 3ToM OyAeT cBA3AHO €O CMELleHHeM X rIpysa No
BEPTHKAIH COOTHOLIEHUEM

Al = x cos f. 9)

BosHMKawLlas NpH TaKOM pacTsXeHUU OONOJHUTENbHAas cUaa ynpyroctd k Al s
KaxJOoW U3 NpY>XHH HanpasJieHa BIOJIb ee OCH, a UX pasHogeicTsyouwas F Hanpas-
JleHa BepTHUKasbHO BBEPX W NO MOAYJO paBHa

F =2k Al cos B. . (10)
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Moncrasnas cioga Al ns (9), nosydaem cBsi3b BO3BpalLAoLeN CHIIbI CO CMelle-
HueMm x rpy3a. [TockonbKy paBHOAEMCTBYIOLAA CH/IA HaMpaBJieHa MPOTHBOMONOX -
HO CMELLEHMIO, 3Ta CBA3b MMeeT BHJA

F,= —(2k cos? B) x. (an

Mbl BUMAMM, UTO npy MajblX CMELIEHUAX BO3Bpalllawollad CH/A HarnpasjeHa K
MOJIOXKEHHUK paBHOBECHA U TMpPOMNOpUHOHAIbBHA CMELIECHHIO. HOSTOMY Ang dac-
TOTbl KoOJeDaHUM Wy MOXHO Hamnucartb

2k cos?

wp =2 Co2B (12)
m

OTMeTHUM, 4YTO pacCMOTpeHHas npocreiuias ¢puanueckas Moaedb JaHHOM cHCTe-

Mbl B €MCTBHUTENBHOCTH COAEPXHT PAA TOHKMX MOMEHTOB, 3aC/yXHUBalOIIUX H0-

Jlee noApobHOro obcyxaAeHHS.

Ycnosusa npumenumocmu modeau. B npusegeHHOM Bbllle pelleHMH ObLa
paccMoTpeH ciydyad Manblx KoneGaHuit. B Kakux mpegenax cnpaseniveo 3TO
NpUGIHUXEHHe, UIH, APYTHMH CJIOBAMH, TMPH KaKUX MaKCHMAaJbHbIX aMIUIUTY-
JAax KosebGaHMs elle OCTAKTCH TapPMOHHUECKMMMU M HMX UacToTa olpeaensercs
dopmynon (12)?

IIpexae Bcero, obpaTMM BHUMaHHUE Ha TO, YTO A8 TPUMEHHMMOCTH MpH-
HATOM ModeMM NpH KonebGaHUSX rpy3a MpPYXUHbl AOAXHBI BCce BpeMs oOcCTa-
BaThbCsl B PACTSHYTOM COCTOSIHMM. B MpoTHBHOM ciyuae, KorAa TNMpH ABUXEHUM
BBEPX OT TMONIOXEHUS PaBHOBECHS PACTSKEHHWE MPYXUH CMEHSETCHS UX CXaTH-
€M, BO3MOXHO OTKJIOHEHHME CHCTEMbl U3 BEPTUKAJBHOM TJIOCKOCTH, COTPOBOX-
jalolleecs rornepeyHbIMM packauuMBaHUAMH. OrpaHHueHHUd Ha aMIUIMTYAy KO-
NebGaHM, HaKlafplBaeMbie 3TOM MPUUMHOM, OLUEHMTb OYeHb MpocTo. OueBMAHO,
4TO CMelUeHHs rpy3a BBEpX MpH KolebaHHUAX He AOMKHBI TPEBOCXOAUTBL Mep-
BOHAYasIbHOMO CABMUra TMOJIOXEHHA DaBHOBECUS BHU3 MOA AEHCTBHMEM CHJIbI TH-
xecTH. Eciam pacTdxkeHue MPYXMH BeCOM Ipy3a Majo MO CPaBHEHUIO C HX
ANUHOM B HeAeOPMHUPYEMOM COCTOSIHMM, TO BbI3BAHHBIM BECOM py3a CABMT
BHM3 X, MOXHO OLEHHTb MO Toi xe dopmyne (11), moacraensgs B Hee mg B
KauecTse AEHCTBYIOLLEH CHIIbL:

mg

*m = 2% cos? B

(13)

Hpyroe orpaHHMueHHe Ha AOTYCTHUMYIO aMIUIUTYay KoflebGaHUI cBS3aHO ¢ TIpHU-
MEHHUMOCTBIO JIMHEHHOro Mo cMelleHHI0 x BbipaxeHHs (11) Ans Bosppaluarouler
cunbl. 1 UCCNEAOBAHUS 3THX OrpaHUuEHUI OYAEM CUMTATh, YTO TPY3 MOXET
CKOJIb3UTb H€3 TpeHHU s MO BePTUKaIbHbIM HanpasasiolWUM (4ToObl He AYyMaTb 06 or-
paHHU4YeHHdX, HaKnajbiBaeMblX ycaoBueM (13)), v paccMOTPUM BepTHKajbHbIE
CMellleHHd Mpy3a, He CUUTad UX MaJlbiMH (cM. puc. 173).

O6o3Hauue yepea / JJTMHY pacTAIHYTOH MPYXUHbBI [PH cMeLlleH MK rpy3a Ha pac-
CTOAHHWE X BHH3, a uepes [, — AJIMHY MPYXHHbBI, KOa TPy3 HaXOAUTCA B MONOXe-
HHUM PABHOBECHS, C MOMOLLBIO TEOPEMbl KOCHHYCOB MOXHO Harucarh

I=vI§+ x2+ 2gx cos B. (14)
3nech x Moxer ObiTh M0OOLIM. ByaeMm, ogHaKo, cudtaTh, UTO CMelleHHe X BCe

Xe MaJio Nno CpaBHEHHUK C AJUHOM 10 MPYXHWHbI B TMOJIOXXEHHUH paBHOBECHA. A
HMEHHO, NPEANOJIOXHUM, UTO

X < 20y cos B. (15)



§ 43. COBCTBEHHBIE KOJEBAHNSA B PA3HbIX ®U3NUYECKHNX CUCTEMAX 291

Torma B (14) MoxHO NpeHebpeub B MOAKOPEHHOM BHIDAXEHHH craraeMbiM x2 u,

Hcnonb3ys NpubauxeHHyw dopmyiy V1 +a =1 + a/2(a < 1), 3anucaTb yaau-
HeHHe MPYXHUHbI B BUOE
Al =1—1y=x cos f. (16)

DT0 BblpaxXeHHe coBnagaer ¢ (9), 3aMUCaHHBIM B MPEANOTOXEHHH «MajblX» CMe-
LWWEeHUH X,

Taxnm 06pa3oM, yC/IOBHE MaNoCTH CMELLEHHH, MPH KOTOPbIX CMpaBeaHBO Bbl-
paxeHHe (9), naetcs popmynoit (15). [1pu BeiNoNHeHHH yenoBus (15) cBs3b MexX-
dy BO3Bpallalolleil CHION M CMELLEHHEeM MOXHO CUHUTaTb JIMHeHHOH (dopmyna
(11)), a ocunnnsTOop — rapMOHHYECKHUM. 3HAYEHHUS CMELLEHHI X, MPH KOTOPbIX
cnpaseanuso (15), He JOIXHbI MPEBOCXOAMTD 3HAUEHHS X, AAaBAeMOro hopMy okt
(13). B npoTHBHOM cllyuae peajibHoe MoBeAeHHE IPy3a Ha MpyXHHaX KPoMe rapMo-
HHUYECKHX KosleBaHHit B MJIOCKOCTH MPYXHUH OyAeT BKIouaTh B cebs nornepeuHoe
packavyMBaHHe.

3. TyuHens ck603b 3emHol wap. B 3eMHOM llape MpopeIT MPSMON TYHHeb,
COCAUHSIOLL W ABE TOYKH Ha ero nosepxHocTH. CKOMLKO BpeMeHH ByaeT ABHUraTh-
cS B TaKOM TYHHeJsle OT OAHOINO KOHUa O ApY-
roro Mnoesz ¢ BbIKJIIOUEHHBIMH OBUraTeNsiMH, ec-
N4 npeHebpeub TPEHHEM MW BIMSAHHEM Bpallle-
HHUS 3eMnu?

Pemenue Xapakrtep OBHUXeHHS Moe3na
B OTCYTCTBHME TPEHHUS Orpeaeasercst JHIb
MpoeKHed CHJbl THXECTH Ha HalpaBleHHe
TyHHens. Ecnu cuutate 3eMiio OOHOPOOHBIM
niapoM, To, Kak OblJI0O yCTaHOBIEHO paHee,
cHNla TAXeCTH B MMyOWHe HamnpaslieHa K UEH-
Tpy 3eMIH W FponopuHOHalibHa PacCTOSHUIO
r OT ueHTpa:

F(r) = mg . an

Puc. 174, JIBu:keHue B TYHHESH,

rge mg — CHJla TAXECTH Ha MOBEPXHOCTH 3eMm- .
MPOPLITOM CKBO3b 3EMHOH LIAD

14, R — ee paauyc.

[Tycrtb TyHHENb MPOPLIT Tak, Kak MoKasaHo
Ha puc. 174. OueBuaHo, uTO B Touke O, pacrnofoXeHHoH nocepeardHe TYHHeNs, CH-
Jla TSXEeCTH HallpaB/ieHa «BHHW3», MEepreHOHKYNSPHO TYHHeN0. B npou3Bo/ibHOM
TOYke A TYHHeNs, OTCTOSILUEeH Ha pPaCCTOSHHUE X OT ero cepeddHbl, CHJa TSIXeCTH
F(r) nanpasneHa noa HekoTopbiM yryioM. Ee cocrtaBnsiowyio F, BIONb TYyHHENs
MOXHO HaHTH, paccMaTpuBas NofobHbie TPeYroNbHUKHK Ha pUc. 174:

F

= X
F(ry r’

roe r — paccTosHHe oT Touku A go uentpa 3emnn C. Orciona F, = F(r)x/r.
[Moncrasnssa ciopga F(r) us (17), nonydaem
mgx

F.= - (18)

Takum OGp&SOM, CcHNna Fx’ onpeaendarolias ABUXECHHe noe3aa ¢ BEIKMIOUEHHBIMHA
ABHUraTeNIdsMH B OTCYTCTBHC TPCHHA, NMPONOpUHOHATIbBHA CMELUEHHIO X OT.[OJIOXE-
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HUA paBHOBECHA Ou HarpasJjeHa K 3TOMY NMOJOXEHUK paBHOBECHUA. DTO 3HAUUT,
4YTO CBOOOAHOE ABUXEHUE noe3na B TYHHe/1e UMEET XapakTep rapMOHHUUYECKOro Ko-

nebaHud c nepyoaoM
T= 2n_ 2n \Jﬂ,
w k

roe k — KoaddHUUUEHT MPONOPLHUOHATBHOCTH MEXAY CMellleHHeM X U Bo3Bpa-
watowent cunoit F.. U3 (18) suaHo, 4YTo k = mg/R, noatomy

T=2n\/’5 (19)
4

OGpaTUM BHHUMaHWE Ha TO, UYTO OTBET He 3aBUCUT OT TOro, Kakue [Be
TOUKM 3EMHON TIOBEPXHOCTH COEAMHSET 3TOT MPAMOM TyHHes b, T.€. OT TOro,
Ha KaKOM DacCTOSHMM OT UeHTpa 3eMJd OH NMpOXoauT. B wacTHocTH, TyHHesb
MOXET MPOXOAWUTL uepe3 UeHTp 3emsd. BpeMs nBuXeHUs OT oAHoOro KoHua Ao
Opyroro B /1060M TakoM TyHHene OAHO M TO Xe& U COCTaBjseT TMOJOBUHY
nepyoda Kojebanui, ompemensemoro dopmynoit (19). IoguepkHeM, uTO 3TOT
pe3y/nbTaT crpaBed/IMB A/ MOIe/]d OJHOPOOHOro iilapa M K peafbHON 3emie,
CTPOro roBops, HENPUMEHUM.

OTMeTHM, uTO NMepHon Konebauuil (19) paeed nepuony obpalleHUs CTIyTHHKA
3eM/IM MO HU3KOM KpyroBo opbuTe, NMpoxodsuied y caMoil MoBepXHOCTH 3eMJIH.
OH cocTaengeT npuMepHo 1,5 yaca.

4. Jsa nonoxenua pasnogecus. XKenesnulil WapuK noaselled Ha HUTH MeX-
Iy MosilocaMu anekTpoMarHura (puc. 175). B oTcyTcTBUe TOKA B 371eKTPOMAarHure

Puc. 175. Konebauns xeJae3HOMO mwapmka Mexxay NoJIocaMm MarHura

nepuon KosnebaHuit MasTHUKaA paseH T'y. Korna uepes anekTpoMarHuT npomnyckarwoT
TOK U TOABJAETCA NOPU3OHTabHAadg MarHUTHas cuna, nepyon KosnebaHUi cTaHo-
BUTCA paBHbIM T. Ha kakoit yros 6yneT oTKJIOHeHa OT BEPTHKaJW HUTbL TMocje
TOro, Kak 3TU KojebaHud 3aTyXHyT?

Pewenue. B oTcyTcTBMe Toka Mafble KojleGaHUA 1apyUKa Ha HUTH MPoOMC-
XOMAT MoK AeMCTBUEM CHUJIbI TAXECTH U UX YacToTa wg (wy = 21/Ty) onpenensercs
IUIMHOM HUTH | ¥ YCKopeHUeM cBOGOAHOro majeHUs g:

wj=%. (20)

Tlpu BKIOUEHUM 3/IEKTPOMArHWTa MOA AeHCTBMEM OOKOBOM CHJBI MOJsOXe-
HUe paBHOBeCHs cMeulaeTcd OT BEPTHKaJIM Ha HEKoTophll yron a. MmeHHo
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noA 3TUM yraoM W Oyner pacnonoxeHa HUTL MNOC/ie Toro, Kak koneGaHus
3aTyxHyT. Ilpu Manbix KonebGaHUsAX OKOJIO HOBOMO MOJIOXEHWS paBHOBECUS Aeit-
CTBYIOWYIO Ha LUAPWK TMOPU3OHTA/IbHYIO MarHUTHYIO CWIY MOXHO CUMTaTb Mo-
crosiHHo. lllapuk Tenepb coBepluaeT koneGaHus B 3G GEKTUBHOM CHUI0BOM
fofNe, HaMpSKEHHOCTh g4, KOTOPOTO OMpEAeNseTcs BEKTOPHOH CyMMOM CHbI
TSKECTU WM MarHUTHOM CHMAbI M HampaBjieHa Mo YMIOM « K BepTHKald
(puc. 176).

Yactota Manbix KonebaHuit w (w = 21/T) 0KoOMO HOBOMO MONOXEHUS pab-
HOBeCHUs B 3TOM 3(QPeKTUBHOM CUNOBOM none OyneT, OUEBHUAHO, OMpPEAeNsITbCS
BbIpa>keHUeM

wr =52 @n
l

Kocunyc yrna a, onpenensimoulero HoBoe [oJo-
>X€HUe paBHOBeCUs, Kak BUIHO U3 puc. 176, paseH
OTHOLUIEHHUIO g K g 4

cosa =2
8

Boipaxas g u g4 13 (20) u (21), nonyuaem
2

wj
cosa=— = || . (22)
+~ (%)

U3 (22) BUOHO, 4TO pelleHHe CYLIECTBYET, €Cnu

AHoO, p . yul yer, Puc. 176. PaBHoBecue miapuka
nepuoa T HOBbIX KoneGaHWi MeHblue nepuona T, B 5EKTHBHOM CHAOBOM 1ONe
B OTCYTCTBUE MarHUTHOMO MOAS. C HAMPSKEHHOCTBIO Bagy

Craoxusle xonebanus. MoxHo nU ObiTb yBe-

PEHHbIM B TOM, UTO, U3Mepss Ha onbiTe nepyoa KoneGaHWIM nocfe BKJYEHUS
3/EKTPOMAarH1Ta, Mbl AeHCTBUTENbHO 00HAapYX UM, uto T < 7?7 OkasbiBaeTcs, HeT.
MoxeT c/lyuuTbcs, UTO LAapuK OyAeT coBeplUaTh SBHO HerapMOHUYECKUe KoJe-
6aHus, MpuueM ero ABUXeHUe OyneT BecbMa 3aMbicnioBaThiM. [Tonpobyem pa3so-
6paTbcs, B UeM 37echb Aeno.

Tipexne Bcero, obpaTMM BHMMaHME Ha TO, UTO NPH BKAIOUEHWH IJIEKTPO-
MarHuTa NosB/SEeTCS He O4HO, a ABa HOBbIX YCTOMUMBbLIX [TOJIOXEHUS paBHOBECUS,
pacrioNoXeHHbIX CHMMETPUUHO Mo 06e CTOPOHLI OT CTaporo MOJIOXEHWUsS paBHOBE-
cHs B nosie TsxkecTy 3eMan. CaMo cTapoe NoN0XeHWe paBHOBECHS, KOraa MasiTHUK
pacnoJioXeH OTBECHO NOCEPefMHE MEXIY MONMICAMM B/IEKTPOMArHUTa, TakXe Co-
XpaHseTcs, UTO ICHO U3 coobpaxkeHun cuMMeTpuud. OHaKo Tenepb 3TO MON0XeH e
paBHOBecUSs OyaeT HEYCTOMUYUBLIM: €C/AH BKJIIOUUTD 3/IeKTPOMArHWUT, TO BUCEBLUUM
HETOABMXXHO MaSTHUK OT HUUTOXHOrO C/Y4aMHOro TOAYKA «CBAIUTCS» UM B OLHY,
WAU B APYTYIO CTOPOHY.

Tenepb CHO, YTO MOTEHUMANbHAS SHEPryUs MasTHWKA Kak (GyHKLUUS yria ero
OTKJIOHEHUS OT BepTHKanu GymeT UMeThb BWUA, CXeMaTUYEeCKW MOKa3aHHBLIN Ha
puc. 177. CpegHeMy HeyCTOMUMBOMY MONOXEHUIO COOTBETCTBYET JIOKANbHBIM MaK-
CUMYM MOTEHUUANbHOM 3HEPryU, a yrjaM OTKJIOHEHUs * «, OnpeaensieMbiM COOT-
HolleHueM (22), — CUMMETPUUHO pacnonoXeHHble MUHUMYMbI, XapakTep Kone-
6aHWM MasgTHUKA B TAKOM CJIOXKHOM MOTEHL MaNbHOM sIMe 3aBUCUT OT NOJHOM 3Hep-
TUU, KOTOpas, B CBOK ouepelb, onpeaensieTcsl HaualbHbIMU YCN0BUSMH.

Dazoeas mpaexmopus. Ecnu nonHas sHeprus E MasTHWKA MeHblUE BbICO-
Tbl MOTEHUMaNbHOro Oapbepa Ep, pa3sfensioero NoNoXeHUs YCTOMUMBOroO pas-
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HoBeCcHsl, ToO MafATHUK Oyner cosepiuath kojeGaHUS OKONO OfHOro M3 HUX. Ta-
KUM KosneGaHHsSM COOTBETCTBYIOT 3aMKHYTble (B OTCYTCTBHE TpPeHUs) KpHBble [
u 1' Ha ¢a3oBoit qUarpaMMe B HUXHEH yact puc. 177. Itu konebanus 6ynyT
rapMOHMUYECKUMM TOJbKO INPH AOCTATOYHO
Eq Ma/blX aMIUIMTYAaX, KOTrAa acHMMeTpHy-
HYIO TNOTEHUHWa/lbHYIO fMY OKoJio Gokosoro
NONOXEHUS PaBHOBECUS MOXHO C XOpolleH
TOYHOCTBIO aNMNpPOKCUMHpPOBaTh nNapabosoi.
W MeHHO 3THM M30XpOHHBIM MasblM Koseba-
HHUSM M COOTBETCTBYeT nepuoa 7, BXops-
LM B BbIpaxeHue (22).

Ecau nonHas sHeprus MasTHHUKa Gosb-
e BbLICOTHI MNoTeHUManbHoro 6Gapbepa E,
10 kojebaHuAM MaaTHHUKa OymeT cooTBeTcT-
BOBaThb (pasosas TpaekTopus 2 Ha puc. 177.
MasfTHUK TNpPOXOOUT € HEKOTOpoit CKopo-
CTbIO uUepe3 BEpPTUKaJIbHOE MOJIOXEHHUe, Tpe-
opoJsieas ToTeHUHa bHbIM Gapbep, pasroHs-
eTcqd no Mepe NpUOIHXEHUS K OOHOMY U3
Puc. 177. Basosbift «1OPTPET» MAAT-  GOKOBbIX MONOXEHUIT PaBHOBECHS, MPOCKa-
HUKA C ABYMS YCTOMUMBBIMU NOJOXKE-  yypaer ero, OCTaHABAMBAETCHA B KpaiHeM
HUAMM PABHOBECHS TOYKe, ABMXeTcH oOpaTHO, pas3roHsfACh, K

NOJIOXEHUIO PaBHOBECHS, OMATb MPOCKaKH-
BaeT ero, 3aMennsiercs, NpUOAUXKAACh K BEPTUKAJbHOMY TMOJOXEHHIO, HO He
OCTaHaBJIMBaeTCs, a NMPOCKaKWBaeT ero, W Aajbllie Bce MOBTOPSETCS OKOJIO ApPY-
roro MoJIOXXeHUsl paBHOBECHS.

XoTa ¥ B 3TOM ciyuyae ABUXeHHe MasTHHKA OyfaeT NepUOAMUECKHM, HO
JaleKo He M3OXPOHHBIM: MEpHUOA OueHb CHJIbHO 3aBUCHUT OT 3HaueHWUs TNOJHOM
3Hepruu. B uyacTHocTH, Korma 3Heprus E paBHa BbicoTe E; NOTEHUHAJbHOMO
Gapbepa, MasTHUK MeAJIeHHO, «C TPYROM» B30UpaeTcsi Ha ero BeplIWHY, Npak-
THYECKU «3aMMUpasi» Ha Helt. TakoMy ABHXEHHUIO MasTHHKa COOTBETCTBYET ce-
napatpyuca 3 Ha ¢a3oBod AuarpaMMe, OTAENAOLIAS TPaeKTOPUH, COOTBETCTBY-
ouUHe KosleGaHUAM OKOJIO OJHOMO M3 MOJIOXKEHUH paBHOBeCHA, OT TPaeKTOPHH,
oxBaTbiBalOUMX 06a NosoxkeHUs paBHoBecHs. K TakuM konebaHuam dopmyna
(22) He HMeeT HHUKAKOIO OTHOLIEHHS.

TokazaHHbIit Ha puc. 177 Gas3oBbIil MOPTpPET COOTBETCTBYET MOJHOMY TIpe-
HeOpexeHUIO TpeHUEM M APYrMMM AMCCUNaTHBHbIMM nNpoueccaMd. C ydeToM
TpeHUd Npu Mo6blXx HauyalbHBIX ycloBUsX asoas TpaekTopHs Oypmer mocrte-
MEeHHO 3aKpyuyMBaTbCi M B KOHUE KOHLOB NPHAET K OOHOMY M3 ABYX BO3IMOX-
HbiX COCTOSHUH paBHOBECHS.

e Hapucyiite rpaduku x(¢) ¢ v(f), onucbiBaomre kojebaHus rpysa us 3a-
ndauu 1. TlocTpoiTe coOTBeTCTBYIOWYIO (ha3oBYIO TPaeKTOPHIO. YKaxXure Ha
Hell Touky, usobpaxawllyl HauanbHOe COCTOsHHEe ocuMnsTopa. Kakon
reoMeTpUUYECKUI CMbIC/ Ha 3TOH AMarpaMMe MMeEIOT aMNauTyga A U Ha-
yanbHaga ¢asa a?

e TloueMy koneBaHHg rpysa, NogBelIeHHONO Ha HaKAOHHBIX MpyXWHaXx, OyayT
rapMOHHMYECKHMM TOJIBKO NpPU HOCTaTOYHO Majblx amnautygax? B kakom
CMBbICE C/EAYET 34eCh NMOHHWMAaTh MajocTh aMIIUTYR?
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e [losicHuTe, foyeMy cH/a, OfNpefeNsioilas ABHUXKEHHe M0e30a B [POPLITOM B
3eMae NpaAMOM TYHHeJE, fPOMOPLHOHAAbHA PACCTOSHHIO OT CepeauHbl
TYHHENS.

e Hapucyite npumepHble rpadukid KonebaHHUM MasTHMKA MeXAy MOJI0CaMH
ajlexTpoMarHura (3apaya 4) 1S pasHblX 3HEPruil MasTHHKA.

§ 44. BuiHyxpeHHble konebanuna. Pe3oHaHc

o cux mop Mu paccMaTpuBaian coOcTBeHHEle KonebaHus, T. €. Koneba~
HHUd, TPOMCXOASIIME B OTCYTCTBME BHEIIHHUX BO3aeicTBuil. BHemHee
BO3AENCTBHE OBUIO HYXHO JIMIIb AJS TOrO, YTOOH BHIBECTH CHCTEMY M3
COCTOsSIHMS PAaBHOBECHs, MOCJE UErO OHA MNpPEeJOCTaB/IAIach caMoil cebe.
IOuddepeHunansioe ypaBHeHHE cOOCTBEHHHWX KojebaHuii BooOiie He
COAEPXHT CJIENA0B BHEINHETO BO3AEHCTBHS HA CHCTEMY: 3TO BO3AEUCTBHE
OTPaXaercd JUIb B HAYAJBHEIX YCJIOBHSIX.

Ycranosiaenune Konedauuid. Ho oueHb 4acTo mpuXomMTCs CTAJIKHBATb-
cda C KOJICG«':IHPIS!MPI, KOTOPHC MNPOHCXOAAT IIPH MNOCTOAHHO IPHCYTCT-
BYIOIIEM BHemHeM BO3nelcTBuH., OcOGEHHO BaXEH M B TO XE BpEMH
OOCTAaTOYHO MpPOCT A M3YUYEHHS CIyuyad, KOrga BHELIHSS CHJIA UMEET
nepuoauUecKHit xapakrep. OOmwei uepToil BRIHYXAEHHHIX KOJebaumit,
NMPOMCXOASINUX TMOA AEHCTBHEM IMEPHOAMUYECKON BHEMIHEH CHJIbI, SBJISI-
€TCH TO, UTO CIYCTS HEKOTOPOE BpPEMS MOC/]E Hauasia ACHCTBHSI BHEILI-
HEl CHJIBl CHCTEMAa MOJHOCTBIO «3a0BIBAET» CBOE HAUa/IbHOE COCTOSIHHE,
KoJebanus NpHOOpeTaloT CTAUHMOHAPHHIN XapakTep M HE 3aBHCAT OT
Ha4yaJbHBIX yCHOBHﬁ. Ha‘-{aJIbele YCIOBHS NPOSBJIAKOTCS TOJIBKO B IIE-
pHMOA YCTAHOBJEHHS KOaeGaHMi, KOTOPHi OOBYHO HA3BIBAIOT MEPEXOA-
HBIM TIPOLIECCOM.

CuHycoMaanabHoe Bo3aeicTeHe. PaccMorpum BHauane Haubosee mpo-
CTOM CAyuyail BHHYXICHHBIX KOJeDaHMHM OCUM/LISTOpA MOX AEHCTBHEM
BHEWIHEH CHJIBI, U3MCHSIOLIEHCS MO
CHHYCOMOA/IbHOMY 33aKOHY:

F(t) = F,cos wt. (n

Taxkoe BHEIIHEE BO3ACHCTBUE HA
CHUCTEMY MOXHO OCYILECTBHTb pas-
JUuHBIMM crniocobamu. Hanpumep,
MOXHO B34Tbh MAassTHHK B BHAC LIa-
PHKA Ha JIMHHOM CTEpPXHE M JJIHH- Puc. 17§.B036y>|(neHHe BbIHY XXReHHBIX KO-
HYI0 TPYXHHY C Majioit XecTko- ~COBHHH MaaTHiKa
CTBKY M INPHUKPENHTh €€ K CTEPXHIO
MagTHHKA HEAANEKO OT TOYKH MMOABECA, KAK MOKa3zaHo Ha puc. 178. IIpy-
rOH KOHEL, FTOPH30HTAIbHO PaclOOXEHHON NPYXHUHH CJEAYET 3aCTaBUTD
ABMTaThCs MO 3aKOHY B COS »! ¢ MOMOILIBI KPHUBOLIHKITHO-MIATYHHOTO Me-
XaHM3Ma, NPHBOAMMOIO B ABHXEHHE IJIEKTPOMOTOpOM. IleHCTByHO1as
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HA MAsTHMK CO CTOPOHBI MPYXHMHBl BEIHYXJAOmas cuia Oyner npakTu-
YECKH CHHYCOMIAJbHA, ©C/IM PA3MaX MBHXKCHHS JIEBOTO KOHLA INPYKHHbL
B Oyner muoro 0ojplue AMIUTHTYOH KOJEOAHHUN CTEPXHS MASITHHKA B
TOYKE 3aKPEIICHUA NMPYXHUHH C,

YpaBHeHHe OBHXKEHHA. YPABHEHHUE ABHXKCHHUS IJI ITOH M APYrux Imo-
HOOHBIX CHCTEM, B KOTOPHX HAPARY C BO3BPAMAIOWIECH CHJIOH M CHJION
COMPOTHBJICHHUS HA OCUHUISATOpD I(ef:ICTByeT BBIHY XAA0UIdsl BHCIIHAA
CHJIA, CHHYCOMHATBHO H3MECHSIIOMIASCS CO BPEMEHEM, MOXHO 3aIMHUCAThb
B BHUAOE

mx = —kx — fx + F, cos wt. 2)

3neck JMepasi YACTh B COOTBETCTBHHM CO BTOPHIM 33KOHOM Hbrorona,
SBJISIETCSI MMPOM3BENEHMEM MACChl Ha yCKOopeHue. [IepBeIl uyineH B mpa-
BOM 4acTH mnpeacrabiser co0od BO3BpPALIAIOIIYI0 CHJY, MpPONMOPIHO-
HAJIbHYIO CMEIICHUIO X M3 TMOJOXEHUS PaBHOBECHS. [lnsI MOABEIIEHHOIO
Ha TpYyXHHE rpy3a 3TO ympyras CWIa, a BO BCEX APYrHX CAyuasix,
Koraa ee Quamueckass NMpUpORZa UHAS, 3Ty CHJYy HA3BIBAIOT KBA3HYI-
pyroil. Bropoe cnaraemoe ecTh cwia TpeHHs, NMPONMOPLUMOHATBHAS CKO-
poCTH, HANpUMEp CHJIa COMPOTHBJICHHUY BO3OyXa MM CHI3 TPEHHS B
ocd. AMmautyny Fy, M 4yacToTy ® pacKayMBAIOMEH CHUCTEMY BEIHYX-
Jawomed CUabpl OYAEM CYMTATh ITOCTOSIHHBIMH.

Pasgenum of0e uactu ypasHenuss (2) Ha Maccy m M BBEOEM

0003HAYEeHHUS
F
‘”o_i’ 2\3:%’ f0="n—10’ )

Tenepb ypaBaenue (2) NpUHUMAET BHA
X 4+ 2yx + wix = £, cos wt. 4

B OTCYTCTBHE BHIHYXIAWOWIEH CHIBI IPABas YacTb ypasHeHus (4) obpa-
IAeTCS B HYJb M OHO, KaK M CJIENOBAJNIO OXHAATb, CBOOQUTCS K YPaBHE-
HHIO COOCTBEHHBIX 3aTYXAOMHUX KOJeOaHui.

OnsIT NOKA3HIBAET, YTO BO BCEX CHCTEMAX IOX OCHCTBHEM CHHYCO-
HAJIbHOM BHELIHEN CHUJIbI B KOHUE KOHUOB YCTAHABIMBAIOTCH KosebHa-
HHUS, KOTOPHIE TAKXE MPOMCXOOAT MO CHHYCOMOAJILHOMY 33KOHY C 4ac-
TOTOM BBIHYXJAKOMEA CHABL 0 M C MOCTOSHHOM AMILTUTYHOH a, HO C
HEKOTOPEIM CHBHUIOM IO (Da3€ OTHOCHTENBHO BRIHYXAAMOMWIECH CH/el. Ta-
KHe KOJeOAHHMA HA3BIBAIOTCH YCMAHOGUALLUMUCS BHIHYXIZEHHBIMH KO-
neDaHUSIMH.

YCTaHOBHBIIMECH KOjaeD0aHHA. PacCMOTPHM BHAuajle MMEHHO YCTaHO-
BHBILUHECA BEIHYXICHHBIE KOJCOAHHS, MPUUEM IS MPOCTOTH NpeHedpe-
XeM TpeHueM. B aToM ciyuae B ypaeHenuu (4) He Oymer uaeHa, comep-
XAIErO CKOPOCTh:

X + wix = f, cos wt. (%)
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[Tonpobyem uckath pemeHue x(f), COOTBETCTBYIOMIEE YCTAHOBHUBILIHUMCS
BhIHY X XKZXCHHKIM KOHC68HH5{M, B BUOEC

x(t) = a cos wt. (6)

BbIUNCANMM BTOPYIO MNpPOM3BOAHYIO X = —aw?COS w! M MOACTABUM €€
BMecre ¢ x(f) B ypaBHeHHe (5):

(—o? + wd)a cos of = f, cos wt. (N

YT0OK 3TO paBEHCTBO ObLIO CIpaBedIMBO B 1000 MOMEHT BPEMEHH,
K03(hbDHUMEHTH MPH COS ! CAEBA M CNPaBa HOMXHbLI OLITh OAMHAKOBHI.
W3 3roro ycroBus HAXORMM aMIUTMTYIY KOJeDaHu# a:

a=—lo 8)

wg—-w
HecnenyeM 3aBHCHMOCTb AMILTUTYZE @ OT YAacTOTHl @ BRIHYXXAAIO-
weit cunpl. I'paduk 3T10#1 3aBUCMMOCTM mnoka3aH Ha puc. 179. Ilpu
o=0 d¢opmyra (8) maer a= f /ol IloxcraBus Cioga 3HAUYEHHUS
fo=Fo/mu w(2)= k/m, BUAHUM, UTO MOCTOSHHA BO BPEMEHHU cujaa F,

MPOCTO CMEIIAET OCUMJIIATOD B HOBOE
MOJIOXEHHE PABHOBECHS, CHBHHYTOE ar
ot craporo Ha Fy/k. U3 (6) caenmyer,

yro npu o = 0 cMmewenue

F,
x() = - = const, Folk

€y

KaK, OYEBHAHO, M HOJXHO OBITH.

®a3zosbie cooTHowenus. [lo mepe
pOCTa YACTOTH « BHIHYXAAIOWEH CH-
aut ot O mo ®Wq YCTAHOBHBUIMECHT KOJIC-  Puc. 179. I'paduk 3aBucMocTH a(w)
Oanus x{¢) npoucxomsr B dase ¢ Bhi~
HYXOAPOIIEH CHIoOH [ cOS wf, 8 UX AMIUIUTYAA MOCTOSHHO yBEIHUYUBA-
eTcs, CHauana MEIUICHHO, a MO Mepe MpUOINXeHns ® K w, — Bce Onl-
cTpee M ObiCTpee: MpU @ —> w, aMIUVIUTYAd KonebaHuil HEOrpaHMYEHHO
BO3pacTaer (a— «).

[Tpn 3HAUEHHAX ©, MPEBOCXONAIIMX UACTOTY CODCTBEHHBIX KOJe6a-
HUI ®,, dopmyna (8) maer ansa a orpuuarensHoe 3HadeHue (puc. 179).
M3 dopmynn (6) sicHo, 4TO MPH @ > w, KOJeOaHNS IIPOMCXONSIT B IPO-

TUBO(da3e ¢ BHHYXIAIOWEH CUJION: KOTAA CHiia JEHUCTBYET B ONHY CTOPO-
HY, OCUWLUISTOD CMELIEH B MPOTHBOIOJIOXHYIO. [IpH HeorpaHMYEHHOM
YBEJUYEHHUM YACTOTH BRIHYXAAIOMEN CWIH aMiiduryaa kosebaHui
CTPEMUTCS K HYJIIO.

AmmuTtyny xonebaHMM BO BCEX CAYdYasx yHOOHO CUMTATh MOJIOXKH-
TEIbHOM, Yero JIErko HoOUTLCH, BBORS CABHUr (ba3 MeXAY BHIHYXZAOWeH

|
|
|
|
|
|
0 ‘”o:
!
|
!
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CHJIOH U CMECIICHHEM:
x(t) = |al cos (ot + D). 9)

3necp a mo-npexHemy naerca dopmyaon (8), a casur ¢aser ¥ pasen
HYJI0 NpH ® < Wy M PaBeH —N NpPU ® > w,. ['paduku 3aBHCHMOCTH
L2l fal 1 ¥ OT YaCTOTH BEIHYXAAOWEH
CWIbl MOKa3aHel Ha puc. 180.
Pe3oHaHC. 3aBUCUMOCTb AMILTHTYABI
BRIHYXAEHHBIX KOJe0aHHH OT uacro-
THl BBIHYXJAIOUIEH CHJIBL MMEET He-
MOHOTOHHBII xapakTtep. Peskoe yse-

Fylk » JMUEHHE AMIVTHTY/ABl BBIHYXXIEHHBIX
ﬁOA 0 @ KoneGauuil npu npubaMXeHUH uvac-
N TOTBl W BEIHYXZAKOUIEH CHABL K COB-

0 @, © CTBEHHOH 4YacTOTE W, OCUHJLIATOPA

HA3bIBAETCH PEIOHAHCOM.
Q®opmyaa (8) maer BhIpaXEHHE
-} — A4 aMIUVTMTYAbl BBIHYXJCHHBIX KO-
| nebaHuil B npeHeOpeXeHHH TPEHH-
eM. UMeHHO ¢ sTuM npeHeOpexeHu-
eM CBA3aHO ofpalieHue aMIUTUTYAbE
konebaHuil B BGECKOHEUHOCTb MpPH
TOYHOM COBIAACHHH YACTOT W H (1)0.

PeanpHo aMiuutyaa KosneGaHui B GeCKOHEUHOCTb, KOHEUHO Xe, obpa-
IATBCHS HE MOXET.

DT0 03Hauaer, UTO NP ONMMCAHMM BBIHYXAEHHHX KoaebaHuil BOaM-
31 PE30HAHCA YUYET TPEeHHS NPUHUMNHAIBHO HeobxomuMm. Ilpu yuere
TPEeHHS AMILIMTYAA BHIHYXIEHHbIX KOMeGaHUi mpu pe3OHAHCE MOyua-
erca kKoHeuHod, OHa Gymer TeM MeHbmle, ueM Gosnbuie TPEHHE B CHC-
teMe. Baanm or pesonanca ¢opmynoi (8) MOXHO noab30BAaThCH IS
HAXOXIECHUS aMILTHTYAB KOMeGaHMI M MPU HaJMUMM TPEHHUS, ECJAM OHO
HE C/MIIKOM CHJIBHOE, T. €. y<<w, Bonee Toro, sra dopmysa, nmony-
yeHHas 0e3 yuera TpeHHs, MMeeT (DU3MUECKMM CMBICA TOJABKO TOTrAa,
KOrjja TPEHHE BCE X€ eCTh. [eJ0 B TOM, YTO CAMO MOHATHE YCTAHO-
BHBUIIHXCSH BBIHYXICHHBIX KOJ’ICGaHHi[ NPpUMCHUMO TOJBKO K CHCTEMAaM,
B KOTOPHIX €CTb TPEHHE.

Ecau 6n1 TpeHUus COBCeEM He ObLIO, TO MPOLECC YCTAHOBJICHUS KOJe-
Gauuit mpogomxasnca 6w GeckoHeuHo A0ar0. PeasbHo 3TO 03HAUAeT, uTo
nonyueHHoe 6e3 yuera TpeHus BhipaxkeHue (8) a1 aMIUTMTYObl BHIHYX-
JAECHHBIX KOoJeGaHuil GyAeT MpaBH/IBHO ONUCHLIBATL KoseGaHusd B CUCTEME
TOJIBKO CIYCTA AOCTATOUHO BO/BIIOH MPOMEXYTOK BPEMEHH MOC/IE HAua-
Ja feicTBus BRIHYXAaooumel cuabl. C1oBa «A0CTATOUHO GOABLIOH TpO-
MCXYTOK BPEMCHH» 03HAQUawT 34€Ch, UTO YXC€ 3aKOHUHJICH nepexozmblp“[
Npolece, AJHTEABHOCTh KOTOPOrO COBMAAAET C XapPAKTEPHBIM BPEMEHEM
T = 1/vy 3aTyxaHus cOBCTBEHHBIX KoeGaHMil B cHCcTeMe.

Puc. 180. AMnauTyna v $asa BeiHyXaeH-
HbIX KOnebanuit
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IIpn MajsoM TpeHHH YCTAHOBHBIUMECH BHHYXICHHHE KojebaHud
OpoucxXoasT B (hase ¢ BHHYXAAWMEH CHIOH NMPH ® < w, U B NPOTH-

Bohase npu w > w,, KaK M B OTCYTCTBHE TpeHus. OnHako BOMM3M pe-

30HaHCa (a3a MeHSeTCs He CKAuKOM, & HEMPEPHIBHO, MPHUYEM IIPH TOU-
HOM COBMAJACHHMH 4acToT (w = w,) cMemeHue x(?) oTcraer mo ¢ase or
BHHYXJawomeid cuin Ha 7t/2 (Ha uerBepTh mepropma). CkopocTb x(?)
H3MEHSETCA NPH 3TOM B (ha3e ¢ BHIHYXAAOWIEH CHI0M, uro obecrneuu-
BaeT Haubosiee O71aronpusTHHE YCJAOBUS A8 MEPEAaUd JHEPIMHU OT HC-
TOYHHKA BHEUIHECH BHIHYXAAMIEH CHIB K OCIHHU/IASTODY.

o Kakoit ¢dH3MUecKUN CMBICT HMMeeT KaXAblidi M3 UJieHOB B ypaBHeHUH (4),
OMUCHIBAKOLIEM BbIHYXAeHHbIE KonebaHus ocuuansropa?

e Yro Takoe YCTaHOBHUBIUHMECA BbIHY X XACHHbDIE KofiebaHug?

e [IpHKaKuUX YCNOBHUAX MOXHO UCTIONIb30BaTh HhopMyny (8) ang aMnIUTy bl YCTa-
HOBUBIUMXCH BbIHY XAEHHbIX KOnebaHUH, nonydyeHHyo 6e3 yueta TpeHU?

e UYro rtakoe pesoHaHc? IlpuBeauTe H3BEeCTHble BaM IMPHUMEPbI MPOSBICHUS U
MCIONb30BAHUS ABJIEHUS pe3oHaHca.

e Onuwure cABHr no ase MexXAy BBIHYXAAWLIEN CHOM U CMeELlEHHEM [pU
Pa3HbIX COOTHOWIEHHAX MEXAY 4acTOTOM w B BbIHYkAarowel cusl U cober-
BEHHOM 4acTOTOM W, OCUMJNATODA.

e UeM omnpegensercd AMUTENBHOCTb MPOLIECCA YCTAHOBJEHWS BbIHYXIEHHBIX
konebaHui? [Haiite obocHoBaHUe OTBeTa.

A BexkTopHbie auarpaMmbl. YOeauTbcs B CIIPABENIMBOCTH [PHBE-
OEHHHIX BHILIE YTBEPXACHHUHU MOXHO, €C/IH NOJYUHTh DEUIEHHE ypaB-
HeHus (4), OMUCHBAXOLICE YCTAHOBUBIUHECS BRIHYXIEHHHE KOJeba-
HUS NpH Haauuud TpeHus. [TockoabKy yCTaHOBUBIIMECS KoseDaHud
MPOMCXOAAT C YACTOTON BREIHYXXAAIOLWIEH CHIH 0 M HEKOTOPHM CABH-
roM no ¢ase ¥, TO pemreHue ypasHeHHs (4), COOTBETCTBYIOIIEE Ta-
KHM KOJIC63HPIHM, CIEAYET MCKAaTb B BHAC

x(1) = acos (ot + 9). (10)

TTpu 3TOM CKOPOCTH U YCKOPEHHE, OUEBMAHO, TOXE OyAYT M3MEHSATDH-
Csl CO BPEMEHEM M0 FaPMOHHMYECKOMY 3aKOHY:

x(t) = —aw sin (wt + ¥), (1

¥ = —aw? cos (wf + ). (12)

AMIUVTHTYAy G YCTAHOBMBUIMXCS BHRIHYXICHHHX KO/Je0aHMHA M
casur asu ¥ ynoOHO ONpenessaTh ¢ MOMOIIbI0 BEKTOPHEIX AHATPAMM.
BocnonbayeMca TeM OOCTOATEIbCTBOM, UTO MTHOBEHHOE 3HAUEHHE
J060i M3MEHAOIENCH 10 FADMOHHYECKOMY 3aKOHY BEJTHYMHEI MOX-
HO MpEOCTABMTb KAK MPOEKLMIO BEKTOpPA Ha HEKOTOpPOE 33pAHEE BHI-
OGpaHHOE HAMpABJEHHE, NPHUYEM CAM BEKTOP PABHOMEPHO BPALIAETCSH
B IUIOCKOCTH C 4aCTOTOH , a8 €r0 HEM3MEHHas AJHHA PaBHA aMILIH-
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TYOZHOMY 3HAUEHHIO 3TOH OCHMJUMPYIOIIECH BeJMUMHBL. B cooTBercT-
BHH C 3THM CONOCTABMM KaXAOMY WieHy ypaBHeHus (4) Bpamarwo-
MIMIACS C YIVIOBOM CKOPOCTBIO BEKTOP, AJMHA KOTOPOrO PaBHA aMILIH-
TYIHOMY 3HAUYEHMIKO STOIO WIEHA.

ITocKOMIBKY MPOEKUHs CYMMBI HECKOJBKHX BEKTOPOB PABHA CyMMe
OPOEKUMH 3THX BEKTOPOB, TO ypaBHEHHME (4) 03HAuyaer, uTo CymMma
BEKTOPOB, CONOCTABASIEMBIX WIEHAM, CTOSIIMM B JIEBOM YaCcTH, PaBHA
BEKTOPY, COMOCTABIASIEMOMY BEJIHUMHE f COS wf, CTOAmEH B MpPaBoH
yactd. UToOn NOCTPOUTH ITH BEKTOPHI, BHIMMUIEM MIHOBEHHBLIE 3HA-
YECHHS BCEX WIEHOB JICBOM YaCTH ypaBHEHHs (4), yUMTHIBAs COOTHO-
wenusa (10)—(12):

w?x = —w?2a cos (wt + ?),
2yx = —2ywa sin (wf + ¥) = 2ywa cos (ot + ¥+ n/2), (13)
X = —w?acos (ot + ?) = w?acos (wf + ¥ + n).

U3 dopmyn (13) BuAHO, UTO BEKTOP IJIMHBI 2ywa, COMOCTABJISEMBIN
BEJMUMHE 2vyX, OMNEPEXAET Ha yroa /2 BEKTOP w3a, COMOCTaBJsE-

MBI} BeauunHe w3x. BexTop mMMHH w?a, CONOCTaBAsSEMBIN WIEHY X,

OIepeXaer Ha T BEKTOP JUIMHB w3a, T. €. 3TH BEKTOPH HANPABJIEHHI

B IPOTHBOMOJIOXHKIE CTOPOHBI.

B3auMHOE pacmosioOKEHHE 3THX BEKTOPOB IJIS IMPOM3BOJIBHOIO
MOMCHTA BpEMEHHM MOKAa3aHo Ha pHC. 181. Bca cucrema BeKTOpOB
BpalIAeTCd KAK LEJOE C YIVIOBOM CKOPOCTBKO 0 [IPOTHB 4YacOBOH
CTPENIKM BOKPYr TOYKHM (. MrHOBeHHBIE 3HAUEHHMS BCEX BEJIHUYHH

Puc. 181. BextopHada AMarpaMMa Bbl- Puc. 182. Bektop f(, comocrasiigeMbiil
HYXJEHHBIX KOsnebanui BHEIIHE CH.Ie

OOJYyYalTCs MPOEUHUPOBAHUEM COOTBETCTBYIOUIMX BEKTOPOB HA 3a-
paHee BuOpanHoe Hanpasiaenue NN. Bekrtop, comocraBiseMuld mpa- -
BOIt yacTu ypasHeHHus (4), paBeH CyMME BEKTOPOB, M300pakeHHBIX
Ha puc. 181. Dto croxeHue mokaszaHo Ha puc. 182. IlpumeHsas Teo-
pemy Iludaropa, monyuaem

2= (0% — 0?)2a? + 4y2w?a?,
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OTKYIAa HAXOOUM AaMIUIUTYAY YCTAHOBMBIIMXCH BBHIHYXIEHHBIX KO-

nebanuit a:
fo

14 (wg — 0?2+ 4y20?

Cusur dasn d Mexay BeHYXpawweil cuioi f(¢) u cMeueHueM x(1),

KaK BUAHO M3 BEKTOPHOHM qUarpaMmel Ha puc. 182, oTpuuaresneH, tak

KaK BEKTOpP AJIMHHE w2a OTCTAET OT BEKTOpa f,. [lo3TOM
0 0

(14)

a=

2yw
tg V= —"—-.
V= o (15)
HTak, YCTAHOBMBIIMECS BBIHYXIEHHBIE KOJe0aHMS MPOMCXOOAT

no rapMonuueckomy 3akoHy (10), rme a u ¥ onpenenstorca dopmy-
namu (14) u (15).

Pe30HAHCHpIE KpUBble. AMIUIMTYOA YCTAHOBMBIIMXCS BEIHYXXIEH-
HEIX KOJIE€OAHMH NpONOPUHOHAJIBHA AMIUIMTYAE BHIHYXAAWOLIEH CH-
au f. WccmenyeM 3aBMCHMOCTB aMILIMTYAH KOJe0aHMil OT 4acTOTH
 BHIHYXIAMOLWEN CUAn. [IpM MajgoM 3aTyXaHHUM y 3Ta 3aBUCHMOCTD
MMeeT OueHb pe3kuit xapakrep. Ecim y=0, To npm cTpemjeHUH
@ K 4acTore CBOOOAHBIX KOJIE-

6aHui w, aMIUIMTYyda BBIHYX- af

N IV oY1 <v2<v3
IOEHHBIX KOjebaHUM a CTPEMMT- :

Cq4 K OECKOHEUHOCTH, YTO COB- v=0
NajaeT C IOJYUYEHHEIM paHee A
pesyabratom (8). Ilpm Hamun- 25 o~ 777~ v

UMK 33aTyXaHus aMIUIMTYAa KO-
nebaHuil B PE3OHAHCE YXE He
obpamaercas B OECKOHEUHOCTb,
XOTS M 3HAYHTEIBHO MPEBHILA-
eT ammauTyny kosnebaHud nox
OCHCTBUEM BHECUIHEW CHIH TOH

XK€ BEJUYHMHBI, HO HMEKIEH A
YacToTy, AAJEKYI0 OT PE30HAH- ‘u‘,g

by
!
|
|
i
Il
|
1

CHOH. Pe30HaHCHBIE KDHBBHIC
NpY pa3HHX 3HAYEHHUSX MOCTO-
SIHHOM 3aTyXaHUs Y MPHUBEACHBl  Puc. 183. 3asucHMOCTb AMILIMTYABI Bbl-
Ha puc. 183. 9 HAXOXKOCHHS HyXpReHHbIx kxonefaHuit OT YacTOThI BBI-
YACTOTH PE3OHAHCA W, HYXK- ~HYKAGOWEH Cuel

HO HaHTH, NPH KAKOM ® IOA-

KopeHHoe Bripaxenue B dopmyae (14) umeer munumym. [lpupas-
HUMBAs MNPOM3BONHYIO ITOTO BHIPAXEHHUS MO W HyJIO (WM OONOJHSS
€r0 10 MOJHOIO KBampaTa), y0exnaemcs, UTO MAaKCUMyM aMILIN-
Tynbl BHIHYXAEHHHIX KOJeOaHMil MMEeeT MEecTo npu

@, = Vol — 22 (16)

pea

ey

0 Wpes Wy
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Pe3onaHcHas yacrora OKa3blBAETCA MEHBINE YACTOTH CBOOOIHBIX
kose0aHui cucremnl. TIpH MasnblX y pPe30OHAHCHAd 4acToTa NMpakTH-
UECKH COBMANAET C w, IIpM CTPEMICHMH YACTOTHEI BBEIHYXHAKOMIEH

CHJIBI K GECKOHEUHOCTH, T. €. IPH W>> W), aAMIUTUTYAA @, KaK BHA-
Ho u3 (14), crpemurcs x Hymo. IIpn w=0, 1. e. npu AEHCTBUH
MOCTOSTHHOH BHEHIHEH CHJIBI, AMIUIUTYIA a = fo/u)g. Ecam moncra-
BUTDb Ctoja f,= Fy/m n wj= k/m, nonyuum a_ = Fy/k. D10 ecTb

CTATUUECKOE CMCIHICHHE OCLWLIATOPA W3 IIOJIOXKEHHUS PaBHOBECHA
noa ACUCTBUEM IOCTOSHHOM CHABL F .

MaxcumanpHaa aMmanTyaa. AMIUTUTYRY BBIHYXIEHHBIX KOJIe0aHMMA
B PC3OHAHCC 4., HAXOAUM, MOACTABJSAS UACTOTY W, U3 (16) B BHI-

paxenue (14):

fo fo
= ~ . 17
¢ 2y V ‘”02 +y2 2y a7

Ammiuryna xonebaHuit B pe3oHaHCe TeM GObLIE, YEM MEHBIIE IIO-
CTOSIHHAs 3aTyxaHusd vy. [IpM M3y4YeHHMH BHIHYXAEHHHX KoaeCaHui
BOJIM3M PE3OHAHCA TPEHUEM MpPEHEGPEraTh Heab3s, KAK OBl MajJo OHO
HU OBLIO: TONBKO NPH y4yeTe 3aTyXaHUs aMILIMTYyAd B PE3OHAHCE
ey TIOYUAETCS] KOHEUHOH.

I/IHTCpCCHO CPAaBHHTBb 3HAUCHHUEC a CO CTATHUCCKHUM CMCUIICHHEM

pes

a,, non mencreueM cuiel F,. CocraBisis OTHOIIEHHUE ap&/acr, noJ1y-
YaeM MpH MAJOM 3aTyXaHUH
Gpes — 20 (18)

a2y
Iloacraeass coga w, = 27/T W yuuThiBas, urto 1/y = T ecTb BpeMs

KHM3HH COOCTBEHHBIX 3aTyXaMOMMX KosebaHMil 119 TOH XE CHCTEMB
B OTCYTCTBHME BHEIIHHX CHJ, HAXOOIHM

a 1
. =7

~

cT

Ho t/T ecrb uncio koneGaHMi, COBEPIIAEMBIX 3ATYXAKOMMUM OCLHI-
JATOPOM 32 BpeMs XU3HM KosiebaHui t. Takum o6pa3zoM, pe3oHaHC-
HBbIE CBOMCTBA CHCTEMEI XaPAKTEPH3YIOTCH TEM XE€ MAPaMETPOM, uTO
U COOCTBEHHBIE 3aTyXalomue KoaebaHus.

®a3zosbie cootHomennsa. Popmyna (15) maer BO3IMOXHOCTH PO~
AHAJIN3MPOBATh M3MEHEHHME CABUra ¢asel ¥ MeXxay BHELIHEH CITOH
u  cMmeweHueM x(¢) ©pHM  BHHYXACHHBIX kosebamuax. Ilpum
w<< w, 3HaueHHe g ¥ OMM3KO K Hy 0. DTO O3HAYAET, UTO IpPH
HU3KMX YacTOTaX CMEIUEHHE OCLMJLISTOPA MPOMUCXOOUT B ¢hase C
BHemHeH cuwrod. Ilpm MemJIeHHOM BpamIeHWW KPUBOIIMNA Ha
puc. 178 MasTHUK OBMXETCS B TAKT C INPaBeIM KOHLOM , HIATYHA.
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Ecin o> w, To tgd CTpeMUTCs K HYIIO CO CTOPOHH OTpUUA-
TEJBbHRIX 3HAUEHWH, T. €. CABUT a3nl paBeH —I, ¥ CMELIEHHE OC-
UWLIATOPa MPOMCXOOUT B NpoTuBodase ¢ BeHyXaamomed cwnoi. B
pe3oHaHce, kak suaHo u3 (15), cMemenuwe orcraer mo ase ot
BHEWHEX cuael Ha 7t/2. Bropaa ua dopmyn (13) mokaseiBaer, uTo
[pY 3TOM BHEWIHSA CHId M3MeHseTrcd B ¢ase co cKopocThbio x(?),
T. €. BCE BpPEMs ACHUCTBYET B HANpPABJICHUM ABMXKEHMS. UTO MMEHHO
TaK M JOJOKHO OBITh, ACHO M3 HMHTYHTHBHRIX COOOpaXKEHHH.

Pezonanc ckopoctu. Y3 dopmynm (13) sBuaHo, uto aMmuMTyna Ko-
nebaHuit CKOPOCTH IMpU YCTAHOBUBIIMXCH BHIHYXAEHHBIX KOJEOaHUAX

pasHa wa. C nomompbio (14) mo- wak

Jyyaem N
foq) ’l : \\
wa = =
V (wg—w2)2+4y2w2 I’ \
A\
o

(mg ) - (19)
——w| +4y
w

3aBMCHMOCTb AMIUMTYIBl CKO-
POCTH OT YACTOTH BHEIIHEH CHJIBI
nokasana Ha puc. 184. Pesonanc-
Has KpuUBasd M8 CKOPOCTH XOTH M
MOX0Xa HA PE30HAHCHYIO KPHUBYIO
O CMEILEHWd, HO OTIMYaeTCs 0
OT HEE B HEKOTOPHIX OTHOLICHM-
ax. Tak, mpu w=0, T.e. npu Puc. 184. AMmamntyna cxopocTu npu yc-
L(CI‘/’ICTBHH HOCTOHHHOﬁ CH]IH, oc- TAHOBUBLIMXCH BbIHYXKJACHHBIX xoneﬁa-
UAISTOP WMCIBITHIBAET CTATHYE- 0%
CKOE CMEHICHUE M3 [OJOXEHHS
paBHOBECHA M CKOPOCTb €r0 MOCJE TOrO, KAK 3aKOHUUTCA MEepPexon-
HBIY npouecc, pasHa Hymo. U3 dopmynsr (19) supHO, uTO amrum-
Tyna ckopoctu npu w = ( obpamaercs B HyJIb. PE30HAHC CKOPOCTH
HMEET MECTO MpPH TOUHOM COBMAAEHMM YACTOTH BHEIUHEH CHMJIB C
yacToTofl ceobogHeix kosnebanmit w =0,

g w

e Kak cTpoarcs BeKTOpHble AHarpaMMbl A/s YCTAHOBHBIIMXCS BbIHYXIEH-
HbIX K0JIeGaHHI NMpPH CHHYCOHMZaNbHOM BHEUIHEM BO3ZeMCTBUH?

e UYem onpegmenseTcsd 4acToTa, aMIUINTYyda W ¢asa yCTAHOBMBIIWXCS Bbl-
HYXJeHHbIX TapMOHHUYECKHX KoNleDaHUN?

e OnuumMTe pa3siiuMi Pe30HAHCHBIX KPHBbIX AN aMIUIMTYAbl CMEUIEHHA W
aMNIMTYabl CKopocTH. KakMMHK xapakTepHCTHKaMM KosebatelbHOM cHc-
TeMbl ONpeeNseTcs OCTPOTa PE30HAHCHBIX KPHBbIX?

e Kak cBg3aH XapakTep Pe30HaHCHOM KPHWBOM C MapamMeTpamMM CHCTEMBI,
onpenenfOUUMH 3aTyXaHHWe ee coGCTBeHHBIX KoneGaHUit? A
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§ 45. DHeprernueckne NpeBpallleHHA NPH BbIHYMKAECHHBIX
wonebanunx. YcraHosnenuwe woneGanum

YcTaHOBUBIIMECS BHIHYXAEHHbIE KJIeDaHUS IMOJ OEHCTBMEM CHHYCOM-
Ha/JbHOM CUJIbl BHEIIHE OUEHb [TOXOXH HAa COOCTBEHHBIE HE3aTyXaloulue
KosieGaHus: OHM MPOMCXOAST MO CUHYCOMAAJIbHOMY 3aKOHY C HEM3MEH-
HOM amnautygod. Ho, HecMoTpss Ha BHEIIHEE CXOACTBO, 3TO MPUHLM-
MUaJbHO pasHble KosebaHus. [Ipu CBOGOAHHX KOJEBaHMIX IHEPrHs KO-
nebaHui, T.e. cyMMa KHHETHUECKONM M MOTEHUMAJbHOW IJHEpPruii, mo-
CTOSIHHA, a CPEAHUE B3HAUCHUS KWHETHYECKOH MW ITOTEHHHAJIbHON
9HEprui paBHB MeXAy coboi. A Kak OOCTOMT AEN0 B C/Iyyae CHHY-
COMAAJIbHBIX BBIHYXXTEHHHIX KOJeOaHui?

DHePrus yCTAHOBHUBIUMXCA KOJe0aHMil. 3amuimemM BHIpAXEHUE Ad
JHepruy KosebaHuii:

=L 21y 2
E-—imx +5kx =
-——-12 mw?a? sin? (wi + 9) -+—%kaZ cos? (wt + 9). (1)

Bxopgimasg B 970 BEIpaXKeHUE YACTOTA W ONMPEACASETCS BHELIHMM BO3IEH-
CTBHEM U HE 3aBUCHUT OT XaPaKTEPU3YIOLMX OCLM/LUISTOD BEJUUMH Kk U m.
[Toaromy B oraMume OT cayuast CBOOOAHBIX KoIebaHui, rae w3 = k/m u
MHOXMTEM nepen sin? (wt + a) u cos? (wf + a) B popmysne (13) § 41

0Ka3a/1MCh OAMHAKOBLIMHU, B (hOpMY-
E ae (1) aro He tak. Takum obpazom,

$ka? Eq MOJMHAA JHEprusd NOpPU YCTAHOBUB-
IMUXCA BHIHYXIEHHHIX KosIebaHugax

L HEMOCTOSHHA,
zmetaty Ha puc. 185 mokasana 3aBucu-

»  MOCTb OT BPEMEHU KUHETHYECKOM,
0 ! MOTEHLMAJIBHON W TOJHOW 3HEPruu
Ex+ Eq OCLUMJLIITOPA NPH YCTAHOBMUBINUXCH
BBIHYXIEHHHX KoJjiebaHuax B cay-
yae w<<w,. Bce Bpems uzer nepe-

Lmw2a?}—— XOJX 9HEPrHM OT MCTOUHHKA BHEILIHE-
o BO3JEHCTBUA B PACCMATPUBAEMYIO
0 t cucremy u obpartmo. ITonnas smep-

Puc. 185. 3aBMCHMOCTb OT BpEMEHM KHHe- [Usl IOCTOSIHHA TOJIPKO NPH @ = Wy,

THUECKOM, MOTEHUMANBHOM K NMOJIHOM 3HED-  T. €. IIPU PE30OHAHCE.

Mt OCUMIISTOpA IS YCTaHOBUBILHXCS CpenHue 3HAUEHUS KUHETHYE-

BbIHY KIEHHbIX Koebanuit (rpn o < wg) CKOH ¥ TOTEHUMANbHOM JHEprHil
Opu  BBIHYXICHHBIX  KojeOaHUAX

MOTyT CHWJIBHO OT/IM4aThCcd APYr or Apyra. Ilpu HM3KMX yacToTax, KOr-

Jga w< Wg, CpeaHEC 3HAYCHHUEC KHMHETUUECKOHN JHEPIrun MCEHBIIE CPEOHE-

ro 3Ha4YeHUs MOTEHLUMAIBHOM; MpH w > w, — HaobopoT. HeicTBUTEND-
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HO, NPH BHHYXICHHHX KOIe0AHHAX C OUEHb HH3KHMHM YACTOTAMHM IOY-
TH BCSl HEPTHS OCUMWWLIATOPa — 3TO SHEeprus AeOPMHPOBAHHON IIpy-
XHHbI, & KHHETUYECKAS JHEPTHS HHUTOXHO Masa. IIpH BHICOKHX uac-
TOTaxX, HANpPOTHB, CKOPOCTh MOXET NOCTHTAaTh OTPOMHBIX 3HAUCHMI fa-
XE€ TMpPH HUYTOXHEIX CMEHICHHMSAX, KOrga MOTEHUHAIbHAS JHEPTUS
npeHebpexuMo Masa.

Oxeprervueckue npespauieHds. Paccmorpum moapobHee 3HepreTHue-
CKHC TpeBpamicHUSI NMPU yCTAHOBHMBIIMXCS BHIHYXIEHHBIX KOIcOaHHSAX.
Ecnu yacrora BHEMIHEH CH/IHI MHOTO MEHBILE YacTOTH COOCTBEHHBIX KO-
ne0aHUA CUCTEMEI, TO, KaK yX€ OTMEYaaoCh, MTOYTH BCS DHEPIUS KOJEe-
Oanuit mpencrasaser coboit moTeHuManbHy 3Hepraio. [losromy, xorma
OCLWILIATOP YAQIAETCA OT MOJIOXKEHHUS PABHOBECHS, JHEPTUS CHCTEMBI
BO3paCTaeT, T. €. BHEIUHAS CHJIA COBEPIIAET MOJOXHTEIbHYK paboTy.
Ha nporsxeHuu 3TOi yeTBEPTH MepUOnA IHEPTUS MOCTYNAET B CUCTEMY
OT BHEIUHETNO0 MCTOYHMKA. Ha MpOTSXEHUH CHEeOYIOmEHd YeTBEPTH IepU-
01a, KOraa OCLM/ISTOP BO3BPAHIAETCS B MOJOXEHHUE PABHOBECHS M MO-
TCHUMAbHAA SHeprus YObIBAE€T, CHCTEMAa OTAAET JHEPIHI0 BHEIUHEMY
HUCTOYHHMKY. 3aTE€M BCE MOBTOPSAETCS.

Ecau yacroTa BHEwmHeN CHibl MHOTO GOJbILE YACTOTH COOCTBEHHHIX
KosebaHUuil, TO, KaK Ml BHOEJH, JHEPTUS OCUMJLIATOPA — 3TO B OC-
HOBHOM KHHETHYeckas sHeprud. [Jo3ToMy cucTeMa moyuyaerT SHEpPrHro
OT BHEIIHENO0 MCTOYHHKA B TE€ YETBEPTH MEPHOAA, KOrAAd OCLIWLISTOP
OBHXETCS K MOJIOXEHHEK) PABHOBECHS M €10 CKOPOCTh Bo3pacraer. [lpu
YAAJIEHHHM OT TMOJOXEHHS PABHOBECHS CHCTEMA OTAAET SHEPrHI0 BHEUI-
HEMY HCTOUHHKY.

SIcHO, YTO MpPH YCTAHOBHBIIMXCS KOeOaHHAX MOIydaeMasl CHCTCMOH
OT BHEIIHEro MCTOUHMKA 33 MEPUON JHEPTHS MPEBOCXOAMUT OTAABAEMYIO,
TaK KaK B CUCTEME OCHCTBYET CHiia TpeHus, paboTa KOTOpOil onpeneaseT
OUCCUMTALIMI) MEXAHMUECKOA SHEPrMU — Mepexon 4YacTU SHEPruu KoJje-
6anuit B Temsaory. v

IIpu pe3zoHaHce, KOrma YacToTa BHEUIHEH CHJIBl COBIAAAET C YaCTOTOH
¢cBOOOOHEIX KOeGaHMi, MOJHAS SHEPrHUsS CUCTEMBEI MOCTOSIHHA, KaK H B
cryuae cBobonHbix KosiebaHui. BaXaw 3a mepHos KHHETHUYECKAS U MMO-
TEHIMAJbHAS JHEPIUH LETUKOM NEepexonaT ApyrF B aApyra. JApyruMu ciuo-
BAMH, MpPH PE30OHAHCE CUCTEMA COBEPILIAET «[OYTH COOCTBEHHEIE» KOse-
6anusg. Ponab BHemHeHd CHU/IB CBOAMTCH TOJBKO K KOMIIEHCALHH ACHCTBY -
IOHIEH B CUCTEME CUJIBl TPEHHUS.

IMornomaeMas MOLIHOCTh. 3amMIleM BHpPAXEHHUE IS PAa3BUBAECMOMH
BHEIIHEH CHJION MOHIHOCTH P(f) MpH YCTAHOBUBIIMXCS KOJeGaHHAX:

P(1) = F(1)v (1) = F()x(1). (2)

[Ipu 3agaHHOM BHEIIHEH CHJIE 3TA MOUIHOCThH MPOMOPLIMOHAIBHA MEPBOH
CTENEHU CKOPOCTH OCLWILIATOPA, a TEM CAMBIM M NIEPBO CTENMEHH aM-
ILUTATYAB BRIHYXAECHHBEIX KoJaeOaHHi.
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CKOpoCTh JUCCHMNALMM MEXAHHUUYECKON DHEPrud B CHCTEME Ompene-
JSETCS MOIHOCTBHIO, PA3BUBAEMOU CHJION TPEHUS:

Pro(1) = Frou (f) = —Bui(t) = —pi*(1). 3

BugHo, uTOo 5Ta MOWIHOCTH NMPONOPUHOHANBHA KBAApPaTy CKOPOCTH OC-
IMUIATOPA, T. €. MPOTMOPLMOBAJAbHA KBaapaTy aMmIUIMTYAl KosieOaHuil,

VCTOWYMBOCTL BLIHYXJAEHHBbIX koaebanuii. JluneiHas 3aBHCHMOCTD
MOIIHOCTH BHEWIHEH CHJIbl M KBAfPpaTHUHAS 3aBHCUMOCTb MOIHOCTH
CWIbl TPEHHS OT AMIUTMTYAbI KOJeGaHUM MO3BOJIAIOT OOBACHMTH YCTOM-
UMBOCTh PEXHMMa BRIHYXIEHHHX KO-
nebanuit, Wzobpasum oTy 3aBuUCH-
MocTh Tpadmueckd. Ha pwuc. 186
(P} npsMasl JIMHUS XapaKTEepu3yeTr Io-
JYyYaeMyI0 CHUCTEMOH OJHEPrHio, a
1 napabona — KUCCUMUPYEMYIO DHEp-
| TR0, OMpPEAEIAeMYI0  MOLIHOCTHIO
| cwinl TpeHus. [lockosbky B yCTaHO-
| BMBLIEMCH DEXHMME JTH JHEPrUH
0 2 PaBHHE, TO TOYKA MEPECEUCHUS MpS-
MOH 4 napabosibi COOTBETCTBYET aM-
IJIMTYAE YCTAHOBUBIIMXCA Koseba-
uui. IIpencraBum cebe, uto B cHay
KAKHUX-TO CJAYYANUHHX MPUUUH aAMII-
JUTYAA KosefaHuil HEMHOTO U3MEHWJIAch, HalPUMED YMEHBIIUIACH MPH
HeuaMennoi dasze. Toraga, Kak BuAHO M3 puc. 186, MOUIHOCTh BHEIIHEH
cuabl 6yner GosibIe AMCCHUIMPYEMOM MOIIHOCTH. DTO TPHBOAMT K pO-
CTy DHEPrdHd CHUCTEMBl M BOCCTAHOB/JCHMIO TPEXHETO 3HAUEHUS aMII-
JUTYABL KOJAeOaHuUH,
AHANIOTHYHO MOXHO YOENMTBCS B TOM, UTO aMIJIMTYRAA BBHIHYXICH-
HBIX KO1e0AaHUH YCTOHYMBA M 1O OTHOWIEHHUIO K CIYYAHHKM OTKJIOHEHH-
SIM B CTOPOHY BO3pacTaHHSL.

(P)1 (Prp)

Puc. 186. K nccnenosaumio ycToMumMBo-
CTH PeXX1Ma BbIHY KAEHHbIX KONeGaHmit

e UYem oTiHMyaloTCs BLIHYXKACHHBIE rapMOHHUYecKHe KosiebaHust OT cobCTBEHHbIX
C TOYKM 3PEHUS MPOUCKOAALIMX IHEPrETUUECKHUX MpPeBpaleHUH?

e B ueM 0coOeHHOCTH DHEPreTHUECKHUX MpeBpallicHUl npu pesoHaHce?

e UYro Oymer, ecid B pexXUME YCTAHOBUBLUMXCH BbIHYXAEHHBIX KoJsebaHUM
MPoU3oHIET CAyuyalHoe yBeIUUeHUE WIKM YMEHbLIEeHHWE UX aMILIUTYAb?

A ITepexonHbie npoueccel. o cux nop MH pacCMaTpUBAaIH YCTaHO-
BUBILIMICS PEXHUM BRIHYXAEHHBIX KojiebaHui. A KAk MPOUCXONUT YC-
TaHoBseHUe KonaeOanuit? HauneM co ciiyuas pe3oHAHCHOM BHEUIHEH
cuanl. I1ycTh B HaYaNbHBIA MOMEHT OCLMJLISITOP MOKOUTCS B TMOJIOXE-
HUHM PAaBHOBECHS, T. €. HAUAJIbHBIE YCJIOBUS UMEIOT BHUI

x(0) =0, x(0)=0. | (4)
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B 9TOT MOMEHT HAa HEro HAYHUHAET Jlel;'ICTBOBaTb BHCUIHAA CHUHYCOH-
JanbHAs CUJIA C YacTOTOM w, PABHOM 4acToTe w, CBOOOAHHEIX KOJeba-
HUHA OCHUJUISITOPA.

KaK MBI 3HAE€M, JOBHXEHHE OCHHULIATOpA 6yne'r OMNMHUCBIBATHCA
ypaBHeHueM (4) mpeasgyluero maparpadga:

X+ 2yx + wix = f, cos wgyl. (5)

HaMm u3BecTHO pelleHHe 3TOr0 yPAaBHEHUS, OMUCHIBAIOILIEE YCTAHO-
BUBIUMECH KOJEDAHUS, KOTOPblE HE 3aBUCAT OT HAYAJbHBIX YCIOBHHM.
[1pu pesoHaHce KoaeGaHUS OTCTAIOT OT BHIHYXAAKOLIEN CHJIbI HA YET-
BEPTHb NMEPHOAA, HOITOMY

x(t) = a cos (wyt — m/2) = a sin wyt. (6)

OnHako 3TO pelieHHe He YOOBJIETBOPSIET HAYAJbHHIM YCI0BHAM (4),
Tak Kak comtacHo {6) ckopoctb x npu { =0 He paBHA HYJIO.

Kak xe HafiTH pemeHHe ypaBHeHHA (5), yOOBJETBOPAIOLIEE HAa-
HIMM HavajabHeM ycaoBusiM? Takoe peuieHHE 00S93aTENbHO AOJXHO
nepexoguth B (6) mo Mepe yCTAHOBIEHHA KoJeDaHWH, T. € IpH
t— . [TosToMy nonpodyeM HCKATh PEUIEHME B BMIAE CYMMBI BbIpa-
xenuq (6) u pynkuum A exp (—vyz) cos (wyf + a), ONMCHIBAIOLIEHR
COOCTBEHHBIE 3aTyXaOIIME KOJAeOAHHS OCHM/UIATOPA, T. €. SIBJISIO-
uieiica peweHreM ypasHeHud (§) C mpaBoi YacTbio, PABHOM HYJIIO, B
CIyyae Majoro 3aTyXaHHs Yy << w, IJTa CymMma

x(t) = asin wyt + A exp (—vt) cos (wyf + a) (7)

HDEUCTBUTE/IBHO SIBJSETCA PEUIEHUEM YpaBHEHHMS (), B UEM MOXHO
ybeauThCa HEMOCPEACTBEHHOW MOACTAHOBKOM. B camoM nene, ypasHe-
Hue (5) comepxut ¢yHKuU0O x(¢) U €€ MPOM3BOLHBIE TOJLKO B IEP-
BOI CTENEHM, MOITOMY KaXAOE CjJaraeMoe B BhipaxeHUH (7) MOXHO
NOACTaBJAATh B ypaBHeHue {§) no oraesnpHocTH. [logcTaHoBKa ciara-
€MOTO0 a Sin wy! B JIEBYIO 4acTbh (5) gaer f,cos wy!f, a MOACTAHOBKA
BTOPOTO C/1AraeMoro JaeT HyJib.

Braropaps muoxureno exp (—ytf) Bropoe cmaraemoe B (7)
CTPEMUTCI K HYJIO NOpPpH [—>©, U OCTAETCA TOJBKO UJIEH
a sin w,f, ONMCHIBAIOWIMHA YCTAHOBUBIIMECS BHIHYXIEHHbiE Koseba-
Hug. Ho npu Manbix 3HAu€HUSIX BPEMEHH ! BTOPOE C(/IaragMoe B
(7) vrpaer BaXHYK pPOJib; HAJUUMUE NOBYX NPOU3BOJBHBIX MOCTOSH-
HHIX A W O TMO3BOJMAET YIOBJETBOPUTH JIIOOKIM HAYAJBHBIM YCJIO-
BuaM. [lomaraga B (7) t=0 u yuuThHiBag NepBOE M3 HAYAJbHBIX
ycaosuit (4), momyuaem

0= Acos a,
otkyaa o = /2 u cos (wyt + a) B (7) paBeH —sin wyt.

ITpn HaxoxmeHun cKOpocTH X u3 (7) yureM, uTO IpH MajJoM 3a-
TYXaHHUHM, KOIJa Y << @), COMHOXHTEIb €Xp (—7Y!) NOYTH HE U3MEHS~
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€TCA Ha DPOTAXEHUH nepuona Koaebanmit. [Tosromy npu nuddepeH-
MPOBaHMM Xx(f) €r0 MOXHO CYHTATH MOCTOSHHBIM:

x(t) = awy cos wyt — A exp (—vt) w, €oS wyt. (8)
[Mosaras sgecr t =0 u yYydTBHIBAS BTOPOE HAUAJbHOE yciaoBHe (4),
nosyuaem
0= aw — Ay,
oTkyna A= a. Tenepp BhRIpaxXeHHE \(7) NPUHUMAET BHA
x(t) = asin wyt — a exp (—vt) sin wyt =
= [1 — exp (—v1)] sin wyt. 9)

BpeMs ycTtaHOrjeHHd konaebauui. [lepsoe ciaraemoe B (9) mpen-
craBasger coboil rapMOHHUecKoe KosneOaHHE MOCTOSHHON AMIUTHTYIBI
M COOTBETCTBYET YCTAHOBMBIUMMCS BBIHYXEEHHBIM KosieGaHuaM. Bro-
po€ CJIaraeMoe COOTBETCTBYET COOCTBEHHBIM 3aTYXAIOWIUM KoJebaHu-
aM. [TosToMy npouecc ycTaHOBJIEHUS KOJAEOaHHUI MOXHO NPEACTABUTD

Xx =~a sin wyt = Wy

NANAAN
ARV

x =—a exp (—y!) sin wyt

Puc, 187. Ilpouecc ycTaHOBIEHMS BbIHY XAEHHbIX Koje6aHU npu peaoHaHce

cebe TakuM 00pasoM: B HAuyase NPOMECCA B CHCTEME OJHOBPEMEHHO
OPHCYTCTBYIOT M BBIHYXICHHBIE, U COBCTBEHHBIE KOJIEOAHUS, PUUEM
amMmuTyaa ¥ $asa nowIefHUX TAKOBBI, UTO PE3YJbTHPYIOLUEE KOJE-
GaHue ynoOBJETBOPAET HAYAJBHBIM yCaoBUAM. I'pacduku aTux koneba-
HHI TIOKAa3aHbl HA puc, 187.

[Ipn manom 3atyxaHuu pesyasTHpyiomee konebanue x(z) B (9)
MOXHO pacCMaTPHBATh KaK CHHYCOMAAJbHOE KOJeOaHHE C 4YaCTOTOH
®, AMIUIMTYIa KOTOPOrOo MEJIGHHO HApacTaeT CoO BPEMEHEM
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(puc. 187). XapakrepHoe BpeMs! YCTAHOB/JIEHHS AMIUIMTYAH Koseba-
HHH T = l/y coBmagaer ¢ BPEMEHEM XH3HHM COOCTBEHHBIX 3aTyXalo-
WMUX KOJEOAaHMI B TOH XE CHUCTEME.

[Tonsexem HekoTOphie UTOTH. [IpH OUEHb MAJIOM 3aTYXAHHH aM-
IUTATYAA B pe3oHaHce OyAeT oueHb GOMBIION, HO €€ YCTAHOBJIEHHE
IJIATCS OueHb Ao/ro. Uem Oosiee pesKO BHIPAXEH PE3OHAHC, TEM
MEIJICHHEE MPOUCXOMUT YCTAHOBJAEHHE. ITO JIETKO MOHATb M C IMO-
MOUIbIO JHEPTETHUYECKHX COOOpa’XKEHH: YEM OCTPEE PE3OHAHC, TEM

Puc. 188. YcraHoBneHHe BBIHYXACHHBIX KOnebanuil npH w < wg

GosibIIe 3amacaeMas CHCTEMOM OHEPIUS M, CJAEIOBATEJIbHO, TEM
Gosblie BpeEMEHM TpPEOyeTcs A8 TOro, UToOH COOOWHTL CHCTEME
3Ty SHEPTHIO.

EcM 4acToTa BRIHYXAAIOWEN CHJIB @ HE COBMAAAET C 4ACTOTOM
cBOOOMHEIX KOEOaHMI ), TO MPOLECC YCTAHOBJIEHHS KoneOaHuMi

TAKXE MOXHO INMPEACTABHTh KAK HAJOXEHHE BHIHYXIACHHHX Koseba-
HMH C 4aCTOTOM « M 3aTYXAmOWMX COOCTBEHHHX KoseGaHMil ¢ uac-
ToTOit @, Kapruna ycraHoeneHms konebaHuit npM o < w, MOKasa-

Ha Ha puc. 188.

HecHHycOMaaibHOE NepHOAHYECKOe BO3AeicTBHE. BHHYXIeHHEE
Koe0aHMS OCUH/UIATOPA BO3MOXHE IPH JTI000M MEPHOTMUECKOM
BHCIUHEM BO3ZEHCTBHH, a HE TOJbKO CHHycouaanbHoM. [Ipu a3TOoM
YyCTAaHOBUBIIMECS KoneOaHus, Boobule roBops, He OyAyT CHHYCOM-
RAJbHBIMA, HO OHH OyayT NpPEACTaBJAATb COOOM MEPUOAUUECKOE ABH-
XEHHE C TMEpPUOJOM, pABHHM IEPUORY BHEIHErO BO3AEUCTBHUA.
BuewmHee Bo3nedcTBHE F(f) MOXET NMpPEACTaBJaATh CoO0M, HANPUMED,
NOCJEAOBATENBHOCTh  NEPUOAMYECKH  MOBTOPSIOUIMXCS  TOJYKOB
(puc. 189). Ecnm nepuox BHEWHHMX TOJUKOB COBMAZAET C MEPHOAOM
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COBCTBEHHBIX KoseDaHMM, TO B CHUCTEME HAcTynaer pesoHanc. Ko-

nebanua npd 3toM OyayT moutd cuHycouaasneHnMHU, Coobmaemas

CHCTEME MPU KaXIOM TOIY-

Fi K€ OJHEPrus NpH pPEe30HAHCE

Jk A A Maja 1O CPaBHEHHIO C 3a-

- " } - [IACOM JIHEPTHM CUCTEMBI U

= : f paBHA AWMCCHITMPYEMOH 34
i i NEPHOA JHEPIHUH,

Ha puc. 190 nokasana
¢azoBas guarpaMma  BbI-
HYXHEHHBIX kosiebanuit oc-
UWLISTOPA, [POUCXOAAIIUX
nmon I(eﬁCTBHCM KOPOTKHX
ToMYKOB. [Ipu KaxxaoM TOJ-
YKE OCLUM/UIATOP M3MEHSIET CBOK CKOPOCTh HA ONHY M TY XE BEJH-
uuHy Av. Ilepuon uepemoBaHUSA TOMUKOB PABEH TMEPHOAY COOCTBEH-
HBIX KOe0aHuil OCUM/LIATOPA, T. €. UIMEET MECTO pe3oHaHC. [BHXe-
HHE OCLH/UISTOPA YCTAHOBHUTCI TAKMM 00pazoM, YTO TOJYKH OymyT
NPHXONUTBCS HA T€ MOMEHTHl BPEMEHH, KOraa OCLH/LIATOP IMPOXO-
OWUT TMOJIOXEHHE paBHOBecUd. Pe30HAaHC 6yHET UMETb MECTO U B TOM

[=]

Puc. 189. BoinyxaeHuble konebanua ocumuig-
TOpa NOJ AEMCTBUEM KOPOTKHX TOJNHKOB

(.% ] x4
w

[=]
=

[=]
=

Puc. 190. ®asosas auarpaMma Ko- Puc. 191. BoiHyxpaeHHble koneGanus

nebanuil NOX AEMCTBMEM KOPOTKHX NOA AEMCTBMEM TONUKOB, NEPUOT KOTO-

TOJUKOB PbIX BBOE MPEROCXOAMT COOCTBEHHbBIN
NEPUOR OCLIMANATOPA

cydae, Koraa nepuon YepeaoBaHMd TOMYKOB OyHeT KpaTeH Mepuony
cobcrBeHHRIX Kosiebanuit, Takoe HEBO3MOXHO MpPH CHHYCOMAAIBHOM
BHewHeM Bo3aeicTBuu. Ha puc. 191 mokasana ¢asoBas auarpaMma
o4 ¢aydasi, Koraa nepuoa TOJYKOB BABOC MPEBRIMIAET MEPHOO OC-
LHJLIATOPA.

Haubosiee MHTEPECHBIMH, XOTS M OYEHb CJAOXHBIMH I/ MCCJE-
DOBAHUA SB/JAAIOTCA CHCTEMBI, B KOTOPHIX KOJ1€0aHMS BO3HHKAIOT HE
33 CYET HAYya/JbHONO TOMYKA M HE 33 CUET MEPUOTUYECKON0 BHEII-
HEro BO3AEHUCTBUS, 4 B PE3y/IbTATE MMCIOIUEUCH Y KaXIOW U3 TAKHX
CHCTEM CrocOOHOCTH CAMOM PEry/IMpoBaTh MOCTYIUIEHHE SHEPIHU OT
MOCTOSIHHOINO MCTOYHHKA. Taxue CHCTEMBl HOCAT HA3BAHHE AGMOKO-
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nebamensvhbrx, Haubonee u3BeCTHHH NpPUMep aBTOKO1€0aTENBHON
CUCTEMBI — OOBIUHBIA YACOBOM MEXaHU3M.

e UYeM onpemensiercs ANMTENbHOCTb NPOLIECCA YCTAHOB/IEHHS BBIHYXIEHHbIX
konebaHHi NpH pe3oHaHCHOM BHeltHeM Bo3eHcTBUH? OTBET NOSICHHUTE € NO-
MOLLBIO 3HEPreTHYECKMX co06 paxkeH Hid.

e Kak NpoHCXOOMT YCTaHOBJIEHHE BbIHYXAEHHBIX KonebaHHi NpH @ < wg H
w > wy? TpounmocTpupyiite oTBeT NpHMepHBIMHA rpadHKaMH.

o Kak sbirnagur ¢asobas AHarpaMma KoneGaHHil ocuuanatopa, Bo3byxna-
€MbIX KOPOTKHMH MEPHOOHYECKHMH TONYKAMH? A

§ 46. BonHbl

C naBHUX NOp HArJAAHbIA 00pa3 BOJIHEL BCETAA ACCOLMHPOBAJICH C BOJI-
HaMH Ha TNOBEPXHOCTHM Boxanl. Ho BoJIHBI HA BOAE MpeACTaBAsOT coloit
3HAUUTENbHO 00JiEe C/IOXKHOE SBJEHHE, YEM MHOTME APYTHE BOJHOBBHIE
NpOLECChl — TakKue, KaK pacrnpoCTpaHEeHHE 3BYKa B OJHOPOAHOM H30-
TponHOit cpexe. I103TOMy €CTECTBEHHO HAYMHATH M3yYeHHE BOJHOBOIO
IBMXKEHHS HE C BOJIH Ha Boge, a ¢ 0oJiee MPOCTHIX CAYYaEB.

BoJHbl B JUCKPEeTHOM Hernouxe. IIpoie Bcero mpeacraBuTh cebe BOJI-
Hy, PaclpoCcTPaHSIOWYIOC M0 GECKOHEUHOU LENOYKe CBA3AHHBIX MasT-
HukoB (puc. 192). C GeckoHEUHOM LENOYKM Mbl HAYMHAEM IS TOrO,
4yTOGK MOXHO OhIJIO pACCMATPUBATEL BOJHY, PACIpPOCTPAHSIOIYIOCS B O~
HOM HAaMpaB/JCHHH, U HE AYMATh O BO3MOXHOM €€ OTPa)K€HMH OT KOHUA

Puc. 192. Boana B LieNoOuKe CBY3aHHBIX MAATHUKOB

nernouyku. Eciu MajgTHUK, HAXOASIIUICH B HayaJe LENoYKH, IPUBECTH B
rapMOHHUYECKOe KojebaTesbHOe ABMXEHME C HEKOTOPOH 4YacToTOH w M
aMIIMTyxoit A, TOo koJjebarenbHOE ABHXEHUE OyAET pacrpoCTPaHSIThCS
no uenouke. Takoe pacmpocTpaHeHue KoJeOaHMN M3 OZHOTO MeECTa B
IpYro€ M Ha3bBAETCS GOIHOGbLM NPOUECCOM WU GONHOIL.

B orcyTcTBHE 3aTyxaHus J060il Apyrod MasTHMK B nenouke Oymer
HOBTOPATE BLIHYXACHHHIE KOJeOaHUS MEPBONO MasATHUKA C HEKOTOPHIM
orcraBaHueM no ¢ase. ITo 3amasAnIBAHUE CBSI3aHO C TEM, UTO pacnpo-
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cTpaHeHHe K0e0aHMM MO 1EMOUKe MPOMCXOANT C HEKOTOPOH KOHEUHOM
CKOpocTh0. Cxopocmb PAcIpOCTPAHEHNS KoAeOAHHN u 3aBHCHT OT Xe-
CTKOCTH COCOUHSIOMIEH MASTHUKHM MPYXHHKH, T. €. OT TOTO, HACKOJbKO
CHUJIPHA CBSI3b MEXAY MAasATHUKAMHM. EcaM nepBBIit MAadATHHUK B LEMOUKE
ABHMXXETCS 1O ONPEACJACHHOMY 3aKOHY, T. €. €ro CMELIeHHE U3 MOJI0Xe-
HMSl PABHOBECHS €CTh 3afaHHAasd DyHKUMS BpeMeHH x(I), TO CMEIEHHE
MasTHHKA, OTCTOSIIErO OT HAuaja LEMOYKHM HA PACCTOAHME z, B JH000H
MOMEHT BpeMeHH ! OyJeT TOUHO TAaKMM Xe€, KaK CMELICHHE MEPBOro
MagTHUKA B Oo/iee pAHHMI MOMEHT BPEMEHHM ! — z/u, T.¢e. Oyder omm-
chBathca ¢yHxumen x(f — z/u).

IlycTs npu rapmMoHnuecKux KosebaHUSIX MEPBOTO MASITHHKA €r0 CMe-
LICHNE U3 MOJIOXKEHHS PABHOBECHS OAETCS BHIPAKECHUEM

x(t) = Acos wt. (1)

Kaxnanlit 13 MasgTHUKOB LEMOYKM XapaKTEPU3YETCSd TEM pACCTOSHHEM
Z, Ha KOTOpOE¢ OH OTCTOMT OT Hauana uemoukd. [losromy ero cme-
IICHUE M3 MOJOXCHHUS DAaBHOBECHS TNPH NPOXOXKAECHHH BOJHBE €CTECT-
BeHHO 0003HauuTh uepes x(Z, z). Torma, B COOTBETCTBHH CO CKa3aH-
HEIM BHILIE, UMEEM

x(t, z) = A cos w(t—i). (2)

OnucrniBaemas ypasHeHHeM (2) BOJMHA HA3BIBAETCS MOHOXpOMAamMuue-
ckoildl. XapakTepHEIM MPH3HAKOM MOHOXPOMATHUYECKOH BOJIHEL SBJSETCS
TO, YTO KaXAblii M3 MASTHHKOB COBEPLIAET CHHYCOMZANbHOE KoJcbaHue
OTNpEAEACHHON YACTOTHL.

PacnpocrpaHeHHe BOJMHB MO LENOYKE MASTHHKOB COMNpPOBOXAAETCH
MEPEHOCOM JHEPIMH M MMnyJjsca. HOo HHMKAKOro mepeHoca MAacChl MpH
JTOM HE MPOMCXOAMT: KaXABIH MASITHHK, coBepmas KoaeOaHMs O0KOA0
M0JI0XEHNS PABHOBECHS, B CPEOHEM OCTAETCS HA MeCTeE.

IMonapuzauud BOJH. B 3aBHCMMOCTH OT TOro, B KaKOM HAaNpaBJACHUH
IIPOMCXOAAT KOMeOAHUSA MASTHHUKOB, FOBOPAT O BOJHAX PA3HOIM MOJSpPH-
s3aunu. Ecam xonefaHNA MASTHHKOB MPOUCXOAAT BAO/Ab HATPABJEHHS
pPacnpoCcTpPaHEHNS BOJHE, KaK Ha puc. 192, To BosHA Ha3mBAETCAd npo-
01O, eCTH TIOMEpPeK — TO nonepeuroi. OOHYHO BOJHBI pa3HOi mo-
JN9pN3alMd PacIpOCTPAHSIOTCH C PA3HBIMH CKOPOCTSIMH.

PaccMoTpeHHad 11€M0UKa CBSI3aHHBIX MASTHUKOB MpPEACTaBageT coboit
NpUMep MEXaHWUECKOH CHCTEMB C COCPEROTOUCHHBRIMHM TapaMeTPaMM.

kmkmkm

Puc. 193. Llenouka mwapukoB, COCAMHEHHDIX NIPYKMHKAMH

I pyroit npuMep CHCTEMEL C cOCpedomoueHnbIMU napamempamu, B KOTO-
PO MOTYT PaclpoCTPAHATHCA BOJIHEI, — 9TO LEMOUKA [APHUKOB, CBI3aH-
HEIX Jerkumu npyxuHkamu (puc. 193). B Taxoil cucTreme HMHEpPTHBIE
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CBOMCTBA COCPEAOTOYCHH Yy IIAPUKOB, & YNMPYTHC — Yy NpPYyXHWHOK. IIpu
pacnpocTpaHEHHUH BOJHBI KMHETHYECKAS JHEPrus KoJaeDaHMi JIOKaJIn30-
BaHA Ha IIApHKax, a TMOTCHUHANIbHAS — HA TIPYXHHKAaX.

Jlerko coobpa3uTh, UTO TAKYKO LEMOUYKY COCAMHEHHEIX TPYXHHKAMH
IIAPHUKOB MOXHO PacCMATPHBATh KAK MOJE/h OAHOMEPHOM CUCTEMHL C pac-
npedeneHHbIMU napamMempamu, HanpuMep ynpyrod CTpyHel. B cTpyHe
KaXIbIi 2JIEMEHT AJINHH 00/1a4a€T OAHOBPEMEHHO MACCOM, T. €, UHEPTHEI-
MM CBOHCTBAMH, M XECTKOCTBIO, T. €. YIIPYTHMH CBONCTBAMH,

BoJHbI B HATAHYTOH CTPYHe. PacCMOTpHMM IOMEPEYHYI0 MOHOXpOMA-
THYECKYIO BOJIHY, PAacnpoCTPaHSIIOIYIOCS B OECKOHEUHOHW HATSHYTOH
cTpyHe. IlpeaBapuTenbHOE HATSAXEHHME CTPYHH HEOOXOAMMO TOTOMY,
4YTO HEHaTgHyTad T'MOKas CTpyHa, B OTJIMYME OT TBEPAONO CTEPXHS,
obs1apaeT ynpyrocTeio TOJMBKO MO OTHOIIECHHIO K AedopMauluu pacTs-
XEHHSI, HO HE CXaTHd.

MoHOoxpoMaTHyecKas BOJIHA B CTPYHE OMHCHIBAETCA TEM X€ BHPaXe-
HHeM (2), 4TO M BOJIHA B LICTIOYKE MAATHUKOB. OOHAKO TENeph PoJib OT-
AEILHOFO MAsITHUKA UrPACT KaXXIBIH JJIEMEHT CTPYHH, [I09TOMY HEPEMEH-
Hag z B ypaBHEHMH (2), XapaKTepnayomas paBHOBECHOE MOJOXEHHE Ma~
SITHUKA, TIPMHMMAET HenpepbiBHHE 3HadeHus. Cmemenune ar000ro
3/IeMEHTA CTPYHH M3 PABHOBECHOIO MOJIOXEHMS TPH TIPOXOXICHNN BOJHBI
x(t, z) ectb GHyHKUHNA ABYX MEPEMEHHBIX: BPEMEHH [ 1 PABHOBECHOIO 1O-
JIOXEHHS ITOTO JJEMEHTA Z.

Ecan B dopmyne (2) 3amkcupoBaTh z, T. €. paCCMaTpUBaTh ONpeae-
JIEHHHH 2JIEMEHT CTPYHH, TO YyHKUHMS Xx(Z, z) PN HUKCHPOBAHHOM 2z
JaeT CMEIEeHNE BHIAEACHHONO 2JIEMEHTA CTPYHB! B 3aBMCMMOCTH OT Bpe-
MEHHU. DTO CMEUIEHNE TIPEACTABJAsSET cOBOM rapMOHMUECKOE Kosebanue ¢
4aCTOTOM w M aMIVIMTYAOH A:

x(t, z) = Acos (ot + a). (3)

HavanbHas d¢asza xoneGanmit 3Toro asneMeHta crpyHsl o = —(w/u)z,
T. €. 3aBHCHT OT €r0 PAaBHOBECHOTrO MOJIOXECHHS z. Bce ameMeHTsl cTpY-
HBl TIPH TIPOXOXAECHUHM MOHOXPOMATMUECKONH BOJIHH COBEPIIAIOT TapMo-
HUYECKHe KOJIe6aHMd ONMHAKOBOM YACTOTRI M AMILIMTYAB, HO pasdjim-~
yamuecs mo ¢ase.

IomHa soausl, Eci B ¢opmyne (2) 3aduxcuposats £, T. €. paccMaT-
pMBATh BCKO CTPYHY B OIMH M TOT X€ MOMECHT BPEMEHH, TO (pyHKIHS
x(t, z) npn (PUKCHPOBAHHOM ! AACT MTHOBCHHYIO KAaPTHHY CMCUICHHUA
BCEX QJIEMECHTOB CTPYHH — KaK Obl MOMEHTAJBbHYIO ¢oTorpaduio BOJI-
Hel. Ha oartoit «bortorpadum» Mu yBHIMM 3aCTHBIOYKD CHHYCOMAY
(puc. 194). Ileproa 3T0it CHHYCOUAHL, T. €. PACCTOSHHE MEXAY COCEOHHU-
MH ropfaMy WM BIAAMHAMH, Ha3HBAETCH OauHoU Goanbl . Y3 dopmy-
au (2) MOXHO HAaWTH, UTO AJIMHA BOJHLI CBSI3aHA C YACTOTOM ® M CKO-
POCTBIO BOJIHBL 4 COOTHOLICHUEM

A=2Zyu=uT, (4)
[¢3) s
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rae T — nepuon konebauuit. KapruHy pacnpocTpaHeHHs BOMTHBI MOX-
HO NpPencTaBHTh cebe, ecAM 3Ty «33CTHBIIYIO» CHHYCOMAY IMDHBECTH B
OBMXKEHUE BIOJb OCH z CO CKOpOCTHIO u. [lBe mociaegoBaTesbHHE «MO-
MeHTanbHbie ¢doTorpadun» BOAHBI B MOMEHTHI BpPEMEHH ! M I + At

i
T uAt

MoxKasaHsl Ha puc. 195. BugHo, uTO A/MMHA BOJMHHW A paBHA pacCToOs-
HHIO, MPOXOOUMOMY Jo0eiM ropBoM 3a mepuon kKoaebauuit T, B co-
otBeTCTBHHM C dopMynoit (4).

CkopocTth nonepeyHOl BoaHbl. OnpeneauM cKOpoCTb PaclpoCTPAHEHHS
MOHOXPOMATHUUYECKOH MOMEPEYHON BOJHH B CTpyHE. ByneM cuurath, UTO
aMIUMTYAa A Masa Mo CPaBHEHHIO C AJHHOM BOJHB: A<< A, [lycrs BON-
Ha GeXHUT BIPABO CO CKOPOCTHIO u. IlepeiiaeM B HOBYIO CHCTEMY OTCUETa,
OBHXKYHIYHOCH BAOJb CTPYHHI CO CKOPOCTBIO, PABHOH CKOPOCTH BOJIHBI U.

DTa cuCcTeMa OTCcueTa TaKXe HABASETCH

TN MHEPIHUAIBHOH M, CJCIOBATE/JAbHO, B HEU

st pl \ CnpaBea/MBH  3aKOHH Hblorona. U3
3TOH CHCTEMB OTCUETA BOJHA KaXeETCH
34CTHIBIIER CHHYCOMOOH, a BEWIECTBO
CTPYHBI CKOJIB3UT BIOJb 3TOH CHHYCOMOH
BJeBO: moboit mNpeaBapUTENbHO OKpa-
WEHHHN 3/EMEHT CTPYHH OydeT KasaThb-
ca yGerarommM BAOAb CHHYCOHABR BJIEBO
€O CKOPOCTBKO U.

PaccMotrpum B 3TOH cucTeMe oOTcue-
Ta 9JEMEHT CTPYyHH IJHMHH Al, KOTO-
pas MHOrO MEHbLIE IJTHHB BOJHH A, B
TOT MOMEHT, KOrAa OH HAaXOOUTCHd Ha
rpebue cunycouan (puc. 196). IIpumeHHM K 3TOMY 37EMEHTY BTOPOM
3akoH Hproorona. Cunml, OeHCTBylOIIME HA 3/7EMEHT CO CTOPOHH CO-
CeIHUX YYAaCTKOB CTPYHBI, MOKA3aHH B BHJCJECHHOM KpYXKe Ha
puc. 196. TlockonbKy paccMaTpHMBAETCS MOMEpPEYHAs BOJIHA, B KOTOPOH
CMEIIEHUS 3JIEMEHTOB CTPYHH MEPNEHAMKYJSIDHH HAMpPaBJIEHHUIO pac-
MPOCTPAHEHHUS BOJHBI, TO MOPM30HTAIbHAA COCTABAANOMIAS CHJIBI HATSI-
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XeHus F IOCTOsSIHHA BAOJb BCEH CTPyHBL. Tak Kak AJMHA paccMat-
PHMBAEMOro yyactka Al/<< ), TO HaNpaBJCHUS CHJI HATSXKCHHUS, HCHCT-
BYIOIUMX HA BBUIEJEHHHIN 3JIEMEHT, MOUTH TNOPU3OHTAJIBHBI, 4 HX MO-
Oy b MOXHO CYMTATh pPaBHMM F. PaBHOOEHCTByOIWAs 3THX CHJI Ha-
MpaB/cHA BHU3 M paBHA F Aa.

Cxopocte paccMaTpUBAEMOrO 3JIEMEHTA paBHA u M HAMNpPABJCHA BJIE-
BO, 4 Majbli y4yacTOK €ro CHHYCOMAAJbHOM Tpaekropud BOIM3M ropba
MOXHO CUMTATh OYrOoM OKpYyXHoCTHM pamguyca R. IloaroMy yckopeHue
3TOrO 3/EMEHTA CTPYHbl HAMPABJIEHO BHHM3 M paBHO u’/R. Maccy ane-
MEHTA CTPYHH MOXHO IpPEACTABUTh B BUAE pS Al, rie p — IUTOTHOCTh
Matepuasa CTpyHul, a S — IUIOWAAb CEUECHHUsI, KOTOPHIE BBHUAY MAJIOCTH
nedopMauMi IPH PaCpOCTPAHEHHUH BOJTHH MOXHO CUMTATh TAKUMH Xe,
KaK ¥ B OTCYTCTBHE BOJIHHI.

Ha ocHoBanuu BTOpOro 3axkoHa HeroToHa

2
FAa=p Al % (5

Yuurnas, uro Al = R Aa (puc. 196), noryuaem

u=\/§ (6)

310 ¥ €CTh MCKOMAS CKOPOCTh PACHPOCTPAHEHUS TONEPEUHOM MOHOXPOMA-
THUECKOM BOJTHB MAJIOM AMIUTMTYIH B HATSIHYTOH CTpyHE. BuaHo, uTO OHA
3aBUCHUT TOJBKO OT MEXAHHUECKOTO HAMPSIXEHUS HATIHYTOH CTpyHBL F/S
Y €€ MJIOTHOCTH P ¥ HE 3aBUCUT OT AMILTUTYAHL ¥ JUIMHH BOJHBL. 3TO 3HA-
YHT, UTO MONEPEUHbIE BOMHBL 000 AIMHEL PACTIPOCTPAHAIOTCS B HATSIHY -
TOH CTPYHE C OQUHAKOBOM CKOPOCTHIO.

Ecanm B cTpyHE OOHOBPEMEHHO pACHpOCTPAHSIOTCH, HANPUMEpP, ABE
MOHOXPOMATHUECKHE BOJHA C OAMHAKOBBIMH AMIUIMTYAAMH U GIH3KHMHU

x|

0

Puc. 197. Cnoxenue gByx MOHOXPOMATHUECKHX BOJH C OJM3KMMH 4aCTOTAMH

YacTOTAMH W, M ®,, TO «MOMEHTAIbHEE (PoTorpacdMu» ITUX MOHOXPO-

MATHYECKUX BOJIH M PE3YABTUPYIOILEH BOJHb 6ymiyT MMErb BHI, [OKA-
3aHHLIE Ha puc. 197. TaM, rae rop6 onHOM BOIHH COBMAgAET ¢ ropbom
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APYIoM, B pE3yJbTHPYIOLICH BOJHE CMEIIEHUE MAKCUMaJIbHO. [Tockonbky
COOTBETCTBYIOIIME OTHEJAbHBIM BOJIHAM CHHYCOHABI OEryT BIOJIb OCH Z C
OOMHAKOBOM CKOPOCTBI) U, TO M PE3Y/JbTHUPYIOLIAd KpHBas GeXHUT C TOM
Xe CaMoil CKOpOCTbX), He MeHdAa cBoed ¢dopMmul. OKasmBaeTcd, uTo 31O
CMPaBENIMBO [U1 BOJHOBONO BO3MYIUEHHUS 000 (DOPMEL: MOMEPEUHbIE
BOJTHBI MPOU3BOTHHOIO BUAA PACMpOCTPAHAIOTCS B HATIHYTOU CTPYHE, HE
MEHSa CBOEH (OPMEIL.

O nucnepcuu BOAH. EciM CKOpOCTh pacmpoOCTPAHEHUS MOHOXpPOMATH-
YECKMX BOJIH HE 3ABUCMT OT AJMHBl BOJHBI WJIM YAaCTOTHI, TO TOBOPST,
yTo OTCYTCTBYET ducnepcust. CoxpaHenue (GOpPMEl Jr000M BOJIHHEL MPH
ee pacnpoCTpaHEHMM €CThb CJAEACTBUE OTCYTCTBUS aucrepcuu. ucmep-
CHSl OTCYTCTBYET A BOJH J00Or0 BUAA, PacpOCTPAHSIOMIMXCS B
CIJIOIUHBIX YIMPYTMX CPEAax. ITO OOCTOATENBCTBO TMO3BOJAET OUEHb
JIEFKO HAWUTH CKOPOCTh MPOZOJIbHBIX BOJIH.

CKopocTh NpPOAOAbBHBIX BOJAH. PAaccMOTpUM, HAampuMmep, OJIMHHRIA YyO-
PYTH# CTEpXEHb IJIOLWIAAM S, B KOTOPOM PaCHpOCTPAHSETCS MPORO/b-
HO€ BO3MYILIEHUE C KPYThIM MEpe-

VAl OHUM ¢ponTOoM. [IycTh B HEKOTOPBIH
MOMEHT BPEMEHU ! ITOT (DPOHT, Ie-

[ > peMeasce CO CKOpOCTBIO i, OOWIEH
N N IO TOUKM C KOOPOUHATOW z; CIpaBa
o OT (H)pOHTA BCE TOUKM CTCPXKHSA CHIC
LAL nokositcsl. CrycTd MPOMEXYTOK Bpe-

MEHU At? HpOHT mepeMecTUTCH BIpa-
Puc. 198. K pacuety ckopocTv pacnipocT- BO Ha pacCTosiHMe u At (pldC. 198).
DAHEHH R BOJIHDI B CTPYHE B npegenax aToro ¢0g BCE YaCTHULIBI
IBUXYTCS C OOHOM MU TOH XE CKO-
pocTbi0 v. CHycTd 3TOT NMPOMEXYTOK BPEMEHU At? UYACTULEI CTEPXKHS,
HAXOOMBUIMECS B MOMEHT ! Ha (PpPOHTE BOMHBI, MEPEMECTATCA BHOJb
CTEPXHS HA pacCTosiHUE v Af.
[ITpuMeHUM K BOBJEUECHHOH 3a BpeMsl Af B BOJHOBOHM MPOLIECC Macce
crepxHsi Am = pSu At 3aKOH COXPAHEHHUS UMITy/IbCa:

v Am =vpSu At = F At. @)
HeiicTyomy o Ha Maccy Am cuny F Brpa3uM uepe3 nedopMauuio aje-
MEHTa CTEPXHS ¢ moMompbio 3akoHa [yka:
Al _ £ (8)
[ T ES

JavHa [ BHIOEJEHHOrO JJ€MEHTA CTEPXHS paBHA u Af, a U3MEHE-
HUe ero OMUHE A/ mop gmeiictBueM cuinl F paBHo v Af. IToatomy c
noMoplo (8) HaxoguMm

F=ESY 9)
u
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IMoncrasnsis 310 3Hauenue B (7), momyyaem

u=€. (10)

CKOpOCTh MPOAOJBbHEX 3BYKOBHIX BOJTH B YIIPYIOM CTEPXKHE 3aBUCUT TOJb-
Ko ot Mony.s FOura E u ntotHocTH p. Jlerko ybenutbes, uto B G0gbLIMH-
CTBE METAJLJIOB 3Ta CKOPOCTb COCTABASAET MPUMEPHO 5 KM/ C.

CxopocTh NPORONbHHX BOJH B yIPYroi cpeae Bceraa 6obiue CKOPOCTH
nonepeyHux. CpaBHUM, HAIPUMED, CKOPOCTH IPOAO/IBHEIX U MTONEPEUHBIX
BOJIH I, M U, B HATSIHY TOH rubkoit crpyHe. [TockobKy Npu Maasix aedop-
MalMsX yNpyrue NOCTOSTHHBIE HE 3aBUCAT OT MPHUIOXKEHHBIX CHJI, TO CKO-
POCTb NMPOAOJIbHBIX BOJIH B HATIHYTOHM CTPyHE HE 3aBHCHUT OT €€ MpernBa-
PUTENTBHOrO HATSIXEHUS U onpeaensercs dopmysoir (10).

I Toro utoObl CPAaBHHUTH 3TY CKOPOCTh C HAMACHHOM paHee CKOpo-
CThIO MOMNEPEUHBIX BOJH U,, BRIPA3UM CHUJIY HATSXEHUS CTPyHH F, BXO-
asamyr B ¢opmyay (6), yepe3 OTHOCHUTEABHYIO AeOpPMAalUI0 CTPYHBI
e = Al/l,, 0OOycNOBJIEHHYI0 3THM TIPEABAPHTE/IBHBEIM HATKCHHEM:

e = F/(SE). IToncrapnss 3Hauenue F B dopmyay (6}, moaydaem

u, = V£, (11)
p
Takum 06pa3oM, CKOPOCTb MONEPEUHBIX BOJIH B HATHYTOM CTPYHE U, OKa-
3BIBACTCA 3HAUUTC/IbHO MCHBIIC CKOPOCTHU MMPOAOJBbHBIX BOJIH, TAK KAK OT-
HOCHUTECJIBHOC PACTAXCEHHUE CTPYHBI € MHOINO MCHBIIC COAWNHHUIIH.

DHeprus BOJAHbL. [IpM pacmpocTpaHeHMHM BOJH TMPOMCXOOUT Mepeaaua
SHepruu 6e3 MepeHoca BEIECTBA. JHEPrUs BOJHL B YIIPYrod CPeae COCTO-
UT U3 KNHETHYECKOU JHEPTUH COBEPIIAOIUX KOAe0aHMA YaCTHL BEUIECT-
Ba M U3 MOTEHIMAJIBHON JHEPTUM ynpyroi nedopMaiiuu cpensl.

PaccMmoTpumM, Hampumep, MpPOROJBHYIO BOJHY B YIPYIrOM CTEPXHE.
B ¢ukcHpoBaHHBIE MOMEHT BPEMEHH KHHETHUYECKAS JHEPrMs pacrnpenc-
JieHa 1o o0beMy CTEPXKHS HEPABHOMEPHO, TaK KAK OOHH TOYKH CTED-
XKHS B 3TOT MOMEHT ITOKOSTCS, APYrHE, HANPOTHB, ABUXYTCS C MaKCH-
MasIbHOH CKOpPOcThbiO. TO Xe caMoe CIpaBefJUBO M IUIS MOTCHIUAIBHON
JHEPruH, TaK KaK B ITOT MOMEHT KAKHUE-TO 3IJEMEHThI CTEPXHI HE fe-
dopMupoBanb, Apyrue Xxe AedOpMHUpPOBAaHBl MakKcHMMasbHO. IlosTomy
IMpY PacCMOTPEHUU IHEPIUM BOJHBEI ECTECTBEHHO BBOOUTH IIJIOTHOCTH
KHHETHYECKOH M MOTEHLMAIbHONM 3Heprui. [IIoTHOCT 3HEPrMM BOJIHH
B KaXIOH TOUKE CPENH HE OCTAETCS TIOCTOSHHOH, a MEPHOAMYECKH HU3-
MEHSETCSd NPU NPOXOXIACHUU BOJHBE: 3HEPrUsS DPACHpPOCTPAHAETCS BME-
CTE C BOJIHOH.

o [TloueMy npu pacnpocTpaHEHUH TMONEPEUHON BOJIHBI B HATAHYTOM CTpyHe
NpoOfoJbHAsA COCTABJIAKIIAA CHJBLI HaTAXEHHS CTPYHbl OAMHAKOBa BHOJIb
BCEIl CTPYHBI MU HE M3IMEHSAETCH NMPH NPOXOXACHHHU BOJIHBI?

e UYto Takoe MoHOXpomaTHyeckue BOMHbI? Kak A/JMHA MOHOXpOMAaTH4ECKOM
BOJIHb! CBSI3aHA C 4acCTOTOH M CKOPOCTbIO pacnpocTpaHeHUs?
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B kakHX ciydasx BOJHBI Ha3blBAIOTCH MPOAONbHBIMH M B KakKMX — Mone-
peUHBIMH?

ITokaxxHUTe ¢ MOMOLIbI0 KaueCTBEHHbIX paCC)’)KIICHHl‘;l, 4YTO CKOPOCTb pacrnpo-
CTPAHEHHA BONHBI TEM bonbilte, yeM Oonbille cHna, CTpeM4Ilaacd BO3BPaATHUTL
BOGMyulCHHbIﬁ yY4acToOK cpeibl B COCTOAHHE PABHOBECHA, H TEM MCHBLIEC, YEM
bonbiue HHEPTHOCTL 3TOI'0 ydacCTKa.

Kakumu XapakKTCpHUCTHKaAMH CpEabl OMNPEaCnaeTca CKOPOCTb NPOAOJIbHbIX

BONH M CKOPOCTb NMornepeuHblx BonH? Kak cea3aHbl Mexay coboi cKOpPoCTH
TaKHX BONH B HaTAHYTOH cTpyHe?

A TLNOTHOCTh KMHETHYECKOH 3Hepruu Oeryuiedt BOJHbI. PaccMoT-
PHM ILIOTHOCTb KMHETHYECKOH SHEPIUH B MOHOXPOMATHYECKOH yrmpy-
roif BOJIHE, OMMCHIBAEMOIt ypaBHeHHeM (2):

x(t, z) = A cos w(t—%). (12)

BeimeMM B CTEpXHE MaMblil JJIEMEHT MEXAY IUIOCKOCTAMH z U
z + Az Takoi, 4TO ero ;IdHa Az B Heae(OPMHUPOBAHHOM COCTOSHHUM
MHOIO MEHbLIE JJHUHBI BOJHB A. Torma cKOpocTH v BCEX YaCTHIL CTEp-
XHSI B 3TOM 2JIEMEHTE MMPH PACMPOCTPAHEHHUH BOJHBI MOXHO CUHMTATh
onuHakoBbiMu. C  moMowmpro  GopMy.isl (12) HaxoguM CKOpPOCThb
v = X, paccMaTpuBas x(I, z) Kak QYHKUHMIO BDEMEHH M CUHTas BEJIH-
YHHY z, XapaKTEepPHU3YIOWYI0 MOJOXEHHE PAacCMATPUBAEMOTO JJIEMEH-
Ta CTEepXHs, (HPUKCUPOBAHHOM:

W(t, z)=x=—wAsinw(t—§). (13)

Macca BHIIEIEHHOIO 3/7€MEHTAa CTepXHA Am = pS Az, noaromy
€ro KMHeTHuecKas JHeprust AE, B MOMEHT BPEMEHHU ! €CThb

AE, =1 Amv2=1p5 Azw2A%sin w(t ——). (14)

C nomompio BhipaxeHus (14) HAXOQUM IJIOTHOCTh KHUHETHYECKOM
9Hepruu w, (I, z) B TOYKE z B MOMEHT BPEMEHH .

AE .
w(t, 2) =55 = % pw?A? sin? w(t - IZI) (15)

MnO0THOCTP NMOTEHIMANBHOW JHeprud. IlepeiaeM K BBIUMCICHMIO
MJIOTHOCTH TMOTEHLIMAIBHON SHEPrud BOJHBL. IIOCKOJMBKY AJMMHA BHI-
OEJICHHOIO JJEMEHTA CTEPXHS Maja MO CPABHEHHUIO C IJIMHOM BOJI-
Hbl, TO BHI3HBAEMYIO BOJHOU AeOPMALHI0 3TOrO JJEMEHTA MOXHO
CYMTaTh OmHOpoxHOW. [loaTOMY mOTEHUMANBHYIO JIHeprur xecdop-
Mapuu AE, MOXHO 3amucaTh B BHAC

2
AEn=§SAzE(§—i) : (16)
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rae Al — yOIMHEHHE pacCMaTPUBAEMOrO JIEMEHTA CTEpXHA Az, BhI-
3BAHHOE MPOXONSIIEH BOJHOH.

Jng HaxoXHIeHUS ITOro yIJIUHEHUS HYXHO PacCMOTPETh MOJIOXE-
HHUE [JIOCKOCTEH, OTPAHUYMBAIOIINX BhIIEJIECHHBIH 3JIEMEHT, B HEKOTO~
pBIi MOMEHT BpeMeHH {. MrHOBEHHOE MmOIoXEHHe M000H ILUTOCKOCTH,
PaBHOBECHOE IMOJIOXKEHHUE KOTOPOH XapaKTepH3yercs KOOPAMHATOH z,
onpenengerca dyHkuuein x(f, z), pacCMaTpUBAeMO# KakK (HyHKUHUS Z
npu ¢puxkcuposaHHoM {. [loaroMy ymnuHeHue A/ paccMaTpuBaeMoro
JJIEMEHTA CTEPXHSA, KaK BHUIHO U3
puc. 199, pasHo x(t, 2) x(t, z+Az)

Al=x(t, z + Az) — x(¢, z).
.

OTHOCI/ITCJII)HOC leJII/IHCHI/IC ITOrO
z+Az

JJICMEHTAa €CTh

Al _ x(t,z+Az)—x(t, 2)
Az Az ’

N —— —

. Puc. 199. K pacuery oTHOCHTE ML~
EciM B 3TOM BHIDAXEHHM MEPEATH K Horo ypiMHEHUs CTEPXKHS

npeneay npu Az—0, To oHO mpeBpa-
maercs B NPOU3BONHYI (yHKuuu x(7, z) MO HNEPEMECHHOHU z mpH
¢ukcuposandom f. C nmomousio dopmyan (12) moayuaem

Al .
E*%Asm w(t—i). (17)
Teneps BoIpaXXeHHE A5 MOTEHIUAIbHON 9Hepruu (16) npuHUMaeT Bux
2
AEH=%SAZE(3A) sinZw(t—i), (18)
u u

a IIOTHOCTh MOTEHUHANRHOM 3Heprum wy(f, z) B TOUKE z B MOMEHT

BPEMEHH [ ECThb
AE 2
= 1Eﬁ’—Azsinzw(t—i-). (19)

wy(t, 2) =57, =3 E

Dueprus Oeryuieit BoaHbl. TTocKOMBKY CKOPOCTH pAacrpoCTPaHEHHMS
PONOJABHBIX BOJAH u = VE/p, T0 npasnie yactu B copmynax (19) u
(15) cosBmaparT. JTO 3HAUUT, UTO B Oeryiued MponoaRHON ympyroi
BOJIHE IUTOTHOCTH KMHETHYECKOM M MOTEHLMAJbHOM JHEPrUI PABHLI B
M1060#1 MOMEHT BpeMeHH B 000 TouKe cpensl. 3aBUCUMOCTD IIOTHO-
CTH YHEPIVH BOJHB @ = w, + W, OT KOOPAUHATHI z B QUKCHPOBAHHBIN
MOMEHT BPEMEHH ! moKa3aHa Ha puc. 200.

O6paTuM BHHMAHHE HA TO, YTO B OTJIMUYHE OT JIOKAJIM3OBAHHBIX
konebanuil (OCUMAAATOP), TINE€ KHUHETHUECKas U IMOTEHIHUaJbHas
JHEPrMM M3MEHAI0TCA B npotuBocdase (cM. puc. 162 u 185), B Oery-
EH BOJHE KOJeODAHMS KHHETHUECKOM M IOTEHLUMAJbHOH 3JHEpPrui
NpPOUCXOAST B oauMHakoBoi ¢dase. KuHeTHueckas M MOTEHILMANbHAS
JHEPIMM B KaXIOM TOUKE CPENbl ONHOBPEMEHHO NOCTHUraloT MAaKCH-
MaJbHBIX 3HAYEHHHA M ONHOBPEMEHHO 00pamaioTcs B HyJb. PaBeH-
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CTBO MTHOBEHHBIX 3HAUECHUM IJIOTHOCTH KMHETHUECKOM M TNMOTEHUHU-
aJbHOM JHEPrui ecThb obmee cBONCTBO GErylmMx BOJH, T. €. BOJH,
pacnpoCTPaHSAIOUIUXCS B OINpene-
x NEHHOM HanpasacHMU. MoxHo
?\ y6enuTeCA, UTO 3TO CIIpPaBemJIH-
O BO WU /I TNONCPEYHBIX BOJH B

wK‘ wn | t

| HaTSHYTOH rubKO# CTpyHE.

0 _/_ ! /1IN / Ilo cux mop Mel paccMarpuBa-
_ | | JI¥ BOJIHBI, PacrnpoCTpaHAOIMECS
W= Wit Wil AV AN B CHCTEME, UMKl OecKoHeu-
T\!'/ P\ HYK MNPOTSIXXEHHOCTbh TOJBKO MO
op—1 ' OIHOMY HATpPAaBJECHHIO: B LEMOY-
K€ MAasATHUKOB, B CTPYHE, B CTEP-
xkHe. Ho BosHBI MoryT pacmpoct-
paHAaTBCId U B Cpefe, UMEKLIeH
OeCKOHEUHBIE Pa3MeEpBl MO BCEM
HanpaeJeHUsM. B Takod CHJIOIIHOM Cpefe BOJIHB OBIBAKOT pasHOro
BHIA B 3aBUCUMOCTH OT crocoba ux Bo30yXmeHUS.

3] Y

Puc. 200. CmeuieHue uacTvn Cpeast
MJIOTHOCTh JHEPTMH B Oerym et BoHe

IInockas soaHa. Ecau, HanmpuMep, BOJTHA BO3HMKAET B PE3YJbTATE
rapMOHMUYECKUX KoJeOaHui 6eCKOHEeUHOM IUTOCKOCTH, TO B OXHOPOX-
HOHM Cpelc OHA pacHpoCTPAHSAETCS B HANPABJICHUU, NMEpHEHAUKYJIIp-
HOM 3TOH IUIOCKOCTH. B Takol BOJHE CMEUICHHE BCEX TOUEK CpEmObl,
JeXamux Ha Jo00M IJIOCKOCTH, NMEPNEHAUKYJISPHON HanpaBJicHUIO
pacnpocTpaHeHHUs, IPOMCXOOUT COBEPUICHHO OAMHAKoBo. Ecau B cpe-
I€ He IPOMCXOOUT MOTJIOLIEHUS JHEPTMM BOJHBI, TO AMILTMTYZA KO-
nebaHui TOMEK Cpembl BCIOAY OOWHAKOBA U UX CMEIICHUE NOACTCH
dopmysoit (1). Takag BosHA Ha3MBACTCHA NAOCKOL.

Cdepuueckaa roaHa. Boany apyroro Buga — cghepuneckyro — co-
30aeT B OJHOPOOHOM M30TPONHOM YNpPYroi cpeie MyJbCHPYIOLIHMA
wap. Takag BOJIHA pacnpocTpPaHAETCS ¢ OOUHAKOBOH CKOPOCTBIO IO
BCEM HAamnpaejJeHUSIM. Ee BOTHOBBIE MOBEPXHOCTH, T. €. TIOBEPXHOCTH
MOCTOAHHOM ha3bl, MPeACTaBIAOT COO0M KOHUeHTpUYeckue cheprl. B
OTCYTCTBME MOIVIOUICHUS JHEPTUHU B CPEIE JIETKO ONPENEIUTh 3aBUCH-
MOCTb aMILTUTYZAB ChEePUUYECKON BOJIHBEI OT PACCTOSIHUS OO UEHTpA.
[TockobKy NOTOK 3HEPTMM BOJIHBI, NMPONOPUMOHANBHBIA KBazparty
AMIUTUTYOB, OMMHAKOB 4epes Jobyw cdepy, aMILTUTYa BOJHB YOBI-
BaeT 0o0paTHO MPONOPUMOHANBHO PACCTOSHUIO r OT ueHTpa: A«l/r.
YpaBHEHME NMpPOmOJIbHOU chepuuecKOd BOSHBL UMEET BMI

=, r
x(t,r)—arcoswt ik
riec a — aMILIUTyna KoseGaHuil Ha PacCTOSHMM 7y OT LEHTPa BOJIHHL

e Kak saBucHT nepenocHMas OGerywieidl BONMHOM 3HEPTHSA OT 4acToThl H OT
aMIIIUTY bl BONHBI?
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e Yo Takoe niockas BonHa? Coepuueckasa BonHa? Kak saBucar or pac-
CTOSHUS aMIIUTYAbl NJOCKOH U cepHYecKor BolH?

e OObacuure, nouemy B Beryuieft BoMHE KHMHETHUYECKAd JHEPrUA M MOTEH-
LHabHAA IHEPrUA U3MEHSAIOTCA B OQMHAKOBOM ¢ade. A

§ 47. Murepdepenuus u audpakuns sonH. 3ddert Jonnepa

[ITpn OXHOBPEMEHHOM pAaCMpPOCTPAHCHHMH HECKOJbKHUX BOJH CMEIICHHE
YACTHL, CPebl NPEACTABASET COO0M BEKTOPHYIO CYMMY CMELIEHMH, KOTO~
pbie UMead Obl MECTO NPH PACIPOCTPAHEHMHM KaXZOW BOJHBI B OTHAE/Ib~
HocTu. MHaue roBops, BOJIHBI IIPOCTO HAKJIAABIBAIOTCH OAHA HA APYTyIO,
HE MCKaXxasg ApYr Apyra. ITOT JKCHOEPUMEHTAIbHBINA (akT OblT U3BECTEH
eme Jleonapno na BuHuM, KOTOpBI 3aMETUJ, YUTO KPYTH BOJIH Ha BOAEC
OT PasHbIX MUCTOYHUKOB MPOXOAAT OAMH CKBO3b APYrOM M PacrpoCTpaHs-~
IOTCY HaJIblIe, HE MPETEpreB HUKAKUX U3MCHEHHH. YTBEpXaeHHE O He-
3aBUCHUMOM pPACIPOCTPAHECHUHM HECKOJBKHMX BOJIH HOCHT HA3BAHUE MPUH~
yuna cynepno3uiuu 11l BOJHOBOIO JABHXCHHS.

Mrul yxe paccMaTpMBajiM pacnpoCcTpaHEHHUE B OZHOM HAamnpaBJICHUM
IBYX OAMHAKOBO MHOJSIPU3OBAHHBIX MOHOXPOMATHYECKHX BOJH C OJIM3KH~
MU 4acToTaMu. B pesyabTaTe Hajl0XEHUS TaKHUX BOJIH MOJY4YaETCsl MOY-
TH CHHYCOMAA/IbHAS BOJHA C NEPHOAMUECCKH MCHSIOUICUCS B MPOCTPAHCT-
BE aMmIUTyAou. «MomeHTanbpHas dortorpacdusa» Takoid BOJTHBI BBIIVISAUT
Kak CJAEAYIHMe APYr 3a ApYyroM rpynnsl BosH (cM. puc. 197), a BBHI3HI-
BAEMOE BOJIHOM KoJebaHMe B KaKo-1ub0 (PUKCHPOBAHHON TOUKE UMEET
XapakTtep OHEHHIL.

KorepeHtHbie BOJHbL. OcoOblii MHTEpeC MpeacTasadeT CIydyad Caoxe-
HUS TaK HA3BIBAEMBIX KOZEePEeHMHbLLX GOJH, T. €. BOJH OT COTJIACOBAH-
HbIX MCTOUHHMKOB. [IpOCTEHIIMM NPUMEPOM KOPEPEHTHBIX BOJH SBJIS-
JIOTC MOHOXPOMATHUECKHE BOJIHB OJUHAKOBOM YACTOTHI C MOCTOSITHHOU
pasHocThio (as. Jag HCTHHHO MOHOXPOMATHYECKMX BOJIH TpeOOBaHHE
NOCTOAHHOM pasHocTd (a3 OymerT JAMIIHHUM, TAK KAK OHU SABJIAIOTCH
OECKOHEUHO MPOTIXEHHBIMH B MPOCTPAHCTBE M BO BPEMEHM M JBE Ta-
KHE BOJHBI OJMHAKOBOH UYACTOTH BCETAA MMEIOT MOCTOSHHYIO PasHOCTh
¢as. Ho peanpHblC BOJHOBBIE MpPOLIECCH, Aaxe OJH3KHME K MOHOXPO-
MaTHUECKHM, BCETZA MMEIOT KOHEUHYIO MPOTAXEHHOCTh. [sisg Toro urto-
Obl TakHe KBA3WMOHOXPOMATHUECKHE BOJIHBI, MNPEACTABIAIOWHUE COOO
[IOC/IEAOBATENBHOCTH OTPE3KOB CHHYCOMIAJbHBIX BOJH, OBUIM KOrepeH-
THBIMM, TpeOOBaHME MOCTOSHHOM pasHOCTH (a3 sBasgercd oba3aTesb-
HeiM. CTpoOro roBopsi, IOHATHE KOTEPEHTHOCTH BOJH sBasgeTca Oosee
CJIOXHBIM, YeM OMHCAHO Bhime., [TogpoOHee MBI MOZHAKOMHMCH C HUM
NpH M3YUEHUH OMNTHUKH.

HUurepdepeHOHHas KapTuHa. IIpM CJIOXEHUH KOTEPEHTHHIX BOJH
HaOMIONAKOTCA SABJICHUS unmepgepenyuu, 3aKIIOUalompecs B TOM, YTO
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BhI3BIBAEMAs OJTHUMHM BOJHAMM KapTHMHA KOJeOaHMM SBISETCH CTAUMO-
HApHOM, T. €. B KaX[0M TOYKE MPOHCXOAAT KonebaHud C-He 3aBUCALICH
OT BpeMeHHM ammautynoi. Pasymeercs, B
pa3HBIX TOYKAX AaMOAUTYAnl Konaebauuh
6yayT paznMyaThbCd,

[lycTp, Hanmpumep, ABA KOTEPEHTHHIX
MCTOYHHKA, HAXONAINMECHd HA PACCTOSHHH
d npyr oT Apyra, co3jamT cdepuyeckue
BOMHHEI, MHTEpPdEPEHUMS KOTOPhIX Habm0-
naercs B touke P (puc. 201). Ecnmm pac-
CTOAHHA [| K [, OT MCTOYHMKOB A0 TOYKH

HabnoaeHus P BEJMKHM MO CPABHEHHIO C
paccTossuMeM d MEXOy HMCTOYHMKAMH, TO
aMnaMTyan o0eMX BOJAH B TOYKE HAOMIO-
aeHus GyOyT OpakTH4YeCKH OAMHAKOBBIMH. OmuMHAKoBmMM 6yoyT M Ha-
MpaBJeHUS CMEINCHUI TOUYEK CpEAbl, BRI3LIBAEMbIX 3THMH BOJIHAMH B
MeCTe HabMOOeHHUS.

PesynpraT uHTepdepeHuuM B Touke P OymeT 3aBUCETH OT pa3HO-
cTH hba3 Mexny BOJHAMH, TIDHUXONSIUMMM B 3Ty TOuKy. Ecnm ucrou-
HUKHM COBEpWIAOT KonebaHusd B OAMHAKOBOM (pase, TO pas3HOCTb a3
BOJH B TOYKE P 3aBMCHT TOJNBKO OT pasHocmu xoda [ BOJIH OT HC-
TOYHHUKOB [0 TOYKHM HabmwoneHus: [ = {y—1I,. Ecam 3ta pa3HOCTb XO-
Ja paBHa LEAOMY YMCAYy IJAMH BOJH: [ = kA, TO BOJIHEl TPHXOAAT B
ToukKy P B (paze M, CKAaObIBAfACh, AAIOT KoneOaHME C yABOEHHOM aM-
nautyRod. Ecam Xe pasHOCTh XORAa paBHA HEYETHOMY YHCJIY TMOJ-
ysonu: [ = (2k 4+ 1)A/2, To BOAHBI TPUXOAAT B TOYKY P B TPOTHBO-
dase u «racaT» Apyr Apyra: aMIUIMTYNa pe3yabTUPYOIEro koseba-
HHS paBHA Hynw. [IpM MpPOMEXYTOUYHBIX 3HAYEHMAX DPA3HOCTH XOAa
aMmnanTyaa koneDaHMit B Touke HAOMIONEHMsS TOPMHMMAacT Ompene-
JICHHOE 3HAUYEHHE B MPOMEXYTKE MeXAy YKa3aHHhIMHM TIPEACTbHBIMH
cryuasmu., Kaxpas Touka cpembl XapaKTEepU3yeTCs OmpeneseHHbIM
3HAYEHMEM AMIUIMTYAR KoseOaHuM, KOTOpOE HE MEH{EeTCs CO BpeMe-
HeM. Pacnpenenenue 3THMX aMIUIMTYA B HPOCTPAHCTBE HA3BIBAETCH LH-
mep@pepeHyuOHHOU KapmuHOol.

Taurenue KonebaHUN B OOHMX MECTAX M YCHJIEHHME B APYTUX MpPH UH-
TepdepeHIlMN BOAH HE CBA3aHBI, BOOOINE roBOps, C KaKMMH-JIHOO Tpe-
BpallleHHsIMH JHeprum Konebaumit. B Toukax, rme kxonebaHus oT ABYX
BOJIH racsaT APYr APYra, Heprud BOJH OTHIOAb HE MpPEBPAINAETCA B ADPY-
rue BHIAbI, HAIpUMEp B TEMIOTYy. Bce cBomuTca numb K mepepacrnpene-
JICHUIO TIOTOKA JHEPrdM B MPOCTPAHCTBE, TAK UTO MHUHMMYMEI 3HEPIHUHU
KojebaHMit B OQHUX MECTaX KOMMEHCHUPYIOTCH MAXKCUMYMAaMH B OPYIHX
B TOJTHOM COOTBETCTBHM C 3aKOHOM COXPAHEHHS 3HEPTHH.

IOns HabnrogeHNs yCTOMUMBOM HMHTEPPEPEHUMOHHOR KAPTHUHH He
00693aTENbHO MMETh ABA HE3ABHCHUMBIX KOT€PEHTHHIX HCTOuHMKA. Bro-
PYIO, KOTEPEHTHYIO C MCXOJHOM BOJHY MOXHO MOJIYYHMTb B DE3yNbTATE
OTPa’>keHHd MCXOOHOM BOJHK OT I'PAHMIIE! CPEeALl, B KOTOPO# MPOMCXOOUT

Puc. 201. K unrepdepeHunm BosiH
OT ABYX TOYEUYHbIX HCTOYHHKOB
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pacnpocTpaHEHHe BOJH. B 3TOM ciyyae uHTepdepupyrOT nagamwas u
OTPa’XKEHHAS BOJIHHI.

Crosiuass BoaHa. EciM miockags MOHOXPOMATHMYECKAS BOJIHA MAafaeT
0 HOPMaJIM HA [UIOCKYK TPAaHMIY pasjfesa ABYX CPeX, TO B pE3yJib-
TATE€ OTPaXEHUI OT IPAHMIIBI BO3HHMKAET TAKXE IUIOCKAd BOJHA, pac-
[POCTPAHSAOIAACS B OOPATHOM HANPABJCHHUM. AHAJOTHYHOE SIBJICHHE
IPOMCXOAMT MPH OTPAXKEHHH PACIPOCTPAHSIOMEHCS B CTPYHE BOJIHH
OT 3aKPEIIEHHOro MM CBOOOTHOrO KOHLA CTpyHH. [Ipu paBeHcTBe aM-
IUTUTYJ MAafalouieil ¥ OTPaXKEHHOM BOJIH B pe3ysbTate MHTepdepeHIHH
obpasyerca cmosuas 6osna. B cTosuedl BojHe, Kak M BooOule mpu
HHTepdepeHI(MM BOJH, Kaxaasd

TOYKA CPedbl COBEPIIAET FADMOHH- X
yeckoe KosaebaHue C HEeKOTOpOU

AMIUIMTYZOM, KOTOpast, B OTJHYMC

OT cayuas Oeryweit BOJHBI, B OI

AMIIMTY A

pa3HbIX TOYKAX Cpedbl MMEET pas-
uble 3Havenus (puc. 202). Toukwy,
B KOTOPBIX aMILTMTYAa KosieGaHui
CTPYHBI MAKCMMAajbHA, HAa3hBalOT- Puc. 202. Crosuas BoHa B CTPyHE C 3aKpen-
CHd NYHHOCMSIMU CTOSYEN BOJIHBI, ICHHBIM KOHUOM (8 TouKe 2 =0)

Touku, B KOTOPHIX AaAMIUIMTYAA

KOJeOaHNi paBHA HYJI0, Ha3KBANOTCA y3aamu. PaccrossHue Mexay co-
CEQHUMH Y3JaMH DABHO NOJOBMHE AnMHBI Oeryweit Bosnuer A/2. ['pa-
¢MK 33aBUCMMOCTM AaMIUIMTYABl CTOSYEH BOJHH OT z MOKAa3aH Ha
puc. 202. Ha 3ToM Xe pUCYHKE IITPMXOBOH JIMHHMEH IMOKA3aHO IIOJIO-
XEHHME CTPYHBl B HEKOTOPHII MOMEHT BPEMEHM !.

KonebaHna Bcex TOYEK CTPYHHI, JEXALIMX MEXAY ABYMS JIHOOBIMH
GAMKAaUIIUMM y3JIaMH, NPOMCXOAAT B oguHakoBou daze. Konebanus to-
YeK CTPYHHI, JIEXKAIIMX 0 PA3HLIE CTOPOHHI Y3713, NMPOMCXOAAT B IIPOTH-
Bodhaze. Das3oBbie COOTHOWICHUS B CTOSYEH BOJIHE XOPOLIO BMAHBLI M3
puc. 202. CoBepiieHHO aHAJOTMUYHO PACCMATPUBAETCS CTOS4As BOJIHA,
BO3HMKAIOMAS [PH OTPAXKEHHH OT CBOOOTHOIO KOHIA CTPYHBI.

IMyunocTts

Ctosyas BoaHA v MasaTHMK. Haxomgmuecs B y3gax CTOSUEH BOJIHBI
YacTHMLE CTPYHBI BOOOWmE HE ABMXYTcd. [1oaTOMY uepes ys3JoBHIE TOY-
KM HE NPOMCXOTUT nepexaum sHepruu. CTosSuas BOJHA, MO CYLIECTBY,
yXe He SABASETCS BOJHOBBIM ABMXKCHHMCM, XOTS M MHOJIY4yaeTcd B pe-
3yabTaTe MHTEpdEpEeHUMH ABYX Oerymux HaBCcTpeuy BOJH OXMHAKOBOH
amrmtyasl. To, 4TO crosuas BOJIHA yXe (DaKTHUECKH HE BOJIHA, a
cKOpee IpoCcTo Kose0aHud, MOXHO YBHAETb M M3 JHEPICTHYECKUX CO-
ofpaxxeHwid.

B Gerymeit BoJiHE KMHETHYECKAS M MOTCHUMANbHAS SHEPrMH B KaX-
O TOUKE KOJECI0TCS B OMMHAKOBOH (pase. B crogueir BosiHe, KaK BUA-
HO, Hanpumep, M3 puc. 202, Ko1eCaHUg KUHETHYECKOW M NOTCHIMAJb-
HOH SHEPTrUi CABHHYTH Mo (base TAakK Xe, KAK U HPH Kos1eDaHHAX MagT-
HHMKA: B TOT MOMEHT, KOra BCE TOYKH CTPYHBI OXHOBPEMEHHO ITPOXOAST
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yepe3 pPaBHOBECHOE MOJIOXKEHHE, KMHETHYECKAs 3HePrusl CTPYHB MaKCH-
MajbHa, 4 MOTEHUMAIbHAA SHEPTHs PAaBHA Hy/0, MO0 CTPYHA B 3TOT MO-
MEHT He Ae¢OpMHUpOBAHA.

BoJHOBbIe MOBepXHOCTH. HarnsgHoe npencTaBicHUE O pacnpocTpaHe-
HUM MOHOXPOMATHYECKUX BOJH B YNPYrod cpefe UM Ha MOBEPXHOCTH
BOARl JAET KAPTHHA GOJIHOGbLX noadepxnocmel. Bce TOUKM cpeabt, sexa-
I{ME Ha OAHOU BOJAHOBOM MOBEPXHOCTH, MMEIOT B AAHHKIM MOMEHT OAHY
U Ty Xe ¢a3y konebauus. JpyruMu CJIOBAMHM, BOJTHOBAS MOBEPXHOCTh —
ITO NOGEPXHOCMb NOCMOsIHHOU ha3esl.

YpapHeHue BOJTHOBOH MOBEPXHOCTH MOXHO MOJYYHUThH, MPUPABHUBAL
a3y B ypaBHEHUH BOJIHEI MOCTOSHHOM BenuuuHe. Hampumep, aasg mio-
CKOH BOJIHBI, OMUCBIBAEMOM YPaBHEHUEM

x(1, z)=Acosm(z—§>, (1)

ypaBHEHHE BOJHOBOM MOBEPXHOCTH MOJIyyaeM, NMPUPABHUBAA APTYMEHT
KOCHHYCA MPOM3BOJIBHOM KOHcTaHTe C:

u)(t—i) =C,
u

z=ut+C,. (2)

OTKYAA

BuaHo, uTo nnia HUKCMPOBAHHOIO MOMEHTA BPEMEHH ! ypaBHeHue (2) —
3TO YpaBHEHHE TUIOCKOCTH, MEPNEHAUKYAAPHOM ocH z. C TeueHueM Bpe-
MEHM 3Ta IUIOCKOCTh MEPEMELIAETCA CO CKOPOCThIO 1 BIOJIb OCH Z Mapas-
JIeBHO camoir cebe.

Insa chepuueckoil BOJIHEI, OMMCHIBAEMON yDaBHEHHEM

,
x(t, r)==a7°cos w(t—%), (3)
MOBEPXHOCThL MOCTOSIHHOM (pa3bl 3a4aeTcsd ypaBHEHUEM

BosiHOBast MOBEPXHOCTD B 3TOM Cayuae — 3To cdepa, LeHTP KOTOPOi COB-
MagaeT ¢ UEHTPOM BOJIHEL, 4 PASMYC F PACTET C MOCTOSHHOM CKOPOCTHIO iL.

@®pour BoaHsl. CneayeTr pa3iuyaTh MOHATHA BOJHOBOM MOBEPXHOCTH
U ¢ponma eornbi. BONHOBasg MOBEPXHOCTh BBEAEHA AJAS MOHOXpOMa-
THYECKOM, CTPOrO roBops, OECKOHEUHO MPOTSXEHHOW BOJIHEI, MPH pac-
MPOCTPAHEHUH KOTOPOH BCE TOYKH CPEABl COBEPIIAKOT TapPMOHHYECKHE
KosnebaHus. Pasymeercd, 3TO MOHATHE MOXHO MPUMEHUTh M K Oosee
ofIeMy Cay4yaro CTALMOHAPHOTO BOJIHOBOIO MPOLIECCA, MPH KOTOPOM
BCE TOYKM CpEefh! COBEPIUAIOT MepUOAMUEecKUe (HO He o0g3aTesbHO rap-
MOHHMUeckue) KoaebaHust mo 3akoHy f(¢—z/u), rae f(¢t) — mnpomus-
BOJIbHAs nepuonuyeckass (yHKIHUA CBOEro apryMeHta. BoaHOBmie mMO-
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BEPXHOCTH B 3TOM CJIyuyae HMMEIOT TOYHO TakoM Xe BuA (2), Kak M
B MOHOXPOMATHUYECKOM BOJIHE.

Iousarue ¢GpoHTa BOJHBI OTHOCHTCS K HECHIALUOHAPHOMY BOJTHOBOMY
HpOLECcCY PacHpOCTPaHEHUs BO3MyLieHus. [1yCcTh BCS cpena HaXOMUTCH B
[MOKOE M B HEKOTOPHI MOMEHT BPEMEHH BKJ/IIOUAECTCHd HMCTOUYHHK Koseba-
HUH, OT KOTOPOIO B Cpeae HAYyHHAET pACIpPOCTPAHATHCH BO3MYLUCHHE.
@poHT BOMHE — 3TO MOBEPXHOCTb, KOTOPAs OTAELIASET TOUYKM CPEIHI,
NpUIIeAIIMe B ABMXXEHHE, OT TEX TOYEK, A0 KOTOPHIX BO3MYILEHHE CILE
He gouwo. OueBMAHO, YTO B ONHOPOAHOM M3OTPOMHOM cpene PpoHT BOJI-
HBl OT IMJIOCKOIO MCTOYHHKA KOJeOAHUH MPEACTaBageT co00M MIOCKOCTD,
a (hpOHT BOJIHBI OT TOYEUHOrO MCTOUHMKA — cdepy.

IIpu pacmpocTpaHeHMH BOJIH B OJHOPOAHOMH Cpeae HAXOXAeHHE BOJ-
HOBHIX MMOBEPXHOCTEH He mpeacramiser Tpyaa. Ho mpu Hanmuuuu B cpene
HEOIHOPOMXHOCTEH, Mperpan, rpaHUIl pa3fesa U T, . HAXO0XIECHHUE BOJHO-
BHIX MOBEPXHOCTEN YCIOXHSETCS.

Hpuauun Crofredca. [Tpocro mpueM MOCTPOSHUS BOJIHOBEIX MOBEPX-
HocTedt Obin mpenoxen [rodrencoM. IlpuuHumm [roireHca Mmo3BOJSET
HAXOOUTh BOJHOBYIO MOBEPXHOCTH B HEKOTOPHIA MOMEHT BDEMEHH, €C-
JU U3BECTHO €€ MOJIOXKEHUE B MPEAIIecTBYOUMH MOMeHT. g 3Toro
KaXAyl TOUKY BOJHOBOM MOBEDXHOCTH B
MOMEHT BPEMEHHM ! CJeIyeT paccMaTpHBaTh
KaK MCTOYHMK BTOPMYHEIX BOJH (puc. 203).
BosHOBas MOBEPXHOCTh KaXAOW BTODHYHOM - {4+ AL
BOJIHE CIYCTS MPOMEXYTOK BpEMEHM At
npeacrasiager cofod B ONHOPORZHOM cpene
chepy pamuyca u At. HckoMasg BoaHOBag
MOBEPXHOCTh B MOMEHT BpEMEHH ! + Af —
JTO reoMerpuuyecKas orubamouias BOJHOBBIX
MOBEPXHOCTEH BTOPUYHKIX BOJH. [lpuHIUO
['oireHca MOXHO MPUMEHATh M /IS HAX0X-
neHus ¢poHTa BOMHBL B CIydyae Hecrauuo- Puc. 203. Tlocrpoenme sonHo-
HAPHOIO BOJIHOBOIO Mpolecca. BOW MOBCPXHOCTH 110 NPUHLIMITY

B mepBoHauansHON dopMyMpoBke [ofi- | OHIEHC
reHca 3TOT MPUHIMI MpeacTaBasa coboit mo
CYIIECTBY JMIIb YAOOHbBIA PEUENT A/ HAXOXAEHUS BOJHOBHIX MOBEPX-
HocTeit, 100 OH He OOBSICHSA/, HAPUMED, TO, MOUEMY MOJIOXEHHUE BOJI-
HOBOM MOBEPXHOCTH JAET MMEHHO MepeaHss orudaromas BTOPHYHBIX
BOJIH M KAKOB CMBICJ 3aaHelt orubaroweil moBepXHOCTH, MOKA3aHHOM Ha
puc. 203 wrpuxosoit nuHuel. O6ocHoBaHWe mpuHImMNA [toiredca ObLIO
nano DpeHeneM Ha ocHOBe ydyera uHTepdepeHuuH BTOPUYHEX BOJH., C
npuMeHeHueM npuHnuna [oiireHca—@peHens MB BCTPETUMCH IpH
HU3YUEHUHU OIMTHKH.

Jlerko BuaeTh, UTO B HPOCTHIX CJy4yasdx pacHpoOCTPAaHEHHS IUIOCKOHN
uan chepruuecKoil BOMHE B OQHOPOMHOM cpefe mpuHuun [toireHca mpu-
BOAMT K MpAaBWJIbHBIM peaynbraraM (2) u (4): maockas BOJHA OCTAETCS
IUIOCKOM, a cepuueckas — chepuueckoit, [Ipunuun [roireHca mo3go-

uAt

" ult
t
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JISCT HaWTH 3aKOH OTPAXKEHHS M NPEIOMJICHMA ILUIOCKOM BOJHE Ha 6ec-
KOHEYHOH IJIOCKOW IpaHMLE pas3fesa ABYX ONHOPOAHHIX Cped.

BoaHbI B HeOJHOPOAHOH cpeae. C NoMolbIo MPHHUMIA [Tofiresca MoXx-
HO OOBICHHTH, MOYEMY MIPOHCXOANUT MOBOPOT BOJHOBOH IMOBEPXHOCTH MPH
pacmpocTpaHeHHH BOJTH B HEOOZHOpooHOH cpexe. [1ycrs, Hanpumep, mioT-
HOCTb CPEORl p BO3pPACTAET B HANPABJCHUU
yh ocu y (puc. 204) takum 06pasoM, UTO CKO-
poCTh pacrnpocTpaHeHnst BOIH u(y) yMeHb-
AETCs BAOJb y MO JTHHEHHOMY 3aKOHY. Ec-
JI1 B KAKOH-TO MOMEHT BPEMEHHM ! BOJIHOBAS
MOBEPXHOCTL § mpeacrapaser cobol Mo-
ckocth z =0, TO CycTs Majmlii MPOMEXY-
TOK BPEMEHH, B MOMEHT ¢ 4+ Af, 212 BOJHO-
- - Basl MOBEPXHOCTb, KAK BHAHO M3 puc. 204,
z MOBOPAYMBAETCS H 3aHHMAET HOBOE MOJIO-
xenne S'. ClycTs CIeIyIOWMiA MR Po-
MEXYTOK BPEMEHH OHA 3aHMMACT MOJIOXE-

Hue S M T. O.
s" OnucaHHue gseHns yaoOHo HabmogaTh
s’ MPH pACpPOCTPAaHEHNH BOJTH HA TOBEPXHOCTH
M 3BYKOBBIX BOJIH B Bo3ayxe. [IpesomnecHue
Puc. 204. Tloopor BosIHOBOM 10~ 3pyKA, BEI3BAHHOE HEONHOPOTHOCTBIO AaT-
BEPXHOCTM B HEOTHOPORHOM CPEAC  \achepHOTO BO3AYXa, MIPUBOANT K PSAY MH-
TepeCHNX siBAeHni. Kurenn npubpexHuIX
MOCE/IKOB YACTO CABIINAT rojoca M3 JIOAOK, HAXOAAIIMXCH OUYEHb JANEKO.
Taxk 6riBaer, KOrga TEMIEPATypa BO30YXa HABEPXY BHIIE, YEM HA TOBEPX-
HOCTH BOAH, T. €. BHM3Yy BO3IyX HMeeT G0MbmyIo IMIOTHOCTb, DTO 3HAUMT,
YTO CKOpPOCTE 3ByKA BHHU3Y, Y MOBEPXHOCTH BOIKI, MCHBINC, YCM BBEPXY.
Torga 3BykoBast BOJTHA, KOTOpas AOJXHA Obula ORI MOJ yIJIOM yXOOHTb
BBEPX, MPEJOMALETCS B CTOPOHY BOAK M PacHpOCTPaHSIETCs BAOJb €€ MOo-
BEPXHOCTH. Boosb moBepxHOCTH BOgn 00pasyeTrcs CBOEro poaa BOJTHOBOL,
0 KOTOPOMY 3BYK MOET PacOpoCTPAHAThCS Ha Gosipmne paccTtosiHng 6es

3aMEeTHOro ocy1abyeHu .

AHaNOTMYHBEIH Y3KHii BOJHOBOA MOXET CYIIECTBOBATh M B OKCAHCKHX
r1yOMHaX MpH ONpeaeIeHHOM COYCTAHWM TEMIIEpaTyp M COJICHOCTH CJIO-
eB BOAnl. B pe3ysabrate 06pasyercs TOHKHii CJIO#, B KOTOPOM CKOPOCTb
AKYCTHYECKMX BOJIH MEHBINE, YEM B CJIOSIX BRIMIE HJIH HHXCE ero. 3ByKo-
Bas JHEPTHd B TAKOM KAHAJE pacHpoCTPaHSeTcs, Mo CYIIEeCTBY, B ABYX,
a He B TPEX M3MEDPEHMSAX M MOITOMY MOXET OnTh oOHapyxeHa Ha H0Jb-
XX PAaCCTOSHHSIX OT MCTOYHHKA.

S

Oudpakuua BonH. [IpumeHenne npuHuMna lroiireHca k pacnpocTpa-
HEHHIO BOJH B Cpele Mpu HAJWYMHM TIperpaa Mo3BOJSET KAa4eCTBEHHO
OOBsACHHTh aBNeHHME Odugpakyuu — 3arubaHue BoH B 0OJacTh reo-
METPHYECKON TeHHM. PaccMOTpMM, HampHMep, IUIOCKYKO BOJIHY, Maga-
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IOIMYIO Ha IUIOCKYIO CTEHKY ¢ MmpsMbiMu Kpasimu (puc. 205). das mpo-
CTOTH OyaeM CuMTaTh, YTO MANAOIIMH HA CTEHKY YUYACTOK BOJIHBEI IOJI-
HOCTBKO MOTVIOMIAETCS, TAK YTO OTPAXEHHOM BOMHH Her. Ha puc. 205
MOKAa3aHbl MOCTPOCHHBEIE MO NMpUHUMNY [roHreHca
BOJIHOBbIE MOBEPXHOCTH MMO3agd MNperpagsl. Bua-
HO, YTO BOJIHH AEWCTBUTEABHO 3arubarorcs B 06-
JIaCTh TEHH. -

Ho npunuMn [roHreHca HHYEro HE roBOPHUT O
aMmmuTyae KosiebaHui B BoMHE 3a mperpapoit. Ee
MOXHO HAWTH, paccMaTpuBas HHTEPPEPEHIIHIO
BOJIH, MIPUXOOSIIMX B 00/1aCTh TEOMETPHYECKON Te-
ud. Pacnpenenenne ammautyn KoaeGaHMH mozamu ,
Iperpagbl  Ha3bIBACTCA OugpakyuonHou kapmu-
rotd. HenocpeaCcTBEHHO 3a mperpagod aMIuiMTyzaa
konebanuit ouenpr Mana. Yem manpuie or nperpa-
Obl, TEM 3aMETHEE CTAHOBUTCS ITPOHUKHOBEHHUE
KosiebaHui B 001aCTh FrEOMETPHYECKOM TCHH.

[Monuu# BUA AMGPAKLIMOHHOM KAPTHHBI MO3a-
OU mperpagbl 3aBUCMT OT COOTHOLICHMSI MEXAY OJMHOHW BOJMHHL A, pas-
MEpoM TMperpagul d M paccrosiHueM L OT mperpagsl A0 TOYKH Habro-
geuus. Ecau anvHa BOAHEL A Oosibllle pa3MepoB NpenarcTBHg d, TO
BOJIHA €ro IMOYTH HE 3aMmeuaeT. EcaM JMHA BOJHBI A OQHOTO MOPSIAKA
¢ pasMepoM mperpaanl d, T0 OUMDPAKLMA MPOIBASETCS OAXEC HA OYCHb
MaJIOM PACCTOSIHHM L M BOJHBL 33 MPErpagoil JMIOb 4yTh-yyTh ciaabee,
yeM B CBODOZHOM BOJIHOBOM Iojie ¢ 0Deux CTOpoH. EcaM, HakoHel,
OJHHA BOJHBE MHOTO MEHBIIE PA3MEPOB MPEMNATCTBHSA, TO AUMDPAKLHUOH-
HYI0 KApTHHY MOXHO Ha0100aTh TOABKO HA OOABLIIOM pPACCTOSHMHM OT
nperpagki, BEJIMYHHA KOTOPOrO 3aBMCHT OT A M d.

Puc. 205. dudpaxums
TIOCKOM BOJTHBI

Boana ot asuxyulerocs UCTOYHHMKA. [Ipunuun [roireHca mo3posger
HAuTH B (DpOHTA BOJHBI ANl HECTALMOHAPHOrO BOJTHOBOrO IMPOLECCA,
BO3HHKAIOMIETO MPH IBHXEHHM HCTOYHHMKA KONEOAHMI B HEMOABMXXHOH
cpene. 3aech BO3MOXHEI ABA CYIIECTBEHHO PA3JHYHBIX Cyyas: CKOPOCThb
HCTOYHHUKA ¥ MCHBILIE CKOPOCTH PACIPOCTPAHEHHUS BOJH B CPEAE U H, HA-
obopor, v> u. ITycTh MCTOYHMK HAYMHAET ABMraThcsl M3 TOoukH O 1o
MpPsAMOHN ¢ MOCTOSHHOM CKOPOCTHIO v, MOCTOSIHHO BO30yXaas kosebaHus.
B nepeoMm cayuae, korma v < u, Bompoc O ¢opMe poHTA BOJHEI M €ro
MOJOXEHHH pEWaercsi OueHb MpocTo: dpoHT Oyner chepuueckum, a
LECHTP €ro COBMAZACT C MOJOXEHHEM HCTOUYHHKA B HAYAJBHBIH MOMEHT
BPEMEHH, TaK KaK CJEI OT BCEX MOCACAYIOMIMX BO3MYUIEHHUH OKaXeTCs
BHYTpH 310i chepsl (puc. 206).

HeitcteuTenpHO, GyaeM pacCMATPUBAThL CO3AABAEMBIC ABMXKYHIUMCS
HCTOYHHUKOM BO3MYIICHHS 4YEpe3 pPABHHIC IPOMEXYTKM BPEMCHH T.
Toukn O,, O, u O, NAOT NMONOXCHHA HUCTOYHMKA B MOMECHT BPEMEHH

1, 21 u 31. Kaxmas ¥3 3THX TOUEK MOXET pacCMAaTpPUBATLCA KakK
LUEHTP ChHEepHUYECKON BOJHBI, HMCIYIIEHHOM HCTOYHMKOM B TOT MOMCHT,
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Korga oH HaxoguTca B 3Tod Touke. Ha puc. 200 n3o6paxeHnl moaoxe-
HUs (HPOHTOB ITUX BOJH B MOMEHT BpPEMEHM 3T, KODda MCTOUHMK Ha-

Puc. 206. BonHOBBIE NOBEPXHOCTH NMpPH Puc. 207. BosiHOBBIE MOBEPXHOCTH NpPH
IBHXXEHUHM HMCTOYHHMKA CO CKOPOCTBIO, IBHMXKEHMM MCTOYHHMKA CO CKOPOCTBIO,
MEHbLUEH CKOPOCTH BOJIH PaBHOIT CKOPOCTH BOJIH

xoautcst B Touke O Tak Kak u> v, TO (PpoHT KaXno# mocjeqyroleH
BOJIHBI UEIMKOM JIEXHT BHYTPM (bpoHTA mpeanlzyLiei.

Ecnu ckopocTh MCTOYHHMKA PaBHA CKOPOCTH PAaclpoCTPAHEHHUS BOJH B
cpege, To, Kak mokas3aHo Ha puc. 207, dpoHTH Bcex BOJH, HCMYLIEHHRX
B toukax O, O, u O,, COMPUKACAKOTCH B TOUYKE O,, TAC HAXORUTCH B

OAHHBI MOMEHT MCTOYHMK. Ecau Ha (poHTE KaXA0il BOJHB BO3HHMKAET
HEKOTOpOE YIIOTHEHME CPERbl, TO HEMOCPEACTBEHHO MEPEN ABMX YIIUMCS
MCTOYHMKOM, rAe (PpOHTH BCEX BOJH
u>u COMPUKACAIOTCH, YIJIOTHEHHE MOXET

OBITh 3HAYMTEAbHBIM.

Kouyc Maxa. OcofenHo unTepeceH
9 P C/ly4yad, KOTAAa CKOPOCTb HCTOYHMKA
QoJsbIlie CKOPOCTH PacnpoCTPaHEHUS
BOJIH B cpeae: v > u. Ucrounuk ome-
pexaer co3gaHHble UM BoaHbL. [lo-
JIOXKEHHE (DPOHTOB BOJH, MCIYILICH-
HBIX B Toukax O, O; u O,, Ang TOro
MOMEHTA BPEMEHM, KOrga HCTOYHMK
HaxoauTcs B Touke Oy, MOKa3aHO HA
Puc. 208. Bonmuoswie nosepxuoctu npu  puc. 208, Orubaromas arux ¢poHTOB
JABHMIXKEHHH nchqum(a CO CKOpPOCTBIO, HpeﬂCTaBﬂﬂeT coéoﬁ HOBerHOCTb
NPEBBILAIOILEH CKOPOCTH BOJIH KDYIOBOTO KOHYCa, OCb KOTOPOrO
COBMAZAET C TPAEKTOPUEN HCTOYHH-
Ka, BEPIUMHA B KaXJbIH MOMEHT BPEMEHH COBNAAAET C HCTOYHHUKOM,
a yron ¢ MeXnay obpasyromed W OCbl Ompegensercs, Kak SCHO U3
puc. 208, cooTHOLIEHHEM

vt

sin ¢ == , (5)

v
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Tako#t GPoHT BOJHKE MONY4YUNT HasBaHUe kouyca Maxa. C Takoi dop-
MOt (hpOHTA BOJIHBEI MPUXOOUTCS CTAJKHMBATHCS BO BCEX CIydasiX OBHXE-
HUS TEJ CO CBEPX3BYKOBOH CKOPOCTBIO — CHAPSAOOB, PAKET, PEAKTHUBHBIX
camosieToB. B Tex cnydasx, koraa ym- Z
JIOTHEHUE Ccpensl HA (PpOHTE BOJIHH 7
3HAYUTEJIbHO, (DPOHT BOJHE MOXHO
cdororpacduposats. Ha puc. 209, cne-
JIAHHOM 10 oTtorpadud, MOKA3aHK
KOHyc Maxa nynu, IBHXYMEHCS €O
CBEPX3BYKOBOW CKODOCTBbIO, M (PpPOHT
3BYKOBOW BOJIHBI, CO3JAHHON mnyJiei
NPU €€ ABUXEHUM B CTBOJIE C JO3BYKO-
BOHM ckopocTbio. CHUMOK CIEJIaH B TOT
MOMEHT, KOrja mynas oOroHseT (ppoHT  Puc. 209. Komyc Maxa 1 GpouT 3nyko-
3ByKOBOﬁ BOJIHBI. BOUM BOJIHbI [pu IlBM)KeUHHM HCTOHHHUKA
AHaJIOI‘OM KOHyca Liaxa B ONTUKE CO CKOPOCTBIO, MEHbUIEW CKOPOCTH BOJTH
ABJISIETCS UYEPEHKOBCKOC H3JIYUYCHHE,
BO3HMKAIOUIEE MpPU JBMXCHUM 3APSXKEHHBIX YACTHI[ B BEIIECTBE CO CKO-
POCTBIO, MPEBLIHAKIEH CKOPOCTh CBETA B 3TOH cpene.

Konyc Maxa

-

@poHT 38YK0BOI1 BOJIHbL

Adpdexr Tonaepa. Uz puc. 206 BuaHO, YTO NPH IBUXEHUH MCTOUHHKA
MOHOXPOMATHYECKHUX BOJIH IJIMHA M3JIy4YaeMbIX MO Pa3HEIM Hampasie-
HUSIM BOJIH PAa3jiM4Ha M OTJIMYACTCS OT IJIMHBI BOJIHEI, KOTOPYIO HC-
nyckas Obl HEMOOBMXXHBIH MCTOYHUK. ECAM CUMTATh NMPOMEXYTOK Bpe-
MEHH T paBHBIM nepuony kosebauuit 7= 2m/w, To cepnl Ha puc. 206
MOXHO pacCMATPUBaTh KAK MOC/IENOBATE/AbHBIEC rpeOHM (WM BNAAMHE )
BOJH, a pAacCTOSIHUE MEXAY HH-

MM — Kak JJIMHY BOJIHH, H3JIy4da- v<u
€MO¥l B COOTBETCTBYIOIIEM HaNpas-

JeHUH. BupHo, UTO MJIMHA BOJIHHI,

M3Jy4YacMoOd 1O  HalpaBJCHUIO

OBUXEHUA HCTOYHMKA, YMCHbIIA- 0
e€TCs, a B TMPOTHUBOMNOJOXHOM Ha-

NMpaBJACHUM —  YBEJIMYMBACTCH. e
[ToHSTH, KAK 3TO MPOMCXOOMT, MO- x
moraer puc. 210: MCTOYHHK Hauu-
HAe€T OYEPEOHOM MNEPHOL H3Jay4ye-
HUS BOJIHBI, Haxodsack B Touke O,
M, IBUrasch B TOM X€ HAMpPAaBJEHWM, UTO M BOJHA, 3aKaHYMUBAECT Ie-
puon, Haxonsch B Touke (). B pesysaprare nauHa uanyqe_HHoﬁ BOJIHBI

Ao=uT

Puc. 210. K ofbacuenmio acdhdexra Jonnepa

]
A oOkasmBacTcs MeHbie, 4yeM A = u7, Ha BesaumuuHy vT:

AN=A—1T = (u—v)T =222 (6)

v

HenonsvXHBIN NpUEMHHK, DETUCTPUPYIOIMUN 3TH BOJIHE, OyneT mnpu-
v} ! “ ar
HUMaTh KOJeGaHMd C YACTOTOH Vv, OTJIMYHOM OT YacTOTH KoJeCaHui
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HCTOUHHKA V!

V= i’ BEDRS (7)
Drta ¢opMysa CIpaBeaanBa KaK B Clyuyae MpuOAMKEHMS HMCTOUHMKA K
HEMOABM)XHOMY NMPUEMHHUKY, TaK ¥ B CJayuae yaaieHud. [1pu npubamxe-
HUM CKOPOCTh MCTOUYHHMKA v OEpercsd C IMOJOXUTEJbHBIM 3HAKOM, NpH
yOaJEHNN — C OTPULIATENbHBIM.,

Ec/M MCTOYHUK OBHUXETCS C JO3BYKOBOM CKOPOCTBIO, TO MpPH MpHOIH-
KEHUM 4acToTa NMPUHUMAEMOIO 3BYKA BHIIIE, a4 TPH YOAJEHUH — HHUXE,
YeM MpU HEMOOBMXKHOM MCTOUHMKE. Takoe M3MEHEHHME BBICOTHI 3ByKa
JIEFKO 3aMETUTh, CJyMAasd 3BYK I'YAKA MPOHOCAMIENOCHd MHMO MMOE3Aa MM
aBTomoOmas. Ecnu ckopocTs mMpuOAMXEHMS UCTOUHMKA 3BYKA K TPHEM-
HHKY CTPEMHTCS K CKOPOCTH 3BYKa, TO COmIacHO (6) A/MMHA BOJHBI A’
CTPEMHTCS K HYJIIO, @ YaCTOTa v — K OECKOHEUHOCTH.

Ecau v Goablue u, TO CHAYAJIA MUMO MPUEMHHUKA MPOMUMTCH UCTOU-
HHUK M TOJBKO IIOTOM NMPHAYT CO3JAHHBIC MM MpPH MPUOJHXEHUH 3BYKO-
BBIE BOJIHBI, DT BOJAHBI OyOyT MpPHXOOUTh B OOpaTHOM MOC/IEOOBATE/b-
HOCTH IO CPABHEHHIO C TE€M, KaK OHM H3JyuajHCh: BOJHBI, U3TyUECHHBIE
paHbLIE, MPHOYT MO3Xe. B 3TOM CMBIC/I OTPULATEIBHONO 3HAUEHHS yac-
ToThl v', MOTy4yaemoro u3 copmyasl (7) npu v > wu.

WisMeHeHHEe 4acTOTHl KOAeOAHMiA, PErUCTPUPYEMBIX MPUEMHHUKOM,
MPOMCXOOHUT M B TOM CJy4ae, KOrga UCTOUHHMK BOJIH HETMOOBUXKEH B CPEe,
a ABMXeTCd npueMHHK. Ecju, HanpuMep, IpUeMHUK MpuOIMXaeTCd K MC-
TOUHHMKY CO CKOPOCTBIO vy, TO €10 CKOPOCTh OTHOCHTE/IBHO rpefHeit BoH

paBHa u + v,,. [ToaTomy perucTpupyemast UM yacTora Kos1e6aHui paBHa

v'=u—-’-;52=u—+;v—"2v. (8)

Ora ¢opMyna cnpasennusa U MpH yAaJeHUM MPUEMHHUKA OT HEMOOBMX-
HOIO MCTOYHHMKA, TOJIBKO CKOPOCTb v, HYXHO B3Th C OTPHULATE/IBHBIM
3HaKoM. EcM NMpUEMHHUK ypansgeTcs OT HMCTOYHHMKA CO CBEPX3BYKOBOH
CKOPOCTBIO, TO OH JOTNOHSIET PAHEE HUCIMYLUIEHHBIC BOJHBI U PETMCTPUDPYET
ux B 00paTHOI MOCAEI0BATEIbHOCTH.

SBreHue M3MCHEHHUS YacTOTHl NMPUHMMAEMBIX BOJH INPHU IBHXKCHUH
HCTOUHMKA WM TPUEMHHUKA OTHOCUTEJIBHO CpeAbl HA3BIBAETCA apghex-
mowm [onaepa.

AKyCTHYECKHe BOJHBI. [/ UE€JI0BEUECKONO YXa CHEKTP CJIBIUIMMEIX
3sykoB npocrupaercs ot 20 no 20 000 I'um. Ho ati mpenesns JOCTYMHBI
TOJIBKO OU€Hb MOJOABIM JoaaM. C BO3pacToM UYBCTBUTEIBHOCTh K BEp-
xHel 00/1acTH CHeKTpa yTpauuBaercd. BocnpuuuMaeMeIil HA Cayx Oua-
Ma30H 3HAUMTEIBHO 0O/IbIE TOrO CPABHUTEIBHO Y3KOr0 QUANMA30HA yac-
TOT, B KOTOPOM 3aKJIOUEHBl 3BYKH UEJOBEUECKOU pEUH.

Hexkoropeie cymecTBa MOryT NMPOM3BOAMTH M C/IBIIATh 3BYKH AaJEKO
3a npeaesaMy BOCIPHHMMAEMOIO YeJIOBEKOM IMAaNas3oHa 4acToT, Jleryuue
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MBIIIY U AeJbGUHE UCTIOIB3YIOT YAbmpasayk (HacToTa KOTOPOTO JIEXKUT
BEIIIE BEPXHEH IPaHMLBl CJIBILUMBIX 3BYKOB) KaK CBOENO pona «pajap»
(MM «COHap») VIS IXOJIOKALHUH, T. €. A1 ONMPENESEHUS MOJIOXCHUS
MPEOMETOB. YJ/IbTPa3BYK WIMPOKO MPUMEHS CTCS B TEXHHKE.

AKyCTHUECKHE KOIe0aHUs C UaCTOTAMM HMXE HMXKHEH PAHMIIBl CJibI-

IMHUMBIX 3BYKOB Ha3mBalOTCHA un@pazsykom. OHM, KaK MPAaBUJIO, BhI3hI-
BAIOT y JIIOAEH HENMPUSATHHIE, TPEBOXHBIE OLIYLICHHUS.

B Kkakux mnpemenax MOXeT W3MEHATbCH aMIUIMTYAa NPH CJIOXEHHH OBYX
MOHOXPOMATMYECKHX BOJIH OMHAKOBOM 4acTOThl B 3aBMCMMOCTH OT PasHo-
CTH uX ¢a3s?

Onuuwnte BUO HHTCpCbCpCHuHOHHOH KapTHHBL, CO3HaBaCMOH ABYMA KOTr€peH-
THbIMHU TOYCYHLIMH HMCTOYHHUKAMH.

[ToueMy noxo cJbILIHO, KOrAa 4esloBeK KpUUYMT npoTus Berpa? KoHeuHo,
BCTPeYHbIH BeTEp YMEHbLIAET CKOPOCTb 3BYKa, HO Beldb 3TO YMeHbLUEHHUE
O4YEHb HE3HaUMUTENbHO U caMo 1o cebe He MoxeT ob6bACHUTL HabmwaaeMo-
ro scddekTa: CKOpocTb 3ByKa B BO3AyXe oKolo 340 M/c, a CKOPOCTb BET-
pa obbluHo He npesblaer 10—15 M/c. [Ing o6bacHeHUs addeKkTa HYXKHO
NPHUHATL BO BHMMAaHHWe, UTO BOJIM3M 3EM/IM CKOPOCTb BETpPa MeHblIe, UeM
HaBepXy.

Kak sBJIeHHs HHTEP(EPEHUMH COMIACYIOTCS ¢ 3aKOHOM COXPaHEHUS aHeprun?
[ToueMy B Tex cayyasx, Koraa AJMMHA BOJHBI MHOTO MeHblle pa3MepoB Mpe-

rpaabl, AU PaKLHOHHYIO KaPTHHY MOXHO HabmoAaTh TOMbKO Ha O4eHb 60JIb-
WHAX PACCTOSHUSX OT nperpaabi?

B KakoM ciyuae cOBMI 4YacToTb! 3BYKOBbIX KoneGaHul B addekte Hdonnepa
NpOAB/IAETCS CHJIbHEE: NPH ABUXEHUH MCTOUHHUKA 3BYKA WJIM NPU ABUXEHHUH
NPpUEMHUKA C TAKOM Xe CKOPOCTbIo?

[TpumMenumst au dopMyast (7) u (8) ana casura yactoThl npu addekte Hdo-
niepa B cllyyae ABMKEHHS UCTOUHHKA WM MpHEMHHKA 3BYKA CO CBEPX3BY-
KOBO#M CKOPOCTbIO?

anBCHHTC H3BECTHbLIC BaM TNPpUMEDPBL! NMPUMEHEHHUA YJIbTpPa3Byka B TEXHHUKE.



V. BBUKEHUE XXMAKOCTEMA U FTA3O0B

§ 48. M'mppoctaTuka

B rugpocraTHKe M3y4aeTCs pAaBHOBECHE XHAKOCTH M BO3AEHCTBHE MO-
KOsLIeHcs XUAKOCTH HAa MOrpyXecHHule B Hee Tena. MensenHoe name-
HeHue (GopMBl XHAKOCTH 0e3 M3MEHEHHMS ee 00beMa MOXET MPOMCXO-
IOUTh IOA AEHCTBHEM CKOJIb YIOZHO Majoi cuibl. B mone taxectu xua-
KOCTh He obnagaer cobcTBenHOM ¢opMoi, a HpHHUMAeT GopMy cocyaa.
TToBepXHOCTh MOKOSAIIEHCH XHAKOCTH MEpPIEHAMKY/ISIPHA HAampaBIcHUIO
cuabl TsXecTH (rOpU3OHTAabHA) HE3aBUCHMO OT ¢opmel cocyaa. B co-
OOLIAKOIIKXCA COCYAAaX OOHOPOAHAS MO IUIOTHOCTH XHAKOCTb YCTaHAB-
JIMBAETCa HAa ogHOM YpoBHe (pumc. 211).

3axon Ilackang. Jasnenuem p B XHUIKOCTH HA3HIBAETCS OTHOUICHUE
Mopysas cunel F, HedCTByIomeNd nepueHANKYJISpHO BRIACJACHHOM ILTO-
magke, K ee Imiomaau S:

p=1% (1)

JlaBneHue — ckansdpHas BeauuuHa. [laBjaeHHE B XHUIKOCTH HE 3aBHCHT
OT OpHeHTauuH BhAeJcHHOH mromanku. CorsacHo 3akony Ilackans
OKA3KBAEMOE BHEUIHHMH CHJAMH JABJICHHE MEpemaercs >XHAKOCTBIO

__-pl_“_‘ -
___ __ |
—p, ==
E o empitesh
Z 7
Puc. 211. Coobmaroumumecss Cocyast Puc. 212. JlaBnenve KMAXOCTH HA pas-

HO# ryGuue

OOMHAKOBO IO BceM HampassenusM. Ha sakone Ilackans ocHoBaHO med-
CTBHE MHOTMX FMADPABIHYECKHX YCTPOUCTB — IIPECCOB, TOPMO3HBIX CHC-
TeM aBTOMOOM/ISI, TMAPONPHUBOIAOB, THAPOYCHJIMTENEH U T. I

B rumpasmuueckoM mpecce Hebonbuwias cuaa Fj, NpUIOXeHHas K

MOpPWIHIO Majo¥ miowan#, TpaHchopmupyercs B Gospuyo cuny Fy,
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AEHACTBYIOLIYIO HA GOJIBIIMA MOPUIEHD:

S
F2=Fls_j’ (2)
TAK KakK
_h_F )
p_’s _SZ. ( )

—

B nose TaxecTH OaBJEHHE B XHIAKOCTH YBEJMUHBAETCS ¢ IMyOHHOM
norpyxeHus 61arogaps BeCy caMo¥ XHAKOCTH. [I/1s HECXKUMAEMOH XHA-
KOCTH, rae MJIOTHOCTh p mocTosinHa (puc. 212),

py=p, t+ pgh. (3)

Ona cxuMaeMol XHUAKOCTH HJM ra3a 3aBHCHMOCTD JABJIECHHS OT BHICOTHI
CTAHOBHTCS C/IOXHEE.

CyMMapHOe [aBJEHHE p B XHUAKOCTH CKJIANHBAETCH M3 OABJEHHS Dy,
MPOM3BOAMMOIO BHEUIHUMH CHJIAMH HA MOBEPXHOCTb XHMAKOCTH, M AaB-
Jenus pgh, o0yCc/MOBJIEHHOIO BeCOM CTOI0a XHAKOCTH:

p=po+ pgh. (4)

210 noaxoe AABJICHHC HA3bIBCTCA zuapocmamuqecxum.

F'uapocraTHYeCKHi napafokc. 'uapoctaTHueckuit mapanoke 3ak/awo4a-
eTe B TOM, YTO CHMJIA «BECOBOIO» AABJIEHHA XHIKOCTH Ha OHO cocyAaa
(pghS) mMoxer He COBMAnaTh ¢ BECOM HAJIHMTOH XHMAKOCTH. B pacimumps-
IOLIMXCS KBEPXY COCYAAX CWJIA NABJIEHHS MEHbIIE BECa XHIKOCTH, B Cy-
XHBAKOWIKMXCA — Ooable. EcaiM XUAKOCTh HAJMHTA OO OOHOH H TOH Xe

Puc. 213. Tuapoctatueckmi Napanokc: CUa AaBJEHHS XHUAKOCTH HA JHO OAMHAKO0BA BO BCEX
TpeX Cy4asx

BHICOTH B COCyOnl pasHOH ¢opMbl, HO ¢ ONMHAKOBOH ILIOWIANABI OHA
(puc. 213), To, HECMOTPS HA Pa3IMYHHIN BeC XHAKOCTH, CHIA «BECOBO-
ro» JABJCHHMS HAa JIHO OMHMHAKOBA AJS BCEX COCYAOB H PABHA BECy XHUIA-
KOCTH B LIMJMHADHYECKOM cocyne. OfpacHaeTcs napanoke TeM, 4To CHa
OABJEeHHs XHIKOCTH HA HAKJOHHBIE CTEHKM HMEET BEPTHKANBHYK CO-
CTABJMIOIIYIO, HAADABJEHHYK BHHM3 B pACIIHDSIOLIEMCS COCYAE H
BBEPX — B CYXHBAKOLIEMCS.

3axkon Apxumena. Hamuuue o6yC/IOBJIEHHOTO MOJIEM TSXKECTH TMAPO-
CTATHUECKOIN0 [OABJEHHS MNPHBOAMT K CYLICCTBOBAHHIO CTAaTHYECKOH
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nodvemHou cuibl, OEACTBYIOIIECH Ha NMOrPyXEHHHIE B XHAKOCTb TEJA.
3aKOH, ONpenc/SIOIIMiT 3HAUCHME BRITAJKMBAIOLIEH CHJIBI, OBLT OTKPRIT
ApxuMeIoM: 9Ta CUsia paBHA BECY XHUAKOCTH, 00bEM KOTOPO coBnagaer
¢ 00BEMOM NOrpyXEHHOM B XHUIKOCTh 4aCTU TEJA.

B cnpaBensiMBocTH 9TOrO yTBEPXACHUA JIErKO YOETUTHCH CIEHYIOLIMM
obpasoM. Beimeanm B XuakocTH oObeM npou3BosbHON (opMel. B cocto-
SHUHM DAaBHOBECUS NCHCTBYIOINAS HA >KUIKOCTh B BHIJEJICHHOM OObEME
CUJa TSXKECTH YDPABHOBECUIMBACTCS CWJIAMM .THAPOCTATUYECKONO HaBJIC-
HMS, JEHCTBYIOLIMMU HA MOBEPXHOCTh BHIAEJIEHHONO 00bEMA CO CTOPOHEI
OKPYXAIILICH XHIKOCTH.

Ecnu 3aMeHUTh BBIAC/ICHHBIH OOBEM XUIKOCTU TBEPABIM TEJIOM TOY-
HO Takol xe& ¢OpME, TO AEHCTBYIOIIME HA TNOBEPXHOCTh TEJAA CUJIbL
TMAPOCTATHYECKOrO AABJACHUS OKPYXAIOUICH XMAKOCTH, OUYEBMAHO, HE
U3MEHATCA M, CJIEIOBATEIbHO, WX PAaBHONEHCTBYIOUIAs OygeT Mmo-mpex-
HEMYy paBHA BECY BBUIEJCHHOrO 00bEMa XUOKOCTH M HANpaBJI€HA BEp-
THKAJIbHO BBEPX. JTO M €CTh APXMMENOBA BRITAJIKMBAIOLIAA CHJA, OEH-
CTBYIOIIASl HA TOTPYXEHHOE B XUAKOCTb Teso. OUEBHUAHO, UTO JIMHUSA
OEACTBUS ITOM CUJR MPOXOTUT Yepe3 LEHTP MACC BRIACJACHHOrO o0beMa
XHUOKOCTH M HE 3aBUCHT OT TOrO, FIC PACHO/OXEH LIEHTP MAacC MOrpy-
XKEHHOro Tena.

Inasanue Ten. Ecau cpegHas IUIOTHOCTh TeJa MEHBIIE MJIOTHOCTH
XHUIKOCTH, TO YacTb TEJAa BRICTYNAeT Hal NMOBEPXHOCTBIO. B arom ciy-
yae roBopAT, YTO TeJgo naasaer. Ons crpoutenncTBa Kopabneit 6osb-
MM 3HAUEHUE MMEET BOINPOC ycmouyugocmu IIABAHUSA, DTa YCTOM-
YUBOCTb OMPEHEISCTCH TOJOXEHUEM MemayeH-
mpa. Ha puc. 214 uzobpaxen kopabsb, Hakpe-
HEHHBIA HAa HEKOTOPHM YroJl @ OT BEPTHUKAJb-
HOro mnojioxenus. [Ipy 3TOM LEHTP Macc BhI-
TECHEHHOM MM B 3TOM HAKJIOHHOM IIOJIOXEHHH
BOOR HAXOOUTCH B TOYKE B, CMCIIEHHOH W3
IJIOCKOCTH CUMMETpUH Kopabns NN B Ty Xe
CTOpPOHY, KyOa HakpeHmacs kopabsab. Ilpose-
IEM Yepes TOUKY B BEpPTHKAb, KOTOpas Npem-
cTaBager coboil JMHMIO JEHCTBMS BHITAJAKHUBA-
omeid cuanl. Touka C mepeceueHUs IToi Ju-
Puc. 214. Vcroitumeocts HMM C  IUIOCKOCTBIO  CHMMETPUM  Kopabias
NaBaHus KOPAGAis B BEPTH-  HA3LIBACTCS METALEHTPOM.
KaJILHOM NIOJOXKEHIH Ecau METaleHTp JEXUT BHILIE LEHTpa Macc
kopabsg O, TO MOMEHT BHITAJKHBAIOMICH CHJIBI
OTHOCHTE/JIBHO LEHTpPA MAacc Kopab/is CTPEMHUTCS BO3BPAaTUTh KOpabsb B
BEPTHKAJBHOE TOJIOXEHUE, T. €. Kopababp miaaBaer ycroituuso. Ecim xe
METALEHTD JEXHT HHXE IEHTpa Macc Kopab/s, To IiapaHude kopabia B
BEPTHKAJIBHOM TNOJIOXEHMH OYAET HEyCTOMUMBRIM.

SN
!

YCTOMYMBOCTh MOrpyXeHHOro Tena. EciM cpegHsis IMIOTHOCTb TE€na
paBHa IUIOTHOCTH XHUAKOCTH, TO ApPXMMEAOBA BHITAJKHUBAKOUIAA CHIA
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paBHa BeCy Teqaa. B atoM cryuae TE0 LEIHKOM MOrPYXEHO B XUAKOCTh
U HAXOOUTCH B COCTOSSHUM DAaBHOBecHs. Ecau Obl TENO, KAK M XHI-
KOCTb, OhUIO aOCO/MIOTHO HECKMMAEMHM (MM CXMMAEMOCTH Teaa |
XKUAKOCTH OBLIM OOMHAKOBH), TO 9TO PaBHOBECHE ObLIO Ohl Oe3pasauy-
HhIM, HO y peasbHhIX TBEPORIX MATEPHUATOB CXKHMAEMOCTb, KaK MPaBH-
JIO, MEHBIIE CXHMAEMOCTH XHAKOCTH. T€1a U3 TAKMX MATEPUAa/OB TpH
DPaBEHCTBE UX IUIOTHOCTH TJIOTHOCTH XHUAKOCTH JOXHBI ORUTH OBl YCTOI-
YMBO IUIABATh B MOTPYXXECHHOM COCTOSSHMM HAa Hekotopod raybuue. Ho
MPAaKTHUYECKM TAK HUKOraa He ORIBAaeT, TaK KaK COBNAAEHME MJIOTHOCTH
XHUAKOCTH M IUIOTHOCTH MATEPUAJIA MOUYTH HEBEPOSITHO.

OnHako caenath cpednror0 TAOTHOCTb TBEPAOrO TEJa PAaBHOM MAOT-
HOCTH XHMAKOCTH HE mpeacraBasier Tpyaa. Cpemusisi IIOTHOCTb MOABOA-
HOM JIOAKM B MOrPYXECHHOM COCTOSHUM KaK Pa3 paBHA IUIOTHOCTH BO-

MoxeT M Takas J0AKa 3aBUCHYTb HA HEKOTOPOH IIybuMHE B MO-
rpyxeHHom coctosuuu? OkxasmBaercd, HeT. I[lycTe Ha HeKOTOpOH
rayOuHe CpeaHsis IUIOTHOCTh JOAKM PaBHA IUIOTHOCTH Boaul. Ilpeacra-
BuM cele, uTO BCJICACTBHE CAYYANHHRX MPUYMH JIOAKA TMOrpy3Uaach
uyTh ray6xe. CXHUMAEMOCTh JIOAKHM OMPEACASIETCS HE CTOABKO CXHMMa-
€MOCTBI0 MaTepHana, U3 KOTOPOro OHA CAEJAHA,
CKOJIBKO XECTKOCTBIO €€ KOHCTPyKiuu. [Ipak-
THUECKH 3Ta CXHUMAEMOCTh BCErAa ropasno
6osblre CXUMAEeMOCTH BOAbl. [lo3TOMY mpu He-
60MBLIIOM TIOTPYXEHUM YBEAMUMBILEECS [HAPO-
CTAaTHUECKOE MAABJCHHE MpUBEAET K aedopma-
UM KOPITYyCca M CPemHss IUIOTHOCTb JOAKH CTa- = ==
Her OOJbIIE IUIOTHOCTH BOAW — Joaka Oyaer — —
norpyxartbcs eue raydxe. CoBEpUICHHO aHATO-
FMUYHO MpPU CAy4alHOM YMEHBIIEHMH TIyOUHRL
MOrpy>XCHUSI YCJOBUE DPABHOBECUS TAKXE Hapy-
IUTCS M J0AKAa OyAeT BCIUIBIBATD.

MoxHO mpopenath MpOCTOH OMAIT, HMJLTIOCT-

PMpYIOLIMI yCAOBUS IUIABAHUS TEAa B MOTPy-
XEHHOM COCTOSHMM. B BRICOKOM IWIMHApHUC- —
CKOM cOCyde ¢ BONOM ILIaBaeT IMepeBepHyTas =
OTBEPCTHEM BHHM3 NpoOMpKA, YACTHUHO 3aMOJ-
HEeHHas Bo3ayxoM (puc. 215). KomMuecTBO BO3-  p,. 215 [inasanue tena s
AyXa B MPOGHpKE HYXKHO MOZOOPAaTb TAKMM O0-  norpyscenHoM cocTosnmu
pazoM, uToObl M3 BOAW UYYThb BRICOBRIBAJIOCH
TOJBKO MOHKIUKO MNPOOMPKH: CpeAHSS IUIOT-
HOCTb ILIABAKOMIEH MPOCUPKH C BO3AYXOM HEMHOINO MEHBIUIE [UIOTHOCTH
pognl. OTBEpCTHE UWIMHIPUYCCKOTO COCYAA 3aTATMBACTCS TOHKOM
MPOYHOM PEe3NMHOBOM IUIEHKOM. [IpH HAaXAaTHUM MajblieM HAa IUVICHKY AaB-
JIEHME BO3AYXa Haj MOBEPXHOCTBIO BOAK B UMJMHAPE BO3pacTeT. B pe-
3yJABTATE BO3AyX B MPOOMpPKE CXUMAETCH M CPEAHSS ILJIOTHOCTb MpO-
6MpPKH C BO3AYXOM CTAHOBUTCSA OOJBIIE MJIOTHOCTH BOAK — MpobupKa
ToHeT. ECTM OTIyCTUTh IJIEHKY, TO XAaBJEHUE MPUMET MePBOHaYaIbHOE
3HAUYEHHE U npo6up1<a BCI/TRIBET,
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Pasymeercs, korma npoOuMpka HAaXOOUTCS HA HEKOTOPO# riybuHe,
MOXHO, U3MEHSS HAXATHE HA IUICHKY, JOOHUTbCH PABEHCTBA MJIOTHOCTH
BONK M CpefHel maoTHoctdH npobupku. Ho paBHOBecHMEe MpoOMpKH, Kak
M B CIyvyae MOZBONHOM JoAKH, Oymer HeycroiuuemM. [Jo6urhcs Toro,
yToOH MpPoGMpKa OCTANACh HEMOXBUXHOM HA HEKOTOPOH TAyOMHE, MOX-
HO TOJIbKO AMHAMHUUYECKH, MEPUONUUECKHM YBEIMUMBAS M YMEHbINAS Ha-
XaTve HA MaeHKy. [Ipu 3TOM CpemHdAs IUIOTHOCTb Mpobupku OyZeT To
6osbLie, TO MEHbIIE MIOTHOCTH BoAkl. Ho 61aronaps MHepuuu nmpoOupKu
M BS3KOCTH XHAKOCTH MOXHO JOOMTBLCH TOrO, YTO KOsicOaHUS mpoOUpKU
OyIyT MPaKTHUECKH HE3AMETHBHIMH,

B oTsnuuMe oT paccCMOTPEHHHIX BHIUE MPUMEPOB, OUPHXAO/ab C XeCT-
KO 060/I0UKO MOXET YCTOMUMBO BHUCETh B BO3nyxe. I1ycThb HA HEKOTO-
po¥l BHLICOTE CPEAHSAS MIOTHOCTh AUPMXKAGAsS paBHA MJAOTHOCTH BO3XyXa
Ha 5TOH BHCOTE. BesiencTBUE XECTKOCTH 000JIOUKHM JUpHXabasa MOXHO
CUMTATb, YTO €0 CPEAHSS IUIOTHOCTb NPH M3MEHEHHH BHEIUHETO AABJIC-
HHMS OCTAETCH HEU3MEHHOMH. [103TOMY NmpH cAy4yalHOM YMEHbIUEHUH Bhi-
COTHI NOABEMHAS CHJA BO3PACTAET, TAK X€ MJIOTHOCTh BO3AYXa MPH 3TOM
YBEJIMUUBAETCH.

'nnpocraTnyeckoe B3seminsaHue. Ha 3akoHe ApxuMena OCHOBAH 5KC-
NEPUMEHTANMbHEIN METOJ ONpPENC/IEHUS IUIOTHOCTH PA3JMUHBIX Tea C IMo-
MOILbIO THAPOCTATHUECKUX BECOB. L9 3TOro u3aMepsoT BeC P Tena C He-
M3MCHHOM I[UIOTHOCTHIO CHauasa B BO3AyXe, 4 3aTeM — BeC P, NpH mo-

FPYXCHHUH €r0 B XXHAKOCTb C M3BECTHOH IJIOTHOCTBHIO Pi- TOI‘I[a
P
P=Pip_p (5)

Tlp¥ B3BEIIMBAHMH TENO NOJXKHO OHITH MOJHOCTHED HOTPYXKEHO B XKUI-
KOCTb.

Onga onpemeneHUus TAaKMM METONOM HEHU3BECTHOH IUIOTHOCTH Ka-
KOM-MO0 XHMAKOCTH HYXHO B3BECHTb TE/AO TPUXKIBI, ONMPENCNAd €ro
BeC P B BO3ayxe, BeC P| B XHUAOKOCTH ¢ HM3BECTHOM IMJIOTHOCTbIO el
M BeC P, B XMAKOCTH, ILIOTHOCTb p, KOTOPOH MOAIEXHT OIpene-
aeHuw. B aToM cayuae

PP,
P2= P P—P (6)

Jnst 3TOro M3MEPEHHSI MOXHO MCIO/ML30BATh JK000E TBEPHOE TEI0, KOTO-
pOE TOHET U HE PaCTBOPSAETCS B KAXAOH M3 XHMAKOCTeH. 3HATh ero obbeM
U ILIOTHOCTHL He Tpebyercs.

L] HO‘-!CM}’ B COCTOSHHWH paBHOBECHSA XHIAKOCTb }ICﬁCTB}’CT Ha TBEpPAOC TEJO0
TOJIbKO MO HOpMaJjJH K €ro nOBCpXHOCTH?

o TloueMy He ompokuibiBaeTcs Kopabiyib, LEHTP Macc KOTOPOro pacrosioXeH
Bbie BatepanHUK? ToueMy OepeBaHHBIN Gpycok MNjaBaeT Ha BOAE TJIALIMS,
a He BepTHKabHO?
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e TIpHu KaKHx ycnoBusix paBHOBECHE TOJHOCTHIO MOIPYXEHHONO B XHAKOCTD Te-
na Bynet ycroituusbiM?

e Jlokaxure cripasednusocts GopMyn (5) v (6) ans rUApOCTATHUECKOTO B3BE-
LIMBAHMS.

§ 49. ABMKeHHe MpEanbHOH MHOKOCTH

He oka3spiBasi CONMPOTHBJIEHHS H3MEHEHHUIO (DOPMBI, XHUIKOCTH U ra3Hl,
TEM HE MEHee, COMPOTHBJSIIOTCS M3MeHeHHK obwema. asel obaamaror
CHOCOGHOCTBIO K HEOrPAHHUEHHOMY PACIIMPEHHIO, T. €. 3ANOJHSIOT MOJ-
HOCTBIO MpeaoCTaBaAeHHEH UM oObem. HampoTus, mis XuMAKOCTH Xapak-
TEepeH OMpeAeseHHbI COOCTBEHHHI OObeM, KOTOPBIH JHMIOb HE3HAUHM-
TEJIbHO MEHSIETCs MPH W3MEHEHHWH BHEINHEro AaBjieHus. Bo MHorux ciy-
yagax H3MEHeHHE o0beMa XHAKOCTH OHIBAET CTOJMb MAjbIM, UTO MM
MOXHO TMOJHOCTbIO NpeHeOpeub ¥ PaCCMATPUBATD XUIKOCTh KAK HECKH-
MAaeMYyI0, T. €. MMEIOLIYIO MOCTOSIHHYIO TTOTHOCTh, Takast XHAKOCTh Ha-
3BIBAETCS aBCOSFOMHO HECKUMACMOU.

HecxuMmaemas xujxocts. Kak ¥ B ciyuae aGCoMIOTHO TBEpAOro Te-
J1a, TIPUMEHHMOCTb MpENCTABJeHHs 00 aGCOMIOTHO HECKHMMAEMOM XHA-
KOCTH OINpENesaeTCs He CTOJIbKO CBOMCTBAMM CAMOH XXKMAKOCTH, CKOJIb-
KO YCJOBHSIMH, B KOTOPHIX OHa Haxoxurtcs. Hanpumep, mpu uayueHuu
pPacnpoCcTPaHEHHsl 3BYKOBHIX BOJH B JKUAKOCTH BCerma HeoOXomumo
YUHTBHIBATh €€ CXHUMAeMOCTh, B TO BPeMsl KaK MPH M3YUEHHH NBHXKE-
HHUs TIOTOKOB HE TOJBKO XHIKOCTh, HO M ra3 4yacTo MOXHO paccMart-
pUBATh KaK HECXKHMaeMele.

JInuun toka. IlpM KMHEMAaTHUYECKOM ONMMCAHUU ABHUXEHHS XHUIKOCTH
WK ra3a MOXHO MOCTyNaTh ciexyroumm obpasoM. Bynem crenuts 3a
OMpencjJeHHOW TOUKOM MpPOCTPAHCTBA H
¢hUKCHpOBATh BEJIVUMHY M HAMpPAaBJICHHUE
CKOpOCTEH pa3UUYHBIX «YACTHL» XHAKO-
CTH, KOTOpHIE B Pa3HeIC MOMEHTHl BpeMe-
HU MPOXOXSIT uepe3 3Ty TOuky. Ecau npo- ~—
IeJaTh 3TO ISl BCEX TOUEK MPOCTPAHCTBA
M YKa3aTh CKOPOCTH YACTHL, XHAKOCTH BO \o__c'{-/
BCEX TOYKAX B OMNPEAEJCHHBIH MOMEHT
BPEMEHH, TO NMOJYYUTCS MTHOBEHHAs Kap-
THHA PACNpenesIeHUs CKOPOCTEH B IBHXKY-
UICHCH XHUAKOCTH — TAK HA3LIBAEMOE ho-
Jae cxopocmeii. JIMHUH, KacaTeJbHBIE K KOTOPBIM BO BCEX TOYKAX COBIA-
OAI0T C HANpaBJICHUSIMH CKOPOCTEM XHMJIKOCTH B 3THMX TOUKAX, HA3bIBa-
10T auHusmu moxa (puc. 216).

[1pu cTanMoOHapHOM TEUEHHM XHIKOCTH IOJIe CKOPOCTeH, a CJIeNoBa-
TeJbHO, M JIUHMM TOKA HE MEHSIOTCS CO BpeMeHeM. B 3ToM ciyuyae Ju-

Puc. 216. JIuHMM TOKa M CKOPOCTH
4aCTHLL ABVKYLLEHCS XHUAKOCTH
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HHM TOKA COBMNANAKOT C TPAEKTOPHSIMH OTHEJbHHX YAaCTHUIL >KHIKOCTH,
TAaK KaK KaXjas YacTHLA XHIKOCTH MPUXOAUT B OAHHYIO TOUKY C TOH
K€ CaMOil CKOPOCTBIO.

YacTb XXHOKOCTH, OrPAHHYEHHAA JIMHUSIMH TOKA, HA3BIBAETCS mpyd-
xoti moxa (puc. 217), Takas MbICJICHHO BBIACJCHHAY B IOTOKE YAacCTh

Puc. 217. Tpy6xa ToKa JBMXYWEHCS XKUAKOCTH

XKUAKOCTH — TPYOKa TOKa, MOmOOHO XHUAKOCTM B HacTosmel Tpyde,
ABUXETCS, HUFAE HE mepecekas GOKOBOM MoBepxHoCTH TpyOku. IpH cra-
UHOHAPHOM TEYECHHUHM KOJIMUECTBO XHIKOCTH, MEPECEKAIOMEH B EOUHUILY
BPEMEHHU CeueHHe S|, T. €. «BTEKAMOUICH» B BHICJICHHYIO 4acTb TPYOKH,

PaBHO KOJIMYECTBY XHAKOCTH, «BHITEKAWLIEH» UEPE3 CEUYECHHUE S,

YpaBHeHHe Hepa3pbhiBHOCTH. Ecau BuOpaTe TpyOKy TOKa ¢ Momepeu-
HbIM CEYEHHEM S HACTOJBKO MAJIBIM, UTOOBI CKOPOCTH XXHAKOCTH BO BCEX
TOYKAX CEYCHHUS ObLTH ONMHAKOBRIMM, MPHUYEM 3TO CEUECHHE OPUEHTHPO-
BAHO MEPIEHAMKYSPHO JUHMSM TOKA, TO MAcca XMAKOCTH M, MPOTEKa-
IoIeil uepes 3T0 CeueHUe 3a BpeMs !, Oyner paBHa

m = puS (D)

B cTAauMOHAPHOM ITOTOKE Macca m OXHA M Ta Xe Anag aoboro nmomepey-
HOro ceucrus BbiOpanHOU TPyOKM TOKa, mostomy cornacko (1)

P1Y1S| = P2v2Sy. (2)

Ecau XHAKOCTh MOXHO PacCMAaTPUBATh KaK HECKHUMAEMYKO, TO p; = P,
U ycioBue (2) NpUHUMAET BHI

v 8] = v,8,. (3)

DTO COOTHOWIEHUE HAZHBAETCS ypagHenuem HepaspoleHocmu, [TonyueH-
HH# pesyabrar (3) cripaBenauB A1s BuOpaHHOM TpyOKu Toka. I1pu usy-
YCHHUM BUXKCHUSA TOTOKOE XHIKOCTH HA TAKHE TPYOKM MOXHO pasOuTh
BCE MpPOCTPAHCTBO, 3aHMMAEMOE XHAKOCTBIO,

HaeasbHas XHAKOCTb. [IMHAMHMKA IOBUXEHUS PpEATbHOM XHUAKOCTU
oueHb CaoxHA. 9 ynmpoumeHHUs €€ OMUCAHUA B HEKOTOPHX CAyyasix
MOXHO npeHedpeub CIIAMM BHYTPEHHEro TpeHHs. Takyw XHAKOCTb Ha-
3BBAKOT udeanshou, T1py ABUXEHUU MACATBHOU XHAKOCTH HE MPOMCXO-
IUT MPEBPALICHUS MEXAHUYECKON 3HEPr¥M BO BHYTPEHHIOKO, T. €, MEXa-
HUYECKAS SHEPTrHUS XHIKOCTH COXPAHAETCH, 3aKOH COXPAHCHUS MEXaHU-
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YeCKOH 3HEPruu IS MOCANBHONU HECKMMAEMOHM XHAKOCTH BHIPAXAETCs
ypaBHeHHeM BepHy/u. BuBeneMm 370 ypaBHEHHE.

YpasHenne BepHyjaau. PaccMOTpUM 4acTh XHAKOCTH, 3aKJIIOUEHHYIO
MEXIY CEUEHHSIMH S, U S, HEKOTOPOIl TPYOKH TOKA, PACIIONOXEHHEIMH Ha

hy

Puc. 218. K BbiBoay ypaBHeHus Beprynanmn

BRICOTax A, U h, coorBercTBeHHO (puc. 218). 3a mpoMeXyTok BpEMEHH !
9Ta XHUIKOCTh CMELIAETC BAOJb TPYOKH TOKA U 3aHMMAET HOBOE MOJIOXeE-
HHE MEXAY CCNEHUAMU S| U S,.

Ing Majoro NpoMEXyTKa BPEMEHH ! MOXHO mpeHeOpeub pasauyueMm
MeXay maomwansMu S 1 S’ CTaphIX M HOBRIX CEYEHHH U PA3JTMUUEM B HX
BHCoTax. [logcuMtaeM paboTy, COBEPIIAEMYIO BHEIDHMMM CHJIAMHU Han
BBLIEJIEHHOM XHIOKOCTBIO 33 BpeMs {. CWin AaBjieHus, AeHCTBYIOMIME Ha
GOKOBYIO MOBEPXHOCTb TPyOKH TOKa, paGoTH He COBEPIIAIOT, TAK KAk
AEHCTBYIOT MEPNEHAMKYNAPHO nepememenuio. Pabora cuibl nasienus B
ceuenuu S, paBHa p,S,v,f, paboTa B ceyeHMH S, PaBHA —p,S,v,f, TaK

YTO MOJAHAA paboTa BHEIUHUX CHJI
A= piSivt — paSyvat. (4)
B cuily CTaMOHAPHOCTH JBMXXECHHUS SHEPrUsl XHIKOCTH MEXAy ceue-
HUSME S| U S, HE MeHdeTcs. DTa 4acTh KHIKOCTH M0KA3aHa Ha puc. 218

OBOMHOM IITPUXOBKOM. [109TOMy M3MEHEHUE SHEPTHHM PAacCMATPUBAEMON
XUAKOCTH PABHO JHEPTHMM YACTH XHAKOCTH MEXAY CEYEHUAMHU S, H S'2

MHHYC SHEPrHst YACTH XHIKOCTH MEXRy ceueHusmu S, u S;. ITorenuu-
!
anpHas SHEPrUs YacTH XHAKOCTH MeXny S, U S, paBHa pS,v,lgh,, e
1
KWHETUYECKas 3HEeprus paBHA ipSzvztv%. AHANOrMYHO 3amMUCHIBAIOTCSA

BHIPAXEHUS ONA SHEPTHM >KHMAKOCTH MEXAY CEUCHHMIMH S; M S;. [Tosto-

My W3MEHEHHE DHEPrMH BCEH BHACACHHON YaCTH XHAKOCTH B PaccMar-
puBaemoit TpyOKe TOKa 3a BpeMs ! paBHO

1 1
AE = pSyvytghy + 5 pSyvytvl — (ps,v,tgh, +1 ps,v,w%). (5)

Ha OCHOBAHMM 3aKOHA COXPAHEHHS MEXAaHMUECKOH 3Hepruu pabora
puemHnx cuwi (4) paBHa M3MEHEHHIO JHEPruM cucteMu (§). YuuThBad
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ypaBHeHue HepaspuiBHoctu (3), monyyaem
1 1
py+ pghy + 5 pvi = py + pghy + 5 pui. (6)

310 u ectb ypaBHenue Bepuynau. OHo 6Gbuto BHIBEAEHO OIS JOCTATOUHO
y3Koit TpyOKH TOKa H, CTPOrO roBOps, CIpaBeIMBO, KOrAa 3ra Tpybka

1
TOKa CXHUMAaercs B JMHHUIO TOKa. [loaroMy cymma p + pgh +5 pv? oc-

TAaeTCS HEM3MEHHOH BHOJIb OOHOM M TOH Xe JHHHH TOKA.

JlaBJeHHe B NMOTOKE. B HEMOXBMXXHOM XHUIOKOCTU B COCTOSHUM pPaBHOBE-
CHS COTJIACHO 3akoHy Ilackansg pgaBjieHME HE 3aBUCHT OT OPHEHTALMH
MIOIAAKM. A Kak oOCTOMT HEJ0 B ABHXYLIEHCS XHUAKOCTH? YpaBHEHHE
BepHyJUIH AdeT BO3MOXHOCTb OTBETHTH HA 3TOT BOMPOC B CJIyUae CTalM-
OHAPHOTO TEUEHHs MaeajbHOH HecxuMaeMod xuakoctd. OkasmnBaercs,
YTO U3MEPSEMOE HEIOABUXHHIM MAaHOMCTPOM OABJIEHHE 3aBUCHT OT OpH-
EHTAaLMH TUIOIAAKHU B TIOTOKE.

IIpeacraBum cebe MaHOMETp B BMAE M30THYTOH TpyOKM, mepemHss
yacTb KOTOpoH, ofpalieHHas HAaBCTpeuy MOTOKY, 3amasHa, a B GOKOBOIX
CTEHKE MMEETCS Napasie]bHOE CKOPOCTH OOTEKAIEH XAIKOCTH OTBEp-
crue (puc. 219): Takas Tpybka HCKAXKaeT MOTOK TOJBKO BOIM3M ee re-
peqHero KoHud, a BOJIM3M OTBEPCTMA MOTOK MPAKTMYECKH HE MEHSETCH.

1]
[

T

— A—
Puc. 219. ManomeTprueckas Tpy6ka B Puc. 220. Mauomerpuueckas Tpybka ¢
NnoToOKE OTKPbITbIM KOHLIOM

[MosToMy HaBJeHHE 3AECh TAKOE Xe, KAK U BO BCEX NPYTMX TOUKAX JIH-
HHMHM TOKa, npoxonsueit 86;1usu orsepcrust. COeAMHEHHHIH ¢ TaKOM Tpy6-
KOt MAHOMETD M3MEPSET NABJECHUE XHUAKOCTH p, BXOASILEE B yPABHEHUE
Bepuysnu. Takoe Xe DABJICHHE TIOKAXKET MPOU3BOJBHO OPMEHTHPOBAH-
HBlf M3aHOMETD, OBMXKYIUMHCS BMECTE ¢ TIOTOKOM.

Ecnu xe B3sath TPyOKYy C OTKPHITBIM TIEpEIHHMM KOHIOM, oOpalueH-
HbIM HABCTPEYY NOTOKY XMAKOCTH {puc. 220), TO NOKa3aHUC COCAMHCH-
HOro ¢ Hedl MaHomerpa Oymer Gosbuie p. IlosicHum oro. JluHUM TOKA
B6IM3M Takod TpyOkM mokasaHe Ha pHc. 220. Tak KaK XHAKOCTb BHYT-
pu TpyGKM HEMOABMXHA, TO CKOPOCTh XHAKOCTH B TOUKE A obpamaercs
B Hysb. O603HaunM NaBJeHME B 3TOM TOUKE YEPE3 p;, a JABJICHHE H
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CKOPOCTb B MOTOKE BAAJH OT TPYOKM — uepe3 p u v. [Ipumenss K BHI-
JOEJEHHOM JMHUM ToKa ypaBHeHue bepHysuiu, moayuaem

1
p=pt3 pvt. (7

HWMeHHO 3TO OaBJEHUE M TOKA3LIBAET COEJUHEHHBIA C TpyOKoit MaHO-
MeTp. Ilo u3aMepeHusiM 3HAYEHUH p U p;, T.e. pacmosaras TpyOKaMu

000MX THMOB, MOXHO PaCCUUTATb CKOPOCTH MOTOKA v.

Menuuuuckuii wnpuy. C noMomweio ypaBHeHus bepHysuiu snerko oue-
HUTb CKOPOCTb HCTEUEHHS >XHMAKOCTH v U3 IUMpULIA. DyaeM cuuTaTh
XUAKOCTb HpeanpHol. IlycTs Ha mop-
LIEHb IIMpUIA, KOTOpPBIA HMMEET IUIO-
wanb S,, AEACTBYET BHELIHSS CHJA
F (puc. 221) ¥ cTpys XHUIKOCTH BHI-
TEKAET U3 HIVIB C OTBEPCTUEM, HMEIO-
UM TUIOWARbL S. PaCCMOTpHM JIMHUIO Puc. 221. K pacvery CKOpOCTH UCTe-
TOKA, MPOXORSILYIO BIOMb OCH CHMMET- CrrH MWAKOCTH M3 MR tunpuia
pUH LIMpULA, ¥ MPUMEHUM K Hel

ypasHenue bepuysuu. O603Hauasi CKOPOCTb MOPLIHSI M, CAEAOBATEb-
HO, XMAKOCTH BOMU3HM HEro yepes v, HMeEeM

F 1 1
?0‘ + 3 pU% = 3 pUz. (8)

W3 ypaBHenust HepaspeiBHOCTH (3) BBITEKAaeT, uTo S,v, = Sv. Bripaxas
OTCIONA vy U moacTaBasis B (8), mosyuaem

2
F 1 N
=3 pv?|1 — (S—o) . (9)

OOBIYHO TIOIAAb OTBEPCTUSI UIVIBI BO MHOINO pa3 MEHbIIE IUIOIIAAN
nopuwHs mwnpuna: S<<S,. Torna, npeHedperas KBaZpaToOM OTHOMIEHHS

S/So [0 CPaBHEHHUIO C EQUHULEH, HAXOOUM CKO-
pOCTb UCTEYEHUS

v p—y E

VpSo"

®opmyaa Toppuyennu. Kak BHITEKaeT HaJau- -
Tasi B LIMPOKKM COCYA XMAKOCTb U3 HeBosbiIoro 777 4
OTBEPCTHS B THE MJH OOKOBOM CTEHKE MOX A€H-  Puc. 222. K pacuery ckopo-
crBUeM Cuibl TsoKecTH (puc, 222)7 CKOPOCTb  CTH MCTEuEHMS XHAKOCTH
UCTEUECHHUS HACANbHON HECKHMAeMON XHIKOCTH M3 OTBEPCTHA
JIEPKO HANTH ¢ MOMOILUBIO YpaBHEHUS! bepHysutu.
PaccMOTpUM JIMHHMIO TOKa, HAYMHAIOUIYIOCS BOMU3U cBOGOLHOI MOBEpX-

HOCTH XHAKOCTH U MPOXOASILIYIO BAOJb OCH oTBepcTUs. IToCKOIBKY CKO-
pOCTb XHMAKOCTH BOJM3M MOBEPXHOCTH B IIMPOKOM COCYAE MpeHeOpexu-
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MO

Maja, TO ypaBHeHHe DepHy/ UM uMeeT BUX

i
pgh =~ pv?,

OTKYyAa

v=+V2gh.

TakuMm o0pa3oM, CKOpPOCTb MCTEUEHHS HACANBHOM XUIOKOCTH H3 OTBEp-
CTHS B COCyAe TaKasd Xe, KAK U mpu CBOOOTHOM MARECHHM C BHICOTHL A.
O1oT (akT OblA BHEPBHE YCTAHOBJIEH TOPPHUYE/IH.

Kakoe NpeanoyIoXKEeHHUe JIeXUT B OCHOBE MOAECH uaeasbHOM XUAKOCTU? 3a-
BUCHUT JIKU IPDUMEHHUMOCTDb 3TOM MOZeJIM TOJBKO OT CBOMCTB caMOM )KHIXKOCTH?

IMouyemy Mopesib HECKMMaeMOM XHAKOCTU NMPUMEHHUMAa B HEKOTOPbIX Cllydyasx
U OJ1S ONUCAHUS OBUXEHUS rasoB?

O6bacHUTE (BU3UUECKYO NPUUMHY pa3/MUMS B NMOKA3aHUAX MaHOMeTpa MnpH
pPa3sHbIX OPHEHTALUSAX ero YYBCTBUTEJILHOTO 3JIeMEHTAa B MOTOKE >XHAKOCTH.
3aBUCAT JIM OT OPHEHTAllMU NMOKAa3aHUSA MAaHOMETpa, ABUXYLUErocs BMECTe C
KHUAKOCTHIO?

IMonyuure BbipaXkeHUe AN CKOPOCTH UCTEUYEHHS XUAKOCTH M3 UIVIBI LUNPHULA
HENOCPERCTBEHHO € NOMOLUbI 3aKOHA COXPAHEHUS JHEPrUM, He MUCNoJb3yd
ypaBHenus Bepnynau.

[ToueMy MHOrRa W3 OTBEPCTHS MPOXYAMBIIEroca lJlaHra BORA HE BbITEKAET,
a HaobopoT, B OTBEPCTHE 3acCacbiBaeTcs BO3RYX?

A ®opMma ctpyn. bonee 10XHBIM aBaserca Bompoc O dopme
CTpYH BbITEKawOMme#d XupgkocTi. OkasplBaeTcd, YTo opMa CTpyH 3a-
BHCHT OT YCTpOMCTBA OTBEPCTHSA. CPAaBHHUTE/IBHO MPOCTO MCCIEROBATH

=
77

a

Puc. 223. 3aBUCUMOCTD CEHEHHS BBITEKAIOWEN CTPYH OT (POPMBI OTBEPCTHS

NpeRe/bHEE CAyyad, NMOKa3aHHHeE Ha puc. 223. B ciyuae a nuHuMM
TOK@ B OTBEPCTHM Iepe MCTEUYEHHEM MOCTENEHHO MEHSKOT Hampas-
JICHHE Ha mapaJuieJibHoe ocH TpyOku. B pesysnbrare miomans ce-
YEHHMS BHITEKAIOMENA CTPYHM paBHa IUIOMANM CEYEHHA OTBEPCTHA
TpyOKH, M CXaTHs CTPYH HE NPOMCXOAMT. B ciyyae 6 yacTHILH
XUAKOCTH BOJH3M OTBEPCTHS HMMEKT CKOPOCTH B NONEPEYHHIX Ha-
NpaBJEHHUAX, YTO TMPHBONUT K CXaTUo crpyH. Cxarue AJd 3TOro
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CIy4as MOXHO pacCYMTaTh C TMOMOIUBK 33aKOHA COXPAHEHUS HM-
nyJabca.

Bynem paccyxaaTh cnenyromum obpasom, Beroay s6au3su GoKOBbIX
CTEHOK COCYAa CKOPOCTb ABMXKEHHS XXKMAKOCTH npeHebpexxuMo Mana u
AaBJICHUE PABHO rHAPOCTATHYECKOMY. CHMJIE NABJEHUS XHMAKOCTH HA
CTEHKHM COCYAa B3aMMHO ypPABHOBEIIMBAKOTCA BCIOAY, 34 MCKJIKOUE-
HHEM YYyacCTKa, JEXALIEr0 TOYHO HANpPOTHB OTBEPCTHS M UMEIOMIETO
Ty Xe€ MJIOWaab S, 4To U OTBepcTHe. VIMMy/ibe 3TO HeypaBHOBEIEH-
HOM CHJIH 3a BpeMs ! paBeH pghsSt.

Ha OCHOBaHHH 33aKOHA COXPAHEHHMS HMMIYJIbCA TOYHO TaKOH Xe
HMIYJbC AOJXKHA YHECTH BRITEKAOILAS 34 3TO BpeMS ! XXHIKOCTb.
DTOT MMNyJbC paBeH MPOM3BEACHUIO MACCH BHITEKAIOLIEH XHAKOCTH
Ha CKOpOCTb ee ucTeueHus v. Ecam miowans ceyeHMs CTpyM Tociae

CXaTHs S_,, TO UMMYJbC XHUAKOCTH paBeH pS_ viv. [Tostomy

pghSt = pS,vi.

[TopcraBasas CoOAa CKOPOCTb HcTedeHHa Xxuakoctu (10), moayyaem
S.x = 8/2: momepeyHoe ceyeHME BHITEKAKOLIEH CTPYH OKA3BIBAETCS
BABOE MEHbILE IUIOWAAM oTBepcTUd. [1pu Bcex apyrux dopMax oTBep-
CTHiA, OTJMYAIOLIMXCH OT M300pPaXEHHRX HA pHC. 223, cXxaTue cTpyu
3aKJI0YEHO B TIPOMEXYTKE MEXAY v
ITHMHU MPEACTbHBIMH CITYUYasIMH. 2

A

Peaxkius CTPyH. 3aKOH COXPaHEHUS P2 ¢
UMIYJIbCA TIO3BOJSET OOBICHHUTBL pe- P
aKIHI0 CTPYH XHAKOCTH, KOTOpAs Te- D) !
4eT 110 U30THYTOH TPYOE MOCTOAHHOIO

ceyenus miaowanpo S (puc. 224). F

IIpn craumoHapHOM TEUCHHU HM-
nyJabC J00ro 2JeMEHTa XHIKOCTH
U3MEHAETCA TOJbKO MO HampasJje-
HUIO, OCTABasCh HEM3MEHHBIM MO MO-
Ay, B TpyGe, H30rHyTOM MOA NMPAMBIM YIVIOM, H3MEHEHUE UMITYIbCA
XHAKOCTH 33 BpEMd !, KAK BUIHO U3 puc. 224, paBHO

Ap =p, — p; = pSv(v, — V)i, (11)
e vV, U V, — PaBHBIE MO MOAYJK CKOPOCTH XMAKOCTH A0 M MOCAE

u3ruba TpyOm: v, = v, = v. Takum o6pasoM, AcHCTBYyIOWAA HA TPY-
Oy cuia, o6yC/IOBJICHHAS ABMXKEHUEM XXHUAKOCTY, paBHA

F =92 pSv2. (12)

HanpasneHue 3TOil CHJB YKA3aHO Ha pUCYHKe. PasoOpaHHBIA MpH-
Mep OOBACHSAET NPUHLUMI AEHCTBUS THIPABIMUECKUX TYpOUH.

Puc. 224. Peakums cTpyu XUAKOCTH
NP TEYEHUH N0 U3OTHYTOM Tpy6Ke

I'napaBanyeckuid ynap. B saknrodeHue paccMOTpUM SBJIEHHE TaK
Ha3bIBAEMOr0 THAPABJIMYECKOr0 yaapa. Hepeako MOXHO BHHETh, KAaK
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B TBEPABIX KAMHSAX BHIOUTH YI1yO/J€HHS B TEX MECTax, Kyaa monaja-
IOT OTAE/bHHE NMAJaloUUE CBEPXY Kamid BoAul. [les10 B TOM, YTO MpH
yaape xamejb O Nperpany, B OTJUYHE OT NMOCTOSHHO AEHCTBYroUIEH
CTPY4, NMPOMCXOOUT BHE3ANHO BO3HHMKAIOIUMH KOHTAaKT CTPYH C Mpe-
rpagoii. B HenpepblBHOH CTPye, KAK Mbl BHAECJIU, HA MOCTABJICHHYIO
MONepex CTaLMOHAPHOIO TMOTOKA TIOWAAKY AEHCTByeT noOaBoyHAs
cusa pv¥/2 HA eAvHUNY raowana. EciM e HENonBHXHAS IJIOIAAKA
nosiBJAgeTCd B MOTOKE BHE3ANMHO, TO Haberamomwas HA Hee XHIKOCTb
BHIHYXX/I€HA 3aTOPMO3UThHCH.

AGCOMIOTHO HECXKUMAEMAs XUAKOCTb, ABMXYILASACA 0 Tpybe, npu
MTHOBEHHOM MEPEKPHBAHUM TPYOn OCTAHOBWIACH OBl BCA Cpasy, UTO
npuseso Om x OeckoHeuHo GosbLIOH CHE NABAEHUS HA NpErpany.
[MosroMy mpencrasacHue 06 AGCOMIOTHO HECKHMAEMOH XHAKOCTH B
TAKUX YCJAOBUSX HEMPUMEHHMMO. B cxxMMaeMoH XuaxocTu mpH BHe-
3aMTHOM TIOSIBJICHHH TIpErpagn 3a BpeMs ! OCTAHOBHTCS TOJIBKO Ta
YACTh XXMAKOCTH, J0 KOTOPOH ycrneeT JONTH BOJHA AedopMauuu, pac-
MPOCTPAHSAIOIIASCS B XHAKOCTH HABCTPEUy MOTOKy OT mperpansl. Ta-
Kas BOJHA pacnpoCTPAHSAETCH CO CKOPOCTbIO, PABHOM CKOPOCTH 3BYKa
U B JAHHOM XHUIKOCTH.

3aKOH COXPAHEHHSI UMITY/IbCA MO3BOJISICT PACCUHTATb CHly F, meii-
CTBYIOLIYIO HA BHC3AMHO BO3HUKAIOLLYIO B TPyOe ceueHHEM S mepero-
poaxy. [TycTs 1o mosiBJeHHs Mperpanbl XUAKOCTh B TPy6e MMea CKopo-
CTb v. YUHUTBIBAS, UTO MACCA OCTAHABJIUBAIOLICHCS 33 BPEMS f XKHIKOCTH
paBHa pSutv, UMEEM

Ft = pSutv,

OTKyna AJsl Pa3BUBAIOIICIOCA NMPH HAPABIHMYECKOM yaape nobaBou-
HOro NaBjcHUA p = F/S nony4yaem
p=puv (13)

CxopocTb 3Byxa B Boxe paBHa npumepso 1500 m/c. [Toatomy B no-
TOKE, UMemwIeM ckopoctb 10 M/c, nasaenue (13), passuBaemoe mpu
rHAPABIHYECKOM yAape, Kak HeTpyaHo ybeautbed, B 300 pas Goablie
IaBJICHHUS pv2/2 TTOCTOSIHHO ACHCTBYIOIIEH CTPYH BOJAHI.

SIBieHHd, CBI3AHHBIC C I'MAPABJIMUYECKHM yAApOM, BeCbMAd PA3HO-
obpasunl. Hanpumep, BO BpeMd IITOPMA HA MOPE MOXHO Hab/iozarh,
KaK BOJHBI, ObIOIIME B BEPTHKAJBHYIO CTEHKY HabepexHoi, o6pasy-
IOT BCILJIECKHM, MMEIOIIME OIDOMHYIO BEICOTY, B HECATKH pa3 MpeBoC-
XOOALUYIO BBICOTY BOJIH HAa MOpe.

e TloueMy NpPH HUCTEUYEHHUH XHUAKOCTH W3 OTBEPCTHS B COCYAE MOMepeyHoe
ceueHue CTPYH, KaK NMPaBUJIO, MeHblIE, UeM MONepeyHoe cedeHue CaMoro
orBepcTUa?

e Ilo KakuM MPHUMHAM CYXaeTCHd CTPYs BOABI, BHITEKAlOUlas M3 BOROMpO-
BOAHOTO KpaHa?

L4 HO‘{CM)’ and oObACHEHHS SBJEHUSA FHAPABJIMYCCKOro yaapa HeEab3d HUC-
MOJIb30BaTh MOLEb HECXKHUMAEMON XHAKOCTH? A
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§ 50. Baskas mupkocth. Ob6Tekauue ten

B uenoM pane npakTHUECKM BAXHBIX CJIYUYdeB NMOBeAEHUE OOBIUHON XM -
KOCTH B MpEAE/Tax M3BECTHOM MOTPEIMHOCTH JKCIEPUMEHTA COTJIACYETCH
C pe3y/JbTATAMH, MPEACKA3HIBAEMBIMM TEOPHEH ABMXKEHMS WACAIbHON
HECKUMAEMOM XHMAKOCTH. Ho €cTh HEeMaso NpPUMEpPOB, KOraa HEIb3s
npeHeOperath BHYTPEHHHM TPEHHEM B XHMAKOCTH, HA3BIBAEMBIM Gs3KO-
cmoto. BOJABLIMHCTBO MHTEPECHBIX SBJICHHMH NPH ABUXKEHHUM XHUIKOCTH
TaK MM HHAYE CBA3AHO HMEHHO C STHM CBOWCTBOM, a B HEKOTODHIX CIy-
Yagx BSA3KOCTb XHAKOCTH SBJISETCH OMpEaesrolei.

[Ipy u3yuyeHMM HACATBHOH >KMAKOCTH BBHIABHraaoch TpeGopauue,
yTOOR HOPMANbHAA COCTABJSIOMAS CKOPOCTH XHAKOCTH HA €€ PAHMIE
C TBepABIM TeqoM ofpamanack B Hyab, KacaTeabHasg cocrapagiomas
CKOPOCTH MOIVIA MMETH IMPOM3BOJIBHOE 3HAueHue. Ho okasnBAETCH, UTO
BO BCEX CAyuyasdx, KOrAd 3TO MOXHO IPOBEPHTL IKCIEPUMEHTAIBHO,
CKOPOCTh XHAKOCTH HAa TOBEPXHOCTH TBEPAOrO TEId CTPOrO pPABHA HY-
JIFO, T. €. XHOKOCTh KaK OBl NPHUJMIAET K IOBEPXHOCTH, KOTOPYKO OHA
obrekaer.

IlorpaHuyHbI CA0M. B6M3M MOBEPXHOCTH TBEPAOrO TEAA BO3HHKAET
TAK HA3bBIBAEMBIH NOZpaHUUMbLL CAOL XHIKOCTH, B KOTOPOM CKOPOCTH
HapacTaceT OT HYJS 0 3HAUECHHUS CKOPOCTH B MMOTOKE. BAHSHME BA3KOCTH
HA ABMXCHHUE OCTAJIBHOH 4YacTH XuaokocTH mano. Ho ecnu, nampumep,
BA3Kad XHAKOCTb ABUXKETCI MO AOCTATOUHO Y3KOil Tpyle, TO morpaHuu-
HBbIH CJIOH MOXET 34MOJHUTh BECh O0BEM TEKYLICH XXMAKOCTH U MPU U3Y-
UEHHH JTOrO ABMXEHHS MpeHeOperaTh BA3KOCTbIO Hean3da, Takoe teue-
HUE MMEET OUCHb MAJIO OOLIErO ¢ ABHXKEHHUEM HMACAJBHOM XHIKOCTH,

B craTHueckoM ciayuae, T.€. B paBHOBECHMM, HUKAKHUX HANpPSIXKECHUHN
CABHTA B XHAKOCTH HeT. OIHAKO B ABHMXYLIEHCH XKUIKOCTH TAKUE HA-
NpPsSXEHHS MOTYT ObIThb. BA3KOCTh KaK pa3 M OMUCHIBAET TAKHUE CHJIbI,
BO3HMKAKOUHUE B ABUXKYIIEHCS XHUAKOCTH. B OT/IMUME OT TBEPARIX TEJ,

ra€c CABHUIOBOC KacCaTC/bHOC HANpPIXCHHE v

onpexensierca  aedopManuend CABUrA, B — -

XKHUAKOCTM TAKOE HAIMpSXKEHUE OIpeae- F
N

ngercs ckopocteio aedopmanuu. I pyrumu

C0BaMH, XHUIKOCTH OKA3BIBAIOT BA3KOE, a

HE YNpYro¢ CONpOTHBJICHWE NpPH M3MEHe-
HuU HOPMHI. 4_/_ 4 ;

Bsaszkoctb. g TOro utobH BBECTH KO- v-0
JIMUYECTBEHHYIO XAPAKTEPUCTHKY BSI3KOCTH  PnC. 225. BS3kas XHAKOCTh MEXK-
KHIKOCTH, paccMOTpuM  cremyrommuiy /Y TUIOCKHMH IIACTHHAMM
onelT. [TycTh XHAKOCTb HAXOOUTCA MEXIY

AByMs TBCDABIMHM IUIOCKMMHM NAapa/Ule/IbHEIMH miaactuHamu (puc. 225).
HuxHasg I1aCTMHA HENOABHXHA, 4 BEpPXHAd ABHUXETCH MApa/IeabHO
HHUXHEH C Maaoi CKopocTbio v. ONBIT MOKA3BIBAET, YTO A4 MOMAEP-
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XAHUSA PABHOMEPHOTO ABMXECHHUSA BEPXHEH IMIACTHHBI HeoOxoguma cwia
F, wanpaBneHHad BIOMb IUIACTHHRI M TPONMOPUMOHAMBHAA ILIOIIAIH
IJIACTUHB S, CKOPOCTH v M OOPATHO IIPONOPHUOHAABHAA PACCTOSHMIO
d MeXAay IUIAaCTHHAMH:

[MoguepkHeM, uto Gaarogaps C «IPUAMIIAHMIO» XHUAKOCTH K IOBEPX-
HOCTH IJIACTMHBl JTad CUJId XapaKTEPU3YET GHYMpeHHee mpewue, T. €.
TPEHUE MEXIAY MPOCKAMb3BIBAIOIIUMH OTHOCUTENBHO APYT APYra CIOSMH
XHAKOCTH, @ HE MEXAY XHAKOCTbIO U TBEDABIM TEJIOM.

Benuuuna m B (1) onuchiBaer BA3KME CBOWCTBA XHAKOCTH M HA3HI-
BAETCH G513K0OCMbIO. BA3KOCTh XHMAKOCTH CHJIBHO 3aBHCHT OT €€ TeMmIle-
patypsl. Tak, HanpuMmep, BA3KOCTb BOAHI IIPH MOBHILIEHUH €€ TEMIIEpA-
Typnl oT 0 a0 20 °C yMeHbLIAETCA IIOUTH BABOE.

[Ipn Hanuyuu BA3KOCTH, T. €. CHJ BHYTPEHHETO TPEHHUS, TOPMO3d-
IMMX ABUXEHHE XHUAKOCTH, JUIS MOMAEPXAHUS CTALMOHAPHOTO TECUEHHUS B
rOpU30HTA/BHOI TPyOE HEHM3MEHHOTO CEYEHHS HEOOXOAMMO MOMREPXKH-
BaTh MOCTOSIHHYIO PAa3HOCTh AABJICHMHA Ha KOHUAX TpyObl. HamoMumM,
UTO B MACAIPHOM XHAKOCTH [PH TAKOM JBHXCHUH NABNCHHE, KAK ITO
CIeAYyeT U3 YpaBHEHHS BepHYyJUIH, OOMHAKOBO BAOJb BCed TPYOHI.

JlaMHHapHoe TedeHHe. TeueHHe XUOKOCTH B LHJIMHAPHUECKOH Tpy6e,
IPU KOTOPOM CKOPOCTH YAacTHUL XHAKOCTH BCIOAY HAIIPABJIEHB BIOJIb
ocH TPyOnl, HA3bIBACTCA JIAMUHADHbIM HIH CIOUCTHIM. Takoe TeueHue
BO3MOXHO TOJBKO IIPM HE OYEHb OO/MBIIOH CKOPOCTH MOTOKA BA3KOH
XHAKOCTH B Tpybax manmoro mnomepeuHoro ceueHus. C yBENTHUEHHEM
CKOPOCTHM WJM C YBEJIMYEHHMEM IUTOINAAM CEYEeHUs TPyOml xapakTep Te-
YEHUS MPUHLUMITHATBHO H3MEHdeTcd. BMecTo cloMcToro TeuyeHud BO3-
HHMKAaeT HOcCAlUlee HEPEryJsSpHBI XapakTep 3aBUXPEHHE, HIH mypOy-
JleHmHOe, TEYCHHE.

M3MeneHne xapakTepa TEUEHHS MOXHO HaOMIOAATh B JKCIEPUMEHTE
CO CTEKJISIHHBIMHM TPYOKAaMu PasjMuHOTO CEUCHHUS MPH PA3NUUHBEIX IEpe-
rnagax JaBJICHHS, T. €. MPH PA3JIUUYHBIX CKOPOCTAX XHAKOCTH. JIMHUH TO-
Ka IPHM CTAIIMOHAPDHOM TEYEHHH MOXHO CI€/IaTh BUAMMBIMH, BIIyCKasl BO
BXOJIHOE CEUYCHUE CTECKIAHHOM TPYOKH OKDAIICHHYIO CTPYAKY XHIKOCTH.
[Tpu HeGONBIIOW CKOPOCTM TMOTOKA B y3KOM TpyOKe MOAKpaImmeHHAd
CTpyiiKa ABMXETCA POBHO M IapasuieabHO OcH TpyOku. Ilpu mocremeH-
HOM YBEJUUCHHH CKOPOCTH IOTOKA BHE3AIHO HAUMHAECTCA HEPETYIIPHOE
ABHXEHHME, KOTOPOE IIOCTEIIEHHO 3aXBaTHIBAET BCKO TPYOKY, — CTpyiika,
poBHasd y BX04a, pa3bMBaeTcd Ha MHOXECTBO M3BHIMCTHIX CTpyeK. Ta-
KHE HEPETYJIIPDHBIE U3MECHEHUS JBHXKEHHS NMPOUCXOAAT HE M3-33 H3MCHE-
HHMS BHEUIHHUX YCJIOBMH, a BCJICACTBUE Heycrmou4ugocmu JTaMUHAPHOTO
TeyeHUd rpd OOMBIIMX CKOPOCTAX.

TypOynenTHoe RBHXeHHe. IIpu cranuoHapHOM TypOyJeHTHOM ABHXe-
HUU CKOPOCTb XHAKOCTH B JAHHOM MECTE HE OCTAETCS IIOCTOSHHOH, a Co-
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BEPILAET XAOTHYECKHe KoeOaHMS M 1O MOAYIIO, H TIO HANpaBJCHHUIO.
Ho cpepnsas cxopocts B jaHHOM MecTe TpyOel Oyner mocTOsSIHHA u Ha-
npasneHa Baoab ocd Tpybel. Ha puc. 226a nokasano pacmpenesnenue

L

I
f

Puc. 226. Ipodwmns ckopocreit npu namuHapuoM (a) u TypOy ieHTHOM (6) T€UCHHMH XHA-
KOCTH 10 Tpybe

CKOPOCTH XHAKOCTH MO CEJIEHHIO TPYyOHI NPH TAMHUHAPHOM TEUCHHH, a Ha
pHuc. 2266 — pacupenencHMe CPEIHEH CKOPOCTM TPH yCTAHOBHBILEMCSH
Typ6y;IeHTHOM TeueHUH. B TypOy 1eHTHOM MOTOKE, KAK BUOHO U3 DUCYH-
K4, MOXHO UETKO BHIACAHUTb NMOrPAHMUHEIM CJI0M XXHAKOCTH BOMU3M CTE-
HOK TPyObl, Ti€ CPENHsSsA CKOPOCTh GHICTPO CMAmaeT A0 HyJd, B TO BPeMs
KaK TP JTAMUHAPHOM TEYEHHH TAKOTO YETKOTO MOrPAHHYHOTO CJIOS HET,
TaK KaK CKOPOCTb M3MEHSETCS 34 CYeT BA3KOCTH MO BCEMY CEUEHHIO TPY-
6nl. JIpyruMH CI0BaMM, B 3TOM CJydae BCS TpyOa HaXOOUTCH B Npeaenax
TIOTPAaHUYHOTO CJIOA.

HeycToMuMBOCTE JIAMMHADHOTO TEUYEHHS U BO3HUKHOBEHHE TypOy-
JIEHTHOCTH — CJIOXKHBIE BOTIPOCHI, 1O KOHLA HE BHIACHEHHHIE U B HACTO-
Amee BpeMs.

OOTexanue TeJa NMOTOKOM. BOJbImIOE MPAKTHUECKOE 3HAYEHHE HUMEET
BOIIPOC O CHJAX, ACHCTBYIOINUX HA TBEPAOE TEJO, ABHXYIUEECS B HENOH-
BHXXHOM XHIKOCTH MaHM rase. Jacto okasmiBaeTcs 6Gonee ymoOHbIM pac-
CcMaTpuBaTh OOTEKAHHME HEMOABHXHOIO Teaa HaberalomuM MOTOKOM
xuakoctu. 06a nogxona IKBUBAMIEHTHEL B CHJy MEXAHHUYECKOIO NPHHLIU-
Na OTHOCHUTEJbHOCTH.

PaznoxuMm nonHyw cuny F, nedcTByIOIy10 HA TEIO CO CTOPOHH IO-
TOKa, Ha [BE COCTABIAIOWME: B HAnpaBJcHMM notoka Fy u nepneuau-
xynspHywo moroky F,. Cuny F, 0OBIYHO HA3BIBAKOT 1060GLIM CONPO-

mugnernuem, cuny F | — nodsemruou cunou.

ITapanoxc Janambepa. [Ipu cranuoHapHOM OBTEKAHUM TBEPAOIO TEAA
MOTOKOM HMAEAJBHOHM XHAKOCTH JI0BOBOE COMPOTHBIEHHUE HOJXHO BOOD-
e OTCYTCTBOBATb. UToOb yOemHUThCs B ITOM, paccMOTpUM oOTekaHue
CHMMETPUUYHOIO Tesna, u30bpaxxeHHOro Ha pHc. 227. JIuHUM TOKa CUM-
METPUYHBI OTHOCHTEJbHO IJIOCKOCTH MN, a CKOPOCTH 4acTHL, XHIKO-
CTH B COOTBETCTBYIOIIMX TOUYKAX MEPEd U 3@ TEJIOM PaBHBEI 10 MOMYJIIO
M OTJIMYAKOTCAd TOJBKO MO HAamnpasJeHUIO. JaBiaeHUEe B 3TUX TOUYKAX
OJMHAKOBO COTJIACHO ypaBHeHMIO0 Bepnymnu. Teneps serko cooOpas3uTh,
YTO COCTaBJAAKOIIME CHJ OaBJEHUS B TOYkKax A M B, HanpaBJcHHBIE
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napasjieIbHO TOTOKY, KOMIEHCHUPYKT Apyr Apyra. Tak Kak MNoJHas
Cuja, AENCTBYIOImAsh HA TEJIO CO CTOPOHBI TMOTOKA, PAaBHA CyMMe CHJI
HABJICHUSA XHAKOCTH, NEHCTBYIOLMX HA
OTHE/NIbHBEIE  JJEMEHTH  MOBEPXHOCTH
TBEPROIO TEJa, TO JIOOOBOE COMpPOTHB-
JIEHHE OTCYTCTBYET.

B paccMOTpeHHOM Ha puc. 227 cay-
yae B CHJIy CHMMETPHHM KapTHHBI ofre-
KaHHg TeJa DPABHO HYJIK HE TOJbKO
1060BOE COMPOTHBJICHNE, HO M TIOXBEM-
Has cujaa. MoxHo mokasaTh, UTO 3TOT
pe3yJabTaT — PaBEHCTBO HYJIK INOJHOH
Puc. 227. ObtexaHne CHMMETPUUHOIO CHJIHI, ueﬁc-rsylomeﬁ Ha Teno Co CTO-
TE€JA PABHOMEDHLIM NMOTOKOM BO3QY XA pOHbI MOTOKA mICaJIbHOﬁ XHHKOCT“, -

CIpaBeqINB IJI9 TEJAa IPOM3BOJBHON
¢hopMBI, MMEKOLIEr0 KOHEUHBIE pa3Mephl. B 3TOM COCTOMT Tak HA3biBa-
eMBI napadgxc Harambepa.

Hoabemuas cHaa. MHaue o6CTOMT nesno mpu OOTEKAHMM TENA, MMEIO-
miero OecKOHEUHBIE pa3Mephl B HAMPaBJACHUH, NEPMEHANKYISPHOM MOTO-
kY. JIoG0BOE COMPOTHBICHHE B MEEATLHOH XHAKOCTH OTCYTCTBYET M B
3TOM Cyuae, B TO BPEMS KaK MOAbEMHAS CHJIA MOXET ObITh OTJHUHA OT
Hyas. Teopusa nogbeMHON CHIIBI A4S KpblJa OECKOHEUHOro pa3Maxa Obiia
cozmana H. E. JKykoBCKMM, KOTOpBIH MOKa3aj, YTO OJ1s1 BOSHHKHOBEHHS
MOXBEMHOM CHJIBI HEOOXONMMO CYyIIECTBOBAHME LIMPKYJISLIHH BO3MyXa
BOKpYT 00TEKaeMoro Tesa.

O¢dext Marnyca. Utobnl syume MOHATH MPUUMHY BO3HMKHOBEHHS
MOTLEMHOM CWIbI, PACCMOTPHM BHauasie o6TEKaHHe BPAIAOLIEToCcs [H-
JMHAPA PAaBHOMEDHBIM TMOTOKOM BO3xyXa. Ecam 6wl uMAMHAP He Bpa-
mascs, TO W3-3a MaJOH BS3KOCTH BO3NyXa KapruHa obOrekaHus Habe-

Puc. 228. JIMHMM TOKA B BH3KOM BO3/1Y- Puc. 229. Oftexanue BpaWAIOWErOCH LH-
X€ BOKPYT BPALIAIOLIErocs LMIMHAPA JIMHApa HaberaouMM NOTOKOM

ralolMM MOTOKOM Maso OTJAMuYanach Obl oT M3o0paxeHHOi Ha puc. 227,
Baskui BO3RyX «MpUAMMNAET» K MOBEPXHOCTHM UMiunHApa. [Tostomy mpu
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BpAICHHHA UWIMHAD YBJEKAeT mpu/acraromue CIOH BO3ayXa, BbI3bIBAS
ero uMpKyasummo. Ecnrm 6p Haberalomero noroka He Owuio, TO BCaed-
CTBHE BSI3KOCTH, npeHeOperate KOTOPOM 30€Ch HENb3sl, KADTHHA JIMHHUH
TOKA BO3AyXa BOKPYr BpPAINAMOLIETOCS UMJIMHAPA MMena Obl BHMA, MO-
KasaHHBHIH Ha puc., 228. IIpu 3TOM YEM Oajbmie OT UWJIHHApA, TEM
MEHBIIE CKOPOCTh YBJIEKAEMOTO LMJIMHADOM BO3XYyXa.

IIpu ofTekaHMM NOTOKOM BO3QyXa BpALIAIOIIETOCS LMJIMHAPA MPO-
HCXONMT HAJOXEHHE KApPTHH, NMOKA3aHHHX Ha puc, 227 u 228. B Tex
MECTaX, Ae CKOPOCTH MOCTYMATEABHOTO ABHMXKEHHS BO3MYXa C MOTOKOM
M BpAallEHHMS BMECTE C UMJMHAPOM COBMNANAKIOT NO HAMpPaBJECHHIO, peC-
3yJBTUPYIOMIAs CKOPOCTh BO3AYyXa MPEBOCXOAUT CKOPOCThH IMOTOKA, HAa-
Oeramomero Ha uuMAMHAp. Tam, rae oByc/OBAEHHAS BPALIEHHEM CKOPO-
CTh BO3JAyXa HATMpaBJcHa TPOTHUBOMOJIOXHO HAOEerarieMy MOTOKY, pe-
3YJBTHPYIOIIAS CKOPOCTh BO3AYyXa MEHBILUE CKOPOCTH MOTOKA. TaKuM
obpasoM, noaydyaercs KapTHHa oOTeKaHMs HAGEralmMM BO3IYyXOM Bpa-
WAKLIEroCs UMJIMHApPA, H300paxkeHHass HA puc. 229: ckopocTh BO3myxa
CHM3y LUWIMHAPA MEHBLIE, 4 AAaBJAeHHUE, CAENOBATEJAbHO, 0OJbIUE, ueM
cBepxy. BosHHKaeT mogpeMHas CHIa. JTO SIBJAEHHE HA3HIBAETCH 3gdek-
mom Maenyca.

Adbdext Marnyca jerko HabIIONATE IKCIEPUMEHTANDHO MPH CKATHI-
BAHMH C HAKJIOHHOM IJIOCKOCTH JIEFKOTO IMJIMHAPA M3 IJIOTHOH Oymaru
(pnc. 230). HanpasnaewHas mnep-
NEHAMK YJASIPHO CKOPOCTH TOCTY-
MATEJIBHOTO JBHXEHHS LHJIMHAPA
NOXBEMHAS CHJIA TIPHBOIUT K pe3-
KOMY  YBEJAHYEHHI  KPYTH3HHI
TPAaeKTOpPMHM — UMJIUHAp, Magas,
3aBOpPAYMBAET MOx CTOJ. DdekT
Mardyca nposBAgeTcsS NmpH noJe-
Te 3aKpyueHHOro ¢yrboaBEHOrO
I TEHHHCHOTO MSYa TNpH pe3a-
HBIX Ynapax.

Hrak, uupkyasums BO3gyxa
BOKpPYTI TBEDAOIO TEJId, HAXOAAIIC-  Puc. 230. Iddekt Marnyca npu ckaThiBannm
rocs B NMOTOKE, NMPHBOAHT K MOSB- JIETKOM0 UWJIMHPA C HAKJIOHHOH NJI0CKOCTH
JIEHMIO TIOObEMHOM Cuyn. B ad-
dekre Marnyca uUMpKy/sSUMs BO3HMKAET 34 CYUET BPALUCHHUS LIMJIMHApA.
B apyrux cayuasix UMpKyJISIUMST MOXET BO3HUKHYTh M 0€3 BpallIEeHHUS Te-
na. Tak, HanpuMmep, UMPKYJSLUHS BO3HHUKAET NPH OOTEKAHHH BSI3KOH
XHAKOCTBI) HECMMMETPHUHOrO Tena.

Ba3koCcTh M UHpKyasuma. OTMETHM, YTO LUMPKYJSIUMS HE MOXET BO3-
HHKATh B HACAJBHOH XHAKOCTH, rae BooOLIE HE CyLIECTBYET Kaca-
TeAbHEIX HATPSKEHHA MEXIYy pAasJIMUHBIMH CNOSMH XHIKOCTH, Posb
B3KOoCcTM B 00pa30BAHMM LMDPKYJSLUMH MOXHO MPOM/TIOCTPUPOBATD
cnenyromnM 3(Q@EeKTHHM ONBITOM. I1ycTh B MOTOKE XHAKOCTH HA JIHC
pycaa umeercs ymybneuue (puc. 231). Ilpm orcyTcTBMM BS3KOCTH
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MOrJIo OBl CYIIECTBOBATE TAKOE ABMXECHHE, NPH KOTOPOM XHAKOCTh B
yrayOnenuu Owuia Onl HenopsuxHoit (puc. 231a). Ilpu aToM ckopocTs
XHIKOCTH MeHsaaach Ob CKAyKOM HA NAapa/UIefbHOH OHY pycia no-
BepxHocTH NN'. B peaspHOH XHAKOCTH TNPHU CKOJBXEHUHM NPHAOHHOTO

—
% WQ

Puc. 231. JIuHuu TOKa B CAyvae npamo-
YTOILHOM BBIEMKH B IHE pyclia

Puc. 232. K BO3HMKHOBEHHIO LMPKYJIsi-
MM BO31YXA BOKPYT KPbLJIa CAMOsETA

CNOS HaO HENOABMXHON BOOOM B ame Onarojapsi BA3KOCTH BO3HMKAET
KacatenbHad CHiaa, KOTopas NPUBOAMT BEPXHHUH CJIOH BOOBl B SIME B
IBMXEHME B HAanpaBJeHMM mortoka. Ho gBUXeHHe BOOhl B sIME orpa-
HHYEHO CTEHKAMH, M B pe3yjpTaTe B Hed obpasyercsa cHcTeMa Bpa-
LWAKIUXCA «CUENJICHHBX uecTepen» (puc. 2316).

Bsa3kocTh BO3AyXa NPUBOOUT K BOSHUKHOBEHHIO LUPKYJISLUHUHA BOKPYT
Kpbl1a caMojeta. ONBIT NMOKA3biBAET, YTO UHPKYJISUMS BOKPYD KphLIa
BO3HHMKACET CIEAYIOMWHM 00pasoM. BOau3u ocTpoi 3amHell KPOMKH KpbLia
BO3HMKAKOT BHUXPH, B KOTOPhIX BpPALIEHHE BO3AYyXa NPOMUCXOMUT NPOTHB
yacosoil ctpenku (puc. 232). DT BUXPH YBEIUUMBAKOTCS, OTPHIBAKOTCS OT
KDBLIA M YHOCATCS HaberaromuM noToKoM Bo3ayxa. [Ipu aTom octanpHag

e

Puc. 233. JIuuun Toxka npu o6TEKAHMU KpbLia

Macca BO3Oyxa BOJH3M KpBUIA HAUMHAET COBEPIUATH BPALLATE/bHOE OBH-
XEHUE B IPOTHBOMIO/IOXHYIO CTOPOHY, 00pa3yst HUPKYISLHUIO BOKPYT KPhI-
Ja 1o 4acoBoii crpeake. LIMpKyISUMOHHBIR NOTOK, CKJaAbIBadch ¢ Habe-
rarouiMM, YCKOPSeT ABMXXEHHEe BO3AyXa HaX KPeIOM. B pesysawraTe Kap-
THHA OOTEKAHMS KphlJa NOTOKOM NPUHMMAET BHMA, M300paXeHHHI Ha
puc. 233; maBneHHe BO3AYyXa HAX KPBUJIOM MOHUXAETCH, NMOA KPBRLTIOM MO-
BHILIAETCS, YTO U NPHBOAUT K BOSHMKHOBEHHIO NOTBEMHOM CHIbL.
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JloboBoe conporupaenune. [Ipy ABMXECHHH TEMad B BSA3KOH >XXMIKOCTH
WIM rase Ha Teao HapsAy C NOXbEMHOM CHJIOHM OEHCTBYeT cuia Jio-
60BOTO conmpoTHBaeHHS. MOXHO yKa3aTh ABE MPUUYMHBI BO3HUKHOBECHMS
aTo# cuian. Bo-nepehix, Bkaag B J1000BOE CONMPOTHBAEHHE AAKOT Ka-
CATE/AbHHE CHJIbI BHYTDEHHEIO TPEHHS, JEHCTBYIOIME CO CTOPOHHBI MO-
TOKA XHMAKOCTH HA <«IPWIMIIMIMH» K MOBEPXHOCTH TEAa MOrpaHHYHBIN
cyoit. Bo-BTOpHX, J1000BOE CONMPOTHBICHUE BO3HHUKAET B pE3YJbTATE
pasMuMsg B CHIAX OABJCHUS HA MEPEOHION M 3aIHIOK YaCTH TeJjaa
BCJICACTBHE HECHMMMETPMUHOCTH KADPTHHB OOTEKAHHMS BA3KOM XXKHIKO-
CThIO JaXe€ CUMMETPHUYHOro TeJa.

[Ipu u3yueHMM OBMKEHUS BSI3KOHM >KMAKOCTH M ra3a, a TaKXe ABH-
KEHUS TBEpABIX TEJ B XXKHAKOCTH U rd3e BCJACACTBHE OOJIBIIHX MATEMa-
THUECKMX TPYAHOCTEH MpPH AMHAMHUCCKOM OMMCAHUHU IIMPOKOE pPAacHpo-
CTPAHECHME MOJYUYHIM METOX NofaoOMs H METol aHAMM3a pasMEpPHOCTEH.
OddexkTHBHOCTS METOAA aHaMW3a Pa3MEPHOCTEM MpOSABASETCA YXE B
CJICAYIOUIEM [POCTOM MpHUMEpE, KOTOPHI MOXET ObITh MCCAEAOBAH IO
KOHLIA M B paMKaxX JUHAMHUYECKONO MOAXO0Aa.

Bsa3kas xuakocts B TpyOe. [IpH 1aMUHADHOM TEUEHMH XHAKOCTH MO
TpyOe Kpyrioro ceueHus npoduib ckopocreit napabonuueckuit (cM.
pHcC. 226a) u 06beM XXHMAKOCTH V, MPOTEKAIOWEH uepe3 ceueHue TpyOn 3a
BpEMS I, MPOMOPLUHOHAJICH BPEMCHHU [ M 3aBHCHUT OT PA3HOCTH JABJECHHMA
Ap Ha KoHUAX TpyOhl, BI3KOCTH 1], AIUHLL [ M paguyca R tpy6n. Haitnem
3Ty 3aBUCMMOCTh. ByaeM HCKATh BhIDAXEHHUE A1 OObEMA B BHAE

V =C(Ap)*nWI*R1.

3nech ynobHO M3MEPSTh JJIMHY BAOJb M fOnepek TpyOn B pasHBIX €IH-
HMUAX c pasmepsocTsmu Ly u L,. Toraa

dim!/=Ly, dmR=L,, dimV=LyL3,
dim Ap=MLPT™?, dim n=MLy'T™!,
M PaBEHCTBO pPa3MEPHOCTEH UMEET BHA
LyL} = (ML LT (MLy'T™) Lj L4 T
[IpupaBHMBAg MOKAa3aTeaH CTENEHEH,
M: O=x+y, Lz l=x—y+z
L,:2==-2x4+u, T: 0=-2x—y+1,

HaxoguM x =1, y=—1, z=—1, u=4, u ana V nonyuaem
4
v=CAlrR ,
1!

TakuM o00pasoM, oObeM XHMAKOCTH, ApPOTEKAIOIIMH uyepes CEUEHHUE
TpyOBl 33 BpeMs {, NMPOMODLMOHAJEH PAa3HOCTH AABJACHUHA HAa €AMHHLY
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mdesl Tpy6sr Ap/l u 06paTHO NpOmOPLMOHAJIEH BI3KOCTH, YTO HOCTa-
TOYHO OUEBHAHO M Be3 mpuBeneHHoro pacuera. OmMHAKO HE CTOJIb TPHBH-
aJieH BBIBOH O TOM, YTO OObEM XHOKOCTH MPOMOPLUMOHAJEH UYETBEPTOH
cTeneHu paguyca TpyOel (T. e, KBajpaTy IUIOIANM €€ MOMEPEYHOro Ce-
ueHust). [TosyueHHbie 3aKOHOMEPHOCTH CIPABEAJIMBBI 4 TPYOB! ¢ Mmo-
CTOSHHBIM [ONEPEUHBIM CEUEHHEM MPOM3BOJMIBHOM hopMbl. B ciyuae
KPYIJIOTO CEYeHHs AMHAMUueckuid pacuer gaet C = 8/,

. I'quemy CHJIbI CONPOTHUBJIEHHUA TPH OBHXKCHHH TeE€Jla B XXHUOAKOCTH MM rase
Ha3bIBAKT BHYTPEHHHM TPCHHCM?

o UYeMm omMyaloTcs TaMUHapHoe M TypOyJeHTHOE ABMXKEHHUS XHAKOCTH WM
rasa? Yro Takoe nmorpaHHuHbIf ¢J10M?

¢ B KkakHMx cayyasx ABUXKEHHe Tesla B MOCATbHOM XHIAKOCTH He CONMPOBOXAAETCH
J060BbIM COMPOTUBJIEHHEM U ToAbeMHOM c U0 ? [Touemy Tak NpoUcXoaUT?

e O6mbscHUTE, KaK Bo3HMKaeT BGoKoBast cu/a NpU ABUXEHHUH 3aKPYUYEHHOrO TEH-
HUCHOrO UK PyTbosbHOrO Msua.

o Kakyw poab Mrpaet UMPKY/ISAUMS BO3AYXa BOKPYr Kpblja caMojieTa B BO3-
HUKHOBEHHUM TMOABEMHOI CHJIbI?

° HOHCHMTC, KakK NOJY4YHUTb MCIOJIb30BAHHYIK B TEKCTE Pa3MCPHOCTDL BA3KOCTH,





