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NPEAUCIOBHE

Peiienne 3aauy cocTaBAfieT HEOTHEMAEMYIO YACTh IOJIHO-
LEHHOTO U3yUeHHs (QU3MKH Ha JI0OOM YPOBHE — OT mnepBoHa-
Ya/IbHOT0, WIKOJABHOrO, BIMIOTH JI0 CNEHAJbHOTO (PHIUYECKOrO
obpasoBaHusi.

Cynuth O CTENEHH NOHUMAaHHUA QU3HIECKUX 3aKOHOB MOMKHO
MO YMEHHIO CO3HATeAbHO HX MPHMEHATD [UIsl aHAMU3a KOHKDET-
HBIX (DH3HUECKHX SIBJIEHWUH, T. €. AJAs peureHus 3anay. Omnbit
NPenoxaBaHHs NOKA3BEIBAET, YTO HAUGOMbWIYIO TPYAHOCTL KA
yuauxcs TPEJACTABISET BOMPOC «C YEro HayaTh?», T.e. He
€aMo0 HCTNOJNb30BaHHE PU3HUECKHX 33aKOHOB, @ UMEHHO BHIGOP,
KaKHe 3aKOHBl M TIOUEMY CJefyeT NPHMEHSATh TPH aHajluse
Ka)KAOTO KOHKDETHOro sIBJAeHHHA. DTO yMeHHE BBIGpPATh MyTh
pelleHHs 3a7aud, T. €. YMEHHE ONpPeAe]uTh, KaKHe HMEHHO
(du3UYECKHE 3aKOHHI OMUCHIBAIOT PACCMATPHBAEMOE ABJCHUE,
KaK pa3s H CBHIETENBCTBYET O r/1yOOKOM H BCECTOPOHHEM TIOHH-
matuu ¢usukd. CKOJIbKO pa3 MpH OpenojaBaHuu OH3UKHE H B
IIKOJIe, H B BY3€ aBTopaM NMPHXOMHJIOCh HalJ/I0AaTh, KaK 03Ha-
KomsieHHe OYKBaJNbHO € HECKOJNLbKHMH TIEPBBIMH CTPOYKAMH
NPUBONUMBIX B 3aJadiHKe peIIeHHI NO3BOJIAET YYauleMycs
GoJsiee WM MeHee YBepPeHHO NOBECTH DellieHHe 0 KOHL2 camo-
crosiTensio. Ho paxe u nocie 3Toro aHauuTe/IbHAs 4acTh yya-
LMXCsA, KaK APaBHJIO, HE MOXKeT O0bSACHUTD, TIOUEMY Ke npume-
HeHWe MMEHHO JAHHOro (PH3HYECKOr0 3aKOHA NPHBOAUT K 110-
crapieHHol uenu. [IpeononeHuo tHX TPyAHOCTEN H MPU3BAHO
NOMOYb TIpefsaraemMoe nocobue.

Onnago 310 HE EJHHCTBEHHAd Wedb, KOTOPYIO CTAaBH/H
nepep cobolt aBropsl. Ilo ux riaybokomy yOekAEHHIO, A0/KIA
CYUIECTBOBATL M «OGDaTHAsl CBA3bY MEXKAY pasbupaeMbiMH
3anauamu H QuanyeckumH sagoHamu. Kaxaas sajnaua no/KHa
JABATh TOBOX [J/ISi CEPHE3HOT0 H TJYGOKOro, MyCTh HIOrAAa
M COBCEM KPaTKOro, PasroBopa O CYTH (DU3HUECKHX SBJICHHI
H 32KOHOB.

Msyuaa $u3mky, ydauipecs MOCTHTalOT pasiudHble Gu3H-
qecKue 3aKOHbI, OJHH H3 KOTOPBIX OTHOCSITCS TOABKO K olpe-
IeJleHHOMY KpyTy SIBJICHHH, HalpHUMep MEeXaHHYeCKHX, SJRKT-
PHYECKHX, ONTHUECKHX, APYrHe 3e sBAATCA QyHAaMeHTa/b-
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HBIMH, OOIUMH A/15 BCeX Puanueckux aBnednii. lias rayGokoro
NOHHMAHUA (QU3HKH HeoGXONHMO YeTKOE OCO3HAHME CTENeHH
oCL{HOCTH PasMHYHBIX PU3NYEeCKUX 3aKOHOB, PPAHHL WX OPH-
MEHHMOCTH, HX MecTa B oOuled (¢u3nyeckKoW KapTHHE Mupa.
Bo MHOrHX 3ajayax BCeX pasjgesoB KHUTH IOKasblBaeTcs, Kak,
HalpuMep, NPHMEHEHHE 3aKOHA COXPaHEHHS 3HepTHH UacTO
NG3BOJISIET PEHINTb 3ajauy Hpoile, B3TJISHYThL Ha Hee ¢ OoJee
O0UIMX TO3HUHH M, YTO 0coGEHHO BAMKHO, JAET BO3MOXKHOCTH
HaliTH OTBeTBI Ha HEKOTOPbIE BONPOCH, Kacaioumyecs Tex
SIBMEHHH, ANS KOTOPHX HEH3BECTHHI ONHCHIBAIONIME HX KOH-
KpEeTHBIE 3aKOHHI.

IMpu peilenuy 3ajiay HeoOXOAUMO YMEHHE YBEpeHHO HPH-
MEHSITb 32KOHBI COXPaHeHHsi, HO HAYUYHTHCS [PABHJILHOMY
NpUMEHEHHIO 3THX 3aKOHOB He Tak npocro. Muorpa, yseporas
BO BCEMOTYIIECTBO (YHAAMEHTaJbHBIX 32KOHOB (DH3HMKH, yya-
HHecss HAYMHAIOT NPHMEHATH HX dopmanbHo, Ge3 aHanu3a
CyTH NPOHUCXOJAAIMX fBJeHHH. B KHure Ha npHMepe HeKo-
TOPbIX pa3bupaeMblX 33haU HOKAa3aHO, K KaKUM OLIHGKaM 310
MOXKET NPHUBECTH. B 3TOM OTHOIIEHHH OCOGEHHO MOYHHTEIbHbI
3aRa4d, B KOTOPLIX PacCMaTPHBAIOTCS CTOJKHOBEHHS YNpYTHX
cTEpIKHEH,

Takum oOpasom, peluas PU3MYECKYIO 3ajadyy, NOJAE3HO
CTPEMHTHCH HCMONB30BAaTh HE KOHKPETHhIE 3aKOHBI, OTHOCH-
muecss K OrpaHHYeHHOMY KpYTy ¢H3HUecKHX sBJeHHH, a
panbonee obiHe 3aKOHbI, CIPAaBELJNBLIE U5 HU3NKH B LEIOM,

Eine Gosee BblcOKasi cTe€NeHb NOHHMaHUA (QU3HKH oONpele-
JIeTCA YMEHHEM HCHOJb30BaTh NPH PELICHHH 32J]a4 HE TOJbLKO
(byiiamMenTa/bHble (PH3HUECKHE 3aKOHBI, HO H MeETOJ0JIoTHYe-
CKHe NPHHIKNL QU3HKM, TaKHe KaK NPHHUHOL TPHIHHHOCTH,
CHMMETPHH, OTHOCHTEJBLHOCTH, SKBHBaneHTHocTH H T. A. He-
N0Jb30BaHHE 3THX TPHHUMIOB [O3BOJSIET B paAge CJAy4yaes
cpasy KauyecTBEHHO TpeAckasarh ofWMA XapakTep paccmaT-
pHBAeMOro fBJIEHHsI, [OcJe YEro pelleHHe 3ajayd CBOAUTCSH
yKC TOJbKO K YCTaHOBJIEHHIO KOJHYECTBEHHBIX COOTHOIIEHHH.
B kauecrBe npumMepa MOXKHO YKa3aTh Ha HCIIO/IL30OBaHHE
NPHHUHMNA CHMMETPHH B 3ajayax «Mouera Ha ropusoHTanbHON
noacraBke», «3apsaj BHyTpu uposoasineil chepsly, «[Iposoya
M KJIeMMB» M T. A., HIPHHIMIA OTHOCHTEIBHOCTH — B 3aJjauax
«Kak onepeauts aBTo0yc?», «B3aumHeie npeBpalleHus 3/1eKT-
pPCHGB W (DOTOHOBY H T. A.

Ipouecc pelieHHs 3afiaud NMOXO0XK Ha HeboJbllIoe HCCIEH0-
BaHne. Kak M B HacToOslleM HayUHOM HCCIENOBAaHMH, 3apaHee
Jla/1eKOo Jie BCerAa sICHO, KakOH Jo/uKHA OBITh MOC/eOBaTeNb-
HOCTh JeHCTBHH AaA TNoJyyeHust pedyibrara. Hukakux ynu-
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pepcadbHbiX PEUenToB AAA 3TOr0 HE cymecTsyer, Heolxo-
JHMOE YMelHe TPHXOAUT TOIBKO B pPE3YJbTATe YHOPHONO
THYAA TIO Mepe HAKONJICHHS ONbITa.

®u3uyeckuil mup caoxeH, aneko e Bce aBJeHHs NMOMAA-
pTeH Kaaceupukaunn no pasaenam ¢usnxu. [osromy nopof we
TAK TIPOCTO OTHECTH TY WIH HHYIO 33724y K Onpene’TeiioMmy
paszeny. Ho uvenno Takue sajaun, Kaxk npaBm/Io, H IPEICTAB-
AT HanboAbIN HiTEpec, NOCKOMLKY B HHX MOKHO IIOUYYB-
¢TBOBaTb €1MHCTBO (PU3HUECKOTO MHpa, YBHIETH AHAIOTO
MOK/Y COBEPUIEHHO PA3HBIMHM MO CBOEH (u3uyecKkoll mprpone
IDJeHUSIMM U HaltH oduHMil si3plK A8 HX OMHCAHHY.

B npeisnaraeMoil KHure NOAOOHLIE 3a7a4H OTHECelbl K Ofr-
peseellioMy pasiesy 1o GopMajbHoMy BUAY HX YCJOBHH, He-
CMOTPS Ha TO, YTO B IPOLIECCE PElICHHUS NMPHXOAHTCS 32TPAari-
paTh Martepuast JAPYTHX pasfielioB.

B npusosnMbIX peuieHUAX 3ajad K pasfopax npHw
yaesseTcs ocodoe BHUMaHHE TeM MOMEHTaM, KOTODBIE A0
IIDHCYTCTBOBATE B JO6OM HCCAEIOBAllMH. 370, BO-MepRuIY,
0J0CHOBAHHBIH BHIGOp HASANH3AUHH HM3YyaeMoro HpoOneces,
150 BMECTO CaMOro SIBJIEHHSI Mbl BCerjia BBIHYMKJEHB nac-
cMaTpHBaTh HEKOTOPYIO YHOpOIEHHYIO MOIeJb, CTpeMmsich €O~
XpaHHTb B Heil camble XapakTepHble, Hanbosiee Ba)cHble HCHTHI
aBienns. Bo-BTopeiX, 3T0 00513aTesIbHOE HCC/IEOBAHHE [ino-
CTBIX HACTHBIX H MpPEJENbHbIX CAydYaeB, I/ KOTOPBIX GTBET
OYSBHJEH HJH MOXKeT OblThb MOJyYeH CPa3y HE3aBHCHMO OT
ofutero petlenust, Ouenp TOJE3eH TakxKe MOHCK W pasdod
alaJOrHi ¢ APYTHUMH 3a7a4aMH M SBJeHHSAMH, a TaKKe cpas-
HeHHe METONOB HX aHa/aAH3a,

[Ipu peulenuyu 3a7ay WMPOKO HCHOIb3YIOTCS NPUO.IHIKOH-
fpie MeToasi. Yacto HX TNpHMEHeHHe He ToJbKO 06.J1eryaer
pelilenue 3ajauy, HO H [O3BOJIAET MPEACTABHTL Pe3yabTaT B
Gosiee ypobroM JIst HCCeloBaHUs BHIe. B uHekoropbix cay-
Yasx, Korga mnoJydelue HaxKe NPHO/JIMKEHHOro pesyabrara
COTIPSIAKENO C HEOGXOAHMOCTbIO BEIX0JA 32 PAMKH HPHHATOTO
VYPOBHSI M3JIOXKEHHMst, HCHOJb3YIOTCS OLUCHKH, AAIIIHE KauccT-
BeHHYI0 KapTHHY M Nopsjok BennuuHsl. M, nagoneu, oGpa-
UL26TCA BHHUMAaHHE Ha BO3MOXHOCTb PAa3HBIX MOIXON0B K pe-
HIeHINO 32Ja4H.

Bce npusesennbie 3/1ech 337241 HCIMO/Ib30BATHCh HA YyPOKAX
U3k B crenHaNH3UPOBAHHON IIKOJe-HHTepHaTe TpH Jle-
HUHIPaJICKOM FoCyZapCTBEHHOM YHHBEDCHTETE H B cpefHed LiIKo-
ae Ne 24 r. Jlewuurpalda. Mwuorue Hu3 HuX npennaranuch
Ha oJuMNHajax IIKOJALHUKOB P. JIeHHHI'paja M Ha ceMHiuap-
CKHX 3aHATHAX CO CTYHeHTaMH Ha (HU3HYeCKHX (aKyJ/ibTeTax
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JleHHHTpaACKOTO FOCYLapcTBEHHOrO yumBepcntera # Jlenmun-
rpajCKoro MefarorH1eCKOr0 HHCTHTYTA.

Oxkaszanochk, YTO HEKOTOPHIE  3afa4l  APEACTABISIOT
onpelefeHHbe TPYIHOCTH AaMe LIS CTYAEHTOB-(DM3HKOB, He-
CMOTpPS Ha TO, YTO IJAf PEHIeHWA STHX 33134, CTPOTO roBops,
He TpebyeTcs 3HAHMH, BLIXOAALIMX 32 PaMKu HMIKOJbHOH Tpo-
rpaMMbt KaK [0 (pusHKe, Tak ¥ A0 MareMmartHke,

Js TpeTbero mu3janua kupra 6pia yacTuyno nepepabo-
TaHa H JAONOJHEHZ B COOTBETCTBHM C COBPeMEHHBIMH Telifieli-
UMSIMH pasBUTHA METOLOB NpenoaaBanusi (H3MKH H C ydeTom
JeficTByiomedl nporpaMMel [0 (U3HKe A NOCTYHAIOWUX B
BY3HI.

ABropsl HazelTCA, YFO KHMFA OKaXercs IMO0/Ie3HOH AJis
y4auluxcs CTapiMx  KJaccOB CcpeRHeH IKOMAbl, NpodeccHo-
HaJbHO-TEXHHUECKHX YYMJIMIE H TEeXHHKYMOB, a TaKie IJs
npenofiaBatesiell ¥ CTYNEHTOB BY30B,



I. KHHEMATHKA

KunemaTvKa H3ywaeT «reoMerpuio» ABHMeHHd. UTo Mbl mog 3THM
ioHHMaeM? «I'eoMerpus» ABHMKEHHA — 3TO MaTeMaTHYeCKOe OMHCAaHHe
JBHXKENMA Tea 0e3 aHanu3a NPUYHH, ero BL3bBAOMHUX. ApyruMu cio-
pamli, 6e3 BLISICHEHHs BONpoCa, MOUEMY paccMaTpHBaeMO€ ABHYKEHHC
1POUCXOAUT HMEIHO TaK, 4 He HHaue, YCTAHABAHBAETCS MAaTEMATHYECK O
COOTHOWIEHHE MEXAY €ro pPasiHMUHLIMH XapAKTePHCTHKAMH, TaKHMH Kak
nepemeltende, npofijennsii MyTs, CKOPOCTb, YCKOpEHHE, BPeMA ABH-
HEHH.

JBHXKeHne MaTepuaabHOH TOYKH BCErja pacCMaTPHBAETCA B KaKof -
anbo cucreme orcyera. [losoxenHe MaTepuanbHol TOYKH MOXHO ombe-
JeIHTh, €CJIH 3ajaTh €e pajlHyC-BeKTOP F HJH, YTO 3KBHBaJEHTHO, 1PN
KOOPAMHATH X, Y, 2 — HPOEKUHH PaUYyC-BEKTOpa HA OCH JeKapToBOH
CIICTEMbl KOODAMHAT, JIBHIKEHHE MAaTEMaTHYECKH OMHCAHO NOJHOCIBO.
eC/IH H3BECTEH PafHyc-BeKTOP Kak GyHKuus BpeMeHH r (f), 1. e. 1U3BeLT-
usl TPH cKaAsipubie GyukuHu x (¢), ¥ (¢), z({). Hanpumep, aaa pasuonep-
1IOr0 IBUKEHHS, T. €, ABIMEHUA C MOCTOAHHOH CKOPOCTbIO ?, (yHKUHA
r{t) umeeT BHJ

r{t)y=rotot, (1)
A 17151 paBHOTMEPEMENIOro {BHXEHHA C yCKopeaHeM a
at?
r(t)=r0+wot+'—2—- 2

B atux opmynax ry xapaKkrepusyer Ha4ajJbHOE NOAOKEHUE TOYKH, T. €.
ro=r(Nt=9g=r(0), vy — HauanbHasg CKOPOCTH.

TToquepkieM, 4TO B KHHEMaTHKEe YCKOpDEHHE CUHTAETCs 3ajauHbiM,
Ycxopense HaxoguTcs An6O ONBITHRIM NyTeM, Ju60 pPacueTHeIM C IOMO-
IIBIO 3aKOII0B AMHAMHKH, KOr/ia H3BECTHB CHJbLL, ONpEIensiouue Xapax-
1ep aBikenus. 3a6eras Bueped, OTMETHM, uTo ypabuesHe (1) onuchisaer
JBHXKEHME MATePHaAbIIoH TOUKH B HHEPUHAAbHOH CUCTEME OTCYeTa, ecau
lla TOURY He AeHCTBYIOT CHJBI (MJIM BCe JEHCTBYIOLHE CHJIb yPaBHOBE-
wuBaoresn), a ypasHenne (2) — ecau AeHcTBylomne CHJILL DOCTOSAHHBL
B rrocaeaneM cayuae ropopsr, uTO ABHKCHHE TeTa MPOUCXOAHT B MOCTO-
SUTOM BO BpEeMEHH OAHOPOLHOM CHJIOBOM moJje. IIpumepoM rakoro noas
MO T CAyMUTh HOJME TArOTeHHs BOAN3H NOBEPXHOCTH 3eMJIH IPH yCJa0-
BHH, 4TO BLICOTA TeAa Haj IGBEPXHOCTHIO Majj3 MO CPABHEHHIO C pafHy-
com 3emsn, Pasymeerca, jgBuikeHHe Tesa BO/JIH3H I0BEPXHOCTH 3eMilH



8 1. KHHEMATHKA

onycHpaercs ypaBrenRkeM (2) ToIbKO TOrjla, KOrja MOXKHO He YUHTHBATD
CONpOTHBJACHNE BO3AYXa.

Hrak, ¢ynkuns 7 (£) CogepXuT NONHYI0 HRopManlo o0 KHHEeMaTHKe
JBUKeHHd Teqa, T. € OTBeT Ha JoGoll BONpOC B KHHeMaTRYECKHX 3ajd-
UaX MOXHO NOJAYYHTb, HCHOAE3YS TONBLKO 3aBHCHMOCTb F(f), Huxkaxnx
Apyrux (H3UYECKHX 3aKOHOB TPH STOM INpHBJIeKaTb He TpefyeTcs.
Hanpumep, 3aBACHMOCTL MTHOBEHHOH CKOPOCTH TOYKHM OT BPEMEHH B
OAHODOANOM T10J€e MOKeT GhTh oJdyyuena U3 cooTHOWeR U (2) audpepen-
UBPOBaHHeM PajuyC-BEKTOpa [0 BPEMENH U HMeeT BH]

o{f)=1v0tat.

Iipn pewenun 3agay Mm 6yieM sanucuiBaTb ypaBHenue (2) Heno-
CPEACTBEHHO B NPOEKUHAX Ha OCH Koopawuar. IIpH MOCTOSHHOM yCKO-
penun @ BCerza MOXHO BHIGpaTh CHCTEMY KOOPAHHAT TakuM o6pasoMm,
4yT06Lt BEKTODHOE ypaBHeHHe (2) CBOAWJIOCH K ABYM CKaJIfPHEIM: Tak
KaK TpaeKTOpHs, N0 KOTOPOH ABHKETCS T&0, NJI0CKasA, TO HY KHO NpoC-
TO COBMECTHTb, HalpHMep, NAOCKOCTb X, ¥ C MJIOCKOCTBIO, B KOTOPO# Jsie-
MUT TPAaeKTOpHA. TOrla BeKTOpHOE ypaBHerne (2) 3KBHBANCHTHO JBYM
CHKANAPHULIM ypaBHEHBAM

£2 ayt?
() =sxoFood 2=, gty =yotuyt L 3

B yacruocty, ecan paccMaTpuBaTh JABUMeHHe Tena BOAM3U NOBepx-
HOCTH 3eMJIN NOA AEeHCTBHEM TOJNbKO CHJM TSKECTH, TO YA0ORO Halpa-
BHTb OCb y BePTHKaJbHO BBepX. TOr1a BEKTOP yCKOPEHHS BMEET TONbEO
OfNY OTAMYHYIO OT HyJs mpoekunio: a,=0, a,=~—g, n cuacrema (3)
NPRHAMaeT BHJ . :

X (2) = xg vyt =X+ vy COS -1,
2 2
y(f)=yo+v0yt—%-—=yo+vo Simp-f——%—; @
FA€ ¢ — yros, o6Pa30BAHHLIT BEKTOPOM HadaJdbHOH CKOPOCTH C FOpH-
sonToM. Mnoraa yzo6HO NMOMECTHTh HAUalo KOOPAMHAT B HayadbRYIo
TOUKY TPAeKTOPHH, TOrga Xo=y,= 0.

Tlpun paBHOMEDHOM XBHXMKCHHH MAaTepHaabHol TOYKH MO OKPyHHO-
CTH CKOPOCTh H3MEHSETCH TOJNBKO 1O HanpapJIEHHI0, 0CTaBasaCh HEH3MEH-
HOH Mo MoZymo. Y CKOpeHUe NIPH 5TOM HANDABIEHO K LEHTPY OKDYMHHO~
CTH MePNeHAUKYJAPHO CKOPOCTH, T. €, TTo HOpMaJaH K TPBEKTOPHH, H
PABHO IO MOAYJIIO

a=v%/R, (5)

rae R — paauyc oxpyxuocrd. dra xe QopMysa CnpaBesidBa u 0py
ABUKEHHH TOUKH C TOCTOSHHOM M0 MOZYMIO CKOPOCTLIO U 10 1P OH3BOVIb-
HOH KpuBOJHHENHOK TpaekTopuu. B sToMm ciyuae R €cThb pagHyc KpHu-
BH3HEl TPAGKTOPHH B DAcCMATPHBaeMOl TOUKe, YCKODEHHE NPH 3ToM
HaNpap/eHo K UeHTPY KpPHBH3HBI, T. € NEPHEHANKYJSPHO CKOPOCTH,
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HalpaBJ/enHoll No Kacareabrolf K tpaextopuu. Ecam xe ckopocts Me-
HAIETCSl HO MOAYJIO, TO Yy BEKTOPa YCKOPEHHS KpoMme HopMa/JbHOH co-
crasasowedi, gasaemoli Toll xe Gopmynoft (5), Gyxer eue cocrasanio-
1as, HalpaBJeHHasd [0 BEKTOPY CKOPOCTH HJH IPOTHB HEro, B 3asHCIl-
MOCTH OT TOro, YBEINUHBAETCS MM YMEHbINAETCs CKOPOCTb ABMMKyLLed-
¢ MaTepHaabHO{l TOUKML.

Pewielive xHMueMaTHYECKOfl 3a1a4l CBOLHUTCS K UCIONB30BAHHIO YKa-
24NNbIX BHIE yPaBHeH N B KOHKPETHLIX YCAOBHAX, ChOPMYTHPOBAHBLIX
8 sagave. Ilpu 3ToM Gbl10 Gbi HAallBHO NHLITATHCS OBJANETh KAKHM-TO
«OCMM METOLOM» PELIeHHs, NPUTOAHBIM A BCEX 3azay; MOFOOGHOro
«o01ero MeTofa» HonpocTy He cyuecrsyer. Hao6opoT, Ha NIPHBORUMELIX
NpHMEPAX YHTATeJb MOMeET yOeaHMTbCs, YTO BCerja CyuiecTByer Hec-
KONbKO G0Jlee MAH MeHee PasjM4yalolLuXxcs MeXay cofolf moaxopos X
NCCNER0BARHIO (H3HYECKHX sBJACHHH.

Pasuble MOAXORH HepENKO OTTEHSIOT HOBHE CTOPOHH H3YYaeMoro
ABJIEHHNSA, TO3BOAA Miy6xMe NDPOHUKHYTD B ero (UsHueCKMil CMBICI.
ITosTomy B GoaplinucTse pasGupaeMsix 3aAay NPHBOAATCH pasiandiLie
BIPHAHTH pellenHs.

1. Nepenpasa. IlpeacraBum ceGe pexy ¢ Napa/yiebHBIMH
Geperamu, paccrosuyve Mexay koropemu [ (puc, 1.1). Cko-
pPOCTb TeUeHHst Mo Bcedl UIHPHHE PEKH OAMHAKOBA W PaBHA .

C Kakoil HauMedbllleli MOCTOSIHHON CKOPOCTBIO @y, OTHO-
CUTENBHO BOABl JOMKHA IABITH JIOJAKA, YTOOH M3 TOUKH A

s .
t | .
H /B
i s/

/ 14

i s v
P
!

;t_‘// «©

A

Puc. 1.1. Cxopocte teuenns @  Puc. 1.2, CxopocTb JOAKH OTHO-
B JMIcGOM MecTe peKH OAMHAKOBa  CHTeAbHO OeperoB V paBHa cyM-
Me BEKTOPOB # H ©

nonacTb B TOYKY B Ha NPOTHEOMOJIONKHOM Oepery, HaXojs-
iyiocs Ha PacCTOSIHHM S HIpKe Mo Teuenmio? Ha kagoe Mumii-
MaJIbHOR pacCTOSIHHE Sy, CHECeT JIOAKY BHH3 [0 TeyeHHI
iipu mepenpaBe Ha Apyrofi Oeper, ecaH MojpyJb €e CKOPOCTH
OTHOCHTEJBHO BOJABL paBeH UP

A UTo6bt OTBETHTH Ha 3TH BOTPOCH!, HyXKHO TPEKAE BCEro
OTYETJINBO TPEACTaBUTE cede, YTO CKOPOCTb JIOAKH OTHOCH-
TeabHo OeperoB V ecTb BeKTOpHAas CyMMa CKOPOCTH TEYEHUS #
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I CKOPOCTH JIOAKH OTHOCHTENBHO BOgsl ¥ (puc, 1.2):
V=u+o. (1)

ByneM cHyTaTh, 4YTO JIOAKa HMeeT OTHOCHUTEJIbHO BOJAbBI
HEKOTOPYIO HEeH3MEHHYIO Mo MOAYJ/o cKopoctb . Toraa, or-
npaBJsisiCb H3 TOYKH A, JoJKa CMOXKEeT nonactb B TOYKY B
TOJAbKO B TOM CJiyyae, €CJIM ee CKOpOCTb OTHOCHTEJ/IBHO 6€pEI‘OB
V yracrest ranpasuth no npsavoit AB HIH JieBee 3TOH TPSIMOH.
Ecau nn py KakoM HallpapJieHNN 9 MBI He CMOXEM nDOJMYyYHUTh
B Haya/bHBIH MOMEHT pPe3yJbTUPYIOUYI cKopocTh V' Bjosb

B s 8
—p
s
4
/
s
v/
14
/ u
s
Ve
—
A
Puc. 1.3. BuiGop nanpasaesus  Puc. 1.4. K BHYHCHIEHHIO MHHH-
CKOPOCTH JIOAKH © AJAR nepe- MaJlbliol CKOPOCTH Upin

npaBbt H3 A B B

npamofi AB, To J0OAKY 06s3aTeNbHO clieceT TeUeHHEM HIKe
touxkn B (puc. 1.3).

Hy:xnoe nam uanpasgenue sekTopa V' Moxker GbiTh HOJY-
YeHo npu pasHbiX 3HAYEHHAX BeKTOpa ¥. CKOPOCTh TEUYCHHSA 2
BO BCex Cayydasx nanpap/jeHa OJHHAKOBO H H300pamKaercs ofl-
HUM H TEM 3Ke BeKTOpoM, CKOpOCTb J0JKH OTHOCHTEJNBIIO BOAb! ¢
MOKeT GbiTh Hanpan/eHa no-pasuomy. Ms puc. 1.3 Bugio, uro
3Ta CKOpOCTh OYyNeT HaiMeHbUICH B TOM cJjyyae, KOTHA CKO-
pocTb JIOAKH OTHOCHTEJNbHO Oepera V uampapsena MMeHHO
no npsmoit AB, a cKOPOtTh ¥ NepneHJUKY/Apua 3Tl mpsMoii.

_JTOT ¢/1y4al noxasad Ha puc. 1.4, M3 noao6us u306paxennsix
NPAMOYTOJIBHBIX TPEYTOJIbHUKOB HaXOQHM

Opin/tt = L[V 2 F 82 (2)

Utmernn, 4To €CJTH MBI XOTHM f10TacTh B TOUKY B, ABHTrasCh
¢ MHIIMMAJbHON BO3MOXIIOA CKOPOCTBIO Upyy,, TO HAM 1IPHAETCS
11aNIPaBUTL HOC JIOJIKH TePNeHAHKYJsSPHO BHIGpaHHOH Tpaek-
toput n01kH AB. Jloaky 6y/aeT cHOCHTb Tedeluem, u B Pe3yJib-
Tate oHa Oyner GOKOM mpuOMmKaTbea K HamMeyeHHOH nesu!
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Bosspamancs K puc. 1.3, MBI BHAHM, YTO A/ HOJyYeHHS
OTBETa Ia MePBbIfi BONPOC 3afaYu HaM NPHIUIOCH MPOoAHA/IH-
3HPOBAaTbh TPEYrOJbHHK, COOTBETCTBYIOMIMH 3aKOHY CJIOKEHHS
ckopocreit (1). B 3rom TpeyrosibHHKe OfHa W3 cTopou (#)
Obiia 3ajaHa MO MOAY/MIO M HamnpasieHHio. Hanpapaenne
apyrofi croponbl (V) Mbl BBIOpajn, MCXOAs W3 YCJAOBHS 3a-
jlayu — TpeboBauus MomnacTb B ToUKY B. Torga ana nonyuerus
MHHHMAJALHOrO 3HAYEHHSI MOAYJAS TpeTbell CTOPOHH! v(*v) ee
Hy’KHO OBbLIO HANpaBUTL NEPNEHAHKYJISAPHO BHIOPAHHOMY Ha-
npasienuio V.

/ U N
4”/ ‘\
——3 _— )
VA4 U4 )
\ /
\ ’
\ s
N 7’
\\\ // 3
——- a g

Puc. 1.5. Bui6op HanpasjieHis AJs nepenpaBsl ¢ MEHAMAAbHLM CHOCOM

Ananoruuubie pacCyXeHHs MOXHO HKCIOJb30BaTh M JJif
OTBeTa Ha BTOPOIl Bompoc 3ajau. BekTop CKOPOCTH TeueHHs:
# M B 3TOM CJyyae 3ajJaH MO MOAYJIO M Hanpas/enuwo. Hro
KacaeTcs BTOPOrO CJaraeMoro B MpaBof YaCTH BplpaxeHus
(1) — cKOpOCTH JIOAKH OTHOCHTENIBHO BOIM ¥, TO 3apaHee
[13BECTEH TO/JIBKO €€ MOAYJb U, a HalnpaB/I€HHE MOIKET OBITh
so6eim, Ecsin Hayalo BeKTOpa ¥ COBMECTHTBH C KOHIIOM BeK-
Topa & (puc. 1.5), To KOHeLl BeKTopa P MOXKET JIeXKaThb B JI0GOH
TOUKE OKpYXKHOCTH paamyca v. M3 puc. 1.56 cpasy Buano,
YTO CHOC JOJAKH TeueHHeM HeusdbexeH, ecau v<lu. Ecam xe
cKOpoeTh JIOAKH U GoJblile CKOPOCTH U, TO IIPH JOJKHOM
BLIOOpE HampaB/ieHHs ¥ MOXKHO AOOUTHCS TOrO, 4TO CHOCa
BooGue 1e 6yaet (puc. 1.5a). bonee toro, npu v>u moxso,
nepenpasissach Yepes peky, NPHYAIUTH K [IPOTHBONOIOKHOMY
Gepery B J1000M MecTe Bblllle MO TeYeHHIO.

Ananus puc. 1.56 noraswiBaer, uTo npu v<<u cHoc Gyjer
MHHHMAJIBHBIM, CJIH CKOPOCTE JIOAKH OTHOCHTE/IbHO Geperos V
Halpas/jeHa N0 KacaTedbHO# K OKPYXHOCTH pajuyca v. Cpas-
HHBast u3o6paskeHHble Ha 3TOM PHCYHKe MOAOOHBIE TPEyroJb-
HHKH, HAaXOHHM MHHHMaJIbHHH CHOC JIOAKH Spiy

smm———ll/u“‘—vz/v, v<u. (3)
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[Tocmorpure ewme pa3 Ha puc. 1.56 u coobpasure, KyAa
cReayer HanpaBJATb HOC JIOAKH NpH Iepenpase, qTO6bI ec
CIfOC TeUeHUEeM Obl1 MHHUMAJIBHBIM. A

2. Kax onepeauts aproGyc? Uenoeek HaXojurcs B TOJE
na paccrosiuuu [ oT npsiMonuHeliHoro ygactka mocce. Cnpasa
OT ce0s OH 3aMeuaer ABMKYINHICA mo Liocce aBrofyc. B ka-
KOM Hanpaps/eHHH caenyer GearTb K 1IOcce, YyToOB! BBIGEKATH
Ha JIOpOry BIepead aBrobyca
KaK MOXHO Jajibllle OT Hero?
Ckopoctb aBrofyca 4, CKoO-
pOCTh YeJloBeka v,

A Hunrepec, pasymeercs,
npeactasasieT TOJMLKO clydal
v<u, TaK Kak npH uv=>u 4ejo-
BeK MoxieT ybexarb oT aBroly-
Puc. 2.1, bexars K IOCCE HYX-  ca Ha JHofoe paccrosiHue,

HO 1€ 110 KpaTuaHiueMy nyTH qTOﬁbI Bbl6e)KaTb Ha occe
KaK MOXHO paHblle, YeJ0BeK
AOUKEeH H30parb Kpatgadimui nuyTts., Eciu npu 3TOM OH jaxe
W ycheeT BpOeXKaTb Ha uiocce BOepeny aBro0yca, TO BCE paBHO
paccTosiiie 10 apro0yca He OyJeT MaKCHMAJLHBIM H3 BO3MOMK-
noiX. B camoum aede, ecin 6@KaTh He NepIeHAuKYJSIPHO Locce,
a noj HEKOTOpLIM 1eBOoJbLLIMM YIJOM O K NePHeHIHKYASIDY
(puc. 2.1), To MyTh YenoBEKa 0 LIOCCE YBEIHUYHTCH HA BeJH-
yuHy Al, HO 3aT0 OH BBIGEKHT Ha JIOPOry Ha paccrosHuy d
nesee Toukd B. Ecan BeiGpath yroi o HOCTATOUYHO MAJBIM, TO
paccrosinue d MOXKHO cienatb Oosplic paccrosua Al B jno-
6oe ync.a1o pas. [lostomy, HecMOTpPs Ha TO YTO CKOPOCTH Yeso-
BeKa U MEHblle CKODPOCTH aBTOOYCA U, OH OKAMETCSl Ha 11OCCE
Ha GoJbllleM pacCTOSIHHH OT aBTofyca, UeM B Toyke B,

B xakoM ke HamnpaB/eHHH cJenyeT OexaTh YeJAOBEKY?
OxaseiBaeTcst, YTO Ha 3TOT BOMPOC JIETKO OTBETUTH, €C/HH Me-
pediTn B ApYTYIO CHCTeMY OTcuera, B KOTOPOH aBTOGYc NOKO-
HTCS1. JTa cHcTeMa OTCYeTa ABHIKETCS OTHOCHTEJIBHO 3eMJIH B
ASBYI0 CTOPOHY CO CKOPOCTBIO u#. B HanHON cucteme Henox-
BIKHO CTOSILIMH Ha 3eMJe Ye/oBeK HMeeT CKOpOCTh I, Hanpas-
JAedHylo Brnpaso (puc. 2.2). [losHas CKopocTb Ye/noBeKa B
HOBOH cucreme oTcyera V paBHa BEKTOpPHOH CymMMe # H CKO-
POCTH yesoBeKa OTHOCHTE/NLHO 3eMJH .

Tenepp HerpyaHo coolpa3uTb, YTO 3Ta 3afaya 3KBHBa-
JIEHTHA PacCMOTPEHHOH Bple 3aJa4e O MHHHMAJNBHOM CHOCE
JIORKH NIpU nepenpase Ha Apyro# Geper peky. Tak Kax B pac-
cMaTpHBaeMoH CHCTemMe OTcYeTa aBToGyC HEMOABHIKEH, TO
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TpefoBanne BhiGeKaTb Ha 1JOCCE KaK MOMXKHO Jajblie OT aB-
To0yca paBHOCHABHO TPEGOBAHHIO MHHHMA/IBLHOTO CHOCA JIOAKH
npu nepenpase uepe3 peky. Ilostomy nckomoe nanpasserie
BEKTOpA ¥ ONpeje/seTcsl TakKHM 2Ke IIOCTPOoeHHeM, Kak H B
npeppiayieit sapaue (puc. 2.3). Tpaekropus uesnoseka B
cHCTeMe OTcuera, rie aBTofyc HeNOABHAKEeH,— 3T0 npamas AL,
TpaekTopust xe B cuCTeME OTCUeTa, CBS3aHHOH ¢ 3emJell,—
npsman AD.

v/ A $'min J A
] [
‘
3 )
)
)
1 .
Ay
V t7} A Y
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174
Puc. 2.2, CropocTb uejo- Puc. 2.3. K BaXoxJenhio Hanpdeae-
BEKa B CHCTEMe OTCHeTa, HUA ABHI)KEHHA UYEJOBEKa

rae ZBTOGYC HENOABHXeH

Takum o6pazsom, GekaTh K LIOCCE HYXKHO HE MO KparTdai-
eMy nyTH, a NOA YIJOM o K HeMy, HpHueMm

sin a=0v/u.

Hs puc. 2.3 Buano, uto uenoBeK cMoxeT npHbexaTb Ha
11occe paHbile aBTeo0yca TOJNBKO B TOM Cjyyae, ecld B HaYailb-
HBEI MOMEHT aBTOGYC HaXORWTCS OT TOYKHM B Ha paccrosinun,
He MeHbleM

Smin=1 Vi —otp.

PaccMoTpennasi 3ajaua MOXKeT CJHYMHTL HPHMEPOM TCro,
KaK yAauHblil BHIGOP CHCTeMbI OTCUETa N03BOJSIET SHAUHTENLIIO
o0JeryuTh peulenye. A

3. Papmyc xkpususHbl. HaiiT pajuyc KPHBH3HEL LHKICH-
Abl B BepXHEH Touke ee nyru — B Touke A Ha puc. 3.1.

A Haxoxzenne pagnyca KpHBH3HBL 3aaHHOH KpHBOH —
3TO, pasyMeercsi, UHCTO reoMeTphueckas sajaua. Jast ce
peiieHysi AOCTaTOUHO 3HATb ypaBHeHue Kpupodl. ITosTomy na
nepBulfi B3T/ISA HE SICHO, KaKoe OTHOLIeHHe K (pH3HKe HMeeT
nocTaBleHHBIH B 3ajaye BONPOC.

OnHaxo HHOTAA TakHe 3a7a4#t MOKHO O4Y€Hb NPOCTO pe-
IIHTh, BOCNOJIL30BABIIHCDL TeM, YTO PanHyC KpUBH3HBI KPHEGH
BXOAMT B HEKOTOpble KuHemaThueckue Qopmyan. OcHosHas
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jjiest 3aKJIOUACTCSI B TOM, UTO paccMaTphBaeMyio reoMerpuue-
CKYI0O KDHBYIO NPEACTaBASIOT KaK TPAEKTOPHIO KAaKOro-r1ubo
JIOCTATOYHO NIPOCTOr0 MEXAHHUYECKOro ABHIKEHHA H HCCJAENYIOT
3TO JIBHXKEHHE METOAaMH KHHEMAaTHKH. )

ILHKJIOH iy MOXKHO paccMarpuBaTh Kak TPAeKTOPHUIO KaKoH-
Aubo TOUKH ofoaa Koseca, KOTOpoe KaTHTCA 0e3 NpPOCKalb3bl-
panns no npamoit. Ha puc. 3.2 nokasana nuk/ouia, KoTopyio

A

Puc, 3.1. Iugaouga

«BBIYEpYBaeT» Touka A, HaXoiuBiuasicss BHU3Y B Hayadb-
iptit mMomeur. Touka A ONMCHIBACT J2HHYIO LHKJOHAY He3a-
BUCHMO OT TOTG, KATHTCA JH KOJIECO PaBHOMEPIO HJH C YCKO-
peHHeM, BaXHO TOJbKO, YTOOB OHO HE IpPOCKaJb3blBaJO.

Puc. 3.2. Hukaouna kak rpaex-
TOpHs TOYKH 060Ja KaTAWMErocs
KoJeca

Tlpome Bcero paccMoTpeTb, pa3yMeercd, pPaBHOMEpHOe Kaue-
nue koneca, Takoe Kaueiine 110/1y4aeTCa B pe3yJ/bTare CJA0KEe-
HHA PABIOMEPHOrC BpalleHHA KOJAeCa BOKPYI OCH H paBHomep-
HOTO TIQCTYMAaTeNLHOro ABHXKEHMs, JHHefHas CKOpocTh KOTO-
pOro v papHA NPOU3BEJEHHIO YIJIOBOH CKOPOCTH Ha paauyc
Koeca r.

Bo Bcex HHEPHHAJNbHBIX CHCTEMaX OTCUCTa MarepuaabHas
TOUKAa HMeeT OAlI0 H TO XK€ YCKOPEHHE. HOSTOMy HaXOIAHUTh ero
MOMXKHO B J11000#l TAKOH cHCTeMe oTcuera. Flcuo, UTO ycKopenue
TOYEK 060,'[21 KoJleca CBSI3aHO TOJIBKO C €I BpallieHHeM BOKPYT
och. [TosToMy yckopeune a o6oil TOUkH 00012 HallpasaeHo 1o
paauyCcy K UEHTPY KOJ€Ca H OIPEAS/IACTCH BplpameHueM

a=uv¥r. 0]

3HayuT, U B BBHICINEH TOUKE UMKJIOHIB YCKOpEHHE 3JeMEeHTa
obojia KoJeca papuo v%/r W HalpaBleHo BHH3 (pHc. 3.2).
Tenepp paccMOTpHM JABIRKEHHE 3TOH K€ TOYKH 06042 Kak
aBHHerne no uukaouae. CkopocTb B MmoGOH TOUKE TpaAeKTOPHH
lanpasJjena 10 KacaTeJibHOH K HeH; 3HAaYUT, B BBICIIEH TOUKe
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UHMKJOHAN CKOPOCTh HallPaB/JeHa FOPH3ONTANbHO. YcKopernie
Ke, KaK MB BLIACHWJ/IM, HANpaBJeHO BEPTHKAJBLHO BHH3, T. €.
nepRenguKyAspro ckopocTH. IlosTomy HalienHoe BhHIE yC-
KOpeHHe MoKeT ObiThb 3aMHCaHO TaKxKe B BHAE

a=V¥R, )

rae V — cxopoctb TOUKH 00cAa B ee BEpPXHEM MOJIOKEHHH,
a R — uckoMbil paguyc KpHBH3HBI IHKJIOHABI.

Has naxoxzgenns V Oyiem paccyxkaarh caeayioimuM odpa-
30M. CKopocTe J11060# Toukn 06oja KaTsllerocsi Kojeca paBHa
BEKTOPHOH CyMMe CKODOCTH MOCTYNATeJbHOr'0 JABINKEHHS KO-
Jeca A JHHeH{HOR cKopocTu BpauieHus BOKpyr ocu. [lpn or-
CYTCTBHH MPOCKaAb3LIBAHHSA ITH CKOPOCTH PaBHBEL 1O MOIYJIO.
B Bepxnefl Touke oHM M HampasJeHH OJAuHaKoBo. [loaToMy
V=2v, u, cpaBuubad ¢opmyas (1) u (2), Haxoanm

R=A4r. (3)

Papuyc KpHBH3HB LHKJOHAB B BepXileHl Touke paBell yaBo-
eHHoMYy AnameTpy Koseca. Ec/n Obt MBt paccMaTpHBa/lIH Kaue-
11He KOoJleca Kak BpalleHHe BOKPYI MIHOBelHOH ocH, COBNaAao-
mel B KaXAbifl MOMEHT C HiKnel Henonsu:KxHo# ToUuKOoH KoJeca
(puc. 3.2), To Mor/1o Ol [I0KA3aThCsl, YTO BepXHsAA TOYKA JIBU-
JKeTcsd M0 OKPYXKHOCTH, pamMyc KOTOpOH papeH AuaMeTpy Ko-
aeca. Tak oHo n ObL10 Gbl, ec/131 Obl MTHOBEHHAs OCh Bpailenns O
ocTaBalack HenofpuxHoil. Ha camom nene sra ock nepeme-
LILAeTCH BMECTE C KOJIECOM, H HMEHHO 1103TOMY paccMaTpHBaemas
TouKa cbofa A jABHXKETCS B 3TOT MOMEHT MO OKPYKHOCTH, pa-
JHyC KOTopoil maercsi dopmy.aoil (3). A

4. Tlaparomuii mav. 3a6polueHiikll B KOJIbLO GackeT6oib-
Kbt MAd HauuHaeT OTBECHO MaJlaTh H3 KOP3HHLI Ge3 Haua1bHoi
ckopocTH. B ToT e moMenT 13 TOUKM, Haxojdluefica Ha pac-
cTOsIHUM | OT KOJbl2, B AajfalomHtil May OpocaioT TeHHHCHBIA
agu (puc. 4.1). C kako#t naganbHOR ckopocThio Gpi1 Gpollen
TEHHHCHBI MAY, €CAH MAYH CTOJNKHYJUCE Ha paccTosuuu A
OT KOAblla?

A B nocrapieHHOM BONpOCE NOApasyMeBaeTcsi, UTO HYXKHO
HafTH BEKTOpP Haua/lbHON CKOPOCTH TEllHHCHOTO MA4Yad, T. €.
Cro namnpasgenne (yron o) ¥ MOAYJAb (ve). Ecam pewate 3a-
1ayy B HCXOAHOH (MaBopaTopHOIl) cHCTEME OTcyeTa, TO XOR
paccyRIeHH#! MOXeT OBiTh CJAEIYIOLNM. 3alncEBaeM BHpaxe-
HHsA s nepeMmeleHHil o0ouX MdAuell 3a BpeMmsa ! OT Hauaja
LBIZKEHHS N0 MX BCTPEUH, 3aTeM IpcenupyeM HX Ha BepTH-
KajbHOE M FOpH3oHTajbHOE Hanpasienns (puc. 4.2). B pe-
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3ysabTare NPUXORAHM K CHCTEME YpaBHEHU#H

42 . 3
h:%_, H__h.—_—uosmoa-t——%-, M

VE—H =y, cosa-t.

3nece H — Boicota Ko.Iblia HAJ TOYKOH GPOCAHHA TeHHHCHOTO
MAaYa, a l/lz—— H? npencrapaser cofoi pPacCTOSIHHE N0 KoJiblia

no ropusonTanu (puc. 4.2).

Puc. 4.1, INanaomufii Mag

B cucteme Tpex ypasuennii (1) uetnipe HEH3BECTHBIX Be-
JUYUHBL Uy, &, { B [, [losTOMy MOXeT noxkasarthes, uro sa-
Iaua lie HMEeeT eIMHCTBeHHoro petreHnsa. OpHaKo 3To He Tax.
JleficrBuTenslo, [OACTaBIAA A W3 MepPBOrO YPaBHEHHA EO
BTOpOE, HOJYyYaeM

H=v,sin a-t. (2}

Paszeans nouaeHHO 3To ypaBHEHHE Ha TPeTbe ypaBHEHUS
cucrembl (1), Haxopum Bhipaxenue Ana tg o

tga=HV E—H. €3)

Tenepp ¢ nomoweio puc. 4.2 MOXHO YBHMAETb, 4TO YroJ o,
107 KOTOPHIM AO/KHA GbITh HalpaB/eHa HaualbHam CKOPOCThb
TEHHHCHOTO MfYa, B JefICTBUTE/ILHOCTH COOTBETCTBYET HalpaB-
JA€HHIO M3 TouKH Opocannsi Ha Koabuo. McrunHoe Hampas-
JeHHe HauyaabHOH CKOpocTH @, NoKasano na puc. 4.3. Hraxk,
Gpocarh TEHHUCHBIH MY HY»KHO TOUHO B HanpaB/JE€HHH KOJbl(a.
Monysb ero nauansHON CKOPOCTH MOXHO HaHTH, NOACTaBAsA

t =V 2hjgus nepBoro ypaBHeHus cucreMbl (1) B ypaBHenue (2).
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YuureiBan, gro H/sin a=[, nosyuaem
vy =1/t =1V g/2h. (%)

Ho Bcex 3Tnx npeofpasopaHdil MOXKHO U30EXKAThL, €CaH C
CAMOro Hauala HepeHTH B CHCTEMY OTCUeTa, CBA3aHHYIO ¢
62cKeT0OILHBIM MAYOM, T. €. CBOGOAHO NAaRAOMYID € YCKO-
peduem g. B 3Tofi cucremMe orcyera GacKeTGONBHRIA MAU,

Puc. 4.2. IMpoexuun nepemente- Puc. 4.3. Mcrunnoe panpasne-
Huil Magedl HHe BEKTOpa ¥y Ha4yaJblol CKo-
pocTH

eCTECTBEHHO, HENOJBIMEH, a TEHHHCHBI JBHXKETCA paBilo-
MePHO M HPAMONHIEHHO CO CKOPOCTbiO ¥o. OUeBHAHO, UTO 5Ta
CKOpOCTb ¥, JO/MKHA ObiTh HanpaBleHa Ha GacKeTGoNbHbIH
mad. Uepes spems {=I/v, Msuu cronkuyrcs. B naboparopHofi
CHCTEME OTCHETA 3a 3TO BpeMA 0acKeTGOAbHKI MAY OMyCTHTCS

Ha paccTosiHue
gt gL\t 5

h_‘ 9 9 Uy 4 (*)
OTKYJa s v, lo1y4yaeMm npexuee Belpaxenne (4). Ha npumepe
3TOH 3aJaul MBl BHAIM, YTO B HEKOTOpHIX C/Ay4asX yAoOHLIM
OKa3LIBACTCA MepeXo] B YCKOPEHHO ABHKYULYIOCH CHCTeMY
oTcueTa. A

5. B uesb ¢ HauMeHbUIeH HAuajbHON ckopocThio, Heod-
XOAHMO C NOBEPXHOCTH 3€MJH NORACTh KaMHeM B Leih, KOTO-
pasi pacrosoXena Ha BLICOTE€ A U Ha pacCcTOANHH § O ropH-
souranu. Ilpn xaxofi HanMeHsiell HayaJbHOH CKopocTl
KaMHs 3To Bo3MoxKkHO? ConpoTHBjeHHEeM BO3AYXa NpeHeOpeub.

A Ha nepBrift B3rsisg Kaxercsi, YTO Hauya/lbHas CKOPOCTH
KaMHsa OyjneT HanMeHbLICH, €CJH BEpXHAS TOUKA €ro Tpack-
TOPHUHN COBNajaer ¢ muitessto (puc. 5.1a).

Moxer 6uTh, 1 BaM Tak Nokasajock? Mino3us sra Ha-
CTOJThKO CHJIBHA, YTO NOA0OHOE pelleRHe anajJorMudofl 3apadu
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MOXHO BCTPETHTL B HEKOTOPBIX COMHAHEIX NocoGHAX No pelue-
HyIo (u3udeckuX safay. Oanako, Aake He peulas 3anaud,
JIEFKO YOeNHTBCA, YTO 3To He Tak. JeficTeurenbHo, Oyaem
MBICIEHHO yMEHBIIaTh BLICOTY, Ha KOTOpOH pacloJoKeHa
uean. Ilpy 5ToM TOYKA, KyAa NOMAjaeT KaMeHb, MPOAO/IKALeT
COTJIAcHO NPEANONOXKEHHIO OCTaBaTLCSl BepXHeH TOUKOH Tpa-
ektopuu (puc. 5.16), B Tom
qucae U B NpelelbHoM Cay-
uae h==0. Ho cosepuienno
0YeBHAHO, 9TO /151 TOro 4TO-
O6bl monacTh B UEAb, HaXo-
AAULYIOCS Ha 3eMJje, JocTa-
TOUHO TNpOCTO  A0OPOCHTH
- KaMmenhb no uean (puc. 5.16).
~ Hrax, npepnonoxenne o
~o TOM, 4YTO LeJ]b COBNAJAET C
5 - \ N BBICIIEH TOUKOH TpacKTOPHUH
~Ny [oJeTa KaMHas, HeBepHo.

s QuInBoYHOCTh ITOTO npeg-
NOJIOXKEHHs CTAHOBUTCS elle
. Gosee oueBujHOM, €cam 3a-
N METHTDL, 4To Tpebyemas LpH
AN 3TOM Haya/JhHaf CKOpPOCTh
JIOJKHA BO3pacTath 110 Mepe

- toro, kak h— 0.
[Mpusenenurifi.  anaans
Puc. 5.1. K Bu6opy onTumambiroli  NPEACTABJAAET cO0OH npumep
TpaekTOpHH NpOBEPKH pellieHusa 3alaiy
npenehHRM HEPEeXOJOM K
foJjiee IpOCTOMY CJAYyYalo, KOrZa OTBeT JuGO OYeBHAEH, Jnbo

MOXeET OBITh JIerKO HaljeH.

M3 npusenenHoro xauecTBeHHOTO aHAMM3a MOMXKHO CAeaTb
3aKJ/OUeHHe, UTO Lk BCEraa AO/KHA HAXOJUTHCA HA IHCXO-
Jdawei BeTBu Tpaexkropuu (puc. 5.1¢). Ewme pa3 Hanomumm,
4TO MBl HUIEM TPAEKTOPHIO C MHHHMAaJ/JbHOH HayaldbHOH CKO-
POCThIO.

[TpuetynuM K peileHHio 3ajauH.

ITycte Kamenp GpOLLEH MO YIJIOM & K TOPUSOHTY H HONAJM
B 1lesb. Ero nepementenns no ropu3oHTaMM S B 10 BEPTHKaH A
MOFYT OHTH 3aNHCalbl CACAYIOIHM 0o6pasoM:

s=Uycos &-¢, h=uv,sin a-1—gi*/2.

N

TlockosibKy BpeMs HoJeTa KaMHsl { HAC He HHTepecyeT, HCKJIo-
Y1M €ro H3 5THX ypaBHeHnil. Boipaxas { n3 nepporo ypaBHeHHs
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H NOACTaBJAAA BO BTOpOE, NOJyUaeM

h=stgo——E . M
2uy cos? o
3710 ypaBHEHUE COJACPIKHT JBE€ HEHW3BECTHHIE BEIMUHHBL Ug H O
H UMeeT Mo3ToMy OecuucJeHHoe MHOXKECTBO pellieHHH, YTO
COOTBETCTBYET BO3MOKHOCTH IIONAcTe B 1e/1bh OECKOHEUHhIM
yncjom cnocobos. M3 stux peneunit Ham HyHO BHIGpaTh TO,
KOTOPOE COOTBETCTBYET MHHHMMAJbHOMY 3HAUeHHIO Uy,
[lpsimoii myTb peilenns 3Tol 3ajayd COCTOHT B HAXOXKAEHHH
Uy KaK (PYHKUHHM OT o u3 ypasHenus (1) n uccjenopanuy 31oi
(YHKLUHH Ha 3KCTpPeMYM, 4To Tpelyer, oiHaKo, NpHMeHEHHA
secllell maTeMaTuki. [ToaToMy noctynuM unage. Pewum ypas-
nenue (1) oTHocHTeBHO o, Miconb3ysa H3BECTHOE COOTHOUIEHHE
1/cos? a=1-}-tg? o, 3ameuaem, uto u3 (1) nonayuaercs Kpajgpar-
10e ypaBHeHHe oTHocurtenacHo tg o

gsttgta—2uistgo -+ gs?+ 2u5h = 0. 2

Pewus ero, noayunm

lgo= -g—ls— [v‘i =+ l/vg-—g (gs® - szﬁh)J.

Kasanoch ©vl, HHYEro XOpoOUIETO HE MoJyyaercd — Irpo-
MO31KO2 BhIpa)keHHe. A Ha camoM Je/je Mbl B ABYX larax or
oTBeTa Ha Bomnpoc 3ajzaun. Ieficteutennno, ana tg o dusnue-
CKHIl CMBIC/I MMEIOT TOJMBKO BELIECTBEHHEBIE peElIeHHdA, H Io-
TOMY AUCKPHMHHAHT RO/KEH ObiTb HEOTPHILATehHBIM:

vy —20hUt— g% = 0.

Jlerko y6eanTsCs, YTO MEHHMA/bIIOE 3HaYeHHe U3, IpH KOTOPOM
3TO COOTHOL€HHE CHpPaBeiJIMBO, COCTBETCTBYET CJaydaw pa-
BRIICTBa; TaKuM ofpasoM,

U;ZJ min = & (h + th + 52) .

{Bropoit Kopenb U} i, =& (A —V A+ s%) He umeer (usnue-
CKOTO CMbIC/1a, TaK KaK KBafipaT CKOPOCTH €CTb BeJHYHHA
nojoxuTe 1bHan.) Mrak, nosyyeHuslii HAMMH OTBeT MMEeT BHJ

Yy min = 1/-g (h + th "\’ Sz) . (3‘)

[Tpoananusupyem Temeps peienle HeCKOAbKO NOapobHee.
Bossparumest k kBagparnomy ypasuemmo aas ig a. Ipu no-
JIOXATEBHOM [IHCKDHMHHAHTE OHO HMeeT 1Ba pelieHHs, T. e.
IpH 3aJaHHOM SHAUGHHH U, KaMeHb MOMeT MOnacTb B LeJb
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no ABYM pas/HYHEIM TpaekTopHAM. IlpH oTphuatenpnom ABCK-
PUMHHAHTE pemeHuil HeT, T. €. HH NIPH KaKOM 3HAYCHHH ylJa o
KaMeHb He MOMajer B ieb NpH 3aJaHHOH cKopocTu, [IpHu pas-
1OM HYJ/10 AHCKPHMHHAHTE MMEETCs TONBKO ORHO pelieHHe
(eAMHCTBEHHAs TpaeKTopHs HoJjeTa KaMmus ko uean). Vmenuo
B 3TOM CJy4ae, KaKk Mbl BRISICHH/IH, HaualbHas CKOPOCThL Gy/eT
MHHHMAJbHOH, a BhlpaxeHue nas {g o nmeer ocoGeHno npo-
cTOH BHA:
08 min h+l/hz+32

tga= gs ] : 4)

ITpoBepuM npaBuIBHOCTL NOJNYYEHHOrO pE3yJabTaTa Ipe-
JeThHBIMH NepexoaaMH.

1. Ecan A=0, 1o tg =1, T. €. KaMeHb HYXHO OpPOCHTBH
nox yriaom w/4, Xopowo H3BECTHO, YTO STO COQTBETCTBYET
MaKCHMa/JbHON AANBHOCTH NOJeTa Mo TOPH3OHTAJMH NpH 3aJaH-
HO#l HavaJibHOM CKOpPOCTH, a NPH 3aAaHHOA RaJbHOCTH — MH-
HUMaJbHOH HayaabHOR CKOpOCTH. DTOT cayya#l yxe ofcyk-
Jajicsl BHayale,

2. Ecan s— 0, 1o tg & — o0, a & — 71/2. HefictBuTenniio,
KaMeHb caelyer 6pocarh BepTHKAMLHO BBEPX, H TOJBKO B 3TOM
caydyae IM0JOXKeHHe Uend COBNAjaeT C HAaWBBbICIUEH TOYKOMH
TPAEKTOPHH.

Hrak, MB pewnan nocraBleHHY0 3ajady, NotpeboBas,
yToGbl KODHM KBajpaTHOro ypaBHeHHs (2) aas tg o umean
(busnuecku# CMEICH, T. €. Ok BEHeCTBEHHBIMH.

Paccmorpnum Teneph HECKOABKO HHOf cocob paccyxAeHHH,
IIpHBOAAILHE, ecTeCTBeHHO, K TOMY e pesyabrary. Ilpexje
BCErO OTMETHM ORHO QUEBHHOE OGCTOATENLCTBO: NPH 3a4aHHOM
PACCTOSHUH S UeM BhIllle PACHOJIOKEHA LIeMh, TeM Oo/bIle JOK-
Ha OpiTh MHHUMAaJbLHAS HayaabHasd cKopocTh KaMus, [Tostomy,
BMECTO TOTO YTOGH HCKAaTh MHHHMYM U, IPH 33RaHHOM /1, MOXKHO
IICKaTb MAaKCHMYM A [pH 3aJaHHOM U,.

[Ipeanonoxum, uto v, 3anano. Toraa, Bmpasus A us (2):

2 SZ
h=—2 torq tstga—=E
208 & Tsig 203 !

JieTKO HCCJef0BaTh INOJYUHBIIMIICS KBaApaTHRIA Tpexujen
OTHOCHTeNLHO tg o Ha makcumyM. (HanomnuM, 4to makcumym
KBaJpaTHOro TpexuneHa y=ax*+bx-+c (a<<0) umeer mecTo
npu x=—>b/2a u pased c—b?/4a.) Makcumanblioe snauenue h
jocturaercs npu tg a=ui/gs u pasno

2 2
po—0 85 5
2g 208 ©)
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W3 (b) naxonum MHHHMAMhHOoE 3HaueHHe HayalbHOH CKoOpocTH
Uy NIPH 33J2HHOM BLICOTE 11N A, COBMAAAIOIEE € NOJTyUeHULIM
paHee. A

6. B uenp 3a cTeHoW, Mexay 1€/ni0 ¥ MHHOMETOM, HA-
XOAAIIUMHCS Ha ORHOM TOPH3OHTaNH, paclo/OXKeHa CTeHa
BhicoToft A. Paccrosnue Or MunoMera 10 CTeHhi paBHO @, a OT
creiist Ao uean b. Oupenennts MUHHMAJIBHYIO Haua/ibHYIO
CKOPOCTH MHHBI, Heo0Xo-
AUMYI0  AJs Topa)eHus
uenu, Ilox KakuM yriom
IpH 3TOM CJeAyeT CcTpe-
AaTh?  COIPOTHBJCHHEM
BO3LyXa IpeHeGpedh.

A TlonpoGyeM pasod-
pathes B 3ToH 3ajaue, He
BhINNMCBIBAsl IIOK& HHKa-

g

kux popmy.1. Pacemorpum & @ 4 z
BCe TPAEKTOPHH, MpoXo- Puc, 6.1. TpaekTopuu, mpoxogsuue
JAuye yepes 1edab, 3a0biB yepes 1esb

Ha BpeMs O CYuleCTBOBa-

Huu crennl. Ha puc. 6.1 Bhigesaena TpaekTopus, COOTBETCTBYIO-
1mas HauMeHbUIEMY 3HAUeHHIO HAYaIbHOH CKODOCTH MHHBI,
HanomHEM, UTO 5TOH TPAeKTOPHH COOTBETCTBYET yroa a=45",
Herpyano y6enutecs, 4To HauaghHBIe CKOPOCTH, COOTBETCTBYK-*
uHe JPYruM TPaeKTOPHAM, MOHOTOHHO BO3pacTaloT lIpU yAaae-
HHHM 3THX TPAeKTOPHH OT BBIJENEHHON KaK BBepX, TakK N BHHU3.
[TosToMy ecan cTeHa OKaKeTcsi HHKE BHJ@NEHHOH TpaeKkTo-
pHH, TO peIeHHE TPHBHAMNLHO: HMEHHO 3Ta TPaeKTopHA H
VAOBJIETBOPAET NOCTaB/JeHHBIM YciaoBHAM. Ecan crena oka-
JKETcsl BHIILE, TO HCKOMas TPaeKTOPHs NPOXOAMT uYepe3 BepX-
Huif Kpaft crennl. Bor H Bce.

Tenepn ocraeTcsi TOJNBKO 3aNHCaTh 3TH DacCyXKIeHHs H2
MareMaTHUYecKOM f3hiKE, T. e. NOJYYHTb BRIDAXKEHHA AJsS Bbi-
YHUCJIeHHs HAuyaJbHOll CKOPOCTH ¥y H yIila O B KaXKJOM H3 ITHX
CJyuaeB.

[Mpexxpe Bcero nonyyum ofuiee ypaBHEHHE TpPaeKTOPHI,
PpOXoJALINX uYepe3 Heab. Kak Mbl yXKe 3HaeMm, ypaBueHue
TpaeKTOPH#, BLIXOAAUIMX H3 Hayajga KoOOpAMHAT, UMEeT BhJ

y=xtga—E2 (1 1 tgra). M

2 Us

[otpeGyem, uToGBI 5TH TPAEKTOPHH MPOXONHIH Yepes Lenb,
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Hna storo nonoxnm B (1) y=0 npn x=a-+b:

0=(a+b)iga— g‘“*”’ £@IH 1 4 tgra), )
Bripaxan us (2) HauaabHY0 CKOPOCTh Uy U moactabsis B (1),
MoJlyyuM ypaBHEHHE TPACKTOPHH, NPOXOASLIHX Uepe3 LeJb:

yzx(l———ﬁ)tga (3)

[Tpunasasn o pasusie 3mayenus B npegesiax or 0 gpo m/2,
moJiyyaeM Bce TPaeKTOpHH, n3ofpaxkenubie Ha puc. 6.1. Ber-
Jie/leHHasA TPaeKTOpHS INoayuaercs mpn tg a=1 (a=n/4):

v=x(1—zj3): )

BrificHuM Teneph, 0pH KakoM YCJOBHH 3Ta TpaeKTOpHS
npoxonur Haj crenofi. Haa storo nafineMm BhicoTy h; TOUKH
TPaeKTOPHUH NPH X=a:

a ab
m=a(1—zt5) =2
Takum ofpa3oM, ecqaH BEICOTA CTEHB A MeHblle, ueMm Jiy,
TO HMCKOMasl TpaeKTOpHs oOllpejetsieTcs BoipaxenueM (4), a

COOTBETCTByIOIAsi €H HayanbHash CKOPOCTh U, JErKO Haxo-
JuTcs nu3 ypasaeHus (2) npu tg a=1:

Vo min = Vg (d + b)

310 ecTh O6LIYHOE COOTHOUIEHHE MEXAY HaualibHOH CKOpOCTHIO
U MaKCHMaJlbHOH RaJBHOCTBIO MOJETa N0 TOPH3CHTAJH.
OnpenenuM Teneph UCKOMYIO TPaeKTOPHIO, €CAH CTella BHE-
e BhIAEAeHHOH TpaekTopuu: A=>h;. Kak yxe ormeuanocs,
B 3TOM CJyyae HYXKHO HaHTH TPaeKTOPHIO, NPOXOAAULYIO Fepe3
BepXHUH Kpa#l cTeHsl, T.e. NOJOXHTb B (3) y=Hh npu x=a:

=a(l—55) tem

otkyna tg a;=h(a-b)/ab. YpaBHeHHe HCKOMOI TpaeKTOPHII
HoJyuHM, NOJCTasHB HaljeHHoe 3HauyenHe tg o, B dopmyny

3):
y:x<1 —ﬁ)a—:rb—bh.

OTMmeTuM, YTO AJis OTBETA HA NOCTaBJIEHHLIE B 3ajaue Bo-
MpOCH! 3TO ypaBHEHHe HaM He TpeGyeTcsl, HO OHO JaeT BO3MOXK-
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HOCTB [POC/AEANTD, Yepe3 KaKie TOUKH MUHA JIeTuT K uenu. Jns
HAaXOXK/JACHHS COOTBETCTBYIOMICH STOH TPaeKTOPHY HavajibHOH
CKOpOCTH HYXKUO IOACTaBUTh MOJYYEHHOE 3Havyenue 1g oy
B ypaBHeHHe (2):

o1+ (nE52)7],

Mrak, pesioMupys HaJokKelHoe, cHOPMYJHPYeM OTBET: ec/H
h<ab/ (a-tb), 10

a=mn/4, vi=g(a+b);
ecan h=abl/(a+b), To

S <ha;{l—)b>, @ ,gab{1+(h a+b> ]

Iloesno u B 3Tofl 3ajade paccMOTPETh TpeAe/IbHBIE CIY-
yau. He OyzeMm ocranas/iuBaThbest Ha OTHOCHTEJBHO MAJIOHH-
TepeciblX caydanx, Kak, Hanpumep, a==b (cTeHa mocpeiuiie
MEX/Y MHHOMETOM H LEJbBIO).

Beccempieneniio nonarate a=0 uwiawm b=0 npu h7=0, Ho,
1IECOMHEHHO, TpEeACTasiasieT uuTepec ciaydyall, Korja a u b
OJHOBPEMEHHO cTpeMsiTes K Hymo (np# h=0). B s1oMm npezedn-
HoM cay4dae tpedyeTcst npocTo nepedpocHTh MHHY 4epes CTeHy,
Otser B 5T0M CJIyyae OUEBUICH: CTPEJATh HYKHO BePTHKAJ/IbLHO

BBepx (a=:m/2), a Haya LHAS CKOPOCTh U, =1/ 2gh. Tlokaxenm,
KaK NOJY4HTL 3TOT PE3yJbTaT H3 OTBETa K 3ajauc. 3[Cch, Ko-
HEUHO, HYXCHO oOpawarsca K cayyaw h>ab/(a-+-b). Tonaras
a==b N OTHOBPEMEHHO YCTpeMJIfsl UX K HYJIO, HOJYyYHM -
—n/2 u

03: [ab»{— hz(ﬂ—H?) J Qgﬁ(az - 4h?) — 2gh. A

7. TpocTpennpaemast 06/acTh, 3€HUTHOE OPYAHE MOXKET
COOBLIATL CHApARY lavalbHyi0 CKOPOCTb Uy B JIOOOM Halpas-
qgeninn. TpedyercAd HaliTh SOHY HOpaMeHHA, T. €. TpaHHuy,
OTAEJAIOMYIO 1eIH, A0 KOTOPHIX cHapfj H3 AaHHOIO OpYyAHs
MOKET AOJeTeTb, OT HEeAOCTINUMbIX Ledeil. ConpoTHBACHAEM
B03AyXa mnpeHeOpedb.,

A TlonpoGyeM cHayasla BHISICHHTH, YTO MOXKHO CKasaTh 00
5TOH rpaiyile, He pewast sagaun. Cam (hakT CyIIecTBOBaHUA
TaKOH IPAHULEBI COMHENNH HE BBI3BIBACT, TAK YTO MIOCTABJICHHBL
B 3aja4e BONPOC UMEET ¢MbICa (KCTaTH, HauuHasi pewarb
3ajauy, HUKOrA2 He BpelHO NoAyMarb o6 3Tom). IToneraemcst
npeacTaBuTL cebe HcKoMylo rpanuny. OueBmaHo, 4YTo OHa
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npeactaBaser coboil HEKOTOpYyo MOBepXHOCTh. Ecam ueib Ba-
XOIMTCA TOYHO HajJ OPYAHEM, TO CTDEIATh HYHHO BePTHKAABHO
BeepX. CHapsAn 1npd 3TOM NMOAHMMAETCA HA BbicoTy A=0}/2g,
Iioc/l€ Yero HauyuHaeT 1aJaTh BHH3, TAK 4YTO IpaHHIla AOCTH-
JUMBIX LIeJeH mepeceKaeT BepTHKAAb B TOUKE, Haxoasiiedcs
na eucore h.

Puc. 7.1, Tpanuua npocTpenHBaeMoil ofnacTd

Ecau orpaHuuuMTbesl LENAMH, HAXOAAWUMHCS Ha TepU30H-
TaJbHOH NJIOCKOCTH, TO OYEBHUJHO, YTO TPAHUIA NPERCTaBASeT
co00¥ OKPYXKHOCTH, pajuyc KOTOPOH paBeH MaKCUMa/lbHOH
JIaNIbHOCTH floJIeTa CHapsAAa 10 TOPH30HTAIH S=U5/g (HanoMHNIM,
YTO MAKCUMAaJbHAs AAJbHOCTL TMOJETa NO TOPH3OHTANU ROCTH-
raeTcl NpH yIJie BO3BBILICGHHWA CTBOJA Opyausa o=m/4). Dra

K4

[N

S .

Puc. 7.2. Tpanuna sBasercs orubawomeil Aas TpaekTopufi

OKPYKHOCTb €CThb nepeceyeHye HCKOMOH MOBEPXHOCTH € ropH-
30HTAAbHOH 1I0CKOCTBIO (puc. 7.1). Boobme u3 cummerpun
MOXKHO CJieJ1aTh BHIBOJ, YTO HCKOMast IIOBEPXHOCTb IIpeicTaB-
JA€eT CoBOH 10BEPXHOCTb BpAIlleHUA HEKOTOPOH KPUBOH BOKPYT
BePTHKaAMH, npoxogsauiell yepes opyaue, U 3ajaya CBOANTCH K
HaXoXJeHnio 3Toit KpuBoi. OTMETUM, YTO KPHUBAfl €CTh OrH-
Garoliasl BceX BO3MOXHBIX TpaeKTopuil (puc. 7.2).
Ipucrynum x pemenyio 3afauy. Bribepem cneremy Koop-
JHaT: opyjue pacio/JOXHUM B Hawa/le KOOpIMHHAT, OCh X Ha-
NpaBHUM TOPU3OHTAJBHO, OCh ¥ — BepTHKaJaLHO, Torpa saru-
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CHMOCTDL KOOPAMHAT CHapsiia oT BPEMEHH HMEET BUJ,

2

x () =uv,cosa-t, y(t)=vosinoc-t—~—%t—.

Hexkirouus U3 3THX ypaBHeHUH f, MOJYYHUM ypaBHeHHE Tpack-
TOpHH cHapsaja y==f(x):

2
y=xtgoc—%(l+tg2a). H

Sto ypapHenue mnapabonl. Koadduumentsl npu x u x?* 3abu-
CAT OT yIJia ¢, T. €. NpPH Pa3HLIX HamnpaB/JEHHSX Hayalbuof
CKOPOCTH MOJYy4aloTCs pas/iduHble Tpaekropuu. Takum obpa-
30M, JAHHOE YpaBHEHHE ONUCHIBAECT CEMEHCTBO TpaeKTopHi
NpH OAHKX U TeX Ke [0 MOAYJIO, HO pasiHuHLIX MO HalpaB-
JIEHHIO HayaJbHBIX CKOPOCTAX U,

Ho stoMy xe ypaBleHHI0 MOXKHO NPHAATb H APYTOH CMBICT.
Bynem Tenepb paccMaTpuBaTh X M Y KakK KOOPAUHATHI. Ompe-
Jle/ICHHOH 1IesIH, B KOTOPYIO MNoMajaeT cHapajl, ABUrasich. 110
HeKoTopoil TpaeKropuu. Torza mHpu 3afaHHBIX KOOpAHHATAX
nesiu x H y ypasuerue (1) onpezenasner yros, noj KOTOpbIM HYX-
HO BBINYCTUTb CHapfAR C HayaJbHOM CKOPOCTBIO Uy JJiA TOTO,
uro6bl OH MONad B 3TY llenb, Pemlas 370 KBajpaTHOE OTHOCH-
Teabro tg @ ypaBHeHHe, HaXOLUM

tgq = ng [+ V i—g(gx*+ 203)). 2

Ecyu ypaBHeHue HMeeT BellleCTBEHHOE penienuie, T. €. JIH-
CKPUMHHAHT HEOTpUIlaTeeH:

v%—g (gx* + 2u5y) =0, 3)

TO B 1e1b NONACTE MOXKHO. EC/IH BelleCTBEHHBIX pelleHui
HeT, T. €.

vs—g (gx* + 2ugy) < 0,
TO B Il&Jb [ONACTb HEJB3f, JTO 3HAYMT, YTO 11eJb HAXOAUTCSA
3a npejesaMy HCKOMOH rpaHuusl. Koopauuartsl mend, pacro-
JOXKEHHOH HA TpaHWle, AOMKHBL YAOBJETBOPATL COOTHOLIE-
nuo  vi—g (gx?+2v5y)=0. Bripaxkaa orciona y Kak ¢yHk-
UHI0 X, MOJAYYaeM ypaBHEHHe IPAHMIE! B SIBHOM BHAE:

_u_ e (4)
1o ypasnenne napadonsl ¢ Bepulmnofl npu x=0, y=03/2g.

Koadduuuent npu x* orpunarese, T, €, BeTBu napabo/bl Ha-
fipaBJieHbl BHU3 H MEPeCceKaloT TOPU3OHTAJBHYIO OCh B TOUKAX
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x=-uv}/g (puc. 7.2). Hrak, nonyueHnas rpauuiia JeficTBu-
TEJILHO MPOXOAUT Uepe3 TOUKH, KOTOPBIE BHAyaJe GbIIH HAMM
YCTAIIOBJICHBl U3 3JICMEHTaPHBIX COOOpaXKeHUH.

Myl HaWLIH ceyeHHE rPaHWYHON OBCPXHOCTH BEPTHKAILHOM
I/IOCKOCTLIO, NPOXOAfllell dYepe3 Hadaao KoopauHart. Bes
110BEP XHOCTb MOKeET ObITh NO/AY4eHa Bp aljeliiieM 3ToH napabonl
BOKPYT OCH Y.

B cBA3H ¢ npUBeIEHHBIM peleleM ¢JIe/]1aeM elle HECKONBKO
sameyanii. PaccMoTpuM Kakylo-1nGo TOYKY, HaXOMALLYIOCS
OJiKe rpaunnsl (HanpuMep, Touky A #a pue. 7.2). Jlna rakoH
TOYKH MOJKOPEHHOE BhIpasKeHHe B hopMmyJie (2) MoJoXUTebIO,
M, CICA0BaTEeNbHO, YEPe3 Hee NMPOXOJAT ABE TPACKTOPHH (MpH
32JaHHOM 3HAYEHHMH [AYaJbHOH CKOPOCTH), COOTBETCTBYIOILHE
JBYM BO3MOMKHDLIM 3HaYCHUAM yrJa o.

B GasnicTuke oAlia M3 3THX TPAEKTOpHH Ha3pBagIcA 1ila-
CTHABION, a Apyras, Kacamollasacs rpafulbl 10 loMagaHHsa B
1enb,— HaBecHoH. Yepes kaxAylo TOUKY, HPHHANICKANLYIO
rpaHHUe, TPOXOAMT Julup ogHa Tpaekropusi. OTMETHM, YTO
rpaina ABJsieTcs1 orubaiowell Ans ceMelcTBa TPaeKTOPHil
0pH pasIM4YHBIX HAlpaBJEHHSIX Haua/bHOH CKOPOCTH M (PUK-
CHPOBAHHOM 311a4elUH 11a4aJMBHON CKODOCTH V.

[IpuBeaeM apyroidl Bo3MOMKHBIH NyTh pelieHHs 3TOH 3ajadH,
CBA3aHHBIA ¢ eule oJHOH TpakToBKol ypasHenus (1). Pacemor-
pHM UeaH, HaXoAAIKeCA HA OZHON BEPTHKAJMH, OTCTOAWEH OT
OpYAUS Ha pacCTosiH{e x, W HafiileM Ha Hell caMyio BLICOKYiO
TOYKY, B KOTOPYIO €HIe MOMKET IONacTh CHapsii. 3Ta TOUKa,
OUEBHIHO, NPUHAAIEKHUT rpaHuue. TakuMm obpasom, sajaua
CBOAUTCA K IAXOXKJIEHHI0O MaKcuMyma g, T. €. IpaBo# 4acri
ypaBuenust (l), paccMarpuBaeMoli Kak (yHKu¥a yraa o.
ITpaBas wactb ecTh KBaJpaTHbil TPEXYJEH OTHOCHTENbHO tg o
u HMeer MakcuMym npu tg a=uvi/gx. CooTBeTcTByIOICE MaK-
CUMYMY 3HauyeHHe y NOJIy4YaeTcsi MOACTAHOBKON 3TOro 3HaYEHI A
ig o B ypaBuenue (1):

. v Y is
y ’g 205
YTO COBOAJAeT C NOJYYeHHHIM paHee YpaBHEHHEM rpa-
Hunsl (4). A

8. I'pa3b ot kogee, Tesera paBHoMepilo KaTHTCs MO ro-
pu3oHTAJLHOA MoOKpoil jgopore. Ha KaKyio MaKCHMaJbHYIO
BLICOTY MNOAHHMAIOTCA Kamau BOAbI, cpbiBaioliiecss ¢ 0607a
Koneca?

A Dra 3ajaua Bo MHoroM mnojpobua npesayuym. Camast
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CYIECTBEHHAsl OCOOEHHOCTb 3aKMIOYAeTCs, NOXKadyH, B TOM,
yTo JJISl €€ pellleHHs HeNb3s NOMECTHTb HAYajao KOOpAuHAT B
MCXOAHYIO TOUKY TPAeKTOPHH Kalllli, TaK KaK OTPBHIB Kalle/lb
NPOMCXONUT B PasHBIX TOUKax ofoia koneca. CoBvectum no-
3TOMY Haya/jo KOOPAHHAT C IEHT-
poM Koseca, T. €. GyJeM paccmar-
puBaTh JABIKEHME Kaneb B CHC-
TeMe oTcYeTa, CBA3AHHOA ¢ TeJse-
roii, ABIKYIIEHCS paBHOMEPHO H
HpSIMOANHEAHO OTHOCHTE/NLHO 3€M-
qn. OueBUHO, YTO MAKCHMAJbH AN
BLICOTA TOABEMA Kaleb N0 Bep-
THKaJ4 He 3aBHCHT OT TOlO, pac-

&

¢MaTpUBAaTh UX IBHKEHHE B CHCTE- g z
Me OTCYeTa, CBA3aHHOH C 3eMJed,
WM B CHCTEME OTCUeTa, CBA3aliHON
€ pABHOMEDHO ABIKYLIEHCA 1O > -
ropusoHTanu Tesneroii. Ecau cko- Puc. 8.1. Tpackropns xa-

pOCTb TeJIErH PAaBHA g H KOJECA et o cicreMe oTCHOTA. ChA-
He NpOBYKCOBBIBAlOT, TO B BHIG- SAHHON © TENErod
paHHoOll cucTeMe OTCYeTd CKOPOCTh

Jrofolt Toukn 000Aa Takke paBHA U,. (JloKakute mnochenyee
yTBepHKIeHHEe caMH — 3TO coBceM npocto.) [lonoxenue moGoit
13 TO4EK, B KOTOPBIX TPOHCXOANT OTPBIB Kamju OT o6oja,
OAHO3HAYHO olpejenseTcs yriom ¢ (puc. 8.1).

Tekyue KOOpAMHATH KallJid, OTOpBaBlleics oOT o6oaa
KoJieca B TOYKe, XapaKTepusyeMoifl YIVIOM ¢, ONpeaessoTcs
COOTHOHICHHAMH

x(f)=—R cos ¢-+v, sin -1, (1
y(1)=R sin ¢-+v, cos ¢-t—gt?/2. 2)

Jua HaxoXkaeHHsT MAKCHMAJIBHOH BbICOTHI NMOABEMA Kallli
Ymax« HYMKHO TIOACTaBHTb B ypaBHeHWe (2) Bpemsi nojgbema
Kan/au fy, KOTOPOE HPOMIEe BCEro HalTH CaeAylonuM obpasom.
B HauBbicuell TOUKE TPAEKTOPHH BEPTHKAJbHAS COCTABJAIONLA
CKOpPOCTH v, oBpalaercs B HYJIb: vy=u, cos ¢—gt,=0, oTkyaa

t =% cos . @3)

Torna makcuMalibHasi BbICOTa HOABeMa KalJHi, OTopBaBIuefics
or 06oja B paccMaTpHBaeMOH TOUKeE,

2

Ug

2
Ymax = — 2 sin? ¢ -+ R sin (P"r"g—;- (4)

(B 31Oi hopMyne cos ¢ BhIpameH uepes sin ¢.)



28 I. KHHEMATHKA

Hs (4) BupHO, YTO MaKcuMasbHasA BHICOTA HOIheMa 3aBUCHT
OT yrja ¢, T.e, OT TOro, B KaKoll TOYKe NpOH30IIe] OTPhIB
Kamsu. B Kakoll ke TOUKe JO/MKHA OTOPBATHCA KallJjifl, YTOOLI
NONHATBCS BbIIIE BCEX OCTAJNbHBIX? Bholpamenwe (4) pia mak-
CHiMaNbHON BBLICOTH NoAbEMa NpeAcTaBaser co0of KBajapaTHbIi
TPEeXuJeH OTHOCHTENHHO SiN ¢ H NPHHHMAET CBOC HaHGOJbIIEe
3HaueHue

g — ERE | 5

max ~ 203 2g ( )
npu sin 9=gR/vj. KoHeuno, 3TOT pe3yjabTAT HMEET CMBICH,
ecad gR <}, T.e. ewIn Telera KaTHTCSl AOCTATO4HO GhICTPO.
B mporuBHOM ciyuae, Kak HETPYAHO YOemMTbCst, HH OJHa M3
OTPBIBAIOIIMXCH Kale/b He MOAHHMAETCA BHIILE BEPXHECH TOUKU
ofoza. [oKaxkuTe 3T0 CaMOCTOATEeNbHO.

C nomouibio coorHoutenus (1) Jierko yBuaeTh, yTto HaiijieH-
Has TOUKA HAWBBICLIErO MOIbEMA JeKUT TOUHO HaJl OChIO KoJeca:
noacrasisia (3) B (1) u yuuTeiBas, 4to sin @=gR/v}, mony-
yaeMm x=0.

OtBer Ha mocTaBJeHHHH B 3ajgade Bonpoc — dopmyna (5)
L7151 HauboJIbLIEH BbICOTHI [IOABEMA OTPLIBAIOMHXCA Kanedb —
[NOAy4YeH IyTeM HCCJIEI0BAHUS HA MaKCUMyM KBapariloro
TpexyseHa (4) OTHOCHTEJBHO SiN ¢. 3TOT pesyabTaT MOXKHO
noayuuTh H yHaue, DyaeMm paccykiaTh caeiyomuM o0pasoM.
3adukcupyeM HEKOTOPOE 3HAU€HHE Y., ¥ PEIIUM ypaBHEHHE
(4) orHOcHTEABHO SN @:

i 2
Sll‘l(plqz'.:%[gii V(%I%,i>2+ | — 28¥max, ()

Up

3nech YIVIH @5 M @y ONPEAe/IsioT Te TOUKH 06042, OTpHIBasiCh
OT KOTOPHIX KalJid JIOCTHrAIOT 3aJaHHOH MaKcHMaibHON
BLICOTBHI. EC/IH BemecTBeHHBIX KOpHeH HeT, TO 3aJaHHOro
3HAYEHHS Y.« HE JocTHraerT Hu ofHa Kamis. Ecau ects jBa
PASIIYHBIX BEINECTBEHHBIX KOPHSA @ H Qq, TO 33/IaHHAsA BbICOTA
SIBJISIETC MAKCUMAJIbHOM /ISl ABYX KamneJdb. IJTO OTYETAHBO
BilgHO U3 puc. 9.4 3ajgauu 9 npo «mokpoer Kosaeco. Haubossiueit
BHICOTBI H3 BCeX Karenlb, Kak BHAHO U3 TOTO K€ PUCYHKa, JO-
CTHraeT ToJIbKO oftHa Kamisd. ClejoBaTesbHO, 3TY HauGOJBLIIYIO
BBICOTY H,, MOMHO HalHTH, norpeboBaB, YToObl o0a KopHS
ypaBHenus (b) cauBaiuch B OFMH: NPUPABHUBAA JUCKPHMU-
H2AT HyJo, moaydaeM orBeT — dopmyay (5).

Hrak, noaydyeHo HcYepNBIBAWOLIEE pelleHue 3TOH 3ajayu.
Kak u upeapiayuie 3agadu, Msl peliniyg ee, UCNOoNb3ys ypan-
weunn asuxenns (1) u (2), Koroprie AaI0T 3aBUCHMOCT KOOP/H-
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HaT ABIXYLIErocs Teja OT BpeMEHU. DT YpaBHEHHUS coAepmaT
Bclo uHpopManuio o gBuwxeH#u Te1a. Ho Bo MHorux ciyuasx
noJsiHas uHpopMauusa GoiaeT He HyxHa. Hanpumep, B obcyX-
RaeMofi 3a/laue HaC COBEPUIEHHO He HHTEPECYIOT BpeMEHHEe 3a-
BHCHMOCTH — TpebGyerca HaHTH /ML NOJOXKEHHEe TOYKM HaH-
BBICHIErD NOJBEMA Kalljid, @ MOMEHT BpEMeHH, KOrja Kaluls TaM
OKa3plBaeTcsd, HHTEpeca He MpejcTaB/ifer. B mopobHBIX Ciay-
yafX 4acTo OKasplBaeTcl YAOOHLIM C CaMOro HayaJja HCKJIO-
YHTb U30BITOYHYI HHGOPMALHIO, BOCNOAbL30BAaBUIHChL 3aKOHaMH
coxpaHeHus. B paccMaTpuBaeMoil 3ajaye MOXKHO Cpasy MoJy-
YUTh cooTHOUleHu®e (4) AJst Haubo/blIed BHICOTHE NMOABEMA Ka-
HeJib, €cJd IpPHMEHUTh 3aKOH COXPaHEHHs MeXaHu4yecKoH
sHeprud. ITonarasi noTeHIHaNbLHYIO SHEPTHIO KAy Ha YPOBHE
OCH KOJleCa paBHOH HY/I0, AJ5 MOJHOH SHEPTHH KaIllu B TOUKE
OTPLIBA HMeeM
mvg

E,=mgRsing -+ 5

B Brlciuedl ToYke TpaeKTOpPHH BepTHKadbHafl COCTABJAAIOMIAS
cKopocTH ofpaumaercs B HY/Ab. [locko/ibKy ropusonTajbuas
COCTaB/IsIOMAA CKOPOCTH He MEHSICTCH, SHEeprus B Bhicllel
TOuKe

E2 = MG Ymax -+ ﬁ.ﬂ;i‘jf._

INpupasuusas E; u E,, nonyyaem dopmyay (4). Kak Bugure,
BO MHOTHX 3aJlayaX He BPEJHO MOAyMaTrb O TOM, Helb3f JH
YODPOCTHTB pellieHue, HCHOAb3YS 3aKOHBI COXpaHeHHs! A

9., Kanau ¢ ppamamomerocss Koseca. «MoKpoe» KoJeco
paBHOMEpPHO BpamaeTcsi B BEPTHKAJILHOH IJIOCKOCTH BOKPYT
HenoaBuxuoll ocu. C obopa cpolBatoTest Kamau. Hafitu rpa-
HHIlY «cyXxoil» ofsnacTu.

A JIBukenue OTOPBABLIMXCA Kane/b NPOUCXOAUT NOA Ael-
CTBHEM CHJIBI TSIJKECTH, KOTOpasi BCEM KallJifiM COOOLIAeT OfHu-
HaKOBOE YCKOpeHHEe g. DTO NO3BOJIAET CHadaja OTBJIEYbCA OT
Haauuusl TAroTenust. PaccMOTpuM JABMKeHHe Kalelb, OTOp-
BaBUIHXCS OT o6oja KoJieca B OJHH M TOT e MmomeHt. B or-
CYTCTBHE YCKOPEHHS! CBOCOXHOTO HAJeHUsl Kaljid JBHKYTCH
0 NpsAMbIM JuHUSM, B /110601 MOMEHT BpeMeHu { BCE KalllH
JIeKaT Ha OKPYXHOCTHM pajuyca r (puc. 9.1), A1 KOTOpPOro
¢ nomomblo Teopemnl Iludaropa MOMHO HamHcaTh

r*()=R*+(vot)?, M

rie R — papuyc Kojeca, vy, — CKOPOCTh ToYeK 0Goxa.
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Papuyc OKpyKHOCTH  yBeIHYHBARTCA C TedeHHeM BPEMCeHH,
a MPH HAAMYH{ TATOTEHNSA BCS 3Ta OKPYHHOCTb emie H «ma-
JaeTs ¢ yckopeHuem cBoGopgHoro naseuus g. Ecanm Havaso
KoOpAxHAT BhilpaHo B LEHTpe KoJieca, TO B JIOOOH MOMEHT
BpeMeHH { OpAMHATA WUEHTPA OKPYMXKHOCTH paBHa —gi%2.

X
/ é i‘-
Puc. 9.1. B orcyTcrane Puc. 9.2. Tpaunua «mokpoit» obmacru
TAXKECTH KallJIH IBHXYTCSH KaK orubaromas OKpYyXKHOCTeil

NpAMOJTHHEHRHO

YpaBuenue «nagaiouesi» OKPYKHOCTH B ITOH CHCTeMe Koop-
JHMHAT WUMEeT BHA

xr-(ghgti2y=ri(). (2)

Ypaeuenue (2) ects ypaBHeHHe LEJOrO ceMeACTBa OKPYHK-
HOCTeil: mpujaaBad { pasHple 3HAYEHHS, [OJydaeM OKPYKHOCTH,
Ha KOTOPBIX HaXOAATCA Kalljid B Pas/IHYHbLIC MOMECHTHI BPEMEHH .
Jlerko coofpasuth, YTO HCKOMas paHMla ecTb orubamomas
sTOrO cemefctBa OKpyKHocTel (puc. 9.2). $cHo, uTo BrICan
% TOYKA 3TOH TIpaHHUL JEHKUT
TOYHO Haj ocblo Kojeca. Hpy-
CHMH CJIOBaMH, YpaBHeHue (2)

i

/ / % onpeaeaseT BCO MOKPYIO» 00-
%%/ % nacTb (puc. 9.3), W masa peue-
. HHA 3aa4d HAM HYKHO HaHTH
. ////// rpaHngy 3amTpngBaHHoﬁ 06-

Puc. 9.3. «Mokpas» obnacrs 3a- JIACTH.
WTPHXOBAHA ByaeM uckare 3ty rpanuny
crepyouM obpasom, 3aMeTuM,
4TO KAaIJid, OTOPBaBHINECS OT KoJieCa B OJHH U TOT K€ MOMEHT
BPEMEHH, JOCTUTAIOT rpaHUlbl B PA3HBIC MOMEHTHI BpEMEHH:
rpanuna Kacaercsi pasHeiXx okpymxHocTell. IlpoBenst ropuzoH-
TaJbHyI0 NPAMYIO HA HEKOTOPoM YpoBHe Y, HaiileM Ha HEl
Haubosiee yaaleHHYIO OT OCH Y «MOKPYIO» TOUKY, HE 3ajyMbl-
Basichb O TOM, KaKOH OKpPYKHOCTH OHa IMpHHaAkeKuT. Abc-
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puccy X TOYKH HepecedenHs JOOOH OKDYXKHOCTH € 3Toil
npsAMOHi MOMHO HafiTH, NOACTaBHB B YPaBHEHHE OKDPYIKHOCTH
(2) opaunary y=Y wu pammuyc r u3 ypasnenus (I):
Xe=Re+oir—(Y-+gt?/2)2, (3)
Jlerko BuaeTh, YTO OpaBas 4acTb (3) ecTb KBajApaTHBIA
TpeXU/IeH OTHOCHTENLHO %
X2=wg?4/4-+(v—gY)t*+- R2=Y"2.
Ero makcuMajibHOe 3HauelHe
4 2
2uy ;
Xi— Ry B 20y 4
R+ v —= )

Paspemas (4) oTHocHTeNbHO Y, MOAYyYacM ypaBHeHHe IpaHUIb
«CyXoHy obaacTH:

&y ER W
V= 25 X*+ i + 2g° (5)

310 ypaBueHue napaboJ/ibi, BeTBH KOTOPOH HampaBJ/ieHL BHHS,
a BepllHHAa HAXOJWTCSl Ha OCH y Ha Bhicore gR*2ui-t+u3/2g.

K
ﬁ\\\?
Puc. 9.4. Tpanuna «Moxpoils o6macts  Puc. 9.5, I'pannna «Mok-

KaK oruGaiouias napa6os — TpaekTopHH  poit» 0b6aacTy npu Meaen-
Kalneab HOM BpaUleHuH Kojeca

I'panuna 6oi1a HalileHa Kak orubaromiast ceMefcTBa OKPYXK-
10CTeH, Ha KOTOPLIX HAXOAUJHUCH KalJIH, OTOPBABILUeECH B OJHH
M TOT K€ MOMeHT BpeMeHd. Mexay TeM TpaeKTopHst Kaxkaofl
OTAQJILHON KallJIM MPEACTaBJACT cOOOH mapaboay, U NosToMy
Hailfiennan rpanuna (5) sBiasercsa orubamouleil 3THX napadon
(puc. 9.4).

MutepecHo oTMeTHTH, 4TO 3afaun 7 H 8 ABJAIOTCH YacT-
HuIMHM caydasaMu 3ToR 3apaun. JlelicTBuTennno, B 3ajaue §
(pakTnueckn TPeGOBAJIOCL HAHTH JIMWIB BEPXHIOID TOYKY Ipa-
HHIL! «MOKPOH» obaactu: mpu X=0

R® o}
Y=p =B Y
max QU% + 2g



3 I. KHWHEMATUKA

3ajaya 7 NonyqaeTcs M3 3TOH 3ajayH, eCH YCTPEMHTH K HYJIO
pajuyc Kojeca R npu HeH3MEHHOH CKOPOCTH Uy, ¥ paBHEHHE
TPaHUNB! JOCTHHUMBIX LeneH mosydaercsi us (b), ecad B no-
ciaeaneM MoJoXKHUTL R==0;
2
e B X2 Y
Y oo X+ o
[Tpu pemenuu 5Toi 3aga4H Mpl MOYAJIHBO NPEANOAras,
4TO UCKOMasl rpaluiia MPOXOAWT BHe Kojeca. Kak u B npejsi-
aymed 3agade, Jerko yOequTLCH, UTO 3TO CHOpPaBepiMBO IpY
veaoBHH v3>>gR. B nporuBHoM ciydae (U;<gR) rpaudua
«MOKPOH» 006s1acTH B CBOEH BepXHel yacTy mpoxoauT 1o oboay
KoJieca (qyra OKpYHOCTH), a 3aTeM I[J1aBHO MNepeXOAHT B
peTBY mapabosel (puc. 9.5). A
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Jurnamuka nayuaer, Kak NDPOUCXOAHT ABHXKEHHE Tela NDH €ro
B3aMMOJEHCTBHH C APYIHMH TelaMu. BaaumopeficTeue OMHCHIBAETCA Ha
SI3BIKE CHJI, ZeHcTByOIMUX Ha Tedo. OCHOBY KHHAMHKH MaTepHajbHO#
TOYKH COCTaBJAAIOT TpH 3akoHA HbioTona, IlepBblil 3aKOH BLIZEAAET Te
CHCTEMBl OTCYeTa, B KOTOPbIX yDaBHEHHsl JUHAMHKHM HMeOT HaHGosiee
OpOCTOH BHA,— 3TO TaK HasblBaeMmble HHEPIUHaJbHbIE CUCTEMH OTCYEra.
Bropoil 3akoH HeloTOHa ycTaHaB/HMBaeT CBA3L MEXIy YCKOpeHHeM, ¢
KOTOPEIM JBMXeTCH MaTepualbliag TOYKA B HHEPIUHAJbHOH cHCTeme
oTcuera, M AeficTBylomMMu Ha uee cujJamu. TpeTuil 3aKOH CBA3BIBART
MEeXAy cofoil cuJbl, C KOTOPBIMH Tesaa KefCTBYIOT APYI Ha Apyra.

B nAnHaMuke B3aUMOZefCTBHE Tes CYMTAETCs 3afaHHBIM: HANPUMep,
rpaBUTAHOHHOE B3aHMOZelCTBHE MaTePHaIbHBIX TOYEK OMHCHIBAeTCS
3aKOHOM TSITOTEHHs, a JeKTPOCTaTHUECKOoe B3aHMOJElCTBHE TOYeYHbIX
sapsfos — 3axonoM Kysona. Beipaxeuus s CWJI, BXOJAUIKX B 3a-
KOHE HbioTOoHA, RO/MIXHBL OHITh B3STH U3 APYrHX pasiesnoB QU3HKHU, e
u3yyaeTcs HX NpHpojga.

Peurentie fuHaMiuyecko#l 3agayu CAeAyeT HaUHHATL C aHA/AHM3a BCex
cui1, AefiCTBYOIMNX Ha HUTEpecyloulee Hac Teao.

OcranoBuMCs HECKOILKO MoppofHee HAa TeX BHAAX CHJ, KOTOpule
BCTPEYAIOTCS B 3ajauax 3Toro pasfena. I'pasuraunonsoe B3aumopeiicr-
BHE Tea OCYUIECTBJAETCA MOCPEACTBOM CO31aBaeMbiX MMM HoJdedl TAro-
tenusi. Teno co chepHIecKU-CHMMETPHYHEIM pacipefesedneM Mace (Ha-
npxMep, 3eMHON [Iap) Co3RaeT B OKPYXKAIOmeEM MpPOCTPaHCTBE Takoe
e IpaBUTAUMOKHOE TO/Ie, KaK M MaTepHaabHaf TOYKa TaKOH Xe MaccCoi,
noMemenHast B ero LEHTP. B Safayax o ABIKEGHHH CIYTHHKOB 3eMau
yA06HO BHIpa)<aTh KeHCTBYIOULYI0 Ha HUX CHJY HPUTAXKEHHUs 3emid
yepes PACCTOSHUE CHYTHHKA 10 LEHTPa 3eMili 7, yCKOpeHHe CBOGOAHOrO
najgenus g Ha NOBEPXHOCTH 3eMd U ee pajuyc R:

, )]

rae G — rpasuTalHOHHAas NocTosindas, M — macca 3emsiu, m — Macca
cnytauka. Takoit Bug ¢opmyast gas F ygroGen TeM, yTo AeficTByiowasn
Ha CIYTHHK CH/IA BHIPAXKaeTCsl yepe3 JMerko 3anoMHHaIOUUeCs BeTHI ol
£=9,8 M/c* u R=6370 km. .

Bo Muorux sagayax NPHXOKHTCs paccMarpHBaTb TPEHHE TeX APYyr
o apyra. [Ipu nanuynu TpeHuu cuny @, C KoTopoil oiHO TeNo AelicTByer



34 II. AMHAMHKA WU 3AKOHBl COXPAHEHMA

Ha Apyroe, yA00HO paccMaTPHBATb KaK ABE CHJIHL (CM. PHCYHOK): CHJY
N, HaUPaBJEHnYI0 O HOPMaJH K NOBEPXHOCTH KOHTAKTa (CHJIa HOp-
MaJbHOL'O AABJENUA UM CHJIA PEAKIBH ONOPH, KOTOpad Mo CBOEil npu-
poxe apasgerca ynpyroil cujioi), u cuay Tpeuns Frp, HanpaeJIeHhylo
10 KacaTeabHoil. Yno6CTBO 3aKIOMa€TCs B TOM, YTO NPH CKOJNLMKEHHH
TEJ MOZYJH 3THX COCTABJAIOIHX OAHOH CHIH @ CBA3aHL MeXAy coboii

V: £ U Aq
i
/ I
S Cuny Q, ¢ KOTOpO# mepoxopaTas Io-
e ! BEPXHOCTb AeliCcTBYeT Ha Teno, yAobio
v / } NpeACTaBHTbL KaK CYMMY CHUJBI peaxuuu
-~ ',c;/o onoput N u cuae 1penus Fpy
s 2 Z & s 7 Z 7

npubAKKennbM 3aKoHOM Kyaona — AMOHTONA, YCTAHOBJEHHHIM ONBIT-
HBIM IyTeM:

Frp=nN. (2)

Ko>}pbulnent Tpeuns cKOIbKEHHs [L 3aBUCUT OT Poja cCoMpUKaca-
utnxest nopepxnoctefi. O6bivuo npenefperawoT c1aboil 3aBUCHMOCTHIO
CHJIB TpeHHs OT NJOWafH KOHTAKTa U OT OTHOCHTE/biI0f CKOPOCTH Tell.
J1a Tpeinus NoKosa 3aKOH (2) He HMEET MeCTa: CUJIa TPENUA MOKOA MOXKET
n3MenAThes OT HY/IA A0 HEKOTOPOro MakCHMa/dbHOTO 3Hauenus, oGbYHO
HECKOJNLKO NPEBLINAIMEro CHIY TPeHusa CKOMbXKenld KId 3THX I1o-
Bepxuoctei. [Tpy pewernuu 3agay A NPOCTOTH MaKCHMATbHOE 3Haye-
B}e CHJIB TPeHus NMOKOsl TPURNMAETCH paBuLIM pN.

OcHOBHOE ypaBHEHHE JHHAMHKH — Bropoi 3akoH HbioTona —
BeKTOpHOE ypaBHenmne. B paccmaTpuBaeMnx 3afavax jgeficTByioumne
CHJIE JI€XaT B OAHOH IJIOCKOCTH, NOTOMY MOX(HO BLIOpaTb CHCTEMY KO-
OpANHAT TaK, YyTOGE BEKTOPHOE yPaBHCHHE BTOPOTO 3aKOHA CBOAMJOCH
K ABYM CKalsipPHBHIM.

Ilpumenenue BrOporo M Tperwero 3axkouoB Hbijotona x cHcreme
83aUMOAEHCTBYIOMEX TeJ MO3BOJA€T CHOPMYIHPOBATL 3dKOH ABHIKE-
HHA 1eNTPa MacC CHCTEMb T€J B OYEHb NMPOCTOM BHAE: LEHTP MacC ABU-
KeTCa TaK, KaK ABHranach Ob MaTepnalbHas TOYKa C Maccoil, paBHoi
CYMME Macc BceX TeJl, BXOAAINHX B CHCTeMy, HoA feficTBuEeM CHiib, paBnoil
BEKTOPHOIl CyMMe BCeX BHEUINHX CHJ, AeHCTBYIOWMX 1A Tejqa paccmaT-
puBaeMoll cucTeMbl. B uacTHOCTH, OFciona CAefyeT, 4To NMoOL JefcTBHEM
TOJABKO BHYTPEHHHX CHJ LEHTP MacC He MOXET NPHOOPECTH yCKOpeHHUs.

Pewenye ainaMuyecknX 3afay yacTo obseryaercss WCnoab3oBaBneM
3aKOHOB COXDaHEUUs HEPTrHH, AMNYJAbCAa ¥ MOMeHTa mMmyjanca. Oco-
6enno 3hPeKTHUBIDBIM SIB/IACTCH HCION530BaiHe 3THX 3aKOHOB B Te€X Ca1y-
yasnx, KOI'ia fefiCTByOH[He CHJIBI HEHOCTOSI HHBl H HENOCPEACTBElHOe pe-
Wenue ypaBHenuii AHHAMHKM C [OMOWBIO JCMEHTapHol MaTeMaTHRY
HEBO3MOXHO. 3aKoH COXpaHeHUs FHEPIUH IHPOKO HCIIONb3Yyercsd mpH
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peilenyH 3a4a¥ O ABHMEHHH KOCMHueckHx anmaparoB. Kax u B (1),
BhIpaXK €HHe A/ NOTeHyHaJbHOH SHEPIUH Tesaa B TPABUTALMOMHOM [10/1€
3emurn yROGHO 3aNuCaTh yepe3 ycKopenue CBOSOAHOrO NajEHUS Ha M10-
BEPXHOGCTH 3eMju:

mM_ mgR?

r r

En(rn)=—G {3
B Buipaxenuu (3) noreninanbuas 3ueprust CTPEMUTCH K HYJIO TPH 7—>00
T. e. NOTeHUHATbHASl YHEPrHsl TATOTEHUs Tena, YAANTEHHOro Ha BecKo-
HEYHOCTb, NPHUHATA PABHOH HY.JIO.

CxopoCTb cnyTHHKaA, ABHXKYUIErocs N0 KPYroBofi opGHTe pagnycom
r, HasblBaercs nepBofl KOCMHUecKOl CKopocTbo. Ee MoXuO naiity ¢ no-
MOL[bIO BTOPOr'0 3akoHa HBiOTOHA M 3aKOHAa BCEMHPHOTO THArOTEHUA:

v=V gR¥r.
Hnsa ciuyTHUKaE, ABHXYywerocs BOAM3HM NOBepXHOCTH 3eMaH, nepsBas
KocMHuyeckKas CKOpPocTh = VgR=7,9 KM/C.
Mugumanbuas CKOPOCTb, KOTOPYIO HYXKHO COOBUIHTBL Tedy, Haxo-
KAULEMYCSH HA PacCTOAHMU 7 OT UeHTpa 3eMJH, AJAS TOro 4Talm OHO

yIaINI0Ch Ha GeCKOHEYHOCTb, HOCUT HA3BaHHE BTOPOH KOCMHYecKOf
ckopoctn. Ee MoXno naliTH ¢ nOMoOuibio 3aKOHA COXPAHEHHS dHEPruu:

o=V 2gR%r =V 2o
s Tema, HaXORHULEroCs Ha NMOBEPXHOCTH 3JeMIH,
vy =V 2gR =11,2 xu/c.

Teno yganurcs na GeCKOHEYHOCTH HE3aBHCHMO OT TOrO, B KaKOM
HanmpaB/JaeHHH cOO0uIeHA My BTOPAs KOCMHUYEcKas CKOPOCTh, XOT# Tpa-
eKTOpHH NpU 3TOM GyRYT pasuuie (HO Bee napabonnueckue!). Ecan cood-
wHuTs Tely CKOpOCTh Gosibiue BTOPOH KOCMHYEcKoH, TO ORO yjaantca
no runepbose, Ecaum navannuas ckopocTb Menbuie BTOPOH KoCMIde-
CKoOfl, TO TeJIO ABHMKETCA 110 3JIANCY, O1UH U3 GOKYCOB KOTOpOro cosna-
RAeT C HEeHTPOM 3eMau. ITO yTBEpPKAHHE HOCHT HAa3BAHHE Neproro 3a-
koua Kensepa, Koropuift 6ol OTKPHIT B pe3y/abTare Habaiogexdil 3a
JBuxKenyeM naaxer sokpyr Conunna.

[Tpu pewenun sagay GYAyT HCNONB30BaThCA TakKe BTOpo# M Tpe-
tuit 3axonn Kensepa. Coraacao BropoMy sakony Kengepa cektopsas
CKOPOCTh CNYTHHKA NocrosiHHa. Tperni 3akoH Kensepa yTsepxiaer,
4TO KBajpaTel NepHofoB OBpauleHHs CIYTHHKOB OTHOCATCA KaK KyGbl
GOMbIIMX NOAyOcefl HX 3JIHNTHYECKHX OPOHT.

3axonbt KenJepa MOXKHO BHIBECTH C TOMOILIO ypaBHelull JHHAMHKY
¥ 3aKOHA BCEMUPHOTO TATOTEHHS.

Ilpn pewennu 3agay, B KOTOPHIX BcTpeyaercs KoneGarelbHOe
ABHMKEHHE, CJeAyeT [OMHHTb, YTO NPH TapMOHHYECKHX KojeBGaHHaX,
Korjia pasHoieficTByiouas BceX CHJ HanpaBjeHa K HOMOMKEHHIO paBHO-
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BECHs M NMPONOPHHOHANbHA CMEULeHHIO, KPYroBas 4acToTa KojaeGauui
oflpenefercss COOTHOLEHHeM

o=V kim,

rie m — Macca Tesa, a k — Koa(p(dpHUIMesT NPONOPLUUORAILHOCTH MEXAY
cuaolt u cMewenueM. [Tpumedenne aToil GOPMyMEl K MaJbIM KoneGaguaM

MaTeMaTHYeCKOrO MasfTHHKA AJMHHOH [ jaer w:]/_g/l‘

1. Henopeuxuniit Gnox. Uepes nenoasuxkubili GjoK nepe-
KHHYTA HepacTsXKHMasi HHTh, K KOHUAM KOTOPO#l NPHKpenJieHk
rpysel ¢ maccamu m u M, npuuem m<M (puc. 1.1). Haiiru
CHJYY HATSIZK@HHS! HHTH NPH JBHKEHUH
rpysoB, npeHefperas TpeHHEM, MaccamMu
6J10Ka U HHUTH.

A Tlpn  ykasaHHBHIX B YClOBHH
njeanu3alliiXx 3ajada, KOHEUHO IKe,
TpuBHanbHa, Ecin m<M, To TaxKeni
rpy3 Oyjer HajaTb NpPaKTHYECKH CBO-
600HO, T. €. NOYTH € YCKOpeHHeM g.
Ho Torma B cmay HepactskuUMocTH
HHTH JeTKuil rpy3 OYZEeT BHIHYXKIEH
TIOJHUMATLCA C TAKUM K€ YCKODEHHEM.
Jlns sToro AeACTBYIOIASl HA HEro €O CTO-
pOHBI HMTH CHJIA JO/KHA ObITh BABOE
Goablie CAEl TAKeCTH. TloatoMy cuia

=
Puc, 1. o el e to. npeneGpons. 1
crBymoniie Ha Fpy3Hl 3 .
BO BpeMA ABHKEHUA CHJ1a HAaTAXKEHUSA HHUHTH OJHHAKOBAa IO
ofe CTopOoHLl 6J0Ka.

PasyMeercs, 3TOT pe3yJbTaT MOXHO NOJYYHTb H CTPOroO.
PaccmarpuBasi jgeficTBywomue na Tpyssl cuasl (puc, 1.1) u
npoenupys ypaBHeHUs BToporo 3axkona Helorona ans kaxporo
¥3 TPY30B HA BEePTHKAJbHOE HANpaBJIEHHE, NOJyYyaeM

Mg—T=Ma, (1)

mg—T=—ma. 2)

Mckawyas M3 3THX ypaBHeHUH YCKOpeHHe TPY30B @, HAXOIUM
2mM

T=ntm& (3)

flpny m<«KM B 3nameHaTene MOXHO nNpenebpedb m No cpas-
Henmo ¢ M. Iro paer T~2mg.

A Tenepr NpeAnmoONOXKHM, UTO, HAYAB PEIUaTb ITY 3ajauyy
CTporo M 3sanucas ypasuenus (1) u (2), Mbr coobpasuinn, yto
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npy 3ajaHHOM YcaoBHH m<KM YcKopeHue q TpPaKTHYECKH
pasHo g. Torga ansa nHaxoxjennst T MOXKHO MOACTaBHTH 3TO
3HayeHue yckopenust a=g B ypasHeHHe (1) man (2). Iloacra-
HOBKa a=g¢ B ypaBHeHHe (2) neficTBHTEJNBHO JaeT 3HauyeHHE
T=2mg. A BOT nojicTaHOBKa B ypaBHeHHe (l) NpUBOAMT K
HeoXuJZAHHOMY pesyabTaty 7=0. B wem xe tyt ge1o? Bean
ypaBrenus (1) u (2) TouHBIC, H CTpPOroe pelleHHe BO3MOMKHO
TOJABKO OPH HCNONK30BAHUK OOOUX STHX YpaBHEHHH.

DTOT npuMep APKO HIOCTPUPYET TO ODCTOSITeNBCTBO, UTO
B (pU3HKe NOHSTUS «MaJasl BeJHYHHA» H «DOJbILAs BeTuYiiiiar
camyl o cebe GeccMbicer R, Ecau «Sosbiuasny HAH «Masass,
TO 00513aTe/1HpHO JOMKHO OBITH YKa3aHO, MO CPABHEHHIO C UEM.
IoncraBaasa npubamskenHoe 3HadenHe q=g B ypasteuus (l)
win (2), Mbl BeIpaxkaeM CHJY HaTSKeHUs HUTH 7' 4epe3 citly
TAMKECTH, AeHCTBYIOLLYIO COOTBETCTBEHHO Ha THMeJ bl Wl 113
nerkuit rpys. IlockonKy cuna T Toro e nopsijixa BeaHdiitint,
YTO W CH/Ia THAKECTH Jerkoro rpysa mg, To ypaBHeHue (2)
JiaeT IpaBUALHEI OTBET.

[ToncranoBka a=g B ypasuenue (l) me npusoidt K mpa-
BUJIBHOMY OTBETY, HO0 10 cPABHEHUIO ¢ 60JbINOH Beauyunoft Alg
H HY/b, U 2mg — 3TO MOYTH OZHO H To xe. UTobwl ypaBHeuue
(1) npuBoauaO K NpaBUJIBHOMY OTBETY, B HEM HYXKHO YYECTb
Masoe oTaHyHe a oT g.

Hcnoabsys nonsTie 60AbIUOH MM MaJoil BeIANYHHEI, Hy» -
HO 0Ds3areqibHO OTAaBaTh cefe OTYET, € ‘YeM 3Ta BeaHUHHA
cpaHuBaerca. M xora Bo MHOruX cJyyasix 310 iIBHO He oropa-
puBaercsi, Ho BCerja nojpasymenaercsi. Tak, HanpuMmep, B 3Toft
3ajaue, npenedperad Mmaccoft 6J0Ka M Maccoff NHUTH, Mbl e
OrOBOPIJH, 110 CPABHEHHIO C Y€M MaJbl 3T BENUYHHEL. A Kcta-
TH, TIO CPaBHEHHIO C YeM? A

2, Hedusuueckas 3apaua. Teno cGpacbiBaeTcs B BOAY
¢ HEKOTOpofi BBICOTHI €3 HaYalbHOH CKOPOCTH, [PH 3TOM
usMepsiercsl riaybuHa ero MNOTPYKEHHA 3a ofHy CeKyHay
noc/ie BXOXKIEHUS B BOAY. ¥ CTAHOBJEHO, YTO €CAH HAYa/lh-
HYIO BLICOTY H3MCHUTB B K pa3, TO M1yOHHA NOTPYHKEHUST H3-
menutes B [ pa3. IIpH Kakux CooTHOWIEHHAX MeXAYy k u [
tesio ToHeT B Boje? COlpPOTHB/ICHHEM BO3LyXd M BOABI lipe-
HeOpeyb.

A Jhiobo#t pusugeckuil nponece npeacras/seT codoll cr1oX-
noe sipienue. CocraBisisi ycaoBHe 3ajauy, Mbl (HaKTHYECKH
BCerjla ymnpolaeM paccMaTpHpBaeMele sBJEeHHs, OTOpacLlBas
HECYIeCTBEliHbIe, a4 YacTo, K COMXaJeHHIO, M CYHIeCTBEHHbIE
cropounl, Hanpuvep, peluas safayu O ABMKeHHH Teja, Opo-
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LIEHHOro 104 YIJoM K TOPH30HTY, Mbl NpeHe6peraju conpo-
THBJAGHHEM BO3AYyXa.

B paccmarpuBaeMmodl 3ajaue Ipeptaraercsi upeHeGpeyb
emme u compornsaenuem Bofpl. Ecan npenefpexkenue comnpo-
THBJIGHHEM BO3/yXa 4acTO ObIBaeT ONpPaBAAHHBIM (OCODEHHO
P MaJblX CKOPOCTSIX), TO IpeHeGperarb CONPOTHBICHHEM
BOALI B 3TOH 3a444¢ 1eb34, TaK KaK Nojdy4yacmbie npH TaKOM
NOAXOMe Pe3yabTaThi He HMEOT HHYEro OOLIEro ¢ ZeHCTBHTEb-
NoCThIo: GeccMbicyieHno Oblo Obi  NPOBEPSITH  OJYYCHHEIH
OTBeT Ha onpTe. JIeHCTBHTENBHO, MLI He YYWThIBaeM (hOHTaH
Ophi3r, NONHUMAEMbIX TeJIOM NIPH YAApe O BOAY; pacXoJsailyiocs
0 NOBEPXHOCTH BOJHY; BSI3KOCTb BOJB; HE YYUTbIB4eM JIBH-
JKE€HNe BOJIbI, BHITECHSIEMOH TEJIOM.

W Bce xe Takue «He(‘pns}mecxue» 3aja¥YH HMEIOT 11PaBO Ha
CYUIECTBOBaHNE: BO-TepBLIX, OJarolaps cBOeH YETKOH nocra-
HOBKE (B YCJOBHH yKa3aHO, 4eM TipeHe6peub) OHU TIO3BOJISIOT
HAYYNTBCS] OPHUMEHSATH (DU3NYECKHE 32KOHBI JJIsT KOJHYECT-
BEHHOr0 aHanu3a HCKYCCTBEHHO VIPOWEHHLIX SIBJEHHH; BO-
BTOPBIX, B HEKOTOPHIX CIYyYasX TAKOe peIeHHe MOXKET Nocay-
JKHTb OCHOBOH (HyJseBHIM NpuUOMDKEHHeM) A AAJbHEHIINX
yTO4HEHHH.

Ho BepueMmcs k nameli «neduandeckofls 3anaue, Jlaxe npu
TaKUX YIPOLIEHUSIX HA NEPBLIH B3rJAM He ACHO, C Yero Ha4u-
nats. OGpaTHMCsT K BONPOCY, NMOCTaBJEHHOMY B 3ajaue: Npu
KaKoOM YCJIOBHH Tejlo TOHET B Bone? Teno TOHET, €cau ero
Macca 11 GoJblIe MacChl BOAEl /11y TOTO e oObeMa, YTO U TEJIO.
Takum obpasom, TpeGyercsl BHISICHUTB, NPH KAaKHX YCJAOBRAX
my/m=<<1.

JBuxenne Tesa B BOAE NPOUCXORUT Noj JAeliCTBHEM ABYX
MOCTOSHHBIX CHJ: CHJIL TSIPKECTH /g W BBITANKNBAIOWEH CHIIBE
Apxumena —m,g, i, cAefloBaTeibiO, GYIeT paBHONEpEeMeHHEIM
¢ yekopenueM a=g{1—mt/m). [TockoNbKY CKOpOCTh Tesia nepex,

BXOAOM B BOAY v, =}/ 2gh, To nepemelmeHue Tesaa B Boje 3a

BpemA ¢ - SN o
SI:VQght—I—( —70)%.

Bo BTopoM cayyae, xorpa Tesno cOpoHieHO C BEICOTHI kA, mepe-
MeIleHHe TeJ1a B BOAE 33 TO e BpeMd ¢

RV P9 A my \ gt?
5, ~V2kght+< -——m—>T.
[To ycnoemo sapaun si/s,=I, T, e.

V Zkgh 4 (1 —mg/m) gt/2 1
g =1 (N
VY 2gh+ (1 —mo/m) g2




2. HEQU3UYECKASI 3AJAYA 39

O6osnayum aas ypobersa (l1—mo/m)gt/2 depes x. Teno
Oyner TOHYTb Npu my/m<<l, T.e. npu x>0. 3amuuieM ypas-
Henue (1), ncnonbays BBeleHHOE o6o3HAYEHME:

V %kgh 4 x=1(V 2gh - x). @)
BoisicHUM, INPH KakoM YCJAOBHH KOPEHbL 3TOr0 YpaBHEHHS

x=V3%h (VE—1)](1— 1) nonoxurenes. DieMeHTapHbIM aHa-
JIE30M MOXKHO YOeNHUTBhCS, UTO npu k>>1 3HaueHue X MONOKH-

TenbHo npu [ < V'k, a npu k<<l snavenne x>0 npu [ > V' k.

Taxum obpasoM, MOJYYEHHBIHF pPe3YJALTAT MOXHO ChopMmy-
JUpoBaTh caenyiomuM obpaszoM. Teno GymeT TOHYTB B BOJE,
eC/IH MPH yBeIWYGHHH HayasbHOH BBICOTHL B k pa3 rayGuna

MOrpyKeHHs 3a NePBYIO CeKYHAY YBeTHuntTes MeHee yeM B ) &
pas. Ecan ke rayGuHa NOrpykeHust 3a NepBYIO CEKYHAY BO3-

pacter Goaee ueM B V' k pas, To Teno GyAeT BCILIBATS,

[Togymaem temepb, KakK MOMXHO YTOUHUTH pelieHHE 3ITOH
3a1a4H, €CJH OTKAa3aThCsl OT HEKOTOPBIX M3 CACJNAHHBIX Bbille
ylupoiaomux npeanonoxenuii. Oxa3piBaeTcsl, CPABHUTENbHO
IPOCTO MOXKHO YYeCTb IBHMKEHHE BOJBI, BHITECHAEMOH TejloM.

[Ipexkne Bcero orMeTHM, YTO NPU PABHOMEPHOM ABHAKEHHU
TeJa B MKHJKOCTH COIPOTHBIEHHE, KOTOPOE 0Ka3biBAeT KHAKOCTD
ero JBHXKEHHIO, OGYCJOBJIEHO CHJIaMH BA3Koro Tpenusi. On-
11aKO IPH HEPABHOMEPHOM [JBHKEHHH KapTHHA OypeT CylecT-
BeHHO HHasi. JlaxKe mpU ABMKEHHH B WJeaJbHOH KHIKOCTH CJIe-
JYeT YUHTBIBATh, YTO YCKOPEHHE COOGLIAeTCA HE TOJNBKO Teay,
HO M YacTullaM camoll XujakoctH. Kak 3To ckaxercs Ha JBH-
YKEHUH Tesar

Uro6bl HOKOMBILEECS TeJIO MACChi /71 NPUBECTH B JBHIKEHHE
CO CKOPOCTBbIO U, HYXKHO COBEpPILHTH PaGoTy, paBnyio mu*2.
Hs-3a yBaeuennsl KHUAKOCTH, OKPYKAKOUIEH Te10, €€ YacTHIbI
NpHOGPETYT CKOPOCTH, IIPONOPLHOHANBHEIE CKOPOCTH Te/l1a U.
B pesyabraTe yBJeueHHas TeJIOM KHJKOCTh Oyfer objanath
KHHETHYCCKOH 3Heprued, npornopuuoHatbHOR v, ans coobiie-
HUSL KOTOPOH MoTpelyercs nolojaHuTesdbHas pabora. Ilosromy
paGota 1o MPHUBEACHHIO B IBHKEHHE NOTrPYKEHHOTO B XK HAKOCTD
TeJa MPONOPHHOHAbHA U2, HO Gosbiue mu?/2. 3anuceiBas 3Ty
pabory B BHIE

A=Muv*/2,

rae M>>m, npuXofuM K BbIBOAY, YTO NpH MOIPYKEHHH Teaa
B MHJKOCTb OHO OVAET JABHraThCcsl MNoA fAeHCTBHEM BHEINHHX
CHJI TaK, Kak OYATo ero Macca ypeanymiaacsk. JlononnHureantas,
TaK Ha3bplBaeMasi PUCOEAHHEHHAR MacCa XapaKTepH3yeT HHepT-
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HEIE CBOICTBA OKPYXKAloOUIeH KUAKOCTH. 3HAYeHHe MPUCOENH-
HEHHOH Macchl 3aBUCHT OT IJIOTHOCTH XKHAKOCTH K (POPMEI TeJa.

TlocMOTpHM, YTO H3MEHHTCS! B DeUIEHUH 3aJauyH NpH yuere
npucoefHHeHHOR Macchl. OYeBHHO, YTO YCKOpeHHE Tena NpH
ero JBHMKEHHH B KHIKOCTH NMOJA ASHCTBHEM CHJBI TAXKECTH mg
M BbITAJKHBAIOLIeH CHIILL — /1,@ GYAET paBHO @' =g (m—m,)/M.
MmenHo Ha 3Ty BeJUYUHY 3aMEHHTCS — YCKOpeHHe a=
=g {l—m,/n) B BelpaykeHUAX LIS S; U S; H B ypaBHenud (1).
Ecan Terneps uepes x 0603HaYuTh g (m—mo)t/2M, To ypaBue-
Hue (2) Gyner uMerb Npexuud BHA. Tak Kak Teso TOHET NpH
m>>m,, To U3 ypaBHeHus (2), KaK M paHblle, HYXKHO HAHTH
yCAGBUSA, NPH KOTOPBIX x>0,

Taxkum o6pasoM, y4er IpHCOeIHHEHHOH Macchl HE U3MEHseT
oTBeTa B 3TOH 3ajaue. A

3. Canxku na rope. CKJIOH ropel ob6pa3yerT yroj ¢ ¢ ropu-
acntoM. Iox Kakum yraom § (puc. 3.1) ciepyer TaHYTH 3a
BepEeBKY, 4TOOBI PABHOMEDHO TALIUTh CAHKH B rOpPY C HaHMEHb-
wuM ychuaneM? KakoBa JO/DK-
na 6LiTh 3TA CHaIA?

A Cyntast CaHKM MaTepHaJib-

HOH, TOYKOH, MOXKHO NPHHATD

>

mgy
Puc. 3.1. Tlox xakum yraom f§ cre-  Puc. 3.2, Cusn, Reficreyomue
AYyeT TAHYTb 32 BEPEBKY? Ha CaHKH

TO BCE JEHCTBYIOWINE HAa CAHKHM CHJIBI — H CHJIA TSKECTH mg,
M CHJIa PeaKUKH NMOBEPXHOCTH Topku Q,  cuaa F, ¢ Koropoit
TSHYT 3@ BePeBKY,— NPHJIOKEHB B O/HOH Touke (puc. 3.2).
Hpuu PABHOMEDHOM JIBUKEHHN CAHOK BEKTOPHAS CYMMa BceX
IeHCTBYIOUINX CHJl paBHa HYJIO!

F+Q-+mg=0. (1)

Hanst ncenepobanust ypasuesnst (1) cnpoemupyem sto Bek-
TOPHOE DPABEHCTBO HA JBAa B3aHMHO MePIRHIMKYJSPHLIX Ha-
NPaBACHHUSI: BJ0JIb HAKJIOHHON IJIOCKOCTH H NMEPNEHIHKYIIPHO
ef. IIpu sToM yurem, 4ro mpoekuus: ciibl Q Ha HanpasieHue
HOpMadd K IJIOCKOCTH €CTb HopMasbHasi cuaa peaxniu N,
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a npoekuusi @ Ha HanpasJieHHE BOJb IIOCKOCTH €CThb CHUAA
Tpenus coabxenusa F,,. B pesyasrare Bmecro (1) moayuim

F cos p—F,,—mg sin a=0, 2)
F sin B+N—mg cos a=0. (3)

Jaa ncenenoBannsi 3aBHCHMOCTH Cuabl F or yraa § ue-
O0XOAMMO HMCKJIOYHTL M3 9THX ypaBHenuit N u F,,, Tak Kax
oun camy 3aBucsit ot yraa f. Ha ocnoBanun 3akona Kynona —
AwmonTona

Fry=nN. (4)

Bripaxast cuny N u3 ypaphenus (3) u noucraBass B (4),
noJyyaeM
Fipy=p (mg cos a—F sin p). (5)

YUNTBIBasl 3TO BBIpaXKEHHe IS CHJBI TPEHUs, M3 YpaBHEHUsI
(2) Haxomum
sina--p cosa

F :I?lgm. (6)

Uucaurenp 9TOro BLIDAXKEHHS HE 3aBUCHT OT f, mosToMy
.cuaa F O6yner naumenbiueil, Korda 3HaMeHaTeNb MaKCHMAaJeH.
INostomy Gynem HCKaTb MaKCHMyM BBIpaMeHus

f(B)=cos B+p sin B. (7)

Jasi HaXOoXJeHHsT MAKCHMyMa MOMHO IPUPaBHATb HYJIO
npouspoanyio srofl ¢yuxkunu: f'(f)=0. Moxno Haiith Mak-
CHMYM M 3JeMeHTapHo, cBels [(B) K omHOH TpHrOHOMeTpHye-
ckoit pynxuuu yraa f. BeegeM HexoTopyio BeIMUHMHY @ TaK,
ytoGel tg ¢ 6bL1 papeH Ko3(pHHLHEHTY TPEHHST W:

p=tg p=sin g/cos ¢. &

Takasi 3aMeHa BO3MOXKHA NMPH AI000M |, TAK KaK TaHTeHC H3-
MeHsieTcs: oT —oo fio oo. [loacrasasis p 13 cooTHoweHHus (8)
B BoIpaxkeHue (7) u npuBoO/isl MPABYIO YaCTh K ofleMy sHameHa-
TeJio, MNoJayYaeM

__cosPcos @--sinfsing _ cos(B—q)
f®)= oS ¢ T cosg 9)
Tenepb oueBHAHO, YTo BennyuHa f(B) MakcuManbHa npu

P=¢, 1. €. npu
p=arctg p. (10)

Bor mox takuM yrioM P H ciaenyer TAHYTh CaHKH 34 BEPEBKY.
Cnaa F npu stom Gygaet HauMeHblneit, UtoOnl Hafity ee, nof
crasum B (6) BolpaxkeHHe (8) A1 W M YYTEM, UTO B HHTEDECYIO-
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meM Hac caydae ¢=f. B pe3yaprare mocje npocTslx fipeoGpa-
30BaHUA noayyaem

F=mg sin (a1P). (1)

Tpoananusupyem noaydenunft orser. Ilpexne Bcero or-
MeTHM, 4TO IPHBEAEHHOE PEIIEHHE UMEeET CMbICJ TOJLKO TOT/d,
Koraa noJyumbileecs 3Havenne P rtakoso, urto a-f<n/2.
Ecau a+p>n/2, To, kak BuaHo u3 puc. 3.2, cuna F orKJI0-
Hs1/1ach Obl BJEBO OT BePTHKAJH W He
Moria Okl TaiuTh Calky B ropy. B
npepeabHOM cayyae o—+P=m/2 cuia
F uanpaBaeHa BepTHKaJbHO BBEPX
¥, Kak BHAHO H3 dopmyast (11},
paBHa 110 MOAYJIIO CHJe TSXKECTH mg.
70 3HAYMT, 4TO cuaa F npocto yaep-
JKUBaeT CaHKM Ha Becy, a cuaa @
paBHa HYyJIO.

TaxuMm o6pasoMm, Qopma orsera
3aBHCHT OT yIVIa @ H KO3(p(pHLHEHTA
Puc. 3.3. T'paduueckoe Tperns . Ecan at-arctg p<n/2,
onpefesenie nanmensmeit  TO OTBET HA NOCTABJIEHHBIE BOMIPOCH

cuan F naerca copmynamu (10) n (11). B

HIPOTHBHOM Calyyae cuia F JoJkHA

ObiTh HaOpaBJeHA BePTHKAJLHO BBEPX M paBHA MO MOAYJIO
cHAe TAXKECTH mg.

Jra 3apada JoNyCKaeT H3silHOe rpabuyeckoe peilleHue.
Hns sroro 3ameTum, 4to (QOpMasbHO BBEACHHAST COOTHOLICHHEM
(8) BennuuHa ¢ uMeeT npocroft GU3UYECKHH CMBICJ: B CHAY 3a-
kona Kynona — AmonToHa (4) @ ectb yroJj, 06pa3oBaHHKl
CUJOf peaKIuy olopbt Q ¢ HOPMAJBIO K HAKJIOHHOH NVIOCKOCTH
(puc. 3.2). Ilostomy ypaenenue (1) serko nccaeaoBarb rpa-
(uuecKy.

CuaygaJsia #306pa3uM Ha yepTerKe H3BECTHYIO H MO MOAYJO,
M 1o HanpabJjeHuto cuay mg (puc. 3.3). Uro gacaercs caara-
eMoro @, To HaM 3apaHee U3BECTHO TOJLKO €ro HallpaBJleHHe:
KaK BHJHO M3 pHC. 3.2, oHO cocTaBJjsieT yroa g=arctg p c
HOPMAJbio K HAKJOHHOI MJOCKOCTH, T. €. YIOJA 1@ C BepTH-
kaJjbio. [TostoMy uepe3 KoHel BeKTOpa mg NPOBOJHM IIPAMYIO,
COCTABJAIOWYIO Yroll a-+¢ ¢ BepTdkanapio. Ha stoii npsmosi
OyleM OTKJIajblBaTh CHAY ), COBMeILasi ee Hayajao ¢ KOHLOM
BekTopa mg. anee B coorBercTuyu ¢ ypaBHeHueM (1) ctponm
cuay F, Kotopas Jo/mKHA 3aMblKaTb TPEYTOAbHHK CHA, T. e,
COCLMHATb KOHENl BeKTopa @ c HauasoM Bekropa mg. Ui
puc. 3.3 BHAHO, YTO MOAYAb cuibl F Gyer HAUMEHbIINM, KOT1a
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ee Hanpapjense o0pasyeT HPsAMOR yroa ¢ HanpaBieHUEM
Q, T.e. yron o-¢ ¢ TOPH3OHTOM WM, APYIHMH CJIOBaMH,
yron ¢=arclg u co CKJOHOM FOpHI.

V3 puc. 3.3 BRIHO, YTO 5TO PeILEHHE UMEET CMBICJ, TOIbKO
ecau o-tarctg p<<n/2. O6biuHO KOMDPUUMEHT TpeHHSI HeBe-
JIUK, H 3TO YCJOBHE HE BHINOJAHAETCH TOALKO NPH yriax o,
Onu3KMX K /2. 3HayuT, pelieHue, BblpamaeMmoe (HOpPMYJOil
(10), moxeT 0Ka3aTbCsl HeclpaBe/UIMBbIM TOJALKO TPH NOABEME
Ha O4YE€Hb KPYTYIO ropy.

B szax/iodenwe mpepnaraeM NOAyMaTb Haji BOAPOCOM, HO-
yeMy HepejHHe KOJeca JEPeBEHCKOH Tejerd, K OCH KOTOpoOi
[IPHKPEIIAIOTCS OrJ0GJAM, KaK NPAaBHIO, MEHbILle 3aJHHX. A

4. Jleckn na HakAoHHOH naeckoctH. Ha Baxjonuoit njaoc-
KOCTH, COCTABJSAIONMIER Yrod o € TOPH30HTOM, JIEXHAT JIBE
Jocky, opna ma Japyroit (puc. 4.1). MoxuHo nam monobpath
TaKHe 3HAYCHHUS Mace JOCOK M1, U Mg,
Koo )HLIHEeHTOB TpeHus A0COK O MJoc-
KOCTb B, H APYT O JApyra i, 4ToOLI
HUKHAA JI0CKA BLICKOJL3HYA H3-TIOJ
BepxHeil? B HauanbHBIll MOMEHT aoC-
KU NOKOSTCA.

A Ha nepBril B3rasj 310 camas
oObidHas 3aza4a. Cnenyer paceMoT-  pu. 4| TlockH Ha nak-
peTb BCE IEHCTRYIOULHE HA JOCKH CHJIbL JONHOH MAOCKOCTH
H, noap3ysch 3akoHamu HelotoHa,

COCTABHTh ypaBHeHU: iBUKeHus. Pe-

HIMR UX, HAallJleM YCKOPEHHA @, H @z, M JJIA OTBETA Ha HOCTaBJeH-
HBIil BONPOC OCTAHETCH TOMBKO BBLIICHHTb, IPH KaKHX YCJIOBHAX
yCKOpeHHe HHXHeH AOCKH g, Ooablie YCKOpeHHs Bepxled da.
Opnako, NORBITABIINCH BLINOJHHTB 3TY NPOrpaMMy, MH cpasy
CTOJIKHEMCS € TpyaHocThio. /s pelileHHss ypaBHEHHI HYXKHO
3HaTb, KAK HanpaBieHb Bce JelCTByOuUiHe cuabl. Ho Kak
HafnpaB/ieHbl CHAK TPEHHS JOCOK APYr O apyra? 3TO 3aBHCHUT
OT HX OTHOCHTEJNLHOH CKOPOCTH, T. €. OT TOr0, Kakas H3 J0COK
cocKkanbsbiBaeT ¢ G6abimiM yckopenneM. [loayuaercs 3akoi-
JOBanHbIA Kpyr: uTo6Bl HAHTH YCKOPEHHA, HAJlo 3HAThH HAfIpaB-
JleHNs cudl, a urofbl HaiiTH HanpaBJaeHns cUl, TpebyeTca 3HaTh,
KaKkeoe M3 ycKopenuii Godpme. Takoe nonoxkenne Xapakrepho
151 MBOPMX 3ajau, rie y4urbiBaercss TpeHde. Konedno, MoxHo
N0CAeOBaTENbHO NepefHpaTbh BCE MBICJAUMBICE BapHaHTHl H
HCKJHouaTh Te H3 HHX, KOTOphIE NIPUBOAAT K HEJIENIOMY pe3ylib-
tary. Ho moxuo Hafitn nuof noaxel, 9ToGHl NOJOGHBIX NpO-
6.1eM He BO3HHKaNoO,
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B nanHoOil 3ajaye HaM HYIKHO TOJBKO BbIACHAThL, BO3MOXKHO
JU JIBIDKEHHE HIKHEH NocKd ¢ 66Jblium yckopeHuem. Ilpen-
NOJMOXKUM, YTO 3TO BO3MOXKHO, T. €. UTO MbI NOAOOpaNA TaKHe
3HaYeHHUst Macc M KO3(Q(ULMEHTOB TpeHHs, NPH KOTOPLIX
a;>>a,. Torja HamparjeHue BCeX CHJI ONPENENACTCS OfIHO-
3HAYHO W YKa3aHO Ha pHC. 4.2, rpe F — cusa TpeHHS HIDKHEH
JIOCKH © HAKJOHHYIO IJIOCKOCTh, Fy==—F,; — CWJIBl TpeHus

Puc. 4.2. [eficTRyomue CHJILI NPU
YCJIOBHH, YTO HHXKHSIS JOCKA BLI-
CKaAb3biBaeT H3-10J4 BepxHel

JIOCOK pyr o apyra, N — HopMaJbHas CHJla PEAKIHA HAKJIOH-
Ho#i nJockocT, Ny=—N, — CHJIbl JaBJeHHs JO0COK JAPYr Ha
apyra. CocTaBisasi ypaBHeHus JBHXKEHHS JOCOK M NPOECLHDYS
UX Ha HanpapjeHHe BIOJIL HAKJIOHHOH MNJIOCKOCTH, [ONYy4aeMm

myg sin o—F—Fi=myay, Mg sin a-+Fi=mya,.

M3 3THX ypaBHeHH# cpasy BuiHO, YTO OpPH JIOOBIX Maccax
H KoahpHIHeHTaX TPeHus

a<gsina, a,>gsina,

T.e. @;<<a;. Mml nonyuunu nporuBopedHe: NpH Npesnoso-
AEHHH, YTO @, >>1,, W3 ypaBHEHHH AMHAMHKH CJ/eAyeT, 4YTO
a;<<a,. Tak KaK ypaBHeHHfl AMHAMMKH Ge3yCaOBHO clipaBei-
JIUBDI, IIOJIYYeHHOE NPOTHROpEYe O3HAYAET, YTO NPEANoNoNKe-
HYe 0 BO3MOXKHOCTH JIBHIKEeHHs] HHMHEeR JOCKH ¢ 6O/IbUIAM YCKO-
peHdeM OIUHOOYHO. A

5. BycuHka Ha Bpamatouiemcs crepxue. Ha ruankuit
CTepKeHb, PAacHONOXKeHHbIH 10 YrJIoOM o K BepTHKAaW, Ha-
caxsena Oycunka (puc. 5.1). Crepxend Bpamaercs ¢ yrjo-
BOH CKOpOCTbIO ® BOKDPYT BepTHKaAbHOH ocu. Onucarts apu-
JKeHue OYCHHKH M0 cTepHIO. TpeHHeM IipeHeGpeus.

A Moxer 1y 6YCHHKA NOKOHUTbCS OTHOCHTENLHO CTePIKis?
Ipexnonoxum, 4TO MOKET, DTO 3HAYHT, YTO CYIIECTBYET TAK4s
TOYKA CTepXKHS (HA PACCTOSIHHH # OT OCH BPAIEHHS — CM.
puc. 5.1), Haxoxsich B KOTOPO#t 6YCHHKA OTHOCHTENbHO CTEPIK-
1151 TOKOUTCA, T.e. JeHCTBYIOIHE Ha Hee CHAA THKECTH mg
¥ cHNa peakuuH crepxkusa N coo6WaloT eft ycKopeHHe @, paBHOR
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LEHTPOCTPEMHTENLHOMY YCKOPEHHIO ITOH TOUKH CTepsKHf.
W3 pucynka Buano, uto

mg ctg a=ma, )]
OTKyJa crelyer (Tak Kak a=w%), 4t0 r=(g/w? ctg a. ITo-
MELIeHHass B 3TY TOYKY OYCHHKA I[OKOHTCS OTHOCHTEJNLHO

crepxHa. TakuM 06pa3oM, NoJiokeHHe PABHOBECHH GYCHHKH
HA BPAIIAIOLIEMCS CTEPIKHE CYIECTBYET,

)
1
]
i
I
|

Pue. 5.1, Cuaw, peficreyio- Puc. 5.2. Utobu ypepxarts 6y-
HiMe Ha HEMOABHIKHYIO OTHO- CHHKY B CMEIIEHHOM BBEPX Mo-
CHTEIEHO CTEPIKHSI GYCHHKY Joxenuu, nyxua cuaa F, peficr-

ByWIIasg BHH3 BAOJAb CTEePXKHHA

Byner nn paBaoBecHe ycToiuuBBIM? Jlpyrumu caoBamu,
Kak OyJaeT BecTH ce6a OYCHHKA, eClH N0 KaKOH-1HO0 NpuyHHe
OHAa HEMHOro CMeCTHTCSl M3 3TOro nosoxenus? Ias soiacuenis
9TOrO BONPOCA HOCTYNMHM CAEAYIOWHUM 06Pa3oM: CMeCTUM GY-
CHHKY HEMHOrO BBepX N0 CTEPXKHIO H BLISICHHM, NpPH KaKkom
ycenoBud 6ycHHka Oy7eT B PaBHOBECHH H B 3TOH HOBOI TOUYKe.
Toabko ayma cunamu mg u N 31ech He 060HTHCH, HOCKOALKY
NPH HAAUYUH TOABKO 3THX ABYX CHJI NOJOXKEHHE PAaBHOBECHS
onpenensiercd opnosHaudHo opmynoit (1). Hyxua rtperbs
cuia. Takoi cusolt Morsa Obl GbiThb CHAA TPeHHsi GYCHHKH O
crepxedb, BhiAcHHM, B KaKyl0 CTOPOHY OHa OO/DKHA OBITh
nanpasaeda (puc. 5.2). Monynb U HanpapieHue CHIbI TSXKECTH
HE H3MEHHAHCH, HalpaBleHWe HOPMaJbHOH CHJBI peaxiln
crepxkHst N Takxke He usaMeHHmaoch. llockonabky ma'>>ma,
Heo0X0A1MO, uToGbl cuJla TpeHHst Oblla HanpaejeHa BHU3
1o crepxHi0. Ho no ycnoBuio 3ajaud 3TOH CHJABL HET, MO3TOMY
6ycHHKA GYJET CKOIb3UTh BBEPX MO CTEPHKHIO. AHAJOTHUHBINH
paccyXaeHusIMd MOXSHO TOKa3aTb, YTO NPH HeBoabLIOM cMe-
mweHuu OYcHMKH BHHM3 OHA OYAeT CKOJb3HTh BHU3, T. €.
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VIAMATBCS OT NOJOMEHHUA paBHOBecHA. TakuM 06pasoM, NOI0-
JKeHde PABHOBeCHs1 OYCHHKH HA BpaliawoiueMmcs crepmxue Oyner
HeyCTO4HBBIM.

Kakum Oyner nosejeHde OYCHHKH NPH HAJAUYUM TPEHHs?
[TockonbKy cHJIa TpeHHst NOKOS MOXeT H3MEHATLbCS OT HyJs
JIO HEKOTOPOTO0 MAaKCHMMA/JbHOrO 3HAYEHHS, M3 MNpPeAblAYIIHX
paccysenuit AcHO, YTO AO/KEH CYLIeCTBOBATh LebI YuacToK
Ha crepxkHe, B J000H TodKe KOTOpPOro OycuHka 6yJeT HOoKOo-
UTbCH OTHOCHTEJIbHO CTepskHs. [lpenraraeM Bam caMmocTos-
TeJMbHO HAfiTH DOJOMKEHHe TIPaHuL 3TOro Y4acTKa [PH H3-
BecTHOM Koapduiuente tpenusi. Ecau y Bac BO3HMKHYT 3a-
TpYAHEHHS, PEKOMEHAYeM 03HAKOMHUTLCs ¢ 3anayeil 7 «bpycok
HA H2KJOHHOH NJIOCKOCTH». A

6. Modera Ha ropu3oHTaqibHOH noacTaBke, I[loacTaBka
C Jexkailied Ha Heil MOHETOH JBH:KeTCA HOCTYNAaTelNbHO B IO-
PH3OHTATLHOH FIIOCKOCTH NO OKPYXKHOCTH. PafiHycoM r € yT-
JI0BOH CKOpPOCTBIO 0. Ko3ppHUHeHT TpeHHsT MOHeTH 0 MNOJ-
cTaBKy paBed W. Kaxkum Oyzner ycranoBuBlleecsi ABHXelide
MOHEeTHI ?

A VI3 coobpaxkeHH il CHMMETPHH SICHO, YTO YCTAHOBHBILEECH
JIBUKEHYE MOHETBbI NPOHCXOJUT [0 OKPYIKHOCTH € TOH xe yr-
JIOBOH CKOPOCTbIO ®. JleficTBHTEeNbHO, B PFOPH3OHTANbHOM
MJIOCKOCTH OTCYTCTBYIOT KaKHe-Au60 (PH3HYECKH BBIJe/eHHbIe
nanpasienusi. IlostoMy, kakumu Gbl HH OblIM HAYATbHBIE
VCJIOBHA, NIPH YCTAHOBHBIUEMCS JBHXKEHHH TPAaeKTOPHS MO-
HeThl OYJeT NPeACTaB/IsATb COG0H OKPYAKHOCTh B HHEPLHAALHON
JaabopartopHoit cucreme orcyera. OT HayalbHHX YCJAOBHH
3aBHCHT TOJIbKO HOJOKEHNE LEHTPA 3TOH OKPYXHOCTH. JroGas
Apyras MBblC/MMAas TPaeKTOPHS TaKHM CBOHCTBOM — OTCYTCT-
BieM Bblle/IeHHBIX HanpaBjaeHull — ne obaanaer. Coobpa-
XKEeHHUS] CHMMETPHH MO3BOJAIOT CleaThb BHIBOJA, YTO H OTHO-
CHTeNBHO TOJACTABKH MOHeTa, ec/JH OHAa HPOCKajb3hiBaerT,
TOXe JIBHMETCSI 1o OKpyxHocTu. Tenepb, Korja Mel npej-
craBasieM cebe XapakTep JBIXKEHHS MOHEThl B IIeJIOM, OC-
TAeTCs TOJbKO YCTAHOBHTD KOJIHYECTBEHHbLIE COOTHOLUEHHS
MEXKIY €ro XapaxkTepHCTHKAaMH, B YACTHOCTH BBIPA3UTH pa-
JHYChl OKDYXKHOCTeH, Bbl4epYHBAEMbIX MOHETON B TOR U Apyrof
CHCTEMAX OTCYeTa, Yepe3 NpHBEAEHHbIE B YCJIOBHH JaHHBE.

B ropusoHTanbHOl AIOCKOCTH HA MOHETY NERCTBYET TOMbKO
CHJIA TPEHHUsl CO CTOPOHB! MNOACTaBKH. PaccMOTpUM chauana
cyyall, KOrjla MOHETa JBHIKETCS BMecTe ¢ HojcraBkoii. Tak
KdK NPY HOCTYNATENbHOM ABHXEHHH [OJCTABKH BCE €€ TOUKH
JBHKYTCSI 10 OJMHAKOBBIM OKPYKHOCTAM pajuyca r, 10 U
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MOHETA JBHXKETCs IO TAKOH K€ OKPYMKHOCTH C yCKOPEeHHeM
®%, HanpaBJeHisM K ee uentpy. Tak Kak 3T0 yCKopeHue
COOBLUAETCST MOHETe CHJIOH TPeHHs NOKOfA, KOTOpas He MOMeT
NpeBbliIaTh 3HAYENHsT WM, TO YCTAHOBUBIIEECS ABHKEHHE
MOHETBI GYJIET NPOUCXOANTb BMECTe ¢ HOACTABKOHA MPH YCJOBHII
0% <pg, T.e. npu o¥/ug<l.

[pu 3uauenusix sroro 6e3pasMepHOro napaverpa wi/pg > 1
(T. e. npu Oonbllell YraoBOH CKOPOCTH ®, UAM  DoJblueM
paauyce r, WId wmeHbiieM koadxpuligeHTe TpeHHst W) MoHeta
OyleT NpOCKaNb3biBaTb OTIOCHTEJNbHO MOACTaBKH. B 3roM

)
Puc. 6.1. Bsanmnoe pacnojoxenHe LN u v
BEKTOPOB cKOpocTell V' MoHeTH U &
NOACTABKH «
4

cyyae UEHTPOCTPEMUTENbHOE YCKOPeHHe MoHeTe COoO6ILaeT
CHAA TPEHMSt CKOJIbMKEHHs, HanpaBJeHHAast B CTOPOHY, LPO-
TUBONOMOXKHYIO BEKTODY ¥ CKODOCTH MOHETHf OTHOCHTEILHO
nopcTaBku. [Ipu ABIDKEHHH [0 OKPYXKHOCTH CHJA Neprneniu-
KyJAsipHA CKOPOcTH V MONETBI B HHEPHHAJIBHON cHeTeMe Of-
cuera. TlosTomy BekTopsl V' U ¥ B3auMUO NEPUEHIHKYASIPHEL.
Ckopocts V' moHeTel B J1a00paTopHOfl  CHCTeMe  OTCyera
npeAcTaBAfer CoBON BEKTOPHYIO CYMMY CKOPOCTH MOUETH ¢
OTHOCUTENBHO NOJCTABKH H CKOPOCTH # TOH TOUKM N0ICTaBKH,
B KOTOpO#i B JanHbiil MOMEHT HaXOZMTCs MoHera (XoTs, pasy-
MeeTcsi, CKOPOCTH BCEX TOUEK NOACTABKH OAHHAKOBHI NIPH ce
HOCTYTATENLHOM ABHIKEHHH):

Ve=o+a. (1)

Cootsouenne (1) rpaguuecky nPOUNIIOCTPHPOBAHO Ha pHuc. 6.1,
rjie yuTena YyKasaiHas OPTOTOHAJbROCTL BEeKTOPOB V u v.
K3 3Toro pucyska BHAHO, YTO NPH DPOCKATb3bIBAHHHM MOHCTL
ee CKopoctb V B J1aB0paTOPHOH CHCTEMC BCerjia MeHbLIIe CKO-
pPOCTH HOACTaBKM u=wr. [10 yc/a10BHIO BEKTOp # INOBOpayil-
Baercs C yrJjoBOH CKOPOCTbIO ©, NO3TOMY H BeCh TPEYI'OJbHUK
ckopocTeif Ha puc. 6.1 Bpamiaetcs Kak Lesoe, Tak 4TO B3a-
HMHOE pachoJioXeHHe BCEX BEKTOPOB OCTAeTCA HEl3MeHHBIM.
DT0 03HAUAET, UTO YTOJ O MEXIY BEKTOPAMH # U ¥ QAKTHYECKH
XapakTepusyer oTcTaBalue no Gasze Bektopa V cxopocty
MOHeTHl OT BEKTOpa & CKOPOCTH NOACTABKH.

Jna onpepenenust paguyca R KpyroBO# TpPaeKkTOpHH MO-
HETH B J1aGOPATOPHOI CHCTEME OTCYeTa BOCIIOJbL3YEeMCH BTOPLIM
sakonoM HbioToHa, T. €. NpHUPABHSIEM CHJY TPEHUA CKO/b-
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MeHHs! Wmg DPOH3BENIEHHI0 MAcchl /1 MOHETHl Ha YCKOpeHue
®?R: ug=w?R. Orcioza

R=pg/w?, o%/ug=>l. 2)

ViHTepecHO OTMETHThH, 4TO NPH NPOCKAIb3bIBAHHH MOHETHI
paguyc R TpaeKTODHH [IBHXKEHMSI MOHEThl He 3aBHCHT OT
panuyca r OKPYMHOCTel, O KOTOPbIM JBHKYTCA TOYKH NOA-
craBkd. Oxnako pamuyc R, Kak BHAHO M3 (2), He NPeBOCXO-
HHT r W CTAHOBHTCA pPABHBIM €My TOJbKO MNPH INPeneNbHOM
3iayeHHd mnapamerpa % /ug=1, Korja npockaab3blBaHIie
lpeKpauaercs. :

He npeacraBasier TpyAa HalHTH W pajguyc P OKPY’KHOCTH, 110
KOTOPOH MOHETa JBHXKETCS OTHOCHTEJNbHO MNOjacTaBKH. Bce
¢urypupyomuie B dopmyae (1) ckopocTd ¢BA3aHH ¢ pajHy-
'‘dMH COOTBRTCTBYIOIIMX OKPYXKHOCTEH COOTHOWEHHSIMH

V=oR, v=o0p, u=or. 3)

[MockoabKy TpeyroibHUK ckopocTeft Ha pHC. 6.1 ApsiMOyronb-
Heifl, TO € noMmoiubio Teopemul lludaropa W cooTHOLIeHHA
(3) moayyaem

r2=p%*4 R?, oOTKyAa o=V r —R: (4)
[Moacrasasia cioma nafigeHdoe 3HadeHue R u3 (2), Haxomuw
p=rV T—(ug/o*r)}, o¥r/ug>=1. ()

Buano, 4To paauyc o c¢jena, KOTOpbH MOHeTa BbIYEPUHBaCT
Ha NOJCTABKE, TAKIKE MeHblle PaAHyCca r TPAeKTOPHUH ABHMKEHHUs
NOACTABKH. ;
CootHolleHne My 0 U R Momer
GbITh  pasavyHbiM. TIpH  «BBICTPOM»®
IBHXEHHH, KOr1a o¥/ug>>1, Monera
B HHEpLHa/bHOH 1ab0OpaTOPHOH CHC-
TeME OTCYETa NPAKTHYECKH CTOHT Ha
Mecre (R<r), a MOACTaBKa Noj HeH
ONIMCHIBAaeT OKPYXHOCTH pajHyea r,
TaK uyro p~r. llpu MenjenHoM nBu-
MEHHH MOJCTaBKH, Korja or/ug=1,
MOHeTa NOYTH He OTCTaeT OT Noj-
S(gi-“le-z-MTOﬂz::lT?{P:: ABM-  CTABKH, ONHCHiBast B J1a60OPATOPHOM
1A MOLCTABKS CIEL  cucTeMe OTCYeTAa OKPYMKHOCTH HOYTH
TaKoro e paiuyca (R=/r), Tak 4TO

pR0,
Ha puc. 6.2 noxasanbl TpaekTOpHs JBHMEHHsS MOHETBHI B
JlabopaTopHOi cHuCTeMe orcueta (OKpYMHOCTH pajHyca R)
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H CJIeJl, KOTOPhI# MOHeTa BblYePUdBaeT Ha NOACTaBKe (OKpYyxK-
HOCTbL pajuyca p) ana caydasi, korna R>p. Ecau monera B
71a00PaTOPHOI CHCTeME OTCYeTa JBHKETCH] N[O OKPYKHOCTH
NPOTHB YacoBOH CTPeNKH, TO OTHOCHTENBHO HOJACTABKH o
JBHXKEHHES NPOMCXOIHT MO YacoBOH CTPeJIKE,

[IpencraBnsier uHTepec paccMOTpeTs (Da3oBBIA CABMP &
MEXJY JBHXEHHEM IOJCTABKH M MOHETHI B PAcCMaTpUBAEMEIX
npefesibHbIX  CAy4asiX ObICTPOTO H  MEJJIEHHOrO J(BIXKEHHS
noicraBkd. [lponenaiite 3To caMoCTOsITENIbHO, YYHTHIBAs, UTO,
KaK caexyer us puc. 6.1, cos a=V/u=R/r. a

7. Bpycok Ha HaxksaonROH muockocTd. Hakmonnast naoc-
KOCTb, COCTABJIAIOAS YTOd G € TOPH30HTOM, ABHIKETCS IO-
PHM3OHTAJABbHO € YCKOPEHHeM @ B HATpPaB/efiud, yKasalHOM
Ha puc. 7.1. Kax 6yaer gBuraTbca JAexKawiuil Ha Heft OpycoK,

Puc. 7.1. Haka0oHHag NJAOCKOCTs JBH-
XKeTest ¢ 33]aHHBIM YCKOPEHHEM @

ecnd KodhhUUHeHT TpeHuss OPyCKa O HAKJIOHHYIO NIOCKOCTD
paBeH u?

. Paccmotpum cHayalla npOCTeHLUMA 4YacTHBIA cayuaf,
KOr/la MJIOCKOCTb NMOKOUTCSI HJM JIBHXKETCS! paBHOMepHO (a=0).
[Ipu sToM moBeneHue 6pycKa HccaeayeTcs odeHb Bpocto. Ecan
p=>tg a, GpycoK MNOKOHUTCSl HA HAKJIOHHOH NJOCKOCTH, Npu
u<<tg oo 6pycox YCKOPEHHO COCKalb3biBaeT BHHU3.

BrisicHuM Tenepb, NpH KakoM YCJAOBHH OPYCOK GYIeT le-
NOABHXKHO JIEXKATb HA HAKJOHHOH MJOCKOCTH NPH €€ YCKOo-
peuHom aBwKerdH. OueBHJHO, YTO YCKOPeHHe 6pYCKa NpH 9ToM
JIOJDKHO COBNAJATH € YCKOpeHHeM mjockoctd. s artoro He-
06X01HMO, YTOOB BEKTOpHAsSt CyMMa BCEX CHJ, NEHCTBYIOUIMX
Ha Gpycok, 6blia PaBHA NPOH3BEIEHHIO €r0 MAcCChl Ha YCKO-
penue @. Ha 6pycox JefCTBYIOT CH/IA TSKECTH mg, CHJIA peak-
UMM HAKJOHHON naockocTH N M cuila TpeHus nokost F. Ha-
NIOMHUM, YTO CWJA TPEHHS TIOKOS MOMKET M3MEHSITbCS OT HyJsd
L0 MaKCHMaJbHOro 3HaueHus, pasHoro uN. Hanparnena ona
MOMXET ObiTb KaK BBePX, TAK U BHHU3 BJ0JIb HAKJIOHHOH nJo-
ckocTH. Ecal yckopeHHe MIOCKOCTH @, TAKOBO, 4TO mg@-+-N=
=ma,, To cuna Tpeuus orcyrcrsyer: F=0 (pnc. 7.2a). Iro,
KOHEYHO, He 3HAYWT, 4YTO JOCKa BAPYr crana raazakoi! IIpocro
HPH @ =@, OTHOCUTENbHAR CKOPOCTh OpPYCKa H MOBEPXHOCTU
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paBHA HYJI0O H B OTCYTCTBHE CHJ/bI TPeHHUSA, U MO3TOMY CHa
Tpenusi He BO3HMKaeT. W3 puc. 7.2a BHuHO, 4TO a,=¢ g a.

Ecau yckopeHnne HAKJIOHHOH IVIOCKOCTH @ HEMHOIO MeHblle
@y, TO B OTCYTCTBHE Tpenusi, T. e. npu w=0, 6pycox colKajb-
3pIBAT Obl BHU3; npu w7 BO3NHKAaeT cuja TPeHHs, Halpas-
JIeHHasi BBePX BJOJL HAKJOHHOH AJOCKOCTH, W Opycok ocra-
ercs HermoaBwkHbIM. Ho NOCKoOAbKY CcHaa Tpeuust mokos HeE

‘h

g

¢

Puc. 7.2. Cuam, AeficTBywuine Ha GPYCOK, NPHU PasHHX YCKOPEHHAX
HaKJAOHHOH NJOCKOCTH

MOXET npeBblmate WN, TO OPH AOCTATOYHO MajOM YCKOPEHHH
[JIOCKOCTH, MEHblIeM HEKOTOPOro 3uadeHus a;, 6pycoxk Gyper
COCKanb3biBaTh BHU3, DTO 3HAYEHHE YCKOPEHHS a; HAXOLHTCS
W3 YCJOBHS, UTO CHsa TpeHHs F paBHa CBOeMY MaKCHMaJib-
HOMy 3Hauenuio pN U Hanpapjaesa BBepX N0 HaKJAOHBHOM
miockoct (puc. 7.26). CoctaBuM ypasHeHHe ABHKeuust Gpy-
cka mg-+N-+F=ma; n cnpoennpyeMm ero Ha HampaBJeHus
BAOJb HaKAOHHON TNJIOCKOCTH H DO HOpMaJM K Hef:
mg sin a—pN=ma; cos a, 1
N—mg cos a=may sin o, ()
Hcekmwouas N, Haxopum
sino—p cos a

a1=gcosa+psina‘ 2

Hrak, ecan ycKopeHne IJIOCKOCTH a<<a;, GpPYCOK COCKasb3bl-
BaeT BHU3,
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3ameruM, 4TO HpH u>tg o ycKopeHnue @; OKAa3LIBAETCS
orpunateisHbiM. Kako# B 3ToM cMbicn? Hamomuum, 410 npu
p==2tg o 6pycok He Oyzer cocKanb3nBaTh U Opu a={ (Hakaoi-
Hasi MJOCKOCTh HeNoJIBHMKHA WJIM JBHXKETCST paBHOMEPHO).
Bpycok He 6yler cockanb3biBaTh W npu a<<0, Koraa ycko-
peHHe IIOCKOCTH HAlpaBJ/aeHo BJeBO, 0 TeX NOP, OKA MOAYJb
YCKOpeHHs1 He mpeB3oiier |a,|. [leAcTBHTeNbHO, ypaBHeHHsI
(1) cnpaBelJuBbl H TOTrJd, KOI'A YCKODEHHE @y HanpapjeHo
BJIEBO, ECJTH MO/ @; MOHHMATb €FO NPOEKLHIO Ha rOpH30HTANb-
HOe HaHpa,JieHHe,
Takum 00pa3om, Mbl HallllH YCJIOBHE COCKANL3BIBAHUA OpYy-
cKa NpH JIOOBIX U K &
sino—p cos o
a<g cos o4-psina

[ycte Tenepp yckOpeHHe IJIOCKOCTH @ HEMHOro 6oJIblIe a.
Torga npu u=0 6pycox nepememaJncs Gbl BBepX BIOJL ILIO-
CKOCTH; HpH u7=0 BO3HWKAET CHJa TPEHUsl NOKOs, HAalPABJeH-
HAasi BHU3 BJO/b IJIOCKOCTH, H OPYCOK OCTAHETCS] HENO/BIM HhIM
na miaockoctH. C POCTOM @ YBeMUMBAGTCSl M CHJA TPEHUd, U
KOrja YCKOpEHHE CTAHOBHTCS TaKHM, UYTO cHJa Tpenuss F
JOCTHraeT CBOEr0 MaKCHMAaJbHOro 3Hadenus uN, O6pycox
HAYHHAET CKOJb3UThb BBEPX. BrIsICHUM, NIPH KAaKOM YCKO-
peHHH WJIOCKOCTH @ CHJIA TPeHHsl CTAaHOBHTCA paBHON uUN
(puc. 7.26). CocraBasifi, KaK H paHblUe, ypaBHEHHE JIBHKEHHS
6pycka mg--N--F=ma. u npoeuupys ero Ha Te Xe Hanpas-
JIeHHs :

mg sin a+uN=ma, cos &, N—mg cos a=ma, sin o,
HaXOANM
. sina-}-p cosa
2= & cos a—psina
Htak, ecnn ycKopeHue IVIOCKOCTH a>@y, OPYCOK CKOJbL3UT
BBEpPX. 3aMeTHM, YTO a; NPU u==clg a obpamaercsi B 6eCKoHeY-
HOCThL. DTO 0O3HA4aeT, 4TO NpH U =ctg oo Opycok He OGyner
CKOJIL3UTh BBEDX HH HOPH KAKOM YCKOPEHHH IIOCKOCTH.
CoGupas BMecTe NOJYyYeHHbIE Pe3YJIbTAThl, MOXKHO 3aRHCATh
YCAOBHE HENOJBHMKHOCTH OPYycKa Ha HAK/IOHHOH NJIOCKOCTH:

a

sin o -}-pu cos a
— ctga;
La<{ cos o.—p sin o p<clg
oo, u=ctga. a

sina—pcosa
g €os oL~ sin o

8. Bpycox Ha mnopasumkHoM kanmHe, Ha pepxHiolo uacts
KJauHa Macch M, KoTopbil MomxeT 06e3 TpeHHs NepeMellaThbest
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0 rOPH3CHTA/NLHOH NoBepXHOCTH (puc. 8.1), xaaxyT 6pycok
Maccel /M U OTHYCKAalOT Ge3 HadanbHOro toadxa. Kakywo ro-
PH30HTaNLHYIO CKOPOCTh HPHOOPETaeT KAHH K TOMY MOMEHTY,
Korja OpyCcOK COCKOJIb3HeT 7o Konua? Kakoii yroa ¢ ropu-
30HTOM COCTABJSIeT BEKTOP CKOPOCTH OpycKa @, €C/H Yrod
NpHM OCHOBAHWM KauHAa pameH o? BricoTa KanHa paeHa h. Tpe-
HHEM MeXZy GPYCKOM H [OBEPXHOCTHIO KJWHA npeHebpedb.

m

Puc. 8.1. B nHavaabusl MOMEHT GpPycox U
/] KJHH HCIOABMKHLI

s G 7 %

A Tlpowe Bcero OTBETHUThH HA [OCTABJEHHEIE BOMNPOCHI,
MCTOJb3Ys 3aKOHBI COXpaHeHusi UMAYJIbca U 3Heprud. OpHako
B JaHHOM cJIyyae OJHHX 3aKOHOB COXpaHeHHsl HejOCTaTOYHO.
Heo6xoauMo elie nenoabp3oBaTh KHHEMATRYECKYIO CBSI3h MEXKAY
CKOpOCTAMH KAHHA U 6PYCKA, BBIPaXKAIOLYIO YCJAOBUE TOrO, 4TO
IBHKenre 6pycka NPOHCXOAUT MMEHHO NO NOBEPXHOCTH KJAHDA.

O6031ayuM rOPH30HTANbHYIO H BEPTHKAJbLHYIO COCTABJISIO-
e CKOpOCTH GpPYCKa OTHOCHTENLHO 3eMJIH 4ePes ¥, M ¥, a

Puc. 8.2. Cxopocts 6pyc-  Puec, 8.3. BexTop cKopoctH ¥ U TpaexTo-
Ka OTHOCHT&IbHO KJAHHA  pHA OGpycka (NYHKTHP) OTHOCHTEILHO
HanpasJjeua BAOAL NO- 3eMJIH

BEP XHOCTH KJIHHA

CKOPOCTh KJHHA B ATOT K€ MOMEHT BpemeHu Yepes —V. Ilo-
CKOJBKY TIPH COCKAAbL3LIBAHWM OPYCKA KJUH JIBHMKETcs Ha-
JEBO, TO TOPH3OHTAJbHAs COCTAaBJSIOIASl CKOPOCTH OpycKa
OTHOCHTeNbHO KAMHA paBHA ¥+ V (puc. 8.2). IMoanasi cko-
pocTb 6pYCKa OTHOCHTENLHO KJIHHA JOJDKHA GbiTh HANpaBena
BI0/b €ro MOBEpXHOCTH, MOITOMY € NOMoiubio puc, 8.2 cpasy
HAXOAUM

v, = (V) tg a. (1)

270 H eCTb MCKOMOe KHHEMATHUYECKOe cooTHolleHue.
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Bekrtop ckopoctu GPycKa OTHOCHTEILHO 3eMJH ¥ ofpasyer
yron P ¢ rOPH3OHTOM, TAHIEHC KOTOPOrO PaBeH OTHOUIEHHMIO
v, /v, (puc. 8.3). ITosTomy ¢ momompio cootHomenns (1) nmeenm

tg p=v,/v,=(1+V/lv,) tg a. 2)

Beanuudu v, U V MOXKHO CBS3aTh C NOMOINBIO YCJOBHS
COXpaHeHHs TOPU3OHTAJNBLHOH COCTABASIOIEH HMIYJabca CH-
CTeMEI, KOTOPOE BHIPAXKAET TOT (PAKT, UTO LEHTP MACC CHCTEMMI
He nepeMelmaeTcss B IOPH30HTANbHOM HAIPABJAEHHUM:

mu,=MV. 3)

CootHouedne (3) nmossoasier Nepenucats Qopmyay (2) g tg f
B BHJE

tg B=(14+m/M) tg cx. 4)

Ha puc. 8.3 nyHKTHPOM NOKasaHa TpaeKTopusi GpycKa orTilo-
cUTeJIbHO 3eMau. Ecsim Macca 6pycka MHOro MeHbIIe Macchl
KauHa, T.e. m/M<l, 10 u3 ¢opmyan (4) noayuaeM P=a.
Tak W J10MKHO ObiTb, HOO B 3TOM NpPENENbHOM CAYYae KJIUH
NpakTHUYeCKH He NMPHXOAMT B JABH:KEHHe. B npyrom mpesiesb-
HOM ciayyae m/M>1 yron Pam/2: Nerkuii KAuH BBICKAIb3bl-
BaeT M3-NOA TsKenoro O6pycKa, KOTOPHH NMajaer npakTHYECKH
OTBecHO. , :

Ocrasnoch HaATH TOJBKO T'OPHU3QHTANBbHYIO CKOPOCTb KJlia
B MOMEHT, Korja GpyCOK COCKOJB3HET [0 €r0 OCHOBAaHHuA. 3TO
MOMXHO ClieslaTh, €CJIM BOCHONBb30BATBCS ele H 3aKOHOM COo-
XpaHeHHs] MeXaHHUecKoH 3Hepruu. llockomsky tpenue or-
CYTCTBYET, llepBOHAYAIbHAS NOTSHLHAaNbHAS Heprusa Gpycka
UEJINKOM INIpeBpaliaeTcsi B KHHETHYECKYI0 3HeprHlo Gpycka
H KJHHA:

i+ My3
m(v 2+vy) + ) )

[loxcTaBnsisi B 910 ypaBHeHHE cHAYasaa U, U3 BeIpaxeHus (1),
a 3aTeM v, M3 3aKoHa COXpaHeHHs HMIyJabca (3), HAXOAuUM

— 2gh
ve T(Mm)E- (L M/m)? tgR o - M/m’ (6)

mgh =

PaccmorpuTe cami nosyyarowuecs 43 popmyansi (6) Bblpaxerus
B nmpefenblblx cayyaax m/M<l u m/M>1 u ofbsichure
pe3yabTaThl. A

9. IHapuku Ha pnunHo#t HutH., Ha ouedb mnuHHON HuTH
HOABCLIEH ILIAPUK MacCHl M, K KOTOPOMY Ha HUTH AJjHiiod [



54 1I. AMHAMHKA M 3AKOHBI COXPAHEHMUS

MOABEINEH IMapHK Macewl m, (puc. 9.1). Kagyio Havannhyo
CKOPOCTb ¥, B rOPH3OHTANBLHOM HANPABJIEHMH HYXKHO C006-
IHTh HHXXHEMY HIAPUKY, UTOOBl COEAMHSAIOAS HIAPUKH HHTb
OTKJIOHM2ACh JO TOPU3OHTAJNLHOIO MOJOKEHHS ?

A Kakoe 3HaueHHe HMeeT TO OOGCTOSITENLCTBO, UTO BEpX-
Hufl mapMK NoABelieH Ha OYeHb JIMHHON HHTH? DTO 3HAYHT,
| 4YTO OH IBIKETCS NpaKTHYeCKH MO I'OpH30Il-
i TaJbHOH npsiMON, a caMa AJMHHAs HUTb Oc-
b Taercsi BepTHKaapHoH. Ecam 3710 ocosiats,

TO Jaibheiilllee pellieHHe He JOJKHO BhI3bI-
BaTh NPUHIHIHABHBIX 3arpypuenuit. Bcee
RefCTBYIollHe HA CHCTEMY BHEIUHHE CHJbl—
CHJa HATSIKEHHUS] BepXHEH HUTH M CHJH
m Q) TAKECTH, AeHCTBYIOLIME HA INAPHKH,— Hal-
paBieHbl N0 BepTHKa/M, HOITOMY FOPH30H-
l TaJbHAsl COCTABJAIOMIAS MOMHOIO HMIYJbCa
cUCTeMBI coxpansercs. B ToT MomeHT, Korjpa
ng) U, IHapHKH OKaXyTcs Ha OJMHAKOBOH BBICOTE,
> ropu3oHTalbHass COCTAaBAAIONASA U, CKODOCTH
S:;Lm?él' noljlg: BTOPOrO IapuKa GyJeT paBHa CKOPOCTH Nep-
wenne wntH ¢ BOTO IIapHKa. DTO CRENYET H3 HEePAacTsKHMO-
WAPHKAMH CTH coepuuswomel ux Hutu, floatoMy cox-
paneHHe TreopHU3OHTaNbHOH  cocTaBJfAOLIEH

HMIYJIbCA CHCTEMbI MOXKHO 3aHHCATh B BUJE

Moo= (my~+my)u;. (1)

O603HauiB BEPTHKANBHYIO COCTaBAAIOIYI0 CKODOCTH HUK-

Hero mapHKa Uepe3 U, 3anylleM TaKiKe ypaBHEHHC 3aKoHa
COXpaHeHHs] MEXaHHUECKOH 3HEpTHH:

2 .

mavy __ (maf-my) vy n myty

2 ) 7 gl (2)

Wz ypasHenuss (2) BujHo, 4YTO MHHUMAJILHOE 3HauyeHue
CKOPOCTH U, COOTBETCTBYeT CJlyyalw, KOrja BepTUKasbHas
COCTaBJBIIOMAA U, B MHTepecYOmHUH Hac MOMEHT ofpamaercs
B HyJb: v,=0. [loacrasiss B (2)

V=0maf (- my)

u3 (1), nonyyvaem
Vo min =V 28l (1 + mjmy). 6))
Ecan HmkHHH IAPHK I'OPa3fo Jierde BEPXHETO, T. €. My

<&mj, BepXH#Hii IapUK OCTACTCs NPAKTHYECKH HEROABIIKHLIM,
B sToM mnpepenibHOM €iyqae ¢opMyaa (3) paeT npasHJbHOe
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3HaYeHre HAYaAbHOH CKOPOCTH Uy min :Vle, OueBHAHOE
H M3 3jeMeHTapHBIX coobGpaxenuii. Ecan ke m;<€m,, 10
HaJMuYue JIETKOro IIapHKa m; NPAKTHYECKH HUKAK He CKasbl-
BAeTCSI Ha JIBMIKEHHM HHUTH C TAKENHM [HAPHKOM M, (CHCTeMa
KaK Obl «He 3aMeyaeTs NPHCYTCTBHs Jerkoro mapuka). Ilpu
3TOM COeJNHAWLIAA APHKH HHTh 3afiMeT ropH30HTAIbHOS
10O EeHHe JHIIb TOrJA, KOrja Bes AAMHHAS HUTH OTKJIOHHTCH
10 TOPM3OHTAMM, T.€. NP Uym, =V 2¢L, rme L — cym-
MapHas pauHa obemx nuted, fHcso, wro dopmyna (3) B oM
c/llyyae HempuUMeHNMa, TAK KaK OHA MNoJyyeHa B INpeANoJo-
MEeHHH, UTO BePXHAS HHTb BCE BPEMsi OCTAETCH BePTHKab-
Loli. A

10, Myas npoSupaer wap. I'opu3oHTanbHO aeTAWIAS MY
Maccsl /1 HAckBo3b NMPoOHBAaeT MepBoHayaslbHO MOKOMBLIHHCSA
wap maccel M H BblI€TAeT H3 HEr0 CO CKOPOCTHIO, BABOE MEHb-
e nepBoHayanbHOH. Kakas [ons KHHETHUeCKOH 3Hepruu
NYyJaH NPCBpaTHIACh BO BHYTPEHHIOW 3HEpPrHIO?

A OBo3zHauuM CKOpOCTh NyJAH A0 CTOJAKHOBEHHS C 1UApoM
yepes v, a npuoGperaemyo wapom ckopocts 4epes V. Ilo
YCJIOBHIO CKOPOCTb NyJIH HA BbUIeTe M3 luapa pasHa v/2, mo-
TOMY ypaBHEHHE 34KOHA COXPAHEHHS WMIy/IbCa B NPOEKLMH
Ha TOPH3OHTANbHOE HanpaBjieHHe NPHHHMAET BHJ

my=MV--muv/2. )

W13 310r0 ypaBHeHHsl cpPa3y MOKHO MOJNYYHTb NMpHOOpeTaeMyio
mapoM ckopocTs V:
V=mv/2M. 2)

[IpupaiieHde BHYTpeHHEH SHepru#, T. €, BLAGIAIOMEECH
NpHY HEYIpyroM B3aHMOAEHCTBHH NyJIH € HIAPOM KOJHYECTRO
TemJOTH (J, MOXHO HAHTH ¢ [OMOUIbIO 3aKOHA COXpaHEHHH
3UEPruu:

m2  MV2 | m(v/2)?

=z -zt tQ @
Honcrasass ciopa V w3 (2), Kaxoaum
mu? m

Q=" (3—%r)- (4)

Tak Kak HayanbHasi KHHETHUECKan Heprus nynum E,=mu?/2,
TO AN MCKomoro otHoureHus Q/E, u3 (4) monyuaem

&=1(3—%) ©)
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Ho moxHO nu cunrath, 4To HosydeHHas (opMyJa JHaer
OTBET Ha TNOCTaBREHHHIH Bomnpoc? OHa BhIpakaeT HCKOMYIO
BEJIMYHHY Uepe3 NPHBEJEHHBIE B YCJIOBHH JalHbie, HO CTABHTD
TOYKY paHo, NOJIYUEHHEIH PEe3YNbTAT HYKHO €lle HCC/IEN0BATh.
OueBngado, uto otHowienue Q/E, AOMKHO ObITH [ONOXHTEIb-
ublM, TOSTOMY HampamMBaeTcss BBIBOJ, 4TO (popmyna (5) mpu-
menuma npu m/M<<3. Iycts, Hanpumep, otHouweHue m/M=2,
Torna dopmyna (5) maer gas Q/E, snadenue 1/4. Kasanoch
6bl, BCe B NOPSIAKe, MOCKOABKY Q/E, noayuunoch NONOKH-
TeNbHBIM H MEHBUIMM eguHHuUB. M Tem He MeHee 3TOT pesynb-
TAT HE HMEeT CMBICJIA [PH NPHBEAEHHHX B VCJIOBHH 3ajayuH
JAaHHEIX. JleficTBHTENBHO, NOCMOTpUM Ha dopmyny (2). Ms
Hee CJIeJlyeT, YTO MpH m/M=2 ckopocth V=v: npoGuthiii
nmyneif HACKBO3b LIAP JIETHT CO CKOPOCTbIO, BABOE NPEBINIAIO-
welt ckopoctb nynu v/2! Tlomyumnach sBHasi (usnueckas
GeccMBIcTHNA. YiKe B Iponecce pelleHHs Iocsie HOAYUYeHHs
dopmysibt (2) crexoBano Gbl o6paTdTh BHHMAHWe Ha TO, 4TO,
npoGHB AP HACKBO3b, NYJs MOXKET HMeThb CKOpOCTh /2
TOMBKO NpPH BHINOJNHEHHH YyC/aoBHS v/2>V, T.e. npu

miM<l. (6)

Tosnbko B COBOKYNHOCTH € ycioBeMm (6) dopmyna (5) gmaer
OTBET HAa NOCTABJEHHHH B JaHHOH 3ajauye Bompoc. Tenepsn
ICHO, YTO B 3aBHCHMOCTH OT OTHOUIeHHst Macc m/M Bo BHyT-
PEHHIOK) 3SHEPTHIO MOKeT INPEeBPATHTBCA OT IMOJOBHHBI (IpH
m—~M) po tpex uerBepTed (mpu m-—>() nepBoHavanbHOH Ku-
HETHYECKOH 3HepTrHH,

Tenepp nogymaeM O TOM, HMEeT JH KaKOH-HHOYIp CMBICJ
dopmyna (5) mpu 1 <m/M <3. Ecnu m=M, 10 u3 HopMyani
(2) cnenyer, 4to V=0/2, 1. e. 1uap 4 NyJs HUMEIOT OIHHAKOBYIO
ckopoctb, CTONKHYBUIMECA TeNa JIETAT BMecTe, T. €, 0yas
3acTpeBaeT B lape. B 3ToM cayyae ropopfAT o6 aGCOMOTHO
Heynpyrom yaape. KoHeuHo, HE cliegyeT AyMaTb, 410 abco-
JIOTHO HeyNpYru#l yAap BO3MOMKEH TOJAbKO HpH m=M: 3pech
TaK NONYYHJIOCHh, NOTOMY UYTO B YCJOBHH 3aJaHa KOHEUHast
CKOpOCTh, paBHas. v/2, Eciu e BImosHsieTcss CTPOroe Hepa-
BeHCTBO 1<<m/M<C3, TO mnocjie CTONKHOBEHHsl 1Lap JIeTHT
EIEpeNH MYyJNH O CKopocThio V, onpeneisemoli ¢opmynoh (2):
0/2<<V<<3v/2. Tlpu TakoM HEYImpyroM yjaape BO BHYTPEHHIO
JHEPTHIQ HepexoiuT /0 HOJNOBHHBEI [epBOHAYaNbHOM KHHe-
THuecKoH 3Hepruu. Hakonen, ecin m/M=3, To, KaX BHAHO
u3 (4), Q=0, 1. e. Tenao BooOHIE HE BhyleAAETCA: NPU yJlape
coxpaHsieTcsl MexaHWyeckasi 3Heprusi, Jrc cayda#l abconior-
HO YHpyroro yzapa, A
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11. Buickaab3biBalomas pocka, Ha kouue AockH JJIHHB L
1 macchl M Haxogurcss MasnenbkKui 6pycok Macchi m (puc. 11.1).
Jocka MOKeT CKOb3HTh Ge3 TpeHHsl [0 FOPH30HTANBHON [JI0C-
Koctd. KoapbdunueHT TpeHusi CKOnbXKeHHs1 6pycKa O IoBepx-
HOCTb JIOCKH paBeH W. KaKyio FOPH30HTaJIbHYIO CKOPOCTH U,
HYKHO TOTYKOM COOOGLMTD LOCKE, YTOOH! OHA BHICKOJIb3HY 1A H3-
nox Opycka?

A Tpu coobmeHus JoCcKe TOPH3QHTANBHOH CKOPOCTH Uy
PE3KHM TOMYKOM HJH yAapoM GPYCOK HE MoJydyaeT HayaabHOM
CKOPOCTH OTHOCHTENBLHO 3eMJIH, m
TaK Kaxk JcHCTBy0OILAA Ha Hero ik m ] v,
CO CTOPOHBI JOCKH CHJIA TPeHUH ,,I/ o //' n—
HE MOXKET NPEBOCXOMHTL UWMZH3a  pyc, 11,1, Jocka MIHOBeRHO
KOPOTKOE BpEMﬁ yaapa HE MOKeTr nojsyyaeT HayYalbHYIO CKO-
cooBIUTL OPYCKY 3aMEeTHOro HM- pocTh U,
nyJasca. [locne Toauka B cucreme
oTcyera, CBASAHHOH ¢ 3eMJelf, ODYCOK ABHKETCA PaBHOYCKO-
PEeHHO, a JoCKa — paBHO3aMeJIeHHO.

Eciu HavaJbHad CKOPOCTb JOCKH U, HEBEJHKA, TO MOKeT
HACTYNHTb TAKOH MOMEHT, KOTJA CKOPOCTH JOCKH H Gpycka
NpUMYT OJHHAKOBOE 3HA4eHHe. B 3TOT MOMEHT NpocKajb3niBa-
HHe NpeKpaiaercs, jajablie o6a Tena ABHKYTCH PABHOMEPHO ¢
O/IHHAKOBOH CKOPOCTBIO U KaK OFHO TeJ0, H A0CKAa, pasyMmeercs,
yKe HE BHICKOMb3HET H3-noj Opycka. Ecnu ke HayaiapHas
CKOPOCTb JAOCKH JOCTATOYHO BEJIHKA, TO CKOPOCTH AOCKH H Opye-
Ka MOI'YT He YCNeTb CPABHATHCH 3a TO BPeMs, NMOKa GPYCOK
NPOCKOb3UT BJO/b BCeHl JOCKH. B 3TOM ciiyyae focka BBHICKOAL-
3HeT H3-moj Gpycka.

O6Go3nauuM paccTosiHue, NpoiigeHHoe GpycKoM IO JOCKE J0
MOMEHTA IpeBpalieHnsi NpocKanb3biBaHus, yepes s. OueBuano,
YTO NpPH BBHIIONHEHHH HepaBeHCTBA s< L JOCKa He BBICKA/Jb3bl-
Baer u3-noj Opycka. Ecad 3TO HEpABEHCTBO HE BHIIIOJIHSIETCS,
TO JI0CKA BHICKOJIb3HET H3-1oJ Gpycka.

Jra 3aja4ya CAYKHUT HATIAAHBIM NPHMEPOM TOT0, HACKONBKO
npoue 4 OuicTpee MOKeT NPHBOJHTL K OTBETY HCHOIb30BANHE
3aKOHOB COXpaHeHHs [0 CPaBHEHHIO C HENOCPeACTBEHHBIM
npuMeHeHHeM 3aKOHOB janHaMuKH. OKAasbiBaeTcs, 4TO JOCTa-
TOYHO BBHINMCATb JBA YpaBHEHHs, COOTBETCTBYIOIUHMX 3aKOHaM
COXpaHeHHUs: MMNYyJbca H IHEPruH, YTOOH HeMe[sneHHO MHo.Iy-
YUTh OTBET.

INockonbKYy MO yCOBHIO MEKAY JOCKOH H NJIOCKOCTBIO The-
HH€ OTCYTCTBYET, TO HANpAaBJEHHBIH IOPU3OHTAIbHO OJHLI
HMIOY/ABC CHCTEMB! oOcCTaercsl 0e3 wuaMeHeHusi. Tak Kak moc-
Jie IpeKpameHusi OPOCKanb3blBaHHSA 00a Tena JBHKYTCH C
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ONMHAKOBOH CKOpPOCTHIO ¥, TO
Muy,=(M-+-mv. (§4)]

st mpuUMeHeHHs1 3aKOHA COXPAHEHHsS 3HEPTHH HYMKHO
Npexsie BCEero MOJACYUTATH PaGOTy CHA TPEHUsl, AEHCTBYIOLIMX
MeXy OpYCKOM H JOCKOH. ITH CHJbI PaBHBI 10 MOJYJ/IO H
IIPOTHBONONOKHO HamnpapseHsl. Cujla TpeHHsl, AEHCTBYIOLIAs
Ha OPYCOK, DA3roHsAET €ro, YBEIHUHBAsE €r0 KHHETHYECKYIO
suepruo. PaGora 3toit cuibl nonoxurenbua. Cuna Tpenus,

S
Sz
e e e B |
| Py e E
7777 77 7 L ULl
51

Puc. 11.2. Tlepememenne focku 5§ Gosibile nepeMenienus GpycKa s, #a
BeJIHUHHY §

nefcTByoIAasA Ha JOCKY, TOPMO3HT e€; pabora 3TOH CH/AH OTPHU-
uareapHa. O4eBHAHO, UYTO OTHOCHTENBHO 3€MJIHM TOYKA NPUJIO-
JKeHHs! CHJIbl TPeHHMsI, AeHCTBYIOWEH Ha JOCKY, COBepIUaeT Ie-
peMmeilieHHe S;, KOTOpoe GoJblle NepeMellleHns] TOUKH IPUJIo-
JKEHHsI BTOPOH CHJBl TPEHHA S§; HA BenHYHHY S (puc. 11.2).
[Mostomy cymmapHas paboTa cHJI TPEHHA OTPHLATE/IbHA H PaBHA
~—mgs.

Takum 00pa3oM, ypaBHEHHE 3aKOHA COXPAHEHHs] SHEPrHu
3anucbiBaeTcsl B BUIE

(M+m ot Mo

> 0 = —pmgs. )
Boipaman v u3 ypasHetus (1) u noicrasnsist B (2), HaXxomum
1 M

Ecnu eraucaenHoe no hopmyie (3) 3HaueH#e S OKAKETCs GOb-
me L, to 310 H Oyner osHayarb, YTO NPH TAKOH Hada/ibHOH
CKOPOCTH JOCKH U, OHA BHICKOJIb3HET H3-Nof OGpycka. Otciofa
HaXOAUM HEOOXOAHMOE JUIs ITOr0 3HAUYEHHE U,:

v, >V 2ugL (1 + m/M). 4)

Hnunnee okasanoch 6ul' peiieHHe, OCHOBAHHOE HA HeEMo-
CPeACTBEHHOM INpuMeHeHHH 3akonoB Heiorona. Ilpu Takom
pelieHn| NPEXKae BCero, Onpeses B YCKOPEHHs TeJl, NPUILIOCh
Gbl HAnHCaThb YpaBHEHHUs, BbipaKaiolijHe 3aBHCHMOCTb OT Bpe-
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MeHM cKopocTefl JOCKH ¥ OpycKa OTHOCHTENbHO 3eMaH. 3to
Zano Obl BO3MOXHOCTb HAaHTH MOMEHT BPEMEHH, B KOTOPBIH 3TH
CKODOCTH OKaXKyTCsl OpHHAKOBbIMH. Ilocsie 3Toro, nanucas
YpaBHEHHs, BbIpaXKalol{He 3aBHCHMOCTb HOJOXKEHHHA JOCKHM
S 1 6pycKa s, ot Bpemend (puc. 11.2), moxkHO HalHTH TO paccTos-
HHE S, Ha KOTOpOe nepemMecTHTCs GPYCOK OTHOCHTEIbHO AOCKH K
MOMEHTY NpeKpaleHnusi npockanb3eiBadusi. IIpogenaiire camu
yKa3aHHbIE BHIKAAJKH H YOEIHTECh, YTO OHH NPHBOASAT K TOMY
}Ke caMOMy pesyabTaTy (3). A

12. IHapuk Ba crepsue. HeBecoMplll cTepIKeéHb C MIAPHKOM
Ha BepxHeM KOHIE HayHHaeT MajaTh H3 BePTHKAJbHOTO I0J0-
KeHHs Ge3 HauanbHOH ckopocTH (puc. 12.1). Huxuu#i xoneu
cTepXHs ynupaerca B ycryn. Kako#t yroa
C BepTHKalblo GyAET COCTABJIATH CKOPOCTH
LUIapHKa B MOMEHT YJapa O FOpH30HTAIbLHYIO
IJI0CKOCTB?

A He crpanHo aM, 4TO B yCJAOBU# OTCYT-

CTBYIOT Kaxue Obl TO HH OblIO0 KONIHYECTBEH-

Hble JAHHBIE, TAKHE KaK AJIMHA CTEpXKHHA U

Macca mapuka? /lag Havana npoaHanusupy- 7
eM 3ajauyy C TOYKH 3DEHMs] PAaBMEPHOCTH. pyc 19.1. Ha-
Haiity HyXHO yron, T. €. BeMUHHY 6€3pa3- waapwoe noso-
MepHyio. Ecan OB HCKOMBIH Yroll U 3aBHCEJT  XeHHe CTepXKHA
OT JUHeHHBIX pa3MeEPOB, TO TONBKO OT 6e3-

pasMepHOro OTHOWEeHus1 ABYX JAauH. OJHaKO paccMaTpHBae-
Masi cHcTemMa XapaKTepH3yerTcs JHilib OLHUM TaKHM Napamer-
poM — gauuoli crepius. [105TOMY HCKOMBIH Yros He MOMKeT
3aBHCETB OT A/MHBI cTepxkHs . [1o TeMm XKe cooOpakeHHsaM O e
3aBHCHT ¥ OT MacChl iapyKa. He MOxKeT OH 3aBHCETb H OT YCKO-
peHust cBOGOIHOrO NajeHus g, W60 PasMepHOCTb g CONEPIKHT
speMsi, Takum o6pa3oM, pe3yAbTaT HE 3aBHUCHUT OT CUJH Ts-
JKECTH, XOTS B OTCYTCTBHE CHJALL THXKECTH CTEpXKEeHb BOoOLIe
He nanan 6bl, OTBET JO/DKEH BHIPAXKATHCT YHCJIOM, KOTOPOE
fie 3aBHCHT OT TOrO, MPOH3BOAUTCS JIM TAKOH ONHIT Ha 3emie,
Jlyne uau moGof Apyroi njaHere.

Ha npeanbHo riagkoii NOBEPXHOCTH IIAPHK M3 HEYCTOHYH-
BOTO NOJOMKEHHs] PaBHOBECHS Najaj 6bl BepTHKanbHO BHHU3, a
KOHEIl CTEePIKHst CKOJIL3W/ Gbl NO NOBEPXHOCTH. YCTYN Ipensr-
CTBYET CKOJIbYKEHHIO CTepXKHsi BjAeBo. Leciu HMXHRI KOHew
HaA4YHEeT JBMTATbCs BAPABO, TO LIapHK 6YjeT NajaTh BepTHKAMb-
HO BHH3, T. €, CKOPOCTb €F0 HalpaB/eHa o BePTHKAJIH.

Murepecnee caydaii, KOTAa cTepkeHb HayuHaer Najarth
supaBo. [lapuk pBixercss Mo Ayre oKpyKHOCTH /0 TeX MHOp,
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noKa JeHCTBYIOLIAsl Ha HEro CHJa PeaKUHH CTep:KHsS He ofpa-
THUTC B HYAb. JlanbHejimee gBHKEHHE 10 yAapa O TCOPH30H-
TaAbHYIO IJIOCKOCTh NPOHCXOAUT MO Napabose, Tak KaK Ha la-
pHK JeHCTBYeT TONLKO CHJIA THKECTH,

Hafinem cHayana yron o, Kotopbili cTepxeHph obpasyer ¢
BEPTHKANBIO B TOT MOMEHT, KOIJla CHJla peaKLHH cTepkHs 00-
paiiaetcs B HYJb. 3alHmeM
ypaBHeHHE BTOPOr0 3aKoHa
Heiorona B mpoekupsix Ha Hal-
paBjieHue K ILeHTPY OKPYi4-
HoctH (puc. 12.2):

mui/l=mg cos o (1)

(! — anuHa crepxHs). Bxozsa-
mywo B (1) ckopocrb ImapHKa
U; MOMKHO BBIPAa3UTh Yepe3 yron
o C TOMOILBIO 3aKOHA COXpane-
HUS SHEPrHU:

mgl(l—cos a)=muv}/2. (2)

Puc. 12.2. Tagaomuh crepxess  Tonerapnsas o us (2) B (1), no-

JIyYUM ypaBHeHHe AJs onpeje-
JIenust o, Koropoe jaaet cos a=2/3. Takum o6pasoM, cBoboxrioe
IBHYKEHYE TIapuKa HayWHaeTcsi Ha Belicote 2//3 €O CKOPOCTHIO

=V 2gl/3. TopusoHTabHAs NPOEKIMA CKOPOCTH IIApuKa
v =v, cos = (2/3) V' 2g1/3 3

B JaJibHEHIIeM ocTaeTcss HeH3MEHHOM.
PaccmorpuM Tenepb MOMEHT yjapa liapHKa O FOpH30HTasb-
HYIO TIJ10CKOCTb, MoAY/Ab CKOPOCTH © B 3TOT MOMEHT 6yjer Ta-

KUM e, KaK IpH CBOOOJAHOM MajeHuu ¢ BecoTHl [: v=} 2gl.
Hanpasnienne ckopocTd mpoine BCEro HaHTH, BHIpAXas CHHYC
yraa @, o0pasyeMoro BEKTOPOM CKOPOCTH ¥ C BepTHKAMbIO
(puc. 12.2), kak otHowmeHue v, /v

sin @ =v,/v =2/3V 3=0,385, orkysa a=22°40".

Ecnu Gbl TpeGoBasioch ONMpENEeNHTb HE TOJABKO Yroa @, |
ele M CKOPOCTb HJIM MeCcTO MajeHHsl uiapHKa Ha nnocxocm
T0 OblI0 Obl HEOGXOAHMO 3a7aTh- AMHHY CTEpKHs I, OTMETHM
4T0 pas3ofpalHas 3aja4a HMEeT MHOIO OGu(ero ¢ WIHPOKO H3-
BECTHOH 3aJ1aUeil 0 COCKab3bIBAHHH ILAHGH! ¢ noaycdeps Han
NONYUHJAHHADA, A
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13. Mepreas netas. HeGosbumoe Teno Ckosnp3ut 6€3 Tpe-
HUSL 1O HAKJIOHHOMY 3XenoGy, KOTOPHIH 3aTeM NEpeXOiuT B
KPYroBYIO «MepTBYIO meT/iio» pamdyca R (puc. 13.1). G kaxkoii
MHHHMANLHOH BHICOTBI A JOMKHO CIyCKaThCsl Teno 0e3 Ha-
yanpHOH CKOPOCTH, 4YTOOBI OHO He OTOpBAaNOCh OT XKejoba?

Y i

Puc. 13.1. «MeprBag nerng» Prc. 13.2. «MepTtBas nerass ¢
BHIPE30M

Kaxosa noazKHa GbITh HadalbHAst BHICOTA A/ TOIO, YTOBH TE0
CMOIJIO TIPEOJONIETD «MEPTBYIO MET/II0» C CHMMETPHYHO BhIpe3aH-
nofi pepxueil 4yactoio (puc, 13.2)?

A JIBixedde Tena noj AeficTBHeM OgHOH JMIUIb CHABL Ts-
KECTH, KaK H3BECTHO, MPOHCXOJHT NO napaboauYecKoii Tpaek-
TopuH. [TosromMy AMst ABMIKEHHS MO KpyroBomy *enofy, pac-
MOJOMEHHOMY B BepTHKANbHOH
AJIOCKOCTH, KPOME CHJIBI TSXKECTH
Ha TeNO JONKHBI AEHCTBOBATH H
Ipyrue cuasl. B orcyrcTBHE Tpe-
HUA TAKOH CHJIOH MOXeT OHTh
TONLKO cuiia peakuniu N xenoba,
HanpaB/eHHasi N0 HOPMAJH K €ro
nosepxHoctH (puc. 13.3). Ouennp-
HO, 4TO TeJa0 He OprIBaeTCH oT Puc. 13.3. CHJIH, ﬂeﬂCTByK)'
xeno6a, MoKa 3Ta CHia He paBHa IHEe HA Teao
Hydio. Ecam NpOUCXOZHUT OTPBIB
Tena ot kesoba, To B TouKe oTphiBa cuia N o6pamaercs B Hy b,
IMocne oTpeiBa OT XKeso6a ABHKEHHE Tesla HPOHCXOMHT TOAbKO
noj AeHCTBHEM CHJIBI TsPKECTH H TeJO JBHXKETCA 10 mapaGose.

[TpeanonoKum, YTO TEAO, HE OTPHIBASACH, ABHIKETCS IO
Keno6y, ¥ BHIUHCIHM cuiy peakuud N xeso6a B TPOH3BOJIb-
HOH TOUKe, [IOJIOKEHHE KOTOPOH ONpejessiercsd yrjioM o
(puc. 13.3). CocraBuM ypaBheHue BTOpore 3akoHa Hetortona
JAJisT 9TOH TOYKH:

s

mg + N =ma. ()
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Jna naxoxpenus mopyas cuast N cnpoequpyem ypaBHesue
(1) na paguanbuoe Hanpasnexue. [JocKoMBKY HOpMasibHAsSI CO-
cTaBJslomlas ycKopeHus: paBHa v¥/ R, u3 ypasuenus (1) Hmeem

mgcosa+N:—'—nI—§i, (2)
OTKYya
N:mg(é%——cosa). 3)

B 5ToM BbIpaKeHMH CKOPOCTb U TOMKE 3aBHCHT OT yIJa o, U ee
HYKHO HafiTH s onpefenenuss N. 3To MOXKHO cae.arb, HC-
110/1b3YA NPOEKUHI0 ypaBreHH: (1) Ha KacaTesibHoe Hanpasne-
uue. OfHaxo Tako# NyTh TpeGyeT YMEHHst HHTErPHPOBATh.
[TosTomMy jansl HAXOMJIEHHS CKOPOCTH Yjo0uee HCNOMh30BATh
3aKOH COXpaHEHHA MeXaHHUYECKOIl IHepruu,

[TockoneKy cusna peakiuy keno6a B JMOGOH TOUKE nepreH-
RUKYJPHA CKOPOCTH Tena H, CeA0BATENbHO, paboThl HE COBep-
waeT, NMOJHBIH 3anac MeXaHHYeCKOH dHEprHu OcTaercs Heus-
MeHHBIM. B HauasnobHOH Touke Tesno 06/ajjaeT TObKO MOTEHIH-
anbHOH 3Heprue#l, paBHofi mgh. B paccmarpuBaeMofi Touke
MeXaHWYecKass 3Heprus CKJAaAbiBaeTcsl H3 KHUHETHYEeCKoil sHep-
rud  mu¥2 W noteHnuanbHoR  dHeprun  mgR(1+-cos @)
(puc. 13.3). Iostomy

mgh=muv?/2-+mgR(1+cos a), 6}
v*=2gR(h/R—1—cos o). (5)

MNoacrasnas naiijedHoe 3nayeHue cxopocTu B dopmyay (3),
HAaxXoAuM CHJIY peakuuu N:

OTKYRa

N=mg(2 —1’;—-—2—300505). ]

W3 Bripaxennn (6) BUAHO, YTO HanGOAbIICE 3HAUEHHE CHta NV
UMeeT B HIKHEeH ToykKe 3Kenoba, KOTOpOH COOTBeTCTBYET =1,
cos a=—1;:

Nmax =mg (Qh/R +1). (7)

W3z (7) cregyer, 4ro cuja, ¢ KOTODOIl Te/I0 JABHT Ha XKenob B
HHXHeH TouKe, OoJblie, YeM cuila TsKecTH mg. To/bKO B ToM
cJyyae, Korga HavasdbHasi BbicoTa A paBHa HYJHO (T.e. Teno
NPOCTO JIEXHT B HIpKHEH TOUKe XkeA06a), OHO JABUT Ha XKesob
¢ cH/IoH, paBHOH mg.

U3 Boipaxenus (6) Takxe BHAHO, 4TO cusa N MOHOTOHHO
yObIBaET MO Mepe [oxbeMa Tesa fo Xesoly W ZOCTHraeT Had-
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MEHBILEero 3HAaYeHUsA B BLiCliell TOUKe, KOTOPOH COOTBETCTBYET
a=0, cos a=1:

Nyin = mg (2h/R—5). (8)

Ecau Teno He orpuiBaercsi oT xeaola B BepXHell Touke, To
OHO He oTOpBercd M Hu B KakoH apyroil. [lostomy dopmyaa
(8) no3BoJAsS€T HAalTH Ty MHHHMAJbHYK RAYaJIbHYIO BBICOTY
Rig, NPH KOTOPOI TEJIO COBepPUIAET NOJHBIA 000pOT, He OTpbI-
Basch or xenoba. [lonaras B (8) N,i,—0, naxonum

hmin = 5R/2 (9)

PacCMOTpHM Teneph JBHKEHHE TeJd NO Nere C BhIPEe3oM.
Has Toro 4rofbl T€J10 MOIJO COBEPILHTh «MEPTBYIO NETAION,
B 3TOM cJyuae Heo6Xxonumo, uTolhl, COPBABIINCh ¢ Kpas Bbipeaa

Puc. 13.4. B pa3spuBe «nersu» Mex-
1y ToukaMi A B B teno apumercd
no napab6osae

B TouKe A ¥ nposeTeB 4acTh NyTH 10 NapaGone noj AeficTBHeM
TOJIbKO CHJIBL TSXKECTH, OHO NONao 6bl KaK pas HA NPOJO/MKe-

Hue xenoba B Touky B (puc. 13.4). JIBuxenue nocie orpnina
OT JXen06a NPOUCXOAUT NO 3aKOHY

r=ot-+gl*2, (10)

ec/I¥ HayaJo OTcueTa Bpemend { ¥ NOJIOMKEHHS 7 BLIGPAHbl B Mo-
MEHT OTpPbiBa H B TOYKe OTphia. Tak Kak B Touxe orpniBa A
CKOpOCTb ¥ HAaNpapjeHa NO KacaTeJbHOR K xenoby, To, npoe-
uupys ypasHernue (10) Ha ropusonTanbHoe (X) H BepTHKaAbHOE
(y) HanpaBaeHus: u TpeOya, 4yToObl TPAEKTOPHS NPOXOAUJIA Ue-
pe3 TouKy B (rpaexkrtopust I na puc. 13.4), noayyum

2R sin ¢=v cos ¢-¢, O=v sin¢- {—gt*/2. (11)

Haxons [ U3 Broporo ypaBuenust 4 HOACTABJsAS B NEPBOE, 1104y~
yaeM

vi=gR/cos ¢. (12)
HmeHHO Tako#i CKOpPOCTBIO NO/WKHO OOAajaTh Te0 B MOMENT
OTpHIBa, 4TO0E OHO MONAaso B TOUKY B.
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Tenepb obGparuv BHHManue Ha TO, 9To opmyaa (12) Guna
noJdydYeHa TOJIbKO U3 KMHEMAaTHYECKHX cOOOpaKeHHH npH pac-
cMoTpeHuH ¢BoGoaHoro nosera resna or Touku A k B, Ilosromy
HeoOXOIHMO NPOBEPHTh, YTO NPH TaKoH cropocrd B Touke A
TCJIO JEHCTBUTENLHO CMOXKET AOHTH A0 Hee, IBHrasch Nno »KeJo-
Gy. JIpyruamu cjoBamH, Hy:KHO yGeqHTbCS, YTO NPH TAKOH CKO-
POCTH TeJIO OKasblBaeT AaBJIeHHe Ha XeJol, T. €. BhUKCAsIeMas
no ¢popmyae (3) npu w=q cuna N Goablue Hyas. [Togcrasass v?
u3 (12) B dopmyay (3), nonayuaem

N=mg(l/cos p—cos @).
3r0 BBIpakeHHe HEOTPHUATENbHO INpH MOGBIX ¢ oT 0 no m/2,
KOTOpBle TOJABKO H NpPeacraBasioT uHrepec. CKOPOCTh B TOUKE

A cBsI3aHa C HCKOMOH HayaabHOH BBICOTOH A cooTHOWEHHeM (D),
B KOTOpPOM, pasyMeercsd, yroa o C/I€IyeT 3aMeHHTb Ha @:

v2=2gR(h/R—1—cos ¢). (13)

[lpupaBunBas npasple YacTH BolpakeHud (12) u (13), naxo-
JuM

h=RI[1-cos ¢-+1/(2 cos g)l. (14)

Ora QopMyna Aaer To 3HaueHHEe HAYaJAbHOR BLICOTH A, IPH KO-
TOPOM TeJIO IPEOJCIEET MEPTBYIO NET/IO C BbIpe30M HMEHHO Tak,
KaK HYXHO,— NOKHHYB esnol B Touke A, BHOBb KOCHETCH
ero Kak pas B Touke B. Kacanue xeno6a B Touke B npousoiiger
Ge3 yaapa, Tak Kak CKOPOCTb Tesia IPH ABHKEHHH no napaose
B 3TOH TouKe Oyner HanpaBJ/JeHa No KacarenbHOH K xeJioby.

Ecau navannHasa Beicora GyjeT MeHblIe, YeM 3HAUeHHe, ja-
Baemoe opmy.ioi (14), To, naxke ecau TeNo AOHAET No XKeJaoly
Lo TOYKH A, nasiplie oHO nosaeTur o napabone 2 Ha puc. 13.4 u
yAapHuTC 0 Keol HiKe Touky B. Ecay e Hada/bhas BbICOTa
6yner CoJsibllie, 4YeM HYIKHO, TG TeJ10 BOOOLLE BLIIETHT U3 KeJioba
yepes paspes, ABHrasch no napagosae 3.

Hccnegyem 3aBHCHMOCTh HeoGXOOHMOM HAUANBHON BBICOTHI
h or yraa ¢, Xapakrepusyomero Bbpe3d. Kak BuaHo 3 ¢op-
myabt (14), npu ¢=0, T. e. npu orcyrcrBun Bepe3a, h=5R/2,
4TG COBNAJAeT ¢ MHHHMMAaJbHON HadaJbHOH BhicoTOH (9), Ko-
Topas rtpefyercs JJjis Npeogo/eHus: 3aMKHyTofl nerad. G yse-
JINYEHHEM YIJ1a ¢ HayasbHas BhICOTA YObIBAeT, 1OCTHI A MHHH-
myma, pasroro A = (1 +¥ 2) R, npn ¢=n/4. JleficrBurensHo,
3aBHCAWKE OT @ ciaraempe B gopmyde (14) cos ¢+1/(2 cos ¢)
MOMKHO 3aNnucarb B BHJE

o)
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rie yepes x obosHaueno V' 2 cos ¢, Ho x+1/x umeer Munnmywm,
paBHBIA 1BYM, npd ¥x=1, OTKyAa H NONYYAIOTCS NPHUBEAEIIHbIE
3HAYeHHsT MHHHMAaJbHOH BBICOTBI A u yraa ¢=mn/4, [lpu nann-
HellIeM YBeJHYEHHH YIVIA ¢ BbICOTA /I MOHOTOHHO BO3pacraeTr
W CTpeMHUTCsT K GeCKOHewHocTn npu ¢ — n/2 (puc. 13.5). Ipu
@==n/3, KaK Jierko yOeiuTbCsi, BbIcOTa i cHoBa paBHa SR/2.
Takum o6Gpasom, ecau yroa Bbipe3a Menbiue /3, HeolXo-
JMMas HauanabHas BHICOTA MEHbILE,
yeM IIPH 3aMKHYTOM KkeJjiole. y
HHTepecHO OTMETHTE, YTO BbIC-
masi Toyka Tpaextopuu I B pas-
pese Kenoba (puc. 13.4) npu mo-
OLIX yraax ¢ Jexur Bblie 1pofoJI-
KeHuss okpyxpocru. Hedcrsu- 2,5,
TeJbHO, MaKCHMalbHAas BhICOTA
fiobeMa TeJla nocJie OTPLIBa B TOY- |

i

!

f
vsinZe/(2g), 0 7

ke A paBHa |
I {
5 7 F
YTO 110CN€ NMOACTAHOBKH ¥ U3 (12)  Pyc. 13.5. [ipu O<p<n/d
aaeT Hava/ibHAsL BMCOTE A 1OYTH
R sin? ¢/(2 cos g). HE 3aBUCHT OT yraa ¢

[TosToMy BbICOTA 3TOH TOYKH TPAeKTOPHH HAj LEHTPOM OK-
pyxsoctn O, KaK BHAHO H3 puc. 13.4, paBHa

R sin?¢
2 cosg

H=Rcosp + —Q&(coscp—}———l——)

cos @
D10 BoipaxeHHe 6o/biie R npu ao6bix ¢ or 0 1o n/2. A

14, Ceasandble mapuku. J[IBa OIMHAKOBLIX MaJeHBKHX
11APHKA, CBAI3AHHBIX HEPAacTHKHMOH HEBECOMOW HHTBIO JJ/IH-
uel [ (puc. 14.1), 1eKar Ha rnagKoi IOPHSOHTAJNBHOH MOBEpX-
ttocr. OgHoMy us IIAPUKOB cOOOLIAIOT CKOPOCTh Uy, HANpas-
JIEHHYIO BepTHKa/JbHO BBepx. Kakoill Jom1xna ObiTh HayanbHas

Puc. 14.1. OgnHaKkoBble WAapHKY CBS- Yo

3aHbBI Hepacmmumoﬁ HUTBIO /

77T 7 7 77

CKOpOCTb AJISI TOro, 9ToGBEl HHThH BCE BpEMs OCTapajiach Harsl-
HYTOH, @ HIKHMH INADHUK HE OTPHIBAJCA OT TOPH30HTAJLHOM



66 II. AMHAMHKA W 3AKOHBI COXPAHEHUS

nosepxHoctu? TpeHnem miapuka O NOBEPXHOCTb NpeHeGpeub.
Ilpn uHccnenoBaBMM yC/loBHS OTPLIBA HHUIKHErO IIAPHKA CHAY
HATSAMEHHA HHTH CYHTaTh MAaKCHUMalbHOH NpPH BEPTUKAJbHOM
NOAOKEHHU HHTH.

A Tlpennonoxum, yTo HauaabHash CKOPOCTh Uy TAKOBA, UTO
3TH YCJOBHS BBLINOJIHEHBI, T. €, NPH JBHKEHHH LIAPHKOB HHTb
BCE BPEMS OCTAETCA HATSHYTOH, 4 HMXHUA LIADHK HE OTPhIBaA-
ercst o1 noBepXHoCTH. Hlo KaKHM TPaeKTOPHAM TOrJA IBUKYTCS
mapuKn? FICHO, YTO HIKHUH LIAPHK JIBHKETCS NPAMOJIHHEHHO,
a BepXHUI ONUCBIBaeT HEKOTOpYio Kpusylo (puc. 14.2). Urofn
BLISICHHTDb, YTO 3TO 3@ KPHBAas, BOCIIGJAb3YyeMcsl TeM, YTO IPH
BEPTHKAJLHOH HauasbHOH CKODOCTH UEHTP MacC IUapHKOB B
OTCYTCTBHE TpENMs] HHMHEIO IIAPUKA O TOBEPXHOCTh CTOMA
MOMKET ABHIaTbCA TOJDBKO MO BEPTHKAMH.

BBegem cucTeMy KOODAHHAT Tak, YTO OChb X HallpaBsJjeHa ro-
PH3OHTAJNbHO BIOJADb IIMTH, COSJMHSIOUIEH APHKH, & OCb Y —

P BEPTUKAJbHO U IPOXOUT 9ePe3 HEeHTP

macc mapukos, [Ipu Taxom BhiGope

ocell HIKHUK mWIapHK OyJer ABHrath-
¢ BAonb ocH x, uentp macc C —
BAOJIb QCH ¥y, & BEPXiMH apuK — No
KpUBOH, Jexamed B NJIOCKOCTH X,
y. Henocpencreenno u3z puc, 14.2
BHAHO, YTO KOOPIMHATBI BePXHEro
Iapuka x u Yy MOXKHO BbIpasHTh ye-
pe3 yrod o, obpasyemblii HaTAHyTOH

Puc. 14.2. Bepxuuit wa- gurhio ¢ IOPU3OHTOM:
pPUK ABHXKETCd NO 3JJIHKH-

¢y ¢ moayocamn /2wl x=(ll2) cos a, y=Isina. (1)

%

%\
S S«

Ecan U3 3THX COOTHOILEHHH HCKNIOYHTD yroJ o, TO NOJYYHTCH
ypaBHEHUE TPAEKTOPHW BEPXHEro luapuka. PasgesnnB nepsoe
cooTHOHmIeHHe Ha [/2, Bropoe Ha I, BO3BOAS MX B KBagpar H
CKAajapIBast, HaXOAHM

xZ

2
(1/2)2 +’1T: 1. (2)

310 ypaBHenHe IHNCa ¢ noayocsimMu 1/2 u 1.

Iasi Toro uToGH! BLIACHHTD, IPH KAKOH HAuaJlbHOH CKOPOCTH
Uy IBH;KEHUE 1IapDUKOB GYHeT HMEHHO TAKUM, HYKHO pACcCUHTATD
CUJIY HaTsHeHUs coemuHsomelt ux HutH. CKOpOCTh vy AO/IKHA
OLITh JOCTATOYHO GOJLIICH, TAK YTOGLI CHJA HATSIXKEHHS HUTH
HH B KaKoH TOYKE TpAeKTOpHH He ofpamanach B HYJaE. C apy-
rOif CTOPOHE!, 3TA CKOPOCTb HE AOJIKHA OBITh CAHUIKOM GOJBILIOH,
100 ec/id BEPTHKANbHAS COCTABSIOIAST CHJIbI HATXKEHHS HUTH
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PEBBICHT JCHCTBYIOMYI0 Ha IIAPHK CHJAY TAMKECTH Mg, TO
HHMHHWH IIapHK OTOPBETCH OT NOBEPXHOCTH CTOJA.

[Tpu paHHOH HauasbHOH CKOPOCTH CHAa HaTdXenus nura T
ocsaGeBaeT No Mepe nogbeMma Wapuka. Tak IPOHCXORHT MO-
TOMY, YTG ¢ MPHOAHIKEHHEM K BepXHell TOUKE TPAEKTOPHH CKO-
POCTb BEpXHETro l1apuKa yMeHbllaeTcs, a IefcTBylomas Ha Hero
CHJ1A TSIKECTH HrpaeT Bce OOJbLIYIO PO/Ib B HCKPHBJAEHUH €ro
TPAEKTOPHH, H, C/IeJOBATE/LHO, PO CHIIBI HATSIKEHHSA YMEHb-
1aercs. HoaTOMy A5 HaXOKIEHHs HaUMeHblleHd Hayajbliof
CKOpOCTH, TpH KOTOPO# HHTD elle OCTaercs HATSIHYTOH BILIOTB
10 BepxHell TOYKH A TPaeKTOpHH, COCTABUM YpaBHEHHE BTO-
poro 3akoHa Hbelorona 1y1s BepXxHero mapuka B 3TOH TOUKE.
Tax kak B Touke A yCKOpeHHe HAPAaB/JAeHO BEPTUKAJbHO BHHU3,
T. €. [0 HOPMaJu K TPAEKTOPHH, TO OHO PaBHO OTHOLIEHHIO
KBaJ\para CKOPOCTH Uy LIapHKa B 3TOH TOUKE K pa)mycy KPHUBU3-
Hel Tpaekropun R. Ilosromy

T+mg=mvi/R. (3)

Hurb ocranercss HaTsSHYTOH, €c/H BBHIYMC/AEHHAs M3 ypaBHe-
uus (3) cuna Harskenust T Gygper nonoxurenbuofi: T>0, M
BHJ/IMM, UTO /ISl HaXoxKeHus T HYXHo 3HaTh U; U R.

Cxopoctb v, npoine Bcero HaliTH ¢ NOMOILbIO 3aKOHA COXpa-
HeHust sHepruu, Tak Kak ueHTp Mace 1IapHKOB He nepeMerna-
€TCS 10 I'OPH30HTA/H, TO TOPH3OHTAIbHLIE COCTABIOIIHE CKO-
pocTeil 060UX LIAPHKOB B JiI0GOH MOMEHT BPEMCHH pAaBHH HO
MOJYJIIO ¥ HanpaB/eHbl B NPOTHBONOJOXKHEIE CTOPOHEL. [To3TO-
MY B MOMEHT NpPOXOXKJEHHsi BEPXHHM IIapHKOM HauBbicleH
TOUKH TPAEKTOPUM CKOPOCTH OGOMX INIApOB paBHb ;. Tak Kak
B 3TOT MOMENT [OTEHUHANbHASI SHEPTHsI paBHa mgl, TO

muvb
2

mvl

=2

+mgl, (4)

OTKyZa ,
—%Q—gl (5)

Teneps HyKHO HafiTH pagHyC KPUBHM3HHL 3/11Mnca B Toyxke A.
JT0 MOKHO CHenaTh TaK »Ke, KakK B 3ajave 3 paspeta «Ku-
HeMaruKay, Ije ONpemeassics paguyc KPHUBU3HDL! UHKJOHIBL.
OcHoBHas uAes 3aKA0YACTCS B TOM, YTO PACCMaTPHBAEMYIO KpH-
BYIO NMPEICTaBJAOT KaK TPAREKTOPHIO KaKoro-aubo AOCTATOMHO
[POCTOrO MEXAHHUECKOTO ABMXKEHHS U HCCJACAYIOT 3TO IBHKEIIHe
MeToNAMH KHHEMAaTHKH, NOAL3YACh TeM, YTO PajguyC KpPHBH3-
Hbl BXOAUT B (DOPMYJy AJisT HOPMAaJIbHOH COCTaBJISIOWEH ycKo-
peHus,
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BmecTo TOro 4toGel paccMaTpuBaTh JAEHCTBUTENLHOE JBH-
JKeHue BepxXHero Iapuka, nNpH KOTOPOM YIroad & JOBOJbHO
eJIOXHBIM 00pa3oM 3aBHCHT OT BpeMEHH, paCCMOTPHUM BCNOMO-
raresibHOE JBHMKEHUE HEeKOTOpOH TOYKH IO 3TOMY XKe 3JUIHNCY,
cuuTasn, YTc yroJ o PaBHOMEPHO MEHSETCA CO BpPeMEeHeM: o=
=@t. J19 TaKOro BCIIOMOraTeJibHOTO IBH:KeHHUST ypaBHeHus (1)
NpPUHUMAIOT BHJ

x=({/2) cos ot, y=1sin ol. (6)

Judpbepenunpys 318 ypaBHEHHs] IO BPEMEHH, HaXOQUM I1POEK-
MM CKOPOCTH BCNIOMOTaTe/IbHOTO IBHKEHHA Ha OCH KOOPJMHAT:

vy=—(l/2) sin of, v,=wl cos of. (7)

Indxepennpys 1o BpeMenH ypapHeHua (7), noaydyaem npoek-
HUH YCKOpeHus:

a,=—(@*//2)cos 0f, a,=—w? sin of. (8)

PaccMoTpHM TOT MOMEHT, KOT1a TOUKa, COBEpIaollas BCNo-
MOraTe/IbHOE [BIKEHUEe, NPOXOAMT 4Yepe3 TOuKy A 3JAIMnTH-
yecKoll TpaekTopuu Ha pHc. 14.2. DTOMY MOMEHTY COOTBET-
creyer of=mn/2, n ypasnenusa (7) u (8) paor

Vy=—0l2 , a,=0; v,=0, a,=—a0?. 9)

B Touke A CKOpOCTb BCIIOMOraTeNbHOTO IBHMEHHS v=0l/2,
a YCKOpEHHe HaNpPaBJ/IeHo 10 HOPMaIH K TPaeKTOPHH U PABHO 110
MonyJio a=w?., Tak Kak ycKkopeHue
CBA3aHO C PAAHYCOM KPHBU3HBI Tpa-
exTopHH R cootHolleHHeM a=0%R,
TO I/ pajuyca KDHBHSHBI 3JJHnca
B Touke A nosydaem

R=v¥/a=1/4. (10)

Takum ofpasom, ayry sanamumnca

e 7 R ggﬂmu TO‘!E‘{I/I‘A MOXHO paccMarTpi-

Tb KakK 4YacTb OKDYXHOCTH Pajguy-

Puc. 14.3. Paauyc xpu- ¢oM //4, NOKa3auHOH IUTPHXOBOI JH-
BU3HB SukNca B Touke A ppelt Ha puc, 14.3.

pasen /4 IoacraBuM HaiiieHHLIe 3HAYEHHS

CKOPOCTH IBHXEHHS Llapuka v; U3

dopMyaer (5) u pagmyca kpuBusHbl R u3 (10) B ypaBHeHue

BTOPOrc 3aKOHA HubIOTOHa (3). B peayibrate I CHABI Ha-

THAKEHUS HHTH Haiipem

T=2mvi/l—bmg. (11)
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Cuny narskenuss HutH T 0pu ee BePTUKAJIbHOM II0JI0XKe-
HUH MOXKHO HafiTH H KOpoue, He onpee/sis pagyyca KpHUBHU3HBL
TpaeKkTopuH. JIJs 3TOrc JOCTaTOYHO cO00pa3uTh, yTo 06a 1a-
PHKA YYacTBYIOT B CJGKHOM IBHKEHHH: ABHXXEHHE NO OKPYXK-
HOCTH paguyca [/2 BOKDYT UEHTpa HUTH CKJAJBIBAETCS C IBH-
MEHHeM 3TOoro IEeHTpa NO BepriKasu. 1103TOMy ycKOpeHHS
IIAPHKOB @; H @, PABHBI CYyMMam YCKOpeHHH @; U a,, CBsA3aH-
HBIX C JBUJKEHHEM MO OKDPYKHOCTH, M YCKODCHHS @y LEHTPa

Y
< () |
o
a1, a,

Prc. 14.4. YcKopenne KaxIoro H3 IMapuUKOB

npexcrasaser cobolt cymmy ycKopenus @, ce- -

PEXHHBI HETH H YCKOPIHHA (I ¥ @y CBA3AHHBIX {}
C ABUXKEHHEM IO OKPYKHOCTH

a;
y
a; = - /
L U 7 i
ay

HuTH. [lpH BepTHKA/IbLIOM NOJOXKEHHH HHTH BCE 3TH YCKOpe-
HHs HANPABJICHEl N0 BEPTHKANH (puc. 14.4). Mogyanu yckope-
HUH @) U @; ONMHAKOBHI K paBHbl v¥/(1/2). Huxuui wapux sce
BpeMst IBHKETCS 110 TOPH3OHTAMH, IO3TOMY IIPU BEPTHKAIBHOM
NOJIOKEHHY HHTH €ro MOJHOe YCKOpeHHe @, paBHo Hy.o. M3
puc. 14.4 BunHO, 4T0 NpH 3TOM @, =0a;=03/(//2). [Tosromy ycKo-
peHHe BepXHero LIapHka

ay=a;+a,=40v3/1. (12)

3anuceiBasi ypaBHeHHe BToporo 3akoHa HbioToHa nna Bepxhe-
ro Inapuka

T+mg=ma;

H MOACSTABJSAS CloJa yCKopeHue a; u3 Gopmyanl (12) u ckopocrs
v; u3 dopmyJsl (5), NpuXoaUM K NpexkHemy Boipaxenuio (11)
IJI1 CHJIBL HATSIXKEHHS HUTH.

M3 ¢opmy.er (11) cnenyer, 4to cHaa HaTSMKEHUSA HUTH He
obparurcs B Hyab (T>0), ecau HavancHas CKOPOCTb LIAPHKA
Uy YAOBJETBOPSIET YCJIOBHIO

v5>2,5 gl. (13)
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BLIsICHHM Tenmepb, NPH KaKOM YCJAOBHH HUXHHHA IIapHK e
6yieT OTPHIBATbCA OT NOBepXHOCTH. B HauaibHLIA MOMEHT Ha
HEeNOABMXKHBIN LapUK ReHCTBYeT CHJa peaxunu MOBEPXHOCTH,
paBnaa mg. Ilpu ABMIKEHHMH ADPYrOTC lIADHKA BBEpX, KOrAa
HHUTh 00pa3yeT HEKOTOPHIH YToJi ¢ FOPH3OHTOM, 3Ta CHJa YOLI-
BaeT, TAaK KaK HMOSIBJASETcs BepPTHKaJbHAasd COCTaBAANIIasH
CUJIBE HATAXeHUst HutH. [l Toro utobbl MAapHK 1€ oTopBadc:
OT HOBEPXHOCTH, He0oO0XoQuMOo, YTOObI BepTHKAJbHAas COCTaB-
JIAIILAST CHJIbI HATSIKEHUS He JOCTHraJsa Obl 3HAUerlis, PaBHOr0
mg, Naxe NpPH BEPTHKAJNbHOM NOJNOXEHHH HHTH. Taxum ofpa-
30M, IIAPHK He OTOPBETCS, €C]H BhIMHC/AgeMOe No Qopmy.e
(11) snavenne T He npeBbimaeT mg:

2muy/l—bdmg < mg,

OTKYZA J1 MAKCHMaJIbHOTO JONYCTHMOrO 3HaYeHHA HAa4a/lbHOM
CKOPOCTH TOJyYaem

v < 3gl, (14)

[lopBenem utoru. Ecanm Havanblasg CKOPOCTb 1HApHKaA U,
JICOKHT B HHTEpBaJje

2,6g! < v§ < 3gl,

TO HUTh NPH JBMXKeHHU HIaDUKOB BCE BpEMsl HATAHYTA, & HWX-
Huit NapHK CKONL3UT NO NOBEpXHOCTH CTOMA. BepXnuil mapuk
OnUILeT MOJIOBHHY 3/aunca (puc. 14.2) u ymapurcs o nosepx-
Hocth. Ilepen ylapom ero ckopocth MO MOAY/IO paBHa v,
M HalpaBJieHa BEPTHKAJbHO BHH3. EciM ynap o NOBEpXHOCTH
abconloTHO YIIPYTHE, TO 3Ta CKOPOCTh M3MEHHT Hanpas/eHue
Ha NPOTHBONGAOKHOE U LIAPHK ONUINET Ty XKe TPAEKTOPHIO B
o0paTHOM HaNpaB/elHU. A

15. CrepxeHb ¢ mapukamn. Ha ugeanono raankoil ropu-
30HTAJIBHOI NOBEPXHOCTH BEPTHKANBHO CTOHT I'aHTeNb, INpej-
CTaBagoILasg coboll [Ba ONMHAKOBBIX HIADUKA, COEAHHEHHBIX
HEBECOMBIM CTepxcHeM aluHb! [, HuxHeMy mapuxky MrHOBEHHO
cooBIAaI0T CKOPOCTh Uy B TOPH3OHTANbHOM HAaNpaBjieHHH
(puc. 15.1). Ilpu KakHX 3HAUEHUAX v, INAPUK GYAET CKOJIb3UTE,
He OTpBIBasich OT IJIocKocTH? KakoBa GynerT cKopocrh BepxHe-
ro mapuka B MOMEHT €ro yAapa O rOpPH3CHTAJAbHYIO NOBEpX-
HOCTD ?

A Ha Bce noctas/ieHHbIC B YCJIOBHH BONPOCHL I'Opasjo Jer-
4e OTBETHTb, €CJAH PacCMaTPUBAThL JBUKEHHE raHTe]H# B CHC-
TeMe OTCYeTa, T'A€ €€ LeHTP MAacC JABHXKETCS [C BePTHKAIY,
OueBHIHO, UTO TAKAsi CHCTEMA OTCUETA JBUIKETCSI OTHOCHTEJLHO
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J1abopaTopHOH CHCTEMBL OTCUETA C NOCTOSHHON CKOPOCTDHIO vo/2,
narnpaBJeHHol TOPU3OHTA/IbEO, U TOXE ABJSIETCS HHEpUHA/b-
nofi. B 3T0f cucreMe oTcyeTa CKOPOCTH IIaPHKOB B HAYAJIbHBIil
MOMEHT PaBHB! Uy/2 ¥ HampapJeHbl I'OPH3OHTAJbHO B APCTHBO-
n0J10KHble cTopons! (puc. 15.2).

BBIACHHUM, NpH KaKOM YCJOBHH HHIKHHH IApHK OTOpBa-
sl 6bl OT NOBEPXHOCTH. SICHO, UTO B 3TOM CJy4Yae CHJIA peakl#u
NOBEPXHOCTH paBHA HY/IO, H, CJACAOBATENbHO, IAHTENb najaer

Puc. 15.1. Havaabuoe noso- Puc. 15.2. CkopocTH mapukos B Ha-
KEHHE rautens HanbHHIl MOMEHT B CHCTEME OTCYeTa,
ABHKYULEACH BIPAaBO CO CKOPOCTHIO Vg/2

¢ ycKopenueM cBoOofHOro nageHud. [lockonbKy ranrtedns etie
U BpAllAeTCs BOKPYT LEHTPA Macc, TO HUKHHUHA 1IapHK HMeeT
CBA3AHHOE ¢ 3TUM BpalleHHEM LEHTPOCTPEMHTEJBLHOE YCKope-
HHE @, HaNpaBleHHOE BBEPX:

_ (/2 _ v
w ?/2 o7 (1)

a

[lapux oTopsercsi or nosepxnocry, ecau a,>>g. B nporuso-
nonoxkuoM ciaydae (a,<lg) Wapux ne orphipaercs. Jlas sroro
€70 CKOPOCTb JOJINHA YIOBJIETBOPATH YCJOBHIO

@ < 2gl. @)

Il1st HaxoxAenHa CKOPOCTH BePXHEro IapHKa B MOMeNT
yaapa MOXHO BOCIIOJIb30BATLCS 3aKOHOM COXpaHeHHs 3uep-
ru. B 3TOT MOMEHT BO BBEJCHHOH CHCTEME OTCYETA €ro
CKOPOCTb U; HANPaBJieHa BEPTHKAMBHO BIH3, 8 CKOPOCTb CKOJIb-
3HBLIET0 [0 MOBEPXHOCTH IllapHKa ofpamaercs B HYJb
(puc. 15.3). IeiicTBHTENbHO, B 3TOH CHUCTEME OTCUETA UENTP
Macce NajiaeT Mo BepTHKaAH. B MOMEHT najeHns radtesay Ha Ho-
BEPXHOCTb CTEpXKEHb, COENUISION(HE LIAPHKYH, PACNOJ0KeH
rOpPU3OHTANbHO, I03TOMY I'OPH30HTA/IbHbIE COCTABJIAIOLIHE CKO-
pocTefl BceX ero Toyek, B TOM YHCJe CepemuHbl U KOHIUOB, B
MOMEHT MaJeHUSI PaBHbl HYJIO.
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TakuM e0pa3oM, 3aKOH COXPAHEHHS SHeprHH BO BBEJCHHON
CHCTEME OTCYeTa MOXKHO 3anucaTth B BHJE

m (vg/2)2
U gt 42 2O (3)
OTKYAA
v} = 2gl + v¥/2. (4)
B naGoparopHoii cucreMe oTCu€Ta CKOPOCTb ¥ Najaioliero
IapHKa B MOMEHT yjapa ONpeJelfieTcsi BbipaXKeHUeM

vt =} 4 (,/2)% = 2g! J- Svi/4. ()
Hanpasnenue sroll ckopocr#, Kak BHIHO H3 puc. 15.4, cocrtas-

JISIET Yo/ 6 C BEPTHKANbIO, TAHPEHC KOTOPOTO PaBeH OTHOLUe-
HHIO Uy/2 K vy

__M__ 00/2 1 . (6)

INopuepkuem, YTO ynayHbiil BHIGOP CHCTEMbI OTCYETa NPH
PEILeHHH 3TOH 3aJayt 1O3BOINA OGOHTHCD, IO CYILECTBY, BCENo

valz Ua/Z
Q= 3 SEINSNANNNN
SRR DR TR
v, ///

Puc. 15.3. Cxopocru wapukos B Puc. 15.4, CxopocTH MapHKOB
MOMEHT Najenus CanTeNd HAa ropu- B JNaGoOpaTopHOR CHCTEME OT-
SONTaNbHYI0 NJOCKOCTh B TOH e cueTa

CHCTEMe OTCHeTa

onHol mpocrtoll opMysofi (3), BhIpaXKalomed 3aKOH coxpane-
Husl 3IEpruyu. A

16. Mapapokc xmHeTHueckoil suepruu. Mrpymeunbiii aBro-
MOGHJIb ¢ NOJTHOCTBIO 3aBeEHHO NPYXHHON MOXKET pasorHarh-
cs1 10 ckopocty v. [1peneGperas norepsiMy SHEPTHH Ha TPEHHE,
MOXXHO CUHTATDb, YTO NOTEHUHANbHAST SHEPrusl 3aBeJeHHOH npy-
kuEpl W uennkoM mnpeBpaTuiiach B KHHETHYECKYIO 3HEPrHIO
arpyiku. PaccmorpuM sTOT 3Ke npouecc B Apyroidl HHepuuanb-
Holl cHeTeMe orcyera, KOTOpast JABHIKETCS €O CKOPOCTBbIO U
OTHOCHTEJNbHO 3€MJAH HABCTpPeYy HIPYILEYHOMY aBTOMOGH.IO,
B sTOl cHcreMe OTCUeTa OKOHYATe/NbHAss CKOPOCTh HLPYIUKH
paBHa 2v, T. e, BABOE GoJibille, 8 ee KHHETHYECKAss 3HEPrHs B
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ueThIpe pasa 6oablue, T. €. paBHa 4W. Tax Kax B aTo# cHCTeMe
OTCYeTa aBTOMOOHJIL C CAMOrO HavyaJsla HMeJ1 KHHETHYECK Y10 3Hep-
rmio W, To B pesyabTare pacKpyuMBAHUA NPYKHHE €r0 KH-
HeTHYeckan sHeprua Bo3pocna Ha 3W, a He va W, kak B He-
XOnHOR cucTeme orcyera. Mexay TeM NOTeHLHAMbHAS SHEPIUsl
3aBeJIeNIHON NPYXHHH B 060uX caydanx paBHa W! O6GpsacHure
STOT NapajnoKc.

A Tlapafiokc BO3HHKAeT MOTOMY, YTO B NPUBEIEHHBIX pac-
CYXAEHHAX HE YYHTHIBAJACh KMHETHYECKAasan HEpPrua 3eMiu u

Puc. 16.1. Pasronssics, 3aBojyasg Hrpyuka co-

obutaer 3emie He TOJABKO NOCTyNmarenbHoe JiBH-

Henne €0 €HOPOCThIO V, HO H Bpallende ¢ yrao-
BOH CKOPOCTBIO ®

€€ H3MeHeHUe NPH B3aHMOEHACTBHY KOJIEC HIPYLIKH € JOPOroi.
Ecan xe 3To n3MeHeHHe yuecTb akKypaTHO, TO HHKAKOro napa-
JIOKCa BOOOLIE HE BO3HMKAET M 3aKOH COXpaHEHHsI SHepriu,
pasyMeeTcsl, OKa3blBAaeTCA BbINOJHEHHBIM.

PaccmoTpuM cHayaJ/la CHCTEMY OTcueTa, B KOTOPOH 3emJs
HenonBuAcHa. B 3T0# cucreme oTcuera. 10 pasrona aBTOMOOHJA
MoNHBIH UMNYyJabe paBeH Hydo. Ilpu pasrome aBromoGu/si on
npuobperaer CKOPOCTb v, a 3emist npHoGpeTaeT CKOpocTh V,
HanpapaeHHyl nporusononoxHo (V<C0). Iloaumifi umny.nc
CHCTEMBI OCTAETCH HEH3MEHHBIM, TOITOMY

mu-+-MV =0, (1)

TH€ m — Macca WMrpywku, M — Macca 3eMan.

Tak xax neficTBylIlas Ha 3eMJI0 CO CTOPOHBI KOJeC M-
PYIIKH CUJIA HE NPOXOANT Yepes LEeHTP 3eMaH, TO KpoMe NocTy-
NaTeNbHOr0 IBUMKEHHS CO CKOPOCTEIO V 3eMJist NPHXOAHT TaKkKe
¥l BO BpalleHHe ¢ HEKOTOPOH YroJIoBOH CKOPOCThio o (puc. 16.1).
3a6ynem moka o6 3ToM BpauleHMH 3eMJiH H GyneM CYMTarh,
yTo 3eMas ABHMKETCA TONBKO NOCTYNATeNbHO.

[Ipu packpyuHBaHUH NPYKHHLI €€ NOTEHLNANbHAsA SHEPrust
W npespauiaercsi B KHHETHYECKYIO SHEPTHIO UFPYIIKU 1 3eMJIN:

mu? My?
-+ @

Buipaxkass V n3s ypasuenus (1) u noncrabass B (2), HaXoiuM

=2 (1447 )- (3)
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Tak Kak Macca UTPYLIKH /1 HEW3MEPHMO MeHbIIEe MacChl 3eMJH
(m/M<1), 1o, KaKk BuaHO H3 (QOPMYJE! (3), NPAaKTHYECKH BCA
SHEPrUsl NPYKUHBI OPEBPAllAeTcsl B KHHETHYECKYIO HEPruio
HIPYLIKH.

Tenepb paccMOTPUM TOT K€ NPOLLECC ¢ TOYKH 3PEHNs BTOPOH
CHCTEMB! OTCYETA, B KOTOPOH CKOPOCTb HIPYLIKM M 3eMJH CHA-
yajia paBHa v. IToJiHBIA HMITyJbC B 3TOH CUCTEME OTCUETa paBeH
(m+M)v. Tlocie pasrona CKOpoCTh MIpYWIKM paBHa 2v, a
CKOpOCTh 3eMan obo3HauuM Yepe3 V. Ha ocHoBanuM 3akona
COXpaHeHUs MMIyJbca

m(20) +-MV,=(m-+M)v. )
Kurernyeckasi sHeprusd HNIrpYIIKH [OCJe pasroda  pasHa

m{2v)?/2, a xunerndeckasi sueprus 3emiu ectb MV3i/2. Vsme-
HOHHE TIOJHOA KMHETHYeCKOH 3HEeprHH

AE — M (20 4 MV1 _(m —|-2M) v? . (5)

Bripasum V, u3 ypaBHeHus (4) H noacTaBuM B (5):
AE =322 M \(1——-%)20‘2—02]. (6)

Tlocie npocTeIX adrefpavueckux npeobpasoBaiuil BbIpaxke-
Hue (6) npuBOAHTCA K BHAY

AE =22 (14 41 )- "

CpaBHuBas npasyio 4actsb (7) ¢ hopmynoit (3), BuauM, 4to # B
3TOM €J1y4Yae H3MeHEeHHe KHHeTHYeCKOH SHeprul BCeli cHCTeMb!
pPABHO NOTEHLUHAJNbLHON SHEPTHH NPYKHHE W.

HameneHue KHHETHUECKOHN SHEPrHM HUIDYIHNKU NIpH pasrone
B 3TOH CHCTEME OTCYETA AeHCTBHTENLHO B TPM pasa GoJblie, yeM
H3MEHEHHe 3TOH SHEPTUM B CUCTEMe OTCYeTa, CBA3aHHOH ¢ 3eM-
Jeif. OnHako Tenepp M3MeHeHNe KUHETHUeCKOH 3Hepruu 3eMiu
TaKOro e NOPsiiKa, 4TO W HM3MEHEHUE SHEePrHH HMrPYIIKH, B
OT/IIYHE OT H3MEHEHWS 3HepTHU 3eMJH B UCXOAHOH CHCTeMe
oTCYeTa, I'J€ OHO OBLIC HUUTOXKHKEM. B HOBOH cHcTeMe orcyera
KoJieCa HTPYUIKH NPU pasroHe TOPMO3AT ABHKeHUE 3eMIH, H
ee KHHEeTHYECKas SHeprHs yOblBaeT. ¥ BeJUYEHHE KHHETHYECKOH
SHEPTHH HITPYIUKH B 3TOH CHCTEME OTCYUETa MPOHCXOAUT HE
TOJBKO 3a CYeT MOTeHUHANbHOH SHEPTHH NDYKHHBI, HO M 3a
CYeT yMEHbIUEHHs KHHETHYECKOH SHepruu 3eMJH.

PazobpaHHeili IpUMep HarJISIIHO MOKA3BBaeT, ¢ Kako# oc-
TOPOAKHOCTBIO HYKHO NIOAXOANTDL K BONPOCY O TOM, YTO CYLIECT-
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BEHHO B PaCCMaTpUBAEMOM ABJIEHHH, a YeM MOXKHO NpeHeGpeus.
Henoab3oBath MOXKHO JI06YIO CHCTEMY OTCYETA, H NPU TOUHOM
pelleHHH 3aJa4M BLIGOp CHCTeMBI oTcyera Gespasauden. Opna-
KO 0PH HAXOXKJEeHHH NPHOMMKEHHOTO pelIeHHsA MpeHedpexe-
HHA, JONYCTUMBIE B OJHOH CHCTEME OTCUeTa, MOryT oKasarhcs
COBEpIIeHHO HeNpurognsiMu B Apyroil. Tak, B paccMorpennoM
npuMepe MOKHO Obli0 NpenebperaTh H3MeHEHHEM KHHETHYeCKOH
3HepPrun 3eMJIH H CYHTATh, YTO U3MEHEHHE SHEPTrHY aBTOMOGHJIS
paBHO SHEPTHU NPY:KHHBI NIPH HCHONBL30BAHUH CUCTEMBI OTCYE-
Ta, CBA3aHHOH ¢ 3emefi. Ecau nons30BaThesl APYroi cucTeMoi
OTCHeTa, TO M 1PH NPHOJIHAKEHHOM pelleHMM IIpeHeGperarthb
H3MeHEHUeM KMHETHYEeCKOH SHepruH 3eMJIN Hesb3fl, HeCMOTpS
Ha TO, YTO H3MEHEHHE CKOPOCTH 3eMJlH, KaK JIETKO YOeauTheA,
OJAHHAKOBO U B TOH, W B APYIOH CHCTEME OTCUETA.

O6cynuM Tenepb, YTO H3MEHHTCA B PacCyXJAeHHAX, €C/IH
YUHTBIBATL BbI3biBaeMoe Nrpylikoifl Bpamenne 3eman. B npa-
BOH YacTH GopmMy.1H (2) KpOMe KHHETHYECKOH SHEPruu nocry-
nareqbHOro ABIXKeHHs 3eMJu 6yier NPHCYTCTBOBATh elle U KH-
HeTH4yecKas 3Heprus BpauieHHa 3emau. OHa GYAET TAKOro ke
10OpsiKa BEIUIHHBL, YTO H KHHETHUECKA ST SHEPTHS NOCTYHATENb-
Horo aABHKeHHst 3emuu. [To3TOMYy B CHCTeMe OTCYETA, rae 3eMas
Obl1a HENOABHXKHOH, €0, KaK U SHEprued NOCTYNATENbHOrO
JABMKEHHS] 3eMJ/M, MOXHO NpeHeOpedb W CUMTATh, YTO BCH
NOTeHUHANbHAA 3HEPIUsl NPYKUHBI ApPeBpaulaeTcsl B KUHETH-
YeCKYIO SHEPrHi0 HIPVIIKH.

Bo BTopoii cucreme orcuera (rje CKOPOCTH HTPYIHKU H 3eM-
JIM CHayalla paBHH U) KMHETHYECKAasl dHeprua Bpallenns JeMiu
OyIeT TakOH K€, KaK ¥ B NEePBOil CHCTeME OTCYETa, HOCKOJbKY
npuoSperenHas 3emaefl yrioBas CKOPOCTb ® OAHHAaKOBA BO
BCeX MHepUHalbHbiX CHeTeMax orcuera. [loaToMy, B OTyiMdHe OT
KUHETHUECKOH 3HEPrHH HOCTYNATEJNbHOrO JBHAKEHUS 3eMi,
3HeprHeH BpalleHns MOXHO npeHefpeus B BO BTOPOH cucTeMe
oTcueTa. A

17. danTacTuueckHil KOCMH4YeCKHHl npoekT. XOpoHIo u3-
BECTHO, YTO JJIsl COBeplIeHHs] MEXKIJIAHETHOrO NYTEeLIecTBHA
HAXONSILIEMYCSl HA HOBEPXHOCTH 3eMJH KOCMUYECKOMY Kopa6-
JI0 HeoGXOAHMO COOGIIHTh HauyadbHY cKopocTh [1,2 Km/c
(propasi KocMmuyeckasd cKopocTb). OfHako B caydae 3anycxa
KOCMHYECKOro KopabJist He ¢ IOBEPXHOCTH 3eMJIH, a 4epes Tyll-
HeJsib, NPOPLITHI HACKBO3b 4epe3 LEHTP 3eMJH, MoJydaercs
notpacalo#i peayabrart. OKasnBaeTcst, YTO KOCMHYECKOMY
Kopab.io, cBOGOAHO NMaAAlOUIEMY B TAKOM TYHHEJE, JOCTAaTOYHO
COOGLUIMTD B TOT MOMEHT, KOI'JIa OH NPOXOAMT Yepes LEeHTp 3eM-
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i, JOMOJHHUTEJBHYI CKOPOCTh Bcero Juib B 5,8 km/c, uto
cocraBaser aumb 52 % or Bropofi KocMuyeckoil ckopocty. Tor-
Ji2 IpM BLIXOJ€ U3 TYHHesst OH GyAeT HMeTb CKOPOCTh KaK pas
11,2 KM/c ¥ CMOXKET COBEDIIHTH KOCMHYECKOe [MyTellecTBHE.
3TO 3HAUYMT, YTO AJIA 3alycKa OAHOTO M TOro XKe Kopabasa Ro-
TpeGyeTcsl MeHbllas pakeTa M PacXoi TONJMBa OYgeT MeHee
sHaunTe bHbIM . OGBACHUTE, TOYEMY BO3MOXKEH TaKOH BLIMTDAIIL.

A Tlpexje Bcero BLISICHHM, KaKYI0 CKOPOCTD IPHOGpETeT pa-
KeTa Npyu cBOGOJHOM MajeHHH CKBO3b TYHHEAb A0 LEHTpa 3em-
JIE. DTO MOKHO CA€JIaTh C NMOMOIIBIO 3aKOHA COXpaHeHHs 3Hep-
THH, TOJIBKO CHa4YaJjla 1Y2KHO BRIACHUTDL, KaK pas/iM4yaioTcst Mex-
Ay cofo#l 3HAUeHHs NOTEHHHAJNBHOH 3HEPTHH HA [OBEPXHOCTH
3eMa W B ee LEHTpE.

Bynem cyutaTh, yTo 3emssi npeAcTaBJAeT co0OH CHJOLI-
HO# OJHOPOAHM Lap. BbiscHuMm, Kak AEACTBYWOUAs Ha Telo

N

1T

7

A

T

Pic. 17.1. CHiia Ts1K€CTH B TOUKE Puc. 17.2. Cuast Tarorenus,

A paBua cuHje NPUTsXKEHHS K JAelicTBywIUHe LA Maccy m co

3ALTPUXOBAHHOR YaCTH 3EMHOrO CrOPOHB YHYacCTKOB fm; H Mg,
mwapa Y paBHOBEIUHBAWTCH

CHJIa TAXKECTH 3aBHCHT OT €ro noJjoxeuusi B TyHHese. Oue-
BHJIHO, YTO B LEHTpe 3eMJM 3Ta CHJIA PaBHA HYJO. JTO Henoc-
DEACTBEHHO caefyeT M3 cHMMeTpHu KapTuabl. Hairn cuny ta-
HECTH B NPOH3BOJIbHON TOUKE MOXKHO TOYHO TAKHM K€ CHOCO-
GoM, KaKHM ompejelsieTcsi HanpsKeHHOCTb 3JeKTpocTaTHue-
CKOrO 1oJst BHYTPH PaBHOMEpPHO 3apsi:KeHHOro luapa.
PasofpeM MBICIEHHO 3€MHOH LIap Ha TOHKHE chepHuecKue
KoHueHTpuueckue caou (puc. 17.1). To nmpununny cynepno-
3UUHK NOJHAsT CHJA, AeHCTBYIOUIAs Ha TeJO B TyHHeJe, paBHa
BEKTOPHOH CyMMe CHJs, JEHCTBYIOIIMX Ha HEro €O CTOPOHHI
OTAENbHBIX CJ10eB. Jlerko yGenuTses B TOM, YTO CHJA TAroTe-
HHA, JeACTBYIOmAn CO CTOPOHE! JI00OTO CJI0A Ha Te0, Haxoad-
1eecss BHYTPU 3TOrO ¢JIosl, paBHA HYJIO. ITO Cpasy BHAHO H3
MOCTpOeHHsl, NOKasaHHoro Ha puc. 17.2. Yacru obonouku c
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MaccaMu 1y, H M, NPUTATHBAIOT TeNIO MAaccH /M ¢ CHIaMH, Npo-
NOPUMOHAJABHEIMY 3TUM MaccaM ¥ 06paTHO NPONOpIHOHAALHb-
MH KBaJpaTaM pacCTOSIHHH ry M ra. Ho camu maccwl my n m.,
KaK BHJAHO M3 PUCYHKA, NPONODPIMOHAJBHEL KBaApaTaM COOT-
BETCTBYIOIIUX DaccTosiiuii, B pesyibrare cuabl THATOTEHHS,
JEHCTBYIONLHE CO CTOPOHBI BLIIGNEHHEIX Y4acTKOB ChepHIecKoro
cJI0st, YPaBIOBEIIMBAIOTCA, YTO M JA0Ka3hlBaeT CclejanHoe yr-
sepikenne. VMIMenno TaknMM paccyXjeHueM OTCYTCTBHE CHJIbI
TATOTEHHs BHYTpu cpepHyeckoli 060J0YKH ObLIO YCTAHOBJIEHO
eme HploTonoM.

Taxum o6pasom, Ha Te10 B TyHuese B Touke A (puc. 17.1)
JefCTBYET CuJ1a TAKECTH TONBKO CO CTOPOHBI 3ALITPHXOBAHHOrO
mapa, Ha IOBEPXHOCTH KOTOPOro HaXOIHTCs 3TO Teno. Tak Kax

AF
mg k===
g
1
I
t
N
g 1 "
e
Pue. 17.3. 3aBucnmoctb cH- £ :/'7 4
A8 TAMECTH W noTenunatn- ImgRYEn e
NOH SHePruH OT PacCTOoAHUs 2 |
L0 HEHTPA 3eMJH |
t
i
mgR !
2 !
I
1
a V4 r

Macca 3alITPHXOBAaHHOrO llapa NPONOPIHOHAJbHA KYGy ero
paamyca r, a CHJla TATOTEHHs1 NPONOPIHOHAJbHA Macce (T. e.
r*) M B To Ke BpeMsa 0OOPaTHO NPONOPLHMOHAJbHA KBaapaTy
pagmyca, To 3Ta cuja NDPONOPLMOHAAbHA pajauycy Iuapa:
Foor. Tak kax Ha noBepxHOCTH 3eMJu npu r=R cuja TsxKe-
CTH paBHa mg, TO Ha NPOH3BOJILHOM PACCTOSHHH r OT LEHTpa

npH r <R nveem ;
F(ry=mgrIR. )

Ipu r>R cuna taxectu yGniBaeT o0paTHO NPONOPLUHOHAABHO
KBaJpaTy pacCTOAHHUS; IpapHK 3aBHCHMOCTH CHJBI TAMECTH
OT r noKasal Ha puc. 17.3.

Tenepnp s1erko HaliTH BHpaeHne 111 NOTEHUHANbHOH JHEp-
r'u Tesa, Haxoasulerocs B Tynuene. JLast 3Toro MbICIEHHO NOJ-
HHMEM TEJIO U3 IEHTPa 3eMJ Ha PacCTOsAHHE r, epeMelas ero
paBHoMepHO. OueBHJIHO, YTO AJ1f1 STOrO BHELIHAA CUJIA B KaX1I0o#



78 . AUHAMUKA U 3AKOHBI COXPAHEHWHA

TouKe A0/KHA OblTh paBHa cusie Tsikectd F(r) U NpoTHBOfIO-
JOXHO HanpapieHa. PaGora 3Tofi CHJIBI, paBHa® MJoHLAAH
3alITPUXOBAHHOrO TpeyroJibHHKA mgri/2R, onpegenser us-
MeleHue MoTeHIHaAbHON 3Hepruu AE
__mgr®
AEH-—QQ—. @)

OB6bIYHO NOTElHUAJNBHYI0 SHEPLUi0  NPHHHUMAIOT PAaBHOH
HYJIO, KOTAA TeJA0 HAXOAMTCSl Ha GecKOHeyHo 6oJbLIioM pac-
CTOSTHUE OT 3eMJin (Kak, HanpuMep, B hopmyJe (3) H3 BBefeHHA
K 3TOMY pasfeny). B atoil 3anaue y106H0 npHHATE HOTEHIHAAb-
HYIO SHEPTHIO PaBHO# HYJIO, KOTJa TeJO HAaXOAUTCS B IleHTPE
3eman. Toraa ¢ nomoisio gopmyasl (2) Hafigem, uto apu r <R

mgr? 2

Eq(r) =55 3y

Ha noeepxHocTu 3emsin NOTeHUHANbHET SHEPTUS OPH 3TOM

fyner paBHa mgR/2, a Ha GecKOHeuHO GOJbIIOM PACCTOAHHU

or 3emau 3mgR/2. I'paduk 3aBHCHMOCTH MOTEHINANBHOH
SHEPrHH OT r TaKiKe HokasaH ha puc. 17.3.

Gopmyaa (3) no3BossieT HARTH CKOPOCTH PAKeTLl U B EHTpe
emsn npu cBOGOJHOM hajeHHH C nosepxHoctH. [IpupaBHu-
Bast HOTEHUHAJBHYIO SHEPrUI0 Ha MOBepXHOCTH MER/2 Kunetu-
YCCKOM 3HEPrHd paxernl B uentpe 3eminm mu/2, noaydaem

v=}gR. (4)

Buato, 4To 3Ta CKOpOCTH PaBHa NEPBOH KOCMHYECKOH CKOpO-
CTH IS CIIYTHHKA, ABHXKYIIErocs BOAH3H MOBEPXHOCTH 3eMau
(v,=7,9 xm/c).

Tenepb NPeNONOKUM, YTO B TOT MOMEHT, KOTAA pakera
NpoJeTaeT Yepe3 HEHTP 3eMiH, CPabaThbiBAOT JBHTATEN, KO-
TOphIe H3MEHSIOT ee cKopocTh Ha Av. Torna, nomjieres K no-
BEePXHOCTH 3eMJaH, Ha BHIXOJe M3 TYHHENd paKera Gymer of-
JIAJIaTh CKOPOCTBIO Up, KOTOPAs HAXOAUTCS C MOMOLILIO 3aKOHA
COXpaHeHus SHePruu:

m(v—é—Av)zz m;ﬁ + ng . 5)

[orpeb6yem, utobnt v, Gbiaa paBHa BTOPOH KOCMHYECKOH CKO-

pocth vy =V 2gR. Toraa ana Heo6xoauMOro NpHpaieHus
ckopocTH Av u3 ypasHenus (5) mocsie MOACTAHOBKM B Hero

v=VgR, pewas KBaJpaTHOe ypapheHile, NOAyiaeMm
Av=V gR(—1 +V3). (6)
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B34B KOpeHb €O 3HAKOM ILIIOC, NOJdyuaeM sHauenne Ay=

=(V/'3—1) V' gR=5,8 xm/c. BTopoii KOpeHb COOTBETCTBYET
U3MEHEHHIO HallpaBJeHHsl CKOPOCTH pakeThl B pe3yJibraTe
cpabarniBalus ABuraTe/sied Ha NPOTHBONOJIOMKHOE (T. €. TGp-
MO2KEHHIO C MOCJIEAYIOLIUM PA3IOHOM) H He NIPEACTaBJIseT BliTe-
peca B paccMarpuBaeMoOM mpHmepe.

EcrecTBenHO 3a1yMaThLCA HAA BONPOCOM, 32 CUET HEro Noay-
YaeTCsl TAKOH «BLIMTPBILIY B SHEPI'HY NIPH HCLIONL3OBAHUH Tyil-
neas. Ilpy cropannn TomjiHBa B JBHraTteJsX pakeThl onpeje-
JIeHHast 4acTh €r0 BHYTpeHHeH SHEePTUM NPeBpallaeTcs B KHHe-
THYECKYIO SHEPrHI0 paKeTbl k BHIOpOWEHHBIX ra3oB. Ecan Jio
cpabarplBanus ABuraresell paxkera Oblia HeNOABHXKHA Ha i0-
BEPXHOCTH 3eMJH, TO B CHJY 3aKoHa COXpaHEeHHS HMIYJbca
Hekoropas (1 HemaJgast!) A0JS BEICBOOMKAAIOLWIEHCH 3SHEpPTrHU
00513aTe/NbHO NepeiileT B KHHETHYeCK Y0 3Hepruwo rasos. Ecian
e JBuraresi cpalaThlBaloT B TOT MOMEHT, KOT/Aa paKeTa yie
HMeEeT HEKOTOPYIO CKOPOCTb, TO NepefaBaeMast rasaM 05 KH-
lleTHYeCKOH dHepruu MoxeT GEITh MeHblle. Hanpumep, eciu npu
JIBHAKEHHH B TYHHEJE CKOPOCTh HCTEHeHHs Fa30B H3 CONJa JBH-
rarena pakernl OyJeT paBHA CKOPOCTH PAaKeTbl OTHOCHTE/ILHO
3eMdii, TO CKOPOCTh BhiGPOIIEHHBIX ['a30B OTHOCHTENbHO 3eMJTH
6yzer paBHa HymMo. HpyruMH cJ0BamMH, B CHCTeME OTCYETa,
CBsI3aHHOH € 3emJedl, BRIOpOUIeHHbIE Tasbl Boolule HE GYAYT
o6Jsazath KHHeTHYecKo! 3Hepruefl, H Bcsl BBICBOOOXKJAMOIMIAACA
MexaHuUecKast 3HEPTHS LEJHKOM «jocTaeTcsl» pakere., Paxere
e JOCTaHeTCH W KUHEeTHYecKas SHeprusi TOMJuBa, KOTOpOH
oHO oBsananc a0 cpabaTblBaHHA ABHraTesefl.

NuTepecno oTMETHTL, YTO CBOOOJHOE najeHue paKeTs B
TYHHeJse NpejcTaBisieT co0oli rapMonnyeckoe Konebalue 0KoJo
IEeHTpa 3eM/H, NPH KOTOPOM PaKeTa NPOJIETAET Yepes 3eMHOM
Iap 1o AHaMeTpy OT OAHOTO Kpast TyHHeas Ao Apyroro. Tak
NPOUCXOAUT MOTOMY, YTO ACHCTBYIOULAA B TYHHEJE CHIIa TsKe-
CTH HanpaeJjeHa K LeHTpY 3eMJH ¥ NPONOPUHOHANbHA PACCTON -
Huio a0 Hero. C nomoipio Gopmyasl (1) Jerko HafiTH nepHoa

Takux Kosebanuit. IlockoabKy udactora (0=:Vg/R, TO Repuoj

T=2n/0=2n)/R/g, uto coBnajaeT C NepHoAOM OOpaleHus
CIYTHHKA MO HU3KOH KpyroBo# opbure.

Pasymeercsi, ocyuiecTBJ€HKE ONHCAHHOIO 3JeCh (baHTacTH-
YeCKOTO KOCMHYECKOIrO NPOEKTa JEKHT 3a NpejesnaMu TeXit-
yeCKHX BO3MOXHocTefi. Hp NpopsiTh TakoH TyHHENb uepes
neHTp 3eMJau, HU OTKauaTh U3 HEro BO3AYX, YTO COBEPIIEHHO
HeoO6XO0AHUMO JJid TOro, Yto0bl CBOOOAHOE NajaeHue PAaKerbl B
HeM HPOHCXORMJIO 6e3 CONPOTUBJEHNS, KOHEYHO, HEBO3MOKHO.
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Ho cama njes ucnosb30BaTh N0JE TATOTERUST A/ SKOHOMUH TOH-
JBa KOCMHYECKHX KopalJseli, HECOMHEHHO, RpeJCTaB/fAeT Hii-
Tepec. Hanpumep, B KocMHUECKOM NYTEINECTBHH 3a Npeielsl
Co/THeYHOH CHCTEMBI MOXKHO HCIIONL30BAThH NOJE TATOTEHHS OfI-
HOH M3 TAXKENBIX IJaHeT AJs NPeABApHTEJNLHOrO pasroHa H
BKJIOYATL JABHraTeau Kopalasd AJis COOOmeHus HeoOXOHMOro
uMnyabca B6AU3M 3TOH NJaHer. A

18. HameHenme opGutnl. B pesyisTaTe TpeHus B BepXHUX
CNOAX aTMOCQepEl MeXaHHuecKas 3Heprus CHyTHHKA 3eMiH
3a MHOT'O BUTKOB yMeHbiuiaach Ha 2 % . Op6uta cnyTHuka NpH
3TOM Kak Obia, TaK H ocranach

£tr) .
KpyroBo#l. Kak u3MeHHnHCh napa-
MeTphl OpOUTHI: paguyc r, CKo-
, pocTh v, nepHoa obpauenust T7?
: £l A B cucTeMme oTcuera, CBA3aH-
G rrdr Hol ¢ 3eMJiel1, MeXaHHUECKas SHep-
FolE ar " rua CryTHHKA L ecTb cymma ero
£ i KHHETHUECKOH 3HEePruH M NOTeH-

IIMAJIBLHON 3HEprHH B3anMOJeHCT-
BHa ¢ 3emiaeit (R — paanyc 3em-
Jan):

E— me®  mgR?

5 PR (h

Tak kak op6ura CNyTHHUKA KPyro-
Puc. 18.1. 3asucuMoctes Ku- Bas, TO €ro CKOPOCThb NOCTOSHHA U

HETHYECKOH, moTeHUHaNbNOR  CBsi3aHa C pajHycoM OpGUTHL COOT-
W 10JHOR 3uepPTUil ClYTUMKd  goreppeM
3emau o paauyca opGHTH

vi=gR¥/r, 2)

C nomotsio (2) BeipakeHHe Ans SHepTHH cnyThHKa (1) MokHO
NPEeNCTaBHTh B BHJE ngR®  mgR? meR®
E(r)=— P T PR &)
IMponanoctpupyem coornowenne (3) rpapudecku. Ha
puc. 18.1 moxasana 3aBHCHMOCTb NOTEHUHAIbHOH, KHHETHYE-
CKOl ¥ NOJHOH SHepr#i CIyTHHKA OT PajHyCa r KpyroBoi op-
Gutel. M3 pucynka BHAHO, YTO YBEJHYEHHE MeXaHHYECKOH
SHEPTHH CNYTHHKA NMPHBOAMT K YBEJINUEHHIO paHyca OpOUTH.
[TockoabKy npu HarueM BriGope HauaJa oTcyeTa NOTEHIHAAbHON
3HEPrHH NONHAs 3JHEPrusl CNYTHHKA BCerja OTPHUATENbHa,
OTHOCHTeNIbHO® HaMeHenne sueprud AE/E nonoxHTENbHO NpH
ee ymenbiiennn (AE<C0). Tak kaxk no ycaosuio mosHast suep-
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rus ymenbmmaace Ha 2 %, To AE/E NOJNOKHTENBHO U PaBHO-
0,02. CoorHotienne (3) mo3BoJisieT CBA3aTh H3MeHEHHE SHEp-
THH CHYTHHKa C H3MEHEeHHEM pajuyca opbuthbt Ar:

E(r_{_A,):___l_,”lg&_E(r)—l-AE 4)

[IpaByio yacth 3TOro Bhipamenusa npu Ar/r<&l npubaHKeHHO
MOXHO 3anlucaTth TaK:

1 mgR? ~ | mgR? Ar
—rrtam e (1= F)=EO (1= @
Cpasnupas (4) u (5), noayuaem

E+AE:E( ——A,L), e XM__2 __ 402

Paauyc op6urthl Takixke ymeublunicsa Ha 2 %,

M3MeHeHHe CKODOCTHM CNYTHHKa NPH H3MEHEHHM OPOHTHI
JIETKO BLIPA3HTDL Yepe3 H3MEHEHHEe PajHyCca OpOUTHI C 1OMOILbIO
coorHomenusa (2):

(v+-Av)*=gR¥/(r+Ar). (6)

[Tockonbky Av/u<l, J1€Bylo YacTb 3TOTO COOTHOIUEHHS IIPH-
O/iNAEeHI0 MOXKHO 3aNHCaTh B BHJC

Av\z Av
2 (1 +T> NUZ(I—'-QT)u
IIpeoGpasosas npaByio Yacth hopmyJbt (6) Tak xe, Kak U IpH
nepexozne or (4) K (5), nosyunm

(128) =2 (1)

OTKyla, yuuThiBas (2), Haxoaum
Av Ar _AE

Cxopoctb cniyTHuKa yBeanunaach Ha 1 % . O6parute puumatne,
YTO €J1a00€e TOPMOMKEHHE CITYTHHKA B BEDXHUX CJ0AX aTMOC(eph
NPHBOJNT K yBEAHYEHHIO er0 CKOpoCcTH!

Ocrasiocs HaHTH W3MeHeHHe nepHoaa obpauieHus, 1o Jer-
KO caenats, 3Has Ar/r u Av/v, mocKoOJBKY nepHoX CBSi3aH C
pPajHyCOM OpPGUTBI M CKOPOCTHIO CHYTHHKA COOTHOLIEHUEM
T=2nrlv. 3anucbiBas 3HayeHue NepHoJa oOpauleHns NpH H3-
MEHUBIINXCA pafnyce OpGHTBHI M CKOPOCTH CNYTHHKA:

T 4 AT =2x (r 4 Ar)/(v + Av),
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1 npeobpasys NpaByio wacTh NOAOGHO TOMY, KaK 3TC JieJ1a/10Ch

BLILE,
r(i4Arjn) ﬂ_AU
20 T Aojo) NT(H" v T)’
HAXOIHM
AT  Ar Ao 3AE
T = =g ——0.03

Tlepuon obpawmenns ymenbumics sa 3 %. A

19. 3neprus cnythuka. CnyTHUK ofipamaercd BOKDYr 3eM-
Jixt IO KpyroBoil opGute paauyca r. B kakoii nponopuhui co-
oOLIeHHAast eMY IIPH 3anycke 3Heprus pacHpeleluaach Mexly
IPUPAIIeHHSIME MOTEHUHANLHOR UM KUHETHUEeCKOH >3Heprui?
A KuHeTnuecKy 3HEPTHIO CNYTHHKA mu?/2, NBIKYIIErocs
N0 KPYroBoii opbute, yno0HO Bhipa3UTh Yepe3 pajgHyc OpOHTHI 7:

E.=mgR?/2r. (1)
Haxoasich Ha nosepxHOCTH 3eMM, CIYTHUK yke ofaajaeT
noreHnyanbuoi sHeprueii. Ecan, kak ofpluHo, BEIOpaTh HavyaJlo0

OTCHeTa NOTEHHMWAJNLHOH JUeprun Ha 68CKOH€'—IHOCTH, oTeH -
HaJibHas 3Heprusa CnyTHHKa Ha NOBEPXHOCTH 3eMau

Ey(R)=—mgR,
a NOTeHLMaNbHasl 3Heprus Ha oplute
E (r)y=—mgR>®r.

CnenoBatesbHO, NIPH BHIBOJE CNYTHHKA HA opbuTy emy Oblia
cooﬁmeﬂa NOTEHLI HAJbHAas SHEPrusa

E =E (r)—E,(R)=mgR (1—R/r). 2)
CocraBnsas orHowenue (1) u (2), HaxoauM
EJE.=2 (r—R)/R.
Ho r — R papHo BricoTe op6uThi /1 Hal NOBEPXHOCTLIO 3EMJIN.

Hrak,
E./E,=2HIR,

T. €. OTHOIeHHE COOOUIEHHOH TNOTEeHUHANbHOH 3JHeprud X
COOGIIEHHON KHHETHYecKOH MNpONOPLHOHANBLHO BBICOTE OpOU-
THl. A

20. BosppameHue ¢ opOutbl. KocMmuueckuit kopabib ABH-
JKeTes1 110 Kpyroso# op6ure. L1 nepexona Ha TpPaeKTOPHIO NpH-
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3eMJIEHHA KOpal/io CoOGWIAlT JAONOMHUTENBHYIO CKOPOCTS
Av BKMOUEHHEM TOPMO3HOrO JABHTATEN Ha KOPOTKOE BPEMS.
Pacemorpers 1Ba criocofa nepexofia Ha TPAGKTOPHIO NPH3EME-
fisi: 1) IONOJIHATEIbIIAS1 CKOPOCTh cOOGIAETCS B HaNpaB/AeHUH,
POTHBONOIOKHOM OPOHTANBHOR cKOpOCTH; 2) HONOMHUTENbHAR
CKOPOCTb COOOIIAETCS BEPTHKAMLHO BHM3, T. €. B Hanpab/e-

uui Ha weHTp 3eman. Kaxoll cliocof Buirosnee sueprernuecku?
HccaepoBar Takxke npefesb- pa—
0

HbIfl  cayyail BO3BpAIEHHS C
HH3KOIl KpYromo#l opOuTHI, Bbi-
coTa KOTOPOH A Hajl moBepXHOC-
THIO 3eMJIH MHOI'O MeHbIE pa-
aryca 3eman R (h<gR).
ACooBimeHHe JonO/NHUTeNb-
ot cxkopocTH Av  mepeBOAMT
Kopadab ¢ KPyrosoft opOUTHL HA
saaunrrdeckyo. Oaun u3 ¢o-
KyCOB 3.1JHICa, B COOTBETCTBUH

- -

c nepseiM 3akoHoMm Kemsepa, . W g du /
Haxoxurcs B uenrpe 3eman.llpu Y /
JdoM M3 crHocofoB nepexoja N S
Ha TPaeKTOPUID OpU3eMJICHUS R 7
TONOJINUTENLHAA CKOPOCTL G- ST

JET HauMEHbLIEH, ecid SMMMIC by 90.1. Bosmoxmuse Tpaek-
TOMLKO KaCaeTCA 3eMHOM MO-  ropuu cHMKeHHA C KPYroBoi
BEPXHOCTH (To‘mee — I'paHHlibl  opOUTL B TOYKY A Ha noBsepx-
IJIOTHBIX  CJI0eB  aTMocdepsi), HOCTH
a He nepecexaer ee. B camoMm
Jiese, IpH TAKOM yCJoBHH Tpedyercs HauMeHbIIee «HCKaXe-
1ue» nepsoHayasbioi Kpyrosoil tpaektopun. Ha puc. 20.1
BLIOpPAHHAS TOYKA NpH3eMieHust obo3HaueHa Gyksoit A. Ota
TOYKA fABJAAETCH MepUreeM IJAUNTHYCCKOH TPaCKTOPHM CIYCKa.

ITpu nepeom criocofe BKAWOUGHHE JABHTATE/IS H3MEHACT TO/b-
KO MOAY/b, HO He falipaBJjeHue ckopocTH. [losTomy B TOUKE,
riae cpabaThiBaeT TOPMO3HOI JBHTaTe/b, H HCXOAHASt KPYrosas,
H NOJydnBlUasica dJHNTHYECKas TPAeKTOPHA CNYCKa HMeoT
ofL1yI0 KacaTteabHYI0, HanPaBACHHYIO BI0JIb BEKTOpa CKOPOCTH.
I'nans na puc. 20.1, HerpyaHo cooOpa3uthb, 4To 3Ta TOYKA AB-
JIAETCA anoreeM JJJMNTHYECKON TPAEKTOPHH M, C/ICHOBATEb-
HO, JISKMT Ha NPOJOJUKEHHH NPSIMOH, NMpoXojsiwell uepes me-
pureit (touxy A) u peurp 3emsn.

[Tpu BTOpPOM Criocofe OMOJHHTE/IbHAST CKOPocTh Av €006-
[AeTC B HaNpaBleHHH, MepHeHAHKYJAPHOM KpyroBoH op-
Oute, M, c/1e10BaTe/bIO, MPU 3TOM H3MeHseTcs KakK MOJYyJb,
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T4K M HanpaBieHue opOHTanbHOI CKOPOCTH. JTO O3HAYaEeT, 4To
2/JIUNTHYECKAA TPAGKTOPHs CNYycKa Mepecekaer KPYyrosylo
opOuTy B TOUKE, rjie cpaGaTbiBaeT TOPMO3HOH jiBUrarTesb (Tod-
ka C na puc. 20.1).

Hasa onpenenenusi HeoGXOMUMOH JAOMOMHUTENBHON CKOPO-
¢TH Av B KamJioM H3 3THX C/y4aeB BOCHO/NB3YEMCHA 3aKOHOM
COXpaHeHUst 3HepPTUM M BTOPHIM 3akoHOM Kemepa, coraacHo
KOTODOMY 1IpH JBHXKEHHMH no opGuTe CEKTOpHAA CKOpPOCTb He-
U3MeHHA. Y PaBHEHHS, BbIpAXKAOMUE 3TH 3aKOHBI, ISt IEPBOTO
cnocoba MOXHO 3aNUCaTh B BHJIC

e o ®
nt R mgR, 0

rv= Ru,, (2)

rjae v=u,—Av; — cKOpocTh B amoree (B touke B puc. 20.1),
Uy — CKOpPOCTb Ha KpYrosoil oplure, r — pajuyc KpPYyroBon
opOuTH, U; — CKOPOCTH B TouKe npusemieHust A. [Toacrasasis
v; u3 (2) B (1) u neperpynnupoBLBast YaeHH!, NONYYHUM

ot (1— 45 ) =22 (1— %), &)

PaccmarpuBasi B J1€BOiT YacTH ypaBHeHUs (3) pasHocTb KBajpa-
10B (1—r?R?) xak npoussegenue (1-+r/R)(1—r/R) u cokpa-
11asi NPaBYIO U JIeBYI0 YactH Ha (1—r/R), nonyuaem

v ]/Qng 1
T VIR’

YuntsiBas, uro } gR*¥r ecTb cRopocTs KOpaGasi Ha KPYTOBOi
opOnTe vy, U NOACTABANS U=0,—Av;, HAXOJUM

Avl———vo(l—— ]/%) (4)

B caiyuae HU3KOH KpyroBoi opGutsl (A<€R) 3Ty TouHyl0o hop-
MyJay MOXKHO NpuOJMKEHHO 3anucarb B ojee NPOCTOM BHJe.
IlpeoGpasyeM Kopenb B NpaBoii yacTu (4), NOAETaBAASA BMECTO 1
cymMy pajuyca 3emsad R M BBICOTBI KpyroBoil opOuTH A

R

1
V TF7/R V1+(R+h 1/ 2-1/R VH-W ~
h
~ 1+h/4R~1—TR“
IloacraBasin 310 BHpamenue B ¢dopMmyay (4), nonydaem
Av,~v /4R, (5)
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[Tepeftiem K RaXOXACHMIO JOMOJNHHTENABHOH CKOPOCTH Ay,
[IpY BTOPOM cnocole nepexofa Ha TPAEKTOPHUIO NpH3EMACHUS.
[Ipexae Bcero 3ameTHM, YTO NpM COOOWECHUH KopalJ/iro AONoJa-
ItHTeNbHON CKOPOCTH B HaNpaBJACHUH HA LEHTP 3eMJIU ero cek-
TOPHAN CKOPOCTh HE H3MEHSIETCH, NO3TOMY B J06O# TOYKe
DMNTHYECKOH TPAEKTOPHH CNYCKA CeKTOPHAA CKOPOCTh GY-
JieT Takofi Xke, KaK W Ha NepBOHAYalbHON KPYroBoil opGure,
T. €. paBHO# rv,. 3anulieM 3To YC/IOBUE A TOYKH Npusemie-
1us A, CKOpocTh B KOTOPOH 0GO3HaYHM Uepe3 Uyt

rve=Ru,. (6)
Bmecre ¢ ypaBHeHHeM 3aKOHAa COXPAHEHUA SHEPTHH

3 | 42 3
m (U0‘2|“AU2)___ mgrR2 = m;2 —mgR 7

noAy4aeM CHCTEMY YpaBHCHHH OTHOCHTEABHO HEH3BECTHBIX
v; U Av,. B ypaBHeHuUu (7) yuTeHo, 4TO JONOMHHUTENbHAS CKO-.
poctb Av, nepneHAMKYASpHA CKOPOCTH HA KpyroBofl op6ure H
KBaJpaT pe3yapTHPYIOILEH CKOPOCTH onpeflessercs 1o teope-
me [Tudaropa (puc. 20.1). IMoxgcraBans v, u3 (6) B ypaBHenue
(7), yuurhiBast, 4To CKOpPOCTb Ha KPYroBo# opGute vo=l/gR2/r,
U BHIpaXkas Yepes v, nocjeiHee caaraeMoe B npasofi yacti (7),
nojsyyaem

r2 r
B+ AR—20 =18 = — 202

OW ’
OTKYZa
Avg———vg(—%-—Q%—}—l). )
Takum oGpazom,
r
Avg=vo(?—-l). )]
[Toacrasass B 3Ty dopMyny r=R-+h, noaydaem
Av,=v,h/R. (10)

CpasnuBas topmyJsl (5) u (10), HaxopuMm, YTO NPU HCHOIB30-
BaHHM IIEPBOro cilocofa nepexojia Ha TPAGKTOPHIO NpH3eM/e-
HUSI C HU3KOH KpyroBo# opOutsl (h<€R) HeobxoguMmas jgono-
HATENbHAA CKOpOCTh Av B 4 pasa Mewblue.

CkopocTs B TOuKe A, KOTOPYiO HEOGXOAMMO NOracHTh Aist
OCYILECTBJICHNS] MATKOH NOCAaNKH, IPH HCIOAB30OBAHUH NEPBOro
cnoco6a MEHpIIE. 3TO HENOCPEJACTBEHHO CJAENYET W3 3aKOoHA
COXpAHEHHST SHEPTHHM IIPH CPAaBHEHHH 3THX criocoboB. [ledcr-
BHTE/IBHO, TAK KaK M3MCHECHHS [OTCHUHAALHOH SHEPTHU OfH-
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RAaKOBB! NpH 00OHX CMocofax CNyCKa, TO KMHETHYECKas 3Hep-
rus B Touke A Gonblie B TOM caydae, B KOTOPOM OHa GoJibine
cpasy mnocsie cpabaTHiBaHMS TOPMO3HOro apurarens., Takum
0o0pas3oM, ¥ C 3TOH TOMKM 3PCHHUSI NepBbIH cnocol sBJsSeTCH
NpeAnodYTHTEAbHEIM. Bosee BbicOKad CKOpOCTh BXOjAa B IIOT-
HBIC CJIOH aTMOc(epsl, XapaKrepHad st BTOPOro crocofa,
npegpsaBaseT 06oJee  KecTKue

v Vo +Avf TpeGOBAHUA K TeNJIO3aIUTHOMY
”f S 4 sKkpany kopabas. [Ipeumymect-

Ba nepBoro cnocofa CTaHoBATCS

vy
i / COBCeM OYeBHJIHBIMH, €C/H Peyb
e /%;ﬂ UIET O TOCAJKE Ha JHIEHHYIO
o ””’” atMocdeprt I1aHeTy (HanpuMep,
77 na JIyny), rae ckopocrs nepef
’ / nocajkofi JO/KHA ObiTh nora-
sy IIEHA ABUTATENEM, '
d B kakoii Touke Kpyrosoil
] opOUTHI fo/KeH cpaborarh TOp-
r MO3HOii JBHraTeNb, 4TOOH NpH-
N 3eM/ICHHE NPOHU30LLIO B 3aaH-
4 noit Touke A ? [Tpu nepsom cro-
cobe CHMXKEHHS 3Ta TOYKA, KakK
_ MBI BHJIE/IH, JEKHUT Ha OPpAMOH,
v F npoxoasmeit yepes Touky A n
Puc. 20.2. K pacuery touxn UCHTP 3emsd (touka B Ha puc.

20.1). A RaK ©OpH BTOPOM Cno-
cobe? Ha puc. 20.1 touka C,
rge cpaGaTbiBaeT JiBUTATeb,
pacnojioxkena Ha npsaMoll, npoxojsilefi yepe3 ueHTp 3emau u
o6pasylomnieft NpsAMOH Yroa ¢ pajuycoM 3eMiH, NPOBeJeHHEM B
touky A. U 310 eficTBHTEABLHO TaK. Y OSIUTLCA B 3TOM MOXKIIO,
nanpuMep, C/AeIYIOMHM 06pa3oM.

Paccemorpum tpeyronsHuk COO’ na puc. 20.2, KoTopHil no-
aydaercsi, ecan Touky C coefiHUTb C (DOKYCaMH SJJIHIITHYE-
cxoft Tpaektopun O n O'. Coraacno nepsomy sakony Kenie-
pa doxyc O coBmajaeT ¢ HeHTPOM 3eMJH. BBYHCINM CTOPOHH
$ U d 3TOro TpeyroiAbHHKA, HCROJAB3YySl CBOMACTBA 3JJIMIITHYE-
CKOH OpGHTH, 1[0 KOTOPOH ABHKeTCs Kopalab nocjae cpaba-
TeiBaHKs jBuraressi. llpu sTOM oOKaxercs, 4TO d2-+r2==s?,
T. €. jajas TpeyroasHuka COO’ cnpasejnusa TeopeMa Ilndaro-
pa, M, C/lej0BaTe/NbHO, OH NPSMOYTOJBHBIM.

Cropona d, KaK BujHo u3 puc. 20.2, paBua pasHocTd r’ u

(11

cp abaTLIBaHHA TOPMO3HOTO ABH-
rarejs

d=r'—R.
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Cymma paccTofuuii oT MmoGoil TOUKHM 3JaHnca 10 GOKYCOB €CTh
NOCTOSIHHAA JAJAs JAaHHOTO 3JAJ4UNCA BEJAWUYMHA. leflpaBHHBaﬁ
CYMMBI paccTosHUi 10 ¢okycoB oT Todek C u E, nonyyaem

s+r=r'+R,
OTKyna
s=r'+R—r. (12)
Takrum o6pasom, Aa9 HAaXOXK/CHUS d U S HYKHO BbIIHC/AHTb
r’, T. €. paccTosiHue OT peHTpa 3emaH o anor>s 3/J..: Hde-
CKOH OpGUTHI. 3TO MOXKHO CJIe/iaTh, HCNOAb3YS 34 I0H COX aHe-

HUS IHEPTHH U NMOCTOSIHCTBO CEKTOPHOH CKOPOCTH. ' Upaniid-
Bas 3TH BeJauduHb! B Toukax C u E, noayuyaem

rvy=r'v’, (15)
m(vﬁ—;— Ady)  mgRe __mu?  mgR? (14)

r 2 r

[Mojcrasum B ypasrenue (14) v" u3 (13), Av, 43 (9) u 3amenum,
KaK M paHsllie, gR? Ha vyr. B pesyabrare moayuuM

r 2 r 2
(f=1)=(1=%)" (%)
3ro KBajpaTHOE ypaBHeHue st r’ HmeeT iBa Kopasi. OJUH KO-
peub r'=R cooTBercTByer nepurewd opGuThHl, T.e. Toyke A.
JToT KOpeHb NOABASETCA NOTOMY, YTO NpaBas 4acTh ypaBHe-
Hus (13) nmeer ofMHAKOBHIA BUJ U A5t anores, U jijis nepures,

a ypasnenue (14) copaseminBO [/ BCeX TOYEK TPAEKTOPHH.
Bropoit kopenb

r'=Rr/(2R—r) (16)

COOTBETCTBYET HCKOMOMY PAacCTOSIHHIO [0 arores.

Tenepn ocraercss ToAbKO noacTaButh r’ u3 (16) B popmynl
(1) u (12) n yGemutbesi, uto d2-r?=s?,

Casps Ha puc. 20.1, nerko cooGpasuth, YTO A% HH3KOMH
KpYroBOH OpPOHTHI, KOTJa 3JUNTHYECKHE TPACKTOPUU CIYCKA
Majo OTJAMYAIOTCR OT KPYToBOH, BO3BpaileHHe HA 3emuio [0
nepBOMYy Cnocofy 3aHUMaeT npHUOIK3UTENBHO IOJOBHHY 060-
pora BOKDYT 3eM/H, a NG BTOPOMY CNOCOBY — UYeTBepTh.

B sak/ouenne cpenaeM caejpyioniee 3ameyanue. Ilpu Ha-
XOX/E€HHH JI00aBOYHOH CKOPOCTH AU, MBI B3fJIH TOJNLKO N[OJO-
AHUTEJbHBIH KOpeHb ypaBHeHus (8). A umeeT M dusnyecKHi
CMbICJI OTPHIATeNAbHHIA KOpeHb 3TOro ypaBHEHHS

Avy=—v,(r/R—1)? (17)
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38aKk MHBYC Nepel TUM BHIPAKEHHEM MOXKET 03HAYaTh. TONBKO
TO; UTO 3714 JA00aBOYHAs1 CKOPOCThL HAaNpaBAeHa HE K LEHTPY
3emau, a B NPOTHBONOJOKHOM HanpaBJeHUH — OT LEHTPa
3eman. Kakas npu s1oM noayuutcs tpaektopusi? Mmeer ju
OHa KaKoe-q1u0O OTHOLIEHME K peluaemoil sajave, T.e. K Ha-
XOXKJEHHIO TPACKTOPHHM CHHKEHHUSN?

Barasinem ee pas na puc. 20.1. danunc, coorBeTcTBYIOLKIT
BTOPOMY €NOCO0Y CHUMEHUs, TePeceKaercsl ¢ HCXORHGH Kpyro-

Y2 Puc. 20.3. Cunenne Kopat-

s B Touky A BO3IMOXHO

npH COOCLIEHHH €MY B TOYKe

D nMnyfbca, HanpapaenHoro
oT HeHTpa 3emau

BoOli op6uTOli KopaGns gBaxjel: B Toukax C u D. Vs cummerpun
PHCYHKA SICHO, YTO MOJAYJ/IM CKOPOCTEH Ha 3JJIMNTHYECKOH op-
6ure B Toukax C u D opguuakoBel. Eciu pasioXuTbh cKOpoCTH
B 5THX TOYKaX HA COCTABASAIONIKE 10 JIByM B3aUMHO nepnexn-
JUKYJIADHHIM HaNpapjeHHAM — BJOAbL KPYTOBOH  TpaeKro-
PHH M BJO/b HANPABJIEHUSt HA LEHTp 3eMAH,— TO, KaK SICHO
u3 puc. 20.3, COOTBETCTBYIOIUHE COCTABSIOLINE CKOPOCTH Oy YT
OXHHAKOBE N0 Moay.io. [TosToMy ecin Kopal/io B TOT MOMEHT,
Korjga OH NpOXoAuT yeped Touky D Kpyropoi OpOHTEI, CO0G-
IATE J00ABOMHYID CKOpocTh Av,, HampaBACHHYIO O pagnycy
oT neurpa 3emau (T. €. BePTHKA/ILHO BBEPX!), TO KOpali1b cHA-
yasa 6yger yAAJAATLCH OT 3eM/H 10 3JMKNTHYCCKOH TpaeKkTo-
pHH, HO NOTOM, ABHTAsick 1O HEH, BCE PaBHO NpHIET B TOY-
Ky A.
Ypasuenue (8) umeer Kopeub (17), cooTBeTCTBYWOUMH STOMY
cay4aw. IT0 H HE YAMBUTENBHO: KAK 3aKOH COXPaHeHUs 3Hep-
rud (7), TaK W 3aKOH IOCTOSIHCTBA CEKTOPHOH cKopocTH (6)
MMEIOT OJIUH H TOT € BH/I He3aBHCHMO OT TOrO, HanpaB/eHa JH
npoBaBounasi CKopocth Avg K UEHTPY WM OT UeHTpa 3emJd.
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B ciyuae Hu3KOl KPyroBoii op6uThl Bo3BpaweHue Ha 3eM-
JUO 1Mo TakoMy HegObMHOMY cnocofy 3aiiMer, Kak STO BU/IHO
u3 puc. 20.3, npu6AU3UTENbHO TPU YeTBEPTH 06GOpOTAa BOKPYT
3emnn. A

21. Mereopur. Ha Kakoil yron M3MeHHTCA HanpasiaeHne
CKOPOCTH IIPOJICTAIOMIET0 MHMO 3eMJH METEOpHTa mOoJ jaefict-
BHEeM 3eMHOro npuTsxeHus? CKOPOCTbh METEeopHUTa Ha GOMBILIOM
pacCTosiHHK OT 3eMAu Uy, NPHLENbHOE paccTosiuye [.

A KauyecTBeHHO XapaKTep 3aBHCUMOCTH YIVIa OTKJOHEHUS
METEOPHTA OT CKOPOCTH U, U NPUIEIBbHOTO paccTostius [, T. €.
paccTOSIHUA OT LEeHTpa 3eM-
J¥, Ha KOTOpPOM IpoJeren
Obl METeopHuT, ecnH Obl He
Obl10 3€MHOrO NPUTAXKEHUS
(puc. 21.1), moxHO ycTaHO-
BHTb CPa3y: INPH 3aJaHHOI
CKOPOCTH Up 3TOT YFroJ TeM
Mmenble, yeM Goabire /. 370
ICHO, TAK KaK Ha MpoJeralo-
muii Ha GosbUIOM pPaccTof-
HHH MeTeoput ocnabeBalo-
ee ¢ paccTOsIHUEM 3eMHOe
NPUTSKEHNE BAaHseT c1abo.
ITpu 3aganHom ! yrosa oTk/a0-
HEeHUS TEeM MeHblIe, ueM
GoJiblle CKOPOCTb Uy. B ca-

MoM fiene, Tnpn Goabuwoi Puc. 21.1. T'mnepGoanyeckas Tpa-

CKOpOCTH  BpEMA  NIIPOJE-  exropus modera MereopHTa BG.IU-
Ta Maja0 u CcUaa 3eMHOro 34 3eman

TATOTEHHSI HE YCNEBAeT Bbl-
3BaTb  3aMeTHOTO HCKPUBJEHUA TPaeKTOPHM METEODHTA.
Jlasi nonydeHusi KOJAMYECTBEHHOTO De3yJbTara HEoOXOHMO
MCNOMb30BATh HEKOTOpLIE CBOHCTBA rHnepOOIHYeCKOll Tpaek-
TOPHH, 110 KOTOPOH ABMKETCS METEOPHUT, €CM OH NPHXOIHT K
3emse u3 GeckoHeuHocTH. ['HmepGosia — 370 reoMeTpHdecKoe
MECTO TOYeK, Pa3HOCTh PAcCTOAHMH O KOTOPHX OT ABYX 3a-
pauubix touek O u O, naspiBaeMbIX (OKyCaMH, MOCTOSIHHA:
ri—rs=const (puc. 21.1). Onun u3 gokycoB runepGoas O cos-
najaer ¢ ueHTpoM 3eman, BTopo#i ¢okyc O JeXuT Ha NpSMOH,
npoxonsuiell 49epe3 ueHrp 3eman ¥ OGmmxkafmylo K IEHTPY
Touky A tpaektopuu. Ha GeckoHeuHo GosIbIIMX PACCTOAHHMAX
ot 3ema Kak npu ApuGAMKeHHH, TaK M NPU yIameHHH CKO-
pPOCTh METEOPHTA HANpaBAeHa N0 AacHMNTOTaM THIEpOOJH,
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T. €. 33/]a4a COCTOMT B HAXOXKJEHMH yraa 8 mexpy acumarota-
M. Touka nepeceueHus: acUMITOT JIRKHUT NOCPeUHE MeXKAY o-
KyCaMH.

[TpupaBusieM pasunoctu paccrosuuii or dorycos O u 0’
Jio GecKoHeuno ypanenHoi touku (0O'B na puc. 21.1) n go 6Ju-

Kafwed K uentpy 3emsn Touky (A napuc. 21.1). M3 tpeyroas-
uuka O0'B maxogum

’ , 2l
0'B=21g 6/2), 00'= T

Pasnocts pacerosinuit or GokycoB no Toukuy A pasHa
AO0'—A0=(00"—A0)—A0.

OGosnayum uepes r paccrosune AO oT uentpa 3eman Jo 64u-
Kafmel Touyku TpaekTopuu. Tenepb ycaoBHE paBeHCTBA pai-

HOCTH PacCTOAHUE A0 BLIGPAHHBIX TOMEK MOXKHO 3amHcaTb B
BHJiE

2 tg (6/2) = — 2 —9r.

[lepenocs 2r B seByI0 yacTb, BO3BOJA o0€ 4acTH B KBajpar M
HCnoab3ys ToxkAecTBO 1/cos? a=1-tg?e, nonyuaem

g (0/2) =L (1)

[Ipu 3anannoM npuueabHoM paccrosiuuu [ paccTosiHue r
JO OAmKadmedr K UeHTPY 3eMad TOYKH TPACKTOPHH 3aBUCHT
OT CKOPOCTH U, Ha OeCKOHEYHOCTH. sl TOro 4To6bl HCKIIOYHTD

r us dopmyan (1), Bocnoab3yemcsl 3aKOHOM COXpaHEHHS Hep-
THH

2
muy  mv?  mgR?

o= Ty, @)

(v — cropocTb Meteopura B Touke A, R — pajnyc 3eman) u
BTOpPBHIM 3akonoM Kensepa, KOTOpBIH UpH ABHKEHHH B LIEHT-
PANLHOM TOJE COPaBeliuB H A Pa30OMKHYTHIX TPaeKTOPUM:

lvy = ru. 3)

[TpaBas wacTb 3TOr0 paBeHcTBa OYEBHAHA, MOCKOJALKY B OJH-
®afimelt K 3emsie TOUKe TpaeKTOpHH A BEKTOp CKODOCTH @
nepneHguKyaspen paguycy 3eman. Jlesas wacts sTOro pa-
BEHCTBA CTAHOBUTCS OYEBUAHOM, €CJAM focMoTperh Ha puc.21.2.

M3 3akona coxpaHelins auepruu (2} u Qopmyasl (3) Jerko
HaXOJuM

(i—r*)/r = 2gR/ui,
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yto nocsae nojcranosku B (1) paer
tg (0/2) = gRYIv}. (4)

Ara GopMyaa pellaeT NOCTAaBACHHYIO 3a[a4y: ONpPefessieT yro
OTKJIOHEHHs METEOpHTA B 3aBHCHMOCTH OT NPHUENLHOTO pac-
CTOANNHS M CKOpoCTH Ha GeckoHeunocTd. ¥Yroa 6/2 moHoronHo
Bo3pacTtaeT ot O 10 71/2 npu yMeHbIUEHUE NpousBenenus v}
or oo o 0, yto corsiacyercs ¢ IpUBejeH-
HBIMH BBIIE KayecTBeHHBIME CooOpaxe-
HU MU,

Tlpu pelieHrn 3agadu MBl Npejno-
Jaarafiy, 4To TPaeKTOPHSI MeTeopuTa He
3ajgeBaer 3emJo, YpaBHeHus (2) u (3)
NO3BOJISIIOT HAHTH YCJOBHE, KOTOPOMY
JIOMKHBl  YJIOBJIRTBOPATL  NPHLEAbHOE
paccrosiiie | M CKOpPOCTH MeTeOpHTa
Ha 6eCKOHeYHOCTH Uy, UTOOBI 3TO AEHCT-
BuTe/IbHO OO TaKk. [lomaras B sTux
ypaBHEHHSIX MHHUMaJbHOE DAacCTOsHHE
r J0 leHTpa 3eMay pPaBHEM DajyCy
3emay R W HCKA0YAs U3 HUX U, HAXOLHUM

lmin = R Vl + QgR/v§°
HpH MEHBLINX 3HaYEHHAX NPHLEJBHOrO

PACCTOSHUST METEODUT YHAJeT Ha 3emJuo.

PaceMoTpum  Hekoropbie  uacrupie  DHC. 21.2. Tpumere-
HHE BTOPOro 3aKoHa
caydau.

KenJepa x runep6o/n-
1. HaunGonsbinee snadeHue yraa otT- yecKoil opbure

KaoHenusi 0., mnoayuaerca u3 (4) npu

HauMeHbLIeM BO3MOMHOM (IIDH 331aHHOH CKOPOCTH U,) 3HAYE-
HMH  TPULIEAbHOTO  PACCTOSHHA [y, BHpPaXKEHHE AIsd
KOTOPOTO MOMHO [epenucaTb HEeCKOJbLKO HHaye, BOCNOJab30-
BaBLIMCb TeM, YTO 2gR paBHO KBajApaTy BTOPOH KOCMHYECKOMH
CKOPOCTH ¥y

Lin=R Vl + (vy/v0)?

(!min ¥ O42x COOTBETCTBYIOT TPACKTOPHH, MOMTH Kacawiueics
semuoro mapa). Takum ofpaszom,

{v11/v0)?
T e— =, 5
2V T+ (on/vg)? ©)

Ecau ckopocTb Ha GecKOHEUHOCTH MaJfia 10 CPaBHEHUIO CO BTO-
pOH KOCMUYECKOH CKOPOCTbIO: Uy&Y;, TO B 3HaMmenarene (b)

0,05 = 2 arcty
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Il KOPHEM MOXHO TpeHeOpedr EAHHHICH!
Omax =~ 2 arctg (vy/20,),

T. €. Oy, — 7 npu v,/v;, — 0: Npu Manoi HavyanbHOH CKO-
pocTH M HajJeXaimeM BHOOpe ee HanpasieHHs (T. €. TAaKOM,
YTOOBI METCOPHT BCE-TAKH TNpoLIea MHMO 3eMJH) HalpasieHue
‘CKOpPOCTH METeOpHTa moce ofnera 3eMIU U3+
MEHUTCHA NPAKTHYCCKH HA NPOTHBONOJIOKHOE.

2. Yron oTkIOHEHHS MereopuTa OYAET
Masl, KaKk BHAHO H3 (4), nNpH BHINOIHEHHH
HepaBecrBa gRYI3Kl. B stom cayuae .B
(4) TauTeHC MOXKHO 3aMeHUTbH €ro aprymeH:
TOM:

0 ~ 2gR?/lvi. 6)

IIpaBas uactb 3TOro BHIp &XXEHUS NPeACTaBJIf-
er cofoH OTHOIIEHHE a0COMIOTHOH BesUYHHbL
NOTeHUMANbHOH 3HEPrUM MeTeopHuTa Ha pac-
ctosiiuu [ or uentpa 3emsau mgR?*/[ # ero Ku-
HeTHYeCKOH SHEPruy Ha GeCKOHeMHOCTH mua/2.
HMuTtepecHo OTMETHTb, YTO NPHUGAMKEHHEIH
pe3yJjbTar (6) A OTKJIOHEHHS HA MaJbiil
yroJl ¢ TOYHOCTBI A0 YHCJAOBOIO MHOMKUTEIS
nopAaKa €IUHMLbLI MOXKHO HOJNYYHTh COBEp-
Pc. 21.3, K . UGHHO S7eMeHTapHO. Pacemorpum  oTHOCS-
uncaenuio mano- MHMACA K 3TOMy caydaio puc. 21.3. I'py6o
royriaorkaone- MOXKHO CHUTATh, YTO B3aHMOJCUCTBHEC METCO-
HUs  MeTeOpATa  pHTA C 3emnei CYIIECTBEHHO TOJAbKO Ha GJu-
Kafimem K 3emse yyacrke Tpaexropuu AB
IVIMHOH nopsjKka [: Apyrue yyacTKH MOUTH
OpAMOJUHEHHE, TAK KAaK TaM CRJA 3€MHOrO NPUTSXKEeHus
IpaKTHYECKH napaj/iensHa cKopocT Mmereopura. B pace
CMATPHBAEMOM JIBHJKEHMH MOMYJb CKOPOCTY NpPaKTHYECKU
He U3MEHSIeTCS! ¥ POJOIKUTEAbHOCTE ASHCTBUS CHJB 3€MHOI0
TATOTCHMSI Ha METEOPUT MOXKHO TNPUHATHL paBhoil Af=lfv,,
Cusly npuGauKenHo MOXKHO NOJOXKHTL paBHoil mgR?/[2. Ta-
KiM 0GpasoM, npUpameHue uMnyabca mereopura Ap B Hanpas-
JICHUH, TepneHauKyJAspHOM HaNpaB/ACHUIO €ro JABHIKEHHH, CO-
CTaB/AsieT N0 NOPHAAKY B HHBI
Ap=FAt~mgR* lv,.
Ortciofa A/ yria oTK/AOHeHHs1 0 Jerko HONy4YUTh
dp _ Ap _ gR®

O —~=—L 5
p mu, on

A
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22, PaccessinHe ©@-MacTHU. ©-YacTHlla, JieteBlIas cO CKO-
POCTBIO Uy, YNPYro paccenBaeTcsl Ha HEMNOIBIKHOM sfpe U
u3MeHsieT Hanpassienne npmxkenus na 90°. Onpeneants CKo-
pocTh sjpa nocae ynapa.

A CronKHOBEHNE O-4acTHLBI C AJPOM MOXKKHO paccMaTpH-
BaTb Kak abcoJIoTHO YNPyrui yjaap, IPH KOTOPOM BHINOJIHA-
IOTCSI 3@KOHBI COXPaHEHHs] HepruH M umnyasca. Ilyers m H

/]]v ~
\\\
\\
~
~
Puc. 22.1. CoxpaHenne nMInyJsca npn V744 RO
paccesHUH Q-9acCTHNH Ha NpsAMOH yroa S My
HENOABHKHLM SAPOM ¢ :

f

}

l 2

vl 4

M — Macch a-uacTulibl B 11pa, a2 ¥ 1 V — UX CKOpPOCTH nocae
CTONKHOBEHHs . Torja 3aKOHLl COXPaHEHUS] SHEPTHU U HMNYJib-
ca 3anyuceBalOTCS B BHJe

mug  mut . MV? 1
z =7 T 1)
mo,=mo -+ MV. (2)

PaBencrBy (2) cooTBeTcTBYET napaJjjenorpaMM HMIYJLCOB Ha
puc. 22.1. Tak Kak no yc/l10BHIO &-yacTula paccessack ha 90°,
TO TPEYTONBHUKH Ha 3TOM PHCYHKe npsiMoyro/bHbeie. Hanpas-
JICHHE JIBUKEHHS f/ipa Nocje yjAapa cOCTaBJAseT HEKOTOPhI
yroll ¢ ¢ neppoHauaJbHhIM HanpaB/JEHHEM JIBHXKEHUf o-uac-
taubl, M3 puc. 22.1 Buano, uto

tg ¢=0/v,. @)

,H,Jlﬂ HaxXO0XK/A€HH1s CKOPOCTH a-4yaCcTULhbI U s1/ipa nocJje yaapa
NpYMEHUM K IIPAMOYIOJbBHOMY TPeYToJbHHKY Ha puc. 22.1
teopeMy IlIndaropa:

M2V2 = m? (v§ - v). 4)

IMoncrasnsas orciona V? B ypaBHEHHE 3aKOHA COXPaHEHUS SHEP-
run (1), noayuaem
M—m
2
V=] - T (5)
TNoacrarnas sto sHayeHue v? B paBeHCTBO (4), Haxoaum
m2

2
V==v?,——————M(M+m). (6)
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Beipasenue (3) aas tg ¢ ¢ yyerom (5) nprauMaer Bug

M— "
go- ) G )

N3 tdopmyast (5) uau (7) BUAHO, YTO pacceaHye o-4acTHUb!
na 90° npu CTOJKHOBEHHH C HENOABHMKHbLIM AAPOM BOZMOMCHO
TOILKO B TOM CJy4ae, KOTAA €€ Macca MeRble Macchl siApa:
m<<M. YciaoBre safiayd He MOXeT ObITh BhINOJIHEHO, €CJIH O-
YaCTHLBI PACCEHBAIOTCA HAa AAPaX BONOpOAa, AedTepHsA, TPH-
TUA HJU Tesud.

Hecmotps Ha To 4To paccMOTpeHHBIH NPOLECC MbI Ha3biBaeM
y/iapoM, B nefiCTBUTEILHOCTH O-YACTHIA MOXKET H HE [IPHXORUTH

Puc. 22.2. ['unepbosnyeckue Tpack-
TOPHH @-YacTHO B KYJOHOBCKOM HoJje

& AApa

B HeNocpeACTBEHHOe CONpHKocHOBeHHne ¢ azpoM. Ha naneramo-
II(YIO 0L-4ACTHILY CO CTOPOHH S1Apa AeHCTBYeT KY/JIOHOBCKAS CHJla
OTTAJKUBAHHKA, TaK YTO TPAEKTODHUS O.-UaCTHUBI NpencTaBaser
coBoit runepGoay (puc. 22.2). Bamxe Becero e-uacthna nogxoaut
K AJpy NpH LEHTPaJbHOM YAape, B pe3y/ibTaTe KOTOPOre OHA
paccenBaercs Hasaj. Jlas Toro 4robnl OUEHHTb NG NOPSAAKY
BeJIMUMHEB] HauMeHbllee paccTosHte ry, Ha KOTOPOe G-yacTHUA
MOMET NPHOIH3UTBLCS K aA1py, OYAeM cuuTath, 4TO SIIPO OCTa-
€TCA HenojBHXKHAEIM, H NpUpPABHAEM NE€PBOHAUANBHYIO KUHETH-
YECKYIO SHEPIHI0 o-4acTHIB K NOTEeHUUAJAbHON 3HePruH cHcTe-
Mbl B MOMEHT OCTAaHOBKH OL-UaCTHIIbI:

mu%___ 1 2Z¢2 8
2 4ne, ry ! )

rie Ze — 3apsa sApa. Eciu cKOPoCcTh HaJeTalomeH a-uacTHib
TAKOBA, YTO BhIUHCJEHHOe N0 dopMy.Je (8) 3HaueHHe 1, OKaxer-
cs1 Gosblue pasmepa siapa R 107 cM, 10 B npouecce CTOJIKHO-
BEHHSI ¢ AJ[POM Ha %-4acTHIY AeHCTBYET TOJbKO KyJOHOBCKas
cusia, a KOPOTKOJEHCTBYIOILHE ANEPHKIE CHJBL HE HrpaloT HH-
Kako# poJH.
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Ecau B dopmyne (8) nonoxuth r, PaBHHIM pannycy aefict-
BHS ABEPHBIX cua RA2 10718 cM, TO MOXKHO ONEHHTH MaKCHMaJb-
HYIO CKOPOCTh (WM 3HEPIHIO) G-YacTHUBI, NPH KOTOPOH oHa
eille YNpYyro paccedBaercsi Ha siipe, He U3MeHAs €ro BHYTpeH-
nero cocronuus, Tak, npu Z nopsaiaka 80 (y sosora, HCNONB30-
BaBllerocss B onutax Pesepdopaa, Z=79) sra ckopocrs co-
crapasier npumepro 10° M/c. [Ipu stom 6aaroiaps ToMmy, uTO
CHJIBI KYJOHOBCKOI'O B3aWMOJIEHCTBUS SIBAAIOTCS NOTEHIHab-
HBIMH, MeXaHHYecKast SHeprus cHCTeMbI coxpansierca. B pe-
3yJapTaTe Mojeab alCOMIOTHOrO YNpYroro yjapa ajneKkBaTHo
OTMCHIBAET paccesiHye, XOTH yAapa B MeXaHHUeCKOM CMEICJie
i€ MPOHCXOIHUT.

Kuneruueckyio nepruio, npuobpeTaeMyio- aipoM npu pac-
CEIHMH OL-YacTHUB Ha NpAMOH yroa, Hcnoab3ys dopmyay (6),
MOKHO 3allcaTh B BHJE

MV?  muy  2m

2" =" Mim: ®

OGparum BHMMaHWe Ha TO, YTO NepejaBsaeMas APy NPH CTOJ-
KHOBEHHH 3SHEpPrHsl COCTaBJfeT HUUTOXKHYIO 4acrh NepBoHa-
ya/bHOH SHEPTHH o-4acTULbl, €CJAM €T0 Macca MHOro Gonpiie
Macchl o-4acTHlbl: M3>m. DTOT BHIBOA, NONyUYeHHBIH A5
YacTHOTO CJyyas paccesuyus Ha NPAMOR yroJ, ocraercs clipa-
BeJVIMBRIM H B 0O0lUeM cJyyae paccesiHusi Ha Jio0ble YIJIbl.

[Tpu nosnyuenuu coornowesns (9) ucnonb3oBaluch TOABKO
3aKoHbl coxpaneHus. IlosToMy BBIBOA o TOM, YTO JierkKas 4ac-
THLA TIPH YNPYTOM CTOJIKHOBEHHH € TsHKeJOH yacTHueHR Moxker
nepenarb €i JHIIbL HE3HAUNTENbHYIO YACTb CBOCH KHHETHYECKOH
SHeprHy, fABJAAETCs YHUBEPCaJbHBIM H NDHUMEHMM, B YacT-
HOCTH, K YOPYTHM CTOJIKHOBEHMSIM 3JIeKTPOHOB € HOHaMmu H
HefiTpaJbHLIMH aToMaMy B I1asMe. DTO NPHBOJNT K HHTepec-
HbIM OCODEHHOCTAM B CBOHCTBaX MNJa3MHI.

PaccMmorpuM, RanpuMmep, Takoi ONKIT: B IJIasMy BIPBICKH-
BaeTcsl NYYoK OLICTPHIX 3/1ekTpoHoB. [locne Toro Kak azaekTpo-
Hh HYYKa HCIBITAIOT XOTS OBl 110 OJIHOMY CTOJKHOBEHHIO ¢
MOHaMU WM aTOMaMM, HanpaBJeHHBIH XapakTep JBHXKEHUA
3/JeKTPOHOB OyJleT NOJHOCThIO yTpaueH, [lpousoiiner noauad
XaoTH3alHsA pacnpejeneHna 3JeKTPOHOB IO HaNpaBJeHHIo
ckopocty. Ho Kax bl 3/1eKTpoH Jo/KeH HCIBITaTh OueHp Milo-
To CTOKHOBEHHH C TSDKE/NbIMH YacTHLAMM, NpEXKJe Y4eM npo-
H30MeT BbIpaBHMBAaHWE CPeAHHX 3HAYEHMH KHHETHUEeCKHX
IHEPTH#l JIETKHX ¥ TAXKeNBX YacThll. B peayabrare B Teuehne
JIOBOJILHO G0JIBIIOTO NIPOMEXYTKa BPEMEHH SJEKTPOHB! H HOMbBI
B naa3Me OyayT HaxojuThCs Kak OBl NPH pasuuIX Temnepary-
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pax. XOTS 3JEKTPOHBI H HOHhl HAXOASTCA B OJIHOM M TOM e
00BeMe, NOJNHOCTLIO NepeMellialsl 1 Bce BpeMs CTasIKHBAIOTCA
ApYT C APYIOM, OHH BejayT ce0s Kak JBe pasnnie, HOYTH U30JH-
poBaHHBIE JPYT OT Apyra TePMOJHaAMUYECKHE CHCTEMbI, MEX-
Jly KOTOPBIMH NOUTH HeT TellicoOMeHa! A

23. Croaknosenme mapa ¢ kauHoM. [llap maccwt m, JiereB-
Wi FOPH3OHTANBHO CO CKOPOCTBIO ¥, Nocje abCOMOTHO Yri-
PYroro yjapa O HakJOHHYIO NOBEPXHOCTh KJAHHA OTCKaKUBa-
eT BepTHKa/abHO BBepX (puc. 23.1). Kaun Macent M crout ua
IV1aJIKOH TOpPH30HTANLHON NOBEPXHOCTH H Noc/Ie YAapa CKOJbL-
3WUT Mo 5ToH noBepxuoctH. Ha Kakyio BHCOTY NOACKOUHT 1wap?

e

Puc. 23.1. Yzap mapa 0 HaKJOHHYIO
% NOBEPXHOCTH KJIKHA
| D
L IO e

A Bricora h noppeMa wapa HajJ TOYKOH, B KOTOPO# Ipouc-
XOINT yJap, onpenesnsercs BEPTHKaJbHOH CKOPOCTBIO Uy,
npuoSperaeMoil wiapoM B pesyabTaTe yiapa:

h=v%/2g.

ITosToMy pelueHue 3ajayn CBOJMTCA K HAXOMIEHHUIO 3TOH CKO-
poctn v;.

PaccmoTpuM cHayana npefenbHBIH caydyad, Korja Macca
KJMHA MHOro GoJblle Macchl Wwapa: M>>m. $IcHo, 4To MaccHB-
HB K/IYH NIPAKTHUeCKM He CJBUHETCS ¢ MecTa NpH yjape Jer-
KOro luapa, T. €. KJWH MOXXHO CUMTaTh CKpENJIEHHBIM ¢ Tropu-
30HTaJbHON TNoBepxHOCThIO. UTOGH INap JefiCTBHTEJNBHO OT-
CKOYHJ1 BBBEDX, HakJoHHas rpaHb KJWHa B 3TOM cJayuae J0/IK-
ta 06pa3oBLIBaTL yrod ii/4 ¢ ropusodtoM. Tak KaK Mo yCIOBHIO
yzap 1uapa o KaupH a0coJlIIoTHO ynpyrHui, CKOpOCTh Ii1apa uaMe-
HfieTCST TOIBKO N0 HamNpaB/ieHHio, OCTaBasACh HEU3MEHHOH Mo
Mony.io: v, =0, CaefoBatenbio, h=uv¥/2g.

A uro GyseT, ec/y Macca KJMHA cpaBHMMa C Maccodl wapar

[lonpofiyeM npumenurh 3aKOHBI COXpAHEHMA HMHYJbCA H
BHeprHM, CYWTas, 4To IPH yjgape B3auMmojelfcTBHe apa C
KJMHOM H B3auMojeficTBue K/MHA C TOPH3OHTAJbHOH NOBEpPX-
1I0CTBEO NIPOUCXOAAT MIHOBEHHO H oxHoBpeMeHHo. [lo ycnoBmio
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MEXIY KJUHOM H HOBEpPXHOCTBIO, HAa KOTOpOIi OH JIeXHT, Tpe-
1He orcyTcTByer. [losToMy mpoeKuusl 3aKoHa COXPaHeHMS M-
Ny/1bCa HA FOpH3OHTA/IbHOE HalipaBJeHHe 3aNHChIBAETCS B BHIE

myv=MV, (H

rie V — ropusonTanbHasi COCTaBJIALIAN CKOPOCTH KJAMHA
rocje ygapa. Jdas Toro utoOwm 3anucaTe NPOEKUMIO 3aKOlla
cOXpaHeHusl MIMOyJ/bca HA BepTUKAJbHOE HalpaBJeHye, HYXKHO
Y4eCTh, UTO NIPH YAape KJAHH B3anMOZefiCTBYeT C NOBEPXHOCThLIO,
T. e. ¢ 3emieii:

my, =(M-+Mz)V;. @

B srom Bmipaxeunu ¥V, — BepTHKa/jbHasg CKOPOCTb KJ/HHA H
3emau nocie yrapa, M; — macca 3emau.

K ypaesenusawm (1) u (2) noGaBnuM 3akoH coxpaﬂemm suep-
THY TIPH YIPYroM yaape:

mu*  mui , MV® | (M4-M3) Vi ”
5T Ty T T -+ ) . (3)

[Tocnemuum ciaraembIM B NpaBoi yacTy ypaBHenus (3), Koro-
pOe CONEPKHT KHHETHYECKYIO 3HEPTHi0 3eM/H, ApHOOpEeTeH-
HYiO B pe3y/bTaTe yjapa, MOXHO NpeHedpeub H3-3a GOMbLIIOH
Maceol 3eman., UToObt yOENHTBCSI B 3TOM, BBIPa3UM CKOPOCTH
V. u3 ypasuenus (2) u noacrasus B (3). Toraa nocnenuuit uneu
B (3) NpHHUMAeT BUA

(M+M3)Vf . mvi m 4
2 T2 MM ()

Taxk kak orHouwenne m/(M+Ms3)<l, To, Kark Buiuo us (4),
niepegaBaeMas 3em/ae KHHeTuYeckas >Sneprus NpeHeGpexuMo
maja.

Bripakasi Teneps TOPH3OHTAIBHYIO CKOpocTb KauHa V
u3 ypaBHeuna (l) u noacraBasa B ypaBHenue (3), B KoTopoM
oTOpOIleH MOCJAEAHHUIT YJeH, HaXoA¥M HHTEPeCcyiollyl Hac
BepPTHKAJBIIYIO CKOPOCTh llapa Moc/e yjrapa uy:

v} =v? ——-MA—/I'm . {5)
Mpbl nonyymnsy oTBeT, KOTOPBIH BRITISANT BHOJHE 6/1arononayy-
HO: HanpuMep, OH YJIOBJETBOpAET IPEAENHHOMY Ciydal 3a-
Kpen/eHnoro KiauHa (m<M), obcyxnasliemycsa Boiwe, MMen-
O TaKoe pellenyne 3TOH 3a/auyy MOXKHO BCTPETHTb BO MHOTHX
PYKOBOJACTBaX M 3ajauHHKaXx.
Ho Besp Moxno paccyxpate u HHade. Pewast sanauy, Mbr
NPEANO/IOKIIN, YTO NPOHCXOAUT TONBKO OQMH yaap — yjaap
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wapa o K/IuH, Jexawuil na 3emne. Mexay TeM B CTOJIKHOBe-
HAM YYaCTBYIOT TPH Tena: wap, KAud u 3emasn. Moxuso 1 Ha
CaMoM JieJle CunTaTh, YTO APOMCXOAMT OJMH yJap, My Heob-
XOJIMMO MOC/IE/I0BATE/ILHO PACCMOTPETh COYjapeHHe apa C
KJMHOM M K/MHa ¢ 3emief?

Ytobbl yGeauThesl B TOM, YTO H Takoe NPEJIoJoKeHne BO3-
MOXKHO, BCIOMHHM NIpHMep JPYTOro YIPYroro cToOJKHOBEHMS,
B KOTOPOM TaKXe€ y4acTBYIOT TPH Te/a: Ha JJMHHBIX HHTAX

7

| Rt N

Puc. 23.2. Tlpw ynpyrom yaape cpefHufi uap ocTaercs Ha MeCTe

O/MHAKOBOH J/IMHB!I TOABEIUEHB! TPH OJMHAKOBBIX KOCTSHBIX
Imapa, colipukacarowWmxcs aApyr ¢ apyroM. Onue n3 xpaiHHX
[1aPOB  OTKJIOHSIIOT HA HEKOTOPHIH yrod W OTNYCKAIOT
(puc. 23.2a). OxasplBaercsi, 4YTo NOCJAe yjaapa OTCKaKuBaeT
TOJBKO OJMH LIap, BUCALIMA ¢ ApPYroro xpas, a cpeaHuii map
ocraercss Ha Mecte (puc. 23.26). Pesyaprar 3T0r0 ornntta roBo-
PHT O TOM, YTO NPOMCXOJsIiee CTOJKHOBEHNE HEJb3sl paccMmar-
puBaTh KaK OJHH y/ap OTKJOHEHHOIO liapa C CHCTEMOH JABYX
HETIOBINKHO BHCALMX 11apoB. UToObl OOBACHHTL ONBIT, He-
00X0AUMO DaccMOTPeTh JBA IIOCJEN0BATEIbHO NMPOUCXOASIHX
YAPYIHX COyJapeHyus — OTKJOHEHHOro 1apa C UEHTPaNbHbIM,
a 3aTeM LEHTPaJbHOrO 1l1apa CO BTOPHLIM KpaiHuM.

Ilpu ynpyrom n060BOM yjaape I1apoB OJMHAKOEOI Macchl
HaJleTalolu i lap OCTaHaBAWBAETCS, a NOKOUBIUMHCS Iap Nipu-
ofperaeT CKOPOCTh, DABHYIO CKOPOCTHM HaseraBllero Iuapa.
Ecan npeanonoxuTh, YTo yAap NPOMCXOAMT MTHOBEHHO, TO
cpa3y NocC/l1e NepBOro yjapa LeHTpa/bHhifi 1iap yxe pnMeer
€KOPOCTh, HO €ile He YCNe/a CMECTHThCS! W3 TOT'O NOJIOKEHHHA, B
KOTOPOM Haxoauwica 10 yaapa. B caenyiowuit MomedT npouc-
XOJUT YIap LEeHTPa/JbHOI0 Liapa €O BTOPHIM KpaiiHuM. B pe-
3y/bTaTe 3TOT0 yAapa LeHTpaJbHHI Luap OCTaHaBAMBAETCs, a
KpaiHui wap npuobpetaeT Takylo XKe CKOPOCTh, U 3aTeM €ro
HHTb OTKJ/IOHAETCS OT BepTHKaJH.

Ecsn Xe cuntath, YTo NepBbli AP CTaJKHBAETCs C CHCTE-
MOH ¥3 JBYX HENOABHXKHHIX INApOB (Kak Obl CKPEMJIeHHbIX
ApyT € ApYroM), TO B pe3y/bTaTe TaKOro yAapa 3TH JBa Iuapa
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JloJKHB ObUTH OBl OTCKOYHTD C OJIMHAKOBO#H ckopoctsio, Ho na
OTIBITE 3TOTO He HPOMCXOIMT.

Hrax, paxe ecau apel BUCAT BILVIOTIIYIO APYL K APYIY, UX
B3aUMOJe{ICTBHE HYXKHO paccMaTpHBaTbh KaK MOC/AEN0BATE/Ih-
HOCTb OTHeJIbHBIX COyJapeHufl Apyr ¢ APYToM.

Pesyaprar onbita ¢ Tpems IlapaMH HeJb3s, PasyMeercs,
6e30roBOPOYHO NEPEHOCUTL Ha PacCMaTPHBAEMOE CTOJKHOBEHHe
mapa ¢ KJAHHOM H INIOCKOCTBIO, TaK KaK M YCJI0BHA ONBITA, H
B3aHMO/Ie/ICTBYIOLIKE TeNa 3echk ApyTrue. OQHAaKO ¥ 3/lech MOXK-
HO TIONPOOOBATL PACCMOTPETL ABA N0C/E10BAaTENbHBIX CTOMKHO-
BeHHA: Lapa ¢ KJAHHOM u KauHa ¢ 3emaell. [Ipy stom 3anucek
3aKOHOB COXPaHEHHsl HECKO/JIbKO H3MEHMTCA. YpaBHenue (1),
BbIDAKaAIOLIEe COXPaHeHHEe TODH30HTATbHOH COCTABJAIOMICH
HMIyJ/bca, ocTaercAd 0e3 H3MEHEHUS ¥ B TOM cCJydae, Korja Mhl
paccMarpyBaeM TOJIbKO I1epBOE CTOJIKHOBEHHE — LIApad C KJH-
HoM. Ho ypasuenne (2) ana BepTHKa/NbHOI COCTABISIOIER HM-
nyJabca A0KHO ObITh 3aMEHEHO APYIHM, Tak Kak Iocjae rep-
BOTO Y7apa JBHXKeTCS TOJbKO KJAHH, a He KJHMH BMecTe C JeM-
JIeH: ,

mu, =MV, (6)
3aKoH cOXpaHeHWs SHepruyu /i NepBoro yaapa 3anullercd B
BUJIE

muv? rnv1

m + M(V2+V1) )

(7)

Bolpaxaa V w3 ypasdenus (1), V, u3 ypasHenus (6) u noj-
crapaasg B (7), nonyuaeM
o=t (8)
Bujno, 4To 311aueHue BepTHKa/AbHOH CKOPOCTH OTCKOYMB-
ulero Iuapa vy, AaBaeMoe BbipaxkeHueM (8), MeHbIle 3HaueHus
U, U3 NpeXKHero orpera (5). 10 U NOHATHO, NGO TENepb KJIHH
noc/ie nepBOro yAapa HMeeT KHHETHYECKY0 SHEPTHIO, CBf3aH-
Hy HE TOJILKO C €ro JBMMEHHeM HO TFOpPH30HTAMH, HO H IO
BepTHKaAH. KoHeuHo, npuobpers BePTHKAAbHYIO COCTAB/AANL-
ILYI0O CKOPOCTH B pe3yJibTare NnepBoro yaapa, K/JAMH He yche-
BAEeT MEepeMeCcTHTbCS O BEepPTHKAMH, TaK KaK cPasy XKe Npouc-
XOJUT BTOPOE CTOJNIKHOBeHye — KiauHa ¢ 3emieli. Tak Kak no
YCJIOBHIO NI0C/1€ CTOJKHOBEHHS KJHH CKOJIB3HUT M0 I'OPH3OHTA-
Ju (a He MOJCKaKuBaeT BBePX), TO €ro CToJKHOBeHye ¢ 3eMiel
c/efyeT CYMTaTb HeynpyruMm. BepTHkanbHad CKOPOCTh KJKHHA
racuTcs IIp¥ 3TOM CTONKHOBEHHH, a COOTBETCTBYIOIKAS! YacTh
KHHeTHYecKoH SHEPTHH KJAUHA NPeBpallactca B TENJo,
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Ecan 66 yaap kauna o 3emmo Obl1 abCOMOTHO YNPYIHM,
TO BEPTHKaJIbHAA COCTABSIOWAA CKOPOCTH KAHHA V) usmennia
Gut CBOe HanpaBJ/cHWe Ha NPOTHBONOJIOMKHOE H KJAHH TOJCKO-
uns GBI BBEPX Ha HEKOTOPYIO BLICOTY BCJE/ 3a LIapoM.

3HayeHue CKOPOCTH OTCKOYMBLIErO lfapa v, H3 (8) Takxke
YAOBJIETBOPSIET NpejiejbHOMY caydailo m<&M, Koraa v,=v.
Takoe pelllenne 3TOH 3a7ayd TOXKe BCTPEYAETCH B HEKOTOPHIX
sanauHukax. CpaBuuBas OTBETH (5) ¥ (8), MbI BHJHM, YTO 1O
UX (popMe TPYAHO OTA4Th IpEANIouTeHHe KakoMy-anfo u3 npu-
BencHHbIX peieHnii. JleficTBuTebio, 00a ONY YAOBAETBOPAIOT
npefensHomy yeaosuio m<<M. ObpatuM BHHMaHHE 1a TO, 4TO
Kak gopmyaa (5), Tak u dopMya (8) HMEIOT CMBIC/] TONBKO NIPH
m<<M, T.e. Korja macca kJula Gosblie, yeM Macca luapa.
Jro osHayaer, 4To npu M<m wap He MOXKeT OTCKOYHTb OT
K/JAuHa BepTHKa/abHO BEepX. [losTomy u ycaoBue 3ajaqu Oyner
HeTNPOTHBOPEYMBBIM, TOJIbKO eC/IH Iap Jerye K/auha.

OTOT BHIBOJ CBA3AH C TeM, 4TO B 00iIeM cJlyuae [Py yIpyrom
CTOJNIKHOBEHHH JIBIZKYLIErOCs TeJa C HeNoJBWKHBIM H3MeHe-
IHe HallpaB/eHNs JBHAKEHUS HAJETAIOLIEro Te/1a B PE3yJbTaTe
yAapa Moxer ObiTh JIIOOBIM TOJIBKO TOTAA, KOrJa Macca HaJje-
TAIOIEro Tela MEeHbIIE Macehl «MUIleHH». Ec/y e Macca «cHa-
psaa» m Gonplle, yem Macca «MulleHw» M, To «cHapsiy ne
MOKET OTKJOHHTBCA Ha YroJs, NPEeBhIIARIMHA @, KOTOpbIH
1aXOANTCA M3 COOTHOLUEHHS

SIN Qg = M/m.

Ilpu M<Tm s1OT npejeabHblil yroa Beerja MeHolle /2.

Hrax, cama ¢opma OTBETOB He XaeT BO3MOMKHOCTH BRIGPAThH
B3 HHX npaBuibHbiH. COOTBETCTBHE NPENEJbHBIM CAYYaAM —
9TC Heo0XOAMMOE YCJ/OBME NPaBHJIbHOCTH OTBeTa, HO, pasy-
meeTes, HejocrarouHoe. MoxHO nonpoGoBath NOCTaBHTH JI0-
G/ 1HUTEIbHBIE BOIPOCH], OTBET HA KOTOPble NOMOT Obl BRIOPaTh
npasu/bHoe penenve. Hanpumep, 3nech moxuo 3aaath Bon-
poc, Xakofl yroa o J0/DKHA COCTaB/ISTh HaKJOHHAs rpaub
KJHHA C TOPU3OHTAJBHOH, YTOOH wap JAeHCTBUTE/ILHO OTCKO-
YN/ BePTHKAJLHO BBEPX.

IocTponm BeKTOp M3MEHEHHSI MMIIYJ/bCA l1apa HPH CTOMK-
HoBenny Ap=mv,—mo (puc.23.3). 10 H3MEHEHHEe UMIIYAbCa -
BBI3BIBAETCS] CHJOM, JeACTBYIOWIEH Ha IDAp co CTOPOHH Ha-
KJIOHHOH rpaHy kJauHa. IlocKo/bKY ypap ynpyruii m Tpenue
OTCYTCTBYET, TO 3Ta cH/ia 0653aTe/IbHO HalpaBJieHa NepneH -
KyasipHo noBepXHoctH Kauuna. Temepn us puc. 23.3 cpasy
euano, 4to tg a=v/v,. Tak Kak v, <v, To a>>n/4, rje anak
PaBeHCTBA COOTBETCTBYET IpeneibHOMY CJydaio,
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3uauenne v, B IpUBEJEHHBIX JIBYX PEIleHUsX 3a]auyl NOaAy-
YHJOCh Pa3HBIM, MOTOMY pasumM Oyler # yroa o. OnHako
npefenbHoe 3Hadenne o npu- m<KM B oboMX cayyasx oau-
IaKOBO, ¥ Mhl ONATH HE MOXKEM
OTJarh IpeiNoYTeHHE OJHOMY
U3 OTBETOB,

Tak kako#i e OTBeT Bce-
Taky npaBuabibli? YTobH pa-
300paTbCst B 3TOM, HpHAETCS
BHHMATEJBHO NPOAaHA/IU3UPO- A\

BaTbh YCJOBHSl TNpPHUMEHUMOCTH

Tex jlonyiueHuil, Koropsie 6ty Puc. 23.3. K Boiuncaenuio yraa
cJleslaHbl Tipu pellleHny 3ajauy. HaKIoHA [PaHK Kiuna
JLn1a 3Toro HeoGxonuMo ropasio

ry0:ke BHHKIYTh B MEXaHH3M SHEPreTHYecKuX NpeBpauleHuil
NPy yupyrux CToJKHOBeHuAX. [103TOMy cHauasa B HECKONBKHX
ClelylomuXx 3azadax OyAyT paccMOTpPeHbl Goslee NPOCThie
NpuMepsbi, a 3aTeM MBI BEpHeMCH K IIOCTAB/IEHHOMY BONIpOCY. &

24. Jlnurenwuocts ynapa, OueHuTs Bpemsi ynpyroro yaapa
TBEPABIX TeJ, paccMaTpHBas CTONKHOBEHHWE CTEPXKHA, Ha/eTa-
IOEro TOPIOM Ha HENOABHXKHYIO HENE(HOPMHPYEMYIO CTEHKY
(puc. 24.1).

U

—_—

Puc. 24.1. CroJKHOBeHHE CTEPIKHH CO
CTEHKOH

A B npempiaymelt 3ajaue Mpl CuuTanu, YTO YNPYrui ypap
TBEP/ILIX Te/ NPOMCXOANT MrHoBeHHO. Ho coBeplienHo oueBu-
HO, UTO 3TO TIpejnoJoXKeHue spisercss uaeanusanuesi. Crosk-
HOBeHy€e peasNbHbIX TeJ BCerjJa 3aHHMaeT KOHEYHbIH NPOMEeXy-
TOK BpeMeHu T. B camoMm zese, eciy Obl M3MeHneHHe uMIyJhbca
Tesa TNpU CTOJKHOBEHUM IIPOHCXOJMJIO MIHOBEHHO, To CHJa
B3aHMOJEIHCTBHSA TeJl APH yjape Oblia Obt fecKOHEUHO GOMBINOH,
yero, ecrecTBeHHo, He OmBaeT. OT uyero ke MOMKET 3aBHCETb
IJMTENBHOCTh CTOJKHOBEHHA? JlonycTuM, 4TO Mbi paccMartpu-
BaeM OTpaXKeHHe yNPYroro Teia oT HelehOpMHPYEMOH CTEHKH.
[1pu crosKkHOBERHH KHHETHYecKas SHepryud Te/a B TeyeHue nep-
BOH MOJ/IOBMHBI CTOJIKHOBEHus NpeBpallaercsi B NOTEHIHA/b-
HYIO 3HEPruio yrpyroil jepopmauuy teja. B TeueHue BTOpo#
NOJOBHHK HPOHCXOAMT ofpaTHOe NpeBpalleHHe 3HePTHH Jie-
dopManl B KHHETHYECKYIO SHEpPryi0 OTCKaKHBAIOWEro Tesa.
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[TosTOMy OueBHHO, YTO YIipyrHe CBOHCTBA TeJa HI'PAOT olipe-
JeJIeNHYI0 POJb NPH CTOJAKHOBEHMH,

Hrak, MoxHO OXHUATh, YTO JJIHTEILHOCTh yJapa 3aBHCHT
or Moayaa [Oura marepuasa tena £, €ro nJOTHOCTH P U €ro
reoMeTpHIecKuX pasmepoB. Bo3MoxHO, YTO AIMTENLHOCTD Yaa-
pa T 3aBHCHT M OT CKOPOCTH ¥, C KOTOPOW TeJO Hajleraer Ha
nperpaay.

HerpynHo y0eanTbesl, UTO OUEHUTH BPEMsl CTO/IKHOBEHHA C
NOMOIIBIO OHNX TOJNBKO coo0paKeHu# pasMepHOCTH He yaacT-
ca. JleficTBUTENbHO, €CNIM aXKe B3ATb B KAUeCTBE HaJleTalolero
Tesla map, pa3Mepsl KOTOPOro XapakTepH3yloTcs TONbKO OJHHM
napaMerpoM — paanycoM R, To u3 Benyunn £, p, R U v MOXK-
HO COCTABUTDL GecuyC/AEHHOE MHOKECTBO BHIpaZKeHHil, HMEIonHX
pasMepHOCTb BpeMeHH:

=R Y £1(5%), 0

rae [ -— npoussBoibHas OQyHKuUuA Oe3pasMepHOH BeJAHUHHB!
pv?/ E, TlosToMy N5 HAXOHJEHHA T HEOOXOIUMO AHHAMMUYECKOE
paceMorpenne. Ilpoile Bcero Takoe pacCMOTpPeHHE IPOBECTH
AJs Tea, uMeolerc GopMy JNHHHOIO CTEPXKHA.

ey
“ > mn;
v_o— [fi
u
ey
5 W H““‘L’}ﬂgw Pnc. 24.2, Pacnpoctpanenue BONHB yIpy-
| bl ” roil nebopManum B cTepxHe [PH yAape
. cTeHKY. QPOHT BOAHH aedhOpMAURM gBHMKETCH
¢ << ‘”mwm €O CKOPOCThIO 3BYKA &
7 U=
i} 2
l——u-—-—-—> 7
P P ILON

[Tyctb cTepikenb, ABMXKYIIMHACA CO CKOPOCTBIO ¥, HajeTaer
TOPLUOM Ha HENOJBHMXHYIO cTeHKY. IIpH conpuKocHOBeHUM
TOPLEBOIO CEUEHHSI CTEPKHS CO CTEHKOH CKOPOCTH JIEAalHX
B 3TOM CEYEHHH YaCTHL CTepXKHA MIHOBeHHO ofpamaiorcst B
HyJab. B crenyomuii MOMEHT BpeMeHM OCTaHaBAMBAIOTCS Yac-
THLBI, PAcnosoXeHHLIe B COCEJHEM CEYeHHH, H T. 1. YuacTok
CTEPXKHA, YaCTHIEI KOTOPOro K NAHHOMY MOMEHTY YXe ocTa-
HOBRJINCD, HAXOAMTCH B AedopMBpoBaHHOM cocTosHuu. py-
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"UME CNIOBAMH, B 3TOT MOMEHT BPeMeHH JeopMHUpOBAHHOH OKa-
35IBACTCA T4 YACTb CTEPIKHA, A0 KOTOPOH JOLLIA BOIHA YIIPYroi
achopMaliK, PACNpOCTPAHAIOIAACA 10 CTEPKHIO OT MeCTa
KOHTAKTA ¢ nperpanoil. dra BoaHa JedOPMALHU pacOpocTpa-
HETCA NO CTEPIKHIO CO CKOPOCTRIO 3BYKA . Ecnu cuurars, 4to
cTepakeHb IPHLIET B CONPHKOCHOBEHHE CO CTEHKOH B MOMEHT
ppeMeHit f==0, TO B MOMEHT BpeMeHH { JJHHa CXKATOH 4YacTH
CTePXKHsl papHa uf. 31a 4acTb CTePIKHA HA puc. 24.2a 3awmTpu-
xopaHa. B uesauITpuxoBAHHON 4acTH CTEpPIKHsI CKOPOCTH BCEX
ero 4acTHll NO-IpeKHeMy PABHBL U, & B CXKATOH (3alITpUXOBAll-
110i1) 4aCTH CTepIKHSl BCE YACTHLBE [OKOATCH.

IlepBelil 3Tan npouecca CTOAKHOBEHHS CTEPKHS CO CTEHKO#
34KOHYMTCS B TOT MOMEHT, KOIJa BeCh CTeP:KeHb OKAKeTCs Je-
(OPMHPOBAHHBEIM, 4 CKOPOCTH BCEX €ro 4YacTHL 0o6paTATCS B
uyan (puc. 24.260). B 3T0T MOMEHT KHHETHUeCKA S SHEPTHs Haje-
TAIOLIETO CTEPXKHA HEJHKOM NPeBPalidercsl B NOTEHUHAABH YO
aHepruio ynpyro#t nedopmauuu. Cpasy nocjie 3TOr0 HAYHHA-
ercs BTOPOIT 3Tal CTOJNKHOBEHHS, IPH KOTOPOM CTepXKEeHb BO3-
BpauiaeTcsl B HeAe(OPMHPOBAHHOE COCTOSIHHE, IJTOT Hpoliece
HayKHAETCA Y CBOGOAHOIO KOHLA CTEPXKHA H, PAclpOoCTPaHssch
0 CTEPIKHIO CO CKOPOCTBIO 3BYKa, [OCTENEeHHO Npud/iinKaercs
k nperpaie. Ha puc, 24.2¢ crepkeHb nokasaH B TOT MOMEHT,
KOI'ia He3aLITPHXOBAHHAS YacTh yXKe He JedhopMUpOBana w
BCE €€ YaCTHUB HMEIOT CKOpPOCTh U, HANDPABJIEHHYIO BJEBO. 34-
WITPHXOBAHHBIN y4acToK lo-npexueMy neGopMHPOBAH, U CKO-
pOCTH BCeX ero YacTHIL PaBHBI HYJIO.

Komney BToporo sramna CTO/IKHOBEHHA HACTYIUT B TOT MOMEHT,
KOrjla Bechb CTepKeHb oKameTcsl HelehOpMUPOBAaHHbIM, a Bee
YacTHLBl CTEPXKHA [PHOOPETYT CKOPOCTH U, HANDPABJAEHH YO
IPOTHBONOJIOKHO CKOPOCTH CTEPXKHA 10 YAapa. B stor moment
11PABBIl KOHEI[ CTEPIKHSA OTICsIeTCA OT nperpafbl: HeaeopMu-
POBAHHBII CTEPIKEHb OTCKAKHBACT OT CTEHKH M JIBIJKETCS B 1IPO-
THBONOJIOKHYIO CTOPOHY ¢ NpexHeH N0 MOAY/II0 CKOPOCTLIO
(puc. 24.22). Dueprus ynupyrof nedopmauiid CTEPXKHA LPH
ITOM LIEJAHKOM IEePeXOAHT O5paTHO B KHNETHYECKYIO IHEPIHID.

M3 H3/10KEHHOTO SICHO, YTO JAJHTENbUOCTh CTONKHOBEHHH T
paBia BpeMeHH NPOoXojaeHna (POHTa BOJHBI YyOPYTrofl gedop-
MAalHH O CTepKHI0 Tyja W OOpaTHo:

1=2/u, @)

rae [ — pJuHA CTEpPIKHA.

OnpenennTs CKOPOCTb 3BYKA B CTEPXHE ¢ MOXKHO CJENYIO-
uuM o6pasoM. PaccMorpuMm crepieHb B MOMEHT BpeMeHM ¢
(pHc. 24.2a), kKorja Bo/IHA JedopMaLiH paclpocTpansieTcs BJje-
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Bo. JlauHa pedopMHpOBaHHON YacTH CTePKHA B 3TOT MOMEHT
paBsa uf. Ilo oTHoweHnO K HeleOpMEPOBAHIOMY COCTOAHHUIO
974 4acTh YKOPOTWUJIach Ha BeJUYHHY v, PaBHYIO PACCTOAHHIO,
NpofileHHOMY K 3TOMY MOMEHTY ellle HenehopMupoBaHHOR
yactblo crep:kHsi. [TosTOMy OTHOCHTe/bHAs jpedopmanus ITOH
uacTn CTepxHs pasHa v/u. Ha ocnoBanuu sakoHa I'yka

v_1F 3)
u E S
rae S — nJoWaab NoNepedyHoro cedeHus cTepikHA, F — cHAA,
JEeHCTBYIOUIAsl HA CTEPXKeHb CO CTOPOHBI CTeHKM, E — MOAYJb
IOura. [Tocko/bKy OTHOCHTENBHAsL neopManus v/y OiHIaKOBa
BO BCE MOMEHTBI BpEMEHH, N0KA cTepKeHb HAXOAUTCA B KOHTAK-
Te ¢ nOperpanod, To, Kax BHAHO 43 dopmyasl (3), cuna £ no-
crostiHa, Jast HaxomjeHnus 3TOH CHJILL NDUMEHHM 3aKOH CO-
XpaHeHHsi MMNy/abca K OCTAHOBHBIHelcs yactu crepxkud. o
KOHTAKTa C nperpajofl paccmarpubaeMas 4acTh CTEPXKH HMeaa
uMnyJasc pSul-v, a B MOMEHT Bpe-

x l MEeHH [ ee HMNYJbC PaBeH HYJIO.
Z Iloatomy
o> v, pi0 pSut-v=Ft, (4)
42 IMoxcrasaas orcioga cuny F B Jop-
—he 5 Myay (3), nonydaem
I I 4 —
DRI u=VER. ©)
’ Teneps BhIpameHue JJIsi BPEMEHU T

Puc. 24.3. Jepopmauus CTOJKHOBEHHSI CTEDMHS CO CTEeHKOMH
CICPMHA  NpH  yAape 0 (2) QNPUHUMAET BHJ

CTEHKY —_
v=2Vp/E. (6)

Bpemsi cTOJKHOBEHHsI T MOXKHO HaHTH ¥ HHAYe, BOCMOJB30-
BABIUHCD /151 3TOT0 3aKOHOM coXpatteHns sneprau. Ilepen crog-
KHOBEHUEM CTepKeHb HenehopMHPOBAH U BCs €r0 3Heprus —
3TO KHHETHYecKas SHEPTHUsl NOCTYNATEAbHOrO ABHKEHHS mu?/2,
Cnycrst BpeMsi /2 ¢ Hauana CTOJKHOBEHHSI CKOPOCTH BCEX €ro
Y&CTHI, KAK MBI BUJIEIH, 06palllaloTesl B HYJIb, @ BeCh CTepXKeHb
cxasniBaercs JepopMHpoBaHHBIM (pHC. 24.20). JauHa crepxus
yMeHbIlMjack Ha BeqndnHy Al no cpaBHEHUIO ¢ ero nefedop-
MIIPOBAHHBIM cOCTOAHHEM (puc. 24.3). B 3TOT MOMEHT Besi 3Hep-
I'Hsl CTEPXKHS — 3TO SHEPrusi €ro ynpyroi jpebopmanmui. 3ty
31ePIrH0 MOXKHO 3anucath B Buge k(Al)*2, rne k — xosppu-
LBHEHT HNPONOPLHOHAJBHOCTH MEXKAY CHAOH H jAedopmManiiei:

~

F'=FkAl. ItoT KoappuLMeHT ¢ NOMOIIBIO 3aKona I'yKa BEIpaxKa-
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ercs yepes Moayab IOnra £ ¥ pasMmephl crepixHs:
k=ESIL. (7)

MakcumanbHan geopManusi Al paBHa TOMY paccTOSIHHIO, Ha
KOTOpOe NepeMelllaloTcsl YaCTHLB! JIeBOrO KOHLA CTEpXKHS 3a
BpeMmst /2 (puc. 24.3). Tak Kak 3TH YacTHUBl [BUra/lHCh CO
CKOPOCTBIO U, TO

Al=y1/2. (8)

[IpnpaBHuBaeM KMHETHYECKYIO 3HEDPTHUIO CTEPXKHS 10 yaapa
H NOTeHLUUAJbHYIO SHEPIrUI0 AehopMaliu. YUHUThIBAsA, 4TO MAC-
ca crepxua m=pSl, u ucnoabsys coorHourenust (7) n (8),
noJaydaem

pSlv*  ES T\2
2 *‘21‘(”?) '
OTKYZA2 A5l T cHOBa nosydyaeM dopmyay (6). Ito BpeMs cTOMK-
HoBeHHs1 OOBIYHO O4eHbL MaJjo. Hanpuwmep, nas crajpHOro
crepkus (E=2-101 Tla, p=7,8-10®° &r/mM® naunci 28 cm
BhiuHc/aeHue no dopmyae (6) azer 1=1074 ¢.

Cuay F, IeHCTBYIOULYIO HA CTEHKY BO BpeMs yjaapa, MOXKHO
HaliTy, NOACTaB/sIsl CKOpPOCTh 3ByKa B crepxkie (5) B Gopmy-
ay (4):

F=Svl pE. )

BuaHo, 4TO cHaa, JeHCTBYIOWIAS] HA CTEHKY, IIPONOPLIIOHA/BHA
CKOpOCTH cTepxxHA nepex yaapom. Ho naa npumeHumocTu npu-
BeIEHHOI'O peleHuss HeoOXOAHUMO, 4TOGLl MeXaHHYecKoe Ha-
npsiKeHne cTep:kHs F/S He npeBocXoAWJI0 npelena YAPYyrocts
mMaTepHaja, M3 KOTOPOrC H3roToBJeH cTep:keHb, Hanpumep,
BJsT cTanu npejes yIpyroctu

(F/Shpax = 4-10% Ia.

[TosTomMy MakcuMaibHas CKOPOCTb ¥ CTa/JIbHOIO CTEPIKHA, 11pu
KOTOPOH ero coyjlapeHue ¢ Nperpafof Bce eule MOKHO CYUTaTh
ynpyruM, okasblBaeTcsl corsiacHo dopmyJe (9) pasnoit 10 m/c.
2T0 COOTBETCTBYET CKOPOCTH CBOOOIHOIO najeHHsl TeJaa C Bbi-
COTHI BCEro JHilb § M. ¥YKaeM Jisl CpaBHEHHS, 4TO CKOPOCTh
3Byka B ¢raqu u=5000 M/c, T. e. v<u.

BpeMsi cTOKHOBEHHsI CTePXKHSI C HENOABHKHOH nperpajoi
(B OTJINYHE OT CHJBl) OKasajoch He 8aBHCALIUM OT CKOPOCTH
cTepxHsA. JTOT pesyJabTaT, OJHAKO, HE ABJASETCH YHHBEPCA/b-
HEIM, @ CBfi3aH cO cnepuduieckoll GopMOH paccMaTpHBaeMOTO
teaa. Hanpumep, A1s ynpyroro miapa BpeMsl CTOJKHOBEHHS €O
CTEHKOIl 3aBMCUT OT ero ckopocTu. JluHaMuueckoe paccMoTpe-
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Hue 3TOro cjaydast okasplpaercs Gosiee caoxHbeIM. CBs3aHO 3TO
¢ TeM, YTO ¥ NJOWANL CONPHKOCHOBEHHS JAehOpMHPOBAHHOIO
1wapa co CTeHKO#, U AelcTByloulas Ha lHap cujia B IIpoyecce
CTOJIKHOBEHHS He OCTaloTCsl HOCTOSHHBIMH. A

25. CToJIKHOBEHME JByX cTepxHed. Pemenue npeaniaymeif
3a7a4d MOMKHO HCIONL30BATH U A1 HAXOMAEHUS IJ/IHTENb-
HOCTH IPONOJABHOrO COyJapeHus ABYX OAMHAKOBBIX YNPYTHX
CTepIKHel. ,

A PacemotpuM, Hanpumep, caydad, KOrja ABHKYIIHHACS €O
CKOPOCTBIO U CTePKeHb HaJ/eTaeT Ha HeNOABMXKHLIA. B cucreme

€ HernoiBIKel

0/2 /2 orcyera, [IJe HenojBuxKe
l—» e UEHTP MacC CHCTEMBI CTepiK-

l i I l HeH, OHM IBHXKYTCs HaBCTpe-

4y Jpyr APYry ¢ OAuHaKo-
Puc. 25.1. Croaknopenme .apyx  BbIMU 1O MOAYJIO CKOPOCTH-
onMHAaKOBHIX crepiueli B cucreme MH v/2 (puc. 25.1). Ilpu
oTcyera, CBA3aHHOHA C LEHTPOM Macc  CTOJAKHOBEHHU OOGUIHH HEHTP
Mace CTep:Hell HaXOoRuTCsl B

TOM CedeHHH, I'Jle OHH CONpHKacaloTcsd. Tak Kak 3TOT HeHTp
MAacC HENOABHIKEH, TO A/ KaXKJOTO CTEPIKHA IIPOUEcC CTOJK-
HOBEHHST NPOUCXOAUT TOYHO TaK e, KaK U NPU YAape O He-
MOJABMIKHYIO cTeHKY. KapTHHY pacnpocTpaHeHHst BOJH yIpy-
roft fepopyMalti B CTEPXHAX U PAaclPOCTPAHEHUA CKOpOCTel
YACTHI CTEPXKHEH B pa3Hble MOMEHTEl BDEMEHH MOXKHO NOAY-
YUTb, €CJAH [IPUPUCOBAThL K puc. 24.2 npeapinyiiell 3ajaun
[PaBYIo YacTh, ABJSIOULYIOCA €ro 3epKaJjbHbIM OTpaKEHHEM B
IIIOCKOCTHM CTEHKH. 3TO NoKasaHo Ha puc. 25.2. BuiHo, 4rto
[0C/€ CTOAKHOBEHHMSI B CHCTEMe LEHTPA Macc CTepXKHU OyAyT
JIBHrATLCs B NPOTHBONOIOXKHEIX HanpaBieHHsIX C OLHHAKOBHI-
MU [0 MOZYJIO CKOPOCTAMH v/2, npudeM pegopMmanud B HHX
OyARyT OTCYTCTBOBATD. .
J17 TOro 4ToGE! NOJYYUTL 3TY 2Ke KapTHHY B 1a60paTopHOH
cucTeme OTcyeTa, HeoBXOAMMO K CKOPOCTAM BCEX YACTHUI[ MpPH-
GaBUTL CKOPOCTH LleHTpa Macc v/2. B pesy.abTare 1jisi TeX xe
MOMEHTOB BpeMeHH, YTO U Ha puc. 25.2, nonyyaercs KapTuHa,
n3obpaxkenHas Ha puc. 25.3. Kak u B c1yyae MIHOBEHHOrO yja-
pa, HaNeTalonHi CTepsKeHb OCTAHABJIHBAETCS, 2 HEMOBIKHbIH
J0 yjapa cTepeHb NPHUXOAUT B JBUYKEHHE CO CKOPOCTbIO U.
Hecxonbko cnoxkHee 05CTOUT Ae0 B caydae NpojoJbHOro
COyJapeHHs JByX cTepxkHeH pasHOH 1jiMHBl. K MOMEHTY OTCKO-
Ka NOJHOCTBIO H30aBHTECA OT AedopMaliu ychneeT TOAbKO Go-
Jee KOPOTKHH cTepxenb. TaK Kak BTOPOH CTepKeHb HAYHeT
cB00OJHOE JBUXXEHHE NOC/JAE OTCKOKA ellle YacTHYHO feopMH-
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DOBAaHHBIM, TO JaJjbllie B HeM OYAYT BPOHCXOAUTH NPONO/bHBIE
ynpyrue KojeGanus. HacTb MeXaHHYECKOH SHEPrHU CHCTEMBl
OKaXKeTcsl CBS3AHHON C 3TUMu KoJebaHuAMH. Beaencrsue BHYT-
PEHHEro TpeHusl KoneOaHUA NOCTENEHHO 3aTYXHYT, ¥ B Pe3yiib-
TaTe NOJHAs MeXaHHdYecKasi SHEPrHs CTepHeH Nocie yaapa
OKa)keTcs MeHblle, YeM 10 yjaapa. A Mexay Tem yaap Obin
abcoaoTHO ynpyrum!

PacemoTpuM Tenephb coynapeHue cTepxkHell pasHol AJTHHBLL
Goaee noapobHo. [lycTs, Hanpumep, CTepKIM H3TOTOBJEHH U3
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Pue. 25.2. PacnpoctpanenHe Puc. 25.3. To xe s na6opatop-
BOJIH ynpyroil pedopManuu u HOH CHCTEMC orcneia

pacupejeienne ckopocreil yac-

TUIL TPH CTOJAKHOBEHHHM Ofxlia-

KOBLIX CTepXKHel B CHCTEME HenT-
» pa Macc

OJHOT'O ¥ TOI'O XK€ MaTepua/a # UMEIOT OfHHAKOBOe NONepeyHoe
ceyeHne, HO OJIUH H3 HHX BJBOE JJIMHHee ApYroro.

Tlpouecc coyzapenus 3THX CTepKHedl yao6HO paccMarpu-
BaTh B TOH CHCTEMe OTCYeTa, Tie ORU JBHXKYTCS C OAUHAKOBLIMU
0 MOAYJIO CKOPOCTSIMH HaBCTpeuy Apyr Aapyry (puc. 25.4).
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Puc. 25.4. CTONKHOBEHHE CTEPXKHeli Pa3HOHd AJAUHDL

HerpynHo coo6pasuTh, YTo HayaibHas CTaJusi CTOJKHOBEHH:
U B 3TOM cJyyae GyleT NPOUCXOAUTEL TOYHO TaK XKe, KaK U IpH
COyJlapeHUH OAMHAKOBbIX crepxkuedl (puc. 25.5a). JeficTsu-
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TeJhHO, B MOMEHT CONPHKOCHOBEHHS TOPIOB CTePIKHEH B Kax-
JIOM U3 HUX HauHHaeT pacnpoCTpaHATLCA BOIHA YNpyroh je-
dopmauun. Te ToURH cTepkHeH, A0 KOTOPHIX (PPOHT BOJIHE
JechopMaliuy elle He Jolles, HHYero «He 3HaloT» 0 TOM, 4TO yXKe
Haga/jgoch CTOAKHOBEHHE, W IMPOJC/IKAIOT JABUraThCsl Tak IKe,
KaK I 0 Hadaja CToAKHOBeHHs, [lo3TOMy pasiuyue B nauHax
cTepXKHell HATHET HPOABIATHCA TOMABKO TOTAR, KOrAa BOJAHA
CKATHA JIOCTHUIHET KOHUA KOPOTKOTO CTepXKHA (puc. 26.56).
B JuHHOM CTep)KHe BOJHA CXKATUA YCleeT JOHTH NpH 3TOM
TOABKO N0 €ro CepeiHHEL.

Ha4yunast ¢ 3TOro MOMEHTa, NIPOLECChl B CTEPKHAX OYAYT
pasaudatecs. Tak Kak Npu pacnpocTpaHeHHU YNPYTHX BOJIH
B3aUMOJEHCTBYIOT MeKJAy CO0OH TOJBKCG COCEIHHE YYacTKli
CpPeliBt, TO B JJIMHHOM CTEPXKHE BOJIHA CKATHA U Jajbuie Gyaer
NPOJO/LKATE PACHpPOCTPAHATECA B TOM iK€ HaNpaB/eHud, a
KOPOTKHI CTep:KeHb HayHHaeT BO3BPALIATLCA B HeAedopMUpO-
BaHHOe cocTosinue (puc. 25.58). JtoT npolecc HaduHaercst y
cBOGOAHOrO (1€BOr0) KOHIA KOPOTKOIC CTEPXKHSA H NOCTENeHHO
npubamKaeTcss K MeCTy KOHTaKTa CTepkHel. Bce wacTuubi B
ocBoboguBleMcs oT AeopMallHi YYacTKe KOPOTKOTO CTeprKHs
ABUIKYTCST HaJeBO € OﬂHHaKOBOﬁ CKODOCTBIO .

B TOT MOMEHT, KOrJia BOJIHA CXKATHA JOCTHUraeT CBOOCLHOrO
(MpaBoro) KOHUA MJAHHHOTO CTepXKHs, KOPOTKHH CTepMeHb
OKA3bIBAaeTCsl NOJHOCTHIO HerepopMUpOBaHHEIM (pHc. 25.5¢),
[Tpu 3TOM CKOpOCTM BCE€X TOYEeK MJIHHHOIO CTEPIKHSI PaBHEBL
HYJI0, a CKOPOCTH BCeX TOYEK KOPOTKOro CTEpXKHA PaBHHI ¥
H Hanpas/ieHbl BAeBO. B 3TOT MOMEHT BCe YVApYrue Npolecch B
KOPOTKOM CTepX<He 3aKaHUMBAIOTCSI, 4 B AJMHHOM HAuHHAETCH
ipolecc BO3BpallleHust B HelehopPMHPOBAHHOE COCTOSIHHE, DTOT
rponecc pas3BuBaercsl ¢ 0OOHX KOHLOB CTepPXxH:, TaK Kak B3a-
UMOJIEHICTBIE MeXAY AJHHHBIM CTeDXKHEeM H KODOTKHM, OCBO-
GoauBLINMCs OT JedopMmaiiu, OTCyTCTBYeT. HacTulpl IIHHHOrO
CTEPXKHA B OCBOCOMJAIOLLMXCST OT AepOPMALMU yyacTKax BOIU-
31 €ro KpaeB UMeEIOT CKOPOCTH U, HallpaB/ieHHbIE TaK, KaK IOKa-
3aHO Ha puc. 25.5,0. CrepxHHu BCe elle HAaXOUATCsI B KOHTAKTE,
HO YXKe He JeHcTBYIOT Apyr Ha japyra. Cuael B3auMopmeHcTBE S,
MEX Iy CTEPKHSMH OTCYTCTBYIOT, NOTOMY 4YTO CONPUKACAIOIIHE-
CA Y4YacTKU CTep:KHeH yxke HE JedhOpMUDOBAHBI, HO CTEDKHU
elLle He PAa3bBeJHHSIOTCS, TAK KaK 3TH HX YUacTKH HUMEIOT OfH-
HAKOBHE cKopocTd. [pyrumu cjopamu, coyjapeHhe cTepi-
Hell Ha 3TOM 3aKallyuBaeTcs, XOTS OHH €llle HEeKOTOpoe Bpems
GyAyT CONPHKACATLCA.

Taxkum o6pa3oM, AAUTeNBIOCTh B3AUMOJEHCTBUS CTEpIKHEL
pd CTONKHOBeHHM paBHa 2//u, rpe | — JIMHA KOPOTKOIO



25. CTOJJKHOBEHHE JBYX CTEPXHEM 1:09:

CTepXKHS, a 4 — CKOpOcTh 3Byka. Herpynuo maiitu u Bpems,
B Te4eHHe KOTODOrO CTEPXHHU CONPHKACAIOTCH APYF € JAPYIoM.
J{1s 3TOro paccMOTpUM JajbHeHlnue NPoUeCcChl, NPOUCXOJs-
liHe B JTHHHOM CTEPXKHE.
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Puc. 25.5. Pacnpocrpatienne Boin ynpyro#t reGopManii H pacupegeie-

ume ckopoctefi uacTHL fpH CTOJNKHOBEHKM CTepXueil pasHofi AJHMHE.

CixxaTHe cTepxiiel AOKA43aHO BEPTHKANbHBIMH WITPHXAMH, a pacrdxe-

e — TOpH3oHTaAbIBMA. MamMenenue 1inusl CTepxHeR npy ux jedop-
Malll¥ He 110Ka3aHO

B Tor MOMEHT, KOrja [JMHHDLIH CTEPXKE€Hb MNOJHOCThIO OC-
po6oaHTCA OT AehopMalliil, CKOPOCTH BCEX €ro YacTHI( c/IeBa oT
cepeANHDl CTepKHs OYAYT HalpaB/eHbl BAEBO, a CKOPOCTH BCeX
YaCTHLL [IPaBoil NOJOBHHBI CTEPXKHs — BOPaBO (PHC. 25.5e).
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[TosTOoMy B 06€ CTOPOHEI OT CepeHHbI CTEPIKHSI HAaYHeT pacnpo-
CTPaHSATECST BOJMHA pacTsiKeHust (puc. 25.50¢). B pactauyroit
4acTH CTEPIKHS, KOTOpas HA 3TOM PUCYHKe 3alITPHXOBaHa, CKO-
POCTH YaCTHI CTEePIKHSI paBHBl HYJAIO, a BHE 3TOH wacTu no-
TpexKHeMY DABHBI U,

Korpa BosiHa pactsiKeHHs JOCTHTHET KOHLOB CTepXKHA,
CKOPOCTH BCeX €ro yactuu ofpatsitcst B HyJb (puc. 25.53).
C 3Toro MoMeHTa KOPOTKHI CTepIKeHBb IepecTaHeT KacaThbCs
JIEBOTO KOHLA JVIHHHOTO cTepKHs. TakHM 06pa3oM, ¢ MOMEHTA
IIpeKpalleHnsl B3aUMOJEHCTRUSE CTep:KHeH A0 HX pasne/ieHus
npoxonuT ewe Bpems, pasuoe 2//u. ITostomy noanoe Bpems
npeCuiBaHUsA cTepKHeH B KOHTakte paBHO 4l/u.

Hanbnie pacTAHYTHIH AJHHHBIH CTepXeHb ONATh HadYHHaeT
ocBoGOMatecs OT jaedopMaunu (puc. 25.5u), H T. A. Takne
yepeayIoLiKHecsT BOJAHBL CKATHSl M PACTSIKEHHST MOXKHO paccMar-
PHUBATL KAk NPOAOJAbHBIEC KOJeGaHUsl CTePIKHS, NPU KOTOPHIX
B BeIGpAHHOMH cucTeMe oTCueTa ero cepepvHa cTouT Ha mecte. o
CTOJKHOBEHHSI CTePKHH 06/1afastl TOJMbKO KHHETHYECKOH 3Hep-
rue#t noctynarenpHoro JABuxkeHud. [Tocne cTosKHOBEHHA Ku-
HeTHYecKas 3Heprusi KOPOTKOTO CTepXKHA Taxas e, Kak H J0
CTONIKHOBEHHSI, TaK Kaxk W3MEHH/JIOCh TOJAbLKOG Hanpas/ieHue
cKopocTu cTepXnfA. KuHeTHueckas sHeprus nocTynarteJbHOro
IBL{IKEHUS] IVIMHHOTO CTePIKHSI II0Cjde CTOJNKHOBEHHsi PaBHA
HY/MI0, TaK Kak OH KaK [e10e INOKOMTICs., 310 3Ha4uT, 4To
aneprusi BO3HHUKLUIHX B CTepxKlie KojeGaHH{ paBHAa ero nepeo-
Haya/bHOH KHMHETHYECKON 3HEpruil.

. Takum o6pasom, Mozenb abCcOAIOTHO YNPYTOro yidapa mare-
pHAABHBEIX TOYeX, B KOTOPOI NPUHHMAETCA, YTO KHHETHYEeCKast
SHeprust CTAJKUBAOIUXCS Tejl COXPAHSIeTCs, OKA3LIBaercs
CORepIUEHHO HENPUMEHUMOH B cAydae CTOAKHOBEHHs YNpYrux
crepxHell pasnoil anuubl. B camoM pesie, paccMaTpUBas CTepxK-
Hu KaK MarepHajbHbIe TOUKH C MaccaMM M U 2m KW NPHMeHsd K
HX CTOJIKHOBEHHIO 3aKOHBl COXPAHEHHUsI 3HEPTHH H HMHOYJibCa,
MBL NMOAYYH/AH GBI, YTO TOUKa MACCHE 711 10CJ1€ CTOAKHOBEHU ABHK-
rajnach Obl HaJ1e€BO CO CKOPOCTBIO 5u/3, a TOYka Maccehl 2m —
HANpaBo CO CKOPOCTBIO /3. A

26. CTonkHoBetMe Tpex crepsHeil. PasoSpanueii upumep
CTOMKHOBEHHA IBYX CTepKHell, OQUH U3 KOTOPBIX BABOE /M-
Hee ApYyroro, IN03BOJAET JErKO BBIACHHTL, KAK MNPOHCXORHT
CTO/IKHOBEHHE TPeX OMHAKOBBIX CTEpPMHEI.

A Bynem CYHTaTh, YTO JAMHHBIA cTepkKeHb B [peABLRAYLLEM
npuMepe Ha CaMOM jieJie COCTaBJ/IeH K3 ABYX OJJUHAKOBBIX KOPOT-
kux cTepxued (2 m 3 Ha puc. 26.1). OrmeruM npex e Bcero,
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4TO JO TE€X MOp M0Ka B AJMHHOM CTEpXKHE pachnpoCTpaHseTcs
TONbKO BOMHA cxkartust (puc. 25.5¢ — e npenpipyiliero npu-
mepa) ToT GaKT, 4TO OH COCTOHT U3 JBYX OTAE/bHBIX KYCKOB,
He UTpaeT HUKaKOH poJaM B NPOUCXOASUIMX Hpoieccax.
flero, uto B3aumogeiicTBue crepxkHeli 2 ¥ 3 HaumBaercs
B TOT MOMEHT, KOIrja BOJHA CXKaTHa, DAclpoCTpaHAsnCh 1O
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Puc. 26.1. CroaksoBenie TpeX OJMHAKOBLIX cTepXKHefl

CTEPKUIO 2, AOCTHTAET ero TpaHHLBl co cTepXKueM 3. D10 Npo-
HCXOAUT CHYCTS1 NPOMEXYTOK BpeMeHH [/u mnocie navasna
CTOAIKHOBEHHS cTepxkueft I u 2. CnycTs elne NPOMEKYTOK
BpeMeHH [/u B3auMoneficTBue cTepXKHeH / W 2 mpexkpaiuaercs,
a crepxuell 2 u 8 — npojo/mkaercsa. PaceMoTpuM TOT MoMenT,
KOTfia JUTHHHBIA CTepIKeHb, OCBOOOXKAAACH OT CHATHs, OKA3LI-
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Puc. 26.2. Pacnpenenenne CKOPOCTeH 4yacTHy CTePXKHeHd mocJe TOro,
KaK CTepIXHM 0CBOOOJHINHKCH OT AedopMannu

BAeTC HeNePOPMUPOBAHHBIM. DTOMY MOMEHTY COOTBEICTBYET
puc. 25.5e npembyiero npumepa. B 3TOT MOMEHT CKOPOCTH
BCEX YaCTUL, CTEPXKHs 2 HanpaB/eHB BJEBO, a cTepxua § —
BApaso (puc. 26.2a). Tax Kak 3TH CTEPXKHH HE COEAUHEHD! 1PYT
¢ ApyroMm, TO HHKakofi BOJIHBI PacTSXKEHHs, pasyMeercs,
HE BO3HUKaeT: CTepxHuH 2 u 3 MpoCcTo YAANSIOTCA APYT OT ApY-
ra. I1pu stom crepxkHHu I ¥ 2 oCTal0TCS B KOHTAKTE APYT € Jpy-
roM, Tak KaK JIBHXKYTCA C OLHHAKOBBIMH CKOPOCTAIMU HaJ/leBO
(puc. 26.26). Paznenenne crepxHeft 2 1 3 NPOUCXOAUT CnycCTs
NPOMEXYTOK BpeMeHu 2//u nocne Hayala HX B3aUMOIEHCTBUS,
T, €. COyCTA Bpems {/u moc/e MpeKpalleHHs B3aNMOJEHCTBHSA
crepxHed [ #u 2.

Hs cpasuenuss puc. 26.1 u 26.26 sugHO, 4TO pesy./brar
CTONKHOBEHHS CBOAUTCA K TOMY, yTO Kpaiinue crepkHu I u 3
U3MEHHAH HANpaBJeHHUsA CBOHX CKOpocTedl Ha IIPOTHBONOJ/IONK-
HBIE, a CKOPOCTh CpejiHero cTepxusa 2 ocranach 6e3 M3MEHLHHA.
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Knueruueckasi SHEPTHUS MOCTYNATe/NLHOrO JABUMKEHHS CTEPKHEH
P TAKOM TPOHHOM CTOJIKHOBEHUH OCTaeTcss 0e3 M3MEHeHH.
Huxaxux xose6anuil nocse oKOHYAHUs COYAapeHHs] B CTEpH-
HAX He npoucxonuT. Ilostomy a/ag paccMOTPEHHOTO CTOJKHO-
BeHHSI IPHMEHMMa MOJE b JBYX Noc/enoBaTeqbHBIX abCcoMor-
HO YNPYIUX CTONKHOBeHuil: cHayajia HepBOro Tejia cO BTOPLIM,
a 3aTeM BTOPOrO C TPeThUM.

BuisichuM Tenepb, Kak GYAET BHIIVIAJETh 3T0 CTOJNKHOBEHHS
B TO/l CCTEME OTCYETA, B KOTOPOH CONpHKACAIOLHecs cTep KHH 2
H 3 noxoATcs, a crepxenb I HaseraeT Ha HuX. 15 nepexoza B
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Puc. 26.3. Crepxens I Haleraer Ha MokosuiHecst crepxuu 2 u 3

TaKyl0 CHCTEMY OTCYeTa HYXKHO K CKOPOCTSM BceX Teqa npuba-
BHTb OJHY U TY XK€ CKOpOCTh ¥, Hanpas/aeHnylo Bupaso. C no-
molnblo puc, 26.1 u 26.26 BuanM, YTO B 3TOH cucTeMe OTCYera
J0 yjapa crepxkeHb [ JBHIKETCS CO CKOPOCTBIO 2v, a CTEepIKHH
2 u 3 nokosares (puc. 26.3a). [Tocae yiapa NoKosTCs CTEPXKKHH
I n 2, a crepXkeHb 3 JABHKETCS CO CKOPOCTbIO 2V Hampaso
(puc. 26.36).

[TpuBesenHbd IOAPOOHBIN aHAAH3 CTOJKHOBEHUS TPEX OAU-
HaKOBBIX CTEPXKHEH HO3BO/IIET NOHSATH pe3y.bTaT yIOMHUHAB-
LIETOCs BBHILIE ONBITA € OTCKOKaMM MOABEILEHHBIX HA HUTAX
ynpyrux wapos (puc. 23.2.)

13 pazoOpaHnbLIX IpUMEpOB SCHO, YTO COYAAPEHUSR HECKO/b-
KHX yNpyTuX Tel HYXXHO paccMaTpHBATh KaK NOC/eI0BaTesb-
HOCTb OTJeJ/bHBIX CTOJNKHOBEHUH. A5l TOro 4TOGH NPUMEHATD K
3TUM CTOJIKHOBEHHSM YODYIMX Te1 MOZe/ b abCOAIOTHO YOpy-
roro yjapa, Hy*Ho OLITh YBEPEHHDLIM B TOM, UTO [OCJI€ NpeKpa-
[EHUS CTONKHOBEHHSl B Te/laX He NPOUCXOAMT KosreOaHuii. &

27, Ynpyruii wap u creika. B 3ajayge 24 yxKe oTMeganocs,
4TO CTOJIKHOBEHHE IHapa ¢ HeledopMmHpyemofl cTeHKoH npowuc-
XOJIUT HE COBCEM TaK, KaK CTOJIKHOBEHHE CTepIKHS CO CTEHKOH.
[1aBnas npuyuHa pasauyusi 3aKJA04aercst B TOM, 4T0 B HPO-
ecce coylapenus n/omanp o0J4acTH KOHTAKTa 1apa cO CTeH-
KO HE OcTaercsi NOCTOsIHHOM.
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I10 pas/idude MPOSIBAAETCS JAXKE B CTATHUECKOM cAyyae,
KOT/Ja ynpyroe 1eo NpumUMaeTtcst K HellepopMupyemoii crenke
MOCTOAHHOH BHElIHeH cuiok. [lepopmanus crepxHsi, nonepeu-
HOE CEYEeHHE KOTOPOrO OAMHAKOBO IO BCEH AJHHE, OyleT npu
3TOM OJ\HOPOJHOH, M NOTeHIHA/bHASL SHEPTHST ynpyroi aehop-
Mauud OyIeT DaBHOMEpHO paclpejesieHa 1o BceMy obObemy
CTEepKHS.

[Ipu crarudeckoit nedopmanny wapa, IPHKATOrO K CTEHKE,
Xapaktep pacnpejesienua JehopManuH OyAeT COBCeM HHBIM,
Hedopmanust Marepuana
uiapa yKke He 6yjger of-
HOPOJHOM. Hautonee
cuJbHO OyayT aedopmu-
poBaHbl YY4CTKH Iuapa
B6aH3H  creHkd. Hem
Jajbllle OT CTeHKH, TeM
MmeHblIeH Oyner jedop-
manust. IIpu 31OM OKaswi-
Baercsi, uto AedopMaiys
3pPeKTUBHO  NPOHHKAET
B LIap Ha CPaBHUTEbLHO ’

HeBOMBIIYI0  TAyOHHY W Puc. 27.1. Ilpyxunst pasuoft xecrs
OXBaTLIBAET TOJILKO HEKO- Kocrd

TOPYIO 4acTh liapa, 00b-

eM KOTOpOﬁ MaJl 1o cpapHEHHIO C 06'BEMOM BCero mrapa. ITo-
TeHlHalbHasl sHeprusi jebopmanuu GyAeT COCPEROTOYEHA D
MaJioH 00/acTH wapa, HENOCPEACTBEHHO NPHUMbIKAIOMEH K
CTEHKE.

[Toxsith TaKOH Xapakrep AedOpMauUH LIapa U pacnpejene-
HHS MOTEHIHANLHON SHEPTUH 10 ero 00beMy MOXKHO, paccmar-
puBast cxaTHe ABYX IOC/ENOBATENbHO COEAMHEHHBIX IIPYKHH
pasHoit xectkoctH (puc. 27.1). Ilycts xectkocTh nepsoit npy-
XHHB PaBHA By, BTOPO# — ka. [IpyXuHLI C2KHMaIOTCS CHIOH F,
KOTOpAast NPH 110C/eI0BATEIbHOM COCIHHEHHH NPYXKHH B /1060M
CeyeHHH OAnHAaKoBa. [lepopmauud nPyXRUH x; H X2 CBsA3albl C
cunoil F u KoshhuuuenramMu £y U 22 OObIYHLIMH COOTHOLLIEHHSAMH

F=k1x1, F:k2x2. (1)

[ToreHuHasbHbIe HEPrUH AePOPMHIPOBAHHBIX NPYHKUH NPONOP-
IMOHaJBHLl KBajpartaM HX Aepopmanui:

kyxt koxl g
Wo=-25, W,=-22, )
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Hs coornowenuit (1) caenyer, uro aehopMausiu NPpYXuH obpar-
HO TIPONOPIHOHAJBHBI HX ecTKocTsIM. [lostomy ansi orHoure-
nun sHepruft W, u W2 ¢ nomousio (2) Haxonum

W]/WZZkZ/kl. (3)

ANSNNSANERNNSANNNNRNN

Buano, 4TO NPH nOC/AENOBATE/ILHOM COCJHHEHHH TNpPYXKHH 3a-
nacentast Kamol NpPy:xKHHOH 3HEprust o6parTHO NPONOPLHO-
HaJbHa €€ KEeCTKOCTH: ueM Msrde Npyxupa, TeM G6Oapluas
yacTh SHEPruu JedhopMallH NPYXHUH cocpefoToueHa B Hell. B
. TIpellesIbHOM cJydae, KOrja IKect-
KOCTh OAHOH M3 NPYMHH CTpPEeMHTCS
K fecxoHeqHOCTH (T. e. ee MOXKHO
CUHTaTh aBCOMIOTHO TBEpABIM, Heje-
(bopMHpYeMbIM  TEJIOM), BCSL NOTEH-
\ uuajdbHas sHeprus nepopMmanny oka-
3bIBACTCST COCPEJOTOYEHHOH B Jpy-

roii npyxuue,
Puc. 27.2. KauectBennas Hpouecc CTOJ}KHOBQHHHU apa ¢
momenn  croakuomenus  HEAGDHOPMUDYEMOH CTEHKOH MOXKHO
wapa co crenxoft npeacTaBuTh cebe chaeAyonyiM obpa-
3om. CHagana 1ap Kacaercsl CTeHKH
B OfiHOH TOYKe, 3ateM IO Mepe jedhopManyd mapa 065acTh
KOHTAaKTa yBeJHUHBaAeTCsl. A 3TO 03HayaeT, YTO UCMHITHIBAONLYIO
JeopMandio 4acTh Ilapa KayecTBEHHO MOYKHO paccMaTpUBaTh
KaK ynpyryo npy:xuiy, }XecTKoCTb KOTOPOH Bo3pacTtaer ¢ yee-
JIYCHHEM CXKaTdsl. 2710 YCJOBHO NOKa3aHO Ha puc. 27.2.
DHeprua jepopMmandd OyleT B OCHOBHOM COCPEJOTOYEHA B
TOH 9aCTH MNPYyxHHLl, KOTOPAash HMEeT HAMMEHLLIYIO JKecT-
KOCTb H HCHBITHIBaeT Haubo/bliyio AepopMauHuio, T.e. B Ma-
A0#l YacTH llapa, HENOCPeNCTBEHHO MPUMLIKAIOMEH K CTeHKe.
Onucaxnas Bellle KauecTBeHHAs KapTuHa nedopManun wapa
03HayaeT, YTO NPH M3yUEHUH CTOJAKHOBEHMS YNPYyTHE CBOHCTBA
mapa MOXKHO CUHTATh COCPENOTOYEHHLIMH BOJIH3H TOYKH KOH-
TaKTa (B npyxuse Ha puc. 27.2). Tak kak macca 310l aeopMH-
PYEMOH 4aCTH MaJla IO CPaBHEHHIO ¢ Maccofl BCero tuapa, To ee
AebopMalyIo MOXKHO CUHTATh KBa3HCTAaTHUECKOH (kak y npy-
JKHHBI, BOBCE JIMIUEHHOH Macchl), a HHEPTHhIE CBOHCTBA liapa
MOXHO PacCMaTpHBaTh, CYMTast, YTO BCA Macca mapa cocpejo-
TOYEHa B €ro ueHrpe. B oTauuHe OT YNPYTOro CTepHs, AJs
KOTOPOTO HYKHO 6blJ1I0 CuMTaTh, YTO YNPYTHE H HHEPTHHE CBOI-
CTBA4 PaBHOMEPHO pacnpefiefieHbl 10 BCeMY OOBEMY, 3/eCh Mbl
MOEM C XOPOLUeH TOYHOCTBIO PacCMaTPUBATh YIPYTHI Wap Kak
TOYEYHYIO MAcCy, NPHUKPENJEHHYIO K HEBeCOMOHl NpyxKuHe ¢
nepeMeHHOH KeCTKOCThIO.
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M3 Takoit Moaesu cpasy CTAHOBUTCH $5ICHO, UTO AJIHTENb-
HOCThL CTOJKIIOBEHHA 1lapa CO CTEHKOH 3aBHCUT OT CKOPOCTi
mapa nepex yaapoM. IIpu madoft cKopocTH pehopmanist Mana 0
3aTparuBaeT TOJAbKO yUaCTOK «PYXKHHBD C MaJOH JKECTKOCTBIO.
Ilepuoa kosebanuil MacCHBHOrO 1apa Ha TaKOl NpYyXKHHe Be-
MK, [I09TOMY BpeMsl CTOJIKHOBeIMsl Oyner OGospiinM. Yem
GoJibliie 3Ta CKOPOCTh, TeM BoJiee KeCTKHe yHacTKU I yAKHHbD
BCTYNAIOT B Pa0OTY U TeM MEHbIIHM OKa3biBaeTCs BPEMsI CTOJMK-
HOBEHHHA.

[Ipu CTOIKHOBEHHH I1apa CO CTeHKOH, Kax Mbi BUIUM, AJIH-
TeJBHOCTL OnNpejesisiercsl COBCeM JAPYTHMH [pOLiecCaMu, ueM
NpH CTOJNIKHOBEHHMH CTepkHs cO cTeHkoH. Tam 3ra AJHTENB-
HOCTh oOnpejesiiach BpeveHeM NpOXOXKIeHHsl 3ByKa BJAOJbD
CTepIXKHA, a 3/lech OHa CBsI3aHa C nepHoIoM KoJebauui apa Ha
npy:HHe nepeMeHHON KeCTKOCTH, NPHYEM 3Ta JKECTKOCTh Masna
npu HedosbLNX cKopoctsX. [TosToMy AIHTE/ILHOCTb CTOJIKHO-
BeHUs A5 1lapa 3HAUUTebHO OOJblie, YeM AJsT CTePKHA H3
TOrO e MaTtepHaja M HMEIOWero MIHHY, paBHYIO AHaMeTpy
wapa.

Bo Bcex paccyxIeHHAX Mbl AJIsT MPOCTOTHI CYMTA/IH CTEHY
Hegedopmupyemoii. HerpyaHo coo6pasurb, 4T0 BCe KadecTBeH-
Hbl€ BBIBOIbI OCTAOTCSl CHPABEAJIHBLIMH H TOrJa, KOIAa CTEHA
cJlenaHa M3 ynpyroro MarepHajia, CBolicTBa KOTOpPoro OJHM3KH
K CBOfICTBaM MaTepuaJ/a mapa. Pasaudne B popme nopepxHOCTH
mapa U creHKH BOJIM3H TOYKH CONPHKOCHOBEHHS! NMPHUBOAUT K
TOMY, YTO MPH He CJHIIKOM BOJLHIOH CKOPOCTH 1apa AehopMH-
pyercst TOJNBKO L1AP, a NOBEPXHOCTh CTEHKH NPAKTHUYECKH OCTa-
erca nuockoil. ledopmarius credkn O6yaer cyiiecTBeHHa TOJb-
KO B TOM CJlyuae, KOIjAa XeCcTKCCTh MaTepuala CTeHKH (MOLYJib
Kura) suadurte/bHO MeHbille XKeCTKOCTH [uapa.

Tenepb Mbl MOKeM BepHyThbesl K 3ajaue 23 O CTO.IKHOBEHHH
11apa ¢ KJIMHOM, JIeKailuM Ha TOPU30HTA/IbHOH NOBEPXHOCTH, H
0o6CyAHTb BONPOC O TOM, KAKOMY M3 PAacCMOTPEHHBIX TaM peuie-
HHit caefyer OTAaTh npeanodyreHye. $iCHO, 4TO €IMHOTO OTBETA
GbITH He MOXKET: BCe 3aBHCHT OT TAKHX CBOHCTB YYACTBYIOWIMX B
CTONKUOBEHHH TeJsl, O KOTOPBLIX HHYErO He TOBOPHTCS B yCJO-
BHU 337314,

Ecan AaUTeIbHOCTD CTOJKHOBEHHS LIapa ¢ KJIHIIOM 3HauH-
TGO [IPEBBILIAET BpeMs PacNpOCTPaHEeHHA BOJHBL yHpyrof
AebopMaldt no KJAHHY, TO MOXKHO CYHTATh, YTO JAeHcTBHE L1apa
Ha KJjiuH OYNeT KBasHCTATHUSCKUM, KaK ec/d Obl 11a HAKJIOHHYIO
rpailb K/AnHA JedCcTBOBaJla NOCTOsiHLIas cHJa. B atom cayudae
NPARH/LUBIM SBJAsETCH NPeAcTaB/eHHe 00 OJHOM yrape —
yldpe mapa ¢ CHCTeMOH, COCTOsIueH H3 KJHHA U [IOBEPXHOCTH,
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Ha KOTtopo# oH Jexut. ChenoBate/bHO, CNpPaBefiHBO MepBOe
pewenne 3ajaud. Tak Gyner, Hanpumep, TOrAa, KOrja Kecr-
K¥CCTh MaTtephasta KJHHA OoJblie HJH TOTO e NOpsiAKa, 4yTo
¥ MatepHaJa mapa, a X pasMepbl CpaBHUMbBI MeK1y coBOoil.

Ecau e xecTKocTh MaTepHaJ/a KJ/iHa 3HAYHTE/IbHO MEHb-
e, yeM Iiapa, TO MOXKeT OKas3arthbCsl, UTO BPEMsl pacnpocrpane-
BHsl BOJHB JedOpMAlMH Mo KJAUHY OyaeT 6oJblue, 4eM AJu-
TEeJILHOCTh COyJapelHst lapa ¢ KJAHHOM. B atom cayuae 61uke
K neHicTBuTebHOCTH Oyier npeicraB/eHne O Noc/enoBaTelib-
HOCTH JBYX COYA4pelHH — mapa ¢ KJAMHOM U KJ/HHA C NOA-
ctaBkoll. OHAKO C/IeAyeT NOMHUTh, UTO B 3TOM CJ/ydae 4acTb
riepBoHavYasbHOR KHHETHYECKOR SHEPrHHM [Iapa MOXKET mpespa-
TUTLCS B SHEPrHIO YIPYrux KoJeOaHUH KAUHA. A

28, ®y100abHLIA May, CKOJIBKO BPeMeHH JJIHTCA CTOJIKHO-
Benue GyTGONLHOTO MAga co credyol? C KakOH CHJOH May
JIaBHT Ha CTEHKY?

A ByjneMm ias npOCTOTHI CYHTATh, YTO MSAY JICTHT NepIeH/U-
KyJSIpHO TloBepXHOCTH crenxu. [lpu yaape o crenky msau je-

dopmupyerca. Ilpu He coamwkoM 6oabiuoi

CKOpOCTH MAuYa Jedopmaliul HeBelHKH H

MOXHO CUMTATh, YTO HE KACAoLAsiCsl CTEHKH

YacTh MOBEPXHOCTH MsAYA MO-TPEKHEMY che-

pHYecKast, a Mecto COnpHUKOCHOBEHHST CTaHO-

BHTCA IJIOCKHM, KaK NoKasaHo Ha puc. 28.1.

Kakne cunbt 1eficTBylI0OT Ha MAY BO BpeMms

yaapar Jlo yaapa zeficTBOBaBILME Ha MAY CH-

Puc. 28.1. Jie. /bl ATMOCHEPHOrO laB/ieHus yPaBHOBEILIHBAJH

gopMmanrs Maua APYT jgpyra. B npouecce ynapa 3to yxke He

npu cToakHoBe-  TaK. [leficTBUTENbHO, CHAYajia MAY Kacaercs

BRI CO CICUKOH  creygy B OAHON TOUKE, 3aTeM OT 3TOH TOUKH

obJlacTh KOHTaKTa pacllHpsierci B KpYT.

[pu 3TOM BO3AYX M3 3a30pa BbiTecHsieTcsi HAPYXKY. B pe3y.b-

TaTe NOABJISIETCS HECKOMIIGHCHPOBaHHasa cu/a AaBJCHHS aTMOC-

bepHOro BO3AyXa, HaNpaBJieHHasl K CTeHKE B paBHas MPOM3Be-

JEeHHI0 aTMOC(ePHOrO AaBJjeHds p, HA IJOW@aAb 00/acTl KOH-
takta S (puc. 28.2).

JaBenne BosayXa p BHYTPH Msida BO BPeMs y/Japa MOXHO.
CYHTATh BO BCEX TOUKAX ORMHAKOBBIM, KaK M NMPH CTATHYECKOH
zepopmanny. IlosToMy BO3AyX BHYTPH Ms4a JaBHT Ha YacTb
000J/I04KH, COMNPHKACAIOULYIOCd €O CTeHKOH, ¢ CHJIOH, paBHOM
pS. C Takofi xe no MOAyJ/io, HO NPOTHBONOJOKHO HANpaB-
JIEHHOH CHJIOH JEHACTBYeT Ha 3Ty 4acT OGOMIOYKH MsAYa R
c7eHKa.
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Hrak, noanast cusa, feficTByomas Ha MsY npH ypape, Ha-
npas/eHa OT CTeHKH H paBHa (p—p,)S. [lromans o6aactu KoH-
TaKTa Msiua CO CTEHKOH S Jlerko HalTH ¢ nomowsio puc, 28.3.
O6o3naunM pajdyc Mada uyepe3 R, pajuyc Kpyra — 006JacTH
KOHTaKTa €O CTeHKO#l — uepes r, a AeopManiio Msiua yepes x.
Torza no teopeme [Tadaropa

r=VR—(R—x)?=V2oRx—x. (H
[TostoMy nJomans 06J1aCTH KOHTAKTa
S=nrt=2nRx (1—x/2R). 2

Hy:xHo nn yuuThiBaTh M3MeHeHHe JaB/eHHs1 BO3LyXd B Ms-
ue npHu ero aedopmandu? OTHOCHTENLHOS yMEHbIIEHHEe 00beMa
msiua AV/V okasbiBaetcsl BeJMUHHOMH

Z /R)%, T1
2y \ / nopagka (x/R)?. TlosromMy ecqad Mel,
~ cudras neopManuio Msda x MaJiof
N0 CPaBHEHHIDO C €0  pajuycoMm
el Z -
ST\ W
R o)
e i
i
Ll ————— W
28 Xy —ﬂ«—
Puc. 28.2, K mnaxoxjeunuwo Puc. 28.3. K onpeaenenuio pas-
CHJI, HNeHCTBYIOIMX Ha MAY mepa ofjiacTu KOHTaKTa MAYa Co
npu yaape CTeHKoH

R (x&R), OyaeM npu BbiuMCJEHHH naowanu S B (2) orGpachi-
BaTh MaJioe NO CPABHEHHIO ¢ eJHHULEH ciaraemoe x/2R, 10
HyXHO TeM GoJiee npeHebpeyr H3MEHEHHEM JaBJIEHUs, NPONOP-
IHOHA/IbHBIM (x/R)2.

Takum ofpasom, noasas cuna F, nefictByowas Ha Msy
BO BpeMsl yJapa, NponopuuoHajbHa AepopMandu Msida x:

F= (p—po)S=21R (p—p)v="Fx. (3)

JlBuenue LEeHTpa Msi4da NPH JEACTBHU TAKOH CHJILI JOJIKHO
npeicTaBisTh CoGOH rapMOHHYECKOe KojefaHHe € 4acToToii,

oupen.enﬂemoi’{ COOTHOLIECHHEM
o = 2nR (p— po)
m m

' ©

rae m — macca maya. Tak Kak gepopmauus Mmsiua npu yaape
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0 CTeHKY MOXET MPeacTaBsath co6ol TOMbKO CHKATHE, KOTOPOe
e CMEHsETCA ero pacTaXeHueM (Tak Kak M4 NPOCTO OTCKAKH-
BaeT OT CTEHKH), TO 3T0 «KoJeGaHue» NPONOJIKAETCST TO/NLKO B
Teueline nosioBuHnl nepuoja T. Takum ofpasoMm, aauTesb-
HOCTb yjapa Msiiya O CTeHKY

T 1 nm
"=7=z)‘=1/m- )

Bpemsi ctosikHOBeHHs1 PyTO0/BHOrO Msiya CO CTEHKOH TeM
MeHblle, ueM GoJibllle JaBjeHie BO3AYyXa p BHYTPH Msiua, HO
He 3aBHCUT OT CKOPOCTH Mslya nepef yiapoMm v,. Makchmadb-
Hasi CH/a, C KOTOPOH Msu JelCTByeT Ha CTeHKy, padymeercs,
3aBHCHUT OT CKOpOCTH Msia. B MomenT nanGoblledl fedopmarius
Msiua BCs €ro KMHETHYECKast SHeprusl nmpeBpaiiaercs B noTel-
[HAJBIYIO 3NePru peopManny:

mug . kxd (6)

2 2 "

O1ci0/la MOXKHO HAHTH MaKCcHMaibHYIO AehopManHio Msida X,

m T m
x0= V—k-vo == V '—“_————21‘ R(p-—po) UO’ (7)

rae k noAcTaBaeHo U3 cooTiiomenus (4).

[lpuBenem yucaosbie oueHky. [1ycts Macca mAaua m=0,4 kr,
paanyc R~0,15 M, a fnaBjeHHe BO3AyXa B Msid€ npesblilaer
atMoc(epHOe Ha onHYy atmocdepy: p—p,=1 arm=1,013-10%
[la. TloactaBass 3TH JanHsie B gopmyny (b), nonydaem T~
~6,4-1072 ¢. [lnurenbHOCTh CTOJNKHOBEHHUS OKasajach MeHee
coTOll 0K cekyHABl. UTOOH OUEHHTH JehopMALHI0 Msiua npu
yaape, HY»KHO 3a7aTth €lle €ro CKOpPOocTh nepej yaapom. Cum-
Tasi ee paBHOH mpumepHO 15 M/¢, ¢ moMombio popmyant (7) Ha-
XOAUM, 4YTO MAakCHManbHas JedopMalllisi X, COCTaBJjsieT NPH-
MmepHO 3 cM. MakcumaJ/ibHoe 3HaueHne CHJIBI, JeHCTBylomed Ha
CTeHKYy B MOMEHT OCTAHOBKM Msua, paBHO, B COOTBETCTBUH C
dopmynoit (3), 2800 H. a

29. OTpaxenne oT cTenkH. [IoA KakuM yrJjoM OTcKakHBaer
(yTOONBHBIH MAY OT CTEHKH?

A 3azava, pasymeercs, TpMBHa/NbHAsA, eCNH CYUTAThL, 4YTO
yaap a6collOTHO YNPYrHi, a CTEHKA H MY HECANbHO T/ajKHe,
TOF,Z[a TPEHHE MEXKAY MAUYOM H MOBEPXHOCTHIO CTEHKH OTCYT-
CTBYET H YroJ otpaxenns f pasen yray najenus « (puc. 29.1).
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CoBceM ngaue 0GCTOHT A€JI0, @CAH MsIY U CTeHKa IHCPOXOBa-
Thie, TaK 4YTO IpeHefperarh TpeHHeM yxxe Henp3sl. OfHAaKO H
B TOM CJyuae JIerKO HallTH yroJ OTpaKeuHusl, ecld H3BecTeH
KO3hpULIHeHT TPEHHUS | MsI4a O NOBEPXHOCTh CTCHKH.

byzem paccyxpath cieiyiomuM oSpasoM. Pasjoxum Bex-
TOP CKOPOCTH NOCTYnaTeJbHOrO ABHXKeHMsl Mfda JO yaapa o
Ha JBe cocTap/isiioiye: ¥, HanpaBJeHHYIO NEPNeHAUKYIAPHO
NOBEPXHOCTH CTEHKH, H U, HANpaBJEHHYIO BAOJb IOBEPXHOC-
TH (puc. 29.2), O6o3nauMM COOTBETCTBYIOUIHE CKOPOCTH Msua
nocJie OTCKOKa uepes @', n . llepnenjukyaspuas cocTapisiio-

1asi CKOPOCTH Msiua IPH yAape O CTeHKy MeHsieT CBoe Hanpas-
JICHHE HA NPOTHBONOJIOAKHOE, OCTABAACh
HeusmeHnHol no moay/mo. ITapannensnas
’e COCTaBJsiolast CKOPOCTH, BooOiie
rOBOPs, H3MeHsleTCst 0 MOAYJIO.

’ I4
v/ v

77\ S
Puc. 29.1. OrcKOK Ms- Puc. 29.2. Pasjioxenne
4a OT CTeHKH Ha COCTABJIAIOHE CKOPOC-

TH Msiya 0 H mocJjie yxap a

Yrtobbl y6eauThCST B 3TOM, PACCMOTPHM CUJIBL, JeficTByOHe
ta Ms14 CO CTOPOHB CTEHKH NpH yjape (puc. 29.3). Hanpasneu-
Hasi 110 HopmaJu K crenke cuja N — 3710 ciia
yIpyrocTH, BO3HHKAlOWast NpH Jehopmaniu
msaua. [Hedopmanyio XOpollo HaKaYaHHOrO
Mfua MOXHO cudTath ynpyro#, nocse ynapa
Msid4 BOCCTaHaBJHBaeT cBowo popmy. Tlosromy
SHeprusi ynpyroii zaedopmanuud Msiua mnocse
ylapa CHOBa nmepeiiier B KHHETHUECKYIO )
Slepriio. Puc. 29.3. Ci-

u Jbl, ACHUCTBYI0-

Jipyrumu c/ioBaMH, 4YaCTh KHHETHUECKOH e 12 mau o
JHEPrHH Msiua, CBsI3aHHAsl C ero JABH:KeHHeM BpeMd ygapa
no HOpMaJy K CTeHKe, ocTaeTcsi HEeU3MeHHOH.

MameneHue coctaBJ/isiiomieldl CKOPOCTH, NapaJljieNbHOR 110-
BepXHOCTH, NPOUCXOAUT NOJ JCHCTBHEM CHJIK TPeHHs, Dta cuna
Hanpab/éHa B CTOPOHY, NPOTHBOHOJIOXKHYIO CKOPOCTH TOUEK
[OBEPXHOCTU Msi4a B MECTE CONPHKOCHOBEHUS CO cTeHKOoH. Ecau
MsIY 0 YAapa He Bpailascsl, TO CKOPOCTH 3THX TOUEK paBHb
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¥y, H JeHCTBHE CHJBI TPEHHs NPHUBOAHT K YMEHbIUCHUIO MCAY-
asi Yy . IT0 3HAYUT, YTO YroJ OTPaxkeHHst P meHbIUe yrJa na-
IeHusa o. MmenHo sator cayyad M H306paxxed Ha puc. 29.1 u
29.2. Cana TpeHHA MOKET U yBeJHYHBAaTh 3HAYEHHE Uy, €CJH
JI0 yapa o CTeHKY Msiu BpaIla/ICA B HanpapJeHUH, yKa3aHHOoM
Ha pHc. 29.4. TIpu noctaTouHo ObICTPOM BpailleHHH Mada (o R>

N

G v/ [ v’ @

D.LL ————— v

Prc. 29.4. Cxopoctu Msia 20 H Puc. 29.5. K Bnludcienu:o yriaa
ocse yAapa npH BpamIEHUM Ha- orpa xenns
JETAIOMET0O MsYa MO HacoBOH

cTpedxe

>v,) Kacaionyecsi CTeHKH TOUKH Mfiua HMEIOT CKOpPOCTH, Ha-
npaBieHHble BJIEBO, CHJ1a TPEHHsl HanpapJjeHa BIPaBO M 3Ha-
ueHHe v, Bo3pacraer. B atom cnyuae yroa orpaxkenust Goaviue
yrJa najeHus.

PaccmorpuM noipoGHO cayudall, Korja Ms4 10 ylapa He
Bpamaercsl. Byzem takxke CUHTaTh, YTO CKOPOCTH TOYeK MfAua,
KacawllUXcs CTeHKH, He 06paiiaiorcsl B Hy b: B TeyeHue yaapa
npocKasb3biBaHne He npekpautaercs. Cuia N (puc. 29.3)
EO3HHKAeT B MOMEHT CONPUKOCHOBEHHSI Msiua CO CTEHKOH, 2a-
TEM pacTert, AOCTHrash HAHGOJbLICTO 3HAYeHHA B MOMEHT Mak-
cuMaabHOR pedopmanuy Msida, a 3ateMm ybeiBaer fo uyas. Cu-
Jla TPEHHS CKOJIbKeHUs F, B TeUEIHe y1apa TaAKKe Iie OCTaeTcs)
nocrosHHoi. B mo6oii mMoment Bpemenu moaynu cun Fon N
cBs3aHbl 3akoHoM Ky/nona — AMoHTOHA:

Fry=pN. (1)

TlosroMy B TeueHHe BCEro yJjapa nojnast cuia @Q, ¢ KOTOpGH
DOBEPXHOCTL CTEHKH fellCTBYeT Ha MsY, u3MeHsieTc 1o MOjy-
Mo, HO OCTAeTCA HeH3MEHHOH 10 Hanpas/ieHHio, o0pasyst
yroJi y ¢ HopMaabio K creHke. Kak Buapo us puc. 29.3, ig y=
= . D10 N03BOAAET HallTH yroa otpaxkenus Mada P.
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Ha ochoBanuu Broporo 3akosa HploTOHa H3MEHeHHE MM-
nyJbca Msiua IPH yjape 0 CTeHKY Ap COBNajlaer no HanpasJe-
1m0 ¢ cuioi Q. C novouipto prc. 29.2 nOCTPOHM BEKTOp H3Me-
Henust uMnyJbca Ap=m (9'—wv) (puc. 29.5). dror BekTOpP, TAK
e KaK H BekTop @ #a pHc. 29.3, ofpasyer yros y ¢ HOpMAaJblo
K cTedke. HenocpenctBenro u3 pac. 29.5 BUAHO, UTO

vy =vy—2v) gy 2)
Jlesqs o6e wacTH 3TOrO pABEHCTBA HA Uy M YYHUTHBAs, YTO
vy lv, =tga, v,/v, =tgP, a tg y=n, nonyuaem

tg p=tga—2u. (3)

M3 nosyueHHOR dopMyJ/sl BUAHO, 4TO IPH MalbiX Yrjax
najieHust, Korja tg a<<2 u, pesyibrar repser cmbica. C yeM 310
¢BAzano? Popmyaa (3) BeiBefieHa B NPEANONOKEHHH, YTO NPO-
CKaJib3blBaHHe MAYa HE MPeKpaiajnoch B TeueHHe BCETO Bpe-
MeIIH €ro KOHTaKTa co cTeHKOH. OAHaKO NPH MasbiX yraax na-
JIelHst TIPOCKa/b3biBaHUEe Msiia MOXKET NPeKpPaTHTbCs paHblhe,
YeM OH OTHEJHTCS OT CTeHKH. D10 CBSI3aHO C TeM, YTO CHJa Tpe-
HHSl CKOJIbMEHMsl, HallpaBJieliasi NPOTHBONOJOXKHO ¢y, He
TO/ILKO TOPMO3HT NOCTynate]bHOe ABHKEeHHEe Msiua, HO U Bbi-
3HIBAeT ero BpaileHue IO 4acoBOH CTpesKe, TaK KaK TOUKa MNpH-
JIGKEHHsT CHJIbI TPeHHs1 He coBnajaer ¢ ueHtpoM msida. Ilpo-
CKaJib3blBaHHE MpPEKpallaercsl B TOT MOMEHT, KOTAa CBsi3aHHasi
C BpalieHieM CKOpPOCTh HHKHell TOYKH Msida cpaBHsietcs 1o
MOAYJ/II0 C NapasjielibHOH [HOBEPXHOCTH COCTABJSIOUEH CKOpO-
CTH IEHTPa Msya.

Chnyuaft, Korja B npouecce CTOJKHOBEHHsT CO CTEHKOH npo-
CKaJib3bIBaHHe Msiua npekpauiaercs, 6osee CaoxkeH A1 uccie-
JloBagMsl, TaK Kak Tpebyer nmpHBJeYEHHs] ypaBHEHHS, OMMCLI-
BAIOUIETO BpalaTeJbHoe jABikeHHe. [Ipn 3toM okaswiBaercs,
uTO OTBET, JlaBaeMbifl OpMYyJI0k (3}, CTAHOBUTCS] HENPUMEHHMBIM
JlazKe MpH yraie najeHus &, TaHTeHC KOTOPOTO HeCKOJbKO GOJlb-
e 2 p. Tounbill pacuer faeT RAs NpeieibHOTO yria najelusi
tg a=5p.

QrcxouuBHINE OT 1IEPOXOBATON CTEHKH MsiU 06513aTedbHO
GyJietT BpallathCs, JaXKe ecaH N0 yAapa oH He Bpaumiaqacs. Ki-
TETHYECKAsl SHEPTUs 5TOrO BPaIEHUs] BOSHHKAERT 32 CYeT yMeilb-
HieHusl KYHEeTHYeCKOl 3SHepriM mOoCTynare/bHOro JABHIKeNMs.
Hexkotopas yacth MexaHuuecKol SHEPrHH Ms4a mPH yRape ne-
PEXOJHUT B Teio.

Hetpyano coofpasuth, urto jaBaemoe $opmyJion (3) 3Ha-
yeHMe yrJa orpameHus P cnpaBeiliBO M B TOM c/yuyae, KOraa
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N0 yhapa Msid Bpaulajicsi NpOTHB 4acoBoli crtpesikd. He npen-
cTaBader TPyda HAHTH yroJ OTPakeHHs M TOrja, Korja Ao
yAapa Mau BpamaJcs no yacoBoil crpesike. Ecin 310 Bpaimenue
HOCTATOYHO OBICTPOE, TaK YTO [IPOCKA/b3bIBAHHE MsiUa HE mpe-
Kpaiaercsi B TeueHHe yiapa, TO, PacCy:xk/ias Tak ke, Kak H
pyv MoJydyeHU BeIpawenus (3), HaxopuMm

tg p=tg a-t2p. )

B 31OM ciiyuae KuHeTHUeCKasl 3HePrusl NOCTYIatel]bHOTO 1BH-
MeHHsi Msiya B pe3y/bTate yAapa O CTEHKY YBeJHYHBaercH.
Dro yBenuuenue, Kak H BbiIEJEHHE Temnja BO BpeMs yaapa,
IPOUCXORUT 3a CYeT KHHEeTHUYECKOH OSNepruy BpaueHHA. A



I1. CTATHKA

Cratuka n3yvaer papuopeche Tel. B HHepuuanbHol cHereme oTcue-
Ta TBEPAOE TEJIO HAXOAUTCH B PABHOBECHH, €CJH BEKTOPHAS CyMMa BCex
REHCTBYIONIHX HA TeJIO CHJL H BEKTOPHA CYMMa MOMEHTOB 3THX CRJ pas-
nbl HyJo. T1pH BLINOJTHEHHN NEPBOrO YCJIOBHs PABHO HYJIO YCKOpeHHe
neHTpa Macc Teqaa, IIpu BHIIOJIHEHHH BTODOrO YCJIOBHSL OTCYTCTBYeT
yIJIoBO€ yCKOpEHHe BpalieHHs. [103TOMY €CIH B HaYaJbHLIH MOMEHT
TeJI0 MOKOUJIOCh, TO OHO GYjeT 0CTABAaThCH B HOKOE H jaliblie.

Bo Bcex 3apauax 3TOro paspena PacCMaTPHBAIOTCS CPABHHTEILHO
NpOCTHIE CHCTEME!, B KOTOPHIX BCe NefCTBYIOL{HEe CHJbI JIEXKAT B ORHON

NJIOCKOCTH. B 3ToM caywae BektopHoe yciaosue ZF;:O CBOZHUTCS K
)

ABYM CKaJIsIPHEIM:
ZfoZO, ZFI‘yzo,
i i

ec/ii PacloNOXHTh OCH X H Y B IJIOCKOCTH AeficTBHS CHJI.

Jisi NJIOCKOH CHCTeMBl CHJI MOMEHTHl BCeX CHJI HampaBJeHn Hep-
HNEHAHKYJISAPHO IIOCKOCTH, B KOTOPOH JeXaT CHJbl (€CHH MOMEHTH
paccMaTpHBAlOTCST OTHOCHTENBHO TOYKM, JeXame#l B 3ToH Xe Nmiaocko-
ctn). [103TOMY BEKTOPHOE YCJIOBHE AJIsT MOMEHTOB CHJI CBOAHTCH K ORHO-
MY CKaJdsipHOMY: B NOJIOXKEHHH paBHOBecHs a/irebpaHuecKas CyMMa Mo-
MEHTOB BCEX AeHCTBYIONLHX Ha TeJIo CHJ paBHa HYJ/MO. ([IpH 3TOM MoMen-
THl, CTPEMSIIHECS NMOBEPHYTHL TeJO IO yacoBoil cTpesrke, Gepyres ¢
ORMMM 3HAKOM, IDOTHB YaCOBOMH CTPEJKH —- C TPOTHBONOJOXKHEM.) Bri-
60p TOYKH, OTHOCHTENbHO KOTOPOHR pacCMaTPHBAIOTCS MOMEHTH CHJI,
APOU3BOJUTCS HCKJIOYUTENbHO W3 COOGpamennii ya06CTBa: ypaBHeHHE
moMenToB OYIET TeM nponie, yeM Goablie cHa OyAyT HMETh PaBHLIE HY IO
MoMeHTel, HarnoMHHM, YTO MOAYJIb MOMeHTa CHJIBL F OTHOCHTEIBHO TOYKH
O pageH NpoU3BEREHHIO MOAY/As cHabl F Ha paccrosiHHe oT Touku O
RO JIMHUH JeHCTBHS CHJBL.

" PaBuoBecHe GEIBAeT yCTONRYMBHM, HeyCTORYHBHM H 6€3pa3iuuHEIM.
PaBuoBecue yCTOHUHNBO, €CJAH NPH MaJbiX CMEIEHHAX TeJa H3 HoJloxKe-
HUS PaBHOBECHsI BO3HMKaIOmHe IIPH 3TOM CHJIB CTPEMATCA BEPHYTh €ro
06paTHO, U HeyCTOHUHBO, €CJIH CHJIE YBOAAT €ro JaJblle OT [0/10KeHN
paBHoBecHs. Ec/u Xe NpPH MaJNbX CMeImeHHsX JeHCTBYIlomKe Ha Teso

CHJILl H HX MOMEHTH MO-IPEeXHeMY yPaBHOBEWINBAKITCS, TO PaBHOBECHE
6e3p a3JHuHOE.
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VCTollunBOMY PaBHOBECHIO COOTBETCTBYET MHHHMYM IOTeHUHaJb-
HOfl 3HEPTMH TeJa IO OTHOLIEHHIO K €€ 3HAUCHHUAM B COCEHHX NOA0KeE-
HUAX Tesia. ITHM CBOHCTBOM yacTo YA0OHO MOJNb30BaThCsl NPd OTHICKA-
HHH TOJOMEHHS pDaBHOBECHsT W HCCJHeJOBAaHHH XxapaKTepa paBHO-
pecusa. Bo MHOIHX 3ajiayax CTATHKH, KaK H B APYI'HX pa3jenax GU3HKH,
4aCTO OKa3blBaeTCsi BecbMa S(pQeKTHBUBLIM HCITOJb30BAHHE 3a4KOHA CO-
XPaHEHHA SHEPruH.

1. Jlecthsua y cTeHxM, JlecTHHIA NPHUCIOHEHA K HAKJIOH-
uoit cTeHxe, obpasyiouieil yroa P ¢ BepTHKaabHO (puc. 1.1).
IIpu KakoM KoadhHUHEHTE TPEHHA JECTHHIL O CTEHKY BO3-
MOMKHO paBHOBecHE AaXKe B TOM CJydae, KOTAd HOM HIEa]bHO
T3 KHI?

Puc, [.1. Jlectiuua y ua- Pac. 1.2. B orcyrcrsme TtpeHHA O
KJIOHHOfl CTenKu NoJI TAKOE PaBHOBECHE HEBO3MOMKHO

A Tlpexze Bcero oTMeTHM, YTO JIECTHHIA, NPHCAOHEHHAR K
BePTHKaJbHOH cTeike, BOOOWIE HE MOXKET HAXOAHThLCH B pab-
HOBECHH, €CJIH HeT TPeHHs O MoJ,— OHa 06A3aTelLHO coc-
KOJIb3HET Mo crenke. Losaee toro, eciu Kak caeayer NoayMarhb,
TO MOMKHO J0Ka3aTb, YTO BEPXHHH KOHEL JIECTHULB! NPH TAKOM
COCKA/Mb3biBaHNA 00513aTE/NbHO OTAGAUTCH OT CTEHKH DaHblle,
yeM JIECTHHIIA OKaXKeTcs Ha [ody.

HeBo3MoXHOCTb paBHOBECHA Y BEPTHKaAbHOH CTEHKH Ha
rMajKoM Moy MOXHO Cpa3dy YBHAETb, €CJAH B3IJSHYTh Ha
puc. 1.2: HopManbHas cuja peakuMH creHkH N, o6a3are/bHo
Jo/KHa ObITh OTJIHYHA OT HyJs1, HOO HHaye He Oyler ypaBHO-
BEUIeH MOMEHT CHJ/IbI TSKECTH /g OTHOCHTENLHO TOUKH A; HO
cama cuJjia N2 MoxKeT OblTh YDaBHOBEIIEHA TONBKO FOPH30OHTA b+
HO HaNpaBsJ/eHHOH CHJOH TpeHHs O noJ.

A BOT paBHOBecHe Y HAKJOHHOH MIEPOXOBATOA CTEHKH BO3-
MOX<HO M Ha HAgaJbHO rianxoM noay. OnHako Aas 37010 Koag-
(PHLIMEHT TPEHHSA JECTHUHUB O CTEHKY JO/KeH ObITh IOCTaTOYHO
Gonbunm. [locmotpum Ha puc. 1.3. Tlocko/ibky cHAB Mm@ u
N; nanpaB/ieHb! BEPTHKAJIbHO, TO B PaBHOBECHH I'OPH30HTAJb-
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Hule coctaBasiomue cuasl Ne ¥ Fo, JO/KHBE GBITL paBHbi:
Necos p=F,, sin f. (1

Cuna tpenns nokos F;, MakciMasibHa Ha MOPOTe MPOCKalb-
3LBaHMA, Korna ee 3Hayenne paBHo WN:. M3 dopmyns (1)
B 5TOM C/yyae HaXo[HM

u=ctg . @

QPopmyaa (2) naer MUHUMAJbHOE 3HayeHue KoshduuyeHnTa
TPeHHua WU, NPH KOTOPOM BO3MOXKHO paBHOBECHE y HAKJAGHHOH
CTEHKH € yriaoM B B orCcyTcTBHE TpeHus o noJ. Ipu stom nect-
HulA@ KakK Obl HeNnJasercs 3a Lepoxo-
BATYIO0 CTEHKY, XOTH APYTHM KOHHOM
0Ha, KOHeYHo, JABHT Ha IJaJKHi nos.

Kcrarn, noyemy Mei TaK yBepeHHO
TOBOPUM, YTO COOTHOWIEHHEe (2) —
3T0 M €CTb - YCJIOBHE paBHOBECHA?
Benb Mbi elie He BLISCHHJH, UTO NIPH
35ToM OYIYT YPaBHOBELIEHB! H BEPTH-
KaJpHEE COCTaBJAIOLINE BCeX AeficT-
Bylomnx cua. [lonymalite Ham sTum
caMu. B KOHeyHOM cuete Bce 00bBsAC-
Haercd TeM, yTo B ycsaosue (1) Huka-
Kue Jpyrue cu/si, Kpome N2 v Fp,
HE BXORMAT.

OfpatuM BHHMaHWE Ha TO, YTO g
YC/IOBHE DABHOBECHS JIECTHHUBE HE pye 13 B pasmopecn
33aBHCHT HH OT TOI'G, HACKOJbKO HA-  papuojeiicTByomas cua
KJIOlIeHA caMa JECTHHLUA, HU OT TOro, Na M FrgpHanpaniena pep-
B KAKCM MeCTe IpHJIOKEeHa chJa Td- THKaJIBHO
JKECTH /1@ H KAKOBO €€ 3HauyeHHe.

270 O3HAYaeT, yTO JECTHHUA OyAeT B PaBHOBECHH H B TOM CJ1y-
uze, KOTJIa HA Hell B /oGOM MECTE CTOHT YeslOBeK.

W nocnennee. Ycaosue (2), Kak JIeTKO BHAETH, COBIANEET C
XOpOILO H3BECTHBIM YCJOBHEM PaBHOBECHS Teja Ha HAKAOHLG!:
naockocTH. Haknouennyio Ha yrod [} CTeHKY MOMXKHO paccmar-
DUBATL KaK IUIOCKOCTh, KoTopas ofpasyer yroa a=m/2—f c
TCPU30HTOM, N ycJoBHe (2) 3anuchiBaerca B BHAE p=tg o. Kax
110-RaLIEMY, TO NPOCTO COBNAJEHHE HAH B 3TOM €CTh OIpeje-
JieHHE (PU3HYeCKUfl CMBICA? A

2. 3axaunuBabue. [locmorpure Ha puc. 2.1. Onupaio-
1asics Ha IoCKy TsiKesas Gajdka MoKeT 1oBOpaylBaThCs B uap-
nupe A BOKpyr ropusoHTtaibsHol ocd. Kakyio ropusonrainhyio
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CHJTYy HYXKHO NPHJOKHTbL K JIoCKe, YyTCOb BLIAEPHYTH €€ BJIEBO?
BupaBo? M3BecTHsl Bce BesnMuMHBI, yKasaHHele Ha puc. 2.1.

A Paccvotpum npexje Beero AedCTByionine CHIbL.

Ha Ganxy meHcTBYIOT cHJla TAXKECTH /71g, HOPMansHas CHJa
peaxin focKu N, CHJ1a TPEHHS CO CTOPOHHL J0CKH F, Hanpas-
Jienlasi B CTOPOHY IBHXKEHH S JOCKH, M CHJIa PeaKLMu L1apHUpa.
Hanpas/ienne nocienHel cnast 3apa-
Hee He H3BECTHO, HO OHO H HE IoHa-
Lo0uTCA, TaK Kak Mbl OyJleM paccmar-
p¥BaTh MOMEHTBl CHJI, Ae{ICTBYIOMHNX
Ha BajKy, OTHOCHTEIbLHO OCH Bpalle-
Husi. Torma yc/aoBHe paBHOBECHA
MOMEHTOB AeHCTByIOIIUX Ha OGajky
CHJI MMEeT BHJ

—rgﬁsinﬁ—N sin B Feosf=0. (1)

3HaK M/IOC COOTBETCTBYET ABHKEHMIO
IOCKH BJEBO (puc. 2.2a), 3HaK MH-
Puc. 2.1. Tskenasn 6anka HYC — IBHKEHHIO BIpaBo (pHC. 2.26).
mapHHpHO 3aKpennena B CHJB, AEACTBYIOUIME HAa AOCKY, H30-
TouKe A Gpaxensl Ha puc. 2.2, rjie m, g— cuia
TsxecTH, Fy — cuila TpeHHsl JOCKH 0
nod, T — BHeWHAs CHJA, C KOTOPO# MBI TAHEM (314 cH./1a Gyzer
HaHMEHbIIeH, eclH NOoCKa JBHXKercs paBHoMepHO). Ha ocHoBa-
HHH BTOPOro 3aKoHa HeioToHA B 3TOM Clydae HMEeM

T—F—F,=0, @
Nr—mlg-—NZO. (3)

Buj ypasrenuit (2) 1 (3) He 3aBHCHT OT TOrO, B KAaKYIO CTOpPOHY
JIBHXKETCS JIOCKa.
Ha ocuoBauuu 3axona KysnoHa -~ AMOHTOHa

F=MN, F1=M1N1. (4)

C noMowplo nmepBoro M3 coortHomeHu#t (4) ¥ ypasuenHs (1)
onpenenseM F u N, Tenepp cTaHOBHTCA COBEPIIEHHO MOHAT-
HBEIM, MOYeMy MOXHO OblJIO OTPAHHYHTHCH TOJIBKO YDABHEHHEM
MOMEHTOB CHJ, JeHCTBYIOIHX Ha 0asKy: MO YCJOBHIO 3ajayy
Hac HHTEPecyeT TOJbKO JBHXKEHHE JOCKH, a ee B3aHMoJeHCTBHe
¢ Ga.Ikol onHUCHIBaeTca AByMsA cujamy I7 H N, KOTOpHIE yraercs
ONpeAe/NHTh U3 HanHcaHHLIX cootHOWeHu#. Hrak,

I sin B mg
N= sinp £ pcosp 2 °
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Jna HaxoXJAeHHa cuibl 7 HYKHO NOACTaBHUTb B ypaBHEHHE
(2) Bmecto F 1 F, ux peipaxenus (4). [1pu stom N, Belpaxaetcs
n3 cootHowenns (3) uepes cuay N, Koropasi Ve HafifeHa.
[Iponenas Bce 310, Mosnyyaem

— _Matp  mg :
T—Mlmlg—l—l;{:pctgﬁ 2 (5)
Hanomu#M, YTO BepXHHH 3HaK COOTBETCTBYET ABHMKEHHIO AOC-
KM BJIEBO, HIKHHH — BnpaBo. QNHAKo BTOPOH cayyalt — agu-
JKeHHe BrpaBo — Tpebyer AONOMHNTENLHOTO HCCAENOBaHUsA, HOO

/, Z

o2 ©
N N, N
N,
y Llsmelf 4 k) ! )
T 7_/// 77l f: i
mg i ima
M N
Puc. 2.2. Cuapl, aelicTBylouie NPpE ABUKEHHH LOCKH BJIEBO (4) W BIpa-
BO (6)

npu p ctg p=1 3namenarenn npo6u obpamiaercs B HyJb; npH
stoM T—>oco. A uro, ecanm p ctg f> 1? Herpynno cooGpa-
3HTh, 4TO €C/IH p ctg P CTpEeMHTCA K AHHAHLE CO CTOPOHBI MEHDL-
KX 3uaveduil, HeobxoaHmas cHaa T HEOrpaHHUEHHO Bo3pac-
T4et, u 1py p ctg f=1 npoucxoanut saknunubanue. CopeplieHHo
O4EBHJIHO, YTO €CJH Tenepb YBeIHYHTb p HJIH cig P, uyrobHl
p ctg P crano Gosbiie eAHHHLEL, TO JOCKa TeM Oojee OCTaHeTCs
na mecre. [To3ToMy npaBH/BLHBI OTBET NPH JABHXXKEHHH LOCKM
BIPaBO BBITJSAUT TaK:

T =pwmg+ Jflég %, ecmn petgf <l

[Tpu p ctg =1 nocky BHITAMTL BNPaBo He YAaercs.
ITonpoOyeM OOBACHMTL «Ha Majgblax», NOYEMY BO BTOPOM
clyyae NPOHCXOAHT 32K/JAHHHBAHHE, T.€. HEOrPaHHYEHHOE
BO3pacTaHHe CHJBl TPEHHA NpH cTpemyaenuH p cig P k enunuue
CO CTOPOHBI MEHbIIMX 3HAyeHHH. CpaBHUM 3HAueHHs CHAbl 7,
HeoOXOAKMO AJia BRITATHBAHHA AOCKH B epBOM H BTOPOM CAY-
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yasix. Bo Bropom cayuae, Kak BUAHO H3 (opmyds (5), HyKHA
Gonbwas cuna. Iouemy? MoMeHT ciabl Tperus F OTHOCHTENBHO
OCH B TOM CJyyae HanpaBseH TaK, YTO MPHBOAHT K yBeaHue-
1o cuabl N H, Kak CJI€ICTBHE U3 3TOro, K YBEJANYEHHIO CaMOil
cunsl Tpenus F. Cnja tpeHus Kax Obl «<yBeJTHYHBACT cama celsy.,

Pewnis 3agauy, Mbl OOLIUHO YBEpEHBI, YTO 3KCHPHMEHT
MOATBEPAMT NoJyyeHHHE BbIBOILI, B KpahHeM ciyyqae GyayT
HECKOJIbKO HApYLIEHB KOJHYECTBEHHBIE COOTHOLICHMS, €cin B
NPOUECCce PEIleHHs TNPHIINOCh YeM-To fpeHedpedn. Ecam ke
HCUOMB3yeMbie NPUGIHMEHHA OKaXyTCA CJHIIKOM IpyOoiMil,

Puc. 2.3. Cxema ycTpoficTBa TOPMO30B 3aJHUX (@) U nepejiux (6) Kojec
aBTOMOGH/I A

TO pe3yJbTaT JKCIEPHMEHTA MOMET KaueCTBEHHO OT/HYATbCA
ot npeackasanuit. Hanpumep, B 31olt 3anaye Mui npeneCperadiu
BO3MOXKHOCTBIO A€dopMaunH OafKi H JOCKM M HE YYHTHIBAJM
3aBHCHMOCTb KO3((DHUMEHTA TPEHNS CKOJIbKEHNS OT CKOPOCTH,
YT0 MOMET OKAa3aTbCs ' BECbMA CYUIECTBEHHbIM B YCJOBHAX,
O/MH3KHX K 3aKAHHUBAHHIO; B YacTHOCTH, 0ajka MomKeT CJo-
MaTbCs Npexae, 4eM MNPOH3OHIET 3aK/AMHMBAHME, Hau HAyaThb
NOACKAKHBATh.

OnHako faxe TakHe aKaJeMMyeCKHe 3alayH NPeNcTaBJgioT
HHTEpec, HecMOTps Ha cBoi abcTpakTHeil xapakrep. B Ko-
HEYHOM CyeTe Mbl He MOXKEM DAcCMaTP HBATb HCUEPILIBAOIIKM 00-
pPasoM [axe CaMbi€ MPOCTbE ABJEHHA PHPOIALI — BCeraa npu-
XoJuTesa uTo-T0 ynpouiath. Ho BaxHo, yTo6b BHOpanHas yi-
poieHHas MOAEAb COXpaHA/Ja OCHOBHBIE UYEPThl sIBJEHUS.

Pasbnpaemass 3ajaya nomoraer Jyuylle NOHSTE JAeHCTBUE
TOPMO3HBIX KoJIo4oK apromoOuasa. Ha puc. 2.3 nokasano ycr-
poficTBO TOPMO30B 3aAHUX (@) H nepeanux (6) Koaec. [Ipu
HAXKATHH Ha Mejajb TOPMO3a BO3PACTaeT AABJCHHE B TOPMO3-
neiX uHJaHHApax C v Komodkl A ¥ B npuXKHMalOTCH K BHYTpEH-
HHM IIOBEDXHOCTAM TOpMO3Horo OapabaHa, Bpallaoilerocs
BMECTE C KoJiecoM, JIerko HoHATh, YTO NOBEAEHHE KOJMOAKH B y
3aJHHX KOJeC aHaJOTHYHO MepBoMy cJjyyar pasofpanHo# 3a-



3. PABHOBECHE B YAUWKE 199

JauH, nopejende KoJMoakH A — Bropomy cayuaio. Cuma Tpe-
1ua, JefcTBylomas Ha Topmo3Hoft 6apabaH co CTOPOHHI KOJOL-
K1 A, GoJBILE, YEM CO CTOPOHLI KOMIOAKH B, XOTH rHeee npi-
JKHMAIOIIee YCHHE O4MHAKOBO A obenx Kosaonok. Konopxa
A oBnanaer «caMoropMossiiMy AeiicrBreM. HeSosplice nsme-
Hefle KOHCTPYKLHHK TOpMO3a, NoKasaHHoe a puc. 2.3 6, upu-
GOAHT K TOMY, UTO yiXKe of6e KOJOAKH 00/1271a10T CaMOTOpMO35-
M geficteueM. HMIMEHHO Tak yCTpPOBHLI TOPMO3d HEpPeNHHX
Koaec. A Kak B JyMaeTe, noueMy nepeiHie KoJeca HyXKHO
TOPMO3HTH CHAbHee 3aJHUX? A

3. Pasnopecue B yamke, [aaikpil ogHOPOMIBEIA CTEpKEHb
IiuHsl 2L onupaerca Ha Kpal TJafkoH HeNoABHXKHOH noJay-
cheprueckol vawku pamuyca R (puc. 3.1). Kaxoit yron o

ey T~

7 N
, A
; 77 2 2o /?,‘\0{
! ///\i K\' ) <
0.5 NG

Puc. 3.1. Crepxens raxopurcs Puc. 3.2. Cuam, peficreyolgue
B rJgaakocd noaychepHueckoii 114 CTepXKeHb B ITOJOXKEHIH paB-
qamKe HOBECHH

00pasyer CTepkKenb ¢ TOPH3OHTOM B OJIOKEHMH paBHOBeCUs?
Tpeunem npenebpeys.

A Ha crepxedp IeHCTBYIOT TPH CHJABL: CHJA TAKECTH Mg,
NpHAOKEHHAA B CepeINHE CTEPXKHSA, H CH/Ibl DeAKUHH YallikH
N, 1 N:. Tax Kak TpeHune orcytersyert, cina N, ieficTByiomas
Ha KOHEL CTepxKHf, YIHpaIouuiics B YallKy, HafpaBaeHa nep-
NEeHIHKYAAPHO NOBEPXHOCTH YAIIKH, T. €. IO paluycy; cufa
N: npn/IoKeHa K CTepP KHIO CO CTOPOHH Kpas YaitIKn ¥ Halpas-
JieHa MeprneniHKyasapHo crepxuio (puc. 3.2). [Monpobyiire 06n-
ACHUTE CaMH, IIOYeMy.

Ecau crep:xeHb HaXOAWTCST B MOJOKEHHH PaBHOBECHS, TO
JIMIEHH, TIO KOTOPLIM JEHCTBYIOT 3TH TPH CHJEI, NIEpeceKainTCH
B CNHOH Touke (Touke A). JeficTBHTEABHO, PACCMOTPUM TOUKY
nepeceyeHus JIHUA AeficTBUS KakuX-JIudo JBYX CMJ, HANpH-
Mep Ny u N2, ¥ COCTaBHM YCJIOBUE PABEHCTBA HYJIO CYMMHl MO-
MEHTOR BCEX CHJ OTHOCHTEJbHO 3TOf TodKH. MomenTtsi cui Ny
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# N: OTHOCHTC/IEHO TOUKH Nepeceyents UX HanpaBJenuil paBHyi
HyJII0, 1T0STOMY ¥ MOMENT TpeTbell CUJIBI MG TaKKe A0MKEH ObITh
paBeH HYMO, T. €. JIHHNS NeHCTBUA CHJB mg IPOXOANT yepes
3Ty JKe TOUKY. JToro (hakTa ZOCTATOUNO AJIF HAXOXKAEHHH M0J0-
MeHusl paBHOBeCHs crep:kusa. I3 s/iemeHTapHBIX reomMerTpu-
YecKUX coofpaykeHHil Jerko HaiiTH BCe YIJIH, YKa3aHHpE Ha
puc. 3.2,

Tenepb MOXKHO COCTABUTL ypaBHEHHE AJIA KaKoH-HHOYAb
TPHTOHOMETPUUECKON YHKUMHE HcKoMore yraa o. Haxoxa u3
npsiMmoyrofisioro Ttpeyrombhuka ABC xopay BC=2R cos «
M YUYUTBIBAs, 4YTO TOUKA MPH/ICKENUS CHJABI THKECTH JSKHT
goCpeNuHe CTepA(Hs, NoJyuaem

x=2R cosa—L. (0
Hanee, paccmarpubas papuyc OC Kak cyMMy JBYX OTPe3KOB,
Ha KOTOpHIE €ro JeINT JHHNA AEHCTBUA CUJABl TSDKECTH mg, Ra-
XOANM
: R=R sin (n/2—2a}+x cos a. (63}
MoxcraBass (1) B (2), nonyyaeMm nocse npoctsix npeobpasoBa-
Huil KBaZpaTHOoE yPAaBHEHNE AJS COS O

4R cos® a—L cos a—2R==0. 3

[MockoanKy yroa o JeXuT B nepBol UeTBEPTH, (PU3NUECKMI
CMBICST HMEET TOMBLKO OltH KGpeHb ypaBHenus (3), ubo sropoil
KOpeHb OTpyUATE/EH:

cosa = (L4 L*4 32R?)/SR. (4)
Tak KaK C0s ¢ He NPEeRbILIAET e HUIB], TO
L+VI*+32R*<8R, orkyna L<<2R.

CMBICS 3TOrO yC/IOBUSI OUEBHAEH: €CAH IAMHA crepikHs 2L
NpeBblilaeT Y/JROSHHBI AMAMETP YallKH, TO LEHTP THXKECTH
CTepKHSI BBIXOJUT 32 Kpail YamKH H CTepXeHb BHIBAJHBAETCS
u3 nee. Ecan L=2R, crepxenb pacno/oxen IOpH3CHTAIbLHO
(=0} 1 onmpaercs na 4awKky B OANCH Touke C.

Ecan crepiedb CAHIUKOM KOPOTKME, TO OH COCKOJLIHET
BUYTPb uamxi. Haifixem MUIMMAJLHY LJIHIY CTEPKHA, TpH
KOTODOH eine BO3MOXKIO ONNCAHHOE B YCJCEHI DaBHOBECKHE,
T. €. CTePXKEHDL elle olpaeTcs Ha Kpall yalki CBOMM NPABLIM
xonnoMm (x=_L):

2R cosa,=2L. (5)

[pepenpHslll yroa oy, OpH KOTOPOM CTEpXKelib ele He ¢o-
CKaJ/Ib3biBaeT BHYTPh YallKH, OJHOBpeMenno ¢ (5) NO/LKEH YIOB-
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JIeTBOPAThL TaKke yCJAOBHIO paBHoBecusn (4). IMoacrasasa (4)
B (5), HaxoauM AJsi MHHHMAJBHOW JUIHHBI CTEDKHSA:

L=RV23.

CootBercTBylomHM# 3TOH MHHUMAJLHOR JJIHHE CTEPIKHS Inpe-
AeNbHLIA YTOJ Oy YIOBJAETBOPAET YCAOBHIO

cos oy = l/2/_3
Hrak, ecau AJUHA CTEPKHSA YAOBJAETBOPSET YCAOBHIO
RV 2/3< L < 2R,

TO PaBHOBECHE BO3MOKHO, H YIoJl G NPH PaBHOBECHH onpeness-
erc dopmyJofi (4). Doaee petajdbHbLIM HCCIE0BAHNEM MOMKHO
NOKa3aTb, YTO 3TO PABHOBECHE YCTOHYHBO, €C/H, pasymeercs,
B Touke ( CTepK€Hb He ONMpaercs O YallKy TOYHO CBOHM
KOHIOM.

Jlerko cooOpasuTb, YTO €C/AN CTep:KeHb Kopode AuameTpa
yamwku (L<CR), To cyumecTByeT Apyroe noJoXeHue ycrodyHBo-
TO PaBHOBECH, KOTAA CTEPIKeHB JIEKNT TOPU3OHTANLHO BHYTPH
HAUKH. A

4. MasTHUK c TpeHneM. K HumkneMy KOHUY Jierkoro
CTePIKHS JJUHB [ NPHKPENJEH IPy3 MacChi /11, a K BEpXHEMY
KOHLY — JIeTKas UHJMHAPNYECKasd BTYJNKA C BHYTPEHHHM
pamuycoM R. BryJxa Hajera ¢ 3a30poM Ha
HETIOABIKHYIO KPYI/1ylI0 TGPU30HTANbLHYIO
oce (puc. 4.1). Ilpn Kakux 3HaueHHAX
yraa OTKJACHEHHA ¢ OT BePTHKAIH 3TOT
MaATHHK MOMXKEeT HAaXOAWTECA B paBHOBeE-
cHH, ecid KOa(phUHUUEHT TPEeHUS MEeXIy
BHYTpEHHEH [OBEPXHOCTHIO BTYAKH H OCHIO
paBeH u?

A CoBepui€HHO OUEBHMIHO, 4TO B OTCYT-

CTBHE TPEHHS MEKAY OCBIO M BTYJNKOH Ma-

ATHUK MOXET HAXOAMTLCH B PABHOBECHH  p 4y poyyy,
TOMLKO B BEPTUKAJILHOM NONIOKENUH, A BOT  yaciuyka nagera
1Py HaAWuYdH TPEeHUA B OCH PABHOBECHE pa HemojBHIKHYIO
MasTHYKA BO3MOXKHO B JIOOOM OTKJOHEH- och

IOM OT BePTHKAJH [MOJOXKEHHH B Ipele-

JAaX HEKOTOPOTo HeO0JbIIOro CEeKTopa — Tak HasbiBaeMoid
06J1aCTH 3aCTOA.

PaccmorpuM, Kakum o0pasoM JefCTBYIOIHE HA MafTHHK
CHJIbL MOTYT OOECMEYHTb €ero pPaBHOBECHE B OTKJIOHEHHOM OT



132 I1I. CTATHKA

BepTHKAMH noncoxendH. Ha MasaTHHUK JeficTBYIOT BCEro TpH
CHJILI: Ha IPY3, IPHKPeNaeHHb K HIKIEMy KOHLY, AeHCTByer
cuja TAXKECTH mg, a Ha BTYJKY CO CTOPOHB! OCH B TOUKE MX
CONPUKOCHOBEHHS IeHCTRYIOT HOPMAJblafA ClJa PeAKUHI 0CH
N, nanpasnennas no paguycy, 1 cuja Tpenna £, nanpasJien-
Has no KacatelpHOH (pnc. 4.2). J0BO/MILHO GUEBIAHO, YTO TOU-
Ka A, Tle cOnpHKacaioIcs Och H BTYJIKa, cMemexa 13 BepX-
HETO IIOJOXKEHHA B Ty e CTOpOHY, KyAa OTKJOHEN MafTHIK,
HO ee TOYHOE I10J0KeHH e 3apakee 1e H3BecTHO. J{ns TOro 4To6L

gy 75

Puc. 4.2, Cuna peakuud ocu Nn Puc. 4.3. Lentp macc rpysa Je-

cuna Tpennss Fqp RelicTByloT Ha JKHT Ha BEPTHKAJHU, NpoXoasiedi

BTYJIKYy MasiTHHKa B TOUKE ee uepes TOYKY CCRAPHKOCHOBCHHSI
CCTiPUKCCHOREHHS € OChIO BTYJKH ¢ GCREIO

npaBuabho u300pasuTh ciibl N ¥ F,, Ha yepree, HYXHO
cOO6pas3NTL, I'le HMEHHO HAaXONHTCH TOYKA CONPHKOCHOBEHUS
BTYJIKH H OCH,

3TO NMerKo CAeNaTh, €CJAM BCNOMBUTHL CJEACTBHE, BLITEKA-
llee H3 ypaBHEHHS MOMEHTOB: NpH PaBHOBECHH Teja Hox jefi-
CTBHEM TpeX CHJ JHHMH, 10 KOTOPHIM IeHCTBYIOT 3TH CHJHI,
nepecekaiotes B OfHoH Touke., Torza cpasy CTaHOBHTCH SICHO,
UTO TOYKa A JIEKHT Ha [epeceyeHHH BepTHKaIH, NpOXoJsmeil
yepes LEHTP Macc rpysa, ¢ BHyTpeHHEH NoBEPXHOCTLIO BTYJKH
(puc. 4.3). A 310, B CBOIO CQuepesb, 0O3HayaeT, yTo Aaxe NpH
CKO/Ib YrofiHO G0JblIoM KO3DGDHUHEHTe TpeHHsl B OCH HEBO3-
MOXKHO pPaBHOBeCHE MAasiITHHKA, €C/M UEHTP Macc rpysa m cme-
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UleH BOPABO MK BJEBO HA paccrosuue, Goabliee paguyca
BTYJKH R.

MaxcumMaibHOMY OTK/IOHEHMIO MasfTHHKA OT BepTHKaj
COOTBETCTBYET HaHOO/IbLIEE BOSMOXKHOE 3HAUCHHE CHJIBI TPeHUs
nokosi. CudTas 370 HAUOOMbIUCE 3HAYCHHE DABHBIM CHJE Tpe-
HYS CKOJIbMEHHUS, [IONYUHM, YTO B PABHOBECHH NPH MAKCHMAL -
HO H,OHYCTHMOM OTKJ/IOHEHHH OT Beprmca.nﬂ

Fo,=uN. (1)

Tak kak B pasHoBecHH BekTOopHas cymma F, n N HanpaBneiia
BepTHKablO BBepX {puc. 4.3), To

tga=F /N=p. 2

Tenepnb Jerko HaliTH YroJ ¢, COOTBETCTBYIOUH T MAKCHMAJiD-
HOMY OTKJOHEHHIO MasiTiHKa. sl 3Toro BolpasuM otpesok OB
(puc. 4.3) yepes yrJol & u @:

(I+R) sin ¢=R sin a,
OTKYJAa, YYHTEIBAS COOTHOUICHUE (2), HAXOAUM

. R u 7
TR ViTe ©)
Ofpatute BHHUMAaHHE, UTO MPENENLHLIA YroJ onpenensercs
TOJbKO 3HAUCHHEM Ko3PHIHEHTa TPEHHSA U pa3MepaMu crepix-
Hsl ¥ BTYJIKH H He 3aBHCHT OT MaccChl Ipysa.

[lonyuennbifi OTBET YAOBJAETBOPsIET YIOMHHABIIHMCS BbIIE
npejebHbin caydaaM. [Ipu p—0 npenenpHuIl yroJa ¢ Takme
CTpeMUTCHl K HYJIO, T. €, B OTCYTCTBME TPEHHH paBHOBeCHe
BO3MOMXKHO TOJLKO MPU BEPTHKANLHOM MOJOXKEHHH MasiTHHKA.

[pu p—>co MuOkUTEIL W/ T-Fp® crpemutest K enMuune, i
¢dopmyaa (3) npHHEMACT BUA
({I-+R) sin ¢=R. )
Orcio/la BUIHO, 9TO NPHU Y—»00 MAKCHMAJILHO BO3MOKHOE OTKJIO-
wenue rpysa enpaBo OB crpemurcs K R.
Ec/id OTKJOHHTb MASITHHK HA yrona Oonplie MpeJelbHOro
H OTNYCTHTb, TO, COBEPIUHB HECKOJAbLKO KoJebaHHil ¢ yobiBaio-
Lefl aMIVIHTY0#, MasTHHK OCTAHOBUTCS IJIe-TO BHYTPH obaac-
Tr 3acrosi. OCTAaHOBKA MasTHHKA MOXKET [IPOM30HTH B J000M
TOUKe 06/JIACTH 3aCTOsl B 3aBUCHMOCTH OT HAYaNbHLIX YCJIOBHUH.
HurepecHo OTMETHTD, YTO PH HANUYHH TPEHHUS B OCH MART-
HUK MOXET HAXOJUTLCS B PABHOBECHH U B MEPEBEPHYTOM [10J10-
MCHHUM, KOTJla TPY3 /M pacrnoJiorkeH Bollie ocu. B orcyrcrBHe
TpEHHUsl paBHOBECIE NepPeBepHyTOro MASITHHKA BO3MOMXKHO TOJb-
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KO NPH CTPOTO BEPTHKANLHOM NOJOKEHAHN ¥ AB/SETCS HeYCTOil-
qUBLIM. PaceMOTpHUTe paBHOBCCHE TEPEBEPNYTOrO MasiTHHKA
CaMOCTOATENLHO M YBENNTeCh, YTO NPEIeJbHO JONYCTHMBII
yroJ OTKJOHEHHA OT BEPTHKAIH JAeTCsl TeM Ke BEIparKeHHeMm

3). a

5. Baok ¢ Tpenmem B oci. B cucreme, noxasantoid na
puc. 5.1, nerxuit 6a0K ¢ BHew M pagiycoM R # BHYTpennm
PanyycoM r HaAeT Ha HENOABHKHYIO WHIHHAPUUECKYIO OCh.

Kos(ppuunenr tpenns 6aoxka O MOBEPXHOCTL OCH papen M.
Tlpu KaxuX yraax o 574 clc-

TeMa MOJKET HAXOANTLCA B
DABHOBECHM, €CIH  Tpemue
MENIY TPY3aMH H HAKIOIIbi-
MH [JIOCKOCTSIMH  OTCYTCT-
BY€T?

A OueBuaHO, 4TO IPH OT-
CYTCTBHU TPEHHS B OCH BA0KA
Puc. 5.1. Pasnosecie Gnoxa c tpe- ~ CH/BL HATAMEHNS COBLMHAIO-

HHEM B OCH HIEH rpy3bl HATH OAHHAKOBLE

no ofe cropoHnl OT 6.0Ka,

H NOSTOMY Takasl CHCTeMa MOMXKET HaXOJHThCS B PABHOBECHH

TOJLKO TOrja, KOrJa OHA CTPOrO CUMMETPRUYHA, T. €. YTON o
papeH /4.

Ecsiu e B ocu 6JI0Ka €CTh CyXoe TpeHHe, TO CHJbl HaTsIxe-
HHS HMTY CIpasa W cjaesa OT 6/oka Moryt ObITh pas3fHuHbl H
CYmECTBYeT uenasa ob1actb 3HaueHuHl yraa o BOJIH3N a=i/4,
B Ipejenax KoTopod BO3MOXKHO paBHopecie. IIpH aToM Mbl,
pasymeercs, CUHTaeM, 4TO MEXAYy IHTEI0 ¥ OJOKOM Tpeline
Be/MMKO, TAK YTO HUTb HE MOMXKET POCKAJIL3LIBATD.

Jns naxomaeHHs rpaHui oOMacTH PaBHOBECHS PACCMOT-
puM CHAW, JeiicTByomEe Ha 640K, TaKk KaxK Tpenue Mexay
rpy3aMH M IJIOCKOCTAMU OTCYTCTBYET, TO NBPH pPAaBHOBECHH
€12 HaTsKeHls HITH cjeBa oT 6JioKa pasHa mg sinl a, a cnpa-
Ba mgcosa. MMenno ¢ TakuMu cujami HUTb U Jeficrayer
11a ONI0K, Kak nokasano Ha puc. 5.2. OTMeTHM Cpasy e, uTo
TOPH30HTA/bHBIE COCTABASIONIHE STHX CHJ 110 MOAYJIH0 PABHLL
mg sin o cos & (NOCMOTPUTE BHUMATEAbHO HA PHC. 5.2) U ypas-
HOBELUHBAIOT ApYr Apyra. [lostomy BekropHas cymma cHj Ha-
TAKEHHA HUTH, JefCTRYIOIMX Ha 60K, HANpABAEHA BEPTIL-
KaibHO BHY3. Moayab 3ToH paBHOAEHCTBYIOWEN CHALI paBed,
KaK BHJHO U3 TOTO Xe puc. 5.2,

mg sin®a-+mg cos* a=mg.
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Kpome cun natsxennst HuTell, Ha GJ0K neficTByeT cuaa pe-
akuuu ocy- @, KOTopylo, Kak OOGbMHO, yn00HO npencTaBUTb B
BIJIE BEKTOPHON CYMMbI HOPMAJ/bHOHA CHJBL peakunu N U CHJbI
Tpenust F,, Hanpas/ielHOA 1O KAacaTebHOH K BlyTPEHHEN
nosepxuoctd 6ioka. OOe >TH CHJBl NPWUIOKEHBE B TOUKe A,

my cosot g Coscl

i
|
1
: mysine
~ I// ~
Ymg

4

rd

Puc. 5.2, Cuapl, peficTyomue Ha 6JOK CO CTOPOHBI HHTH

rie 6J0K conpuKacaercst ¢ ocbio (puc. 5.3). byaem nas onpene-
NEHHOCTH CYHTATh, 9TO yroj o>>n/4; torga cuna Tpenus F,
- IPH PABHOBECHH CHCTEMbI HalpaB/iena Bupaso. Moay/ib CHlbi
TPEHHs] TIOKOS MOMKET H3Me-
HATBLCSL OT Hyas (npu o=
=n/4) 0 MaKCHMAaNbHOrO
3HAYEHHS, KOTOPOE Mbt Oy lem
cudtath pasHeiM uN. 210
MaKCHMAJbHOE 3HaUeHHe CH-
na Tperus 6yJeT NpUHEMATD
pu YTJe o, COOTBETCTBYIO-
1M FPaHine HHTepecyIomel
Hac 00/1aCTH, TAE BO3MOXKHO
paBHOBECHE.

[Monoxenne Touxu A Ka-

cauusi GJoKa € OCblo OyJeM  Puc. 5.3. Cuant Nu Fyp Refictsy-
XapaKkTepH3oBaTh YIJaom [} 10T na Gaox B touxke A, rae 6uox
(puc. 5.8), KoTopmifi 0Bpa- CONPHKACALTCH ¢ OChW
3yeT C BEPTHKAJBIO pajuyc,
NpoBeleHHbI B TOUKY KacauHs., ITOT Yroll MOXKHO HaHTH,
YUHTbIBAA, YTO CHJa Q ypaBHOBELIHBACT BEKTOPHYIO CyMMYy
AeACTBYIOWHUX Ha OJIOK CHM HATSMEHHs1 HUTH, T. €. paBHa mg
H HanpasJieHa BEePTHKanbHO BBepX. IlpupaBHHBast MOAY/H
FOPU30HTANBHLIX CocTaBasoWUX culd N u Fo,, uveem

N sin B=uN cos B, (H

tg fp=p. )
O6parum BHHUMaHHE, YTO COOTHOWIEHHE (2) COBHANACT C YCJIOBH-
€M paBHOBeCHs Tefla HAa HAKJOHHOH MNOCKOCTH, o0pasyiouied

oTKyza
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yros p ¢ ropusonTom. Kax no-saimemy, 310 CIydaiinoe COBRaje-
HHEe UM eMy MOKHO NPHAATb ONPENLJIEHHBIN (HIHIECK T

CMBICI?
Teneph sierko uaity ACACTBYIOMYIO HA GJIOK CHIY TPENHI.

Tak kax Mopyab cuabl @ paBeH mg,To, KaK BHAHO U3 puc. 5.3,

F,,=mgsin §. (3
Boipaxaa cunyc yraia p 4epes TaHreHc M yYHnTsiBasi COOTICIle-
nue (2), Bolpaxkenue Adsl CHJBI TPEHHS MOXKHO NepPenucars B
BHJIE

n
Fop=mg Viea 4)
JjiA Haxomaenus npelesbHOTO yIja d, HpH KOTOPOM ele
BOSMOKHO PaBHOBECHE CHCTEMbI, HANMIIEM YCNOBHE ypabhHoBe-
LIRBAHHS MOMEHTOB cuJj, aeHctByomux Ha 61ok. Tax kakx
NIEYH CUJ HATS:KEHHS HHTH OTHOCHTeNbHO TOYKH O paBub!
BHEIIHEMy pajuycy 670oKa R, a NJeyo CHAbl TPEHHst PaBlio
BHYTpeHHeMy pajuycy 6a0ka 7 (puc. 5.3), TO
mg (sino—cos @)R==F,r. (5)
Toacrasasnsa B ypasuenue (5) 3HaueHue CHJbl TPeHUs K3 (4)
¥ BO3BOJs 00€ uacTy TOr0 YPaBHEHHUS B KBaJApaT, HOCJE npoc-
TLIX npeofpa3oBaHuil HaXOZUM

. r \2 12 ~
_sm2oc=1—<—R—> T—%—]I? (€)
[Mpu p=0, uTO COOTBETCTBYET OTCYTCTBHIO TPEHHS B OCH,

dopmyna (6) naer sin 2a=1, 1. e. a=n/4d. Ilpn p7<0 npapan
JaCTh B BRIpAKEHHH (6)Menn-

sin P 1ile eAHHUIE!, IO3TOMY YpaE-
| /“/,‘3/71»&‘“ HeHue (6) i o uMeer B
L e npomexytke ot 0 10 7/2 aBa

, ' KOPHS 04y M Oy, PACTIOIONCH-

! ! HBIX CHMMETPHYHO OTHOCH-

i . TCALHO 3HaYEHHA @=n/4

oy o E x & *  (puc.5.4). Kopetb o;, Melb-

% &l muil w/4, noaBHACH Kak

Puc. 5.4. OGaacte yraos o, npu JHIIHHE  npH  Bo3BejeHi

KOTODEIX BO3MOMHO pavHoBecie, or-  yPaBHEHUs (5) B KBajnpar.

paniiueHa 3nayelaMu Ay U Uy OﬂHaKO, HecMOTpH Ha CTOoa5

«HE3AaKOHHOE»  [OfIBJACHHE,

OH HMeeT (BH3UUECKMIT CMBIC/, ONPCACASA BMECTE € &, BCIO Gf-

NaCThb 3HAYCHUI YTVIOB &, B KOTOPOf CHCTEMA MOXKET HAXOJNTECH
B paBHopechy, [lonymafite camu, nouemy Tak N0Jy4aeTcs.
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Mor10 661 IOKA3aThCs, 4TO IPH 7=R 3Td 3a3a44 COOTBETCT-
BYeT CJy4aio, KOrJa rpysbl COeIHHEHDI HHUTbIO, MNEPEKHIYTOl
uepes HENOMBHKHBIA LIUJIUHADP, NPpHYeM KO3(DOULHEHT TpeHHS
HHTH O MOBEPXHOCTL IMAHIAPa paBeH p. OAHAKO 3TO HE Tak.
Bee neno B TOM, 4TO B paccMaTpPHBAEMOil 3a71aye Kacalipe BHYT-
PeHHero UWAHHAPA TPOHCXOMUT TONBKO B OAHOA TOUKe A,
B TO BpeMsa Kak ru0Kasi HUTh NPHJEraer K HUJIHHAPY 110 Beedl
Ayre. Jror caydai Gyzer paccMOTPeH B 3azaue 8. 4

6. Yctoliumeo aM pasnosecne? OjHopopas JockKa Ha-
XOJUITCS B PABHOBECHH B IIPSIMOM ABYTPAHHOM YIVIE C IAJKUMH
crenkamu. Ha puc. 6.1 nzobpameHo ceyeHne storo yraa nioc-

Puc. 6.1. Cuam, nefictpyiomiue Puc. 6.2. Ilepememenue nentpa
lla IOCKY B ABYTPaHHOM yriae ¢ TSHECTH NPH H3MEeHeHHH INOJOo-
rAagkuMH CTelKaMmi JKEHHsT TOCKH

KOCTEIO, nepnenpukyasprofi pebpy. Kak pacnosoxena joc-
Ka? YcroliuuBO Ji €e paBHOBecHe?

A TIocKoJIbKY TpEHHE OTCYTCTBYET, TO 11a JOCKY JeHCTBYIOT
TpPU CHJBL CHMA TAXKecTH P W AB& CuJbl peakuuu oncp N; u
N,, HanpaBjeHHbIE TepNEnAUKYAAPHO rpaHaM yraa. Kak yxe
fbITO BLISICHEHO B 3afdau€ 3, B MOJ0MKEHUH DAaBHOBECHS MO
neficTBHEM TOJABKO TPeX CHJ JUHHUH HX ACfiCTBUS NEPECceKaloT-
cs1 B OXHOH TouKe (pic. 6:1). M3 s10r0 pucynxa Jerko BHIeTs,
KaK MOKIIO MOCTPOCHNEM HAHTH MOJIOKEHHE JOCKH B PABHOBS-
cin. TTpoBosus BepTHXAMb 4EPE3 BEPIIMHY YIVIA M OTKJI&JbI-
BAEM Ha Hell 0T BEPIUMHBI OTPE3OK, paBHbIl njauHE nocku. M3
KOHIIA 3TOr0 OTpe3Ka ONyCKAEM NEePHIEeHAMKYAAPh HA Tpaln
yraa. [Nonoxenue A0CKM B PAaBHOBECHH COBDAJAeT CO BTOPOH
JHATOHAJIBLIO TOJYYHUBIIErocs npsiMoyroabuuka. Hetpyano
yBenuThest, 9TO YroJi, KOTopblii o0paszyer JocKa C OAHOH H3
rpaneii yraa, paBeH yray o, ofpasyeMoMy JIPYrOH rpaibio
YIJa ¢ rOpH30HTOM.

B ycrofiunBoM I1OJIOXEHHH paBHOBECHS NOTEHLHANbHAS
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SHEPrUs MUHHMaJbHA, B HeycTofiduBOM — Makcumannsa. lo-
3TOMY 1Jif1 BLIICHEHHS Xapakrepa DAaBHOBecHd JOCTATOYHO
paccMOTPETh, KAK H3MEHSIeTCH BHICOTA LEHTPA THIKECTH JOCKH
IPH MaJbIX CMEHeHHAX €€ H3 MOJOKeHHs papHopecus. Ecmu
nepemMeuiatb JOCKY TaK, 4ToObl KOHIB! €€ CKOMB3W/IH 10 TPaHiIM
yrJ1a, To ee [EHTP TSMKECTH [ePeMeliaeTcs Mo Ayre OKpYXHO-
CTH, IIEHTP KOTOPOH coBnajiaer ¢ BEPUIMHOHA YyIJa, a pajuyc pa-
BEH 1i0JIOBHHE JUTHHLI JO0CKHU (puc. 6.2). B camom jene, Kak Bua-
1O H3 TOI'0 PUCYHKA, PACCTOSHUE OT BEPLIKHLI YI/a 10 HEHTpA
THAKECTH JOCKH HE 3aBHCHT OT MONOMEHHS JOCKH H DABHO NOJIO-
BHHE €e JJIHHDL,

B nofiokeHuHd paBHOBECHS PaJHyC, COSNUHAIOIUA BepLId-
Iy yraa ¢ HEHTPOM THHKECTH JOCKH, PACHOJNOXKEH BEPTHKANbLHO,
I05TOMY TIPH CMEUIEHHH JOCKH €€ NOTeHHaAbHas SHep s yObl-
Baer. PasuoBecue HeycrofunBo. CiydaiiHO OTKJIOHHBUIKCD,
JOCKA COCKOJIBb3HET Ha OfHY U3 rpaHed yria. A

7. BpesHa B Kky3ose. ['DY30BHK 3arpyeH OIMHAKOBBIMH
raajkumy OpeBHamu, 3aexaB B KIOBET, OH HAKpeHHACA Ha
ogud 0opT, TaK 4TO AHO Ky3oBa 00pasoBaiO C TOPH30HTOM

yroda 0. Ky30B pasrpysu/u, 4 B

HEM OCTa/NoCh TOJNLKO Tpu Gpen-

nHa (puc. 7.1). C xaxo# cuioi

; F uyxHO mnoanepern KpakiHee

6pesHo 3, 4TOGL! GpeBHA HE pac-

katuiuch? Tpewuem npeneb-

pedb. '

5 . A Tlonoxenune O6peBeH, yKa-

- 3aHHOE HA pHC, 7.1, BO3MOXKHO

Puc. 7.1. Bpessa B Hakaounom TOJBKO, ecid yroa 8<< 30°. B

Ky3oBe NpOTUBHOM C/ydyae HanpaBje-

HHUE CHJABI THXKECTU BepXHEro

OpesHa 2 npOHET NneBee TOYKU ONOPHl O HUKHee OpepHO I
GpeBHO 2 cKaTuTCs Ha 6opT.

[Tpu peuenuu 3To#f 3ajauu MonbITaeMcst H30EKATL YTOMH-
TEIbHOTO PAacCMOTPEeHHA BCeX ACHCTBYIOUHX CHA U BOCHO/b-
3yeMmcsl 3aKOHOM COXpaHeHus 3sHepruu. Ecau cucrema 6peped
HAXOJQHUTCH B paBHOBeCHH, TO pabota BHelHeH cuasl F npw
MBICJIEHHOM GECKOHEYHO MAJIOM ME/IEHHOM NepeMelleHHy Kpaii-
Hero GpeBna 3 onpenesseT M3MEHEHHE NOTEHUHAMbHOH 3HEp-
rud 6peBeH, Tak KaK TpeHHe OTCYTCTBYET, a HOPMa/bHbie CHJLI
peakuud paGoThl He COBEPLIANT.

«[eomerpus» nepemewenns 6peBeH nokasana Ha puc. 7.2a,
KOTOpHIA I yAOGCTBA NOBEPHYT HA YroJ O mo 1acoso# crpen-
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ke, Ha Takoii e yron moBopauuBaeTcss HanpapJeHue CHJES
TSXKECTH.

TpeyronbHukd Ha puc. 7.26 COGNMHSIIOT LEHTPLI Openen
Jo H mocjie nepemeneHus, JJo nepemeienns TpeyronbHuK Ghit
pP4BIOCTOPOHHHM CO CTOPOHOH, paBHOH JHamerpy OpeBeH a.
[Tocne nepeMeinennsi GpeBeH TPeyrosibHUK CTAHOBUTCSI paBlio-
GelpennbM, GOKOBBIE CTOPOHBI €r0 MO-NPEKHEMY pAaBHBI a4,
OCHOBaHye yBeanuuBaercs Ha 2Ax, a BbICOTa H3MeHsercs Ha
Ay. B camoMm pesie, 6pesno I nexur na mecre, 6peBHO 3 nepeme-

dz

Puc. 7.2. [lepemeumenne nen1pos 6peBeH APH MX PacKaTbiBaHUH

maerca Ha 2Ax BROML Rna xy3oBa, a GpeBHO 2 nepemelnaercs
na Ax Buonb Aua ¥ Ha Ay NepueHNUKYJSpPHO Ady.

YyuTeiBasi, YTO HamnpaBACHUE CHJIH THAXKECTH COCTaBASET
yron O ¢ ocbio y (puc. 7.2a), U3MEHEHHe NOTEHIMANbLHOIN
sneprun OpeBen MOXKHO 3a0HCaTb B BH/E

AL, =mg cos 0- Ay-t-mg sin 0-Ax+mg sin 0-2 Ax.

{lepBrie ABa caaraeMblX JaiOT U3MEHEHIe NOTEHIHalbHON uep-
ruy OpepHa 2, a TpeTbe cnaraeMoe — Gpesna 3. Ilpu Taxom
nepeMellentuy  BHewHsisi cuna Foocosepuaer paboty AA=
=—F-2Ax. Ha ocHoBaiuy 3aK0HA COXPAHEHUA UEPTHH HMeeM

—F-2 Ax=mg cos 0-Ay+mg sin 0-3 Ax. (N

T/l HaxOXAEHUs CHJbI F HYXKHO HalTH CBf3b MEXKAY Ie-
pemeinennamMd Ax u Ay. Ilpome Bcero 3to cpenatb, BbIPA3UB
HX yepe3 uameHenue Ao yraa o. B cucreme KoopauHar, noka-
3aHHOH Ha PHC. 7.2a, KOOPMMHATHL BEPUINH TPEYroabHHKA JO
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nepemeleruss OpeBeH paBHb
xX=qa cos o, y=a sino. 2)

TTocnie nepemermenus
x+Ax=a cos (@a-+Aa), y+-Ay=a sin (a--Aa). (3)

Hcnonbsya QopMysisl Jjs CHHyca H KOCHHYCA CYMMBI ABYX
VIJIOB M YYHTHBASA, YTO OpH Maibix Ac 3naueHus cos Aaxl,
sin Ao Aa, ¢ momowbio Belpaxemuii (2) u (3) uaxonum

Ax=—qa sin a-Aa, Ay=a cos a-Aa, “)

[Toncrannss (4) B coorHowenne (1), nonyuaem BbipaxkeHne s
cuim I

8 (cos 6 clg a—38sin0).

YTOM O 37ieCh CRENYET HONOKATD paBHEIM 60°, Tak KaKk HYXKHO
OnpENeNHTL CHAY F, HE HO3BOJSIONYI0 OPEeBHAM PacKaThlBaTh-
cs. [Tostomy

F——:% (-}%—:coso 3an9> (5)

[Ipoananusupyem no/ydeHislii oTBeT. ECAH yroa Haknona

Ky30Ra aexur B untepsane 0 < 0 < arctg (1/31°3), o cuaa
F>0, 1. e, 6peBua NeACTBUTELHO HYXKHO YICPXKHBATH: €C/IH
cuny F y6parb, 1o Gpesna packatstes. Ipu®, = arctg (1/3)/3)
cuna F obpamaercs B ny/b. IIpu Takom yrae 0, GpesHa He
packarsarcs, Jaxke ecau Hx ue momnuparh. Ecnu 0,<8<30°,
10 cuaa [ cornacuo dopmyae (5) orpuuare’bia. IT0 03HAYAET,
yTO GpeBHa HE pacKararcs, Jaxe €CJu OpeBHO 3 BLITATHBATH
BIOAb JlHa Ky3oBa ¢ CUJI0H, menpined |F|. Taxkum ofpasom,
0, mpencrasaser cofofi HaumeHpliult yroa, npu Koropoy Opes-
Ha HE pacKaThlBalOTC B OTCYTCTBHE Yy/EPKMBAIOWICH CHJILI
F. A

8. Kanar Ha tymGe. llpn npHuamuBaHud K IPUCTAHH
MOXHO OCTAHOBHUTbH JBIIKEHHE JlaKe oueHb 00/bLIOre CyIHa,
ie npunaras Jjs 310oro Oonbiiux  ycuauii., Dpomenusifi ¢
napoxona Ha NPUCTAaHb KaHaT O0OpaYHBAIOT HECKOJLKO pas
BOKPYT TyMObl, H TOTZlA4 OKa3blBaeics NOCTATOYHBIM NMPHAOKHTb
K CBOOOJAHOMY KOHLY -KaHara COBCeM He0OJbllloe yCHiaue,
4yTO0Bl NIPOCKAJb3bIBAIOUMA N0 TyMmGe KaHAT OCTAHOBHI H
yaepxan orpoMublfi mapoxoa. Paccuurarh, BO CKOJBKO pas
JefcTByolias Ha Napoxoj €O CTOPOHL! KaHaTa CiJla MPeBocXo-
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JNT DPHJIOXEHHOE K CBOOOJHOMY KOHLY KaHarta yCHAHe, ecaH
KaHaT TPUKAH C0epHyT BOXPYT TYyMOEI, a Koadxpuiuedt Tpe-
Husl Kanara o Tym0y paBen W.

A OrpoMHBIA BBIHTPEII B CHJE JOCTHIAETCH 371eCh B.1arojia-
Pf TpeHHIO BIITKOB KaHAaTa 0 MOBePXHOCTb TyMObI, PaccMorpun
reGonninoil sneMeHT Al BuTKa Kanata hHa TymGe, xapaxtepil-
syempll yraoM A (prc. 8.1). Ha atot anement co cropons! co-
CeJIHHX Y4aCTKOB KaHaTa JACHCTBYIOT YNPYTHE CHJABL HATHKE-
nua, pasibie T n T--AT u nanpapiaeuunie 10 KacaTeibHbiM K

H
!

-

i
- -
-

Puc. 8.1. Ha sacmenrt kanata Al co  Puc. 8.2, K Buiyncaennio Hop-
CTOPOIIB COCEIHUX YRQacCTKOB jeficT- MaJdbholl cHau peaxunn AN
BYIOT CHJW, paBHele no moayJaio T

u T4-AT

TIOEEPXHOCTH TYyMObI Ha KOHIaX BbLieseHHOro ydactka. Hure-
pecyioliee Hac pasiuuue mony.aell atux cuit AT ofycnosiero
JeHCTBHEM Ha 3TOT 37EMEHT CHJLI TPEHHA CKoabxeHus AF, .
PaBHOJEHCTBYIOWAS CHJ HATSMKEHHS HMEET TaKaKe COCTaBAAK-
Ulyto, HANPaBICHHYIO TO PAJUYCy K HEHTPY TyMOBL. 2Ta coc-
TABASAOWAS YPABHOBEIINBALTCS HOPMAABHOH K 3jeMeHTy Al
cuxoll peakuun Tym6s AN, Kak BHJIHO M3 DOCTPOCHHSI Ha
puc. 8.2, B KOTOpPOM VYTEHO, YTO A/ MaJOro 3/eMeHTa BHT-
ka Al ortnomenue AT/T<], monyns cuanl AN npubamKeHHo
paBell

AN=T Aa. )

Monynb cuiel TpeHUs cKoMbeHust AF  cBA3aH ¢ MOAYJ/IeM

HOpMaJbHOH cHJB peakuu AN, Kak o0bl4HO, COOTHOWICHHEM

AF, ,=pAN. 2)

[oncrasaas ciona AN us dopuyast (1) u yuuteiBas, uto AF, =
=AT, noayuaem

AT=pTAx, 3)

Bynem Tenepb paccMaTpHBAaTh CHJY HaTa»ce€Hus kaxara T

Kax QyHKumo yraa o. Torpa, nepexoas B Bbipaxelun (3) K
npeneny nupu Aa—0 W yUHTEIBAsl, YTO [pejes OTHOLUeHHS
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AT/Aa npu Aoe—0 ects T'() — npousBoaHas or (GyHKUMH
T(a) no @, noryuuM aupdepednHanbHoe ypaBHeHHE

T (o)y=pnT(a). 4)

Takoe ypaBHeHHe, B KOTOPOM NPOUBBOAHAS OT HCKOMO#H (YHK-
iMH  JIPOMOPIUHOHANbHA caMofl (YHKUUM, KaK H3BECTHO U3
IIKO/ILHOPO KYpca MarTeMarUky, HMeeT pelieHe

T (@) = Cebe, ®)

Kax Bumno u3 camoro pemenus, nocrosaduas C HMeeT CMBIC
CUJbI HaTsKeBusl Kanara T, npu aa=0, T. e. yCHAua, NPUIO-
JKEHHOr0 K cBOGOmiOMY Konuy kauata. [lostomy

T (o) = T geh=. (6)

W3 3toro BEipakenus BAAHO, YTO OTHOIUIEHHE CHJIBI I1ATSKE-
nus T(ot;) na oaHoM xouue Kauata (T. €. NPH o=c;) K cUJe
naraxenna Ty 112 Apyrom KOHIE, PABHOe gh%:, He 3aBUCHT HH
OT AHaMeTpa, HU OT TOJLIHHBI KaHaTa, a ONPEAesIeTCs TOMAbKO
KO34XDHIHEHTOM TPEHHSA | U YHCIOM 000POTOB n=a, /2.

DKcnoHeHuHaibHan GyHKURS

ULy o eQJTp,f'l

pacter oyenb Obicrpo. Ilpu uesnslx n 310 npocTo reomerputec-
Kast [porpeccusi CO 3namenarejgem e?™. Hanpumep, name
npy u, pasuom Bcero 0,1, nocse oxtioro obopora (n=1) cuna
HATSKEHUST KallaTa BO3pactaer B e?Maze®az1 87 pasa, a
rocsie Tpex o0opoTos — B e27 36,55 pasa.

Crnexyer OTMETHTb, YTO ONMHCAHHBIA croco6 npeofpasosa-
HHA CHJIBI AIBJSIETCS CYHIECTBEHHO HEOOPATHMBIM, B OTJIHYHE OT
IPOCTLIX MEXAHHU3MOB, TAKHX KaK pblyar, BOPOT, Tald H T. 1,
[ToatomMy Takum crocofoM MOMKHO TOJILKO OCTAHABANBATL HJH
YAEPKUBATL Kopab/b, HO HE/b3fl, Halpumep, NOATATHBATH
ero K Sepery. OnHaxo ec/id IPUBECTH TyMOY BO BpameHHe C
NOMOLIBI0 JIBHTATEs, TO ONHCAHIULIM CIIOCOGOM MOMKHO NOATA-
ruBath Kopabab K Gepery. JleGelKu, B KOTODPBIX HCHOML3YETCH
9TOT npuHuHun (kabecTanbi), IDHPOKO pAacHpOCTpaHeusl BO
ditore. a
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Ocuosnoii 3axou ruppocratuxn — 5to 3axon llackans, coraacho
KOTOPOMY B COCTOfiHHM HaBHOBCCHUS NABAEHHE D B MHAKOCTH (HJH rase)
HE 3aBUCHT OT OPHEHTAUHM NJOWAAKY, HA KOTOPYIO ono aelicTyeT.

LEcan necknmaeman XuAKoCTh HAXOANTCS B OQHOPOAHOM IoJe Tii-
2KeCFM, TO CHApOCTaTHyecKoe paBJeHue Ha raybnne h paBuo pgh, rne
§ — NJOTHOCTE XKHpaKoeTH. Hanuune obyciosiennoro nojem TsKecTH
TAAPOCTATHYCCKOr O RaBJACNHUR [IPUBOAMT K TOMY, UTO HA NIOTPYXKEHHOE
B MHAKOCTE (MMM ra3) Teso fefiCTBYer BLITAAKNBaonad cujaa, 3ra cuaa
nHanpapjiesa BEPTHKaIbHO BBepPX, a €€ MOJAYyJbL DaBeH BeCy MHJIKOCTH,
ofbeM KOTOPOil coBmagacT € o6bLEMOM MOTPylKennod B MHAKOCTbL 4acTil
Tesa. B 3ToM 3ak/uouaercsa sakow Apxumena.

Tlpn cTaunonapHoM ABHXKEHMH MUAKOCTH, KOTAd JUHHMH TOKa He
MEHFIOTCA CO BPEMEHEM Y COBHAJAloT C TPAaeKTOPHAMMH YaCTULL JKHJAKO-
CTH, 4epes Joboe nonepeyHce ceyente NOTOKa B €AHHULY BPeMeHHd npo-
XOJHT OJIHO U TO XKe KOAHU4ecTBO wusKkoctn. JIaa neckuMaeMoll KHQKO-
CTH 3TO YCIOBHE BPa)aeTcst yPaBieHMCM HepaspuiBIOCTH:

UISIZUZSQ, (i

rae 8 u S, — naowanu cevenuii, a v; B Uy — CKOPOCTH XKHIKOCTH B
STHX CEUEHHUAX.

Ecayn npu asuxenuas XKupkKocti MOXHo npenefpedb cHUaaMyu BA3-
KOCTH, TO TaKyl0 XHAXOCTh Ha3eBaloT Hacaaenoil. Jlas ipeannnol
KMAKOCTH BHITONNSETCS] 3aKOH COXPaHCH¥s# MeXaHMUECKoH sHepruu,
MaremaTnyeckuM BhipadKeHHeM 3TOrO 3aKoua saBJsiercs ypasHenle
Depnyanu:

p+egh+pv?/2=const. 2)
CymMa caaraemuXx, GUIypHpylowux B JeBoil 4acTH ypaBHEHHA, HMe-
eT OfHO M TO e 3Hayenyne BAOAbL JUHNH ToKa, Bucora A B Jaw6oll Touxe
OTCYUTHIBARTCH OT ORNOTO YPOBHS, YCJAOBHO NPHHATOrO 3a nyJnesoit.

TIpit mBwiKenuu TBEpROTO Tela B JKHIKOCTH (WM rasde) Ha Teao
JelicTByer cuaa conporumienud. 3Ta CHJIA 3aBHCHT OT MHOTMX Hapa-
MeTpOB, TaKHX, Kak CKOpOClb JBWKeHHA, pasMepsl ¥ dopma Tesa,
NJOTHOCTL  JKMAKOCTH, €e Bsi3kocTb., OTnocurennuast podb  3THX
napaMeTpoB MEHSIeTCss B 3aBHCHMMOCTH OT CKOPOCTH JBHXKEHHUS TeJaa B
xupkoct . Ilpu HeBonbuiux CKOPOCTAX 9Ta cuja o6ycjaoBjaeHa B OCHOB-
HOM BA3KOCTBIO XHAKOCTH, B sTom ciaydae cuja conpoTHBJeinsa Npo-
nopuHosaibia CKOpoCcTH Teda.
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1. Mepesepryrast Bopouxa. [lepeBepHyTas Tsxkenad KOHH-
uecKas BODOHKA IIOCTARJIEHA HA DOBHYIO TOPHU3OHTANLHYIO
1OBEPXIIOCTh, NOKPHITYIO JIICTOBOH pesunoll {puc. 1.1). ¥Yakoe
OTBEpPCTHE BOPOHKH 3aKAHUYHBACTCSH TOHKOH TPYOKOH, uepes
KOTOPYIO BHYTPh BOPOHKH MOXKHO Hanuatbh BOAY. Oxasa/ioch,
4TO BOJA HAUHUIAET BbITEKAThb H3-TI0J BOPOHKI, KOTAA BhICOTA
yPORH;T BOTbI B TPYOKE CTAHOBHTCA PaB-
ey 1O A, OnpefenuTb MacCy BOPOMKH 1,
ecad IJIOMAAL CEeueHHs ee LIHPOKOro
OTBEPCTHA paBHA S, 4 BbICOTA BOPOHKU
paena H.

A Tlpexkje Becero noaymaes, nouemy
BOJA BOOOIE MOMNKET BBITEKATb M3-HOX
popolki. Beab EOpOHKA NIOTHO CTOMT
Ha pesuiie ¥ HUKaKuX LeJel TaMm uer,
Utofsl B0JA HAYANA BBITEKATb, BOPOHKA
Ssssnssassammentetat oJKHA NPUNOAHATECA. Kakan ke cuaa
Prc. 1.1, Ilpa sucote € PUIOAHUMALT? llenogz TOM, YTO CHJILI
yposist i moga mawn. AABJACHHS BOTIH B KAXKJOH Touxe MoBepXx-
HACT BLiT€KaTs HM3-110;1  [OCTH BOPOHKHU HAIPABJICHR 110 HOPMaJIH

BOPOHKY K Hedl " no3TOMy HMEIOT BepTHKAJb-
1yio cocraBasionyn. Peayantupyiouas
THX CHJ, KaK fCHO H3 CUMMETPHH BOPOHKH, HANIpABJIEHA Bep-
THKaabHO BeepxX. [lpy HekoTopoM ypOBHE BOJBI B TpyGKe
3Ta pe3yabTUPYIOIAS Ciia AABIACHUA MOKET OKA3aThCA JOCTa-
TOUHOH A/16 TOro, YTOOhl MPHIOIHATL BOPOHKY.
Henocpeactsenrnoe Bpiuuc/aenie cHibl JaBJACHUs Tpebyer
NPHMEHEHUs1 uHUTerpHporanusa, Bo-nepeelX, JAaBaenue Bo/ib
6yaeT PasHLIM A1 PA3HBIX FOPU3OHTAIBLHBIX CJIOER, HAa KOTOPHIE
MOXHO Pa30HTb MOBEPXHOCTb BOPOUKH; BO-BTOPHIX, GYAYT pas-
HBIMH [MJIOIAZH 3THX cJjoeB. [loTomy yroGHee ne BhiyHC-
JATE 3TY CHJY «B JjoO», 8 BOCNO/JIB30BATbCS APYIHMU coobpa-
KEUUSIMH, OCHOBAHHBIMI HA OCOGEHHOCTAX THAPOCTATHYECKOrD
JABJIEHUA HKIAKOCTH.

{IpencrapuM ceGe, 4yTO BOPOHKA BMeCTe C HAJIUTOH B lice
BOJO# CTOHT HA Becax. OYEBHAHO, YTO MOKA3AHHS BECOR ONpe-
JeNSIOTCA CYyMMOH MacC BODOHKH M HAJHTOH B Hee uepes
TPYOKY BOJLI. B TOT MOMEHT, KOI/la BOJA HAUYHMHAeT BRITEKATh
U3-110] BOPOHKH, HIKHHUHA Kpail BOPOHKH NEpectaeT ZaBHUTL 1A
[HOJCTABKY. A 3TO 3HAYUT, 4TO B STOT MOMEHT BCA cHJAA, Aefl-
CTBYIOLAS Ha YaLUKY BeCOB,— 3TO CUJIA JABJEHHA CToA6a BOJAR
BbicOTOH A HA Muolane S. MTakK, B MOMEHT OTPLIBA

mg+pgV=pghS, )
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rie p — IVIOTIIOCTH BOABI, a V — o0®meM BOABL B BOpOUKE H
TpyoKe.

Ecau tpybra Tonkas, TO 00bEMOM 3aNoJHEHHOH BOROH
acTd TPYOKH MOXKIIO npereGpeub N0 CPABHEHUIO C 00HEMOM ca-
vofl Boponku. B sTom cayuae V=HS/3, u us ypaeneuns (1)
HAXO4HM

m=pS (h—H/3). (2)

M3 ¢opMy.anl (2) BUAHO, MEXKAY NPO4HM, 4TO BOPOIKA JO-
BOJIBIO TsKeNas: ee Macca {o/ee UeM BROE NPEBbililaeT Maccy
ROJIBL B 00TeMe BOPOHKH. Eci/iy 6bl BOpoliKa uMena MacCy, MEeHD-
iy uem 20SH/3, To OpH HanuBa-
HHH BOAB yepes TPyGKY BODOHKA
oTOpBaJack Obl OT MNOACTABKH €ule
JO TOrO, KAX RBOJA 34l0JHUMZ BCIO
BOPOHKY.

Mcrnonb3oBaHHbl  37eCh  IpHeM
no3goaseT oCofiTHCL 6e3 HernocpeicT-
BEHHOTO BBIYHCJEHHS CHJBL  jAaBJle-
1ds KHUAKOCTH Ha MTOBEPXHOCTh Tej1a
M MOMXKET OKA3aThCH MOJIE3HbM IPH
pelleHdy JPYTHX THIADPOCTATHYECKHX T~ uimsoson o
3alay, OCOGEHHO B TeX CAYYafAX, pye 1.2, 3agauy Moo
KOrJ@ TEJIO UMEeT NOBEPXHOCTD C10K-  pewlMth TaKKe H Aifl BO-
Hoff Qopmel. Ypapuenne (1)ocraercs ponku Goiee croxaof
CTIpABEJIMBEIM ¥ B TOM CJyuae, Koraa bopmet
BOpPOHKA HMeeT §oee caokuyto dop-

My, HampuMep, Takylo, Xak ia puc. 1.2. Jlia HaxoxaeHHs
MacChl BODOHKH HYXKHO TOJbKO 3HATb OO0LEM €€ RHYTDEeHHEH
UacTH. A

2. Naasayomne mapwel. [Ipa 1mapa 0JHHAKOBOTO pa3mepa,
0AMH JIETKUil, a ApyTrofi TsKeNvlil, MPUKPENJeHbl K TOHKOMY
CTEPKHIO, HNpHUYEM TsKeJbIH K CepefyHe CTePXKHA, a Jerkuil K
OJIHOMY H3 eTo KoHUOoB. [IpH NorpyKenHu B BOgy B HeryGoKowM
MecTe CBOGOAHBII KOHell CTeP:KHA ONUPAeTCs O JHO, CTepKEeHb
pacrosaraeTCs HAKJOMHO H M3 BOJBI BBICTYNAET TOJBKO YacTb
JIErKOTO 11apa, MPUYeM OTHOIIeHHE 00TBeMa BRICTY MAOWeH YacTy
K ofbeMy BCEro uiapa pasHo n (puc. 2.1). byser au sta cucrema
1/1aBATh M/ OHA YTOHET, €C/IH ee ONYCTHTb B BOJY Ha r1yGoKoM
smecte? Maccy cTepiKHA CUUTATL NpeHeOpenMo Masofl.

A [Ipy mepeoM UYTEHHM YCJOBHA 3aJaUy MOMKET [MOKA3aTh-
cfl, 4TO MPUBEIeHHBIX JAHHHIX HEIOCTATOYHO IS OTBETa HA
[OCTABRICHHBL BOMPOC: BEAb HE YKasaHbl HU 00LEM, HH Macca
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11apoeB, KOTOpHE HeoGXOmuMbl AN HAXOIKACHHA COOTHOIICHHA
MeXJly CHUJIOH TSKEeCTH M BLITankupawoulimu cusami. OpHAKO
3T0 Brneyamienue ofManuupo. Bcee, 4To Hy:xKHO AAA peileHud

Puc. 2.1, TlorpyXeunnit B BOLY CTePKCHb
C WapaMH OnUpaercst O AHO

3ajaul, B YCJIOBMH 3ajJallo, M OCTacTcs TOJbKO COO0pasuTh,
KaK 9THM BOCHOJIb30BAThHCH .

[oeejenve cucTeMb! HA TIYGOKON BOJIe ONPEAEASIeTCs TeMm,
Y16 Goablle: JEACTRYICIIHE Ha 1APhl CHBL TAMECTH WIH BbITAJI-
KUBAIOMNE CHJIBL, OLHHAKOBHIE A7 JIETKOTO ¥ TAMKEI0FO WapOB.

F(t-n}

Puc. 2.2. PaBnosecue cuere-
Mbl Ha MeaKoii Boje

310 MOKHO BBISICHHTB, PACCMATPUBAs ONHCANHOE B YCIOBHH 3a-
Jlayi pABHOBECHE CTEPXKHS C IUaPaMH HA MeJKOBOJbLE.

Ha puc. 2.2 noxasanbt JEHCTBYIOUIME HA& CHCTEeMY CHJAL.
Uepes F ofo3HayeHa BBITANKHBAOLIAN CHAA, JEHCTBYIOLLAA
Ha HOJHOCTbIO NMOrPYKeHHbIH wap. Tak Kag Jerkuit wap no-
TPY2KEH B BOAY HaCTHYHO, TO AeHCTBYIOLIAS HA [ero BHTAIKHBA-
I0Was cHJ1a, NPONOPLUAOHANLHAT OO0BEMY €ro norpYzKenHoi
uacty, paesna F(1—n). [TockoabKy CUAEL TsXECTH mg U mg
¥ 0o0€ BLITANKMBAIOLULHE CHJILI HANPABJAESHBI [0 BEPTHKAIH, TO
H JlefcTByIomAs Ha KOHel, CTep:KHA CH/Ia peakiuy ana @ Taxxe
Hanpasaena BepTHKaJdbHO. PaccmarpuBas ypaBHEHNE MOMEH-
TOB CHJ OTHOCHTEARHO LEHTPA THAKENOrO LIapa, [MoJyuaem
JUIA CHJIBE DeaKUUy JHa BHIpameHue

Q=F(l—n)—m,g.

Teneps, yuuthigas, uto BeKTOpHAsA CymMa BceX peHcTeylo-
HIMX CHJI B PABHOBECHH PaBHA HYJIO, MOXKHO CBA3ATh BHITaNKN-
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BAIOUWLYIO CHJY C lleﬁCTBYEOU.(HMH Ha IMIapel CHAaMH THAXKeCTH
mg n mg.

mg-Fmg=F-2F(l—n)—mg=F(@3—2n)—m,g. (1)

Ha ray6oxoM MecTe MaKCHMalhHOe 3HaYeHHe BHTAJIKHBAIO-
uiefl CUsbl GYAET JOCTHNAThCS NMPU NONHOM NOTpyxenun ofoux
wapos. B stom caygae ona parua 2F. Ecnu 2F okamercs
0oJblle nONHOM CHJHL TAKECTH, TO CTePKeHb C miapamu Oyper
[W1ABATE B BePTHKAJBHOM [IOJIOKEHUH U HaXOQALIMHACA BBEpXY
Jlerkuii map OyJAer 4acTHYHO BRICTYHaTh M3 Boppl. MTak, ycao-
Blie NJIaBaHHUs HA TJIyGOKOH BOJE UMEeT BUJ

mg-+-mg<@F wau F(3—2n)—m,g<2F, (2)
OTKYAA
1—2n<m1g/F.

Kasanoch Gbl, 310 HepaBeHCTBO He npub/ikaeT Hac K OT-
BeTy, NOCKOJIbKY B MPABOH YacTH CTOAT He 3ajaHHbIe B YCICIHH
cudbl #,g ¥ F. Ho B ero npaBoil 4acT# CTOHT NOJIOKHUTEIbHAN
BeJMYUHA, O3TOMY OHO BO BCAKOM cayuae GyaeT BLINOMHEHO,
ec/H norpe6oBarhb, Yytobsl 6ei10 1—2n<(0. HMrak, cucreMa Oy-
JeT JaBaTh Ha ray6okoil Boge, ecan n>=1/2, T. e. ecsiu jgerkuil
11ap Ha MeJIKOBOJALE BRICTYIAET M3 BOALI HE MeHee YeM HAallog0-
BUHY .

OnHaxo HACKOABKO XOpoIl noJiyyenHstl oteer? OueBngHo,
4TO Ha#JEHO TOJILKO AOCTATOYHOE YCAOBHE, W B HEHCTBUTE/b-
HOCTH cHcTeMa OyzeT, BoobuLe roBops, IABaTh H NPH MEHbUIHX
suauenusx n. Hanpumep, ecaun m,g/F=1/5, to cucreMa He
yroner npu n>0,4. Ilo ycnoBHio 3ajayu OZuH IUap JErKHi,
a Ipyrofl — TAKeNHH, T. e, m,g<Xmg. QueBnaHO, YTO 3HAUCHUE
mg JeXuT B uHreppane F<ng<2F, unaue cucrema 6o
nnaBaja Obl, He Kacafch AHa, ¥ Ha MEJKOBOAbe, NHOO TOHyNaA.
TTostomy mug/F <l u HCTHHHOE MHHHMAJbHOE 3HAYEHHE 1,
npH KOTOPOM CHCTeMa He yToHeT (06f3ate/ibHo MeHbiuee 1/2),
TeM GJHKE K HalJeHHOMY 3HageHHio 1=1/2, YeM Meiblie OTHO-
wenve mg/F. a

3. 3uamenuran 3ajauya. B Gaccefine nnasaer snogka. Kax
II3MEHHUTCSl YPOBeHb BOJBI B Gacceiite, €C/i U3 JIOAKH B 6acceiit
Opocutb Kamenb? Y10 npousoiiser ¢ yposHeM BOAH B Gaccedi-
He, eCJIM B JHULIE JOAKH NPOJeIaTh OTBepCTHE M JOAKA HAYHeT
norpyxatbea? Eciu ypoBedb Bojsl B Gacceiiie npH 3TOM H3Me-
HHTCA, TO B KAKOH{ MOMEHT HAYHercs H3MeHenue?

A Ecny KaMeHb M3 JIONKU BHGPOCHTH Ha Geper Gacceiina,
TO ypoBeHb BOAb B GacceiiHe MNOHU3UTCA. ITO NPOHCXOAMT MO-



148 1Vv. MEXAHHKA JXHUBKOCTEN

TOMY, YTO JI0AKA CTAHOBUTCS JIEfue, OHA ECAJILIBACT U 0OLEM BHI-
TecHsieMol el BOJbl YMeHbLaeTes .

Y pcBelib BOAR B 6accelilie MOHHZUTCS M B TOM CJyuae, KOria
KaMeHb BHOpachiBalOT B Oaccefil, XOTH MOHIZKEHHE YPOEIif
Teneps OYAeT HeCKOMbXo MeHblie. B caMoM jesie, Korjia XKaMeHb
ASKHT HA JHe, BHITecHsieMHIl WM 0oGbeM BOAbl pageH oGbemy
ranmnst, Iloka e oM HaXoauw/ics B NOAKe, J0JKA BhiTecHsJa
JCIIC/AHHTENbHBIE 06beM BOABI, Macca KOTOporo Obl1a paBla
macce Kamusa. Tak KakK MIOTHOCTh KamHs GOJblie [IOTHOCTH
EOZBl, TO 3TOT 00beM GoJblie 06beMa CAMOro KaMmiis.

A 4To ecnu u3 JoakH B GaccefiH BbIGPOCHTBL JePeBSHHBIN
npeaMeT, Hanpumep OpeeHo? Ecau GpepHo BrGpachiBaercs
na Geper, To TOria HeT HHKAKOH NPHHUUOHAJLHOH Da3HHULI
€O CJy4aeM, KOrjJa BHIODACBLIBAGTCA KAMEHb: YPOBeHb BOJH B
faccefine nouusurca. Copcem Jpyroe Jeso, KOria OpeBHoO Bbl-
OpacHBaloT B BOAY. B 3tOoM ciyuae ypoeenb BOJB B Gaccefiie
OCTAHETCS NPEKHUM, XOTH J0JKA, KOHEYHO, [1eCKOJILKO BCNJbI-
BeT. Beab GpeBHO IIABaeT Ha ITOBEPXHOCTH M, 3HAUHT, BbITEC-
HfeT TakoH ke o6beM BOJbI, KAaKOiH panbiie (T.e. A0 BuGpa-
CHIBAIHS GPeBHa) JONOJHUTENBbHO BHITECHAA NOKA.

Wirtax, ecau BHOpOIIEHHBLIH U3 JI0JXHY B BOAY OpPeIMeT HJa-
BaeT, TO YPOBeHb Bojbl B 0accefine ocraercs 0e3 H3MEHEHUSA.
Ecan1 e npeaMeT ToieT B BOjIe, TO YPOBEHb BOJbI OHIKAETCS .

K 3THM e BHIBOAAM MOXKHO IPHUATY U NPOLIE, eCJIH NpeacTa-
BUThb cebe, YTo Bech GacceilH cTouT Ha BecaX. YTo 6B Mbl HU
BLIOPACBIBA/IY U3 JOJKUM B BOJAy, [OKA3AHHS BECOB, KOHEYO,
ne usmensstes. IlosToMy ec/iy BHIGPOLLIEHHBIE U3 JOAKH Npej-
METHI [IJIABAIOT HA [TOBEPXHOCTH, TO CHJA JABJECHHS BOADI Ha JHO
faccefiHa He JO/MKHA H3MEHUTHCS. A 3TO BO3MOKHO TOJLKO
TOrJA, KOrJa YPOREHb BOJABI OCTAHETCA NPEKHUM,

Ecnn xe ppiGpowennnit npeameT olycTHaACs Ha JHO Gac-
celiHa, To jaeficTBylolas Ha JHO 0accefiHa CH.JIa onpejensercs
11e TOABKO THUAPOCTATHUECKUM JABJSHUEeM BOAbL, 10 U JeicT-
kHeM caMoro npejaMera. Tax Kak [oJaHAas CHJa JOJ/IKHA OC-
TATLCS NPexHed, To0 CHJAa JaBJIeHUs BOAH HA AHO J0KHA YMEHb-
murbea, [loareMy ypoBeHb Boful B GaccefiHe NOMH3UTCA.

Tenepb, Korja Mbl pa3oGpaliich ¢ [EPBbIM BONPOCOM, HE
BOCTARUT GOJILILIONO TPYa OTBETUTL HA BONPOC, OYAET U H3Me-
HATBCA YpOBEHb BOJAH B Gaccefine, ecyin B HUINE JIOAKH Npoje-
JaTh oTBepcTHe. ByaeM cuutath, 4TO 3aMo/iHeHIIe JIOAKHU BOAOI
jepe3 OTBepPCTHE [MPOUCXOAUT MEAJIeHHO, HeGOJBIIUMU NOp-
WUSAMH, TAK YTO [IOKA JIOAKA He YTOHeT, OHA B KaMJbI MOMEHT
HaXOJWTICA B PABHOBeCHY Ha MoeBepxHocTd eoxd. Iloxa Josxa
HaXONHUTCH Ha IJIABY, YPOBEHb BOAB B Gacceifte He MeHJeTcs.
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O6beM Norpy:xeHHOH 4acTH JIOJKH YBelHYHBaercss POBHO Ha
CTOJIBKO, CKOTLKO BOJE! (0 06BeMY) BOLLIO B J0JKY. B Heko-
Topulil MOMCHT, HaOpap OMNpeIe/ieHHOe KOMHUECTBO BOABL, JIOA-
Ka y»Ke He CMOMKET OCTABaThCHl B PABHOBECHH HA MJARY M HAY-
HeT morpy:Karees Ha Ho. C 3Toro MOMeHTa M Npou3oHjeT no-
HUMKEHHe YPOBHs BOAH B Oacceline,

STa 3ajaua 3HAMEHNTA TeM, YTO Mpu [ONEITKe Cpasy OTee-
THTb Ha MOCTABJEHHBIE BONPOCH HHTYHLHUA YacTO MOABOZHT,
TAK YTO Ja)Ke HEeKOTOphie OueHb H3BecTHnle (H3MKH JABAJIH
HeNpaBU/IbHBIE OTBETHI. A

4, Peakuua ebiTekawouiedl cipyn. B OoxoBofi cTeHke Mi-
POKOrO COCYZA MMeeTcsl OTBEPCTHE, 3aKphiToe MPoGKoH (pHC.
4.1). Hafitu peaxTuBHYIO cujy, KoTopas OymeT CTPEMHUTHCS

e S AR T e A Y
Puc. 4.1. Cocyn c orsep- Puc. 4.2. OGpem ocBoGoxpaawiuefics
cruem B GOKOBOfi creHKe HaCTH COCyZRa paseH oGbeMy BbITEKam-

el MHAKOCTH

CIBHHYTbL COCYA C MecTa, ecld BHHYTL npoOky. [linomane ce-
YeHHsT OTBEPCTHSA paBHa S, a BHICOTA YPOBHS BOJB HAJ OTBEPCTH-
eM pasua h.

A Toka oTeepcTHe cocyaa 3akphITo NpoGKOH, cHJa, crpe-
MSIIAACA BLITOJNKHYTL NPOOKY, ONPeJeseTcs THAPOCTaTHyec-
KHM JiaBJieHHeM cToJsGa BOAL BHICOTOH A u paBua pghS.

Ecan npoSky yjaaliuTe M3 OTBEpPCTHS, TO MOXHO AYMAaTh,
YTO CHJIH JABJICHHA BOJbl Ha CTEHKH COCYAa OYAYT B3aUMHO
yPaBHOBeLIHBATbCH BCIOAY, 32 HCKJIIOUEHHEM YUacTKa, JekKalue-
TO TOYHO HANPOTHB MPOGKH U HMEoLIero Ty Ke MIomab S,
uyro u oteepcrue. [lostomy, Kasajsoch GH, pPeaxTUBHAS CHUJa,
CTpeMALIAACA CABHHYTD COCYH, AOMKHA ObITh TAKOH Xe, KaK H
¢Usia THAPOCTATHYECKOTO AABJNEHUS HA 3TOT YYacToK, T. €.

F=pghS. (1)

OnHaro Takofl BuBoZ 6biil OBl CAMIUKOM focneliHniM. Begb
BCe-TaKy 3JeCh Mbl HMeeM JeN0 ¢ ABMAKYLefics XKHAKOCTBIO,
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BLITEKAIOHIeH CTPyeli U3 OTBEPCTHS, H COBEPLUCHHO HE OYEeBHAIO,
UTO BCE MOMHO OOBACHUTH T'MAPOCTATHUECKUMH 33KOHOMEPHOC-
ama, H peiicteaTenbro, nonpoGoBaR NPOBECTH AUHAMHYECKOE
PACCMOTPEHHE, Mbl MOJAYYHM JJIS PEaKTHBHOH CHJBI ADYTOH
pesyabrar. IpH apnamnueckoM MOAXONE JMSHCTBYIOMLYIO Ha
COCYA PEaKTHUBHYIO CHJAY UYXKHO LIPHPABHATb HMNYJECY, YHO-
CHMOMY BBITEKAIOUWRH cTpyell BOMBI 32 €AHHHLY Bpemeliu. Bol-
4HCANM 3Ty CHaY,

bypem cunutarth, 94TO CKOpPOCTH HCTeueHUA BOJB! OjHHAKOBA
10 Bcemy ceuenmto orsepcTus. Ecian Boay B cocyie MOXKHO
CYHTATHL MAeaNbHOH MKUJIKOCTBIO, TO 3TO ACHCTBHTRNLHO TaK M
CKODPOCTb MOKHO HAaHTH C NOMOMIBIO 3aKOHA COXPaHeHUs MeXa-
nnyeckoll sHepruu. B Ha4YanpHOM COCTOSIHEM BOJA B COCYAE
HCTIOABIKHA H ee YPORENb HAXOAMTCS 1A BbICOTe /i HAJl OTBEp-
crueM. Cnycrss HeGO/bHIOH IPOMEXKYTOK BPEMEHH ypoBelib
BOJbI B COCYZAE HEMHOTO MOHU3UTCS, TAK KAK HaCTh MKHAKOCTH
BLIAJIET U3 OTBEPCTHS B BHJIE CTPYH CO CKOPOCTHLIO U (puc. 4.2).
Tak Kak KMIXKOCTb HeCxHMaemMa, To 00beM ocBoGoiuBIIEH S
yactu cocyxa AV paeen ofbemy BHITeKWeH xuAKoCTH. Ecian
cocyJl AOCTATOYHO WIHUPOKHUH, TO MOXKHO CUlITaTh, YTO ypOBEHL
BORBI B COCYAE ONMYCKAeTCsl MOYTH C IIYJeBoH CKopocThio. B
3TOM CJlyuae 3aKOH COXpAHeitus SHepTHH 3aNHChIBAeTesi B Blje

pAVgh=pAVv?*/2, ()
OTKY A2
vi=2gh,

Ara (opmyna Gbina ycTaHoBjsena Toppruesa.,

Tenepe MOxKHO HaliTH HMIYALC, YHOCHMEIH BOAOH B eHHH-
ny Bpemenu. Tak Kak Macca BOJBI, BhITKaroileH 3a exuuuny
BpeMeHH, paBHa pSvu, TO YHOCUMBIH 3TOH MacCol MMNYJIbC paBell
pSv?. ToncTtapnag ciona HafiieliHoe 3HadeHue CKOPOCTH CTIpYH,
N07Iy4aeM BhIDAXKEHHe I PeaKTHBHOH CHJIBL

F=2pghS. (3)

Hajipennas H3 punaMuyeckKoro paccMOTPeHHs DeakTHBHAA
cusia (3) oxashiBaercs BARoe (oJblie, UeM THADPOCTATHYECKASN
cuia faBieHusa na npo6ky (1).

Kakomy e pesyabraTy cjeAyeT OTAATh HPEAnouTeHHE?
[TockonbKy NpH AHHAMHYECKOM DAacCMOTPEHHU Mbl ONHPAJIHCh
a ¢pyHIaMeHTanblbie 3aKOHE COXPAHHHST SHEPTUH H UMIYJb-
ca, To TakoH Noaxon ssasiercs Gogee ctporuM. M tem ne mence
peayJsibTaT CNIPaBeJUINE JajJeKo He pcerja. DoiBaior ciyuan,
KOrJia paBuJied xak pa3 oteet (1).
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Bce peno sgech B (OopMe CTPYH KHAKOCTH, BHITEKAOIIEH
U3 oTsepctusd. EcTecTBeHHO, UTO 3Ta OpPMA 3aBHCHT OT KOH-
CTPYKIMH OTBEPCTHA W [JIOWAJb CEUEHHS CTPyu He BCerpa
COBNAJIaeT ¢ MUIOLLAABIO caMoro oreepctud. Hanpumep, B cay-
yae, nokasaunom Ha pHc. 4.3, rie UMWIHHApPHUecKas TPyOKa
DCTaRJEHA BHYTPH COCYAA, YACTHUBI AKHAKOCTU BOAH3HM KPAcB
TpyGKH MMEIOT CKOPOCTH B IONEPELUHBIX HAMpPaBRJICHHAX, YTO
MPHUBOJUT X CKATHIO CTPYH B TAKOM OTBEPCTHH. Beioay BOMH3K

LT, e / 7 ¢ ’
Puc. 4.3. Cxarue crpyu s Puc. 4.4. B Ttpy6ke rako#d dopmul
Tpy6Ke, BCTaB/AeHHON B COCY X CXKaTHsl CTPYH HE HNDPOUCKOJMT

CTEHOK COCYyJia CKOPOCTb JBHKEHHS KHUAKOCTH B 3TOM cjayuae
npenedpexKuMo MaJia U JaBjeHHe Ha CTeHKH COCYa Be3Jie PaBHO
rugpoctatuieckoMy. Ho 310 KaKk pas u o3navaet, 410 A1 Peak-
THBHOH CHJIBt DM HCTEYEHHH W3 TAKOr0 OTBEPCTHA CIIpaBed-
aue peayiabtar (1),

Huxaroro npoTHeopeyns C gHHAMHYECKHM DaccMOTPeHHEM
3jechb, pasymeercs, Her. [TOCKOJBKY CTPYS B OTBEPCTUH CHKHU-
Maetcd, To B gopmyse (3) nox S Hajo MOHUMATH HE MOLIAMb
OTBepCTHA, & [JIOLUAb CeUSHUA CTPYHU, KOTOpAs A/ OTBepCTHS
TAKOH KOHCTPYKIMHU OyJeT B ABa pa3a MeHbLIe NJOIAAH caMoro
oreepcrusi. [logepruem, uTo maowans ceueHus ctpyu B Qop-
myJe (3) Hy’KHO BEHIGHPATBL B TOM MeCTe, 1€ CTPYA yiKe cHOpMHU-
poBasach ¥ CKOPOCTH BCeX YACTHL MKUAKOCTH OJHHAKOBBI MO
MOAy 0 ¥ HanpaejeHuto. ToJbKO /sl TAKOro CeyeHHs CTPyH
H MOKHO IDUMEHATH 3aKOHLI COXPAHEHHS SHEePTHHU M HMUYJbca
B TOM BHJE, B KAKOM OHH 3aIHCAHH B COOTHOLIEHHAX (2) u (3).

A BOT WA KOHCTPYKHHH OTBEPCTHA, NOKA3aHHOH HA PHC,
4.4, copapenyue peaynbrar, Bbipaxaemblfi dopmy.aofl (3), B
KoTOopo#i S paBHa nJomlaid oTeepcTHsi. B camom jese, JuHUM
TOKAa B OTBEPCTUHM [epej UCTeYEHHEM NOCTEIeHHO MEHAIT Ha-
MpaBjeHle Ha napaJjJielpHoe ocy TpyOKu. B pesynabrate mio-
WAaAb CeYeHHUs BLITEKAOMeH CTPYH paBHA IUJIOUWIAAH OTBEPCTUA
TPYOKH ¥ CXKATHA CTPyW HE NPoHcxoiuT. HenpumenumocTh
IYPOCTATHYRCKOr0 PACCMOTPEHHSA B 3TOM CJ1yyae CBsi3aHa C TEM,
YTO CKOPOCTb MKHUAKOCTH ¥ 60KOBOH CTEHKH BGJAM3H BXOAA B TPYO-
Ky He paBHa HYJIO.
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Jng BceX ocTanbHBIX KOHCTPYKUMIT OTBEpPCTHA, HANPHMEP
ans nsobpaxennofl Ha puc. 4.1, cxxartue cTPyH 1Meer npowme-
JXYTOUHO® 3HAYCHHE MEXIY NMPee/ibHbIMU CIYYasMy, N10Kas3aH-
ibIMH Ha puc. 4.3 u puc. 4.4. PeaxTuBHasg cusia BRIpaxaercs
(opmysiolt (3), B KOTOPYIO B KauecTBe S JOKHA MOACTABAATE-
¢l IUIOIAAb CeUEHHUS CTLYH, COOTBETCTBYIOLIASl KOIKPeTHOM
KOICTPYKLUHH OTBEpPCTHSI. 4

5. Mcreuenne ¢ nocrosuroil ckopoctbio. Cocyll, umeomnil
Kpau ROJHM3M AHA, 3a&I0JHAETCA BOJOH, MOC/E Yero IJIOTHO
3aKpLIBaeTcd NPOGKOH, CKRO3b KOTOPYIO MPOXOZUT OTKDLITaA
¢ ofonx Kouuoe TpyOka (puc. 5.1). C xakoit cropoctbio Gyuer
BLITEKATh BOJA H3 COCYyJa, €C/lH OTKPBLITb KDaH?

- Lo A el s
Pne. 5.1. Tpy6ka, npoxonsuas Puc. 5.2, Tpyu njotioM 3akpbi-
yepes NpoOKy, OTKPhiTa C 060HX BaHUY¥ NpoOKH YyPOBEHb BOAH B
KOHLOB TpybKe nojHHuMaerca

A Korja MH 3akpbiBaeM coCyj Npo6Kof, TO roja, pasyme-
eTcsl, BXOJUT B TPYGKY, TaK 4TO YPOBEHb BOJH B COCYIe ¥ B
Tpy6ke oanuaxos, [loce Toro Kark npobka NepeKpoeT oTBep-
CTHe B ropJe cocyja, YPOBeHb BOJH B TPyGKe CTaHeT jJaxe ie-
CKOJIBKO BBILIG, YeM B cocyne (puc. 5.2), u jpaepnenue ocrae-
merocsl noj npodxoi Boznyxa 6yaeT Gosblie aTMOCQEPHOro Ha
BeJMYHHY JAABMeHHA CT0J6a BOABI, BEICOTA /1 KOTOPOrO pasHa
Pa3HOCTH YPOBHEH B TPyOKe H B COCYyJe.

Tenepr otkpoem kpaH. CKOPoCTh HCTEUEHHS U3 OTBEPCTiif
KpaHa oNpejetfAeTcs IHAPOCTATHUECKHM JABJEHHEM BOABl Ha
VpORIE KpaHa,

S1o garjeHue p Mmool MOMEHT PAaBHO JABJCHUID cTon6a
BOJBI BBICOTOIl OT YPOBHA KpaHa JO YPOBHA Bojasl B TpylKe,
TaK KaK BepXHHUi Kounel TpyOGKH oTKPHIT. [losToMy B HavaabHbIT
MOMEHT CKOPOCTh HCTEYeHHsl HauGoJbluas. YpPOBeHb BOJb B
TpyOKe OyjJeT MOCTeNeHHO MNOHIKATLCS, [0KA He JOCTHrIeT
HIDKHETO KoHIA TPyOkH. [IpH 3TOM ypOBeHb BOjLI B cocyje
NOHM3ATC HACTOIBKO HE3HAYHTEJbHO, YTO €ro MOXKHO CHli-



8. MCTEUEHHE C TNCCTOSHHOM CKOPOCTLIO 183

TaTh TPAKTHYECKH EUSMEHHBIM., B camom jene, zamaenne
BO3AYXa NOA NPOGXOH U3MEHNTCS NPH ONYCKaHHH YPOBHS BO-
Jpl B TpyOKe Kaxk pas Ha BeIMYHHY NaBAeHMs BhITEKIIETrO 13
TpYGKH cTONGa BOABI. A 3TO COCTaBAAET HHUTOXKHYIO 4acTb
ATMOC(EPHOrO JiaBJeliysi, KOTOPOe 3KBHBANEHTHO [aBJAEHMHIC
EprOAN3NTENLEO JECATH METPOB BOASIHOTO Croaba.

Tlocne Toro Kak ypoBelb BOJB B TPYOKe JOCTHUTHET ee HUM-
1ero Konua, nanpHefillee HCTEUEHHE BOJBI M3 KpaHa O6yieT
ofisizaTeNbHO  CONPOBOXKJATHCA  NOHH-
JKEHHEM YPOBHS BOJZEI B CaMOM CocCyJe.
[Tpu 310M M3 HIDKHEro KoHua TpySKu
B COCYH OVIYT NPOCKaKWBaTh Ny3HIPH
BO3JIyXa U3 aTMOC(ephl, 3alI0HAS OCBO-
Sowpacluiica  ofweM noj  NpofKoi
(puc. 5.3). Bosayxa 6yier BXOjMThb
POBHO CTOJMLKO, CKOJBKO HY¥HO [/
TEro, 4rofbl JaBJEHHE BOJBI B COCYe Ha
ypOBHE HHAKHETO KOHLLA TPyOKH BCe Bpe- .

M$ PABHSAJIOCH aTMOCHEPHOMY, HECMOTPSI g;‘;ﬂ%fw Ipn ncreve-
HA TIOHHXKEHHE YPOBHS BOJBI B COCYIE. nur g Céaco;;xquggg
B pesyabrare ruapocTaTHYeCKoe IaBJe- TPy6KY

1€ Ha ypOBHe KpaHa OYJeT 0CTaBaThCs

11eM3MEHHBIM ¥ PaBHBIM pgh, e i — pacCTosHNe HO BepPTHKa 1
OT Kpaua [0 HUKHEr0 KoHUa TpySkH. [1o3TOMy H CKOpOCTh He-
Tewenus U3 Kpana Gyjer moctosiHHOM M pasHoit )/ 2gh.

Tax 6yuer npogo/MKaTLCsA 10 TeX Nop, N0Ka YPOBEHb BOJAL B
CoCYZe He ONYCTHTCS 10 HHMKHero KoHua TpyOkn. Ilpm panb-
HefllzeM HCTEUGHHM BOJBI €2 CKOPOCTL OYAeT yMeHbathes,
KaK U NPH BHTEKaHUH U3 OTKPBITOTO COCYIA.

PaccMotpeHHnil Apubop npejcraBaseT coboff oxmH  H3
npocTelilliliX MexaHH4ecKHX peryasropos. [loCTOSIHCTBO cKo-
POCTH HCTEYEHs TOJJAEPHHBACTCS] B HEM aBTOMaTHyeckn 6.a-
rofapsa HaJW4Ki0 OTPHIATENLHOH 0OpaTHOR CBA3H, KoTOpas
¢6a3aTe/ILHO NPHCYTCTBYET B MOOHX CaMOPEry/IHPYIOWUXCS
YCTPOUCTBAX.

B JnaHHoMm cayyae JJsl NOCTOSIHCTBA CKOPOCTH HCTEYEHHH
1eo6XoNMO TojiepKaHue HEM3MEHHOTO YPOBHS BOAHl B TPYyG-
Ke, a HMeHHO Yy ee 1K Hero Kpas. PaccmorpuM,uTo npousoiijer,
€C/IH 3TOT YPOBEHb HEMHOTO Hamenutcs. IlycTs, nanpumep, ¢
OUEpeNHEIM NY3BIPEM B COCYH BOMNET HEMHOTO OoJiblile BO3AYyXa,
ueM HYKHO, TaK YTO YPOBEHb BOAHI B TPyOKe UyTb-4YTh NOBHI-
cnrest. Torna, Kak Mbl BHIENH BhIIE, Boja GyJeT BbIMBATHLCS
NpaKTHYECKH TOMBKO H3 TPYOKH, H NMOKa YPOBEHL €€ CHOBa H8
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JOUIET 10 HHIKHETO Kpas TpyOKH, HH ONMH NY3LIPb BO3JyXa He
CMOKET MONAacTh BHYTPb COCYAA.

OTo npocToe aBTOMaTHYECKOE YCTPOMCTBO ISt MOALeprKa-
M5l MOCTOSAHHON CKOPOCTH HCTEUEHHS SIBAAETCS B TO XKE BpeMs
HCKJIHOYHTENIBHO HaZeKHbIM, 6e30TKa3HEM B paboTe HMEHHO O1a-
rofapsa cpoel NpocroTe. A

6. T'mppasnuueckmii ynap. Ha puc. 6.1 nokasana mopesb
Bolonposona. M3 nonusiroro va nekoropyto Buicory h pesepny-
apa, MTPalIEro poib BOJAOHANOPHON GalliHH, BHIXOIMT Maru-
CTpajdbHasi Tpy6Ga NOCTOSIHHOrO ceuedus S u Aauus [ dra Tpy-

Puc. 6.1. B 370o#f Mmo-

nenu BOZAOMPOBOJIA

NOJMHAS AJHHA Marucr-

paabtoli Tpy6nl pab-
Ha |

Uy
g
v

6a sakaHyuBaeTCs y3KOA saruyroll BBepxX TpyOKoi ceuenns S;
C KpaHOoM, NPH OTKPLIBAHHH KOTOPOTO H3 TPYOKHU OpeT (BOHTAH.
C xaxoii ckopocThio 6beT BoJa H3 GOHTAHA M HA KAKYiO MAKCH-
MaJibHY BBEICOTY OHA noaunmaercsa? C Kakoft CKOpOCTbIO ABH-
HETCSt BOAA B MaruCTpa/jbHoll TpySe M KaKOBO TaMm JaB/eHHe?
Kaxoe mapnenne Oyaer B Marucrpa/inHOH TpyOe NpH MrHOBell-
HOM nepekpbiBanHM KpaHa? Kak Oyjer 3aBHCETh OT BPEMEHH
IaBJeHHE B TOM C/lyyae, KOTJ1a KpaH 3aKPLIBAeTCsi MOCTENEHHO
3 TeyeHHe NPOMEXKYTKa BpeMell T?

A Tpu pelenun stolt 3ajaun GyAeM CUNTaTh BOAY Hpealb-
ol JKMIKOCTBIO, T. €. OylneM npenedperaTs €€ BA3KOCTbIO.
B stom cayyae nonHasi MEXaHMyecKasi SHEprusi KHUJIKOCTH COX-
pansiercs, U J1s ONHCAHHS ee JBUKEHH: MOMKHO HCIOJL30BAaTh
ypaBHeHue DepHyJiM, KOTOpOE M BHIPamaeT 3aKOH coxpaHe-
HHS SHEPTHH 5 JBH:KYyLIeAca naeanpHOH KuIKocTH. Tlpu cra-
LJHOHAPHOM TeYellHH 3TO YpaBHEHHE HMeeT BUJ

p+pgh-+pv?/2=const, )

rjpe p — jabBJjieHHe, KOTOpPOE NOKa3nIBaeT HENOABHXHBIA OTHO-
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CHTENLHO JKHAKOCTH MaHOMETP, {— NJOTHOCTb KHIKOCTH,
U — CKOPOCTh XKMAKOCTH B AAHHON Touke M fi — BuicoTa 3TOfl
TOUKH Hal HeKOTOpLIM YypobHeMm. Ypasnenue (1) rosopur o
TOM, YTO CYMMa TpeX cJaraeMbiX B JIEBOI YaCTH HMeeT OJHO H
TO € 3HAUEHHE HE3aBHCHMO OT TOTO, B KaKOH TOYKE OHAa BHIUHC-
aserca. Jag yro6erBa Mb B JadbHefilleM He OymeM siBHO
BLIIMCBIBATL OQMHAKCBOE BO BCEX TOUKax atMocdepHoe AapJie-
HHe p,, nouumMast nof p B (1) npesellienne JaBiaeHusi B KHA-
KOCTH HaJ atMoc(epHbIM.

IIpennonoxiiM, 4T0 Kpad OTKPHIT H YCTAHOBUJIOCH CTalHO-
HapHOE TeueHue KHAKOCTH. M3aMeHenueM ypoBHs BOfsl B pesep-
Byape OyneM npeHebperars, cuuras ero o0beM 1ocTaTouno 607b-
waM. Torga ypasuenne bepuysan (1) nossosser oTBETUTH Ha
BCE OTHOCSINECS K STOMY carydalo Bonpochi. CKOpOCTE CTPYH Uy,
Oplomedi M3 (HOHTAHUMKE, OMpele/sieTcsl TOJbKO BHCOTOH
ypOBHS BOJH fi B pe3epByape Hajl OTBEpCTHEM TPYOKH:

Uy = VQEE @

Sro uzpecTHas gopmyaa ToppHyeaan, Kotopas MOXKET GHTb
foJiydeHa KaK HENOoCPEACTBEHHO H3 3aKOHA COXPAHEHHS 3HEp-
THH, Tak W H3 ypapienus Depuyaau, ecau npupasHsTh JeBhie
vacty (1), 3anucanubie 475 TOYKH A Ha ypoBHE BOJbl B pezep-
Byape, Ii¢ CKOPOCTb NPAKTHYECKH PaBHA HYJMO, H /151 TOYKH B,
Haxofsmefcsl B OTBEPCTHH TPYOKHU:

pgh = pui/2.

Buineraiouiie M3 oTBEpCTHS €O CcKopocteio v, =V 2gh
YacTHUbL! BOALl MOTYT MOAHATHCS A0 YPOBHS BOJBI B pe3epBya-
pe, eCJH B OTBEPCTHH TPYOKH HX CKOPOCTb HanpaBJleHa BepTH-
KaJbHO BBepX.

CKOpOCTb ABHIKEHH S BORBI U B MarucTpaJbholl Tpyde Jerko
HalTH, YYHTBIBAS HECIKHMAEMOCTb MKHIKOCTH H HCHOIb3YA
ypaBHeHNe HepaspblBIOCTH!

SUZSIUh (3)
OTKYyIa € yuyeToM (2) umeenm
v=0,8,/S =V 2gh S,/8S. 4)

Ecan 8;<S, 10 cROpOCTL BOALI B MarHCTpaabHOH TpyGe MHOro
MeHbllle CKOPOCTH CTpPyH, Oblomell u3 oreepcrus. Ormerum,
YTO CKOPOCTb ¥ OAMHAKOBA B JIOGOM MeCTE€ MarucTpalbHOH
TpyObl, KaK HENOoCPEICTBEHHO Nepen KPaHoM, Tak H B Hauyaje
TpyObI cpasy nocJse pesepByapa. A BOT JaBJEHHE p BOJH B Ma-
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rHCTpadbHON TPyGe Oyner pasHeIM Ha pa3uodl Beicote. Tak Kak
CKODOCTh BOIM B Tpy0e yie H3BecTHa, TO HalTH JaBleHue
MOMKHO C [IOMOIIBI0 ypaBHeHus bepnyand.

Bosbmem nponsBogeHyio Touky C B Tpy6e, HaX0NSy0CsH Ha
peicore H. Torna, npupasunBas jesbie uactd (1) n1s touek C
i A, noayyum

p-togH +pv*/2=pgh. ()
Otciona Ans JaBfeiids BoAbl p HA BeicoTe [ HmeeM
p=pg (h—H}—pv?*/2. (6

U3 Qopmyant {6) BHIHO, YTO HaBJEHHE BOALI B TPYGS MEHLLIZ
IHAPOCTAaTHYECKOro, T. €. TOTO, Koropoe Obiio Obl NPH 3aKpbi-
TOM KpaHe, Ha Beauunny pv*2. Uem 6osblie CKOPOCTH BOJBI B
MarucTpa/dpHoil TpyGe, TeM MeHbille B Hefl JaB/eHHe. DTO OT-
JHYHEe JaBJCHHS BOABl OT THAPOCTATHYECKOTO RPOSIBJISETCH
yKe B caMOM HauaJie TpyObl, TaM, IJie OHa BEIXOIHT H3 Pe3epsy-
apa: CKOPOCTb BOJIbl B 3TOM MeCTe CKauKoM BO3pacTaer Ot HyJis,
a JaBJeHie TaKKe CKauKoM Najaer.

[apnenne Bogel B Marucrtpa/ibHofl TpySe nepex KpaHoM,
taMm, rae H=0,

p=pgh(l —S8/8?. (7)

10 BEIpaKeHne noaydaercs H3 GopMmyasl (6) npH nojcTaHOBKE
B Hee 3HaueHHs cKopocth v u3 (4). V3 dopmyant (7) Buamo, 4to
OT/IHYHE JaBJEHHS p OT THIPOCTATHYECKOTO ONPEAENsAeted co-
OTHOHICHHEM MEXAY NJIOMAJsAMH CEUCHUI MaruCTpasibHOA TPy~
Oel S 1 orBepctusi B TpyOKe S;. Hem MeHbiie pacxos BOAB, TeM
6/MKe 3HAYeHHe JaBJeHHA K THAPOCTaTHYECKOMY.

Tenepsr paccmorpuM, 4yrTo nmpoucxomut B Tpybe npH nepe-
KpBIBaHUM Kpana. Buauase NpeanosoXHuM, YTO OTBEPCTHe B
KpaHe nepexpriBaeTcs MrHOBeHHO. B 3TOM Clyyae NpoHCXORUT
TaK Ha3blBaeMBIi THApaBANYeCcKil yaap, NpH KOTOPOM AaBJeHHS
pe3Ko Bo3pacraer,

JBrxymasnca no tpybe KHIKOCTb OO/MafaeT HMIYJAnCOM,
Tlpu MrHOBeHHOM RepeKpBIBAaHHM KpaHa BOA& B TpyOe BEIHYXK-
JeHa 3aTOPMO3HTbCsi. AOCOMOTHO HeCKHMaeMas KHIKOCTb
OCTaHoBHJAch Obl IpH 3TOM BCA cpa3y. A 3To, B CBOIO ouepesh,
npuseo Ol K Geckoneuno GoJbILoH CHJE NAaBJEHHs Ha nperpa-
ny. Iloatromy npencrasaeuue o6 abCoNOTHO HECXKHUMaeMOil KHA-
KOCTH B TaKHX YCAOBHSX HENPHUMEHHMMO.

BBIACHHM, KaK  NPOHUCXOJHT TOPMOXKCHHE KHAKOCTH NPH
yyere ee CxKHMaeMOocTH. Tenmepp NpH BHE3anHOM NOABJECHHH
nperpaapl XKHAKOCTh OCTAHABJHBARTCS NOCTENEHHO, TAK UTO 32
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egoropoc BpeMsa Af ocTanoBITCA TOMBKO Ta €e 4acTh, A0 KOTO-
POl ycneet JOITH BOJHA CXKaTHA, PacHpoCTpaHsiomiasics B
SKUZKOCTI OT 3aKPBLYTOrc Kpana HaBCTPeuy mortoky. Lean Je-
OpManHANMH CTeHOK TPYOb! I IOBLILEHHH JABACHHST MOIKHO
upetieGpeyb, TO BOJHA CKATHA PACTIPOCTPAHACTCS CO CKOPOCThIC,
paBHOI CKOPOCTH 3BYKA 4 B BOJE.

Cuny F, neficiBylomiyio 11ra 3ac/JOHKY MIHOBEHHO nepe-
EPLITOTG KpaHa, MOMKIIO PacCuHTaTh € MOMOIIBI 3aKOHA COX-
paHeHHs HMNyJanca. Tak Kax JO NepekpbiBaHus KpaHa BoLa
HMeJa CKOPOCTb U, TO HMIYJbC OCTAHOBHBIIEHCH 3a BpeMs
At Boart Gewn pasen pSu Afv. TlosTomy

F Al=pSult, @

OTKyJa [ BO3HHKAIOWIErO NIPH IHAPABANYECKOM yaape 1onoJ-
HHTESBHOTO AaBaenus py,=F/S noayuaem

Pyn= PUD.

Pasymeercs, B cuay sakona Ilackans (KHIKOCTB-TO oCTa-
HOBUJACL!) TaKoe jap/ende JefiCTBYeT W Ha 3aC/AOHKY KpaHa,
¥ Ba CTEHKI Marucrpajsuoli Tpy6el. YBeauuenne naBjaeHHs npH
rnipaBandeckoM yjape Moxer BO MHOTO pa3 npeBblllaTh Be-
JH4HIly PU%2, XapaKTepu3ylouylo coraacio ¢opmy.e (6)
VMEHbIIIEHHE JaBJEHHS NIPH CTALHOHAPHOM JBHAKEHHH MHUAKOC-
. B camoM jzese, cKopocTh 2BYKa B BOJE U, paBHas INpu-
mepHo 1,5 Km/c, 3HaunTe/bHO GOMbLIE, YeM CKOPOCTb BOAH B
tpybe v, Koropasi ofbidii0 1€ MPEBLINAET HECKOJAbKHX Jecsr-
XOB METPOB B CEKYHAY. Bo3uuKiLee npi MrHOBEHHOM NepeKpH-
BaIIIH KpaHa AaBJjeHiie OyJeT CYUeCTBOBaTb J0 TexX NOp, HOoK:
PacnpocTpansaUancs co CKOPOCTHIO 3BYKa BOJHA CXKaTHA He
JOCTHUTHET pe3epByapa W OT 1ero He npHjper ofparnas Boana,
cHUMalollas CcXKartHe BOJLI B MarHCTpaabHOH Tpyoe.

[lepefizem K cayyalo, Korja KpaH HepexpbiBaeTcs MNOCTC-
newHo, B Tedenye Bpemenu 1. Tenepnr AoGaBouHoe JAaBjeHue
riIpaBJaHIecKoro yiapa BO3HHMKAeT He CKaukoM, a Oyrer Ha-
pacTaTb IIOCTENEHHO. 3Aech OyayT MNOJyyaThesl pasHble pe-
3y.IbTaTbl B 3aBHCHMOCTH OT COOTHOLIGHHS MEXKJY BPEMEHEM %
1 BpeMEHeM pacnpoCTpaHeHHs BOJHE! CXKaTHA BOALI 110 BCei
J1IIHe Maructpadbioil TpyOo.

PaccaoTpiy cHayasia GCCKOHSUHO AJTHHHYI0 MarueTpaibiyio
TpyCy, NepeKpuiBanue KoTtopoll npoucxoput sa Bpems 1. o-
NyCTHM AAS NPOCTOTH, YTO IJOWAAb OTBEPCTHA KpaHa yMeHb-
1AETCST Tak, YTO JaBJeHUE HapacTaeT co BpeMeHeM o JHHel-
oMy sakony (puc. 6.2). K xoHuy npoMexyTKa BpEMeHH T,
KOT/ia OTBEPCTHE B KpaHe OKAMKETCS MOJHOCTBIO NEPEeKPHIThIM i
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CKOpOCTL BOABI B TpyGe oOpaTHTCS B HYJb, JaBJeHHE T'UAPaB-
JAHYECKOro YAapa JOCTHTHET MAKCHMAaJ/IBHOTO 3HAYenus, pab-
1I0TO TOMY K€ CaMOMYy 3HaueHHI0 Puv, A0 KOTOPOTO AaBJEHHE
pospactaer ckaukoM ipu t=0. [losTomy B nmpomexyTtre 0<
< t< T IaB/eHUe NPH THAPABAHYCCKOM yaape OynerT MeHsTbCs
110 3aKOHY

Py (f) = puvt/z. )

Bce 510, KOHeYHO, CIPaBelIMBO, eCAH pacXOj BOARI 32
BpeMs T yepes 3aKphiBaeMbid KpaH OyJeT 3HAUHTEeNLHO MeHbIIe
ofveMa BOJE! B TpyOe, OCTaHaBJHBAIOWEACs 3a 3TO Ke BpeMs.
A pacxomom Bojel MOXKHO npeneOpeun npu v<u, B yeM JIerko
yOenHTLCS ¢ NOMOMbIC YpaBHEHHs1 HePA3PLIBHOCTH (3).

Fug
PUD b e
i Prc. 6.2. Tlpu wmemaennom mepe-
I KPHIBAHHH KPaHa JaBJeHHe rUAPaB-
PUUEf Y~~~ ! : JIHYECKOr0 YAApa B MarkuCTpajdbHoOl
i 1 Tpy6e HapacTaeT NOCTEeNeHHO
| |
] !
i i
g & 7 z

BrificuuM Temepsn, Do Kakoro aHaueHusi OyJAer Hapacrath
IaBlenne B TpyGe KoHeydoll mauHbl [, Kak TO/MBKO Kpay HauH-
{12I0T NepeKpbiBaTh, 0Opasyiomeecss Y KpaHa NOBbIIEHHE AaB-
JeHHsi paclpoCTpaHsieTcst MPOTHB TRUCHHS KHAKOCTH U uepes
BpeMsl [/u pocruraer peseppyapa. 3jhechb AaB/leHHE NAajaeT,
O/HAKO JKMJKOCTh ¥ KpaHa OCTaeTcsi C:KaroH, Noka o Hee He
HoHZeT oT pesepByapa oOpaTHas BOJIHa, CHHMaIOWas CKaTHe
BOAbI. T2 BOJAHA TAKMKE PACMPOCTPAHSIETCS CO CKOPOCTHIO
3BYKa B BOJE U, ¥ ee HPOHT AOCTUraeT KPaHa CHYyCTA NpOMeXKY-
TOK Bpemenn T'=2[/u nocie Hayana 3akpeiBaHHA Kpaua. [lo-
stoMy ApH T< T jaBJeHHe y KpaHa ycneeT BEIPACTH 0 MaKCH-
MaJIbHOI'O 3HAYEHUS puy, KaK H B GeckoHneuHolt Tpy6e. Ecan xe
KpaH 3aKpBIBAETCST HACTOJIBKO MeajesHo, uto t=>T, TO, Kak
BHAHO H3 (opMyJabl (9), MakcHManbHOE 3HAuyelMe JaB/eHHs
IIPH TUAPaBJAHYECKOM YJape MeHbile puv:

pya=puvT /1= 2pvl/7. (10)

Peskoe nosnimenue nasieHHsi B TpyGONpOBOAE npH OBICT-
POM 3aKpbiBaHHH KPaHa MOMET BhI3BaTb PA3PBIB CTEHOK TPYO
i uxX nospexaenue. ®opmyna (10) nokasvizaeT, KakHM Cno-
co0OM MOMKHO CHH3HUTL BO3IMKAIOWIEE [pH TUAPABJIHYECKOM
yiape Aasienue. DTOro0 MOXKHO AOGHTHCS JHGO YBaTHUEHHEM
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BpeMeHH NepexpulEanua T, 1160 yMeHblleHHeM g Tpyou [,
nopgepxennoil ypapam. Ilas atoro K Marucrpadbiouy tpy6o-
HPOBOAY NPHCOCAHHSIOT OTBETBJEINS B BHJE BOASHLIX KOJOHIL
U THEBMaTHYECKHX pe3epBYyapeoB.

OcHOBBI TeOpuHu THAPABAHYECKOro yjaapa G 3a/0KeHLI
BhijaclinMes pycckuM yuensiM H. E. D)Kyxoecxum. a

7. I'mppapanyeckyit Tapan. B Mozenu BojonpoBona, KoTo-
pas €bina paccMOTpeHa B hpelbiayleli 3afaue, MarucTpasibuas
Tpy6a B KGHIE hepef KpanoM HMeeT BepTHKaJsbHblii OTPOCTOK

[ ” 0,
IFU/Z
a0 et IR

Puc. 7.1. Npn psnxe-
HHH BOABI B Marucr- p
pansuoi 1pybe ypo- lu

BeHb BOABl B MaHOMeT-
puueckoll Tpy6Ke minke g
YPOBH B pe3sepmyape )

=

g J

7

B BUJE ToHKOH Aaunno# TpyOku (puc. 7.1). Ha xakom ypopue
yCTaljoBUTCS Boja B 3TOil TPYOKe npH 3aKpHITOM KpaHe H NpH
oTKpbiTOM? UTo 6yzeT NPOHCXOAHTL B OTPOCTKE NPH 3aKphbiBa-
1IN Kpaya na KOHUE Marucrpasi?

A Tloka Kpai 3aKpbIT, BOAOHANOPHHIH pesepByap U BEPTH-
KaJbHBIE OTPOCTOK NPEACTABAAOT co00H NPOCTO CooBiatolLHe-
csi cocyant. 1109TOMY BOA@ B HEM YCTAHOBHTCS Ha TOM K€ CaMoM
ypoBhe h, uto u B pesepByape.

Ilpu oTxpeITOM Kpaile BoAA B MaructpannHoil Tpybe ABH-
HKETCST CO CKOPOCTLIO ¥, KOoTopas ONpesieifeTcsi PacxXoioM BOALT,
T. €. TeM, 1aCKOJbKC OTKPLIT Kpall. J1a CKOPOCTb MOMKET Hu3-
MEHATBCH OT HYJAst K0 MAKCIIMaJabHOTO 3HAYeHHs, KoTopoe oll-
pepensnerca qopMmynodl (4) npeavinyinel sanaun. Hasaenne p
B MarucTpaisioll TpyGe, Kak ObiI0 BHISCHEHO B Npeabiayuied
3apaue, OYAET B 3TOM CJyulde Menbille HIPOCTaTHUeCKOro 11a
BeJIHYUHY pU*/2:

p=pgh—pv*2, M

[TocKoabKY HRMHEC OTBEPCTUE OTPOCTKA NapaJjiesbHO Jii-
HHAM TOKa BOABI B MAarHCTpafblioll Tpybe, TO €ro MOMKHO pac-
CMaTpuBath KaK OOBIKHOBEHHYIO MaHOMETpHYECKylo TPYOKY,
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reicota ¢1oa6a BOAB B KOTOpOIl fi; KAk pas CoOTBETCTBYET AaB-
JEHIIO p HA €€ 1IHIKHEM KOHLE!

p=0pgh. @

Cpasunpas cooruomenus (1) u (2), BuANM, YTO NPH OTKPhHI-
TOM Kpaile YpOBeHb BOIB B TOHKOH BepTiKaJbHOH TpyOKe
DACHOI0KeH HUIKE YPOBHA BOIE B pesepByape 112 BeJIHUHHY
02 (puc. 7.1).

Beracaum reneps, uro 6yjper npoiicXOAHTh B OTPOCTKE NpH
saxpeiBanuu kpana. Kaxk Mol BHIARH, B 3TOM CJaydae NPOHCXo-
JMT THAPaBAMYECKUH ynap M JaB/jeHHE BOLB B MarucTpanabiof
1pyGe pe3ko nosblmaercsi. Ecau cyutath, YTO KpaH Nepexpol-
Baer TpyOy MIHOBEHHO (TOuHee, BpeMsA NePeKpLiBaHus T MEHb5-
wie 20/u, rae | — psauBHa MarucrTpadbHoOH TPyOel, a U — CKo-
pOCTb 3ByKa B BOJE), TO JaB/ECHHC MOACKAKMBACT HA BETHYMHY
puv. D10 MO3BOJISET OUEHHTh, 1A KaKylO BLICOTY H: MOXKeT
MORHATECA ypPOBEHL BOIE B TOHKOH TpyOKe:

puv=pghs, 3

oTkyga he=uv/g. TloguepxHeMm, YTO NpHBeneHnas OUEHKA
cnpaBeAJaiBa TOMBKO B TOM C/ydYae, KOTAa Nolepedioe CeyeHne
OTPOCTKA MHOTO Membllle CeyeHHs marucrpasbuofl TpySel. Tpu

I Y. .

H
Puc. 7.2. Ilpn 3akput-
BaHHH Kpama BOAA
NOAHHMACTCA B BepX-

- uHit 6ak

3TOM PacXof BOABI yepe3 OTPOCTOK BO BpeMs T'HpaB/IHYeCKoro
yaapa Oyner npeseGpeKUMO MaJl, H IIOTOMY TaKoe yCTPOoHCTBO
He CMOXKET CAYXKHTh BogsgHol KoJioHHof, cMaryawmeil ruipas-
Juueckuii ynap.

Hononnurenstuoe noBBIIEHHE ypOBHS BOABI Ha BEJHYUHY
he: MOXeT okasaTbcsi BecbMa 3HAYHTENBLHLIM, HAMHOTO HPeBOC-
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XOAAUMM YpOBeHb BOAH B pesepsyape h. [Tostomy nopo6ros
“YeTPOHCTBO MOXKHO HCIOJB30BATE IJis NOJAYHM BOJA Ha GOJb-
wyto Belcoty (puc. 7.2). Taxoil «ru;paBauyeckuil rapany Gyaer
paboTaTh OTAC]BHEIMH UMIYJBCaMH, NOAHHMAs KaXiuifl pas B
BepXxHHi OaK HEKOTOPYKW NOPUHIO BOALI. Y BE/JHYeHHe NOTeH-
[HA/bHOH 3HEPIHH 1OJHHMaeMoli BOAbl NPOHCXOAHUT 316Ch 3a
cyer KHHETHUecKof SHEPruM BOALI B Marucrpajshoil Tpyoe,
KOTOpasi OCTaHABJHBaeTCsl NPH NEPEeKpuiBaiuM Kpana. Oge-
BUIIHO, YTO NPOH3BOAUTENLHOCTE THAPABJAHYECKOTO TapaHa
TeM MeHbIle, yeM GoJbIIe BHICOTA, HA KOTOPYI OH MOAHHMAeT
BOLY. A

8. YcrtavoBuBmICeCH majeH¥e B XKuakocTM. JlBa mapa
OIMHAKOBOTO pasMepa, HO Ppa3HOM MacCel My H fMe: CBA3AHLI
HHTBIO, JJIHHA KOTOPOH MHoro Gospmie MX paanycoB. [Tpu
MOMEIIEHHH B KHUIKOCTE CHCTEMA
>THX mapos ToHeT. Kakopa Gyzer
CHAa HaTsXKeHHs coefuHHdglomed iua-
pbol HHTH TpPH HX yCTaHOBHBLIEMCSH
MaieHHd B KUAKOCTH? - _@ -

A B ycnoBuHR 3ajaud NpHUBeNEHO

CAMIIKOM MaJjo JaHueX aas 1oro, _ . __ Y78 _
yTOGH! TIOJHOCTBIO ONHCATH JBHKEHHE R 7
wapos B xuakocTH. Hanpumep, aas

HaXOMKIEHUSI CKOPOCTH YCTAHOBHBLIE- j_* - 7 T
rocsi naleHus Jaxe ONHOrO IUapa, £ -
"HyXHO BbLTO 6bl, KpOMe MacCH mapa,  _ . _ F: o

3HaTh €ro pasMep, NJIOTHOCTh KHJ-
KOCTH H 3aBHCHUMOCTE CUJIBL CONPOTHB- . ‘%- - -
nenust or ckopocr#. Torpa, npupas-
HSIB HYJIK BEKTOPHYIO CYMMY CHJIBI
TAKECTH, NOJHOH CH/Ibl JaBJeHHs
HKHUIKOCIH H CHJIBl ee CONPOTHBJICHNS,
MOXHO OblIO Ol ONPENESHTH CKO- o) oo neficroy -
POCTb  YCTAHOBHBLIErOCs MAaNCHHSA.  15iie na cnsaanuue wia-
A TakK eIJHHCTBEHHOE, 4YTOo MOXKHO pHLIPH HX YCTAHOBHBILIEM-
CKa3aTb, 5TO TO, YTO CKOPOCTb YCTa-  Cf ABIOKEHHH BOKHAKOCTH
HOBHBINETroCH NalleHnst TAXKesoro 1ma-
pa Gyuer Gonbuie uem Jerkoro. Tem Gosee Mbi He MOXKeM
3JeCh ONPEIeNNTh CKOPOCTb MaACHUA CBA3aHHLIX 1IAPOB, Tak
KaK B YCJOBHH 33[aHH TOJBKO HX MAacchi.

Ho Bor onpeneants cuiy HaTsiKenHs CBA3bIBalOLel [aphi
IIMTH OKa3biBaeTcs BO3MOKHLIM. Kasajoch Ob, M 3Jech He
ofofiTuCch 63 3HAHHS CHJBl CONPOTHUBJ/ECHHs, HO BCe [ie/10 B TOM,

mg
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YTO NPH COBMECTHOM JIBHKEHMH STHX CBA3aHHLIX IIapoB ¢ O1H-
HaKoBOH CKOpOCTBIO JeficTBYIomHE Ha HHX CHJBI CONPOTHBIIE-
Hus oAMHaKoBbL. JI/is1 Toro ytoObl TaKOe YCTAHOBJIGHHE CKOPO-
CTH NajeHus JeHCTBHTEJBHO NPOH30ULIO, HYXKHO JHIIb, YTOOLI
CHJIa CONPOTHBIGHHS POC/Ia C YBEJHYECHHEM CKOPOCTH, IpHYEM
6e3pas/uyHo, 1O KakKoMy HMEHHO 3aKOHY — JHHeHHO, KBaj-
paTtHYHO H T. 1.

CoBepuieHHo fCHO, YTO NPU /MOOLIX HAUYa/bHbIX YCJOBURX
COENUHAIOMAS WAPE HHUTb NOCTE YCTAHOBJCHUS ABHIKEHHS
PacnooKHTCS BEPTHKAABHO, TaK yTo 60J1ee TSKeab map oka-
xKercst BHU3Y. [lostomy JeficTBylomiue Ha Wapbl CHAL HaTXe-
nust HUTH T, KaK W CHJbL TSKECTH Mg H Mg, BLITAJKHBAIOWIHE
cuan F 4 W CHJIBL CONPOTHBACHUS I, HanpapJ/eHsl 0 BEPTHKAJIH
(puc. 8.1). ¥YcjioBHe DaBHOMEPHOrO ABHIKCHHUSI HHXKHETo iapa
nuMeer BUJ

mg—~T—F,—F =0. (£3)
Auanornyno A1s BepXHEro mapa
mg+T—F,—F.=0. (2
Bruntas ypasuenune (2) n3 ypasuenus (1), nonyvaem
T= (m,—m=)g/2. 3)

Jlerxo coo6pasuThb, UTO CHJA HATSMKEHHA HHTH 6yIeT Takoil
e H NPH YCTAHOBHBLIEMCS NMpPOLECCE BCIJIBIBAHHUS, €CJH CBsi-
3aHHBIC UIApH! Jerue BOAH. A

9. TopmoxeHue B BA3KOH xupkocTH. [IBuratens KopaGas
6LL7T OCTAHOBJIEH B TOT MOMEHT, KOIJla CKOpocTh kopabas Obiia
paBHa U,. Kakofl nyTe 1 3a Kakoe BpeMs npoitzer kopabap 1o
110/IHOH OCTAHOBKH, ec/M a(xpekTHBHAsA Macca Kopabas (BKIo-
yalon{asn NPHCOCIHHEHHYIO Maccy — CM. 3anauy 2 pasjena «Iu-
HaMMKa H 3aKOHB COXPaHeHHsi») PaBHA mi, a CHJA CONPOTUBAE-
HHs NpoNopLHoHaibHa cKopocTH: F=—Fkv?

A Cula CONpOTHBJACHHST NPH JBHKEHHH TBEPAOrO Tela B
JKUJKOCTH MPONOPUHOHadbHAa CKOPOCTH Tela B TOM CJydyae,
KOTrZla CONPOTHBJICHUE ABHIKEHHIO 06YyCJIOBJAEHO TJIaBHLIM 06pa-
30M BSI3KOCTBIO AKHAKOCTH. DTO HMEeT MECTO NPH CPABHHTENEIO
HeGoAsIIMX CKOPOCTAX Tela OTHOCHTeNBHO KUJKocTH. Kozd-
(bULKEHT NPONOPIHOHANEHOCTH £ MEXKAY CHJOH COnpOTHBACHHA
U CKOPOCTBLIO B 9TOM CJ1yYae 3aBHCHT OT (POpPMbI Tejla ¥ Aponop-
UHOHAJ/IEH BSI3KOCTH XUIKOCTH H JiHEeHHBIM pasmepaM TejaB
HanpasJeunu JIswkenus. B naHnofi 3agaue xosdpuument R
HMEeT 3aJlaHioe 3HayeHue.
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Mul paccMaTpuBaeM JABHIKeHHe KOpabasi TONLKO NOJ JAeH-
CTBHEM CHJbl CONPOTHBJICHHA. B coorBerctBuu €O BTOpBIM
3akoHoM HplotoHa umeem

ma=-—ko. (1)

Paccmarpusan 310 IABWKeHue 33 JOCTATOYHO MaJibiil [IPOMEXxy-
TOK BpeMeHHM Af, MOXHO NPEJCTABHTb CKOPOCTb M YCKOPEHHE
KOpabsiaA B Buje orHowenHil v=Ax/At, a=Av/At. Torpa ypas-
nerne (1) MoXKHO nepenucarth B BUjE

mAv/ At=—kAx/At. 2)

Cokpamasn o6e yacTy paBeHcTBa (2) HA ONHY U Ty He BEJAHIHHY
At, noslyyaem COOTHOIUEHYE, CBA3BIBAIOIIEE U3MEHEHHe CKOpO-
et Kopal/s AvcC H3MEHCHHEM €ro NMOJMOKEeHHs AXx 3a TOT e
CaMblii HPOMEKYTOK BPEMEHH:

k
Ay = — — Ax. (3)

TlockonbKy k/m ectb nocrosHHas BeJHYHMHA (OHA HE 3aBHCHT
HM OT NOJIOKEeHHS KopabJf, HH OT BpeMeHU), TO COOTHOLIeHHE
(3) cnpaBenIMBO HE TOJBKO JJIl MaJbiX NIPOMEKYTKOB BpeMeuu
Al, HO ¥ A5t mOOBIX GOJIBIIMX NPOMEKYTKOB. [loaTomMy 3aBu-
CHMOCTb CKOPOCTH KOPAaGJif U OT €ro NOJOKEHHS, XapaKTepH-
3yeMOro KOOPAMHATOH X, BbipaxKkaercs JuHelHo (yHKuueh

0 (1) =0— = x. )

Ona nokaszasa Ha puc. 9.1. B yayanbueiit MoMeHT, Korja x=0,
CXOpoCTb KopaGas paBHa U,. Korha xopaGib npoliaeT Bech
nyth [ 10 OCTaHOBKH, €ro CKOpocTb obpaturca B HYJ/b. I[lyTsh
{ moxuo nafiti, nonarasa B (4) v=0:

1=" v, (5)

A Kak mensercst CKOpPOCTb Kopabas ¢ TeYeHHeM BpEMeHH?
Ha 3710T BONpOC MOXHO OTBeTHTb, €C/IH B ypaBHeHHe BTOPOro
saxona Hbiorona (1) mojcTaBUTL YCKOPEHHE @ KaK NPOM3BOA-
HYKO CKODOCTH 10 BPEMeHH:

mdvldt=—rkv. (6)
10 auddepeniMatbHOe ypaBHeHHe And GyHKuuU v (f), coraac-

HO KOTOpoMY TNpoHsBojHas dv/di nponopuuoHajbHa camoi
¢ysknuH, Pelllende Takoro ypaBHeHHs npeictas/sier CoGol
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SKCTIOHeHIHAbAYI0 QYHKIMIO
k .
v(f)=Cexp (—f—n-t). @

[Tocroannasi C paBHa SHAYeHHIO CKOPOCTH B Haua IbHbIH MOMEHT
npu #=0. [lostomy

v(t):voexp(—%t). )

Tpaduxk sToft pyHkuUHH noka3aH Ha puc. 9.2. CKopocTh Ko-
pabnsi yObiBaer cHauadqla ObLICTPO, & 3aTeM Bce MeAJeHHee H
MeJlieHHee, acUMNTOTHUECKH RpubawKanach K sHauenHio v=0.

v=tpemplifr)

Ul N
G !
1
| -
J v t
Puc, 9.1. '3aBHcHMOCTL CKOpOC- Puc. 9.2. Ckopocts Kopa6is
TH Kopabas OT ero NoJoXKenus KaK OYBKUMA BpEMERH

Crporo roBopsi, CKOpoCTb OOpAaTHTCA B HYJb TOJNLKO CHYCTS
6ecKOHEYHO GOsbnIOH NPOMEXYTOK BpemeHH, OKHAKO NOYTH
ECH 3Ta «0CKOHeUHOCTby NPUXOAUTCH HA «UOTATUBAHHE» CKO-
pocTH A0 Hyas. OCHOBHOE ee H3MeHeHHe NPOHCXONUT 32 KOHed-
" bl npoMexyToK BpeMeHH. Takue 3KCHOHEHIMANBbHO 3aTyXa-
0liHe Tpolecchl, Koropsie (opManbHO NPoROAKANTCA GecKo-
JeUHO JAoJro, dacro Berpeuaiorcs B ¢dusuke. Hanpumep, no
TAKOMY 3aKOHY HPOHCXOAHUT siBACHHE PAJHOAKTUBHONO pacnaja.
2PeRTUBHYIO JIUTEABHOCTh NpOIlecca IKCIOHEHIIHAIBHOTO
3aTyXaHud NPHHATO XapaKTepH30BaTbh BPEMEHEM, B TedeHHe
KOTOPOT'O 3aTyXaiolUlaa BenurHa yMeHbllaeTcsi B ONpefiesieHroe
yilclo pas, HanpHMep B JABa pasa (nepHoA noaypacnaza).
O6muano B GH3UKe BBOJAT BpeMd T, B TeUeHHe KOTOPOro HpoHc-
XOJUT YMeHblieHWe saryXxawomell peJnuunbl B e pas. MmeHno
3TO BpeMs T YCJOBHO HASBHIBAIOT JJHUTEJbHOCTBIO Ipoliecca.
B 3ToM cMbic/le BpeMs ABHMKEHUs Kopabias T, Kak BHAHO H3
¢opmy.bl (8), paBHO m/k. st €0 HAXOKAEHUS HYIKHO NPOCTO
NPHPABHATb 1OKA3aTesb IKCIOHEHTH! MHHYC eHHHUIE.
3aBHCHMOCTb TOJIOHCHUsT KOPaGJs OT BpeMeHH x (f) MoX-
HO HafTH u8 CooTHOLIeHus (4), €ciH NOACTaBHTb B HErO CKO-
pOCTh KaK (QYHKIHIO BpeMEHH U3 (popMyJnl (8). YunTHIBag, 4TO
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coraacHo (B) mu/k==I, nonyuaem
r k ‘
x(t)::{{l——exp(m%—t)]. &)

I'paduk 3toii GyHKUMHE nOKa3aH Ha pHc. 9.3. XoTsi gBHKeHue
KOpa6/isi W HPOHCXOAUT OECKOHEUHO JOJTO, NPOHACHHBI UM
nyTe / okasbiBaetca KOHeUHBIM. OCHOBHYIO 4acTb 3TOTO NYTH
Kopa6sib NPOXORHT 3a BpeMs T.

B aroit sagaye Obli pacCMOTpeH NpHMep, KOTAA NABHIKelHe

IPOHCXOINAO TOABKO Moj AefilcTBHEM CHJB CONPOTHBJCHHS.
HMuorna mnpuxogurcs  pac- 20t
cMarTpuBaTth, CJaydaH, Korga =
KPOME CHJIBL CONPOTHBJICHUS
JefiCTBYIOT U Apyrue CHJIBL
Hanpumep, MOxHO peiuath
3ajiayy o pasroHe Kopabnas
{104 AEHCTBHEM NOCTOSIHHOM
CHJIBI TATH [PeOHbIX BUHTOB
IpH  yuere CONPOTHBICHHSA
soasl. Ilpu 3T0M BpeMs pas-
roHa xopalua dopmanbio
Oyner Geckonednbim. Ongako 7 v £
LISl MOMEHTOB BPEMEHN £3>T  puc 9 3. Koopauwara kopaban wak
MOIKHO ¢4uTaTh, 4TO NNpouecc $yHKUNA BpeMeHH
pasroHa Kopabsst SaKOHYHJI-
Cs H OH JABWKETCS C MOCTORHHOR CKOPOCTbIO U, 3HAyeHie
KOTODOH OINpeje/IfeTcd H3 YyC/AOBHSA PABEHCTBA CHJBI TATH U
cHJIbl conpotHBieHid. Ho aaurensuocth pasrona T e 3aBHCHT
OT CHJIBI TATH M ONpefendercs TeMu XKe napamerpaMH m u k,
YTO ¥ B pa3obpaHHOM npumepe: t=m/k. A

i
'
i
t
1
|
|
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V. MOJIEKVYJ/IZPHASL ®U3HKA H TEPMORHHAMHKA

dusnyeckue CBoCTBa CHCTEM, COCTOSIMHMX H3 60AblIOro yHCAa
YaCTHIL (ATOMOB ¥ MOJIEKYJI), COCTABJAIOT NPEAMET H3YUEHHS MOJIEKYAAP~
HOK QH3HKKN B TepMOAHHAMUKH. Jll06asi MakpOCKONIMUECKAs CHCTeMa CO-
AEPHHUT OrpoMuoe unciaoc yactun. Hanpumep, Bcero 1 cm® Bospyxa npu
HOPMaJbHEIX YCJNOBHAX CofepxKuT 2,7-10'9 moaexy.a. ITosromy cosep-
IleHHO OYEBHJHO, YTO NPHMEHEHHE 3aKOHOB JHHAMHKM 1Js HaXOXAe-~
H¥SI MUKPOCKOII NUECKNX XapaKTEePHCTHK TAKOH CHCTEMDI, T. €. KOOPAHHAT
B CKOpocTell BCeX MoJekyJ, coBepuiesHo GecnepcrnekrHBHo., Ho Takasa
JeTadbHasi HuGopMaLHa O paccMaTPUBaeMoH CHCTeME HaM M He HYXXHa.

Ja orsera Ha oyeHb MHOIME BONPOCH JOCTaTO4HO 3HATH HE I1OBE-
LEHHEe OTAE/NbHBIX MOJEKYJ, 8 TONbKO MaKPOCKOIKHYECKHE HiapaMeTph,
XapaKTepH3yiou(He COCTOHNE BCell cucTeMbl. TakuMy mapaMerpaMy siB-
JS10TCsT, Hanpumep, o6LeM CHCTEeME!, ee macca, noanas sueprusg. Ecan
CHCTEMA HAXOAMTCHA B COCTOIHHY PaBHOBECHA, TO OHA XaDaKTepH3yercs
euie M TaKUMHM lapaMeTPaMH, KaK JaBJeHue H TeMnepaTypa. 3Hauenue
MaKPOCKONHYeCKHX NapaMeTPoB ofnpeie/neTcss He NOBeJeHHeM OTaedb-
HBIX MOJIEKYJ, a CPEJHHM Pe3YJbTaToM, K KOTOPOMY NPHBORHT HX COBO-
KYHNHOe JBuKeHMe, T. € CPEIHHMM 3HAYEHHAMH MHKPOCKONIMYECKMX
1wapaMeTpos.

3agaua MOJeKYJdAPHO-KHHETHYeCKol  TeopHH  (CTaTUCTHYECK Ol
MeXaHHKH) COCTOMT B TOM, YTOOL! YCTaHOBHTb CBA3h MaKPOCKOIHYECKHX
NapaMeTPOB CHCTEMBl CO CPELHHMH 3HayeHHSIMH MHKDOCKONHYECKMX
BeJHYHH H 1aTh CNoCOO BHIYHC/EHHsI 3THX CPeIHRX 3HAUYEHHH Ha OCHOBe
33KOHOB JBMIKEHHs OTAeJbubiX 4acTHU. Tak, wanpHMep, IJIs OZHOrO
MO/l HAEAJLHOI O 233 MOJEKYAAPHO-KHHETHYECKAs TEOPHA yCTaHaBIH-
EaeT CBfA3h MEXJY UPOon3BeJleRHeM ABYX MaKPOCKOI HYECKHX IlapaMeTp OB
rasa — AAaBJCHHA P M MOAAPHOro ofbeMa Vy — M CPeIHHM 3HaYeHMeM
{E) mukpockonnueckoro napamerpa E — KHHETHUeCKOH uepruu xao-
THYECKOrO TeNJOBOTC ABHKEHHH OfHOH MOJEeKy/bl:

2
qu=§<E> Ny, b

rae N4y — nocroannas Asorajpo.

HcTtopuueckn caoxniaca M Apyrofi NOAXOX K H3YYEHHIO CHCTEM,
COCroAmMX U3 60JbWOro YHCAa 4acTuy, B KOTOPOM yCTaloBJenne ¢Bd-
3el MeKAy PasJNuUHbBIMH MAKDOCKOIIHYUECKI MU [apaMmerpaMi NpoOU3BO-
JAUTCS ONBITHWMM NyTem, HanpiivMep, a4 OAHOro MO HAEAJNLHOLO 433
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Ha ONbITe yCTayoBJEHa cleayiollas CBA3b MEXAY TPeMs MaKpOCKOMH-
YECKNMH MapaMeTpaMH — jaBJeHHeM, MOJSIPHHIM O6HEMOM M TepMOgH-
HaMMyeCKo# TeMnepaTypoit rasa:

rae R — rasoeam nocrognuas. Takoit smnupuueckuit mogxom xapaxre-
pes Ans TepMOAUHAMUKH,

B ocuoBe TepMoaMHAMHUKHK JeXaT HeCKOJIbKO YCTAHOBJIEHHLIX Ha
onuite GyHAAMEHTANLHBIX GhH3HYECKUX 3aKoHOB. [lepButit 3akon Tepmo-
JIHHAMHUKHU NpeacTaBaseT cob6ofi ofobuleHHbil 3aKOH coXpanenus sHep-
FHH. 3HEPTHsi MaKPOCKOMHUeckol CHCTeMol MOMeT GblTh M3Mmeneda Kax
B pe3yabTaTe paloThi BHEWIHHX CHJA, TaK H NDH COODLICHHMH TenJOoTe.
Eciy cunTaTh MeXaHHYeCKYIO SHEPrHIO CHCTEMH HeH3MEHHoH, TO mep-
Bulil 3aKOH TEPMOJMHAMMKH YTBEpXKAaeT, 4Yro H3MeHeuHe BHyTpenuei
sueprun cucreMsl AU npu nepexoie H3 OJHOIC COCTOAHHA B Jpyroe
paBHO CyMMe DaGoThi BHEWHHX cuad AA’ M NMepefaHHOro cCHcTeMe KOJH-
yectpa Temaors AQ:

AU =AA"+AQ. 3)

Bropolt 3aKoH TepMOAMHAMHMKY CBf3a# C HeoOPAaTHMOCTbIO peadb-
HBIX MPOUECTOB B MAKPOCKOMHYECKHX CHCTEMAX U YKa3bLIBaeT HanpapAe-
HHE BO3MOXHEIX HEPIrETHHECKHX IpespainedHil.

B paMkax TepMOIMHAMMKM He pacKpumsaercd ray0oxuit dusnue-
CKHIl CMBIC/ MaKpOCKOMHYECKHX NapaMeTpoB CHCTeMBl, T. e, HX CBfA3b
CO CpelHHMHM 3HAUYEHHAMH MHMKPOCKONHYecKHX mnapamerpos. Oapnaxo
uMeHHo Grarogapsi 3ToMy oGCTOSITeNIbCTBY OCHOBHOLIC 33KOHBI TePMOAH-
HAMHKH, yCTaHOBJEHHbIE HA onbiTe, OTAH4aTcA GONbWOR OGHLHOCTHIO
¥ NPUMEHMMB KO BCeM MaKPOCKONMYECKHM CHCTeMaM HE3aBHCHMO OT
ocofennocTelt HX BHYTpeHuell CIPpyKTYpH.

HaunGosxee nogHble npejcTaBjJeHuss O cBoiicTBax cHcTem 60/AbWIOro
4HCNA YACTHIL JaeT COBMECTHOE MCNOJb30BaHHE TEPMOAUHAMHKH H CT4-
THCTHuecKol Mexannkd. Hanpumep, cpasuenne dopmyn (1) u (2) maer
BO3MOXHOCTb YCTaHOBHTH (PH3MYECKHH CMBICA MaKpOCKOMUYECKOro fa-
pameTpa — TepMogHHaMuyeckoid Temneparypus T

3 R
=-——kT b=
<E> 5 kT, Ny
a Tak®e NONYYHTh YAoGHOR BLIPaXeHHe A NaBJAeHUA HACAALHOIO ra3a
p=nkT, n=Ny/V,.

Takum ofpa3oM, AaBJieHHe HAEAJLHOrO rasa OMpPeAe/fercA CcpPefunM
qHCAOM YaCTHIL B €JHHHUe o0beMa n H TepMORUHAMH4eCKod TeMmmnepa-
TypoOlt.

Jna Muorux 3ajay nepsbli 34KOH TEPMOJHHAMHKH YZo0HO 3anu-
caTh B HECKOALKO OTIHuHOM or Bhipaxenus (3) dopme:

AQ =AU +AA
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— Coolluennoe CHCTeMe KOJHYeCTBO TelloTh AQ paBHO CyMMe H3Me-
nenna BuyTpennelt suepruu AU u pabotst AA, coBepiennolt cHecreMoi
(AA — pabora, KOTOPYIO COBEPLIAIOT CHJLI, NPHJIOKEHHbIE CO CTOP OHbL
paccMaTpuBaeMmoit cucTems! XK BHemHHM Tesxam). HMcrTopuyeckn mepsmii
3aKOH TePMOAMHAMHKY Gnis BliepBbie cOPMYJHPOBAH HMEHHO B TaKoM
BHJE.

I. Hcnopuennniii pryTHbiii Gapomerp. B TpybBKy pTyTHOrO
Bapomerpa monaj nysblpek BosnyXa. B pesynbrare npH Heko-
TOpOM aTMoC(epHOM AABJCHWY p, u Temmeparype T, BbIcOTa
ctonfa pTytd B TpPyOKe YMeHbLIHJIACH H cTaja paBHOf H;.
Hemy pasno atMocdepHoe JaBjeHHe, €CaH
npu teMneparype T Bbicora cronBa pryTH
okasanace pasHoli H? Tpybka umeer
IpPaBUJIbHYIO LUUIHHIPHYECKYIO (opmy, H
pAaccTosiHUe OT YPOBHA PTYTH B dallike JO
3amasiHHOro KoHUa TpybkH pasHO L.

A B HeucnopueHHOM PTYTHOM Gapomer-
pe B 3anafHHON TPyOKe HaA PTYTBIO B «TOP-
pHueaIHEBOH nyCcToTe» BO3AyXa HeT, a
€CThb TOJbKO HACHLIUGHHBIE T1apbl PTYTH,
JlaBJIeH’e KOTOPbIX NIPH OOHIYHBIX TEMIe-
parypax upenebpexumo MaJjo. Iloatomy
erc He NPUHUMAIOT BO BHHMaHHE NpH H3-
MepeHHsiX armocdepHoro namieHus. Mnoe
neJyio, ecau B GapoMerp NonajaeT mnysbl-
pex Bospyxa. JlaBsieHnue BosnyXa B TpyOKe

Pre. 1.1, Atmoc-
¢eproe  papaenne YK€ HEAb3S HE YUHTLIBATH. Ho ato Bomce
paBHO CyMMe JaB- He 3HAYWT, 4TO Takof OapomeTp He mnpu-
Jennd BOSAYXa B roney s MSMEPEHHs aTMOC(EpHOro JaB-
Tpy6ke H ruppo- ACH 1L p p A
cratnueckoro gap- V1€HHA. JIOCTATOMHO OLMH pas HSMEPHTDH
Jgenus pPTyTHOrO  BBICOTY CTOJ0A PTYTH B HEM HDY H3BECTHEIX
¢ToJi6a armMochepHOM JI@BJEHMH H TeMneparype,

4100bI NOIYYHTb HOPMYJTy HJIA olpenese-

HHSI MCTHHHOTO aTMOCQEpHOTO NABJEHUs 110 €ro HOKA3aHusM,.

Ecan npy atmocdepHoM iaBeHuy p, BRICOTA PTYTHOTC CTOJ-

6a pasua M, (puc. 1.1), To HaBieHue p, paBHO CyMMe IaBJEHHR

BO31yXa B TpyOKe Hal PTYThIO p; ¥ THIAPOCTATHYECKOro aasJe-

HHA cToaba pryTy BhicoToR f,. Ecnu usmeparh paB/ieHue Bo3-

yXa, Kax W IHAPOCTAaTHYECKOe NABJCHUE, NPAMO B MUJIMMET-
pax pryTtHoro croafa, To

poe=py+H,. (1)

TOGUHO TaKkoe ke COOTHOLIRHHE MOXKHO HAalHCATh M IJS H3ME-
pPSeMOro arMoc{epHoOro AaBJeHHS p,., B Caydae, KOTAA IOKa-
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3aHue ucnopyeHygoro Gapomerpa paBHoO H:
Parw=p-+H, (2)

rjpe p — HNaBJjiedue Bo3nyXa B TpyOKe HAL PTYTHBIM CTOJA60M BLI-
coroit /. Tenepb, cunras BosayXx B TpyOKe MleasbHBIM rasoM,
MOXKHO BOCHOJIb30BATbCA YpaBHEHUEM ero cocTosiHud. Tak Kax
macca nonasillero B TPYOKy BO3AyXa B JaJibHEHIIeM yxke He
MEHHETCH, a ceyeHne TPyOKM OJUHAKOBO MO BCell ee juuHe, TO

L—H L—H
Pl T 1)=P( - )_ (3)

Iloxcrasnsia B coorromenne (3) suauennue p, u3 ypasuenus (1),
HaXORHM

L—H; T .
p=po—H) 1T—7 77 - )
Dopmyna (4) paeT nonpasKy, KOTOPYIO, KaK BHJHO U3 ypaBHe-
HuA (2), HYXKHO npubaBUTb K MOKazaduaMm Gapomerpa H, uro-
Ol IOJIyYHTb UCTHHHOE 3HAYCHUE aTMOCHEPHOTO ABJCHHS P oy
QCopmyay pas pacuera p,., YLOOHO sanucarbh B BUAE

T L—Hy
paTM=H+'L—___T{ C, rame C=(p,—H,) T L (5)

UiicaoBoe sHavenHe noctosinuof C Moker ObITh Pas H HaBCerza
BblYHCJIeHO 3apanee. [IpuGopoM MOKHO NOMbL30BATBLCH, TOMBKO
Teneph 18 HAXOXKACHUs arMocdepHOro JaBJjeHUA HYIKeH elle
¥ TEpMOMETD. A

2. Baxkyymublit Hacoe. Mmeerca cocyn o6wemom V 1 nopiu-
ieeoil Hacoc ¢ oOweMoM Kamepnl V' (puc. 2.1). CkoanKo Kaua-
Huil HYXKHO CAeAaThb, 4TOOBI JaB-
JEeHue B COCYNe YMEHbUIMJIGCh
ot p 1o p' ? ArMocdepHoe faBeHue A
paBHO p,. i3menennem remnepary- —%— Vg v
pbl npenedpeusb. __]

A Msbl, ecTrecTBeHHO, CUUTAEM,
yTO aYaJbHOE JAABJEHHE p HE
NPEBOCXOAMT HAPYXKHOrO JAaBJje- Puc. 21 Cxema 1opuiHeBo-
HHA p,, HHAYe MOXHO cHayana T0 BaKyymHOTo Hacoca
IPOCTO BBIYCTUTh U3JIMIIEK Tasa.

D1y sajauy MOXHO pelMTh, UCNOAb3ya 3aKoH Doias —
Mapuorra, X0Ta B Ipolecce OTKAYKH Macca rasa B COCyne u3-
mensercsl. JleficTBUTENBHO, PacCMOTPHM NEPBbIH XOA MOPIIHSA
BJICBO; NIPX 3TOM Kianain A 3aKpHIT, KJalaH B OTKPHT H ras
M3 COCYAA BXOAHT B KaMepy Hacoca. [laBsienne rasa ymenbiua-
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eTcA OT IIePBOHAYAJbHOrO 3HaYeHHA J0 HEKOTOporo py. ITockos-
Ky MPOLECC H30TEPMUYECKHUii H MACCa rasa Npu ITOM He MeHsd-
eTCs, MOXKHO BOCIIO/b30BaThesl 3aKoHoM DBo#asi — Mapuorra:

pV=p(V+V'). (1)

TIpu ofpatHoM Xoje MOPIUHA KianadH B sakpbiBaercs, H
BOSLYX H3 Kamephl HAacoca BHITAJKHBAETCs HAPYKY 4epes KJja-
nau A. IlpH BTOpoM Xxone
HOPIIIHA BJEBO BCe NOBTOPA-
eTcsi TOYHO TAK K€, TOJBKO
JlaBJeHue B Hayajge Xoia B
cocyJe paBno p;. Obo3Hauas
JlaBjieiHe B KOULIE BTOPOrO
Xolia uepes ps, HMeeM

pV=pa(VEV).

TloacraBiss clofa pp U3
ypaBHenus (1), Haxonum

Y

VvV oo\2
Puc. 2.2. 3aBHcuMOCTs LaBleHHS B D,=p <m7) .
OTKayKBAEMOM COCYRE OT yHCHa Ka-
dauni Hgacoca Paccyxpasa panbiue Ta-

KM ke 00pa3oM, HeTpPYAHO
yBefuThCsi, YTO NOC/E 1 XOJIOB MOPIUHA JAB/EHHE B cocyhe OY-
JeT PaBHO

14 n A

Pa=p (T_’F‘y—/) . (2)

o ¢opmyne (2) onpenensiercs yycso KauaHul n, HeOGXO-

JHMOe IS TOrO, YTOOL NOHU3HTE AaBJieHle B COCYAe AO 3Haue-
A p,=p’:

lg (p'/p)
lgViv+ vl

Wurepecio nocrpourb rpaduk SaBHCHMOCTH HaBJieHHS B
cocyje OT uuena Kagauul n. Jro ecrb rpaduk Nokasaresasiiol
Ppyuxkuuu ¢ ocHoBanuem V/(V4+V')<1 (puc. 2.2). Obparute
BHUMAHHe, YTO [ABJelide ¢ KaxAbIM IHAIOM yMeHLILAeTCH Ha
BCe Melbiliee i MeHbliiee sHayeHue. Tloldymalite, Kak nocTynuTs,
ecnii TpefyeMoe KOHeyHoe JlaBieHue p’ He COBNANAET UM ¢ Of-
UMM SHAYCHHEM D, ONpenesseMslM Gopmyof (2).

Cornacro ¢opmyJie (2) no Mepe OTKayKH JaBJieHyue BO3AyXa
B cocyle YOBBaeT H UPH ROCTATOYHO GONBINOM YHC/E KAuaHHH
n MO¥eT ObTb CAeTaHO CKOJb YroaHo Maabim. OnHAKO B feii-
CIBUTE/IBHOCTH HH OJHH HACOC HE MOXKET OTKayarth BO3AYX M3

n=
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COCYAa NMOMHOCTBIO, TAK, YTOObI AaBJCHHE B HeM OBpaTHIOCH B
uyab. Jlas Kaxuoro Hacoca CYWECTBYeT HEKoTOPOEe MuHII-
MajbHOe JaBJieHHe p . = HUXKE KOTOPOTO OH He MOMKET AaTh
paspexenue. [IpyunHa 3TOr0 — CyLIeCTBOBaHHE BpPEIHLIX NpO-
CTPAHCTB, HewjeanbHast pabora KjaanaHoB W 1. 1. Haupumep,
KOTJla nopleHb HAacoca ABHAKETCA BIPABO, BLITAIKMBASA BO3AYX
H3 Kamepbl B atMocdepy, MEKLY HOPIIHEM M KJanaHOM Heus-
GeXHO OCTAeTCA NyCTh JaxKe OYeHb MaJeHbKHil, HO KOHeyHbIf
o6rem AV. [TosToMy He Bech BO31YX H3 Kamepbl OYICT BBITOJK-
HYT B atMOcdepy. 310 ¥ 3aMel1SeT OTKAYKY U B KOMile KOHIOB
NPHUBOAHMT K TOMY, YTO IpH HEKOTOPOM JABJIEHHH B COCYJe Hacoc
BoOOIme HauuHaeT padorarh BXoaoCTy0. JleficTBuTeIbHO, NpPH
JaBJICHUH B COCYAE P, BO3AYX, CKATHII OT NepPBOHAYAILHOrO
obpeMa Kamepel V' 1o o6vema AV, Gyxer uMmerhb jaB/IeHHe He
BbIilIe aTMOCHEPHOTO Py U HE CMOKET BbIHTH HApyxKy. Hrak, pia
ONpeAc/ICHUA NPEeLHOIO LABJIEHHs, O0YCIOBAEHHOrO CyIecT-
BOBAHHEM BPELHOTO IPOCTPAHCTBA, MOMKHO HalHCaTbh YCJOBHe

Prin’ = po AV, 0OTKYAQ  ppi,= po AV/V'. (3)

Jna nonyuyeHus OOMbIUMX Pa3pekKEHUH OGBIYHO HCNOJMD-
3YIOT HECKOJLRKC HACCCOB, (OCAMHCHULIX ROCACNOBATCIBHO.
Hacoc kakno#l nocsenywouiell crynedd OrkaydBaeTr BO3AYX He
B dtMoc(epy, a B 0OBeM, H3 KOTOPOIO BO3JYX OTKAYMBaeTcd
HacocoM TpeibIfyuel cTymeHd. A

3. KoaeGanus nopmns. PacnojoeHHbll ropUsSONTA/LHO
UMAHHAPHUICCKHH COCYJ, 3alONHEHHBI UAeabHEIM ras3oM, pas-
JlejieH NODIUHEM, KOTOPBIH MOXeT JBUrarthCa 0e3 TpeHHs.
B paBnoBecunl nopiieHs HaxopuTea nocpenune nuausApa. Ilpu
MaNBX CMEIeHHUAX U3 NOJOKEHUS pABHOBECHA NOPUIEHbL Co-
Bepiiaer KoJdebauud. Hafith 3aBHCHMOCTb 4acTOTBI 3THX KO-
JaefaHuil OT TeMuepatyps!, CYHTAf NPOUECC W30TEPMHUECKHM.

A B nonoxennHd paBHOBeCHA AABJICHHE p HA NOPIICHDL CJe-
Ba ¥ cripaBa oAuHaKoBeo. [lockonbKy 00beM rasa c/ega H crpana
OJHHAKOB, a Temnepatypa T nocrosHua, U3 ypaBHeHna Men-
neneeBa — Kuaneiipona

pV=vRT §))

CJIeyeT, YTO KOJMYECTBO as3a v OAHHAKOBO 110 00€ CTOPOHbL OT
nopHa. OTMeTHM, YTO XMMHYECKHI COCTaB Ta30B MOMKeET
ObITh pasJUuHbIM.

[Iyctb nOpIUeHb CMECTHJICA U3 MOJOXKeHHs PABHOBECHs,
HanpUMEp BJEBO, HA MaJylo BEIHYHHY X, TaK 4T0 Sx<V, rae
S — nuowagy nopuns (puc. 3.1). IlockoabKy Ttemnieparypa
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0 YCJOBHIO HE MEHAeTCH, TO
(p+-Ap)(V—Sx)= (p—Ap:)(V+Sx).
PackphiB CKOOKH U npHuBexs nojobHble 4dJelibl, NOJYYHM
(Apy+Ape)V— (Apy—Ap2)Sx=2pSx.

Bropoe cinaraemoe cjeBa MHOrO MeHblle MEPBOTO He TOJIHKO
noromy, 4to Sx<V, HO H BCJeACTBHE TOTO, YTO MHOKUTE/IEM

IR}
i
I
ﬂf‘dﬁ (e p-dz, Pnc. 3.1. Hsmenenne JaBJeHus 0OpH
5'{ “ CMelllelliy MNOPIWIHA M3 PaBHOBECHOIo
{, HOJOKCHUA
Li
1

npx V CTOWT cymMma JIBYX GJHSKUX Beaudaun Ap; H Ap2, a MHO-
XuTeNeM npu Sx — uxX pasHocTb. IIpenedperasi BTopbiM cJara-
eMbiM, [10JyyaeM

2 S
Ap,+Ap, = p

PesyabTHpYyIOWAs CHAA, AefiCTByON@s Ha nopiiedb, paBHa

3Hak MHHYyC 03HayaeT, YTO CHJa HallpaBjieHa B CTOPOHY, MNPO-
THBOMOJNOKIYIO HAMpaB/leHW0 CMEWeHHa Mopuid, T.e. K
nonokeHuio pasnopechs. [loa AeficTBHeM CuJbl, npoNOpLUKO-
HaMbHOA CMELEeHuIo, TopiueHs maccoil M OyleT coBepath
rapMOHHYeCKHE KOJEGaHWs ¢ 4acToToil o, ofipejessieMol co-
OTHOLIEHHEM

=2pS* VM. @

[Ipu pelnenuy sajauy Msl MOJIYANHBO NpEATNONarafy, 4To Mac-
ca rasa MHOTO MEHbILE MaccLl MOPIiiHsI, TAK YTO KHHETHYECKOH
sHeprueil MaKpPOCKONHMYECKOro [IBHXKeuusl rasa HpH KoJeba-
HHAX NOPLWIHA MOXHO IIpene6peyb 110 CPABHEHHIO ¢ KHHETHYE-
cxoit sgepruefl nopiid. [logymaiite, rae HCMOIL30OBAHO 3TO yC-
JIOBHE,
Bhipasis p us ypaBHeuusi Meneneesa — Kaanefipoua (1),
MOy YHM
2vRS? )
"= T &)

Taxum 06pazoM, uactora KoseGauuil NnopiiHs NPonopiuHoHaTb-
ua V' T, ubo kosppuuuent npu T B Popmye (3) He 3aBHCUT OT
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TEMNEPATYPhl, €CJH MNpeHefpeub TENJIOBLIM  pacliMpeHHeM
cocyna.

[Topymaiite Tenepn, Kakue yCJaOBHS NOJ/KHBI BEITOJHATLCS,
uyrobbl npouecc AefcTBUTENbHO Obl1 U3oTepMuueckuMm. Jaa
TOTO YTOOHLI TEMIepaTypa rasza B npouecce KojeGanuil He usMe-
HeJ1aCb, HEOGXOAUM XODOIUMH TENJOBOH KOHTAKT ¢ GOJbIUHM
TENJIOBHIM pe3epByapoM — TEPMOCTATOM, HUMEICIUM NOCTOSH-
HYyI0 TeMnepaTypy. HUTO 3HAUHT XOPOIUMH TENIOBOH KOHTAKT?
370 3HAYMT, 4TO BpeMs YCTAHOBJCHUS TepMOJHHAMHYECKOTO
paBHOBeCHS! MEXJY rasoM B COCYIe W TePMOCTATOM AOJIKHG
BLITH MHOI'G MEHbIUE TepHojia Koebanul noping. Torga MoxHoO
CYMTATD, YTO ra3 B KaxAbIH MOMEHT HMEET Ty XKe TemnepaTypy,
uto U Tepmoctar. Ecan, Hao0oport, neprol Ko1edanui oxaxer-
sl MHOT'O MeHbIlIe BpeMEeHH YCTaHOBJICHHS TEPMOJHHAMHUYECKOTO
pPaBHOBECHA MEXIY Ta3oM H TEPMOCTATOM, TO MOXHO CUMTATh,
uTO KoJ1ebaHua NOPIIHS NPOHCXOAAT NpaKTUYecKH 6e3 oOMeHa
TENJIOTOH C TEPMOCTATOM. B 3TOM C/1ydae mpolece MOXKHO CYUTATh
anuabaTHUeCKUM, HECMOTPS HA OTCYTCTBHE TEIJIOBGH H30JSLH
cocyaa ¢ nopiuneMm. OKasplBaercsi, YTG 3aBUCHMOCTb 4YacCTOTh
xoje6anyuil oT TeMnepaTypH NpH ToM OyJeT TakoH XKe, Kax u
B_H30TEDPMHUECKOM CJy4Yae, TOMbKO KO3(pduUHEHT B dopmyne
(3) YMHOXHTCS HA uMCNO, 6ObIIee eIUHHILL. Y BeTHUeH e Yac-
TOTHl KosIeGaHUH NpH almaéamquKOM npouecce MOXHG ofbsic-
HUTR, CpaBHHBas p—V-pHarpaMmMsl H30TEPMHYECKOrO H aiua-
6aTHYECKOro NPOLECCOB HICAJbHOIO Iasa.

OTtMeTHM, YTO [PHBEJICHHOE pelleHHe B OGOHX Caydasx
HMEET CMBICI, TOJBKO €CJIH BpeMs VCTaHOBJEHHS TEILIGBOTO
PABHOBECHS] B CaMOM ra3e MHOrO MCHbIIE nepuoja KoaeGaHuii
NOpILIHA, TaK KaK B MPOTHBHOM cJyyae BOOGLIE TEPSAIOT CMBICJH
TaKHe pPaBHOBECHBIE MAKPOCKOIHYECKHE XapaKTePHCTHKHU rasa,
Kax JaBjenus u reMneparypa. JpyriuMu cJaoBamH, 0O OTHO-
LIEHHIO K CaMOMy Tasy Ipouecc hoJxxker ChiTh KBasucraruue-
CKUM. A

4. Dopmedb B 3aKpbiToM umanHppe. B BepruxasibHoM
2AKPLITOM UMJHIIPE HMCETCs [OPLIeHh, KOTOPHIH MOMKET
nepememarscs 0e3 tpeuns (puc. 4.1). Ilo obe croponn or
IOpUIHA HAXOARTCA OAIIHAKOBBIE Macchl OJHOTO H TOro e
rasa. [lpu rtemnepatype T, oAuHMaKoBOIl BO BCEM HHJIHHJpE,
cObeM BepXHeH 4acTH B A pa3 Goablue, 4eM OObeM HIDKHeH.
Kaxnu 6yjer ornoenue 3TUX OGBEMOB, €C/AH IOBBLICUTL TEM-
neparypy A0 3Hauerps T'7?

A Ha npuamepe 3708 3a71aui MOXHO YBHIETH, KaK BaXXHO
yMeThb BhHIPa3uTh B BUJE ypaBHCHMIH Te YCJAOBHUS, NPH KOTOPHIX
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NPOUCXOLHT ONUCAHHLIA B 3ajaue Ipolecc, HO KOTopLe He yKa-
3aHBl SBHO B YCJOBHH 3ajaud.

[lepBriil BONpOC, KOTOPHIH BOSHHKAET,— HYXHO JU yYHTbI-
naTh Maccy NOPIIHA, O KOTOPOI HHYero He CKa3aHO B YCIOBHH.
Ecsi1 Gbl Macca NOPLIHS PAaBHSJIACE HYJMO, TO NPH M0G0 TeM-
neparype nopuleHb B PaBHOBeCHH pacnosarancs 6bl nocpefu-

He, 4ToOBl JaBJ/CHye rasa Ha Hero c obeux
R cropon 6bl10 onnHakoBbM. [lostomy ecan
o n=1, To mMacca NOPIIHA paBHa HYJIO H OTHO-
lueHHe OOBEMOB, DaBHOE €AMHULE, HE H3Me-
Hferca IpH M3MCHEHHH TeMICPATypHI.

ITpu n>1 macca nopiuxs HE paBHa HYJHO.
B srom cayyae B paBHOBECHH JCHCTBYIOWANA
Ha NOPLIEHE CHJA THXKECTH YPaBHOBEILHBAETCS
CHJIAMH JABJCHUS rasa CHH3Y H ceepxy. [lo-
Puc. 4.1. TlooGe  370My pasHOCTb JABJNCHHH Ta3a B HUXKHEH H B
opon élpoé‘_ BEpPXHEH uacTaX UM/IMHADA HMECT OJiHO H TO
A — onnmako. K€ 3Hauenue npu ool temneparype. Takum
Bbie Maccwl ofito-  OGpa3oM, MBI NIPHXOAMM K [IEPBOMY ypaBHe-
ro H TOro e  1jHi0, OTPaXKAKWEMY YCIOBHE MeXaHHYeCKOro

rasa paBHOBeCcHST NOPIUHA B HAaYaJbHOM M KOHed-

HoM cocrosHusx. OGosnadasd JaBieHHe rasa

HafA M Noj lopumHeM npu Temneparype T depes py U p,, a
upu temneparype T’ uepes p; u p;, uMeeMm

Py— Py = Ps— Py (1

Ewe oxHo ypaBHenHe NOJAY4aeTcss H3 TOrO YCJIOBHSI, HTO
npu Jro60M MOJOXKEHHH MOPLIHA NOJAHBI 00beM LUJAMHAPA,
3aHUMaeMbll rasamH, UMEET OJHO M TO e 3HaYeHHe, TaK KakK
TEJIOBLIM pacIIMPeHHEM CTEHOK, KOHEYHO, MOKHO NpeHeGpeyb:

Vit V,=Vi4V,, 2)

rie V; u V, — oGbeMbl BepxHe#l H HIDKHE! wacTedl LHAHHApPA
npu remneparype T, a Vi u V; — npu remneparype 7.

Ionuepknem emie pas, uto ypasHenus (1) u (2) onuceiBawoT
Te YCJIOBHS, KOTODBIC He OPOBODEHBI B 3ajja4e BHO, HO KOTOPHIE
0653aTe/IbHO HYXKHO YUMTHIBATE IIPH €e pelleHHH,

K ypasuenusam (1) u (2) creayer euwe 106aBHTb ypaBHEHHA
COCTOSIHUSI Tasa 1o 06e ctopoHsl nopuiHsa. Tak kak u B Hauadb-
IOM, ¥ B KOHEYHOM COCTOSHHMAX KOJMYECTBAa raza B 0OGeHX
yacTAX cocyja OJUHAKOBDHL M ra3 UMEET OJHHAKOBYIO TeMrepa-

Typy, 10

pVi=pV, pVi=pV,. (3)
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[lo ycaoBuio sanauu ornowenue V,/V,=n. [Tostomy ynpobuo
BBECTH BeJIMYHHY X, PABHYIO OTHOIIEHHIO O6HEMOB B KOHEYHOM
cocroanun (x=V;/V;). Tenmepb ¢ nomompio ypasnennit (3)
noJayyaem

PolPL==1y  Pa/pi=X. (4)

Hcnonp3ys o60snayeHus /s BEIHYUH N U X U COOTHOLUCHHUS
(4), nepenuuieM ypasheHus1 (1) u (2) B TakoM Buue, 4TOGH!
OHH COJEPXKAIH TONBKO T€ BEJHYMHBI, KOTOPBIE OTHOCATCH K
rasy Hajp DOpLIHEM:

pun—D=pix—1,  Vi(14+3)=Vi(1+1). @

Tenepr nerpyaso cooGpasuth, 410 A4 JanbHEHIIEro peuenys
LeeCOOOPA3HO TNIEPEMHOXHTL IIOUWICHHO ypaBHeHus (5):

pIVI(n——l)<1+-’11—)::p{V;(x——1)<1+—;—>. (6)

JlefictButenpno, gurypupyiouye B ypasuenuu (6) npoussepe-
HMSA JABJEHHSI ra3da Ha ero o6beM BLIPAMAIOTCS C IIOMOLIBIO
VpaBleHUS! COCTOSIHHSL Yepe3 €ro TeMIeparypy:

Ve p;Vll »
=t @
ITosroMy ypaBhenue (6) MOXHO nepenHcarb B BHAE

T n2—1  x—1

T n T x (8}

B jieBOH 4acTH 3TOro ypaBHEHHS CTOST BEAMYMHBI, 3a1aH-
HBI€ B YCJIOBHM 32Ja4H, T. €. Mbl NOJYYH/IN KBajApaTHOE ypas-
HeHHe OTHOCHTeNBPHO MCKOMOH Beinuunbl x. Jlaxke He pewas
3TOr0 YpaBHEHHS, MOXKHO YBHIETh, YTO OHO NPABHJABHO ONU-
CLIBA€T OYCBHJHBIE fipenesbHble caydan. Ilpu n=1, uro co-
OTBETCTBYET HeBecOMOMY nopiuHio, u3 (8) noayuaercs x=1,
KaK B J0o/KRO Oblth. [Ipu npounsgosbsoM n>>1 # npu T'—oco
BeJuyuHa x—1: NpHU cueHb BBICOKOI TeMmIepatype jaBjenus
rasos B of€MX YacTAX LHJAMHAPA HACTOJNBKO BEIMKH, 4TO,
HECMOTPS Ha AEHCTBYIOULYIO HA HOPIIEHDb CHJAY TAXKECTH, 06 beMDI
rasoB Haj H Moj TNOpPIHHEM IPaKTHYeCKH OJHHAKOBBI,

Moxno ybemursest, uto (PU3MYCCKHH CMBICI MMEET TOJBKO
OJMH 43 KOpliei ypaBHeHus (8), Tak Kak BTODOH NoJydaercs
OTPHUATENbIBIM:

o - 7_'_1"_ n?2—1
X~Q+Va +l; rae a—Tl on °
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KcraTtd, ¢ yeM cBA3aHO MNOABJICHUE JIHMIIHEIG OTPHLATEIHHOTO
KopHA? A

5. Yncao moaexkyn B atmocdiepe, OUEHHTH YMCIO MOJe-
KyJl BO3JYXa B 3eMHOH arMmocdepe.

A B ycnoBuu 3ajjaun HeT HUKAKUX jaHHbIX, CiejosaTesbHo,
nojpasyMeBaeTcs, UTO YHCJI0 MOJEKYJa BO3Ayxa B atMmocdepe
IYXKHO BBIPAa3uTh Uepes KaKHe-TO XOPOIIO H3BECTHLIE Xapak-
TepHCTHKHU atMocdepnl. UTO e HaM H3BECTHO O 3eMHOIl aTMo-
chepe? Tlpexie Bcero AapnieHIle BO3AYXa BOMU3U IOBEPXHOCTH
3eMau Ha YpoBHe Mop#, paBHoe B cpeiueM 760 MM pt. cr. [Ipak-
THYEeCKM BCSl armocdiepa COCTOMT 13 MOJEKYJ asora H K-
ciopoja, TNpUYEM CpejHAs MoJaspHad Macca BO3qyXa p=
=0,029 Kr/MOsIb, NOSTOMY ecJH Obl Mbl 3HA/AW MAcCCY aTMOo-
ceprl, TO ETKO MOIVIM Gbl ONIPEACANTDL YHCA0 MOJIEKYJ B HEH,

A kak ouenutb Mmaccy atmochepn? «CHusy» armoctepa
orpaHnyeHa INOBEPXHOCTBIO 3eMJd, CpPejHHH pajuyc KoTo-
pofi paBen 6400 kM. UTO MOXHO CYUTaTb «BEpPXHeH» rpaHu-
neit atmochepsr? Jasienue Bogayxa yGulBaeT ¢ BBICOTOH U, fla-
npuMep, Ha BbICOTe DanGpyca (5,6 KM) cocTaBiasieT JaHUIb
TONOBHHY JaBJEHHST Ha YPOBHE MODS, T. €. KOHUEHTPAUHSA
MOJIEKYJ1 y¥ke B JiBa pasa Menbine, Orcioja, KOHEuHo, He cJe-
Ayer fAesaTh BIBOJ, YTO Ha BABOe GOJbIUEH BBHICOTE MOJEKY
BO3IyXa HeT BoBce., KaK M3BECTHO, COBpPEMEHHBIE CaMOJETHI,
HCNONb3YIOUIKE MOABEMHYIO CHJAY KpELJIA, MOTYT J€TaTh Ha
Buicote 30 kM. 3HayuT, TaM €we J0cTarodHO BosAyxa. Ho ser
CHYTHHK, JeralomHi Ha BbicoTe HemHoruM Goqee 200 &w,
NpaKTHYCCKU He MCIBITHIBAET CONPOTHRAEHMA BO3LyXa, T. e.
BCA Macca atMocdepnl cocpenorodena HIDKe.

[TocMoTpuM, Kak MeHAeTcs YCKOpeHHe cBOGORHOrG Uaje-
I g B 33BHCHMOCTH OT BBICOTHI B NpefieJaXx arMocdepnl:

GM, g 2h

g(h)—_(R—i—/l)'Z:(l-l—h/R)z Ng<1”“§'>v g=g(0). (1)

B srod dopmyae Mz — macca 3emsn, G -— rpaBHTaLHOHHAS
IOCTOSIHHAS,

[TockoapKy Bblcora armocdeprl, KaK Mbl BBIICHHIH, CO-
CTaB.Is1eT HecKO/IbKO JAECATKOB KHJIOMETPOB, UTO MHOTO Melbile
pajuyca 3eMau R, T0 H3MEHEHHE g Ha NPOTSKeHHH atMocdepst,
KaK BujHO u3 (1), He npeBocxomut 2 %, W Npu OUEHKAX YCKO-
peitue CcBOGOAHOIO nNajJeHUs MOXKHO CYHTaTh [OCTOSHIIBIM.
[Tosromy naBaeHHe BO3LYXa po HA YPOBHE MOPS YHCJAEHHO PaBHO
Becy croafa BO3AyXa € €AMHMYHBEIM ocHoBanueMm: P=Mg, rje
M —- macca Bo3nyXa B 3TOM croabe,




5. YHCJIO MOJIEKYJl B ATMOCGEPE raa

Tlonnyo maccy atMochepnt M, noayyum, ymuowsn M ua
wiomane nopepxHoctu emau S=4aR2:

M, :fgl 4R,

Pazpenus M, na cpennion Moaspiyo Maccy BO3fyxa [, HoJay-
yaeM u4lClO MOJeH, COJepKaluxcs B 3eMHOA aTMocdepe,
H TOTAa IOJHOE YHCAO MOJEKYJ

N= Mo Ny= _~_4nR2po NA: (2)
o g v
rie N4 — nocrosiunass ABoragpo. BeipasuB Bce BXOASULHE B
dopMyay (2) BeruynHBI B KaKOA-IHG0 OJHOH cHCTEME €JMHMLL,
noayuaum N==104.

Hrax, utolbl NI0ACYHTATh YHCJIO MOJNCKYJ BO3yXd B 3EMHOI
atMocgepe, AOCTaTOUHO 3HATh JMIlb AABJCHHE BO3JYyXa Ha
YpOBHE MOpPS, MOJISIpHYIO Maccy BO3LyXa, paiuyc 3eMyad u
yCKODEHHe CBOJOJHOrO NajeHus g y ee NoBepxHocTH. B orser
HEe BXOJIUT BbICOTa atMmochepbl, BaXKHO JUILUL, YToOH OHa Gblia
MaJja 1o cpaBHeHHi0 ¢ pamMycoM 3emau. CoBepllleHHO HeCy-
ecTBEHHON OKa3zasach TeMmlieparypa BO3JyXa W ee paclpeje-
JeHue B 3eMHOH arMocdepe.

[Tpu peurenuu 31off 3ajauu Mbl BOCIIOIbL30OBAJMUCh TEM, YTO
TOJIIMHA aTMOcdeph! MaJjia N0 CPABHEHHIO ¢ paguycoM 3emJid.
310T (PaKT XOpOIIO H3BECTeH, HO OCTaercs BOIPOC, MOYeMy
3TO TaK, NMOYEMY 3eMHas armocdepa YCTpOeHa HMEHHO TaKuUM
obpazoM? Utobbl OTBETHUTL Ha ITOT BOMPOC, HYKHO 3HATh, KaK
KOHLUEHTpAUHUsl MOJIeKyJA BO3AyXa 3aBHCHT OT BBICOTHI.

Pacnpesieneue MOJIEKYT BO3JY Xa 110 BhICOTE JierKO HalTH,
€CJ/id TIPEANOJIONHTE, YTO aTMocdepa HaXOMUTCS B COCTOSTHUM
TepPMOJHHAMHYECKOTO paBHOBeCHs!, T. €. TeMmeparypa BO2iy-
xa T B Hell Bciofly oanHakoBa, Tak Kak jJaBjenue rasa p CB-
3aHO C €ro KOHueHrpaluuedl n coorHollenueMm p=nkT, To npu
NOCTOAHHOR TeMmIeparype 3aBUCHMOCTb KOHLEHTpalUUH M JaB-
JIEHHs OT BHICOTHI OfuHaKoBa. [losroMy MOXHO HCKaTh 3aBHCH-
MOCTh JaBJE€HUS BO3/yXa OT BbICOTH. Bblieaum MbicelHo ropu-
30HTaJABHHIH CI0H BO3XYXa Ha BLICOTE A ¢ TJIOLIAABI0 OCHOBAHUA
S, tonmuua Koroporo Ah Maja HacTO/NBKO, YTOGHI IVIOTHOCTD
BO3/ilyXa p B NpeAeaax 3TOTr0 CJ10si MOXHO OBLIO CYHTaTh Io-
CTOSIHHOW. B To Ke BpeMs TONmUHA BBIAENACHHOTO CAOA JOJK-
Ha GbITb TaKOH, YTO6hl BHYTPH ITOTO €Jof GBLIO AOCTATOYHO
MHOTO MOJCKYJI M MOXHO GbLI0 Obl TOBOPHUTH G IPOU3BOLHMOM
MU JaBleHuH., K 3TOMY €100 BO3AyXa MOKHO TPHUMEHHTH
YCJGBHEe MeXaHHUECKOTO paBHOBECHS, CYHTad, YTO AeHCTBYIO-
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1asi HA HEro CHJIa TAXKECTH yPaBHOBEHIMBACTCH CH/IAMH JaBJje-
RHS Ha BepXHee M HUKHee OCHOBAHHA CO CTOPOHH COCENHHX
cnoes (puc. 5.1). Ecau 0603HaunTh AaBAeHHe BO3JyXa Ha BhiCO-

Te h yepes p, a Ha Buicore A-+AL

% L ) yepes p+Ap, TO ycaoBHe paBHO-
) S BECHSl 3alHIIETCH B BHIE
R pS—(p+Ap)S—pgS Ar=0, (3)
l [ .. OTKyna
b dp Ap=—pg Ah. (4)
Bxonsmyio B Qopmyay (4)

NJOTHOCTE BO3JyXa P MOMKHG BbI-
pasuTh 4Yepe3 JAaBJCHUE C IOMO-
by YypaBHeHHs MeHgeneeBa —
Kananefipona:

=7 (5)

Pune. 5.1, Cuanl, peiiciByio-

e Ha MHCICHHO BUACAEN: 1 5
Mbill cAof rasa B nodsie TH- oacTaBasia P H3 (9) B ypaBHe-

KecrH nue (4) ¥ Nepexolns B HEM K Hpe-
Jeny Ah—>0, nonyuaem pudgpe-
peHuHaNbHOe ypaBHenue Aas dyHkunu p(h):
dp _ ng .
Mpt onsiTe BeTpeuaeMcd ¢ ypaBHEHHEM, B KOTODOM NPOMSBORHAY

MCKOMOH (YHKUHI IIponopu#oHajibHa camoil ¢yHkumu. Pe-
IHEHWEM 9TOIO YPABHEHUS §BJsSETcs 3KCIOHEHTA

p () =Cexp (—-,%%h) . 7

[Tocrosinnas C onpeneasiercst M3 YCJOBHA, YTO JaBJeHue Ha
nynesoli BbicoTe A=0 paBHC HOPMAJLHOMY aTMOChEpPHOMY
JAaBACHHIO D¢l

p(h):poexp<~—;$—§,h>. )

I'pabuk stoll ¢dynxuum npusenen Ha puc. 5.2.

[Mopcrasasas B dopmyny (8) suadenus u=0,029 xr/™moas,
g=9,8 M/c?, R=8,31 JLx/(mMonw-K), T=300 K, y6exnaemcs,
YTO MMeIollas pasMepHOCTh AJUHBI BelnuuHa RT/pg pasua
8,8 kM. Ha Taxoll Bricore paBienne yObiBaeT B e=2,72 pasa.
D10 03Hauaer, YTo XapaxkTepiblil MaciuTalb i3MEHeHUs AaBJelHs]
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WM KOHIEHTPAUUH C BHICOTOH cocTaBjser npumepHo 10 KM.
Ha Bricote 100 xM paBnenue Bosfyxa corsacto dopmyae (8)
yKe npaxkrtuyecku pasBHo Hyao. Mrak, atmocdepa 3eman —
3T0 TOHeHbKasi 000JOYKa BOKDYT 3eMHOTO apa,
©opmyna (8) ocraercs cnpaBeiIMBOH H B TOM caydae,
KOrJa ras HaxOIWTCsl B 3aKPRITOM COCYAE€, IOMEmIeHHOM b
ofHoponHoe none Tsxectd. JelicTBUTe/BHO, IPU BRIBOAE (Op-
MyJabl (8) TG OGCTOATENBCTBO, YTO arMocdepa npeicraBjaser
co6ofl ra3 B OTKPBITOM coCyie 6e3 «KPHILKH» CBEPXY, HUKAK
He ucnosb3oBadock. [Ipuvensas gopmyay (8) K razy B 3aKphTOM
cocyjie, CAeyeT CYUTaTh, UTo p, Npeacrasaset coGoll AaBreHue
rasa Ha JaHO cocyna. [las.e-
HHUe K€ Ha KPLIKY 6YIer, Kak 7
BUAHO U3 (8), MeHbLIe ueM p,, /A
TaK YTO pPa3HOCTb CUJ AABACHUS
Ha JIHO ¥ Ha KPBIIKY UHIHHIPH-
JeCKOro cocyja Kak pas paBHa
Becy rasa B coCyJe.

[Toasonsn uror, MOXHO cKa-
3aTh, YTO XOTH jaBjeHue rasza 0 #
06yC/IOBJCHO YMADAMH XAOTH-  pyc 59 3apucuwocts namie-
YCCKH ABHXKYWIHUXCH MOJIEKYJ, B HuA ra3a oT BHICOTHL B OJHOPOA-
OTKpBITOM cocyfie (B atmocde- HOM TOJIe THMEeCTH
pe) OHO OIpeiedseTcs BecoM
cron6a rasa. lloje TaxecTu B 9TOM cayyae Hrpaer pofb TOf
«KDBIIIKU», KOTOPAsh He JaeT BO3MOXKHOCTH rasy pacnpocrtpa-
HHUTBCSl 110 BCEMY INPEJOCTABAEHHOMY €My OGbeMy. A

6. TopmoxeHue CNyTHHKA B BEPXHUX CJ0AX aTMocdiephl.
Peman 3anayy o6 M3MeHEHHH NapaMeTPOB OPOMTHI CHYTHHKA
MpPH €ro TOPMOKEHHH B BEPXHHUX C/10%X aTMocdeprl, Mbl He pac-
CMaTpHBa/IH CaMOrO MEXaHH3Ma TOPMOXKEHHS, NOCKOIbKY CBA-
3aHHas ¢ 3THM MPOLECCOM IOTEPs] MEXaHUUYCCKOH SHEPruM Guia
3ajaHa B YCJOBHH 3ajaun. B 3TOM npumMepe Mbl paccmoTpum
(PU3HUECKYIO IPUYMHY TODMOXKEHHS CIIYTHUKA H CBSIXKEM T10TepH
311epruM ¢ napaMerpamu armocdepel. Bynem nas onpenenen-
HOCTH CHYHTATh, YTO CIIYTHHK JBHXKETCA 10 KPYroBol opfure #a
Bricote h=200 XM, rIe MJIOTHOCTE aTMoc(epbl P COCTaB/seT
npuMepHo 3-107° xr/m®. OueHuM cHAY TpeHust, AeHCTBYIOULYIO
Ha CUYTHHK, IJOMaAb NIONePeYHOro CeYeHHsl KOToporo S=1 m2,
a macca M=10® xr.

A Kak HyXHO paccMaTpuBaThb TOPMOXKEHUE CIYTHUKA B aT-
Mocepe? Creyer JaM CYHTaTh, YTO ABHKEHUE CHYTHHKA IIPO-
HCXOAHUT B CIIOWIHOHA cpeje, HAH XKe B3aHMOJefiCTBHE CIYTHHKA
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¢ atMoc(hepoil HYKHO OITHCHIBATE KaK pe3yabTat GOdbIIOro YHe-
Ja OTIACJNbHBIX YJapoB MOJGKYJ BO3jyXa?

Ilpu IBMKEHHUM TBEpJOro TeJa B CHJCLIHOA cpeie BOAU3H
NOBEPXHOCTH Teja o6pasyercs TakK HasbiBaeMblHl NOrpaHHYHBIN
CAoi, B KOTOPOM HEKOTOpbIE CBOfiCTBA Cpellbt, TakHe, Kak,
nanpHMep, CKOPOCTH JBHMKCHHS YACTHIL CPelnl, OTIHYAIOTCS OT
CBONCTB Bja¥ OT TeJa, TJe Cpela OCTaercs HeBOSMYILEHHOH,
Teno npu cBoeMm ABHXKEHUM YBJEKAeT YacTHURI CPeibl, HaXo-
aAmyecs B Ipeiesax NOTPaHu4yHoro cjaos. Pasmepsl Takoro
IIOTPAHUYHOTO €108 CPaBHHMBL C pasMepaMH €amoTo Teja.
Korjga crnpapeijquBo Takoe NpeacTaBieHHe?

Monexkyapl cpespl B CBOGM XaOTHUECKOM TEIJIOBOM JIBIKeE-
HMH ECE BpeMs cTajKHBawTes Apyr ¢ apyrom. Ecaum cpennee
paccTosiHue, MPOXOIHMOE MOJEKYJOH MEXAY ABYMS NOCJenc-
BaTe/MbHBEIMUM CTOJKHOBSHUAMH, 3HAUHTEIbHO MEHbIIE PAasSMEPOB
Teja, TO MOXKHO HCMOJAB30Barh NPEACTABJICHHE O CIUIOLUHOH
¢pefie ¥ TOBOPHTL 06 06pasOoBaHNH NIOrPAHHYHOrO CJI08 BOAHAU
JIBHXKYIIErocst TeJa.

Ecau xe cpensss nauna c¢sobopnoro fipotera Mosexy.
cpeinl IPeBOCXOJAHT pa3Mepsl Tesla, TO HHKAKOro NorpaHuyHoro
€109 He ofpasyercs: Kaxaash CTOAKHYBINAACH C TEJIOM MOJe-
KyJa yclleBaeT 10 CJCAYIOILErO CTOAKHOBEHHS ¢ JPYTHMM
MOJIEKYJIAMH HACTOJbKO JAJEKO YIAJUTLCA OT Tela, UTO YKe
Gonpliie He HCOBITHIBACT C €O CTOPOHBI HUKAKOIO BJIHSHMA.
Lpyrumu caoBamu, ABHXKYIIEeCs T€IO CTaIKHBaeTcs ¢ MoJe-
KYJaMH, KOTOPBIE JIO 3TOrO CTOJIKHOBEHHSI ClI€ HHUero «ue
3uaim» o6 3TOM Tesie, T. €. COBEpIIadN TaKoe JBHKECHHE, KOTO-
poe XapaKTepHO JJ1s1 paBHOBECHOIO COCTOSIHHSA CPEALI B OTCYT-
cTBHE ABHXYymerocs tesa. B aTom cayyae TOpMOXKeHHe Tena B
cpefie ecTb pe3yJbrar yJapoB OTAEAbLHBIX MOJEKYJ,

Hrtak, BRIGOpP TOro HJIK MHOTO fIpeACTaB/eHHs O PH3IUYECKOM
MeXaHU3Me TOPMOXEHHf CIYTHHKa B aTMOcdepe Onpenensercs
COOTHOIIEHHEM MEX]IY €r0 pasMepaMH W cpejHell MIHHOH CBO-
GoxHoro npogera Monekys Bosayxa. OLEHBHM CPEIHIOI0 AJMHY
csobonnoro npobera. Has npocToTsl 6yaem CYHTaTh MOJIEKYJLI
EO3/lyXa MWapuKaMu C juameTpoM d. BosbMeM NPOH3BOJbLHYVIO
MOJeKYyay A u GyAeM CUMTaTh, YTO OHA JBMXKETCH B Hanpas-
JIeHHH, YKasanHOM cTpenkofi Ha puc. 6.1, a Bce ocranbibie
MONeKyabl Bosiyxa Henojasuxunl, M3 sroro pucynka Buano,
YTO paccMarpuBaeMasi MoJeKysa A cTonKHercs ¢ Apyroi
MOJEeKYJ0H B TOMBLKO B TOM cjydae, Koraa LeHTp APYrol MoJe-
KYJbl B OKaxkercs BHYTPH UMJHHIPA, PajnyC KOTOPOrG pagel
JNaMETPY MOJeKyarl d.

BosbMem AquMHY STOro LHJAHHAPA paBHOM cpelHed anuie
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csoboguoro npotera A, Torma, odesupno, B ofbeme Takoro
ummulpa B CpeﬂHeM HaXoAUTCA TOJIBKO OoHAa Monexyna BO3-
nyxa. ITostomy

nnd* =1, (N

TAe n — KOHLEeHTpauus, T. €. CpelHee YUCJI0 MOJIEKYJ] B elHu-
nune obwvema., OGpaTum BHHManue, YTO CPEJHAA JJIMHA CBO-
flopHoro mpofera A HE 3aBHUCHT OT CKOPOCTH MOJICKYJ, T. e,
OT TeMmeparypel, a onpeae-
JACTCST  TOJABKO pasMepaMu
MOJIEKYJ W HX KOHLEHTpa-
L UeH.

Haiizem pauny cBoGOn-
HOro npogera MoJexKyJ BO3-
ayxa na Beicote 200 Ku,
rae IJ0THOCTh  aTMOoChEeph
p=3-10"% gr/m®. Cuuraem
CPeNIOI0 MOJSPHYIO Maccy
Bogayxa u=>0,029 rr/moap, Puc. 6.1. K ouenxe cpexueit nru-
a JMaMerp MOJeKyJbl d~v HBl CBOGOAHOrO mpobera MOJeKyJ
~3-10-1° M, [TaorHocTe P
paBHa NPOH3BENCHUIO KOHUEHTPALKH 11 Ha Maccy OfHOH MoJe-
KyJBl 71, KOTOpas CBA3aHa C MOJADHON Maccofl | U MOCTOAH-
tioi Asoragpo N, coorHomenuem m=u/N,. [Tostomy c ng-
Momsio (1) noayuaem

~_ Lo r
}Lrvm—ndzp}v/l/wso Mo (2)

Ilnuua cBoGoaHoro mpofera MoJEeKyJs! BO3AyXa oOKasajach
B TaKHX ycaoBusx nopsaka 100 M. 31o Bo MHOro pas npesoc-
XOIUT pa3Mephl CIyTHHKA, II03TOMY DacCUHTBIBATH TOPMOKE-
HYe B TaKofl paspexeHHON armocdepe cienyer, paccMaTpHBasn
OTHe]bHBIE yIaphl MOJEKYJ.

Pesyanrar orpoMHoro uHc/ia yAapoB XaOTHYECKH IBHXKY-
ulEXcs MOJEKYJ BO3fyXa O MMOBEPXHOCTb NBHKYIIETOCS Teaa,
KOTOpHIE NPUBOAAT K €ro TOPMOMEHHID, MOXeT GbITh OMUCaH
[lyTeM BBeJieHUs] HENpepLIBHO JCHCTBYIOWEH Ha 9TO TEJNO CHJIbL
TpeHHsi. 3aBHCUMOCTh 3TOH CHJBL OT CKOPOCTH Tena Gyper pas-
JUYHOH NIPH Pa3HBHIX COOTHOLIGHHAX MEMKAY CKOPOCThbIo Teqaa V
M CpeIHEeH CKOPOCThIO XAOTHYECKOrO HBHKEHHA MOJIEKYJ BO3-
nyxa {v).

[Ipu wmenseHHOM pABHXKEHHH TeMa uepe3 HENONBHKHBIH
BO31yX, kKorja V<« (v), mpH HaXOXAEHHW 3TOH CHJBI MOXKHO
paccysxiath Tax Ke, KaK U HpH TOJCUETE JAABNEHHUA MOJIEKYJ
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rasa Ha CTeHKy cocyaa. Ilpu 3ToM csefyeT yuyuThIBATh, YTO
MOJIEKYJIBI, ABUKVIIHECS HaBCTpPeUy Tesy, CTaJKHBaIOTCA C
HHM Haumle ¥ IpH KaxjoM yjape B cpelHeM MNepeiaiT eMmy
GOMbIUKA UMIYJIBC, Y€M MOJEKYJBl, KOTOPbIE€ JOTOHSIOT TEJIO.
B pesyabrate aaBjenue BO3LyXa Ha IMEpEJHIONG CTEHKY TeJa
OKasblBaeTcsi GoJsblue, yeM Ha 3ajHio0. AKKypartHbll aHasus
C YueTOM paclpejieleHusi MOJEKYJ N0 CKOPOCTAM IOKashiBaeT,

S}

~<O>

4J Vo oo

Puc. 6.2. Pacnpeaenenne MoJeKyJl O IPOEKIMH CKOPOCTH UX TEIJIOBOFO
JABHXKEHHS Ha HanpapJieHHe CKOPOCTH Tena

YTO CHJIa TPEHHA B 3TOM e€Jyyae NPOHOPLHOHAJBbHA NEpBOM
CTETICHU CKOPOCTH Tesa. Ecau xe ckopocTs Tena V 3HauuTeh-
HO 00/blle CpejHeH CKOPOCTH TEIIOBOTO ABUMKEHUS MOJEKYJT
BO3JyXa, TO 3aBUCHMOCTL CHJBL TPEHHSI OT CKODOCTH Tesa
6yneT coBceM HKHOM,

Ha puc. 6.2 nokasano pacnpejesetye MOJICKYJ BO3yXa 10
NPOEKUHH CKOPOCTH UX TEIJIOBOrO ABHMMKEHHSA Ha BHIACJCHHOE
HanpabJeHHe — HanpasJ/enue ABikenus: tesia. Iupuna storo
«KOJIOKOJIa» 10 NMOPSAKY BEJHYHHBI paBHA cpejHedl TefJiOBOH
ckopoctd moJexya (v). Ilpu V> (v) rtouka, usobpaxawmas
CKODOCTB Tefla, JIEKUT Ha 9TOM rpaduke Jajeko 3a Npefenamu
4KOJIOKOJIay, T. €. Ha PacCTOSHHH OT Hauasla KOOPJUHAT, MHOrO
GOJIbILIEM ILHPUHBI «KOJ0KoAa». [TosroMy pu pacuere JeficTBHs
BO3JlyXa Ha JBHAKYIleecss ¢ TakoH GOJBILOH CKOPOCTBI) TEIG
MOMKHO COBCeM IpeHeGpeyb TenJOBhM JBHXKEHHEM MOJEKYJ
BO3MlyXa H CYUTATD, YTO TEJIO Ha/eTaeT Ha HEeNGABHIXKHBIE MOJe-
KyJbl. Bee B3auMoneicTBHEE ¢ BO31y XOM NPOUCXCIUT TOJALKO Ha
nepefHefi MOBEPXHOCTH TeJd.

Jlis BaxoxnaeHus JeHCTBYOLiEH Ha TeJNO cHJbl yrobhee
CYuTaTh, uTO, HAOGOPOT, TEJAO NIOKOUTCS, 4 HAa HEro najeraer
IOTOK MOJEKYJI, B KOTOPOM BCE MOJEKYJIbl HMEIOT OJUHdKOBYIO
CKOpOCTb, paBHYIO cKopocTH Tesa V. Eciu noBepxHocTh Teia
NepleHARKY/AspHa HanpaBJCHHIO HaJeTamillero NoToka, TO
npu abcoJiQTHO YIIPYroM YAApe Kadkiasi MOJEKyJla nepesaer
teny uMmnyabc 2mV (puc. 6.3). Hucao rakux yaapos o uepen-
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HIOIO TIOBEPXHOCTb TEJA MJIOLWAAM S 33 eUHUILLY BpeMEHH PaBHO
YHCAY MOJEKYJ BO3AyXa, HAXOAALIUXCA B UMIHHADE C NJIO-
aei0 ocHosanua S u Beicotoil V (puc. 6.3), T.e. nVS.
[MostoMy nonHast cuaa, HAEACTBYIOIAs HA Te10, paBHa

F=0mnV2:8 =20VS. (3)

Takum ofpasoM, npu Vi»(v) cuna COnpoOTHBJACHHS NPONOP-
LHOHA/IbHA KBAJpaTy cKopocty Teqa. [Ipi ABHKeHUH cyTHHKA
O OKOJO3eMHOH KPyroBoH opOHTE €ro CKOPOCTB COCTaBJSIET
npubausureasHo 8 km/c. 1o 3HaUMTeAbHO Gosblle cpenHeir
TENJ0BOH CKOPOCTH MOJEKYJ Bo3jayxa, KOTopas Npu Temnepa-
Type T nopAnKa HeCKOIbKHX COT KelbBHHOB, XaPAKTEPHOH A
aT™Mocdepnl Ha BeicoTe 0Koa0 200 KM, cocTaB/sieT [PUMEPHO
oy V ET/m<10° mjc. [lostomy ANl HaXOKAEHHUA CHALL
COTIPOTHB/ICHUS! HYXKHO N0/1b30BATh- g e
ca Qopmyaoli (3). [loicraBasia B <___C)
tiee JaHHBIE M3 YC/I0BUHS 3ajaud,

nonyuaem F~0,4 H. Takaa cuna 5 O
coobuaer CNyTHAKY Maccod 1T yc- i
KopeHHe ax4-107* wm/c2.

ITpu nonydenun Gopmysl (3) Mei
cyuTaNH, YTO yJap MOJEKYJa O no- v
BEPXHOCTL CYTHHKA abCO/IOTHO Q-
pyruit. Ecad cudtath sTOT yaap EMH;;&:?L::A Eeﬂzl;a";;gloﬂ;g
HEYNPYTHM, TO CHIA TOPMOKCHHS . onl oty gosnyxa nph
Oyzer sagoe Menpwe. [Ipu Heynpy- CTOAKHOBEHHH C TEAOM
rom yzape opma noOBEpXHOCTH COyT-

HHKa He BJIHAeT HAa CHJIY, a ONpelendaercd NJOUAABI0 HO-
MepeyHoro ceyeHHs S.

HMHTepecto oTMeTHTD, YTO VISt CIYTHUKA, HMEIOILETo hopMy
apa, CHJa CONPOTUBNEHUSA HE 3ABHCHT OT TOrO, YNPYro HAU
HeyNPYro CTaJKHBAIOTCA C €r0 NMOBEPXHOCTBIO MOJEKYJIbl BO3-
yxa,

[TonyyenHoe BoipaxesHHe AAs CHJIBI CONPOTHBAEHHS (3)
HAeT BO3MOMKHOCTb HAWTH OTHOCHTE/ILHOE yMEHbIIeHHe Mexa-
nuueckoit suepruu AE/E 3a ofuH 0GOPOT CNYTHHKA BOKPYr
3emnu. [Torepst suepruu 3a oaun odopor AE onpenensierca
paboTofl CHJBl TOPMOMKEHHA:

AE=—F2n(R+H), “)

rie R — papuyc 3emnu. CKOpOCTh CnyTHHKa Ha KpPYrosoit
opOHTE BHICOTHI /i ONPENENfACTCS COOTHOWEHHEM

R? ,
V= Rg+h : (5)
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HOCKOJIbe MEXaHHYECKass 3Heprus COYTHUKA

_ MgR?
1o s AE/E noayuaem
AE S ~
S =8n L (R+-h). %)

Hcnonbaya pannmie 3agaun, ¢ nomomsio ¢opMmysasl (7)
MOXXCHO yGeRHTBLCS, YTO YMEHbUICHHE 3HEPrHH, Hanpumep, Ha
2 % npousoiizer npubnusutenvho 3a 40 060POTOB BOKPYT
3emaud., &

7. Taz B cocyae c¢ neperopogkeii, Cocys ¢ paspexeHHEBIM
rasoM pasfiesieH Ha JBe 4acTH TOHKOH Meperopoikoil, B KOTopoil
HMeeTCst OTBEpCTHE, pasMep KOTOPOro Mas II0 CpaBHEHHIO €O
cpentell anuHoll cBoGoguoro npobera (puc. 7.1). Haifitu otio-

I 7 Puc. 7.1. Moaexynpl rasa MoryT npo-
? X—» 2 XOJWTb 4epes OTBePCTHE B Neperoponxe
cocyaa

“ g R s

IeHHe KOHUEHTPAIHMH rasa B pasHblX 4acTaX COCYAa, €CIH B
OJIHOH U3 HUX NOMIEpXKHUBaeTcs Temneparypa 1y, B Apyroi T,

A bypeM cuntarth, 4TO ra3 B cocyje HieasbHHIH, T. €. €ro
MOJIEK yJ/Ibl B3aHMOAEHCTBYIOT MeXAY cOGOH TOJBKO NPH CTOJK-
Hopenuax. [1o ycsoBHIO 3ajaun ras paspexer HACTOIBKO, YTO
cpeHsaa asuHa cBoGopHOro npoGera MOJEKYJ MEXAY CTOJK-
HOBEHHAMH MHOro GoJible pasMepoB OTBepcTHA. B 3TOM Cay-
Yae MOJEKyJ bl CBOGOLHO MPOXOAAT Uepe3 OTBEPCTHE, NpHYeM
Kaxzas MOJIeKYJa IIPHXOAUT B APYTYIO MOJOBHHY COCYHA C TOH
e 3Hepruel, KotropoH oHa objafana Jo toro. CpelHaAs sHep-
TSl MOJIEKY/ MPH TEPMOAUHAMHUECKOM DaBHOBeCHH OMpejens-
ercst Temneparypoi. [Tostomy nepexos Monieky.1 U3 OfHOR HaCTH
coCyAa B APYTYIO AOG/IKEH NPUBOAHTH K BBIPABHHBAHHIO TeM-
nepatyp.

FoBoputs 06 onpezeneHHOH TeMmmeparype rasa Kamxpjoil
4acTH COCYAA MOXKHO TOJBKO B TOM cjaydae, KOrja oTBepcTae B
neperopojike AOCTATOMHO MaJeHbKoe, TaK HUTO YCTaHOBJEHHE
TePMOJAMHAMHYECKOrO paBHOBECHS B KaKAOM dYacTH cocyna
IIPOUCXOMUT Topasfo ObicTpee, YeM BhIpaBHUBAHHE TeMepa-
Typ 3THX 4YacTei.
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CKO/MBKO Xe MOJEKY/ NPOXOJUT B eAUHHIY BpeMeHH 4epea
OTBepcTHe U3 OAHOH MONOBHMHEL COCYAa B -upyrylo? Herpyano
coo6pasuTb, 4TO CpexHee YHCAO TAKUX MoJekyn N mnporop-
1MOHANbHO KOHUEHTPALNHK 7 ¥ CPejHel cKopocTH (U) MOJEKYJ
B TOH MOJMIOBHHE COCYAA, U3 KOTOPOil OHH MepexoisT, a TaKke

momaid oreepetast S:
N=Cn{)S. 1)

s BRMUCAeHHs 4HCAOBOrO 3HAueHHS 6e3pa3MepHoro Kosd-
¢dunnenra C HyXHO 3HATH 3aKOH paclipefiesieHHs MOJEKYJA N
HanpasJenusam ckopoctd. OJHAKO A/ pellieHHs 5TOH 3aladH
sHagedue C wuam He norpebyercs.

B craunoHapHOM COCTOSIHHH MOJIHOE YHCIO MOAEKYJd B

Kaxioll MO/MOBHMHE COCyla HEe MeHAeTcs co BpeMeHem. [lo-
TOMY Cpejiiee YHUCJIO MOJIEK Y, '
NPOXOAAINNX uepe3 OTBepCTHE
cJ€Ba HallpaBo W clpaBa Halje-
BO, JIOJMKHO OBITH ORHHAKOBBIM.
Orcrofa ¢ NOMOIBIO COOTHOLIE-
Hua (1) monyuaem

ﬂ1<01>=n2<02)- (2)

CpenHue CKOpPOCTH MOJEKYJa B
KaK/J0H THOJIOBHHE NPOMOPLHO-
Ha/lbHB KBaJpaTHOMY KODHIO
H3 COOTBETCTBYIOIEH TeMMepa-
Typst. [losToMy ©3 paBeHcTBa

(2) HaXoAnM Puc. 7.2. Tlpu uarperoft cnupa-

n/n, = V T,T:. (3) 7n u3 cocyaa HeNpPePLIBHO BbIXO-
IAT NY3bIPbKH BO3AyXa

B ropsiye#t yactu cocyna KoOH-
LeHTpalnust MoJnekys Menewe, OjHAaKO JAaBJjeHHe raza TaM
GoJibinie, 4eM B XOJMOAHOH dacTH. YUHTHIBas, 4UTO AaBJeHue
Beipaxkaetcss dopmynaoli p=nkT, ¢ nomomplo paseHcrsa (3)
noayyaeM A/ OTHOLICHHS! JAABAeHHH B pasHbiX I10JOBHHAX
ceeylia
pi/py =V TuT,. (4)
PaccmoTpentbie B 3ToH 32/ia4e 3aKOHOMEPHOCTH, CBsi3aH-
Nble C MPOXOXKJEHHEM MOJEKYJ rasza 4epes OTBEPCTHE, COejH-
HAIOLUIEE COCYZABI ¢ Pa3HOH TeMMepaTypoil, mo3Boaswr o0nsc-
HUTBh CJACAYICIHI NpocTOH, HO o4deHb 3(peKTHBRIH ONHT.
Kepamuyeckufi cocyj ¢ TODHCTBIMH CTEHKaMH OMYCKaercs
OTKPBITHIM KOHLOM B Boy (puc. 7.2). BHyTpu cocyna naxoautes
cnupanb, IPH NpoONycKaHHH TOKA Yepe3 KOTOPYK MOMHO Ha-
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rpeBaTh HaXOAAWHHACA B cocylie Bo3xyX. [Ipu BK/rOUYEHHH Cliy-
panu TeMmepaTypa BO3AyXa MNOBslilaetcs, OH pacLiupsiercs U
HayHHAaeT BBIXOAUTb NY3BIPAMH H3 HAXOAAIIErocs IOJ BOJOH
orsepctust cocyspa. Ilpu AROCTHKEHMH CTAllMOHAPHOrO COCTOA -
HHSA, KOrjJia TOABOUMAs CHPAJ/bIO TeNJI0Ta CTaHeT paBHOH Tel-
JIOTE, OTAaBaeMOH TOBEPKHOCTHIO COCYJa B OKPYXKAILYIO cpe-
1y, B coCcyle YCTaHOBHTCH oOHpejeJenHas Temnepatypa. Kasa-
Joct Obl, 4TO NpH 3TOM BHIXOJ Ry3Hpedl Bo3AyXa JHOIXKEH
npexpatutbes, Tak Obl W NpoH30LWIO0, ecau 68l CTEHKH COCcyAa
Obiii  HEMPOHULAEMBIMH I MOJEKYJ BO3/lyXa, Hampumep
CTEKJAHHBIME HJAH MeTaNJHIeCKHMH,

Ho ecam crenku cocyna nopucteie, TO NMy3bipbKH BO3AYXa
OynyT BHIXOAUTL BCE BpeMs, Jame TOrja, Korja rtemmeparypa
BO3AYXa B COCyje mepecraneT noBuiuareesi! B ueM ke 3nech
Jeno?

Temneparypa Bo3JdyXa BHYTPH NOPHCTOr¢ COCYAA BblIIE,
ueM cHapyxxH, B atmochepe. /laBrenue xe Bo3Lyxa TaM U Tam
NpaKkTHYECKH OJUHAKOBO: BHYTPH CoCyAa OHO GoJjble aTMo-
chepHOro Bcero Ha HECKOJIbKO CaHTHMETPOB BOASHOrO €ronfa,
YTO COOTBETCTBYeT IVIyOHHe INOTPYIKEHHs OTBEPCTHs cocyna
roi Boiy. Uepes nope B CTeHKAX COCYAa NPOHCXONUT Helpe-
PLIBHBIH o0MeH MOJIEKYJaMH MeXJy BO3AYXOM BHYTPH COCYZHA
¥ B aTMocdepe, Tak XKe KaK 5TO NPOHCXONHT B COCyJie € oTBep-
CTHEM B NeEpPeropojike, pacCMOTPeHHBIM B JaHHOH 3ajaue,
B 3aMKHYTOM cOCYJie B CTALMOHAPHOM COCTOAHHH YHC/AO MOJje-
KyJ1, IPOXOAAIHX Yepe3 oTBepPCcTHE B 06 CTOPOHBI, OJHHAKOBO.
B pesyabrare, Kak BHAHO U3 PopMyJbl (3), B yacTaX cocyaa
YCTAHABAHBANINCH TaKHe KOHLEHTPALHH, YTO MOPOU3BefieHHE
KOHUEHTPAILUH Ha KOpeHb M3 TePMOJHHAMHYecKoil Temmepa-

Typnl 6bllo onuHakoso: nl T==const.

B paccmarpuBaeMoM ciy4ae OJAMHAKOBBEIMH MO 00€ CTOPOHBL
nopucrofi neperopopku Oyayr AaBAeHHs Bo3ayxa. Tak Kkak
p=nkT, o tenepp nT=const. Ho 3to o3nauaer, 4t0 notoxu
MOJIEKYJl BO3yXa 4Yepes MOpbLl B CTEHKax H3 atMocdepnl B
cocyld U 0o0paTHO HEOAMHAKOBBI. Kakofl ke H3 HHX Gosblie?
Tak Kak [OTOK MOJEKYJ [PONOPLHOHANEH [POU3BEASHHIO

ny T B TOH 4acTd, OTKyZa OH WJET, TO NPH BHINOIHEHHH yc-
Josua nT=const on 6yner Go/blue OTTyza, I'e TemIeparypa
HKe., IT0 U JjaeT oObsACHEHHE OMHCAHHOMY ONBITY: MOTOK BO3-
AyXa 4epe3 nopsl BHYTPb cocyja Goablie, yem Hapyxy. B pe-
3y/IbTare B CTAlHOHAPHOM COCTOAHHMH BXOAAIMI depe3 mophl
B COCYA H3GBEITOUHbI BO3yX HarpeBaercs, pacuiupsieTcs
BbIXOLUT B BHAE Iy3blpeil yepe3 OTBEpCTHE. A
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8. Paspenenne wzoronos. IIpoxoxienme raza uepes no-
PHCTYIO Deperopofky MNpH JOCTATOYHO HU3KOM JABJCHHH,
KOria CpemHuél AuaMerp Rop MaJa [0 CPAaBHEHHUIO C AJHUHOH
CBOOOZHOTO mpofera MoOJeKysa, MoOxeT OblTb HCHONB30BANHO
IS pasjeneHus usoronos. s 3TOro rasoobpasHoe Xumi-
YecKOE COefMHEHHE 3JEMEHTAa, COJEPIKAIIErc eCTECTBEHHYIO
cMech M30TONOB (Hampumep, WWECTHPTOPHCTHIH ypaH, cogep-
wamui Modsiekyant 233U u 238U ), nponyckaercsa yepes suei-
Ky, ycrpoiictBo Koropoli nokasaHo Ha puc. 8.1. B rase, npo-
HIeAIIEM Yepe3 [OPUCTYIO MEePEropojKy, YBEeJUUHUBAETCS Mpo-
[IEHTHOE COJiepKaHue Jerkoro usorona. I[lpowemunit ras

D

Puc. 8.1. Cxema siuellKM KacKaja pasjefeHus H3oTonoB: A — Ha Bxog
HOCTYNaeT cMech H30TONOB; B — oGoralieHHasi JierKMM H30TONIOM CMech,
npoweamas yepe3 NOPUCTYIO NEPEropoAKY, NOXAETCA HA BXOA CleAylo-
mei cryinenn kackana, C — o0OrailleHnasi TSXKeNbM H30TONOM CMECh
BO3BpAlAeTCs HA BXOA AYyeHKM NPeAbAyliero KacKaia

HeNpepslBHO OTKAYHMBAETCA H NOJAETCA B CJAECAYIOULYIO AUEiiKy.
3roT Mmpouecc MNOBTOPAETCA MHOTOKpaTHO. CKOABKO UHKJIOB
HEOGXOAMMO MPOBECTH, YTOObI OTHOLIEHHE KOHILEHTpAaluHMH Jser-
KOTO U TAXKENOro H30TONOB yBesIHuUTh B 10 pas, ecsiu MOIApHbIE
MacChl COeJIHHeHUH JIETKOTo U TAXKENI0r0 H30TONOB PABHBI COOT-
BETCTBEHHO My H Ha?

A TlockonbKy B KaXJIOH sYefKe Npolleilunit yepes nopu-
CTYI0 TNeperopofKy ras HenpephiBHO OTKauuBaeTcss HAacocoM,
MOXKHO CYHTATh, UTO €r0 KOHUEHTpalHUs (T. €. YHCA0 MOJIEKYJ B
eRuHule ofbema) 3a MEPEropofkKod NpeHeOpeXHMO Maja Mo
CpaBHEHHIO ¢ KonllenTpanuei Ha Bxoje B sueiiky. [Toatomy npu
pacuerax MOXHO npeHeGpeyb OGpaTHbIM MOTOKOM MOJIEKY. H
cudTaTh, YTO I'a3 NPOXOAHUT Uepes NOPhLl B NEPEropoiKe TONLKO
B OAHOM HanpasJ/eHHH.

Yye1o MOAEKYI I, NPOXOMALLHX 3a €AMHUIY BpeMEeHH depes
Ka)XkJioe OTBEpCTHe B IIOPHCTOR Meperopojike, nPONCPUIIC-
HAJALHO KOHIEHTPALHH MOJCKY/ Nepel Neperopoikedl H cpej-
HEH CKOPOCTH MX XaOTHYecKOro TemaoBoro pBuxeHHda. Tax
Kak ras npejcraBjser co0o# cmech MOJIEKY.T, COAEepHauLlX
pasHbIe H30TONB!, MOKHO, KaK H B Npejpliyuiedl 3alave, Ha-
nucarh BelpaxeHdue jas uucea Ny u N, pmpolemunx uepes
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NEPEropofKy 32 eJUHHILY BpeMeHH MOJEKYJ:
Ni~ny(v,), N2~n2(02), (I)

TAe A; U N, — KOHIEHTPAIUH JETKOTO H TSKEJOro H30TONOB
nepel neperoponkodi, a {(vy) # (vU,) — CPeLHHE CKOPOCTH HX
TenIoBoro fapuxeuus, OTHOIEHHE KOHUEHTPAUUH MOJeKy.J
rasa KaxJoro HsoTona nocje NpPOXOXKJCHHS uepe3d OfHY syed-
Ky paBHO

— Ny — <>
e N, ny{v2) (2)

Ecau 661 cpeiie CKOPOCTH TEMJIOBOTO ABHKEHHST MOJIEKYI,
CONEpIKAMUX pa3HEle H30TONBI, OBIIM OAMHAKOBBI, TO, Kak
BUAHO 3 GopMYJbl (2), OTHOLIEHHEe KOHUEHTPALHH JETrKOro
M TS2KeJO0To H30TONOB ObL10 Obl TAKHM 2Ke, KaK H 10 Nepero-
pouku. OJHAKO H3-32 Pa3quyMs MacC PasHEIX H30TONOB Tel-
JIOBblE CKOPOCTH MOJIEKYJ C JIETKUMH U THAXKeJbIMH H30TONAMH
OKa3bIBAIOTCS PA3HBIMH, XOTHl CPEHHE KUHETHYECKHE FHEPTHH
TeX U APYTHX MOJEKYJ OLMHAKOBB M COOTBETCTBYIOT TeMmepa-
Type cmecil. Tak KaK cpefHAs CKOPOCTb TEMJIOBOIO ABHKEHHS
NPONOPLIHOHAILHA KODHIO M3 OTHOLUEHHS TepMORHHAMHYECKOMH
TeMIepaTypbl K Macce MoOJeKYJbt:

vy ~V Tjm, ®3)

TO Y MOJIEKYJT JIETKOrO H30TOMa 3Ta CKOPOCTh Ooblie, H mocJe
NPOXOMKACHHS 4Yepe3 MepPeropoiky COneprKaHHUE JETKOIO H30-
Tona B cMecH yBesqnuuBaetca. W3 coorHomenus (2) npu yuere
(3) caenpyer, 4ro

ny My ni He \

Yl—ﬂz my  ng By

Ha Bxoge Bo BTOpyiO s4elKy OTHOLIEHHE KOHI[eHTpanui
JIETKOT'O H TAXEJOr0 H30TOMOB B CMECH PABHO YkKe He n,/n,, a
! na 153 ’

[Tostomy moc/ie NpoXoX/IeHHS BTOpOi suefiKH OTHOWIEHHE KOlI-
uenTpauui OyzeT paBHO
'—' —\2
_ 9_2_21( Ea) 5
L=V Y oG T m (5)
Jlerko BHAETD, UTO MOC/IE NPOXOKAEHUS B AYCEK OTHOILCHHE
KOHUEHTpAUMH Yx Bbipaxkaercss GopmyJof

v (V) ©
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Ecnu MBI XOTHM, 4TOGH y, Oblio Gosibiue, YeM ni/n,, B
10 pas, To, KaK BuAHO U3 (6), HEOGXONHUMOE YHC/IO AYEEK

1 2
k (=3 — . 8
gV pa/is g (pafpa) 0

Ws-3a Manoro pasanunusi B Maccax MOJEKYJ C PasHEIMH H30-
TONAaMH NPHXOAHTCA MPOBOAUTH OOJBLIIOE YHEJIO LHKJIOB 05O~
raiedusa. Tak, Hanpumep, Ans IecTH(PTOPHCTOrO ypaHa co
cmechlo usoronoB U wm U pois yBesMHYEHHUS OTHOIMEHHsI
konuentpanuii B 10 pas tpeGyercst COEIUHHTL NOCAEIOBATE b~
HO oxojo 540 syeek.

B sakJuioyerue OTMETUM, YTO B KamJIOH syelike mo Mepe
IPOXOXKJEHHs Ta3a Yepes NOPHUCTYIO NEPeropoiky ConepiKaHue
TSKEJIOr0 M30TONA B CMeCH, HaXoAsieHcst nepez Ileperopor-
Ko#i, IO/KHO Obl10 OBl yBeNHYHBATHCs. A 3TO, B CBOIO 0Yepeib,
1puBOAK/I0 OBl K TOMY, YTO YBENUIHBAJIOCh Obl HHCJIO TIPOXOAA -
KX Yepes Neperopoiky MoJeKy. ¢ TsaxKeabIM H30TonoM. B pe-
ayabTaTe S(OOEKTUBHOCTL paboTH fAUeHKH CHHxKAlach Obl.
UrobH 3TOr0 He NMPOHCXOAMJIO, HYKHO OCGHOBIATB CMeCh Mepes
NepEropofKoH, He A0oNMycKasa HaKalJMBaHus rasa, oforaleHio-
ro TSXKeJBM H30TOMOM. [lo3tomy oOOTAlEHHBIH TsXKelbIM
}JI30TOTIOM r'a3 OTKAauHBaeTCsA U HANPABJALTCA 11a BXOX NPEABIAY-
ek cTynmeHd Kackaza (puc. 8.1).

OnucauHblf cnioco6 npuMeHAeTca [JiA pasfefeHus U30To-
NOB ypaHa B KPYRHBIX NpPOMBIUIEHHBIX MacwTabax. Mpes
storo Metola Orwia npeinoxena Paneem eme B 1896 r. 4

9. Cocyn [Iproapa. CoxikeHHble rashl XpaHAT B cocylaX
Hpioapa, KoTopnle NpeicTaBAAIOT COGOH CTEKIsHHBIE WK
MeTaIHIeCKHe KOaAGH ¢ ABoHHmIMH creHKamu (pHc. 9.1},
13 mpocTpaHcTBa MEXKAY CTEHKaMd OTKadaH BO3AYX, 4YTO
NPUBONHT K YMEHBLIGHKIO HX TemJaonpoBogHocTH. Tak Kak
_BECh BO3JlyX BbIKauaTh HEBO3IMONKHO, TO OCTABILHECS MOJCKYJLI
GyAyT NEPEHOCHTb TEMJIOTY OT OKpYyXaloliell cpeisl K cojep-
;xumoMy cocyna [proapa. 3ra ocratounas TElJIONPOBOAIOCTE
CTEHOK NPUBOJUT K TOMY, UTO HAXOAAMMACS B COCY e CHHKCH-
MBI ras HenpepelBHO Hcmapsietcsi. [IpH 3amosHeHHH coCyza
Jlpioapa xHUIKUM a30TOM, TeMIepatypa KHIeHHs KOTOPOro npi
nopMaJibHoM atMocdepHom Jasiennd paBHa 77,3 K, oxasa-
J0Ch, 4TO 33 eIMHHUIY BpeMeHH Hcrapu/aack Macca M, azora.
Kakas macca raza UCIapHTCSt U3 3TOMO Xe COCYyJa 3a eIHHILY
BPEMEHH, €CJH €ro 3a0MHNUTh KUJKHM BOJOPOIOM, TeMIIepaTypa
KnileHusi Koroporo pasHa 20,4 K? Temmepatypa okpymar-
el cpens! B o0oMX cayuasx pasHa 300 K.
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A TlepeHoc TeN/IOTHl NPOMCXOIUT NMPH TaKHX OTKJIOHEHHAX
OT COCTOSTHUS TEPMOAHMHAMHYECKOTO paBHOBECHS , KOT/ia pas/ing-
Hble YaCTH CHCTEMBI HMEIOT pas3nyio TeMneparypy. Ilpu oGrunpix
YCJIOBHAX MEXaHH3M TEIIONPOBONHOCTH Tasa 3ak.Jloyaercs
B CAeJyioleM: MoJIeKYas u3 0osee ¢ropadeils obgacTH B pe-
8yJIbTATe XAOTHYECKOTO MABIDKEHHS! IIepeMellialoTest Mo BeeM
HalpaBJeHUsIM H, CTAJIKHBAsAChH ¢ MoJe-
KyJamMH H3 OoJsee «XOJOJHLIX» ofaac-
TeHd, MepenaloT UM YacTh CBOCH 3Hepruu.
Kaxpass MoJsekyna MoXeT nepeHecti
«M30BITOK» TEIJIOBOH 3IHEpPTHll Ha pac-
CTOsIHHE Nopsijka cpefHedl NJIHHBL CBO-
GoxHoro mpoGera A. IlosTomy nosHbIH
NOTOK TEIJIOTBI OT yuacTka ¢ GoJjiee Bhl-
COKOH TeMIlepaTypoil K ydacTky c 6oJjee
HH3KOH TeMRneparypo# nponopiHoHaseH
KOHILGHTPALH MOJEKY.1 N U UX cpel-
Hefl AJjiuHe cBoGoAHOro mnpobera.

Kaxnasa u3 BeJIUUHH A M A 3aBHCHT
OT JaBJeHHsA, NPH KOTOPOM HaXOIHUTCSH
raz. Ho ux npouseeneHHe He 3aBHCHT

Puc. 9.1. ¥YcrpoiicTBO
cocyna Ibioapa OT JaBjeHusi. B camom jene, BCOOMHHTE

3agauy 6 O TOPMOXKEHHH CHYTHHKA B
BEPXHHX c/0AX atMocdepsl, Ijie 06CyKjnanoch, OT 4ero 3a-
BHCHT cpejHss JyTnHa cBoGOHOro npobera Mosekya. Tam 6bi0
MoJy4eHO COOTHOLIEHHE

noa1. (1)

Bennuuna o=nd? (d — JuaMeTp MOJIEKY/bI) OT JaB/JEHHA He
3aucur. [o3TOMy He 3aBUCHT OT JABJACHHA M NPOH3BENENHe
nk, XOTsl KOHIEHTPAIH MOJEKY/ 7 NPONOpLHOHalbHA JaBJe-
HHIO.

Takum ofpasoM, npu OOLIMHBEIX YCJAOBHAX TeNJONPOBOA-
HOCTb r'a3a HE 3aBHCHT OT [HaBJeHHsd, uBO Bce OCTa/lbHbIE Be-
JIMYUHBL, BXOAAILUE B BhIpAXMEHHE V1A NOTOKA TEIJIOTH (pas-
HOCTb TeMmItepatryp, WIOmMAAb CTEHOK H pacCcTOSHUE MexXAy
HUMH), TaKXKe He 3aBHCAT OT JaB/ICHUA.

Tak 3auem xe B cocynax [{proapa oTKayuBAIOT BO3AYX H3
MpocTpaHcTBa MeXAY CTeHKaMu? Bce 810 B TOM, 4TO IpH OYeHb
HHU3KOM JiaBJE€HUH rasa, KOrAa JUIHHa cBOGOJHOro mnpoera
MOJIEKYJ/I OKasbiBaercsi Go/Ibllie PAcCTOSHHA MEXKAY CTEHKaMH,
MEXaHH3M TEMJONPOBOAHOCTH CTAHOBHTCA APYTHM! MOJIEK /bl
raza cBoOOZHO [OPOJIETAIOT OT OJHOH CTEHKHU JI0 JAPYrof,
i{{e CTaNKuBasiCh APYF ¢ APYIOM, H NEePEHOCAT «U3OLITOK» SHEp-



9. COCYL [MIDbIOAPA 191

I'MH HENOCPeACTBEHHO OT CTEHKHU K cTeHke, Tenepb Tenaomnpo-
BOJHOCTB He 3aBUCHT OT AJHHBEI CBOGOZHOrO mpofera MoJieKkyJ1 —
BaXHO JIHILb, 4TOObl OHa INpeBHIIIAJA pacCToAHHE { MeXAY
ABOWHEIMH CTEHKaMu cocyja. TaK Kak NOTOK TeNJoTl, pasy-
MeeTCd, H B 3TOM C/lydae NPONOPIHOHANEH KOHUEHTpallUd Mo-
JIEKyJ1, TO 4eM HHXe jaB/eHHe OCTaBIIETOCH MEKAY CTEHKaMu
BO3/lyXa, TeM MeHblue OyJeT ero TEMJIONPOBOLHOCTE.

s Toro 4toObl OUEHHThL MOTOK TEIJIOTHL OT HapPyXHOK
cTeHKH cocyla [broapa K Xo/1010H BHyTpeHHel cTeHke, 6yiem
CUMTaTh, 4TO KaXJIad MoJeKy/Ja BO3NyXa, NOKHJAAas CTEHKY
cocyja, MMEET IHEPIHI0, COOTBETCTBYIOLIYIC TEMIIEPATYPe 3TOH
crenkd. CrankuBasicb ¢ Apyrofl cTeHKoH, MOJeKyJa LeJAKoM
nepeflaetT efl cBOKO 3HePruio. Jpyramu c/J10BaMH, Mbl CUHTAEM,
YTO B3aMMOJEHCTBHE MOJIEKYJ CO CTEHKOH HOCHT XapakTep
Heynpyroro yaapa. Ecau Obl yaap MOMeKya O cTenKy Obla af-
COJIIOTHO YNPYTHM, TO MOJIeKyJ/ibl rasa BooOile He NepeHoCH/In
OBl TeILIA.

Dynem cuuTaTh, 4TO HapyKHaAf CTEHKA COCYAA MMEET TeM-
neparypy To, paBHyIO TemIeparype OKpyXalomel cpejbl.
Haxopsamuiica B cocyse [Ipioapa CKMKEHHBIH ras Bce BpeMs
[IOHEMHOTY BHIKHMAET, MO3TOMY, HECMOTPA Ha HeNpPepLiBHBI
MoABO TETLIOTHI, ero TeMIepaTypa ocTaercs HeusmenioH. [op-
ablinke cocyna lbloapa nep:KUTCS OTKPBHITBIM, YTOGhI HCHa-
puBlnics ra3 MOr CBOJOZHO BBIXOAUThL B aTMocdepy — B
NPOTHBHOM CJydae COCYJ HellpeMeHHO B30PBETCH BCJAEJICTBHE
HeNpephIBHOro pocta Aas/ienus. Takum oBpasoM, Temneparypa
BHyTpeHHEH CTeHKH DaBHa TeMmepaType Kunenus 71, CKuxKell-
HOrO rasza IpH aTMocdepHOM HIABJIEHUH.

[loTox 3HepruH, nepeHocHMbil MOJEKYJaMH BO3LyXa OF
ropstuefl CTEHKH K XOJIOAHOH, MPONCDPLHOHALEH SHEPTHH yJje-
TaomeR MoJleKyJanl (T, €. remneparype ropsdyed creHku T)
i YHCAY MOJIEKYA 2, NOKHAAoWMX FOPAYYIO CTeHKY 32 eXHHHILY
spement. CKOJIbKO XKe MOJeKyJ TOKHJAT Topadylo CTEHKY?
OdeBHIHO, CTOJIBKO XK€, CKOMbKO NMPHIETAET K HEH OT XOJ0HOH
¢TeHkH. Hucn0 TakHX MoJIeKysa NpONopUHOHATBHO KOHIEHT-
palii MOJIEKYJT, HMEIOHIMX TeMNepaTypy XoJORHOH cteHku T,
I HX cpenHeH ckopocTH {vy):

2~n,{0,). 2)

[TosToMy NOTOK 3HEPTHM OT ropstyell CTEKH K XOJORHOH Npo-
nopuyoHaned npousBepenuio T oz~ T o1, (v,). AHaJoruuso, no-
TOK 3HCPIUMHU, NEPCHOCHMBIN MOJACKY/JIaMKH OT XOJOALGH CTeHKit
K ropsiuef, nponopimouanen npoussepeHuio T2~ Tn,{v,).
CJrefoBaresblio, NOTOK TENAOTH () OT ropsyefl CTeHKH K XQJ0j-
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HOH, paBHBLIA PA3HOCTH BCTPEUHHIX MOTOKOB SHEPTHH, MPONOP-
IMORAMEH PA3HOCTH TeMNepatyp, KOHLUEHTPAllHH M cpejHed
CKOPOCTH MOJIEKYJI:

Q~A(T o—T) 1y (0y). 3)

KakoBa e KOHLEHTpalHUs 7; ¢XOJORHBIX» MOJEKYyJ BO3-
JyXa B IIpocTpaHcTBe MexAy cTeHkaMu? EciH 0603HagHuThb
qepes 71, KOHILeHTPALIHIO <TOPAYHX» MOJIKYJT, T. €. TeX, KOTophle
NOKHHYJIH HAPYXKHYIO CTEHKY, TO CyMMa 7,1, paBHa MOJHOM
KOHIEHTDPAIHK BO3AyXa N MeXAY CTeHKaMH:

n=n,-+n,. 4)

Kak yxe orMeyasoch, K ropsiyeif CTeHKe MpUJIeTaer B eJHHUILY
BpPeMeHH CTOJMBKO e MOJMEKYJa, CKOABKO M K Xodopdo. [lo-
3TOMY

n1<01)=n0<00)- (5)

Tak xak cpexHsisi cKOpOCTb NPONOPIHOHANbLRA KOPHIO H3 Tep-
MOJMHAMHYECKOH TeMnepaTypnl, TO U3 paBeHCTBa (5) uMeeM

Ry = 1y <0< =, V T4/ T, 6)
Ioacrasasst n, B cooTHowenue (4), Haxoaum

v

n
MLV TIT, 0

Teneps BripakeHue (3) 415 NOTOKA TENJIOTH MOXKHO NIEPLMUCATD
B BHJE

Q~ (To—Ti)——”l/—Tm}—zn VIT.VT—VT). ©

3a cuer 370r0 MOTOKA TEMJIOTHI 33 EAHHUILY BpEMEHH HCMapsieTcs
Macca CKUMKEeHHOro rasa M, paBHast oTHoWeHHO Q K ynenbHoi
Tensiote napooGpasosaHus A:

My~ oV TT 0 TV T, ©)

Touno Takoe Ke Boipa)keHHe OYIET CPaBe/IMBO U B TOM CJY-
yae, KOrfa cocyn Jlploapa sanosneH APYrHM CHKHIKEHHBIM ra-
30M, Y KOTOPOTO TeMleparypa KulleHHs paBHa 7., @ yJeabHas
Tem10Ta napoodpasoBaHust paBHa A,. Bce onymennbie B dop-
myJe (9) KoshpuiueHTs MPONOPLUHOHAILHOCTH e 3aBHCAT OT
TOro, KakoH MMeHHO ra3 Haxonurcst B cocyze. [loatomy anst
OTHOLIEHHS MacC pasHBIX 'a3oB, HCHOAPAWHXCA 33 eAHHHLY
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BpeMeHH M3 OJHOro M TOro e cocyAa [eioapa, MO/yyum
My M/ Ts VT~V T,
MRV TR YT
[Toacrasiisia ciofa 3HAYCHHA YACJABLHOH TeMIOTH NapooGpaso-
Banus sogopoaa A,=4 5-10% Ixk/kr, azora A;=2,0-10° Ik/kr
u ux remneparypst Kutienus T,=204 K, T,=77,3 K, nafinem
l’V[z/Mle,SlL.

[onyynnocs, 4T0 MO Macce BOAOPOA BHIKHOAET H3 COCY/A
Hosloapa mejnennee asora, XOT TeMneparypa KuUfleHHS BO-
Jopoaa Hmke. OnHAKO €O CKOPOCTHIO BbIKHMAHHA 110 00DBEMY
Bce obcrour HHaye. [1IOTHOCTL KUAKOrO BOAOPOJA PaBHA
npumepno 0,07 r/cm®, asora 0,8 r/cm®, nosroMy Aasi OTHO-
leHust o6BEMOB  ucnapuBWHXcs BoAoposa V., u azora V,
nonyuaeM V./V,=3,89, T.e. BoAOpoN BHIKHNAET NPHONH3H-
Te1bHO B 4 pasa ObICTpee aszora.

W3 Qopmyast (9) BuAHO, YTO Macca HCNApSIOMErocs rasa
NPONOPUHOHAMbHA KOHIEHTPALUH 7 OCTABILEroCs MeKAY CTeH-
kamu cocyaa [Hploapa Bosayxa. [lostoMy Ttennousonsius
Gyaer TeM Jyyqlle, 4eM 3TOro Bo3Ayxa MeHblue, OOGBIUHO COCY /b
Huioapa OTKayuBaloT 10 BBICOKOro Bakyyma (107*—107" mm
pT. €T.). DTO COOTBETCTBYET KOHLEHTPALHH OCTABIIErOCs BO3-
aAyxa a=p/kTy~101—10 cv~3%, TIpu TakHX KOHUEHTPALUAX
IyuHa cBoboAHoro npobera Gyaer cOCTAaBAATH, KAaK BHAHO H3
-coorHowenus (1), Beauyuny nopajaka A= 1/(nnd*)~10—10% cu.
Paccrosinue Mexcly ABOHHBIMH CTeHKaMmM [ OObIYHO PABHO He-
CKOMbKUM Muanumerpam. [JosroMy I[pH TakoM JaB/JeHHM
ocTaBulerocs BO3AyXa CpeiHds Aauna cBobopHoro npobera
3HAYHTEAbHO IIpesbllllaeT PACCTOSHHE MeXAy CTeHKaMH H
MEXAHU3M TerUIONPOBOJHOCTH HMEHHO TAKOH, KAaKOH PaccMor-
peH B 3ajage.

[Mpu naB.ieHuH BO3AyXa MEKAY cTeHKamu nopaaxa 1072 Mm
pT. CT. ATHHA CBOGOIHOrO mpobera CTAHOBUTCH CPaBHHMOI c
paccrosHueM MKy creHkamu. [Jostomy orkaika A0 Takoro
wan GOMbIIero AapaeHus BOOOIIE JHIIEHA CMbICAA, MOCKOALKY
B TAKUX YCAOBHAX TEMJONPOBOAHOCTD BO3AYXA He 3aBHCHT OT
JABJIEHHA.

[ToBepxHOCTIl CTEHOK COCyAa, OOPas3yIOUIUX BaKYyMHOS
HPOCTPAIICTBO, OOBIMHO MOKDBIBAIOTCHA TOHKIIM CJoeM cepedpa,
uTOSBl YMEHBIIUTH JAYYHCTHIH TenMo0OMeH MEXAY CTelKaMmH.
Ilostovy B fauHOM 3a/aye Mbl ié YYHTBIBAAU JTYYHUCTYIO COCTAB-
JSIOMYI0 TCILIOBOIO [OTOKA,

Cocynsl [poapa HCHOJL3YIOTCH U LA XPaHEHHs BeLLecTB
npu remneparype Gosee BbLICOKOH, UeM TeMneparypa OKPyKa-

(10)



194 V. MOJIEKYJISIPHASt ®H3HKA B TEPMOJHHAMHWKA

oniefl cpensi. PaenpocTpaneHHnle B GuITy TepMoCh NPejCTaB-
JSI0T cofolt CTeKnAHHbE cocyAbl [pioapa, sak/ioyenHoie B
METaVIHIeCKYI0 H/IM TWIaCTMACCOBYIO 000JOYKY IS 3alUThi
OT TNOBDPEXJEHUH. A

10. TennoeMkocTh HAeanrHoro rasa. OxuH MoJb Waed/ab-
HOTO rasa HarpeBa®T [Py TaKUX YCJAOBHSX, 4YTO JaBJIeHHe
rasa nponopuuoHanbHo ero oObEMY:

p=aV,

Te o — nocToshHasg. (3hech MoAsAPHBIH o0beM rasa 00o3Ha-
uen yepes V, a ne V,, urtofpl He 3arpoMoKAars (GopMyJbl.)
Haiinute tennoemkocTs raza B 3ToM npouecce. [lonpobyiite
NpPUAYMaTh YCTPOHCTBO, B KOTOPOM JaB/ieHHe raza W 3aHHMae-
Mbit UM OObem Oblmu Obl CBS3aHBI TAKHM COOTHOLLEHHEM.

A TennoeMKOCTh HIeANbHOTO Fasa (KAaK u moboH Apyrod
(hu3uuecKoll cuUCTeMbl) SiBAseTcs (U3MYECKOH BeauyuHOH, Xa-
paKTepH3ywlled He CTONBKO caMy CHCTeMY, CKOJAbKO RpOuC-
XOAAHIMH B HeH npolecc.

BenoMHuM nepBblil 3aKOH TEPMOAHHAMHKH — 33aKOH CO-
XpaHEeHUs SHEPTHHU /I NPOLECCOB, CBA3AHHLIX € Tensonepesa-

yei:
AQ=AU-+AA N

— coo0IeHHoe CHCTeMe KOJIMYecTBO TenvoTsi AQ onpenenser
M3MeHeHHe BHYTPeHHeH 3Hepruu cuctemsl AU u COBEPLIEHHYIO
npu 3ToM cHcremoli pabory AA. PaccmarpuBaemas Hamy
CHCTeMa — HJeaJbHbll Ta3, ero BHYTPEHHSS JHEpPTHs He
3aBHCHT OT 3aHHMAEMOTO UM 00DLEMa H Olpejeasercss ToMbKO
temneparypoii. Ilostomy npu mwoboM crnocofe narpeBaHus
raza Ha AT ero BHYTDeHHAs 3HEpPTHs HU3MEHSETCs HA OJHY U
Ty ke BeJHyHuHy. A BOT coBepiiaeMmas rasoM pabora NpH 3TOM
MoKeT ObiTh pasjuuHof. Hampumep, npu narpeBaHHu npu
nocToAHHOM 0ObeMe ra3 Boofue He coBepluaer paGoTsl, a npu
HarpeBaHiy [PH NOCTOSHHOM JA4B/ICHHMH COBepuideMas Iasom
patota AA=pAV. B pesynstare, Kak BUIAHO H3 YPaBHEHH?
(1), rermoemkocts rasa C=AQ/AT oka3siBaercs pasiudHoil B
3aBHCHMOCTH OT TOTO, [IDH KaKHX YCJAOBHSIX TNPOHCXOAMT €ro
HarpeBande. B nepBoM ciyuae TeNJOSMKOCTb OXHOTO MoJsd
obosnayaercas C, u paercs Qopmyoil

C,=AU/AT. 2)
Bo BropoM ciydae TensoemKkocTh obo3nayaercs €,, M € nOmo-
utbio ypaBueHua (1) L Hee nosyyaeTes BbIpAXKEHHE
C,=Cy+pAV/AT.
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V3 ypaBuenus cOCTOSIHUSI OAHONO MOJIA MAea]bHOIO rasa
pV=RT npu noCcTOAHHOM JaBJeHHH Haxoaum pAV=RAT.
Teneps A5t TENIOEMKOCTH CF OJHOrO MOJA HJeaJbHOro rasa
nonayyaem

B ofmem cayyae A1s naxopAeHUA TENJIOBMKOCTH — Trasa
HYKHO yMeTb BBIYHCJAATL DabOTy, COBepIIdeMyio T[a30oM npu
ApOH3BOJMBHOM Mpolecce,

Kak ke BbiHCJAHTL paboTy, COBepluaeMylo rasoM, Korja
ero jJaBjieHHe He OCTAEeTCsl MOCTOSHHBIM, a CBSI3aHO ¢ 00LEeMOoM
cootHowenneM p=al? OueBuaHo, y1o paboTa TaKKe BhIpA-
xaercst cooTHouienneM AA=pAV, HO TONbKD NPH MOCTOSHHOM
AaBaeunn AV wmorsio ObiTb J00bIM, a B paccMaTpHBAEMOM
cayuyae AV HYKHO BHIOHPATH HACTOIBLKO MaJibiM, UTCOB! MOXKHO
OblTO npeHeGpeys U3MEHSHHEM JaBiaeHust Ap npu paciinpeHun
raza ua AV. Tenepov nyxuo cBsuzare pAV npu masom uzme-
HeHHH of0beMa ¢ H3MeHeHneM Temmeparypsl, [asi sToro Boc-
NOMb3yeMCSl ypaBHEHHEM COCTOSIHIS

pV=RT. *)

[Mycrs npu usMenenuy Temneparyps raza #a AT ero ofnem
usMenuscst na AV, a nasirenne — na Ap. OTH usmeHeHHs CBSI-
3aHbl MeXxJy co0oft OGmarofaps ypaBHEHHIO COCTOSHHUSA:

(p-+-Ap) (V-+AV)=R (T-AT), (5)

Boluuras Boipakenne (4) u3 (5) u nperefperas MaasiM 4JIeHOM
ApAV, nonydaem

pAV+VAp=RAT. 6)
B paccmaTtpuBaeMoM npoiecce, KOrja AaBjeiie ra3a npomop-
HonadbHo ero obmvemy, umeem Ap=aAV. [lostomy

VAp=aVAV=pAV. 7
[Moacrasans VAp uz soipaxkenust (7) 8 (6), Haxoaum

AAd=p AV=RAT/2.

C momouipio ypasHenus (1) naxoAuM TeN0EMKOCTb I'a3a B 3TOM
npouecce:

C=Cy+R/2.

Benomunas cBasb Cy u C,, naBaemyo (opmy.ioi (3), samedaem,
yro C MOXKHO OPEACTaBHTL B BHZE

C=(Cy+C,)2.
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OrmeruM, 4TO B TPeX DacCMOTPERIBIX HaMu [poleccax
(HarpeBanue rasa NpH NOCTOSHHOM o0beme, NPH NOCTOSHHOM
JiaBaesny 1 npi p=aV) TensoeMKOCTb rasa oCcTaerca HOCTOAH-
HOM Ha BCeM TPOTSKEHHH mpollecca,

Teneps noaymaem, Kak npakTHYECKH MOXKHO OCYIULECTBHTL
YCTPOHCTBO, B KOTOpPOM JaBJeHHe Ias3a HpOoMncplyOoNaNbHo
3aHIMaeMOMy ofBeMy. DTo, HalpuMep, MOXeT GhiTh COCYR C
nopiixem. [locraBuM ero BepTHKanpHO. J1a Toro 4To0b! Ha-
rpeBaHiie Tasa NPOHCXOAUIO NPH MOCTOAHHOM OObBEME, NOop-
IeHb HYXKHO 3akpenuTb. L1 HarpeBaHus NpH MOCTOAHBLOM
JIABJICHHH MOXHO NOJOXKHTH HA HOpPIUeib NOCTOSTHHBIH I'Py3.
B untepecyoineM nac ciayyae MOMKHO DONBITATLCA NOJNEperb

T = 3 T I

Puc. 10.1. YcrpolicTBo, B KOTO- Puc. 10.2. K Bn6opy napa-
POM llaBJieHME rasa MoxeT GHiTh METPOB YC1pOHCTBA, B KOTO-
NPONOPUHOHAALHO €ro o6Lemy poM p=aV

nepuiens ynpyro#l npyxunoit (puc. 10.1), nocKoasKy Bcsej-
cTBue 3akoHa I'yka jeficTBywliasi Ha nopuiens cO CTOPOHH
NPYKHHB CcH1a OYZeT JMHEHHO 3aBHCETb OT €ro CMelleHHs.

Kaxk nopoGpars napaMerpsl 3TOro yCTpoHCTBA, 4YTOGH
BHLHIONHANOCH cooTHouenne p=aV? [1pu V=0, xoraa nopuetn
JexuT Ha ane (puc. 10.2), naBrenne rasa noj nopiiHeM A0KHO
ObITb PABHO HYJIO, NMOJITOMY CHJA THKECTIH /mg, JeHCTBYIOAs
Ha noplels, U cuaa atmochepHoro AaBsaeHust peS (S — MIomans
nopuiHs) JOMKHBL  YPaBHOBELUHBATLCH CHJAOH PACTHKEHHS
HPYKHHBI:

mg-+p,S=k (I—1,). (8)

3pecs kb — MeCTKoCTb ApYKUHBI, [y — ee JJMHA B CBOGOHOM
cocTossHud. MTak, Hy:KHO moao6parb Takyio npyxHHY, YTOGLI
coorHoluetne (8) BumoaHsnock. [Iposepum, Oyjger Jau npu
3TOM JABJEHHE I'a3a p NpPONOPIHOHANBHO ero ofbeMy V npu
NPOU3BOJILHOM nonokeHuu nopiuns (puc. 10.1)., Hanuewm
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yCa0BUE PABHOBECHST TOPHIHSA:
mg+poS=k (I—l—x)+pS.

Orciona ¢ yuerom papeHcTBa (8) noaydaeMm

kx k
p:’g‘:ggv.

[TonpoGyitre npuiymars apyrue ycrpoicrsal A

11. YcraHosaenue papHOBecHs. B pacno/omenioMm ro-
pu3onTaqbHO muHHApe (puc. 11.1) caema or sakpensex-
HOro NOPLIHS HAXOAHTCHA MAEANLHBIH Tas, B npaBof 4acTu
uuanuapa — Bakyym. Hwminap  temsousonuposalt OT - OK-
pyxaiouei Cpelpl, 4 IPYKIHA, PACIOIOKEHHAT MEeX]y nopui-
jleM M CTeHKO#, HAXOAMTCH
nepBoHayaybHO B Henepop-
MHUPOBAHHOM COCTOSIHHH,
[TopiueHs  OCBOOOKIAIOT, I
focjle YCTAHOBJIEHHS PABHO-
pecuss o0BEM, 3aHUMaeMbiii
raso, yBeJHYHBaeTCs BABOE,
Kak u3MeHUJHCh NPH 3TOM
TemuepaTypa u JaBjJeHie ra-
37? TenioemkoctaMu um- Puc. 111 Cocyn ¢ ragom remjo-
AuiApa, NOPILHS H NPYXKH- H30AHpOBAH OT OKpYymaowel cpesol
Hbl npeHeOpeYd.

A [lo ycnosuio 3ajadn BHayase NpyxKuia HaXOAMTCH B HE-
12)OPMHPOBAHHOM COCTORHIIL H CUJla J@BJEHII rasa ua nop-
IUeHb YPABHOBELIHBAETCA yUOPOM, YAEPKHBAOLLHM opieHb,
Korna ynop y6upaioT, fopiieHb 101 JeHCTBHEM JABJEHHS rasa
nepeMeryaeTcsi BNPABO H CXKHMACT NPYXKUHY. [To unepiun
uoplleHb MPOCKAKHBAeT nOJ0XKeHHe pPABHOBECH:, M cKaTast
NPY’KUHA 1OC/e OCTaHOBKH TOIKACT €ro o6patHo. B cucreme
BOZHHKAIOT KOJeOaHHs, KOTOpbie BCJEACTBHE TpeHHs locte-
nepno 3aTyxaloT, W NopuleHb OCTAldB/BAeTCAd B NO.10KCHUH
pasioBecHsi. B HauanpHOM COCTOSIHH BCS SHEPLIIA paccMmar-
pHBAeMOl CHCTEMbl COCTORIA TOMLRO U3 BHYTPEHHEH 3HEPrHH
raza, n6o nopuieHs Obil HEeNOJBIKEH, @ NpyKuna 1e Jedopui-
nopaHa. B KOHEUHOM COCTOfIHHY SHEPIHA CHCTEME CKJa/bIBA-
orcs M3 BHYTPeHHe[ sHepruH rasa u [OTeHIIHANBHON 3HEPIHH
cwatoit OpYyXuEbt, B mpouecce YCTAHOBMEHHS DABHOBECHH
POHCXOIM/IH MHOTOKPATHBIE NPEBPAILEHIS SHEPIHH H3 OJIHOIO
puga B APyrHe: BHYTDeHIsis SHePrHs rasa qaCTHIHO npeppaliad-
Jach B KHHETHYECKYIO SUEprHIO MAKPCCKOIHYECKOrO ABIRKCHA
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Tasd B LMIMHAPE BCJIel 3a NOPUIHEM, B KHHETHUECKYIO 3Hep-
THIO TOPUIHS, IIOTEHHHANbHYIO SHEPTHI AehOPMHpPOBaHIION
NpyXuubt i 00parHo.

B npouecce KoneGaHuil BCAEJACTBUE TPElUHs MeXaHuyecKas
SHepris npeBpamanacs B TeNAOTY, T. €. BO BHYTPRHHIOW SHEP-
rmo rasa. MavenenueM BHYTDeHHeH 3HEPrHH NOPILHS, CTEHOK
coCyJa M NPYKHHB MOKHO npeHebpeub, TAK K4K [0 YCJIGBHIO
331444 HX TEIVIOEMKOCTDb MaJja 10 CPABHEHHIO € TEIJIOEMKOCTHIO
rasa. Ha ocHoBaHMM nepBOro 3aKoHa TePMOJAMHAMHKH MOXKHO
YTBepKAaTh, YTO TMNOJIHAA 3HEPrUsi CHCTEeMbl B pesyJbTare
BCEX STHX NPOLECCOB HE H3MEHUAAch, TAK KaK TeljiooOMmeH ¢
OKpy#alowei cpejloif OTCYTCTBOBAM H CHCTEMa He COBepliana
MexaHuueckoll paloTsl HAaZ BHEHIHUMH TeaaMH.

CoxpaHenue NOJHOH SHEPTHH CHCTEMbI BbIpaXKdeTcH COOT-
nomeHueM

AU+ —0, m

TAE BTOPOE cjaaraemoe eCTb noreHluanbHas Heprisa npy)KHH]:I
MECTKOCTH k, CKATOH 112 BEJIMIHHY X, @ H3MEHEeHue BHYTPeHHel
BIiepFHI/I HIeadbHOro rasa npu H3MEHEeHUHU €ro TeMnepaTypu
or T, jo T, pasHo

AU =~vCy (T,—T,), )
rie v=m/p — KonuuecTBo rasa B uuaunjpe, a C, — Monsip-
pas TenJO0eMKOCTb HAEaNBLHOrO I'a3a IIPH HOCTOSITHHOM O0BheMe.

B nosioxeHuu paBHOBeCHsi CUNA aBA€HUst ra3a Ha NOPLLUEHb

nAoMWaAd S ypaBHOBELIHBAETCS] CHJOH PeaKU UM CKATOH Ipy-
HUHBL:

psS=kx. 3)

Cmeuierne nopuilsi X OYEBHAHBIM 0oOPAa3OM CBA3AHO € H3Me-
HenueM obweMa rasza or V, no Vi
x=(V,—V,)/S. “y

Tlopcrasus B ypaBnenue Gananca sueprud (1) Beipaxenusa (2)
u (4), noayyum

VOy (Ty—T) =k (V,— V)28 ()
Hcnonbsyn ypapHeHHe COCTOAHMSA HJLalbHOr0 rasa
pV=vRT, (6)

ELIpA3UM JaBj€HNE rasa p, B YCAOBHM MCXaHHYECKOrO PaBHO-
Becis mopuun (3) yepes KOHCYHbIE 31a4eHnsT TeMNEPATYpbI
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u 00beMa, a CMELEHUC MOPUIHA X — C TOMOIbBI> PopMyabt (4):
’\’RTQ k (Vg—vl)

Va = ST . (7)

Pasnenus nousenno Beipaxkenus (5) u (7), nonyuum
2Cy . Vi ‘
R (1) =17t 8

Hpn 32J]JaHIIOM OTHOILEHHH HAYaNbHOI'O H KOHEYHOro o0HEeMOB

raza ¢opMmyna (8) naeT BO3MOXKHOCTH ONPEReJHTb OTHOUIEHHE
TeMnepaTyp:

T, R Vy
—T:“_l—ihm(l_‘/z) @

3Has OTHOWIEHHE OOBEMOB H TeMIIEPaTyp, MOXKHO € MOMOHILIO
ypasHeHus cocroanus (6) Ha#TH orHOUIeHHe JAaBjeHHi:

P R
P (1) 7 (10)

o :koabKy aast njaeansHOro ojnoaroMuoro rasa C,=3R/2,
a No yCJOBHIO 3a]a4H KOHeuHbl1 06beM BABOe Gosblle Haya/lb-
Horo, 10 ¢ nomouelo ¢opmyna (9) u (10) naxoaum

T2/T1=6/7, pz/,p1:3/7-

[Monyuenusie popuynbt (9) u (10) nosesno npopepuTtsh Ajs
IpeeNbHOro cayuasi, Koraa OTBeT oueBHjeH. ECiu XKeCcTKOCTh
NPYKUHbl £—00, TO I'a3 HE CMOXKET CABUHYTH NOPUIEHb ¢ MECTA,
H, CJ€J0BaTe16H0, 00BeM, TeMuepaTypa u jAaBJeHHe ra3a ocTa-
nyrcsi 6e3 usmenenusi. B atom cayuyae V,=V;, u dopmyss
(9) u (10), kax u nosaraercda, Aawt T,=T1 0 p.=p;.

12, Hamepenue oTHouwienus Ttennoemkocteil. [lis skcne-
PUMEHTAJIBIIOr0 OlPEAeNeHHsT OTHOLIEHHA TellJIOSMKOCTeH rasa
IPH MOCTOSHHOM JABJCHHHM H TIPH NOCTOSIHHOM o0beMe ==
=C,/Cy, wmoxHO npuMenuTsh caenyomuil meron. Hexoropoe
KO/IHYeCTBO rasa v, HauajbHbie 00beM M JaB/JeHHe KOTOPoro
paBuet V 1 p, xiarpesaemﬁ JBax<ibl IPH IIOMOWH 3/eKTPHYE-
CKOH crnHpasx, yepe3 KOTOPYIO MPOIYCKAT TOK B TeUEHHC
OJIHOTO ¥ TOTO XKE BpeMelld: CHauasa npH NocTostiHoM o0neme V,
NpPHYEM KoHeulioe JABJEHHE PaBHO Py, 3aTeM NPH NOCTOS HHOM
JAaBJeiull p H3 TOro :Keé HayalblIOro COCTOAHHS, NpuHYeM Ko-
HedHbil 06heM oKasslBaercs paBubiM V. Kak no stum panusiv
paccydTaTs OTHOUehHe y?

A TlocKOMbKY /eKTDHUECKHH HarpeBatesnb B ODOMX CJIY-
yagx paboTaerT OjJHHAKOBOE BPEMA, TO H NOABOAMMOE K rasy
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KOJIHYECTBO Tensotsl Gyjaetr ofnHakoBuM: AQy=AQ,. Bynem
CYUTATb, YTO YC/AOBHSI 3KCNEPHMEHTa O0eCneyHBAIOT OTCYTCT-
Ene TemsioobMeHa rasa ¢ okpymawouweill cpepoft, T. e. cocya
¢ razoM aanabarnyecky usoiauposat. [103ToMy MOXKHO HAaBHCATD

AQ,=vC, AT,  AQ,=+C,AT,, (1)

rpe Cy u C, — mosfipHble TEMIOEMKOCTH HCCAELyeMoro rasa
npH HOCTOHHHOVK ofBeMe H npu NOCTOAHHOM AaB/ieHuu, a AT,
n AT, — U3MeHeHHS TEMIepPATYPHI, I'a3a B NMEPBOM W BTOPOM
caydasx. Tax kak AQ;=AQ., 10 us popmyan (1) pa y=C,/C,,
noJiygaeM

v=AT,/AT,. @)

[TockonsKy B ONIICHIEAEMOM SKCNEDUMEHTe HU3MepsiioTcs He
TeMAepaTypa, a o0beM N AaBJeHHe raza, TO H3MEHEeHHE TeM-
niepaTypsl CaelyeT BoIPA3UTL yepe3 u3MeHeHue ofpeMa H J4B-
senus. Jlast Toro urobsl ¢j1e1aTh 3T0, HYHKHO BOCNOJbL30OBATHCS
ypaBHEHHEM COCTOSIHHA,

-Dopmyna (2) cnpaeaiupa Ads moboro rasa, He 06513aTeh -
Ho njeanbHoro, ITosroMy ecnu OGbf Mbl MOPJIH HU3MEPATH ¢
NOCTATOYHONH TOYHOCTBIO U3MEHeHHe TeMHepaTypsi, To no ¢op-
myJie (2) mpt Obl HENOCPEACTBEHHO HAXOAMJH OTHOLIeHHE Tel-
JoeMKocTeil peanbHoro rasa. OfHAKO W3MepATh H3MeHeHIe
TemnepaTypsl rasa TPYAHO, TaK KakK Takoe uaMepenue tpefyer
3HAYMTELHOTO BPEMEHH, MOKA TEPMOMETP HPHUIET B TelJOBCe
paBHOBecHe C rasoM. A 370, B CBOIO Oyepelb, HAKJABIBACT
JKECTKHE TPefOoBAHMA HA CTENeHb TenJOH3OJISALHK Tras3a of
okpyxatomefi cpeapt. Ilpu usmepennn wuaMmenenusi oGbema
M JaBjeHus rasza takue rtpefopanns He BozHuKawr, Ho 3a
yAOGCTBO H3MePeHHi NPHXOAUTLCH TJIATHTL TeM, YTO Teneph
HeoOXOAUMO 3HATH YDABHEHHE COCTOAHWA rasa.

Ecsu ycnoBus onsiTa TaKoBH, YTO I'a3 € JOCTATOMHOH TOY-
HOCTBIO MOXKHO CUHTATb HJAEAJIbHBIM, TO MOXKHO BOCIOMB3G-
BaTbCAl ypaBHelhueM Menjeneena — KnanedipoHa

=vRT. (3)

Torna B nepBom cayuae, npu HarpeBaHUH rasa NPy NOCTOAHHOM
ooreme V, umeem

(pi—p)V=vRAT,. (4)
Bo Bropom cayyae, Bpu narpeBaHun NPH HOCTOSTHHOM HAB-
JeHny p, U3 (3) umeeM

p(Ve—=V)=vRAT,. (®)
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Brpaxas ATy u AT, u3 papencts (4) u (5) u nojcTaBisn  #X
3liayeHisl B COOTHOLIeHHe (2), HAXOJAHUM

c (D — —
_or =V pip—1 A ‘
LR e Ay ey (6)

13. Hcreuenne rasza u3 oteeperusa. Kakyio cxopocts
HMeeT CTPys I'a3a, BBIPLIBAIOIErocH H3 HeGOabLIOr0 OTBEPCTHS
B CTenKe GasjoHa co cxareiM rasom (puc, 13.1)? Temnepa-
Typa H JaB/JeHHe rasa B Oa/uone nmeor 3nayenus T u p.

A Eciy pasmep oTBePCTHS 3HAUNTEJILHO NPEBBIIeT ARulty
cBoGOAHOrO npofera Mo/exy. rasa B GaslOHe, TO HCTEUEHHE
raza MOXHO DaccMaTpHBaTh Kak
Makpockonuueckuit norok. Orpauu-
YHMCS  JOCTATOYHO MAJBIM  TNpOMe-
MYTKOM BDEMeHM, TaKHUM, UTOOH
JlaBjeHHe u TeMneparypy rasa B 6aJ-
JIOHE MOXXHO OBLIO CYMTATb HEH3MeH- 7,p
noiva.  Torpa mpomecc HCTEYGHHA o oy poll
rasa us GannoHa MOMHO PACCMATPH- 55 43 orpeperns B Gan-
BaTb KaK CTallHOHapHbif, npuuyem none
TpaekTopuy JOOGHIX MBICIEHHO BhI-

JENIEHHBIX 3J1eMeHTOB I'a3a COBNAJAloT ¢ JuHHAMH Toka. Ecan
npene6peyb TAHTEHIHANBHBIMH CHAAMH BSI3KOCTH MEXIY CO-
ceJHMMH SJeMeHTaMH NOTOKa rasa, 4TO BHOJHE OfpaBjato
AJS paccMaTpHBAEMoOro mpolecca, TO A5 H3YYeHHs ABIDKERUs
raza MOXHO BOCNO/Jb30BATbCA 3aKOHOM COXPAHEHHf Heprud.

Puc. 13.2. TIpy cTauHOHAPHOM TeYEHHH HEPrid ra3a MEXKAY CeYeHuaMA
I’ n 2 (noxa3aHporo ABOHHON LUTPHXOBKOI) HE MEHsSETesi cO BpEMeHeM

BeieuM B CTAniOHAPHOM NOTOKE raza olipeieseHHyIo
TpybKy Toka (puc. 13.2). B sroit TpyGre paccmorpum raz,
HAXOAANMACT B HEKOTOPBI MOMEHT BPEMEHU MEXK/Y CeYeHHAMH
I u 2. 3a npoMe:KyTOK Bpemen Af 3ToT ras nepefijer B 10BOe
noJoxenue Mexay ceuenuamu 17 u 2’ [lpuMeHuM K sTOMY
BHIETEHHOMY Ta3y nepBuiil 3aKOH TePMOJAHHAMHKHM — 38KOH
coxpanenusi 3Hepruu, OCoGeHHOCTHIO PaccMaTPHBAEMOTO NMPo-
necca sBJISIETCA TO, YTO y BHUIENEHHOH YacTH rasa MeHseTc:]
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e TOJLKO BHYTpeHHAs 3neprus U, HO U KUHeTHUecKas dHep-
THA MakKpoCKOliHdecKoro. HanpagJsennoro asixenus £.. Iloa-
HOe M3MelielHe DHePTUHU ra3a olpejenfercs BHEWIHUM BO3jcH-
CTBHEM HA Uero:

AUFAE,=AQ-FAA’, M

rae AQ — coobuieHHoe BhICJICHHOMY Tasy KOMHYecTBO TCIJO-
e, a AA’ — paGora, cosepuieHHas JAEHCTBYIOMIUMH Ha 1a3
BHELUHWMU CHiamu 3a Bpemsi Af, B paccmarpuBaeMoM siBJeHNH
OBICTPOTO HCTEYHWA W3 OTBEPCTHsl NPOLece, NPOMCXOAAIUA
C BbIAC/IEIIHOH YacThi0 'a3za, MOXKHO CYHTATH aAHAGaTHUECKHM,
T. €. noaoxNnTs B (1) AQ-=0. Pazymeercs, Heslb3sl yTBEPKAATD,
YTO TENI000Mell ¢ COCeIHUMH yyacTKamu BooOIIE OTCYTCTBYyeT,
pefib anuabaruyeckofl ofogoukd uer! Oamako B cTpye rasa
pabota, coBepluaeMas COCEANUMH yYacTKaM# DPH «lIPOTaNKH-
BAHHW» BLIASJIRHION YacTH rasa BioJab TPyGKH ToKa, ropasfio
Soabuie, yeM AQ, H NO3TOMY TeyI000MeHOM MOXKIIO RpeHedpeys.

[Ipu Bolucaennu padorsr AA’ caegyer yuecTs, yTto geil-
CTByIOUgHE HA BHAEJNENHYIO 4YacThb rasa CH/bl JaBjeHus CO
CTOPOHBI COCEJHHX YYACTKOB B ceweuuu [ Hafpapjensi BIOJb
liepemeliestsl ¥ hDOTHBOIONOKHO NEepeMelie Hio 8 ceyeHun 2
{puc. 13.2). ostomy Beipakenue aa1s padorsi AA’ npn nepe-
metenuu ra3a 3a spems Af umeer BHJ

AA’*——plAV;—pgAVg, (2)

IAe pp U pp — JaBjeHusi raza B ceyenusix [ u 2, AV, — obbeum
yacTH TPYOKHU ToKa Mexay cedenuamu I u I, a AV, — Mexny
ceyeHusamu 2 u 2.

B papHoBecHOH TepMOAMHAMHUYECKOH CHCTeME MAKPOCKO-
nuyeckHe napamerpsl, TaAKHe KaK temneparypa 7 W AaBjieHue
p, UMEIOT OJHO H TO 3Ke 3HaueHHe Bo BCEX TouKax. B notoke
rasa, B OT/IHUHe OT PAaBHOBECHOH CHCTEMbi, 3HAYCHHH ITUX
napaMeTpoB MENSIOTCH OT TOYKH K TOYKe, TaK YTO MOXKHO
roBopuTh TOJBKO O JIOKa/JbHOM TEPMOAHHAMUYECKOM pPaABHO-
BecHu B OTIeAbHBIX HacTsix noToxka. Ho # Takoe onucamue
APHMEHHMO TOJBKO B TeX cJy4asiX, KOFda CKOPOCTb MAaKpocKo-
[IMYECKOIr0 [BUKEHHS ra3a AOCTATOYHO MeAJIeHHO MeHsiercst
B npocTpaHcTBe H BO Bpemenu. Dyaem cyurarb, uTo 310 ye-
J0BUE BbioHeHo. Toraa jgapjeHue U TeMnepaTypa rasa Meus-
10TCH BAOJL TPYOKH TOKa na puc. 13.2, HO 3Hadenus 3THX na-
DPaMeTPoOB B MNpeAe ax MajblX 3JeMEHTOB, HalpUMep MEeXAY
ceyenusaMd [ u 1’ wiu 2 m 2', MOXKHO CHHTATH HEH3MEIUHBIMI
H CBA3AHHBIMU MeXAY cO00H ypaBHEHHEeM COCTOSHMA.
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C nemompio ypasHehus eocTossns padory AA’ B (2) Moxi0
BHIDA3WTb 4epe3 FeMNepaTypnbl rasa B cevenmsXx / u 2. Cuu-
Tag, uyTo 3a Bpemsa Af uepes KaxIoe ceyenwe TPYOKH TOKd
APOXOAUT KOJHYECTBO Tasa v, HMeeM

plAVIZ'VRTl, pzAVz:'VRTg,
¥ Bhipaxcenne (2) HpPUHUMAeT Buj
AA"=vR(T\—T,). (3)

Tlepefinem Tenepb K BHYHCJIEHHIO H3MEHEHUS! 3HEPTHM rasa
AU u AE,. Tak Kax BHyTpeHHsisl SHeprusi HJealbHOTO rasa
3@BUCHT TOALKO OT TEMMNEpaTyphl, TO NpPU NPOXOXKAEHHH KOJIH-
YecTBa Ta3a v BHYTPEHHsS SHEPrus BBIAEACHHON YacTH H3Me-
HUTCA Ha BEJIMYHHY

AU =~C (T, —TY), )

rge Cy — MoasfipHast TEMJIOEMKOCTb NMPH TOCTOSIHHOM o0beMe.
Hamenenne KHHETHUECKOH SHEPTHH

AEK: Vi (vi———vi)/?, (5)

TAE B — Monnpuaﬂ Macca rasa, U; M U — €KOPOCTH CTPYH B
cegenusix 1 u 2.

IoacraBnan coornowenus (3) — (5) B ypaBHeHUe 3aKoHa
coxpaHenns sxepruu (1) v cokpamas Ha v, nojyyaem

Cv+R(T,—T) +p (i—u))/2=0. (6)

[Tockoabky ceuenstss I 1 2 Geili BbIOpamnbl POH3BOIBHO, TO
U3 cooTHollenus (6) caeayer, uro Benuyniia (C, -+ R)T-+po¥/2
HMECT OJNO H TO JKe 3HAuellle BJOJb BCeH JIMHUM TOKa. Yuu-
thiBasi, uyre Cy,+R=C,, rue C, — MonspHan TenJ0eMKOCTb
NpH HOCTOSHHOM JaBJIEHHH, MOXHO HanucaTb

C,T + w2 = const. 7)

OroMy YpaBHEHMIO MOXKHO TNIPHJATh BRA, aHaMOTHUHbLIN
ypaBuendio bepuynin B rugposuHaMuke uIeanbHOH MUA-
rkoctn. Jlis sToro pasienuM ypabHenue (7) NOYIEHHO Ha
monsipuelil ofvem V. YuutmiBast, yto RT/V,=p, a p/V, eetb
[JIOTHOCTh Tasa P, HMeeM

p+ e, T -+ pv?/2 = const, (8)

rie cy=Cy/p — yleabHast TenJaceMKOCTb rasa. IlepBuifi 1
TPeTHH uJielibl B JIEBOH YacTH 3TOr0 YpPaBHEHHS COBMNAjalet ¢
COCTBETCTBYIOLIHMIL YaeiaMu B ypaBlenun bepuysmn. B ypas-
Hennyu (8) OTCYTCTBYeT uwien pgh, BbIpaxamumiui IIOTHOCTD
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NOTEHIIMaNbHOH 3HePruy rasa (WiH XXUIKOCTH) B N0J1€ TAIKECTH.
3710 CBA3aHO TOMbKO C TeM, uto B ypaBhenud (l) ne yuutniea-
JOCh UW3MeHeHHe IOTeHIHaJbHOH SHeprHu, TaK Kak CTPpy:l
npeinosaraiach ropu3cHTasbHOH, HoOBBIM HO CpaBheHHIO ¢
ypaslienuem bepuynnu siBnsietrcss BTOpoH 4sNeH B ypaBHeHUH
{8), xoTOpEBIA BhIpaXaeT NJIOTHOCTb BHYTPEHHEH 3HePruM rasa.
B wmecxumaeMmolt KHAKOCTH NJOTHOCTh BHYTPEHHeH 3SHepruu
MeM3MEHHA, U ee He HYXKHO YUHTbiBaThb B ypaBHeHHH Oasanca
3HEPruH.

Coornowenune (7) NO3BONAET BBIPA3UTb CKOPOCTh CTPYH
rasa, BbITeKaloLUled H3 OTBepCTUs B OaJjuiole, depes k3MeHeilne
Temneparypel rasa. Tak xax BHyTpu O6annoHa CKopOCTb Ha-
IPABJEHHOrO JBIDKEHHS NPAKTHYeCKH paBHA HYJIO, TO

CpT :CpTl"‘l'Mv%/Q» . (9)

OTKyfa A1 CKOPOCTH CTPYH Uy TOJydaeM
o )
b, = ]/EC,,(T-TI). (10)

st BelumcaeHHs CKopocTH cTpyu no dopmyse (10) HyxuO
3HaTb Temmepatrypy 7; rasa B crpye. Ee moxno ualit ¢ Ino-
MOIbIO ypaBHeHust ajHabaTtudeckoro npouecca. [Ipu Hereve-
HUK Taza B BaKyyM CKODOCTb CTPYH U,,, MONHO OLEHHTD,
onarass B Qopmyae (10) 7,=0. Takast ouenka pasymHa,
100 TpH paclUHpelnH B BAKYyyM JaB.1eHHe rasa B CTpye najaer
[0 HYJst #, C1€J0BATENbHO, AOMKHA NPUOIMKATBCH K HYJMO

1 ero Temmeparypa:
2 !
Upae R 1/F C,T. (1H)

OrmernM, YTO KHHETHYECKAs 3HEpPrust HalpaB/JeHHOTO IBU-
" JKeHHs rasa B ¢TPye BOSHHUKAET 3a CueT BHYTPEHHeil 3HepruH,
T. €. DHEPrUH XAOTHUECKOro TellIOBOrO JABIDKEHHT MOJEKYJi
rasa B GasjgoHe. CKOPOCTb HCTEUeHHst OlIpejeasercs TeMmiepa-
Typoll U He 3aBHCHT OT paejenus. IHesaBucumocTs CKopocTH
HCTEYEHHs OT JaB1E€HHsI CBS3aHA C TeM, 4TO BHYTPEHHss SHep-
TUS HJeaJbHOr0 Tasa 3aBHCHT TOJBKO OT TeMIeDATYPHI.
©opmy.ae (11) mokuHO npupars Gosee YAOOHBIR BUA, ecau
pbipasuts C, uepes y=C,/C; u ra2oByi0 NocTosiHHYi0 R:

Cp
C, =7 Cr=1(C,—R),

otkyna C,=Ry/(y—1). B pesyavrare Bmecto (11) moxio
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i1anucarhb
2 Y Ly
UVpan = V_TTR]‘ (1‘_3\

Tlo.ryuennsie (GopMyabl AJs1 CKOPOCTH HCTEUGHHS O3BOJS -
10T CleNaTh CPABHUTENbHYIO OLEHKY pas/MuHbIX BHLOB TOII-
JuBa Jid paxeTHbIX jasuratenefi. list nosydenus Gonbinnx
CKOpOCTEll HCTeYeHHs ra3oB M3 COIl1a JABUTatets IpejnodTH-
Tesblee ropiouee, Kotopoe 06/1a7aeT BbICOKOH TenJoTod cropa-
nua (aas noayuenus Gonblinx TeMneparyp 7 B KaMepe Cro-
paHist) ¥ obpasyet NPOAYKTbl CTOpaHUsS C ManoH MoJdpHOCI
Maccoli, A

14. 3anosneHne OTKAYAHHOTO COCYAA. TeRJOH30IHpOBaH-
BB COCYJ ¢ BHYTpeHHHM 06beMoM V oTkauan X0 ray6oxoro
pakyyma. OKpyxaiouil Bo3LyX HueeT Temnepatypy T, 1
AaBJaeHHE Po. B HEKOTOpLIH MOMEHT OTKPBIBA€TCS KPaH H TPo-
ncxout GHCTpoe 3alloJHeHHe COCylla aTMOCHEPHBIM BO3JIYXOM.
Kaxyio Temneparypy T 6yAeT uMeTh BO3JLyX B COCYJE TIOCTE ero
3aNONHEHNA?

A Tlouemy BooOwmEe Npu 3allOJHEHHH COCYAa artMocdep-
HBIM BO3JlyXOM /JIO/DKHA U3MEHHTLCS ero temnepatypa? Urobui
pasobpaTbCst B 3TOM, HYXHO pacCMOTPETb 3HepreTHyecKue
npeBpaulenlis, OPOUCXCJAUIYE NIPH 3anonHeHHH cocyza. [pu
OTKPHIBAHUM KpaHa Kakasi-TO HOpUlsl BO3AyXa «3aTajKuBa-
eTca» B COCYJ aTMoc(epHbiM JaBjenHeM. ITO 3HAYHT, YTO HaA
BONIEJILIMM B COCYJ BO3JYXOM CHJIaMH aTMochepHOTo JaB/ienis
coBepuiaercsi Hekotopast pabora. baaronaps stoit paGore Bpbi-
BAIOIHACS B COCYJ BO3AYX NPHOGPETAeT KHHETHIECKYIo HEp-
THIO HaNpPaBJE€HHOIO MaKPOCKONMUECKOTO JABHMKEHH — BO3AYX
B cocyx Bxonut crpyeii. Ilpu BecTpeue co cTeHKaMH cocyfia U €
V)K€ TOMaBLIMM B COCYJ| BO3AYXCM CTPYsi MeHseT HalpaB/eHue,
ocnabeBaeT M B KOHIIE KOHLOB HcYe3aeT coBceM. [lpu sToM
KHHETHYEeCKast SHEePrusl YHOPSJACUEHHOro JBHXKEHHs BO3JyXa
B CTpYe NPeBpaIiaeTcss BO BHYTPEHHIOIO 3HEPTHIO, T. €. B SHEp-
THI0 XaOTHUECKOTC TeNJIOBOro [IBHKEHHS €ero MOJeKy.l.

Bce 3T0 NPOHCXOAHT HACTONBKO OBICTPO, YTO TEIJIO0GMEHOM
BXOJALIErO B COCYJ BO3AyXa C BO3AYXOM B atMoc(iepe MOXKHO
npene6bpedb. TosToMy NIpHMEHHTENBHO K pacCMaTpHBAEMOMY
nponeccy NepBbill 3aKOH TePMOAHHAMHUKY UMeeT BHJ: pabora A
CHJ1 aTMoc(epHOre JaBjeHusl Hajl BOWEJIUHM B COCYH BO3AYXOM
paBHa H3MEHEHHI0 BHYTpeHHeH 3Hepruu 3toro Bosayxa AU:

A=AU. (1)
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KKak ke noAcYHTaTh STy padoty? Tlpoutie Bcero afisi 31oro
NOCTYNNT CEYIOUHM obpasoM. Hpeacmsmx cefe, 4TO HALW
OTKAyaHHbIfl COCYJ HAXOAMTCS BHYTPH OOIbLIOrO HJIMHAPA
¢ nogBwKHLIM nopuiiem (puc. 14.1). [lasnenne u temneparypa
BO3/lyXa BHYTPH GONbLIOTO UWJHILAPA TaKHE e, KaK U B aT-
mocgepe. Tak Kak nps 3aMCJMHEHHH OTKQYaHHOre cocyAa BO3-
JYXOM JaBieHHEe H TemilepaTypa BO3IyXa B OKpYKAiOleH
cocya armocgepe ocTaioTcs
HEeH3MEeHHBIMH, TO Npoleccy
3aNCJHEeHHs COCya Ha puc.
14.1 coorBercTBYCT Iepe-
MeleHHe TOpUIHA  BIPAaBo
IpH NOCTOSHHOM JABJAEHHH
Po. llpu 31OoM A€icTBYIO-
Hast cjaepa Ha  MOpPLIEHb
Puc. 14,1~ [Ips 3zamoaneuyn Bo3- cua - copepuiact  pagory
NYXOM OTKadaHHOTO COCYAA CHJBI poVo, rAC V, — ymeHblie-

arMocepHoro gapaennsi cosepma-  HHE oGpema BHYTPH  UH-
o7 paboTy, pasuyio pyV, auapa. llockoasky 3nep-

rusi He BOLIEJLIEro B COCYA
BO3AYXA BHYTPH LIJIMIAPA OCTaeTCAd HEH3MEHIOH, TO 3Ta
COREDHIEHHAs [PH MepeMellend Mnopwhd padora pasHa
paboTe, copepuiaeMoil cujaMu armMocdepiore AaBJeHHd APH
«3aTAJMKIIBAHHH» BO3AYXA B COCYA.

OGpaTute BHUMAHHe Ha TO, YTO NPHBEIEHHOE 3/eCh BBIYHC-
aenue paGoTel Npi NePeMelleni Bo3yXa OTIMYaerca OT Bhi-
GHUCJeNHs, PACCMOTPEHHOro B npeabiaymiedl sanaue. O0bacus-
ercsl 3T pasJiuyne TeM, uTo B npeabiIymes 3ajgaye Hac liHTe-
pecoBasia paGoTa, COBepuIaeMast Haj OTACNbHOI MOpiHeH ABH-
JKVIIErocs rasa, B TO BpeMsl Kak 34ech Mbl HAXOAIM CyMMapHYIO
p2boTy BUENIHHX CHJ HaJ BCeM BOLIEILUHM B COCY1 BOBLYXOM.

Hsmenenue suytpenneil suepruni AU toro posayxa, Koro-
PHI [IGIIAA B COCY/, BRIpaxaercs TOJbKO yepe3 uaMelneHHe ero
TEMNEpaTyphbl, €c/aH CYHTaThb BO3AYX HALAJbHBIM Ta30M!

AU =~Cy (T —T,), (2)

rae C, — moaspHas TelloeMKocTh Bosayxa. Kosnuectso
BOLIEUIEr0 B COCYJA BO3AYXa vV MOKHO BLIPA3HTD € MOMOIILbIO
ypasHenns cocrosinis. Tak Kaxk B OoTKauyalHbli COCYJ BOILO
POBHO CTOJbKO BO3/YyXa, CKOALKO BbITELHHJA H3 LWIHHAPA
uepeMecTurlIMics nopuienb (puc. 14.1), To MOKHO HamHcaTb

poVoe=vRT,. (3)

Tenepb Boipaxkenne (2) A1 U3MeHEHHS BHYTPEHHEH SHEPTHH

3

=<

-
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AU nepenueniBaeTess B BHJE

poV "
AU = IgTz Cy(T—T,). 1)
IlpupaBunBasn, B COOTBETCTBHU C NEPBbIM 33KOHOM TE€PMOJY -
uamuxu (I), nsmenenue BHyTpeHiiell sHepruu (4) coBepluenion
pabore A=p,V,, Haxoaum
Cy (T —Ty)=RT,,

OTKYAa 1IN KOHeuHo#l Temiiepatrypel Bosiyxa B cocyze T mo-
Jiygaem

T =Ty (1l +R/Cy). (5

Tax kak cymma C,+R paBHa MONAPHOH TENNOEMKOCTU [IPH
nocrostiuoM Aasaenuu C,, TO Bhipakenne (5) MOXHO iepenu-
caTb B BHIE

T =T.C,ICy=1T.. (6)

Temnepatypa 3ano/HHBUIEIC OTKAYaHHLIH cocy] BO3Ayxa
OKasbiBaercs BHIIIE TeMIepaTypbl Bo3iyxa B atMoctdepe, Or-
MEeTHM, UTC pe3y/bTaT He 3aBUCUT HU OT c6beMa cocyia, Hu OT
NaBleHUs BO3AyXxa B atmocepe. Temueparypa BO3gyXa B cocyje
e 3aBHCHT TaK¥e H OT Tore, Oy[eT JH 3anojHeHHe coCyaa
NPOUCXOANTb JO KOHLA, [0K4 JABJIeHHE BO3JyXa B HEM He
cpaBHsieTCsl € aTMOC(epHbIM, HJN Ke Kpau Oyjer nepekpuir
panbule. [JelicTBHTe1bHO, BCe IPUBEACHHEIE B DELICHHH PACCYH -
JieHUst COPABEMNHBL U B TOM C/1y4ae, KOrJa KOHEUHoe JaBJeHue
BO3JYXa B COCYJe MeHbIIe aTMochepHoro.

YBe/inueHHe TeMIepatypbl IPH 3aN0JHEHHH CocyJa, pac-
cyuThiBaemeoe 1o (opmy.ae (6), okasbiBaercss BeCcbMa 3RauH-
tenbbiM. Tak kax Aaa Bosayxa y=1[,4, 10 HaxOAsSUHACH
NPH KOMHATHOH TeMOepartype BO3AYX LO/KEH HarpeBarbest Ha
COTHM KeabBHHOB. O HaKo HabmoaaTh Ha olbiTe Takoe Bosblioe
NOBbILIIEHHE TeMNeparypbl 3aTpyanuTensio. Jdeno B ToMm, 410 B
TeyeHHe NpPOMEKYTKa BpeMeHH, HeoOXOAUMOre A4s M3MepeHus
TeMnmepaType BO3AyXa, GyAeT yCTailaB/lHBaTbCst TePMOJUHAMH-
yecKoe DaBHOBeCHEe He TOJAbKO MEmJy BO3JYXOM B cocyle H
TEPMOMETPOM, HO B MeXAY BO3AYXOM H CTeHKaMmu cocyqaa. Ho
TEIVIOEMKOCTh COCY/a NPH pPEelIeHHH 3aJayl B pacyer He Npl-
numastach. [lToyromy ¢opmysa (6) cnpaBeaauBa TOJbBKC A0 TeX
Nep, MOKA BO3,1YyX B COCYIE HE yCneer NpHHTH B TePMOJUHAMI-
YeCcKOE paBHOBECHE €O CTCHKAMH. A

15. Kpyrosoit npouecc. TlonomuTesbHyio WM OTpUIA-
TeqbHYI0 paG0oTy coBepulaeT HieasNbHbI ras OpPH KPYyroBOM
npolecce, RoKasanHoM Ha puc. I5.1?
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n PaGota, coBepuiaeMasi razom B DaBHOBECHOM npoiecce
npu 1e6oJbIIOM M3MeHeHnH ero oGbeMa AV, paBHa npoussese-
umo pAV, TlostoMy paccMaTpupatbh COBEPLIAEMYIO FasoM pa-
6oty yAcOHO ¢ nomoupbio pV-guarpamm. Ha puc. 15.2 noxkasau
HEKOTOpBIH KPyroBoil npolecc, B KOTOPOM ras u3 coctosinua /
NePeXONUT B COCTOSIHHE 2, a 3areM BO3BpAllaeTcs B HCXOJoe
COCTOSIHYWE NO JpyroMy nyTH, T. €. C IOMOLLLIO Jpyrore pas-
[IOBECHOTO Tipouecca. ¥ A06GCTBO HCHOJIb30BaHUs pV-puarpamm

g g 2
7
‘KQ“‘“’\
A o
£
Wby
J v
Puc. 15.1. Ha VT-gnarpamme Puc. 15.2. Ha pV-auarpamme
Kpyrosoft npouecc Haer B Hall- pa6ora rasa Hazobpaxaeica co-
paBjJeHHH  NPOTHB  4acoBoH OTBEeTCTBYIOMEH NMA0I a6

CTPeNKH

3aKJiOUaeTCH B TOM, YTO COBEpLIAeMast ra3oM paborta uzoGpaxa-
ercsl Ha HHX IUIOMALLIO, OrpaHHyYeHHOH IPadHKOM COOTBETCT-
Byloulero npouecca. Hanpumep, npu pacwupenun rasa H3
cocrosinus | B cocTosnue 2 OH COBEpLIAT NOJIOKUTEILHYIO
paboTy, Kotopas paBHA ILIOMIAAM KPHUBOAHHEHHOH TpaneuuH,
NOKa3aHHOH BEPTHKA/NbHbIMM mITpHXavu Ha puc. 15.2. Tlpu
C2KaTHK lasa M3 COCTOsAHUA 2 B COCTOAIHHE | NOJOKHUTEbHYIO
paboTy COBEPLIAIOT CIKUMAIOUIHE a3 BHELIHHE CHJbl, T. €. caM
ras coBepilaeT OTPHIIATE]bHYIO paboTy, KOTOpas paBHa 110
MOAYJIO IICWIAAH KPUBOJHHEHHOH Tpaneluu, NoKasanHoil Ha
3TOM PHCYHKE TIOPH3OHTAJbHBIMH IITPHXAMH.

[lonnast pabora, cosepiuaeMasi rasoM Tpil KpPYroBoM Hpo-
ecce, paBHa IO MOAYJIO IJICLIAAHM 1A pV-nuarpaMme, orpadu-
yeHloH TpaduKoM 3TOre Tpouecca. Kak gCHO H3 npeibiny-
wero, stra pabora NONOKHTEJNLHA, €CJAH KPYTOBOH Ipolece
COBEpLIAGTCH B HANPABJEHHH 110 YaCOBOH CTPENKe, W OTPHuA-
TeJIbila, €CaKH KPYTOBOH NPOIece coBeplliaercst NPOTHB yacoBoH
CTPEJKH.

s Toro 4To6bt cpasy OTBETHTH Ha NMOCTaB/IeHHBIH B 3ajate
BONPOC, HYXKHO u30Opa3uTh yKasanHbetil na puc. 15.1 mpomece
Ha pV-mmarpamme. Ha yuactke /—2 temneparypa rasa nosbi-
IaeTcA NPH HEH3MeHHOM oObeMe. ITO H30XOpPHYECKHH mpo-
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tecc, Koropbift Ha pV-auarpaMme H306pakKaercss BepTUKANDL-
HbIM OTPE3KOM, HanpaBaeHHbiM BBepX (puc. 15.3). Ha yuactke
2—-3 ras pacuinpsiercss NpH HeusMeHHOH Ttemneparype. 310
H30TEPMHUUECKHI Tiponecc W Ha pV-auarpamme oH Hz300paa-
ercst oTpeskoM runepGoabt 2—3. Hakonen, yuactrox 3—1 Ha
puc. 15.1 coorBercTByer H300apHuUeCKOMY mpoieccy, Tak Kak
s7ech 06'beM rasa nponopiycHalied TePMoARHaMHYeCKOH Temiie-
paTtype {3TC Cpasy BUJHO U3 ypaBHeHHst Coctosinust pV=vRT).

Y
z

Puc. 15.3. HapV-quarpamme paccmarpusae-
ML KpYroBOH Impouecc CoBepIIaercs B Hamn-
paBjeHHM IO 4acOBOIl cTpeske

g 14
Ha pV-ainarpavve usobapMuecrkoMy CKATHIO T'a3a COOTBETCT-
ByeT OTPE30K rOPU3CHTaNbloH npsMoil 3—I1, HanpaBJeHHBIH
HAIEBO.

Takum 00pasoM, paccMaTpHBAeMOMY KPYrOBOMY INpoteccy
Ha pV-nuarpaMMe COOTBETCTBYET HalpaBjende o6xoga 00
qacoBofl cTpesKe. 3HAuMT, Ta3 COBEpIUAET HOJICKUTEJILHYIO
padoty. A

16. MckyccTrcHHbI nef. CkonbKe 3Heprud HYKHO 3aTpa-
THTh, 4T0Ob! | Kr Boawl, B3dAtoll npu O °C, npeBparuth B Jaex?
Temneparypa okpysxatouieil cpeppt paBHa 20 °C.

A Eean temnepatypa oxpyxaiomeil cpeapt Boiuie 0 °C,
TO 3aMOPO3UTb BOJY MOIKIIO € TIOMOLILBIO XOJNOARJIbHOH MAIUHHDL.
[lpvrOvnuaneHas cxeMa XOJoAUJbLHOH MAIIMHBL [peCTaB/ifer
cobofi obpauleHHylo CXeMy TeHJIOBOH Mauidabl. B rtenaoBoil
MauigHe pabouemy TeJy nepelaercss HEKOTOpPOe KOJAMYECTBO
TeNa0TH (; OT HATPEBATeNsd — pe3epByapa C NOCTOSHHOA TeM-
nepatypofl T;. B pesysbrare npoHCXOAsmKY ¢ paGOYHM TEJIOM
MPOIECCOB HEKOTOPAs HACTh 3TOH TelIOTH NpEeBpalldercst B
pafory A, a oCTajdbHas TEIJOTA 11€PEAACTCSt XONOHUAbHIKY —
pesepByapy ¢ 6osee Huskol temneparypeoil 7. CxemaTHyecki
pabota TeioBOHl MalIMHLI OKasaHa Ha puc. 16.1.

Kosppuunenr nonesnoroe aeficrens (KIII) renaopoit mamu-
Hbl 1] €CTb OTHOILEHHE coBeplulaeMol 3a HKA paborhl A K noJay-
YaeMOMy OT Harpepartesi KOJHYeCTBY Tem/aoThl Q:

_ A Qi—Q ¢
n~Q1— Q1 (1)
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fican temnoBas MalHa paboraer o0paTHMO, T. €. IO LHKJIY
Kapuo, Te, B COOTBETCTBHH CO BTODBIM 3aKOHOM TePMOAHHAMH-
xu, ee KI1JL saBuent Tonpko ot TeMNepatyp HarpeBaTess B Xo-
AOJHAbHIKA:

= == — 2]
aTTh T )
B xonoanapuoil Manise Bece nponecch NpouCXoaat B o6par-

HOM Hanpasiennu {puc. 16.2). 3a cuer coBepLIelNs MEXaHHUe-
CKOH paboThi HEKOTOPOE KOJHYECTBO TENJIOTH Q2 OTHHMAETCS OT

Hacpebument Lyogyed, pesspbyay
7

YAy,

Ladoyes
17165767

Aadoueey
GG

Nazadwromux Ko pesentyap
Pue. 16.1. Ilpunuunnansnas Pue. 16.2. TIlpuuuunuaavuasn
€XeMa TenJeBOH MaliHHH CXeMa XOJOAMJIBHOH MallMHb

pesepByapa ¢ Gonee Huskoi temneparypod T:. Hpu atom pe-
3epeyapy c Gosee BbicOKOH remieparypeoit T mnepepaercs
KOJIMYECTRO TEMJOTH Qy, paBHoe cymme A-+Q2. Ecan xono1munb-
nasi MalwMHa paGoraer obpaTuMo, T. €. €€ MOXHO HCNOJb30-
BaTh H Kak TEMJOBYIO MallMHY, TO A Hee TaKiKe crpaBel-
JIBO cooTHOMmEHue (2).

HpH HCNIOJAb30BANH XOJO,HHJII)HOIL/'I MAIINuHbI A/151 3aMOpPaxH-
Balifs BOABI POJb pe3epByapa ¢ 0o.1ee BbICOKOH Temnepatypoi
71 urpaer okpyXawmui Bo3lyX, a pob peseppyapa ¢ HHU3KOH
temnepatypoit T: — 3aMopaxubaemana Boja. Temneparypa
BOJIbI OCTAETCH HEM3MEHHOH, NOKA BCH OHAa HE NPEBPAaTITCA B
JeJ, HECMOTPS Ha To 4TO Y Hee oTHHMaercs Ttepsora, das Toro
yToObE 3aMoposuth npu 0 °C MacCy BOABI /11, OT lee NYXKIo
OTHATH KOJIHIECTRO TeMOTh Q2 =Mhm, TAe A — yA_AbIas TeIJI0-
ta naapaenus apja npu 0 °C.

3amensis B coornolnenuu (2) Q na A-+Qe u noacranass
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BMECTO ()2 NpOH3BELEliHe Am, NONYYHM
A T—T, "
Afvm T Ty (3)

A=hm (T,/T:—1). 4)

KIT1JI TensioBoil Mallluybl TEM BLiLIE, ueM Boablile OTHOUe e
T,/Ts. Uem Gosblie 310 OTHOLIEHME, TéM GOJbIIAS YacTb ilo-
Jyq4eHioii OT HArpeBaTens TenJIoThl NMpeBpaulaercst B paboTy.
Y X0J02.IbHOR MawMHbt BCE HA0GOPOT: 3(ipeKTHBHOCTL o€
paborbl TeM BHIIIE, YeM Menbuie orHoutenne Ty/T2, Kak Buano
u3 dopay.sl (4), padota A, KOTOPYIO HYXKHO COBEPUIHTE, YTOOL
OTIHATb ¥ XOJOMHOrC Tela QIHO U TO K€ KOJHYECTBO TENJOTLI
Amt, Tem mensblle, uem Gamke K eauuuile orHouienue T4/ Ta.
Taxkum o0pasoM, uyeM 6JpKe TeMmilepaTypa OKDPYXKAOUETo
sosayxa k 0 °C, TeM MeHbiie sueprid TpeOyercs A5 3aMOpani-
sanua 1 kr goasl. IIpH 20 °C eoipaxenue B ckoGrax B popMylie
(4) paBuo 293/273—1~0,073. Yaeibuast Tensora njab/eHisl
appa b npu 0 °C paBaa 3,34-10° JLw/xr. Iostomy mas samo-
pamupanns | Kr BoAd morpefyercss coBepuiuTb padory A=
=2,4-10% JIx.

[oayyennas popmyaa (4) copaseiatusa Ajas o0paTUMOil
XOMOMHIBHOH MaUIMHBL ¥, C/1e10BATE/IbHO, COIpele]IdeT MHIIH-
MablYIO 31EPTHIO, KOTOpast HeoGXoniuMa /15 3aMoparuBaius
BoAst. Jhiobas peajbHas XOQJACLILIsHAS MalHHA PA0OTaeT He-
ofpatdMo M NO3TOMY Notpebyer GONbLUIMX 3aTpat 3IHEPrHH.
10T BHIBOJ OCHOBAIl HA BTOPOM 3aKOHE TEPMOAMHAMHKH U He
33BHCHT OT TOTC, KAK0e HMEHHO YCTPOHCTBO UCNOAL3YeTCs AJis
3aMOopaAKHBaHUs BOJIbl. A

OTKYZa

17. Qunamuueckce orongeHue, PasoSpaunbiii B npeabi-
Ayuedt 3ataue NPHHUHI paGoThl XOJM0AUALHON MALIHHbI 103BO-
J4er MousiTh WIel0 IMHAMHYECKOTO OTOMJIeHHst, BLICKA3aHHYIO
Tomconom B 1852 r. Ira mjes 3aKNOYALTCA B CAEAYIOILEM.
Tenunora, noJayueHHas IpH CKUMAHUH TOIIMBA, UCOOJB3YETCH
He AJIs HenocpeJCcTBeHHOro oBorpeBay s OTanJMBAEMOro IIOMC-
EeHHs, & HanpaBidercd B TeNJIORYIO MAIIHHY AJS NOJyueHHs]
MexaHuuecko pabothi. C noMolLbio nosyyenHol paboTsl IIPIBO-
AuTCA B leHCTBHE XQJIOAMJAbLHAs MAUIiHA, KOTOpas OTHHMAaer
TEeMJIOTY OT OKPYJKAIOMEH Cpebl H OT/aeT ee BOJE B OTONHTEb-
Hodl crcreme. B ueMm npenmyliecTsa TAKOIO AHHAMHYECKOrO
OTOINIEHU S ?

A Ecanl HMEeTCst HCTOMHHK SHEPTHH, ¢ NOMOUIBIO KOTOpOro
MOKIIO NONYYHTh MEXaHHuecKylo padoTy A, To npu Henocpes-
CTBEHHOM OTOIJIEHHH KOJAMTCCTBO TENAOTH (g, MOCTYNAOUIEE B
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OTONNTENILHYIO CHCTEMy, paBHO 3T0d pabGore: Q;=A. Hanpn-
MeEp, B OOHYHBIX 3JEKTpPOHArpeBatesbHbIX npubopaX BCs MOT-
pedasemas AeKTPosHEprHs, T. €. pabora 3/JeKTPHYECKOro
TOKa, IipeBpalllaeTcs B TEIJIOTY.

Ecau ke 3Ty paboTy UCIOAb30BATb Ui NPHBEJEHHS B Jleil-
CTBHE XOJIOJUJBHON MallHHB, TO, KaK Mbl BUIEIHN B NpeHay-
neil 3anave, nodyyaeMas HArpeBaeMbiM TeJoM Temiota

6yaer GoJblie, ueM coBepuiaeMas
GF pa6ora- A: Q>A. TlycTb Temne-
’ patypa BOpl B CHCTEME OTOILIE-
: Hus paBHa Ty, a Ttemmepatypa
; OKpYIKaloInel oTanauBaemMoe Mmo-
| MELIEH’E CPE/ibl, HAlpUMEp TP yH-
) TOBOH BOJM WM BOAb B peke,
Ap b T paBua Tz, npuuem T.<T;. Torja,

j
! B COOTBETCTBHH C (opMmy.oil (2)
7 L npexblaymel 3a4aun, noJayyaeMoe
% 77 OTOMMTENBHOI CHCTEMOH KOJIHYECT-
Puc. 17.1. 3aBucumoctp ten- BO TEIJOTH
NOTH, DOCTynawuted BFOTO- - T, 4 1 1
nuTeAuHY0O cHeremy, ot ee Q=4 =T, = AT (N

TeMIepaTypH

Ipadmk saBucuMoeTy Q OT TeMnepaTypbl OTOMMUTENbHOH CH-
crembt Ty, BbipaxaeMoit popmyJoit (1), npuBeneH na pue. 17.1.
Bumno, 4to yeM MeHbIUe OTIHYAETCSt TEMIEPATYpa OTOMHTE/b-
Hoit cucremol Ty OT TeMmnepatypel OKpyKawmeid cpeppt T'e,
TeM OOJbILME BLIUTPGLIL JAeT Takast CHCTeMa N[O CPABHEHHIO
€ HEJIOCPE/ICTBEHHbIM NpeBpauieHueM paborsl B rensiory. lipw
ouenb Goabiiolt pasHoctu Temnepatyp 7y M T2, KOTAA OTHO-
wenne 72/T <1, JHHAMHUECKAsl CHCTEMA OTONJ/IEHH$, KAk
BH/HO 3 puc. 17.1, He jaer 3ameTHbIX nmpeumyiuects: Qr—A.

B nunamunyeckoi cucreme oronenust pabora A noayvaercs
¢ MOMOMWIBIO TEMJIOBOH MaWfHbl, B KOTOPOH Harpepatesb, nMe-
owni Temnepatypy 7', nonydaer tenoty Q 3a cuer CKHravus
TonsuBa. Bysem cuntarh, ute sTa temMneparypa T Bbille TeM-
nepaTypet oTonutenbHol cucremst 7yt 7>7;. B kauectse xo-
NOANIbHMKA TENJIOBOH MALIMHBL MOMHO HCIOJNL30BATb JHOO
OKPYXAWOULYIO cpey, Jub0 BOAY B CaMOH OTOIHTENLHOH cHETe-
me. B mepBom cayyae temnepatypa XOMoAHJbHHKa paBua Ta,
B0 BTOpOM — T, PaccMOTpHM KaKIblil M3 3THX C/y4aeB Of-
JeNBHO.

Hauneu ¢ nepBoro cayuas. C nomoiusto dopmyast aas KITH
TenJIOBOH MallMHbl BHPa3uM pabory A uepes nosyyaemoe Harpe-
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BATCACM HPPI C2KHI'aHHH TOIJIHBa KOJHYeCTBO Tennorhbl Q:
A T—T,
QT
oTKyaa
T—T
A=Qi=lx. (@)

Tensnora, oTAaBaeMast XOMOAHJAbHHKY TENJOBOl MALIHHBL, YXO-
JHT B OKPYKAIOULYIO CPEAY H HE HCro/b3yercd A OTOIVIeHH .
[Tosromy Best Tensora @y, nodyvaemas
oronutenpbHoH cHctemofl B paccmart- /7/"3/”‘9"‘;1”"/"’

puBaeMoM  CJayuae, obycJoBaeHa
JleHcTBHEeM XoJIOAHJABbHOH  MAlIHHBI. q
HagpeBumens e <r N
7
0/
g ]
' caemena Jmonumensias L A
{ i cucnema i
7
l a/ 7
p 7
i V.
Dippscagan cosde Ty Z /“/”/‘7””/‘77“!”’" qpeda
z
Puc. 17.2. CxeMa THHAMHYECKOTO Puc. 17.3. B Takoit cxeme
OTONJIeHHd, B KOTOpOﬁ XOJOAUNb- XOJOMHJbHHKOM Tel’IJ'IOBOI‘f‘l
HHKOM TeﬂJ’IOBOﬁ MAUIHHBI SIBJIA- MaUWHAHbL C.Hy)KPIT BOla OTOMN M-
eTCs oxpy)l(axom,aﬂ cpenra TeJLHOH CHCTEMBI

[MoncraBnaa BoipaxkeHue (2) B ¢dopmyay (1), Haxomum

AT T—Ty, o 1—TyT o
Qi_Q—T—Tl——T.z =Q I—Ty/Ty " 3

Cxema JiefictBHA TaxkoH cHCTeMbl AHHAMHYECKOTO OTOIJ/IeHHH
nokasaHa Ha puc. 17.2.

Tenepb nocMOTPHM, YTO foJyuaeTcs BO BTOPOM Cjlyuae,
KOTJa B KAUectse XOJOJH/AbHMKA TeNJIOBOH MallHHbI HCMOJb-
3yetcs Boja B OTONHTE/AbHON cucreme. Bripaxetne 1as pabotut,
noayuaemMoii B pesyabrare JAefcTBHS TeNJoBOH MAaUIMHBL,
Jaetcsa no-npexueMy ¢popmyaoi (2), B KOTopylo teflepb BMeCTO
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Ts caepyer nopcrasuth remnepatypy Ty O6osnauas sty paboTy
aepes A’, umeem

a-=n )

B paccMarpuBaeMoM caydae OTOHHTENblAA CHCTEMA MOAYyYaeT
TEIJIOTY KaK B pesdy/bTate NeACTBHA XOJOLHJDHOH MAalIHbi,
TaK ¥ HEeNoCPeACTBEHHO OT TenJIOBOH MALIHHBL, s KOTOPOil
OTONHTENbHAS CHCTEMA sIBJAAETCA XOJOAMABHHKoM (puc. 17.3).
Tensora @), noayuaemasi 3a cu4et XOJOJH/IbHON MallMHbI, Aa-
ercst opmyaoit (1), ecan B Hée Bmecto A noacrasuth padoTy
A’, naBaemyio BoipakenueMm (4):

, T, T—Ts

Tenaora @', nosyyaemas OTonUTeAbHON CHCTEMOMH OT TEMJOBOH
MalIRHbl, JEFKO HAXOAHMTCS € NOMOLIGIO Bolpakenns s KI1J:
Q—Q _T-T,

Q T

@ =q+. ©

Ilonnoe konuuectBo TemsoTh! Qf, NOCTyNawUiee B OTONUTE/D-
HYIO CHCTeMy, paBHO cymme Q) u Q':

ool (T=T1 4 Ty T—T,

=QF (FoR+H) =P =5 )

CpasuuBas ¢opmyast (7) u (3), BHAEM, 4To 00a crocofa
JHIIAMHMYECKOTO OTOIJIEHHA Jal0T OLHMHAKOBbIH pesyibTar.
Ecan BayMaTbCsl, TO HHYETO YAMBHTEJHHOTO B 3TOM HET: XOTs
80 Bropom cayuae KIII TengoBofi maluudbl HHXKE, YeM B
[IePBOM cJyuae, H, CJefloBaTeqNbHO, AJA5 AeHCTBHA XOA0AWJbHON
MAUIMHLI NoJy4YaercA MeHbiasi padora, 3aT0 OTOMHTebHAs
clicTeMa FoJiyuaeT JAOMOMHUTENbHYIO TeIJIOTy HEeHNOoCpeICTBEHHO
OT TEIVIOBOH MallMHbL.

O6patuM BHHMAaHHe Ha TO, YTO BO BCeX pacuerax H pac-
CYXIEHHAX MBI CYHTAJH NPOLECCHl B TENJIOBOH H B XOJOAH/b-
HOH MamMHax oOpartHMbIMH: HCMOJb30BAHHbIE (GOPMYJILl A
KITJL cnpaeepnuBel toibko gas oBparumbix Mamin. [lo-
CKOJIbKY BC€ peafibHbie MalUMHB B OoJblleil uad MeHbluell
CTeREHH HeoOpaTHMbl, TO Ha NpPAaKTHKe BTOPOH cliocod AHHA-
MHYCCKOFO OTOH/IeHHA OKa3biBaeTCsl fosee TpeqiiouTHTETLHLIM.
B camom jieqe, B 3TOM criocofe MeHblee KOMHUECTBO MOMYUeH-
HOIt OT pesepByapa ¢ CaMoH BhICOKOH Temmepatypoit T 3Heprun

OTKyJAa
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HCTIBITHIBAET /iBOfilible DPEBpAlleHHd: U3 TERAGTH B paboTy, 3a-
TeM CHOBa B TenJoTy. IfostoMy u motepu n3-3a weoGpaTHMOCTH
B 3TOM CJyuae MeHblie, 3T0 OCOGEHHO $ICHO B MPEAEAbIIOM
cayygae odens Huskoro KITI peasnnHoft TennoBoil maminsi: pa-
Gora A npu 3TOM npeneGpeXHMo Malld, M B IepBOM CAyuae
{(puc. 17.2) Bca TennoTa Q nepefiieT B OKPYKAOWLYIO CPeay, B
TO BpEMA Kak BO BTOPOM cJjyuae
(puc. 17.3) ona nonajaer B otoflii- facpedamens
TEJABHYIO CHCTEMY. A
B toM, uto B oboux crocobax
peanH3auMli JAHHAMHYECKOTO OTollJe-
HHA NPH 0OpaTHMBIX Npoueccax oTo-
fIUTe/BHAS CHCTEMA I0Jy4YaeT OO
U TO e KOJHUeCTBO TenJoThi Q
{popmyabt (3) u (7)), Moxuo ybe-
< Gmanumensyan
IHTBCSL BOOOWE 03 BCSKUX pacue- cuemene 1/ \47
TOB, €CJIH BOCIONB30BATLCA BTOPBIM 7
3aKOHOM TEepMOAHHAMIIKH B (opMmy- Va
auposke Koiaysuyca: HeBO3MOXKHO y
OCYIeCTBHTh TaKOH Inpolecc, eauil- /)
CTBEHHBIM  PE3YJbTaTOM  KOTOPOTo
Obiat Obt lepexofl TerJIOTH 0T MeHee
HarperToro tefa K 0oJiee HarpeTtoMy.
Hnsi RokaszaresiscTBa TMPEANOJOKUM
UpOTHBHOE: TYCTh, Hanpumep, nep- ,
Bblfi CHOCOG AMHAMHYECKOTO OTOMJIe-  pyuc. 17.4. [poueccsl B
HHs 3hexTiBHEe, T. €. NPH OJHOM  ofpaiujeHHofl cucTeMe 1H-
H TOM 7K€ KOJHYECTBE TenJOTbl (), HAMHYECKOTG OTOM/ACHHHA
IOJMYYeHHOM OT pe3epBsyapa C camofi
BBLICOKOI teMmrieparypoll T', otonuTebiasn CHCTEMA C TeMIepary-
pofi Ty nonyuaer GoJblile TENJOTH, YEM NPH BTOPOM crocobe:

Q, > Q1. (8

OGpaTtnm Bce mpouecchl, HAyWHUe IpH BTOpoMm crnocobe. Cxe-
MAaTHUECKH 3TO lOKasado Ha puc. 17.4. Tesepb MaildHa MeXLY
pesepByapamiu ¢ temneparypavu 7, u T2 paboraer Kak TenJjo-
Basi, ¥ noaydaemas B Heli pabotra A’ IpPHUBOIHT B JelicTBHE
XOMOJMBbHYIO MaIIHHY MeXKJy pe3epByapaMH ¢ teMnepaTtypamu
T u T,. B pesyabTare OTORUTEIHLHAS CUCTEMA OTJA€T TEHJIOTY
Qi{=Q’--Qi, a pesepByap ¢ camoil Bblcokoll Temneparypoft T
foay4aer Ttemnory Q.

Teneps Bo3bMEM NEPBYIO CHCTEMY AMHAMUUECKOTO OTOINNE-
nua (puc. 17.2) u obpawennylo sropyto (puc. 17.4) u 3acraBum
X paboTaTb OJHOBPEMEHHO MEKAY ONHUMHM H TeMH Xe Tpemsa

ﬁﬁ/ﬂ/ﬁfaﬂ%’z? oo ]
ki
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TENJIOBBIMH pesepByapamu. B pesyabTate TaKkol COBMeCTHOH
paGoTH ropsiuuil pesepsyap ¢ temnepatypoid T OTAaeT H noJy-
yaer OJHO U TO XKe KOJHYECTBO TeNJOTH @, T. e. HHKAKHX M3-
MeHeHU1.¢ HUM He npoucxoint. OTonuTe/IbHAA CHCTEMA BCJeN-
cTBHE caedanHoro npepnosoxends (8 noayuaer Gosplue
TENJI0TH, YeM OTJAeT, i B HTOTe [101Y4aeT Teil/IoTy OT OKpYHKa-
omeft cpefpl. Takum o6pa3oM, eHHCTBEHHLIM pPe3YJIbTATOM
COBMECTHOTO ﬂel‘;ICTBHH ABVX CHCTEM fABJIAETCA NEPEXOJ TEeNJAOThI
OT OKpY2Katoiiefl cpesinl B OTONHU-
& TEJbHYIO CHCTEMY, T. €. OT MeHee
Harperoro Tena K 6onee Har-
petoMy. A 3TO NPOTHBOPEUHT
BTOPOMY 3aKOHY TepMOpMHaM-
ixkH. CrefloBaTe/ibHO, CcllesaH-
Hoe fpejnionoxetiie (8) Hepep-

Ho.
CoBepLieHHO  4HAJIOTHYHO
7 MOXHO Jl0Kasatb, Yto MpH 06-
7 paTHMbBIX fpoueccax MpPOTHBO-
Pure. 17.5. 33BHC°HMOCTI: TEN0-  TIOJIOXKHOE [Pe/IoNOoKEeHHe O
Thl, nOCTYynawlien B (?TOH!/ITeJIb- 60./”311161"1 qupeKTHBHOCTH BTO-
HYIO CHCTEMY, OT ee TeMIepaTy-
pu T, npn AnBamuseckom oron- PO CIOCOGa AHHAMHYECKOTO
JIeHHH OTONJIEHHsl TaKiKe NPUBOIMT K
NPOTHBOPEYHIO CO BTOPbIM 3a-
KOHOM TepMoJHHaMHKH. 3HaudT, 06a cnocoba OJMHAKOBO

sdpexTHBHL: @, =Q7.

Hcenenyem ~3aBHCHMOCTb NOJAYYaeMoil OTONHTENbHON CH-
cTeMOli Ten/aoThl @) OT COOTHOIUEHHA MEXK]Y TeMIeparypamH
uarpeBatensi T, oronutenbHoli cucreMbl 77 H OKpyXaroimlei
cpenst Ta. [pagux 3aBucumoctd @, ot Ty, BhipaxaeMoii dop-
MyJqoft (3), nokasan ua puc. 17.5. ITockosnbky Temnepartypa
OTONHTENbHOH cHcTeMbl 7 HHXe TemIlepaTypbl HarpeBatess
T u Bblile TeMOepaTypH oKkpyKatomed cpeanl Tz, T0 Tpaduk Q,
pacnojoxes Mexjy toukamM Tz u T Ha och a6euce.

M3 storo rpaduka BHAHO, YTO NPH 3aJaHHBIX 3HAYEHHAX
TemrepaTypbl okpyxKatowell cpenst T: i narpeBateas T AuHa-
MH4ecKad cucrema Gyler TeM 6osee s(derTHBHA, ueM BaIKe
TEMIIEDATYPA B OTOIMHTENbHON CHCTEME K TeMnepatrype OKpy-
XKawowell cpefpl. B aTux ycaoBHAX TeNioTa, NOCTYRawowas B
OTOIHTENLHYIO CHCTEMY, 3HAUHTeNIbHO INpeBHIINAeT TerioTy,
TOJAYYEHHYIO NPH CKUFaHUM TomuBa. Ecau xe temmepartypa
HarpeBatesnd T He3HauWTeNbHO IMIpeBHILIAET TeMIepatypy B
OTONHTEJbHOH cHCTEME, TO HCMOMb30BAHHE JHHAMHuECKOM
cucTeMbl He faer npeumymiects: Qu—>Q npu Ty,—T.
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Hcnonb3oBanie AHHAMHYECKOTO OTONJEIMA 3IKOHOMHYECKH
1e/1ec000pasHo TOT/Ja, KOIJa pacXoibl Ha €ro COOpyiKeHHe H
SKCIIYATalNIo KOMIEHCHPYIOTCS CTOMMOCTBIO CIKOHOMJAIEHHOTD
TONJNBA.

MittepecHo oTMeTUTD, YTO LMHAMHUIECKOE OTOMJEHHE MOIKET
aeficrBoBath H npu T<<Ty, 1. e. Korja tpeGyercd nepenath
TeJY TEMAOTY OT Harpesartessi, Ttemnepatrypa xoroporo 7
MeHblle Temnepatypsl 7', HarpeBaeMmoro tesa. OueBHIHO, UTO
AJs 3TOTO  MOXHO, HanpuMep, BOCHO/b30BaTbCa CXeMoll,
npusefiedHod na puc. 17.4, B xoropoil chaesyeT NOMeHATH
MeCTaMHM HarpeBaTe/b H OTONHTEJNbHYIO CHCTEMY. A

18. Tlepeceuenne usotepmbt u apuabatw. Moxer naH cy-
L1eCTBOBATh TaKOE BEUIECTBO, KOTOPOE MOXKHO TNepeBectH
H3 HeKOTOPOTO Haya/JbHOTO COCTOAHHMSI B OJHO M TOJKe KOHed-
HOe cOCTOfiHKNe H ajuabatHuecKH, I H30TePMHYECKH?

A Cpasy sicHo, 4YTO HAEasLHBIA ra3 He MOXKeT CJYXKHTb
npuMepoM Taxoro BemiectsBa. JefcTBuTeNbHO, BHYTPeHHAS
3HEPTHA HJea]bHOI0 Fasa — 3TO KIHETHUeCKas SHePTus XaoTH-
4ecKoro JBHKEHHs1 €r0 MOJeKyJ, KOTopasd 3aBHCHT TOJDKO OT
TeMnepaTypul rasa. [lpn ajuabatiiueckoM npouecce Tennoos-
MeH ¢ BHelHefl Cpelofl OTCYTCTBYeT H, BCJEACTBHE II€PBOTO
3aKoHa TepMmOJHMHaMUKH, pabora MOXKeT coBepIUaThCs TOJIBKO
3a cuyeT BHYTpeHHel sHepruu. IlosroMy, Hanpumep, npu pac-
LIUPEeHHH BHYTPEHHAR 3HeprHA Jo/Kna ybbiBath, YTO AJf
HIeallbHOTO Ta3a O3HAYaeT YMEHbLICHHe ero TeMIepaTypbi.
Mrax, npu agnabatnueckom npouecce HJiealbHDIH ras HUKOT /12
lile IPHJET B COCTOsIHNE C TOH Ke TemnepaTypoll.

Onuaxo u3MeHeHHe Temiepatypsl B annabaTHuecKoM npo-
ecce C BeUIECTBOM, MEXAY MOJeKyJaaMy KOTOPOro CYLIECTBYeT
B3auMojeiicTBHe, MoXKeT H He .Obith TakuM npoctoiM. Ilycrs,
HanmpuMep, NOTEHUHa/lbHas 3Heprus B3aHMOJEHCTBHA Taxoba,
YTO B CHJABHO CXKaTOM COCTOSTHHH, KOT[a DACCTOSHHT MEXAY
MoJleKyJ/JdaMH MaJbl, MpeobaajaloT CH/Abl OTTaJKHBaHUA, a NpH
paclIHpPeHHH, T. €. YBeJIHUeHHH 3THX PACCTOSHUI, HauHHAIOT
npeoBbaajars cuisl nputsikenusi. Torga, Kasasoch Obl, MOXeT
CAyUHTHCSl TaK, YTO NpHU ajguabatHyecKoM paCHIHPeHHH CH-
CTeMBl U3 CH/BHO CXKATOTO COCTOAHHA YMEHbIUeHHe IOTeHIH-
anbHoOfl SHEPrHH B3aHMOJEHACTBHs MOJekyn ofecneduTr He
TOJbKO COBepIleHHe pabotbl, HO H YBeJHuyeHHe KHHeTHYeCKOIl
3HePTHH XaOTHUECKOTO [BHIKEHHA, T. €. YBe/JHUYCHHe TeMnepa-
typsl. llpn panpheiimiemM paciuupenuH, Korja OTTaJKHBAlIMe
MEXJY MOJEKYJ/JAMH CMEHHTCH NpPHTSIKEeHHeM, MOTeHUManbHas
SHEPTUsi B3aUMOJECHCTBHA MOJEKYJ HAUHeT YBeJHYHBATHCS.
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Telepsb Takoe yBeAHUEHHE MOTEHUHUATbHOH SHEPTHH, KaK H
coBepilieiHe paboThl NP pacllupeHHH, OYAeT NPOUCXOAHUTH
TOJBKO 33 CYET KHHETHUECKOMH S1EeprHi Xa0THUECKOTO JABHKEeHH 11
MOJIEKYJ1. A 3TO 3HAYMT, UTO TEMIIEPATYPa CHCTEMbl OVAeT yObI-
BATb U MOXKET IPHHAThL TO 3HAuellHe, KOTOPOE OHa MMena 1o
fa4aja paclIupeHus.

Taxum of6pasoM, ¢ TOUKH 3PEHHS MOJeKYAapHO-KHHETH-
yeckoll TeopuH Ha MepBbIH BMJAL He BUJHO, NIOYEMY BELIECTBO
C TaKMMH cBOHCTBaMHM He MorJ/o Obl cyuiectsoBath. Opuako
MOXKHO Cpasy MoKasaTh, YTO C TOUKH 3peHUA OOHUX 3aKOHOB

A 7 Y

7 14
Puc. 18.1. l13oTepma u axuabara Puc. 18.2. Uuka 1en1080i Ma-
TUTOTETHYEeCKOro BEULECTBH_ UIMHDBL C p360‘H1M TEJAOM H3 rH-

NOTETHUYECKOro BeuiecTBa

TEPMOJHHAMHKH CYIIECTBOBAHME TaKOI'0 BellleCTBa HeBO3MOXKHO.
JTo Nlerko 10Kasath, paccy’Kjiasi OT NPOTHBHOIO.

ITpeanonoxumM, 4To TaKoe BEIECTBO CYUIECTBYET, T. €. M3
1a4ya/J IbHOTO CoCTOAHMA | MOXHO HpPUIITH B HEKOTOPOE Co-
crosinue 2 ¢ Tofl xe Temnepatypoli kaK no usorepme T =const,
Tak U no apnabare Q=0 (puc. 18.1).

MoskeT Torasatbesi, uTo TaKoii X6l aanabathl NMPOTHBOPE-
YHT ONIHCaHHOM BhIlIE MOAEG/H I'HNOTETHUECKOrO BEIeCTBA, Y KO-
TOPOro NPpH aiHabaTHIECKOM pAaCLIMPEHHH TeMiepartypa cHa-
uafla BO3pacTaeT, a 3arteM yMmenbiiaercs. Beis #a puc. 18.1 B
COOTBETCTBUH C PacCMOTPEHHOH MoOJe/bl0 NPU OJHOM H TOM
e o0peme GoJjee BLICOKHM TeMIepaTrypaM COOTBETCTBYIOT
MeHplune paBaeHus. HanoMmuHM, OAHako, 4To peub HIeT e
06 ufAealbHOM Ta3e, a O THINOTeTHYECKOM BellecTBe, YypaB-
HIeHHe COCTOAHHST KOTOPOro MOXKET ObiTh OueHb CJIOKHbBIM.

BemecrBo ¢ TakHMH CBOHCTBAMHM MOXHO HCIOJb30BATh B
KauecTBe pafiouero tesia B TEMJIOBOH MallnHe, pabouuil UMK
KOTOPOH COCTOMT M3 M30TEPMHUYECKOrO PACUIHMPEeHHST OT COCTOR-
uust I jo cocroAnusa 2 u afgnabatHyeckoro cxkatus (puc. 18.2).



19. JABJEHME BJAAXHOIO BO3JNYXA 219

Bo Bpemsi H3oTepMHUecKoro paciipesus pabouee Tes1o noay-
yaeT TEIJIOTY OT oxpyzKawomeit cpenbl. [Ipu agunabGaTiueckoM
cHaTHH TeNJ0OOMEH OTCYyTCTBYeT. 3a Bech UMK/ MaluHHa
CoBEplIaeT MNOJIOXKHTEIbHYI0 paboTy, PaBHYIO [JOWAagH, or-
panHueliHofl mukaoM Ha p—V-auarpamme. K KoHuy unkaa
paBouee Tes0 BO3BpAllaeTCH B HCXOJLHOE COCTOSIHHE H, CAERO-
BaTeAbHO, BHYTPEHHss JHEPTHsl NPHHHMaeT CBOe IEPBOHA-
yaabHoe 3HaueHne. [lo3TOMy Ha OCHOBaHHMM NEpBOTO 3aKOHa
TePMOJHHAMHKH MOMXKHO YTBEPKIATh, YTO BCA [OJydYeHHas
CHCTEMOI 33 UMKA TelJloTa LENHKOM npeBpaTtuiach B paboTy.
Takas mamnda npeacTabiseT cofOd Beudblll JBUrareab BTO-
poro pofa. CyniecrBoBaHHe TaKOll MallHHbI 3allPeUIeHO BTOPBIM
3aKOHOM TePMOJHHAMHKH, KOTOpblli B (opmyanpoBke Tomcona
HMEET BHA: HEBO3MOXKHO CO3/aTh NEpHOAHUYECKH AEHCTBYIOMYIO
TellJIOBYIO MALIUHY, KOTOPAs BCIO MOJAYUYEHHYIO TEIJIOTY HesH-
KoM TnpeBpauwaja 6u B paboTy.

Wrax, Mbl NOJyudHaH NPOTHBOPeuHe CO BTOPHIM 3aKOHOM
TEPMOJHHAMUKH. 3HAYHT, BEUECTBO C TAKHMH CBOHCTBaMH He
CYLIECTBYET.

B paccyxkjeHusx Mbl npegnosaraiu, uto €OeLHHAlOWANA
cocroanns ] u 2 nsorepma JeXHT Ha p—V-Anarpamme Bolie
agnabaThl M NPH H3OTEPMHUYECKOM pACIMpeHHU Halle THHO-
TETHIECKOE BELIECTBO NOJYUAEeT TEIVIOTY, EC/H BPeANoJoKH TS,
41O aJuabata JeXHT Bblllie H30TEPMbl, HJIH 9TO NPH H30TEPMH-
4eCKOM pacIiipPeHHH THIOTeTHYSCKOE BELeCTBO OTAAET TENN0TY,
WIM B TO M JApPYTOe BMeCTe, TO aHAJOTHUHLIMH PacCyXACHHAMH
MOXKHO Y6eJHTbCS, YTO BO BCEX 3THX CJYy4asX Mbl Oyhem NpH-
XOJUTD K 1POTHBOpeyHio Aubo cO BTOPHIM, JMHOO JaKe ¢ nep-
BbIM 3aKOUIOM TEPMOJHMHAMHKH. A

19. Japnenne BaaxHoro Bo3pyxa. JIBa cocyaa obGnemom
V=10 KaXAplll HanoJHEeHH CYXHM BO3ZYXOM IIpH JAaBJe-
H#H p,=1! arm u Ttemnepatype f,=0°C. B nepBuii BBOAAT
m;==3 T BOJbf, BO BTOPOH mz:=15 T U HarpeBaior cocyjpl A0
temnepatypst =100 °C. Onpegeautb JAaBjeHHe BJIAXHOTO
BO3AYXa NPH 3TOH TeMmepatype B KaXAOM COCYZe.

A BpepeHHasl B COCYJ BOAA WCHApSeTICs, H J1aBJ/EHHE B CO-
cyfe coryiacHo 3akoHy HanpToHa CTaHOBHUTCSI DaBHBIM CyMMe
napuHanbHbIX AABJCHUH Bo3IyXa H NapoB BOMBL.

[Mapumaipyoe nassieHne so3fyxa p B o0OMX COCYJdax OAH-
HAKOBO H JIETKO HaXOAUTCs1 ¢ nomorunlo sakona apas, tak
KaK narpepanHe ileH3MEHHOH Macchl BO3AYXa MPOUCXOJIUT [1PH
1OCTOANHHOM O6beMe (0O TEIUIOBHIM pacIiHpeHHeM Cocya
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MONKHO IIpeHedpeun):
p=poT/Ty=1 amm-373 K/273 K=1,37 amm.

Terneps onpegesuy napunasnblioe AaBjeiine p; BOAFAHOTO
napa B nepsoM cocyfe npr 100 °C. Has storo socnoJib3yemcs
ypaBHeHueM Menjeneesa — Kﬂaneﬁpox{a

P = '"’ RT. (1)

Toncrasaaa B (1) uucjoBble 3uaveHds Bcex Beauunn (K=
=0,082 arm-a/ (Mo -°C), u=0,018 &r/mosn), HaxoauM p;==
==0,51 arm<Cl aTt™. [TostHoe faBneHue B nepBoMm cocyte p+p,=
=1,88 artm.
Ioacuuras TakuM ke 06pa30M NapuHaibHOe JaB/eHHe BOsA-
HOTO napa BO BTGPOM cocyfe, NojayunM pz=2,55 atv>1 arm.
HMrax, kasanoch O, 1OJHOE JaB/ieHHe BO BTOPOM COCYIE

ptp2=3,92 amm.

Ho ne 6ynem toponutbea. [logymaem, Moxer au faBaeHus
Bogsanoro napa nph 100 °C 6bite Goabine 1 atm. BenoMmHum,
4To npH gas/deruu 1 at Boxa xkunut npi 100 °C . Sro 3Hauwt,
4TO JaBJ/eHHe HAChUeHHOrO BOASIHOTO fhapa pasHo | arMm npu
130 °C. Ipyrumu cJoBaMH, jaBJjenHe BOJSIHOTO Napa npH
100 °C npu HanuKH cBOOO/IHON NOBEPX HOCTH KHAKOCTH IIHKOT-
Ha He MOXeT npesbinatb 1 atM. [TosTomy BO BTOpOM coCyjae
BOj@ UCNapHiach He HOAHOCTBIO, 1ap OyJet HACHIUEHHBIM U
ero napudanbHoe gassenue pasno 1 at. [losHoe naBaeune B
sToM cocyge p-+1 atm=2,37 atM.

[Tonymaiite Tenepb, KaK MOXKHO IOACYMTATH MAccy HeHcna-
puBLIeHcA BOJb BO BTOPOM COCYie.

Ilpu petiernu 31oil 3aj1ausl AAst HAXCIKIEHUA NABACHHSA BOLA-
HOro Mapa Mbi HCNOJIB30BajH 3akon Mewjeneesa — Kaameft-
poOHa — ypaBHEHHEe COCTOSHHS HJEasJbHOTO raza. ITO MOXKIO
fenath U JOCTATOMHO paspekeHHOro napa He3aBHCHMO
OT TOrO, siBJAfeTcd JM OH laChlO(eHHbiM WM HeT. OAHaKo co-
JiepaKaHue 3aKOHa B 3THX ABYX C/y4YasiX COBePUICHHO PA3AHUHO,
Ecan map najek oT HACHIUENHA, TO, HCHOJb3Yst ypaBHeHe
(1), Mbl HaxoAnM aBJCHHE Napa, KOTOPOE OKA3bIBAETCA BECDMA
6ANM3KUM K Hab/onaemomy Ha omnsire. s HaceinenHoro napa
HCHOMB30BAHNE ITOTO YPABHEHHS AN HAXOMXKIEHHsS [AaBJICHHS
OPUBOAMT, Kak ML TOILKC 4TC BIAeaH, K abeypay. Ofiaxo
3TO HE O3HauaeT, YTO 3aKOH HeBepel. Ec/au Boludc/enHoe 10
ypasueunio (1) napiaeHue BOAAIOrO napa orassiBaetcs 6o/bLle,
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ueM JlaBJaeuNe HaCbBUEHHOre napa NpH AaHHoll TeMnepartype,
TO 3TO 03HAYAET, UTO HA CAMOM Jiesle Macca napa Menslle Tof,
KOTOPYIO Mbl NOACTABJIsJIH B YpaBHEHHE,— YacTh BellecTBa
HaxoauTcA B XKHAKOH ¢ase. [loacrapasas B ¢opmyay (1) pas-
JiellMe HacbleHIIoro napa, B3sTce H3 TabJiil, MOXKHO H3 Hee
HallTH MacCy NachlIieHNOro napa, cojepxxanerocst B ooreme V
npn temneparype T.

TakuM ofpasom, npumensia ypaBHeHne Menjeneesa —
Knanefiposa x napas, HyXHO BCe BpeMs HMeThb MNOJ PYKOM
TabaAMLY 3aBHCHMOCTH JAaBJEHHS HACH{IEHHOrO Mapa OT TeM-
nepaTtyphb, T. €. 3aBHCHMOCTH TEMIlepaTypbl KHIIeHHs OT JaB-
JIeHHs.

Tenepn Bl Ge3 Tpyaa cMOXeTe OTBETHTb Ha INOCTABJACHHbIH
JIONONHUTENBHE  BONPOC — ONpeJeAuTh Maccy Heucnapus-
wefics BOABI BO BTOPOM COCYIe. A

20. Jupkoetb B Kanuanape, BepTHKaAbHYIO KalMAISPHYIO
TpyOKY ¢ BHYTPEHHHM pajHyCcoM r CNyCKAlOT HHIKHUM KOHIOM B
XKUAKOCTb C TOBEPXHOCTHBIM HATSXKEHHEM ¢ H [JIOTHOCTBIO P.
HAMIKOCTS MNOJIHOCTHIO CMAayHBaer MOBEPXHOCTb KANHJISPA.
Kakoe KOJuuecTBO TENJOTHI BHIJIEHTCA B TPOLECCE NOABEMA
JKHJIKOCTH ?

A Tlouemy Boofiue npH nojbeMe XKULKOCTH B KanujJjspe
JIOJIZKHO NPOHCXOAHTDH BbiieJeHHe Tensotol? Iloj BbijeneHuem
TEMNJOTH MOHHMAIOT HeoBpaTHMoe MpeBpaileHie MeXaHuuecKof,
3JE€KTPUYECKONl H APYTUX BHJOB 3HEPrHH B SHEPIHIO XaoThue-
CKOTO TEIJIOBOTO JBHXKEHHs MoJiekya. B srtolt ¢pase, no
CYWIECTBY, YXKe COIEPXKUTCA OTBET ha MOCTaBJEHHbII BONPOC:
HauyaJibHOC COCTOAHINEe CHCTeMbi, Korlia HI/I}KHHﬁ KOHel KaltHJ-
Jspa HpHLleT B CONPHKOCHOBEHIE C JKUAKOCTHIO,— 3ITO Hepas-
HOBECIIOE COCTOSIHME, M3 KOTOPOTO CHCTeMa CaMONpPOH3BOJIbHO
NepexoIuT B KOHeYHoe PaBHOBECHOe COCTOAIIME, NMPHYEM 3TOT
nepexoj, cosepllaeTcs HeoGpaTHMbiM 00pa3oM, C BblIeTeHHEM
TEeMIOTH.

Yrofbl NakTH KOJHMYECTBO BLIjessiouefica TenaoTH, pac-
CMOTPHM JeTa/JH 3TOTO HeoOpatHMOro npouecca. B kouneunom
COCTOSTHUH CTO0 KHAKOCTH NOKOUTCS, TOAHABIINCE Ha BBICOTY
h, KOTOPYIO MOXKIIO ONpeaeHTb H3 YC/JIOBHs MeXaHHUIECKOro
paBroBecHd. [lefictByomas Ha cTOMG XKUIKOCTH CHJA THKECTH
P, paBHafl No MoayJwo nrihpg, ypasBHoBelUHBaeTcst JEHCT-
BylOlEel BePTHKANLIO BBEPX CHJOK F MOBEPXHOCTHOTO HATH-
MKEHHS, IPHAOKENHON K ¢TONOMKY MKHAKOCTH 1O BepXHEH KO.1b-
LeBOH TpPaHMIe COMPHKOCHOBEHHsI MKHIKOCTH C BHyTpeHHel
NOBEPXHOCTLIO  Kannadsapa. [nHa 3ToH TrpaHuumsl pasHa
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2ar, nostoMy F=2wro. TlpupaBuuBaa P u F, HaxoauMm
h=2a/pgr. 99

Ilentp macc storo croaa Maccol m=rrhp HaXoAHTCSH
11a peicote h/2 Hai NOBEPXHOCTHIO XKHAKOCTH B cocyne. [Tostomy
ero MOTeHUHaAbHAA 3HEpTHs

E,=mgh/2=2nc*/pg. (2)

Pa6ota A cuabl nOBEpPXHOCTHOTO HATAMEHHs, COBephHiaeMa¥n
pH fI0/bemMe JKUAKOCTH Ha BBICOTY h, paBHa

A=F . h=A4n0%/pg. 3

Bunio, uro 3ta pabora cH/bl NOBEPXHOCTHOTO HATANKEHHA
Gonblue, yeM flOTEHIHAAbHAA 3Heprud cToaba Kunkoctu. Oue-
BUJHO, YTO H30LITOK paloTbi U PaBeH HCKOMOMY KOJNHUECTBY
BoieaAuBIIelHCA TenaoTsl Q:

Q=A—E,=2no*/pg. (4)

HHTepecHo oTMeTHTb, YTO TIPH cBOOOAHOM IO LeME, KOrja
HUKAKHe JIpyTHe CHJBI, KpOMe CHJ TSMKECTH H MOBEpXHOCTHOTO
HaTsxKeHus, He JeHCTBYIOT, KOJIHYECTBO BbleaUBUICHCH TenJo-
TL paBHO POBHO I10J10BHHE PaGoThl CHJB! II0BEPXHOCTHOTO HATA-
Keuud., I1pH TakoM nojbeme Pa3OTHAHHAS CHJIAMH MOBEPXHOCT-
HOTO HATAMEHHs JKHAKOCTb «IPOCKAKHBAET» 10 HHEPUHH
N0JI0KERNE paBHOBecH ., B OTCYTCTBUE TPEHHs KHUIKOCTh B Ka-
nuAJApe  coBepluania Ol He3aTyxaloliHe KojAeGaHHSA OKOJO
CpeHero NoJoXKeHHs /1, NOJAHHMAACH HA MAKCHMA/IbHYIO BHICOTY |
2h. PeanpHo, Jaxe NPHU HUUTOKHON BSI3KOCTH JKHIKOCTH, 3TH
KOJeBAHHS TOCTENEeHHO 3aTYXaloT, YTO CONPOBOXKIAETCS Bbije-
JgeuneM tenaothl. [Ipu moctarouHo 60Mb1IOH BA3KOCTH KoJe-
Oaxusa BooOIIE HE BO3HHKAIOT: Ha BLICOTE /i CKOPOCTD KHAKOCTH
yKe yMeHblIaercd [0 HyJA.

Kongectso Belfe/sionleAca TeILTOTHl MOXKHO ClleslaTh MeHb-
flIe W Jaxe Boodlle CejgaTh PaBHbIM LYJM0, eCIH obecneyHTob
ycAoBUA IJA OépaTl’lMOI‘O nepexona B KOHeuYHOe COoCTOoAHHE.
Huas atore cron0HK KIIKOCTH B TEYEHHe BCETo Ipornecca
[04BeMa JOJKeH HAXOAHTbCA B COCTOSTHHH PABHOBECHS, T. €.
KpOMe CHJIbl TSIKECTH H CHJIBI TIOBEPXHOCTHOTO HaTSKEHH#A X
HeMy HYXKHO TIPUJIOXKHTH elle JONOJHUTEJIbHYH BHEUIIOWn
cuny. O6patiumbiil NepexOf B PABHOBECHOE KOHEYHOE COCTOA-
HHE BO3MOXEH TOJMbKO TOTJA, KOIJa paccMatpHBsaemasl CHCTEMa
cosepinaet paboTy HaX BHELUHHMH TesaMH. Kcerath, nogywmaiire,
KaKytO JOMOJHUTENbHYIO BIIELIHIOW CHJY CAeAYeT MPUAOKHTL K
CTONOUKY KHAKOCTH B KazKJbili MOMEHT €ro nojnema, 4todbl 1e
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NPONCXORMJIO BLIAeAeHUA Tenaots? Kakyio pabory coepmnt
P 3TOM CHCTEMA HajJ BHEUIHWMHM TENAMH?

Jlaxe nonyduB OTBETHl Ha 3TH BONPOCHI, CTOHT €IUE 3aiy-
MaTbesn M HAJ TeM, 3a CUeT 3anaca Kakol SHePTHH COBepHIAETCH
pabora cuaMH TIOBEDXHOCTHOTO HATSIKEHUS H KaK OOBICHHTDH
TOT (DAKT, UTO B KOHEUHOM COCTOSIHUH YCTOHYMBOIO paBHOBECHS
NIOTEeHHHANbHAA SHEPTUS OKa3bBaeTCs 60JbIIE, 4eM B UCXO[-
HOM HepaBHOBECHOM COCTOstiuM. [leso B TOM, 4TO Hapsay €
NOTeHHHAALHON 3HEpryHell B roJe TAKECTH pacCMaTpUBaemas

Pue. 20.1. K BHIUHCHEHNIO IOBEP XHOCTHOMN SHEPIHH KHIKOCTH

CHCTEMa XapaKTEpU3YeTCs elle H TAK Has3hBaeMoH NOBepXHOCT-
Hofi speprueil. [loBepXHOCTHAs 3HEPrUa NPONOPHHUOHANLHA
moiafd S cBOGOAHON NOBEDXHOCTH MHAKOCTH:

Woon = aS. (5)

370 BbIpaxKeHHe MOXKHO NONYYHTb, npupaBHUBasn paboTy, CO-
BeplaeMyi0 BHELIHHMH CHJIaMH NPHU YBEAHUYEHUH INIOWAAM IO
BEPXHOCTH FOPM3OHTANbHOM Nuenku (puc. 20.1), npupaiennio
NOBEPXHOCTHOR SHEPTHHU:

F.x=20lx =AW

Ilpn nepememenun nepeMbidkn Ha puc. 20.1 naomans cBoGoA-
HOH NOBEPXHOCTH MMUAKOCTH Bo3pactaer Ha AS=2[x, Tak Kak
nJeHKa HMMmeeT 1Be cBofonnbie noeepxHoctH. Ilockoawky pac-
CMAaTpUBaeMOe MEAJECHHOE H3MEeHEeHHE NOBEPXHOCTH, NPH KOTO-
pOM B KaxKAbllf MOMEHT HMEeTCsl PaBHOBECHE CUJ, sBJfercs
06paTHMBIM, TO NOBEPXHOCTHYIO SHEPTHI0 MOXKHO CUHTATH HO-
TeHUHATLHOH.

Ecnn B CHCTEME MOMKET H3MEHATHCH TOMLKO MOBEPXHOCTHASN
5AEprus, TO COCTOAHMIO YCTOHYHBOIO PABHOBECHS COOTBETCT-
ByeT MHHUMYM ILIOIAAM CcBoBOAHON nopepxHocTu. Hanpuwmep,
Kanau B CBOOOAHOM NAAEHHU HMEIOT CPepHUecKyIo (hopMy, Tax
KaK npH 3ajanHoM oOneme IlmapoobpasHas Qopua ofecueui-
BACT HAMMEHBUIYIO NOBEPXHOCTD.

[To cyTH AeJia nOBEpXHOCTHAA SLIEPTHST JKUAKOCTH CBA3aHA €
pas/HMuYHeM B NOTE€HHHAJLHOH 3HEPIUM B3aHMOACHCTBHSA MoJe-

nop*
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KYA ULKOCTH, HAXOASAMHUXCA B oO6beMe W B IIOBEPXHOCTHOM
c1oe. B pacuere Ha oamy MoJeKyay 3Ta sHeprusi GoJsplle B
TIOBEPXHOCTHOM CJloe, ueM B TrJayOHHe Xuakocrd. [losromy
ypeauyenyue cBoboiHOi NOBEPXHOCTH, KOIAA YacTh MOJEKYJ H3
ofibeMa NIEPEXOAHT B NOBEPXIIOCTHHIR CJ10H, TpeSyer copeplie-
HUA padoTol BHELIHUMH CHJaMH.

Ho npu noppeme xupkoctH B Kanuasipe ee cBofopHas no-

BEepXHOCTb NPAKTUYECKH HE H3MeHfercs. 3IlauuT, He H3Me-
HAETCHA ¥ CBA3aHHAf CO CBOOOANOH NOBEPXHOCTHIO NOBEPXHOCT-
iian suepruda. OAHAKO NPH NojbeMe B Kanuaaspe yBelHYHBa-
€TCH MOBEPXHOCTh CONPHKOCHOBEHHA KUJKOCTH CO CTEKJOM
KanuaiapHofi Tpy6kH. Ecau KHAKOCTH CMadlBaeT MOBEpX-
HOCTb TBEPJOrO TeJa, T. €. CAMONDPOH3BOJLHO PaCcTeKaeTcd Mo
Hel, TO 3TO 3HAYMT, YTO SHEPTHA MOJEKYJ JKUAKOCTH B MOrpa-
HUYHOM CJI0€ M3-3a B3alUMOACHCTBHA C MOJIEKYJaMH TBEPAOrO
TeJla MEHblle, 4eM ZHEeprHf WX BHYTPH KuaKocTH. [lTostomy
YBEJIHYEHHE [TOBEPXHOCTH CONPHKOCHOBEHHS CO CTEHKaMHU IIPH-
BOJAHT K OGIIEMY YMEHbILIEHHIO HOTEHIHAbHON SHEPT HY B3aHMO-
NeHCTBYUSA MOJeKkyJsl. B pesy/bTare Takoe yBe/HuesHe HOBEPX-
OCTH CONPUKOCHOBEHMU S, B OTJIHYHE OT yBeJHUeHUs CBOGOAHON
TIOBEDXHOCTH, CONPOBOMK/JAETCH COBepLUeHHeM NOJOXUTeNbHO
paboThl CHJAMH MOBEPXHOCTHOTO HATSKEHUS.
- Hrak, yBeauueHHe noTeHUHaJLHON SHEPrHH cToN6a
PKHAKOCTH MPH €ro NoAbeMe B KaHU/IApe, a TAKXKe Bhige/IeHHe
TENJIOTHI NPOHCXONAT 34 CUET YMEHblIeHHA MOTeHIHAJIbHON
SHEPrHH B3AaUMOLEHCTBHSA MOJEKYJ IIPH Mepexoje HX H3 TJy-
OHHEl KMAKOCTH B TpaHu4al(Hil CO CMAYHBAEMOH NOBEPXHO-
CTBIO CJIOH. A

21. JRapnenue napa HajJ HCKPHUBAEHHOH NOBEPXHOCTLID,
Kak B/nsier KpUBH3HA NOBEPXHOCTH XHAKOCTH HA AABJICHHL
ee HaChIIEHHOrO mnapar

A Jlapnenne HachlEHHOTO Napa, T. €. napa, HaXoAfANErocs
B COCTOAHHH TEPMOLHMHAMHYECKOTO pPaBHOBECHA CO CBOeH
KHAKOCTbIO, 3aBHCHT OT (POPMbI HOBEPXHOCTH MHUAKOCTH: HAZ
BOTHYTOH NMOBEPXHOCThIO JaBJ/ieHue napa HHXKE, a Iaj BBINYK-
JOH — BBILLIE, 4YeM Haja NJockoH. [[asi HaxoXJIeHHs 3aBUCH-
MOCTH J[aBJEHHS Napa OT KPHMBHU3HHI TIOBEPXHOCTH KUAKOCTH
PACCMOTPHM fIBJIEHHE TOAHSITHA (MM ONYCKAHHA) KHAKOCTH B
OTKPHITOH € JABYX KOHIIOB TOHKOH KanuaasapHo# tpyOouke,
OJIHHM KOHIIOM norpyKeHHoil B XKHAKOCTb. [IycTh IpoCTPaHCTBO
[1ap KHAKOCTBIO OFPAaHHYENIO W MOTOMY, NOCJE YCTaHOBJEHUA
DABHOBECHsI B CHUCTeMe, 3afo/HEeHO HACHILEHHEIM NapoM.
‘OrpanuyuMcs NpeebHEMA CAYYasAMH [OJHOTO CMAYMBALHs
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(@) ¥ noJnoro necMaunBaHus (0) MUIAKOCTBHO CTEHOK Kanuj-
asipa (puc. 21.1). B caydae a MEHHCK KHAKOCTH BOTHYThIH I
NIPOUCXOAUT MOAHSTHE MKUIKOCTH, B CJyyae 6 -~ MEHHCK Bbl-
NyKAbI M NPOMCXOJHT OnyCKaHue XKuaxoctd. [lockoapxy nas-
JeHHe napa yObiBaer C BBICOTOH, TO ACHO, 4TO Haj HOAHSB-
juefics JKHAKOCTBIO OHO OyeT MeHblle, a Haj OnyCTHBIIeHcH —
HosbHle, YeM Haj MJI0CKOH NOBEPXHOCTBLIO XKHAKOCTH B COCYAE.
ConocraBasnf 310 ¢ GOPMOIl MEHHCKA KULKOCTH B KanH/IsApe B
OOOUX CyuanX, DPUXOIHM K Bhl-
BOAY, 4TO JaBJIeHHe HAChIEHHOro .
mapa Hajd BOTHYTOf 1OBepxHoc- |«
THiO0 KHAKOCTH MeHbINe, a Hal Bhi- ' °
nykJao# — Goasuie, 1eM Hal IJ10C-
KOH. DTOT pe3ynsTar CnpaBei/iiB
He TONBLKO 1S KIJIKOCTH B Ka-
nuaaspe, HO H LA JMo0oH HCK-
PHBEHHON TOBEPXHOCTH MHHIKOC- |
TH, HAOpUMEP AJs KanjH. o I S

OGpaTuM BHHMAaHHE Ha pOJb
CH/Bl TAMECTH B paccmaTpuBae- Puc. 21.1. B nose ramecid
MoM npumepe. B orcyTcTBme [P B Saxbuiow cocyne Mo

Xer HaxoAHieCa B paBlose-
CHJIBI THKECTH JaBJEHHe HAPOB  (uy ¢ yuacTKaMH NOBepXHOC-
JOJ2KHO ObITh OJHMHAKOBbLIM Ha JIIO- TH XKHIKOCTH, HMEeuLuM
S0l BLICOTE, H NO3ITOMY 04P ORHO- pA3HYI0 KpHUBH3WY
BPEMEHHO He MOXeT HaXONHTHCH B
PABHOBECHH € y4aCTKaMH MKHAKOCTH, HMEIOWHMH Da3Hylo KpH-
BH3Hy noBepxHocTi. HampoTus, B 1o TsXKECTH, TA€ AaBJje-
Hie Napa 3aBHCHUT OT BHICOTH,, OH MOMET OJHOBPEMEHHO HA-
XONWTLCA B PaBHOBECHH M € IJIOCKOH, H € BBINYKJOH, H C
BorHyToil noBepxuocTsio. Mmenwo Tak H oOcToHT [1€J0 B
pPaccMaTpUBaEMOM npuMepe. '

Haiiiem KoJHueCTBEHHYIO 3aBHCHMOCTh JAaBJEHH HACHIIEH-
HOTO Napa OT KPHBH3HHL NOBEPXHOCTH KHAKOCTH. Eciu
eCcTh BHICOT2 MOJHATAA KHAKOCTH B Kanmaispe (pxe. 21.1),
To yGbUIb AABJEHHS HACHIEHHOrO Mapa Ha TaKoil BhiCOTE
Ap=p,gh, TAe P, — OJOTHOCTb HACHILIEHHOTO mnapa rnpH
nannofi Temnepatype. C Apyro¥i CTOPOHbI, BHICOTA MORHATHA
YKUAKOCTH MOXKeT OniTh BblpaXKeHa uepes NnoBepXHOCTHOE HATs-
KeHue O, MUIOTHOCTb MKMAKOCTH P H pasuyC TpyGOuKH r (Ko-
TOpbifi NPH TMOJHOM CMauMBAaHHH COBNAjaeT ¢ pajiHycoM KpH-
BH3HbI MEHHCKA KUAKOCTH). /18 3TOrO HyXKIIO NPHUPABHATL BEC
CTOJOMKA MUAKOCTH B KAanWAIspe, paBHbifl frthpg, ylepxn-
paloledl ero CHJje NOBepXHOCTHOro HarsmenHs 2mro. Otcrona
naxonuM hi=20/(prg). TloncraBass 310 3Havenye h B Ap, Haxo-
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IY¥M, 9TO B YCJOBHSIX TePMOJMHAMUYECKOrO DaBHOBECHA 13B-
J€ljHe HACHLUIEHHOTO Napa Haj BOTHYTOH cdepHuecKo# mno-
BEPXHOCTBIO pajHyca r MeHbllle, YeM HaJ NJIOCKOH, HA BeJH-
YHHY
20 Pn ;
Ap = Farah (h

Ipu BRnykiI0H cdeprdeckol NOBEPXHOCTH 3Ta xKe (Qopmy-
Jla onpefensieT NOBBbILIEHHe JABACHHA HaCBILEHHOrO napa Io
CPABHEHHIO ¢ ero JAaBjAeHHeM HaJ{ NJOCKOH NOBEPXHOCTHIO,
Dopmy.ia (1) He Coaep:KUT yCKOPeHHS cBOOOAHOrO NajeHHs g,
H 910 He caydaiiHo. CBf3b JiaBNneHUs HACHIEHHOTO napa c
KPDHBH3HOH MOBEPXHOCTH MUAKOCTH OOYyC/IOBJIeHa JHIWbL no-
BEPXHOCTHBIM HaTsXKeHnueM. Poab CHJBI TAXKECTH, KaK yxe
OTMEHAJN0Ch BhIIIE, CBOXHTCS] TOJBKO K TOMY, 4TOGh OGeCney HTh
paBHOBecHe Napa OJHOBPEMEHHO ¢ Y4YaCTKaMH [OBEPXHOCTH
JKHKOCTH, HMEIOIUMH Dasiyi KpUBH3HY.

3aBHCHMOCTHIO JABJEHHA HACHIEHHOTO napa Ot KPUBH3iib
NOBEPXHOCTH KHAKOCTH BO MHOTHX C/y4asx, KOrJa r He
CJUIIKOM MaJso, MOXHO npeHeOpeus. B camom nene, u3 gopmy-
api (1) cnexpyer, 4ro gaxke i1 O4eHb MAJeHbKHX Kaledb BOJMI,
paauyc KOTopeiX coctaBaser 107 cm, jaBJjeHHE HACBILLEHHOTO
napa Bospacraer Bcero Jnumbs Ha 10 %. Ho ans manenbkux
KaleJap MHJIKOCTH 3Ta 3aBHCUMOCTb MOXKET HIpath CYILECT-
BeHHyI0 posb. Hanpumep, npeacraBum cebe nap, colepxKamui
fonblioe 4YHCAO Kaneib XUAKOCTH pAa3JHYHBIX PasMepoB.
MoskeT 0Ka3aThCsl, UTO 11O OTHOINEHHIO K GOJIBIIHM KanjsM nap
fyneT nepeHaceliieHHHIM (T. €. €ro AaBjeHue (ojblUe, ueM B
COCTOSTHUY PAaBHOBeCHS NPH TOH ke TeMnepatype), B TO Bpewms
KaK 110 OTHOWEHHIO K MaJIeHbKHM KanJsy nap ele He HachlileH,
Toraa BosHHKaeT NMOTOK napa OT NMOBEPXHOCTH MAaJbiX Kanefb
K OOJBIIHM, T. €. KHAKOCTb, MCNAPAOWAACS ¢ MaJeHbKHX
Kanejab, 6yJeT KOHJAEHCHPOBATbCA Ha OGOABIIMX, M, CJAEOBA-
TeJbHO, OHM OYAYT pacTH 3a cueT Mmasbix. Takum obpasom,
COCTOfIHHE CHCTEMBI, B KOTOPOM Ha OJHOIl BHICOTE OJHOBpeE-
MEHIIO HMEIOTCH M NJIOCKAS NOBEPXHOCTb MHJAKOCTH, H OT/E/]b-
Hble KalJH, He BJAFeTCs paBHOBeCHbIM, HOO B PABHOBECHH AaB-
JIEHHE HACBIIEHHBIX NapoB HA OAHON BLICOTE AOJKHO OHITh
OJt1H AKOBO.

O6paTtuM BHWMaHMe, YTO NPH BHIBOjAE dopmy.nt (1) naor-
HOCTb HACBULEHHOFO napa P, CYWTAalach He 3aBuUCAmled oOT
BeICOTHl. OXHAKO NPH OYeHb MAJOM Pajuyce Kanuiasipa Bhi-
COTa MOAHATUS MKUJAKOCTH CTAHOBHTCH HACTOJBKO OGONBINOH,
4TO 3TO NPEANoONOXKeHHe MOXKET 0Ka3aTbCA CJMINKOM FpyOGbiM.
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QueBHano, 4TO B 9TOM cJyuyae JJIf JABJAEHHS HACHIHEHHbIX
11apOB HY:KHO BOCHOJbL30BAThCS HapoMeTpHyecxolt Gopmynol,
B KOTOpPOH YUHTBIBACTCA 3aBHCHUMOCTbL IJIOTHOCTH OT Bbl-
COTHI:

h
P =Py exp (—%—1—% 2)

31ech M — Macca MoJdexyanl uapa, k — nocroauuas boasi-
mauna, T — rtepMmopnnamuyeckast teMiieparypa. Mz Qopmysrer
(2} BUAHO, 9TO p, NpeicTan/sfer co00i JaB/aenne HaChIHEHHbIX
napos npu A==0, T. €. Hag NJOCKOK MOBEPXHOCTHIO HHUAKOCTH,

[lopcrasasas B ¢opmyny (2) HaligeHHoe Bwillle 3Haye-
HHE BHICOTHI HOBEMA XMUAKOCTH B kanuaasape h=20/(prg), ua-
XOJHUM

P =p, exp (—%}%’,) G}

Jra ¢opMmy/a olpeiesseT JaBjieHHe HACHILEHHBIX Napos,
HaXOMAULUXCA B pAaBIIOBECHH € BOTHYTOl  NOBEPXHOCTHIO
XKHAKOCTH. B cayyae BbInyKJIOH UOBePXHOCTH XKHAKOCTH, HAX
KOTOpPOH JaBJIEHHE I[FACHILIEHIIBIX [apoB GoJiblle, 4YeM laf
[JIOCKOH MOBEPXHOCTBIO, HOpPMYyJsa AR NABJEHHA OTJINYAETCH
OT (3) TONLKO 3HAKOM B [0OKa3aTese 3KCIOHelThl:

2 ,
P =Py exp . (4)

Buoepeeie atn Qopmy.st O nosydenn B, Tomconom (Kens-
BHHOM). _

[pir 11e caAHIIKOM MajblX 3HAaUYEHHAX PaaHyca KPHEH3HbL
1I0BEpXIIOCTH 7, KOrja nmoKasare/b 3KcnoHelithi B (3) Hin (4)
MaJa no cpasHeHMio ¢ eauHuuefl, stH QOpMyJabi, pasymeercs,’
HPHBOAAT K TOMY K€ pe3yabrary, uro H dopMyaa (1), Urobu
110Ka3aTb 310, BOCHOJAb3yeMCs TeM, YTO A1A DKCIIOHEHIIHAIBIIOH
dGyHKLHE e npu Maabix x (x<Kl) cnpaseiiuBa npubanKenuasn
popmyna e*~1-+x. B peayabrate ais yOblin Aasjenus Ap=—
=py—p HAaJ BOTHYTOH 11OBEPXHOCTHIO € HOMOIBIO (POPMYJIBt
(3) noayuaem

2mo

AP’;POWP—,- (3)

[lpuMensis K HacbllieHIIOMY Napy ypaBHeHHe COCTOSHHA Hje-
ajapHoro rasa p=nkT u yuurniBas, 4r0 NPOU3BEACHHNE KOHIE!T-
pauuy MOJEKYyJ napa 7 Ha Maccy MOJEKYJbl m PaBHO MJIOT-
I10CTH napa Q,, yOexjaaemcsa, yro dopmyna (5) cosuagaer
¢ seipaxenuem (1).
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HTepecio OueHHUTH, NPH KAKHX 3HAYCHUSIX pajgHyca Kpu-
BHZHBE Kanesp 1J8 HaXOKJAeHHsa AaBJEHHS HACBHUEHIOro napa
ciieflyeT BMecTo npoctod (gopmyasl (1) ucnoamsoBaTh Gosee
TOUHYIO dopmyay (4). OdeBHAHO, UTO Takasd He0GXOJUMOCTh
BC31IHKAeT, KOT4a N0Ka3aTe/ b S5KCIOHEHTH B (4) npubJiixaercs
K epunune. Orciofa pjad paguyca Kamjid IoJy4aeM OLelKy

r < 2mo/(kTp). (6)
Hanpumep, nas Boswsl, y KoTopoll 6=72 puu/cm, m=3-10"%r,

npu T=300 K noaysaem r=10-7 cm. [lpu Ttakom paamyce
KaneJab Qopmysoil (1) nonb3oBaTbcs yKe HENb3R. A
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OnHHM H3 CCHOBHLIX 3aKOHOB MPUPOIB, yCTAHOBACHHBIX ONBITHHIM
nyieM, ABAAETCA 3aKOH COXPAaHel U 3eKTPHYecKoro sapsia. B usonu-
posanHol cuCTeme, 4To Gbl B Hell HH IPOUCXOHJO, MOMHKIH seKTpHYe-
CKHHl 3apaf, T.e. anrefpanueckast CyMMa NOJOKHIENIbHOrO M OTpuua-
TeAbHOT O 3aPAACB, OCTAETCSH MOCTOTHHBIM,

Bsaumogeficrane siekTpHyecKHX 3apsA0B, HAXOAALLKXCH B 110KOe,
ONHUCBHIBaeTCst 3aKonoM Kysona. TOT 34KOH yCTAHABAUBAET 34BUCHMOC b
CHJIb! B3AHMOAEACTBHA ABYX TOUEUHLIX 33aDPALOB B BAKYYME OT #X BEIH-
YHH gy U gy U paccToauHua r MeXay nHumu. B Memayuaponnoit cucreme
epuitny (CH) 3akon umeer sug

l 19 :
F:E T )y
rjie € — 3JCKTPHUECKAs NOCTOAHHAA.

DeKTpHueCKHe 3apsibl HAXCAAIOT OKPYKAWOUee HX [1POCTPAHCTBO
ocobbiMi QUIHYECKHMU CBOHCTBAMH — CO3LAIOT 3JAeKTpHYECKoe I1oJe.
B3saumoneficTeue 31eK ! pHYECKUX 3dPHA0B OCY IHECIBAAECTCH [10CPEACTBOM
CO3MABAEMBIX UMH toaell

IMone, coagamaemoe HEUOABHIKHBIMH 3apajdaMin, fHe Meuserca co
BpeMeHeM M HaspiBaeics 3JeKipocTalhyeckum CUIOBOH XapaKTepHUCTH-
KO 3JIEKTPOCTATHUECKOIO MNOJA ABAMETCA HanpaxkeHuocrs F, pasHad
OTHOUICHHIO CHJBl, AeficTByoweld #a npoGHbid 3apad. K 1poBuHoMy 3a-
pany. [Tone, cosgaBaemMoe yeIHHRHUBLIM TOYEUHLIM 34D AAOM g, siBAACTCA
cpepUYECcKH CHMMETPHUHBIM; MOLYJAb €F0 HANDAKEHHOCTH C MOMOUIHIO
s3akona KysoHa (1) MOKHO npeacTaBUTe B Buje

E—=

1
4718, J—/_qz—l : @
AuepreTHyeckofl XapaKTePHCIUKON 3J€K(POCTAaTHYRCKOrO [10JA A8-
JAARTCA NOTeHWuan ¢, pasHblil OTHOUIGHHIO PABOTH, COBEplUIaeMof CHJ/la-~
MH 3JEKTPUHECKOro NoJdst NpR aepeMewendy NpodHoro 3apaaa 43 fad-
{OH TOUKH [10J51 B HEKOTOPYIO TOYKY, MOIEHLHAN KO1OpOH MPHHAT pas-
HBIM HYJO, K npobuoMy 3apany. Pusuyecknit cMbic/ HMeeT TOILKO pa3-
HOCTb IOTEHIH /0B MeXAy DAaccMaTpHBAeMbIMH TOUKAMHU, a He abCcoRioT-
Hble 3HayenHd notenuuasoB rouek. CypgecTBoBauHe MOTEHLHANa Kak
sHepreTHyeckoll XapaKTepHCTHKH TOYKU NOJIs CBA3AHO C TeM, uTo pabo-
Ta CHJ NOJA [pH NepeMellenld 3apAja He 34BUCHT OT POopMil TPACKTO-
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PUH, a ONpeACHAaeTCa NoJOXKeHHeM HauaanHol 4 xoHeunol Touek. [Toas,
uBJlaAaloLHe TAKHM CBOHCTBOM, 11a3bIBAIOTCA {IOTEHUHAIBHLIMHE,

ITpu paccMoTpenHH 3JeKTPOCTATHYECKOr O NMOAA TOUEYHOTrO 3apsja
y006H0 B KaueCTBe TOUKH C HyJesbiM NOreHiuHanoM Bubpare feckoneu-
1o ypajensyio Touky. Torpa Bhipamenue LJIs norenuHasa TOYKH, OT-
CTOstuiell HAa paccTosHHe 7 OT 3apafa, HUMeeT BHJ

_ 1 g
(P'"‘Nwo r’ @

DekTpHyecKHe noas rpadudeckr H300paxaloT 060 ¢ FOMOHBIO
ANBHH HANP M EHHOCTH, JHO0 € MOMOINbIO SKBHTIOTENHANBHBIX TTOBEP X~
gocrell. JIuHHM RanpsiKEHHOCTH NEpPNeHAUKYAAPHbI I[OBEPXHOCTAM
HOCTOSIHHOrO II0TEHIHA/Aa, NOITOMY, MMes OAHY H3 3THX KapTHH, Mbl
MOXKeM NOCTPOUTH APYTYIO.

JpeKTpHUECKHE NOAA YEOBAETBOPRIOT NPHHUKIY CyTlepro3uiHu:
3ACKTPHYECKOE NOJIE CHCTEMBE 3apsAOB ABJAseTCA CyMMOH noaeil oTgene-
HHIX 3apsijoB, HanpsiKeHHOCTh 0N, CO3JaB4EMOr0 HECKQJIbLKUMH 3aps-
AaMH, PaBla BEKTOPHON CyMMe HaupsiKeHHocTell moJseli, co31aBaeMbiX
Ka¥(biM 3&pHAOM B OTACIbHOCTH. IloTenumuas Npou3BOJbHOH TOUKH
HOAsI HECKOJIbKHUX 3apAfOB pabeH aarebpaundeckoll cymme HoTepuHa-
J10B, CO3JaBaeMbIX B 3TOH TOuKe KaXJbiM 3apagoM. IIpu sToM Touka uy-
JeBOro noteHyMana Bei6rupaercs obuiell g Bcex 3apAAoB.

CymiecTByeT eme OAHH 3aKou, SkBUBAaNentubill 3axony Kysona,
KOTOPLIA MOXKET C PABHBIM YCNEXOM CUHTATLCS OCHOBHBIM 33K OHOM 3J1€KT-
POCTaTHUECKOro B3aumogeiicTeua. dto Teopema laycca. JkpuBanenr-
nocte 1eopemst [aycca n saxona Kylowa ocHoBaHa Ha ofpaTHoll npo-
AOPUMONANLIOCTH CHJAB  B3aUMOAGHCTBIA JBYX TOU4E4{HBIX 3apsj0B
KBajipaTy PaccTOsiHHA M HA UpHHUHNe cynepro3uuud, Teopema Taycca
nApuMenuMa K a1060My NOTeHUHalbHOMY fl0JI0, e AeficTByeT sakou
o6paTHBIX KBAAPA4TOB, HalIPHMeD K [PaBHTALHOHHOMY.

Teopema I'aycca dopumynupyerca caenyiowusm o6pasoM: B BaKyy-
me noToK N HanpsKeHHOCTH SJMeKTpHuecKoro noas E uepes awo6yio
B006PaKAEMYIO 3aMKHYTYIO MOBEPXHOCTb ONpeensieTcs MOMHBM 3apsi-
AOM ¢, HAXOAALMMCH BHYTPH 3ToH MOBEPXHOCTH:

] N == gfe,.

Bo MHOrHx 3aja4ax 3Toro pasgena pacCMaTPHBAIOTCH NPOBOJHUKH,
HaxoAflMecs B 3JEKTPpHYECKOM noge. B craruyeckoM coctofinun Ha-
DPSXKEHHOCTh 3AEKTPHUECKOT® NOJAA BRYTPH IPOBOXHHKA PaBHA HYJIO,
M pCe ero TOMKH MMEIOT OAHHAKOBHE MOTeHuHan. CBoGogHbE 3apaibl
pacio/iokKelbl 11d MOBEPXHOCTH NPOBOAHNKA. Bue nposoanuka B6ansu
€FO TPAHHUULI JIMHAN MalDAXKEHHOCTH NepHeHHKYAAPHE T10BEPXHOCTH,
a HANPAKEHHOCTh oA CBA34HA ¢ NJIOTHOCTBIO 34PALOB O HA NOBEPX-
HOCTH CAERYIOIMM COOTHOWIEHHEM, BBITEKAIOMM M3 TeopeMs [ aycca:

E =og/s,, 4)
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EMKOCTb yeaHHeHoro NpoBojHHKA ONpefeAnercs TolbKo ero ¢op-
Mofl # pasmepaMy M li3Mepsercs OTHOWEHHeM CooGLaeMOoro NP OBORIHKY
3apafa Ag K nmpoucxoisieMy Mpu 3TOM H3MEHEHHIO [OTeniuHata upo-
BogHUKA AQ.

EmKocTs cHCTEMBI IBYX MPOBOAUMKOB, 3apAKEHHBIX DABHMMY 1O
MOAYJ/IO DA3HOMMEHNUBIMH 3aDsiiaMM (KoHAeHCATOp), ONpegeasercs OrT-
HOUWEHHEM 3apa]a OJHOrO NPOBOAHIKA K PA3HOCTH MOTEHIHAIOB MEXKAY
HHM H APYrHM HPOBOJHHKOM i 3aBHCHT TOJABKO OT pa3mepoB, dopMbl H
B3aUMHOIO PAaCcnONOKHHS NPOBOAHIKOB, Hanpumep, eMKOCTb JIIOCKOro
KOHAeHcaropa ¢ mAacTHHAMH [JIOMAAbI0 S B ¢ paccTosnneM d Mexiy
HUMU B BaKyyme

_gS

c="22 ®)

3apaxenunl Konpeucarop obaagaer ssepruet. Eciu sapag xou-
JlencaTopa paeed g, d4 Pa3HOCTb MOTeHUHANOB MeXAy naacruuamu U,
TO €ero 3Heprus

W:lg_:_c_q_z_ = i (6)
2 2 2c * g

DHepruio 3apsKeHHOro KOHAEHCATOpd MOMKHO pPaccMaTPUBATh JHGO
K4K 2HEPrHI0 B34HMONEHCTBHS 34pAJ0B, COCPEJOTOUEHHBIX HA ero 06-
KJlafKax, J460 Kak HEpPrul0 CO3/4B3aeMOro STHMH 3apALaMH 3JeKTpH-
yeckoro noJss. B paMkax amekrpocTaruku oba sTH npejcrasiedus 3Kpu-
pasentubl. [IpH H3yuenuy nepeMeHHbIX BO BPeMeHH [1oJell (3/1eKTp omac-
IHTHBIE BOJIHB) MOMHO yCTAMOBHTDb, UTO B AeHCTBHTENBHOCTH SHEPrHS
cocpeporouena B roJe.

Betpaxenue aqa sHepruM NJOCKOro Koijgeucaropa (6), ecau ee
paccMATPHUBATH KAK JHEPrUIO 3AKIIOYCHHOrO MEX Ay OOK/MANKAMHU 3JIeKT-
POCTAaTHYECKOrO MO, HMeeT BUJ

2
o Dot ™
rae V=_58d — ofveM, sanumaemotit nonsem. Koapbuuneur npu V nmeer
CcMBLIC/T 06BeMI(OH NAOTHOCTH SHEPTHH 3JEKTPOCTATHUECKOro M1OMd.

Eciu npocTpancrBo Mexpay OOKJagKaMH [JIOCKOrQ KOHIEHCATOpa
3a10AHEHO AHINEKTPHKOM C 1POHHUILAEMOCTHIO €, EMKOCTL KOHJeHCaTopa
yBEJHYHBAETCHA B € Pad:

_eggS -
C= T {8)

Beipakenue A 3HEPTHH 3JIEKTPHUECKOro NOAA B LHIIEKTPHKE,
KaK caenyer us popmya (6) 1 (8), Moxer 66T 3aIHCAHO B BUAE
eey B2V y
T2 ®
B sroit ¢opmyne E — RaANPAKEHHOCTb 3ACKTPHYECKOro MOJdd B AH-
2JeKTPHKE.

W—
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1. 3apan suyTpH nposopsaulei cdepul. Toueunwit 3apsan g
noMeriel BHYTPh TOHKOCTEHHOTO NPOBOAANIETO Llapa papnyca
R v Haxoautcs Ha paccrosuuu [ ot ero uentpa. Kakue sapajni
6yAyT HHAYIHPOBAHL HA BHYTPEHHEH W HAPYKHOH [10BEPXHO-
¢TAX Wapa W KakoBa 6yjer KapTHHA 3JEKTPHYECKOro ROJIH B
IBYX cayuasx: 1) wap 3asemJeH, 2) wap H301HpOBal H He
3apsKen?

A PacemotpuM cHadana nepBhIfi caydaih. Mera/siHYecKui
Wap 3a3eMjed, T. €. COejHHeH NPOBOAHHKOM ¢ 3eMaed —
NPOBOAALMM TEJIOM OTpOMHbIX pasmepoB. IToTeHunan 3emin
NpakTHYeCKH He MelifeTcsi, HeCMOTPA Ha TO, UTO NPH TAKOM

Puc. 1.1, Ecan wap 3asemien, Puc. 1.2, 2aektpHuueckoe node 5
TO 3JEKTpHUECKOE IIOJN€e €CTh TOJIOCTH APOBOAHHKA HE 3aBUCHT
TOJALKO BHYI1PU Hero OT TOTO, 4TO HAXOAUTCH BORPYT

COe/IHHEHHH KAaKOH-TO 3apAj MOT nepeiiTH ¢ mapa Ha 3em/o
HaM HaoGopoT. Ecin npHEATL noTeHnuan 6eCcKOHeYHO yiamell-
HOH TOYKH DaBHHIM HYJIO, TO MOTeHNHan 3emau H, CJAef0Ba-
-TeJIbHO, COeJHHEHHOro ¢ HeH MeTalJIHY4ecKoro Inapa TaKxke
GyaeT pased Hymo. B camom jese, BeJescTBHE OTPOMHBIX [0
CPABHEHHIO C IUIAPOM Pa3MepoB 3eMJIH MOMXKHO CYHTATb, YTO
ona npoctupaercss A0 OGeCKOHEUHOCTH.

B Tose CTEHOK METAaLIMYECKOTO lapa, Kak M B Jo60M
pOBOJIHNKE B COCTOHHH paBHOBECHA, 3JEeKTpHYECKOe noJie
orcyTeTByer. Her ero u B oKpyaioueM map NpocTpaHcTse
(puc. 1.1). B camom 1ene, HHYEro He H3MEHHUTCSI, €CAH MLI
GYJ€M CUMTATh, YTO BCE 3TO MPOCTPAHCTBO 3aNOJHEHO MPOBOJ-
HyikoM (pHe. 1.2). TlostoMy Ha Hapy»KHOH NMOBEPXHOCTH 3a3€M-
JIEHHOTO METAJLIHYeCKOTO 11apa 3JeKTPHYECKOro 3apsjia Her,

Hafinem 3apaj, WHAYLHPOBAHHEI Ha BHYTpeHHeH noBepx-
HOCTH MeTaJaH4yecKoro mapa. [Jonpobyem cHauana ynpocThib
3a724y. NOMECTHM TOYeYHHIH. 3apaj ¢ B ueHTp cdepsl (370
vacTHpifl caywail). M3 cumMmerpuu coBepineHHo $ICHO, 4TO
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NHAYUHPOBAHHHIA 3apa) pacnpeeauTcs No BHYTpeHHeH no-
BEpXHOCTH 1L1apa pashoMepHo. Ilo npHHUMDY cynepno3uiuil
3JeKTpUYecKoe noJe BHe cepbl ecTh cymMMa NoJeH, cosjapae-
MBbIX TOYEYHBIM 3apsJOM ¢ H HHAYUHPOBAHHLIM 3apsioM ¢ .
Tak xax BHe apa 5TH NoOJS KOMIEHCHDPYIOT APYr Apyra, To
g'=--g, T. e. Ha BHYTpeHHEeH HOBEPXHOCTH IlIApa HHAYIH-
pyercs paBHbIH MO MOZLYJIO 3apAA [POTHBONOJOXKHOIO 3HAKA.

[Togymaem, uto GygeT, eCan 3apA) ¢ HAXONUTCS B NPOU3-
BOJbIIOA TOYKe BHYTpH wmapa. Jlerke coo6pas3urb, 4To HH-
AYUHpOBaHHBI 32paj ¢ He 3aBHCHT OT PacHONOKEHHS 3aPALA
¢ BHYTPH Iluapa, T. €. oT paccroduusa [. Ilpu nepememienun
3apAaAa ¢ BHYTPH 1uapa G6YIeT MEeHATbCH JHIUIL PaclpelieseHne
WHAYUYPOBAHHOIO 3apAja Ha BHYTpeHHeli IOBEPXHOCTH Hiapa.

ITocxonbky none B J060H Touke BHe cepbl OTCYTCTBYET,
MOXIIO YTBep:KIaTb, YTO CHCTEMa 3apRJ0B ¢ U ¢  3JeKTpoHel -
tpaibna: ¢ =—q. (3ameruM, YTO 0OpaTHOe YTBEpKIeHue
HeBepHO: U3 HeATPaNbHOCTH CHCTEMbI He CJe/lyeT, UTo co3jaBae-
MOE€ ¢l0 N0JI€ PABHO HYJIIO; B KauecTBe NpHMepa TaKoH CHCTEMB!
MOXXHO NPHBECTH JAHNOJb.) '

JT0T pe3yabTaT CTAHOBHTCH OCOGEHHO OYEBUIHLIM, €CJH
BOCIOJIB30BATLCA KAPTHHOH JIMHUI HanpsikeHHocTH. Kax ua-
BECTHO, JIMHHH HaNpKEHHOCTH VIEKTPOCTATHYECKOro Mo
BCErJla HAUHHAIOTCA Ha IOJOXKHTEJNbHbLIX 3apsajaX H OKaHYH-
BAIOTCA Ha OTPHLATENbHBLIX H YHC/I0 JUHHA HANPAKEHHOCTH Ol
110311a4HO CBA3aHO ¢ BelIMUuHON 3apsania. Bue cdepsl nons uer,
T. €. HeT JINHKHH HanpsAXeHHocTH. JIpyriuMy cJ0BaMH, B JaHHOM
ciyyae Bce JIMHHM HaNpSXKEHHOCTH HAYMHAIOTCA ¥ OKaH-
YHBAKOTCA Ha 3apajax ¢ u g', oTKyja cpasy cjelyer, uTo NnoJ-
Hbifi 3apag g-q'=0.

"Ecnu 3apsn g noMelleH B leHTpe Hiapa, TO KapTHHA JHHUI
HaNpsXKEHHOCTH CHMMETPHUHA: OHH NpEACTaBAAIOT cofoll pa-
AHaJblible NpsAMble, KaK H B clydae YeAMHEHHOrO TOYEYHOro
sapana. KapTuHa JMHHH HanpsXKEHHOCTH 3JeKTPHYECKOIrs
nosis BHYTPH WIapa NpPH CMeIeHHOM H3 1eHTpa 3apaje g 6yaer
caoxuee. B6/1U3H ToUeYHOro 3apsia oHa, pasyMeercs, Ocra-
Herca 1outH 6e3 H3MEHEeHHl, ojHaKo Ho Mepe VjaaJjeHHs or
3apaaa JUHHE HANPAKEHHOCTH HCKPUBJAIOTCA, TaK YTO K BHYT-
peHHeil 110BepXHOCTH HIapa OHH NOAXOAAT NOJA NPAMbIM YIJIOM
(puc. 1.1). IosTomy rycrora JQuHHH HaNpsAXKEHHOCTH M, cJe-
JIOBaTeJIbHO, IHOBEPXHOCTHAA MNJOTHOCTb HHAYLHPOBAHHBIX
3apanoB 6YAYT HAHOOALLUIKMMH B TOR TOUKE BHYTpeHHe noBepXx-
HOCTH Wwapa, KoTopas pacnosnoxeda 6jiKe BCEro K 3apaay ¢.

Ilepefinem KO BTOPOMY C/1YYai0, KOT A2 TOHKOCTE€HHBIH METAJi-
Jandeckni wap nsoanposan. Tenepp snexrpuueckoe nojxe ecib
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xaK BHYTpH, Tak # BHe mapa (puc. 1.3). B Tosue CTeHOK,
T. €. B MPOBOJHHKE, MOJie, KOHEUHO, OTCYTCTBYeT.

Haynem onsTh ¢ MPOCTOrO YacTHOrO ¢Jydas: 3apsiji g pac-
noJo:kel B lueHrpe wapa. s cuMMerpui acHo, 4T0 ANAYLH-
poBapHle 3apsiibl Ha BHYTpeHHedl W BHEIUHeH NOBEPXHOCTAX

Iapa pacripefiesiesl paslio-
mepto. [fTockoabky méas B
TOJIIHHE CTEHOK UIApa HeT,
UHYIYPOBAlHbLI HA BHYT-
~ perHel MOBEPXHOCTH 3apax
¢, paBeR —g. 3apal (., Ha-
Xonfwuica Ha HapyXHOM
NOBEPXHOCTH 1Iapa, MoJd
BHYTPH Hero He co3jaer.
M3 ssexTponediTpasbliocTy
NPOBOAALLErO LIApa Caeqyer,
4yTo ¢,=—¢;=¢. Takum 06-
pasoM, MOTeHNMA1 BHE i1a-
I ¢

Puc. 1.3. Ecau map H30AMpOBAH, pa papett W?’T' & C03:
10 EKTPHYECKOE noJie ectb Hcna- JlaBaéMoe  3ToHM  CUCTEMOH
pyxu 3JeKTPHYECKOe [oJe COoBIA-
JlaeT ¢ IoJeM  TOYeYyHOTO

3apajaa, pAaclosoXeHHOro B LEHTpe luapa.

[pu cmenlennn 3apajga g u3 ueHTpa chepbl, Kak U B npe-
JBIAYUIEM C/1y4ae, H3MeHseTc pacnpejeseHne 3apsja ¢, Ha
BHYTpPEHHEH I0BepXHOCTH 11apa, NpHyeM Tak, 4yToObl Moje B
TOJILLE CTEHOK HI1apa OCTaBA/JOCh PABHBIM HYJIO. [Toae B nonocty
BHYTPH lIApa npH 3TOM, KOHEYHO, MEHHACTCH, HO HHAYUHPO-
BaHHLl 3apAN g, OCTaeTca MpeXHMM., 3apfAjl HAa BHelHen
NOBepXHOCTH §,=¢ NO-NPEeXHEMY pacrnpeieseH pPABHOMEPHO H
nons BHYTpu cdepbl He co3gaer. Taxum ofpasoM, mnosae
BHE luapa He 3aBHCHT OT DacClONOMKEeHHS 3apaja ¢ BHYTPH
HEro.

OTMeTuM, 4TO €C/IM M30JMHPOBANHBIA 1ap OBl 3apameH
elle /10 BHECEHHA B HEro 3apsijaa ¢, TO 3TOT H30BITOUHBIH 3apsf
@, KaK J1erx0 coo0pasuTbh, OCTAHETCS DPABHOMEpPHO paclpepe-
JIEHHBIM 1O HapYXKHOH MOBEPXHOCTH, TAK YTO IOJHEIA 3apsii
5TOH noBepXHocTH Gyaer paBeH g-+Q. BHyTpu mapa xapTuea

pacupefeseua 0oaf M MHAYLHPOBAHHBIX 3apPAA0B OCTaHETCA
0e3 M3MeHeHHH. A

2, 3apap mexpy Asyms cdepamu. ToueuHwld 3apsn g
UAXOAUTCA MEXKAY ABYMA 3a3eMJEHHBIMH INDOBOASLUMMH KOH-
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LIeHTPHUECKHME CPEPAMH C paIUyCaMH @ U b HA PACCTOAHHU
or nenrpa (a<<r<<b) (puc. 2.1). HaliTH HHIyuHpOBaHHbLIE HA
cepax 3apajsl.

A Ecan unrarenb pasobpasics B OpeAbIpyilel 3ajaue, To
€My COBEpLIEHHO CHO, YTO 3JEeKTpPUUECKOe IoJe eCThb TOJbKO
B [pocTpalicTBe MeX1y chepamu, M NO3TOMY IOJIHbIA 3apsif
CHCTeMbl paBel HYJIO:

g+ q,+g,=0. (1)

Bropoe ypaBHeHHe IJIS1 HAXOMAGHNS HEH3BECTHBIX 3apsAJOB
g, H g, MOXHO NOJYYHTb, 3aIHCbIBas BbIpaXKeHHA JJIF [OTEH-
nuana B uentpe chep. Koneuno, noren-
1iMajq BO BCeX TOYKaX BHYTpPH MaJoH
cepbl ORMHAKOB M PAaBEH MOTEHLRANY
3em., HO Mbl BhIGHpaeM IJs COCTaB-
JIEHUS] YpaBHEHHA HMEHHO uentp cde-
PBl, HOCKOJAbKY BCe HHAYHHDOBaHHbLIE
Ha KaxRo#f chepe 3apsagbl HaxopsaATcs
OT 3TO#l TOYKHM HA OJMHAKOBHIX pac-
croguuAx a n b. B coorBercrBHM ¢
NPHHLKHIOM CYHNEPIOSHIIHH NOTEHIHAN
B HeHTpe cep paBeH CyMMe NOTEHIHa- 5 ::Lc;'m 5- iq-mgo‘*:::gdﬁ
JIoB TONeil, CO3MABAEMBIX 3aPAIOM §  sehuunn mpowonsim.
¥ MHAYIMPOBaHHbLIMH Ha c(epax 3a- MH chepamu
panamu. PaccMoTpuM, HaNlpuMep, noJde,

co3paBaemoe 3apaaaMu Masoi coepbl. Pas6uBas nnayuupoban-
HbIl Ha Hell 3apAA ¢, Ha MaJjbple 4acTH Ag;, KOTOpPbIE MOMKHO
CYNTaTb TOYEUHbIMH 3apsiiaMmH, [oJy4aeMm NS NOTeHLuaAa B
neHTpe cepbl BhHIpAKEHHE

1 At],’ ‘
47, Z a 4:1&002 qi = 4318 a (2)

i

3ameuaTesbHO, 4TO TAKOE NPOCTOE BHIpAXKeHHe Al NOTeHIHAa
noJyYaeTc HeCMOTPA Ha TO, YTO CO3JAlOIHe 3JIEKTPHYECKoe
nojte 3apsabl pacnpelenienbl Ha cdepe HepaBHOMepHo. Bonee
TOro, AN HaXOXJEHHs IOTeHUMa/Ja B LeHTpe cpepbl H He
HYXHO 3HaTb, KaXK MMEHHO pacnpele/eHbl HHAYLHDOBaHHEle
3apainl.

Axasornynoe BLIpAXEHHE MOMXKHO HOJYYHTb JIA IOTeH-
1Hasa, CO3aBae€MOro B LEHTpe cdep 3apAmoM g,, HHAYLHPO-
BaHHBIM na BHewmel cdepe. Tenepb nerko Hanucartb Bbipaxe-
ine AJMA NOJHOrO noTennHala B LeHTpe cdep, CO34aBaeMOro
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BCeMH 3apsdajamMiu. HpﬂpaBIIHBaﬂ ero 1yJaw, nojaydyaem

L <q7+_45_+ﬂbz>=0. )

4re,

Pemasn cucremy ypasuenuii (1) u (3), HaXoaum

a b—r b r—a
=975 BT TIT T &

Kax u cjaeaoBano oxMaarh, 3lakd HHAYUHPOBAHHLIX 3apalon
NPOTHBOMONOKUL 3HAKY 3apsja ¢. Ecad B 3Tux (bopMy.nax
NOJIOAHTD Pafuyc Bﬁy'rpexmeﬁ cepbt @ paBHBIM HYJO, TO Mb
NpAXOMHM K npeabayiied 3ajade O TOUSYHOM 3apsae BHyTpI/I
4. nposogsuei chepnl. [Tpu 3TOM, KaK BHAHO
2 - H3 (4)7 o= O’ qp=—4.
Ecan ycrpemurs X GeckornedHocTH pa-
Auyc BHelHeil cdepbl b, TO MBI 1IPHXOANM
K 3ajaye O TOURYHOM 3apsaje BOIH3H NPO-
7z Boasuiesi cepol paauyca a. [lepeas u3
dopmyn (4) B 3TOM cayyae Jaetr MHAYUH-
poBaHHLIA Ha chepe 3apsi:

e e T

%

fom=—q=. (5)

[Ipn nHeorpanuyenHom upHOAHKEHHH 3a-
pAfa ¢ K BHEMIHEH NOBEPXHOCTH cdepsl,
_[ 4 _[ T. €. IpH r—»a, HHAYUHDPOBaHHbIA 3aps
BCE MeHbllie H MeHbllle OTNHYaercs Mo Mo-
Puc. 2.2, Toweunwft  ysmo oT HOJHOCHMOro K cdepe 3apana g.
?(ipﬂ’g‘{ :HM;;KI:IY 6“: Kak BH ayMaere, XaKOH CMBICA HMeET
RALLHMH mogﬁgg_ B DacCMaTPHBAEMOM IIpelesbHOM cayyae
TAMH b—oo 3apan g, B dopmyae (4)?
Hcnonb3ya peurenne stoit sagaun, Mox-
HO HANTH MHAYUHPOBAHHbIE 3apsAlbl B TOM CJyyae, Koraa To-
YeyHbl#l 3apAL ¢ HAXOAMTCA MEXAY ABYMSA napaJjelbHbIMH
OecKOHeYHbIMH TPOBOJAMMMHU NJocKocTAMH (puc. 2.2), Hdas
3TOT0 HYXKHO YCTpeMHTb K OeCKOHeYHOCTH pajnychl ofenx
chep, coxpaHsisl HeH3MEHHBIMH pacCTOfAHHE MeXAY HHMH H
HOJMIOXEHHE 3apsia ¢ OTHOCHTENbHO IoBepxHocTell cdep:
a—oo0, b—co, b—a=const=d,;+d,. Brinoauss axkxyparuo
HpPEJSJBHLIA Mepexon, HaXOLHM
dy dy .
h=—dg15 %9774 (6)

- - S o

[IpH CHMMETDHUHOM pacnoJOXKeHHH 3apsija ¢ MEeXAy NJIoCKO-
CTAMH §;=§,=—q/2,
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Pasymeercs, MOXKNO NOHCKATb APYToi, HE3ABHCHMBIA NyTh
pemenns. B camom aene, miockocTh «rpoiules, 4eMm cdepa.
3anaya ¢ IJIOCKOCTAMH sABJsETCA NpelelbHbIM, Gosee npo-
CTHIM cayuaeMm 3ajaun co chepamu, [lostoMy ecrectsenno
npuayMarb Ajs Hee 6Gojiee IpOCTOe HE3aBHCHMOE pelleHMe,
KOTOPO& MOXKHO Obi/10 6bl HCIIOIH30BATh A5 POBEPKH pelIeHus:
sapaun co chepamu.

Byaem paccyxaarb ciaenyownm odpasom. Hro npousoiizer,
ec/M 3apsj g NepeMecTHTb B IPYIYIO TOYKY IJOCKocTH A
(puc. 2.2)? OueBHAHO, YTO U3MEHMTCA TOJIBKO paclpejenenue
HHAYLIMPOBAKHLIX Ha IJIOCKOCTAX 3aP#I0B, CAMH XK€ 3apsijbl g,
H @ OCTAHYTCS NPEXKHUMH: HHAYUHPOBaHHblE 3apAAbI HPOCTO
nepemelaloTca BMecTe ¢ 3apaaoMm ¢. Ecau nomectits na srtofi
IJIOCKOCTH HECKOJIbKO TOYEUHbIX 3apHAO0B, TO BCIEJACTBHE NpPHH-
Uyha Cynepnosulii Kaxblii 3apsal HHAYIHPYET Ha NJA0CKO-
CTAX Takue 3apaAibl, KakK eclH Obl OoH Obl1 ojuH. ITosTomy
€c/ Hac MHTepecyeT He pacnpejeseHHe HHIAYIHPOBANHBIX
3apsAAOB, @ TOMbKO HX BeIMYHHA, TO 3apAJ § MOXHO paB-
HoMepHO «pa3masarb» no Bcell miaockoctH A. Ot storo unay-
IHPOBAaHHLIE 3apsAibl He H3MeHATCA, a 3ajadya CTaHoBuICH
coBceM mpoctoii, 6o MoJe Tenepb opHopoaxHo. Hanpsxen-
HoCTh Toasi c1eBa oT 3Toll miaockoctd Ey=gq,/€,S (S — no-
maab [JactuH), cnpaBa or Hee E,=q,/e,S, Tak Kak nuay-
1lMPOBaHHEE HA BHYTPEHHHX MOBEPXHOCTAX IIACTHH 3ap#ikl
q; M g B 3TOM caydyae pacnpeaesens pasHoMepHO. [Tockolbky
Pa3HOCTh TIOTEHIHANOB MEXAY MAOCKOCThIO A M Kawich u3
nJaacTHH olHa H Ta e, To Eid,=F,d,, OTKyAa HeMenJeniio
cJeflyeT, yTo ‘

x}:dx :(hdz- (7)

CHapy:Xy NJacTHH [0S HET, HHAYLHDPOBaHHbIE 3apsiibl
HaxoJsdTCs TOJNbKO Ha BHYTPEHHHMX MOBEPXHOCTAX NJacTui,
A HMa ocHoBaHHM Teopembl laycca MOMHO YTBEDKJAATbL, 4TO

g1+ +q=0. (8

Pemas coemectHo ypasuenusa (7) u (8), noayusaem orser —
dopmyJaul (6).
He Bcerna pasymno CBoauTh 3alauy K Tpeluayued! a

3. 3apamennaa noaycpepa. [loBepXHOCTh Hoaychepnue-
CKOf wyawu paanyca R ¢ TOHKHMH CTEHKaMH 3apsakena c
noctosinbofi MIoTHOCTBIO. OnpenenuTb NOTeHUHAA B Kaxaoll
TouKe NOBEPXHOCTH, KOTOpas cTAHyJaa Obl Hally, Kak «Koxa
Ha OapaGaHe».



238 ANEKTPOCTATUKA

A Ha nepBplfl B3rJa1 3a/a4a XaxKeTcs JOBOJALIO CAOKHOH,
Ilcaim BeIOpaTh HAa HHTEpecYONieil HAC NOBEPXHOCTH IPOU3BO/L-
HyI0 TOUKY, TO PAcCTOSTHHME OT Hee A0 PasHbIX TOYEK 3aPHKeH-
1o moaycdepr 6yAeT HeOAHIIaKOBbIM: BlIeUaT.IeHHE TAKOE, YTO
1e 060ITHCH €3 NMOMOMH Bhicliell MaTematHkd. Ho e Gyaem
toponuthea!  OKaseiBaetcs, 3a1ady MOKIO DPeLIMTL O4ellh
IPOCTO, MCMOIB3YS NPHRIUI CYNEPTO3HUNHHM 3MeKTPHIECKHX
1ioJiell B COOBpaMeHHs CHMMETDHH.

PaceMoTpM CHAaYa/1a PaBROMEPHO 3apsxKeniyio Nno iosepX-
11OCTH cq)epy Kak Mbl 3HaeM, 3.J1eKTPHYECKOe 110/1e BHYTPH 11ee
orcyrcrByer. C Apyrofl cTOPOHHI,
nojie BHYTPH Cephl MOXHO pac-
CMaTpHUBaThb Kaxk CYIEPIO3UIHIO
noaed JAByx noaycgep. Pacemor-
pPHM 3JEKTPHYECKOE I10]€e, Co3ha-
BaeMoe 3apsiaMu BepxHueil u Hux-
Hell nosaychep B NJIOCKOCTH HX
COMPHKOCHOBeHHA. BribepeM npo-
H3BOALHYIO TOUKY A Ha 3TO# maoc-
xoctH (puc. 3.1) H nposenem uepes
Hee BEPTHKAIBHYIO  [JOCKOCTSH,
NepIeHAUKY. I PHYIO AHaMeTpy
cepel BC, Ha KOTODOM JIEXKHT
Puc. 3.1. Hanpsaxenuocts Touka A. PaBnan Hymo Hanps-
snekTpuaeckoro mons £pap- KCHHOCTH  SJEKTPHYECKOrO MOJSR
HOMEDPHO 3apsAXKeHHOH MoJay- C(pepbl B 3TOH TOUYKe £ABJAACTCH
ceper B Touke A nepnenid-  BEKTOPHOH CYMMOI HANpsKEHHOC-

Kynapha Auamerpy BC Tell nmoJaeH, co3jaBaeMbiX OTAedb-

: HBIMH 3/1€MEHTaM¥ BepXHeH H HIK-
nefl monycep. Kak Jerko yGeanTnes, paBHa HYJO BEKTOpHAs
cymma HaHpH)l(eHHOCTEH £, u E,, cosnaBaembix yqactkamu S, u
S,. Yuactox S; nuxiei nonycq)epbl, CHMMETPHYHBIH yHacTKy S.z
OTHOCHTENBHO IJIOCKOCTH CORPHKOCHOBEHHs Moaycdep, cospaet
B Touke A HampsixkeHHocts nojs F; Taxyio, 4TO BEKTOpHAs
cymma E; 1 E; neprnesukyaspHa IJIOCKOCTH CONPHKOCHOBEHUA
noaycgep. Ilockoabky aas Kaxkaoro siaemenra S; caesa or
BePTHKA/bHOH IJIOCKOCTH BCerga HaHAeTCd COOTBETCTBYIOUHE
3JeMeHT S; crpaBa OT 3TOfl NJIOCKOCTH, fCHO, YTO HOJAHA#
HANDPSKEHHOCTh  110J4, co3aaBaeMas B Touke A Beell mmkued
noaychepoi (T. €. NMOJAYKPYIVIOH yallell), NeprneHAHKY/asdpHa
IJIOCKOCTH  CONPHKOCHOBEeHHR (T. e. BOOGpa)caeMol NOBepX-
HOCTH, KOTOpPad CTATCUBAET AUy, Kak «Koxka ua fapadaner).

Touxa A 6bi1a Bbi6paHa COBEpPUIEHHO MPOH3BOABHO, MOITO-
My CKa3aHHOE CIPaBelJIuBO AJA BCEX TOUYEK HMHTepecyiouer
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Hac HOBerHOCTH. Ecau TanpazKeHloCTb 1noasa neprneHauKy-
nA9pHA HOBEPXHOCTH B J060fl €e TOuKke, TO NOBEPXHOCTb 3K-
BHIIOTEHI MAJ/IBHAA . npOLue BCero BBIMHCJ/AHTb NOTEeHinaJa 3TOH
ITOBEPXHOCTH B TOUKE, Jle}l(aﬂleﬁ Ha oCcH CHMMETpPHH Yallly, Jra
TOYKa PABHO OTCTOUT OT IOBEPXHOCTH HalduW H 1O NPpUHIUITY
Cyneplto3uiiud €€ noTeHiHadl
1 ¢ 1 2nR?0 oR
C=Tne, R " dne, R 26"

Eume npoiie MOXHO pelIuTb 3Ty 3ajauy, paccMaTpHBas He
HANpPAXKEHHOCTh [0JIR, & MOTEHUHAN B NPOU3BOJLHON TOUKe
Ha HHTepecywulell Hac mnoBepxHoctH. OHATb paccMOTPHUM
BCIIOMOTATE/NBHYIO 3aJauy: HafiieM MnoTeHUnHan @, HoJsi, Co-
37aBaeMoOro paBHOMepHO 3apsiuxenuoii chepoii. OH opuHaxkoB
BO BCEX TOYKAX BHYTPU chepul H paseH oR/e,.

C apyro# cTopombl, IO NPHBUHANY CYNepRo3uLHH Ol paBeH
cyMMe MNOTEeHIIHA/I0oB, co3jaBaeMblX AByMA noaycdepamu. Hs
CHMMETPHH $ICHO, 4YTO B Ji060H TOUKe uHTEpecymoulefl Hac
NOBEPXHOCTH NOTEHIHAJb! 3MeKTPUYECKOro MoJs, CO3AaBaeMoro
BepXHeH W HHXKHeH nonychepavmu, papusl. [lTosroMy norenunal
noJifA, CO20aBaeMOro OAHOH 3apsukeHlofl noanycdepoi Bo Beex
TO4YKaX 3TOH MOBEPXHOCTH, ONHHAKOB H PaBeH =@ ,/2=0R/2¢,.

TloaymaiiTe caMocTOATeNBHO, XKaX BallTH NoTeH4al B Jo6oH
TOYKE IJIOCKOCTH «KOMKH», €CJH ee [POJOMKHTb 3a Mpefeh]
yaly., A

4. Nunosb y npoeojgilelt CTenkd. [IByxaroMmHasi MoJieky-
Jia, COCToAILAs M3 aTOMOB paslMYHBIX 3JEMEHTOB H, CJefo-
Bare/qbHO, 00/1a2a00as8 HEeCHMMETPHUHBIM  paclpeneeHHem
3JeKTPORHOH IIIOTHOCTH, HanpuMmep xjaopucTsill Bogopoa HCI,
npeAcTaB/seT cofoll 3JEKTPOHEHTPANbHYIO B LEIOM CHCTEMY,
Yy KOTOpOH [ONOXKEeHHS LEHTPOB MOJOMHTENBHOIO M OTpHHA-
Te/bHOTO 3apsiJoB HE COBIIAfaloT B npocTpaHcTBe. B neprom
npuOAHKEHUH TaKYio HOJSIPHYIO MOJIEKYJ1y MOXKHO paccmar-
puBaThb KakK COBOKYIHOCTb ABYX TOYEUHHIX paSHOHMEHHBIX,
OJIMHAKOBLIX [0 MOAYJIO 3apAJNoB ¢ H (¢, OTCTOAWMX APYT
OT Ipyra Ha HEKOoTopoe paccrosHue [, ra cucTeMa 3apsjioB
Ha3blBaercs 3JeKTpuueckuMm punoseMm. Kax rtakas noaspHas
MoJleKyJla B3auMOJEeHCTBYeT ¢ NpoBOJAALIEA CTEHKOH cocynar?

A Tax xak pasmepbl MOJIEKYJ] MaJbl, TO CTeHKH cocyjla ¢
Xopowlell TOYHOCTbIO MOXKHO CUMTaTh ntocKnmu. [lostomy aas
HaXOMACHHA CHJbI, JAEHACTBYIOILEHl Ha MOJIEKYJY CO CTOPOHK
CTeHKH, MOXHO paccMoTpeTb 3ajadyy o B3auMojeHCTBHM AHIO-
Js ¢ OecKOHEYHOH MNpoBoasueH MIOCKOCTbIO,
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Cuuibl B3aHMOJIEHCTBHA AHI10/15 CO CTEHKOH BO3SHHKAIOT BCJASH-
CTBUE TOTO, YTO 3apsAJIbl JHNOAR HHAYIHPYIOT 3apa bl Ha NPOBO-
JAUleA TNOBEPXHOCTH CTEHKH. BzaumojelicTBHe IHIOJAA ¢ Ta-
KMMH HHJIYLHPOBAHHLIMH 3apAaaMH — 3TO U €CTb B3aHMoONEH-
CTBHUE C NPOBOAsAILEH cTeHKOH. 119 HaXoXKAeHHA AeHCTBYIOWeHh
HA AMNOJAB CHJBl YAOOHO BOCIIOJAL30BATLCS TAK HA3bIBAeMbIM
METOJIOM 3JIeKTPHUYECKHX H3o6paxenuil. CylHOCTh 3TOr0 METOAA
IPOLLE BCEro NPOU/IIOCTPHPOBaTL Ha NPUMEpe B3alMOJEHCTBUS
OHOrO TOYEUHOro 3apajga ¢ nposoasuiefi crenxofi. Ilocie

.
hY
Z kY
i
'
N 1 ’
AN .‘\\ t ,/
72N /
72} / /l‘
NNV
7 %i..\\ll//
——— e "ﬁ: Ko o et
7 22N
/ 22 A
7 2N IANAN
7 i h; \\
- 1 \
t
7 2 /
7 7
z )
’
é‘(,
Z 7
Puc. 4.1. Toueunsnit Puc. 4.2. CneBa or creHkd 3JeKTPH-
-3apsay BOIH3H MPOBO- YecKoe [MoJe HHAYUMPOBAHHBIX Ha Hed
AsUlell CTeHKH 3apAAOB 3KBHBAJEHTHO 110J1I0 34apAja —q

3TOr0 B3aUMOJEHCTBHE JHIOJA CO CTEHKOH MOXKHO Gyner HaliTu
¢ NOMOIIBIO TIPHHUHNA CYNEPHO3HIIHH.

BoigcuuMm, kaxuM 6yAer sjexTpuyeckoe Moje, eclH  la
paccTosHud r OT GOJbIIOro KyckKa MeTasla ¢ HJIOCKOH I'paHu-
uelf moMecTuTb TouedHbldt 3apan g (puc. 4.1). Ilpexnpe Bcero
SICHO, YTO B TOJILE MeTa/saa 3/eKTPHUECKOro nojisa Her: £=0.
Ocraercs HaiiTH noJe B JeBOM NOAYNPOCTPAHCTBE, COmepXKa-
uem 3apsag ¢g. Tax Kak Ha NOBEPXHOCTH NMPOBOAHKKA HHAYIH-
PYIOTCA 3apsajbl, TO NOJNHOE NoJe cJeBa HNpeacrasiser coboi
CYMMy MoJsiefi 3apajia ¢ ¥ MHAYUHDPOBAHHBIX 3apAnoB. Kaxk ke
HalTH Tosie HHAYIHPOBaHHLIX 3apAA0B? PaBHoe nyaio nose B
NpaBoOM MOJAYIPOCTPAHCTBE TOXKE MOXKHO paccMaTpHBaTh Kak
CyMMY noJeli 3apsia ¢ H HHIYLUHMDOBAHHBIX Ha IOBEPXHOCTH
merangaa sapagos. Ilostomy scHO, 4TO nose HHAYLHPOBAHHBIX
3apsA/0B ClIpaBa OT rpaHHLbl SKBHBANEHRTHO NoJI0 OJIHOTO TOYeY -
HOrO 3apsiia —¢, NOMEIIeHHOro B Ty Ke TOYKY, I HAXORHTCA
sapaj q. Ho noje HBAYURPOBAHHLIX 3apsfiOB CHMMETPHYHO
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OTHOCHTEIBNO IWIOCKOH rpanuus! Meranna. Ilosromy caesa or
Ipaiyiel OlI0 3KBHBaNEHTHO INOMI0 TOYEYHOTO 3apsua —,
pacnoloxeHHOro cnpasa or IVIOCKOCTH pasjena CHMMETpHUIIO
sapsay ¢ (puc. 4.2).

Hrax, cuna, peifcTByioniaa Ha TOYCYHBIH 3apsa ¢ cO CTO-
pOHBl MHIYUHPOBAHHBIX HAa NOBEPXHOCTH MeTajna 3apalos,
paBHa Tofl cuje, ¢ KoTopoil JaeficTBoBas Obl HAa HEro 3apsj
~—(, PACHOJIOAEHHBIA N0 APYTYIO CTOPOHY OT I'PAHHIL MeTasl1a
CHMMETPHYHO 3apapy ¢:

2
= e o (M
ey (2r)
3ra cuja, pasymeercsl, HallpaBJaeHa K CTeHKe, TaK Kak 3apan g
HCILITbIBAET NPHTSKEHHE CO CTOPOHBI HHAYIIHPOBAHHBLIX 3aps-
JIOB NPOTHBONONOXKHOTO 3HAKA,

[lepeiinem Tenepb X paccMOTPEHHIO AHIOAA BOJAH3H TIpo-

BOAsIHIeH CTeHKH. B 3ToM cayyae xaxiplil 13 3apsjoB AHIIO/IA

Pdc. 4.3. HefictBHe wuHAYUHPO- Puc. 4.4. Cunst, pgefictayougne2
BaHHBIX HA CTEHKE 3aDAR0B SKBH- Ha 3apaabl AHHOAA
BAaMeHTHO JEHCTBHIO  AHMOJAA-

u3obpaxeuusa

He3aBHCHMO BbI3bIBa€T NORBJEHHE HAa CTEHKe HHAYIHPOBAlIILIX
3apsJI0B, N0JIe KOTOPHIX MOXKHO pPaceMarpHuBaTh Tak, Kak Obll1o
onucano Bbiile. B pesysbrare JeficTBHE MHAYLIHPOBAHHLIX 32-
psA0B Ha JHMIObL S5KBHBAJIEHTHO AEHCTBHIO HA HEro ABYX TO-
YeqHbIX 3aDPANOB, KAKALIA H3 KOTOPHIX ABJAAETCS «H300pake-
HueM» OJHOrO H3 3apsajfoB Aunoasa (puc. 4.3).

[ycTb, wanpumep, ochb MOJEKYJBI OpHEHTHPOBaHA 1lapan-
JeabHo cTeHKe cocyaa. Ha puc, 4.4 nokasanel cuabl, jaeficT-
BYIOUHE Ha 3apsAAbl JHIOJSA CO CTOPOHBI JUMONA-H306pame-
nua. M3 storo pucynka cpasy BUJHO, YTO B3aHMOJLEHCTBUL
JHUUOJS CO CTEHKOH HOCHT Xapakrep NPHTSKEHHS, TaK Kak
ciJibl oTTanxuBanus F, v F,, BO-NepPBbiX, MEHbie CHJ HPH-
tskerun Fy u F, (paccTonHud MEKAY ORHOUMEHHBIMH 3apf-
naMu Gosblle, 4YeM MEXKJy pa3sHOHMEHHBIMH) H, BO-BTODHIX,
[anpasJeHsl NOJ HEKOTOpBIM yraoMm 0,
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HaiizeM pe3yAbTHPYIOLLYIO cuAY npuTaxenusa. PasHopeii-
CTBYWOHIAst CHA NpuTAxenns Fy 0 F, HanpaBJeHa X CTeHKe H
paBHa 1O MOAYJMO

1 2
4dng, (2r)2 7 (2)

Monyab Kaxpo# n3 cua orranknbanus F, u F, paerca seipa-
JKeHHeM

1 g2
dney (2r)24+02° (3)

[TockonbKy 3TH CHABLI Hanpasaelbl NoA yraoM O (puc. 4.4),
TO UX pPaBHOAEHCTBYIOAS paBHA

1 2¢® 1 292 2r
T, @R E 0= 1wy VenLE " (4)

Bynem cuntarh, uTo paccTosHue ! Mexny 3apsiamu, ofpa-
3YIOLMMH JIHNOAb, M0 [0 CPAaBHEHHIO C PAacCTOsHUEM r 0
crenxu. Torna orHowenue l/r<l, 1 paBHOAEHCTBYIONYIO CHAY
OTTAIKMBAHHA YAOOHO BLIPA3HTL Yepes Masblil Ge3pasMepHbId
napamerp y=([/2r)2. BMecro BelpaxeHus (4) HpH 5TOM HMEEM

2
e BT VTS ®)
0 +v V1 +7v

B Buipaxenun (5) €Hayana BOCNOJAb3YeMCs NPHOIHAKEHHOMN

tdhopmyaoi V1 +yx1 +—é—y, a sareM, NEPEMHOXKHB 3Hame-

Harteau ABYX MOCJAEHHHX Jpo6ell,~ npubanxennoll QopMynoi

3 3
1}(1 +7v> zl——Q—y. B pesyabrare pas cHAM OTTalKuBa-
nist BMecTo (5) MOAYYHM
| q* 3 .
T 2w (V7)) ®
Tloanas cuna I' B3auMOAEACTBNS RHIIOMA CO CTEHKON IPENCTAB-
JseT cobolil paBHOREHCTBYIOMYIO CHA NpHTAXEHHA (2) W cua
OTTalKMBaHHR (6):

N Sl
F= 4ne, (2/)2?' %

Moncrasaas copa y=(l/2r) 1 BBOAS AMNOMLHLIA MOMEHT
p=ql, noayuyaem

1 3p?

T dmey 2r)*° (8)
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O6paTuM BHUMAIME Ha TO, YTO XOTA KaMABIH H3 3apsijaoB
JUnonst B3aUMOJEHCTBYET CO CTeHKOH ¢ cuioH, oGpaTHO fpo-
HOPUHOHANBHONH KBaapary paccTOANHA A0 CTEHKH, NOauan
CH/IA B3auMOACHCTBHA JUIOIA CO CTCHKOH yOBIBAET C paccrtosi-
HHEM TOpa3jo ObicTpee — OOpATHO NPONOPLHOHANLHO YerBep-
Tof creneny. Xapaktep 3aBHCHMOCTH HCCI€1yeMOH CHJbI B3a-
UMOJCHCTBHA OT PacCTOAHHA 10 CTEHKH HE 3aBHCHT OT OpH-
eHTauHl Aunol1s, Urtolbl yOeTnThes B 3TOM, MOKIO PACCMOT-
perb cJay4al, KOTAa OChb AuNoIA NEepPNeHIHKY.JAApHA CTelike,
Pacuer Gyzer eme npoiie, Tak Kak BCE USTBIPE CHJIBI Teneph
HanpaB.IeHbl Mo oAlol npamol. Cuaa B3anMoIefHCTBHA B 3TOM
c/lyyae oKasblpaeTcsl B JBa pasa Gosbiiie, ueM i1 THNOMST ) na-
pansienpHoro crenke, Ilonuepknem eme pas, uTe Bo BCeX CAy-
4asiX CHJ4 IIOCHT XapakTep NPHTAXKEHUA HECMOTpA Ha To,
4TOo B LEJIOM AHNOJAL [PeAcTaBJsieT cobo 3/1eKTpoHeHTpas-
HYI) CHCTEMY. A

5. daekTpuueckoe noae aunoan. PaccMoTpeTs 3neKkTpu-
Yyeckoe NoJe, co3jaBaeMoe AUNOJAEM, T. €. JBYMsl OJMHAKO-
BHIMH 110 MOAY/IO PA3HORMERNBLIMH 3apsiaMu ¢ 4 ~—¢g, HAXO-
AsmuMucs Ha paccrosiuy [ apyr ot apyra. Haiity noreruman
H HaNPsXKEHHOCTh ITOTO 051 HA PACCTOSHUH 7, 0OJBIIOM 110
CpaBHENHIO ¢ pasvepem aunoas [,

A DIEKTPUUECKoe JieHCTBHE 3aPAKEHHOIO Te/1a Ha PACCTOoN -
HUH, GOJBLIOM MO CPABHEHHIO C €r0 pasMepaMu, onpejeIsercs
NOJHBIM 3apsijioM toro Teaa Q. Uem fpasbiue or Tena, e
MEHbILI® OT.IHUACTCA CO3JaBaeMO€ MM 3JeKTPIYecKoe MoJje or
f10/17 TOYEYHOTO 3apsia: 3To nose obnaiaer chepuyeckoi cum-
MeTPHEl, ero noreHyuan yObIBAET ¢ paccTosiHueM Kak 1/r,
a HaNpAXKEeNHOCTb — Kak 1/r2%,

Ecau ke Tes10 B I1e10M 3J€KTPHYECKH HEeHTpasbHoO, T. e,
ero rnoablil 3apsaf @ paBeH HYJIO, TO 3TO BOBCE HE O3HAYAET,
4TO OHO COBCEM He (O0374eT 3JeKTPHYeCKoro nosas. Kak Mmut
BujeNH B INpeiblAyilefl 3ajade, HeATpasnbHasg MOJeKy.a,
offnanaoiasl JAUIONbHLIM MOMEHTOM, BLI3bIBAeT [OSIBJIEHHE
HHAYIEHPOBAHHBIX  3apsSi/IOB HA METaJJHUECKOH [OBEPXHOCTH.
3HAYMT, AMIOJIbL CO3Jla€T SJIeKTpHUeCKoe noJe. Paccuuraem
370 noJie. PacemarpuBas ero Kak Cyneprio3uiiio oJaeH Todey-
HBIX 34psiiOB ¢ U —¢, BHIpAXEHHe Jid [oTeHuHaAa ¢ B
Toyxke A, oTcroAmiefl OT 34pAAOB ¢ U —§ HA& pPACCTOSIHHs
r u ry (puc. 5.1), MokHO 3anucaTh B BHjE

1 1 L\ 1 q(ra—ry)
¢= 4ney q<71—~—7;> T diieg rira M)
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JiEnonb nNpURATO XApaKTePH30BATL JAMNIOALHBIM MOMeH-
TOM f#, MOAYJb KOTOPOTO paBeH NPOU3BEIEHMIO g/, a HalpaBsJe-
niie BhfHpaercsa BJOJB OCH JUIOASA OT OTPHHATENBLHOIO 3apsiia
K nonokntennuony. JIJs onncanus noss Ha 60JbILOM paccTos -
4 HUM OT JHMMOns yao6HO BMmec-
" TO paccTOAHUH r; W r, BBECTH

paccTosiHue r OT HeHTpa AUINo-

A B0 yroa 0 MeXAy BEKTOpOM

AMIOJBLHOTO MOMEHTA M Hanpab-

JeHHeM Ha TOYKY HabJiiofeHHs

(puc. 5.1). Kak Buano M3 puc.

5.1, npu l/r<l pasnocrs pac-

CTOSAHUH rg—7f MOXKHO 3alH-

caTb B BHIE

ro—r2>lcos 6. 2)

Puc. 5.1. K puiunciennio noten- B TOM K€ NPUOIHAKEHHH Opo-

nupana junonas B rouke A H3BeJleHNE rirs B 3HaMEHartese

dopmyanr (1) MoKHO 3aMeHUTH

na r®. B pesyabrate ¢opmyaa (1) mis noreHguana ¢ npu-
11BMAET BUJL

1 glcos® 1 p o
= 4ne, R T cos 6. 3

B ecrnnune oT noreHuuala 1oaA TOYEYHOTO 3apsiaa, yObIBaio-
METO KakK 1/r, noTeHuuan 3jJeKTpHYCCKOTO NOJA AMNOAS YObI-
BaeT ¢ paccroanueM ObicTpee — kak 1/r2. Paaymeeres, noae
Iuinons He objdanaer cdepHyecKoil CHMMETPHEH, No3TOMY €ro
NOTeRIHAA 3aBHCUT HE TOJABKO OT PaccTosiHusd r, 110 H OT Ha-
NpapJeHst Ha TOUKY Hab/MoneH|s , XapaKTepu3yeMoro yriom 6.
Tipu BLIGUCJAEHHH HANPSIZKEHUOCTH NO’s B Touke A MOKHO,
KaX H NPH BHIYHCJAEHUH NOTEHLHAJdd, HCXOAHTb 3 TOTO, YTO
Losie JUNOAA eCTb CYNepPnesuuusd nogeil TOYeUHHIX 3apAjoB
g n —q. IlosToMy HanpsikenHocTb 1o E paBiia BEKTOPHOM
cymMe nanpsaxenHocteld £, u E_, cosgaBaeMblX STHMH 3aps-
rami (puc. 5.2a). Moayan 3THX HanpsbxeniocTell naioTes Bbi-
pawelamn
1
4ne,

E =12 (4)

dney 1)

E,=

e

Vinrepecyremuii nac  pesyabTHpyrouwii  Bektop E yaoCuno
NPEACTABHTb KaK CYMMY JBYX B3aHMIUIO 11ePIeIIHKYISPHBIX
COCTABJSIOMHAX, OJlHA U3 KOTOPHIX, F,, Halpapiena BAOIL pa-
JUYC-BEKTOpA F, XapaKTepH3YIOWEro foJoKenHe TouKy A ©r-
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HOCHTeNBHO UEHTPA Ainods, a apyras, Ey, nepuenjukyasapua
efi (puc. 5.26).

Ha Sonablinx pacctosiiustx OoT aunoas, Korga l/r<l, Bek-
tToppl E, W E_ HalpaBjeHbl OYTH B NPOTHBONOMOKHEE CTO-
poHE! (YroJ1 MEXAY HUMM OTJHYAeTCA OT 5T HAa MaAylo BeAHYANY
0) 1 mano orinyaloTes no mMoaymo (puc. 5.26). Ioastomy npu
naxoxjenuy E,., KaKk BHAHO H3 puC. 5.2, HYXKHO YYHTHIBATDL

Puc. 5.2, Hanpsaxennocts nods aunois £ MOXHO NMPexcTaBHTEL KakK
cymmy Bekiopos E, u E_ (a) unu Kak cymmy Bextopos E, u E, (6)

pazanyue BekTopoB E . ¥ E_ 1Mo MOAYJIO, HO MOXHO NpeHed-
peus TeM, YTO OHH HalpaBJIEHLl HE CTPOTO B [1POTHBOINOIOKHBE
cropoHsl. HaoGopor, npu BuunciaeHHn Ey MOXHO mpeHeGpeyb
pasanyneM BekTopoB £, U £_ M0 MOAYJIO, HO HYxHO06s34a-
TEALHO YYeCTh HX HEKOMTHHEApHOCTb, Takum ofpasoMm, s
[, MOXHO HanucaTb

E ~ 1 (i__‘l_)__ 1 q(f1+f2)(f2~—’1). (5)

r~ _—
U dney \ A s 4mey (rir2)?

YuuteiBast, uto l/r<l, MOXHO 3aMeHHTb B 3HAMEHAaTe/ e 3TOro
BOIDAXKEHHA rify Ha r®, a B 4uCAUTE]Ee CYMMY ry+r, Ha 2r,
pasHocTb f.—rt; Ha [l cos . B pesyabrare nonayuaem
1 2
=P cos0. (6)

T 4ney
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[pu Boucaenuy Ly, yautLiBas, 410 yroa 6 Man, MOXKIo
Hanucarh

Eo%E_,_(S. (7)

ITpn noxetavoBKe cioaa aHauennst £, u3 dopmyanl (4) MoxKiuo
r1 3amenuThb Ha r. Jlig Benuuunsl 0, KaKk BUpHo u3 pue. 5.26,
MoxHO Hamucath O=z[ sin 0/r. B pe3syabrate Belpaxenue (7)
npHHUMAeT BIA

T L sin 6. (8)

Dopmyant (6) 1 (8) no3BoiAIOT NMpeACTaBHTL ceffe KapTuny
JWHWA HANPsAKEHHOCTU 2JeKTpHyecKoro noas aunond. B Ttou-
KaX, JIeKAIMX Ha OCH punonasa (rae yroa O pamed HY./IO WY

a), Eg=0, n, caejoparesbHo, Hanps-

- MeHHOCTb Halpas/ena BAOJL 9TOH OCH.

s ¢qopmyasl (6) BHaHO, 4TO ee HAllpaB-
/ JleHye COBMajaeT ¢ HalpaB/eHUeM Iu-
NOJLHOr0 MOMEHT4 p KakK npH 6=0,
@ @ tTak W npu O0=mn, IleficTBuresbro, npu
b=n E, oTpunarenbHo, HO CJaepyer
YUUTHIBATL, UTO PALUYC-BEKTOP 7, Ha
KOTOPBIi npoenupyercs Bekrop E, Han-
paBjieH B CTOPOHY, NMPOTHBONOJOMKHYIO
Puc. 5.3. Kapruna au- BeKTopy p. Bo Bcex Toukax n/iockocTH,
uuit Haﬂpﬂmemévcw NepneHAnKyAsApHOIl OcH NHNOAS W NPo-
o I;)’;'é‘c’f:ﬂ:;“ oI xoasuueil uepes ero cepepuuy, A Ko-
HEro Topix 0=n/2, paaunanbnas cocTa,-
aswomwan E, obpaimtaercs B Hyas. Han-
pSRKEHHOCTL NOJAS B 9THX TOUKAEX NepueHauKyJspHa jioc-
KOCTH § HANpaB/ieHa B CTOPOHY, NPOTHBOINOJOXKHYIO Hanpas-
JIEHHIO JUIIONLHOTO MOMeHTa p. JIMHMH HanpsKeHHOCTH s
paccTOsfiHUH, OOMBILMX 010 CPAaBHEHHIO C pasMepaMmH MHMNOAA,
CXEMaTHYecKH 110KasaHu ia puc, 5.3. B npocrpanctBe KapT-
Ha JHHHUN HanPSAMEHHOCTH CHMMETDHYHA OTHOCHTENBHO OCH
AMTIONS .

Dopmyan (6) u (8) AN HANPSIKEHHOCTH MOJS MOXKHO TO-
JYYHTHL M HHaye, HCNOAb3ysA HalleHHOe BhIllE BbIpameHue
ads noteHnuana (3). Haa 3Toro pocmoJb3yeMmcst TeM, 4TO
NpOEKUUs HAAPsKEHHOCTH MoAa Ha J/moGoe Hampasfenle
E, cBsizana ¢ u3aMeHeHHeM MOTeHUHana A NpH repeMellleHnH
TOYKH BJOJb 3TOFO HaNpaBAeHHsA Ha paccTosiHHe AS COOTHO-
LieHHeM

5= —AQ/As. 9)
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Jlna naxomnenus E, HYXKHO COBEPIUHTL nepeMemenue BAOJb
paauyc-BeKTOpa, T. €. noJaoXuth B (9) As paBHbM Ar. Bhiuuc-
ARS ¢ noMowb dopmyast (3) npepen ornowenus Ag/Ar npu
Ar—0, noayyaem ansa E, eipamenue (6). Copepiuenno anajto-
THYHO JUIsi HaXoXaeHUs Ey HYXHO COBEDIIHTb nepeMelleHHe
As  TepnenIHKYASPHO  pagHyc-
BEKTOpY ¥ B HANpaBJ€HHH BO3-
pacranus yraa 0. IIpun stom, Kax
BUAHO u3 puc. 5.4, As=rAf, n
BHIUHC/IEHHE

4s

. 1 Ag
Eo=—775

¢ nomourbio Gopmyas! (3) npHBO-
JHUT K Bhipamenuio (8). i
Dopuyabl  (6) u (8) Bakubl |
NOTOMY, HTO OUHM  ONpPeIeJsIoT
SJEKTpHYECKOE Tnose Ha (o/b- 5:;05'4' K naxoxzeunio css-
1 MORYJIst MepeMelnenuss As§
IOM  PACCTOAHUH  HE TOJbKO ¢ n3MetenueM yraa O
I HACTOSIEero Avnoast, T. e,
JIBYX TOUEUHLIX pPAa3HOUMEHHLIX
3apsAioB ¢ W ~—g, HO M A1A JoGOH 3JIEKTPHYECKH HefiTpasn-
HOfl cHCTEMBl 34PAAO0B, Y KOTOPOH LieHTPhl NOAOKHTENbHBIX H
OTpHLATE/NBHBIX 3apAf0B He comnajalr. Takum ofpasom,
€C/IH TesIO CO CJAOXKHBIM paclpejesieHHeM 3apsjia, NoJaHast Be-
JIMYMHA KOTOPOTO paBHA (J, HA AOCTATOYHO BOJBILOM PAaCCTOA-
HUH KaXeTcs [pPOCTO TOUEYHBIM 3apaaoM, To npu Q=0 Takoe
TeJo ByleT yxe NoXoxe Ha aunonb. JApyrumu ciosamu, s
HEeHTPaabHOTO B L@/10M Teia MOKHO N0oj06paTh IHIOMAL C TAKUM
MOMEHTOM P, YTO CO3JaBaeMoe 3TUM AHNoaeM Ha 60J/bliioM
PACCTOAHHH 3JICKTPHYECKOe noje OGyJAeT NPAKTHYeCKH 3KBH-
BAJEHTHO NOJIO TeNa CO CAOKHBIM paclipelle/ieHneM 3apfaja. A

6. BaaumoneiicTeue aunonei. Hmewrca aBa aunonsa ¢ mo-
MEHTAMH P, H Pg, BAXoJsuiHecs Ha HOAbLIOM PAcCTOAHUH APYT
or apyra (puc. 6.1). Jlunoasb p; 3akpenseH Tak, 4TO €T0 oCb
cocTapisier yroa B; ¢ npsiMoft, COCAHHAIWEH LEHTPH ' 1H-
roeff, JlMnonb p, MOXKeT, NOAOGHO MAarHHMTHOH CTpenke,
CBOOONHO [1OBOPAYMBATLCA BOKPYI OCH, UepNeHAHKYJaApHOH
naockoeTH yeprexa, [log Kakum yriom 6, ycTaHOBHTCA OCh
BTOPOTO JMIIOJAA B paBHOBECHH?

A DTOT NpUMep JaeT BO3MOMXKHOCTh [POUAJIOCTPHPOBATH
npumenenne GOpMys s HaNpsAKEHHOCTH 3JIEKTPHYECKOTO
no/ig JHNoJsA, NOJYYeHHHX B NpeiblAyued 3ajaye.
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DIeKTpHYEeCKoe MNoJe OKAa3LBAeT Ha AHIIOJAL OPHEHTHPYIO-
mee peficteue. Jlerko coofpasuThb, YTO LI AMIOJSH, KOTOPLI
MOKeT CBOOOJHO MOBOPAYMBATLCH BOKPYT OCH, B PABHOBECHH
JHIONBbHBIH MOMEHT HaMpasjeH BIOJb HANPAXKEHHOCTH BHeLI-
HETO 3JEKTPHUECKoro noJdd. B lJanuoM caydae A/1a AHNCAS p,
BHEIIHUM SIBJSETCS 3JIEKTPHUECKOE T0Jie, CO3RaBdEMO€ JHIIO-
Jem p;. Tlostomy pia Haxoxglenuss yraa 0 HyXHo Hait

,/,/\'@,
7

Puc. 6.1. CBoGonHER JUNONL Py OPUEHTHPYETCHA BLOAL HANPSIKEHHOCTH
nona Ej, CO3XaBaeMOro 3aKpelJeHHbIM JHIONEM Py

HaNpaBJ/ICHHE HAMpPSKEHHOCTH 3JeKTpHuecKoro noas £y, cos-
JlaBaeMoro JMII0JIeM p; B TOM MeCTe, IJIe HAXOAUTCS AHNOJb p,.
Kax Bupno us puc. 6.1,

1g 6, = Ey/E,,. (H

BocnosbsosaBmuch ana Ey n E;, dopmynamn (8) u (6) npe-
Ablayuledl  3ajaudl, noJayduMm

tg 0:=0,5 tg 6,. 2)

OrmeTnM, 4TO onpenensieMoe cooTHolueHneM (2) 3Haudenuwe 0.
He 3aBHCHT HH OT MOAYJA JAUNOJLHOIO MOMEHTa Py, HH CT
paccTosfiua Mexjy aunoasmu. I'paduueckoe pemeHHe ypas-
nenun (2) nokasaso na puc. 6.2. las moboro 3aianHoro 3na-
wenns 0, Haxomum Ha rpaduke 3Havenue tg 6, (touka A).
VMeHbIHB B COOTBETCTBHH C ypaBHEHHEM (2) OpAMHATY BiBOE
(rouka B), HaxoiuM 3HaueHue yraa 0s.

[Ipu paBHoM Hy/I0 3HaueHHu O; yros 02 Takxke panen uy-
Jio, T. €. BTOPOH JAHNOJb YCT2HABJMBAETCA B TOM K€ Halpas-
nequn. Ecaut yron 0, =n/2, 1. e. nepBbiil AUNONL 3aKpeEIlIEH NOX
NpAMBIM YTJIOM K JIHHWH, COCRHHAIOMIEH LEHTpPH AHNOJEH, TO
BTOpOH (CBOGOIHBIN) AMMO/L TAKKE YCTAHOBUTCH MO NPSAMEM
yIJA0M K 3TOH NpsAMOH, HO €ro AHNOJLHBIE MOMEHT pa Oyner
HanpasJieH B CTOPOHY, NPOTHBOMOJIOXKHYIO HANpaB/eHHIO AU-
LIOJIBHOTO MomenTa py. Xora dopMmyda (2) K 3ToMy cayyaio
HENOCPEACTBEHHO HENPHMEHHMa, 3TOT pe3yJbTaT MOXKHO 1C-
Ay UUTh NPEJETbHBM E€PEXOA0M, NOCTeNECHHO npuOAHMKas yrod
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0, x #/2. Pasymeercs, 3T0 ¢pa3dy BMAHO H M3 KapTHHBI NHHHII
1anpsiKeHHOCTH AUIOAA Ha pHC. 5.3.

Tlonoxenne paBHOBecHst 11N0/1A P, NoKasaHuoe Ha puc.6.1,
SIBJISETCH YCTOHYMBBIM: NPH OTKJIOHEHHSAX OPHEHTAlHH AHIO-
Jisl OT PaBHOBECHOTO 3HaueHHs O

. 196
II0AB.1A€TCA MOMEHT CHJI, KOTOPBIH 9
CTPpEMUTCA [OBEPHYTb JAHIIOJAbL B
MoJioKeHHe pasHOBecHs. Kpome ) _—

:

)

}

i
3TOTO NOJMOKEHHS  pABHOBECHS %
€CTb ellie OAHO, B KOTOPOM AH- ! Bl
nojb p: HaNpaBJ€H B NPOTHBOMNO- !
JoxkHylo cropony. Ho 310 momo- ™
XeHue paBHOBECHs HeyctoHumpo. |

Hcnonb3ys npuBeeHHoOe Bhine |
pellieHHe 3ajayd, MOXHO Jerko !
BHISICHHTh, Kak O6yjeT BecTH cebs !
AHMIOJNb, KOTOPBIH MOXKET CBOGOLHO  Puc. 6.2. K rpaduyeckomy
NOBOPAYNBATBCA BOKPYT HEMOA-  Pemennio ypasHenhs tg6,=
BHZKHOH OCH, €CJIH OH HaXORHTCHA =0,5 tg 0
oKoJo upoBojsulefl creHkH. Kak
ObII0 MOKa3aHo B 3allaue 4, ACHCTBHE Ha AMIOAb HHAYUHPO-
BAHHBIX HA MNPOBOAAILCH NOBEPXNOCTH 3apA0B SKBHUBAJIEHTHO
AeMcTBHIO pumodasi-u3obpakenus (puc. 4.3).
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Puc. 6.3. [Tonoxenns pasHopeécus aunons p sGAU3H NpoBonsiulell CTenku

Hunons Ha ocH OyAET HaXOAMTLCR B pPaBHOBECHH OKOJIO
POBOJRILEH MJIOCKOCTH, KOrZa €ro ARHNOJbHBI MOMEHT p
6o napaJieneH, AH60 nepnesJuKyJspeH cTeHke (pHc. 6.3).
Jlerko y6elnTbCf, YTO B PaBHOBECHH NHNOJNLHBIE MOMEHT g
MoxeT ObITb HampasJeH He TOAbKO TaK, KakK [0Ka3aHo Ia
prc. 6.3, HO H B NPOTHBONOMOXKHYIO CTOPOHY.

BrisicinM, 6yAyT AR 5TH [OJOXKEHHA paBHOBECHsS YCTOHuM-
BeIMH. Lcau Obl AHNONb-H306paxkKeHHe OblJ 3aKpenJieH, T1o
FaBROBeCHe JMMOJA P Y NPOBOAsUIEH CTEHKH Obljlo OBl yCTOMH-
YUEHIM KaK B Cy4ae @, TaK # B cJaydae 6 Ha pHe. 6.3. Omnaxo
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JUNOAL-H300paXKeHe Ha caMOM Jielle He 3aKpenJteH: npu
OTKJICHEHHH AUNOMS Ha OCH OT PABHOBECHOTO MQJIOMEHUS JH-
nosib-H3cOpaxenHe Takxke IoBopaulsaercad. B pesyasrare
HOJMoKeHHe paBHOBecus, MoKasalinoe na puc. 6.3a, okaswi-
BACTCH YCTOHYMBLIM, a Ha pHC. 6.36 — HeYCTOHYHBBIM,
Urobbt ybeauTnhest B 3TOM, PACCMOTPHUM OTKJIOHEHHE JiH-
noJst p OT NMOJIOXKeHHs! paBilopecus, IoKasaluoro ka puc. 6,3a

/ {puc. 6.4a). Ilycts punons
p HnoeepHyJaca Ha yroa 0.
-~ Torpa, oueByaHO, AHNOIL-
/0 / 4 4

uzobpaxkenine p’ nowepuer-
~/x,[€{ e Ha Taxked xe yroa 0 B
£ UPOTHBOHOICKHYIO CTOPOHY .
Tlpu aTOM HanpsKEHHOCTDb
3JeKTpudeckoro noas K,
€03/1aBaeMOr0 UHIYUHPOBaH-
HHIMH Ha CTEHKe 3apsijami,
Oyner TakeH e, KaK W Hal-
PAXKEHHOCTb MO AUMOJA-
u3obpaxenuda. Kak BuaHo
U3 ypasueHus (2), yroua O,
NOA KOTOPBIM  HanpasJeH
BeKTOp Hanpsixkennoctu F,
Puc. 6.4, K Bhiacuenuio YCTOHYH- Oyner meiiblie, yeM yroa 0

BOCTH MOJOKeHHA paBHoBecus [1H- (pHC- 6-40)- HpH MaJblX
moasl P, MOKA3aHHLIX Ha pHC. 6.3 OTKJIOHEHHSIX OT paBHOBE-

cust, korjia tg 00, us
ypaBHerus (2) BHAHO, UTO 9 ~0/2. Tax Kax JHIOJb f# CTPEMHT-
Cfl OpPHEHTHPOBAThCA MO HaﬂpaBJIeHmO BexTopa E, 10 BO3HIl-
KawWHKi NpH OTKJIOHEHHH MOMEHT cHJa OyAeT BO3BpAWATSH
AMNOJL B NOJOXKEHHE paBHOBecHst. Mrak, 3TO nosoxedue
paBHOBecHs AeHCTBUTENbHO YCTOHYIIRO.

A BOT B Cayuae 6 MaJo€ OTKJIOHEHHE ALNOAT P OT NOJo-
MEHHUSA DABHOBECHS BLI3OBET, KaK BHRHO U3 pHC. 6.40, nosas-
JISHHE MOMeHTa CHJI, YBOAAWErO JHIO/L elle JA/AbIIe OT 3TOro
NOJoKeHHsT PaBHOBECHS.

Ho cux mop ana orera Ha NOCTAaBJEHHBIE BONPOCH HaM
JOCTATOYHO OBUIO PaCCMaTPHBATb TOBKO BPAllaOUIHI MOMEHT
CHJI, AefCTBYOWMMX Ha AuioAb. Ho Bo MHOTHX clIyyasx BaXKHO
3HATh DPe3y/AbTHPYIOUY CHJAY, JeACTBYIOIIYIO HA JUNOJb B
afeKTpuueckoM nose. OyeBHAHO, UTO B OJHOPOLHOM MOJE€ 3Ta
cH/ia paBHa HyJ/o. L5 Toro 4ToOsl Takas Cu/a CyMeCTBOBala,
nonae jo/xHo ObTe HeogHopouusiM. Hanpumep, B 3agaue 4
6bl/I0 IOKa3aHO, YTO HAa JHIONb, HAXOAAMACA y NMPOBOAALLeH

8
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IOBEPXHOCTH, NEHCTRYET cHAa, NPUTATHBAIOLLAA €T0 K NOBEpX-
1HOCTH. JTa cuia o0yc/0B/eHa HeOJHOPOMHBIM 3/1eKTPHUECKUM
1101€M HHAYUHPOBAHHEIX 3apsoB. IlockoabKy, KakK Mel BH-
1M, [t0Jle HIAYIUHPOBAHHBIX 3apANOB SKBHBAJEHTHO TOJIO
aunoas-uscbpaxenus, To HafiileHHas TaM cuJa (AKTHYECKH
BbipaxkaeT CHJAY B3anMopeHcrBus JByXx jaunoneil. Cremyer
TOJBKO YUHTBIBaThb, YTO CHJA B3aUMOJCHCTBUSA MEXAY pealb-
HBIM JHNOJNEM U AHI0/1eM-u300paxeHeM BCeraa uMeeT Xapak-
Tep NPHTSXKEHHA, B TO BpeMs KaK JBa peaJbHBIX JAHIONS
B 3aBHCHMOCTH OT UX B3aMMHOH OpHEHTALHH MOTYT KaK IpH-
TATUBATLCA, TaK W OTTaiKuBaTbes. Ho npu jobol opueHra-
ILHH JUIONeH cuja B3auMmonelicTBusA oOpaTHO [1PONOPLUHOHAIb-
Ha YeTBepTOil CTelleHH paccTOSHMs Mexny HuMH. A Kakoil
Oyner cuaa, REUCTBYIOUAS HA AHIIONL, HAXOAAMHMICH B IoJe
TOYeyHOTO 3apsjar A

7. Bunoar M ToveuHmi 3apsap. Haiéitn cuny, neficTeyio-
IY!0 Ha JUNOJb C MOMEHTOM p B 3JEKTPHYECKOM II0JI€, CO3/a-
BaEMOM TOYEYHHIM 3apsfjioM Q.

Puc. 7.1, Cuanl B3aUMOACHCTBASA RUNONA M TOYEUHOTO 3apSAa B cayyae,
KOTAa TOYeYHBId 3apij Q pacnonoxen na ocu AHNONA P

A BmecTo TOro yTobbl HCKaTh CHAY, NEHCTBYIOHIYIO Ha AH-
oMb CO CTOPOHBI TOYEYHOIO 3apsja, MOXHO HAaHTH CHJy,
JEHCTBYIOIYIO Ha TOYEYHBLIH 3apsill CO CTOPOHBI RMIIOJIS, BOC-
110/1b30BABIINCh L/ 310T0 (hopmyaamu (6) v (8) samaun 5 aas
HATNPMKEHHOCTH 3ACKTPHYECKOro noas aunoas. as nenog-
BYJKHBEIX 3apsaja U QUNOJAA B CHAY TPETbero 3akoHa Hrlotona
3TH CHJIBL paBHB [0 MOAyMmo: |Fy|=|Fa|=F.

PaccMotpum cHayaJa cayya#l, korjia o6pasyiomue JIunoas
3apsipbl ¢ U —¢ W ToYeuHbIl 3apsAk Q Pacro/oXKeHbl Ha ORHON
npsaMol (puc. 7.1). B 3ToM cayuae HalpaKeHHOCTb NMOJAA Au-
110J151 B TOH TOUKe, I'I¢ PacnoJioXKeH 3apaf @, 6YIeT onpenenaTo-
cn dopmyaamu (6) 1 (8) 3asauu 5, eciaH B HHX NOJNOXKHTL 0=0.
Torpa E¢y=0, T. €. HADPAMEHHOCTb HANPABJEHA BLOJD JHHUH,
COeAHHALICH 3apaabl, a e¢ MOAYb AaeTes dopMyJoit (6) pnn
E. npu 0=0:

1 2p :
= Tmeg 19 ° ]
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Orciopa a1 Mopyas cudsl [, pefictByomedl Ha 3apan Q,
a CJeOBATE]bHO, H HA IHIIO]b, [OJydYaeMm
1 2p10Q]

Fe=|QIE= ine, r (2)
Rosunxiiopeyue cuJnul F;, JeHCTBYIOWEH HA JUNONb, B 2TOM
ciaygae o0ycJAOBJCHO TeM, 4TOo 0o0pasyiomie JUNOAbL 3apstibl
§ U —@¢ HAXOMATCA HA DPA3HBLIX pacCTOAHHUAX OT TOYEYHOrO
sapsitna Q (puc. 7.1}, u, caepopatenpHo, AeHCTBYIOLIE HA HKHX
CHALI OTAHMYAIOTCA no Moayao. M3 puc. 7.1 BugHo, uTO pefi-

Y4
g’? ’ q Puc .7.2. lpr Takom pacnonoxenst
SRR & R S gy ~ AN{IONS W TOYEYHOro S3apsifa CHbL
ux B3aumonedcrsus £; H Fy ve nan-

paBJexbl BAO/b OAHOH NpAMOH

CTBYIOUHE Ha JHNOJb M Ha Toueunblil 3apan cuasl Fy u F, na-
IpaB/iCHRLl BIOJB OfHOI ¥ TOH XK€ npsaMoH (pasymeercst, B Npo-
THBOMOJIOXKHbIE CTOPOHbI).

Dosee wuHTepeceH cayual, Koria och' AHNOCASA MEPHNEHA-
KyJAspHa npsMoil, coepnasioweil aunoas u 3apaa Q (puc. 7.2).
Tenepb s onpegesneHds HaOpsKEHHOCTH CO34aBAEMOro Ju-
MOJIM JICKTPHIECKOTO 110/ B TOM MeCTE, T1€ HaXOAUTCS 3apsf
Q, Heob6xoxnmMo B QopmyJax (6) u (8) sagauu 5 mosoxuTh 0=
=n/2. Torna E,=0u, cienopaTenbHo, HanpAKEHHOCTb nois E
neprneHjHKyAspHa JIMHUH, CoeauHsolell Toueunbldl 3apaj Q
C UEHTPOM JHUNOJst. MoAyJh HanpAKEHHOCTH ONpeAe/IseTCs
dopmynoit (8) ans Ey npu 0=n/2:

R 1 p
Orcioza caeayer, yto cunaa F,, nefictayloman Ha 3apai Q, Takx-
Xe NepHeHAHKyJsipHa JHHUH, COCIHHAWOMWER AUNONL ¥ 3apal
(puc. 7.2), a ee monyas
F=|Q|E=zr 2. 4)

T Ane, 3

Takast :Ke Mo MOAyJ/f0 H NMPOTHBOMOJOKHAA [10 HANPABACHHIO
cuna Fy pefictByer Ha mufions p {puc. 7.2).

BosHukHoseHUe cuabl Fy, peficTByromedl 1na aunodb, Jerko
NOHATH, €CJIH y4ecTh, YTO OAMHAKOBHIC 110 MOAYJI CHabl F
u F_, neiictByromye Ha ofpasyloiiye AuNoab 3apaibl ¢ H—q,
HlalpaBJ/IeHBl 10J HEKOTOPSHIM YIVIOM O K JIMHUH, COCAMHSIOLE
UEHTP AHOoJds ¢ 3apagom Q (puc. 7.3).
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PesysnptHpylomas (T. e. BeKropHasa CymMma) cua Fy u F_
npencrardser coboil cuay Fi, IefCTBYIOMYIO Ha BeCh JAUIOML.
Touno Tax e Jerko noHATh, NoueMy HeHCTRYyOmasi Ha 3apaj
Q cuna F, HanpapJeHa Tak, KaxK NoKasaHo Ha puc. 7.2: F, —
210 paBHogelicTByomaa cu1 F, 01 F., ¢ KOTOpPBIMU ACHCTBYIOT
na sapan @ obpasywouife AHNOJb 3apAnbl ¢ ¥ —¢q (puc. 7.3).
Bce 3T0 He BLI3bIBAET COMHEHMI.

OnHako B LEJNIOM KapTHHAa R3auMopeficTBuA 3apsaja Q i
IMNOJA p, MOKasaHHas HA PUC. 7.2, Ha NepBHI B3rViAl BHI-
IISAUT AOBOJMBHO CTPAHHO: XOTH CHJE Fy U F2 parHH 11O MO-
AyJIO H NPOTHROMNOJOMKHBEI N0 HaNpaBJeHNIO, OHH HE Hanpag-
Jelsl BAOJb TIpaMoll, coeiuHsioniedl R3auMofefcTBylonine

Puc. 7.3. Cuaa F; — pesyabtnpyiomas cua Fu F_., cuna Fy — paBuo-
aeficrpytoman cna Fy u F_

tena. Ilosromy cusel Fy u Fe ofpasyor napy cuia. Pesysbtu-
pylowas napel cua F+F: paBHa HyJIo, T. €, YCKOPeHHE No-
CTYNIATEeNBHOTO ABHXKEHHS Y PaccMaTpHBAeMOH CHCTEMBI OTCYT-
creyer. OHAKO BPAauIAOUIMH MOMEHT Napbl CHJ OTJAHYEH OT
nyJas W Haxomures no ¢opmyJe

M= Fr— 1 P|Q|. (5)

Kasanoce Obl, MOA JeHCTBHEM 3TOTO BPAIAIOIErO0 MOMEHTa
paccMaTpuUBaemasl CHCTeMa JOJKHA COBEpIIATh YCKOPEHHOoe
BpallleHKe N0 4acoBoi crpeqke. Ho storo He moxer ObiTh, Tax
Kak cuapl F, 1 F: — BHyTpeHHHe H, CJIeOBaTeNbHO, HE MO-
TyT H3MEHHTL NOJHOTO MOMEHTa HMIyJabca cHcrembl. Hanamnuo
SBHBI napajoxc.

Huxakoro napajiokca, pasyMeercsi, HE BO3HHKAaeT, e€C/H
paccMaTtpuBarh JHNOJb HE KaK HEUTO liesioe, a KaK COBOKyIn-
HOCTb ABYX TOUCUHBIX 3apAOB ¢ H —g (pHc. 7.3). B stom
cAyyae CHIH B3auMOJEACTEHSl KaXKAOH mapH TOYEUHBIX 3aps-
TIOB HanpaBJeHbl BJAOJAL JHHHH, COCNHHSIOWEH 3TH 3apsjbl, U
EPAILJICIIMX MOMEHTOR HE CO31al0T. A Kak OGBACHHTL 3TOT
napafoKe, €CIN AUNOAb paccMarTpHBaTth KakK 1eaoe, 41O Npi-
BOJHT K KapThHe B3auMojeficTBHsl, nokasaHHol Ha puc. 7.2?
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1lpd TakoM MOJAXONE NapajoKCc BO3HUKaeT NOTOMY, YTO B pac-
CyXKeHHAX He ObUT yYTeH MOMEHT CUJI, JeHCTBYIOUIMX Ha Ju-
nodb P, NOMELIEHHBbI B IIoJe TOUEYHOro 3apsiia @, 1. e. ue
VUITHIBATOCH  Pa3/iuuie Mex1y pe3yJsTHpylomeil u pasno-
nefictByiome#l CUAaMH.

Hs puc. 7.3 Buano, uro Aeficrene cua F, u F_ Ha punoip
K2K HeJ0oe CBOAMTCH HEe TOJbKO K pesyabTupyoiell cune Fy,
110 €€ H K HeKOTOpOMY BpamaiomemMy MOMeHTY, KOTOPhill CTpe-
MHTCS MIOBEPHYTH AHMNOAb NPOTHB 4acoBOH cTpeakH. Jlpyrumn
cJIoBaMHi, cuabl F, U F_ Heib3st 3aMEHNTb OAHOH paBHOAEHCT-
sytowefi Fy, B oranuue of cui F, n F., 1eficTBYIOUHX 1a 3a-
pag Q. Tlpn BLIMHCHEHUU BPAIIAIOINErO MOMEHTA MOKHO CUH-
TaTh CHJABL F, 1 F_ napaiejbHbiMH U paccMaTpHBaTh UX Kak
napy cui. B pesyJabTaTe AN BeJUYHHBEI ACfCTBYIOWEro Ha
LANOAB MoMmeHTa cuad M; noaydaem

— . QIQI 1 rlQl
MIWF*‘Z_MSO r? 4ney, 12 (6)

Takum 00pasoM, Ha CUCTEMY B LIENOM, COCTOSILYIO M3 JAH-
NOJsl H TOYYIIOro 3apsiAa, ACHCTBYIOT JiB& NPOTHBOINOJOMKHO
HANPaBJENHLIX BPalAOMAX MOMeIITa, BeJMUHHA KOTOpbIX,

Puc. 7.4. Cuay B3au-
MOAEHCTBUA JUNOAA U
TOYEqHOro 3apsifia apu
IPOU3BOJILHOH OpHeH-
Talud AHOOJN

Kax piano u3 dopmya (5) u (6), onmnakosa. [lostoMy nonHblit
BpalLAOMmIIl MOMEHT paseH HyJuo.

IlpH npousBoJBLHOH OpHEHTAUHH AMNOJS, KOTAA €ro och
opasyer yron O c Hanpas/jenueM Ha TOueuHbll 3apsi Q,
3itadeHusl o0enX COCTAaBASIOUHX HANPSKEHHOCTH OIS AUIONA
E, u Ey OTIMYHBl OT HY/I8, TaK YTO NOJHBIY BEKTOp Hanpsi-
»eHHoctn E HanpaBJieH Tak, Kak MokasaHo wa puc. 7.4. Beno-
MMuHas pelleHHe 3aaaun 6, Jerko coofpasutb, 4TO Yyroda Bs,
NoJl KOTOPHIM HallpaBJiena cuia Fa, AeficTByIOmMAas Ha TOYEYHbLH
sapsan Q, onpegensercs ypaBueHHeM

tg 0:=0,5 g 0. 7
Moayne cunnl F, nerko ma#itn, yuutsmisan, yto Eq u E, Ha-
NpaBJEHH N0l NPSIMBIM YIVIOM APYT K APYTY:

Fo=|QIE=|QIVEI Ey= 4 P'Q'V'1T3cosz'e )
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Takas xe 10 MOAYJIO, HO NPOTHBONOJOKHO Hanpapjaennas cii-
na F, neficteyer na aunioas p (puc. 7.4). Caawel £, U £ o6pa-
3YIOT 11apy, BPauWAOUnil MOMEHT KOTOPOH OTJMYeH OT HyJd.
Kak # B pa3o6paHHOM BbILIE Cyyae, 3TOT MOMEHT KOMIEHCH-
pyercs BpAIIAlONIMM MOMEHTOM, AEHCTBYIOMIMM H& AHIIOJNb.

Kak eupuo U3 dopmyasl (8), AeficTByiomas Ha AUNOJAb CHANIa
OTJIMYNa OT HyJst NpU JoGoH opuentamuy aunons. OHa Mak-
cuManpHa npu 0=0 n O=n u muuuMajibHa npn O=n/2.

Cuna B3aMMOJEHCTBUS AMIONS W TOYEUHOrO 3apsaaa ob-
paTHO NPONOPHHOHANBHA TpPeThell CTENeHH PacCTOAHUS MEMAY
UHMH, T. €. yObIBaeT C paccToAHHEeM OblcTpee, ueM CHJa B3aH-
MOJEHCTBHSI TOYeYHHIX 3apsfioB. CHJA B3aUMOACHCTBHSI NBYX
IHOOJeH, KaK MBl BUJAEIH B 3anaue 4, yOriBaer eule OblcTpee —
00paTHO INpONOPLHOHAJABHO UYETBEPTOH CTENEeHH Ppaccros-
Hu.

Hcnoap3ys pe3yabTaThl 3TOH 331aud, MOXKHO OODBACHHTh
BO3HMKHOBEHHE CHJ, JEMCTBYIOLMX Ha He3apsKeHHbR au-
3JEKTPHK B HEOLHOPORHOM 3JeKTpHuecKoM noJge. Kamapiil
3jeMeHT o6beMa AH3JEKTPUKAa MOXKHO paccMarpuBaTh Kak
JM001b, IUNOJABHBIH MOMEHT KOTOpOro HalpaBJeH BROJb Ha-
HPSKEHHOCTH 3JIEKTPHUECKOTO TOAA. B HEOgHOpOJHOM IoJe
Ha OpHEHTHPOBaHHBIH TaKuM 00pasoM aulonb Oyjper nefcTBo-
Bath CWJa, HanparJeHHast B Ty CTOPOHY, A€ Hampsiken-
HOCTh noJssi Gosabiie. JIpyrumMH cioBamu, JAHIOJL BTATHBAETCS
B 06JacTh GoJiee cuabHOro noJs. OTMETHM BO H36EKAaHUE HENO-
pasyMenu#l, uto Ha pHc. 7.1 H300paKeH NPOTHBONOJNOMKHELHA
cayuai, Korja AunoJib OPHEHTHPOBAH HE 1O NOJIO, & NPOTHB
nero W BHITaNKHBaeTcst H3 0o6jacTn cuiabHoro nossi. Takas
OpHEHTAalllsl COOTBETCTBYET HEYCTOHUMBOMY PABHOBECHIO JIMNIO-
ast. JlunosbHelii MOMEHT, BO3HHKAIOWUEA B H3OTPONHOM AH-
3JIEKTPHKE NPH [OMELIEHHH ero B 3JeKTPHYecKoe noJie, Bcerja
OPHEHTHPOBaH MO MOJIO, H NIO3TOMY AUYJIEKTPHK BTSITHBAETCH
B 06J1aCTb CHJIBLHOIO NOJS. A

8. Pa3pesannnii 3apskennbiii wap., 3apsxeHubnll Meraj-
JuYecKH#l wap paavyca R paspesan Ha ABE 4acTH MNJOCKO-
CTbIO, NPOXOAsIILEH HA paccTOAHMH h OT LleHTpa 1apa (puc. 8.1).
C Kaxko# CHJIOH OTTaJKHBAIOTCS APYT OT JApyra 3TH 4acTn?
[Tonuwlft sapap wapa paeeH Q.

A Byjem 174 OnpeaeNeHHOCTH CYMTaTh, YTO ILAp 3apsiKeH
NONOKHUTEJNLHO. 3apsAiAl METAINIECKOro mapa Q npH orcyTer-
BUY NOGJH30CTH APYTHUX 3aPsKEHHBIX WJM He3apsKEHHBIX Tesl
6yzeT paBHOMEPHO pacnpejelied no ero noepxuoctd. [lpu
3TOM I10BEPXHOCTHAs MJIOTHOCTb 3apsjia O OAMHAKOBA BO BCEX
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TOYKaX W paBHa
o=Q/(4nR?). (1)

[13 cumMMeTpHN OYeBHIHO, 4TO 3JeKTpocTaruyeckas cuaa AF,
IeficTByIOMAA Ha KaXkppili Manawifi snement AS 3apsxed-
HOM MOBEPXHOCTH, HANpas/jeHa MO HOPMa/iH K HOBEPXHOCTH
(puc. 8.2). Kak naittu 31y cuay? [nd storo MOXHO HailTH Ha-
NpPSKEHHOCTb  3JIEKTPHYECKOTO M0Jisl, CO3JABAEMOr0 B TOM

Puc. 8.1. 3apaxeunsiis MeTani- Puc. 8.2, Daexrpocrarvueckan
qeckvill Wap paspesad Ha fBe cuna AF B xaxjo# TouKe Had-
4acTH pasleHa IO HOPMalH K IO-

BED XHOCTH

MecTe, T/le HAXOJNTCs BbijeseHHBIH 37eMeHT HoBepxHocT AS,
BCefl OCTaJILHON 4acThiO 3apsKEHHOro liapa.

HanpsikeHHoCTb 3JIEKTPUUECKOrO NONs BHE 3apsIKEHHOrO
l1apa COBNANAeT C [10JIeM TOUEHHOr0 3apfAJa TaKOH XKe BeJHUYH-
Hbl, MOMEMIEHHOro B LeHTp 1uapa. [losromy HenocpeiacTBeHHO
y NOBEPXHOCTH IUapa MOAYJ/b HaNpsKeHHOCTH

E~_1 & _ o (2)

CorJlacHO NPHHUUNY CYNEPNO3HUHH 3TO HoJe MOXKHO paccMmar-
DHBATh KAK BEKTOPHYIO CyMMY [oJieli, cO37iaBaeMbiX BBIEJeH-
HBIM 3JEMEHTOM NOBepXHOCTH Wapa AS u Bceft ocTajbHOM
yacTbiO Wapa. Tak Kak Hac HHTEpecyeT HanpsKeHHOCTb [0JA
HE[NOCPEACTBEHHO y NOBEPXHOCTH Iapa, TO BbLeJEHHBI 3ne-
MeHT AS MOXHO CUHTATh NJAOCKMM H NPH BHYKCJEGHUH CO31a-
BaE€MOI0 MM TOJISI BOCNOJIL30BATLCS BLHIPAXKEHUEM JjfA Hanps-
JEHHOCTH [0JI pPABHOMepPHO 3apsieHHOH NJocKocTH. Kak
"M3BECTHO, 3TO NOJe CYIECTBYeT Mo o0e CTOPOHH! OT IIJIOCKOCTH
(puc. 8.3), u MOAyJib €ro HanpsiKEHHOCTH

E.=0/2,. 3)

BHyTpH apa BIIOTh 0 CaMOH ero NOBEPXHOCTH pPe3yJbTH-
pyomas HanpsKeHHocTh N0Jst PaBHA HYJMO, JHAUUT, BHYTPH
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mwapa BO6au3M anemedta AS nosie 3Toro sJjeMeHTa, Hanpabfel-
0@ BHYTpb 11apa, KOMIIEHCHpYETCA MO0JeM, CO3/aBaeMbIM BCek
ocTaJbHON YaCThio wmapa. Takum ofpa3oM, B MECTE paciioso-
JKEHUSI BhilesleHHoro sJjeMeHTa AS Besg ocranbHasg uwacTth 34-
PSIPKEHHOrO 11apa CO3AaeT 3JeKTpuyeckoe noae £,, HanpaBaet-
JI0€ HapyKy, NpHyeM MOAyJb HaNpskeHHOCcTH Ea Takike ofl-
pepensiercs coordowmennem (3). CHapyxku sto none F, umeer
OMHAKOBOE HANpaB/ICHHE C NOJEM, CO34aBAEMbIM 3AEMEHTOM
AS, u, cKaabIBasACh ¢ HUM, Aa@eT NOJHOE NoJe, Nanp SKeHHOCTD
KOTOpOro Bisoe Oosblue H onpefenserca Buipaxennem (2).

A A

F
Puc. 8.3. drextpu- Puc. 8.4. K unaxoxsue-
yecKoe 1oJge 3apa- HHIO CHAB JABACHU,
KEHHOH TJIOCKOCTH apeftcipyiowelt na or-

pe3anuyio 4acTe mapa

Cuana, peiicTBytomasn Ha sJaeMent AS, paBHa NpOH3BEAEHHIO
3apfaja 31oro azementa ¢ AS Ha nanpsKenHocTh rnoas E:=
=0/2¢,:

g

AF QQ_‘ZZ—AS. )

Cuga, AeficTeylomasl Ha eANHIUY [JOWEAAH [OBEPXHOCTH [0
HopMaJii K Heil, npezacraBJaser cofoil jaBJaeHe p, A KOTOpPOro
B COOTBETCTBHH ¢ QopMyqoH (4) nmeem

p=AFJAS = 0%/2¢,. (5)

[nsa HaxomieHns paBHopeiicTByiomeil F CH 3JaeKkTpocTa-
THYECKOrO AaBJeHMs, AEHCTBYIOMNX, HaNpHMep, Ha BEPXHIOO
yacTh 11apa, MOXKIO IPEeACTaBUTb cefe JKECTKYIo HoAyi 000-
JIOYKy, HMEIOWYIO TOMHO Takylo ke qopmy (puc. 8.4). Ecan
BHYTPH TaKkoil OGOJOUKH HaXOIMTCH Tra3 [oJ JaBjeHueM p,
TO CHJIa JaBJEHHA 3TOr'0 ra3a Ha «KPHILKY» 0B0JOYKH COBNZ-
Jl2eT ¢ uHTepecyowed nac cunoit F. Ho copepuleRHO oueBUaHO,
YTO TOUHO Takas e 0 MOAYJK CHAZ AEACTBYeT Ha «IHO»
3To# 2KecTkol o6onouxu. [losromy F=p§, rae S=n (R*—h?) —
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nmaowaae «pHa». TakuMm oGpa3som,
o? h?

[ToncraBnias cloaa sHauenue NOBEPXHOCTHOH NJIOTHOCTH 3apsaa
o u3 (1), nonywaem

1 Q2 h
F= g ser (1~ %) (M

CuJsia oTTasNKNBaHus yacTeil mapa Gyner Banbosblled, koraa
wap paspesas no auamerpy (h=0). O6paTiM BHHUMAHHE HA TO,
YyTO B OTBET BXOJAHT KBajpaT IOJHOrO 3apsja mapa Q. 310
03Hauyaer, Y10 B3aHMOAEHCTRHE yacTell pa3pe3aHHOro wapa
BCErd HOCUT XapakTep OTTaJKUBaHHs, HE3aBUCHMO OT TOrO,
3apANKed 1ap MOMONHTEJbHO HJAM OTPHUATENLHO, Kak 3T0
OUEBHJIHO M H3 KAYeCTBEHHHX (U3HUECKHX COOOPaKEeHUH.

Japjienne p MOXHO HAHTH H HHAUE, HCNIOAB3YSA 3aKOll CoXpa-
HEHUs 3HEPTHH. [IpeanonoKnM, 4To paayyc mapa yBeJHuucs
Ha MaJqayio BeaduuHy Ar. Tlpu 3ToM 3JeKTpOCTaTHUECKHE CHIILI
coBepuiat pabory, pasuyio p AV, rae AV — yseauuenne obne-
Ma mapa. Jra pabora cOBEpLIAETCS 3a CUET 3JCKTPOCTATHUE-
CKOH 3HEepruH. DIeKTPOCTATHHECKYIO 3HEPrHI0 3apsXEeHHOTo
i1apa MOXKHO DaCCMaTpHBaTh KaK 3HEPTHIO CO3NAaBAEMOTO MM
nosa. Ilpn yBennmuenun pajmyca inapa 3JeKTpocTaTHYeCKas
3Heprusi yOuBaer, TaK KaK yMeHpliaercst obbeM, 3aHHMaeMblil
noneM. JT0 YMEHbIl€HHe 3HEPrHH pPaBHO NPON3BLAEHHID
OOBEMHOR [JIOTHOCTH 3JEKTPOCTATHUECKON »sHeprun W=
=g, E%2 Ha yBeanuenne oGvema wapa AV. [IpupaBuusas pa-
GOTY 3JEKTPOCTATHYECKHX CHJ YMEHbIHEHHIO HEPrHH

pAV = 2EAL (®)

u noacraBass cwopa E=o/e, n3 qopmyssl (2), HaXOAUM p=-
=0?%/28), YTO COBNAMAET C INOJYYEHHBIM pAHEE BBIpAKEHHEM
(5). A

9, Tlapapoxkc aaeKTpoCTaTH4ecKOH oHepruu. /[(Ba ojHH&--
KOFHX MeTa/lJMYeCKuUX Hlapuka pajdyca R HaXoidtca Ha
GOJMBUIOM [0 CPaBHEHHIO C HX pa3MepaMH pacCTOSHHUM F ApYF
or apyra. OnMH U3 IapuKOB HMeeT 3apsj ¢, ApYroH He 3a-
paxen. Wlapuku coenunsaior Ha HeKoTOpoe Bpemsl NPOBOMHI-
KOM HHYTOXKHO MaJof eMKOCTH, B pe3yJbTaTeé 4Yero 3apri
g pacnpepessierca Mexay HUMH NOPOBHY: g,=¢2=¢/2. Teneps
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00a 1apHKa 3apsiKeHbl M SHEeprusi X B3anMOIEHCTBUA

W__ 1 9192 . 1 _ﬂi_ (1)

T 4ngy r T 4ngy 4r°

OObsCHUTL BO3HHKAONME TNapajokc: A0 COENHHEHUs OfUi
H3 LUAPHKOB He OB 3apSKEH, H, C/e10BaTeNbHO, SHEpPrusi
HX B3aumojeiicTBua Owlsia pasHa Hymo. Ilocie coenduenns
IIAPHKOB, Kax BUIHO H3 dopmyJsl (1), 3Heprug ux B3auMo-
JeficTBUSI CTaJla MONOXKHTENbHOMH, T. €. yBennuuiaace. OTKyAa
B35l/1aCh 3TA 3Heprud?

4 M3 3akona coxpaHeHHs 3HePTHH CJelyeT, UTO 3JeKTpo-
CTATHYECKAs! 3HEprus WapHKOB MOIJIA TOJbKO YMEHBLIINTLCS.
B camom jgenie, npH COGAMHEHHM IUApHKOB H NepeTeKaluu
3apsAa B COIMHUTENLIOM NPOBOJHUKE BHIAEISIETCS] TeJoTa.
Ilpn coexunenns morsa NPOCKOYHTb HCKPA, YTO HEH3OCKHO
CBsI3aHO ¢ NpeBpaleHHeM 3/CKTPHYECKOIl 3Heprud B Apyrue
BHABI HEPTHH. Bo3HuKalomee NpoTuBOpeyre ¢ 3aK0HOM CoXpa-
HEHHA 3HEPTHH MOXET 03HayaTh TOJBLKO TO, YTO B NpHBEEH-
HBIX B YCJIOBHH 3a3a4M PacCYKICHHAX YTO-TO HE yureHo. Hro
Ke MMeHHo?

[leno B TOM, YTO 3HEPTHsl B3aHMOJAEHCTBHS 3apsTMKEHHBIX
T€J — 3TO €llle He BCf 3JAEKTPOCTaTHUECKas suepras. uep-
rus B3auMojeficTBHa, Buipaxaemas dopmyaoit (1), papHa pa-
6ote BHEIWHHX CHJI NMpH COMIKEHHH 3apsKeHHBIX Tes H3 Oec-
KOHEYHOCTH A0 paccroanus r Mexay HHMA. Ho ata dopmyna
HE YYHTHIBACT 3HEPTUI0 3JCKTPOCTATHYECKOro B3aHMOJelCT-
BHA OTACIBLHBIX yacTell KamIOoro M3 3apsiKeHHBLIX Tea Meuy
cofofi, Tak HaspipaeMyio COOCTBEHHYIO 3HEPTHIO 3ap SKEHHHIX
tes. ColcTBEHHasi 3HEpris 3apfXKeHHOrO Tesna paBHa pabore
BHEILIHHX CH.JI, KOTOpas COBEpLIAETCA NpPH COOOUIEHMH Teay
3MEKTPHUECKOTO 3apsiia. Kak HaliTh 3Ty 3Heprumo?

PaceMoTtpuM yejdHeHHOe 3apsimKeHHoe Teno. Ero cofcrseH-
flas 3Heprus He 3aBUCHT OT TOrO, KaKHM CnocoboM o1o Guiio
sapsikeHo. ITosToMy paccMOTpHM TaKoil mpomece 3apsijkH,
Jil KOTOPOTO Jierdye BCETo CcocyuTarh paboTy BHELIHHX CHJL.
[lycrp dapan nepeHocUTes Ha Teno HaCTOJIBKO MaJbiMy [Op IS -
Mi Ag’, 4TO BAMsiHMEM NOJA MaJIOro 3apsAaa Ha pacnpejesienne
yKe cooBlmenHoro Teay 3apsjia MOXKHO nperebpeus. Torza
pabora AA, coBepuiaemasl npH nepemenienny Ag' n3 6eckoney-
HOCTH Ha TeJ0, paBHA NPOU3BEJEHHIO MEPEHOCHMOro 3apfja
Ag' na norexuuan tena ¢'. [loreHnuan MeTaNTHIECKOTO TENa B
OGO MOMEHT CBfI3aH € HaXONsMMMCH Ha HeM 3apsioM ¢
cootHowlenneM ¢'==¢'/C, rae C — eMKOCTb yeAHHEHHOro TeJa.
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ITosromy ans pabotet AA noayuaem

’ !
At 9N )
AA ~—A(] ¢ = Cc ( )
Cymmupys pabotei AA no nepexocy Beex nopuuil sapsapa Ag',
NOKa 3apsj Teja He CTaner paBeH ¢, NoJydaem /s cCOCTRel-
Holl SHEPIHH BbIpaKelue
2

sz'g‘é‘- (3)

EMKOCTD yelIHHeHHOrO MeTaJTMuecKoro mapa paauyca R pap-
Ha 4me R, nostoMy coOCTReHHAs 3UEPTHA TaKoro lapa, HMEK-
ero 3apfaA ¢, HaeTcs BHpaKeHHEM

.l ¢
1~4ﬂ80§_R—' (4)

BosBpartumcss Tenepp K paccMaTpHBAacMOMY Inapajokcy.
B HauajsbHOM COCTOSIHHM, KOrJa 3HEepriusg B3aHMOJeHCTEBUS
14apIKOB paBHa HYJIIO, CHCTEMA BCe-TaKH 00/1a1aeT IeKTPOCTa-
THYecKoH sHepruefl, Koropas paeHa COOCTBEHHON B3HEPruH
zapsKeHHoro Wlapuka. Dra sueprusi jpaerca gopMmyJoi (4).
B KOHEYHOM COCTOSIHHH, NOCJe COeIHHEHNS 1IapHKOB, 3JEKTpO-
CTaTHYECKAsl SHEprHsl CHCTEMbl CKJAAJBIBAETCH N3 SHEPIHH hX
B3aHMOJEHCTBUA, BhipamaeMoil dopmyJoit (1), u cob6CTBEHHBIX
3HEPrUil KaKI0ro U3 IWapHKOoB. ITocKOAbKY 1apHKH HaXOAATCA
Ha 60JBIIOM PacCTOAHMH APYT OT IPyra, TO MOXKHO CUHTATb,
YyTO 3apaAb pacnpefeleHbl Ha HHX paBHOMEpHO. DTO 3HAUHT,
YTO COGCTBEHHAS 3HEPrusl KaXKIOro H3 HHUX ONpeleJasieTcs Ta-
KHM 2Ke BbIPaXKeHHeM, Kak H AJs yeAHHEHHOro 1apa. 3apajbl
IIapHKOB TeNepb paBHHL /2, NOSTOMY /s NOJHOI 3JaeKTpocTa-
THYECKOH 3HEPrHH CHCTEMb B KOHEYHOM COCTOAHHH HMEeM

4rey, 2R ' 4ney 4r 4neg 4 \R ' r )"

Cpasunpas Bolpaxenus (4) u (5), BUAMM, YTO NOJHAA 3JEKTPO-
cTaTHYeckas SHEpPrusi CHCTEeMbl B pe3yJbTaTe COeIMHEHI lla-
PHMKOB yMeHbIINAACh:

W—w =L 2L L)y (6)
t 4ney 4 \R 1 ’

12K Kak r>>R. Pasnocts W;—W'’ paBHa Ko.HueCTBy 3/€KTpo-

CTAaTHYECKOH 3HEpTHH, KOTopasl Nepellsia B ApYyrhe BHALL SHep-

TMH [PH COEJMHEHMH LIApHKOB.
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Hrak, nonnas sjeKTpocTaTHYeCKast SHEPrHsi cucTeMbl 34-
PAMEHHBIX TEJ CKJAAAPIBAETCA M3 MX COOCTBEHHBIX 3Hepruil i
3uepTun ux B3anmojseficTBust. Taxoe pasbueHne sHepruu cra-
HOBHTCSl OCOGEHHO HATJSAAHBIM, €CIH 3JEKTPOCTATHYECKYIO
SHEPTHIO CHCTEMBI PACCMATPHUBATL KAK SHEPTHIO 3JEKTPHYECKOro
nojs. o npuHmuny cynepno3duuyu 3JeKTpHueckoe nosie £
CHUCTEMHI JBYX TeJs C 32pfJaMé ¢; U 2 PABHO BEKTOPHOH CyM-
me nosielt £y W Fe, cO31aBaeMbIX KaxKJbIM 13 TeJ B OTHEIbHO-
ctu. OGbemMHas NJIOTHOCTH 3HEPrHH SJEKTPHYECKOTO HOAf,
GPONOPUHOHAIbEAA KBAAPATY HANPAMXKEHHOCTH, pacnajaercs
Ha TPM cJaraeMeiX B COOTBETCTBHH C BHIpa’KeHHeM :

E*=(E, E)*=Ei+ E} - 2AE,-E,). ()

Ilepeble ABa claraeMblX B NPaBoil UACTH COOTBETCTBYIOT OOLEM-
HOH MJOTHOCTH COOCTBEHHBIX 3HEPTH 3apANOB ¢ U ¢z, & Tpe-
TbE CJIaraeMce COOTBETCTBYET 3HeprUH B3auMOACHCTBHSI TUX
3apaA0B APYT € ApyroM. KIMEHHO 3Ta uacTb MOJHOH 3JEKTpo-
CTATHYECKOH IHepTUH CHCTeMBI W aaercsa (opmyJoil (1). Eciu
Obl, perlas 3ajauy O COSANHEHNH WapHKOB, MBI C CAMOro Haya/a
paccMaTpuBall  3JAEKTPOCTATHYECKYIO 3HEPrHI0 CHCTeMbl KaK
3HEPFHI0 JIEKTPUYECKOro NoJiA, TO Napajokca Boobue Ie Bo3-
HUKJIO OBl

[Toaeepem wuroru. Cucreme 3aps:xEHHBIX TeJa MOKHO NO-
CTABHTb B COOTBETCTBHE JHOO MONHYIO 3HePrHI0 — 3HEePrHo
37eKTPHUECKOro 1o, JHO0 3HAPTHIO B3aUMOjIEHCTBHA TEJ.
Kakomy u3 31X ¢10co60B OTaTh NPEANOUTEHHE MPH PEIeHUH
KOHKPETHLIX 3ajau?

[Ipu BceX BO3MONKHBIX NepeMelleHHAX 3apAKEeHHBIX Ted,
eC/M pacnpesiesieHde 3apAA0B Ha HUX He MeHsercd, cobcrseit-
Has 3HeprHs 3THX Tesa ocraeTcst nenamensofl, [Tostomy npu
TAKHX TepeMelleHHsX H3MeHeHHe NOMHOH 3/eKTPOCTaTHIeCKOH
»{IepTHH PABHO M3MEHEHHIO 3Hepritd B3anMozpeHcrsua. Tax xax
BO BceX (BH3WUECKHUX SBJCHHAX CYLIECTBEHHO UMEHIIO M3MEHL-
1HHe 3HEPTHH CHCTeMBI, TO MOCTOAHHAS YacTh — COOCTBEHHAR
3HEPTHSI — MOKeT ObITb OTOpoumeHa. VIMenHo B 3TOM CMeiC/e
cneayer TOHHMaTh YacTO BCTpevaloleecs yTBepKjeHHe of
3KBMBaJEHTHOCTH SHEPTHH B3aUMO/JECHCTBHS 3apsiloB H SHEPTH
C03/laBaeMOr0 UMW [1ONf.

[pejcTasaeHne 3eKTPOCTATHYECKOH 3HEPTHH KaK 3Hepriu
B3aUMOJIERCTBHA 33psA0B OCOGEHHO yAOOHO B TeX CJaydanx,
KOrJla B PACCMATpHBAeMYIO CHCTEMY BXOAST TOUEUHDLIE 3apsaiil.
Jeno B ToM, 4TO cOGCTBEHHAA SHEPrHA HCTHHHO TOYEYHOro 3a-
psiza GecKoHeuHa. 3TO BUAHO, Hampumep, H3 gopmyanl (4),
ec/i B Hefl, COXpaHas 3apaji ¢ HEH3MEHHBIM, YCTPEMHUTh pajiyce
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mapa R x Hymo. C apyro#i cropoHsl, 310 6eCKOHeYNI0e 3Haye-
HHe cOOCTBEHHOH 3HEPruu TOUEUHOrO 3apajia OCTaercst CTporo
AEH3MEHHEIM NPH JEOOLIX €0 NepeMelneHusaX, U ero MOKHO OT-
OpOCHTb NpH BBIUMC/EHHU H3MeHeHHs 3Hepruu. Takum obpa-
30M, TO 00cTOATENbLCTBO, UTO dopMmyna (1) He copepxkut cob-
CTBEHHOH 3HEpPTHY 3apsliOB, FABJIAETCs ee JOCTOHHCTROM, a BOBCE
He HefioctatkoM, ®opmyna, cojgep:kalias cOOCTBEHHYIO 3Hep-
THIO, IJIf1 CHCTEMH, B KOTOPOH €CTh TOUEYHHE 3apsanl, 6rl1a bl
JMUIEHA CMBICAA.

B oriuune OT TOUEYHBIX 3apsiOB, COOCTBEHHAs 3Heprus
NPOBOASIIHX Tesl He ocraercs HeusmenHoH. OHa MoOxkeT uaMe-
HUTBLCSl, HanpuUMep, NpH nepeTeKaHuu 3apaja C OjfHOro Ipo-
BOJHUKA HA APYro#, KaK 3TO ObIJIO BLISICHEHO B pa3o0paHHoOil
3apaue, Co6cTBEHHAst SHEpPrusl NPOBOJHUKA MOXKET W3MEHHTLCH
¥ [pPOCTO NPH B3aHMHOM II€DEMEIeHHH BXOASIINX B CHCTEMY
tes. JleficTBuTenbHO, COOCTBEHHAS! 2HEPIHs HE3apsKeHHOro
POBOZHHKA paBHA HYJIO, €CJIM NOGAH30CTH HET JAPYrHX 3apf-
KeHHuX Tesi, Ho mpu npuGaMKeHnH K NPOBOAHUKY TOYEUHOro
3apsifia ¢ Ha NOBEPXHOCTH NPOBOJHNKA BO3HHKAIOT HHAYUHPO-
BaHHEE 3apsijipl, XOTA IOJHBIH 3apsii M30JMPOBAHHOIO HPO-
BOJHNKA paBeH HYJIO, NepepacnpeeneHue 3apsjoB Ha €ro
[IOBEPXHOCTH NPHBOAHT K MOABJIEHHIO 3JEKTPHUECKOro Mo,
CO3J2BAEMOr0 3THMH WHAYLHUPOBAHHHIMH 3apsiiaMH. 3T0 noJie
o0najaeT 3Hepruel, U NO3TOMY COOCTBEHHAst 3HEPTHs NPOBOA-
HHKA YXe OTJIUYHA OT HYJs.

Pasymeercs, BBIBOZ O TOM, 4TO COOCTBEHHAA 3HEPrHA HPO-
BOJHHKOB He OCTAeTCs MOCTOSHHON NpH M3MEHEHUH B3aNMHOIO
pacnoioKeHUss MWW BEJHYHHBI 3apSJ0B OKPYKAOWHX Tej,
clipaBeyiiB M JAJSl TPOBOJHHKOB, MOJHBI 3apsiji KOTOPHIX
OTIINYEH OT HYJIf, TaK Kak M B 3TOM cayyae NPOHCXOAUT hepe-
pacrpejesieHie 3apsiioB 110 MOBEPXHOCTH NPOBOJHHKOE. A

10. 3apaxensbie Kanad xuAkocTH. Kak OO BHISICHEHO
B 3anave 21 paspena «MosexkyaapHasi (PH3HKa», paBHOBECHe
Kanejab MXHJIKOCTH CO CBOMM HACBUIIEHHHM NapoM ABJAETCH
HEYCTOHYUBbIM: OOJIbIIME KalJdW PacTyT 3a CueT HchapeHus
ManenbKux. B pesysbrare Bes KHAKOCTE B 32KPHITOM COCYHE
B OTCYTCTBHE MOJS TAXKECTH JIo/KHa coOpaThbest B 0AHY Kanwo,
TaK YTO JlaBJeHHe HaCHILEHHOTO napa 6yjeT COOTBEICTBOBATh
KpHBH3He ee nopepxHocTH. (Pasymeercsi, npy Hajuuuu noss
TAMKECTH KUAKOCTL cobepercss Ha JHe cocyna U ee NOBepXHOCTh
Gyper naockoH.) OpHako MajeHbKue 3apsiKEeHHHe Kalljd
JM3JEKTPUYECKOR JKHAKOCTH BeXyT ce0si HHaue: B 3aKPBLITOM
COCylie, COACPIKaIeM MHAKOCTb M ee HachinieHHBH nap, sTH
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Kal/d pPacTyT, MOKA He JOCTHPHYT ONpeieNeHHOro pasmepa.
Kak OOBSCHHTL 3TO siBJeHUe?

A B sanaue 21 paspena «Monekyaspuast (usukas Gbi1o
NOKa34HO, UTO JaBJeHHe HACHIHEHHBIX TMAPOB p CBA34HO C Pa-
IUYCOM KPHBM3HBI 7 BhHTYKJOH [OBEPXHOCTH MKMAKOCTH COOT-
HOlUeHueM

2mo
P=DoXD oz (1

Ife p, — JAaB/JeHHe [IacHIEHHOr0 mapa B Cjyyae IVIOCKOf
TIOBEPXHOCTH XKUIKOCTH. D10 3HAUMT, 4TO OJaroaaps NOBEpX-
HOCTHOMY HaTSK€HHIO B XKUAKOCTU Map, HAXOASIUUICS B paB-
HOBECHH ¢ Kamjed paguyca r, OyIeT IepechlleHHBIM Jis
XHAKOCTH, HMEIOLIEH IIJIOCKYIO NOBEPXHOCTh. B pesybrare, Kak
Mbl BU/JEJH, Ha JOCKOH NOBEPXHOCTH
HKHIKOCTH TMPOHCXOAHT KOHJEHCALMA H
nap CTaHOBMTCH HEHACHILIEHHBIM [Js1
Kareab, YTO TPHBOINT K MX uchape-
Huo. UeM Gosblle KosppuHUHEHT MO-
BEPXHOCTHOTO HaTSKEHHS O U YeM MeHb-
e paguyc Kanenb, TeM ObICTpee UAET
TaKoH Iporecc.
Paccmorpum tenepb, uro 6yzer npo-
HCXOAHTb B TOM CaAyuae, koria kamag PHe 10.1. K pacuery
. YMeHbIIeHHST 3JeKTpo-
HMeeT saeKTpuueckuit sapsin. Hanpu-  Lijrugeckon  smepruu
Mmep, KanJgad o6paaoBanaCb Ha HOHE, npu yBeJARUEHHH pa-
TaK YTO MOXHO CUHTATb, UTO B €€ LIeHT- JAHYyca 3ap siKeHHOH
pe HaXoIHTcs ToueuHst 3apsan g. C cos- Kafu
JIABAEMbIM 3THM HOHOM 3JIEKTPUYECKUM
MoJeM CBSI3aHO JIONOJHHTENBHOE 37eKTPOCTATHIECKOE [aB-
qenue p’. Jlna HaxOXKJEHHS 3TOTO JjaBieHUsA OGyleMm pac-
CYXJAaTh caelyiomhM ofpasoM. [lycTb Kanns HeMHOro yse-
JIHUHIACh B pasMepax, Tak UTO M3MeHeHHe ee ofbheMa PaBHO
AV (puc. 10.1). Ilpn >TOM 31eKTpOCTaTHUECKHE CHJBL CO-
pepiraioT paboty, pasHyio p’AV. Dra pabora cosepuiaercs
3a CUET SHEPTHH 3JIEKTPOCTATHUECKOTrO MOAf Kallau, KOTopas
yMeHblIaeTCsA NPH YBeAHUEeHHH pagmyca Kanau. [lo pacuinpe-
HUSI KalUIH 31eprHf 31eKTPHUIECKOro noas B cjioe oobemom AV

> P2
na puc. 10.1 Gpia paBna 6lf—AV. [locne pacuimpenus Kamamy,

KOT/Ia 3TOT CJIOf 3aNOJHHACH AHIIEKTPUKOM C IPOHHILAEMOCTHIO
£, HANPAKEHHOCTb NMOJAS B HEM YMEHbIUHJIACh B & pa3, 4 3Hep-
THS1 NOJIsL, B COOTBeTcTBHH C (hopmy.iofi (9) U3 BBeleHHA K 3TO-
MY paziesty, TaKXKe YMeHbUIHAAach B & pa3 U CTaja PaBHOU
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e,E2 AV
—QTT.HpHpaBHHBaH paboTy cHJ 3AeKTPHUECKOro MNoJjs
yOulid €ro 3HeprHH, NOJAyYHM

patE (1LY, o

B sroit Gopmyae E npencrapiser co00i HANPSXKEHHOCTb 3/A€KT-
PHYECKOro 1oJsi, KOTOpoe CYIecTBoBano B cioe AV no pacun-
penus kanau, Haauuue kanmau, T.e. mapoo6pasHoro Opno-
POIHOrO AU3JIEKTPHUKA, OKPYMKAIOUIETO TOUEUHbIH 3apsj, He
napymaer cgepHueckol CHMMETPHH 3/E€KTPHUYECKOTo [0/,
TlosTomy, npumensis reopemy laycca, ybexpaeMcs, UTO 1oJe
CHapyXH KalllH COBHAJaeT ¢ MOJEM TOYeYHOTo 3apsja:
E=-1_4. 3)

T 4oeg 12

ToacraBass sto 3Hauenue E B gopMyay (2), noayuaem caeayio-
uiee BbIpaXKeHHe AJs1 JONOJHUTENbHOTO 3/EKTPOCTaTHIeCKOro
JaBdIeHnA :

’ & g2 1
p= 2(43:80)274— (1"?> ' 4

310 naBaenne Kak Obl «pacnipaeTs Kamlio H3HYTPH, H [IO3TOMY
€ro feficTBHE MOXHO paccMaTpHBaTb KaK yMEHbleHHe CTSIH-
BAIOUIETO KanJio NOBEPXHOCTHOro Hatshkenus. IlapieHue xuj-
KOCTH BHYTPH KanJad, o0yc/OBJAeHHOE [OBepXHOCTHHIM HATsi-
JKEHHEM, aeTCH BblpaKeHHeM

pr=20r. )

[Tpu Haanuuu 3apsija g jaBJjeHue BHYTPH KallJli YMEHbIIAETCs
na BeJMYHHY p’ U CTAHOBHTCS paBHbIM p,—p’. [lostomy yio6H0
BBecTH 3(peKTHBHOe 3HAUEHHE OBEPXHOCTHOTO HATSXKEHNS
0,5 Tak, 4TOObl JaBaeHHEe BHYTPH 3apsKENHOH Kamin p,~—p'
NO-NPEXHEeMY BhIpaXaJaoch (opMynoit (5):

pl"_p, = 2(}'3(1)/7'. (6)
[oncraBasa clona 3nauenns p’ u py us gopmya (4) u (5), nony-
yaem

o agr 1 |
O20 =0 Tlney)e \1 e ) 0w (7)
i€ MHOXHTENb NpH 1/r® BO BTOpOM C/araeMoM 1as yao0cTBa
ofo3HaueH uyepes o,
Jlast Toro 4TOOBI y4eCTh BAMSIHHE H3MEHEHHT [0BEpPXHOCT-
HOrO HATSHKEHHS Ha JaBJeHHe HaCBILEHHBIX NapoB BOJMaK
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sapsuKenHol Kamnu, ciepyer B dopmyse (1) saMenuts ¢ na
0,4- Torga ¢ nomouplo GopMydab (7) HAXOIUM

e o {2 (2% ®

Jlng uccienoBaHusl 3aBHCHMOCTH JAaBJEHHS HACBHIIECHHBIX Ta-
OB OT pajnyca 3apsKeHHOH Kamiu yaoGHO MpeaBapHTENbHO
npoJorapHpmMypoBarb BbipaxkeHue (8):

p_2m (¢ o ,
Iﬂamm (T-——'rj) . (9)

Y nesapsuxeHnofi Kanau =0, T. e. B ¢popmy.e (9) B npasoir
HaCTH ocraeresl TOMbKO NepBoe caaraemoe, CooTBeTCTBYIONIMI
emMy rpadur 3aBucuMoctd In(p/p,o) o r nokasan na puc. 10.2

InZ
P
~E
Puc. 10.2. JlaBnenne napos,
HaXoAAIHXCH B PaBHOBeCHH
¢ 3apsaXXeHHON KanJed Xup- o= o
KOCTH paauyca r 4
lll
o
IIN 4
]
]
]
t
i

(TOHKast JAHMHHA)., 3TOT rpaduK HAr/ISAHO OTPAXKaeT HEYCTOH-
¥HBOCTb HE3APSHKEHMBIX Kaneab JKHAKOCTY B Napax, Haxond-
UIMXCS B PAaBHOBECHH C IITOCKOH NOBEPXHOCTbIO: NpH JH0OCM
pajnyce KallJli TAKOI nap /sl KalJlH IBAAETCS HeHacHHIIEHHbIM,
osromy HesapsikeHHast kanas ucnapsiercsi. Hltpuxosoit sin-
HHeHd Ha sTOM ke puc. 10.2 mokasan rpaguk BTOPOro cjiarae-
moro B opmyae (9). Fpadur saBucumoctu In (p/pg) ot r 14 3a-
pAMEHHOH KamjiH [OAYYaeTcsl CAOMEHHEM 3STHX KPHMBBIX H
noKasaH XHpHOH JuHueit Ha puc. 10.2. M3 srtoro rpaguxa
BH/JHO, YTO 3aBHCHMOCTL [JaBJEHHS HacHIEHHBIX [ApOB OT
paaHyca KPUBH3HHE IPH HAJHYHHA 3apsija CTAHOBUTCS HEMOHO-
touHoli. [Ipy HEKOTOpOM 3HAUEHHH paiuyca Kalli r=rg, TaM,
rle rpadHk nepecexaer ochb abCUUCC, AaBJEHHe HACHILIEHHOTO
napa p st 3apsKEHHON KanaM OKasbIBaeTCsl TakHM Ke, Kak
1l JaBjente p, A1 IJOCKOH MOBEPXHOCTH He3apsiKeHHON KU -
KOCTH. JTO 3HAUYNT, UTO 3apsKEHHBIE KallIM TaKoro pasMmepa
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OyAyT HaXOAUTbCS B PABHOBECHH C NAapOM, AaBjieHHe KOTOPOTO
paBuo p,. M okasbiBaercst, 4t0 3T0 paBHOBECHE OyReT yCTOH-
YUBLIM.

B camoM pese, nycTh Kamifa, HMeOWAas pajHyc r,, He-
MHOrO yMeHblinaach B pasmepax. M3 rpaguka Ha puc. 10.2
BHAHO, YTO JaBJeHHE HACBILEHHOrO Napa AJs Hee [PH 5TOM
CTAaHeT MeHblle 4eM p,. A 3TO 3HAYUT, UTO OKPYKaroUIui Kafl-
JIO 11ap C JIABJCHHEM p, CTAHET A/ Hee nepechbilieHHbIM. Takol
nepeculieHblfl nap OyAerT KOHAGHCHPOBATbCA Ha kamje, T. e.
Kans Gyget pactd. Ecau npennonoxutb, 4To Kanas paguy-
€a ry HEMHOTO YBEIHUHJIACh, TO MOXKHO YOEIHTLCA, YTO OKpY-
KAUWHUA KalJlio 1ap ¢ AABJEHUEM p, CTAHeT I/ Hee HEHAChl-
menHbeM, Haunercs ucnaperme H Kamist OyleT yMeHbIaThes
B pasMepax.

Pasobpaynpiil npumep mO3BOAAeT NOHATH NPHHIMI aefcT-
BUs kamepbl Bunbcona. [lponeraromian uepes kamepy saps-
»KeHHas yacTHlia OCTaB/IAeT KA CBOEM MYTH MHOXKECTBO HOHOB,
Ha KOTOPbIX HEMEJJIEHHO MPOHCXOAHT KOHIEHCAlUs MapoB H
obpasyiorca 3apspKeHHble KanaH KUAKOCTH. Eciau nap B ka-
mepe BusbcoHa HacbIIEHHBIH, TO 3TH KalaHM PacTyT, IIOKa HX
pasuyc He NOCTHTHET 3HaueHHd r,. HesapskeHHble kamap Ma-
JIGHbKOrO pajuyca GblcTpo Obl ucnapsuck. baarogaps tomy,
4TO KalIH 3apsDKeHbl, OCTABAfeMblH NpOJETEBIISH YacTHLeH
caell B Kamepe BusabcoHa coOXpaHfercsl NPOAOIKHTEAbHOE
BpeMs.

OnHako eca1u MBI OLEHHM pa3Mep 3apXKeHHbIX Kanedb ry,
NpH KOTOPOM OHM MOT'YT HaXOJAWTHCH B PABHOBECHH C [ApOM B
KavMepe BHABCOHA, TO OOHAPYXKHM, UTO 3TOT pasMep CJaHL-
KOM MaJ /sl TOrO, 4TO6bl 3TH Kanau Obl1d BHAHLI. leficTBH-
TeNbHO, YTOOLl HANTU 3HAUCHHE f,, HYXKHO NPHUPABHATL HYJIO
BHIpaXKeHUe B ckoOkax B opmyse (9}, B pesyabrare naxopum

r°_8 —:1 ]/ons ( _—2_) (10)

1o sToft hopMyse MOMHO HAHTH, UTO, HANPHUMED, JAA Kalenb
Bojb! (e=81, ¢=72 nuu/cM), 06Pa30BABLIHXCS HA OJHOKPATHO
3apsxeneix HoHax (g=1,6-107% Ka}, r,x1077 em. 30
3HAYEHHEe MeHblie JYIHHBI BOJNE BHIHMOrO CBETa, NMO3TOMY Ta-
KHE KallJ{ He/1b3s1 YBHAETh JaXKe B CaMblil COBEPIUICHHBIH MHUKPO-
cxon. Tax nmouemy xe TyMaHHBIH TpeK B Kamepe Buabcona or-
YeTJMBO BHJEH Ja)e HEBOOPYKEHHBIM riasoM? Bcee geno B
TOM, YTO B Kamepe BH/bcOHa HCNOAB3yeTest NepeCHIEHHBI
nap, KOTOPHIH HaXOAMTCH B MeTacTabMAbHOM COCTOsSIHMH, FIyCTh
JlaBJIEHNE 3TOrO napa paBuO p,>>p,, YEMY COOTBETCTBYET FOpHU-



11. COEAMHERUE KOHJAEHCATOPOB 267

sonTanbHasi npsimas I na puc. 10.3. Ilpy nosiBjieHnn B TaKOM
nape HesapsKeHHBIX Kanejb, pasMep KOTOPHIX MEHbIle KpH-
THYECKOro 3HaueHus r; (puc. 10.3), KoHnencauus napa Ha Hux
NPONCXOAHTL He GyAeT, TaK Kak [0 OTHOMEHHIO K TaKuM
KamJaaM OH siBjsieTcsl HeHachlleHHbIM. MenHo stuM n o6bsc-
HAIETCS BO3MOXKHOCTb CYIIECTBOBAHHSI Hapa B HepechllleHHOM
cocTonnuy, U60 ero KOHASHCAlHA MOMET HA4YaThCH TOJBKO

£
1 &
r
2
Pue. 10.3. Ecam papaense 7
NEePEeCHILIEHHOr0 11apa A0CTa- ) i
TOUNOC BeARKO (MpsiMast 2), To I }é :‘; a

3apsAXeHHME Kanan O6yayr
pacTH HEOTPAHHYEHHO

NpH MNOSIBJERHU CPABHHTEAbHO GO/NBININX HelapsKeHHBIX Ka-
nejb, Pajnyc KOTOPLIX Gosblue ry. Ho 3a cuer TensoBbix Gpayk-
TyauMii Takue GoabliMe Kamid He BOSHHKAIOT.

CoBcem HnHaue OGCTOMT 1e0 C 3aPSKEHHBIMH KaIVISIMH,
Tak kak saB/enye nepechliwieHHOro napa p, B kamepe Goablie
Po, TO HX POCT OYIeT NPOHCXOIHTb HE AO SHAUGHHA ry, 4 JO
Go/blIero 3HAYCHHUS g, PH KOTOPOM nap B Kamepe BHabcona
CTAHET HaCHUEHHBIM 1Jis1 3apsnkeHHON Kanmiu (puc. 10.3).
Ecau xe nasienye nepecuiileHHOro napa B Kamepe HacTOAbKO
BEJIHKO, YTO COOTBETCTByIOIAs eMy npsamas 2 Ha puc. 10.3
BooOlle He nepecekaer rpaduk 3aBHCHMOCTH JABJAEHHS HACI-
HIEHHOro napa Jijisl 3apspKeHHOH Kallid, TO POCT 3apsiKeH-
HOM KamiH OyIer NPOHCXOAMTb HEOrpaHuyeHHO. 3apsiKeHHbe
KalJH JOCTUTAI0T BHAMMBIX pasMepoB H 00pasywoT cJen npo-
JeTeBlIedl YaCTHULL, A

11. CoennHenne KoHpencatopos. PaccmoTpum cxemy coe-
IMHEHUS] KOHZeHCAaTOpoB, nokasanHyilo Ha puc. 11.1. Tpe-
Oyercss HANTU HanpsKeHHe Ha KaXIOM KOHJAeHcaTope.

A Pasnuunbie coeluHeHHs] KOHAEHCATOPOB OYeHb YacTo
BCTPEYAloTCsl B PajHOTEeXHHYeCkHX cxeMax., Ecan koHpencaro-
PBl COelMHeHbl MKy COO60H napa/aesbHO, TO HAMPSXKEHHS Ha
HHX OAMHAKOBBI, 2 3apsijbl KOHJAEHCATOPOB [PONOPUHOHAIBHEL
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11X emxoctsim. IlpH nocnegoBatebHOM COeJHHEHHN KOHAEHCATO-
DOB CyMMd HANpSKEHHH Ha OTJAeJbHBIX KOHJACHCATOpax paBHA
APHAOKEHHOMY HampspkeHmo. Hanpsoxenne Ha KakjaoMm Koti-
JeHCaTope MOMXKHO HafiTH H3 YCAOBHS, YTO COGIHIEHHBIE MEKILY
co0oit 00KNafKH coceHHX KOHAEHCATOPOB 00pasyioT H30J-
POBANHBI, 3AeKTpoHediTpasbHBH B 1eaoM, nposogauk. Ilo-
ITOMY 3apsiibl BCeX KOHAEHCATOPOB OJHHAKOBH. Hanpumep,

& , & .
SHTE e —=o U
—={
c J c Uy b,
1 2 onll [ e ~l+
L ir, i
Pre. 1t.1. Paspersaendoe coe- Puc. 11.2. CoepHHenaHbie MEXAY
AKHENHEe KOHJICHCATOPOB coBolt 06KAaAKE KOMIEHCATODOB

B [€iOM 2AeKTPCHeHTPAILHb]

NpH  [OCJAENOBATENbIOM COSAMHERHN HABYX KOHJEHCATopOB
(prrc. 11.2) ykasamusie ycnoBHS NPHUBOIST K PaBeHcTBaM

Ul—{—Ug:U, Cllj]_:CgUg. (1)
Pemasi 3Ty cHcreMy ypaBHEHUH, HaXOAHM
- Cy . ¢,
Ui=Ugie VisUgge, @

I’IﬂHpH}KEHHH Ha rnocJeloBaTebHO CO€IMHEHHBIX KOHAEHCATO-
pax oOGPAaTHO NPOMOPUHOHAJAbUBE HX EeMKOCTAM.

Oxnako HHOTA BCTPEUAIOTCHA TakHe COelHHEeHUsT KOHJeHCa-
TOPOB, KOTOPHIE HE CBOASATCS K COBOKYMHOCTH NapaJiieabHbIX
1 HOCNEeA0BaTe/IbHBIX COeNUHeHnl. KaK pas ¢ TakuM [pHMepoM
0a3BETBJEHHOY LeNH Mbl CTATKHBAEMCS B YCIOBHH 3TOf 3aj1a-
yi. Karknm o0pa3om HaATH HaNpseHUst Ha KOHAEHCATOpPax
B 3TOM Cjayuae?

ITonpoGyem cocrasuTb HeoOXoJiMble ypaBHeHus. Ilpexiec
GCEro OTMETHM, UTO 3HAKH 3aPAJA Ka)KAOH NAACTHHLL KOHJEH-
catopoB C; 1 C, MOKHO YKa3aTh Cpasy: COCMMHEHHAA C MO0~
¢OM HCTOYHMKA OOKJanka KoHAeHcaTtopa Oyaer umerb 3apsij
TOTO )K€ 3HAKa, UTO M COOTBETCTBYIOIIUI mosmoc. A BOT ¢ KOH-
neHcatopom C; 1eao OO6CTOMT CloxHee, HOO ofHA U3 ero oG-
K/1aJ10K, Kak BuaHO u3 puc. 11.1, coenunena oqHOBpeMeHHO U C
FOJIOKHUTENBHBIM TOTIOCOM OJHOIO HCTOYHHKA, U ¢ OTPULIATE/b-
1BIM ToAI0CoM Apyroro. [ostomy cpasy ykasath 3Hak 3apsija
5T0# 0OK/AalKH HEBO3MOXKHO. SICHO JMIlb, YTO 3apak 3T0H 00-
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KJAalKH MOXeT OhTb M MOJOKUTEIbHBIM, H OTPHUATEAbHBIM
B 33BHCHMOCTH OT TOTO, KaKasl PasHOCTb HOTEHIMAJI0B YCTalC-
BHJIaCh Obl MeKAY ToukaMil A H B B 0TCyTCTBHE KOUAEHCATOPA
C;. Ho xOXKI0 He TepsTh BpeMsa HA BHISCIIEHIIE 3TOr0 BOMPOCa,
a TpoCTO MNPEearookK!uTh, YTO 3apAl 3Tofi OOKAaIKH HMEET
OnpefesIeHHbl 314K, HanpHMep MO.IOXHTEJNBHbIA, T. €. 3HAKH
3apsJI0B BCeX OOKaafoK TaKHe,

KAK M0Ka3aHo 1a puc. 11.3. Ecan fgfti A _‘fzg 4

MBI e yrajaju 31axa 3apsna, To ’

13 IPABH/IBHO COCTAB/ICHNBIX ypaB- .o

nennit gas nanpsixenus U, noay- 7 TR 7

YUTCA HE NOJOXKHTEIBHOC, a OT- Ufj 1%

pilaTeabloe 3Hayelue. —ilz I: =~
Tenepb MOXHO uanncarb ypas- { )

Henns, CBASKIBAIOMAE HANPIAKE- o "= re s
" nus Ha Koupencaropax ¢ ACne-  gp oo Ty BKTHPOM &C’_
TOYHHKOB, Paccmm‘pnM, HanpH- TH CXE€MBl paBen nyam
Mep, pasHOCTb MOTEHIIHAIOB Meuxl-

Ay toukamu D un F ma puc. 11.3.C oauoft cTopount, sTa pas-
HocTh noTeHnuanoB pasia cyaue IJIC &,-+&., ¢ apyroi —
cymme nanpskenni Ha koujeucaropax C; u C,, Ilosromy

Ui+ U, =6\ + &, )

Touno Tak xe nanpsixenue Mexay toukamu A u F, ¢ o1HO#
croponsl, pasio 3AC &, ¢ Ipyrofi — cymMMe HanpsKenui
wa xonaeHcatopax C; u Cy:

U1 -+ Us = 61- (4)

Heyx nanucanHbIX ypaBHeHitd (3) ¥ (4) nexocratouHo AIsi on-
pejieneHnst TpeX HeusBectHbiX Hanpskenuit U,, U, n U,.
ITosToMy HYXKHO HanucarTb eiie OAHO ypasHenue. Ecan wmur
nonuTaeMCcs, paccyxaas Tak e, KaKk U paHblie, PACCMOTPETS
pazHocTb MOTEHIMATOB MeKAy ToukaMd D u A, to npugeM x
yDaBIEHHIO

Uz'—Us:ébz- (5

OnHAKO JErKO BHJIeTh, YTO 3T0 YPABHEHHE He NTOMOXKET B onpe-
ne/ed iy HEeU3BeCTHBIX, TAK KaK OHO SBJSETCS CJACJACTBHEM IBYX
nanucaHdbIX paiee ypasHEeHIH: BbUNTAA NOUJISHIO ypaBHEHHe
(4) us (3), noayuaem ypasuenue (5).

TpeTbe He3aBHCIMOS YPaBEEIHE MOXKNO I0JIYYHTh TaK Xe,
KAK H B Cjay4ae [10CIEJI0BATEIbIOr0 COeMHHCHHS KOIAEHCATO-
DOB, YUHTHIBASl YC/IOBIHE 3.1€KTPOHEATPAIbHOCTH COE/lIiHEHHBIX
Mex Ay co00l 00KAaJ0K KOHIEHCATOPOB, He UMEIOMUX KOHTAKTA
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€ OoMmoCaMH HCTOYHWKOB. Dra s/eKTponefTpasbias cucTeMa
06K1aJ0K 06BefeHa ITpuxoBok anuKeit Ha puc. 11.3. B otnu-
4ge OT C/1ydast NOC/AeN0BATEILHOrO COeARHENN KOILIeHCaTOpOB,
3TO YCJ/IOBHE NPHUBOAKUT He K PABEHCTBY HX 3apsilioR, a K Tpebo-
DAHHIO paBeHCTBA HyJ0 ajareGpaHyeckoil CyMMbl 3apsiioB
YKa3aHHBIX 06KJaJ0K:

CIUr—CzUz'—CaUSZO' (6)

YpaBHenue (6) Bmecte ¢ JMo6biMu ABYMSA 43 ypastiekudl (3), (4)
1 (5) obpaszyer cucTeMy 1Js1 HAXOxJeHHs HeusBecTHBIX U,
Us u U,;. Buipasum, nanpumep, U; u3 ypasdeuus (6):
U3: CIUI'ECZU2 , (7)
3
¥ noxctaBuM B (4):
U (14 CyCy)—U,CyCy =6, (8)

Tenepb moxHO ypaBHeHHe (3) YMHOMXKHTD MOYJEHHO Ha OTHO-
pienue C,/Cy U cI0XKHTb ¢ ypasiuenuem (8). B pesyaprare
tHaxoAHM

5) C C
U, = (6312‘-1(?‘;2221-2351 3 )

Doipakenne 11st U, MOXKHO Tenepb HAMUCATb CPA3y, MOJIb3YAChH
CUMMETDHEl CXeMbl H MeHsisn B BblpaeHuu (9) mugexcot 1 u 2
MECTaMHK

U, — (S1+ &2 Ci1-+ &L
L C1--Cy+4-Cy ’

Te, KTO COMHEBAKTCS B 3aKOHHOCTH TaKOil ONepanuu, MOTyT
nopctaButh u3 (9) naiinenHoe snauenue U; B ypasueHue (8)
u Boraueautb U, [Jas onpenenennst U, sHauenun U, u U, us
(9) u (10) HyxHO NMOACTaBUTL B BhIpaxkenue (7):
T e (11)
1+ Ce4-Cy

(10)

Ormeriim npexge Beero, yto suagenun Uy # U, noryyaiorca
NOJXQKKUTEAbHEIME npu JoOblX 3HaueHusix IAC u emxocreit
KOHJIGHCATOPOB, DTO 3HAUMT, YTO 3HAKH 3apsijIoB 00K.1a10K
xonzencatopos Cy u C, AeficTBUTeNBHO BCera Takue, Kak yKa-
3ano na puc. 11.3. 3navenne Us;, Kak BuaHo u3 Gpopmyant (11),
MOMET OBITh W NOJNIOMMTENbHBIM, U OTPHLATEAbHBIM. LCH
C161=>Cs&:, 10 Ug>0 u 3HaKH 3apajgoB 00KAaJ0K KOMJIEH-
caropa C; OyayT TakuMmu, Kak nokasaHo ua puc. 11.3. Ecau ke
C161<<C:6:, 10 U3<<0. D10 03HAUaer, 4TO NONSAPHOCTL Ha-
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npsikeHyst Ha KoHjeHcatope Cy OYA€T NPOTHBONOIOXKHOIN YKa-
sanuoi Ha puc. 11.3. Besmuuna xe 3Toro Hanpsamenns paet-
CA MOAy/aeM npasoft uactH Beipaenus: (l1).

[osie3n0 npoBepHTb NPABUJABHOCTh MOIYYEHHBIX pPe3yJin-
TATOB B OYEBHJHBIX NPEJENbHAIX M YACTHHIX cayuasx. Bo-nep-
BBIX, B CHMMeTPHUHOI cXeme, Kora &1=&: 1 C,=C,, nanps-
xenne U mexxay toukamu A 1 B 10/KHO OBITh PaBHO HYMO, a
nanpsoxernss Uy n U, 1omKHb 6bITh O0HIIAKOBEIMH 1 pABHBIMH

&, 4& —g’+ A ~€%}-
Biamaas it
Ui
i G ]
7 i g H(jz ¢ 8 6,
Punc. 11.4. Takoll Bua npuouMa- Puc. 11.5. Cayvyali Cz—ow “co-
€T npupeAeHuas Ha puc. 11.1 cxe- OTBETCTBYET COCAUHEHUI0 TOYEK
ma npn C3=0 A u B npoBojHHKOM

IOC ucrounnka &. Buano, uto gopmyast (9) — (11) npuso-
AST B 3TOM CJyyae HMEHHO K TaKOMY pe3yJ/bTary.

Bo-Bropoix, npu C3;=0, 4T0 COOTBETCTBYET OTCYTCTBHIO 3TO-
rO KOHICHCATOpa, Mbl MMEEM [MOCJAEJ0BATENbHOE COeNHHEHNE
konjencaropos C; u C; (puc. 11.4). Popmyast (9) u {10) npu
C3="0 coBNajaloT ¢ BHpaxeHuaMHU (2), ecsit B HUX HOJ NpHJIO-
KEHHBIM Hanpsxenuem U noHumath cymmy &,+&,. Popmy-
Jda (11) npu Cy=0 naer sHaueHue HANPSIKEHHUA MEKAY TOYKA-
Mad A u B B cxeme Ha puC. 11.4:

C —Cyda
e (12)

Haxkowent, ciyuait C3 — 00 COOTBETCTBYET COAHHEHHIO TO-
yex A ¥ B upoBoauuxom (puc. 11.5). Tlpu 310M nanpsxenne
Ha KaxaoM Koujaencatope pasuo DJC Toro HCTOUYNUKa, napan-
neabHO ¢ KOTOpbiM OH coepuHen: U;=&,;, U.=&,. Hmenno
5To W moayuaercss u3 popmya (9) u (10), Taxk Kak npu C; — oo
B YHCJAHTENAX H 3HAMEHATENAX 3THX (OPMYJ MOXKHO npeHes-
peyb ciaraeMbiMH, He cofepxamumu C,. Hanpsxenne Us,
kKak BuAHO us (11}, mpu »TOM CTPEMHTCST K HY/MO. A

12. Mepekmouennss B uenu ¢ KoHpencatopamu. CoOpaHa
3NeKTpUYeCKas LeNb, CXeMa KOTOPO MokasaHa Ha pHC. 12.1.
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Tipy kAKX 3HAYCHHSIX NaDAMETPOB 3/1EMEHTOB LieNk NepeK./o-
yenie KJroua u3 noaoxenns A B nonoxeHue B He npusener
K WoMeHeiHio HanpsikeHus ua Komaeucatope C?

A Tckomoe ycsopHE MOXKHO ROJAYUNTh, NPHPAaBHURAT

MINKEHIS HAa KOHIGHCATOPe NPH OOOHX NOJ0KEHUSIX K/oua.
x~nrm K0 HAaxXoauTca B noJjoskenun A, cxema cosnaziaer ¢
paccwoTpeHnoli B mpeasyuwell sanaue, u wanpsprenue Uy
JIa€T<s 110aYUCHHO TaM GopMYJIOit

|£’ : ifé’ (9). Ecay e KTiod4 HAXOJNTCH B

' ] L nofoKennu B, 1o pacyet Hanpske-

£ Hua U, Buinoaisiercs aJementap-
(B_WM » HO, HOO Tenepn COSAMHEHHDLIE na-

panieanio  kontexncatopsl Cs H

| | C; MOAKIIOUAIOTCS TOC/Ae10BATE b~

A [cz no KoujieHcaropy Ci.
Prc. 12.1. Tlepexsatouenue Onuako sty sanauy MO}!‘iHO pe-
¥1o%a Ky nodoenwa A p  HTb, HE IPOBOAM AETANBLHOTO pac-
nogoxenue B yera. [HeficTBuTe 1bH0, NPENNONO-
AuM, 9To Hanpsprenue U, Ha Kolt-
nencarope €y e MEHSIRTCA BpH Neperaodeliny Kmoua H3 A
8 . D stoM cayisae npu o50HX DOMOKEHHAX KTOYa Cnpa-
B2RJAHBO  PABEHCTBO

U —{‘l/ :-"Dl”[ é)zv (1)

13 KOTOPOro C/EAyeT, yTO Npit AepeKMOUucHHd He MSHAeTCH
u 1anpspkente U, Ha BTopoM KOHISHCATOPE, a 3HAUHT, lie Me-
USIOTCA B 3apAbl HA ofonx Koujeicaropax. Ho toraa ne non-
#ell MeUSITLCH U 3aPsi TPOTHEro KolifelicaTopa, TakK Kak aJj-
rofpanyeckas CyMMa 3apafioB Ha TPSX COSIHIEHHLIX MEKALY
cofoll o0KnaiKkaX KouaeucaTopos pasna Hymo. Caegosarenn-
HO, ne u3venurtes Hanpsxenue U, na Tpetbe KO gerncarope.
Ho nocne nepexnoucnnn Usz=U,, Tak Kak Tenepb KOHJAEH-
catopbl Cy u C; coenunennsl napasniensbHo. 3Ha4uT, H J0 Nepe-
kmouenys U,=Uj, a 370 BOSMOKHO, TOABKO €C/lH NOTEHIIHAJb]
ToueK A u B ojuHAKOBH, T, e. ecau &.,=0. A

13. Emkccry Gartapen wonzencatopos. JIoGyw CoBOKyI-
HOCTH KOHJEHCATOPOB, COCAHUENHBIX B JaTapein, MOXKHO 3aMe-
HYTb OJHHM 3KBUBAJCHTHBIM KoHjaeHcatopom. Ec/am Bce KoH-
I;"x.HCaTOpDX COBNIIRANE napajaiaelbBHO, TO eMKQCTh 68’1‘3[)9” paB-
HA CyMMe eMKOCTeH OTHe/1bHBIX KOHIEHCATODOB. ECaH KOHJeH-
CaToOpbl COeIHHEHDbl IOCJeJ0BaTEIbHO, TO eMKocTb 6arapen C,
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aXOAUTCA N0 dopmyae
l 1 ;
1

rie C; — eMKOCTH OTASMLHBIX  KOHIGHCATOPOB.
paCCN’OTpHV cXeMy coejulenust OfHHAKORKKX KOHILHCATO-
nos emkoctd C B Garapero, nokasanuyw Ha puc. 13.1. Konust
fdaTapen KOHIEHCATOPOB NPHCORAMHEHBI K MCTOYHUKY [OCTO-
siudoro nanpsamxenna U. Ilyers suauane xmou K samkuyT.
B 3ToM cayuae (PAKTHUECKH HMEETCs JBa IMOGCISI0BATE/IbHO
COSMHEHHDIX KOHJEHCATOPA, TaK KaK CcRemdHil KoHgeHcaTtop

TPeX KOHAEHTCAaTOPOB

o [/ o
Puc. 13.1. [lpw pasmpixanwu xkiaowa K Gara-
pef U3 JBYX OCTEA0BATENBIO COSAHHCHIBIX
KOHIEHCA10pos HpespaliaeTcs 8 Garape A3 ’——-dj—’

3AMKHYT H4KOpOTKO, EMKOCTe Takoil 6atapen B cOOTBETCTBHYA
¢ dopmynoft (1) pasua C/2. Pazomkuem kmou K. Teneps no-
syuusach Gartapes U3 TPEX NOCJAEI0BATEIbHO COeHHEHHBIX
KOHJIRHCATOPOB, €MKOCTb KOTOPOH, eC/IH BOCTIO/b3GBATHCH (op-
myaoft (1), aomxna OwiTh pasHa C/3.

C apyroft cTopolibl, pa3MblKanHe K/Mmoda B /JIeKTpocTaTHye-
CKOM cJ/iyyae (T. €. paspeiB eny npyu PaBHOBECHH 3apsjoB) HE
MOXET NMPUBSCTH HH K H3MEHEHMAM [OTEHIHAIOB TOYeK LenH,
M K [2PePacpe/ie/enHaM JICKTPUHRCKHX 3apAI0B. ITostomy
3apsA ¢ KpaliniX KoHZeHcaTopoB (T. e. 3apan OaTapeu) octa-
rerca HewsMeHubiM. He HaMenurtes W nHanpskeHune Ha Garapee
konnencatopos {/. Ho 3710 03Hagaer, uTo He H3MEHUTCA U eM-
KocTh Gatapen C,==C/2, TaK KaK oHA CBSI3aHa C 3apsaj0M 6aTa-
peu ¢ u Hanpsxenuem Ha Helt U coorhowenuem g=C,U.
OOBACHATE BO3HUKLUES [POTHBOPEYHE,

A TporuBopeyrie o6bACHALTCA TeM, UTO PAsMblKaHHE KJIO-
ya /{ B NpyUBegeHHON CXeMe He/b3sl pacCMATPUBATh KaK COIH-
HeHue KOHAeHCATOPOB B HOBYI0 farapeto. O eMKOCTH Gatapei
KOHJCHCATOPOB KAK O BeMHYHHe, KOTOpasg 3aBHCHT TOJBKO OT
TOrO, KAKHE B3ATh! KOHACHCATODH! H KAK OHU COEJHHEHE! MKy
cofoli, MOXKHO I'OBOPUTH B TOM c¢Jydae, KorJla 3TH KOHJAeHCcaTo-
pbI CORIUHAIOTCH B 0aTapeio B He3apIXKeHHOM COCTOAHHH H
TOIBKO 3ateM OaTapes MpHcoekHsieTess K HCTOYHHKY Hanpe-
kenus. IIpn sToM yc/OBHM MOXKHO pacCuHTaTh eMKoCTh (arta-
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peu, TAaAs TOALKG HAa 3jeKTpuYecKylo cxemy. Ecau xe npu
CoenuiieHny B OaTapeio KaKHe-TC U3 KOHACHCATOPOB ViKe
3apsKeHbl, TG €MKOCTh (arapedt, BocOule roBops, OyAeT 3aBu-
CeThb HE TOJbKO OT BUJA OKGHUYATEIBHOR 3/MEKTPUUECKOH CXEMBI,
HO U OT UCTOPUH €e co31aHud, T. e. OT TOH NOoC/eloBaTe/IbHOCTH,
B KOTOPOH COeAHHAMUCH B HATapelo NPEABAPHUTR/IbHO 3apsKeH-
Hble KoHJedcatopbl. B rtaxux ycio-
BUSIX UCHONb30BAHNE NOHATHS EMKOC-
TH NPUMEHUTENBHO KO BCRl GaTapee
KOHJAEHCATOPOR BOOOHIE HeLesecos-

{ \
e w1 99
}_ M ,, pasHo.
]

tOUc;

e,

ITosicnM cKasaHHOe Ha MpuMepe
e CXeMbI, NpHBEJeHHOH B YCJIOBUU 3a-
Puc. 13.2. O6enennas Jjauy (puc. 13.1). Ecau Tpu xonzen-
W1pHXOBOH JHHHEHd W30-  caTOpa COSNMHSIIOTCH [OCJEN0BATe/b-
gé’&‘;‘;ﬁ;‘“a”aj[if(z‘;)(f}’;:gﬁ HO, a 3aTeM Takas 6Garapes NOAKJiO-
paibioll MpH 3apaike 6a-  1A€TCS K UCTOUHWKY NUTAHHA, TO HA
TapeH KOHJEHCAaTOpoB oﬁmaﬂxax BCEX KOHAECHCATOPOB BO3-
HHKAIOT OJQUHAKOBbiE MO MOAYJIO M
NPOTHBOMO/IOKHBE 10 3HAKY 3apsjbl, TAK YTO Ka)<1as H30-
JIHPOBAHHA OT MCTOYHUKA Y4ACTh CXeMH (HanpHmep, o0BEJEH-
Hag WOTPUXOBOH nunWed Ha pue. 13.2) ocraercs B wLedoM
saekTponelitpaintoli. B stom cayuae, yunthpast, urc Hanpa-
KeHye MCTOYHHKA PAaBHOG CYMMe HanpaAXeHWH Ha OT/AeJbHBIX
KOHJIEHCATOpAX, HEMEN/IeHHO NMpuxoauM k dopmyae (1) aaa
€MKOCTH 6aTtapewn.
Ecau B 3T0if cxeme Tenepb COEJMHHTL OOKJIanKU CpEaHero
KoHJeHcaropa, T. . 3aMKHYTb kaiod K (puc. 13.3), To cpenunii
+ - KOHJIEHCATOp paspsauTcsd, a MOTeH-
uuanbl Touek A # B cTaHyT opMua-
KoBbIMH. [lpu  3ToM  coxpaHUTCH
i ) 3/M1eKTPOHEATPA/IbIIOCTL  OOBEIEHHOH
__fﬂ"lr/i 8 4 {Fi INTPUXOBOH JAMHHEH YacTH CXEMb,
| | “ ' I, KOTOpAas M30JUPOBAHA OT MCTOYNUKA
I HanpsAXKEHUsA. ITC 3HAYMT, YTO MOC-
! K j Je sammkadus kaoua K pacnpege-
Puc 1‘3T3fﬁi;,;;l;;a}m” JIEHHe 3apsAcB B noayuHusLieica Oa-
kmoua K cpeandii Konw- Tapee U3 ABYX MOC/JAEAOBATL/BIG Coe-
Aexcartop  paspsAXaerci.  HHEHHBIX KOHAeNcarcpoB OyjeT Ta-
3apsin Garapen KOWACHCA-  pyu wee kay p IpH cOCAMHEH U ABYX
TOPOB ¢ pH 3TOM BO3pac-
TaeT He3apsKeHHBIX KOHJCHCATOPOR C 1oc-
JeJYIOUUM ToAcoeIMHeHHeM K HC-
Toynuky. [loatomy ¢opmyna (1) nas emkoctu Gatapen aByX
KOHJEHCATOPOB H B 3TOM Cjyuae npuUMEHHMA.
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Jlerko BUAETH, YTO HE TOJABKO PACCMOTPEHHOE 3[eCh, HO H
Boofle Jio6oe 3aMblKaHue BHYTPH 3apsKeHHOH Garaped KoH-
JICHCATOPOB OCTaB/IsIeT 3MeKTPOHEHTPAIBIBIMUY BCE BHYTpeHHNe
yactu Oarapeu, npeacTabasiouine coboil U3CAUPOBAHHBIA [IPO-
ponHUK. [ToaToOMy B TaKUX caydasax GopMyJiet IS eMKOCTH 6a-
Tapey OCTAIOTCA crpaBelluBbIMH. Pasymeercs, nocie 3ambika-
1ua Gatapes CONEPKHT yKe MeHblllee UHC/IO KOHJEHCATOPOB.

A BoT pa3prIB TAKOrG BHYTPEHHEro NPOBOAHHKA Ha nBE
UACTH MOXET PHBECTH K NOSIBJAEHHIO BHYTPH OaTaped KOHaEH-
CATOPOB H3OJAUPOBAHHBIX YACTEH C OTAHYHBIM OT HYJ/S [GJHLIM
3apsaoM. JTO XOpOlIo BUAHO Ha NPUBEIEHHOM B YCJIOBMH 3a-
nagu npumepe. [Ipn pasmeikaunu Kawoua K (puc. 13.1) nuxa-
KHX 3aps10B HA [UIACTUHAX CPeNHerc KGHJEHCATOPA NOSBUTH-
csl He MOXKET, 2 3apsabl HA NIACTHHAX KpaHHHX KGHAEHCATOPOB
ocraiores npexunmu. [TosTomy pasmeikanne Kaioya K npuso-
JUT K TOMY, 9TO €IUHBIA 3JeKTPOHEHTPANbHBIN B LeI0OM MpPOo-
BOAHUK, COIEPKABIIHH BHYTPEHHUE [JIACTUHBI KPaHHHX KOH-
JelcaTopoB, TpeBpailaertcs B ABA 3apsKEHHBIX [POBONHUKA
C paBHBIMY 110 MOAYJHO M MPOTHEONOMCGKEBIMU 10 3HAKY 3aps-
namu. K Takoit cucreme dopmyaa (1) ais emkoctd Gatapeu
ilenpUMeHHMA.

PaccMoTpuM Tenepb MPoLECChl, NPOUCXOAANME IPU 3aMbl-
KaHui K094, C SHepreTHYecKod TOoYkH apenus. [Ipu sambika-
unu kaowa K B cxeme, usoGpaxenHofi na puc. 13.3, xpome
HelTpa H3alHd 3apANCB HA OOK/AAAKAX CPenHerc KoHAEHCATO-
pa NPOUCXOAUT TAKKE yBesMYeHHe 3apsiaa Ha 00K/IaAKax Kpaii-
HUX KOH/JCHCATOPOB, T. €, yBeJIHYeHue sapsaa Garapeu. [Ipu
3TOM, HECMOTPS HA TO YTG 3/ICKTPOCTATUYECKAS IHEPIUs Cpes-
HEro KOHJeHcaTopa npespailaercs B ApYyrHe BUIBL, 3HEPTUS
Bcell Gataped KOHJEHCATOPOB YBEIWYMBAETCHA 3a cueT paGoThi
HCTOUHWKA HampsiKerHs. M copepliaemast UCTOUHHKOM paboTa
6yner BIBOe GO/bIIE, YeM YBEJIHYEHHE SJIEKTPOCTATHYECKOI
sHepruu Haraped KOHJEHCATOpPOB.

JuepreTuyecKne cOoOpAKEHUST TNO3BOJIAIT CIeNATh BLIBOJ,
0 ToM, 410 Jiofoe 3aMbiKande BHYTPU GaTaped KOHJEHCATOPOR,
noJlofHoe PACCMOTPEHHOMY 3aKOPAYHBAHHIO CPEJHErs KoHjlel-
caTopa, NPUBORUT K yBEJIHUEHUIO eMKocTu Garapeu. [Ipu poka-
3aTe/ILCTBE 3TOLG YTBePXKAEHHS JJIsi [POCTOTHI PACCMOTPUM
cayyaif, Korja sapsiKeHnas Oarapesi KOHJEHCATOPOB OTCOEIH-
HCHA OT HCTOYHUKOB. le/l CoOCAUMHEHHNN MNPOBOIHUKOM IBYX
T0YeK, MMEIOWUX pa3Hble NOTeHIMAMBI, NMPOH3OHET nepepac-
npeje/IeHNe 3apsjoB, KOTOPOE BCerjla CONpOBOXKJaercs npe-
BpaienueM 31eKTPoCcTaTHYeCKsH SHepruu B Apyrue pugs. Tak
KaK 3apsj OarapeH o©cTaetcs HEU3MEHHbIM, TG yMeHbUIeHHE
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suepruM 6atapen, Kax BUAHO u3 (opmyast W=¢%2C, ozHayaer
yBesauyenne ee eMxoctTd. Hanpusep, npu 3aMpikanid kioya K
B cxeme, MoxasaHHol na puc, 13.4, emKocTb faTapeu, Kak Jer-
KO NPOBEPHTh IPSAMBIM pacueToM, VBeJIHYHBACTCH, €CJAH NOTeH-
z c uuanst ToueK A u B B sapsukeHHoi
4 ? GaTapee KOHJEHCATOPOB ObLIH pas-
anunnl, EMKocTh Gatapenm He uame-

HAeTCst JHMIb B TOM cJjydae, echii

K eMKOCTh KOHJEHCATOPOB YAOBJIETRC-
l pser ycaosuio C,/C,=C,/C,. A
6 8 g 14, 3uepreTHuyecxue NPeBpalleH s

Prc. 13.4. Tlpn samwka- B KOHAeHcaTope. [lracTuna u3 jau-
HHM KJI0Ya eMKocTs Gata- J/IEKTPHKA € NPOHHUAEMOCThIO €
PeH KOHJICHCATOPOB HE MO-  3AHUMAET BCE NPOCTPAHCTBC MEXAY
HET YMEHBIIHTLCA o0KJaaKaMH MJICGCKOIG KOHJIeHcaro-
pa, paccrosiiue Mexay KOTOPHIMM

pasno d (puc. 14.1). Konjencatop coeiauned C HCTOYHHKOM
nocrosguioro HanpsixkeHus U. JIu371eKTpHUeCKYl0 mJIacTHHY
BLITATHBAIOT H3 KoHpzeHcaropa. Kak HYXHO H3MeHUTh pac-
CTOSTHME MEXJAY O0K/ajKaMHu, 4ToObl 3Heprus KOoHjeHcaropa

/K
Puc. 14.1. JdusnekipHueckas niac-
¥ 4 THHA 3aRMOJHSET BCE TPOCIPaAHCTBO
4_/%7/ Te g Mexly e0KAafKaMH IJIOCKOro KoH-
7. 7 o neHcaropa

NpHHAJA [epBoHAYa/AbHOE 3HAYeHUe? PaccMoTperb jiBa Cay-
yast: 1) mepejy BHITArMBAHHEM [J1ACTHHBI KOHIEHCATOpP OTCOE-
IMHAT OT UCTOYHHKA HANPMKEHHA; 2) KAy K ocraercs
BCE BpEMSI 3aMKHYTBIM.

A PaccvorpHM BlayaJie nepBBEI clyYai, KOTa iepen TeM,
Kd4K BBIHYTb MJACTHHY, KOHJEHCATOp OTCOeAHHAIOT OT UCTOY-
HyKa. 370 3HAUHT, 4TO B JdajbHefllleM 3apaibl HA NJAaCTHHAX
KOHJeHcaTopa OcTaloTes HeuaMeHHbiMH. TTostomy s snepruu
rouneHcaropa W B 370M c/ydae yAo0HO BOCNONb30BATLCA Bhi-

paxkenueM
2

v q .
W= (H

INocaie BHITATHBAHNA JUIICKTPHYECKOH NJACTHHBI €MKOCTb
KonjeHcaTopa, cueBHAHO, yMenbluaerca B € pas. Ma dpopmyan
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(1) BuaHO, 4TO 3HEPTHS KOHAGHCATOPA NPU STOM BO3PACTAET B
e pas: W' =¢W. Uem ofbsicusieTcsi yBelHUeHHe 3JEKTPOCTATH~
YeCKOH Hepruu xoHpeHcatopa? TaK Kak HCTOUHMK HAOpsKe-
HUSA OTKJIIOYeH, TO eUHCTBeHHOH MPUYUHOH yBeJHYeHHs sHep-
rul MOXKeT OblTb pafoTa, coBeplllaemMast BHEIUHUMH CH/AAMH [PH
BHITATHBARAN AMajeKTpuyeckol maactuxel. OTciona Hemex-
NEHHO BHITEKAeT, YTo HA AHIJIEKTPUYECKYIO NIACTUHY, BHTATH-
BASMYI0 M3 KOHJEHCATOPA, CO CTOPOHB! 3JALKTPUYECKOr0 MOJs
JAefCTBYeT CHJa, KOToPAas CTPeMHTCH BTAHYTb NJAACTUHY 06-
pardo. lmensno ¢ npeoposnednem 3tofl BTArUBAIOWEH CHIBL i
CBA33HOG CoBeplIeHHEe paboThl, HPUBGAsLlEe K YBeJTHUEHHIO
SHEPru¥ KoHjeHcartopa. ,

Urobw! 3Heprus KonjaeHcaropa nprobpesna npexxHee sHaue-
HHe NpH HeH3MeHHOM 3apdaae Ha €ro IJlacTHHaX, HYXKHO, Kak
BUAHO U3 popMy.ibl (1), YTGOB eMKOCTh KOHAeHCaTopa NPUHAIA
NepBoHAYaJbHOe 3HAYeHHE B OTCYTCTBHE JAHIJIEKTpHYeCKoMH
MJIACTUHBI. JTOTO MOMXKHG JAOOHTbCSI, YMeHbII4d pPaccTosiHHue
MexAy obknankamu. IIoCKONBKY €MKOCTB MJIOCKOTO KOHJEH-
caropa o0paTHO NPOHOPUHUOHAJIbHA DPACCTOSTHHIO MEKAY €ro
oOK1alKaMH, TO HOBGE paccTosiine di A0/RKHO ObiTh B 8 pas
MeHbpile craporo: d;=d/s.

To, 4To /19 yMEHBILIEHHS SHEPrHH KOHJEHCATOpA MJIaCTHIb
JIOMEKHBL COMUSHTLCST, MOKHG YBUJIETh H U3 3aKOHA COXpaHeHHs
suepruu. [as ymenbillerus cBoeil sanepriuy cucteMa J0/KHA CO-
BEPUIMTb MONOKHTENbHYI0 pafory Hal BHEWHUMH TenaMi,
T. €, OPUTATHBAIOWINECS APYT K APYTY PA3HGHMEHHO 3apsiKeH-
Hbie OOKJaiKH KOHJeHcaTopa ACMLKHB cOmusutbes, [IpH sToM
HAp BHELIIHMU TejaMH copepliaercs pabora, Tak Kax JJIA pas-
HOMepHOrc rnepeMeuieHns oOK/AaACK CH/bI MX B3aUMHOIO NpY-
TSXKEHUA AOMKHbI OBITL YpABHOBEINCHBI BHELIHMMH CHJIAMH.

Mepeiizem ko Bropomy cayuaw. [Ipu samruytoM Kmoye K
BCE BPEMs OCTARTCA HEH3MEHHBIM HANPXKEHHE HA KOHACHCATO-
pe. Tenepb AJst 3HepTHU KoHpeHcaropa GoJjee yHnoOHBIM fB-
JISleTC  BhIpaXkeHue

cy?
W= @)
Tak kak npH BLITATHBAHMH JHIJIEKTPHYECKOH MJACTHHEL €M-
KOCTb KOHAEHCATOpa YMEHBIUAETCs B & pPa3, TO BO CTOJLKO &
pa3 YMEHbIUAETCs 3Heprus KoHAencatopa. Kak MOXKHO 00bsC-
HUTDL YMEHbLICHHE 3HEPIUU KoHAeHcaTopa? Beab NpH BMTACH-
BAHUY JUSJIEKTPUYeCKOH NJACTHHEI BHELIHHe CHJBI COBEepILaoT
NONOKHTEIbHYIO PaGoTy, U SHEPTUst CHCTEMBI IPU ITOM JO/K-~
na poapacrats. OHa M JefiCTBUTE/NLHO BO3DACTAeT, HO TOJIBKO
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CHCTEMA B 3TOM CJIyYae KpPOMe KOHJEHCATOpa COIepMHT elle
¥ UCTOYHHK HanpsXeuusi, YTO MPOMCXOMHT B HCTOYHHMKE MpPH
BOLITATHBAHHE MOJACTHHBI? 3apsii KOHIEHCATOPA NPH yMeHb-
HIEHHH eT0 eMKOCTH Takke yMenbinaeTcs. J1oaTomy B mpouecce
BLITSITUBAHUST 1J1ACTHHBI HCTGUHHK COBEPIIAET OTPHUATENBHYIO
pabory, uO0 yMeHbllleHue 3aps]a KOHJZEeHCaTopa ConpoBOXK-
naeTcsi MPOXOXKJEHWUEM 3apsifa yepe3 UCTOYHHK B 0OpaTHOM
nanpasjesyd, EcaM MCTOYHHK NHTAHWS TNpeAcTaB/iseT CoGof
AKKYMYJISITOp, TO OH HPU 3TOM 3apsiKaercs.

Hcrnonb3ys 3aKOH COXpaHEHHS 3HePTMM, MOXKHG HalTH,
KaKyio paGoTy COBepIIAIOT BHEUIHHE CHJbi HPH BHITATHBAHMH
njactHHsl. [lpexkne Bcero MoKaXkeM, 4TO B LieNH, rje KOHICH-
caTop NpucoenxHHeH K MCTOYHHMKY MUTaHus, padoTa HCTOYHHKA
paBHa yj/BOEHHOMY H3MeHeHHIQ SHeprum KOHAGHcaTopa MpH
JoOLIX MPOHCXOAAIUX npoueccaX. Ecan 3apsaa kouneHcatopa
u3MeHHJICs Ha Ag, To, KaK cjenyer H3 (opMyJ bl AJas SHEPrHH
KoHpeHcaTopa W, 2anucaiHod B BHAE

U
W=, (3)
H3MEHEHUE 3HEPrHH KOoHJAeHCAaTopa
AW =240 (4)

Hcrounyx nuranda npH npoXoxieHHMy yepes Hero sapsina Ag
cosepuiaer pabGoty A,,=AqU. ITostomy

Aur=20W. (5)
Tenepb MOXHOQ COCTaBUTb ypaBHenue GanaHca 3SHepruH s

paccMarpuBaeMoro B sajjaye npouecca M HaATH paboTy BHEL-
uux cua A:

A+ A, =AW. (6)
Hcnoassys coornowenue (5), orciona HAXOQHM
A=—AW. (7)

[MockoabKy 3Heprust KoHpencaTopa ymenbiuaercs (AW<<0),
BHEIIHHE CHJBI COBEPUIAIOT HOJIGKHTeNbHYIO paboty (A>0).

OrBer Ha NOCTABJEHHBIH B YCJAGBUH 3a1a4H BONPOC BHAEH
y:Ke 3 Gopmyasl (2): uToObl SHEPTHS KOHJEHCATOpa NPUHAJE
npekHee 3Hauenue, T. €, YBEJIHYHJAch B & Das, HeCOXOAUMO
YBEINYUTh eMKOCTb KOHJEHCATOpa TOXe B € pas. JLisg 3Toro
paccTosiHie MeXay MnacTHHAMH, TAK e KaK B NepBoM Cly-
yae, HYXKHO yMeHbluTb B £ pas. Ho, B orinuue or mepeoro
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c/ayyast, rjae npu cOAMKeHun 06KNAN0K 3HEPTHs KOHJeHcaTopa
ybbiBana, 37ech oHa Bospacraer. M 370 mpoHCXOnuT HECMOTps
HA TO, 4TO Npu cOIMKenuu oOK/IaJ0K KGHAeHCATopa, Kak U B
nepBoM cayuae, coBepiuaeTcs MoJMCKUTeNbHAs paGoTta najn
BHEIIHUMU Tesamu, BuinosineHue 3aKOHA COXPAHEHHS SHepPrHH
OKA3bIBAETCA BOSMOXKHBIM 6/1aroflaps TOMY, YTO HCTOUHHK Ha-
NpAKeHHs COBeplUaeT Mpu COMMKEHUM O0KIA0K KOHeHCATopa
IHOJICKUTEILHYIO paboTy, KoTopas ofecneunBaeT M yBeJuyeHHe
3HEPTUM KOHJIeHCaTOpa, H coBeplleHue paGoThl Haj BHEIIHUMU
TeJaMHU.

To, 4UTC Ha BLITATHBAEMYIO U3 KOHIEHCATOPA AUIJIEKTpUue-
CKYIO MJ1acTuiy AelCTBYeT cuJsa, CTpeMsulasacs BTSIHYTL ee of-
paTHO, Mbl YBUJENH H3 3JHepreTHyeckux coobpaxenuit. Ho
KaK OOBACHATL MEXaHU3M BO3HHKHOBeHHs 3ToH cuani? Hu-
IEKTPUYeCKAd [JIACTHHA B LEJIOM 3JEKTPOHCUTpANbHA.
B anexTpuueckoM nose Kaxawil 3/eMeHT o0bema NJIACTUHDI
CTAHOBUTCA [NOAOGHBIM AMIONIO, OPURHTHPOBAHHOMY BJOJb
noJsist. B Tex mecrax, rje 3/eKTpUuecKoe roJie GRHOPOJHG, nei-
CTBYIOLLHE HA TAKHe AHNOAU CHJBI paBHB! Hymo. Cuta oTuyHa
OT HYJAS TOJLKO TaM, rje 3JeKTPHYecKoe roJie HeolHOPORHO.
[TosTomy, NoKa AU9/IeKTPUUECKAs JIACTUHA Le/THKOM HAXOLUT-
¢ BHYTPU KOHJAeHcaTopa, I'¢ 3/ICKTpUUecKoe M0Je CRHOPOAHO,
neficTByiollast Ha Hee cusa paBHa Hymo. Ho kak To/bKo yacTb
IJ1ACTHHBI OKA3bLIBAETCS BBIABHHYTOH U3 KOHAeHcatopa B 00-
JIaCTh, TJle NoJie HeOMHOPOAHO, HA MUMONM TCH YacTH MJACTH-
HLl efICTBYIOT CHJ/IbI, HANpABJAEHHbIE Tyaa, TJie HANpsSIKeHHOCTh
nois Ooablle, T. €. BHYTPb KoHieHcarcpa. Takum o0GpascM,
(usMyecKas npUYMHA NOSIBJICHUS BTATHBAKLLIEH CHJbl 00YC/I0B-
JIeHa HEOQHOPOJAHOCTBIO JEKTPUYECKOTO MOJST BOJM3H KpaeB
NJIacTHHBL KOHJEHCATopa. A



VII. BNEKTPHYECKHHA TOK

PacueT sjeKTpuYeCKMX Hermeldl NOCTONHHOTO TOKA OCHOBan Ha uc-
noiab3opannn 3akona Oma. Jas oaHopojHOrC yyacTka uenn 3axon Oma
BHIpaM aeT CBA3b MEXAY CHJOH ToKa I, HanpsaxenueM U u conpoTHBIc-
nuem R:

U
l=7%.

YacTe 3afay 9TOTO Pasgeia NOCBALLEHA PacueTy 3JEKTPHUECKHX
Beme, He CBOAAUIMXCA K COBOKYNMHOCTH NOCJEN0BATeIbHO H Mapaesisb-
Ho COeNMHEHHHX NPOBOJAHMKOB. B TaKHX 3ajayax oyenb “acToO YUEeT
CHMMETPHH PaccMaTPHBACMON CXeMbl 3HAUHTEIbHO ofJieryaeT ee pacyer.

[as 3amkHyToll nemu, coxepxauiell ucrounuk Toka ¢ JAC & u
BHYTPEHNUM CONMpOTHB/AEHHeM r, 3aKoH OMa HMeeT BHJ

__&
I—T_FT.

Ecau yuacTok nemH, K KOHUAM KGTOPOro MPHIOKEHO HampslKenHe
U, copepxut ucrouunk DJC, To cua ToKa HaXOAHTCH C MOMOHbIO 3aKO~
na Oma A/ HeOJHOPOJAHOIC y4acTKa LemH;

U4+&

T R-r

Moa nanpaxennem U ra paceMaTpHBaeMOM y4yacTKe TTOHHMAeTCs
DPa3nocTh P;—P,, FA€ Py — MOTEHLUHAN TOH TOYKH, OT KOTOPOil Teder
TOK, 8 s — NOTEHUHAJS TOYKH, B HAOPAaBJICHHH KOTODOH TeneT TOX.
DIC & B 3Toit hopmyae Geperca co 3HAKOM TLIIOC, €CJHH TOK BHYTPH
HCTOUHHKA HATPAB.€H OT OTPHUATENBHOTO NOJI0CA K MOJOKHUTEIBHOMY,
M CO 3HAKOM MHHYC B IIDOTHBOTOJOXHOM Ciayuae. Hanpasjenie Toxa
npH sToM BLGHpaerca MPou3BOJIbHO. Ecam B pesyapTare pacuera Io
9TOH GOpMYyJIE TOK OKaXEeTCH OTPHIATENbHBIM, TO TO 03HaYaeT, 4TO B
NefCTBITEILHOCTY OH TE€YET B CTOPOHY, HPOTHBOMOJOMIYIO BHGDauHo-
My Hamp aBJeHHIo.

Ilpu nporekanuu Toxa J MO y9acTKy, K KOHIAM KOTOPOToO Npi-
Jnoxelo Hanpsxenne U, 3a Bpema Af Ha 3TOM yyacTKe 3/€KTPUIECKUM
noJseM cosepuiaercsi pabora

AA=TUAL,
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B pesyabTaTe ccseplieHHs 3Tol paboTht B paccMaTpHBaeMoM yuacTKe
Hen# BLjeNseTCs TenJora, ofnpenensemas 3axonoM dwoyiaa — Jlenna:

AQ = I2RAt,

rae R — conporhBjiedue yyacTka.

ITpu ¥3MeHeHNH MarHHUTHOTO NMOTOKA yepe3 MOBEPXHOCTb, OTpaHil-
YeHnylo KOHTYPOM, B 3TOM KOHType BosuukaeT IJ(C ApAyxuuu, 3ma-
yerHe KOTOPOH CorJacHo 3akony dapajges BpoNOPUHOHAALHO CKOPOCTH
U3MeHenus MarfuTHOr o MOTOKa:

AD
e

3nak Muunyc B 3108 Qopmyle coorBeTcTsyer npasuay Jlenua, onpene-
JS0LEMY HalpPapJeHne HHAYKILHONHOTO TOKA,

Pacuer sjeKTpHYecKNX Leneil NepeMennoro TOKa OCHOBAH Ha TOM,
4TO PH BKJOYEHHH B CETb C CHHYCOHAJbHLIM HalPaHKeHNEeM COlP OTHB-
JNlenusi R, WHIYKTHBHOCTH L M 3sekTpuuecKoli emkoctn C TOK B Lemn
TaK¥Xe fBJASETCS CHRYCOHAANbHLIM. AMIIHTYJNHble 3Havenus Toka [,
CBA3aHH C AMAJHTYIHLIMU 3HAUEHHAMH IIOJABAEMOTO Ha 3TH 3JEMEHTDI
nanpaxeuns Uy cooTnomw ennamn

ly= ’('/_0' ’ Iy =

R

Ug
— ly=UyC.
oL ] [ ¢

Ha axkTHBHOM COMpOTHBJIEHHH HalpAMeHHe COBNajfaeT no ¢ase ¢
TOKOM, HAa HMHAYKTHBHOCTH HampsiXeHHue onepexaeT ToK No ¢ase na
1/2, Ha eMKOCTH — OTCTA€eT OT TOKa Ha 1/2.

B mocnenosatedbHoH 1eMH TepeMEHHOrO ToOKa, cojepmaueil co-
nporusgenue R, eMKocTs C M HHAYKTHBHOCTE L, MEXALY NpHJIONEHHHIM
HAaTpfAYKEHMeM H TOKOM cyuwiecTByer cABuT no ¢asze. Ecanm npuaoxen-
Hoe HanpaxeHHe jaerTca Bupamennem U=U, cos wf, To Tox B 1emnH
pasen I=1I, cos(wi—),lrne aMnauTypHoe 3HayeHWe TOKa Jy ¥ CABHT
no ¢a3e ¢ onpepensorcs GopmyraMu

U, tg ¢ ol —1/aC
4 — e, —_——— .
V REF(L—1/aC)? R

1

1. Mposopa n waemmeul. Hmelorest n kiaevM, KaXKpad H3
KOTOPHIX COEMHEHA CO BCEMH OCTAJBbHBLIMH KJEeMMAMH Ofli-
HAKOBBIMH NPOBOAHMKAaMH conporupientem R. Haiitu conpo-
TUBJIEHHE MEXJAy J/HOOBIMH JABYMs KJIEMMAaMi,

- A Tlpexje Bcero 3 CHMMETPHU CXEMBI ICHO, YTG CONPOTHB-
JieHHe OAHHAKOBG MEXIY JNOGOH Mapol K/aemM.

Pacemorpum  Benomorareannyle cxemy (puc. 1.1). IIse
kaeMMel A M B cOeHHEHLI RPYT ¢ APYroM NPOBOAHHKOM CO-
npoTHBJaeHHeM R, a ocTajibHble 72—2 KJeMMBl COeIHHEeHH C
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kiemmami A ¥ B TAKHMH 3Ke IPOBOAHHKAMH CONPOTHBJIEHNEM R,
HO He coefHeHHl APYT C APYIOM.

B sroii cxeme mexay kjemmamu A H B nmapansnenshHo
BKJIIOYEHB COnpoTuBjenue R n n—2 conpotus/ieduit mo 2R.
[TosroMy mosnoe conpoTusienne R 45 Mexay Kaemmamu A u B
BLIYUCJASAETCS MO (HopMYJIe

1 1 n—2 _ 2R
Rap K T aR o OTRVAR RupT e

U3 cummerpud cxXembr, H300paxKeHHON Ha pUCYHKe, BUAHO,
YTO ec/Td wemay kjaemmamu A H B c0saatTh HEKOTOPYIO pasioCTh
[oTeHMAJN0B, TG NoTenyua-
Jbl OCTAJbHBIX A—2 KJeMM
OYAYyT paBHLI Mexy coboH.

Coenunum Temepb IMpo-
BOAHHKAMH COIPOTHBACHUEM
R kaxayio U3 A—2 KjJeMM
CO BCEMM OCTalbHbIMH, B
3THX MPOBOJAHUKAX TOKA He
fyner, H, CJen0BATENLHO,
COMPOTURMEHUE R4 p MEXKIY

Puc. 1.1. DkpuBansenrtsas cxema Kaeumamn A u B fpu STOM
AR pacueTa COMpOTHBIEHHT MeX- He wusmenurcs. Ho noay-
Ay J1060# napou KJIEMM YHUBINAACHA B pesyJIbTaTe Ta-

KOTG COeRHHEHHS CXeMa COB-
najgaer ¢ Tto#l, ¢ KOTOPOH TOBOPUICS B YCJAOBHH 3ajaud, Tak
KaK B 3TOH cxeme Kaxjast K/JieMMa COeIMHEHA CO BCeMU OCTAbL-
HBIMU NPOBOJHUKAMH CONpPOTHUBIEHHEM R.

Hrak, uckomoe conporHB/enHe Mexny JoObIMH ABYMS
KjiemMMmamu papHO 2R/n. OfGpatum BHUMAHUE, HACKOJIbLKO MpOo-
CTbIM OKA3LIBAETCS] pellleHde 3TCH 3alaud NPH HCIOJb30BAHUH
coolpaxenuit cummerpun. KoHeuto, yrajaaTb BHJ OTBeTa He-
TPYAHO, €C/IH pacCMOTPeTb MOCJAeNOBATENbHG [POCTHIE JErko
paccyHTbhIBAEMbIE YACTHRIE CayYau s n, pasueiX 2, 3 u 4. Ho
N0Ka3aTb, YTo yrajanuas Qopmy.aa, R, p=2R/n, cupaBeniusa
npu JioboM uHc/aIe KJIeMM f, HE TAK-TO Jerko. B To ke caMoe
BpeMs, YJIOBHB COBCeM HE GUEBMJIHYIO HA 1ePBHIH B3LJIAJ CHM-
METPHIO 3TOH CXeMbI, MBI BUAHM, YTG pacyer ofiiero ciayyas
OKa3biBaeTCsl He C/ACXKHee, yeM MPU TPeX COSIHHEHHBIX KJeM-
Max. A

2. Hamepenue conporueieHust B cxeme. Ha puc. 2.1 no-
KasaHa YacTb CXEMBI, COCTOSLIEH M3 HEH3BECTHBIX CONPOTHB-
nenuit., Kak, uMes oMMeTp M CoefMHUTENbHBIE MPOBOAA, MOXK-
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HO M3MEPHUTL COMpPOTHBAEHHE R, He pa3pLiBasi HY OJHOIO KOil-
TaKTa €XEMHI?

A Tlo yeaioBHIO 3aj1aul Heb3s1 PasphIBaTh HHKAKHX COEAM-
HeHu# B 3TOH Leny, HO MOXKHO COEAHHATL NPOBOZaMu JIOOLIE
TOUKY, T. €. 3aKOPayHBaTh He-
KoTOpeie yuacTku, HMenoanays
npoBOjia, HCXOIHYIO  CXeMmy
BCerja MOXKIO IPHBECTH K BH-
Jiy, MOKa3aHHOMY Ha puc. 2.2.

Cxema, usoOpakeHHast Ha
puc. 2.1, IpUBOAUTCA K TaKOMY

A ko Rop

Puc. 2.1. Vuactok passetsiaed- Puc. 2.2. K takoMy Bupy Moxuo
HO#l uenH, copepxaieil HCKOMoe  NPHBECTH CXEMy, NOKa3zaHHYiO Ha
conporHBaeHHe R, pHc. 2.1, ¢ TOMOIRBLIO RONOJHHTE b=

HBIX TPOBOJOB

BHAY, €cJH coeluHuTb HakopoTko Touku A, B n C. Toraa
poab R, na puc. 2.2 6yAyT urparb napajjejbHO COeHEeHHbe
conporusiennst I, 2 u 3 (puc. 2.1), a poab R, urpaer conpo-
THBJIEHHe Bcell 0cTanbHOH pasBeTBACHHON LEHU MEKLY TOYKa-
mu C u D, HerpyaHo coobpasnutb, uto B o0LIEM clyyae cxemy,
nsobpaxeHnHylo Ha puc. 2.2, H3 NpoH3BOAbLHOM, copepxkalied
R ., MOXXHO NOJYUUTD, COEJUHAST HAKOPOTKO MeXKAY coboH KOH-
LBl BCEX PesucTOpPOB, NOAKJIOYEHHLIX K HCKOMOMY € OfHON CTO-
ponnt, (Ecau B cxeMe ecThb CONPOTHBJEHHS, NapalJenbHuie
R, To onpenenuts R,, He IpOU3BOAA pasbeuHEHHH, HEBO3-
MOXKHO: MOXKHO JIHIIb ONpeaesuTh obliee cONpOTHBIEHHe BCEeX
Pe3HCTOPOB, BKJAIOYEHHLIX NapajienbHo Ry.)

Tenepr naxomaenne R, He MpeAcTaBAsgeT HUKAKOTO TpYJa.
[TpousseneM caepyloLUie TPH H3MEpeHHs.

1. 3akopaunBaem Touku E u D u BraouaeM oMMeTp Mex 1y
roukamy A uw D. DKBUBaJjelNTHas CcXeMa IpHBesena Ha
puc. 2.3a. Tloxasanne ommeTpa r; cBf3ano ¢ Ry u R» coor-
HOIEHHEM

1 1 1
RTRT M)

2. 3axopauuBaem 1ouku A u E na puc. 2.2. Ommerp, kak

A paHnblle, BKJIOYEeH MexXay Toukampn A n D. DKBuBaJeHTHas
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cxema usofpaxena na puc. 2.36. Ilokasanue ommeTpa fo
casazano ¢ R, u R coortHolIeHNEM

1 1 1
TR @)

3. 3axopaunsaem Toukn A 1 D. Ommerp BRJOUAEM MEHKAY
TouxamMu £ u D (puc. 2.3¢). Ilokasaune ommcrpa ry B 3TOM

R

{ Ra: R:c'
Pz r—l:& Ry R,
L .
, 3) (D)
—® —® 7 ®

Puc. 2.3. Ins onpefeneHis Tpex HEH3BECTHHX CONPOTUBJIEHUN B CKeMe
Ha pHC. 2.2 y106K0 MPON3BECTH H3MEPCHHA, NPEABAPHTEN6HO 3aKOPOTHBE
ToukH E u D (a), A u £ (6), A uD (8)

<aydae noA4yuHsdAeTcsaA COOTHOUICHHIO

1 1 1 f
RIRT 9

CknaapiBasg NouneHHo ypaBdenus (2) u (3) # BLiynuTas ypas-
senue (1), nonyuaem

3. Conporusnenne uenouk. Haiitu conportuBieHue Le-
nouky, cocroamed u3 N ssenseB (puc. 3.1). Conporusienue
KamJIoro pesucropa paBHo R.

| —
T

o—{}

—{ 1

Puc. 3.1. IUtpuxosLiMH JNHHHAMH NOKA3anbl OTHeNbHIE OZHHAKOBHIE
3BEHDbA LEMNOUKH

' [
] [
! i
{

| |
1

I |
i |

A Hcnonbsyemsble B pelleBHy OG03HAYCHHS NOKAa3aHbl Ha
puc. 3.2. Ilpumenssa Heckosbko pas 3akon OMa A1 ydacTka
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Leny, HEeTPyAHO NOAYYHUTL COOTHOIUECHHSA

Un:2];1R+Un—f9 (1}
Un—1: an—IR + Un—z’ (2)
Uy_i={,—1,-)R 3)

Buiuptag ns ypapnenns (1) ypaBHenne (2) ¥ ucnoibays
ccoTHowenue (3), nosayuaem

Un—4Un-f+ Un—2:0’ (4)

Jlanee, npupaBuuBag Hanpsxenne U, _; Ha yyacTke ad cymme
HanpskeHudl Ha yuactkax ab, bc u cd, umeem

(ln_ln—l) R = In—lR -+ (]n—l_ln—?) R + 1)1—1R’
OTKYy 1a
I,—4l, 1, _,=0. (5)

Vickomoe conpotusiacnne Ry onpenesiercst COOTHOMICHHEM
RN: UN/[N'

2
—

Iﬂ a In—i ¢ Iﬂ~2

Puc. 3.2, OGo3nauenus TOKOB H HanpsKeHHil B OTHAEJAbHBIX Y4YaCTKax
uenoyky n3 N 3senbes

[Monyuenusie Gopmyarl (4) u (B) HocAT Ha3BaHHe peKRyp-
PEHTHBIX COOTHOLUEHHH, H6O OHI JaioT BO3MOXKHOCTL HAHTH TOK
¥ HampsiKeHue AJis nN-ro 3BeHa LENOYKH, €CaH H3BECTHHl 3TH
BeJIHUYHBL AJS ABYX NpeaplymuX 3BeHbeB. [lpnmem ToK 1)
B NepBOM 3Bene uenouku 3a eamnuuy: /;=1. Torpa U;=3R.
Tenepp And BTOPOro 3BeHa € IOMOLLbIO CXemnl Ha puc. 3.2
nerpynno #afitn f:=4, U:=11R. Jlanee T0Ky U Hanpsxenis
2O BCEX MOCJISAYIOULIX 3BEilbIIX MOXKHO HAXOAHTb, IOCAEACBA-
TeNbHO NPUMEHAS pexkyppelTHole cooTHoWweHus (4) u (5).
Heabsg an naiita obwyto gopmyay, Koropas fana Obl BO3MONK-
1OoCTh Cpasy HauucaTh BHIpaKeHue LJsA HanpsKenus U, 1
Toxa [, B n-M 3Bese? OkasbiBaetcsi, MoxHO. 1191 3T0TC HYXK110
HaitTll QYHKUMIO LEJOr0 apryMeHTa 1, KoTopasi yJIOBJACTBCpLa
6el ypaBHenuo (4) unam (5).
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[lonpoGyem wuckaTe peinenue ypasuenns (4) B Buge U,=
=x". loacrasaaa sty Qpyukuuio B (4), n0ay4aeM KBajpatHoe
ypasuenne aas x: x*—4x-+1=0. Kopuu ero x, ,=2+} 3.
Tax xak ypasuenue (4) qnneiiHoe, eMy yIOBJeTBOpSAET J06as
¢dyukuMs Buga

U,=Axt+Axz=A,24+V3)"+4,12—V3)", (6)

rae A; ¥ A: — npousBoOAbHBIE NOCTOsiHHbC. Pemenue (6)
ypaBHeHns1 (4) CO;epKMT JBe NOCTOSIHHLIE, IIOCKOJbKY 3TO
ypaBHEHHE KaK peKyppeHTHOE COOTHOLIEHHE Olpezenser 3Ha-
venie U, no apym npenuectayiouum aHavenusm U,_; u U, _,.

[ockonbky ypaBHenue (5) MMeeT TOYHO TaKOH e BHJ, KaK
u (4), ero peiienpe COBepLIEHHO aHAJNOTHYHO (6):

I,=B,(2--V3)"+B,(2—V3)". @

Kaknm ofpasom MOXKHO HafitH sHaueHHst mocTosHHbIX A
n B B Bulpaxenusx (6) u (7)? OueBuaHo, UTO BhIpaxeHusa (6) u
(7) moJIKHB! laBaTh NPABH/IBHLIE 3HAYCHUS /151 YKE H3BECTHBIX
HanpsKeHWit H TOKOB B NMEepBOM H BO BTOpoM 3BeHbsix. Jlas
nepporo 3seHa (n==1) U,;=3R, I,=1, nosromy

A, (2+V3)+A,(2—V'3)=3R,
B,2+V3)+B,2—V3)=1.

CoBepllIeHHO aHAJIOTHYHO I BTOPOTO 3BeHa (n=2), rae U.=
=11R, [:=4, umeem

A 2+V3) 4 A4,2—V3) =1IR,
B, (2+V'3)*+B,(2—V3) =4

W3 Boipaxkennii (8) u (9) onpenensiiorcst 3HaYCHUSE NOCTOSTHHBIX
AI, Az, Bl, Bz:

Ai=R 2Y3 ' 4, =R 2’3’
1 1
1:1717:-3:, Bz —WS:-

Bmecto Toro yrofb HCIoab30BaTh ypaslenus (9), Moxuo
BBECTH (POPMAJIbHO «HYJIEBOE» 3BE€HO H C IIOMOIIbIO peKyppenT-
npix coordowenuft (4) w (5) mafitu U,=R, [,=0.

Ecau B3ragnyTs Ha cxemy, H300parKeHHYW Ha puc. 3.2,
MOXHO YOeAMTbCSI, YTO 9TH BENHUHHBI HMEIOT (DU3HYECKHIt
emeica: Uy 1 1y cyTp HanpsiKeHHe M TOK 1Js1 HECYLUECTBYO-

8)

©

(10)
B
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LIETO «HYJEBOro» 3BeHa. Torja ANS yOpolueHHs aareGpLl Npu
HaxoXaeHHu nocrosunbix A u B Bmecto (9) MOXHO HCOOMb-
30BaTh COOTBETCTBYIONIHE COOTHONIEHHS /st HYJEBOTO 3BEHA:

A-FA.=R, B;+B:=0.

Wrak, ans conpoTusnennst nenoykH u3 N 3BEHbEB, YUWTHIBaf

¢dopmyant (10), nosysaem

Ry=Un _ gD VI +(VE-D)C-V3)" )
Yoy @+V 3 —(2-V3)" '

C nomotpio 3710it GopMyJbl HETPYAHO HalTH CONPOTHBIEHHE
HENOUKH ¢ GeCKOHEYHHIM YHCJIOM 3BeHbeB. [l 3TOro HyXHO

R
AO—th el
R Roo R
o—L o S,
"

Puc. 3.3. 2Oxsusajenrnas Pue. 3.4. Kakoe conporuBiaenue
cXxeMa AJA LeNOoYKH ¢ Oecko- R, cnenyer nmoicoeiuHHTh K KOH-
HEYHLIM UHCAOM OAMHAKOBLIX Uy uHenoykH, ytoGhi ee CONPOTHBJE-

3BEHLER HUE 1e 3aBHCEJO OT YKCJIa 3BEHBCB?

' COBEPLIHThL npeaeibHsfi nepexon N — oo, Ilpome Bcero 370
Clenath, PasjesdB NOYJICHHO YHCJHTEb H 3HamMeHartelb Ha
(2 + V' 3)". Bropule cnaraemLie B YuCiMTeNe M 3HAMEHaTese
nocae 3T0ro GyAyT COAepKaTh MHOKHTEJD

=\ N
(2—V73
\24+V3/ "’

KOTOpLIH cTpemMuTcsl K Hymo npu N — oo. B pesyabrare ans

conporuBaennsa R OeckoHeyHOH nenouku MNoJyyaeMm

R.,=R(V3+1). A (12)

ConpotuBaenne GecKOHEUHOH HENOYKH MOXKHO PACCUHTaThb
H HE3aBHCHMO, NIPHUYEM 3TO CfieslaTh IIpolle, YyeM HaiTH colpo-
THUBJIEHHE UENOYKH C KOHEYHLIM YHCJIOM 3BeHbeB. Knesa takoro
pelleHus 3aKAl0yaercss B TOM, YTo 7J00aBJ/eHHE €€ OLHOro
3pelia K Hayany GeCKOHEYHOl UENOYKH He MOXKET H3MEHHTDb ee
conporuBienne. Ho B 9ToM cayuae MBI cpasy noJayyaeMm 9KBii-
BaJEHTHYIO cXeMy, H300paKennylo Ha pre. 3.3, npuyem conpo-
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THBJeHne Mexay Toukamu A u B rakxke pasuo R . C gpyrofl
CTOpOHbI, CONPOTHBJEHNE MEXIY STUMH TOUKaMH JIeTKO BHIpa-
3HTb Yepe3 3HaYEHHs1 CONPOTHBACHUH, BXOAALMX B Lelb, H300-
pameHHyio Ha puc. 3.3. B pesysaptaTe rnoayuaem
RR.. .

Pewrast 310 KBajpaTiioe OTHOCHTEIBHO HCKOMOTO CONpPOTHB/C-
HuA R_ ypaBHEHHE, BHOBb HAXOLHM 3HAYEHHE, J1aBAeMOe (op-
Mysoft (12). Bropoit Kopenb ypasnenus (13) orpuuarenes u ne
uMeeT (HH3HYECKOro CMbic/a.

Tenepb BbIsicCHHM ele ofull Bonpoc. Kakoe conporupierine
R, HyXHO IPUCOGIHHHTb K KOHLY LENOUKIl, COIEpKalleH KO-
HEeqHoe YIC/O0 3BeHbeB (pHc. 3.4), A1a Toro, 4Tobbl CONPOTUBIIE-
HHE noJyuuBlUeficsd Henouyky He 3aBHCEJIO OT YHCJ/Aa 3BeHbeB?
OtBer Ha 3TOT BONMPOC HaM (JaKTHUECKH yXKE H3BECTCH: K KOULY
LENOUKH HYXHO I[IPHCOGHHHTb CONpOTHBAEHHE R, pasnoe
R_. B camoum jene, B 3TOM c/ayyae BCA NMOJyUHBLIAscA cXema
Oyner 3KkBHMBaZeHTHA GeCKOHEYHOH LEMNOYKe, CONPOTHBJIEHHE
KOTOpOil, KaK Mbl BhisicHU/M, paBHo R, =R (V3+ 1). Hpy-
riMH CA0BAMM, nojcoefuHenne R K KOHLY HENOYKH KBHBa-
JieHTHO 100aBMeHHI0 KOHEYHOrO YHC/a 3BEHbEB K Hauaay Gec-
. KOHEYHOH LENOYKH. A

4. Ilouemy He MenseTCs nCKasaHue amnepmerpa? Bce
XOpOIIO 3HAIOT, YTO €CJU H3MEHSATh CONpPOTHBACHHE, BKJIOUEH-
HOE B HENb (HalpHMEp, NepeMeuaTb ABHIKOK peoctara), To

&y R

=7
& ! Puc. 4.1. Tlpu u3MeHeHHH CONPO-
THBJEHHA R MOKa3auie aMmepMer-

% l pa He MeHARTCHA

Ry

TOXK B peny messaercs. OfnHako NpH U3MeHeHnnu R, B cxeme,
npusefeHHoli Ha puc. 4.1, nokasanue aMmepMerpa He MeHAer-
csi. B uem 1yt peso? Ilpu KakoM yCJIOBHH 3TO BO3MOXKHO?

A He 6ynem noka BbiIHChIBaTL HHKaKHX topmya. Ha no-
CTaBJICHHLI] BONPOC MOXKHO OTBETHTb, [TPOCTO BHHUMATEJBHO [O-
cMoTpeB Ha cxemy. Lesn yepes Garapeio &, TOX He njer, To
H3MeHeHHWe COnpoTHBJeHHs K; HU HA UTO NOBJIITL HE MOMKET,
B TOM uHCJ€ M Ha IOKa3aHWfA ammnepmerpa. [Ipu orcyTeTBHH
TOKa uepes R, u &, Gatapes &, aMIiepMeTd 1l CONPOTHBACHUS
R QaxTnuecku o0pasyoT HepasBETBJAEHHYIO IOCJENOBATE/ b=
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Hyo uenb. Mrak, ocrtaercst BLIICHHTb, NPH KaKOM yCJO0BUH
OTCYTCTBYET TOK B OTBETBJICHHUH, cojep:xamem &, 0 R;. ITpumve-
HSsl K 3TOMY YuacTKy 3akoH OMa /s HEOJHOPOKHOrC yyacrka
leny, JieTKo yOeAHThes, YTO TOK paBeH HYJA0, KOIJa HanpsKe-
une Ha R pasno DJIC Gartapeu &, (U=§,). Tax kak npu srom

— IR =-©

TO HCKOMOE€ YCJIOBHE €CTb
R
(gg = (gj m (i)

OTOMYy YCIOBHIO MOXKHO YAOBACTBOPHTH NpH &,<<&:. Ortme-
THM, YTO NPH 3TOM R; MOXKET MEHSITbCS B npefesax oT nyJs 1o
GeckoneynoctH, Onnaxko (1) He ecTb eIHMHCTBEHHO BO3MOMKHOE
ycnosue. Hanpumep, ecau r>>R U ryr;, TO TOK B OTBETBJE-
HHH, cojepXameM &, I Ry, MaJ 1o cpaBHEHHIO C TOKOM uepes
aMnepMeTp OpH JoGoM 3HadeHuH R; H NOITOMY IpaKTHYECKH
He BAMFAET Ha IOKa3aHus amnepmerpa. BosMoxHbl U JApyTHE
yeaoBus. [lonpobyiite nafith ux! A

5. Euie ogna uenb ¢ peocratom. CoOpaHa uenb, NOKA3aH-
nas Ha puc. 5.1. Ilpu Kaxom ycJIOBHH H3MeHeHHE CONPOTHB-
Jesna R, He BIUAET Ha Nokasayue amnepmerpa? R; MeHsercs
B JIOOHX Inpenenax.

Puc. 5.1, Moxer v noKasanHe aMiepmeT. £ Ry R
pa He H3MeHATHCS NMPH H3MEeHeHHH conpo- E==T
TuBgeHust R;? 1Ry e

A Ha nepBoift B3rasifi MOXKET NOKAa3aThCs, YTO ITOrO BOOG-
uEe He MoXeT OblTh, TaK Kak R;-+R, u R coeiuHens napaJ-
JeqbHO M H3MeHeHHe R; 003aTesbHO NPUBOIMT K H3MEHEHMIO
ToKa uepes amnepmerp. OIHaKO 9TO MUWIbL HA NEPBHIl B3rAsL.
BosmoXKHBI c1yyaH, KOr4a 3T0 He TakK. Bo-nepBoix, ecan RS
>>R, 10 npn Mobom R; oTBeTBJEHHEM TOKA B Y4acCTOK, COAep-
xauil Ry 1 R,, MO0 npeyeGpeys 110 CPaBHEHHIO C TOKOM ue-
pes amnepmerp. Eciu conporuBnenne R M BHyTPEHHee colpo-
THBJICHHE aMIlepMeTrpa paBHBI HYJIO, Bech TOK, HE pasBeTBJf-
fich, MIET uepe3 aMnepMeTp H ero sHaueHHe He 3aBUCHT oT R,.
M, Bo-BTOpLIX, Haubo/1ee MHTEpPECHHIH c/ayyal: ec/n BHyTpeH-
Hee conporuBaeHue Gatapen r==0, To y4aCTKH LEIH, COpepKa-
e peoctat Ry n amnepmerp, Boobue HUKaK He BJAHSIOT APYT
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Ha Apyra. 10T Cayyail COOTBETCTBYET Mapa/ienibHOMY BK/IO-
YEHHIO HArPy3OK B CeTb ¢ IOCTOSTHHLIM Hanpsixkenuem. [Ipak-
THYECKH PaBEHCTBO HYJIO BHYTPEHHEIO CONPOTHBJCHUA HCTOU-
HHKA 03Ha4aeT, YTO OHO JOJIKHO OHITL MaJjo IO CpaBHEHUIO C
CONpOTHBJICHHEM KaxJ0ll H3 MapansienbHblX BeTBeH. A

6. Mcrounux nocrosunoro Toxa. McTouHHK Toka umeer
IJIC & n BHyTpennee conporusaeune r. Meeaenosars ycnobus
paboTbl TAaKOrO HCTOMHMEKA: HAHTH 3aBHCHUMOCTb HaIPKEHHS
Ha narpyske U, noanoil momnocte P, nosesnoil momHocTs P
u KITIl n or cospaBaemoro uctouHukom Toka /.

Puc. 6.1. YeaoBna paboThl HCTONHHKA TOKa onpe-
JENAI0TCA CONPOTHBICHUEM Harpysku R

L

R

A DaexTpHueckas Uenb, coleprKamias UCTOYHHK TOKa 1 Ha-
rpysKy, CONpoTHBAEHHE R KOTOPOH MOXHO H3MEHATb, NOKasa-
na ma puc. 6.1. Tox B menu / onpesensercs sakoHoM Oma

12?%7- M

[Ipu uMaMeHeHHH CONPOTHBJACHUS HArpysku R or Ceckomey-
HOCTH (Pa3sOMKHYTasl LENb) AO HyJd (KOpPOTKOE 3aMbKaHue
MCTOYHHKA) CHJIA TOK2 U3MEHACTCS OT HYJIf 10 MAKCHMalhHOTO
sHaueHus /,, paBHoro &/r. Hanpsaxenue Ha 3axumax ucTou-
unka U, pasnoe DJC & npn pasoMKHYTOH Leny, NpH Haju-
ypy ToKa B uenu [ onpenensiercs BhIpaXKeHHeM

U=&—Ir. @)

Ecau B npaBoit uacth ButHecTH DJIC & 3a CKOGKH 1 yyecTs,
YTo OTHOIIEHHE &/r PABHO TOKY KOPOTKOrO 3aMbiKanus /,,
10 opMysa (2) npHHUMaeT BUJ

U=&(1—-1/1,). 3)
3aBuCHMOCTL HanpsKEHMA BO BHEWIHEH nenu ot Toka Hsobpa-
XKaetca npsaMmoH sunMed na puc. 6.2.

Hosnas mownocts P, pasBnBaemMas HCTOUHHKOM, paBHa
npousseaennio JIC & na cuay toka I:

P=§l. @)
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[Tonesnan mouHocTb Py, Bbleasioniascs Ha Harpy3ke, PaBHA
NPOU3BEJEHHIO HanpsxKenus BO BHemuded uenu U Ba cuiy
toka /. Ecmu ans nanpaxendst U Bocnosb3oBathest Gopmy-
Jofl (2), To moOJiesHas MOIHOCTb P, MONYYHTCS KAaK PasHoOCTb
ME&XKy NOJHOH MONIHOCTHI0 P U MONIHOCTHIO TEINOBHIX IOTEPH
Ha BHYTPEHHEM COIpPOTHBJE-
HUH HCTOUHMKA:

P.=Ul=&—I. (5)

Ecau xe nas U Bocnonb3o-
Bartbes opmyJoit (3), T0 BHIpa-
JKeHHe s 10J€3HOH MOLHOCTH -~
P, MOMHO 3amucaTtb H B TaKOM g Y/
Buje: ) S A

P,=&1 (1—1/l,). (6)

Kak BuyiHo n3 popmyast (4), noJ-
Has pasBHBAeMast HCTOYHHKOM |
MOLIHOCTL P Nponopuyosanbna 87,/4f——— 42 /,’,=8[//~!/1,,)
toky B unenn /. Ee rpapuk 4T |
u3obpaxaercsl npsAMOH JnHHeR
na puc. 6.2. I'padux nonesuoit
MOINHOCTH P, KaK cJefyer us
¢dopmyasl (5) nau (6), npeacras-
nsier coboil napatosy, Bersu
KOTOpO#  HanpaBJieHsl  BHU3
(puc. 6.2). 2ra napaboaa ne-
peceKaeT och abcuyce B TOUKax
I=0 u I=1I,: nojaesnas Mmom-
HOCTh OOpamaercsd B HyJdb KaK Puc, 6.2, 3apnHcuMOcTs Haaps-
OpH OTCYTCTBHHU TOKa (pasomK- kenus U, noanoél P n monesHod
HyTast LeMb), TAK W NPH Kopor- P MommocTedl “ue[](]gﬂ M ot TO-
KOM 3aMmblKaHHM, KOTJa Bes

pasBHBaeMast HCTOYHHKOM Mol

Hocth P BLJe/sieTcs B BHJIe TEOJOTH HA €ro BHYTPEHHEM CO-
npotusaeHun. Bepumna napaGogisl, COOTBETCTBYIOAS MAKCH-
MaJbHOH MOJNE3HOH MOIMHOCTH, PACHOJIOKEHA NOCPEAHHE Mex-
ny toukamu /=0 n I=17,. MakcumaibHOe 3HaYCHHE MOJE3HOMH
MOUIHOCTH, jocturaemoe npu [=1,/2, kak BUAHO u3 dopmy-
abl (6), paBHO &//2, T. e. nosoBuHE NOJHOH MOMHOCTH, pas-
BHBacMOH HCTOYHMKOM NpH AaHHOH cuJe Toka. Bropas nosoe-
BHHA PasBHBaeMOH MOIHOCTH npH 3TOM OecrnofesHo pacxo-
Jlyercsl Ha HarpeBaHHE€ HCToOYHHKA. JlerKo Bujaeth (Hampumep,
u3 ¢opmyast (1)), 4TO noJse3Has MOWHOCTG MaKCHMAaJbHA,

U=81-1/1,)
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Korja CONpOTHBJAEHHE Harpyskn R paBHO BHYTPEHHEMY Co-
NPOTHUBJIEHHUIO HCTOYHHKA.

KITIL nctoynnka, paBHbIi OTHOLIEHMIO MOJIE3HOM MOULHO-
ctn P, K noavoit P, MoxHO HafiTH ¢ noMombio Gopmya (4)
u (6):

n=PyP=1—1/, (7)

I'paguk sasucumoctn KITJL n or Toka B nenu / noxkasal na
puc. 6.2.

W3 npuBesenubix Ha pHc. 6.2 rpadHKoB BHAHO, 4TO TpeGo-
BaHud NoayueHust HauGoJblIell nosie3Holl MOUIHOCTH H Hau-
Goapmtero KITO nportuBopeuar Apyr apyry: npu Haubosbiueil
noneayofi mompoctd KITJL cocraBaser Bcero 50 %. UtoGwn
KII1JL 6ui1 6830K K eaupuile, TOK B Hend A0/KeH ObITh MaJ,
HO [PH 3TOM CTpeMHTICAd K HYJIO NOJE3HAas MOLLIHOCTD.

J106y10 1mosie3nylo MOMHOCTD Py, MEHBLIYIO MaKCHMAJbHOI,
MOXHO INOAYYHTL OpH ABYX 3HAu4eHUSIX ToKa B menu: [, u /..
Uz puc. 6.2 BugHo, uTO IpPEANOUTHTEJbHEE MNOJAYYaTb 3ITY
MOIIHOCTL NpPH MeHbIIEM 3HaueHhy Toxa B uenu I, Tak Kak
KITA ncTouHHKa npu 3TOM BHILIE. A

7. HocaenopaTeasHoe coefuHeHHe HUCTOYHHXOB Toxa. Co-
GpaHa uenb, cxema Kotopoll nawa Ha puc. 7.1. DJIC nepsoro
nerounnka &, Goanme IIIC Broporo &». BoanrMerp upeann-
HBI, HpHUYEM HYJb €ro paclnoyokeHn nocpeauye ikaJo. [IpH

$s +g,_. ?’2.;.6%.

!

- K R
Puc. 7.1. Ilpn samkuyToM Kiatoye K Puc. 7.2. B s70#l uens ucton-
crpetka BOABTMETPA MOXKeT OTKJIO- unk ¢ JAC &, nepekiiouen
HHTbCS KAK B OIRY,TaK M B APYTYiO Ha TNPOTHBONOJOXKHYIO HO-
CTOPOHY B 3aBHCHMOCTH OT 3HaYeHH JSPHOCTE MO CPaBHEHHIO C
3JC n conporHBaenHuii puc. 7.1

Pa3OMKHYTOM KJIOYe CTpesKa BOIBTMETPA OTKJOHAETCS BJIEBO.
[Tpu onHuX 3HaUYeHHSIX NapaMeTPOB CXEMbI CTPEJKa IocAe 3a-
MLIKaHUA KJI0Ya OTKJOHACTCS BJIEBO, a IPH JPYTuX — BOpaBo.
AGCoMmOTHOE 3HAYEHHE HANPSIKEHHS, NO0KA3LIBAEMOIO BOJLT-
METpPOM, H3BECTHO H B OGOHMX Cyuasix onMHakoBo. Uto nokaxer
BOIbTMETP M Kyla OTKJOHHTCH €ro CTPe/iiKa B KaxKiOM M3
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STUX CJyuYaeB, €C/M BTOPOH HCTOUHIK HEPEKOYHTL, KaK
noKa3aHo Ha puc. 7.2°

A Hpeansublfi BOALTMETP, BKJIOYEHIBIH B 3JIEKTPHUECKYIO
nenb, MOKashiBaeT HalpsiKeHHe, pPaBHOE PA3HOCTH IIOTeilliA-
JIOB MEXKJY TOUKaMy MOAK/MoueHust npubopa. Obosnaumm no-
TEHIMAJb STHX TOYCK Ha HEPBOH CXEME Yepe3 ¢; U ¢, 11a BTC-
poit — uepes ¢, U ¢;. A9 coKpaiieHus 3andcu BpeaeM (/=
=@2—¢; 1 U'=¢i—¢;. Tox B cxeme ma puc. 7.1 naercs

thopmy.ioit
631 + & 1 y
fl-{—f)—[— R v

C npyroft cropousl, ucnoab3ys 3axon OMma LI HEOLIOPOH-
HOTO yuacTka uenu, cogepxkaniero JIC &1, a1st TOro xe ToKi
! MOKHO Hanucatbh BblpakeHue

3= U .
- P14 (‘31 1 & 9

ry r ’

B,
it

[IprupaBusem npassie yacTH Beipaxkenui (1) u (2):

1+ & U—l—éJl (3
4R 1y -

CoBeplleHHO aHaJOTHYHO AJIA  CXeMbl, H300paxeHHON 113
puc. 7.2, moayuaem

E1—=&: U+ )
ritretR v
[TogenuB mounenno (3) u (4), Haxoxnm
Si+é- - U+ & )
S1—&: U'+&1’ !
OTKYyJia
’ =(é‘>l_é’2) U —261(5"2 (5)
1+ )

®opmanbHO OTBeT moJay4eH. [IpH ero noJsydyeHnt mMel HHKAK
HEe HCTOJb30BaJH YKa3aHHA, B KAKYI0 CTOPOHY OTKJOHSETCH
cTpesiKa BOJILTMETpa, M TOKa HE ACHO, KaK BOCIOJb20BATHCS
3THM OTBETOM B KaXJOM KOHKDETHOM Cjy4ae: MHl He 3HaeM,
KaKoOH 3HAK B KakJOM H3 PacCMaTpPHBAEMHIX CJYYaeB HYKHO
npunucath Hampsxkexmo U.

[Ipu pasomkHyTOM KJIO4e, Korja TOK B LenH Ha pHc. 7.1
OTCYTCTBY®T, NOTEHIHA @1 00Jblie, YeM @2, T. &, U=@a—¢,<
<C0. Tlo ycaoBuio 3ajau¥ OPH STOM CTPE]Ka BOJLTMETpa OT-
KJOHSIeTcs BJeBO. JTHM YCTaHAB/HMBAETCA CBf3b MexKay Ha-
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NpaBJCHHEM OTKJOHEHHS CTpPeNKH BOJBTMETPa H 3HAKOM Ha-
npsxkenus U: npu oTKJIOHeRHU cTpesiku npubopa Baeso U<CO,
npu orkjosedun Bapaso U>>0. Iloatomy B mepBom caydae,
KOrfia CTpe/iKa BOJbTMETPA OTKJOHACTCS BJEBO, B dopMyay (6)
IIOACTaBAACTCA OTPULlaTEbHOE 3HAYEHHE Hanpsikenusa U, no-
Ka3aiHOro BOJBTMETPOM, a BO BTOPOM CJydae (cTpeaka OT-
KJIOIISIeTCS BIIPaBO) — HOJIOXKHUTENbHOE. TakuM e obpasom yc-
TAHABJHBAETCA HANPABJCHHE OTKJOHEHHS CTPEJKH BOJBLTMET-
pa B cxeMme Ha puc. 7.2: ecau 3Hauenue U’, Beiumc/seMmoe MO
tdopmyne (6), oKakerca OTPHIATEIbHBIM, CTpeJka BOJBTMETpA
GyAeT OTKJOHATLCA BJEBO, €CJAH MOJOKHTENBHLIM — BIPaBO.

Jlerko BHIETH, 4TO B CXEME Ha puc. 7.2 cTpeiika BOJbTMETPA
Bcerfa 6yAeT OTKAOHATbCA B Ty 2Ke CTOPOHY, YTO M npy pa-
30MKHYTOM KJ/IIOUe, HE3aBHCHMO OT TOT'O, B KAKYI0 CTOPOHY OHA
OTKJNOHAJACh B cXeMe Ha puc. 7.1. JleHcTBHTENLHO, TaK Kak
& >&,, TO HampaBJeHue ToKa B cxeme Ha puc. 7.1 onpexe-
AfeTCA UCTOYHHKOM &3 B @ >¢;, T.e. U'<<0. D10 MOKHO
yBUJETH H HEmocpeAcTBeHHO u3 dopmysn (6). B cayuae U<0
3TOT (akT oueBHjeH, B caydae U0 tpebyerca Gosee zeradb-
noe ucenefoBanue. IlpeanaraeM Bam NpoBECTH €ro camoctof-
TEJIbHO, TOJBKO CHAa4aJa AounTaiTe 0 KOMla pelieHue 3ajauy.

[Tonymaem Tenepb, 4to PUSHUECKM O3HAUYAIOT pasHbE HAa-
paBJeHHs] OTKJOHEHHA CTPeJiKH BOJBTMETPA B CXeMe Ha
puc. 7.1, O6parnmca x dopmydae (2). Kak Mbl TOJBKO 41O BB~
ACHMJIN, BXOJsIIEE B Hee HanpsxendHe U OoTpHUATEIBHO, €CIH
OTKJIOHEHHE CTPEJKH BOJbTMETPA MPOHCXOAUT B TY K€ CTOPO-
Hy, 4TO M IPH Pa3OMKHYTOM KJIOUe, KOTJa TOKA B LIEHH HET.
B sToM ciiydae, Kak BufHO u3 (2), TOK B UENH MEHBIIE TOKa Ko~
POTKOTO 3aMbIKaHHA AJA HCTOuHHKA &y /<l =&1/ri. D10
03Hauaer, 4TO HCTOUHHK TOKa paboraeT HOPMAJLHO, BHAE/AA
MOIIHOCTb HE TOJIBKO Ha CBOEM BHYTPEHHEM CONPOTHBJCHHU 7y,
HO M BO BHElIHe# lenM Ha Harpyske R.

Ecan oTKJOHEHHE CTPEJKH BOJALTMETPA NPH 3aMblKaHHH
KJIfoua POHUCXOJHT B NPOTHBOHOJOKHYIO CTOPOHY, To U0, 1
13 (2) BHAHO, 4TO TOK B LieiiH COMbILe TOKA KOPOTROTO 3aMblKa-
HHMst HcTouHHKa /4. D10 3BAauMT, 9TO HCTOYHHK &; paboraer
«HEHOPMAJ/IbHO»: BEIEAIOIAACH Ha €FO BHYTPEHHEM COnpOTHB-
JIEHHH MOIIHOCTH NPEBOCXOAUT €IG BO3MOMKHOCTH, T. €. MaKCH-
MaJbHYI0 MOUIHOCTb, KOTOPYIO OH BOOOHIE MOMET Pa3BHTh.
[TosTomy, eciin 9TOT HCTOYHHK yOpaTh, TOK B LeNH BO3DPACTeET.

.He cnenyer Ge3nyMHO COCAMHATE ROCAENOBATENBLHO HCTOY-
HuKy Tokal HHoraa sto MOXeT NPHBECTH K pe3yabTarty, HpsiMo
NPOTHBONOJOKHOMY xenaemoMy. Hecmorps Ha To, uto npu
[OCNE0BATEILHOM COEAMHEHNH ACTOuHUKOB ToKa DJIC Gatapey
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BCErja YBeJIHYMBALTCS, CHIA TOKA B LeNH MOXKET M yMEHbIUHTh-
Cd, €CJH NPH ITOM CJMLIKOM CHJABLHO BO3PACTaeT BHYTPEHHee
conpotusJeHne fatapeu. [lpexae yeM 106aBaATs B MOCaEL0Ba-
TesbHYi0 0aTapeio eme OJMH HCTOYHHK TOKA, CJeayeT YOerHTh-
Cs1, YTO TOK €0 KOPOTKOrO 3aMBIKaHHUA IPEBOCXOIUT CUAY TOKA
B UeMH [0 NOACOEIMHEHHA 3TOTO HCTOYHHKA,

A xaK mpakTHYECKH OOHapyXHTb TaKOH HCTOYHHK-¢iapa-
3HT» B UenH, nuTaemoii Gatapeell MOC/ACAOBATENbHO COEAHHEH-
HBIX 3JIEeMEHTOB?

1 nocnepnee. Ecau Gyzere nposoauts ananius GpopMysl
(6), TO KOCTATOYHO NMOHATH, YTO NPH NOJOKHUTENLHOM 3HAYCHHY
Hanpskedua U ono He moxer npeBbiath &, Otciona ue-
MeajedHo caenyer, yto U'<C0, 1. €. M B 5TOM c/ly4ae crpefka
BOJILTM@TPA OTKJ/IOHACTCH BJISBO. A

8. TlapasnenpHoe coeAMHEHHe HCTOYHMKOB Toxka. [Ba ma-
panie/ibHO COSHMHEHHBIX HcTOYHHKA TokKa ¢ IJAC & u &,
H BHYTPCHHHMH CONpPOTHBJAGHHAMH r; U r2 BKJIOYeHBl Ha Ha-
TPY3KY, COIPOTHBJAEHNE R KOTOPOH MOXKHO H3MeHATH (puc. 8.1).

&r &%, —
v I=0 i

S e N — ii{?

R R
Puc. 8.1. Conporusaense R no- Puc. 8.2, K pacuery roxes
nobpaHo TaK, 4TO TOK yepes B USMH [0 (paBHIaM
aMiepMerp OoTCyTCTBYeT Kupxrogpa

JJAC nepsoro wucroyHuka &, Goabue DJAC sroporo: &:>8,.
OxasniBaercs, Y710 NPH HEKOTOPOM 3HAYCHHH CONPOTHBAeHust R
TOK uepes amnepmerp orcyrctByer. B KakoM Hanpasiexun
noiier TOK yepe3 BTOPOH HCTOYHHK, €CAH COUPOTHBJICHHE
HArpy3KH R: yBeJHYHTb, YMEHLLIHTH?

A Haubosee npsamoit, XoTsi u He camblit npocTofl cnocol
peiileHHs 3TOH 3aJa4yl COCTOMT B NMpHMEHEHHH npasu/]1 Kupx-
ropa K paccMaTpHBaeMOH pa3BerBJieHHOH wLend. OGo3HauUM
TOKH B HEDa3BeTBICHHBIX y4acTKax uenu uepes /,, /, u 3aga-
JMM HM HalpaBJeHH#A, Kak ykasaHO Ha puc. 8.2.

Cornacuo nepsoMy mnpaBujy Kupxroda, BhIpaxKamiieMy
3aKOH COXpaHeHHs 3apsja, adreGpaHueckasd CyMMa TOKOB B
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y3Je paBHa HYJIO:
1+-1,—1=0. ()

CornacHo BTopomy mipaBuay Kupxroga, BeiTekaiomeMmy H3
3akoHa OMa 1A HEOHOPOJHOTO yYacTKa LenH, B Jio6oM 3aMK-
HyTOM KOHTYpe aJjrefpauueckasi CyMMa NDOH3BEIEHUH TOKOB
Ha CONPOTHBJCHHS COOTBETCTBYIOUIMX Y4aCTKOB paBHa aJre6-
pandeckoil cymme IJIC, BeTpedarolupxea Opu ob6Xoze ITOro
KolTypa. BolbHpas KOHTYpH, COAepKalllie OJHH M3 HCTOYHHM-
KOB TOKA H CONpPOTHMBJIEHHE HArpyskH, MoJyyaeM

IntIR=&, Ir,+IR=8, 2)

Peuias cucremy ypaBHenuit (1) u (2), MOXXHO HaHTH TOKH BO
BceX yuyacTKax. [l oTBeTa Ha NOCTaB/EHHBIE BOIPOCH JO-
CTaTOYHO UMETh BBIpameHHe 1JA Toka [, yepes BTOPOH HCTOU-
HUK!

__ &2 ri+R— &SR
la= R(niFr)+rre’ (3)

Toi uepes ammnepmeTp OyJeT OTCYTCTBOBaTb, KOT/Ja YHCIHTENb
BrIpaxkeHnda (3) obpaiaerca B HyJ b, K3 3T0ro ycjoBua Haxo-
JMM TO 3HaYe€HHe CONPOTHBJEHUs Harpy3ku R, npu KoTopom
1oKazanue amiepMeTpa paBHO HYJIO:

R=r,—S . 4
L E— & 4)
Tok /., uepes BTopoH HCTOYHHK ACHCTBHTeNBHO OyIer HATH
B yKasaHHoM Ha puc. 8.2 HappaBs/ienHuH, eCAH YHCAHTEb B BbI-
paxenny (3) NoJoKHTENCH, T. €. NPH BBEIIOJHENMH YCJAOBHS

R<n éalé_:zéaz' (5)

Ecan coupotusienue HarpyskH R yIOB/JETBOPSIET NPOTHBO-
[¥)7T02KHOMY HEPABeHCTBY, TO YHC/AHTEIb B BBIparkeHHH (3)
CrpluaTenet, u Tok /, 4epe3 BTOPOil UCTOUHUK B AEHCTBUTE/L-
HGCTH MAET B oOpatHyio ctopomy. HMrak, nmp ymewnsueniin
CORPOTHBJEHHUA R OT 3HauYeHHA (4) TOX uepe3 BTOPOH HCTOUHHK
GyAST MATH TAK, KaK yKasaHo Ha puC. 8.2, a mpu yBesnue-
HUM — B [POTHBONOJIOKHYIO CTOPOHY.

(O6paTuM BHMMAHHME HA TO, 4YTO NpPHMEHEHHHIH Hamu ¢op-
MaibHMil NYTh pemieHus 3ajJa4d ¢ Nomomblo npasus Kupx-
ro(y Nd3BOJISET NOJYYHTh BEPHBIA OTBET, HE BHUKAS B (hU3Hue-
CKHH CMBIC] MOJYYEHHOro pe3yJ/brata. B camoM zene, Mul noxa
e MOWEeV OTBeTHThL Ha BONPOC, NOYeMY YBeJHYEHHE CONpOTHB-
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JieHHSl Harpy3KH NMPHBOAHT K INOSBJEHHIO TOKa /, UMEHHO B
ykasaHiiom HanpasJjeHuH. [lonsiTka OTBeTHTH Ha NOAOGHBIN
BONPOC PHBEJLT HAaC K APYyroMy, MeHee popMaibHOMy crnocoby
pelieHus 3afadu. Ilpexae Bcero 3aMeTuM, 4To NPH OTCYTCTBHU
TOKa 4epe3 BTOPOH HMCTOYHHMK TOK CYUIECTBYET TOJLKO B OAHOH
HepasBeTBJCHHON nenu, coaepxaumei IAC &, u conporusJe-
nie Harpyskd R (puc. 8.3). Bropoii

HCTOYHKMK NPH 3STOM MOXHO OTKJIO- i’{g
YYTh, U B OCTABINEHCA LEMH HHYEro V7
ne usmenurteda. Cuay toka I MOXHO & I=0
pnafiTh Ha oOcHOBaHHH 3axkoHa Owma r7~——:;~|'|: ————— J;]
JIst HEpa3BeTBJICHHOH [enu: U ,‘£—|

I = _Gi (6)

o Puc. 8.3. Ecan TOR wepes
C Ipyroit CTOPOHBI, TPH OTCYTCTRHH BTOPOIl MCTOUHHK OTCYTCT-

TOKa uyepe3 BTOPOK HCTOYHHK HaNpA- Byer, TO IpH ero oTKMIO-
xenne U Haero saxumax paBHo DJIC  uesHn TOK B ocTadbhcil
aTOr0 HCToYHnKa &;. [lostomy, mc- H4CTH LENH HE MeHaercsa
nosb3ysa 3akoH OMa I/ ofHOPOZ-

HOTO yyacTKa [eNH, COAepalero Harpysky R, wnmeem

I=U/R=&,/R. ()

TlpupaBuuBas npasbie YyactH GopMya (6) u (7), nonyyaeM ags
CONPOTHBJICHHA HAarPY3KH R, NpU KOTOPOM TOK Yepe3 HCTOUHHK
¢ DAC &, ve uier, npexkHee BhIpaxeHue (4). 1o Brlpakelne
MMEET CMBICJ TOJBKO NpH &1>>6,, YTO eCTECTBEHHO, TaK Kak
yanpsukenne U Ha 3axuMax paboTaroulero nepBoro HCTOYHHKa
Beerga Menbwie ero IJAC &..

Paccmotpum Tenepb, Kak OyJeT MeHAThCI HalpsKeHHe
MEXIY To4KaMu A ¥ B npu H3MeHeHHH CONpPOTHBAeHHA R, ecan
BTOPOH HCTOYHHK OTCYTCTBYer. [lpn ymenpiiennn R ToK B nenn
BO3pacTaeT H, CJelOBATeJbHO, HanpaxKeHHe Ha 3aXKuMax
ucrounuka ¢ AC &, (1. e. Mexay toukamu A u B) ymeHb-
waercd. D10 HalpskeHue craHosutcs wmembine IJC &,
MO3TOMY [IPH TOJKJ/IOYEHHH BTOPOrO HCTOUBMKAa TOK uepe3
HEero NofifleT Tak, Kak NokasaHo Ha puc. 8.2. B stom ciyuae
BTOPOH HCTOYHUK OyAeT paboTaTh HOPMA/ILHO, T. €. OTAaBaTh
3HEPTUIO BO BHEHIHIOW Ilellb, ¥ 3Ta SHEPrHA OYAET BLIACAATHCS!
Ha Harpyske.

AHANOTHYHBIMI  DACCYKIEGHHAMH MOXHO YO@NUTLCH, YTO
NpH YBEJAHUEHHH CONPOTHBJEHUA HArPY3KH HalpAKeHHE MEXK-
Ly ToukaMu A 4 B yBenpyuBaercd, T.e. CTAHOBHTCA GoJb-
we &;. [lostoMy TNpH MOAK/OYEHHMH BTOPOrO HCTOYHHKA TOK
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yepe3 Hero NOHjET B HanpaB/JCHUH, MPOTUBONOJIOKHOM yKa3aH-
nomy Ha puc. 8.2. B 3ToM ciyyae BTOPOH MCTOYHUK HE OTAAeT
311epTII0 BO BHENIHIOW [Nk, 4 CaM NOTPeb/IsieT SHePruio oT 1ep-
BOTO HCTOYHHKA.

Taxum o6pasoM, OpH napas/ieisHOM COSAMHEHHH HCTOYIH-
KoB TOKa ¢ pasubiMu JJIC cymecTByer NpefeqbHOC 3HAYEHHE
CONPOTHBJEHHA HArpysKu, onpeaessemoe popmynoi (4). Ecau
COMPOTHBJIEHHE HATPY3KH OKaxkerca 0oJbuie MPelesHOro, TO
MCNO/Ib30BAHHE BTOPOrO HCTOUHHKA BOooOWE Helieslecoo0pasHo:
ero NOAK/MOYEHMEe NPHBOAMT K YMEHBIIGHHIO TOKa uyepe3 Ha-

TPY3KY. A

9. Batapes M3 ofHHAKOBLIX ajiemeHTOB. Hekotopoe uncio 7
ONMHAKOBLIX HcTOYHUMKOB TOKa ¢ DJIC & M BHYTPEHHHM CONpO-
THBJICHHEM r COEMHEHB NapalsiejbHO H NOAKJIIOYEHB K BHELI-
nefi Harpyske. Bo CKOJIBKO pa3 YMEHBLMHTCA TOK B HArpy3ke,

P ec/IH OJMH H3 3JIEMEHTOB, OGpasymouivx
] = fatapero, o omwuOKe BKMOYHTL B OPO-
- TUBOMOJIOKHON NoJsApHOCTH (puc. 9.1)?

A Korjaa Bce HCTOUHHKH TOKA COeIH-
L———i'-i}—’-—-ﬂ Henst npauasrO, DJC Garapen pasHa
4| 1, & |8 DIComHoro siiemenTa &, a_BHyTpeHHee

| , COnpOTHBJEHHE paBHO r/n. TToaTOMY TOK
1 " yepes HArpy3Ky conporHBienuem R of-
V,! - ' + | peAensieTcst BHIpaKeHHEM
& I, J==6 )
R4-r/n
—
R ITOT pesyJqbTaT MOJAYYaeTcs cpasy, ec-

Prc. 9.1. Barapes ws W YUECTb CHMMETDHIO paccmatprBaemoit
OAMHAKOBHX SieMen. CXEMbl: BCE HCTOYHHKH TOKa HAXOAATCH
108 B OIMHAKOBBIX YCJOBHSAX, C/leAOBaTe/b-
HO, TOKM B HHX OJHMHAKOBLI H B n
pa3 wmeHbile TOKa B Harpyske. Ec/iu Xe nepeKmo4yHTs
NOJAPHOCTH OQHOrO H3 HCTOUHUKOB (pHC. 9.1), TO cumMerpHs
nponajnaer H, BoOBINE TOBOPS, BO3HMKAET HEOOBXOAMMOCTh B
NpUMEHEHHH TpaBus pacyeTa pa3BeTBJEHHBIX Heneli. OnHaKo
B HAaHHOM CJ/lyyae MOXKHO He JAEHCTBOBATb NO CTaHgapTHHIM
peuentaM, a npocTo BHIPasHTh Hanpskenne U,p Mexay To4-
kamu A ¥ B (puc. 9.1) xak passocts Mexny DJIC uctounnka
TOKa ¥ HanpsXKEeHHeM BHYTDPH HEro JUIfl «IpaBHALHO» H «HE-
NPaBUJALHO» BKJIOUEHHBIX 3JIEMEHTOB!

E—Iir=—[&—1,r]. @
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OtBeTBastomuiics B HAarpy3ky Tok I’ paBeH cymme TOKOB B
«IIPABHJIBHO» BKJIOYUEHHBIX 3JeMeHTax (n—1)/, 3a BoueToM
ToKa [, 4epes «HempaBH/IBbHO» BK/IIOYCHHBIH BJIEMEHT:

I'=(n—1)1,—I. @3)

Bruipaxas orciona /, u noactaBnsa B (2), npuxogum K pa-
BEHCTBY

ILinr—1'r =28. 4)

C npyroil ctopoHsl, HaUpAKeHHe MEXNY Toukamy A n B —
3TO HANPSIKCHHE Ha Harpyske R, Mo3TOMYy

&—1,r=I'R. (5)
Pewias cuctemy ypaBHeHHH (4) H (b), nonyuaem
I'= R+r/ (1—2/n). (6)
CpaeunBasa (6) c¢ (1), nmaxopum
I'l1=1-2/n. @)

B uactHoctH, npH n==2 10K /'=0, 4TO OUYEBHIHO U3 BJeMeH-
TapHHIX coo0paxeHnil; npu 7=4 TOK B HarPy3Ke yMenbiiaetcs
BABOE, :

3ameuaTtenpHo, YTO MONYYCHHBIH pe3yJbrar (7) He 3aBMCHT
au ot /IC oTHe/bHBIX 3/1EMEHTOB U MX BHYTPEHHHX COIPOTHB-
JIEHUI, HH OT COMPOTHUBJIEHNS HATPY3KH. DTO HABOAHUT Ha MBICJb,
YO JIOJKEH CylecTBoBaTb ApYroH, Gosee npoctofl cnocob pe-
IIeHUs 3alauH.

[Ipexne Bcero OTMETHM, 4TO NPH NEPEKJIOYEHHH MOJSPHO-
CTH OJMHOTO M3 3JIEMEHTOB BHYTPEHHEE COUPOTHBJICHHE BCel
Gataped OcTaercst NMpPeXHHM, a H3MEHHTbCS MOXEeT TOJIBKO ee
OMIC. ITH KavecTBeHHbe COOOpaMEHHA, pasymeercs, NOA-
TBePKAAIOTCA cpopMleon 6), us KOTOpOH cpa3y BHJIHO 3Haue-
mue DJIC nonyumsieiica Gatapen: &' =& (1 —2/n). 3anaua
Tenepp 3aKJIOYaeTcsi B TOM, YTOOB HE3aBUCHMO OT NpPHBEAEH-
noro peittenns Haiith JIC Gartapen ¢ OAHAM HENPABUJBHO
BRJIOYEHHBIM DJIeMEeHTOM.

3aMeHHM Bce n—1 «npaBW/IbLHO® BKJIOYEHHBIX 3/1EMEHTOB
omuum ¢ IAC & H BHYTPEHHHM CONPOTHBACHHEM r/(n—1).
Torpa sKkBHBaJeHTHadA cXema Bcefl 0aTapeH NpPHHHMAET BRJ,
nokazaHusiit Ha puc. 9.2. Tlockoabky IJC Garapen paBHa
HANPSIKEHHIO HA Pa3OMKHYTHIX nojocax A u B, To ocTaercs
TOJBKO HalTH HanpaxXenne Mexay ToukamMu A n B B cxeme
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na puc. 9.2. 310 HanpsAKeHHe MOKHO 3alUCaTh B BHJE
6" =Uyp=8—1r/(n—1), (8)

rie ToK /[, mupxkyaupyooumii B penH, NpeAcTaBJeHHON Ha
puc. 9.2, pasen

2é6
I =te=n @)
HonpcraBnasa I ua (9) B dopmyay (8), nonyuaem
6" =& (1—2/n). (10)

HOCKOJIbe [P NEPEKMOYCHHH NOJAAPHOCTH OJHOTO M3 3Je-
MEHTOB TO0JIHO¢ CONpOTHBACHHE IEnH C Harpysxoﬁ HE MeHsdeT-
¢4, TO TOK B Harpyske H3MEHsIeTcA BO CTOJBLKO Xe€ pas, BO

6,1'/(n—1}
Fe

I
Puc. 9.2, DxsuBastenTHas cxema Garaped U3 n
Ar 4 3J1eMEITOB, H300paxeHHOl Ha pHc. 9.1

ckosibko u3mensiercad DJIC. EctecTBeHHO, 4TO M BTOpo#t cnocol
pelieHHst IPHUBOANT K TOMY XK€ DesysbTary. A

10. AnexTpoIBUTaATENb NMOCTOSIHHOrO TOKA. D/IeKTPOABHIa-
TeJib, AKOPb KOTOPOrO HMEeT COMpOTHBJEHHE R, BKJIOYEH B
ceTb NOCTOSAHHOro Toka ¢ Hampsxkenuem U. Ilpm stom rpys
Maccoil m MOAHMMAETCH CO CKOPOCTHIO Uy MOCPEACTBOM HeBeco-
MOH HHTH, HaMOTAHHOH Ha och ABUraTend. C KaKoil CKOPOCThIO
v, Byler onyckareCA DTOT XK€ Py3, ecjin BO BHEIIHeH LenH
IPOU30HAET 3aMbiKaHHe, B pe3yJbTaTe KOTOpOro 06MOTKa
AKOpS OKaKeTcd 3aKOpOYeHHOH? $IKopb 3jeKTponBHrartess
HAXOAUTCA B MATHHTHOM INOJIE, CO3aBAEMOM MOCTOSIHHLIM MAar-
suroM. TpenneM B TOAHINMHUKAX npenedpeyb.

A Tlpexxae Bcero nofymaem, noyeMmy BooOlIe yCTaHABJIH-
BAeTCA KaKas-To ONpeleNeHHad CKOPOCTb cliycKa. Benp ecan
NIPOCTO OTK/MOYHTH ABUTATE/b OT CETH, TO MPH OTCYTCTBHYU Tpe-
HUS B NOALIMIHUKAX IPy3 OyIeT PacKpyylBaTh AKOPb H Omyc-
aThCs PAaBHOYCKOPEHHO. ¥YCKODEHHe, KOHeuHOo, GyJeT MeHbLie
YyCKOpeHHS! CBOGOJHOTO HaACHHA, €CJIH AKOPh ABHTaTeNs of-
JajfaeT 3aMeTHbIM MOMEHTOM HHepLuH. [[purarteib, KaK Mul BU-
AuM, 37€Cb BOOOWIE HH MPH 4YeM, €ro AKOpb — ITO MAPOCTO
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pacKpy4YHBaeMEIH ONycKAaOHuMCst Tpysom MaxoBuk. OnHako
B paccMaTpUMBAaeMOM B 3ajlaue CJydae 3J1eKTpHYecKas [enb OKa-
3HIBAeTCsl 3aMKHYTOH, HO TaK, 4TO HaNOpsAKeHHe Ha JBHTATE/Db
He MOJACTCA, U B Pe3ybTaTe IPH ONYCKAHHUH rpy3a oH padoraer
KaK 3aMKHYTBIl HAKOPOTKO reéHepaTop IOCTOSHHOro Toka. [Ipi
BDALICHHH SKOPS B MarHHTHOM [0/1€ B ero o6MOTKe HJET TOK.
CKOpOCTb ONyCKaHUs Ipy3a Tenepb OyleT yBEHYHBATECA TOM5-
KO [0 TeX 1O0p, NOKa JeHCTBYIOWMH Ha AKOPb JABHTATeJs CO
CTOPOHBI TPy3a MEXaHHUYECKHH MOMEHT He GyAeT ypaBHOBEenieH
MOMEHTOM CHJI, AEHCTBYIOIHX Ha FKOPb C TOKOM CO CTOPOHLI
MaCHUTHOFO M0/ HHAYKTOpa.

Tak Kak MOMEHT MeXaHMUECKHX CHJI, ASHCTBYIOIHX HA
SIKOPb, OAMHAKOB KaK [IpH PaBHOMEPHOM [OABEMe, TaK W Npi
paBHOMEDHOM cnycke (Fpy3 OMHH M TOT ¥K€), a MariuTHOE MOoJse
HHAYKTOpa CUHMTACTCA MOCTOAHHBIM (MO YCJOBHIO 3aJayM OHO
€O3/aeTcA MOCTOSIHHBIM MATHHTOM), TO M TOK B LENH AKOps
fiyZeT OJNMHAKOBBIM NPH YCTAlOBHBLINXCA NMOAEeME H CIYCKE,
NOCKOJBKY €HJa, AefiCTBYICIAf HA DPOBOAHHK C TOKOM B Mar-
LUTHOM N0JI€, nponopuuonatsna toxy. O6ossauny ToK B sKope
DU ycTaHoBHBlueMcs aBmwennn seped /. Halita ero noxho,
BOCIIOJIb30BABIIICH 3aKONOM COXPANCHuUA SHEpPriH NpH NCIL-
eme rpysa: norpebaseMas OT ceTH Momucets /U HaeT na na-
rpeesanne ofSMOTKH AKOpA H Ha noaneM rpysa. O6osnauas
MEXANHUECKYI0 MOWIiOCTh, Da3BHBACAMYIO JBHraTeJIeM, uepes
Py, MOXKeM Hanucatb

IU=I*R+P,. n
PE‘U]HH 3TO ypﬁBHeHHe, Haxodiiv
=Y Y P )
IR~ GRZ T R

ﬂoqemy e NOaYURJIGSh [Ba 3HauveHusn TcK2? B YCACENH
sajayy 2alanul Macla rpysa B CKOpPGCTh Cro noamema, T. €.
,qfaKTINeCI\'H 3ajana Mexanuteckast MOUullciTb, pa3BHBACMar
JEBVTaTe/ICM:

D ,=mguvy. {3

Ho oy U Ty JKC MEXaHHSeCKYIO MOULIOCTh, MEIbLIYIO0 MakcH-
MaJBIIoH, KOTOPYIO MOMeT DasBHTb HEHTATe/b NPH 33Jal0M
manpswenun U, MOXKHO NCIYUNTh UPH JIBYX 3HAYCHHAX TOKA B
skepe. B camoM zerme, mocTponM ¢ nomousio dopuyanl (1)
rpaIK 3aBUCHMCCTH Mexanigeckot momucetH P, 0T cmiwl
Toka B sikope nAmmratens (puc. 10.1). Drtor rpaduk npen-
cTaBafgeT coboil mapabosy, BeTBH KOTOpOH HanpaBlJeHM BIIH3



302 Vi1, 3JEKTPUUYECKHH TOK

I nepecexkaioT och abcuuce B Toukax /=0 u [=U/R. Tlepsas
TOYKa COOTBETCTBYET PEKHUMY XOJIOCTOTO X044, T. €. BPaIleHHIO
AKOps MoTopa 6es BHelmHeH Mexanmyeckoit Harpysku. [lpu
stoM 3/IC VHAYKUHE B OOMOTKE STKOPS KOMIEHCUDYET HPUJIO-
weHuoe uanpsokenne U, H TOK oTcyTtcTsyer. Bropas Ttouka
(I=U/R) coorBercTByeT 3aTOPMOKEHHOMY BHELIHHM YCHJIHEM
, HeBpaaomemMycs — AKo-
& pio, Koraa C unayknuu
4 B ero oOMOTKE OTCYTCI-
Byer. Ilpn stoMm MexaHM-
yeckas MOIHOCTb ABHIA-
, TeNA, OYEBHAHO, paBHA
i ByJo, u Bca notpebsse-
Mag OT CeTH MOMHOCTD
g4 V. HICT HAa Harpesanpe o0-
Puc. 10.1. 3asucuMocts pazsusaemoii MOTKM siKopsa. Bepminna
SJACKTPOABHIaTENIEM MeXaHHYyeCKoi Hapaﬁoﬂbl COOTBeTCTByeT
MOILLHOCTH OT BeAHUYUIIBI TOKA MaKCHMaJIbHOﬁ MEXaHU-
4eCKOH MOLIHOCTH JBHTa-

Tend, Koropasd, Kak HerpyaHo yOeautbeda, paBia UY4R.
M3 puc. 10.1 Buano, 4to J:000e 3HAYEHHE MEXaHUYECKOH
MOIIHOCTH P, =mgu,, veHbinee U*/4R, MOKHO mONy4UTL NPH
JBYX 3HayeHusix Toxa [y u /2. KaxpoMy n3 3THX 3Ha4eHui ToKa

15’:7[)’

Puc. 10.2. Oana 4 Ta Ke MexaudyecKad MOUHOCTb Py, = mgu, MoKer
GHITh MOJy4eHA NPH JBYX 3HAUEHHAX YIJA0BOH CKOPOCTH AKOPH

COOTBETCTBYET ONpeAe/ieHHOe 3HAYeHHE MOMEHTA BHEIUHeli CH-
Jbl, AeAcTBylOWEe# Ha akopb ABurares. Ilockosbky 3ta cana
paBHa CHJie TAXKeCTH mg, ACHCTBYIOWEH Ha NOoJHAM2eMbli
rpy3, TO KaxAOMy 3HAYCHHIO MEXAHNYECKOrO MOMEHTa COOTBET-
CTBYET OUpENeNeHHbI pajiyc OCH, HA KOTOPYIO HaMATHIBAgTCA
unth (puc. 10.2a cooTBeTCTBYET MEHbLIEMY 3HAYEHHIO MEXaHH-
4eCKOrQ MOMEHTA U, CjepoBaTejbHO, TOoKy [y, puc. 10.26 —
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TOKy 1,). B nepeom cayuae Ta e camasi McXaHudecKas MOII-
HOCTh JBHraTe]s mgu, NOJYYaeTcsl NPH MEHbIUEM pajHyce H
GoJibllell yr/ioBod CKOPOCTH BpallleHHsi AKOPs, 4eM BO BTOPOM
cnydae. IlepBhlii cayuail, oyeBHIHO, COOTBercTByeT GoJee
BhicokoMy KIIJL moropa. XoTfl haHHBIX 3ajauu, CTPOro roBo-
pAa, ueJocTaTtouHo AAg TOro, YTo0hl OT/@Th NPEANCUYTEHNE TOMY
HJIH IpyroMy 3HAYeHHIO TOKA, HO €CJIH NPEeNOJIOKITh, YT0 NpU
HoAbeMe I'pysa ABMraTesib paoTal B «IPaBHIBHOM» pexiMe,
TO H3 KopHelt /, u /, cienyer BHIGpaTh MeHBIUMH.

Kak mbl BRicHUJH, Takol ke Tok Oyjer nporekaTh B 06-
MOTKE SIKOPSt H NPH yCTallOBHBLIEMCS CliycKe rpysa. Bocnouss-
3yemCsi 3aKOHOM COXpaHeHHs 3HepruH. [lockosibKy Tenephb
MOTOp npejctaBJiser coboli 3aMKHYTHI HAKOPOTKO FeHepaTtop
IOCTOANHOIO TOKa, YOBLIb HOTEHLUHANbHON 3HEprHH Ipy3a
paBHa KOJIHYECTBY TENJIOTHI, BhliesoMerocs B 0O6MoTKe AKopa:

mgu, =I*R. 4

3Havenne ycTaHOBHBIIEHCS CKOPOCTH clycka U, NoJydaercs
OTCIOJla NOcJe MOACTAHOBKH 3HaueHUs cuast Toka [ U3 dopmy-
Jul {2), B KOTOpO# MexaHlUuecKast MOULHOCTH P,,, pasBHBaeMas
MOTOPOM IIpH NOLLEME FpY3a, NOJACTARJEHA H3 COOTHOLIERHA (3):

PR U imgRu; |*

JII0BONBITHO OTMETHTb, YTO CyMMa CKOpoOcTell mnoAbeMa
H cnycKa paBHA CKOPOCTH XOJIOCTOTO XOJa Vg, T. €. CKOPOCTH
noaremMa HuTH Ge3 rpysa.
Urobel yOeauThCst B ITOM, BCIOMHMM, 4TO BO3HHKAalOUlas
B o6MoTke saxopsa IJIC nupykunn &, NPonOpUHOHANBHA CKO-
pOETH BpallleHuss aKOpHA, T. €. CKOPOCTH JBMXKeHNs HHTH U,
HaMOT2HHOH Ha OCh:
&, =kv. (6)

Wcnoan3ys Bhlpaxenne (6), 3annmem ypaBHenHa 3akoHa Oma
AJif TPeX pexHUMOB paboThl JBHraTess — NPH NOABEME I'Pys3a,
DpH CHYCKe Ipy3a € KOPOTKO3AMKHYTHIM AKODEM H Ha X0JO-
CTOM XOAy:

U—kvy=IR, kvy=IR, U—ky,=0. N
Briuntas BTOpOE M TpeTbe ypaBHEHHs H3 NMEpBOro, NOJyYyaem
Uy Uy =0, A (8)

11. Konjencatopsl B UenH ¢ TOKOM. Paccmotpum cXemy,
noxasannyio ua puc. 11.1. K BXoAubIM KieMMaM NpHJCKEHO
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nocTofHHoe nanpsxenue U. Oupenenuth HanpsKeHus Ha
KOHLEHCATOpaxX, paccMaTpuBas deThipe BO3SMOMKHBIX MOJOXe-
nus kaouedl Ky 1 Ke: 1) oba xk/moua pasoMKHYTH; 2) Koy Ky
3aMKHYT, K2 pasoMkHyT; 3) ofa x/moua 3aMKHYThl; 4) Kiaou K
pa3omMKHYT, K2 — 3aMKHYT.

A IpoaHamusupyeM MOCACAOBATENLHO BCe YETHIPE CJIydas.

1. Korpa ofa kJ/woda pa3soOMKHYTEl, HHKAKOTO TOKa HM B
ONOM y4acTKe HenH Her. 3ajada B 3TOM CJyuyae 4HCTO 3JIeKT-
pocraTHueckas: JABa [OCJEJ0OBATENbHO COENUHEHHBIX KOHJICH-
CATOPA MOJK/IOUYENIb K HCTOUHHKY NOCTOs HHOTO Hanp sxenua U.

o U o —o f o

, c,
]

i i .
o Ve

. ¥ Ea— | |

Ry £y R, R,
Pre. 11.1. Hanpaxeunus Ha Kou- Puc. 11.2, Taxo#i Bug npunuma-
seuncatopax Cpu Cy, 3apucAT OT eT cxema, Korfa Kjawou K, saMk-
nmosoxedaus Kmwouefi Ky u K, HYT, a K3 Da3oMKHYT

[Tosromy Hanpsikennsa Ha xonjeucaropax U; u Uz B 3TOM Ciiy-
yae ONpeNe ATCs M3 CHCTEMbI yPaBHeHHH

U1+U2=U, C1U1=C2U2. (1)

[Teppoe M3 3tuX ypaBliennii O4eBHAHO, @ BTOPOE OTpaXKaer
P2BSHCTBO 3apfJIOB MOCJeJ0BaTeIbHO COeAMHEHHBIX KOHJeHca-
topoB. Pemasn cucremy (1), maxoanm
CQ 7 Cl
Ui=Uzge Ve=Ugaig @)
2. Bo Bropom cayuae, Korja kaou K, samkuyrt, a K2 pa-
3OMKHYT, CxeMa NpuunuMaer BHJI, NOKa3aHubil Ha pHc. 11.2,
B taxch nenu uepes nocse0BaTesibHO cOeJHHEHHbe CONPOTHB-
a2uaua Ry n Re uner TOK, a JA7s KONJEHCATOPOB BCE OCTaercs
3K JKe, KaK H B NePBOM cJydae, Tak Kak Hanpsxenne U no
yCJOBHIO HeusMeHno. IlpyruMn cJjoBaMH, B Takoil cxewme 110-
c/le/loBaTe/ibHBE IENOYKI KOHJAEHCATOPOB U CONPOTHBJEHHH
[e3aBHCHMO, Dapa/LIe/IbHO JAPYT APYTY NOAK/MIOUEHBl K CETH
¢ NOCTOAHHLIM HanpsKenneM U.
Ecan nanpsxenve U He nojjep:kuBaercs HEH3MEHHBIM, a
HCTOUHUK NpejicTapiaser cobofi, Hanpumep, akKymyJasTop ¢
ONC & ¥ BHYTPEHHHM CONPOTHBISHHEM 7, TO NOAKJOYEHHE
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[erouKH conportuaienuit R, 1 R: 1 BO3SHHKHOBeHHE TOKA [=
=& /(R4 Rz--r) npuBOAT K yMEHBIIEHHIO HAND SPKEHUS, NIPH-
JIOXKEHHOTO K IienovyKke KoHJeHcaTopoB. B stom cayyae omo
6yner paBHo He JJIC muctounuka, a

& (Ri+R») -

U=I(R,+R) =-prp 77" (3)

Qopmyabl (2) A4 HanpsxeHHH Ha KOHJEHCATOpaX OCTaIOTCH

B cuJie, T0JbKO nof U criellyer noHUMaTh BEJIHYHHY, JABAEMYIO
CoOTHOIeHeM  (3).

3. Korga ofa kJiodya 3aMKHYThI, KOHJEHCATOPhi HeJb3s
CUHTaTh COEJIMHEIHBIMH MOC/Je0BaTelbHo. JIeACTBHTeNBHD,
B 3TOM cJjiyyae CcXeMy MOMKHO MHpe]-
CTaBJsiTh TaK, KakK [OKa3aHO Ha
puc. 11.3. Kaxnmuifi Konjencarop
coelluNed NapasviesbHO €O «CBOHMY _“__ i
CONpPOTUBJIEHHEM, H M0O3TOMY 3apsi/ibi
KOHJIeHCAaTOPOB YiKe He paBHbl ApyT
apyry. Hanmpsxenne ma xaxaoMm
KOHJIEHCATOPe pAaBHO HallpsKeHHIO 7,
Ha COOTBETCTBYIONIEM CONPOTHBJIe-
uuu. Tax xaxk conporusienus R; Puc. 11.3. Koraa ofa kiio-
H R: coenmrenn! Mexay coGoit noc- %3 SAMKHYTLL,  KAKALH

KOHAEHCATOp COoeqHHelN
J€JlOBATENbIIO, TOK Hepe3 HUX OMM-  papamzensuo co «cBomM»

- [/ ©

HakoB u Hanpaxenus U, u U: COTpPOTHBACHHEM
YIOBIETBOPSAIOT CHCTEMe ypaBHEHHUM:
U,+U,=U, UJU,=R\/R,. 4)
Pemasi 3ty cHcTeMy, nojayuaeM
R, s
Ui=Ugzrr Ve=Uggrr RR ®)

Ecnu u B 3TOM C/yyae He/b3sd NpeHeOperarb BHYTPEHHHM CO-
[IPOTHBJIEHHEM HCTOUHHKa, TO noj U B dopmynax (5) creayer
foHMMaTh HaNPsXKeHHe Ha BHELWIHEM yyacTKe LenH, JaBaemoe
seipaxkenuem (3).

4. Koraa xmoyu K, pasoMKHYT, TOKa B Leny HeT. Ecau Koy
K, npu 3TOM 3aMKHYT, TO HanpseHHEe Ha Komjaeucartope C,
pasuo Hymo. CrenoBare/ibHO, HanpsizKeHHe Ha KOHAEHCATOpS
C, paBHO HaDPSIKEHHIO WCTOYHMKA nuTanua U.

OrMeTHM, YTO HNOJy4eHHbI OTBETHI CipaBeJJMBLI TOr/a,
KOTJa Bce NEepeXollHbfe mpoUecchi B LeMH yxe 3aKOHUUJINCK.
HenocpencTBeHHO noc/ie 3aMblKaHuA (HJIH PasMBIKAHMA) KJHO-
geldl NPOUCXOJHMT lepesapsajxa KOHJIEGHCATOPOB, YTO 3aHHMaer
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HEKOTOPHI MPOMEKYTOK BpeMeHu. JJIHTeJHHOCTH 3TOTO Npo-
MEXYTKa 3aBHCHUT OT 3HaueHUH COHpOTHBJleHI/Iﬁ H eMKoc¢-
Ted.

Ipu pewenuu 3710 3ajaun CYUTANOCH, 4TO BCE KOHJEHCATO-
pbl 6ul1H 1le 3apsaxKeHu 10 NOAKMOYCHUS HCTOYHHKA B Kax0M
H3 paCCMOTpCHHbIX cayydaes. 210 yCJIoBHE MOXKeT OKasaTrhCsa
HEeBbINOJIHEHHBIM fIDH NOCJ/eJOBaTeILHOM MEepeXose OT oiHOoro
cnyuyas K gApyroMmy Oe3 OTKJIOyeHHsA HeToyHuKa. Hanpumep,
NpH mepexope oOr cayyas 4 K chaydalo 1 nyreMm pasmpikaHug
xmoua K, xonjencarop C, kak OblI, TaK H OCTaHETCA HeE3aps-
XKEHHLIM, HeCMOTDpA Ha TO, 4YTO HpU 3TOM NOJyyaeTcCsi cXeéMma
C nocjaeloBare/ibHO COeJJUHEHHbIMM KOHJeHcaTOpaMH. Hanpﬂ~
JKeHHe Ha [nepBOoM KOHALHcCaTOope OCTaeTCsd paBHBIM U, a Ha
BTOpOM — HYJ0. CpaBHHTe 5TOT Pe3yJbTar ¢ pelleHHeM 3a-
naid 13 pasnena «DexTPOCTATHKa». A

12. Cxema ¢ «mnamatbio» . Ha BXofe uenH, HOKa3aHHOM
Ha puc. 12.1, nogaepxuBaerca nOCTONHHOE Hanpsikehune U.
Chayana Bce KJ04M pasOMKHYTBI, KOHAEGHCATODHl He 3apfiie-
gpl. Kakye MaHunyJaguul c KJgo-
yamu U JBHXKKOM peocrata R HYX-
HO fipou3BsectH, 41066l 1) Hanps--
XeHye Ha KoHJeHcarope C; pap-
Hagock U ¥ JaMnouka npH 3ToM
ropesia; 2) HanpsKeHue Ha KOH-
pencarope C, paBaaaoce U »n
JIaMIoYKa Toxe ropesa?

A 3avKHeMm BliayaJe kjiwy K.
Puc. 12.1. OSnexrpuueckas  Jlng Toro 4rolH Jamnodka rope-

CXEMa C «NaMATLIO ga, xmou K, nomxen GblTh 3aMK-

HyT. 3amkHem ero. B stom cay-
yae HanpaxXKeHHsA 1la KOHJeHCATopax OTJIHYHBL OT HYJS U B
CyYMME PaBHBI NpuJOXeHHOMY Hanpsixkeuunio U. Usmennuth 11
HAAPAXKEHUS MOXHO, TOJLKO 3aMKHYB KMod K,. 3aMKHeM
u ero, Ec/in Teneph, nepeaBuras JBHKOK, ClesiaTh CONPOTHBIE-
nye peocrtata paBHbIM HYJIO, TO Bee Hanps:xenue U Oyzer npu-
JIOXKEHO K JaMnouke. Hanpsaxkenue Ha KoHAeHcaTope C, TaKkxke
craHer paBubiM U, a nanpsixenue Ha KoHJeHcarope C; obpa-
THTCA B HYJIb: Ml peanusopaiu curyanuio 2). Teneps MOxHO
pa3oMKHYTh KoY K H BepHYTh ABIJKOK peocTara B NpexHee
nonoxenue, [Ipu sToM HanpaxeHne Ha koujeHcartope C, oc-
TaneTcss paBEpM U, Ha C; —— paBHBIM HY/IIO, a JaMIOYKa Npo-
AOMKaeT ropeTh. XOTd Teneph COCTOSHHE KJIOUEH TAKOE XKE,
KaK H B0 3amMblKanua K, HO HanpsixeHHs HA KOHJEHCATOpax
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uible, JIpyruMu clioBaMH, cHCTeMa «IOMHHUT» CBOKO MPEALICTO-
puio.

O6patuM BHUMaHHe HAa TO, YTO NMPH BLIGPAHHOH NOCJIENOBA-
TeNLHOCTH MaHUNYJAALHA ¢ K/IOYaMH HanpsukeHue Ha KOHJeH-
catope C, HeBO3MOXHO clenats paBHbM U. Hyxkno nckats
HHYIO Noc/enoBare1suocTs MaHunyasuufi. [HonpoByem nocae
3aMpIKaHua kmoda K 3aMkHyTbh He KMo K, Kak paHblle, a
kimou K,. Ilpu stoM nanpsxenue Ha xongeucatope C, cTaHer
pasubM U, Ha C, — paBHBIM HYJ/I0, 4 JIAMIOYKA, pasyMeercs,
roperb He G6yner. Tenepb pazomkHeM Kmwou K., Npu 3TOM Ha-
npsi:elns Ha KOHAeHcaTopax He H3MeHarcs. Eciiu saTeM saMk-
HyTh K04 K, TO JlaMIloyka 3aropurcs, H GyjeT peanHsoBana
curyauus 1),

Taxkum o6pasoM, B 060HX pacCMOTPEHHBIX CIyyasX KOHey-
Hble [10/10MeHHs BceX K/Mouell U JBHXKKaA peocTaTa OJ{MHAKOBHI,
JIaMIIOYKa TOPHT, HO pacnpegesieHHs HanpsikeHHHA Ha KOH/IeH-
caTOpax JMaMeTpajibHO IPOTHBONOJOMHBI, DTH HaNpKeHUs
3aBHCAT OT MpeJILIECTBOBABLICH [OC/AEI0BATEILHOCTH NEePeKJIo-
YeHHIl. A

13. TlepexonHple npouecchi B HENH ¢ KOHLEHCATOPOM,
CKOJbKO BpeMeHH OYJeT 3apsakaThCs KOHJAeHcaTop eMKocTH C,
ec/TH €ro MOAKJAIYHTh 4epe3 CONPOTHBeHHe R K HCTOYHHKY
nocrosiHgoro Hanpsikenua U, (puc. [3.1)?

K R R

211—/ “ c]—

T T

Puc. 13.1. Kougencarop C 3a-

pAXKaeTCsl yepe3 CONPOTHBJe-

HHe R OT UCTOYHHKA HOCTOAH-
wore Hanpsxenusn U,

e o
A I ==
7]

Puc. 13.2. TIpu TtakoM BniGope
HanpapJeHHs TOKA ero 3HadeHHe
I cBs3ano c¢ 3apajoM Bepxuei
NJAACTHHH § COOTHOLICHHeM [==

=dq/dt

A Tlpu sambikannu Kmoua K (puc. 13.1) B uenu osnukaer
TOK M KOHAEHcATOp HauMHaeT 3apsxarbed. [lo Mepe yBennye-
HUA HalpsKeHHA Ha KOHAEHCATOPE TOK B neny ybniBaer. [po-
Hece 3apsiAKM KOHAeHcaropa OyneT NMPOHCXOAHTH RO TeX nop,
iloKa HanpsikeHHe Ha KOHAEHCATOPE HE CTAHET DABHBLIM Ha-
npsxkernio ucrodduka Uy, [locne Hakonsenust Ha nuactumax
KOHJAeHcaTopa HeoGXxoaumoro A atoro 3apsana q,=CU, 1ok
B UENH INPEeKPaTHTCA, T.e. NepexoiHble NPoLUeccsl B Lenu
3aKOHYATCH.
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O6o3nauuM 3apajn BepXxHe#d NJacTHHB KOHJAEHcaropa 4epes

g. B npouecce 3apsnxu KoHneHcaTopa q uaMensercs. CKopocTh

H3MeHeHHs 3apsi/la BepXHel naacTuHsl dg/di onpejieiser cuay
toka [ B uenu:

I=dqldt. n

®opmysna (1) coorBercTBYET TakoMy BeIfODY HanpaBJellus
TOKa, KOTOpoe yKkasaHo Ha pHc., 13.2: mojoxure/bHoe 3Haye-
nue Toxa B dopMyse (1) cooTBeTCTBYET BO3pACTaHUIO 3apsija
BepXHEH NJaCTHHBl KOHAeHcatopa, T.e. MOJOKUTENLHOMY
SHAueHHIO NpPON3BONHOH dg/dt.

B paccmarprBaemoll nocJefoBaTesabHOH Leny cymma Ha-
npsoREeHH# Ha conpotubieHnn Ug n xonueHcatope U, paBua
npunoxeHnoMy Hanpsekenmio U,. Tak kak Hanpsikenue Ha
conporubiennu Up paeto npousseneuuio. toka I Ha coupo-
THBJEeHHEe R, TO

IR+ Ug,=U, 2

Monctapsigs cloja 2naveHne Toka / yepes CKOpOCTh H3MeHeHHs
3apsila KOHjeHcatopa M3 ypabuenus (1} M yunThiBas, yTO Ha-
npsikente U, ua xoHpencarope B JicGelt MoMeHT paBHO ¢/C,
nojsydaem

RI 4 v, (3

Iro andidepennnansloe ypasienne Aad Qynkuuu ¢({) onpeje-
JAET 3aBUCHMOCTh 3apfifia KoOujeHcaTopa Or Bpemenu. Ero
ynoGHO nepenxcaTh B HECKOJBKO HHOM BHIe, YYMTBIBAS, YTO
npunoxkentoe nanpsxenne Uy paBHO OTHOIIEHHIO OKOHYATEIb-
1oro 3apsna KoujeHcatopa g, K ero emxoctu C: U,=q,/C.
Toraa BMecto (3) noxydum

dgldt=(gs—q)/RC. o

Z3ro ypaBHeHMe JIErKO MPHUBECTH K XOPOLIO H3BECTHOMY Biiy,
€CJIH BMECTO 3apfja NJacTHHBI ¢ BBECTH APYTYIO HEH3BECTHYIO
BeYHHY Q, XapaKTepU3ymLLYI0, HACKONbKO 3aPAR NJacTHHEL
B JIaHHBIH MOMEHT ¢ OTJIHYaeTCA OT OKOHYATENbHOTO 3apaja ¢o:

Q=g¢o—q. (5) _

Vs onpenenenus (5) caenyer, uro dg/di=—dQ/dl. Tlostomy
ypasHeHue (4) noc.ie 3aMeHd (5) npHHHMAET BHJ

dQ/dt=—Q/RC. (6)

Res)
YpaBHenue (6) o3HayaeT, 4TO CKOPOCTh H3MeHeHHS HepocTalo-
lero sapsiga  nponopuuoHadbia caMoMmy. 2HaueHmio Q. Pe-
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[I€HHEeM TaKOro YpaBHeNHs ABAgerca sKCnonenuuanbtas GyHk-

Hst
Q(¢)=A exp(—1/RC). (7)

Tocrosunyio A MoxHO HafHTH H3 HadadbHBIX YCIOBHI,
Tak xax B Haua/bHBI MOMeHT BpeMmeHn f==0 KOHJEHCATOP HE
3apsaxeH (¢=0), T0, KaK BUAHO u3 Qopmy.nl (5), Hemocraio-
ILHH 3apAR Q npH 5TOM paBeH ¢o. TakuM 06pa3oM, NMOCTOAHHAN

g
240N
\ =g, [7-ezp(-2/1)]
N g=g7 [F-esp(-1/%)]
Loy
e I~~~ 4= g,0np(-1/7)
{ N ——

g 7 ¢

Puc. 13.3. 'paduk usmMeHenns 3apaga KoHfeHcaropa

A B ypaBHerun (7) paBHa OKOHYaTe/IbHOMY 3apsly KoOHJeH-
caropa (,.

['paduk saBucumocty Q(f) noKasaH WITPHXOBOH JuHHeH Ha
puc. 13.3. M3 dopmyast (7) Buauo, 4ro npoussesenne RC pas-
HO TOMY TPOMEXYTKY BpPeMeHH T, B TedeHHe KOTOPOro 3Ha4YeHue
Q(¢) ymeHbuiaeTcst B e pas:

Q(t)=gole, 1=RC. (®)

3aBHCHMOCTh 3apsija KOHIAeHCATOPA g OT BpeMeHH /IS pac-
CMATpPUBAEMOro npoilecca nojayyaerca u3s ¢opmyJssl (5) nocie
IIOACTAHOBKU B Hee BhipaxeHus aaa Q(¢) u3 (7)

q(£)=go {1—exp (—t/1)}. ©
I'padux ¢ ({), nokasanusifi Ha puc. 13.3, MOXHO noCTPOHTD
KaK pa3HOCTh MeXAY NOCTOSHHBIM 3HAYEHHEM OKOHYaTeNbHOro
sapsja ¢, ¥ rpadpuxom 3asucumocti Q (f). Haiipennas sasucu-
MOCTH 3apsila KOHJeHcaropa OT BpemeHHu (9) nosBoaseT Jerko
HaliTH TOK B IIENH NPU 3apsjKe KoHJeHcaTopa B /MmoBoH MOMeHT
ppemenH. Tak Kax coriacxo dopmyJe (1) Tok ectb npoussos-
Has dg/dt, To ¢ nomoupio (9) Haxoaum

I()=Lexp (—2)=Leexp (—{-) (10)

[Tpu 3apsiixe KOHAencatopa TOK MaKCHMaJieH B HayasbHLIl
MOMEHT (NpH 3aMbIKaHHu KJ04a) U B AajbHeHuleM 5KCIOHEH -
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EHaNbHO YOBIBaeT co BpemeHneM. Ero rpaduk uMeer Takoi xe
Buj, Kak u rpapuk Q(¢f) na puc. 13.3.

CoBepuieHHO aHAJOTHYHO MOXKHO pacCMOTPeTb MpoLecch!
IpH paspsalKe KoHJeHcaropa uepes conporubdenne. Ilycrs
B HayaJbHBII MOMEHT BpeMeHH KOHJeHcatop emkoctn C 3apa-
»eH Ao Hanpsixkenus U,, T. e. HmeeT 3apsf q,=CU,. 1pu 3a-
MbIKaHMH KJ/io4a B LENH BO3HHKAET TOK, KOTOPblfi y6bIBaer
no mepe paspsja koHaeHcaropa (puc. 13.4). Ecan no-npexuemy

+—J£ Puc. 13.4. TIpu takom shGope manpasJe-

¢ I\; @  Hud ToKa ero 3mawenmue / CBA3aHO C 3aph-
- JOM BepXHell NAacTHHH § COOTHOLIEHHEM
T I=—dg/dt

NOA g MOHHMATb 3apsf BepXHell MJACTHHBI KOHJAEHCATOPA, TO
BRIOpaHHOMY Ha puc. 13.4 HampaBlenmio TOKa COOTBETCTBYET
BLIpaxeHHe

=—dgldt, , 11

TaK Kak IpH NOJOXKHTEJLHOM 3HaueHuM ToKa I 3apsij sepXHei
naacTHHbI YObiBaeT, T. e, dg/di<<0. [TocKoibKy B 060H MOMEHT
BpEMEHM Hampsikenue Ha konpencatrope U,=¢/C paBHO na-
npaxenuio Ha conpotusnenn Up=IR, T0 ¢ nomowsio Bel-
pamenusn (11) nmeem

dg i

@ T RrCY (12)
CooTBeTCTBYIOIlEE HAIIMM HAYaJbHBIM YCAOBHSM  pelleHHe
9TOr0 YpaBHEHHA MMeeT BHJ

q()=q.exp(—t/7), 1=RC, (13)

nockonbky npu f=0 3apajp KoHAeHcAaTOpa paBeH ¢,.
Taxoit e FKCnOHEHIHaJAbHHH XapakTep HMeeT H 3aBHCH-
MOCTb OT BPEMEHH TOKa B LENM IpH paspsje KoHIeHcaTopa:

I ()= —%:%exp(—%)=-’é—° exp (-——g) (14)

Kak BMAHO H3 NOJYYEHHBLIX PEIMICHWH, H Npouecc 3apsipku
KOHJEHCATOpa, M RPOLECC PaspAfKH, CTPOro roBOps, HPOAOII-
xxaiotes Geckoneuro posro. Ho, xak ¥ BO BCeX MogOGHHIX npo-
meccax, BPeMEHHAA 3aBHCHMOCTb KOTOPHIX OMNHCHIBAETCS 3KC-
[IOHEHTOH C OTPHIATENILHLIM NOKAsaTesneM, OCHOBHOE H3MeHe-
HHE paccMaTpPUBAeMO#H BEHYHHbI (B ZAHHOM cJiyyae — 3apsja
KOHZEHCATOpa HJAM TOKa B LENU) NPOHCXOAHT 32 KOHEYHBIH
NPpOMEMYTOK BpeMEHH, H JIHWb OCTAOLIEECH CPaBHUTENLHO
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neosbIioe ee HaMeheHHe TpeGyeT GeCKOHEYHOrO BpEeMEeHH.
[TapamerpoM, XapaKTepH3YONIUM AIHTE/NbHOCTH TaKOro mpo-
necca, SIBJseTCH BeJMHYHHA

v=RC.

3a npomexyTOK BpeMeHH T paccMarpuBaeMas BeJiM4UHaA H3Me-
usercs B ex2,72 pasa.

Ecnu unTtepecoBathca BpeMeHeM, B TeueHHe KOTOPOIO Npo-
H30HJleT H3MeHeHHe B J060e (CKOJb YrojHO GoJblioe, HO KO-
HeyHOe) YHCJIO pas3, TO 370 BpemdA OyAeT OTJHHATLCA OT T
TONABLKO YHCJOBHIM MHOMXHTENEM (M MPH 3TOM CPAaBHHTEJIbHO
neGonninv), Hanpumep, BpeMa, 1O npoOLIECTBUH KOTOPOro Ha
MJlacTHHAX paspsKalollerocs KOHAeHCATOpa OCTAHEeTCs TONLKO
oiia ThICAYHas YacTh IepBOHAYa/NbHOrO 3apsija, paBHO TX
X3 In 10=T7r.

B nio6oit peasibHOH cucTeMe nepeXolHRIl npomece NMPoAOT-
Kaercst B TeyeHHe KOHEYHOro (a He OeckoHeyHO G0JIBLIOrO)
IIPOMEXKYTKAa BPEMEHH, TAK KaK IOBOPHTL O TAaKOM IMpolecce
HMEET CMBIC/I TOMBKO 10 TeX 10p, lI0Ka paccMaTpUBaeMas BeJd-
Y{Ha He YMEHBWMHTCH O 3Ha4€HHd, COOTBETCTBYIOIIETO ypOB-
HIO TenJOBhmIX (QVIYKTyauHH B cuCTeMe,

B npueenenHom peniedun safadu MOJYasMBO NpepioJiara-
JIOCh, YTO MT'HOBEHHOe 3HaueHHe TOKa OJHO H TO Xe B JoGoM
MecTe JEKTPHYECKOH NeNH, cOeAuHAWed o0KJIalKH KOHAEeH-
caTtopa, a 3/eKTPHYECKOe 11o/Ie KOHAeHCatopa TaKoe XKe, Kak
B 3/IEKTPOCTaTHKE NPH TeX Ke 3apsigax Ha oOKiaagkax. Tak
MOMKHO CYMTaTh, €C/IH pacnpocTpaHeHHE SJIEKTPHYECKHX B3a-
MMOJeHCTBHI MPOHUCXOANT NpaKTHYeckH MruoBenHo, [Tockoss-
Ky Ha CaMOM fiesie pacnpocTpaHeHHe 3/IEKTPOMarHHTHOTO MOUA
MPOUCXOJMT ¢ KOHEYHOH CKOPOCTHIO (CO CKOPOCTBLIO CBETA C), TO
RPEANOJIOKEeHHE O MIHOBEHHOCTH Oyjer BIOJIHE ONpPaBAAHHBIM,
ecid BpeMsl pPacnpocTpaHEHMs NOJif BAOAL LEMNH Majo 1o
cpaBHeHHIO ¢ T. B TakuX c/1yqasX TOBOPAT, UTO ABMEHHS B J/ICK-
TPHYECKOHA Lieny HOCAT KBasMcTallMOHapHbd xapaktep. Eciwu
JJUIHY neny 0003HaYuTh 4epes [, To yc/I0BHe KBasHCTalHoHap-
HOCTH NpPONECCOB MpH 3apAjnke WIN paspsi/ike KOHACHCATOPOR
MeeT BUJ

llcZ1=RC.

PaccmorpenHsie B 3TOH 3ajadye npoiecchl MO3BOJSIOT 00bsic-
HWTb, KakK [POUCXOAUT mpeoGpasoBanue  RC-uencuxoi
(puc. 13.5) nopaBaeMoro Ha ee BXOJ NEPEMEHHOrO Hampsike-
HHSL B BHIe NOCJEAOBATEIbHOCTH IPAMOYTOMbHBIX HMHYJILCOB,
Hauano kaxzgoro npsiMmoyronsHoro umnyJsca (puc. 13.6) coot-
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BETCTBYET MOAKJIOYCHHIO K BXOJHBIM KJ/eMMaM renu HCTOYHHKA
10cTOs HHOTO nanpsikenus U, Ha BpeMs, paBHOe AJHTEJBLHOCTH
umnyabca T. Ilpu stom corsacko ¢opmyne (10) B nenu ckay-
KOM BO3HHKaeT TOK, KOTOPBI NOCTENeHHO yMeHbIIAeTcs IO
Mepe TOro, Kak KOHJEHCATOP 3apsaxKaercs.

Ecau Bpemst 3apsiku KOHaeHcatopa T=RC MHOIO Melblie
IJHTEIbHOCTH N10aBAEMOr0 Ha BXO/Jl IIPAMOYTO/NBHOTO UMY Jib-
ca T, TO TOK 3apsAJKH NpeKpaTHTCA paHblle, yeM 3aKOHUUTCHA
NpsSMOYTO/bHBIA UMIYJ/IbC. B MoMenT npuxosa saanero gpoxra

Uy -

T
B N N N
1 s

Upx R Upx “i l\l ‘\‘ T

T ? = == f s—

Puc. 138.5. Cxema RC- Puc. 13.6. 3aBucHMOCTL OT BpeMeHu
LeTOuKH BHIXOANOrO HampsixkeHus Ha RC-

Helnoyke MpH ropaue Ha €€ BXOJ
MPSIMOYFOJBHLIX HMIYJbCOB

NpAMOYTOMILHOTO HMNy/ibca HOJaBa€MOe Ha BXOJA NENOHKH
HanpsaeHHe cKadkom ofpamaerca B HyJsb. DakTHYECKH 3TO
o3HagaeT, YTO INPOHCXOAUT KOPOTKOE 3aMbiKaHHe BXORHLIX
kaemM cxemsl, Henb, conepxamasn R u C, cTaHOBUTCSH KOPOTKO-
2aMKHYTOH, H KOHAGHCATOp DaspaXKaercs 4epes CONPOTHBJE-
uue R. Hanpasienne Toka Opd paspsjke NpPOTHBOMOJOKHO
fanpaB/eHHo TOKa npu 3apsanke. [lostoMy BhIXojHOe Hanps-
JKEHHe Ha CONPOTHB/CHUH R MMeeT MPOTHBONOJOKHBIE NOJsAp-
HOCTH TIpH 3apsajke u paspspake (puc. 13.6). MMnysbehl BHIXOA-
HOTO HanpsxKeHua npu v<<7° HMeIOT OJIMHAKOEYIO BEJHYHHY W
1IpH TIOMOXHTeNBHOH, U NPH OTpHIATEbHOH NOJNPHOCTH, TaK
KaK KOHJEHCATOp yCHeBaeT 3apsajuthed J0 Hanpsereuus U, u
TOK Yepe3 CONpOTHBJeHHe R, Kak ciexyeT u3 ¢opmya (10) u
(14), oauHakoB B o6OHX caydYasax.

Ecan ppema 3apaikH KoHpencaTopa 1 OoJibllie AJIHTEIBHO-
CTH NPSIMOYTOJbHOTO HMNyAbca T, TO KOHJAEHCATOP K MOMEHTY
npuxona 3ajfrero ¢poHTa He ycrneBaer 3apsauThcsd AO Hanps-
senna Uy, I'padur BHXOZHOTO Hampa:kenus na cONPOTHBJE-
HHH R J 3T0TO c/lyyas TakXKe noxasaH Ha puc. 13.6. Buixoa-
Hble HMNYJbchl OTPHLIATENbLHOH MOJAPHOCTH TenmePh MEHbLIE,
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TaK KaK TOK IPH pa3psijke KOHJEHCATOpa MEHBIIE, YeM IIpH
sapaake. Orciona caeayer, 4yTo npH Tt (opma BBHIXOAHOIO
nanpsaxesus Ha RC-Ienouke JHIIL HE3HAYUTENbHO OT/IHYAETCS
OT BXOJAHOrO, NMoka {<&t. [lpu npubamkesuu { K T HMIOYALCLI
OTPHIATEIBHOH 1O/ PHOCTH TIOCTENEHHO PacTyT, a HMIYJbCh
IOIOKUTEAbHOH 10/ pHOCTH YObIBalOT. B KOHIle KOHLOB IpH
{>>T MOJIOXKUTEJbHBIE H OTPULATE/ILHBIE HMIYJILCH CPABHSIOTCS
no BedHYHHE M INOCTOAHHAA COCTAaBJAIOLIasi BHIXOAHOIO Ha-
npaKeHuss oOpPaTUTCA B HYJIb.

dopma BrixoaHOTO Hanpskenus Ha RC-uenouxe Booblle He
OTAnYaercs or (opMbI BXOAHOIO B TOM cJyuae, KOTAa BXOAHOE
HanpsiXKeHHe CHHYCOWJaJbHO 3aBHCHUT OT BpemeHu. Pasymeer-
cf, aMIVIMTYAA H (pa3a BHIXOAHOTO HaNpaxKeHHs1 GYAYT HHBIMHU,
YE€M Y BXOJAHOrO, 110 3aBHCHMOCTL OT BPEMENH 6y11€’1" o-npex-
nemy cuHycoujanbHolt., CoxpaHeHue (OPMBI HanpPAMeHus,
B OTJIHUHE OT PACCMOTPEHHOrO BHIIIE CIy4asi NPsIMOYTOJAbHBIX
HMIYJILCOB, AT CHHYCOHAAJBHOTO HanpsxeHus Oyner Bbl-
MOJMHATLCS TIPH MoOGBIX COOTHOLIeHHAX Mexay T=RC u nepu-
OJIOM TO0JAaBaeMOTo HanpsKeHHs. A

14. Pe3oH&HC B NOCHEAOBATENbHON LEeNH TEPEMEHHOTO TOKA.
Ha nocrenoBaresibHO cOeqMHEHHBbIE pe3HcTOop R, KOHAeHca-
top C ¥ Karymky uUHAyKTHBHOCTH L (puec. 14.1) noaaercs
nepeMeHHoe CHHycoujasabHoe Hanpsixenue U(f)=Uos o,
npHYeM YacTOTY ® MOXKHO HU3MEHSTb, HE MEHSia aMILIHTYbI
nanpsikeHuss U,. Okasa’soch, YTO NPH YacTotaXx ®; H O
CHJ1a TOKa B LeNH OAMHAKOBA U PaBHa MOJOBHHE MaKCHMaJbHO
BO3MOMKHOro 3Hauenud. [lpum Kaxkoi uacrore @, AOCTHrAETCH
MaKCHMAaJbHOE 3HAUEHHEe TOKa?

A AMIJMTY/A 1IEPeMEHHOrO TOKa B PACCMaTPHBAGMOH IenH
onpegesseTcs COOTHOWIEHHEM

Uy
V R+ (@L=T/wC)p?’ M

ITpu (uKcupoBaHHBIX napamerpax nenu R, L u C u 3apan-
10l aMONUTYJe BHellHero Hanpsxeuusd U, sta ¢opMmyJa paer
3aBHCHMOCTb aMIIUTYABI TOKA B UENH OT 4acTOThl NPUJIOMKEL:-
HOTO HaNpsKeHUd ®. 3Ta 3a3lCHMOCTH HMEET XOpOUIO H3BecT-
HBI BHZ pesonaHcHoM Kpueof (puc. 14.2). Ilpu HU3KHX YacTo-
tax (0~0) Halnuye KOHIEHCATOPA NPAKTHYECKH SKBHBANEHTHO
paspeiBY B HEMH H TOK OTCYTCTBYET. [IpH BBICOKHX 4YacToTax
(® — 00) CONPOTHB/ICHHE KOHJLHCATOPA CTPEMHUTCH K HYJIO, HO
3aTO HEOrpaHHYEHHO BO3PACTaeT CONPOTHBJEHHE KaTYIIKH HH-
JYKTHBHOCTH, M TOK CHOBa CTPEMHTCH K HyJ0. MaKkcHMaabHGE

0=
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3HayeHHe aMIVIHTY[ABI TOKa, KakK BHAHO u3 dopmyan (1),
HOCTUTAeTCS HA YacToTe ®,, NIPH KOTOPO# BhIpaMenne B CKoG-
Kax o6palaercss B HyJb:

o, = 1/VLC. (2)
B sToM ciyyae MHAYKTHBHOE H €MKOCTIIOE CONPOTHBJIEHUA

paBHBbI APYT APYTY H B HENH HMEeT MECTO Pe30HaHC HampsikKe-
uuft, [Ipy ®=0m, TOK B leMH 3aBHCHUT TOJLKO OT aKTHBHOrO

iy
U /R == —
b }
{
Uft)
[ ¥4 !
i
1
i
R A ¢ 11 -
7 W Wyt @
Puc. 14.1. [locnexoBatenbnad Puc. 14.2. 3asucumocTs aMnaau-
Hens [epeMeHHOr'0 TOoKa TYyAB TOKAa OT 4acTOTH ®

conporHsienus R, ero amnaurysa pasia U,/R, a casur no
ase MEXAY TOKOM M NPHJIOKEHHDbIM HANpSKEHHeM OTCYTCT-
BYeT.

®opmyaa (2) aaBana Obt OTBeT Ha BONPOC 33134, €CaAu O
Obliin M3BECTHH MHAYKTHBHOCTL L u emrocts C. OpHako no

/
NZEN

Wy Wy 7 by ty w

-

Puc. 14.3. Vpasaenue (3) HMeeT eule H 183 OTPHUATRALHHK KOPHUA

YC/OBHIO 3a/{a4¥ HYIKHO BBIPA3HTh ®, YEPe3 YaCTOTH M) U ®,,
NIPH KOTOPHIX aMIVIUTYAA TOKA BJBOE MEHblie MaKCHMAIHHOM,
Hs puc. 14.2 BHAHO, YTO YACTOTA ) JEKHT MEXAY 0, U ©,, 4
caMu ®; U @, TeM OJIXKE APYr K APYTY, UeM ocTpee pe3oHaHc-
HaA KpHBas.

Jna HaxOMIeHHA Pe30HAHCHON YaCTOThl W, MOCTYIHM CAe-
AytouiuM obpasom. Kak Buano u3 puc. 14.2, yacroiul o, ¥ o,
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ABAAIOTCA KOPHAMH YpaBHEHHH
Uy Yo

2R Y RIF(L—TjeC)?’ @)
TNIOCKOJIbKY OHH ONpPeje/dloTCs TOUKAMM IepeceueHus NpsMoil
I4=U/2R w pesounancHoii kpusoii (I). Or™eruM, uto Kpome
HMEIONIHX (PM3HYECKH I CMBIC MOIOXHUTENbHEIX KODHEN 0, H 0,
ypaBHEHHE (3) HMECT OTPHLATEIbLHBIE KOPHH — B U —(@,, TaK
Kak NpaBasi 4acThb (3) AB/asercd yeTHOl (PyHKuHeli nepeMenHo
o (puc. 14.3). Bossoas (3) B KBagpar, noJyyaem

(0L—1/0C)*—3R*=0. (4)

Ymuoxkas (4) Ha ©®C? u 3aMeHss colvlacHO (2) NpOH3BejeHue
LC na l/o}, noayyaem
0*—j (2 4 3R*Co;) 0 + i =0. (5)

Ypaphenue (5) OUKBaAPATHOE H, CJENOBATENLHO, HMEET
yerbipe KopHsi. CTOJIbKO K€ KOpHEii HMeJO MCXOAHOE ypaBHe-
nue (3). [TockosbKy NPH BO3BEJEHHH YpaBHeHHA (3) B KBajJpar
MBI He MOIJIH TOTEpPATb KOPHell, TO KOPHH ypaBHeHHs (5)
coBnajalotT ¢ KopHsMH ypaBHeHus (3). Ilo rteopeme Buera
cBoGoaHbIf wieH ypaBHeHUA (5) PaBeH MPOH3BEJCHHIO €TI0 Kop-
heii: ‘wloi=o0l, otkyaa o, =} 0,0,.

O6paruM BHHMaHHE Ha TO, 4TO A/Is1 CHPaBEAJHBOCTH MOJIY-
YEHHOFO OTBETA HYXHO JIHLIb, YTOOBI NPH YacToTax ®=0); H
=0, 3HAUEHHMH TOKa B Henu GbLH Oul onuHakosbi. CoBcem
He 00f3arejbHO, YTOOBI OHHM COCTaBJAJIH HMEHHO MOJOBHHY
MakCcHMaJbHOrO 3HaueHHA. B camoMm gene, eciu mpu vYacrorax
®, H ®, 3HaYeHU$] TOKA B i Pa3 MEHbIIE €ro MaKCHMaJabHOro
3HayeHus, To B JAeBoi yacTH ypaBHenus (3) U,/2R uyxHo 3a-
MeHuTs Ha U,/nR. Jlerko y6eauthes, 4To cBOBOHBIN Yjen
©¢ B ypaBHeHHH (D) HE H3MEHHTCH, NIOSTOMY COIJIACHO TEOpeMe

Buera no-npexxHeMY @, =lew2. A

15. dazospamarens. K toukam A u B cxembl, mnoxkasan-
Hoit na puc. 15.1, nonaerca uanpaxenune U,yp=Ucos ot.
Kakoe HanpsikeHHe CYIIECTBYeT MeXAY Toukamu E u D?
[Tp1 KakoM YCJIOBHH aMIIMTYJHOE 3HAYEHHE 3TOro Hampsike-
uug coBnagaer ¢ U,y? Kakum npu stom 6yAeT caAsBHr (a3 Mexay
nanpsokeHusMH Upp 1 Ugy?

A Jlag peuteHus 3TOH 3ajauyu yJAOGHO NPHMEHHTb METOJ
BEKTOPHBIX AuarpamMM. IIpu sTOM nHTepecylolye Hac BeNHYHHL
MOTYT ObiTh HaiijeHbl M3 HAIVIA[HLIX IeoMEeTPHYECKUX coobpa-
KeHHH,
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[Toctpoum BEKTOPHYIO nuarpaMMmy HaNpsKEHHI Ha Bcex
snemeHTax cxeMmel, Pacemorpum ywactok AEB. Tlockoabky
conporuBieHne R; v emkocrs C, cOeAHHEHB! NOCAEAOBATENBIO,
TO BEKTOpHI, H3ofpaxaiouue Hanpsukerus Up u Ug , mep-
MeHjuKy ISIpHE PYT Ipyry, a HX CyMma H300paxaer NpH-
noxeHnHoe Hanpsxkenue U,p. Tlpu BeiOpannoM HanpaBieHHH
BP2IEHUS BEKTOPOB NMPOTHB YacOBOH CTPEJKH BEKTOPHAA Jua-
rpamMma 3THX Hanps:XKeHu# nokasaHa ua puc. 15.2. Onuuiem

Puc. 15.1. K Touxam A u B no- Puc. 15.2. BexTopuas pguar-
JAeTCsA CHHYCOHAAJIbHOE Hanpsi- paMMa HanpsiKeHud A ydact-
KeHHe Ka uenu AEB

OKOJ/IO TIPSIMOYTO/IBHOrO TPEYroNbHHKa, 06pa30BaHHOTO BEKTO-
pavu Ugp , U, 1 U,, okpymuocts. Funorenysa U, sasier-
CAl IMAMETPOM 3TOi OKPYKHOCTH. Tenepb MOCTPOHM BEKTOPHI,
usobpaxaiomue Hanpsukenus Up u Up . Oun Takxe B3auMHO
nepneHANKYJAapHbI, H HX cyMMa paBHA sektopy U,, usobpa-
)KawoueMy npusioxernHoe Hanpsxenne U yg. a8 Toro uroGei
B jajbHefilneM Oblo yao6HEe HAXOAUTb HHTEPECYiouee Hac
HanpsKeHHe MEXIY TOYKaMH E u D, 6yaem npu noctpoeHuu
BEKTOPHON AMarpaMMbl YUHTHIBATH NOCJELOBATEILHOCTD COEAH-
HeHuUsT anemenToB C U R B Kam oM nJeve cxemel. [losiHas Bek-
TopHasa AuarpamMvma HanpsukesHid H3o0paxkena Ha puc. 15.3.
Tenepn s1erko cOOGPA3UTL, YTO HANpPSIKEHHE MEXNY TOYKaMH
E n D, 1. e. pasnocts Hanpsikenuit Up u Ug,, _H3o6pasures
BekTopoM U,, KOTOPBIA pacnosoxeH 1O APYrof Auarosanu
yeTHIPeXyroJdpHHKA Hanpsxkenufi. Ero Hanpasienue omnpeje-
JIIETCA TeM, UTO MBI Ha30BeM IIalpIKEHHEM MEXAY TOukaMH E
n D: pasnocte Ugp—U; umu Ug,—Up. Ykasanhoe na
puc. 15.3 HanpaBneHHe STOrO BEKTOPA COOTBCTCTBYGT nepsoil
BO3MOXHOCTH. Torza MrHopeHHOe 3HaueHHe Hanpsukenusi Ug,
GyIeT OMHCHLIBATHCH BBIpaXKEHHEM

U g, = Uy cos (0f + @), )
rae yroa @ (puc. 15.3) moxer usmeHsitbesa ot 0 jgo .
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M3 reomerpuyeckux coobpaxeHu#i OUeBHHO, YTO aMILIUTYA-
HOE 3HayeHHe 3TOTO HanpsKeHHd He MoxeT ObiTh GoJblue
U,. OHo paBuo U, TonbKO TOrAa, KOrjaa Bektop U, mpoxoaut
no AxaMeTpy OKpyxKIocTH. B 3TOM Cilydyae 4eTbIpexyrolbhnx
HanpsKeHHH npeBpalljaercd B NPSIMOYTOJIbHUK, H HHTEpecyic-
mHi Bac capur no ¢ase ¢ mexay Ugp n U,y BaBoe Goarine
CABATZ 10 (hase MeXKAY MNPHJIOKEHHbIM HanpsukenueM U,y u

Puc. 15.3. Hanpsaxenne Puc. 15.4, Uto6n aMnanTyja Bbl-
Ugp,— Ug, Mexay ToukaMy XOAHOIO0 HAmpfXKeHHs MEeXIy Tou-
E v D u306paxaercsi BEKTO- Kamu E u D Gblia paBHa aMIJIATY e
. n b xKe BEK-

pom Us PHJIOKEHHOTO HaNpsKeHHs,

Top U, DOJNXKEH DPOXOLUTL Yepes
HEHTp OKPYIKHOCTH

HanpsXKeHUAMH Ha CONpOTHBJeHu#X R, u R, (puc. 15.4).
Yro ¢/2 NerKko HaXOAHTCH U3 FEOMETPHUECKHX COOOPaMeHHii:

tg ((9/2) = Uoc,/UoR‘ = Uocz/UoR,- (2)
Tak Kak B INOCJEAOBATEIbHO COEJMHEHHBIX Y4acTKaX Lend
TOKH OAHMHAKOBBI, TO COOTHOLIEHHS (2) NepenuchBaloTCs B BUje
tg (9/2)=1/(0CyR,)=1/(0C,R5). (3)

M3 coornomenns (3) BuiTexkaer, uto U, paBuo U, npHu Boi-
noaHenun yeaosusa CiR1=C,R, a caBur No ¢ase ¢, BXOAMLIHIT
B opmyay (1), B 3TOM caydae onpejeasercs ¢ NOMOIIBIO BLi-
paxeHHd A TaHTeHca ABOHHOTO VRJa:

_2tg(9/2) 20CRy
g = 1—1g2(9/2) ~ (0CiRyY2—1 "

Ilpu pasencTse €MKOCTHBIX M OMHYECKHX COTNPOTHB/EHHI,
1. e. npu VoC=R, cisur (a3 Mexay HanpsxeHusmu U,
u Upgp cocraBasier /2.

PaccMoTpenHaa cxema npeacTaBiger cofod IpHMep npo-
crefimero (asoBpamaressi, ecaH HCNOJAb30BATh TNepeveHHbIE
€MKOCTH H CONPOTHBJICHHS, A
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16. Tpauchopmatop ¢ cepucunnkoM. [IpH BRJIOUEHHH mep-
DBUYHOH OBMOTKH TpaHcdopmaTopa ¢ 3aMKHYTBIM CEPACUHHKOM
B ceTh ¢ HanpaxeHnem ;=100 B Ha pasoMKHyTO BTOpHUYHOM
06MOTKe, uMelle B gBa pasza (n=2) Goablllee YHCJIO BHTKOB,
nanpsukenne U,=197 B. Kaxoe nanpsixenne 6yJer Ha pasoM-
KHYTOH BTOPHUYHOH OGMOTKE, €CJIH BOCNO/b30BATHCA CEPAEUHH-
KOM TOrO XK€ pa3Mepa, Ho M3 MarepHaja ¢ MarHHTHOM PoHUIIae-
mocTbio B k=10 pa3 meiubluell, yeMm B nepsom cayyae? Pacces-
HHE MArHUTHOTO NOTOKA U NOTEPH B CEPJAEUHHKE HEe YUHTHIBATE.

A Bynem B nanbHelilieM, K&K H B yCJI0BMH 3aa4u, 6yKBaMH
U, n U, o603Hauarb aMIJIUTyIHble (U1K JEHCTBYIOLIHE) 3HAYe-
HYS COOTBETCTBYIOIHX HampfaxeHHil,

IIpuBoguMoe HIXKe pelIeHHE CIPABEATNBO 4151 PeKUMa «X0-
JIOCTOTO X01a», KOorja BTOpHUHas oOMOTKa TpaHcdopmaropa
pasovkHyra. Hanpaxkeniie U, Ha pa30MKHYTOH BTOPHYHOH 06-
MOTKe B mnepBoM cayyae menblle yem nlU; =200 B. ITockonsky
paccessHHs MarHMTHOTO TOTOKa H [OTEpb B CepleYHHKE No
YCAOBHIO 3aJlaud HET, TO Pa3/MyHe 3TO BhI3BaHO NajcHHEM Ha-
NpsiKeHUs1 Ha aKTHBHOM CONPOTHBJEHUH NEPBHYHOH OOMOTKH.
Hanpsxenne Ha HHEYKTHBHOM CONDOTHBJIEHHH Rj nepBHYHOM
OBMOTKH onepexaer mo (pase Ha 7/2 TOK H, CJeI0BaTelbHo,
HanpAXeHHe Ha AaKTHBHOM conporuBienuu. [lostomy mas
nosiloro HanpsxeHuss U; Ha nepBHYHOH OGMOTKe, KaK $ICHO
U3 BEKTOPHOIH JAHarpaMMel, MOXHO HalHcaTb

U,=VUR+Ui. (1

Paszymeerca, senocpeiactsenHo nameputs Up n Up no
OTAGNbHOCTH HEJAb3fl, TaK KakK NepsuyHas oOMOTKa He eCTb
HOCJIeIOBATeIbHO COe/MHeHHbIe HHAYKTHBHOCTE L H aKTHBHOE
conpoTuB/IeHne R: Kaxablil sjeMeHT o6MOTKH 06/1a4aeT OpHo-
BPEMEHHO H HHAYKTHBHOCTbIO, M CONPOTHB/IEHHEM. 3TO TakK
HasbiBaeMas HeNb ¢ pacnpeneieHHbiMu napamerpamu, Ho npu
pacuere MOXHO 3aMEHUTH PeabHyIo 00MOTKY Ha Hellb ¢ cocpe-
JIOTOYEHHBIMH MaPaMeTpaMH — KaryLiKy HHIYKTHBHOCTH H CO-
NIPOTUBJIEHHE, COEAHHEHHbIe NOC/e0BaTeNbHO, NOCKOALKY Ye-
pe3 KaXIblll 3JeMEHT HCXOJHOH HellH HAET ORHH H TOT JKe TOK,

Hanpsxenue Ha HHAYKTHBHOM CONPOTHUBJICHHH TNepBHYHOL
06MOTKH 1@ Monyao pasHo DJIC caMOMHAYKIHH &, BOZHHKA-
Io1iell B epsHYHON 0OOMOTKe, HO NPOTHBOIONOKHO et 1o (ase.
Hanpsaxenne U, Ha PasoOMKHYTOH BTOPHYHOH OBGMOTKE PaBHO
posuuKatoumefl B Heft 3C uaLyKuuu &,. [Tockonsky & 1 & s
CBAI3aHH cooTHOWEHUeM &5/&1=n, TO

Uy=nU,. )
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Hrak, nanpsmeHHe ua pasoMKHYTOH BTOPHYHOH OOMOTKE
onpeneasercsl He TOIHBIM HalpPAKEHHEM Ha NMepBHYHOH OOMOT-
Ke, a JIHIb €ro HHAYKTHBHOH cocTapJjsdomed. [TocKonbky H3
cooTHowenus (1) caeayer, 4to

Ur Ry, !

~L _— 3)
v VRrr: VTIFRIR)® v
TO
nlj
—_— e, 4
OV TERIRY) *)

3ameHa cepAeUHHKa NPHBOAUT K H3MEHEHHIO HHAYKTHBHOTO
COMPOTHBNIEHUST TIEPBHYHOA OOMOTKH. MHAYKTHBHOE CONpPOTHEB-
JeHue Ry TNpONopIHOHAILHO MATHHTHOR NPOHHUAEMOCTH Mare-
puazna ceppeyilika, MO3TOMY

R, /RL=F, (5)

rae R; — MHAYKTHBHOE CONDOTHBJEHHE NEPBHYHOH OGMOTKH
nocjie 3aMeHbl CepAeYyHHKa.

Yuureisas ¢opMynay (5), ¢ noMoupio Bhpaxenus (4) Ha-
npaxeHue U; Ha BTopHuHON 06OMOTKE MOC/I€ 3aMeHbl CePAEYHMKA
MOXHO 3anucaTb B BHAE

, nlUy nlUj

Ry VTRGREE ®
W3 coornowennii (2) u (3) supHo, uTO
(RIR ) =(UyU ) —1 = (aU,U,)*—1. (7
[loacraBaas (7) B cooTHOWmeHHe (6), HaXonnM
U; | ®)

T VTR WO

Hcnonbsys 3ajanibie B yCIOBHYM 3HaYEHHs BXOAAWMHUX B ¢op-
Myay (8) sernuun, noaydaem U;=100 B.

Hrak, nanpsxenue Ha pa3soMKHYTOH BTOPHYHOH 06MOTKe
0Ka3aJoch paBHBIM NOJAHHOMY Ha NEPBHUHYIO OOMOTKY, He-
CMOTpP$-Ha TO YTO YHCJO BHTKOB BO BTOPHUHOH OCGMOTKE B JIBa
pasa Goswiie, PaccMOTpeHHbIS npHMep NOKasbiBaeT 3HAYEHHe
cepAieuHHKa ¢ G0MbILOH MaTHUTHOH NPOHMHAEMOCTBIO: JUIST HOP-
MaJabHOH paboThl TpaHchopMmaropa HEOGXOAMMO, YTOGHI aK-
THBHOE CONpPOTHBJEHHe R nepBUYHOR OOMOTKH ObL10 Majo Mo
CPaBHEHHIO C €e HHAYKTHBHBIM CONpOTHBJIEHHEM Ry (R<KRy).

[1pu BHINONHEHHH 3TOrO YCJIOBHS HHAYKTHBHAS COCTAaBJIAIO-
1,as HanpsKkeHua 6yzer 61U3Ka K 0JjaBaeMoMYy Ha NEePBHYUHYIO
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o0MoTKy Hanpsxenmio Uy, ¥ takoro Tpancdopmaropa Ha Xo-
gocroM x0ay U,~nlU;. 3TH HanpsKeHHA HAXOZATCHS TNOYTH
B nporusodase. baaropaps GonbmioMy HHAYKTHBHOMY COIpO-
THBJICHHIO NEpBUYHON OOMOTKH TpaHcopMaTopa ¢ cepAeUiHKOM
TOK B HeHl NPy Pa3oMKHYyTOH BTOPHYHON LIENIH MaJl, HECMOTPH Ha
TO YTO aKTHBHOE COIIPOTHBJIEHHE MNepBHYHOH OGMOTKH MaJo.
Ecnn ke Tako#l TpaHcdopMaTop BKIIOUHTD B CETh NOCTOSHHOTO
TOKa, I'Je UTpaeT poJb TONLKO aKTHBHOE CONPOTHBIECHHE R, TO
TOK B TNEpBHYHOH OGMOTKE AOCTHTHET OCPOMHOIO 3HAYEHHS
¥ TpaHcOPMaTOp CLOPHT. A

17. Tpancgopmatop co ciaoxHbiM cepueuHukoy, CepaewHuK
TPaHCchOpMaropa UMeeT CHMMETPHUHYIO (OPMY, noKa3aHHylo Ha
puc. 17.1. JleBas o6MOTKa HMeeT 7y BHTKOB, IpaBas — N,

¥ BuTkKoB. Koraa K JeBoit o0MOTKe
; NPHJIOKEHO Hanpﬂme}mqui, Ha-
I P sKEHHE Ha Pa3OMKHYTOH npaBoft
", } g = 00OMOTKE OKa3biBaeTcsi paBHeIM U,.
[
|
T
I

24 Kakum 6yzer Hanps:xeHue Ha pa-

30MKHYTOH JIeBOH OOMOTKE, €c/H

To ke Hanpamxenne U; nojatb Ha

A npasyio ofmorky? CuilTath, UTO

Pue. 17.1. Tpaucpopmatop MACHHTHBH TOTOK, CO3NABaeMbld

CO CJIOXHBIM CepIeYHHKOM ToKoM B JoOOH H3 0OMOTOK, He
BEIXOZHT H3 CepJEUHHKA.

A Ecau 6w cepreuux TpaHchopmaTopa He MMeN PasBeT-
BJACHUH, MATHUTHBIH [OTOK, NPOHH3HBAOMHH KaOKAYI0 H3
00MOTOK, Obl1 6bI OAMHAKOB. ECAH NMpPH 3TOM aKTHBHBIE CONPO-
THBJIEHHS OOMOTOK MaJlbl 110 CpPaBHEHHIO ¢ HHAYKTUBHBIMH, TO
y Takoro TpaunchopMaTopa Ha XOJOCTOM XOAY OTHOIUEHHE Ha-
npsKeHH# Ha 0OMOTKAaxX paBHAJOCH Obl OTHOLICHHIO UHCE] BHT-
KOB:

S

UyUy=nsln;. (1)

EcrecTBeHHO, UTO B 3TOM CJyyae He norpeGosanoch Obl 3ana-
Barb Hanpskenne U, Ha mpasoii o6Morke, a Hanpsixenne U
Ha JeBOR O6MOTKe HpH Nojaue Ha Mpasylo HanpsxkeHus U
onpeaeasanock 6ul Hopmysoi

U=U1n,/n2. (2)

Yem otnuyaercs paGora TpaHcpopmaropa, KOraa B ceprey-
HHKE TDOHCXOLHT pa3BeTB/jeHHe MarHutHoro nortokar? Cosep-
[IEHHO ACHO, YTO cooTHolneHHe (1) yxe He 6yAeT cOpaBegIuBo,
nocKoasKy DIC, uuaynupyemas B 0JHOM BHTKe, OYJAET pas-
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AYHOM B npasoff # neBolt o6MoTkax. [Ipeanonoxum, 4To Mar-
- HutEpll norok @y, -co3jaBaeMblil TOKOM B jeBofi OBMOTKE,
pasBeTB/feTCs TaK, YTO CKBO3b NPABYI0 OOMOTKY NPOXOZHT
noroK @ ,=kW®;. Kosdduunent k<l 3aBUCHT OT KOHCTPYKUHH
cepjeunnka. Takum ke KoybdunueHrom k caasaunt n 3AC
HHAYKIHH B OTAENbHBIX BHTKAaX JI€BOH H NpaBofi 0OMOTOK:
&=k&;. Tostomy nanpsxenus U, u U,, nponopuxosans-
Hele 3JIC B OTJEMBHOM BHTKE H YHCJAY BHTKOB B OOMOTKE, CBfl-
3aHbl COOTHOLICHHEM

U2=kU1n2/ﬂ1'. (3)

O6parHuM BHMMaHHE Ha TO, YTO 3TO COOTHOIIEHHE MO3BOJISIET
Ha#TH kKOD(PHIHEHT &k JeNeHUs MarHUTHOrO MOTOKAa MO 3a]aH-
HBIM 3HA4eHusAM ny, n, u U,, U,. UnrepecHo otMeTHTh, YTO
BBIXOlHOe HampsaxeHue U, Moxer ObITb MeHBIIE MOAaBaEMOro
nanpsaxenus U; Aaxe npu n,>>ny, Tak Kak k<l,

[Tycts Temepns HanpsxeHHe Uy nopaercs Ha npasyio o6MOT-
KY TpaHcopMaTopa ¢ YHCJIOM BHTKOB 7,. Tak Kak cepjedHHK
CHUMMETPHUEH OTHOCHTENBHO cpenneidl auuuu AA (puc. 17.1),
TO pa3BerBleHHe MarHHTHOTO TOTOKA, CO32aBaeMOro TOKOM
B NpaBoil ofmoTKe, 6yaer ONpefenaThca TeM xKe Koapdunuen-
toM k. TlosToMy B paccmarpuBaemoM cayuae Hanpsxkenue U
Ha pa3OMKHYTOH JIeBOH OOMOTKE CBA3AHO C HaNpsiKEeHHEM Uy,
nojaBaeMbiM Ha MpaBylo OOMOTKY, COOTHOILIEHHEM, aHalorny-
HbIM (3):

U=kU,n,/ns. @)

BxoaAmui ciofla HeusBecTHbIHI Ko3(DpHUIHEHT k& MOXKHO
HCKJIIOYHTB, BOCNIO/Ib30BABIUHCD (hopmyJtoi (3). [Ipu sTom ucko-
MOe HanpsKeHHe OKAXKETCS BbIPAXKEHHBIM He yepe3 TojaBae-
moe Hanpskenue Uy, a uepe3 Hanpskeaue U,, cyumiectsyoliee
Ha pPa3OMKHYTOH NpaBoil oOMOTKe B cayuae, Korla U, nojaercs
Ha JeByl0 OOMOTKY:

U=U,(ny/n;)?. (5)

Pasymeercs, dopmyae (2), cnpasenauBoit s TpaHchop-
MaTopa ¢ HepasBeTBJCHHBIM CepieYHHKOM, MOXKHO MPUAATh Ta-
KO e BHJ, ecau Bbipasuth U; uepea U, ¢ nomousio popMy-
abt (1). OfHaKo Tam 3TO jAe/narh GecCMBbICTeHHO, NOCKOIbKY U,
He gBA9€TCH HE3aBHCHMON BeIHYHHOM, HOO BHIPAXKAeTCs TOJMb-
Ko yepes U, M OTHOWmEHuE Yucea BUTKOB B 0OMoTKax. B Tpanuc-
dopMaTope ¢ DAa3BeTBJEHHBHIM cepieynnkoM U, 33aBHCHT erle
H oT Ko3(puuHeHTa R jeseHHs MarHHTHOrO NoToka. Y6parh
5TOT KOS(DODUIHUEHT M3 OKOHYaTeJapHOH (opmynbl (5) yaanaoch
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1IEIIOH TOrO, YTO HCKOMOE HampsKEHHE BHIPAXKEHO HE 4Yepes
nojasaeMoe Hampsikenue Uj, a uepe3 HampsukeHune U,. Tak
KaK Hanpsxenue U, He BXoauT B OTBeT (5), €ro MoxKHO 6b110 Obl
He 3a3JaBaThb ¥ B YC/IOBHH 3ajayil, OTMETHB TOJbKO, YTO OHO
OJMHAKOBO B OOOHX CJy4asnx. A

18. Crpannblit BoabTMerp. Ha Kese3Hblit cepaeYHUK TPaHC-
¢opmaropa (puc. 18.1) pMecto BTOpDHYHOH OGMOTKH HazieTo
uposoaAmee Koiblo conporusiennem R. K toukam A u B

ér

Bdh oy
> KI/\\]

EREEEE

Puc. 18.1. [lpoBogsaulee KoOJAbLO Pue. 18.2. 3amknyraa uens H3
Ha cepjeunnke TpaHchopMaTopa OAWHAKOBLIX HCTOUHHKOB TOKa

3TOr0 KOJblA, OTCTOSILIUM APYT OT ApYra Ha 1/3 AJMHBI KOJb-
14, NoAK/IoueH ujaeaabHell Boabt™eTp. 3JIC HHAYKUHH, HaBo-
AuMasi B MPOBOASALIEM KoJble, paBHA &. UTo nokaxer BoabT-
Merp?

A Hsmengiomuiicss co BpeMeHeM MarHUTHBI NOTOK B cep-
JIEUHUKE TOPOXAAeT BHXPEBOe 3JIEKTPHYECKOE I0Je, JHHUH
Hanps:KeHHOCTH KOTOPOro NpeAcTaBAsioT cob6ol OKPYKHOCTH,
CHMMETPHUHO OXBaThIBawoliue cepaeunuk. [Ipu cummerpuunom
. PacnosoXeHHH KOJbHA CTOPOHHHE CHJIBI BO BCEX €r0 YYacTKax
oannakossl H AJIC MHAYKUHE B MOGOM yd4acTKe KoJIbLa Npo-
nopIHOHaNbHa JVIHHe yuacTka, B wactHoctH, Ha yuactke AB
SAC uaaykuun Sap=4,8, a Ha yuactke BCA &pc.=
=2/,&. [103TOMy MOXKET NOKa3aThCs, UTO JaHHAad 3aj1auya 3K-
BHBaJIEHTHA XOPOLIO H3BECTHOH 3anaye o NOC/Aef0oBATEdbHO
COEJMHEHHBIX B 3aMKHYTYIO HENb OJAHHAKOBHIX HCTOYHHMKAX
Toka (puc. 18.2). Jlerko nokasarb, 4TO HanpsKeHHE MEXAY
J100bIMH ABYMSI TOYKAaMU TakKOH UeNH paBHO HyJ0. B camom
Jene, mpuMeHsad 3akoH OMa J/1s Y4acTKa HEOAHOPOMHOH Lenu
FD, cojepiaujero n 5/1eMEHTOB, HMeeM

Ugp+n&



18. CTPAHHDBIA BOJIbTMETP 323

C npyroi#t croponsl, npumensisa 3akon Oma KO Bcell 3aMKHYTO#
Lend H3 A-+m JeMeHTOB, N0JdyJuaeM

T o(ntmyr T

CpasuuBas (1) u (2), Buanm, yto Upp=0. Ecan K Toukam F
H D NOJRJIOYUTH BOJBTMETP, €r0 oOKa3aHue GyAeT paBHO HYJIO.
Haxe ecay Toukn F u D coeuHuTb HAKOPOTKO, B LENH HHYICTO
He W3MEHHTCS U TOK Yepe3 NepeMBIUKY He TOHJeT.

KasaJsiocn 6bl, 1 B paccMaTpuBaemoit 3ajade 0 NOXKJIOUelHH
BOJIbTMETPA K TOYKaM A U B npoBOAAILEro KOJbla, 0XBaTblBAI0-
IEero CepiieYHuK TpaHchopMaTopa, Mbl HOAYYHM HYJaEBOE [O-
Kasanue BOJIbTMeTpA, TaK Kak M 3JeCb HanpsKeHHe MexXIY

0 ¢
A A
B 8
I I
I> a LA /]

Puc, 18.3. pa cnocofa MOAKJIIOYEHHS BOJILTMETpPA K ToykaM A u B

JI00BIMH IBYMsSI TOYKaMH KoJbla paBHO Hy/o. Oxpuako eciu
npOBECTH TAaKOe H3MepeHHe, TO Pe3y/bTaT ombiTa Gyier yiu-
BHTEJIEH: MaJio TOTO, YTO BOJIbTMETD MOKaXeT He HyJb, HO ero
roKasanus etiie GyAyT 3aBUCeTb OT TOrO, KaK pPacnoJIOKelibi
pOBOJIA, COEIHHSAIOMINE BOJIbLTMETDP ¢ ToykamMu A u B, OTHOCH-
TeNbHO cepjedyHHKa TpaHchopmartopa (puc. 18.3).

Jleno B TOM, YTO B CXeMe C HCTOYHHKAMH TOKa (puc. 18.2)
[elib CaMOTO BONBTMETPA HHKAKOH pOJM He Hrpaer, TOTAA Kak
B paccmarpHBaeMoM caydae (puc. 18.3) BoapTMerp ¢ mojsons-
IHMH OPOBOJAMH 00pa3yeT KOHTYpP, B KOTOPOM TakxKe HalJIo-
JaeTcsl sABJeHue 3/1eKTPOMArHUTHOH WHIYKIHH,

Kax u3BecTHO, NOKa3aHHe BONBTMETPA IIPONOPLHOHANBHO
IpOTEKAIoIIeMy Yepe3 Hero TOKY: KOTHA TOK Yepe3 BOJbTMETP
pasen [, mnokasbiBaemoe MM uHanpsixkenne U, pasuo [,R,,
rie R, — BHyTpeHHee CONpPOTHBJEHHe BoabTMeTpa. UTOObI
BbISICHHTH, KaKuM OyJieT MOKa3aHHe BOJMbTMETPA NPH TOAKJIIO-
YEeHHH ero N0 NepBoMy cliocody (puc. 18.3a), npuMennM K 3aMK-
HYTOMY KOHTYDY, COJEpXKaileMy y4YacTtok xonaeua AB, coenu-
HHTeJBbHBIE IPOBOJA H BOJbTMETpP, BTOpoe mpasuio Kupxroda.
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ITockonbKy paccMaTpuBaeMmblil KOHTYP 1€ OXBAThIBaeT cepiey-
nika, 1o DJIC uHAYKUMM B HeM paBHAa HyJMo. B pesyabrare
ypaBHeHHe noJiyyaiouieecs pH 00X0A€ 3TOr0 KOHTYpa, HMeeT
BHJ

IRAB’-IBano’ (3)

rae | — Tox B KoJble. Tok / MOXKHO CYHTATH OJMHAKOBLIM BO
BCEX yYacTKaX KOJbIid, TaK Kak 10 YCJOBHIO BOJIBTMETD Hje-
aNbHHI, U, C/I€A0BATEAbHO, TOKOM, OTBETBJSIIOLIUMCS B BOJIbT-
METP, MOXHO mnpeHeGpeyb 1O CpaBHEHHIO ¢ TOKOM B KOJbLE.
B nannom caydae 3T0 o3nayaer, yTo ero CONpPOTHBJEHHE R,
MHOro 60J1b11e CONPOTHBAeHHST R KOJbIa. [ToCKOABKY 1/l BCETO
KOJblla CNpaBeiJIHBO

a conporusjenve R,p yuacTka AB cocTaB/seT OJHY TPETb
conpotuBienus R Koabua, TO u3 (3) noayyaem

UB:IBRB::I/SéJ' (5)

Hrak, nokasanne BoJbTMeTpa HeHCTBHTENbHO OTJIHYHO OT
HYJs, XOTsl OH MOJKJ/IYER K TOYKAaM KOJblLa, HalpsxeHue
MeX]y KOTOPbMH PaBHO HyMO. TaK NPOHMCXONHMT TIOTOMY, UTO
B R3uHOM cJayyae H B NOABOASIHX IIPOBOJAX AEHCTBYIOT CTO-
poHune chjpl. Pasymeercs, Tor ke peayabTaTr (D) MOXKHO no-
Jy4YHTb, paccMaTpHBas Apyroil 3aMKHYTHIH KOHTYP, COAEpKa-
IHA BOJIbTMETP C TOABOASIIMMH NpOBOAaMH M yyacTok BCA
Kosbua (puc. 18.3a). Takoifl KOHTYp OXBaThHIBaeT CepAeYHHK,
H JeificTByiomasn B Hem JJIC mHAyKuUM paBHa &. Y paBHenle,
noJyyawoueecs 1pH 06X04e 3TOr0 KOHTypa, HMeeT BHJ

IR s+ 1R, =&. ()
Mockoneky IRgzc=1-%/3R=?%:&, To u3 (6) cHOBa noayuaem
UB=IBRB:1/3£_ (7)

CoBeplIeHHO AaHAJOrHYHO MOMKHO HaHTH [OKa3blBaEMoe
BOJIbTMETPOM HANpPAMKEHHE TPH NOAKJ/IOYEHHH €ro K TOYKam
A un B 1no Bropomy cnoco6y (puc. 18.36). 3C uuaykuuu B
KOHType, cojiepalileM BOJbTMETP ¢ TIPOBOJAMH M yyacToK AB
xoabua, paeua &. IlostoMy ypaBHeHwe npu o06xoje 3710TO
KOHTypa HMeeT BHJ

IR 5+ 1R, =& 8)

IMockonbky IRsp=1-1/;R=/3&, TO jisi NOKA3aHHUS BOJBT-
MeTpa nonydaem U,=I R, =?%,&. Takoll xke pe3yabTaT 10-
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JIYUHTCSsl, €CAH BOCNO/b3OBATbCA KOHTYPOM, COAEPKAIIUM
yuactok BCA, B koropom DIC HHAYKUUH paBHa HYJIO.

Takum o6pasoM, nOKas3aHHsi BOJBTMETPA AEHCTBUTE/LHO
OKAa3bIBAIOTCS PA3HBLIMHU B ciydasix a H 6 Ha puc. 18.3, HecMoTpsi
Ha TO 4YTO OH MOAKJII0YaeTcs K ONHHM H TeM e TOYKaM, Y POK,
KOTOpPbIfl MOXHO BbIHECTH M3 3TOH 3aJauH, 3aK/IOYaeTcss B TOM,
YTO OTHOCHTbCS K AHAJOTHAM B (PH3HKe CjAedyeT ¢ H3BeCTHOl
OCTOpOXHOCTbIO. Mcnonp3oBaHue aHAJIOTHi NPUHOCUT GOJMb-
HIYI0 N0/b3Y, HO H36GexaTb MNOABOJHBIX KaMHeH NpH 5TOM MOX-
HO JIHILb JIPH AOCTaTOYHO IJIYGOKOM NMOHHMAHHM paccMaTpisae-
MOro QusHyecKoro siBneHHsl. AHa/JOrHA HHKOIZA He O3Hayaer
TOXIAECTBEHHOCTH, NOCKOIbKY JaKe B OUeHb IOXOKHX SBJe-
HHAX pasHod (u3HuecKOH nNPHPOAbI BCeria HMeIOTCA CBOH
0COGEHHOCTH. A

19. JuepreTHyecKHe npespaiieHus B reaepatope. Ilpuunua,
BbI3bIBAIOLIAS JBHIKEHHE 3apsiioB B 0OMOTKaX 3/JeKTporeHepa-
Topa,— 310 cuna JlopeHua. Onnako cusa Jlopenna HanpasJe-
Ha NepleHANKYJ/SPHO CKOPOCTH 3apAjOB H nOoTOMy paboThl He

| B |
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Puc. 19.1. Tlposoguuk  Puc.19.2.Cropocts  Puc, 19.3. Cuna Jlo-
anuHoll [ xumerca c moc- V asHKeunus sapa- penua Fy paBHa
TOAHHOH  CKOPOCTBbIO ¥  JOB OTHOCHTENIbHO  CyMMe CHJA Amae-
NepNeHAUKYASIPHO JAHMHH-  Jabopatopuofl cuc- pa Fa u cToponuei
AM HHAYKuunr B TeMBl OTcYeTa cunnt Fepop

copepinaer. KakuM e 06pa3soM B reHepatope JPOHCXOJHT
npeo6pasoBaHue MeXaHHYeCKOH 3SHEPrHH B 3JEKTPHYECKYIO?

A PaccMOTpHM U1l TIPOCTOTB! JIHHEHHYIO MOJe/b rexepa-
TOpa, CYUTast, YTO NPOBOJAHUK JAJIHHDI [ IPUBOAUTCS B ABHKEHHE
¢ NOCTOAHHOM CKOPOCTDIO ¥ NepPNeHANKYAAPHO JAHHUAM HHAYK-
uuu B omuopognoro MaruuthHoro mons (puc. 19.1). bBynem
cuuTarb, 4ro BekTop B Hanpamsen Ha Hac. Ilpnm paBHOMEp-
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HOM JBHXXE€dHH NPOBOAHHKA Ile]';]CTBy}OIllaﬂ Ha HEro BHEWHAA
cuna F ypasHOBelinBaercss cujoil AMnepa

F/\:]Bl, (1)

BO3HHKAWIEH IPH nosaB/jeHHH TOKA [ B LeRH, T, €. NpH NoA-
K/MOYeHNH HAarpyskd K TeHepaTopy.

Cy1iiecTBOBaHHe TOKa B weny 00yC/JAOB/ICHO HallpaBJaeHHbIM
LBIXKEHHEM 3apfJI0B, BXOASIIMX B COCTaB NpoBOAHHKOB. [Lan
yao6cTBa paccyeHnli 6yneM CUHTATb 3TH 3apAlbl ¢ [10J0KH-
TeJAbHLIMH, @ HX NIOJIHOE YUCJ/IO B paCCMaTPHBAEMOM [IPOBOAHYKE
o6o3Hauum yepes N, ITH 3apsiapl JBHKYTCS BIOJAb POBOAHUKA
€ HEKOTOPOH NOCTOTHHOM CKOPOCTBIO # (CKOPOCTBbIO Apeiida).
ITockospKy €am OpOBOJHMK HepeMeliacTes cO CKOPOCThio ¥,
TO cKopocTh V IBMKeHus 3apsijioB OTHOCHTEJNbHO J1abopaTop-
IO/ cHCTEMbl OTCYETA PaBHA BEKTOPHOH CyMMe CKOPOCTell ¥ 1 &
(puc. 19.2) u Hanpas/ieHa moj yrjioM & K CKOPOCTH ¥ NPOBOX-
nuka, npuyeM sin a=u/V. Orciofa sicHo, yto u cuaa Jlopen-
ua Fy, JeficTByOWad Ha 3apsanl NepHeHAHKYSIPHO HX CKOPO-
cTH V, HanpaB/jeHa He BAOJb NPOBOJHMKA, a NOJA YIVIOM O
K Hemy (puc. 19.3), a ee mMony.ab BmlUuCAseTCH [0 dopmyne

Tlepnenguky/asipuast NPOBOLHHKY coOCTaBaAswInas cuiabl Jlo-
penna, JedcTBylomed Ha Bce N 3apsjoB,— 3TO H €CTh CHJA
Avnepa Fp, mefictByiomasi Ha IPOBOJAHHK ¢ TOKOM B MariuT-
HOM T10Jie:

Fpo=NFpsina=NgVBsina. 3)
[MoxcraBass ciopa sin a=u/V, noayuyaem
F = NguB. (4)

Jlerko BHIETDb, YTO 3TO BbipaXKeHHe COBNajaer c ¢gopmy.aoi (1).
B camom zene, nycrtb 3apsag Ng npoxoiuT BCIO AJNHHY { IPOBOXA-
HuKa 3a Bpems ¢. Toraa u=1/t, a Ng/t — 310 ToK I, T. €. npa-
Baa 4gacth B (4) pasHa [IB.

PaGora BHeluHedl cuael [ 3a paccMaTpuBaeMoe BpeMms !
JIa€TCsl  BBIpaXKeHHeM

Ap=Fvt=NqguBvt. (5)
Tak xak ut=Il, 10
Ap=NguBI. (6)

Ioncuutaem renepb pafoTy CTOPOHHHX CHJ, COBEpLIAEMYIO
npH nepeMelleHuH s3apsga Ng Broab NpoBOJHNHKa 34 BpeMmsa f.
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B npeanbuom reseparope (mpu OTCYTCTBHH IOTEDPH) HMEHHO
Takas paboTa coBeplliaeTcsl BO BHELIHEN [eNH, T, €. B HAPPY3Ke
reneparopa. Ona paBua paGore, coBepluaemoil cocTaBagome
cuJipl Jlopenua, HanpaseHHO BAOJAb NpoBoaHHKa (puc. 19.3):

Arop =NgVB cos -l = NquBl. (7

CpabHpBasi npaBele yacTi B dopmysaax (6) u (7), BuguM, uTO
pabota BHeWHHX CHA Ap, o0ecueuuBaOUX lepeMelerye
NPOBOJHVKA, paBHA paboTe CTOPOHHMX CHA A p,,, TPHBOAS-
IHX K JABHKEHHWIO 3apsjoB B HeM.

- K mnonyuennomy pesyabraTy MOXKHO NPHHATH cpasy, He
NPOBOJAA CTOIb NOAPOOHBLIX BelumcaeHuii. B camoM nene, cuay
Jlopenua Fj, 1efcTBYION{YIO CO CTOPOHBI MAaTHUTHOrO NOJIA HA
JIBHKYINHIACA B NPOBOXHUKE 3apAj, MOKHO PA3/JOXKHTb HA IBC
COCTaBAAIINX: cuny Amnepa F,, ONepneHfHKYJAAPHYIO NPO-
BOJAHHKY, H CTOpOHHIOIO cuay F..,,, HanpaBJeHHYIO BIOJb
nposoanuka (puc. 19.3). Mmenno sta CTOPOHHSAA CHJA BbI3bI-
BaeT pasJie/IeHHE 3apAI0B BHYTPH eHepaTopa U ABJseTcs NpH-
yuHol Bo3HuKHOBeHus IJIC. PaGora cuawml Jlopenua pasHa
HYJIO, NOCKOMLKY 5Ta CHJa HepneHAHKyJAapHA CKOPOCTH.
ITosTomy paBHa Hy/I0 cymMapHas padora cu/bl Amnepa M cTo-
POHHEH CHJIBI:

AntAergy =0, 1. Acrop=— As.

Ho cuna Amnepa paBHa no MOAYJo H IPOTHBOIOJOXKHA 110 Ha-
npaBJ/eHHIO BHEIIHEH CH/e, NPUIOKEHHOH K NPOBOJHHKY. Ilo-
3TOMYy pabora BHelHel cHabl A,,...=—A4. Orcioga ciaeayer,
yT0 paboTa CTOPOHHUX CHJI, Pea/M3yIoancs B HATPy3ke, pas-
Ha paboTe BHEWIHHX CHJI, NPHBONAILMX B JBHIKEHHE POTOD
reHeparopa.

[NonBons HTOr, MOXHO CKa3aTb, YTO DPOJb CHJbl Jlopenua
B 3JIEKTPOreHepaTope 3aK./04aeTcss B NpeoOpa3oBaHHH MeXa-
HUYeCKOH SHEPTHH B JIEKTPHUECKYIO. A

20. Pamka, nmajaiomas B MarHuTHoMm none. IIpamoyro.b-
Hasl MeTaJl/HYeCcKash paMKa HaXOIUTCA MeX]1y IoMmocamu
3JI€KTPOMArHATA, CO3JAIOIIErO TOCTOSHHOE OJHOPOJHOE Mar-
UHTHOE INOJe HHAYKUMH B, HanpaBJeHHOE TOPH3OHTAJBHO
(puc. 20.1). B nexoropbiii MOMEHT paMKy OTHyCKaloT, H OHa
Hayunaer mazartb. OnucaTs JasbHeilllee ABHXKEHHE paMKH,
CuuTaTh, YTO MAarHHTHOE IOJE CYyHIECTBYeT TOJDKO MEX]1y
[OMOCAMH  3JIEKTPOMArHHTA.

A Tlpexne Bcero OTMETHM, YTO PaSOMKHYTas paMka, B KO-
TOPOIl TOK MATH HE MOXKET, Najiafia Obl TaK Xe, KaK U B OTCYTCT-
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BH€ MarHUTHOTO NOJIS, T. €. C IOCTOSAHHbIM YCKopenneM cpobon-
nore najenus g. To xe camoe GyJeT NPOHCXOUTh U C 3aMKHY-
TeH PaMKOH JO TeX 1Oop, 1I0Ka OHA LeJHKOM HaXOMHTCS MEXKLy
noJII0CaMH MarHHTa, T. €. B 06J1aCTH OJHOPOAHOrO MarHHTHOTO
noas. B camoM jese, B 3ToM C/yuae MarHHTHBIA TOTOK 4epe3
paMKy HE H3MeHseTCsl Nnpu €e NOCTynaTe/bHOM JABHXKEHlH,
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Pue. 20.1. Merannnueckas pam- Puc. 20.2. llpu nogeyenuu un-
Ka NajaeT B MarHHTHOM noJe JAYKUHOHHOFO TOKa [ BOSHHKAET

cusna Amnepa F

HIIYKILHOHHBIH TOK B Hell He BO3HHKAeT U HHKaKHX CHJ, KpoMme
CHJIBL TSXKECTH, HAa paMKy He JeHCTByerT.

" Ho Bce HameHuTesl, Kak TOJMBKO HHXKHSS CTOPOHA paMKH
BBIAJIET 3a mpejesnl [0JJIOCOB MarHHTa, T. €. 06JacTH, TAe Cy-
uecTByeT MaruutHoe noJe (puc. 20.2). Tenepp npu ABHKeHHU
paMKH IPOHM3LIBAIOIMA €€ MarnuTHBIH [OTOK yObIBaeT H B
‘paMKe TeyeT MHAYKUHOHHBIE TOK. B pesyJabTaTe Ha BepXHIOO
rOpH30HTA/IbHYIO CTOPOHY PAMKH, HaXORALLYIOCA B MarHHTHOM
no./ie, JeHCTByeT cujaa Amnepa F. Dra cHiaa, B COOTBETCTBHH
¢ npasusoM JleHua AJs HHAYKIHOHHOTO TOKA, HalpaBJeHa
BBEpPX, T. €. CTPEMHTCS YMeHbIUHTh BliellHee BO3AeHACTBHE,
NpHBoOJsIIee K NOSBJCHHIO HHAYKUHOHHOTO TOKA. ¥YCKOpeHie
paMKu yxke He Gyler paBuo g. Cuasl Amnepa, nelicTBylomue
i1a 60KOBble (BepTHKAJbHbIE) CTOPOHBI PaMKH, HalpaB/eHbl B
[IPOTHBONOJOKHbIE CTOPOHBI H HE OKAa3bIBAKOT BJUSIHHS Ha ee
NBUKEHHE,

Ilockonbky neficTByIONAs Ha BEPXHIOO CTOPOIY PAMKH CHJla
Awmrnepa F pasua /B!l (I — AauHa 3TOH CTOPOHBI), TO ypaBie-
Hye BToporo 3akona HeloTona 119 najaminei paMki UMeeT BUJ

mdv/dt=mg—IBl. (1)

3xece m — macca pamd. Munykuuonnslii TOK I 3aBHCHT OT
conportuBienus pamky R u DAC unpykuun &;. SAC HHAYK-
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1Y - paBHa CKOPOCTH NGMECHEHNS MaTrHUTHOTO MNOTOKAa yepes
paMmky:
T03TOMY

I=BIv/R. 3)

[ToacraBasis uugyKuuonuniii TOK (3) B ypaBHeHHE BTOpPOro
3aKoHa Heworona (1), moayuaem

dv B2 ,
—a-:g—-—'mR 0. (4)

Ecn K TOMy MOMEHTy, KOrJa HMXKHSAS CTOPOHA paMKH
BHIXOMHT U3 MarHHTHOTO 1OJIA, CKOPOCTb DAMKH HEBETHK,
TaK 4TO IIepBOe cJiaraeMoe B npaBoil yacTu (4) GoJibilie BTOPOrO,
TO PAMKa IPOROJIKAET PA3rOHATHCH, XOTS H C MEHBLIIHM YCKC-
penneM. Ecam ke paMka yxe pasorsajack HAacTONbKO, YTO
BTOpOE CJlaraeMoe 6oJibmie ‘TepBOro, TO OHA HAUMHAET TOPMO-
3HTHCSH.

Vpabuenne (4) HMeer Takoil JKe BUJ, KAK H ypaBHEHNE,
ONMCBIBAIOIIEE Pa3roH KopabJss moj AefCTBHEM TOCTOSHHOMNM
TATH BUHTOB NPH yYETe CUJIbl CONPOTHBJIEHHS, NPONOPI{HOHA/b-
HOW CKopocTH Kopalas (cM., HanpuMep, 3agady 9 paspgena «Me-
xanuka Xujakocref»). TOUHO TaKoe XK€ ypaBHEHHE ONUCHIBAET
H IIpOLECC NaJieHns TAXKEJNOoro mapukKa B BA3KOH XKujkocTH, Bo
BCeX CJydasX CKOPOCTb TeJa M3MeHseTcs A0 TeX Iop, MOKa
CHJIa COTIPOTHBJIEHHSI HE CPABHAETCS IO MOAYJ/IIO C MOCTOSIHHON
BHELIHeH CHJIOH.

J10 3HaueHuwe CKOPOCTH U;, COOTBETCTBYIOIEE YCTAaHOBHB-
HeMyCs IBHKEHHIO, JeTKO HalTH ¢ noMomibio (4), Aaxe He pe-
was 3toro auddepeHnnalbHOro ypassenus. Ilpn ycraHoBHB-
wemcs ABHxKenun dv/dt=0, 0 na8 CKOPOCTH ¥y, TPUpABHHBAS
HyJI0 TpaByio yacTh (4), noaydyaeM

v, =mgR/ B2, ()

CKOpOCTb YCTAHOBHBIIEroCs NAJeHHA Uy MOXKHO HAaHTH H M3
IHEpreTHUecKux coobpaKeHnHuH, He npHberas K ypaBHEHHAM
nemxenus. [Ipu najeHun paMKkH ¢ TOCTOSIHHOM CKOPOCTBIO €¢
KHHeTHYeCKas 3Heprus OCTaercsl HEM3MEHHOH, NMoTeHiHaApHas
31epTHsl yMeHbluaeTcsl, ¥ [O3TOMY BBbIAEJAIOAACS B paMke
JPXOyJieBa TemJioTa paBHa YObLIM €e TOTEHIHadbHOH 3HepTuH
B NoJe TAXKEeCTH:

I2R=mgu,. (6)
[ToacTaB/ss cl0Aa 3HaYeHHe HHAYKIHOHHOIO TOKA | U3 GopMy-
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apt (3), NPHXOMUM K TipeXueMy 3HAa4eHHIO Uy, BhIpaKeHHOMY
topmysoft (5).

CxOMbKO BpeMeHH NPOHCXOAHT MPOIECC YCTAHOBJCHHS?
yeneer Jim paMka npuoOpPecTH 3Had€HHe CKOPOCTH ¥y, NOKa
ee BEepXHdAS CTOPOHA BCC ere HAXOAMTCH B MAarHUTHOM IoJe?
Urto6bl OTBETHTb HA 3TH BONPOCDL, HYXKHO PEILUTb ypaBHeHue (4).
C peiieHreM ypaBHEHHA TaKOro BHAA Mbl yXKe BCTDEUAJHChb
B 3ajaue 13, rje peub /1A O IPOLECCe 3apAAKH KOHJEHcaTopa.
[pexne Bcero, yunthiBas cooTHOLIeHHE (b), mepenuiteM ypas-
neuue (4) B Gonee ynoGHOM BHJE:

dv/dt=—(@v—u)/, (7

TJle UCIOJAb30BaHO 06Go3HavYeHHe
1=mR/B*. (8)

Taxk Kak npOH3BOJHbIE O BpeMeHH OT ¥ H (v—U;) COBNANAIOT,
TO ypapHeHue (7) FOBOPHT O TOM, 4TO CKOPOCTb H3MEHEHHA
BEIHYHHBI U~—U; NPONOPHHOHAJIbHA CaMOH 3TOR BeJMYHHE,
[TosTomy peruenre ypaHenns (7) uMeeT BHJ

v—uv,=C exp (—t/1). 9

M3 dopmyast (9) Buaso, uyto sunavenue mnoctostHHOH C paBHO
OTJIMYHIO HAYaJbHO# CKOPOCTH U=, upH {=0 OT CKOPOCTH yC-
TaHOBHBIUETOCH ABMXKEHHA paMkHu U C=v,—v,;. Buauo rakxe,
4TO OT/IHUHE MTHOBEHHOH CKOPOCTH OT yCTaHOBHBILEHCH U—U,
3aTyXaeT CO BpPEMEHEM 3KCIIOHEHIHANBHO C XaparTepHBIM
BpeMeHeM T, oOmpejlesisieMbiM COOoTHoieHneM (8).

Takum o6pa3oM, 3aBHCHMOCTD CKOPOCTH OT BPEMEHH C TOrO
MOMEHTa, KaK Ha paMKy HauyHHaeT JeHcTBoBaTh cuja Ammepa,
corJlacHo Bhipaxenmo (9) uMmeer BHJ

v (f)=(v—v1)exp (—t/1)+vy. (10)

D10 BbIpaXKeHHE [JS CKOPOCTH CHpPAaBel/IHBO, pasyMmeercs,
TOJLKO JIO TOFO MOMEHTa, NOKa BEpXHss CTOPOHA paMKH He
BBHIIJIET 3a Tpejiesibl MarHUTHOro noJs (puc. 20.2).

I'paduxu ckopocTH paMku nokasaunl Ha puc. 20.3. Bepx-
IHA rpaduK COOTBETCTBYET CJAyYalo, KOrja K MOMEHTY MOSB-
Aenust cuel AMnepa (£=0) CKOPOCTb DAMKH U, MEHbIIE mpe-
JAeJbHOrO 3HaueHus: v;. Hikamil rpaduk — cayuaioo, Korga
Uo>0;. HaxJ/oHHble npsMoJMHeiHble YyacTKH IpaduKoB npu
t<<0 coorpercTBYIOT CBOGOAHOMY NAACHHIO PAMKH A0 MOSIBJE-
nus cuibl Amnepa. PaccrosiHue, KOTopoe NPOXOAMT paMka 3a
XapaKTepHoe BpeMs YCTAHOBJEHHWS T, paBHO [JOwWAAH, 3a-



21. TIEPEXOAHBMIE NPOUECCH! B 2JMEKTPOABMUIATEJE 331

IWTPHXOBAHHOH HA 3TUX rpadukax. JIas OLEHKH MOXKHO CuM-
TaTb, YTO 1O NOPSAKY BEJHYMHLI 3TA MJIOWAJEL paBHa U3T. Ecau
JTHHA BEPTHKAJBHOR CTOPOHLI PaMKH /; MHOTO MeHBIHE 3TOrO
pacCTOAHKS U;T, TO HH O KAKOM YCTAHOBJIEHHH CKOPOCTH PaMKH
FOBOPUTH HE TpuXoauTcs. Has ycTaHOBJeHHS CKOPOCTH neol-
XOJIUMO  BBINIOJIHEHHE HEpaBeHCTBA

llzvﬂ:g<%)z. (11

To/IbKO NpPH BLINOJHEHHH 3TOTO YCJAOBHS MarHuTHOE [10Jie
3aMETHO CKAa3blBaeTcsl HA JBHXKEHHH paMmku. MHTepecHO oTme-
THTb, UTO K 3TOMY YCJIOBHIO MOXHO TpPHATH M3 ApYyrux, Gojee
HarJAsJHBIX  coobpaxenuil. B
camoM JleJe, MAarHHTHOE [0Je o(4)

MOXKeT CYUIECTBEHHO MOBJHATH
Ha JBHXKEHHE DaMKH TOJBKO
B TOM CJy4ae, Korja npH CBO-
OOAHOM NaJleHHH 3a BpeMsl ycTa-
HOBJIEHHS! T paMmKa npoiaa 6bl
paccTosinue, MeHblee ee Bep-
THKAJBHOTO pasMmepa [;: [, = g, P T
[loacraBnas cloga 3HayeHHe T %
u3  Qopmyssl (8), npHXONHM /
onaTh K ycaosmo (11).

Ilpu pemeHHH 3aJayd Mol g 7 ¢
CUHTAJH, HYTO 00J1aCTb, B KOTO- Pre. 20.3. Cropocts pamin
pon CyIECTBYET MArHUTHO® NO-  crpemutes Kk  onpeneseHHOMY
Jie, HMeeT pPEe3Kyl TpaHHUIly 3HaueHuio Uj HE3aBHCHMO OT Be-
(puc. 20.1, 20.2). Mimenuo ciiey-  AHUHHE HaualbHoll CKOPOCTH vy
CTBHEM 3TOrO IPENNOJOKEHHS
IBJSIETCS CYILECTBOBAHHE H3/0MOB Ha rpadukax CKOPOCTH
upu ¢=0 (puc. 20.3). Tak kak y /o60ro pea/bHOro MarHHTAa
CliajlaHue MarHHTHOrO I0Js NPOHCXOMUT TOCTENeHHO, TO B
JeACTBUTEILHOCTH JBHKEHHI0 PaMKH COOTBETCTBYIOT TpaduKu
€O CTJIaXKeHHBIMH H3JIOMaMH.

Tpu pemienny 3ajaud Mbl He YUYHTLIBAJIH H CaMOHHAYKIMIO
najalomel paMk#, 6aarofaps KOTOPOH MHIAYKNUOHHBI TOK,
CTPOro TOBOP#, He paBeH 3HAYCHHIO, JaBaeMoMy dopMyJol (3).
AruMm  3pperToM AeHCTBHTENLHO MOXKHO npeHeGpeub, Korja
ByelllHee MarHUTHOe noje B MHOro 6o.bllle MarHHTHOrO 1O/,
CO3/1aBaEMOT0 CaMHUM MHAYKIMOHHBIM TOKOM. A

4
"{f,{ 7

21. MNepexonnnie npotiecchl B aiekTpoasurartene, Kak mpo-
HCXOAHT yCTaHOBJeHHe MOCTOSHHOH CKCPOCTH BpAINEHHS AKO-
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pf SJEKTPOABHTATE/Isl NOCJE BKJIOUEHHS €r0 B CETh ¢ NOCTOSH-
HBIM HanpsxKeHHeM?

A DJIeKTPoABHraTe b [OCTOSIHHOTO TOKA — 3TO JAOBOJBHO
CJIOKHOE yCTPOHCTBO, XOTS NMPHHIHI €ro AefiCTBHS OYeHb MPOCT.
Ou ocHoBaH Ha TOM, YTO HA HAXOXAIMACA BO BHEUIHEM Mar-
HUTHOM TIOJIe TPOBOJHHK C TOKOM JeficTByeT cmia Awmnepa.
[TosToMy nOHATH MPOHCXOJSUHE B 3NEKTPOABHraTe e POLECChI
MOKHO, paCCManHBaH ero npoCTEHIIyId MOje/lb, KOoTopas

4
(—
_/A I 1 Puc. 21.1. Jlunefinas mo-
174 l Fﬁl neab 3JEeKTpOABHUraATENA
+9 A F, NOCTOSIHIOrO TOKA C He3a-
/ BUCHMbBIM BO3OYMHAeHHEM
i
7

BBITJISUT CaefyomuM obpasom (puc. 21.1). Ilo raaakum ro-
pPH3OHTAJIbHBIM T1AapaJlIebHbIM KOHTAKTHBIM IIHIIAM MOXET 0e3
TPEHHSA TlepeMelllaTbCsl MeTaVIHYeCKHH CTepXKEeHb, 3JEKTpH-
YyecKoe CONpOTHBJEHHE KoToporo pasHo R. Bces cucrema
nomelleHa B OfHOPOAIOE MarHHTHOE Tose, HHAYKuHsA B KoTo-
poro HampapJeHa nepneHjuky./IsApHO IJOCKOCTH, O0pa3OBaH-
Hoft miHamMy. K KOHLAM IIHH IPHJIOKEHO MOCTOAHHOE HAnpA-
xeune U. Tlpu npoxoxneHHH TOKa Ha CTepkKedb JEHCTByer
ciuna Amnepa F, KOTOpas MOXeT BbI3BaTbh €ro NepeMelieHne
1o ImpxHaM. B rtakoM ycTpoHCTBE NOABIKHBIA CTepXkKelb fB-
JIIETCS] aHaJIoroM SIKOPsl 3JeKTPOABUraTe]d, TaK KakK NPH ero
nepeMeleHiy MOXeT ObITb CoBeplieHa paboTa Haj BHEIIHHMH
TeJamMH.

.10 XKe yCTPOHCTBO MOXET CJYXKHTb H MOJIE/IBIO reHeparopa
NOCTOSTHHOTO TOKA, €CJM HE [0JaBaTb HANPSMKEHHE Ha LIHMHbI,
2 C TIOMOIIBIO BHELIHEH CHJBI OPHBECTH CTepkKeHb B ABHXKEHHE,
Takast Mojesb Har/IaJHO NOKa3blBaeT, IOYeMy 3JeKTPOJABHIa-
TeJH TIOCTOAHHOTO TOKAa O0O6JAajaloT CBOHCTBOM OGpaTHMOCTH.

[Iponecc ycraHOBJEHHS MOCTOSIHHOH CKOPOCTH JBHXKEHHS
SIKOpS JVIsl TAKOT'O 3JEKTPOJABUraTessi, paGoTaIOnIero B pexume
remepartopa, yxKe Obl paccMOTpeH B nOpeipiiymefl 3ajgage.
B pasofpannom Tam npuMepe (paMka, najamouas B MAaTHHTHOM
I0JIe) pOJb MOCTOSIHHOH BHEIIHEdl CHJIbL, NPUBOAAIIEH SKOPb
B JBHKEHHe, UrpaJja CHJa TAXKEeCTH, a POJIh BHEIIHeH HArpy3KH
H BHYTPEHHEr0 CONPOTHBJIEHHS MEHEpaTopa Hrpaso CONPOTHB-
nenve pamkd. Tak Kak BHemHss Harpyska reHeparopa H oG-
MOTKa ero AKopst 06pa3yloT NOC/1eJ0BaTeNbHYIO 3JEKTPHUECKYIO
lienb, TO NPOUECChl YCTAHOBJIEHHS B HATPYXKEHHOM reHepaTope
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1 B KOPOTKO3aMKHYTOM HUYEM NPpHHUMNHAABHO HE OTJIHYAITCA .
PaspeiM OyleT TOJbKO XapakTepHOE BpeMsi YCTAaHOBJIERHS T,
TAK KaK OHO 3aBHCHT OT TMOJHOTO CONDOTHBJIEHHS LEMNH.

3aveueHHas aHaJIOTHS C NpeibAyiueld 3afayeil nossoJsiser
Cpa3y HaMeTuTb NYyTh IJs aHaJH3a PacCMATpPHBAEMON MOAEIL
B pEXHME 3JeKTpoiBHratess. JJs 3TOro Hy»KHO HanucaTb
ypaBHeHHe, oMnpefessiomiee CHAYy TOKa B LENH, H ypaBHenue
aBrkenus crepixus. Tak kKak DJC HHAYKUHH NPONOPIHOHAD-
na ckopoctu crepkusa: &,=Bl (puc. 21.1), 10

IR=U—Bl. )

O6031aunuM AeHCTBYIOULYIO Ha CTEPXKEHb BHEUIHIOI0 CHJIY Yepes
Fy (puc. 21.1). Taxk kar cnia Amnepa F=]BIl, 10 ypaetenne
BTOpOro 3akoHa HbloTORA 1151 CTEPKHS MacChl M 3aniCHIBAeTCs

B BH]JE
mdv/dt=1BI—F,. @)

DTo ypaBHeHHe NocJe NOACTAHOBKH B HEro 3HAUEHHs TOKAa M2
ypaBHeHus (1} npunuMaer Buj
du 1 UBI B2l? 235
eoLMor) .
Bripaxkenne B KpyrJbx ckobDKax B NPaBoOi YacTH 3TOT'O ypas-
Henus MNONOKHTEJNbHO, €CJH pacCMaTpHBAEMOE YCTPOHCTBO
paboTaeT B pexnmMe 3JeKTpoaBurarteds. B camoum jene, orHolte-
pae U/R paerT MakcWMaJbHOE 3HAY€HHE TOKA B LENH, KOrjla
cTepXKeHb HenoasHmxeH; nostomy (U/R) Bl paBHO MakCHMaJlb-
0O BO3MOMKHOMY 3Hauenwio cuibl Amnepa. Buemnssa cuna F
HE JIOJIKHA NPEBOCXOAUTb 3TOTO 3HAYEHMS, TAK KAK B POTHB-
HOM cCJsyuae ycTpoHcTBO OyAeT pabotaTb Kak TeHepaTop.
3HaueHye CKOPOCTH CTEPKHA U; B YCTAHOBMBLIEMCS DPeXH-
Me, Korja dv/di=0, MoXKn0 HalTH, NPUPABHHUBAS HYJIO NPABYIO
9acTb ypaBHeHus (3):

o= (V—501). )

Pasymeercs, 310 3naueHHe U; MOXHO HaHTH H H3 SHepreTu-
YecKHX coobpazkeHHif, aHaJOrHYHO TOMY, KaK 3TO AeJajoch
B NMpeABAyINElH 3ajave HIH B 3afaue 10, rae paccmarpusalcs
YCTaHOBUBIIKACSH pexXum pPaboThl ABHrartesisi.

Hurs uccaenoBanyst nepexofHoOro npouecca B paccMaTpHRae-
MOJ CHCTEME HYKHO pemHTh ypasHenne (3). C noMouiplo Bbl-
paxeHus (4) pas v; nepenuiieM 3T0 ypapHeuHe B GoJiee KOM-
NaKTHOM BHJe

dv/dt=—(v—uv,)/, (5)
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TZle HCHOJB30BAaHO 00O3HaueHHe

. mR (6)

~ B

DyseM cuntath, 4TO B MOMEHT BKJIOUEHHS B CE€Tb AKOPbL MOTOPA
Obl1 Henopsuxken: ¢ (0)=0., Pemenune ypasuenus (5), yaosJe-
TBOPSIONIEE TAKOMY HAYaJbpHOMY YCJOBHIO, 3aRUINETCS B BHAE

v(t)—_—vl[l—-exp (——%ﬂ (7)

I'paduk CKOpoCTH CTepxKils Tokasan Ha puc. 21.2. Huautenn-
HOCTb nponecca (7) YCTaHOBIEHUS CKOPOCTH U; XapaKTepH3y-
ercsl BpeMeHeM T, BeipakaemeiM (dopmydon (6).
[lonyuennnie pe3yanTaThi, ONHCHIBAIOLINE POLECC YCTAHOB-
JIeHHs, CHPABEMIHBB OPH JIO00H NOMYCTHMOH MeXaHUUecKOH
HarpysKe ABUTraTeJisl, B TOM YHCJE U JI/IS XOJIOCTOTO XOHa, KOTO-
ulth pomy cootserctByer Fy=0. B stomM

v _ CJlydae ycTaHOBHBINEECS 3HayeHHe
! ckopoctd v;=U/Bl, a 3aBHCHMOCTD
i CKOPOCTH OT BpeMenH Jaerca dop-
’ 5 MyJI0H
% f =g [i—en(—=5)] ®
Konocmoi zod M
, ! Ecan noncTaBuTh CKOpOCTH U (f) B
) z > ypasHuenue (1), TO MOXKHO NOJNYYHTb
3aBHCHMOCTb OT BpeMeHH norpeGJse-
YA HogyweS  MOTO JBHTATENEM TokKa. B pexume
\;\__ XOJIOCTOTO XOJa 3Ta 3aBUCHMOCTb
oz T HMeeT BUJ
7 z t U ¢
Puc. 21.2. Ycranosaenne Ia) R exP( T>. (9)

CKOPOCTH IKOpSA M TOKa B
sxope B pexumax xomoc- 1 PpaduK TOKa noxasas Ha puc. 21.2.

TOro XoAa M Nnpu Mexanu- B Haya/bHLIA MOMEHT IpH Hernoi-

4ecKoi narpyske Fy BHXHOM SKOpPE TOK MaKCHMajeH H

pasen U/R. 3ateM no Mepe pasroua

SKOPSI TOK SKCNOHEHUHANBHO yMeHblIaeTcst A0 Hynas. Touno

TaK e 3aBHCHT OT BPeMeHH H notpebiseMasi MOWIHOCTb
P=UI(1).

[p# Br/IIOYeHUH B ceTh ABHTraTeJsl ¢ MEXAHUUYECKOH HArpys-
KO# (pOJib KOTOPO#, B YaCTHOCTH, MOKET HIPaTh AakKe Tpenue
B MOAIIUNHHKAX) MaKcUMaJbHOE 3HAueHUe TOKa B HadajibHBIH
MOMEHT OyfeT TakHM iXe, KaK H AJIs XOJOCTOro XORa, U pas-
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Heim U/R. 3arem no Mepe pasroHa sikops TOK yOblBaer, 1o
CTPEMHTCH HE K HYJIO, a K ONpefesleHHOMY 3HauenHo /i, Ko-
TOpOE JIETKO HAHTH W3 TOTO YCJOBHS, YTO B YCTaHOBHBILEMCS
pexume cuja Amnepa [,Bl! ypaBHOBEIIHBAET BHEILHIOW CH-
ay Fy:

1,=F,/BL. (10)

I'paduk To0Ka B 3TOM Cayuae TaxkKe noxasan Ha puc. 21.2.

OrMetuMm, YTO CKaykooOpa3Hoe BO3LNMKHOBEHHE TOKa NPy
BKJ/IOUEHHM ABUIate/1s OOYCJIOBJEHO TeM, UTO Mbl MOJIHOCTBIO
npenedper/u caMONMHAYKLUHeH sxopsi. [lpu yuere caMOMHAYK-
MY TOK NpH BKJOYEHHH GyJeT HapacTath NOCTENEHHO, HO
AJINTeJIbHOCTh HAapacTanHs OOBIYHO MaJja no CpaBHERHIO ¢
paccMaTpUBaeMbIM NIPOLECCOM YCTaHOBJIEHHS BpallleHHs SKO-
psi. BJansnve caMOMHAYKLMM Ha 3TOT [pouUecC YCTaHOBJE-
HHMA, KaK [PaBHJIO, HE3HAUUTEJbHO, TAK KAaK B 3JEKTPO-
JIBUraTese ¢ He3aBHCHMBIM BO30y:KAeHHEM BIilelliHee MarHUT-
Hoe nosie MHOro OoJiblle MAarHUTHOTO TNOJst, CO34aBAEMOro
TOKOM B sKOpe. A

22, Jlvop B ajeKTpuueckoit uenw. B uenb, npepHasHayeH-
Hyl0 JJs 3apsAAKm  Kowjencaropa (puc. 22.1), BKJIOYeH

Puc. 22.1. Cxema Ans 3apsajiKH KOHJIEHCATO- l

pa, CojepKamas JHOJL

auon . BoJsbTamnepHas xapaKTepUcTHKa JAHOAA TOKa3aHa
Ha puc. 22.2. Kakoe KOJHYECTBO TeMJIOTH BHIAGJNUTCS Ha
COnpoTHRJEHUH R W Ha JAMOAE NOCJIe 3aMblKaHus Kaoda K 8
npouecce 3apsaKd KoHAeHcaTopa?

A 3auem BooOIile HY>KHO BK/IOYATh AHOA B HeNb AJS 3apsiji-
KU Konpencatopa? HexoTopnie BHABI KOHAEHCATOPOB, B YacCT-
HOCTH 3JIEKTPOJUTHYECKHE, TPeOyioT BOJHE ONpeaedeHHOH
NOJNSPHOCTH NOJABAEMOrO HAa HHUX HanpsXeHHs. B NpOTUBHOM
c/ydae OHH MPOCTO MOryT BHATH H3 cTposi. XapaKTepHoOH
uepTol AHOAA SBJAETCS €ro OLHOCTOPOHHSIST NpPOBOAHMOCTD.
[TosTOoMy BK/IIOUEHHE AHOAA B LieNb, NOKA3aHHYIO HA puc. 22.1,
npenoxpanseT KOHACHCATOP OT NOBPEXKAEHNs Jake B TOM CJay-
Yae, eCJH Ha BXOJ UENM OyjeT NOojaHoO HanpsizKeHHe NMPOTUBO-
nosoxuoi noaspHoctd. [Ipu stoM TOK B nenu He nofiger u
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HHKAKOH TENJIOTHI HAa CONPOTHBJIeHHH R, pasyMmeercs, He Bbi-
IeJuTes.

Ec/nH nopaBaeMoe Ha Bxon nanpsixkenne U, nmeer tpebye-
MYI0 MOJASIPHOCTh, TO NPH 3aMBHIKAHHH K/oya K TOK B UenH
B HauasbHbI MOMEHT MaKCHMaJseH, a 3aTeM IO Mepe 3apsiKH
KOHLleHCElTOpa nOCTENEeHHO chlagaer g0 Hyas. YUTobel paccuu-

ATh BHIEJSIOMLYIOCH HA CONPOTUBJEHHH TEMJIOTY HENoCpeacT-
Bem{o ¢ noMompbio 3akoua JLxoyas — Jlenna, Heo6xoxHMO
HafiTH 3aBHCUMOCTb 3apPSIAHOTO TOKa OT Bpemenu. Oanaxo 3Toro
MOMCHO H30€KaTb, €c/lH BOCTOMb30BaTbCsl 3aKOHOM COXP aHEHH s
SHEPTHHU.

ITyctb B npouecce 3apsAkH KOHAEHCATOPa NO HENH NpOLIe
HeKoTopbii 3apsia g. CoBepIIeHHAsT NPH ITOM BHELIHUM HCTOU-
HHKOM Hanpsikenus pabora

A=Ugy. (M

Tak kak sapsa KoHjgeHcaTtopa Tenepb paBeH g, TO 3anace-
Hasg B KOHAEHCATOpE 3Heprus

q* (O

W=l (2)

Ha OCHOBaHUH 3aKOHA COXpAaHEHHA 3HEPTHH MOXKHO YTBepxK-
Iath, YTO BHAEAMBINASCS HA conporHBJaenud R u puone /] Ten-

nota Q paBHa pasHocTH MeXkpay paGotoit A, coBeplieHHOH
BHEIIHMM HCTOMHHUKOM, H >ueprueil W, 3anaceHHOH koupedca-

TOPOM:
- Q=A—W. (3)

I nofydyenHsl OTBE€Ta Ha NOCTaBJEHHBII BONPOC oOCTaeTCH
BBIACHHTb, KaKOH UMEHHO 3apAJ] g npowies o UeNH U KaK Bhi-
JeJUBIIASICSH NPH 3TOM TenJsoTa @ pacnpenenquach MeXAY CO-
uporusnenneMm R u auoiom [J1.

Hoanuifi 3apsn g, npomwepmu#l NnO uend, Ha#TH Jerko,
H00 B KOH1I€ KOHLOB HanpszkeHue Ha KoHaencatope U, craner
paBHBIM EpuJOkKeHHOMY Hanpszkenuio U,

q:CUO. (4)

[oacrapniss 3HaueHHe g H3 GopMyanl (4) B COOTHOLIEHHSA
(1) u (2), pjst nOAHOro KOJHYECTBa TenJoTol @, Beifeausiieiics
Ha CONPOTHBJEHHH M JUOAE, NOJyJaeM

CU} :

He Tax npocTo OGCTOHT JEJI0 C BhiiCHEHHEM TOro, Kakasa
4acTbh TENJIOTHI QR BBIACINIACL HA COMPOTHBAECHHH, a KaKas
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YacTb Qg — Ha auone. IlpuuKna sTOro 3aK/0YaeTcsa B C/10KHOM
BUAE BOJAbT-aMNEpPHOH XapaKTePHCTHKH JAHOAA, U3 KOTOPOH
BHJHO, YTO CONpPOTHBJEHHE AHOAA OYeHb CHJABHO 3aBHCHT OT
3HaYeHusl NPHJAOKEHHOro K Hemy nanpszxenus. Urober pazo-
6patbCs B 3TOM BONpOCE, 3aMEHHM CHayala PealibHyl0 BOAbT-
aMAepHYIO XApPaKTEepPHCTHKY AMOAA, NOKA3aHHYIO Ha puc, 22.2,

. 1

7 v a4 7
Puc. 22,2. Boabt-am- Puc. 22.3. Hpeanusuposanuas
MepHas XapakTepucTH- BOJIbT-aMIEPHASl XapaKTepHcTH-
Ka JHOAZ Ka quopa

MJeANU3UPOBAHHON  XapaKTepUCTHKOH, H300paxeHHOH Ha
nuc. 22.3.

B ornnuue or peanbHOH XapaKTePHCTHKH auona, 6yaem
CUHTaThb, YTO CONPOTHBJEHNHE AHOAA B 3aNOPHOM HaNpaBJEHHH
CTPEMHTCSI K OECKOHEYHOCTH (T. €. OOPATHLIA TOK paBeH HYJIO).
Byznem Takme cuMTaTh, YTO CONPOTHB/EHHE AHOAA B HPONYCK-
HOM HanpaBJeHHH GecKOHEeYHO, NOKa NPHJOKEHHOE Hanpsike-
HHe He JIOCTHTHET HEKOTOpOoro 3Hauenus Uy, mocje yero compo-
THBJIEHHE CKAUYKOM YMEHBINAeTCs JAC HEKOTOPOTO 3HAYEHHS I.
DaKTHYECKH 3TO 03HAYAeT 3aMeHy KPYyTO B3MbIBAIOWIETO BBepX
yuacTKa peasbHON BOJIbT-aMNEpHOR XapaKTEPHCTHKH NpAMOil
Ha puc. 22.3. Kak xe BuiOparb 3navenne U,, HaunHasa ¢ KOTO-
pOro CONPOTHBJIEHHE [AHOAA MOAKHO CUMTATh TNOCTOSHHBIM,
W 4eMy PaBHO 3TO NOCTOsSIHHOE 3Hauenue r? Tok B uenH npu sa-
MbIKAHHH KJOua He MoXKeT npeBbliiath 3Hauenus U,/R. [lo-
3TOMY YUaCTOK BOJIbT-aMNEpPHOH XapaKTepHCTHKH AMOAA, pac-
noaoxennst Boiie Touku /=U,/R Ha puc. 22.2, poobuie He
HMEET OTHOMIEHHS K paccMaTpuBaeMol 3ajade. Mbr cuurtaew,
4TO conpotusjenue R u npuioxennoe Hanpsixkeaue U, Tako-
Bbl, YTO 3Ta TOYKA NPHXOJUTCH Ha KPyTOH NOYTH NPAMOJH-
HeAHBbIl YYACTOK BOJBT-aMNEepHOM XapaKTEePUCTHKH, KaK To-
KasaHo Ha pHc. 22.4. 3amensieM 3TOT y4acTOK NPsMON Junued
M NPOJO/IKAEM €e 10 epeceueHs ¢ ochblo a0ciuce. ATy npaMyto
u OyAeM pacCMAaTPHBATL KaK HALATH3HPOBAHHYIO BOJBT-AMIIEp-
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Y10 XapaKTepHCTHKY AHoAa. Torna nanpsixkenne Uy cooTRETCT-
BYET TOUKE NepecedeHus NOCTPOEHHOH NPAMOi ¢ ocplo abcuuce,
a ee HaKJ/IoH XapaKTepH3yer CONPOTHBJIEHHE AHOAA I NPH Ha-
npsixenuax, npesuimatonux U,. Ypasnenue 3>Tol npsMofit
U—U;
[=—"1 (6)
r

[Ipn Tako#i npeasu3upoBaHHOM BOJbT-aMNepHON Xapakte-
pHCTHKe AMOAA 3apsAjHbI# TOK ofpamaercs B HyJb YKe T0TAQ,

L) 4.0,

Puc. 22.4. K puibopy na-
l/ﬂ/’47 '''''' y, pamerpos U; ¥ r uaeaiu-
snpopannoii xapaKrepHe-~
THKH puopa. HJast cpasue-

/ HHSL NOKa3ana BOJbLT-aM-
/ nepHasi XapaKTePHCTHKa
CONpOTHBJEHHS R(=
jaa =U/R)
oL R
% 7

KOrja panpsikeyue Ha KOHJAEHCATOpe AOCTUTHET 3HaueHnus
Uoy—Uy. TlostoMy Kk MOMEHTY npekpaileHHss TOKa B Lenu
3apaj Konjaencatopa ©Oyzer pasen C(U,—U,), a ero
sHeprus passa C(U,—U,)¥2.
Tak Kak TOK B Llen# CymecTBYeT TOJNbKO IPH HaNp AXKeHAAX
Ha Auoze, 66abpminX yem U, TO «paGoTaeT» TONBKO HAKJOHHBIH
YYacTOK HACAJH3HPOBAHHOM BOJIBT-aMIEPHON XapaAKTEPUCTHKHU.
Ho ypasuenue stoii npsamoit (6) cooTBercTByeT 3akony Oma
+ T Y Pme. 22.5. Dxsupasnest-
u Hasg cXeMa «HJeaqu3Hnpo-

- I¢ r BAHHOro» JAHoja MpPH Han-
paxenus U>Uj

/17 HeOAHOPOAHOTO Y4acTKa 1enu, nokaszaHHoft Ha puc. 22.5,
¢ OJIC ucrounuka U,;<CU. TT0o3TOMy MBI MOKEM CYHTaTh, UYTO
B UENH A 3apAAKH KOHAEHCATOpa BMECTO AHOLA BKJIOYEHO
OMHYECKOE CONPOTHBJEHUE ! NOCJENOBATEJIbHO ¢ R, a APUJO-
KeHHoe HanpskeHue pasuo U,—U; (puc. 22.6). Ilpu npoxox-
Aenuu no takoi penu 3apsga C(U—U;) sKeuBaJIeHTHbI He-
Tounuk ¢ JAC U,—U, cosepmaer pabory C(U,—U,)?. Boiun-
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Tasd u3 3Tofl paboThl 3amaceiHyld KOHJEHCATOPOM 3HEPTHIO
C(Uy—U,)%2, noayuaem Ttensoty Q', BBIAENUBINYIOCS HA
oboux comnpotumJeHusix R u r:

QO = C(Uo-Q—Ul)Z' 4]

IlocKo/AbKy compoTtuB/iedus R M r cOoefvHeHbl MOCJenoBa-
TeNLHO, TO BHIAEJSIOMANCSH HA KAKIAOM H3 HHX TEIJIOTa Npo-
NopuMOHaAbHA conporuB/eHn0. [lostomy nas tensoth Qp,
BhUAENAOWEHCS Ha ConpoTHBJIenud R, ¢ noMmoumsio (7) nosay-
yaem

R C(Us~Uy: R .
— 4 . [ 1 g
=0 7 == T ®
Eeau r<R, To noutn Bes Tensora Q' sbieNseTcs Ha CONpoTHB-
Jennn R.

B pmeficTBHTENBHOCTH, KaK YiKe OTMEUasoch BHILE, TOK B
ueny oOpaTHICS B HYJIb TOJBKO TOTJA, KOTAA HanpsiKeHHe Ha

Puc. 22.6. CxeMa, SKBHUBAaJEHTHAf l r 7Y
puc. 22.1, ecim AMOJN MMeeT HJeaTH3UDO- Uy Uy ==
BAHHYIO BOJbT-aMIEPHYIO XapaKTEPUCTHKY T R

{1

goujaeHcarope cpaeusercs ¢ U,. Ilpu sTom npoxoxaenHio po-
[ONHUTEIBHOIO 3apsifa COOTBETCTBYST NOJNOTHA HayasdbHbIH
YYaCTOK peaJsibHOR BOJLT-aMIIEPHOH XapaKTEPHUCTHKH IHOAA.
Taxk kakK COTNPOTHBJIEHHe AMONA Ha 3TOM TOJOTOM Y4acTKe
Ou€Hb BEJHKO, TO GOJIbINAS YacTh TEMJIOTHI, CBA3aHHOM C NMpO-
XOXKJEeHHEM AOMONHUTENBLHOIO 3apfija, BhJEJNSETC Ha AHOJE,
a He Ha conpotuBjeHHH R.

Urak, suipessiomancs Ha cONpoTHBieHnu R Tensora Qp
Raercst spipaxkenneM (8) (nam (7), ecnu r<&R). Tennory Qp,
BBLIEJSIOILYIOCS HA THOJE B TeYeHHE BCEro Nnpomecca 3apfAikH
KOH/IEHCATOpa, MOKHO HAafiTH Kak PasHoCTb MEXJY TernnoTol Q,
naBaeMot dopmynoit (5), u Tennotoil Qp. A
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KoneGatenpnnie sarenns MOTyT UMeTh COBEPIUEHHO Pa3nylo Gusnye-
CKyl0 TIpHPOAY, OAHAKO, HECMOTPS HA 3TO, OHM 9acTo 00/1a1aI0T OO HMY
uepTaMi ¥ Jaxe NOAYHHAIOTCS ORHHAKOBHIM 3akoiioMeprocTam. O6muit
NOAXOJ K M3YueHNIo KosieGannit B PasHeIX GUIHGECKHX CHCTEMAX MO3BO-
JsieT BCAEACTBUE YHHBEPCATbHOCTH 33KOHOB KoJ1eGaTe/bHBIX I OLeccoB
¢ eANHOA TOYKH 3peus PACCMAaTPHBATL MEXAHHYECKHE, 3JeKTPOMAPHHUT-
Hbl€ ¥ ApyTHe KoJeGanus.

Kpome knaccudukanin no ¢pu3nuecKod Npupoae Npoueccos, Koje-
Ganust MOXHO KAFaccUPHUHMPOBATbL M NO APYFHM NPH3HAKaM, HalpHMEp
no crnocoby Mx Bo30yKAeRNs WK 1O HX KNHEMaTHKe, T. €. IO XapaKTepy
3aBICHMOCTH M3MeHsioleficss BeIHYHHB OT BpeMend. IIpn kumaccndura-
unn KoJIeGaHuii no cnocoly Bo36yXAenHs PasiMualoT COOCTBEHHBIE, BLi-
nyXjennble, napaMeTphyeckHe H aBToko.gebanus. CoGcTBeHHbIE KoJe-
6aitMs BOZHHKAWOT B TOM c/Iyyae, Koraa Gpusnueckas CHCTeMa BEIBOAHTCA
H3 COCTOSIHMS Y CTOMYHBOIO paBHOBECHS M 3aTeM NIPEAOCTABIACTCA CaMOi
ceGe. Buinyxaenuoie xone6aHHs BO3HHUKAIOT B CHCTEMe NPH HAJIHUMH
NIEPUOMYECKOr0 BHEWHEro BO3AeRCTBAS. ABTokone6anus MOryT mpo-
NCXOJHTh B HeJHneliuuix cucTeMax ¢ obpariiofl CBfi3blo, cojepmainx
HCTOUHK SHepruu. ITapamerpuueckne KoJebailHsi BO3HHKAIOT, KOrja
B CHCTEME KaKoH-1M60 H3 XapaKTepH3YIOmHUX ee napaMeTpoB MepHOAn-
4ecKH H3MeHsieTcs CO BpeMeHeM. IIpuMepoM napaMeTpHueckoro Bo36yx-
JIeHUs Kose0aHH# MOryT CIYXKHTb KaueJd: pacKauuBasg HX, 4eJIOBeK
npHcepaerT M BHINDAMJIAET HOTHM, NEDHOLHUYECKH H3MeHSS NOJIOXKEeH!e
neuTpa Macce Kayeslell OTHOCHTENBHO OCH TNOJBECA.

Ilpu xmaccm$HKaUH| € TOUKA 3peHHS KMHEMATHKH Pa3/inyaioT ne-
pHoANYECcKHe H HelepHopnyeckHe KoJgeGanus. Cpenn NepHOAHYECKHX
KoneGaHHA OCO0EHHO BAaXHYIO DOJb HTPalOT TapMOHHYECKME, HJIM CH-
nyconjanbisle, koneGaHus, NPH KOTOPLIX OMHCHBAIOULAS CHCTEMY Bean-
YHHQ MEHSIETCH CO BPEMEHEM IO 3aKOHY

x (1) = A cos (af ). (1)

Benuuiina A HOCHT pazpanMe aMIIHTYA KoaeGauufl, a of--¢ —
uX ¢a3bl. 3Hauenne ¢a3nl koaeGanni npu =0, T, e, BeJAYHHY @, HA-
3bIBalOT HauanbhoH ¢asoil. Kpyrosas, wim uuxkjnygeckas, yacToTa ©
cBsidana ¢ nepuopoM kogaebanuit T cooTHowenMeM

T =2n/0. @
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Co6crBerinble KoleGayus B KOHCEPBATHBHBIX CHCTeMax GyayT rap-
MOHIYECKHMH, KOTAA OHH ouHCHBaKTCA aAnddepenunanbusiM  ypasue-
HUEM BHAA

£-wir =0, @

Pewennem takoro ypasuenus apasercs dysxuns x(f), nasaemas
suipaxkenneM (1) npu @=w,. Takum obpasom, koadpduuHeHT MpH x B
ypasuenuu (3) onpenenser KBajpaT yacTOThl COGCTBeHHBIX KoseGanui

®p. 3Hauennue ®, He 3aBHCHT OT HayaJbHEIX YC/IOBHH, a onpeaeiasercs
TOMBLKO CBOHCTBaMH camoll KosnebaTenbHoli cucrembl. OT HavaNbHBIX yC-
JIOBHH SaBHCAT amMnanTyaa A ¥ HaualbHas ¢asa @.

VcTaHOBUBLIHECS BbiHYXACHHBI® KO/1eGaHMsd BCETAa MMEIOT TaKoi
e nepuo], 4TO H Bui3bipaloillee HX Brewnee BozfefictBue. Ecau sto
BO3JeACTBIE SBIAETCS CHHYCOMJAAJbHLIM, TO H BbIHYMKJEHHbIE Kouaeba-
nist 6yAyT rapPMOHHYECKHMH, T. €. GYAYT ONMHCEBaThCs dopmyJioi (1),
B KOTOpoOM Teneph ® paBHa yacTOTe BHELIHEro Bo3jeHcTBHs. AMIVINTYAa
A u cagHr o dase ¢ I YCTAHOBHBIIMXCA BblHYHACHHBIX KoJeGanui
HE 3aBHCAT OT HAYyaJbHBIX YCIOBHH, a ONPeAeAsIoTCs aMIINTY 10k BHe -
Hero BO3JeHCTBHE M COOTHOLIEHHEM MEX]Y €ro 4acToTOH ® H 4aCTOTOH
®g COOBCTBEHHBIX KOJIe6aHMi, KOTOPBIE BO3MOMHH B PaccMarpuBaeMoil
cucreMe. 3aBUcHMOCTb A OT ® HOCHT MEMONOTOHHBLIH Xxapaktep. Peskoe
yBeHYEHHR aMILTHTYJbl BHIMYXKAEHHBIX Kouebanuli npu anGerKeHnu
® K 0)) HOCHT Ha3BaHMe pe3oHAHCA.

Boaubl npeacraBasioT co6of mpouecc pacnpocTpameHuss KoJeba-
Hui. HecMotps Ha pasiuynylo Qu3MuecKyw NpHpOAy, BOMHBI J0GOro
THNA — MEeXaHMyecKHe, 3JeKTPOMarHUTHbIE H APYTHE — HUMET MHOTLO
0S11ero u NOAYHHSIOTCS aHAJOTHUHLIM 3aKOHOMepHOCTSAM. Boaua, Bo3-
6yxpaeMas HCTOYHHKOM, COBEPIIAIOIIHUM rapMonHyeckoe kojebauue,
Ha3HIBAETCS MOHOXPOMATHYECKOH.

ITycTs KoMebGaHNs B HEKOTOPOH TOYKE NPOHCXOASAT N0 3aKOHY

x ()= A cos wf. @

Torna npu pacnpocrpasedun BOMHB OT 5TOH TOYKH BJOJNb HEKOTOPOTO
HaNpaBJ/eHNsd KoleGanHs B TOYKe, OTCTOfmell Ha PacCTOAHHM 2, NPO-
HCXOIAT € HEKOTOPHIM 3ala3]bIBAHHEM, ONpejeqAeMBIM BpeMeHeM Nnpo-
XOKJAeHUS] BOJHOH 3TOTrO PacCTOSTHHSA:

x(t, 2)=A cos @ (t —z/u). (5)

3xech 4 — CKOPOCTb PAaCHpPOCTPAHEHHS BOJHBL. AMIVIMTYAa KoJleGaHui
A B nuocKoll Bo/ine BClOAYy OAMHAKOBA, & B chepHuecKol BoaHe yOuBaeT
06paTHO NPONOPIHOHAILHO PaCCTOSTHHUIO OT L{E€HTPa BOJIHEL

[lpu opHOBpEMEHHOM pacnpoCcTPAHEHHH HECKOJIbKHX BOJH OHH
NPOCTO HAKJIAAHBAWTCA OxHA Ha APYTYW, He HCKakas Apyr. apyra.
HesaBmcnMoCTe pacnpocTpaHeHHs HECKONBLKHMX BOJH HOCHT Ha3BaHHE
NPpHHUKNA cynepnosuuHH. Ec/HH 5Tu BOMHBI CO3RA10TCA KOTEPEHTHHIMH
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HCTOYHNKaMH, TO NPH HX HalOXeHHH BO3HMKAeT yCToHuMBas MHTepde-
PCHUHOHHAA KAPTHHA, B KOTOPOH B HEKOTOPBIX TOyKax KosaeBanug npu
CIOAKCHHH YCH/IHBAIOT APYF ADYra, & B ADYIHX, Hao0opoT, 0CaalasloT.

1. Monera Ha euOpHpywweil noactaeke. 'opusoHrtasibHas
MJIOIIAIKA MOMKET COBEpINaTh FapMOHHUYECKHe KoJe0aHHA ¢ 4a-
cToTolt @ 1060 B TOPH30HTANbHOM, JIHGO B BEPTHKAJILHOM Ha-
npagiedun. Ilpu Kakol amniauryge xonebanuft mMonera Oyner
CMEHIaTbCsl OTHOCHTENBHO HOACTABKU?

A PaccMOTpHM CHayala BepTHKaJibHble KOJIe6aHI/IS{ nog-
cTaBKd. [IpH KakoM yc/Jo0BHM MoHeTa OYAeT ABHTaTbCH BMeECTe
¢ noxcraBko#? Ha moHeTy neficTBylor CHJIa TS:KECTH M CHJA
peakUuu NOACTaBKH, KOTOpasi Moxer ObITb HanpaBJeHa TOJNbKO
BBepx. Iloka cusa peakuuu uHe oGpaTHTCH B HYJb, MOHETa
OyzeT ABHraThCsl BMECTE C IOACTABKOH, VY CJOBHE OTpLIBA MOHe-
Thl OT MOACTABKH — o0pauieHue B HyJb CuJb peakuui. Mrak,
MoOHeTa OyJeT OTPHIBATLCA OT MOACTABKH JHINb TOTAA, KOTAA yC-
KopeHue MOACTaBKH OYAeT HanpasJieHO BHU3 H NPEBHICUT N0
MOJYJIIO YCKOpeHHe CBOOOAHOTO najeHus g.

flyere B MoMeHT Bpemedu {=( nozcTaBKa HAYUHAET IABH-
FaTbCfl BBEPX W €e BEPTHKAJbHAS KOOpAUHATA M3MEHSeTcH MO
3aKOHY

y ()=B sin wf. )
ITpu sToM BEpTHKA/bHAS DPOEKILHs YCKOPEHHs
a,(t}=—aw*B sin of. @)

UTo6el HafiTH MOMEHT BpemeHM f;, KOrAA NpPOH3OHAET OTPLIB
MOHETH], HYXKHO NOJOXHTb ay(l)=—g:

©%B sin wt;=g. (3)

['paduyeckoe pelenye sToro ypasHeHHsa NoKaszaHo Ha puc. 1.1.
st Toro utofsl ypaBHeHne HMeJI0 pelieHue, T. €. AedCTBHTe b~
HO MPOUCXORHJ OTPBLIB MOHETBHI OT NMOACTABKH, JOJKHO BbIIOJ-
HATLCA ycaoBHe °B>>g. [lostoMy MHHHMaJbHAs aMIVIUTYAA
BEPTHKAJNLHBIX KOJe0aHH#, NPU KOTOPOH MOHETa oTiensercs
OT THOJACTAaBKH, jAaercs ¢HopMyJoH

Bminzg/(')z' (4)
Uewm phile yacToTa KojeOanui, TeM MeHbllle 3Ta aMILIUTYAA.
OTpblE MOHETH NPOHCXOAMT, Kak BHAHO u3 puc. 1.1, npu
JBHXEHUY NMOACTABKH BBEPX OT CPEHEro TMOJOKEHNS, KOTAa ee

CKOpPOCTb YMEHDbINAETCH. I/IHTepeCHO OTMETHTDb, 4TO NOJOKEHHE
Y1 TOUKH OTpbiBA IIpH 33113HHO§I JacToTE (O HE 3aBHCUT OT aMm-



2. JIBM)KEHHWE MOHETbHl HA BUBPUPVIOIEN TNOJACTABKE 343

NIMTYAL KosneGaHUH noAcTaBKH. B camoMm jene, noAcTasiss
u3 (3) sin of=g/w*B B (1), HaxOAHUM y,=g/w.

Jlo MomeHTa BpeMmeHH f, MOACTABKA M MOHETa JBHIKYTCS
BMmecte. Haunmas ¢ momeHta #; rpadux ABHIKEHMS MOHETH
npejcrasJjser cobolt mapabony, Koropas HMeeT B TOYKE f
o0LLYIO KacaTeNbHYIO C CHHYCOHJOH.

Ilpn ropusontanbHbIX KoJeGaHHAX INOACTABKH JBHMKCHHE
MOHETHl Ofpejensercs AelicTByIOmEeH Ha Hee CHJIOH TPeHHs.

I
5 - oy
Puc. 1.1. Momenr otpuiBa [T e S ——— A
MOHETHl NPH BEPTHKaAb- f '
HBIX  KOJAeGaHHAX [Of- i !
CTaBKH 7 - >
1 t

[Toxa yckopeHue NOACTABKH HE MpPEBhILAET N0 MOAYJIO MAKCH-
MaJBHOTO YCKOPEeHUs g, KOTOpoe MOXKeT COOOUHTH MoHere
CUsia TPEHHsi, MOHETa JBMIKETCH BMeCTe ¢ nopcraBkoH. Ecau
yCKOPEHHEe TOJCTaBKH B KakoH-TO MOMEHT BPEMEHH MPEBhICHT
3T0 mpejeibHOe 3HAYCHHE, MOHeTa OyJAer CKOJB3UTh HO HOA-
CTaBKe. ¥ paBHeHHS AJsl ITOTO CaAyyas aHAJOTHYHB! ypaBleHH-
am (1) »n Q)

x(H)=A4 sin of, a,()=—w2A sin of. (5)

MunuManpHas amMIJIMTyJAa, NIPH KOTOPOH MOHETa OYAET CKOJb-
3HTh N0 TOACTaBKe, HAXOAHTCA H3 YCJOBHA

o? Am'm =pug, OTKyHAa Amin =ug/m. (6)

EctectBeHHO, 4TO 3Ta aMIVIUTYAa TeM MeHbIUe, YeM MeHblle
KO3(pODHUHEHT TpeHHs.

OtMetnM, 4TO B 3ajauax nopoGHOro pofa NpeAcTaBAsET
HHTEpEC He TOLKO BhICHEHHE YCJOBHH, NPH KOTOPHIX MOHETA
OTpbIBAETCS OT NOACTABKH HJH CMEIIACTCH OTHOCHTENBHO HEE,
HO M HCCJ/Ie/i0OBaHKe XapaKTepa JaibHelInero ABUKeHH st MOHETHI
KAaK 0P BEPTHKAJbHBIX, TAK H NPH TOPHU3OHTANbLHBIX KoJjeba-
HHSX NOACTaBKH. D10 jaxke OoJiee HHTEpecHasi, HO H BMECTe C
tTeM OoJsiee TpyHHas safada. A

2. JiBuxeHHe MOHeTHl Ha BHUGpHpyromed nojxctaske. Kak
BBITVIAANT TpaHK CKOPOCTH MOHETHI, JIEXKAIIEH HA MOACTABKe,
KOTOpas COBEPIIACT IOPH3OHTA/IbHBIE T'apMOHHYECKHe KoJseha-
HHfA C 49acToTod ® M aMmmautyaon A?
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A Kak 6b1io BhISICHEHO B npeplAyiiel 3ajaue, NpH BHNOA-
nenun yeaous o?A<pg monera GYyAeT ABHraThCsi BMeCTe C
noficrasxodl. [Ipyu 3ToM rpadux cKOpOCTH MOHETH! COBHAAAET -C
rpadHKoM CKOPOCTH MOACTABKY U NPEACTABJAsieT COGOH KOCHHY-
conny v.(f)=wA cos w?, noxkasauuyo na puc. 2.16. ITostomy
MHTEPECEH TOJIBKO MPOTHBONONOKHDIN cnyyalh o*A>>ng, Korza
MOHETA CMELIAETCsl OTHOCHTENBHO TNOACTABKH.

Ha puc. 2.la npuseser rpaduk yckopeus IlOIlCTaBKPl

a,(f)=—w?A sin of, Ha KoTOpOM yKasaHs 0GJAaCTH, Iie MO-
AYJb 3TOTO0 YCKOPEHHs1 He TPEBOCXOANT sHAuUeHHs g, T. €.
ﬂ.z,\
rZ
a 0 >
t
"/{9
v.r
Jd o 4 /}
t

Puc. 2.1. Ha nurtepsanax f,, fg u #;, {5 MOHETa IBHXKETCA BMecTe C NoOf-
CTaBKOM

MaKCHMaJIbHOIO YCKOPEHHUs, KOTOPOE CHJIA TPEHHS MOXKeT Cout-
HIMTH MoHere. FIMEHHO B 9TH HHTEPBaJbl BpeMeHH (MHTEpBaJn!
«3aXBaTa») MOHeTa MOrJa 6bl JBUTAThCsl BMECTE C TIOACTABKOM.

[Tycre no momenra f; (pHc. 2.1) MoHeTa JBHIKETCS BMecTe
C NMOECTaBKOH. B MOMEHT f, IPOHCXOAHT «CPBIB> MOHETHI, H Tpe-
HHE MOKOs 3aMeHsieTcs TPeHHeM cKosbkeHHs. Tak Kak cuaa
TpEHUs] CKOJIbKEHHS MOCTOsIHHA, TO JafbHelilllee ABHXKeHue
MOHETH B HHEepLHAaJAbIOH cHcTeMe oTcyera (T. €. B aaboparop-
HOJi CHCTEME OTCUeTa, a He OTHOCHTENILHO NOACTABKH) NPOUCXO-
ANT ¢ TOCTOSHHBIM yckopenuem. Iloatomy rpaduk cxopoctn
MOHETH!, HAYWHASI C MOMEHTa f;, npexcrasiser cOG0H NpsaMyio
JIMHWIO, HAKJIOH KOTOPOH ompejensieTcsi CHJAOH TPEHHs CKOJb-
eHus. Ecan cunTaTh, 9T0 3Ta CH/Aa paBHAa MAakCHMAaAbHON cHe
TPEeHHs TMOKO#A, TO AAHHAS HpPsMAasi KAacaercs CHHYCOHIBI B MO-
MEHT «CpolBa» Iy.

Xapaxrep JAajpHeHIlero [ABHKEHHA MOHETHl 3aBHCHT OT
TOro, B KaKOH MOMEHT BPeMEHH ee CKOPOCTh CHOBA CTAHET PaB-
HOH CKOPOCTH MOACTABKH. Ec/M 3TO cnyunTcs B nmpejpenax HH-
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TepBA/A «3aXBaTa», HAMPUMEDP B MOMEHT f» (pHC. 2.1), To B Te-
yenye NPOMEKYTKA OT fz G0 IPAHHUIDI HHTEPBAJA «3aXBaray ls
MOHETa ABHIKETCS BMecTe C MOACTaBKOH. B MmoMeHT f5 CHOBA
NPOMCXOHNT «CPBIB», H jalibHEHIIee ABHAKEHHE ONATh IMPOHCXO-
IWT C TAKHM JKe 110 MOAYJIO YCKOpEHHeM, HO HampaBJ/EHHbIM
B [POTHBONOJIOKHYIO CTOPOHY. B MOMEHT f; CKOPOCTA MOHETHI
¥ MOJACTABKYM ONAThH CPABHMBAIOTCA, W OHY JABHKYTCA BMECTE
JI0 OUEPEHOrO «CPHIBay, MPOHCXONALUIErO B MOMEHT t;. Janpie

oy

,”9
0

i

Uy

1o /4

oY

Puc. 2.2. Monera Bce BpeMs NPOCKaJAb3bIBaeT OTHOCHTEIbHO HOACTABRA

Bce noBTOpAETCs cHauana, Takum o6pas3oM, rpapuk CROpOCTH
MOHETHl MPEACTaBsgeT COO0H «HaY», COCTOAILYIO U3 OTPE3KCB
CHHYCOMH H MpsAMbIX Juuui (puc. 2.16).

Teneps paccMOTpUM CJTydai, KOrfa CKOPOCTH MOHETH H NOM-
CTABKM CPABHHBAIOTCS 3a MNpejienaMi CJelyiolero uHTepsasa
«3axsata» (puc. 2.2). I'paduk CKOpOCTH MOHETHI Tenepb 6ynet
COCTOATh M3 TNPSMOJIMHEHHBIX OTPE3KOB, HAKJOH KOTOPBIX,
paBHbIl YCKOPEHHIO MOHETHI ={1g, ONpPefe/IseTcs CHJIOH TPEHHS
cKoubiKeHHst. V3/10MbI Ha 3TOM rpaduke COOTBETCTBYIOT MOMEH-
TaM M3MEHEHHs] HaNPABJEHHs CHJBI TPEHHA. JTO MPOHUCXONMT
NPy M3MEHEHWAX HANPABJEHHS OTHOCHTE/IBHOH CKOPOCTH, T. €.
NpH TepeceyeHuH MNPSIMBIX C CHHYCOMJOH Ipapuka CKOpOCTH
NOACTABKH. BblcoTa 3yOlLOB TAKOH «IUJBD, T. €. MAKCHMAlb-
HOe 3HAUEHHE CKOPOCTH MOHETHl Uy, PABHO NPOU3BEACHHIO
JAKAOHA Mg Ha 4YeTBEPTb Tepnoja KoneGaHHH TNOACTABKH:

Umax = WGT /4 = nug/20.

Htak, BO3MOXHLEI TPH peKuMa ABHXKEHHs MOHETH Ha BHO-
pupyomeH NOACTABKE B 3aBHCHMOCTH OT SHAYEHHS Gespa3mep-
Horo napamerpa ©®A/ug. Kak Mbl BUJAGNH, NpH 02A/ug<l
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moneta OyHeT ABHUraThCs BMecte ¢ rmopctaBkoH. [1pu sHaveHusx
3TOr0 mnapaMerpa, HPEBOCXOAALLHX €JHHHUOY, TOJbKO 4acTb
nepuoja MoHera OyAeT ABHraThes BMecTe ¢ nofctaBkod. Tako#
peXHM /[BHIKEHHSl OCyuIecTBJsieTCsl, MOKa mnapamerp o*A/pg
He RocTHrHet snavenus V' 14 n2/4. Uto6bl yOGeruThCS B 9TOM,
AOCTATOYHO cOOGpPA3HThb, 4TO NEPEXON K TPETheMy pEXHMY,
IpH KOTOPOM MOHETA BCE BPEMS MPOCKANb3BIBACT OTIIOCUTEIbHO
NOACTaBKH, HPOHCXOAHT TOrja, KOrAa NPOH3BEJEHHE HAKJ/IOHA
NpsAMOH wg Ha MoJOBHHY nepuoja T/2 paBHO yJABOEHHOMY 3Ha-
UEHHID CKOPOCTH TOACTaBKH B MOMEHT cphbiBa:

pgn/o=2wA cos ot;.

MoxcraBaas ciofa cos of, =V 1T—sin?of, =V T—(ug/w?A)?,
HaXOIUM Npee/bHOE 3HaUeHHEe HHTEPECYIOLEro Hac napamerpa:

0 A/pg=V1+ n2/d,

BuaHo, 4To mepexof OT OAHOTO pexHMa JBHKEHHS K APYromy
BO3MOXKEH IPH yBeJHyeHHH JHOO 4acTOThl, JAHOO AMILIUTYIbI
KoJeGannil A, 60 MPH yMeHbIUEHHH Ko3xpHIHEHTA TPEHHS
N A -

3. KoMOMHHpOBAHHBIH MAfITHHK. PaccMOTpUM MasATHHK,
usobpamenHslt Ha puc. 3.1. Jlerkuit crepxens AsuHbl [ noA-
, BelreH Ha ocH B Touke A takum oGpa-

A . 30M, UTO OH MOXKeT JBHMraThCsl B MJIOC-

A KocTH ueprexa. K rpysy maccwl m Ha
KOHIE CTep:KHA MNpHKpen/eHsl OfUHA-

KOBBIE NPYKHHBI XKECTKOCTH £, pacno-

JIO)KEHHHE TOPH3OHTAJBHO B ITOH Ke

l NJOCKOCTH. JlpyrHe KOHIBI [PYKHH
3aKpenJieHb! HemoABHKHO. Haltd uac-

TOTYy MaJblX COGCTBEHHBIX KOJeGaHHH

TAKOTO MasiTHHKA B OTCYTCTBHE TPEHHUSA.

M Maccamy ctepXKHsi H NPYXKHH NpeHeS-
*  peun.

1
I s | S 1 A Ecan 6n npyXKHHB OTCYTCTBOBA-
i~ >T€ >
JIH, TO paccMaTpUBaeMasi CHCTEMA NpeA-
Prc. 3.1. KoneGamna  crapngma Gsi cOGOM OObIUHBIN MAaTeMa-
TAKOro MasiTHHKa obyc- o o
foBleHM Kak cmgon THYECKHHA MafTHHMK, COBEPIUAIOMMH KO-
TSIKECTH, Tak ® cuna- JleBaHusg B node tsaxectd. Yacrora cob-
MH ynpyTrocTH CTBEHHBIX KOJEHAHHU TAKOro MasTHHKA
®; 3aBHCHT OT YcKopeHus cBoGopHOTrO
NajeHus1 ¢ U OT JJHHBI CTepXHdA [

wi=gll. )
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HaoBopor, B OTCYTCTBHE CHJIBI TAXKECTH AAHHAS CHCTEMA
npeBpamaercs B OObIUHbIA DPYXHHHBI] MasiTHHK, Y KOTOPOrO
Macca m Kos1e6/1eTCs TOPH30HTANBHO OKOJO ¢BOCTO HOJMKEHNH
paBHOBECHSI noj AelCTBHEeM Ynpyrux cuji. Tak Xag Ha T1€10
ACHCTBYIOT J1B€ NMPYXKMIIE], TO BBIPAXKEHHE AAd  4acTOTHl COG-
CTBEHHBIX KOMeDAHU TAaKOTO NPYXKHUHHOTO MAafsTHHKA HMEeT
BUJ

w3=2k/m. 2)

Herpynio nonyunTs BeIPAXKEHHE AJis 4ACTOTH COGCTBEHHDIX
KoJieGaHuil paccMaTpHBaeMOro KOMOHIHMPOBaHHOTO MasiTHHKA,
. KOTJla Ha €ro JBHKEHHE BJHAIOT M CH/IA TSHKECTH, ¥ YNpyrue
CHJBL JehOpMHPOBAHHBIX NPYIKHH.
s 3Toro, Kak OOBIUHO, HYIKHO A
paccMOTpeTh CUabl, ACHCTBYlOIIME
HA BLIBEJEGHHBH H3 PABHOBECHOTO
NONOKEHHs MAaATHHK, W Hanucath
ypaBHeHuNE BTOpOro 3akona Hpio-
TOHA.

Hycte rpys cMeweHn H3 noso-
JKEHHA PpaBHOBECHS BIpaBo Ha
paccroange x (puc. 3.2). B atom
[ONOKEHHH HA TPy3 B TOPH30H-
TaJLHOM HaNpaBJieHHH AEHCTBYIOT
ase cuipl Fyu F,, HanpaBieHHble |
K MoJiokeHdto paBHoBecus. CHua
Fy o6GycioBiena pAeficTBHEM MOJIs
TAXKECTH. Eciu OTK/NOHEeHHE X Masio < Te >
1O CPAaBHEHHIO C JUVIHHON MAATHHKA  pye. 3.2, K porancitennio cu,
I(ixjl), T0 pns NpOEKIMH 3TOH  jmelicTBYIOWMX Ha CMeLEHHBIN
CHJIBL H3 OCbh X CIPABEANMBO HPH- K3 NOJOXKEHHS paBHOBECH:
GJutKeHHOe BhIpaXKenue Tpys

Fi=—mgx/l. 3)

Cuna F, npencrapisier cofoH PaBHOASHCTBYIOIKYIO CHI,
JeficTBYIOlMX Ha TPy3 co cropous! npyxuH. [Ipu ykaszaHHoM
Ha puc. 3.2 Beiope HanpaBJ/ICHNA OCH X NMPOEKUHUSA CHJBL, AeH-
CTBYIOMIEH Ha TPY3 B [MOJOKEHHH DPaBHOBECHS CO CTOPOHH
[paBOH MPYXKHHBL, paBHA k(s—s,), TAe §, — AIUMHa Hefdedop-
MHPOBAHHGH MPYKHHBI, a §— PacCTosHye MEXKAY KOHIaMy
NIPYXKHHbB! IPH PABHOBECHOM MOJI0KEHHH Tpy3a. Ecau s>s,, 1. e.
NPYKHHA PacTsAHYTa, TO 3Ta CHJa HanpaBjena BNpaBo, eC/H
npyKuHa cxkata {s<s,) — To BJeBo. IIpoexuus cunwl, peicr-
BYIOLIEH Ha IPy3 B MOJNOXEHHH PABHOBECHs! CO CTOPOHBI JIEBOH

3
!
HE7
f
i
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NpyXHHel, paBna —*k (s—s,). Korpa rpys cmemen u3 paBHO-
pecdsl Ha x (puc. 3.2), TO CO CTOPOHHI NPaBoOH NpPYKHHH Jefi-
CTByeT CHJa, MPOEKUUs KOTOpOoi paBHa R (s—x—s,), a €O CTO-
pOHBI JIeBOH —Fk (s+-x—s,). [To3TOMy RpoeKis paBHOACHCTBYIO-
med cuanl F, paBHa HX Cymme

Fa=F (s—x—s5,)—k (54-x—8,) =—2kx, 4)

Ormerum, uto cuna F, HanpaB/ieHa Bcerja K INOJIOXKEHHIO paB-
HOBECHS H HE 3aBHCHT OT TOTO, PACTAHYTH! HJIH CKATH NP YKHUHDI
Np¥ DABHOBECHOM MOJIOKEHHH IPy3a.

C yuerom Beipaxenuil (3) ¥ (4) ypaBHEHHE BTOPOTO 3aKOHA
Helotona sanucbiBaercss B BHZE

ma=—mgx/[—2kx. (5)

O6o3HauuM, Kak 3T0 OObIYHO RPUHATO, YCKOPEHHEe a, paBHOE

BTOPOH NpOH3BOLHON CMElIeHUs X 10 BpemenH, depe3 x. Toraa
ypaBHeHue (5) MOXKHO nepenucath CHAEAYOMAM 00pasoM:

X+ (g/l + 2k/m) x =0. (6)

Hrax, Bropoit sakon HoioToHa pas paccMaTpuBaeMOH CHCTEMbI
NPUBOANT K OudxpepeHIHaNnbHOMY YPABHEHHIO rapMOHHYECKHX
KoJsiebanuil, KBaApaT YyacTOThl KOTOPHIX ©3 paBeH KO(pHiHeH-
TY NpU X:

0i=g/l-4-2k/m. €3]

CpasunBas 31y dopmyny ¢ Belpaxenusmu (1) u (2), yoex-
JaeMcsi, YyTO KBajpaT uacToTh! COGCTBEHHDBIX KOJIeGaHUA KOMOH-
HHPOBAHHOrO MAasTHHKA paBeH CYMME€ KBajpaTOB 4acToT o,
4 02, KOTOpHE ABAAIOTCA yacToTaMd COOCTBEHHBIX KoJefaHufi
MasgTHHKA TPpH JeficTBAM KaXKAOH H3 NPHYMH, BHI3BIBAOUIAX
KonebaHHs, B OTAENBHOCTH:

o} = 0} + of. (8)

[ToameueHHoe CBOMCTBO SIBAACTCA AOBOJBHO OOIMM A/t
KoJie6ate/IbHBIX NPOLECCOB PAa3HOH NPUPOALL: €CAH KaKasg-ju6o
¢dbu3nYecKas BeNUYHHA MOXKET COBEpIIaTh COGCTBEHHbIE KOJeba-
HHS TOJ jAeficTBHEM HECKOJNbKHUX NPHUHH, TO NPH OAHOBPEMEH-
HOM JEHCTBHM STHX NPHUHH YactoTa KosaeOGaHHH yAOBJETBOPsiET
npasuay (8).

[onyuennniit pesyabrar (7) Hau (8), pasymeercs, YAOBJIET-
BOPSieT MpefesibHbIM C/Iy4YasaM, KOTJa M/IH EKeCTKOCTb HPYXKHH,
HJIM CHJIA TSIKECTH CTPEMATCA K HYJIO. FlHTepecen npele/bHblii
cayqall, Korja HeorpaHHueHHO BO3pacTaer AJHHA CTEPXKHSA [
[pu { — co MBI NPHXOAMM K TAKOMY e pe3ynibTaTy, KakK 4 npy
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g— 0. Posb cTepxHs B 3TOM C/ydae CBOAMTCS JHIUB K TOMY,
uToObl NOAAEPIKHBATH I'Py3, coBepmamwdi KoseGanusa MO]
HeficTBHEM TNPYKHH, A

4. Hecummerprunbtit MAATHHK. Y TaKoro e, Kak H B npe-
HIbiAyme# 3agaye, MasTHHKA BMECTO NPYKHH € OXHOH CTOPOHE!
K rpy3y npukpensena rubkas pe3unka, nposJjsiolias ynpy-
rde CBOHCTBA TOJIBKO NPH pactsikeHud (puc. 4.1). Koraa ma-
ATHHK PAaCHOJIONEeH BePTHKAJbHO, Pe3lHKa He HartaHyTa. CMe-
IEHHE Ipy3a BNPaBO NPUBOAMUT K PACTAXKEHHIO PE3UHKH, KO-
TOpoe yjoBneTBopsieT 3akoHy ['yka: F=—Fkx. Ilpu cMeieHun

]
[
1
f
p 27
!
!
Il\
) 1
\.—I
—te
, z J @
Puc. 4.1. Tlpr BeprukaAbHOM Puc. 4.2, Tlpu OTK/IoHenun Ma-
NOJNOXKeHAH MaATHUKA Pe3HHKA ATHUKA BJIEBO Pe3HHKA He BJH:I-
He pacTAHyTa eT Ha ero JABHkKelue

rpysa BJEBO P€3HHKA mpocTto nposucaer. Ha#ity nepuon co6-
CTBEHHBIX KOJeGAaHHA TAKOro HECHMMETPHYHOTO MasiTHHKA.
A Tlpy OTKJIOHEHHH MasiTHHKA BIIPABO Pe3MHKA pacTiarHBa-
eTcsi H JBHXKEHHE Ipy3a MNPOHCXOAHMT MO TAKOMY JKe 3aKony,
KaK M JIBHKEHHE KOMOMHHDOBAHHOTO MasTHHKa B 3anaue I.
EAMHCTBEHHOE OT/IHYHE COCTOMT B TOM, YTO BMECTO ABYX HpY-
JKHH Tenepb uMeercs TOMbKo ofHa. klosTomy nmpd x>0

ma=—mgx/l—kx (x=>0). )

BBOAs ANS YCKOpeHHs @ 0603HaueHHe X, NePenHIeM 5To ypas-
HEeHHE B BHJE

x+ofx=0 (x>0), (2)

rjge udcrora coOCTBEHHHIX KoneDaHHH ©, ONperesisiercst CooT-

HOILEeHHEM
wi=g/l+kim. %)

W3 ypaBnenus (2) csiefyer, yTO ABHXXEHHE IDY3a MPOHCXO-
JHUT 10 TAKOMY 3Ke 3aKOHY, KaK ¥ NPH rapMOHHYECKoM KoJe6a-
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UK C 4yacTtotofi ®,, mnoxa x>0, MOCKO/MBKY cHJIa YHPYTOCTH
—-kx JeficTByer Ha rpy3 TOJbKO O TeX fop, NoKa MasTHHK OT-
KJ0HEH BnpaBo. Kak TofbKO MasgTHHK NPOHAET depes nojoxe-
HHEC PABHOBECHS U HAYHET OTKJOHATHCS BJEBO, AeHCTBHE pe-
3UHKH MPEKPALIASTCH H MASTHHK JBHKETCS TaK XKe, Kak H [pH
CBOBOJHOM KoJsieGaHuH B 10Je TskectH (puc. 2.2). Huddepen-
LHaNbHOE ypaBHEHHE TAKOTO JBHIKEHHS HMeeT BHA

X4olx=0 (x<0), e ol=gl (4)

Takum oOpasom, mosaHasi KapTHHA ABWXKEHHS MasiTHHKa ¢
PE3HHKOH He ONMCHIBAeTC OAHMM AH(epeHlinanpHbBIM ypaB-
HenueM. Kaxapill pas B MOMEHT NPOXOKACHUSA MASTHHKOM I10-
JIOXKEHHs] paBHOBeCUst JJisl OIIMCAHHUA IOC/AEAYIOMEro ABUKEHNA

z(t)
4
0 2 ,}
4 7y
T )

r

Puc. 4.3. 3awrtpuxoBannpie GUrypbsl, OrpaHHueHHbie IPagHROM 3aBH-
CHMOCTH X (f), reoMeTpHYeCKH NOJNOGHBL

HYMXHO TepPexoANTb OT OfHOTO YpAaBHEHUs K APYroMy — OT
ypaBHeHus (2) K ypaBHeHmIO (4), €CIM TPY3 HPOXOAHT uepe3
NoJI0KeHHe paBHOBECHS CIIpaBa HAJeBO, H OT ypaBHeHus (4)
K ypaBHeHHIO (2) — ec/iH ¢/1€Ba Hanpaso.

Ilepuoa 7, B TeueHHE KOTOPOTO OCYIIECTBJISETCH MOJ-
HbIH LMK/ JIBHXKEHHS PacCMATPHBAEMOTO HECHMMETPHUHOTO
MasTHHKA, CKJafpIBAaeTCss H3 ABYX NOJYIEPHOJOB, COOTBET-
CTBYIOLIMX TApMOHHYECKHM KoJMebaHHAM C YacToTaMd o,
H O

T=n(l/o,41/0,). (5)

HutepecHo cpaBHHTE MEXAY COOOH MakCHMA/TbHBIE OTKJOHE-
HHSl MAATHHKA [MPHU €ro CMELIEHHsX BOPABO H BJIEBO OT 110J0-
HeHHs paBHOBecHs. DTO MOXKHO ClesNaTh, HATPUMEp, NOCTPOUB
rpapvK 3aBHCHMOCTH CMeIIEHHs Tpysa ot Bpemenu. Ilycts
B HadasbHbII MOMeHT BpemeHH =0 rpy3 cmeleH BIpaBo OT
HOJIOXKEHHs PAaBHOBeCHs Ha paccrosude A, ¥ ornyuweHn 0es
nauadbHOH cxopoctd. Iloka rpy3 He JOCTHTHET MOJOKEHHs
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paBHOBecHdsl, rpadHK ero ABHKEHHsA OyAer npeictaBisTh co0oil
YacTb KOCHHYCOHJBI, COOTBETCTBYIOUIEH pEILeHHIO YpaBHEHHs
(2) (pmc. 4.3):

x(H)=A,cos0,f (O<t<<n/2am,). ©)

Tlocne npoxoXkAeHHs MOJIOKEHHS PABHOBECHA, T. €. npd x<0,
rpapuk ABHKEHHS OyJeT NPeACTaBAsATh COOOH 4acTe APYroii
KOCHHYCOH/IBI, COOTBETCTBYIOIMEH pEIUEHHIO ypaBHeHds (4).
OTa KOCHHYCONJA HMeeT, KaK Mbl BbISICHHJH, APYTOH NepHOA H,
pasymeercs, apyrywo amnautyay A,. OmHako B TOuKax, Ife
3TH KOCHHYCOHJB! CMEHSIOT APYT Jpyra, OHH UMeT ofuLyio
KacartesapHyio (puc. 4.3). B camoMm zesie, HAKJIOH KacaTe/bHOil
Ha rpadHKe 3aBHCHMOCTH X (f) onpenenasieT CKOPOCTh Tefa, KO-
TOpas B MOMEHT MPOXOXKIEHHS TMOJOXKEHHs pPaBHOBECHA Ii€
mensnercs. Takine KOCHHYCOHAbl eOMETPHUECKHM NOHOGHBI (CM.
3al0TPHMXOBAHHBIE YYyacTKd Ha pHuc. 4.3), NOITOMY OTHOLIEHHE
HX aMIJIMTYA PAaBHO OTHOLICHHIO COOTBETCTBYIOLIMX HOJYyIe-
pyoxoB:

AJA=0,l0,. (7)

OTCIO}Ia noc/e NOJCTAHOBKH 3HAUEHMH 4acToT ®, H ©y Noay-
qaem

A= AV T kijmg. (8)

K coorHowenuio (7) MOXKHO NPHATH H U3 IHEPTETHUECKHX
coobpaxenuil. [Tosinas MeXaHuueckas 3HEprus paccmaTpuBae-
MOH CHCTEMBI COXPAaHAETCA, H B TOUKAaX OCTAHOBKH, Tle OT-
KJIOHEHHS1 MAasTHHKA MakKCHMaJ/bHbl, OHA COBNAjaeT ¢ NOTEl-
MannHo#t. Ilo3TOMYy 3HAueHHMS NOTEHIMANBHON 3SHEPrHH B
KpaliHMX TOUKaX OAMHAKOBBL. Tak KakK JAefcTByIOImAas CuJa
NPONOPIHYOHAIBbHA CMELIERHMIO, TO NOTEHNMANLHAS SHEPTHA NPo-
MOpUHOHANbHA KBaApaTy cMemleHns. KoaduuuenT nponopiu-
OHaJIbHOCTH ONpejienisseT KBagpaT 4acTotsl Kosaebaunuil. I1oatomy
BhIpaKeHHe JJisi NOTeHlHaJbHOH dHepruu E, MOXHO 3anHcaTsh
B BUJE

@ix2 )
E, =5 9
[MopuepkHeM, 4TO NAHHOE BHIpAaXKEHWE CNPABEAJIHBO KaK MpH
OTKJIOHEHHH TpYy3a BJIeBO, KOrna NOTEHLHAJbHASA SHEpTHs -—
3TO 3HEPTHs TPy3a B MOJe TAKECTH, TaK M MPH OTKJIOHEHIH
BNPaBO, KOrja NOTEHIHAJbHAS SHEPTHs CHCTEMBI CKJAIbIBa-
eTCsi M3 3HEPTHH Irpys3a B NOJe TAXKECTH M NOTEHIHAJbHOI
3HEPrUH pacTsiHyToH pe3uHku. Pasymeercs, B dopmyay (9)
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B Kam/JIOM ciydae c/eyeT NOACTABHTb COOTBETCTBYIOIEE 3Ha-
YeHHE 4acTOThl @y HIAH (. EC/H Tenepb NpUPaBHATh 3HAYCHHS
NOTEHUYANBHON 3Hepruy B KpalHHUX TOUKax cjeBa 4 clpaBa:
moj A7 maiAs
2 2
TO HEMEJJIEHHO MPHXOAUM K mpexueMy cooTHoweHHio (8). A

5. KonebateqbHblii KOHTYP € HCTOUHMKOM TOKA H ero
mexaHHueckass aunagorus. Mcrounnk ¢ D[AC & u Hy’eBbiM
BHYTPGHHHUM CONPOTHBJIEHUEM COEJHHEH MOC/AefOBaTENbHO C
KaTyUIKol MHAYKTHBHOCTY U KOMJAEH-
catopom (pHc. 5.1). B HauanbHBIH
MOMEHT BPEMEHH KOHJEHCATOD ' HE
sapsixked. Halith 3aBHCHMOCTBL OT
BpeMEHH HaRPsKEHHS Ha KOHJEHCa-
TOpe IHocje 3amblKanusi Kmoda K.
B kakoli mMexanuueckod crcreme
npouece koaebaHul OyHeT aHa/IOTH-
Puc. 5.1. Konebatenpnutit :gl:”};%'fgﬁaHHHM B paccMatpyBaeMom
ROQHTY D, CcOnepXaliH HC- °

TOYHHK DHUTARHA A Hsyuenue npoueccos, HPOHC-

XONAIHX B paccMaTPUBaeMOM KOH-
TYpe, €CTecTBEHHO HayaThb ¢ COCTAB/JEHUS YPABHEHHA AJisA
TOKa B Takod uenu. Bce 3neMeHTBI DENH COEAMHEHHI TOCTe-
JIOBaTENLHO, IO3TOMY CHJIa TOKA BO BCEX €e yuacTKaX B JaHHbLIN
MOMEHT BPEMEHH OJMHAKOBa, a CyMMa HanpsiKeHHH HA Bcex
saementax paBua DJAC. Tak Kax no yc/noBHIO BHYTpEHHee
COMPOTHBJIEHHE HCTOUHHKA TOKA PAaBHO HYJIO, TO

UL "{" UC:éJ’ (l)
rie U. — nanpsa:ende Ha KoujeHcarope, Uy — HanpsiKenue
Ha KaTylKe HHAYKTHBHOCTH.

Hanpsixenue Ha Koujencarope U, CBsi3aHo C 3apsioM ¢
ero BepxHeH nJacTHHB WU ero eMmkocToio € COOTHOWEHHeM
U,=¢/C. HanpsxeHne Ha HHAYKTUBHOCTH B JIOOOH MOMEHT
BpeMeHd pPaBHO 110 MOAYJI H MPOTUBOMNOJONKHO [0 3HAKY
C camonHayxuuH, nosromy Up=L dl/dt. Tox B nenu 7,
Kak BHAHO H3 puc. 5.1, paBeH CKOpPOCTH HM3MEHEHMs 3apsja
BepXHeH nJacTHHbl KoujeHcaropa: [=dg/dt. [logcraBasis Tox
B BbIpaxKeHue [/Js HaNpsKeHMs Ha KaTylike U 0003Hayas
DTOPYIO TPOM3BOAHYIO 3apsiia KOHAEHcaTopa ¢ MO BPEMEHH
yepes g, nepenutueMm ypasuenue (1):

Lj+q/C=8é. (@)
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BBonsi oGosnauenne ;=1/LC, sanuiem ypasuenue (2) B
BHJIE “ )
q--olg=8&/L. 3

D10 ypaBHeHHe OTJIM4aeTcs oT AudepeHuHasbHOrO ypas-
HeHUsT CBOOOJHBIX TaPMOHHUECKHX KoJeGafiuii ¢ 4JacToTofl
®, TOJbLKO TEM, Y4TO B €ro NpaBoil 4acTH BMECTO HYJSl CTOMT
nocrosiidan BenuunHa §/L. Ero MoXHO npuBecTH K ypamHe-
HHIO TapMOHHYECKHX Kosebanui, e€cu clesaTh NpPOCTYIO 3a-

MeHy
q=Q+&/Lawk. 4)

Tax xak ¢=Q, T0 B pesyJjbrate TaKOil 3aMmeHHl MNpapas
4acTh B ypaBHeHnHM (3) Mponajaer, U OHO NMpPUHHUMAET BHJ

Q+wiQ=0. )

Buano, 4TO 9T0 ASHCTBHTE/ILHO YPaBHEHHE CBOGOJHBIX TapMo-

HHUECKHX KOJe0aHHil ¢ 4aCTOTOH ®,, HO TOJBKO TeNepb Besdu-

YHHOH, COBEpLIAOUIeH CHHYCOMJAJIbHBIE KOJsefaHus, sBJs-

eTcsl He 3apsaf IJIAaCTHUHBI ¢, a BBeJeHHas cooTuoueHuem (4)

BesuuuHa Q:
Q ()=Q, cos (v, 1+a). (6)

[Mocrosiunpe Q, ¥ & AOKHB ONPEleNsITHCS U3 HadaJbHBX yC-
JIOBHIL.

Teneps Jerko HanucaTh BbIPaXKeHNe /I HHTEePecyIomed nac
BeJIHUMHBEL ¢ (f). YuMTHBafA, 4TO BTOpOE CJaraemMoe B NpaBoil
qacTH coorHouernus (4) paBHo C&, a1s 3apsila KoHAGHcaTopa
g(#) ¢ nomompeio (6) noaydaeMm

g ()=Q, cos (0yt+a)+Cé&. (7

[To ycsoBuio 3ajauy B HayaJbHBIH MOMeHT BpeMenu =0 KOH-
JeHCATOp HE 3apsiKeH, a KJ/ou Pa3soMKHYT, T. €. TOKa B ILieNH
ger. [losroMy cooTBercTByOlIHE paccMarpuBaeMofi 3ajaue
HauaJbHbiE YCJOBHS HMEIOT BHJ

q(0)=0, I(0)=0. )
Yrobbl BHIOpaTh NOCTOsIHHBIE (J, M O, YIOBJETBOPAIOIME Ha-

YasbHBIM yCaoBHAM (8), HYMKHO CHayaJa HalTH C HOMOMILIO
(7) BblpaxeHue jds ToKa B uenu I[:

1 ()=dqldi=—Q, 0, sin (0y+). ©)

[Monaras B gopmynax (9) u (7) =0 u yuuTbiBasi Hayasbibie
ycaoBust (8), moJydaeM ypapHEHHS /1 HAXOXKIEHHS Q, M o

Qycosa+C& =0, —Qym,sina=0. (10)
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M3 nepsoro coordowenus (10) BuaHo, uro Q,520. Torma us
BTOPOrO COOTHOIIEHHS CaeftyeT, uro sin a==0, T. e. HauaNbHyIO
(asy KonebaHHi o MOXKHO MOJOXKUTL paBHOH HyJ/no. [TojacTas-
aasa o=0 B neppoe coorHowenue (10), Haxoaum Q,=—C§.
Hrak, ynoBJerBopsiollee HauyaldbHBIM ycaoBusM (8) peluenue
ypapHeHus (3) uMeer BHJ

g (t) =C& (1 —cos w,t). (1

OuepuzHO, YTO TaKOH XKe BHJL HMEeT U 3aBHCHMOCTb OT BpEMeHU
HafipsiKenust Ha KoujeHcarope U (f)=4/C.

I'padhukn 3aBUCHMOCTH 3aPsifa KOHjeHcATOPa M TOKa OT
BpPeMEHH NoKa3aHbl Ba pHc. b.2. M3 sroro rpaduka Buuno,
YTO 3apsii KOHAGHCATOPA COBEP-

(¢
e I ~ aeT TrapMOHHYECKoe Kouieba-
HHe OKoJdo 3HaueHHs ¢=C¢&,
(& Fmafomac N e foeea2\= COOTBETCTBYIONIErO 3aPANY, KO-
TOpBIE HMMe1 OBl KOHJeHca-
0 = TOp B paccMaTpHBaeMO# welH
%) (puc. 5.1) B cocTonHiM paBHOBeE-
cud. KoneGanus sapsia npouc-
Vi XOAAT MeXKJly 3HaueHHsIMH ¢=0
\/ \_, ‘o g=2Cé&, yTax 4YTO 3I1aK 3a-

pafa KaKAOH NJAaCTHHBI He
Pue. 5.2. 3aBucuMocTs 3apaja Mensiercsi. KoseGanus Toka, B
KoijjgeHncaTtopa H TOKa B LEIH OT o
BpeMeRH oTiHune ot KosnebaHui sapsija,
NPOHCXOAAT OKOJIO 3HAYEHHs
I=0. MaxkcuMasibHOE HaNPsKeHHe Ha KOHJEHCATOPE PaBHO
yasoernon DMAC ucrounnka: Ug,,,=28.

MoXeT BO3HMKHYTB BOMNPOC, .KaK 3TO BOOOHE HCTOYHIK
¢ JJIC & moxer 3apafuTh KOHIEHCATOP 1O HANPSIKEHHA,
paBHOTO 2&. D10 OOBACHACTCA HaJHUHEM KAaTyLIKU MHAYyKTHB-
HOCTH B lenu 3apsiiku: Jefctsve DJIC CaMOHIAYKIHH NPUBO-
JHT K TOMY, YTO TOK B LEMH He MOXKeT OGPaTHThCSl B HYJb B
TOT MOMEHT, KOTjla HalpsKeHHe Ha KOHJEHCATOPE JOCTHIaeT
sHa4eHus, paBHoro JIC HCTOYHMKA, M KOHJEHCATOP NPOJO.I-
JKaeT 3apsKaThes,

[Tepexonst K OOCYJEHHIO MEXaHHUECKOH CHCTEMBI, aHaJo-
THYHOH PacCMOTPEHHOH 3JeKTPUYECKOH LelH, HaMOMHHM, UYTO
K0.1e0aTe/IbHOMY KOHTYPY, COJAepXKAIEeMy HHIYKTHBHOCTb M
€MKOCTb, MOXKHO MOCTaBUTb B COOTBETCTBHE [P YKHHHLIH Ma-
sTHUK. TIpH 9TOM 3apsif KOHJAEHCATOPa AHAJOTHYEH CMEIleHIO
rpysa, a TOK B KOHTYP€ — CKOPOCTH JIBHXKEHHsI Tpysa. Ynpy-
ras NPYyXHHA SIBJIAETCA aHAJIOTOM KOHJICHCATOPa, a IBHKYIIAs-
Csl Macca — aHaJOroM KaTYIUKH MHIYKTHBHOCTH.
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Ho B paccMoTpeHHOH nenu Kpome KOHJEHCATOpa M KaTylli-
KU HHIYKTHBHOCTH €CTb ellle OJIHH 3JeMeHT — UCTOUIHK MH-
Tanus. bBoarojgaps MCTOUHHKY B TaKOH memd CTAHOBHTCS
BO3MOMKHBIM BO3HHKHOBEHHE KoJeOaHHil naxe B TOM clyuae,
KOT/Ja B HauaJbHBIH MOMEHT W 3apsf KOHJeHcatopa, H TOK B
Uend PaBHBI HYJO.

[TockonbKy B 9JEKTPHUECKOH LENH B HAYAJbHBIE MOMEHT
BpeMeHH 3ap#jl KOH/IeHCAaTOpa H TOK PaBHBI HYJIO, TO B Mexa-
HHYECKOM aHa/lore 3TOM CXeMbl B Haualb-
HBIH MOMEHT NpY2KHHA JIOMXKHa ObITh Hejle-
¢dhopMHpOBaHa, a Ipy3 AOJIKell OKOUTHCS.
Ocraercst TOMLKO NPHAYMaTb, YTO MOMKET

BBIMOJIHUTL POJb MCTOUHHKA TOKAa B Mexa- d
HHUUECKOH cHcTeMe: MEeXaHHyecKHE aHaJjor

HCTOYHHKA JIONKEH IIPUBECTH CHCTEMY B -0
BHKeHNe 6e3 HauasJbHOro TOMUKAa H j0J- -
JKeH NMPOoJOMKAaTh JeHCTBOBATL M JaJblue B mpk
npouecce kKosebaHui. 2tk

Herpyaso coobpasuts, 4to 3Ty pOJib B z
MEXaHHYECKOH CHCTeME MOXKeT ChIrparb Puc. 5.3. B nauads-
noJle TSXEeCTH, eCJU NMPYXKUHHBI MasiTHUK  Helfl MOMEHT 1py-
PacnoNOKUTb  BEPTHKA/bHO, — MOAMEPeTs  HEH3 a“eﬂﬂfq’oap"l‘l‘(‘_:
rpys TMOACTaBKOH TaK, 4YToObl NpyKHHA Eowmeﬂ_ p}éam;ﬂ
6eia tiesedopmupoBana (pHc. 5.3), a 3a-  uoactaBky BbLiep-
TeM Pe3KO BHIAEPHYTb nojcraBKy. Coc- THBAIOT
TABHUM YpaBHEHUE JBHMKEHHS JUIsi- TaKOro
MasTHHKa. HanpaBum och x BepTHKaJbHO BHHU3 M OyleM OTCUH-
TBIBATH CMEIEHHE Tpy3a X OT HAYaIbHOIO TNOJOXKEHHSs, 1
KOTOpOM MNpyxuHa HelebopMupoBana. Torja MpOEKUHsl CH-
JiBl, JleficTBYIOLLeH Ha [PY3 CO CTOPOHBI NPYXKHHBL, paBHa —kx.
Tax kKak Ha rpy3 JeHCTByeT elie H Cuja TSXKEeCTH, TO ypap-
HeHHe BTOPOro 3akoHa HbioToHa nMeer BHJ

ma=mg—rkx. 12

OfGo3Hauasi ycKOpeHHEe NMPYXHHBI, T. €. BTOPYIO NMPOHSEOLHYIO

CMEIIEHNA 110 BpeMeHH, uepes x ¥ BBoAs 0003HaueHue wi=*k/m,
. nependmeM ypaBHedune (12):

X4 0lx=g. (13

Mbr BHAMM, YTO NIpOLECCHI B MEXaHHUYECKOH CHCTEME M B
PAcCMOTPEHHO!l  BbBILI€ 3JEKTPHUYECKOH [eNH ONHCHIBAIOTCA
o/\HaKOBBIMH ypaBHerMaMu (13) u (3). OnnHakoBmME GYAYT

W HavaJbHBIE YCJAOBHS: OTCYTCTBHIO 3apsajna KoHjJeHcaropa i
TOKa B HauaJbHbiii MOMEHT BpEMEHH B SﬂeKTpH‘IeCKOﬁ Henu



(6]
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(cootHomenus (8)) COOTBETCTBYIOT PaBHbIE HYJIIO CMEIEeHHe Tpy-
332 M €ro CKOPOCTb B MOMEHT BbIAPTHUBAHHSA I0JCTABKH:

x(0)=0, v(0)=0. (14)

Taxum o6pa3oM, paccMaTpHBaeMasi MEXaHHYeCKaa CHCTEMA
JCHCTBHTENBHO MNpeAcTaB/iserT COGOH aHaJsor 3JeKTPHUYECKCI
11en, U BCe COMOCTABJsAEMbie B HUX APYT APYTY BEJIHYHHLI
H3MEHSIOTCA CO BPEMEeHeM [10 OAHHAaKOBOMY 3akoHy. ITostomy
cMemnenne Tpyaa x (f) naercs gopmydoit (11), B KOTOPYIO TONBKO
BMeCTO Beduuuibl CE HYXKHO NOJCTABHUTH €e aHAJOT B MeXaHu-
gyeckoit cHcreMme. M3 conocramnenns ypaBmenuit (3) n (13)
Ac110, YTO BeMMUUHY &/L crenyer saMenuTh Ha g, a BEJHUHHY
&EC=&/Lot — na g/oj=mglk:

x (%) =-'fkg-(1—cosw0t). (15)

I'pagux 3aBHCHMOCTH X (f) U3oOpaxcaeTcsl TeM ke pHc. 5.2
Buano, aro Kojaebanusl Ipy3a NPOHCXOAAT OKOJO 3HAYCHHS
x=mg/k, COOTBETCTBYIOLIEIO CTaTHYeCKOH AedopmanHu mnpy-
YKUHDI TI0Jl TSIKECTBbIO TPY3a, T. €. OKOJO MOJNOXKEHHs paBHOBe-
CH$t CHCTEMBI B 11OJI€ TSKECTH.

Murtepecno paccMOTpeTb 3HEpreTHUeCKHe MNpPeBPANCHH,
HPOMUCXOASIIHE NPH KOJeOaHHAX B JAHHOH 3JEKTPHYECKO
LeMmH W B TMOCTaBJEHHOH €H B COOTBETCTBHE MeXaHHYecKoil
cucreme. [lo 3aMbikaHHA Kai04a, noka 3apsijl KoHAEHcaTopa
W TOK B KaTylUke HHAYKTHBHOCTH DaBHBI HYJIO, 3JEKTpHUE-
CKO€ [10J1¢ B KOHJEHCATOPE U MarHHTHOE NoJe B KaTyllKe OT-
CYTCTBYIOT, T. €. PaBHbI HY/O COOTBETCTBYIOIHE UM JHEPIHH.,
TouHo Tak Xe 710 BbiIEDPIHBAHHSI NOACTAEKH B MeXaHUYeCKofl
cHCTeMe ynpyrasl NOTEHUHaJbHAST SHePrUsl MPYIKUHBI H Kuie-
THYeCKaa 3HEprus rpysa pasHbl Hymo. [locae BeiiepruBanus
NOACTaBKH TPy3 10J AeHCTBHEM CHJIBI TSKECTH yCTPEMJIsieTcst
BEH3, npHOGpeTrast CKOPOCTb M KHUHETHUYeCKYyIo sHeprHio. Og-
HOBPEMEHHO pacTer fedopManusi NPy:KHHLE U CBsI3anHast C Hejl
ynpyras noresuda/ibHas snepruda. flocae npoxoxjeHns noso-
JKeHNS paBHOBecHsl x=mg/k CKOPOCTb H KHHeTHYeCKas sHep-
rus rpysa HaumHaloT yObiBaTh, M B KpalfiHe#l HHKHeH Touke
x=2mg/k xuneTHuecKas sHeprus obpaiuaercs B HyJb. Yupyras
NOTCHUHAJbHAs 9HePTus NpYKRUHbl £ =Fkx*/2 nocturaer B 1ot
MOMeHT HauboJablluero 3Hauedusi E,=2m?g*k. Becn 10T 3anac
YAPYro#l 3HepruM npyxkuHa npuodpesna 3a cuer paGOThI CHJIbL
TSDKECTH. B camMoM jeJie, npu onycKaHHM TPysa ero MOTeHIH-
ajbHasl SHEPTHA B NMOJe TAKECTH yMeHbLIMJAch KaK pas Ha
TaKyl0 XKe BeJIHunHy mg-2mglk. B Teuenue ciepyiowmei no-
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JIOBHHBL NMEPHOJA MPOHCXOAUT obpaTHOe NpeBpauieHHe MoTeH-
LHAbHON SHEPTHH ynpyrod JAedopMalliM NPYXHHBI B [OTEH-
LHAJbHYIO SHEPTHIO IPy3a B MOJe TIXECTH.

CoBepLieHHO aHAJOTHYHBIE MPEBPANeHUs] SHEPTUH TPOHC-
XOISIT U B 3JEKTPHUECKOA uenu. B Teyenne nepBoi MOJOBHHBL
nepuoja 3a cuer paboThi, COBEPIAEMOH HCTOUHHKOM TOKA,
NOABJISIETCS] 9HEPTHA MACHHTHOIO NOJst KATYIUKH W 3JEKTPH-
YECKOro MoJIsi KOHJEHCaTopa, NPHUEM K KOHIYy 3TOro mnpome-
KyTKa BPEMEHH BCSI 3Td SHEPTHS OKa3blBAETCSI COCPEOTOYEH-
HOH B Konjencarope. B Teuenne BTOpoOf MOJOBHMHBI IepuOAa

(¢

Puc. 5.4. B uenu ¢ conporus-
NeaueM KoseGauus 3apaja KoH- (8
IeHCATOpa 3aTyXaloT

o]

OPOUCXOJAT OBpaTHbie MPEBpaIneHHst SHEePIHH, U BCSI 3Hep-
TUsi BO3BPAIAeTcsd B HCTOYHHK ToKa. O4eBMHO, UYTO 3TO BO3-
MOYHO TOJBKO I[IOTOMY, UTO BHyTPEeHHee CONPOTHBJEHHE HC-
TOYHHKA paBHO Hymo. JIpyruMH cnoBaMi, Bce f(PONECCH B
UCTOUHHMKe OOpaTHMBI W NPOXOXKIEHHE 3apfla uepes Hero pe
CBfI3aHO C BbIJCJCHHEM TenJa.

Onnaxko Mmool peaJbHbI HCTOUHHK TOKA (Kak, BIpouemM, u
KaTylIIKa WHAYKTHBHOCTH C COGIMHHTENbHBIMH NPOBOJAMHM)
o6aagaer conporuBiaenreM. [TosToMy Nnpu NPOHCXOAAIHX 1IPO-
reccax HeMsOeXKHO Buije/sleTcst TEIIoTa M SHEpreTHyecKue
npeBpainenns neobpatuMsl. KoneGaHHA B AGHCTBHTENLHOCTH
GyayT saryxaioummu (puc. 5.4), Tak yTO B KOHIE KOHLOB Ha-
npsoKkeHne Ha KoujeHcarope craHer paBHbiM JJIC ucTOuHMKa.

B peasibHOM MexaHHUYeCKOH CHCTEME BCerja HpHCYTCTByeT
tpenue. [Toatomy u 3/1ech HeU30EKHO BLIIETICHHE TEIJIOTH, T. €.
NpeBpaleHisi MEXaHHYeCKOH 9SHEPTHH TaKikKe HeoOpaTHMBI,
KoseGanus Gy1yT 3aTyXalOmUMH, U IPy3 B KOHHE KOHLOB ycC-
TAHOBHTCS B TMOMOXKEHUM paBHOBecust x=mg/k. A

6. IeoiiHoii maaTHuK. TouKa nojBeca A jBofiHOro maar-
HHKa COEEepHiaeT rapMOHHUYeCKHe KoJebaHHs C MaJioR aMmnuiH-
TYZOH B TOPH3OHTAJIBLHOM HanpasJ/enuu (puc. 6.1). anHa auxk-
Hefl HUTH paBHa [, Macca HHXKHEro IlapHka paBHam, BepXHe-
ro — M. Kaxum Josxen ObiTh HepHOA KoJjeGaHUH TOUKH
noaseca A, urcOL! BepXHSiA HUTHL BCe BpeMs OCTaBaJjach Bep-
THKANBHOI?
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A PaccMOTpHM CHCTEMy WIApHKOB m U M, COeIHHEHHBX
nuTbio aaHbl /. JlonycTuM, Mel nofobpasy Takol nepHoa KoJe-
Gaunii T Touku noaseca A, uro npu KonefaHHAX HAIIETo ABOM-
HOTO MasTHHKA BEPXHsAS HUTb BCE BPEMS OCTAETCSl BEPTHKAJb-
Hof. 2TO 3HAYHT, YTO BCE BHELIHHE CHJIB, JEHCTByIOIME Ha
BDIJIEJIEHHYIO CHCTEMY, 8 HMEHHO CHJIbI TSIXKECTH U CHJIa HaTsXKe-
HHSI BEPXHEH HHTH, HanparJieHsl 10 BepTHKa . OTCIofa ClIeRy-
eT, YTO IEHTP Macc CHCTEMB! HE MepeMemaeTcs B TOpH30HTalb-
HOM HamnpaBJ/eHuH. [Ipyrumu cjoBaMu, 1Wapbt B Ji060H MOMEHT
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Puc. 6.1, Touka moaseca A co- Puc. 6.2. EcqH BepxHAA HHTHL
BEplIaeT rapMOHHYECKHe KoJie- IpH KoJeGaHHAX ocTaercs Bep-
6aHua Cc TakOH 4YacToToH, 4T0 THKaJbHOH, TO LEHTP Macc a-
BEpXHAA HHTb BCE BPEMs ocTa- poe B He mepeMemlaercs 1o I'o-
eTCqA BepTHKablLOH PH30H1A/H

BDEMeHH JBHXKYTCS B MPOTHBOMNONOMHBIX HANPABJIEHHAX, a
OTIOLECHHE HUX YCKOPeHHHl o6paTHO NPONOpPUUOHANBHO OTHO-
LeHHIO Macc:

a/as=M/m. (1)
C apyroit CTOpOHBI, HENOCPEACTBEHHO H3 PHC. 6.2 BHAHO, UTO
a/as=s/ (I—s). 2)

CpaBrubas (1) u (2), Haxoaum
1 e
S=TTmme (3)
I[Tonbitaemest Tenepb npejcTaBuTh cebe, YTO 5TO 3a Koaela-
HUA. YCKOpeHnus OOOHM INapaM ccofliaeT TOPH3OHTA/IbHAs
COCTaBJIAIOWAN CHJBl HATAXKEHHA HIXKHeH HuTH. [locKoybKy
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ToyKa B (ueHTp Macc WapoB) MO TOPH3OHTAJIH HE IHepPeMela-
eTCA, ABHIKEHHE HIKHEro Hiapa NPUOJHKEHHO MOMXKHO TNpej-
CTaBHTh cebe Kak CBOGOJIHBIE KONeGaHHS MaTeMaTHYeCKOro Ma-
ATHUKa anauHolt s. Ctporo roeopsi, Touka B coBepriaer nepe-
MEIEHHS 110 BepTHKAald, OJHAKO NpH HeGOJBHION aMIJIUTY/e
Kose0aHusl MasiTHUKA 3TH NePeMellleHHsl CTOJb MaJbl, Y4TO He
BJIHSIOT Ha NMepuoj KosebaHuil.

Ilepnon koneGanuii MaTeMaTH4eCKOTO MasiTHHKA AJMHON S

pased T =2n) s/g. [Mopcrassss ciona s us dopmydast (3),
Ho/Tyyaem

{
r=2 Y g

3aMmeruM, 4TO TOUHO TaKHe e KoJeGaHus MIAPOB MOXKIO
MOJYYUTD, €CJAM BEPXHHI WaD [ie [OABEUIMBATG Ha HHUTH, a Ha-
caJuTb Ha TJaJKUH TOPH3OHTA/BHBII CTEPIKEHDb, [0 KOTOPOMY
OH MOKET CKOJIb3uTh 6e3 Tpennsa. Cuila peakuui TaKOTo CTepK-
Hfl HampaBJeHa BCe BpeMfl BePTHKAJbHO BBePX W BBINOJIHAET
TY e pOJb, YTO M CHJa HaTAXKeHHsA BepXHEH BepTHKAJbHOM
HUTH,— TOJIepIKUBAET BEPXHUT 1iap Ha OJHOM U TOM e ypoB-
He, He cooliiad eMy HHKAaKOro TOPH3CHTANBHOTO YCKOpe-
uusi. Orciofla SICHO, 4TO OTBET He 34BHCHT OT JJIMHBI BepXHeh
HATH.

HurepecHo oTMeTHTH, YTO paccMaTpHBaeMbie HaMH KoJjieba-
HHE 3TOH CHCTEMB! INAPOB HE ABJSIOTCS BBIHYKICHHIBIMH;
IpH OTCYTCTBHM TPEHHH 3TO €CThb CBOGOJHBIE HE3aTyXamoue
KoneGanusi. Cusly HaTsiKeHHs BepXHEH HUTH Heb3s PacCMaT-
puBaTh KaK «BBIHYK/AIOM(YIO», TaK Kak, OylyuH MepneHjuKy-
JsapHOl mepeMemeHlo, 31a cuaa paboThl HE COBepliaer, T. C.
SHEPTHST K CHCTeMe He TOJABOLHTCA. A

7. Yacw Ha pamuubix muypax. Yacel maccoit M umeror
MasiTHHK B BHJ€ HEBECOMOI'0 CTepKHS JJMHHOH [ ¢ Toueynoi
Maccoll m Ha kodile. Kak U3MEHHTCst XOJl 9THX YacoB, €CJH 11X
NOJBECHTh Ha JJTHHHBIX lapaijelbHBIX mHypax (puc. 7.1)?

A TMoxsemendsle Ha LIHYpax yacki, B OTVIHYHE OT 4YaCOB,
3aKpenJIeHHLIX Ha CTeHe, MOJydYaloT BO3MOXKHOCTB DacKauu-
BaTbCsl. Ee/in wHypel napa/lilelbHB, JBUAKEHHE KOpIlyca uacoB
GyJeT NMPH TAKHX PACKAYMBAHMAX IOCTYNATEIBHBIM. JTO 03HA-
yaer, YTO BCE TOYUKH KOpHyca 4acoB, B TOM UHCJE M LIEHTP Macce
Kopnyca, W TOYKa MoiBeca MasTHHKA, ABHXYTCA OAMHAKOBO.

[IpeanonoxkuM, uTo aMNIuTyAa pacKauHBaHHs yacoB JO-
CTATOYHO Masa, Tak 4ToObi MOMKHO OBLIO CuHTaTh LIHYPHI BCE
BpeMmsi BepTHKaJbHbIMH. Torzia, Kak M B npeabiayiiefl 3anaue,
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Bce JeliCTBYIONIHE Ha paccMaTPUBAEMYIO CHCTEMY — dHachl ¢
MasTHHKOM — BHELIHHe CHJIbI HanpaBJeHbl [0 BepTHKaJH, Ho,
KpOMe CHJI HATAMXEeHHS LWHYPOB, JEHCTBYIOT TOJNBKO CHJIBI Tsi-
JKECTH KOpNyca 4acoB M MasiTHHKA. 3HAuuT, LeHTP Macc Bced
CHCTEMBI [0 FOPH3OHTAJNH MepeMeiarscst He Oyjer.

Teneppb sicHo, uTo KoJe0aHHs MasiTHHKA M KOPIyca 4acoB
Gy1yT OPOUCXOAUTH C OJJHHAKOBOH 4acTOTOH M B NMpPOTHBOGAESE,

H |
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Puc. 7.1. Yacw Ha Puc. 7.2. CMemente rpys3a MasitHuKa 1
LJAAHHHX IWHYypax KopIyca 4acoB HpPH KoJeGaHHEX

TaK, YTOGBI LEHTP Macc BCe BpeMsi OCTAEaJCA Ha OJIHOH BepTH-
kaau. [Ipu arom cmemeune s (puc. 7.2) rpysa MasiTuuka u
cMeleHHe S» Kophnyca uacoB (B TOM YHC/Je W TOUKH I[OJBeECa
MaaTHHKA) OyayT o6paTHO NPOMOPLHOHABHBI HX Maccam:

§/s2= (M—m)/m. M

Us dopmyanl (1) Buano, uro npu m«<M Oyner s:<&sy, T. €. aM-
NJIMTYAA pPacKauMBaHHH KOpNyCa MHOTO MeHblHe aMIVIMTYbl
kosiebanuid MasTHuka. [lostoMy npu m<ZM wHype 6yayT oc-
TABATHCA NPAKTHUECKH BepPTHKANLHLIMM y¥Ke TOrja, Korja ux
JUIMHA TNOpsAjKAa AJMHBI MasiTHHKA.

IlpuBelierbie pacCykaeHUsl NOKa3bIBAIOT, YTO NS HAXOXK-
AeHusi nepuoja KoJjeGaHHH paccMaTpHBAaeMON CHCTEMbl MOMKHO
HENOoCPEeACTBEHHO BOCMOJB30BATLCA PE3YJILTATOM DeieHns 3a-
naud 6, 3aMeHMB TaM, KOHEYHO, Maccy BepXHero rpysa M
na maccy Kopnyca M—m:

T'=2n 1/gll+m/l<M—m>1=2” 1/%( —%)’ @

O6o3Hauas depes T, nepuoj Kojebaquil MasTHHKA AJHHOH [
B unenofBMKHBIX 4Yacax (T,= 2n} 1/g) w yuuthBas yc/ioBue
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m/M<1, d¢opmyae (2) MOXKHO NpHUAATh BHR
T=Ty(1—5% )- (3)

[Toneemennsie Ha mHypaX yace! Oyayr cnemuts. Murtepecuo
OTMETHTB, YTO OTHOCHTE/bHCE H3MEHEeHHe MepHojla

HE 3aBHCUT OT JJIMHBI MasiTHUKa. Eciu, Hanpumep, M=5 kr,
m=200 r, To ymeHbIUeHHe NepHOAa cocTaBaser 2 % U 3a CYTKH
noJBeLIcHHbIe Ha IIHYpPaX vachl YHAYT BOEPeR MOYTH Ha 1OJ-
yaca. A

8. CoGcTReHHbIE KonieGaHns JABOHHOTO MasTHHKA. Y JBOfi-
110TO MasiTHHKa TOUKA 1107lBeca HenoJBMKHa. MaaTHUK BhiBeel
113 PaBHOBECHS TAKHM o6pa3oM, uToO NPH €ro jajbHelilneM CBo-
Go/IHOM JBHKEHHH KaxK/blH H3 IIapHKOB COBEpLIAeT TapMOHH-
yeckoe KoJebanne. KakoBa uacrora Taxux KoJjeGaunii M Ka-
KuM 00pa3oM HMX MOXHO BO3OYAHTB?

A Ecau JBOHHON MasTHUK BHIBECTH H3 paBHOBecHS Npo-
H3BOJILHLIM 06pa3oM B IPeJOCTaBHTh CaMOMy cefe, TO Kam/bli
13 LIapHKOB OyleT, BooOile TOBOPSI, COBEpHIATH JOBOJLHO
CJIOXKHOE JIBHIKEHHE, B KOTOPOM TPYAHO YJOBHTH KaKylo-au0o
sakonomepHocTh. OAHAKO HDU HEKOTOPHIX HaYaJbHBIX yCJOBU-
fX JBHKEHHe MasTHHKA OKa3biBaeTcs OYEHb NHPOCTBIM: ©6a
[iapHKa COBEPIUAIOT YHCTO FapMoliHyecKoe KoseGaHue ¢ OJHOM
¥ TOIl 7K€ YaCTOTOH, IIPHYEM aMIIUTYABI H (ha3bl ITUX Kosiebatuit
HAXOJAATCA BO BIOJHE ONDE/eNCHHOM COOTHOILEHHH JPYT ¢
apyrom. Takue THObI JIBHIKEHHSI Ha3bIBAIOTCS HOPMAJBHBLIMII
KoJeGaiusiMA CHCTEMBI /M ee MOAAMH,

CyIecTBYIOT Ollpe/ieJieHHbie MEeTO/BI HAXOKIeHHS HOPMAab-
HbiX Kosebanuii. Ho BO MHOTHX c/yuasix HX MOMHO MPOCTO
yrajatb, OCHOBBIBAfICb Ha CHMMETPHMH paccMaTpHBaeMoH CHC-
tTembi. Ecau cuurarh, 4TO KosieGaHus JIBOHHOTO MasTHHKa
MOT'YT NPOHCXOANUTH He TOJIBKO B IJIOCKOCTH uepTexa Ha puc. 6.1,
HO I B IEPNEHJUKYIAPHOH NJIOCKOCTH, TO MOXKHO cpasy €oo0-
pasuTh, YTO paccMaTpUBaeMas chcTeMa ofsajaeT OCEBOH CHM-
MeTpHel, MPHUYEM OChI0 CHMMETPHH fBJISETCS] BEPTHKAJb, IpPO-
XOAsIIasl 4Uepe3 TOUKYy MNOJABeCca.

YTto6Hl OHATD, KaK MOAMEUEHHAs oceBast CUMMETPHA CHCTe-
MBI MOXKET NOMOYb B HAXOXKACHUH HOPMAJIbHBIX KoJeGaHui,
cbpaTuMca CHayala K 6oJee npocToMy npuMepy OObIKHOBEHHO-
roO MareMaTiyecKoro MaAtHHKa. [Ipu mManelx aMIOJIMTydax KoJe-
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Galusa TAKOTO MasTHHKA sIBJIAIOTCS TapMOHHUECKHMH. Xopowo
H3BECTHO, YTO TapMOHMYecKHe KosiebaHHA MasiTHMKa B OIlpe-
JeNeHHOH IJIOCKOCTH MOMXKHO PaccMaTPUBaTh KaK MPOEKIHMIO
Ha 3Ty TJIOCKOCTb TAKOTO JBHIKEHHs, IPH KOTOPOM HHTh MasiT-
HHKa OMMChiBaeT Kpyroeoil kouyc (puc. 8.1). Takum obpasom,
rapMOHHYECKOe KoJe6aTeNbHOe JIBHKEHHE MOXKHO MPEICTABHTD

7
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Puc. 8.1. ITpoeunpys kpyrosoe JBHXKe- Puc. 8.2. Bosmoxuoe
HHEe MaATHHKA Ha BEPTHKaJ/bHY!O IlJIOC- KPyroBoe  JBHKEHHE
KOCTb, IIOJIyYaeM rapMOHHYECKOe Ko- IBOHHOFO MasiTHHKA

nebGanue

KaK NpOEKIHI HEKOTOPOro KPYyroBOTO ABHIKEHHS, I[103TOMY
HaxXOoMJeHHE HOpMaJ/bHBIX KOJe0auuH B CHCTEME C OCeBOH
CUMMeTpHeli MOKHO CBECTH K HaXOXK/IeHHIO BO3MOKHBIX KPyro-
BBIX JIBHIKEHHH B 3TOH CHCTeEMe.

Kakne e KpyroBbie [BMKEHHSI BO3MOMKHB Y JABOHHOI
MasiTHHKa?

Jlerko coofpasuth (MJAM Jaxe «HAHMYNATb» 3KCIEPHMEH-
TAJILHO, UTPas ¢ TAKUM JBOMHBIM MAATHHKOM), UTO BO3MOXKHOE
KPYToBOe jJBHKEHUE BLIMJSAUT T2K, KaK I10Ka3aHo Ha puc. 8.2:
HIaPUKH ABHKYTCS PABHOMEPHO H CHHXPOHHO 110 OKPYIKHOCTAM,
JieKamuM B TOPH30HTAJBILIX MJOCKOCTSX, TaK 4TO HMTH,
KOTOpLIE B KaK/JulH MOMEHT HaXO[sTCSl B OHOH BEPTHKANLHON
IIOCKOCTH, ONHWCHIBAIOT KOHHUYECKHE IIOBEPXHOCTH.

Tenepn HerpyAHO HaliTH yIJIOBYIO CKOPOCTh ® H COOTHOIIE-
HIIE MEXAY YIJIaMH Oy W Ol2, KOTOpPBIE HUTH 00pas3yioT C Bep-
TEKaAbio. s aToro HyXuo npuMeHunTs BTopoil 3akoH Hroio-
TOHA K IBHIKEHUIO KaXJ0ro U3 NIapHKoB, Dynem Aas npocToTh
CUHTaTL, YTO MACcChl LIAPHKOB DABHLI, 4 BEPXHAS W HIKHAA
HUTH HMEIOT OfHHaKOBYIO Anudy [. Ha puc. 8.3 nokazaHs! neii-
CTBYIOMME CHJBL, B ciyyae Majawmx yrioB, KOTOPHH Hac TOJb-
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KO M HHTepecyeT, CHJIa HATAXKEHUA HHKHel HuTH T npakTHue-
CKH He OTJIHYaeTCs OT mg, a CHJIa HATsKEHHsI BEpXHEH HHTH
T2 — oT 2mg. Kax BuiHo u3 puc. 8.3, npoexuus AeficTBy0OLICH
Ha HEKHHA mapuk cuiasl Ty Ha rOPH30H-
TaJbHOe Hanpamnenue pasha Tisin o=
~mg ;. AHAMOTHYHO NPOEKUHsT CHJI Ha-
TSKEHHA HHUTEH, JeHCTBYIOIMX HAa BEpX-
HUI WwapHk, paeHa T sin a,—7T; sin o~
~mg (20:—a,). Ilosatomy ypaBHeHHst
BTOPOTO 3aKoHa HbioToHa A/ KaxkJ0TO H3
IapUKOB B IPOEKIHH Ha pajHasiLHOE Ha-
NpaBJEHHE HMEIOT BHJI

medri=mgo;, moira=mg2o—a). (1)
C nomoupio puc. 8.3 paauychl OKpyKHOC-

Tell £y M ra, N0 KOTOPEIM JBHXKYTCS HapH-
KH, JIETKO CBfA3aTb C yIJaMH O; H Oz}

re=los, ri=I1{o,+os). 2

[loacraBassa r; u r: B ypasHenus (1) u
BBOAA of03HaueHHe

Puc. 8.3. Cuam,

w%:g/l‘ (3) mefictayomue  na
. IIapHKH B JBOAHOM
noJyunM CHCTEMY YypaBHEHHH AJd4 onpe- MasTHHKe

DEJICHUA O; H Ot

(0*—0f)a; + o', =0, oja;+(0*—20})a,=0. )

Cpagy BHAHO, UTO CHCTEMA YypaBHEHHIl (4) HMeeT pelene
o;=0 1 a2s=0, KOTOpPOE COOTBETCTBYET MASTHHKY B IOJONE-
Huu pasHosecHsa. Ho arta cucrema nMeer i HenyJeBnie pellenis.
Ina uX HaXOXKIEHHs MCKJIOUMM, HAanpHMEp, Gz U3 3THX ypaB-
venufi. Toraa an1a o« nolyuHM ypaBHEHHE

[(©*— @) (0 — 208) — eio?] a, =0. (5)

QueBuanO, 4TO HEHYJEBOE pelleHHe a,7-0 MOXKEeT CYLIECTBO-
Bath TOJBKO TOTAa, KOTAa PABHO HYJIO BBHIpAXKEHHE B KBajpar-
uux ckoOKax. [IpuBojsi B HeM noaofubie uJjenbl, 3alKILEM 3TO
yCJOBHE B BHJE

0*—40jo? + 205 =0. (6)

Vpasuenue (6), sBaAsioueecs yCAOBHEM CYHIECTBOBAHHSA HEHY-
JIEBBIX PELIEHHI CHCTeMB! ypaBHeHHH (4), onmpeiessieT 4acToThl
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DO3MOKHBIX KPYTOBBIX JBHKEHHH JABOAHOrO MasTHHKA
o} =0} (2 V2). )
Mp! BHANM, YTO KpyroBble JBHXKEHHS ABOHHOrO MasTHHKA
MOFYT NPOHCXOAHTL C ABYMSl pasHpIMH uacTotamu. [Hasa Toro
uTO6b! HAATH COOTHOLICHHE YIVIOB Q; H G2, COOTBETCTBYIOLICE
KaOKJIOMY U3 3THX ABHIKEHHH, HYXKHO NOACTA-
BHTb MO Ouepeny HaHACHHbIE 3HAYCHHA vac-
ToT B oaHO H3 ypaBuenu#h (4). IloacraBum
CHauaJsa, HanpHMep, B NepBoOe H3 ypaBHEHHH
(4) kopenp w*=oi=a}(2—V2). Tlocae
NPHBEACHNA NOJOOHBIX WJIEHOB NOJyYaeM

oo, =V 2 (@@=t (2—V2)). (8

Ec/n 0Ll MBI HOJACTAaBHIH KOPEHb 5 BO BTO-
poe H3 ypaBHeHHil (4), TO noaAyuHAH OBl
TOYHO TAKOE Ke 3HaYeHHE OTHOLIEHHA O /0z.
Taxum o6pasom, ypaBHeHus (4) 130T BOZMOXK -
HOCTb ONpEIENUTh HE CAMH YIVIBL O3 W Oz, a
TOJBKO COOTHOIIEHHE MEXKAY HHMH. DTO O3Ha-
YaeT, UTO KPYrOBOE JIBIKEHHE JABOHHOrO Ma-
Puc. 8.4. py- ATHHKA C JaHHOH 4acTOTOH BO3MOXHO MNpPH
ro¢ BOSMOKHO®  nagyplX 3HAUEHHAX pacTBopa KoHyca (Ho,
ﬁi?feﬁiiﬁ?ﬁ pa/3yl\3[EETCf{, C ONpeJleNieHHBIM COOTHOLIEHHEM
QA1/Re).

Tenepsb noacTaBUM B NEPBOE H3 ypaBHEHHH (4) apyroft xo-
peHb 02 = @} = wj (2 +V 2). llpubena nopoBubie waeHbl, A5
OTHOIUIEHHS YIJIOB OTKJOHEIHA HHTEH MOJy4YHM

afa,=—V2 (0*=0}(2-+V2)). )
3HaK MHHYC B 5TOM OTHOLIEHHH MOXET 03HauyaTh TOJIBKO TO, UTO
IpH KPYroBOM IBHXKEHHH JABOMHOTO MasTHHKA HHTH OTKJOHE-
Hbl OT BEPTHKAaJH B IPOTHBONOJOKHEIE CTOPOHBI. Takoe nBu-
KeHve nokasano Ha puc. 8.4. O TOM, 4TO OHO BO3MOMKHO, TOXKE
MOKIO OBLIO JorajaThCsl 3apatee.

Takum o6pasoMm, ABOAHOH MasfTHHK MOXKET COBepIIaTh ABa
BH/d KPYTOBBIX JBIDKEHHIL: JABIKEHHE C MENbIICH YacTOTOH w2
IPOMCXOAUT TaK, KAk MNOKa3aHo Ha pHc. 8.2, a JBMKeHHE ¢
Gosbiel 4acToToH ®; — KaK I0KasaHo Ha puc. 8.4. Kaxaomy
JIBH2KEHHIO COOTBETCTBYET ONPeJeNeHHas Kogurypauis HurTeit.,
Bce 3710 Jerko HabaofaTbh HA OINHTE.

KaxjioMy BHAy KPYroebX JBHXKEHHH ABOHHOIO MasiTHHKA
COOTBEICTBYET CBOE HOpMal/bHoe KodeGanue. [lpoeunpys xpy-
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rOBoe /JBHXKEHHE HAa BePTHKAJIbHYIO NJOCKOCTb, MB NOJYYaeM
KapTHHY COOTBETCTBYIOLIEIO HOPMAJbHOrO KoJefanusa. Jlerko
BHJETb, YTO NIPH HOpPMaJIbHOM KoseGaHuu JBOWHOro MasiTHuka

€ 9acToTol ® ==, ]/2—1/ 2=0,770, ABMXKeHHE ILAPHKOB
NPOUCXOJUT B OJHHAKOBOH (hade, NPUUEM OTHOUIEHHE HX aMILIH-
TYJ, KaK cieayet u3 GopMmyJa (2), paBHO

rdrs=1+oja,=1+V2=241.
ITpu HopMadbHOM KosieBaHHH ¢ 4acToToll = o, ]/2 +V 2 =
=1,85 v, wapuky copepwaloT KoJebanud B NpoTHBOGE3e, a
OTHOIIECHHE KX aMIWIMTYZ paBHO

[ryr, =V 2—1=0,41.

Y JIBOMHOTO MasaTHHKA ¢ pa3/HyHbIMH AJHHAMH BepxHell n
HHXKHEl HUTeH M pa3fHuHbIMM MaccaMH IIapHKOB YacTOThI
HOPMAJbHBIX KoJe0aHHH M OTHOUIEHHA aMNJAUTYA KoJebaHwuki
uIapUKOB OYAYT MHBIMH, HO K34E€CTBEHHO BCsl KapTHHa HOp-
MaJdbHHX Ko/eBaHnfi ocTaeIrcs npeKHed.

Utolhl 8030yAUTE HOpMAibHBIE KOMCGaHHS ABORHOIO MasT- -
HHKa, MOMXHO, HAlpHMEP, OTKJAOHHTb HHTH OT BEPTHKaJH Ha
VOBl @ M Oz, YIOBAETBOpAIOWHE cooTHomennam (8) niu (9), u

TIYCTHTL 1NAPHKH OJHOBPEMEHHO 0€3 HauaJbHOrO TO/YKA.
Ho Hopmanbubie KoneGapHst Ha OIBITE MOMHO BO3OYIHTb H
uHaue, HCHOJb3ys ABJEHHE pesoHaHca. s 3TOro MoxKHO,
B3SIBUIACH 33 HHTb BOJIM3H TOUKH NOJABECA, OCTOPOIKHO PACKAUH-
BATh €€ C 4actoToil, 6/H3KOH K 4acTOTE OAIIOT0 H3 HOPMAasbHbIX
koJeGanuit, AMOJINTYA2 COOTBETCTBYIOWErO HOPMAaJbHOTO KO-
Jebanns GLICTPO HapacTaeT, eC/IU MBI [i0NAaJaeM B Pe30HaHC. 4

9. Bunympenunie konefanus. Touka nojseca MaTemaTH-
4eCKOr0 MasiTHHKa J/IMHOMN [ ABHXKETCH NOJ AEHCTBHEM BHELIHCH
CWIbl B TOPH3OHTAJbHOM HAlpaBJIE€HHWH 1O 3aKOHY X (f}=
=x, sin @, HafiTu yc¢TaHOBMBLUHECS BBIHYXKJAEHHEIE KoJefa-
1Hs MasATHHKA.

A 3ajaua COCTOHT B HAXOXKACHHH yCTAHOBHBLUHXCSH BBHIHYXK-
JEHHBIX Kojefanuil masTHuKA. [1pu HaXOKACHHH BBIHYXKJEH-
HBIX KoJebanuil 6yneM npeneGperatb TPEHHEM, OJHAKO HEOD-
XOAHMO OTYETVIHBO IpeJicTaBiATh cefe, YTO yCTaHOBJIEHHE KOJTe-
GaHuil NMPUHIUMIIHAJLHO BO3MOXKHO JHIIb NPH HAIHYHH 3ary-
xanus. C OfHOH CTOPOHEI, Mbl cOGHpaeMCa peluaTh 3ajady
fe3 yueTa CHJ1 TPEHHSA, a ¢ APYroH CTOPOHBI, KaK TOJIBKO YTO
OTMEYCHO, CHJBI TPEHHS HEOGXOJNVMBL.
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Byzer au nofyuenHoe peienne mMerh cmpica? Jla, Oyzer,
HO TOJBKO OHO GYJET ONHCHIBATH ABHXKEHHE MasTHHKA C MaJIbIM
3aTyXaHHEM CIYCTS JOCTATOUHO OO/bIIOH NPOMEXYTOK Bpe-
MEHH NOCJE TOro, KaK ToYKa [OJBECA HPHUBEJEHA B IBHXKEHHE.
CnoBa «JI0CTaTOYHO OOJBLIOH NPOMEKYTOK BPEMEHH» O3HA-
yalT 3Jlech, YTO, HECMOTPS Ha MaJoe 3aTyXaHHe, MepPeXONHBIH
IPOLECC YIKE 3aKOHUHJICH.

Vg
el
4
l
%,
J X J X
Puc. 9.1. IIpu cBoBopHEIX Kone- Puc. 9.2. Tlprx ©>w, #HuXKHHH]
6aHUAX MaATHHKA piawHoli L KOHel, MafATHHKA 4 TOYKa MNoj-
Toyka B cosepuiaeT TrapMOHH- Beca JABUKYTCA B mporusodase
yecko@ KoJseGaHde € YacTOTOH
o=YgrL

U3 ycaoBus 3ajaud HaM H3BECTHBI aMILIHTyAA X, H KPyro-
Bas yacTora ® KoJieGaHHH TOUKH nojpeca, O4eBHAHO, YTO BHI-
HYXKAEHHble Komebauus 6yIyT NPOHCXOAUTL C TOH KEe caMol
YACTOTOH ®, B TO BpeMsl KaK uacToTa CBOOOAHBIX KoJeGadui
5TOro MasTHHKA o, =V g/[. OcHOBHas HJes penieHnsl 3aKJio-
yaeTcsd B TOM, 4TOOBl NPEACTABRHTL BBHIHYXKIEHHBIE KoneGanus
JAHHOTO MasiTHHKA Kak CBOBOJHBIE KOIeGaHHs HEKOTOPOro
apyroro MasTtupka., OueBHAHO, UTO JJIHHA 3TOro MasiTHHKa L
ZOMKHA ONpeneisnThes M3 yeaosus o=V g/L. 3nech moryt
BCTPETHTHCS PasHble CJAyY4aH: YacToTa @ MOXKET OLiTh MeHbIie,
fonblle MM paBHA COSCTBEHHOH 4acToTe CRBOGOAMBIX KosieGa-
HiHl JaHHOrO MaTeMaTHYeCKOro MasiTIHKA.

PacemorpuM cHauana cayuail o<<o,, T. €. yactora KoJeba-
HUH TOUKH IIOJBECA MEHbIlle YaCTOThl CBOGOAHBIX KOJeHaHui.
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B srtoM cayuae anmna L BooGpaxaeMoro MasaTHHKA GoJblie
uem [ (puc. 9.1). I[TockonbKy paccMaTpuBaOTCs Masblie Kose6a-
HHS, MOXKHO CUHTAThb, UTO HIKHUI KoHel A MafATHHKA JABHIKET-
cs 1o npsaMoid — och X Ha pucynke. Ecan asmxkenue Toukn A
NPOHCXOIUT IO 3aKoHy X (f)=X, sin wf, To, KaK cpa3y BHAIIO
U3 DHCYHKA, TouKka B, HaXoasuwascs Ha pPaccTOSIHUM [ OT HHX-
HEr0 KOHLA, COBEepIIaeT ABHMKEHHE BAOIb OCH X IO 3aKOHY
x (§)=x, sin of, cCOBNaJAOEMy C 3aZaHHbIM IBHKEHHEM TOUKH
noaseca. Teneph HeTPYJAHO MpPeACTaBUThL cele, Y4TO €CIH B
KaueCTBe TOMKH B B3sATb TOUKY HOJBeca MasiTHHKA [, To JBII-
JKEHHe ero HIKHEro KoHUA GyAeT TaKHuM XKe, Kak H y Boobpa-
xKaeMoro MasTHHKAa L. JIpyruMu cJOBamH, eClH  «OTPE3aTLy
y MasTHHKA JJuHOR L BepXHIOW YacTh, HO ofecHeYuTh IMPH
9TOM BHEUIHHMH CHJIaMH JABHMKEHHE TOYKH B MO Takomy ke
3aKOHY, KaK H NPH CBOGOAHBIX KosebanuAX MafgTHHKA JVIHHOH
L, To MBI NOTYYUM HHTEPECYIOWHII HAC MasATHHK LAWHBL [,
TOUKA NOABECA KOTOPOTO COBEpLIAET 3ajaHHoe aBinkenie, Oue-
BUJAHO, YTO ABIDKEHHE HIDKHEH 4acTH MasATHUKA NPH 3TOM He
H3MEHHTCS],

Takum 006pa3oM, BHIHYKIACHHOE Ko/NeSaHHE NPOHCXOAHT B
TOH ke (ase, UTO M ABMKEHHC TOUKH NOABECA, a aMILIUTYLy
9TOTO KOoJNebaHusi X, MOXKHO OIPENEHTD U3 OUEBHJHBIX I'€OMET-
pUuecKHX coobpaxkeHHi:

2
X, =x, Lil = Xy

5 .
W5 — w?

31ech MbI NOACTaBHIH BbIPAMKCHHS IJ5 IJHII MAsSTHUKOB ucpes
uX uactotel. O6paTHM BHHMAHHE HA TO, YTO OPH CTPEMJIEHHH
yacToTsl KoseGaHu#l TOUKH 10/Beca K 4acToTe CBOGOJHBIX KOAe-
fanuil MasTHHKA aMIJWTYJa €ro BBIHYXKAEHHBIX KoJebaHuii
HeorpaHHYeHHO BO3PACTaeT, T. €. HACTyIaeT pesoHanc, Bo.au-
31 pesoHaHCa MOJyYEHHOe HAMH pelleHHe HENPHMEHHMO, Tax
KaK, BO-NEPBbIX, Mbl HCXOJHMAH M3 HNPEANOJOKEHHS MaJOCTH
KoJie0aHHH U, BO-BTOPBIX, BOAM3HM PE30HAHCA HEAb3S MpEHe-
GperaTh 3aTyxaHueM, HOO TOJNLKO IPH yd€Te 3aTyXaHHS aM-
IJIHTyAa B pe30HaHCe [OJyd4aeTcss KOHEUHOH.

B cayuae w>>0, aiupa BooOpakaeMoro MasTHHKa L</
(puc. 9.2). Paccy:kpas anajorudusHo IpebIAymleMy CJydalo,
JIETKO NMPHHATH K BEIBOAY, UTO ABHIKEHHE HHXKHErO KOHIA MasT-
nuka / (Touka A na puc. 9.2) IpOUCXOAHUT B NPOTHBOGDA3E C ABU-
KeHHeM TOUKH IoziBeca B. AMNinTyla BHIHYKACHHBIX KO€6a-
HHl JlerKo onpeae/sieTcss M3 TEOMETPHUECKHX cooCpaxe-
HHIL.
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[IpuBeneM OKOHYATENbHBIH PE3YJbTAT: BbIHYMIEHHDIE KO-
Je6aHHsA MasTHHKA OMNKCHLIBAIOTCA ypaBHEHHEM

X=X, sin (wt+g),
rue
. xo(l)%
{ 0 mpu o <oy, PR
= Xo=
— N NpH 0O > @,

mpu o < 0,
= Xo(')(z)
e npu ® > ®,.
w?— g
Ha pwuc. 9.3 npupejeHa 3aBHCHMOCTb aMIVIHTYZABl BBIIYK-
feHNBIX KoJeGaHHi OT wacTOThl JBHXKEHHS TOUKH HOJBECA.
Kpusas I coOTBETCTBYeT HIeaNH3MPOBAaHHOMY CJIy4alo, KOrja
3aTyxaHue OTcyTeTByeT. [lpn
®—>, T4 KPHBasi NOKa3bIBAET
CTPEMJIEHHE  AMIIUTYZBI  BbI-
HYXAEHHBIX KoseGaHHil K Gec-
KOHEUHOCTH B YCJOBHSIX pPe3o-
HaHca, Ecsu Obl 3aTyXanHe y4i-
THIBAJOCH, TO BMECTO KpPUBOMH
I nonyunaace Obl KpuBas 2.
[Tpu sToM MakcHMyM ammuuTy-
7 g @ Abl BBIHYXJIEHHBIX KoJeOaHui
Puc. 9.3. Amnautyna sy, OKASbIBACTCA KOHEUHHIM H HpH-
neqHbIX KoneGamuii npu peso-  XOAMTCS HAHACTOTY, HECKOILKO
HaHCe TeM MeHblue, 4eM 6ojibime  MEHbBINYIO YaCTOThl ©, CBOOOJ-
sary xanue HBIX KoJieGanuil. CABHUI 4aCTOThI
TeM OoJblue, 4eM OQoJblie 3a-
tyxanue, C pOCTOM 3aTyXaHHsi yMEHbLIAETCS  aMILIHTYJa
BRIHYXKACHHBIX KoseOaumit, Ilpn o-—>oco aMmantyza xosaefa-
HUI CTPEMHTCS K HYJIIO JaKe TOrJa, KOTAA HeT 3aTyXaHwus.
[Ipn ©=0, 9TO COOTBETCTBYET CTATHUYECKOMY CMELIEHHIO TOY-
K{ 10JBeCa HA PacCTOSIHHE X,, HIKHHH KOHEIl MasiTHHKa cMe-
ULA€TCS M3 MPEXKHETO IMOJOXKEHHS Ha TaKyIo JKe BEJHUHHY
Xo. A

10. YcnokoeHue KogeGaHHA. D/IEKTPOIBHraTeNb YCTaHOB-
JNeH Ha IOJCTaBKe, KOTopasd MNOABEIeHA Ha HepacTSKHMBIX
HUTAX JuuAbt [ (puc. 10.1). Porop ero Bpamaercs ¢ 4acToTol o,
LleHTp Macc poTopa ABuratesns He HaXOJHUTCS Ha €r0 OCH, NO3ITO-
My MOJCTAaBKa PaCKaYHBaeTCs B rOPH3OHTAILHOM HANPAaBJICHNH.
s yeTpaHeHHst 3THX HeXeNaTedbHbIX Kodefauuil NoJICTaBKH
MOMHO TOCTYNHTH clenyiomwuM obpasom. ITopsecum psijioMm ¢
f10ACTABKOH I'PY3 Macchl /711 ¥ COEJIMHUM €ro ¢ MOJACTaBKOH yipy-
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roit npyxunoii (puc. 10.2). Toraa npu onpenesenno KecTkoc-
TH HPYKHUHLL £ TIOACTABKA C ABHrare/seM GYJET HENOABHKHA, a
rpys Gyfer coBepuiaTb KoJseGaHHsA. [loueMy Tak npoOHMCXOIHT
H KakKoifi JO/MKHA ObITb YKECTKOCTb NPYKHHBI kP

A JlonycTum, 4TO HAM YAAKOCh 10100paTh TaKyIo NPYXKHHY:
[OACTABKA C JIBUraTeJeM OCTAeTCs HENMOoABHKHON, HECMOTDS Ha
TO UYTO POTOP ABHraTeas Bpamjaercs. [TonpoGyem BHISCHHTD,
HPH KaXHX YCJIOBHSIX 3TO BO3MOXKHO. [loAcTaBka HeloABHXKHA,
3HAYHT, Bce JefiCTBYIOILYME HA Hee CHJBl ypaBHoBemeHs, Ka-
_Ku€ XKe CHJbl JeHCTBYIOT Ha HOICTABKY?

NNNANNNNANNN NN NN N
J/ FA
w
Puc, 10.1, Tloacraska ¢ Puc. 10.2. Ycnokoenue KoneGauuit Mo-
SMEKTPOABHTATEIEM MOA- TOpa ¢ Hec6aMaHCHPOBAHHBIM POTOPOM
BelIeHa Ha HUTAX € DOMOIUbIO KOMGMHUPOBAHHOIO MasiT-

HHKA

[lpn BpameHnnn poropa ero HEHTP Macc, He JeXallHd Ha
OCH, ABHXKETCH 110 OKPYXKHOCTH. DTO 3HAUHT, UTO AeHCTBYIOWIAN
Ha POTOP CHJIA B KAXKJbIH MOMEHT BpEMEHH HaNpaBsJ/CHa K HEeHT-
PY OKPYXKHOCTH, T. €. npejcTaBaser cofofl nOCTOAHHBIH IO
MOAYJ/IO BEKTOD, Bpauawiyuiics ¢ yactotoft @, dr1a cuna F,
COrJIaCHO BTOPOMY 3aKOHY HbIOTOHa paBHA MPOH3BEACHHIO
maccel poropa M Ha HEHTPOCTPEMHTENbHOE YCKOPEHHE w?r:

Fo=Mow?r, )

r¢ r — paccTosHME OT OCH 1O UEeHTpa Macc poropa. Bepru-
KasbHash NPoeXius AeHCTBYIOWEH HA POTOP CHJbI H3MEHSETCs
CO BpEMeHeM II0 TapMOHHYECKOMY 3aKOHY:

Fi(ty=F, sin f, (2)

Biaronaps 3TOH CHiIC NMEPHOANUECKH € 4aCTOTOH ® H3MEHfeTCs
CUJIa HATSKEHHS HHMTEH, Ha KOTOpbIX MOJBEIIEHA NOACTABKA.
Ecau aMnnuTyna sToé cuant F, He nPeBocXofuT AeHCTBYyIoLIeH
Ha ABUraTesas ¢ NOACTABKOH CHABl TAXKecTH M,g, TO HUTH Bce
BpeMsl OCTAlOTCs HaTAHyTBIMH. Takum oO6pasoM, nOACTaBKa
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HE COBEpINaeT NepeMeIen it o BePTHKANH, €CJH, KaK BHAHO H3
dopmyasl (1), BHIIOJHEHO YCJIOBHE
M g
BrisicHHM Tenepb, IPH KaKOM YCJIOBHH NMOACTaBKA C JABHTa-
Te7eM He OYJeT coBepliaTh H OPH30HTAJIbHBIX lepeMeleHHil.
Topu3onTadbuas npoeknus AeficTByOWEeH Ha POTOP CHJbI TakK-
e H3MEHSIeTCs [0 rapMOHHYECKOMY 3aKOHY!:

F,(t)=F, cos wt. )

CornacHo TpeTbeMy 3akony HbioTona paBHast IO MOAYJO U
NPOTHBOIOJAOKHASA 1O HANPABJAEHHIO CHJa JAeHCTBYET cO CTO-
POHBI POTOpaA Ha CTATOP ABUraTens U nojactasky., Mmenno 6iaro-
Japs 3TOH CHHYCOHJANbHOH cuie MOACTAaBKA M CoBepiuasaa Obi
rOpH30HTaJNbHbIE KOJICOAHNA B OTCYTCTBUE TPY3a m C NPYKHHOM.
OueBHJHO, UTO €CJIH B KXABIH MOMEHT BPEMEHH JeHCTBYyIOLLANA
Ha TMOACTABKY CO CTOPOHBI AepOPMHPOBAHHON NPYKHHLI CHJIA
OyJeT ypaBHOBEWIHBATL CHJIY, AEHCTBYIOULYIO CO CTOPOHBI po-
Topa, TO NOACTaBKa ¢ JABHrarteneM OYAeT HeNOABHKHA,

Takum obpazoM, JeHCTBYIOLAA HA MNOJACTABKY CO CTOPOHbI
NPYXKUHBL CHJIA JO/KHA ObITh paBHA cHile F,(f), BbIpakaeMol
dopmynoil (4), T. €. AOMKHA CHHYCOMJANBHO 3aBHCETh OT Bpe-
MeHH ¢ Toll »xe caMmol] wactoroii 0. Tak xak ynpyras cHaa npy-
XKHHBI INPONOPIHOHANbHA ee JedopMalHH, T.e. CMEIUEeHHIO
rpysa m M3 HoJOXKeHHs paBHoBecus (puc. 10.2), To ABmXKeHHe
rpysa m JAOJDKHO NPEACTaBAATh co00H rapMOHHYecKoe Koie-
faHue c ToiH ke yacToTol ©. [TocKOMbKY nojcTaBka ¢ ABHrare-
JeM npu 3TOM HENOABHXHA, TO ACHO, YTO YacToTa ® AONXKHA
ObITh YacToTOll COGCTBEHHBIX Ko.1e6aHHH KOMOHHHPOBAaHHOIrO
MasTHHKa ¢ NpyKHHOH. Taxoil MaaTHHK OblT paccMOTpPeH B 3a-
naue 3 sToro pasnena. Tak xak tenepb K rpy3y m HpUKpeneHa
OJHa NPY2KHHA, a He JBE, TO BbIpaxKe€HHe AJis1 4aCTOThl COGCTBEH-
HBIX KoeGaHHuH MMeeT BHJ,

w=g/l+k/m. ()

Ortcrozia OnpenensieTcs KeCcTKOCTh 1P yKHHbE, He0OBX0IUMO# J1st
yCIIOKOeHHs KoseOaHuil NOACTaBKY C ABHTATE/IEM, IKODh KOTO-
poro Bpaiyaerca ¢ KPYroBOH uacTOTOH ©:

k=m(w*—g/l)=m(n*—oj). ®)
M3 sroit opMyJbt BHAHO, YTO JOGHTBCH YCHOKOEHHs KoJe(a-

HHIl NOJACTaBKH TakKHM CHOCOGOM MOXKHO TOJNBKO TOTAA, KOTZAa
KpyroBas 4acToTa poTopa GoJibiie 4acTOTHl ®, CBOGOAHBIX KO-
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Jebanuil MaTeMaTHYECKOIO MasTHHKA NIHHOH [, JI1s1 ycnoxo-
enysi HM3KOUAaCTOTHBIX KoJeGaHHH, Korja ®<®,, NPHILIOCH
Obl [OABEUIUBATL TPY3 M HA HUTH OoJblIell JAJIuubL,

Wrtax, npu BpameHHH HecGasJaHCHPOBAHHOTO POTOpA MOK-
CTABKa C JIBUrATEIEM HENOJABHXKHA, a NPHCOSAHHEHHBIN K HEMl
MasiTHUK COBEpUIAET rapMOHHUYecKHe KoneGanua. Jlerko Hafi-
TH aMILINTYAy 3THX Kojebanuii, Kak BHAHO H3 dopMmydant (4),
aMIVIMTYA KoJeGaHHil x, OHPEACJACTCA M3 YCIOBHA Rxy=I,.
Iopcrasass ciofa £y u3 dopmyant (1) u & u3 (6), naxouum

M A
x":rﬁm (0)?0)0). (7)
Avmutyry Kosebanuit rpysa X, BCeria MOXKHO CHEJTath Jo-
CTATOYHO MaJIOH NyTeM YBeJHUeHHs Macchl rpysa m. OaHako
ypelHueHHe Macchl notpeCyer, Kak BHAHO M3 Qopmyabl (6),
yBeJHUEHHS KECTKOCTH NpPYXKHHBLI .

Mpbl BBISICHHJIH, YTO NIPH NPaBHJIbHOM HOAGOPE MKECTKOCTH
NPYKHHBL JCHCTBUTEIbHO BO3MOXKHO Takoe JIBHXKEHHE pac-
CMOTPCHHON CHCTEMBI, TIPH KOTOPOM MOJCTaBKa C JBHrareseM
pernonBrkHa. OfHAKO OCTaeTCst BONPOC O TOM, OVAET JIM CHCTEMA
caMa NPHXOJIHUTH B TaKOE COCTOSIHHE IIocJe BKJIOUCHHS ABHra-
teass., OTBET Ha HTOT BONPOC NOJOKHTENbHBIH., O6Mmed 4epToit
BLIHYX/ICHHBIX KoJieOaHult, NPOHCXOJAMX noJ JefcTBheM
[IePHOAHYECKON BHEIUIHEH CHJIb, ABJASETCs TO, YTO CHYCTHA HEKO-
TOpOe BpeMs Iocjde HauaJa JeHCTBHS BHEIUHEH CHABI CHCTEMa
NOJOCTBIO «3a0bIBaeT» CBOE HauadbHOE cocTosiHuE. B moboii pe-
anbHOIl cucTeMe, TIe COGCTBEHHbIE KOaefaHHs 3aTyXaioT, Bbi-
HYXKJCHIBIE KOJe0aHHs NPHOOPETAIOT CTallHOHAPHLI XapaKTep
¥ He 3aBHCAT OT Haya/bHbIX ycaoBH#. Hauanbuple ycioBus
NPOSIBJAAIOTCA TOMLKO B IEPHOJ, YCTAHOBJEHHA KosebaHu,
KOTOPBI OGBIYHO HA3BIBAIOT HEPEeXOIHBIM IPOLECCOM,

Orverum, 4T0 NPU HAMHYMM 3aTYXaHHs YCHOKOCHHE Kose-
OaHuUil 10JCTaBKK ¢ JBHrareseM, CTporo rosops, He Gyuper ab-
comoTHeIM. UToGH KosneGaHHsl BCIOMOraTeNbHOro MAasTHHKA
NpY HaJWYHH B HEM TPEHHA IPOHCXOLUMAH C HEU3MEHHOH aM-
MJINTYR0H, K HEeMY JOMKHA HOABOIHTHLCSA 3HEPrus. A 3TO BO3-
MOXKHO TOJIBKO TOTJA, KOTAA HOICTABKA C ABHIaTeIeM BCE-TaKIl
coBepiiasT Kojebauua ¢ HefoapUION aMINHTYAOH.

Paccmorpennbifi B 310d 3a71aue cnocol yCNOKOCHHS BBIHyX-
IeNAbIX Kone§anul WmHPOKO HMPUMEHAETCSl B TEXHHKE H Hasbl-
BacTCsl JHHAMHUCCKHM JEMIThHPOBAaHHEM. A

11. HecunyconpanpHbie xone6aHus. B njockuit Koupenca-
TOp ¢ pa3mepamu oOKIAA0K {; X [, ¥ paccTosiHHEeM MEXAY HIMH d
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(I;>>d, [:>d) noanocTblo BCTaBJI€HA AHIJEKTPHUECKAs IJAaC-
THHA MacChl M C NPOHHULAEMOCTBIO €, KaK pa3 3aloJHsomas
Bech o0bEM Mexay obKiazkamu. Ha KoHneHcaTtope nopuepxu-
paeTcsl NocTostHHoe panpspkenue U, Jlusnexkrpuueckas moac-
THHA BBbIIBHraeTcs BJOJbL CTOPOHBI AJIHHOH [; Ha paccTOsHHE
X, U oTnycKaercs, [1pene6peras TpeHneM, HafiTH 3aBHCHMOCTb
CMEIEHHS MJacTHHBI OoT BpeMeHH x(f).

A YTOOH BBISICHHTD, 110 KAKOMY 3aKOHY GyleT MPOHCXOAHTE
JBIXKCHHE IJIACTHHBI, NpPEXJE BCEro HeoGXOIMMO HalTH Bbl-
paxKeHue AJIs CHJbL, JEHCTBYIOWEH Ha Hee cO CTOPOHM 3JIEKTpH-
YECKOro IoJs IJIOCKOrOo KOHJEHCATOpA, COEAHHEHHOro ¢ He-
TOYIHKOM MocTosiHHoro nHanpsxenns {J. IlycTh naacTuHa au-
2JICKTPHKA BbIABHHYTA HA PacCTosiHHe x 3a Npeaesbl KOHieH-
catopa (puc. 11.1) u HaxXonuTCA B PABHOBECHH NOJ JAEHCTBHEM

6 -
£
[ |
i i
pe—>
Puc. 11.1. K naxoxpaenuw cuisl Fy;, BTArHBaOmel LH3TEKTPHUECKYIO
UAacTHHY UPH Heu3MeHHOM nanpskenuu U mexnay oGKAagKaMd KoH-
Jexcaropa

cuabl F,,, AeficTBYOMmEl CO CTOPOHLI 3NEKTPHUECKOrO NOJIs, M
paBuoil eit no Moay/io BHeluned cuanl F. Jonyctum, yto au-
3MEKTPHK BJBHHYJICA B NPOCTPAHCTBO MEXKAY OOKJajKaMH Ha
ennurny Ax, M3 3akoHa COXpaHEHHAI 3HEPrHH CJCIYET, YTO
COBePIUEHHAs TPH 3TOM HCTOUHHKOM Haupsikenus pabora A,
paBHa CyMMe H3MeHeHUs 3HepruH Koujencaropa AW, u me-
XaHuuecKoil paGoThl, COBEpIIEHHON cHa0l F,, Haj BHEUIHHMH
TeNaMH:

Ay =AW, + F Ax. (1)
Ecan 3apaji KOHAeHCATOpa H3MEHHJCH [IPH ITOM HA BeJHUHHY
Ag, To U3MeHeHHe 3HEPTHH KOHZEHcaTopa
UAq

HCT

AW, = 2
HcTOuUHHMK HanpspKeHHs IPH 3TOM COBepwina padoTy
A, =UAq. 3)
[opcrarasas AW, u A, ., u3 (2) 8 (3) B ypaBuenue (1), nonyyaem
UA7

Fobr=Y21 @
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3T0 COOTHOILIEHHEe MO3BOJsIeT HalTH cUay F,,, JeACTBYIOUYO
Ha JMSJEKTPUUECKYIO IUIACTHHY CO CTOPOHBI 3JeKTPHYECKOTO
noJisl KOHxeHcatopa. Vismenenue sapsajga xoHgeHcaTopa Ag npu
BABMIaHMM NJACTHHBI MOXHO 3anucaTe B BHuae Ag=UAC.
Vamenenue emkocTH KoHjeHcatopa AC NpH BiBHraHHAU NJIACTH-
HBI Ha AXx MOXHO HAaHTH, €C/IH paccMaTPHBaTh KOHJIGHCATOpP ¢
YACTHYHO BABHHYTOH NIACTHHOH KaK JBa COEJMHEHHBIX MapaJj-
JI2bHO KOHJIEHCATOPA, OJMH M3 KOTOPBIX 3aNIOJIHEH JHM3JIEKTPH-
¥oM, a apyroii — uer. Torga nmpocTol pacueT NPHUBOJUT K
pe3yJbTary

AC: €y (6—;1) lgAX ] (5)

[ToncraBasisi uameHenue 3apsifa Ag B ypaBHemnue (4), Haxo-
UM, 970
gy (e—1) 1, U?
Fo=2E2 000 (6)
Takum oGpazoM, ecyu MexAY o0KJafKaMH KOHAEHCATOPA Moj-
JIEPXKUBARTCA NOCTOSIHHO® HaNpsiKeHHe, TO JeACTByMOWAs Ha
JU3JeKTPHK CHJIAa HE 3aBUCHUT OT JJ/IHHBI BBICTYIIAOINEH U3 KOH-
JieHcaTOPa YacTH. JTa CUsa BTATUBAeT AHIIEKTPHK B NPOCTPaH-
CTBO MEKAY OOKJIajKaMH.

Tenepb serko coo6pasuTh, YTO BRIABHHYTAS MJIACTHHA OYAST
noj meficCTBHeM NOCTOSIHHOH CHabl F,, JBUraTscsl paBHOYCKO-
PeHHO ¢ ycKopeHHem a=F, /m, Noka He JIOCTHIHeT NOJIOXKeHH
paBuoBecusi, [Tocsae Toro Kak njacTuHa NPOCKOYHMT DO HHEPILMH
10JI0MEHIIe PABHOBECHf M BBUIBUHETCS H3 KOHJEHcATopa C
Ipyrofi CTOPOHH, HallPaBieHHe YCKOPEHHS H3MEHHTCSt Ha Npo-
THBOMOJIOXKHOR, TaK KaK H3MEHUTCS HapaBJ/eHHe BTATHBAIOLIEH
cuanl, B pesysabrate i1acTHHa GyneT coBepiiaTh KoJefarug,
KOTOpPBIE, OJHaKO, He OYAYT rapMoHu4ecKuMu. ['padHk cMmele-
fl4sl B 3aBUCHMOCTH OT BPeMeHH x(f) COCTOHT H3 OTPe3KOB napa-
Gos-(puc. 11.2), Tax, Hanpumep, B TeueHUe NePBOH YeTBEPTH
nepuoja TakuX KoseOaHHH, T. e, npu 0<<i<<T/4,

x(f) =x,—at?/2, (7)
rie

a m 2md (8)

AMmiuTya TakMX koJdebaHuit, Kak BuaHo H3 puc. 11.2, cos-
najaeT ¢ HayaJabHBIM CMElleHHeM NJIACTHHBL X, U3 MOJOMKEHHS
paBuoBecusi, [To ucTeuennn neppofi yeTBepTH NepHoia KoseGa-
Ui x (f) B J1IeBOH YacTH COOTHOILIeHHS (7) o6pawaerca B HY/Ib.,
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[TosToMy mnisl mosHOrO mepuona KomeGauHil T nosyuaem
T =4V 2x,/a. (9)

BujHo, 4TO NMepHOA 3THX HECHHYCOMJANBbHBIX KoJeGaHHH 3a-
BHCHT OT aMIVIUTYABl X,.

Ecnaud rpaduk 3aBHCHMOCTH CMELIEHHMS NJACTHHLI KOHJEH-
caropa OT BpeMeHH ellle XOTb KaK-TO HallOMUHAeT KOCHHYCOHAY,
TO Tpauk CKOPOCTH YK€ COBEPLUEHHO He MOXOXK Ha TO, YTO
JC/KHO OBbITh NpPHU TapMOHMYECKHX KosefaHHsX. [TocKombky

v
Ly

(4
Puc. 11.2. I'paduku cMente-
HHA U CKOPOCTH IPH KoJseba-
HHUAX AMSJEKTpHYECKOH njac-
THHbB B KOHJeHCAaTOpe
3

yCKOpPEHUE NJIAaCTHHbI NOCTOSHHO MO MOAYJIO M TOJbKO CKad-
KOM MeHsieT HalpaB/leHHe Ha NPOTHBOMNOJIOXKHOE B MOMEHTbI
NPOXOXKAEHUS MJAACTHHOH MOJIOXKEHHs paBHOBECH:, TO rpaduk
ckopoctd v (f) npeAcraBiaser cobofi «IHay», NOKa3aHHYIO Ha
puc. 11.2. A

12. KoaeGauns obpyya. K HeBecomomy oBpyuy paiuycom
R, pacnosoxeHHOMY BepTHKasnbHO, NPHKPENJIeHa MaTepHaJlb-
Hag Touka maccer m. O6pyd MOXKeT KaTHTbCH 6e3 npocKasib3hl-
BaliHsl MO TOPH3OHTAJbHOH MIOCKOCTH. EcAyu BhIBECTH 06pyd
M3 MOJOXEHHs paBHOBeCHs Tak, 4ToObi guaMerp obpyuya, mpo-
XOJISIIMA yepe3 MaTepHaNbHYIO TOUKY, 06pasoBaa HeGOJbIION
yroa @, ¢ BepTukaabio (puc. 12.1), @ otnycTuTh 6e3 TonYKa,
TO BOSHHKHYT KoseOanus, KakoB nepHojy 3THX KojeGaHuil?

A Ecay o6pyd HaXoRHTCS B IOI0KEHHH YCTOAYUBOTIO PABHO-
BecHS, TO NPHUKpenJeHHas K HeMy MaTepHasibHasi TOYKa 3aHH-
MaeT camoe HmKHee nosoxkenue. Korja o6pyy karutcs Ges
NPOCKAb3BIBAHMSA, 3Ta TOYKA JBHXKeTcA no uukiaouge. [loay-
4UM Npexje BCero YPaBHEHHe 3TON LMKJOHABL,
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BrifepeM Hauano KOOpAMHAT B MNOJOMEHHH DaBHOBEHS
_ MaTepHanbHod ToUkH. «[IpoKaTuMy» o6pyY HO OCH X TaK, 4TO
JMaMeTp, NPOXOJAIHA uepes TOUKY m, 06pasyer ¢ BepPTHKAJbBIO
yron @ (puc, 12.2). Beipasum KOOPAMHATH X M y HHTepecyowei
Hac Touk# uepes yros ¢, [Ipn xauenuu 6e3 NPOCKasb3LIBAHHSI

%1/\ %

Puc. 12.1. Tlpu oTkjoHewu# H2 MOJIO- Puc. 12.2. K BuBoay

JKeHHUS PaBHOBECHSI HEBeCOMLIH 06pyu ypaBueHus HHUKJIOH b

¢ ToueyHOH Maccoli m O6yjner coBep- Huava ayru AB pasua
maTeh KonebaHUs otpe3ky OB

nauHa Ayrd AB=Rq paBHa AnauHa orpeska OB. Iosromy
HENOCPEACTBEHHO H3 pHC. 12.2 BHAHO, YTO
x=R (p—sin @), y=R (1—cos ¢). ¢))

[pu manuix xonebanunx o6pyua, koraa yron o<1, dopmy-
Jet (1) moxHO ynpoctuth. i 3TOrO 3aMeHHM sim ¢ Ha @,
TOrja BbIpakeHUe A5 COS (¢ MOXKHO 3alHMCaTb B BHJe

coso=V1—sitoxV 1—¢*~ 1 —¢¥2.
Tenepp ypaBHenust (1) nepenuchlBalOTCA CAELYIOWMM 06pazoM:

V3 31HX COOTHOHIEHMH cJjefyer, UTO IPH MaJbiX KoseGalusx
o0pyya 3aKpenyieHHas HAa HEM TOYKA JIBIKETCS NPaKTHYECKU
110 BepTHKAJH.

HajiTi 3aK0oH ABHXEHHS MATepHAALHOH TOUKH IO H3BECTHOH
TPaeKTOPHH MOMKHO, BOOOLIE He paccMarpHBas AGHCTBYMHOIHiE
CHJIBI, @ HCMOJB3YS TOJNLKO 3aKOH COXpaHeHus aHepruu. Tak
KakK NpY MajJblX yriaax ¢ TOYKa JABIXKETCS NO BePTHKA/IH, ce
KHHeTHYecKas dHeprus paBHa my®/2. CuuTas MOTEHHHANLIIYIO
SHEPTHIO PaBHOH HY.1:0 B HOJOXKEHHH PABHOBECHA, 3amuilem
3aKOH COXpaleHHUs 3HEePTUH B BHJE

"112—‘ -+ mgy = const. 3
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Hponu(rpepenunpyem 310 ypaBHEHHE N[O BPEMEHH:
myg +mgy = 0. (4)

Tak kax Y He paBHO HYAIO TOXKJIECTBEHHO, TO U3 3TOro COOT-
HOLUCHHA TOCAE COKpalleHUs Ha my noJydyaeM

y+g=0. (5)
510 ypaBHeHHE I'OBOPHT O TOM, YTO YCKOPEHHE MaTepHa.IbHON
TOYKH BCe BpeMsl HanPaBJIeHO BePTHKAALHO BHU3, NOCTOsI HHO 110

(. MOLYJ/IO H PABHO YCKOPEHHIO CBO-
Yh ‘ GonHOro majenus. 3HAUMT, HOPH
(\ [\ [\ MajdblX  KOJebaHHSIX HEeBecoMOro
0 o0pydya OpUKpenAeHHass K HeMy
\I f\l 7 MaTepua/IbHAs TOYKA JBHAKETCH
AN T4K e, KaK IpH CBOGOAHOM I1ale-
/2 HUH B NOJie TsKecTH. Kamapril pas
g yzj/a-%— B MOMEHT NPOXOXKJAEHHS Yepes Io-
o JIOXeHHe paBHOBeCHsI HampasJe-
HHE ABHAKEHHS TOYKH H3MEHseTcs
Ha INPOTHBONOJIOXKHOE, T. €. OKa
BegeT cebs TaK e, Kak ynpyrui
CTAJbHOH IIapHK, NOACKAKHBAIC-
UMA B TOJe TSXKeCTH Hajl roph-
30HTa/JbHOH MPaMOPHOH HJMTOH.
Teneps serko wanucaTs ypas-
HEHH s, BblpaXKalollie 3aBHCHMOCTD
\ ¢ CKOPOCTH M KOOPJHHATHI TOUKH OT
BPEMeHH AN [NEepBOH ueTBepTu
nepuona Kosaebanu# T. Tak kak
cornacio (5) y=-—g, 10

~N
S

7/4

e

N

A7

Puc, 12.3. T'paduru cxopoc-

TH ¥ BePTHKaJbHOIO CMelle- . 12
HHA MacCH m M yIJa OTKJO- y(t) =—gt, y (t) =yo—~%— (6)
HeHUs @ NPy Majbix KoJjie6a-

HESX 06pyya O<t<T).

3zech ¢, — BBICOTa, Ha KOTOPOH HAXOAMJIACh Macca 71 B Hadasib-
HBIA MOMEHT, KOra o6py4 OBl OTKJIOHEH OT HOJIOKeHHs paBHO-
BeCHsT Ha yrol ¢, ¥ OTAYmEH Ge3 Toga4YKa.

I'pabuxy 3aBUCHMOCTH CKOPOCTH M KOOPJAHHATHL i OT BpeMe-
HH 10KasaHul Ba pHc. 12.3. Morso 6bl nokasaTbcsl Ha nepBhlii
B3TVIJL, YTO NEPHOR KoJleOaHHil BABOE MEHbIE YKa3aHHOro Ha
3THX rpadukax. [lepuoy geficTBuTeNBHO Gbli Gbl BABOE MEHb-
e, ecsd Oul peyp MJla 0 mojCKakuBamouiem mapuke. Ho anga
c6pyda 9TO He TaK, H6O NepHOX KoMeGaHHS 3Jech Ompesessi-



13. BONHE BO BPANIAICIUEMCS KOJIbLE 377

eTCsl BpeMeHeM MOJIHOIO LHK/Ia H3MEeHeHHs yrsia ¢, KOTODBIH
COCTOUT U3 OTKJIOHEHHH o6pydya Kak B ORHY CTOPOHY, Tak H B
APYryr0. 310 OCOGEHHO OTUETVIMBO BHIHO M3 rpaduKka 3aBHCH-
MOCTH YyIJia OTKJOHEHHSI OT BpEMeHH, KOTOpblii nokas3aH Ha
Tom XKe puc. 12.3. '

I'paduk 3aBUCUMOCTH @(f) COCTOUT U3 NOJOBHHOK 3JIJTHOCOB,
B 4eM MOXHO yGeAMTBhCSsl, NMOACTABUB BO BTOPYIO H3 (opMyJ
(6) KoopAMHATY ¥, BHIPAXKEHHYIO Yepe3 yroJ ¢ ¢ NOMOUBIC CO-
oTHowenus (2):

@* (f) = ¢;—g1*R. 9!
3Ty (opMyJay MOXKHO INependcaTb B BHIE

. 1 (8

¢s ' Reilg &)

B Heil jerko y3HaTh ypaBHeHHe »JJIMHCA HA MJIOCKOCTH £, ¢.
[Tonyocu srtoro ananunca paBHB @, V' R/g u @,. Kak BHgHO u3

rpaguka 3aBHCHMOCTH (({), NOJAYOCh @, V' R/g pasna 4eTBepTH
nepuona koneGauuit o6pyua 7/4. Taxoe e 3HaueHne xas 7/4
MOKHO, pasymeercs, TNOAYYUTb W H3 ypaBHeHus (6).

Taxkum o0pasoM, Mepuop Kosebauuil obpyua

T= 4(90 V@E (9)

IToguepxnem, 4TO Jaxe MaJjble KojeGaHHA TaKOH CHCTEMbl He
ABJSIOTCH FapMOHMYECKMMH M HX NepHOJ 3aBHCHT OT aMIUIUTY-
I Qg A

13. Boannt Bo Bpamaromemcs xoabue, KosbleBoft pesm-
HOBBLIH KI'yT PaCKpy4eH BOKPYT OCH, NePNeHAUKYJsPHOH n1oc-
KocTH KospHa (puc. 13.1). JluHefinasa CKOpPOCTL 3/eMEHTOB
#ryra paBHa v. C KaKOH CKOPOCTBIO GYAYT PacnpoCTpaHIThCS
Mo TAKOMY KOJ/IbLY HOHEPEeYHLIE BOJIHBI MaJOH aMIJIUTYIb?

A ¥Ynpyras nonepeyHast BOJIHa B THGKOM Pe3HHOBOM XKTIyTe
MOXKET PaclpOCTPaHsThCsl TONLKO B cjaydae, eC/H 3TOT XKIYT
garanyT. IlpegBapuresnbHoe HaTsxeHHE HEOOXOXMMO HOTOMY,
YTO HEHATSHYTHIH KIYT, B OTJIHYHE OT TBEPJOro Tena, obaafaer
VOPYTOCTHIO TOJMBKO MO OTHOLUEHHIO K JedOopMalMH DacTske-
HHs, HO He cKaTusi. B paccmMarpuBaemMOM OpUMEpe CHJA Hats-
JeHHUsS KoJbUEBOro xryrta o0ycaoBjeHa ero Bpamenuem. Hafi-
JEM 3TY CUJY HaTsKEeHHS,

BoyienumM MBICIGHHO Ha BpalAICHIEMCsl KTYTE 37EMEeNnT
Al, xapakrepuayeMbtit Maspm yraom 8 (puc. 13.2). Cunnl F,
u F,, DelicTBylON{{e HA BbijeJeHULIH 3/€MEHT €O CTOPOHH CO-
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Ce/I{HX YYacTKOB, HALPABJIEHH IO KACATENbHOH K OKPYKHOCTH.
Monyap s1MX cua F — 3T0 U eCcTh MHTepecyiomas Hac CHJja
Hatskenus Kryra. Pasnogeiicteyoman cun Fy u F, coobuiaet
BbIZEJEHHOMY 3MIEMEHTY XKIYyTa IIEHTPOCTPEMUTEBbHOE YCKOpPe-
nue v¥R. Macca BhigeneHHoro aaeMenra paBHa pSA/=pSRO,

&

1
T~ 4
\ @
e

U v
Puc. 13.1. Pe3unoBoe Xoabuo Puc. 13.2. K BBIUHCICHHIO CHJIBI
Bpauaerca BOKPYL BepPTHKaJib- HATSXEHHA BpalIAloUErocs pe-

HOR ocu 3MHOBOrO XryTa

rie p — IUIOTHOCTb DEe3HHBI, S ~— MIOWAAL NONePeyHoro ce-
uenust Kryta. [IosToMy Ha OCHOBaHHH BTOPOro 3akoHa HbwoTo-
Ha HMeeM

FO=pSROv*/R, ' )
OTKyja
F=pStr, @

[Ipennonoxum Tenepb, YTo NO ITOMY KOJAbLY PacnpoCTpaHf-
eTcs ynpyrasi BOJHA, B KOTOPOH CMeLEHHe 371EMEHTOB XKIYyTa
IIPOHCXOAUT B HAMPABJICHHH, NEPIEHAUKYIAPHOM pPaBHOBECHOMH
niockocTH Xkryta. [lyers ata BomHa pacnpoctpaHnsieTcs, Ha-
npUMep, B TY Xe CTOPOHY, B KaKylo Bpauiaercs Koabuo. st
TOro 4TOOB HAHTH CKOPOCTH PACHPOCTPAHEHHS 3TOH BOJHBI B
HKIyTe ¢, DOCTYNHM crefyoumum oGpasoM. [lepeiinem B HOByiO
cucreMy orcuera K, B KOTOPOH B HEKOTOPLIH MOMEHT BpeMeHU
OK&KeTCsI HEeMOJBMKHBIM ONpeje/ieHHBIH BbileseHHBH rop6
Boaubr (puc. 13.3). $lcHo, YTO »Ta cHcTeMa OTCYETAa JBUMKETCst
PABHOME@PHO €O CKOPOCTBIO 41U B HaHPaBJEHHH KaCaTeNbHOH
K OKDYXHOCTH, 06pasyemMoil BpalaloluMCa KryToM. Boine-
JeHHblll rop6 OyjmeT B 3TOH CHCTeMe OTCYeTa HeHOJBHNKEH B
TOT MOMEHT, KOTJla €ro CKOPOCTb OKaXKeTCs NMapasiienbHON CKO-
pocTH BBEJEHHOH cHCTeMBl oTcyeTa. B 3ToT MoMeHT ropG 6yner
BRITVIAZETh 3aCTHIBIIHM, a BeINECTBO XKryTa OyjaerT CKOJb-
3HTH BOJIb 3aCTBIBLIETO rop6a cO CKOPOCTBIO ¥ Ha/IeBO (pHC.
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13.4). TlockonbKy HOBafl CHCTEMa oTcuera sBasercs HHEpPUH-
anbHOM, B Heft Takxke cnpaBequs pTopoll 3akoH HbioTona.
[TpumennM ero X JIBHIKEHHIO 3JEMEHTa XIyTa, IPOXOJSIIEro
yepes BepUINHY ropfa. DTOT HNIEMEHT JABHKETCH CO CKOPOCTHIO
1 1O Ayre OKPYKHOCTH HEKOTOPOro pajuyca r, KOTopas JexHT
B BepTHKAJIBHOH HJIOCKOCTH H MNOKasaHa IUTPHXOBOH JHHHeH
Ha pHc. 13.4. INpoekuus ypaBHEHUS! BTOPOro 3akoHa HuioTona

s
T
utu
Puc. 13.3. B Hexkoropolit Mo- Puc. 13.4. B sroli cucreme or-
MEHT BpeMeHH rop6, Gerywui cyeTa BEUIECTBO KIYTa OXHT
0 XKryTy, OVeT UeNOgBUKEH yepes BePUIHHY 84CTHIBIIEIQ TOR-
BO BCIIOMOT aT€JNLHOH CHCTEME OT- 62 Co CKOPOCThIO K

cuera K

Ha BEPTHKAJbHOE HanpapJ/eHHe NPpU ABHXKEHHUU MO 3TOH OKpyX-
HOCTH 3alHUCLIBAeTCs! B BHJE

Fo=pSrour. 3)

Ortcicfia sl KBajipaTa CKOPOCTH pacnpocTpaHeHus NonepeyHol
BOJIHBI IO XKI'YTY HMeeM

u*=F/pS. {4)

SIcHO, YTO TaKoe ke BBIPAXKEHHE AA CKOPOCTH BOJHBI OyjeT
CNPaBEJIMBO U B CJAydae OPSMOJHHEHHOrO XKIyTa, HaTKCHHe
KOTOPOTO CO3/aeTcsi BHEIUHHMH CHJ/IaMH.

[lopctaBnag B ¢popMyay (4) BupaxeHue aas CHJLI HaTAxe-
HHS F yepes CKOPOCTDb Bpamialolierocs JKryTa v 13 (2), Haxoanu,
yTo u=9. HpyraMu c/10BaMH, CKOPOCTb NONEPEYHLIX BOJH
OTHOCHTEJIbHO KTYTa, CHJIA HATSKeHHS KOTOPoro o6yc/10BanBa-
ercd €ro BpallleHHeM, COBNAJAeT C JIMHEHHOH CKOPOCTBIO Bpa-
mennst xryra. [lostomy BosHbl, KOTOpLIE OEryT B TY Xe CTO-
POHY, KYAa BPalaeTcsi XKIyT, ABHXKYTCA OTHOCHTENLHO HENox-
BIXKHOTO HabJojiatesist Co CKOpOocThio 20, a BOJIHBI, Geryme
HABCTPEUY BPALICHHIO XKIyTa, KaXYTCH TaKoMy HabJIoAaTeno
HENOJBHKHEIMH. A
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14. Bo30yxkpeHue BoaH B cTpyHe. KoHeu warsaHyTod ym-
pyro#ft cTpyHbl NPHBOAHTCSI B TapMOHHUECKoe KoJebaresbHoe
JIBHIKEHHe ¢ aMIVIMTYA08 A U 4aCTOTOH ® C MOMOMIBIO YCTPOHCT-
Ba, CXeMa KOTOporo nokasaHa Ha puc. 14.1. Kakyo moumHocTb
pasBHBaeT JBHraTesb, HPUBOJALIMA ero B JBHXKeHHe? Bo uTo
npeBpaulaeTcs s3aTpadeHHast sHeprua? Uro npoucxomut Ha
JIPYroM KOHuE CTPYHE? Kakum o6pa3oM MOXKHO BOGHTLCA TOIO,
yTo6bl TaM HE NPOHCXOAHJIO OTPAXKEHHS BOJIHBI?

Puc. 14.1. Kouey cTpyHbt Puc. 14.2. Co cropoHH CTEpXHS HaA
BpHBOAUTCH B JABHIKeliHe KoHel CTpYHH peficrByer cuua F
¢ [apMOHHYECKOMYy 3a-

KOHY

A JIas Toro uToObl ONKUCATh BBIHYKIACHHOE ABHAKEHHE CTPY-
Hbl, BBeJleM OCH KOOPAMHAT X M Z TaK, Kak NMOKa3aHO Ha DHc.
14.2: ocb 2z coBnajaer ¢ paBHOBECHBIM MOJOXKEHHEM CTPYHBI, a
OCb X HanpaBJleHa BJOJIb CTePKH S, NIPHBOASLIErO KOHELL CTPYHE
B ABIKeHHe. BrifepeM nayaso oTcyera BpeMeHH Tak, 4TOObI
CMellleHHe J1eBOr0 KOHLA CTPYHBI [aBajoCh BbiParKeHHem

x (f)y=A4 cos of. (8]

BriHyxeHHBIe KOJe0aHHsl J1€BOrO KOHUA CTPYHB MPHUBO-
JAT K TOSIBJICHUIO B CTPYHE YHDPYIOH BOJIHBI, PACHPOCTPAHSIO-
meficss HanpaBo BHOJb OcH 2z. CKOPOCTb & TaKOH BOJIHBI, Kak
OblI0 BHISICHEHO B NpebIAyIIel 3ajaye, 3aBUCHT OT NpeJBapH-
TENbHON CHJBI HATSXKEHusl CTPYHBI £, MJIOTHOCTH MaTepHa’aa
CTPYHH @ M IJIOWAJH ee HONepeyHOro ceyeHus S:

u=F,/pS. @)

[Tpu pacnpocTpaHeHUH BOJHBI NMONEPEYHOe CMelleHHe x JoGoH
TOYKH CTPYHBI, HMEIOLIEH B PAaBHOBECHH KOOPIMHATY 2, NMOBTO-
pseT ABHXKEHHE JIEBOI'0 KOHIla CHYCTS NPOMEXYTOK BpeMeHH
2/u, KoTopHlil TpeGyerca 1/1s1 TOTO, YTOGH BOJIHA PacHpOCTPaHH-
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Jacb Ha paCCTOﬂHHe Z:
x(z, y=x(0, t—2/u)=A cos o ({—2/u). (3)

L5t Toro utoGE HANITH pa3BUBAEMYIO IBUTaTes1eM MOIIHOCTD,
HYXXHO 3HaTh cHay F, ¢ KOTOPOH cTepxeHb jeficTByeT Ha je-
BblHi KOHel cTpyHbl. CTpyHa JeficTByeT Ha CTepkeHb ¢ PaBHON
N0 MOAYJIO H NPOTHBONOJOXKHON MO HANpPAaBJICHHIO CHIIOH Fy
(puc. 14.2). HOas rubkofl CcTpYHBI, nOpofABJAstouied ynpyrue
CBOIICTBA TOJIBKO NpH pgedopMaliy pacTsxKeHHus, CHaa Ha-
TSKeHHUs B JIIO6OH TOYKe HanpaBJeHa 0o KacatesasHoH. [Tostomy
JeficTByomas Ha cTepxeHb cuaa F; HanpasJ/eHa NOX YIVIOM o
K OCH 2z, TAHI€HC KOTOPOro, Kak BHAHO U3 puc, 14.2, paBeH npo-
u3BogHO#l dx/dz mpu z=0:

tga:A%sinm(t—%> =A%s'mmt. (4)

2= 0

[lpu pacnpocTpaHeHHH BOJIHBI B CTPYHe Kaxjiblil ee asje-
MEHT NepeMeniaeTcsl TOJMLKO NONepeK pPaBHOBECHOIO HOJOXKe-
Rus cTPyHH, [ToaTOMY rOpH3OHTa/NbHAA NPOEKUMS CHJIBI HaTsi-
EHMA CTPYHLL OCTALTCH HeH3MenHOH ¥ paBHOH N0 MOAY MO Tipes-
BapHTEbHON cuJsie HaTskeHns F, B /Mo6ofi MOMEHT BpPeMeHH H
B /0GOM MeCTe CTPYHBI, B TOM YHCJe U Ha ee JjieBoM KoHue, Or-
CioJia Cjeiyer, YTO BEpPTHKa/lbHast NpoeKuus cuiasl F, paBHas
—F,tg a (puc. 14.2), usmeHsercsas cO BpemMeHeM MO TapMOHU-
YECKOMY 3aKOHY:

F,(t)=—F,A Zsinot. (5)

CKOpOCTL JIBHXKEHHS JIEBOrO KOHIA CTPYHLI paBHa NPOH3-
BOJIHO#H 1o BpeMeHH OT cMmemeHus x(f), faBaemoro Gopmysaoi

(1):

v, =x=— Ao sin of. (6)

MrHoBeHHOe 3HaueHHe PasBUBAEMOH ABHIaTeEM MOWHOCTY
P paBHO CKaJIDHOMY NPOH3BEJEHHIO NEeHCTBYIOmEH Ha JeBbli
KOHel CTPYHL CHabt F Ha ero ckopocTb ¥:

P=F~v=Fxe=FOA2mTzsin2mz‘. (7)

Buano, YTO pasBuBaeMasi JBHUraTejeM MOIIHOCTb HCILITHI-
BAaeT KoJIeGaHusl OT HYJIS 40 MaKCUMAaJ/bHOrO 3HAUYeHHS, PaBHOTO
F,A®0w?/u. CpejHee 3HaueHHe MOIIHOCTH JIEIKO HaWTH, ecul
BLIPA3UTh BXOAAWMI B ¢opMmyay (7) Ksajpar chHyca Hepes
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KOCHHYC JIBOHHOIO yrua:

sin® of = - (1—cos 2of). @)

ITpu ycpenHeHHH N0 BpeMeHH BTopoe caaraemoe B (8) ucuesaer,
1 BHIpa)KeHHe AJAs cpepHeil MolgHocTH <P) HNpHHuUMaeT BHJ

(Py=g Fy A2, ©)

[MopcTaBasia clofa 3HaueHHe CHJABI HATSXKEHHS CTpyHH I, H3
dopmyast (2), BeipaxkeHue 1 <P)> MOXHO 3amHCath CIAEAYIO-
UM o6pasom:

P>= -;— pSw?Azu. (10)

3atpaueHHaf Ha BO30yxKAeHME KoJieOGaHHil JeBOro Kouua
CTPYHHEI 3HEpPrHs, pady™eercs, He ucyedaeT GeccjenHo, a Ie-
PEHOCHTCS! BOJHOH BJOJb CTPYHHI. DTO OTYETIHBO BHIHO H3
tdopmy.nt (10), B KOTOPOH NpaBas YacTh KaK pa3 paBHa MOTOKY
SHEPrHH, NePeHOCHMMOH BoaHOH. B camom pmese, ecnum paccmo-
TPeTh KHHETHYECKYIO H MOTeHUHAJbHYIO FHePTrUHH HEeKOTOpOro
3JeMeHTa CTPYHBI MIHHB Al NpH NPOXOXKJEHHH BOJHBI, TO
MOXHO YOemUTBCH, YTO CpejHee 3HaYeHHEe HX CYMMBI PaBHO
pS®2A2Al/2. 3a enuuuily BpeMeHH BOJHA PaclpOCTPaHsieTcs
Ha paccrosiHue A/, uucaeHHO paBHOe ee ckopocTu 4. [Tostomy
npaBad yacTb Qopmyanl (10) npencraBnsier CO0OR 3HEpruo,
NePeHOCHMYIO BOJIHOH depes JoOOE CeYyeHue CTPYHH 3a ejiH-
HHILY BpEMeHH.

Ecau crpyHa npoctupaercsl HanmpaBo 710 OGeCKOHEYHOCTH,
TO 3HEPTHsi MEPEHOCHTCS BOJIHOH TOJIBKO B OJZHOM HalpaBJie-
HuH. Ecau NpH 3TOM JHMCCHNIALUS MEXaHHYeCKON 3HEepru,
npHBOAAAS K 3aTyXaHHIO KoseOaHHH, npeHeGpekuMo mana,
TO CpPejiHufl MOTOK SHEPruH B JIOGOM MecTe OlHHAKOB.

B orpannyeHHO# CTpyHe XapakTep pacnpocTPaHeHHs FHED-
ru Gyjer pas/HYHbBIM B 3aBHCHMOCTH OT YCJOBHH Ha jApyrom
KoHLe cTpyHul. Eciu, Hanpumep, BTOPOil KOHell CTPYHBI 3aKpen-
JIeH, TO CTPYHA He MOXKeT NepejaTh HepPruio CTeHKe, TaK Kak
IIOC/ICNHSsS] TOYKA CTPYHB HENOABHXKHA. DHEPrus BOJHBI LEIH-
KOM OTpaKaercs HasaJ OT 3aKPeIJIeHHOro KOoHLa. B pesy.is-
Tare B CTPYHe ofpasyercsl cTosSYast BoJiHA, B KOTOPOIl 3Heprus
HE NepeHOCHTCA 4Yepe3 Y3/10Bbié TOUKH, IJie aMIJUTYAa KoJe-
GaHul paBHa HYy./10. MOXHO NOKAa3ars, YTO B ITOM CJI1yyae Cpej-
HsASl MOLIHOCTb JBHTraTeNs, BO3OYXKAAOIErO TaKyio CTOSYYHO
BOJIHY, PaBHa HYJ/IO: CKOJIbKO JHEPTHH B TEUGHHE NepHOja KoJe-
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GaHuft ABUraTe1b OTAAET CTPYHE, CTOJBbKO XK€ H NOJYy4aeT oT
Hee o6parHo.

Ho M0XHO Ha Apyrom KOHIE CTPYHBI CO3/aTh U TaKHe yCJio-
BUS, YTO BOJHa He OYHET OTPAKATLCA W BCA NEpPeHOocUMast
¢io sHeprus OymeT nepefaBaThcd HEKOTOPOMY VCTPOHCTBY.
Yro Ke JOMKHO NPEACTaBAATL CO6OI Takoe ycTpoicreo? [las
TOT0 YTOOH Ha NPaBOM KOHIE CTPYHBI ANHHON [ He NIPOMCXOIUI0
OTpaxKeHUs BOJHbI, HYKHO, 4TOOB! YCJOBHA B NOC/IERHEH TOUKe -

e~

N

A

Puc. 14.3. OTpaxenus BOJHB Ha MPABOM KOHHE HE NPOH3OMJET, €can
HEefiCTBYIOMAN €O CTOPOHL IITOKA Ha KOHEWl CTPYHHl CHJIa Fy 6ymer
TaKof Ke, KaK H CO CTOPOHB OTPE3aHHON YACTH CTPYHBI

CTPYHBI Gbliy Obl TAKUMH K€, KaK M B GECKOHeYHOH CTpyHe.
Hpyrumu ciosamu, eciy «y6parbs NPOJO/KEHHE CTPYHHL, TO
CMEHIeHYe M CKOPOCTh NOCJeHER TOUKH NO/MKHBI OCTATbCS Ta-
KuMu ke, Jaa sroro cusa F,, nefCTBYIOMAS Ha NOCJELHION
TOYKY CTPYHBl CO CTOPOHB! YCTPOWCTBA, NO/KHA OHTH TaKOil
K€, KaK 1 €O CTOPOHBI «OTPE3aHHOMH» YacTH G6ECKOHEYHOH CcTpYy-
Hb (puc. 14.3).

Ilpu maxoxpenun cuasl Fy, MOXHO NOCTYNATh TaK XkKe, Kax
¥ Npu Haxoxjpenuu cuanl F Ha neBom KoHUe cTpyHbi, Tanrenc
yraa f (puc. 14.3) pasen npowuseopHofl dx/dz npu z=I:

O N 2 . l
tg ﬁ:A%smm(t——u—) =A —(lj—smco(t-——ﬁ). (1)
Taxk KaK ropusoHTanbHass NPOEKUHsA CHJIb F, paBHa mpepBapu-

TEJIbHGH CuJ/le HaTSiXKeHHS CTPYHBI Fy, TO BEPTHKAaJLHas Ipo-
exuust cuibsl F,, paBuas Ftg B, naercss BbipameHHeM

F.=F,A %s'mco(t—-iu). (12)

=1

Jlerko 3aMeruTb, YTO 3TAa CHJa B KaXKALIA MOMEHT BpeMelin
NPONOPIUOHANbHA CKOPOCTH ¥, NPAaBOro KOHHA CTPYHBI, 3Ty
CKOPOCTb MOXKHO BBIYUC/IUTL ¢ NOMOLIbIO BhIpAXKeHHA (3),
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. . ! ;
v,=x(l, )= —Awsine (t—;). (13)

Cpasuusas Qopmyast (12) u (13), Bugum, 4to cuna F,, Kotopas
HeHCTBYET Ha MPABLIA KOHEI CTPYHGLI €O CTOPOHBI YCTPONCTBA,
ofecneyBaIONIEro NMOIVIOUWEHHe BOJHLI, Lo/KHA ObITh Bponop-
L{OHa/JbHA CKOPOCTH KpaiHe# TOYKHM CTPYHBI Uy

F2x=F002/u. (14‘)

Tpebyemoe yCTPOHCTBO MOXHO OCYIIECTBUTL, HCROJNb3YH
CHJy CONPOTHBJIEHHs NpH ABUMKEHHH TeJa B BA3KOH cpene,
Koropas MpH HeGOJLUINX CKOPOCTSX MAPOMOpUUOHANbHA CKO-
poctu. BosbMeM, Hanpumep, JEerku# IHTOK C MOPUIHEM NpeHe-
OpeXHMO MaJOH MacCH, KOTOPbIH MOMET NepeiBUraThcsi Bep-
THKAJbHO B LWJIMHApE, 3al0JHEHHOM BSI3KOH MKHIKOCTHIO
(puc. 14.3). Tlpu 5TOM BA3KOCTb MMAKOCTH U pasMep NOPLIHs
HYXKHO NOACOpaThL TaKuM obpasoM, YTo6bl KospPUUHEeHT mpo-
HIOPLHOHANLHOCTH MEXAY CHJIOH CONPOTHBICHHS H CKOPOCTDIO
Obin OB KaK pas TakuM, Kakoil Tpebyetcsa dopMyJoi (14), 1. e,
F,/u.

Ilpu MCnonb30BAHMM TAKOTO YCTPOHCTBA BCH SHEPTHS,
nepesaBaeMas CTPYHe Ha ee JeBoM KoHue, 6YIeT NpeBpaniaThes
B TEMJIOTY DU LBUMKEHHH NOPIIHA B BA3KOH XKUAKoCTH. Tarum
ofpasoM, pacCMOTpeHHas cHcTema (DAKTHUECKH MPeACTaBJSeT
co0Ol MeXaHHyecKHH BOJIHOBOJ C COIVIACOBAaHHOH HArpyskoi
Ha MpaBOM KOHIE, C ITOMOLILIO KOTOPOIo SHEPTHA MOKET nepe-
IaBaThCcsd W3 OLHOrO Mecra B APYroe.

AdanoruuHsiM 00pa3oM MOXKHO [epeiaBaTh SHEPrHIO U3
OJIHOTO MECTa B APYTOE U ¢ [IOMOLIBIO 3JeKTPOMAarHHTHBIX BOJH,
Hns  coorBercTBYIOWHX JMHUH nNepPeidyd uJH BOJHOBOAGB
TpeGyercsi Noa6HpaTh HArpysKy Tak, 4ToObl OHa Obljaa cor.a-
COBaHa C BOJIHOBGAOM, T. €. YToOLI He HPOHUCXOAHJIO OTpame-
HHA BOJIHEI OT €ro KOHLA. A

15. HanpasjieHHoe HajyyeHHe pagMoBOsH. AHTeHHBLI HIHPO-
KOREmATEJbHBIX PajiHOCTAHUMH MPEICTaBAAIOT COO0OH Bepru-
KajibHbIe MaYThl, KOTOPbIE B FOPH3OHTAILHOH MJAOCKOCTH, T. €,
BIOJbL 3EMHOH NOBEPXHOCTH, H3/JYyYarT OAMHAKOBO [0 BCEM
HanpasJaenuaM. Mcnonb3ys HECKOJILKO TakMX anTeHH, pabo-
TaomuX OT OXHONO MepeRaTuHKa, M3IYyYeHHEe DPajHocTaHUuu
MOYKHO CJEJaTh HANpPABJAeHHbIM. KakK HAajo DAacIoNOXHTL jABe
anTeHHbl B TOPOAE, pacTHHYBLIEMCH Y3KOH R[OMOCOH BRODL
Gepera Mopst, 4TOOB! YMEHLILUTb Gecroe3Hoe HalydeHye pamio-
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BOJIH KaK B CTOPOHY MOpPSl, TaK H B CTOPOHY HEHACeNEeHHO! MeCT-
HOCTH? )

A QopMupoBaHHe HaNpaBJEHHOTO H3JYYEHHS pPafHOBOMH
npoucxoaut Oaarofapf AsJeHHio uHrepdepenunn. Ecau ects
J1Ba KOT€pEHTHEIX UCTOUHHKa S; u S¢, H3AYYalOmuX BOMHG! O/1H-
HAKOBO TIO BCeM HampaBJeHUAM, TO KoneGaHus, OpuXoisiie
B HEKOTOPYIO TOYKY P, 6ynyT yCHJIUBATh HJAH OCAABJATH ApYr
Jpyra npy CACKEHHH B 3aBUCHMOCTH OT PA3UOCTH XoJa BOJAH

P
7 2
a

* %

5 &
Puc. 15.1. I[IpH KorepesTHBIX HCTOUHH- Puc. 15.2. K suunche-
Kax Sy 4 S; MHTGHCHBHOCTE KojeGaHuil HHIO PA3SHOCTH XOAA BOAH
B ToyKe P 3aBHCUT OT Da3HOCTH XOfA AN yjpaneHHo#t TOMKH

BOJIH r{—/ry HaGMOIeH A

ri—rs (puc. 15.1). Byaem m1a mpoctoTbl cyuTaTh, YTO HMCTOM-
HHKH OIMHAKOBLI H U3JY4aioT B ouHaKoBoi (hase. Ecau Touka
HaOmofleHust P HaXomuTCA JaJeKo OT HCTOYHHKOB, TaK YTO
paccrosiiie oT P go J/oGoro 3 HuX MHOrO GOJbILIE PaCCTOfi-
HHA d MEXLY HCTOYHHKAMH, TO aMIIHTYJbl MPHXOAALWMX B P
KOAe6aHUHA MOXHO CYHTaTh OAMHAKOBBIMM, a NIPH mojcyere
PasHOCTH X0Ja HANPABJCHUS i U /9 MOXKHO CIUTATL flapasiiedhb-
HbiMu (puc. 15.2). Toraa pasHocTh Xona A Bbipaxkaercs yepes
yroJ g, XapakTepuaylolluii Hampas/eHHe HA TOYKY HalbJrose-
Hus P:

A=d sin 0. H

Slcwo, 4yro npu 0==0 u O=n, 7. e. B HanpaBAeHHAX, nNepnen-
IMKYAAPHBIX JIHHHH, COEIHHSUIOmMEH HCTOYHUKH, H3JY4YEHHue
6yner MakcuMaJbHLIM. B HanpaBineHHsiX, A/1s KOTOPLIX pase
HOCTb X0/la A paBHa NOJIOBHHE AJMHGLI BOJHBI A (Hld JOGOMY
HEYETHOMY YHCJY BOJAYBOJH), H3Jy4YeHHE BOOOIIE HE MPOHCXO-
aut. Jlisi pajMOCTaHUMH CYIECTBOBAaHHE TaKHX «MEPTBLIX»
HalpaBJ/ieHHH, KOHEYHO Ke, HexelatenbHo. A 3To o3Hayaer,
yTo paccrosiude d MeXAy aHTEHHAMH JOJKHO GBHITh MEHbLUEe
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NOJOBHHH AAHHH BoJHH. Bcau paccrosnve d Jquiue HeMHOro
MeHblie A/2, To B HANpaBAEHUAX BAOJL JUHHM, COEAUHSIOmEN
aHTeHHbI, U3JyYeHHe NOUTH HE NPOHCXOMMT, TaK KakK B JMobyio
TOYKY Ha 3TOH JIHHHH 3AEKTPOMAaTHHUTHEE KoJebaHHA OT aH-
TeHHLl NPUXOAST NOUTH B mpotuBogase. Eciu 310 paccrosinue
yMEHbIIATL H Jafblile, TO U3JYuY€HHE B TUX HaNnpaBJeHHAX
OyIeT yBesqMUUBAThCSH, TaK Kak pas-
HOCThb (has KosieGaHuit O6ypeT yMeHb-
HIATHCS.

Takum ofpaszoM, Als TOro 4ToGLI
HanpaBUTb H3JYyYeHHE PajdoCTaHIUH
IPEUMYIIECTBeHHO BROJL HAaceseH-
Horo Oepera Mops$i, aHTEHHB HYMKHO
pAaCcnoJOXUTL Ha NpsaMod, nepneH-
IMKyJIsipHo#l GeperoBoil sinnuu. Pac-
CTOSTHUE MEXKLY AHTEHHAMH JOJIXKHO
OLITb MeHbHle A/2 M BLIOMPATBCH U3
TpeGoBaHusi, YTO6LI MHTEHCHBHOCTD
U3JyueHMst B NepHeHIUKyaspHOM Oe-
pery HanpasJeHuM 6hlja HE MeHbLie
ONPEAEIeHHOT0 3HAYeHUA, HANpUMep,
yToGHI OHA cocTaBaaa 10 % oT HHTeR-
CHBHOCTH H3JyYeHHst BHOJb fepera.
Puc. 15.3. Hanpasienns Herpyano coobpasutb, 4TO C no-
MAKCHMAILHOrO  HIIAYUE-  wyronpio TAKUX AHTEHH MOXKHO CKOH-
HMst TOBEPHYTHI HA HEKO~
Topuii yroa O, ecin ko- UEHTPHPOBATB U3JyueHUe B HYXKHBIX
aeGannst B autenne S, HAINPABACHUAX # B TOM CJydae€, Koria
orcralor 1o gase o1 KO- TOPOJ, PACROJIOKEH Y3Ko#H [0JI0coi
meGaumit B antemne Si  pnoj, Gepera 3adiBa, YIJIOM BAAIO-

merocst B cymy (puc. 15.3). Has
3TOTO JOCTATOIHO TOJLKO 3aMETHTh, UTO MAKCUMYM H3JyUeHHS
ABYX aHTeHH OYIeT HaNPaBJICH HE NEepneHAUKYJ/APHO COenu-
Hawomed X JUHUM, 4 NOA HEKOTOpeM yraoM 0 (puc. 15.2),
ecnn KoseGaHHsi B aHTEHHAX NPOHCXOAAT ¢ NOCTOAHHLIM CABH-
roM mo ¢ase 8. Hanpapjenne MakcUMaJbHOTO H3JyUeHUs B
3TOM CJIyyae OBPeAeUuTCs W3 YCNOBUSA, YTO BHOCUMAs! AHTEHHA-
Md NepBOHaYaJbHasg pasHoCTh (a3 § KoOMNEeHCHPYeR's 3anas-
ILiBaHueM OfHOH H3 BOJH NPH NPOXOKAEHUH €10 IHIIHEro»
paccrosnus A (puc. 15.2). Ecau, nanpumep, KoaeGaHusi B an-
TeHHe S: OTCTAOT OT Koslebauui B S; Mo ¢ase Ha §, To yroa 0
HaXQAATCA H3 (QOPMYJIBl

2 .
-—;—dsmez 6, 2
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TaK KaK UMEHHO B 3TOM HanpaBJfieHHY BOJHH oT Sg # S1 pacnpo-
CTPAHAIOTCH B OAMHAKOBOH (ase ¥ NpH CJI0KEHUH YCHJAHBAIGT
apyr npyra. Pasymeercs, MaKcHMajbHash WHTEHCHBHOCTb H3-
ayuenust Oyjer HaGOAATLCA B ABYX HaNpaBAeHHsX, o6pasyio-
IHX yrosl O ¢ nepRneHauKyIapoM K JUHUH, COeIUHSIOuEeH all-
TeHHLI, KaK mnoKas3aHo Ha puc. 15.3.

Has ymenbluenust 3oJH Oecnose3HO H3Jdyuaemoli paguo-
CTaHUMeH 3Hepruy nerecoo6PasHo AQOUTLCA HalpaBJEHHOro
H3/MYYEHUs PAJHOBOMH He TOJbKO B TOPU3OHTA/NbLHOH, HO K
B BepTHKaJbHON mJocKoctd. PopmuposaHue Y3KoH auarpam-
Mbl HaNpaBAEHHOCTH, «IPHMKATOH» K 3€MHOH IOBEPXHOCTH,
CPAaBHUTEJLHO NPOCTO ofechieyHBaeTICs B AHANA3OHe MEIpe-
BhX U Goade KopotKuX BoaH (tenesupenue, Y KB-pajuose-
wanue). Bubparopul nepepaiolliel aHTEeHHBl pacRofarailoT Ha
BEPTHKAJLHOH MauTe B HECKOJBbKO PsJIOB APYr Haj APYroM,
TaK YTOOLl PACCTOSHHE MeXAY HHMH [0 BepTHKaMu Oblio
MeHblle IJHHH BoJiHH. KoJe6anus Bo BceX Bubparopax
BO36GY2KnaioTcsl B ofuHakomoH ¢ase. Ilpoiie Bcero AoOHThCS
3TOro, HCNoJab3yd Kabeau oJMHAKOBOH JJIHHBL IJf TOABOjA
SHEPTHU OT reHepaTopa KO BCEM BUOpartopaM. DieKTpoMar-
HUTHblE BOJIHBlI OT BceX BHOPATGPOB TAKOH «MHOTO3TaXKHOH»
AHTEHHEl B pe3yJbrate HHTepdEPEHLHH YCHAUBAOT JPyr
JApyra, ecJH OHH PACIPOCTPAHSAIOTCS B TFOPH3OHTABPHOM Ha-
npasiaeHud. Boaubl, pacnpocTpaHsionpecs Bo BceX APYTHX
HafpaB/ICHUSAX, T. €. OTKJOHAIOIHMECH BBEPX M BHH3 OT IO-
pH3OHTAJ/M, racaT APyr Apyra. Xapakrtep YIJIOBOro pacrpe-
JeJeHus] H3JYyYEHHS TAKON AHTEHHBI JerkKo NOHATh [0 aHa-
Joruu ¢ 3ajayeil o AUPpakOUH IAOCKOH BOJMHBI, NPOXOAA-
meil uepes Wiesn: 4YeM Gonbille pasMep HIEAH NG CpaBHEHHIO
C AAHHON BOJHW, TEM MeHbilleé YTJIOBOH Pa3Gpoc npomieAuiei
yepe3 Wesb BOJHH. Kak BBl Aymaere, IoYeMy pacCTOsIHHE
[0 BEPTHKAJH MEXKAY COCEAHMMM BHOPATOpaMU AOAKHO ObITh
MEHBLIe AJUHBI BOJHL? A



IX. ONITHKA

B onTake Mayuaercs pacnpocIpanenne H D3aHMOLEHCTBHE € BelLeCT-
BOM KODOTKHX BJIEKTDOMArHHTHHIX BOJMH, MLJIMHA KOTOPHIX COCTamJjseT
rpumepro 10-8—10-7 M. Buyrpu sToit cnextpanbuolt obaacrn neknut
CPaBHATENbHO Y3KNA yuacrok aauy BOJH oT 400 g0 760 uM, coorBercT-
BYIoulMA BHﬂHMdMy CBETY, HENOCPEACTBEHNO BOCIPHHHMAEMOMY HEJOBE-
yecKHM Irnas3om. B ontuyeckuil grana3on, KpoMe BUAMMOro CBeTa, BKJIIO-
YaloT TaKXKe HHPpaKpacHOE U YJAbTPadHONETOBOE H3AYYEHHH, TaK Kak
MeAUly HHMM HET NPHHHHMNHaAbHOrO Qusnueckoro pasianuns. Ilostomy

' rpalRUB ONTHYECKOTO MaNa3oHa A0CTATOYHO YCAOBHE, H MO CYUIeCTBY
OHYM OIPENEAAIOTCH TONBKO HCIIONb3YEMbIMH CHOCOGAMH NOJNYYEHUS M
PErHCTPaLyH SIEKTPOMAT HATHBIX BOJH.

B ocHoBe BoiHOBOH TeopHu cBeTa JexHT npunuun loiirenca, nos-
BO/NAIOUIHI O M3BECTHOMY NHOJMOXEHHIO BOJHOBOIO QPOHTA B HaHHbLIH
MOMEHT BPEMEHH HAATH €ro ON0XKEHHS B NOCAEAYIONIHE MOMEHTH Bpe-
Mend. Ilo npununny Tofirenca kaXjas TOYKa BOJHOBOTO QPOHTA fAB-
JSETCH HCTOYHHKOM BTODMYHBIX CdepHueckux Boiad. Orubaiomas no-
BEPXHOCTb STHX BTOPHYHBIX BOJHOBHIX NOBEPXHOCTEH JaeT moJjoxenue
¢poHTa BONHE B MOCAELYIOUIHE MOMEHT BPEMEHH,

BonuoBas TeopHsi CBeTa no3BONsieT OOLACHHTL TAKHE SBJEHHUS,
Kak HuTepgepennus B audpakuns. Jdasa nabniogenns ycrofiunsoi kap-
THHBH HHTEpOEPEHNMH HCTOUHHKH CBETa JOJMHbI GBbITh KOTEDEHTHDbIMH,
T. €. CO3/aBaEMble UMY BOJIHbI JOKHE IPHXOAHTL B TOYKY HaGIIOAEHH
‘¢ mocTosiHHOM pasuocThio ¢das. Hobuthbesi HemameHHOH pasHocTH (a3
JABYX BOJIH OT HE3aBHCHMHIX HEJa3€PHBIX UCTOYHHKOB CBETA HEBO3MOMK-
Ho. [losToMy njs mojyueHHs HHTEPPEPEHLHOHHOA KAPTHHBI CBET OT
OILHOrO HCTOUHMKA OObMHO Ppa3jeisioT Ha [Ba NydKa, a 3aTeM nocie
NPOXOMKACHHS UMH pasHbIX NyTeH BHOBb CBOLAT HX BMecTe. Jluppaxnn-
OHHbIE ABJECHHHA, BO3HMKAIOmMME NPH NPOXOKIAEHHH CBETA Yepe3 oTsep-
CTUS HJIM TpErpajsl, NOJNyualoT o6bCHEHHE NPH PACCMOTPEHUN HHTEp-
()epCHIIHH KOTEPEHTHBIX BTOPHUHBEIX BOJH, MOCTPOEHHBIX MO NPHHUHRY
T'iofirenca.

Mpuunen INolirenca No3BOJIAET YCTAHOBHTD 8aKOHLI, ONHCHLIBAIOLHE
noBefieHHe CBeTOBOH BOJHLI HA FPAHKILE Pa3jela ABYX PO3PAYHBIX CPEN.
B npHGIHXEHHN reOMETPHYECKOR ONTHKH A/si 34AdHUS TNOJOKeHHS
BOJIHOBLIX NMOBEPXHOCTEH MOMXKHO BBECTH JIYUH, T. €. JHHHH, Ie€prenji-
KyJAPHBIE BOJHOBLIM NOBEepXHOCTAM. Jlyud cseTa XapaxkTepu3yioT Ha-
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npasJieHye pacnpocTpaneHis sonnsi. Britekawoune us npuuuuna oi-
resca NPapHiia HAXOXKAEHHA JyueHd NJIS OrpakeHHolt H npenoMmJeniioll
BOJMH APEACTABJIAIOT COGOH XOPOUIO H3BECTHLIC 3aKOHBI reoMeTpUgeckoll
ONTHKHY.

OcHoBHEIE 3aKOHB F€OMETPHUECKOH ONTHKH — 3aKOH NpAMOJIMued-
HOI'Q PaclnpoCTPaHEHHH CBETa B OAHOPOAHOH Cpeje, 3aKOHb OTPaNeHnn
M TIPEJOMJIEHHS CRETA HA IPaHUIE ABYX CPef — MOryT GHTb MOJYUeHbt
u ¢ nomouibio npuununa Gepma. Coracno 3ToMy HIPHHIHNY JTeHCTBU-
TEIbHbIA MyTh Jy4a CBETA €CTh NyTh, ANH NPOXOXKAEHNT KOTOPOT O, CBETY
TpefyeTcs 3KCTPEMANbHOE (KaK NpaBHIO, MHHUMAJbLHOE) BpEMA HO
CPABHEHHIO € JIOOLIM APYTUM GJIH3KHM K JEHCTBHUTENbHOMY MBICAHMbIM
nyTeM MeXAy TeMu e TouKamu. Xors taxkas GopMyNHpoBka NPHHILKAA
Gepma ¥ He BnoJHe TOuHA, OHA JOCTAaTOYHA NJd NMOHUMAaHH# paccMaT-
puBaeMbiX HHUXeE NpHUMepOB.

IMocKoabKy CKOPOCTL CBETa B cpefie C Noxa3aTeneMm IpeJoMIeHHA
n paeua ¢/n, npuunun Gepma MOXKHO cHOPMYIHPOBATL KaK TPeGopanue
MHHMMAJbHOCTH ONTHUECKON AJHHGLI Jyda NPH paclpocTpaHeHHH CBeTa
MeXay AByMst 3ajanHbIMu Toukamn. Iloa ontruecko@t paunoft Ayua no-
HUMaeTCst MPOM3BEJEHHE ITOKa3aTels NpelOMIEHHs Cpefsi Ha AJIHHY
ayua. B neopHOpopHO#l cpepe onTHueckas AJAHHA Jyya CKI4IbIBAETCH
“3 ONTHYECKMK AJAHH Ha OTASADHBIX YYACTKAK, KOTOpLIE MOXUO CHHTATL
ofnopoansiME. Mcnonbsosaunne npuuuuna Pepma nos3ponser paccmor-
PeThb HEKOTOPHE 3afla¥y C HECKOJAbKO MHOM TOUKM 3penus, ueM fpu He-
HOCPEACTREHHOM NPHMEHEHHH 3aKOHOB OTpaXeHnHus u npejaoMiacHns, Ha-
npuMep, NpH paccMoTPeHnH QOKYCHPYIOWEH ONTHUECKOH CHCTEMbl DMe-
CTO NPHMEHEHHs 3aKOHA NPEJOMJICHUS CBETA HA HCKPHBJIEHHON NOBEPX-
HOCTM MOMHO NpPOCTO NOTpPe6oBaTh PABEHCTBA ONTHYECKHX AJIHH BCEX
dokycupyembix nyuei,

1. Cexcrant u katador. JIBa miockux 3epkana obpasywr
AByrCpaHHbIil yro &, Ha ofiHo u3 sepkaJ najaer ayd4, Aexauiui
B IJOCKOCTH, NEPHEHAUKYJIApHOH Dpebpy yraa. OnpenenuTsb

Puc. 1.1. Mapaouiuit aye, HenbiTas
oTpaxkeHue oOT IBYX 3epKal, HaMe-
HAeT HanpamienHe Ha yroa §

YroJl OTKJOHEHHS Ayua P or NepBOHAYaJLHOrO HampaBJeHUs
nocje oTpaxenus oT oboux 3epKas. Xoi Jyueldl nokasaH Ha
puc. L.1.
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& Tlyers yron najenns Jiyya Ha nepBoe 3epKaJo PaBex y, a
Ha Bropoe — O. OueBHAHO, uTO yroi P Kak BHEWHHH yroJ
TPeyrosibHuKa, 00pasoBanHoro ayyamu, pasen 2 (y+06). C apy-
roil cropousl, y-+6=o, noToMy u4TO Kak yros o, Tak M yTJbl
y+06 pomonusioT yros @ no m. ITosromy P=2a. Camoe uHTE-
pecHoe, 4TO 3TOT YroJ He 3aBHCHUT OT YIJla NajieHus Jyda Ha
sepkasiol VMMeHHO 3TO CBOHCTBO ¥ MO3BOJMJO HCMOJL3OBATH
TAKy10 CHCTEMY 3€pKas B HABHIalMOHHOM npubope, HasbiBae-
MOM cexCTaHTOM. CeKCTAHTOM H3MEPSIIOT BLICOTY CBETHJA Haf,
FOPH3OHTOM, T. €. YroJ f§ MeXKAy HanpasJeHHsIMH HA TOPH3OHT

*

{‘:, \ ——e——— e

Puc. 1.2. Ilpunn#nHanbHag CXeMa CEKCTaHTA

n Ha 3se3ly (puc. 1.2). Jlenaercs sto B HEGAAronPHATHBLIX
yCI0BHsIX, HaupuMep Ha kauawouleficst naaybe xopabaa. Ilpu-
60p MOXKHO JepHKaTb TPACYWUMHUCA DYKAMH, IPH 3TOM BaXHO
TOJLKO TOYHO 3adukcHpoBaTh yroa a. Oaxo u3 3epKan moay-
npospagnoe. Habsonast cKBO3bL HEro JIMHHIO TOPH30HTA, H3MeE-
HEHHEM yTJ1a o COBMELIAIOT ¢ Hell BRAMMOE B 3TOM 3epKaJie u306-
paxkenue ceeTuJa (puc. 1.2). 3arem 3HaueHue yraa & CUHTHI-
BaeTCd CO IKaJbl npubopa.

O6patyuM BHHUMAaHHE HA YACTHHIU cJayuad, Korja sepxaJa
obpasylor Mexay coGoli npsimo#t yroa. Torga f=n u mapaio-
mui yd B pe3yJabTare ABYX OTPaKEHHII MOBOpauyuBaer B 06-
paTHoM Hanmpassenuu (puc. 1.3). Hanomuuu, uto ato cnpasen-
JHBO TONLKO B TOM CJyuae, KOTAA MAAIOWMMH JAyd JEXKHT B
HJIOCKOCTH, NePNeHNUKYAsIpHO! pebpy ABYrpaHHOro yria Mex-
Ly sepxajamu.

A MOXHO J4 crenath YCTPOHCTBO, B KOTOpOM NaJAIOLKI
JYY NIpH JMOGLIX YCJI0BUAX OTpaXalca Obl Hadaj? OxasbiBaeTcs,
YTO AJIA STOTO JOCTATOUHO ACGOABHTL K ABYM 3€pKa/aM TPeTbe,
pacnoJiokKHB €ro TakuMm o6pasoM, YTobLI NJIQCKOCTH BCEX Tpex
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3epKasl OLLIM B3aUMHO NEpHEHAHKYASPHH, NOJOOHO KOOpPAH-
HATHBIM IJIOCKOCTAM JeKaptoBoil cHcremul (puc. 1.4). Ilpn
NPOM3BOJNbLHOR OpHEHTAlHH NaJaloWEro Jyya ©OH, HCNHITAB
OTpaKEeHHE OT KaXKAOTO M3 3epKas, Oyaer pacnpocTpaHsiTbCs

’

VA

s

Puc. 1.3. Jlyw, nexauwnfi s Puc. 1.4. Boruyras sigefixa H3

NJOCKOCTH 4epTeXKa, OTpaxaer- Tpex MAOCKUX B32UMHO [epreH-

csl Hazal, ecaH 3epkana obpa- IHKYJASipHEX 3epKan ofpasyer
3yIOT HpAMOH yroxa YrOJQKOBBEIA OTpaXaTedAb

TOYHO B OGPATHOM HANPaBAEHHH. YOEJHTHCS B 3TOM COBCEM
Hecnoxuo. Ha puc. 1.5a mTprxoBrofi n[oKa3aHLI NJOCKOCTh
3¢pKaja R IUIOCKOCTH NIafieHHs JAyya. Buawo, uro npoekuun

a B 4
Puec. 1.5. Tlpoekunsa nmapawuiero # OTPaXXeHHOro Jydveft HA MAOCKOCTh

3epKajia BHILHT TaK, KaK NOK4a32aHO HAa PHC. 6, 2 NPOEKIHs Ha HJIOC-
KOCTb @ — Kak Ha pHC. 6.

Najalomero ¥ OTPasKeHHOro Aydelt Ha MJIOCKOCTh 3epKasa Ha-
npaBAeHH BAOAb OQHOH B Toi ke npamofi MN (puc. 1.50).
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Tlpoexunu 3THX Jyueill Ha MOOGYI0 MJIOCKOCTL @, NepnennHKy-
JNAPHYIO 3epKasy, o6pasyior PaBHbIE YIVIbl C NepleHAUKyJs-
poM K sepkany (puc. 1.56). Otciopa cnenyer, 4to mpH oTpa-
JKEHHH JydeH OT Tpex B3aHMHO HEpHEeHNUKYJSPHBIX 3€pKaJ
NPoEKNHaA JAydell Ha MJOCKOCThL JIOGOIG H3 TpeX 3epKan Bhbl-
TNAIMT TaK, KaK nokasano Ha puc. 1.6. Ho pas npoexknus nyua
Ha o6YyI0 H3 KOOPAMHATHBIX MJIOCKOCTEH MEHAET HampanjeHHe

v
7
g
7
Z
x5 7 oz
Puc. 1.6. B touke O ayu orpa- Puc. 1.7. Ilapaowmufi Ha npos-
HAETCS1 OT TPeThero sepkaia, pauHHil MapHK ¢ =2 1y noc-
AeRaners B NJIOCKOCTH YepTexka Jie OTpaxeHus HaNpas/en TOURO

Hasaj

Ha TIPOTHBONOJIOKHOE, TO H caMm Jyd B De3yJbTarte Tpex or-
paXkenuil NOBOpAUMBAeT TOYHO Ha3aj. Takoe ycTpoHctBo Ha-
3bIBAETCA YI'OJKOBBIM OTpaxkaresneM HJH KaTaQoToM H IIHPOKO
NPIMEHSACTCS HA NPaKTHKE.

¥YronkoBLie oTpaxkaTeJy 9acTO BLINONHAIOT B BHJE cpe3aH-

" HOTO YTJa CTeRJAHHOro KyOHKa, T. €. paBHOCTOPOHHEH Tpex-

rpanHofl nupamu/bl. DOKOBHIE TpaHW TaKOro KyOHKAa Lenaior
3€pKaJlbHbIMH. Y TOJKOBbIE OTPAXKATENH HCNOAL3YIOTCH BMECTO
3¢pKaJ B JIa3epHBIX peaoHaTopax H B JasibHoMepax. Mx npe-
HMYILECTBO B TOM, YTO OHH He TPebyioT tocTHpoBkH. Crelu-
albHble YroJKOBbE oTpaxkaTenn OLLIM AocTaB/ieHel Ha JIyny
¥ HCMOJL30BAHBI AN TOUHOTO H3MEpeHUs pPacCTOREHA 10 Hee
C TIOMOLIBIO Na3epHOro H3JyyeHHs. [TorpemHocTb u3MepeHust
cocraBua Bcero Juub 0,1 M.

Haun6onee pacnpocTpanenHoe npuMeHenne KaTagoToB —
5T0 KpacHble OTPaXKATeIH CBETa, YCTaHAB/JMBAeMble HA aBTO-
MOBGHJIAX, BeJOCHNENaX YU JOPOXKHBIX 3HaKax. Takoh Kara-
(poT nmpejcTaBafeT cofofl MO3aMKYy H3 3epKaJbHBIX YIJ/IOB.

Hurepecuo oTMeTdTh, YTO TAKHM K€ CBOICTBOM OTPamaTh
Hajaowui nof MoOLIM yIJoM CBET TOUHO B OOpATHOM HAIpaB-
JeHuH o0JafaeT ONTHYECKHH 3JEMEHT, H300paxKeHHLIH Ha
puc. 1.7. On mnpexcrasaser co60H LIAPHK H3 NPO3PayHOro
Marepuala c noxasareieM npeJomaenus n==2 H ¢ nocepeOpeH-
Bofl 3annedl nosepxHocthio. HerpynHo nokasaTh, 410 moGo#
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Jy4, NpoXOAslyi BHYTPH IUapHKa HE CJHIIKOM JaNeKo oT
neATpa, Nocjae OTpaXKeHus Ha 3afHell NOBEPXHOCTH BuilizeT
13 mapuka B o0paTHOM HanpaBJCHWH. DTO CBOHCTBO HCHOJIb-
3yI0T IIPH H3TOTOBJIEHHH CBeTOOTpa)Kalwiell Kpacku ajs Jio-
POXHBIX 3HaKOB: B ee COCTaB BBOIST MEJIKHE CTeKJAHHLIE la-
PHKH. A

2, Conneunniit safuuk, Ecan nyckatb CoJHEUHBI 3afunk
¢ NOMOHIBIO MJIOCKOTO 3€pKaJia NpAMOYTro/bHON (opMEl, TO Ha
6mpxnelt ctene dopma cBeTJIOrO NsTHA NOBTOPAET GOPMY 3ep-
KaJa, a Ha JaJieKoll CTEHE NATHO HMEET JJIHITRYECKYIO GopMY.
TTouemy?

A 3epkano orpannunBaer (nojo0HO Juadparme) nyuox
NajaiolyX Ha HeTO NMPSAMOJNHHEHHBIX COJMHEYHbIX Jyuel H u3-
MEHRET X Hanpasienne. Mamvenenue uanpasieHus Jyuelf npu

X

N
N

Puc. 2.1. Gopma conneysoro sailynka, KOraa cTeHa pacnonoxesa 6aus-
KO OT OTBEpCTUs

HX OTpaXkeHuH He HrpaeT NpRHUUNHAJBHOH pPOJM B BOOpOCE O
tdopme ofpasyloierocs Ha CTeHe OCBelieHBoro naTHa. Ilostomy
HOCTAaTOYHO PacCMOTPETb OrPaHHYEHHE NYUKa COMHEUHBIX Jyueil
CTBEPCTHEM TaKOH Ke (OpMBI H Pa3MepoB, Kak H 3epKaJo.
Onucannoe B YCJOBHH 3ajiaul fBJEHHE OOBACHAETCH TeM,
yro cBeT 0T CoslHI A O6pa3yeT Ha cTeHe H300p aKeHUe OTBEPCTHS,
KOTZa cTeHa Haxojgutca OJH3KO, U AaeT n306paxkeHne HCTOYHHU-
Ka, Koraa creHa janeko. Paccmotpum noipoGHo ofa cayuas.
1. Crena pacnosnoxena GJH3KO K OTBEPCTHIO (WM K 3epKa-
ay). B nepeom npubimkennu CosiHie MOXHO CYHTATh TOUeY-
ubIM HeTounnkoM S (puc. 2.1). Torpa ocBelesnoe NSTHO npes-
€TaBJseT co60l HEeHTPANbHYIO NPOEKIMIO OTBEPCTHS HA NJAOC-
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xOCTb cTeHH. LleHTp npoekunu S pacnofoxeH oueHb AaJeKo,
MO3TOMY BCe JIYYH NPaKTHYECKN napaenbusl. Ecid npu stom
MJIOCKOCTH 3KPaHa ¢ OTBEPCTHEM W CTEHHl NapaJje/bHbl, TO
dopMa ¥ pa3MEp OCBEIIEHHOTO NATHA dy COBNAXAIOT C POPMOH H
pasviepoM otsepctus d: d;=d.

[Tycte cHasasa skpaH ¢ OTBEpPCTHEM M CTEHa NepeneHH-
KyJaspHbl Hanpasaepuo Jgydedl (puc. 2.1). Ecan HakaoHUTHL
1I0pMaJsib K NJOCKOCTH 3Kpana ¢ OTBEpPCTHEM Ha yros B oTHOCH-
TeJbH0 HanpaB/ieHus Ha CoJsHie, TO Pa3Mep CBETJIOTO NATHA B
COOTBETCTBYIOIEM HanpaBJeHHH yMEHbLIAeTCs:

d1=d COos ﬁ.
Ec/ii Ke HAK/AOHHTL HOPMaJjib K CTEHE Ha YTol y, TO pa3mep
[ITHA yBEJHMYHBACTCSH:

di=dlcos y.
[Tpu TakuX HaKJOHAaX CBETJIOE NATHO HA CTEHe uMeeT popMy
NpAMOYrONbHHKA., Ec/iM OZHOBPEMEHHO HAKJOHHTL 3KpaH M

CTeHy OTHOCHTE/bHO HampaBJeHHs JyueHd B PasHbX MJIOCKOC-
TAX, TO CBET/IOE NATHO GyAeT HMeThb (GopMy NapaJiiesorpamma.

N |

A i X al,
| |t ]

Puc. 2.2. K onpegeseHnio UIMPUHLL NOJYTEHH

B reficTBHTe/IBHOCTH H3-32 KOHEYHOCTH YIVIOBOTO AHaMeTpa
Conmua (e=0,01) rpaunipl TEHH Ha CTEHE OT KPAeB OTBEPCTHUS
B 3KpaHe OyAyT pasmbiTel. OueBUAHO, YTO NOJYYeHHLIE Bhlilie
pe3yJbTaThl CHpaBe;JHBLl, KOIJA HIMPHHA [OJYTEHH MHOrO
MEeHbIlIe pa3sMepoB CBETJIOrO NATHa (T. €. Pa3MepoB 3epkxaJa).
Hlupuna nonyrenn d'=al, rae L — paccTosiHue OT OTBEpCTHS
Ao crennt (puc. 2.2). Urak, dopMa coaHeynoro 3aiiupka wo-
BTOpSsieT (opMy 3epKaJsa npu ycloeud al<d. Tak kak a=0,01,
TO PACCMATPHBAEMOE YCJOBHE NPUHHMACT BHA

L«100 d.

[pu da~10 cm 310 gaer L<10 M.

2. Crena pacniofiokeHa AaJeKO OT OTBEPCTHA (OT 3epKaaa).
Tenepr B nepBoM npuG/IHIKEHHH OTBEPCTHE B 2KpaHe MOXKHO
C4uTaTh TOueuHbIM. Ero dopMa He nrpaer posu, H BCe Onpeaeas-
erCsl KOHEYHBIM yrJyioBhiM pasmepoM Cojirua. OcBeiennoe nsar-
HO HA CTeHe — 3T0 Kak On m3obGpamenue ConHIA B Kamepe-
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ob6ckype. OBo npejcTaBiser cOBOH CeueHue MIOCKOCThIO CTeHL
KPYroBOTO KOHYCA COJIHEUHbIX Jyyell ¢ BepHIRHON B OTBEpCTHH
M YIVIOM o IIPH BepIIHHE, PaBHLIM yrJoBoMmy Zuamerpy Cosnua
(puc. 2.3). Ecin cTeHa nepneHjMKy/spHa OCH KOHyca Jydeil,
TO CBETJOE ATHO NPEICTaBJafeT cO00H Kpyr auamerpoM d,=
=oL. Ilpn HaK/OHE CTeHE! Ha YTOJ Y 3TOT KPYT NpeBpamaercs
B 3JJUNC ¢ GOJLINOH OCBIO

de=d,/cos y=allcos .

C yBeqnueHueM paaMepoB OTBepCTHA (T. €. 3epkaja) ocBe-
IIEHHOCTb NATHA BoO3pacraer (3aliuWK CTAHOBHTCH fpHe), HO

Puec. 2.3. ®opma 3afiunka, KOorja ¢reHa AajJeKo OT OTBEPCTHSE

OHHOBpPEMEHHO ero Kpas cramoBatca Gojee pasMuithiMu. Que-
BHJIHO, 4TO 3TO pasMBITHE INOpPSAJAKa pasMepoB OTBepCTHA d.
Taxum ofpa3oM, conHeuHHl 3aflYHK HMeeT SJJIHNTHYECKYIO
(unn kpyrayw) dopmy, ecan d<d,=al, 1. e. npu L>>100d.

M3 npuBeleHHOrO pelenns ACHO, YTO 6e3pasMepHBIM mapa-
metpoM I', KoTOopbIM OnpesesigeTcs GopMa COMHEYHOrO 3aHUHKa,
SBJSETCS OTHOIEeHHe yrJoBoro Auamerpa CoJHIIA & K YIJIOBO-
My pasMepy 3epkaja, T. €. K YIJy &, 10J] KOTOPEIM OHO BHAHO,
OT CTEHDI

I'=ale=alld.

Ilpn 'l peanusyercs NepBH H3 PACCMOTPEHHHIX CAYyYaes,
npa I'>1 — Bropo#.

[IpopenenHoe pacCMOTPEHME LENHKOM OCHOBHIBAJICCH Ha
3aKOHE TeOMETPHYECKO ONTHKH O NPAMOJHHEHHOM paclpocT-
panenuu cpera, VcuepnbiBaioniee petenye N0/DKHO YYHTHBATH
AubpakuuoHubie 3PGhEeKThl, KOTOPbIE NPOABJASIOTCA B OTKJOHE-
HHU OT 3aKOHA NMPSMOJHHEHHOIO PaclpOCTPAHEHHA CBEeTa IIpH
€ro NPOXOXK/EHHH CKBO3b OTBEPCTHE B SKpane. YToa ¢ Audpak-
IIHOHHOTO OTKJOHEHHS CBETA 110 NOPAZKY BEJAHYHHEI paBell
OTHOIIEHHIO AJHHBI CBETOBOH BOJIHBI A K pasMepy oTBepctis d:

¢=MAd
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(roapoGuee 06 3ToM cM. B 3ajaue «DoxycupoBKa oroannapa-
ta»). Judpaxuuonnsie 3bdeKTs HE BIHAIOT Ha (HOPMY COJHEY-
HOTO 3afYHKa, €cJi Yroa @ MaJj N0 CPaBHEHHIO C YIJIOBbIM pa3-
vepom Conziua o

Md<o..

Cunutast Aa5:10-7 M, ax0,01, HaxonuM, 4T0 AMppaKIHOHHBE
3¢xpeKThl He CYLEeCTBeHHBI, eCVd pa3mep d 3epkaa Nnpesbiliaer
5-1075 M. A

3. Mpenomnenne ceera B cTekAsHHoM KanHe, CseT napaer
0 HOpMaJii Ha I'DaHb CTEKJASHHOTO KJHHA ¢ MaJ/blM YIJIOM Y
npu Bepuxue (puc. 3.1). Ha
KakoH yroJ nosepHyTCs JyuH
NPeJIOMJACHHOTO KJIHHOM CBeta
ApH TI0BOPOTE HajaoUuX JAy-
yefi Ha HeGOJIBbINOH YToJ o BOK-
pyr peGpa KaHHa?

A OTtBer Ha nocTaBJIeHHBIN
BOMPOC MOXKHO MOJAYYHTH, HO-
CleJloBaTeNbHO NpHMEHAA 3a-
KOH MNpeJoMJeHns CBeTa Ha
IJIOCKOH I'Panyie pasjena AByX
Puc. 3.1. [lpenomnenne nyueit s cpea. Tak xKak no ycnoBuio Bce

CTEKJISTHHOM KJHHE HTYPHpYIOLIHE B 3ajaue YIJIbi

, MaJibl, TO X CHHYCH B 3aKOHE
NpEeJOMICHHS MOXKHO 3aMEHHTb CaMHMH YIJIaMH, BEIPaXKEeHHbI-
MH B pajnaHHoO# mepe. JlyuH, najamomume HopMadbHO Ha Nepej-
00 TpaHb KJAWHAE, WCOBITHIBAIOT NPEJIOMJEHHE TOJAbKO Ha
3aHeil Tpanu, yroJ NajeHHs Ha KOTOPYIO paBeH NpeoMJsi-
toueMy yray y kauna (puc. 3.2). Ecau yroa mosopora 3THX
Jyyell 0603HaYHTL uyepe3 €, TO

n sin y=sin (e-+vy), (N

OTKYJa AJf MaJbiX 3HAuUeHufl yrJos y H & clenyer
myxety, 1.e ex(n—Iy. 2

Jlyud, najawouye Ha NEpPefHIO rpaHb HAKJOHHO (NOA YIVIOM
@), HCMbITHIBAIOT NMpPEJOMJIEHHE Ha OGeHX IpaHfiX KJHHa (pHuC.
3.2). Ha nepepuell rpauu

sin a=n sin, (3)

OTKYJla yroJ NpeJOMJeHHsI HA NepefHeil rpaun Y= a/n. Ha
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2afilHell rpaHy KJHHA BBHINOJHAETCA COOTHOUIEHHE
n sin (-+y)=sin (¢-+7),

OTRyJa

n(p-+vy) = o+, 0
T. €. yroJ NpeJoMJieHHs Ha 3ajHell rpann ¢np-}- (n—1)y.
YuuThiBaf, 4TO BCAeACcTBHEe (3) mp=a, HMeeM

9 ~ a-H(n—I1y. 5)
Yros nopopoTa NpeJoMJeHHBIX Nyyel, Kak BURHO U3 pHc. 3.2,
paBeH pasHOCTH YIJOB @ H &:

¢g—e 2 O,

Taxum o6pasoM, npesoMaeHHbIH Jy4 NOBOPAYHBAETCS HA TAKC#
JHe yrod, 4TO K NajalomuM,

Pruc. 3.2. K onpegenenno yria nosopora ayua

QakTHYeCKH OTBET Ha MOCTAaBJEHHHl B YCJOBHH 3ajauu
BOTIPOC COfIEPIKHTCA YiKe B (opMy.ie (5), HOCKOJNbKY Pa3HOCTb
¢—0, KaK BHAHO M3 pHC. 3.2, JAaeT yroJ OTKJIOHEeHHS Jyued oT
MX NIepBOHaYaJbHOTO HANpaBJ/eHus NIPH NPOXOXKJEHHH CBera
yepes kJaun. Y3 (5) caepyer, yto p—a= (n—1)y, T. e. npu
MaJibIX YIJ1ax YroJ OTK/IOHEeHHS He 3aBHCHT OT YIJa NajieHiis o.

Yron ortrJonenns ¢—ao, BhipaxaeMorii Gopmyaoi (5), Mox-
HO HafiTh 6€3 HCNOJib30BaHHS 3aKOHA NPesioMJIeHRA, €CJaH BOC-
nosb30BaThbcs npuununoM [lofirenca wian npuHuunom Pepma,
Ha puc. 3.3 WTPHXOBHMH JHHHAMH 110Ka3aHbl MNOJOXKEHHs
BOJIHOBBIX IIOBEPXHOCTEH s najaioumef ¥ OTKJIOHEHHOH KJiH-
HOM MJIOCKHX BOJH. IloBopor Bo/MBOBOrO (GpoHTa 00YCJIOBJAEH
yMeHbllleHneM (pa30BOH CKOPOCTH CB€Ta B CTeKJe B # pags.
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BpeMsi npoxoxzaenus cseta Ha yyactke CFD pasHO BpeMeHH
Ha yuactke AB. Ilostomy no/uxubl GBITH paBubl ONTHYECKHE
JJHHBl 9THX YYaCTKOB:

|CF|++n |FD|=|ABI. ©)

BosHoBo# ()pOHT OTKJIOHEHHOH BOJIHBI O6pa3yer yrod @ ¢ ne-
peaneit rpanbo kauHa. [loaTomy ¢ 3apHedl rpanbio oH oOpasyeT
!

Puc. 3.3. [TosopoT BosHO-
BOro ¢pOHTa NPH NpeIoM-
JIEHHH cBeTa B KAHIE

yron ¢-+y. Teneps ¢ nomompto puc. 3.3 cootnowenue (6)
MOXKHO Ilepenucatb B BHJE

Loa+nly=L (p+y) (3pece L=|AF|~]|AD])),
OTKyjla cpasy caepyer gopmyna (5). A

4. PenTreHoBckoe HanyueHue s memguunue. M3BecTHO, 4TO
B TKaHsAX OpraHu3Ma BHJUMBIA CBET NOCJAOLLAETCS rOpasjo
cnabee, 4eM PeHTTEHOBCKOe HaJjiyuenue. [loueMy ke B MefHIHHE
JJst NMaTHOCTHKH HCIIOIb3YIOT HMEHHO PEHTTEHOBCKOE H3fydge-
HHE, a He H3Jy4eHHe BHAHUMOH 00JaCTH cIekTpa? -

A B ycioBHH CKa3aHo JHIIb O TOM, YTO PEHTT€HOBCKOE H3JIy -
qJeHHe B YeJOBEYeCKOM OpraHu3Me NOTJIOWAeTCs CHJBbHEE, 4eM
BHJMMEIA cBeT. M ecsin Gl BO3MOXKHOCTD «[IPOCBEYUBATBY Onpe-
JessJ/iach TOJAbKO NOIVIOLIEHHeM, TO PEHTTEHOBCKOE H3JIyueHue
He 7aBaJjo Ol HHKAKKHX NPEHMYIIECTB O CPABHEHHIO C BHAMMBIM.
3HAuHT, AEJNO He TOAbKO B CTENEHH NOIVIOIEHHS H3JYYeHHd, a
elle ¥ B KAKHX-TO APYI'HX OCOGEHHOCTAX €ro pacnpocTpaHenua
B opranuame, C ueM ke MOTYT OblITb CBSI3aHB! 3TH OCOOEHHOCTH ?

[Ipexkpe Bcero BCIOMHHM, YTO OPTaHH3M [MPeJICTaBJAET
co00# HEOJHOPOAYIO CPeNy U3 'PaHHYAIHX APYT C APYrOM TKa-
Hell ¢ pa3sHBIMM ONTHYECKHMH cBoicTBamH. Has pacnpoctpa-
HEeHHs BHJAMMOTO CBETA 3TH HEOAHOPOJHOCTH OKa3blBAIOTCH
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4ypesBeIYafiHO cymecTBeHHHMH. HMX poJb MOXKHO NOHSITH Ha
npocTefillieM NpuMepe: Mbl XOPOLIO BHAHM PhIGOK B akBapHyMe
CKBO3b TOJIIY YHCTOH BOJBI, OJHAKO HHYETO HE BHAMM B T'YCTOM
TyMaHe, COCTOSIEM H3 MEJKHX KaleseK CTOJb XK€ YHCTCH H
[PO3payHO¥ BOJBI, B3BEIIEHH®X B COBEPIUCHHO NpPO3PayHOM
Bosayxe. [louemy?

Mel BuANM npejiMeT, ecau BHIXOASIMA H3 HEKOTOPOH ero
TOYKH Ny4OK CBeTa NONajaeT B Hawl TJia3, H B pe3ynbTaTe Ha
ceTyaTre opmupyercs uiobpaxenue 3Tod Touku. Ho ecau na
NyTH TAKOrO NyYKa BCTPeuaeTcs KanedbKa TymaHa, TO BeChb
najamui Ha Hee CBeT B Pe3ysbTaTe OTPaXKEHHS H NpeJoMJie-
HHS Ha €€ [I0BEpXHOCTH H3MEHAET HaIpaBJEHHE paclpocTpa-
HEeHNS ¥ YXOIMT H3 Iyuka. Ecau Takux Kanenp Ha nyTH Ny4ka
BCTPETHTCA JOCTATOYHO MHOTO, TO OHH IEPEKPOIOT BeCh MYYOK,
TaK YTO Ha CeTyaTKe IJa3a He CMOoXeT 06pa3oBaThCca M300pa-
JKeHHe JaHHOHA TOYKHM npeimera. B raas Gyjer nonajats Junib
paccesHHbll KaneJbKaMu TyMaHa CBeT, KOTOpPBIH He crocoben
obpasoBatb H3oOpaxenue npeaMera. Takofl paccesHHbil CBeT
JJ1st I/1a3a yiKe He fIBJseTCs CHTHAJOM, a CO3[aeT JIHIIb IYyMO-
BOH ¢poH.

JIerko OueHHTb TO paccTossHME [, HAa KOTOPOM MHI elle B CO-
CTOSTHHH Da3inuaTh NpeaMeTsl B TyMaHe, ByjaeM A1 npocToTs -
CYUHTaTh BCE KalleIbKH TyMaHa OLMHAKOBbIMH [IAPHKAMH PaRHY-
ca R. OueBujHo, YTO HHJIHHAPHYECKHH NMYYOK CBETA TAKOTO Xe
papuyca R cMmoxkeT GecnpensiTCTBeHHO paclipOCTPaHfTbCA 1O
TeX NOp, NOKa HE BCTPETHT KanJio TyMaHa Ha cBoeM nyTtu. [lo-
STOMY 8 OUEHKH PacCTOSHUSA [ MOXKHO CUHTaTb, YTO B oOpeMe
IHAMHIPA pagrycoM R u AJIHHOH [ T0JXHA HAXOAHThLCH B Cpell-
HeM OfHa Kanespbka tyMmasa. Ilpu KOHUeHTpauuM Karejek
rymMaHa, paBHOH 7, 3TO YCJIOBHE NPHBOJAHT K PaBEHCTBY

nnR*=1, otkypa I=1/(nR%n).

OTtmernM, 4710 B A€ACTBHTEIbHOCTH HHTEHCHBHOCTb CBETOBOTO
NyYKa NpH €ro pacnpocTPaHeHHH B TyMaHe yObIBaeT ¢ paccTos-
HHUEeM 110 IKCIIOHEHIMAMLHOMY 3aKOHY. boJsiee akkyparHasi oneH-
Ka NTOKaselBaer, yTO HaflleHHOe 3HayeHue [ — 3TO paccTosiHue,
Ha KOTOpPOM HHTEHCHBHOCTb NIyUKa cBeTa yOGHIBAe€T B e pas.

Takum o6pasom, npu pacnpocTpaHeHHH CBe€Ta B cJabo no-
rJolamoed HEOHOPOLHOH cpejie ocnalNeHHe CBETOBOrO yyKa
B YCJOBHSIX JOCTaTOUHO BBICOKOH KOHLEHTPANHH HEOAHOPO/IIO-
cTeli onpenenseTcs He CTOMbKO NOTJIoHIEHHeM, CKOJIBKO pacces-
HHMEeM Ha HeOAHODOAHOCTAX. Pasymeercs, 370 paccesinue cyuect-
BEHHO JIHIIb TOTAA, KOTJIa [10Ka3aTe/b PEJOMACHUS H3MEHsIeTCA
Ha TPaHHUile HEOMHOPOLHOCTeHA. B YaCTHOCTH, B TyMaie BHIAMMbIH
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cser paccenBaercsl 3(pEeKTHBHO NMOTOMY, 4TO NOKasaTe/nh npe-
JIOMJIEHHs1 Kalle/lp 3aMEeTHO OTJIHYAeTCsi OT [oKa3aTeas NpesioM-
JeilA BO3AyXa.

Opranuam yesoBeka COCTOHT HE B3 KaneJsb, HO GJarofaps
HaAUYHI0 MHOTOYMCJIEHHBIX HEOAHOPOLHOCTEH KauecTBeHHas
KapTHHA PacHpOCTpaHEHHS BHAHMOrO CBeTa B HeM BHIMVIAUT
TaK Xe, KaKk B TyMane, H60 NOKa3aTe/id NpPeJOMJEHHS pa3/uy-
HbiX TKanell opraHxsMa OTJHUAOTCH Jpyr oT Apyra.

Copepurenno nHaue 0OCTOMT Jesi0 C pacopocTpaHEHHEM
pentreHoBckoro Haayuenus. Ilpuunna 3Toro 3aki/iogaercs B
_ TOM, 4TO I10K23aTe/Ib NPeJOMJIEHHS PEHTTEHOBCKOrO H3JYy4eHHA
BO BCEX BEMIECTBAaX NPAKTHYECKH HE OTIHYAeTCH OT €IHHHMIIM.
[Tostomy penTreHoBckoe M3JyueHHe B OpranH3Me paclipocTpa-
nsercs BPAMOJHHEHHO, He paccenBasichb H Kak Obl He 3ameuas
Bcex BHYTPEHHHX I'PaHHl MEKIY pa3jinyHbIMH TKanaMH. Tene-
Bhble H300Pa’KeHHA KOCTeH ¥ BHYTPEHHHX OpraHOB BO3HHKAIOT
Gnarofaps pasJHYHOMY NOTJIOUEHHIO PEHTTEHOBCKOTO H3Jyue-
HHA B KOCTAX M MSATKHX TKaHSX OPraHu3Ma.

OnHako CcKBO3b GOJBIUYI TOMUY CPelbl PEHTICHOBCKOMY
M3JIyUeHHIO i€ NPOOHTbCA H3-32 MOIVIOLEHHS, HECMOTps Ha
oTcyTCTBHE paccesnHd. Hanpumep, ucnyckaemoe HeGeCHBIMH
oOneKTaMH H3JyueHne B BHAMMON 06J1acTH cnekTpa CBOGOAHO
NOCTHTAeT TOBEPXHOCTH 3eMJH, MPOXOAA CKBO3b BCIO TOJMY
OAHOpOAHON aTMochepsl (pa3yMeercs, €C/H HET TyMaHa HJH
00/1aK0B), HO PEHTTEHOBCKOE H3JyueHHe NOJHOCTBIO MOrJ/Owa-
ercsi B aTMocepe. [Toatomy peHtreHoBcKas aCTPOHOMHA ¢Talja
BO3MOXHOH TOJILKO NPH BBHECEHHH PEHTI€HOBCKHX TEJIECKONOB
3a npejesnl atMocdepsl. A

5. H3o0paxenne oO0bemHbix npeameros. C MNOMOLIBLIO TOII-
KOH JIMH3BI NOJy4aercss H3006paxKeHHe OGBEMHOrO NpeIMera,
HanpuMep Kybuka. Moxker Ju o6beMHOe H306paKeHHe 3Toro
npefMeta ObITe PEOMETPHYECKH NOAOOHBIM CaMOMY HpeaMeTy
(1. e. TOXe OBITb KyGHKOM)?

A Ha nepsblil B3TJIAL MOXKET I0KA32ThCA, 9TO TAK M AOMAKHO
6biTh, NMOCKOJMBbKY H300pakeHne Bceria NOXOXKe Ha IHpeiMeT.
Onuako ecsid Mel nonpo6yeM CTpOro HoKasaTb, 9TO OTHOLIEHHE
nonepedHblX W NPOJOJBbHBIX PasMepoB Y H300paKeHHs Takoe
JKe, Kak H y NpeaMera, TO YBHAHM, YTO Jejio OOCTOHT JAajexo
HE TaK MPOCTO.

KonnyecTBeHHBI NOAXOA K PELICHHIO ITOH 3aJa4H OCHOBaH
Ha HCMO/b30BAHHH (OPMYJIBI TOHKOR JIMH3H

2t 7=F" M
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Oro#t dopMmysae yaoOHO NpHAAaTe HECKOJbKO WHOH BHZA, BBOAS
o003HaYeHHe p AJis PaAcCTORHMA OT MNpeaMera A0 NEPeiHero
(oKyCa JUH3BL H ¢ AJSl paCCTOAHUS OT 3ajHero $okyca A0 H30-
Opaxenns (puc. 5.1):

p=d—F, g=f—F. 2)

Hoactasana Benuuunsl d v [ us gopmyda (2) 8ypasuemne (1),
ficc/e MPOCTHIX NpeoGpasoBaHuil N0JYYUM

py="F=. 3

Takoit BHA COOTHOLIEHHS AJIs1 TOHKOH JIMH3H HaskizaeTon pop-
wmysofi Helorona.

1
] Vs _l
f—— e}

]
i 7 v N

Prc. 5.1. K BuBoay dopmynst HuloToHa Aist TOHKOHA JMAHIEL

OGosHauuM nonepeuHblit H NPONOJBHBIN pasmeps! npeamera
uepes y M ¥, a COOTBETCTBYIOuIHE Da3Mepbl H306parkeHus —
4epe3 ¥ u X (puc. 5.2). Uro6bl BBISICHHTL BOMPOC O MeOMETPHU-
yeckoM nNozobun 0GBEMHOro npeaMeTa H ero H300paKenusd,

A lg—}:f
Jee———ff
z|7 ) « 7y
v, A N
{ ety
i pre |

Pnc. 5.2, K BEIYRCJAEHNIO TONEPEUHOT0 H NPOJOJABHOIO YBEAHYCHHA TOII-
KO#f JIHH3b!

BBEJEM HapsiAy ¢ NOMEPeyHbM JHHEHHBIM YBEJHYEHHEM JHH3bI
I'=Y/y (puc. 5.2) takke npomonbHOe yBe/JH4eHHE Y, paBloe
OTHOLLUEHHIO NPOAOJABHEIX pa3MepoB H300paxeHHs H NpeaMera:

y=X/x. %)

[Tonepeunoe ysenuuenue nuH3bl I' MOXKHO BBIpa3HTb uepes
E3€leHHple BEIHYHHB p H ¢, XapaKTepH3yIOmHe NOJOKEHHE
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1 T HHA HOCHTEJIbH .
npeaMera H H3o0paxe OTHOCHTEJNIbHO (POKYCOB JIMH3LL

y d F+p’
Tloactapasas ciofa GOKyCHOE PacCTOSTHHE JHH3BL £ 13 (HOPMYJIH
Hotorona (3), noayuaem

r=Vyg/p. (6)

Has Toro utobbl MOJYYHTb BBHIpAXKEHHE AJS NPOAOJBHOrO
yBEsHueHHR Yy, npuMeHHMm dopmyay HbloToHa x Touke mpef-
M€Td, [10Ka3aHHOH KOHIOM TOPH3OHTA/bHOH CTPEJKH Ha
puc. 5.2:

(p+x) (g—X)=F". ()

PackpriBaem ckoGku B JeBoit uyactn Beipaxenusa (7). Torpa,
yunteieag ¢opMmyay (3), nodydaeMm

xq—pX—xX=0. 8)

[Tpeanonoxum, uto xX Mand no CpaBHEHHIO C KaXIBIM H3 OC-
TaJbHBIX JABYX uJeHOB B cooTHomennu (8). B stoM ciayuae n3
{(8) BriTekaer, 4TO

X/x==qlp. )]

UTtobbt oT6powentoe ciaraemoe xX B (8) 6bL10 Masio N0 cpae-
HEHMIO CO BTOPbIM uJeHOM pX, HYXKHO, 4TOOBI NPOJOJBHIH
pasMep npeaMeta x Obl MaJl IO CPaBHEHHIO C PACCTOSTHHEM p
oT npeaMerta A0 (okyca: xp. EcaH 3T0 ycJ0BHe BBHINOJNHEHO,
10 U3 (9) BUAHO, yto H X<g. OTciona sicHo, uTo uien xX B (8)
OyIzer MaJ ¥ [0 CPaBHEHHIO C [IEPBBIM CJAaraeMblM.

Taxum oOpasoM, KOria OpoZOJbHBIA pasMep npeamera X
Man N0 CpaBHEHHIO C PacCTOSHHEM p JI0 (oOKyca, MpOAOJibHOE
yBeJ4eHue JHH3L ¥, B COOTBETCTBHH ¢ dopmyaoh (4), naercs
BLpaxkeHueM (9):

y=4/p. (10)

CpaBHupas dopMyJs (6) n (10), BHAUM, uyTO NPOJIOABHOE
yBeJMYEHHe TOHKOH JIHH3BI PaBHO KBaJpaTy IONEpPeyHoro
YBEJHYEHHA:

p=T2. 1)

Orciona caenyer, uTo H3o6parkenne OyfeT TIeoMeTpHYeCKH
noo6HbIM NPeAMETY TONbKO TOTla, Korda y=I=1. [lag coxpa-
HEHHSI TeOMETPHYECKOTO MOj00HSA npejMer 00A3aTeNbHO LOJ-
KeH H300paXarsCss B HAETypPaJbHYO BeJnuHHy. Bo Beex
OCTaNbHBIX CyYafaX TeoMEeTPHYECKOro nopaobus ne Oyger.
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Hrax, ecix Mbp XOTHM C NTOMOIBIO TOHKOM JIMH3BI MOJYYUTh
n300pakeHne OGBEMHOr0 MPeJMETa, TeOMETPHUECKR NoAobioe
caMoMy NpeaMeTy, TO IPOAOJbHbIC Pa3Mephl NPEAMeTa AOKHbH
OHTh MaJbl 0O CPABHEHHIO C (POKYCHBIM PACCTOSTHMEM JHI3HI,
a NOMECTHTb €ro HYMKHO Ha ABOHHOM (POKYCHOM PacCTOSIHHU
OT JIHH3HL. A

6. PoxycHpoBKa Myyka napamaenbHux ayueir. Pacemorpure
napaJJ/elbHell NY40K MOHOXpOMAaTHYeCKHX Jayued. Ecan ua
NyTH TAKOTrO NMyuYKa IOCTaBHTb COGHMPAIOILYIO JHH3Y co cdepii-
YeCKMMH NMOBEPXHOCTSAMH, TO, KAK H3BECTHO, BCE JyuH cobepyT-
Csl B OZHOH TOUKe, HAa3blBaeMOH (POKy- v
coM. OfHAKO 3TO BEPHO JHIIL LA Y3-

KOT'O 1y4Ka, T. €. AJf JyueH, He CJuul- / 7
KOM CWJIBHO OTCTOSIIHX OT ONTHYECKOH

ocH. DT0 3HAYHT, UYTO ILUHPHHA NyuYKa

JOoMKiid ObiTh MaJa IO CPaBHEHHIO C /
pajMycoM KpHUBU3HBI UDPEJOMJSIONKX

——
—_— 17

V) z
]
Puc. 6.1. Coepuueckas alep- Puc. 6.2. K Haxoxaenuio
pauHa OGHIKHOBEHHON AUH3B dopmMbpl  mpenoMasiomedt

NOBEP XHOCTH, KotTopad do-
KYCHDYET MY4OK mapad-
NeABHBIX Ayuedt

nosepXHocTeil Auu3sl. [M8 (UHPOKHX NYUYKOB HMMEeT MecTo
cheprueckas abeppanss, T.e. JaJeKHe» JYIH [epecexaior
onTHYecKkylo och He B okyce (puc. 6.1).

A uenb3st au BuIOpaTh GOpPMY MPESOMASIOIHX HOBEPXHOC-
Tel JAHH3B TakKHM o6GpazoM, uToObl chepuueckas abeppaiusi
BoOOIIE OTCYTCTBOBA/NA, T. €. NYYOK NapasyiellbHbIX Jiydeil
nie6oi 1HPUHBL cobupascst Obl B OJHON TOUKE?

A Jlns peweHust 3T0# 3ajaud yJNoOHO BOCHOJb30OBATHCA
apuuunnom Pepma. [pepapuresibHO PEUIHM BCOOMOTATIbHY
3ajady. BoiacHuMm, kakoit nomkHa O6HTL QOpMa NpPeJOMIAIO-
niefl MOBEPXHOCTH, Pa3JCAOIEH ABE OJHODOMIBIC Cpefsi C
noKasartessiMi TpesoMJeHust #,=1 u 7, yToOBl NapaJ/enbHbIH
Oy4oK Jyuell nocje npenoM/cHHst cobpajcsi B OfHOH TOuKe.
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M3 coobpaxennit cuMMETpHU siCHO, YTO 3TO ByJeT MOBEPXHOCTD
BpaIIEHUA BOKPYT OCH cuMmeTpuH nydka. [lostoMy pocrarouHo
UCKaTh CEYCHHE 3TOH NMOBEPXHOCTH OCEBOH MJIOCKOCTBIO (pHUC.
6.2). Ilockonpky y Beex Jyueil na ocu x ¢asa OAMHAKOBA,
OnTHYECKAA AJMHA Jyuell oT OcH x A0 QoKyca, JeXKamero Ha
3ajaHHoOM paccrosuuu F, no/mkna ObiTh OfHA M Ta XKe.
PaccmoTpuM neHtpansHeiil Jyy M Jyd, NPOXOASIMA HA
NPOM3BOJILHOM PAacCTOSHMM X OT ocH. /A HHX HMeeM

Fn=y4nV (F—yp-+ 1~

DT0 U €cTh yYPABHEHHE HCKOMOH MOBEPXHOCTH.

TlpeoSpasyem sTO cooTHOleHHe, YToObl BLIACHHUTL (opmy
NOJYYEHAOH MOBEPXHOCTH. YCAWHAS KBAEPATHbHI KOpesb M
BO3BCAA 00e 4acTH PaBeHCTBA B KBaApar, moJjydaeM

(Fn—y)=n?l(F—y)*+x2].

Toene nec0KHEBIX NpeoBpa3oBaHuil 3TO ypaBHENHE NPHUBOAUTESA
K BuAY

2 — b)? "
oy, (1)
rjae
n—1 n
a-_FV 10 b=Fg @<b). (2)

Ypasunenue (1) — 310 ypaBHenue 3/HNca, H300paXKEHHOro Ha
puc. 6.3, a 1 b — manas v Go/iblas NMOJYOCH ITOTO HJAAKIICA.

Kak H3BeCTHO, 3/JHNC — 3TO FCOMETPHYECKOE MECTO TO-
uex, CyMMa paccTOSHHH 10 KOTODPBHIX OT JABYX 33JaHHBIX TOUEK,
Ha3blBaeMBIX (HOKyCaMH, OfHHAKOBA. DTa CyMMa paBHa GOJbIION
ecH aguunca 2b. MoXKHO yOeAHTBCS, UTO TOYKA NEpeceueHHs:
Bcex Jyyell ((pokyc nyuka Jayueil) coBnajaer ¢ gaJbHUM (OKY-
COM 3JIIHICA. DTO COBCEM HeC]0KHO, TpefyeTcs JMb BhINOJ-
HITh TpocThie aJjrebpanueckne npeoGpasoBaHus.

Wrax, mel Hamig GopMmy npeJjoMasiomed NOBepXHOCTH,
YIAOBNETBOPAIOWER NOCTaBJCHHOMY YCJ/OBHIO: BCE Najalouye
14 Hee NapaJsuleJbHBIM NYYKOM JydYH COOMpPaioTCs B OJHOMH
touxe. OJHAKO TaKOH NapasjefpbHbl NY4OK He MOMKeT OhiTh
CKOJIb YTOHO IUMPOKHM: NPH 3aJaHHOM PacCTOsiHUHM F mHpuHa
nyuka d He MOXKET, KaK BHJAHO H3 (GOpMyJbi (2), NpeBhllaTh

shayeHue
n—1
d=2a=2F }/n—ﬁ )
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Tenepsb noaymMaeMm, Kak ¢ NOMOIMIBIO TAKOH NpeJoMAasiowei
NOBEPXHOCTH MOMHO CO3JaTh JIHH3Y, CBOGOAHYIO OT cepuyec-
KOl afeppauun s napamiennHoro fiyuyka Jayuefi. OueBnano,
YTO BTOpAS MPEJOMJISIONAs MOBEPXHOCTh TAKOH JIMH3BI JAOJNK-
Ha ObiThb NEpNeHAHKYASPHA BCEM CXONAMUMCH JyuaM, TakK
KaK TOJbKO B 3TOM CJlyyae OHa HE M3MEHHMT HX HalpaBACHUA

K4
@ 4
/C
/ Y
4
Puc. 6.3. ITyyok mapaienbHbix Puc. 6.4. Bropas moBepxHoCTb
Jyuel Nocje mnpenoMJeHHs Ha doKycHpyIOWed JHH3H JOJMKHA
NOBEPXHOCTH JNJHOCOHAR Bpa- ObiTh 4acTbiO Chepnl, MepHeHay-
UleHHA co0HpaeTcs B JaJibHEM Kyasipuoli myuam
okyce

H BCE JYUHM NO-MpexkHemMy OYAyT NEpeceKkaThCs B OLHOH TOY-
ke F. Takoil noBEpXHOCTBIO ABAsETCH chepa C HEHTPOM B TOY-
ke F. UtoObl nmoayuHTh JHH3Y MAKCHMAJbHOTO AHaMmerpa npH
3ajaHHOM pacctosHuu F, paanyc R KPHBH3HLI € BHYTpEHHedl
NOBEPXHOCTH CJEfyeT BHIOHPAaTh pPaBHbIM OOJbLIOH NOJYOCH
sanunca b (puc. 6.4).

o cux mop MoJHalHBO NMPEATNO/aranoch, YTo NokKasareb
npesoMJeHHs n>>1, T. e. BepXHAA cpeja Ha pHc. 6.2 onrTuue-
cku GoJsiee NJOTHAS.

OnHako €C/H [OJ CHMBOJIOM 7 NOHHMATb OTHOCHTE/bHbLIN
NoKasaresib NPEeJOMJIECHHS BepXHel .Cpefibl OTHOCHTE/NbHO HHMK-
Hell, TO HMEET CMBIC] PACCMOTPETh H MPOTHBONONCKHEIH caydait
n<<l, Korja napaJ/ijie/bHbii MYY0OK Jyyed HCIBITRIBAET NPEJIOM-
JieHHe Npu nepexoje u3 Oojee NJAOTHOH B MEHee IMJIOTHYIO
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cpeny. Ilockonbky npu BBIBOAE YpABHEHHs npejomJdsomei
TIOBEPXHOCTH YCJOBHE A>>1 He HCIOAL30BAJNOCh, TO H B CJY-
yae n<<l ypaBHEeHHEe HCKOMOH IpaHHUbl MO-NPEXHEMY JaeTCs
dopmydoit (1), Ho Toabko mpH n<<l, Kak BHAHO H3 (2),
a*<<0. B arom cayuae Bmipakenue (1) npejcraBiser coGoi
ypaBHeHHe runepGobl, u300paKeHHOH Ha pHc. 6.5.
YTo0H € NoMOoLblo TAKOH NPEJSoMJISIOIEeH [MOBEPXHOCTH
CO3/aTh JIMH3Y, B KauecTBEC BTOPOH MpeoMIsIOmEel NoBepXHO-
CTH cjefilyeT BbHIOpPAath IJIOCKOCTh
g B HUXKHeH cpejie, MepleHInKYAap-
HYI0 ocH nyuka. Paccrosnue ot
3TOH MJOCKOCTH JO BEepLIHHBI
NpeJoMJsomed MOBEPXHOCTH Bbl-
6UpaeTCs B 3aBHCHMOCTH OT TOTO,
KaKOro juaMerpa Mel XOTHM HMETh
auH3y. OrpaHudueHHdl Ha pasmep

% 77 < nuaMeTpa Temeph HET (IUTPHXOBast
/// npsmas Ha puc. 6.5).

5 / _/ Kasasmocs Ovl, HaM yHaJoCh
T ‘1 “ h " NOCTPOUTL HMACANBHYIO JHH3Y, IO

Puc. 6.5. Tlpu n<1 doxy- e e e °MS A
capylomas  napanersmny ~THICCKHX Jyuedl. OJHaKo Takas
Ny40K ToBEpXHOCTh npeg- JIHH3A COBCPIICHHO HENpHrojHa
CTapasieT coboli  rumepbo- JUIA NOJYYEHHA H300paXKEHHH Aa-
JIOHA Bpalltenusy xe OeCKOHCUHO yJAJEHHbIX Npei-
MeToB. B camom Jese, B OjiHO#
TOUKE I1€PECEKalOTC TOIBKO JIy4H, HapajjesbHble OCH CHM-
MeTpHH TakO# JHH3b. [lyuky NapanjelsHBIX Jydell, HaKJI0-
HEHHBIE K ONTHUECKOH OCH JIHH3BL, HE [ePeceKaloTcst B oiHOH
TOUKE. A

7. Yepenxopckoe uanyyeHue. [lpH paBHOMEpHOM JIBMXKe-
HHH 3JIEKTPOHZ B CPee CO CKOPOCThI, NPEBHIUAIOMICH CKO-
pocTh CBeTa B AaHHOM cpeje, HAOGMOJACTCS TAaK HA3blBaeMbIi
aekr Basuiosa — YepenkoBa. OH 3aKA0YAETCH B TOM, YTO
3JIEKTPOH CBOUM NOJIEM KOT€pEeHTHO BO3MYINECT MOJEKYJb! WJIH
aToMel Cpeipl, 6/1arofapa 4eMy OHH CTAHOBATCH MCTOYHHKAMH
CBETOBBIX BOJIH, PAaCHpOCTPaHAKUUXCA B ONPEeJeHHOM Ha-
npaBaenud. [loar3ysice npunuunom lofireHca, ompexesute,
B KaKOM HallpaBJeHHH PACHpOCTPAHACTCA H3JyUYCHHE.

A B cpele ¢ nokaszatesnem INpeJOMJeHHs #>>1 CBeTOBHE
BOJHBl PacnpocTpaHsOTCs CO CKOPOCTbIO U==c/f, KOTOpas
MEHBIIE CKOPOCTH CBeTa B BaKyyMme,

Jlna naxomaeHus HANpaBAEHHA PacnpoCTpaHEHHsl ueper-
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KOBCKOFO H3JYYCHHSI HEOOXOAUMO B KaKOH-TO MOMEHT BpeMeHi
onpelle/uTh NoJ0MKeHHe (QPOHTA CBETOBOH BOJIHK, BO3GYyXjae-
MOH 37€KTpOHOM fipy ero ABMxkeHuu. Ha puc. 7.1 usoGpaxe-
Ha NpAMOJHHCHHA TPACKTODHA DAaBHOMEDPHOrO JIBHKEHHS
31eKTpoHa B cpefie. Kaayio TOUKY TPAGKTOPHH 3JIEKTPOH2
MOMKHO paccMaTpHBaTb KaK HCTOUYHHK cepuueckoil cBETOBOI
BOJIHBI, pacnpocTpaHsiomelica co ckopocteio v. Ilycrs A, B
H C — TOYKH TPACKTOPHH, B KOTOPHIX HAXOJMACA 3JEKTPOH
4epe3 MOC/IeHOBATE/AbHEIE DaBHBIC HDPOMEIKYTKH BpeMeHH Af,

Puc. 7.1. TIloctpoenne mo
npuruuny I'iofirenca ¢ponra
BOJHH, H3/7y4aeMOl 3/IeKTpo- o ¥ s
HOM, CKOPOCTB  KOTOPOro W Vi ¢
Gosiplie CKOPOCTH CBCTa B

JaHHOH cpede

B ToT MOMeHT BpeMeHH, KOrja sJeKTPOH HaxXonuJca B Touke B,
$pPOHT BOTHEI, BO3OYKACHHON UM B Touke A, npeAcTanisi co6oi
chepy, paanyc Kotopoil vAf MeHblue paccTosiHus AB, 16CKOJIb-
Ky CKOPOCTb 3JIEKTPOHA U,, OO/IbIIE CKOPOCTH CBETa U B Cpejie.
B TOT MOMEHT, KOrja 5/eKTpoH nonajaer B Touky C, (POHT
BOJIHBI, BO30OYXKIACHHOH HM B TOuUKe B, ecTh cjepa paamyca
vAt, a PpoHT BoJsHbl, BO3OyKAeHHOA B Touke A,— ciepa Bisoe
GoJsbliero paguyca. s noctpoenus (ppoHTa BOJHBI YEPEHKOB-
CKOFO H3/My4eHUS B TOT MOMEHT, KOTJa 3JEKTPOH HAXOLUTCH
B Touke C, no npunuuny [ofirenca cjaeayer HalTH oru6anoiyio
(POHTOB BCEX BOJIH, BO30YJKICHHBIX 3/EKTPOHOM B NpPEALIECT-
Bylolue MoMeHTh BpemenH. M3 puc. 7.1 cpasy BuaHo, 410 3714
orubatomas NpeAcTaBafeT cofoil MOBEPXHOCTb KPYrOBOTO KO-
Hyca, OCb KOTOPOTO COBMAJaeT ¢ TPaeKTOpHeH 3/eKTPOHa, Bep-
IWHHa HaxoaHtcs B Touke C, a yron ¢ MexkAy obpasyloiueil
KOHYCA U €70 OChIO ONPEAC/IACTCA COOTHOILCHHEM

sin ¢ = v/v,,.

Tocko/ibKy Jy4H CBeTa NEpNeHAMKYJNSpPHB! (PPOHTY BOJHHI,
YepeHKOBCKO® H3JIyueHHE pacnpocTpaHsercs nox yrioMm O
K HalpaBJeHUIO JBHXKEHNR 3/IeKTpoHa (puc. 7.2):

cos 0 =sin ¢ = v/v,,. 3]

Mul moctpousn GpoHT BOJHBI LIS TOTO MOMCHTA BpeMeiH,
KOrBa 3JCKTPOH Haxoxutcs B Touke C. C Teyenuem Bpemend
BEepILiMHA KOHYyCa, COBNAAAIOIIAS C IOJOKEHHEM 3JEKTPOHA,
HepeMemaeTcsi BMECT€ C HHM CO CKOPOCTBIO U,,. [IpueMHHK
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naJyueHHsa, Haxousmuiiesi B Kakol-nimGo rouke D (pue. 7.2),
3aUKCHpYeT OTAGILHYIO BCIBIIKY CBETa B TOT MOMEHT, KOTAa
¢POHT BOJIHbI YEDEHKOBCKOTO M3JYUEHHH NPOMAET uepe3 3Ty

TouKy. Ha srom npuHumne pa-
-74\ D GOTaIOT YepeHKOBCKHE CUCTIHKH
3apsAKeNnHbX YacTHH, LUHPOKO
HCIIO/Ib3YyeMbie B AjepHOH (-
3MKe.

MHTepecHo OTMETHTh, uTO
yCJIOBHE YePEHKOBCKOIO HAJy-
uenus (1) cmpaBepIHBO A
MoBOr0  «CBEPXCBETOBOTO»  HC-
TOYHMKE, a HE TOJbKO AJIs 3a-
paKeHHoH 4acTHlpl, [ABHXY-
wefica ¢o CKOpocThio, Goibiueil
CKOPOCTH CBETa B JaHHOH cpe-
Puc. 7.2. Yepenkosckoe nany- AC. Hanpumep, eciiu Ha njoc-
yenne pacnpocTpaHsercs mnox  KYIO TFpaHULy pasjena ABYX.
yrioM Y K HanpasaeHHIO IBH-  cpeA najaeTr’ NOJ HEKOTOPEIM

KeNHf SIEKTPOHA o
: : yrJOM o nJOCKas CBETOBas
BoJHA (puc. 7.3), TO IHHHUA NE-
peceyeHHsl BOJHOBOIO (poHTa ¢ rpaHuiiell pasjeta IBHMKETCS
BJIOJIb TPAHHUB CO CKOPOCTLIO

v’ =u,/sin a>v,, @

rae Up=c/n, — QasoBasi CKOpocTb CBeTa B nepBol Cpeze.
PaccmatpuBas o1y ABHAKYIIYIOCA €O CKOpOCTBIO ¥'>V; JANHMUIO

1
1A
t <
1
1
Puc. 7.3. Jluuna nepeceyenus Puc. 7.4. Hanpasjenns ortpa-
(¢poHTa BOJIHH C Fpanuued pas- JKEHHOHl M NPeJOMJICHHOH BOJXH
Resa JBYX cpen JABHHKercs co MOZKHO NOJIYYHTh, HCHONE3Y YC-
7
CKOpOCTRIO V', GONbuIeli yeM vy JIOBHE 4epeHKOBCKOT O H3/Iyuenns

KaK CBEPXCBETOBOW HCTOUHHK M NMpHUMEHss K NEPBOH cpege yc-
JIOBHE YEPEHKOBCKOro Masyueuusi (1), naxoium cpa3y Hanpas-
JICHHE OTpaKeHHoH BoJHbi f; (puc. 7.4):

sin f;=cos 8;=v,/v’, (3
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NoneraBasa B (3) CKOpOCTb ABMKEHHs HCTouHMKa 0’ Ha (2),
noaydaem, uro sin f;=sin &, #an P,;=oc. J1o XOpOIIO HU3BECT-
Hbli 3aKOH OTPayKCHMsI CBeTa Ha NJOCKOH Fpamuue.

Tenepb npumeHuM ycJioBHE YepEHKOBCKOro uaayuenus (1)
KO BTOpOH cpejie, rie (asoBas CKOPOCTh CBETa Us==(C/na:

sin Pe=cos B=vs/v'. 4

Ecan v'<Cvs, ycnioBue (4) He BRINOJHSETCA HU NPH KAKOM 3Ha-
uennu 0s, T. €. CBET BO BTODOH Cpeie PacnpPoCTPaHATLCS He
MOXET. DTO COOTBETCTBYET XOPOILO M3BECTHOMY caydato noJs-
BOro OTPa)KeHHsl CBETa OT ONTHUECKH MeHee NJOTHOH cpejbl
M MMEeT MECTO NPH Uy/sin a<luz, T. €. NpH A, sin a>ns. Ecan
v'>>03, TO YyCJOBHE YEPEHKOBCKOro u3JyueHus (4) RaeT Hawm
HanpapJeHne IpeJOMJEHHOH CBETOBOH BOJIHBI, PACHPOCTPaE-
naionieica Bo BTOpOH cpese: :

. Uy . " n \
smﬁ,::-fsma:ﬁ sina. (53

Taxum oGpa3oM, Mbl BUAHM, 4TO OOBIUHLIE 3aKOHB OTpaxe-
HHUS M TpesoMJeHHA cBeTa Ha NJIOCKOH TpaHuue COBMAAaloT C
YC/JIOBHEM YEPEHKOBCKOro H3JYUYCHHs], H B STOM CMbIC/I€ MOMKHO
CKa3aTh, 4T yCJIOBHE HINYUEHHS CBEPXCBETOBOrO HCTOYHMKS
H3BECTHO YK€ HECKOJbKO CTOJIETHH.

PaccMoTpUM Teneph, YeM IKe UYEPeHKOBCKOE HaAyuenne
OT/INYAETCH OT APYFHX BHJIOB CBEYEHHS, BhI3bIBAEMBbIX ABHIKY-
melficas B BellecTBe 3apskenHolt uactupedl. [lpu aBKeuun
3/JEKTPOHA CKBO3b BEIECTBO €ro B3aUMOJieficTBHE C ATOMAMH
BElECTBA NMPHBOAMT K TOMY, YTO 4acTh SHEPTHM 3JEKTPOHA
MOXET NepefiaBaThCi aToMaM, BHI3bIBAs HX HOHH3ALUMIO HJH
BO3OYMJEHHE C TNOCJEAYIOWHM BhicBeuHBaHHEM. OJHAKO 3TO
HEe €CTb UePEeHKOBCKOE H3JyueHHe, HOO OHO HEKOrepeHTHO.
Takoe H3AydyeHUe BO3MOXKHO H NPH CKOPOCTH 3JIEKTPOHA MElL-
wei, ueM pa3oBas CKOpOCTh cBeTa B cpejie. HTobwu sicHee mpej-
cTaBUTh ce0e OCOOCHHOCTH YEPEHKOBCKOrO H3Jy4YCHHs, pac-
cMoTpuM caepyromuid npumep. Ilpencrasum cefe, YTO 3AEKTPOH
€O 3HAUYMTEJbHON CKODOCTBHIO JBHIKETCH IO OCH MYCTOTEJOro
KaHasa, NPOAENaHHOr0 B BEIIECTBE, TAK YTO OH HE HCIBITHIBAET
HEMOCPECTBEHHBIX CTOJKHOBEHHH ¢ aToMaMu BemectBa. Oka-
3bIBAETCA, OfHAKO, YTO €CJH JAHAMeTP KaHajla 3HauuTe/]IbHO
MEHbBLUIE JJIHHB! BOJHBI CBETA, TO BCE XKE HMEET MECTO BO3MYIle-
HHE Cpefipl 3JCKTPOMArHHTHBIM MOJIeM 3JIeKTPOHA, NPHBOAA-
mee Npy U,,~>v K NOTepe SHEPrdM 37eKTPOHOM B BHJIE CBETOBO-
ro U3nyuenusi CKBO3b NOBEPXHOCThL KaHasa. Ilpu aTom, ecan
cpena fABJACTCH BIOJHE NpPo3pauHoll, NOTOK u3Jayuenus Oec-
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TpPEnsTCTBEHHO NPOXOAUT depe3 Hee, HMenno 310 HaayueHue
U TNpeacTaBaseT coGOii B uMCTOM Buje uajyuyeHne UepeHkoma.
Manyuaemas sHeprus, KOHEYHO, 3aUMCTBYETCH H3 SHEPrHH
IBHXYIIEroCA 3MEKTPOHA, CKOPOCTh KOTOPOrO NMPH 3TOM AOAXK-
na ymenbniatecs. Ho camo mo cebe yepeHKOBCKOE H3JyyeHue
OTHIO/Ib HE CBfI3aHO C TOPMOKEHHEM 3/IEKTPOHA, HOO OHO JOJ/IK-
110 ©METh MECTO M NMPU PABHOMEPHOM [BHKEHHH 3JIEKTPOHA CO
CKOPOCTBIO ¥,,>>U. KOHEYHO, TAKOE paBHOMEPHOE IBHKEHHE
BCJIE[ICTBHME NOTEPb SHEPrHH HA U3JYYCHHE HE MOXKeT ObiTh ABH-
KEHHEM 10 HHEpPUHH M Tpebyer AAs CBOEro NOJUEpXKaHHs
MOCTOHHON BHEIUHEH CHJLIL. A

8. doxycuposka doroannapata. OOLeKTHB Qoroannapa-
Ta Cco3Zaer JeicTBHTENbHOE H300paxeHHe OECKOHEYHO yha-
JICHHOH TOYKH, KOTOpoe JIe)KHT B (oKanbHO#H niockoctH. Ilo-
3TOMy npH QoTorpadHpoBaHUH YHAJEHHBIX NPEAMETOB CBETO-
YyBCTBHTEJbHBI CJOH NAACTHHKH HJM NJIEHKH COBMEAeTcs
¢ hoKaJbHOA NJaockocThio. On-
peaeauTs HauGoJibllee AONyC-
THMOE CMeNICHUe CBEeTOYYBCTBH-
TEJBHOrO CJ0s1 U3 (QOKaAbHOH
TJIOCKOCTH OOBEKTHBA, NPH KO-
TOPOM €mie He [POHUCXOAHT
YXyLLIeHus KadecTBa u300pa-

Puc. 8.1, Tpy cMemennn naac HeHns,
. 8.1, nac-
THHKH M3 GOKaNbLHOH NJOCKOCTH A Bynem cuwurath, 410 B

oOneKTHBa . H3oGpamenme rto- OOBEKTHBE (oToannapara ycr-
HeuHOTO MCTOYHHKA pa3MuBaer- pPaHeHHl Bce abeppanuu. Ecan

¢A B Kpyrroe NATHO Obl CBET pacipocTpaHAaCs CTPO-
ro 10 32KOHaM TeOMeTpHYeCKOH
ONTHKH, TO Napa/IeJbHbIA NMYYyoK JAydel oT GeCKOHeUHO y.Aa-
JICHHOTO TOYCYHOTO HCTOUHMKA cobupaJjcs Obi B (OKyce o0b-
ektuBa (puc. 8.1). Ecay niacTvHKY pacnoioXHTh TaK, 410
CBETOYYBCTBHTE/IbHBIA CJIOH OyHET JexKaTh He TOYHO B (JOKaMb-
HO# NJIOCKOCTH, @ OKAKETCH CMELICHHBIM U3 Hee B Ty HJu ApY-
TYI0 CTOPOHY Ha BeJHUIHHY AX, TO Ha NJIACTHHKE BMECTO TOUKH
noJy4utcs H300parKeHHE B BuJe KpykKa. [uamerp 3toro
Kpy¥Ka a, Kak BHIHO M3 puc. 8.1, onpenensiercss COOTHOLIE-
BHEM

D ,
a=0Ax=4 Ax. (1)

3necb D ects Auametp OTBEPCTHS B Axadparme Wim IAnamerp
ofipaBel OOBEKTHBA NPH NOJHOCTBIO OTKPHITOH JAHadparme.
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BOmM3n TOuKH nepecedyenus Nydyka Jyueid HCKpUBJEHHE
BOJIHOBOH NOBEPXHOCTH CTAHOBHTCH HACTONBKO CYNIECTBEHHBIM,
4TC YCJAOBHSl NIPUMEHMMOCTH FeOMETPHUSCKOH ONTHKH 32BEIOMO
He BoinoJHsoTcst. ITosToMy CBETOBOH NOTOK Hean3st cobpath
B onHy TO4YKy B (poryce oO6pekTHBa. Kak e BhINISINT M30-
OpameHne 6ECKOHEYHO yJANEHHOIO TOYEYHOrO HCTOUHMKA B
($OKaJJIbHOA NJIOCKOCTH 00BEKTHBA (hoTOAnmapara?

Ur06k MOJy4HTh NPEACTAB/ICHHE 00 STOM, PACCMOTPHM /s
NPOCTOTHl AU(PPAKIUKD NJIOCKOH BOJHBL NPH NPOXOXKJIEHUN ee
yepe3 weJb ¢ Napaj/esbHbIMH NPAMBIME Kpasmu (puc. 8.2).

2] & X
28
1AV

Puc. 8.2. K pacuery pasmepoB ANPPaKUHNOHHOR KapThubl

[ToctaBuM mocae wmeau cobupawoomylo AuH3y. Tlo npuHuuny
lofireHca KaXkJ1as Touka (PpoHTA CBETOBOH BOJIHB! B LIGJM SB-
JieTcsl MCTOYHHKOM HOBBIX KoJieOaumil, pacnpocTpaH siomuXCs
no BceM HanpasiaeHusM. B xkamxioil Touke ¢oraabpHOR NIoCKO-
CTH JIHH3BL COOMPAKOTCH Te JydH, KOTOpbie IO JIMH3BL OBLIN
napaaiesbHbl Mexay coOoft. [lostoMy Jisi HaXOKAEHUS AH-
(hpaKUHOHHOH KapTHHB B (OKaJbHON NNOCKOCTH JIHH3BE HYXK-
HO PACCMOTPETL WHTEPREPEHIHMIO PA3JIMUYHBIX [1aPAJIIeJNbHEIX
MeXKNy coboH MydKoB Jayued.

Bce ayyu, HAyIMe napalielbHO NEpBOHAYANLHOMY Ha-
NpaBJAeHHIO, HMEIOT OJHHAKOBYIO (asy, NOITOMYy B LEHTpe
JAH(PaKIMOHHON KapTHHB (Touka A ua puc. 8.2) Oyxer mak-
CUMYM OCBEWICHHOCTH, PaccMmotpuM Jyu, cOCTaB/sIomne
yroji @ ¢ NepBOHauYaJpHHIM HalpaBJeHHEM. LCJAH PAasHOCTLh
X0Zia KpaHHux aydeit A paBHa jJIHHE BOJIHBI CBETa A, TO B pe-
ayJbpTaTe HHTep(epeHuHH B TouKe B NpoH3odaeT B3aUMHOE
rawenue KonebaHui. [eficTBHTEIbHO, ANS KaXKAOIO SJEMEHTa
(poHTA BOJMHEL G B BepXHEH M0JIOBHHE ieaH (pHc. 8.2) Halifet-
Cst OTCTOAWME OT Hero Ha D/2 Takoil Xe 3/1eMeHT 0 B HUKHeH
NOJIOBHHE e/, B Pa3HOCTh XOja Jyuell OT 3THX 3JeMeHTon
paBHa A/2. B pesysbTate NHTepHEPEHLMHN STH JY4H racat Apyr
apyra. Kak BuaHO u3 puc. 8.2, COOTBETCTBYIOWIMA MM YTo.l
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Auppakuuu
¢1=A/D=MA/D. (2)

Jlyuu, nudparupopannsie nox yraamu ot 0 1o @, cobuparorcs
B (OKa/bHOM IJOCKOCTH MEXAy TouKamu A M B ¥ jaumb va-
CTHYHO FaceaT Apyr apyra. Ecau yuectb HHTEpdepeHuuo Jy-
yeft, AW(parnpoBaHHBIX NMOJ Yr/JAamH, OONbIIMMH YEM @y, TO
pacuer IoKasHBaeT, YTO pacnpefiesieHHe WHTEHCHBHOCTH CBETA
Ha 3KpaHe umeer Buj, H3o0paskeHHnlfl Ha puc. 8.3. OcBeluen-
HOCTh SKpaHa B NEPBOM GOKOBOM MAaKCHMYyME COCTaBJ/IACT MEHee

7k

Zp -y 0 g Zy 9

Puc. 8.3. Pacnpese/ende OCBEUIGHHOCTH Ha 3KpaHe Npu AHUppakuuH
MJIOCKO# BOJIHBI Ha LIeTH

5 % OT OCBEWICHHOCTH B TJIABHOM MaKcuMyMe. DT0 O3Hauaer,
YTO MOUYTH BECh CBETOBOH MOTOK, NMPOLUGALIHIT yepes mieslb, pac-
IPOCTPAHACTCS B UHTEPBAJE YIVIOB OT —¢; 10 ¢q. M3obpaxe-
HHe GECKOHEUHO y/aJeHHOro TOYCYHOro MCTOYHHMKA B (DOKalb-
HO NJIOCKOCTH JIMH3bi OKAa3biBaeTC$ Pa3MBITBIM B IOJOCKY,
nepneHpuKyaspHyo kpasMm mesad. Llupuna stoit mosocku

A
b=2Fp, =2 F. (3)

Paccmotpenne au(pakuyy Ha KpyrJoM OTBEPCTHH JHAMET-
poM D nokassiBaer, 4T0 H306paskeHHe GeCKOHEUHO ya/IeHHOTO
TOYEYHOrO MCTOUHHMKA Pa3MBIBAeTCSl B KPYTJIO€ NSATHO, fHaMeTp
KOTOpOro onpegensercst Tod ke GopMynoit (3) ¢ JONOJHHTED-
HBIM 4BCJAOBHIM KoadxpunueHToM, G/IM3KUM K eiuHune. Takum
o6pasoM, B (oToanmaparte U300paxKeHue GeCKOHEUHO YAAJEH-
HOTO TOYEYHOTO HCTOUHHKA NpeACTaBiser coboi ANPAKUHOH-
HBIH KDYIKOK, JMaMetp Kotoporo b corsacHo ¢opmyJe (3)
TeM OOJIbIUE, YeM MEHbIe HHAMETp OTBepCTHs B anadparme
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obrvektuBa. OO6BEKTHBEH 6OMbLWIOrC AuaMeTpa (NpH YCJIOBHH,
‘41O afeppauny yCcTpaHeHsl) 2aloT H3obpaxenye Gojee BBLICOKO-
TO KayecTBa. .

JaBaemblit popmy.ioft (3) amameTp AMPpaKkUHOHHOTO NaTHA
ABJsfeTca A8 JAAHHOrO OGBEKTHBA HaWMEHBIUMM NPHHIHOH-
a/Jbli0 BO3MOXHBEIM H300parkCHHEM TOYEYHOr0 HCTOYHMKA. [lo-
3TOMY GECCMBICJIEHHO CTPEMHTBCS COBMECTHTL NJACTHHKY C
(pOKaNLHON IJIOCKOCTbIO OGBEKTHBA HACTONLKO TOYHO, YTOOLI
. ABaMeTp NATHA a B NpuGMKEHUH TEOMETPHUYECKOH ONTHKH,
nasaemelii ¢opmyJaoii (1), okasancs Mesblle, uyeM pazmep
angpakudonsoro nstHa b. IlpupaBenBas npasble 4acTH B
¢dopmyaax (1) u (3), HaxoauM JONYCTHMYIO NOTPEILHOCThL yeTa-
HOBKM (OTONJIACTUHRKH

Ax=2\(F/D)>, ()

Hanpumep, ana ¢oroannapata ¢ OTHOCHTENBHBIM OTBEPCTHEM
D/F, pasumm 1 : 3,5, xapakTepHoe 3HaueHne Ax oxa3blBaercs
nopsika 107% M. Ilpn Goabiue#i norpemHocTn He 6yAeT noj-
HOCTBIO HCIOJb30BaHa paspellalomas CnocoGHOCTh OOBEKTHRA.

OrmeTuM, uTO peruesne 5Tol 3ajauH NO3BOJASIET JErKO NpO-
aBa/J u3upoBath BOMpoC O raybune pesxocti. [lockoabky u3-3a
ANPpaKkUHOHHBIX 9(PEKTOB pasMep H306paXeHus AaJeKkon
TOYKH HE 3aBHCUT OT NOJOXKEHHA NJACTHHKH B Npeneiax oT-
pe3ka Ax, pasaeMoro dopmyJoil (4), T0 ONHHAKOBO pPe3KHMH
HA CHHMKE BHIHAYT HE TOJbKO GECKOHEYHO YAaJ€HHBIE Npea-
METBI, HO U TPEJAMETH, pacCcTosiHie d 10 KOTOPBIX YAOBJETBOPS-
€T COOTHOLICHHIO

1 1 !
Tt T F ®)
YuntnBas, uto Ax<F, orciona jerko noayyuthb
d=F?/Ax. (6)

IToacraBass Ax u3 dopmyasl (4), HaXOAHM TO paccrosuue d,
HaYHHasg OT KOTOPOTrO M A0 GeCKOHEYHOCTH BCE NPEAMETHl BbIi-
IYT Ha CHHMKE OJMHAKOBO PE€3KHUMM, €CJH NJAaCTHHKa Haxo-
JMTCSE B (pOKANbHOH NJIOCKOCTH 06BEKTHBA!

d=D?/2. (7)

TTocMoTpuM Tenepb, YTo NOJYYHTCSH, €CAM NOMECTHTH NJa-
CTHHKY He B (DOKalbHONH NJOCKOCTH, a Ha PAaCCTOSHHH AX
paablie ot Hee (puc. 8.1). GQueBuaHo, 4TO TOTAA HA NAACTHHEE
HACATBHO Pe3KHUMH B NPUOGIKEHHM TeOMETPHYECKOH OnTHKH
EBIAAYT M306pameHuss TeX NpeAMETOB, KOTOpbie HaXOASITCS
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na paccroaun# d or ofpexktusa. H3oGparenust Geckoneuno
VAaMeHHMX TOYEK M TOUCK, HAXOASIUXCA HA paccroaHuu d/2,
OyayT npeacraBiasTb coboi XpyXku auamerpom a. [lostomy
MBI NIONYYHM Ha CHUMKE ONMHAKOBO PE3KHE U300paKeHHs BCex
NpeaMeToB, KOTOPHe PACNOJIoXKeHH OT GeCKOHEUHOCTH A0 pac-
CTOfIHHA, BJBOE MeHbIEro d.

M3 copmydnt (7) BHAHO, 4TO r1yOHHA PE3KOCTH 3aBHCHT OT
TOrO, HACKOJIbKO CHJIBHO 3aiuabparMHpoBaH OOBEKTHB (OTO-
annapara. Uem Menbuie auamerp D oTBepCTHS auadparmbl,
TeM Oosbllle riy6una peskoctu. Ho, yBenanumBas rayGuuy
pesKocTH, AuadparMupoBaHHe NPHUBOINT K YXYALICHWIO pe3-
KOCTH H300paMeHHs TeX IIPEIMETOB, Ha KOTOpbie CHOKYCHPO-
BaH 061EKTHB: U3 (HopMy.Ibl (3) BHAHO, YTO NPH ITOM YBEJIHUH-
Baercsl pasMep audpaxkUHOHHOTO nsAtHa b. A

9. donapd Ha pasHoM paccTosHHH. lopAwmpe yauuHbe
(hoHapH B BH/JE MOJIOYHBIX IIAPOB KaXyTCHA ONHHAKOBO SPKHMH
¢ paccroaaus 20 n 40 M. Kak 310 0GBSCHUTD?

A Yro 3HauuT, yto B OOOHX cayyasx (GOHapH KaxKyTcs
OAMHAKOBO APKHMH? llpexkje BCero HYMXHO BBISICHHTB, YeM
onpenensercs CySbexTHBHOE OlpyuieHue apkocTH. OueBHAHO,
9T0 3PHTEABHOE OHLYLEHNE 3aBHCHT OT Pa3MEPOB H300paXKenus -
Ha CeTd4aTke rJla3a H OT OCBEUIEHHOCTH 3TOr0 H300pakeHus.
A BOT OmYUIEHHE APKOCTH NMOBEPXHOCTH OT pa3mMepoB u3obpa-
JKEHUA STOH NOBEPXHOCTH Ha ceTdaTke He 3aBucuT. llpome
BCero B 9T0M YOeJHTbCS Ha ONbITe, 3aKpbiBas 4acTb CBETALEH-
cs noBepxHoctd (donaps. OHlylmeHue sipKOCTH OT OCTaloLIeics
OTKPHITOH uYacTH (hoHAps NPH ITOM HE MeHseTcs.

Urax, cySvexTnBHOE OULyuUIeHHE SIPKOCTH HE 3aBHCHT OT
pasmepoB H3oOpamenust (QoHaps, CO3LABAEMOro XPYCTAJHKOM
Ha ceTyaTke rJasa, a ONPEALJ]sieTCss TOJBKO €ro OCBEIEHHO-
cteto. Tlonpo6yeM BHISICHHTB, MOYEMY OCBEIEHHOCTH H300pa-
JKEHnUsl ONMHAKOBHIX (oHaped, pacnONOMCHHEIX Ha pPa3sHBIX
paccTosinuax, OylzeT OIMHAKOBOH.

Ha Gosmbuux paccroauusx nopsaka 20—40 M douaps
paxuyca 20—30 cM npu pacuere co34aBaeMOH HM OCBELIECHHO-
CTH MOBEPXHOCTH XpyCTajHKa (UJAH NONAJalolIero B rJas
CBETOBOTO [IOTOKA) MOZKHO CYMTATb TOYCYHBIM HCTOUHHKOM CBe-
Ta, HECMOTPA Ha TO 4TO €ro H306paXKeHHEe Ha ceTyartke IJa3a
yIMEeT KoHeuHble pasmepnl. [lo3ToMy cospaBaeMas TakuM QoHa-
PEeM OCBCHIEHHOCTh NOBEPXHOCTH yOsiBaeT 00PaTHO NPONOPLHO-
HAJbHO KBazpaty paccrosinddA. CuenoBatedbHo, ot (oHaps,
Haxojawerocs Ha pacctosHEM 40 M, nNazaloEi Ha NoBepx-
HOCTb 3padyKa CBETOBOH NOTOK B yeTHpe pas’a MeHbliie, YeM oT
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¢onaps Ha paccrosnuyu 20 M. JInnelHbiil pasMep H300p axeHns
¢doHapsa Ha cetdaTke npH paccrosnuu 40 M B ABa pasa, a nAo-
waAb €ro N3o0pameHHs — B UETHIPE pasa MeHbllle, YeM NDH
paccrosnun 20 M. Takum o6pa3oM, ymMEHbHIEHHe NONajaomie-
ro B FJia3 CBETOBOrO NOTOKA OT (onHaps INPONOPLHOHANBHO
YMEHBIIEHUIO TIJIOUIALH Y4acTKa CeTYaTKM IJasa, Ha KOTOPYIo
3TOT MOTOK 1ON4JaeT, H OCBRUIEHHOCTh H300paXKeHUsl He 3aBH-
CHT OT paccrosing 1o Qonapd. Pasymeercs, 970 CnpaBemyIHEO
JHMIL TIPH OTCYTCTBHM HOIVIOMIEHHS HJN DPAacCefHHss CBeTa;
B NPOTHBHOM CJyuae, HalpuMmep B AbIMYy, B TyMaHe, CO3AaBae-
Mas (GoHapeM OCBEIEHHOCTb 3pauka yOuBaeT OpicTpee, ueM
naomanb u3obpaxkesusa Ha ceruatke. Ilpyu arom Ha Gojbliuem
paccTosiHuM (OHAph BBITASAUT GOJEee TYCKJBIM.

Tenepb mogymaem, 4TO H3MEHHTCSH, eClH Mhl GyleM pac-
cMaTpuBark GoHaph B OMHOK/Ab. MOXHO coobpa3uth, 4TO oc-
BEIEHHOCTb N308paxkeHnst NPOTsKEHHOro honapa npu Habaio-
JI€HHHU B GHHOKJL He MOXKeT ObITh GoJblle, YeM IpH Habaioaenuy
HEBOOPYKEHHEIM rJa3oM. B camcMm jene, GHHOKJL KOH-
CTpyHpyercs Takum o0pasom, 9To BMECTe C T71a30M HabJlona-
Tels OH o6pasyer €AMHYIO ONTHYECKYI0 CHCTEMY, B KOTOPOH
BeCh nonajamlopid B OGBEKTHB CBETOBOH MOTOK NPOXOAMT B
raa3. Ilpu stoM nnomane n3o6pakeHns Ha ceTdaTKe Ijasa
YBEINYNBACTCH BO CTOJNBKO K€ pa3, KaK W nonagaiomuil s
rJia3 cBeToBOH notok. B pesyJbrate npn npeHeGpeRenny nore-
pPSMHM CBETAa B ONTHYECKOH CHCTEME OHWHOKJS OCBELIEHHOCTh
1300pakeHns Ha CETYATKE OCTAHETCS HEM3MEHHOH, M (OHapb
6ynet B GMHOK/b Ka3aTbCs B JYYIIEM CJy4ae TakuM JKe ApKNM,
Kax M 6e3 GHHOK/s.

Ho coscem apyroe zeno, ecaum Mbl GYAEM paccMaTpHBaTh
B OMHOKJb HJM TeJAecKON 3Be3fly. 3BE3/bl HAacTOJbKO YIaJEHEHl
OT Hac, 4TO, HeCMOTPSl Ha MX THTaHTCKHE pa3Mepbl, YTIJIOBhE
pa3Mepnl NOUTH BeeX 3Be3[ oueHb Madbl. [losromy u3obpaxenne
3Be3fibl HA CeTYaTKE rJasa OpH pacCMaTpHBaHHN e€e Jaxe B
caMbli GOJIBILON TeJeCKON HEOTIHUHMMO OT H3006pakeHHs Hc-
THHHO TOYEYHOrO HCTOUHHKA CBeta. JpyruMu cjoBaMH, 3TO
usobpaxenue npepcrabiaser co6of mudpaxlMOHHHE KPYKOK.
Pa3mep 3Toro KpymKa He 3aBHCHT OT TOro, HaGJofaercs Jin
3B€3J@a B TEJECKON C IIPaBUJALHO NOA06PaHHBIM OKYJSIPOM HJIH
HeNOCPENCTECHHO HEBOOPYKEHHBIM I'1a30M. Ho cBETOBOI NOTOK
OT 3BE3AbI U, CJEAOBaTENbHO, OCBEUICHHOCTL €€ H300paMernHs
NPy HCHOJL30BAHHH TENECKONa BO CTOJBbKO pa3 Oojblue, uem
NpH HEBOOPYXKEHHOM TIJia3e, BO CKOJbKO pas mIOmaab OTBep-
cTHa oOnexTHBa OosbLie nuowanu 3pauxa. [loatomy B Teje-
CKON 3Besfn Kamyrtcsi Gojiee sipkumu. B tejeexon MexHO
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VBUJETh OUeHb caalbie 3Be3jipl, BooOle HEBHIUMbIE HEBOOpY-
JKEHHBIM TJ1a30M,

BoJsee Toro, B TeJeCKON 3BE3/Ibl MOXKHO YBHAETh JaXKe JHEM.
D10 0BBACHAETCS TEM, YTO 3BE3Ja B Tejeckone Kamercs: Gosee
APKOH, B TO BpeMsi Kaxk (OH OCTAeTCsi TAKHM XKe, NMOCKOJBKY
Joboit yuactoxk HeGa HpecTaBiseT COGOH NPOTANKEHHbIA
HCTOYHHK CBETa. A

10. MepcnekTusa Ha ¢otocHumke. Kak HyxHo paccmar-
puBaTb Qororpaduio, uToSH NOJYYHTDH NpaBHJbHOE [POCT-
paHCTBEHHOE BNEYATJEHHE C HEHCKAXKEHHON NePCneKTHBOi?
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Puc. 10.1. Tlonyuenue npasu/isHON NepPCHEKTHBL NPU PACCMATPABAHHH
$poToCHHMKA

A Hannuue y doroannapara onpeneneHHoH ryGHHBI pes-
KOCTH MO3BOJIIET Ha OAHOM NJOCKOM (POTOCHHMKE TIONYYHTh
OTYETAIHBOE H300parkeHHe NpPeJAMEeToB, HaXOXAUIMXCA Ha pas-
HBIX paccTosiHusiX OT oObvexTHBa. Ilmockue usoGpaxenus
IPOCTPAHCTBEHHO NPOTHKEHHBIX NPelMETOB BCerja Ilepenaior
onpenieJIcHHYI0 T€OMETPUYECKYIO NEpCNeKTHBY, T. €. Onpee-
JIEHHOE COOTHOLICHHE MEXIY pasMepoOM H pacnojoMeHHeMm
npejiMeToB, HaXOASALINXCS Ha Pas3IHYHOM YAaJeHHH OT doTo-
annapara.

[Tpn dopMupoBaHHH MIOCKOrO H3oOpamenus Ha dorTonna-
CTHHKE OODBEKTHB OCYLIECTB/ISAET UEHTPAJbHYIO ITIPOCKIHIO
npeameroB (puc. 10.1a). Leurp taxo#t npoexunn O Haxoxutcs
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B cepeliune OODbeKTHBA, NOCKOJbKY NPOXOMSLINE yepe3 UeHTD
JUH3H Jyud He OTRJAoHAIOTCS. B pesyaprate uzobpaxerniie
Gonee ynanennoro npeamera A GyHeT uMeTb Ha QOTOCHHMKE
MEHbLIKHA pasmep, deM H300pakeHHe TaKOro XKe no pasmepy,
Ho 6oaee Oau3Koro npenmera B.

O6eruno npu QororpadupoBaBuM ANACTHHKA HAXOQHTCA
nodtn B (OKaJbHOH naockocty OGbeKTHBA. s mosydeiis
NPaBUAbHOTO [POCTPAHCTBEHHOrO NpEeACTaBJAeHMsi NPH  pac-
CMaTpHBaHHH (DOTOCHUMKA HYXKHO, YTOOBI BHIHMEIE IJ1a30M
yrJIOBbi€ pasMepbl H300paxeHuit npeaMeroB Obiiy Gbl TAKMMU
Ke, KaK M fIpH HEeNnocpeJCTBEHHOM HaOMONEHHH STHX [peaMe-
t0B. Ec/n paccmartpuBaTh (OTOCHHMOK, MOMeias rjas Touio
B TY e TOukKy, rie Obl1 pacnonoxed O§BbEeKTHB, ITO YCJOBHE
6yer BbinosneHo: u3 puc. 10.16 scho, 4to Mbl SygeM BHACTD
IpeAMETHI Ha H30DpaXKeHHH MOJ TAKMMHU XKe yryaMu, KaK H [pH
HENOCPENCTBEHHOM MX HaOJI0LEHUHM U3 TOU TOWKHM, IIE HaXo-
Iuaca o6beKTHB (oToanmapara npH CHLEMKE,

Hrak, cmoTpeTh Ha CHUMOK C/EAyeT OJHHM IJ1a30M, MOMe-
1as ero Ha pacCTOAHWH, PABHOM (DOKYCHOMY PacCTOAHHIO
o6vextnBa. Torga dororpagus GyaeT TPOH3BOAUTL €CTECT-
BeHHOE NPOCTPAHCTBEHHOE Brewarnenue. [lpu GOKyCHBIX pac-
CTOSHHAX 25 CM H 60Jee 9TO JIeTKO OCYIIECTBUTb. ¥ Pacnpoct-
paHeHHHX ManobopMaTHHIX (OTOKaMep (POKYCHOE paccTosiile
3HAYMTE/IbHO MEHBIUE ¥ COCTABJsET OGBIYHO OKOJIO0 5 cM. B 310M
C/lyyaeé [pH PacCMAaTPHBAHHMHU CJAAHNOB CcJeiyeT BOCHOJb30-
BaTbCA JyNo (AHacKONOM), TOTAA M 3JeCh COXPAHHTCHA Ipa-
BHJbHOE PACCTOfIHME MeXIy I1a3oM H uaoGpamxenuem. llpu
paccMaTPHUBAHMM A-KPaTHO YBEJHUYEHHBIX N0 CPaBHEHMO ©
HeraTuBoM (OTOCHAMKOB LJIsi COXPAHEHHsS eCTeCTBeHHOH nep-
CHeKTHBBl PacCTOSiNME MEXKNY TIJ1a30M M CHHMKOM JAOJKHO
Obith B n pa3 Oogablue (QOKYCHOrO PAaccTOsiHUA OOBEKTHBA.
B Gosbuiolf ayJuMTOpHH, HanpuMep B KHHO3ase, 3TO YCJAOBIE
BHINONHASTCS JHMIUL A/ HEMHOTHX MECT.

IIpn paccmaTpuBaHuy ORHUM TJ1a30M € HENPABHJILHOrO pac-
croauusl ¢ortorpadus LaeT NpPOCTPAHCTBEHHOE BredYaTieHue,
HO ¢ HCKakeHHoH nepcniektuBoi. [lpu canmxom 6JM3KOM pac-
CTOSIHHH rJayOuHa CHHMKA OyeT Kas3aThCsl YMEHbIUeHHOH, a
NpH CJAHIIKOM GOJIBILIOM — YBENMYEHHONH. ITO HCKaxeine
nepcnexkTHBel nosacuser puc. [10.2. Bo Bcex tpex caydasx ¢
pasHBIX PacCTOSIHHI PACCMATPHEAETCH OAMH M TOT XK€ CHUMOK,
II03TOMY TIOJIOXKEHHEe MOOBIX ToYeK M300paMeHus, HaNpumep
touek A’ n B’, cooTBETCTBYIONIHX BepiunHaM (oHapel, ojuHa-
koBo, Puc. 10.2a coorBercTByer NpaBHJBLHOMY MNOJOXKEHO
raasa M, CJlefOBaTeNbHO, HeuCKameHHoH nepcnextnse. [lpn
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paccMaTpHBaHHHM CHHMKa C MEHbluero paccrosuus (puc. 10.26)
LHCTAHUMS MeXAy ¢oHapsiMu Kaxercs ymenbllennod. Ilpu
paccMaTpHBaHHK ¢ GoJbliero paccrosiuus (puc. 10.26) kapTu-
HA KaXKeTcs pacTaHyToll B Iayouny.

Vickaxenne nNpofoaLHON nepeneKTHBB 0COGEHHO Opocaetes
B rsiasa npy HaGMOAEHWH B 3pUTEIbNYI0 TPYOY MaH GMHOKb.
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Puc. 10.2. Hckaxende nepcneXTHBH NPU HeNPaBHABHOM NOJOMXKEHHH
raasa

XoTa B GHHOKJb MBI BHINM OGBEMHOE H30GpakeHue, B rayby-
HY BCE NPEAMETHl H PACCTOSIHUS KaMyTCs HaM YKOPOUEHHBIMH.
OO6DBeKTHB 3pUTEALHONA TPYSHI co3naeT B (OKAILHON NJIOCKOCTH
JeiiCTBUTeIbHOE H306pameHne, KOTOpOE 3areM’ paccMaTpuBa-
ercsl rjazoMm uepes oxyJasap. OXyasp NpH 3TOM ASHCTBYET Kak
Jyna, Nos3Bojss npubAUsHTb rja3 K H300paXKeHMio U TeM ca-
MbIM YBeJMuNBas yroJ spenus. Ho ypenauuesne yraa 3penud,
Kax BHAHO u3 puc. 10.26, npuBOAMT K KaKyuleMycst YMEHbIUe-
Huo rAybnubl. Bupers B TpyOy HEHCKa:KEHHYI0 NEPCNEeKTHBY
MOXXHO TOJBKO TOTrAa, KOraa tpyb6a He H3MEHSIET YroJa 3peHus,
Ho 310 cootsercrByer yBeanueHHIO, paBHOMy eamsuue. Ecam
spuTenbHan Tpyba paer yseJuueHHe, TO HUCKaXKEHHE NEPCreK-
THBBI HEU3GEKHO,

Euie Gontimiee Bnewat/ieHHe NPOH3BOAUT OOPAaTHBIH ONBIT.
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Ecau cmotpetb B GMHOKAb Uau TPyOy, HanpaBuB Ha NpeAMeT
He OOBEKTHB, a OKYJAp, TO MPOTAXEHHOCTb NpeameTa B Tay-
6uHy HaM xaxercs 3a6aBHO yBEAMUEHHOH. A

11. Nonoxenne apadparmel W NepcrekTHsa. B doroanna-
partax Auadparma nomeinaercss OObLIYHO MEXAY JHH3aMH Ofh-
ektHBa. YT10 m3MeHnTCcst Ha (POTOCHMMKaxX, ecau jauadparmy
NOMEIIATD Ha pas3HbIX PacCTOANNAX B NPOMEKYTKE MexI1y
00BEKTHBOM ¥ QoTOnAacTHHKON? Paccmorperb cayuali Makpo-
CbEMKM, KOTZa H30DpaMeHHs NpeIMEToB NOJYJaloTCs NOYTH
B HATYpaJbHYIO BelHUHHY.

A Tlpexnae Bcero oGpaTHM BHHMAaHHE Ha TO, 4TO AJs NOJY-
uenns u300pameHyus B HaTypadbHYI0 BEJHUMHY (oTOanmapar

Puc. 11.1. Nyuku ayyed, ¢opmu-
pylmHX H3o6paxenHe B Kamepe-
ofcKype

JOJKEH JaBaThb BO3MOXKHOCTb JeJarTb pPAacCTOSHME MEXIy
O0BEKTHBOM H (POTONJACTHHKOH PAaBHBIM YABOGHHOMY (hOKycC-
HoMy paccrossuio FF. Torza, nomewas npeamets! nepex ¢oTo-
annapaToM Ha pacCcTOAHHMSX nopsiaka 2F, MBI noayduM I1ia
GoTONJIACTHHKE UX pe3koe H3oOpaxkenpe. Ilpn sToM, Kak mbl
BUJieNd B 3apaue 8, rayOuHa pe3rocTu GyneT tem GoJiblie, ueM
MeHbIe fHameTp OTBepcTHA B auadparme. K Takomy BBIBOLY
Mbl TIpHILIM, CYNTas, YTO H306pakKEHUIO TOYKH COOTBETCTBYET
MecTO HauBoJbUIEro CyXeHust CBETOBOTO MyuKa, NpHUueM 3710
Cy:XKEeHHe onpegensercs IHPPAKUHMOHHBIMU 3(pdexrTamu.

Dro npejcraBieHHe O GOPMUPOBAHMM H300paKeHHH ABJs-
erca obumenpuHateiM. OAHAaKO OTHIONb He Bcerpa u3ofpaxe-
HHsi, XOPOILG BOCIPHHHMAEMble HAIINM 1J/1a30M, TOXIECTBEH-
Hbl OUCHb pPe3KHM H3o0paxkenusMm. BecnomHHM x0T 6B O TOM,
4TO O4YeHb YaCTO COBEPLUEHHO OTYETJMBOH BOCHPHHUMAETCHA
KapTHHA, HApHCOBAHHAS XYAOXKHHKOM KPYNHBIMM TpyObIMH
ma3Kkamy. To Ke OTHOCHTCH M K NOJYuYeHMIO u30DpaxeHuii B
HEKOTOPHIX ONTHUYECKMX YCTPOHCTBax, HanpHuMEp B Kamepe-
o6ckype (puc. I1.1). B ne#t usobpaxkesueM CBETALEHCH TOUKH
ABJsETCS NsATHO, 06pa30oBaHHOE XOTS H Y3KMM, HO pacxojis-
muMcss nyukoM. Taxkum oOpasom, KauyecTBO H3OOpaxkenus
IIPOCTPAHCTBEHHONA KapTHHBI HA NJOCKOM (JOTOCHUMKE ompeje-
JISIeTCsl He TOJBbKO TJAyGHHOH pe3KocTH, OGycJIOBJeHHON And-
PAKLMOHHBIMH SIBICHHSIMH, HO ¥ YKa3aHHOH NCHXOJIOTMYECKOH
oCoSeHHOCTRI0 Hamlero 3penusi. [lostoMy B pasbHefileM Mbl
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GyleM CYHTaTh, YTO TPH JOCTATOYHO CHJALHOM AHadpparMupo-
BaHHHU NOJYYaloTCsl XOpOowMe H305parKeHUst HaXOASIHUXCS Ha
pasHBIX pacCTOAHHUSX NpeIMeTOB H B TOM CJyuyae, Korza ¢oro-
11J1aCTHHKA He COBNAJAeT ¢ MOJOMEHHEM HX H300paxKeHus, mo-
CTPOGHHOrO MO 3aKOHAM reoMeTpHueckoil ontuku (puc, 11.2a).

Tenepr MomHO paszofpartbcs B TOM, Kak OyAeT BAHATL Ha
Xapakrtep noJydaemblx (OTOCHHMKOB fioJIOXKeHUWe nuadparmbt

SLuagpaene

Puc. 11.2, IlepcnekinBa sa (OTOCHHMKE ONpene/sercs nOJ0XeHHem or-
paHuyusalolell ceeroBbie NYYKk® AnadparMu: a — HeHCKaXKeHBas mep-
cflek1upa; 6 — fepClNeKTHBA HA CHHUMKeE HcuedaeT, Korja juagparma
HUXOAUTCA B (POKYCE; 8 — MepClneKTHBa ofpallennas, Koraa anapparma
yAaneHa o1 o0LeKTHBA Ha paccrosnHe GoJblue GOKYCHOro

¢ MaJibIM OTBEPCTHEM, BHIACASIONIEH Y3KHE NYUKH, HEODXOAUMLLE
s hbOpMHPOBaHHS Ye€TKAX H300paxeHnni. B ToM cayuae, Kor-
jaa mnadparMa pacnosoxkena BO6AN3H OO0BEKTHBA (Hanpumep,
MEXKAY €ro JHH3aMu), Bce (OPMHpYIOLHe IJIOCKOe n3olpaxe-
1IM€ Y3KHE IyYKM CBeTa NepecekaloTcss B OOBEKTHBE (piic.
11.2a), B pesyabraTte Ha cHUMKe H306paenne 6AH3KHUX K 06b-
€KTHBY IpeaMeroB B Oyaer Kpynuee, ueM u3o8pakeHne TakHux
e npeaMeToB A, HO pacnosoMKeHHbiX Aaabiue. Pororpadud
Oyler JaBaTb NDPaBHJbHOE NPOCTPAHCTBEHHOE BIlleuatTJeHHEe G
HENCKAXEHHOW HepCHeKTHBOH, T. €. mpeAMeTHl Ha ¢ororpaduu
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OyAyT BHIHEI MOJ TEMH K€ YIJlaMH, 4TO H NIPY HElocpecTBeH-
HoM HabJjiofeHuy ¢ Mecta GororpadupoBanua. Pasymeercs,
Tak OYAET TOJbKO B TOM CJyuae, KOTAa MBI pacCMaTpHBaeM
CHHMOK NPaBHJBHO, T. €., KaK OblIO N0Ka3aHo B Npenbiaylieit
3ajaue, OJHHM IJIa30M € PacCTOSiHUS, PaBHOTO PacCTOSIHHIO OT
oObeKTHBa A0 NJAcTHHKH NIpH potorpadupoBaHui,

[lycte Temeps aumacdparma nomeuiaercs BGausH (QoKyca
obwvextuBa (puc. 11.26). Uepes cdokyc npoxogsar TOMbKO Te
Jy4y, KOTOpHe A0 OOBeKTHBa LM NapalJenbHo rJaaBHo# on-
THyecKol ocu. [TostoMy B dopMupoBanun H306paXKeHH GYAYT
yd4acTBOBaTh TOJBKO Te€ Bbipe3aHHEle JQuacdparMolf y3kue nyu-
KH, OCH KOTOPHIX A0 OOBEKTHBA MapaJule]bHBl IVIABHOH ONTH-
ueckoft ocu. M3 puc. 11.26 Buaxo, yto npu stoM uzoGpaxenns
ofMHaKoBLIX npeaMetoB A M B, HaXoJsUWMXCs HA Pa3HHIX
paccrosiHuAX, OYAYT HMeTh OlMHaKoBbLe pasmepsl. [TepcnexTyu-
Ba HA CHAMKE HCYe3aeT, H BCE NPEAMETH KaxyTcsl HaXOAs-
MHCH Ha OJHHAKOBOM PacCTOSHHH.

Ewe neoGhiynee cayyaH, Korja Auadparma mnomewaercs
nosajgu ¢okyca, 6auxe K doronaacrunke (puc. 11.26). Tenepp,
KaK SICHO M3 3TOTO DHCYHKa, 4Yepes oTBepcTHe Axadparmbl
NPOXOAAT TONLKO T€ JIYYH, KOTOPBIE JO JIHH3BI MOMXKHO GbLIO
CYHTATb BHILEAUUMH H3 JAEACTBHTENBLHOTO u300paXeHus or-
BepcTus Auabparmol, coslaBaeMoro obnekTipoM. Paccmatpn-
Bag Ha DUCYHKE Bblpe3aeMble AuapparMoil y3Kue ny4kH, Bbl-
xofsume 3 npeamMeroB A u B, MOXHO yGepuThest, YTO pasmep
usobpaxenns yhanenHoro npeamera A 6yjer Goablue, yem
pasmep Gnuskoro npeamera B. IlepcnexTtuBa Ha cHuMKe Oyner
ofpauieHHof, T.e. NpeiMerThl, HaxoAsuHecs Aanblie, 6yayT
KasaTbCsl pacnoJOoMeHHbIMu Gmxkel

Hrag, nonoxeHue OrpaHHYMBAIOIEH CBETOBbIE NYYKH Aua-
(parmsl pemaioiuM 06pasoM BJAHSET Ha NEPCNeKTHBY INoJy-
yalomerocs Ha cHuMKe naobpaxenns. [lo Mepe nepeaBmxenus
auadparMel oT 00beKTHBA K (oTONJIacTHHKE I1yOHHA nepenex-
THBBI TOCTENEHHO YGBIBAa€T, HCYesas COBCEM MHPH COBMAJCHUH
otBepcTHsl aMadparMer o Qoxycom. 3areM mepcrexTHBa nosis-
JiseTcsi BHOBb, HO yiKe obpauieHHad. ]

IMonuepkueM Bo n3bexkaHne HeLOpasyMEeHHH, wro ope/au-
HBIE Bhillle BEIBOJABI O XapaKTepe NepcreKTHBbl HA (POTOCHHMKE
CnpaBefiiuBel TOJNBKO NPH HAJMYUH JHaQparMbel ¢ MajhbM OT-
BepctueM. Ecam yBeqHuMTb AHaMeTp OTBEPCTHA, TO NYUKH
CTAHYT LIHPOKUMH, H B [JIOCKOCTH (OTONJNACTUHKH MBI He
NOJYyuUM UYETKOTO H300paXKeHNs HaXOIAIMXCA Ha pa3HbiX
paccTosnnsiX npeaMeros. Uro e Kacaercs usoGpamenni npen-
MEeTOB, NOCTPOEHHBIX MO 3aKOHAaM TIeOMETPHYECKOH ONTHKU
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(T. €. KaK TOYEK Nepeceyenus COOTBETCTEYIOWMX Jayuefl), TO
HX NOJOXEHWE N pasMephl HE 8aBHCAT, pa3yMeercs, HH OT
pHMaMeTpa OTBEPCTHS B juadparme, HHM OT €€ pacnoJomeHns.

Ws puc. 11.26 BunHo, uro Gnaronaps nnadparme B Gopmu-
poBaHHH u3oOpaXkenusi Kaxod-aub0 TOUKM MpeAMEeTa y4acT-
BYeT TOMbKO MaJjasi uaCTh nOBepXHOCTH Anu3bl. Jas Toro utobut
2 $HOTONNACTHHKE NOJYUYHIHCH H300paMEHRA KpafHHX ToueK
npeaMeTa, HEOBXOAMMO, 4TO0L COOTBETCTBYIOLUIHE HM CBETOBBIE
NYukd NpoULIH uepe3 Juuay. V3 pucyuka BuaHO, Y10 AJst ITO-
ro pasmep JAMH3b AOJDKEH OblTh 0O/blie pa3Mepa npeiMera. A

12. Boigepxka npu doTorpaduposannn. ns nonyuenus
penpoaykuun Gonbluoe nonorHo doTtorpadupyercs cHagana
LeJHKOM, T. €. OOIIMM TIJIAHOM, a 3aTeM IIpH TeX Xe YCJOBHAX
H TeM ke doroannapatoM GoTorpadupyloTcs OTAEJbHbIE AeTa/H
B HaTypaJbHYIO BEJHUHHY. Kak caenyer H3MEHHTb BBLIEPKKY
NpH H3MEHeHHH Maciuraba?

A JIns npaBprJLEOrO BOCTIPOHSBENCHNSA HOleTOHOB npu
dororpadupoBaniy 115 KaxKAOTO copTa (hoTonJeHKH Tpebyercs

Puc. 12.1. Tlomanaro-
mHil Ha naomags AS’
457 cserosoil  notok  of
— saementa AS pacnpo-
CTPAHSIeTCA B TEJECHOM
yrae Q=o/qd?

ofecieunTh ONPEJENEHHYIO SKCno3uunio. Jpyrumu cloBamy,
Ha KaXIplA Kaip ¢OTONJEHKH ROJIKHO NONMAcTh B CpepHeM
OJHO H TO XK€ KOJHYECTBO CBETOBOH SHEpruu. [103TOMY npoH3-
BE[EHHE OCBEUIEHHOCTH H300paXKeHust Ha IJICHKE Ha Bpema
3KCNO3HUHN JOKHO ObITh HEH3MEHHBIM.

Hcxonst 3 s10r0 YC/IO0BHS, Jerko HaHTH, KaK CJERYeT H3-
MCHHUTDB BBIAEPIKKY NpH H3MmeHenuu macwra®a. Brifepem ne-
KOTOpBI 3jeMeHT dororpadgupyemore nonorna AS, HactonbKo
MaJbill, YTOOH NPH HaXOXKIAEHUH MCXOASILIEr0 OT HEro CBETOBO-
ro noroxka A® 3TOT 37€MeHT MOXKHO GBIJIO CYHTATL TOUEUHLIM
HCTOYHHKOM CBeTa. TOraa noTOK CBETOBOH SHEPTHM OT TAKOro
3]€MeHTa, Najaiowu# Ha OTKpBEITOe AHa(parMoil OTBepcTHE
of6beKTHBa (hoToannapara, nponopuponafded MNJACIIAAH 3ITOrO
snementa AS u Tesecnomy yray €, B KOTOPOM OH pacnpocrpa-
asierest (puc. 12.1). Tenecust yroa € namepsieTcss OTHOLICHM-
€M IJIOIANH OTBEPCTHST B OOBEKTHBE O K KBaipaTy PacCTOsIHUS
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oT oGBeKTHBA Ho (hoTorpacdupyemoro nosotHa d. Iloaromy

AD ~ QAS:%AS. (1)

Onpepesienyas 4yacTb 3TOrO CBETOBOTC MOTOKA MONAJAeT Ha
naomage AS’ doronnenky, saHuMaeMyio u3o0parkeyHeM 3Je-
meyra mosotHa AS. OcranbHas (Kak TnpaBuao, HeGosbluas)
YacTh STOrC MOTOKA TEPSIETCH H3-33 OTPAKEHUS ¥ MOTJIOIISHHSE

Puc. 12.2. Ornowenne
naomaner AS u AS' 450
paBHO KBajpaTy OTHO- A
weHns paccrosufiii d

uf

cBeTa B cTeksax o0veKtHBa. Tak Kak ocsewennocts E H300pa-
JKeHHs PaBHA OTHOLIGHHIO CBETOBOIO MOTOKA K MJOWIALH, Ha
KOTOPYIO OH Majiaer, TO

AD g AS

~AT Y FE RS (2)
Ornowmenye niomanu npeamera AS k niomand ero usoGpaxke-
uis AS’ paBHO KBajpaTy OTHOWIEHHSI PAccTOiHHA d OT npeg-
MeTa Jio 00peKTHBa oToannapara K paccToAHHIO f OT O6beKTH-
Ba 0 H3o0paxenusa (puc. 12.2):

AS/AS =d/f2, )

Moxcrasass 31o cooTHowenne B (2), yGexpaeMcs, 4TO ocke-
HIEHIIOCTL H300pakeHHs Ha (OTOMNJEHKE [PONOPLHOHANLHA
II0LARH OTBEPCTUS OOBEKTHBA O 1 00paTHO NPONOPLUUCHAABHA
KBaJpaTy paccTosiuus OT OOEBEKTHBZ JO (POTOMJICHKH:

E~alf, )

[pu ¢ortorpaduposanuy nosorya obmuM MIaHOM paccTosiHue f
NPaKTHYECKH paBHO (POKYCHOMY pacCTOfHHI0 OO0wneKTHBa F.
[Ipu ¢ororpadpuposannun IeTajsell KapTHHB B HATyPaabHVIO
BEMYHMHY TJCHKA JONXKHA HAXOLUTLCH HA YIBOCHHOM (oKyc-
HOM paccrosind oT obvekrusa: f=2F. B pesymbrare, Kax
BUAHO H3 (4), ocBemeHHOCTh H300paKeHUA Ha GOTOIIEHKE
YMEHBIIUTCS B YeThipe pasa, €/, KOHEUHO, NPH NMEepPeXoje K
¢ororpadupoBayuio JAetaneil OCBEIEHHOCTh MOJIOTHA M IL70-
2k OTBEpCTHA AHA(parMbl 06HEKTHBA O OCTAIOTCA MPEKHUMH,
D10 03HAYaeT, YTO BLIACPIKKY HYKHO YBEJIMYHTL B YETHIPE pa-
8a. EcJ/iu ke MBI XOTHM BbIAEPIKKY OCTaBUTb NPEXHeH, TO, Oue-
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RIJHO, HYKHO IJ10IIAJIb OTBEPCTHS O YBEJAHYUTL B 4ETHIPE pasa,
T. €, YBEJHYUTL BABOE OTHOCUTEJILHOE OTBEpCTHE O0BEKTHBA. A

13. Hntepdepenuus cBera OT NPOTAKEHHOro HMCTOHHHKA.
[Mnockonmapanienbyas CTEK/AsHUas NJAaCTHHKA TOMUMHOA d
¢ nokasaTelem MpEJOMJEHHs £ OCBELIAeTCs MOHOXPOMATH-
4eCKUM CBETOM ¢ AJIHHOI
BOJIHBL A OT NPOTSMKEHHOTO
ucrouyuka. Ilosaau naac-
THHKH pacrnoJokeda JHH3a
¢ GOKYCHBIM paccrosHuem F
(puc. 13.1). Kaxroit BUL Hme-
eT uHTepdepeHuHoHNan Kap-
Puc. 13.1. Cxema ana nabmogennss THHA, KOTOpas Oyrer wna-
uiTepPEPeHIUE ©T npoTAKeHHoro OJIOJAATHCA HA 3KpaHe, ecau

HCTOUHHKA CBETA €ro pPacHoJOXKHUTh B (POKab-
HOH NJOCKOCTH JIHH3H?

A Pas3ofbeM MBICJACHHO NPOTsSMKEHHBI HCTOYHHK CBETA HA
OTAENbHLIE Majble 3JEMEHTHI, KaM/Jbll M3 KOTOPHIX MOMKHO
CYHTATL TOYEUHBIM HCTOYHHKOM. Bce 3TH HCTOYHMKH H3Jyua-
10T CBET OANOH U TOM K€ AJAMHEI BOJHLI A, HO HE3ABHCHMO APYT
ot Apyra. TlosToMy oHH HeKorepeHTHbLI Mexay colofl.

Puc. 13.2. Hurtepdepennns csera B Touke 4 06yC/OB/AeHa JYUOM, Bhi-
HIEJLIHM H3 TOYEYHOrO MCTOYHHKa S mog yriom 0

Kaxzpifi snemMeHTapHbii HCTOYHMK cBeta S Hanydaer coe-
pHYECKYIO BOMHY, T. €. HCIYCKAT JAyYH CBETA MO BCEM Halpab-
aenuam (puc. 13.2). Ilocse npoxokpenusi uepes MIACTHHKY
H JIMH3Y 3TH Jy4H NONajaoT B pasHbe TOYKM 3KpaHa. Pac-
CMOTPHM OJMH H3 3THX Jyueil, cocraBaswicmwuil yroa 6 ¢ riae-
HO ONTHYECKOH Ochi0 /AuH3bl, B pesynbrare MHOroKparybix
OTPAKEHHA HA TPaHAX IJIACTHHKH STOT Jyd pasiessercd, Kak
BUHAHO M3 pHc. 13.2, Ha moc/ief0BaTe/bHOCTL MapasvielbHbIX
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MeKAy cobofi sAyuefl. AMINHTYIEI COOTBETCTBYIOWIMX 3THM
Jaydam Bosu OwicTpo yObiBaroT. Bce aTH Ayud mocse npoxoxie-
HUA yepes AuH3y coOuparoTcsa B OAHOH H Toi XKe Touke A ¢o-
Ka/bHOH MJAOCKOCTH. D1a TodKa A HAXOAUTCA HA PACCTOAHUH X
OT rJjaBHoro ¢okyca JHH3b! O, KOTOPOE, KaK JIETKO BHAETH
H3 puc. 13.2, naerca BripameHHEM

x=F tg . (1)
Tak kak Bce 3TH JY49H BO3HHUKJ/IH H3 OQHOrO Jyda, TO OHH KO-

repeHTHe! MexkAy co0oit ¥, NPHX0Ad B Touky A, HHTEphepHpY-
10T. B 3aBucumocTH OT pasHoc-

TH X0Ja MEXKAY Jy4aMUy B TOYKE #% 7

A Oyzer uabmonarbes JHOO =z 18|z
yenaenue, Mo ocabIenHe oc. % £
BEIEHHOCTH. T10CKOMBKY Yye/I0- e ?9\\
BHA YCHJEHHS HJH ocuabie- 4 D \
HHUS1 KoJeO0auuiA OfHHAKOBH A5 , 7%

BCEX Tap COCEIHUX Nyuelt, Ans
OHpeNeNeHHs] MOJNOKEHHs MakK-
CHMYMOB H MHHHMYMOB HHTEp-
¢depeHUHOHHOH KapTHHBI JIOCTATOYHO PacCMOTPETh JBa COCE-
HHUX Jyya.

C nomowmpio pue. 13.3 nerpynno yGeauThes, YTO pasHOCTDb
X0Jla MOMeT ObITh paccyHTaHa CJleAyEOnLPIM obpasom:

= (BC+4-CD)n—BE = —2d tg 6, sinH. (2)

Puc. 13.3. K pacyery pasnocty
X0Ja HHTepdepHPYOmMHAX Ayued

osG

[/ICHOJIBSYH 3aKOH MpeJoMJeHud CB€Ta Ha rpaguue BO3ayX —
CTEKJIO

sin 6=n sin 6y, (3)
BLIpa3HM pasHocTh Xoza A B gopmyJe (2) uepes yroa 0y
A=2nd (cos ot 6 sin ei) = 2nd cos 6. (4)

M3 soipamenua (4) BujaHo, 4TO AJd JaHHOf MJOCKOMmapan-
NeJApHOH MJACTHHKH PasHOCTb X0A2 A 3aBHCHT TOMLKO OT yraa
0, nan, B cuy cooTHomeHus (3), Toabko or yraa 0, o6pasye-
MOrG JIYUOM ¢ IJIaBHOH omnTHuecKkoft ocebio. IlopuepxmeM, uto
9Ta PA3HOCTL XOJia HEe 3aBHCHT OT MNOJOKEHHS TOYEUHOTO
HeToUHHKA S.

B Tex Toukax 3Kpapa, rfe pasHOCTb XOAa A paBHa uesoMy
UHCAY AJAHH BOJH, OYAET MAKCHMYM OCBEIEHHOCTH, a IAC NoJy-
genoMy ~— MuHEMyM. Tax Kak A 32BHCUT TOMLKO OT yraa 6,
TO 3TH MakCHMyMbl H MHHHMYMBI OyZyT pacmoJjaratecs Ha
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KOUNEHTPHUCCKUX OKDYHHOCTAX, LEHTDP KOTOPHIX JEKHT B
Touke O.

Hrto ke 6yner HabsronaThCsl HA 3KpaHe B GOKaAbHOH NIO-
CKOCTH JIHH3BI OT OJHOTO 3J€MEHTapHOro uctounuka S? B or-
CYTCTBHE CTEKJASIHHO! HJACTHHKH Bce Ny4d M3 S, NPOXOAsuHe

(

S*

Puc. 13.4. B oTcyTcTsue n/10CKONapasieabHONl IVIACTHHKH TOYeYHBM
HCIOYHYK S JaeT cBelVIOe HSTHO Ha 3Kpane B (hOKa/IbLHOA IJIOCKOCTH
JIHH3H

yepes JIMH3Y, CO3JAIOT B COOTBETCTBHH C 3aKOHaMH r€oMerpu-
4eCKOH ONTHKH H300pa’eHue HCTOYHHKA S B HEKOTOPOH TOuKe
S' (puc. 13.4). Ha skpane B (oKaNbHOH NJNOCKOCTH JIHH3bI

o
Prnc. 13.5. Ilp¥ Hasuuun mioc- Puc. 13.6. Hanoxenne narepde-
Konapannenbuoﬁ NJIacTHHKY PeHUHOHHBIX Xaprtug OT AByX
cperyioe MATHO HA $SKpaHE uH3pe- TOYEUHBIX UCTOYHUKOB
3440 HHTepOEPEHIHONHBIMY 10+

JI0OCaMH

npy sToM 6YJET OCBELIEHHOE NATHO, pa3Mepbl KOTOpOro orpa-
HHYEHBl KpallHMMHU JydaMi, NPOXOAALUMH 4Yepe3 auuay. [lpu
Ha/JAH9UH NJIACTHHKY 5TO NATHO OYJET NMPOpE3aHO CBETJILIMH H
TeMHBIMH HHTEpQePEHLHOHHBIME [OJ0CaMH, KOTODhie, KaK Mbl
y#€ BBIACHHJH, OpEACTABIAIT COO0H OKPYIKHOCTH G LEHTPOM
B 709ke O (puc. 13.5). Paguychl cBEeT/IBIX KOJEIl, COOTBETCT-
BYIOIUHX YCJ0BUI0 A=k, JIETKO BRHIYHCAHTE G NOMOLIBI0 (op-
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Mya (4) uv (1). Dtu panuychl He 8aBHCAT OT MOJIOKEHHSA 3Je-
MEHTapHOr0 TOYEYHOro HCTOYHHKA S.

Tenepn neTpyaHo BHIACHUTD, KaK GyAET BLHINAJETL N0/1Has
nyTepdepesuHONnas KapTHHA, CO34aBaeMas BCEM MPOTHH.CH-
HBIM HCTOYHMKOM cBera. OHa Tosnyyaercsa B pesyJnLTare Hallo-
KEeHHA HHTEPOEPEHUHOHHBIX KapTHH OT OTAS/NBHLIX BJEMeH-
TapHBIX HCTOYHHKOB. IIATHA OT OTAE/ILHBIX HCTOYHHKOB pac-
nojaramTcd ‘B PasybiX MeCTaX dKpaHa, 4YacTHYHO HaJarasch
Apyr ua apyra (puc. 13.6). CyuiectBeHHO TO, 4TO UHTEPGEpEH-
IIHOHHBIE KOJbIIA HA ITHX NATHAX, Kak OblIO NMOKA3aHO, MMEIOT
ofunit nedtp O M ofHMHaKoBble panuychl. IlosTomy npH Haso-
®eyuu obpasyerca ofuwas cucreMa HHTEPGEPEHLHOHHBIX KO-
Jen. B pesyasrare nonHas HHTEpGEPEHIHONHAA KapTHHA MPei-
CTaBJACT COGOH COBOKYMHOCTb YEPEAYIOUIMXCA CBETJLIX H
TEMHBIX OKPY>KHOCTEHl, EUTP KOTOPLIX HAXOXHTCA Ha IJaBHOM
ONTHYECKOH OCH JIHHSHI.

M3 npupesenHoro pemeHys siCHO, 4T0 HHTEPhEPEHIMONHEIC
KapTHHB B (hOKANBHOH MJOCKOCTH JIHH3BI OT HPOTAXKEHHOIO
MOHOXPOMATHYECKOTO HCTOYHHKA CBETA U OT TOYEYHOrO HCTOY-
HuKa S, HaxXOAsmerocs Ha IJIaBHOH OHTHYECKOH OCH (pHC.
13.2), npHHUHOHaNLHO He OTIHYAIOTCA APYr of Apyra. Orau-
yHe TOJBKO B TOM, UTO MPOTAKEHHBIH HCTOYHHK paer GoJplie
CBETL, YEM €ro OTHEe/NbHbIH 37AEMeHT S,, ¥ €ro HHTephEpeHLH-
oHHasA KapTHHA 83aHHMaeT GOJbLIYIO NJOILAAb Ha 3KpaHe,

B sak/lOueHHe OTMETHM, 4TO AHAJOrHUHYIO HHTEpdepeH-
LUHOHHYIO KapTHHY MOXHO HaGmOAaTh M B OTPAKEHHOM OT
nJocKonapa/njesnbHoil MIaCTHHKH CBETe. A



X. PEJIATHBUCTCKASI W KBAHTOBAS ®H3HKA

MexauHKa TeopHH OTHOCHTEALHOCTH OHNHCHBAeT JABHIKeHHE Tel

B Tex c/AydYasX, KOrZZa HX CKOPOCTh CPABHHMA €O CKOPOCTBIG CBeTa,
B peaarnBercKoll MexaHHKe Macca 3aBHCHT OT CKODOCTH:

mg

. h

V 1—u8cB

3necy /m; — Macca JOKOs, T. €. Macca B TOH CHCTeMe olcCyera, Ije TeJo
nokoutest. MiMenno 3Ta BeJHUHHA H NoHHMaeTCA NMOJ Maccolf B Hepeas-
THBHCTCKOH MeXaHuKe.

Wmnynbe 9acTulil P CBA3aH € €8 CKOPOCIbIO © COOTHOEHHEM

myv
Vi—ojd @

OnHAM 43 caMbiX 8aMeNaTelbHHX BHBOLOB TEODHH OTHOCHTENbHO«
CTH $IBJISETCS SAKOH S9KBUBAJEHTHOCTH MacCChl H IHEPIHH, BLIpaXaeMbli
suamenHToll dopmysoi diHmTelina

me=

p=m0:=

m(,c’l
Vi @

Cornaciio 3ToMy 3aKOHY Jioffoe H3MEHEHH® SHEPIHH CHCTEMbI COMP OBOXK-
Aaercs MPOMOPUUOHAILHEM H3MeHeHHeM ee Maccel. Hanpuwmep, pasor-
HapHasg YacTHHA uMeeT GOJMBIIYIO MacCy, YeM HelolBHXKHAs, Harperoe
Teno — GOALIIYIO MacCy, 9eM XO/JONHO®, CKaTafd NPYXHHA = GO/Mb=
wyio Maccy, yem wecxkarasd. M3 dopmyam (3) ciegyer, uTo B pensitu-
BHCTCKOH MexXaHNKe MOKosiuteecss Teqo obJsagaer aHepruedl Eg==myc?,
KoTopasi Ha3slBaercsi SHepruefi Nmoxosd.

Vi3 Bupaxkennii (2) u (3) caepyer dopmyna, CBI3HBAAA MEXKIY
cofoll 9HEPTHIO H UMNIYJAbC PeJATUBHCTCKOR CHCTEMBbi:

E2 e p2ct = migt. 4)

E=m?=

O6paTHM BHUMAaHUE HA TO, YTO B NpaBoil YACTH (4) CTOHT BeJHUHHA, He
3aBHCAIAf OT BhiGoPa cHCTeMH oTcuera. [lostoMy, xora xaxjoe us3
c1araeMeiX B JIeBOH yacTd HMeeT pasnoe 3HayeHHe B PA3JHUHLIX HHep-
UMAaAbHBIX CHCTEMaX OTCueTa, BCs Jepas 4acTh We 3aBHCUT OT Bmbopa
CHCTeMHI OTCyeTa, T, €, HpexcTasiseT cobol peNsTHBHCTCKUH HHBapH-
auT, JJis yaAbTPapedATHBHCTCKUX BaCTHL, T. €, TAKHX, Y KOTOPHX 3HEP~
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rua E MHOro Gosble SHePrHY MOKOA myc?, cootnomenne (4) MoXno
NpuGAnAKeHHO nepenucaTs B BHAe E=pc.

Ecnu npn onucanum pensiTHBHCTCKNX SBJICHHH B 3aKOHaX (QU3HKY
NOsABJAETCH] YHHBepCalbHas IOCTOAHHAaf ¢==2,998.10% cm/c *), Koro-
pad npeicrannser Co60H MaKCHMaJbHYIO CKOPOCTh PacnpOCTPaHeHHsH
B3auMo/eliCTBUH ~— CKOpPOCTb CBETAa B BaKyyMe, TO IIPH ONHCAHHY siBie-
HUH MHKDpOMHpa NOsEB/AAeTCA emle ojHa dyHAaMeHTaNbHAafl KOHCTaHTa
h — nocroaunas Ilnanka. Ee 3Hauenue pasno 6,62+10-%% sprsc.

Ha6nionaemple na omuiTe KopnycKyJaspHuie cBOHCTBA CBeTa mpH-
BOJAIT K NPENCTABJIEHUIO O TOM, HTO 3/IeKTPOMAarHHTHOE H3/JyYeHHe MOX-~
HO paccMarpHBaTh KakK NOTOK ¢oronoB. Coriaacuo KBanToBOH Teopuu
sHeprHss ¢OTOHAa NPONOPHHOHAJLHA YaCTOTE COOTBETCTBYIOWIEro H3ny-
ueHNs u faeTcs popmyJoft ITaanka

E==hv. 53]

ITockoabXy $OTOH He CyulecTByeT B COCTOSIHHH MOKOH, TO ero Macca
IOKOSI M1y PaBHA HYJIO, a HMIYJbC B cHIy cooTHomenui (4) 1 (5) naercs
BLIp aXKeHHeM

p=hv/e. ©)

OyugaMenTalbHLIM 8aKOHOM GH3HKH MHKPOMUpPA SBJIAIOTCS COOT-
HOueHHS Heonpepenennocrell [efisenGepra, KOTOpPHE CBA3KBAIOT MEKAY
cofoll HeonpejeMEHHOCTH B 3HaYeHHSX KaKO#-THG0 KoopARHATH wactiu-
Lbl X H COOTBETCTBYIOHEH INPOGKUHH HMIYJbCa P, B OfHH H TOT Xe
MOMEHT BpeMeHH:

AxiAp, > h. )

HeBo3MOXKHOCTS NPHIUCATE MHKPOYACTHIE OXHOBPEMEHHO TOYHbIE
SHAueHHs KOOPJAHHATH H COOTBETCTBYoIiefl MPOeXHHH HMIyJbCa CBS-
3aHa ¢ ONposBJeHueM ABOHCTBEHHON KOPNYyCKyJAspPHO-BOJHOBOH NpHpoO-
Akl MHKPOOGBexToB, Bo/snosuie cBoficTBa MHKPOOGBEKTOB Xap aKTepH3Y~-
10TCH TaK HasuiBaeMoli LJHMHOIN BoaHH Je-Dpoiiis A, Koropas odpamo
NpPONOPHHOHANBHA UMITYJIbCY YACTHIH:

A==h/p. ©)

Kopnycky/nsapuo-Bonnosofl LyaJu3M 3ak/iouaercs B TOM, 4TO Ji00a:a
yacTHlia ~— (OTOH, S/EKTPOH, NPOTOH, aTOM KB T, J.— O6Jajaer More-
1HaTLHOH BO3MOXHOCTBIO MPOSBAATE H KOPOYCKYJAPHEE, H BONHOBLIE
cpoCTBa, HO HH B OJHOM fIBJACHYH OHH HHKOTZ3 He NPOSABIAIOTCH
OJHOBp €MEHHO,

1. Npusuun orHocHreneHocTH. Llapuk Mmaccel m Ea HUTH
AauHoit | BHCHT HEHONBHKHO B OZHODOAHOM IOJIE TAMKECTH
HaANPSIKEHHOCTH g. B Hekorophii MOMEHT BPEMEHH TOYKA
10ABeCa HaYUHAET ABHTaThCA B FOPH3OHTAJLHOM HaNpaBAEHHH

*) B srom pasjene rcmosbdyercn cHeTeMa epunng CI'C3,
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C mOCTOAHHOH cKopocThio @ (puc. 1.1). Kak npu srom Oyner
JBUrarTbCsl 1LapHK?

4L YcenosHe 3TOH 3ajaun oueHb NPOCTOE, OJHAKO HA MEPBLIit
B3I/IAIA COBEPIIEHHO HE fICHO, KaK K Heft noacrynuteca. C ox-
HOH CTODOHBI, OYeBHAHO, UTO ABHXKEHHE TAKOH MEXaHHYECKOH
CHCTEMBI MOAYHHSACTCA 3aKOHAM KJacCH4YecKoll MexaHuKH Hblo-
Tona. C APYToH CTOPOHBI, HEMOHATHO, KAK 3TH 3aKOHBI MOMKHO
3jecb NPUMEHHTD.,

[Moxckaskoli K HAXOXKAEGHHIO MyTH pEILE€HHA 3TOH 3ajaun
MOXKET MOCJAYXKHTb TO OOCTOATENLCTBO, YTO OHA MNOMEILEHA B

v=0

Puc. 1.1. B Hekotopmit MOMeHT
TOYKa MNojBECa MNPHBOAATCA B
JABUKEHHE C MNOCTOAHHOA CKO-

Puc. 1.2. B cucreme ortcuera,
rae ToyKa MojBeca HEMOABMIKHA,
IapHK B HayaJbHBIE MOMeHT

pOCTLIC D HMeeT CKOpOCThL —

pasnene «PendtuBHcTCKas M KpaHTOBasd (uamkas, To, uTO
KBaHTOBaA (H3HKA 3JeCh HY NPH 9eM, COMHEHHH He BhbI3LIBAET,
MOITOMY OCTaeTCH BBLIACHHTL, KAaKOE OTHOLUEHHE MOMKET HMETh
9Ta 335242, B KOTOpPOH paccMaTPHBACTCS ABHIKEHHE C 3aBEIOMO
HEPEJATHBUCTCKUMH CKOPOCTSIMH, K TEOPHH OTHOCHTEJILHOCTH.
OkxasepiBaercss, 94T0 ¥ K TEODHHM OTHOCHTEJILHOCTH 3Ta Sajada
TOzKe OTHOLIEHHA He HMeeT. HO BOT mpuHLUN OTHOCHTENLHO-
CTH, JEXKalHil B OCHOBE 3TOfl TeOPUH, NPUYEM B CBOSH KJaccH-
vecko#t dopme, chopMmynnposanybiil eme I'amuneem, HMeeT X
HTOH 3ajade caMO€ HemocpeAcTBeHHoe otgowenue, Ero uc-
no/Mb30BaHHE MO3BOJSET CPaA3y CBECTH 3Ty 3ajady XK APYTOH,
XOpOIII0 H3BECTHOH.

CorsacHo mpHHIHMNY OTHOCHTeNbHOCTH [I'anuneda 3aKOHHL,
ONNCHIBAIOUIHE MEX AHHUECKHE ABJACHUA, BO BCEX HHEPILHAMbHLIX
CHCTEMaX OTCYera OJHHAKOBHL. [Ipu pewenny xaxHuwoit 3ajaun
ya00OHO MepeiTH B CHCTEMY OTCYETa, B KOTOPOH TOYKa HOABECA
HenoaBHKHa, Tak Kak B Hcxoauoit (mafopatopHoiél) cHCTEME
OTCUETA TOYKA M0OABECA JBHUIKETCA G MOCTOSHHOR CKOPOCTBIC
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P, TO HOBAs CHCTEMAZ OTCUETAa TaKkKe ABjdeTcsS HHEPUHAMBHOM,
Onnaxo B 3TOH CHCTEME ABHMKEHHE WAPHKA HA HHTH BLITAALHT
yIKE JOBOJBLHO MPOCTO: TOYKA IOJABECA HHTH BCE BpPEMS HElO-
JABHIKHA, a CaMOMy IIapHKY B HadaJbyblil MOMEHT Bpemelli
coofuiaeTcss CKOPOCTh —@, HAMPABJEHHAs MO TOpH3OHTAIH
nanpaso (puc. 1.2). Pasymeerca, u B HOBOH cucreme orcuera
Ha MapHK TOXe AEHCTBYET 110J1€ TATOTEHHA HANPAMKEHHOCTH g.
B cucreme orcuera, CBA32HHOH ¢ TOUKOH moaBeca, AaJL-
jlefillee ABHXKEHHE mapuka OyAeT MPOHCXOAHTb MO-pasHOMY
B 3aBHCHMOCTH OT €ro Hauya/apHOH cKopocTH. IlpH neGombuioh
Ha4aJabHOH CKOpPOCTH cHcTeMa Oyger BecTH cefd Kak mareMma-
THYECKUH# MaATHHK, COBEpIUAIOLIME MaJbie NOYTH rapMoHHYe-
cKkHe KoneOGanus BOAH3H BEPTHKAJIBHOTO IMOJIOXKEHUS paBHO-
BeCHA: .

@ ()=, sin wf. (1

Yactora » paBHa gactore cOOCTBEHHLIX KoneGaHHH Maremarti-
4eCKOro MasiTHHKa AJHHBI 1 0?=g/l. Beibop HavsanbHol (asbl
xonebanuit B ypaeHeyuu (1) cooTBercTByer TOMy, 4TO npu
t=0 MadaTHUK pACHOJOKEH BEpTHKaJAbHO H @=0. AMniuryna
koneGannit @y TAKXKE HAXOAUTCH H3 HaYanbHLIX ycaoBuil. Tak

KaK corsiacHo Qopmyae (I) yrioBas CKOPOCTb MaATHHKA @
paBHa

¢ (f) = 0, cos &f, )

TO JIMHEeHHAdA CKOPOCTh WapHKa npH =0 paBHa w@,l. [Ipupas-
HHBas ee HayaJbHO# CKOPOCTH ¥, HAXOAUM YIJIOBYIO aMIIHTy-
Ay @o:

(po:U/(Dl. (3)

Takoe rapMoHHYeCKOe KoJeGaTeNbHOE JBHXKEHHE MaATHHKA
TPOHCXOXUT TOMLKO NMPH HeOOJbLIOH aMmauTyAe @K1, T. €.,
Kax BHAHO U3 dhopMyast (3), npu

vgol =V gl

Ec/au yayanbHasg ¢KOpPOCTh U HE Ou€Hb Mana, T. €. HE yJIOB-
JIETBOPSIET NMPHBEACHHOMY HEDaBEHCTBY, TO KOJEOaHHS MasiT-
HHKa OYAyT NPOUCXOIHTL ¢ OOJbINOH aMINIHTYAOH H yiKe ne
Gyayr rapmonnveckumu. Ho amnantyna xonebGauuii, pasyie-
eTcd, He MOXKeT NpEBHILIaTh 3HAUeHHs @o=x/2. [IpH Taxoi
aMILIUTYAE MIapUK B KPalHUX NMOJOKEHHAX NOJHUMACTCH 1O
yPOBHSA TOYKH MOABECA. DTOMY COOTBETCTBYET, KaK JIeTKO yOle-
JIHUTHCA G NOMOILBIO 3aKOHA COXpaHEHHs 3HEPTHH, SHaueniie

nadanbHo#t ckopocTH v =} 2gl. Ecan e Haua/bHasi CKOPOCT
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Goabiie T0ro 3HaYeHHd, TO 1UAPHK NOJAHHUMETCH BHIHIE TOYKH
nonseca, ONHAKO OH OYAET ABHTATLCS 0 OKPYKHOCTH TOJNBKO
IO TeX M0p, nOKa CH/a HATAXKEHHS HHTH He oOpatuTtcsd B HyJb.
Hauunaa ¢ 370#t TouKH, rubKasi HHTL HEe BJHAET HA IBHKEHUE
L1apHKa, H O [ABHUXKETCA CBOOOAHO B MOJE TAKECTH MO napado-
Jie, IOKa HUTh CHOBA HE BBHITSIHETCS Ha BCIO AJIHHY.
¥YrnoBoe noJsioxKeHHe TOYKH @y, B KOTOPO CHJA HATAKEHUSA
HUTH ofpaigaercs B HyJ b, JETKO HaHTH ¢ NMOMOMmBIO 3aKOHA
COXDaHEHHA 3HEPrHH H NMPOEKUUH YPABHEHHA BTOPOrO 3aKoHA
Hrlotona na HanpaBJieHHe HHTH, [OJIaras B HEM CHJY HaTAMe-
fust wuTH T paBuo# Hymo. M3 puc. 1.3
’\"/ BHAHO, 4TO 3TH YPABHEHHS 3alHChIBAIOTCA
caeyiouuM obpasom:

\ %’iamgl(l — 08 @) +—=+ mvl 4)
i mg cos (n—q@,) = mvl/l. (5)
] / [oncraBassa v us ypasuenus (5) B (4), ua-
! /! XOANM
; // 1 v?
! L cosq>1=§-(2—g—l). 6)

N
P(c 1.3. K Haxox- [TockonbKy mapuk NOAHHMAETCA  Buiile
eifio ToukH, B Ko- TOUKH NOABECA TOABLKO mpH v>2gl, TO
Topoli Haraxemne jJasaemoe dopMmysoll (B) ayadeHHe COS @y
unri T ofpawaer-  oTpuparespHo. a3 dopmyast (6) BuaHo, uto

Ci B HyJb yeM GoJiblLIe HAYaJbHAS CKOPOCTH LIapHKa

v, TeMm OaHKe yroag; K w. Hakowen, ecsu
v*="5gl, 10 cos @,=—1 U cHIa HaTsKeHHs HUTH olpamiaercs
B HYJb, KOrJa WIADHK NPH ABHMKEHHH MO OKPYMKHOCTH OKAasbl-
BaeTcs TOYHO HaX TOYKOH HoaBeca. $ICHO, 4TO OpPH TakoM H
Tem Gosee npH O6MbIUX 3HAYEHHAX HAyaJbHOH CKOPOCTH 1a-
puk Oyner coBepiiaTh NOJHbE O60POTHL [0 OKPYKHOCTH, BCE
BpeMsl HaTArHBasg HHUTb.

JBixKenne wapHga B HCXOAHOH nalopaTopHOil cHcTeMe
oTcueTa, rfe ero TOukKa NojiBeca NpUBEAeH2 B PaBHOMEPHOE
JBIKEHHE CO CKOPOCTBIO ¢, MOJYYaeTcs B pe3y/bTaTe CoMe-
HH5l OMHCAHHOrO BHIIE JBHMKEHHA BO BCIIOMOTATeILHOH cHCTe-
Me OTcYeTa H PaBHOMEPHOTO ABHIKEHHSI CO CKODOCTBIO ©.

PagolpanHepii mpuMep HarasJHO MOKashbBaeT CJleAyioulee:
HeCMOTPS Ha TO, UTO 32KOHbI ABHKEHHS BO BCEX HHEPIHA/IBHBIX
CHCTEMAX OTCYeTa OAMHAKOBHI, NPH PelledHd KOHKPETHOM 3a)a-
U# OfHA H3 3THX CHCTEM MOMKET OKasaTbCsl ropasio yiobuee,
YeM OcTa/IbHHE. ¥ Z2auHOoe NPHUMEHEHHe NMPHHIMIA OTHOCHTE/be
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HOCTH MOMKET NPEBPATUTL CJIOKHYIO Ha NEPBHIN BIIVIAA 33124y
B MOUTH OUYEBUAHYIO. A

2, BosGyxpaenne aroma npu croakdosedud. Haumeupinas
sHeprust Bo30OyXKAeHHs atoMa resaus pasua 21,12 3B. Bas-
MOXKHO M BO30yXKJAEHHE HENOABHMKHOIO aTOMa [eJIMs [Pt
CTOMIKHOBEHHH ¢ NpPOTOHOM, oOnajalomuM sHeprueii 24 sB?
C 3JIEKTPOHOM TAKOH 2Ke SHepruu?

A Ecan sHeprus HaasTalouedl YaCTULbl HEJOCTATOYHA LA
BO30YXKIEHHA aToMa, TO €€ CTOJIKHOBEHHE C ATOMOM SIBJSETCS
abCoOMMOTHO YIIPYTHM, TAK KAK BHYTPEHHEE COCTOSTHHE aroMa
H3MEHHUTHCA He Moxer. IIpu Bo3OyKAGHHH H/JAH HOHH3aLHH
aToMa B De3y/bTaTe yAapa HaJerawinell 4acTHUB CTOJKHOBE-
HHE YK€ HEe ABJAeTCHA YOpyruM, TaK KakK 4acTb KHHETHUYECKOH
SHEPrHH NPEBpAmAeICs BO BHYTPEHHIOW 3HEPTHI0 BO3OYH ieH-
HOTO aToMa MJIH 3aTpaduBaeTCsl Ha copepilieHHe paloTH MOHU-
3aUMH, T. €. Ha yJAaJeHHe 3JeKTpoHa H3 atoMa. Bceaencraue
3aKOHA COXPAHEHHS HMIYJbCa BCSA KMHETHYECKAS JHEprusi
HANETAOWEH YaCTHUb HE MOXKET NOHTH Ha BO3OYKIEeHHE HAH
HOHH3ALMIO aToMa, XOTA TaKoil NpOLeCC M He POTHBOPCUUI
6ul 33KOHY COXDAHEHHS HEPIHH.

Kagas ke MakcuMa/ibHasl JoJs1 [ePROHAYAJBHOH KHLETH-
yecKOl 3HEPIHH MOXKeT OblTh HCIO/Ib30BaHa LJIs BO3OYHsACHUA
atoma? Ha 3ToT Bonpoc Jerko OTBeTHTh, €CJIH UCHOJb30BATh
3a2KOHBI COXPAHEHH S SHEPTHU H UMIY/AbCa IS MPOIECcca CTOK-
HOBeHMs Ha/jeTawollell YacTHUB! C HEBO3OYMKICHHBIM ATOMOM.
Sneprus Bosbyxaenun W npencrasiaser coboH H3MEHEHHE BHYT-
PeHHEH 3HEPTHH aTOMa MPY NEPEXONe U3 OCHOBHOTO COCTOSHHST
B BO3OVKIACHHOE. DHEPTUs uajeramollell 4acTHUH — 3T0 ee
KHHETHYECKASs] SHEpPIus mu¥2, rae ¥ — CKOPOCTh YACTHUE! HO
CTOJIKHOBEHH.

He nepBniii B3rJIsA MOTJIO Gbl OKA3ATHCS, YTO 15 BO3DYXK-
Ienust atoMa nauboJsiee 6/1aronpusaTel cjydall, KOraa B pe3yib-
Tate yJapa HaJjeraiouiasl 4aCTHUA OCTaHABJHBAaeICs, nepeja-
Bast aTOMY BCIO CBOIO 3HEPTHI0. ONHAKO HA CAMOM [8/e OK43hi-
BA€TCs, YTO B 3TOM CJyyae KUHETHYECKAs SHEPTHs CHCTEMLI
nocJe yJapa He 6yneT HaumeHbuiell. Bo BHYTPEHHION 3HEPIHIO
aToMa NEPeXOAHT HAUOO/bLIAS 4ACTh KUHETHUECKOH 3nepruu
YACTHLBI, €C/AH N0C]e CTOAKHOBEHHS aTOM H Ha/eTeBlas 4ac-
THHA ABUXKYTCS C 0MHAKOBOA CKOPOCTBIO, HECMOTPS Ha TO, 41O
KaKylo-TO [OJi0 CBOell KHHETHYECKOH 3HepruM HaJjeTaonas
YaCcTHIA ODU 3TOM COXPaHser.

[Ipowe Bcero B 31OM yOGeauTbcs, paccmaTpuBas MPOLECe
BO30YyKIEeHHSA aToMa B CHCTeME 0TCHeTa, B KOTOPO# HENOABUIKEH
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IIEHTp MacC aroMa M Hajeraioulelt yacTuuel. Taxas cucrema
orcueta TakXe fBAsercs HuepiuadbHol. CoriacHo npuHuH-
[y OTHOCHUTEIBHOCTH 3aKOlbl, ONHUCHIBaiowne Jobhe Quanue-
ciie sIBJeHHs, ONMHAKOBH! BO BCeX HHEPLUHAJIbHBIX CHCTEMAX
orcyeta. [losromy Bo BBesendoit cucreme, Kak H B HCXOLHOIN,
TAKMKE BRINOJHAIOTCA 3aKOHEI COXPAHEHHUA SHEPTHH U HMOYJb-
ca. [loHett HMNyabC B 3TOH CHCTEME OTCYETA PABEH HYJIO, NO-
3TCMY MOCJE CTOJKHOBEHHS MOTYT OCTAaHOBHThCS 00a Tesa —
H aToM, ¥ yactHua. Ecau oba tena AeficTBUTENDHO OCTAHOBSIT-
Cfl, TO BO BHYTPEHHIOI SHEPTHIO aroma NepeilleT BCSI nepBo-
HayalpHas KuHeruueckas sueprus. Ho uenoiBuKibie B cH-
CTeME [EeHTPa MacC aToM M YaCTHIA HMEIOT OjjHHAKOBYIO CKO-
pocTh B HCXOLHOH /1af0paTOpHOH CHCTEME OTCY€TA. 3HAYMT,
npupaiiesye BHYTpEHHEH 3Hepruy aroma OyjeT HauOOJ/bIiHM
B TOM CJy4ae, KOTAA NOC/AE CTONKHOBEHHSA H 4TOM, H HAaJeTeB-
1ast gacTHia HMEIOT OJMHAKOBYH CKOPOCTh. VIMEHHO Takoe
CTOJIKHOBEHHE M HAa3bIBAETCA abCOMOTHO HeYNPYyTHM YAAPOM,
XOTSl YACTHLB! I1OCJE CTOIKHOBEHUs HE OOBEAUHSIOTCS B OIHO
TEJNO, a ABHKYTCS HE3ABHCHMO.

3anuineM 3aKOHH! COXPaHEHHS SHEPrHH H HMIYJbCa, pac-
cMaTpuBas 3T0T HaHbosee BJAATONPUSITHBIN A/ BO3OYIKIEHHS
atoma cjayyail. O6osHauuM Maccy atoma depe3 M, a CKopocTh
ATOMA M YacTHIL! [0C/]1e yﬂapa yepe3 V. Torna

L a2 ()
Mel HenOAbL3yeM 3fiech HEPEIATUBHCTCKHE (GOPMYJB, TaK Kak
NpH MHTEpeCcyIomux Hac suepruax nopagxa 20 3B u anekrpon,
i Tem 6oJiee NPOTOH ABHIKYTCHA CO CKOPOCTBIO, MHOTO MEHbIIEH
€KOPOCTH CBeTa.

[lpu 3apauHoft snepruu BosOyxaenuss W ypasueuus (1) u
(2) onpepeaslOT HAHMEHBINYIO CKOPOCTH HAETAIOMEH YacTHIL
U M, cJIeJOBaTe/bHO, HAHMEHbINYIO SHEPTHlo mu*/2, npu Koro-
poit BO3MOXKHO Bo3OyxAcHue aroma. Buipaxkaa V us (1)
noicTaBafs B (2), HaxoguM

=145 w. &)

W3 9r0ro COOTHOMICHH BHAHO, YTO Y€M JIETHe Ha/eTalouiasl
YACTHIA, TEM MEHBIIE € 3HeprufA, AOCTATOYHAA ANA BO36YK-
zenns atoma, Hanpumep, npu Bo3OyxjaeHuu aToMa Haseraio-
LIHM 3J1€KTPOHOM (<€ M) npakTHyecKH ROCTATOYHO, YTOGH €ro
sueprua Oblna paBHa sHeprud Bo3Oyxpeunst W. Ecau ke
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4TOM redinsl Bo30yXK1aeTCsl Ha/leTaloluM OpOTCHOM (mayM/4),
TO, KaK BUAHO H3 (HOpMyJinl (3), KHHETHUECKAS SHEPTHS NPOTO-
Ha JO/KHaA OblTh B 1,25 pasza Gousibine 3Heprud Bo3OyXKuelHs.
[ostomy anektpoH ¢ smeprued 24 3B MoxeT BO3GYIHTL aTOM
reans (HO MOXKET paccesiThCsl U yIPYTQ, 3aKOHBI COXPaHeinus
SHEPTHH U UMIIY/IbCa JONYCKaOT H TaKOH npouecc!), B TO Bpems
KaK NIPOTOH C TAKOH 3Heprueit o6s53aTenbHO OyIeT PACCEHBatTh-
cAd yupyro.

PaccmotpenHblfi npuMep TO3BOJAET MOilSITh, [OYEMY [NPH
BO3HHKHOBEHHH CaMOCTOATEIBHONO TasOBOTO paspsia onpe-
ACJSTIUILYIO PO B HOHU3AUME CTO/IKHOBEHHSIMH HIPAIOT HMeH-
HO 3/IEKTPOHB!, a HE TsUKeJble HOHBl, XOTSl HOCJEAHHE TOXe
YCKOPAIOTCS 3JCKTPUUECKUM T0JIEM, A

»

3. Bsaumnbie npespainenus ajekTpoHos H dortoHos. Bos-
MOXKHO JIM H3JYYEHHE U MOIVIOWEHHE CBETa CBOOOLHHM 3INCKT-
poHoMm? Moxet /i CBOOOAHBIH $OTOH, 0OAAJAIOMKE AOCTATOU-
HOH 3Bepruefl, 1PeBPaTUTLCH B JIEKTPOH-NO3ZUTPOHHYIO [1apy?

A Moxer Jsu CBOGOAHBIH 3/J€KTPOH HU3JydyaTh cBer? Ha
NEePBHIU B3M/SIL KAXKETCH, 4TO HCIyCKaHue (oToHa CBOGORHO
ABMKYIIHMCS 3JIGKTPOHOM HE NPOTHBODEYHT 3aKOHAM coxpa-
HEHHA HEPTHH K uMnysbca. JleiCcTBUTeNbHO, HHYTO, Ka3anoch
6bl, He MemaeT 3JeKTPOHY, ABHKYUIEMYCS C HEKOTOPOH CKOpo-
CTBIO U, YMEHBIIHTH CBOIO CKOPOCTb, [EPERAB HCIyCKAEMOMY
(OTOHY 4aCTh CBOETO HMIYJBCA M KHHETHIECKOH SHEPTHHM.
Onuako, 3anucaB 3aKOHBEI COXPAHEHHS SHEPIHH M HMIYJ/bCa
IJfA 3TOTO IIPolLecca, Mbl YBHJUM, YTO OZHOBPEMEHHO YJIOBJET-
BOPHTb 3THM 3aKOHAM HeBO3MOKHO. Ilpowme Bcero B stoM ybe-
JHTbCSl, BOCHOJIB30BABUIHCH 3KBUBAJIECHTHOCTBIO PA3JHUHbIX
HHEPLHAIBHBIX CHCTEM OTCUETA: BO BCeX HHEPUHA/IbHBIX CHCTe-
MaxX oTCueTa BCe (H3HuecKHe 3aKOoHb OAHHAKOBHL. [lo3TOMYy RO-
CTATOYHO JOKA3aTh HEBO3MOXHOCTbH HU3JAyueHHs] (POTOHA CBO-
GOAHBIM 3/MEKTPOHOM B KaKoH-uubynb ofHOH HHepuHasnsHOM
CHCTEME OTCUETA. -

PaccMorpuM cHCTeMy OTCYeTa, B KOTOPOH 3JEKTPOH HEMo-
ABIKEH. DHEPTUs JAEKTPOHA B 3ITOH CHCTEME A0 H3Jydeuus

(poToHa

¢=m002. (1)

[Mocne uanyuenuss porona BCAEACTBHE 33KOHA COXPaHEHUA HM-
IIy/bCa SJAEKTPOH NpyoBperaer HEKOTOPYH CKOPOCTH U, H
SHEPTHsT CHCTEMBI 3/IEKTPOH nulioe GOTOH Jaercs BbIPAXKENHEM

myc®
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rje iv — 3Heprus ucnyulenuoro gotona. CpaBHuBasg GopMyJibi
(1) 1: (2), BUAMM, Y4TO YACBJAETBOPHTL 32KOHY COXPAHEHHS 3HEp-
XU HEeBO3MOX1io, ubo £ scerna 6osniue E,.

Baymasiiuch B NpUBeJEHHbIE PACCYXKIEHISA, JeTKo coolpa-
%UTL, 4YTO CBOOOAHBIA 3JEKTPOH HE MOXKET HE TOJABKO H3JY-
uaTh, HO W noraowars cger. Yrobul B 3TOM yOesuTbes, NOCTE-
TOULO HPOCTO NPOYUTATH NPHBEAENHHEE GOPMYJbl B 0O6DATHOM
[OPSJKe: COOTHOLIEHHE (2) NAeT IHEPTHI0 CHCTEMEl 3JEKTPOH
1vt0¢ (DOTOH JIO NOTVIOUIEHH A B CHCTEME OTCYeTa, IJIe CyMMapHbild
HMIYJIbC 3JIEKTpOHA H (POTOHA PaEBEH HYJMO, a COOTHOLIeHHE
(1) — sHepruo mocJie norjouleHns Goroua.

Pa3ymMeercsi, NpPHEEJEHHBIE PACCYXIEHHUA CIPaBelINBH
TCABKO [J151 3N€MEHTAPHBIX YACTHIL H HENPHMEHHMb! K CJIOMKHBIM
o0veKTaM, COCTOAUMM M3 HECKOJAbKHX 3JeMEeHTapHEX 4YacTHIL,
HanpuMep K atoMaM H Mosiekyaam. CBOOOLHO ABHIYIIHECS
ATOMBI WJIH MOJEKYJB MOIYT H3/y4aTh M NOI/OULaTh!

Henyckars  wiad  norgowarh (OTOHHL  3JIEKTPOH MOMKET
TONLKO TOTAA, KOTAA OH JBHXKETCS ¢ YCKODEHHEM, HalpHMep
npoJeraer B6IMSH AAPA H B3aHMONEHCTBYET C €ro 3/IeKTpHye-
CKUM TI0JIEM.

Virak, mbl yOeRM/IHCE, 4TO GOTOH HE MOXKET NMPOCTO MOTJIG-
11ATLCA CBOBOBIM 2JeKTPOHOM. Ho BOT HCHE3HYTh IPH B3a-
MGACHCTBUM €O CBODOZHBIM 3JEKTPOHOM, NOPOAMB IIPH 3TOM
SJACKTPOH-NIO3UTPOHHYIO 1apy, od Moxer. Ias 3Toro ¢poron
JC/KeH, KoHeuHo, obnajark jocrarouHoi sneprueff. Kakofi
JX€ HMENHO?

[lpexze Bcero oTMeTHM, 4TO npeBpaulenye goroua (ramma-
KEZHTA) B 3/JEKTPOH-NO3HUTPOHHYIO HADY BO3MOMKHO TOJALKO B
HPUCYTCTBHH KAaKOH-MH00 dacTHupl. Des Takodl dacTHLbE 3TOT
npouecc BooOlle HEBO3MOXKEH B CHJY 3aKOHA COXpaHEHHs
AMOYJABCA. JLeHCTBHTENBHO, UPEANOJONKHM, YTO 3TO IPOU30-
11110, T. €. 06pa3oBajach JEKTPOH-NO3UTpoHHAS napa. Beerya
CYLIeCTBYE€T Takas CHCTeMa oTcdera, B KOTOpOil LEHTp Macc
3/eKTPOHA U NO3UTPOHA HENOABHKEH, T. €. INOJHBIH HMIYJALC
ofpasoBaBLUeHCST NADH paBed HyJio. Toria B 3TOH CcuCTeMe
oTcyera JoXKeH OuThb paBeH HYJMO W HMNYJALC QOTOHA, NMOPO-
nyewero 3ty napy. Ho 31o H€BO3MOXKHO, TAK KaK HE CYIIECTBY-
€T TakOH CHCTEMHl OTCYeTa, B KOTOpOH ¢otoH nokoutcs. Ilo-
3TOMy (DOTOH MOMKET NpPEBPATHTHCS B SIEKTPOH-NO3UTPOHHYIO
Aapy TOJBKO B IPHCYTCTBHH YaCTHIH, KOTOpas «HpPHHHMAaer
na cebs» ero uMInyJinc,

Jlerko coobpasutb, uto HeoOXOnMManA A5 POXKIEHUS NApLI
sleprus (otoHa OYJEeT TeM MeHplne, uyeM OoJjbiie macca M
UACTHIB, YHOCAWEH HMIyJbe goTtoHa. B camom aede, dem mac-
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CHBHEE 3Ta 4aCTHUA, TeM MEHbIUYIO KHHETHYECKYI0 SHEPruio
oHa npu srom npuobperaer. [pu m/M<1 310l KuneTHyeCKOI
sHeprueil MoxHO Boofuie npenebpeus. Ecnu ofpasosabummecs
3JIEKTPOH U INO3UTPOH MOKOATCS, TO HX 3SHEprus Oyner nau-
MelbUIeH M3 BCEX BOSMOXKHDLIX H DABHOH 3HEPTHH II0OKOS CHCTe-
Mbl 2mc®. TlosTOMy HauMeHbLIAs SHEPTHA (OTOHA, NPH KOTO-
poli Boofule BO3MOXKHO o0OpasoBanue napbl, ONpeneasercs
13 COOTHOLIEHHS

hv==2m,c% 8)

Jra sueprus HOCHT naspauie noporosoll. [lojacraeasia ciona
SHaA4YeHHe MacChl NOKOA 3/1eKTpona m1,=0,91-10"%7 r 1 cropo-
cru ceera ¢=2,998 - 101 cM/c, HaX0AMM, 4TO [I0POrOBasT 3HEPTils
obpasoBauis 3MCKTPOH-II03UTPOHHON napr cocraBiser 1,63 X
X 10=%3pr =1,02-10¢ 3B. dauna Boaubl ramma-kBanTa, 06.14-
falowero Takoil suepruedl, A=c/v=he/(2mq«*)=1,2 -10=1 cy==
==(,012 A. Taxkne (oTOHB BCTPEUAIOTCS B KOCMHYECKOM H3.1y-
YeHHH M BOSHHKAIOT NPH TOPMOMEHHH B BEWECTBE OLICTPLIX
3apsKeHHBIX 4acTHL, PA30THAHHBIX HA MOLIHBIX YCKOPHTENSX.

Tenepb Mbl MOkeM HAlTH 3HEPrUi0, KOTOPOH no/MKed 06-
nagars GoTtoH, A TOre 4ToOLl MOIVIO NPOH30HTH pOXKASUHE
3/MIEKTPOH-NO3UTPOHHON napbl BOMH3H NOKOSILETOCT 3JEKTPO-
na. bynmem paccyXnath caeayiomuM o0pasoM. Ilepefizem B
CHCTEMY OTCYeTa, B KOTOPOH HOKOHTCS LEHTP MacCC BCeX TpeX
4acTHIL — HCXOAHOIC 3JEKTpPOHa M 00pasoBaBILEHACS 3JIeKT-
POH-HO3UTPOHHOH napbl. Pasymeercs, caMu 4acTHLB MOTYT
npH 3ToM ABHraTthbes, B sToll cucTeMe oTCueTa 110/Has SHeprus
OyZeT HauMeHblleH, ec/u BCe TPH YacTHLB! NOKOATCA. Mmerno
Takoft c/ydall ¥ COOTBEICTBYET HauMEHbIIEH 3HePTHu (oToHA,
HeOOXOMMMOH RJis DOKIAGHHS napel BOausu anekTpona. [lpu
3TOM MBI NpenedperaeM sHepriell KyJ/IOHOBCKOTO B3auMoneicT-
BHsI 3/IEKTPOHOB U 1I03UTPOHA, KOTOPAs, KaK H 3HEPrHUs CBA3H
5/EKTPOHOB B aTOMaxX, {10 HOPAJKY BEJIHYHHBEI COCTABJSAET He-
CKOJ/IbKO 3JEKTPOH-BOJIBT.

Bosspautasich Teneps B J1a00paTOpHYIO CHCTEMY oOTcuera,
MBI BHJIMM, 4TO [I0C/IE POMCACHHS [ApHl BCEe TPH YACTHLB JOUIK-
Hbl JIBHraThCs ¢ OJHHAKOBOH cKopocThio. IJocKonbKy Macca y
STHX 4aCTHLL OJHHAKOBA, TO OYAYT ONHHAKOBBIMH H HX HMIIYJb-
chl. BeseficTBHE 3aKOHA COXpaHEHHS HMNYJbCA 3TO O3Hadaer,
4TO IOJIHBIE HMIYJLC, KOTOPEIM 06safanu (pOTOH H 3JEeKTPOH
1O DOXAEHHS 1apbl, DACHpPele]MTCs NOPOBHY MEXKAy TpeMsi
nacTHiaMy. Ecsd 70 poxaeuus Rapel 3JeKTPOH B jaboparop-
HOll cHcTeme OTCYeTa MOKOHTCS, TO IIOC/AE POMACHHST Lapsl
HMIOYJLC KadJoH uacTHUb p paBeH OAHOA TPETH HMIIyJ/bhCa
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doroua hvlc:
p=hvl3c. )

Mcnons3ys penssTuBUCTCKYIO GOPMY.J1y, BBIP AXKAIOULYI0 SHeP-
THIO YACTULIBI Y€pe3 ee UMNyJbc, yOexaaeMcs, 4TO ¥ SHeprus
BCeX TPeX YacTHL OAHHAKOBA H DaBHA

E =V pic2+ mict =V (hv/3)* + mic. (5)

Teneps ocraercst TOMBKO BOCHO/AB3OBATLCS 3AKOHOM COXpa-
HeHusl uepruu. o pOXKAeHHs napbl 3Heprus B JaGopaTopuoH
CHCTEME OTCHeTa — 3TO SHeprus GoTOHA Av U 3HEPrust NOKos
a1eKTpoHa moc?. [locsie poKAeHHs Tapbi SHEPrHsA paBHa yTpo-
€NIIoMy 3HAYeHUIO SHEPrHH KaxjaoH dactauml. Ilostomy

hv + moe? = 3 V (hv/3)® -+ mic. (6)

Boseezs ofe yacti 3TOro paBeHCTBA B KBaiApaT M NPHBOAA
nopoOHLIE 4Y/eHbl, HAXOAHM 3Hayenue Av NOPOroBofl sueprun
POKACHHS [aphi BOJM3H NOKOSIUIETOCS] 3/IEKTPOHA:

Fo=4tr1 o, @)

O6paTHM BHMMaHHE HA TO, 4TO 3TA 3HEPTLHUS BABOE IIPEBbI-
1aeT 3HAYEHHE I[IOPOTOBOH 3HEPIHH (POTOHA ANST POMKAEHHS
3M€KTPOH-IIO3HTPOHHONR naph! BOJAM3H MACCHBHOH 4acTHUH,
nanpuMep BOJM3H sApa TSKEJIOTO 3/EeMeHTa. 3HAuHuT, TOJALKO
(tOJIOBHHA 3HEPTHH (POTOHA DPH POMAEHUH NAPHl BOMM3H NTOKOS-
WErocst 3JEKTPOoHA I[PEBPAUlACTCST B SHEPTHIO NOKOS 06paso-
BABINHXCSl 4acTuil. Jlpyras noJopHua HEH30EXKHO npespalna-
€TC51 B KHHETHYECKYIO SHEPrHio. D10 CBA3AHO ¢ HEOOXOAHMOCTEI
obecneyyuTe BbIOAHEHHE 3aKOHA COXPAHEHHA HMIYJbca. A

4, dddexr Nomnepa. Uurarenn HaBepHsKa 3aMeyas, Kak
MEHSIeTCS BLICOTA 3BYKa TFyAKa JIOKOMOTHBA, KOTja II0€3[
DPOHOCHTCS MHMO. BLICOKHMA TOH FyJAKa NPUOHHIKAIOUIErocs
noes3a CTAHOBHUTCS 3aMeTHO 6oJee HH3KHM, KaK TOJLKO HC-
TOYHIMK 3BYKA IPOMUYUTCS MHMO H HAYHHAeT yJalsartbhes. Takoe
HW3MEHEHHE YACTOThl BOCIIPHHUMAEMOrO CHI'HAJA NIPH ABUKEHHH
WCTOYHHKA 3ByKa (M/JM [PHUEMEHKA) HOCHT HA3BAHHE SIBJECHHS
Honnepa. 210 aBaeHue UMEET MECTO H B ONTHKE: ABHKYINUiicA
aTOM H371Yy4aeT CBeT APYroH 4YacroThl N0 CPABHEHHIO C HENOA-
BWKHBIM, OKa3bIBaeTCs, YTO 5T0 THIHYHO BOJIHOBOE sIBJIEHHE
MOXET OhTh IPABHJBLHO OOBICHEHO C TOYKH 3PEHHUsT NpejcTaB-
JIelMs O CBETEe KaK O COBOKYIiHOCTH CBETOBLIX KBAHTOB — (OTO-
uos. Onupasch HA 3TH [PEHCTABJIEHMs, NOKAXKHTE, 4TO IIPH
MEJICHUOM ABHIKCHHM H3JYYaloWEero aroMa (CKOPOCTb atoMa
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(=}

U MHOr'O MEHbII€ CKODOCTH CBeTa C) OTHOCHTEJILHOE H3MeHEelHe
HaCTOTbl HU3JYYae€MOro HM CBETa Av/v Ja€TCd COOTHOWeHNEM

Av v
— =—co0s90,
v ¢

Tie 0 — yrox MexAy HanpaBJIeHUEeM [BHKEIMS aToMa ¥ na-
[IpaBJeHHEM UCIYCKaeMoro (poToHa.

A TTocKonbKy Mbl HHYETO HE 3HAEM O MEXAHH3Me H3J/1yYeHHS
CBETA aTOMaMH, HaM OCTaeTCs TOJIbKO NONpoBoBaTh NPHMEHHTH
K aKTy Hcnyckauus (OTOHA ABHXKYLIHMCS aTOMOM 3aKOHbI
COXpAHEHHS] HEPIHH M HMIYysabca. «3aKpelieniblily Heno-

/‘/\\\
6 7

Puc. 4.1. UMnyasc aToma 10 u3ayyenus P PaBeH BeKTOPHON CyMme nuM-
ny/ibca Py HOCHe H3AYYeHHS U UMNy/Ibca GoTOHA Py

ABHXKHBIA aTOM HCnyckaeT (OTOH ¢ sHepruell Av Npu nepexope
aToMa M3 OJHOIO CTALHOHAPHOTO COCTOsIHHA B Apyroe. Pas-
HOCTb 3HEPTHil 3THX CTALHOHAPHBIX COCTOSIIIHI He 3aBHCUT OT
TOI'0, [OKOUTCH aTOM HJIM JBHXKETCH.

ITpu wcnyckanuu Qorona cBOGOAHO ABHKYUIMMCS aTOMOM
HMIIYJAbC aTOMa H3MEHfETCs, MOCKO/ABKY HCHYLIEHHBIH QoTtoH
obnanaer umnyascoMm. Cnenopareibno, KHHETHYECKAS] SHEPTUH
aATOMa TAKIKE MEHATCS, M 3Heprusi GotoHa hv', HCNYIIEHHOro
JABHXKYUIMMCS aTOMOM, OTJHYAaeTcsl OT Av BCJIEACTBHE H3MeHe-
HHA KHHETHYECKON SHEprud aToMma.

Ha ocHOBaHHH 32aKOHA COXpaHEHUS IHEPTHH

’ p* P?
hV ——hv=%—%, (1)
[A¢ p — UMOYJbC ATOMA MACCHl m JO MCRyCKaHHA ¢oTtoua,
P — T0C/Ie HCIYCKaHUfA.
Hauanpuslit ¥ KOHeYHbIH HMAYJALCH ATOMAa MOMKHO CBA3ATL
C MMOYJBCOM HCIYCKAeMOro (oTtoHa pg € HOMOMIBIO 3aKOHA
COXpaHeHHs1 uMuyJibca (puc. 4.1):

P=pi+py (2)
[leperocs p, B paBexcTBe (2) B JA€BYIO 4acTb, BO3BOAA 1I0JY-
YeHHOEe PABEHCTBO B KBAJAPAT H YUHTbIBAsA, 4TO HMNYJBC GoTOHA
Kpaiige MaJ [0 CPABHEHMIO C UMINYJILCOM H3J/1y4alowiero aToma,

noayyaem )
p*—2ppy cos 8 ~ pi. (3)
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C noMompio (3) coortromenne (1) MOXKHO nepenncaTh B BHAEL

¢ 9. __ P
hv' —hv =~ pscosh. (4)

Kak samicarh Belpaxeune Mg HMOYJAbCa (GOTOHA pg?
Tax Kak uMnyJbC 3JEKTPOMArHUTHOIO NOJS CBA3aH C SHeprueit
noas W coornouenuem W=pc, a 3Heprus RCNyWEeHHOTro ¢oTo-
#a paBHa Av', TO UMIYJABC 3TOTO (DOTOHA eCTh

Po= hV'/C. (5)

Ioncrasass (5) B (4) u y4uTHIBasi, YTO p/m €CTb CKOPOCTH
JABMMKEHHs U H3JydaIOWero atoMa, HaXomuM

U
v'——v:v’-zcose,

OTKyaa
vr=___l__..,zv<1+—:-cose> (6)

1—Y cos 0
¢

C TOWHOCTBIO 0 WIEROB nopajxa vic. VI3 stoit dopmynn caeny-
€T NPHBEACHHOE B YCJIOBHH COOTHOLICHHE
é%s—:—cosﬂ.

OGparumM Tenepb BHHMaHME Ha C/eAylomee o6CToATeIbCTRO.
Ecau B dopuyae, onpelessioniell CABHI 4acTOThl, ITOJOHHTE
v=0, 1o nosmyusaerca Av=0. Osnadaer /iy 370, 4TO CBET, H3/Iy-
yaeMbll CBOOOAHBIM HENOABMKHBIM ATOMOM, HMEET TAKYIO XKe
YaCTOTY, KAK M CBET, U3JYy4aeMbli «3aKpelsJeHHBIM» ATOMOM?
Jlaxxe H3 UHTYHTHBHBIX COOOPaKEHUH sSICHO, YTO TaK OLITH HE
MOMKeT H3-3a ABJICHHSI OTHAYH: 33KOH COXPAHEHHs HMIyJbca
TpeGyeT, 4TOOB B PE3YJbTATE H3/AyueHHUs (oToHa CBOOGOAHLIHA
aTOM IIpHIUEJ B ABMXKeHHe. B moayuenHoii Buiiue mpHOIKEH-
HCH (opMyJse sBJEHHE OTJAYH HE YYTEHO, TAK KaK IpH ee
BbiBOJIE, nepexons oT (2) k (3), Mbl npene6peraiu HMIYJILCOM
(;OTCHA, CYHUTASA €r0 MaJblM 10 CPABHEHHIO C UMITYJ/IBCOM H3JY-
yarouere aroma. [lostomy B OKoHYaTeNbHOH (opMyJie Heanss
nosarath U=0, TaK Kak NPHBEAEHHOE DeIUeHHe CIPABELIHBO
TOMLKO NPH BBINOJHEHHH yeiosusi hv/cmu. Ecau ke pac-
CMATPHBATh H3Jy4YeHHEe CBETAa HENOABMKHBIM ATOMOM, TO HMEH-
HO SIBJIEHHE OTJ24u OIPENe/sieT u3MeHeHHe YacTOThH.

Casur gacroTol, 06yCJHOB/MCHHBI SIBJEHHEM OTAA4H, JEerko
nafTd C NOMOILBIO 3aKOHOB COXPAHEHUS SUEPLUH H UMNYALCA.
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Sanumem ypaeuenus (1) u (2) ans ciyvas p=0:
2 ’

’ . n P
hv' —hv = St 0=p -
lloncrapans uMny/abc OTAAYH p; U3 BTOPOTO PaBEHCTBA B Nep-
BO€, HAXOMHUM

Av hv'

VT T B (7)

TakuM o6pazom, OTHOCHTENBHEII CABHT YaCTOTH H3-3a SABJEHHUS
OT/\24H ONPEAEIALTCsT OTHOLEHHEM SHEPTHH (HOTOHA K SHEPTHH
NOKOS H3/Jy4alomero atoma. i raMMa-KBaHTOB, H3/1y4aeMbIX
ATOMHBIMH siPAMII, TAKOH CABHI OKA3HIBAETCH CYUIECTBEHHDLIM.
B onrnyeckom Auanasone Av/vl u gopmyay (7) MoxHO me-
penucarb B BHAE

Av hv

VT Omet
Hanpumep, ans aunnit cepun bBascmepa B cnektpe atoma Bo-
gopoia Av/v~10-e,

Pasymeercs, fiBneHye OTHaYH MOXKHO yueCThb H IPU H31Y-
yeyny cBera JBMKYINMMCH atoMoM. [JIs 3TOore mpu nepexcae
ot GopMmyJnl (2) K (3) HYXHO COXpAHUTDL CjiaraeMoe, CofepHa-
mee Ksaapat uMoyanca ¢orosa. OKoudaresnbHoe BHpamenne
JI/If OTHOCHTEIBHOIO CABHMIA 4aCTOTHI, KpoMe (v/c) cos 6, Oyner
conepxath wieH fiv'/(2mc?), KOTOPHI CTAHOBUTCS I/IABHBIM 11
v=0.

Jlo cux nop Mbl paccMaTpHBadi HePesasR THBHCTCKHH cJaydal,
KOTRA M3/y4aiomlHi aToM ABMIajcd cO CKOPOCTBIO U, MHOTO
MeHbLIel CKopocTH cBeta ¢. MuTepecHo BBISICHHTL, KaKUM Oy er
ofycnosiieHHbl  3pexToM [lonsiepa CHBUL 4acTOTHI, €CJH
najiyyatenn ABHMKETCA C GOJBLIONH CKOPOCTHIO, CpaBHUMOR €O
CKOPOCTBIO CBETAa . JT0 MOXKHO CJAEJIaTh, €CJH HCHOAL30BATb
A7l SHEPTHH H EMITYJIBCA H3JY4AIOUIEr0 ATOMa TOYHBIE PeNsITh-
EHCTCKHE Bbipawenus. OpHako npoue paccMOTPeTh APYroi
OpHMEp — aHHUTH/ALHIO 3/eKTPOH-NO3HTPOHHOR IapHl, CO-
LPOBONKMAIOLYIOCS H3JyYeHHeM ABYX raMMa-KBaHTOB. AHann3
5TOTC IOpHMEpa JacT BO3MOMKHOCTH OTBETHTb M Ha HHTEpeCylo-
Ui Hac Bompoc.

[lycte mnepen aunurHnsuyell OTHOCHTENBHAA CKOPOCTD
37€KTPOHA B IIO3HTPOHA MaJsa, T. €. MOMXKHO CYUHTAThH, 4TO GHY
oba noxosrcsd. Tak Kak HMIyJanC BCEH CHCTEMB! IO &HHHIH-
JSIUHH paBeH HYJIO, TO OH OCTAHETCS PAaBHLIM HYJIO H [IOCJe
H2Jy4deHHs. JT0 3HA4YHT, 4TO 00pa30BaBLIHECS NPH AUHHTHJIS-
UHH (QOTOHB! JIETAT B HPOTHBONOJONHLIE CTOPOHB U HMEIOT
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pasilble 0 MOLYJIO HMIYJbCH AV/C H, CIeJ0BATeNbHO, OfHHA-
KOBYH0 4acTOTy v. 2Ta 4acTOTa CPa3y HAXOMUTCH € 110MOULbIO
3aKoHa COXPaHEHHs SHEPrHH: NpPHPaBHHBAA 3HepTHI0 $OTOHA
SHEPIHH NOKOS 3/1€KTPOHA H IIO3UTPOHA,

2hv=2m 2,

V=m0(}2/h. (8)

CoOTBeTCTBYIOWIASl 3TOMY H3/YYEHMIO AJAMHA BOJMHBI A=c/v,
BeaencTBue (8), paBHa A/me¢ M HA3BIBAETCS KOMNTOHOBCKOH
JJIHHON BOJIHBL 3JEKTPOHA.

Teneps paccMOTPHM 3TOT K€ NPOHECC aHHMIHAANMM IIEKT-
poHa Il MO3UTPOHA C TOUKM 3PEHHsA APYTOH CHCTEMBI OTCYera,
OTHOCHTENLHO KOTOPOH 9/EKTPOH-NIOSUTPOHHAA Ilapa nepen
AHIHTHIAALAEH JBHXETCA CO CKOpOCThIO ¥, Hanpassenue ¢Ko-
pocTH @ BLIOEpeM TakK, yTOOB OHO COBNAAAJN0 C HANPABJCHHEM
pacnpocTpaHeHHs1 OLHOTO H3 HcnyuieHHbIX (doronos. OGosHa-
YHM qepes vy 4acToTy (oToua, H3/1Y4aeMmMOro «BIEpEN», a uepes
vs — H3JydaeMoro «Haszal». Toraa B 3Tolt CHCTeMe OTcyera
3aKOH COXPaHEHHA UMIYJbCA B NDOEKUMH HAa HAOpaBJeHde
UBMKEeHUs AHHHTHIHPYIOWed napbl NpUHHMAET BHA

noJyyaeM

i”l _hvy 2m,v (9)
¢ e Vicea

[lpu auHUPUASUMHE [OMHASL DEJSATHBHCTCKAS SHEPIUN maphi
npeppaiaeTcss B SHEPTuio usnyvenus. Ilosromy 3akom coxpa-
HeHWA SHEPLHH 3aIHCHIBAETCS B BUJE

2mgct —

hv -+ hv, o= 8 IO ]

1 2 V_I—Uzlﬁz ( )

Y3 cucremnl ypasuenuit (9) u (10) ;merko uallTm wacCTotet v,

H va. YMHOKMB 0O¢ yacTH (9) HA € u CNONKHB C YpaBHEHHEM
(10}, maxonum v,:

_ mgc? l/c—l—v — 1/(:—]—0 :
V=g = c—v ' (11)

3Aech MCNOAb3OBAHO BeIpaxceHue (8) ANA vacToTHl v (HOTOHA,
H3/1y94eMOr0 NPy AHHUTHISIMH HEeNOJBHMMKHOH mapsi. AHano-
FHYHO, BhlYMTAA H3 ypasHeuusn (9) ypasuenue (10), maxoaum
Val

W=vY) :Z. (12)

Ionyuennnvie opmyast (11) u (12) u faoT BHpaXkenwe As
1poA0JibHOIO adpexra Honnepa B penaTHBHCICKOM caydae.
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Hacrota v, (bOTOHA, H3JAYUaeMOro 110 HANPaBJAEHHIO JIBHKEHWs,
OKAa3blBA€TCst BhILIE, & YACTOTa Ve (POTOHA, H3NYUaeMOro NpoTuB
JBHXKEHHA,— HUXKE, YeM yactoTa (POTOHA, HCIIYCKaeMOro He-
TIO/IBH?KHEIM H3J1ydaTesIeM.

Jlerko BuAetb, uTo npu v/cl dopmyast (11) u (12) naor
OGBIYHOE BBIpaeHHe s HepeJsTHBHCTCKOro adexkra [lon-
aepa. s 3TOro AOMHOXKHM YHC/AMTENb H 3HAMEHaTeNb 1O-
KOPEeHHOTO BhipaxeHnsa B gopmyJe (11) na c+4-v. I1penebperas
3aTeM B 3HaMeHaTe/le B&JIMYHHOH v? 110 CPaBHEHHUIO C ¢?, NoJy-

qaem

1
4TO coBnanaer ¢ hopmyoi (6) npu 0=0. Ananoruyso, popmy-
aa (12) npu v/e< 1 naer poipaxenue, coBnajaiouee ¢ Gopmysoi
(6), ecaiu B nocaeHeil NoJOKHTL O=r.

Bo Bcex paccyXkJleHHAX Mbi 107l YaCTOTOH MOJIMAJUBO NOA-
pasyMeBaJsin 4acTOTy H3Jy4YeHus, PerHCTPHPYEMOro HENOJBHIK-
HBIM B JIaHHOII cHCcTeMe oTcueta NpHeMHHKOM. Mamenenne yac-
TOTH NPOHMCXOAHJIO TOAbKO 33 CYET JABHKEHHS HCTOYHHKA.
Ha camom pjene B ciydae 3JEKTPOMAarHHTHOTO H3JY4eHMS,
pacnpocTpaHsiouierocss B BaKyyMe, BCE NOJNYYEHHLIe (OpMY.JIbl
OCTAIOTCS CIPaBeIMBBIME U NPH ABHXKEHHU NPHEMHHKA H3J1y-
YeHHs, TOJbKO B 3TOM CJyuae IOJ ¥ CJeAyeT MOHUMATh OTHO-
CHTEJ/IbHYI0 CKOPOCTb — CKOPOCTb HCTOUYHHKA OTHOCHTEJBHHO
NPHEMHHKa. A

5. dortoHHnii napyc. Ha nenojpuzkHOe HAeaNpHOE MJIOC-
KO€ 3eDKaj0 Macchl /1 HOPMaJbHO K €r0 HOBEPXHOCTH NajaeT
IJIocKast cBeropast BoJsiHa. IToj jieficTBHEM CUJ/Ibl CBETOBOLO J1aB-
JeHHs 3epKalo NPUXOAUT B ABHxKenHe. Onpejenurs KOHEUHylo
CKOpOCTb 3€pKa/a M 3SHEePTHIO OTPaKeHHOM OT Hero BOJIHbI,
ec/n Heprust najawouiell BoaHel paBHa Wo.

A Ha npotrsukeHHH Beefl KHHTH MBI MHOTO pa3 y6exXaanHcn,
YTO OUEHb MHOTHE 33]aYd MOXKHO pellinTh, HE BHHKas B AeTajH
npoucxoasamux QuaniecKnx siplenuft. Jag oTBera Ha MHOrne
BONPOCH JOCTATOYHO TOJBKO MNpeACTaBHTb OOmylo KapTuiiy
pPAcCMATPHBAEMBIX SiBJACHBH M NpaBUILHO NPUMEHHTH HOJAXO-
Asipe dyHAaMeHTalpHbIe 3aKOHBl cOXpaHenHs. Tak M B 370ii
3ajage. TouHoe AMHAMHYECKOE peIUEHHE 3Jech CONPSIKEHO
¢ GoabliuMu TPYAHOCTAMH. B caMoM aene, sHeprHs OTpaxel-
HOJi OT 3epKaJsia BOJIHBI 3aBUCHT OT TOTO, KaK JIBHXKeTcs 3epKa-
JIO, a 3aKoH JABUXKEHHMA 3€pPKaja OnpeRelNfercs ero B3aHMO-
JehcTeyeM cO cBeToBoll BoaHOH. OAHAKO COBEPHICHHO SCHO,



444 X. PEJATHBHUCTCKAS U KBAHTOBAS ®U3UKA

YTO, HE3aBHCHMO OT MeXaHHM3Ma B3aHMOJIEHCTBHA 3JeKTpoMar-
HUTHOH BOJHBI C 3€pKasOM, JOJUKHBI BHINOMHATHCA 3aKOHBI
COXDAHEeHHst SHEPTHM U UMNYJbca, IOCKOJBKY paccMaTpHBae-
Mas CHCTeMa — 3€pKaJio H CBEeToBas BOJIHA — SIBJIAETCH 3aMK-
nyrtofi. Mcnonp30Banie 3THX 3aKOHOB JlaeT BO3MOXHOCTL Ge3
TPYA4 pellnTp 3TY 3aladyy Ja)ke C YYeToM PeasTHBHCTCKHX
bdeKTOB, KOT/la CTAHOBHTCS! CYHIECTBEHHOH 3aBHCHMOCTh Mac-
Cbl ABHAKYHIETOCst T€J1a OT €ro CKOpOCTI/I.

[lpucTynuM K perueHdio 3ajayd. OHeprus najatollell Ha
3epKaio cBeroBoli BOJIHBI paBHa W,, a 3HEpPTUI0 OTparXKeHHOIl
Bosel 00o3naunM depez W,;. Buauane 3epKaao IOKOMTCS.
Torja 3aKOH COXpaHEHHA 3HEPrHH MOMKHO 3allMcaTh B BHJE

Wy -+ myc? =W, -+ o)

V-l-»—v“’/c“’ ’

Tax Kak 3Heprua sJjeKtTpomarHursoro noias W cessana c ero
HMIYJLCOM p COOTHOLLEHHEM

p=Wle, @
TO 3aKOH COXpaHEeHH# HMHYJIbCa NNpUHHAMAET BUA
W, myv -
—=—— : 3)
¢ ]L V i—v?c? @

3uax MHHYC B IIepBOM wieHe IpaBoH yactd dopmyis (3) coort-
B2TCTBYET TOMY, UTO OTPaKeHHas OT 3€pKa/a BOJIHa JBHMKETCS
B 0JpaTHOM HanpabieHuH. s HCK/IOUeHUS SHEPrHH oOTpa-
xeinofl BoaHB W, yMHOXHUM of0e yactTH paBenctBa (3) Ha ¢
u caoxuM nounento ¢ (1). Torpa noayuim

myc?

ot me =y T—ma

(I +vfe). %

IlpocTeiMi npeoGpasoBanuaMH Bhpamenue (4) MOXKHO npu-
BEeCTH K BHAY

—o ( Vo (5

Orcioa nosyynM BsipaKeHHE Ui KOHEUHOH CKOPOCTH 3epKa-
na v

cH-v 2W, )2

(L 2Wy/mych2 —1
v=¢e (1-F-2Wo/myc®24-1 " ©

Teneps wnafizem smeprmo ortpaxennodt Boans Wi aa
3TOrO BbIYTEM H3 BeIpaweHus (1) paBeHcTBO (3), yMHOXeHHOE
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Ha ¢

mye?=2W, -+ myc? ]/ z;z , (7

OTKYJa € noMompbio (D) Jerko Haxo/HM IHEPIHIO OTPaXKeHHof
BOJIHBL Wy: ”
0

Vi= 1w ®)

WurepecHo oTMeTHTH, UTO SHEpPFHsl OTpaXXeHHOH BOJHH He
MOMET NPEeBLINATh IIOJNCBUHBL SHEPTUH NOKOs 3epKasia, Kakol
6p1 GoablloH HH Opili1a 3Heprua najpawomesi BoJusl. efictau-
TeJALHO, NpeHedperas enHULEeH B 3HaMeHarene (8), Mbl TOJNLKO
YBEJHYHM MPaBylO 4YacTe, NOITOMY

W, tmyc?
W, < QW imec? 2

Taxum obpasom, uem GoJblile SHeprus napaloled BOJHbI,
TeM 606Jbllasg YacTb 3TOH 3HEPTHH nepepaerca sepkanay. llpu
Woe>mec? NpaKTHIeCKH BCH SHEPTHs BOJIHBI NepelaeTcst 3ep-
kaay. Orpakaercs TOJAbKO Majas 4aCTb SHEprHH, paBHag,
KaK Mbl TOJIBKO UTO BHAEMH, M2, Tlonuepknem eme pas, u4to
BTOT Pe3yJIbTaT MBI IIONYUHJH, COBEPIIEHHO HE BHIKA# B Me-
XaHU3M B3aHMOJEHCTBIIA 3/JEKTPOMATHHTHOR BOJIHBI € BeILieCT-
EOM, H3 KOTOpOTQ ciledano 3epkalo!

HurepecHo oTMeTuts APYroH npejensHplil cayuyai, Korja
3ueprust najawoileil BOJHbBI MHOTO MEHbINE 3HEPTHH NOKoA
zepkana: Weme?. B 31oM HepeJATHBUCTCKOM cayuae (op-
myasl (6) B (8) MOXHO yHpocTHTh. B sHamenatesie Bolpaxenns
(€) MOXHO BTOPHIM cJaraeMbiM B CKOOKax npexedpeus 0 cpaB-
HEHHIO C eUHHUEH, a B YUCJIHTEJE NpH BO3BEJEHHH CKOOKH
B KBajpaT CNEAVET COXPaHHTh YJBOEHHOE NpOH3BEeHHe, 1{o
eIMHHIL B3aHMHO YHMUTOXKAIOTCst. B pesyabrare nojydacM

vicae2W o/ gc?. %)
Tax Kak npu x<1 cnpasepinsa npnGamxennas Qopmyna

(i+x)"'~l-—x, to Bupaxenne (8 npu W m,? MOmHO
LPUBECTH K BHALY

S

AV W—W, _12W,
Wo Wy T gt

(10}

13 3THX COOTHOLIEHHH BMJHO, YTO B 3TOM CJIyuae BOJIHA MOYTH
LeJHKOM OTpPaKaeTICs OT 3epkasa, nepejapast eMy JHIIb HUY-
TOXHYIO 4acTh cBoefi anepruy. [lostomy «horoHHbH napycs
mMoMeT OblTh SDEETHBHEIM TOJNLKO TOrjd, Korja Heprus na-
Lax0iefl Ha Hero BOJULI CpaBHIMa C ero sheprued nogos. 4
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6. doroahdiekT W penTreHopckoe uaaydenue. Ha mapux
JIEKTPOMETPA MAN3eT PEHTIeHOBCKOE HAJAYUEHHE. YT0J OTKJO-
HEeHHS CTPEJKIl NEPecraeT H3MEHSTbCH, KOIIa PasHOCTb I10-
TEHIHANOB MEXKAY LIAPHKOM 3JEKTPOMETPa U 3eMJledl JOCTHIaeT
anaveHnss U=8 kB. Kaxoma pauna BOJIIB NajaoLEro peHt-
resOBCKOro uanydenns? Kakoe Hanpszxenne V nojano ua
3JIEKTPO/B! PEHTTEHOBCKOH TPYOKH?

A Tlpexje Bcero BHISICHUM, OTKyJda Oeperca 3apaj ua mia-
pHKE 3JeKTpoMerpa. Ec/u 3JeKTpOMeTp NpeNBapHIeNbHO e
GblJ1 3apsIZKEH, TO €AHIICTBCHHAs] NPHYHHA NOABJICHHA 32 psAJ0B—
thoTo3PeKT, BBHI3BIBAEMBIH! PEHTTEHOBCKHM H3JydenheM. llpu
BLIOHBAHKMHU 31€KTPOHOB WAPHK NpHGOpa 3apsaXKaercs noJoXi-
TeJbHO. OMHAKO ¢ POCTOM 3apsiia Ha apHKe yBeaiyHBaonee-
cs1 3JEKTPHYECKOE II0JIe He JAeT BHIOHTHIM 3JeKTPOHAM BO3MOX-
HCCTH YJETETh, €C/H MX KUHETHUYECKAst SHEPTHs HeJ0CTaTOulO
Besnka. C yueroM TOpPMO3SILEro NeACTBHS BO3HHKAWMETrO
3JIEKTPRYECKOro MoJst ypaBHeHHe DfiHlTedHa, T. €. 3aKOu
COXpaHEeHHS! 3HePTHH JJia JEMCHTAapHOTO akta (oToaddexra,
3aUHIIeTCA B BHE

A=A+ 22 4 e, )

B atom Bolpaxkennu A — pa0oTa BhIXOAa JMEKTPOHa M3 Mare-
pHaJa IIapHKa 3JeKTPOMeTpPa, U — CKOPOCTb BhIJETEBINero
3JIeKTPOHa Ha GOJBINOM DACCTOAHUY OT 1uapuka, U — pasHocts
fIOTEHLHA/IOB MEXKAy WIaPUKOM 3JEKTpOMETpa M 3eMJed, e —
afco/MOTHAst BEIHYHHA 3apsjd 3JeKTPOHA.

OueBnpuo, 4YTO yBeIWUEHHe 3apsijia Wlapuka OyAer upo-
JoaKarscsa A0 TeX [OP, NOKA ero foTeHHHaa He AOCTHIHET
TaKOTO 3HaYeHus, IpH KOTOpOM BCE BbHIGHTBIE 3JEKTPOHE GYAYT
BO3BpapaThCa Ha snektpoMerp, Jpyrumu caosamu, U B npa-
BOY Yacta ypaBHeHust (1) HocTHraeT MakCHMaasHOrO 3HAYSHHUS,
KOI'2 CKOPOCTH BHIOUTOIO 3JEKTPOHA U HA GECKOHEeUYHOCTH 08-
pamaercst B HyJb.

Takum o6pasom, OpH 3aJaHHCH HaCTOTeé v PEHTIEHOBCKOTo
H3/1y4eHUs] yCTAHOBHBLleecst 3HaveHue Hanpskenuss U na
3JIEKTPOMETPe onpesessercs COOTHOUICHHEM

hv=A-eU. @)

M3 ypaBhenust (2) Mbt MOryIH Gbl ONpENENHTbL YacTOTY Na-
AAYOIIEro PEHTreHOBCKOTO H3JAYUeHUd M0 USBECTHOMY Hanps-
xenuto U, ecin Om Mbl 3nanu padory Bhixoga A. OfHako B
YC/IOBHH 3ajayd He YKa3aHO, M3 KAaKOro MaTepHa/a Cjaelan
WapHK 3JEKTPOMETPa, HO COBEPIIEHHO SICHO, YTO OH MeTaJJiH-
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veckH. XapakrepHoe 3Hauenue PalOThl BBHIXOAA 3JEKTPCHOB
H3 METa/JIOB COCTABJAET WHECKOABKO 3JEKTPOH-BOALT (na-
npumep, A0a cepebpa 4,7 3B). Mexty TeM 3ajlannoe sHauenue
HanpsiXKeHHs Ha 3J1eKTpoMeTpe pasno 8 KB, T. e. BTOpo#l ujen
B NpPABOK YacTH ypaBHEHUA (2) NPUMEPHO HA TPH NOPsAKa
Gosibine nepporo. Ilostomy MOXKHO npeneOpeus Besimunnoi A
no cpasnenmo c elU. B pesyabrate nonyvaem

hv=el, B ]

OTKyAa Mg JAJAHHBL BOJAHBI PEHTICHOBCKOIO H3JYUECHHS A
naxoiuMm

~A=c/v=chlel.

[ToacTaBasia YHCAOBHE 3HaYeHUst, nonyyaem A=xs1,5-10-10 M=
=(),15 uM. Pasymeercs, 4TO 37O €CTh IPAHHYHOE, HAHMEHbIUEE
BO3MOXKHOE 3HaueHHEe JAJWHBL BOJHBL. [IpM 3TOM B Criekrpe
PEHTFeHOBCKOrO U3JYYEHUS MOTYT NPHCYTCTBOBaTh H GOJblide
JUTHBI BOJIH, npuYeM JoGOH MHTEHCHBHOCTH.

Ilna orBera na BTOpOH BONPOC 3alauH OCTAeTCS BHIACHHTD,
KaKuM JIO/DKHO ObITb HanpsixKeHHE Ha 3]eKTPOJAX DEeHTreHOB-
cko#l TpyOKH Ansi TOro, ytoOnt HaiijleHnas HaMi AJUHA BOJibI
A Oblia Obi HanMebliefi B H3Jy4aeMOM CHeKTpe.

PenrtreHosckoe uanyuenne ObiBaeT ABYX THIIOB — Xapakre-
PHCTHUECKOE N TOPMO3HOE. XapaxTepuCTHYeCKoe H3Jyuenue
BO3HHKaeT INpH IepexolaX 3JeKTPOHOB MEXKAY TI1yOoKuMU
YPOBHSIMH 3HEPIHM aroMa NpH BO30OYKIEHHH NOCJEKHEro B pe-
3yAbTaTe CTOJIKHOBEHHA ¢ ObICTPHIM 3JekTpoHOM. Kak u ontu-
YECKOE M3/1yYeHHE OTAe]bHHIX ATOMOB, XapaKTepHCTHIeCKoe
PEHTFeHOBCKOE 13/71YYEHHE COCTOUT H3 OTAENbHBIX JHCKPETHBIX
JHHHI, NpHUYEM A1 KAXKI0TO XHMHYECKOTo d/7eMEeHTa XapakTe-
pen ¢BOii Habop JuHui. TOPMO3HOE PEHTreHOBCKOE H3JyueHne
MCOYCKaeTCcst CaMMMM HAJeTAlOLIHMU 9JIeKTPOHAMH NpPH HX 3a-
MEAJIEHUH B BeLIeCTBE AHTHKATOAA DEHTIeHOBCKOH TpyOKH.
Jro n3jayuenue, B OTJIHYHE OT XapaKTEPHCTHYECKOIQ, HMEeT
HenpepHBHLIi cnekTp. PaccMaTpiBas 3/aeMEeHTapHbIH aKT TOp-
MO3HOFO H3JydeHHs, MOXIIO YOAHTbCA, YTO CNJIOIIHOH CHEKTP
yIMEET KOPOTKOBOJIHOBYIO TPaHHIY Ao, H CBA3ATb €€ C YCKOpAlo-
MM HanpsxedueM V Ha pentreHoBCKoH TpyOkKe.

Kak Mul BHjenH, CBOGOLHEIH DPaBHOMEPHO IBHXKYUIHHCSH
3JEKTPOH He H3nyuaeT. [losToMy pEHTTe€HOBCKOE H3JYyueHME
BO3HHKAeT TOJbKO NpH B3aUMONEHCTBHH Pa3OrCHAHHOIO 3JEKT-
pOHa C BEHIECTBOM aHTHKaTORa. EchH cuuTaTh, UTO NPU STOM
BCA KHHETHUeCKasl SHEPTUf 3JIeKTPOHA MOMET NEJHKOM npe-
BPATHTLCA B H3JyueHue, TO IPAHHUHYIO HACTOTY Vo MOKHO
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OlIPeEJIUTL CPa3y M3 COOTHOLUIEHHS
hvo=eV. 4)

3nech eV — pafora, coBepLleHHAasi HPU Da3TOHE 3JEKTpOHA
CHJAAMH  YCKOPAIOILEr0 3JeKTPHUYECKOTO TMOJAA pPEeHITeHOBCKOH
TpyOKH.

OnHako INpHUMEHEHHE OJHOr0 JHLIL 3aKOHA COXPaHEHuA

HEPTHH MOZKET [IPUBECTH K MOJNYYEHHIO HENPaBHJLHBIX 3Ha-

yeulfl NOPOFOBHIX BEJMUHH, TaK KaK TaKoe 3HEPreTHYECKoe
peBpaleHie MOMKET OKa3aTbCsl HECOBMECTHMBIM C 33KOHOM
<OXpaHenus uMnyJ/sca. C NofOCHEIM NPHMEpPOM MbE yiKe BCTpe-
yaCh B 3ajaue 3 NpPH PacCMOTPEHHH DPOXKIEHUA (DOTOHOM
316X TPOH-HO3UTPOHHOM Naps! BOJIM3H NOKOAIIErocs 3/eKTPOoHa,
{losToMy M1 onpesie/IeHHst KOPOTKOBOJAHOBOH I'paHHIB! CIJOLI-
0r0 CHEKTPa TOPMO3HOrO PEHTIEHOBCKOIO H3NyUeHHs CAefyeT,
¢TPOro roOBOpsl, NPHMEHHTb K 3JIEMEHTApHOMY aKTY KaK 3aKOou
COXpaHeHHsl 3HepTMH, TaK M 3aKOH COXpaHeHHst HMOyJbCa.

FenyckaHHe peHTIeHOBCKOro (OTOHA MOXKET RPOH30HTH,
KOr1a 3JeKTPOH INpoJeraeT BOJIH3H KaKOro-1ubo sjipa Bemect-
BA AHTHKATOJA, MCHBIThIBAfA IEHCTBHE CHJILHOIO 3JIEKT)HYECKO-
ro noJsi. B 3TOM c/yYae 3/1eKTPOH MOXKET nepesiaTh yacTh CBoe-
TO HMIYJAbCa ANpY, YTo O0ECHEYHT COXpaleHHe MOJHOH 3Hep-
THI! U UMIIyJbCa Bced cucreMsl. [JocKonbky Macca sapa MHOTO
{oJiblle MAcChHl 3JIEKTPOHA, TO B 3JEMEHTAPHOM aKTe B3aHMO-
LeRCTBHs € 3JEKTPOHOM, IIpH KOTOPOM pOXKJAercs peHTreHOB-
ckuil QOTOH, AP0 MOXKET «IIPUHATH Ha cebs» ob0H uMnyasc,
PaKTHYECKH He MOJIYYHMB NPH 3TOM HUKakoH suneprum. [losto-
My 33KOHY COXpaHEHHs HMnyJsca He OyJeT IpOTHBODRUHTH
fipouece, NpH KOTOPOM HaleTAIOmHA 3JIeKTPOH OCTAHAB/AHBAET-
cst, Pacxolysl BCIO CBOIO KHHETHUYECKYIO SHEPTHIO TOJbKO Ha
nasiyuenue otosa. FMeHHO 3TOMy npoueccy H COOTBETCTBYeT
ypasuenue (4).

B paccyxAeHHsX HCHO0Jb30BaJN0Ch TONBKO TO OGCTOATEND-
CTBO, YTO Macca HaJeTalomero 3eKTPOHa MHOIO MEHbIIE MACCH
ailpa. Kakoe HMEHHO flpO y4acTBYeT B npolecce — 3HauyeHHs
ue umeer. [losroMy BepxHsisl rpaHHUAa 4YaCTOTHI TOPMOS3IIOFO
H3JIyYEHHs Vo HE 3aBHCHT OT MarepHaJjia aHTHKaTtona. Tak Kaxg
ilpd H3JydYeHHH (OTOHa C 3IHepruelr Av, 3JMEKTPOH nepenaer
€My BCIO CBOIO 3HEPTHIO, TO COBEPLIEHHO SCHO, YTO IPH JAAHHCM
yCKOpsIOmMEM HanpsxeHu# V Ha TpyOKe yacTora u Xxapakrte-
DHCTHYECKOrO H3JyYeHHA HE MOxKeT Obith GoJibllle 3HaYCHHS
vy, OnpenesieMoro ypaenenuem (4).

Teneps Ana orBera Ha BropOfl BONPOC 3aJaud  HYKHO
T0/15K0 cpaBuHTh hopmyasl (3) u (4). Ilockonpky ycraHoBlB-
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Iieecst 3HayeHHE pasHOCTH NOTEHIKaJIOB U MEXJy LlapuxoM
3/eKTPOMETpa U 3emJei npu (poroadipeKTe onpenesaeICs HMeH-
HO BerHEﬁ rpammeﬁ yacToT Hajalomerse peHTredoBCKoro
H3Jy4eHus, TO YCKOpsioliee HalpsiKeHHe Ha PEHTTeHOBCKOI
Tpy6ke V Kak pas pasno U, T. €. 8 KB. A

7. Vaxuil siaexTponusldt nydox. Jsisi yMedblueHHs pas-
MepOB IIfiTHa Ha dKpaie 3/EKTPOHHO-NY4EBOH TPYOKH MOXKIO
nocJie KaToja Ha HEKOTOpPOM PacCTOsiHHM I Jpyr OT Jpyra no-
cTaBHTb ABe Anadparmbl ¢ oteepctiamu (puc. 7.1). Tokaxkute,

L

12

.}
- %
14

Puc. 7.1. JlnA yMeHbIIEHHS pa3Mepa NATHA HA SKPAHS MOMHO HCUOAL-
30BaTh JBe AHadparMbl ¢ OTBEPCTHAMH

4yTO JJisi BTOPOTO OTBEPCTH# CYHIECTBYET ONTHMAaJbHBIH JHa-
MeTp, COOTBETCTBYIOWMI HaUMEHblieMY pasmepy IfATHa Ha
3KpaHe.

A Tlocle NpoOXOKIEHUS YCKOPSAIOWErO INpOMEKYTKE, Ha
KOTOpSIH NO@HO TNMOCTOSHHOE HANPsKEHHE V, 3J€KTpOHbI B
TpyOKe NBHKYTCS PABHOMEPHO, € MPAKTHYECKH ONHHAKOBbLIMU
0 MOAY/IO HMIYJSCAaMH p, ONpPEENseMbIMU U3 COOTHOLICLHA

pY2m=eV. ()

JIist KUHETHYECKOH 3HEPTHH 3JEKTPOHOB 3J1eCh HCMOMNB30BAHO
HepeJIA TUBUCTCKOE BBIpaXEHHe, IIOCKOJbKY Ha [paKTHKE Npu
YCKOpAIOMHUX HAnpAmennsax nopsaka 10 KB 371ekTpoHBI pas-
TOHSIOTCS 710 CKOPOCTH, HE npesbillialonel 0,2 ckopocTH CBeTa.
Pe/IsITHBHCTCKHE IONPABKH COCTABJAAOT NPH 3TOM Beero 2 %.

Byneum cuayaja CuHTaTh 3/EKTPOH KJacCHUECKOH JacCTHUEH,
JBHYKEHHE KOTOPOil onHchiBaercsi 3akowamu Huiotona. [Tyern
oTBEpCTHE B MNEPBOA auaparme HaCTOJILKO Malo, 4TO ero
MOKHO CUHTAThH TOUCUHbIM. B TOM cayuae AMameTp nATHA Ha
skpane TpyOkH Oyler TeM Mesblue, U4eM MEHbHLIE OTBEpCTHE
Bo BTOpOil AdadparMe. B camom Aene, 3/MEKTPOHBE B TYyuKe
ABHANKYTCA NPAMOJHHEHHO, i U3 PHC. 7.2 BHAHO, 4TO yrJ108o#
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pa3Mep NNATHa 0 onpeae/snaerca COOTHOIUIEHHEM
0=dl, @

ra¢ d — nHamerp OTBEpCTHsi BO BTopo#l Anadparme. [loatomy
SICHO, YTO ecyil Obl 3JEKTPOHBE NelicTBHTEAbHO BesH cels kak
KJ1aCCHYUEeCKHE YacTHILBI, TO pasMep NSATHA HA 3KpaHe TpyOKH
MOXKHO OblIO OBl CAeaTh CKOJMb YroAHO MaaeM. Ho B pefict-
BHTEJILHOCTH 370 He Tak. Eciau He-
OT'paHHYeHHO YMEHbIIATh JHaMeTp
OTBEPCTHA BO BTOpOK AHadparme, To
KJaCCHYeCKUe IMpeacTaBJ/ellsl o [1BH-
WEHHH 3JeKTPOHA IO OnpeieseHHol
TPAeKTODHH PaHO HJM HO3LAHO OKa-
XKyTtca nenpuMeHnMbiMu. Kak ompe-
JIeJIHTh, C KaKOro MOMEHTa B pac-
Puc. 7.2. Yraosoli pas- CMATpHBAEMOH CHCTEME HAYHYT Ipo-
mep nyuka @ sapucut or  ABJSITbCA KBAHTOBbIC 33aKOHOMEPHOC-
LiiameTpa d orBepcTHa BO THM H K KaKUM NOCJIEACTBUHAM JI/1sd

BTOPO# Auadparme pasMepa NsATHAa Ha 3KpaHe 3TO HpH-

BeJIeT?

Orser Ha 3TOT BONPOC MOXKHO IIOJYYUTH ¢ HOMONIIO COOT-
HOWeHHH neonpeneneHHocreil I'efizenbepra, Korophie ycranas-
JHBAIOT Npejlesibl NPUMEHHMOCTH KJaCCHYECKOro crnocofa OnH-
canna. Ecau 3JeKTPOH npolnesa uepes OTBEPCTHE BO BTOPOH
IAnadparMe, TO HEONPEALTCHHOCTb B 311aYEHHH €ro KOOP/HHATH
B HaNpapJCHHU nolepek nyuka Ax onpegensieIcss pasMepom
orpepetus d:

Axad. ' 3)
B cuay COOTHOIIEHHsI HEOlipelleNlenHOCTell IpH NPOXOXKACHHH
yepe3 3TO OTBEPCTHE 3JGKTPOH NPHOOPETAeT HEKOHTpOJHpYe-
MBI HMAYJasC Ap,, TeprieHANKYAAPHEL OCH NyYKa:

Ap ~hlAx~hid. 4)

B pesyantate nocle NPOXoXKACHHA AHadparMb nosABJAsACICH
HEONPEACNECHHOCTE B  HanpaB/CHHH JABHXEGHHA 3JIEKTPOHA,
ofycsiopaeHnas BeHCTBHEM KBAHTOBHIX 3akonoMephocrefi. s
XapaKTePHCTHKH 3TOH HeonpeneJeHHOCTH yAoOHO BBECTH yroJ
0., €OTIACHO COOTHOMLIEHHIO
Ap h )

6 = X . £
KB p ~ pd (5)
Takum o6pasoM, Kak BHAHO U3 dopMydsl (5), 6aarosaps KpaH-
TOBbBIM 3(PPEKTaM nNPH YMeHbIUeHHH JHaMmeTpa OrBepctusa d
NPOMCXOANT PAaCIMPEHHE NydYKa H, KaK CJACACTBHE, YBeJHYeHHe
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pasmepa naTtHa pa 3kpane TpyOku. OueBHANO, YTO YMeHLIIATL
oTBepeTHe B Auadparme cIefyer TOILKO o TeX Nnop, NoKa paz-
MelTHE Inyuka 0., He CpaBHsercss C €ro yIJIOBBIM pasMepoM
0, onpeneasieMblM KJ1aCCHUGCKHUMII TPAEKTOPHAMH 3JAEKTPOHOB:
0,,=0. Mcnoupsys cootnomenus (5) u (2), u3 37010 yCjioBus
onpejesaAeM ONTUMAJBHLII pasMep OTEEPCTHA BO BTOPOM jura-
¢parwme:
d~V hjp. (6)
Ecan cjenatb JAuameTp OTEEDCTHSA MeHbIIE 3ITOH BEJIUUHHLL,
TO JHaMETp INATHA YBEJHUMTCA BCJEACTBHE KBAHTOBHIX 3~
¢dexToB.
K pesyanpraty, Bepa:aemomy dopMysiol (6), MOXHO BpHit-
TH U JpYTHM NYTEM, He HCNOJL3YS COOTHOILEHHS HEONpe/e/ICH-
Hocreft ['efisendepra. [leficTBHE KBAHTOBBIX 3aKOHOMEPHOCTE(l
IPOABJIAETCA B TOM, YTO 3JEKTPOH 006.,141a€T BOJHOBBLIMH CLOH-
CTBaMH, KOTOpBHIE NPHBOAAT K JAHQPAKIHOHHBIM ABJICHUAM,
JlnuHa BOMHBL A, COOTBETCTBYIOMIEI 3JEKTpOHY, 3aBHCHT OT
ero HuMIyJpCa M onpejpeisercs cootHomenueMm ae-Bpofa:

)=hlp. (7)

Jas toro utoGul BOCHOJNB30BATHCA 3THM COOTHOLUEHHEM A
OTBETa Ha BOIPOC 3aJaud, HYIKHO NIpexje Bcero cooOpasHTD,
YTQ KJACCHYECKOMY IDEJCTAB/IEHHIO O JBHXKEHHH 3JEKTPOHOB
[0 ONpEJeJIEHHBIM TPAEKTOPHAM COOTBETCTBYeT NpHOJIHKEHHE
reoMeTpHuYeckoil ONTHKH, B KOTOpOM OINHCAaHHE paclpocTpatic-
HHsi BOJH NPOHU3BOAMTCS C NOMOUIbIO nOHATHA Jayded. Kopo-
ye -— KJaCCHYECKHM TPaeKTOpHSM COOTBETCTBYIOT JAyuH. B pac-
CMaTpPHBAEMOM  ONBITE NPAMOJIMHEHHOMY  KJACCHYECKOMY
JBHKEHUIO 3JIEKTPOHOB MEX]Y AHA(PparMamu M 3KpaHOM COOT-
BETCTBYET NyYOK NpsiMOJHHEHHBIX Jyueft. B 3toM npubimke-
HHH - Ue€M MEHbII¢ pasMep OTBEPCTHsi, TéM MEHblle pasMep
nATHA HA 3KpaHe, B MOJHOM COOTBeTCTBHH ¢ (opmyJoH (2).
Ho ymensinenue pasmepa OTBePCTHA B KOHUE KOHLOB NpuBejiet
K RpOsiBJeHHIO AH(paKUHOHHHIX aBJAennd. uppaknuonunie
apaenus B moboM npubope 1aioT OTKJOHEHHs OT FeoMeTpHue-
CKOrO 34KOHa pacnpocTpaHeHus Jydyell Ha yrasl nOpajxa
OTHOLIEHHA JUIHHBI BOJIHBL K pasmepy npensrtcrsus. [lostomy
xapakTepHuiil yraosoit pasmep 0,,, AHQpaKUHOHHOIO paCLiU-
pEHHS NPH NPOXOMIEHHH BOJHBI Yepes OTBepPCTHE AHAMETPOM
d onpenensercst COOTHOILEHHEM

Byon = A/d. 8)

Ecau nopacrasuts cloa AeGpoitieBeKyto AJMHY BOJHLL 3JEKTPO-
Ha u3 ¢opmy.ast (7), To0 AJAA YIJIOBOTO pacIiMPEHHS [Y4YKa
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®4 CYeT NPOSIBAEHUS KEAHTOBLIX 3(PQEKTOB HONYUNTCH Npexiee
pripaKenue (5).

UpHBELLEM YUC/OBLIE OUEHKH A ONTHMAJBHOIO pasmepa
oTECpCTig BO BTOpOH amadparme. IlpH yckopsomeM nanps-
yeennn V=10 kB uMmnyJasc 37exTpona coCTaBJfeT, KaK CJe-
nver u3 dopmydst (1), p=5,4-1071¢ r-cv/c. Ilpumem paccros-
e mexay aHadparmamu [ paBuuiM 1 em. Toraa coraacho ¢gop-
myJie (6) st ONTHMaJILHOTO AHaMeTpa noayyaem d=3,5-1075 cM.
PPasmep natHa D Ha 3Kpane, OTCTOSIEM OT AHadparmsl Ha
pacctostue L, BolumcJisiercst, Kak BHAHO M3 pHc. 7.1, no ¢op-
MyJe

D=L0=5L

w npu L=>50 cM e npepocxopuTt 21072 cu.

TlpakTHueckn N06HBATBCS MOJAYUYEHHst HSATHA CTOJb MAJOro
pasmepa ner neoGxopumocti. ITosToMy pasmep oTeepctHsi B
Lnacparme MOXxHO fesats OGospinte. Ilpu sTom KRaHTOBHIE 3(-
(peKTHL B JIBHZKEHHH 3/EKTPOHOB NPOABAATHCH He OYNyT, H HX
1paeKTOPHH MOXKHO pacCUHTBHIBATh MO 3aKOHAM KJACCHUYECKOH
MEXAHHKH.

Kax ACHO U3 NpPUBEJEHHOTO PEIleHUA 3TOH 3/1a4H, Harisj-
1;0e NpeJCTaBJeHHe O IPAHKLAX IIPUMEHHMOCTH KJACCHYECKOro
OnHCAHHA JIBHKEHMSl YacTHIl MOXKHO HOJYYHTB, OLEHHBAS
COOTBETCTRYIOULYIO NM AJuIYy Bosnbl je-BpoHas. B pacemor-
[eH1ioM npuMepe corgaacHo dopMyae (7) 3Ta JVIHHE BOJHB
7=—=107% cm. [lpy GOABLINX SHEPTHAX 3JEKTPOHOB AeGpoitjies-
(Kasi JUIHHA BOJHBI OyJET eule MeHblle, H X JABHACHHE B Mak-
]"’\KOHH‘IQCKI/I( npubopax MOXKHO ORHCHIBATL KJACCHYECKH.

tlanpumep, B Kamepe BHJBCOHA cJ/ell 3apAXKEHHOH YaCTHIBI
npejcraBaser cofoil NEenoYKYy BOAAHBIX Kaneab, Kawxjas aua-
metpom okoso 1072 em. B aTHX ycaoBusx, Korja Nonepeunas
KOOpJMHATA NPOJIeTalomell UacTHilsl 3alaeTcst HMEHHO ¢ TaKoil
HEONpeJeJeHHOCTbIO, €6 MOMKHO pacCMaTpPHBATh Kak KJacCH-
YECKYI0 YacTHLy, ABHXKYIUYIOCS IO TPaeKTOPHU. A

8. AToM BOXOPON2 H CCOTHOIIEHHS HeolpeLeneHHocTeH.
IlpuMenenne COOTHOLIEHHH HEONpPENeJEHHOCTEH K ABHKERKIO
37eKTPOHA B aTOMe NOKa3biBaeT, YTO KJACCHYECKOE ONHCaKHe
87i€Ch HENPHIOJHO H HEOOXONHMO HCIOJB30BATh KBAHTOELIE
saxonsl. COOTHOILEGHHA HEONpeeseHHOCTell 11PeACTaBIsioT Co-
Colt pyHAaMeHTaNbHOe NOJNOKEHHE KBAHTOBOH TEOPHH, KOTOPoe
i€ TOJBLKO YCTAHAaB/HBAeT IPaHHLB! NDHMEHHMOCTH KJaCCH-
YECKHX NPEACTaBJAeHUNA, HO K 1103BOJISIET HCCIeLOBATh CBOKCTBA
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KBAHTOBBIX cHcreM. PaccMOTpHTE atoM BOJAOPOAA, MNOJb-
3ysich 3TUMH cootHolleHusMi. OLeHHTe pasMep aToma H SHep-
THI0 CBA3H 3JEKTPOHA B OCHOBHOM COCTOAHHMH (T. €. 3HEPIHIO
HOHU3AIMH).

A s orBeta HAa NOCTABAEHHBIE BONPOCH ACHCTBHTEALHO
JOCTATOYHO MCHONBL30BaTh COOTHCILEHHE HeolpeeeHHocTel
I'efizenbepra, cBA3bIBAIOUICE HEONPEALNECHHOCTH 3HaueHHH Ko-
OpAHHATHL 3/JEKTPOHA M COOTBETCTBYIOLUEH NpOEKUHH €ro HM-
nyJbca:

Ax-Ap =h. (1)

IIpu sTOoM MOXHO 060HTHCH (€3 AeTaibHOM TEOpHM, OCHOBEIBA-
ACh JULIb Ha NJanetapHofl monenn atoma Pesepdoppa. Co-
rJ1aCHO 3TOfl MOJENHM 3JEKTPOH IBHKeTcs N0 OpOHTEe BOKPYT
s/ipa, M €ro HMUYJbC HANpaBJeH (10 KacaTelbHOH K TpaekTo-
puu. [TosTomy 3a ME€py HEONpPEAENCHHOCTH NOJOMEHHS 3MEKT-
pOHA ECTECTBEHHO B3ATb ANHHY OpOUTH 277, a 32 MEpY Heompe-
JCJACHHOCTH HMIyJbca — caM HMOYJBC 3JEKTpoiia p. 2710
3HAYAT, 4TO AJA 3/eKTPOHa B aTome cooTHoluenne (1) moxno
3anucath B BUAE

2nr sph,
WM, BBOAS BMECTO /I BeNHUYUHY fi=h/2n, Tax;
r-p~h. 2)

OcHOBHOE COCTOSIHHE aToMa — 3TO COCTOfIHHE C HaHMEeHb-
1ueft BO3MOXHOM 3nepruefl, B afaepHOA MojesaH 3HEPrHs atoMa
E Bx/odaeT KHHETHYECKYIO SHepPTHIO 3JeKTpoHa p*/2m u no-
TEHUHA/BHYIO 3HEPrHIo B3aHMOACHCTBHA 3/EKTPOHA C AAPOM
—e*r:

p2 32

BY knaccnueckofl TEOpHH UMNYJbC 3JEKTPOHA NPU 3aJaHHOM

pasuyce OpOHTHI r OfipefessieTcs ¢ fIOMOLIBI0 BTOPOro 3aKoHa
HpiotoHa:

mudfr=g*/r2, %)

Bulpaxas orciola 3HaYeHHe p=mr U HOACTaBJIAA ero B (3},
nojaydaem

E=—¢/2r. )
Kak BHAHO H3 3TOH ()OopMyJbl, SHEPrHA aroMa paBHa HYJIO,

KOTZa 3/EeKTPOH HaXOAWTCA HAa opOHTe BecKOHEeYHO GOJBIIOrO
pajuyca, H cTpeMuTcsi K GeCKOHEYHO GOJ/BIIOMY OTpHLATE/b-
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o

1OMYy 3HAUEHHIO, KOTIa 3JIeKTPOH Npubauxkaercs K siapy. Ta-
KM 06pa3oM, 3HEpFrUs CBA3H 3JIEKTPOHA paBHA HYJIO B HEPBOM
iydae ¥ GECKOHeyHO BeJUKa BO BTOPOM. JTO 3HAUMT, YTO KJac-
ciuecKast MexaHuKa BOOGILIE 1€ B COCTOSANHHN OOBACHUTD, NOYe-
MY aTOM HMeeT onpefesieHHbll KOHEUHBI pasMep H OlpefeseH-
HYIO 3HEPTHIO CBA3H.

Ho B Muxkpomupe Bropoii 3axkon HuiotoHa Hecnparenius.
Kak BHAHO H3 COOTHOWICHHS HeoHpeaeneHHocrell (2), npH
VMEHbBIIICHHH pajiyca artoMa r HMIYJALC 3JEKTPOHA p pacrter
Kaxk l/r, T. e, pe tak, Kak eMy MpeanuchiBaeT BTOPOil 3aKOH
Hetorona (4), a Guictpee. B pesynaprare npH yMeHbIUEHHH r
KUHEeTH4IecKas 3Heprus pacter Opictpee, uyeM yOniBaeT HOTeH-
HaJbHast, Tak 4to npu r—-0 1NoMHast SHEPTHA aTOMa, laBaeMast
¢dopMyson (3), HeorpanuueHso BospactaeT. Orciofa cpasy
5ICHO, YTO SJICKTPOH HE MOXKET ynacTb Ha si\pO M aTOM JOJuKed
HMeTh KOHe4yHbHd pasmep. YUTOOH OHEHUTH Pa3Mep M SHEPrUIO
4TOMa B OCHOBHOM COCTOSIHMH, MOXCHO HaliTM MHHHMYM BbIpa-
skenust (3), BbIpasHB B HeM p (HJIH r) C HOMOIBIO COOTHOLLEHHS
(2):

~ P __€p 2
IIpupaBHHBasi HYJIO NPOM3BOAHYIO NPABOH YacTH No p, Ha-
XOJUM TO 3HAUCHHEe HMMYJbCa pPo, IIPH KOTOPOM NOJIHAsA 3Hep-
T MHHHMaJbHa:

Po = mez/ﬁ. {7)

Kax BuAHO U3 cooTHOWEHHR (2), COOTBETCTBYIOUIEE TAKOMY HM-
AynbCy 3HaYEHHE pajpHyca

ro=h*/me*=0,53.10"¢ cm. )]

[oacraBasia 5TH 3HAYEHHA ro U py B opmyay (3) (nnu 3Hage-
Hue po B Gopmyay (6)), HaXOAHM 5HEPTHIO ATOMa B OCHOBHOM
COCTOS HRH

E,= —me*/2h* = — 13,53 3B. (9)

Taxkum o6pasom, A5 TOro 4ToOH HOHH3HPOBATL aTOM BOAOPO-
aa, neobxopnma sneprus 13,53 3B.

[To cMmbicay pewieHuss MOXHO OblIO OXKHAATH MOJyYEHHS
JAHIIb NPaBHJALHOrO nopsaika BeandndH. QAHAKO HaijeHHLE
BbIparKeHUA AJA pajuyca aTtoMa ro ¥ sHeprun E, coBnagaior
CO 3HaA4YEHMSIMH, KOTOpHIE HAeT MOAEJb aroMa BOXOpPOAAa MO
bopy, B OCHOBE KOTOPOH JIEXHT HJes KBaHTOBAHUs MOMEHTA
HMIYJIbCa 3JIeKTpOHA. Kak MH BHAUM, pa3Mep aToMa u sHep-
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THIO CBA3H 3JEeKTPOoHAa MOXHO ONpele/uTs, He npuberas K
npaBH/aM KBaHTOBAalHMsl, & HCHOJAB3YA TONbKO COOTHOIIENHS
neonpeneleyHocrell. CoBHAJENHIO MOJYUEHHBIX BBIIIE TpPH-
OVIMMKCHHELX OLEHOK C TOYHBIMA 3HAYCHHAMI COOTBETCTBYIOIULHMX
BeJHYHH HE CJEAYeT NPUAABATD CAHIIKOM 60J/bIIOrO 3HAUCHHUA,
Baxuo Jillb, 4TO COOTHOMCHUE HeollpeJeenHocTell no3Boasier
HaliTH UpaBUJIbHBIA NOPAJOK 2THX BeNH4HH. [IpH 3TOM OCHOB-
HO€ COCTOSTHHE aTOMa ONpee]seTcsl KOMIPOMHCCOM, MPH KOTo-
POM NOJHAs HEPTHA HUMEET HAIMEHbIee BO3MOXKHOE 3HAYeHHe,
JonyckaeMoe COOTHOILeHHAMH HeollpeiefieHHocTel.

OTMeTHM, 4TO pacCMOTPEHHBI B 3TOH 3ajaue NOAXOH, OC-
HOBAHHBI Ha COOTHOLIEHHMAX HEONpee/eHHOCTeH, AaeT BHYT-
peHHe HeNPOTHBOPEYMBYIO KAapTHHY CTPYKTYphl aTtoma. B or-
Janyue o1 TeopHH Dopa, 3TOT MOAXOA, B YAaCTHOCTH, JaeT BO3-
MOXXHOCTb MOHATH, OYEMY aTOM BOJOPOJA B OCHOBHOM COCTOA-
HuH obsafaeT chepuuecKol cuMMeTpHell. A

9. ATOMHOE SApO H COOTHOMIEHHS HeonpeleaeHHoCcTeil,
N3 onsitos Pesepdopaa no paccesiHHIO o-qacTHIL H3BECTHO,
9TO aTOMHOE PO HMeeT guamerp nopsanxka 10712—-10-1% cm.
Cyuras, 4TO AAPO COCTOMT H3 HYKJIOHOB (T. €. NPOTOHOB K
HeATPOHOB), OLEHHTH ¢ HOMOLULIO COOTHOLIEHHS Heonpege/en-
HOCTe! SHEPTHI0 CBA3M HYKJIOHA B AAPE, T. €. YACJAbHYIO 3Hep-
THIO CBSI3H.

A 3ra 3ajaya Bo MHOTOM M0OX0Xa Ha npeasiayuyio. Ognaxo
IPH HCUOJb30BAHHHM COOTHOLICHHA HEOMpPeNeNeHHOCTEH 3Jecth
LOSIBATCA OTJIMYMS, CBSI3aHHBIE C TEM, 4TO HAM HeH3BeCTel!
XapakTep CUJ, YAEPKUBAOWMMX HYKJOHH B sAApe. pyrumu
CI0BaMHM, HEH3BECTHA 3aBHCHMOCTb NOTEHLHANbHOH SHEprui
HYKJOHA OT ero O/0KEeHHSI BHYTPH Ajpa. [1osToMy ecan fAds
aToMa MOXMHO ObIJIO ONPeNesUTh H E€ro pasMep, H SHEPrun
CBs13H 3/IEKTPOHA, TO /1A AAPA HCHOJIB30BAHHE COOTHOLISHUH
HEOnpe e leHHOCTe! MO3BOMHT TOABLKO CBsI3aTh MEXay cobofi
aHAJIOTHYlibe BeJHYHHEL.

byaeMm cumrarb, 4TO HYK/JAOH HaXORHTCH TAS-TO BHYTPH
Aapa, T. €. HeoNpeleNeHHOCTh ero MNOJIOKEHHS XapaKTepusy-
ercsi pasvepamu sajapa. Toria cOOTHOUIeHHE HeOnpejeseHHO-
cTeil J2eT CAeAYIILYI0 OUEHKY A/lsi HMOyabca HYKJAoHa:

p = hir,, ¢))

rae ro — paguyc aApa. COOTBeTCTBYIOW{EE TAKOMY HMIYyJ/bCy
3HaYeHHe CKOPOCTH HyKJAoHa Macesl M=1,7-10"% r npu
pajuyce Afpa ro~1071% cM CcOCTaBJAET HECKOABKQ AECATHIX
Josell cxopoctd cBera. [109TOMy npM OUEHKaX HYKAQH MOXKHO
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cuHTaTh HepeasTHBHCTCKHUM. TaxuM o6pasoM, KHHeTHYeckas
sneprus E, HykJoHa Maccel M B sjape ao/KHa ObiTe nopajka
2 %2

=L r " x .
Ey=g5 ~ 5~ 10 MsB @)

[ToCKONBLKY HYKJIOH B AP HAXOAUTCs B CBA3AHHOM COCTOSIIHH,
70 aGCoMIOTHOE 3HAUEHNE er0 NOTEHIHANLHON SHEPTHH JOKHO
tuib Goabmie 10 MaB. Taxum o6paszoM, riyOuna noTeHuua sb-
Hoii sIMbl, B KOTOPOH ABIKETCA HYKJOH B sApe, BO BCSAKOM
¢Jydae He MOXKeT ObiTh MEHbILIE 3TOro 3HaueHus. I'nybuna sToi
HOTEHLHAILHOH AMBL faeT Ipybyio OUENKY 3HEPrUH CBsI3M Ha
OAliH HYKJOH.

[Tonyyennas oueHKa XOpOLIO COTVIACYETCH C 3KCHEPHMEl-
TaAbYLIM 3HAUCHUEM YJeAbHOH SHeprum cBA3M, HaHAEHHLIM
H3 Macc-CMeKTPOMETPHUECKUX H3MepeHui, Kotopoe Iisl GoJb-
IIHHCTBa sifep paso 8 MaB/HyKioH,

Bueprus B 10 MaB cocrasaser Becero 1 % ot sHeprun noxos
uyxaoHa Mc?~1 I'sB. IlostoMy AeficTBHTEJbHO MOMKHO CUH-
TaTh, UTO AJAPO COCTOUT H3 OTJE]LHBIX HYKJ/OHOB, 9HEpTHs
CBSI3H KOTOPHIX MaJia NO CPaBHEHHIO ¢ HX 3HEPTHeH [OKOs.

FlnTepecHo OTMETHTb, YTO T€ e JOBOAbI, OCHOBAHHbLIE Ha
COOTHOLIEHHAX HEOnpe/e enHocTell, NOKasblBaloT, YTO B COCTAB
spa He MOTYyT, Hapfly ¢ NpPOTOHAMH, BXOAUTH 3JIEKTPOHBI,
KaK 3TO npeanoJsiarancch B OfHOH U3 PaHHUX Mofeaell aTOMHOTO
siApa, CYILeCTBOBaBIIeH JO OTKPLITHS HeliTpoHA. B caMoM aede,
€CJI 3JAEKTPOH JIOKaJH30BaH B 00J1aCTH pa3MepoM NOPSKa r R
2210732 cM, TO, KaK MOXHO yOeAUTbCA C OMOULLIO COOTHOLIE-
nns (1), oH 6yner ynbTpapesaTHBUCTCKUM. [N OLEHKH €ro
SHEPTHH MOXHO BOCHO/b30BAThbCsl BhipakeHueM E, =pc, 410
naer E,~0,2 I'sB. Oro orpomHoe 3HaueHHe SHEPTHH 3JEKTPO-
Ha COBEPLIEHHO HECOBMECTHMO C XapaKTepHLIM 3HaueHHueM sHep-
rHY CBA3H AApA B pacyere Ha OJHY YacTHLY, PABHBIM NPHMEPHO
8 M»sB, He roBops yXe o ToM, 410 0,2 I'3B — 3710 B 400 pas
GoJiblie, 4eM SHepruf MOKOA 3JEKTPOHA, COCTABJSIONIAs BCETO
0,5 MsB. A

10. MpuHuun skeuBanenTHocTH. lllapuk macchl m noi-
BeilleH BHYTPH NycTOfl UHCTEPHBEl Ha HEBECOMOH HMTH JMHKCH
[ {puc. 10.1). B Hauyaabublii MOMEHT {=0 UMCTepHa HAYHHaET
IBUraTbCA B TOPH3OHTAJIbLHOM HANPABJACHHH C HOCTOSHHBIM
ycxopeHueM @. Kakoe ABmKeHHe OyAeT IPH 3TOM COBeplIath
wapuk? YTo u3MEHHTCSH, €c/H UMCTepHy HpeIBapHTEJBHO 3a-
NONHHUTE BOJOH?



10. TIPUHUMIT 3KBUBANEHTHOCTH 457

A Dra 3ajaya OueHb HANOMHIHAET [EPBYIO 3ajauy Iroro
pasiena, B KOTopoll TOYKa NojBeca MaaTHHKA HAYUHANA JBH-
ratbcs € NOCTOSIHHOM CKOPOCTHIO H TpefoBajloch Onpelenth
nadibHelillee ZBIKeHNe MasTHHKA. Kak Mbl Buaeau, 6aaronaps
NPHHIMOY OTHOCHTENBHOCTH pelleHHe 3ajaud 3HAYHTENbHO
06Jler4anoch NP NEPEXOie B CHCTEMY OTCYETa, CBSI3AHHYIC C
TOYKOH nopBeca. 3jech NPHH-

UMN OTHOCHTENLHOCTH HaM He .

NOMOXET, MOCKONBKY Takas
cicTEMa OTCYETa H3-32 yeKOpeH-
HOTO ABHXKEHHS TOYKH NOIBeca

ge spJjsercss HHeprHanbHol. 1 7
TE€M He MEHee U B JaHHOH 3ajaue \

nepexoll B HOBYIO CHCTEMY OT- m
cueta, Ije TOYKa nNoApeca He- @_@
NOJBHKHA, O0/eryaer peieHue,

Ilpu 31OM HYXHO BOCNONB30-  pyc 0.1, Llpcrepna maunnaer
BAaTbCcA OQHUM H3 CaMBIX QYH+  #BHraThes ¢ NOCTOSHHBIM yCKo-
JaMeHTa/lbHbIX 3aKOHOB [MpH- pennem a

polbl, TaK Ha3bIBAEMBIM NPHH-

L(HIIOM KBHBAJEHTHOCTH, KOTODBHI JIEKHT B OCHOBE DeJsiTd-
BICTCKOH TeopuM TATOTEHHS.

Urolsl chopmMyIHpOBAT> NPHHIMI SKBHBANEHTHOCTH, pac-
CMOTPHM C/IEAyIOUHA MblCHEeHHBIH 3KcnepumedT. Ilycrs 3a-
KpbiTaf JabopaTopus, Hanpumep xaluHa Jaudra, ABHXKercs
C MOCTOSIHHBIM YCKOPEHHEM @ OTHOCHTELHO KaKOf-11Go Huep-
nuaJbHOM cHcTeMbl oTcdeTa B 06JIaCTH HpPOCTPAHCTBA, TIje
otcyTcTByer noJe TaroreHHa. Toraa Bee cBoGoinbie Tena B
andre, KOTOPHIE OTHOCHTEJBLHO HHEPUUAJbHOH CHCTEMB! He
HMEIOT yCcKopeHus, OyAyT OTHOCHTeJNbHO JH(Ta UMETb OfyHa-
KoBoe yckopenHe —a. Haropswmiics B 3akpbitoM judre ha-
6/moparenb, KOTOPBLE HE HMEET BO3MOXHOCTH 4BHITVANYTH
HapY#XKy», 10 HOBEAEHHIO STHX TEJl HE CMOXKET PelNHTh, ABHKET-
cs i AUdT ¢ yCKOPEHHEM @ MJK OH HOKOHTCA B OLHOPOJAHOM
NOJE TAMECTH, HANPSXKEHHOCTL KOTOPOro g paBHa —a. B ca-
MOM JeJie, IpH AeHCTBUH TaKOTO MOJA TAXKECTH BCe CBOGOMHBE
Tena B Hokoduiemca Jaudre OYAYT ABHIaThCS C OAMHAKCGBHIM
YCKOPEHHEM g=—q.

Takasn SKBHBaJEHTHOCTb MOJA THAXKECTH H YCKOPEHIOIo
JIBHKEHHS CHCTEMB! OTCUeTa crpaBefHBa s JIOOBIX MeXaHH-
UeCKHX fABJIEHHI: BCe MEXAHHUECKHE SIBJCHUA B JBIXYILEMCs]
¢ yckopeHueM JndTe NpOHCXOAAT TOYHO TAK K€, KaK 4 B He-
NOABIKHOM JHbTe, HO HaxoAsmeMca B nose takecrd. Chop-
MyJIHPOBaB 3TOT NPHHuMN, DfHuTefiH pacAPOCTPAHHI €ro,
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TaK X€ KakK 4 MPHHUMI OTHOCHTEJIBHOCTH, HE TOIbLKO Ha MexXa-
HUYeCKHe ABJEHHA, HO H Ha Bce (GU3HYECKHE SBJICHHA BOOBLLE.

IlpuMenenne npHauHna 3KBHBAJEHTHOCTH NO3BOJSIET yIi-
POCTHTH PACCMOTPEHNE MHOTHX (H3HUECKHX ABJEHHH, a Haluy
3ajady BoOOWE NpeBpalliaeT B TPUBHANBHYIO. Buecto 1010
q1008  paccMaTpUBaTh YCKOPEHHO JABHKYLLYIOCS LHCTEPHY,

i
!
o\ | !
g -
% AR
=
Puc. 10.2. B cHcreme otceera, Pme. 10.3. Masatunx cosepmacrt
CBA3AHHONA C UUCTepHOH, AeHCT- KoneGanus ¢ aMIUIHTYAOH &,
Byer >pQeKTHBHOE I10Ji€ TAMXKEC- OKOAO HanpaBjeHHs, 3agasae-
TH g3 MOTO BEKTODOM g

fyneM cd4dTarb, YTO OHA HENnoJBHMXKHA, HO Ha BCE Tela B Hefl
IeCTBYeT JONOJHHTENbHOE TI'PABUTAHHOHHOE 1OJe gy=—a@
{puc. 10.2). D10 nose, CKAAABIBASICH C HCTHHHBIM [OJ1EM TAMKEC-
TH 3eMJm, naet 5bheKTHBHOR N0/ TAXKECTH, HANPSLKEHHOCTDH
KOTOPOro ga:=g-g,=g—a. Bexrop

o7 g2 OTKJIOHEH OT HCTHHHO! BEPTHKAJH
/
& / TN -’z Ha YTOJl Oy, TAHIEHC KOTOPOLG OHpe-
o, Jenfercs COOTHOWEHHEM
-~
< - tg o,=alg. (1)

anpAXKeHHOCTh 3WKTHB oa
Puc. 10.4. B 3anonuen- Hanp HOTO 191;’
woll Bogol wictepue ner-  TAKECTH HAXORMTCA RO Teopeme [Tu-
Knjl WwapHK saHuMaer me- (PATOPA:
eBEPHYTOE NOAOKEHHEe Rt ﬂ
pesephy g2=ng+a2_ (2)

flcil0, 4TO B IOJIOXKEHHH PABHOBECHA HUTb MasTHHKa HANPaB-
JieHa BAOJb BeKTOpa @' B Hada/nbHblll MOMEHT, KOT/Jla UHCTepHa
HAuHHAeT JBHIaTbhCs C YCKOpDEHHEM @, LIAPHUK HEHOJBHIKEH, a
HHTH BepTHKaJbHA, T. €. MafATHHK OTKJOHEH OT HOBOro MoJo-
(eHWs paBHOBeCHs Ha yroJ a, Baeso (puc. 10.3). Ilostomy
MAATHHK B nycTofi HHcTepHe OyHeT cOBEpILAThb OTHOCHTEJLHO
HOBOTO MOJIOXKEHHSl paBHOBECHSl KoJeGaHus ¢ YIJoBOH aMmiii-
TyRolt &g Ecau yckopenue UMCTEPHH @ MaJo IO CPABHEHUIO
C yCKOpEHHEM CBOGOAHOrO NajieHHs g, TO aMnAuTyia konaeba-
HHH Mana H KonefaHust GyAYT TapMOHHYECKHMHU. YTOM OTKJO-
UEHHUsl OT HOBOIQ NOJOXEeHUsi paBHOBECHA O (f) GYAET HpPU TOM
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H3MEHATHCA CO BPEMEHEM N[O 3aKOHY
a (f)=—a, cos of, 3}

rpe Hacrora o fpHu MaJIof AMINJIHTY e oNpenensieTcs COOTHO-
LIeHHEM

gitat o
m2=%=lf_¥li—z§<i+-;>. )
Ilpr Hanpuuu Tpenus 3TH KoseOaHHA HOCTENEHHO 3aTyXHyT,
H MasTHHK OCTaHOBHTCA B HOBOM MOJOXEHHMH PaBHOBECHS,

Hcnoas3ysa NpuHUMO 3KBHBAJEHTHOCTH, JETKO OTBETHTb
M Ha BONPOC O TOM, Kak 6yaer BecTH ce6s MasATHUK B LIUCTEPHE,
sanonuenHofl Bojoi. Maz-za OGospiolt BAsKocTH KoseGaHHf
[peKparaATcs NPaKTHYECKH Cpasy, ¥ MasiTHHK OCTAHOBUICA B
NOJNOKEHHH paBHOBecHa. EciH NNOTHOCTL Wapuka Godblue,
4eM NJOTHOCTH BOABL, TO MOJOXMEHHE DABHOBECHS MasiTHHKA
Oyner TakuM ke, Kak u B mnycrofi uHcrepue. Ecin XKe nsor-
HOCTH IIapHKA MeHbllle, YeM NJOTHOCTH BOIGI, TO YTOJ OTKJIO-
HeHHA HHTH B [OJIOKEHHH paBHOBECHS OT/IMYaercd Ha .
Ilpu 3anonHenuH IHCTEPHBE! BOAOH LIApHK BCIUJIBIBET MOA AcH-
CTBHEM apXHMEJOBOH CHJ/bl, HaNpaBJEHHOH NPOTHBOMOJOKHO
cune Tsokectd. IIpH IBIXKeRMM LMETEPHB C YCKOpeHHeM @
apxHMerOBa CHJa HalpaBJieHa APOTHBOROJOMKKHO BEKTOPY g
(puc. 10.4). a
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