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NPEJUCIIOBHE

Tperbe usganne nepsoro Toma «Kypca ofuieit ¢uU3HKH» MOYTH He
OTAHYaeTcs OT BTOPOro H3AaHHs. BHeceHbl JiHIIb HeGOJBIIHE HCNIPaB-
JIEHHS] H YTOYHeHHs. B OCHOBHOM TEKCT OCTAJICSl NPEXHHM.

Ilpn Hanucanuu Kypca MBl CTPEMHJIHCh NPEACTaBUTH (H3HKY He
KakK «3yGpHJbHYIO» HAYKY, HE KaK HEeKOTOPHIH 06BheM HHPOpMauuu, Ko-
TOPHI HYXKHO YCEOHMTb, a KaK OYeHb YMHYIO, JIOTHYHYIO H KPacHBYIO
Hayky. B Kakofl cTemeHH HaM 3TO YAajocb — CYIHTb YHTaTeJIoO.

Xopouwo co3naBas, 4TO TyXJOe PYKOBOACTBO CaMHM CBOHM BHJIOM
AeficTBYeT Ha CTyAeHTa YAPYYalolle, Mbl CTPEMHJHCH IO BO3MOXHOCTH
OrpaHHYHTb 00BEM Kypca. DTO AOCTHTAJOCh NMYTeM TIATENLHOIO OT-
6opa MarepHasa, KOTOpHIfi, N0 HalleMy MHEHHIO, C/JI€JOBAJIO BKJIIOUYHTD
B TpexToMHHK. Kpome TOro, Mbl crapanucb ObiTb KPaTKHMH (HO He
B yulep6 SICHOCTH H3JIOXKEHHS).

Hecmotpst Ha cTpemsieHHe K cOKpalleHHIO 06beMa, Mbl COYIH Heob-
XONWMBbIM. BKJIIOYHTb B KypC PSifi MareMaTHYeCKHX maparpagoB: O Bek-
TOpax, JIMHeHHBIX AH(depeHUHaNbHBIX YPaBHEHHSIX, OCHOBHBIX MOHSI-
THSIX TEOPHH BEPOATHOCTEH M T. A. DTO Cle/NaHO A/ TOrO, YTOGHI IpPH-
AaTh COOTBETCTBYIOUWIUM TNOHSITHSM M COOTHOLIEHHAM «(DH3HYECKYIO»
okpacky. Kpome Toro, MareMaTHyecKHe «BKJIIOYEHHS» NO3BOJAIOT NpH
H3J102KeHHH (PU3HKU ABUTraThCsl Aajiblle Ja)e B TOM cJydae, eclH (Kak
3TO yacTo ObIBaeT) B Kypce MaTeMaTHKH COOTBETCTBYIOUHH Martepual
eule He Obl1 paccMOTpeH.

B oBnaseHn# ¢u3HKOH OTPOMHYIO POJIb HIPaeT CaMOCTOATENbHOEe
pelleHHe HEeTPHBHAJbHBIX 3afa4y. Mbl He CuHTaeM 1e/ecoo0pasHbIM
nomeraTh 3a3Jja4yd B OCHOBHOH Kypc. Jlyuyiue AONOMHATH y4eGHHK OT-
IeJIbHO M3JaHHBIM 3aauHUKOM. TakuM AoTo/NHEeHHeM K AaHHOMY «Kyp-
cy obuiedt pusukn» cayxur «CO0pHHK BONMPOCOB H 3ajad 1o obuiedt ¢u-
suke» M. B. CasesbeBa, BeinylieHHbli usgarenscrsoM «Hayxkas B 1982 1.

Qusnka Tpebyer OT yuamierocsi OOGAYMBIBaHHS, Ppa3MbIILIEHH,
B ycBoennu MarepHana OCHOBHYIO POJb IOJIKHA HrpaTh NMaMATb JIOTH-
yeckasi, a He ¢opmasbHasi. 3anoMHHaHHe JOMKHO JOCTUTrAaThCs dYepes
ray6okoe noHumanue. Ilpexze uyeM npucTymutb K pasGopy BbeiBOAA
KaKoro-JIH60 COOTHOLIEHHS, MOJNE3HO NOPasMbICAHTL HaX TeM, KaKHM
MOXeT ObITb 3TO COOTHOLIEHHE, NMPeACTaBUTh cefe, OT KaKuX (akTOpOB
H KaK MOXET 3aBHCeTb paccMarpuBaemasi BeJIMYHHa.



8 MPEJHUCJIOBUE

Tlpu paGore Hax KHHIOH cjefyer ofpamiaTe BHUMaHHE Ha NPOCTOTY
(ecin OHa MMeeT MeCTO), CHMMETPHIO H KPacOTy NOJIYYEHHBIX Pe3yJbTa-
TOB, MBITATHCS OLLYTHTh, YTO MCNBITBIBAJ TOT MJIH MHOH YYeHbIH, clesaB
OTKPHITHE HJIM NOJYYUB BaXKHEIA pe3yJbTarT.

YueGHUK GU3UKH HeJb3s1 UMTATh «JI€XKa Ha JiuBaHe», HaJ HUM HYXKHO
paboTraTh «c KapaHHaIoM B pykax». TOJbKO IpPH OCMBICJIEHHOM, BILYyM-
YHBOM TPYJeE INpOoUecC U3y4YeHHs (PU3MKH NpeBpaiaeTcs U3 TArOCTHOH,
6e3pafocTHON 0GS3aHHOCTH B YBJeEKaTelbHOE, 3aXBaThiBalollee 3a-
HATHE.

JaHHbIl Kypc npefHasHayeH B NEPBYIO Oyepeib HJs BTY30B C pac-
LIHpeHHoOH mnporpammol no ¢usuke. ONHAKO H3JI0OXKEHHE IOCTPOEHO
TakK, 410, ONYCTHB OTHEJbHBIE MECTa, 5Ty KHHUTY MOKHO HCIONb30BaTh
B KayecTBe YyuyeGHOro nocoGusi JJjisi BTY30B ¢ OOBIYHOH NPOrpaMMOH.
B npeanocnaHHBIX OCHOBHOMY TEKCTY METOAMYECKHX DeKOMEHJalusX,
HapsAy ¢ ApyrHUM MartepHasoM, NpHBeJileH OPHEHTHPOBOUHBLIH NepeueHb
Kymop (T. €. U3BSATHH, COKpalleHUH B TEKCTE), KOTOPHIE MOXKHO CAeJ1aTh
B cJyyae HeJocTaTka BPEMEHH [/l H3Y4YeHHs KHHIH B IIOJHOM OGBeMe.

Mocksa, asrycr 1985 r.

H. B. Casenves
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B nacrosmux pekoMeHIaLHsX COlepxKaTcs YKas3aHHS Ha T€ CTOPOHHI B CylLlecTBe
HEKOTOPbIX BOIIPOCOR, HAa KOTOPLIe OGBIYHO He o6paliiaeTcs: oMxHOro BHuManus. Kpome
TOTO, NPHBOAHTCS OPUEHTHPOBOYHHI Nepeuenb naparpadoB JHGO OTAENbHHX ab3alles,
paccMOTpeHHe KOTOPHIX He 00s3aTeIbHO B CJy4Yae HeXBAaTKH BPEMEHH HA H3yueHHe
Kypca B mojHoM obbeMe. DTOT mepeyeHb OTPAXKACT JIHYHYIO TOUKY 3DEHHs aBTOpa
H HOCHT JIMIIb DPeKOMeHAAaTeJbHBI XapakTep.

1. MHorue Qusuyeckue BeJHYHHBI SBJSIOTCA BeKTODHBIMH. [loaToMy xopoiee
YCBOeHHe CBeJleHHiI O BEKTOpax, coflepxKamuxcs B § 2, apJjsercs HeoGXOAUMON mpef-
MOCBIIKOR ycnmemHoH paGoTbl HajJ KHUIOH.

Crnenyer o6paTiTh BHUMAaHHE HAa HETOXJECTBEHHOCTb Bhipaxenuii |Aa| (aau |dal)
H Aa=ﬂa| (nnn da=d|a|). MiHorna BCTpeyaercsi cMeIlleHHe 3THX JABYX BblpaXKeHHil.

2. TloHsTHe cpefHero HrpaeT B GH3NKe BAXHYI0 poJb. ITo3TOMy HYXHO H0GHTHCH
xopotuero ycBoenus ¢opmya (3.20) — (3.22). CnenyeT NOMHHTB, 4TO CpefHHE GBIBAIOT
pa3Hble: MOXXHO F'OBOPHTB O CPEIHEM IO BPeMeHH, CPeAHeM MO OTPe3KY JIHHHH (HanpH-
Mep, IO YYacTKy TPaeKTOpPHH), MO NOBEPXHOCTH, NO 0GbeMy, CpelHeM N0 YacTHIaM
T I

IonesHo noMHNuTB, YTO CpefHee MO MEPHOLY OT KBajpaTa CHHYCAa WJIH KOCHHYCA
paBHo 1/2. D10 U36aBUT B pAAE CAYYaeB OT HEOOXONUMOCTH BEIUMCASATH COOTBETCTBYIO-
1L[{e MHTETpasbl.

3. BMecTo HeOZHO3HAYHOrO TePMHHA «H3MEHEHHe» HYXKHO MOJb30BAaTbCS TOYHLIMH
TePMHHAMH «[IpHpaLleHHe» U «yObLIbY (CM. MOACTPOUYHOE NPHMeYaHHe Ha cTp. 77). Yacro
BCTpeyalolieecs npeay6exxieHHe NPOTHB STHX TEPMUHOB OGYCJIOBJIEHO TeM OGCTOSTENb~
CTBOM, YTO TEPMHH «NpHpallleHHe» acCOUMHPYETC C YBeJHYeHHeM, BO3PacTaHHeM
BEJMYHHLL, 4 TEPMHUH «yObLIbY ACCOLMUPYETCS C YMEHbLIECHHEM, YORIBaHHEM BEJIHYHHHL.
OTH accouMalud HenpaBoMePHbl, HX Halo OTOPOCHTb M HCXOAMTb H3 ONPele/NeHHI:

npHpalleHne = Agopean — Tavaaen = Aa (Wn da),
YOBWIb = Qyayagen — Axoneun = — Aa (n1n —da).

W3 onpenenennit BEITEKaeT, YTO W NpHpalleHHe, H yObLIb ABASIOTCA anre6pandeckKHMH
BeNMUMHAMH, T. €. MOT'YT GBHITh He TOJBKO MOJIOXHTENbHBIMH, HO M OTPHLATEJNbHBIMH,
B cayuae orpuIaTebHOTO NpHpalleHHs JaHHAs BeJIHYHHA He BO3PACTaeT, a yMeHblla-
eTCsl; B C/Iydae OTPHIATENbHON YObIIN JaHHAsl BeJIHUHHA He YMEHbLIAETCs], & BO3PACTaeT.
Yro6bl NOKa3aTh HEAOCTATOYHOCTb TEPMHHA «H3MEHEHHE», COIOCTAaBHM JBe

thopMyJIHL:

A12=T2—-T1= AT (CM. (191 1)),

Apa=U;—Us=— AU (cm. (22.1)).

B nepByto ¢opMyJy BXOZUT I1 p U p @ Ii{ € H ¥ € KHHETHYeCKOH SHePrUH, BO BTOPYIO —
y 6 Bl J1 b NOTEHUHANLHOM 5HepTrHH. EcaH moJb30BaThest B OGOMX CJydasX TEPMHHOM
«H3MEHEHHE», TO XapaKTep M3MEHEHUSI OCTAaeTCs HeorpefeseHHbIM.

4. B § 14 «Ynpyrue cuibl» MOXXHO OIDAaHHUHTBCS H3YYeHHEM TOJBKO MEpBEIX
a63aleB, B KOTOPHIX HAET peub O 3aKoHe ['yKa A npyxuHel. OCTaqbHYIO 4acTb napa-
rpada, HauuHas ¢ abuasa, B KOTOPOM NpuUBOAHTCs (opmysa (14.3), MOXKHO ONYCTHTB,
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CootserctBenHo B § 20 «<PaGora» MoxxHO He paccmaTtpuBaTtek (opMyay (20.3), a B § 25
«DHeprus ynpyroii nef)bo MallMH» MOXHO He paccMaTpuBaTh dopMyast (25.2) — (25.5).

5. Iaparpader 3 «Elnml(eﬂne B HeHTpaJbHOM noJie cuii» M 31 «3ajaua AByx Tes»
MOXHO ONYCTHTb.

6. B §34 «Cuna Kopuroancas MOXXHO OrpaHHUHTLCS BHBOZOM (opmyJst (34.3) aas
cayyasi ABHMKEHHS TeJla M0 OKPY2KHOCTH H BbICKa3aThb 6e3 I0Ka3aTeJbCTBa YTBEPKAEHHE
0 ToM, 4TO 3Ta hopMyJsia ClpaBeljIHBa H B JI060M ApyroM cayuae. Hacte maparpada,
HauHHAIOILYI0C ¢ a63aila, B KOTOpOM cofiepxutes popmya (34.4), n 3akanuHBarOLLyI0-
cs ab3aneM, B KOTOpoM JaHa ¢opmyda (34.16), MOXKHO HCKJIOUHUTB.

7. Iaparpad 35 «3aKoHB COXpaHEHHSl B HEMHEPUHAJbHBIX CHCTEMaX OTCUETa»
MOXKHO ONYCTHTb.

8. INaparpad 40 «[lousiTHe 0 TeH3Ope HHEPLHH» MOXHO HCKJIOYHTb, PABHO KaK H
BTOpYIO 4acth § 41, B KOTOpOil BHLIBOANTCH BbIPaXKeHHe KMHETHYECKOH SHEeprHH yepe3
TeH30p MHepnuH. OfHAKO caelyeT oOpaTHTh BHUMaHHe y4aIlHXCs Ha TO, 4TO Gopmyaa
(41.1) cnpaBepHBa JHIIb B HEKOTOPHIX OCOOLIX CydasXx (cM. nociefHuit a6say § 41),

9. I'Faparpacp 44 «'MpocKonmbl» MOXHO HCKJIOUHTb.

10. B § 46 «['paBuTanHoHHOe MOJe» MOXHO ONYCTHTb BTOPYIO 4YacTh, HauHHalo-
mylocsi ¢ asana, caefyouero 3a dopmysnoit (46.7).

11. B § 47 MOXHO ONYCTHTb ONHCAHHE ONBITA TBelnA.

12. B § 60 «Boinyxneunnsie KojieGaHHsI» JOCTATOYHO PACCMOTPETh TOJBKO ONHH M3
IBYX NIpHBEJEHHHX CIIOCO60B HaXOMJAEHHS 9aCTHOTO PelleHHs: JIM6O CIoco6, HCnoJdb-
3YIOIHH KOMINVIEKCHYIO OYHKUMIO, JHGO cmocol, HCIOJb3YIOMMH BEKTOPHYIO JHa-
rpammy.

P 13. B § 63 npeo6pasoBarns Jloperna MoxHO jAaTh. Ges BbiBoja. LlesecooGpasno
3BMIOMHHTH 3TH npeobpasoBanus B popme (63.17).

14. B § 68 sbiBOA hopMyurbl (68.4) MOXHO OMYCTHTD.

15. T'maBy IX «[HapoaMHaMHKa» B MHHHMAJbHLIH BapHaHT NPOrDAaMMEI MOXXHO
He BKJIOYaTh.

16. B § 95 «Hucao ynapoB MOJIEKYJE O CTEHKY» MOMKHO OT'PAaHHUHTHCH YNPOINEH-
HBIM BBIBOAOM GopMy.nt (95.7), oTMeTHB, UTO GoJiee CTPOTHH BLIBOA NPHBOAHMT JIHLIb K
GoJlee TOYHOMY 3HAUEHMIO WHCIOBOro Kosdduuuenra: 1/4 smecro 1/6. TekcT xe, co-
Aepxauuit opmydnl (95.1) — (95.6), MOMCHO HCKJIIOUHTD.

17. B § 96 «JlaBieHHe Fa3a Ha CTEHKY» TaKike MOXHO OTPaHHUHTLCH BHIBOJOM
¢opmyan (96.4), onycTHB BHIKJIAJKH, NPHBOAAMMe K dopMynaMm (96.1) u (96.2). Cie-
Jlyer NMoA4YepKHYTh, YTO, HECMOTPS Ha YNpOIIEHHHIA BLIBOJ, Pe3yJabTaT LIS JAaBJIEHHS
NoJyYaeTcss TOUHHM BIUIOTh N0 3HAaYeHHS YHCJIOBOro KosdbHmmeHTa.

18. B § 98 «Pacnpenenenne MakcBesia» MOXKHO He PacCMaTpHBaTh BHIBOA QyHK-
it (98.13) n (98.14), a Takke BHIYHCJIEHHE 3HAUEHHS! HOPMHPOBOYHOTO MHOXKHTeAsl A
H HaxoiKJeHue BhIpaxkenus (98.26) ais cpepHell CKOPOCTH MOJIEKYJ.

19. B § 103 «2uTtponusi» MOKHO ONYCTHTb TeKCT, HauHHalOWHicA ¢ a63aua,
cnenytomero 3a gopmyasoit (103.4), n sakarumBalpommiics nepex dopmyuoft (103.20),
OrpaHHYHBIINCH YTBEPXKIeHHeM: «MOXHO IMOKa3aTh, YTO B XOfie 06paTHMOro Ipoliecca,
CONPOEOKAAIONIETOCsl COOBIIEeHNeM CHCTeMe H3BHe KOJAHYecTBa Tenyia d'Q, SHTPONHsA
CHCTEMBI NOJTy4aeT NpHpalllelHe, onpefensiemoe popmyaoit (103.20) (noayuaromas us-
BHe TeIVIO CHCTeMa sIBJISIeTCS HEM30JHMPOBaHHOH, NMO3TOMY ee SHTPOMHS He 06s3aHa
COXPAHATBCA B XOIe IpOILecca)».

20. IMTaparpager 106 n 108 MOXHO ONYCTHTB.

21. B § 109 «TepmonnHaMHyecKHe ITOTEHIHAJbY MOXHO OTPAHHUYHTBCH PACCMOT-
peHHeM JIMIIb TeKCTa, OTHOCAMErocs K CBOGOAHOH 3Hepruu, Ao ¢opmynw (109.12)
BKJIOYHTEJIHO.

22. B § 111 «Knaccudukanus KPHCTAIIOBS He CJeAyeT CTapaTbCs 3aMOMHHTb
Ha3BaHUS1 H ONpelesIeHHsl KPHUCTAIOTpadHuecKHX CHCTEM.

23. Tlaparpad 113 «JleekTsl B KpHCTaNIax» MOXKHO HCKJIOYHTb.

TlonyepkHeM emme pas, YTO MPHBENEHHBIH NepeueHb COKpAILEHHH sBAseTCs Cyry6o
OPHEHTHPOBOYHEIM. B 3aBHCHMOCTH OT OGCTOATENBCTB OH MOMeET OLITh M3MEHEH WJIH
PacIIMpeH IO YCMOTPEHHIO NpenojaBaTess.



BBEJEHHE

du3uka ecTb HayKa O HauGosee o6GmMUX CBOHCTBax M
(opmax ABHXKEHHS MaTepHH.

- Knaccuueckoe onpezesnenue matepust naHo B. U. Jlenu-
HHIM B €ro KHure «MatepuanuaM H SMIHPHOKPUTHIM3M»:
«Marepusi ectb ¢Hs0CcOdCKas KaTeropus Aj1s 0OO3HaYeHHs
OGBEKTHBHOI peasibHOCTH, KOTOPAas JaHa YeJIoBeKY B OllyLie-
HHUSIX ero, Kotopas Konupyercs, ¢ororpadupyercs, orobpa-
JKaeTcsl HallMMH OLIYLIEHHSMH, CYLIECTBYS HEe3aBHCHMO OT
HUX» 1). B 3TOM onpeliesieHHH CYLIECTBEHHbI ABa MOJOXKEHHSI:
1) marepust — 3TO TO, YTO CYIIECTBYeT OOBEKTHBHO, T. €.
He3aBHCHUMO OT Ybero OBl TO HH GbLIO CO3HAHHS HJIM OMLYILle-
HUll, U 2) MaTepus KONHPYeTCs, OTOOpa)kaeTcsi HAaIUIHMH
OIYIIEHHSMH M, CJe[JoBaTeJbHO, II03HaBaeMma.

W3 omnpenenenns ¢U3NKH CIeayer, UTo B Hel cocpeno-
TOYMBAETCA yuYeHHEe O HaubGoJsiee OOIIUX CBOACTBAX U sIBJeE-
HUSIX BHellHero mupa. Kak oTmeTus B OZHOH W3 CBOMX CTa-
telt akazemuk C. M. BaBunos, «npenenbHast o6mHOCTb 3Ha-
YHTEJbHOH 4acTH colepxkaHus (U3UKH, ee (HaKTOB H 3aKo-
HOB HCKOHHM cOmmxkana ¢usuky ¢ ¢usocodueii... Mnorna
¢u3Mueckye YTBepKIEHHS MO CBOEMY XapaKTepy TaKOBBHI,
YTO HX TPYAHO OTJIMYHUTb M OTHEJHTb OT (HUI0CODCKUX
yTBepKIeHHH, U (UK 00s13aH OHITH GuI0cOdHOMY.

B Hacrosimee BpeMsi M3BECTHBI ABa BHJA MaTepHH: Be-
mecTBo U nose. K mepBomy BuAy MaTepHH — BeIIECTBY —
OTHOCSITCS, HalpuMep, aTOMbl, MOJIEKYJBI H BCe IOCTPOEH-
Hble M3 HHX Teja. Bropoii Bujy Matepuu o6pasyioT 3JeKTpo-
MarHuTHEIE, T'DaBHTAIMOHHBIE H Ipyrue noss. PasjudHble
BHIBI MaTepHH MOTYT IpeBpamiaTtbcsi APYr B Apyra. Tak,
HanpuMep, 3JIEKTPOH U TO3HUTPOH (IpeACTaBJsAOUIHe COGOH
BEII[ECTBO) MOTYT MpeBpauiaTtbcs B POTOHHI (T. €. B 3JEKTpO-
MarHuTHoe mnoJse). BosmoxkeH ¥ oOpaTHBII mporecc.

1) B.U. Jl e u u u. ITonnoe co6panne counnenui, . 18, crp. 131,
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Martepusi HaXoIMTCS B HENPEPHIBHOM IBHXKEHHM, IO
KOTOpHIM B JHaJeKTHYeCKOM MaTepHanusMe !) HOHHMaeTcs
BCSIKOe M3MeHeHHe BooGlue. [lBHXkeHHe npeicrasisieT coboi
HeoTheMJIeMOe CBOHCTBO MaTepHH, KOTOPOe HEeCOTBOPHMO
H HeyHHUYTOXHMO, KaK H caMa Martepus. Matepusi cyiiecr-
ByeT W IBHXKETCS B NPOCTPAHCTBe M BO BPEMEeHH, KOTOpLIE
ABNAI0OTCA ¢dopMaMu OBITHA MaTepHH. ’

®dusnueckre 3aKOHBl YCTAaHABIHRBAIOTCS Ha OCHOBe 0606-
LNeHHS ONBITHBIX (PAKTOB M BLIPAKalOT OOBEKTHBHEIE 3a-
KOHOMEPHOCTH, CYILECTBYIOIIHE B mpupole. ODTH 3aKOHHI
06bIYHO (HOPMYJIHPYIOTCS B BHJE KOJHUYECTBEHHHIX COOTHO-
IIEHAH MewIy DPasJMYHBIMH BeJHYHMHAMH.

OCHOBHBIM METOZOM HCCJeNOBaHHs B (H3HKe sIBISercs
ONBIT, T. €. HaOJIOJieHNe HCCJIeLyeMOro SIBJeHUST B TOYHO
KOHTPOJIHPYEMBIX YCJOBHSX, IO3BOJAIOMIUX CIAEIHTH 3a
XO/IOM ABJIEHHSl M BOCCO3/1aBaThb ero KaK/Abl# pas3 NpH mo-
BTOPEHHH 3THX YCJOBHH. DKCNEPHUMEHTAJNbLHO MOTYT ObITh
BbI3BaHbl SIBJIEHHS, KOTOpPble €CTeCTBEHHO B HPHUPOJE He
HaGmoznatotcsi. Hanpumep, W3 yHcia M3BeCTHBIX B HACTOSI-
Llee BpeMa XHMHYECKHX 3JeMeHTOB 0oJiee JIECATH B IPUPOJE
noka He OGHapyxXeHbl H GBUIH TOJYYeHBl HCKYCCTBEHHBLIM
NyTeM C NOMOILBIO SIIEPHBIX PeaKlH.

Jlss o0bsicHeRHsT SKCNepHMeHTaJbHBIX JaHHBIX HPHBJeE-
Kalorcsl runotessl. I'mnoresa — 3To Hay4yHoe NpenIoJokKe-
HHe, BBbIABHraeMoe M9 OODBSCHEHHMA KaKoro-iu6o c¢akra
WM SIBNeHHST W Tpefyiolllee NPOBEPKH H JI0Ka3aTeTbCTBA
JJis. TOTO, uyToObl CTaThb Hay4YHOH TeopHeH HJM 3aKOHOM.
TlpaBUJIbHOCTL BHICKA3aHHOH TUNOTE3bl NPOBepsieTcs Io-
CPEACTBOM IIOCTAHOBKHM COOTBETCTBYIOLIMX OIBLITOB, NMyTeM
BBHISICHEHHSI COTJIACHS CIE€ACTBHH, BLITEKAOINX U3 THIIOTE3HI,
C pe3yJILTaTaMH ONBITOB M HaOMIONeHHU. ¥YcreuHo npoien-
Hiasi TaKylo NPOBepKY H JOKa3aHHAas THIOTe3a NpeBpauia-
eTcsl B Hay4HBIH 3aKOH HJIH TEODHIO.

®dusnyeckass TeopHsl IpenCTaBjsieT COOOH CHCTEMY oOcC-
HOBHBIX HIefl, 0OOOCLIAIOIIMX ONBITHEIE JaHHBIE M OTpaxKa-
IOIMX OGLEKTHBHBlE 3aKOHOMEPHOCTH npuponsl. Ousuye-
CKast TeopHsl JiaeT OOBsICHEHHe IeJOH 00JIaCTH SIBJIEHHH
MPUPOILl C €NWHOH TOYKH 3peHus.

1) MuasneKTuYecKHi MaTepHaJH3M — (hHIOCODHS MapKCH3Ma-JieHU-
HHU3MA, HaAyyHOe MMpPOBO33peHHe, BceoOmME MeTOX NO3HAHMS MUpa,
HayKa o HauGoJjee OGUINX B3aKOHAX ABHIKEHHMS M PAa3BHTHS NpPHPOIHI,
ofLiecTBa K MblTeHUs, JuaneKTHYeCKHH MaTepHaJn3M OCHOBLIBAETCS
Ha JOCTHXEHMSX HAYKH H NepelloBOil OGLIECTBEHHOH TNPaKTHKH, IIO-
CTOSIHHO pa3BuBaeTcsi M oboramtaeTcsi BMecTe C HX IIporpeccom,
JluaneKTHUECKHH MaTepHaJiaM — BhICcuIast ¢opMa MaTepHaauama, npex-
cTaBasioulas coGoil HTOr Beceil NpeAUIECTBYIOUIEH HCTOPHM pasBHTUSA
dutocodcKoll MBICIH,
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Ou3uKy noApaseNslioT Ha TaK HaspIBaeMYIO KJjaccHuec-
KXylo ¢U3MKY M (u3MKY KBaHTOBYIO. KJjaccuueckoli Hasbl-
BaeTcsl Ta (M3MKa, CO3JlaHHe KOTOPOH OBbLJIO 3aBeplleHO
B nauame XX croserusa. Hauano knaccuueckoil pusuxu
6b110 moJioxkeHo HetoToHOM, chopMyNTHPOBABILINM OCHOBHbIE
3aKOHBI KJ1aCCHUeCKO# MexaHHKH. HblOTOHOBCKast MexaHuKa
OKasaJlaChb HAaCTOJIbKO IIJIOZOTBOPHOH, HacTOJBKO MOTYLie-
CTBEHHOH, YTO Yy (H3HKOB CJOXKHJIOCH IMpeJCTaBJeHHe
0 TOM, YTO JI00oe (H3HUUecKoe siBJeHHE MOXHO OGBSICHHTh
C NOMOILBIO HbIOTOHOBCKHX 3aKOHOB.

CoszaHHOE K KOHIY IIPOLIJIOrG CTOJIETHS 3JaHHe KJac-
cHYecKOH (M3UKH OBbLIO OYeHb CTPOHHBIM. DBosblyHCTBO
(u3HKOB ObLIO Y6eXKIEHO B TOM, YTO OHH y:Ke 3HAIOT O MpHU-
polie Bce, 4TO MOXHO Obwio y3Hath. OnHako HauGoJee npo-
HHUATe/bHble (PU3HKM IOHHMAJH, YTO B 3J@HHH KJaccHue-
cKoil pu3HKM ecTh cabble Mecta. Tak, HanpHmep, aHIVIMH-
ckuii ¢usux Y. Tomcon (oH ke Jopa KenbBuH) rosopmui,
YTO Ha rOpU30oHTe Ge306s1auHoro Heba KJjaccuuecKol ¢pH3HKH
HMeIOTCSI JIBa TeMHBIX o6JsiayKa: Heyjaya NONBITOK co3jia-
HHS TEOPHH M3/1yYeHHs1 aGCOJIIOTHO YEPHOT'O Tesla ¥ IPOTHBO-
peunBoe IIOBefleHHe 3GHpa — rUIOTETHYECKOH cCpelnpl, B
KOTOPOH NpeJmnosaraloch pacnpocTpaHeHHe CBEeTOBEIX BOJH.
HacrofiunBbie NONbITKY NPEONOJIETb 3TH 3aTPYAHEHUS] NPH-
BeIH K HEOXHJAHHEIM peayjbTataM. J[1s Toro 4ro6el pe-
IIHTb NpobJ/eMbl, OKa3aBILHeCcs HEMOCHJbHBIMU JAJIs KJacCH-
YyeCKOH (PU3HKM, HpPHUILJIOCh KOpPEeHHbIM 00pa3oM IMepecMoT-
peTh CJIOXKHBIIHECS, NPUBLIYHBIE NPEACTaBJCHHS WU BBECTH
MOHSITHSA, 4YYXKIble AYXY Kiaccuyeckoii ¢usuku. Bpeps
npejcraBieHde 06 HCHYCKAaHHH CBeTa OTHE/JBbHEIMH MOPLH-
MU — KBaHTamM, Makc [lnauk (1858—1947) B 1900 r.
pelna 3agauy o6 H3JyYeHHH aGCONIIOTHO YepHOro Tesda.
Takum o6pa3oM, Ha nopore XX CTOJETHsI NOSIBHJIOCH TOHS-
THe KBaHTa, Hrpawoiliee B COBpeMeHHO!H (H3HKe HCKJIOYH-
TeJIbHO Ba*KHYIO POJib U NpHBeJIlee K CO3JaHHIO KBAaHTOBOM
MeXaHHKH.

ITpoTHBOPEYHBOCTb OMBITHHIX (DaKTOB, Kacaromuxcs sdu-
pa, no6yxuna AnbGepra Ditnmreiina (1879—1955) nepecmor-
peTh cuuTaBuiHecsi co BpemMeH HbloTOHa OueBHAHBIMH Dpen:
CTaBJICHHS] O IIPOCTPAHCTBE M BpeMeHH. JTO NpHBEJIO K
CO3JIaHHIO TEOPHH OTHOCHTEJILHOCTH, KOTOpasi JaeT JJis Tel,
IBHXKYIIUXC CO CKOPOCTSIMH, 3aMETHBIMH [O CPaBHEHHUIO
CO CKOPOCTbIO CBeTa, YpaBHEHHsl JBHUIKEHHS], CYLIECTBEHHO
OTJIMYalollecss OT YypaBHeHHH HBIOTOHOBCKOH  Mexa-
HHKH.

B 1897 r. Gbl1 OTKPHIT 3JEKTPOH, NMPHUEM BHISICHHJIOCH,
YTO 3/I€KTPOHBI BXOZAT B COCTAB aTOMOB BCEX XHMHYECKUX
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aneMeHTOB. TakuM 06pa3oM, ObLIO YCTAHOBJIEHO CJIOXKHOE
CTpPOEHHE AaTOMOB, CUHTABLIHXCS NPEXKIE HeNeJIHMBIMH.

Hrax, nauano XX BeKa 03HaMEHOBAJIOCh B (PH3HKe
KOpEHHOH JIOMKOH LeJoro psiia NPHBBIYHBIX NOHATHH U
npeacraBjenuii. HoBrle ¢usnueckue OTKPHITHS M TeOpHH
paspyliajy CJOXKHBIIHeCcs Y (PH3MKOB MNpEACTaBJEHHS O
CTPOEHHH BeleCTBa, YTO OBLIO BOCHPHHSATO HEKOTOPHIMH
¢u3UKaMH KaK HCYe3HOBeHHe MaTepuH. MHorue ¢u3UKH
BlAJK B HIeaNU3M H Hauajlcss KpH3HC (U3UKH.

Jlenun B KHure «MarepHa/iu3M U 3MIHPHOKPHTHIH3MY,
HanucaHHo#i B 1908 r., nanm YHHUTOXKAWILYI0 KPHTHKY
«puanyeckoro» upeanuama. OH MoKasaJj, YTO HOBble OTKpHI-
THS CBHJETEJbCTBYIOT He 06 HCYe3HOBEHHH MaTepHH, a 06
HCUe3HOBEHHMH TOTO INpejesa, 0 KOTOPOro 3HaJH MaTepHIO
Jo Tex mop. «, Matepus ucuesaer”,— nucax B. . Jlennn,—
5TO 3HAYHUT HCYe3aeT TOT mpeles, A0 KOTOPOTO Mbl 3HaJH
MaTepHIo 10 CHX MOp, Hallle 3HaHHe HJeT I1y0xkKe; HCUe3aroT
TaKHe CBOHCTBA MaTepUH, KOTOPhIE Xas3aJHChb paHblle
aGCOJIIOTHEIMH, HEM3MEHHBIMH, NIe€PBOHAYaJIbHBIMU (HENMPOHHU-
LIaeMOCTb, HHEPIHsI, Macca U T. 1.) H KOTOpHIe Tenepb OOHa-
PYXHBalOTCSl, KaK OTHOCHTeJIbHBIE, NPHCYIIHE TOJBKO He-
KOTOpbIM cocTosiHusiM Matepuu. H6o edurncmsenroe | cBOM-
CTBO” MaTepuH, C NpH3HAHHEM KOTOPOro CBsi3aH (uI0COGD-
CKHH MaTepHaJii3M, eCTb CBOHCTBO Obimb 00BeKMUBHOLL
PeasbHOCmb0, CYLIECTBOBaTh BHE HAlero CO3HaHMsI» ).

IMpouecc nosnanust mupa Geckoneuer. Hamm 3Hanus
Ha KaXJoH JaHHO! CTyNeHH Pa3BUTHS HayKH OOYCJOBJIEHE!
HCTOPHYECKH JOCTHIHYTHIM YPOBHEM INO3HAHHSI M HE MOLYT
CYMTATBCS] OKOHYATe/JbHBIMH, NOJHBIMH. OHM MO HeoGXonu-
MOCTH SIBJISIIOTCSI OTHOCHUTEJbHBIMH 3HAHWSMH, T. €. HYX-
JaloTcd B JajbHeHIeM pasBHUTHH, B JajibHeHIed nmpoBepKe
H YTOUHeHHH. BMmecTe ¢ TeM, BCcSKasi NORJMHHO Hay4Has
TEOPHS, HECMOTPSl Ha CBOIO OTHOCHTEJNILHOCTb U HENOJIHOTY,
COIEP2KHT 3JIeMeHThl a6COJIIOTHOrO, T. €. MOJIHOTO 3HaHMS,
03HayaeT CTyNeHb B NO3HAHUH OGBEKTHBHOrO Mupa. Hanpu-
Mep, MeXaHHKa, OCHOBaHHasl Ha 3akoHax HpioToHa, cTporo
roBopsi, HeBepHa. Ho Jjis1 HeKoToporo Kpyra sBjIeHHi 5Ta
MeXaHHKa BIIOJIHE YJAOBJETBOpHUTeNbHa. Takum o6pa3om,
pa3BHTHE HaYKH He IepeYepKHYJO HBIOTOHOBCKYIO MeXa-
HEKY, OHO TOJIbKO YCTAHOBHJIO NpelesEl, B KOTOPLIX OHa
crnipaBefyiiBa. HBIOTOHOBCKasi MeXaHHKa BOLLJIA KaK COC-
TaBHAs 4yacTb B ofllee 3[aHHe (U3NUECKOH HayKH.

Havano XX Beka Xxapakrepusyercss HacTOWYNBBLIMU
NoNbITKAMH NPOHHKHYTH BO BHYTPEHHee CTpPOEHHE aTOMOB.

1) B. M. Jl e 1 u u. Ioxnoe cobpanue counnenntt, 1. 18, crp. 275.
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KJnioyoM K BBHISICHEHHIO CTPOEHHS] aTOMOB MOCJYXHJIO H3Y-
YyeHHe AaTOMHBIX CNeKTpoB. IlepBelff pasuTesbHBIT ycnex
B 00OBsSICHEHUH HabJIOfaeMbIX CIEKTPOB IPHHECTa Teopust
aroma, pasutas Humscom Bopom B 1913 r. Onnako 3Tta
TEOPHs] HOCHJIA SIBHblE YepThl HeoC/elOBaTeIbHOCTH: Ha-
PNy C NOAYMHEHHEM LABHKEHHS 3JIEKTPOHA B aTOMe 3aKOHaM
KJIACCHYEeCKOH MeXaHHKH, OHAa HaJjaraja Ha 3TO JBHXKeHHe
crielHajibHble KBAaHTOBBIE OUPaHHYEHHS. 3a 3TY HEMOCJeNo-
BaTEJLHOCTb TEODHH BCKOPE MPHILIOCL pPaCIJIaTHTbCA.
ITocne nepBBIX ycneXoB B OOBSICHEHHH CHEKTpa IpOCTeH-
1Iero atomMa — BOJIOPOJAa — OGHApYXuJach HeCroCoOHOCTb
Teopun bBopa oObsCHHTb MOBefleHHE aTOMOB C JABYMS H
GOJIBLINM YHCJIOM 3JIEKTPOHOB.

Haspena HeoGXonuMOCTb CO3JaHUSI HOBOH UEJIOCTHOR
Teopun atoMoB. Hauano cosnanHuio TakoH Teopuu OBLIO
nosnoxeHo B 1924 r. cmenoit rumoresoit Jlyun ge Bpoilas.
K Tomy BpemeHH OBIIO H3BECTHO, UTO CBeT, GYAYYH BOJIHO-
BbIM IIPOLIECCOM, BMECTe C TeM B psje ciaydaeB OGHapyxXH-
BaeT KOPHYCKYJSIDHYIO NpHpOAY, T. €. BeleT cebs Kak
noTok yactuu. e Bpofiib BricKasasa MBICHb, YTO U UaCTHIbI
BellleCTBa, B CBOIO Ouepelb, JOJKHbI OOHApYKUBATb INPH
omnpefie/IeHHbIX YCJIOBHSIX BOJIHOBHIE cBoficTBa. I'umoresa
ne Bpoilns Bckope mnoayunsa GJecTsilee SKCIepHMeHTab-
HOe MOATBEepKAeHHe: OblJIO JI0OKa3aHO, YTO C YaCTHULIaMH Be-
1ecTBa CBfI3aH HEKUH BOJIHOBOH NPOLECC, KOTOPHIH NOJ/IKeH
OBITH YuTeH NMpPH pacCMOTPEHHH MeXaHHKH aToma. Pesysbra-
TOM 3TOTO OTKPHITHS OblIO co3faHue DpBuHoM llpenunrepom
u Beprepom I'efizen6eprom HOBOH (pU3HYECKOH TeOpHH —
BOJIHOBOH HJIM KBaHTOBOH MeXxaHHKH. KBaHTOBasi MexaHHKa
JIOCTHIJIa NOPAa3HTeNIbHBIX YCIEXOB B OGBSICHEHHH aTOMHBIX
NpOLECCOB M CTPOEHHs BelllecTBa. B Tex ciyvasix, Koria
yJaJoch NpeoJioJieTh MaTeMaTHYeCKHe TPYIHOCTH, GBUIM MO-
JIyYeHBl Pe3YJbTaThl, PEBOCXONHO COIJIACYIOUIHECS C OMNbl-
TOM. !

ITocnennue necsTH/IETHST O3HAMEHOBAJIMCh 3aMeyaTelib-
HBIMH JOCTHXKEHHSIMH B 00GJIaCTH HU3Y4YEeHHs aTOMHOTO sipa.
YueHble U HHXXEHEDbl B TaKOH CTeNeHH OBJafieNH s1epHbIMH
npoueccamM, YTO CTajJ0 BO3MOXHBIM TPAKTHYECKOE HCIIOJb-
'30BaHMe siiepHoi sHepruu. CoBeTCKOH (DH3HKe MPUHAIJIENKUT
B 3TOH 06/1aCTH OJHO U3 BeyIIuX mecT. B yactHoctH, B CCCP
6blla co3JaHa NepBasi B MHpe aTOMHas 3J€KTPOCTAHIIMA.

Hakonen, B nocjiefHne romwl CTeHbl J1aGopaTopuii, co3-
JlaHHBIX PYKaMH Ye/IoBeKa, OblH Pa3JBHHYTH 332 Hpelessl
3semHOro mapa. 4 oxtsabps 1957 r. B Coserckom Corose
BIepBble B HCTOPHH ObLT 3aMyLIeH HCKYCCTBEHHBIH CMYTHUK
3emJH, KOTOPBIH MpeacTaBisi co6oil HeGoabiuyio saGopaTo-
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pHIO, OCHAIEHHYI0 Hay4YHO-HCCJIENOBAaTebCKOA anmnapary-
poit. 12 anpensa 1961 r. coBepinics nepBuiil B MUpe MHOJeT
yeJloBeKa B KOCMHYeCKoe MPOCTpaHCTBO. [lepBrlil coBeTckuit
KocmonaBT IOpuit AnekceeBuu IarapuH ofjeteq BOKpyr
3emnn u GaaromosnyyHo mnpusemiudcs. B CoserckoM ke
Cotose 6blIM CO3JaHBI NEPBbie KOCMUYECKHE PaKeThl, KOTO-
pble MOKHHYJH Cchepy 3eMHOrO INPHTSKEHHS H mepenasH
Ha 3eMJII0 C MOMOIIbI0 PaJHOCHI'HAJOB LEHHbIE Pe3yJibTaThl
HCCJIeJOBAHUI KOCMHYECKOI'0 MPOCTPAHCTBA H, B YACTHOCTH,
dororpapuu obpatHoit croponsl JIyust. B 1969 r. amepu-
KaHCKHe acTpOHaBTHI NoObBasid Ha JlyHe. B 1975 r. age
COBETCKHE aBTOMATHYeCKHe CTAHIHH COBEPLIMJIH MATKYIO
nocaiky Ha Benepe M nepepanu ueHHylo HHpOpMauHiO 0
¢u3MUeCKUX YC/IOBHAX Ha 3TOH MJIaHeTe, a TakKxke (oTo-
rpajguH ee MOBePXHOCTH.

ITocnenune ronsl 03HaMeHOBANNCh GOJBIIMMH HOCTHXKE-
HHSIMH B O6/IaCTH (PM3HKH 3JeMEHTapPHBIX YacTHL, YNpaB-
JISIEMOTO TEPMOSIIEPHOTO CHHTE3a, KBAHTOBOH 3JIEKTPOHHKH,
($H3HKH TBepIOro Tela H T. I.

XXVII cpe3n Kommynucruueckoit maptuu CoBeTcKoro
Corosa yTBepJu/ B KauecTBe OCHOBHOH 3aJauH YCKOpeHHe
COLHA/JbHO-3KOHOMHYECKOTO Pa3BUTHs Hallel CTpaHbl, Y-
poueHue mupa Ha 3emae. [lJs pelleHds 3ToH 3ajauu He-
00XONNMMO YCKOpPeHHe HayuyHO-TeXHHYeCKoro mnporpecca, B
KOTOPOM BaXKHasi POJIb NPHHALIEKUT Hayke. B oGmactn
€CTECTBEHHbIX H TeXHHYeCKHX HayK CBe3J, [OCTaHOBHJI
pa3BHBaThb TEOPETHUECKYI0 H NPHUKJIAZHYIO MaTeMaTHKY,
MHPOPDMAaTHKY M KHOepHeTHKY, ¢H3HKY 3JeMeHTapHbIX
YacTHIl, aTOMHOIO fipa H TBepAOro Tena, MHKPO- H KBaH-
TOBYIO 3JIEKTPOHMKY M ONTHKY, PalHO(pH3HKY, a TaKxe
HcCliefloBaHHA B 00JIaCTH aTOMHOH M TepMOsSIiepHOH 3Hep-
TeTHKH, Tpeo6pa3soBaHHUSI H TNepefayd SJeKTPOIHEPrHH,
OCBOEHHS ‘HeTPaJHIMOHHBIX HCTOYHHKOB 3HepruH. Pelienne
3THX nNpoGJeM CO3JaCT HeOOXOJAHMble NPEINOCHUIKH st
KapAHHaNbHOTO YCKOPEHHSI Hay4YHO-TeXHHYeCKOro Iporpec-
ca M TeM CaMblM /ISl peWleHHS OCHOBHOH 3aJlayd — YCKO-
peHHsi coumanbHO-3KoHoMuueckoro passutuss CCCP.



YACTHbLI1
"®U3UYECKUE OCHOBbl MEXAHHUKH

TJTABA1
KHHEMATHKA

§ 1. Mexanu4eckoe JBHMKeHHE

Ipocrefiuteit ¢gopmoil IBHKEHHSI MaTepPHH SBJSETCS MeXaHHYecKoe
JIBMKEHHe, KOTOpPOe COCTOUT B NepeMelleHHMH TeJ HJIH HX 4yacTedl Apyr
OTHOCHTeNbHO apyra. Ilepemelnenus Tesl Mbl Ha6JiofaeM NOBCEIHEBHO
B o6bizeHHOH xu3HH. OTcioma cJjefyeT HarJIgJHOCTb MeXaHHYeCKHX
npeicTaBaeHu#. STUM ke OOBSCHAETCH TO, YTO M3 BCEX eCTeCTBEHHBIX
HayK MeXaHHKa MNpexJ]e APYrHX NOJIyuyHJa IIHPOKOe pa3BHTHE.

COBOKYIHOCTb TeJ, BbIeJNeHHasi IJIsi PacCMOTPEHHs, HasblBaercs
MexXaHHYeCcKoO# cHcTeMo . Kakue Tena cienyer BKIIOUHTD
B CHCTeMY, 3aBHCHT OT XapaKTepa pelllaeMoil 3ajayi. B yactHoMm ciyyae
CHCTEMa MOXKET COCTOSITh U3 OJHOrO-eAWHCTBEHHOro TeJsa.

Bbie 6bl10 yKa3aHO, YTO JABHXKEHHEM B MeXaHHKe Ha3blBaeTCs
H3MeHEeHHe B3aHMHOIO pacHosioXeHus Ten. Ecau Boo6pasuTb cebe
OTfesIbHOe H30JIHPOBAaHHOE TeJo, Haxojslleecsi B NPOCTPAHCTBE, Fle
HeT HMKAKUX JPYrHX TeJ, TO Mbl He CMOXeM TOBODHTb O ABHXKEHHH
TaKoro Tesa, MOTOMY YTO HET HHYEro, Mo OTHOLIEHHIO K 4eMY 3TO TeJso
Mor/io Obl H3MEeHATb CBoe noJsoxkeHne. Orclofa CleAyeT, YTO €CJU MBI
cobupaeMcsi H3y4YaTb JBHXKEHHE KaKOro-iubo Tesa, TO 06sI3aTesbHO
HYXXHO YKa3aTb, MO OTHOIUEHHIO K KaKHM JIPYTUM TeslaM IPOUCXOUHT
JlaHHOe [IBHXKEHMe.

JIBImXeHHe NPOHCXOAMT KaK B NMPOCTPAaHCTBE, TAK MU BO BpPEMEHH
(IpPOCTpPaHCTBO U BpeMsi — HEOTbeMJIeMble (JOPMBI CYIECTBOBAHHSI Ma-
Tepuu). [To3Tomy a1 onucanus ABHKEHHST HEOGXOAHUMO TaKXkKe ompee-
JSTh BpeMsi. DTO Jies1aeTcsi C TOMOLILbIO YacoB.

CoBOKYNMHOCTb HEMOJABHXKHBIX APYT OTHOCHTE/NBHO ApYra Tes, Io
OTHOILUEHHIO K KOTOPBIM paccMaTpyBaeTcsl ABHKEHHE, U OTCUHTHIBAIOLMX
BpeMs 4acoB ofpa3yeT CHCTeMYy OTCUETa.

JIBHKeHHE OHOTO U TOTO Ke TeJ1a OTHOCHTENbHO Pa3JHYHBIX CHCTEM
OTCYeTa MOXKET HMeThb pasHbiii Xapakrep. [lasi npumepa npeactaBum
cefe Habuparomuii CKOpocTh moesf. ITycTb Mo KOpHAOPY OXHOTO H3
BaroHOB 3TOTO I0e3Ja HAET C MOCTOSHHOH CKOPOCTBIO MaccaXup.
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Torza aBrkeHHe maccaxkMpa OTHOCHTENIHO BaroHa GyJeT paBHOMep-
HbIM, & OTHOCHUTEJBHO MOBEPXHOCTH 3eMJIH YCKOPEHHBIM.

On¥ucath ABHXKEHHE Tejla O3HayaeT YKas3aTb /ISl KaxKIOr0 MOMEHTa
BpEMEHH MOJIOKEHYE B NIPOCTPAHCTBE U CKOPOCTH TeJa. JJ/is Toro utoGhi
3aaTh COCTOSIHHE MEXaHMYECKOH CHCTeMbl, HYXKHO YKa3aThb IMOJIOMXKEHHUST
U CKOPOCTH BCeX TeJs, obpasylomiux cucremy. Tunuynasa 3ajaua mexa-
HHKH 3aKJIOYaeTcsl B TOM, YTOOBI, 3Hasl COCTOSTHHE CHCTEMBI B HEKOTO-
puifi HayaJbHBIH MOMEHT BPEMEHH f,, a TaKXe 3aKOHBI, yNpaBJsIollne
IBHXKEHHEM, ONpeAeJUTb COCTOSIHHS CHCTeMbl BO BCe MOC/eAyloLiye
MOMEHTHI BpeMeHH f.

O1MmeTyM, 4TO HH OfHA (pU3HUecKasi 3ajaua He MOXKET OHITb pellleHa
abcoJ1IoTHO ToyHO. Beersia nosyuator npubimxkeHnHoe periende. CreneHb
NpHOJNHKEHHsT ONpefiesIsieTCsl XapaKTepoM 3ajaud, LeJblo, KOTOPOH
XOTAT JOCTUYBb. Peluas 3ajnauy npuOJHKeHHO, NpeHeOperarT HeKOTo-
pbiMH (dakTOpamu, KOTOphle B JAHHOM CJiyyae He cyliecTBeHHB. Hanpu-
Mep, 4acTo MOXKHO ObIBaeT IpeHeOpeub pa3MepaMH Tesa, IBHXKeHHe
KoToporo usyuaercsi. CKaxeMm, NpH PacCMOTPEHHH IBHXKEHHs 3eMJH
Bokpyr CoJ/IHIA BIOJIHE MOXHO NpeHeGpeub pasmepamu 3emau. [lpu
5TOM OIMCaHHE JBUXKEHHS 3HAUHUTEJBHO. YNPOLIAETCS — IMOJIOMEHHE
3eMJM B HPOCTPAHCTBE MOXHO OIpeJeJHTb ONHOH TOUKOH.

Teno, pasmepaMyu KOTOpPOro B* YCJIOBHAX JaHHOH 3ajadd MOXKHO
npeHeGpeub, Ha3LBaeTcI MaTepHaJdbHOHR Tod4KoH Bonpoc
0 TOM, MOXHO JIH JJaHHOe KOHKDETHOe TeJIO pacCMaTpHBaTh KaK Mare-
pUaJIbHYI0O TOYUKY WJIH HET, 3aBHCHT He OT pa3MepoB 3TOro Tejla, a OT
yciaoBui 3azaud. OfHO H TO XKe TeJO B OXHHX CJIy4yasix MoxeT GObITb
COYTEHO 32 MaTepHaNbHYI0 TOUKY, B APYTHX 2Ke JOJ/IKHO paccMaTpH-
BaTbCi KaK NPOTSXKEHHOE TeJo. ,

l'oBopst 0 KaKOM-TO Tesle KaK O MaTepHaJ/ibHOMA TOUKe, Mbl aGCcTpary-
pyeMcs OoT ero pa3mepoB. Bropast aGcTpakuusi, ¢ KOTOPOi NPHXOAUTCS
HMeTb JeJI0 B MeXaHHKe,— 3T0 abCOJIIOTHO TBeploe Teno. B mpupoge
HET COBepILIeHHO HefiehopMupYyeMBIX Tes. Bcskoe Teso mox JeHcTBHEM
NPUJIONKEHHBIX K HeMY CHJI B GoJjbllell HIM MeHblleH cTeneHH Jedop-
MHDYETCsl, T. €. H3MeHsieT cBOIO Gopmy U pa3mepnl. OXHaKO BO MHOTHX
cnyyasx fgedopMauusiMH Tesl MPH PAcCMOTPEHUH HX JBH2KEHHH MOXHO
npesebpeub. Eciau 3T0 HMeeT MecTo, TO TeJIO Ha3bIBAIOT aBCOMIOTHO
TBepAbiM. TakuM o6pasoM, a6 COJIOTHO TBEPAHBM TEJHOM
Ha3pIBaeTCs TeJo, AeopManysiMH KOTOPOro MOXKHO B YCJIOBHfIX JaH-
HOH 3ajaud npeHeOpeyb.

Bcesikoe IBH:KeHHe TBEPJAOTO TeJla MOKHO Pa3JIOXKHTb Ha JBa OCHOB-
HBIX BHJA JIBUXKEHHI — NOoCTynaTeJbHOE H BpallaTeJb-
HOe. .

INocrynaTtenbHoe IBHXKEHHE — 3TO TaKoe IBHIKEHHE, IPH KOTOPOM
a06asi npsiMasi, CBsi3aHHasl ¢ IBHXYLIHMCH TeJIOM, OCTaeTCs napaJuienb-
Holl camoii ceGe (puc. 1.1).

[Ipu BpamarenbHOM IBHXXKEHHH BCe TOUKH Tesa JBHXKYTCA IO OK-
PYKHOCTSIM, IIEHTPBL KOTOPHIX JIEKAT Ha OJHOH M TOH XKe npsAMOH, Ha3bl-
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paeMoit ocblo BpameHnus (puc. 1.2). Ocb BpalleHHs MOMeET
HaXoauThCs BHe Tesia (cM. puc. 1.2, 6). .

[TocKo/BKY, TOBOPS O KaKOM-IM6O Tesle KaK O MaTepHasbHOH
TOUKe, Mbl OTBJIEKAEMCSl OT €ro MPOTSKEHHOCTH, MOHATHE BpallaTe/b-
HOTO IBUXKEHHS BOKDYT NpPOXOAALIEH 4Yepe3 HEro OCH K TaKOMY Tenly
HeIpHUMeHHMO.

Puc. 1.1, Puc. 1.2.

Jnst Toro 4toGbl MOJMYYHTH BO3MOMKHOCTH ONHCHIBATH JBHIKEHME
KOJIHYEeCTBEHHO, NMPHXOAUTCS CBSI3BIBATh C TeJaMH, 06pasyIoLlHUMH CH-
CTEeMY OTCYeTa, KaKylo-JH60 CHCTEMY KOO D LM H a T, HallpHUMep
JexaproBy. Torad nosoxenue MaTepuabHON TOUKH MOXKHO ONpeesuTh,
3ajaB TPH 4YHCIA X, Y, 2 — JeKap-
TOBEI KOOpPJAHHATH 3TOH ToukH. CH-
CTeMy KOOPAMHAT MOXKHO peasn30-
BaTh, HaGpaB M3 OJMHAKOBHIX Mac-
mTaGHBIX CTEPXKHEN WM JIHeeK mpsi-
MOYTroJbHYIO peleTky (puc. 1.3).
B yanax sTol pelleTKH HYXKHO pas-
MECTUTb OJVHAKOBEIE CHHXDOHH3H-
poBaHHbIe ApYT ¢ Apyrom vackl. Ilo-
JIOXXEHHE MaTepualbHOH TOUKH H
COOTBETCTBYIOMIHHA €My MOMEHT Bpe-
MEeHH PperucTpupymorcss mno OJamxai-
MM K MaTepuaJibHOH TOYKe MaclliTa-
6aM H yacam.

NmeTh fiesio ¢ MaTepHalbHOH TOU-
Ko# Tpome, 4YeM C NpPOTSKEHHBIM
TesioM. T1o3TOMY MBI CHauasa GyneM M3yYaTb MEXaHMKY MaTepHalbHOH
TOYKH, 4 [OTOM IlepefiieM K MeXaHHKe TBepAoro Tesa. KanoxeHue Mbl
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HauHeM C KHHEMAaTHKH, a 3areM 3aiimeMmcss auHamukoii. Hanmomuum,
UTO KM HEeMaTHKa H3yyaeT ABHKEHUe TeJ, He HHTEPeCcysch NpHu-
YHHAMH, OOYCJIOB/JHBAIOIIUMH 3TO JBHxKeHHe., JIM HaMuH Ka H3y-
yaeT ABHXKEHHE Tesl B CBSI3H C TeMH NPHYMHAMH (B3aHMOJEHCTBHUSIMH
MEXJy TesjaMH), KOTOpble OOYC/IOBJHUBAIOT TOT WJM HHOH Xapakrtep
JBYKEHHS

§ 2. Hexoropbie cBefeHMsi O BeKTOpax

Onpenenenne sekropa. BeKTopaMH HasbIBAIOTCS BEJHYHHBI, XapakK-
TepHU3YIOLLHeCs] YHCAeHHBIM 3HaueHHeM H HanpaBJieHHeM H, KpoMe TOro,
CKJIafplBaloOlkecss 1O NpaBuay napadsesnorpamma ). Ilocaennee Tpe-
GoBaHue ABJsIeTCS BeCbMa CYIIeCTBeHHBIM. MOXHO yKa3arTb Takue BeJiH-
YHHBI, KOTOpPHIE XapaKTepHU3YIOTCs YHCJIeHHBIM 3HaueHHeM M HampabJie-
HMeM, OHAaKO CKJ/IaJbIBalOTCsI HHaye, 4eM BeKTOphl. B kauecTBe mpumepa
NpuBeJieM NOBOPOT Tesla BOKPYr HEKOTOPOH OCH Ha KOHEUHHIH yroJa ¢.
Tako#t NOBOpPOT MOXHO M300pasuTh B BHJE OTpPe3Ka IJIHHEI ¢, Halpas-
JIEHHOTO TI0 OCH, BOKPYT KOTOPOH OCYLIECTBJIS€TCS NIOBOPOT, B CTOPOHY,
CBSI3aHHYIO C HamnpaB/eHMeM BpallleHHsl TNPAaBWJIOM INPaBOTO BHHTA.
Ha puc. 2.1 B Bepxnem psify moKasaHbI ZBa MOCJENOBaTeNbHEX IOBO-
poTa 11lapa Ha yrasl 7/2, u3oGpaxaemMble OTpe3KaMH @; H @,. Ilepserit
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Puc. 2.1.

MOBOPOT, COBepliaeMblili BOKPYr ocH I—I1, mepeBomuT Touky A 1iapa
B noJoxenue A’, BTopoli, coBepiuaeMblii BOKpyr ocu 2—2,— B I0JIO-
wenue A”. Takoro xe pesyJsbrara (T. e. nepesoja TOUKH A B mosoxe-
Hue A”) MOXKHO JIOCTHYb, MOBEPHYB LIap BOKPYT ocH 3—3 (CM. HUKHHI
psia Ha puc. 2.1) Ha yroa z. CnenoBaTelbHO, TaKOH NMOBOPOT CJeAyeT
paccMaTpHBaTh KaK CYMMY NOBOPOTOB @ H @p. OnHaKo €ro HeJb3st

1) CorsacHo 6osiee CTPOrOMY ONpeleseHHIO BEKTOPOM Ha3HIBAETCSl COBOKYIHOCTD
TpeX BeJHUMH, NpecOpasyloluXcs IPH MOBOPOTAX KOOPARHATHLIX OCEH MO Onpe/esieH-
HOMY 3akoHY (cm. [lpunoxennme III),
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TNOJIYYHTb M3 OTPE3KOB @; M (,, CJIOXKHB HUX MO NMpPaBUJIY NapaJieno-
rpamma. Takoe clioxeHHe JaeT OTPe3oK AuHbl 11/} 2 BMecTo TpeGyeMoil

nmunbr 7. TTosopoT Ha yroa /)2 mepesomut Touky A B Touky A’’’.
Orcioga BbITeKaeT, 4YTO H306paxkaeMble HanpaBJeHHBIMH OTpPe3KaMH
NOBOPOTHl Ha KOHEYHble YIJbI He 06/1ajaioT CBOMCTBAMH BEKTOPOB.

UucieHHoe 3HaueHHe BeKTOpa HasblBaeTcs ero Mo Ay J e M. O6-
pa3HoO roBopsi, MOAY/b AaeT NJHHY BeKTopa. MopxyJjb BekTOpa — CKa-
Jisip, TIpHYEM BCera MOJOXKHUTENbHBIH.

Ha ueprexkax BekTOpHl H306pa)kaloTcss B BHIE INPSMOJHHEHHEIX
OTPe3KOB CO CTpesIKOH Ha KoHue. [lnuHa oTpe3ka ompefensieT B ycra-
HOBJICHHOM MacluTabe MOAYJb BEKTOpa, a CTpeJiKa YKasbiBaeT Hampas-
JieHHe BeKTopa.

BexTophl npHHATO 0603HayaTh GYKBaMH XUpPHOro wmpudra, Hanpu-
Mep, a, b, v, F u 1. 1. Takas xe 6ykBa OGEIYHOTO 1IpUGTa HCIONB3YETCS
J71s 0603HaYeHHsT MOAYJIsT BeKTOpa, HalpHMep @ eCTb MOAYJb BeKTopa
al). Huorna nasi 06o3HaueHHsT MOLYJsSI NMPHXOOUTCS IOJIb30BAaThHCS
CHMBOJIOM BEKTOpa, 3aKJ/IOUEHHbIM MeXIY JABYMSI BePTUKaJbHBIMH
yepToukaMH: |a|=moxny./0 BekTopa a. TakuMm cnocoGoM o6o3Hayaercs,
HanpHMep, MOJLYJIb CYMMBl BEKTOPOB a; H a,:

| a; + a, | =wmoayab BekTOpa (a; - a,). 2.n
B sToM csiyuae cuMBOJ a;-Fa, O3HayaeT cymMMy MOAYyJell CKJ/aibiBae-
MBIX BEKTOpPOB, KOTOpasi, BOOOIE IOBOPsl, HE PaBHAa MOAYJIO CYMMbI
BEKTOPOB (PaBEHCTBO UMEET MECTO JIMKIb B TOM CJyuae, KOrAa CKJaJbl-
BaeMble BEKTOpPbl HUMEIOT OJMHAKOBOE HalpaBJ/ieHUe).

BexTopbl, HanpaB/ieHHBble BIOJIb NapaJiieNbHBIX NPAMBIX (B OIHY
H TY e WJIH B NMPOTHBOMOJIOXKHBIE CTOPOHBI), HA3HLIBAIOTCS K O JI J H-
HeapHB MHU. Bekrophl, KoTopble JiexaT B NapaJjiesbHBIX MJIOCKO-
CTSX, Ha3bIBAIOTCS KOM N J1 2 H a p H bI M H. [TocpencTBoM napasiesb-
HOrO IepeHoCa KOJIJIMHEeAapHLIE BEKTOPHl MOTYT ObITh PacHOJIOMKEHb
BJIOJIb ONHOH M TOH 2Ke MPsMOM, a KOMIJJaHapHbIe BEKTOPLI MOI'YT ObITh
CBeJleHBl B OXHY IJIOCKOCTb.

CoBnajnarwuiye 10 MOAYJIO KOJJIMHeapHble BEKTOPHI, HMeloLlye
OJIMHaKOBOEe HamnpaBJjeHHe, CYHTAIOTCSI PAaBHLIMHM APYT APYFY 2).

CrioxeHne M BblYHTaHMe BeKTOPOB. [1pakTHYeCKH c/l0XKeHHe BEKTOPOB
yno6Hee NpOH3BOAHTb Ge3 MOCTpOeHHsl mapaJjiesnorpamma. Kak BHIHO

1) Ilpu nuceMe BeKTOpHl 0603HAUAIOTCS GYKBaMH CO CTPEJKOH Hal HMUMH (Hampu-
%

Mep, a). B 3ToM cayuae Ta xxe GykBa Ge3 CTPeJKH O3HauaeT MOLYJb BEKTOpA.

%) HMeloTcs B BHLY T2K HasbiaeMble CBOGOAHbBI € BEKTO P H, T. €. BeK-
TOPHI, KOTOpPBIE MOTYT OBITh OTJIOXKEHHI M3 J1I060H TOUKM mpocTpanctBa. Paccmatpusa-
IOTCSITAKXKE CK O b3 I H € BeKTO P bl, HA9aJI0 KOTOPEIX MOXKET GbITh NOMelleHO
B JI00yI0 TOYUKY NPSMOii, BAOJb KOTOPOiH HanpaBJieH BeKTOP, HCBSI3d HH bl € B € K-
TOpHI, T. €. BEKTOPHI, MPUJIOKEHHHIE K OllpefiesieHHOMH Touke. Ilocnennue 1a BHAa Bek-
TOPOB MOTYT GbITh BHIpAXKEHBI Yepe3 CBOOOAHBIE BEKTOPHI; MO 3TOH IIPHUHHE B OCHOBY
BEKTOPHOTO HCYHMCJIEHHS] TIOJIOMEHO MOHsATHE CBOGOAHOrO BeKTOpa, HAa3blBaeMOro
0OLIYHO TIPOCTO BEKTOPOM.
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u3 puc. 2.2, TaKoll Xe Pe3yJbTaT JOCTHraeTCs, €C/IH Hayajo BTOPOro
BEKTOpa COBMECTUTb C KOHIIOM I€pBOro, a 3aTeM IPOBECTH M3 Hayaja
nepBOro B KOHEl BTOPOro pe3y/bTupYylomui BekTop. OcoGeHHO nese-
cooGpaseH Takofl MpHeM B TOM Cjydae, KOT/a NPHUXOAUTCS CKIaJpIBaTh
GoJsiblliee YeM JBa KOJMMYECTBO BEKTOpOB (pHC. 2.3).

as

Pue. 2.3.

PasHocTbio 1BYX BeKTOpoB a U b HaspiBaeTcst TaKofl BeKTOp ¢, KOTO-
pbili B cymme ¢ BeKTopoM b naer BekTop a (puc. 2.4; 06 H306pakeHHOM
NYHKTHPOM BeKtope —b peub uzer Hmxke). Moxysnb pasHOCTH ABYX
BEKTOPOB, KaK M MOAYJb CyMMHI (cM. (2.1)), MOXHO 3amucaTh TOJBKO C
IIOMOLIBIO BEPTHKAJbHEIX YePTOYeK:

|a;—a,|=Moxnynr BekTOpa (a; —a,), (2.2)

IIOCKOJIBKY CHMBOJI @;—@; O3HA4YaeT pPasHOCTb MOIIYJIEﬁ BEKTODPOB
ay H a,, KOoTopas, BOOOIIIE roBopsi, He paBHA MOAYJ/IIO Pa3HOCTH.

Puc. 2.4. Puc. 2.5.

YMHOXeHHe BeKTOpa Ha cKaasp. B pesysibrate yMHOXKEHHSI Bek-
TOpa a Ha CKaJisip o NoJydaeTcsi HOBHIH BekTop b=aa, Moay/b KoTo-
poro B |al pa3 GoJblue, yeM MOxyJb Bektopa a(b=|ela). Hanpas-
JeHue ke BeKTopa b yiu6o coBnagaer ¢ HampaB/ieHHeM BeKTopa a (ec/u
a>>0), 1160 NPOTHBOIOJNOKHO Hamnpas/eHUI0 BekTopa a (ecau a<<0).
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M3 cka3zaHHOro BHITEKAaeT, YTO YMHOXEHHe Ha —1 M3MeHseT Hamnpas-
JieHHe BeKTopa Ha o6paTHoe. C/leloBaTe/1bHO, BEKTOPHl @ U —a HMEIOT
OMHAKOBble MOJYJIH, HO IPOTHBOMOJIONKHBI MO HamnpasseHuro. C mno-
MO0 puc. 2.4 Jerko y6eqUThCs B TOM, YTO BhIYHTAHHE H3 BEKTOpPA a
BeKTOpa b paBHO3HAauHO NpHGABJIEHHIO K BEKTOPY a BekTopa —b.

W3 onpeznenenus onepauuH YMHOXKEHHsl BeKTOpa Ha CKaJjsAp cije-
IyeT, 4TO BCSIKHH BEKTOpP a MOXKHO IPeJCTaBUTh B BUJE

a=ae,, (2.3)

Trlie @ — MOAYJIb BEKTOpa a, €, — BeKTOp C MOJyJieM, PaBHbIM €JHHHLIE,
MMEIOIKI TaKoe XKe HanpasJjeHue, Kak H a (puc. 2.5). Bekrop e, na-
3biBaeTC e IHHHUYHBIM BEKTOPOM HWIH OP TOM BEKTOpa a.
OpT MOXHO NpeACTaBHTb B BHIE

€

a
—2, 2.4)

OTKYZa CJELYyeT, U4TO OpT siBisieTcsl Ge3pa3MepHOH BeJHYHHOH.
OpThl MOXKHO COINOCTaBJISAITb HE TOJbKO BeKTOpaM, HO H JIIOGBIM
HalpabJ/IeHHsIM B IpocTpaHcTBe. Hanpumep, €, eCTh OPT KOOPAHHATHOH
OCH X, €, — OPT HOpPMaJH K KPHBOH HJH MNOBEPXHOCTH, €;— OPT
KacaTeJIbHOH, K KPUBOH M T. ..
Jlunelinas 3aBHCHMOCTB Mexay BeKTOpaMH. PaccMoTpuM TpH HeKoJ-
JIMHEapHHIX BeKTopa a, b H ¢, KoTopble JieXXaT B OJHOH IJIOCKOCTH.

‘j{t-v---f___. a I
’/:

|

. I

|\ ——
IZI=IZCUS? Z

Puc. 2.6. Puc. 2.7.

U3 puc. 2.6 BuaHoO, yTo JI0GOH U3 HUX (HAanpuMep, C) MOXKHO BBIPA3UTh
yepes JBa APYrHX C IOMOIIbIO COOTHOIIEHHS

c=aa-}-fb, (2.5)
rae o M P — HekoTophle uMcia (A1 M306paXKEHHOTO Ha PHCYHKe
cayyas a>1, —1<<p<<0). Orcloza 3ak/ioyaeM, 4YTO JI0GOH BEKTOp C,
JieXalui B OJHOM MJIOCKOCTH C HEKOJIJIMHeapHBHIMH BeKTOpaMmu a u b,
MOXeT ObIThb BBHIpaXK€H 4Yepe3 3TH BEKTOPbI C IOMOILBIO JIHHEHHOro
cooTtHomeHnHs (2.5). IIpn ¢puKcHpoBaHHBIX BeKTopax a M b Beskuil Tpe-
THH BEKTOpP OAHO3HAuHO OnpejesisieTrcst ABYMs BeJMUYHHaMH o H f.

Ilycts maHbl TpH BeKTopa a, b, ¢, KaxzAbii M3 KOTOPHIX HEKOMIlJa-
HapeH ¢ octajbHbeIMH ABYMs *). ITo ananoruu c (2.5) serko coo6pasuth,

1) JlBa BekTOpa BCerja KOMIIAaHAPHHL. DTO CJAeLyeT M3 TOrO, YTO NMAapasiIeqbHEIM
[IepPeHOCOM MOXKHO COBMECTHTh HX Hauaja. Tora OHH OKaXyTCs PacloJIOKEHHLIMH B
OZHOM IJIOCKOCTH. :



24 I'Jl. 1. KHHEMATHKA

yTO /moGoH BeKTOp d MOXKHO NMpPEeACTaBHTb KaK JIMHEHHYI KOMGHHALHIO
3aJ]aHHBIX BEKTOPOB:

d=aa-+pb-+yc. (2.6)

[Mpu ¢ukrcupoBanHbIX BeKTOpax a, b u ¢ moGoit BekTop d onHO3HAuHO
ONpelessieTcs: TPeMsi BeIMYHHAMH a, f 1 y, KaxJasi H3 KOTOPHIX MOXKeT
ObITh KaK NOJIOKHMTEJNbHOH, TaK W OTPHLATEbHOM.

Mpoexuusi Bekropa. PaccmoTpuM HekoTopoe HanpaBbJieHHE B Mpo-
CTPaHCTBe, KOTOpoe Mbl 3afaium ocbio [ (puc. 2.7). Ilycte BekTOp a
obpa3yer ¢ ocelo [ yron ¢ !). Bemuuyuna

a,=a cos @ 2.7

(a — Monynb BeKTOpa) HasblBaeTCsl MPOeKIHeHd BeKTopa a Ha ochb /.
ITpoekuus o6o3nauyaeTcst Toi ke OYKBOH, YTO U BEKTOP, C A0GaBJE€HHEM
UHJIeKCa, YKasblBAalOWIEro HanpaB/eHHe, Ha KOTOPOE CHpPOEKTHPOBaH
BEKTOP.

ITpoekuusi BekTOpa ecTh BeJqMuHMHa asreGpanyeckasi. Eciu BekTop
o6pasyeT C JaHHLIM HalpaBJeHHeM OCTpbI yroJ, To cos ¢=>0, TaK 4TO
npoekuysi noJoxutesabHa. Ecau yroa ¢ Ttymoii, To cos ¢<<0 u, cie-
Z0BaTesIbHO, MPOEKLHs OTpHIaTeNbHa. Korjia BeKTOp NeprneHgHKYyJsi-
PEH K JaHHOH OCH, NPOeKIUs paBHA HYJIO.’

ITpoekuusi BeKTopa HMMeeT npocToH reoMerpuyeckuil cmeica. OHa
paBHa PACCTOSIHHIO MeXKAY NPOEKIMSIMH Ha COCh Hayajla M KOHUA OT-
pe3ka, usoGpakaioulero AaHHEIE BekTop. B ciyuae @<<m/2 sto pac-
CTOsTHHe GepeTcsi Co 3HAKOM IJIIOC, B CiIydae ¢=>1/2 — cO 3HaKOM MUHYC.

ITycts a=a;+a,+as+a, (puc. 2.8). M3 pucyHka Jierko 3akiio-
YHTb, YTO IPOEKLHsI pe3y/bTHDYIOIEro BeKTOpa a Ha HEKOTOopoe Ha-
npapJ/ieHHe paBHa CyMMe INPOeKLHH CKJaJblBaeMblX BEKTOPOB:

4=y +astas;+a,;. (2.8

HanomuuM, 4TO npd CyMMHpPOBaHHH NpOeKuHH H306paxKeHHBIX Ha
puc. 2.8 BektopoB paccrosiius 0—I, I—2 U 2—3 HYXHO B3ATb CO
3HaKOM ILIIOC, a paccrosiHie 3—4 — co 3HakoM MuHyc. Popmyaa (2.8)
CrpaBeAJIMBa NpPH JIOOOM YHCJE CJlaraeMblX.

BblpaxeHue BeKTOpa uepe3 ero NPOEKUHH HA KOODJAHHATHbE OCH.
Bo3bMeM IeKapTOBBl OCH KOOPAHHAT U PACCMOTPHM BEKTOp a, JieKalluh
B MJIOCKOCTH, TepneHIHKY/NsipHOH K ocH z (puc. 2.9). Beemem opTh
KOOpAHHATHBIX OCeH, T. €. eAMHHYHbIE BEKTODHI €, €, U e, (e, Ha pH-
CYHKe He IOKa3aH, OH MepNeHIHKYJsIpeH K IJIOCKOCTH PHUCYHKa H
HanpaBJ/leH Ha Hac). 3aMeTHM, 4YTO 3Ta TPOHKa OpPTOB MOJHOCTBIO Onpe-

1) Ecnu npsMas, BAOJb KOTOPOH HanpaeJeH BeKTOp a, U OCb ! He mepeceKalorcs,
IS OnpelesieHUs] YIJa ¢ HYXKHO B3sITh IepeceKalollyiocsi ¢ OCbio ! NpsMylo, napan-
JIeJIbHYIO BEKTOPY a. YTOJ MexJAy 3Toi mpsMOit M ocblo [ H GyJeT HHTEPECYIOUIUM Hac
yriaoM Q.
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JeJeT CHCTeMy KOOpAMHAT M NO3TOMY HasbiBaeTcs 6as3HCOM
KOOPAUHATHOH CHCTEMB.

U3 puc. 2.9 BHIHO, YTO BEKTOP a MOXKHO NPEJCTaBHTb B BUJIE JIHHEN-
HoOll KOMOMHAUUH OPTOB €, U €, (cM. (2.5)):

a=aqe,taye,.

Posib K03¢ihuLHeHTOB & H B HIpaloT NpoeKUHH BEKTOpa Ha OCH KOOpAH-
HaT. B paccmaTtpuBaeMoOM NpuMepe NPOEKUHMSI @, OTpHUATe/NbHA, MO-
3TOMY BEKTOp Q€, HMeeT HalpaB/eHHe, MPOTHBOINOJIOXKHOE HaNpaB-
JIEHHIO OPTa €.

Y4
o
@
11
| bl
4 L | %
/A 2 4 3 4 0 e T
Puc. 2.8. Puc. 2.9.

Mnr B3sJIM BeKTOp a, NMEPHEHAMKYJSIPHBIE K OCH 2, BCJIEACTBHE
uyero a,=0. B ofmem ciydae, Korja Bce TPH NPOEKUHH BEKTOpd OT-
JINYHBI OT HYJIS,

a=a.e,+a,e,ta,e,. 2.9
Takum oGpasom, J/06Gofi BEKTOP MOXKHO BBIPA3HTb Uepe3 ero NpoeKIHH
Ha KOOpJMHATHbIE OCH H OPThl 3THX oceli. B cBsi3u c 3TUM npoekuuu
Ha KOOpJAMHATHble OCH HAa3bIBAIOTCI KOMMIOHEHTAaMH BeKTopa.

Beanunnnl a,, a,, a, paBHbl (C TOYHOCTHIO JO 3HaKa) CTOPOHaM
NPSIMOYTOJILHOTO TapaJiesienunena, OOJbLIOH JHarOHaJbIO KOTOPOro
cayxut Bekrop a (puc. 2.10). ITosTOMy MMeeT MECTO COOTHOLIEHHE

a*=ai+aj+al. (2.10)
ITycte c=a-b. [IpencrtaBuB KaxkAbll U3 BEKTOPOB B COOTBETCTBHH
¢ ¢opmysoit (2.9), mosyuum:
ce.t+ce, +ce,=(a,+0b)e.+(a,+b)e,+(a,+b)e,
(Mbl BbIHEC/IM 3a CKOOKH OOLMe MHOXHTENHU ey, €, U €,). PaBHbeE Bek-

TOPbl HMEIOT OAHMHAKOBBIC MPOEKIHH Ha KOOPAHWHATHBEIE OCH. Ha stom
OCHOBaHHUH MOXKHO HalHcCaTb, 4YTO

cy=a,+b, c,=a,+b, c,=a,+0, (2.11)

(cp. ¢ (2.8)). Popmyabl (2.11) ABASIOTCS aHAJUTHYECKHM BBEIpaXKeHUEM
npaBHJia C/lOXKeHHS BeKTopoB. OHH cnpaBelJIMBHI NMpPH JIHOOOM 4YHC/IE
C/laraemblx.
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Paguyc-sektop. PaauycoM-BeKTOpOM I HEKOTOPOH TOUKH Hashl-
BaeTcsl BEeKTOp, NPOBEIEHHBIH M3 Hayasja KOOpIAMHAT B JAHHYIO TOUKY
(puc. 2.11). Ero npoeKuuH Ha KOOpPAMHATHHIE OCH PaBHBI JA€KaPTOBHIM
KOOpAMHATaM JaHHOH TOYKH:

re==%x ry=yg, r,==z. 2.12)
CnenoBatenbHO, B COOTBETCTBMH C (2.9) paauyc-BEeKTOP MOXKHO Ipex-
CTaBHTb B BHJE
. T=xe,+ye,+ze,. (2.13)
CorJiacHo (2.10)
r2=x2-4-y2-422, (2.14)
CxansipHoe nponspeleHHe BeKTopoB. JIBa BeKTopa a M b MoxHO

YMHOXMTb APYT Ha Apyra ABYMsI crnocoGamH; OJHMH CIOCOG NMPUBOAHT
K CKaJIIpHOH BeJIMYMHe, APYroil haeT B pe3yJbTaTe HEKOTOPHIH HOBHIH

zZ
’ A" —_=—m———
4 // ///i
e au
7 //: a, r z I‘ :
@ _( T i I I
any | B
A } } ‘! -
- z T 7
z, i \ Y
Y e
&
z z
Puc. 2.10. Pnc. 2.11.

BEKTOp. B COOTBETCTBHH C 5THM CYIIECTBYeT ABa NpPOH3BEAEHHSI BeK-
TOPOB — CKaJ/isipHoe H BeKTopHoe. OTMETHM, YTO ONepalHH JeJeHHs
BEKTOpa Ha BEKTOP He CYILIECTBYeT.

CKaJIspHBHIM TPOM3BELEHHEM BEKTOPOB a M b HasmBaeTcs cKaJsip,
paBHBI NPOM3BENEHUIO MOAYJEH STHX BEKTOPOB Ha KOCHHYC yria o
MeXy HHMH:

ab=ab cos o (2.15)

(puc. 2.12). I'lpu 3anmucH cKaJIsipHOrO NPOH3BEJEHHS] CHMBOJIBI HEPEMHO-
JKaeMbIX BEKTOPOB NHLIYTCSI PsiioM Ge3 KakKoro-iu6o 3HaKa Mexnay
HuMH. Bbipaxenue (2.15) ectb anreGpauyeckasi BeJMYHMHA: IIPH o OCT-
pom ab>0, npu a Tynom ab<<0. CkajsipHOe.IpOM3BeleHHe B3aHMHO
NepHeHAUKY IS PHBIX BEKTOPOB (=11/2) paBHO HY.JIIO.
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3aMeTnM, UYTO MoOJ KBajApaTOM BEKTOpa BCeria MoJpasyMeBaioT CKa-
JISIpHOE NIPOM3BeJieHHe BeKTopa Ha camoro cebs:

a*=aa=aqa cos a=aZ. (2.16)

Takum o6pasoM, KBaJpaT BeKTOpa paBeH KBaJipaTy ero MoAy.Js. B uact-
HOCTH, KBaJpar JIoGOoro opTa paBeH eJUHHIIE:

e;=e;=e;=1. 2.17)

IMonyTHO OTMETHM, YTO BCJIEJACTBHE B3aMMHOH INepNeHIHKYJSPHOCTH
OpPTOB CKa/sipHble NPOU3BENEHHS BHJA €;€, PaBHBI HYJIO, €Clu i7=k.

Ouenb yno6en cumBoa Kponekxepa §;,, Koropuii onpe-
JessieTcsl CJeRyOUM 06pasom:

5 1, ecm i=k, 518
=) 0, ecam i<k (2.18)

C WMchosb30BaHHEM 3TOrO0 CHMBOJIA YCTAHOBJIEHHBIE BhIllle CBOHCTBA
CKaJISIpHBIX ITPOU3BEIleHHH OPTOB KO-
OpAMHATHBIX OCeH MOXHO BHIPa3UTh
OZIHOH (opMyJIOii:

ee, =08, (i, k=x, 9, 2) (2.19)

(MHIEKCH { U & MOT'YT IPUHUMATD He-
3aBHCHMO JpPYT OT JApyra 3HauyeHHUs
X, Yy u2).

W3 ompenenenust (2.15) cueny-
€T, YTO CKa/isipHOe IpOH3BefieHHe
KOMMYTaTHBHO, T. €. He 3aBHCHT OT
nopsiika COMHOXHTeJeH: Puc. 2.12.

ab=ba. (2.20)

Broipaxkenne (2.15) MoxHO 3amucaTh HECKOJIBKMMH CIOCOGAMH:
ab=ab cos a= (a cos &) b=a (b cos a).

Hs puc. 2.12 BuAHO, 4YTO @ cOS & PaBHO @, — MPOEKUHUH BEKTOpa a
Ha HanpaBjeHHe BeKtopa b. Awnasnoruuno b cos a=b, — npoekuun
BekTOpa b Ha HampaBieHHe BekTopa a. ITosTOMy MOXHO CKasaTbh, YTO
CKaJ/IIPHBIM TPOHM3BeflecHHeM JBYX BEKTODOB Ha3blBaeTcs CKaJsip, pab-
HBIl POHM3BEJIeHHIO MOAYJsS OXHOrO M3 NEepeMHOXKaeMbIX BEKTODOB Ha
NPOEKLHI0 BTOPOro BeKTOpa Ha HanpaB/eHHe NepBOro:

ab=gb=ab,. 2.21)

anHﬂB BO BHHMaHHe, 4YTO NNPOEKLHs CYMMbI BEKTOPOB paBHa CymMe
npoexum”t CKJIaJAbIBAE€MBbIX BE€KTOPOB, MOXHO HaITHCaTb:

a(btct...)=ab+tct..)pa=ab,+c,+...)=
=ab,~+ac,+...=ab+tac+... (2.22)
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Ortciofia CleflyeT, UTO CKaJsipHOe MNPOH3BENEHHE BEKTOPOB AUCTPUGY-
THBHO — IIPOU3BEJleHHEe BEKTOpa & Ha CYMMY HECKOJbKHX BEKTOPOB
pPaBHO CyMMe NpPOU3BEIEHHH BEKTOpa a Ha KaXIbll H3 CKJaJblBaeMbiX
BEKTOPOB, B3fITHIH B OTHAEJIbHOCTH.

[pepcraBuB nepeMHOXKaeMble BeKTOPH B Buie (2.9) M BOCHOJB30-
BaBIIHCh AUCTPHOYTHBHOCTBIO CKaJIIPHOTO HPOU3BENEHHS, MOJYUHM:

ab=(a,e,+a.e,+a,e,) (b.e,+b.e, +be)=
=a,b.e.e.+abe.e +abee,+abee, I
+abee, +abee,+ab.ee.+abee, +abee,.

Tenepsb yutem (2.19). B uTore mosyuuM BeIpaxkeHHe CKaJISIpHOIO Hpo-
U3BeleHHs] Yepe3 INPOEKIHH IePeMHOXKAeMbIX BEKTOPOB:

ab=a,b.+ab,+ab,. (2.23)

3ameTuM, 4TO NMPH NMOBOPOTAaX KOOPAMHATHBIX OCeHl NMPOEKUHH BEKTOPOB
Ha 3TH ocH MeHsorcs. OfHaKo BeqH4HHa ab cos o OT BbIGOpa ocell He
3aBucut. OTclofa 3aK/IouaeM, YTO M3MEHEHHs IPOEeKIMi BEKTOpOB a U b
NpH NOBOpOTax ocelf HOCAT TaKOH Xapakrep,

a 7
\\\w YyTo HX KoMOMHauusi Bupa (2.23) ocraercs
N Zsine % WHBapHaHTHOH (HEeH3MEeHHOH):

\ aby+ab,+ab=inv.  (2.24)
n A\l\\ Jlerko coo6pasuTh, 4TO NMPOEKLUHUIO BEKTO-
b pa a Ha Hanpasnenue [ (cM. (2.7)) MOXHO

Puc. 2.13. NPEACTaBHTh B BUJE
a,=ae;, (2.25)

rle e; — OpT HampaB/eHHus /. AHaJOrHYHO
a,=ae,, a,=ae, a,=ae,. (2.26)

v/ BekTopHoe mpou3BeneHHe. BeKTOpHBIM NMPOHM3BEJEHHEM BEKTODOB a
H b HasbIBaeTcsi BEKTOp €, onpefessieMbll dopmyJod

¢=ab sin a-n, 2.27)

rie @ U b — MOAY/M TlepeMHOXAaeMblX BeKTOPOB, O — YToJ MEXAY
BEKTOPaMM, N — €AWHUYHBIH BEKTOD HOpMaJH !) K IJIOCKOCTH, B KO-
Topo# Jiexat BeKTopel a u b (puc. 2.13). Hanpasnenue n BoiGHpaeTcs
TaK, 4ToGbl MOCJEJOBATEJbHOCTD BEKTOPOB a, b, n o6pa3oBbiBaja
TpaBOBUHTOBYIO CHCTeMY. DTO O3HayaeT, YTO, €CJIH CMOTPETb BCJE]
BEKTOPY N, TO COBepllaeMbI MO KpaTuafilieMy NMYTH NOBOPOT OT Iep-
BOTO COMHOXKHTEJ KO BTOPOMY OCYIIECTBJ/ISIETCSl [0 4acOBOH CTpeJike.
Ha puc. 2.13 BeKTOp N HampaBJieH 3a YepTeXX H NOSTOMY HM300pakeH

1) O6o3nauenne n mMpollle ¥ HATJSANHEe, UeM €.
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KpyXKoM ¢ KpectukoMm *). Hampasnenue Bekropa ¢ coBmajaer ¢ Ha-
npasJeHHeM n.
CHMBOJIHYECKH BEKTOPHOE NpOU3BEJeHHe MOXHO 3amucaTb ABYMSA
crioco6aMu:
[ab] wam aXb.

MmI 6yeM Mosb30BaThCSs MEPBBHIM U3 HUX, MPHYEM HHOTA BO U3GexkaHHe
nyTaHULbL OyJeM CTaBHTb 3aMsTYI0 MeXAy COMHOXHTenamu. Hrak,

corJyiacto (2.27)
[ab]=ab sin a-n. (2.28)

Usa puc. 2.13 BuAHO, 4TO MOAY/b BEKTODHOTO NPOU3BENEHHS HMeeT
NPOCTON TeOMETPHYECKMH CMBIC] — BhIpaxkeHHe ab sin o YHCJIEHHO
paBHO IUIOLIAAM NapaJuieJorpaMma, MOCTPOEHHOrO Ha NepeMHOXKAeMBbIX
BeKTOpax.

Hanpasnenue Bektopa [abl mMbl onpenennsy, cBsi3aB ero ¢ Hampas-
JIeHHeM BpallleHHsi OT IepPBOro COMHOKHUTeJIsI Ko Bropomy. Ilpu paccmor-
PEHHH TaKUX BEKTOPOB, KaK pajuyc-BeKTop r, cKopoctb v, cuna F
M T. II., BONPOC O BHIOOpPE WX Hampap/ieHHs] He BO3HHKaeT — OHO BbITe-
KaeT eCTeCTBeHHBIM 06pa3oM H3 NPHPOABI CaMHX BeJuuuH. [TonoGHele
BEKTOPHl Ha3blBalOTCS HCTHHHBIMH (WJIH NOJSPHbIMH). Bekrtopn THma
[a, bl, HanpaB/ieHre KOTOPHIX CBSI3bIBAETCS C HalpaBJEHHEM BpaLIEHHS,
Ha3bIBAlOTCSl NCEeBAOBEeKTOpPpaMH (MIH aKCHaJbHBIMH BeKTO-
pamn). Ilpu u3MeHeHHHM YCJIOBHSI, HanpuUMep NPH Nepexofie OT NMpaBoH
CHCTEMbl KOOPAMHAT K JIeBOH, HanpaB/IeHHsI IICEeBIOBEKTOPOB H3Me-
HSIIOTCSL Ha OOpaTHble, UCTUHHBIE e BEKTOPHI IIPU 3TOM OCTalOTCsA Ge3
u3MeHeHHH.

Crnepyer uMeTb B BHAY, YTO BEKTOpHOe NMpOM3BeleHHe GYJeT IceB-
JOBEKTOPOM TOJIbKO B TOM CJydae, Koria oba nepeMHOXKaeMblX BEKTOpa
ABJISIOTCS UCTHHHBIMH (MM 00a — mceBJOBeKTopamu). BekTopHoe ke
IpOU3BEicHHe HCTHHHOIO BEKTOpa Ha IICEBJOBEKTOpP OYHET UCTUHHEIM
BeKTOpoM. V3MeHeHHe YCJIOBHSI, ONMpEJeJsIOLEro HanpaBJ/eHHe TCeB-
JIOBEKTOPOB, Ha 0GpaTHOE NpPHBENET B STOM C/yyae K H3MEHEHHIO 3HAKa
nepej BEKTOPHLIM NPOH3BEJEHHEM ¥ OJHOBPEMEHHO K U3MEHEHHIO 3HaKa
nepej OIHMM M3 COMHOXKHTeslell. B urtore BequuuHa, Belpaxaemasi BeK-
TOPHBIM NPOU3BEJeHHEM, OCTaHEeTCs1 6e3 M3MeHeHH.

[TockonbKy HampaB/eHHe BEKTOPHOTO IPOM3BEAEHHS Ofpele/sieTcs
HanpaB/ieHHEM BpAlleHHs OT NEPBOro COMHOXKHTeNss KO BTOPOMY,
pe3yJIbTaT BEKTOPHOTO NEPEMHOXEHHS 33aBHCHT OT HOPsIIKA COMHOXKH-
tenell. TlepecraHoBKa COMHOXKHTeJNel BBISBIBAa€T H3MEHEHHE HalpaBJe-

1) BexTophl, nmepneniMKyJspHLIE K IVIOCKOCTH DHCYHKa, MBI GyfieM M306paxaTs
KPYKOM C KPeCTHKOM, €CJIH BEeKTOp HalpaBJleH OT HAac, U KPYXKKOM C TOYKOH B ero
UEHTPe, eC/IH BEKTOP HanpasjieH Ha Hac. JlJs HarVIIAHOCTH MOXHO NPeACTaBJIsATh cebe
BEKTOD B BHJle CTPEJIbl C KOHYCOOGPa3HEIM HAKOHEUHHKOM H KPeCTQOGPasubiM orlepeHHeM
ua xpocre. Toraa, eciu BeKTOp HanpaBieH Ha HAC (CTPJA JETHT K HaM), MBI YBHIHM
KPYXOK C TOYKOH, €C/TM Ke BEeKTOD HampaBJleH OT Hac (CTpesia JIETHT OT Hac), Ml
YBHAHM KPYXKOK C KDeCTHKOM.
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HHS Pe3yJIbTHPYIOIEro BEKTOpa Ha MpoTHBononoxkHoe. Takum o6pasom,
BEKTODHOe INpOM3BelleHHe He 006JjajaeT CBOACTBOM KOMMYTATHBHOCTH:

[ba]=—Iab]. (2.29)

MozxHo AOKa3aTb, YTO BEKTODHOE NPOU3BEACHUE lIHCTpHﬁYTﬁBHO,
T. €. UTO

[a, (bi+b,+. . .)]=I[ab,]+[ab,]+. .. (2.30)

PaccMOTpHM BeKTOpHBIE NMPOHM3BELEHHS OPTOB KOOPJAMHATHBIX OCeil
(puc. 2.14). B cootBercTBHH C onpefeneHueM (2.28)

[ece.]= [eyey] =[e.e,]=0,

[ xey] =— [ yex] =e,,
[:yez]=— [:,ey]=ex, (2.31)
[eze-"] = [exez] = Qy.

[TpencrasuB nepemHoXaeMble BeKTOpHl B BuAe (2.9) M BOCNOJIb30OBaB-
IIHCh AUCTPHOYTHBHOCTbIO BEKTOPHOrO NPOU3BENEHHS, IOJYYHM:
[ab] = [(axex + a.e, +a.e,), (b.e.+ byey + bzez)] =
=a,b,[e.e.]+ab,[e.e]+ab,[ee.]+ab [ee]+ab [ee,]+
_ + aybz[eyez] + asz [ezex] + azb } [ezey] + azbz [ezez]'
Yura coorHomenusi (2.31), mpuzeM K cJefyiolleMy BhIpaXeHHIO:
[ab] =€, (aybz '_azby) + €, (asz '_axbz) +e, (axb v aybx)° (232)
TTonyyeHHOe BbIpaXKEHHE MOXKHO IPEACTaBHTb B BHJE OIpeLeHTeNs:
' ex e €
a; ay a;

[ab] = : 2.33)

x Oy 0Oz

CwmemaHHoe mnpousBenenne, CMeIIaHHBIM (MM CKaJisipPHO-BEKTOP-
HEIM) NPOM3BEJEHHEM TpeX BEKTOPOB Ha3niBaeTcsl BhIpaxieHue a [bcl,

ez

Puc. 2.14. Puc. 2.15.

T. €. CKa/IIpHOE IpOM3BeJieHHe BEKTOpa a Ha BEKTOPHOEe NpOH3BeJeHHe
BekTOopoB b 1 ¢. CorsacHo onpezenenusm (2.15) u (2.28)

a[bc]=a{bcsin(b, c)}cos (a, n).
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3pech (b, ¢) — yron mexay b u ¢, (a, n) — yroq Mexny BEKTOpOM a
¥ OpPTOM n, ONpEAeSIONINM Hanpab/enne Bektopa [bcl. M3 puc. 2.15
BHJIHO, YTO BblpaxeHue bc sin(b, ¢) uucJeHHO paBHO MJIOMAfH OCHO--
BaHUs MapaJiiesienynesa, MOCTPOEHHOTO Ha NePeMHOXaeMbIX BEeKTOpax,
a BbIpameHHe @ Cos(a, N) UYHC/IEHHO PAaBHO BRICOTE STOrO Mapajielie-
nHneja, B3ATOH CO 3HAKOM IJIIOC, €CJIH YTOJ (@, n) OCTPHIH, U CO 3HAKOM
MHHYC, ecau 3ToT yroa Tymofi. CienoBarenbHo, Bhipaxenne albcl
HMeeT IPOCTON TeOMETPUYECKHH CMBICT — OHO YHCJIEHHO PaBHO OOBEMY
napasijiesienunesa, NOCTPOEHHOTO Ha IepeMHOXKaeMbIX BeKTopax (B3si-
TOMY CO 3HAKOM ILTIOC HJIH MHHYC B 3aBHCHMOCTH OT BeJIMYMHBI YrJia
(a, n)). Ilpu Boraucrenun obbema mapaJjesenunea pe3yJabTaT He
MOXKET 3aBHCETb OT TOro, KaKasi U3 ero rpaHeii B3sita B KauecTBe OC-
HoBauMsA. Orclofa c/efyeT, 4To

albc]=blcal=clab]. (2.39)

Taxum 06p330M, CMEIIAHHOE MNPOU3BEACHHE JO0MYCKAET LlHKJIquCKYI?
IEpeCTaHOBKY COMHOXKHUTEJIEH, T. €. 3aME€HY KaxXJI0ro u3 COMHOXKHTEJICH
cjaeAylouM 3a HUM B IHKJE:

a

7N\
c<—b

Hsoiinoe BexTopHOe mpom3sefeHHe. PaccmorpuM ABofiHOe BEKTOp-
HOE NPOH3BeJieHHe TPeX BEKTOpoB a, b u ¢

d=la, [bcll.

Bcesikoe BekTOpHOE NpoOM3BeleHHE MEPNEHAMKYASPHO K OGOHM COMHO-
KutessiM. ITosToMy BeKTop d mepneHIUKYJIsIpeH K OPTy n, onpenelsio-
luemy HanpassieHne BekTopa [bcl. Orciona Britekaer, uto BekTOp d
JIEXHT B IJIOCKOCTH, 06pa3oBaHHOH BekTopamu b 1 ¢, u CJIeZI0BaTENbHO,
MOXKeT GbITh NpEeACTaBJeH KaK JHHeliHast KOMOGHHAUMS 3THX BEKTOPOB:

d=ab-+fc
(cm. (2.5)). CootsercrBylomuit pacuer paer, uto a=ac, p=—ab. Ta-
KHM o6pa3zom,
[a, [bc]]=Db(ac)—c(ab). (2.35)

3anomuHanue 310/t GOPMYJIE! 06JEryaeTCs TeM, YTO ee MOMKHO NpoYecThb
KaK «6ai MHHYC Ia6».

Tlponssonnas BexTopa. PaccMOTPHM BeKTOp, KOTOpPBIfi M3MeHsercs
CO BPEMEHEM IO H3BECTHOMY 3aKOHY a(f). Ilpoekuun storo BekTopa
Ha KOODIHMHATHEIE OCH MPENCTaBJISIOT COGOH 3ajlaHHBle (QYHKLUHUH Bpe-
MeHH. CllefoBaTe/bHo,

a(t)=e,a, () e,a, () +e,a, (?) (2.36)

(MBI MIpesIoIaraeM, YTO KOOPAHHATHLIE OCH He NOBOPaYMBaIOTCS B NIPO-
CTPAHCTBE, TaK 4TO OPTbI OCeHl CO BpeMeHeM He M3MEeHSITCS).
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ITycre 32 npomexxyTok BpeMeHH Af MpPOEKHHMH BEKTOpa MOJY4YalOT
npupamennss Aa,, Aagy, Aa,. Toraa BeKTOp MNOJYYMT NpHpaLlEHHE
Aa=e,Aa,+e,Aa,t-e,Aq,. Cxopocm HU3MEHEeHHs] BeKTopa a Co
BpeMEHeM MOXKHO oxapaK'repuaoBaTb oTHoweHHeM Aa K Af:

Aa Aa Aa
AT = A;+ey At L te, . 2.37)

OTO OTHOLIEHHE JaeT CPEeNHIOI CKOPOCTb H3MEHEHHS a B TEUeHHe Ipo-
MexXyTKa BpemeHu Af. JlomycrTum, 4YTO a H3MEHSETCS CO BpEMEHEM
HenpepriBHO, Ge3 CkauyKoB. Toria yeM MeHbIe NPOMEXYTOK Af, TeM
TOuHee BesIHYHHa (2.37) XxapaKkTepU3yeT CKOPOCTb H3MEeHEHHs a B MOMEHT
BpeMeHH {, npequecTBylomuii untepsany Af. CiienoBaTtesbHO, CKOPOCTh
H3MeHEeHHs] BeKTopa a B MOMEHT BpeMeHH { paBHa NpeJe/Jy OTHOLIEHUS
(2.37), nonyuatomemycss mnpH HeOI‘paHH'-[eHHOM yMeHbIleHUH Af:

CKOpOCTb H3MEeHeHHs a=lim
At->0 At

Aa
= e lim e h e, lim =%, 2.38
AtOAt+ OAt+‘A,0At (2.38)

Ecnu ecth HekoTopasi GyHKuus f(f) aprymenta £, To mpegesa OTHO-
LIEHHS TIPHPAILeHHS ¢yuxuuu Af K npupamenuio aprymenrta Af, noxny-
yaouuiics npu cTpemieHHH Af K HYJIO, Has3bIBAeTCsl NPOM3BOJHON
¢yukuud f no ¢ u oGo3Hauaercsi cumBosioM df/dt. TlosTomy BbipaxkeHue
(2.38) MOXHO 3amucaTh CJEYIOMUM 06pa30M

da__ _ da,

da
a= e T ydt+= G (2-39)

[Monyyennsifi pe3ysnbTaT O3HayaeT, UTO MPOEKUHH BeKtopa da/df Ha
KOOpJAWUHATHbIE OCH PaBHBI NPOH3BOJAHBIM IO BPEMEHH NPOEKUHH BeK-

Topa a:
da)  _day (da) ey = ida) o _da; g,
dt Jnp.x dt’? dtnp.y  dt? dt jup.z dt’ :

B ¢usrke npHHATO NPOH3BOAHbIE MO BpeMeHH 0603HaYaTh CHMBOJIOM
COOTBETCTBYIOLIEll BeJMYHHBI C TOYKOH Haj HUM, HampHmMep,

d © d* da - da -

D=0, 7o=0, p=2a, z=Aa (2.41)
Bocnonb3oBaBiuch TakuM o6o3HaueHHeM, ¢opMynae (2.39) MoxHO
NpHUIaTh BHA

a=e.a,+ea, +ea,. (2.42)
Ecau B KauectBe a(f) B3ATb PaiuyC-BEKTOP I (f) ABMKYLIEACS TOUKH,
TO corJsiacHo (2.42)
r=e.x+ey+te.z, (2.43)
rae x, Yy, z Cytb QyHKUuH oT t x=x(t), y=y(t), z=z().
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llmp(pepeﬂuuanom («npupawennem») QJyHKuuH f(?) wuasmBaercs
BhIpakeHHe
df=f"dt, (2.49)
rie f — npoussonHas f no ¢. Cornacro (2.39) auddepeninan («npnpa-
lleHHe») BeKTopa a omnpejessiercss hopMyaoi
, da=e,da,+e, da,+e,da,. (2.45)
B wacrmocTH, ‘
dr=e, dx+ e, dy+e,de. {2.46)
3ameruM, uTo npupallenne GYHKIHH 32 OY€Hb MaJbIi, HO KOHEYHb
TIPOMEXKYTOK BpeMeHH Af mpuOJMKEHHO PaBHO
' ' d .
Af o f b= At (2.47)

B npenene npu A¢—- 0 npubnuxennoe paseHCTBO (2.47) nepexoant
B TOYHOE pPaBeHCTBO (2.44).
®opmyny, aHanoruuHywo (2.47), MOXKHO Hanucatb H AJs Be}(TOpHOH

QJyHKU;HH
Aa 32 At (2.48)

Npoussoanas nponaseneﬂua (pym(mm PaCCMOTpHM (pyﬂxumo-
b(f), Koropas paBHa NpOM3BENEHHIO CKansipHO# GYHKUMH @(f) Ha
BeKTOpHYIO ¢yHKuMIO a (f): b(f)=q(¢)-a(¢), u1u coxpaueHHo: b=qga.
Haﬁnem npupamenne QyHKuuH b:

Ab = A(ga) = (p+Ag) (a+Aa) —ga = g Aa + a Ap-+Aq Aa.
Ipencrasus npupainenuss ynkuuit B Buge (2.47) u (2.48), nonyunm:

Ab xR At +a% At 208 Ay,
OTKyJa

Ab dp , do da
At~ dt + ar +aF dt d At

B npezene npu Af— 0 3710 npn6Jm>erHoe DABEHCTBO MpEBPalaeTCs
B ToyHoe. TakuMm oGpasom,

db Ab do da

7 = jim 57 = lim ((pdt+ aGr+ %@ )

IepBbie aBa ciiaraeMblX He 3aBHCAT OT Af M NOITOMY Npil mepexone
K mpepesy He uaMeHsiorcs. IIpenes TpeThero ciaaraeMoro paBes nYJio,
CnejoBatesibHO, 3aMeHUB b Ha ¢a, moJyuum:

d d dp _ « | - -
E(tpa)=(p£—l—a—d%=fpa+q>a. (2.49)
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Tenephb -paccCMOTPHUM CKaJISipHOE NpOU3BeJeHHe JIBYX BEKTOPHBIX
byukuuit a(f) u b(f). Ilpupamenue storo npousselieHHss paBHO:
A (ab) = (a-+Aa) (b4 Ab) —ab=aAb-+bAa-t+AaAb =
~ ab At 4 ba At +ab (Af)z.
Orcrona-
2 (ab) = lim Al _ lim (ab+ ba-+ab Af),

HAHM OKOHYATECJbHO

2 (ab) = ab-ab. (2.50)
Ymuoxus (2.50) Ha df, nosmyunm auddepernnal:
d(ab)=adb-+bda. (2.51)

BouncnuM npouseofHylo M aubdepeHIMan KsajpaTa BeKTOPHOI
o) ¢yuxuuu. Corsacto (2.50) u (2.51)
‘ed

. 4 47— 2aa, (2.52)
e

ety ‘ d (a?) =2ada, (2.53)

i Yursa, uro a?=a? (cM. (2.16)), MOXKHO HamucaThb:

; e 9ada=d(a®) mm ada=d(a¥2). (2.54)

e Haxkonen, paccMOTpuM TPOH3BOJHYIO BeK-

Puc. 2.16. TOpHOro npousBefienuss ¢yukuuit a(f) u b(f).

Ilpupaiuenne paccMaTpuBaeMoi (YHKUMH PaBHO
Alab]=[(a4-Aa), (b+Ab)]—[ab]=
=[a, Ab]+[Aa, b]+-[Aa, Ab] ~ [a, bAf]--[aAf, b]+[aAt, bAL],
Co0TBeTCTBEHHO

d . . . ..
— = At},
a7 [ab] Algglo{[ab]Hab]f[ab] }
OcymecTBUB HpeAenbHbIN mepexon, NpHuAeM K ¢opmy.e
2 [ab]=[ab] 4-[ab]. (2.55)

Mponsponnas enunuuHoro sekropa. PaccmMoTpuM opT e, BekTopa a.
OyeBUHO, YTO BEKTOP €, MOXKeT H3MEeHSAThCS TOJNBKO MO HanpaBJIeHHIO,
ITycte 3a oOueHb MaJblil MPOMEXKYTOK BpeMeHH Af BEeKTOp a U BMecCTe
C HUM OpT e, moBopauuBaercs Ha yroa Ag (puc. 2.16). Ilpu manom
Ap monyabp Bektopa Ae, mpuOJHKeHHO paBeH yray A¢: |Ae,|x~A¢
(oTpesok, wu3oGpaxaromuii Ae,, sIBJSETCS OCHOBAaHHEM paBHOOEIpEH-
HOTO TPeyroJibHUKa CO CTOPDOHAMHM, PaBHBIMH eJUHMIE). 3aMeTHM, YTO
yeM MeHblle A, TeM TouHee COGMIOAAETCS HAMHCAHHOE HaMM NpHOJIH-
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xKenHoe papeHcTBO. CaM BeKTop Ae, MOXHO NMpEICTaBUTb B BHAE
Ae,=|Ae,|-erc = AG-ene,

TIe exe — OPT BekTOpa Ae,. Ilpu cTpemieHHH A@ K HYJIO OPT €ae
6yzeT MoBOpauyMBaThCS ‘M B TpeleJie COBMAJET C TepHeHANKYJsPHbIM
K e, eIMHMUHLIM BekTopoM e (cM. puc. 2.16).

IlpousBoanas e, Mo { no ONpejesieHHI0 paBHA

de, 1i Aey . Ag do
=2 — lim =2 = lim — exe ==+ €.
dE ~ ppo Bt T oAt heTTar L
Takum o6pasom,
ea _ (pe.l.' (2.56)

Benuunna ¢=d¢/df ectb yrioBas CKOPOCTb BpallleHHs BekTopa a
(cM. § 5). OpT e JIEXHUT B TOH IJIOCKOCTH, B KOTOPOil MOBOPaYHBaETCsS
B JaHHBIH MOMEHT BEKTOp a, NPHYeM HanpasjeH B Ty CTOPOHY, B KOTO-
PYIO IPOHCXOXMT BpalleHHUe.

§ 3. Cxopoctb

MarepunanpHast TOUKa NMPU CBOEM JBMXKEHHMH ONMUCHIBaeT HEKOTOPYIO
JIMHHIO. 3Ta JIHHHS HasblBaeTCI TP ae K To p U e i ). B 3aBucumoeTn
OT $OPMBI TPAeKTOPHH Pa3JIHUAIOT NPSAMOJHMHEHHOE IBIKEHHE, IBHIKe-
HHME 10 OKPYXKHOCTH, KPHBOJIHHeHHOe NBHXXeHHe H T. I.

1) OtMeTHM, YTO NOHSATHE TPAaeKTOPHH NPHMEHHMO TOJNBKO K XKJACCHYECKOIl»
yacTHlle, KOTOPOH MOXXHO NDHIHCATh B KaXKIblii MOMEHT BPeMeHH TOUHBE 3HAYEHHUS
KOOPAMHATHL ¥ MMNYyJbca (T. e. cKopoctH). CornacHo KBaHTOBOH MeXaHHKE peajbuble
YaCTHIILl MOTYT GHITh OXapaKTepH30BaHBI C MOMOLIbIO KOOPAHHATH H MMITYJbCa JIHIb
¢ HeKoTopoli TouHocThIO. Ilpenest 3Toll TOUHOCTH onpesiesieTci COOTHOW e HH €M
HeonmpepgeaeHHocTHu [eiiaenbepra

Ax-Ap=h,
3necb Ax — HeonpeleNeHHOCTb KOOPAMHATH, Ap — HEONpelesJeHHOCTb HMMYJbca
YacTHILHI, —mnocrosHHasnal Ilananka, 3xHavenne Koropoil pasho 1,05%

%x10—3¢ JIxx.c. 3Hak => O3HauaeT «6oJibllle BEJHYHHBI MOPSAKAN.
3aMeHHB MMNYJbC NPOM3BeJeHHEM MacCH Ha CKOPOCTb, MOX(HO Hamucatb

Ax-Av= le/m.

U3 3TOro COOTHOIIEHHS] BHAHO, UTO YeM MeHbIE Macca YacTHIE!, TEM MeHee OnpefesieH-
HBIMH [IeJIaI0TCS €e KOOPAMHATa M CKOPOCTh H, CJEJOBATENbHO, MeHee NPHMEHHMEM
OKa3hBaeTCsl MOHSTHE TPaeKTOPHH. I MaKpOCKONMYeCKHX Tea (T. €. Ted, o6paso-
BaHHBIX OUYeHb GOJBIUMM KOJHYECTBOM MOJIEKYJ) HEONpPEACNEHHOCTH KOODAWHATH M
CKOpOCTH He NIPEBOCXOASAT NPAKTHUECKH AOCTHXKHMOH TOYHOCTH H3MEPEHHS STHX BeJiH-
YHH, BCJEACTBHE Yero K TaKHM TeJlaM NOHsITHE TPAaeKTOPHH NPUMEHHMO €3 BCIKHX Oro-
BOpPOK. Jl1f MHKPOYACTHIL (3]€KTPOHOB, IPOTOHOB, HEHTPOHOB, OTAGABHHIX aTOMOB H
MOJIEKYJ1) TOHSITHE TPAEKTODHH OKa3hiBaeTCsi B 3aBHCHMOCTH OT YCJIOBUI, B KOTOPHIX
TIPOHCXOANT IBHXKEHHe, JHGO HeMmPHMEHHMbIM COBCEM, JIMGO APHMEHHMHIM € OTPaHH-
ueHHON TOYHOCTbIO. HampuMep, IBHKeHHe 5J€KTPOHOB B 3J1€KTPOHHO-JAYUY€EBOil TPYCKe
MO2KHO NpUGAHKEHHO pacCMaTPHUBATh KaK NPOUCXOAsLee IO HEKOTOPLIM TPAEKTOPHAM.
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[Tycte MaTepuanbHasi Touka (B JaJjibHeHIueM I/t KPaTKOCTH Mbl
GyneM Ha3bIBaTh ee 4acTuLefl) mepemectusach BIOJb HEKOTOPOil Tpaek-
Topuu U3 ToukKu I B TouKy 2 (puc. 3.1). Paccrosiune Mexxay Toukamy./
¥ 2, OTCYHTaHHOE BJOJIb TPAEKTOPHH, Ha3bIBAaeTCH I y T € M, MpOijeH-
HbIM dacthieli. Mel Gynem o6Go3HayaTh €ro GYKBOH S.

_ IlpsmonuHelHbI OTPe30K, NMpOBeAeHHBIH H3 TOYKH I B TOUKY 2,
HasblBaeTcs mepeMem e HH e M vyacTuupl. O603HaUYHM ero CHMBO-
JIOM fy,. IIpennosioxum, 4to yacTHua coBepluaeT Noc/ea0BaTe/1bHO ABa
nepeMelieHus: 1y U Fy3 (puc. 3.2). Cymmoil 3THX NepeMelleHuil ecTecT-
BeHHO Ha3BaTb TaKoe NepeMellleHUe r,,;, KOTOpoe IMPUBOAHT K TOMY Ke
pe3y/bTaTy, 4TO M MepBble [Ba mepeMmellenuss BMecte. TakuM oGpasom,

g

Jpaenimapan

M2

Puc. 3.1, Puc. 3.2.

nepeMelleHHsT XapaKTepu3yIoTCsA YHC/EHHbIM 3HaUCHHEM U HanpabJe-
HHEM H, KpOME TOro, CKJIaAbIBAlOTCA MO MpaBHJIY napan.ne.norpamma
Orcona cJaeayer, UTo nepeMeuleHue €CTb BEKTOP.

v dr

r+dr

z ) b /4
Puc. 3.3. Puc. 3.4.

B o0biaeHHO!N H3HH IOJ CKOPOCTBIO MOHMMAIOT HYTh, TPOXOAUMBIE
qacTHiell 3a eqUHUILY BpeMeHu. Eciu 3a paBHble, CKOJIb YTOJHO MaJibie
TPOMEXYTKH BPEMEHH YacTHIA NPOXOAMT OJMHAKOBEIE ITYTH, JBHKEHHE
YaCTHIBl Ha3HBAlOT paBHOME P HH M. B 3Tom cayyae ckopocts,
KOTOpO#i 06JIajlaeT YacTHIa B KaXKAblH MOMEHT BpeMEeHH, MOXKHO BBHIYHC-
JIHTh, pasjieJiiB NyTb S Ha BpeMm# f.

B ¢du3uKe moj CKOpOCTHIO MOHHMAIOT BEKTOPHYIO BEJHYHHY, Xapak-
TEPU3YIOLLYI0 He TOJBKO ObICTPOTY MepeMellleHUs JaCTHUL [0 TPaeKTo-
PHH, HO H HanpaBsJ/eHHe, B KOTOPOM [ABHMKETCS 4aCTHLA B KaXKIblli MO-
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‘MeHT BpeMeHH. Pa3o6beM TpaeKTopHIO Ha GeCKOHEYHO MaJhle YYacTKH
AJHHBL ds (puc. 3.3). Kaxaomy M3 yyacTKoB COMOCTaBHM GeCKOHEYHO
‘manioe nepemelenue dr. Pasjenns 3T0 mepeMellleHHE Ha COOTBETCTBYIO-
LA NPOMEXKYTOK BpeMeHH df, MOJYyYHM MIHOBEHHYIO CKOPOCTb B
HaHHOH TOUKE TPaeKTOpHH: y
. r <

. v= aF =T. (3.1)
Takum 06Gpa3soM, CKOpPOCTh eCThb INPOM3BOAHAsE pajuyca-BEKTOpa - ua-
cTHub 1O BpeMeHH. Ilepemellenne dr coBmagaeT ¢ GeCKOHEYHO -MaJIbIM
37eMeHTOM TpaekTopnu. CiefoBaTeqbHO, BEKTOp V HampaB/eH IIo
KacaTeJbHO# K TpaeKropud (cMm. puc. 3.3).

Paccyxpasi Gojiee cTporo, . njst mojydeHus dopmyant (3.1) HyXHO
NOCTYNHTDL * CeAylomuM o6pasoM. 3aUKCHPOBAB HEKOTOPHIH MOMEHT
BpeMeKH /, pacCMOTpHUM INpHpalleHHe pajauyca-Bekropa Ar 3a MaJjblif
IpoMeXKYTOK BpemeHH Afl), ciepyromuit 3a ¢ (puc. 3.4). OtHouweHue
Ar/At naer cpenHee 3HaueHue ckopocTd 3a BpeMsi Af. Eciu Gpath Bce
MeHblIHe NpoMexyTKH Af, oTHowenne Ar/A¢ B npejese AacT 3HaueHHe
CKOPOCTH V B MOMEHT BpeMen#

v=lim & & (3.2)

Mzl npuman K gopmyae (3.1).
Hajinem Moayap BripaxeHus (3.2), T. €. MOLYJb CKOPOCTH V:

= lim 1201, (3.3)

11m
At—>0 At

v=|v]= At—»OAt

B stoit dopmyJae Henb3s Hanucath Ar Bmecto |Ar|. Bektop Ar ectb
no CyIecTBY pPasHOCTb ABYX BEKTOpOB (r B MomeHT #{+Af munyc r
B MoMeHT ). [loaTOMY €ro MoxyJspb MOKHO 3aNKCaTh TOJNBKO C OMOIILIO
BepTHKaJbHbIX 4eproueK (cM. (2.2)). CumBoa |Ar| o6o3Hauaer MOAYJb
npHpalleHHs] BeKTopa I, B TO BpeMsi Kak Ar npejctaBJsieT coGoii MpH-

pauieHHe Monyast Bekrtopa r: Alr]. » 2
OGe 3T BeJIHUMHE!, BOOOIE rOBOPS,
He PaBHEE! APYT APYTY: 7
|Ar]==Alr|=Ar. —Jtdr
) Tasid j’
B stoM MOxKHO YyOeauTbCs Ha cJe-. Puc. 3.5.

nyromem npisdepe. Ilycte BexTtopr
NoJyyaeT Taxoe NpHpalleHue Ar YTO MCAYJb €ro He H3MEHSeTCs:

1) Cumponcm A (neabra) nosesyworcs B JBYX Cayunasx:

2) Ans cfo3HadeHUsl MPHpALleHHs KaKOW-THBo Beauuuinl. B paccmapunaemou
cayuae Af ecTb npHpailleHHe panuyca-BekTopa-r 3a Bpems Af;

- €) Anst o603HaYeHHS NOJH KaKOH-1uG0 BeJHYKHHEL Hanpmaep At ecTb uacTs Beero
bpemex—m ¢, B TEueHHe KOTOPOIO NPOMCXOJUT ABHNeiKe, AS — YaCThb BCETO NYTH S,
DPOXORMMOIO yacTHLeil,
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Ir4+Ar|=Ir| (puc. 3.5). Torna mpupaleHue MOAYJSI BEeKTOpa pPaBHO
Hymo (Alel=Ar=0). B To ke BpeMs MORYJIb NpHUpallleHHsT BEKTOpa T,
T. €. |Ar|, otinuen oT Hy/s (OH paBeH AnuHe oTpe3ka 2—3). CkasaH-
HOe CrpaBelJIMBO AJsl JIoOOro BeKTopa a: B ofuieMm caydae |Aals=Aa.
W3 puc. 3.4 [Buano, uto myTe As, BooGlLle roBOPs, OTJIHMYEH MO BeJH-
upHe OT MOAy.as mnepemewenust |Ar|. Oxnako, eciu OpaTh OTpe3Ku
nytH As u nepemelieHuss Ar, COOTBETCTBYIOLIHE BCE MEHBIIUM IIpOMe-
XyTKaMm BpeMeHH Af, To pasnnuue Mexay As u |Ar| 6yaer y6bBaTh H UX
OTHOLIEHHE B IpeJieie CTaHET PAaBHBIM eQMHHIE:

. As
lim ——=1.
At—>0 [Ar|
Ha sTOM oCHOBaHHMM MOXHO 3aMeHMTb B ¢opmyJie (3.3) |Ar| uepes As,
B pe3yJ/ibTaTe Yero HOJYYHTCS BBIpaKeHHe

v=lim £ =%
a0 At dt”

(3.4)
Taxkum oGpa3oMm, MOAY/ab CKOPOCTH paBeH NPOHM3BOJHOH MYTH MO Bpe-
MEHH.
* OueBHIHO, UYTO BeJIMYHMHA, HasblBaeMas B OOBLAEHHOH >KH3HH CKOpO-
CTbIO, Ha CaMOM JieJie NpejcTaBaser co6oi Moay/ab ckopoctu v. Ilpu pas-
HOMEDHOM JBIXKEHHH MOJAYJb CKOPOCTH OCTaeTCsl HEHU3MEHHBIM (U=
=const), B To BpeMsi KaK HalpaBJieHHe BEKTOpa V H3MeHsIeTCsl IIpo-
U3BOJIBHBIM 00Gpa3oM (B 4acCTHOCTH, MOXKeT OBbITb INOCTOSIHHBIM).

B coorserctBHH C ¢opmynoit (3.1) siemeHTapHOe NepeMelleHHe
YaCTHIBI PaBHO

dr=vdt. (3.5)

Hhorna ans HarJsiAHOCTH Mbl GyJeM 0003HauaTb 3JeMEHTapHOe Inepe-
MeiileHue CUMBOJIOM ds, T. e. mucath (3.5) B Bufe
ds=vdt. (3.6)
BexTop cKOpoCTH, KaK M BCSIKMH JPYrofl BEKTOp, MOXHO IpexacTa-
BHTb B BHJE
v=u.e,tuve, tuve, 3.7
TIe Uy, Uy, U, — NPOEKUHH BEKTOPa V Ha KOOpAHHATHbIE OocH. Bwmecre

C TeM paBHHIH V BEKTOpP I corsacHo dopmyne (2.43) BHINISAUT ClIeRyio-
UM o6pa3oM:

r=xe,+ye, +ze,. (3.8)
W3 cpaBuenus Boipaxenuit (3.7) u (3.8) BuiTeKkaeT, 41O
V=%, v,=y, UV,=2. (3.9

CJICIIOBaTeJ'leO, MIPOEKIHA BEKTOpa CKOPOCTH HA KOOPAHHATHYIO OChb
paBHa HPOH3BOILHOI‘:I 10 BpEeMEHH COOTBETCTBYIOLIEH KOOpAHHATHI JABH-
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Jymeics yactuusl. [IpuHsaB Bo BHHManue (2.10), moayunm ¢opmysny:

v=1/ X2+ y? 22, (3.10)

BekTop CKOPOCTM MOXHO NpeICTaBHUTh B BUAE V=U0€,, Tle U—

MOLYJb CKOPOCTH, a €, — OpPT BeKTopa v. BBelnem opT KacaTesbHOM

K TPaeKTOPDHH T, YCJOBHMBIIHCH HampaB/sTh €ro B TY e CTOPOHY,

yto u v. Toraa, oyeBHIHO, OPTHI €, U T COBNAAYT, TaK YTO MOXKHO Hamu-
caTh CJIeAyollee BhIpaXKeHHe:

V= ve,=UT. (3.11)

ITonyuum euie ofHO BhlpaxeHHe 151 v. C 3Toil LE/bIO MOJACTaBUM

B ¢dopmyny (3.1) paamyc-Bekrop B Buje r=re,. CorzacHo (2.49)
Vv=r=re, 4 re,. (3.12)

Jns npocTOTHl OrpaHHYMMCSl CJaydaeM, KOTHA TPAeKTOpHsl sBJsieTcs
NJIOCKOH KpHBOH, T. €. TAKOH KPHBOH, BCce TOUKH KOTOPOH JIEXKAT B Ofi-
Hofi mJsockoctu. Ilpumem 3Ty mio- y v
CKOCTB 3a IJIOCKOCTD X, Y. B dopmy- Y
Je (3.12) BexTop V OKasaJcs mnpen-
CTaBJIEHHBIM B BHJe CYMMBl JABYX CO-
craBastomux (puc. 3.6). Ilepas co- v,
CTaBJfiomasi, KOTOPYIO MBI 060O3Ha-
YHM V,, paBHa

. r
v,=re,. (3.13)
Omna HanpaBsJ/ieHa BJ0/1b paguyca-BeK- en
TOpa T M XapaKkTepusyer ObICTPOTY ey P
I13MeHeHHs1 MOAYJs r. Bropas cocra- .
BJIsIIOIAsl, KOTOPYIO Mbl O603HAUYMM 0 Z
Vg, PaBHA Pac. 3.6.

Vo =re,. (3.14)

Ona xapaktepusyer GEICTPOTY H3MEHEHHS pajvyca-BeKTOpa no Ha-
N paBJIeHHIo.
Bocrnonb3oBasuuch ¢opMysoit (2.56), MOXKHO Hamucartb, 4YTO

. d(p .

€, = € = (eq,
TAe @ — YroJ MexJy PaiHyCcOM-BEKTOPOM H OChIO X, €q — IepIeHAH-
KYJISIPHBIH K PafHyCy-BeKTOPY OPT, HANPaBJIEHHBIH B CTOPOHY BO3pa-
craHus yria ¢ (B dopmyse (2.56) sTor opT Gbli1 0603HaueH e ). Ilog-
CTaBHB 3TO 3HaueHHe B (3.14), mosyuyum

Vo= rgeg. (3.15)
Mur BBesIH 0GO3HAYeHHS] Vo H €g, UTOObI NOAYEPKHYTh, UTO COCTaB-
Jfouaa ve H COOTBeTCTBYIOHlHﬁ OpT CBfA3aHbl C U3MEHEHHEM YrJa ¢,
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OueBUHO, UTO BEKTOPHI V, U Vg B32HMHO neprenaukyaapue. Ciue-
ROBaTe/1bHO,

v=y v?+v§,=]/r2+r2(pz. (3:16)
PaccMoTpuM Bompoc 0 TOM, Kak, 3Hasi BeJIMYHHY CKODOCTH B KaxK-
OBl MOMEHT BpEMeHH, BBLIYHCJIHTb NYTb, MPOXOAMMBIH 4YacTHUeH ¢
MOMEHTa BpeMeHH f; o MOMEHTa f,. Pa3obbeM NPOMEKYTOK BpeMeHU
t.—t; Ha N ManbX, He 06H33TeJle0 OIHHAKOBBIX MPOMEXKYTKOB: Aty
Aty, . . ., Aty. Becb nyTb s, MpOfifeH Bl HacTHIeH, MOXKHO npencra-
BHTb KaK CyMMY riyTelt As;, As 25 « « « ASy, TIPOHACHHBIX 332 COOTBETCT-
BYIOLIHE TIPOMEXYTKU BpemeHH At:

$=ASI+A32 "‘+ASN ZAS

B cootBercTBHH ¢ opmysofi (3.4) KaxIoe H3 caraeMblX MOXET GbiThb'
OpuG/IHKEHHO MPENCTaB/IeHO B BHIE

As;~v; A,

rae Af; — MpoMeXyTOK BPEMEHH, 32 KOTOpEIf OBl npomeh nyTb As;,
a y; — OJIHO M3 3HAYCHHH cxopocm 3a Bpemsi Af;. CnezxosatesibHo,

s 2.0 At,. (3.17)
i=1 .
Hanucannoe paBeHCTBO BBHITIOJIHAETCS TeM TOYHee, YeM MEHbLUe IpoMme-
KYyTKH BpemeHd Af;. B npegene npu crpemnenuu Bcex Af; K HYJic
(KO/TMuecTBO NMPOMEXKYTKOB Af; OyIeT NmpH 3TOM HEOrpaHUYEHHO BO3-
pactatb) npuUOJMKEHHOe PaBEHCTBO CTAaHET TOYHBIM:
N
s= lim X v, At
Af ;>0 i=1

IMonyuenHoe BpipaxeHue npencTaBIsier coboli onpefeseHHblt HH-
Terpan ot YHKIHH u(t), B3ATHI B npejenax oT # 10 ¢;. Taxum oGpa-
30M, MYTh, npoxomlem yacTHuell 3a MPOMEXKYTOK BPEMEHY OT f; JI0 [,
paBeH

¢,
={o@ar (3.18)

i

IMonuepkuem, uto 3mech HAeT peub o Mmoayse cKopoctH. Ecau B3sTh
HHTErpaJj OT CaMOH CKOPOCTH V (£}, TO NONYYHTCSI BEKTOP NMepeMelleHus
HaCTHIB! U3 TOUKH, B KOTOPOH OHa OblIa B MOMEHT f;, B TOUKY, B KOTOPOK
OHAa OKa3ajacb B MOMEHT [I:

1, 1,

Svyat={dr=rq (3.19)
ty fy

(em. (3.5)).
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Ecnu u3o6pasutb rpaduk 3aBucuMocTH v ot ¢ (puc. 3.7), To mpoi-
JeHHbI MYTb MOXKHO MPEACTaBHTb KaK MJjowaib (GpUrypsl, OrpaHuYeH-
Ho# KpuBo# v(f) M npsiMbIMH {={; U {={,. JleficTBUTE/NILHO, NPOH3-
BeleHre v;Af; YHCIEHHO PaBHO MJIO-

mand i-# mnomocku. Cymma (3.17) v _

paBHa IJIOIAH, OTPAHHYEHHOMR CBep- _ I

Xy JioMaHoH JuHHell, o6GpasoBaH- Bl

HOH BEpPXHHMH KpasiMH BCeX MojoG- I \
HbiX moJiocok. [Ipy crpemsiennn Beex AP

At; X HYJIO WIMPHHA MOJIOCOK YOBI- :

BaeT (OJHOBpEMEHHO YHC/IO HX pac- v 1
TeT), W JOMaHas JIHHHS B mperene g = o
conmbercsi ¢ KpuBoll v=uv(f). Takum t é
o6pa3oM, MyTh, NPOUIEHHLIH 3a Bpe- Puc. 3.7.

MSA.C MOMEHTa f; 10 MOMeHTa [, YHC-
JIEHHO paBeH IVIOLIAJH, OrpaHHYéHHOH TrpadukoM QYHKEUL v=v{t),
OCbIO BpeMeHH ¢ U NpsIMBIMH t={; H t=t,.
3ameTuM, 4TO cpelHee 3HayeHHe MOJAYJSI CKOPOCTH 332 BpeMs OT fy
Jo {; MO onpelesieHHI0 PaBHO 1)
o> =7—F."

_tl
IToncrasuB ciofa Bripaxenue (3.18) Ans s, MOTyYHM:
t

1
== 5 v (t) dt. (3.20)

AHaJIOTHYHO BBIYMCSIOTCS CPEAHHE 3HAUEHHsl JIOGLIX CKAJSIPHSIX HJIHM
BeKTOPHBIX (YHKUHI. Hanpumep, cpenHee 3HauyeHHe CKOPOCTH pPaBHO

W= S L (3.21)

(cm. (3.19)). Cpennee 3HaueHue cbymﬂmu y(x) Ha NPOMEXYTKEe OT X;
JI0 X, OmnpeneJsisieTcsi BbIpaXKeHHeM

X
1
<Yy = Py S Yy (x)dx. (3.22)
X3
§ 4. Yckopenne

CKOpOCTb YaCTHLBI V MOXKET H3MEHSIThCSL CO BpeMEeHeM Kak 10 BeJH-
YHHe, TaK H 10 HanpaBjeHHI0. BricTpora H3MeHeHHs BeKTopa v, Kak
" 6bICTp0Ta H3MeHeHHsl J0GOH (YHKUHH BpeMeHH, OnpejensieTcs
npou3BoAHOM BeKTopa v 1o ¢. O603HAYUB ITY NPOU3BOAHYIO GYKBOH W,

1) s o6osHaueHHs cpefHero SHAYeHHsT KaKofi-160 Be/MIHHE MH 6yneu 8aK/o-
9aTb CHMBOJ ITOH BeJMYMHB B YIVIOBble CKOOKH ( ).
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TNOJY4HM:

II

Av _ dv .
w= lim — V. 4.1
At0 AT T AT 1)

Besnnunna, onpeneasieMast ¢opmysoi (4.1), HaspiBaeTcss Y C KO p e-
HHEeM YaCTHIHL.
3aMeTuM, YTO YCKOPEHUe W HrpaeT 110 OTHOIWIEHHIO K V TaKylo XKe
peJib, KaKyl0 BeKTOp V MIpaeT IO OTHOIIEHHIO K PajuyCy-BEeKTOpY T.
PaBHble BEKTOpPH HMEIOT ONMHAKOBbIE NPOEKIMH Ha KOODAHHATHbLIE
ocu. CreloBatesqbHO, HampHumep,

w. = () _ds_
¥ \dt Jup.x~ dt T ¥

(cM. (2.40)). Bmecte c Tem corsacuo (3.9) vy=x=dx/dt. Tlostomy
dv, _d (dx\ _d% -
dt —dt (E) =aE=*

MbI TIOJTYUHIIH, YTO NPOEKIHST BEKTOpa YCKOPEHHST Ha OChb X paBHa BTO-

poil MPOH3BOAHON KOOPAHHATHI X IO BPeMEHH: w,=xX. AHaJjoruyHbie
BhIpaXKeHNsI MOJy4aloTcd JJs NPOeKUHH YCKOPeHHs Ha OCH y H 2.
TakuM obpasom,

w, =¥, w,= Y, w,=z. (4.2)
IToactaBum B gopmyay (4.1) Buipaxkenue (3.11) ans v:
d
= (7). (4.3)

HanomuuM, 4TO T €cTh OPT KacaTeJbHOH K TPaeKTOphH, HanpaBJ/IeHHBIH
B Ty e CTOpoHY, 4To u v. Corsacuo (2.49)

W =0T+ vt. (4.4)

CrenoBatesbHO, BEKTOD W MOXHO IPEACTaBHTb B BHAE CYMMBI ABYX
cocrasasiionux. OnHa H3 HHUX KoJiyinHeapHa € T, T. €. HalpaBJieHa
Mo KacaTeJIbHOH K TPaeKTOpuH, H NO3TOMY o6o3HauaeTcs W.; H Ha3blBa-
€TCi TaHTreHOLHaAaJbHBM YCKOpPEHHEM,. Ona paBHa

Wy =0T, (4.5)

BTOpaﬂ CoCTaBJdOIladA, paBHasl vT, HalnpaBJieHa, KaK MBI NOKaxKeM
HUXKeE, 110 HOpMaJIM K TPAeKTOPHU U NO3TOMY 0003HauaeTcs W, U Hasbl-
BaeTcds HOPMAaJdbHBM YCKOpPpEHHEM. Taxkum 06pa30M,

W, =0T, (4.6)

Hccnenyem cpofictBa 0GeHX COCTABJISIOMINX, OTPaHMYMBIUMCH AJIst
BIPOCTOTHl C/ydYaeM, KOTJa TPaeKTOpHs SBJsIETCS IJOCKOH KpHBOIL.
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Mopynp TaHreHHHaNbHOrO yckopeHus (4.5) paBeH
[we|= o], (4.7

Ecan 0>0 (CKOpOCTb pacTeT NO BeJHYHMHE), BEKTOP Wy HANpaB/ieH

B Ty e CTOPOHY, UTo U T (T. €. B TY e CTOpoHy, 410 H V). Eciin v<< 0
(cKOpoCTb €O BpeMeHeM YMEeHbILIAeTCs), BEKTOPH V ¥ W, HaIpaBJieHbl

B IIPOTHBOMOJIOXKHEIE CTOPOHBI. IIpH paBHOMepHOM JABUXKeHHM v=0(),
H CeJ0BaTe/NbHO, TAHTeHIMAIbHOTO YCKOPEHHS HeT.
UTOOLI BBIICHUTH CBOHCTBA HOPMAJbHOTO ycKopeHUs (4.6), HYKHO

YCTaHOBHTb, YeM Onpejessercst T, T. €. ObICTPOTAa M3MEeHEeHHsI CO Bpe-
MeHeM HalpaBJ/leHHs KacaTeJIbHOH K TpaeKTopuH. Jlerko cooGpasuTb,
yTO 3Ta GBICTPOTA OyJNeT TeM GoJsblle, YeM CHJIbHee MCKDHBJEHA TpPaek-
TOpHs M 4YeM ObICTpee IepeMelllaeTcsl YacTHIa N0 TPaeKTOpHUH.

CreneHb HCKPHBJIEHHOCTH IJIOCKOH KPHBOH XapaKTepuayeTcs K p H-
BHU 3 HO I C, KOoTOpasi ONpefessieTCss BbIpaXKeHHeM

— lim 39 _d

€= fim 5= @9
rae Ap — yros Mexay KacaTeJbHBIMH K KPUBOH B TOYKaX, OTCTOALINX
Ipyr oT apyra Ha As (puc. 4.1). 'l:aKHM 06pa3oM, KPHBH3HA ONpefenseT
CKOpOCTb [OBOpOTa KacaTeJbHOH INpH NepeMelleHHH BIOJb KPHBOH.
Bennuuna, obpaTHasi KpuBu3He C, Ha3bIBaeTCsi paiHUyCOM
KPHBHU3HB B JaHHOH TOYKe KPHBOH H

o6Go3HauaeTcs 6yKBoﬁ R:

li As ds

R = ql,t_l.lo Ap —dp 4.9)
Papuyc KpHBH3HBI NpejcTaB/seT co6oi panu-
-yC OKPYXKHOCTH, KOTOpasi C/IMBaeTCs B JaH-
HOM MecTe C KpHUBOH Ha GECKOHEYHO MaJsioM ee
yuactke. IleHTp TakoH OKPYMKHOCTH Ha3biBa-
eTcss LeHTPOM KP UBHU3 HH JJ11 JaH-
HOH TOYKH KpHBOH.

Panuyc ¥ ueHTp KpDHBH3HEI B TOuKe [
(cM. puc. 4.1) MOXHO onpejeJuTb Craexyo-
mum obpasom. Bo3bmeMm Henopajeky oT Toy-
ku 1 Ttouky I HOCTpOHM B 3THX TOYKax
KacartejbHble T H 7. Ilepnenukyisippr K
KacaTe/IbHbIM TIePECeKyTCsi B HEKOTOPOt TouKe O'. 3ametuM, uyTO AMIA
KpHUBOH, He SBJIAIOWEHCT OKpYKHOCTBIO, paccTosiHus R" u R" 6ynyt
HEMHOTro OTJIMYaThCs APYT ot Apyra. Ecmu Touky I’ npubauxarh K T04-
Ke 1, TepeceyerHe MeprenyMKyIsIpoB (0} OyZeT nepemelarhCsi BAOJb
npsmoit R* u B npelesie oKaxeTcsi B HeKoTopoil Touke O. dta TouKa H
GyJeT LeHTPOM KpuBHU3HH AJis Toukd I. Paccrosuusa R* u R” 6yayt
CTpeMHUTBbCSL K oOleMy npefeny R, paBHOMY pajauycy KpuBusHbl. Jlei-

Puc. '4. 1.
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CTBHTeJIbHO, eca Toukd 1 u I’ PaCIIOJIOKEHDI 6aHM3KO ApYyr K ApYyry,
MOXHO HamucaTh, 4To AQAAs/R’' nmu R ~As/Aq> B npenene npu
Ap — 0 310 MpPHGIMKEHHOE PABEHCTBO NepefifieT B CTPOroe PaBeHCTBO
R=ds/de, coBnajaioumee ¢ onpeieseHHeM pPajuyca KPHBH3HBI (CM.
(4.9)).
O6parumcsa K BbluncjaeHHio w, (cM. (4.6)). Coraacno (2.56)

. d(p

T=m, (4.10)
TZie N — OPT HOpMalW K TPaeKTOPHH, HanpaBAEHHHIA B Ty CTOPOHY,
B KOTOPYIO IOBOPauHBAETCS BEKTOP T NIPH ABHIKEHHH YaCTHUBI 110 TPaeK-
‘TopuH (B dpopmyJie (2.56) ananornuHblil opT Obl1 0Go3HayeH e, ). Bean-
unHy d¢/di MOXKHO CBSI3aThb C PaIMyCOM KPHBU3HBI TPAaeKTOPHH M CKO-
poctblo yactuusl v. M3 puc. 4.1 caenyer, uto

As V' At
Aemp=T

rie A — yron mosopoTa BeKkTopa T 3a BpeMsl At (coBnaparournii ¢
YIJIOM MeXAY nepreHpukyaspamd R’ u R"), o' — cpemusas CKopocTb
H#a nyta As. Orciona
. Aq)
R"

B npemene npu At—> 0 mpubJsyKeHHOE PaBeHCTBO. CTAHET CTPOTHM,
CpenHsisi CKOPOCTb v’ NPEeBPATUTCS ‘B MTHOBEHHYIO CKOPOCTb U B TOuKe 1,
R’ — B papuyc KpuBH3HH R. B pe3sy.ibrate NOJYYHTCA PaBEHCTBO

d_2v_ ¢ (4.11)

{C — rpuBu3Ha). CrenoBaTe/sbHO, OBICTPOTa NOBOPOTa BEKTOpa CKO-
POCTH, KaK Mbl ¥ NPEANOIArast, NPONOpPLHOHaIbHa KPHBU3HE TPaEKTO-
PHH M CKODPOCTH NepeMelleHHsl 4YacTHUhI TO TPaeKTOPHH.

INoncrasus (4.11) B dopmyay (4.10), monyuum, uyto T= (v/R)n.
Haxkomeln, noxcraBuB 310 BeIpaxeHue B (4.6), mpuaeM K oxonaneJleon
dopmyse Ljasi HOPMAJLHOTO YCKOpEHMs:

v2
w, =M. (4.12)

HtakK, BEKTOp YCKOPEHHS NpH ABHKEHHH YaCTHIE! N0 MJIOCKOH Kpu-

BOH OnpeensieTcsl CJAeAYIOUHM BbIPaXKEHHEM:

w=w1+wn=z}t—}j,%'n. (4.13)
Monyab BexTopa w paBeH » .

w=VIWFETW,F =V &+ @R (4.14)
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TIpu mpsiMONMHEHHOM ABHKEHHH HOPMaJibHOE YCKOpeHHe OTCYTCT-
ByeT. 3aMeTHM, YTO w, o6palilaercs B HyJ/b B TOUKe neperu6a. KpuBoJIH-
uefiHoil TpaekTopHH (B Touke TIT Ha puc. 4.2). ITo o6e cTopoHsl OT 3TOH
TOYKH BEKTOPHl W, HANpaB/eHbl B pas-
Hble CTOPOHBI. Bekrop w, He MOXeT H3-
MEHSTbCS . CKaUKOM; HU3MeHeHHe HampasJie-
HUSl Ha MPOTHBONOJIOXKHOE IPOHCXOIUT
J1aBHO ¢ OOpallleHHeM W, B HYyJb B TOUKe
neperuba.

ITycTh YacTHila -ABHXKETCS paBHOMep-
HO C NOCTOSIHHEIM MO BeJHYHHE YCKO-
peruem. [TocKOJBKY INpPM pPaBHOMEPHOM JBMXEHHH CKOPOCTb He
U3MeHsieTC N0 BeJHYHHe, TO W;=0, TaKk yro w=w,. [TocrosiHc1B0 MO
BeqUYHHE W,, O3HayaeT, 4to v®/R=const. Orcioga 3ak/I04aeM, dTO
R=const (v=const BcleAcTBHe PaBHOMEPHOCTH JBHXKEHHS). 3HAYUT,
YacTHLA ABHXKETCS MO KPHBOH NOCTOSTHHOH KPHBH3HEHI, T. €. N0 OKPYHK-
Hoctd. TakuMm o6pa3oM, B ciydae, KOrja YCKOpPEHHE YaCTHIIbl NOCTOSIHHO
[0 BeJHYHHE H HANpaBJeHO B KaXKAbIH MOMEHT BpPeMEHH MepHeHIUKY-
JIIPHO K BeKTOPY CKOPOCTH, TPaeKTOpHell YacTHIB! GyAeT OKPYIKHOCTD.

§ 5. KunemaTHka BpamaTejbHOr0 ABHKEHHSA

[Mosopor Te/la Ha HEKOTOPBIA Yros ¢ MOXKHO 3aaTh B BHAE OTpPe3Ka,
JJIMHA KOTOPOTrO paBHa ¢, a HaNpaBJeHWe COBNAJaeT C OCbD, BOKPYT
KOTOPOIf POM3BOAMTCH MOBOPOT. 11 TOro 4ro6el yKasath, B KaKyw
CTOPOHY COBEpIIaeTCA HOBOPOT BOKPYT ’
LaHHONl  OCH, CBf3bIBAlOT  Hampas-

~ _
,. 7 /
ar, 5 /EA’J /
e ar;
Puc. 5.1, Puc. 5.2,

JieHHsl TOBOpOTa W M306pakalolliero ero OTpe3ka MpPaBHJAOM
NpaBOro BHHTAa: HaNpaBJeHUe OTPe3Ka NOKHO OBITb TaKHM,
yTOGhl, VA BAOJbL Hero (puc. 5.1), MBI BHZEJM MOBOPOT COBEpIUAIO-
IMMCS IO 4aCoBOH cTpesiKe (Bpalllasi roJIOBKY NpaBOro BHHTa IO 4Ya-
COBOI CTpesKe, MbI BLI30BEM €ro mepemetneHue ot ceb6s). B § 2 Gruto
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nokasaHo (cM. puc. 2.1), 4To MOBOPOTHI Ha KOHEUHBIE YIJIHI CKJIAAbIBa-
10TCSl He M0 NpaBHJY NapaJjjejorpaMma H NMO3TOMY He SIBJSIOTCS BekK-
topamu. MHaue o6CTOUT Zeso 1J1st TOBOPOTOB Ha OYeHb MaJible YIJibl Ag.
IlyTh, mpoxojauMeli J1060H TOYKOH Tesa NMPH OYEHb MaJiOM IOBOPOTeE,
MOXKHO CUHTATh MpsMOJHHEAHbIM (puc. 5.2). I[ToaToMy nBa coBepiaeMbx

z Y,

{ |
| (&5 ] ]
@ w
”—"——__‘*\\\

(,, Ao \\;

. :

~.
R B e
I
|
aq Vi I
Puc. 5.3 Puc. 5.4. Puc. 5.5.

TIOCJIEROBATEIbHO MaJHX noBopota Agi B Ag, 06ycIOBJIMBAKOT, Kak
BHIHO W3 PHCYHKa, Takoe ke mnepemellieHne Ary=Ar;+Ar, mo6oii
TOUKH Tesla, KaK H TOBOPOT A, mnonyuyaemblii u3 A u Ag,
CJIOKEHHEM I10 NpaBHJY napaJJenorpamma. OTClona CleayeT, YTo OYeHb
MaJile TIOBOPOTHl MOXKHO PacCMaTpHUBaThb KaK BEKTOpH (MBI 6yieM 3TH
BEKTOpHl 0603HauaTh cuMBosaMH A¢ uan d¢). Hanpapnenne Bekropa
TIOBOpOTa CBfI3HIBaeTCS C HanpaB/eHHeM BpaueHus Tena. Crenosa-
TeJbHO, d¢ fBJAeTCS He HCTHHHBIM BEKTOpPOM, @ IICEBAOBEKTOPOM.
. .. BeKTOpHas BeJMYHHA
o= lim 3% — % (5.1)
At—>0
(rme At — Bpems, 3a KOTOpOe COBEpILAeTCsi MOBOPOT A¢) HasbIBaeTcst
YyrJAO0BOH CKOpPOCTBDIO Tesa !). ¥YrJoBasi CKOPOCTb @ Hanpas-
JieHa BJOJIb OCH, BOKPYT KOTOPOH BpallaeTcst TeJo, B CTCPOHY, ompeje-
JisieMyl0 NTPaBHJIOM NpaBoro BHHTA (puc. 5.3), u mnpeacrasasier coGoii
nceBioBeKTOp. Mony/ib yrsoBo# cKopocTd paBeH d¢/dt. Bpamenue c
TIOCTOSTHHOH YIJIOBOH CKOPOCTBIO Ha3blBaeTCs]I paBHOME P HBH M.
Ecnu BpalleHue sIBJSETCSs paBHOMEPHBIM, TO ©=@/f, Tl1e ¢ — KOHeY-
HBIfl yroJ nosopoTa 3a Bpems ¢ (cp. ¢ v=s/t). Takum o6pa3om, npu
paBHOMEPHOM BpallleHHH  TNOKasniBaeT, Ha KaKOH Yroa mNoOBOpayH-
BaeTCsl TeJIO 3a eAMHHILY BpEMeHH.
PaBsHOMepHOe BpailleHHe MOXKHO XapaKTepH3oBaTb nepHoioM obpa-
menns T, noj KOTOPHIM NOHHMAIOT BpeMs, 3a KOTOpOe TeJo Jesaer

1) PaccmoTpenHyI0 B § 3 CKOpOCT V MHOIAA HaswBaloT A B H el H o ¥,
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OJiMH 060OpOT, T. €. MoBOpayHBaeTcs: Ha yroJa 2. ITocKo/IbKY TpoMeRyT-
Ky BpemeHU Af=T cooTBeTCTBYeT yroJ nosopora Ag=2m, T0o

o0=2n/T, (5.2)
OTKYyIa
T=2n/w. (56.3)
Uucno 06opoTOB B €IMHUIY BPEMEHH v, OYEBHJHO, PaBHO
v=1/T=w/2x. (5.4)

Us (5.4) cnepyer, uto yrJjioBasi CKOPOCTb paBHAa 27, YMHOMXKEHHBIM Ha
YHCJI0 0GOPOTOB B €JUHHIY BpPEMEHH:

0=2mv, (5.5)

ITonsiTHsa neprosa obpallleHust M 4YHCaa OGOPOTOB B €IMHHULY Bpe-
MEHH MOXHO COXPAHUTb H /I HePaBHOMEPHOTO BpalUEHHs, TOHHMAs
o1 MTHOBEHHbIM 3HaueHHeM T TO BpeMsi, 32 KOTOPOE TeJO COBEpPILIHJIO
6bl OMH 00OpOT, ecad Obl OHO BpAamiaIoCh PAaBHOMEPHO C JaHHBIM
MCHOBEHHBIM 3HAYeHHEM YIJIOBOH CKOPOCTH, a HOJ V NMOHUMAasi TO YHCJIO
060pOTOB, KOTOpPOE COBeplIaso Obl TeJIO 3a eAHHHIy BPEMEHH NpU aHa-
JIOTHYHHIX YCJIOBHSX.

BekTop © MOXeT H3MeHATbCSI KaK 3a CYeT H3MEHEHHs CKOPOCTH
BpalLieHHsl TeJa BOKPYT OCH (B 3TOM CJyyae OH HU3MeHsIeTCs [0 BeJju-
YiHe), TAK M 3a CUeT MOBOPOTA OCH BpalleHUs B NPOCTPAHCTBE (B ITOM-
cydae o H3MeHsieTcs Mo HampasieHH0). ITyctb 3a Bpems Af BekTOop ©
noJjiyyaer npupaienyve Ao. MaMeHeHne BeKTOpa YIVIOBOII CKOPOCTH CO
BEpeMeHeM XapaKTepH3YyeTCs BeJHYHHOH

do
ﬁ_Al,l_n,lo_AT ar ! (5.6)
KOTOPYIO HasblBalOT YTJ OBBIM YCKOp e HHeM. YIJI0oBoe YCKO-
peHMe, KaK W YIJIOBasi CKODOCTb, SIBJISIETCS NCEBIOBEKTOPOM.
Ote/bHbIE TOYKH BpAlAIOLIErOCs Teja UMEIOT pasJjuyHble JHHEH-
Hble cKopocTH V. CKOpOCTb KaXKAOH M3 TOYeK HelpepHIBHO H3MeHseT
CBOoe HampaB/eHHe. BeqnYuHa CKOPOCTH U ONpeNessieTcsi CKOPOCTBIO
BpallleHUs] TeJla ® M paccTosHHeM R paccMaTpuBaeMOll TOUKH OT OCH
Bpautenusi, ITycTb 3a Masblil IPOMEXKYTOK BpeMEHH TeJO MOBEPHYJIOCH
Ha yron Ag¢ (puc. 5.4). Touka, Haxoxsmwascs Ha PacCTOSHHUH R OT
OCH, MPOXOAHMT NpH 3ToM nyTb As=RAq. JIuHeliHasi CKOPOCTb TOYKH
paBHa

R hm _R _Rco.

As
v= lim — = lim R
at—-0 AL A0 At

Tagkum o6pa3om,
v=0R. (5.7

®opmyaa (5.7) cBA3BIBAET MOAYJIH JHHEHHON M YIJIOBO# CKopocTeii.
Haiizem Boipaxkenue, cBsi3piBaiollee BeKTOpnl V M @. ITosoxenue pac-
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CMaTpuBaeMOHl TOYKH Tesa OyJeM onpefelsaTh painycoM-BEKTCPOM
T, IpOBeleHHbIM H3 JIEXKAIero Ha OCH BpallleHHs Hayasla Koopauxat O
(puc. 5.5). M3 pucyHka BHAHO, YTO ' BeKTOpHOE mpoH3Bejenye [or]
COBMAajaeT 10 HAMPaBJEHHIO C BEKTOPOM V U MMEeT MOAYJb, PaBHbif
or sin a=wR. CnenoBartejibro,

v=lorl. (5.8)

Moy/ib HOPMAJIBHOTO YCKOPEH!S TOYEK Bpallalolerocd Teia paBeH
lw,l=0v*/R. TloncraBus ciona sHayenue v us (5.7), nonyumm:

{w,|=0R. (5.9)

Ecan BBecTH nNeprneHIMKYJsPHBI K OCH BpaileHua BeKTcp R, npo-
BeJIeHHbI B JlakHYIO TOuKy Tena (cM. puc. 5.5), coorHoweuiio (5.9)
MOXXHO NpPUAATb BEKTOPHBIA BHA:

w,=— R, (5.10)

Munyc B 3T0H (opMyJie CTOUT MOTOMY, YTO BeKTOpH W, ¥ R nwmeior
NPOTHBONOJIOXKHblE HallpaBJeHNs.

[TpeanonoxuM, 4TO OCh BpallleHHs TeJa He IIOBOpaulBaeTcs B
npocrpaHctBe. CorsacHo (4.7) MOAYJb TaHTeHUUAJbHOTO YCKOPEHUS
paseH |dv/dt|. Bocnonb3oBaBiuMCh coOTHOIeHMeM (5.7) M yuTs, 4TO
paccTosiHie paccMaTpHBaeMOil TOYKH TeJia OT OCH BpalieHust R=const,
MOX(HO HamucaThb:

lim 4% |=

Al—>0 At

| wef=

= RS,

A(wR)l_IlmR =R 1 Ao

At—»o At -0 oo AT

roe P — MOAY.b YIJIOBOrO YCKOpEHHS. CJleILOBaTeJIbHO, MOLY/b TaH-
reHllMajibHOr0 YCKOPEHHsI CBfi3aH C MOAYJIEM YIJIOBOTO YCKOPEHHS
COOTHOLIEHHEM

|we|=PR. (5.11)

Takum 0Gpasom, HOPMaJbHOE H TaHTEHIHAJbHOE YCKOPEHUs PacTyT
JAMHERHO C YBeJHUeHHeM PacCTOSHHA TOYKH OT OCH BPAILEHHUS.



TJIABA 11
JAMHAMHKA MATEPHAJIBHOA TOYKH

§ 6. Knaccnyeckas mexanuka. paHuubl ee npuMEHMMOCTH

KunemaTnka JaeT onucaHHe IBH)XKEHHS TeJl, He 3aTpParuBasl BONpoca
© TOM, MOYEMY TeJO IBHXKeTCS MMEeHHO TaK (Hanpumep, paBHOMEpHO
N0 OKPYXKHOCTH, WM PAaBHOMEPHO-YCKOPEHHO IO MPsIMOIt), a He HHavye.

IuHamMyKa H3yyaeT JIBHXKEHHE TeJl B CBS3H C TeMH NpPHYHHAMH
(Baaﬂmonencmuﬂmu MEXJy TelamH), KOTOpbie OOCYCJOBAHBAKT TOT
UIH MHOM XapaKTep ABHXEHHS.

B ocHoBe Tak Ha3blBaeMOH KJaCCHYECKOH MJIH HBIOTOHOBCKOH Me-
XaHHKH JIeXXaT TPH 3aKOHA AMHAMHKH, chopmy.HpoBaHHbIe HbioToHOM
B 1687 r. A ,

3axonnl HbloToHa (kKak ¥ Bce ocTasbHBlEe (M3HYECKHE 3aKOHH) BO-
3HHKJH B pe3yJbrate o060CIeHHs GOJIBIIOTO KOJHYECTBA OMNbITHBHIX
¢akToB. [TpaBUIBHOCTD HX (XOTA H /IS ‘OYeHb OGLIHPHOrO, HO BCe XKe
OrpaHMYeHHOro Kpyra SIBNIeHUH) NOATBEPXKAAeTCs COrJIaCHEM C ONBbITOM
TeX CJAEACTBH, KOTOpBle M3 HHX BBITEKAIOT.

HeloToHOBCKast MEXaHHKa JOCTHIJIA B TeUeHHE ABYX CTOJIETHH TaKuX
CTPOMHBIX ycrexoB, 4To MHorue ¢usukH X1X croseTus GuIIH y6ex aeHEl
B ee Bcemorymecrse. CuuTazoch, 4T0 OGDBSCHHTh JI0Goe (u3HYECKoe
siBJIeHHE 03HAaYaeT CBECTH e€ro K MeXaHHyecKOMY Npoueccy, MOAYHHSIIO-
wemycsa 3akoHam HelotoHa. OnHakKo ¢ pa3BUTHEM HayYKH OOHaPYKHUIIHCh
HOBbIE (DaKTBI, KOTOPBIE HE YKJIAAbIBaJHCh B PAMKH KJaCCHYECKOH MeXa-
HHMKH. DTH (aKTHl NMOJYYUJIH CBOE OOBSICHEHHE B HOBBIX TEOPHUSIX —
CrelHaJbHON TEOPHH OTHOCHTEJLHOCTH M KBaHTOBOH MeXaHHKE.

B cnenuanbHOH TeOpHH OTHOCHTEIbHOCTH, CO3NaHHON DUHIITEHHOM
B 1905 r., momBeprinch pajMKaJbHOMY IIE€PECMOTPY HBIOTOHOBCKHE
TpelCTaBleHnsi O NPOCTPaHCTBe M BpeMeHU.DTOT NePecMOTpP HpHUBel
K CO3JaHHIO «MEXaHHKH GOJBIIHX CKOpOCTeH» IJIH, KaK ee HasblBaioT,
peNATHBUCTCKOH MexaHMKH. HoBas Mexannka He mpuBena, OJHaKo,
¥ TOJIHOMY OTPHUAHHIO CTaPOH HBIOTOHOBCKON MeXaHHKH. Y paBHEHHS
DEJIITHBHCTCKON MEXaHWKH B mpefene (I1si CKOpoCTel, MaJIbiX 10 CpaB-
HEHUIO CO CKOPOCTBbIO CBeTa) MepexoisT B YPaBHEHHS KJACCHUECKOH
mexaHHKH, Takum o0pa3soM, KJjaccuyecKas MeXaHMKa BOILLJA B pesifiTH-
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BHCTCKYIO MEXAaHUKY KaK ee YacCTHBIH clyyaH M COXPaHHJa CBOE Mpex-
Hee 3HauYeHMe JJIs OMUCAHUS ABHKEeHHH, IPOHCXOSAILHX CO CKOPOCTAMH,
3HAYMTEJbHO MEHbUIHMH CKOPOCTH CBeTa. .

AnanoruyHo oGCTOHT 1eJI0 ¥ C COOTHOIUEHHEM MeXKAY KJIaCCHYeCKolt
W KBaHTOBOH MeXaHHKOH, Bo3HHKINel B 20-X rojax Hallero BeKa B pe-
3yJbTaTe PasBUTHsI (U3NKH aToMa. Y PaBHEHUS] KBAHTOBOH MeXaHMKU
TaKxe JNaloT B mpefene (mias Macc, GOJBIIAX MO CPaBHEHHIO C MaccaMH
aTOMOB) YpaBHEHMsI KJaccHuecKoi MexaHukH. ClieloBaTe/IbHO, KJIacCH-
yeckast MeXaHMKa BOLIJIA 1 B KBAaHTOBYIO MeXaHHMKY B KauecTBe ee npe-
JeJIbHOTO CJyyast.

Takum oGpa3om, pasBHTHE HaYKH He MepeuyepKHYJ0 KIacCHYECKYIO
MEeXaHHKY, a JUIIb N0Ka3ajo ee OrpaHHYeHHYIO NpHMeHHMOcTb. Kiac-
cHYyecKasl MeXaHHKa, OCHOBHIBAaIOLlasics Ha 3akoHax HbloTona, siBiis-
eTcsl MEXaHHKOI Tesl GosbliuX (MO CpaBHEHMIO C MacCoH aTOMOB) Macc,
IBIXKYIIMXCSI C MasbiMH (MO CPaBHEHHIO CO CKOPOCTbIO CBeTa) CKOPO-
CTAMH. '

§ 7. Nepsolii 3akon HbloToHa.
HHepunanbHble CHCTEMBI OTCYETA

Ilepsoifi sakon HeioTona dopmynupyercs caenyioumum o6pasom:
6CAKOe Mea0 Haxo0Umcs 8 COCMOSHUL NOKOR UAU PABHOMEPHOZ0 U NPAMO-
AuUNelino2o Osudcerus, noxka 6030elicmeue co cmoponst Opyeux mea He
3acmasum e2o usmenums amo cocmostue. O6a Ha3BaHHBIX COCTOSAHMS
OTJIMYAIOTCS TeM, YTO YCKOPEHHMe Tesia paBHO HY.Io0. [losTomy dopmy.iu-
POBKe NepBOro 3aKOHa MOXHO NpPHUIATh CJIENYIOMUHHA BHI: CKOPOCTb
JII06OTO TeJla OCTaeTCs NMOCTOSHHOM (B YaCTHOCTH, PaBHOM HYJIO), MOKa

BO3AEHCTBUE Ha 3T0 TeJO CO CTOPOHBI APYTHX TeJ He BBLI3OBET €e HU3Me-
HEHHUA.

Tlepseiii 3akon HploToHa BbinO/IHsIETCS He BO BCSIKOH CHCTeMe
orcyeta. Mnbl yKe OTMeYasd, YTO XapakTep ABHKEHHS B3aBHCHT OT
BBIOOPA CHCTEMBI OTCYeTa. PacCMOTPHM /iBE CHCTEMBI OTCYETa, JBHIK YIIHe-
Csl APYr OTHOCHTEJIbHO ApYra C HEKOTOPbIM YyCKopeHueMm. Ecau oTHO-
CHTeJIbHO OJHOH H3 HHX TeJIO NOKOMTCS, TO OTHOCHTENIbHO APYTOif OHO,
OYEeBHIHO, OYIeT ABUraTbCsi C ycKopeHueM. Cilef0OBaTe/lbHO, MepBbIil
3akOH HpioTOHA He MOXeT BbIIOJHATHCH OJHOBPEMEHHO B OGEHX CH-
cTeMax.

Cucrema oTcuera, B KOTOPOH BBINOJIHSIETCS NePBHIA 3akoH HbloToHa,
Ha3plBaeTCsi HHepUHaJdbHOHA CaM 3aKOH HashiBAlOT HHOIAA
3aKOHOM HHep i H u. CucremMa oTcueTa, B KOTOPOil NepBblii 3aKOH
HploToHa He BRIMOJIHSETCS,, Ha3biBaeTCsi HeHHEPIMAMBHOH CHCTEMOM
orcuera. VHepuuasibHEIX CHCTEM CYLIECTBYeT GECKOHEYHOE MHOMKECTBO.
JlioBast cuctema oTcyeTa, IBHXKYIIASICS OTHOCHTENBHO HEKOTOPOH HHep-
UHaJbHOH CHCTEMBI NPSMONHHEAHO U PaBHOMEPHO (T. €. C MOCTOSIHHOM
CKOpOCTbIO), By/eT Takxe HHepuHajbHOH. Ilogpo6Hee 06 3ToM Gyner
ckasaHo B § 12,
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OnBITHBIM NYTEM YCTAHOBJIEHO, YTO CHCTEMa OTCYeTa, IeHTP KOTOpoH
coBmelneH ¢ CoJiHIlEM, a OCH HalpabJ/eHbl Ha COOTBETCTBYIOMUM oOpa-
30M BbIOpaHHbIE 3Be3[pl, SIBJSIETCH C OYEHb BBHICOKOH CTENeHbIO TOY-
HOCTH wuHepunanbHo#l, OHa HasbiBaeTci TeJHOLEHTpHUYEC-
Ko cHcTeMO#l oTcueTa (reJuoc — IO-TpeyeckH COJHIE).
JlioGasi cucreMa oTcueTa, ABHXKYLILASICS PABHOMEPHO M NPSIMOJIMHEHHO
OTHOCHTEJIbHO Te/IMIONEHTPHYECKOH cHCTeMbl, OyZeT HHepHHalbHOH.

3emnst JBUKeTcsl oTHocUTebHO COJTHLA W 3Be3J N0 KPUBOJHHEHHOH
TpaekTopuu, umetomeit ¢opmy assmunca. KpuBosnHeliHoe ABHXKEHHe
BCerJa INpPOHMCXONUT C HEKOTOpbIM yckopeHueM. Kpome Ttoro, 3emis
coBepluaeT BpaiieHue BOKPYTr cBoell ocu. Ilo 3TuM npuunHam cucrema
OTCcuera, CB3aHHas C 3eMHOH IOBEPXHOCTBIO, JIBUKETCS C YCKOPEHHEM
OTHOCHTEJIbHO TeJNHOLEHTPUYECKOH CHCTEMBI OTCUeTa M He sBJASeTcH
nHepunaidbHOH. OIHAaKO yCKOpeHHe TaKOH CHCTeMBI HacTOJIBKO MaJo,
yTO B GOJIBLIOM UHCJIE CAyYaeB €e MOXHO CUMTaTb NPAKTHYECKH HHep-
unanbHoit. Ho nHorna HemHepiuanbHOCTb CHCTEMBI OTCYETA, CBS3aHHOH
¢ 3emJieft, OKa3blBaeT CYILECTBEHHOe BJIMSIHHE HA XapakTep paccMmar-
pHMBaeMbIX OTHOCHTEJILHO Hee MeXaHWuecKuX siBjieHHit. Hekotopeie u3
TaKUX CJy4aeB Mbl PaCCMOTPHM BIOCJEACTBHH,

§ 8. Macca ¥ umnyabc Tena

BospeficTBHe Ha JaHHOE TeJO CO CTOPOHBI APYTHX TEJ BHI3BIBaeT
M3MEHEHHE €ro CKOPOCTH, T.e. cOOOUlaeT JaHHOMY Tely YCKOpeHHe.
OnuT mokaspiBaeT, Y4TO OJMHAKOBOE BO3JEHCTBHE COOGLIAET Pa3HBIM
TeaM pas3Hele MO BeJMYMHE YCKOpeHHs. Bcskoe Teno «npoTHBHTEA»
NIONBITKAM H3MEHHTb €0 COCTOsIHHE ABHXKEHHs. DTO CBOACTBO TeJl Ha3bl-
BaeTCi HHEPTHOCThb 0. B KauecTBe KOJHUECTBEHHON Xapakre-
PUCTHKHM MHEPTHOCTH HCHOJIb3yeTcs BeJHYuHa, Ha3plBaeMasi Ma Cc ¢ 0 |
TeJsa.

Yro6el onpeiesnTh Maccy HEKOTOPOTO Tesla, HYXKHO CPaBHHTb ee
C Maccoil Tesa, IPUHATOTO 32 3TaJOH Macchl. MOXHO TaKXKe CPaBHUTb
Maccy JaHHOrO TeJla C Maccoil HEKOTOPOrO Tesla ¢ YK€ M3BEeCTHOH Mac-
coil (onpejesieHHOH TyTeM cpaBHeHHs ¢ 3TajoHoM). Onepauuio cpas-
HEHHs1 Macc m; ¥ m, ABYX MaTepHajbHBIX TOYEK (YaCTHL) MOMKHO ocy-
IECTBHTh CJeAyomuM 00pasoMm. ITocTaBUM 3TH yacTHLBI B TakHe Yyc-
JIOBHs1, YTOOBI MX B3aHMOAEHCTBHEM C IPYTMMH TeJlaMH MOXKHO ObLIO
npeneGpeyb. CucTeMa Tes, B3aUMOJIGHCTBYIOIMX TOJNBKO MexAy coboil
1 He B3aUMOJEHCTBYIOUIHX C IPYTHMH TeaMH, Ha3blBaeTcsi 3 a M K H Y-
T 0 #. C/efoBaTe/sIbHO, Mbl PaccMaTpHBaeM 3aMKHYTYIO CHCTEMY ABYX
yacTull. Ec/iu 3acTaBHTb 3TH YacTHLbI B3aHMOAEHCTBOBATh (Harmpumep,
TNOCPEACTBOM CTOJIKHOBEHHSl IPYr C APYIOM), HX CKOPOCTH moJydar
npupaienus Av; u Av,. OnmIT faeT, 4TO 5TH NPUPAILLEHHsT BCerna NpoTH-
BOMOJIOXKHBI N0 HATPAaBJEHHIO, T. €. OTJAMYalTcs 3HakoM. OTHOLIEHHe
ke MoayJse#l npupamieHuii CKOpoCcTell He 3aBHCHT OT crocoba M HHTEH-
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CHBHOCTH B3aHMOACHCTBHA NAaHHBIX ABYX Tes !). DTO OTHOLUEHie MpH-
HHMaeTCsl PaBHBIM OGPaTHOMY OTHOLIEHHIO MacC pacCMaTPUBAEMbIX TeJ:

Lt 'AV ' .
TEer= o @1

(6osiee MHEpPTHOE TeJO, T. €. Tesqo ¢ GoJbluelt Maccoif, mperepreBaer
MeHbllee H3MeHeHHe cKopocTn). [IpHHSB BO BHHMaHHe OTHOCHTE/NbHOE
HanpasJieHHe BeKTopoB Avy u, Av,, cootHowenHe (8.1) MOXKHO HanucaThb
B BuIe

mAv;=—m,Av,. 8.2)

'B HBIOTOHOBCKON MeéXaHHKe (T.e. MeXaHHKe, B OCHOBY KOTOpPOH
noJioxkeHs! 3akoHbl HbloToHa) Macca Tesa mpexnnoJiaraercst MOCTOSTHHOM
BEJMUHHOM, He 3aBHCsIlel OoT ckopocth Tesa. ITpu ckopoctsix, MaJbix
10 CPaBHEHHIO CO CKOPOCTBbIO cBeTa ¢ (npH v<€c), 3TO MpelfoJioKeHHe
NPaKTHYECKH BHINOJHAETCA. Bocnoab3oBaBiunch MOCTOSHCTBOM MacChi,
(PeACTaBUM PaBEHCTBO (8.2) cnenyromum o6pa3om:

A (myvy) =—A (m,vs). (8.3

[MpousBeneHne Macchl Tesla ‘HAa €ro CKOPOCTh HasbIBAaeTCs H M-
nyJabcoM Tena ?). OGo3HauuB UMNYyJbC GYKBOH P, HOJYYHM:

p=mv. 8.9

Onpenenenve (8.4) crnpaBefivBO /I MaTepHa/NbHBIX TodeK (YaCTHIL
H' IPOTSI2KEHHBIX TeJs, ABHXKYIIHXCS HocTynatesabHo. B cayuae npors-
JKEHHOTO TeJsla, ABMXKYILErocsi HenocrynarejbHO, HY2KHO NpeACTaBHTbL
TEJIO KaK COBOKYIHOCTb MaTepHa/IbHEIX TOYeK ¢ Mmaccamu Ami;, ompe-
JEJIUTh UMNYJbCh Am;v; 3THX TOUEK W 3aTeM CJIOKHTb STH HMIYJIbChl
‘BeKTOpHO. B pesysbrate fO/MydYHTCsl NMOJHBIA HMIYJBC Teja:.

p=§ Amyv;. (8.5)

[Tpu nocrynate/bHOM HBHMEHHH TeJa BCe V; ONUHAKOBbI H (POpPMY.ia
(8.5) nepexonut B (8.4).

3amenus B (8.3) NPOU3BENEHHS MV AMMYJbCAMH P, NPUAEM K COOT-
Howenuio Ap,=—Ap,, orkyna A (p,4-p.)==0. PaBeHcTBO HyMO mpu-
paileHusi BeJHYUHbI O3HAyaeT, YTO CaMa BeJHYMHA OCTaeTCs HEeH3MeH-
Ho#i. Takum o6pasoM, Mbl NPHIIJIH K BBIBOLY, YTO MOAHbIL UMRYALC
samkHymot cucmemot 06Yyx eaaumoaeucmeyromux sacmuy, ocmaemcs
NOCMOSAHHLIM:

P=Px+pz=const. (8.6)

ITpHBeneHHOe BhIlIE YTBEPIKACHHE COCTABJAET CONEpPMKAHHe 33 KO H a

) 3to cnpaBenauBO B cayuae, KOrja HayajlbHele U KOHEYHBE CKOPOCTH YaCTHI
Majbl 1O CpPaBHEHWIO CO CKOPOCTbIO CBET4 C.
?) YcrapeBulee Ha3BaHHe 3TON BeJHUMHBI — KOJIHYECTBO ABHXKEHHS TeJa.



§9. BTOPOR 3AKOH HBIOTOHA: + B3

COXpaHeHHS UMNYJabca.B§ 27 Mb paccMOTpHM 3TOT 3aKOH
GoJsiee MoAPOGHO. .

OrMeTuM, 4TO B PeJATHBUCTCKOA MeXanuke (cM. ra. VIII) swipa-
JKEHHe ISl UMNYJIbca HMeeT Mo cpaBHeHHIO ¢ (8.4) Gosiee CIOXHLIA BHA!

mv

A —————3 8.7

P Vi—/c @.7)

3mecb m — Tak HaspiBaeMasi MacCa IO K O 51 Tela (Macca Tesa npu

v=0), ¢ — ckopocTb cBeTa B BaKyyme. BripaxeHnue (8.7) MOXHO HC-

TOJIKOBaTb TaK, YTO Macca Tejla He OCTaeTcsi NOCTOSTHHON (KaK Npearo-

JlaraeTcsi B HbIOTOHOBCKOH M€XaHMKe), a H3MEHSETCS CO CKOPOCTHIO 1o
3aKOHY

2 m
m (v) = = (8.8)
Torma Beipaenne (8.7) MOXKHO NpPEACTaBUTb B BHIE
p=m()v, (8.9)

aHaJIOTHYHOM BhIpaxkeHuio (8.4).

Onpenensiemass ¢opmysoii (8.8) macca m(v) HaswiBaeTcs p e a -
TUBHUCTCKOH MaccoH HWIM Maccol JOBHUXEHHA.
B nanbHefiineM Mpr 6yneM 0603HauaThb ee CHMBOJIOM m,.

§ 9. Bropoii 3saxon HbloroHa

~ Bropoit 3akon HbioToHa T/1aCHT, YTO CKOPOCMb USMEHEHUR UMNYALCA
meaa pasna Oelicmeyowels Ha meao cuse F:
dp
T F. 9.1)
Ypaeuenue (9.1) HasbiBaeTci YypaBHEHHEM JBHXEHHS
TeJaa.
3amenyB corsacHo (8.4) p NpoU3BeJEHHEM MV U YUTS, YTO B HBIOTO-

HOBCKOH MeXaHHKE Macca NpEeANoJaraeTcs NOCTOSIHHOH, MOXHO npej-
CTaBUTb cooTHouwenue (9.1) B Bune

mw=F, 9.2)

rae w=yv. Taxkum o00pasoM, MbH NpHLLIH K ApYyroii ¢opMmy/aupoBke
BTOpOro 3akona HeloTona: npoussedernue maccor meaa Ha e2o yckopenue
pasHo Oelicmeyrowieti Ha meao cuae.

CootHomenne (2.2) BLI3LIBAJIO M NPOJOJIKAET BBI3BIBATH CpelH (Gu3u-
KOB MHOro cnopoB. Jlo c¢uX nop HeT OOCLIENPHHSITOTO HCTOJKOBaHUS
5TOro cooTHowmeHHs. CJ0XKHOCTb COCTOMT B TOM, YTO He CYILECTBYeT
He3dBHCUMBIX CIIOCCOOB omnpefeseHusi. Beauunn m u F, Bxomsumux
B ypaBHenue (9.2). Jlas onpenenenus oaHoi u3 HUX (m uau F) npuxo-
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IUTCSI MCMOJIB30BaTh COOTHOUIeHHe (9.2), CBsI3bIBAlOIIEE STY BENHUHHY
¢ npyroit u ¢ yckopenvem w. Tak, Hanpumep, B Kuure C. 2. Xafikuna
«Pu3nyeckre OCHOBbHI MexaHuKu» (Puamarrus, 1963 r.) Ha crp. 104
uyptaeM: «Tak KakK JUIsl YCTaHOBJIEHHsI croco0a M3MepeHHsl MacChl Teja
HCIIOJIb3YETCST TOT 2Ke BTOPOH 3aKoH HbioToHa (BenMumHA Macchl Tesa
onpenesieTcss OJHOBPEMEHHbIM H3MeDEHHeM CHJIBl H YCKODEHHs), TO
BTOpOii 3aKOH HbloTOHA CONIEPIKUT, C ONHOH CTOPOHBI, YTBEPKAEHHE, UTO
YCKOpeHHe IIPONOpLHOHANbHO CHJlE, a.C APYroi — onpenesneHye MacChl
TeJla KaK OTHOLIEHHs CHJBl, AEHCTBYIOLICH Ha TeJo, K coobLiaeMoMmy
3TOH CHJIOH YCKOpEHHIO».

P. ®eiinvaH no mMoBoAy CMbIC/Ia BTOporo 3akoHa HreloToHa rosopur
crenyiomiee: «COpoCUM 2ke: B YeM CMbICH ... (opMysasl F=mw? Mul
HHTYHTHBHO IIOHHMMaeM, YTO TaKoe Macca; Mbl MOXKEM TaKiKe ompeje-
JIUTh YCKOPEHHe, ec/IM HaM MOHATHO, YTO TaKOe MEeCTO U YTO TaKoe BpeMs.
CMBIC/ 5THX NOHSTHI Mbl II03TOMY He GyIeM oGCYKJaTh, a COCPENOTO-
YHMCSI Ha HOBOM IIOHATHH cuJsbl. M 3nech oTBeT Toxe BecbMa MpOCT:
€C/IH TeJIO YCKOpsieTcsl, 3HaYHT, Ha Hero JeHcTByeT cu/ia. Tak roBopsit
3akoHbl HbloTOHA, M camoe TOUHOE H KpacHBOe M3 MBICJIHMBIX OrpejeJie-
HUH CHJIBI COCTOSIJIO Obl B TOM, YTO CHJIa €CTh Macca Tesla, YMHOMXKeHHas
Ha ero yckopenue...». OIHaKo «...06Hapy»KHB OCHOBHOH 3aKOH, YTBepX-
JAIOIIHiI, YTO CHJIAa €CThb Macca Ha YCKOpPeHHe, a MOTOM ONPeNesIUB CHIY
KaK NpOU3BeJeHHe MacChl Ha YCKOpeHHe, Mbl HHYEro HOBOrO He OTKPHI-
BaeM ... TaKHe BbICKA3bIBaHVS He MOT'YT COCTABUTb COJEpXKaHHe (PU3HKH:
3ayeM XKe el TOHATb ONpeJeseHHs N0 KPYry... U3 OIHOTO ONpele/eHHs
HUKOrZa HUYero HUKTO He BBIBOJAHJ... VICTHHHOe ke cojep:KaHHe 3aKo-
HoB HbloTOHA TakKoBO: IpejnoJlaraercsi, 4YTo CHUJIa OOJaflaeT He3asuct-
MblMU ceolicmeamu B JONOJHeHHe K 3akoHy F=mw; Ho xapaxmepHrsie
He3aBHCHMBIE CBOHCTBA CHJI He OIMCAJ MOJHOCThIO HH HbloToH, HH KTO-
UGy b emme...» (PeifHMaHOBCKHE JeKIHH 1o hu3nKe, BHM. 1, cTp. 209—
210, «Mup», 1965). '

ITomuepxueM, uto BTOpoil 3akoH HbloToHa (Tak e Kak H JBa ApY-
TUX 3aKOHA) SIBJISETCS SKCIEePHMEeHTaIbHEIM 3aKOHOM. OH BO3HHK B pe-
3ysabTaTe OOOOIIEHHS NAHHBIX ONBLITOB M HaGJIONEHUH.

B yacrHoM ciyyae, Korga F=O0 (T. e. npu oTCyTCTBUH BO3JeHCTBHS
Ha TeJIO CO CTOPOHBI APYTHX Tes), YCKOpeHHe, Kak cieayer u3 (9.2),
TaKkKe paBHO HYJIO. DTOT BBIBOJ COBNAJAeT C YTBEPXKAEHHEM NepPBOro
3akoHa HblotoHa. IloaToMy nepBblil 3aKOH BXOIHT BO BTOPOH KaK €ro
gacTHHIH cayvaii. HecMoTpsi Ha 3To, nepBHIl 3aKOH (OpPMYJIHpyeTcs
He3aBHCHMO OT BTOPOro, TaK KaK B HeM N0 CYTH 3aKJIOYeH IIoCTyJaT
(yTBepKaeHHE) O CYIIeCTBOBAHHH WHEPLHANBHBIX CHCTEM OTCYeTa.

B 3akmoyeHHe OTMETHM, YTO IPH HE3aBHCHMOM BbIOOpE eRHHHIL
Macchl, CHJIBI U YCKODEHHS BbIpaxieHHe BTOPOro 3aKOHA HYXXHO NHCaThb
B BHJE

mw=EkF, 9.3)
rae k — kKo3pdhuuveHT NpPonopLHOHAJTBHOCTH.
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§ 10. Eauanupl H pa3MepPHOCTH (H3HYECKHX BeJHYHH

_ 3akoHBl (pU3MKH, KaK yKe OTMeUaJoch, YCTAHABJMBAIOT KOJHYECT-
BeHHble COOTHOIIEHHS] MeXJy Gu3HuecKHMH BeauunHamu. Has ycra-
HOBJIEHMS] TaKHX COOTHOILIEHUH HeoOXOJUMO HMeTb BO3MOXKHOCTH H3Me-
pATH pasauuHble (QU3HUECKHEe BEJHYMHEL,

MsmepuTbh Kakywo-1u60 (H3HUeCKYI0 BeJMUYHHY (Hanpumep, CKo-
pOCTb) O3HauaeT CPABHUTb ee C BeJMUYHHOH TOro Ke BHIA (BO B3SITOM
npuMepe — CO CKOPOCThbIO), TNPHHATOH 3a eNHHHUIY.

Boo6we rosops, Aaa KaxuoH ($U3W4eCKOH BEJHUYMHBI MOXKHO OBLIO
Obl YCTaHOBHTbL €€ eIMHHIly NPOHU3BOJIbHO, HE3aBHCHMO OT APYTHX.
OzHaKo OKa3biBaeTcsl, YTO MOXKHO OIPAHHUYHTLCS NPOU3BOJBHBLIM BHI-
60pOM eJIMHHUIl IS HEeCKOJNbKHX (MHHHMYM Tp€X) B NMpPHHLHIE JIOOBIX
BeJIMUMH, NPUHATHIX 3a OCHOBHBIe. EJMHHIEL XKe BCEeX NMPOUHX BEJHUYHMH
MOXHO YCTaHOBHTb C IOMOIIbIO OCHOBHBIX, BOCIOJIB30BaBUIHCH [Ist
31O 1edH (QU3HYeCKUMH 3aKOHAMH, CBS3BIB2IOUIMMH COOTBETCTBYIOLLYIO
BeJIMYHHY C OCHOBHBIMH BeTHYHHAMH HJIH C BeJIHUYMHaAMH, AJ KOTOPBIX
€IMHUIbI yKe YCTaHOBJIEHbI NOAOOHEIM 00pa3oM.

IMosicHuM ckazaHHoe cJaexywoomum npumepoM. IlpenmonoxkuM, uTo
MBI y2Ke YCTaHOBUJIM €IUHHILI I/ Macchl H yckopeHusi. CooTHollleHue
(9.3) cBsi3bIBaeT 3aKOHOMEpPHBIM 0GpPa3oM 3TH BeJIMYMHBL C TPETbel
¢us3uueckoil BeIHUMHONH — cusoli. DBriGepeM efHHHIY CHJBI Tak,
uTOGEl  KO3((GHIHEHT MPONOPIHOHAILHOCTH B 3TOM YpaBHEHHH ObII
paBeH epunune. Toraa ¢opmyaa (9.3) npuHHMaer 6GoJiee MPOCTOH BHI:

mw=F. (10.1)

Mz (10.1) cnenyer, uto ycTaHOB/IEHHas eAMHHLA CHJBl NpeACTaBJISET
co00#1 Takylo CuJy, NOA JeHCTBHEM KOTOPOH TeJO C Maccod, paBHOM
elHHHIE, MOJyYaeT YCKOpPEeHHe, PaBHOEe TaKKe eJuHHIE (IOACTaHOBKa
B (10.1) F=1u m=1 paer w=1).

Ilpu ykasaHHOM crioco0e BEIOOPA €IMHHUIL (PHM3HUeCKHe COOTHOIUEHHS
npuHHMaioT Gosee mpocroil BHA. Cama ke COBOKYNHOCTb €AWHHIL 06-
pasyeT OIpeJieIeHHYI0 CHCTeMYy.

CyliecTByeT HECKOJbKO CHCTEM, OTJIHYAIOIMXCA BHIGOPOM OCHOBHBIX
ennHun. CHCTeMBl, B OCHOBY KOTOPBHIX IOJIOXKEHBI €IHHHIE! AJMHE,
MacCchl H BpEMEHH, Ha3bIBAlOTCSI a6 CO M0 TH B M H.

Ipuustoiit B 1981 r. rocymapcrBennbii crangapt 'OCT 8.417—81
(CT C3B 1052—78) BBOAHT Kak 00s3aTe/bHYI0 MexIyHapoaHyio CH-
creMy eiuHul, oGo3Hauaemyio cuMBojoM CH. OCHOBHBIMH eAMHHLAMH
CH siBasiiotcs: eIMHHLA JUIMHBL — MeTp (COKpalleHHoe o603HaueHne —
M), €IMHHI@ MacChl — KHJIOTpaMM (KI) U eJUHHIIA BPEMEHH — CeKYHIa
(c). Takum oGpasoM, CH nmpHHaNIEXKUT K 4MCIAY aOCOJNIOTHBIX CHCTEM.
Kpome ykasaHHbIX Tpex enunul, CH npunumaer B xauecTBe OCHOBHBIX
€JIMHUIly CHJIBl TOKa — amiep (A), eIMHHIly TePMOJMHAMHYECKOH TeM-
nepatypbl — KenpBHH (K), eAMHHIY CHJIBL CBeTa — KaHaeay (Kn)
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H eIWHHIy KOJIHYecTBa BellecTBa — MoJb (Mosb). O6 3THX eauHHIAX
GyJeT MIATH Peyb B COOTBETCTBYIOLIMX pasfesax Kypca.

B 1983 r. npuHATO HOBOe ompelelieHHe MeTpa, OCHOBaHHOE Ha
KOHCTaHTe CKOPOCTH CBeTa. DTO [MO3BOJIHJO CYLIECTBEHHO MONHATH
TOYHOCTb JIMHEHHBIX H3MepeHui. Ilo HoBOMy onperesenuio MeTp mpe-
cTaBaser co6oit paccTosiHHe, NMPOXOAMMOEe B BaKYyMe IVIOCKOM 3JIeKT-
poMarsHuTHOH BoJiHOH 3a 1/299 792 458 nomo cexynasl. HoBoe ompe-
IeNleHHe MeTpa JaHO C YYeTOM COBPEMEHHBIX JOCTHXKEHHH JiadepHoi
TeXHNKH H KBaHTOBOfl 3JIeKTPOHUKH. MeTp NpUGIUIKEHHO paBeH
1/40 000 000 pose asvHBI 3eMHOro MepHaMaHa. IIpHMEHSIIOTCHA Takxke
KpaTHele U JOJbHBIE eluHMIEB: Kujomerp (I km = 10® M), caHTHMeTp
(I cMm =10"% ™), munnumerp (I Mm = 10"2 M) u T. Z.

KumorpaMm mpejcraBiasier coGoii Maccy N/IaTHHO-HPHAHEBOTrO ')
TeNla, XpaHsiuerocs B MexxayHaponioM 6iopo mep # Becos B Ceppe (6/1u3
INapuxa). 210 TeN0 HasbIBaeTcsl MeXAYHAPOAHBIM NPOTOTHIIOM KWJIO-
rpamMma. Macca mportoruna 6su3ka k macce 1000 cM? uncTolMt BOABI mpH
4°C. I'pamm paBed 1/1000 kujJorpamma.

CekyHaa onpeJelsieTcsi KaK NMPOMEXYTOK BpeMeHH, PaBHHI CymMMe
9192631 770 nepHOAOB H3JAYyYeHHS, COOTBETCTBYIOLIETO MEPEXOAY
MeXAy ABYMSI CBEDXTOHKHMH YPOBHSIMH OCHOBHOTO COCTOSIHMS aToMa
ne3ns-133. CekyHna npuGnusHTesbHO paBHa 1/86 400 cpeamux cou-
HEUHBbIX CYTOK.

B ¢usuke mpumeHsiercsi Takike aGCOMIOTHASsE CHCTeMa eNMHHL, -Ha-
sniBaeMasi CI'C-cucremoit. OCHOBHBIMH €JUHHLIAMH B 3TOH cHCTeMe fiB-
JISIIOTCSI CAHTUMETP, I'pamMM H CeKyHJa.

EfuHUUBI BBEJEHHBIX HAMH B KUHEMATHKE BeJIHYHH (cxopocm H
YCKODEHHS) SBASIOTCA NPOM3BOAHBIMH OT OCHOBHBIX eIuHHL. Tak,
3a eIUHHUIY CKOPOCTH IpPHHHMAaeTcs CKOPOCTb PaBHOMEPHO ABUXKYILe-
rocsi Tesa, NPOXOASILEro B €IHHUIY BPeMeHH (CEKYHAYy) MyTb, PaBHBIH
elMHUIE MIMHBL (MeTpy UMM caHTHMerpy). OGosHauaeTcs 3Ta €AWHHLA
Mm/c B CH u cm/c B CI'C-cucteme. 3a eRHHHUILy YCKOpEHHS MPUHUMAETCS
YCKODEHHe PpaBHOMEPHO-NIePEMEHHOIO JBMIKEHHsI, MPH KOTOPOM CKO-
pOCTb TeJia 32 eIHHHILY BpeMeHH (CeKYHIy) H3MeHsieTcsl Ha efHHuLy (Ha
M/c uau cm/c). OGo3nayaercsi ara epunHupa M/c? B CH u cm/c? B CI'C-
cHcTeMe.

Enununa cunel B CH HaseiBaercs HbtotoHoM (H). Cornacuo (10.1)
HBIOTOH PaBeH CHJie, Noj, JeHCTBHeM KOTOpOH Teslo ¢ Maccolf 1 Kr moay-
YaeT YCKOpeHHe 1 m/c?. Eaunnna cunasl B CI'C-cucreMe HasbiBaeTcst
JMHOH (nuH). OnHa auHA paBHA cuJjle, NOJ JeHCTBHEM KOTOPO# TeJo C
maccoit 1 Kr nmosyuyaer yckopenue 1 cMm/c?. Mexay HBIOTOHOM H JHHOMN
HMeeTcsl cllefylolliee COOTHOLIEeHHe:

1 H=1 xr-1 m/c®= 10® r-102 cm/c? = 105 pun.

l) CnniaB nAaTHHBL C HPHAUEM O6JagaeT 6o.vu>moﬁ 'rnepnocnlo H KOPPOSHOHHOR
YCTOHYHBOCTBIO ('r €. MajoO NOABepxeH xmuqecxomy nosneﬁcramo okpyx(alome?x«
cpea).
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B TexHuKe IHPOKO NpHMEHANAch CHCTeMa MI\I"CC (nasbiBaeMas
OOLIYHO TeXHUYyecKoil cucremodl envHHn). OCHOBHBIMH =~ eIMHHIAMH
3TOH CHCTEeMBI ABJSAIOTCS MeTP, eMHHUUA CHJILI — KHJIOTpaMM-Cuaa (Krc)
n cekynma. Kunorpamm-cuna onpenensiercs Kak CHJa, cooGLiaroLLas
macce B 1 Kr yckopenue, paBHoe 9,80655 m/c?. U3 sToro onpefie/ienus
caenyer, uro 1 xrc=9,80655 H (npn6immeauo 9,81 H).

3a enunruny maccel B MKI'CC cornacuo (10. 1) AO/KHA OBITH MpH-
HSTa Macca TaKoro Tesa, KOTOpoe NOA AeHCTBHEM CHJIBI B 1 Krc mouy-
yaer yckopenue 1 m/c®. Ora eanHHua 0Go3HA4YaeTCss Kre:c®/M, CreuH-
aJbHOTO Ha3BaHHUs OHa He HmeeT. OueBuaHO, uTO 1 Kre- c2/mMm=9, 80655 K
(npubausutensyHo 9,81 kr).

M3 cnocoba mocTpoeHHsl CHCTeM eIMHHMI[ ClefyeT, YTO H3MeHeHHe
OCHOBHBIX €IMHHIl BJleUeT 3a OGO M3MeHeHHe MPOM3BOAHBIX eXHHHLU.
Ecin, Hanpumep, 3a €IUHHIY BpPEMEHH NPHHATbH BMECTO CEKYH/IbE
MunyTy, T. €. YBeJIHYNTb eJUHHLY BpeMeHH B 60 pas, T0 exuHHUE
CKOpOCTH yMeHbIIHTCS B 60 pa3, a eIWHHUA YCKOpeHUs YMEHbIUIHTCSE
B 3600 pas.

CoOTHOLLIEHHe, TOKa3biBaiolllee, KAaK H3MeHseTcs eAMHHLA KaKoii-
JH60 BeIUYHHB! NIPH H3MEHEHHH OCHOBHBIX €IWHHMI, Ha3bIBaeTCH p a 3-
MepHOCTbBIO 310l Beauuunel. [l oGo3HaYeHHsi pPasMepHOCTH
NPOH3BOJNBHON (PU3UYECKOH BEJHYHHBI HCIOMb3yeTCs: ee OYKBeHHOe
o003HaueHHe, B3ATOe B KBajpaTHble CKOOKH. Tak, HampuMep, CHMBOJ
[v] o3nauaer pasmepHOCTb cKopocTH. [y pasMepHOCTeli OCHOBHBIX
Be/IMYMH HCNOJIL3YIOTCS ClelHasbHble OGO3HAYeHus: NI JIUHBL L,
Ans maccbl M u s Bpemenu T. Takum oGpasoM, 0603HaYUB AJHHY
6ykBoit [, Mmaccy OyKBoH m H BpeMsi GyKBOi #, MOXXHO HanucaTth:

[11=L; I[ml=M; [{]=T

B ykasaHHBIX 0603HaueHUSX Pa3MEpPHOCTb NPOH3BOJBHON (u3Hue-
cKoit -Beuuunbl umeeT Bug L*MPTY (o, B u y MoryT 6uITb Kak moJioku-
TEeJbHBIMH, TAK U OTPHLATENbHEIMH, B YaCTHOCTH, OHH MOT'YT PaBHATbCA
HYJIO). Sra 3aMHCh 03HAyYaeT, YTO MPY YBEJHYEHUU eIUHHIBI IJHHbBL
B 71; pa3 eMHHLA JAaHHO! BeJHUYHHBI YBeJHUYHBaeTCsi B n¥ pa3 (CooTBer-
CTBEHHO YHCJIO, KOTOPbIM BBIPaXKaeTcsi 3HaueHHe BEJIHYHHbI B STHX €lH-
HULAX, YMeHblIaeTcd B Af pa3); NPH yBeJUYEHHH €JMHHIBI Macchl B I,
pa3 elUHHIAa JAaHHOH BeJMYHHBI YBeJUUHBaeTCsi B nf pa3 W, HaKomel,
npH yBeJHYEHHH eAHHHUIB! BpeMeHH B 13 pa3 eAMHHIA NaHHOH BeTHYHHb!
yBeJIMYHBaeTCsi B ny pas.

IMockonbKy ¢uanyeckHe 3aKOHBI He MOTYT 3aBHCETb OT BhIGOpa
enunul GUTYpHPYIOUIMX B HMX BeJIMYMUH, pa3MepHOCTH OGeHX uacreil
ypaBHeHHH, BHIPaXKaIOMUX 3TH 3aKOHBI, NOJ/UKHBI ObiTb OJAWHAKOBRIMH,
10 ycJoBHE MOXeET GHITh MCNOJIb30BAaHO, BO-NMEPBbiX, AJS NPOBEPKH
NPaBHJIBHOCTH MOJYYeHHbIX (PH3MUECKUX COOTHOLIEHHHA H, BO-BTOPHIX,
I/1s1 YCTaHOBJIEHMS pasMepHocTell ¢usuuecknx BesuyuH. Tak, Hanmpu-
mep, CKOpOCTb. onpeneasiercsi. Kak . v=As/Af{. PaamepHocTb. As paBHa
L, paameproctb Af pasna T. Pa3mepHoCTb npaBofi 94acTH HaNHCAHHOTO
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cootHomenus pasHa [As)/[Af]=L/T=LT~*. PaamepHOCTb JIeBOH YacTH
JOJKHA OHTh TaKod xe. CneloBaTesbHO,

[o]=LT-. (10.9)

HanucanHoe coOTHOILIEHHe Ha3biBaeTcsi (GOPMYJIOH PasMepPHOCTH, a €ro
npaBas 4acCThb — Pa3MEPHOCTBIO COOTBETCTBYIOIIEH BeJHYHHBI (B HaH-
HOM CJlyuae CKOpDOCTH).

Ha ocnoBanuu cooTHomenuss w=Auv/A{ MOXHO YCTaHOBHTbL pas-
MEPHOCTb YCKOpDEHHS:

[w]_—;‘[A_v]_:E:LT—Z'

Pa3mMepHOCTb CHJIBI
[Fl=[mllw]=MLT-2.

Amnanoruuso YCTaHaBJHUBAIOTCS Pa3MEePHOCTH BCEX MNPOYHUX BEJHYHH.

§ 11. Tpernii 3akon HeloToHA

Besikoe peficTBye Tes1 APYr Ha Apyra HOCHT XapaKTep B3auMojel-
CTBUSA: ecJid Tesio I meiicTByeT Ha TeJio 2 ¢ cuyol Fyy, TO ¥ Teso 2 B cBOO
ouepelb aelicTByer Ha Tes10 I ¢ cuyoit Fy,.

Tperuit 3akon HbioToHa yTBepxaaet, 410 cuabl, ¢ Komopoimu Oell-
cmeyrom Opye Ha Opyea 63aumodelicmeyroujue meaa, pasHbl No GeAULUHE
1L NPOMUBONOAOINCHEL NO Hanpasienuro. Vicnoib3ysl NpHBeJeHHEIE BhIllie
0603HaueHHsl CHJ, COJep:KaHhe TPeTbero 3aKoHa MOXKHO NpPeACTaBUTb
B BHJEe paBeHCTBa:

Fi;=—F,1. 11.1)

U3 tpetbero 3akoHa HbloToHa BhITeKaeT, YTO CHJIBI BO3HHKAIOT 110-
MapHO: BCSIKOH CHJle, NPHJOKEHHOH K KaKOMY-TO TeJy, MOXKHO COMO-
CTaBUTb PaBHYIO €l IO BeJIMYHHE M NPOTHBONOJIOXKHO HanpaB/eHHYIO
CHJIY, TIPHJIOKEHHYIO K JPYTOMY TeJ1y, B3aHMOAEHCTBYIOIIEMY C JaHHBIM.

Tperuit 3akoH HploToHa GbiBaeT crnpaBefiuB He Bcerfa. OH BbINOJI-
HSleTCsl BIOJIHE CTPOro B CJyyae KOHTAKTHHIX B3aWMOJEHCTBHH (T. e.
B3aHMOJEHICTBUM, Hab/IIOJAOINXCA NPH HENMOCPeICTBEHHOM CONPHKOC-
HOBEHHH TeJl), a TaKxe NPH B3aHMOJAEHCTBHH HaXOASIIMXCS HAa HEKOTC-
POM PacCTOSIHHH APYT OT APYra NOKOAULUXCS meA.

B xauecTBe mpuMepa HapylleHHs TpeTbero 3akona HeloToHa Moxker
CNYXKHTb CHCTEMa M3 JBYX 3apsKEHHBIX YacTHI| €y ¥ €;, ABHKYIINXCS
B paccMaTpuBaeMbli MOMEHT TakK, KaK nokasaHo Ha puc. 11.1. B ajek-
TPOAMHaMHKe JOKasbiBaeTcsi, YTO, KpoMe INOAYHHsIoelCs TpeTbeMy
3aKOHY CHJIBI 3JeKTpocTaTHuecKoro B3ammojelictshsi Fyy, Ha mepsyio
yacTuny GyzeT jelicTBoBaTb marHuTHas cuaa Fy. Ha Bropylo e uac-
THLY JelicTByeT Juiib cuna F,;, paBuasg —F;,. Beauuuna MaruuTHoH
CHJIBI, NEHCTBYIOIEH HAa BTOPYIO YacCTHLY, AJs M300paKEHHOTO HA pH-
CYHKe cayyasi paBHa HyJJio. OTMeTHM, YTO NpPH CKOPOCTAX 4YacCTHI,
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MHOTO MeHBIIIHX CKOPOCTH CB€Ta B NYCTOTE (npn n<Le ¥ v:Zc), cuna Fy
npeHeGpeKUMO MaJsia 1Mo CPaBHEHHIO C CuJioi Fy,, Tak uto Tpernit 3akon
HebioToHa OKasbiBaeTcsi NPaKTHUCCKH CIPaBeNIMBBIM H B 3TOM CJyuae.

Tenepb paccMOTPHM CHCTEMY H3 [BYX 3JIEKTPHYECKH HeHTpasibHBIX
YacTHIl m; H M., YAaJeHHBX APYT OT ApYra Ha paccrosiuue r. Bcegen-
CTBHE BCEMHUDHOTO TSTOTEHHS 3TH YAaCTHIBI NPUTATHMBAIOT APYr Apyra
¢ Ccunoi

F=y%2, (11.2)

re

B nannom cJayuae B3aNMOJeHCTBHe YacCTHLl OCYIIECTBJ/IACTCS 4Yepe3 rpa-
BHTduHOHHoe noJie. CKaxeM, nepeasi 4aCTHLa CO3JaeT B OKpYKalollem
ee NpOCTPAHCTBE I10A€, KOTOpOE€ MNpOsBJISeT cebs B
TOM, UTO Ha INIOMELICHHYIO B K4aKYIO- -1160 TOYKY 3TOrO

vr MoJsl YacTULY m, AEHCTBYET CHJAa NPUTSKEHHST K
nepBoil yactuie. AHaJIOTMYHO BTOpasi YaCTHIA CO3/a-
5"7 & eT moJie, KOTopoe NposBjasieT cebs B NeHCTBHH Ha
nepByto yacTuny. ONbIT Jaer, YTO M3MEHEHHS MoJs,
F, o6ycnoane3mme, HanpHMep, H3MeHEHHeM IOJIOXKEHHs
CO3/alolel MoJjie YaCTHIbl, PAaCIPOCTPAHAIOTCS B 1Po-
{ CTPAaHCTBE HE MTHOBEHHO, a C XOTS H OYeHb GOJIBIIOH,
HO KOHEYHOH CKOPOCTbIO, PaBHOH CKOPOCTH CBeTa B
nycroTe C.
Far ;o
7y Z »
- —— K ——
A e
| 12 ot T4
Puc. 11.1. Puc. 11.2.

ITpennosioxum, 4TO MEpPBOHAYa/JbHO YAaCTHULEBI M U M, MOKOSTCA B
nosioxkenusix I u 2 (puc. 11.2). Cusbt B3aumopeiictBust Fiy u Fyp paBHbl
N0 BeJHYMHE H NPOTHUBONOJIOXKHEI IO HampasieHHo. Tenepb nycTb
YaCTHIA m; OYeHb ObICTPO (CO CKOPOCTBIO, MOYTH PABHOH €) CMECTHTCH
B noJioxkenue 1. B aToil Touke Ha yacTHIY m; GYaeT AeHCTBOBATh cHia
F,, MeHbllass 1O BeJWYHHE (r'>>r) W WHaue HanpaBieHHas, ueM Fj,
(HamOMHHM, YTO IOJIe YaCTHLLI M, OCTaeTCs HeM3MeHHbIM). Ha Bropyio
JK€ YacTHIy, MOKa BO3MYIIEHHE TNOJsl, BBI3BAHHOE CMEILEHHEM My,
He JOCTHTHET TOYKH 2, OyIeT Npojo/iKaTh JeHCTBOBaTb cHya Fy.
CrenoBaTe/bHO, MOKa ABHra/ach YacTHLA /1; U B TeYeHHEe HEKOTOPOro
BpPEMeHH M0CJ/Ie TOro, KaK OHa OCTAHOBHJIAach B TOYKe I°, TpeTuil 3aKoH
HploToHa Obln HapyiieH.

Ecui Gpl yacTiua my nepemellanach H3 TOYKH 1 B TOUKy 1* CO CKoO-
POCTBIO U, MHOTO MeHblUell ¢(v<Zc), WIM CKOPOCTb PaclpOCTPaHEHHS
BO3MYIUICHUH Mosif Oblia GECKOHEYHO OOJIbIIOH, TO MIHOBEHHbIE 3Ha-
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YeHHs NOJIA B TOUKE 2 OTBedYasiH Obl NMOJIOKEHHAM YaCTHIBL f11; B TOT XKe
MOMEHT BPEMEHH, H C/eJ0BaTeNbHO, HApYLIEHWi TPETbEro 3aKoHa He
#abaogalnoch Obl.

HbloTOHOBCKAsi MeXaHMKa Booblue crpaBefiuBa JHIUb 1S CKOPO-
‘cTed ABH)KEHHsl, MHOTO MEHbUIMX CKOPOCTH CBeTa (npn vLc). I'loaromy
B paMKaX 3TOH MEXaHHKH CKOPOCTb paclpoCTpaHeHHs BO3MYLIEHHH
noJsi cyuTaercs GecKOHeuHOf, a Tperuil 3akoH HbloToHa EBbinosHgioO-
IHMCS Bceraa.

§ 12. Npunuun oTHocuteabhocTh Canunes

PaccMOTpHM JBe CHCTEMBI OTCUeTa, ABHIKYIIHECS APYT OTHOCHTENBHO

Ipyra c INOCTOSIHHOR CKOPOCTBIO V. OnHy U3 3TUX CHCTEM, 06GO3HaueH-

Hylo Ha puc. 12.1 GykBoit K,

IMK g Oynem YCJIOBHO CYHTaTbh Henof-

euxHOH. Toraa Bropas cucre-

ma K’ 6y11eT JABHrarbcs npsi-

MOJMHEIHO M  PaBHOMEpHO.

0 o) Y -~ DBbifepeM KOOpAMHATHHIE OCH

z Ly & x,y, zcucremol K u ocu X',

Ut —> & =4/ y, 2 CHCTEMBI K' Tak, uroGut

Z ¢l OCH X 1 x' COBMafali, a OCH y

Puc. 12.1. ny',aTtakxkez U 2’ GblId na-

pannenbHsl APYr ApYTY.

Haiinem cBssp Mexny KOOpAHHATAMH X, Y, 2 HEKOTOpOH Touku P

B cucreMe K W KoopauHaramu x’', y', 2’ Toil e TOUKH B cucreme K'.

Ecay Hauyarp oTcuer BpeMeHH € TOrO MOMEHTa, KOTAa Hayajta KOOpAH-

Hart oGenx CHCTeM COBMafalH, TO, KaK clefyeT u3 puc. 12.1, x=x"-uv,f.

Kpowme Toro, oueBunHo, uro y=y ' u z=2'. J106aBUB K 3THM COOTHOILe-

HHAIM NPHHATOE B KJaCCHUECKOH MeXaHHKe NpeinosoXeHHe, YT1o

Bpems B OOEHX CHCTeMax TeuyeT OJMHAKOBbIM OGpa3oM, T. €. uto {=t",
10Jly4HM COBOKYIIHOCTb YeThIpeX ypaBHEHHI:

x=x"4ovt’, y=y', z=2', t=t',. (12.1)

HasbiBaeMblX nNpeo6pasoBaHuamu laauaes.

IlepBoe u mocnenHee u3 coorHowenut (12.1) oxaswiBarorcs cnpabei-
JIMBLIMH JIHWb NPH 3HAYEHHAX U, MAJIBIX 10 CPABHEHHIO CO CKOPOCTbIC
CBeTa B BaKyyMe, KOTOPYIO MBI OyleM oGo3Hauath OYKBOH ¢ (vy&c).
Tlpu v,, cpaBHUMBIX ¢ ¢, TmpeoGpa3oBauus [amnses JOKHE ObITb 3a-
meHeHsl 6oJiee OOIUMH npeobpaszoBaHuAMH JlopeHua (cM. § 63). B paw-
Kax HbIOTOHOBCKOH MeXaHHKH ¢opmyasl (12.1), oka3piBatorcs. cnpaBeJJ,-
JIHBBIMH C GOJIBILIOH CTENEHbIO TOYHOCTH.

I'Iponmbq)epeﬂuupoaala cootHouterust (12.1) no Bpemeﬂu, Hamew
CBA3b MeKAy CKOPOCTSMH TOUKH. P. [0 OTHOLEHHNIQ K .CHCTeMaM
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orcueta K u K":
x=x"4v, WIH U,=0;+0,,
y=y WIH U, =Uy, (12.2)

4 ’ .
2=z HIH U,=0;.

Tpu ckansapHeix coorHomeHusi (12.2) sKBHBaJeHTHB! ClefyIOLIEMY
COOTHOILEHHIO MEX1Y BEKTOPOM CKOPOCTH V IO OTHOLIEHHIO K CHCTEMe
K 1 BeKTOpOM CKOpOCTH V' 1O OTHOLLIEHHIO K cHcTeme K':

v=v'4v, (12.3)

Uto6el yGeauTbCsi B 3TOM, HOCTATOYHO CIPOEKTHPOBAaTb BEKTOPHOE
pasenctBo (12.3) Ha ocu x, y, 2. _

Qopmyaet (12.2) u (12.3) nalor npaBHJIO CJIOXKEHHS CKOpocTeH B
KJlaccHueckoit mexaHuke. CilieflyeT HMeTb B BHAY, UYTO COOTHOLUEHHE
(12.3), kak u JoGoe Apyroe BEKTOPHOE COOTHOIUEHHE, OCTaercs crpa-
BEJJIHBBIM MPH NMPOH3BOJHLHOM BHIGOpPE B3aHMHBIX HanpaBJieHHiI KOOp-
auHaTHHIX oceit cucteM K u K'. CootHoweHus ke (12.2) BbinoJHsioTcst
TOJIBKO TIpHM BhIOOpe ocelf, NOKa3aHHOM Ha puc. 12.1.

B § 7 ormMeuanock, 4To JM0Gasi CHCTeMa OTCYeTa, ABHXKYIIAACA OTHO-
CHUTEJIbHO HEKOTOPOii HHEPLHANBbHOH CHCTEMbl C NOCTOSIHHOH CKOpO-
cTbl0, OyZeT Tak:e HHepuuatbHOH. Tenepb Mbl HMeeM BO3MOXKHOCTH
JIOKa3aTh 3TO yTBepxkieHue. [lns atoro npoiuddepeHnupyeM no Bpe-
MeHH cooTHoweHne (12.3). Yurs, 49T0 v, NOCTOSIHHA, MOJYYHM:

v=v uwm w=w. (12.9)

Orciona ciienyer, 4Tto ycKOpeHHe Kakoro-jiu6o Tesa BO BCeX CHCTeMax
OTCYeTa, JABUIKYIIUXCA IPYr OTHOCHTENBHO ApYra MNpPSMOJMHEHHO H
paBHOMEPHO, OKa3biBaeTcsi OfHUM M TeM ke. IlosTomy ecsiu opHa u3
9THX CHCTEM MHepUHasbHa (3TO 3HAUMT, YTO NPH OTCYTCTBHHU cHJI w=0),
TO H OCTa/IbHbIEe GYAYT MHEPIHANBHBIMH (W'TaKKe PaBHO HYJIO).

Cuna F, peficTByromas Ha yactuly B cucreMe K, coBmajaer C CH-
qoit F', nefictBytomelt Ha vactuiy B cucreme K': F=F'. J10 caenyer
U3 TOrO, YTO CHJIa 3aBHCHUT OT PAcCCTOSIHHA MEXIy HAHHOH 4YacTHIEeH
U JeHCTBYIOIUMH Ha Hee YacTHIAaMH (H, BO3MOXKHO, OT OTHOCHTEbHEIX
CKOPOCTeH YaCTHI), a 3TH PacCTOSTHHA (M CKOPOCTH) MOJIAraioTcsi B Hblo-
TOHOBCKOH MeXaHUKe OIHHAKOBBIMH BO BCEX MHEpPLHANbHBIX CHCTe-
Max. Macca Takxe OAHHaKOBa BO BCeX CHCTeMaXx.

M3 Bcero ckasaHHOTrO CJIEAYeT.BHIBOJ, YTO YPABHEHUS QUHAMUKU He
USMEHSIOMCS npu nepexode om 0OHOU UHEPYUAALHOLU CUCMEMbL Omcuema
K Opyeol, T.e., KaK FOBOPST, HHBAaDHAHTHBI N0 OTHOIIEHHIO K NPEOs-
pasoBaHHIO KOOPAMHAT, COOTBETCTBYIOLIEMY NEPeXOAy OT OIHOIl MHep-
LHAJBHOH CHCTeMBI oTcyera K Apyrod. C MeXaHHUYeCKO! TOUKH 3pEeHHs
BCce HHepUHaJbHblE CHCTEMBl OTCYETa COBEPLIEHHO 3SKBHBAJIEHTHBI:
HH OJHOM H3 HHX He/Ib3s OTAAThb MpeanoyTeHHe mepex Apyrumu. Ilpak-
THYECKH 3TO NPOSBJAETCS B TOM, YTO HUKAKHMH MEXAHHYECKHMH OIlbi-
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TaMH, TPOBEIEHHBIMH B MpejesaX JaHHOH CHCTeMBI OTCY€Ta, HeJb3s
YCTaHOBUTb, HaXOMUTCS JIH OHA B COCTOSIHHM NMOKOSl MJHM B COCTOSIHHH
PaBHOMEPHOTO M NpSIMOJIMHelHOTO ABMKenns. Haxonscb, Hanpumep,
B BaroHe mnoesja, JBHKYIerocs Ge3 TOIYKOB IPSIMOJIMHERHO ¥ paBHO-
MepHO, MBI, He BBHIMVISHYB B OKHO, HE CMOXeM ONpENENUTb, ABHKETCS
BaroH WM nokoutcsi. CBOGOAHOE NajieHHe TeJl, ABMXeHHe OpOIIeHHBIX
HaMH TeJ W BCe IpYriue MeXaHHyeCKHe Ipoueccs GyNyT B 3TOM clyyae
TIPOMCXOIUTD TaK 2Ke, KaK U B CjI1ydae, ecyii Obl BATOH GBI HEMOABHXKEH.

VYKasannele o6CTOSITENbCTBA OblIM BhIssCHeHH eiie [anumeem. Ilo-
JIOXKeHHe O TOM, YTO BCe MeXaHHUeCKHEe SIBJIEeHUS B pPas/IMuHBIX MHep-
1MaJbHBIX CHCTeMaX OTCYUeTa MPOTEKAloT OXMHAKOBBIM 06pa3oM, BCJeX-
CTBHE 4Yero HUKaKHUMHM MeXaHHUYeCKHMH OINBITAMH HEBO3MOXHO YCTaHO-
BHUTb, NIOKOMTCS JlaHHAsl CHCTEMa OTCUETA MJIM JBHIKETCS NPSIMOJNHHEHHO
M paBHOMEDHO, HOCHT Ha3BaHWe NPHHUUNA OTHOCHTEJ b-
Hoctu Tlaaunesd.

§ 13. Cuant

B coBpemeHHOl ()H3HKe Pa3/MYalOT YeThipe BHJA B3aHMOAEHCTBHI:
1) rpaBuTanyonHOe (MJIH B3auMoOjeficTBHe, OOYC/OBJEHHOE BCEMHPHBLIM
TATOTEHHEM), 2) 3JEKTPOMarHuTHOe (OCYILIECTBJIsieMOe Yepe3 3JIeKTpH-
yecK¥e ¥ MarHUTHEBIE N0Jis), 3) CHJIbHOE WM sifiepHoe (oGecneyuBaloiee
CBSI3b YaCTHIL B aTOMHOM sifipe) U 4) ciaGoe (OTBETCTBEHHOE 3a MHOTHE
Npoueccsl pacnaja 3JeMeHTApHBIX YaCTHL).

B paMKax KjaccHueCKOHl MeXaHMKH HMEIOT IeJ0 C TPaBUTALMOH-
HHIMH U 3JIEKTPOMArHUTHEIMH CHJIAMH, a TaKXe C YIPYFHUMU CHJIaMH
¥ cuJlaMH TpeHMs. JIBa nocjelHNX BUJa CHJ OIPefeIsIoTCsl XapakTepoM
B3aUMOZEHCTBHSI MEXIY MoJIeKyJ1aMH BemectBa. CHJIbI B3aHMOZEHCTBUS
MEXJIY MOJIEKYJIaMH HMEIOT 3JIeKTPOMarHuTHoe npoucxoxaenue. Cieno-
BaTeJIbHO, YIPYTHE CHJIBL U CHJIBI TPEHHS SIBJSIOTCS MO CBOell mpupoje
3JIEKTPOMar HUTHBIMH. »

I'paBuTanHOHHBIE M 3JIeKTPOMarHHUTHBIE CHJBI SBJAIOTCA ¢yHIa-
MEHTaJIbHBIMU — HX HeJib3sl CBECTH K JPYTHM, 0oJjiee IPOCTBIM, CHJIAM.
Ynpyrue e CUJbL U CHUJIBI TPEHHS He SIBJASIOTCS (pyHIaMeHTANbHBIMHU,

3axoHbl (YHJaMEHTAJbHBIX CHJI Ype3BbYallHO NpocThl. Beanuuna
TPaBHTallHOHHOH CHJIBI onpefensiercs ¢opmysoi (11.2). Bennunna
CHJIBI, C KOTOPOH B3aHMOJEHCTBYIOT JBa NMOKOSILUMXCS TOYEYHBIX 3apsija
gi ¥ ¢;, Haetcs 3akoHoM Kysona:

F=p (13.1)

(2 — xo3dpunHEeHT NPONOPLUUOHAIBHOCTH, 3aBUCALMA OT BHOOpa eau-
HVI BXOASIIUX B (POPMYJIYy BEJHYMH)..

Ecnu 3apsizel aBuxyTcs, T0o, KpoMe cuiel (13.1), Ha HUX AefcTBYIOT
MarHuTHble CUJIbl. MaruuTHas cuJa, JefCTBYIOILAS Ha TOYEYHHH 3apsj
¢, IBWXYIIHICS CO CKOPOCTbIO V B MarHHTHOM IoJie ¢ HHAyKuueid B,
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onpenensiercs GopmyJioit
F=£"q[vB] (13.2)

(" — x03(pHUIHEHT [PONOPUHOHAIBHOCTH).

®opmyant (11.2), (13.1) u (13.2) sBasnorcs TouneiMu, g ynpyrux
CHJl M CHJI TPEHHS MOXKHO MOJNYUHTh JIMIIb NMPHO/MKEHHbIE SMITHPHYe-
ckue GopMyJIsl, KOTOpPble PacCMaTPUBAIOTCA B CJEAYIOUMX naparpadax.

§ 14. Ynpyrue cuanl

Tlox jeficTBHEM NPHJIOXKEHHBIX K HEMY CHJ BCSIKOE peaJibHOe TeJlo
Iedopmupyercsi, T. €. H3MeHsieT CBOM pasmephl u ¢opmy. Eciu nocae
npeKpalleHus AeficTBHS CHJ TeJI0 NIPUHUMAET NepBOHava/bHbe Pa3Mephbl
u Qopmy, nedhopmanus HasbiBaeT-
ci ymnpyroi. Ynpyrue ne- Fymp E
¢dopmanuy HaOMIOAAOTCS B TOM 7 ﬁ“f"_)_
clydae, ecqu cusa, OGYC/IOBHB-
was jaedopMmanHuio, He MPEBOCXO-
IUT HEKOTOpBIH, ONpeJe/eHHbIH
/IS KaXIOro KOHKPEeTHOTrO Teja
npefen (npenen ynpyrocru).

F €= JUUTIY > F,

Puc. 14.1. Puc. 14.2.

Bo3abMeM npyxHHY, HMEOWYI0 B HelehOpPMHPOBAHHOM COCTOSTHUU
AJuHY [y, ¥ NPHJIOXKHM K ee KOHI[aM paBHbIE [0 BeJHY#HE, [IPOTHBOIO-
JIOXKHO HanpasJjeHuble cuibl Fy u F, (puc. 14.1). ITon npelfictBueM 3Tux
CHJl NPYXKHHA PAaCTAHETCA Ha HeKOTopylo Beanuuny Al, nocjie yero
HaCTynuT paBHOBecue. B cocTosinMu paBHOBecHst BHeluHHe cHJbl F; u
F, 6yayT ypaBHOBellIeHBl YIPYrUMH CHJIaMH, BOSHHKIUUMH B NPYXKHHE
B pesyJbraTe jAepopmaunud. OneiT Aaer, 4To NpH HeGOJNBLIHX Jedop-
MaUHsX YAJMHeHHe MNpPYKHUHeI Al OKasblBaeTcsl MPONOPIHOHAJBHBIM
pactsiruBatowedl cuse: AlwoF (F=F,=F,). CoOTBeTCTBeHHO Yynpyras
CHJIA, OKa3bIBaeTCsl IPONOPLUOHANBHOR YIJHHEHHIO IIPYXKUHbL

F=EkAL (14.1)

Koaddunuent nponopuroHasbHocTd %k HasbiBaetrcss K03 ¢ ¢ u I u-
€HTOM XEeCTKOCTH IPYXKUHBHI.

YTBepxK/ieHHe O IMPOMOPIHOHAJBHOCTH MeXAY YNpYrod CHJIOH H
Jedopmanyell HOCHT Ha3BaHHe 3aKoHa [ yKa.

Ynpyrue HaTsKeHHst BO3HHMKAlOT BO Bcell npyxuue. Jlofas yactb
NPYXKWHBI IeHCTBYeT Ha JPYTyIo YacThb C CHJIOH, onpenensieMoit hopmy-
Joit (14.1).- ITostomy, ecin pa3pesaTb HPYKHUHY IMOMNOJAM, Ta XKE MO
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' BeJIAUMHE ynpyras CHJa GYAeT BOSHHKATb B KaXKIOH U3 MONOBHH npu
B JiBa pa3a MeHbllleM yanuHennHd. Otcioa 3ak/ouaeM, 4T0 NpH 3aJaHKBIX
MaTepHaJsie NPYXKHHB M pa3Mepax BHTKa BeJMYHHA YOPYroH CHJIBI Of-
penensiercst He aGCOMOTHBHIM YIJIMHEHMEM NPYxXHHH Al, a OTHOCHTe/b-
HBIM yaJauHenuem Al/l,.

- Tlpu cxKaTMM DpPYXMHBI TaKxkKe BO3HHKAIOT YIPYTHe HaTAKeHHd,
HO Apyroro 3Haka. OG6o6utim ¢opmyay (14.1) caeayiomum oGpasom.
3akpenuM OXMH KOHel NPYXKHHbI HENOABIXKHO (puc. 14.2), a yanuue-
HHe NpYXMHB OyleM paccMaTpuBaTh KaK KOOPAHHATY X JApYroro

KOHIIa, OTCYHTHIBAEMYIO OT €ro MOJIOXKEHHs!, OTBEYalolero HeaeopMu-
poBaHHO# -npyxuHe !). Kpome Toro, o603HauuM NpPOEKIHIO Ynpyroi
cunbl Fypp Ha ocb x uepes Fy. Torpa moxHO Hamucath, 4TO

Fa=—kx (14.9)

{n3 puc. 14.2 BUIHO, YTO NPOEKIHS YOPYrof CHJIBI Ha OCb X M KOOpPJIHU-
HaTa X BCErha MMeIOT pasHble 3HAKH).

Onnopoanbie cTepKHU BeLyT ce6Gsl MPH PacTsiKeHHH WJIH ONHOCTO-
POHHEM CXKaTHH NonoGHO npyxuHe. Ecin K KOHUaM CTepkHsS npuJo-
JKUTb HanpaBJeHHBIe BJOJb ero ocH cuael F; u F, (Fi=F,=F), neii-
CTBHE KOTOPLIX PaBHOMEPHO pacCnpelieNleH0 10 BCEMY CEeYeHHIO, TO
IJIMHA CTepKHS [, MOJYYHT TOJIOKHTeNbHOe (NPH pacTsKEHHH) JHGO
oTpHuaTenbHoe (Npu CxKathu) npupaienue 2) Al (puc. 14.3). B xaue-
CTBE BEJUUHHBI, XapaKTepHaylollell NeGopManHUIO CTEPIKHS, €CTECTBEHHO
B35Th OTHOCHTE/bHOE H3MEHEHME ero JAJIHHBI:

1 .
= 3= (14.3)

OnuiT AaeT, YToO AN CTePKHeHl W3 NaHHOrO MarepHasa OTHOCHTEJb-
HO€ YAJUHEHWe NpH ynpyro# AedopManvu NPONOPHHOHANBHO CHJeE,
npuxoasueics Ha eIHHHLY IVIOLIAAH TONEPEYHOTO CeYEHHS CTEPMKHS:

F

E=a (14.4)

{&¢ — K03hhHIHEHT NPONOPIHOHANBHOCTH).
BenuunHa, paBHas OTHOIIEHHIO CHJBI K BeJHYHHE TOBEPXHOCTH,
Ha KOTODYIO NIefiCTBYeT CHJIa, Ha3blBaeTCs Ham p s1 X € HH e M. Baa-
rojapsi B3aUMOZeHCTBHIO yacTeil Tesia APYr ¢ ApYroM HanpsikeHHe Iepe-
IaeTCsl BO BCe TOUKM Tesla — BeCb 0ObEM CTepXKHSI OKas3blBaeTcsl B Ha-
TIpsi)KEHHOM cocTostHHH. Eciin cuila HanmpasJ/eHa 1o HOpMaJi K NoBepX-
HOCTH, HanpsKeHMe HasbiBaeTcsi HopMmMaJadbHH M. Ecau cuia

1) Ha puc. 14.2, 6 anuna orpeska, Ha KOTOPHIA CMECTHJICS KOHell NPYKHHHI,
0603HaYeHa — X; 3TO BLI3BAHO TeM, UTO JLJIMHA OTPe3Ka — MOJOKHTENbHAS BeIHYHMHA,
KOOPJHATA JKe X B 5TOM CJydyae OTpUllaTesbHa.

T 2) M3meHeHHe JUTHHBI CTEPXKHS CONPOBOMJAETCS COOTBETCTBYIOWMM H3MEHeHHeM
nonepeYrblX PasMepoB CTEPXKHA.
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HamnpaBJieHa 1Mo KacaTeJbHOM K NMOBEPXHOCTH, Ha KOTOPYIO OHa JeicT-
BYyeT, Hanps:KeHHe Ha3biBaeTcsi TAHT e HIL M a a1 b H bl M. Hopmane-
HOe HanpsDKeHHe NMPHUHATO o0o3HauaTb GYKBOH O, TaHreHUHaJbHOE —
6yKBoOil T.

Orxouenne F/S B dopmyse (14.4) npencrasaser co6oit HOpMaJIbHOE
Hanpsikenne o. CrefoBaTesbHO, 3TOH (opMyJsie MOXKHO NMPHAATH BHX:

£=00. (14.5)

Jns XapakTepUCTHKH YNpPYrHX CBOHCTB MaTepHasa MoOJb3YloTcA
pennunHofi E=1/a, KoTopass HasniBaerci MoayJaewm lOHTa.
Hsamepsiercst sta Beanuuua B nackansax (I Tla=1 H/1 m3).

3amennB B (14.5) a Ha E, mosiyduM COOTHOLLEHHE:

e=o/E, (14.6)
H3 KOTOpOoro Cjeayer, 4To MOAYJb Onra paBeH TakOMY HOpPMaJIbHOMY

HanpsIKeHHNIO, IPH KOTOPOM OTHOCHTEJIbHOE YIUIHHEHHe G0 Obl PaBHO
envHule (T. e. npUpalleHue JMuHbL Al

E E 6oi10 Ol paBHO MepBOHAYasbHOI
I ] == a F
.
o i 7
| N /
YT I T L/ /
Lo | RS AL /
' I| ~ } | / l
| l o /

E k ]

Puc. 14.3. Puc. 14.4.

anuee [y), ecan Obl CTOJIb GoJiblMe ynpyrue gedopManuu OBLIH .BO3-
MOXHBI (B IefICTBHTEIbHOCTH NPH 3HAYHTENbHO MEHBUIMX HANpPSIKEHHAX
NPOUCXOANT pa3pyLIeHHe CTepXKHs, ellle paHbllie JOCTHraeTcsl mpeje.
YIIpYTOCTH).

PewnB ypaBuenue (14.4) otHocutenvHo F u 3ameHuB & uepes Al/l,,
a o uepes 1/E, monyuum copmyny

F=23a1=rAl (14.7)
0

rae k — NOCTOSHHBIN INA JaHHOTO CTepxkHs Koadduumenr. CooTHo-
menue (14.7) Boipaxaet 3akoH I'yka nns crepxus (cp. ¢ (14.2)). Ha-
MIOMHHM, YTO 3TOT 3aKOH BBITIOJHSIETCS TOJBKO JO TeX NHOP, NMOKa He
JIOCTHTaeTcsl npejes ynpyrocTH.

B sakmiouenue paccMoTpuM KpaTko Aedopmanuio casura. Bosbmem
OJHOpOJHOe TeNOo, HMelomee (opMy NpPSIMOYTOJIBHOTO flapaJJesenn-
nefa, W NMPUJIOKHM K ero NpoTHBOJIeKauluM rpausm cuisl F; u F,
(Fi=F,=F), HanpaB/ieHHble NapaJ/ieJbHO ITHM rpaHam (puc. 14.4).
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Ecau peficTeue cun GyJeT paBHOMEPHO pacnpejeseHo 1o Bced moBepx-
HOCTH COOTBETCTBYIOLIefi TpaHH, TO B JIIOOOM CeYeHUH, NapaJliiesIbHOM
3THM IpaHsM, BO3HHKHET TaHTeHIIMa/JbHOE HanpsikeHHe

v=F/S (14.8)

(S — maomans rpanu). Ilox nefictBuem HanpsikeHuit Tesno aedopmu-
pYeTcs Tak, YTO OfHA I'PaHb CMECTHTCS OTHOCHTE/IbHO APYroii Ha HeKo-
TOpOE paccTosiHue a. Ec/H Teso MBICIEHHO pa3GUTh Ha 3JeMeHTapHbie
napaJsjiesbHble PAcCMaTpPUBAEMBIM TIPaHSM CJIOH, TO KaKAblH CJIOH
OKa)eTcsl CABHHYTHIM OTHOCHTEJbHO COCEJHHX C HUM cJioeB. Ilo 3Toit
npuyuHe Jedopmalysi TaKOro BHJa NOJYYHJIA Ha3BaHHE CJBHUra.

Ilpn pedopmanuu capura Jobasi npsiMasi, NepPBOHAYaJbHO Mep-
NeHAHKYJsSpHAs K CJIOsIM, MOBEPHETCS] Ha HEKOTOpBIfl yroa ¢. B kaue-
CTBe XapaKTePHCTHKH Jedopmanun ciaBura Gepercsi BeJHYMHA

= F=tge, (14.9)

Ha3piBaeMass OTHOCHTEJbHBM CIBHUTOM (CMBICA BEJUYHH
a u b scen u3s puc. 14.4). Ilpu ynpyrux nedhopmanusix yrosa ¢ GbiBaeT
oyeHb Mas. ITo3ToMy MoxHO mosioxuth tg @~¢. CienoBaTenbHo, OT-
HOCHTEJIbHBIH CIABHT 7y OKasblBaeTCsi PaBHBIM YTy CIABHra @.

OnbiT NOKa3bIBaeT, YTO OTHOCHTEJBHBIl CABHI NpPOINOPLHOHAJEH
TaHIE€HIIHAJbHOMY HaNpPSKEeHHIO:

V=" (14.10)

Kos¢pdunuent G 3aBUCHT TOJBKO OT CBOHCTB MaTepuasna W Has3blBaeTcs
MOAYy/aeM cABHUT a. OH paBeH TAKOMY TaHFe€HIIMAJBHOMY Hanpsi-
JKEHHIO, TIPH KOTOPOM YTOJ CABHra okasaJscsi Obl paBHEIM 45° (tg 9=1),
ecsu Obl IPH CTOJIb GOJIBIIMX JedopMalHsiX He OBl NMPeB30iiAeH npegen
ynpyroctu. Hamepsiercs G, kak u E, B nackanax ([1a).

§ 15. Cuabl Tpenus

CuJbl TpeHHS MOSIBJASIOTCS NPH INepeMellleHHH CONMPHKaCaloUXCs
TeJl MJIM MX YacTeHl APYr OTHOCHTeJbHO Apyra. TpeHHe, Bo3HHKaoOLlee
NpH OTHOCHTEJNBHOM HepeMellleHHH ABYX CONMpPHKAaCaloMuXcsl TeJl, Hashl-
BaeTCs B H € 1T H U M; TPEHHe MeXAy 4aCTAMH OJHOTO U TOTO 2Ke CIIJIOLI-
HOro Tena (HampHMep, XHIKOCTH HJIM ra3a) HOCHT Ha3BaHMe B H Y T-
pPeHHEer o TpeHHusl.

CHny TpeHMs!, BO3HUKAIOULYIO NPHU ABHKEHHUH TBEPAOrO TeJla OTHO-
CHUTeJIbHO KHMJKOH WJIH Ira3006pa3HOH Cpelnpl, C/JefyeT OTHECTH K KaTte-
FOPHH CHJI BHYTPEHHErO TPEHHSsI, NOCKOJIbKY B 3TOM CJydae CJIOH Cpejpl,
HENOCPeICTBEHHO COMpHKacaiollyecs C TeJOM, BOBJEKAIOTCS MM B JABH-
JeHHe C TOH 2Ke CKOPOCTbIO, KaKYyIo MMeeT Teslo, U Ha JBHKeHHe Tesa
OKasblBaeT BJHSIHHE TPEHHE MeXKAY 3THMH H BHELIHHMH [0 OTHOLICHHIO
K HHUM CJIOSIMH Cpejml. '
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TpeHue MeX1y NOBEPXHOCTSMH ABYX TBEPABIX TeJ NPH OTCYTCTBUU
KaKoH-IH60 NPOCJ/IOKH, HanpuMep CMasKH MeXAY - HHMHM, HasbiBaeTcs
cyxuM. TpeHHE MEXAy TBEDILIM TeJioM M XKHUAKOH HJIH rasoafpasHoi
cpefioil, a TaKXe MEXIY CJIOSMH TaKOH Cpeibl Ha3blBaeTCsi B A3 K U M
(MM KHUAKUM). - S

ITpuMeHHTEBHO K CYXOMY TPEHHMIO Pa3/IHyaioT Tpenne CKOJIb
KMeHMs M TpeHHe KaueHH 5.

Cuabl TpeHHsi HampaB/eHbl N0 KacaTeJbHOH K 'rpynm:wca noBepXx-
HOCTAM (MM CJIOSIM), TIPHYeM TaK, YTO OHH NPOTHBOJAEHCTBYIOT OTHO-
CHTEJIbHOMY CMEIIEHHI0 3THX noBepxHoctelt (cyoeB). Eciu, HanpHumep,
JBa CJIOSI XKHUAKOCTH CKOJIB3AT APYTr MO IAPYTY, ABHrasChb C Pa3iHYyHON
CKOPOCTbIO, TO CHJ/Ia, MPHJIOXKeHHas K 60-

Jee GHICTPO ABHXKYIIEMYCSI CJIOIO, Hanpas- Fa
JieHa B CTOPOHY, NPOTHBONOJIOXKHYIO NBH- F 7 F
JKEHHIO, a CHJa, JelCTBYIoass Ha CJoi, 2 __1 >
JABHXKYILMiiCA MelJieHHee, HamnpaBjieHa B . g & Ry -
CTOPOHY JBHXKEHHS CJIOS.

Cyxoe TpeHue. B ciyuae cyxoro Tpe- Puc, 15.1,

HWUs CHJIa TPEHUs] BO3HHKaeT He TOJbKO
NPH CKOJBbXKEHHH OJHOH TOBEPXHOCTH MO JApPYro#f, HO TaKke
H IIpU NONBITKaX BLI3BaThb TaKoe CKOJbxeHHe. B nocaennem ciyuae
OHa Ha3blBaeTci CHJIOH TPeHHA 10KOs. Paccmorpum npa
conpHkacaiouxcs Teja / U 2, U3 KOTOPBIX NOCJ/e/iHee 3aKPelJ/eHo He-
noasmxkHo (puc. 15.1). Teno I npmxumaercss K Teny 2 ¢ cunoit F,,
HanpaBJeHHOH MO HOpMaJH K IOBEPXHOCTH CONPHKOCHOBEHHS TeJ.
Ona HasbiBaeTCst CHJIOH HOPMAaJbHOTO AaBJUEHHS U
MOXeT GHITb OOYCJIOBJI€HA BECOM TeJsia HJW IPYrUMH NpuuuHamH. [To-
TNILITAaeMCS NepeMeCTHTD TeJlo /, MofeiCTBOBaB Ha Hero BHelHel cuioit F.
ITpu sToM O6GHapyKHTCS, UTO AJs1 KaKIOH KOHKEDPETHOH mapel Tel H
KaXXJIoro 3HayeHHsl CHJIbI HOPMaJbHOTO JaBJIEHHSI HMEETCS OlpefiesieH-
HOe MHHMMaJsbHOe 3HayeHue F, cuanl F, npu kotopoM Ttesno ! ymaercs
CIBHHYTb C MecTa. IIpu 3HaueHMsX BHeIUHeil CHJIbI, 3aKJ/IOYEHHBIX B
npenenax 0<<F<CF,, Tesno ocraercs B nokoe. [To Bropomy sakony Hnio-
TOHa 3TO BO3MOXKHO B TOM cjyuae, ecau cuja F ypaBHOBemmnBaercd
paBHOH efl 110 BeJMYMHE M NPOTHBONOJIOXKHO HampaBJeHHOH CHJION,
KOTopasi U eCTb cuJa Tpenus nokos F., (cm. puc. 15.1). Ona aBroma-
THYEeCKH !) NpHHHMaeT 3HauyeHHe, DaBHOe BeJIHYNHE BHENIHEH CH-
Jael F (MpH YCJOBHH, YTO MNOCJTeNHSIsT He npeBocXomuT F,). Beawun-
Ha F, npeiacraBnser co6oi HauGosblllee 3HaueHHe CHJBL TPeHHS
NOKOS.

OtMeTHM, YTO B COOTBETCTBHH C TPeTbHM 3akoHoM HploTOHa Ha Teso
2 Taxxe jelicTByeT cuna Tpenusi nokost Fy, (na puc. 15.1 ona nokasana

) 3to npoucxoauT MOAO6HO TOMY, KK NpPYKHHA NOX AefCTBHEM pacTATHBaiomed
CHJIH aBTOMATHYeCKH NpHOOpeTaeT Takoe YJAJMHEHHe, NPH KOTOPOM Ynpyras cuiaa
YPaBHOBEWIHBAET BHELIHIO CHJY,
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MYHKTHPOM), paBHas 1o BeauuHHe cuie Fo,, HO HMelollas MPOTHBONO-
JIOXXHOe el HanpaBJeHHe.

Ecnu BHewHsst cusa F npessofizer no monymio Fy, Teano HauMHaeT
CKOJIb3UTb, NpPHYEM €ro YCKOPeHHe omnpejessercd pe3yJ/bTHpYIOHmeH
IBYX cu1: BHeuwHe#i F u cusbl Tpenusi ckosbxkeHus F,, Benuuuna
KOTOPOH B TOH W/IHM HHOH Mepe 3aBHUCHT OT CKOPOCTH CKOJIbXKEHHS.
Xapaktep 3TOH 3aBHCHMOCTH ONpeJe/sieTcss NPHPOJOH H COCTOSTHHEM
TpyMXcs nosepxHocTell. Yaine Bcero BCTpeuarouuiicst BHJ 3aBUCHMO-
CTH CHJIBI TPEHHsI OT CKOPOCTH MOKa3aH Ha puc. 15.2. I'padux oxBaThl-
BaeT KaK CJyyail mokosl, TaK H cayuyall cKoJbxeHHMs. Cuna TpeHHs
MIOKOsI, KaK yXKe OTMeyasioch, MOXeT MMeTb 3HaueHHs OT HyJas 10 F,,
YTO OTPaXKeHO Ha rpaduke BepTHKaJbHBIM OTpe3KoM. B cooTBeTcTBHM
¢ puc. 15.2 cuna TpeHHs CKOJIbXEHHS C YBeJHYeHHeM CKOPOCTH BHayaJle
HECKOJIbKO YOhIBaeT, a 3aTeM HauHHaeT BO3pacTaTh.

Ilpy cneunanbHOf cOGpaGoTKe CONPHKacalOMHUXCS MOBEPXHOCTEN
CHJIa TPEHHUS CKOJIbKEHHSI MOXKET 0Ka3aThCsl MPAKTHYECKHU He 3aBHcs el
OoT cKkopocTH. B 3TOM ciyuae KprBoOJIMHefiHBIH yuyacTok rpaduka Ha
puc. 15.2 npespamaercss B OTPe30K TOpPH30OHTANbHOH NpsSIMOH; Hayu-
Haloweficas B TouKke F,.

3aKOHBl CYXOro TPEHWS CBOAATCA K CJeNyIoleMy: MaKCHMaJbHast
CHJIa TPEHHs NOKOsl, a TaKikKe CHJIa TPEHHS CKOJIbXEHHUS He 3aBHCAT
OT MJIOMIAA! CONPHKOCHOBEHHUSI TPYLIUXCS TeJ H OKa3bIBaIOTCS NMPUO/IH-
3UTEbHO NPOMNOPLHOHAIbHEIMA BeJIHYMHE CHJIBl HOPMaJIbHOrO AaBJie-
HHUS, TPHXKXHMAlOUEH TPYLIHeCs: NMOBEPXHOCTH APYr K APYry: -

F,,=kF,. (15.1)

Be3paamepHbiit KO3(pHUHEHT NPONOPLUHOHAIBHOCTH k£ Ha3bIBaeTCS
KoddpdbunueHTOM TpeHUA (CO-

f;p OTBETCTBEHHO TIIOKOA HUJIH CKOJlb)KeHHH).
OH 3aBHCHT OT NPpHUPOABI H COCTOAHUA TPY-
};7 HIUXCs ﬂOBerHOCTEﬁ, B 4YaCTHOCTH OT HX

LIEPOXOBATOCTH. B ciyyae CKOJNBXKeHUs
K03(hHLHEHT TpeHHs sABAseTCs (YHKUHeH

CKODOCTH.
[ N Cuibl TpeHHSI MrpaloT OuYeHb GOJIBLIYIO
g 7 poab B npupofe. B Hawel mnoBcenHeBHOM
Puc. 15.2. JKH3HH TpeHHe HepeiKO OKasbiBaeTcs [Mo-
JIe3HbIM. BCIOMHHM OrpOMHBIE 3aTpynIHe-
HHS, KOTOpBIE MCNBITBIBAIOT MeIIeXOoAbl H
TPAHCNIOPT BO BpEMsl TOJIOJIEMLbI, KOrAa TPEeHHe MeXAY NOKPHITHEM
ZOPOrH M NOJOIIBAMH {ICIIEXOJ0B HJHM KOJIeCaMH TPaHCIOPTA 3HayH-
TeNbHO yMeHbluaetcsi. He Gyap cun Tpenusi, meGenb NPULLIOCH Gbl
NPUKPEeNnNIsATb K MOJNy, KaK Ha CyJIHe BO BpeMs Kauku, M60 OHa
npu  MaJeduiedl HeropH3OHTANBHOCTH MOJa CoJ3ajta Obl B Hanpas-
JIEHHU TOKaToCTH. YuraTeqb 'MOXKeT caM NpPHBECTH aHAJOTHYHHIE

npHMepH.
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Bo mHorux cnyvasix po/b TPeHHs KpaiiHe oTpHIaTelbHa, W MNpH-
XOIMUTCSl NPUHHUMATb Mepbl K TOMY, YTOOBI [0 BO3MOXKHOCTH €ro ocJja-
ontb. Tak ob6crowr, HanpHMep, XeJO C TPeHHeM B MOAUIMNHMKAX WJIH
C TpPeHHeM MeXJY BTYJKOH KoJjieca M OCbIO.

HanGonee panvka/ibHBIM CHOCOOOM YMEHBIUEHHS] CHJI TPEHHS SIB-
JIsieTCs] 3aMeHa TPeHHS CKOJIbKeHHUsl TPeHHeM KaueHHs, KOTOpPOe BO3HH-
Kaer, Hampumep, MeXJy LUM/JIMHAPHYECKHM HJH IIapooOpa3HbIM TEJIOM
il TOBEPXHOCTBIO, O KOTOPOH OHO KaTHTCA. TpeHMe KaueHHs mNOA-
ynnsiercs: (opmasbHO TeM XK€ 3aKOHaM, YTO U TpPEHHE CKOJIbXKEHHST,
HO KO3(HLMEHT TpeHHS B 3TOM CJydyae OKa3bIBaeTCsl 3HAUHTE/BHO
MEHBIIHM.

Bsiakoe TpeHHe H conpoTHBJIeHHe cpeabl. B oTauuue or cyxoro
BSI3KOE TPeHHe XapaKTepHO TeM, YTO CHJIa BI3KOTO TpeHUs obpaluaercs
B8 HYJb OJHOBPEMEHHO CO CKOPOCTBIO.

[TosTomy, Kak Obl HH Gblia Majia BHel - 7
HAS CHJIa, OHA MOXET COOOLIMTh OTHO-
CHTEJIbHYIO CKOPOCTDb CJIOSIM BSI3KOH Cpe-

Jibl. 3aKOHbl, KOTOPbIM INOAYHHSIOTCS
CHJBL TPEHHS MEXIY CJOSIMH Cpenl,
OYyAyT pacCMOTpPeHHl B rJaBe, MOCBA-
LIEHHOH MeXaHHKe JKHAKOCTeH.

B stoM naparpaje MBI orpaHHYHM- _
Csl PacCMOTPEHHEM CHJI TPEHHS MeX1y V4 Y
TBEPABIM TEJIOM H BSI3KOH (KHUAKOH HJIH Puc. 15.3
razoobpasHoii) cpenoii. Crenyer HUMeTb T
B BHAY, 4TO, TOMHUMO COGCTBEHHO CHJT Tpe-
HUsl, NPU IBHKEHUH TeJ B XKHUAKOH HJIH ra3000pasHoil cpenie BO3HUKAIOT
TaK Ha3plBaeMble CHJIbl CONPOTHUBJIEHH S CP e JBhl, KOTOpbie
MOTYT OBITb ropa3jio 3HauuTe/jbHee, yeM CHJ/bl TpeHHs. He umes Bos-
MOXHOCTH paccMaTpuBaTb NOAPOOGHO NPHYMHBI BO3HHKHOBEHMsI 3THX
CHJI, MBI OIDAaHHYHMCS H3J/I0KEHHEM 3aKOHOMEPHOCTeH, KOTOpbIM MO~
YUHSIOTCS CHJIBI TPEHHS! M CONPOTHUBJIEHHS! CPeJAbl COBMECTHO, MPHUEM
ycioBHO OYaeM HasbiBaThb CYMMapHYIO CHJIY CHJIOH TpeHHs. 3aBHCH-
MOCTb 3TOH CHJIBI OT CKOPOCTH TMOKas3aHa Ha puc. 15.3.

IIpu HeGoBIINX CKOPOCTSIX CHJIA PACTeT JIHHEHHO CO CKOPOCThHIO:

Fopo=—ARv (15.2)

(3HaK MMHYC O3HauaeT, YTO 3Ta CHJ/a HanpaBJ/ieHa MPOTHBONOJIOXKHO CKO-

pocty). Bennunna kosdduunenta k; 3aBHCUT OT JOPMBI H PasMepoB

TeJsla, COCTOSIHHS ero MOBEPXHOCTH U OT CBONCTBAa cpejibl, Ha3LIBAEMOro

BA3KocTblo. Hanpumep, 1isi riuuepuHa 3TOT KO3(QQHUHEHT OKazbl-
BaeTCcsl ropasno O60/bIIUM, YeM IS BOJII.

an GOJILIINX CKOPOCTSIX JIMHEHHBIH 3aKOH MepeXOAHT B KBaipa-

THYHBIA, T. €. CHJIa HauMHAeT PacTH NMPONOPIHOHAJIBHO KBaJpaTy CKo-
pocTH:

Fop,= — ko', (15.3)
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(e, — opT cKopoctH). Benuuuna koa(hHIMEHTa K, 3aBUCHT OT pa3me-
poB ¥ GOpMBI TeJa.

3HaueHHe CKOPOCTH, PH KOTOpoM 3aKoH (15.2) mepexoawt B (15 3),
3aBHCHT OT (OPMbI H DPa3MEpOB Tesa, a TaKKe OT BASKHX CBOHCTB M
[JIOTHOCTH CpeJpl.

§ 16. Cuna TAXKECTH H BeC

ITox peficTBHEM CHJIBI NPHUTSIKEHHUS K 3emJie Bce TeJsa MajfaloT € OJH-
HAKOBbBIM OTHOCHTEJIbHO INOBEPXHOCTH Semnu YCKOpEeHHEM, KOTOpoOe

T e

f i
G
z I v G Ge=r1 y—w)
Cp=m(g+w) be=rg
Puc. 16.1.

ipUHATO 0603HauaTh GYKBOH g. DTO O3HAuaeT, YTO B CHCTeMe OTCYeTa,
¢BA3aHHOH ¢ 3emsielf, Ha BCSIKOE TeJO Macchl m JAeHCTBYeT CHJia

=mg, (16.1)

naspiBaeMasi CHJM O -T2k e c T U ). Korja Teno nokourcss OTHOCH-
TeJIbHO MOBEPXHOCTH 3emiid, cuja P ypaBHOBelunBaeTcsl peakuuefl 2)
F, noxseca uJu onopsl, yIepkuBaoLuX TeJo oT nageHus (F,=—P).
Tlo Tperbemy 3akoHy HblOTOH2 Teso B 3TOM caydae JeHCTBYeT Ha MOJ-
Bec usn onopy c cusoii G, pasHoit —F,, T. e. ¢ cuJot

G=P=mg.
Cuna G, c KoTOpo#i Teso JeficTBYyeT Ha MojaBeC WJH ONOPY, HAa3bl-

BaeTcs BECOM TeJa. dTa cuia paBHa mg JHIUb B TOM CJyyae,
ec/IM TeJIo. M onopa (WM NOABEC) HENOABHMKHBEI OTHOCHTENBbHO 3eMJIH.

1) BesencTBHE HeMHEPIHAJAbHOCTH CHCTEMBI OTCY€Td, CBA3aHHON ¢ 3emselt, cuma
TSXKECTH HECKOJNbKO OTJIHYAEeTCS OT CHJIbL, C KOTOPOH TeJo NpHTArMBaeTcs 3emied.
Tloppo6ree 06 stom Gyner ckasaHo B § 33.

%) PeaKLHsIMH Ha3bIBAIOTCA CHJBI, C KOTOPHIMH Ha JAHHOE TeJNO AEHCTBYIOT Tesa,
OTpaHHYUBAIOLIHE €TO JBHMKEHHE,
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B ciiyuae WX JBUXKCHHS C HEKOTODHIM YCKOpeHHeM W Bec G He 6yner
paBeH mg. OTO MOXHO YSACHHTb Ha cienyroueM npumepe. ITycrs nogsec
B BHJE YKDeIJIEHHOH Ha paMKe NpPYXKHHLI JBHXKETCS BMECTe C TeJsIoM
¢ yckopennem w (puc. 16.1). Torna ypaBHeHue IBHXKeHUsI Tesa OyaeT
HMeTh BHJ

P+F,=mw, (16.2)

rae F,— peakuus nozapeca, T. €. CHJIa, C KOTOPOH NpYyXHHA AeHCTBYeT
Ha Teso. ITo TpeTbemy 3akoHY HbloTOHa Teso neficTBYeT Ha NPYKHHY
¢ cuiol, paBHoii —F,, KoTopas mo onpeneseHHIO NpeacTaBaseT coboil
BeC Tesia G B 3THX YycsioBusiX. 3amenus B (16.2) peaknuio F, cuisoit
—G, a cuny tsxectd P — mpousBesenveM mg, MoJy4uM:

G=m(g—w). (16.3)

®opmyaa (16.3) onpenensier Bec Tesa B obuweM cayuae. OHa crpasef-
JMBa JJI INOJBECa HJIH ONOpHI JI00Oro BHIA.
INpennonoxuM, 4To TeIO M MOABEC ABHXKYTCS B BEPTHKAJbHOM Ha-
npapJeHu (B 3TOM NPEANOJOXKEHHH BHINOJHEH puc. 16.1).
CnpoexTupyem (16.3) nHa HanpaBJIe}me oTBeca:

G= m(g—l—w) (16.4)

B sToMm BhipaxkeHHu G, g H @ CYTb MOAYJIH COOTBETCTBYIOIIHX BEKTOPOB.
3HaK «--» COOTBETCTBYET W, HallpaB/JeHHOMY BBepX, 3HaK «—» COOTBeT-
CTBYET HaNpaBJeHHIO W BHU3.

U3 dopmyart (16.4) BeITeKaeT, uto mo moxyJio Bec G MOXeT GHITb
Kak OoJibllle, TaK U MeHblle, YyeM cusia TsxKectd P, I'Ipn CBO60}1HOM
najeHHH paMKH C nonBecoM w=g u cuaa G, ¢ KOTOpoil Teso jeict-
Byer Ha noisec, papHa HyJuo. Hacrynaer cocrosinue HEBECOMOCTH.
Kocmuueckuii Kopabub, JeTALMH BOKPYr 3eMJHM C BHIKJIIOYEHHBIMH
JBUraTessiMM, IBHXKeTCsS, KaK M CBOGOJHO Najamouiasl paMka, ¢ YCKO-
peHHeM g, BCJIEJCTBUE Uero Tesia BHYTPH KopabJisi HAXOASTCS B COCTOSA-
HHH HEBECOMOCTH — OHM He OKa3biBalOT JaBJIEHHsS Ha COIpUKacaro-
yecst ¢ HUMHU TeJsa.

OTMmeTuM, YTO YaCTO MYTAIOT cHUIY TskectH P u Bec Tena G. Ito
06yc/IOBIEHO TeM, YTO B CJyyae HeNOABMKHOH omopu cuinl P u G
COBNAJAlOT MO BeJMYHHe M MO Hanpam/eHHio (o6e OHH paBHB mg).
OpnHako cjiefyeT NOMHUTb, YTO 5TH CHJIBI IPHJIOXKEHHl K PasHBIM TeJaM:
P npunoxena K camomy Tteny, G npujioxkeHa K NojJBecy HJH onope,
OrpaHHUMBAIOIIUM CBOGOJHOE IBHXKEHHE Teja B I0JIe CHJ 3eMHOro
taroTens. Kpome Toro, cuna P Bcerna paBua mg, He3aBUCHMO OT TOTO,
JBHXKETCS TEJIO UJIM NOKOMTCS, CHJa Ke Beca G 3aBHCHT OT YCKOpEHHS,
C KOTOpBIM JBHXYTCS ONOpa M TeJO, NpUYEM OHa MOXKeT OBITb Kak
GoJiblie, TaK ¥ MeHbllle mg, B YaCTHOCTH, B COCTOSSHHU HEBECOMOCTH
oHa obpaiaercs B HYJb.

Cootroulerine (16.3) mexay Maccoil U BecoM Tesla JaeT Cnocod
CpaBHeHMsI MacC Tesl MYTeM B3BeIUWBAHUS — OTHOLIEHHE BECOB TelI,
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onpefieleHHBLIX B OJMHAKOBbIX YCJOBHAX (06braHo mpu w=0) B onHOM
U TOil Ke TOUKe 3eMHOH IOBEPXHOCTH, PaBHO OTHOIUEHHIO MAacC 3THX
TeJI:

G,:G,:Gye oo =myimyimgt ..

Kak 6yner nokasano B § 33, yckopeHne CBOGOJHOTO MaleHHs g
M CHJIa TsKeCTH P 3aBucAT oT WwKpotsl MecTHocTH. Kpome Toro, Pu g
3aBUCAT TaKXKe OT BBLICOTHI HaJ YPOBHEM Mops — C YHajieHueMm OT
LeHTpa 3eMJIH OHHM YMEHbIUAIOTCH.

§ 17. MpaxrHueckoe npuMererue 3akoHos HeloTona

Insi Toro uToGBl COCTAaBHTH YpaBHEHHE JBHXKEHHs, HYXKHO Npexje
BCETO YCTAHOBHTb, KaKHE CHJbI IEHCTBYIOT Ha pacCMaTpUBaeMOe TeJIO.
Ilpu sToM Heo6XOAMMO BHISICHHTb, HeHCTBHE
KaKUX ApPYruX Tesl Ha JaHHOe TeJO cJaeayer
NPHHATb Bo BHHUMauue. Tak, Hanpuwmep, Ans
TeJia, CIIOM3AIOUIEr0 O HAK/JIOHHOH NJIOCKOCTH
(puc. 17.1), cyuecTseHHO BO3JEHCTBHE CO CTO-
poHbl 3emaM (OHO XapaKTEPH3YeTCs CHJIOH
mg) U BO3JeHCTBUE CO CTCPOHBI TJIOCKOCTH
(oHo xapakrepusyercsi cusoft peakuuu F,).

Hu B KkoeM civyae He cnefyeT BBOAHThL B
PacCMOTpeHHE «IBHXYIIHE», «CKaThIBAIOLLHEY,
CLIEHTPOCTPEMHTENbHbIEY, CLEHTPOGEKHBIE» *)
U TomMy moaoGible cuibl. UTOOB He Bmacth
B OIWMOKY, HYXHO XapaKTepH30BaTb CHJIbI
He 1O BbI3bIBAEMOMY HMH JEHCTBHIO, a MO <HCTOYHUKY», BBI3BaEB-
LIeMy TOsiBJIEeHHe CHJBl. DTO O3HAYaeT, UTO 3a Kaxaoil CHUIOH HYXHO
BUIETb Tes0, BO3JeHCTBHEM KoToporo obycnosneHa cusa. Torna cra-
HeT HEBO3MOXKHOH THNHYHas owMOKa, 32KJIKYalollascs B TOM, YTO
OJIHA M Ta XKe CHJIa YYHTHIBAETCS NOJ Pa3JHYHBIMM Ha3BaHHUAMH JBAXKIb!.

B paccmartpuBaemom npumepe {cM. puc. 17.1) uemnecooGpasno cuny
peakuu F, pasjoXHTb Ha LBe COCTaBJIAIOLUIHE — CUJIY HOPMAJIbBHOTC
Rapnennst F, u cuny Tpenus F,,. 210, B 4aCTHOCTH, NOJIE3HO B CBA3N
C TeM, YTO CHJIa TPEHHUA NponopuxoHaibHa moayJmo cuabl F,, (em. (15.1)).

OnpenenyB CHJILI, AeHCTBYIOIUME Ha TENO, COCTABJASIOT YpaBHEHMHe
BTOporo 3akona HeloTona. B Haiuem npumepe OHO MMeeT BHI:

mw=mg+F,=mg+F, +Fy. (17.1)
Yro6bl OCYLIECTBUTL BBIYHC/IEHHSI, HYXHO NepeiiTH OT BEKTOPOB K HX
NPOEKILMAM Ha COOTBETCTBYIOULMM 06pa3oM BhIGpaHHble HANpPABJAEHHS.
Ilpu 3TOM TNOAL3YIOTCS CAEAYIOWMMH CBOMCTBAMH MPOEKIHIL:

]) paBHbie BEKTOPBI HMEIOT OJHWHAKOBBIE IPOEKIINH;
2) NMPOEKIHA BEKTOpA, IOJYYaloUerocs YMHOXKEHHEM KaKoro-to

Puc. 17.1.

1) 310 Ke OTHOCHTCA K TEPMHHY «LEHTPOOeKHas cuia Huepuum» (cM. § 33).
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JAPYroro BeKTOpa Ha CKaJjsp, paBHa NPOM3BEJEHHIO NMPOEKLIHU 3TOro
BTOPOro BEKTOpa Ha CKaJsp;

3) npoekuusi CyMMBl BEKTOPOB paBHa CyMMe NpOeKUHMi CKJajpIBa-
eMBIX BekTopoB (cM. (2.8)).

CnpoekTHpyeM BeKTOpbl, BXojasiuWe B ypaBHeHue (17.1), Ha Ha-
npas/ieHHe ¥, yKasaHHoe Ha puc. 17.1. IlpoeKiyn BEKTOPOB paBHHI:
w,=w (w — MORYJb BeKTOpa W), g,=gsin a, F,,=0, Fy,,=—kF =
=—~kmg cos a. CieroBaTeJbHO, Mbl NMPUXOAMM K YPaBHEHHMIO

mw=mg sin o—kmg cos a,

U3 KOTOpOro JerKo HaHTH w.

B Gonee cioxHBIX CAyyasiX NPUXOIMTCS TPOEKTHPOBATH BEKTOPHI
Ha HECKOJIbKO HampaBJeHHH W pellaTh NOJYYHMBIIYIOCS CHCTEMY aJ-
re6pavyecKux WiaH Au(pdepeHIHAIbHEIX YPaBHEHHH.,



FTrTABA III
3AKCHbI COXPAHEHHUA

§ 18, Coxpansiomuecss BeJHYHHbI

Tena, o6pasyolie MEXaHHUECKYIO CHCTeMY, MOTYT B3aHMOAEHCTBO-
paTh KaK MeXAy ccGoi, TaK U ¢ TeJlaMH, He IFDMHaJJeXallyMH AaHHOH
cucreMe. B COOTBETCTBHU C 3THM CHJBI, AeHCTBYIOILHE HA Te1a CHCTEMI,
MOKHO TMOJpPAa3jeJUTh Ha BHYTPeHHHEe H BHeIIHHUe. BHyr-
PEHHHMH Mbl OyJeM HasBBaThb CHJbI, C KOTOPHIMHM Ha JIaHHOE TeJOo BO3-
JeHCTBYIOT OCTa/lbHble TeJla CHUCTEMBI, BHEUIHMMM — CHJBI, 06YyCJOB-
JIeHHBIE BO3JIEHCTBHEM TeJ, He NpHHaAeXalluX cucreMe. B ciayuae,
€CJIH BHELIHHWE CHJBl OTCYTCTBYIOT, CHCTeMa HA3blBaeTcsi 3 aM K H -
ToO .

Jsist 3aMKHYTBIX CHCTEM CYIIEeCTBYIOT TakHe (PyHKIUH KOODAMHAT
H CKOpocTed oGpasymooUMX CHCTeMY YacTHI '), KOTOpHE COXpaHsIOT
IpH JBHXKEHHH MOCTOSIHHBIE 3HAUEHMS. DTH (PYHKUUHM HOCAT Ha3BaHHE
HHTerpaJoB JABHXEHHMH. '

Inst cucremel u3 N 4acTHi, MeXIY KOTOPEIMH HeT XKeCTKHX CBsi3ef,
MOXHO o6pasoBaTh 6N — 1 wuHTerpasoB nBuxkeHus. ORHAKO HHTe-
pec NpPEeACTaBJSIOT TOJLKO Teé M3 HHMX, KOTOphle 00/afaloT CBOHCTBOM
aJIHTHBHOCTH. DTO CBOHCTBO 3aKJ/IOYaeTcst B TOM, YTO 3HaueHHe HHTe-
rpaJjia JBUXKEHMs ISl CHCTeMbl, COCTOsALIEHN U3 yacTell, B3aUMOAEHCTBHEM
KOTOpBIX MOXKHO MNpeHe6peub, PaBHO CyMMe 3HAYeHWH AJA KaxEoH
n3 yacteil B OTAENBbHOCTH. AJIUTUBHBIX HHTETPAJIOB ABIMKEHUS HMEeTCs
Tpu. OZHH U3 HUX Ha3bIBaeTCs1 > He PT M € i1, BTOPOH — UM N Y JI b-
COM, TpeTMH —MOMEHTOM HMIOYJAbCa,.

Hrak, n1s 3aMKHYTHIX CHCTEM OKa3blBAalOTCsI HEU3MEHHBIMH (COXpa-
HAIOTCS) TPU (U3UYECKHe BEJHYUHBI: SHEPTHS, HMIYJbC U MOMEHT HM-
nyJbca. B cOOTBETCTBHH C 3THM HMEIOT MECTO TPM 3a KO HaAa CO X P a-
He HH s — 3aKOH COXPaHeHHs SHePruy, 3aKOH COXPaHEHHUSI HMIYJibCa
H 3aKOH COXPaHEeHHUsI MOMEHTa HMNYJbCa. DTH 3aKOHbI TECHO CBSI3aHBI
C OCHOBHBIMHM CBOHCTBaMH NPOCTPAHCTBA H BPEMEHH. :

B ocHoBe coxpaHeHHs SHEPIHH JIEXKHT O THOPO A HOCTDb B e-
MeHH, T.e. PaBHO3HAUHOCTb BCeX MOMEHTOB BpeMeHH. PaBHO3Hau-

%) HanomunM, uTo yacTHuel AT KPATKOCTH MEl HaghlBaeM MaTepHaAbHYIO TOUKY,
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HOCTb CJIeAyeT NOHHMATb B TOM CMBICJIE, YTO 3aMEHAa MOMEHTa BPeMEHH
s MOMEHTOM {, 6e3 M3MeHeHH sl 3HaYeHN KOOPAMHAT U CKOPOCTE(l YacTHIL
He H3MEHsIeT MeXaHNYyeCKHe CBOHCTBA CHCTeMBbI. DTO O3HaYaeT, YTo [ocJe
YKa3aHHO! 3aMeHBl KOOPAMHATHI Y CKOPOCTH YaCTHL[ UMEIOT B JII0GOit
MOMEHT BpeMeHH £,--f TaKye Xe 3HaueHHsi, KAKHe OHH MMeJH Gl 0 3a-
MeHBl B MOMEHT f,1.

B OCHOBe COXpaHEHHSI UMITYJbCa JIEXXHT OJLHOPOAXHOCTH
NIPOCTpPaHCTBA, T.e€ OIHHAKOBOCTb CBOHCTB NPOCTPAHCTBA BO
BceX Toukax. OJHHAKOBOCTb ClelyeT MOHUMATh B TOM CMBICJE, UTO
napaJJiesIbHEIA IepeHoC 3aMKHYTOH CHCTEMBl M3 OJHOIO MeCTa IpOCT-
PaHCTBa B Ipyroe 6e3 H3MeHeHHUsT B3aUMHOTO PacnoJIOKEHU s i CKOpocTell
4acTHI He H3MEHsIeT MeXaHHYeCKUe CBOHCTBA CHCTEMBI (IIpeAroaraeTcs,
YTO Ha HOBOM MECT€ 3aMKHYTOCTb CHCTEMbl He HapyIIaercs).

HaxkoHen, B OCHOBE COXpaHeHWs MOMEHTa MMIYJbCa JIEXKHT M 3 O-
TPONHUS NPOCTPAHCTBA, T.e. OJUHAKOBOCTb CBOHCTB MPOCT-
paHcTBa mo BceM HanpaBieHUsM. OJMHAKOBOCTbL CJefyeT INOHUMAaTh
B TOM CMBbICJIE, YTO NOBOPOT 3aMKHYTOH CHCTeMBl KaK LEJIOro He OTpa-
JKaeTcs Ha e€e MEXaHHYECKHX CBOHCTBaX.

3aKOHBI COXpaHEHHUsl NPENCTaBJSIOT COOOH MOIIHOEe OpyAue Hccie-
noBanus. Yacro OblBaeT, YTO TOYHOE pellleHHE YPABHEHUH IBIKEHHS
OKa3bIBaeTcsi KpaifHe CJIOXKHEIM. B 3THX ciyyasix ¢ momolbio 3aKOHOB
COXpaHEeHHs1 MOXKHO M 6e3 pellleHHS] YpaBHEHHH [ABHXKEHHSl NOJYYHTh
psAl BaXKHBIX NAHHBIX O NMPOTEKaHHH MEXAHHYECKHX fIBJIEHHI. 3aKOHH
COXpaHEHHsI He 3aBHUCAT OT XapakTepa JeficTBymlolux cuj. ITostomy
C HUX IOMOLIBIO MOXKHO NOJYYHTH PSIA BaXKHBIX CBEIEHHI O NOBEJeHHH
MeXaHHYeCKHUX CHUCTEM Jaxe B Te€X CJydasiX, KOTAa CHJIbl OKa3hIBAOTCS
HEH3BECTHBEIMH,

B nocaenytomux naparpadax Mbl MOJYYNM 3aKOHBL COXPaHEHUS, HC-
xops u3 ypaBHeHuil HploToHa. Onnako cienyer umMeTb B BHLY, YTO 3a-
KOHBI COXpaHeHHst 06/1a1a10T ropasfo GoJiblileil GOMHOCTBIO, YeM 3aKOHB
HelotoHa. 3aKoHBI cOXpaHEeHHs OCTAlOTCS CTPOro CIpPaBe]JIMBBIMH JaxKe
TOTJa, KOrAa 3aKoHel HbI0TOHA (B YaCTHOCTH, TPeTHH 3aKOH) mpeTrepne-
BaloT Hapyienus. [loquepKHeM, YTO 3aKOHBI COXPaHeHHs! SHEPTUH, HM-
nyJabca M MOMEHTa MMIyJbCa SIB/JSIOTCS TOYHBLIMH 3aKOHaMH, CTPOTO
BBIIOJIHSIOIUMYACS TaKXKe H B PeJIITUBHCTCKOH 06JiacTH.

§ 19. KnunerHueckast aHeprus

TTpUCTYNHM K HaXOXKAEHHIO af{HTHBHBIX HHTErpasioB ABMKenus. s
Hayasia pacCMOTPHM NpOCTeHIIyI0 CUCTEMY, COCTOSILLYIO H3 OJHOH uyac-
THIB (MaTEPHANBHOH TOYKH).

HanumeM ypaBHeHHe JBIIXKEHHSI YaCTHIBL:

mv=F, (19.1)
3nech F — pesyabTupyomas CuJI, AeHCTBYIOIHX Ha 9acTHLY. YMHO-
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XUB ypaBHeHHe (19.1) Ha nepemeleHMe YacTHUHI ds=v df, MONyuHM:
mvv dt = F ds. (19.2)

TTpousBenenne vdt npexcrasisier coGoi npupalieHHe CKOPOCTH YaCTHIbE
dv 3a Bpems df. CoOTBETCTBEHHO

. 2 2
mvvdt=mvdv=md(”7)=d(”’2”) (19.3)
(cM. (2.54)). ITpoussens Takyio 3ameny B (19.2), npujeM K COOTHOLIEHHIO
2
d(45-)=Fds. (19.4)

Ecau cucrema 3amkuyTa, T. . F=0, To d (mv?/2)=0, a cama Beau-
yHHa

2
T =27 (19.5)
OCTaeTCs! MOCTOSIHHOM. DTa BeINUMHA Ha3blBaeTcss KM HETHYECKO i
5Heprueld uacthupl. B ciyyae M30/MPOBaHHOH YacTHIBI KHHETH-
yeCKasl SHEPrusi sIBASeTCS HMHTErpasioM IBHKEHHS !).

YMHOXKHMB Ha m 4YHCJHTeJb M 3HameHaTesb Bbipaxenus (19.5) u
NPHHAB BO BHHMaHHe, YTO NPOU3BeJleHHe my PaBHO UMNYJbLCY TeJa p,
BBID2)KEHMIO JUIS KHHETHYeCKOH SHePrHH MOXXHO NMPHIATh BHA:

T=P2. (19.6)

Ecnv Ha uacTuny gefictByer cuia F, KuHeTuueckas sHeprus He
ocraercsi nocrosinHo#t. B sToM cayyae corsnacHo (19.4) mpuparuenune
KHHETHYeCKO!l SHeprHH YacTHUB! 3a BpeMs df paBHO CKaJspHOMY Ipo-
usBenenuio F ds (ds — nepemeriienne yactuibl 3a BpeMst df). Beanunna

dA=Fds (19.7)

HaspiBaeTcsi p a 6o To i, coBepmaemolt cuioit F Ha nyTH ds (ds ecThb
MONYy/b nepemeilleHnss ds). CkansipHoe mnpousBeneHue (19.7) MoxkHO
NPEACTAaBHTh B BHJE NPOU3BeNeHMsi NPOEKIUH CHJbl Ha HampaBJjeHHe
nepemewenusi Fy u aneMeHTapHoro nytu ds. CienoBaTesibHO, MOXKHO
HamucaTb, YTO

dA=F,ds. (19.8)

M3 ckasannoro sicno, yto padora XapaKTepu3yeT H3MeHEHHe SHEepruH,
00yC/IOBJIeHHOEe JefCTBMEM CHJIBI Ha JABIXYILYIOCS YAaCTHILY.

1) B cayuae oxHoill H30/MMpOBAaHHOMN .YaCTHIL JI06as CTeNeHb CKOPOCTH OCTAaeTCst
noctosinkoit. OJHAKO B CJyyae CHUCTEMb HECKOJbKHX B3aHMOJEHCTBYIOIIMX YAaCTHIL
HMEHHO BeJTHYHHbI BHAA (19.5) BXOAAT caraeMbIMK B aJUIMTHBHBIH HHTEr pasl IBH2KEHHS .
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INpounrerpupyem cooTHouenue (19.4) BaoJb HEKOTOPOH TPAEKTOPHH
OT TOYKU I JO TOUKH 2:

2 \ 2
mu
fo(z)={ra
2
1 1 )
JleBasi yacTb npenctaB/sieT coGofl pa3HOCTb 3HAYEHUI KHHETHYECKOH

5Hepruu B Toukax 2 u I, T. e. mpHUpalleHHe ') KMHETHYECKOH SHEPTUH
Ha nytH I—2. Y4t 370, NMOJYYUM:

2 2
Tg—T1=%—’—"2i=§ F ds. (19.9)
1
Benuunnua
2 2
A=(Fds=( F,ds (19.10)
1 1

ectb pabora cunnl F Ha nytu /—2. Mnoraa mel 6yzeM o6o3HauaTh 3Ty
pabory cumBoJoM A, BMecTto A.

Hrak, paboma pesyavmupyrowedl cex cun, Oeticmeyrouiux Ha yacmuyy,
ulem HA NPpuUpauUieHue KUHemuqecKoli dHepeuu wacmuypl:

A12=T2—T1. (]9]1)

W3 (19.11) cnenyer, uto sHeprusi MMeeT TAKYIO K€ PasMEPHOCTb,
KaK M pa6ora. B COOTBETCTBMH C STHUM 3Heprusi Uamepsiercsi B TeX XKe
elMHHIaX, YTO H paboTa (cM. ciexylolud mnaparpad).

§ 20. PaGota

PaccmoTpyM Benuuuny, HasbiBaeMylo paGotoil, Gosiee MORpoGHO.
Bripaxkenne (19.7) MOXHO NpeacTaBHTb B BHJE:

dA=Fds=F cos a-ds, (20.1)
TJie 0. — YroJl MeXJy HanpaBJeHHeM CHJIbI H HanpaBJieHHeM Iepemelle-
HUSI TOYKH TIPHJIOKEHHS CHJIBL.

Ecnv cuna m panpaBniende nepeMellieHHst o6pasyiOT OCTPLIE Yrod
(cos =0), pabora nonoxurembHa. Ecan yron o — tyno#t (cos a<<0),

1) Vamenenne KaKoii-THGO BeJMUHHBL @ MOXKHO XapaKTePH30BaTh JHGO ee IPHpa-
WeHneM, 60 yOblibio. [IpupalienneM BeJHYMHB @, KOTOPOE MH 6yjeM 0603HauaTh
Aaq, na3biBaioT Pa3HOCTL KOHEUHOrO (dy) M HAYANBHOTO (a;) 3HAYEHHH STOH BEJHYHHBL

npupaiienie = Aa =a, —ay.

Y6bi1b10 BEIMYHHEL @ HA3LIBAIOT PASHOCTH €e HAUANBLHOIO (2;) M KOHEUHOro (ap)
3HaueHH

yObUIb = a; — a; = — Aa.
Y6buT> BeINYMHBI PABHA €e IIPHPALIEHHIO, B3STOMY ¢ 06paTHBIM 3HaKoM. [Ipupaumenne u
yObL1b — asnreGpanyeckKue BeJUUHHBL.
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pabora orpunarenbHa. Ilpn a=mn/2 paGora paBna mnymo. Ilocnepnee
06CTOSITEILCTBO OCOGEHHO OTYETJIHBO IN0Ka3bIBAaeT, YTO MOHSITHE PabOThl
B MeXaHHMKe CYIIECTBEHHO OTJIHYAeTCsl OT OOCBIAEHHOr'O MNpEeACTaB/JICHUSA
o pa6ore. B oOblieHHOM NOHHMaHHH BCSIKOE YCHJIME, B YaCTHOCTH MYcC-
KYJIbHOEe HanpsiKeHHe, BCerja COHNPOBOXJAaercsi coBeplueHHeM paGoTHI.
Hanpumep, aJis Toro utoObl Jep:KaTb TsKeNBH Irpys, CTOSI HEMOABHXK-
HO, a TeM GoJjiee JJisi TOro, YTOOEl IIEPEHECTH 3TOT TPy3 MO TOPHU3OHTAb-
HOMY NyTH, HOCHJIBLUIMK 3aTPayMBaeT MHOI'O YCHJIMH, T. €. «COBeplIaeT
paGory». OxHaKo paora KaK MeXaHHYecKass BeJIMYHHA B 3THUX CJayyasx
paBHa HYJIO.

Ha puc. 20.1 nokasan rpaduK npoeKuyn CUJIBl Ha HalpaBleHue ne-
pemeltiensst Fg Kak QyHKUMH NOJIOXKEHHS YacCTHLB Ha TPaeKTOpHH (och
£ abcuucc MOXKHO Has3BaTh OCHIO §; JMJIHHA

s oTpe3Ka 3TOH OCH MexAy Toukamu [ u 2
paBHa moJHOH pivHe myTtH). M3 pucynka
BHJIHO, YTO 3/leMeHTapHasi pabora dA=F ds
YHCJIEHHO paBHA IJIOLIAAH 3aIUTPHXOBAH-
HOH moJiockH, a pa6ota A Ha nytd I—
2 4MCJEeHHO paBHA NJoWafH GHTYphHI, Of-

4 paHH4YeHHOH KpuBoii F;, BepTHKaJbHBIMH

7 ’46,'7- 2- s npaveiMu I u 2 u ocelo s (cp. ¢ pHC.
d 3.7).

Puc. 20.1. IIpyMeHHM 3TOT pe3yJbTaT AJsl HAXOXK-

' JeHus: paboThl, coBepluaeMoil mpu nedop-

MaluM TNPYKHUHBEl, NonuYHHsWOWelcs 3akoHy I'yka (cM. puc. 14.2

u Qopmyay (14.2)). Haunem c pacTspkeHMsi NPYKMHHE. Pacrsike-

z,

&

! Fﬂuemﬂ

5

f
Puc. 20.2. Puc. 20.3.

Hue OyjaeM NPOU3BOIHTL OYEHb MeJJIEHHO, YTOOH cuay Fy em., C Ko-
TOPOH MBI JEHCTBYeM Ha NPYXKHHY, MOXKHO GBJIO CUHTaTh BCE BpeEMs
paBHOli no Benuunune ynpyro#t cuie Fyno. Torsa Fy ppewy=—Fz ypp=
=kx, Tae x — yAnuHenue npyxuusl (puc. 20.2). M3 pucynka BHjHO,
4TO paGoTa, KOTOPYIO HYKHO COBEpILIHTb, YTOGHI BhI3BaTh YAJIHHEHHE
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NPYKHUHBL X, PaBHA
kx?

= : (20.2)

Ilpu cXaTHH NPYKHHB Ha BEJMUYHHY X COBEPLIAETCS] TaKas XKe M0
BeJUYMHE U 3HAKy paboTa, KaK M TPH PACTSDKEHHH Ha BEJIHYHHY X.
IMpoekuusa cuabl Fyoep, B 3TOM caydae orpuuatenbHa (Fy,eq, Hanpas-
JieHa BJIEBO, X pacTeT BIpaBo, cM. puc. 20.2), Bce dx TOXe OTpHIATEb-
Hbl, BCJEACTBHE 4Yero NpousBefeHHe Fy ;.. dX TOJOXKHTENBHO.

AHaJIOTHYHO MOXXHO HafiTH BBIpaKeHHe IJIsi PaGoThl, COBeplIaeMON
NpY YOPYroM DacTSKEHHM WJIH CXKaTHHM CTepXHsi. B coorBercTBuM ¢
¢dopmyJsoit (14.7) s1a pabora paBHa

1 ES 1 AlN2 1
A=3E2 iy =5 ESl, (70') = EVe?, (20.3)
rae V=8I, — oGvem crepxHs, a e=Al/[, — OTHOCUTE/IbHOE YJIJIMHE-
ure (cm. (14.3)). »

ITyctp Ha Teo AEHCTBYIOT OJHOBPEMEHHO HECKOJIBKO CHJI, Pe3yJb-

THDPYIOLAs. KOTOPBIX PaBHA F=2Fi. W3 nuctpubyTHBHOCTH CKaJIsIpHOTO

L . .
npou3BefeHHs BeKTopoB (cM. (2.22)) BhiTekaet, uto paGota dA, coep-
11aemast pe3yJIbTHP YOIl CHIIOl Ha MYTH ds, MOXKET ObITb Npe/CTaBJeHa
B BHIE

dA=(§F,-)ds=§F,~ds=§dA,-. (20.4)

A1o o3HayaeT, uTo paGoTa pe3yJbTHpYHOlEeH HECKOJbKHX CHJ paBHA
anreGpanyeckoil cymme paGoT, coBeplaeMbIX KaxJIOH M3 CHJI B OTAE/b-
HOCTH.
DneMeHTapHOe NepemelleHHe ds MoxeT OHITh NPENCTaBJEHO Kak
v dt. TToaToMy BHIpaXKEHHIO AJIS 3JeMEHTapHOH paGoOThl MOXKHO HPUAAThb
BHUJL
dA=Fvdt. (20.5)

Toraa pa6oTa, coeplliaeMasi 3a IPOMEXYTOK BPeMEHH OT f; 1O f;, MOXKET
OBITb BbIYMCJIEHA IO QopmyJie

A={Fvat. (20.6)

B coorserctun ¢ (2.21) Fds=F dsp, rie dsp — NpoeKuns s/eMeH-
TapHOTO mepeMellleHHs1 ds Ha Hanpasienue cuiel F. ITostomy dopmyy
JJisi paGoTHl MOXKHO HamucaThb CJIEAYIOUHM 006pa3oM:

dA=F ds;. (20.7)

Ecsin cuia HMeeT NOCTOSTHHBIE BEJMYMHY M HanpasneHue (puc. 20.3),
BekTop F B BolpaKeHHH AJ1s1 paGOTHI MOXCHO BEIHECTH 32 3HAK HHTerpasa,
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B pe3yJ/ibTaTe Yero nosyuyurcsi ¢opmyna
2

A=F ( ds=Fs=Fsp, (20.8)

. 1

TJie s — BEKTOp MepeMelleHns 3 TOYKH I B TOUKY 2, a Sp — €ro npoek-
LM Ha HanpabB/JeHHe CHJIBL.

PaGora, coBepiuiaemMas B eIMHHIYy BpEeMEeHH, Ha3blBaeTCsi M O Ll-
HocThio. Ecni 31 Bpems df cosepiuaercs pa6ota dA, TO MOIHOCTb
paBHa

dA
P=—. (20.9)
BasiB dA B Buge (20.5), NOJYYHM AJIS1 MOLIHOCTH BbIpaXKEHHE

P=Fv, (20.10)

COTJIaCHO KOTOPOMY MOIIHOCTb PaBHa CKaJiSIpHOMY NPOH3BEIEHHIO BEK-
TOpa CHJIBI Ha BEKTOP CKOPOCTH, C KOTOPOH JIBHIKETCA TOYKA MpHJIONKe-
HHSl CHJIBI.

Enunuup paGoTel H MOLHOCTH. B KauecTBe eIUHHIE PAGOTHL CJYKHT
paGota, coBepluaemasi CHJIOH, paBHOH equHHIE H JefiCTBYIOIleH B Ha-
npaBJieHHH nepeMelleHNs, Ha NMyTH, paBHOM eauHHLe. COOTBETCTBEHHO

1) B CH enunuueit paborsl siBnsieTcs: koyab ([Ik), KoTopelil paBeH
paGorte, coBeptuaemoii cunoit B 1 H Ha nytu B 1 M;

2) B CI'C-cucreme — 3pr, paBHbii palote, coBepilaemoit cujofi B
| ;un Ha nytu B 1 cm;

3) B MKI'CC-cucreme — KuJorpaMM-cuja-mMeTp (Krc-M), paBHBIH
pa6ore, coBepliaeMoil cusoit B 1 krc Ha nytd B 1 M.

Mexny envHuHuamMH paGoThl HMEIOTCSI COOTHOLIEHHS:

1 Tx=1H-1Mm=10° guu-10? cm= 107 3pr;
1 krc.M=1 krc-1 Mm=9,81 H.1 m=9,81 Ix.

3a eMHUILY MOLUIHOCTH MPHHUMAETCS TaKask MOLIHOCTD, IPH KOTOPOH
B €MHHIY BpEeMEHH coBepluaercs pabota, paBHas exunune. B CU enu-
HUIEl MoWHOCTH sBasieTcss BaTT (BT), paBHBIi 1mKOyJio B CeKyHRY
(Ix/c). Exnnnua momuoctd B CIC-cucreme (3pr/c) cnenuagbHOro Ha-
3BaHusl He MmeeT. COOTHOLIEHHE MEXIY BaTTOM W 3pr/c:

1 Br=107 spr/c.

B MKI'CC-cucreme enmuuIeil MOLUIHOCTH CAYKHT JOWIAAHHAA CHJA
(1. c.), paBHag 75 KuJOorpaMm-cuja-MeTpaMm B CeKyHAy, 1. c.=
=736 Br.

Kpome yKasaHHBIX €IMHHIl H3MepeHHs, NPHMEHSIIOTCSl KpaTiibie H
IoJibHble eluHHUb. MIX HanmeHoBamus u oGo3HayeHusi oGpasyiorcs H3
'HaMMeHOBaHHsA H 0003HaYeHHs OCHOBHOH €JIMHHIBI M NPHCTaBOK, yKa-
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3aHHbIX B Ta6n. 20.1. B Ta6aune ykasaHbl TaKXe MHOXKHTENH, C TC-
MOLUBIO KOTOPBLIX COOTBETCTBYIOLIHE KPpaTHbIE H NOJIbHBIC €JHHHIbI oﬁpa-
3YIOTCS1 M3 OCHOBHBLIX.

Ta6auua 20.1. HaumenoBanus u 00603HAYEHHs NPHCTaBOK, YNOTpeGiseMbIX
AN 06pa3soBakns KPATHBIX M AOJBHbIX €JHHHI|

Han::x;l;ona- OGoanaueHne | MHoOxHTeNb Ha“,’fﬁ;‘“"’ O6o3navenne M:g ,)l},(,"'
Tepa T 1012 CaHTH c 10-2
rura r 10° MHJLITH M 10-3
Mera M 108 MHKpO MK 10-8
KHJO K 103 H4a HO H 10-9
TeKTO r 102 HKO n 10-12
Jexa 1a 10! demto i) 10-15
JelH I 10-1 arTo a 10-18

Hanpumep, enunuua paGoThl, HMMeHyeMasl MerajkoyJ/eM, SKBHBa-
aentHa 10® mxoyasm (1 MIxk=10° [Ixk), a eAMHHIA MOLIHOCTH, HMe-
Hyemasi MUKpoBaTToM, 3kBuBajeHTHa 107° Barra (1 mkBr=10~° Br).
Anasornuso: 1 mkm=10-% m,-1 nH=10"*2 H.

§ 21. KoucepBaTupnble CHJbI

Ecaun yacruua B KaXJIoi TOuke TPOCTPAHCTBA MOJABEPKEHA BO31€li-
CTBUIO IPYTUX Tes, TO FOBOPAT, YTO 3Ta YaCTHIlA HAXOAUTCA B MOJE CHJI.
TaK, HarnpuMep, 4acriua B6JIN3H MNOBEPXHOCTH 3emau HaXxoINUTCd B MnoJie
CHJT TAXKEeCTH — B Ka)KI.[Oﬁ TOYKE NNPOCTPAHCTBA Ha Hee ﬂeﬁCTByeT cuJga
P=mg.

B xauectBe BTOpOro npHMepa paCcCMOTPHM 3apsAXKEHHYIO 4acTHLY e,
HaXoAALLYIOCA B 3JIEKTPHUYECKOM IIOJE, BO36y)KIlaeMOM HENOABHXKHBIM

T
Puec. 21.1, Puc. 21.2.

TOUEUHBIM 3apaAioM ¢ (puc. 21.1). D10 nose XapakTepHO TeM, YTO Ha-
UpaBJIeHHe CHJIbI, NeACTBYIOWel Ha 4acTHIY B /06Ol TOUKe MpocTpaH-
CTBa, POXOJNT Yepe3 HENOJABHKHBIN LEHTP (3apsj ), a BeJUYHHA CHJbI
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3aBHUCHT TOJIBKO OT PacCTOSTHHS 10 3Toro neHtpa: F=F (r) (cM. ¢opmyany
(13.1)). ITose cuja, obnajaiolllee TaKHMH CBOHCTBaMH, Has3blBaeTcs
LeHTPpaJJdbHLM.

Ecsii Bo BceX TOYKaXx MOJS CHJBI, JeHCTBYIOIME HA YaCTHLY, OAHHA-
KOBBI IO BeJiHuMHe M HanpasjeHuio (F=const), noje HasbiBaeTcst 0 J-
HOp OJXHB M. :

Ilosie, m3meHsiomeecss CO BpEMeHEM, Ha3blBaeTcsi HeCT a Il U O-
HapHBM [loje, ocraoleecss NOCTOSHHEIM BO BPeMeHH, Ha3bIBAIOT
CTalLMOHAapHH M. :

Jlns cranuoHapHOro IOJsT MOXKeT 0Kas3aTbCs, 4TO paboTa, coBepIiae-
Masi HaJl YacTUIell CHJIaMH NOJIsI, 3aBUCHT JIMIIb OT HAYaJIbHOTO U KOHEY-
HOTO IOJIOXKEHHH YacTHIBI M He 3aBHCHT OT IYTH, II0 KOTOPOMY IBUra-
Jacb yactuia. CuJjel, o6snafaiolide TaKUM CBOHCTBOM, Ha3bIBAalOTCH
KOHCepBaTHBHH MH.

M3 He3aBHCHMOCTH paGOTHl KOHCEPBATHBHBIX CHJI OT NMYTH BHITEKAET,
yro paGoTa TaKHX CUJ Ha 3aMKHYTOM NYyTH paBHa HYyJ0. UToOB n0Ka-
3aTb 3TO, Pa3o0beM INPOU3BOJILHBIA 3aMKHYTHIH NYTb Ha JBE YacCTH:
nyTh I, 10 KOTOPOMY YacCTHIA NEPEXOAHUT U3 TOUKH / B TOUKY 2, H NYTh
I1, no KOTOpOMY TeJI0 NepeXxoiuT U3 TOYKH 2 B TOUKY /, MPUYEM TOYKH
1 u 2 BriGepem mpousBoJbHO (puc. 21.2). PaGora Ha BceM 3aMKHYTOM
NYTH paBHa cymMMme paGoT, COBepllaeMblX Ha KaXJOM H3 y4YacTKOB:

A= (Ar)1+ (A (2L.1)

Jlerko coo6pasuth, uTo paGoThl (A2 ) H (A12); OTIHYAIOTCS TONBKO
3HaKoM. JlefICTBHTE/bHO, M3MEHEHHe HalpaBJeHHs JIBHXKEHHs Ha 006-
paTHOe NPHBOJMT K 3aMeHe ds Ha —ds, BCJIEJCTBHE Yero 3HaueHHe HH-

TerpaJja S F ds nsmenser 3uak Ha obpatHbiii. TakuM o6pa3oMm, paBeH-
ctBo (21.1) MoxHO 3amucath B BUAE
A= (Aiz)l - (Alz)u’

H, IOCKOJIbKY pafoTa He 3aBUCHUT OT MYTH, T. €. (A1:);= (A1)}, MBI IPH-
XoauM K BuiBoay, urto A=0.

M3 paBeHcTBa HY/IO pa6oOThl HA 3aMKHYTOM NYTH JIETKO NOJYYHTb,
4TO paboTa A;, He 3aBHCHT OT MYTH. DTO MOXKHO CI€/aTh, OGPaTHB XOX
[IPOBEJIEHHBIX BBIIlIE PACCYXKAEHHH. -

Takum o6pa3oM, KOHCEPBATHBHEIE CHJIBI MOXHO ONPEAE]HTb ABYMS
croco6amu:

1) KaK cu/bl, paGoTa KOTOPBIX He 3aBHCHT OT NYTH, N0 KOTOPOMY
YacTHIA NEePeXOJHUT M3 OJHOTO MNOJOXKEHHsI B IPYroe;

2) xaK cuJbl, paboTa KOTOPHIX Ha JIIOGOM 3aMKHYTOM NYTH paBHa
HYJIIO.

JlokaxkeM, 4TO CHJIa TSPKECTH SIBJISIETCS] KOHCEPBATHBHO. Jta CHia
B JIIOGOH TOUKE MMeeT OAHHAKOBYIO BEJHYUHY W OXHHAKOBOE HAlpaB.ie-
HHe — BHH3 no BepTukaadu (puc. 21.3). Ilostomy, He3aBHCHMO OT
TOro, N0 KaKoMy u3 nmyreidl (Hanpumep, / uwiau //; cM. pHCYHOK) JBHIKET-
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cs wacrtuna, paGora A, corsacHo (20.8) ompenesiercs: BhIpaXkKeHHeM
Ay, =mgs;, = mg (Si2)np. g-

W3 puc. 21.3 BHAHO, 4TO NpOEKIHs BEKTOpa S;, Ha HanpaBJjeHHe g
paBHa PasHOCTH BBICOT h,—H,. ClleoBaTeIbHO, BhIpaXKeHHe AJIs1 paGoThl
MOXKHO HanucaTb B BHJE

A12=mg (h]_'—‘hz). (21.2)

Tlocnennee BbIpaXX€Hue, OYEBUJHO, HE 3aBHCHT OT ITYTH; OTCIOAA CJIEAYET,
YTO CHJIa THAXKECTH KOHcepBaTHBHa.

Jlerxo cooépasu'rb 4YTO TaKOH Ke pesnybTaT noJjyvyaercs AJsi BCSA-
KOro CTallHOHapHOro OJIHOPOAHOI‘O ToJis.

Pue. 21.3. Puc. 21.4.

Cuapl, JeficTBYIOIHE HA YaCTHIY B HEHTPaAJbHOM MOJe, TaKXkKe KOH-
cepBatuBHbl. CorJiacHo Gopmyae (20.7) aneMenTapHasi paGoTa Ha NMyTH
ds (puc. 21.4) paBHa

dA=TF (r)ds.

Ho npoekuus ds Ha HanpaBJ/ieHHe CHJIBL B JaHHOM MecCTe, T. €. Ha Hanpas-
JieHHe pajuyca-BeKTopa r, paBHA dr — NpHpALIEHHIO PACCTOSHUA Yac-
THIB OT cusoBoro ueHtpa O: dsp=dr. [lostomy dA=F (r)dr, a paGota
Ha BCeM NYTH

5]

Au={ F(r)ar. (21.3)

41
ITocnennee BEIpaXKeHHE 3aBHCHT TOJIBKO OT BHAaa ¢yHKunu F(r) u or
3HaYeHHH ry U ry. OT BHIA TPaeKTOPHH OHO HMKAK He 3aBHCHT, OTKYZAa
cJeflyeT, U4TO CHJIbl KOHCEpPBATHBHHI.

UtoObl y unTaTess He BO3HHKJO OLIMOOYHOE NpeacTaBJieHHe, GYATO
moGasi cuJsia, 3aBHCSLIAST TOJIBKO OT KOOPJAMHAT TOYKH, SIBJSIETCS KOH-
cepBaTHBHOH, paccMOTpUM ciepylomuit mpumep. IlycTb KOMIOHEHTHI
CHJIEL onpejiesiorcs: GopmyJaMu

Fi=ay, F,=—ax, F,=0. (21.4)
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Dra cHJIa HMeeT MONyJib, paBHELl F=ar, 1 HanpaBJeHa MO KacaTeJbHOH
K OKPYXXHOCTH paauyca r (puc. 21.5). JleficTBHTebHO, KaK CleAyeT U3
pHCYHKa, MJisl CHJIBI TAKOH BeJHYHHB M HaNpaBJIeHUS

1 .
F,.=ar cos (——2 —a) =arsina=ar %=ay,
X
F,=arcos(n—oa)=—arcoso=—ar ==—ax,
r

YTO COBMajaer co 3HaueHusAMH (21.4). BosbMeM 3aMKHYTH NYTh B BUJE
OKPYXHOCTH pajuyca r C IEHTPOM B Hauajie KOopAHHat. Pabora cuJel
Ha 3TOM NYTH, OYEBUIHO, paBHa F-2nr=ar-2nr==2mnar?, T. €. OTIIHYHA
ot nyJs. CrenoBaTesibHO, CHJIa HEKOHCEPBATHBHA.

THNUYHEIMH HEKOHCEPBATUBHLIMHM CHJIAMH SIBJISIFOTCST CHJIbI TPEHHUS.
Tak kak cuna Tpenust F u cKopocTb 4acCTHLBI V

g HMEIOT NMPOTHBOIOJIOXKHbIE HanpaB/eHHd 1), pa-
\ 60oTa CHJBl TPEHHS HA KaXKIOM YydyacTKe IYTH
BN OTpHLlaTesIbHA:
| dA=F ds=Fv dt=—Fuv dt=—F ds<0.
- "\\\ IToatomy 6yzer oTpuiatenbHOl (T. €. OTIHYHOM
L e ) OT HYJIS) U pabora Ha JIOOOM 3aMKHYTOM IYTH.
y[ 7 \F Orcioza BbITEKaeT, YTO CHJIBL TPEHHS HE KOH-
AL CepBaTHBHEI.
00—y /' 2 OTMeTHM, YTO NOJie KOHCEPBATHBHLIX CUJ SIB-
VK JISIeTCSl YaCTHBIM CJy4aeM IOTEHLHAaJNbHOrO CH-
S JoBoro noJisi. Ilose cun HaswiBaeTcss MO T € H-
e LUAJbHBM, €CM ero MOXHO ONHCaTb
Puc. 21.5. ¢ -nomowbio ¢yuxuuu I7(x, y, 2, t), TpaiHeHT

KoTopo#i (cM. ciepymomuit maparpad, dopmyay
(22.6)) onpernensier cu1y B Kaxao# Touke mosisi: F=VIT (cp. c. (22.7)).
Gyuxuus [] HasbiBaeTci NOTeHHNHAaJbHOH GyHKIDUeI
WIH NMOTeHNHUaJoM B criyuae, Koraa noreHuuana He 3aBHCHT
SIBHO OT BpeMeHH, T. e. [T=]I (x, y, 2), NOTeHI{HaIbHOE TI0JIe OKa3bIBaeT-
C CTallMOHapHHIM, a €ro CUJIbI — KOHCepBaTHBHEIMH. B 3TOoM ciyyae

H(x) Y, 2')=—U(X, Y, Z),

rae U(x, y, 2) — noTeHuHa/NbHAsi SHEPrHs YaCTHLBI (CM. CJeAYIOLIMi
riaparpad).

Il HecTalMOHAPHOTO CHJIOBOTO TNOJIsl, ONHCHIBAEMOTO NOTEeHUHa-
Jom [I(x, y, 2, t), OTOXKIECTB/ISATh NOTEHIHaJbHble H KOHCEDPBATHBHbIE
CHJIBI Hesb3s.

1) 3peck uMeeTcs B BUAY CAy4ail TPEHHS MEXKAY ABHKY IUMCS TEJTOM M HENMOIBHXK-
HbIMH (OTHOCHTeJIbHO CHCTEMbl OTCUETa) TeIaMH. B HEeKOTOpH X ciyyasix paboTra CHJIDL
TPEHHS] MOXKEeT 0Ka3aThCsl MOJOKUTENbHOM. DTo GhIBaeT, HanpuMep, KOrja CHIa TPeHHs
06yCJIOBJIEHA B3aHMOJEHCTBHEM JaHHOTO TeJla C APYI'HM, ABHXKYIIMMCH B TOM XKe Ha-
npaBJieHHH, HO C GoJblLiell CKOPOCTBIO.
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§ 22. loteHuMajibHasi HepPrusi BO BHelllHeM THoJje CHJ

B cnyuae, xorpa pa6ota CHJ MOJisi He 3aBHCHT OT NYTH, a 3aBHCHT
JIMLIbL OT HayaJbHOTO M KOHEYHOTrO MOJIOXKEHHH YacTulbl, KaxJ0H Touke
MOJIsT MOXHO CONOCTABHTb 3HaueHWe HeKoTopoll ¢yukuuu U(x, y, 2)
Takoii, YTO Pa3HOCTb 3Ha4YeHMI 3TOH (QYHKUUM B TouKax / u 2 Oyner
onpenensitb paGoTy CHJ NMPH NepPeXofie YacTHIbI H3 NMepBOH TOYKH BO

BTOpYlO:
A12=U1_U2. (22.1)

1o conocTaBeHHe MOXKHO OCYIIECTBUTDb caenylomuM oGpasom. He-
KOTOpO# McxonHOH Touke O mpumMilieM NPOU3BOJIbHOE 3HaueHHe (YHK-
uud, paBHoe U,. Jlo6oit apyroil Touke P NpUMHILEM 3HaueHHE

U(P)=U,+ Apo, (22.2)

rie Ap, — pabora, coBepuiaevMasi Haj YacTHIeH KOHCePBATHBHBIMH CH-
JlaMH TIpU NepeMelieHHH yacTHUBl U3 ToukH P B Touky O. ITockoabKy
paboTa He 3aBHCHT OT NYTH, ONpeleJeHHOe TaKHM CrocoGoM 3HauyeHHe
U (P) 6yzer oanosHaynbiM. OrmeruM, yto ¢yHkuus U (P) umeer pas-
MEPHOCTb paboThl (H/IH SHEPTHUH).

B cootBerctBHU ¢ (22.2) 3HaueHus QyHKUHH B TOYKax I U 2 paBHH

Ui=Us+ 4100 Uy=Uy+ Ao

OGpasyeM pasHOCTb 3THX 3HaUeHHI ¥ IPUMeM BO BHHUMaHHe, YTO A,o=
=—A . (cM. mpeapaywinit naparpad). B pesysabrate nosyunm

UI—U2= AIO—A20= AIO_}_AO2'

Cymma A,;,+A,. Naer pa6oTy, coBeplIaeMyIO CHJIaMH MOJIS TNPH nepe-
MeIlleHHH YacTHIbl U3 TOUKH [ B TOYKY 2 MO TPaeKTOPHUH, MPOXOAsLIei
uepe3 Touky 0. OxgHako pabora, coBeplliaeMmast Hajl 4acTHIiledl NpH ee
TiepeMellleHHH H3 TOYKH / B TOuKY 2 no JioGol Apyrod TpaekTopuu (B
TOM 4uCJe U He Npoxofsiled uepe3 Touky O), 6yIeTr Takoil ke caMmoi.
[Moatomy cymmy A;,+A g2 MOXKHO HanmucaThb npocTo B Buae A;,. B urore
MOJNYYUTCS CoOTHOWeHHe (22.1).

Takum o6pasom, ¢ noMolbio GYHKUHH U MOXKHO onpesensiTh pa6o-
Ty, COBepllaeMylo HaJ YacTUIEH KOHCEPBAaTHBHEIMHM CHJIAaMH Ha JIOGOM
AOYyTH, HauHHAoLUleMCsl B NPOU3BOJIbHON TouKe | M 3aKaHYMBAIOLIEMCS B
IIPOM3BOJILHOH TouKe 2.

ITyctb Ha yacTHIY AeHCTBYIOT TOJIBKO KOHCEPBATHBHBIE CHJLI. Toraa
pa6ota, coBepiuiaemasi HaJ yaCTHUeH Ha nyTH /—2, MOXeT ObiTb Npen-
craBjieHa B Bufe (22.1). Cornacuo dopmyJie (19.11) sta pa6orta uner Ha
NpupalleHHe KHHETHYeCKOH SHepPruy 4YacTHLbl. TakuM o6pa3oM, Mbl
NPUXOIHM K pPaBEHCTBY

T,—T,= Ul‘*‘Uz,
U3 KOTOPOro CJEAYeT, UTO
T2+ U2= T1+ Ul’.
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TonyueHHslit pe3ysbTaT 03HAuaeT, YTO BeJHYHHA
E=T+U (22.3)

IJIST YaCTHILI, HAXOASIIEHCS B moJie KOHCEPBAaTHBHBIX CHJI, OCTaercst
NOCTOSIHHOM, T. €. SIBNeTCS MHTErpajloM JBHXKEHHS. -

Ha (22.3) cnenyert, uto U BXOXHT c/laraeMbIM B HHTErpajl ABHKEHHS,
MMeIoLIui pa3MepHOCTb 3Heprud. B cBsasu ¢ stum ¢ynkumo U (x, y, 2)
HasLBAlOT MOTEHIL UAJbHOU 3HEePT Held YacTHULI BO BHEI-
HeM noJie cusl. Bennunny E, paBHYIO cyMMe KHHETHYECKOH H MOTEHIH-
aJbHOH 3HEpruf, Has3bBAOT MNOJHON MeXaHHUYUeCKOM
Hepruef YacTHLHL.

B cootBerctBuM ¢ (22.1) paGora, coBepiiaemasi Haj yacTHied KOH-
CEepPBATUBHBIMH CUJIaMM, pPaBHA YOBLIHM NMOTEHUHANLHOH SHEPTHH YacTH-
upl. MHaue MOXKHO CKaszaTh, 4To paboTa CoBeplllaeTcsl 3a CYeT 3amnaca
NOTEHIINAJbHOH SHEepTHH.

U3 (22.2) BriTekaeT, YTO MOTEHLHAbHAST SHEPTHsI OKa3blBaeTCs OIN-
peleNeHHO! € TOYHOCTBIO J0 HEKOTOPOH HEeH3BECTHOH ajiHUTHBHOH
nocrostHHo# U,. OfHaKo 3T0 0OCTOATENBCTBO HE HMeeT HHKAKOro 3Ha-
YeHHsl, TaK KaK BO Bce (H3HYECKHe COOTHOLIEHUsI BXOLHUT JIMOO PasHOCTh
3Hayenuit U B IBYX NOJIOXKEHHAX TeJsa, JHO0 npousBoaHas QyHKuuud U
no kKoopauHataM. IIpakTHYECKH YCJIOBJIMBAIOTCSI CYHTATh MOTEHIHAJb-
HYIO SHEPTHIO TeJla B KaKOM-TO IIOJIOXKEHHH PaBHOH HYJIO, a SHEPTHIO
B JPYrUX INOJIOXKEHHSX GpaTh IO OTHOIUEHHIO K 3TOH SHEPrHH.

3Hada BuI QyHKuMM U (¥, ¥, 2), MOXKHO HalTH CUJTY, IeHCTBYIOLLYIO Ha
YacTHILy B KaXJOi TouKe moJssi. PaccMoTpUM mHepeMellleHHE YaCTHIbI
napasJesnbHO OcH X Ha dx. Takoe mepemellleHue CONMPOBOXKAAETCS CO-
BeplleHHeM Haj yacTHueli paGoTwl, paBHOH dA=F ds=F, dx (xommo-
HeHTHl NepeMellleHus dy n dz paBHbl Hymo). CorsacHo (22.1) Ta Xe pa-
00Ta MOXeT ObITh NpeACTaBJeHa KaK yOblIb NMOTEHUUAJbHOH SHEPTHH:
dA=—dU. TlpupaBHsB 006a BHIpaXKEHHS A/ PaGOTHl, NOJYYHUM, YTO

Fy dx=—dU.
Orciona
=— %_%’_ (y= con'st, 2=const).

Buipaxkenue, cTosiee cnpaBa, npeJcTaBIsieT cOGOf NPOUSBOAHYIO BYHK-
wnn U (x, ¥, 2), BHIYHCJCHHYIO B IPENOJIOKEHHH, YTO [IEPEMEHHEIE ¥ H 2
OCTalOTCsl HEU3MEHHBIMH, a H3MeHsIeTCs JIMIUb nepeMeHHas Xx. ITonoGHble
NPOU3BOJHbIE HA3bIBAIOTCS YACTHBIMM U 0GO3HAYAIOTCS, B OTJIHYHE OT

NPOU3BOAHLIX (GYHKUME OLHONH HepeMeHHOH, CHMBOJOM %’-. Chrenona-

TeJIbHO, KOMIIOHEHTA CHJIbI 110 OCH X PaBHA B3SATOM C OGPaTHBLIM 3HAKOM
YaCTHOH IIPOM3BOAHOH MNOTEHUMANbHONH SHEPTHH MO INEPeMEHHOM

oU
x: Fy=——=-. Jlns KOMIOHEHT CHJIb N0 OCAM Y H 2 IOJY4AlOTCs aHa-
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JIOTHYHBble BbIpaxeHHs. Takum oGpa3om, ,
ou oU oU
Fo=—20» Fy=—-5?, Fo=—a-. (22.4)
3Hasi KOMIOHEHTHI, MOXHO HAaHTH BEKTOp CHJIBL:
ou ou ou

F=F.,e,+Fe, +Fe,=— e,. (22.5)

% T oy ST o

BexTop ¢ KomnoHeHTamu 0¢/0x, 0¢p/dy, 0¢p/0z, rae ¢ — cKaasipHas
(yHKUMS KOODIMHAT X, Y, 2, HAasblBaeTcsi TpPajUue HTOM (QYHKUHH
¢ U 0003Ha4yaeTcss CHMBOJIOM

grad ¢ Jau6o V¢

(V nasbiBaeTcss onepaTopoM HaG6aa, V@ UHTAETCS: <TPAJHEHT
¢u»). M3 onpenenenus: rpaideHTa cjaenyeT, 4To

0 0 0
vo=TLe,+ e, + e, (22.6)

CpaBnenne (22.5) ¢ (22.6) mokaseiBaer, 4TOo KOHCepBaTHBHasl CuUJa
paBHa TpajUeHTy NOTeHUHaJbHOH 3HepruH, B3sITOMY € OGpaTHBHIM 3Ha-
KOM:

F=—vU. (22.7)

Ilycts yacTuuna, Ha KoTopyio feiicTByeT chaa (22.7), nepemMelnaercs
Ha 0Tpe30K ds, UMEIOIL i1 KOMIIOHeHTH! dx, dy, dz. Ilpu sToM cuJsa cosep-
maer paboTy

dA=F ds=—yUds= —(ax de+ 27 dy + 27 dz)

ITpuuss Bo BHMMaHue, 4o dA=—dU, nonyunm Ans npHpalleHus GyHK-
mun U caenyromee Bbxpameﬂue'

av=2Cax 37 dy+ 00 de. (22.8)

Bripaxenue Buaa (22.8) HaseiBaeTCs MOJIHBIM AuddepeHnHanoM coot-
BETCTBYIOLIEH (YHKLHUH.

INousiTue nosxoro auddepennuana urpaet B Gpu3nKe GOMBIIYIO POJIb.
IlosToMy ynesnuM eMy HECKOJIBKO CTPOK. ITon HEIM nu ddepen-
ILHaJgoM oxHo3HauHoH GyHKuuH f (X, y, z) Ha3blBaeTCS NpUpalleHHe,
KOTOpOe NnoJ1y4yaeT 3Ta QYHKIHS NPH NepPeXoe OT TOUKH C KOOpAHHATAMH
X, Y, 2 B COCELHIOI0 TOUKY € KoopauHataMmu x-dx, y-+dy, z-+dz. o on-
PelesieHHI0 3TO MNpHpallleHue paBHO

df(x» Y, 2)=f(x+dx’ y+dy’ z—l—dz)—-f(x, Y, 2)

H, CjenoBaTe/IbHO, Onpene/saeTca JaHllb 3HAYCHUAMH (byHKIlHH B Ha-
YyaJIbHOH ¥ KOHEUHOH TOYKaX. I'Iosn‘omy OHO HE MOXKET 3aBHUCETDH OT IYTH,
10 KOTOPOMY INPOHCXOAUT NEPEXOX. BosbmeMm B KauecTBe TaKoOro YTH
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JIOMaHyIO JIHHHIO, COCTOSIIILYIO U3 OTpe3koB dx, dy u dz (puc. 22.1). Ha
orpeske dx ¢pyHkuus f(x, y, 2) Bener cebsi Kak GYHKUHS OFHOM JIHIIBL
nepeMeHHOM X W ToJsydaer npupaiienue (0f/Ox)dx. AHajsornuHo Ha OT-
peskax dy u dz pyHKuus nonydaer npupauenust (0f/0y)dy wn (0f/0z)dz.

, e ) U=rgh
A ds 5
a U=q
0'.23 dz i ‘
ay* U=—mgh”
Puc. 22.1. Puc. 22.2.

Takum 06pa3om, moJHOe npupaiieHHe GYHKUMA NPH MepPeXoie M3 Ha-
YaJIbHOM TOYKH B KOHEYHYIO PaBHO

df (x, v, ) =L ax+ &L dy—}— X e, (22.9)

Mb! NpHIIJIH K BbIPAXKEHHUIO /151 IOJTHOTO nnq)qpepenuuana (cp. c (22.8)).
He Bcsikoe BeipaxkeHue Buia

P(x, y, 9dx+Q(x, y, 2)dy+R (x, y, 2) dz

npeacTaBsieT co6of MOJHBIH JAuddepeHnHan HEKOTOPOi Q)ynxum{
f(x, y, 2). B uacrHocTH, BhIpaxKeHMe HJst paGoThl, COBEpLIAEMON CHJON
21.4

dA=ay dx—ax dy (22. 10)

He fABJSIeTCS NOJIHBEIM AH(GdepeHINaNIoM — He CYUeCTBYeT TakoH (pyHK-
uun U, mast kotopoit —oU/0x=ay, a —oU/dy=—ax (cMm. (21.4)). Co-
OTBETCTBEHHO He cyllecTByeT dyHKuuM U, yOblIb KOTOPOH onpejensna
6ul pabory (22.10).

M3 ckasaHHOro BhITEKAeT, YTO KOHCEPBATHBHBLIMH MOTYT OLITH TOJIb-
KO CHJIBI, YIOBJIETBOPSIOILHE YCIOBHIO (22.7), T. €. TaKue CHJBI, KOMIO-
HEHTBl KOTOPBIX IO KOODJAHHATHBIM OCSIM DPaBHBEI B3SITHIM C OOpaTHBIM
3HaKOM YaCTHBIM POU3BOAHBEIM HeKoTopol pyukuuu U (x, y, 2) 1o cooT-
BETCTBYIOIUUM KOODIMHaTaM. DTa (YHKUHS MNpeAcTaB/sieT co0oil MNo-
TEHIHAJbHYIO SHEPTHIO YaCTHIBL.

Kounkpernuiit Bua ¢dynkuun U (¥, y, Z) 3aBHCHT OT XapakTepa CHJIO-
Boro noss. Halizem B KaueCTBe NnpuMepa NOTEHLHAJbHYIO 3HEPTHIO
yacTHubl B noJsie cusl taxectd. Corsacuo (21.2) pabora, coBepiiaemas
HaJl YaCTHIEH CHJIaMH 3TOro MOJs, paBHA

Aso=mg (hy—h,).
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C mpyroii cropoHsl, corsacHo (22.1)
A12= Ul_—Uzo

CpaBHUB 06a BbIpa)KeHHUs 1J1s1 paGOThl, MPUAEM K 3aKJIIOUEHHIO, UTO MO-
TEHIUAJIbHasl SHEPTHS YaCTHIB B 110JI€ CUJI TSXKECTH ONpPEAE/ISeTCs Bbi-
paxceHHeM

U=mgh, 22.11)

rie h OTCUMTHIBAeTCS OT NMPOU3BOJILHOTO YDPOBHS.

Hauasio oTcuera noTeHuHa bHOH HEPrMH MOMKHO BBIOMPATh MPOH3-
BosibHO. Ilostomy U MoxeT uMeTh oTpHLaTeNbHbie 3HaueHus. Ecnuy,
HanpHMep, MPHHATD 32 HYJb NOTEHUHAJbHYIO SHEPIHIO YaCTHLBI, HAXO-
Isimelicss Ha DOBEPXHOCTH 3eMJIH, TO NOTEHIMaJbHasi SHEPTHS YaCTHIIbI,
Jiexalllell Ha 1He siMbl IVIyGHHbL A', Gyzner paBHa U=—mgh’ (puc. 22.2).
OTMeTuM, 4TO KUHETHYeCKasl SHEPrHsi He MOXKeT GHITb OTPHLATEJbHOH.

IlycTb Ha yacTHIy, KpOME KOHCEPBATHBHEIX CHJI, I€fCTBYET TaKXKe
HeKoHcepBaTuBHas cuia F*. Torna npu nepexone yacTHIB U3 TOYKH [
B TOYKY 2 Haj Helt 6yneT coBepiiaTbcsi paborta

2 2

Alz = S F ds+ S F*ds= Aoncepa -+ A:zr
1 1

rae Aj; — pa6oTa HeKOHCepBaTHBHOH CHJ/Ibl. Pa6oTy KOHCepBaTHBHBIX
CHA Ayopeeps MOXKHO NpeacTaBuTh Kak Uy—U,. B peaynbrarte momyuum,
4T10
*
A12 =U;— Uz + A

CymmapHasi paGoTa BceX NMPHJ/IOKEHHBIX K YacTHLE CHJI HIET Ha mpHupa-
LieHHe KHHETHYeCcKol sHepruu uactuup! (cM. (19.11)). CaenoBatenbHo,

Tz_Tl = Ui - Uz + A;z,
OTKYAa, TMPHHSB BO BHHMaHHe, yro T+ U=E, nonydyaem
E,—E,=Aj,. (22.12)

[MonyueHnslll pe3yabTaT 03HayaeT, YTo paGoTa HEKOHCEPBATHBHBIX CHJI
3aTpayuBaeTcssl Ha NpHpallieHHe INOJHOH MeXaHMYeCKOH 3Hepruu yac-
THLHL. v
B ciyuae, eciiv B KOHEYHOM H Ha4aJIbHOM MOJOKEHHSIX KHHETHUECKast
SHEpTHs YaCTHUB OAMHAKOBA (B YacTHOCTH, PaBHa HYJIO), paboTa He-
KOHCEepPBaTHUBHbIX CHJI MJET Ha IpupalleHHe INOTeHIHaNbHOH SHepruu

YaCTHIbI.
AL=U,—U; (T,=T,). (22.13)

D10 cooTHOIIEeHHE GBIBAET MOJIE3HO NP HAXOXKAEHHH Pa3HOCTH 3HAUEHH
NOTEHINaIbHO! SHEpPruH.

Paccmotpum cucremy, cocrosyto 3 N HeB3aHMOAEHCTBYIOUUX Me-
XKy COGOH YaCTHI, HAaXOJSIIKUXCSA B TOJe KOHCePBAaTUBHEIX CHJI. Kaxk-
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Zasl U3 4acTHi obianaer KUHETHUECKOH sneprneu T;=1/,m;v} (i — Ho-
Mep '-IaCTHleI) U NOoTeHnHaIbHOM sneprueit U;=U; (x,, Yi, 2;). Paccmart-
pHBas i-10 YacTHIly He3aBHCHMO OT APYIHMX YacTHL, MOXHO MOJYYHTb,

4TO
Ei=T5+ Ui=COI'lSti.

[pocymMMHpOBaB 3TO PAaBEHCTBO MO BCEM YacTHLAM, NPHUAEM K COOTHO-
IEHHIO

N N N
E=iZE E;= ‘ZIT,-—l- XIU,-=const. (22.14)
= i= i=1.

U3 3T0ro cooTHomeHHst cleAyeT alAMTHBHOCTb INOJHOH MeXaHHYECKOMH
SHEPrud AJsl paccMaTpUBAeMOH. CHCTEMBI.

CorgiacHo (22.14) noanasn mexanuveckas 3Hepaus cUCMeEMbl HEB3AUMO-
Oeticmeyrouyux 4acmuy, Ha Komopele Oellcmsyom Mmoabko KOHCepeamue-
Hble cuabl, OCMaemcss NOCMOAKHOU. DTO YTBEepKIEHHE BbIpaxKaeT 3aKOH
COXPAHEHHUS] SHEPTHH LJs1 YKa3aHHON MeXaHWYeCKOH CHCTEeMBI.

Ecnn, KpoMe KOHCepBAaTHBHBIX CHJI, Ha YaCTHUBI JeHCTBYIOT HEKOH-
cepBatuBHBe cHabl F], nosHast 3Heprusi CHCTeMbl He OCTaercsi MOCTO-
SIHHOH, mpHYeM

N
E,—E,= igl(A;z)i» (22.15)

rae (Af.); — pa6ora, coBepiiaeMasi HEKOHCEpBAaTHBHOM CHJIOH, NMpHJO-
JKeHHOIl K i-H yacTHulle, NIpU nepeMelLlleHHH 3TOH YacTHLBI U3 ee HayaJlb-
HOTO TIOJIOXKEHHSI B KOHEYHoe.

B xoHue npeppiayiero naparpaa Mel yCTaHOBHJIH, 4TO pabota cui
TPEHHsI BCErJa OTpUlaTesbHA. [103TOMY NMpH HaJHYMH B CHCTEME CHJI
TPEHUs MOJHAsE MEXaHWYeCKasi 3HEPrHsl CHCTeMbl yMeHbIuaercsi (pac-
CeHBaeTCsl), Tepexoisi B HeMeXaHHueckne (GopMBl 3HepruH (HampuMep.
BO BHYTPEHHIOIO SHEPTHUIO TeJ, WJH, KaK NPHHSATO TOBOPHTh, B TEIJIO),
Takoit npoitecc HasbpiBaeTcst LU CCU T a [ H € # SHEPrHM (JaTHHCKOe
CJI0OBO «JHCCHIALUsIy O3HaYyaeT paccesnue). CHJBI, NPUBOAALIKE K JHC-
CHNALMH 3HEPrHH, Ha3blBAlOTCI AU CCHNMAaTHBHB MH. Takum
00pa3oM, CHJIBI TPEHHS SIBJASIIOTCS AUCCHNIATYBHBIMH. B oflueM ciydae
JMCCUNIATHBHBIMH HA3BIBAlOTCSI CHJIbI, BCEra HampaBJieHHble NMPOTHEO-
NOJIOXKHO CKOPOCTSIM YacCTHI{ ¥, CJIeJOBaTeJbHO, BLISBIBAIOIIME HX TGP-
MOXKeHHe. ‘

OTMeTHM, YTO HEKOHCEpBaTHBHBIE CHJIBI He 00sI3aTeJbHO SBJSIOTCS
JUCCHIIaTHBHBIMH.

§ 23. MoreHnHaNbHAS SHEPTHS B3aUMOXEACTBHSA

Jo cux mop Mbl paccMaTPHBAJHM CHCTEMBl HEB3aHMOIEHCTBYIOMMX
qacTull. Temepb nepeiieM K PacCMOTPEHHIO CHCTEMEI M3 JBYX B3aHMO-
LeHCTBYIOUMX APYT € ApyroM yacTtui. OG03HaYHM CHJY, C KOTOPOIi BTO-
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past yacTHua JAeficTBYeT Ha nepBylo, cumBoJioM Fi,, a cuay, ¢ Kotopoit
nepBasi yacTHua fielicTByeT Ha BTopylo,— cuHMBoJioM Fy;. B coorsercr-
BuH C TpeTbuM 3akoHoM Hbiotona F,,=—F,;.

BBenem Bektop R;,=r,—r;, rie r; H Ty — pagHyChi-BeKTOPHI
yactug, (puc. 23.1). PaccrosgHue MexAy uacTHIAMH PaBHO MOAYJIO
sroro Bekropa. Jomyctum, uto cuaetl Fy, u Fy HMeloT BenuyuHy, 3aBH-
CAILYIO TOJILKO OT PacCTOSHHA R;, MeXAY YacTHLAMH, H HampaBJieHbI

dRz

[ -
-7 ez
my

My
Puc. 23.1. Puc. 23.2.

BIOJb CoeAMHAMEH YacTHIB! NpsMoii. DTo, KaK MBI 3HaeM, Crpasel-
JIMBO JJISi CHJI I'PaBHTALHOHHOIO M KYJIOHOBCKOTO B3aUMOAEHCTBHIL (CM.
dopmyast (11.2) u (13.1)).

Ilpu cpenannbx gonyuleHuaXx cuiel Fip U Fyy MOXHO nmpencTaBHTB
B BlHJE

Fio=[(R1;) €15, Foi=—[(Ry,)e (23.1)

rie €;, — opT BeKTopa Ry, (puc. 23.2), a f (R;,) — HekoTopas pyHKIKS
R, MOMOKHTENbHAS B C1y4ae B3aHMHOTO NPHTSXKEHUS YaCTHIL U OTPH-
uarejbHas B CJIyyae HX OTTaJKHBaHHUA JAPYr OT Jpyra.

CuyTas cCHCTeMY 3aMKHYTOH (BHELIHHX CHJI HeT), HaNWIleM ypaBHe-
HUS JBHXKEHHS 06SHX YaCTHIL:

myvy="Fy,, myv,=F,.

YMHOXHM TepBoe YypaBHeHHe Ha dr,=vV, df, BTopoe — Ha dr,=v, df
U CJOKHM HX BMecTe !). B peaysbrare mosiyuntcsi COOTHOLIEHHE

myv,v, dt +myv,v, dt = F , dry +F,; dr,. (23.2)

JleBasi YacCTb 3TOro COOTHOLIEHHMsi NpeAcTaB/sieT cofofl mpupaulenue
KUHETHYECKO# SHepruM cucreMbl 3a Bpemsi df (cm. (19.3)), npasas
4acTh — paGoTy BHYTPEHHHX CHJI 32 TO XK€ BpeMsi.

C yuerom BeIpaxkeHHH (23.1) npaByro yacTb Qopmyssl (23.2) MOXKHO
npeo6pa3oBaTh CJeNYIOIHM OGpa3oM:

dABny‘l‘p =Fy.dri+ Fypdry = f (Ryp) €1, dry — f (Ry,) €4, dr, =
=—[(Ryz) €,d (r;—1y) =¢_f(R12) e dRy,. (23.3)
Hs puc. 23.2 Buano, YTO CKansipHOe NpOH3BeleHHE €;, dRy, paBHO

1) B nanHoM cayuae Ielecoo6pasHo 0GO3HaYHTb NepeMelleHHe YacTHIH Yepes
dr BMeCTO ds.
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dR;; — TIpHpAIEHHIO PAaCCTOSTHUSI MEXJAY dacTHuaMH. TakuM o6pasom,
dA o= —[(R1;) dRy,. (23.4)

Buipaxenue f (Ris) dRy; MOXXHO paccMaTpHBaTh KaK NpHpalleHHe HeKo-
TOpo¥ GYHKUHH OT Ry,. O6o3HauuB 31y dyHKuMIo yepe3d U (R;,), mpu-
JeM K DaBEHCTBY

f (Ry2) dR,=dU (Ru)- (23~5)

CaenoBaTenbHO,
dAB,,y,,p =—dU. ! (23.6)

C yuyeToM BCEro CKa3aHHOro BbIpaxkeHue (23.2) MOXKHO MpPEACTaBHTH
B Bujle dT=—dU uin

dE=d (T U)=0, ©23.7)

OTKYyJaa caenyer, uto BenuunHa E=T--U nna paccmaTpuBaemoil 3am-
KHYTOH cuctembl coxpansiercsi. dyukuust U (R;,) npencrasisier co6oii
NOTEHUHAJbBHY OSHEPrul0 B3aHMOAEeHCTBH 4.
OHa 3aBHCHT OT PacCTOSTHHSI MEXIY YacTHLAMH.

[TycTp yacTHLBI MepeMEeCTHIHCh U3 MOJIOXKEeHHH, B KOTOPLIX paccTosi-
HHE MeXIy HHMH OblIO paBHO R{P, B HOBbE NOJIOKEHHS, B KOTOPHIX
paccTosiHHe MeX[y HUMH CTaJso paBHbBIM R{Y. B coorBercrsuu c (23.6)
BHYTPEHHHE CHJIBI COBEpILAIOT NPH 3TOM HaJ YacTHIaMH paboTy

b
A sugmn=—{§ dU=U (R®)—U (RY). (23.8)

a

.H3 (23.8) Beitekaer, yto pabora cuia (23.1) He 3aBHUCHT OT myTeil, IO
KOTOPBLIM TIepeMellaiuCh YacTHIB!, W ONpeJesisieTcs JHUIIb HavaJbHbIM
Y KOHEUHBIM PaCCTOSTHHSIMM MEXAY YacTHIAMH (HAyaJIbHOH U KOHEYHOI
koudurypannsimu cucrembl). Takum o6pa3om, CHJIBH B3aUMOJEHCTBHsI
Buaa (23.1) sBJAIOTCS KOHCEPBATHBHLIMH.

Ecau gmBuxyTcs ofe YacTHUbI, MOJHAS 3SHEPrUst CHCTeMBI paBHa

E="81 8 U (Ry). (23.9)

[Tpexnosoxum, uto yactuua / 3akpernseHa B HEKOTOPOI TOUKe, KOTOPYIO
MBI IPUMEM 3a HayaJslo KoopJuHar (r;=0): B pesysbrarte 312 yacruua yt-
PaTHT BO3MOXKHOCTb ABHIaThCsl, TaK YTO KHHETHUEeCKast SHeprusi Gyjer
COCTOSITH JIHIIb H3 OJHOTO CJaraeMoro !/,m,v3. IloTeHnuasnbHas sHep-
rHsl B 3TOM cJjydae GyneT (pyHKUMeH TOJNLKO r,. IlosTomMy BhipaxKeHme
(23.9) npumer Bup

E="24 Uy, (r). (23.10)

Ecnu paccmaTpuBaTbh CHCTEMY, COCTOSIILYIO H3' OJHOH TOJIBKO YaCTHIBI
2, 10 GyHKuHST U, (r;) OyzerT urpaTb poJib MOTEHIHAJNbHOH SHEpPrHH
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yacTHlBl 2 B MoJIe CHJI, cO3haBaeMblX yacTuuel /. Xors mo cymecTBy
oTa QYHKUMS SIBJSETCS NOTeHIHANbHOH 3Heprueil B3auMoeficTBHSA yac-
tun, I u 2. Boo6lile noTeHuua bHas 3Heprusi BO BHEIIHEM MOJI€ CHJI 110
CYUIECTBY SIBJISIETCS] 9HEPTHell B3aUMOIEHCTBHSI MEXY TelaMH CHCTEMBI
H TeJaMH, CO3JAIOIMMH BHEIHee 1O OTHOLIEHHIO K CHCTEME CHJIOBOE
noJe.

OGpaTuMcsa CHOBa K CHCTeMe M3 IBYX B3aWMOJEHCTBYIOMIMX CBOGOA-
HbIX (¢He3akKpensieHHbIX») YacTuu. EciM Ha nepBylo uacTuiy, Kpome
BHYTpeHHell CHJEl, JeficTBYeT BHeliHss cuna F;, a Ha BTOpYIO 4acTu-
ny — cuna F;, To B npaBofi yacT cooTHomeHHus (23.2) mosiBaTCS Caa-
raemeie F; dr; u F; dr,, Kotopbie B CymMMe JafyT paGoTy BHELIHUX CHJI
dA g emy- CooTBeTcTBeHHO (opmysa (23.7) npuMer BHJ

d (T+ UBs) = dABneum' (23' 1 1)

B cnyuae, Korna cymmapHasi KHHCTHUECKAs! SHEPTHsl YaCTHI[ OCTaeT-
c TNOCTOSHHON (HampuMmep, paBHOH HYJ/O), cooTHouweHHe (23.11)
BHIIVIAUT CJAEAYIOUMM 06Gpa3oM:

dU,,=dA (dT = 0). (23.12)

ITponHTErpHpPOBaB 3TO COOTHOILEHHE OT KOH(HUIypauuu @ N0 KoHGUry-
pauu# b, moayyuM, 4TO

Uaa (R(lg)) - Una (Rig)) = Aab BHelln (Tb = Ta) (23 13)

(cp. ¢ dopmyoii (22.13)).

PacnpocTpanuM noJsiyyeHHble pe3yJibTaThl Ha CHCTeMY M3 TpeX B3a-
HUMOJEHCTBYIOIINX uacTul. B 3ToM ciayuae pa6oTa BHYTPEHHHX CHJI
paBHa

dAnnyl‘p = (Fig+Fy3) dry+(F i+ Fg5) dry -+ (Fy + F;sz) dry.  (23.14)
Yurs, uto F;,=—F,;, npunanum Beipaxkenuto (23.14) Bun
dAnnyrp = —Fis d (rz _rl) —Fy d (I‘3 —rl) - Fzs d(rs—rz) =
=—F]:2 dRiz-Fi:; dea—an dRza, (23.15)
rae R;,=r,—r;.
TpennonoxuM, 4TO BHYTPEHHHE CHJIBI MOT'YT OBITH IpelCTaBJIEHBI
B BHIE Fik:fik(Rik)el’k (Cp. C (23. 1)). TOI‘lla
dAlmywp = — f13(Ris) €, dR 3 — f13 (Ry35) €15 AR5 — f35 (Ry5) €55 R .
Kaxnoe wu3 npownssenenuii e;dR;, paBHO mpupalleHHIO PACCTOSHHA
MeXJYy COOTBETCTBYIOIUMH uactHuamu dR;,. Iloatomy
dAnuyrp = f1_2 (Rlz) dR,, _f1‘3 (Ry13) dRy4 —fzs (R2s) dst =
=— d‘,Ulz (Ryz) + Uy (Rys) + Uy (Rza)] =—dUy,.
(23.16)

BHelln

3aech
Una= Ulz (Rlﬁ)"l_ Uls (Rls) + Uz:s (st) (23- 17)
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—noTeHULHMAJbHAas HeprUsd B3aHMOAEeHCTBHSH
cHucTeMbl. OHa claraercs U3 SHepruil B3aHMOAEACTBHS YacTHIl, B3si-
THIX TONapHO.

Ipupapusis dT cymme paborT dA gy, =—dU,, ¥ dA,.em,, NpH-
nem K cootHourenuio (23.11), B kotopom non Uy, clieiyeT NoHHMAaTh Bbi-
paxenune (23.17).

TTonyuenHplil pe3yJbTaT Jerko o6o6IlaeTcst Ha CHCTEMY C JIIOGbIM
yucaoM 4YacTuu. Jlas cucreMel M3 N B3aHMOJEHCTBYIOIIHX HYaCTHIL
NoTEeHUHAJIbHAsl SHepPrusi B3aHMOJEHCTBHS cJaraeTcs H3 3HeprHil B3a-
MMOJEACTBHS YaCTHI, B3ATHIX MONapHO:

Una= Uiz (Riz) +U1'3(R1'a)+- o +U1N(R1'N)+
’l‘ Uzs (st) +... + UzN(RzN)+ e +UN-1‘.N(RN-T.N)°
(23.18)

ATy cyMMYy MOXHO HanucaTh CJeLyIOUIHM o6pasom:
Una= 2 Uik(th) (23-19)
i <k)

(oGpaTuTe BHMMaH¥e Ha TO, 4TO B BhIpaxkeHHH (23.18) y Kaxporo cia-
raeMoro nepBblil HHJEKC HMeeT 3HaueHHe MeHblllee, 4eM BTOpoH). B cBs-
3u ¢ TeM, UT0 U;p(R;p)=U,;(Ry;), 2HEPrHIO B3aUMOAEHCTBUSL MOXKHO
NpEeNCTaBUTh TaKkKe B BHIE

Up=53 U (Rip)- (23.20)

(5= k)

B cymmax (23.19) u (23.20) unnekch i w k mpoGeraloT 3HaueHus ot 1
a0 N, corsacyomyecs: ¢ ycaoBueM (i<<k) wiu (i==k).

ITycTh crcTeMa COCTOMT M3 YEThIpeX YacTHIl, IPUYEM B3aUMOZENCT-
BYIOT JIMILIb NepBasi 4aCTHIA CO BTOPOil U TpeTbst ¢ yerBeproil. Toraa
NOJIHAasl HEPTHs CHCTeMBI OYJIeT paBHa

E=Ti+Ty+ Ty + T+ Up+ U= .
=(T1+Ty+Up) +Ts+T+Uy)=E +E" (23.21)

3necs E' — mosnHas 3Heprusi MOACHCTEMBI, O06Pa30BaHHOM YacCTHLAMM
1 n 2, E” — noJHasi 3Heprusi MOJCHUCTEMBbI, OOPa30BAHHOM YaCTHLAMM
3 u 4. Ilo npennonoxeHnio B3aHMOJEACTBHE MEXAY NOACHCTEMAMH OT-
cytcrByer. CootHomenHe (23.21) noKasbiBaeT aliAMTHBHOCTb 3HEPIHH
(cM. Tpernit a63an § 18).

B sakmouenue Haiinem Bun dyHkuuu Uy, B TOM ciyyae, KOra Cuja
B3aHMOJIEHCTBHsI OOGpaTHO IPONOPLHOHAJbHA KBaApaTy pacCTOSHHA
MEXJY HacTHLAMH:

f(Ris) = R%Z (23.22)

(¢ — xoncranta). Hanomuum, 4To B c/lydae MPUTSAKEHUSI MEXAY vac-
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THoamMy a>>0, a B cJiyyae OTTAJKMBAaHUSI YaCTHL ApYr or apyra a<<0
(cM. Tekct, caeayromuit 3a gopmyloi (23.1)). -
B coorserctBHE ¢ (23.5)

dUsy=f (Reg) dRiy = 5 dRyy.
Ri:
VnterpupoBanue naer
Upgs=— -Rim~+const. (23.23)

Kak v noteHuua/jbHas SHepPTHs BO BHEIIHEM IIOJIE CHJI, NOTEHIIHAJb-
Hasi 3Heprus B3auMOJEHCTBUSI ONpejessieTcsl C TOYHOCTBIO JO TNpPOH3-
BOJIbHOH aqauTHBHOH nocTosiHHOM. OGBIYHO MOJIAraloT, YTo NpH R;,=o00
MOTeHIHAbHAST 3HEpPTUs 00pallaeTcss B HYJb (IPH TaKOM PacCTOSHHU
cuna (23.22) o6paiiaercss B HYJb — B3aHMOJEHCTBHE MEXKAY YaCTHIAMH
ucuesaer). Torza anauTHBHAsE KOHCTaHTa B (23.23) CTaHOBUTCS paBHOH
HYJIIO 1 BHIpaXKe€HHe JJIsl NOTeHLHabHOU SHEPTHH B3aHMOJEHCTBHS IIPH-
obpeTaeT BUJ

¢
Uyy=— ot (23.24)

B cootBerctBHH ¢ (23.13) mast Toro, 4TOOHI YIaMUTb YaCTHIBI APYT
OT JApyra OT DaccTOsiHHS Ry J0 6GeCKOHeUHO G6OJIBIIOrO pPacCTOSTHHS,
He M3MEHsisT IPH 5TOM HX ckopocTel, TpeGyeTcs COBepIIHTb paGoTy

Anneum = Una o Uaa (RIZ)'

TlofcTaHOBKA COOTBETCTBYIOIIMX 3HAaueHHH ¢GYHKUMH (23.24) npuBOAUT
K BbIPaXKeHHUIO
’ o o
Aoy =0— ( —R—m) - (23.25)

B ciyuae npursikeHuss Mex1y yacTHuaMH o>>0; COOTBETCTBEHHO
JUIST yAaJleHusl YacTHl, APYT OT Apyra TpeOyeTcs COBEpIUHTb NOJOXKHU-
TeJbHYIO pabory. '

B ciyuae oTTaJKHBaHHS YacTHIL APYT OT Apyra a<<0 u pa6ora (23.25)
OKas3bIBaeTCsl OTPHUATENbHON. DTy paboTy NMPUXOAMTCS COBepLIaTh, YTO-
6bl BOCIpPENsITCTBOBaTb OTTAJKHBAIOLIMMCSI YacCTHIAM YBEJHYHTb CKO-
POCTb CBOEr0 JBHIKEHHSI.

§ 24. 3aKkoH coxpaHeHHS 3HepPruH

CsezieM BMeCTe pe3yJIbTathl, NOJNYYEHHBbIE B IPEeNbIAYIIHX Naparpa-
¢ax. Paccmotpum cucTemy, cocrosmiyro M3 N €acTHI C Maccam¥ my,
Mms, ... my. [IycTh YacTHIBI B3aUMOAEHCTBYIOT APYT C APYTOM C CHJIAMH
F;y, MOLYNM KOTODBHIX 3aBHMCAT TOJNBKO OT PACCTOSIHUSL R;, MeXny
yacTHOaMH. B mpezminymem naparpade MBI YCTAHOBHJIHM, YTO TaKHe
CHJIBI SIBJISIIOTCSL KOHCEPBAaTHBHBIMH. JTO O3HayaeT, 4ro paboTa, CoBep-



96 rJ1. Iil. 3BAKOHbl COXPAHEHUSA

llaeMasi 3TUMH CHJIaMH Haj YacTHLAMM, ONpejessiercsi HayaJbHOM H
KOHeuHOW KOHdurypauusmu cucrembl. [Ipeanosoxunm, 4to, KpoMe BHY-
TPEHHHX CHJI, Ha {-10 YaCTHILY JeHCTBYeT BHEIUHSIST KOHCepBaTHBHAs CHJIa
F; n BHelnsist HeKoHcepBaTHBHas cuaa Fy. Torna ypaBHeHMe ABHKeHHUS
i ‘YaCTHLBI OYyJeT -MMeTb BHJ,

=k¥lF,k+Fi+F', (i=1,2 ..., N). (24.1)

(ki)

YMmHOXKUB i-e ypaBHeHHe Ha ds;=dr;=V;df 1 cnoxuB BMecTe Bce N
YpaBHeHHI, MOJy4YHM:

N ‘N (N N N
‘Zlmivi dv; = kZI Ful dri+ ilei ds;+ 2:4 Fids;. (24.2)
= = = = l=
' )
JleBasi 4aCTh MpeACTaBAsieT COGON NpHpaLieHne KHHETHYECKOH SHeprHH
CHCTeMBI:
}_]m v,dv,_dZ'" i (24.3)

i=1
(em. (19.3)). U3 dopmyn (23.14)—(23.19) ClexyeT, UTO MEpPBBI YJeH
npaBoil yacTH paBeH YOBbIIH MOTEHIHAJbHOH 3HEPTHH B3aHMOAEHCTBHS
qacmu'

2« {21 ik dl‘ —_Z F:de k—'_dz Utk(le)—_dUns'

i=1
k1)
o (24.4)

CornacHo (22.1) Bropo#t umen B (24.2) paBeH YOBLIM MOTeHUMAJbHOH
SHEPTMH CHCTEMBI BO BHEIIHEM IO/Ie KOHCePBATHBHHIX CHJI:

N N
iZ Fids;=—d iZI U; (r)=—dUgcun (24.5)
=1 =

Haxkouel, nocieanuii uien B (24.2) npexncrasnasier coboit paboTy HeKOH-
CepBaTHBHLIX BHELIHHX CHJI:

N N
3 Fids; = 3 dA; = Ao (24.6)

[Mpunss Bo BHUMaHHe Gopmybl (24.3)—(24.6), npeicTaBUM COOTHOLIe-
nve (24.2) caepylomuMm oGpasom:

d(T+Ups+ U ghemn) = dA e (24~7)
Bennunna
‘ E=T4Uy+Ugeun (248)
€CTb NOJIHasgd MeXaHuueCKas dHeprus CHCTEMEI. Ecan BHelHHE HEKOH-
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cepBaTHBHBIE CHJIBI OTCYTCTBYIOT, npaBasi yacTb dopmyanl (24.7) Gyner
paBHA HYJIO W, CJeEIOBATesbHO, IOJHAs 2HEpPrHs CHCTEMbI OCTaeTcs
NOCTOSTHHOM:

E=T+ U+ Ugyewn = const. (24.9)

Taxum 06pa3oM, MBI IPHIIIN K BBIBOLY, UTO NMOAHASL MEXAHUMECKAS IHED-
eUA cuCmeMbl mea, Ha KOmopble Oeticmeyrom AULlb KOHCEPSanUaHsle cuabl,
ocmaemcs nocmosnKoti. B 5TOM yTBepXIeHHH 3aKJIOYEHO CYILECTBO O
HOTO U3 OCHOBHBIX 3aKOHOB MEXaHHKH —3 aKOHAa COXpPaHEeHHS
MeXaHUUYeCKOH S5HEepPTHH

Ilnst 3aMKHYTOM CUCTEMBI, T. €. CUCTeMBI, Ha Teja KOTOpOi He Jefi-
CTBYIOT HHKaKHe BHeILHHe CHJBl, cooTHoweHHe (24.9) umeer Bup

E==T+U,,=const. (24.10)

B 3ToM ciyyae 3aKOH COXpaHeHHs SHepruu GOpMyJHpyercs ciaenyio-
M 00pa3oM: NOAHAS MEXAHUYECKAS SHep2ust 3amKHYmod cucmemol
mea, Mexnoy Komopumu Oelicrmeyrom mMoOAbKO KOHCEPBAMUBHbLIE CUAbL,
ocmaemcs. nOCMOAHHOLL.

Ecau B 3aMKHyTOIl CcHCTeMe, KPOMe KOHCEPBATHBHHIX, JAEHCTBYIOT
TaK)Xe HEeKOHCePBAaTHBHBIE CHJIBI, HANpUMep CHJIBI TPEHHUs, TO MOJIHas
MeXaHHuecKasl SHeprusi CHCTeMbl He COXpaHseTcsl. PaccmarpuBasi He-
KOHCEpPBaTHBHbIE CHJ/Ibl KaK BHELIHHE, MOXHO B COOTBETCTBMU C (24.7)
Hanucarh:

dE=d (T +Ug)= dAnexoucepn- (241 1)
HpOHHTerHpOBaB 3TO COOTHOILEHHE, MOJYUYHM:
Ez - El = Alznexoucepn' (24' 1 2)

3aKoH COXPaHeHHs DHEPrHM Iy CHCTeMbl HEB3aUMOJENCTBYIOUIHX
yacTHI Obla cGopmyHPOBaH B § 22 (CM. TeKCT, Clepylomuil 3a gopmy-
Jaoi (22.14)).

§ 25. Sueprus ynpyroit nedopmanuu

IloteHunanbHOM 3Hepruell MoxeT 00JaJaTh He TOJBKO CHCTEMA B3al-
MOJIEHiCTBYIOUIMX TeJl, HO H OTHEJBHO B35ITOe yNnpyro AedhopMuUpPOBaHHOE
TeNo (HampuMep, CKaTas NPYXKHHA, PACTAHYTHIH CTep:KeHb W T. I.).
B sTOM c/yuae moTeHUMa/bHas SHEPTHUST 3aBHCHT OT B3aHMHOIO pacno-
JIOKEHHs] OTJe/bHBIX yacTeli Tesla (HampuMep, OT PACCTOSTHUSI MEXLY
COCeJHUMH BHUTKaMH TPYXHHEI).

Cornactso ¢opmyse (20.2) Kak 17151 pacTs:KeHHs, TaK H IS CKaThs
NPYXKHUHB Ha BENHUYHHY X HeoOXONHMO 3arpaTutb pabory A=1/,kx2.
Dra pabora HMAeT Ha yBeJHYEHHe MOTEHIHAJbHOH SHEPTHH MpYXKHHBI.
CnepoBaTe/IbHO, 3aBHCHMOCTb INOTEHLHAJbHOH 3HEPTHH NPYNKHHBI CT
VIJIHHEHHSI X HMEEeT BUJ,

U="-, (25.1)
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rze & — KoapHIHEHT XKeCTKOCTH NpyXuHbl (cM. § 14). opmyana (25.1)
HanmkcaHa B NPEANOJIOKEHHH, YTO NOTEHIHaNbHAs SHEPrHs HefedopMH-
pOBaHHOH NpYXHHEI paBHa Hyso. Ha puc. 25.1 nokasau rpaduk 3a-

BucumoctH U ot x.
[Tpu ynpyro#i nponossHO# AedopMaLliy CTEPXKHS coBepiiaercs pa6o-
Ta, onpenensieMast ¢opmyno (20.3). B cooTBercTBHM C 3THM NOTeH-
LMa/jbHasE dHEPrusi ynpyro AedOpMHPOBaHHOrO

U CTepXKHS paBHa

v=L2y. 25.2)

3necs E — monyaw IOura, & — oTHOCHTENBHOE
yasinHeHHe, V — o0beM CTEepKHSA.
BBeneM B paccMOTpeHHe IJIOTHOCTb SHEPTHU
i o
7 ynpyroil zedbopMaluu «, KOTOPYIO OHpelenM
ﬁ;’f%g 7 ”fg”;”%’”” KakK OTHolueHue sueprun dU K ToMy o6bemy dV,
B KOTOPOM Ola 3aKJIOyeHa:

Prc. 25.1, u=2Y (25.3)

av

[TocKONBKY CTepiKeHb MpeAnosaraercss ONHOPOIHBIM H Hedopmanus
ABJISIETCA PABHOMEPHOMH, T. €. OJAHHAKOBOI B Pa3HbIX TOYKAaX CTepXKHS,
sHeprus (25.2) pacnpenesieHa B CTepXHe TaKkxe paBHOMepHo. IToaTomy
MOXKHO CYHTAThb, YTO
U g2

U==-—7—. (25.4)
D10 BBHIpaXKEHHE JaeT IJIOTHOCTb SHEPrHH ympyrofl aedopManuu npu
pacTsDKEeHHH (HJIH CXKaTHH) U B TOM CJyuyae, KOrja aedopMaliys HepaBHO-
MepHa. B nocneanem cnyuae A1 HAXOXAEHHUS MJIOTHOCTH SHEPTHH B He-
KOTOPOH TOUKE CTEPXKHS HYXKHO INOACTaBJsATb B (25.4) 3HaueHne &
B JaHHOH TOUKe.

Ucxons us ¢opmyn (14.8)—(14.10), HeTpyAHO MOMYYUTh, UTO IJIOT-
HOCTb SHepPruM ynpyroi Aedopmanyu npu CABUTe paBHA
Gy?

2 ?
rie G — MOAYJIb CABUra, @ Y — OTHOCHTEJIBHEIH CHABHT,

U=

§ 26. Ycaceusi paBHOBECHS] MeXaHHYECKOH CHCTeMbI

PaccMoTpuM MaTepHaJbHYIO TOYKY, JABHKEHHE KOTODPOI OrpaHHYeHo
TakMM 006pasoM, YTO OHa HMeeT JIMIIb OJHY CTeNeHb CBOGOAMI !). D10

1) Uucaom creneneit cBOGOAH MeXaHMUECKOH CHCTEMB! HA3hbIBAETCS KOJHYECTBO
He3aBHCHMEIX BeJIMUHH, C IOMOIIbIO KOTOPHIX MOXKET GhiTh 3aJJaHO MOJIOXKEHUE CHCTEMEI.
ITonpoGree o6 sToM Gyrher cka3ano B § 97,
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o3Hayaer, YTO ee MOJIOMKEHHE MOXeT ObITb ONpesiesIeHO € NOMOIILBIO
OMUHOH BEeIMYHHEI, HANPHMEDP KOOP/JHHATH X. B xauecrBe mpuMepa Mox-
HO TPUBECTH LIapHK, CKOJIb3SIMMA 6e3 TPeHHs M0 YKDPENJIEHHOH Hemnoa-
BHIKHO, M30THYTO# B BepTHKaJIbHOH IJIOCKOCTH NpoBoJioke (puc. 26.1, a).
Jpyrum NPHMEPOM MOXET CJ1yXKHTb
MPUKPENJIeHHbIH K KOHLY TNpPYXXHHLI
apuK, CKOJB3SIHA 6e3 Tpennud
N0 TOPH3OHTAJNBHOH HampasJsiollel

w-@mwwwww@e~——~71
] T
4 V/j

2)

) 4)

|

L

I, I, I; & z 7 Zp z
Puc. 26.1. Puc. 26.2

S}
S———e

(puc. 26.2, ). Ha mapuk jeficTByeT KOHCepBaTHBHAsi CHJa: B NIEPBOM
CJ1yuae STO CHJIa THAKECTH, BO BTOPOM — ynpyras CHia AepopMHpOBaH-
HOoil mpyxKuubl. I padmxu noteHuHaabHo# 3sHepruu U (x) mnokasaHbl
Ha puc. 26.1, 6 u 26.2, 6.
I'Iocxo.nbxy WapHKH JBHXKYTCA MO NPOBOJIOKE 6e3 TPEHUs, CHJIa,
C KOTOpOH NMPOBOJIOKA AEHCTBYET Ha IIapHK, B 0GOMX C/lydYasiX mepreil-
AMKYJSAPHA K CKOPOCTH IIapHKa W, CJIEIOBATE/NbHO, PaGoThl Hal WapH-
KOM He coBepuaeT. [TosToMy MMeeT MeCTo coXpaHeHHe SHEPruu:

E=T 4 U=const. (26.1)

M3 (26.1) cnenyer, 4TO KHHETHYECKAss SHEPTHsS MOXKET BO3pacTaTh
TOJIBKO 32 CYeT yMeHbIIEeHHA MOTeHUHanbHOI sHepruu. Ilostomy, ecin
IIapHK HaXOIMTCS B TAKOM COCTOSIHHM, UTO €ro CKOPOCTb paBHA HYJIIO,
a NoTeHLIHaJsbHAsi SHEPrHsi HMeeT MHHHMaJbHOe 3HauyeHHe, TO Ge3 BO3-
NefiCTBHS M3BHE OH He CMOXET NPHHTH B IBHXKEHHe, T. e. GyIeT Haxo-
JUTHCST B PaBHOBECHH.

Munumymam U cOOTBETCTBYIOT Ha rpaduKax 3HayeHHs] X, paBHbIE
X, (Ha puc. 26.2 x, ecTb AJaHHA HelehOPMHPOBAHHON NPYIKUHBI)., ¥YCJ0-
BHEe MHHHUMYMA NOTEHIHAJbHOH SHEPrHH HMeeT BHJ

du
T =0. (26.2)
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B coorBerctBuHu ¢ (22.4) ycioBue (26.2) paBHO3Ha4HO TOMY, 4TO

(B ciayuae, Korga U sBisiercs dyHKUHeH TObKO OAHOH MepeMeHHOH,
0U/0x=dU/dx). Taxum 006pa3oM, NOJOXKEHHE, COOTBETCTBYIOLlee MH-
HUMYMY ITOTEHIMAJbHOH 3HepruM, objanaer TeM CBOHCTBOM, 4TO CHJa,
JIeACTBYIOIAasl Ha TeJO, paBHa HYJIO.

B cayuae, usoGpaxieHHoM Ha puc. 26.1, ycmaoBus (26.2) u (26.3)
BBINOJIHAIOTCS TaKikKe MJIsl X, paBHOro x; (T. e. mas Mmakcumyma U).
OnpefesisieMoe 3THM 3HaUeHUEM X TOJIOXKEHHe IapuKa Takxe Oyzer
paBuoBecHbIM. OJHaKO 3TO paBHOBecHe B OTJIMYKE OT PaBHOBECHS NpH
X=Xx, OYyJeT HeyCTOHUMBBEIM: JOCTATOYHO CJI€TKa BbIBECTH ILAPHK W3
5TOTO TMOJIOXKEHHA, KaK BO3HHKaeT CHJIa, KoTopasi OyjeT yaanasTh
IIApHK OT MOJIOXKeHHs xo. CHJbl, BO3HUKAIOLHE NPH CMelleHHH LiapuKa
H3 MOJIOXKEHHSI YCTOHUMBOrO paBHOBeCHS (A1l KOTOPOTO X=x;), Ha-
[paBJeHbl TaK, YTO CTPEMSTCS BEPHYThb IIAapPHK B MOJIOXKEHHE PaBHO-
Becus.

3nas BuUA GYHKIUHM, KOTOPOH BbIpa)KaeTcs NOTeHLHasbHas 3Hep-
THsl, MOXKHO C/IesIaTh PsiJ, 3aKJI04eHHH O XapaKTepe ABHXKEHHS YacCTHIBL.
Tlosicaum 3T0, BOCMOJB30BaBILNCHL TpadHKOM, H300paXKeHHbIM Ha
puc. 26.1, 6. Eciu mosHasi 3Heprusi UMeeT 3HAaueHHe, YKa3aHHOE Ha
pPHCYHKe, TO YaCTHLa MOXeT COBeplLiaTh ABHXeHHe JH60 B npenesax
OT X; A0 X3, JHOO B npefesax oT x3 Ko 6ecKoHeyHOCTH. B o6iacTn x<lx;
H x;<x<X3; YacTHLA NPOHHKHYTb HE MOXET, TaK KaK NMOTeHLHaJbHast
3HEPTHs He MOXKET CTaTh OOJIbllE NOJIHOH SHEPTUH (ecau Obl 3TO CJYUH-
JIoCb, TO KHHeTHYeCKasi dHeprusi craja Obl oTpuuatejbHoit). Takum
00pasoM, 06J1aCTb X,<x<xX; IpeACTaBJisieT CO60F MO TeH W H a J b-
HBLH 6Gapbep, uepe3 KOTOPHIH YacCTHIIA HEe MOXET NPOHUKHYTh,
HMesl JaHHBIH 3anac moJHol 3Hepruu. O6JacTb Xx;<<x<X, Ha3biBaercs
NOTEeHUNHaJNbHOH AMOIH.

Ecsu yactHma nmpu cBOoeM ABHXKEHHH He MOXeT YAaJuTbCcsi Ha Gec-
KOHEUHOCTb, ABHM’KEHHMe Ha3biBaeTcsi G M HHUTHB M. EcaM Xe ua-
CTHLIA MOXeT YXOAHUTh CKOJIb YrOAHO JajleKo, JBHKEHHE HashiBalOT
HHGHHHUTHB M. YacTHua B noTeHUHaJbHOH sIMe coBepluaeT pUHHT-
Hoe JBuxkeHHe. DHHHTHBIM OYAET TaKxKe JBIXKEHHe YaCTHIBl C OTpH-
uaTeJbHOH IOJHOH 5Heprueil B LEHTPaJbHOM IOJI€ CHJ NPUTSHEHHs
(mpeanoJsaraercst, YTO MOTEHLHaJbHAasi SHEPrUs o0pallaeTcss B HYJb Ha
0eCKOHeyHOCTH).

§ 27. 3axoH coxpaHeHHSl HMINYJbCa

B nmpenpinyuux naparpagax Gblj pacCMOTPEH aAAHTHBHELE HHTErpaJl
NBHXKEHHsI, HasplBaeMbili dHeprueil. Haiizem elne oxHy agauTHBHYIO
COXPAHSIOIYIOCST 151 3aMKHYTOH cHcTeMmbl BesqnuuHy. C 3TOo# mesbio
paccmoTpum cuctemy N B3aumojgeficTByromux wactui. Ilycts, Kpome
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BHYTpeHHHX cun F,, Ha i-10 4acTHIly NeHCTBYIOT BHEIUHHE CHJIbI, pe-
syJbTHpylomasi Kotopuix paBHa F;. Hanumewm ypasuenne (9.1) aas
Bcex N uvacruim:

N
pi =Fp,+Fit... +F1k+°"+F1‘N+Fi=k§ Fir+Fy,
N
p. =Fy+Fps+ ..o +Fp ... +Fp+F, = kzjl F,.+F,,
(R 5= 2)

o & o o o e o e e e ® e s e s e s s s e & s e s s s

N
Pi =Fiu+Fat... +Fut... +Fpy+Fi= 2 Fy+F,
(k== 1)

e s e e e e s & s+ o e e o e e e s e 4 s e s+ e e e e s

N-1
pv=Fyi+Fp+... +Fy+ ... 4+Fy voi+Fy= k};l Fne+Fa.

Cinoxum BMecte 3TH N ypaBHenuil. BenenctBue toro, uto Fyp-+F,=0
4 T. ., CpaBa OCTAaHYTCs TOJbKO BHellHHe CHJsbl. Takum oGpasom,
Mbl TIPHXOZYM K COOTHOLIEHHIO

N
g?(pl»—l—pz—l-...+pN)=F1—I—F2—|—...—|—FN)=i§lF,-._ 27.1)

Cmea MMIYJbCOB YaCTHIL, O6p33Y§OIU,HX MEXaHHYECKYIO CHCTEMY,
Ha3LBaeTci HMNOYJABbCOM CHCTEMBEL O0603Ha4MB 3TOT HMITYJIBC
CHMBOJIOM P, IOJYYHM, UYTO

N
p= 2 P = & m;v;. (27.2)

Wa (27.2) caenyer, 4TO HMOYJLC SBASETCS aIJUTHBHOH BeJHUYHHOH.
3anuiuem cootHouieHue (27.1) B Buue

N
d
7P=2F. (27.3)

i=1

Orciofa BHITEKAeT, YTO NpPH OTCYTCTBHH BHEWIHHUX cuJl dp/di=0. Caejo-
BaTeJIbHO, JIJIsSi 3aMKHYTOH CHCTEMBI P TNOCTOSIHEH. DTO YTBEp:KAeHHE
COCTaBJisIleT COfepXKaHHe 3aKOHA COXPaHEHUS UHMNYJb-
¢ a, KOTOpblil GOPMYJIHPYETCS CeNYIOUUM 06PasoM: UMNYALC 3AMKHY-
MoLl cucmembl MQAMEPUANLHBIX MOYEK OCMAemCs HOCHOSHHbIM.
OrmMeTHM, YTO MMINYJbC OCTAeTCSl NMOCTOSIHHBIM M LJISI HE3aMKHYTOI
CHUCTEMBbI NPH YCJOBHH, UTO BHENIHHE CHJIBI B CyMMe JalOT HYJb (CM.
(27.3)). B cayuae, Korza cymMma BHEUIHHX CHJI HE PaBHa HYJIO, HO Npo-
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€KIIMsi 5TOH CyMMBI Ha HEKOTOpOe HalpaBJieHHe eCTh HyJb, COXpaHseTca
COCTaBMAINIAA UMNYJbcA B 3TOM HanpasjeHuu. JleficTBuTenbHO, CNpo-
€KTHPOBAB BCe BeJIMYHHBI ypaBHeHHs (27.3) Ha HEKOTOPOE HamnpaBleHHe
X, TIOJyYHM, YTO

N
d ~
aPx= ‘241 F, (27.4)

OTKYZa M BBEITEKaeT BhICKa3aHHOe HaMH yTBepikieHue. (Hanomuum, uro
(dpldt)np,=dp./dt, cm. dopmyay (2.40).)

[lenTpomM MaccC (M1 HEHTPOM MHEPILHH) CHCTEMB
HasbiBaeTcs Touka C, TOJIOXKeHHe KOTOpO#l 3ajjaeTcsi pajuyCOM-BeKTO-
pOM r¢, OmNpelenseMbIM CJeYIOUHM 06pPas3oM:

mtitmara oo maty  Dymir; Dy my;
c= = = .
my+mg~+...4my Em[ m

(27.5)

3pmech m; — Macca i-H 4acTHIpl, T; — PajHyC-BEKTOP, ONpeAessIomHi
NOJIOXKEHHE 3TOH YacTHIBI, 7 — Macca CHCTEMBI.

JlexapTOBbl KOOpDAMHATHI IEHTPA MacC PaBHBHI NPOEKLHAM f¢ Ha
KOOpJAHHATHBIE OCH:

mix miyi miz;
xc=_2'—'ﬁ'_i, yc-'-_'—z—tn_, ZC=Zm—l'o (27.6)

OTMeTPIM, 49TO B OJHOPOAHOM IIOJI€ CHJI TAXKECTH LECHTP MacC COB-
najaer ¢ UEHTPOM TAXKECTH CHCTEMHIL.

I/IMHyJIbC CHCTEMBI YaCTHIL MOXET OBITh NpeACTaB/ieH B BUAE NPOHU3-
BEAEHUSA cywmapﬂoﬁ MacChl YaCTUIl Ha CKOPOCTb LIEHTPpa MacC CHCTEMBI:

p=mve. (27.7)

CKOpocTb LEHTpa Macc nojydaercss nyTeM JAu(gepeHUMpoBaHUSA
pazuyca-BeKktopa (27.5) nmo BpemeHH:

S _ S
m 0m

p
m

VC=I'C=

(cM. (27.2)). Orciona BeiTekaer dopmyna (27.7).

It 3aMKHYTO# cucTeMbl p=mv=const. ClenoBarenbHO, UEHTp
Macc 3aMKHYTOH CHCTEMBbI JIMGO JBHXKETCS NPSIMOJIMHEHHO M pPaBHO-
MepHO, JuG0 OCTaeTcsi HENOABHKHBLIM.

Cucrema oTcyera, B KOTOPOH LIEHTP MACC NOKOHTCSI, Ha3bLIBAaeTCst
CHCTEeMOH ILeHTpPa Macc MWIH I-CHCTeMOH. 2ra cuc-
TeMa, OYeBHAHO, HHepLHasbHA.

Cucrema orcuera, CBi3aHHAas C M3MepHTEJbHBHIMH NpHGOpaMH, Ha-
3plBaeTcAd Ja00paTOpPHOMH HAU JA-CHCTEMOH,
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§ 28. Coymapenne ABYX Tel

[pu coymapeHHM Tes IPYr C APYroM OHM NpeTepreBaloT aedopma-
uun. [Ipu 3TOM KHHeTHUecKasl SHeprusi, KOTOpoH obsajaju Tesa repex
ylapoM, YaCTHYHO HJIM TOJHOCTbIO INEPeXOAMT B TOTEHLIHAIbHYIO
SHEPrui0 ynpyrodl JedopMalud U B TaK Ha3bIBAEMYIO BHYTPEHHIOIO
SHEPTHIO TeJ. YBeJHYeHHe BHYTPeHHell SHepruM Tesl CONpPOBOXKIAETCS
[IOBBIIIEHHEM HX TeMIepaTyphl.

CyluecTBYIOT iBa NpeJeJIbHbIX BHAA ylapa: a6COJIIOTHO ynpyruii u
aGCoTIOTHO Heynpyruii. AGCOMIOTHO YNpYruM HasblBaeTcsl Takoil yuap,
IpH KOTOPOM MeXaHHYecKasi SHEpPTHsl TeJ He NePeXOiuT B ApYrue, He-
MeXaHHuYecKue, BUIbI 3Hepruu. IIpu TakoM yrape KHHeTHUYecKasi 3Hep-
THsl MEPeXOAUT MOJHOCTBIO HJIH YacTHYHO B IOTEHIHAJIbHYIO SHEPTHI0
ynpyro#t nedopMauuu. 3areM Tela BO3BPAIlAlOTCS K NepBOHAYaJIbHOM
(dopMme, OTTaaKWBast IPYyr Apyra. B uTore mnoreHuuanbHast SHeprus
ynpyrofi nejopmanuu CHOBa MNEPEXOAUT B KHHETHYECKYIO 3HEpPTHIO,
U TeJla Pas/IeTalTCs CO CKOPOCTSIMH, BeJHYHHA H HalpaB/eHHe KOTOPHIX
OTpEeJeISIIOTCS  IBYMsl YCJIOBHMSIMH — COXPaHEHHeM IOJIHOH 3Hepruu
H COXpaHEHHeM IIOJIHOTO HMMITYJIbCA CHCTEMBI TeJI.

A6conmoTHO Heympyruii ynap Xapakrepuayercss TeM, YTO MOTEH-
LHaJbHOH 3HepTHH AegopMauyi He BO3HHKAeT, KHHETHYeCKas 3Heprus
TeJI MOJIHOCTBIO HJIH YAaCTHYHO NPEBPAIIAeTCs BO BHYTPEHHIOI SHEPIHIO;
nocje yAapa CTOJKHYBIIMECS Tesaa JHGO JABHXKYTCS C OLHHAKOBOI
CKOPOCThI0, /160 nokositcsi. [Ipu a6CoMOTHO HEYNPYroM YAape BhINOJI-
HSI€TC JIMIIb 3aKOH COXpaHEeHWUs MMIYJbca, 3aKOH XKe COXPaHeHHs
MEXaHUYECKOH 3HEprHH He COOJIONAETCSs: MMEET MECTO 3aKOH COXpaHe-
HUSI CYMMapHOH SHEpPruH pas/MYHBIX BHJOB — MEXaHHWYECKOH U BHY-
TpeHHeH.

PaccmoTpuM BHauasie aGCOIOTHO HeYNpyruili ymap JABYX YacTHIL
(MaTepuaJbHBIX ToYek), OOpa3yIOWIMX 3aMKHYTyI0O cucremy. Ilycts
Macchl YaCTHIL PAaBHBI My H Mg, @ CKOPOCTH JI0 YAApA Vi U Vg, B cuay
3aKOHA COXPaHEHHs] CyMMapHBbIH MMIYJIbC YaCTHI{ NOCJE yAapa AOJIKeH
ObITh TaKUM e, KaK U 0 yaapa:

myVig+myVyy=mv 4+ m,v=(m;+m,) v (28.1)

(v — omvHakoBast JAls OGEHX YaCTHI[ CKOpOCTb mocae yaapa). Hs
(28.1) cnenyer, urto

v = aViot MoVay (28.2)

My 1y

Jisl npaKTHYECKHX pacyeToB HYXXHO CIIPOEKTHPOBATb COOTHOIIEHHE
(28.2) Ha cooTrBercTBYIOIINM 06pasoM Bbl6paHHme HanpasJ/IeHHs.
Tenepp paccmoTpum a6COMIIOTHO YNpPYruit ynap, NpHYeM OrpaHH-
YUMCs C/1y4aeM LEHTPaJbHOTO yAapa ABYX ONHOPOJHBIX INApoB. ¥nuap
HA3BIBACTCS IEHTPAJbHEIM, €C/H IIapbl JO YAapa ABUXKYTCH BJIOJb
npsiMO#, MPOXOoAsilleH Yepes HX meHTphl. IIpu HeHTpasbHOM ynape co-
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yaapeHiie MOXKeT NPOU30HTH, ecsu: 1) mapsl ABHAKYTCS HABCTpeuy APYT
apyry (puc. 28.1, a) u 2) onuH U3 mapoB AoroHsieT Apyroi (puc. 28.1,6).

Bynem npepnosiarath, 4To HIapel 06pa3yloT 3aMKHYTYIO CHCTEMY
WU YTO BHELIHHE CHJIbl, MPHUJIOKEHHBIE K IllapaM, YpPaBHOBELIHBAIOT
apyr apyra. Kpome Toro, 6yjaem cuuTarth, 4TO BpallleHHe LIapOB OTCYT-
CTBYeT.

OGo3HayuM Macchl WapoB fmy; W My, CKOPOCTH LIapoB JO YAapa
V1o H Vg U, HAKOHELl, CKOPOCTH MOCJIE Vaapa V; U V,. HanumemM ypashe-
HHSI COXPAaHEHWS SHEPTHH H UMINYJbCa:

2 2 2 2
mpVio MmgVao _ myvi MmgyVa 28‘3
e ki (28.3)
MyVio—+ MyVag = MyVi+ MyV,. (28.4)

Yyra, uto (a?—b?)=(a—b)(a+b), npusegem (28.3) x BunRy
My (Vio— V1) (Vio =+ Vi) = My (Vo — Vo) (V3 + Vo). (28.5)
CootHoulenue (28.4) npeoGpa3yeM ciepyloLHM 0Opa3oM:
my(Vip—V1) =m5(Ve—Vag). (28.6)

U3 cooGpaxeHnH CHMMETPHH MOXKHO YTBepXAaTb, YTO CKOPOCTH
IIapoB nocse ynpapa OyayT Hampas-
m my JIEHB! BJIOJIb TOM Ke NpsIMOI, BOJb
v, Uy KOTOPOH JBHTAJIUCh LEHTPHI 1I1apOB
a9 ”@'_" ""@"""? nepej ynapom. CrenoBaTesibHO, BCe
” e BeKTOpH! B (28.5) u (28.6) KosuHe-
v, U apHbl. JlJIs1 KOJJIMHEapHBIX BEKTOPOB
Jf)"'@—-’—--@»——; a, b, ¢ u3 ab=ac caenyer, uto b=
=c. [lostomy, comocraBuB (28.5) u

(28.6), MOXHO 3aK/I0YHTb, YTO

V10+V1=V2+V20. (28.7)

YmuoxuB (28.7) HAa m, ¥ BHIYTA pe3yabraT u3 (28.6), a satem ymHO-
XHuB (28.7) Ha my; M CJIOXKHUB pe3yabTaT ¢ (28.6), MOJYYUM CKOPOCTH
1apos mocje yjpapa:
2 — 1 2 —
V= mz"zo‘{nzl(’jll_lm2mz) Vlo, Vv, = ml"lo’jn'l(_':l_zmzml) Vo . (28.8)

JIns YNC/IEHHBIX PacyeToB HYXKHO CIPOEKTHPOBATb COOTHOLIEHHS (28.8)
Ha OCb X, BJOJb KOTOPOH ABMXKYTCS 1uaphl (cMm. puc. 28.1).

OtMeTHM, YTO CKOPOCTH LUApOB NocJe aBGCOJIOTHO YNpYroro yaapa
He MOr'yT OBITb ONMHAKOBBIMH. B caMom pene, mpupaBHSB ApYr ApYTy
Boipax<eHus (28.8) mJisi vy ¥ v, ¥ npousBels npeobpasoBaHus, NOJYYHM:

Puc. 28.1.

Vio=Vzo.

CJIEI[OBaTeJIbHO, IJIST TOTO YTOOBI CKODOCTH I1IapoB IocJje yaapa OKa-
3aJUCb OJAHHAaKOBBIMH, HE‘:06XOJIHMO, yTo6bl OHM OBbLTH OJHHAKOBBIMH



§ 29. 3AKOH COXPAHEHHS MOMEHTA MMIIYJIbCA 105

M IO YAapa, HO B 3TOM CJyyae COYAapeHHe He MoxeT npousoitu. Oi-
ciofla cjejyeT, 4To YCJOBHe paBeHCTBa CKOpOCTeH LIapoB mHocse yaapa
HECOBMECTHMO C 3aKOHOM COXpaHeHHst 3Hepruu. Mrak, npu Heynpyrom
yAape MeXaHHYeCKast 5Heprusi He COXPaHfAeTCd — OHa YaCTHYHO Hepe-
XOIUT BO BHYTPEHHIOIO 3HEPTHIO COYAAPSOLIHXCS Ted, 4TO NMPHBOMHUT
K HX HarpeBy.

PaccmoTtpum coydal, Koria Macchl COyJapsiOLMXCS 1IapoB paBHbI
my=m,. V3 (28.8) ciepyer, 4T0 npu 3TOM YCJAOBHH

V1=Vyq, Va2=Vjg,

T. €. IUapbl NpH COyXapeHHH OOMEHHBAIOTCS CKOPOCTsIMH. B yactHocTH,
ec/iM OAWH U3 IIAapOB OJAMHAKOBOI MaccChl, Hanmpumep BTOPOLi, 0 coyia-
peHHUsl OKOUTCS, TO MOCJe YAapa OH ABHXKETCS C TaKOil e CKOPOCThiO,
KaKylo HMeJl epBOHayaJ/IbHO MepBbiii Iap, nepBblil XKe LIap nocnae yaapa
OKa3bIBaeTCs] HeMOABHXKHBIM.

C nomouipbio gopmy.1 (28.8) MOKHO onpesieIuTb CKOPOCTH Lapa MnocJje
YIpYroro yiapa o HENOABHMKHYIO MJIM ABHMKYLLYIOCS CTEHKY (KOTOPYiO
MOXKHO paccMaTpHBaTh Kak 1ap GeCKOHeYHO OoJIbLIOH Macchl M, U
6eckoHeyHo GoJsbluoro pazauyca). [enss yMcautens W 3HaMeHaTesb
BhipaxkeHnit (28.8) Ha m, M npeHebperasi 4YaeHaMH, COAEpPKALIUMHU
MHOXHUTEJNb my/m,, NoJydYaeM:

Vi=2V3—Vis, V2=Vs.

Kak cienyer U3 mosy4eHHOro pe3yJ/ibTaTa, CKOPOCTb CTEHKH OCTaet-
csl HeuameHHoH. CKOPOCTB 2Ke 1l1apa, €C/IH CTeHKa HEeMOJBHKHA (Vyo=0),
MeHsileT HanpaBJleHHe Ha IPOTHUBOIOJIOXKHOe; B Cjydae IBHXKYLieHcCst
CTEHKH H3MEHsIeTCsl TaKKe BeJHYHHAa CKOPOCTH luapa (Bo3pacraeT Ha
20,4, €CJIM CTEHKA JBUXKETCS HABCTpeuy Iapy, U yOblBaeT Ha 20, €C/IH
CTEHKA «YXOAHT» OT JOTOHSIOILEro ee Ilapa).

§ 29. 3akoH cOXpaHEHMS MOMEHTA MMNyJbCa

Mbl 3HaeM yKe IBe aJIUTUBHbIE COXPAHSIOLIMECS BEJHYUHLI: 3HEp-
ru0 M umnyasc. Tenepb HalifiemM TpeTblo Takyio Beauuuny. st 3Toro
pPacCMOTPHUM CHCTEMY, COCTOSILIYIO M3 IBYX B3aHMOIEHCTBYIOIIHMX 4a-
CTHI, Ha KOTOpHIe AeHCTBYIOT Takxke BHellHHe cuubl (puc. 29.1). ¥Ypas-
HEeHHs1 JBMXKEHHS 4YacCTHML[ HMET BUJ

m1{’1 =Fi,+Fy, mz‘.’z =F,;;+F,.

YMHOXKHM TepBO€ ypaBHEHHe BEKTOPHO CJieBa Ha paluyc-BeKTOp mep-
BOH 4aCTHIB! Iy, a BTOPOE — Ha PaJAMYyC-BEKTOP BTOPOH YaCTHLUbI Ty:

my [ry, ‘.’1]2["1’ Fp]+[rs, F.],

(29.1)
fy [ry, Vo]=[ry Ful+[rs F,].
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Bektoproe npousBesienHe Buia [rv] SKBHBANEHTHO BHIPAIKEHMIO
—a‘.—it—[rv]. JeiictButennHo, coraacHo ¢opmyae (2.55)
d . . .
-7 [tv]=[rv] +[rv]=[rv], (29.2)

rak Kak [rvl=[vv]=0. IIpoussens Takyio sameny B dopmysax (29.1)
u yursd, 40 Fy=—F,,, NpHAeM K ypaBHeHHsM:

d
my ar [l'i’ Vl] = [l'l‘, F12] -+ [ri’ Fl]’
d
Mty dt [r"” v2] = —[l‘e, Fiz] + [rz’ Fz].

Macca ectb nocTosiHHast CKaJsipHast BeJquuuHa. I[TosToMy ee MOXHO
BHECTH II0J 3HaK NPOM3BOAHOH IO BpeMeHH H B BEKTOPHOE NpOH3Be-
Ienue:

(29.3)

d d d
m—-[rv]= - [r, mv]=—-[r, p].

[puHsB 3TO BO BHUMaHKe, CJIOXKHM BMecTe ypaBHeHHs (29.3). B peay.n-
TaTe IMOJYYHM:

- Alr B+ B} =[6—r), Ful+[n, Fl+n, B

BekTopnl ry—T, U F;, KoJHHeapHB; NMOIFOMY HX BEKTOPHOE IIPOHS-
BeleHHe paBHO HYM0. Takum 06pa3oM, MbL IPUXOAUM K COOTHOLIEHH!O

7%' {[ri’ pi]+[re Pz]} =[ry;, Fi]+[r, F,]. (29.4)

Ecnu cucrema 3aMKHYTa, NpaBasi 4acTh 3TOr0 COOTHOILEHNS paBHA HYJIIO
H, CJeJoBaTeNbHO,
[rl, p1]+[l'2, p2]=C0nSt.

Meu! npyIIM K aIMTUBHOHM COXpaHsIoleHcs
BeJIMUHHE, KOTOPYIO HasbIBAlOT: M O M € H-
TOM HMIOYJbCa?l) OTHOCHTENIbHO TOYKU
O (cm. puc. 29.1).

ns oraenbHO B3SITOR YacTHHBL M O-
MEHTOM HMIOYyJAbCa OTHOCH-
TeAbHO TOouKH O HasplBaeres nces-
JIOBEKTOP

M=Ir, pl=Ir, mvl. (29.5)

Puc. 29.1, MomeHTOM HMIYJIbCA CHCTEMBI OTHOCHTEJIBHO
ToukM O HasblBaeTCsi BEKTOPHasl CyMMa MO-
MEHTOB HMITYJIbCOB YaCTHI|, BXOJAIHX B CHCTEMY:

M=§M1= 2;4[";" pil- (29.6)

1) YcrapeBuiee HasBaHHE 3TOH BeJHYMHBI — MOMEHT KOJIHYECTBA JBHXKEHHA,
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[Mpoekuus BekTopa (29.5) Ha HEKOTOPYIO OChb 2 HasLIBaeTCs M O-
MEHTOM HMNYJbCa YACTHIH OTHOCHTEJI bHO 3T0H

OCH.
M, =[rpluy .- (29.7)

AHanorHuHO M OMEHTOM UHMIOyJadbCca CHCTEMB OTHO-
CHTEJDbHO OCH 2 Ha3blBaercs BeJHYHHA

M, = Z [rs Pilnp:- (29.8)

M3 puc. 29.2 BumHO, 4T0 MOZYJbL BEeKTOpa MOMEHTa MMMYyJbca ya-
CTHIIBI paBeH

M=rpsina=Ip, (29.9)

rie /=r sin @ — JMHA NepNeHAMKYJspa, ONYIEHHOro H3 TOYKH O
Ha npsAMYIO, BIOJb KOTOPOH HampaBJieH UMNYJbC YacTHULL. JTa ANHHA

I

I=rsine

M

Puc. 29.2. Puc. 29.3.

HaspiBaeTcd MJE€YOM MMNOYyJbCa OTHOCHTEJNABHO TO-
gy kx u 0. Puc. 29.2 BLINOJHEH B NpelNoN0XKeHHH, 4TO Touka O, OTHOCH-
TeJIbHO KOTOPOH Gepercss MOMEHT, H BEKTOP P Jiexar B IUIOCKOCTH PH-
cyHka. Bexktop M neprneHAuKyJasApeH K IUIOCKOCTH PHCYHKA M Hanpag-
JIeH OT Hac.

PaccMoTpuM ZBa XapakTepHBIX NpHMepa.

1. Tlyctp uacTuna ABHIKETCS BAOJb NPSAMOH, H300pa)KeHHOH Ha
puc. 29.2 nyHkTHpoM. B 3TOM ciyuae MOMEHT .MMIyJIbCa YACTHIIHI MO-
JKeT H3MEHAThCA TOJILKO 10 BeJquunHe. Moay/b MOMeHTa paBeH

M =mul, (29.10)
npuyeM nyeuo ! ocraercss HEH3MEHHBIM.
2. Uacruua Maccel m JBHXKeTCST IO OKDYMKHOCTH paguyca R

(puc. 29.3). MoMeHT uMMyJibca YaCTHLBI OTHOCHTE/ILHO LEHTPA OKPYK-
Hoctd O paBeH IO MOAYJIO

M = muR,. (29.11)

Bektop M neprneHmMKyJSpeH K IJIOCKOCTH OKDYMKHOCTH, NpHYEM Ha-
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npaBJieHHe IBUXKEHHS YacTUIBl ¥ BekTop M 06pa3yloT NpaBOBHHTOBYIO
cucremy. ITockosbKy mJjeyo, paBHOe R, OCTaeTcsi MOCTOSTHHBIM, MOMEHT
HMITyJIbCA MOXKET M3MEHSITbCS TOJNbKO 3a CYeT H3MEHEHHS MOAVJS
ckopoctd. [Ipx paBHOMEDHOM J[ABHXKEHHH YacCTHLBI IO OKPYKHOCTH
MOMEHT MMITYJIbCa OCTaeTCsl MOCTOSTHHBIM M IO BEJHYHHe, M IO Hanpas-
JIEHHIO. -

IlceBnoBeKkTOp

N=IrF] (29.12)

Ha3plBaeTci MOMEHTOM cHJB F OTHOCHTENBHO TO Y-
K11 O, U3 KOTOpOH NPOBOJUTCS PafUyC-BEKTOP I' TOYKH NPUJIOKCHMS
cuanl (puc. 29.4). M3 pucyHka BHAHO, YTO MOJYJb MOMEHTa CHJIBI MOX-
HO NpeiCTaBHTb B BHJE

N=rF sin a=IF, (29.13)

rge /=rsinoe—mnJaed4yo CHJAH OTHOCHTEJbBHO TOU-
Ku O (T.e. NIMHA NEpPNEHAMKYJspa, ONyuUleHHoro u3 Toukd O Ha
npsiMylo, BJOJb KOTOpPO# HeHCTBYeT CHJIA).

| -
z

AT AF
|
® |
N: */F R

o T

Puc. 29.4. Puc. 29.5.

ITpoekuusi BekTopa N Ha HEKOTOpYIO OCb 2, TPOXOASILYIO yepes
ToYKYy O, OTHOCHTEJIHO KOTOpOil onpesesieH N, Ha3biBaeTCss M O M € H-
TOM CHJBL OTHOCHTEJbHO 3TOi OCH:

N,=[rF], .. (29.14)
Passioxnm Bektop cuibl F (puc. 29.5) Ha Tpu B3auMHO NeprieHaAnKyJisip-
Eple cocraBasiomue: F, — napannensnyio ocu 2z, Fp — nmepnenauky-

JSPHYIO K OCH 2z M JeHCTBYIOMLYIO BJIOJIb NMpPSIMOH, NpOXOAsiuell yepe3
0Cb, ¥, HaKoHell, F; — nepneHIHKY/ISIPHYIO K MJOCKOCTH, NpoXoasilei
uepe3 OCb H TOYKY NPHJIOXKEHHS CHJBL (3Ta COCTaBJsIOMAas 0Go3HaueHa
Ha DHCYHKEe KPYKKOM C KpecTHkoM). EciH npeacraButb ce6e OKpy»-
HOCTb pazuyca R ¢ LEHTPOM Ha OCH 2, To cocrtaBistowmast F, Oyner
HanpaB/ieHa NO KacaTeJbHOH K 3TOH OKpY»KHOCTH. MomeHT cusel F
OTHOCHTEJbHO TOUKH O paBeH CyMMe MOMEHTOB COCTaBJsIOMMX: N=
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=N, +Nz+N;. Bexkropet Ny u Np nepneHmukyJ/sipHbl K OCH 2, mo-
3TOMY HX IIPOEKUHM Ha OoCb z paBHbI HYJ0. MomeHT N; HMeeT mMony.b,
paBubll rF;, U oGpasyeT C OCblO z yroJ o, KOCHHYC KOTOPOrO paBeH
R/r. CnepnoBaTesqbHO, MOMEHT cocraBJsoumel F; oTHocuTe/abHO ocH 2
uMeer BequuuHy N,cos a=RF,. Takum o6pazom, MOMeHT cujbl F
OTHOCHTEJIBHO OCH Z paBeH

N,=RF.. (29.15)

Ho cux mop nox F, Mbl NOHUMaJu MOAYJb coctapisiouleil F;. Onnako
F. MOXHO paccMaTpUBaTb KaK IPOEKLHIO Bek-
Topa F Ha oprt T, KacaTeJabHbll K OKPYKHOCTU
paguyca R W HanpaBJIeHHBIH TaK, 4TO JABHXKE-
HHE TIO OKPY2KHOCTH B HanpaB/JeHHH T o6pasyer
C HanpaBJIeHUEM OCH Z IPABOBHHTOBYIO CHCTEMY.
[Ipu takom ucroskoBauuu F, dopmynaa (29.15)
6yner onpenensitb U 3HaK N,.

MowmenT cunel N xapakrepusyer CrocoG- |
HOCTb CHJIBI BpaliaTb TeJO BOKPYT TOYKH, OT- |
HOCHUTEJIBHO KOTOPOI1l OH GepeTcsi. 3aMeTHM, YTO L_ _J
B TOM CJ1yuae, KOrja TeJlo MOXKeT BpamaTbCs OT- ek
HOCHTE/IbHO TOYKH O NpPOH3BOJbHBIM 06pasoM, Puc. 29.6.
noj JAeHCTBHEM CUJIBl TeJNO NOBEPHETCS BOKDYT
OCH, NepNeHANKYJ/SPHOH K NJIOCKOCTH, B KOTOPOH JiexaT CuJla ¥ ToY-
kKa O, T. e. BOKPYT OCH, COBNajaolllell ¢ HanpaBJ/eHHeM MOMEHTa CHJIBI
OTHOCHTE/IbHO JaHHOH TOYKH.

MoMeHT CcHJIBI OTHOCHTEJIBHO OCH 2 XapaKTepu3yeT CHOCOGHOCTb
Cusbl Bpauath Teso Bokpyr 3toil ocu. CocraBasiowne Fy u Fp He
MOTYT BLI3BaTb BpallleHust BOKPYr ocd 2. Takoil moBOpOT MoXKeT OhITh
BBbI3BAH TOJMBKO cocraBasiiomedl F;, npuueM sTa cocraBisiollasi Tem
ycrewHee OCYIIECTBHUT NOBOPOT, 4eM OoJiblie ee mJedo R.

IlBe paBHbIe 1O BeJMYHHE NPOTHBOIOJNOXKHO HalpaBJIEHHBIE CHJIBI,
He JefCTBYloWmMe BIOJb OAHOH NpPSIMOH, Ha3LIBAIOTCS MapoOH CHJA
(puc. 29.6). Paccrosinve [ MexX1y NpsIMbIMH, BIOJIb KOTOPBIX JeHCTBYIOT
CHJIbI, Ha3blBaeTCsl HmJaeyoMm Iapbl. CymMvmapHeil MOMEHT o0pa-
syrownx napy cua F, u F, pasen

N=[l’1, F1]‘|—[l'2, Fz]-

Yurg, uro F;=—F,, MOXXHO Hamucarb:

N=—Ir;, F.l+Ir,, Fol=[(r,—ry), F.l=[ry,, F,l, (29.16)

Tle Ti,=r;—T; — BeKTOp, NPOBeJeHHBI U3 TOUYKH NPHUJIONKEHHS CHJIBI
F, B Touky npusoxeHusi cuibsl F,. Beipaxkenue (29.16) ue 3aBucur or
Boibopa ToukM O. CjenoBaTejbHO, MOMEHT Napel CHJ OTHOCHTEJNBHO
J000H TOYKH OYAeT ONHH H TOT k€. BexTop MOMeHTa maphl cuj mep-
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NEeHANKYJIsIpeH K IJIOCKOCTH, B KOTOPOH JexkaT cujbl (cM. puc. 29.6),
W YHCJIEHHO paBeH NPOHW3BEIEHHIO MOAYJs JOGOH M3 CHJI Ha IJIeuo.

Cuiibl B3aHMOJIEHCTBUS MEXKAY YaCTHUAMH JefCTBYIOT B IIPOTHBOIIO-
JIOXXHBIE CTOPOHBI BIOJIb OAHOM M TOH ke npsimoit (puc. 29.7). Mx mo-
MEHTHl OTHOCHTE/IbHO MPOU3BOJIBHOH TOUKM O paBHbI IO BeJIMYHHE H
IPOTUBOIOJIOXKHEI 10 HanpaBieHuio. [To3TOMy MOMEHTH BHYTpPEHHHX
CHJl TIONIAPHO YPaBHOBENIMBAIOT APYT APYra, W CyMMa MOMEHTOB BCEX
BHYTPEHHHMX CHJI IJIs1 JlIOGOH CHCTeMBl YacTHIl, B YaCTHOCTH IJIsi TBep-
JIOr0 Tesa, BCeria paBHA HYJIO:

3 Nynyrp=0. (29.17)

B coorserctBuH ¢ onpenenenusamu (29.6) u (29.12) ypaBrenue (29.4)
MOXKHO 3aIicaTh CJIefYIOUHM 06pas3oM:

d
=M= Nyeun- (29.18)

Sra ¢opmyaa cxoaHa ¢ dopmynoi (27.3). Us cpaBrenus 3tux ¢opmyn
BHITEKAeT, YTO NMOAOOHO TOMY, KaK IPOW3BOAHAS
IO BpeMeHH OT HMNYJ/bCa CHCTEMH PaBHA CYMMe
{ BHEIUHUX CHWJI, NPOHM3BOJHASI IO BpeMeHH OT MO-
Fz  MeHTa HMMmyJbca paBHa CYMMe MOMEHTOB BHeII-
| HHX CHJI. )
Hs (29.18) BeITekaer, 4TO IMpPH OTCYTCTBHU
7 . BHewHux cua dM/dt=0. CnenoBatesbHO, AJs 3a-
a MKHYTOH cucTeMbl M nocrosineH. DTO yTBepKJeHHe
COCTaBJISIET COlNEpXKaHHWe 3aKOHAa COXDp a-
HeHUS MOMeHTAa HMIOYyJabca, KoOTo-
Pue. 29.7. phlil  (pOpMYJIHpYeTCS CJeNYIOmHM o6pasoM: io-
MEHM  UMRYALCA BAMKHYMOL cucmemvt mamepu-
QAbHBIX MO4EK OCMAemCs NOCHOAHHbIM.
Msi fokasanu cooruowenue (29.18) mis CHCTeMB! M3 JBYX YacTHII,
OnHako ero Jierko oGoGIINTh Ha cay4all JoGoro yucsa yactuu. Hamu-
HieM ypaBHEHHs IBHKEHWS YaCTHIL:

mxi’i = }1?: Fir+Fi

X

myv; = >k: Firt+Fp

e o s e e o e o

mN"/N == ; FNk+FN'

YMHOXKHB KaXkloe H3 ypaBHeHUil Ha COOTBETCTBYIOUMH pajHyc-BEKTOp,
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noayuum (cM. (29.2)):
d
= s p1]=};[r1~, Fi] +[ri Fil,
d ~
o Pi]=§?["n Fo]+[r Fil,
d
= [Fwr Pyl = zkl[fzvv Fyel +[rn Ful.
Crnoxum Bmecte Bce N ypasHeHuii:

Tidt—z_Mi = 2}: [t Fik]+2[r[, F.]l.
(i = h) ‘ '

Ileppast cyMmma B NpaBoH YaCTH MpejicTaB/isieT COO0H CyMMY MOMEHTOB
BCeX BHYTPEHHHX CHJI, KOTopasi, KaK Mbl NOKa3a/H, PaBHA HYJIO (CM.
(29.17)). Bropas cymma cnpaBa eCTh CyMMa MOMEHTOB BHELIHUX CHJI.
CrenoBaTtenbHO, MBI IPHILIK K ¢opmyJte (29.18).

OTMeTHM, YTO MOMEHT HMIYJ/IbCA OCTAETCsl MOCTOSHHBIM W JJISI He-
3aMKHYTOH CHCTeMbl IPH YCJIOBHH, YTO CYMMapHbIi MOMEHT BHEIIHHX
cus paBeH Hymo (cm. (29.18)).

CrpoeKTHPOBaB BCe BeJHYMHBI, BXOAsllMe B ypaBHeHue (29.18),
Ha HEKOTOpoe HamlpaBJjleHHe 2, NMOJIYYHM COOTHOLUEHHe:

' d
7MZ= E Nz BHeUIH? (29'19)

COrJIaCHO KOTOPOMY MPOHM3BOJHAS IO BpPeMEHH OT MOMEHTa HMIIYJibca
CHCTEMbl OTHOCHTEJBHO OCH 2z paBHa CyYMMe MOMEHTOB BHELIHUX CHJI
OTHOCHTEJIbHO 3TOH OCH.

M3 (29.19) cmenyer, 4to B TOM cCJyuyae, KOrja CyMMa MOMEHTOB
BHEIIHHX CHJ OTHOCHTEJIbHO HEKOTOPOH OCH paBHa HYJIO, MOMEHT
HMIYJIbCA CHCTEMBl OTHOCUTEJNBHO 3TOH OCH OCTaeTcsl NOCTOSIHHBIM.

§ 30. JiBukeHHe B LEHTPAJIbHOM IOJ€ CHJI

PaccMOTpUM 4acTHIly, HaXOJSILYIOCS B LEHTPAJbHOM IIOJE CHJI.
HanomHuM, uTO HampaBJseHHe CHJIBI, AeHCTBYIOWIEH HA YaCTHIY B JIO-
601 TOYKe TaKOro IOJIsi, NPOXOXUT uepe3 TouKy O — LEHTp HoOJsl,
a BeJIMYMHA CHJIBI 3aBHUCHT TOJIBKO OT DacCTOSIHUSI N0 3TOrO ILEHTpa..
Jlerko coo6pasuTh, YTO 3aBHCHMOCTb CHJBI F OT r uMeeT Bux:

F=f(r)e, (30.1)
rie e, — opT papuyca-Bekropa (puc. 30.1), a f(r) — npoekuusi Bek-
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TOpa CHJbl Ha HanpaBJjeHHe pajuyca-Bektopa, T.e. F,. Ilna cuan
OTTaJIKUBaHUsl QYHKUUA f () NONOKUTENbHA, JJISI CHJBI HPHTSKEHHST —
otpunaresnbHa. Puc. 30.1 BEIMONHEH /151 C1yyast OTTaJKUBAHUS YaCTHIILL
OT CHJICBOTO LieHTpa. Popmyaa (30.1), pasymeercs:, CipaBeyiMBa TOIBKO
B TOM CJyyae, €CIH HayaJlo KOOpAMHAT (T. €. TOYKa, H3 KOTOpOH Ipo-
BOAATCSl PaJuyChl-BEKTOPhI) MOMEIIEHO B LEHTP NOJS.

Puc. 30.1 Puc. 30.2,

Moment cuaet (30.1) orHocutentHo ToukH O, OUEBHAHO, paBeH
iy/o. 210 clelyeT H3 TOro, Y4TO MJe4o CHJibl paBHO Hymo. Orcioza
B cootBercTBUH C (29.18) BHITEKaeT, UTO MOMEHT HMIYJbCa YACTHIHI,
IBIXKYIEHACS B LEHTPANbHOM IOJE CHJI, OCTaeTcsi NOCTOSIHHEIM. Bek-
Top M=I[rp] B Kax/blii MOMEHT BpeMeHH NEePNEeHANKYJIsPeH K MJIOCKOC-
TH, o6pasoBaHHol BekTopamu r u p (puc. 30.2). Ecain M=const, 37a
IJIOCKOCTh OynerT (uKcHpoBaHHOH. Takum o6pasom, IpH IBHXEHHH
YaCTHIIB! B LEHTPAJLHOM T10JIE CUJI €€ PafNyC-BeKTOp OCTaeTCst BCe Bpems
B OJHOH MJOCKOCTH. B 3TOf ke NJIOCKOCTH JIEKHT BCe BPEMs1 BEKTOP P.
CiiefioBaTeIbHO, TPAEKTOPHSI YaCTHIB MNpeNCTaB/sieT coGOf MJIOCKYIO
KpHuBY. Tl1ocKocTb, B KOTOPOI JIEKHT TPaeKTOPHS, NPOXOAUT dyepe3
uedtp noss (cm. puc. 30.2).

Ha puc. 30.3 usobpakeH yyacTOK TPaeKTOPHH YacTHuH (BekTop M
HanpapJieH Ha uepTex). 3a BpeMsi df paanmyc-BeKTOD YaCTHIIBI OMHCHI-
BaeT 3alUTPHXOBaHHYIO Muowanb dS. dra mJomanb paBHA NOJOBHHE
nJolwany napaJjjejorpaMMa, IOCTPOEHHOTO Ha BeKTopax r H v di.
IMocnennsst B CBOIO OYepeAb PaBHA MONYJIO BEKTOPHOrO NMPOH3BENEeHUs
[r, v df] (cM. TekcT, cnenyrouuii 3a dopmydoit (2.28)). Takum obpasom,
nJoafb 3alITPHXOBAHHOTO TPeyroJbHUKA paBHa

1 1 1 v
dS = |[rv]|df = | [1p] | df =5 M dt

(MBI BBIHECJIH CKaJISIPHBIA MHOXMHTeNDb df 3a 3HaK BEKTOPHOrO NpoH3Be-
Zenns). PasgenuB o6e 4acTH NOJNYYEHHOTO COOTHOLIEHHS Ha df, noay-
YuM, YTO

ds M
= (30.2)
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Bennuuna dS/df, T.e. nJomaab, ONHChIBaeMass pPajHyCOM-BEKTO-
pOM YacTHIEl B €IHHHMIly BpEMeHH, HasblBaeTCss CE€KTOp H aJ b-
Ho# cKopocTbi. B uenrpanbHom nosie cua M=const, cneno-
BaTe/IbHO, H CEeKTOpHa/bHasi CKOPOCTb YaCTHIbI OCTAETCH NOCTOSHHOM.

y

Puc. 30.3. Puc. 30.4.

Haiinem BblpakeHHe MOMEHTa UMIYJIbCA YACTHIBI B MOJSPHEIX KO-
opauHarax r H ¢ (puc. 30.4). CorstacHo ¢opmy.iam (3.12)—(3.15) BexTop
CKOPOCTH YaCTHIBI MOXKHO NpEICTaBHTb B BHIE

V=v,+v,=re,} roe,. (30.3)
IToncraBuB 370 BHIpakeHue B opMyay ansa M, noayqum:
M=m[rv]l=m[tv, ]+ m[rvy].

BeKTOpHI T U V, KOJJIMHeapHsI, I03TOMY NIepPBOE CJlaraeMoe pPaBHO HYJIO.
CJie0BaTe IbHO,

M=m[rvy]=mr, roe,]=mro[r, e,].

BekrtopHoe npoussesenue Ir, e,]l paBHo re,, rae e, — opt ocu z (na
puc. 30.4 sToT OpT HampaBJeH Ha Hac). TaxknM o6pa3oM,

M=mrige,. (30.4)
Orciofa 3akJjiouaem, 4To

M, =mr?g, (30.5)
rae M, — npoekuus MOMEeHTa MMNYJbCa Ha ock 2. Monysnb MoMeHTa
UMIyJbca paBeH MOAYJIO BhipaxkeHusi (30.5).

Tenepb o6paTHMCSi K 3HepruH 4acTHUbI. LleHTpasibHBlE CHMIBI siB-
J0TCs KoHcepBaTHBHBIMU (cM. § 21). Corsacho (22.1) paGoTa KoHcep-
BaTHBHOH CHJIBI PaBHa YOBUIH MOTEHIHAJbHON 3HEpruu yactnupl U,
[Mostomy ans cunsi (30.1) nmeer Mecro cootHoenne dA=—dU, T, e.

dU=—dA=—f(r)e,dr=—[(r)dr.
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[TponHTErpHPOBaB 3TO COOTHOLIEHWE, MOJYYHM, YTO
U=—{f( ar. (30.6)

M3 (30.6) caenyet, 4To NMOTeHUMAaNbHASl SHEPTHST YACTHILI, HAXOAAIICH-
sl B NoJle UEHTPAJIbHBIX CHJI, 3aBHCHT TOJIbKO OT PACCTOSTHHS 4O LEHTpa
r: U=U(r).

OcoOuIfi MHTepeC MPeXCTaBJSIOT CHIIbI, 06PATHO MPOMNOPIHOHAJbHEIE
KBajZpaTy pacCTOSIHHMSI OT CMJIOBOro uentpa. [as mux ¢ymkuus f(r)
B dopmyse (30.1) umeer Bup

Fn =125, (30.7)

rie o — MOCTOSIHHAsl Besqn4yuHa (>0 COOTBETCTBYET C/Iy4ald OTTAJKH-

BaHHs OT leHTpa, a<l0 — ciyyaio NpuTsKeHHs K wentpy). K uucay

TaKHX' CHJl TNpPHHALJIEXKAT TPaBHTALOHHBIE H KYJOHOBCKHE CHJILL.
IToxcranoBka ¢yukuuu (30.7) B Bripaxenue (30.6) paer:

dr o

rie C — nocrosiHHasi WHTerpHpoBaHusi. OOLIYHO YCJIOBJIHBAIOTCS CYH-
TaTb MOTEHLMAJbHYIO 3HEPTHI0 Ha OECKOHEYHOCTH (T. €. NPH r=oo)
pasxoit Hymo. [Ipu sToM ycnosuu C=0, Tak yto

a
U==. (30.8)

Wrak, mno/Hasi MeXaHHYecKasl SHePLUsl YacCTHUB, IBHXKYIIEHCs
B TOJie LEHTPAJIbHBIX CHJI, OGPaTHO NPONOPIHOHANbHBIX KBaipaTy pac-
CTOSIHUS, OIMPENEJsETCs BhIpaKeHVeM

2
E=T14 2, (30.9)

3amenuB B cootBeTcTBUH € (30.3) KBaapaT CKOPOCTH V CYyMMOH KBajpa-

TOB CKOPOCTeii V, H Vg, T. €. NIOICTABHB BMeCTO U? BhIpaXKeHHe ri-r2p?,
NOY4UM, HUTO

E— '"2'2 + m';?“ +&. (30.10)

r

B ueHTpasbHOM NoJIe 3HEPrHs M MOMEHT MMITYJIbCa YaCTHLBI COXpa-
nstorcsi. CreoBaresibHO, JieBble yactH dopmya (30.5) u (30.10) npen-
CTaBJISIIOT COG0H KOHCTaHThI. TaKuMm 06pa3oM, MBI IPHXOJUM K CHCTEME
IBYX nauddepeHUHANbHBIX ypaBHEHHUH:

mr2g= M, = const,
(30.11)

mrt 4+ mreg? - %Oi =2F = const.
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IIponHTErpUpOBAB 3TH YpaBHEHMs, MOXKHO HaHTH r ¥ @ KaK (QyHKIUH
oT £, T. €. TPAeKTOPHIO U XapaKTep ABHKeHUsS yacTHUbl. OTMETHM, YTO
B ypaBHeHus (30.11) BXomaT mepBble IPOH3BOJHEIE 1O BPEMEHH OT 7
1 ¢. ITosToMy ux ropaspo Jerye pelidTb, YeM YpaBHEHHsI, BHITEKAIOINE
113 3aKoHOB HbloTOHa, KOTOpEIE COEpPXKAT BTOPhIE MPOM3BOAHBIE OT KO-
CpAMHAT. ' ‘

Pemenue cucremb! (30.11) BeIXoIMT 32 paMKH JaHHON KHHrH. Mel
orpaHHYMMCS TeM, YTO IpUBelileM KOHeuHbll pesysbrar. Tpaekropus
YacTHIB MpeACTaBJsieT co00H KOHHUECKOe CeueHHe, T. €. SJIIHIC, Jubo
napa6GoJy, squ6o runep6osy. Kakasi u3 3THX KpUBHIX Habuojaercs
B JIaHHOM KOHKDETHOM CJ1yuae, 3aBHCHT OT 3HaKa KOHCTAHTH 0. U BeJiH-
YHHBI MOJIHOA SHEPTHH YacTHLEL.

—_—— ——— —

Puc. 30.5. Puc. 30.6.

B cnyuae orranxuBauus (r.e. npu o>>0) TpaekTopuel 4YacTHLHI
MOxeT GhITh To/MbKO runep6osa (puc. 30.5). Ecan M,=0, runepGoaa
BBIDOKIAETCSI B NPAMYIO, INPOJOJKEHHe KOTOPOH INPOXOJUT yYepe3s
CUJIOBOH UeHTp. 3ameruM, yto mpu o>>0 nosnxas sHeprus (30.9) He
MOXKeT OBITh OTPHLATENbHOM.

B cayuae npuraxkenus (T.e. npu a<<0) nosHas 3HEPrusi MOXKeT
6HITH KaK MOJIOXKHTEJNbHOM, TaK U OTPHULATEIbHOH; B YaCTHOCTH, OHA MO-
JKeT OKasatbecsi paBHOH Hymo. Ilpu E>0 TpaeKtopusi OKasblBaeTCs
runepbosoit (puc. 30.6). Ilpy E=O0 rtpaexrtopus OyaeT napaGoJoil.
IT10T CcAyyall OCYIIECTBJSETCS, €C/IM YacTHIa HAaUHHAeT CBOE JBHKe-
HHe U3 COCTOsiHHSI mokosi Ha Geckoneunoctd (cMm. (30.9)). Hakownen,
npu E<<0 tpaekropueil 6yzner siuunc. [Ipy 3HaueHUSX 3HEPTHH U MoO-
MEHTa HMIYJ/1bCa, YAOBJETBOPSIOUNX YCAOBHIO E=—ma?/2M2, sniunc
BBIPOXKJAETCS B OKPYKHOCTD.

JlBuxeHHe 110 3JJIUNCY SIBASETCS (UHUTHBIM, ABH:KEHHE IO Iapa-
6osie ¥ runep6osne — HHPUHHUTHBEIM (cM. § 26).
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§ 31. 3apaua aByx Tea

3anaueil ABYX Tea HasblBaeTCsl 3aJaya O JBHXKEHHH JBYX B3aHMO-
IedctByromux wactui. CuhcTema, oO6pasoBaHHasi 4acTHLAMM, MPEIro-
Jaraetcsi 3aMKHyToii. B § 27 6BLTO BBISICHEHO, YTO LIEHTP MacC 3aMKHY-
TOH CHCTeMBI JIM6O MOKOUTCS, JiH-

g o<k ¢ n 60 ABUKETCS NPSAMOJIHHEHHO H

o “m,  bapHomepro. Bynem pewats 3a-

lauy B CHMCTeMe LEHTpa Macc (B

p e ¢ r L-CHCTEME), NOMECTHB HayaJo Ko-
o e ¢

) hom — %  Opammar B Touky C.B srom cay-

yae l'c= (m1r1+m2r2)/(m1+m2) =
ﬂ) F/2=f(f’)er é’ E,:—f[r)er =0) T. €.
m < m miry=—m,r,  (31.1)

(puc. 31.1, a). BBemem BekTOp
r=r,—r,, (31.2)

Puc. 31.1.

OnpeleNsIOMMA T0JI0XKEeHHe BTOPOH YacCTHIBI OTHOCHTENIbHO MepBOi
(puc. 31.1, 6). Pewas comectHo (31.1) u (31.2), nerko mafitn, yTO

my my
r=——->:"—r, fh=—7F7—oTfr". 31.3
t my+mg R my-my ( )
IMopo6uo (23.1), moxno Hanucath, 4t0 Fiy=—Fy,=f(r)e,, rue
f(r) — yHKUHS paccTossHHS MEXKAY YacTHLAMH, NOJOXKMTeNbHas /A

cus nputspkenus (puc. 31.1, 6) M oTpunaresbHasi AJs CHJ OTTaJKHBa-
uuss. HanuiueM ypaBHeHHSI ABHMKEHHS YacCTHIL

mity=f(r) e, my,=—7f(r)e,.
PasnenyM mnepBoe ypaBHeHHe Ha miy;, a BTOpOe — Ha My U BBHIUTEM
34TeM W3 BTOPOTO YpaBHeHHs rlepBoe. B pesysnbrate mnoayuum:
- . fl
r‘-’—rlz_(?nT )f(f)

CornacHo (31.2) JjieBast 4actb ectb r. Takum obpa3sowm,

r_—(EJr )f(r) e, (31.4)

YpasHenue (31.4) MoxxHO GopMa/JbHO pacCMaTpHBaTh KaK ypaBHe-
Hi€ JBHXEHUs BOoOOpakaeMOH 4YacTHLEl B IEHTPA/JbHOM IOJi€ CHJI.
[ToJsioxeHMe YaCTUIBI OTHOCHTEJNBHO LEHTPA CHJI ONpEeNesIsieTCs pajiuy-
com-BekTopoM r. CorsiacHo (31.4) BooOpaxKaeMoll 4acCTHLE HYXKHO IpH-
nucaTth Maccy W, ONpefessieMylo yCJIOBHEM

—=— (31.5)
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Orcrona
=0T (31.6)

T omytm,
Beanuuna (31.6) HaspiBaeTci NMpHUBeXeHHOH Macco# ua-
CTHIL.

TakuMm o6pasom, 3ajaya ABYX Tes CBOIUTCSL K 3ajaye O JBHZKEHHH
CIHOM YacTHLBI B LeHTpasabHoM nosie cuii. Haiing us (31.4) r kak ¢pyHk-
1xI0 {, MOXHO onpezesautb no dopmynam (31.3) ri(f) u ry(¢). Bektopn
T ¥ Ty OTKJIAJBbIBalOTCS M3 uHeHTpa Macc cucrembl C. Ilostomy, uToGHI
MOXHO OBLIO BOCMOJIb30BaThCs GopMynamu (31.3), pammyc-BeKTOp T
BOOOpaXKaeMOH YacCTHIB! HYXXHO OTKJaAblBaTb Takxke #3 TOUYKH C (1Js
peasibHBIX yacTul, BeKTop (31.2) mpoBOZMTCS OT nepBOi YaCTHLLI KO
BTOpO#1).

U3 ¢opmya (31.3) u puc. 31.1 BugHO, yTO OGe YACTHUB! ABHAKYTCH
OTHOCHTEJIbHO LEHTPa MacC MO reoMeTPHYeCKH NOXOGHBIM TPaeKTOpH-
siM 1), TIpHYeM npsMasi, COeIHHAOMAsl YacTHIbl, BCe BpPeMSI MPOXOAUT
yepe3 LEHTP Macc.

1) B cayuae, KOrja chjia B3aHMONEHCTBHS OGpaTHO NPOMNOPLHOHANBHA KBAalpaTy
PACCTOSIHHS MEXJY YacTHLAMM, 5TH TPAeKTOPHH NpPEeJCTABJSIOT cOGOH /JIHNCHI, WIH
napaGoJibl, Wiau runep6oss (cM. § 30).



FTITABAIV
HEMHEPLIUAJIBHBIE CUCTEMbI OTCYETA

§ 32. Cuabt nHEpUHH

3akonrl HbloTOHA BBHINOJHSIIOTCS TOJIBKO B HHEpIHAJBHBIX CHCTe-
Max orcyera, OTHOCHTE/NIBHO BCeX HHEPLHAJbHBIX CHCTEM JaHHOE TeJIo
IBHXKETCS C OJNVHAKOBBIM YCKOpeHHeM Ww. Jlio6asi HeuwHepluasbHast
CHCTEMA OTCYeTa IBUIKETCS OTHOCHTENBHO HHEPUHANBHBIX CHCTEM C He-
KOTOpPHIM YCKOpeHHeM, MO3TOMY YCKOPeHHe Tejla B HeHHepLHaJbHOMH
cucteme otcueta W' Gyner otauuHO oT W. OG03HaYMM PasHOCTb YCKOpe-
HUIl TeNa B MHePLHAJbHON H HeMHEpUHAJNbHOH CHCTEMaX .CHMBOJIOM a:

w—w' =a. (32.1)

g mocTymartesibHO JBHXKYIIefics HeMHepUUaJbHOH CHCTEMBI a OIH-
HAaKOBO JI/Is1 BceX TOUEK NMpocTpaHcTBa (a=const) u npexcrasisier coboit
yCKOpeHHe HeHHepUHMaabHOH cucreMbl orcuera. JIis1 Bpauiaomefcs
HeHHepUUaJbHOH CHCTEMBl @ B PasHBIX TOYKaX IPOCTPAHCTBA OYHET
pasquuHbIM (a=a(r’), rae r’ — pagMyc-BEKTOp, ONpeNeJsIIOmHH Mo~
JIOXKEHHE TOYKHM OTHOCHTEIbHO HEeHHEPIHAaJbHOH CHCTEMBI OTCUETa).

Ilycte pesyabTupyiolmas BceX CHJ, OOYCJIOBJEHHBIX AefiCTBHEM Ha
JIlaHHOe TeJo CO CTOPOHBI ApYrux Tes, paBHa F. Torma corjacHo BToO-
pomy 3akony HbioToHa yckopeHHe Tesla OTHOCHTENIBHO JII0GOH WHEpIH-
aJIbHOM CHCTEMBI OTCYeTa PaBHO

w=LF.
m

YCcKopeHHe e Tesla OTHOCHTE/IbHO HEKOTOPOH HeHHepLHAJbHOH CHCTe-
MBI MOKHO B COOTBETCTBHH C (32.1) mpeacTaBuTh B BUjE

' 1
w —w—a—Tn—F—a.

Orciona caenyer, uto naxe npu F=0 Tejo 6yner ABuMrathCst mo OTHO-
IIEHHI0 K HEHHEPUHAJbHOH CHCTEeMEe OTCYeTa C YCKOpeHHeM —a, T. e.
TaK, Kak ecjid Obl Ha Hero JelcTBoBasa CH/Ia, paBHas —ma.
CkasaHHOE 03HAYaeT, YTO NPH ONHCAHHH JBHKEHHS B HEHHePIHAb-
HBIX CHCTEMaX OTCYETa MOXKHO MOJIb30BaThCs ypaBHeHHsiMH HbioToHa,
€ClIH Hapsily C CH/IaMH, OOYCJIOB/ICHHBIMH. BO3JEHCTBHEM Tel ADYT
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HA Jpyra, YYHTBIBAaTb TaK Ha3biBaéMblé CHJB HHEPpUHH Fim
KOTOpBIe CjeAyeT IoJlaratb pPaBHBIMH IIPOH3BEAECHHIO MACChl TeJla Ha
B34ATYIO C 06paTHbIM 3HAaKOM Pas3HOCTb €ro YCKOpeHHﬁ II0 OTHOLIEHHIO
K HHepLI,HaJIbHOﬁ H HeHHeleHaJleOﬁ CHCTEMAM OTCYETa:

F;,=—m(w—w')=—ma. (32.2)

CoOTBETCTBEHHO YpaBHeHHe BTOPOro 3akoHa HbloToHa B HeHHepuuasb-
HO¥M cucTeMe oTcyeTta GYAET HMeTb BHJ

mw'=F+F;,. ~(32.3)

ITosicauM Hallle yTBepXKAeHHE CJeLyloluM npuMepom. Paccmorpum
TeNEXKY C YKpemJeHHHIM Ha HeH KpOHIWITeHHOM, K KOTOPOMY MOjBe-
1IeH Ha HUTH IapHK (puc. 32.1). [Toka TesexKKa MOKOUTCS HIIH JBHKET-
cs1 6e3 yCKOpeHHs, HUTb pacloJIoXKeHa BePTHKAJIbHO U CHJa TxecTH P
ypaBHoBelinBaercsi peakuueid HutH F,.. Temepb mpuBenem Tesekky B
NOCTyMaTe/IbHOE IBHXKeHHe ¢ yCKopeHHeM a. HUTb oTK/MoHHTCS OT Bep-
THKaJIM Ha TakKoH YroJ, 4To6ul pe3y/abrupyromas cua P u F, coobana
LIapHKY YyCKOpeHHe, paBHoe a. OTHOCHTEJbHO CHCTEMBI OTCYETa, CBSi-
3aHHON C TEJIEKKOH, IIapHK NOKOHTCS, HECMOTPSI HA TO, YTO PE3YJIbTH-
pytouasi cua P u F, otsinuna ot Hyna. OTcyTcTBHE YCKOpEHMs IapHKa
[0 OTHOLIEHHIO K 3TOf CHCTeMe OTCUeTa MOXKHO (opMajibHO OOGBSICHHTD
TeM, uto, Kpome cusl P u F,, paBHBEIX B CyMMe ma, Ha IIapuK JeHCTBYeT
eule U cuna vHepuun F; =—ma.

BBenenue CH1 MHEpUUH I2eT BO3MOXKHOCTb OHHCHIBATEH JBUXKEHHE
Tesl B JIOOBIX (KaK HHepUHa/bHBIX, TaK W HEHHePUHaJbHBIX) CUCTEMAX
OTCUYeTa C MOMOIIBIO OfHHX H TeX Ke ypaBHEHWH JBHXKEHHS.

CrrepyeT OTUET/NHBO NMOHHMaTb, YTO CHJIBI MHEPLUH HEJb3si CTaBUTh
B ONMH pSA C TAaKHMMH CHJaMH, ,
KaK yOpyrue, TrpaBHTauHOHHble &
CHJIBl U CHJIBI TpeHHud, T. e. cHJa-

M, 06yCJIOBJIeHHBIMH BO3eHCTBH-
€M Ha TeJo CO CTOPOHBI APYTHX
Tes. CUJibl HHEpIHH 06YCJ/I0BJIEHB

in

CBOICTBaMHU TOH CHCTEMHI OTCYETa, —_—
B KOTOpOI paccMaTpHBalOTCS Me-
XaHHueckue sBJeHusi. B atom
CMBIC/IE UX MOXHO Ha3BaTb (UK- z'
THBHBIMH CUJIAMU.

BBezneHue B paccMOTpeHHe CHJI 7 2

HHEpUUH He SBJseTCs NPHHLHUIH-
Puc. 32.1.

aJIbHO HeoGXOnUMBbIM. B npuHUMDE

J060oe ABHXKEHHE MOXHO Bcerzaa

pPaccMOTpeTh 0 OTHOILEHHIO K MHEPIMaJbHOH cucTeMe oTcueta. OnHako
NpaKTHYECKH YacTO NPEICTaBJsieT HHTepeC KaK pa3 JBHXKEHHe TeJ
0 OTHOLIEHHIO K HEMHEepPLUaJbHBIM CHCTEMaM OTCYeTa, HanpHMmep IO
OTHOLLEHHIO K 3eMHOMH NoBepXHOCTH. Mcno/sb3oBaHue CHII HHEPLHH JaeT
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BO3MOXKHOCTb PEILHTb COOTBETCTBYIOULYIO 33aJauy HENOCPeJCTBEHHO MO
OTHOLIEHHIO K TaKOi cUCTeMe OTcYyeTa, YTO YacTO OKa3blBaeTCs 3HaUM-
TeJILHO TPOLLE, YeM pacCMOTPEeHHUe JBHKeHUs1 B HHEPLHANbHOH chcTeMme.

XapaktepHbIM CBOHCTBOM CHJI HHEPUUH SBJAETCH HX NPONOPLHO-
HaJIbHOCTb Macce Tejla. biarofapsi 3ToMy CBOHCTBY CHJIbI HHEPLIHH OKa-
3bIBAIOTCA aHANOTHYHBIMU CHJIaM TAroreHus. [IpeacraBum cebe, uTO Mbi
HaxoQuMCsl B yJaJleHHOH OT BceX BHELIHHX TeJ 3aKphITOH KaGuHe, Ko-
TOpasi JBHIKeTCs C YCKOpeHHeM g B HampaBJeHHH, KOTOPOe MBI Ha3oBeM
«Bepxom» (puc. 32.2). Toraa Bce Tena, HaxoAsilUecss BHYTPH KaOHHEL,
6ynyr BecTH ce6a Tax, Kak ecau Obl Ha HUX JelcTBOBa/a CUJa MHep-
uH —mg. B yacTHOCTH, npy:KHHa, K KOHILY KOTOPOH MOJBEILeHO TeJs0
Maccel m, pacTsiHeTcsi Tak, 4To0bl ynpyras cuja ypaBHOBECHNA CHJY
HHepuud —mg. OfHAKO TaKue xe siBJeHUs Habmaofannch Obl H B TOM
caydae, ecnn Obl KaGuHa Oblla HENOABHMHOH M HaxojauJach BOIH3H
noBepxHocTd 3emin. He uMess BO3MOXHOCTH «BBINISIHYTb» 3@ NpEAesIbi
KaGHHbl, HHKAKHMH ONbITAMH, MPOBOAMMBIMM BHYTPHU KaOHHBI, Mbl He
cMornu Obl YCTAHOBHTL, YeM OGYCJIOBJIEHa cHJIa —mg — YCKOPEHHbIM
IBUKEHHEM KaGHHBI MM JeHCcTBHEM rpaBuTalMoHHOro noss emsu. Ha
3TOM OCHOBaHHH TOBOPSAT 06 SKBUBAJIEHTHOCTH CHJ HHEPUMH H TAroTe-
HHs (B OZHOPOJZHOM TIpPaBHUTALMOHHOM IoJ€). ITa 35KBHBAJEHTHOCTb
JIEXKUT B OCHOBE OOLIEH TEOpHH OTHOCHTEJbHOCTH DHHIUTeHHa.

§ 33. LlenTpoGexxHas cuJa UHEPUMH

PaccmoTpuM  IucK, BpaulaloUMHCA BOKPYr NepHeHAMKYJspHOI

K HeMy BepTHKaJbHOH ocd 2’ ¢ yrioBoil ckopocTeio o (puc. 33.1).
Bwmecre ¢ auckoMm Bpalaetrcsi HafeThil Ha CNHMIY LIApHK, COeAUHEHHBIH
Beoz c neHTpoM aucka npyxuno#. Illapuk 3anumaer Ha

g CIHle TaKoe MNOJIoXKeHHe, NPH KOTOPOM CHJIa HaTs-

xKeHus npyxunbl F, okaspiBaeTcs paBHON npous-

Be/ICHHIO Macchl L1apHKa f1 Ha ero yCKOpeHHe W, =
=—u%R (cM. (5.10); R — panuyc-BekTop, npose-

JeHHbIH K IIAapHKY M3 LEHTpa AHUCKa, €ro MOAy/b
z’
(0
¢
e y
s Fqﬁ

e

Puc. 32.2. Puc. 33.1.
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R naer paccrosiHue IIapHKa OT LEHTPa JHCKa):
F,,=—mo®R. (33.1)

OTHOCHUTE/IbHO CHUCTEMBI OTCYETa, CBSI3aHHOH C AMCKOM, LIapHK Mo-
KOMTCS, DTO MOXKHO POPMaJIbHO OGBSICHHTD TeM, YTO, Kpome CuJbl (33.1),
Ha WAapuK JeHCTBYeT CHJAa HHePIHH

F.s=moR, (33.2)

HanpasJieHHasl BIOJIb pajdyca OT LeHTpa AMCKa.
Cuny unepuuu (33.2), BO3HHKAIOMYI0 BO Bpallarouieiica (o OTHO-

IEHUIO K MHEePLHAJbHbIM CHCTEMaM) CHCTeMe OTCYeTa, Ha3biBaloT Il € H-

TpoGexHOH CHJIOH HMHepHHH Ira cuia JeHCTByeT Ha
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Puc. 33.2. Puc. 33.3.

TeJI0 BO Bpallarolleiica CHCTeMe OTcyeTa, He3aBHCHMO OT TOTO, MMOKOUTCS
TeJIo B 3TOH cHcTeMe (KaK MBI IPeAnoJIarai 10 CHX IOpP) HJIH JBHKETCS
OTHOCHTEJIBHO Hee CO CKOPOCTBIO V'.

Ecau nosoxkeHue Tesa BO BpallaloleHcs CHCTEME OTCUETa Xapakie-
pH30BaThb PaJHyCOM-BEKTOPOM ', LEHTPOGEKHYIO CHJIY MHEPIHH MOXK-
HO TpPEACTaBUTb B BHJIE JBOHHOrO BEKTOPHOTO MPOHU3BEACHHUS:

Fi=mlo, [t', o]]. (33.3)

IleiicrBurenpHo, BekTop b=I[r', ©] HanpaBjieH mnepHeHAUKYJASPHO
kK Bekropam ® H F ¢ «Ha Hacy» (puc. 33.2) v paBeH o mony.to or’ sin a=
=wR. BekropHoe npousBefieHHe B3aUMHO NEPNEHAHKYISIPHBIX BEKTO-
poB me u b coBnagaer no HanpasJeHH!o ¢ F g 1 nMeeT MOAY.Tb, paBHbIH
mob=mw*R=F . '

ITpu TouHOM pellleHMH 3ajau O ABHXKEHHUU TeJ OTHOCHTENBHO 3eM-
HOH TOBEPXHOCTH HYXHO YUHMTHIBATH LEHTPOOGEKHYIO CUJIY HHEpILUH,
paBHYI0O m®®R, Tle m — Macca Tesa, @ — yIJoBasi CKOPOCTb Bpalie-
HUSI 3eMJM BOKDYr ee OCH, R — pacCcTosiHHe Teja OT 3eMHOH ocH
(puc. 33.3). B cayuasnx, Koraa BbICOTa Tesl Hall HOBEPXHOCTbIO 3em/u
HeBeJIMKa,. MOXKHO MOJOXHUTb R paBHBIM R3 cos ¢ (R3 — paaunyc 3emiu,
¢ — mupora MecTHocTH). Toraa BbipaxkeHue A/ HEHTPOOEXKHOH CHJIBI
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HHEpIUH MPHUMET BHJ
F = mw?R3cos ¢. (33.4)

Ha6utionaeMoe OTHOCHTE/IbHO 3eMJIH YCKOpEHHE CBOGOHOTO NMajeHUs
Tes g 00yCJIOBJIEHO NeficTBreM Cuibl Fy, ¢ KOTOpO# Testo npursrusaercs
Semset, U cusnl Fig. Pesynb"mpylom,aa S5THX CHJ

P=F,+Fy (33.5)

eCcTh CHJIa TsIXeCTH, paBHast mg (cMm. (16.1)).

Orunyue cunbl TsKeCTH P oT cusibk nputsikenust ¥ 3emne F, nese-
JUKO, TaK KaK LEHTPOOEeXHasl CHJIa WHEePUHH 3HAYHTENHHO MBHI:II.Ie,
ueMm F Tak, ajst maccel B 1 Kr HauGoJsibliee 3Hauenue F,q, Habmonae-
Moe Ha 3KBaTOpe, PaBHO

mw*R3 = 1-(2n/86400)%-6,4-10°= 0,035 H,

B TO BpeMs Kak F, paBua npu6ausuresnsno 9,8 H, 1. e. nouru B 300 pas
GoJblire.

Yrox o mexxny Hanpasyenusimu F, u P (cm. puc. 33.3) moxkHo onpe-
J€JHTb, BOCIOJIb30BABIIHCh TEOPEMOi CHHYCOB:

sina __ Fug __ __mw?R3 cos L 0,035
sing P mg 9,8

cos ¢ =~ 0,0035 cos @,

OTKy/a
sin a~0,0035 sin ¢ cos p~0,0018 sin 2¢.

CHHYC MaJIOro yrjia MOXHO NpPUG/IHKEHHO 3aMEHHThb 3HaUYeHHEM CaMoro
yraa. B pesynbrate mosyd4um, 4TO

a=0,0018 sin 2¢. (33.6)

Taxum 06pa3oM, YroJ o U3MEHseTCs B Mpejesax oT HyJsi (Ha SKBaTope,
rze ¢=0, 1 Ha nomocax, rie ¢=90°) xo 0,0018 pax uu 6’ (Ha wu-
pote 45°).

Hanpassenue cusbl P coBnajaer ¢ HanpaB/JeHHEM HUTH, HaTSHYTOH
rpy30oM, KOTOpOe Ha3blBaeTCsl HaNpaBJIeHHEM OTBeca HJIM BepPTHKAJb-
ubiM HanpasJjenueM. Cuna F, Hanmpassena x uentpy 3emsu. Crenosa-
TeJbHO, BEPTHKaJb HanpaB.neHa K UEHTPY 3eMJId TOMBbKO Ha MOJIocax
1 Ha 5KBATOPE, OTKJOHASNCH HA NMPOMEXKYTOUHBIX IIMPOTAX HA yroa a,
cnpenensieMbll BbipaxkeHueM (33.6).

Pasnocts F,—P paBHa HYJIIO Ha NMOJIOCaX H IOCTHUT4eT MaKCHMyMa,
paBuoro 0,3% cumbl F,, na skBatope. M3-3a cmmmocnyroctd 3emnu
v nomocos cuna F, cama 1o ceGe HECKOIBKO BapbHUpYeT C LIMPOTOH,
Gyayuu Ha sxsarope npumepHo Ha 0,2% MeHblLile, 4eM Y IOJIIOCOB.
B utore yckopeHHe cBOGOZHOIO NMajieHUs1 H3MEHsieTCs ¢ IIUPOTOi B mpe-
nenax ot 9,780 m/c? Ha skBatope jo 9,832 M/c? Ha moJiocax. 3HaueHue
£=9,80665 M/c? mPHHATO B KauyecTBe HOPMAaJbHOrO (CTaHIapTHOTO)
3HaYeHUsl.
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3aMeTHM, YTO OTHOCHTEJIbHO MHEpIHaJbHOH, HanpHMep, TelHOIEH-
TpUUECKOH CHCTEMbI OTCYUeTa CBOGONHO Majaiollee Tesio JBHKETCH € yC-
kopennem w=F,/m (a ne g). Vs puc. 33.3 BuaHO, UTO M3 paBEHCTBA
IVl Pa3HBIX TeJ YCKOPeHHs g BbITEKaeT H PABEHCTBO YCKOPEHHi .
IlelicTBUTEIbHO, TPEYTOJNbHHKH, NOCTPOeHHHE Ha Bektopax F, u P
AJS1 PasHbIX TeJ, MOJOGHE! (YIJibl @ M ¢ 1715 BCEX TeJ B JaHHOH TOUKe
3eMHON IOBEPXHOCTH ONMHAKOBHI). Ciie1oBaTe/bHO, OTHOWIeHHe F, /P,
KOTOpOE COBIaJaeT ¢ OTHOLIEHUeM w/g, NJis BCEX TeJ OJHO H TO Xe, OT-
Kyla BbITEKaeT, YTO INPH OJMHAKOBBIX g MOJYYaloTCsl OAMHAKOBBIMH
u w.

§ 34. Cuna Kopuosnuca

[pu IBMXKEHUU TeJ1a OTHOCHTENBHO BpaLlAMOIeHCsl CHCTeMBbI OTCYeTa,
KpOMe LIeHTPOOEXKHOH CHJIbI HHepLMH, NMOSBJAETCA ellle OfHa CHJa, Ha-
spiBaeMasi cunofi Kopuonumca MIM KOPHOJHCOBOHM
CHJIOH HMHEpHHH.

[TosiB/IeHHE KOPHOJIMCOBOI CHJIBI MOXKHO OOHAapYXKUTh Ha CJejylo-
mweM npumepe. Bo3pMeM TOpH30OHTAaNbHO PACNOJIOKEHHBIH JHCK, KOTO-
phifi MOXKeT BpamaThCst BOKPYT BepTHKasbHOH ocH. [Ipoueptum Ha nu-
cKe paauanbHylo npsamyio OA (puc. ©
34.1, a). 3anycTuM B HanpaBJeHHH OT
O x A mwapuk co cropoctbio v'. Eciu
IVMCK He Bpallaetcsi, IapuK OyIeT Ka- o
THTbCSI BJOJIb IIPOYepUeHHOH HaMu Nps-
moii. Ecoiu e JMCK mpuBecTH BO Bpa-
IleHWe B HampaB/eHdH, YKa3aHHOM
CTpesIKOH, TO IIapuK OYZeT KaTHTbCH
N0 H306pa)KeHHOH NMYHKTHPOM KPHBOH
OB, npuueM ero CKOpOCTb OTHOCHTEJbHO
IHcKa v’ GyleT M3MeHSITb CBOE Hampas-
Jenne. ClieoBaresqbHO, MO OTHOLIEHHIO
K Bpallaroueicss cucreMe oTcyera Lia-
pHK BeleT cebsa Tak, Kak ecaun Obl Ha
Hero Je#ictBoBana cuga Fg, nepneHauMKy/asipHass K CKOpOCTH V'.

YToG6k! 3aCTaBHTh LIAPHK KaTHTbCS IO BPAINAIOIIEMYCsT TUCKY BJOb
pajuanbHOH TpPAMOH, HYXHO CleJaTh HampaBJSIOMYIO, HampHMep,
B Bujie pebpa OA (puc. 34.1, 6). ITpu KayeHuH mapHKa HalpasJsIOLlee
peGpo zedcTByeT Ha Hero ¢ HekoTopoli cujoit F,. OrHocurensHo Bpa-
AIeHACcs CHCTeMbl (ZUCKa) ILAapUK ABHXKETCS C NOCTOSIHHON 1o Ha-
TNIPABJIEHHIO CKOPOCTBIO. DTO MOXHO (OPMaJbHO OOBACHHTb TEM, YTO
cuia F, ypaBHOBelMBaeTcCs NPUJIOKEHHOH K IIAPHUKY CHJIOH HHEpPUHH
Fx, neprnennukynspuoii k ckopocts v'. Cusa Fx ¥ ectb KopHOJHCOBa
CHJIa MHepUHH,

Hatinem cnauana BripaxeHne cuibnl Kopuosnca miis wacTHoro ciy-
4asi, KOria yacTHua m JBHXKeTCsl OTHOCHTEIbHO Bpallalouieiicss cueTeMbl
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OTCYeTa DAaBHOMEPHO MO OKDYXKHOCTH, JleXallell B NJIOCKOCTH, mep-
NEeHJVKYJIAPHON K OCH BpallleHHUs], C LeHTPOM, HAXOAALMMCS Ha 3Tl ocH
(puc. 34.2). CKOpOCTb YaCTHLBI OTHOCHTEIbHO BPAILAOMWEHCS CHCTEMBI
o6osnaunm v’. CKOPOCTb YaCTHIIBI OTHOCHTEJBHO HENOABHNKHOH (MHep-
uMabHOW) CHCTEMb OTCYETa V PaBHa Mo BeJuunHe v’ +oR B cayuae (a)
u [v'—oR| B cryuae (6), TAe ® — YrJjoBast CKOPOCTb Bpallaouieiics
cucrembl, R — paanyc okpyxHoctH (cMm. (5.7)).
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Puc. 34.2.

Ilns Toro ytoGBl YaCTHIA ABHMrajach OTHOCHUTENBHO HENOABHXKHOMA
CHCTEeMBl 1O OKPY2KHOCTH CO CKOpPOCTbI0 v=0'+4-@R, Ha Hee NOJIKHA
IeHCTBOBAaTh HanpaBJleHHast K LEHTPY OKpyxHoctH cuna F, Hanpumep,
CMJ1a HaTSDKEHMs HMTH, KOTOPOH YacTHIa NPHBSI3aHa K LEHTPY OKPYX-
HoetH (cM. puc. 34.2, a). Beanuuna aToit cusibl paBHa
mv? _m @ +oR)?2 _ my'?

F=mw,=% R R

OTHOCHTENBHO BpalaIoUIedicss CHCTeMBl YaCTHIA B 3TOM CJIYYae NBHXKETCH
C yckopenueM w,=v'%/R, T. e. Tak, Kak ecau Obl Ha Hee HefCTBOBaJja
cHJsa

+2mv’'o +moR.  (34.1)

my'2

R
(cM. (34.1)). Takum ob6pasom, BO Bpaulalonieiicss cUCTeMe 4acTHLa Beler
ce6s Tak, Kak ecau Obl Ha Hee, KPOMe HANpPaBJEHHOH K LEHTPY OKPYX-
HoCTH cuabl F, meficTBoBasu elne IBe HanpaBJIEHHBIE OT LEHTPA CHJILI:
F,=mo*R u cuna Fg, Mony/b Kotopoil pasen 2mv’'® (puc. 34.2, a).
Jierko coo6pasuTh, 4to cuay Fx MOXKHO npeicTaBUTb B BHIE

“Fx=2m[v'e]. (34.3)

Cuna (34.3) u ecTb KopuosncoBa cujia HHepuuu. Ilpu v'=0 3ta cuna
orcyrerByet. Ciiia F g He 3aBHCHT OT V' — OHa, KaK MBI y2Ke OTMeyaJH,
JIEHCTBYeT KaK Ha NOKOAIHNecs, TaK M Ha JABHIKYIIMeCs Tesa.

B cayuaze, nsobpaxenHoMm Ha puc. 34.2, 6,

mw, = =F —2mv'® —mw*R (34.2)

F— mv?2 _ m@—oR)? _ mv'?

— ¢ 2
7 R ® 2mv’® 4+ mo?R.
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CoOTBETCTBEHHO .

’
m;’; =F 4 2mv'o® — mw?R.
CremoBaTesibHO, BO BpallAIOIENCcs: CHCTEME YacTHIa BeJeT cefs TakK, Kak
ecau Gbl HA Hee JEHCTBOBAJIH ABE HAaNpaBJIEHHBIE K UEHTPY OKPYXKHOCTH
cunel: F u Fg, a Takxke HanpabjeHHass oT neHrpa cuja Fg=mow?R
(cm. puc. 34.2, 6). Custa Fx 1 B 3TOM ciyyae MOXeT ObITb NpeJiCTaBJ/IeHa
B BHIe (34.3).

Tenepp nepefieM K HaXOXKAEHHUIO BeIpaxkeHust cuibl Koprosuca nis
c/lydasi, KOrja 4acTHUa IBHXKETCS OTHOCHTENbHO BpallaloLelcsl CUCTe-
MBIl OTCYETa MPOU3BOJIBHBIM OOpasoM. CBsixKeM C Bpallaiolieficst cucre-
Moii KOOpAUHATHBIE OCH X', Y, 2’, mpHYeM OCb 2’ COBMECTHM C OCBIO Bpa-
wenus (puc. 34.3). Torpa pampuyc-

BEKTOP YaCTHLbI MOXKHO INPeACTaBUTH 1
B BHJIE
r'=x'e,+y'e,+2'e, 34.4) o ___]
rie e;, e, e, — OPTHl KOOpAWHaT- By’ rey Bz’
HelX oceil. OpTHI €; M €, BpaulalTCs |
BMeCTe C CUCTeMOI oTcueTa C yIrJIOBOH ka |
CKOpOCTBIO ®, OpT €, OCTaeTcs He- o | -
TOABHXKHBIM. z /. ez z’
[Nos0XxeHHe YacTHIB! OTHOCHTEb- Puc. 34.3.

HO HENOJBHXKHOM CHCTEMBI CJefyeT

onpenesaTh C MOMOILBIO panuyca-BeKropa r. OiHaKo CHMBOJLI I’ U T
0003HAYaIOT OIUH U TOT XKe BEKTOp, NPOBeJEHHBIA U3 Haua/la KOOPAUHAT
K yacruue. CuMBOJIOM I’ 0603HAYHJ 3TOT BEKTOP HabJionaTelsb, KHBY-
WHi» BO Bpallalomieficsi CHCTeMe OTCYeTa; MO ero HaGJIIOAEHUSAM OpTHI
e;, €,, €, HeTIOJBUXHEI, MO3TOMY NpH AH(epeHIHPOBAaHHH BLIPAXKEH!Is
(34.4) on obpalnaeTcs ¢ 3TUMH OpPTaMH Kak ¢ KoHcTaHTaMH. CHMBOJIOM r
MoJIb3YeTCsl HeMOABHXKHBLIH HaGJIIOaTeNb; A/ Hero OpTH e, H e, Bpa-
IIAIOTCST CO CKOPOCThIO @ (OPT e, HemoABuxkeH). [TosTomy npu audge-
PEHLHPOBAHHM PAaBHOIO I BbipaxkeHHs (34.4) HemoJBHKHBIA Ha610za-
Te/b JIO/KeH o6paiaThCsl C €, U €, KaK ¢ GYHKUHUSIMH f, IPOU3BOJHbIE
KOTOPbIX PaBHBI:

e, =0e,, €;,=—0e, (34.5)

(cm. puc. 34.3 u dopmyay (2.56); opT e ., HepIEHAUKYJISPHBIH K e,

paBeH e;, OpT €, NEPNEHAUKYJNsPHBIH K €,, paBeH —ey;). [las BroO-
PbIX IPOH3BOAHBIX OPTOB IO BPEMEHH MOJIYYalOTCs BblpaXKeHHs:

e, = e, = — 0%, e;=—0e,=—0’,. (34.6)

Haiinem cKopocTh YacCTHIEI OTHOCHUTEJIbHO BpaLIAOLEHCs] CHCTeMB
ortcueta. Jas storo nponuddepenuupyem paguyc-sekrop (34.4) no Bpe-
MEHH, CYUTash OPTbl KOHCTAHTAMMU:

vVi=r'=x'e,+y'e,+2'e. (34.7)
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TToBropHOe nuddepeHINPOBAHHE STOTO BHIPAXKEHHS JacT YCKOpeHHe ya-
CTHIBI OTHOCHTEJILHO Bpallalomeficss CHCTeMBI OTCHeTa:

w =v' =x'e;+y'e,+2e;. (34.8)
Tenepp HaliileM CKOPOCTb 4YaCTHIE! OTHOCHTEJbHO HENOABHXKHOH
cucreMbl orcyera. Jas sToro npoauddepeHUHPYEM pafHyc-BEKTOD

(34.4) «c nosunui» HENMOABHXKHOrO Hab/mojnartessi. BocnosbsoBablinCch
0Go3HayeHUeM I' BMECTO I’ (HAamOMHHM, YTO r=r’), MOJIYYHM:

v=r=x'e,+ x'¢,+y'e,+y'e;+2¢. (34.9)

ITponuddepesnupoBaB 3To BhIpaXKeHHe ellle pas no £, HaijeM YCKOpeHHe
YaCTHIBl OTHOCHTEJbHO HENMOJBIMIKHOH CHUCTEMBbI:

w=v=x'e,+2x'e,+ x'¢e,+y'e;,+2y ¢, +y'e,+2e.

[Mpunse Bo BHUMaHHe dopmyasr(34.5), (34.6) u (34.8), monyueHHoe co-
OTHOLLIEHHe MOXHO Ipeo6pa3oBaTh K BUAY:

w=w 420 (t'e; —y'e;) —o? (x'e, -+ y'e)). (34.10)

PaccMoTpuM BektopHoe mpoussefenue [o, v']. IlpeacraBum ero B
Bulle onpepenurens (cMm. (2.33)):

ex e e
[0, vV]=|0x oy o], (34.11)
vy Uy Uy
Cornacro (34.7) v;=x', v,=y’, v,=2’', KpoMe TOro, IpH BHLIGPaHHOM
HaMH HanpaB/eHHH KOOPIMHATHBIX oCell ®,=w,=0, o,=w. [loxcra-
HOBKa 5THX 3HaueHuil B (34.11) naer

ex e e ) )
[0, V]=|0 0 o=—eoy +ejox'. (34.12)
x' yl, P

[MosyyeHHbifi pes3ysbTaT MNOKasblBaeT, YTO BTOPOH YieH (OpMYJIbl
(34.10) moxHO 3anucathb B Buze 2 [, v']. Beipaxenue, crosiiee B cKo6-
KaX B nocijenseM useHe ¢opmyJel (34.10), paBHO mepneHAUKYJIsIPHOIT
K OCH BpalleHHs (K ocH 2’) cocTaBJjsiomell paguyca-Bektopa r’ (cm.
(34.4)). O6osnauuMm 3Ty cocrapJsomyo cumBosioM R (cp. ¢ puc. 5.5).
C yueToM BCero ckasaHHOro cooTHoulenue (34.10) MOXKHO 3anucaTh cJe-
JLylouM obpasom:

w=w"+42[e, v']—e?R. (34.13)
M3 (34.13) BeITEKaeT, YTO YCKOpEHHE YaCTHILI OTHOCHTENHLHO HENoj-

BHXKHOA CHCTEMBI OTCYETAa MOXKHO NPEICTaBHTb B BHJE CYMMBI TPeX
YCKOPEHHH: YCKODEHHSI OTHOCHTEJNBHO Bpalllalomleficss CHCTEMBI W',
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yCcKopeHHsi, paBHoro —m2R ), H yCKopeHHs
wk=2[0, V'], (34.14)
KOTCpOe Ha3bBaeTcsi KOPHOJHUCOBBHM YCKOpeHHEM.
st Toro yToGBl YacTHIA ABHTajack ¢ yckopenuem (34.13), Ha Hee

IOJKHBI I€HCTBOBaTb KaKHe-To TeJla C pe3yJbTHpylomel cuiol F=mw.
Cornacio (34.13)

mw' =mw—2m[o, v']+mo’R=F +2m[v’, o]+ mo*R (34.15)
(mepecTaHOBKA COMHOXHTe/eH H3MeHsieT 3HaK BEKTOPHOTO NPOM3BeJe-

Hus). [TonyueHHBIH pesyJabTaT O3HAYaeT, YTO MPU COCTABJIEHUH YpaBHe-
HUsl BTOporo 3akona HelotoHa Bo Bpamatoieiics cucreMe oTcyera, Kpo-

Puc. 34.4, Puc. 34.5.

Me CILT B3aHMOJIefICTBHSl, HYKHO YUHTHIBATb LIEHTPOOEKHYIO CHIY HHEp-
1uy, onpeznensemyto gopmyoii (33.2), a TaK:Ke KOPHOJIHCOBY CHJY, KO-
TOpasi ¥ B CaMoM o0mieM ciiyyae onpenensiercs: gopmyJo (34.3). Orme-
THM, 4TO cHJ1a KopHosnca Beerjia IEXXHT B IJIOCKOCTH, NepIeHAHKYIsp-
HOHM K OCH BpallleHHS.

M3 conocraenenusi ¢opmya (34.9), (34.7) u (34.5) BeTekaer, uTO

v=v' +x'e,+y'e,=Vv +o(x'e,—y'e}).
C 1noMOIIBIO BHIK/IAJI0K, aHAJOrHYHBIX TEM, KOTOphe PUBEIH Hac K Co-

oTHowieRAuo (34.13), MOXHO YOeRUTBCS B TOM, YTO MOCJAEAHHH uJjeH
NOJIYYeHHOro BeipaxkeHus: paseH [0, r']. CieaoBarenbHo,

v=v +[o, r']. (34.16)
Tlpu v'=0 sta ¢dopmysa mepexoaut B (5.8).

1) Yckopenne wy=—w?R HaspBaeTcs MepeH ocCHE M. OHo npeacTaBsser
ccBolit TO ycKopeHnHe, KOTOpHIM oGsajana Ol YacTHLA, NOKOAUASiCA B ABHKYLelics
(c mawem cnyyae Bo Bpawaroilefic) CHCTeMe OTCYETd,
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IMpumepsl aBuxeHHHl, B KOTOPHIX MPOSEASAETCH KOPHOJIHCOBA CHJA
nuepuud. TIpy MCTONKOBAaHMH SIBIEHHH, CBA3aHHBIX C JBMIKEHHEM TeJ
OTHOCHTEJIbHO 36MHOH MOBEPXHOCTH, B psifie C/y4YaeB HEOOXONHMO YYH-
THIBaTh BJMSAHHE KOPHOJIMCOBHIX cuJ. Hanpumep, npu cBoGoxHom

, ' najleHuH Tesl Ha HHX JeHCTBYeT KOPHOJINCOBA CHJA,
06YyCJIOBINBAIONIAS OTKJIOHEHHE K BOCTOKY OT JiH-
Huu otBeca (puc.34.4). dra cusia MakCHMaJibHa Ha

SKBaTOpe U obpaljaercss B HYJb HA TNOJIOCAX.
T"’ JleTsiuit CHaps TakxkKe HCIBITBIBAET OTKJIONE-
HHS, OOYCJIOBJIEHHblE KOPHOJHCOBHIMH CHJIaMH
nHepuuu (puc. 34.5). Ilpu BeicTpesie u3 opyausi,
HanpaBJIeHHOrO Ha ceBep, cHapsan GyleT OTKJo-
HSITbCSI K BOCTOKY B CEBEPHOM INOJIYIIAPHH U K 3a-
nany — B 1oxkHOM. IIpn cTpenbbe BHO/Ib MepHau-
&Ha Ha IOT HalpaBJ/eHHS OTKJOHeHHs GYLYyT mpo-
THBONOJIOXKHBIMH. IIpn crpesnbbe Brosib 3KBaTOpa
cusel Koprosuca 6yayT npHKyUMarth CHapsa K 3eu-
Jie, eCIM BBICTpe/1 NPOM3BeleH B HampaBJeHHH Ha
3anaj, 1 NOJIHNMATb €ro KBepXY, €CJH BBICTPE
Npou3BeeH B BOCTOYHOM Hanpasnenuu. [Ipenocras-
JisieM YUTaTeJsI0 CaMOMY YGEeIUThCST B TOM, UTO CHJIA
Kopuousnca, neficTByomas Ha Teso, ABHKYLUEeCs
Puc. 34.6. BIOJb MepUAHaHa B Jo60M HampaBieHHH (Ha ce-
BEp WJIM Ha IOT), HanpaBJ/ieHa N0 OTHOLLEHHIO K Ha-
TNIpaBJIEHHIO IBHKEHHs BIPABO B CEREPHOM MOJYila-
PHH U BJIEBO B I0XKHOM NOJIYLIAPHH. JTO NPUBOJIUT K TOMY, 4TO Y PeK Nof-
MBIBaeTCsl BCerla npasblii 6eper B CEBePHOM INOJIYILApHH U JIeBhIi Geper
B I0XHOM MOJIYIIapuu. DTH Ke MPUYHHEI OOBACHSIIOT HEOAHHAKOBbIH H3-

HOC PEJbCOB NPH JABYXKOJEHHOM ABHXKEHHH.

Cunbnl Kopuosuca nposiBisiloTCsT M NPH KauaHHMAX MasiTHHKa. Ha
puc. 34.6 noxasaHa TPaeKTOpHs Ipy3a MasTHHKa (LJIs1 NPOCTOTH Npel-
TNOJIOXKEHO, YTO MasITHUK HaXoQuTcs Ha mouoce). Ha ceBepHoM mouoce
custa Kopuosnca Gyzer Bce Bpemsi HampasJ/leHa BOPaBO MO XOXy MasT-
HHKa, Ha I0XKHOM MNoJioce — BJieBO. B uTore Tpaektopus umeer Buj po-
3eTKH.

Kak cienyer U3 pucyHKa, NJIOCKOCTb KayaHHH MasTHHKA MOBOpauH-
BaeTCs OTHOCHTENLHO 3eMJIM B HalpaBJeHUH YaCOBOH CTPEJIKH, MpHYeM
3a CYTKH OHa CoBepllaeT OIHH 060poT. OTHOCHTEJNLHO eJIHOLEeHTpHYe-
CKOHl CHCTEMBl OTCYeTa JieJlo OGCTOHT TaK, YTO IJIOCKOCTb KayaHUH ocTa-
eTCs HEH3MEeHHOH, a 3eMJIsl TOBOPaYHBAETCSI OTHOCHTE/ILHO Hee, Jesast 3a
CYTKH OJIHH 060poT. MOXKHO MOKa3aTbh, YTO HA IIMPOTE ¢ ILIOCKOCTD Ka-
yagui MasgTHUKA NOBOpaYHMBaeTcs 3a CYTKH Ha yroa 2w sin ¢.

Takum o6pasom, HaG/0JeHNsT 32 BpallleHHeM IIJIOCKOCTH KadaHWi
MasTHHKa (MasTHUKH, NMpelHa3HaueHHble AJIs1 3TOI IleJIM, Ha3bIBalOTCS
masgTHHKaMH DYKO) JaloT HeNocpeACTBEHHOE NOKa3aTeJbCTBO Bpallle-
Hiig 3eMJH BOKpPYr CBoOell ocH.

4
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§ 35. 3aKkoHbl COXpaHeHHs] B HEHHePUHAJbHBIX CHCTEMaX OTCYeTa

C yueToM CHJI HHEPDUHH YPaBHEHHSI JBIIKEHHS B HEHHepIHaJbHOH
CHCTeMe HHYeM He OTJIMYaloTCA OT YpaBHEHHI IBHXKEHHs B HHEpIHaJ/b-
Holl cucreMme orcyeta. I103TOMY BCe C/IeCTBHSI, BEITEKAIOINE U3 YpaBHe-
HHMH IBHXKEHHS, B YaCTHOCTH COOTHOIUeHHs1 (24.12), (27.3) u (29.18),
OCTalOTCS CHPaBeIJIUBLIMH M B HEHHEPIUAJbHBIX CHCTeMaX OTCYeTa.

B nennepuuanpHoit cucreme dopmyna (24.12) umeer BUA:

Ez - Ell = Al'z HEKOHCEDB + Al‘z Agepuy (35' 1)

rae Aiz ypepy — PaboTa CHJI WHEDPUHH.
Gopmyanl (27.3) u (29.18) BHIIIAAAT B HEeHMHEPUHAJNBHON CHCTeME
caenyomuM o6pa3om:

d

a p= 2 FBHeum + Z Fnuepw (35~2)
d
aF M= 2 meeu.m + Z Nnnepu- (353)

3pech Fyoom, — CHJa, oOGycioBieHHass B3auMmofiedcTBHeM, Fy .on —
cuna uHepuuH; Ny, U Nyjep, — MOMEHTH yKa-

(0]
3aHHBIX CHJI. dr
LlentpobexHnas cusa naepunu Fg=mw?R sB- R 1
JisileTcsi KOHCcepBaTHBHOH. [lelictBuTe/sbHO, paboTa TS
3TOH CHJBI paBHa 4
2 2
A12u6= S Fuadr=mm2 S Rdl'.
1 i
g

Us puc. 35.1 BHIHO, YTO NMPOEKLHUs BeKTOpa dr na
HanpasJieHHe BekTopa R paBHa dR — npupaiie- Puc. 35.1.
puto Moxyast R. CrnepoBarenbHo, R dr=R dR=
=d (R?/2). Taxkum o6pasom,

R R

2
R2
Aiz 6 = mmzig d (—5—) = Mmwn? 5 —mw? 5 (354)

TMosiyuenHoe Bbipa:KeHHe, OYEBHIHO, HE 3aBHCHT OT MYTH, IO KOTOPOMY
MPOHUCXOJMIO TepeMellleHne U3 TOUKH I B TOYKY 2.

KouncepBaTuBHOCTb Cuibl Fug NO3BOJISIET BBECTH MOTEHIHAJbHYIO
suepruto yactuusl Uyg (UeHTpPoGeXXHYIO 3HEepruio), yOblib KOTOpOil
onpenesnser paboTy LEHTPOOEKHOH CHJIbI MHEPLHH:

Aiz 6 = Uuﬁ i— Uu6 3 (355)
(cM. dopmyny (22.1)). M3 conocraBnenus dopmya (35.4) u (35.5)
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3ak/w9aeM, 4To

U= — -21—mo)2R3+ const.

KOHCTaHTY MOXHO MOJIOXKHTb paBHO Hymo: Torxa Ajs meHTpoGex-
HOIi HEPrUU MOJIYYHTCS CJeAylollee BHIpaXKeHHe:

1
Uye=— 5 mo*R®. (35.6)
Ecau Boipaxkenve (35.6) no6aBMTb K NOTEHIMAJbHOH 3HEPTHU Ya-

CTHLE, TO B BeJUYHHY A1z yyepy B PopMYyIe (35.1) He crienyer BKMOYATh
paboTy LEHTPOGEKHOH CHJIbI MHEDIMH.



TTABA V
MEXAHUKA TBEPJOIO TEJIA

§ 36. JisuxenHe TBepaoro teaa

B § 1 MBI MO3HAKOMHJIMCH C JBYMSI OCHOBHBIMH BHJIAMH IBUXKEHHS
TBEpJOro TeJa — IOCTYNaTeNbHBIM M BpallaTeJbHbIM.

Ilpu mocTynarteJbHOM ABHXKEHMH BCE TOYKHM TeJa IOJIYYalOT 33 OJUH
M TOT Xe NMPOMEeXYTOK BpeMEHH PaBHble N0 BeJIHUHHE M HanpaB/eHHIO
nepeMellleHHs1, BCIeCTBHE Yer0 CKOPOCTH H YCKOPeHH sl BCeX TOUYeK B Ka-
JKJbI MOMEHT BpeMeHH OKa3BIBalOTCsl 0AMHAKOBBIMHU. [ToaToMy nocrartou-
HO OMpefie/INTb JBHAKEHHE OJHOH U3 TOUeK Tesa (HalpuMmep, €ro neHTpa

7 A L
Rrasy
~T~\" —
0 o B =)
| iz A \ A5
! - - \\ ‘%7/”?
A vy \ / 0
b»'/ \«-7/;
T 7 A
Puc. 36.1. Puc. 36.2.

Macc) IJst Toro, 4ToObl OXapaKTepH30BaTh MOJHOCTBIO JBHXKEHHE BCEro
TeJa.

ITpu BpalaTesbHOM ABHXKEHHH BCE TOYKH TBEpJOIO Tesa ABMAKYTES
IO OKPY2KHOCTSIM, LIEHTPBI KOTOPBIX JlexKaT Ha OJHOH U TOH ke MpAMOH,
HasblBaeMOH OCbIO BpallleHus. JlJisl onucanyst BpalaTeIbHOro ABMKEHHS
HYKHO 3aJiaTh MOJIOKEHHE B IPOCTPAHCTBE OCH BpalleHUsS U YIJIOBYIO
CKOPOCTb Tela B KaxKIbli MOMEHT BpeMeHH.

Okxa3sbiBaeTcsi, YTO J1000€ IBHXKEHME TBEpIOTO Teja MOXeT ObiTh
NpelCTaB/IeHO KaK Ha/oXeHHe JBYX YKa32HHBIX BhIIle OCHOBHHIX BHJOB
aBmKeHus1. [TokaxkeM 3To AJ1s c1yyasi MJ1 O C KOT O JBHXEHHS, T. e.
TaKOro, NMPH KOTOPOM BCe TOYKH Te/la MePeMelNaloTCsl B NMapajlie/bHbIX
nyockocTsx. IIpuMepoM MJIOCKOro IBHXKEHHSI MOXKET CIYXUTb KaueHHe
IWINHApa No mvockocTH (puc. 36.1).
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[IpousBo/ibHOE NepeMelleHHe TBEPAOTO Tesa M3 MoJoxeHust I B no-
Jnoxenue 2 (puc. 36.2) MOXKIIO NpeICTaBUTb KaK CYMMY JABYX Nepemelle-
HUl — [OCTYNAaTebHOTO NepeMelleHtsi U3 NOJIOKeHUS [ B IOJIOKEHHE
1’ unu 1" v nopopota BoKpyr ockt O’ uin ocu 0”. OUeBUAHO, YTO TAKOE
pas36uenve nepeMellieHHs] HA NOCTYNaTe/]bHOE H BPALIATEJIbHOE MOMKET
ObITb OCYLIECTBJIEHO GECYHC/IEHHBIM MHOXECTBOM CMOCOGOB, OIHAKO B
JIIO6OM CJ1y4Yae NPOU3BOAUTCS HOBOPOT Ha OAUH U TOT XKe Yroa ¢.

B cooTBeTCTBUM €O CKasaHHBIM BBbIlllE 3JE€MEHTapHOE mepemelleHHe
KaKOH-JIMGO TOUKHU Tea ds MOKHO Pas3/ioKUTb Ha JABa MepeMellieHusT —
«TIOCTYMaTeNbHOEY dS; U «BpaLlaTeNbHOe» dsg:

ds =ds, - ds,

npuueM ds, JIas BCEX TOYEK Tesa CAHO M TO Ke. Takoe pasiioxkeHue
nepeMellleHHsT dS MOMHO, KaK MbI BHJAEJH, OCYLIECTBHTb Pas3JHUYHbIMH
cmoco0amu, NpHYeM B KaXKIOM CJydae BpalllaTesbHOe IepeMelleHue
ds, oCyImecTBJIsIeTCSl IOBOPOTOM TeJla Ha OJHH U TOT e YroJ dg (HO OT-
HOCHTEJIPHO Pa3J/IMUHBIX ocefi), B TO BpeMs Kak ds, M ds, OKa3blBalOTCA
Pa3JHYHBIMH.

PaznenuB ds Ha COOTBETCTBYIOLIME NPOMEXKYTOK BpeMeHH df, moJy-
YUM CKOPOCTb TOYKH

_ds__dsy , dsg __ ’
V=g=at g =YtV

rjie Vo — OJHHAKOBas 151 BceX TOYEK TeJla CKOPOCTb MOCTYNaTeJbHOrO
IBIXKEHHS U V' — pa3auunasi JJIs pasHbIX TOYEK Tesla CKOPOCTb, 00ycC-
JIOBJIEHHas BpallleHueM.

Taxum o6pa3oM, mJIOCKOe ABH:KEHHE TBEPJOTO Tejla MOXKHO NpeJcTa-
BHTb KaK CYMMY IBYX JBHKEHWH — IOCTYNATEJbHOTO CO CKOPOCTBIO
Vo H BpallaTe/IbHOTO C YIJIOBOH CKOpPOCTBIO @ (BEKTOpP ® Ha puc. 36.1
HanpagsJ/ieH NepHeHAHKYISIPHO K IJIOCKOCTH uepTexa, 3a ueprtex). Ilo-
JIo0HOe NpejCTaBJIeHHe CJIOKHOTO JBHXKEHUS MOXXHO OCYIIECTBHTb MHO-
JKEeCTBOM CNOCOGOB, OTIHYAIOIINXCS 3HAYEHHSIMU Vo H V', HO COOTBETCT-
BYIOIUX OJ1HOH M TOH ke yrJoBoii ckopocti . Hanpumep, nuxkenue
LUJIMHAPa, KaTsuerocss Ge3 CKOJBXEHHd M0 IJockoctH (puc. 36.1),
MOXKHO MpEJICTaBUTh KaK MOCTYNaTesJbHOE JABHMIKEHHE CO CKOPOCTBIO V,
H OJHOBpEMEHHOe BpallleHHe C YIJIOBOH CKOPOCTBIO ® BOKpPYyr ocu O,
JIM60 KaK NMOCTynaTeJbHOE NBHKEHHE CO CKOPOCTBIO Vy=2V, U BpalleHue
C TOH 2Ke YIJIOBOHl CKOpPOCTbIO @ BOKPYr ocu 0", nn6o, HaKOHel, Kak
OJHO TOJIbKO BpallleHHe OIATb-TaKH C TOH Ke YIJIOBOH CKOPOCTBIO ®
BOKpyr ocu O’.

HaspaB cucremy oTcyeTa, OTHOCHTENIBHO KOTOPOIH MBI paccMaTpuBa-
€M CJIOXXHOe JBHXKeHHe TBEPAOrO TeJja, HEeNOJABHMKHOH, ABUKEHHe Tesa
MOXXHO TIPeACTaBUThb KaK BpallleHHe C YIJIOBOH CKOPOCTbIO @ B CHCTeMe
oTcyeTa, KOTOpas ABHXKETCS OTHOCHTEJNbHO HENOJABHXKHOH CHCTEMbI IO-
CTYNaTeJNbHO CO CKOPOCTBIO V.
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JIuHeliHasi CKOPOCTb V' TOYKH C PafHyCOM-BEKTOPOM T, OGYCJ/IOBJIEH-
Hasi BpallleHHeM TBepJoro Tesa, paBHa V' =lor] (cm. (5.8)). Crenosa-
TeJIbHO, CKOPOCTb 3TOH TOYKH IIPH CJIOKHOM JBHUXKEHHH MOXKET GBHIThb
npejCTaBleHa B BUJE

v=v,+}[er]. (36.1)

DiieMeHTapHOe NepeMellleHHe TBEPJAOTro Tesla NPH MJIOCKOM JABH:KEHUH
BCErja MOXHO NpeJCTaBUTh KaK MOBOPOT BOKPYT HEKOTOPOI OCH, Ha3bl-
BaeMOd MTHOBEHHOH OCbhIO BpallleHHsA. ITa OCb MOKET
JiexaTh B IpejeJax Tesa, Jubo BHe ero. IlosoxeHne MIHOBEHHOH ocH
BpalleHHs] OTHOCUTEIbHO HENOJBHKHON CHCTEMBI OTCUETa Y OTHOCHUTE/b-
HO CaMoro TeJsia, BooGllle TOBOPs, MEHsIeTCs1 co BpeMeHeM. B cayyae ka-
Tserocs: nUaAMHApa (puc. 36.1) mruoBeHHast ock O' cOBMajaeT ¢ JTHHHEH
KacaHus IMJIMHIpA C MJIOCKOoCThlo. [IpH KaueHUM LMJIMHIPA MTHOBEHHA S
OChb INepeMellaeTcsi KaK IO IJIOCKOCTH (T. €. OTHOCHUTENIHO HelOJBHK-
HOH CHUCTeMBI OTCYETa), TaK H IO MOBEPXHOCTH LHJIHHIpA.

CKOpOCTH BceX TOYeK Tesa IJIsi Ka)KAOrO MOMEHTA BpEMEHH MOXKHO
cuuTaTh OOYCJIOBIEHHBIMH BpallleHHeM BOKPYT COOTBETCTBYIOIIEH MrHo-
BeHHOM ocH. ClienoBaTesbHO, IJIOCKOE ABIXKEHHE TBEPIOrO Tesla MOMXHO
paccMaTpHBaTh KaK PsJ NOC/TeIOBAaTeNbHBIX 3JEeMEHTapHBIX BpalleHuil
BOKPYI MTHOBEHHBIX OCel.

Ilpyu HemJIOCKOM IBHXKEHMH 3JeMEHTapHOe IlepeMelieHHe Teja MOXK-
HO HPeJCTaBUTb KaK NOBOPOT BOKPYI MCHOBEHHOH OCH JIMIIb B TOM CJy-
yae, €C/JIH BEKTOPH V, H @ B3aHMHO ePNeHAUKYJIAPpHbL. ECaH yromn Mex-
1Y 9THMH BEKTOPaMH OTJIHYEH OT 7/2, IBHXKeHHe Tesla B KaXAblH MOMEHT
BpeMeHH OyleT HaJOXKeHHeM JBYX JABHXKeHMH — BpalleHHs] BOKpYT
HEKOTOPOIl OCH H MOCTYNATeJbHOTO ABIXKEHHS BJAOJb 3TOH OCH.

§ 37. JiBuKeHHe LEHTPA MacC TBepAoOro Tela

PasGuB Teso Ha 3JIeMEHTapHBIE MACCHL /M;, MOKHO NpPEICTaBUTh €ro
KaK CHCTeMY MaTepHaJbHBIX TOYeK, B3aHMHOE PacIoJIOKeHHe KOTOPHIX
ocTaeTcsl HeH3MeHHbIM. JIi06asi U3 STUX 3JeMEHTAPHLIX MacC MOXKET Ha-
XOMUTLCS TI0J BO3AEHCTBYEM KaK BHYTPEHHUX CHJI, OGYCJOBJIEHHBIX ee
B3aMMOJICHCTBHEM C APYTHMH 3JEMEHTapHEIMH MacCaMH paccMaTpHBae-
MOTO TeJsla, TaK M BHeIIHMX cuJ. Hanpumep, ec/iv Tejio HaXoauTes B NoJe
CUJI 3eMHOTO TATOTEHHS, Ha KaXIAYI0 3JeMEeHTapHYI0 Maccy Tena m;
6yIeT neiCTBOBaTh BHELUHSISI CHJIa, paBHas m;g.

Hanvimem /s Kaxnod s/ieMeHTapHOH MacChl ypaBHEHHe BTOPOTO
3akoHa Heiorona:

miwi=fi+Fi, (37.1)

rie f; — pesyabTHpyomas BceX BHYTPEHHHX cua, a F; — pesyabti-
pyiolasi BceX BHEUIHUX CHJI, NPHJIOKEHHBIX K JaHHOH 3JeMeHTapHOMH
macce. CnoxuB ypaBHenusi (37.1) JAJs BCeX 3JIeMEHTapHHIX Macc,
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MOJTy4YHM: .

Xhw, =i+ F,. (37.2)
Oanako cyMMa BCeX BHYTPEHHUX CHJI, JeHCTBYIOIUX B CHCTeMe, paBHa
nymo. ITosTomy ypaBrenue (37.2) ynpoinaercsi CJAeAYIOLIHM 06pa3oM:

2mw;=F, (37.3)
37ech cnpaBa CTOMT Pe3yJBTHPYIOIast BCeX BHELIHHX CHJI, AEHCTBYIO-
mMUX Ha TeJo.

CymMy, cTosiLyio B JeBojt yacTh ¢opMyaer (37.3), MOXKHO 3aMEHUTh
IPOH3BENEHNEM MacChl Tefa m Ha YCKOpPeHHe €ro LeHTpa Macc W.
HefictBuTeNbHO, coryiacHo (27.6)

Simr;=mrc.

HpOJiPI(b(bEpEHL[HpOBaB 5TO COOTHOLICHNE ABAaXKABI [10 BPEMEHH U NPUHSAB
BO BHHMaHHe, 4YTO I';=W;, a =W, MOXHO HalHuCaThb:

Simw;=mwc. (37.4)
ComnocraBuB ¢opmyJsl (37.3) u (37.4), mpuieM K ypaBHEHHIO
mwe =2 | - (375)

KOTOpOe O3HayaeT, YTO YeHmpP Macc meepdo2o meaa OBUICemcs maxK, Kax
dsucanace ObL. MOMEPUAALHASL MOYKA C MACCOLi, PasHOL macce meaa, nod
Oeticmauem 6cex NPUAOICEHHLIX K MeAYy CUA.

YpaBHrenue (37.5) 1aeT BO3MOXKHOCTb YCTAaHOBHTb ABHXKEHHE HEHTpa
Macc TBEpIOro Tesa, €CJH H3BeCTHa Macca Tesla M JeHCTBYlolue Ha
Hero cwibl. B ciiyyae moctynatesibHOro BHXKEHHS 3TO ypaBHeHue GyneT
onpefesaTbh YCKOPeHHe He TOJBbKO LEHTPa MacC, HO M JoGofl Apyroi
TOYKH TeJa.

§ 38. Bpamenne Tera BOKpYr HENmOABHMHOH OCH

PaccmoTpuM TBepoe Teslo, KOTOPOe MOXKeT BpallaThCsi BOKPYT He-
NOJBHKHOH BepTHKanbHOH ocy (puc. 38.1). UrtoGrl ymepikaTh oCb OT
nepeMellieHn B IIPOCTPAHCTBE, 3aKJIIOYHM ee B moAuuniuku. Onupato-

- muiics Ha HUXHUA noIMnHMK Quaden D npeioTBpallaeT nepeMele-
HHE OCH B BePTUKAJbHOM HanpaBJieHUH.

AGCo/oTHO TBEpIOE TEJO MOXKHO PacCMaTpUBaTh KaK CHCTEMY va-
CTHI (MaTepHaNbHBIX TOYEK) C HEH3MEHHBIMH PAaCCTOSIHHAMHM MEXIY
HUMU. JIns BCAIKOH cHCTEMB! YacCTHI, COpaBefJIMBO NOJydYeHHoe B § 29
ypaBHeHHe

d
L M= N, (38.1)

(cM. (29.18)). D10 ypaBHEHMeE CIPaBEINHBO U IS TBEPHOro Tena. B mo-
crefHeM caydyae M ecTb MOMEHT MMIYyJibca Tedsa; cnpasa B (38.1) crour
-CyMMa MOMEHTOB BHELIHHX CHJI, JeHCTBYIOIIMX Ha TeJlo.
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BoabMeMm Ha ocH BpaieHusi Touky O u OyneM XapaKTepH3oBaTh IO-
JIO}KeHHe 06pa3yIoUX TeJO YaCTHIL C NOMOLILbI0 PajHyCOB-BEKTOPOB T,
IpOBeJleHHBIX U3 3TOH TOUKH (Ha puc. 38.1 nokasaHa i-s1 4acTHua ¢ Mac-
COMl m;; KPYXKKOM C KDeCTHKOM IOKa3aHa CKOPOCTb
V; YaCTHIIBEI, HallpaBJieHHas 3a. yeptex). CorsacHo
(29.5) mMoMeHT uMIYyJbca - YaCTHUIBI OTHOCHTEJb-
Ho ToukH O paBeH

M;=Ir;, myv;l=m;lr;, v;]. (38.2)

BekTopr! r; M V; LIS BCEX YaCTHI| TeJa B3aHMHO
nepneHAHKYJspHbl. IlosToMy MOAyJb BeKTOpa
(38.2) paBen

Mi=miriv,-=miri0)Ri, (38.3)

rae R; — paccTosiHHe YacTHUB OT OCH BpaleRHs
(cM. dopmyay (5.7)).

OrmeTuM, 4TO coraacHo (38.3) mMoxysb BeKTOpa Puc. 38.1.
M; nponopiHoHaleH CKOPOCTH BpalleHUs TeNa o]
Hanpap/ieHHe ke BeKTopa M; OT ® He 3aBHCHT — 5TOT BEKTOP JIEXKHT
B IJIOCKOCTH, NPOXOAsillell Yepe3 OCb BpallleHHsI M YaCTHILY m;, U mep-
NeHIUKYJISIPEH K T;.

Jlerko yGemurtbCcsi B TOM, YTO MJIsi BCeX 0OOpasyoUIMX TeNO YacTHIL
yroJ Mexny Bekropamu M; U o sBjasieTcst octpbiM. IloaToMy mpoexmuu
5THX BEKTOPOB Ha COBNAJAIOLIYIO C OCBHIO BpaUlEHHUS OCh 2 HMEIOT OAH-
HakoBble 3Haku. C yyeToM 3TOrO MOXKHO HamucaTbh, 4TO

M,;=M;coso;=m;rwR;cosa;=m;(r;cosa;) Rw=mRiw,. (38.4)

3nech a; — yroa mexnay BektopoM M; u ocbio z. [Ipn u3meneHun Ha-
npaBJieHusT OcH z Ha oGpaTHoe o6e npoeKun — M,; 1 ®, — H3MEeHSIOT
3HaK, OfHaKO paBeHCTBO (38.4) ocTaercsi CIpaBelJIHBBIM.

[IpocymmupoBaB BbipaxeHHe (38.4) o BceM YacTHLIAM, MOJYYHM MO-
MEHT HMIYJIbCa TeJla OTHOCHTEJNbHO COBHAjAoUlell € OCbi0 BpalleHHS
ocH 2:

M, = M,; = mRlo, =0, Xm;R}. (38.5)

Benuuuna I, paBHasi cymMe NpOM3BeieHHH 3j1eMeHTapHBIX Macc Ha
KBajpaTbl UX PaCCTOSIHHE OT HEKOTOPOH OCH, Ha3biBaeTCs M O M € H-
TOM HMHEpPI UM Tela OTHOCHTEJTbHO AAHHOH OCH:

=Y mR:. (38.6)

CyMMHpOBaHNe NPOH3BOAUTCS MO BCEM 3JIEMEHTapHBIM MaccaM m1;, Ha
KOTOpbi€ MOXKHO PasOHTBb TeJlo.
IMpunuss Bo BHuMaHue ¢opmyny (38.6), Buipakenue (38.5) MoxKHO
IPEACTaBUTDb B BHJE
M,=lo,. (38.7)
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ITonyuennas ¢opMysa axajoruausa gopmyJse p,=muv,. Pojb Maccel ur-
paeT MOMEHT MHEPUHH, POJIb JHHEHHOH CKOPOCTH — YIJIOBasi CKOPOCTb.
W3 Buna Beipaxenus (38.7) caepyer, uto BequuuHa M, He 3aBHCHT
OT TOro, OTHOCHTE/bHO KaKoil Toukd O (/exalliefl Ha OCH BpalleHHUs)
Gepercst MomeHT M.
CoriacHo (29.19)

d
'Et'Mz':ZNz Bremy®
[MoncraBus croma Beipaxenue (38.7) nns M,, nmpuseM K ypaBHEHHIO

]ﬁz = 2 Nz BHEIH? (38°8)

rze p,=®, €CTh NPOeKIHs YIJOBOrO YCKOPEHHs Ha OCb 2. Y paBHEHHe
(38.8) aHasornyHO ypaBHeHHIO mw, = >\ F,. PoJIb Macchl HrPaeT MOMEHT
HHEPLHH, POJIb JIHHEHHOrO YCKOPEHHS — YIJIOBOe YCKODeHHe H, HaKo-
Hell, POJIb pe3yJbTHpYIOUleH CHJIbl — CYyMMapHbIH MOMEHT BHEIIHMX
cHJL.

Cymma BripaxkeHuii (38.2) faeT MOMEHT MMIYJ/bCa TeJla OTHOCHTE/b-
HO ToukH O (cM. puc. 38.1):

M=ZM;=Zm;lr;, v;l. (38.9)

B ofuiem ciayuae Bektop M He coBNazaeT No HanmpaB/IeHHIO C OCBIO
BpallleHHs Teja 2z U TOBOPauyMBaeTCss BMeCTe C TeJOM BOKPYI 3Tol
OCH, OMMChIBasgs KoHYC (puc. 38.2). "

W3 coobpakeHuii CHMMETpHH SICHO, UTO JJ/Is1 OXHOPORHOIO *) Teia,
CHMMETPHYHOT'O OTHOCHTEJNbHO OCH BpalleHHs (AJS OXHOPOLHOTO Tesa
BpalIeHHs1), MOMEHT UMITYJIbCa OTHOCHTEIbHO TOUKH O, nexaliell Ha ocu
BpallleHHUs, COBIAJAeT IO HaNpaBJIeHHIO ¢ BeKTopoM ®. B 3ToM cayuae
MOXYJ1b MoMeHTa ummynasca M paseH |M,| — monymio npoekiyuu M Ha
~ocb z. [IpuHAB Bo BHHMaHMe Bbipaxenue (38.7), noaydum, 4TO

M=1I|o,|=l0o.

HaKOHELl, yaTs1, 4TO BEKTOPEI M U ® UMEIOT OJMHAaKOBOE HamnpasJieHue,
npuaeM K COOTHOLUEHHIO

M=lo. (38.10)

Hanomuum, yto, B oT/inume ot coorHouteHus (38.7), cnpaBeqinBoro
Juist Jioboro Tesa, cooTHomeHue (38.10) mMeeT MecTo JIMLIbL B CJydae
TeJla, BPAIIAIOIErocsi BOKPYT OCH CIMMETDHH, a TaK:Ke, KaK Mbl YBHAUM
HHXe, /ISl HeCHMMEeTPHYHOrO TeJa, Bpallaiollerocsi BOKPYr OZHOH U3
CBOHX TIJIaBHBHIX OCEH WHEPIHH.

B cnyuae, Korza och BpaileHUsI TPOXOIUT Yepes LeHTp macce Teqa C,
3HayeHHe MoMeHTa M He 3aBUCHT OT MOJIOXKEHHS] Ha OCH BPALLEHHS TOY-
kKM O, OTHOCHTeJIbHO KoTopol oH Oepercs. [eficTBUTE/1bHO, BO3bMEM Ha
ocu BpaueHust Toukd O 1 O, cMellleHHble IPYT OTHOCHTEJIBHO ApYra Ha

1) B mexaHHKe OXHOPOAHEIM Ha3bIBAETCS TJIO C OAHHAKOBOMH BO BCeM 06beMe IIIOT-
HOCTBIO (cM. § 39).



§ 38. BPAILLEHUE TEJIA BOKPYI HEITOABH)XHOM OCH 137

orpesok a (puc. 38.3). M3 pucyHka BuaHo, 4TO r;=a-r;. MoMeHT uM-
nyJabca OTHOCHTEJNBHO Toukd O paBeH

M =Xm[ri, vi]=2m[(@a+r), v]=2m;[a, v;]+ X m[r; v].
Bropoe c/1araemoe B NpaBoii YaCTH MPeJACTABALET CO6O0I MOMEHT MMITY.JIb-

ca M ornocutesibHO ToukH O. IlepBoe ciaraemoe MOXKHO peoGpa3oBath
celyolHM o6pa3oM:

B
Smifa, vil=[a, Zmy]=[a, mvcl.

TToCKOJIBKY LEHTP Mace JIeXKHT Ha OCH BpalleHus, vo=0 U, c/JIe10BaTe/b-

Ho, M'=M. [I11s1 OJHOPOJHOrO Te/1a, BPAaLlAIOLIerocs BOKPYT OCH CHM-

MeTpuH, He3aBHCHMOCTb M oT moJ/ioxkeHHst TouKd O BhITeKaeT U3 BUAA
¢opmyJsr (38.10).

A
ZL_,

——— -

Puc. 38.2. Puc. 38.3.

B ciyyae BpauieHHsi BOKPYT BePTHKa/JbHOH OCH OJHOPOJHOIO CHM-
METPHYHOTO Tesla CHJIBI GOKOBOTO JaBJIEHUS MOAUIUIHHKOB Ha OCh (CM.
puc. 38.1) He Bo3HHMKaOT. B OTCYTCTBHE CHJIBI TSKECTH MOAMIMNHUKK
MOXHO OblJI0 GBI YOpaTh — OCb ¥ 6€3 HUX COXpaHsJia Gbl CBOE HOJIOXKEHHe
B npoctpancrBe. Ocb, HOJOXKEHHE KOTOPOH B IPOCTPAHCTBE OCTaeTCst
HEeH3MEHHBIM TIPH BpAaLIleHHH BOKDYTI Hee Teja B OTCYTCTBHE BHEIIHHX
CHJI, HasbiBaeTcsi CBOGOJHOH OCbIO TeJa.

MoXHO J0Ka3aThb, 4TO IJ1d Tesa J060oH GOPMEL H C MPOU3BOJBHEIM
pacnpefesieHHeM Macchl CYIeCTBYIOT TPH B3aUMHO NePINeHIHKYJIsSIpHbIE,
NPOXOAALLHe Yepe3 LEHTP Macc Tesla OCH, KOTOPble MOTYT CJIYXKHTh
CBOGOIHBIMH OCSIMH; OHM Ha3blBAlOTCI T JaBHBMH OCSAMH
HHEepLUH Tesa.

Y onHoponHoro mnapanienenuneia (puc. 38.4) rJaBHBIMH OCAMU
uHepuuu 6yayt, oueBuano, ocu 0,0y, 0,0, u 0;0;, npoxofdiine uepes
LEeHTPHl NPOTHBO/IEXKALIMX IpaHeH.
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Y Tena, 06aa/aloleT0 OCEBOI CHMMeTpuell (HampuMmep, Y OJHOPOJI-
HOTO 1) HUJIMHApA), OJHON M3 IJIaBHBIX OCell HHEPIHHU SBJSIETCS OChb CHM-
MEeTpHH, B KauecTBe IABYX JPYTHX OCell MOT'yT CIYXKHTb JBe JloOble B3a-
HMHO NeprieHAUKY/IsIPHEIE OCH, JIeXKalllHe B IIOCKOCTH, NepPNeHAuKYJIsap-
HOH K OCM CHMMETPMH M IIPOXojsdliiye uepe3 LEHTP MacC TeJa
(puc. 38.5). Takum o6pasoM, y Tesia ¢ 0CeBOH cUMMeTpHell PHKCHpOBaHA
TOJIbKO OfiHA U3 IJIaBHBIX OCeH WHEPLHH.

Y TeJa ¢ LeHTpPaJIbHOH CHMMeTpHeH, T. e. y 11apa, IJOTHOCTh KOTO-
POTO 3aBHCHT TOJBKO OT PACCTOSIHHSA OT LIEHTPA, IVIaBHBIMH OCSIMH HHep-
UHH SIBASIIOTCS TPH JiIoOble B3aUMHO NepreHAHKYAsPHLIE OCH, IPOX0oJs-
e 4epe3 neHtp Macc. CjefoBaTesibHO, HH OJHA U3 IVIaBHBIX ocelt
HHEpLHH He (UKCHPOBaHa.

MoMmeHTbl MHEpPUHH OTHOCHTENBHO TIJIaBHBIX OCeH HasblBalOTCA
TrTaBHBMHU MOMEHTAMHU HHep LHHU Teaa. B obuiem ciyyae
3TH MOMEHTBbl Pa3nuuHbl: [,551y5=1;. Jl1a Teja ¢ 0CeBOH CUMMETpHeH
JIBa TJIaBHBIX MOMEHTA HHEPUHH MMEIOT ONUHAKOBYIO BeJIMUMHY, TpeTui
Ke, BooOlie roBopst, OTJNYeH oT HuX: [,=1,7=1;. 11, HaKoHel, B cayyae
TeJa C LEHTPAJbHOH CHMMeTpPHeH Bce TPH IJIaBHBIX MOMEHTa HHepIHH
OfMHAKOBH: [i=1,=13;.

PaBHBIMM 3HaueHHSIMH TIVIaBHBIX MOMEHTOB
HHepUHH oO6JiafaeT He TOJbKO ORHOPOAHBIH
lIap, HO H, CKaxkeM, OJHOPOAHEIX Ky0. B obiem

Puc. 38.4. Puc. 38.5.

cJ1ydae Takoe PaBeHCTBO MOXKeT HalJIONaThCsl IPH HaJJIeXKalUeM pacrpe-
JeJIeHHM MacChl AJIs TeJla COBEPILEHHO NMPOH3BOJBHOH (opmel. Bee mo-
ZoOHbIE TeJla HA3HBAKT WaPOBEHMH BOJYKaMU. Xapakrep-
HbIM JJIsi HHX SIBJISIETCS TO, 4TO J1I06as OCb, NPOXOJAIIasi Yepe3 LEHTP
Macc, obsajaer cBOHCTBaMH CBOGOAHOH OCH H, CJlefoBaTeNbHO, HH
OfiHa U3 IVIaBHHIX OCel HHepUHU He PHKCHPOBaHa, Kak M AJs Iapa. Bee
IIapOBbIE BOMYKH BeAYT ceOs NMPH BpallleHHH B HAEHTHYHBIX YCJIOBHAX
OZIMHAaKOBBHIM 06pa3oM.

1) Hocratouso, 4ToObl INIOTHOCTE TeJa GhIA B KaXAOM CeUeHHH BYHKIHEl TOMbKO
PaccTOAHHA OT OCH CHMMETDHH,
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Tena, nns koropuix I,=1,71I;, BenyT ce6s KaK OJHOPOIHBIE Tesa
ppauleHuss. MX HaswpBaloT CHMMETPHUYHBMH BOJYKaAaMH.
Haxkonen, Tema c¢ J;5~I,5I; Ha3biBalOT aCUMMETPHUUYHBEIMH
BOJYKaMH. ’

Ecau Tes0 BpaliaeTcs B YCJIOBHSIX, KOTJa KaKoe-JiH6G0 BoafeficTBHe
H3BHe OTCYTCTBYET, TO YCTOHUMBBIM OKa3EIBaeTCsi TOJIbKO BpallleHue BO-
KpYT TJIaBHEIX Ocell, COOTBETCTBYIOWHX MaKCHMaJbHOMY W MUHHMAJb-
HOMY 3HayeHHMsIM MOMEHTa HHepuuu. BparieHue ke BOKPYT OcH, COOT-
BETCTBYIOLIEH MPOMEXKYTOYHOMY N0 BEJHYHHE MOMEHTY, GyJeT HeyCTol-
YHUBHIM. DTO O3HayaeT, YTO CHJIBI, BO3HHKAIOIHE NPpH MaJeiiieM OTKJO-
HEHHH OCH  BpAIlleHHs OT 3TOH IVIaBHOH OCH, NeHCTBYIOT B TaKOM Ha-
NpaBJieHNH, YTO BeJHYMHA &TOr0 OTKJOHEHMs Bo3pacTaeT. Ilpu ot-
KJIOHEHUH BpallleHHs OT YCTOHUYMBOI OCY MOJ JefCTBHEM BO3HHKAIOIHX
NPH 5TOM CHJI TeJI0O BO3BpalllaeTcsl K BpallleHHI0 BOKPYT COOTBETCTBYIO-
el rJIaBHOH OCH.

B ckasaHHOM MOXKHO yGeAHTBLCS, MONHBITABIINCH NMOAOPOCHTL Kakoe-
Jaubo Teno, HMemomee dopmy napassenenunefa (HanpHMep, KopoGokK
CIHYEK), TPHBeJs ero ONHOBPEMEH-
Ho Bo Bpauienue !). Ilpu atom 06-
HapyXuTcd, YTO Teso, najas,
MOXeT BpallaTbCs YCTOHYHBO BO-
KPYr ocell, TPOXOASIHX Yepe3
HauGoJiblIHe MJIM HaHMeHblIHe
rpaHy. IToneITKH Ke NoaOpOCHTH
TeJIO TaK, uToOb OHO BpallaJoCh
BOKpPYT OCH, Npoxojsieii uepes i
cpefHue rpaHH, GYAyT Oe3ycrell- 2) -6)
HBIMH. Puc. 38.6.

IIpu HanUyuM BHEIIHEro BO3-

JieHCTBYS, HanpuMep, CO CTOPOHBI

HUTH, 33 KOTOPYIO MNOJBENIEHO Bpalualoieecs: Teso, YCTOHYHBLIM OKa-
3BIBAETCS TOJIBKO BpallleHHe BOKPYT IVIaBHOH OCH, COOTBETCTBYIOLIeH Hau-
GoJibIlIeMy 3HaYeHHIO MOMeHTa HHepLiuH. I1o aTofl npHYHHe TOHKUH CcTep-
KeHb, MOJBEIEHHBIH HA HUTH, NPUKPEIJIEHHOH K ero KOHILY, IpH ObICT-
pOM BpallleHHH OyJeT B KOHEYHOM HTOTe BPallaThCsl BOKPYT NepreH/H-
KYJSIpHOH K HEMY OCH, Mpoxoasieil yepes nenrp (puc. 38.6, a). Axa-
JIOTHYHBEIM 06pa3oM BezeT ceGsl AHCK, NOABELIeHHBI! Ha NPUKPENJICHHOH
K ero kpailo HuTH (puc. 38.6, 6).

ITo cux nop peub Livia O Te1aX C HeH3MeHHBIM PacrpesieleHHeM MaccHl.
Tenepb mpeanoJIOKHM, 4TO TBeplOe TEJO MOXKET Ha KaKoe-TO BpeMs
yTpauMBaTh CBOMCTBO HEM3MEHHOCTH B3aHMHOIO PAaCHOJIOKEHHs €ro
yactel, IpUYeM B TeYeHHe 3TOr0 BPeMEeHH MPOUCXOMMT epepacnpeseie-
HHe Macchl TeJla, B pe3ysbTaTe KOTOPOTO MOMEHT WHEPIMH H3MEHSieTCs

") BosjeiicTBHe CHJIBl TAXKECTH B STOM CJydyae He SIBJISIETCS CYIICTBEHHEBIM.
OHO MHmWb 06YCMOBIHBAET NPOUCXOASIIEE HAPAAY C BpallleHHeM NajieHue Tena,
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oT 3Hauenust [; jgo 3HaueHus /,. Ecau takoe nepepacnpenenenue ocy-
eCTBIAETCA B YCHOBHSAX, KOrga 3 Ny.e.,=0, TO COr/acHO 3aKOHY
COXpaHeHWsI MOMEHTa MMIYJbCa AOMMHO BBHINOJHSATLCS PaBEHCTBO

Io,=1,0,, (38.11)

rle ®;— HCXOJHOE, a ®,— KOHEYHOe 3HaueHHe YrJOBOH CKOPOCTH
tesa.” TakuM o6pasoM, M3MeHeHHe MOMEHTa HHepLHH BJjeyeT 3a co6oi
COOTBETCTBYIOllee H3MEHEeHHe YIJIOBOH CKOPOCTH. JTHM OOBsiICHSETCH
OGHIYHO JIEMOHCTPHpYEMOe sIBJIeHHe, 3aKJIoualolieecss B TOM, YTO YeJso-
BeK, CTOSI[MH Ha BepTsulefics cKaMbe, pa3BOAS PYKH B CTOPOHBI, Ha-
YyHAaeT BpallaThCsl MeJJIeHHee, a NpPHXHMasi PYKH K TYJ/OBHILY, Ha-
YHHaeT BpamaThecsi GhiCTpee.

§ 39. MoMeHT HHepUMH

U3 onpenenenns (cM. (38.6))
I=3 AmR3?)

BHJIHO, UTO MOMEHT UHEPILHHU €CThb B&JIHYHHA aAlHTHBHAA. Sro O3Hayaer,
4YTO MOMEHT HHEPUHH TeJa paBeH CymMMe MOMEHTOB HHEDUHU €ro yacrei.

[TousiTHe MOMeHTa HHEPpUHUU ObLJIO BBENIEHO HAMHU npH pacCMOTpEHUH
BpalleHHA TBEPJOro TeJa. OlIHaKO cjaenyer HMeTb B BUIY, YTO 3Ta BEJIH-
YUHA CYIIECTBYET 6E30THOCHTEJIBHO K BpalleHHUIO. Kaxnoe T€JO, He3a-
BHCHMO OT TOro, BpaulaeTcs OHO HJIH MOKOHUTCH, obnazaer onpeneseHHbIM
MOMEHTOM HHEPUHH OTHOCHTEJIbHO J10601 oCcH, MOJOOHO TOMY Kak TeJlo
o6/s1anaeT Maccod HEe3aBUCHMO OT TOro, ABUXKETCA OHO HJH HAXOIHUTCS
B IIOKoOe.

Pacnpeneneﬂue Maccpl B Ipejiesiax Tésa MOXKHO OXapaKTepH30oBaTb
C TOMOlIblIO BeJHUYHHHI, Ha3bIBaeMOH NJOTHOC Tbh . Ecan reno
OLHOPOJHO, T. €. CBOHCTBa €ro BO BCeX TOYKax OIHWHAKOBBI, TO IJOT-
HOCTbIO HAa3bIBa€TCsA BeJAHYHHA, paBHadA

p=m/V, (39.1)

rae m — Mmacca tesia, a V — ero o6bem. Takim o6pa3oM, B ciydae Ox-
HOPOJIHOTO TeJla MJIOTHOCTh NpeACTaBJsieT co6oi Maccy eAHHUIE! 06heMa
Tesa.

Hns Tena ¢ HepaBHOMEPHO pacnpefesieHHOH Maccoil BEIpaXKeHHe
(39.1) naer cpexnriolo mJIOTHOCTb. I1MOTHOCTE B JAHHOH TOYKe ompepe-
JI€TC B 3TOM Cllyyae CJeAYIOLIHM 06pas3oM:

o= lim Am __dm

lim S7=37- (39.2)

B stom BhipaxeHun Am — Macca, 3akJ/ioueHHasi B oGreme AV, KoTo-

1) B stom mnaparpage Lenecoo6pasHO OGO3HAUHTH 3JIEMEHTAPHYI0 Maccy Tejla
cuMBooM Am; BMeCTo 1m;.
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pBI TIpH MpejesbHOM NepeXxojie CTATHBaeTcst K TOH TOYKe, B KOTOPOH
onpejessieTcsi HJIOTHOCTb.

IpenenbHblii nepexon B (39.2) Hesnb3si HOHWMATh Tak, uto AV crs-
ruBaercst 6YKBaJbHO B TOYKY. IIpH TakoM HOHMMaHHU JJIs ABYX Mpak-
THYECKH COBNAJAIOUIUX TOYEK, OIHA H3 KOTOPBHIX NPHUXONUTCS HA SAAPO
aTomMa, a Apyrasi — Ha NPOMEXYTOK MEXIY siApaMH, moJsydaJscsi Obl
CWJIbHO OTJIMYAlOWIUfCS pe3yJ/ibTaT (IJisl NepBOHl TOYKH Or'pOMHasl Be-
JIUYMHA, a Jis BTopodl — Hyxb). [Toatomy ymeHburenue AV criepyer
NPOU3BOJUTL NO TeX IOp, NMOKa He GyneT moJiydyeH P H3 M UYECKH
6eCKOHEUHO MaJblil 00beM, O] KOTOPHIM IIOHUMAIOT TaKOH 06BeM, KOTO-
PBIH, C OJHOH CTOPOHBI, JOCTATOYHO MaJl AJIsI TOrO, 4TOObl MaKPOCKOIH-
yecKHe (T.e. NpHUcyuide GoJBILOH COBOKYNHOCTH aTOMOB) CBOHiCTBa
B [IPeJieJIaX €ro MOXKHO ObI/I0 CYHTATb OXUHAKOBBIMH, a C AP YT'OH CTOPOHHI,
JOCTaTOYHO BEJNHK JJIsi TOrO, YTOOBI HE MOIJIa NPOSIBUTBCS JMCKpeT-
HOCTb (IIPEpPBIBHOCTD) BELEeCTBA.

CoraacHo (39.2) ajemeHTapHas macca Am; paBHa NPOHU3BELEHHUIO
IUIOTHOCTH T€Ja P; B JAHHOH TOYUKe Ha COOTBETCTBYIOUIHH 3JeMEeHTap-
HBIE o6beM AV;:

Am;=p; AV;.
CienoBaTe/bHO, MOMEHT HHEpPIUH MOXHO NMpeACTaBHTb B BHJE
I =Zpin- AV, (39.3)

Ecau naotHocTb Tesa NOCTOSIHHA, €€ MOXXHO BBIHECTH 3a 3HAK CYMMBI:
I=p D RIAV,. (39.4)

Coorromenust (39.3) u (39.4) sBasiioTcst NPUOGMMKEHHBIMH, IpHYEM
TeM Gojiee TOYHBIMH, YeM MeHbIUE 3JeMeHTapHble o6beMbl AV; U coor-
BETCTBYIOLIME UM 3JeMeHTapHble Maccel Am;. CrenoBaTenbHO, 3ajada
HAaXOXKJCHHST MOMEHTOB HHEPUHH CBOJHUTCS K MHTErDHPOBAHHIO:

1= Rrdm={pR2 av. (39.5)

Wnrerpanst B (39.5) Gepyrcst mo Bcemy oObemy Tesa. BesquuuHel p U
R B 3THX WHTerpasiax sBASIOTCS QYHKUMSAMH TOYKH, T. €., Hanpumep,
IeKapTOBBbIX KOODAMHAT X, Y H 2.

B kauecTBe mpumepa HalIeM MOMEHT MHEpPIMH OJHOPOJHOrO AUCKA
OTHOCHTEJIbHO OCH, NMEePNEeHAUKYJISPHOH K NJIOCKOCTH JUCKa M NMPOXOAsi-
ue# yepes ero ueHtp (puc. 39.1). PasoGbeM AUCK HA KOJIbLEBBIE CIOH
toauyHoH dR. Bce Touku ofHoro cjost OYAYT HaXOQUTbCS Ha OJHHA-
KOBOM PAacCTOSIHHH OT OCH, paBHOM R. OGbem Takoro Cjosi paBeH

dV=0b2nR dR,

rae b — ToamuHa AucKa. ITocKO/NbKY HUCK OXHOPOJAEH, IJIOTHOCTDH €ro
BO BCeX TOYKaX ojfuHakoBa H P B (39.5) MOXXHO BBLIHECTH 3a 3HaK
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VHTErpaJja:
Ry

I=p{ R*av =p { R*27R dR,
0

rie R,— pamuyc aucka. BblHecem 3a 3HaK HMHTerpaja NOCTOSIHHBIH
MHOXHTENb 27mb:

R, .
I =2xnbp S R? dR=2nbp,—li—°- .
0

Hakomel, BBeIss Maccy AMCKa m, PaBHYI NPOM3BEJEHHIO NJIOTHOCTH P
Ha oObeM AuCKa baR%, moayuum:
2
mRyp
=—5. (39.6)
HaxoJeHne MOMEHTa MHepPUHH B PAaCCMOTPEHHOM NpHMepe 3HauH-

TeJbHO YIpollaJoCh BCJIENCTBUE TOro, 4TO TEJ0 6bLI10 OJTHODOJAHBIM
H CHUMMETPHYHBIM, & MOMEHT HHEPUUU MBI HCKAaJH OTHOCHTEJbHO OCH

/i ?
@i
) -
0' ”
Pue. 39.1. Puc. 39.2.

cumMeTpuH. Ecan Gbl MBI 3aX0Te/iM HaWTH MOMEHT MHEDIHH JHCKa OT-
HOCHTeJIbHO, HampuMep, ocit 0’0, nepneHAUKYJsSIPHOH K AMCKY H IIPO-
XoJsiler yepes ero kpai (cM. puc. 39.1), BhUMC/IEHHS, OUYEBUAHO, OKa-
3asuch Ovl ropasfio 6oJee CIOKHBIMY. B mo0o6HEIX ci1yyasX HaX0XIeHHe
MOMeHTa HHepUMH 3HAYMTeJbHO o0Jieryaercsi, €CJH BOCIOJb30BATHCS
Teopemoi llTeii Hepa, Kotopass GopmysaupyeTcs CJeAYIOUIHM
o6pasoM: momenm urepyuu I omuocumesvHo npousdsoAbHOL ocu paser
cymme momenma urepyuu I omrocumenrsHo ocu, napariesvHoti 0aHHoU
U npoxodsaueli uepe3 yYermp Macc meaa, U npouseeO0eris Maccol Meaa m
Ha Keadpam paccmosHus a mexcoy OCAMU:

I =1I.+ma?. (39.7)
B coorBerctBHH ¢ Teopemoii IllTelinepa MOMEHT MHepLHH IHCKa OT-

HocuTenbHO ocH 0’0’ paBeH HafiICHHOMY HaMH MOMEHTY HHEpPIHH
(39.6) orHOCHTeNILHO OCH, NpOXOAsAllEH Yyepe3 LEHTP JAHCKa, ILIIOC
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mR; (paccrosinue mexny ocamu 0'0" u 00 pasHo paanycy ZHcKa R,):

2
=2X + mRy=3 mR3.

Takum o6pasom, Teopema Illtefinepa, mo cymwecTBy, CBOAUT BHITHC-
JIeHMe MOMEHTa MHEPLHH OTHOCHTENIbHO MPOH3BOJIBHOH OCH K BHIYHCJIE-
HUIO MOMEHTa HHEPUMH OTHOCHTEJbHO OCH, NPOXOASUIEH uyepes LEHTp
Mmacc Teja.

Hns noxasartenbcrBa Teopemnl IlTeiinepa paccmotpum ock C, mpo-
XOAAILYIO yepe3 LeHTP Macc TeJia, U MapaJsiesbHyio eif ock O, OTCTOS-
myto ot ocH C Ha paccrosinve a (puc. 39.2; o6e oCH NepHeHAUKYJISPHBI
K IJIOCKOCTH 4depTexxa). O603HaumM uyepe3 R; nmeprneHAUKYISAPHBIA K OCH
C BekTOp, NMPOBEeJCHHHIH OT OCH K 3JleMeHTapHOH Macce Am;, a 4epe3
R; — ananoruyHelit BeKTOp, poBefeHHbIH oT ocu 0. Beenem Takxke nep-
HEeHAUKYJSPHEIA K OCAM BEKTOP a, COEMHSIOWUE COOTBETCTBYIOIIHE TOY-
Ky oceit O u C. dnsg n06o# napsl NPOTHBOJEKAIMX TOYEK STOT BEKTOP
HMEeT OJHHAKOBYIO BeJIMUHHY (PaBHYIO DPACCTOSIHHMIQ @ MEXAY OCSMH)
H OIMHAKOBOe Hamnpas/eHHe. Mexny mNepeuyHC/leHHBIMH BeKTOpaMH
HMEETCsI COOTHOLIEHHe

RE=a+R[.

KBagpar paccTosHusl 3JeMeHTapHoOil Maccsl Am; ot ocu C paBeH
R}=Rj}, a or ocu O —

RP?=(a-+R)*=a*+2aR;+R}.

C Y4eTOM MOCJICAHEr0 COOTHOILIEHW ST MOMEHT HHEPLUUH TeJ1a OTHOCHTEJIbHO
ocd O MOXHO npeacTaBHTb B BHIAC

I=AmRE=0a2D Am;+2a X Am;R;+ > Am;R} (39.8)

(MOCTOSIHHBIE MHOXKHTEJNH MBI BBIHECIH 3a 3HaK cymmbl). Ilocnenuuit
WIeH B 3TOM BBIPa)KEHUH €CTb MOMEHT HMHEpLVH TesJa OTHOCHTENBHO
ocu C. O6osHaunm ero /.. Cymma 3/eMeHTapHBIX Macc JaeT Maccy Tesa
m. Cymma Y, Am;R; paBHa NpOH3BEJIEHHIO MacChl Tela Ha BeKTop R,
npoBefieHHBI OT ocH C K HEeHTpY Macc Tesa. IToCKONBKY LEHTp HHep-
LMY JEXHT Ha ocu C, 3TOT BeKTop R, a cienoBartesibHO, H BTOPOH 4sieH
B (39.8) paBHbl HYy.I0. TakuM 006pa3oM, Mbl MPUXOAHM K BEIBOAY, UTO

I=ma*+ I,

a 3To ¥ TpeGoBaJjioch A0KasaTh (cM. (39.7)).
B 3akJ/oueHHe NMpHUBEAEM 3HAYE€HHsT MOMEHTOB HHEPLHH JJs HEKO-
TOPBIX TeJs (Tesa IpeAnoJsaraloTcst ONHOPOIHBIMH, m — Macca Teqa).
1. Teno mpexncraBasieT co6oif TOHKHH JJIMHHBIA CTEPXeHb C ceye-
HUeM Jiio6of dopmbl. MaKCHMalbHLIH MONEpeyHLIfl pa3Mep CTepKHS b
BO MHOrO pa3 MeHbllle NJIHHBI cTepXHA [(b<<l). MoMeHT MHepuHu
OTHOCHTEJIbHO OCH, IEepIeHIHKYJNSPHOH K CTepPXKHI0O H Ipoxonsuiei
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0 uepes ero cepexuny (puc. 39.3), pa-
¥ BeH
- 1
f ] b [ =—ml?,
< l -} 12
a 2. Jlaa nucKa MY UUJIMHApA NpH
Puc. 39.3. mo6oM oTHomeHun R k[ (puc.

39.4) MOMeHT HHEpPILHH OTHOCHTEJILHO
OCH, COBINajaLiell ¢ FeOMEeTPHUECKOH OChIO IUIHHJPA, PaBeH

.._.1 2
I—2mR.

3. Teno — Tonkuit puck. TosmuHa AMCKa b BO MHOTO pa3 MeHblue

e

Puc. 39.4. Puc. 39.5.

paanyca nucka R (b<ZR). MoMeHT MHepUIUM OTHOCHTEJIBHO OCH, COBMNa-
Jaomeft ¢ auamerpoM Aucka (puc. 39.5), papeH

_1 2
I——-*4—mR .

4. MoMeHT MHepUMH Iapa paauyca R OTHOCHTEJIBHO OCH, IIpo-
XOIsleHd uYepe3 ero LEHTP, paBeH

I=%mRe.

§ 40. IlonsiTHe 0 TeH3Ope HWHEPLHH

B § 38 MbI ycTaHOBUJIH, YTO IJIsST ONHOPOJHOTO TeJsa, Bpallalolerocs
OTHOCHTEJILHO OCH CHMMETPHUH, CBSI3b MEXIY BeKTopaMH M U @ HMeeT
OuyeHb NPOCTOH BUA:

M=o (40.1)

(cm. (38.10)) nam
Mi,=lIo,, M,=Ilo, M,=lo, (40.2)
210 06BSICHAETCS TeM, 4TO JJISl TAKOTO Tesla BeKTOphl M H @ KoJliHe-
apuel. OHaKo B o6lueM caydae BeKTOpel M M @ 06pasyioT yroJ, oTiny-

HBI OT HyJas (cM. puc. 38.2), TaK 4TO CBSI3b MEXAY HUMH HE MOXKET
6uiTh BhIpaxkeHa dopmyaoi (40.1).
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[ToneiTaemest BEISICHUTD, KaK MOXKHO CBSI3aTh aHaJHTHYECKU BEKTOPHI
M 1 @ B camMoMm obieM cayyae. Byaem nexoaursb U3 Toro, uto Monyau M
H @ NPONOPUHOHAMBHEI APYT ApYry. JelcTBuTenbHO, corsacHo (38.3)
MOJYJIM 3JIeMEHTapHBIX BeKTOPOB M; NpPONOPLMOHANbHE MOAYJIO @,
CJIeIOBaTeJIbHO, H MOJYJb CYMMBl 3THX BEKTOPOB TaKiKe MPOIOPIHOHA-
JleH @. Jlerko coo6pa3uTh, YTO TaKasg MPONOPLUOHAIbHOCT IOJYUHTCS
B TOM CJyuae, eC/lii KaxJasi KOMIOHeHTa BekTopa M OyJeT 3aBHCETHb
JIHHEHTHO OT KOMIIOHEHT BEKTOpa @:

Mx = ]xxmx + ]xy(oy + ]xz(ow
My=1,0,+1,0,+1,.0, (40.3)
M,=1,0,+1,0,+1,0,

3necb BeNMYHHEL [y, [y U T. I. CYTb KO3(OUIHEHTHl NPOMOPIHOHAb-
HOCTM, HMEIOUIYe pa3MepHOCTb MoMeHTa uHepuuu (cp. ¢ (40.2)). Ilpu
yBeJHYEHHH ©® B HEKOTOPOE YMCJIO Pa3 B TaKoe K€ KOJHMYeCTBO pas
YBEIMUHTCS KaXkJasi U3 KOMIIOHEHT Wy, ®y,, ®, ¥ COOTBETCTBEHHO KaXK-
Jlasi U3 KOMIIOHEHT M, M},, M,, a 3HauMT U cam BekTOp M.

Baaumuast opueHTanus BeKTopoB M H @ onpezesseTcs: 3HaYeHHAMHU
K03(HIHEHTOB NPONOPIHOHAIbHOCTH. IlycT, Hanpumep, [ x=1I,,=
=1I,,=I, a ocranbHrle K03hdHIMEHTs paBHBI HYJ0. Torga GopMyJabl
(40.3) nepexonsT B cooTHowenus (40.2), T. e. BekTopel M H @ OKa3hl-
BAlOTCS KOJIJIMHEapHEIMH. Temepb JONyCTHM, 4TO BEKTOp @ HampaBJjeH
BIOJb OCH 2z U KO3(pGHUHeHTH [,,, [,,, I,, OTIMYHB OT HYJsA. B a1OM
crydae ©,=0, 0y=0,=0. IloacranoBka sthx 3Hauennii B (40.3)
JiaeT, 4To )

M,=1,0%+0, My=I,0+0, M,=I,00.

Bce Tpu KoMnoHeHTHl BeKTopa M 0Ka3asJuCh OTIHYHBIMH OT HYJIS, 3Ha-
yuT, BeKTOp M o6pa3syer ¢ HanpaB/eHHbIM IIO OCH Z BEKTOPOM ® He-
KOTOPHI yTroI.

3 ckasaHHOTO BBITEKAET, UTO B CaMOM OGIIEM cJyuae CBS3b MEXKAY
MOMEHTOM HMITYJIbCa H YIJIOBOH CKOPOCTBIO TeJla MOXKeT GbITh BbIpaKeHa
¢ nomouibio popmysr (40.3). Ananoruyssie GopMyJbl MOTYT GBITH HaIu-
caHbl 15 JOOBIX BEKTOPOB a M b, MOLYJIH KOTOPBIX NPONOPIYOHATbHEL
apyr Apyry:

by=T . 0.+ Txyay +T,.a,,
b,=T,a.,+T,a,~+T,a, (40.4)
b,=T,.a,+ szay +T,.0,.
11 TpU GOPMYJBI MOKHO 3aMHCATH KOMIAKTHO B BHJE OJQHOT'O BHIpaXKe-
HUS:

b;= 2 Tya, (=x, Y, 2). (40.5)

k=x, y, 2

MonoxkuB i{=x M OCYIECTBHB CYMMHpOBaHHe, NPH KOTOPOM HHJEKC
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k npoGeraer 3Hauenus x, y, 2, NOJyYuM nepByio u3 dopmya (40.4), no-
JIOXHB [=y — BTOPYIO U3 $OpPMYJ ¥ T. I.

CoBOKYNHOCTb A€BATH BeJNUYHH Tyy, Tay, . . ., T,, IMEHYIOT T € H-
30pOM BTOpPOTO paHra?), a onepaumo BHIpaxkaemyto ¢op-
myaamu (40.4), Ha3BIBAIOT YMHOXXeHHeM BeKTopa a Ha TeH3op T. B pe-
3y/IbTaTe TaKOTO YMHOXEHUS IOJy4YaeTcst HOBHIH BeKTop b.

Tensop NpHHATO 3anucChIBaTh B BHJE KBaJPaTHOH TaGJHIBI:

Txs Txg Tx2\
T= <Tyx Tyy Tyz ) (40.6)
Tex Tzg Tzz/

(BMECTO MHJEKCOB X, Y, Z MOXKHO ITHCATbh MHAEKCH 1, 2, 3). Beauuunn

Txx, Txy, . . . HA3BIBAIOTCI KOMINOHEHTaMH TeHsopa. Pacno-
JIO)KeHHbIe no auaronanu TaGmuupbl (40.6) KomnoHeHTHl Ty, Ty,
T,, HaspBalOTCd JHaroHaJbHBHMI.
3HaueHHsT KOMIOHEHT 3aBHCSAT OT BEIGopa Ko-
OpIHHATHBEIX. OCell, Ha KOTOpHE NpPOEKTHpPY-
I0TCS BEeKTOpH a U b (oT BeIGOpa ocell 3aBUCAT
U KOMIIOHEHTh! THX BEKTOPOB).

H3 conocrasienus dopmya (40.3) u (40. 4)
BBITE€KaeT, 4To Ko3(duuHeHTH B ¢dopmyJax
(40.3) cyTb KOMIOHEHTH TEH30pa BTOPOTrO
paHra:

lxx Ix, Iz
Puc. 40.1. 1 =<1yx lyy 1yz>. (40.7)

Izx 1zy 1z

Ero HASKBAIOT TE H3ODOM WHED I M H Tela. DTOT TeH30p Xapak-
TepH3YET WHEPTHbIE CBOMCTBA Tesla NPH BPalleHHH.
UToGbl HaliTH 3HAYeHWs KOMIIOHEHT TeH30pa HHEPUHH, GyleM Hc-
XOAHUTb U3 oNpeae/eHuss MOMEHTaA UMITYyJbCa TeJsa:
M=% m;[r;, v/] (40.8)

(cM. (38.9)). Bekropwl r; 6yleM OTKJaabBaTh OT LeHTpa Macc TeJa
(puc. 40.1). 3amenum B BoipaxkeHHH (40.8) CKOpPOCTb V; BEKTOPHLIM
npoussenennem @, r;] (cMm. dopmyany (5.8)). B pesyabrate nosyumum:

M=23m;[r, [0, r.]].
Tenepb BOCMOJIb3yeMcst GopMY ol «6ar MHHYC a6y (cpopmy.non (2.35)):
M= m;{o(rr)—r; (ro)}. (40.9)

1) TeH3opOM BTOPOTO paHra Ha3hIBAETCS COBOKYNHOCTh JNEBATH BEMHYMH Ty,
wys s Tzz,» TIPe0OPa3yIOIMXCS MPH MOBOPOTaX KOOPAHHATHHIX ocefl o ompefiesieH-
HBEIM npaBmlaM (cM. IMpunoxenne III).
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HanomuuMm, 4TO CyMMHpOBaHHE OCYIIECTBJSIETCSI MO BCEM 3JIEMEHTap-
HBIM MaccaM, Ha KOTOpHIE MBICJIEHHO pa3GuTo Tesno.

CBsKEM C TeJIOM JIeKapTOBY cHCTeMy KoopAHHaT!) (cMm. puc. 40.1)
H pachuieM CKajsipHble IIPOU3BeieHHs, GUTYPUDYIOLUIHE B BBIPaXKeHUH
(40.9), uepe3 KOMIOHEHTHl BEKTOPOB ® H r; IO OCSM 3TOH CHCTEMBI
(cM. (2.23)). Hauano kooppuHaT IOMECTHM B LieHTp Macc Tesna C (Ha-
IIOMHHM, YTO H3 3TOH TOYKU MBI OTKJAAbIBaJH BEKTOPHI ;). YUTs, 4TO
Txi=Xiy T'yi=Yis Tz4=2; TNOJTYIUM:

M= m{o (£+yi+2) —r; (5,0, +y,0,+20,)}. (40.10)
HafieM IpOEKIHIO 3TOTO BEKTOPa Ha OCh X:

M, = m{o, (K+yi+2) —x; (50, +y,0,+2,0,)} =
=, Xm; (Yi+2H) —o, X mxy; —o, X mx;z;. (40.11)
AHaJIorHuHO HaXOASATCS NPOEKUUK BeKTopa M Ha ocH y U 2:
M,=—o, Xmyx;+o, Xm; (xi+2}) —o, Dmy;z;, (40.12)
M,=—0, X mzx;—o, Xmzy;+o, Xm; (x;+yi). (40.13)

CpaBHeHMe NOJNYYeHHBIX HaMH BHIpaxkKeHHH ¢ ¢opmynaamu (40.3)
no3Bo/isieT HaHTH 3HAYeHUsT KOMIIOHEHT TeH30pa HHepuuU. Brinuiuem
3TH 3HaYeHHs cpa3y B BHJe TaGJHUIBL:

Emi (v3+27) —2 mxiy; —2 mix;izy
I=| —2myx 2Zm(dta)  —Xmyz . (40.19)
—2 m;zix; ‘—zmizz‘!/i zmi(x?+y§)

JuaroHajibHble KOMIIOHEHTHI TEH30pa NMPEACTABAAIOT CO60H pacCMOTpeH-
Hble B NpeAblAylleM Haparpade MOMEHThl HHEPLUH OTHOCHTEJNBHO COOT-
BETCTBYIOLIMX KOOPAUHATHBLIX Ocel. DTH KOMIOHEHTHI Ha3BIBAIOTCS Oce-
BHIMH MOMEHTAaMH M He puuH. HeanaronanbHele KOMIIOHEHTBE
HasBIBAIOTCSI L eHTPOOGEeXHBMH MOMEHTAaMH HHED-
IL 1 4. 3aMeTuM, YTO HeQMaroHaJibHble KOMIIOHEHTH TeH3opa (40.14)
YAOBJIETBOPSIOT ~ YCJIOBHIO: ley=1yz, 1.,=1,, I,,=1,,. Tensop,
VIOBJIETBOPSIIOMIMA TaKOMY YCJOBHIO, Ha3blBaeTCI CHMM €T p H U-
H Bl M.

IlpaKTUUYeCKH KOMIIOHEHTHl T€H30pa HMHEepPUHH BLIYHCASIOTCS C IO-
MOILBIO HHTerpupoBaHus. Hanpumep, komnorenra [,, onpensercs
no ¢opmyJne

Le={0@ v 2@+ v,

rae o (x, y, 2) — mIoTHOCTh, dV — 3JeMeHTapHEIH O0OBeM. I/IHTerpnpo-
BaHHe IPOM3BOJAUTCS MO BceMy o6BEMY TeJa.

1) MopuepkHeM, 4TO OCH 3TOH CHCTEMBI KECTKO CBSI3aHHI C TEJIOM H BpallaloTcs
BMeCTe C HHM.
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HaiijleM KOMMOHEHTH TeH30pa HMHEPUMH [JIs OXHOPOZHOIO NpPSAMO-
YroJIbHOTO NapaJlJleJienunesia, Boi6paB oCH KOOPAMHAT TaK, Kak I0Ka3aHo
Ha puc. 40.2. Hauano xoopauHart coBnajaer ¢ meHtpoM macc teqa C.

UT06bl BLIYHCIUTD OCEBOH MOMEHT

z 4 uHepuuu /,,, pasoObeM TeNno Ha
! > F  CTOJGHKH C IIOMaNbio OCHOBaHHUS,
/ (it |2 pasuoii dxdy. Bee anevents Ta-
== DA | = KOTO CTOJIGMKa HMEIOT OJUHAKO-
7 RN ) Y Bble 3HaUYEHHs] KOOPAMHAT X U .
4

4 % & O6beMm crosibuKa paseH 2c dx dy,
27 3 Y a ero macca dm=p2c dx dy. ITo-
< 2 3TOMY BKJaj CToJIGHKa B [,, om-

e/Ie/IIETCS BHIPaKEHHEeM

Puc. 40.2. Pea paxeHue

d]zz cronbuka — 290 (x2 + yz) dxdy.

TIpounTerpupoBaB 3TO BbIpaXeHHe IO x, HakleM BKJaA B [,,, KOTOpbIH
JaeT mokasaHHbifl Ha puc. 40.2 ciof AMHBL 2@, WHPUHBI 2c U TOJ-
IHHBL dy:

+a +a +a

dl ,; cxon= S 20c (x* +y*) dx dy = 2pc dy S x? dx 4+ 2pcy? dy S dx =

-a -a —-a

= (% pca® + 4pcay’) dy (40.15)

(TaK KaK Teso OJHOPOJHO, P HE 3aBUCHT OT KOOPJHHAT X, Y, 2).
HaxroHen, npouHTerpupoBaB BeipaxkenuHe (40.15) no y, noayuum
1,, Bcero Tena:
+b

l,,= S (—;7 pca® 4 4pcay2> dy=—§—p(:a3 Ebdy+4pca Tg'byz dy =
b ~b

— 8 pcath 13 peab® = % o (2a) (20) (20) (@2 +-8%) = & m (a* +5%)
(m — macca Tesa). AHaJIOTHYHBIE BBIYHCJIEHHS AAIOT, YTO
Ly=sm@+c), I,=4ma+c).
Tenepb BEIYHCIMM ORMH H3 LEHTPOOEKHBIX MOMEHTOB, HampHMep
I.,. BK/IaKl B 9TOT MOMEHT CTOJIGHKA C OCHOBaHUeM dX dy paBeH
dl oy croasuxa = — OXy 2¢ dx dy,

a BKJaj cJjod —
+a
dey cnost — 290!/ dy S xdx=0.

-a

COOTBETCTBEHHO W MOMEHT BCEro Tesia paBeH HYJO. AHaJIOTHYHBIH pe-
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3yJbTAT MOJIYYaeTCss M JAJIs1 OCTaJbHBIX LEHTPOGeXHBIX MoMeHTOB. Ta-
KuM o6pa3oM, npd yKasaHHoM Ha puc. 40.2 BeiGope KOOPAHHATHBIX
oceil TeH30p MOMEHTA HHEPIIHH OXHOPOAHOTO NMPSIMOYTOJBLHOTO MapaJie-

JIeNunenaa HUMeeT BHI
I, 0 O
1=<o Iy 0> (40.16)
0 0 1,

(MBI COXPaHHJIH TIPH IMarOHAJBHEIX KOMIIOHEHTAX I10 OAHOMY HHJAEKCY).
Taxoli peayJbTar NOJMYYHICS 6sarofapsl TOMY, 4TO B KayecTBe KOOp-
JIMHATHBIX Ocell ObliM BbIOpaHbl I'JIaBHEIE OCH HHepuuH Tesa (cMm. § 38).

¥
2 I\ p
2 Y 2 7 L%

zy<d zys0 b g 4

: ~ BRI, 7R
//3 4 z i -

A;ﬂ ay<ll 7 =
A zysl
\
a) 4)
Puc. 40.3.

Ilpu uHOM BBHIGOpE KOOPAMHATHLIX OCeH HEeHTPOoGe:KHBIE MOMEHTHI MHep-
IIMH OKasBbIBAIOTCS OTJHYHLIMU OT HYJIst. B 3TOM MOXKHO yGeauThCs C 10-
MolIbIO cJepytomero paccyxnuenusi. Ilpu BbiGope oceil, moKasaHHOM
Ha puc. 40.3, a, nJjomanu npsMOyroJbHUKoB I, 2, 3 U 4 OJAHHAKOBHI.
Ha nByx ¥3 HHX NPOHM3BeLEHUE Xy IOJIOXKHUTENBHO, Ha JIBYX — OTpHIA-
TeJIbHO. DTO NPHBOJMT K TOMY, YTO HHTErpaj OT Xy, B3SATHIH IO BCei
IJIOIa ¥, OKa3blBaeTcsl paBHBIM HYJI0. ITpu BEIGOpe ocelt, MoKasaHHOM
Ha puc. 40,3, 6, nyomanyn 3aITPHXOBAHHEIX GUryp / U 3 MeHbIe MJI0-
mwajgeil HesalITPUXOBaHHBIX ¢uryp 2 u 4 (a>b). IlosTomy uHTErpan
OT Xy, B3sATHIN IO CyMMapHO# nuouianu, 6yneT oTandex ot uysas. Coor-
BETCTBEHHO OTJIHYEH OT HYJIsl ¥ LIEHTPOOEXKHBIH MOMEHT /.

INonyyeHHbId pe3ysbTaT ABJSETCS OOLIUM 1JIsl BCeX TeJI, He3aBHCHMO
oT ux (QopMEI ¥ pacnpeneieHHs Macchl. Eciii B KaueTcBe KOOPAUHATHHEIX
oceli B35iTb IJIaBHBlE OCH HWHEPIMH Teja, TEH30p HHEPUHM HMeeT BHJ
(40.16). Benuunnet Ix, 1,,1,(Ho He I.x, Iyy, 1,, B (40.7); npu noBopore
KOOpJVYHATHEIX Oceil HSMEHSOTCST BCe KOMITOHEH bl TEH30Da, B TOM YHCJIE
W JMaroHajbHble) HAasHBAIOTCI TJAaBHHMH MOMEHTAaMHU
HWHepuuHU Teaa. [loquepkHem, UTO r1aBHBEIMM MOMEHTaMH WHEPLUH
Ha3blBalOTCSl OCEBble MOMEHTHI, BBIUHCJEHHble He B IPOU3BOJIbHHIX, a
B IVIaBHBIX OCSIX.

I'naBHBIE OCH HHEPIHH B3aMMHO NePIEeHANKYJISPHBI ¥ IIEPECEKAIOTCS
B IIeHTpe Macc Tesia. B obuiem ciyuae (korna /,7=1 ,1,) 3TH 0CH MOMKHO
BbIOpaTh €AMHCTBEHHBIM COcoGoM. s maposoro BOJIYKA (T. e. TeJa,
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y Kotoporo I,=1I,=1; cm. § 38) moJioxenne IJaBHEIX Oceli OKa3biBa-
eTCsl COBEpIIeHHO “HeoNpeeNeHHbIM. ¥ CHMMETPHYHOro BosuKa (/.=
=1,51,) ¢ukcupoBana JIMIb OCb 2, OCTaJbHEIE JBE OCH OKa3bIBAIOTCS
Heonpeae/eHHBIMH. .

[TycTsb Teso BpallaeTcst BOKPYT ONHOM M3 CBOMX IVIaBHBIX OCel HHep-
WM, CKaxkeM BOKPYT OCH 2. Bri6paB rsaBHbIe OCH B KayeCTBe KOOpIH-
HATHBIX OCEH, MOJYYHM, 4TO ©,=0, 0,=0,=0. [Tockoabky npu.Ta-
KOM BbpIGOpe KOODAMHATHEIX Ocelf TeH30p HHepuHH uMeer Buf (40.16),
tdopmyaer (40.3) mpUBOAAT K CAEAYIOIIUM 3HAYEHUSIM KOMIIOHEHT MO-
MeHTa HMITyJbca TeJsa:

M,=M,=0, M,=I0.

CrenoBatenbHO, BEKTOp M uMeeT Takoe e HampaBjieHue, KakK H .
Taxkoii ke pe3yJsbTaT NMOMyYaeTcs] NMPH BPaleHHH TeJa BOKPYT APYTHX
rJaBHBIX oceli. Bo Bcex atux coyuasx

M=o, (40.17)

rae I — cooTBeTCTBYIOMHUA IVIaBHHIH MOMEHT HHepuHH Tena. B § 38
MBI MIOJYYHJIH TaKyio GOpMYyJY /sl OXHOPOLHOTO TeJa, BPaIlalomerocs
BOKpYT cBoell ocu cumMeTpuH (cM. (38.10)). Tenepsb MBI ycTaHOBUIH, UTO
¢dopmyna (40.17) cnpasenjuBa B TeX CiayyasiX, KOTZa IPOH3BOJIbHOE
TeJIO BpalllaeTCsl BOKPYT OJHOH M3 CBOMX IJIaBHBEIX OCEH MHEPIHH.

B 3aksioueHne BBISACHHM, B KaKHX CJy4asiX BCeria CIpaBelIUBYIO

dopmyany M=N (cm. (38.1)) MOXKHO mucaTh B BHIE
If=N. (40.18)

Ilpexxne Bcero 310, OYEBHAHO, MOXKHO JesaTh, KOIZa TesO Bpallia-
eTCsl BOKPYT I'JIaBHO# ocH ¥ MOMeHT cusl N HanpaBJieH BIOJIb 3TOH OCH.
JleficTBHTEIbHO, B 5TOM CJyYae MOMEHT cusl N BRI3bIBaeT mpHpalleHue
dM, xonnuneapHoe ¢ M (dM=N df). TlosTomMy BpaleHne Bce BpeMs
NPOMCXOXUT BOKDYT TIJIaBHOH OCH, TaK 4TO COOTHOulleHHe M=/® He
Hapymaercss. OfHaKO B 3TOM cJydae BekTopHas ¢opmynaa (40.18) ne
JlaeT HUYETro HOBOTO MO CPaBHEHHIO ¢ (OpMYJOH

I8,=N, (40.19)
(z — ocb BpameHHus).

ITpu N, HexkosnHeapHOM ¢ M (Hanpumep, npu N, nepneHAUKYJsp-
HOM K M), ocb BpalleHHsI CO BpeMeHeM IepeMeliaeTcsl OTHOCHTEIbHO
TeJsa; MO3TOMY Jaxe MpPH YCJIOBUH, 4YTO CooTHOlleHHe M=J® BrmoJ-
HSIeTCS B HaYaJbHBLIH MOMEHT, CO BPEMEHEM 3TO COOTHOLIEHNE NlepecTaer
BLINIOJIHATLCSA, U ypaBHeHue (40.18) yrpauuBaeT cMEICA. TOJBKO B TOM
caydyae, KOTJa TeJO SIBJSIeTCS INAPOBBIM BOJYKOM, MepeMmelleHHe OCH
BpAllleHHs] OTHOCHTEJbHO TeJa He MMeeT 3HaueHus. [a1a maposoro
BOJIUKA JII06asd OCh SBJsETCS TJ1aBHOH M 06/1a1aeT OJMHAKOBHIM 3Haye-
HHeM MoMeHTa uHepuuu [; mostomy ypaBHenue (40.18) oxasbiBaercs
ChpaBeiJIMBBLIM NPH JIIOGOM B3aMMHOM HanpaBJ/eHHH BeKTOpoB N H .
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§ 41. KuHeTHyecKasi 9Heprusi BPaILIAIOWIEroCsl TBEPAOro Tesaa

Haunem c paccmMoTpenust BpalleHHsI Tesla BOKPYT HENOJABHKHOI
CCH, KOTOPYIO Mbl Ha30BeM OCbI0 z (puc. 41.1). JInneitHast ckopocTsb 3J1e-
MEHTapHOH Macchl m; paBHa V;=R;, rie R;— paccTosiHue Macchl m;
ot ocu 2. CienoBaresbHO, JJIsSi KHHETH-
YeCKOH 9HepruH [-ii sJeMeHTapHOH Mac-
Cbl NOJIy4YaeTcs: BhIpaxKeHue

Kunernueckast sHeprus Tesa cjaraercs
M3 KMHETHYECKHX dHEprHil ero .yacrei:

1
T =ET1 = 7(02 Zm[R?’.
Cymma B mnpaBoii yacTH 3TOrO COOTHO-
WIEHHs TMpeJcTaB/aseT Co60H MOMEHT
HHepUHH Tesa | OTHOCHTEJBHO OCH Bpa- Puc. 41.1:
wenus. Takum o6pa3oM, KHHETHYECKast
3Heprusi Tesa, BPALIAIOLIErocsi BOKPYI HEMOJABHKHOH OCH, pPaBHa

T = lot, (41.1)

Ilyctp Ha Maccy m; JpeficTBYIOT ') BHYTpeHHssI cusia f; U BHeluHAs
cuna F; (cM. puc. 41.1). Cornacuo (20.5) 3TH cuJ/ibl coBeplUaT 32 BpeMs
dt pabory

dA;=1v;dt+Fv;di=1;[o, r;]d+F;[e, r;]d.

OcylecTBUB B CMEIUAHHBIX NPOM3BEJCHHSX BEKTOPOB IHMKIHYECKYIO
NIepPeCTaHOBKY COMHOXHTeJsel (cM. (2.34)), mosyuyum:

dA,=ol[r, §,]dt+o[r, F]di=oNE&v®dt+oN,d, (41.2)

rae NP"™ — MOMEHT BHYTpPEHHeH CHJIBl OTHOCHUTENBHO TOYKH O,
N; — aHaJIOTMYHBI! MOMEHT BHeEIIHEH CHJIBI.

IIpocymmupoBaB Bripaxenue (41.2) mo BceM 3/1eMeHTapHEIM Maccaw,
NOJYYHM 3JeMeHTapHY0 paboTy, COBeplllaeMyio Haj Te/oM 32 BpeMs df:

dA=3dA; = o {INEY™} df 4 o {IIN,} dt.

CyMMa MOMEHTOB BHYTPEHHHX CHJ paBHa HYJIO (cM. (29.17)). Caenosa-
TeJIbHO, 0603HAaYMB CYMMapHBI MOMEHT BHEIIHUX cuJ depe3 N, npumem
K BBIpaXeHHIO

dA=oeNdt=o0N,dt (41.3)

1) Pesyabtupyiowasi cuna f;-F; JeXut B IIOCKOCTH, NepNeHAHKYASPHON K OCH
Bp allleHud.
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(MbI Bocnosib3oBaJsuch Gopmydoft (2.21)). Hakonen, npunss Bo BHUMA-
HHe, YTO ® df ecTh YroJ d¢, Ha KOTOPHIH T0BOPaYHBAETCsI TeJIO 3a BpeMs
df, moJyyuM:

dA =N, do. (41.4)

3Hak paGoThl 3aBHCHT OT 3HakKa N, T. €. OT 3HaKa poeKuHH BekTopa N
Ha HanpaBJ/eHHe BEKTOpa o.

Hrak, npu BpallleHHH Te/1a BHYTPEHHHE CHJIBI paboThl He COBEpILALOT,
paboTa e BHeEIUHHX CHJ onpefensiercs dopmysoin (41.4).

K ¢opmyane (41.4) MoKHO NpHATH, BOCNO/Ib30BaBILUCh TEM, YTO pa-
GoTa, coBepllaemasi BceMH IIPUJIOKEHHBIMH K TeJy CHJaMH, HAEeT Ha
npupalieH’e ero KHHeTHYeCKoi sHepruu (cM. (19.11)). B3siB pudidepen-
IuaJs ot obeux uacreli paBeHcTBa (41.1), mpuieM K COOTHOLIEHHIO

dT =d (10%*/2) =d (I0*/2) = Io do = [ef dt = Iof, dt = I, d.

CorJiacHo ypaBaenHio (38.8) If,=N,, Tak ut0, 3amenuB dT uepes dA,
npuneM K dopmydae (41.4).

Ta6aunuma 41.1

l'loc'ryna'renbﬂoe JABHXKeHHe BPaLIlBTeJ'IbHOe ABHXKeHHe
V—JInHeliHasi CKOPOCTb @ — yIJIOBasi CKOPOCTh
W=V — JINHeliHOe YCKOpeHHEe f =®—yraosoe yckopenue
m—macca I —MOMEHT HHepUHH
P = mvV—HMIYIbC M, =Iw,—MOMeHT HUMIyJbca *)
F—cuna N nan N, —MOMEHT CHJIBI
=F M=N
mw=F IB, =N, %
T =mv?/2 T =10%2%)
dA=F; ds=F, ds dA=N ,d¢
*) JI5si HEMOJABHIKHOR OCH BpALleHHS.

B Ttaba. 41.1 conocraBseHsl (GopMYJbl MEXaHWKH BpallaTeJbHOro
JIBUXKEHHsI C aHAJOTHYHBIMH (GOPMYJaMH MeXaHHKH HOCTYNAaTeJbHOro
IBHXKEHHs (MeXaHHKH TouKM). M3 aToro comocraBjieHHs JIErKo 3aKJiio-
YUTb, YTO BO BCEX CJydYasfiX POJib MAaCChl HTPaeT MOMEHT HHEpLHH, POJib
CHJIBl — MOMEHT CHJIbl, POJIb MMOYJIbCA — MOMEHT HMIYyJbca H T. I.

@opmyany (41.1) Mbl IOMYHUHAN A5 CJydasi, KOrjJa TeJIo Bpallaercs
BOKPYT HENOJBMXKHOH (PUKCHPOBAHHOH B Tese ocH. Tenepb AOMYCTHM,
4TO TEJIO BpAalAeTcs MPOH3BOJbHBIM 0GpPa30M OTHOCHTEBHO HEIIOABHK-
HOH TOYKHM, COBIAJAIOLIEH C €ro UeHTPoM Macc. CBsIzKeM KeCTKO C TeJIoM
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JIeKapTOBY CHCTEMY KOODJAHHAT, HayaJO KOTOPOH NOMECTHM B LEHTP
macc Tesia. CKOpocTb i-# 3JieMeHTapHBIH Macchl paBHa V; = [or;].
CrnenoBatesibHO, A8 KHHETHUECKOH SHEPIHH Teja MOXKHO HalKCaTh
BEIpaXkeHHe N

T = % Z m;vi= % Z m;[or; 2= —;— Z m;0?rsin? o;,

rfle o;— YroJ MeXJy BeKTopaMH @ H r;. 3aMeHUB sin? o; uepes
1—cos®a; ¥ yuTs, UTO ®F; COS O; =OT;, MOJYYUM:

1 9
T = -2—2 m; {o*r;— (or;)?}.

Pacnumem ckajisipHble NPOU3BEJEHUS 4epe3 INPOEKUHH BEKTOPOB @
M Ir; HA OCU CBSI3aHHOH C TEJIOM KOODJAMHATHOH CHCTEMBI:

T =5 3 m @k} +0D) (44 yi+2) —
— (0% +0,4;+0,2,) (0, +0,4;+0,2,)} =
=2 3 {08+ 0+ 03) (543 4 23) — 0k} —0,0, %y, —
— 00,62, — 0,04 X; — Oy} — O 0, 2;—0,0,.2%; —0,0,2,:Y; — 052}

HaKOHeH, OOBbEeJUHUB CJiaraeMble C OJHHAKOBBIMH NPOU3BEACHHUAMU
KOMIIOHEHT ymoxaoi»’l CKOPOCTH U BBbIHECS 3TH IIPOU3BEACHHUA 3a 3HAKH
CYMM, MNOJYYHM:

1
T = {0} 2m; (yi+2}) +oj X m; (42 +
+f Xm; (5 + 47 — o0, Dmxy; — 0,0, Fmxz—
— 0,0, 2 myx; — 0,0, 2 miy;z;— 0,0, 2 mgzx;— 0,0, Z m2;y;}.
CyMMBI, Ha KOTODHIE YMHOMKAIOTCS MPOU3BENEHHs KOMIOHEHT YIJIO-

BOH CKOpOCTH, CYThb KOMIIOHEHTHI TeH3opa HHepuuu (cM. (40.14)). Cie-
JOBATeJbHO, Mbl NPHILIH K QopmyJe

T= % {105+ [xymx(’)y + 1,00, + ]yxmym” +

+ ]yym!zl + ]yzmy(’)z + ]zxmzwx + ]zywz(oy + ]zzmg} * (41 5)
A1y GopMyJsIy MOXKHO HaNUCATh B BUIE

1
T=5 X I00 (41.6)
i, k=x, y, 2

.

ITpy cymmupoBaHUM HMHIEKCHI i M Kk NPOOGEraioT, He3aBHCHMO APYT OT
Ipyra, 3HaueHHs X, Y, 2.

Ecin ocH CBSI3aHHOM C TeJOM CHCTeMbl KOOPAMHAT BHIGpaTh Tak,
4TOGEI OHH COBMAJH C I'JIaBHBIMH OCSIMH HHEPIMH Tesla, LEHTPOOGEKHbIE
MOMEHTBbl MHEpUUH 06paTATCs B HYJb M Bhlpaxenue (41.5) ympocrurcst
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clenyiomuM obpasom:
T = { L3+ 1o} + 103 (41.7)

3nmech I, 1 I,— ryiaBHble MOMEHTH MHepuUMH Tena. Jjis 1mapoBoro
BOTUKA STH MOMEHTEI HMEIOT OLMHAKOBYIO BeJIHYUHY /, TaK uTo opmyna
(41.7) npunumaer Bux T=*/,/w? (cp. ¢ (41.1)). IIpu Bpauesnu npous-
BOJIBHOTO TeJsia Boxpyr OJHOH W3 IVIaBHBIX OCell MHEpLHH, CKaXKeM OCH
2, 0,=®, 0,=0,=0 u dopmyna (41.7) nepexoaut B (41.1).

Takum 06pa30M KHHETHYECKas SHEPrHsl BPallalolerocs Te/la paBHa
MOJIOBHHE NPOHM3BEJEHHsT MOMEHTa MHEPUHH Ha KBajpaT yrJOBOH CKO-
pOCTH B Tpex cayyasix: 1) asist Tesa, Bpallalomerocs: BOKPYT HENOJBHK-
HOH ocH, 2) JJsi Tesa, BpallaioLlerocsi BOKPYT OJHOH M3 IVIaBHBIX Ocei
HHepUuH, 3) A/ 1IapOBOTO BOJYKA. B OCTaJIbHBIX ClydYasXx KHHETHYe-
CKasl 3Heprus onpefensercs: 6oJee CH0XKHBIMH dopMmyaamu (41.5) uin
(41.7).

§ 42. Kunernueckass aHeprusi teja NpPH IJOCKOM JBHIKEHHH

Ilnockoe jgBHKEeHHE Tesa MOXKeT ObITb NPEACTaBJAEHO KaK HaJoXe-
HHE JBYX JBH:KEHHHl — IOCTYNaTeJbHOrO ¢ HEKOTOPOIl CKOPOCTBIO Vo H
BpallleHHs1 BOKPYT COOTBETCTBYIOIIEH OCH € YIJIOBOH CKOPOCTBIO ®
(cM. § 36). CoraachHo dopmydie (36.1) cKopocTb i-if 371eMeHTapHOH MacChl
TeJa paBHa

v;=V,+[o, r;],

rlie Vo — CKOpPOCTb HeKOTOpo# Touku O TeJa, r; — pajgnyc-BeKTop, onpe-
JEJISIIOIME HOJIOXKEHHE SJIeMEHTapHOH MacChl 10 OTHOILLEHHUIO K TouKe O.
Kuneruueckass sneprusi (- 3JeMEHTapHOH Macchl paBHa

T—imv, l m;{vy+[o, r i]}?.

OcymectsuB Bosaenenne B KBaJpat, MOJNYUHM:
T;=5m{v§+2v, [0, r;]+[o, r,]*}.

BekTopHoe Npou3BelieHHe ® Ha I; MMeeT MOAYJb, paBHHE ©R;, rie
R;— paccTosiHHe Macchl m; OT OCH BpalleHus (cM. puc. 5.5 u Texcr,
npexuectByomuit popmye (5.8)). CiefoBaTenbHO, TpeTbe Ciaraemoe
B QUIypHBIX CKoOKax paBHO ®2R%. Bo Bropom csaraeMoM ocyiecTBHM
IIMKJIHYECKYIO NePEeCTaHOBKY COMHOXHTeJeH (cM. (2.34)). B pesynbrarte
IpHAEM K BBIpaxKEHHIO

Ty= 5 m {03 +2 Vo, 0] r;+aR3}. (42.1)

Yr06bl NOJMYYUTL KHHETHYECKYIO S3HEPTHIO TeJla, IPOCYMMHPYEM Bh-
paxenue (42.1) mo BceM sJieMEHTapHHIM MaccaM, NIpHYeM BLIHECEM
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IOCTOSIHHBIE MHOXKHTEJH 32 3HAKH CYMM:
1 1 '
T =503 Y m+[ve 0]Y ma;+5e* Y mR}

CyMMa 3JIeMEHTapHBIX MacC Y,m; €CTh Macca Teja m. Bripaxenue
D, m;r; paBHO NPOM3BEIEHMIO MACCHl Tejla Ha PafHyC-BEKTOP ¢ UEHTPa
macc Tena. Hakonen, ) m R} eCTb MOMEHT HHePUUHU Tesa [, OTHOCHTEIIb-
HO OocH, mpoxojsiuel uepe3 Touky O. [TosToMy MOXKHO Hamucartb, UTO

T = -;— mui+mre[v,, 0]+ % 1,07, (42.2)

Ecoiu B KauectBe Touk O B3sTh LEHTP Macc Tesa C, paguyc-BeKTOp
rc GyzeT paBeH HYJIO, TaK 4TO BTOpoe ciaraemoe Hcyesaer. CrenoBa-
TeJIbHO, 0003HAYUB Yepe3 V. CKOPOCTh LieHTPa Macc, a yepes / , — MOMEHT
HHEPUHH Tesla OTHOCHTENIbHO OCH BpAlleHHS, NPOXOAsIell yepe3 TOUKy
C, noJiyunm A1 KHHETHYeCKOH SHepruu Tesa Qopmymy

2
_muc , 1cw?
=TC 4, (42.3)

Takum 06pa30M, KWHETHUYECKAs] SHEPrHUs TeJsa MPH IJOCKOM JABHXKe-
HHH cJjaraetcs U3 SHEPTHH NOCTYNaTeJbHOrO ABHXKEHHA CO CKOPOCThIO,
paBHOﬁ CKOpPOCTH UEeHTpa MacC, U 3HEPruu BpalleHHd BOKPYr OCH,
Npoxoisllell yepes IEHTP Macc TeJa.

§ 43. IlpuveHeHHe 3aKOHOB JAMHAMHKH TBEPAOro Telxa

JBixenne TBEPAOro Teja ONUCHIBAETCA JBYMS YPaBHEHUSAMU!

mwe = 2 FBnemm (431)
M= Nyeun (43.2)

(cMm. dopmyast (37.5) u (38.1)). CrenoBaTesibHO, IBHXKEHME Tesa ompefe-
JISIETCST AEACTBYIOMUMH HAa HEro BHELIHHMH E
CHJIaMH M MOMEHTaMH 3THX CHJI. 1
MomeHTBI CHT MOXHO 6paTh OTHOCH-
TeJBHO JIIO60H HEMOJBUXKHOH MJIM JBHXKY-
eics Ge3 YCKOpPEHHS TOYKU. B3gB Mo- F
MEHT BHEUIHHX CHJI OTHOCHUTEJbHO TOYKH,
ABHKYIIEHCS ¢ YCKOpEeHHeM, Mbl, MO CV-
IecTBY, Hanucanu Obl ypaBHeHHe (43.2)
B HeHWHePUMAJbHOH cHuCTemMe oTcyeTta. B N>
3TOM CJlyyae, KpoMe BHEIIIHHX CHJI, 06yCJ/I0B- 4
JIEHHBIX B3aUMOZEHCTBHEM J@HHOTO TeJla C
IPYTUMH TeJIaMH, HYXXHO YYHTHIBATH CHJIBL Prne. 43.1,
HHEPIHHY U UX MOMEHTHI.
TouRY NPHIOKEHHS CHJI, JeHCTBYIOIIUX HA TeN0, MOKHO NIePeHOCHTh
BIOJIb JIMHHH NeBCTBHSA CHJI, MOCKOJBKY NPH 3TOM HH CyMMa CHJI, HM HX
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MOMEHTEH! He U3MEHSIOTCS (IpU epeHeceHnH CHJBLI BIOJb JHHUH €e Hefi-
CTBHSI IIJIEYO OTHOCHTEJBHO JIIOOOH TOYKH OCTAeTCst HEU3MEHHBIM). IDTO
N03BOJISIET 3aMEHSITb HECKOJbKO CHJI ONHOH CHJIOH, SKBHUBAJIEHTHOH WM
B OTHOILIEHHH BO3JeHCTBHUSI, OKa3biBaeMoro Ha tesio. Tak, HanpuMmep, ABe
cuanl F; u F,, Jexamue B ogHOH njockocty (puc. 43.1), MOXHO 3aMme-
HHTb 3KBHBaJIEHTHOH UM CHJIOH F, TOUKY NpHIIOKEHUS KOTOPOH MOXHO
TaKe BBIOpAThb NPOM3BOJILHO Ha HanpaBjleHHH, BJAOJb KOTOPOrO OHa
IelCTBYeT.

COBOKYNHOCTb J€HCTBYIOIMX Ha TeJO MapaJsiieJbHbIX CHJ MOXKHO
3aMEHHTb X paBHOJAEHCTBYIOLIel, paBHOH CyMMe BCeX CHJI M MPHUJIOKEH-
HOHU K TaKOl TouKe Tesa, YTOObl €e MOMEHT Obl1 paBeH CyMMe MOMEHTOB
OT/IE/IbHBIX CHJI.

Haiinem paBHOJZEHCTBYIOIYIO CHJI TSXECTH. DTH CHJIBI ITPUJICIKEHBI
KO BCEM 3JIeMeHTaM TeJia, IpU4YeM Ha 3JIeMEeHTapHYI0 Maccy m; AeHCTBYeT
cuya m;g. Cymma cun1 paBHa P=mg, rae m= Ym; — macca tesa. Cym-
MapHBI MOMEHT CHJI TSXKECTH OTHOCHTEJNBHO HEKOTOPo# TOoYKH O paBeH

N=2[rs (mg)],

rie r;— pajauyc-BeKTOp, OMNpeJe/SIOUHH I0JOXKEeHHe MacChl m; Mo
orHolleHuio K Touke O. Ilepenecst cKajsipHbI MHOXMTENb m; U3 BTO-
pOro COMHOMKHTEJISI B NEPBLI M BbIHeCS 3aTeM OOLIMH MHOXHTENb g
3a 3HaK CYMMBI, NOJIYYHM:

N= [(2 miri)’ g]

CymmMa, cTosiiasi B KpYrJbIX CKOOKax, paBHa IPOU3BEJIEHHIO MacChl Tea
Ha paguyc-BeKTop ¢ ueHtpa macc C. Ilostomy

N=[(mrc), g]=[rc, (mg)]=[rc, P]. (43.3)

TakuM 06pa3oM, CyMMapHBI MOMEHT CHJI TSIXKeCTH OTHOCHTEJBHO Ipo-
H3BOJILHOH TouKu O COBMAJaeT ¢ MOMEHTOM CHJbI /g, NPHJIOKEHHOH K
touke C. Hrak, paBHOgelicTBYIOIas CHJ TSKeCTH paBHa P=mg u
NPHJIOKEHA K LEHTPY Macc Tesa. OTMeTHM, YTO 5TO CHpaBelJHBO JIHLIb
B TOM CJly4ae, eC/li B IpeJiesiax TeJsa MoJie CHJI TAXKECTH OJHOPOAHO (mpu
BoiBOJE opMysni (43.3) MBI cunTanu, uto g=const),

W3 (43.3) BhiTEKaeT, YTO MOMEHT CHJI TSI2KECTH OTHOCHUTEJIbHO IEHTpa
Macc paBeH HYJIO (B 3ToM cayyae ro=0). TouKa, OTHOCHTEIbHO KOTOPOH
MOMEHT CHJI TSIKECTH paBeH HYJIO, Ha3biBaeTCI L e HTPOM T XK e-
ctTH Tena. Takum oOpasoM, B ciydae, Korja IoJie TSrOTeHHS B Hpe-
Jejax Teja OJHOPOMHO, IEHTP TSKECTH COBNaJaeT C LEHTPOM Macc.

B cnyuae 0IHOPOJHOTO MOJSI TSTOTEHHS CHJIBL TSKECTH, ITPUJIOXKEH-
Hbl€ K Pas/IMYHLIM 3JIeMEHTapHEIM MaccaM, HMeIOT OJHHaKoBOe HanpaB-
JieHne W NpPONOpPLHOHANBHEL ;. TaKuM e CBOHCTBOM 006J1aflalOT CHJIBI
HHepIUH, BO3HHKAKOUIYe B HeWHEepPLHaJbHOH CHCTeMe OTCYeTa, JABMXKY-
meHicsi MOCTYNaTesJbHO OTHOCHUTEIBHO HHepUHaslbHBIX cHcTeM. Jledct-
BHTEJIbHO, B 5TOM CJIy4ae CHJIBI MHEpPLIMH, IIPUJIOKEHHBle K 3JeMeHTap-
HBIM Maccam m;, PaBHEI — m;a, Tie @ — YCKOpeHue HeHHepLHaJIbHOH
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cuctemsl (cM. (32.2)). IToBTOpUB paccykieHusi, NpUBEALIHE HAC K Gop-
myJe (43.3) (npH 3TOM m;g HYKHO 3aMEHUTb Ha —11;a), MOXKHO I10Ka3aTh,
4TO pe3yJ/bTHPYIOIAs CHI HHEPLUUH PaBHA —rma H NPHJIOKEHA K UEHTPY
macc Tesa. [loguepkHeM, YTO 3TO CHpaBelJ/IMBO JIMIIb IJsI CHCTEM OT-
cyera, JABHXKYIUIMXCS IOCTYNaTesbHO.

OTHOCHTE/IbHO LEeHTPa Macc MOMEHT CHJI HHEPUUH (B IOCTYNATENbHO
IBMXKYIIeHCs cHcTeMe) paBeH nyJo. ITosToMy mpH cocTaB/ieHHH ypaB-
HeHud (43.2) njg MOMEHTOB, Fo
B3$SITHIX OTHOCHTEJILHO IIEHTpa
Mace, CUJIBI MHEPUUH YYUTHI-
BaTb He HYKHO.

Puc. 43.2. Puc. 43.3.-

BhIsICHHM YCJOBHA DPaBHOBeCHS TBepjoro tena. Teso MoxeT ocra-
BaTbCsT B COCTOSIHHM MOKOS B TOM CJydae, €C/JIH HeT NPHUHH, NPHBOASA-
IUX K BO3HHKHOBEHHIO NOCTYIATEJbHOTO JBHXKEHWsS] WM BpalleHHs.
CorJsiacHo ypaBHenusm (43.1) u (43.2) mist 3T0ro HEOGXOAMMO M JOCTa-

TOYHO BHINOJHEHHS ABYX YCJOBHM:
1) cymma Bcex BHEUIHHX CHJI, NPHJIOXEHHBIX K Temly, I0/KHA ObITh

paBHa HYyJIO:
2 Fonena=0; (43.4)

2) pesy/bTUPYIOLM MOMEHT BHEIUHHX CHJI OTHOCHTEJIBHO J10GOli
TOYKH JIOJKEH ObITb PaBeH HYJIO:

i 2 Nnﬂemu= 0 (435)

[Tpu BBINOHEHNH YCIOBUs (43.4) U3 PAaBEHCTBA HYJIIO CYMMBI MOMEH-
TOB JI/isl OJHON KaKoil-1uGo Touku O BBLITEKAET PABEHCTBO HYJIIO CYMMBI
MOMEHTOB OTHOCHTEJbHO JIIOoGoH Apyrod Touku O. JleACTBHTEJbHO,
nycTb /st HeKoTopoil Touku O

2N;=X[r;, F]=0. (43.6)

BosbMeM apyrylo Touky O', ToJOXeHHEe KOTOPOH OTHOCHTEJIBHO 0]
onpeneasercs BekropoM b. M3 puc. 43.2 BunHo, 41O = r;—b. Cne-
JOBaTeJbHO, CyMMa MOMEHTOB OTHOCHTEJbHO TOYKH O paBHa

SIN;=[r}, Fil=D[(r;—b), Fil=3[r, F]—3[b, F].

CorsacHo (43.6) neppasi cymma paBHa HyJw0. Buinecst Bo BTopoit cymme
NOCTOSIHHBI MHOXKHTeNE b 3a CKOGKH, nosyuum Beipazkenne —[b, X\ F ],
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KoTopoe B cuay (43.4) Takxe paBHO Hy/o. TakuMm ob6pasom, u3 (43.4)
H ycnoBus (43.6) anst Touku O BbiTeKaeT ycjoBHe (43.6) mas Touku O,
OrMernm, uTO BeKTOpHOE ycioBHe (43.5) SKBHBAJEHTHO TPEM CKa-

JISIPHBIM:
DV ppemn=0r DNy owews=0, DN, ppems=0.  (43.7)

Hrak, ycioBusi paBHOBeCHs TBEDAOrO Tesla ONpENEJSIOTCS YpaBHe-
pusimu (43.4) u (43.5) unu ypaBuenusmu (43.4) u (43.7).

B 3aksioyeHHe pacCMOTPHM IPHUMep Ha IpHMEHEHUe 3aKOHOB IHHa-
MMKH TBepzoro Tesa. ITycTb ofHOPOIHEIA HUJIHHAP pafnyca R ¥ MacChH
m cKaThbiBaeTcsl 0e3 CKOJIbKEHHS C HaKJOHHOI nyockocTd (puc. 43.3).
Yron Hak/JOHa MJIOCKOCTH paBeH «, a Beicota h (h>>R). Hauanbnas
CKOpPOCTb IMJHHJApa paBHa Hy./0. TpeGyercsi HaHTH CKOPOCTb LEHTpa
Macc M YIVIOBYIO CKOPOCTb BpallleHHsl LMJMHAPA B MOMEHT BBIXOJA
IMJIMHAPA HA TOPH3OHTAJbHBIH yuacToK. JlaauM ABa BapHaHTa PelleHHs].

I[TepBoit cnoco6 peweHHusa Huruanp Gyner ABUrathes
noj jAeficTBHeM TpeX CuJl: cHabl P=mg, cuipr Tpenns Fo, u cuibpl HOp-
majabHoro jaBnenust F, (cM. § 17). ¥YckopeHue UMIMHApa B HampaBie-
HHUM HOpMaJ¥ K IJIOCKOCTH paBHO HyJ0. CllefoBaTesbHO, CHJIa HOp-
MaJIbHOTO NaBJIEHHS paBHa 1O MOAYJI0O HOPMaJbHOH coCTaBJsomed
cusbl P, uMelolmell BeJTMYUMHY mg COS d.

TpeHne mMexAy IHJIMHAPOM H NJOCKOCTbIO BO3HHMKaeT B TOYKaX HX
CONPUKOCHOBEHHSI. I1pU OTCYTCTBHH CKOJIbXKEHHSI 3TH TOUYKH LMJHMHAPA
HemoJABMXHEI (OHH 00pasyloT MTHOBEHHYIO OChb BpallleHHs), CJefoBa-
TeJIbHO, CHJla' TPEHHS, O KOTOPOH HIeT peub, SIBJSETCS CHUJIOH TpeHHs
noxosi. Y3 § 15 usBecTHO, 4TO CHJIa TpPeHHs NOKOSI MOXET HMETb BeJiH-
YUHY B Hpefiesiax OT HYJs JO MaKCHMaJ/bHOro 3HaueHus F,, xoTopoe
onpejeasieTcss NpousBeleHHeM Ko3(hduLHEHTa TPEHHs Ha CHJYy HOp-
MaJbHOT'O JaBJeHHs, NPHAKHMMAIOMYIO APYT K APYrYy CONpHKacarolyecs
Tena (Fo=Fkmg cos @). B paccmaTpuBaeMoM c/iyyae CHJia TPEHHsI NpH-
HHMaeT TaKoe 3HaueHHe, YTOObl OTCYTCTBOBAJIO CKoJbxKeHHe. CKOJbXe-
HHe NIPH KaueHHH LHJHHApA IO NJIOCKOCTH O6YJeT OTCYTCTBOBATb NPH
YCJIOBUH, YTO JIMHeHHasl CKOPOCTb TOYEK COIPUKOCHOBEHUs OYyZeT paBHA
HYJIIO, YTO B CBOIO OYepe/lb BHIIOJHSETCS, €CIH CKOPOCTh LIEHTpa HHep-
IMH Us PaBHA B KaXJIblll MOMEHT BPeMeHH YIJIOBOH CKOPOCTH BpallleHHs
UHJINHApPA ®, YMHOXKEHHOH Ha pajvyc uuJunipa R:

vc =R, (43.8)

COOTBETCTBEHHO YCKOpEHHe IeHTpa MacC Wy OyJeT paBHO YIJIOBOMY
YCKOpeHHIO f, yMHOXeHHOMY Ha R:

we=PR. (43.9)

Ecnu neoGxonumasi 1y BuimosHeHdsi yciaoBuil (43.8) u (43.9) cuna
TPeHHs] He NpeBbllaeT MaKCHMaJbHOro 3HaueHHs F,, HHJAMHID Gyrer
CKaThIBaTbCsA Ge3 CKOJIbXKEHHs. B nmpoTHBHOM ciyyae CKaTblBaHHe 6€3
CKOJIbXKEHHST HEBO3MOXKHO.
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YpaBuenne (43.1) B nmanHoM ciyyae HMeeT BHJ,
mwe=mg-+F,+F,.
CrpoeKTHPOBaB €ro Ha HarpaB/ieHHe IBHKEHHS, IOJYYHM

mwe=mgsina—F_. (43.10)

JI1s1 OHOPONHOTO WMJIMHApPA, BPAUIAIOMWErocss BOKPYr OCH CHMMeT-
pux, M=Jw. [Tostomy ypaBHeHHe (43.2) MOXKHO nucatb B BHJE

IB=YN,, (43.11)

rze z — och uuaunapa (cm. (38.8)). B ypasuenun (43.11), HamucaHHOM
OTHOCHTE/ILHO OCH LUHHAPA, OTJHYHBLIM OT HYJS1 GYAET TOJBKO MOMEHT
cuJsbl TpeHus. OcTa/bHEIE CHJIBI, B TOM YHCJIE H Pe3yJbTHPYIOWAsT CHI
HHEpUHH, WMEIOT HalpaBJeHHsl, NPOXOJsliie Yepe3 oCh LUJIHHADA,
BCJIE[ICTBHE Yero HX MOMEHTHl OTHOCHUTEJBHO 3TOH OCH paBHHL HY.JIO.
Takum oGpasomM, ypaBHeHue (43.11) sanuuercs cienyromuMm o0pas’oM:

IB=RF,,. (43.12)

3nech ] — MOMEHT WHEPHIUH LUJIHHAPA OTHOCHTEJBHO €r0 OCH, PaBHBIH
1/,mR2.

B ypaBHenusx (43.10) u (43.12) cozepkaTcst TpH HEU3BECTHBIE BeJTH-
unnel: Fp,, we u P. Ilocnennne nBe BeJMUMHLI CBSI3aHBI YCJIOBHEM
(43.9), BHITEKAIOMHM M3 OTCYTCTBHSI CKOJIbKEHHS. PelinB COBMECTHO
ypaBuenusa (43.9), (43.10) u (43.12), Haiigem (c yyetoM TOrO, uTO [=
=1/,mR?) 3HaUeHUS HCKOMBIX BEJHUMH:

F,=%/ymgsina, (43.13)
we =?/,g sina, (43.14)
B=2/;(g/R) sina. (43.15)

Tenepb, Korsa MBI 3HaeM BeJHUYMHY CHJIBI TPEHUs NOKOs, HeoGXxo-
JIHUMYIO 171 CKaThIBaHHMs [HJHMHAPA 6€3 CKOJBXKEHUsI, MOXKHO HaHTH
yCJIOBHe, NPH KOTOPOM TaKoe CKaThIBaHHE BO3MOXKHO. /sl CKaThIBaHUs
6e3 ckoJybxeHHs cuna (43.13) He Jo/KHA NpEBHIIATE MaKCHMAJbLHOIO
3HaueHUs] CHJIBI TpeHus mokosi F,, paBHOro kmg cosa:

%/ymg sina < kmg coso.
Orcioza
tg o < 3k.

CrnenoBate/bHO, eC/IM TaHTEHC Yrila HAaKJIOHA IJIOCKOCTH MPEBHIAeT
YTpOeHHOe 3HaueHue Ko3(pGuUHeHTa TPEHHS TOKOSI MEXAY LHIHHAPOM
H IJIOCKOCTBIO, CKAaThIBaHHE He MOXeT NPOMCXOIUTH Ge3 CKOJIbKEHHS.

U3 nocrosincrBa we (cM. (43.14)) cirenyer, 4To UEHTP Mace MHJHHA-
Pa JBHKeTCS PaBHOYCKOPeHHO. 3a BpeMs CKAaTBIBAHHUS f., LUJIUHAD
NPOXOAMT NyTb A/sin o. IIpy pDaBHOYCKODEHHOM [BHXKEHHH NYTh,
YCKOpEHHE H BpeMs CBsi3aHbl cooTHoLleHHeM s=1/,wf2, TloxcraBus
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3HaUeHHe S, IIOJYYHM, YTO
h/sin o =1/,w 1%,
OTKyJa C yuyeToM 3HaueHus (43.14) nis we npHxoauMm K ¢dopmyne
_ ) E

¢k T sina g

1o Bpemsi, KaK H W, He 3aBUCUT OT MacChl M paguyca LUHMJIHHApa 1);
OHO OIpenessieTCs] TOJNLKO YIJIOM HAaKJ/OHA IJIGCKOCTH o0 H Pa3sHOCThIO
ypoBHell ee KpaeB h.

CKOpOCTb LIeHTpa MacC NpH BbIXOJE UM/IMHIApPA Ha TOPH30HTAJbHBIH
yuactok GyneT paBHa

4
U= Wtk = ]/-3' gh,

a YyrJoBasd CKCOPOCTb IIHJAHHApA

1 4
0=Plo =%V Seh.

OrmeTHuM, 4TO CHJ1a TPEHMS MOKOS PaGOTHI Hal LHIMHAPOM He COBep-
1aeT, TaK KaK TOYKH UMJIMHIPA, K KOTOPHIM INIPHJIOXKEHa 3Ta CHJja, B
KaXKIbliI MOMEHT BpeMeHH HeNOABMXKHHI (cM. (20.5)).

Hasi ropusoHTtaibHOR mockoctH (a=0) mo dopmynam (43.14) u
(43.15) mosyuaercst, 4TO UMJIHHIpP, €CJH €MY COOOIUHTD NpeABapHUTENb-
HO HEKOTOPYIO NOCTYNAaTeJbHYI0O M COOTBETCTBYHOLLYIO (TaKylo, YTOGBI
He ObIJIO CKOJIbXKEHHS) YTJIOBYIO CKOPOCTb, GyZeT JBUTaThCst 6€3 yCcKope-
Husi. Ha camom jese nBm:xeHHe GyfeT 3aMelJieHHBIM. DTO 3aMelJieHHe
00yC/IOB/IMBaETCsl CHJIOH TpPEHHs KaueHHs, KOTOpas HalpaBjeHa Tak,
YTO € MOMEHT YMEHbBIIAeT YIJIOBYIO CKOPOCTb @, @ CaMa CHJIa BHI3HIBaeT
COOTBeTCTBYIoOLlee (ONSATb-TAKH TaKoe, YTOOBI He BO3HHKAJO CKOJbKe-
HHS) 3aMelieHHe neHTpa Macc. Cusa TpeHMsT KaueHHs COBEpIUaeT Haj
KaTSIUMCST TeJIOM OTPHIaTeNbHYIO pabory.

INpu pemennn 3anayn o0 CKaThIBAHHU LMJIMHAPA C HAKJOHHOH mJoc-
KOCTH TpeHHeM KaueHHMs MBI IpeHe6Gperau.

Bropo#i cnoco6 pemeHHs. Ilockeapky cuna TpeHus
paboThl He coBeplIaeT (TpeHHeM KaueHHs npeHeGperaem), NoJjHas SHep-
THS LWJIHHAPA OCTaeTcA IOCTOSTHHOH. B HauasbHBI MOMEHT KHHETH-
yeckasl SHeprusi paBHa HYJIO, NOTEHUHaJbHasi Heprusi paBHa mgh.
B KoHIle cKaThIBaHUS NMOTEHUHAJbHAasi SHEPTHS CTAHOBUTCSI PABHOH HY-
JII0, 3aTC MOSIBJISIeTCS] KHHETHYeCKast 3Heprus, paBHas (cM. (42.3))

m% o [ow?

T=—5+-"7%5"

1) 310 cnpaBelIMBO TOJABLKO A/ OJHOPOAHOI'O CINIOIIHOTO IMJIMHIPA.
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Tak Kak CKOJIbXKE€HHE OTCYTCTBYET, Uz H O CBSI3aHbI COOTHOLIEHUEM
vc=0R. TloxctaBHB B BhIpa)KeHWe JJIsi KUHETHUECKOH SHEPTHH ©=
=0v/R n' I;='.mR? mnoayuum:

mv mue 3
C+ C—~mv?;.

ITonnas SHeprus B HadaJjde U B KOHIE CKAThIBAHHsA NOJIXKHA OLITH
OJHHaKOoBa:

% mug =mgh,

=Y san
"’__—_ 1/3 gh.

O6patnute BHHMaHHe, HACKOJbKO BTOPOH CNOCOO pelleHus Ipolie
nepBoro.

OTKYa

a YrJjioBasg CKOpOCTb

§ 44. T'mpockonbl

I'upockonoM (MM BOTYKOM) HashiBaeTcss MaCCHBHOE CHMMETPHYHOE
TeJ10, Bpauawomeecss ¢ GOJBIIOH CKOPOCTbIO BOKPYI OCH CHMMETPHH.
DTy ocb MHI GyZleM HasBIBaThb OCbIO rupockona. Ocb rupocKona siBJIsSeTcs]
OZHOH W3 I'7IaBHBIX ocelf MHepuuu. IlosTomy, eciu oHa He moBOpauH-
BaeTcss B IIPOCTPAaHCTBE, MOMEHT uMNyJjbca paBeH M=/®, rae [ —
MOMEHT HHepIMH OTHOCHTeJIbHO OCH rupockona. JlomycTuM Temepb, YTO
OCb THPOCKONA NOBOPAYMBaeTcsi ¢ HEKOTOPOil CKOpPOCThio ®'. B 3atoMm
cJydae pe3yJbTHPYIOLIee BpalleHle THPOCKOIa IPOHCXOIUT BOKPYT OCH,
He COBIIaJalolell ¢ OCbI0 CHMMETPHH, U HanpaBJseHve BekKTopa M He coB-
najaeT ¢ HanpapJeHHeM ocH rupockona. OXHaKo ecqH CKOPOCTb Bpa-
IIEHNS] OCH ®  NpeHeGpexXHMO MaJia 1o CPaBHEHHIO CO CKOPOCTBIO €0G-
CTBEHHOTO BpallleHHsI I'Hpockona o (®'<€e), TO MOXHO NPHGIHKEHHO
CYHTaTh BeKTOp M paBHBIM /@ U HanpaB/IeHHBIM BJOJIb OCH 'MPOCKOIIA.
Ilpu 3TOM yCJIOBHH NOBOPOT BeKTOpa M M nOBOPOT OcH rupocKona GynyT
SKBUBaJeHTHBIMH. B JasbHelileM MBI GyleM IpeAnoJiaratb, 4To YCJIO-
BHe ©'<Ko cobmoaaeTcs.

Ilpu monbiTKe BbI3BaTh NMOBOPOT OCH THPOCKONA HaG.oxaeTcst cBoe-
o0pasHoe sIBJIeHHe, NOJIyuyMBIllee Ha3BAHHE TH PO CKON HYECK O -
ro s ¢ dexTa: noA feficTBHEM CHJI, KOTOPbIe, Ka3a/0Ch Obl, JOJIKHEI
GLLIH  BEI3BATH IOBOPOT OCH rupockona OO Bokpyr mpsmoii 0'0’
(puc. 44.1), ocb rupockona MOBOPAYMBAETCS BOKPYT MPSIMOM 0"0"
(oce 00 u npsmasi 0’0’ npeanosaraloTCs JieamuMH B IJIOCKOCTH pu-
CYHKa , a npsimasi 0’0" u cunbt F; n F;— nepneHAUKYISPHEIME K 9TOH
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nyockoctH). [IpoTHBOecTecTBeHHOe Ha MepBHIA B3I/ NOBEJEHHE TH-
POCKOINA OKa3bIBAETCS MOJHOCTBIO COOTBETCTBYIOMIMM 3aKOHaM JWHaMH-
KH BpallaTeJIbHOrO JBUXKEHHUS. B camom gene, momeHT cual Fi u F,
HanpapJ/ieH BjoJb npsimoit 0'0’. 3a Bpemst df MOMEHT| UMIyJbca THpO-
ckona M nonyuur npupamenre dM=N df, KoTopoe HMeeT TaKoe XKe
Hanpas/eHue, Kak U N. Cnycm BpeMH dt MOMeHT UMIYJIbca THPOCKONA
6yner paBeH pesyabTHpyoomed M'=M-+dM, Jexameii B IJIOTHOCTH
pucynka. Hanpasnenue Bektopa M’ coBnajaetr ¢ HOBBIM HampasJe-
HHeM OCH rupockona. Takum o06pasoM, OCb THPOCKONa IOBEpHETCS
BOKpYr mnpsmoii 0"0” Ha HekoTophlll yroa dg. M3 puc. 44.1 Bupgso,
yto do=|[dM|/M=Nd¢/M. Orcioga cienyer, YTO TNOBOPOT OCH THPO-
CKOla B HOBOE TMOJIOXKEHHE ITPOM30LIeN C YIJIOBOH CKOPOCTHIO @ =
=do/dt=N/M. HepenmueM 3TO COOTHOIUEHHE B BHJE: N-— ‘M. Bek-
Topol N, M 1 @' B3aUMHO NepNEHAMKYJSPHEI (BEKTOD ©" HampabjieH
Brosib npsmod 0”0” Ha Hac). I1o3TOMy CBSI3b MEXAY HUMH MOXKHO 3a-
nucatb B BHJIE

N =[o'M]. (44.1)

Mgt nosyunan 3ty GOpMYJyY LIS Caydas, KOrAa BEKTOpH o' H M
B3aUMHO neprneHAuKyasspHel. ONHAKO OHa crpaBeiIHBa M B caMOM 06-
meMm cayyae. Kax JBHIHO U3 pHC. 44.2, npu noBopoTe OCH THpOCKOINa
BOKDYT BEKTOpPa @ Ha yroJ dg Bektop M nonyuaer npupalieHve, Mo-
nyJp Kotoporo paseH |dM|=M sin adp. Bmecre ¢ Tem |dM|=Ndt.
Takum o6Gpasom, M sin o dop=N df, orkyza N=o'Msina. C mno-
Mollbio puc. 44.2 jlerko cooO6pasuThb, YTO 1 B 3TOM CJ1yuae CIpaBelIuBa
dopmyna (44.1) (Bekropbl @ M M JieXKaT B IJIOCKOCTH PUCYHKA, BEKTOP
dM HanpaBsieH 3a yepTexX H IO3TOMY H306paxkeH KPYKKOM C KPeCTH-
kom). Hanomuum, uto dopmyna (44.1)
CrpaBejIuBa JIMIIL B TOM CJyuyae, eciau
o'<Lo.

Ilpn nomelTkax BHI3BaTh MOBOPOT OCH
THPOCKONA 3aJaHHBIM 006pa3oM BCJIEICTBHE
TUPOCKONUYECKOro 3¢heKTa BOSHHKAIOT TaK

Puc. 44.2.

Ha3piBaéMble THPOCKOMNMHYECKHE CHJ HBI, nencmyxomne Ha
NOAIIHITHUKH, B KOTOPHIX BpallaeTcsl OCb THPOCKONaA. Hanplmep, npu
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TIPUHYAUTEIBHOM NOBOpoTe ocH rupockona OO Bokpyr npsimoit 0’0"
(prc. 44.3) och rUpocKoma CTpeMHUTCS IOBEPHYTbCSA BOKDYr HpSMO
0"0". Urto6bl MpeIoTBPaTUTh 3TO BpallleHHe, K OCH 'MPOCKOINA JOJIKHbD
6LITh NPHJIOKEHH JeHCTBYIOUIYE CO CTOPOHbI MOAMMIHUKOB cHJbl Fi H
F;. Ilo Tperbemy 3akoHy HploToHa ocb rupockona 6yfer JAefCTBOBAaTh
Ha DomHUNHUKY ¢ cuaamu Fy u F,, KoTophie H ABJSIOTCS THPOCKONNYe-
cKuUMH cunaMi. [Ipyu mpUHYAUTEIBHOM NOBOPOTE OCH THPOCKOMNA C YIJo-
BO CKOPOCTBIO @®@" MOMEHT CHJI, C KOTODHIMH MOAIIMIHHKH AeHCTBYIOT
Ha ocb, onpexensercs ¢opmynoit (44.1). MoMeHT rUpOCKOIHYECKUX CHJT,
€ KOTOPbIMH OChb JIeHCTBYeT Ha NOMIIHIIHUKH, paBeH

N’ =[Me']. (44.2)
Hpe,lIHOJIO)KHM, YTO OChb ripocCKoIa 3aKperJieHa B KOJIbIe K, KOTO-

poe MoxeT cBOGOAHO MOBOpauynBaTbhbesi B oboiime 06 (puc. 44.4). Ilpu-
BeJleM o6oiiMy BO BpallleHHe BOKPYT OCH, Jiexalliell B ee IJIOCKOCTH,

Puc. 44.3. Puc. 44.4,

¢ YIJI0BO# CKOpOCTBIO 0. B 3TOM cayuae, Kak Mbl BbISICHH/IH, BOSHHKAET
JeHCTBYIOIIMH Ha KOJbLO MOMEHT THPOCKONHYECKHX CHJI, ONpenense-
Mbiit dopmydoit (44.2). Ilon pmeficTBueM 3TOro MoMeHTa KOJbLIO GyieT
HOBOpauMBaThCsl B 0060fiMe B HampaBseHUH, YKa3aHHOM CTpeJKOil, 1o
TeX NOp, MOKa O0Cb THPOCKOINIAa He YCTAHOBUTCS B HAaNPaBJieHHU OCH Bpa-
eHus1 06oiMbl U MOMeHT (44.2) He craHer paBHbIM HyJi0. Ilpu aTom Ha-
npaBJieHHe COOCTBEHHOTO BpAILlEHHs] THPOCKONA M Halpas/eHMe, B Ko-
TOopoM Bpaiaercss oGofima, coBrmanyt. IIpy M u @', HampaB/eHHBIX B
NPOTHBOMNOJIOXKHBIE CTOPOHBI, MOMeHT (44.2) Takke paBeH*Hy/0. Ox-
HAaKO COOTBETCTBYIOLlee NOJIOXKEHHe OCH THpocKoma OYAeT HeyCTOHUH-
BBIM — NP MajieffiieM OTKJIOHeHHH yria mexay M u @' or 180° mo-
siBUTCST MOMeHT N, KOTOpBIfl 6yIeT NoBOpauuBaTh OCh JO T€X MOP, MOKa
STOT YroJl He CTaHET PaBHEIM HYJIO.
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Tenmeps jonmycTHM, 4To 0GofMa NOBOPAaYMBAETCS C YIJIOBOH CKo-
pOCTBIO ' BOKPYT OCH, He Jexallleff B ee MJIOCKOCTH (puc. 44.5). B no-
JIO}KEHWH KOJIblla, P KOTOPOM MOMEHT HMITYJIbca rupockona M nepnes-
IHMKyJaAped K o' (puc. 44.5, a), Bekrop N’ umeer HampaBJ/ieHue, NOKa-
aarHoe Ha pucyHke. CocraBnsiiomiass N 3TOro BeKTOpa BhI3bIBaeT I0BO-
poT KoJibua B 0GoiiMe, B Pe3yJ/IbTaTe KOTOPOTO Yrosl MeX1y BeKTOpaMu
M u o' 6yaer ymenbumatbest. Cocrapsiomas Ny CTPEMHTCH [PEKOCHTD
KOJIBIIO OTHOCHTeNbHO 060iiMbl. Korza XonbLo 3ailMeT TaKoe MOJIOXKe-

4
HUe, IPU KOTOPOM YTroJl MeXJy BekTopamd M U o' npHMeT HaHMeHbllee
BO3MOMKHOe 3HaueHHe (puc. 44.5, 6), cocrasisiomast Ny cTaHeT paBHO#

HYJIO, TAK KaK B 5TOM C/1y4ae MOMEHT THPOCKONUUecKHX cuil N’ Jexut
B IJIOCKOCTH KOJIbLIA; 3TOT
MOMEHT He MOXET BhI3BaTh
BpalleHHs KoJbla B o6okime.
‘Takum o6pa3soM, NoJ AeHCT-
BHEM T'HPOCKOIHYECKHX CH.JI
KOJIBIO 3aHHMaeT B o0oiime
TaKoe IOJIOKEHHE, NIPH KOTO-
pPOM Yroa MeXAy OCBbIO TH-
pocKona Y OCbl0 BpalleHHs
000fiIMbI MHHHMAJIEH.
OnucaHHoe  MoBefeHHe
THPOCKONa MOJIOXEHO B OC-
HOBY npu6opa, Ha3bIBaeMoro
Puc. 44.5. TUPOCKONMHUYECKHUM
KoMnacoM (rHPOKOM-
nacom). dtotr npubop mnpencraBasieT co60H T'HPOCKOMN, OChb KOTOPOro
MOKeT CBOGOAHO MOBOPAYHBATbCS B TOPH30HTANBHOH MJocKocTH. ITox
BJIMSIHMEM CYTOYHOrO BpallleHHss 3eMJH oChb THpOKOMIaca YCTaHaBJ/IH-
BaeTcsi B TaKOE€ MOJIOXKEHHEe, IPH KOTOPOM YroJ MeXAY 3TOH OChio U
ocblo BpalleHust 3eMan GyAeT MUHUMaJabHBIM (puc. 44.6). B aToM moJio-
’KEHHUH OCb THPOKOMIIaca OKasbIBAeTCs B MEPHIHOHAJNBHOH IJIOCKOCTH
H, cllefloBaTeJbHO, YKa3biBaeT TOUHO Ha ceBep. 'mpockonuueckuif Kom-
nac BbIOJHO OTJIMYAEeTCs] OT KOMIIaca ¢ MAarHUTHOH CTPeJIKOil TeM, YTo B
ero NoKasaHHs HeT HeoGXOJAMMOCTH BHOCHTD IIONPABKU Ha TaK HasbBae-
MO€ MarHUTHOe CKJIOHeHHe 1), a TaKKe He NPUXORUTCS NPHHUMATb Mep
IJIS. KOMIIEHCAllMM BO3JeHCTBHSI HA CTPEJKY PaClOJIOKEHHBIX BOJIH3U
Hee (heppOMarHUTHBEIX ITPEAMETOB (HampHUMep, CTaJbHOrO KOpIyca Ko-
pabas u T. m.).
IonycTum, 4TO OCh THpPOCKONA MOXKET CBOGOAHO NMOBOPAYHBATHCS
BOKDYT HeKOTOpol ToukH O (puc. 44.7). PaccMotpuMm TmoBefieHHe Ta-
KOro rMpoCKONa B IoJie CHJI TAXKeCTH. MOMEHT CHJI, MPHJIOKEHHBIX

1) MarHHTHEIM CKJIOHEHHEM Ha3BIBA€TCA YIoJ MeXAY MarHUTHHIM H Ieorpaduyec-
KHM MepPHAMAHaMH.,
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K THPOCKOIY, paBeH IO BeJHYHHE
N=mgl sin e, (44.3)

rJie m — Macca rupockona, ! — paccrosiHue ot ToukH O 10 IIeHTpa Macc
‘THPOCKOINa, . — YyroJj, o6pa3oBaHHBIH OCbIO THPOCKONA C BEPTHUKAJBIO.
Hanpasien Bexrop N nepneHAHKYJSIPHO K BEPTHKAJbHOH IJIOCKOCTH,
npoxojsiell yepe3 ocb rupockona (Ha puc. 44.7 sta mJIOCKOCTh 3a-
LITPHXOBAHA).

Puc. 44.6. Puc. 44.7.

Tlon nmefictBueM momeHnTta cul N MoMeHT uMmMnysnbca M mosyuut 3a
Bpems df npupamenve dM=N df, nepneHauKyJsipHOe K BekTOopy M.
VismeHenue, KoTopoe npeTeprneBaeT BeKTop M, MOJyYHB npupaiieHue
dM, cOOTBeTCTBYeT TaKOMY IIOBOPOTY OCH THPOCKONA, IPH KOTOPOM YroJt
a He M3MeHsleTcs. BepTHkanbHasi MJIOCKOCTb, IPOXOASINAsSl Yepe3 OCh
THPOCKONa, IOBEPHETCsI TPY 3TOM Ha yroJ dg. Ha Taxoit xe yros nosep-
HETCS] B TOPHM3OHTaJIbHOH IJIocKocTH BekTop N. B pesysbrare cnycrs
BpeMsi df GylleT NIMETh MECTO TaKoe XKe B3aHMHOE PacIOJIOKEHHE BEKTO
poB M u N, Kak ¥ B HayaJbHBIl MOMEHT. '

3a nocnenyrouyii sjemeHT BpeMeHH df BeKTop M N0JTyuuT CHOBa IpHU-
pamenve dM, Koropoe GyIeT NMepHEHANKYJNSIPHO K HOBOMY (BO3HHKILE-
MYy IOCJIe MPENIIECTBYIOMIETO 3/JeMEHTapHOrO MOBOPOTA) HalpaBJIEHHIO
BekTopa M, ¥ T. 1. B HTOre och rupockona 6yaeT NoBopayHBaThCsl BO-
KDPYr BepTHKaJbHOIl OCH, NpoXojsiled yeped Touky O, C YrJoBOi
CKOPOCTBI0 @', ONMCHIBasi KOHYC C YIVIOM pacTBopa, paBHEIM 2¢ (cp.
c puc. 44.2). (Ilpu a=n/2 KoHYC BBIPOXK/JAETCA B IJIOCKOCTDb.) BekTop
M npu 3TOM GYAeT H3MeHATbCS TOJbKO IO HaNpaBJ/IEHHIO, N0 BEJHUYHHE
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OH GyJeT NMOCTOSTHHEIM, TaK KaK 3JjleMeHTapHble mpHpamenus dM Bce
BpeMsi GYAYT NepneHAMKYJISPHB K BeKTOpy M%),

Htak, B m0Jie CHJI TSKECTH OCh THPOCKONA C HEMOJBHXKHON TOYKOH
MOBOpauMBaeTcsl BOKPYr BepTHKaJ/H, OMHChIBasg KOHyc. Takoe JBHKe-
HUe THpPOCKONa Ha3biBaeTcss M peleccHe . YIJOBYIO CKOPOCTh
TpeleccHy &' MOXXHO HaliTH, IPUHSB BO BHUMaHHe, 4To corJiacHo (44.1)
N=w'Msin a. IlpupaBuaB 3T0 3HaueHUe BhlpaxeHHIO (44.3), moxy-
uuM, 4to ©'M sin a=mgl sin a, oTkyna

o =met_mel (44.4)

U3 (44.4) cnenyer, 94TO CKOPOCTB NPeLeCCHH He 3aBUCHT OT YIJia HaKJIOHA
OCH T'MPOCKOIAa IO OTHOIIEHHIO K BepTHKalH (OT yrja o).

oy & .74
&z 7] -7}

a) b) 4)
Puc. 44.8.

®opmyay (44.4) MOXKHO MOJYUYHTh TaKXKe CJAENYIOMUM O0Opa3oM.
Corsacro puc. 44.7 yroa d¢g, Ha KOTOpHIif IIOBEPHETCS MJIOCKOCTD, NPO-
Xonsllas yepes ochb KOHYCa M OChb T'MPOCKOIA, MOXKET OBIThb ITPeCTaB-
JieH Kak oTHouenye |[dM| k M sin a (Havaso Bekropa M mpexnonaraercs
[IOMeIleHHBIM B TOuKy O):
|[dM| _ Ndt _ mglsina.dt
Msina™ Msina Msina ° (44.5)

do=

OueBuzHo, uTo ©'=d@/df{. PasnenuB Boipaxenue (44.5) ua df, npugem
K ¢dopmyne (44.4).

Mn1 paccmoTpenu npuOIHKEHHYIO Teopuio rupockona. CorJacHo
CTPOroil TEOPHH HapsAy C BpallleHHeM OCH BOKPYI BEPTHKAJH NMPOUCXO-
JAT KoJieGaHHSI OCH B BePTHKAaJIbHOH IJIOCKOCTH, CONPOBOXKZAIOLIYECS
H3MEeHEeHHsIMH yIJla o B IpeliefaX OT O JO Qz. DTH KoJeGaHHsl OCH
HasLIBAIOTCS HY Ta Il M e H. B 3aBUCHMOCTH OT HayasIbHBIX YCJIOBHIH
KOHel OCH THpOCKolla BhbIYepuMBaeT Ha BooOpaxkaeMoil cdepuuecKoit

%) AnazormuHo BelleT ce6si BEKTOP CKODOCTH NPH PaBHOMEPHOM JIBHMEHHM TOUKH
10 OKpyXHOcTH. BekTop v monyuaer 3a Bpems df npupaieHus dv=w,d¢ (w,,=const).
B pesysbTare nsMensiercss HanpaB/ienHe BEKTCPA V, BeJIHYHMHA XKe €r0 OCTAETCH HEM3-
MEHHOH,
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NOBEPXHOCTH OIHY M3 H300paxKeHHBIX Ha puc. 44.8 kpusnix. Ecnu, Ha-
NpUMep, 3aKPENHB OCh MHOJ YIJIOM ¢, IPUBECTH FHPOCKOI BO BpalleHue
U 3aTeM OCBOOOIHUTH OCh 6€3 TOTYKa, OCh CHauaJsa GyJAeT, MOBOpauHBasiCh
BOKDYT BepTHKaJ/H, onyckaTbcsi. JJOCTHIHYB yrJia a,, OCb CTAHET MOJHHU-
MaThbCs, U T. I. (3TOT ciydail u3obpaxeH Ha puc. 44.8, 6).

Coo6IKB BOMYKY HayasbHbIA TOMYOK BIIOJIHE ONpejejleHHOH Besu-
YHHBI U HamNpaBJleHHsI, MOKHO NOOUTLCSI TOTO, YTO OCh THPOCKOmNa Gyzer
npentieccupoBaTh 6e3 Hytauuu. Takas npeneccus
HaspiBaeTcss per yJaspHoH Yem GuicTpee
BpaulaeTcst BOJIYOK, TeM MeHbIe aMIIMTYJa HY-
Tauyud. Kpome Toro, HyrauMs mnorauaercst Tpe-
HveM B onope. [TostoMy npakTvueckH HyTauus
yacto GbiBaeT He3ameTHOM. Ilpeueccus, KoTopast
SIBJISIETCST PeryJspHOf JIMIIb NPUOIHKEHHO,
HasblBaeTCsi MCeBIOpPEeryJaspHOH.

Ecan Touky O nomecTuTb B LEHTP MacC rH-
pockona (cM. pHc. 44.7), MOMEHT CHJIBI TSI2KECTH
CTaHeT pAaBHBIM HYJIO, U Mbl IOJYYHM TaK
HasblBaeMbli CBOGO X HH U CHMMeET- Puc. 44.9.
PHYHHNK BOJYOK. B cuay 3axoHa
COXPAaHEHHSI MOMEHT HMIYJbCAa TAaKOro BOJYKa He GyHer H3Me-
HSIThCSL HY IO BeJIMYHMHE, HU IO HampaByeHHo. Ecyi npuBecTH BOJIYOK
BO BpallleHHe BOKPYT OCH CHMMETPHH, BeKTopel M H © GYAYT UMeThb ou-
HaKOBOe HallpaBJeHHe, COXPaHsIolleecsl HeorpaHHueHHo JoJro. OxHako,
ecJIM BOJIYOK GyJeT IpHBeleH BO BpallieHHe BOKPYT OCH, He COBMNajalo-
el HU C OIHOH M3 ero I'JIaBHEIX Ocell HHepIuY, BeKTopsl M H @ He OYAyT
coBnanarb (puc. 44.9). CooTBeTCTBYIOIHUH pacyeT NPUBOJUT K Clenylo-
UM pe3yJbTaTaM. BekTop @, OCTaBasich MOCTOSIHHEIM IO BeJIMYHHE,
mpeLecCHpyeT BOKPYI' HampaBJeHHs BeKropa M, omnuceiBasg KOHYC.
OnHOBpeMeHHO Npeleccupyer ocb CHMMETPHH BOJIYKA 2, NIPHYEM Bek-
Topel M, ® U OCbk 2 Bcé BpeMsl HaXoAsTCS B OINHOH MJIOCKOCTH. Bosvok
BpalllaeTcsi BOKPYT OCH 2 C YIJIOBOH CKopocTblo w,=M,/I,, rne M, —
npoekuys Bektopa M Ha ocb 2, /,— MOMEHT MHepLUHM BOJYKA OTHOCH-
TeJIbHO 3TOH OCH. YTJIOBasi CKOPOCTb MpeleccHd paBHa wn,,=M/I, rxae
I — onvHakoBoe 3HAYeHUE MOMEHTOB MHepuuu [, u [,




TTABA VI
BCEMHPHOE TATIOTEHHUE

§ 45. 3akoH BCeMHPHOIO TSITOTEHHS

Bce Tena B mpupone B3aMMHO NpPHTSITHBAIOT IPYT Apyra. 3akKoH,
KOTOpOMY MOAYMHSIETCS 3TO NPUTSAKEHHe, Gbl ycraHoBjeH HbioToHOM
M HOCHT Ha3BaHHe 3aKOHa BCEMHDHOTO THFOTEHHS.
CoryiacHO 3TOMY 3aKOHY cuAa, ¢ Komopoti 0ée MamepuasbHole MoKy npu-
mseugarom Opye Opyea, nPonopYUOHALLHA MACCAM SMUX MOYEK U 06PAMHO
NPONOPYUOHANLHA KEAOpamy PAacCMOAHUSL MEXCOY HUMU:

. (45.1)

oy gy
F=v -
3nech y — KOS(UUHUEHT NPONOPUHOHANLHOCTH, HA3HIBAEMBIH T P a-
BHTAILHOHHOH mnocTosHHOIHI Hampasnena cuna spoan

m B A Fyy Mz TS _ e
] ’i’k S

< r

Puc. 45.1. Puc. 45.2.

npaMoi, NpPOXOAsilell uepe3 B3aHMMOJEHCTBYIOIIHE MaTepHaIbHbE TOY-
Ku (puc. 45.1).

B BeKTOpPHOM BHAE CHJY, C KOTOpOil BTopasl MaTepHasibHasl TOYKa
NpUTATrHBaeT K ceGe MepBYIO, MOXHO 3alHcaThb CJELYIOIMM 06pa3oM:

Faa= 770" egs. (45.2)

CHUMOJIOM €5, 0003HAYEH eJVHHYHBIH BEKTOp, MMEIOLINH HanpaB/cHHE
OT mepBOfi MaTepHa/IbHOR TOYKM KO BTOpoi (cM. puc. 45.1). 3ameHuB
B Gopmy.ie (45.2) BEKTOpP €12 BEKTOPOM €y, OJYUuM cuay Foz, nefictyro-
IYI0 Ha BTOPYIO MaTepHAJIbHYIO TOUKY.
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Hasi onpeneneHyss CH/IBl B3aHMOJEHCTBHSI MPOTSIKEHHBIX TeJ HX
HY?KHO pa36HTb Ha 3/1eMeHTapHbIe Macchl Am, KaXkayio U3 KOTOPBIX MOXK-
HO GblIO OBl NPHHATL 33 MaTepHavibHYIO TOYKY (puc. 45.2). CorsacHo
(45.2) i-s1 anemeHTapHas Macca Tesia  NIPUTSATUBAETCS K k-H ssemMeHTap-
HOH Macce Tesa 2 ¢ CHJIOH

Fin= Y;—%eik» (45.3)

Tle r;,— DacCTOsiHHE MeXAYy 3JIeMEHTaPHBIMH MacCaMH.

IIpocymmupoBaB (45.3) mo Bcem 3HaueHWsIM HHAEKCA B, MOJYdHM
CHJY, AEHCTBYIOLLYIO CO CTOPOHBI Tea 2 Ha NpHHalJexauyio teay [
3JeMeHTapHyl Maccy Am;:

Am; A 1
Fu= 275 e (45.4)

Haxonen, npocymmupoBaB (45.4) no BCceM 3HaueHWsM HHAEKca i, T. e.
C/IOXHB CHJIbI, IIPUJIOKEHHBIE KO BCEM 3JIeMEHTapHBIM MaccaM IepBOro
TeJ1a, MOJMYYHM CUTY, C KOTOpOH Teso 2 meHCTByeT Ha Tedo I:

Fo=Y Yy &fitlee,, (45.5)
Pk

2
ik

CyMMHpOBaHNe MPOHM3BOAHTCA MO BCeM 3HAUYEHHSM UHJEKCOB [ U k.
CnenoBatesibHO, ec/u Tes10  paséuth Ha Ny, a Tesio 2 — Ha N, 371eMeH-
TapHBIX Macc, To cymma (45.5) 6yner comepxkatb NN, cllaraembix.

Ipaktueckn cymmupoBaHHe (45.5) CBOXHMTCS K HHTerpHPOBaHHIO
U sIBJIsIeTCSs, BOOGILe IOBOPSI, OYEHb CJIOXKHOI MaTeMaTHUeCKOH 3aavei.
Ecnu B3anMogeicTBYIOIHME TeJIa OQHOPOJHE! H HMEIOT MPaBHJIbHYIO Gop-
My, BLIUHCJEHHs CHJIBHO yrpolialoTcsi. B wacTHoCcTH, B ciydae, KOria
B3aHMOJIEHCTBYIOLIME Tesla NMPEeACTABJISAIOT COG0H OXHOPOAHEBIE *) IIapH,
BhIYHCJIEHHE corviacHo (45.5) npuBoxuT K dopmyJie (45.2), B KoTopoit nox
ms; ¥ m, CJefyeT NOHHMaTh MacChl 1IapoB, MOJ, 7 — PAaCCTOSIHHE MeXNLy
HX LIEHTPaMH M NOJ e;,— eIHHHYHBI BEKTOp, UMEIOUIHiI HanpaB/leHHe
OT IIeHTpa IIEePBOro liapa K LeHTPpY Broporo. Takum o6pa3om, maphl B3a-
MUMOJEHCTBYIOT KaK MaTepHajibHble TOYKH, HMEIOIlHe MacChl, pPaBHbIE
MaccaMm ILapoB, H NOMeLIeHHBIE B HX LEHTpaX.

Ecau ofHO W3 Tes NpejcTaB/isieT COOOH OAHOPONHBIH Iap OYeHb
GoJiblOro pajuyca (HanpuMep 3eMHOH Iuap), a BTOPOE TeJlo MOXHO pac-
CMaTpHBaTh KaK MaTepHaJbHYIO TOYKY, TO HX B3aHMOJEHCTBHE ONHCHI-
BaeTcst popMyJioii (45.2), B KOTOPOIl NOJ 7 HYKHO NOHHMATb PACCTOSIHHE
OT LIEHTpa Iuapa JO MaTepHaJbHOH TOYKH (3TO yTBep:KaeHHe GyJeT Jo-
KasaHO B CJelyolieM mnaparpage).

1) IoctatouHo, uToGhI pacnpeeseHHe Macchl B IpefiesiaX KaxIoro mapa o6najnano
HEeHTPaNbHOH CHMMETpHEH, T. €, YTOOhl IVIOTHOCTE Obl1a yHKIHEHR TOMBKO PaCCTOAHHUA
OT LieHTpa Liapa, '
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PasMepHOCTb TpaBHTAUHOHHOH TNOCTOSHHOH B COOTBETCTBHH ¢
(45.1) paBHa

: r? ML/T?) L2 1T =
[v1="11E 1 LD LaM-2T -2,
UycneHHoe 3HaueHWe Yy OBLIO ONpeNesNeHO MYTeM H3MEPEHUS CHJIHI,
Yemanobomar eanobrg  © KOTOPOH NPHUTATHBAIOTCS APYT K APYTY Te-
Jia u3BecTHO! Macchl. ITpn Takux n3MepeHusix
BO3HMKAIOT GOJIbIUIME TPYXHOCTH, TaK KaK A1
TeJI, Macchl KOTOPBHIX MOT'YT ObITh HENmocpeiacT-
Hums BEHHO M3MepeHbl, CHJIa NMPUTSAKEHHS OKasbl-
BaeTcsl KpaiiHe MaJsoil. Tak, Hampumep, 1Ba
,@ Tes1a ¢ mMaccoit 100 Kr Kaxjoce, HaXoAslIHecs
- Ha paccTosiHuH 1 M Ipyr oT xpyra, B3aHMO-
e JIedcTBYIOT ¢ cujoi mopsigka 107¢ H, T.e,
@ Kopowsicre - @ nopsiaka 1074 re.
4 IlepBoii ycnerHo# NONBITKOH ONpesiesieHHst
Prc. 45.3. ¢ GbLIM W3MepeHusi, ocyulecTBleHHble KaBeH-
pumeM (1798 r.). O npuUMeHHJ I/ M3MEPeHHU st
CHJ BecbMa 4YBCTBUTE/IbHBIA METOJ KPYTUIbHBIX BecoB (pHc. 45.3). IlBa
CBHHUOBHIX Iapa m (¢ maccoit 0,729 Kr Kaknplil), HpPHKpPEIJIEHHBIX
K KOHIIaM JIETKOrO KOPOMBICJia, NOMEIa/Ch BOJH3H CHMMETPHYHO pac-
noJiokeHHbIX mapoB M (c maccoit no 158 kr). Kopomricio mopseiunBa-
JoCb Ha YNpYro# HHUTH, MO 3aKPYYMBAHHIO KOTOPOH MOKHO OBLJIO M3-
MepATb CHJIY NPHUTSKEHHUS IIapoB IPYT K APYry. BepxHuit KoHew HUTH
6B 3aKpelJieH B YCTaHOBOYHOH TOJIOBKE, IIOBOPOTOM KOTOPOH MOXKHO
6BII0 MEHATb PacCTOsiHHe Mexnay Iuapamu m u M. HauGosee TOuHBIM
U3 ONpejieJIeHHBIX PasHbIMH CIOCOGAMHM CYHTAeTCsl 3HaueHHe

v=6,670- 10~ H.-M2/kr2.
Ecau B (45.1) noacraBuTh myi, m, 4 r, paBHbIE €IHHULE, TO CHJIA OKa-
3bIBaeTCSl YUCJIEHHO paBHOIl y. Takum oGpasom, JBa Imapa ¢ Maccoit 1 kr

KaX[blH, LEeHTPbl KOTOPLIX OTCTOAT APYT OT Apyra Ha 1 M, OpUTATHBa-
I0TCS1 B3aUMHO C CHJIOH, paBHoil 6,670.107% H,

§ 46. I'pasuTauuoHHOE NoJe

I'paBuTallOHHOE B3aHMOJIEHCTBHE OCYLIECTBJSETCS Yepe3 rpaBHTa-
IMOHHOe moJie. Besikoe Teslo M3MeHsieT CBOMCTBA OKPY2KAIOIIETO €ro
NPOCTPAHCTBA — CO3JaeT B HEM TpaBHTallMOHHOE IoJe. DTO0 moJe
nposiB/sier cebst B TOM, YTO TOMELIEHHOE B HETO P YTOe TeJIO OKasbiBaeTCs
non nefictBueM cuiel. OG «HHTEHCHBHOCTH» T'PABUTALHOHHOTO IIOJIS,
OYEBHJHO, MOXKHO CYAHTb IO BeJIHUMHE CHJIBI, JEHCTBYIOLIEH B JaHHOMH
TOYKE Ha TesIO C Maccoi, paBHOH equHuIe., B COOTBETCTBHH C 3THM Be-
JHYHHY

F
G=L (46.1)
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HashblBAlOT HAaNpPSAXEHHOCTHIO TFTPAaBHTAHHOHHOTO
noas. B atoit dopmyne F ects rpaBuTanuoHHas cuia, AeACTBYOMAs
Ha MaTepHaJbHYIO TOUKY MAacCHl /1 B JaHHOH TOUKe MOJIS.

PasmepHocTe G coBnanaer ¢ pasMepHOCTBIO YcKopenusi. Hanpsixen-
HOCTb TOJISl TATOTeHHS BOJH3HM NOBEPXHOCTH 3eMJIM paBHA YCKODEHHIO
CBOGOJHOTO NafieHHs g (C TOYHOCTBIO IO MIONPABKH, 00YCIOBJIEHHO Bpa-
menveM 3emnd, cM. § 33).

M3 dopmysst (45.2) JIerko 3aKJOYHTb, UTO HANPSKEHHOCTb MOJS,
CO3/1aBaeMOr0 MaTepHaJ/IbHOH TOYKOH Macchl m, paBHA

G=—y3e, (46.2)

rje e, — OpT paaHuyca-BeKTOpa, NPOBEJEHHOTO0 W3 MaTepHaJbHOH TOUKH
B JaHHYIO TOYKY IOJisl, 7 — MOJAYJ/b 3TOTO pajuyca-BeKTOpa.

Ilycts rpaBHTanMOHHOE I[OJIE CO3JAETCS 3aKpelJIeHHOH B Hayaje
KOOpJHMHAT MaTepHaJIbHOH TOYKOH Macchl m. Torja Ha maTepHaJbHYIO
TOYKY Macchl m’, HaXOASILYIOCS B TOYKE C paflycOM-BeKTOPOM I, 6yjer
JieliCTBOBAaTh CHJIa

F=Gm'=—y™Le, (46.3)

(cp. ¢ (30.1)). B § 30 Grit0 mokasaHO, YTO MOTEHUMANbHast SHEPrHs
TOYKH m’ ONpeJeNsieTcss B 5TOM CJydYae BEIPAKEHHEM

U=—y™ (46.4)

(moTeHUMaNbHAs SHEPTHs NPHU r=00 NPHUHSTA paBHOH HYJ0). Bhipa-
»eHHe (46.4) MOXXHO TPaKTOBaTh TaKKe KaK B3aHMHYIO NIOTEHIMAJIbHYIO
SHEPrHI0 MaTepHaJbHbIX TOueK m u m'.

W3 (46.4) BuHO, 4TO KaXKIOH TOYKe IOJISA, CO3/[aBaeMOTr0 MaTepHaJb-
HOH TOYKOH m, COOTBETCTBYET OIIpe/ie/leHHOe 3HaueHHe NOTeHIHaJbHOH
SHEPruH, KOTOpPoH o6sajaeT B 3TOM MOJe MarepHajbHas Touka m’.
IlosToMy mnoJile MOXHO XapaKTepH30BaThb HOTEHIHaJbHOH SHeprueit,
KOTOpOil o6JiajiaeT B JaHHOM MeCTe MaTepuasbHas Touka ¢ m'=l.
Beanunny

U
o= (46.5)

Has3blBAlOT TOTEHIUL HAaJOM 'DPaBHTALHOHHOTLO MOJS.
B s10it gopmysie U ectb moTeHIHasJbHAsi SHEPrHs, KOTOPOH obsanaeT
MartepHasbHasi TOYKa Macchl /' B lAaHHOH TOUKe IOJISI.

3Hasi MOTeHUHAaJ MOJsI, MOXKHO BBIYUCIMTL PaboTy, COBepLIaeMyin
HaJ yacTHieil m’ CUJIaMU NOJISL NPH NepeMellleHHH ee H3 IOJIoXeHHs [
B nosoxkenue 2, CoryacHo dopmyse (22.1) sTa paGora paBHa

Aijy=Ui—U,=m' (9i—2). (46.6)

CorJiacHo (46.1) u (46.5) cuia, neficTBylomast Ha YacTHLy m', paBHa
F=m'G, a noTeHuuajibHast 3HepPTHsi 3TOf wYacTHUBl paBHa U=m'q.
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B cootBetctBHU ¢ dopmynoit (22.7) F=—VU, 1. e. m'G=—V (m'q).
BriHecs ¥3-1oj 3HaKa rpaiueHTa KOHCTAaHTY m' M COKPaTHB 3aTeM Ha
5TY KOHCTAHTY, NMpPHAEM K COOTHOLIEHHIO MEXJY HaNpsXKeHHOCTBIO M
NOTEHIHAJOM T'PABUTALHOHHOIO MOJIS:

G=—Vo. (46.7)
Hafinem BBIpaxkeHMe /i1 B3aUMHOH IOTEHIHAJbHON SHEPrHH OJHO-
POJHOTO LIApOBOTO CJOS M MaTepHasJbHOH TOYKH MAacChHl M, IpUUYeM

paccMOTPHM J(Ba C/1yvasi, OTBeYarollHe HaX0XK/AeHHUIO TOUKH BHE U BHYTPH
cnosi. HauneM co ciyuasi, Korja m Haxoaurcs BHe cjos (puc. 46.1, a).

ar ok

Puc. 46.1.

BoizesiuM U3 CJ1osi KOJIBLO, Kpasi KOTOPOro OTBEYalOT 3HAaYeHHsIM yraia ¥
H 4-+d9. Pagnyc aToro KoJbla paBeH a@ sind, a wupuHa a d¥ (@ —
paguyc cios). CiefoBaTeIbHO, IJIOWALb KOJIbIA ONpejesisieTcst BhIpa-
)enueM 2na? sin & d9. Ecau Tonmuuna c1os da, a IJI0THOCTB P, TO Macca
Ko/blla paBHa 27 pa? da sin § d$. Bee TOUKM KoJbIla HaXORATCS OT m
Ha onxHaKoBOM paccrosiuuu 7. ITosTroMy corsacHo (46.4) B3aumHas
NOTEHIHaIbHAS SHEPTHUS KOJIbLA U MaCCHl 1 ONpeJe/IfeTCsl BhlpaxKeHHeM

AU, = — Y2n9a2da sriln 9 dd-m ) (46.8)

Uto6pl NOTYYUTh NMOTEHLIUANBHYIO 3HEPTHIO BCETO LIAPOBOTO CJIOS
H MacChl m, HYXHO NMPOHHTErpHPOBaTh BhIpaeHue (46.8) mo yray &
B nipenenax ot 0 go . ITpu 3ToM nepemeHHas r* U3MEHsIETCs B pefeiax
OoTr — a 1o r + a (r — paccrosiHue OT LeHTpa cjosi O 1o m). Bripake-
HYe (46.8) comepXHT IBe CBsI3aHHBIE IPYI C JPYroM nepeMeHHmble: ¥
u r'. Ilpexne yeM NPHCTYNHUTb K HHTETPHPOBAHHIO, HYKHO HCKJIOUHTD
OIHY W3 3THX nepeMeHHbIX. MIHTerpupoBaHue ympomaercs, eCid UCKJIo-
4HTb mepeMeHHYI0 §. CBsi3b MeX1Y 4 ¥ 7' MOXKHO TOJYYUTh, BOCIOJb-
30BaBILHCh TeopeMoil KocHuycoB. U3 puc. 46.1 BuaHO, uTO

r'2=qa%+r2—2ar cos 9.
[TponuddepeHIHPOBAB 3TO COOTHOIIEHHE, MOJYYHUM, YTO
2r" dr'=2ar sin § d9.
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Orciona sin & dd=(r'/ar)dr’. Tlpoussenss B (46.8) Takyio 3awmeny,
NOJTYYHM:
dU, =—+v 2npa dt:-modr’ )

HuterpupoBaHnue o r’ B npefenax or ry=r—a J0 r;=r--a aaer

r+a
2npada-m 4 a?da.-m
Qegm— y L (g O Bm - (45.9)
r—-a
Bripaxenune 4na? da naer o6weM ciost, a p 4na? da — ero maccy dM.
Takum o6pasoM, B3aWMHAs MNOTEHUHAJbHAsi SHEPTUsl IIAPOBOTO CJIOA
H Maccel m paBHa
dM-m
r ’

AUy =—7 (46.10)

rlie 7 — pacCTosiHHE OT LIEHTpa CJosi N0 m.

Ilns cnywas, Korza Macca m mNoMelllaeTcss BHYTPH csos (CM.
puc. 46.1, 6), Bce BhIK/IaJKH ocTaioTcs Temu xe. MHbiMH GYAyT b
npeze/sl HHTErpHupoBaHus B (46.9), Tak Kak r’' MEHSIETCS B 3TOM C/yuae
OT 3HaueHHUs1 ry=a—r Jo0 r;=a-tr. CaenroBaTe/bHO,

a+r .
S dr' =—vyp4nada-m=

a-r

’, 2npada-m
dUzy = — y2rpadeem

p 4na’da-m dM-m
=y =7 (46.11)
Takum o6pa3oMm, B 3TOM C/aydae NOTEHUHANbHAsi SHEPTUS OJHHAKOBa
IJs. BceX r W paBHa 3HaueHuoo (46.10), mosyuwammemyca nas r=ad.
Bripaxenue (46.10) MOXXHO TPakTOBaTh KaK NOTEHLUHAJNbHYIO SHep-
THIO YaCTHUBEI /m B IOJie, CO3/aBaeMOM LIApOBRIM CJIoeM Macchl dM.
Basitasi ¢ o6paTHbIM 3HaKOM IPOH3BOJLHAS OT 3TOH SHEPrHH MO 7 paBHA
NPOEKIMH Ha HalpaBJeHHe r CHJIBI, JeHCTBYIOLEH Ha YaCTHIY:

[7] M.
dF,m— 9y (46.12)
3HaK MUHYC YKa3blBaeT Ha To, YTO CHJIa HanmpaBJjieHa B CTOPOHY YOhiBa-
HHSL 7, T. €. K LEHTPY cJos.

3 ¢opmyast (46.12) caenyer, uTo mapoBoii CoH AeACTBYeT Ha Yac-
THOY ¢ TaKOH CWJIOH, ¢ Kakoi JeHcTBOBa/ia Obl MOMeLIEHHAsI B LEHTP
CJI0s] MaTepHaJibHasl TOYKa C Maccoil, paBHOR Macce CJIOS.

Bripaxkenne (46.11) He 3aBucHT OT KoopauHaT uacTHunl. ITosTomy
TpajMeHT 3TOrO BhIpa)KeHHs paBeH HYJIO I BeeX r << a. Takum obpa-
30M, YacTHIA, HaXojsluasicsi BHYTPH CJIOSI, HE TOJBEp:KeHa AeHCTBHIO
HHUKaKofl cuubl. Kaxapiit s/1eMeHT c/10s1 JeficTByeT, KOHEUHO, Ha 4aCTHILY



174 IJ. VI. BCEMUPHOE TSTOTEHHE

C HEKOTOPO# CUJIOH, HO CyMMa CHJI, AefICTBYIOLIUNX CO CTOPOHH BCEX 3Je-
MEHTOB CJIOSI, paBHa HY.JIO.

Ternepb pacCMOTPHM CHCTEMY, COCTOSIIIYIO M3 OJHOPOJHOTO IMiapa
Macchi M ¥ MarepuaJibHOR TOYKM (YacTHUbl) Maccel m. Pa3oGbeM 1iap
Ha ejou Maccel dM. Kaxniplil cjioif nefictTByeT Ha 4YacTHIY C CHJIOH,
onpenensiemoii ¢opmysoit  (46.12). TIpocymmupoBaB 3TO BEHIpaxKeHHKe
N0 BCEM CJIOSIM, MOJIYYHM CHJY, ¢ KOTOPOH map AeHCTByeT Ha YacTHIY:

aMm. M
F,=SdF,=——Sv - (46.13)

HeficTBue mapa Ha 4YacTHIy 3KBUBAJIEHTHO JEHCTBUIO IIOMEIEHHOMN
B LEHTP Iapa MaTepHaJbHOM TOYKM C MacCoi, paBHOH Macce LIapa
(cM. mpenpinymuit maparpad).

Ecnu B3aTh wWap co chepruyecKoil NoJoCTbio BHYTPH, TO Ha YacTHLY,
HaXOJAsIYIOCSl B 3TOH NOJIOCTH, He GyleT JeHCTBOBAaTb HHKAaKas CHJa.

[IpocyMMupoBaB 10 BceM CJI0SIM CIJIOLTHOTO HJIH II0JIOTO I1apa BIpa-
kenue (46.10), mosyduM B3aMMHYIO NOTEHUHAJbHYIO SHEPTHIO YACTHIEI
U liapa:

U=—y¥2, (46.14)

3nece M — macca mapa, m — Macca YacTHIBI, 7 — PacCTOSIHHE OT
YacTHUBI JO LEHTpa miapa.

U3 (46.13) u (46.14) BriTeKaeT, 4TO IpaBUTAIMOHHOE [IOJIE, CO3/1aBae-
MOe OXHOPOJHHIM I1apoM, SKBHBaJIeHTHO (BHe Illapa) MoJio, CO3]aBae-
MOMY MaTepHa/bHOH TOYKOH C TOH ke MaccoH, HaXOAAIIEHCA B LEHTpe
mapa.

PaccmoTpum nBa ogHOpoAHbIX Inapa ¢ mMaccaMd M; u M,. Bropoit
IIap HCIBITBIBAET CO CTOPOHBI MIEPBOIO TaKoe e JeHCTBUe, KaKoe OKa-
3blBaJa ObI MaTepHasbHasA TOYKa Macchl My, Haxoaawascs B LeHTpe fep-
poro wapa. ITo Tperbemy 3akoHy HeioToHa coOTBeTCTBYIOLIAsi CHJa
paBHa 110 BeJIMYMHE CUJIe, C KOTOPOi BTOpO# 1map AeficTBoBas Obl HA Ma-
TepuanbHyio Touky M;. CornacHo (46.13) Mozysp 1ol cunbl paBen
v M M,/rt. Takum oGpa3oM, Mbl JOKa3ajH, UYTO ONHOPOZHBLIE IIaphl
B3aMMOJEHACTBYIOT KaK MarepHajbHble TOYKH, NOMeLIAoluHecss B HX
HEHTpax.

§ 47. NpHHUHN 9KBHBAJEHTHOCTH

Macca ¢urypupyer B IBYX pa3HUHBIX 3aKOHAX: BO BTOPOM 3aKOHe
HbioToHa M B 3aKOHe BCEMHDHOIO TSIrOTEHHsi. B mepsom ciywae ona
XapaKTePH3yeT HHepPTHhle CBOHCTBA Tesja, BO BTOPOM — IPABUTALMOH-
HBIE CBOHCTBA, T. €. COCOGHOCTD TeJ NIPUTATHBATH APYT APYra. B cssu
C 3THM BO3HHKaeT BONpOC, He CJelyeT JIH PasjHiyaTh HHEPTHYIO Maccy
m;, W Maccy TDaBUTANHOHHYIO . A
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OrBer Ha 3TOT BOMPOC MOXKET AaTh TOJNBKO ONLIT. PaccMOTpHM B re-
JTHOLEHTPHUECKOH CHCTEME oTcyeTa CBOGONHOE majeHue Tel. Beskoe
TeJO BOJHM3H IOBEPXHOCTH 3€MJIH MCIMLITHIBAET CHJIYy NPUTAKEHHS K
3emste, KoTopasi corviacHo (46.13) paBHa

mgMs

(mg— rpaBuTauMOHHAsT Macca NaHHOro Tena, Ms— rpaBHTalHOHHAs
Mmacca 3emnH, R3 — paauyc 3emHoro mapa). Ilox meficTBHeM 3To# cHIBL
TeJI0 MpHOGpeTaeT yCKOpenue w (uo He g; cM. § 33), KOTOpOE JOJIKHO
GbITb paBHO cuJse F, ieJleHHOH Ha HHEPTHYIO MacCy Tesia m,,:
F Mg mg
W=m—=)— —. 471
Mmip v st Mip ( )
OnuiT moKaseiBaeT, YTO YCKOPeHHe @ J/si BCeX Tel OAMHAKOBO
(8 § 33 nokasaHO, YTO W3 OJAMHAKOBOCTH g

BLITeKaeT ONMHAaKOBOCTh ©). Muoxutens . oo Bepmurans
v (M3/R%) TakXe ONMHAKOB A1 BCeX Tell. Lommene /
CrenoBatesbHO, U OTHOLUEHHE m,/m;, OKa- S~ K /

SHIBaeTCS /1 BCEX TeJ OINHHM-H TeM Ke. ﬂ:pne//ﬁwg/;;g ~
K Takomy e pesyJbTaTy NPHBONST H BCE 4 ocu fraweny
JIpyTHe ONbITHl, B KOTOPHIX MOIJIO OBl Npo-  Jeru
SIBUTbCSI pa3/IHyHe MEXy WHEePTHOH H rpa- 2opus
BUTALIOHHON MaccaMmH.

U3 uncna ynoMsiHyTHIX ONMBITOB paccka-
eM 06 onbiTe DTBema, HauatoM B 1887 r.
H npojoJkabluemcsi Gosnee 25 jer. B ero K,
OCHOBE JIEXKHT TO OOCTOSITEJILCTBO, YTO HA
TeNo, MOKosimeecss BOJIH3M TOBEDPXHOCTH

3eMsIH, IEHCTBYIOT, KPOME peakIMH OIo- / g;’,f;’;””-"
pH, rpaBHTanHOHHas cuna F,, manpas-
JieHHast K UeHTpy 3emiH, a TaKKe LEHTpO- Puc. 47.1,

6exxHasi CHJ1a WHEPLHHU Fuﬁ, HanpapsJeHHas

NepNeHANKYJISPHO K OCH BpallleHHst 3eMJIu

(puc. 47.1; Ha 3TOM pHCYHKE He cob6ilofieH MaclTab — MOJyJb IIEHTPO-
6eXxHOH CHJIBI Ha Ba NOPAJKA MEHbLUE MOAYJIA I'DaBHTAIMOHHOH CHJIHI,
cM. § 33). I'paBuTanuoHHass CHJIA NPOIOPIHOHANBHA TPaBUTAUHOHHON
Macce Tena my:

Fp=m,G

(G — HanpsiKeHHOCTb paBHTALMOHHOrO moas). LlenTpoGexHas cuna
HHEpLMH -IPONOPLUHOHaNbHA HHEPTHOH Macce m;,. CorjacHo ¢opmyJe
(33.4) ee Momysb ompegensieTcst BEIparkeHHEM

F g=m;0?Rzcosp
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(p — mmpora MectHoctH). M3 puc. 47.1 caenyer, uro MOxyJb BepTH-
KaJbHOH COCTaBJSIIOIEli LEHTPOGEKHON CHJIIBI MHEPLUHH PaBeH

Fyepr =FyusCos @ ==m; 0*Rzcos? ¢ = Am,,.

*
Mu BBenu oGo3nauenne A=w2R3 cos? ¢. OneIT DTBela NPOH3BOAUIIC
Ha mupote ¢=45°. B sTom cayuae kKoaddruuest A npumepro B 100 pa3
menblre G.
Mozynp ropH3oHTANbHOH cocTaBJsomel cuibl F ¢ paBeH

Fopus = Fygsing =m; ®*R3z cos ¢ sing = Bm,,

(a1 @=45° sHauenusn ko3dpduuuenros A u B coBmazaior).

DTBell NoJBeCU]I Ha YIPYTOH HUTH CTEPKEHb C YKPENJIEHHEIMH Ha ero
KOHIaX TeJlaMH I10 BO3MOXKHOCTH paBHOH Macchl (pHc. 47.2). Tena Gpa-
JINCh H3 pasHbIX MarepHayoB. K HHKHeHl 4acTH HHTH NMPHKPENJsJIOCh
3epKasblie. JIyd, BHLIEAIIHHA U3 OCBETHTE/S H OTPAXKEHHLIH OT 3epKaJib-
Ha, nonajana Ha nepekpecTbe 3puTeabHOH TpYyObl. ITneun I* u " nonbu-
paJIuCh TaK, YTOObI CTEP2KEHb HAXOJMJICS] B PAaBHOBECHH B BepPTHKAJbHON
IVIOCKOCTH. Y CJIOBHE DaBHOBECHSI BHIVISIIUT CJELYIOMUM 06pasoM:

(mgG —mi,A) U = (myG —m;,A) ", (47.2)

IpuGop pacnosarancsi Tak, YTOOBI CTepKeHb Obl MEpIeHAUKYJspeH
K IVIOCKOCTH MepHIHaHa (cM. puc. 47.2). B stoM ciyyae ropusoHTaIb-
Hble COCTaBJflollYe NEHTPOOEXKHOH CHIIBI
HHEPLUH CO3Jal0T 3aKpYy4YHBAIUHA MoO-

MEHT, PaBHBIH
Celen N =m;,BI' —mi,BI".  (47.3)
m’ 4

Hckimouns M3 ypaBHeHuit (47.2) u (47.3)
nyeyo [”, MOXKHO 1I0eJIe HECTIOXKHEIX 11peos-
pasoBaHHil NPHUTH K GopMye

N =il [1 il 041
L (mg/min) G—A

M3 37001 HOpMYJIBI BUAHO, YTO B TOM CJIyYae,
KOrjJa OTHOLIEHHe IPAaBHTALMOHHON H HHep-
THO#H Macc J/1s1 060HX TeJ OJUHAKOBO, MO-
Puc, 47.2. MEHT, 3aKpYUHBAIOIIHI HUTD, JOKEH GHITh
pased HyJio. Eciii e oTHOWeHue my/m;,
JJISl TIEpBOTO H BTOPOTO TeJa HEOAHHAKOBO, 3aKPYYHBAIOLIHUHA MOMEHT
OTJINUEH OT HyJsA. B 3TOM ciyuae npH noBopoTe Bcero npuGopa Ha 180°
3aKPYYHBAIOMUA MOMEHT H3MeHMJ Obl 3HaK Ha OOpaTHHIA H CBETOBOM
3alYuK cMecTHJica OBl U3 NepeKpecTbsi 3pUTeNbHON TpyOH (puc. 47.3).
Ipu cpaBHeHHH BOCBMH Pa3/IHYHBIX Tesl (B TOM YHCJ/IE M JePEBSIHHOIO)
€ TJIaTHHOBBIM TeJIOM, NPHHATBHIM 32 3TaJOH, DTBell He OGHAPYKHJI
3aKpy4YHBAHHA HHTH. DTO JaJO eMy OCHOBaHHE yTBEpPXK.IaTh, UTO OTHO-

WIEHHE mMgy/m;, LN STHX TeJ ONMHAKOBO C TOYHOCThIO B 1078,

Debemumens
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L]

B 1961—64 rr. JI¥KKe ycOBepLIEHCTBOBAJ MeTOA DTBella, HCIOJb-
30BaB /ISl CO3/laHHSl 3aKPYYHBAIOIETO MOMEHTa rPaBUTALMOHHOE NoJe
CoJHIAa ¥ IEHTPOGEXKHYIO CHITY HHEPILIHH, 00y C/IOBIEHHYIO OPGHTANbHbBIM
IBIKeHHeM 3eMuH. B pesysbrate cBOMX u3Mepenuii Jlukke mpuiuen

Debemumens

Tpyla

Delbermamens
.Pﬂc. 47.3.

K BHIBOZY, UTO OTHOLIEHHE fM,/m;, ONMHAKOBO VIS MCCIENOBAHHBIX Tes

¢ TounocTeio 107, Haxkonen, B 1971 r. B. B. Bparunckuit u B. U. Ia-

11103 MOJMYYHJIM TIOCTOSIHCTBO YKa3aHHOTO OTHOLIEHHS! C TOYHOCTBIO A0
0-12,

Hrak, BCSl COBOKYIHOCTb ONBITHHIX ()aKTOB YKasblBaeT Ha TO, UYTO
UHEPMHAA U 2PasUMALUOHHASL MACCOL 8CEX MeA CMPO20 NPONOPYLUOHANbHbL
o0pye Opyey. D10 03HAUAET, YTO NPH HaJJIeXKalleM BHIOOPE €IHHUIL Tpa-
BUTAUHOHHASl M HWHEPTHAs MAacChl CTAHOBATCS TOXKIECTBEHHBIMH, IIO-
3TOMYy B (H3HKe FOBOPAT MPOCTO O Macce. TOXKAeCTBEHHOCTb I'paBHTa-
IHMOHHOH M HHEPTHOI Macc NoJOXKeHa DHHIUTEHHOM B OCHOBY oOOLueit
TEOPUH OTHOCHTEJBHOCTH.

B § 32 MBI y:Ke OTMeYanaH, YTO CHJIBI HMHEPLHH aHAJOIHYHBL CHJIaM
TSTOTEHUs — U Te, U ApYyTHe NPOMOPLHOHAJNbHbI Macce Tesia, Ha KOTopoe
onH eficTByIoT. TaM ke GBLIO YKa3aHO, UTO, HAXOASICh BHYTPU 3aKPHITOH
KaGMHBl, HHKAKHUMH OIBITaMH HEeJb351 YCTAaHOBHTB, UeM BLI3BaHO JelicT-
BUe Ha TeJIO CUJIBL mg: TeM JIH, YTO KaOHHa JIBUXKETCH C YCKOpeHHeM —g,
Jau6o TeM, YTO HeNmOABMXKHAA KaOWHA HaXOAUTCS BOJIH3H IOBEPXHOCTH
3eMId. 3TO YTBEDKIEHHE COCTaBJ/sieT COfepKaHHe TaK Ha3EIBaeMOro
OpHHIHNA KBUBAaJEHTHOCTH.

ToxnecTBeHHOCTb HHEPTHOH U IPaBUTALOHHON Mace sIBJIsIeTCS clef-
CTBHEM SKBUBAJIEHTHOCTH CHJ MHEPUHM U CHJI TATOTEHHS.

OTMeTHM, YTO C CaMOro Hayaja maccy B (45.1) Mbl moJsiaranu coBna-
Jaroieil ¢ HHepTHOH Maccol TeJs1, BCJIECTBHE Yero YHCIeHHOe 3HaueHHe y
HaMi OBLLIO ONPENeJEHO B NPENNOJOKEHUH, 4TO my=1mm;,. [lostomy
(47.1) MoxHO 3anMcaTh B BHIE

W=y, (47.4)
R3

Ilocnensee coOTHOIIEHHE MO3BOJSET OonpeAeqauTb Maccy Semimu M 3
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[MToncranoBKa B HErO U3MEPEHHBIX 3HaueHHH w, Rz H ¢ Jaer I Macchl
3emsn 3nauenue 5,98>10% xr.

Ilanee, 3Hass paaHyc 3eMHOH OPOMTHEI R,, U BpeMsi NOJHOro obpa-
menua 3eman Boxpyr Cousuna T, MoxHo Ha#ith Maccy CoJHua Mc.
Yckopenne 3emnd, paBHoe 2R, (0=2mn/T), 06yc/lIOB/IHBaTCA CHJIOH
OpUTAKEHHS 3emmu K Cosnny. CrenoBaresbHO,

M M.
M3CD Rop

OTKYZa MOXeT ObiTh BBIYHC/EHA Macca Comtua.
ITonoGHBIM e oGpasoM OBLIH ONpefeseHbl Macchl APYrux Hefec-
HBIX TeJ.

§ 48. KocmHyecKkne CKOPOCTH

JIlna Toro yToOBl ABHraThcsl BOKPYr 3eM/IH MO KPYroBoH opGute

C pPaznycoM, MaJIo OTJIHYAIOIUMCS OT pajuyca 3eMin R, TelO NO/IKHO
06/1a7aTh BIIOJIHE ONPEAEIEHHOH CKOPOCTBIO Uy, BEJIHYHHY KOTOPOH MOXK-
HO ONpEJAENHTb M3 YCJOBHS PaBEHCTBA IPOU3BEJEHHs] MacChl Tesa Ha
yCKOpeHHe CUJIe TSXKeCTH, IAeHCTBYIOLIEH Ha Teso:

mE—m

R~ M

Orciona

v; =V gRa. (48.1)

CnemoBartenbHO, JJIs1 TOrO YTOGH KaKoe-JHGO TeI0 CTalo CIYTHHKOM
3eman, emy Heo0X0JUMO COOOIIUTh CKOPOCTh U;, KOTOpas Ha3bIBaeTcs
nepBon KOCMHYECKOH CKODPOCTHIo. IloacranoBka 3Ha-
uyeHHit g H’'R3 JaeT s nepBoH KOCMHYECKOH CKOPOCTH CJIefylolee
3HaueHHe:

v; =V gRs=V9,8-6,4-10° ~ 8-10° m/c =8 xm/c.

O6najast CKOPOCTBIO vy, T€JO He ynajeT Ha 3emmo. OJHAKO 3TOH
CKODOCTH HEJOCTAaTOYHO JJISl TOrO, YTOOBI TEJO MOIJIO BHIATH H3 cephl
3eMHOrO NMPUTSIKEHHS, T. €. YAAJUTbCS OT 3eM/IH Ha TaKoe PacCTosIHHe,
YTO NpUTSKEHHe K 3eM/e IepecTaeT HMrpaTb CYLIECTBEHHYIO DOJb.
Heo6xopnMast aJs1 3TOro CKOPOCTb ¥, Ha3blBaeTci BTOPO U K O C-
MHYECKOH CKOpPOCTHIO.

Jnsg Toro 4roObl HAHTH BTOPYIO KOCMHUYECKYI0 CKOPOCTb, HYKHO
BBIYHUCJINTD PaboTy, KOTOPYIO HEOGXOAUMO COBEPIIHTb MPOTHB CHJI 3€M-
HOTO MPUTSIKEHUA I/ YAAJIEHHs TeJla C MOBEPXHOCTH 3eM/IH Ha GecKo-
HeuHOCTb. IIpH yjaneHUH Tena CHJIBl 3€MHOTO MPUTSAKEHUS COBEpPIIAIOT
Hal HHM paboty

A =U

Hay UKOH’
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CoraacHo (46.14) HayaJbHOE 3HayeHHe

M m
U —
. lla‘l R3
KOHeUHOe 3HayeHHe ecTb HyJb. TakuM o6pasoM, -
M.m
A=y 2.
Y5 R,

Pa6ota A, KOTOPYIO HYXKHO COBEpIUNTH IIPOTHB CHJI 3€MHOTO HpPHTSKe-
HHf, paBHa pabore A’, B3ATOH ¢ OGpaTHBIM 3HAKOM, T. €.
M. m
A=y—p- 3 (48.2)

IlpeneGperasi pasanyueM MeKIy CHJIOH TSXKeCTH mg U CHJOH IpaBu-
TAIHOHHOT'O NPHUTSKEHHS Tejla K 3eMje, MOXKHO HAMMCaTh, UTO
M3m
mg ‘Y RZ .

Orciona .

Mom
‘YR—3;=ng3.

CnenoBatesnibHo, paboty (48.2) MOXHO NpeICTaBHTb B BUJe
A =mgR3. (48.3)
D1y paboTy yAa/Isolleecss TeJO COBEPLIaeT 3a CYeT 3amaca CBOei
KHHeTHUecKo# sneprud. UToObl 3amac sHEPrUH OKas3ascs AOCTaTOYHBIM
IJIsi coBeplueHus: paGoTel (48.3), Teso JOMKHO GHITH 3aMyLIEHO CO CKO-
pOCTBIO U, He MeHblleH, 4eM CKOPOCTb U,, ONpeje/seMas yCaOBHeM

mvz

=mgR3.
Otciona

v, =V 2gR5. (48.4)
CKOpOCTb ¥, M €cTb BTOpas KocMHyeckas ckopoctb. M3 cpaBhenus c
(48.1) BuAHO, uTO BTOpasi KOCMHYECKast CKOPOCTb B V2 pas Gosbue
nepBoil. YMHOXHB 8 KM/C Ha }/'2, NONyuuM A/ v, 3HAYEHHE, NPHOIH-
3uTeJbHO paBHoe 11 Km/c.

OrmeTnM, 4YTO HeOGXOAMMas BeJMYHHA CKODOCTH He 3aBHCHT OT
HanpaBJedHsi, B KOTOPOM OCYILIECTBJsI€TCSl 3amycKk Tesa ¢ 3emuu. Ot
5TOr0 HanpaBJeHHsl 3aBHCHT JIHMLIb BHJ TPaeKTOPHH, MO KOTOPOH TeJo
yaajsiercs oT 3eMJH.

Hns Toro 4yToOBl MOKHHYTb mpenenbl COMHEUHOH CHCTEMEI, TeJO

JIO/IZKHO TPEe0J0JIeTb, KPOME CHJI NPHTSKEHHS K 3emsie, TaKKe U CHJIbLI
npursikenus K Cosnuny. HeoGxomumast ai1s 3TOro CKOpocTh 3anycka
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TeJa ¢ MTOBEPXHOCTH 3eM/IH HasblBaeTcss TpeTbeHd KOCMHUYEcC-
KOl CKOpPOCTBIO U;. CKOPOCTb U3 3aBHCHT OT HamlpaBJieHHs 3a-
nycka. Ilpu sanycke B HampaBJieHHH OPOHTAJbHOTO JBHKEHHSI 3eMJIH
3Ta CKOpPOCTh MHHHMAJIbHA H COCTaBJIsIET OKoJo 17 KM/c (B 3TOM ciayuae
CKOpOCTb Tesla OTHOcUTeNbHO CONMHIA CKJIAJBIBAETC H3 CKOPOCTH Teja
OTHOCHTEJIbHO 3€MJIM U CKOPOCTH, C KOTOPOH 3eMJisl JBHIKETCSI BOKPYT
Conuua). I'lpu sanycke B HampaBJIeHHH, I'IpOTHBOHO.HO}KHOM Hanpas-
JIEHHIO JIBHXKEHUST 3eMiIH, U373 KM/C.

BnepBrle KOcMUYeCKHe CKOPOCTH ObLIH ,IlOCTHI‘HYTbl B CCCP. 4 ok-
TA6psa 1957 r. B CoBerckom Coro3e Gbl1 OCYLIECTB/IEH NEPBLIH B HCTOPHH
yeJIOBEYECTBA YCHEIUHBI 3amyCK MCKYCCTBEHHOI'O CIYTHHKAa 3eMJiH.
2 auBaps 1959 r. 6bl1 B3AT U BTOpO# py6ex. B 3TOT IeHb ¢ coBeTcKok
3eMJIM OTNpaBUJach B NOJET KOCMHYeCKas pakeTa, KOTOpasi BHILLIA
U3 cephbl 3eMHOTO NPUTSAKEHUS M CTaja NepBOH HCKYCCTBEHHOH mJaHe-
toii Hawe# CosHeuHo# cucteMbl. 12 anpenst 1961 r.-B CoerckoM Coiose
6bLT OCYIIECTBJIEH NEPBHI MOJIET Ye/I0BEKa B KOCMHYECKOe IPOCTPAHCTRO.
[Tepseiit coBerckuit KocMoHaBT IOpuit Anekceesuu I'arapun coBepuiuni
1noJieT BOKPYr 3eMiH M 6/1aronojyyHo MpH3eMJIHJICs.



TJIABA VI
KOJIEBATEJIBHOE JBW)KEHHUE

§ 49. OGmue cBeneHHst O KoJeGaHHAX

KoneGanusiMu HasBIBalOTCS NPOLECCH, OTIHYAIONINECS TOH HJIH HHOM
CTENeHbI0 OBTOPsieMOCTH. TaKuM cBOACTBOM NOBTOPSIEMOCTH 0GJIAAAIOT,
HanmpHMep, KayaHHsl MasiTHUKA 4acoB, KOJIeGAHUSI CTPYHBI HJIH HOMXEK
KaMepTOHa, HanpsiKeHHe MeXAy oOK/alKaMH KOHAEHCAaTOpa B KOHTYpe
paiHonNpHEMHHMKA H T. 1.

B 3aBHCHMOCTH OT (PH3HUYECKOH NPHPOALI MOBTOPSIOLIETOCS MpoLecca
pasHyaloT KoJeGaHHsi: MeXaHHYeCKHe, dJeKTPOMAarHUTHbIE, 3JIEKTPO-
MeXaHHYecKHe U T. A. B 1aHHOM ryiaBe paccMaTpUBaIOTCs MEXAHHYECKHE
KoJie6aHus.

KoneGanus mupoko pacrnpocTpaHeHbl B IPHPOJE H TeXHUKe. Bo MHo-
TMX CJIy4asX OHH WIpaloT OTPHLATENbHYI0 poab. KosmeGaHus mocra,
BO3HHKAIOIIHe M3-3a TONYKOB, COOOIIAaeMbIX eMy KoJIecaMH Ioe3ja Ipu
NpPOXOXKJICHHH Yepe3 CTHKH PebcoB, KojeGaHus (BHOpauMH) Kopmyca
KopabJisi, BEI3BaHHBIE BpalleHHeM IpeGHOTO BUHTA, BHOPALMH KPHUILEB
caMoJjieTa — BCe 3TH IPOLECCH MOTYT NPHBECTH K KaTacTPO(hHUECKHM
noc/eCTBUSIM. B NOROGHBIX ciryyasix 3ajaya 3aKJIoyaercs B TOM, YTOGH!
NPeIOTBPATHTh BO3HHKHOBEHHE KOJeOaHHH HJIM BO BCSKOM CJydyae BOC-
OpEnsiTCTBOBaTbh TOMY, YTOOBI KOJIeGaHHS NOCTHIVIH ONACHBIX PasMepoB.

BmecTe ¢ TeM KoJieGaTesbHbE NPOLECCHI JIeXKaT B caMOil OCHOBE pas-
JIMYHBIX OTpacsell TexHHKH. Tak, HampuMep, Ha KoJieGaTe/JbHBIX Ipo-
Heccax OCHOBaHa BCS1 PajHOTEXHHKA.

B 3aBHCHMOCTH OT XapakTepa BO3JeHCTBHSI Ha KOJeGJIOUYIOCS CHC-
TEMY pas3/HYaloT CBOGOAHBIE (MMM COOCTBEHHBlE) KoJieGaHUsl, BEIHYX-
JIEHHbIe KoJie0aHHsi, aBTOKOJNEOaHHST M HapaMeTpUYecKHe KoJseGaHHs.

CBOGONHEIMH HJIH COOCTBEHHBIMH HAasBIBAIOTCS TaKHe KoJebGaHus,
KOTOpHIe NPOHCXOAAT B cHCTEMe, NPENOCTAaBJE€HHOH caMmoi cebGe mocie
TOTO, KaK e Obla1 COOOIIEH TOYOK JHOO OHA OblIa BhIBEJEHA U3 MOJIOXKE-
HYs paBHOBecHsi. [IpumMepoM MOTrYT CJIYKHTb KoJieGaHHs IapuKa, Moj-
BEIIEHHOTO Ha HUTH (MasTHHUK). [{yis Toro yroObl BH3BaTh KOJIEGaHHS,
MOXKHO JIHGO TOJIKHYTb LIapHUK, JHGO0, OTBEJS B CTOPOHY, OTIYCTHTD €T0.

BhIHYKIeHHBIMH Ha3BIBAIOTCA TaKHe KoJieGaHHUs1, B IPOLECCE KOTOPhIX
KoJieGIolasicsi cHcTeMa MojBepraeTcsl BO3AeACTBHIO BHEUIHeH nepHou-



182 I'J1. V1I. KOJIEBATEJIBHOE JBUXEHHUE

YyecKH UaMeHsomelcs cuibl. [Tpumepom conyxar KoneGaHus Mocra, BO3-
HHUKAIOIIMe TPU MPOXOXKIEHUM IO HeMy JIojeH, LIaramomux B HOTY.

ABToKoJIe6aHH s, KK U BEIHYXXIEHHbBE KOJIeOaHHs, CONPOBOKAAIOTCS
BO3JeHiCTBHEM Ha KOJIEOJIOLLYIOCA CHCTeMY BHEIIHHX CHJI, OZHaKO MO-
MEHTBl BpeMeHH, KOTJa OCYIIECTBJISIOTCS 3TH BO3AEHCTBHS, 3aNalOTCH
camolt KoJsreOJTioieiicsl CUCTEMOH — CHCTeMa cama ynpaBJisieT BHEILIHHM
BoszefictBieM. IIpumepoM aBTOKOJie6aTeNbHOH CHCTEMBI SIBJISIIOTCS Ya-
Cbl, B KOTOPBIX MAasiTHUK IOJYYaeT TOJYKH 33 CUET SHEPTHH NMOIHSATOH
FHPH UM 3aKPYYeHHOH NPYXKHHH, NPHYEM 3TU TOJYKH MPOUCXOIAT B
MOMEHTHI IPOXOXKJEeHHs MasiTHHKa yepes3 cpexHee noJoxkenue. I1pu na-
paMeTpHYeCKHX KoJIeGaHHUSIX 3a CUET BHEIIHErO BO3AEHCTBHS POUCXOIUT
nepHOJHYecKoe H3MeHeHHe KaKoro-au6o napamMeTpa CHCTeMBl, HalpHMep
IJIHHBL HHTH, K KOTOPOH NOZBELIeH L1apHK, COBepPHIAIOMHUH KOJeOaHHsl.

IlpocrelimuMy SABJAIOTCS TapMOHHYECKHE KojeOaHHs, T. €. TaKue
KoJie6aHus, NIPH KOTOPHIX KOJIEOJIONascsl BeTHYHHA (HanpUMep, OTKJIO-
HEeHWe MasiTHHKa) U3MEHSIeTCS CO BpeMeHeM TI0 3aKOHY CHHYCA HJIU KOCH-
Hyca. OTOT BuJ, KoslebaHHH 0COOEHHO BaXkeH IO CJIeLYIOIUM NPHYMHAM:
BO-NEPBLIX, KoJe6aHHA B NPUPOJE H B TEXHHKE 4acTO HMEIOT XapakKrep,
ouenb GMU3KHiI K FapMOHMYECKHM, H, BO-BTOPBIX, EPHOAMUECKHE MPO-
1ecchl HHOM (OPMEI (C APYTOH 3aBHCHMOCTBIO OT BPEMEHH) MOTyT GHITh
NpeAcTaB/IeHbl KaK HaNoXeHHe HECKOJbKHX FapMOHHYECKHX KOoJeGaHHi.

§ 50. Manble KoseGaHHs

PaccMOTpHM MeXaHHUYECKYIo CHCTEeMY, IOJIOXKEHHe KOTOPOH MOKET
OLITb 33JaHO C IOMOLIbIO OJHOM BEeJUYMHEL, KOTOPYIO MBI 0GO3HAYHM
yepe3 x. B TakuX ciyyasix roBOpAT, YTO CHCTeMa HMeEET OIHY CTeleHb
cBoGonpl. Benuuunoit x, ompelensiomel MOJIOXKEHUE CHCTEMEBI, MOMKET
GBEITb YroJ, OTCYHTHIBAaeMbIH OT HEKOTOPOH IJIOCKOCTH, HJIH PacCTOsIHHE,
OTCUMTHIBaeMOe BJOJIb 3aJaHHOH KPHBOH (B YaCTHOCTH NPSIMOM) JIMHKH,
u T. n. [loTeHnyansHas 3Heprus cHcTeMbl OyzeT GpyHKIUEH ORHOM nepe-
mennoit x: U=U (x). donycTuM, 4To cHcTeMa 06/iagaeT MHOJIOKEHHEM
ycToituHBoro paBHoBecusi. B sToM mnonoxenuu -pynkuus U(x) umeer
MHHEMYM (cM. § 26). Y cmoBUMCS KOOPAMHATY X H NOTEHIHANbHYIO SHEP-
ruio U OTCUMTHIBATL OT NOJIOXKeHHs paBHOBecusi. Torma U (0)=0.

Pasnoxum ¢ynkuuio U(x) B psj 1O CTeneHSAM X, NPHYEM OrpaHH-
YHMCST PACCMOTPEHHEM MaJsblX KoJieGaHHH, TaK YTO BBICIIHMH CTENEHSIMU
X MOXHO Oyzer mpeHeGpeub. [To dopmysne Maknopena

U@x)=U )+ U'(0) x+*,U" (0) x*
(BBHIY - MaJIOCTH X OCTaJbHBIMH YJIEHAMH npeHeﬁperaeM) ITockosbky
U (x) npu x=0 nmeer munumym, U’ (0) paBna Hyumo, a U"(0) nomaoxu-

teabHa. Kpome Toro, mo ycnosumio U(0)=0. Bpenem oGosHaueHue:
U" (0)=k (£>0). Torna

U (x) =1/,kx2. (50.1)
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Bripaxkenne (50.1) uneHTHuHO ¢ BhIpaxkeHHeM (25.1) mas nortew-
[UaJbHOH 3HEprHH JeOPMHPOBAHHOH NPYXKHHH. Bocrnosnb3oBasiuiich
cooTHOlIeHHeM (22.4), HaliieM CHJIY, JEeHCTBYIOILYIO Ha CHCTEMY:

Fom—3 — . (50.2)

Sra ¢opmysa JaeT NPOEKUHIO CHIBI HAa HampasJeHHe x. B nanpHeiimem
: HHJIEKC X IPU 0603HaYeHUH CHJIBI MBI GY-
JIeM OIyCKaTb, T. €. HHCAaTh COOTHOLIE-
Hue (50.2) B Bugme: F=—kx.
Bripaxkenne (50.2) ToxKIECTBEHHO
BhIpaxkeHHuio (14.2) nns ynopyroit cujsl
JepopMHPOBAaHHON NPYyKMHHL. [losaTomy
cuabl Buga (50.2), He3aBHCHMO OT HX

)
Y

Puec. 50.1. Puc. 50.2,

NPUPOJIH], Ha3HIBAIOT KB a3 Uy I P YT U M H. Jlerko coo6pasuth, 4ro
cusa, onuckiBaeMasi popmyoii (50.2), Bcerja HanpasJieHa K NOJOKEHHIO
paBHOBecHsi. Mofysib CHJIBI NPOIOPLHOHAJEH BeJHYHHE OTKJIOHEHHS
CHCTEMBI OT paBHOBeCHOro nosoxeHus. Cuay, OOGJAJAIONIYI0 TAKMMH
CBOHCTBAMH, HHOTJA Ha3blBAlOT BOCCTAaHAaBJHBAOILEH
CHJOH. .

B kauecTBe npuMepa pacCMOTDHM CHCTEMY, COCTOSINYIO H3 IIapHKa
Macchl m, MOJBEIIEHHOI0 Ha NPYKHHE, MacCOH KOTOPOH MOXKHO InpeHes-
peusb To cpaBHeHuio ¢ m (puc. 50.1). B nono:kenuu paBHOBecHs cuia
mg ypaBHOBelIMBaeTcsl ynpyroit cuioit 2Aly:

mg=kAl, (50.3)

(Aly— yanuuenue npy:KuHB). DyZeM xapakTepusoBaTh CMelleHHE IIa-
PUKa U3 IOJIOXKEHHS] DPaBHOBECHsI KOOPAMHATOH X, NpPHYEM OCb X Ha-
NpaBuM IO BepTUKaJIH BHH3, @ HYJb OCH COBMECTHM C IIOJIOKEHHEM paB-
HoBecHsl L1apHKa. Ecu cMecTHTh WIAPHK B NOJIOXKEHHE, XapaKTepuaye-
MoOe KOODAHHaTOH X, TO YIJHHEHHEe NDPYKHHBl CTaHeT paBHbIM Al,+
~+x M mpoekuMs pe3yJbTHUPYIOLUEH CHJB HAa OCb X MPHMET 3HAUEHHE
F=mg—k (Aly+x). Yura ycnosue (50.3), monayuum, 410

F=—kx. (50.4)
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Takum 0o0pa3oM, B PaccCMOTPEHHOM NpUMEpe Pe3yJibTHPYIOUIas CHJIBI
TSKECTH U YNPYToH CHJIBL MMEeT XapaKTep KBasHYNPYro# CHJIBL.
CoofuiuM LIapUKY CMelleHHe X=da, NOCJIE€ Yero NpexoCTaBHM CHC-
Temy camoii cebe. Ilon nelicTBHeM KBasuynpyro#l CHJIbl ImapHK GymeT
JIBHUTaThCsl K MOJIOKEHHIO PaBHOBECHS CO BCe BO3PACTaIOLIeH CKOPOCTHIO

v=x. [Ipu >TOM mnoTeHUUAa/NbHAS 3SHEPruUsl CHCTeMHl OyjerT yGLIBATh
(puc. 50.2), HO 3aTO MOSIBUTCS BCE BO3PACTalollas KHHETHYECKAs SHep-
rusil) E,=', mx* (maccoii npyxuHbl npexeGperaem). Ilpugs B mo-
JIOXKGHHE paBHOBeCHs, LIAPHK MPONOJIKAET IBHraThCsi N[O HHEPLHH.
Aro ABHKeHHe OyneT 3aMelJIeHHBIM U IpEeKpaTHTCS TOrAa, Korja KHHe-
THYECKasi SHEPTHUsl IOJHOCTbIO NPEBPATHTCA B NOTEHUHAJbHYIO, T. €.
KOTJa CMelleHHe LIapHKa CTaHeT PaBHbIM —a. 3areM TaKoH Ke Mpo-
Hecc OyZeT npoTeKaTb NPH JBHKEHHU LIapHKa B OOpaTHOM Hampa.iie-
wuu. Eciu TpeHHe B CHCTeMe OTCYTCTBYeT, SHEPTHs CHCTEMBl JOJIXKHA
COXpaHsTbCs M LIapuK OyJeT ABHraThbCsl B Ipelenax OT X=a 10 X=
=-—q HEOrpaHHYEeHHO OOJITO.
YpaBHeHue BTOporo 3akoHa HploToHa Ay Luapuka umeer BHJ

mx = — kx. (50.5)
Bgensi 0603HayeHue
0 =k/m, (50.6)
npeoGpazyem ypasHenue (50.5) caexyrouum oGpasom:
x+oix=0. (50.7)

[Mockoabky k/m > 0, ,— BelleCTBEHHAass BeJHYHHA.

Urak, B OTCYTCTBHE CHJI TPEHHSl IBHXKEHHE NOJ HeficTBHEM KBasHu-
ynpyroi CHJBI OmMHChiBaeTcsl AHddepeHUHAIbHEIM ypaBHeHHeM (50.7).

Bo Besiko#t peaibHO!N KoJieGaTesIbHOR CHCTEME HMEIOTCST CHJIBI COMPO-
TUBJIEHHUS, AeHCTBUE KOTOPbIX NPHBOIAHUT K YMEHBIIEHHIO SHEPTHU CHUC-
TeMel. Ec/iu yOBIIb SHEPTHU HE BOCIOJHSETCS 32 CUET PAGOTHI BHELIHUX
cuJ1, KosieGaHusi GYAYT 3aryxaTh. B mpocrefilneM, n BMecTe ¢ TeM Ha-
u6osiee 4acTo BCTpEYaloumieMcs, cJAydae CHJa CONpOTHBJEeHHS F* mpo-
MOPUHOHANbHA BEJHYHHE CKOPOCTH:

Fi=—rx. (50.8)

3mech r — NocTOsIHHAasA, Ha3hiBaeMasds KOS(PPH U HEHTOM cCo-
NPOTHBJEHHs. 3HaK MHHyC OOYCJIOBJNeH TeM, uro cHiaa F*
H CKOPOCTb V HMEIOT IPOTHBONOJIOKHBIC HANPaBJIEHHS; CJAEI0BATENbHO,
HX NMPOEKUHH Ha OChb X HMMEIOT pa3Hble 3HAKH.

Y paBHeHue BToporo 3akoHa HploToHa npu HalUYHM CHJI COIPOTHB-
JIEHUs] HMEET BUJ,

mx=—kx—rx. (50.9)

1) B yuenun o Konebanusix Gyksoit T NpHHATO 0603HAYaTh NepHOi KoseOaHHIl,
INo3TOMy KHHETHYECKYIO SHEpTHIO Mbl 0GO3HaYMJIH CHMBOJIOM Ep.
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[IpumeHHB 0003HaYeHHS

B=r/m, oi=Fk/m (50.10)
(cp. ¢ (50.6)), mepenmmieM ypaBHenue (50.9) crexyiomuy oGpasom:
X+ 2Bx +0fx=0. (50.11)

ro puddepeHIHaNbHOE YPABHEHHE ONUCHIBAET 3aTyXaloliue KoJaeGanus
CHCTEMBI.

KoneGanus, onuceiBaeMele ypasaenusamu (50.7) u (50.11), ssasiorcs
CBOGOIHBIMH (HJIH COOCTBEHHLIMH): BHIBEJECHHAs M3 MOJIOXKEHHS PaBHO-
BECHsI MJIM IOJIYYHBILIasl TOJTYOK CHCTEMa COBeplIaeT KoJeGaHusi, 6yayuyn
npegocTaBieHHol camod ceGe. Tenepb mycTb KoJeGaTesbHasi cHCTEMa
nojBepraercs AeHCTBHIO BHEIUHEH CHJIbI, M3MEHAIILENCsS CO BPEMEHEM
10 TapMOHHYECKOMY 3aKOHY:

F,=F, cos wf. (50.12)
B sToM ciiydae ypaBHeHHe BTOpOro 3aKoHa HeloTona HMeer BuA
mx =— kx—rx+F,cosof.

Beens o6o3naueHus (50.10), 3anuiem 310 ypaBHeHHe clIeayOWHEM, 06pa-
3oM:

X+ 2Bx + 0x = f, cos wt, (50.13)

fo=Fo/m. (50.14)

VpaBuenne (50.13) onucHBaeT BLIHYXKIEHHbE KOJIEGAaHHA.
Mel BLISICHHIH, YTO MPH H3YUeHHH p
KosieGaHHH pas/MYHOrO BHJA MBI CTAJ-
KHBaeMCsi C HEeOGXOJMMOCTBIO pellaTh
JupdepeHnnanbible ypaBHEHHS BHAA
x+ax+4bx=Ff(t), (50.15) y
rie a u b — KoHcTaHTH, f(f) — Heko-
Topasi GYHKUHS OT {. YpaBHeHHe THNA
(50.15) HasbiBaeTcs JMHMHEHHBM "of 7
nuppepeHIHATDbHBEM yP aB-
HeHHEeM C¢C NOCTOSHHBMH —if
Kosppuuuenrtamu B cayuae
0 he 2 Puc. 51.1.
ypaBuenus (50.7) a=0, b=wj}, B c1yyae
ypasuenus (50.11) a=28, b=w}. B o6o-
ux caydasax ¢yHknus f(f) ToxmecTseHHO paBHaHyJo: f(f)=0. B cay-
yae BHIHYKIAEHHBIX KoseGaHui f(f)=f, cos wt.
Pemenue ypaBHenus (50.15) cuabHO oGseryaercsl, eciu MepedTH
K KOMIIEKCHBIM BesMuuHaM. IToatomy npexne ueM nepedTH K 1eTalb-
HOMY PacCMOTPEHHIO KOsIeGaHHH pasjMYHOrO BHAA, MBI [I03HAKOMHUMCS
KPaTKO C KOMIVIEKCHBIMH YHCIaMH H MeTOJaMH pelleHHS JIMHEeHHBIX
IxugdepeHIHaNbHEIX YPaBHEHHH C NOCTOSIHHBIMH KoadpunueHTamu,

ruae

b ot b i ot e 7

NS
&
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§ 51. Komnuaekcuble uncaa

KoMIJIEKCHBIM YHCJIOM 2 HasblBaeTcsi YMCJIO BHJAA
z=x+1iy, (51.1)

rie X W Yy — BelleCTBEHHbIe 4YMCJIa, [ — MHHUMasA ejpuauna (i2=-—1).
Umncso x HasblBaeTCI Be € CTBE HHOH 4aCTh 0 KOMIJIEKCHOTO
ygcna 2. CHMBOJIMYECKH 9TO 3amuchiBaeTcsl B Buie x=Re z. Hucmo y
HasblBaeTcs MHHMOH 4YacThio 2 (3anuceiBaercs: y=Imz).
Yucno

*=x—1iy (51.2)

HasHBaeTct KOMOJEKCHO CONpPSAXEeHHBM uucay x-iy.

BeliiecTBEHHOMY YHCJY X MOXKHO CONOCTAaBUTh TOUKY Ha ocH x. KoMn-
JIEKCHOMY YHCJY 2 MOXKHO CONOCTABHTb TOYKY Ha IIOCKOCTH, HMEIO-
Iy10 KOOpAHMHATH ¥, y (pHc. 51.1). Kaxnas Touka mIocKocTH omnpene-
JISIeT HEKOTOpoe KoMIIeKCHoe yHcgo 2. CiieoBaTesbHO, KOMILJIEKCHOE
YHCJIO MOXKHO 3a1aTth B BHAe (51.1) ¢ momomiblo AeKapTOBLIX KOOpAUHAT
X M y cooTBeTcTBYIoLeH TOUKH. OIHAKO TO Ke caMoe YHCJIO MOXKHO
3a7aTh C IIOMOLIbIO NOJNSPHBIX KOOPAHHAT P U ¢. Mexny obenMu napa-
MH KOOpJMHAT HUMEIOTCH COOTHOLIEHHS

x=pcosp, y=opsing; p=V 2y, e=arctg(y/x). (51.3)

PaccrosiHHe OT Hayasa KOOPAMHAT 10 TOYKH, H306paKaroiel Yucio
2z, Ha3bIBaeTCs MO A Y J1 € M KOMIIEKCHOro uHc/a (o6o3Hauaetcs |z1).
OuyeBHJHO, YTO

lz|=p=V3 T4 (51.4)

Uycsio ¢ Ha3bBalOT aPryMe HTOM KOMIJIEKCHOIO YHCJIA 2.
[IpunsiB BO BHHMaHHe cooTHouleHHs (51.3), MOXKHO NpeACTaBHTbH
KOMIIJIEKCHOE YHCJIO B TPHTOHOMETpPHUEcKoH copme:

2=p(cos @i sin ¢). (51.5)

JIBa KOMIUIEKCHBIX YHCIA 2y=X;1iYy; U 2;=X,+(y, cuuTaoTCA
PaBHEIMH JpYr IPYTy, €CIH B OTAEJNbHOCTH DPaBHBI HX BeIeCTBEHHHIE
H MHHMEBIE YacCTH:

2;=2,, €CIH X, =X, H Yi=Ys. (51.6)

Monaynu ABYX DaBHBIX MeXIy COGOH KOMINIEKCHBIX YHCeJ OJUHAKOBHI,
a apry™MeHThI MOTYT OTJIMYaTbCsl JIMLIb CJaraeMbiM, KpaTHBIM 2m:

Pi=Ps Py=@y% 2k, (51 .7)

s sripaxennit (51.1) u (51.2) Bugno, 4TO B cayyae, Korua z*=z,
MHHMasi 4acTb Z €cTb HYJb, T. €. YHCJIO 2 OKa3bIBaeTcs YHCTO BellecT-
BeHHbIM. TakuM 00pas3oM, YC/IOBUE BELIECTBEHHOCTH YHCJIA 2 MOXKHO
3amnucaTh B BHAE

2*=z. (51.8)
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B maTeMaTHKe JOKa3hIBAa€TCA COOTHOINEHHE
e'®=cos ¢ +ising, (561.9)
KOTOpoe HaseBaercs GopMmMynoll Diinep a. 3ameHHB B 3TOM
dopmysie ¢ Ha —@ H yuTs, 4TO cOs (—¢)=cos @, a sin (—g)=—sin @,
MOJIyYHM COOTHOLIEHHE
e~'® =cosp —ising. (51.10)
Cnoxum Beipaxkerus (51.9) u (51.10) u pemuM mosyyuBIneecs coot-
HOLIEHHE OTHOCHTEJBHO cos ¢. B pesysbrare nmeem
cos ¢ =1/, (e’® 4-¢~i9), (51.11)
Boiurs (51.10) u3 (51.9), noayuum, uto sin @=(1/2i) (¢'*—e~'%).
C nomompio ¢opmyabl (51.9) KoMIIeKCHOE YHCJIO MOXKHO 3alHCaTh
B IOKa3saTeJIbHOH (hopMme: _
z=pe'? (51.12)

(cm. (51.5)). KomnyiekcHO conpsiKeHHOE YHCJIO B [IOKa3aTeNbHO dopme
HMeeT BHI
2*=pe~®, (51.13)

IIpu c10XeHUH KOMIIJIEKCHBIX YHMCEJ CKJAbIBAIOTCS OTAEJAbHO HX
BEl[ECTBEHHHE H MHHMBIE YacTH:
2tz,=(xi+x5)+i (yi+y.). (51.14)

[TepemHOKeHNe KOMIJIEKCHBIX YHCEJ YNOGHO OCYILECTBJATb, Oeps
3TH YHC/Ja B IOKasaTeJNbHOH ¢opme:

VL 2202y = 0,00 0,00 == 0,00 (0, (51.15)

Mopay/iH KOMIJIEKCHBIX YHCEJ I€PEMHOKAIOTCS, a apIyMEHTHl CKJajbl-
BaIOTCSI:

P=pi'P2, P=0i1Q;. (51.16)
AHaJIOI‘PI'-IHO OCYLIECTBJACTCA OEJNECHHUE KOMIIJIEKCHBIX YHCEJI:
) i R
s B P Pi (g0, (51.17)

23 pue'®Pr P2

Ipunsas Bo BHHUMaHHe ¢opmyasl (51.12) u (51.13), nerko nosyyuTs,

qTo
2% =p? (51.18)

(xkBaZipaT MOAYJA KOMILIEKCHOrO YHCJIAa DaBeH NPOU3BENEHHIO STOr0
4yHcJia Ha €ro KOMIIJIEKCHO COl'Ipﬂ}KeHHOQ).
§ 52. Jluneiinbie auddepeHnHaNbHbIE yPaBHEHHS

YpaBHeHHe BUZA . .
x+ax+bx=f (1), (62.1)
rie a u b — KoHcTaHTH, f(f) — 3ajaHHas QYHKOUA OT f, HasbBaercs
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JUHEeHAHHM JUPbepeHLHAJbHHM YpDaBHEHHUEM
BTOPOTrO NMOpPSIAKAa C NOCTOSSHHBMH K03 duunuu-
eHTaMHu. KoHCcTaHTEI @ U b MOTYT GHITh M HYJISAMH.

Ecau pyuxuus f(f) ToxkzecrBeHHo paBHa HyJo (f(£)==0), ypaBHe-
HHE HasblBaeTcsi O L HO P O L HBI M, B NIPOTHBHOM CJy4yae — H € O JI-
Hopo aHB M OnHoponHOe ypaBHeHHe HMeeT BUJ

X4ax+bx=0. (52.2)

Peienue Besixoro au¢depeHuuansbHOrG ypaBHeHHs BTOPOroO Nopsiaka
(1. . co crapiedf BTOpOil IPOU3BOAHOM) COAEPIKHUT ABE IPOH3BOJIbHBIE
KoHCTaHTHl C; ¥ C,. DTO MOXKHO MOHSITh, IPHHSB BO BHUMAHUE, YTO OMpe-
JesieHue QYHKUHH 110 €e BTOPO¥ I1POM3BOLHOL OCYILECTBJISIETCS ABYKpAT-
HBIM HHTerpupoBaHHeM. IIpM Kax[IOM HHTErpHPOBAHHH TMOSIBJISETCS
NOCTOSIHHAS] MHTErPHPOBaHUs. PaccMOTpHM B KauecTBe NMpHUMEpa ypas-
HEHHe

x=0. (52.3)

HWurerpupoBanye 31oro ypaBHeHHs jaaet, yto x=C;. [ToBropHOe uHTer-
pHpPOBaHHE NPHBOJMT K (QYHKUMHU

x=Cyt+C,. (52.4)

Jlerko yGemuTbCcs B TOM, YTO HpPH JIIOOBIX 3HAYEHUSX IIOCTOSTHHBIX
C; u C, dynkuus (52.4) ynoJserBopsier ypaBHeHHIO (52.3).

Ilpunas nocrostHHbIM Cy H C, onpeiesieHHble 3HaYeHHs1, HOJTYYUM TaK
HasblBaeMoe Ya CTHOE€ pelle HH e AubpdepeHIHATbHOTO ypaBHe-
nus. Hanpumep, dynkuus 513 siBasieTcss OJHUM M3 YaCTHBIX pelleHHi
ypaBHenHus (52.3).

MHox)ecTBO BceX 0e3 HCKJIOYEHHS YaCTHBIX pelIeHHI HasklBaercs
o6muM peweHHueM aubpdepeHinanibHOro ypabHeHus. OOCiee
pewenne ypaBHeHHs (52.3) umeer BuA (52.4).

B Teopuu nuHefHbIX AH(depeHINaNbHbIX YPaBHEHHH AOKaskIBaeTCs,
4TO €CJIH X; U X, CYTb JIMHEHHO He3aBHCHMbBIE ') pellleHHs OJHOPOLHOrO
ypaBHeHHs (52.2), To obliee pelleHHe ITOTO YPAaBHEHHS] MOXKHO Npef-
CTaBUTb B BHJE

x=C1x1—I—C2x2, (52.5)

rae Ci u C,— NpOH3BOJIbHBIE NOCTOSIHHEIE.

Iyers x, (¢, Cy, Cs) ectb oblee pellleHHe HEOXHOPOLHOTO YpaBHEHHUs
(52.1) (mpousBosibHBIe mocTOsiHHEIE C; U Cp BXOJST B 3TO pelleHHe B
KauecTBe IapaMeTpoB), a X, (f) — OJHO M3 YACTHLIX peLIeHHH TOro e
ypaBHeHHS (OHO He COIEPKHUT NPOU3BOJIBbHBIX IOCTOSIHHEIX). BBenem 06o-
3HaUeHHe:

X (ty Ci) Cz) =Xy (tv Ci’ Cz)—xn (t)‘

1) OyHKUHM X; M X, Ha3bIBAIOTCS JHHEHHO HE3aBHCUMbBIMH, €CJH COOTHOLICHHE
oy X;+0y Xy;=0 BHIMOJHAETCA TOJABKO B TOM CiIyuyae, KOTa O W Gy PABHEL HYJIO.
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Toraa ofliee peluieHUe HEOXHOPOIHOIO YPaBHEHHS MOXKHO NPEACTaBHThb
B BHJE

%y (8 Ciy C)=x, () +x (4, Cy, Cy). (52.6)
®yuruus (52.6) npu Mo6biX 3HaUeHUAX NOCTOAHHLIX Cy ¥ C; YIOBJIETBO-
psier ypaBuenuio (52.1). CrnepoBaTenbHO, MOXKHO HaNHCAThb COOTHO-
IIeHHe:

X, () +% (4, Ci, Cy)+ax, () +ax (¢, Cy, C) + |
+bx, (1) +bx (¢, C;, C)) =f (1).
CrpynnupoBaB cJjaraemble, MOJYYHM:
%(t, Ci, C)+ax (4, Cy, Cy) +bx (¢, Cy, C) +
+ [%a () +ax, @) +0x, (O)]=F (¢). (52.7)
UYacrnoe peluenve x,(f) Takxke yAOBJIeTBOpsieT ypaBHeHHIO (52.1).
[MosToMy BhIpaKeHHe, CTOsillee B KBaJpaTHBIX CKOOKAaX B JIEBOH 4YacTH
cooTHolenus (52.7), paBHO NpaBOH YacTH 3TOro cooTHollenus. Orciona
BbITEKaeT, 4To (pyHkuus x (¢, Cy, Cz) NOMKHA YIOBJIETBOPHATDL YCJIOBHIO
%(t, Ci, Co) +ax (¢, Ci, Co) +bx (4, Ci, Cp) =0,

T. e. NpPeACTaBJsieT co0oil ofliee pelleHHe ONHOPOJAHOTO YpaBHEHHUs
(52.2). Takum o6Gpa3oM, Mbl IPHIIJIH K OYeHb NOJIE3HOH TeopeMe: obujee
peuerue HeoOHOPOOHO20 YPABHEHU PABHO CYMME 0DUleS0 peuierus coom-
eemcmaeyioujeco 00HOPOOHO20 YPABHEHUA U KaK020-aubO 4acmHoeo peule-
HUS HEOOHOPOOHO20 YPABHEHUS:

X061, neonnop = Xo6u, oxnop -+ Xyacta, neomuop. (528)

Jlunefinble ofHOpOAHblE AH(depeHHaNbHbIE YPABHEHHS C MOCTOSH-
HBIMU KO3(HIMEHTAMH PELIAlOT C IIOMOLIBI0 MOACTAHOBKH

x (f)=eM, (52.9)

rie A — mocrosinHas BesuuuHa. Juddeperunyupopanne ¢pynkunu (52.9)
JaeT, uTo

x () =AeM, x(f)==A%M. (52.10)

IMToncranoBka Buipaxenuit (52.9) u (52.10) B ypaBHenue (52.2)npusoaut

nocJie COKpalleHHss Ha OTJIHYHBIA OT HYJst MHOXKHTENb eM K anreGpau-

YeCKOMY YpPaBHEHHIO
M+ah+b=0. (52.11)

10 ypaBHeHHe Has3blBaeTcI X apaKTepHCTHYe C K u M. Kopuu
3TOr0 ypaBHEHMs NPEACTaBJSIOT CoGOfl Te 3HAYeHHs A, IPH KOTOPBIX
¢yHruus (52.9) ynosnerBopsier ypaBHeHHIO (52.2).

Ecau xopuu ypaBHenus (52.11) He coBmagmaior (Ai5%<h;), GYHKUHH
eM? u el Gynyr sinHeidHO HesaBUCHMbIMM. C/IEIOBaTENbHO, COrVIACHO
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(52.5) obwee pemenne ypaBHeHHS (52.2) MOXHO HamucaThb B BHAe
x=C,eM* +C,ett. (52.12)

MoxHO mnoOKasaTh, UTO B cJjydae, Korja A;=A,=A, ofliee pelueHHe
ypaBHeHHs (52.2) BHIIVIIUT CJELYIOMUM 06pasoM:

x=CyeM 4 C,teM. (52.13)

HonyctuM, uyTo Ko3¢dUINEHTH @ U b — BellleCTBeHHbIe, a QYHKIHS,
cTosimasi B mpaBoi yactu ypaBHenus (52.1), komnsekcHas. Ilpexcra-
BHB 3Ty (yHKUMIO B BuAe f(f)-+-i¢p(f), mpuaeM K ypaBHEHHIO:

z4az+bz=f-+ip (52.14)

(MBI 0G03HAYHMIH HCKOMYIO GYHKIMIO GYKBOHI 2). Pelnenue aToro ypasze-
HHs GYIeT, OYEBHAHO, KOMIVIEKCHBIM. 3alHcaB pelleHHe B BUJe z(f)=
=x (f)+iy (f), nogcraBum ero B ypaBHeHue (52.14). B pesysrnrare mo-
JYYHM:

X+ iy -+ ax +aiy+bx+biy=f+igp. (52.15)

VY paBHBIX APYT APYTY KOMIVIEKCHBIX YHCEJ PABHBI TOPO3Hb BELIECTBEH-
Hble W MHHMBIe yacTd (cM. (51.6)). CnenoBatesbHO, ypaBHeHHe (52.15)
pacrnajaercss Ha JBa HEe3aBHCHMBIX ypaBHEHHS:

x+tax+bx=f(t), y-rag+by=q),

TniepBOe M3 KOTOPBIX COBNajaeT ¢ ypaBHenueM (52.1). 1o cBoiicTBo ypas-
Henus (52.15) mosBoJsisieT NpPUMEHMTb CJAEAYIOIUE NpHeM, WHOTAA 3HAa-
YHTeJbHO obJleryaiomui Beruuciaenus. I1ycte B perraeMom HaMu ypaBHe-
HuM (52.1) npaBast yacTb BemecrtBeHHasl. IIpu6aBuB K Hell POHM3BOJIb-
HYI0 MHMMYIO QYHKIMIO, NpUBeJeM ypaBHeHHe K By (52.14). Haiins
3aTeM KOMIIJIEKCHOE pellleHHe ypaBHEHHS, BO3bMEM €r0 BELIEeCTBEHHYIO
yactb. Ona 6yAeT npejicTaBaATh COGOMH pelueHHe HCXOXHOrO ypaBHEHHs
(ypaBHenus (52.1)).

§ 53. TapMoHHuYecKHe KoJeGaHMs
PaccmoTpuM KoseGaHHS, ONHCHIBaeMble YpaBHEHHEM

X+oix=0 (53.1)
(cm. (50.7)). Takue kojeGaHHsI COBEpIIAET TEJIO MACCHl M, Ha KOTOpOe
AEACTBYET TOJMIbKO KBasuynpyrasa cuina F=—kx. Koa¢ppunuenrt npu x
B ypaBHeHHH (53.1) HmeeT 3HaueHHe
03 =k/m (53.2)
(cM. (50.6)).

Toacrasus B (53.1) Beipaxente x=e* (cM. (52.9)), npuaem K xapaxk-
TePHCTHUECKOMY YPaBHEHHIO :

A+ 0i=0.
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310 ypaBHeHHE HMeeT MHHMBIE KOPHH
7\;1‘=—[—i(00, 7»2=—i(00.

CorsiacHo (52.12) o6mee peluenne ypaBHeHHs (53.1) umeeT BuR
"x=Cyelodt + Coe=iodt, (53.3)

rie C; u C,— KOMIUIEKCHbBIE IOCTOSTHHEIE,

OnuceiBaouas KoJjeb6anue ¢hyHKuus x(f) A0/KHA GbITh BeleCTBEH-
Hojt. st sToro koadduuuentsl C; u C, B (53.3) HyKkHO BRIGpaTh Tak,
uyTOGE! BBINOJIHSJIOCH ycJoBHe (cMm. (51.8))

C;e—i(l)oi + C;eiﬁ)ot — Cleiﬁ)of + Cze- iwot (53.4)

(MBI pUpPaBHSM BhIpaxeHHe (53.3) ero KOMIIEKCHO COINpSIKEHHOMY).
CoorHollenne (53.4) 6yzer BbimosnHeno, ecau Cy=C;. (B 3TOM ciyuae
C,=Cy). IlpencraBuM YIOBJETBOPSAIOUIME TaKOMY YCJIOBHIO KO3(hdu-
uuents C; ¥ C, B nokasateabHOH dopme (cM. (51.12)), 0603HauHB UX MO-
LyJb uepe3 a/2, a aprymeHT OYKBOH a:

Ci;=(a/2) e’*, C,=(a/2)e "=, (53.5)
IToxcranoBKa sTHX BhlpaxeHuil B (53.3) naer
%= (a/2) (6" (@et+®) 4 g (0s!+ D)) = g cOS (,f + ) (53.6)

(cM. dopmyay (51.11)). Takum o6pasom, ofmee pelleHHe YpaBHEHHS
(53.1) umeer BUR

x=a cos (wot+a), (53.7)

re a ¥ o — [POU3BOJIbHBIE MOCTOSIHHBIE 1),

Hrak, cMelmenne x H3MeHsIeTCS CO BpeMeHeM [0 3aKOHY KOCHHYca.
CriezoBaTe/bHO, JIBHXKEHHE CHCTEMbI, HAXOAACHCA NON AEHCTBIEM CHYIBL
Buga_F=-—kx, TIpEACTaB/IsIeT CODOM rapMOHHYECKOE KOJeGaHMe.

padHK rapMOHHYeCKOro KoJsebaHus, T. €. rpaduk ¢ynkuuu (53.7),
nokasaH Ha puc. 53.1. Ilo ropH3OHTaJbHOH OCH OTJIOKEHO BpeMms f,
110 BePTHKaJbHOHA ocH — cMellleHHe x. IToCKOJIbKY KOCHHYC M3MeHsieTcs

B npefesax oT —1 1o 1, 3HaueHus x Jexar B npenesax ot —a 1o +a.

1) Pewenne ypasHenus (53.1) MOXHO 3amucaThb eme AByMs crioco6amu. IlpeoGpa-
ayeM BblpaxieHHe (63.7) mo dopMyJse A KOCHHYCa CyMMBI:

x=a (cos o cos Wyl — sin a sin @)
H BBeleM OGO3HauYeHHS
€;=acosa, Cy=-—asina.
Torza dyHKUHMIO X (f) MOXKHO NPEACTaBHTh B BUJE:
X=¢j €0Ss Wyl -+ C5 sin Wyt

rpe ¢y U €y — NPOU3BOJIbHBIE IOCTOSTHHBIE. -
Haxonen, Bocnonb3oBaBwHch ¢opmysoit (51.9), MOXHO HamucaTh BHpaXKeHH®
(53.7) caenymomuM o6pasoM:

x=Re {aei (mot+a)}_
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Besinunna HaMGOJBILErO OTKJIOHEHHS CHCTEMEL OT NOJIOXKEHHSsT paBHO-
BecHs HashiBaeTess aMOJ U TY X O H KosneGanust. Amminryna a —
z NIOCTOSIHHAST TOJIOKHTEJIbHAS BeJIMYHHA.
Ee 3HadeHue ompejensieTcss BeJHYHHOH
: [IePBOHAYa/IbHOTO OTKJIOHEHHS WJIH TOJ-
T yKa, KOTODHIM CHCTeMa Obla BbiBeleHa
U3 MOJIOXKEHHS] PaBHOBECHSI.
0 7 Benuunna (o.f-+a), crosimasi nHox
3HaKOM KOCHHYCa, HasblBaeTcs ¢ a-
3 0 i KosebaHus. [locrosHHast o mpej-
-a cTaBJseT co60H 3HaueHHe (asbl B MO-
MeHT BpeMeHH {==0 ¥ HaspIBaeTcs H a-
Puc. 53.1. yanbHO# dpasoit KomeGanus. C
H3MeHeHHeM HayaJja oTcyeTa BpeMeHM
6ynerT u3MeHsiTbc M o. ClelloBaTenbHO, 3HaUeHHe HauaJbHOH (hasml
onpezeJsieTcss BHIOOPOM Hayasa oTcueTa BpemeHH. Tak Kak 3HaueHHe
X He H3MeHsieTCSl NMPH J06GaBJIE€HHHM HJIM BBIUHTAHUM M3 (a3bl 1IEJIOro
yHcaa 27, BCerja MOXKHO NOOMTBCs TOro, YToGhl HavuasbHast Gasa Oblia
no Moay/o MeHblle . [ToaToMy OGBHIYHO paccMaTPUBAIOTCS TOJMBKO
3HAUEHHs o, Jexallve B Ipefesax OT —it JO 1.

ITockosbKY KOCHHYC — IlepHoauuecKas (pyHKIUS C nepHojoM 2w,
pasJ/iMYHEe COCTOSIHHS ') CHCTEMbl, COBEpILUAIOIEH rapMOHHYECKHE KO-
saebGanusi, OBTOPSIOTCS Yepe3 TaKoH mpoMmexyToK Bpemenu T, 3a KOTO-
pbifi ¢asa KoJsieGaHMsI NOJyuaeT mpHpaleHue, paBHoe 21 (puc. 53.1).
AToT npoMexyToK BpeMeHH T HaspiBaeTcss e p HO O M KosneGaHusi.
OH MOKET GbITh ONpefe/IeH U3 cienyomero ycaosus: [, ((+7T)+al=
=[w +al+2r, oTkyna

+a [

T=2n/,. (53.8)

Yucno kojiebaHUU B €JMHHILY BpeMeHH Ha3bIBa€TCI Ya CTO T O i
Kosie6anus v. OueBHHO, YUTO YaCTOTa v CBSI3aHa C NPOLOJIZKHUTENBHOCTBIO
ojgHoro Kojebanusi T CJAeAYIOUIUM COOTHOLIEHHEM:

v=1/T. (53.9)

3a efMHHILY YaCTOTHI NMPHHHMAETCsI YacToTa TaKOro KoseGaHHUs, IePHOL

KoToporo paseH 1 c. Ity enununy HaswBator repuem (I'm). Hacrora

B 108 'y HaseiBaeTcst Kusorepuem (kI'w), B 108 I'm — merarepuem (MI'm).
Hs (53.8) crepyer, uto

wo=2m/T. (53.10)

Takum 06pa3oM, ©, JaeT YHCJI0 KoJebanuil 3a 21 ceKyHA. Bennunny o,
HasblBAlOT KPYroBO# HIM WMKJAHUYecKOH uacroroii. OHa

1) HanoMHHM, 4YTO COCTOSIHHE MEXaHHYeCKOl CHCTEMBI XapaKTepH3yeTcsl 3Hauee
#UAMH KOODAHHAT H CKOPOCTEH TeJ, 0Opa3yIOUMX CHCTEMY,
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CBA3aHa C OOBIYHOH YacTOTOH v COOTHOILUIEHHEM
0o=2mv. (53.11)

Mpoauddepennuposas (53.7) Mo BpeMeHH, MOJYYHM BEIPaXKEHHE
AJisL CKOPOCTH

V= x=— a, sin (@t +a)= acoocos(wot—l—a—]—%). (53.12)

Kak BumHo u3 (53.12), CKOpOCTb TaKxke H3MEHsSETCS IO rapMOHHYe-
CKOMY 3aKOHY, IIDHYEM aMIVIHTYJa CKOPOCTH paBHa aw,. W3 cpasue-
Hus (53.7) u (53.12) crenyer, 4TO CKOPOCTb OINEpEKAaeT CMELIEHHE
no dase Ha /2.

Iponudgepenunposas (53.12) eme o
pa3 Ho BpeMeHHM, HafJeM BbIpakeHHe ' . f

IJIST YCKODEHHUSs:

. 0 ¢
W= X = — ao} cos (0yf + o) = .
=aw}cos (0t +a+m). (53.13) ‘;"

Kak caenyer us (63.13), yckopenue H +0a
CMellleHHe HaXoAATCS B NpoTHBO(ase.

D10 03Hayaer, YTO B TOT MOMEHT, KOra 0 ey
CMellleHHe OCTHraeT HauGoJbllIero Mmo-
JIOXKUTEJIbHOTO 3HAUEHHs, YCKOpeHHue ~-wa
ZocTHraeT HauGoJblIero no Beauuune 4 L
OTPHLATETBHOTO 3HayeHHsl, H Haobo-
poT. )

Ha puc. 53.2 comocraBiennl rpa- 0 1t
$uKHM LIS CMEWeHHs, CKOPOCTH M yc- .1 7 |
KOpEHHS. _

Kaxmoe KOHKpeTHOe KoJjebaHUe Puc. 53.2.

XapaKTepHu3yercs onpejeseHHEIMH 3Ha-

uyeHUSIMH aMIVIUTYABl @ W HayasabHOH ¢asbl oo, 3HAYEHHUS 3THX BeJil-
YHH IS JaHHOrO KoJeGaHHs MOTYT OBITb ONpeleJieHH U3 TaK Hasbl-
BaeMbIX HayaJIbHBIX YCJIOBUH, T. €. N0 3HAUEHHSM OTKJIOHEHUS X, H
CKOPOCTH U, B Haua/bHbIH MOMEHT BpeMeHH. JleHCTBHTEJbLHO, MOJIO-
KUB B (53.7) u (53.12) t=0, nonyuum B2 ypaBHEHHS:

Xo=a CoS &, Uy=—aw, sin a,
M3 KOTOPHIX HAXOIHM, YTO
o=V EF @), (63.14)
g 0L = — Vo[ Xg0q. (53.15)
Ypasuenue (53.15) ynoB1eTBOpsSieTCS ABYMs BHAUEHUSIMH o, JIeXKAIIHMU
B HHTepBaje oT —m A0 7. M3 3TuX 3HaueHM# HYKHO B3SATH TO, NMpPH
KOTOPOM II0J1YYaloTCsl NMpaBHJIbHEIE 3HAKH Y KOCHHYCa H CHHYyca,

Ksasuynpyras cuna siBasiercss KoHcepBaTHBHOH. [loaToMy mosHas
SHEPTHSI TaPMOHHUYECKOTo KoJieGaHMs JOJKHA OCTaBaThCsl NMOCTOSTHHOM,
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B nponecce Kose6aHU# NPOHUCXOMHUT NMpeBpalleHNe KUHETHYECKOH SHep-
ruy B MOTEHUIHWAJbHYIO M OOpPaTHO, NPHYEM B MOMEHTHl HaUGOJBLIETO
OTKJIOHEHUSI OT IIOJIOMKEHHs] PaBHOBECHSI IOJHasi 3Hepriss E coCTOHT
TOJBKO H3 IOTEHIHa/JbHOH 3SHepruH, KoTropas AOCTHraeT CBOEro Ha-
ubosbuIero 3HaudeHHs Up,,:
ka?

E=Umax=-2—, (5316)
NpH MPOXOXKJEHHU Ke CHCTEMBI. uepe3 MoJIoXKeHHe paBHOBECHS MOJHAs
SHEPTHsl COCTOMT JIMIIb U3 KUHETHUECKOH SHEpPruH, KoTopas B 3TH MO-
MEHTHI JOCTHTaeT CBOEr0 HAUGOJBIIEr0 3HAUEHUs K, ..°

mop ma®og
E=Egpy=—g"= 5 z (53.17)
(Bblle OBITO-MOKA3aHO, YTO aMIJIMTYJa CKOPOCTH paBHA aw,). Bripa-
wenns (53.16) u (53.17) paBHBI ApYT ApYry, Tak Kak corjaceo (53.2)
moi==Ek,

BrisicHuM, Kak H3MeHsleTcsl cO BpeMeHeM KHHeTHuecKasi M IOTCH-
IMaJbHAsi SHEPTHUsi TapMOHHYECKOro Ko-

z
*g\ ~ JeCaHusi. KnHerndyeckast SHEprusi pabia
’ *  (cm. Boipaxenue (53.12) mas x)
¢ mx®  malos .
-z Ey=5—="5 ® sin? (0yf +a). (53.18)
{g" INoTeHnuanbHasi SHEPrus  BhIpaKaercs
dopmyaoii
g 2
3 =k%=ﬂl—cos2 (0t 4-a). (53.1)
g > Crnoxus (53.18) ¢ (53.19) u mnpunsiB BO
v BHUMaHHe, 4TO /Mwi=Fk, noayyuM ¢opmy-
£ \ JIy AJIst IOJTHOM 3ueprpm'
, o8
Ir E=E,+U = -—= TR (53.20)
0 .. (cp. c (53.16) u (53.17)). Takum oGpasom,
¢ TonHAst SHEPIHs TapMOHHYECKOro Kojieba-
Puc. 53.3. HHS ueucmme.nbuo OKasblBaeTcst MOCTO-

ﬂHHOI/I
Hcnonb3yss usBecTHele (OPMYJbl TPHTOHOMETPHH, BBIPAXKEHHAM
ans E, u U MOXHO mpHAaTh BHJ
E, = E sin? (ot +a) = [i—-%-cos2(co.,t+a)] (53.21)
U=Ecos’(coot+a)=E[%—F—é—cosQ(wot—l-a)], (53.22)

rae E — nonnas sHeprus cucrembl. M3 stHx ¢opmysn BuaHo, uro
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E, v U usMeHsiI0TCS C 4acToTol 2, T. €. C 4acTOTOH, B JBa pasa mpe-
BBIILIAIONIEH 9acTOTy rapMoHuueckoro KoJjebGaxusa. Ha puc. 53.3 cono-
craBjieHbl rpaduku aas x, E, u U

Cpennee 3HaueHHe KBajpaTa CHHYyca M KBajpaTa KOCHHyca PaBHO,
Kak H3BecTHO, nosioBuHe. CiieoBaTe/IbHO, cCpefHee 3HayeHue E, cosna-
Jaet co cpeinuM 3HauenueM U u paBHo E/2.

§ 54. MaaThuk

B ¢usnke nox MasiTHHIKOM INOHHMAIOT TBepIOe TeJO, COBepIUaio-
niee MOA JEHCTBHEM CHMJIbI TSIXKECTH KoJeGaHHsi BOKPYI HENOJBHIKHOM
TOYKM WJH ocH. IIpuHATO pasnvyath MaTeMaTHUYECKHU
U (H3HYECKHH MasTHHKH.
~~ MareMaTHYeCKHM MAasiTHUKOM HasbIBAIOT HJeaju-
3HPOBAaHHYIO CHCTEMY, COCTOSILYIO M3 HeBecoMOH H
HepacTsKHMOH HHTH, HA KOTOPOH MNojBelleHa Macca,
cocpefloToueHHasi B OAHOH Touke. JlocTaTouHO XOpo-
MM TNpHOJHKEHHEM K MaTeMaTHYecKOMy MasTHH-
KY CAYXHT HeOOJbLIOH TsxKeNblll WapHK, NOJBELIeH-
HBEIH Ha JJVHHOH TOHKOH HHUTH.

OTKJIOHEHNe MasTHHKa OT TOJOXEHHS paBHOBe-
cus 6yJieM XapaKTepH30BaTb YIJIOM ¢, 06pa3soBaHHEIM
HHUTBIO C BepTHKaJblo (puc., 54.1). Ilpn orTkaoHeHNH Puc. 54.1.
MasiTHHKa OT MOJIOKEHHS1 PaBHOBECHSI BO3HHKAET Bpa-
1ateabHBIH MOMEHT N, paBHBIH TIo BenuyuHe mgl sin ¢ (m — macca,
a | — nnuua masitHHKa), OH HMeeT TaKoe HampaBJ/IeHUe, YTO CTPEMHTCS
BEPHYTb MAgTHHK B IOJOXKEHHE DaBHOBECHs, H aHAJOrM4eH B 3TOM
OTHOLUEHHH KBasuynpyroi cune, ITosTomMy Tak ke, Kak CMeILEHH!O
W KBasuynpyroii cuje, MomMeHTY N U YTJIOBOMY CMELIEHHI0 ¢ HYKHO
NPHIHCHBATh NPOTHBONONOXKHEIE 3HAKH 1), ClefoBaTesIbHO, BLIpaKEHHE
JJI BpallaTeJbHOTO MOMEHTa MMeeT BHJ

N=—mgl sin ¢, (54.1)

HanumeM pnsi MasTHHKA YpaBHEHHE JHHAMHKM BpaliaTeJbHOTO

ABmkeHusi. O603HAYMB yTIJIOBOE YCKOpDEHHE Yepe3 ¢ M YYHTBIBAasl, 4TO
MOMEHT MHEpPLUHMH MasiTHHKa paBeH ml?, moJjydaem:

mip=— mglsing.

IocnienHee ypaBHEHHE MOXKHO NMPHUBECTH K BHAY

¢+ sing=0. (54.2)

1) PaccMatpuBast ¢ KaK BeKTOp, CBSI3AHHHIH C HAIpaB/IeHHEM ITOBOPOTA NIPABHIOM
TIPaBOTo BHHTA (5TO AONYCTHMO IIPH MANbIX (), TPOTHBONOMOXKHOCTE 3HAKOB NpH N 1

:,toxmo OGBACHHTb TeM, UTO BeKTOpHl N M @ HampaB/eHE B IPOTHBOMOJIOXKHbIE CTOPOHEI
puc. 54.1),
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OrpanuunuMcsi paccMOTPEHHeM MaJblX Kosebanuid. B 3stom ciydae
MOKHO MOJIOXKHUTH Sin ¢ ¢. BBens, xpome Toro, o6osnayeHue

.% = w3, (54.3)
NpHIEM K YpPaBHEHHIO
¢+olp=0, (54.4)
KOTOpOe UJEHTHYHO ¢ ypaBHeHueM (53.1). Ero pelueHne umeer BUR
@=a cos (wol+0a). (54.5)

CrenoBaTe/bHO, NPU MajblX KoJeGaHHSX YIJIOBOe OTKJIOHEHHe MaTe-
MaTHYeCKOr0 MasiTHHKa M3MEeHSeTCA CO BpPeMeHeM IO FapMOHHYECKOMY
33aKOHY.

Kak cnenyer us (54.3), yacrora KoseGaHUl MaTeMaTHYECKOTO MasT-
HHKa 3aBHCHT TOJbKO OT JJIMHBI MasiTHHKA M OT YCKODEHUS CHJIBI TH-
JKeCTH U He 3aBHCHT OT Macch MaaTHHka. Ilo ¢opmyne (53.8) ¢ yue-
toM (54.3) nosaydaeTcss HM3BeCTHOE H3 ILIKOJBHOTO Kypca BbIpa)KeHHe
AJs niepHoja KosebaHHH MaTeMaTHYecKOro MasiTHHKa:

T=2VTg. (54.6)

OrmeruM, yTO, pemuB ypaBHeHue (54.2), MOXHO HafiTH ANs NepHoAa
KOMeO0aHHH cieaymouyo GopmyJay:

2 . L
T =2xn ]/—;—{l-l— (—;—) sm2~‘21-+(%~%) sm4%+...},
rie @ — aMIIUTyAa KoseGaHuH, T. €, HaHOOJBIIHI yroJ, Ha KOTOpBIH
OTKJIOHSIETCS MAasITHUK U3 IIOJIOKEHUs paBHOBECHS.

Ecnn koneOuomieecst Teno Hesb3si NPEACTaBUTb KaK MaTepualib-
HYIO TOYKY, MasiTHHK HasbiBaercs (u3nueckuM. IIpH OTK/OHEHHH
MasiTHUKa OT IIOJIOK€HHSA paBHOBECHSA HA YroJ ¢ BO3HHKAaeT Bpaula-
TEJIbHBII MOMEHT, CTPeMSILHHCS BEPHYTb MAsITHUK B HOJIOXEHHE PaBHO-
BecHsl, DTOT MOMCHT paBeH

=—mgl sin ¢, (54.7)

rie m — Mmacca MasiTHHKa, a | — paccrosiHMe MexAy TOYKOiH moaBeca
O u uentpom macc C MasTHHKa (puc. 54.2). 3HaK «—» UMEET TO XKe
3HayeHHe, YTO U B cayyae ¢opmyJsl (54.1).

Of03HayHB MOMEHT HHEPLUHM MAasITHHKA OTHOCHTEIBHO OCH, MpO-
Xofsiileli yepes TOYKY moiBeca, OyKBOH [, MOXKHO HamucaTh:

Ip=— mglsing. (54.8)

B cnyyae manbix KosieGaHuil (54.8) mepexomuT B yie H3BeCTHOE HaM
ypaBHeHue:

¢ + 0lp=0. (54.9)
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Yepe3 of 0603Hau€Ha B NaHHOM CJyYae cCJAeAyollas BeJHYHHa:
wy=mgl/l. (54.10)

W3 ypaBrenuit (54.9) u (54.10) caexyer, 4To mpH MaJbIX OTKJIOHe-
HHUSIX OT IMOJIOXKEHHS paBHOBecHs (U3NUeCKHH MasTHHK COBeplaeT
rapMOHHYECKHe KoseGaHHs, 4acToTa KOTOPBIX 3aBHCHT OT MAacChl MasT-
HMKAa, MOMEHTa HHepIHH MasTHHKA OTHOCHTEJIbHO OCH BpalleHHs H
PACCTOSIHHS MEXAY OChIO BpallleHMs M LEHTPOM Macc MasTHHKa. B co-
orBercTBHU ¢ (54.10) nepuos kosebGanui GU3HUECKOro MasiTHHKA Ompe-
JeJIsieTCsl BbipakKeHHeM

T=2n}V I/mgl. (54.11)
U3 comocrasienns ¢opmya (54.6) u (54.11) noayuaercss, yto MaTema-
THYeCKUH MAasTHHK C JJHHOH
lp=1/ml (54.12)
6GyleT UMETb TaKol NepHoj KoJieGaHHii, KaK M JaHHBIE ¢H3HUeCKUll Ma-
ATHHK. Bennuvny (54.12) HaswiBaloT N p U B e-
LEeHHOH JAAHHOMH (u3nueckoro MasTHH-
ka: Takum o6pa3oMm, InpuBefleHHass AjauHa u-
3UYECKOTO MAasiTHHKA — 3TO JJIHHA TaKoro Ma-
TeMaTHYeCKOro MasiTHHKa, nepHoj KoJeGaHUi
KOTOpOTro COBNAajaeT ¢ NepHojoM JAaHHOro ¢u3Hu-
YeCKOTr0 MasiTHHKA.

Touka Ba npsIMOH, COeIHHSAIOWIEH TOUKY NOA-
Beca C LIEHTPOM Macc, Jexallasi Ha PacCTOSIHUH
NpUBEJEHHOH IJIMHBI OT OCH BpallleHHs, Ha-
3biBaeTC € HTPOM KayaHUs ¢(usnve-
ckoro MasaTHuka (cM.Touky O Ha puc. 54.2).
MoXHO noKas3aTh (peKOMeHAyeM 3TO ClenaTb B
nopsiike YIIPaKHEHHs), YTO NPH MOJABELIMBAHUH Prc. 54.2.
MasiTHHKa B UeHTpe Kauanusi O’ mNpuBeneHHas
JJIMHA, a 3HAauuT, W NepuHoi KoJjebaHuH OyAyT TeMH XKe, UTO H
BHavane. CiefoBaTeJqbHO, TOYKAa MNOJABECA M LEHTP KauyaHHsa -06Ja-
JaloT CBOHCTBOM B3aMMHOCTH: NPH IepeHoce TOUYKH MojBeca B LEHTp
KauyaHHUsl NPeXHsAs TOYKa I0JiBeca CTAHOBUTCS HOBBIM IIEHTPOM KauaHHs,

Ha sToM cBolicTBe OCHOBaHO ONpefieleHHe YCKOpeHHsI CBOGOAHOrO
najJientst C MOMONIbIO TAK HA3EIBAEMOro 0GOPOTHOro MasTHHKa. OGOpoT-
HBIM Ha3BIBAeTCS] TAKOH MasTHHK, Y KOTOPOro MMEIOTCs JIBe Mapasijieib-
Hble JIPYT APYTY, 3aKpelJeHHble BOINU3H €ro KOHLOB ONOPHbIE NPH3MEL,
3a KOTOpPBle OH MOXKeT IO0OYEpEeJHO MOABELINBAThCA. BAoNb MasTHHKA
MOTYT NepeMelllaTbcsl M 3aKPeIuIAThCsl Ha HeM Tsikenble rpysel. Ilepe-
MellleHHeM TPY30B JOOMBAlOTCS TOrO, YTOOBI MPH MOABENINBAHHH MasiT-
HHKa 32 Jo6y1o H3 IPU3M Nnepuos Kosebanui Obl1 ofiHakoB. Torzaa pac-
CTOsIHHE MeX]y ONOPHBIMH peGpamu npusMm Oyjier pasHo /... Msmepus
nepuoj KoJieGanui MasiTHMKA U 3Has [, MOXHO 1o dopmy.ie

) T=2nV1,/g
HalTH ycKOpeHMe CBOGOLHOrO NajieHHs g.
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§ 55. BekTopHas puarpamma

Pemrenne psija BOMpOCOB, B YAacCTHOCTH CJOXKEHHE HECKOJbKHX
KoJie0aHUH ONVHAKOBOrO HamnpaBJeHus (WJH, 4TO TO KE camoe, CJOXKe-
HUEe HECKOJIbKHX FapMOHHUECKHX GYHKIUI), 3HAUMTEJbHO 06Jerdaercs
W CTaHOBUTCS HATJISIIHBIM, €CJH M300paxaTb KoJeOaHHS rpaduuecKu
B BHJE BEKTOPOB Ha IjockocTH. [lonyyeHHass TaKMM CIOCOOOM cXeMa
HasbplBaeTcsl BEeKTOPHOH JyarpaMMmoi.

Bo3sbMeM ocb, KOTOPYIO 0603HauuM GYK-
Bo#t x (puc. 55.1). M3 Touku O, B3siTOll Ha
OCH, OTJIOXKMM BEKTOp JJIMHEL @, 06pasyio-

2

a

e T

o
I — -
4

Puc. 55.1. Puc. 55.2.

IHH C OCBIO yroJi o, Ec/ii MpUBECTH STOT BEKTOP BO BpallleHUE C YIJIOBOKH
CKOPOCTBIO g, TO IIPOEKUMS KOHLA BEKTOpa OYJeT NepemelaThest 1o
ocH X B mpejenax oT —a 0 -+a, NpuyeM KOOPAMHATa 3TOH MPOEKLHH
6yJeT U3MEHATLCS CO BpeMeHeM IO 3aKOHY

x=a cos (wf+a).

CrnenoBaTebHO, NPOEKUHMS KOHIA BEKTOPa Ha och GYyJeT cOBeplIiaTh
rapMOHHUECKOe KoJleGaHHe C aMIVIUTYJIOH, DaBHOH JJMHe BeKTOpa,
C KPYroBoO#l 4acTOTO}, paBHOH yIJIOBOH CKOPOCTH BpallleHHsSI BEKTOpa, U
C HavaJbHOH (pa3oH, paBHOH yIyy, 0OpasycMOMy BEKTOPOM C OCHIO
B HayaJbHEIH MOMEHT BpEMEHH.

M3 ckasaHHOro cjenyer, 4TO rapMOHHUYECKoe KojeGaHHe MOXKET
OLITH 33JaHO C MOMOLLbIO BEeKTOpa, AJHHA KOTOPOrC paBHa aMILIATYJE
KoJiebaHHUsl, a HanpaBjeHHe BeKTopa obpasyeT C OCbl0O X YroJ, pas-
HBIl HauasbHO6 (ase KosneGaHUS.

PaccMoTpuM cJrlor¢eHHe JBYX TapMOHMYECKUX KoJeGaHUH OfHHAKO-
BOrO HanpaBJieHUsl ¥ OAMHAKOBOH yacroTel. CMelieHHWe x KoJeGole-
rocs Tesna GyIeT CyMMOH CMELIEHHH X; H X2, KOTOpbIE 3aNMUIYTCS CJle-
JYIOIMM 06pasoM:

xi=a;j cos(wof+0a;), Xy=a, cos(wf+a,). (55.1)

TpencraBum 06a KoseGaHHsI ¢ NOMOLIBIO BEKTOPOB a; M &, (puc. 55.2).
[NocTpoHM no npaBusaM CJIOXKEHHS BEKTOPOB Pe3yJ/IbTHPYIOUIHH BEKTOp
a. Jlerko BHJETH, YTO MPOEKLHSI 3TOrO BEKTOpa HAa OCb X paBHA CyMMe
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NpOEKUMH c/araeMblX BEKTODPOB:
x=x1+x;.

CrnenoBaTesibHO, BEKTOp a IpejcTaBjafeT co0ofl pesyJbTHpYylomlee
KoJsieGaHue., DTOT BEKTOP BpallaeTcss C TOH e YIJIOBOH CKOPOCTBIO
o, KAK U BEKTOPHI a; U a,, TAK 4YTO Pe3yJbTHpYIOllee JABHKeHUE GyIeT
rapMOHHYECKHM KoJjieOaHUeM C YacTOTOH ®,, aMIVIUTYJOH @ M HayaJlb-
HOH ¢asoit o. M3 mocTpoenus BHAHO, 4TO

a? = a} +a} —2a,a, cos [t — (o, — ;)| = a? + a3 + 2a,4, cos (&, —a,),
(65.2)

a; sinoy+a,sina
tgoa=asinoitasind, (55.3)
a7 COS Ay + a5 COS Ay

Urak, mnpeicraBieHHe TrapMOHHYECKHX KOJI€GaHUIl IOCPEACTBOM
BEKTOPOB JaeT BO3MOMHOCTb CBECTH CJIOXKEHHE HECKONbKHX KoJseba-
HU# K Omnepamyu CJIOXKEeHHsI BEKTOPOB. DTOT NpHeM ObIBaeT OCOGEHHO
MoJie3eH, HalpuMep, B ONTHKE, TJe CBETOBbIE KoJeGaHHs B HEKOTOPOH
TOYKE ONpENENSIOTCH KaK pe3yJ/ibTaT HaJIOXKeHHsl MHOTHX KoseGaHuil,
NPUXONAIIMX B JAHHYIO TOUYKY OT Pa3/IMYHBIX YYacTKOB BOJHOBOTO
¢dponTa.

®opmyast (55.2) u (55.3) MOXKHO, KOHEUHO, MOJNYYHTh, CJIOKHUB BhI-
paxennsi (55.1) U mpoM3Belsl COOTBETCTBYIOLIME TPHTOHOMETPHUECKHE
npeo6pasoBanusi. Ho npuMeHeHHBI HamMu cnoco6 NOJMTYyYeHHST 3THX
¢opMmys1 orsuyaeTcss OoJiblUeH INPOCTOTOH U HATJISIHOCTHIO,

Tlpoananusupyem BbipaxkeHHe (55.2) miasi ammautyael. Eciau pas-
HoCcTh a3 oGoHX KosneGaHHH o,—0l; paBHA HYJIO, aMIJIUTYJA pe3yJib-
THpYIOLIero KoseGaHusi paBHA cyMMe a;y M a,. Ecau pasHocth ¢as
Cl,—0; PaBHA ~+7 WIH —, T. €, 06a KoJleGaHusi HaXOASITCS B HPOTHBO-
¢dase, TO aMIIMTyJa pe3yJbTHPYIOUEro KojeGaHUA paBHA |a;—a,l.

Ecnu yacToThl KoJieOaHHH Xy U X, HEOOWHAKOBHI, BEKTOPHL a; U &,
OynyT BpawaTbcsi C PasjJU4YHOH CKopocTeio. B aToM ciyuae pesysb-
THPYIOIMH BEKTOP a MyJbCHPYeT O BeJUYHHE H BpAIlaeTcsi C Hemo-
CTOsIHHOH cKopocTbio. Cre/loBaTesIbHO, Pe3YJIbTHPYIOUUM JBHXKEHHEM
OyZieT B 3TOM CJydae He TapMOHUYecKoe KoseGaHHe, a HEKOTOPBIH CJ10XK-
HBI KoJebaTeJbHBIH Tnpolecc.

§ 56. bBuenus

~

Oco6bliii MHTepec NpPeACTaBJ/IsieT C/ayuail, KOrJa JBa CKJAIbIBAEMBIX
rapMOHHYECKHX KOJIE0aHHsl ONMHAKOBOIO HANPaBJIEHHS MaJo OTJIH-
yalTCs N0 Yacrore, Kak Mbl cefiyac mokamem, pesyJbTHpYIOUIee JABH-
KEHHe [IPH STUX YCJOBHAX MOMHO PacCMAaTpHBAaTh KaK rapMOHHYECKOE
KoJieb6aHHe ¢ myJbcHpyromed amMnauTypoii. Takoe KoseGaHHe HasbiBa-
ercss 6MEeHU MU,

OGosHayuM YacToTy OJHOrO M3 KoseGaHu#i GYKBOH @, wYacToTy
BTOpOro Kosie6anusi uepes o+Aw. IMo ycnosuio Awlwo. AMIIUTY L
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oboux KoJsiebaHH# GyJeM MoJiarath OAMHAKOBBIMH U PaBHLIME @. UTOGH
He YCJOXHSATb Ge3 HajoOHOCTH (opMyJ, JONYCTHM, 4TO HayaJjbHLbIE
¢dasel oboux KosneGaHu# paBHBI HyJio. Torja ypaBHeHHsI KoJeGaHHUMH
OyAyT HMeTb CJeAyIOIHUH BHA:

X1=a cos 0of, x;=a cos(w+Aw)f.

CkniaJipiBasi 5TH BbIPaXKEHUsI M TPUMEHssl TPUTOHOMETPHUECKYIO ¢op-
MYJy JJIsi CyMMbl KOCHHYCOB, HOJydYaeM:

x=x1+x2=(2acos—A2£t) cos ot (56.1)
(Bo BTOPOM MHOKHTeJIE peHeGperaeM dneHoM A®/2 o cpaBHEHUIO ¢ ®).
2%,
Z w MZ
9 0 A {T (W‘ n I .
i W
" "
; gt
N
9
é
7 t
Puc. 56.1.

Cpaduk pyuxuun (56.1) usobpaxen Ha puc. 56.1, a. I'paduk nocrpoen
s o/Ae=10.

3ak/oueHHbll B CKOOKM MHOMXKHTENb B dopmyJe (56.1) uamensercs

cosp r ropasio MelJeHHee, 4YeM BTOPOil

MHOXMUTENb, BBHAY ycnoBus Ao o

3a TO BpeMsd, 3a KOTOpOe MHOXI-

TeJb COS W COBEpIlLaeT HECKONbKO

MOJHBIX ~ KoseGaHUH, MHOXKHTeNb,

@ CTOAIHUEA B CKOOKax, NMOYTH He H3Me-

HUTCSl. DTO JaeT HaM OCHOBaHHe

paccmaTpuBaTbh  Kose6anue  (56.1)

KaK rapMOHMYecKoe KoJeGaHHe dyac-

TOTHl ®, AMIIUTYAa KOTOPOrO M3Me-

HseTCA IO HEeKOTOpoMy mepHojuye-

CKOMY 3aKOHY. BripaxkeHHeM 3TOro

4 3aKOHa He MOXKeT ObITb MHOXHTEJb,

4 CTOSIIIME B CKOOKax, TaK KaK OH

Puc. 56.2. H3MeHsieTcss B mpefeniax oT — 2a 10

+2a, B TO BpeMsi KaK aMILIUTYJa

o ONpenesNeHuio — I0JI0KUTeNbHAsl BeJquyuHa. ['paduk aMmniuTy sl

nokasaH Ha puc. 56.1, 6. AHaANIHTHYECKOE BhIPAXKEHHE AaMILIUTY [bI,

=

|cosg|

e
hy
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OYEBHJIHO, HMeeT BHI
aMIJIHTyaa =| 2a cos A—;— t. (56.2)

dyukuus (56.2) — nepuopuyeckass QyHKUMs ¢ yacToTofi, B 2 pasa
NpeBplIIAIONed YacTOTy BbIpaXKeHHs, CTOSILErOo INOA 3HAKOM MOAYJIsi
(cM. puc. 56.2, Ha KOTOPOM COMOCTaBJIeHb! IpadUKH KOCHHYCa H ero
MOAyJIsA), T. €. ¢ yacToToll Aw. TakuMm obpasoM, yacrTora mysabcauuil am-
MJIUTYAbl — €e Ha3bplBAIOT 4acTOTOH GHeHHil — paBHA Pa3HOCTH YacCTOT
CKJlaJipiBaeMblX KosleOaHHH.

Aw
OTMeTHM, YTO MHOXKUTEJDb 2a COs—5— ¢ He TOJILKO OnpeJessieT aMIJIH-

TyLy, HO U BJIHsieT Ha a3y KoseGaHMsi. DTO NPOSIBIsETCs], HApUMeEp,
B TOM, UYTO OTKJIOHEHHS, COOTBETCTBYIOIHE COCEAHUM MaKCHMyMaM
aMIVIUTY/bl, UMEIOT MPOTHBONOJIOKHBIE 3HAKH (cM. TOYKM M; u M,
Ha puc. 56.1, a).

§ 57. CroxeHHe B3aHMHO NePNEHIHKYJSPHbIX KoseGaHHA

HomycruM, 4TO MaTepuasbHasi TOYKAa MOXKET COBepluaTbh KoJseGa-
HUSI KakK BIOJb OCH X, TaK H BJOJb NEPNEHAHKYJSIPHOH K Hell ocH Y.
Eciu Bo30ymuth o0Ga KoJieGaHMs, MaTepHajbHasi Touka GyleT ABHU-
raTbCsl MO HEKOTOPOH, BOOOIIe roBOpsi, KPUBOJMHEHHOH TpaeKTopui,
(opma KOTOpOIT 3aBHCHT OT pPasHOCTH ¢a3 oGoux KoJieGaHHE.

BrifepeM Hauaso OTcueTa BpeMeHHM TakK, 4To0bl HayajbHas ¢asa
nepBoro KoseOaHus Obla paBHa HyJ/o. Toraa ypaBHeHHsI KosedaHilil
32MHLIYTCS CEIYIOWHM 06pasoM:

x=acosot, y=bcos (of-}a), (57.1)

rie o — pas3HocTb (a3 oboux KoseGaHHUH.
Beipaxenuss (57.1) mpeacTtaBisiioT cofofl 3ajaHHOe B MapameTpli-
yecKkoll (opme ypaBHEHHEe TPaeKTOPHH, MO KOTOPOH IBHIKETCS TeNo,
yyacTBymollee B 06ouXx KoJsieOaHHsX. UTOObl MOJNYUYHTb ypaBHEHHE Tp:-

eKTOpHH B OObIYHOM BHJE, HYXKHO HCKJ/IOUHTb U3 ypaBHeHUH (57.1)
napametp f. M3 nepBoro ypaBHeHHUs cjlefyeT, 4TO

coswt =% . (57.2)
CrejoBaTesbHO, *
sinot == )/ 1— 2. (57.3)

Tenepn pasBepHeM KOCHHYC BO BTOpoM U3 ypaBHeHu# (57.1) no dpopmyie
IJisT KOCHHYCa CYMMbl, MOACTABJSAS MPU 3TOM BMECTO cOS ©Of U sin wf
ux 3Hauenus (57.2) u (57.3). B pesysbrare mosyuum

Y —XcosaFsina ]/l——i?—
b a + a? *
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TlocnienHee ypaBHeHHE NOC/E HECTOKHBIX NPe0Opa3oBaHUN MOXHO NpH-
BCCTH K BHAY

x2 y*  2xy .

T+ T cosa=sin’a. (67.4)

TNocnennee ypaBHeHHe ecTb, BOOOIIe IOBOPs, YPaBHEHHE 3JIMICA,

OCH KOTOPOro NOBEPHYTHl OTHOCUTEJNbHO KOODJAMHATHBIX OCell X M y.
OpHeHTanHsa 3JJMNCa W BeJHYHHA €ro MOJyoced 3aBHCAT JOBOJIBHO
CJIO2KHBIM 00pPa3oM OT aMIUVIHTYA @ U b U pasHOCTH (a3 o.

), vk
b )
T Cam C-
'p g z . 0 NG
TTZ T T T
Puc. 57.1. Puc. 57.2.

OnpenienuM ¢GopMy - TP2EKTOPHH /sl HEKOTOPHIX YAaCTHBIX CJIydYaes.
1. Pa3HocTb a3 o paBHa HyJio. B 3ToM ciyyae ypaBhenue (57.4)

OpUHHUMAET BHJ
Yy 2
(_" __b_) =0,

OTKyJa ToJyyaeTcsl ypaBHEHHe INpsMoi
y= % Xx. (57.5)

PesynbTupyioiiee JBHKEHME SBJSETCH TapMOHMYECKHM KojeGaHueM
BAOJIb 3TOH TNpsIMOH ¢ 4acTOTOH ® M aMIaMTyAoHM, paBHO# }/ a2+ b?
(puc. 57.1).
2. Pasnoctb ¢a3 o paBHa =, YpaBHenue (57.4) HMeeT BuJ
x y\2
(£+4) =0, (57.6)

OTKYJa MNOJIy4yaeTcsl, YTO Pe3yJLTHPYIOllee IBHUIKEHUE IIPEACTABJAET
coGoii rapMOHHYecKoe KosieGaHue BAO/Ib mpsiMoit (puc. 57.2)

b
Yy=— 1 X.
3. Ilpu a=--n/2 ypaBHenue (57.4) nepexogut B
2 2
S+4L =1, (57.7)

T. €. B ypaBHEHHE 3J/IIMIICAa, TNPHBEJEHHOIO K KOODJHHATHHIM OCSM,
TNpHYEM [MOJYOCH 3JIJIMIICA PaBHBL COOTBETCTBYIOLIMM aMIIJIMTYAaM
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koneGanuii. Ilpy paBeHCTBe aMIUIUTYR @ M b 3JUIHNC BHIPOXKIAETCS B
OKPYKHOCTb.

Ciyuan o=41/2 1 o.=—7n/2 OTJINYAIOTCS] HANIPABJICHUEM JBHKEHHS
No 3JUIMICY HJM N0 OKpyxHocTH. Ecin a=--n/2, ypaBuenus: (57.1)
MOXXHO 3amHcaTh CJEAYIoIUM 00pasom:

x=a cos of, y=-—b sin wl. (57.8)

B momenT =0 Teso Haxonutcs B Touke I (puc. 57.3). B mocnenyromue
MOMEHTHI BpeMeHH KOOpJMHATa X yMeHbIIaeTcsi, a KOOpAMHATA Y CTa-
HOBHTCS oTpHuaTeqbHOd. CliefoBaTeNbHO, [BHMXKEHHE COBEPILAETCS
MO 4acoBOH CTpelKe,

4 y

/X:‘—g ____7____?’ j‘T
b | 2
a 7

<1

1
VN . A |

==

Puc. 57.3. Puc. 57.4.

Tpu a=—n/2 ypaBHeHHS] KOJeGaHHH HMEIOT BHI
x=a cos of, y=>b sin of, (57.9)

Orciofa MOXKHO 3aKJIIOUHTb, YTO ABHKEHHE NPOMCXOAUT IPOTHB 4aco-
BOH CTpeJIKH.

M3 ckasaHHOro cieiyer, 4To paBHOMEpPHOE JABHXKEHHe MO OKPYXK-
HOCTH pajuyca R C yIJIOBOH CKOPOETBIO ® MOXeT ObITb MpPENCTaBJIEHO
KaK CyMMa JBYX B3aUMHO MNepIeHAUKYJ/SPHBIX KojeGaHHIH:

x=R cos of, y=-+R sin of (57.10)

(3HaK «-» B BhIpa)keHHH JJIs1 Y COOTBETCTBYeT HBHIKEHHIO NPOTHB
YacoBOU CTPesIKH, 3HAK «—» — JBHXKEHHIO II0 YacOBOH CTpeJKe).

B cayuae, korja 4acTOThl B3aHMHO ME€pPIEHAHKYJSPHBIX KoJe6a«
HUIl OT/IMYAIOTCS HAa OYeHb MaJsylo BeMMYHHY A®, X MOXKHO paccMa-
TpUBaTb KaK KoseGaHMsI OJMHAKOBOH YacCTOTHI, HO C MELJEHHO H3Me:
Hsitolelicst pasHOCThIO (ha3. B camom fiesie, ypaBHeHU s KosleGaHHH MOXKHO
NpeJCTaBUTh CAEAYIOIHUM 06pasoM:

x=acos of, y=>b cos [wt4(Awt+a)]

n BolpaxkeHue Awf{-o paccmarpuBaThb KaK pasHOCThb (a3, MeIJIEHHO

H3MEHSIOILYIOCS] CO BpEMEeHeM MO JIHHeHHOMY 3aKOHY.
PesysibTHpYIOIIEe ABUKEHHE B 3TOM CJydyae NPOHCXONHUT IO MeJ-

JIEHHO BHJOH3MEHSsIOIlelicsi KpHBOH, KoTopas OyjeT MOcC/eN0oBaTe bHO
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NpHHUMAaTh (opMy, OTBEUAIOUIYI0 BCEM 3HayeHHsSIM pasHocTH (a3 oT
—n fo -+,

Ecnu yacToThl B3aUMHO NEPIEHAUKYJISAPHEIX KoJeGaHHM He ofHa-
KOBBI, TO TPAeKTOPHS Pe3yJILTHPYIOINETO ABHKEHHST HMEET BUA AOBOJILHO
CIOXHEIX KPUBBIX, HaspiBaeMblx purypamu Jluccaxy. Ha
puc. 57.4 mokasaHa ofHa U3 NPOCTEHILUX TPAEKTOPHH, NoJyyatomascs
TNpU OTHOILEHUH YacToT 1 : 2 1 pasHocTH (a3 1/2. Y paBHeHHUs KosieGaRHil
HMEIOT BHJ,

x=acoswf, y=bcos (2(ot +12°—) .

3a To BpeMs, MoKa BIOJb OCH X TOYKa YCMEBaeT NMePeMecTHThCs M3
OfiHOTG KpaHHero nmooXKeHHs B ApPYroe, BAOMb OCH Y, BHIiNS M3 HYJie-
EOTO IOJIOXKEHHs, OHA yCIHeBaeT NOCTHTHYTb OJHOrO KpaHHero nosoxe-
HHsl, 3aTeM JAPYroro H BepHYTbCs B
HYJIeBOE IMOJIOXKEHYE, ¥

Ilpu ortHowenuu yactor 1:2 u

pasHocTd (a3, paBHOH HYJIO, Tpaek- z
TOpHUS1 BBIPOXK/JAETCS B HE3AMKHYTYIO i
KpuBy0 (puc. 57.5), mo Koropoi
TOUKA JBHKETCsI TyJa U oGpaTHo. 5
y
< 2 —z
X ;
- | !
i V ] z i
| g 1
1 /
e A
Puc. 57.5. Puc. 57.6.

Uem Onvke K eIMHMIE palHOHaJibHasi APoGb, BhIpaXKarouiasi OTHO-
IIeHHe YacTOT KoJeGaHMi, TeM cJIOKHee OKasbiBaercsi ¢urypa Jluc-
caxy. Ha puc. 57.6 ans npumepa nokasaHa KpuBasi JJisi OTHOIIEHHS
yactoT 3 : 4 u pasnoctu a3 m/2,

§ 58. 3aryxaromue KoseGaHus
3atyxarouye KojeGaHHsi ONHCHIBAIOTCS ypaBHenueM (cM. (50.11)):
x+2Bx +wix =0, (58.1)

2B=r/m, wi=k/m (58.2)
(r — Ko3uIMEHT CONMpOTHBJEHHSA, T.e. KodddHIHeHT nponopuHo-

rjae
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HaJIbHOCTH MEXAY CKOPOCTBIO X M CUJIOH CONpOTHBJEHHS; B — Ko3(-
(MLHEHT KBasHyNpPYroH CHJIBI).

OTMmeTHM, 4TO ®, NpEACTaBAsAeT COOOH Ty 4acToTy, C KOTOpOH coBep-
LaJjguch OBl cBOGOAHBbIE KOJIeOaHHS CHCTEMBl B OTCYTCTBHE CONPOTHBIIE-
Hus cpenpl (npu r=0). 3Ty yacroTy HaspBalOT COGCTBEeHHO i
YaCTOTOMH CHCTEMBI.

[MoncranoBka B (58.1) dyHKuuu x=e NPUBOAUT K XapaKTepPHCTH-
YeCKOMY ypaBHEHHIO

A2+ 28) L+ 03 =0. (58.3)
KopHu 3toro ypaBHeHus paBHBI

M=——B+VP -0}, r=—B—VP*—0ai. (68.4)

Ilpun He canukom OoJiblioM 3atyxaHuu (npu P<<w®,) NOAKOpEH-
Hoe BbipaxeHue GyleT orpHuarenbHbM. [IpencraBum ero B Buie ({m)?,
rie ® — BellecTBeHHAs BeJHYHHA, pPaBHas

o=} 0}—p. (58.5)

Torza KOpHH XapaKTepHCTHYECKOTO YPAaBHEHHUS 3alHIUYTCS CJIELYIOMUM
obpasom: ,

AM=—P+io, AI=—P—io. (58.6)

Corsacto (52.5) obmum pemenreM ypaBHeHus (58.1) 6yzer dyHnkuus
x=Cel~B+io)t L C e(-B=i0) t — g=Bt (C elot | C,e~i0t),
BripaxkeHue B cko6Kax aHaJorHuHo Belpaxenuio (53.3). IlosTomy ero

MOXKHO TNpeicTaBHTb B BHIe, aHajoruyHoM (53.7). Takum oGpasom,
MpU He CJMIUKOM CHJIBHOM 3aTyXa-

HHH oblLiee pelieHye ypaBHeHH (58.1) -
HMeeT BUJ e \aje

x=a.e~P! cos (of +a). (58.7) E?'gj‘ N A—-A~
3nech @, 1 o0 — TNPOU3BOJILHbLIE [0~ 7 ' L . —
CTOSIHHBIE, @ — Be/JHYHHA, OIpele- _ \j \Z_
nsemasi gopmyJoit (58.5). Ha puc. [|_ M ¥mmm=
58.1 nan rpadux ¢yHkuuu (58.7). M
[TyHKTHPHBIMH JIMHUSIMH TOKa3aHbl f
npefensl, B KOTOPbHIX HaXONHUTCA Puc. 58.1

cMellleHUe KoJeGJIIoIeHCs TOUKH X.

B coorBercTBUH ¢ BHAOM (YHK-
uud (58.7) IBHKeHHe CHCTeMbl MOXKHO
paccMaTpuBaTh KaK rapMOHHYecKoe KojeOaHHe 4acTOThl ® € aMIlIH-
TyJoi, H3MeHswoulefica No 3akoHy a(f)=a.e P’. Bepxusia u3 nyHx-
THPHBIX KPHBBIX Ha puc. 58.1 naer rpaduk d¢yHkuuu a(f), npuuem
Be/IMYMHA @, TpeACTaBjsieTr co6OH aMIJIMTYAY B HauajbHBIE MOMEHT
BpeMenu. HauasbHoe cmellleHue x, 3aBHCHT, KPOME @,, TaKXe OT Ha-
yaJbHOH (pasbl i Xy=a," COS ..
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CKOpOCTb 3aTyXaHHsl KoJieOaHMH onpefessiercsi BequyuHOH f=
=r/2m, KOTOpYIO HasbBalOT K03 PUIULHUEeHTOM 3aTYyXa-
H 1 5. Haiinem Bpems T, 3a KoTOpoe aMIJIMTY/a yMeHbIIAeTcsi B e pas.
Tlo ompepesniennio e~ Br=e~1, orkyna Pr=1. CnenoBaresbHo, K03ddu-
IIMEeHT 3aTyXaHusl oOpaTeH MO BeJHYMHe TOMY MNPOMEXYTKY BpPEMEeHH,
3a KOTOPBI aMIJIUTYAa yMeHbLIAeTCsl B e pas.

CorJacHo ¢opmyJe (53.8) nepuoA saTyxamowWMX KoJeOaHHI paBeH

T2 . (58.8)

Voi—pe
IIpu HesHayuTeNbHOM conpoTHBJeHHH cpeibt (B3<€w]) mepuon Koue-
Gauuil npaktuyecku paeen T,=2n/w,. C pocToM Ko3dduuueHTta sary-
XaHus Mepuoj KosieGaHHil YBEeJHUUBAETCS.

[Mocaenylommne HaHGOJbLINE OTKJIOHEHHS B KaKyIO-JHGO CTOPOHY
(sanpumep, a’, a”, @"’ u T. 1. Ha puc. 58.1) obpasyioT reomerpuue-
CKYIO nporpeccuro. JleficTBUTENbHO, el @' =ae™?, 10 a"=ae B+ D=
=qa'e BT q''=qe-bt+reD—=g"-8T y ¢ 1. Boofue, OTHOLIEHHE
3HAYEHH aMIJIHTYJ, COOTBETCTBYIOLIHX MOMEHTaM BpeMeHH, OTJ/IHua-
IOIUMCSl Ha MepHOA, PaBHO

a(t)
e =
DTO OTHOILICHWE HA3bIBAIOT L E€KpPEeMEeHTOM 3aTyXaHHUi,
a ero JorapupM —norapuPMHEUYECKHUM LJE€KPEMEHTOM
3aTyXaHUs:

a(t) Q
(#e nyTath ¢ A B dopmysax (58.3 ) u (58.6)!).

Jsia  XapakTepuUCTHKH KoseGaTesNbHOA CHCTEMBI OOBIYHO HCIOJb-
3yeTcsl JorapudMHyeckKHH JeKpeMeHT 3aTyxaHus A. BeipasuB B coort-
BetcTBHH ¢ (D8.9) P uepes A u T, MOKHO 3aKOH yObIBAHUS aMILIUTYHLI
CO BpPEMCHEM 3amucaTh B BHJE

A
-t
a=aqae T .

3a Bpemsl T, 32 KOTOpOe aMIIMTYJd YMeHbIUAeTcsi B e pas, CHCTeMa
. -A g
ycneBaer cosepwuTe N,=t/T Konebanuit, M3 ycnopus e 7 =e~!

T AN, =1 i
nosnyyaercs, 4T0 A-==AN,=1. CnepnoBatenbHO, JoOrapuMUyecKuit

JEKpeMeuT 34aTyXaHHus oOpaTeH NO BeJHYHHE YHCHY KojieGaHUH, coBep-
HmaeMLIX 32 TO BpeMsl, 32 KOTOpPOe aMIJIMTYyJa yMeHbllaeTcs B e pas.

JIns XapaKTepHCTHKH KoJ1eGaTebHOM CHCTEMBI YacTo YIoTPesJIseTcs
TaKke BeJHYHHA

Q=2=aN,, (58.10)
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HaspiBaeMasi JOGpPOTHOCTB IO KosnebarenbHO#l cucreMel. Kak
BHIHO U3 ee oOnpefeseHHsl, JOOPOTHOCTb MPONODIHOHAJIbHA HUCTY
Kosne6anuit N,, coBeplIaeMbIX CHCTeMOH 3a TO BpeMsl T, 3a KOTOpoOe
aMIIMTyJa KoJieOaHHH yMeHbllaeTcs B e pas.

[MoacranoBka ¢yskuunu (58.7) M ee NPOH3BOAHON B BBIPAXKEHHE IJIS

NOMHOM SHepruM KoseGmomedica cueTeMbl E =1 ,kx2+1/, mx® npuBOXUT
nocsie npeobpasoBaHuil K opmy.ie

E=%ka§e-2ﬁf{l +&sin (2mt+2a+q>)} . (88.11)

rze p=arctg (f/®). Ipaduk 3Tofi PyHKUMN H306pakeH Ha pHUC. 58.2.
Y6biBaHVe 3HEPTHH OOYCJIOBJEHO pPaGOTOH CHJBL CONPOTHBJEHHS
cpembl  Feopp=—rx. Momnoctb, pasBMBaeMass 3TOH CHJIOH, paBHA
(—rx) (x)=—rx?. Takum obpasom,
dE Y
'd—t' =—rX".
Orcloa BeITEKaET, UTO B TeX ToYKax Kpueoil E (f), rae 5c=0, KacartenbHas
K KpHBOil mapaJjenbHa ocd f. B ocranbHbix Toukax dE/dt<<0.
Tlpu manom satyxauun (f<€m,) craraeMbiM, COAEPIKAIUM CHHYC,
B opmyste (58.11) MokHO npeHeGpeub U CYUTaTh, YTO SHEPrHsl H3MEHs-
€TCs MO 3aKOHY
E=E ebt, (58.12)
rie E,=, ka3 — 3naueHue 3Heprud B HauaJbHbIH MoMeHT. K Tomy ke

pe3yJbTaTy MOXKHO NMpPHATH, ecMu 3aMeHUTb omnpenessemoe GopMyJoH
(58.11) MrHoBeHHOe 3HayeHHe E (f) ero cpeiHHM 3HaueHHEM 3a BpeMs

£

Puc. 58.2.

or t—T/2 no t4T/2 (T — nepuoxn KoseGaHuil), BHIUUCIEHHBIM B Mpe-
TIOJIOKEHHH, YTO MHOXHTesab exp (—2PBf) B Teuenue mpomexyTtka T
OCTaeTcsi MOCTOSIHHBIM,
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TTponuddepernuposas Bripaxkenue (58.12) no #, noayyum cKopocTb
BO3PACTaHHs SHEPTHH CHCTEMbI:

A o _9BE -1t — _9E.

HsmennB sHak Ha obpaTHBIf, HafiieM CKOpPOCTh YOLRIBAHHMSI SHEPIHH:
——--2ﬁE (58.13)

Eciu sHeprusi Majo M3MeHsIeTCS 3a BpeMsi, paBHOE MEpHOAY KosieGa-
Huil, yObIb 3HEPTMH 32 NEPHOA MOXKHO HaWTH, YMHOXHB BhiPaykKeHHe

(58.13) na T:
—AE = 2pTE

(sanomuuM, uto AE oGosHauaer npupamenne, a —AE — yGuuib
sHepruu). Haxonen, npunsiB Bo BHMMaHue ¢opmyJsl (58.9) u (58.10),
npujieM K COOTHOIIEHHIO

E Q@
(—AE) 2

H3 KOTOPOro CJEAyeT, 4To IpH claboM 3aTyXaHHM KoseGaHHE J0GpOT-
HOCTb C TOYHOCTBIO [0 MHOXMHTe/sl 27 paBHA OTHOLIEHHIO SHEpTHH,
3aNaceHHod B cHCTeMe B JaHHbIH MOMEHT, K YOBLIH 3TOH 3HEpruH 3a
OIVH Tepuoj KoJseOaHHUH.

M3 ¢opmyant (58.8) caepyer, uto ¢ poctoM KoadduiuenTa saryxa-
HMs Tepuoj KojebGauuil ysenuuusaercs. Ilpu Pf=w, nepuon koseba-
HMH obpamaercsi B GECKOHEYHOCTb, T. €. JBUXKEHHE MepecTaer ObiTh
NepHOAHYECKHM,

IMpn P>, KOpHH XapaKTEPHCTHUECKOTO YPaBHEHHUS] CTAHOBATCH
s BellecTBeHHbIMH (cM. (58.4)) H pewenue
InddeperunasbHoro ypaBHenus (58.1) oka-
3blBaeTCs paBHBIM CyMMe JBYX 9Kcro-
HEHT:

x=Ce~M! 1-Ce~Mt,

3necb C; u C, — BellecTBeHHbIE NOCTO-

sIHHBIE, 3HAYeHHS] KOTOPHIX 3aBHCAT OT Ha-

N_Z_— ¢ vajbHBIX YCHOBHE (0T X M Uy = (X)o).
Puc. 58.3. CrenoBaTesIbHO, JABHXKEHHE HOCHT arnepHo-
JMYeCKHH (HemepHOAMYECKHl) XapakTep—

BbIBEJleHHAsi M3 INOJIOXKEeHUS] PaBHOBECHSl CHCTeMa BO3BpaIllaercs B Mo-
JIOXKeHHe paBHOBecHst, He coBepmast kKoneGanuit. Ha puc. 58.3 moka-
3aHO JiBa BO3MOXKHBIX CIOCO0a BO3BpAlleHUSI CHCTEMbI K MOJOXKEHHIO
paBHOBecHsl [IpH amepHOIHYeCKOM ABHKeHHH. KakuM H3 3THX cnocoGoB
NPUXOAUT CHCTEMA B MNOJIOXKEHHE PAaBHOBECHS, 3aBHCHT OT HayaJbHBIX
ycnoBuil. JIBHxkeHHe, Hu3oGpakaeMoe KpHBOH 2, MOJyuyaeTcs B TOM
ciydae, KOrja CHCTEMa HayHHaeT IBUraTbCs M3 MOJNOXKEHHs, Xapak-
TEPH3YEMOr0 CMeIeHHEM X;, K TOJIOXKEHHIO PaBHOBECHS C HayaJbHOH

S
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CKOPOCTBIO Uy, OnpeJlesisieMoll yC/IOBHEM

[0o] > %0 | B+ VB —0). (68.14)
dro ycnoBue GYyJeT BHITOJIHEHO B TOM CJydae, €CJH BbIBEAECHHOH M3
NIOJIO}KEHUSI PAaBHOBECHS CHCTeME COOOIIMTbL JOCTaTOYHO CHJIBHBIHA
TOJYOK K IOJIOXKeHUIO paBHOBecus. EciM, oTBelsl cHCTeMy H3 NOJOXKe-
HMsl DaBHOBECHsl, OTNYCTHTb ee Ge3 ToMuKa (T. e. ¢ vy=0) nau coob-
IUTh ef TOJYOK HEeJOCTATOUHOH CHJBL (TAaKOH, YTO U, OKaxeTCcs MeHblue

onpefensieMoit ycioBuem (58.14)), nBuxKeHHe OyleT NPOUCXOAHTD
B COOTBETCTBHH C KpuBO# I Ha puc. 58.3.

§ 59. ApToKoaeGanus

Ilpu sartyxamomux KosleGaHHSIX 3HEPTHsSl CHCTEMBI PAacXodyeTcsi Ha
npeofioJieH!e CONPOTHUBJEHHsE cpelbl. Ec/aH BocmosHsTH 3Ty YOI
9Hepruu, KoseGaHHs CTaHYT He3aryxatoumumu. IlomosHeHue sHeprun
CUCTEMEI MOXET OCYLIeCTBAATbCA 3a CYET TOMYKOB H3BHE, OJIHAKO
3TU TOJYKU HOJKHBI COOCIIATBCS CHCTEME B TaKT C ee KojeGaHHSAMH,
B IPOTHBHOM CJ1y4ae OHM MOTYT OcJla-
OUTh KOJIEOAHHS M Ja)ke NpeKpaTHTb
UX coBceM. MoXHO cenaTh Tak, 4To-
Obl KOJIeOJIOIAsCs CHCTeMa cama Y-
paB/siia BHEIIHUM BO3JeHCTBHeM,
ofecrieuuBasi COrJIacOBaHHOCTb CO00-
ImaeMBIX €l TOMYKOB CO CBOUM JIBHKe-
nueM. Takasi ccTema Ha3bIBaeTcs a B-
TokoJgeb6aTeJabH o0, acoBep-
L1aeMble €10 HesaTyxamolue KoJjeba-
HUS—aBTOKOJe6GaHHSTMHU. P

nc. 59.1.

B xauecrBe mpuUMepa aBTOKO-
ne6aTeJbHOR CHCTEMBI PacCMOTPHM
yacoBoil MexaHH3M. MasiTHHK YacoB Haca)keH Ha OJHY OCb C M30THY-
TEIM phYaroM — aHkepom (puc. 59.1). Ha xoHumax aHkepa HMeroTcs
BLICTYIIBI CrenHasbHON (opMbl, HaspiBaeMble najerramu. 3y6uartoe
XOJI0BOE KOJIeCO HAaXOOUTCS MOJ BO3LeHCTBUEM ILIENOYKH C THpell wuJu
3aKPYYEHHOH NpPYXKUHBI, KOTOpble CTPEMSITCS NOBEpHYTb €ro I0 4aco-
Bo#l crpeake. OnHako GOMBIIYIO YacTb BpeMeHH KOJIeCO YMHpaercs
OIHHUM U3 3y6beB B GOKOBYIO MOBEPXHOCTb TOH JHMGO MHOHA MaJIeTTHl,
CKOJIb3dIell NPH KayaHUM MasiTHHMKa IO MOBepXHOCTH 3ybOa. Tosbko
B MOMEHTBI, KOTJa MasTHHK HaXOIUTCSl BOJIM3H CPEJHEro MOJIOXKEHHS,
NaJeTTsl NepPecTaloT IperpaxnaTb NyThb 3y6bsIM M XONOBOE KOJECo
NpOBOPaYyMBaeTcsi, TOJNKAsl aHKep 3y6OM, CKOJ/b3sIIUM CBOEH BepIIMHOM
N0 CKOIIEHHOMY TOPIy MaJieTThl. 3a NOJIHBIH LMK/ KayaHUH MasTHHKA
(3a mepHoZ) XONOBOe KoJlecO NPOBOpPAYMBAeTCs Ha JBa 3y6a, HpHUEM
KaxkJas M3 MaJerT nojyyaer mo Toddky. IlocpefcTBoM 3THX TO/YKOB
3a CYET SHEPTHH MOLHATON TMPHU HJM 3aKPYUYEHHOH NPYKHUHBL U BOCHOJ-
HsleTcs YOblJIb SHePruu MasTHHKA, BO3HMKAIOLIAsi BCJIEACTBHE TPEHHUS.

llanemmer

Xodobee
HoReco
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§ 60. BpiHyKpueHHble KoJeOaHus

B cayuae, Korja BhIHYXKAAWOWIAsl CHJIA HM3MEHSIETCS 1O TapMOHH-
YecKOMy 3aKOHY, KoJjlebGaHHsl ONMHCHIBAalOTCA AuddepeHInasbHbIM ypaB-
HEHHEM

X+ PBx + wix = f, cos ot (60.1)

(cm. (50.13)). 3nech P — KO3(pGdUIUHMEHT 3aTyXaHWs, ®, — COOCTBEHHAd
yactoTa cucrembl (cM. dopmyast (58.2)), fo=F,/m (F, — ammiuryna
BBIHYXK/AIOUIEH CHJBL), © — YacTOTa CHJIBI.

Ypapuenue (60.1) sBasietcsi HeopHopomubiM., CorjlacHO Teopeme
(52.8) ofiwee pelieHye HEOXHOPOAHOrO yPaBHEHHS] PABHO CyMMe OOLLEro
pelUeHMs] COOTBETCTBYIOIIETO OJHOPOXHOIO YPaBHEHMSI W YaCTHOTO pe-
IICHHS HeoJHOpOAHOro ypaBHeHHs. OOliee pelleHHe OXHOPOIHOrO
ypaBHeHUs Mbl yKe 3HaeM (cM. ¢yHKuuio (568.7), sB/sIOULYIOCS OOLIUM
peiuesveM ypapHeHus (58.1)). OnHo umeer BHA

x=a,e P cos (o't +a), (60.2)

rae o' =) wi—f% a a, & — NPOU3BOJIbHEIE MOCTOSIHHBIE 1),

Ocraercst HafiTH yacTHOe (He cofiepKallee NPOH3BOJIbHBIX IIOCTOSIH-
HbIX) pelueHue ypaBHeHus (60.1). Bocrmosb3ayemcst s 3Toro npuemom,
onyucaHHbIM B kKoHIue § 52. Ilpu6GaBuM K (yHKUMH, CTosiledl B NMpaBoil
yactd ypaBhenusi (60.1), mMuumyo ¢yHkuuio if, sin of, mociae yero
NPEeACTaBUM IpaByio 4acTh B BUIE foe'® (cM. dopmyity (51.9)). Takum
06pasoM, Mbl NMPHXOIMM K YPaBHEHHIO:

x4 2Bx + wix = fetot, (60.3)

dTo ypaBHeHHe Jierdue pelmTthb, YeM ypaBHenue (60.1), Tak Kak skcrmo-
HeHTy npouie AuddepeHUHpPOBATL U HHTEIPHPOBATh, YEM TPHUIOHOMET-
puyeckHe GYHKIHUH.

[Tonpo6yem uckaTh yacTHOe pelueHHe ypaBHeHus (60.3) B Buze

X =ae'et, (60.4)
rie 4 — HekoTopoe KommekcHoe uyuciao. Pynknusa (60.4) Takxke

KOMIJIEKCHAsl, 4TO OTMEeuYeHO HuIsnKoil Haa x. IlpoxauddepenuypoBaB
3Ty (YHKUMIO 0O f, MOJYYHUM:

X = i0ae’®, x=—wlqelt, (60.5)
TMoxcranoBka BripaxeHuit (60.4) u (60.5) B ypaBaenue (60.3) npuBogut
nocie COKPAUIeHHs Ha OOUUMil MHOXKHTEIb €'’ K asre6panyeckoMy
ypaBHEHHIO:

—o%a+ 2ipoa + via = f,.

1) BykBoii ® Ge3 wmTpuXxa Mbl 0GO3HAUMJM YACTOTY BRIHYXKJAaIOUleH CHJIBI.
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Orciona

— fo
R (60.6)

Mgl Hanuid sHaueHwe q, npu KoropoM ¢yHkuus (60.4) yaoBieTBopsier
ypaBHenuto (60.3). IlpencraBuM KOMIJIEKCHOE 4MCJIO, CToflliee B 3Ha-
MeHaTeJie, B NOKa3aTesbHOH ¢opme:

(0} — %) + 2iPo = pe'®, (60.7)
Corsacuo ¢opmyaam (51.3)
p=V (0}—0?)?+4p%2, cp=arctgm22—ma2- . (60.8)
0

3amena B (60.6) 3Hamenatesnst B coorBeTcTBUH ¢ (60.7) naer
a=folpe’® = (f,/p) e~ .

IMoxcraBus 5To 3HayeHue a B (60.4), MOJYUMM YAaCTHOE pelleHUe ypas-
nenus (60.3):

x= (folp) €= @'t = (f,/p) €’ (@I-),

HaxkoHel, B3siB BelIEeCTBEHHYIO 4acTb 3TOH (YHKIMH, NMOJYyYHM YacT-
Hoe pelueHne ypaBHeHus (60.1):

x=(fs/p) cos(0t-—p).

INoxcranoBka 3HaueHns f,, a Taxxke 3Hauenuit (60.8) ana p u @ mpueo-
OHT K OKOHYATeJbHOMY BBIDaXKEHHJO:

F 2
ol cos (cot—arctg Zﬁw ) (60.9)
V (@h—o?) 140 @5 —o?
OrtmeriaM, uto ¢yHkuus (60.9) He copepKUT HNPOU3BOJILHBIX IOCTOSIH-
HBIX.

[Toayuum yactHOe pelleHHe ypaBHeHHsi (60.1) eme omHHM croco-
60M — C NOMOIIbIO BEKTOPHOH Auarpammel. IlpeamosioxkuM, yYTO yacrt-
Hoe pemende ypaBHeHus (60.1) umeer BuA

x=a cos (0f—e). (60.10)

X =

Toraa
x=—oasin (of —p) = 0a cos (of —¢ +1/2), (60.11)
X = — 0a cos (0f — @) = v®a cos (of —@ +m). (60.12)
INoncranoBka Bripaxenuit (60.10) — (60.12) B ypaBuenue (60.1) npu-
BOJIHT K COOTHOIUEHHIO
0?a cos (of — @ + 1) + 2Bwa cos (0f —¢ +1/2) +
+ 03a cos (of —@)=f,coswf, (60.13)

M3 (60.13) crenyer, YTO NOCTOSHHBIE @ M @ JOJIKHEL MMETh TaKue
3Ha4YeHUsi, YTOGHI TrapMoHHuecKass (yHKUMA fo cos wf Obla paBHa
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CyMMe TpeX rapMoHuyecknx (yHKIMH, CTOSIIHX B JIEBOH 4acTH ypas-
Henusi. Ecmn u306pasuth QYHKIHIO ©Fa COS (0f—¢) BEKTOPOM JIJIHHBL
©}a, HanpabB/JeHHbIM BrnpaBo, TO (QyHkuus 2Pacos(wi—e--n/2)
u306pasurcsi BeKTopoM AauHH 2Bwa (puc. 60.1), noBepHYTHIM OTHOCH-
Te/IbHO BEKTOpa ;a MPOTHB YacCOBOH CTpesNKH Ha yroa m/2 (cMm. § 55),

2ﬁwar‘*— ———n.llwg

Puc. 60.1..

a QyHKuus ®°a cos(wf—@-+m) — BEKTOPOM JAJIMHBI ©%Q, MOBEPHYTHIM
OTHOCHTEJILHO BeKTopa wja Ha yroa . Yrobwl ypaBHeHnue (60.13) 6Gbiio
YIOBJIETBOPEHO, CyMMa TpeX Nepeudc/IeHHbIX BEKTOPOB NOJKHA COBIa-
IaTh C BEKTOpPOM, H3o0paxaomuM ¢yHKuuo f, cos of. Y3 puc. 60.1, a
BHIHO, YTO TaKOe COBIaJeHHEe BO3MOXKHO JIHIUb NPU 3HAYEHHH AMIL/IH-
TYAbl @, KOTOPOE ONPENEJISETCs YCIOBUEM:

(0; — %) a® + 4p*o*a = fi,
OTKYZa
_ F,/m
V (0i—09)? + 40
(Ml 3ameHHsM [, oTHoleHueM Fo/m). Puc. 60.1, a orBeuaer ciyuaro
0<<w, W3 puc. 60.1, 6, oTBeyaolero cayyal w>>w,, MOJyYaeTcs
TaKkoe Ke 3HaueHHe a.
Pic. 60.1 mo3BoJisieT MOJNYYUTh TakKxe W 3HauYeHUe ¢, KOTOpoe
npejcraB/sieT CoOOH BeJNHUYHMHY OTCTABaHHs MO (hase BHIHYKIAECHHOIO

kosieGanus (60.10) or oOyc/ioBuBLIeil ero BhiHY:KAAWOIeH cuybl. U3
pHCYHKa CJeAyeT, 4TO

(60.14)

tg g =20 (60.15)

_(1)2

IToncraBuB B (60.10) 3HaueHuss @ 4 @, onpejenseMboie (GopMyJIamMH
(60.14) u (60.15), noayuum ¢yukuuo (60.9).

®dyukuusa (60.9) B cymme c (60.2) naer ofuiee pereHue ypaBHeHua
(60.1), omuceiBaroLIee MOBeleHHE CHCTEMbl NPH BBIHYKACHHBIX KoJeba-
nusix, Cnaraemoe (60.2) urpaer 3aMeTHYIO poJib TOJbKO B HayasbHOHN
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CTafMH mnpouecca, NPH TaK HA3LIBAEMOM. YCTAaHOBJIEHHHM KojeGaHuii
(puc. 60.2). C TeyeHHeM BpeMEHHU M3-3a SKCIOHEHIUAJbHOIO MHOKHTES
e~P* poap cnaraemoro (60.2) Bce Goliblie yMEHBIIAETCS, U TO TPOLLECT-
BHH JOCTATOYHOTO BPEMEHH HM MOXKHO INpeHeGpeyb, COXpaHssd B pe-
HeHHH JHIBb caaraemoe (60.9).

Takum obpasom, ¢yHkuusi (60.9) onmuchHIBaeT yCTaHOBHUBLIHECS BbI-
HyxJeHHple KoseGanusa. OHM mnpeicTaBasioT COGOH TrapMOHHYECKHE,
KoJie6aHHus ¢ 4acTOTOH, PaBHOH YacToTe BHIHYXKAAIOWIEH CHJIbI. AMIUIH-
Typa (60.14) BBIHYXAEHHBIX
Kone6aHuil NPONOpUUOHaTb- ¥ A
Ha aMIVIITYJe BBIHYXKJalo- P
welt cuabl. das gaHHo#t Ko- L
JeGaTesbHOMN CHCTEMEL (ompe- A /\

7}
4
JeJIeHHHIX g ¥ ) aMIlIuTy- AVAY 7
Jla 3aBHCUT OT 4YacTOThl Bbl- \U UU
. |
N\
-

>

HyXpamomell cusbl. BbIHYX-
JleHHbIe KOJIe0aHUSI OTCTaloT
no ¢ase or BHIHYXKJAaIONeH
CHJIBI, TTPUYEM BeJIHYHHA OT- Vemanobrerve

CTaBaHUSl ¢ TaKKe 3aBUCHT Konebanui

OT YaCTOTHl BBHIHYXAAOLIEH Puc. 60.2.

ciasl (cM. (60.15)).

34BHCHMOCTb AMILIUTYJBl BBIHYXKJECHHBIX KoJeGaHHH OT HYacTOTH
BBIHYXKJIollell CHJIbI TPUBOJAMT K TOMY, YTO NPH HEKOTOpOH ompeje-
JIeHHON AJsi JaHHOH CcHCTeMbl YacTOTe€ aMIUIUTYJAa KoJsieOaHHH JOCTH-
raeT MakcuMmaJibHoro 3gauenusi. KosiebaTesbHasi CHCTeMa OKasbIBAETCS
0COGEHHO OT3BIBUMBOf Ha JeficTBHE BEIHYXKJAIOLIEH CHJBL NPU 3TOH yac-
ToTe, DTO siBJIeHHEe Ha3blBaeTCl P e€3O0HaH COM, a COOTBETCTBYIO-
masi yactora— pe3OHAaHCHOH YacToOTOH.

Urobbl ONpeleJuTh PE30OHAHCHYIO YacCTOTy ., HYKHO HaiTH
MakcuMyM ¢yHKuud (60.14) uau, 4To TO XKe camoe, MMHHMYM BHIpaxe-
HU{, CTOsIIero Mmoj KopHeMm B 3HameHarese. IIpoauddepeniuposas ato
BbIpaxKeHHe N0 ® W NPHUPABHAB HYJIO, MBI [IOJYYUM YCJIOBHE, Ompeje-
JIAIOLIEE e,

eV M MMM

—4 (03 —0?) 0 + 82w =0. (60.16)

YpaBHenue (60.16) umeer Tpu pewreHus: o=0u o =4} 0j—2f2.
Pemenyie, paBHOe HYJIIO, COOTBETCTBYeT MaKCHMYMy 3HaMeHaTeas. K3
OCTaJIbHBIX JIBYX pelleHHil oTpHuaTe]bHOE AOJIKHO OHITH OTOGPOILEHO,
KaK He HMelollee (pU3UYIECKOro CMbIC/IA (4aCTOTa He MOXKeT GhITh OTpiila-
TenbHolM). Taxum o6pasom, A PE30HAHCHOM YacTOTHI MOJy4YaeTcsi
OJIHO 3HayeHHe:

Opey =V 03 — 22, (60.17)

IloacraBus 310 3nauenune uactotel B (60.14), monyunm BeipaxeHHe a4
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aMIIMTYABl TIPH pe3OHaHce:

. Fo/m
28V wo—p2
U3 (60.18) cnenyer, YTO NpH OTCYTCTBUH CONPOTHBJIEHHS Cpelbl

aMIINTYJa TIpH pe3oHaHce obpamaach 6bl B 6eckoHeuHocTb, Coracio

(60.17) pesonaHcHasi yacToTa npH Tex ke ycjoBusix (npu p=0) cosma-

JaeT ¢ COOCTBEHHOH YacTOTOH KOJeOaHHH CHCTEMBI .
3aBHCHMOCTb aMILIMTY/bl BEIHYKIEHHBIX KoOJieGaHHH OT 4YacTOTHI

BHIHY2KAaloled cuJbl (WM, 9TO TO Ke caMoe, OT YacTOTHl KoJsieGaHHIt)

nokasaHa rpaguueckd Ha puc. 60.3. OthesnbHble KpuBble Ha rpaduke

COOTBETCTBYIOT DasJIMYHHIM 3HaUeHHMAM mnapamerpa . B coorBercTBuM

¢ (60.17) u (60.18), uem menblile f, TeMm Bhillle U TpaBee JEKUT MaKCH-

MyM JaHHOH KpuBoH. [Ipu ouenb GosbliOM 3aTyXxaHuu (TakoMm, 4TO

2p*>w}) BbIpaKeHue 15 PE30HAHCHOU YAaCTOTHI CTAHOBUTCSI MHHMBIM.

O10 03HAYaeT, 4YTO IPH 3THX YCJIOBHAX pE30HAaHC He HabJojaeTcs —

C yBeJIMUEHHEM 4YacTOTHl aMmil-
JIUTYZIA BbIHYXKIEHHBIX KoJjeba-
HUH MOHOTOHHO YObIBaeT (CM.
HIZKHIOIO KDHBYIO Ha pHC.

B8, 5 60.3). MsobpaxeHHasi Ha pHuC.

60.3 coBokymHocTb TIpaduKoB

¢yukuuu (60.14), coorBercTBY-

IOMUX Pa3JHUHBIM 3HAYEeHUSM

napamerpa f,HasbiBaeTcsi p e-

30HAHCHBIMH KPHUBBIMH.
I[lo mnoBony pe3oHaHCHBIX

B — KPHBBIX MOXKHO CelaTh elle

¢ Gpes g cienyloumue 3ameuanusi. Ilpu
Puc. 60.3. CTPEMJIEHUH © K HYJIIO BCE KpH-

Bble NPHXOMSIT K OXHOMY H TO-

My e, OTJIMYHOMY OT HYJs, NPEJAEJbHOMY 3HAaYeHHIO, DPaBHOMY

Fo/mwg, T. e. Fy/k. Dro 3HaueHHe IpeICTaBJisseT COOOH CMelleHHE

13 MO0JIOXKEHHs PABHOBECHSI, KOTOpOe I0/ydaeT CHcTeMa Moj JeHcTBHeM

NOCTOSTHHOH CHJIBL BeJIWYHHH F,. Ilpn cTpeMieHHH o K 6eCKOHEUHOCTH

BCe KPHBbIE aCHMIITOTHYECKH CTPEMATCA K HYJIIO, TaK KaK NPH GOJIbLIOH

yacToTe CHJIa TaK ObICTPO H3MEHsIeT CBOe HalpapJjieHue, 4TO CHCTeMa

HEe yCIeBaeT 3aMETHO CMECTHTbCSl M3 IOJIOXKeHHs paBHOBecHs. Hako-

Hell, OTMETHM, YTO YeM MeHblle [, TeM CHJIbHee H3MEHSeTCsl C 4acTOTOH

aMIJMTyJa BOMM3H pPE3OHAHCA, TEM «OCTpee» IMOJly4yaercss MaKCHMYyM.
V3 ¢opmyasl (60.18) BeITeKaeT, YTO NpPH MaJjoM 3aTyXaHHH (T. €.

npu P<Lw,) aMIVIMTyJa NPH pe3oHaHCe NPHUOJHKEHHO paBHA
~ Folm.
pes 2Bw, °

(60.18)

apea

a)

Pr

a

Pa3zpenum ato BbIpaxKeHyNe Ha CMELIEHHE Xy OT NOJIOKEHHsSI PaBHOBECHSA
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nof feficTBHeM mocTosiHHOH cuabl F,, paBHoe Fo/mw]. B pesyabrare
NOJIY YUM:

Qpes . @ _ﬁ_ﬂ_
B %0 (60.19)

(cM. dopmyay (58.10)). Takum o6pas3om, LOGPOTHOCTE Q MOKasbIBaer,
BO CKOJIBKO pa3 aMIIUTYAa B MOMEHT Pe30HAHCa NPeBBILIAeT CMelleHHe
cHCTeMBl U3 IOJIOXKEHHSI paBHOBECHS MO AEHCTBHEM NOCTOSIHHOH CHJILI
TOH Xe BEJMYHHBI, YTO H aMINVIATYJA BbIHYXKJaloLlefi CHJBL (3TO crpa-
BELJIUBO JIMIIb NPH HeGOJIBLIOM 3aTyXaHHH).

N3 puc. 60.1 BuaHO, YTO BHIHYXKJEHHbIE KOJEOAHHSI OTCTAIOT MO
(ase OT BeIHYKJAIOUEH CHJIBI, IPHYEM BEJHYMHA OTCTABAHMSA @ JIEKUT
B npezenax oT 0 Jo 7. 3aBUCHMOCTb ¢ OT ® NpPH Pa3HbIX 3HAYEHUsX P
T10Ka3aHa rpaguyecKd Ha pHC.
60.4. Yacrore @, COOTBETCTBYET =
¢=mn/2, Pe3oHaHcHas uacrora * —
MeHbllle  COOCTBEHHOH  (CM.
(60.17)). CnenoBartenbHO, B MO-
MeHT pe3oHaHca @<<mn/2. Ilpu
c1aboM 3aTYXaHHH W, 0y,
H 3HaueHHe @ IpH pe30oHaHce
MOXKHO CYHTATH PaBHBIM 71/2,

C sBJeHHeM pe3oHaHca
NPUXONUTCS CUUTATbCs  MpPH
KOHCTPYHPOBAaHHH MallHH M|
pasJIIYHOTO PONA COOPYKEeHHH.
CoGcrBeHHast yactora KoJieba- Qfyy—> 2
HHH 3THX YCTPOHCTB HH B KOEM Puc. 60.4.
cJlyyae He JOJIKHA OHITh G/M3Ka
K 4acToTe BO3MOXKHBIX BHEIUHHX BosjiefictBuil. Tak, Hanpumep, cobcer-
BeHHasi yacTora BHOpauMi Kopmyca kopaG/si WM KDBLIbEB camoJera
HOJKHA CHJIBHO OTJIMYAThCA OT YacTOTH KosieGaHMH, KOTOpBlE MOTYT
GbITh BO30YK/IeHbl BpalleHHeM rpefHOro BUHTa WJM mponesepa. B npo-
THBHOM cJlyyae BO3HHKAalOT BHUGpaIMU, KOTOpPHIE MOTYT Bhi3BaTb KaTa-
crpody. M3BecTHel cayuaH, Korza OOpYIUMBaJiHCb MOCTHI MPH IIPO-
XOXKIEHHH MO HHM MapLIMPYIOMIMX KOJIOHH COJIAaT. DTO NPOHCXOAUJIO
OTOMY, 4YTO COOCTBEHHAs yacToTa Koje0aHMil MocTa OKashlBaJach
6/1M3KOH K JacToTe, C KOTOPOH Liaraja KOJIOHHA.

Bmecre ¢ TeM sBJleHHe pe30OHAHCA YacTO OKa3blBAETCA BecbMa IIO-
JIe3HbIM, OCO0EHHO B aKYCTHKe, PajHOTEXHHKe U T. A.

§ 61. INapamerpHuecKuil peaoHanc

B PacCMOTPEHHOM B NpPEALIAYIIEM naparpa(be CcJy4yae NpuJioXeHHasd
H3BHE BBLIHYXKJAAIOWAA CHJa OﬁYCJ'IOBJIPlBaJIa HENOCPEACTBEHHO CMelle-
HHE€ CHCTCMBI H3 IIOJIOZKCHHSI paBHOBECHS. OKaBBIBaeTCﬂ, CyLIECTBYET
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HHO BUJ BO3JEHCTBHSI H3BHE, C IOMOIILbIO KOTOpPOro MOXKHO CHJIbH3
packKkayaTtb CHCTEMY. OTOT BUJ BO3JEHCTBUSA 3aKJ/I04aercs B coBepiae-
MOM B TaKT C KoJieGaHUAMU NEepHOANYECKOM H3MEHEHHH KaKoro-Jiu-

Puc. 61.1.

060 mapaMeTpa CHCTeMbl, BCJEICTBHE Yero caMo
sIBJleHHe Has3bplBAeTCsi NapaMeTPHYECKHUM
pPe3oHaHCOM.

BosbmeM fJis1 npHMepa npocTeHIHi MasTHUK—
mapvk Ha HUTKe. Ecau nepuojuyecku H3MeHSTb
IJIHHY MasiTHHKa [, yBelMYHBasi ee B MOMEHTHI,
KOrjla MasATHHK HaXOAHTC B KpaHHHX mosoxe-
HMSAX, M YMEeHblIas, B MOMEHTHI, KOTZa MasiTHHK
HaxoQHTCA B cpelHeM HojoxeHuH (puc. 61.1),
TO MasiTHHK CHJIbHO pacKadaeTcsl. Y BeJHueHHe
SHeprHH MasiTHUKA IPH 3TOM NPOMCXONHMT 3a CYyeT
paboTsl, KOTOpYIO COBepliaeT CHJa, JefCTBYOLIAs
Ha HUTb. CHJla HaTsKeHHS HUTH NpPH KoseOGaHUsX

MasTHHKa He [IOCTOSIHHA: OHAa MeHblle B KpalHHUX IOJOKEHHSAX,
KOrjia CKOpocTb oGpaljaercss B HYJb, U GOJbIIE B CPELHEM IOJIOXKe-
HHM, KOTJA CKOpPOCTb MasiTHHKa MakcHManbHa. [Tostomy orpuuaresn-
Has paGoTa BHeIUHeH CHJIBI NPH YAJIMHEHMH MasiTHHKA OKa3bBaeTcst
MeHblle Mo BeJuYKHe, YeM NOJIOXKHTebHasi paGoTa, coBepliaeMasi npH
YKOpOUeHHH MasTHUKa. B uTOore pa6GoTra BHellHe#l CHJIBI 32 NEPHOL
OKasplBaeTcsl GoJiblie HYJIs.



IF'JTABA VIII
PEJIATUBUCTCKASI MEXAHHKA

§ 62. CneunanbHass TeopHs OTHOCHTENbHOCTH

B § 6 6bl10 OTMeYeHO, UTO HBIOTOHOBCKAasi MeXaHHMKa ClpaBefiuBa
TOJBKO JJIS1 TeJ, NBHIKYILUXCSA CO CKOPOCTSIMH, MHOTO MEHBIIMMH CKO-
POCTH CBeTa B BaKyyMe (3Ty CKOPOCTb NMPHHATO 0603Hauyath GYKBOIl C).
Jlna onmucaHHs JABMXXKEHHH, COBEPILAIOMIUXCS CO CKOPOCTSAMH, CpaBHH-
MbIMH C ¢, DHHIUTEHH CO3[aJ] PeNATHBHCTCKYIO MEXaHHKY, T. €. MeXa-
HUKY, YUHTHIBAIOILYIO TpeGOBaHUS CHELUAaJbHOH TEOPHH OTHOCHTE/b-
HOCTH.

Cospannaa DiHmwreiiHoM B 1905 r. crnenuanbHasi TEOpDHUS OTHOCH-
TeNILHOCTH NpeAcTaBjser CcOOOH (HM3HUECKYIO TEOPHIO MNPOCTPaHCTBA
H BpeMeHH /sl cJyyass npeHeOpeXUMO cabblX TPaBHTAIHOHHBIX [O-
Jeit 1). OcHOBY 3TOl TeOpHH 06pas3yioT ABa NOCTYJaTa, KOTOPbIE HOCAT
HasBaHHA MNMPHHULMOA OTHOCHTEJNbHOCTH DHHIW-
TeiHa M NpPHHLOHNDA NOCTOSAHCTBAa CKODOCTH
cBerTa.

IlpuHUMI OTHOCHTENBHOCTH ODHHIUTEHHA SIBJSIETCH pacnpccTpaHe-
HHeM MeXxaHHueckoro npuHuuna Ianuies (cM. § 12) Ha Bce 6e3 HCKJIO-
yeHuss u3Hueckue siBjeHus. CorsacHo 3TOMY NPHHUUINY 6Ce 3aKOHbL
npupodsl 0OUHAKOBbL 80 BCeX UHEPYUAAbHLIX cucmemax omcyema. Heus-
MEHHOCTb BHJla YpPAaBHEHHs NpH 3aMeHe B HeM KOOpAMHAT M BPEMEHH
OIHOH CHCTEMbI OTCYETa KOOPAHHATAMHM H BpeMeHeM IPYTrofl CHCTEMbI
Ha3blBaeTcs HHBAPHAHTHOCTDIO ypaBHeHus. [TlosTomy npuH-
LHIT OTHOCHTEIBHOCTH MOXHO C(HOPMYJIHPOBATh CJAENYIOUIUM OGpaszoM:
YPasHeHUs, eblpasicaoljue 3aKOHbL NpUpodsbt, UHBAPUAHMHbEL NO OMHO-
Wenut K npeobpas’osaHusm KoopouHam u epemeHu om O00HOU unepyu-
anvHoll cucmemst omcuema K Opyeol.

TIpHHUMI MOCTOSIHCTBA CKOPOCTH CBETa YTBEPIKI2eT, 4TO CKOPOCHib
caema 8 saKyyme 00UHAKOBA 80 8CEX UHEPYUANLHBLX CUCIMEMAX OMCYema U
He 3asucum om O8UNCeHUS UCIMOYHUKO8 U NPUEMHUKO8 Ceema ?).

1) B 1915 r. DiinwrTeltH cO34aM OCHOBEI OOLlelfl TEOPHH OTHOCHTEJNbHOCTH, KO-
TOpasl MpeACTaB/iseT CO60H TEOpHIO TArOTEHHS.

2) Onbit Maiikesqbcona u MopJ, NOATBePAHBILKE CNPaBeITHBOCTE 3TOTO MPHH-
nuna, GyAeT omucaH BO BTOPOM TOME Kypca.
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U3 chopmynupoBaHHEIX BHIILE IIOCTYJAaTOB BBITEKAaeT PSifi BAaXKHBIX
BBLIBOJOB, KacalolMXCcsl CBOHCTB MPOCTPAHCTBA M BpeMeHH. B HbloTO-
HOBCKOH MeXaHHKe MPOCTPAHCTBO M BpeMsi paccMaTpHBaJjUChb He3aBH-
cuMO ApyT or apyra, HblOTOH cuMTas, 4TO CYIIECTBYIOT abCOJIOTHOE
NPOCTPAHCTBO H aGCOMIOTHOE BpeMsi. AGCOMIOTHOE NMPOCTPAHCTBO OMpe-
JIeJIIJIoOCh UM KaK Ge30THOCHTeNbHOE K 4eMy-JM00 BHELIHeMY BMEeCTH-
JIMLIE Bellel, ocTalomeecss Bcerja OMHAKOBLIM U HenmoaBHxKHBIM. O Bpe-
MeHdn HbloTon nucan: «AGCOMIOTHOE, HCTHHHOE HJHM MaTeMaTHYecKoe

4
Vi K N

M .
- — N\~ ] 0o |-N\N>
? m || Ve

Puc. 62.1.

BpeMs caMo Mo cefe ¥ B CHJIy CBOell BHyTpeHHel NPHPOABbI TEUET PABHO-
MEpHO, GE30THOCHTENILHO K ueMy-JIH60 BHellHeMy». B cooTBeTcTBHH
C 5THM CYHTAJIOCh COBEpILEHHO OYeBHJIHBIM, YTO IBa COOBITHSI, OXHOBpe-
MeHHHIe B KakKo#i-nGo cHcTeMe oTcyera, GYAYT OXHOBPEMEHHBIMH H
‘BO BCEX OCTaJIbHBIX cucTeMax orcuera. OIHAKO JIerkKo yGeAUThbCs B TOM,
UTO MOC/enHee yTBepKIeHHe HaXOAUTCS B NPOTUBOPEYNH C NPUHIUIIOM
[OCTOSIHCTBA CKOPOCTH CBeTa.

" Bosbmem aBa Tena K u K’, oGpasylomux BMeCTe C COOTBETCTBYIO-
UMK YacaMH WHepuMaJsbHele cucTeMsbl orcuera, [lycth Teno K’ jABH-
JKEeTCSI OTHOCHTENbHO Tesia K CO CKOPOCTBIO V,, HalpaBJieHHOH BLOJb
npsMofi, mpoxoAsieil wepes ueHTpnl Tea (puc. 62.1). Ilomectnm Ha
aToil mpsiMoil aBa Tesia M u N, paBHOyAasleHHMX OT Tena KW coemu-
HEHHBIX ¢ HUM KecTko. OTHOcHTeNbHO Tesia K 3TH Tesla JBUIKYTCS CO
CKOPOCTBIO V,, OTHOCHTeJbHO Tela K’ oHHM mnokosTcs. Paccmorpum B
06euX CHCTEMAaX OJIMH M TOT 2Ke NPOLLeCC, 3aKJOYAIONHECS B HCIYCKAHUH
H3 ueHTpa Tena K’ CBETOBOrO CHrHa/la M JOCTHKEHHH 3THM CHTHAJOM
Ten M u N. CKopocTb cBeTa BO BCeX HaillpaBJieHUsIX OLMHAKOBA U paBHA
c. Ilostomy B cucreme orcuera K’ curuaj 6yfer pocturath teqd M u N
B OMH ¥ TOT XK€ MOMEHT BpeMeHH f',

B cucreme orcuera K CBeT Takke paclpoOCTpaHsieTCs MO BCEM Ha-
NpaBJIeHHsIM CO CKopocThio ¢. B 3T0ii cucreme Teno M pmBuxercsi Ha-
BCTpeUy CBeTOBOMY cHrHany. Teso N IBHKeTCsS B Ty Ke CTOPOHY, 4TO
u curHaj. Ilostomy Tena M curHa/s JOCTHIHET paHbiie, ueM Tesja N,
U, crefoBatesbHO, fy<Ify. Takum ofipasoMm, COOLITHS, KOTOphIE B CH-
creMe K’ GbLTH OfHOBpPEMEHHLIMH, B cucTeMe K OKasbIBalOTCS HEOIHO-
BpeMeHHBIMH. OTclofia BhITEKaer, YTO BpeMsi B pasHbIX CHUCTEMax OT-
cyeta TeueT HEOJHHAKOBO.

Yro6sl onMcaTbh cOGhITHE B HEKOTOPOH CHCTEME OTCyeTa, HYXKHO yKa-
3aTbh, B KaKOM MecTe M B KaKOH MOMEHT BpPEeMEHH OHO NPOMCXOXHUT. DTa
3ajlaya OKaxeTcs OCYLIeCTBUMOM, €CJIM CO3JaTh B NPOCTPAHCTBE PaBHO-
OTCTOSIIIHE KOOPAHHATHHIE METKH M COBMECTHTb C KaxJIOH TaKOH MeT-
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KOH 4acel, MO0 KOTOPHIM MOXKHO OBbIJIO ObI OIpeJleJIMTh MOMEHT BpeMEHH,
B KOTOPbLIH NPOUCXOIUT COOBITHE B laHHOM MecTe. KoopAHHATHBIE METKH
MOXKHO HaHeCTH NyTeM MepeKJ/alblBaHUs eIHHHYHOro Mmaciutaba. B ka-
YecTBe YacOB MOXKHO B3ATb JIIOOYIO CHCTeMY, COBEpILAOILYIO NepHOIH-
yeckd noBTopsiolMiicss mporecc. UTo6bl CcpaBHMBaTb MOMEHTHI Bpe-
MeHH, B KOTOpHIe NDOUCXOAAT ABa COGHITHS B PasHBIX TOUKAX IMPOCT-
PaHCTBa, HYXHO yOeNMTbCs B TOM, YTO Yachl, HaXOASIUHeCs B 3THX
TOYKaX, MAYT CHHXPOHHO.

CHHXPOHM3AIMIO MOXKHO, Ka3a/10Ch Obl, BHINOJHHUTD, IIOMECTHB Yachl
CHaya/ja pSAOM, a 3aTeM, INOCJe CBEPKH MX INOKa3aHMi, NepeHecTH
Hachl B COOTBETCTBYIOLIHE TOYKH mpocTpaHcTBa. OJHAKO TaKOH croco6
HY2KHO OTBEPrHYTh, TAK KaK Mbl He 3HaeM, KaK NOBJIHsIET Ha XOJ 4acoB
HX IlepeHOC H3 OfHOro Mecta B jApyroe. ITo3ToMy HYKHO CcHayasa pac-
CTaBHTb Yachkl O MeCTaM M JIMIUb 3aTeM IPOM3BECTH CBEPKY MX MOKa-
3aHHHA. DTO MOXKHO CJIe/1aTh, HOCBLIasi OT OJHUX YacoB K APYIUM CBeTO-
Boi curHat !), Ilyctb U3 Toukn A nocwbliaercs B MOMEHT #, (OTCUMTaH-
HblHl 10 yacam B A) cBeTOBOH CHTHAJ, KOTOPHIH OTpaxKaeTcsi OT 3epKadJia,
TNIOMELIEHHOrO B TOuKe B, ¥ BosBpamaercss B A B MOMeHT f,. Yach B B
HY2KHO CYUMTAaTh CHHXPOHHBIMHM C Yacamu B A, ec/d B MOMEHT NOXOKJe-
HUSl 0 HUX CHTHaJia yachl B B nokasweiBaju BpeMms £, paBHoe (f,11,)/2.
Takyio cBepKy HeoGXONUMO TPOAeNaTb LJIs BCEX YacoB, PacHOJOMKeH-
HBIX B pasHbiX Toukax cuctembl K. CoGpitisi B A ¥ B GyAyT cuuTathes
OJHOBpEMEHHBIMH B cucTeMe K, €C/id COOTBETCTBYIOLUIHE HM OTCUYEThI
BpeMeHH no 4yacaM B A u B coBnanyr.

AHaJIOTHYHO TIPOM3BOAKTCS CHHXPOHM3ALHsl BCEX YaCOB B CHCTEME
K' v mo6Go#i apyroil uHepuuaabHoi cHcreMe oTcyera. CKOpOCTb CBETO-
BOTO CHCHaJa, ¢ MOMOLILBIO KOTOPOTO OCYLIECTBJISIETCS CHHXPOHH3ALMsl,
BO BCeX MHEPLHAJbHBLIX CHCTEMAX OTCUETA OXHA U Ta xKe. DTHUM U obyc-
JIOBJIEH BhIOOp B KauecTBE CHrHaJja /Jisi CHHXPOHM3aLMH XOJa YacoB
HMeHHO CBeTOBoro curHaja. OkasbiBaeTcst, YTO CKOPOCTb CBeTa SIBJIsIeT-
csi npepenbHoii. Hukakoff cursasn, HUKakoe BO3JeHCTBHE OLHOTO
TeJla Ha Jpyroe He MOTYT PacClHpOCTPAHSITbCS CO CKOPOCTBIO, MpEBHI-
1aollel CKOpoCTh CBeTa B MyCTOTe, DTHM M 0OBSICHSCTCS OAMHAKOBOCTD
CKOPOCTH CBeTa B TYCTOTe BO Bcex cucremMax orcuera. CorsiacHO mpuH-
LUITy OTHOCHTEJIbHOCTH 3aKOHBI NPUPOABLI BO BCEX HWHEPLHMAJbHBIX CH-
cTeMax MOJKHBI OBITh OIXMHAKOBbI. TOT (akT, YTO CKOPOCTH CHrHaza
He MOXKeT NpeBHILIATh NPEJeJbHOrO 3HaueHHs!, eCTb TAK»Ke 3aKOH IpH-
ponni. [TosTomy 3HaueHHe mpeje/bHOH CKOPOCTH JOJIXKHO ObITb OAMHA-
KOBO BO BCeX CHCTeMaX OTCYera.

IToCTOSIHCTBO CKOPOCTH CBeTa NMPHUBOAMT K TOMY, YTO NPOCTPAHCTBO
H BpeMsl OKasblBalOTCS B3aHMOCBSI3aHHBIMM, 006pasysl €IMHOe IPOCT-
PaHCTBO-BpeMsi. DTa B3aHMOCBSI3b MOXKET OBITb IPeNCTaBleHa OCOOGEHHO
OTYETJIMBO C NMOMOLIBI0 BOOOPAaKaeMOro YeThIpeXMepPHOr'o NPOCTPAHCTRA,

1) TpoBepka YacoB MO pajMOCHTHAJNAM NPeACTaBJsieT co6oil N0 CYIECTBY TaKyio
CHHXPOHH3AIHIO,
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MO TPeM OCAIM KOTOPOTO OTKJAAbIBAIOTCS NPOCTPAHCTBEHHBIE KOOPAH-
HaThl X, Y U 2, a 110 4eTBepTOil OocH — BpeMsi f, TOUHee — NPOHOPUHO-
Ha/lbHasl ! BpeMeHHAs KoopAvHaTa cf, UMeloas Ty Ke pa3MepHOCTb,
YTO M IPOCTPAHCTBEHHLIE KOODIHHATHI.

Kakoe-n1n60 cofriTHe (Hanpumep, pacnaj HEKOTOPOH 4YacTHIb) Xa-
paKTepH3yeTcsl MecToM, Tfle OHO NpoH3o.Ie (KOOpPJAHHATAaMHU X, Y, 2),
¥ BpeMeHeM {, KOria oHo fipousomio. TakuM o6pasoM, COGHITHIO OTBe-
yaeT B BOOOpaXKaeMOM YeThbIpeXMEpHOM NpPOCTPAHCTBE TOYKA C KOOPJAH-
HaTaMHM X, Y, Z U ¢t. DTy TOYKY NPHHATO HA3LIBAT MU POBOH T O Y-
K 0 it. BestKoit YaCcTHIE (HaXKe HeNOABUIKHOM) COOTBETCTBYET B YeTHIpex-
MEDHOM TpOCTPAHCTBE HEKOTOpas JIWHWs, HasklBaeMast MU D OB O i
JUHUEH (J.IJIH TNOKOsIIefcsl YaCTHLEI OHA MIMeeT BHJL HpHMOH JIMHHH,
napaJijieIbHOil OCH cf).

Hrak, npocTpaHCTBO M BpeMsl SIBJSIIOTCS YacTSMM €NMHOTO 1IeJIoro.
Onnako BpeMsl KayeCcTBEHHO OTJIMYaeTcsl OT MPOCTPAHCTBA, JTO NpPOSIB-
JsieTcsl B TOM, YTO BoOGparkaeMoe YeThIpeXMEePHOe NpPOCTPAHCTBO OTJIH-
yaeTcst IO CBOUM CBOHCTBaM OT OGBIYHOTO TPEXMEPHOro NPOCTPaHCTBA.
O6blyHOE  TMpOCTPaHCTBO 0OJIafiaeT TaK HasblBaeMOH eBKJIHJOBOH
MeTpHKOf. DTO O3HauaeT, YTO KBajapaT paccrosiHus Al mexay AByMs
TOYKaMH paBeH CyMMe KBaJpaTOB pas3HOCTeH KOOpAMHAT:

Alz=Ax?+Ay2+ Az,

KBagpar «paccTostHusi» MeXAy ABYMS MHDOBEIMH TOYKaMH (310
«pacCTOsiHUE» HAasHBAIOT HHTEPBAaJOM HW O0003HAYalOT CHUMBO-
Jaom As) onpeuemeTca ¢dopmy ot

Ast=c? AP—Ax*—Ay*—Az2 (62.1)

(cBoficTBa MHTepBasna paccMmarpuBaioTcs B § 65).

IlpocTpaHcTBa, AJIT KOTOPBHIX KBajpaT pAacCTOSIHHA oOmpefensercs
¢dopmysoit Bupa (62.1), HaswBalOTCS NCEeBAOEBKJHIOBEM M,
KauecTBeHHOe pa3/iHuHe MEXKAYy BpeMeHeM H IPOCTPAHCTBOM IPOSiB-
JIIETCS B TOM, YTO KBajJpaT BPEMEHHOH KOOpJVMHATHI U KBaJpaThl MPOCT-
PaHCTBEHHbIX KOOPAHHAT BXOAAT B Bbipa)keHHe (62.1) ¢ pasHbIMH 3Ha-
KaMu.

B crneuna/sibHON TEOPHH OTHOCHTENBHOCTH OCOGYIO POJIb UTPAIOT Be-
JIMYUHLL, SIBJASIOIMECS HHBAapPpHaHTHH MH [0 OTHOLIEHHIO K Tpe-
00pa3oBaHUAM KOOPAMHAT H BPEMEHH OT OIHOH MHEpPIHAJbHOH CHCTEMHI
orcueta K JpYyroil (MHBIMH CJOBaMM, BeJIMUMHBI, UMeIOIIHE OfMHAKOBOEe
YHCJIOBOEe 3HAUEHHe BO BCEX HHEpLMAJbHBIX cHcTeMax oTcyera). Onmy
W3 TAKUX BEeJUYHH MEI yXKe 3HaeM — 3TO CKOpPOCTb CBeTa B NyCTOTe.
B § 65 Mbl moxaxeM, yTo ompefenasiembiit ¢opmynoi (62.1) untepsan
TaKXKe SIBJISeTCS WHBAapHaHTOM.

Oco6yio poJib HrparoT Takke (OpPMyJbl M COOTHOLIEHHSI, HHBapH-
aHTHBIE TO OTHOLUEHHMIO K YKa3aHHbIM BEHIlLe NpeoGpasoBaHUsIM (T. e.
HMelollie ORMHAKOBBIH BHJ, BO BCEX MHEPLHAJbHEIX CHCTEMax OTCUETa).
HanpuMep, pensITHBHCTCKHE BbIpaXKEHHsl NJIsI HUMIYJbCa M SHEPrHU
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OMpeNeNisIloTC TaKUM 06pa3oM, Y4TOOB! 3aKOHBI COXPaHeHHSI 3THX BeJH-
YMH HE HapyllaJuch NpPU Nepexofie K APYroifl HHepuUHANbHOH cHCTeMe
orcyera. B xoze nasbHefiliero U310xKeHHs Mbl MO3HAKOMUMCA C PAJIOM
MHBAPHAHTHBIX BEJHYHH H COOTHOLIEHHH.

§ 63. IlpeoGpasosanusa Jlopenua

PaccMoTpUM JiBe HHepLHaJbHble CHCTEMBI OTCUETa, KOTOpPbIE Mbl
o6oznauuM K u K’ (puc. 63.1). ITycts cucrema K’ pgBHIKETCS OTHOCH-
TesibHO cucTeMbl K co CKOpOCThIO V, ). HampaBum ocu x u x' BLOJb
BEKTOPA Vo, OCH y U ', a TaKkKe z H 2’ PEeINnoNOKHM Iapaie/bHbIMHU
Apyr apyry.

B cuny npunHuuna oTHOCHTeJNBbHOCTH cucTeMbl K U K’ coBeplieHHO
paBHOonmpaBHbl. EnuMHCTBeHHOE (pOpMaJbHOE OTJIMUHE HX 3aKJ/OYAeTCs
B TOM, YTO OTCYMTaHHas B cHcTeMe K HKcOBasi KoopjuHaTa Hayaja O’
cucreMbl K’ M3MeHsieTcs MO 3aKOHY

P (63.1)

B TO BpeMsl KaK OTCYHTaHHas B cHcTeMe K’ HKcCOBas KOOpAMHATa Ha-
yajna O cucrembl K H3MeHsieTcsl 1O 3aKOHY

Xo=—u,t'. (63.2)

10 pas/yinyyue BbI3BAHO TEM, UYTO HalpaBJE€HHUS ocedl x H x" MBI Bbl6paJIH
OJHHAKOBBIMH, a CHCTEMbI K u K'

JIBHXKYTCA APYT OTHOCHTEIBLHO APYra 4 &
B POTHBONOJIOKHEIX HaNPaBICHUAX. P ,
[TosToMy npoeKLHsI OTHOCHTENBHOMH i
CKOpOCTH Ha 0Cb X cHCTeMbl K paBHa
/ ' A 0iv 8
Us, @ Ha ocb x cucTembl K' pas- g
Ha —U,. / / z 2’
B HepensATHBHCTCKOH MeXaHHKe z z’
nepexof OT KOOPAHHAT M BPEMEHH Puc. 62.1.

OJHOH HWHEepPIHANbHOH CHCTEMBI OT-
CYeTa K KOOpPAHHATaM U BPEMEeHH Ipy-
roii MHepPUUAJbHOH CHCTEMBl OCYLIECTBJSETCA € TOMOLIBIO 11peobpaso-
pauuit Fanumes (12.1). UMz stHx npeo6pasoBaHHH BLITEKAET 3aKOH

1) Hanomuum, 4T0 HHepuMaNbHON HASHIBAETCS CHCTEMA OTCHETA, OTHOCHTENbHG
KOTOpOif CBOGOJHAS YaCTHLLA ABHKeTCS Ge3 YCKOpPeHHs (CM §7). B§ 12 OlHpasnch Ha
npeoGpasoBaHis Tanuies, Mbl okasany, 4to cucreMa K', ABHKYLIAsCA OTHOCHTENbIO
HHELUMAIbHOR CHCTEMBI K ¢ nocrosmHof CKOpPOCTBIO Vy, B CBOIO Ouepellb SIBJISieTcs
WHeplHadbHOl. B pensTuBucTCKOil MexaHnKe npeo6pa3osanus [anunest ACKHBI ObiTo
3aMeHeHbl JPYTHMH Npeo6pa3oBaHUsIMH, COTJIACYIOMMMHUCSA C NPHHIUIIOM MOCTOSHCTBA
cxopoct cBeTa. OIHAKO SICHO, YTO, KAKHM bl HH GbLI 3aKOH MPeoGpasoBaHust mpi
nepexofe OT cucTeMH K K ABHXKYIUeHCst OTHOCHTEbHO Hee C IIOCTOSTHHOR CKOPOCTbIO ]
cucteme K', B ClIyuae, €C/IH CKOPOCTb YACTHIbI V B CHCTeMe K nocrosinHa, mocTosHEO
Gyzer u cKopoctb v’ Bcucreme K’. CiiefoBaTesbHO, M B DEJIATUBHCTCKON MeXaHHKe
cucreMa K’, IBHXKYIASCS OTHOCHTENBHO HHepUHabHO cucTeMbl K ¢ mocTosiiHof
CKOPOCTBIO Vg, Takxe GyJeT MHepLUaJbHOH.



222 TJ. VII. PEJSITUBUCTCKASI MEXAHHKA

CIOKeHHs1 cKopocTeil: v=v'+v, (cM. dopmyny (12.3)). Dror 3akon
HaXOJUTCA B NPOTHBOPEYHH C MNPHMHLIHIOM IIOCTOSIHCTBA CKOPOCTH
cBeta. JleficTBUTE/IbHO, €C/H B cHcTeMe K’ CBETOBOM CHTHAM pacmpoct-
paHsieTcs B HanpaBJIeHHH BEKTOPa V, CO CKOPOCThIO ¢, TO coraacHo (12.3)
B cHcreMe K CKOpOCTb CHIHaJla OKaxKeTCsl PaBHOHU c—-v,, T. €. NPeB30ii-
zet c¢. Otciofa ciepyer, uro npeoGpasoBanus ['asnuness JOMXKHBI GbITh
3aMeHeHbl APYrHMH QopMyJaMd. IJTH (opMyJbl HETPyAHO HaHTH.

B camom ofmem Buie npeo6pa3oBaHHsl KOODAMHAT M BPEMEHH OT
cucreMbl K’ K cucteMe K BHIMISIAT CJIEAYIOUMM 0GpPa3oM:

x=f1(x,’ y,’ z” t,)’ y=f2(x,’ y,’ 2" t’)’ 633
em fo e g 2 )t o 2 ), (63.3)

M3 omHoponHOCTH BpeMeHH M MNPOCTPAHCTBA CJEAYeT, 4TO (OpMYJIbl
(63.3) mOMKHEI GBITH JUHEHHBIMH, T. €. HMETb BHJ

x=ox +ay +az +oat +o (63.4)
H T. X, TAE Oy, Oy, . .. — KoHcTanTH. COOTBETCTBEHHO
dx=oa;dx' +a,dy’ +o,dz’ +a,dt’ (63.5)
u T. 8. eficTButenbHo, corsacHo (63.3)
I "fl Ly’ 2 gy Iy (63.6)

H T I

Ecnu B3sTh HEKOTOpHle MPOW3BOJNIBHO BHGpaHHBE dx', dy’, dz' m
dt’ B Touke xi, y1, 21, 11, TO, MOACTABUB B (63.6) 3HAUEHHS IPOU3BOXHBIX
B J1aHHOI TOYKe, MbI OJIYIUM IJisi dx HeKoTopoe 3HaueHHe dx;. OnHako
B CHJIy OJHODOJHOCTH NPOCTPaHCTBA H BpeMeHH B JI060H Apyro# Tou-
Ke X3, Y3, 25, 15 IPU TeX XKe 3Hauenusx dx’, dy’, dz’, v dt’ ponxHo noJy-
yatbesl A1 dx TaKoe XKe 3HaueHue, KaK M B NepBoii TOUKe, T. e. JOKHO
6biTh dx;=dx;. To Xe camoe HOJKHO MMeTb MecTo Jis dy, dz u di.
IMockonbky dx’, dy’, d2’ u dt' 6bM BHIGPaHBI COBEPILEHHO NPOU3BOJb-
HO, yKazaHHOe TpeOOBaHMEe MOMKET BLINOJHATHCA JHIIL B TOM cayyae,
ecsii npousBojHble Of;/0x" ¥ T. A. He 3aBHCAT OT KOOPAHMHAT, T. €. fIB-
JasoTess KoHerantamu. Otcioga Beiekaer (63.5), a satem u (63.4).

Ilpu ykasanHoM Ha puc. 63.1 BbIGOpe KOOpANHATHHIX Oceil MJIOCKOCTh
y=0 coBnazgaer ¢ mI0CKOCThIO ' =0, a MIOCKOCTb 2=0 — C MJIOCKOCTHIO
2'=0. Orcioga crenyer, 4to, HanpuMep, KOOPAHHATH y H Yy’ NOMKHBI
ofpalmarbcsi B HYJb OJHOBPEMEHHO, HE3aBHCHMO OT 3HaYeHHH APYruX
KOOpAHHAT U BpeMeHH. IToatoMy y M y’ MOryT GBHITb CBSI3aHBI TOJBKO
COOTHOLIEHHEM BHAA

’
y=ey,
rie & — KOHCTaHTa. B cuny paBHonpaBHocTH cHcTeM K U K’ o6paTHoe
COOTHOILEHHE JOJIKHO HMETb BHJL

Yy =¢ey
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C TeM e 3HaueHHeM KOHCTaHTHI €, YTO H B nepBoM ciiydae. [TepeMHOXHUB
o0a COOTHOLIeHHSf, NOJAYyYHM, 4To e?*=1, oTkyna e=-41. 3Hak mJoc
COOTBETCTBYET OJMHAKOBO HaNpaBJeHHHIM OCAM Y H y', 3HaK MHHYC —
NPOTHBONOMNOXKHO HanpasieHHbIM. HanpaBu ocu oauHakoBhIM 0Gpa-
30M, MOJYYHM

y=y'. (63.7)
Ananoruunble pacCyKAeHHsl NPUBOIAT K ¢opmyiie
2=2 (63.8)

O6paTuMmcsi K HaXOXJIeHHIO nmpeobpasoBaHuil s x u t. M3 (63.7)
H (63.8) cienyer, 4TO 3HAUEHHS Y U z He 3aBHCAT OT X' ¥ ¢'. OTCIONa BHI-
TEKaeT, YTO 3HaYeHHA X' ¥ ' He MOTYT 3aBHCETh OT Y M 2; COOTBETCTBEHHO
3HAYeHHs1 X M { He MOTYT 3aBHceTb OT y' W z’. Takum oGpasoM, x u ¢
MOTYT GHITb JIHHEHHBIMH (PYHKIMAMU TOJNBKO X' H .

Hauasno koopaunat O cucremsl K nMmeeT Koopauuaty x=0 B cucreme
K u x'=—uv,t' B cucreme K’ (cM. (63.2)). CaiegoBaTesibHO, BBIpaKeHHE
(x'4-vot") momxkHO o6paraThCst B HYJIb OJHOBPEMEHHO C KOOPAHHATOMH X.
Hus1 sToro snuHefiHOe npeoOpa3oBaHHe JOIKHO HMETb BHJ,

x=y (x'Fvt), (63.9)

rje y — HeKoTopas KOHCTaHTa.
Auanornuno, Hayaso koopauHat O’ cucrembl K’ MMeeT KOOpAHHATY
x'=0 B cucteme K' u x=uv,t B cucreme K (cu. (63.1)). Otciona crenyer,

4To
X' =7y (x—0,t). (63.10)

U3 pasHonpasus cucreM K u K’ BbITEKaeT, 4T0 KO3(D(hHULHEHT NPOMoOp-
IHOHAJBHOCTH B OGOHX CAydYasX NOJKeH ObITb OQMH H TOT XKe,

Haa HaxoxpeHus Koa(pHUHEHTA y HCHOMb3yeM NPUHLHUII [10CTO-
SIHCTBA CKOpOCTH cBeTa. Haunem oTcueT BpeMeHH B 00eHX cHcTeMax
OT TOro MOMEHTa, KOTJa HUX Hauaja KOOpPAMUHAT coBmajamT. [lycTs
B MOMeHT {={'=0 B HampaB/ieHWH ocell X U X' NOCblIaeTcs CBETOBOMH
CHMrHaJ, KOTOpBI NPOM3BOAMT BCHBILKY CBeTa Ha 3KpaHe, pacmoJo-
JKEHHOM B TOYKE C KOODAUHATOM X B cucTeme K H ¢ KOOpjaHHATOH x’
B cucreMe K'. D10 coObitHe (BCIBILIKA) OMUCHIBAeTCs KOOPAMHATOR X
M MOMEHTOM { B cHcTeMe K ¥ KOOpAMHATOH x' M MOMEHTOM {' B CHCTEMe
K', npuuem

x=ct, x'=ct'.

INoncrasus 3TH 3HaueHust x ¥ x* B gopmydsl (63.9) u (63.10), monyunm
ct=1y(ct' +oit’) =y (c+uv) ',
ct' =y (ct—ut) =7y (c—1,) L.
ITepeMHOXKHB 06Ga COOTHOLIEHHs, NPHAEM K YPaBHEHHIO
c? =y (2 —0}).
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Orciona
1
= 63.1 l
Vs (63.11)
IMoacranoBka atoro 3xaueHus B (63.9) mpusomut k Qopmyne
x= Xkt (63.12)

V1—o¥/c?

dopmyaa (63.12) no3BossieT o H3BECTHBIM 3HaYeHUsM x' U ¢’ HaliTH
sHayeHue x. YUTOGH MOMYYHTH QOPMYJY, MO3BOJISIOMLYIO HO H3BECTHBIM
sHaueHdsM x' W t' HaliT sHaueHHe f{, HckmouuMm u3 (63.9) u (63.10)
KOOp,IlPIHaTy X W paspelIuM MOJyYHBLIEECsS COOTHOLIEHHE OTHOCHTEIbHO
. B pesyabrare nonyth

1
= [r+5 (1-5)]-
INoacranoBka 3HaueHHs (63.11) ny1a y npUBOANT K caenyrommel gpopmye:

t' + (vo/c?) &'
===, 63.13
V1—di/c? ( )
CoBokynHocTb ¢opmys (63.7), (63.8) (63.12), n (63.13) HocuT

HasBaHHe nmpeo6pasoBaHHui JlopeHa Eciu npumenurs
ofmenpuHsaToe 0603HaYeHHe

B=1v,/c, (63.14)
npeoGpasoBanus JlopeHua HPUMYT BHR
x4 Bet’ ’ ’ ¢+ (Ble) x
xX= , Y=y, z=2', t=—1—"=. 63.15
viep' V7Y vi-p @

ITo ¢opmynam (63.15) ocymecTBasieTcs mepexoi OT KOOPAHHAT H
BpeMeHH, OTCYHTAHHHIX B cHucTeMe K', K KOOpJAUHATaM U BpeMeHH, OT-
CUHTaHHEIM B cHcTeMe K (Kopoue, nepexon oT cucTeMsl K’ K cucreme K).
Ecnn paspewnth ypaBHeHHs (63.15) oTHOCHTENbHO IITPHXOBAHHBIX
BEJIHUMH, MOJNYydaTcs (poPmme npeoGpa3oBaHus AN mepexoja or
cucteMel K k cucreme K':

" _x—fet r_ ’r_ ’ t—(B/c)x
X =VT=5 5 Yy =y, zZ=2z = Ve (63.16)

Kak u cnenoBano oXujaatb, yYHTHIBAsS paBHOHpaBHOCTb cucrem K
H K’, ¢opmyasl (63.16) ornnyalores ot popmya (63.15) ToNbKO 3HaKOM
npu P, T.e. npu v,.

Jlerko mowATk, 4to B caydae v<Lc (1. e. f<L1) nmpeobpasoBanus Jlo-
peHna mepexonsat B npeo6pasoBanus [anunes (cm. (12.1)). Takum 06-
pasoM, npeoGpasoBanus ['ajusesi COXpaHsIIOT 3HAUeHHe [ CKOPOCTeid,
MaJbIX N0 CPaBHEHHIO CO CKOPOCTBHIO CBeTa B IIyCTOTe.

IMpu v,>c Bripaxkenus (63.15) u (63.16) n14 x, £, x’ u ¢’ cranoBsTCA
MHHUMBIMH. DTO COrJIacyercs ¢ TeM, YTO ABHIKEHHE CO CKOPOCTBIO, Ipe-
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BHINIAIONIEA CKOPOCTh CBeTa B INycToTe, HeBo3MoxHO. Hesb3a naxe
NOAb30BAThCA CHCTEMOH OTCYeTa, JABMIKYILEHCH CO CKOPOCTBIO €, TakK
KaK MpH Vy=C B 3HaMeHare/aX (GopMyJ AIs X M [ MOJNy4aercs HyJlb.

[peoGpa3oBanus JlopeHna UMEIOT OCOGEHHO MPOCTOA H CHMMETpPHY-
HBIH BHJI, €CJId NMcaTh MX He I/ X U £, a 113 x u (cf), T. e. AJis B&INYHH
OJMHAKOBOH pasMepHOCTH. B 3ToM ciyuae dopmyasr (63.15) BeIraaasT
clefyIomuM 06pa3oM:

_)C'—{-B(Ct') — —_ y =(Ct,)'l‘ﬁx.' 1
Y=g Y=Y 2= () Vi=F (63.17)

dopmynt (63.17) Jlerko 3anoMHUTh, IPUHAB BO BHUMaHHe, 4TO Mep-
Basi M3 HUX OTJIMYAETCS OT «OYeBHAHOI» QopMysbl x=x'-v,t" Hamu-
yleM B 3HaMeHaTe/Je XapaKTepHOro A/ls pPeIATHBUCTCKHX Qopmy
soipakenus )/ 1—pe. Ilociennsiss gopmysaa nosyyaercs 3 TepBOi,
ec/i MOMEeHsATh MectraMu x' H ct’.

§ 64. Caenctsus u3 npeoGpa3osanuit Jlopenna

U3 npeobpasoBanuii JlopeHua BriTeKaeT psij HEOOBIYHBIX C TOYKH
-3peHHs1 HBIOTOHOBCKOH MEXaHHKH CJEACTBHI.

OnHOBpeMEHHOCTh COOLITHH B pasHbiX cHcTemax otcuera. Ilycthb
B cucTeMe K B TOYKaX C KOOpJAMHAaTaMH X; U X, NPOMCXOIST OAHOBpE-
MEHHO jABa COOHITHSI B MOMEHT Bpe-

o [ e
MeHH t,=1,=b. CorsacHo nocjennei g1 &
us ¢opmyn (63.16) B cucreme K’ il
3TUM COGBITHSIM GYyIyT COOTBETCTBO- —
BaTh MOMEHTbl BpeMEHH oL ot v iz [
g b= b= % Y z z zr
YT yi=e ' Y Yi=p z z
W3 sTHX ¢dopmya BHAHO, YTO B CIy- Pnc. 64.1.

uae, ec/iM COGbITHS B cucTeMe K mpo-

CTPaHCTBEHHO Pa300IleHbl (X;54X,), TO B cucTeMe K’ oHU He GYIyT OJHO-
BpPeMeHHBIMH (#;5=1;). 3HaK PasHOCTH f;—I; ONpefeNseTcss 3HAKOM Bbi-
paxenusi (B/c)(x;—x,); cienoBaTesbHO, B pasHbIX cucremax K' (npu
pasHeIX P) pasHocTb {;—f; OyZeT pasjiMyHa MO BeJIHYHHE H MOXKET OT-
JIMYaTbCs N0 3HAKy. DTO O3HAyaeT, 4TO B OJNHHX CHUCTEMax coGuitie [
6yjerT mpeallecTBOBAaTb COOHITHIO 2, B JAPYTrHX cucTemax, HaoGopor,
coOblTHe 2 GyZeT NpealecTBoBaTh cOGLITHIO I. 3aMeTUM, YTO CKAa3aHHOe
OTHOCHTCS JIMIUb K COOBITHAIM, MEXAY KOTOPbIMHM OTCYTCTBYET NpPUYHH-
Hasi cBfi3b. [IpMYMHHO cBsi3aHHbIE COOBITHSI (HanmpuMep, GpocaHue KaM-
HSl U NajJeHue ero Ha 3eMJ/0) HH B OXHOH U3 cHCTeM OTcuera He GYIyT
OJIHOBPEMEHHBIMH, M BO BCeX CHCTeMax CoObiTHe, SIBJSIOIIEECs MPHYK-
Hol, OyneT mpejuecTsoBaTbh chaeAcTsuio, IloppoGree 06 3ToM OGyjner
peub B caeayioweM naparpade.
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JliMHa Tenl B pasHBIX CHCTeMax. PaccMOTpuM crepxkeHb, pacnoJo-
JKeHHBIA BIOJb OCH X' H TOKOSILHUICA OTHOCUTENBHO CHCTEMBI OTCUEeTa
K' (puc. 64.1). llnnna ero B 3TOi cHCTeMe paBHA [y=X;—Xi, TAe X{ H
X — HE H3MEHsIIOIIHecs: CoO BpeMeHeM ¢ KOODAMHATHI KOHIOB CTEpXKHS.,
OTHOCHTENIbHO cHCTeMEl K CTepXeHb ABHXKETCS €O, CKOPOCTBIO U=,
Ilas ompenesieHust ero LJIMHBL B 3TOH CHCTeMe HYXKHO OTMETHTb KOOPJAH-
HaTbl KOHUOB CTEPXKHS X1 U X3 B OIHH M TOT K& MOMEHT BpPEeMeHH I;=
={,=b. X pasHocTb [=X,—X¢ AacT NJIHHY CTePXKHs, H3MEPEHHYIO
B cucreme K. UToGbl HafiTH COOTHOLIEHHE MeXAY [, U [, clnenyer B3siTh
Ty u3 ¢opmyn npeoGpasoBaHuil JlopeHua, KoTopas COIEpPXHT X', X
u {, T. e.-nepByio U3 dopMya (63.16), 3amenus B 310l popmyse B uepes
vy/c, moyuuM

X = X{—Uob , - X3 —0ob ,
Vi—d/er V1—db/ch
OTKyJa
X— =2
V 1—vf/c?

Bocnosib3oBaBIIMCch 0003HAYeHHSIMU [ 11 [, a TakKe 3aMeHHB OTHOCH-
T€JIbHYI0O CKOPOCTb CHCTEM OTCHETA Uy paBHOﬁ el CKOPOCTBIO U CTEP2KHSA
OTHOCHTEJIbHO CcHCTeMbl K y NPHAEM K COOTHOLLCHHIO

=1,V T—v/c. 64.1
(64.1)

Takum o6pa3om, J/IHHA CTepKHS /, U3MepeHHAs] B CHCTeMe, OTHOCH-
TeJIbHO KOTOPOH OH JABHKETCSI, OKa3blBaeTCsi MeHbllie JJIUHBI [,, H3Me-
peHHOH B cHCTeMe, OTHOCHTENIBHO KOTOPOH CTepkeHb IOKOMTCA ),

Ecnu crepxkeHb AJHHBL [y=X;—X; NOKOUTCSI OTHOCUTEJBHO CHCTEMEL
K, To 114 onpesie/leHHs ero AIUHLL B cucreMe K’ HYKHO OTMETHTB KOOp-
JUHATBL KOHIIOB X; M X3 B OJHH M TOT K€ MOMEHT BpeMeHH f,={,=b,
PasHocTb [=x;—Xx; JacT JJIUHY CTepxKHs B cucreme K’, OTHOCHTEJIBHO
KOTODO#i OH JBHKETCA CO CKOPOCThbIO v. Mcnosbp3oBas nepsoe U3 ypas-
HeHull (63.15), cHoBa mpujeM K cooTHomeHHo (64.1).

3aMeTuM, YTO B HamNpaBJIeHHH Ocell y U 2 pa3Mephl CTEPKHS OXHHA-
KOBbl BO BCeX CHCTeMax OTCYeTa.

Urak, y ABHXKYIIUXCS TeJ pasMephl HX B HallpaBJIeHUH JBUKEHHS
COKpaIaoTcsd TeM GoJsblie, ueM GoJblle CKOPOCTh JABHKEHHUs., DTO fB-
JIeHHe HaspiBaeTcsi JOpeHL eBH M (u1H (UTHIKEPAJBIOBLIM)
COKpaIlleHHueM, JIIOGONBITHO, YTO BH3yasJbHO (MJaMHa ¢QoTorpa-
¢un) nsMeHeHHe (HOPMEL TeJl, AaxKe NPH CPAaBHUMBIX C ¢ CKODOCTSIX, He
MoxKeT ObITb OOHapy:keHo. IIpuumna sToro BeckMa mpocra. Ha6Gmopast
BHU3yaJIbHO MJH (oTorpadupyst Kakoe-IHGO TeJo, Mbl perucIpupyem
HMITyJIbCHl CBETA OT Pa3HbIX Y4acTKOB TeJa, AOCTHILIHE ORHOBPEMEHHO

1) WHorpa paumy l,, M3MEpeHHYIO B CHCTeMe, OTHOCHTENLHO KOTOPOH CTepIKeHb
MOKOHTCS, Ha3blBAIOT COGGCTBEHHON AJHHOMNH CrepxHuid,
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CeTUaTKH rJjasa wix ¢oronsnacTHHKH. Mcenyckalercs xe 3TH MMRYJIbebl
HeofHOBpeMeHHO. MMmyJsbchl OT GoJlee yHaJleHHbIX Y4acTKOB OGbliM
VICHYILEHEl paHblile, 4eM oT Gosee OJH3KHX ydacTKoB. Takum o6Gpasom,
€C/Id TeNlo JBVMIKETCH, Ha ceryaTKe IJia3a WJIH Ha (OTOCHHMKe Hoay-
yaetcd MCKaXkeHHoe u3o6paxenne Tena. CooTBETCTBYIOWHUE pacuer
TOKa3LIBaeT, YTO CJEACTBHEM YKA3aHHOIO HCKaXKeHHs OyJeT KOMIleH-
cauusl JIOPEHIIEBA COKpaHIeHHs '), TaK YTO Tesla Ka)KyTCsi He MCKaXKeH-
HEIMH, a JIHb NoBepHYThIMHU. CJlefloBaTe/IbHO, TeNo cepUuuecKoil GopMbi
Jaxe NpH GOJNBIIMX CKOPOCTSIX ABHKEHHs GyJeT BOCIPHUHUMATHES BH-
3yaJbHO KaK TeJo c(epHyecKoro oyepTaHHS. ‘

IpomexyToK BpemMeHH MexAy coObiTusiMu. I1ycTh B onHoll U Toit ke
ToYKe cHcTeMhl K' mpoucxofar ABa coGbiTHsl. IlepBoMy COGHITHIO €OOT-
BeTCTBYeT B 3TOH cHCTeMe KOOPAHHATA X;=a ¥ MOMEHT BpEMEHH I, BTo-
poMy coOBITHIO — KOOpAWHATA X;=a M MOMeHT BpeMmeHu #;. CorjacHo
nocsepHeil u3 gopmyJ (63.15) 3THM COOGLITHSM COOTBETCTBYIOT B CHETEME
K MomeHTHl Bpemenu

to— t{?}—(vo/ﬁ)a / ti+(vo/c?) a
Y Vi—de Tt Vi

(Mpl 3amenusu P uepes vy/c). Orciopa

ti—H
t —‘t _—
U Vi e

BBeas oGosnauenus f,—t;=At u f,—#4=At', nonydum Qopmymny
’
At=—BE (64.2)
Vi—d¥e :
KoTopasi CBSI3bIBa€T NPOMEXYTKH BPEMEHH MeXAy ABYMS COOHLITHSMH,
naMmepennsie B cucremax K u K’'. Hanomuum, uto B cucreme K’ o6a
COOBITHSI NIPOUCXOAAT B OJHOH M TOH K€ TOUKE: X;=x;.

JonyctuM, uTo 06a COOBITHSI IPOMCXOAAT C OJAHOH M TOi 3Ke uyacTH-
neft, Koropasi NOKOHTCS B cHcTeMe K’ M JBHXKETCS OTHOCHTEJNbHO €H-
cremsl K co CKOpoCTbiO U=0,. Torna A’ MOXHO TpPaKTOBaTh Kak IIpo-
MEXYTOK BPEMEHH, H3MepeHHbIHl 10 YacaM, HENOJABHUXHBIM OTHGCH-
TeJbHO YacTHUbI, MJIH, HHBIMH CJIOBaMH, H3MEPEHHBIH 110 4acam, ABH-
JKYIIMMCS BMeCTe C 4acTHUell (MMeeTcs B BHAY [BHKEHHE IO OTHOLLe-
HHuIO K cucreMe K). Bpemsi, oTcuntanioe 1o yacam, ABHKYIIHUMCS BMeCTe
C TeJIOM, Ha3blBaeTcsi COGCTBEHHLIM BpP €M € HEM PTOro TeJa
¥ oGosHavaercst 00biaHO 6yKBoii T. Takum obpasoM, At’'=At, C yyerom
storo ¢opmyJse (64.2) MOxHO NpPUAATH BHJ

A=AV T=0v¥c (64.3)

) Ecan GH opeHIeBa COKpaleHHs He 6L110, GHCTPO ABAMYIMeCH Tea FOJIKHH
6EUIH 6Bl NMPEACTaBAATBCA BHITAHYTHIMH B HALIDABJICHHH JBHKEHHS,
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o

(MBI 3aMEHHJIM OTHOCHTENIbHYIO CKOPOCTb CHCTEM OTCHeTa U, PaBHOU eif
CKOPOCTBIO U YaCTHIIbI).

dopmyJia (64.3) cBsi3biBaeT COGCTBEHHOE BpeMsl TeAa T ¢ BpemeHem f,
OTCYHTAHHBIM IO YacaM CHCTEMBI OTCYETa, OTHOCHTENBHO KOTOPOH TEJI0
JIBUXKETCS CO CKOPOCTBIO U (CAMH 3TH 4achl JABHIKYTCSI OTHOCHTEALHQ
Tesla €O CcKopocThio —v). M3 (64.3) BuaHo, uto cubGCTBEHHOE BpeMsi
BCErjia MeHblle, YeM BpeMsi, OTCURTAHHOE 10 YacaM, JBHXKYIHMCS OTHO-
cuTeIbHO Tes1a. B ciiepytomeM naparpage Mbl MOKaXKkeM, UTO COGCTBEH:-
HOE BpeMsl eCTb HHBapHAHT (T. €. OIHHAKOBO BO BCCX CHCTEMAX OTCYeTa).

PaccmatpuBast mpoHcxoAsiide ¢ yYacTHuell cOObITHSI B cucTeMe K,
MOXKHO OmnpelenTb Af Kak NPOMEXYTOK BpPEeMeHH, H3MepeHHLI Mo
HEMOABHXHBIM 4acaM, a AT — KaK NpPOMEXYTOK BpeMeHH, U3MepeHHEI(!
1o yacam, ABUXKYILIHMcS co ckopocThio v. CorsacHo (64.3) At<<Af;
{I03TOMY MOKHO CKa3aTb, YTO ABHIKYLLMeCs 4achkl MAYT MejJeHHee, YeM
NoKosilMecs: 4achl (MMeeTcsl B BHAY, YTO BO BCEM, KPOMe CKOPOCTH JBH-
¥KEHHsl, Yachl COBEPLUEHHO HJEHTHYHHL).

CootHoiuenne (64.3) nosyyuso HeMmocpeACTBEHHOE KCIEPHMEHTAb-
Hoe MoATBepxkaeHHe. B cocTaBe KOCMHUYECKHX JlyueH MMEIOTCSt 4acTHLbI,
HMeHYyeMble [-ME30HAMH WJIM MIOOHaMH. DTH YacTHUBI HeCTaGHJIbHBI ---
OHU PacmajaloTCsi CaMONMpPOM3BOJILHO HA 3JIEKTPOH (MJIHM MO3MTPOH) H
aBa HeliTpuno. Cpennee BpeMsl XXH3HH, H3MepeHHOE B yCJIOBHSX, KOrja
OHH HEMNOJBHIKHBEI (MJIH JBHXKYTCS C MaJIOH CKOPOCTbIO), COCTABJSIET
okojio 2:107% c. Kasanoch Gbl, uyTO, Jaxe JBHrasicb CO CKOPOCTBIO
CBeTa, MIOOHBI MOTYT MpPOHTH JuiIb MyTh nopsaka 600 M. OxHako, Kak
MOKa3bIBalOT HAGJIONEHNsI, MIOOHBEI 00pa3yioTcsi B KOCMHYECKHX Jyyax
Ha Bbicote 20—30 KM M yCHeBalOT B 3HAYHTEJILHOM KOJIHUECTBE JOCTHI-
HYTb 3eMHOH MOBEPXHOCTH. D10 0oOBsicHAeTCs TeM, yTo 2:107¢ ¢ —
coOCTBEHHOe BpeMsi XKHM3HH MIOOHA, T. €. BPeMs, H3MEePeHHoe M0 uacam,
IBHXKYIIUMCS BMeCTe ¢ HHM. Bpems, OTCYHTaHHOe IO yacaM 3KCrepH-
MEHTaToOpa, CBA3aHHOTO ¢ 3eMJell, OKasblBaeTCs ropasfo GAJbIIHM
(cM. dopmyay (64.3); v MiooHa GnusKa K ¢). IlosToMy HeT HUYero yau-
BUTEJIBHOTO B TOM, YTO 3TOT SKCIlepHUMeHTaTop HabJ/nojaer npober Mio-
OHa, 3HayuTeNbHO GosbluMil 600 M. OTMETHM, UTO C NMO3ULHUH HAOJIO-
ZlaTesisl, ABHIKYLIErocst BMeCTe C MIOOHOM, PacCTOsiHHe, MpoJieTaeMoe UM
Io moBepXHOCTH 3eMsHd, cokpauiaercs no 600 m (cum. dopmyay (64.1)),
TaK YTO MIOOH yCneBaeT MpoJeTeTb 3TO paccrosihue 3a 2-107¢ c.

§ 65. HurepBan

B § 62 6bl10 yKa3aHO, YTO KaxKAOMY COGLITHIO MOMKHO COTIOCTABHTH
B BOOGparKaeMOM 4eTHIPEXMEPHOM NPOCTPAHCTBE MHPOBYIO TOUKY C KO-
OpIMHATaMH ct, X, Yy, 2. IlycTb OO COGEITHE HMEET KOODAMHATHL cfy,
X1, Y1, 2i, APYroe — KOODJHHATEHI ¢y, X2, Y,, 2;. BBEJEM 0603HAUEHHS:
l—t=At, xy—x;=Ax u 1. R

HanomHuM, 4TO BeJeCTBHE KaueCcTBEHHOTO pasfiuyHs Mex1y Bpe-
MEHEM M NPOCTPAHCTBOM KBAAPAT PAsHOCTH, BPEMEHHBIX KOODJAMHAT
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(c AH)® n xBagpaThl pasHOCTefl NPOCTPAHCTBEHHHIX KOOpAMHAT Ax?,

Az? BxonpsAT B BEIpaXKEeHHe JJIs1 KBajJpaTa «PAacCCTOSHUSY MeXIy:
COOBLITHSIMH (TOYHEEe, MEXKAY OTBEYaroUIMMH COOBITHSIM MHMPOBBIMH TOU-
KaMH) C pa3HbBIMH 3HaKaMu:

As?=c?AP—Ax*—Ay*—Az2, (65.1)

Onpenensiemast s1oif QopmyJoii BenMunHa As HaspiBaeTcs M H T € p-
BaJ/JOM MeXAy COObITHSIMH.

Beensi paccrosinne Al=) Ax*+Ay*+ Az? Mexxay TouKaMH OObIU-
HOTO TPEXMEPHOro NPOCTPAHCTBA, B KOTOPHIX MPOM3OLIIH PacCMaTpH-
BaeMble COGBITHSI, BbIpaxeHHe JJjis UHTepBajJa MOXKHO IpelCTaBUTb
B BUje

As=V"cAt* — AR, (65.2)

Jlerko y6emuThcsl B TOM, YTO HHTEPBAJ MEXAY ABYMSl JAHHBIMH CO-
OLITHSIMH OJIHHAKOB BO BCeX HHepUMaJbHHIX CHCTeMax orcuera. Mmelino
3TO OGCTOSITENIbCTBO IOCJYKHJIO OCHOBaHHEM JJIsi TOrO, YTOOBI CYMTAThb
€ro aHaJIoroM paccrosiuusi Al Mexxay ABYMsl TOUKaMH B OOBIYHOM TpeX-
MEpPHOM TpOCTPaHCTBe (Al He u3MeHsieT CBOero 3HaueHHsl NpH nepexoje
OT OJHOH TpeXMepHOH cHCTeMbl OTcyera K ApYrofi).

Ilycrs B cucreme orcdera K kBajpar MHTepBaJsa onpeessieTcs cpop-
myJioft (65.1). KBajgpar uHTepBaja MeXAy TeMH e COOBITHSIMH B CH-
creMe K’ paseH

As'?=c?At'>—Ax"*—Ay'*—AZ'2. (65.3)
CorsacHo dopmy.am (63.16)

’ Ax“‘ﬁc At ’ ' At — (B/C) Ax
A Ay =Ay, A2 =A A= Bl Ax
= D y, Az z, At VT

TlopcraBuB 5TH 3HaueHHs B ¢opmyay (65.3), mocsie HECHOXKHBIX Mpeos-
pasoBaHuil nosyuynM, 4to As'?=c*Af2—Ax*—Ay*—Az2, T.e. urO

As'2=As2,

Taxkum o6pasoMm, MHTepBaJ SBJAETCS MHBaPHAHTOM IO OTHOILEHHIO
K Tepexofy OT OfHOI HHepUHaIbHOH CHCTeMbl OTCYeTa K Apyroil. B npe-
JBILyLIeM naparpacde Mbl BUAENH, YTO NPOMEXYTKH BpeMeHH Af U Aju-
Hbl Al O OTHOLUEHMIO K TAKOMY NepeXoAy He SIBJSIOTCI HHBapHaHTaMH,
CreoBaTesIbHO, KakAoe M3 cJlaraeMbix, oOpasyloIUX BeJHYHHY As?=
=c2?A{*—AI[2, u3MeHsieTCs] NpPH Mepexoie OT OJHOH CHCTeMbl K APYroif;
cama e BeJIHUMHa As? ocTaeTcsi HeHM3MeHHOM.

HnTepBan mexay ABYMs COOBITHAMH, MPOMCILEANIHMH C HEKOTOPOH
YacTULEeH, HAaXOAUTCA B NMPOCTOM COOTHOIUIEHWH C NPOMEKYTKOM COGCT-
BEHHOT0 BpPeMeHH MeXx1y 3TUMH coObltusiMH. CornacHo (64.3) mpomexy-
TOK COGCTBEHHOTO BpeMeHH AT CBsI3aH C NPOMEXKYTKOM BpeMeHH Af,
OTCYMTAHHBIM IIO YacaM CHCTeMB!, OTHOCHUTEJBHO KOTOPOH 4acTHIa ABH-
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KETCSl CO CKOPOCThIO U, ¢opmyJoit
At =AtY 1 —v?/c2.

ITpeoGpasyem Ty Qopmyny cieayiomuM oGpasom:
At = —i— Ve A= (WAL= Cl Ve A —AL,

3precb Al=v Af ectb nyThb, mpoxonuMElil yacTuueil 3a Bpemss Af, Cpab-
HeHue ¢ (65.2) gaer, urto

1
At = - As, (65.4)

rie As — uHTepBaJ MeXAYy COCBLITMSIMH, pPasje/eHHBIMH IPOMEXKYTKOM
Bpemenn Ar,

U3 ¢opmyasr (65.4) BhITeKaeT, YTO NMPOMEKYTOK COOCTBEHHOTO Bpe-
MEHH NPONOPLHOHAIEH WHTEpPBady MexKIY COObITHsIMH. MHTepBan siB-
asercss uHBapuaHToM. CliefoBaTesbHO, COOCTBEHHOE BpEMs TaK¥Ke SB-
JISIeTCSl HHBapHAHTOM, T. €. He 3aBHCHT OT TOro, B KaKoH CHCTeMEé OT-
cuera HaGjiofaeTcs IBHXKeHHE JAHHOTO TeJa.

B cootBerctBuu ¢ hopmyJiok (65.2) MHTepBas MOKeT OBITh BelleCT-
peHHEIM (ecad ¢ Af>Al) nu6o mMHuMeIM (eciu ¢ Af<<Al), B yacTHoM
c/iyyae HMHTEpPBaJl MOXKET OKas3aTbCsl paBHBIM HyJO (eciu ¢ Af=Al),
IMocnenuuit cayyail UMeeT MeCTO AJist COOBITHH, 3aKJ/IOYAIOIUXCA B HC-
IyCKAHHU CBETOBOrO CHTHAJIa U3 TOYKHM Xy, Ui, 21 B MOMEHT #; H IPUXOJE
3TOrO CHrHaja B TOUKY Xz, Y2, 25 B MOMEHT f,. IloCKOMIEKY B 3TOM Cay-
yae Al=c A, unTepBas MexAy COOBITHSIMH paBeH HYJIO.

B cuy HHBapHaHTHOCTH HHTEpBaJs, BelleCTBEHHBINH (MHUMBI)
B OZHO# KaKoi-nnbo cucreMe orcyera K, OyfeT BelECTBEHHBIM (MHH-
MbIM) B J0GOH Apyroil MHepuuasbHoil cucreMe K.

B cayuae BelecTBEHHOro HHTepBaJja

c® Arr—Al2=c? At'*—Al'2>0,

M3 3TOT0 COOTHOIIEHHS CJIe[lyeT, YTO MOXKHO .HaiTH Takylo cucreMy K’,
B KoTopoit Al’=0, T. e. o6a COGLITHS OKa3bIBAIOTCS NPOCTPAHCTBEHHO
coBMeleHHbIME., OlHaKO He CYLIeCTBYeT TaKOiH CHCTEMBbl OTCYeTa, B KO-
Topoit Gbiio 661 Af'=0 (npu TakoM 3HaueHHH A{ HMHTEpBan cTasl Obl
MHUMBIM). TakuMm o6pasoM, COOBITHSI, Pa3fie/ieHHbIe BelleCTBEHHBIM HH-
TepBaJioM, HY B OIHOH M3 CHUCTEM OTCYeTa He MOTYT CTaTh OJHOBpeMEH-
Heivu. [To 3TOlf nNpHYuHE BEUIECTBEHHBIE MHTEPBAJBl Ha3bIBAIOTCA
BpeMeHHUHNOJ0G6HE MH.

3ameTHM, uTO COOBITHSI, NPOUCXOASIIHE C ONHON H TOH Ke yacTHuell
(nMeeTcsi B BHAY YacTHLA C OTJIHYHOH OT HYJS Maccod NOKOsl), MOTYT
ObITb paspesieHBl TOJbKO BPEMEHHNONOOHBIM HHTepBaJoM. [leficTBu-
TEJNbHO, CKOPOCTb TAKOH YaCTHLH U BCEria MeHblle C; CJIeL0BaTeNb-
HO, nyTh Al, npoiileHHbIN YacTuLeH, MeHble ¢ Af, OTKyJa BEITEKaeT,
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uto As*>0. Cornacwo nocaeiuei: ne Gopmyr (63.16)

At — (B/c) Ax
Ay =— e, (65.5
Vi—p (65.5)
Ecsm npomexxyTkn At n Ax paspensiior caOBITHSA, IPOUCILEALIHE C TOf Ke
camofi uacruieit, To Ax/Af jaeT KOMIOHEHTY CKOPOCTH YacTHUbI U,.
[Nostomy ¢opmyay (65.5) MOKHO NpH 3TOM YCJIOBMH 3alicaTb B BHAE

. At—(B/c) (Ax/At) At At _pu) .
M= = (1-02)

TMockoneky u B=uv,/c, ¥ v,/c MeHblIIe eIUHUIL], CKOGKA B MPaBOil YacTH
paBencTBa AIA Beex cucrem K’ Ronexutens#a. Orcioa ciexyer, yto
3HaK Af' ofuHaKOB o 3HaKeOM A, DTO 03MAUAET, YTO 184 COOLITHS, NPO-
HCXOJsilllie ¢ HEeKOTOPOH 4YaCTHEEH, BO BCEX CHCTEMAX COBEPHIAIOTCS
B OJMHAKOBO{l mocienoBaTenbHOCTH, Hampumep, poxieHHe YacTHLUBL
BO BCEX CHCTEMax OTCYeTa NpeliecTBYeT ee pacrnagy.

B ci1yyae MHHMOro WHTepBaJa

AP—AM2=c2At'*—AL? << 0.

Orciona BhITEKaeT, YTO MOXHO HaliTH Takyilo cheremy K’, B Kortepoit
At' =0, T. e. 06a cOOBLITHSI MPOUCXOAAT B OfMH U TOT K€ MOMEHT Bpe-
MeHH #'. OZHAaKO He CYLIECTBYeT TaKOH CHCTeMBI .OTCYeTa, B KOTOpOIl
6b110 6b1 Al’=0 (npu TakoMm 3HaueHMH Al’ wHTepBas cTal Obl BelecT-
BeHHEIM). Takum o6pas3oM, COGLITHS, Pasie/i€HHbHE MHUMEIM HHTepBa-
JIOM, HH B OJIHOH M3 CHCTEM OTCYeTa HE MOTYT OKa3aTbCsl NPOCTPAHCT-
BEHHO COBMelleHHbIMH. [1o 5TOH mpHUHHE MHMMBIE HHTEPBaJIEl Hasbl-
BalOTCI NPOCTPAHETBEHHONOAO6HB MU,

Paccrositue Al Mexay TOuKamH, B KOTQPHIX NPOHEXOAAT COBBITHS,
pasfieseHHEle TMPOCTPAHCTBEHHONOROOHLIM HKHTEPBAJIOM, IpeBbillaeT
¢ At. Tloatomy paccMmaTpuBaeMble COOBITHA HEKAK He MOTYT OKas3aTb
BJMsSIHHE ADYT Ha Apyra, T. €. H€ MOTYT ObITb NpPHYHHHO CBf3aH-
HbIMH JPYT C JPYroM (HamoMHHM, -4TO He CYHIECTBYeT BO3JEHCTBHII,
PacnpoCTPaHSIOIHNXCsT CO CKOPOCThIO, GoJibliedl ueM (),

IlpnunHHO CBsI3aHHBIE COOBITHA MOTYT OBbITh pasjelieHBl JHIIb Bpe-
MEHHIONOCHLIM JIHOO HYJIEBBIM HHTEPBAJIOM. '

§ 66. IlpeoOpa3obanye M CIOKEHHE CKOpocTeil

PaccMoTpuM ABHIKEHHE MaTepHaabHO# ToukH. B cucreme K mosoxe-
HHE TOYKH ONpEJe/sieTcs B KaxAbld MOMEHT BPeMEeHH ! KoOpAUHaTaMH
X, Y, 2. Bolpaxenus
dx dy dz

= YWTgrs Y=gr

NPEACTaBAAIOT co6oll MPOGKIUK HA OCH X, Y, 2 BEKTOPA CKOPOCTH TOUKH
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otHocuTenbHO cucteMbl K. B cucreme K’ nosokeHHe TOYKH XapaKTepH-
3yeTcsl Kax.Iblfi MOMEHT BpeMeHH t KoopauHaTamu x', y', 2’. Ilpoek-
LMK Ha OCH ¥, Y, 2’ BEKTOPA CKOPOCTH TOYKH OTHOCHTENBHO cucTeMsl K’
ONpEJeNSIOTCS BbIPaXKEHHSIMH

, dx' , dy , dz
szm,—, Uy=gz7-, Uz=-d—tr.

U3 ¢opmyn (63.15) BbiTekaer, uTo

dx’ v, dt’ ’ ' dt' 4 (vy/c®) dx’
dx=——0 ) dy=d N d2=d2, df = ——=—2——-
Vi—d/e =% Vi—d/e

(Mbl 3aMeHHJIH P uepes vy/c). PasnenuB nepBrie TpU paBeHCTBa HA YeT-
BepToe, noJyduM ¢opmMyJsl npeoGpasoBaHHs CKOPOCTEH NpH Hepexoje
OT OfHOH CHCTeMBbl OTCueTa K APYTOH:

e+ 2o oV T—oe Vi oy
Up=——, U=, U=—— . (66.1)
1 uguy/c 14 vgy/c 1+ Uovx,/ (4

B cnyuae, Koria v<Zc, cooTHowenus (66.1) mepexomsat B GoOpMY.JIbi
cnoxeHus: ckopocrteit (12.2) Knaccuueckoli MexaHHKH.

W3 ¢opmyn (63.16) snerko moayuuThb BhIpaXKeHHUS I/ CKOpOCTeil
B cucteMe K’ yepe3 CKOpocTH B cHcTeme K:

v — Uy —7TUp o — vy 1/1 —vp/c? . v_,_}/l;vﬁ/c_z (66 2)
¥ l—uygu,/c®? v I—ugug/c® 72 1—uguy/c® ° :
OtH GopMmyJibl OTJHYAOTCS OT ¢opmy.a (66.1) Jub 3HAKOM Tmepex v,.
Takoit pesyJbTaT, KOHEYHO, MOXKHO OBbLJIO IpeABHIETb 3apaHee,

Ecin Teso ABMIKeTCSl TapaJjiieslbHO OCH X, er0 CKOPOCTb U OTHOCH-
TeJbHO cHcTeMbl K coBmajgaer ¢ v,, a CKOpPOCTb U’ OTHOCHTENBHO CH-
creMbl K'—c v,. B aTOM cilyuae 3aKoH CJIOMKEHHST CKOPOCTEll MMeeT BHJ,

)
V=T (66.3)
ITycts ckopoctb v° paBHa ¢, Torza Aas v nosnyuyaercst no gopmy.ie (66.3)
3HaYeHNe

47,

v= 1+vc/c?

=,

JT0T pesyJIbTaT He ABJAETCS YAMBUTE/JbHBLIM, TAK KaK B OCHOBE IPeos-
pasoBanuil Jlopenua (a caenoBaTesbHO, U (GOPMYJ COKEHHST CKO-
pocTell) JeXKHT yTBepKAeHHEe, YTO CKOPOCTh CBeTa OJMHAKOBA BO BCEX
cucremax orcuera. I[losoxus B ¢opmyae (66.3) v'=v,=¢, noayuum
JUIS v TaKXke 3HaueHHe, paBHOe ¢, TakiM 00pa3oM, €C/ld CKJafbiBaeMble
CKOPOCTH 0’ H U, He MPEBHILIAIOT ¢, TO ¥ Pe3yJbTHPYIOIAS CKOPOCTb U
He MOXKET IpPEeBbICUTDb C.
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§ 67. PeasTuBHCTCKOe BbipaKeHHe NS HMMMOYyJbca

YpaBHenusi HploToHa MHBapHaHTHBI IO OTHOLIEHHIO K NpeoGpaso-
BanuaM lanunes (cm. § 12). OxgHako no OTHOLUEHHMIO K IpeoGpasoBa-
HHuAM JlopeHlla OHM OKasmIBalOTCS He WHBApHaHTHBIMH. B uyacTHoCTH,
He MHBapHaHTeH IO OTHOIUEHHIO K Tnpeobpa3oBaHusM JlopeHla BbiTe-
Kawomuit U3 3akKoHOB HploTOHA 3aKOH cOXpaHeHHs HMNyJibca (cM. § 27).
Y1066l yOEAUTHCS B 3TOM, PacCMOTPHM, KaK BBITVISAHT B cucTeMax K
u K’ abcosoTHO Heynpyruil yjap ABYX OAMHAKOBBIX ILIApPOB MacChl m
(puc. 67.1).

ITycts B cucreme K wmapbl ABHKYTCS HaBCTpedy APYT APYTY BAOJb
OCH X C OfIMHAKOBHIMH IO BeJIMYMHE CKOPOCTSIMH, NPOEKIHMH KOTOPBIX
Ha OChb X PaBHBI: U,;=Uy 1 Uyp=—0, (Vg — OTHOCHTEJIbHAS CKOPOCTb CH-
cteM K u K’). Ilpn 3THX yc/I0BHSIX IOC/]e CTOJIKHOBEHHMS ILapei GyAyT

4 /{’

v ~2v, [(1+v2/c?) -
>/ — )
v 7 z *

Puc. 67.1.

NOKOUTBCH: Uyi=U,;=0. TakuMm 06pa3oM, MOJHBI HMMYJbC CHCTEMHI
H 0, U TOCJIE CTOJKHOBEHUS] paBeH HYJ/IO — B cHCTeMe K HMIyJbe
€OXPaHsAETCs.

Tenepb paccMOTpHM TOT e mpouecc B cucreme K'. Bocmosb3oBas-
uch nepBoit U3 gopmyJ (66.2), Hallnem 15 CKOpOCTel IIapoB 0 CTOJIK-
HOBeHHSI 3HaueHus U, =0 H U,=—20,/(1+v}/c?), a nasa ckopocret
1IapoB TOC/e CTOJIKHOBEHHsl COBMAJAIOLlee 3HAUEHHE Uy, =Uyy=—U,.
CnefoBaTeIbHO,  CyMMAapHBIfl HMMIYJbC JAO  CTOJIKHOBEHHSI paBeH
—2mu,/(1+4vi/c?), a mociie CTONKHOBEHHSI COCTaBJseT —2mu,. Eciu
v<ZC, MMIYJbC CHCTeMBl JO M TOCJE CTOJKHOBEHHSI TNPAKTHYECKH
onuHakoB., OJHAKO INpH JBUMKEHNH LIAPOB C GOJBLIOH CKOPOCTHIO U,
pas3/iuyHe HayaJbHOTO M KOHEYHOrO HMITYJIbCOB JIe/]1aeTCsl BeChMa OlLy-
THMBIM. TakuM 06pasoM, BOCNOJb30BaBLUIHCh HBIOTOHOBCKHM BbIpae-
HHeM JJI8 HMITyJibca, Mbl IPUILJIH K BEIBOLY, OYATO B ciicTeMe K’ HMIYJIbC
He coxpaHseTcsi. OIMH H3 OCHOBHBIX 3aKOHOB MEX2HHKH —3aKOH
COXpaHEHHUs] UMMYJ/1bCa — B HBIOTOHOBCKOH (hOpMYJ/THPOBKE OKa3bIBAETCS
HEHHBapHAHTHBIM N0 OTHOIIEHHIO K NpeoOpasoBaHHsM JlopeHua.

IlonbiTaemMca HaliTH Takoe BhIpaXceHHe JJIsl UMIYJbca, YTOObI 3aKOH
COXpaHeHMsl UMINyJ/bca Obll HHBapHAHTEH MO OTHOIUCHMIO K Mpeo6paso-
pauusm Jloperua. Ilpu sTomM GyzeM HMeTb B BHAY, YTO NMPH MaJbIX CKO-
poctsix (v<<c) penNsATHBUCTCKOE BhIpAXKEHHE [/ HMIYJbCa JAOJKHO
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NnepexoiuTe B HBIOTOHOBCKOE Bmpamenne

p=mv=mir. (67.1)

I[MpennosioxuM, YTO BHIpaxKeHHe JJIs MMIYJbCca YaCTHLBI Macchl m
HMEET BHJ,

p=mf@v, (67.2)

TJie V — CKOpPOCTb, U — MOJAYJIb CKOPOCTH YacTHIbL, f (V) — HekoTopas
GeapasmepHas dyHKuus v. [as Toro utoGh npu v c Bhipaxenue (67.2)
nepexonauao B (67.1), dyHkuus f(v) NOMKHA ANl TaKMUX CKOPOCTeil
NPaKTHYECKH PaBHATHCA €IHHHIE. '
PaccMOTpHM  aGCOMIOTHO YIPyroe COylapeHue [BYX OAWHAKOBBIX
YacTHLL Macchl m B cucteMe Ko WX LleHTpa MHepuuH. B 3TO# cucreme
CyMMapHBIil MMIYJIbC YacTHL paBeH Hymo. ClefoBaTeNbHO, CKOPOCTH
YacTHL OAMHAKOBBHI 110 MOIYJIIO H HPOTHBOIMNOJIOXKHHL. N0 HanpaB/IeHUIO
(puc. 67.2, a). B culy 3aKOHOB COXPaHEHHs1 SHEPTHH M MMITYJbea CKO-
POCTH HaCcTHI[ MOCJe yiapa AONXKHBl HMETb TOT e MOAYJb, 4TO H JIO
yaapa, a HanpaBJieHHsi CKOPOCTeil JO/IKHbI GLITh MPOTHBOMOJOXKHBIMH.

Puc. 67.2.

BriGepeM ocH KOOPAMHAT TaK, YTOOBI CKOPOCTH YacTHIl JexKasu
B IJIOCKOCTH X, Y H pacrosiaralich OTHOCHTEIbHO OCH X CHMMETPHYHO.
Torzna coynapeniie yactuil B clicteMe K¢ GyeT BHINIAAETb TakK, KaK No-
Ka3aHo Ha puc. 67.2, 6.

ITepeiinem or cucremnl otcuera K¢ K cucreMe K, OTHOCHTENBHO KO-
TOpoil yacTHua / JBHXKETCA NapaJsieNbHO ocH y. B atoit cucreme co-
yZapeHue BBITVIAAUT TaK, KakK INOKasaHo Ha puc. 67.3, a. Pagom co
CTpesNKaMH, H300paxaloUMMH CKOPOCTH HJIH MX COCTaBJSIOUIHE IO
KOODZMHATHBIM OCSIM, YKa3aHbl MOAYJIH COOTBETCTBYIOWIMX CKOpOCTeil
HJIM COCTaBJISIOLIUX.

Mbl HCXOZMAIM M3 TOro, YTO CYMMApHBII HMNYJbC YacTHI COXpa-
Hsercss npu coyiaapeHuu B cucreme Kc. Ilorpebyem, utoGhl 3aKkoH co-
XpaHeHHA HMIYJbca BHINONHAJCH U B cucteme K. M3 puc. 67,3, a
BHJHO, YTO HKCOBasi KOMIIOHEHTA CYMMapHOrO MMINYJbCa YacTHL B CH-
creme K B pesysbrate coyaapeHus He uaMeHsieTcst. JIOJIKHA OCTaBaThCs
HEM3MEHHOM TaKKe MrpeKoBasi KOMIOHEHTa CYMMAapHOrO HMMyJibca
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gactui. C yueroMm (67.2) sTo 3anuuiercsi aHaNMTHYECKH CJERYIOUIUM
o0pasoM:
mf (@) (— @)+ mf (V0 1) u = mf (©) w+mf (V02 u?) (—u).

Orciona BLITEKaeT, 4To

f@w=f(Vv+u)u. (67.3)

Haiinem cBsizb Mexay # H w. {19 3TOr0 paccMOTpHM coyAapeHue
B cucreMe orcyera K’', OTHOCUTENHHO KOTOpPOH dacTHLA 2 JBHKETCS
napaJnnensHo octt y' (puc. 67.3, 6). 3Hauenus v, u H w Ha puc. 67.3, a
M O OJHH M T€ e, TaK KaK BC/IE/ICTBHE CHMMETPHH 3aflauHt IPH Nepexoze
ot cucremsl K K cucreme K° yacTHBl OGMEHHBAIOTCA CKOPOCTSMH.

g I g
VARRY

Q

)0 .

v-cxopocms K

.
omacumensia K

Puc. 67.3. .

BocnoasayeMmest (popmy.noﬁ npeoOpa3oBaHus urpexoaou KOMIIO-
HeHTH cKopocTH. B cucreme K’ HrpekoBasi KOMIOHEHTa U, HauaslbHOII
CKOPOCTH HYACTHIH! 2 paBHa W, a HKCOBasi KOMIOHEHTa Uy paBHa HYJIO.
B cucreme K urpekoBasi KOMIIOHEHTA ¥, HaYaJbHOH CKOPOCTH YacTUIbL 2
paBHa u. OTHOCHTeNbHAsI CKOPOCTb U, cucreM K’ u K pasHa v. Mrak,
vy=u, v,=w, ,=0 1 v,=v. [loAcTaBUB 3T 3HAYEHH: -BO BTOPYIO M3
(popMyJI (66.1), nonyuuM MCKOMYIO CBfI3b MEXIY U H Wi

u=wV1—vc.
TloncraHoBKa 3TOro 3HaueHusi ¥ B paBeHcTBO (67.3) Aaet, 4T10

f(@)=f Y vi+uz)V T—uv¥e. (67.4)
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I[Tycthb w (2 3HAYHUT, U u) MHOTO MeHbILE ¢, B TO BPeMsl KaK v nopsjxa
¢ (JacTHLBI JIETAT NMOYTH NapaJienbHo ocH x). Toraa f(w) MoxHO noJo-
JKUTb PAaBHOH eJjUHUIe, a V v*Fu? cunrars paBHBIM v. CaMy e U MOXKHO
paccMaTpUBaTh He KaK COCTaBJISIIOLLYIO CKOPOCTH MO OCH X, @ Kak MoO-

JyJ1b CKOPOCTH 4YacTHIpL. B 3TOM ciiyyae cooTHowenue (67.4) npuHumMaes
BHJ,

1=f @) VT—0¥c,
OTKYyJa

f)=

IToncranoka stoft dyHkuud B (67.2) NPHUBOAHT K PeNSTHBHCTCKOMY
BBIPQXKEHHUIO JJIA HMITYJbCa:

V. 1—3/c2 ’

mv

p= e (67.5)
BuipaxeHue (67.5) MOXXHO IIpeACTaBUTH B BHJe
m dr dr
p= Ve a =m_, (67.6)

rie dt — NPOMEXYTOK COGCTBEHHOTO BpeMeHH YacTHIBI, 32 KOTOPHIi
OHa mnoJiy4aeT cmemenue dr (cM. (64.3)). OtmeruM, uro dr B dopmyse
(67.6) ecTp mepeMelnleHHe uyacTHIBI B TOH CHCTeMe OTCUeTa, B KOTOpPOM
ONpeZessieTCsl HMIYJbC P; NPOMEKYTOK BpeMeHH dt omnpejensercs No
yacam, ABHKYIIMMCS BMecTe ¢ yacTHuell. Macca m npencrapisier co6oil
HMHBapHaHTHYIO H, CJleloBaTe/NbHO, HE 3aBHCAILYIO OT CKOPOCTH Tesa
BeNIHUHHY.

U3 (67.5) cieyeT, YTO 3aBHCHMOCTb HMIYJIbCA OT CKOPOCTH OKAa3bl-
BaeTcsl GoJiee CJIOXKHOM, 4eM 5TO Ipejrnosaraercs B HbIOTOHOBCKOH Me-
xaHuke. Ilpu v« c Brpaxkenue (67.5) nepexonuT B HBIOTOHOBCKOE Bhbi-
paxeHue p=mv.

3ameruM, uTO BhIpaxkeHue (67.5) JonycKaeT CleRVIOLLYIO, BCe pexe
UCNONB3YeMYIO TPaKTOBKY. MMnyJ/bc, Kak U B HbIOTOHOBCKOIl - MEXaHU-
Ke, paBeH IPOU3BENEHHIO MaccChl TeJa Ha ero CKOpOCTb:

p=m.V. (67.7)
Onnako macca Tejla He sBAsieTCs NMOCTOSHHON WHBapHAHTHOH BeJHUH-
HOH, a 3aBHCUT OT CKOPOCTH IO 3aKOHY
___m
V 1—v%c2

Ipu Takoft TpakToBKe HHBAPHAHTHYIO Maccy m HashlBalOT M aCC O H
HOKOS# (eeyacTo 0603HAYAIOT CHMBOJIOM M,). 3aBUCSAIIAS OT CKOPOCTH
HEHHBapHaHTHAs Macca /1, HOCHT Ha3BaHHe pPeJ S THBHCTCKOH
Macchl HIM MacCh JBHXEHHH.

m, = (67.8)
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§ 68. PeasTMBHCTCKOe BbipaMeHHe Il IHEPrHH

Bropo#i 3akon HelotoHa rsacut, 4ro npoH3BofHas MMMYyJbca Yac-
THIBl (MaTepUaJibHOH TOUYKHM) IO BPEMEHH paBHA pe3yJbTHPYiouleil
cuse, AeficTBymoulell Ha yactHUy (cM. ¢opmyay (9.1)). YpaBHeHue BTo-
poro 3aKoHa OKashblBaeTCsl WHBAPMAHTHBIM OTHOCHTEJbHO Mpeobpaso-
Banuii JIopeHua, eciiii HoJ UMIYJbCOM MOAPA3yMeBaTh BelHuuHy (67.5).
CrnepoBaTesbHO, pe/sITHBHCTCKOE BhipaXkeHHe BTOPOro 3akoHa HbiotoHa
HUMeeT BHJ

d mv .
717(71—%,7‘@)~F- (68.1)

Crepyer uMeTh B BHAY, UTO CooTHOLIeHHe mw=F B pessiTHBHCTCKOM
c/lyyae HeNpUMEHHMO, NpHyeM ycKopeHHe w H cuia F, BooGliie roBopsi,
OKa3bIBAIOTCS HEKOJJIMHEAPHBIMH,

3aMeTyM, 4TO HH MMINYJbC, HY CHJA He SIBJISIOTCA HHBaPHAHTHBIMII
BeauunHaMu, PopmyJibl npeoSpa3oBaHUS KOMIOHEHT HMOYJbca IpH
nepexojie OT OAHOH HHepHHMAJbHOH CHCTEMbl OTCYeTa K JPYrod O6yayt
HoJy4eHsl B cjeayionieM naparpage. ®opmysasl npeo6pasoBaHHsI KOM-
MOHEHT CHJBl Mbl JafuM 6e3 BbIBOJAA:

_EBt@aFY o FyVI-P o FVI=B oo
b= e T T e P

(B=ve/c, v/ — cropoctb uacTuus B cucreme K'). Eciu B cucreme K’
LeficTBytouiasi Ha yactuuy cusia F' neprneHmnkyJasipHa K CKOPOCTH yac-
THUBI V', cKaJsipHoe npousBegeHue F'v' paBHO HyJ/0 U mepBas U3 ¢op-
Myn (68.2) ynpouiaercs cJeyIOUUM 00pa3oM:
F; .

Fo=—>——. 68.3)

¥ l+ﬁ(vx/c) (
Uro6bnl HaHTH peJSTHBUCTCKOE BBHIpAXKEHHE HJISI JHEPrHH, MOCTYMHY

TaK e, Kak Mbl moctynuad B § 19. Ywmuoxum ypaBHenue (68.1) Ha
niepeMellleHHe YacTHubl ds=V df. B pesyibTaTe nojyyum

d mv
E(W) vdt =F ds.

[paBasi yacTh 3TOro COOTHOLILEHHUS JaeT paboty dA, coBepiiaeMyro Han
yacTiuell 3a Bpemsi di. B § 19 Obwio nokasano, uro paGora pesyJsbTH-
pyolell Bcex CHJ MAeT Ha IpHpalleHHe KHHETHYECKOH SHepruu
vactuusl (cMm.  ¢opmyay (19.11)). CnenoBartenbHo, JieBass 4acTh Co-
OTHOLIEHHUST ZO/DKHA ObITh HCTOJNKOBAHA KaK MpHpalleHHe KUHETHYECKOi
sHepruu T gactuue! 3a Bpems df. Takum oGpasom,

mv mv
ar = (s ) =4 (s )
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IIpeoGpasyeM nojyueHHOe BhlpaKeHue, NPWHAB BO BHHMaHHe, YTO
v dv=d (v¥2) (cm. (2.54)):

dev{‘ mdv +mv(vdv/c2)}_(md(vz'/’2)

YV 1—u%c (1—v2/c%)* 2 UR/cTp 2 =

mc2 d (v?/c?) —d ( mc? )

=2 (1——1}2/02)~’/2 VYV T— ¥t
HHTCFPHPOB&HHG TIOJIYYCHHOrO COOTHOINEHUA Jact

mc?
=Vi—aa + const. (68.4)
To cmbIc/ly KHHETHYECKOH 3HEPTHH OHA JOMKHa obpamarbecst B HYJb
npu v=0. Orcioia /1A KOHCTAaHTHl IMOJy4yaeTcsi 3Ha4YeHHe, PaBHOE
—mc?. CrenoBaTe/IbHO, PEJSTHBUCTCKOE BhIPaXEHHE MLJIs KHHeTHue-
CKOH 3HEprud YacCTHULLI MMEET BHJ

__ m e ——

T =g~ = (=1 )
B cnyuae maabix ckopocteit (v<c) gopmyay (68.5) moxHO npeobpa-

30BaTh CJEAYIOUHMM 06pasoM:

— 2 ._l___.__. ~ 2 1 v2_ ___erv_z
T =mc (Vm l) mc <1+ l) 5 .
Mur npHIIIM K HBIOTOHOBCKOMY BBLIPAXEHHIO JJIsi KMHETHYeCKOH 3Hep-
TUH YaCTHIH, DTOr0 H CJELOBAJO OXHAATh, NOCKONBKY IIPH CKOPOCTSX,
MHOTO MEHBIUHX CKOPOCTH CBETa, Bce (hOpPMY.JIbl- PeITHBHCTCKOH MeXa-
HUKHM JOJIKHBI IEPEXOAUTh B COOTBETCTBYIOUIHME (DOPMYJBl HBIOTOHGB-
CKOH MeXaHHKH,

PaccmoTpuM cBOGOAHYIO uacTHIly (T. €. YacTHIy, He NOJBepXKeH-
HYIO JIeHCTBHIO BHELUHHX CHJ), ABHIKYHIYIOCSI CO CKOPOCTBIO ¥, Ml BBI-
SICHMJIM, YTO 3Ta yacTHHa o6JlajaeT KHHETHYECKOH 3Heprueil, onpefe-
Jasiemoii ¢opmyaoit (68.5). OgHako HMeIOTCH OCHOBaHHSA (CM. HHXKe)
npunucath CBOGOZHOH yacTuLe, KpoMe KHHeTHuecKod sHepruu (68.5),
JIOTIOJIHHTeIbHYIO 3HeprHio, PaBHYIO

Eo=mc2. (68.6)

TaxuM ofpasoM, IOJHAs SHEPTHUsI CBOGOAHON YAaCTHUILI ONpenesseTcs

poipaxkenneM E=T+Eg=T-+mc? llpunss Bo BhHumanue (68.5), mo-
JYYHM, 4TO

(68.5)

2
E — _mc_—_—— . 68.7
YV 1—v?c - ( )
Mpu v=0 Buipaxenue (68.7) nepexonut B (68.6). ITosTomy E,=
=mc* Ha3hIBAlOT SHepruel 10X 0. Dra SHepPTUsl NPeACTaBAsIET
co00¥i BHYTPEHHIOIO SHEPTHIO YaCTHIIBl, HE CBSI3aHHYIO C IBH2KEHHEM yac-
THLH KaK Leqoro, ®opmyin (68.6) u (68.7) cnpaBeAnBH He TOJIbLKO AJA
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3JIeMEHTapHOH YaCTHIBI, HO M JJIs CJIOXKHOTO TeJla, COCTOAIIErO U3 MHO-
TUX yacTull. DHeprusi E, Takoro Tesna cofepxHuT B ceGe, IOMHMO 3HEp-
ruil MOKOS BXOASAIINX B €ro COCTaB YaCTHIL, TAKXKE KHHETHYECKYIO SHep-
THI0O 4YacTHl (0OYyCJIOBJIEHHYIO HX JBHXKEHHEM OTHOCHTE/IbHO LEHTpa
Macc Tena) H' 5HePrHMI0O MX B3aHMOJeHCTBHS APYT c ApyroM. B suep-
T'HIO TIOKOS1, KaK Y B MOJHYIO ) sHepruio (68.7), He BXOAUT MOTEHIHAJb-
Hasl SHepPTHs Tejia BO BHEIIHEM CHJIOBOM MoOJe,

Hckimoyus .u3 ypaBHeHuH (67.5) u (68.7) cxopocTb v (ypaBHEHHE
(67.5) HYKHO B3ATb B CKaJIAPHOM BH[E), MOJYYHM BbIpaKEHHE MOJIHOH
SHEepPruH YacTHLBL Yepe3 HUMIYJbC p:

E=cVp+me. (68.8)
B cnyuae, rorpa p<<mc, 3Ty GOpMYyJNy MOMKHO NPEACTAaBUTb B BHJE

E=me (Y 14(L) mme (143 (&) ] =met L. (689

ITonyyenHoe BbIpaMKeHHE OTJHYAETCS OT HBIOTOHOBCKOTO BBIPAMKEHHUS
IS KHHEeTHUecKoit sHepruu T=p?/2m craraeMeiM mc2.

3ameTuM, YTO M3 COIOCTAaBJIeHHS BhipaxkeHui (67.5) u (68.7) Boite-
KaeT ¢opMmyJa ‘

p=:§2-v. (68.10)

. TlosicanM, nouemy cBOOOAHOH yacTHLE ciaelyeT NPUMHCHLIBATH SHEp-
ruto (68.7), a He TOJbKO KHHETHUECKYIO 3Hepruio (68.5). DHeprus no
CBOEMY CMBICTY AOJIKHA ObITH coxpasiiolleiicsi BenuunHo#i. CooTBeT-
CTBYIOIllEE pPACCMOTPEHHE MOKAa3bIBAeT, YTO IIPH CTOJKHOBEHHSIX YaCTHI
coxpaHsieTcsl cyMMa ([0 4acTULaM) BelpaxkeHu# Buja (68.7), B To Bpems
Kak cymMa BbipaxkeHn# (68.5) okasmiBaeTcsl Hecoxpansiomeiicsi. He-
BO3MOXKHO YJOBJIETBOPHTb TPEGOBAHHIO COXPAHEHHs 3HEPTHH BO BCex
HHEPUHAJbHBIX CHCTEMaX OTCYETa, €CJH HE YUYHTHIBATH SHEPTHIO IO-
Kost (68.6) B cocTaBe MOJIHOH 3HEPTHUH.

Kpome Toro, u3 Bbipaxenus (68.7) ijisi 5HeprUH U BeIpaxKeHus (67.5)
/sl UMIyJbca yaaercsi o6pa3oBaTh HHBAPHAHT, T. €. BEJHYHHY, HE
W3MeHsIOLLYIOCST NIPH TpeoGpa3oBaHuax Jlopenuma. IleficTBUTenbHO, U3
¢opmyal (68.8) BbiTekaer, yToO

E? .
?__p2=m2(:2= inv (68.11)

(HaHOMHHM, YTO Macca m U CKOPOCTb C SIBJISAIIOTCS HHBAPHAaHTHLIMH Be-
J]H'-lHHﬂMH). SKCHepl/IMeHTbI Hajg 6I>ICTpI>IMI/I YacTulaMyd IOATBEpKAAIOT

1) OtMeTHM, YTO TEPMHH (IIOJHAasd SHEPTHS» MUMEeT B DEJSTHBHCTCKOH MeXaHHKe
HHOH CMBICJI, YeM B HbIOTOHOBCKOH MeXaHHKe. B HBIOTOHOBCKOH MEXaHHKE MOJIHOM
3Hepruell Ha3bIBAeTCH CyMMa KHHETHYeCKOil M NMOTeHUHaNbHOH SHepruil yactansl. B pe-
JIITUBHCTCKONM MeXaHHKe IOJ TOJTHOH 3Hepryeil noHUMaeTcs CyMMa KHHETHUECKOH 5Hep-
MH H 5HEPTHH ITOKOSl YaCTHILBL.
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nnBapuantHoctb Besnunubl (68.11) Ecau mox E B (68.11) nonumarts
KHHETHYeCcKyo 3Hepruio (68.5), Beipaxkenue (68.11) okaseiBaeTcss He
HHBapHaHTHEIM.

[Nosnyunm einle OXHO BhIpax<eHHe IJIS PeNATHBHCTCKOH sHepruu. Ms
¢opmybr (64.3) caepyer, 4TO

1 dt

T =77 (68.12)
Vi—¥/2 dt
rie df — mpOMeXKYTOK BpeMeHH MeXJy ABYMsl NPOHCXORSALIMMH C 4ac-
THIeHl COObITHSIMH, OTCUMTAHHBIN MO YacaM TOH CHCTEMBI OTCYeTa, OT-
HOCHTE/IbHO KOTOPOH YacTHla JBHMKETCH CO CKOPOCTBbIO U, dT — TOT XKe
NPOMEXKYTOK BpEMeHH, OTCUHTaHHBIH MO 4YacaM, ABMXKYIIMMCS BMecTe
¢ uactHuell (mpoMexXyTok coGcTBeHHOro BpeMeHH). IloacraBuB (68.12)
B ¢opmyny (68.7), mojyunM BbIpaKeHHe

dt
E=me . (68.13)

Sroit dopmyJiofi Mbl BOCIONb3yeMcst B clefyloumieM naparpage.

§ 69. IpeoGpasoBanus HMNyJbca H IHEPrHH

[Tonxas 3snepruss E M uMOyJbCc p He SBJASIOTCS HWHBapHaHTaMH.
eiicTBUTEIBHO, 0Ge BeNHYHMHBL 3aBHCAT OT U, CKOPOCTb Xe B Pa3jny-
HBIX CHCTeMax OTCYeTa MMeeT HeOJMHaKoBoe 3HaueHue. BbIsCHUM, Kak
npeoGpasyioTcsl SHEPrus H HUMIYJbC NPY Nepexofe OT OJHOH CHCTEMb
oTcyeTa K ApYroi.

PaccMOTpHM  3/1eMeHTapHOe IepeMelleHHe HeKOTOPOH YacTHLL.
[Tycte B cucreme orcueta K 3TO IepeMelleHHe OCYIIECTBJSETCS 3a
BpeMs df, a KOMIIOHEHTHI NepeMellleHns paBHhl dx, dy, dz. B cucreme K’
TO K€ caMoe IepeMelileHHe TPOUCXOIHUT 3a BpeMsi df’, a ero KOMIIOHEHTEI
paBHel dx’, dy’, dz’'. B coorBeTcTBHU C hopmysamu (63.17) Mexxkny npo-
MeXYTKaM{l BpeMEeHH H KOMIIOHEHTaMM IepeMelLleHHsI HMEIOTCs COOT-
HOLLIEHH S

__dx’ -+ Beat’ — s =cdt'+ﬁdx’
dx__—Vl—Bz , dy=dy', dz=dz', cdt —_VI—BZ .

YMHOXKHM 3TH (OPMYJIbI Ha MacCy YacTHIbL /M H pasiesuM Ha COOT-
BETCTBYIOLLee NpoMexyTKaM df u di’ coGCTBeHHOe BpeMmsi YacTHULI dv
(1anoMHHM, YTO Macca H COOCTBEHHOE BpeMsl SIBJISIOTCS HHBaPHAHTHBIMH
BeJMYHHAMH, T. €. MMEIOT OAMHAKOBOE 3HAa4YeHHe B 00eHX cHCTeMax).
B pesy/ibTate nosyyum

dx _m (dx’ /dt) + Bmc (dt’ /dv)

dv V1i—p? '
dy _ dy’ dz _ d?
Mmp=m—_r, mz=m——, (69.1)

dt __ me (dt’ jdv) + Bm (dx’ /d7)
v Y 1—pe :

mc
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CornacHo (67.6) m(dx/dv)=p,, m(dx'/dv)=p;, m(dy/dt)=p, n
T. 1. B coorBerctBuu ¢ (68.13) mc(dt/dt)=E/c, mc(dt'/dv)y=E']c.
C yueroM 3Toro ¢opmyJisl (69.1) MOXKHO NPEACTAaBUTb B BUJE

_ pxt+B(E')e) .

. , E'/ .
po=ZHEEL o =pi pi=pi (Ele)=ELLEPer - (6o.9)

Vi—p

_ Mbl nonyunsn ¢opMyJbl, MO KOTOPBHIM NpeoGpasyloTcs HMMOYJLC H
3HEPTUsl YacCTHIBl NMPU Mepexoie OT OAHOH MHepPUHaJbHOH CHCTEMBI OT-
cyera K JApyro#i. DtH ¢opMmyJanl coBnajamr ¢ dopmyaamd (63.17), mo
KOTOpbIM TpeoGpas3yloTcst KOOpAHHATHl H Bpems. UToObl Jierye GblIo
IIPOM3BOAHTL COMNOCTaBJeHHe, HamuueM ¢opmyasl (63.17) u (69.2)
PSALOM:

LB E) p, = PitBET)
Vi—p’ oyi—p
y=y', z=2, Py=Pp  P.=Ps (69.3)
_(et) By oy — (E//0) +Bpx
() =" (Ere) =S,

M3 comocraB/ieHusi cjelyeT, YTO KOMIIOHEHTbI HMIYJbCa BeAyT cebs
npu mnpeoGpa3oBaHUsIX KaK KOOPAMHATBEI, @ 3HePIrHs — KaK Bpems,.

BckpriBaemast gopmynamu (69.3) anasiorusi no3BoJisieT NpeACTaBUTh
MaTeMaTHYeCKHH# anmapaTt pessiTHBHCTCKON MEXaHHWKH B BHJE COOTHO-
LWEHHH MexJy BeKropaMd B BOOOPaXKaeMOM YeThIPEXMEPHOM MpOCT-
paHcTBe (4eThipexBekTOpamu). B § 62 Mbl yxe oTMeuasnH, 4TO 3TOMY
NPOCTPAHCTBY NPHUXOAUTCS NMPUNHCHLIBATL HEOOLIYHbIE CBOHCTBA, OTJIHY-
Hble OT CBOWCTB NPHBBLIYHOrO HAaM €BKJ/HMJOBA NpPOCTpaHCTBAa. B Tpex-
MEPHOM eBKJ/HJOBOM IPOCTPAHCTBE BeJHYUHA

Al=Ax*+Ay*+Az

ABJIAETCA HHBAapHaHTOM, T. €. HE U3MEHSIETCA IpPH ITOBOPOTAX KOOPJAH-
HaTHBIX oceil. B NPOTHBONOJIO2KHOCTD 3TOMY BE€JIHYHHA

@ AL-FAx+Aye+ Az (69.4)

OKa3blBaercsi He MHBapUAHTHOH — OHAa He COXpaHseTCs NMpH nepexoie
OT OAHOM HHepuHa/JbHOH CHCTeMBl OTCYeTa K JApYroil (Takoil mepexop
MOXHO MpEJCTaBUTbL KaK IOBOPOT OCeH B YETBIPEXMEPHOM MNPOCTPaH-
crBe). CrepoBaresibHO, BesauunHa (69.4) He o6Jgafaer CBOHCTBaMU
KBajlpata PacCTOSHHS MEX]y ABYMs MHPOBBLIMH ToukaMH. MHBapuaut-
HBIM, KaK Mbl BHIACHHJH B § 65, siBJseTcs BblpaxkeHue

As?=c2AL2—Ax2—Ay—AZ, (69.5)

KOTOpO€ H cCJa€ayeT pacCMaTpHBaTb KaK KBajapar PAacCTOAHHS MEXKAY
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IByMs TOYKaM# B HHTEpecyiolleM Hac YeThIpeXMEPHOM MPOCTpaH-
cTBE ).

HanenuB ueTpipexmepHOe NPOCTPAHCTBO TAKHMH CBOHCTBAaMH, MBI
MOXKeM PaccMaTPUBAThb BEJIHUHHH Cf, X, Y, 2 KAK KOMIIOHEHTHI YeThIpex-
BEKTOpa, NPOBENEHHOr0 H3 Hayaja KOODAHHAT B JaHHYI MHPOBYIO
Touky. CooTBercTBeHHO ¢ Af, Ax, Ay u Az MOXHO paccMaTpHBaTh Kak
KOMIIOHEHTHl UeTBIpeXBEKTOpPAa — IePeMelleHHs] M3 OIHOH MHPOBOIl
TOYKH B JPYryi0. B TpexmepHOM eBKJHIOBOM IIPOCTPAHCTBE, KpoMe
paiuyca-BeKTopa M BeKTOpa IepeMelleHHsl, pacCMaTpHBAIOTCS M ApY-
THe BEKTOPHl (CKOPOCTH, YCKODEHHSs, CHJLI H T. A.), IpHYEM AN JIO-
Goro BeKTOpa a BeJHYHHA

2
a’=a;+aj-+a}

ABJIsieTc MHBapHaHTOM. KOMMOHEHTH! JIoGOro TakKoro BeKTOpa npeos-
pasyioTcsi MPH MOBOPOTAX KOOPJAHMHATHBIX OCeH MO TakuUM ke (opmy-
JlaM, KakK H KOODJMHATHI.

[To aHamOrHH C TPeXMEpHHIMH BEKTOPaMHM B eBKJHIOBOM IPOCT-
PAHCTBE MOXHO ONpeJe/MTb HeThipeXMepHele BeKTOpHl. ITox ueThpex-
MEpHbIM BEKTOPOM MOHHMAIOT COBOKYIHOCTb YETHIPEX BEJNHUHH a;, Oy,
a,, a,, NpeobpasyIoHKXCsl N0 TeM XKe (opMyJiaM, UTo H ct, X, Y, z (CM.
JeBblit cronber, gopmya (69.3)). «Ksagpar» Takoro BekTOpa ciaexyer
ONpeNeNuTh KaK

ai—a;—a; —a;. (69.6)
BceaieIcTBHE TOTO, YTO KOMIOHEHTHI IPeoOpasyloTcsl TaK e, KaK Koop-
IHMHAThl, BolpaxkeHHe (69.6) okasbiBaeTcsi HHBapHAHTHBIM IO OTHOLLe-
HUI0 K TpeoGpasoBaHHsM JlopeHia.
U3 ¢opmya (69.3) caenyeT, yTO COBOKYNMHOCTb BeJHYHMH

Ele, pe Py P2 (69.7)

o6pasyeT ueTbipexBeKTop. Ero HasbBAOTBE K TOPOM 3HE P T H H-
uMnyJabca. O6pa3oBaHHOe H3 KOMIOHEHT (69.7) BeIpakeHHe BHIA
(69.6) siBasieTcsi, Kak MBI ycraHoBHaM (cM. (68.11)), mnBapHaHTOM:

(Efe)* — pz— py— pz=m*c™.

§ 70. B3anmocBsi3b MacChl H 3HEPTHH

Bocnosib30BaBLIHCh peIITHBHCTCKOR Maccoit (cM. (67.8)), dopmyay
(68.7) MOXHO HanHcaTb B BHIE

E=mjc. (70.1)

W3 3TOro COOTHOLIEHHS BEITEKAET, UTO SHEPIHs TeJa H ero pPessiTUBHCT-
cKas Macca Bcerlia HpONMOPHHOHAMbHBEI ApYr Apyry. Bceskoe %) uame-

1) PagyMeercsi, MOXKHO PacCMaTpPHBaTh M €BKJAHIOBO YeTHIpEXMepHOe NMpOCTpaH-
cTBo. ONHaKO TaKOe MPOCTPAHCTBO JJIS HYX]| PeISITHBUCTCKOM MeXaHHKH OKa3bIBAeTCs
HENPUTOJIHBIM.

2) 3a HCK/IIOYeHHeM H3MeHeHHs MOTEHUHMATbHON SHEPrHH BO BHEIUHEM IOJe CHJ.
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HeHHe SHepruu Tena AE CONpOBOXKIAETCS H3MEHEHHEM peJISTHBHCT-
ckoii Maccel tena Am, =AE/c® u, HaoGOPOT, BCAKOE H3MEHEHME pe-
JIATHBHCTCKOH Macchl Am, CONPOBOXAAETCS H3MEHEHHeM SHEPTHH Tesia

AE =c* Am,. (70.2)

IT0 yTBepKIEHHe HOCHT Ha3BaHHe 3 aKOHAa B3aUMOCBA3H
pPeJATHBHCTCKOH Macchh H 3Hepruu?l).

IIponopuuoHanbHOCTD MEXIY PENSTHBHUCTCKOH Maccoii M 3Hepruel
OPHBOAUT K TOMY, YTO YTBEpXKJEHHE O COXpaHEHHWH CYMMapHOH pe-
JIATHBUCTCKOH MacChl YacTHIL NPEACTaBJASET CO00H CKa3aHHOE HHBLIMH
CJ10BaMH YTBepXKJIEHHE O COXPaHEHHMH CYMMapHOH MOJIHOH SHEpTHH.
B cBsi3M ¢ 3TUM He NPHHATO TOBOPHTb O 3aKOHE COXPaHEHHsl peJsTH-
BHCTCKOH MacChl KaK 00 OTHEJbHOM 3aKOHe.

B TNpoTHBOMOJIOXKHOCTb PENSTHBUCTCKOH Macce CyMMapHas Macca
NOKOS CHCTEMBI B3aNMOJEHCTBYIOIHX YaCTHI, He coXpaHseres. Hanpu-
Mep, HPH HEyNpyroM COYAapeHHH [BYX YacTHIl, HaGJIOLaeMOM B
CHCTEME HX LeHTpa MacC, Macca NOKOs 00pasoBaBIIEHCS YacTHIIBI
paBHa

my =my ~+my+ (Ty+T,)/c?,

rae m; 1 Ty —Macca noKosl ¥ KHHeTHYecKasl J3Hepris nepBoit HCXOMHO
4acTHLBI, m, U T, — Macca NOKOA H KHHETHYecKas SHeprus BTOPOil
yactTHuH. TakuM ofpasom,

mg > my -+ m,.

B paccMOoTpeHHOM ciyyae KHHETHYECKasi SHEPIHsi HCXOJHBIX YacCTHIL
npeBpaTHAach BO BHYTPEHHIOIO 3HEPrHIO 00pa3oBaBILeHCs YacTHI,
B pe3yJibTaTe Yero Macca IoKosi 3TOH YacTHIIbI NPEBBICHJIA CYMMY Macc
NOKOSI MCXOZHBIX YacTHII.

Pa6ora aToOMHBIX 3/1eKTPOCTAHIMH OCHOBLIBAETCS HA LEMHON peak-
LMK JeseHusl sijep ypaHa 233U (MJM IUTYTOHHS) MPU 3aXBaTe MeJJleH-
HBIX HeHTPOHOB n ?). JlesleHHe OCYIIECTBJSIeTCS PasHbIMH NYTAMH.
OAMH H3 HHX BBITVIIAUT CJIEYIOMUM OOpasoM:

28U -+ 1 — 238U — 19Cs -+ $Rb + 21, (70.3)

3axBaTHB HEHTPOH, SAAPO ypaHa pacmajaercsi Ha PO IIe3Hs ¢ Macco-
BbIM yHcaoMm 140 u aapo pybunusa ¢ maccoBeiM uHcnom 94. Kpome Toro,
BhIJENfIETC JABa 'HeHTpoHa. CyMMapHasi Macca nokos ypaHa-235 H
HeHTpOHA NPEBOCXOAHT CYMMAapHYIO MacCy IIOKOSl YacTHI, B IIPaBOH
yactH ¢opmyJnl (70.3) npumepHo Ha 4-1072% kr. OtBevaromas 3ToMy

1) Mnorza roBopsT 06 S5KBHBAJIEHTHOCTH Macchl M SHepIHH, OAPasyMeBas HX B3a-
HMOCBSI3b H NPONOPIHOHANBLHOCTh APYT APYTY.

2). CuMBOa 2§§U 0603HayaeT H30TON YpaHa ¢ MacCOBEIM YHCJOM, paBHBIM 235. fapo
aToMa 3TOTC, H30TONa COCTOMT U3 92 npoToHOB U 235—92=143 HeifiTpoHoB, CHMBOJIOM 1
o6o3Hayaercsi HeATpOH,
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U30BITKY MacChl BHYTPeHHSl SHEPrHs, paBHas
E=cAm=(3-10%)2.4.10"28 =~ 4.10~1 [x,

npeBpallaeTcsl B KHHETHYECKYIO JHepruio o0pasylolinXcsi YacTHIL
(OCKOJIKOB JieJIeHMsI) U B 3HEPrHIO 3JEKTPOMAarHHTHOTO H3/y4eHH,
BO3HUKAIOILEr0 NpPH JAeJIeHHH.

§ 71. YacTHup ¢ HyJeeoi Maccoii ')

[Monoxus B dopmyse (68.8) m paBHOH HYJIO, MOAYYUM COOTHO-
ILIeHHe

E=cp, (71.1)

KoTopoe coryacyercss ¢ (68.10) TonbKO mNpH YCNOBHH, 4YTO U==C.
Orciofia caefyet, yTo yacTHila ¢ HyJeBOfi Maccod Bcerja JBHXKeTCS
CO CKOpOCTBIO cBeTa B BakyyMme. K uucny Takux 4acTui, npuHamie-
JKHUT CBETOBAsl YacTHLa, HasblBaeMad GoToHOM. [lo HenaBHero Bpe-
MEHH [OJarajiv, 49T0 HYJEBYIO MacCy HMeeT TakKe 3JeMeHTapHas
yacTuia, HasbiBaemass HedTpuno. Oxnako B 1980 r. B. A. Jlo6Gu-
MOB C COTPYJHHKAaMH MNOJIYYHJI JKCIIEPHMEHTAIBHO JJ151 MAacChl HeHTpH-
Ho 3uauenue 6-1073%% xr (1715000 maccel 3neKTpoHa). DTH JaHHbIE
He OBLTIH MOKa NOATBEPXJEHBH B JAPYrHX 3KCNepHUMEHTaX, B CBSI3H C
geM He MOTYT CHUHTaTbCSl OKOHYATeJbHbIMH.
Oueprus ¢oTtona onpenensiercss ¢opmy.Jon

E=hv, (71.2)

rae h—nocrosinHan [Ilnanka, v—uactora cBetra. B coorBercTBHM C
(71.1) doron obnajaeT UMOYJILCOM '

p=hvje. (71.3)

Ceer npexactaBnsieT co6oii noTok ¢otoHoB. IlpH mnoraomennu ceeta
WY OTPaKeHHH ero OT MOBCPXHOCTH KAaKOro-jnbo Tejla 3TOMY Teny
coo01aeTcss UMMYJbC, YTO NPOSIBASIETCS B BUJE AaBJIeHHs, OKa3biBae-
Moro ceeToM Ha Teno. CeroBoe namsenve uamepusa [1. H. JleGenes
B 1900 r. PesysbTaTel H3MepeHH] OKa3aJUChb B IOJNHOM COTJIACHH C
dopmyoit (71.3).

Obuwast tTeopusi otHocurenbroctd (OTO) npeacrasasier coboét pe-
JIATHBUCTCKYIO TEOpPHIO rpaBHTaUHH. B ciayuyae cnaGblx rpaBHTALMOH-
HbIX MoJied M MaJjiblX CKopocTelt (v <€ c¢) 9Ta TeOpHS NepeXoiUT B HbIO-
TOHOBCKYIO TEOPHIO (B 3aKOH BCEMHPHOIO TATOTeHUs). POTOH ABHIKeTCH
CO CKOPOCTBIO C; MO3TOMY (DOPMYJIbI HbIOTOHOBCKOH TEOPHM K HeEMY He-
NPHMEHUMBI. ’

1) HmeeTcsl B BHAY HHBapHaHTHast Macca, HasbiBaeMasd B HAyuHO-NOMYJS PHOM
JIUTepaType M HEKOTOPbIX YUeGHHKax Maccoil NOKos.
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Cornacio OTO Bo3zeiicTBHE IPAaBHUTALMOHHOTO TMOJS HA HacTHLY
onpejesisieTcsl ee 3Heprueil ¥ MMmyJbcoM, a He Maccoi ). [Tostomy,
XoTs (OTOH M Ge3MaccoBasi YacTHLA, OH [IOABEp:KeH JMAEHCTBHIO rpa-
BUTALMOHHBIX TIOJEH.

Hns cayuasi, Korda (OTOH JABHMIKETCSL «BJOJb» I'PABHUTALHOHHOTO
nosist (T. €. BJOJb JIMHHMIL 0JI51), pe3yJibTaThl pacyeta, aaBaembie OTO,
COBMNAJAIOT C pe3y/bTaTaMH, MNONYYAIOUIMMHCA B HBIOTOHOBCKOH Teo-
pUH IS YacTHIBI ¢ Maccolt m=~hv/c®. OpHako B ciyvae, Korja (GOTOH
JABHKETCS «ronepek» noJsi, pe3ynabrathl OTO U HBIOTOHOBCKOH TEOpPHH
pe3Ko pacxXojiATcH, NMPUYEM C SKCNEPHUMEHTOM COTJIACYIOTCH HaHHEIE,
nonyuaemble OTO. IlosToMy Henb3st cuHTaTh, 4TO (POTOH 06Jaj2eT
maccoit hv/c?*,—doToH Ge3MaccoBasi 4acTHLA.

®oroubl, npuxoisiuve Ha 3emmo ot CosHua, ABHKYTCSI BAOJb
JMHUHA IPaBUTANMOHHBIX moJeii. B mone CosnHua cujbl TATOTEHHS CO-
BEepIIAOT Haj (POTOHOM OTpHIATENbHYIO paGoTy, B mone 3eMsu pabo-
Ta CUJ noJst moJioxkuteabHa. Opnako nosie ColHIla HAMHOTO CHJIbHEE
nons 3emnd. ITosToMy B cymme coBepuiaeMast Haj (OTOHOM paborta
OTpULATeNIbHA, 4YTO INPHBOJUT K YMEHbIIEHWIO 3HEPrud QortoHa.
CorstacHo (71.2) ymeHbleHHe 3HEPTHU CONMPOBOMKAAETCS YMEHbILEHHEM
YacToThl cBeTa. DTO yMeHblIEHHE HOCHT Ha3BaHHE T'PAaBHUTAaI HOH-
HOr0o KPacHOTO cMeleHHUd (4acToTa KPAaCHOIO CBeTa MEHbINe,
yeM (hPHOJIETOBOTO).

B HenocpencreenHoit 6/1M30CTH K MOBEPXHOCTH 3eMJM Hajg Jets-
UM MO BepTHKanu (OTOHOM coBepuiaeTcs: pabora == (hv/c?) gl, rze
! —npofiieHHBIA N0 BepTHKANH MyThb; IUIIOC COOTBETCTBYET IBHIKEHHUIO
¢oToHa BHHM3, MHHYC— JBHKeHMIO BBepX. [lpupaBHsB 3Ty paboty
HPHPAIIEHUIO 3HEpPruH ¢oToHa, noayuyuM AE =hAv= 4 (hv/c*)gl.
Orciona nosmyyaercsi ¢popmyna JIJis OTHOCHTEJBHOrO H3MEHEHUs ua-
CTOTHl (DOTOHA:

Av/v = +gljc*. (71.4)

B 1960 r. amepukanckue yuenoie Ilayun u Pe6ka uamepusn us-
MEHeHMe 4acTOThl (OTOHA, BO3HHKAlOLIee INPH NPOXOKAEHHH HM 1O
BePTHKaMN BOJHM3H moBepxHocTH 3emiu nyTH [ =21 m. [loacranoBka
B (71.4) 3Hauenuit g, [ u ¢ paer, urto Av/v=2.10-23, ITosyueHHbli
pesyJibTaT COBNAJ C PacYETHBIM ¢ TOYHOCTBIO 15%.

1) T'paBHTalHOHHOE MPHTSIKEHHE YACTHUH! NPOTIOPILHOHANBHO BeJHUHHE, Hasbl-
BaeMON TeH30pOM SHePrUH-HMIYJbCa,



FITABAIX
THAPOAUMHAMHKA

§ 72. JAunun u TPyOkH Toka. HepaspmiBHocTh cTpyM

Kpome MexaHHKH MaTepHaJbHOH TOYKM M MeXaHHKH TBepJOro Tena,
KOTOpble PAacCMaTpHBAJNHMCh B NPEAbIIYIIHX TIJiaBaX, CYLIECTBYeT ele
MeXaHHKa CIJIOLIHBIX cpell. DTa HayKa OXBaThIBaeT I'MAPOAMHAMHKY,
rasoBylo AMHAMHKY, TEODHIO YNPYTOCTH !) U PAX APYTHX AUCLHIVIMH,
paccMaTpHBAIONIMX BEIIECTBO KaK HenpepbiBHYIO cpeny. I'mapopuna-
MHKa NpejcTaBiasieT co60H pasjien MeXaHHKH CIVIOWIHEIX Cpejl, B KOTO-
POM H3yuaercsl JIBHKEHHE HECKHMMAaeMbIX XKHAKOCTEH U B3aHMOJEHCTBHE
HECXKHUMAEMBIX XKHUJIKOCTed C TBEPAbIMH TeJaMH.

Yrto6bl omMcaTh ABHXKEHHE KHIKOCTH, MOXHO 33JaTh IOJIOXKEHHE
Kax 1011 4acTHIB KHUAKOCTH KakK (pyHKUHI0 BpeMeHH. Takoii ciocob omnu-

< caHMs paspabaTeiBajics JlarpaHxeMm.

v Ho mMoxHO cnepuTh He 3a 4acTHIAMH
v JKUJKOCTH, a3a OTHENbHBIMH TOUKaMH
/\ NPOCTPAHCTBA, H OTMeYATh CKOPOCT,
, C KOTOpOH NpPOXOAST Yepe3 KaXAylo
/’\ JAHHYI0 TOYKY OTHAEJbHBIE YacCTHIHL
- KUuAKocTH. BTopoit cioco6 HasbiBaer-

Pue. 72.1. cs1 MeTonoM DiJepa.

CocrosiHHE JBHKEHHS KHIKOCTH

MOXKHO ONpEJeNuTb, YKa3aB HJjs Ka-

¥IOH TOYKH IIPOCTPAHCTBA BEKTOP CKOPOCTH KakK '(DYHKIUIO BpeMeHH.
COBOKYNHOCTb BEKTOPOB V, 3aJlaHHBIX JJIT BCEX TOUEK NPOCTPaHCTBA,
o6pa3yeT TaK Ha3blBaeMoe MOJie BEKTOpa CKOPOCTH, KO-
TOpOe MOXHO M300pasuTh cjaeaywouluM ob6pa3oM. IIpoBeneM B HBHXKY-
miefdcs XKHAKOCTH . JIHHHUU TaK, UTOOBl KacaTesilbHass K HHM B KaxJo#H
TOUKE COBMajasa [0 HanpabJeHHIo ¢ BeKTopoM v (puc. 72.1). dtu au-
HUH Ha3LBAOTCI M UHHUSAMH TOKa, YCIOBUMCS IPOBOJUTE JIMHUY
TOKA .TaK, YTOGHI I'yCTOTa HX (KOTOpas XapaKTepusyeTcs OTHOLIEHHEM
uypcaa JuHUE AN K BenuYMHE HepNeHAHKYJISAPHOH K HHM IJIOUIAJKH

1) HekoTopble BONpPOCH TEOPHH YNPYToCTH 3aTparuBaiuck B §§ 14 n 25,
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AS, "epe3 KOTOpPYIO OHH ITPOXGAST) Oblia MPEHOPHHOHANEHA BeHIYHHE
CKOPOCTH B JJaHHOM Mecte. Toria no KapTHHe JIMHUIL TOKA MOXHO 6y AeT
CYZUTB: HE TOABKO O HafIPABJEHHN, HO M O BeNHYHHe BEKTOpa V B pas-
HBIX TOYKaX NPOCTPAHCTBA: TaM, I'lte- CKOPOCTE GaJblie, JUHUH TOKA 6Gy-
AYT Tylie H, HaoGOpOT, TAe CKOPOCTb MeHbile, JHHHK ToKa OYAYT
pexe.

INTocKosMbKY BeJHYMHA H HanpaBjeHHe BEKTOpa V B KaXKIOH TOukKe
MOTYT MEHSITbCS CO BpEMeHeM, TO M KapTHHA JIMHUI TOKa MOXET Herlpe-
PHIBHO MeHATbCS. EC/M BEKTOP CKOPOCTH. B K&KIOH TOUKe HPOCTPaH-
CTBa OCTaeTCs MNOCTOSHHBIM, TO TeYEHHe Ha3bIBaeTCs YCTAaHOBHBUIMMCH,
WM cTanuoHapHHM [Ipn crauneHapHoM TeueHHH Jo6as
YacTHLA XKMAKOCTH NPOXOANT AAHHYIO TOUKY NPOCTPAHCTBA C ONHUM
M TeM Ke 3HaueHHeM v. KapTHHa JMHMI TOKa. OPH CTaRHOHAPHOM Te-
YEeHHH OCTaeTcsl HEH3MEHHOH, W JIMHHH TOKAa B 3TOM C/1yYae COBHAJAIOT
C TPaeKTOpHAMH YacCTHIL.

YacTb KHIAKOCTH, OrPAHWYEHHAs JIMHUAMH TOKa, HashIBaeTcs
TPpyG6 KON ToK a. Bekropv, Oyxyun B KaxJIoll TouKe KacaTeJbHEIM
K JIMHMH ToKa, GyJeT KacaTelbHHIM M K IOBEPXHOCTH TPYGKM TOKa,
cl1efoBaTebHO, YACTHUEL KUAKOCTH NPH CBOEM JBUNEHHH He nepeee-
KaloT CTeHOK TpY6K# TOKa.

vAL
Puc. 72.2. Puc. 72.3.

BosbMeM mnepreHAUKYJAsSpHOe K HanpabBJeHHI0 CKOPOCTH CeugHHe
TpyGku Toka S (puc. 72.2). Ilpenanonoxum, 4To CKOpOCTb JABHXKEHHS
UacTHIL 2KHAKOCTH OJMHAKOBA BO BCEX TOUKAX 3TOrO CEYeHHs. 3a Bpewms
At uepes ceyenne S MPOHAYT BCe YACTHIbI, PACCTOAHHE KOTOPHIX OT S
B Haya/IbHBIi MOMEHT He MpeBHIlIAeT 3HAYeHH: U At. CrnenoBarenbHo,
3a Bpems Af yepes ceuenne S npoHJeT 00BEM XKUAKOCTH, paBHbli Sv Af,
a 3a eJJMHUIY BpeMeHU uepe3 ceyeHHe S MpoiaeT 00beM XKHUIKOCTH, paB-
Huii Sv. BosbMeM TpyGKY TOKa, HacTOJbKO TOHKYIO, UTO B KaXIOM ee
CEYEHHH CKOPOCTb MOXKHO CYHTaTh IMOCTOSIRHOH.. EciH XKHAKOCTbL He-
cxyuMaeMma (T. €. IJIOTHOCTb ee BCIOAY OANHAKOBA H H3MEHATbCA He
MOZXKET), TO KOJIHYECTBO KHAKOCTH MEXAY ceyeHUAMH Sy H S, (pHc. 72.3)
Gyner ocraBaThcsl HeuaMeHHbIM. OTclofa. cenyeT, YTO OOBEMBl XKHA-
KOCTH, IpOTEKalolllHe 3a eJMHHIYy BpeMeHH uepe3 cedyeHHA Sy H S,
JOJIKHH OBITb OJHHAKOBHI:

S,0;=8;0;
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(HamoMHHM, 4TO yepe3 GOKOBYIO NOBEPXHOCTb TPYOKH TOKAa YaCTHIILI
}KHIKOCTH HE MpPOXOIST).

IlpuBeneHHoe Bhille paccyXIeHHe NMPHMEHHMO K JOGOH mape ce-
yeHH# S; U S,. ClieIoBaTeNbHO, 048 HECHUMAEMOL HCUOKOCMU BeAUUNA
Sv 6 awbom cewenuu o0HOU u mod e mpybku moka OdorxcHa Gbirio
o0unakosa:

Sv=const. (72.1)

Tlosyuennblii HaMH pe3ysbTaT NpeicTaBiAsieT coGOM copepKaHHE Teo-
peMbl 0O Hepa3pHBHOCTH CTPYH.

HUs (72.1) cnenyer, uro nmpH nepeMEeHHOM CeYeHHH TPYOKH TOKa
YaCTHIBI HECXKHMaeMOH KHMAKOCTH JABHIKYTCS C ycKopeHHeM. B ropu-
30HTAJIBHOH TPYOKe ToKa (puc. 72.4) 3TO yCKOpEHHe MOXKET GhITh 00yc-

JIOBJICHO TOJIKO HENOCTOSIHCTBOM JiaBJie-

\ HUsl BJOJIb OCH TPYOKH — B MECTax, rje
CKOPOCTh MEHbIIle, JaBJIEHHE JOJIXKHO

» v, ObITb GoJibllle, B HaobopoT. KoJnyecr-
v; . BEHHas CBA3b MEXIY CKOPOCTbIO Teue-
HHA W JaBJeHueM OYHeT YCTaHOBJIEHA

Puc. 72.4. B clefyioleM naparpade.

TeopeMa O HepaspBHIBHOCTH CTPYH

NpHMEHUMa K peajibHbIM KHJIKOCTSM

# Ja)XKe K rasaM B TOM CJyuae, KOrja CKHMaeMOCTBI0O HX MOXHO
npeHeGpeub. COOTBETCTBYIOIIMA pacuyeT NMOKa3blBaeT, YTO MPH ABHIKe-
HUU KHAKOCTeH M rasoB CO CKOPOCTSIMHM, MEHBIIUMH CKOPOCTH 3BYKa,
HX C JOCTaTOYHOH CTENEeHbIO TOYHOCTH MOXKHO CYMTATh HECKHMaeMbIMH.

§ 73. ¥Ypasnenune Bepnyniu

PaccmatpuBasi JBHIKEHHE KHUAKOCTEH, BO MHOTHX CJIydasiX MOXKHO
CYHTaTbh, YTO IepeMelleHHe OJHHUX YacTed >XHUAKOCTH OTHOCHTEJIbHO
JAPYTHX He CBSA3aHO C BO3HHKHOBEHHeM CHJI TpeHHsl. JKUIKOCTh, B KOTO-
poli BHYTpEHHee TpeHHe (BS3KOCTb) MOJHOCTbIO OTCYTCTBYET, Hasbl-
BaeTcsi M JeanbHOH.

BeizenuM B CTaMOHApHO TeKylleH HAEAJbHOH KHAKOCTH TPYOKY
TOKa Masoro ceuenus (puc. 73.1). PaccmoTpum o6beM KHAKOCTH, Orpa-
HUYEHHBI CTEHKaMH TPYOKH TOKa M NepneHAUKYJsPHbBIMH K JIHHUSM
ToKa ceueHHsiMH Si U S,;. 3a BpeMst Af 3TOT 00beM NMePeMECTUTCS BIOJb
TpyGKH TOKa, NpHUeM ceueHHe S; NepeMecTHTCS B MOJOXKeHHe Sj,
npoiias nytb Aly, ceueHHe S, mepemecTHTCs B HosiokeHHe S;, npoias
ayth Al,. B cuay HepaspbIBHOCTH CTPYH 3alITPHXOBAHHbIE OOBEMBI
6yLyT MMeTb OAMHaKoOBylo Beauuuny: AV;=AV,=AV.

OHeprusi KaXkAoH YacTHLBI XXKHAKOCTH cjlaraeTcsi H3 ee KHHeTHYe-
CKOH 3HeprHH M NOTEHIHaNIbHOH 3HEPTHH B NOJIE CHJ 3eMHOrO TAroTe-
Hus. BceseacTBHe CTaLMOHApPHOCTH TeYEHHMs! YacTHLA, HaXOAAIascA
cnycrs Bpemss Af B JioOOH M3 TOYEK He3alUTPUXOBAHHOH YacTH pac-
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cmaTpuBaemoro o6sema (cM., Hanpumep, Touky O Ha puc. 73.1), umeer
TaKyi0 € CKOPOCTb (a CJIeJloBaTeNbHO, H KHHETHUECKYI0 3SHepTHIo),
KaKylo HMeJa YacTHIa, HaXOAMBLIAsCA B TOH Ke TOYKe B HayajbHBIH
momeHT BpemeHH. IlostoMy mpupaiesve sHeprud AE Bcero paccMat-
pHBaeMoro o6beMa MOXHO BBLIYHCJAHTh KaK PasHOCTb 3HePrui 3aluTpH-
XoBaHHBIX 06beMuuKoB AV, u AVj.

BosbmeM ceueHHe TpPYOKH TOKa
H oTpe3kd Al HACTONBKO MaJbIMy,
YyTOGHl BCEM TOUKaM KaX<oro H3 3a-
IITPUXOBAHHBIX OGBEMUUKOB MOXKHO
GLUIO TIPHIHCATh OJHO H TO Ke 3Ha-
YeHUe CKOPOCTH U, HaBJEHHA p H
BhICOTE h. Toraa mpupaiieHue sHep-
THH 3anuuieTcs CcJefyomuM obpa-
30M:

AVo2
AE = (p 3 02+ PAVgh2>"'

V 2
_("A2 “ -|-pAVgh1) (73.1)

(p — NJIOTHOCTb 2KMAKOCTH).
B ujeanbHO# XKUIAKOCTH CHITEL TPe- Puc. 73.1.

HHs OTcyTcTBYIOT. Ilostomy mnpupa-

meHue 3Hepruu (73.1) NOMKHO paBHATbCS paboTre, cOBepILaeMOH Haj
BBIIEIEHHEIM 00BEMOM CHJIaMH AaBJjeHusi. CUJbl JaB/ieHUs Ha GOKOBYIO
NOBEPXHOCTb IEPNEHJUKYJSIPHBl B KaxJOH TOYKe K HanpasJIeHHIO
nepemelleHUsT YacTHL, K KOTOPHIM OHH NPHUJIONKEHH!, BCJEJCTBHE Yero
paboTel He coBepwiaior. OT/IMYHA OT HYJSl JHb paGoTa CHJ, HPHJIO-
JKEHHBIX K ceueHUsIM S U S,. Dra pabora paBHa

A= p,S; Al; —p,S, Al = (p,— p,) AV. (73.2)

[NpupaBuas Buipaxkenusa (73.1) u (73.2), cokpatuB Ha AV u nepe-

Hecsl YIeHBbl C OAWHAKOBBIMH HHIEKCaMH B OJHY YaCThb PaBeHCTBA, IO-
JIyYHM:

pv} puv? _
— +0ghi+ pr=—5"+pgh,+ p.. (73.3)

Ceyenuss Sy M S, ObUIM B3ATH COBEPILEHHO HPOHM3BOJbHO. ITostomy
MOXHO YTBepXk/JaTh, 4TO B JIIOOOM CeYeHHH TPYOKH TOKa BbIpaXKeHHe

pu?
N -|- pgh + P HMEET OJAMHAKOBOE 3HAYEHHE. B cooTBeTcTBHU €O caeJiaH-

HBIMH HaMH{ IIPH €TO BLIBOJAE NPEANOJIOXeHHsAMH ypaBHeHue (73.3) cra-
HOBHUTCS BIIOJIHE TOYHBIM JIHLIb NIPH CTPEMJIEHHH NONEPEUHOTO CEUEHHs S
K HYyJIIO, T. €. IPH CTATHBaHHM TPYOKH TOKa B JIHHHIO. TakuM o6pasom,
BeJIMUUHBL p, v U h, purypupyolye B JieBoi U NpaBoi 4acTsX ypaBHe-
HHA (73.3), clenyeT paccMaTpHBaTh KaK OTHOCslHecs K ABYM NpOH3-
BOJIbHBIM TOYKaM ORHOH H TOH K€ JIMHUH TOKa.
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ITonyyeHHEI1 HaME PE3YJBTAT MOXHO CHOPMYJIHPOBAThL CJIEAYIOHIMM
06pasoM: 8 CrmayUoHApHO meKywel udearbHol acudkocmu e004b 1000
AUHUL MOKQ GbLIOLHACMCA YCAOBUE

E;_z +pgh+ p = const. (73.4)

ypaBHeHue (73.4) nnu paBHO3HaAuYHOE eMy ypaBHeHHe (73.3) Ha3bIBaeTCs
fodz ypaBsHeHuem bBepHnyuaau Hecmo-
. 'rpﬂ Ha TO, YTO 3TO. ypaBHeHHe ObUIO noJy-
YEHO HaMH JIJS HKIEaNbHOH KHIKOCTH, OHO
JOCTaTOYHO XOPOLIO BBINOJIHSETCA AAA pe-
aJbHBIX JKHJKOCTEH, BHyTpeHHee TpeHHe B
KOTOPhIX HE OYE€Hb BEJIMKO.
~> [l TOPH30HTAJbLHQH JIMHHH TOKa YCJo-
BHe (73.3) NpUHHMAST BHA

pyz 0_2 .
2 + 1 L’}“pz: °

T. €. JaBJieHHE OKa3bIBAe€TCS] MEHbUIHM B
TeX TOYKaXx, Tle CKOpOcTb OoJblue (KauecT-
BEHHO 3TO yKe ObLIO HOKa3aHo B Hpebiay-
weM naparpage).

YMeHblHEeHHE JaBJeHHsi B TOYKaX, TIJe
CKOPOCTb IOTOKA GoJblle, MOJOXEeHO B oc-
HOBY YCTPO#CTBa BOLOCTPYHHOro Hacoca (pHc.

Puc. 73.2 73.2). Crtpys Bonsl nojaerca B TPYOKy, OT-
KphBaloUlylocss B arMmoedepy, TaK 4YTO Ha
BhIXOZle M3 TpYOKH JaBjieHHe paBHO arMocdepHoMy. B TpyGke
HMeeTCsl CYXKeHHe, Mo KOTOPOMY Boja HAET ¢ Gosbluell CKOPOCThIO,
BeJIEJICTBYE Yero JaBJIeHHe B 5TOM MECTe OKa3blBaeTCsl MeHbllle aTMocdep-
Horo. Takoe e JaBjieHHEe YCTaHABJHBAETCS M B OXBAThIBAIOMIEH TPYGKY
KaMmepe Hacoca, KoTopasi coofLiaercsi ¢ TpyGKoii uepe3 pasphiB, HMEIO-
muiics B y3koil yactu Tpy6KH. IToncoennHUB K Kamepe Hacoca OTKa-
uHBaeMblii 06beM, H3 HEro MOXKHO OTKayaTb BO3LYX (HJM KaKoi-au6o
Zpyroii ra3) no nasjeHusl nopsaka 100 mm pT. ct. OTKayuBaeMblli BO3-
JIyX 3aXBaTbiBaeTcsi CTpyeil BOABI H YHOCHTCS1 B aTtMocdepy.

B ammacpepy

§ 74. Hcreuenne XHUAKOCTH H3 OTBEPCTHS

Ilpumenum ypaBHenue BepHy/IM K CIy4alo HCTEYEHHS KHIAKOCTH
13 HeOOJbLIOrO OTBEPCTHS B LUMPOKOM OTKDBITOM cocyle. Briaenum
B JKHJKOCTH TPYOKY TOKa, HMEIOILYIO CBOHM CeYeHUeM C OJHOH CTOPOH B
OTKPHITYIO IOBEPXHOCTb KHJKOCTH B COCYAe, a C APYroil CTOPOHHI —--
OTBEPCTHE, YepPe3 KOTOPOE XKHIKOCTb BhITeKaeT!) (puc. 74.1). B kaxnom

1) Tounee, cevenne CTpYH NpH BHIXOAe M3 OTBepCTHA. Ecii He NpuusATL Clennanb-
HEIX Mep, TO CeueHHe CTPYH GYAeT MeHblue OTBEpCTHs.
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H3 3THX CEYEHHil CKOPOCTb M BBICOTY HAl HEKOTOPbIM HCXOJHBIM YPOB-
HeM MOXXHO CYMTAThb OJHWHAKOBBIMH, BCJEACTBME UEro K HHM MOXKHO
NPHUMEHNTh ypaBHeHHe (73.3), MONyYeHHOe MPH 3TOM NPEANOJIONKEHHH.
Janee, naBjeHHsi B O60MX CEUEHUSX PaBHBI aTMOC(HEPHOMY H MOITGMY
O/IMHAKOBHL. Kpome TOro, cKopocTb nepeMelleHHs] OTKPHITOH NOBepX-
HOCTH B LIHPOKOM COCYZE MOXHO MOJIOXKHTb paBHO# Hymwo. C yuerom
BCEer0 CKAa3aHHOTO, ypaBHeHHe (73.3) MPUMEHHUTEJbHO K AaHHOMY Cay-
430 MOXHO HamucaTb B BHAE

2
pghs ="+ pgha,

rlie U — CKOPOCTb HCTeueHHs u3 orBepcTHsa. COKpaTHB Ha P H BBEIA
h=h;—h,— BBICOTY OTKPHITOH NOBEPXHOCTH [KMAKOCTH HaJ OTBEp-
cTHeM, NoJayuyuM: v?/2=gh, OTKyZAa :

e v=V 2gh. (74.1)
o dra ¢dopMysa HasblBaeTca Gop My o i
I Toppuuenau.

) | Hrak, CKOpOCTb HCTeUeHHs KHIKOC-
T TH M3 OTBEPCTHs, PAaCHONOXKEHHOro Ha

\

N
==\

/Iz Fl' —

‘ OO

L/

Puc. 74.1. Puc. 74.2.

rayGuHe A TOA OTKPBITOH MOBEDXHOCTHIO, COBNAJaeT CoO CKOPoC-
ThIO, KOTOPYIO IpHOGpeTaeT Jioboe TeJlo, nafas ¢ BblcoTel k. Crepyer
NOMHHTb, YTO 3TOT Pe3yJbTAT MOJYUYeH B MPEINONOXKERHH, UTO KHJ-
KOCTb HjeasbHa. I/ peasbHbIX KHIKOCTEH CKOPOCTh HCTEUeHUs1 OyaeT
MeHbllle, TPHYEM TeM CHJbHee OTJH4Yaercs OT 3HaueHHus (74.1), uem
GoJsiblile BSI3KOCTb KHUAKOCTH.

CTpys XKUAKOCTH, BbITEKAIOIIAs M3 OTBEpCTHA B cocyze (puc. 74.2),
yHOCHT ¢ coGoit 3a Bpemsi Af umnynsc AK=pSuv Af (p — nnoTHOCTH
XKHJKOCTH, S — IJIOLafb OTBEPCTHS, V — CKOPOCTb UCTEUEHHUST CTPYH).
DtoT MMIyJbC coobliaerTcss BhITEKalOMmeH KHUIKOCTH cocyzoM. ITo Tpe-
TbeMy 3aKoHy HbloTOHa cocyn moJjyuyaeT OT BhITeKaiolieil >KHAKOCTH
3a BpeMs Af umnyJsbe, paBHBE —AK, T. €. HCOBITHIBAeT AeACTBYE CHIIEL

y=—0 = _pSov. (74.2)

Ora cuna HaspBaeTcss peakKuuell BEHTeKalomeid cTpyH.
Eciu cocys nocraBHTb Ha TeNeXKy, To moj AefctBueM cuabl F, oH
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NpHJET B JBHXKEHHE B HanpaBJIeHUH, POTHBOIOJOXKHOM HaNpaBJ/eHHIO
CTPYH.

Haiinem snayenne cuasl F,, BocnoJsb3oBaBIIMCh BhIpaxeHuem (74.1)
IJISi CKOPOCTH MCTEYEHHS XKHIKOCTH H3 OTBEpCTHSA:

F,=pSvt=2ghpS. (74.3)

Ecau Obl, KaK 3TO MOXET NOKa3aTbCA Ha NepBHi B3rasn, cuia F,
COBINAJaa Mo BeJUYHHE C CHJIOH T'HJAPOCTAaTHYECKOrO JAaBJIEHHs, KOTO-
poe KHAKOCTb OKasbiBaja Gbl Ha NMpoOKy, 3aKpbIBAIOLIYI0 OTBEPCTHE,
to F, Gbina 661 paBHa gh pS. Ha camom gmene cuna F, okasweiBaercsi B
2 pasa GoJabluell. IT0 OOBSCHSAETCS TeM, YTO BO3HHKAIOLIEE NPH BhITe-
KaHHH CTPYH JABH2KEHHe XHJKOCTH B COCYJe NPHBOAHT K nepepacnpese-
JIEHHIO JaBJIeHHA, NIPHYEM JaBjieHHe BOJIM3H CTEHKH, JeXallei npoTHB
OTBEPCTHS, OKa3blBA€TCH HECKOJbKO OOJbLIMM, YeM BOJH3H CTEHKH,
B KOTOpOIl ClieJIaHO OTBEpCTHE.

Ha peakuun BoiTeKaoliell CTpPYH rasa OCHOBAHO JEHCTBHE PEAKTHB-
HBEIX JBUraTejeil M paxer. PeakTHBHOe ABHKeHHe, He HYXKAaAcb IS
CBOEro OCYILIECTBJEHUs] B HAJTHUYHH aTMOChepH], HCMOJb3YeTCs JIsi noJie-
TOB B KOCMHUECKOM NPOCTPaHCTBE.

OCHOBOIMOJIOXKHUKOM TEOPHUH . MEXKIJIAHETHEIX COOGLIEHHHE SIBJsieTCs
BHTaloIMiCA pycckuil yueHblii u u3oOperaresns K. 3. IluosnkoBckuil
(1857—1935). OH pan Teopuio moJieTa pakeThl H OGOCHOBAJ BO3MOXK-
HOCTb NPUMEHEHHs DeaKTHBHBIX annaparoB A/ MeXIJIaHETHBIX CO00-
uwienuit. B yactHOCTH, LIMOJNKOBCKHM Ohl1a pa3paboTaHa TeOpHsl JABH-
KEHUsl COCTABHBIX PakeT, B KOTOPHIX KaKias INOCJeNyIollasi CTyneHb
ECTyMnaeT B AefiCTBHE IIOC/]E TOro, KakK Npeiplymas CTyneHb, H3pacxo-
J0BaB MOJHOCTBIO TOMJHBO, OTAENHTCS OT pakeTthl. Mmeu Ilunoskos-
CKOTO IOJIYYHJIM JajibHeilliee pa3BUTHE W ObLINH OCYIIECTBJIEHBI COBET-
CKHMH YUeHbIMH M HHKeHepaMH, o0ecneuuBIIMMH Benymyio posb Co-
erckoro Colo3a B OCBOGHUH H H3YyUeHHH KOCMHMYECKOI'O NPOCTPAHCTBA.

§ 75. Cuiibl BHYTPEHHEro TPeHHs

WneanbHast XHAKOCTb, T. €. XKHIKOCTb 6e3 TpeHHs, sJsiercs ab-
cTpakuueli. Bcem peasibHBIM XKHAKOCTSIM U ra3aM B 6oJbLI€H HJIH MeHb-
uleil cTeneHH NpHUCyLIa BSA3KOCTh HJIM BHYTpPEeHHee TpeHHe. BsaskocTb
NpOsIBJsSETC B TOM, YTO BO3HHKILEE B XKHIKOCTH HJIH rase JBHXKelile
nocje NpeKpalleHus AefCTBUA NPHYHH, €ro BBLI3BABIUUX, NOCTENEHHO
npekpamaercs.

Hnsi BbISICHEHHS] 3aKOHOMEPHOCTeH, KOTOPBIM MOAYHHSIOTCA ClIbL
BHYTPEHHEr0 TpPEHHs, PacCMOTPHM cCJefyioluii onbiT. B 2XupkocTb
NOrpyeHbl JBE NapajJesbHble IPYr ApYyry mnaacTHHsl (puc. 75.1),
JIHHEAHblE pa3Mepbl KOTOPBIX 3HAUHTEJNbHO NPEBOCXOJAT PacCTOsHHE
mexny HumM d. HuxHAS niactvHa yjaepKuBaeTcs Ha MecTe, BepXHAA
NPUBOJHUTCA B JBH2KEHHE OTHOCHTEJIbHO HMXKHEH ¢ HEKOTOpOH CKOpo-
CTBIO Up. ONBIT JaeT, YTO IJIA MepeMelleHnsl BepXHeHl MJacTHHBHL ¢ I10-
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CTOSIHHOIM CKOpPOCTBIO U, HEOGXOIAMMO A€HCTBOBAaTh Ha Hee C BIOJHE
OIpeaeNeHHON MOCTOSAHHON no BeaHuune cunod F. Pa3 nnactuna He
NOJYYaeT YCKOpeHHs!, 3HAUHT, JeACTBHE STOH CHJBLI yPaBHOBEIIHBALTCS
paBHO! efl MO BeJMUYHMHE NPOTHBOMNOJOXHO HANpPaBJEHHOH CHJIOH, KOTO-
pasi, OUeBHIHO, €CTb CHJIAa TPEHHs, AeHCTBYIOLLASA HA MJACTHHY NpH ee
ABiDKeHHH B XHAKocTH. OGosnaunm ee Fi,.

Bapbupysi CKOpPOCTb IIJIaCTHHBI Uy, NMJIOLIAJAb IVIACTHH S M paccrosi-
Hile MeX1y HHMH d, MOXHO INOJIy4HTb, YTO

Fpo=12S, (75.1)

rie 1 — Ko3hpdULUHEHT NPONOPUHOHANBHOCTH, 3aBHCAWHH OT MPHPOML!
H COCTOSTHUS (Hanpumep, ' Temmeparyphbl) >KHAKOCTH H HasbiBaeMbiii
KO3QdHUHMEeHTOM BHYTPEHHETO TPEHHUA HIH KO-
35pbuHuMeHTOM BSA3KOCTH, HIM NPOCTO BA3KOCTbIO XKHA-
KocTH (raza). :
Huxusas niacTHHa npu JBHXEHHH BepXHell TaKXKe OKa3blBaeTcsl
MOJBEPKEHHON NeHACTBUIO CHIIbL

F.p, paBHO# no BenuuuHe Fi,. z F 43’

JIlnsi TOro 4TGB! HUKHAS NJac- - " F v

THHA OCTaBaJsach HeMOABHKHOH, ? [

cuny Fi, nHeoGxoaumo ypae- <7z ——% ——————
7

Taxum o6pasom, NpH JBHKe-

HOBECUTDb C MOMOLIBIO CHJIbI F'. :/
%

f— —
MY IBYX NOTPYKEHHBIX B KU~ 74 F Fp
KOCTb IIJIACTHH I' OTHOCH-
APy Puc. 75.1.

TeNIBHO Jpyra Mexiy HHMH
BO3HHKaeT  B3aUMOJEHCTBHE,
xapaktepusyemoe cuaoit (75.1). BospefictBue mnuacTWH apyr Ha
ApPYTa OCYIUECTBJSIETCS, OYEBHIHO, Hepe3 IKHAKOCTb, 3aKJIOUeHHYIO
MeXJ]y TIaCTHHAMH, MNePelaBasChb OT OAHOTO CJOS MKHAKOCTH K JpY-
romy. Ecnu B JuioGom MecTe 3a30pa NpOBECTH MBICJEHHO IIOCKOCTD,
napasJlesIbHyIio [JIaCTHHAM (CM. NYHKTHDHYIO JIMHHIO Ha pHc. 75.1),
TO MOXHO YTBEPKJaTb, YTO YacTb XKHUAKOCTH, Jiexkaluast Haj 3Toi mJjoc-
KOCTBIO, JEACTBYET Ha YacTb XKMAKOCTH, JIEXKAILYIO MOJ MJIOCKOCTBIO,
c cunoi Fpp, a yacTb XXHAKOCTH, Nexalias Moji MJOCKOCTbIO, B CBOIO
ouepeab ACACTBYET HA YacTb KHIKOCTH, JIEXKALLYIO HaJ MJIOCKOCTBIO,
¢ cunoit Fp,, npnuem 3uavenus F,, u Fi, onpegensiiorcs dopmy.oii
(75.1). Takum oGpasoM, dopmyna (75.1) onpexessieT He TOJIbKO CHITY
TPEeHHs!, JEACTBYIOIYIO Ha MJIACTHHDBI, HO H CHJIY TPEHHs MEXIy CONpH-
KacalolUMHUCH YacTSMH KHIAKOCTH.

Ecnu HeenenoBaTh CKOPOCTb YaCTHIL XKMIAKOCTH B PasHBIX CJIOSAX,
TO OKa3bIBAeTCs, YTO OHA H3MEHFETCs B HANPAaBJeHHH 2, NEPNEHJUKY-
JAsiPHOM K IJIaCTHHAM (pHc. 75.1), no JuHeHHOMY 3aKOHY

v(@Ee) =22 (75.2)



254 [J. 1X. TMAPOXMHAMUKA

YacTunpl XKUIKOCTH, HEMoCPeACTBEHHO COMpHKacaloiuecs C MJIacTH-
HaMH, Kak Gbl NPUIMNAIOT K HUM H HMEIT TaKyio K€ CKOPOCTh, KaK H
camu nuactuusl. CorsiacHo dopmyJe (75.2)

{dv v
Zl=2. (75.3)

3HaK MOAYJSl Mbl NOCTaBHJIH N0 chaenyioumeid npuunHe. Ecau Gbl MBI
3aKpenuJH BEepXHIOI IVIACTHHY, a IBUTaJM HMXKHIOI (cM. pHc. 75.1),
HJM H3MEHMJIM HanpaBsJeHHe OCH z Ha o6paTHoe, NMpOU3BOAHAas dv/dz
crana Gl oTpuuarejbHOH. BesanuuHa ke v,/d Bceraa nosoxurtenbHa.
ITostoMy anst Toro, 4ro6Hl opmyaa (75.3) Gblia cpaBejInBa B JOG0OM
cJyuae, HYXKHO B3siTb MOAYJb dv/dz.

HcnoabsosaB paseHcTBo (75.3), dopmyse (75.1) MOKHO npuzaTh
BHJL

Frp=n|Z]|S- (75.4)

dra ¢opmysna onpeneaseT MOAYJAb CHJb TpeHHs. Beauunna |dv/dz|
N0Ka3hIBaeT, KaK OBICTPO M3MEHSIETCS CKOPOCTb B HampaBJIeHHH OCH 2,
H IpejcTaBiseT co60il MOAYJb TpajHeHTa MOAYJS CKOPOCTH (ecan v
3aBHCHUT TOJIBKO OT 2, Ov/0x=0v/0y=0, 0v/0z=dv/dz).

®opwmyaa (75.4) monyueHa HaMH 1Ji Clydast, Korja CKOpocTb HaMe-
HseTcs NO JiMHeHHoMy 3akoHy. OkaselBaercsi, 4To 3Ta ¢opmyJsa oc-
Taercs CNpaBeJINBOH M JJIs JIo60ro APYroro 3aKOHa H3MEHEHHs CKO-
POCTH OT cJIos K cJlolo. B aToM cayuae anist onpenenieHHsi CHJIBI TPEHHS
MeXJy ABYMSI 'paHHYalUMM APYT C APYIOM CJOSMH HY>KHO OpaTth 3Ha-
ueHue |dv/dz| B ToM MecTe, rie NPOXOAUT BOOOpakaeMasi MOBEPXHOCTh
pasjena CJOeB.

Bce ckasaHnHoe B 3TOM naparpadge OTHOCHTCS He TOJIBbKO K 2KHAKOCTAM,
HO U K rasaM.

Envuuuueit Baskoctd B CH cayxut Takasi BA3KOCTb, NPH KOTOpOii
rpajMeHT CKOPOCTH ¢ MOAYJeM, paBHbIM | M/c Ha 1 M, NPUBOJUT K BO3-
HHKHOBEHHIO CHJIbI BHyTpeHHero TpeHHss B 1 H nHa 1 M? moBepxHocTH
KacaHHs CJI0eB. OTa eMHN1A Ha3bBaeTcI HaCKaJdJb-CeKYH O H
(o6osnauaercsa Ila-c)?).

. B CI'C-cucreme enunnueit Baskoctu siBasercs nya3s (I1), paBHbli Takoil Bsi3Ko-
CTH, NIPH KOTOPOii IPaiHeHT CKOPOCTH C MOLYJieM, paBHEIM 1 cM/c Ha 1 cM, IpHBOAMT K
BO3HHKHOBEHHMIO CHJbl BHYTPeHHero Tpehust B 1 Iun Ha 1 cM? nOoBepXHOCTH KacaHus
cnoeB. Exnnnna, pasnas 10~ I1, nasmiBaercss Mukponyasom (MkII), Mexay nyasom
H NacKalb-CeKYHJOH HMeeTCs COOTHOIUEHHE

1 a.c=10II,

KoagduuueHT BA3KOCTH 3aBHCHT OT TeMIepaTyphl, NpHYeM Xapak-
Tep 3TOH 3aBHCHUMOCTH CYLIECTBEHHO pa3jnyeH AJs KHAKOCTEH U ra-
30B. ¥ XHAKOCTeH KOI(GhHLHMEHT BA3KOCTH CHJbHO YMEHbIUAETCs C I0-

%) IackaneM HasbiBaercs eAunnua gasienus B CH (1 Ila=1 H/m?),
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BLIICHUEM TeMrepaTyphsl. ¥ Ia30B, HampoTHB, KO3(GHHIHEHT BA3KOCTH
¢ TemnepaTypoii pacter. OTIHYHe B XapaKTepe MOBENEHHUS 1) NPH H3ME-
HEHHSIX TeMrepaTypbl YKasbiBaeT Ha pas3/Huke MeXaHH3Ma BHYTPEHHEro
TPEHHs] B XKHAKOCTAX H Trasax.

§ 76. JlamunapHoe u TypOyJieHTHOE Te4eHHS

Ha6momaeTcss nBa BHAA TeueHHs KUAKOCTH (uad rasa). B ogumx
cydasiX XUAKOCTb KakK Obl pasfessieTcsi Ha CJIOH, KOTOpble CKOJb3AT
APYr OTHOCHTENBHO Jpyra, He mepemelnBasich. Takoe TeueHHe Hasbl-
BaeTcsl 1 aMHH a p H bl M) (cnouctbiM). Ecny B JlaMHHApHBIA NMOTOK
BBECTH TNOJIKPAIIEHHYIO CTPYHKY, TO OHA COXpaHAeTCs, He Pa3MbIBasCh,
Ha BCeH IJIHHE MOTOKAa, TaK KAaK YacTHUBI XKHIAKOCTH B JIAMHHApHOM
TNOTOKE HE [EepPeXOAAT U3 OJHOro cJosl B Apyro#. JlaMHHapHOE TeueHHe
CTalHOHAPHO.

[lpu yBennyeHHH CKOPOCTH HJIH TNONEPEYHHIX pa3MepOB IOTOKA
XapaKTep TeYeHHsl CYUIeCTBEHHBIM 00pasoM H3MeHseTcs. BosHukaer
SHEPrHYHOe IepeMelINBaHHe XKHIAKOCTH. TaKoe TeyeHHe Ha3blBaeTcs
TypOGyaeHTH b M. [Ipy TypOy/eHTHOM TeYeHHH CKOPOCTb YaCTHIL
B KaX/IOM JaHHOM MeCTe BCe BpeMs H3MeHsieTcsl GecropsiioyHbIM o6pa-
30M — TeyeHHe HeCTallMOHapHO. Eciau B TypOYJIEHTHBIH MOTOK BBECTH
OKpALIEHHYIO CTPYHKY, TO yKe Ha HeGOJIbLIOM PacCTOSTHHH OT MecTa ee
BBeJEHHsS OKpallleHHas XKHIAKOCTb DAaBHOMEPHO pacrpejesnsieTcss Mo
BCEMY CEYEHHIO IIOTOKa.

AHrnuiickuil yyeHslii PefiHOMbAC YCTaHOBHI, YTO XapaKTep TeYeHHsS
3aBHCHT OT 3HaYeHHs1 Ge3pa3MepHOH BEJTHYHHBL:

e — VL
Re == (76.1)

rae @ — MJIOTHOCTb XKUAKOCTH (WM ras3a), v — cpenHss (M0 CEeYeHHIo
TPyObI) CKOPOCTb MOTOKAa, 1 — KO3(DHUHUEHT BSI3KOCTH IKHAKOCTH,
| — xapaKTepHBIH 1/ NONEPEYHOro CceyeHHs pa3Mep, HampuMep, CTO-
pOHa KBajpaTa NpPH KBaJpaTHOM CEYEHHH, PaAHyC HJIH AHaMeTp NpHU
KPYIJIOM CeYeHHH H T. [I.

Besnunuuna (76.1) HaspBaeTct yucaoM PefiHonb aca. [lpu
MaJblX 3HaueHHsAX uHcia PefiHonbaca Habmonaercs JlaMHHApHOE Te-
ueHue. Haunnas ¢ HeKOTOpOro omnpejeneHHOro 3HaueHHsi Re, Hasb-
BAaeMOro KPHTHYECKHM, TeYeHHe TIPHOGpeTaeT TYypOYJIEHTHLIH XapaKTep.
Ecnu B KayecTBe XapaKTePHOro pasMepa IJs KpYIVIOH TpyGH B3SThb
ee paguyc r, TO KPHTHYeCKoe 3HaueHMe gucsna PeliHosbpiaca (kotopoe
B 3TOM CJIyyae HMeeT BHA Re=pur/n) oKa3blBaeTcst paBHbIM 2) IPHMEPHO
1000. B uucno PeitHonbaca BXOAAT B BHAE OTHOLICHHS JABE BEJIHYHHBL,
3aBHCALIME OT CBOMCTB JKHIKOCTH: IIJIOTHOCTb O H KO3(p(HIMeHT

1) Jlatunckoe «lamina» o3HauaeT NJIACTHHKY, MOMOCKY.
2) OueBHAHO, 4TO, B35B B KauecTBe [ He pajHyc, a AUaMeTp TPYObl, MBI JOMIKHEL
YBeJIHYHTh KpPHTHUeCKO®e 3HaueHHe Re B 2 pasa,



256 . 1X. THAPOOUHAMHKA

BsA3KocTH 1. OTHOLIeHUE
v=n/p (76.2)

HasbBaeTess KHHeMaTHYeCKOH BSI3KOCThIo. B ommune
OT V BeJIMYHHA 1) HAa3bBa€TCI A HHaMHUYECKOH BA3KOCThIO.
Hcnonb3yss KHHeMaTHYecKylo BsI3KOCTb, uYHcay PefiHoabica foxHo
ApuJaTh CAEAYIOIMHA BHA:

Re =uvl/v. (76.3)

Unco PeltHONBACA MOMET CJYXKHTb KPHTEDHEM MOOOHS AJs Te-
yeHHs XKHAKOCTeH B Tpy6aX, KaHanax M T. A. XapakTep TeueHHs pas-
JIMUHBIX KMAKOCTeH (MM rasoB) B Tpy6ax PasHBIX CeyeHHH GyneT co-
BepIIEHHO OAHHAKOB, €CJIH KaXKIAOMYy TEYEHHIO COOTBETCTBYET OJHO H
TO Ke 3HaueHue Re.

§ 77. TeueHHe KHAKOCTH B Kpyruioil Tpyoe

Ilpu ABHKEHHH KHUIKOCTH B KPYIJIOH Tpy6Ge CKOpPOCTb PaBHa HYJIO
Yy CTEHOK TpyObl U MaKcHMaJjibHa Ha ocH TpyOul. Ilosnaras Teuenue Jia-
MHHApHBIM, HafileM 3aKOH H3MeHEHHs

_Fp__ CKODOCTH C pacCTOSiIHHEM r OT OCH
=" Qr TpyOHI.
‘;‘4";' —_ |\‘F7 ’ Bhinenum BooOpaxaemblii IMJIHHI-
LV N A2 pHYECKHH O0beM MCHIKOCTH pajHyca r
sl M u aaunbl [ (puc. 77.1). Ilpu crauwuo-
Puc. 77.1. HApHOM TEUEHHH B TPYGe NOCTOSHHOTO

CeYeHHUs1 CKOPOCTH BCEX YaCTHI{ KHIKOC-
TH OCTalOTCd HeH3MeHHbIMH. CllefloBaTeJbHO, CyMMa BHEIIHHX CHJI,
IIPUJIOKEHHBIX K Jio6oMy o0beMy KHAKOCTH, paBHa Hymo. Ha ocHo-
BaHMSA paccMaTpUBAeMOTO LHJHHAPHYECKOro ofbeMa JAeHCTBYIOT CH-
Jbl JaBJIeHNs, CYMMa KOTOPbIX paBHa (py—p,)nir?. 3ra cuaa Jei-
CTBYeT B HampaBJeHUU ABHKeHHs XHUAKocTH. Kpome Toro, Ha GOKOBYIO
[IOBEPXHOCTb LHJIMHJpA JeHCTBYeT cHJsa TpeHus, paBHas ldv/dr|2nrl
(11veeTcsl B BHALY 3HaueHHe dv/dr Ha pacCTOSIHUU 7 OT OCH TPYOHI). ¥Yc-
JIOBHE CTALMOHAPHOCTH HMEET BHJ

(py— ps) wr2 = |dv/dr | 2nrl. (77.1)

CKopocTb yOLIBaeT C pacCTOsHHEM OT ocH TpyOhl. CiiefioBaTeNbHO,
dv/dr otpuuatenbHa U |dv/dr|=—dv/dr. Yursa 3ro, npeoGpasyem cOOT-
Houlenue (77.1) crepyiomyuM o6pasom:

_dv_ (m—pa)r
ar— 2q1

PaszenuB nepemeHHble, MOJYYHM ypaBHeHHE:

—___Pi—P2
dv = T rdr.
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HnterpupoBanue naer, urto

v=—RrPr4C, (77.2)

[ToCTOAHHYIO MHTErPHPOBAHHS HYKHO BHIGPAThb TaK, YTOGHl CKOPOCTb

T ~— —

"» Yy VB A
7] i

Puc. 77.2. Puc. 77.3.

obpamanach B HYJb Ha CTEeHKaX TpyOhl, T. €. npH r=R (R — panuyc
Tpy6h1). M3 3TOro ycsosus

__Pi—DPs py
C= 4nl Re.

IMopcranoBka 3uauenuss C B (77.2) npuBogut K (opmyJe

— Ps —_ 2
00 =R R - =BERR (1), (73
3HayeHHe CKOPOCTH Ha OCH TpYObl paBHO
=10 (0) =Pl‘4;—l”2 Re. (77.4)

C yuerom 3toro dopmyJie (77.3) MOXKHO NpUAATb BHJ
2
v(r) =0, (1 —iﬁ). (77.5)

Takum o6pa3oM, npy JTaMHHAPHOM TeYeHHH CKOPOCTb H3MEHSETCSI C pac-
CTOSIHHEM OT OCH TpyObl mno mnapabGoauyeckoMmy 3akony (puc. 77.2).

Ilpu TypOy/IeHTHOM TeUeHHH CKOPOCTb B KaXJOH TOUKe MeHsercs
GecniopsiiouHBIM 0GpasoM. IIpH HEM3MEHHBIX BHEIIHUX YCJIOBHSX IIO-
CTOSIHHOH OKasbiBaeTcsi CpelHssl (0 BpeMeHH) CKOPOCTb B KaXKAOH
TOYKe cedeHHs TpyOhl. Ilpoduab cpesHux cKopocTeil mpH TypOyJeHT-
HOM TeyeHHM H306paxeH Ha puc.77.3. B6/u3n cTeHOK TPyO6bl CKOPOCTD
H3MeHsieTcs Tropasjo CHJbHee, YeM IPH JaMHHApHOM TeYeHWH, B Oc-
Ta/JbHOH K€ YaCTH CEUEHHs CKOPOCTb U3MEHSETCH MeHbLIe.

Ilonarass TeueHue JaMHHApPHBIM, BBIYHCAHM MNOTOK KHAKOCTH Q,
T. €. 0OBEM KHAKOCTH, IPOTEKAIOUIUI Yepes IornepeyHoe ceyeHHe TPYOE!
3a eAMHHLY BpeMeHH. Pa3obbeM nomepeuroe ceueHue TpyObl HA KOJbLA
IHpUHKL dr (puc. 77.4). Uepes KoJbLO paguyca r NPOHAET 32 CEKYHIY
00beM KHAKOCTH, PaBHBEI NMPOM3BeJEHHIO IJIOIIAAH KoJbua 2nr dr Ha
CKODOCTb TEUeHHS B TOYKaX, HaXOAALIMXCA HA PacCTOAHHH 7 OT OCH
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Tpy6ul. IIpuHsiB Bo BHUMaHHe Qopmyay (77.5), nonyuum:
dQ =10, (1 — ) 2 dr. (77.6)

Uro6el MOMydHTb TMOTOK Q, HYXKHO TpPOHHTE'pUPOBATb BhIPAKEHHE
(77.6) no r B npexenax or HyJas 40 R:
R

) 2
Q= Svo (I — 2)2nrdr = 3 nR*, = Sv, (77.7)
0
(S — nnomans cevenusi Tpy6u). U3 dopmyast (77.7) caenyer, uto
npy JaMHHApHOM TeueHUH cpejHee (IO CEYEHHIO) 3HAUEHHE CKOPOCTH
PaBHO MOJIOBUHE 3HAU€HHsI CKOPOCTH Ha OCH
TPYOBI.
Iloncrasus B (77.7) 3Hauenue (77.4) mis
Uy, MOJYYHM /A NOTOKa (opmyay
__(pi—ps) RS
Q—_Sn_l_—" (77.8)
Sra ¢opmyna HasbiBaeTcs GOpPMYyJOH
ITyaseitasa. CornacHo (77.8) mOTOK KHA-
KOCTH NPONOPLHOHa/IeH epenajy AaBJeHHs Ha
Puc. 77.4. eJMHULE JJIMHB TpYGbl, MNPONOPLHOHA/IEH
4yeTBepTOH cTeneHH pajgHyca TpyObl H ob6par-
HO MpONOpIHOHaNeH KO3((dHIHEHTY BA3KOCTH KUAKOCTH. HanomHum,
uTo (popmysa Ilyasefina npuMeHHMa TONBKO NpPH JIaMHHAPHOM TeYeHHH.
CoorHomenue (77.8) ucmonb3yercs M ONpeleseHHS BSI3KOCTH
xkuakoerei. [Iponyckas XXUIKOCTb 4epe3 KamuJ1sap H3BECTHOTrO pajauyca
1 u3Mepsia nepenaj JaBJeHHs M NOTOK (), MOXHO HalTH 1.

§ 78. JlBMiKeHHe TeJl B KHAKOCTAX H rasax

Ilpu nBHKEHHM TeJa B XKHIKOCTH HJH rasel) Ha Hero AefCTBYIOT
CHJIBI, PaBHOIEHCTBYIOIIYIO KOTOpPHIX Mbl 0603HaunM OykBoH R (puc.
78.1). Cuny R MOXKHO pa3/iokKUTb Ha ABe COCTaBJIAIOLUINE, OfHA U3 KO-
TOpBIX, Q, HanpaBJjieHa B CTOPOHY, NPOTHBOINOJOXKHYIO JBIKEHUIO Tesa
(MM B CTOPOHY JBH:KEHHsI NOTOKa, Haberamoliero Ha Teso), a BTopas,
P, nepneujukyaspHa K 3ToMy HanpasJjeHnuio. Cocrasssome Q u P Ha-
3BIBAIOTCA COOTBETCTBEHHO JOOGOBBIM CONDPOTHBJAEHHUEM
H moabeMHOM cHJo . OueBHAHO, YTO Ha TeJO, CHMMETPHYHOE
OTHOCHTEJIbHO HAalpaBJIeHUS JABHKEHHs, MOXKeT JelCTBOBaTb TOJIBKO

1) 3ameTuM, YTO NpPH NOCTOSIHHOH CKOPOCTH NBUMEHHS TeJla OTHOCHTENLHO XKHJ-
KOCTH cunia, AefCTBYIOLIAsi Ha TeJo, GYAeT B COOTBETCTBHH C MPUHLHIOM OTHOCUTEJb-
noctd Tanunes Takoil XKe, KaK M B ciyyae IBUIKEHUS HKHUAKOCTH C TOH 3Ke CKOPOCTbIO
OTHOCHTEJIbHO HeNOABHKHOrO Teaa, Puc, 78,1, cooTBeTCTByeT MOC/efHEMY CJYy4Yaio,
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71060BOE COMPOTUBJIEHHE, MOXBEMHAsA K€ CHJIa B 3TOM ciyuae Gyzer
paBHA HYJIO.

Kax nokaswBalOT pacuerbl, B HIeaJbHOH KHIAKOCTH PaBHOMEDHOE
JIBHKEHHe TeJl JOJKHO Gbl10 Gl NPOUCXOAUTb 6e3 JIOOOBOTO COTPOTUB-
aeHusi, He o6magas BsI3KOCTHIO,
uieansHas SKUAKOCTD  JOMKHA ———

Puc. 78.1. Puc. 78.2.

CBOGOJHO CKOJIb3HTh 110 NMOBEPXHOCTH TeJ1a, MONHOCThIO o6TeKas ero. Ha
puc. 78.2 noka3aHkl IMHAM TOKA NPU 0OTEKaHHH OYeHb IJHHHOrO («6ec-
KOHEUHOr0») UMJIMHIPA HACaJbHOH KHAKOCTbIO. BeseicTBHe MOJHOrO
0o6TeKaHUs KapTHHA JHMHHH TOKA OKa3biBaeTCs COBEPLIEHHO CHUMMETPHY-
HO¥ KaK OTHOCHTENbHO NPSMOH, Npoxoasuiel yepes Toyku A u B, Tak u
OTHOCHTEJIbHO NpsIMOH, npoxopsmedl uepes Touku C u D. ITostomy
nasJjeHye BGiu3u Touek A ¥ B GyneT onHHAKOBO (M GoJiblle, 4eM B He-
BO3MYLIEHHOM IOTOKe, TaK KaK CKOPOCTb BOGJIH3H 3THX TOYEK MEHBIIE);
TOYHO TakK XKe JiaBjeHHe BOMH3U Todek C ¥ D Toxe GyIeT OZMHAKOBO
(1 MeHblle, 4eM B HEBO3MYLIEHHOM INOTOKE, TaK KaK CKOPOCTb BOJIH3H
3THX Touek GoJblue). CiefoBaTebHO, Pe3yabTHPYIOLLAs CHJ J1aBJIeHHs
Ha MOBEPXHOCTb LNHJMHAPA (KOTOpasi IPH OTCYTCTBHH BSI3KOCTH MOIJIa
661 00YCJNOBHTb JIOGOBOE CONPOTHBJIEHUE), OYEeBHAHO, GyIeT paBHa
HyJo. Takoi e pe3yJbTaT Nosaydaercss U JJIsl TeJq JAPYro#l ¢opMel.
WHaye npoTekaloT SIBJCHHA NPH [BHXKEHHWH TejJa B XKHMAKOCTH, 00-
Jlajiaiolell BA3KOCTbIO. B 3ToM cayyae oyeHb TOHKHMI CJIOH KHIKOCTH
NpPHJHIAET K NMOBEPXHOCTH Tejla M JBHKETCA C HUM KakK OJHO ILeJoe,
yBJIeKaa 3a co0ol U3-3a TpeHHs mnocjenyiouye cjou. Ilo mepe yaane-
HHS OT NOBEPXHOCTH TeJld CKOPOCTb CJIOEB CTAHOBMTCSl BCE MEHbIIe, H,
HaKOHell, Ha HEKOTOPOM DAacCTOSIHHH OT NOBEPXHOCTH KHUAKOCTb OKa-
3bIBAaeTCsS MPaAKTHYECKH He BO3MYIIEHHOH JBIXKeHHeM Tesna. TakuM 00-
pasoM, TeJO OKashIBAETCs OKPYXKEHHBIM CJIOEM JKHUAKOCTH, B KOTOPOM
uMeeTcs TPajMeHT CKOPOCTH. DTOT CJOH HasblBaeTcss NOT P aH U U-
H bl M. B HeMm JeficTBYIOT CHJIBI TPeHHSl, KOTOpble B KOHEUHOM HTOre
OKa3bIBAIOTCA MNPHJIOXKEHHBIMH K TeJy ¥ NPHBOAAT K BOSHHKHOBEHHIO
JIOGOBOTO CONMPOTHBJIEHHS.

Ho neno He ucuepnbiBaercs Tosabko 3THM. Hasmnuue nmorpanuuHOro
C/osl B KOpHE H3MeHsleT XapakTep o0TeKaHHus Tesa XHAKocTbio. [TosHoe
oOTeKaHHe CTAHOBHTCHA HEBO3MOXKHBIM. JleficTBHE CHJ TPEHHA B NOBEPX-
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HOCTHOM CJIOE NMPHUBOXMT K TOMY, YTO MOTOK OTPLIBaeTCA OT IOBEpX-
HOCTH Teja, B DesyJbTaTe Yero Ho3ajd Tela BOSHMKAIT BHXPH (cM.
puc. 78.3, 412 KOTOpPOM II0OKa3aHO OGTeKaHHe LHJIMHADA BA3KOH XKHI-
KOCTbIO). anpn YHOCSITCS IIOTOKOM H NOCTENEHHO 3aTyXaloT BCJIEACTBHE
TPEHHUS; MU 3TOM SHEPrHs BUXpell pacXoAyeTcs HAa HArpEBaHHE KHI-
KocTH. JlaBnienue B obpasylolllefica 3a TeJoM BHXpeBOH 06/1acTH OKa-
3bIBAETCA TOHMKEHHBIM, [I09TOMY Pe3yJIbTHPYIOLAs CHJI AaBjeHus Oyaer
OTJIHYHA OT HYJs, B CBOIO ouyepeab o0ycJOBJAHBast JOGOBOE CONMpPOTHB-
JieHue.

Taxkum o6pasom, J1060BO€ COMPOTHBJIEHHE CKJIaIbIBAaeTCs H3 COIpo-
TUBJICHHSI TPEHHsI M CONPOTHBJEHUA NaBleHHs. IIpy naHHBIX nonepey-
HBIX pa3Mepax Teja CONpPOTHBJIEHHE
JaBJIEHHs CHJIbHO 3aBHCHT OT (HOPMBI

”'/——.__//’“\\
A

Puc. 78.3. Puc. 78.4.

tena. Ilo 3Toii MpHYHHE ero Has3bLIBAIOT TaKXe CONDOTHBJEHHEM
¢opmer. HanmeHbIINM conpoTHBJIeHHEM JaBieHHs 06JajaloT Tela Xo-
pouro obGTekaemolf KamJeBHiHoO# dopmbt (puc. 78.4). Takywo dopmy
cTpeMATCA NMPHAATb (IO3e/AKY M KPHLIbAM €CaMOJIETOB, Ky30BY aBTOMO-
6unelt M T. m.

CoOTHOILIIEHHE MEeXIY CONPOTHBJIEHHEM TPEHHsS H CONPOTHBJIEHHEM
IaBJIeHHsT onpejessieTcss 3HaueHueM .uncia Peiinonszica (76.1). B nan-
HOM cJyyae [ — HeKOTOpHIi XapaKTepHHIH pa3sMep Tesna (HampuMep,
pajguyc I/ Tena WapoBod (GOpMbl), v — CKOPOCTb TeJIa OTHOCHTENbHO
JKUJKOCTH.

IIpu Maneix Re OCHOBHYIO pOJb HrpaeT CONpPOTHBJEHHE TPeHHH,
TaK YTO CONPOTHBJIEHHE JaBJeHHS MOXKHO He MPHHHUMAaTh BO BHHMaHHe.
Ilpu yBenuuennH Re posb cOMpOTHB/EHHS JaBjeHHs Bce Gojblue pac-
ter. [Ipy GosblinX sHaYeHUsX Re B 1060BOM. COMPOTUBNEHHH Ipeoliia-
JIAIOT CHJIBI JABJIEHHS.

Onpenensisi Xapakrep CHUI, neucmyfoumx Ha TeJo B NOTOKE, YHCIO
PefiHoJibica MOXKET CNYyXKHTb KpHTepHeM MNOJOGHS SIBJIEHHA H B 3TOM
caydae. D10 06CTOATENbCTBO HCNOJb3YyeTcs NMpH MojeanpoBanuH. Ha-
npuMep, MOJeNb camoJjera OyAeT BeCTH ce0s B NMOTOKe rasa TaKHM e
ofpasoM, KaK H ee npoobpas, eciii, KpoMe I'eOMeTPHYECKOro Mmoxotus
MOZeNH M camoJieta, OyneT coO/MIOJeHO TaKKe PaBeHCTBO A HHX
yncesn PefiHonbaca.

dopmyna Crokca. Ilpu manmix Re, T. €. nIpu HeGOJIBIIHX CKOPOCTSIX
IBH:KeHHs (M HeGoablIHX /; cM. (76.1)), compoTuBieHHe cpefbl obyc-
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JIOBJIEHO NPAKTHYECKH TONBKO cHjaaMH TpeHUS. CTOKC YCTaHOBHJ, UTO
CHJIa CONPOTHBJIEHHS] B 3TOM CJyyae NPONOPLHOHaAbHA K03(hdHIHEHTY
JAVHAMHYeCKOH BA3KOCTH 1), CKOPOCTH ¥ IBHXKEHHs TeJa OTHOCUTEJNBHO
XKHJIKOCTH H XapakTepHOMY pasmepy Tena l: F~mnlv (npexnonaraercs,
4TO PacCTOsSIHHE OT TeJla J0 IPAHUIL XKHAKOCTH, HanpuUMep 10 CTEHOK CO-
CyAa, 3HauHTeJbHO OGouibllle pasmepoB Tena). KosdduuueHnt mpomop-.
IHOHANbHOCTH 3aBHCUT OT (opmbl Tena. s 1wapa, ecnid B KayecTse [
B35Tb pafuyc 1apar, KosQpHIUHeHT NPONOPLUKOHANBHOCTH OKa3bIBAeTCs
paBHbIM 6. CrefoBaTe/IbHO, CHJIA CONPOTHBJIEHHS IBHXKEHHIO LIapHKa
B XKHAKOCTAX NPH HEOOMBIIHX CKOPOCTAX B COOTBETCTBHH C (OPMYJIOil
Crokca paBHa

F=6ayro. (78.1)

TMonbemuas cuna. 1151 BO3HMKHOBEHHS NMOABEMHOH CHJBI BSI3KOCTb
XHUIKOCTH He MMeeT cyllecTBeHHoro 3HaueHus. Ha puc. 78.5 nokasanbl
JHHHHM TOKa NpH OGTEKAaHHH HIealbHOH KHIKOCTBIO MOJYIHJIHHAPA.
BcesenctBre noJiHOro o6TeKaHHs! JIMHHM TOKa GYIYT CHMMETPHYHBI OT-
HocHuTeabHO npsimoit CD. OnHaKo OTHOCHTeNbHO mpsiMolt AB KapTHHa
Oyzer HecUMMeTpUuHOH. JIHHHH TOKa crymiaiorcsa BO6aH3U Toukd C,
HO3TOMY JAaBJeHHe 3/iechb OyIeT MeHblle, ueM BOJIH3H TOYKH D, H BO3-
HHKaeT nogbemHas cuna P. AnanoruyneiM o6pa3oM BO3HHKAeT MOIBEM-
Hasl CHJa M B BA3KOH XKHAKOCTH.

CuJsiofi, noanep:xuBaioLlell caMosieT B BO3JyXe, CAYXKHT NOoAbeMHas
cuna, JeHCTByIOmass Ha €ro Kphl-
absi. JIoGoBOe COMPOTHBJIEHHE HIPaeT

A
- A~ D B

>

Puc. 78.5. Puc. 78.6.

R

>>

NpH MnoJieTe camoseTa BpelHyio poab. ITosToMy KpbuibsM camosera H
ero ¢ro3ensxKy NpHIAIT Xopolo o6TeKaemyio dopmy. IIpoduab Kphina
JIOJI2KEH BMECTE ¢ TeM OGecrneuHBaTh AOCTAaTOYHYIO 110 BENTHYHHE NOAbEM-
Hy©o cuay. OnTHManbHBIM JJ/I Kphbl1a sBJAseTCs MOKa3aHHBIA Ha pHC.
78.6 npoduab, HaiineHHBIH BenmHMKHM pycckuM yyeHniM H. E. )Kykos-
ckum (1847—1921). Tpynamu )KykoBckoro u ero yuenuka C. A. Yan-
JLIrHHA GBLIO MOJIOXKEHO Hauaslo coBpeMeHHO! aspoauHamuke. B. H. Jle-
HHH HasBaJj Y)KYKOBCKOTO OTLOM pyccKolt aBHauuH. )KyKoBCKHI, B 4acT-
HOCTH, BBIBeJ (GOPMYJy IS ONPENeNeHHs .NOABEMHOH CHJBL, fBJAIO-
LYIOCS OCHOBOH BCEX adPOAHMHaMHYECKHX PacyerToB CaMoJIETOB.



JACTDb 2
MOJIEKYJISIPHASl ®U3UKA U TEPMOAUHAMUKA

rMTABAX
NPEABAPUTEJIBHBIE CBEJAEHHUA -

§ 79, Craructuueckas pusvka H TepMOAHHAMHKA

MonegynspHaas ¢usnKa npencraBiasier cobofl pasuen GU3MKH, H3Y-
YaloIMHi CTPOEHHe M CBOHCTBA BEHIECTRA, HCXOAA H3 TaK Ha3hIBaeMbIX
MOJIEKYJIIPHO-KHHETHUECKHX TMpeacTaBjienHi. CornacHO 5THM Ipej-
CTaBJIEHHSAM, JI060E TeNo — TBEpJAOe, KUJIKOE HJIH Tra3oo0pasHoe —
COCTOHT H3 OGONBIIOrO KOJIHYECTBA BechMa MaJblX 000COOGJIEHHBIX Yac-
THLL — MOJIEKYJT 1). MoJieKysbl BCAKOTO BelllecTBa HaXOZATCH B Gecro-
PSAIOYHOM, XAOTHYECKOM, He HMelolleM KaKOro-JIH0o NpeHMYILIeCTBeH-
HOTO HalpaBJjeHHs ABHKEHHH. Ero HHTEHCHBHOCTb 3aBHCHUT OT TeMIie-
parypel BeleCTBa.

HenocpencrBeHHBIM  I0KA3aTebCTBOM  CYINECTBOBAHHA XaoTHUe-
CKOT'O JBUKEHUS MOJIEKYJ CJYKHT GPOYHOBCKOE ABHXKEHHUE. DTO siBJIC-
HHE 3aKJI0YaeTcsl B TOM, YTO BecbMa Majibie (BHAMMBIE TOJIBKO B MUKpO-
CKOIT) B3BellleHHble B XKHJKOCTH UaCTHIBI BCEra HaXOASATCS B COCTOSTHHH
HerpepbiBHOrO OecrnopsfoyHOro JABHXKEHHS, KOTOPOE HE 3aBHCHT OT
BHENIHHX NPHUYMH M OKa3biBaeTcs INPOsBIEHHEM BHYTPEHHEro ABHIKe-
HUS BellecTBa. DpOYHOBCKHE UaCTHIB COBEPILIAIOT ABHXKEHHE IO BJUS -
HHeM GeCrnopsAOYHbIX YJApPOB MOJIEKYJI.

MounekyIpHO-KHHETHYeCKAst TEOPUsI CTABHT cefe HEeJbl0 HCTOJNKO-
BaTh Te CBOKMCTBA TeJ, KOTOpBIE HENOCPeJCTBEHHO HaO/MIONAnTCAd Ha
OnbITe (HaBJieHHe, TeMIepatypy H T. I.), KaK CyMMapHBIA pe3yJbTatr
AeiictBust MoJiekydl. I1pu 5TOM OHa mOMB3YyeTCs CTATHUCTHUECKHM METOJ0M,
UHTEpEeCYsCh He JBHKEHHEM OTJE/JbHBIX MOAEKYJI, a JIHIIb TAKAMH CpeJi-
HHMH BeJINYHHAMH, KOTOPble XapaKTepH3YIOT IBHKCHHE OPOMHON COBO-
KynHoctH vactHi. OTciofa Apyroe ee Ha3BaHHe — cTaTHCTHYecKas (u-
3HKa.

HsyuenneM pasjiM4YHBIX CBOHCTB TeJl M HU3MEHEHHUH COCTOSIHHS Be-
IIECTBA 3aHHMAaeTCsl Takxke TepMoinHamMuka. OJHAKO B OTJIHYHE OT
MOJIEKVJIIPHO-KHHETHYECKOH TEOpPUH TepMOAMHAMUKH H3ydaeT MaKpo-

%) ATOMBI MOMCHO PacCMaTpHBAaTh KaK OAHOATOMHBE MOJIEKYJIbI,
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CKOTIHYECKHe CBOMCTBA TeJ H SIBJEHHH NPHPOJbI, HE HHTEPECYsich HX
MHKPOCKONHYecKoH KapTHHOH. He BBOAS B paccMOTpeHHE MOJIEKYJIH H
aTOMBI, He BXOAs B MHKPOCKONHYECKOE PACCMOTPEHHe HPOLeccoB, Tep-
MOJMHAMHKa NO3BOJIAET JeJaTb LeNbHl Psif BBIBOJOB OTHOCHTENTBHO HX
npoTeKaHu4. :

B ocHOoBe TepMOAMHAaMHKH JIEXXHT HECKOJNbKO (yHIAaMEHTaJbHBIX
32KOHOB (HasblBaeMblX Ha4aJaMH Te€ePMOJAHHAMHK H), yc-
TaHOBJIEHHBIX Ha OCHOBaHHM OGOOLIEHHS GOJIbIION COBOKYMHOCTH OIIBIT-
HBIX (akToB. B cHay 3TOro BHIBOAR TEPMOIAMHAMHKH HMEIOT BecbMa
obLIuil Xapakrep,

‘Tlonxonst K paccMOTPEHHIO M3MEHEHHII COCTOSIHHS BeLIECTBA C pas-

JIMUHBIX TOYEK 3pEHHs, TepMOAHHAMHKA H MOJIEKYJsIPHO-KMHETHYecKas
TEOpHs1 B3aHMHO JONOJIHAIOT APYr Apyra, ob6pasys NO CYLIECTBY OAHO
neJoe.
"~ O6patiasicb K HCTOPHH Pa3BHTHA MOJIEKYJIs PHO-KHHETHYECKHX Npel-
CTaBJIEHHH, CJIefyeT Npexkie BCero OTMETHTb, YTO NpeACTaBJeHHS 00
ATOMHCTHYECKOM CTPOEHHH BellecTBa ObLIM BLICKa3aHbI ele JPEeBHHMH
rpekamu. OfHaKo y ApPeBHHX I'DEKOB 3TH HAeH OblIH He GoJiee YeM re-
uuanpHoll moragkod. B XVII B. aTomucTHKa BO3pOKIaeTcss BHOBb, HO
yXe He KaK Jorajka, a Kak HayyHas runoresa. OcoGeHHOe pa3BUTHe
9Ta THIOTE3a MOJYYHAA B TPYAAaX I'eHHAJBHOTO PYCCKOTO YYEHOro H
muiciuTenss M. B. JlomonocoBa (1711—1765), kKoTophii mpeAnpHHANI
NONBITKY JaTh €JHHYIO KapTHHY BCEX H3BeCTHHIX B €r0 BpeMs (usnye-
CKHX M XHMHYECKHX fBJeHHH. [IpH 5TOM OH HCXOIHJ H3 KOPNYCKYJIsAp-
HOro (0 COBPEMEHHO! TEePMHHOJIOTHH — MOJIEKYJ/ISIDHOTO) IpeNCcTaB-
JIEHHS1 O CTPOEHHH MaTepHH. BoccraBasi pOTHB rOCIOACTBOBABILEH B €T0
BpeMsl TEOPHH TeMJIOPOAa (FMAOTETHYECKOH TemIOBOH XKMAKOCTH, CO-
Jiep:KaHHe KOTOPOH B TeJle ONpejesser CTelleHb ero HarpeTocTH), Jlomo-
HOCOB «NPHYMHY TemJia» BHIUT BO BpallaTeJbHOM JABHXKEHUH YacTHLL
Tesa. Takum o6pa3oM, JIOMOHOCOBBIM OBLIH NO CYIIECTBY ChOpMYJIH-
POBaHbI MOJIEKYJ/ISPHO-KHHETHYECKHE IIPENCTaBJIEHHS.

Bo Bropoii nonosuHe XIX B. u B Havane XX B. Giarogaps TpyZaMm
psla YueHBIX aTOMHCTHKA NpeBpaTHJach B HAay4YHYIO TEOPHIO.

§ 80. Macca u pa3mepbl MOJEKyJa

s XxapakTepHCTHKH Macc aTOMOB U MOJIEKYJ IPUMEHSIIOTCS BeH-
UHHBI, TOJYYHBIINE HA3BaHHE OTHOCHTEJNbHOHN aTOMHOH
MaccCh 3JeMeHTa (COKpalleHHO — aTOMHOH Maccel) U O T H O-
CHTENbHON MOJNEKYJNSPHOH MaccCh BeHecTBa
(coKpalleHHO — MOJIEKYJIAPHOH Macchl) ).

ArtomHOi Maccoll (A,) XMMHYECKOro 3/ieMeHTa Ha3bIBAeTCST OTHO-
lweHHe Macchl aToMa 3TOro aJeMmeHTa K 1/12 maccwl atoma *2C (tak o6o-
3HaAyaeTCss M30TON YIJIepoja C MAaccoBBIM uucaoM 12). MoJieKyJ/sapHOi

1) PaHee 9TH BeJHYHHH Ha3HIBAJIHCh aTOMHBIM H MOJIEKYJSDHBIM BECOM,
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Mmaccoit (M,) BelllecTBa Ha3bIBaeTCs OTHOLIEHME MAacChl MOJIEKYJIBL 3TOr0
pemectBa K 1/12 Maccwl atoma *?C. Kak ciefyer m3 Mx onpejeseHus,
aTOMHast ¥ MOJIeKYJspHasi Macchl SIBJAIOTCS Oe3pasMepHBIMH BeJIHYH-
HaMH. '

Envnvia Maccel, paBHas 1/12 mMaccel atomMa *2C, HasplBaeTcsi a T O M-
HO# efmMHUNDeld Macch (a.e. M). OG03HaYUM 3Ty eIUHHLY,
BHID2XXEHHYIO B KUJIOrpPaMMax, 4yepe3 m,,. 10rja Macca aToma, BbIpa-
JKeHHasl B KHJIorpammax, 6ysieT paBHa A,m,,, a Macca MoJIeKyJIsl M, ;.

KosnuecTBo BelllecTBa, B KOTOPOM COAEPIKHTCH YHCJIO YaCTHIL (aTo-
MOB, MOJIEKYJ, MOHOB, 3JIEKTPOHOB H T. /), PaBHOE YHCJIy aTOMOB
B 0,012 kr usorona yrsepona **C, HasblBaercsl M O J € M. Ynorpebas-
IOTCSl TaKKe KPaTHBE U JIOJbHblE €AHHHIEBI: KHJIOMOMb (KMOJb), MHJI-
JIUMOJIb (MMOJIb), MHKPOMOJIb (MKMOJIb) H T. H.

Uxcno yacTHL, CcOAepXKaulMXcs B MOJe BelllecTBa, HA3bIBAETCSH
yHcaoM ABorappo. OnbiTHEIM nyTeM HaljeHO, 4TO WYUCIO
ABorasipo paBHO '

Np=6,022.102% mosp~%, (80.1)

TakuMm ofpasoM, Hamnpumep, B Moje Mead coiepxkutrci N, atoMoB
MelM, B MoJIe BOXBI cofiepKUTcst N MOJIEKYJ BOJbL, B MOJIE SJIEKTPOHOB
conepxKUTcsl N, 3NeKTPOHOB H T. [.

Maccy Mons HaspBalOT MONApPHOMH Maccoit M. OueBugto,
yto M paBHa Npou3BeJeHHI0O N Ha Maccy MoseKyasl M, my;:

M=NM,m,,. (80.2)

B cayuae yraepona **C M=0,012 kr/Monb, a Macca aToma paBHa
12 m,,. IloncranoBka 3THX 3HadeHHd B cooTHomwenHe (80.2) paer
0,012 (xr/mMosp) = N 4 (Mosb~%)-12m,, (xr).
Orciona

0,001 (xr-moap=?% 0,001 kr -
e (KT) ==y =om=7) )=6,022.1023_=1’66‘10 #gr. (80.3)

CnenoBatesibHO, Macca JoGoro aToma pasHa 1,66-10~22. A, kr, Macca
Jo6oit MosleKysiel paBHa 1,66-10-27. M, kr.
Hs (80.3) BriTekaer, uto npoussenenue Nam,, paBHo 0,001 kr/mosb.
[ToacranoBka aroro 3Hauenust B ¢opmyay (80.2) naer, yro
M =0,001-M, kr/mosp (80.4)
UM

M= M, r/voas, (80.5)

Taxum o6pasom, Macca MoJisi, BbIpa)KeHHasi B rpammax, YHC/JIEHHO
paBHa OTHOCHTeNBbHOH MoOJeKyJnspHoi Macce. OZHaKo ciefyeT UMeTh
B BHAY, 4TO, B TO BpeMd KakK M, — BenuuuHa Ge3pasmepHasi, M umeer
pa3mMepHOCTb KI/MOJb (WM I/MOJB).

Tenepp mnpousBeieM OLEHKY pa3MepPOB MoJeKYJa. EcrectBeHHO
NPENNOJIOXKHTb, YTO B KHAKOCTAX MOJIEKYJBI PACNOJaraTcsl J0BOJb-
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HO G6Jiu3Ko APyr K Apyry. IlosToMy npuGaMiKeHHYIO OLEHKY o6bema
OJHOH MOJIEKYJIbI MOXKHO NOJYYHTb, Pa3fieuB 00beM MOJIsL KaKoi-/im6o
JKHUAKOCTH, HamnpHMEP BOJABI, HAa YHCJO MOJEKYJ B Mosae N,. Mosb
(r. e. 18 r) Bogpl 3aHuMaer o6vem 18 cm®=18-.10"¢ M3 Cnenosa-
TETbHO, Ha JOMO OJHOH MOJIEKYJBl NPUXOAUTCA OOBEM, pPaBHBIH

(18-10=9)/(6-10%%) = 30.10~% ?,

Orciona clefyeT, 4TO JHHefHble pa3Mepbl MOJEKYJ BOAbI HPHGIH-
3UTEJBHO PaBHbI

v/30.10% ~ 3.10-1° m=3A.

Monexyssl APYrHX BElECTB TaKKe HMEIOT pasmephl MOPsSAKA He-
CKOJIbKHX aHICTpeM ¥).

§ 81. Cocrosnne cuctemnl, Ilponuecc

CucreMoll Tell MJIH NPOCTO CHCTEMOH Mbl GyneM HasbIBaTh COBO-
KY[HOCTb paccMaTpuBaeMbiX TeJl. IIpHMepoM cHCTeMbl MOXET CJIyXKHTh
MHUJKOCTb H HaXOAALIMIACSA B PABHOBECHHU ¢ HeH map. B wactHocTH, cu-
CTeMa MOXKeT COCTOSITb M3 OJHOro Tesa.

Bcesikasi cucTeMa MOXET HaXOIMTbCS B Pas3jMYHBIX COCTOSIHHSIX,
OTJIMYAIOIIUXCSl TeMIepaTypoi, JAaBjeHueM, o6beMoM H T. A. [lonoG-
Hble BEeJUYHMHBI, XapaKTepH3ylollMe COCTOSIHHE CHCTEMbI, Ha3bIBAOTCS
napamMeTpaMH COCTOAHHS.

He Bcerma kakofi-n60 mapaMeTp HMeeT oOIpeJieJieHHOE 3HauyeHMe,
Ecin, HanmpuMep, TemIepaTypa B PasHBIX TOYKax Te/a HEONUHAKOBa,
TO Tejly HeJb3sl MNpPHIMcAaTh ONpeleleHHOe 3HAauyeHWe napameTpa 7.
B stom ciiyuyae cocTosiHHE Ha3biBaeTcss HepaBH OBe c HBl M, Ecin
TaKoe TeJO H30JHPOBaTh OT APYIMX TeJl M IPelOCTaBUTh camomy cele,
TO TeMIepaTypa BbIpaBHAETC M NPHMET OJUHAKOBOE JJISI BCEX TOYEK
3HaueHe T — TeJlo nepefiieT B paBHOBECHOE COCTOsIHUE, DTO 3HaueHHe T
He U3MeHsieTcsl Jo TeX Iop, NOKa Tesio He GYJeT BblBeJleHO U3 paBHOBeC-
HOTO COCTOSIHHSI BO3JEICTBHEM H3BHE.

To ke camoe MOXKET MMETb MECTO ¥ /IS APYI'X NapamMeTpoB, HaNpH-
Mep And AaBiaeHHs p. EciM B3siTh ras, 3aK/IOYeHHBIA B LHJIUHApHYE-
CKOM COCyJe, 3aKPHTOM ILIOTHO INpPHUrHAHHBIM I[OpIIHEM, H HayaTb
OBICTPO BABHTraTh NOpLIEHb, TO IOA HHM oOpasyercsi rasopasi NOAYILKa,
IaBjeHHe B KOTOpoH Oyjer GoJjblile, yeM B OCTaJbHOM oOBbeMe rasa.
CrenoBaTesbHO, Ta3 B 3TOM C/yYae He MOXeT ObiTb OXapaKTépPU30BaH
onpeJie/leHHBIM 3HaueHNeM JIaBJeHHs p, H cOCTOsIHUe ero GyeT HepaBHO-
BecHbIM. OJIHAaKO eC/id NPeKpPaTHTh NepeMelleHre MOpIIHs, TO AaBJeHHe
B Pa3HBIX TOUKax oObeMa BBIpaBHsETCS M ra3 nepeijer B PaBHOBeCHOE
COCTOSTHHE.

-

.
1) AnrcrpemoM (o6o3Hauaercsi A) HasblBAeTCSl BHECHCTEMHAS eAWHHLA AJIHHbL,
paBnas 10—19 M. ITa eHHHIA OYeHb YA0GHA B aTOMHOH (pH3HKE,
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Tlpouecc mepexopa cHCTEMBl M3 HEPABHOBECHONO TOCTOSHHA B pas-
HOBECHOE HaswlBaeTci N POL EecCcOoM peslaKCallHH HIH Npo-
CTO peJsakcanuueil. Bpems, 3arpauuBaemMoe Ha Takod Tiepexof,
HashlBalOT BpeMeHeM PpeJdaKcaluu B xasscree BpemeHH
penakcaluy NpHHHMAaeTcsl BPeMsi, 3a KOTOPOE NEePBOHAYANLHOE OTKJO-
HEHHe KaKoil-JinGo BeJMUHHBI OT PaBHOBECHOIO 3HAYEHHS YMEHbILAeTCs
B e pa3. JIyia KaxJ0ro napamerpa CUCTeMbl UMeeTCsl CBOe BpeMs peslaK-
canpy. HawuGosibuiee M3 3THX BPEMEH HTPaeT POJb BPEMEHH pelaxca-
LHH CHCTEMBI.

HUrax, paBHOBECHHM COCTOSHMEM CHCTEMbl Hasbl-
BaeTCsl TAKOE COCTOsIHHME, NPH KOTOPOM BCE MapaMeTPhl CHCTEMbI HMEIOT
onpejesieHHble 3HAYEHUH, OCTAIOIMUECA IPH HEH3MEHHRIX BHEIIHHX
YCJOBHSIX NOCTOSIHHBIMH CKOJIb YTOAHO ZOJITO.

Eci no KOOpAMHATHBIM OCIM OTKJaAblBaTh 3HAYEHHS KaKHUX-JHGO
JBYX NapameTpoB, TO J060€ PABHOBECHOE COCTOSHHE CHCTEMBI MOXKET

ObITb H300paXKeHO TOYKOM Ha KOOPAMHATHOH
p,{\ 7 HAAOCKOCTH {CM., Hampumep, TOUKY J HA PHC.

o 81.1). HepaBHOoBecHOe COCTOAHHE HE MOXKET
0\_-\ ~ ObITb H300pameH® TaKiM CROCOOOM, HOTOMY
?" yro XOT# OBl OJMH U3 NapPaMeTPOB He OyJeT
HMETb B HepaBHOBECHOGM COCTOSHHH OHpefe-

JIGHHOT'O 3HAYEHMA.
Besiku# npouece, T. €. NGpeXa CHCTEMbI H3
OIHOTO COCTOAHHMSI B JApyroe, €Bf3aH ¢
p y HapylleHHeM paBHOBecus cucleMul. Caeno-
BaTeJbHO, HPH IPOTEKaHNU B CHCTEME Ka-
Puc. 81.1. KOro-1460 mpolecca 'OHa TNPOXQRUT yepe3
HOCJENOBATENbHOCTD HEPABHOBACHEIX COCTOSN-
Huil. Ofpamasch K yiKe pPacCMOTPEHHOMY MPOLECCY CIKaTH#A Ta3a B
cocyjie, 3aKpBHITOM MOPLIHEM, MOXKHO 3aKJIQUUTh, YTO HapylieHHe paBs-
HOBecHsl TIPH BIBUI'aHHH TOPIUHS TEM 3HAUMTENhHee, WeM GricTpee
NPOU3BOAMTCA CxkaTue rasa. Ecsau BABUrath nopiieHs oYeHb MeHJIEH-
HO, TO paBHOBeCHe HapylllaeTcsi He3HauUTeJbHO U JaBAeHue B pas-
HBIX TOYKAX MaJjo OTJIHYaeTcsl OT HEKOTOPOrO CPefHero aHayeHHs p.
B npenene, ecnu c:xaTue rasa npoMCXOANT GECKOHEUHO MEHLJEHHO, ras
B KaxJull MOMEHT BpeMeHM OYIeT XapaKTepH3OBaTbcfi —ONpefe-
JIeHHbIM 3HaueHHeM JaBieHusi. ClefoBaTesqbHO, B 3TOM TAyYae co-
CTOSTHME rasa B KaxKIbl# MOMEHT BpeMEHM sBJISIETCS PaBHOBECHLIM,
M OeCKOHEYHO MeJAJIeHHBIH Tpouecc GyIeT COCTOSTb M3 IOCJeNoBa-

TeJIbHOCTH PaBHOBECHBIX COCTOSIHHH,

Ilpouece, cocrosimyii 3 HeNpephIBHOM NOCJEAOBATENbHOCTH PABHO-
BECHbIX COCTOSIHMH, Ha3biBaeTcsi paBHOBEeCHEHBM HIM KB a-
3ucTaTtunyeck UM M3 ckazaHHOro cjefyer, YrO PaBHOBECHEIM
MOXKeT ObITb TOJLKO GecKOHeYHO Meenubiii npouecc. IIpu pocratouno
MelJIEHHOM TNPOTEKaHWHM peajibHble TIPOUECCHI MOTYT NPUOJIHKATHCSA
K PpaBHOBECHOMY CKOJb YrojHo GJ/IH3KO.
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PaBHOBecHEIHL npoiiecc MoxKeT OBITb NpOBeleH B 06paTHOM Hampas-
JIeHHH, TpHYeM cucTeMa OyIeT NPOXOINUTL Yepe3 Te Ke COCTOSIHHS,
YTO U NIPH NPSMOM XOJe, HO B 0OpaTHOH nocJiefoBaTesabHOCTH. [losTomy
paBHOBECHEIE IpOHEeCCHl HA3bIBAIOT TakKXe 0GP aTHMBEIM H.

O6parumblii (T. €. paBHOBECHBIH) NPOIECC MOXKET ObIThb M300pakeH
Ha KOODIUHATHOI NJIOCKOCTH COOTBETCTBYIOMWE# KpuBoi (cM. puc. 81.1).
HeoGpatumble (T. . HepaBHOBeCHHIE) IpollecChl MbI GyJieM YCJIOBHO
H300paxkaTb NYHKTHPHBIMH KPUBBLIMH.

Ilpouecc, mpu KOTOPOM cHCTeMa NocJe psja H3MeHeHHH BO3Bpa-
ImaeTcss B MCXOJHOE COCTOsIHHE, Ha3biBaeTcs KpPYyTOBHB M I P O-
HeccCOoOM WIM I HKJIoM. Fpapuueckn HUKJI H306pazkaercs 3aMx-
HYTOH KpHBOH.

IToHsiTHSI pPaBHOBECHOTO COCTOSIHHS ¥ OOpaTHMOTO Ipolnecca HrpaioT
GoJbILIyI0 pOJIL B TepMOjAHHAMHKe. Bce KoJinuecTBEHHbIE BHIBOIBL T€p-
MOJHMHAMHKH CTPOTO NPUMEHHMEL TOJBKO K PaBHOBECHBIM COCTOSIHHSIM
U oOpaTHMbIM Iponeccam 1).

§ 82. BHyTpeHHSis HEPrHS CHCTEMBI

BryTpenneii s3Heprueil Kakoro-16o Tena Ha3bIBACTCS SHEPTHST 3TOTO
TeJla 3a BblYETOM KHHETHYECKOH 3HEeprHH TesJa Kak IeJoro H IOTEeH-
LHaNbHOH SHEPTRU Tea BO BHemHeM nose cui. Tak, Hampnmep, npu
onpee/eHU BHYTpPeHHell SHePTHH HEKOTOPOH MAcCH rasa He JOJIKHBI
VUHTHIBAaTbCSH HEPTHS IBHUKEHHS rasa BMeCTe C COCYAOM H 3HeprHs,
00yC/TIOBNeHHAS HaXOXJeHHeM rasa B IOJle CHJ 3eMHOrO TSATOTEeHHS.

CrnenoBareTbHO, B NMOHATHE BHYTPEHHell SHEPTHH BKJIOYAIOTCH KH-
HeTHYeCcKasi SHEPTHS Xa0THYECKOTO ABHXKEHUs MOJIEKYJl, OTeHIHAaNbHAs
SHeprust B3aHMOJEHCTBHA MEXLY MOJEKYJIaMH H BHYTPUMOJEKYJsipHAsS
SHeprug ).

BHyTpeHHAS 3Heprud CHCTEMHL TeJl paBHA CyMMe BHYTPEHHHX 5Hep-
TUfl KaXI0TO K3 TeJl B OTAEJAbHOCTH M SHEPTHH B3aHMOJCHCTBHS MEXKIY
TeJaMH, TpelcTaBisiomed cCO60H SHEPruI0 MEXMOJEKYJsPHOrO B3au-
MOJEfiCTBHA B TOHKOM CJIO€ Ha TIpaHHLe MexAly Tenamu. Ilocmenmsist
SHEpPrHs CTOJb Maja IO CPaBHEHHIO C SHeprued MaKpOCKONMHUYEeCKHX
TeJl, 4TO €10 MOKHO NpeHe6peyb U CUUTAThb BHYTPEHHIO SHEPTHIO CH-
CTeMbl MaKPOCKONHYECKHX TeJl PaBHOH CyMMe BHYTPEHHHX 3HeprHil
obpasyomux cHcreMy Teld. Takum o6pa3oM, BHYTPEHHsisl 3SHeprusi
sBJsieTC aJJUTHBHOH BEJHYHHOH,

BuyTpeHHsAs sHeprus spjsiercs (GYHKIUEH COCTOSIHHSI CHCTEMBI,
310 03HauaeT, YTO BCAKHH pas, KOrja CHCTeMa OKasplBaeTcsl B JaHHOM

1) CymecTByeT TaKXe TepPMOIHHAMHKA HEPaBHOBECHBIX IIPOLECCOB, OXHAKO Mb
ee KacaTbed He GyleM.

2) dto ompelesieHHe CJAEAYeT pacCMaTpPUBaTh KAK INpefBaputesbHoe. B cra-
THCTHUECKOH (H3HKe NOHATHe BHYTPEHHell SHeprHH TNOJABepraercs yToyHeHuio. OG-
CyXJeHHe 3TOTO YTOYHEHHF BBLIXOJAMT 32 PaMKH 0o6uiero Kypca QusHku,



268 IJI. X. IPEABAPUTEJIbHBIE CBEJEHHA

COCTOSIHHH, €e BHYTPEHHSISI SHepTHs NMpPHHHMaeT NMpHCYLiee 3TOMY co-
CTOSIHMIO 3HAYEeHHe, HEe3aBHCHMO OT NpeABICTOpPHH cucTeMbl. CiejoBa-
TeJbHO, H3MeHeHHe BHYTPeHHeH SHePTHH IPH TNepexofie CHCTEMbl W3
OJIHOTO COCTOSIHMS B Apyroe GyJeT Bcerja paBHO PasHOCTH 3HaYeHHH
BHYTpEHHEH SHEPTHH B STHX COCTOSIHMSIX, HE3aBHCHMO OT MYyTH, HO
KOTOPOMY COBepIlaJicst Iepexof, T. €. He3aBHCHMO OT Ipolecca HJH
COBOKYIIHOCTH NpOLIECCOB, NMPUBEALINX K NEPEXOAY CUCTEMBbL M3 OAHOrO
COCTOSIHUSI B JPYTroe,

§ 83. IlepBoe Hauano TepMOAHHAMHKH

BHYTpeHHSIS1 SHEPTHS MOXeT U3MEHSATHCS 3@ CUET B OCHOBHOM EBYX
PasJMYHBIX IPOIECCOB: COBeplleHHs Haj TesqoM pabotel A’ M coobiue-
HHug eMy KoauuectBa Temsa Q.- CoBeplueHue paGOThHI COMPOBOMKAAETCS
nepeMellleHHeM BHEIUIHHX TeJ, BO3JEHCTBYIOIMX Ha cucremy. Tak,
HanpuMep, NpH BABHTAHHUHM MOPLIHSI, 3aKPHLIBAIOLIErO COCYJ C rasoM,
NopLueHb, NepeMelasch, coBepiuaer Haj rasoM padory A’. Ilo Tperbemy
akony HbioTOHa ras npu oTOM coBeplIaeT Haj MopuiHeMm paGoty

Cooflenne rasy Temia He CBSI3aHO C NepeMelleHHeM BHEIIHUX Tes
M, CJIeloBaTesbHO, He CBSI3aHO C COBEpLIEHHeM HaJ, Ia30M MaKpOCKOIH-
ueckoit (T. e. OTHOCsIIeHCs KO BCell COBOKYMNHOCTH MOJIEKYJ, H3 KOTO-
PHIX COCTOMT TeJio) paboThl. B 3ToM cilyyae u3MeHeHue BHYTpeHHel
SHEPTUH OGYCJIOBJIEHO TEM, YTO OTHE/bHEIE MOJIEKYJIB §oJiee HarpeToro
Teja coBepllaloT paboTy HajA OTAENbHBIMH MOJEKYyJaMH Tesa, Harpe-
Toro MeHbine, I[lepenaya sHepruM NPOHCXOAMT NPH 3TOM TaKiKe uepes
uanyuenue, COBOKYNHOCTb MHKPOCKOMMYECKHX (T. €. 3aXBaThIBalOILUX
He Bce TeJo, a OTHe/bHBIE €ro MOJIEKYJIbl) NpPOIeCccoB, NPHBOASIIUX
K Ilepejilaue 3HEpruu OT Tejla K Tesly, HOCHT HasBaHHEe TeINJ oI e-
peXauu,

Tlogo6HO TOMY KaK KOJIMYECTBO 3HEPTHH, NepellaHHOe ONHUM TeJIoM
Ipyromy, ompenensiercsi paGotoit A, coBepiiaeMoil APYr Hai JAPYyroM
TeJlaMH, KOJIMYECTBO SHEPrHM, NMepelaHHoe OT Tesa K Tesly IyTeM Tel-
Jionepenayy, onpejessiercs KoJH4ecTBOM TenJaa Q, oTaaH-
HOrO OIHHMM TesloM JApyromy. Takum obpa3oMm, NpHpallleHHe BHYTpeH-
Hell SHEPrMH CHCTEMBbl JOJIKHO ObIThb PABHO CyMME€ COBEDIIEHHOH Haf
cucreMol paGotel A’ M KosaMyecTBa COOOLIEHHOro cucTeme Tensa Q-

U,—U;=Q+A". 83.1)

3recb Ui n U, — HavasbHOE M KOHEYHOE 3HAYEHHs BHYTDEHHeH 3Hep-
ruu cucremsl, OOblyHO BMecTo paGoThl A’, coBepluaeMOH BHELIHMMH
TeJlaMH Haj CHCTeMoH, paccmatpuBaloT padory A (paBHylo —A’),
COBEpIIAEMYIO CHCTEMOH HajJ BHeIIHHMHM Tejamu. IloxcraBuB —A
BMecTo A’ M paspewnB ypasHenue (83.1) oTHocuTe/NbHO Q, TONYYHM:

Q=U,—U;+A. (83.2)
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¥YpaBHenne (83.2) BrpaxcaeT 3aKOH COXPaHEHHs SHEPIHMH M mNpef-
cTaBjsieT co0OH cofep:KaHHe MepPBOTro 3aKOHAa (Hawya.Ja)
TepMOAHHaAMHK U, CloBaMH ero MOXKHO BHIPa3HThb CJIELYIOLLMM
06pa3oM: KoAu4ecmso menaa, coobueHHoe cucmeme, udem Ha npupauje-
Hue 8HympenHell snepeull cucmempl U Ha cosepuierue cucmemoll pabomet
HAO BHEWHUMU meramMu.

CkasaHHOe OTHIOAb He O3HayaeT, YTO BCETJa MPH COOGLIEHHH TemJa
BHYTDEHHsISl SHeprus CHCTeMbl Bo3pacTaeT. MoxeT cayuuTbesd, 4TO,
HECMOTPsl Ha COOOLIEHHE CHCTEME Telljla, ee SHepTHsl He PacTeT, a YOul-
Baer (U,<<U,;)..B atom cayuae cornacso (83.2) A>Q, 1. e. cucrema
coBepiuaeT paboTy Kak 3a CueT rnojyuaeMoro Temsia Q, Tak M 3a cuer
3amaca BHYTpeHHell 3Hepruu, yObiab Kortopoil paBHa U;—U,. HyxHo
TaKXe HMeTh B BHUAY, 4TO BesHuuHH Q u A B (83.2) siBasitoTcs anre6-
pauyeckumMH (Q<<O os3HayaeT, YTO cHCTeMa B JeHCTBHUTEJbHOCTH He
TIOJydaeT TeMJo, a OTAAeT).

Us (83.2) cnenyer, 4To KOJIMYecTBO Temsa  MOXHO H3MEPATH B TeX
e eIMHHUIAX, YTo U pabory uaH sHeprHio. B CH exununeli Konnuecrsa
Temjaa CNYXKUT JKOYJb.

Jlisi M3MepeHHsT KOJIHYECTBA TeNsa NpDHMEHsIeTCS TakKe ocofast efuHHIA, Ha3H-
BaeMast K as 0 p Heil. OXHa Kagopus paBHa KOJNHMYECTBY Telsa, HeOBXORHMOMY
s Harpesanus 1 r© Bompl ot 19,5 no 20,5°C. Tricsiya Kajnopuit HasblBaeTcss GOJBILOR
KaJopuel MM KHJIOKaJOpHed. .

OnBITHEIM MyTEM YCTaHOBJIEHO, UTO OJHA KaslopHs skBuBaleHTHa 4,18 JIx. Cre-
JOBaTeJIbHO, ONMH JXKOYJ/Ib 3KBHBaneHTeH 0,24 Kan. Bennuuna /=4,18 x/xan Hasu-
BaeTCi MEXaHHYECKHUM 5KBHUBAaJEHTOM TemJa.

Ecay BeHuMHBL, BXofsliue B (83.2), BEIpaXKeHbl B Pas3HbIX eXMHHIAX, TO HEKOTO-
pble ¥3 3THX BEJIMYHH HYXKHO YMHOXHTb Ha COOTBETCTBYIOWIMH 3KBHUBadeHT. Tak,
Hanpumep, Bhlpaxas Q B kajnopusx, a U u A B 1xKoyasx, cooTHowenne (83.2) HyxHO
samucatb B BHJE

1Q=U,—U;+A.

B nanbHeitiueM Mbl Gyfem Bcerja mnpeamosarath, 4to Q, A u U BEIpameHH B
ONMHAKOBEIX €JUHHLAX, M IHCAaTh YpaBHeHHe IIePBOTO HayajJa TEPMOAHHAMUKH B
Buze (83.2).

Ilpy BBHIYHC/EHHH COBEPILEHHOH cHCTeMOH paGoThl HJIH IOJydYeH-
HOTO CUCTEeMO! TenJ/1a oGbIYHO MPUXOAUTCS pa3GUBATh paccMaTpHBaeMbIi
NPOLECC HA PSIA dJeMEHTapHBIX MPOLEeCCOB, KaXKIbfl H3 KOTOPHIX COOT-
BETCTBYET BecbMa MaJjloMy (B npejiesie — GECKOHEYHO MaJsioMy) H3me-
HEHHMIO TapaMeTpoB CHCTeMbl, Y paBHeHUe (83.2) mis 3/eMEHTapHOrO
mpouecca HMeeT BHJ,

NQ=AU+A'4, (83.3)

rie A’Q — ssemeHTapHOe KosiMuecTBO Temsa, A’A — ssemenTapHas
pabora 1 AU — npHpalleHde BHYTpPEHHell SHepruyd CHCTEMBI B Xoje
JaHHOTO 3JIEMEHTapHOro Hporecca.

BecbMa BaxkHO MMeTb B BuAy, uTo A’Q u A’A uenbsst paccMatpu-
BaTh KaK npupauenus BeJnuuH Q 1 A. CooTBeTCTBYyIOLIEE 3JeMeHTap-
HOMYy mpoueccy A KakoH-An00 BeNIHYHHB [ MOXHO paccMaTpHBATh
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KaK TpupalleHue 5Tofl BeJMUMHBI TOJABKO B TOM caydae, ecmu ZAf,
COOTBETCTBYIOLIAA {IEPEXOAY N3 OAHOro COCTOAHHA B ApPYyroe, HE 3a-
BUCHT OT NyTH, HO KOTOPOMY COBepIllaeTcsi Nepexofl, T. €. ecjH Besu-
unHa [ siBAsercd ¢yHKuued cocronHus. B orHourenuw dyHkuuu co-
CTOSIHUSL MOXKHO TOBOPUTH O €€ «3amacey B Ka)KAOM #3 COCTOSIHHIA.
Hanpumep, MOXKHO TOBOPHTb O 3anace BHYTPeHHe# 3HEPTHH, KOTODBHIM
ofnajiaer cucTeMa B PasAHYHBIX COCTOSTHUSIX.

Kak Mpl yBUZMM B JajbHeHIneM, BeHYMHA COBepIIeHHOH CHCTEMOMH
paboThl ¥ KOJMYECTBO IONYUYEHHOTO CHCTEMOH Tefiia 3aBUCAT OT NMYyTH
nepexofia CHCTEeMbl W3 OfHOro cocrosiaus B Apyroe. CaepoBartelsbHO,
HY Q, HN A me sBASAOTCA QYHKUHAMYE COCTOSIHHS, B CHNY Uero Hesb3as
rOBOPDHTb O 3amace Tensa HJH paGOTHl, KOTOPHIM 0GJajaeT CHCTeMa
B Pa3/UYHBIX COCTOSTHHMAX.

Takum obpasoM, B cumBoa A, crosmwuil npu A u Q, BKAazbIBaeTcs
MHOH cMbICa, 4eM B cuMBoa A, crosuuit npy U. UToBsl NOAYepKHYTDH
3T0 0OGCTOATENLCTBO, B MepBOM caydae A cHaGxeno mrpuxom. CHm-
Bos AU osnauaer npupauieHue BHyTpensiedl sHepru#, cumBoAu A'Q
u A’A 03HaualoT He NpHpaIEHHE, a JIEMEHTaPHOE KOMHYECTBO TENIOThI
U palGoTHL,

Uro6el npouaBecTy BhiuHcaeHus, B (83.3) nepexoxsar k auddepen-
nuajsaM, Toria ypaBHEHWE NEPBOro Haua/ja APHHHUMAET CJELyOMi
BHJ *):

-d'Q=dU+d’'A. (83.4)
Hnurerpuposanue (83.4) no BceMy mnpoleccy NPHBOAUT K BhIpazKeHHIO
Q= (U,—U1)+A,

TOXJECTBEHHOMY C ypaBHeHueM (83.2).
Eme pas noguepkHeMm, uYTO, HaupuMep, pe3yJbTaT HHTErpHpPOBa-
Hug d'A Henb3sa 3anucaTb B BHIE

2
fd'a=a4,— 4.
1

Takasa sanuch o3rayasa Ok, UTO COBeplIeHHas CHCTeMO# paGora paBHa
PasHOCTH 3HaueHMH (T. €. 3amacoB) paGOTEl BO BTOPOM U IIEPBOM CO-
CTOSIHMSAX.

§ 84. PaGota, coBsepuwiaemasi TeJoM NPH H3MEHEHHSIX 06bema

B3aumopeiictue JAaHHOrO TeJa C CONPHKACAIOLIMMHCS € HUM TeJaMH
MOXKHO OXapaKTepH30BaTh AABJICHHEM, KOTOPOE€ OHO Ha HiX OKa3bLIBaeT.
C nomolibio JaBJIeHHs1 MOXKHO ONMCAThb B3aWMOJENHCTBHE rasa CO CTEH-

1) B ypasuenun (83.4) dU npencraensier coboil noanuit auddepenuuan, d’ Q u
d’A He aBasIOTCA NOJHBIMH Juddepenunanamu (cM. § 22),
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KaMH COCy/Ja, a TaKke TBepJAOro MJIH XKHJKOro Teja CO Cpelol (HampH-

Mep, rasom), Kotopasi ero okpyxaer. [lepemellieHHe TOueK NpHJIOKe-

HUSL CHJI B3aHMOJEHCTBHSI CONPOBOXKIAETCsl H3MeHeHHeM o0beMa Tesa.

CnenosatesibHO, pabora, coBepllaeMas HaHHBIM TEJIOM HaJl BHEIIHHMH

TeJlaMH, MOXKET ObITh BhIpax<eHa uepes JaBJieHHe U H3MeHeHHs oObeMma

tesa, UToObl HaiiTH 3TO BhlpaxeHHe, PACCMOTPHM CJEAYIOUWHUH mpumep,
Ve

H .
i,

Puc. 84.1. Puc. 84.2.

ITyctb ras sak/oyeH B WMJIMHAPUYECKHH COCYX, 3aKPHITBIA MUIOTHO
NPHIHAHHBIM JIETKO CKOJb3smuM nopliHeM (puc. 84.1). Ecan mo ka-
KHM-TH00 NPUYMHAM ra3 CTaHeT PacCIIHPSTBCs, OH GyAeT mepemellaTh
NopilleHb M COBeplliaTh Haj HUM pabory. DjeMeHTapHas paboTa, CO-
BepluiaeMasi rasoM MpH MepeMellleHHH NOPIUHS Ha oTpe3ok Ah, paBHa

A’A=F Ah,

rne F — cuna, ¢ KOTOpoll ras JeficTByeT Ha MOpIIeHb, 3aMEHHUB 3Ty
CUJTy NMpOM3BEJEHHEM JABJCHUS rasa p Ha IJIOWAAb NMOPIIHA S, MoJay-
quM:

A’ A=pS Ah.

Ho S Ah npeacraBnser coGoit npupareHue o6bemMa rasa AV, ITostomy
BbIpaXKeHHE JIJIs 3JeMeHTapHOH paGoThI MOXKHO 3aNHCaTh CJICAYIOLIUM
obpa3som:

A'A=pAV. (84.1)

Besuuuna A’A B (84.1), oueBuuHO, siBJAsieTCs ajireGpaunyecKoi.
HeficTBUTEIbHO, TpH CKATHH rasa HalpaBjeHUs nepeMellleHuss Ah
¥ cWILl F, ¢ KOTOpOH ras JefCTBYeT Ha MHOpILEeHb, IPOTHBOIOJOKHH,
BCJ/IEICTBHE Uero sjeMeHTapHas pa6ora A’A 6yaer orpuuaresbha. [Ipu-
pamenue o6rema AV B 3TOM ciydyae Takxke OyJeT OTPHLATENbHBIM.
TaxkuM obpasoM, dopmysa (84.1) naer npaBU/bHOE BHIpaXKEHUE AJISI
paboTel NpH JOObIX H3MEHEHHsX o0beMma rasa.

Eciu paBieHue rasa ocraercs NOCTOSHHBIM (AL 9TOro JOJXKHA
OIHOBPEMEHHO H3MEHSITbCA COOTBETCTBYIOMIMM 00pasoM TemmepaTypa),
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paGora, coBepiiaemasi IpH H3MeHEHHH oGbeMma OT 3HaueHus V; .o 3Ha-
uenns V,, Oyler paBHa

Ap=p (V—V1). (84.2)

Ecnu xe mpu n3MeHeHHH o0beMa JaBjieHue MeHsieTcs, dopmyna (84.1)
CrpaBeA/MBa TOJNBKO MJIsi JocTaToyHo Magaelix AV. B atom cayuae
pabora, coBepliuaeMasi NPH KOHEYHBIX HM3MeHEHHsAX obbeMa, JIOJ/IKHA
BBIUMC/IATBCS KAaK CyMMa 3JeMeHTapHeiX paGoT Bujia (84.1), T. e. myTteM
MHTErpUPOBAHUA: ’
2
A= pav. (84.3)
Vi
HaiinenHbie BeIpakeHHst AJIs1 pabOThl ClpaBel/IMBbl NPH JIIOOBIX
W3MeHeHHAX oObeMa TBEPAbIX, KHMAKHX W rasooOpas3HuiX Tesa. Urtobnl
B 3TOM YOeIMTbCS, PACCMOTPUM ellle OAMH mpumep. BosbMeM TBepjoe
TeJI0 MPOU3BOJIBHON (OPMEI, IOTPYKEHHOE B XKUAKYIO HJIH ra3oo0pasHyio
cpelly, KOTopasi OKa3plBaeT Ha TeJO OAMHAKOBOE BO BCeX TOYKax JAaB-
nenre p (puc. 84.2). IIpeAnosoxuM, 4TO TeJIO paclIMpsieTcsl Tak, 4To
OT/ie/IbHBIE 3JIEMEHTApPHBIE YYAaCTKH ero moBepxHoctH AS; mosyuaior
pasnuuHeie nepeMemenus Ah;. Torma i-# ydyacrok coBepwMT pagoTty
A’A;, paBuywo p AS; Ah;. PaGora, coBepuiaemasi TeOM, MOXET OHITb
HalileHa KakK cyMMa paboT OT[e/NbHBIX YYaCTKOB: ’

ANA=J AN A;=Dp AS; Ah;.

BriHocs 3a 3HaK CyMMbI OJJHHAaKOBO€ IJI BCEX YYaCTKOB p U 3ameyas,

410 EAS,- Ah; naer npupamenue ofbema Tena AV, MOXKHO Hamycarh:
A'A=p AV, T.e. u B ofuieM cyuyae Mel IpUXoAuM K dopmyne (84.1).
N306pa3uM mpouecc H3MeHeHHs: oGbeMa Tesa Ha jauarpamme (p, V)
(puc. 84.3). DnementapHoil paGore
A'A;=p; AV; coorBercTByeT mo- PFA

Pi

0 v A py v
Puc. 84.3. Puc. 84.4.

mlafb Y3KOH 3alITPHXOBAaHHOH NOJOCKM Ha rpaduxe. OueBHAHO, YTO
MJomWajab, orpaHuueHHasi ocelo V, KpuBoil p=f(V) u npsmbiva V;
H V,, uucieHHO paBHa pafore, coBeplIaeMOH NpPH H3MeHEHHH obbema
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ot 3Hauenusi Vi 1o V,. PaGora, coBepiaemasi IpH KpyroBoM INpolecce,
YlCJIEHHO paBHa IJIOWIAAH, OXBaThiBaeMoil KpuBo# (puc. 84.4). Heficr-
BHTENbHO, paGoTa Ha yuyacTKe /—2 NOJIOXKHUTeJIbHA M YHCJIEHHO paBHA
IJIOLIA/M, OTMEUeHHOH HaKJIOHEHHOH BNpaBoO IUTPHXOBKOH (paccmaTpH-
BaeTcsl IHUKJI, COBEepllaeMblil IO wacoBoil crpeske). Pabora Ha yuacTke
2—] orpunarteNbHa U YHCJIEHHO paBHA IJIOWIAJH, OTMEYEHHOH HaKJIo-
HEHHOH BJIeBO IITpHXOBKOH. CienoBaTeslbHO, paboTa 3a LHKJ YHCIEHHO
paBHA IJIOIAJH, OXBAaThIBA€MOH KpDHBOH, M OyJeT MOJOXHTEeNbHA NDH
TIPSIMOM LUKJie (T. €. TaKOM, KOTODBll COBepILIaeTcsi B HalpaBJIeHHH
[0 YacoBOH CTpesKe) W OTpHIaTesNbHAa NPH OGPaTHOM. '

U3 ckasanHoro B § 81 sicHO, 4To moJsiyyeHHbie HaMH (OPMYJIBL MOTYT
GbITh NPUMEHEHbl TOJbKO K OGpaTHMBIM IpoLeccaM.

3ameruM, 4TO, HCIIOJMb30BaB Bhipaxenue (84.1) (c nepexonoM K aud-
¢depennuanam), ypapHehue (83.4) mnepBoro HayasJa TePMOAMHAMHKH
MOXKHO HamHCcaTb CJEAYIOMUM 06pa3oM:

d'Q=dU+pdV. (84.4)

§ 85, Temmepatypa

K onpenenenyio NMOHATHS TeMIepaTypsl MOXHO NPHUTH Ha OCHO-
BaHHH cJenylomux coobpaxenuit. Eciu compukacawouiyecs Tena
HaXOMATCS B COCTOSIHHHM TeIJIOBOTO PABHOBECHS, T. €, He OOMEHHBAIOTCS
SHepruell myTeM TemnJonepeiadu, TO STUM Te/aM INPUIHCHIBAETCS OHHa-
KoBasi Temnepatrypa. Ec/AM NpH yCTaHOBJEHHMH TeNJOBOTO KOHTAaKTa
MEeX]IY TeJaMH OJHO M3 HHX IlepelaeT SHEePruio JAPYroMmy MOCPECTBOM
TenJIoNepefayd, TO IEepBOMY Tesly MNpPHUIMCHIBaeTcss GOJbluasi TeMre-
parypa, ueM BTOpoMYy. Psji cBoHCTB Tes — 00beM, 3JeKTpHUecKoe
CONPOTHBJIEHHE M T. I.— 3aBHCUT OT TemmnepaTyphl. Jlio6oe u3 3THX
CBOHCTB MOXKeT ObITb HCINO/b30BAHO AJISI KOJHYECTBEHHOrO ONpejesne-
HHSI TeMIepaTypHl.

[TpuBenem Teso,. BBIGpaHHOE HAaMM /ISl M3MEpEHHS TEMIIEPATYPHI
(TepMOMeTpHUYECKOE TeJO), B TENJIOBOE PABHOBECHE C TAIOWUM JIbJOM,
NpHUNHKLIEM Tely B 3TOM caydae Temmepatypy 0° M oxapakrepusyem
KOJINYECTBEHHO TO CBOMCTBO Teja (TeMmepaTypHBII NpU3HAK), KOTOPOE.
MBI HaMepeBaeMcsi HCIIOb30BaTh JJ/isl M3MepeHus Temmepatypel. I1ycTs
B KauecTBe TaKoro NpH3HaKa BbIOpaH 06beM Tesa, M 3HaueHue ero npu 0°
paBHO V,. 3areM npHBeJeM TO e TeJIO B TeNJIOBOE PaBHOBECHE C KHIIsi-
el nox aTMocepHEIM AaBJEHHEM BOJAOH, NpHUIMIIEM €My B 3TOM CO-
CTOSIHHH 3HaueHHe Temmepartyps!, paBHoe 100°, W ompenesuM cooTBeT-
CTBYIOmMI 06beM Vig. IlpuHHMad, uTO BLIOPAHHBIH HaMH TeMIepaTyp-
HBI DpH3HaK (B paccMaTpuBaeMoM INpHMepe — O0beM) H3MEeHSeTCs
C TeMnepaTypol JHHe{lHO, COCTOSIHHIO, B KOTOPOM TepMOMETpHYeCcKoe
Tesio umeeT o6veM V, ciefyeT npumucarb TeMHepatypy

. V—Vo o
t= g 100°. (85.1)
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YcraHoBleHHAsE TaKuM 06pas3oM TeMnepaTypHasl IUKaJa HaseBaercs,
Kak usBecrHo, mxamoll Henbcus. CootHomenue, ananoruysoe (85.1),
MOXKHO HallHcaTb M JJis cjydasi, Korja JJjsi U3MEDeHUs TeMIepaTypsl
Gepercsi He oObeM, a KaKoi-iH60 MHOH TeMIepaTypHBIH NpHU3HAK.

IIporpafyupoBaB QIUCAHHBIM CIIOCOOOM TEpMOMETP, €ro MOMKHO
HCIIOJIb30BATh JJist H3MEpPEeHHUs TeMIepaTypel, NPHBOAS B TEMJIOBOE
paBHOBECHE C TeM TeJIOM, TeMIepaTypa KOTOPOro Hac HMHTepecyeT, U
[POM3BOAS OTCYET BEeJMYMHEI 00beMa.

IIpu cpaBHEHMH TEPMOMETPOB, MCIOJb3YIOMHUX Da3/HYHBIE [O NpH-
poZe TepMOMeTpHYeCKUe Tesa (Hanpumep, PTYyTb W CIHPT) WK pas3nuy-
Hble TeMIlepaTypHble NPHU3HAKU (HampuMmep, o6beM H 3JEeKTPHYECKOe
CONPOTHBJ/IEHNE), OGHAPYKUBAETCs, YTO IOKA3aHHS 3THX TEpMOMeT-
poB, coBmajast M3-3a crnocoGa rpagyuposku mpu 0° u 100°, He coBna-
JaloT Ipu Apyrux temneparypax. Orcioga cienyer, 4To A/1s OfHO3Hau-
HOT'O OIpefiesleHus] TeMNepaTypHOH MIKaslbl HeOGXOAUMO YCJIOBHTBCH,
KpoMe crocofa TrpajiydpoBKH, TaKxe O BbIOOpe TEePMOMETPHYECKOro
TeJa M TemmepaTtypHoro mpusHaka. O ToM, Kak JleJaeTcs 3TOT BbIGOp
NpH YCTAHOBJIEHHH TaK HA3bIBAEMOH SMIHMPHUUECKOH IIKAaJhl TeMmIepa-
Typ, GyZeT ckasaHO B caejyiomeM naparpacde. 3aberasi Bnepen, yKa-
JKeM, 4TO Ha OCHOBe BTOPOrO Hayaja TepMONVUHAMHKH MOXET ObITb
yCTaHOBJIEHA TeMmIepaTypHas [IKaJja, He 3aBHCAILAs OT CBOHCTB Tep-
momeTpuyeckoro Tena (cM. § 106). Dra mxaja HaspBaeTcs T e p M O-
AMHaMHYecKOH mMKaJoOHl TeMneparTyp.

B TexHHKe M B OLITY IpUMEHsIeTCI MeX IyHapo/gHAS
npakTHUYecKas TeMnepaTypHasg mkKaJaa 1968 r.
(MITTHI-1968), panee umeHoBaBmasicsi wkajoir Llenbcus. B ¢usuxke
Gosee ynobHa a6coJTHAA WIKauJa, Temneparypa T, orcui-
TaHHas 10 3TOH 1KaJjle, CBSI3aHa C TeMIIepaTypoil ¢ 0 MexAyHapOAHOM
NPaKTHYECKOH IIKaje COOTHOLICHHEM

T=t+273,15.
Enununy aGco/moTHOR TeMmrnepaTyphl Has3blBaloT K€ 1 bB U H 0 M (06o-
sHavaercsa K). Panbiue ee nMenoBanu rpagycom KenbBuna (u o6o3Ha-
yami °K). MeXIyHapOAHYIO IPAaKTHUECKYIO TEMIEPATypy H3MEpSIOT
Brpaaycax Leascus (°C). 3nauenuss KeJbBHHA H Tpanyca
Henbcus opunakosbl. Temnepatypa, paBuas 0 K, HaskiBaercsi a 6 ¢ o-
JIOTHHM HYJeM, eMy coorBerctByer (=-—273,15°C.

B naabnefimmem (cM. § 97) MBI nokaxkeM, uto aGCoJIOTHAsE TeMmepa-
Typa NpONOpPUMOHAJNBHA CpeJHell KHHEeTHYECKOH 3HEPTHH MOCTyNnaTeh-
HOro JBHKEHHsI MOJIEKYJ BelllecTBa. B sToM 3ak/ioyaercss ¢U3UYECKHUIi
CMBICJI aBCOJIIOTHOH TeMIepaTyphl.

§ 86. YpaBHeHHe COCTOSIHHSI HAECAJILHOr0 rasa

Cocrosnre 3ajaHHOM MacChl rasa ONpEJENseTCs 3HAYCHHSIMH Tpex
napaMeTpoB: JaBieHus p, o0beMa V u Temnepatypel T. Dt napa-
METPLI 3aKOHOMEPHO CBfI3aHBl APYT € APYroM, TaK 4TO H3MEHEHHE Of-
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HOTO M3 HMX BJeYeT 3a cOGOfl M3MeHeHHWe APYIHX, YKasaHHAs CBA3b
MOXeT ‘GBITb 3a7iaHia aHAJIUTHYECKH B BHJE (PyHKLMH

F(p, V, T)=0. (86.1)

CooTHomeHYe, ompenensolee CBS3b MeXKAY NapamMeTpamu KaKoro-
anbo Tesna, HasplBaeTCI YpPaBHEHHEM COCTOSHHSI 3TOr0
tesa. CuepnoBatenbHo, (86.1) mpexacraBnsier coGoii ypaBHEHHE COCTOSI-
HHf JaHHOH MaccHl rasa.

[Tpocrefiniumu cBolicTBaMH o6safiaeT ras, B3auMOIEHCTBHE MEXKAY
MOJIEKyJiaMH KOTopore mpenefpexxumo Majo. Tarel ras HasbBaeTcs
HAeadJbHH M. B3aumosielictBue mMexkiy MOJIEKyJiaMidl BCAKOrO rasa
CTAHOBHTCSH TpeHeOpeskUMO clabkiM npH CONLHIOM pPa3peXReHHH, T. €.
NpH MaJjbiX NJIOTHOCTSIX rasa. Besikui peasibHBIH ras npH JOCTaTOYHOM
paspexkeHUH GJHM30K IO CBOMM CBOHCTBaM K MjeajbHOMYy. Hekoropwie
rasel, Takue, KaK BO3AYX, a30T, KHCJIOPOJ, JaxKe NpH OOBIYHBIX YCJIO-
BUsIX, T. €, NPH KOMHATHOH TemIeparype M aTMochepHOM JaBJeHHUH,
Malo OTAHYAITCS OT HAeanbHoro rasa, OcobeHHO OAU3KH TIO CBOMM
CBOWCTBAM K HJea/IkHOMY rasy resiud U BOJOPOAL.

[lpu HeGOIBIIMX NJOTHOCTSAX Iassl C XOpOWEH TOYHOCTHIO NOAYH-
HSIOTCA ypaBHEHHIO

-%,Y- =oonst, (86.2)

CrenoBaTeNIbHO, 3T0 YpaBHEHUE €CTh Y PAaBHEH U € COCTOSIHHU 4
HAeaNlbHOTrO raasa,

B cooTBeTcTBHM C 3aKOHOM, YCTAHOBJEHHBIM ABOraipo, MGJM BCEX
ra3oB 3aHUMAIOT [IPH ORMHAKOBEIX YCJOBUSX (T. €. NPU QIUHAKOBBLIX
TeMIepatype ¥ JaBJEHWH) OfMHAKOBHIA oGbeM. B uacTHocTH, mpH Tak
HasblBaeMblX HOPMAaJMbHBE X yCJAOBHUAX, T. e. npu 0°C u
naBiaesud B 1 arm (1,01-10% ITa), ob6meM Mosist JoGoro rasa paBeH
22,4 a/monb=22,4-10"% m®*/monb. Orciofa cjefyer, 4Tto B cJyuae,
KOTZa KOJIHYECTBO Ta3a PaBHO OFHOMY MOJIIO, BEJHUYHHA KOHCTAaHTH B
(86.2) 6yner opunHakoBa Jjist Bcex rasoB. OG03HAYUB COOTBETCTBYIOILYIO
MOJIIO BEJIMUMHY KOHCTaHThl OykBOH R, HanuiieM ypaBHeHue (86.2)
cenylomuM obpasom:

pVu=RT. (86.3)

Mur mocraBusid npu V MHAEKC «M», UTOOBl IIOKa3aTh, UTO peuyb HAeT 00
o6beMe, 3aHMMaeMOM NpH JaHHHX p W T MosneM rasa. YpaBHeEHHe
(86.3) ecte ypaBHEHHME COCTOSIHMS HJ€aJIbHOTO rasa, HalUCaHHOe AJIS
OZLHOTO MOV,

Benuunna R HasbiBaeTcs Ta30BOoH noctrosfsHHOBK Co-
rnacHo cootHoweHuo (86.3) u sakoHy ABoragpo

V.  1,01.105.22,4.10~% [la.M?
R=pT—"= 273 - MK/MOM=8'31 Ilx/(monb - K)
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(MpOMSHOCHTCA: JUKOYJIb Ha MOJb-KelbBHUH) *).

Or ypaBHenus (86.3) mist ofHOro MoJsi JIeTKO mepefiTH K ypaBHe-
HHIO /s JiIOOOU Maccel m, NPUHAB BO BHUMaHHe, 4TO NPH OAHHAKOBBLIX
JaBJIEHHH U TeMmepaType v MoJiell rasa GyAyT 3aHUMATb B v pa3 GoJib-
mui o6beM, yeM oguH Mosb: V=vV,. ¥YMuOxkuB (86.3) Ha v=m/M
(m — macca rasa, M — moJsipHas Macca) U 3amenus vV, Ha V, no-
JYduM YypaBHEHHe

pV =7 RT. (86.4)

1o ypaBHeHHe MpefcTaB/ser cofoil ypaBHEHHe COCTOSIHHUS MAeaJbHOro
‘Tasa, HaNMCcaHHOEe MJIs Macchl rasa fi.

YpaBHenuio (86.4) MOxKHO npuAaTh Apyroi BuA. JI/1s 3Toro BBeZeM
BEeJIHUHHY

P (86.5)

(R — rasoBas mnocrositHasi, N, — uyucio ABoranpo). Dra BeJHYHHA
HasbiBaeTcsi MOCTOsSHHOU Boabrumana, OHa umeer Gosee
raybokuil u3nyecKuil cMbic/, 4yeM noctossHHasg R. B § 97 6yaer no-
KasaHo, YTo k mnpeacraBnaseT co6of KoahdHIHEHT NpPONOPLUHOHA/b-
HOCTH MeXJAYy Ccpelnell sHeprueill TemoBOTO IBUXKEHUS MOJEKYJbl H
aGcomoTHOl TeMmnepatypoil. [ToacranoBka B (86.5) YHCIOBLIX 3HAYEHUI
R u N, naer
8,31 Ix/(mouab-K) -
k=5,093:10% mome=1 — 1,38-107%* Jlx/K.

YMHOXKYMM ¥ pasfe/iM IpaBylo 4acTb ypaBHeHHUs (86.4) Ha Nj.

Torpa ypaBHeHNe MOXKHO HalMcaTb B BHAE

pV = ‘VNAkT.

IpousBenenne vN, paBHO uHcTy Mosekysa N, couepiKaluxcs B mMacce
raza m. C y4eToM 3TOro noJjyuaem, 4ro

pV=NET. (86.6)

Teneps pasnennM obe yactH ypasHeHus (86.6) na V. Ilpunsas Bo
BHHMaHHe, uto N/V ecTb 4uc/0 MOJIeKyJ B eJUHUIe 0GbeMa 1, NpHXO-
IMM K (opmysie

p=nkT, (86.7)

VYpaeneunsa (86.4), (86.6) u (86.7) mpencraBasior coGoél pasiauy-
Hble GOpMbl 3alHCH YPABHEHHS COCTOSHHA HJEalbHOTO rasa,

1) Ins mpakTHYeCKHX pacueToB MHOIA GbIBaeT YI06HO MOJNb30BAThCA 3HAYEHHEM
R B jutp-atMocdepax Ha MOJIb-KeJIbBHH:

1 at™.22,4 a/monb
273 K

R= =0,0820 x-atm/(voas - K),



§ 87. BHYTPEHHSS1 SHEPTHS HIEAJIbHOIO IA3A 277

OTHoWeHNe Macchl ra3a K 3aHUMaeMOMy HM oGbeMy JaeT IJIOTHOCTb
rasa: p=m/V. CornacHo (86.4) IJIOTHOCTb HJeasJbHOrO rasa

M
P="7r (86.8)

Takum ofpasoMm, IJIOTHOCTb HAEaJbHOrO rasa HpONOpHUOHAaJ bHA JaB-
JIEHHI0 U O6paTHO NPONOPIMOHAJIBHA TEMIEpaType.

Ilpocrasi cBsI3b MexKAy TeMnepaTypoil M OCTaJIbHBIMH NapaMeTpaMu
HJleaNIbHOrO rasa JiejlaeT 3aMaHUHBLIM HCIOJB30BaHHE €ro B KauecTBe
TepMOMeTpHYecKoro BeulectBa. (OfecneynB IOCTOSIHCTBO OO6BeMa U
UCNOJb30BaB B KayecTBe TEeMNEpaTypHOro NpH3HAKa JAaBJeHHE rasa,
MOXHO TNOJYYHTb TEPMOMETpP C HJeaJbHO JHHEHHOH TeMmmepaTypHOH
wkanoll. B panbuelimem 3Ty mxany Mbl OyfeM HaseBaTb U J € a JI b-
HOM rasoBoifl WKaJdo# TeMmoeparTyp.

IIpakTHyecKH, MO MEXAYHapOAHOMY COTJalleHHI0, B KauecTBe Tep-
MOMeTpUYECKOro Teja GepeTcst BOAOPOA. ¥ CTAHOBJIEHHAsl 10 BOLOPOAY
¢ HcNonb30oBaHHeM ypaBHeHHsl (86.4) iikaja HasplBaeTcsi 3 M I1 M p H-
YyeCKOH mKaJo#l TeMneparTyp.

§ 87. BHyTpeHHsIs 3HEPrusi H TEMJIOEMKOCTb HAEAJBLHOr0 rasa

OnbiT NOKa3bIBaeT, YTO BHYTPEHHSIST SHEPrysl HjeasbHOro rasa 3a-
BHCUT TOJIbKO OT TeMIEpaTyphi:

U=BT. (87.1)
3necb B — K03GhUIMEHT MNpONOpPUMOHANbHOCTH, KOTOPHIH oOcTaercs
[IOCTOSIHHBIM B BecbMa LUMPOKOM HHTEpBaJjie TeMIepartyp.

OTcyTcTBHE 3aBHCHMOCTH BHYTpPEHHEH 3SHEpruMH OT 3aHHMaeMoro
rasoM ofbeMa YKas3biBaeT Ha TO, YTO MOJIEKYJbl HAeaJbHOrO rasa Imno-
JaBJSAOILYI0 YacThb BpeMeHH He B3aWMOJEHCTBYIOT APYr C APYrom.
JleficTBUTENBHO, €CM Obl MOJIEKYJIBl B3aHMOJENHCTBOBAJIU MEXAY co0oii,
BO BHYTPEHHIOIO SHEpPruio BXOAWJA Obl CJlaraeMblM MOTEHIHAJbHAS
SHepryusi B3aMMOJEHCTBHS, KOTOpas 3aBHucesa Obl OT CpeJHero paccrosi-
HUSI MEX]IY MOJIEKYJaMy, T. e, oT V1/3, .

OTMeTHM, YTO B3aUMOJEHCTBHE JO/KHO HMETb MECTO MpPU CTOJK-
HOBEHH$X, T. €. NpU cOJNHKEHHH MOJIEKYJ Ha OYeHb MaJjioe pacCTOsIHUe,
OnHako TakHe CTOJIKHOBEHHSI B DPa3pexKeHHOM rase NMPOHUCXOAST Peaxo.
IlonaBnsiolmyo yacTb BpeMeHH KaxKaas MOJIeKyJia NMPOBOAUT B CBOGOL-
HOM TmoJieTe,

Tennoemkocmoro KaKo20-Aub0 Mmeaqd HA3bIBAEMCS 6EAUMUHA, PABHAA
KOAUMECMBY Menaa, KOmopoe HYNCHO CO0OWUme meay, 4modbl nogvicumo
e20 memnepamypy Ha 00ur Keavsurn. Eciy coollleHne Tely KOJHYeCTBa
tensa d’Q nosblliaer ero teMmnepatypy Ha d7, TO TeNJIOEMKOCTb MO
ONnpeJieJIeHHI0 paBHa

dl
Cresa =" (87.2)

Dra BeJHYHHA M3Mepsiercss B JxKoyJsaX Ha KeabBuH (Ix/K).
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TenoeMKOCTE MOilst BELECTBA, HA3bIBaEMyIO M OJI IPHOH Te M-
NToeMKOCTb1o, M OyaeM ofosHauaTb nponucHoil 6ykBoit C.
H3mepsieTcss OHa B JKOYJISX Ha MoJb-KeabBHH ([Ix/(Mousb: K)).

Ten0eMKOCTb €{HHHKIILI MACChHI BElleCTBA Ha3blBaeTcsi y e J1 b H 0 i1
TENJOEMEKOCTBb10. Ee Mbl 6yaeM 0603HayaTh CTPOUYHOH GYKBOH C.
Usmepsierca ¢ B JKOYJsSX Ha KHjorpamm-keabBuH ([Ix/ (kr-K)).

Mexny MOJSIpHOH M YJIe/bHOH TENIOEMKOCTSIMH OJHOTO H TOTO XKe
BelllecTBA MMeEeTCsl. COOTHOILIEHHE

c=CIM (87.3)

(M — mosrspHast Macca).

BennuuHa TeNmJoeMKOCTH 3aBUCHUT OT YCJOBHUH, NPH KOTOPHIX INpPO-
UCXOJUT HarpeBaHue Tema. HawmGosblmuil MHTEpec NpencTaBJseT Tell-
JIOEMKOCTb JJIsl CJlyyaeB, KOI[ja HarpeBaHHE NPOHCXOZUT NPU IOCTO-
SIHHOM O0BEME WJ/IM IPU HOCTOSIHHOM JiaBjleHRH. B mepBoM ciyuae Ter-
JIOBMKOCTb Ha3BIBAETCS TEMJIOEMKOCTBIO IIPH - NOCTOSIHHOM 0oObeme
(o6o3navaerca Cy), BO BTOPOM — TEIJIOEMKOCTbIO IIPH IIOCTOSTHHOM
nasnennu (Cp). ‘

Ecnu HarpeBaHHMe NPOMCXOAUT IPH MOCTOSIHHOM oObeMme, TeJO He
coBepliaeT paGoTHl HAaX BHEIIHUMH Te/aMU H, CJeJ0BaTeNbHO, COIVIACHO
nepBoMy Hayasay TepMOAMHAMHKH (cM. (83.4)), Bce Temso HAET Ha MpH-
pauleHHe BHYTpeHHell 3Hepruu Tesa:

d'Qy=adU. (87.4)

U3 (87.4) BbITekaer, 4TO TENIQEMKOCTh JIIOGOrO TeJd NMPH MOCTOSHHOM
obbemMe paBHa

C, = (g%)v (87.5)

Takas 3anucbh MopuepKHBaeT TO OGCTOSITENBLCTBO, 4TO NpH Auddepert-
OHPOBAHWH BBIPpA2KEHUS I/ U no T o6beM cJaeayeTr cuuTarb IOCTOAH-
HeIM. B ciyuae uaeanbHoro rasa U 3aBHCHT TOJIBKO OT T', TaK 4TO BHIpa-
xeHue (87.5) MOXKHO NpeiCTaBUTb B BHJE

dUy

Cv="7

(4TOOBI MOJMYYUTH MOJISAPHYIO TeIJIOEMKOCTb, HYXKHO B3SITb BHYTpEH-
HIOIO SHEPTHIo MO/t rasa).

Bripaxenue (87.1) ana ommoro moss rasa umeer Bujy U,=B,T.
Iponuddepennuposas “ero no T, moayuum, uro C,=B,. Takum 06-
pasoM, BhipaxeHHe JJIs1 BHYTPEHHel SHeprUH OJHOTr0 MOJIS MAEaJbHOrO
rasa MOXHO NpeACTaBHTL B BUJE

U,=C,T, (87.6)

rae CV_' MOJIpiiasi TCIVIOEMKOCTb rasa IpW MNOCTOAHHOM obneme,
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BHyTpeHHsIs1 5Heprusi TIPOU3BOJIbHOH Matcel Tasa m ‘OyJeT paBHa
BHYTpEHHEH SHePruy OJHOrO MOJIsi, YMHOXKEHHOM Ha YHCJIO MoJleil rasa,
COZepaKaIlMXCcsa B Macce m:

U=%5GT. (87.7)

Ecnn narpeBanne rTasa TIPOMCXORMT TIPH TIOCTOSTHHOM JIaBJIeHUH,
To ra3-6y/er paclMpsaTbCs, COBEpIIAs Hafl BHEINHUMM TeJlaMH TIOJIOXH-
TesbHYIO paboty. CirefoBaTesTbHO, AUisl TOBBINIEHHS “TeMIEePATYpPHl rasa
Ha OJlMH KeJIbBHH B 3TOM CJlydae NOHaJo0UTCs ‘Gonblle TEmIa, YyeM IpH
HarpeBaHNH NpH TOCTOSIHHOM oGbeMe,— YacTb “Telsa OyjAer 3arpavu-
BaTbCsl Ha coBeplueHHe ra3oM paGoTel. [losToMy TemsioeMKOCTb NpH
IIOCTOSIHHOM - IaB/IeHHU JO/IKHA OBbITh OOJIbllie, YeM TeNJOeMKOCTb NpH
TNIOCTOSIHHOM 00beMe,

Hamyiem ypaBuenue (84.4) nmepBoro HauaJja TepMOAMHAMHKH IJs
MoJlsl Tasa:

d'Q,=dU,+p dV,. (87.8)

B sToMm BuipaxeHunm HHAeKc p npH d’Q ykasblBaeT Ha TO, UTO TeMJO
cooflaeTcsi rasy B YCJOBHSIX, Korja p mnocrosuHo. Pasmenus (87.8)
Ha dT, mosyuyuM BbIpaxieHUe JJIs1 MOJSIPHOH TemJIOEMKOCTH rasa IpH
HOCTOSIHHOM JiaBJIeHHH:

) dUy OV .
C=Lm 1 p (a_T),,' (87.9)

Cnaraemoe dU,/dT paBHO, KaK Mbl BUAENH, MOJISIPHOH TEMJIOEMKOCTH
npu nocTrossHHOM obbeme. Iloatomy ¢opmyna (87.9) Moxer ObiTh Ha-
HMCaHa CJeAyolmyM ofpasom:

Co=Cytp () - (87.10)

Beanuuna (0V,/0T), npencraBiaser coGofi mpupauieHue o6beMma
MOJIsi Ta3a NPH MOBLILIEHHH TeMIIEpaTypHl Ha OfMH KeJbBHH, HQJIyYalo-
eecss B cayyae, Korja p IOCTOSHHO. B COOTBETCTBHMH C ypaBHEHHEM
cocrosuus (86.3) V,=RT/p. duddepenunpys 370 Bhipaxenue no T,
noJjiarasi p=const, Haxoaum

(B R
o Jp »p°

Haxkonen, moacraBus 3ToT pesyabrar B (87.10), nonyuaem
C,=Cy+R. (87.11)

Taxum o6pasom, pa6oTa, KOTOPYIO COBEpILIAET MOJb HAEAJbHOrO
rasa Npv MOBHILEHWH €ro TEMIEepPaTyphl Ha OAMH Ke/LBHH IIPU MO-
CTOSIHHOM JlaBJIeHHH, OKa3blBaeTcs PaBHOH TIa3oBOi INOCTOsSIHHOH R,
OrmerumM, uto cooTHowenue (87,.11) nomyyeHo ¢ Hcnonb3OBaHHEM ypaB-
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HEHUS COCTOSIHHS MJeaJbHOrO rasa M, CJeA0BaTeNbHO, CIpaBeiJHBO
TOJIbKO JJIsi HJeabHOro rasa.
Benuunna

v=C,/Cy (87.12)

npejcTaBseT co6ofi XapakTepHYIO AU KaXJIOoro rasa Benuuuny. s
OJHOATOMHBIX [a30B 3TO OTHOIIEHHE GIU3KO K 5/3, 1Js1 ABY XaTOMHBIX —
K 7/5, LNs TpeXaTOMHbIX — K 4/3 u T. A. B nanbneiimem (cm. § 97)
MBI YBHJHM, YTO 3HaUeHHE Y ONpeJe/seTcs YHC/IOM H XapaKTepom Cre-
neHeii cBOGOJALI MOJIEKYJIBL.

B coorsercrBuu c (87.11)

Cp_Cy+R R
v=g="g—=l+g,
OTKYZAa
R
CV'—_—"ﬁ'. (87.13)

[MoncraBus 310 3navenue C, B ¢opmynay (87.7), mojyunMm creaymouiee
BhIpakeHHe:
m RT
U= My=T" (87.14)
ConocraBnenne ¢ (86.4) maer eme OXHO BhIpaXKeHHE JIJ1 BHYTPeHHeH
3HEPTHH HJIEaJIbHOTO rasa:

1
U=s2 V. (87.15)

§ 88. ¥YpaBhenue apuaGarbl HAeaJbHOTO ra3a

B xone kakoro-iu6o mpouecca ras3, KpomMe ypaBHEHHSI COCTOSIHHS,
MORUHHSIETCA JONOJHUTEJIBHOMY YCJIOBHIO, ONPEAENSIEMOMY XapakTe-
pom mpouecca. Tak, HanpuMmep, B XOfe Iporecca, HasbBaeMoro M 3 o-
GapHuuecKH M, BunosnHsercs yciaosue p=const. Ilpu u 30 x o-
pHYecKOM Ipouecce BhINONHsAeTcs YycnoBue V=const. Haxko-
Hell, NP M 30TEepPMHUYECKOM TMNpOIecCCce BHIOJHIAETCS
yciaoBue T=const. [as uneanbHoro rasa yciaosue 7T =const pas-
HO3HAYHO YCJIOBHIO

pV=const. (88.1)

YpaBuenne (83.1) HaspiBaeTcst ypaBHEHHEM H30TEPMBI HJeaJbHOTO
rasa, a Kpupas, onpejessieMas 3TUM YpaBHeHHeM, HMEHYeTcs M 3 O-
TepMOI.

Anna6aruuecKU M HaskIBACTCS npoyecc, hpomexarouwull 6e3
menaoobmena ¢ erewunell cpedoti. HalfineM ypaBHeHHe, cCBsi3blBalollee
napaMeTpsl HjeasbHOro rasa mpu aguaGaThueckoM mnpouecce. Ilozcra-
BUM B ypaBHeHHe (84.4) mepBoro Havaja TepMOAMHAMHKH BhIpax<eHHe



§ 88. YPABHEHME AJJMABATHI HIEAJIbHOTO TA3A 281

dU nana wupeaJpHOro rasa:
d'Q="7;CydT +pdV.

Tak Kak Ana ajauaGaTtuyeckoro mnpouecca d'Q=0, JOMKHO BBINOJ-
HATbCS YCJIOBHE
‘%CVdT-{— pdV=0. (88.2)

Teneps Boipasum p uepe3s V u T B. COOTBETCTBHH C ypaBHEHHEM
COCTOAHMSI WJeaJbHOTO rasa:

RT
P=zwv

SE

H NoJACTaBHM 3T0 BblpaxkeHnue B (88.2). B pesynbrate, cokpamas Ha
OTJIMYHBIA OT HyJISi MHOXKHTeNb m/M, noayuum

CydT +RT % =

[MpeoGpasyeM mnosyueHHOe BhIpAXKEHHE CJEAYIOMUM 06pPasoM:

R dv
T+CVV =0.

[Nocneanee COOTHOINIEHHE MOXHO 3amucaTh B BHIE
R
In T+ an =0,
'OTKyJa CJIefyeT, 4TO IpH a;ma6amqecxom npotecce

GnT -I-C—van V = const. (88.3)

B coorserctBuu c (87.13) otHomenne R/Cy MOXHO 3aMeHUTb uepes
y—1, rne y=C,/Cy. Tlpoussexs B (83.3) Takyio 3aMeHy H mporo-
TEHILHPOBAaB nonyquHoe BLIDAXKeHHE, NPHJIEM K ypaBHEHHIO

TVv=const. - (88.4)

ITonyuenHoe cooTHOILEHHe IpelcTaBJseT coGoil ypaBHEHHE aaua-
GaTel HeaJbHOTO rasa B nepeveHHeIX T M V. OT 3TOoro ypaBHeHHS
MOKHO NepeiiTH K YPaBHEHHIO B NepPeMeHHBIX p U V, 3ameHuB B HeM T
uepe3 p U V B COOTBETCTBUM C ypaBHEHHEM COCTOSIHMS HJA€aJbHOTO
rasa:

M pV

TmR

[Noacrasus 310 Beipaxkenue B (88.4) u yurs, uto m, M u R — noctosiu-
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Hble, TOJIYYUM
pV?=const?), (88.5)

CootHoutenne (88.5) ecTb ypaBHeHWe anuabaThl MIEaJbHOTO Trasa
B nepemeHHuIX p U V. Ero HasmBaloT Takxe ypaBHeHuUueM Ily-
accoHa.

N3 conocraBnenuss ypasHeHHs anuabatel (88.5) ¢ ypaBHeHHeM
nsotepMmel (88.1) caenyer, uro axuabaTa HAET Kpydye, YeM H30TepMa.
Briuncnum dp/dV pis usorepMbl U annaGaThl B OJHOH M TOH 3Ke TOYKe
(p, V) (puc. 88.1). Huddepenuvponanue ypapHeHus (88.1) paer

pdV+Vdp=0,"

OTKyJla IJis1 U30TEPMBbI MOJyyaeM

P

dp p
Aduabama =" (88.6)
/

Ilponuddepernuponas (88.5), no-
ayyum  pyV¥-'dV-+V¥dp=0, or-
KyZa

H3omepra dp p
Takum obpasom, TaHreHC yrJa Ha-
KJIOHa ajinabatel B y pa3 GoJblle,
4YeM y H30TepMHI.
Bo Bcex paccyxaeHHsIX Ml
0 Y mpepnoJaraJu, 4To COCTOSIHHE rasa
Puc. 88.1. B KaK/Iblil MOMEHT BpeMeHH Xapax-
Tepu3yeTcs onpefeseHHEIMH 3Haue-
HMAMH mapameTrpoB p U T, T. €., MHEIMH CJIOBaMH, YTO paccMaTpuBae-
MblH afguaGaTHueckHuil mpouecc siBjasiercss oopaTuMbeiM. Kak Mbl 3HaeM,
06paTUMBIM MOXKeT OBITb TOJIBKO IpOILecC, MPOTEKalolUi OueHb Mel-
JeHHo, BMecre c TeM, NMOCKOJNBKY COBEpPIIEHHO HE NPOBOAALIMX TEIJO
BElleCTB B IPUPOAE He CYIUEeCTBYeT, KOJHYECTBO Tella, KOTOPHIM
0oOMEHUBAeTCsl CHCTEMA C ee OKpYIKeHUeM, OYAeT TeM MeHblle, Y4eM MeHb-
Iiee BpeMs JJIMTCs nporecc, Takum ob6pasoM, 6AM3KHMH K aavabaTu-
4eCKOMY MOryT OHIThb TOJbKO ObICTPO IpoTeKaiomue mnpouecchl. ITpu-
MepOM TaKOro IMporecca MOI'YT CJYXKHUTb CXKAaTHe H pacIlHpeHHe, Npo-
UCXOAsALMEe B KaxJAOH TOYKe ras3a, B KOTOPOM paclpOCTpaHsieTcs
3ByKoBas BoJHa. HecMoTpsi Ha TO, yTO B npejesax 6oJblIoro o6xema
COCTOSIHHE Ta3a NPH 3TOM OTHIO[b He SBJIsieTcs paBHOBecHBIM (p U T
B pasHBIX TOYKAaX pas/jHYHBI), NOBEJEeHHE Tasa B NIpefieaX KaxKAoro
JOCTaTOYHO MaJjioro obbema BIOJIHE YJOBJETBOPUTENBHO OMUCLIBAETCS
ypaBHeHHeM aauabaTel (88.5).

1) 3nauenns const B popmynax (88.3) — (88.5), oueBHAHO, pa3IHUHEL
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§ 89, HoawrponuuyecKue npoiecchl

[MonuTponMYeCKHUMHY Has3LBAIOTCA MPOLECCH, NMPH KOTO-
PHIX MeNnnoeMKOCMmbs mMeAa Oocmaemcs nocmoaxuot, TakuMm o6pasoMm,
yCJI0BHE, KOTOPOE BLINOMHSIETCST B XOA€ MONUTPOINHYECKOro Mpomecca,
8aKJIIOUAETCS B TOM, YTO

C=const. (89.1)

HaliteM ypaBHeHHE NOJNHMTDONH AIA UAeaNbHOrO rasa.
Hanumem ypaBuenwe nepsoro Hauasna (84.4) nss ogHoro MoJss rasa,
upeacrasuB d'Q B Buse €dT, a dU — B Bune C, dT:

CdT =CydT +pdV. (89.2)

B nonyuenHoe ypasHeHue BXOAAT Bce TP napamerpa: p, V u T. Oxun
U3 HUX MOXHO MCKJIOYHTb C NMOMOIIBIO YpPaBHEHHS COCTOSHUSA., UToGH
NOJIYUHTb ypaBHEHHe NMOJHTPOINBI cpasy B NMEepeMeHHbIX p U V, HCKIIo-
yum T. [Has storo nponudpepeHuupyeMm cootHoweHue pV=RT:
pdV+Vdp=RdT. (89.3)

Uckmouns u3 ypasuenuil (89.2) u (89.3) dT u mpousBens npuBefeHue
NOJOGHBIX YJIEHOB, MOJNYYHM

(C—Cy—R) pdV +(C—C,)Vdp=0. (89.4)

3amenuB Cy+R wuepes C, (cm. (87.11)) u paspenus (89.4) Ha pV,
npuzeM K avddgepeHnyalbHOMY YpaBHEHHIO

(c—cp)%ﬂc—cv)d—;eo. (89.5)

Besnunnn C, C, u Cy ABIAIOTCA KOHCTaHTaMmH, IlosTomMy unTerpu-
poBaHue ypaBHeHUd (89.0) MPHBOAMT K COOTHOLICHHIO

(C—C,) InV +(C—Cy) Inp=const. (89.6)

PaspennB 310 coornomenne’ Ha C — Cy®(4T0 BO3MOXHO, e C#Cy)
M TPOM3Bels NOTEHUHpPOBaHUE, IOJYYUM

pV»=const, (89.7)
rne
c—Cp
v n= C—:'CT",. (898)

Vpasuenne (89.7) u ecTb MCKOMOE ypaBHEHHE MONUTPOINLI MAealb-
Horo rasa jaJs ciayuasi, korga C#Cy. Beauuuna (89.8) nasbiBaercs
nokKkasaTeJJgeM NOJHTPOIMB..

UTo6bl YCTaHOBHUTb XapaKTep IIOJHTPONHYECKOro mpomecca INpH
C=Cy, obparumcs K ypaBHenuio (89.6). Ilpu C=Cy 310 ypaBHenue
npuaumaer Bui (C — C,)In V=const, otkyna crenyer, uyro V B xoze
mpouecca OCTaeTcsi MOCTOAHHBLIM, TakKuM 00pasoM, MOJNHTPONHYECKHH
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npouecc ¢ C=Cy gBIsE€TCI H30XOPHYECKHM MPOIECCOM. DTO MOKHO
6bl10 mMpelBHAETb 3apaHee, NocKoiabkKy Cp=const u mnpexcraBasier
co0oif TenJ10eMKOCTb HpPH IMOCTOSTHHOM OOBeMe, T. €., NPH H30XOpHue-
Ta6auua 89.1 ckom npouecce. CorsacHo (89.8) mokasaTtesb

. TIOJIUTPOIIbI TPH U30XOPHUYECKOM IpoLiecce pa-

Moomecs . |BeH 6eCKOHEUHOCTH.
po OcraJibHble PaCCMOTPEHHbIE B MPEABIAYIIEM
naparpade NpoIecck TaKkKe OTHOCATCA K Ka-
Vsobapmeckult 0 'éeroplm TNOJUTPONHYECKUX IIPOLECCOB. I/Iio(-)
WaoTepmuueck it 1 apHYecKOMY MpOLeCcCY COOTBETCTBYeT n=
AnmuabaTHyecKHi vy |(cM. (89.7)), m3orepmuyeckomy — n=1 ¥,
Haoxopuueckuit ® . |HaKoHel, afnabaTtHyeckoMy — n=vy. 3Haye-
HUsl TOKasare/si NOJIHTPONbBI n JNJs Tepe-

YHCJEHHBIX DpOIeccoB JaHel B Taba. 89.1.
PemmB ypaBnenue (89.8) orHocutesnbHo C, moayuum ¢opmynay Ans
TEMNJIOEMKOCTH . HJeaJbHOro rasa IpH IOJUTPONHYECKOM IIpOLecce:

nCy—C
C=—_Y_"7
n—1

. (89.9)

TloacranoBRa n=9y obpaumaer Bbipaxenue (89.9) B Hyap (npu npo-
BEpKe 3TOr0 YTBEPKIEHHSI HYKHO NPHUHATH BO BHHMaHHe Qopmyay
(87.13)). CnepoBaTesbHO, TEMJIOEMKOCTb HJEAJBHOTO rasa IpH ajua-
GaTHYecKOM Mpouecce paBHa Hy/o. Ilpum apuabaTHyeckoM mpouecce
TEMJIOEMKOCTb paBHA HYJIO sl 'BCeX Tes. DTO BEITEKAeT H3 TOTO, YTO
npu aguabatuyeckoM nponecce d'Q=0, B To BpeMs Kak d7T OT/IHYEH
OT HYJNd.

TloacranoBka n=1 o6pamaer Bripaxkenue (89.9) B GeCKOHEUHOCTb.
TaknuM o0pasoMm, IpUH H30TEPMHYECKOM IIpolecce TeNJOeMKOCTb Gec-
KOHEUHO BeJiMKa, DT0 OGBSCHSETCS TeM, YTO IPU H30TEPMHUYECKOM IIpO-
necce dT=0, B To BpeMs Kak d’'Q oT/iuyeH OT HYyJs.

§ 90. PaGora, coBepiiaemMasi HAEAJbHbIM Ta3oM
NpH pasjHYKbBIX Npoueccax .

PaGota, xoTopas coBepLiaeTcst NpPH Iepexofe H3 COCTOSSHHS 1
B COCTOsiHHE 2 KaKMM-JHGO TeJoM Haj BHELIHHMH TeJlaMH, paBHA
Vs
A= pav (90.1)
Vs
(cM. (84.3)). YUToGsl MpOM3BECTH HHTETrPHPOBAHUE, HYXKHO BHIPA3UTH p
yepe3 V. Jlsis1 3TOr0 BoCmosb3yeMcst CBSI3bI0O MEXAY p U V npu pasiunu-
HBIX TIpoleccax.

YpaBHeHHe NOJUTPONHI HJeasbHOro rasa (89.7) MoxHO Hamucarthb
CeAyIomHUM 00pa3oM:

pvr= plv’f =p.Vi,
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rae pi, Vi u p,, V, — 3HaueHHUsI JaBJieHHs1 U oObeMa rasa COOTBETCT-
BEHHO B NepBOM (HAyaJIbHOM) U BTOPOM (KOHEYHOM) COCTOSIHHSIX, p U
V — naBnenne u o6reM B JIOOOM IIPOMEKYTOYHOM COCTOSIHHM. Bripa-
3HM B COOTBETCTBHH C 3THM COOTHOLIEHHEM JaBJIEeHHe ras3a uYepe3 ero
o0beM U 3HAUEHHs] NapaMeTPOB B HAYaJbHOM COCTOSIHHH Y):

p=p.V&ve,
INoxcranoBka atoro Beipaxenus B (90.1) naer

Ve
Aw=p" { i (90.2)
Vy

PaccmotpuM cHauaja caydait ns=1; toraa uurerpa’a B (90.2) paseH

V,
av__ 1 (1 1
Ve T p—1 Viz—l—vg-l ¢
Vi

INoncraBus 310 3HayeHue HHTerpada B (90.2) U npOU3BEAd HECHOXKHBIE
npeo6pa3oBaHUs, MOJYUHM:

An=E[1= ()] (90.3)

Tlonyuennoe BhIpaxeHHe MOXKHO Ipeo6Gpa3oBaTh, BOCIO/Ib30BABILHChH
TeM, YTO, KaKOH Obl MpOLEeCC HH MPOHCXOIMJ C HIeaTbHbIM Ia3oM, ero
napameTpbl CBsi3aHbl YpaBHEHHEM COCTOsIHMS, B wacTHocTH, 3TO Chpa-
BEIJIMBO U JJIs HaYaJbHOTO COCTOSIHHSI:

pri=%RlTi. *  (90.4)
IMpuuss Bo BHuMaHue (90.4), Hanumem Bripaxenue (90.3) B Buzue
_m RT n-1
' A,=" B [1—(V?) ] (90.5)

Bripaxenus (90.3) u (90.5) matot paGoty, coBeplIaeMyio HIeaJbHbIM
rasoM NpH Jilo6OM MOJHTPONHYECKOM IIpoHecce, KpoMe H30TepMHdYe-
ckoro (cootBeTcTBYIOWero n=1) %), B gacrtHocTH, NpH aAHaGaTHIECKOM

npouecce
=2 [ ()" 000

Ay=" YRTI [1—(@?“]. (90.7)

UroSsl BBIYUCAUTL paboOTy HAEAJBHOT'O ras3a IpH H30TEePMHUYECKOM
nporecce, samMeHHM JaBieHHe B ¢opmyne (90.1) ero BulpaxeHHeM

HJH

1) C TakuM e yCIeXOM MOXKHO BHIPasHTb JaBJeHIe yepe3 NapaMeTphl KOHEYHOTO
COCTOSTHUS.
2) Ilpu n=1 peipaxkenus (90.3) u (90,5) craHoBATCA HeonpeaeJeHHLIMH,
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yepes JIPyTHe BEAUYAHL B OOOTBETCTBHH € YPaBHEHHEM COCTOSIHHA.
B pesyastare mosyusm (7 MOMHO BHIHECTH 3a 3HaK KHTErpaJa, Io-
CKOJIbKY OHA MOCTOSEHHA):

V2
Ap="TRT § & T RT ml-‘j%
Vi

Uraxk, paGora, coBepiuaemasl HAEATHHLIM [a30M HPH U30TEPMHYECKOM
npouecce, paBHa

Ay =" RTIn “j—j (90.8)

Ilpu wusoGapuueckoM Hpouecce pabora, coBepliaeMasi JIOOHIM Te-
JIOM, B TOM YHCJie H HieaJbHHIM Ta3oM, paBHa, Kak ciaeayer us (90.1),

Aiz=p (Vo—V1). (90.9)
Tor e pesynabTaT mosydaercs, eciu nosoxutb B (90.3) n paBHBIM

Hymo. B sakmoweHie OTMETMM, YTO HPH H3GKOPHYECKOM HpolLecce
pabora paBHa HYJIO, YTO CHPABENJIHBO AJIS JIOGHIX Tell.

§ 91. Ban-nep-BaanbcOBCKH#I Ta3

B § 86 ormeuasoch, UTO NOBeHeHWE PeaNHHEIX Ta3pB XOPONMIO ONH-
ChIBAaeTCsl ypaBHEHHEM
pVu=RT (91.1)

TOJIBKO HPU MaJbIX NJIOTHOCTSIX, T. €. IIPM He CJAMIIKOM GONBIIHNX AaB-
JIEeHUAX U JOCTaTOYHO BBICOKUX TeMneparypax (cM. (86.8)). C noshiue-
HHMEeM JIaBJIeHHsI H yMeHblie-

Ta6auna 91.1 HueM TemmepaTypsl HaGJio-
JaloTCsl 3HAYHTe/IbHEIE OTCTY-
a , IJIEHUs OT ypaBHeHus. Bo
. p+= ) (V—=V'), atm-a1
P, am| pV, amd-a ( V’) BTOPOM cros10ue Ta6a. 91.1

NpPUBEJCHBl 3HAYECHUS NPOU3-
BelleHuss pV 1s1s Macchl aso-

1| 1,000 | 1,000 Ta, 3aHUMaIOUeHl IpU HOp-
100 | 0,994 1,000 MaJIbHBIX YCJIOBUSAX OGBEM,
?)8(0’ {:ggg {:8(1)2 ) | paBHBIl ofHOMY JUTPY. YKa-
1000 2,069 0,893 3aHHbBIC 3HAYCHUA JAaHBI AJIsI

pasJIMYHBIX JaBJeHUdl H of-
HOH M TOH ke TeMmeparty-
4 pet 0°C.

B coorsercrBum c ypaBHenueMm (91.1) npouspenenne pV npu Heus-
MEHHOH TeMmmepaType JO/MKHO OCTaBaTbCsl NOCTOSIHHBIM, B jeficTBH-
TeJIbHOCTH, KaK BHAHO W3 TabJaMIbl, NPH AaBieHUusx nopsagka 200 atm
HaGJII0Jlal0TCsl  3aMeTHble OTKJIOHEHHs, KOTOpble, HENpepbBHO BO3pa-
cTasd ¢ yBeJHYEHHEM JaBjeHus, fgocruraiorT npu 1000 atm Gonee 100%.
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OTH OTKJIOHEHHS He APEACTABASIOTCS YAMBHTEJNbHBIMU, IOCKOJBKY MpPH
YBE/IMYEHUH MJIOTHOCTH HAYMHAIOT HIPaTh BCe GOMBIIYIO PoJb 00bEM
MOJIEKYJ/1 H B3aUMOJEHCTBHE MEXKAY HUMH.

Jlna onncaHus NOBeJEHNUs ras’oB B IIMPOKOM MHTEPBaJe IMJIOTHOCTEH
OblIO MPENTIOKEHO MHOTO PasjIHUHBIX ypaBHeHHH, CaMbIM MPOCTHIM H3
HHX U BMeCTe C TeM AalOIMM JOCTaTOYHO XOpOIIHE pe3yJIbTaThl OKasa-
Jock ypaBHeHue Ban-aep-Baanbca. DTo ypaBHEHHE NOJYYEHO IyTeM
BHeceHHs MONpaBoK B ypaBHeHue (91.1) m HMeer cienywoumi BHA:

(p—l— %) (V,,—b)=RT, (91.2)

rAe p — JAaBJieHue, OKasbiBAeMOe HA ra3 M3BHE (PaBHOE [ABJEHHIO
rasa Ha CTeHKH cocyja), a u b — KoHcTaHThl Ban-aep-Baaanca, umero-
II{e J/Ist PasHBIX Ta30B pas/iMuHbIE 3HAYEHHU s, ONpeJe/sieMble OMBITHHIM
nytem. Eciu gaBneHue BbIpaXKeHO B nackanidx, a o0beM — B Ky6H-
YeCKHX MeTpax Ha MOJb, TO KOHCTaHTa a usMepsiercs B Ila-M®/Mouib?,
a KXoHCcTauta b — B M%/Mosb. MHorga KOHCTaHTY @ BBIPAXKaiOT B
aTM- J12/MOJIb%, & KOHCTAaHTy b — B JI/MOJMb,

M3-3a B3aUMHOTO NPHTAMKEHUS MEXAY MOJIEKYJaMH Ta3 Kak Obl
cxnMaercss GOMBIIEM JaBJeHHEM, YeM JIaBJieHHe p, OKashlBaeMoe Ha
ras CTeHKaMH cOCyJa, B KOTOPOM OH 3akJwoueH. [TonpaBka a/ V2 xapak-
Tepu3yeT Ty J00aBKY K BHEIIHEMY JAaBJIeHHIO, KOTopasi o0ycCJOoBJ/eHa
B3aUMHBIM [DHUTS2KEHMEM MOJIeKyJa APYT K JpyTy. 3aMeTHOe Bo3zeil-
CTBHE MOJIEKYJI IPYT Ha Jpyra ocyllecTBJAsieTcst B Mpefiesiax HeGOoJbIIUX
pacCTosiHWil, HashBaeMBIX PaLHUyCOM MOJEKYJASPHOTO
pefictBu . Cuia B3aUMHOTO NDUTSKEHHS ABYX 3JIEMEHTapHHIX
0GbEMOB, MMEIIIKX pPa3Mepsl NOPsJKa 3TOr0 pajuyca, IPONOpIHO-
HaJbHA KaK YWCJIYy MOJIEKYJ, 3aKJIOUeHHbIX B OJHOM M3 O0BeMOB, Tak
H YHCJIY MOJIEKYJI, 3aKJIOYeHHBIX B Apyrom obneMe. Kaxnoe us stux
YHcesl B CBOIO Ouepejb MPOMOPIMOHAIBHO UHCJAY MOJIEKYJT B eIHHHIE
ofvema, T. €. 06paTHO NPONOPIHOHANBHO 00beMy rasa. DTUMH C00G-
paKeHUSIMM MOXKHO MOSICHUTb TO OOCTOSITEJBbCTBO, YTO IIONpaBKa K
nasienuio B (91.2) umeer Bug a/Vi.

BceneAcTBEE TOro, 4TO MOJIEKYJbI 06JIafialoT KOHEYHBIM OGBEMOM,
NPOCTPAHCTBO, JOCTYMHOE IJIsT ABHKEHUs MOJIEKYJ, OKa3bIBA€TCS MEHb-
uiuM, uem o6vem cocyna V,. Ilompaska b B (91.2) xapakTepusyer 1y
yacTh o0BemMa, KoTopas HENOCTyNHa JAJsl ABHXKeHHs MoJeKya. Ona
paBHA HECKOJBKAM CyMMapHBIM oGbeMaM MOJEKYJ, COfiepKalluxcs
B MoJle rasa,

YpaBuenue (91.2) HanucaHo 15t OXHOro MoJist rasa. Uro6bl nepeiitu
K YPaBHEHHUIO 1/ IPOM3BOJIbHOU MacCCHl /711, HYKHO Y4ecTb, YTO v MoJieil
rasa IpH Tex JKe YC/JIOBHSX 3aHUMAIOT B v pa3 Gosbiuuil 06veM: V=vV,.
3amenus B (91.2) V, uepes ¥/v, momyuum

(o4 32) (4 —0) =1
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YMHOXHUB 3TO ypaBHE€HHE HA Vv U BBEAA o603HaueHUA

a’'=v2q, b '=vb, 91.3)
NPUXOJMM K ypaBHeHuio Bau-nep-Baanbca pis v Moneii:
(p+ 1‘,’—) (V—b")=vRT. (91.4)

BykBamu a’ u b’ o6o3HaueHnl KOHCTaHTH Bawu-zep-Baasnbca ansa v
mojiell, x cBsi3b ¢ @ u b naerca cootHomenusmu (91.3). KoHcranTa
o’ uamepsierca B Ila-M°, KoHcTaHTa b’ HMMeeT pasMepHOCTb oGbeMa.

Hackoanbko ypaBHenue Bau-pep-Baanbca nyumie neperaer mnobe-
IieHue ra3oB, yeM ypaBHeHue (91.1), MOXHO CyAHTb IO JaHHLIM, HpH-
BeJieHHEIM B TabGJ. 91.1, B Tperbem crosi6le TaGauUB AaHBI 3HAYEHHS

a’ . o
BEJINYMHBI ( r+ W) (V—0")*) nst Tolt e Maccel asora, AJIsT KOTOPOi

JaHbl BO BTOpoM cToni6ue sHaueHus pV. Kak BHIHO u3 TabauLbl, ypaB-
Henve Ban-nep-Baasbca ropaspo Jiyuie corJjiacyercsi ¢ 3KClepiMEHTOM,
uyeM ypaBHenue (91.1).

B cooTBercTBHH € TeM (aKTOM, YTO Bce peasbHble Tasbl ¢ YMeHb-
IIEHHEeM INVIOTHOCTH NPHO/IMKAIOTCS [O CBOMM CBOHCTBAM K MJeaJib-
HOMy rasy, ypaBHeHUe BaH-zep-Baasnbca B mpefese, IpH CTpeMJIeHHH
o6beMa K OeCKOHEYHOCTH, nepexoauT B ypabHenue (91.1). B stom
MOXHO YyGepuTbcsi, BbiHecss B ypaBHeHuM (91.4) p u V 3a ckobku:

(144 5) (1= ) =vir

H NPUMHSB BO BHHMMaHHe, 4YTO NpoH3BeleHHe pV ocTaeTcs NpPHMEPHO
NOCTOSIHHBIM.

PeanbHble rasel clefyloT ypaBHeHuio Ban-zep-Baanbca b
npubnuxkenHo, Boo6paxaeMbill ras, TOYHO IOAYMHSIOIUICH YpaBHe-
Huwo (91.2), HasbiBaeTcsi BaH-Jiep-BaajlbCOBCKUM,

BHYTpeHHSIsS 5Heprusl BaH-Jep-Baa/jbCOBCKOrO rasa JO/KHA BKJIO-
4aTh B ceGsi, KpOME€ KHHETHUYECKOH SHepPTHH MOJEKYJI, S3HEPTHI0 B3aUMo-
JefcTBUA MeXAy MoJiekyJsamH. Il HaXOXAeHHsl. BHYTPEHHEH SHepruu
BaH-Jlep-BaajlbCOBCKOTO Ta3a BOCIOJb3yeMCSI TeM - OOCTOSITEIbCTBOM,
yTO paboTa, coBepliaeMasi PH PacliUPEHUH ra3a NPOTUB CHJl B3aHMHOTO
NPHUTSKEHUS] MOJIEKYJ JAPYr K JAPYry, paBHa NpHPalIeHHI0 3HEepruu
B3aumopeicTBus: d'A=dE,. Cuibl B3aMHOIO NpPHUTSKEHHS MEXKAY
MOJIeKYJ1aMH yuTeHHl B ypaBHenuu (91.2) ¢ momolublo Jo6aBKM K JaB-
JeHnto, paBHo#t a/V?%. CooTBeTcTBeNHO paGoTa MPOTHUB CHJ B3aHMOZeii-
CTBHS MeXJy MOJIEKYJIaMH MoKeT GbiTh npejicTaBJieHa B Buae (a/Vi)dV,
(nomo6HO 3TOMY pabora, coBepluaemasi ra3oM NDOTHB BHEIIHMX CHJI,
onpejensiercs Belpaxenhem p dV). Takum oGpasom,

a
dEP:.]}E- dV".

3) B cooTBercTBUR ¢ (91.4) 5T BeJHUMHA JOMKHA GHLITH MOCTOSHHOM,
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HnTerprpoBaHue 3TOr0 BLIPAXKEHHS J@eT, UTO

E

. =—V%+const. (91.5)

BHYTpeHHsis1 5Heprusi BaH-Jep-BaasbCOBCKOrO rasa 3aBUCHT Kak
ot ofbema, Tak H oT Temneparypel. CjefoBaTe/]bHO, BBIPAXKEHUHE A/
U, uMmeeT BUJ, '

U=F () =y

(Mel Brmounsin const Beipaxkenust (91.5) B f(T)). Dro BblpaxeHue B
npeesie IpH CTPEeMJIEHHH o0beMa K OeCKOHeYHOCTH JAOJIKHO MNepexo-
IMTh B Bblpaxkenue (87.6) Aisi BHyTpeHHell 3HeprHH MAeaJsbHOro rasa.
CnenoBartensHo, [(T)=C,T.

Urak, BHYTpeHHSIS SHEPTHs MOJsl BaH-Jep-BaajbCOBCKOTO rasa
onpenesnsiercss GopmyJioi

Up=CyT—y—. (91.6)

M

BuyTpeHHsisi 3Heprusi v MoJseii 6yner B v pa3 Gosblie:
U=vC,T—% * (91.7)

(Mer yusu, uto via=a' u vV, ,=V). Ilo d¢opmynam (91.6) u (91.7) moxuo
HaxouThb NpPHOJMIKEHHBIE 3HaueHHS BHYTDEHHEH 3SHEPTHH peasibHBIX
rasos, '

§ 92, Bapometpuueckas dopmyna

AtMmocthepHOe naBieHNe Ha KakKoH-JHGO BricoTe A 0GYCJIOBJIEHO Be-
CoM BhILIeNexamux ciaoeB raza. OGo3naunM GYkBON p HaBJeHHe Ha
Beicote h. Toraa naBnenue Ha Bricote h-dh Gynet p-+dp, npuyem eciu
dh Gosbiue HyNs, TO dp GyleT MeHbIIe HYJS, TaK KaK BeC BhIILE/eXKa-
XX CJI0EB aTMOC(QepHl, a C/elioBaTeJbHO, U JaBJIeHHEe C BBICOTOH YOHI-
Bator. Pasnoctb naBienuil p u p--dp paBHa Becy rasa, 3aKJ/IOYeHHOTrO
B o0beMe HMJMHIpPA C IUIOUAJbI0 OCHOBaHMs, PaBHOH eNUHHLE, H

BeicoTolt dh (puc. 92.1):
p— (p+dp)=pg dh,

rje P — IJIOTHOCTb ras3a Ha BhicoTe h. Otrciopa
dp=—pg dh. 92.1)

B § 86 orMeuasoch, 4TO mMpH YCJIOBHAX, GJIH3KHX K HOPMAJbHBIM,
BO34YyX MaJiO OTJMYaeTcsl MO CBOEMY IIOBEJIEHHIO OT HJeaJIbHOIO Trasa.
ITosToMy nJIOTHOCTD BO3JyXa MOXHO BBHIYHCIATH IO opmyJe (86.8).
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IMoncranoBka atoro Bripaxenus: B (92.1) paer
dp =—"E8 dn. (92.2)

Bxonsimass B 31y (opMyJay BeauunmHa M uHCIeHHO paBHAa cpepHeil
MOJIEKYJ/ISIPHOH Macce BO3AyXa, ONpeJe/eHHOH C y4YeToM INPOLEHTHOIO
cojiepxaHKsi B BO3LyXe as0Ta, KHCJIOpOAA H ADPYTUX rasos,

Hs (92.2) caenyer, uro

dp__ Mg \
S =—rdn. (92.3)

Temneparypa T siBasiercss HeKoTopo#l ¢yHkuueit or h. Ecan Bux sroit
GyHKUUM H3BecTeH, ypaBHeHHe (92.3) MOXKHO NPOHHTErPHPOBATb H

2
&
P
- oh
] -
# 7
Puc. 92.1, Puc. 92.2.

Ha#TH 3aBUCHMOCTD p ot h. [l/ig cilyyasi, KOr/a TeMnepaTypa nocTosiHHa,
T. e, JJIs H30TepMHYeCKoil aTMocephl, MHTErpDHPOBAaHHE YpPaBHEHMUS
(92.3) npUBOAMT K COOTHOILEHHIO

lnp=—ﬂgﬁ+lnc

rie C — KOHCTaHTa (3%ecb YAOGHO OGO3HAYUTH TOCTOSIHHYIO HHTe-

rpupoBanus uyepe3 In C). IloreHuupysi nosydeHHoe BhIpa:keHue, Ha-
XOJIUM, 4TO
Mgh)

p= Cexp( BT

TMonacraBuB ciona h=0, nonyuum, uto C=p,, r1ae p, — AaBJeHHE Ha
Beicote h=0.

Takum obGpasom, NpH CHEJaHHOM HaMH JONYIIEHHH O NOCTOSTHCTBE
TeMIlepaTyphl 3aBHCHMOCTb AaBJIEHNS OT BHICOTHI BhIpaxaercs (opmyJioi

p= poexp( A,igTh) (92.9)

dra ¢opmyna HasniBaercs 6apoMeTpHueckoi M3 Hee cre-
JlyeT, 4To JaBjieHue YObIBAaeT C BHICOTOI TeM GHICTpee, UeM TsKeJslee ras
(uem Gombine M) u yem Huxe Temnepatypa. Ha puc. 92.2 uso6pazkeHbt
IBe KpuBble BuAa (92.4), KoTOpble MOXKHO TPaKTOBaThb JHOO KaK COOT-
BeTCTByIOLIMe pasHbiM M (npu opunHakoBoll T'), 60 KaK OTBEYAOLLHUE
pasueiM T (upu opuHakoBoi M),
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§ 93. HekoTopbie CBefieHHS! H3 TEOPHH BepOSITHOCTEN

[TycTh MMeeTcst HEeKOTOpasi MaKpPOCKONMYecKas cucreMa ), Haxops-
masicss B 33JlaHHOM COCTOSIHUH, ITpeAnosoxuM, YTo KaKasi-To XapakTep-
Hasl JJIsl CHCTEMBI BeJIMUMHA X MOXKeT HMeTb IHCKDETHble 3HAUeHHs:

xl', xz, s ey x,, o0y xk, e e 0y xs.

OcymecTBUM Haj, CHCTeMOH oueHb Gospiioe yucao N H3MepeHHit
BEJIMUMHBEI X, NPHBOAS CHCTEMy Nepel KaxKABIM HU3MepeHHeM B OJHO
M TO K€ UCXOJHOe cocTOosiHne. BmecTo Toro, 4ToGHI [IPOU3BOAMTh IIOBTOP-
Hble U3MepeHUs HajA OAHOH H TOH ke cucTeMOM, MOXKHO B3ATb N OIH-
HAKOBBIX CHCTEM, HaXOASIIMXCH B OJHOM M TOM 2K€ COCTOSIHMM, H OCy-
LIECTBUTb OJHOKPATHOE H3MepeH¥e BeJMUHHBl X y BCEX 3ITHX CHCTEM.
Takolt HaGop OJAMHAKOBHIX CHCTEM, HaXOASAMIMXCS B OAMHAKOBOM CO-
CTOSIHUH, HasplBaeTcsi CTaTUHCTHYeCKHM aHcamMOuaew.

Honycrum, uto Ny u3MepeHMi anu pe3ysbTaT X1, N; H3MepeHu# —
pe3YJIbTar Xy, ... , N; uaMepenuit — peayspraTx; HT. L. QN ;=N —
yhcay cucreM B aHcamOie). BennmuudHa N;/N uMeHyeTcss O T H O C H-
TeNbHONH YacTOTOH IOABIEHUA pe3yJbrara X;, a Ipenel
3TOH BEJIMYHHLI, NOJydYaloluiicss npu crpeMiaeHdd N K GeCKOHEUHOCTH,
T, €.

P,=1lim¥i (93.1)
{ N—>oo N
Ha3blBaeTCsI BEPOSITHOCTHIO NOSIBJUEGHUS pPe3yJabrTa-
T a x;. B pajapHefilieM 1sis1 ynpoueHHst ¢opMyJ Mbl GyIeM BhIpaKkeHHe
IJIs. BEpOATHOCTH nucaTh B BuAe N;/N, nojpasyMeBasi, 4TO NpPOH3BO-
JUTCA TpelesibHEIN nmepexon npu N - oo,
Iockoneky XJN;=N, 10

ZP:=2NW"=1. (93.2)

1) MaxpockonuuecKoli HasHIBaeTC CHCTeMa, OGPa3oBAHHAS OPOMHEIM YHC/IOM
MHKpOYacTHi, (MOJIEKYJ, aToMOB, HOHOB, 3JI€KTPOHOB),
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T. €. CyMMa BEDOSITHOCTEHl BCeX BO3MOXKHLIX Pe3yJ/bTAaTOB. H3MepeHHs
paBHa €JUHHLE,
BeposTHOCTb [OMYUHTH pesyanaT X Jméo X, paBHa

s +Nk + =P;+P,.

Takum 06pasom, MbL MPHIVIE K TEOPEME O CJAOKEHHHU Be-
pPOsSTHOCTe ii, KOTopasi yTBepKJaer, 4To

P; mmk=Pi+Pk‘ (933)
HYCTI: cHCTEéMA XapaKTepudyercs 3HAYCHUSMH JABYX BEJHYHH X H Y,

npu4YeM ofe BeJHYHUHBI MOT'yT IpPHHUMATDL JUCKPCTHBIC 3HAYCHUSI,
BCPOHTHOCTH TIOSIBJICHHA KOTOPBIX pPAaBHEL

N (x; N
Pex) =" w P="g2.

Pimm R=—

Haitnem BepositHocTh P (x;, y,) TOro, 4ro IPH HEKOTOPOM H3MepeHHH
IAnst x GyJeT MoJiyueH pesyJsbTar X;, a A/ Y — pesyJibTaT y,. Pe3ynp-
TaT X; NMOJYUYHTCA B uucje H3MepeHHH, paBHOM N (x;)=P (x;)N. Ecan
3HayeHUe BEJUYHHBI ¥ HE 3aBHCHT OT 3HAYEHHs BEJUUUHBI X, TO Pe3y.ib-
Tar Y, GyAeT NnoayyaThcsi OXHOBPEMEHHO C X; B YHCJIE C/1y4YaeB, PaBHOM

N (x; y) =N (x;)-P (yr) = (P (x;) N) P (y,)
(N (x;) urpaer pnsa y ponb N). Hickomast BepoSITHOCTb paBHA
P (x; y) =200 =P (x) P (3.

Mp punyii X TeopeMe o0 YMHOXEHHH BepoOSITHO-
cTeil, COrIacHO KOTODPOH 6epoAmHoCcmb OOHOBPEMEHHO020 NOABACHU
CIAMUCMUYECKI He3a8UCUMbLX COObIMULE pABHA NPOU3EE0CHUIO 8POAMHO-

cmeti amux cobbimull:
P (x5 yu) =P (x;) P (yp). (93.4)

Suas BEPOSATHOCTH MOABJIEHHS DPA3/IMYHBIX PE3YJbTaTOB H3Mepe-
HHUSI, MOXHO HaHTH cpeaHee 3HauyeHHE BCeX Pe3yJ/IbTaToB. ITo onpene-
JICHHIO CPEAHEro

o=Vt _$py (93.5)

PacnpocTpaHuM mNoJyyeHHBIE pe3ysbTaThl Ha caydai, Koraa xa-
paKkTepH3yIoIasi CUCTEMY BeJHYHHA X MOXeT NPHHHMATh HCIPEPLIBHbL
pax sHaueHuit or 0 10 co. B 3tom ciayuae roBopaT, YTO BeJHYHHA X
HMeeT CIIOWHOH (MM HeNpephIBHBIN) CNEKTP 3HAueHHH (B mpenplny-
IeM cJIyyae CIeKTp 3HaueHMH OBl JHCKDETHBIM).

Bo3spMeM oueHb MaJyl0 BeJHUYHHY a (ckaxeM, a=10"9) u naiizem
uncao uaMmepenuit AN,, npu kKotophix 0<<x<<a, ANy, TMpH KOTOPBIX
a<<x<2a, ..., AN,, npi KOTOpHIX pe3yJbTaT H3MEPEHHUI HaXOXHTCH
B HHTepBaJe OT X A0 X¥+a, U T. A. BepoaTHocTb TOro, 4tOo pesysbrar
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B3MepeHHil OKaxeTcsl B MHTepBaJje OT HyJd Jo a, paBHa AP,=AN,/N,
B uHTepBaJse oT a a0 2a AP,=AN,/N, ..., B uHTepBase oT X 10 (x+a)
AP,=AN,/N. Haueptim oCb X N OTJIOXHM BBepX OT Hee IOJOCKH
WHpHHBL a ¥ Bbicotel AP /a (puc. 93.1, a). Tlosyuennas cron6uaras
JvarpaMMa HasbiBaercsi THCTOT paM Mo H. [liomans nosnockw,
JeBLIH Kpail KoTopoil MMeeT KOOpAMHATYy X, paBHa AP, a mJomanb
Bcell rucrorpamMmbl — exunuie (cM. (93.2)).

#lz)

Hnoyals =45, /Tnouade =dfly

g 7 I z 3 & Ttz )
a) 4)
Puc. 93.1.

T'ncrorpaMma HarJsiiHO XapaKTepu3yeT BEPOSTHOCTb IOJYYEHHS
pes3yJbTaToB H3MEPeHHH, 3aKJIOYaoUXCsl B Pas3JUYHBIX MHTepBaJax
wupHHE @. YeM MeHblle UMPUHA HHTEpBaja a, TeM JeTajibHee GyheT
0XapaKTepH30BaHO pacnpefieieHHe BepoOsATHOCTE!l 3HAueHHHl Besu-
unHe X. B npenene npu a— 0 cTyneHuyarast JIMHMS, OrpaHHYHBaONLast
rucTorpamMmy, NpeBpaTuTCAd B IJajkyio Kpusyio (puc. 93.1, 6). Oyuk-
uus f(x), onpeiensiomlas aHaJMTHYECKH 3Ty KpHBYIO, Ha3BIBAETCSH
GyHKUOLHEH pacnpefeNeHus BepOSTHOCTEIH,

B CoOTBETCTBHH CO CIIOCOGOM IMOCTPOEHHsI KPHBOH pacrpeneseHus
MIoWaAb CTo6HKa WHPHHLL dx (cM. puc. 93.1, 6) paBHa BepOSTHOCTH
TOro, YTO Pe3yJILTAT H3MEPEeHHSI OKaxKeTcs B Mpejenax oT X Jo X-dx.
OGo3HauuB 3Ty BEpPOATHOCTb yepe3 dP,, MOXKHO HamucaTh, 4TO

dP,=F(x) dx. (93.6)

Hupexc «x» npn dP yxaspiBaeT Ha TO, UTO UMeETCS B BHLY BepOSITHOCTD
IJI1 UHTEepBaJa, JIeBblil Kpall KOTOpPOTO JIEXKUT B TOUKE ¢ KOOPAUHATOH X,
Ilnomanp, orpaHHYeHHas KpHBOH pacnpefiesleHusi, TaK 2Ke Kak H
IJIOlla/lb THCTOTPaMMbl, paBHA eAMHUIE, DTO O3HAYaeT, UTO

(Fwar=(apr,=1. (93.7)

HnTerpupoBaHye MpoU3BOAUTCS MO BCEMY MHTEPBaly BO3MOXHEIX 3Ha-
yenu#t BesunHsl ¥, Popmyna (93.7) aBasiercs anasnoroM ¢popmyst (93.2).

3uasi QyHKUHMIO pacnpesesenus f(x), MOXKHO HalTH cpefiHee 3Haye-
HUE pe3yJbTaTOB M3MepeHHs BeJuuMHbl X. B dN,=N dP, caydasx
nonmyyaercs pesyJibTar, paBHbi X. CyMMa TakHX pe3yJ/bTAaTOB oIpe-
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Jensiercs: BoipaxeHneM xdN,=xN dP,. Cymma Bcex BO3MOXKHBIX
pesyJIbTaTOB paBHA S xdN, = S xN dP,. Pasnenus Ty cymmy Ha 9uc/Io
usMepeHH# N, NOJyyuM cpejHee 3HAYeHHe BeJHYHMHBI X:

<= { xap,. (93.8)

dra dopMysa sBasiercs aHagsoroM ¢opmyJst (93.5).
INoacrasus B (93.8) Beipaxenue (93.6) ana dP,, npuaem K dopmyse

<K = S xf (x) dx. (93.9)

Ananornyseie paccyKIeHHs JaloT, YTO CpefiHee 3HaueHHe HEeKOTOpoi
GYHKUMH @ (X) MOXKHO BLIUHCIHTB MO dopmyJe

@ @>={o@Fwax (93.10)

Hanpuwmep,

<> = § 22 f(x)de, (93.11)

§ 94. XapakTep TemJIOBOrO ABHXKEHHS MOJEKYNX

Ecad ras maxoguTcsd B PaBHOBECHH, MOJIEKYJIBI JBHXKYTCS COBep-
HeHHO 6ecrnopsiioyHo, XaOoTHUecKH. Bce HampaBJieHHsl JBHXKEHHs paB-
HOBEpOSITHEI, HH OJIHOMY H3 HHX He MOXKET
OBITH OTHAHO NPEANoYTeHHe INepes IPYTUMH,
CxopocTd MOJIEKYJl MOTYT OBITh CaMbIMH pas-
JVYHEIME TI0 BesnuMHe, Ilpn Kaxaom coypa-
PEHMH C APYTHMH MOJIEKYJaMH BeMYHHA CKO-
pOCTH AAHHOH MOJIEKYJIB! JOJIXKHA, BooOlLe ro-
BOpSI, H3MEHATbCS, MPHYEM C PaBHOH BEPOSIT-
HOCTBIO OHa MOXKET KaK BO3pacTH, TaK H
YMEHBIIHTBCS,

H3meHneHue ckopocTeil MOJIEKYJT IIPH CTOJ-
KHOBEHHSAX NIPOHUCXORUT CIyYaHHBIM 06PasoM.
Moxer clyyuTbCsl, YTO KaKasi-TO MOJIEKyJa B
IIeJIOM psjJe MOC/JeA0BaTeJNbHBIX COYJapeHHit

Puc, 94.1, OyJeT noJyyaTb S3HEprHI0 OT CBOUX NapTHEPOB

0 CTOJIKHOBEHMSIM, B P€3yJIbTaTe Yero ee sHep-

THs1 3HAYUTEJbHO NpeB30iijieT cpefiHee 3HaueHue {(e). ONHaKO, faxe ec/u
NpeiCTaBUTb ce6e TaKOH COBepLICHHO (aHTACTHYeCKHH ciyuwait, mpu
KOTOpPOM BC€ MOJIEKYJIbI Tasa OCTaHOBATCSH, IepefaB CBOIO 3HEPTHIO
OJHOH-eAMHCTBEHHOH MOJIEKYyJle, TO M TOTJa IHEPTHS ITOH MOJIEKYJIBI,
a cJ/eloBaTeJbHO, M ee CKOpocTb, OyJAeT KoHeuHa. Takum obpasoM,
CKOPOCTb MOJIEKYJI rasa BooOlle He MOXeT HMeTb 3HayeHHH, HauuHas
C HEKOTOPOT'O Up,y AO 00, YUHTBHIBAs, 9TO MPOIECCH, KOTOPLIE NPHBEJIN
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6Bl K COCPEJOTOYEHMIO Ha OJHOH MOJIeKyJ/e 3aMeTHOH JOJH cyMMmap-
HOl SHepruy BCeX MOJIEKYJ, MaJOBEPOSiTHBI, MOXKHO YTBEPXKIATb, 4TO
C/IMIIKOM GOJIbIIME IO CPaBHEHHIO CO CPENHHM 3HAYEHHEM CKOPOCTH
MOTYT peajiu3oBaTbcsl KpaliHe peiaxo. TOYHO TaK »Ke NpPaKTHYECKH
HCKJIOYEHO, UTO B PesyJsbTare. COYNapeHHH CKOPOCTb MOJIEKYJIBI CTAaHET
paBHOM “TOYHO HyJio. Ciief0BaTe/NbHO, OYeHb MaJlble M OueHb Goubline
0 CPABHEHMIO CO CPEJHHM 3HayeHHeM CKOPOCTH MaJIOBEPOSITHBI, IIPH-
yeM BEpOSITHOCTb AAHHOI'O 3HAYEHH S ¥ CTPEMHUTCS] K HYJIIO KaK npu v —- 0,
Tak ¥ npu v— oo, M3 ckasaHHOro ciefyer, 4To CKOPOCTH MOJIEKYJI
TPYNIHPYIOTCS B OCHOBHOM BOJIM3H HEKOTOPOro Hau@osee BEPOSITHOTO
3HaYeHHUS.

X aoTUYHOCTD JBYKEHHST MOJIEKYJI MOXKHO cliejlaTh HarJIsgAHol ¢ mo-
Motibio cienyiomero npuema. OkpyxuM Touky O cdepoil npousBoJIb-
Horo paguyca r (puc. 94.1). Jlio6ast Touka A Ha 3Toil chepe onpeznensier
nanpaBaedve or O K A. CnenoBaTenbHO, Hanpab/eHHs, B KOTOPHIX
IBUKYTCS1 B HEKOTODHII MOMEHT BPeMeHH MOJIEKYJbl I'a3a, MOT'YT OLITh
3afiaHel TOYKaMM Ha cdepe. PaBHOBeposiTHOCTb BCeX HanpabJieHHd
NPUBOIUT K TOMY, YTO TOUKH, HN300pazkaloliyue HanpabJeHNus JBHKEHH s
MOJIEKYJI, paclpefesioTcs mo chepe ¢ INOCTOSHHOH NJIOTHOCTbIO, pas-
HOH YHCJY paccMaTpUBaeMblX MoJieKyJ N, JeNeHHOMY Ha IOBEPXHOCTh
cepnl 4nr2, CoyjapeHHsl MPHUBOAAT K H3MEHEHMIO HalpaBJeHHH JBH-
JKEHUsI MOJIEKYJ/, B pe3yJsbTaTe 4ero noJioxeHust N Touek Ha cdepe
HernpepbiBHO MeHsoTcsl. OJHAKO BCJeICTBHE XAaOTHYHOCTH JIBHXKEHHS
NJIOTHOCTH TOYEK B JI0GOM MecTe cheprl OcTaeTcst Bce BpeMsl IIOCTOSTHHOI,

Yucsao BO3MOXKHBIX HalpaBjeHHH B IIPOCTPaHCTBe OeCKOHEYHO
BesnuKo. Peasu3yercs xe B KaKIbll MOMEHT BpeMeHH KOHEYHOe YMCJIO
HalpaBJieHHH, paBHOe paccMaTpHBaeMOMy KoJuyecTBy MoJieKyJ. [lo-
3TOMY IOCTAHOBKA BOIPOCA O YHCJIe MOJIEKYJI, HMEIOIHX 3aflaHHoe (1306-
pakaemoe TOUKOl Ha cdepe) Halpab/ieHNe ABHKEeHHsI, JHIIeHa CMEIC/A,
JleficTBUTeIbHO, MOCKOJBKY 4YHCJIO BO3MOXKHBIX HampaBJieHHH Oecko-
HEYHO BeJIHKO, a8 YHCJIO MOJEKYJ] KOHEYHO, BepOsSITHOCTb TOro, 4YTo B
CTPOro ONpeleseHHOM HAaNpaBjeHWH JIeTUT XOTs Obl OfHA MoJeKyJa,
paBHa HyJio. [IpaBomepHa mocTanOBKa BOIIpPOCAa O TOM, KaKoe KOJH-
YeCTBO MOJIEKYJ JIBHXKeTCS B HamnpasjieHUsiX, OJHU3KHX K JaHHOMY
(onpenensieMoMy Toukoit A Ha codepe). Takum HampaBJIEHUSIM COOT-
BETCTBYIOT BCEe TOUKH 3JeMEeHTa HOBEPXHOCTH cdepbl AS, BasiToro B
okpectHocTH ToukH A (cMm. puc. 94.1). IlockonbKy Touku, M306paxa-
JolllMe HamNpaBJIeHUsl JIBHKEHHs] MOJIEKyJ, pacnpefieseHbl 1o cdepe
paBHOMepHO, B npefenax AS oOKaxercs KOJHYECTBO TOYEK, paBHOE

AN = N A3 (94.1)

Pl

Hupexc A npu AN yKaspiBaeT Ha TO, YTO UMEIOTCS B BHAY MOJIEKYJIHI,
HalpaBJ/IeHHs JBHKEHHS KOTOPHIX GIU3KH K HanpapJIeHHI0, olpeze-
JsieMoMy Toukolt A,
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Ornomenre AS/r? ecTb TesecHbIH yron AQ, omupalomuiics Ha
nnomaaky AS. IlTostomy dopmyay (94.1) MOXKHO 3amHucaTh CJleAyIOUIUM
o6pasom:

AN,=N22, (94.2)

3mecb AQ — TestecHsIit yrod, B npefiesiaXx KOTOPOro 3aKJ/II0YeHbl Halpas-
JIeHHsl JBHMKEHHsSI pacCMaTpHBaeMbIX MoJseKyJ. HamomuuM, urto 4m
€CTb TOJIHBIU TeJecHBIH yroJ (oTBedaloluil Bcell MOBEPXHOCTH cdephl).

Puc., 94.2, Puc. 94.3.

Hanpasnenne orpeska OA MOXHO 3ajaTh C MOMOILBIO MOJISIPHOTO
yraa 4 u asumytanbHoro yraia ¢ (puc. 94.2). CienosartesnbHo, Hanpas-
JIeHHs [JBUIKEHHS MOJIEKYJl TIasa MOXKHO OXapaKkTepH30BaTb, 3afaB
I/ KaxkJOH MOJIEKYJBl 3HaueHHsl yraoB 4 M ¢, OTCUUTHIBAEMBIX OT
HEeKOTOpOro (PHKCHpOBAHHOrO - HanmpapjeHusi Oz (B KayecTBe TaKOro
HalpaBJ/ieHUs] MOXKHO B35iTb, HamnplMep, HanpaB/eHMe HOPMaJH K IO-
BEpXHOCTH COCYZA2, B KOTOPOM 3aK/IOYeH ras) H IIpOBeJEeHHOH uepe3
HEero mJockoctd P,.

OxkpyxuMm Hayajo koopaunHaT O cdepolt pamuyca r U HaiijeMm sJe-
MeHT dS cdepsl, cooTBeTCTBYyIOWMI mpupauieHusM d¥ u de yrios ¥
n @ (puc. 94.3). PaccMaTpuBaeMblil 3JleMeHT mpefcTaBiasieT cofoll mpsi-
MOYTOJIbHUK €O cropoHamu r db u r sind dp. Takum obpasom,

dS=rind di de. 94.3)

ITonyueHHOe BhIpaxkeHUe HaeT 3JeMEHT NMOBEpXHOCTH r=const B cde-
pPHYECKOH CcHCTeMe KOOpAHMHAT.

PaspenuB Bripaxenue (94.3) Ha r2, HalileM 3JIeMEHT TeJIECHOrO
yrJia, OTBevalolnil HHTepBaJjaM yraos oT ¥ Jo $-+dd u or @ o ¢+do:

dQs, o = sin ¥ d9 do. (94.4)

JBe cthephl ¢ paguycamu r U r--dr, 1Ba KOHyca C yIJiaMH pacTBopa
4 n9+4-dd u aBe miockoctH, o6pasyromue ¢ Py yrisl ¢ u ¢-+do, Bhje-
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JISIOT B MPOCTPAHCTBE NPSIMOYTOJBHEI NapaJiiesIeNues co CTOpPOHaMU
rdd, r sin $dou dr (cm. puc. 94.3). O6pem sToro napajJenenunesa

dV=r*inddrddde (94.5)

npeAcTaBaseT cofol a/aeMeHT ofbeMa B cepHUecKol cHucTeMe KOOpHAH-
HaT (oObeM, OTBevaloOlUH NpHpaUieHNI0 KOOpAMHAT r, ¥,.¢ Ha dr, d¥
u do).

Ilepeiinst B (94.2) ot mennT K JuddepeHnnasaM U MOACTABHB BhIpa-
xernde (94.4) ansa dQ, npuieMm K ¢opmyJe:

dQ i
dNg, o= N 0o ysin 0d0de, (94.6)

Unnexcel ¥ u ¢ npu dN ykaseBalOT Ha TO, YTO MMEIOTCS B BUAY MoJe-
KyJbl, HanpaB/ieHus! ABH2KEHHSI KOTOPBIX OTBEYalOT MHTepBasaM YIJIOB
or ¥ go 4-+d% u or ¢ 1o ¢--de.

§ 95. Yncao ynapoB MoJIeKyJd O CTEHKY

PaccMoTpuM Haxofsuiuficss B PABHOBECHH Ia3, 3aKJ/IOYEHHBI B He-
KOTOpOM cocyfie. BospMeM ssemeHT noBepXHOCTH cocyAa AS M mopcuu-
TaeM 4YHCJIO YJapoB MOJIEKYJ 00 3TOT 3JEeMeHT
3a Bpems Af.

Brinenum n3 N MosieKyJ1, 3aK/I0YEHHBIX B CO-
cyZe, Te dN, MomleKyJl, BeJHYHHA CKODOCTH KO-
TOpHIX 3aKJIOYeHa B MIpefenax oT v Ao v--dv.
W3 uncna 3THX MoJIeKYJl HalpaB/eHHs JBHU-
JKEHHUsI, 3aKJIIOUEHHbIe BHYTPH TeJeCHOro yrJja
dQ, 6yler UMeTb KOJHYECTBO MOJIEKYJ, paBHOe

dQ

o,
dNo’ o, ®=dN'y ™ .2 (95.1)
(cM. (94.6)). V3 BIZEICHHBIX TAKUM 0GPa3oM Mo- voosddt
NeKyJ JoeTAT 3a BpeMst At 1o niomanku AS Puc. 95.1.

M yAapATCcs O Hee !) MOJIeKYJIbl, 3aKJIOYEHHEIE
B-KOCOM IIMJIHHApE ¢ ocHoBaHHeM AS u BeicoToll v cos § Af (puc. 95.1).

") MoxHo, Ka3amoch Gbl, BO3Pa3HTh, UTO YAaCThb STHX MOJEKYJ Ha CBOEM NYTH K
CTeHKe NpPeTepnHT CTOJKHOBEHHS C APYTHMH MOJIEKYJIaMH, BCAEACTBHE UEro HSMEHHT
HanpabJieHHe CBOEro IBHXEHHS H He JOCTHTHeT miowaaku AS. O1HaKo coynapenus He
HapywamoT XaOTHYECKOTo XapakTepa JBHXKEHHs MOJIEKYJI: MePeXof HEKOTOPOr'o KOJH-
4ecTBa MOJIEKYJI M3 TPYNNH, ABHXKYINelcs N0 HaNpaBJIeHHIO K CTeHKe, B TPYIILL, ABH-
JXKyIHecs B APYTMX HampaBJIeHHSX, CONPOBOXAAETCS ONHOBPEMEHHBIM MEPEXOAOM Ta-
KOTO Xe YHCJIa MOJIEKYJ H3 APYTHX I'DYNN B IPYNNy, ABHXKYULYIOCS IO HANPaBJIEHHIO
K credke. [To3ToMy npu BBIYHC/IEHHH KOJHYECTBA MOJIEKYJ, NOJETAIOMHX JO CTEHKH,
coyZapeHHs MOJIeKYJ APYT C APYTOM MOXHO He NPHHMMATh BO BHHMAaHHe,



298 I'J. X1. CTATUCTUYECKAS ®H3UKA

KonnyecTBO 3THX MOJIEKYJ PaBHO

dQ ASv cos O At
vy, 9, g=dN,— 22 7 (95.2)

(V — o6peM cocyna). UToGbl MOJYUYHTH MOJHOE YUC/IO YAAPOB MOJEKYI
o miomagky AS, HYKHO IpOCYMMHPOBaTh, Beipaxenue (95.2) no tenec-
HOMY yrJy 2m (oTBevarowemy H3MeHeHHsM § oT 0 10 7/2 U H3MeHEeHUsM
¢ or 0 10 2m) 1 1o cKopocTsIM B npefiesiax OT 0 70 Upay, TAE Upyay — HAH-
60JIBIIast CKOPOCTb, KOTOPOH MOryT 00/1aJaTh MOJEKYJH B JAHHEIX
YCJIOBHAX (CM. mpeipiayuiuit maparpad).

Haunem ¢ cymmupoBanusi mo HampasnaenvsM. st sToro mpepcra-
BuM dQ2 B Buze sin § d¥de (cm. (94.4)) ¥ npousBeieM HHTErpHPOBAHHE
Bbipaxenus: (95.2) mo ¥ B mpexenax or 0 1o /2 U N0 ¢ B mpefenax
or 0 no 2m:

/2
__dNyo AS A

dv‘” 4nV

2%
cos¥sin§ dd S de.
0

HuterpupoBanue 1o dg aaer 2r, unrerpan no d¥ pasen 1/2. Cnenosa-
TEJIbHO,

__dN,uv AS At
- 4V ‘

D10 BhIpaxeHWe JaeT YMCIO0 yAapoB o mioumanky AS 3a Bpemst At
MOJIEKY.JI, JIETSIMX B HalpaBJ/IeHUsX, 3aKJIOYEHHBIX B IIpefiesiax TeJec-
HOTO yrja 2%, ¥ VIMEIOIMX BEeJHYMHY CKOPOCTH OT v A0 v-dv.

CyMMHpOBaHHEe 10 CKOPOCTSIM JlaeT NOJIHOE YHCJIO YAApOB MOJIEKY.JI
o mromanky AS 3a Bpems Atf:

dv, (95.3)

ax

’m
VAS, At = A—S‘wﬂ S vdN,. (95.4)
0

Brrpakenne
Umax

§ vdN,

N

npexcraBisieT cofoil cpenHee 3HaUeHHE BEJMYMHBI CKOPOCTH U, 3aMeHHB
B (95.4) uHTerpas mpousBefeHueM N<v), NOJY4YHUM, 4TO

vas, a0 =25 AN <0y = AS At ). (95.5)

3rech n=N/V ecTb uucj0 MOJIEKYJI rasa B eIHHHIE OObEMA.

Hakonen, paspenu BoipaxkeHue (95.5) Ha AS u A{, naiifeMm uucio
yIapoB MoJIEKYJ rasa oG €AMHHIY HOBEDXHOCTH CTEHKH B €JUHHILY
BpeMeHH

v = n<ov. (95.6)
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ITosy4enHbI# pe3yabTaT O3HAYAET, YTO YHCJO YAapOB NPONOPLIHOHANBHO
KOJIMUECTBY MOJIEKYJ B €IHHHIE O6beMa ((KOHLEHTPALMH» MOJEKYJI)
U CpefHeMYy 3HAYEHMIO BEJHYHHBEI CKOPOCTH MOJIEKyJ '), 3amMeTuM, uTo
BesuyuHa (95.6) mpencras/idAer coOOH MJIOTHOCTL IIOTOKA MOJIEKY.I,
NajaloIero Ha CTeHKY.

IlpencraBuM ceGe B rase BooOpayKaeMylo €IMHHUYHYIO IIOLIAJKY,
Ecnu ra3 HaxofuTcd B paBHOBeCHM, uYepe3 3Ty IUIOWAAKY Oyaer
npoJsieTaTb B OOOMX HANPABJIEHHUSX B CPEAHEM OIMHAKOBOE KOJH-
YeCTBO MOJIEKYJ, INpPHY4eM KOJIHYECTBO MoJe-

KyJl, TIpOJeTalOlUX B €AMHHIly BpPeMeHH B o } -

KaXK[IOM H3 HanpaBJ/eHHMH, Takxe oIpejes- N L

ercst opmysoit (95.6). , ¥ N o= 48
C TOYHOCTBIO 10 YHCJIOBOTO KO3(duurenTa 1 N

BeIpaxkenHe (95.6) MoxeT GBITb [OJYYEHO ¢ HOo- 132 ]

MOIIBIO CJEAYIOIUX YIPOLIEHHBIX paccyxie- v—\ o=

Hui, [lonycTuM, 4TO MOJIEKYJIEl Ta3a JBUKYT-

CSl TOJIBKO BJIOJIb TPEX B3aHUMHO IepIeHIUKY- [<— <) 41 ——7‘

JIApHBIX HampasJenuii, Ecaun B cocyje coaep- .

xurca N MoJeKysa, TO B JiI0G0OH MOMEHT Puc. 95.2

BpeMeHH BJOJb KaxJIOr0 M3 HanpabJleHHi

Gyner aBHraTbest N/3 MoJiekyJs, IpHueM MOJNOBHHA M3 Hux (T.e. N/6
MOJIEKYJI) JABHKETCS BJOJb JaHHOTO HalpaBJeHHs B OAHY CTOPOHY,
nojoBnHa B Apyryto. Crenosate/bHO, B HHTEPECYIOLIEM HAC Halpas-
JIEHHH (HampHMep, 10 HOpMaJi K IaHHOMY 3JeMeHTy AS CTEeHKH cocyna)
ABuKeTcs 1/6 yacTh MoOseKyJI.

IpenmnonoxuM, KpoMe TOro, YTO BCE MOJIEKYJIbl ABHIKYTCS C ONHHA-
KOBOH CKOpoCTbIo, paBHOIt <v>. Torja 3a Bpems Af 10 sjieMeHTa CTEHKH
AS noneraT Bce ABHXKYIIMECS MO HANPABJIEHUI0O K HEMY MOJIEKYJIHI,
3aKJ/IIOYeHHBIe B Oo0beMe NWJIHHApPA ¢ OcCHOBaHMeM AS H BHICOTOH
<v> At (puc. 95.2). Uucno atux Mosexys paBHO Av= (n/6)AS<v>At.
CoOTBETCTBEHHO YHCJO YAapoB 00 EAMHHYHYIO MUIOIAAKY B €XUHHILY
BpPEMEHU OKAa3hiBaeTcsl PaBHBIM

V=5 n<U>. (95.7)

[MTonyuyenHoe BhIpaxceHHe OT/IHYaeTca oT (95.6) /Mumb 3HAYEeHHEM YHC-
Josoro MHoxutens (1/6 Bmecro 1/4).

CoxpaHHB NpeANoJoxKeHHe O ABHKEHHU MOJIEKYJ B TpeX B3aUMHO
NepreHNKY/IAPHEIX HanpaB/ieHNs X, HO OTKa3aBIUMCh OT JOMYINEHHS
06 OIMHAKOBOCTH CKODOCTell MOJIeKYJl, CJAeAyeT BHIAEIHTb M3 YHCJa
MOJIEKyJl B eJHHHIEe o0beMa Te dn, MOJIeKYJl, CKOPOCTH KOTOPHIX JIeXKaT
B HMHTepBasie OT ¥ J0 v-+dv, KosiHuecTBO MoJ/ieKyJ, HMEIOIHX TaKHe

1) Mmeercst B BuAY MoAyJib ckopoctH. CpellHee 3HaueHHne BEKTOPA CKOPOCTH MOJIes
KYJ B Cly4yae paBHOBeCHs Ia3a PaBHO HYJIO,
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CKOPOCTH H JoJeTalolux go nuomankd AS sa Bpema Af, paBHo
dv, = dn, ASv AL, (95.8)

TTosHOe uHC/IO yIAapOB NOJYYHM, IPOMHTErpHpoBaB Bhipaxenue (95.8)
0 CKOpPOCTAM:
max

v,
Av = (dv, =g AsAt | vdn, — 3 AS At nco).
0

Haxkonen, pasgenuB Av Ha AS u Af, nonyyum dopmyay (95.7). Takum
o6pasoM, MpexrosoxeHne 06 OAHHAKOBOCTH CKOPOCTEH MOJEKYJ He
BJHMsIET HA pe3yJbTaT, NOJyYaeMblii JJs YUCJAA YAApOB MOJEKYJa O
crenKy. OfHaxKo, KaK Mbl YBHJIMM B CJelyloileM naparpade, sTo npen-
NOOKEHHE H3MEHSET Pe3yJ/bTaT BBIYHC/ICHHH JaBJIeHUS.

§ 96. JlaBneHne rasa Ha CTeHKY

CreHKM cocyla, B KOTOPOM 3aKJIOYEH ras, NOABEPraloTCcs Hempe-
puiBHOH GoMGapaupoBKe MoJieKysaMmu. B peayJbrate 3/71€MEHTY CTEHKH
AS coofmaercs 3a CEKYHILY HEKOTOPBIH HM-
MyJabC, KOTOPHIH paBeH cuJje, AeHCTByIoLleH
Ha AS. OtHomeHue 3TOH CHJIBL K BeJIHUMHE
. AS paer paBjenue, okasblBaeMoe Tra3oM Ha
CTEHKH cocyna, BeiencTBre XaOTHUHOCTH JBU -
JKEHUST MOJIEKYJI IaBJIeHYe Ta3a Ha pasjiiyHbe
YYacTKH CTEHOK COCYAa OAMHAKOBO (pasyme-
eTcsi, PU YCJIOBHH, YTO ra3 HaxOIUTC B
PaBHOBECHOM COCTOSIHHH).,

Ecnu mpexnosioxuTh, 4TO MOJIEKYJH OT-
CKaKHBalOT OT CTEHKHM II0 3aKOHY 3epKaJb-
HOTO OTpaxkenHs ($opp="4,,) H BEJIHUWHA CKO-

Puc. 96.1, POCTH MOJIEKYJBI He H3MeHseTcs '), TO HM-

nyJbe, COOGWIaeMBIl NMPH yAape CTEHKe Mo-

JeKyqolt, Gyner paBeH 2mucosd (puc. 96.1; m — macca MoOMEKYJIbL).,

DTOT UMIYJIbC HANIPABJIEH N0 HOPMAaJH K Myiomanke. Kaxnaa usdv, o, o

MosieKya1 (cM. (95.2)) ‘coofliaeT cTeHKe HMIyJabc 2mv cosd, a Bce
5TH MOJIEKYJIEI — HMIIYJbC

dQys. ¢ 2mv? cos? 9 AS At
4n v *
IMpocymmupyeM rofyyeHHOe BhbIpa:KeHHe IO HaNpaBJIEeHHSM B fipe-
Jleslax TeJleCHOro yriaa 2m (oTBedaroliero uamenenusim ¢ or 0 go n/2 u

dKo, o, o =2mv cos $ dvy, o, o=dN,

1) B neificTBHTENIBHOCTH B3aHMofieHCTBHE MOJIEKYJT CO CTEHKOM cocysia HOCHT Gostee
CJIOXHBI XapakTep (cM. cTp. 417), U cleslaHHBHE HAMH NPEANOJIOMEHHST ClpaBeJIuBLL
JHILb B CPefiHeM /151 6OJIBILOTO YHCAA yAapoB,
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usmeneHusaM @ ot 0 go 2m). B pesynbrate moMTyduM MMIYJbC, COOOMIae-
MbLi MOJIEKYJ/1aMH, CKOPOCTH KOTOPBHIX MMEIOT BEJIHYHHY OT U 10 v--du:

/2 25
dK":de?in%tAvﬂi ﬂ‘ cos? ¢ sin§ db S do
o 0

(Mel mofcraBusK Beipaxenue (94.4) ans dQ2). MarerpupoBanue mo dg
naer 2n, uHTerpan mo d4 pasen 1/3. CiepoBarenbHo,

mu? AS At
dK,=dN, "5

ITpouHTErpHpOBaB 3TO BBIPAXKEHHE 10 CKOPOCTSAM OT 0 1O Upyay, MOJY-
UMM TOJMHHIY MMIYyJbc, coofuiaeMblii miaowiagke AS 3a Bpems Af:

max

AR =" | wran,. (96.1)
0

Bripaxkenue

vm ax

% SO v*dN,

npejcTaBisieT co0off cpefHee 3HaueHHe KBajpaTa CKOPOCTH MOJEKY.I,
3amenuB B (96.1) unrerpas npoussegenneM N<v?)>, MOJY4UM, YTO

AK_,mASAtN <v”>=— nm<ve> AS At

(n=N/V ectb uucno MosieKyJ1 B efuHuLe o6beMa). Hakowen, pasgenus
3TO BeIpaxKeHHe Ha AS u Af, mosyuum AaBJieHNe ra3a Ha CTEHKH CocyJa:

p =l nm oy = mgv 2, (96.2)

Macca Bcex MOJIeKyJ1 IO NPEATIONOKEHHI0 OfMHaKoBa. IlosToMy ee
MOXXHO BHECTH IIOJ 3HaK cpeiHero. B pesy/brate BhipakeHnue (96.2)
NpHUMeT BHJ

p=3 n(%) =2 n<emer, (96.3)

THe <8nocr» — CPelHeEe 3HAUEHHE KUHETHYECKOH 3HepPTHH IOCTyma-
TEJIbHOTO JABHXKEHUST MOJIEKY.JI,

[Monyunm BbIpaxkeHue JIJIT JABJEHUS, HCXOAS M3 YIPOLIEHHBIX
npejcTaBleHult, Koropble npuBean Hac K copmyJse (95.7). Corsacho
3THM NpeJCTaB/JIeHH M KaxJasi MOJIEKyJa COOOLIaeT CTeHKe IpH yaape
UMMyJbe 2m<v>. Y MHOKUB 3TOT HMIYJIbC Ha YHCJIO YAApOB (cM. (95.7)),
NOJyYMM HMIYJbC, COOOIIaeMblil €IMHHYHOH IIONIAJKe B EAUHHLY
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BpeMeHH, T, €. JAaBjeHHe. TakuM obpasoM, mnoJydaercs ¢opmyaa
p=%n<v>-2m<v>=%nm v, (96.4)

dra opmyJa otiuyaercs ot (96.2) TeM, UyTO BMECTO CpefHEro KBajpara
CKOpOCTH <v%> CTOMT KBajpaTr cpenHeil ckopoctH <v)>2. Bnociexcteuu
(cM. § 97) Mp1 y6enumcsi B TOM, YTO 3TH JBe BeJHYMHBL OTJIHYAOTCH
Jpyr oT Apyra, T. €. <v?)>=-<u)2,

Ilpu Gonee akKKypaTHOM MOJCYETE HYKHO UMCJO MOJIEKYJ, Onpele-
asemoe ¢opmyJiol (95.8), YMHOXKHUTE Ha 2mvu U 3aTeM NPOM3BECTH CyM-
MHpPOBaHHe 10 BCeM v. B pesysbTaTe NoJyyuTCsl MMITYJbC, COOOLIAEMBIH
mnowanake AS 3a Bpems At:

vmax vmax

AK= So %dn,,ASAt-2mv=%ASAth; vt dn, =+ AS Atn mco?.

PasznenuB ato Boipaxenue Ha AS u Af, nosryunm aiist gaBjeHus Gopmyay
(96,2). Takum o6pa3oM, HCXOAsi H3 YIPOLIEHHOrO NpPEeACTaBJIEHUS
O JBHXKEHHH MOJIEKYJ BIOJIb TpPeX B3aNMHO IepIeHIUKYJSPHbIX Ha-
npaBJeHH#, Mbl MOJYYH/AH TOYHOE BbIpaxKeHWe JJs AaBJeHHs. 1o
OOBSICHSIETCS TEM, YTO YKasaHHOe YHpOIleHWe INPHUBOAUT, C ORHOH
CTOPOHEI, K 3aHVIKEHHIO YHc/a YAAapoB MOJIEKYJ O CTeHKY (Y/gn<vd
BMecTo */,n<v>, oM. (95.6) u (95.7)), a ¢ Apyroit — K 3aBblIIEHHIO HM-
nyJibca, NEepefaBaeMoro CTeHKe NpH KaxiaoM yuape. Ilpu ynpoumeHHOM
BBIBOJiE MBI NPHHUMAJIM, YTO HPU KaxJIOM yjape CTeHKe coobLiaercs
HMIYJbC, PaBHBIH 2mv, B neficTBUTEHHOCTH Ke BeJIMYHHA COO6ILaeMOro
CTEHKe HMIyJbca 3aBUCHT OT yrJa ¢, BCJEACTBHE Yero CpeJHHil HM-
nyJbc, coobLiaemMplil IpH OJHOM YAape, paBeH */,mv. B utore obe He-
TOYHOCTH B3aHMHO KOMIIEHCHPYIOT JpYT APYra H, HECMOTPS Ha YIpOLIEeH-
HOCTb PAacCMOTpeHMsl, NOJYy4yaeTcs TOYHOe BhIpax<eHHe AJisl JaBJEHHSA,

§ 97. CpenHsisi 9Heprusi MOJEKYJ

HanumeM psiioM nosiyyeHHOe B NpeAblayIueM naparpage BhpaxkeHHe
(96.3) ans AaBjeHHsA M ypaBHEHHE COCTOSIHMS MjeasbHoro rasa (86.7):

2
p= 3 n<8hocr>s lp"—“ nkT,
U3 cpaBHEHHS 3THX BHIPAXKEHHH CJIELYET, YTO

CEnoer> = AT. 97.1)

Hrak, MB nmpumud K BaxXHOMY BRIBOAY: abcoatomuas memnepamypa
ecmo 6eAUMUHA, NPONOPYUOHANbHAS CPEOHEll dHepeul NoCMynamesbHoeo
Osuscenus morexya. IlocTymaTeNbHO JABHXKYTCS TOJBKO MOJIEKYJIEL
rasa, Jlif XHAKAX M TBEPAbIX TeJ CPelHAsS SHEPTHs MOJEKYJ Iponop-
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HHOHATbHA abCOMIOTHON TeMmmepaType JiMIIb B TOM Clyyae, KOrjaa JBH-
JKeHHe MOJIEKYJ MMeeT KJacCHYecKHuil xapakrtep. B xBaHTOBOI O6G/acTH
MPOIOPIHOHANBHOCTD MEXKY CPelHell 3HepTHed MOJIEKYJl U a0COMOTHOM
TeMIlepaTypoil mepecraeT coG/MIONAThCS.

Bripaxenue (97.1) 3ameuaTeJbHO B TOM OTHOIUEHMH, YTO CPENHSAA
SHEPTHs OKa3bIBaeTCs 3aBHCSLIEH TOJBKO OT TeMIEPAaTyphl H HE 3aBHCUT
OT MacChl MOJIEKYJIHL.

TTOCKOJIBKY <{&qocr> =<mv?/2>= (m/2)<v?>, u3 (97.1) BEITEKaeT, 4TO

<v?> = 3kT/m. (97.2)
IpencTaBuB v2 B BUJE CyMMbI KBaJpaToB KOMIIOHEHT CKOPOCTH, MOXKHO

HanucaTthb:
<UD = <vp> +<Up> +-<up>.
Bceanencreue PaBHONIPABHOCTH BCEX HanpaBneHnﬁ JABHIKEHHS BBIIOJI-
HAETCA PAaBEHCTBO )
_ <vp> = <vpd> = <v3.
C Y4€TOM 3TOro HaxoAHM, 4TO
<U2>=1%/3<0*> =kT/m. 97.3)

dopmyna (97.1) ompepensieT 3HEPrHI0 TOJNBKO IOCTYNATEJNBHOTO
IBUKEHHST MoJieKyJibl. OIHAKO Hapsily ¢ MOCTYNaTe/bHBLIM ABHKEHUEM
BO3MOXKHEI TaKKe BpallleHHe MOJIEKYJIBI U KOJle0aHHUsT aTOMOB, BXOISUIHX
B cocTaB MoJiekysbl, O6a 3TH BHAA [BUKEHHS CBS3aHBI C HEKOTOPHIM
3amacoM 3SHEPTHH, ONpENeJNHTb KOTOPHIl IMO3BOJISET YCTaHaBJIHBaeMoe
CTAaTUCTHYECKOH (H3HKOH MO/OKEeHHe O PaBHOpACHpEles]eHHH SHEPrHU
IO CTeneHsiM CBOOGOALI MOJIEKYJIBI,

Yucarom cmenenelt c60000bl MEXAHUUECKOL CUCHEMbL HABbIBALMCS
KOAUHECMBO HE3ABUCUMbLY 6EAUMUK, C NOMOULbIO KOMOPbIX Modicem Obimb
3adano noaoxcerue cucmenmst, Tak, MONOXKEHNe B NPOCTPAHCTBE MaTepH-
aJIbHOH TOYKH IOJIHOCTBIO OMNpejie/sieTcsl 3ajlaHueM 3HAauYeHH{ Tpex ee

KOOpAMHAT (Hanpumep, JIeKapTOBbIX

I -KOOpJMHAT X, Y, 2 W chepHIecKuX

\, ¢ Koopaunat 7, ¥, ¢ u T.'1.). B coor-

BETCTBHM C 3THM MaTepHaJibHasi TOYKa
-~ HMEET TPH CTeNeHH CBOOOMBL,

Tlonoxenne a6GcosOTHO TBEPHO-
FO Tejla MOXKHO OIpENeNHTb, 3aJaB

- 22,4272 *

\\\\“\ \ i 2l 2
Puc, 97.1, Puc. 97.2,

TPH KOODJAMHATHL €T0 LeHTpa Macc (X, Y, 2), ABa yria ¥ M ¢, yKasel-
BalOIHX HaNpaBJeHHe KaKoH-JMHGO OCH, CBA3aHHOH G TeJIOM M IIPOXO-
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Isiwel yepes ero neHtp Macc (puc. 97.1), u, HakoHel, yroJ 1, onpe-
Jensiiomuil HanpaB/leHHE BTOPOH CBSI3aHHOH C TeJIOM OCH, IepleHpH-
KyJsipHOU K mepBoii. Takum o6pa3oM, aGCOMIOTHO TBEPJOE TEJNO HMeeT
miectb creneHeil cBoGoxbl. liameHeHHe KOOpAMHAT HEHTpPa Macc NpH
HeW3MeHHEIX yryax 4, ¢ 4 P o6yc/oBJaMBaeTCs NOCTYNAaTebHBIM JBH-
JKeHHeM TBepJoro Tesa. I10osToMy COOTBETCTBYIOUIME CTENEHH CBOOOABI
HasBBAIOTC NMOCTYymnaTeJbHB MHU. lavenenwe awGoro u3
yrjoB 4, ¢, Y Npu HEM3MEHHOM HOJIOXKEHHH IeHTpa Macc o0yCJOBJH-
BaeTcsl BpaUleHHeM Tesa, B CBfI3H C YeM COOTBETCTBYIOILIHE CTerNeHH
CBOGOJBI Ha3LIBAIOTCA BPpamaTeJsbHBHB MU, CrejoBaresbHo, H3
LIeCTH CTeneHeld CBOGOABI aGCOMIOTHO TBEPAOrO Teja TPH SBJISIOTCH
HOCTYNAaTeNbHBIMH H TPH — BpallaTe/bHBIMU.

Cucrema 13 N MaTepHaJIbHBIX TOUEK, MEKLY KOTOPBIMH HET 2KeCTKHX
cBs3elt, uMeeT 3N creneneill cBoGombl (HoJoxKeHHe KaxJoh U3 N Touek

0’
2 J) 0”
g\ | ,/
S -' 0—0—4%——  o—y
~<Z g | A
~ 7
=~ / !
o” |
0’
Puc. 97.3. Puc. 97.4.

JOJKHO OBITB 33aJ]aHO TpeMsl KoopAuHaTamH). JlioGas KecTKas CBsi3b,
yCTaHaBJ/IMBaloOLlasi HEM3MEHHOE B3aHMHOE DacloJIOKeHHe ABYX TOYek,
yMeHbILIaeT YHCJO CTeneHed cBOOOABI Ha eauHHny. Tak, Hampumep,
€CJIM CHCTeMa COCTOMT H3 JIBYX MaTepuasibHBIX TOYEK, paccrosiHue [
MexJly KOTODBIMH OCTaeTCsi MOCTOSIHHBIM (pHuc. 97.2), To uncso cTeneHeit
cBOGOABI CHCTEMBI PaBHO NATH. B camom Jese, B 3TOM cayyae Mexny
KOOpJMHAaTaMH TOYeK HMeeTcsl COOTHOLLEeHHe

(Xe—2%1)2+ (Yo—y1)*+ (2e—21)2 =1, (97.4)

ECJTIeJCTBHE Yero KOOPAMHATH He OYyAyT HEe3aBHCHMBIMH: JOCTATOYHO
3aJiaTh JiroOble NATh KOODAWHAT, LIecTasi OnpeenuTcs ycaosueM (97.4).
Uro6el KJaccHpULUUpPOBATh 3TH NATh CTeleHeld CBOGOABI, 3aMETHM, 4TO
TIOJIO}KEHHE CHCTEMBI, COCTOSIIEH M3 ABYX JKECTKO CBSI3aHHBIX MaTepH-
aJbHBIX TOYEK, MOXHO ONpPEAe]HTb CJIEAyIomUM obpa3oM: 3aJaTh TPH
KOOpAHHATHI LIEHTpa Macc cucreMsl (puc. 97.3) u ABa yraa 4 U ¢, KOTO-
PHIMH OIpexeNsieTCsl HalpaBJeHHe B NPOCTPAHCTBE OCH CHUCTeMBI (T. e.
npsiMOH, npoxonsuleli yepes obe ToukH). Orcioja ciaenyer, 4TO TpH
CTeNeHH CBOOOABI GYAYT NOCTYNATeJbHBIMH M JBEe — BpallaTeJbHBIMH,
BpamarenbHbie cTeneHH CBOGOABI COOTBCTCTBYIOT BpAlEHHSM BOKpPYT
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IBYX B3aUMHO NepneHjuKyJsapHeix oceli 0’0’ u 0"0", nepneHaukKy-
JsApHBIX K ocu cucteMet OO (puc. 97.4). Bpawenue Bokpyr ocu OO0
JJIsT MaTepHasbHBIX TOYEK JIMIIEHO CMBIC/A,

Ecan 1Be MaTepHa/ibHble TOYKH CBSI3aHBI He JKECTKOH CBSI3BIO,
a ynpyro# (T.e. Tak, YTO BCAKOE M3MEHeHHEe PaBHOBECHOI'O PacCTos-
HUS 7y MEXKJIY TOYKAMH BJ/eyYeT 3a co00fl BOSHHKHOBEHHE CHJI, CTPEMs-
IMXCS YCTAHOBUTh MeXk1y TOYKaMH MepBOHAaYaJbHOE pacCTOosHHE),
TO YHUCJIO CTeneHell cBOOOAbI OyZeT paBHO iectH. ITosoeHue cucTeMbl
B 3TOM cJyuae MOKHO OIpejesHTh,
3aJlaB TPH KOOPAWHATHl LEHTpa Macc
(puc. 97.5), aBa yrzia ¢, @ H paccro-
siHMe MEXIY TouKamH r. ll3meHeHnus
r COOTBETCTBYIOT KOJeGaHHsIM B CH-
cTeMe, BCJIEACTBHE UYero 3Ty CTeleHb
cBOOOIBl HAa3bIBAIOT Konaeb a-
Te s bHOH Hrak, paccMoTpeHHas
‘CHCTEMa MMEET TPH IOCTynaTeJbHbIE,
IBe BpallaTeJbHbIE W OIHY KoJe6a-
TeJIbHYIO CTETeHb CBOGOABI.

PaccMoTpuM  cucTeMy,  COCTOSI-
myio u3 N ynpyro cBsI3aHHBIX JpYT
C ApPYroM MaTepHajibHBIX-ToYeK. Takas cucremMa umeer 3N creneHeit
cBo6ojpl. CyliecTByeT paBHOBeCHAass KOH(HIYpAalUs TOYeK, OTBEeYaro-
masi MHHHMyMy TIOTEHLIMA/JbHOH 3HEPrHH cHcTeMbl. PaBHOBecHas
KOHQUrypauus XapakTepusyeTcs BIIOJIHE ONPENEJEHHBIMH B3aUMHBIMH
PaCCTOSTHHSIMH MeXAy TouKaMHM. Ec/M TOUKH BBIBECTH M3 INOJIOKEHHH,
COOTBETCTBYIOILHX PABHOBECHOH KOHGHUIYpaUHWH, B CUCTEME BO3HHKHYT
xoneGanusi. ITosoxkeHHe cCHCTEMBI MOXKHO ONpeNe]HTb, 3alaB IOJOKe-
HHE PaBHOBECHOH KOH(UIYypaUMH H BeJWUYMHBH, XapaKTepu3ylomue
CMEILEHUsA TOYEeK U3 paBHOBECHBIX moJioxkeHHH. Ilocnennue BemMyMHBL
COOTBETCTBYIOT KOJeGaTe/bHBLIM CTeIleHsIM CBOGOJbI.

IlonoxkeHue paBHOBECHOH KOHQUIypauHH, Kak H NoJoxeHHe abco-
JIIOTHO TBEPJOro Tesa, ONpefeNseTcs IUeCTbIO BeIHUHHAMH, KOTODHIM
COOTBETCTBYIOT TPH IIOCTyNaTe/lbHble H TPH BpalllaTe/bHblE CTENEHH
cBoGoxpl. TakuM 06pas3oM, KOJMMYeCTBO KosebaTe/bHbIX CTeneHed CBO-
6onpt paBHO 3N—6 1),

W3 onbiToB 110 M3MEpEeHHIO TENJIOEMKOCTH Ia3oB BHITEKAeT, 4TO NpH
onpeieJieHMH 4ucaa creneHefl cBOGOABI MOJEKYJIbI CAEAYeT paccMaTpu-
BaTh aTOMBI KaK MarepHaJjbHble ToukH. CjefoBaTesIbHO, OXHOATOMHOMR
MOJIEKYJIE HYKHO NPHIHCHIBATBL TPH NOCTyNaTe/bHbIE CTEHEHH CBOGOMBI,
JIBYXaTOMHOH MOJIEKYJie, B 3aBUCHMOCTH OT XapaKTepa CBSISH MEXIy
aToMaMH, CJefyeT IPHNHCHIBATh JIN0O TPH NOCTYyNaTesIbHBIE U JiBEe Bpa-

Puc. 97.5.

1) Tlpennosaraercs, 4T0 paBHOBECHbIE IIOJIOXKEHHUS TOYEK He JIEKAT HA ONHOH Nps-
Moii. B npoTHBHOM cJiyuae BpauaTeJabbix creneneil cBoGoAb 6YAeT TONBKO JBe, a KoJe-
6atenbHBIX 3N—D5. C TakMM cayyaeM Mbl HMeJIH JeJI0 NPH PacCMOTPEHHH CHCTEMBI, CO-
cTofllell M3 JBYX TOYEK,
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aTeJbHBIE CTENeHH CBOGOABI (NPH 3KECTKOH CBf3H), JHG0, KpOME 3THUX
NATH, elle OAHY, KoJebaTelbHYIO CTeleHb CBOOOIbI (IPU YIPYro
CBsi31), TPEXaTOMHOH MOJIEKYJIe C2KECTKOH CBSI3bi0 — TPH MOCTYNATE/ b-
Hble ¥ TPH BpaulaTesbHble CTEHeHH CBOGOABI, H T. X.

3ameTuM, 4TO, CKGJIBKO Obl cTeneHe#l cBOGOIBI HU HMeJIa MOJIEKYa,
TPHU U3 HHX — mHocTynartenbHble. [TocKoJIbKY HU OJIHA H3 MOCTyHaTeNlb-
HBIX CTeneHedl CBOGOAEI MOAEKYJbI HE HMeeT HNpPEHMYIIEeCTBA Iepes,
OCTaNbHBIMH, HAa KaXJyl0 H3 HHMX RO/DKHA NDHXONHTHCA B CpEAHEM
OJMHAKOBasl 3HEpPrusi, paBHasl OJNHOH TpeTd 3HayeHusa (97.1), T. e.
3/ kT ' .

B knaccuyeckofl cTaTHCTHYeCKOH (HSHKe BEIBOAUTCA!) 3aKOH
paBHOpacnpejaeJJeHHs, COLIacHO KOTOPOMY HQ Kaxcoyro
cmenensb c60600bt MOAEKYAbL NPUXOOUMCS 8 cpeOHeM 00UHAK0BAA KUHemu-
veckas sHepeus, paswas /,kT.

Cor/iacHO 3aKOHY paBHOpAacnpeje/ieHHsi cpejHee 3HaueHHE SHepTUH
ofHOH MoJsieKyJsbl <e)> OyzeT (npu TOH ke TeMimeparype) TeM GoJblile,
uyeM CcJOoXHee MoJIeKyJa, 4eM OoJjblie y Hee cTerneHei cBoGoawl. Ilpu
orpefieNieHNH <€> HYXKHO Y4ecTb, YTO KoJieOaTesbHas CTeneHb CBOGOJb
JOoJDKHA 00najaTh BABOe GOJibllIeH SHEPTeTHUeCKOH eMKOCTBIO MO CpaB-
HEHHIO G NOCTYNaTeJbHOH /M BpallaTelbHOI. DTO OOBSCHSIETCS TeM,
YTO [I0CTynaTeJbHOE H BpalllaTelbHOE IBHXKEHHE MOJIEKYJbl CBSI3aHO
C HaJUYHeM TOJNbKO KHHETHYECKOH SHepruH, B TO BpeMs KakK Koseba-
TEJIbHOE JBHXKEHHE CBfI3aHO C HaJHYHEeM W KHHETHYECKOH, M HOTEHIU-
aJbHOH SHEPTHH, NMpPHYEM JIJIsI TapMOHHYECKOTO OCLHJIISTOpPA CpeiHee
3HaueHHe KHHETHYeCKOH M IOTEHUHMAJbHOH 3HepTHH OKasbiBaeTcs OfH-
HakoBbIM. [lo3TOMy Ha Kaxayio KoJjebaTelbHYIO CTeNeHb CBOGOZBI
JOJIKHBL IPHXOIUTBCSA B CpelHeM JBe NosioBUHKH kT — oJHA B BHJE
KHHETHYeCKOi 5HepPTHH U OJlHAa B BHJE MOTEHIUAJBHOI.

Tagum oOpa3oM, cpejHss 3HePTHs MOJEKYJBI JO/MKHA PaBHATHCA

<e> =+ kT, (97.5)

rie i — CyMMa YHCJa IOCTYNaTeNbHbIX, YHC/Ia BpallaTe/lbHbBIX H YABO-
€HHOI'0 YHCJa KoJieOaTesbHBIX cTeneHeil cBOGOALI MOJIEKYJIbL:

= Mhoer "l' Nypaw + 2nxone6' (97'6)

JI/1st MOJIEKYJI C 2KeCTKOH CBSI3bI0 MEXKJAY aTOMaMH [ COBIIAAaeT C YHCJIOM
cTeneHedl CBOOOALI MOJIEKYJIBL.

MoJiekysibl HAEaNbHOIO rasa He B3aHMOJAGHCTBYIOT MeXAY COGOH.
ITosToMy BHYTDEHHIOIO SHEPIHIO OJHOTO MOJISI MIEaJbHOTO r'a3a MOXKHO
Ha#iTH, YMHOXKMB 4YHCIO ABOrajpo Ha CpEIHIOIO SHEPTHIO OJHOH MoJie-
KYJIBL:

Us=Na<e> =S Nyt T=5R T (97.7)

1) S1oT BBIBOA, BEIXOZUT 32 PaMKH Kypca obuieil (pH3UKH,
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Cpasnenue 3Toro Belpaxenus ¢ (87.6) naer, 4to

Cy=%R. (97.8)

IlpunsiB Bo BHuMaHHe ¢opmyny (87.11), Ha#nem, uTo

C,=52R. (97.9)
CrnenoBartenbHO,
c [ 190
~V=C—'V’=‘—l.—. (97.10)

Takum o6pasoM, BeJHYHHA Y OIpeLeNseTcss YHCIOM U -XapaKTepoM
creneHeil CBOGOABI MOJIEKYJIBI.

Ta6auma 97.1

Yucao crene-
Hell cBOGOABI
X apakrep p
Monekyna CBASH MEXAY . [ €y Cp P
aToMaMH [ =] .
gl E| &
gl g9
szl 8
= m B4
3 5
OpHoaToMHas —_ 3| — 3 5 R R | 1,67
5 7
IByxatomnas | KecTkas 3l 2|—1| 5 7 R 5 R 11,40
7 9
) Ynpyras 31 2|1 7 5 R 7 R |1,29
8
C uncaoMm aro- | KecTras 3| 3| —1] 6 % R 5 R 1,33
MOB TPH H
GoJtee

B Tta6n. 97.1 npusenens! sHauenuss Cy, C, U 9, TNOJYUYEHHEIE IJIS
pasIHYHBIX MoJseKyJ o dopmyam (97.8), (97.93 u (97.10). B ta6a. 97.2
COIIOCTABJIEHE! Pe3yJ/IbTaThl TEOPHH C 3KCIEPHMEHTaJbHBIMH JaHHBIMH,
TeopeTHueckne 3HaYeHHs NOJy4YeHH! (3a HCKJ/IOYEHHEM OJHOTO Cayyas,
YKa3aHHOTO B IPHMEYaHUH K TabJH1ie) B NPENOJIOKEHUH, YTO MOJIEKY JIbI
SIBJISIIOTCS 2KECTKMMM; 3KClIepHMEHTaJIbHble 3HaueHUs] INOJYYeHHl IJiA
TeMnepaTyp, 61H3KHX K KOMHaTHOH.

. Ha rabn. 97.2, kasasochb 6bl, cIeLyeT, YTO COIVIACHE MEXKIY TEOpHel
H SKCIIEPHMEHTOM, BO BCSIKOM cJyyae JJIsi OZHO- H JBYXaTOMHBIX MO-
JIEKyJl, OKasblBaeTCsl BIIOJIHE YJIOBJETBOPHTeNbHBIM, OfHaKo B Jeil-
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Ta6auwiua 97.2

Cy, 3 Cp
Yucno Jx/(monb-K) | Jx/(momb - K) v
aTomoB
Tas B MoJe-
Kyne

TEOp. SKCM. | Teop. 9KCM. | Teop. | 9Kem.

Tenuit (He) 1 12,5 12,5 20,8 20,9 |1,67 1,67
Kucaopon (Og) 2 20,8 20,9 | 29,1 28,9 11,40 1,40
Okuch yriaepona (CO) 2 20,8 21,0 29,1 29,3 11,40 1,40
INapw Boger (H;0) 3 25,0 27,8 133,2 36,2 11,33 1,31
. 33,2%) 41,5%) 1,25%)

*) Ias i=8, T.e. B NpelNnoJOKeHUH, YTO HMeeTcsl JOMOJHHTEeNbHO OXHA
KoJse6aTesqibHaA CTeneHb CBOOOJBI.

CTBHTENIBHOCTH 3TO He Tak. COrjlacHO pacCMOTPEHHOH HaMH TeOpUH

TeJI0eMKOCTH I'a30B JO/KHB ObITh LEJBIMU, KpaTHBIMH R/2, u6o 4ucio

cTerneHedl CBOGOIBI MOXKET

Cr ObITh TONMbKO IenbiM. [To3aTo-

2 My JAaxke Majble OTKJIOHEHHS

YT 3/ Cy u C,OoT 3HaYeHHui, Kpar-

/ HBIX R/2, WrpaioT npHHUH-

nuanbHylo posab. Kak BuI-

2. 2 HO U3 TaGJHLE], TakHe OT-

KJIOHEHHS1, TIPHYEM 3aBEJIOMO

[pEBLILIAIONIHE BO3MOXHEIE

e NOTPEIIHOCTH  HM3MepeHHH,
/ HMEIOT MeCTO.

J/ Oco6eHHO pa3UTeNbHBIMH

0= =7 CTaHOBATCA  PaCXOXIEHHs

Puc. 97.6. . MeXJAy TEeOpHel U 3KCHepH-

MEHTOM, €CJIH OOpaTHThCSA

K TeMmIepaTypHOH 3aBHCH-

mocTH TermsoeMgocTd. Ha puc. 97.6 usobpaxeHa KpuBasi 3aBHCH-

MOCTH TeIlJIOeMKOCTH KuyioMosia Cy OT TeMmIeparypbl, MOJyYeHHas

ONLITHBIM myTeM AJjs Boiopoia. COrJiacHO TEOPHH TEIJIOEMKOCTb He

JIOJ’)KHA 3aBHCETh OT TeMIlepaTyphl. M3 pucyHka BHAHO, YTO 3TO OKa-

3bIBaeTCs CNPaBeJIUBBIM TOJIbKO B Ipejenax OTHEJNbHBIX TeMmepaTyp-

HBIX HHTEPBAJOB, NpPHYEM B pa3JUYHBIX HHTEPBajaX TEIJIOEMKOCTh

HMeeT 3HaueHHs, COOTBETCTBYIOLIHE pAa3/JUYHOMY YHCAY CTeneHel

cBoGoxbl MoseKyanl. Tak, Ha yuactke I—I' Cy paBHa 3/,R. D10 03-

HavaeT, YTo MoJieKysa BeleT cebs, Kak cHcreMa, obsajaiolasi TOJbKO

Nl

Nk
>

aoley
>
T
1
i
i
1
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nocTynartebHEIMH cTeneHsMu cBoGonel. Ha yuactke 2—2° Cy paBHa
8/,R. ClexoBaTeNbHO, TIPH TEMIEpaTypax, COOTBETCTBYIOWIUX 3STOMY
yYacTKy, Y MOJIEKYJIbI, B JONOJHEHUE K NpPOSBJSIOMAMCS @pH GoJee
HHU3KHX TeMHepaTypax ’TPEM NOCTYNAaTC/NbHBIM  CTEIIEHAM CBOGOI{bI,
Jo6aBasIOTCS €mle JBe BpamareibHble. HaxoHenw, npH J0OCTAaTOYHO
6osbluuX TeMnepatrypax Cy Henaercsi pas-

HO# 7/,R, YTO CBHJETENBCTBYET O HAJIHYHU € Bjow Exoncs

IpH 3THX TeMIepaTypax, Kpome HocTymna- L
TeNbHOTO W BpallaTeNbHOrO JABHKEHHH, L
elle U KoseGaHui MosleKyJIbl. B npomexyT- A (éfc;fm
Kax MeXJ1y YKa3aHHBIMH HHTepBajaMu £ TENT)
TeNJIOEMKOCTh MOHOTOHHO pacTeT ¢ TeMIle- L
paTypo#, T. e. COOTBETCTBYyeT KakK Obl He- 4
LeJIOMY TEepPEeMEHHOMY YHCAY CTeneHeH +
CBOGOIBI. +
Takum o6pa3oM, YHCJIO CTeneHeH CBO- o+
Gobl MOJIEKYJIBI, NPOSIBJSIOLIEeCs] B Tell- +
JIOEMKOCTH, 3aBHCHT OT TeMiuepatypsl. [Ipu- T+ 1
HH3KHX TeMmnepaTypax HalJiofaeTcs TOJb- T
KO TOCTynareJIbHOe JIBHXKEHHE MOJIEKYJI. T
Ilpu Gosiee BEICOKHMX TeMnepaTypax Hapsay T
C MoCTynaTe/lbHBIM JBHXKeHHeM HabJiona- T
eTcsl Takxke BpalleHHe MogekyJ. M, nako- T
Hell, TpH emie GoJiee BHICOKUX TeMmepary- I <E>
pax K TepBbIM ABYM BHIaM JBHKEHHUS JO- T (cpedus memn)
6aBJIAIOTCA TaKXe KoJie0aHHsI MOJIEKY.JI. <E>(husmue
Ilpu sToM, Kak cJeiyeT u3 MOHOTOHHoro ¢ q " memn)
X0Jla KpHBOH TEeNJI0OeMKOCTH, BO BpaiaTe/ib- Prc. 97.7.

Hoe, a 3aTeM B . KoJse0aTesJbHOE ABHIKeHHe

BOBJIEKAIOTCA He cpa3y BCE MOJEKYJIBL.

CHaya/na BpallleHHMe, HanpuMep, HauMHaeT HaGMIONATbCS TOMBKO y He-
GosbIuoi Ao/H MoJieKyJl. C NOBHILIEHHEM TeMIeparyphl 3Ta JO0Js pac-
TEeT, 1 B KOHEYHOM HTOT€ NPH JOCTHXKEHMH OIpeJeNeHHOH TeMiepaTyphl
BO BpallaTeJbHOE ABHKEeHHE GYAYT BOBJECUEHH NPAKTHYECKH BCE MOJIE-
KYJIB. AHAJIOTHYHBIE DPOIECC MMEET MECTO U Il KOJ1e6aTeIbHOTO JBH-
KEHHSI' MOJIEKY.I.

O6bsicHeHHE TAaKOro MNOBENEHHS TEIJIOEMKOCTH JaeTcsl KBaHTOBOM
MexaHHKo#. Kak ycTaHaBauBaeT KBaHTOBasi TEOpHs, SHEPLHsl Bpalia-
TEJIHHOTO M KOJIEOATENbHOTO JBHMKEHHI MOJIEKYJ OKasbiBaeTCsl KBaH-
TOBaHHOH. DTO 03HAaYyaeT, 4TO FHEPTHUSA BpALIEHHs] W SHeprus KoueGaHus
MOJIeKYJIbl MOTYT HMeTb He JiloOble 3HaYeHHs, a TOJNbKO JHCKpPETHbIE
(T. e. oTHeJbHBIE, OTJMYAOMMECH JAPYr OT Apyra Ha KOHEUHYIO BeJH-
uyuHy) 3HaueHus. Clef0BaTesbHO, SHEPTHSA, CBsI3aHHas C STUMH BHIAMH
IBHIKEHHSI, MOXKET MEHSTbCS TOJbKO CKauyKaMH. ]

HHtepBansl Mexay OTAENbHBIMU HONYCKAaEMBIMH 3HAUEHHSMH HEp-
ruu (MJIH, KaK NPUHATO TOBOPHUTH, MEXAY YPOBHAMH 3HEPrHH) IJs
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KoJieGaHUs TPUMEPHO Ha mopsioK GoJiblle, yeM JJif BpalleHus. Ympo-
IIeHHasi cxema !) BpaljaTeJbHBEIX H KoJieGaTe/bHBEIX YDOBHeH JABYX-
aTOMHOH MOJIeKYJibl JaHa Ha puc. 97.7. .

B § 94 Gblio oTMeueHO, YTO CKOPOCTH MOJIEKYJ TPYNNHPYIOTCA B
OCHOBHOM BOJIH3H HEKOTOpOro HauboJsee BeposTHoro sHaueHus. Coot-
BeTCTBEHHO INOJABJIAIOILAs YaCTb MOJEKYJ 00/ajaeT SHePrusMu, OJus-
KHUMH K CpPeJHEMY 3HaueHHIO <€), H JIHIb Majas A0Js MOJEKYyJ HMeeT
SHEpPrHH, 3HAYKTEJbHO npesbluawlye <e>. [Toatomy, aIa Toro 4ToOH
3aMeTHasi JoJIsi MOJIEKYJl OKasasnach BOBJIEYEHHOH BO BpalaTesabHOe
WK KoJieGaTesqbHOE JBHIKEHHe, HX CpeIHsIl 3Heprus HO/KHa ObITh
JOCTaTOUYHO BeJHKa MO CPAaBHEHHI0 C PAacCTOSIHHEM MeXK1y J03BOJIeH-
HBIMH YDOBHSIMH COOTBETCTBYIOLICH 3HEprui.

BosbMeM CTOJIb HHU3KYIO TeMnepaTypy, YTO CPelHsAs SHeprus MoJe-
KyJbl <&> 3HayHTeJbHO MeHbllle IepBOTO JO3BOJEHHOTO 3HaYeHHs
SHEPrHHU BpalaTeNbHOrO ABHXKEHHS (CM. HHMXKHIOO NMyHKTHPHYIO Ipf-
myio Ha puc. 97.7). Torga nulllb He3HauHTeNbHasl YaCTh BCEX MOJIEKYJI
BOBJIEKAETCS BO BpalllaTeJbHOE ABMXKEHHe, TaK YTO MPAKTHYECKH MOoJle-
Kysael rasa OyRyT JABHraTbcs TOJbKO mocTynarenbHo. HeGoabuine
H3MEHEHHs1 TeMrepaTypbl OYIYT NPHBOAUTE K H3MEHEHHAM TOJbBKO
3HEPTHH IIOCTYNAaTeNbHOTO IBHKEHHS, B COOTBETCTBHH C YeM TemJo-
€MKOCTb I'a3a OKasbIBaeTcsi paBHOH %/,R (cM. yuactok I—I1’ Ha KpUBOIi,
uso6paxeHHod Ha puc. 97.6).

[ToBhILIeHHe TeMIepaTyphbl CONpPOBOXJAeTcst BO3pacTaHHeM <&),
BCJICCTBHE 4ero Bce GOsblIasi 4acThb MOJIEKYJl BOBJIEK3eTCsl BO Bpala-
TeJIbHOE JBHXKeHHe. DTOMY IIPOLECCY COOTBETCTBYeT Y4acTOK KPHBOH
I'—2 na puc. 97.6. ,

ITocsie Toro Kaxk Bce MOJIeKYJIbI OyAyT BOBJIEUEHE! BO BpallaTenbHOe
IBHXKEHHe, HAYHETCSl TOPH3OHTaNbHBIH yuacTok 2—2'. Ilpu TeMnepa-
Typax, COOTBETCTBYIOLIHX STOMY Y4acTKy, <& ellle 3HaUUTeJIbHO MEHBIIIE,
yeM paccTosiHHe MeXJYy HO3BOJIEHHBIMH YPOBHSIMH KoJieGaTeNbHOM
S5HEprHH, BCJIEACTBHE 4Yero KoJseGaHus MOJEKYJ NpaKTHYecKH OyAyT
OTCYTCTBOBaThb. IIpH NanbHelillleM NOBBILEHHH TEMIEPaTyphl MOJIEKYJIbI
HayHyT BO Bce OoJbllleM KOJIMYeCTBE BOBJEKaThcs B KoJseGaresbHOe
IBIXXeHHe, YeMy COOTBETCTBYET IepeXOAHbIl yyacToK 2'—3 Ha KpHBOH
TenyioeMKocTH. HakoHel, npH JOCTaTOYHO BHICOKOH TeMmeparype Bce
MOJIEKYJIbI OKaXXyTCSl BOBJIEUEHHBIMH B KoJeOaTe/bHOE JBHIKEHMUe,
B CBfI3H C YeM TENJIOEMKOCTb CTaHeT PaBHOH 7/,R.

Takum o6pa3oM, KJjaccHuecKasl TeOpHs TENJIOEMKOCTH NpPHGIH-
3MTEJbHO BEPHA JMIUb JJIsi OTHEJNbHBIX TeMIepaTypPHBIX HHTEPBAJIOB,
npuyeM KaxkIOMy HHTepBaj]y COOTBETCTBYeT CBO€ YHC/IO CTeneHei
CBOGOABl MOJIEKYJIbL.

1) B 1efiCTBUTENILHOCTH PACCTOSHHS MeXAY BpallaTeJbHEIMH YPOBHMH HEONH-
HakoBbl. OJHAKO 3TO HECYIECTBEHHO A PaccMaTpHBAEMOro BOMPOCA,
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§ 98. Pacnpenenenue Maxcsesna

JliA BBIICHEHHSI Crnoco6a, KOTOPHIM MOXKHO KOJIMUECTBEHHO OIHe
caTb pacnpejeseHHe MOJIEKYJ IO 3HaYeHHSIM CKOPOCTH, BOCIOJIb3Y-
eMcsl cleyomuM npHeMoM. BosbMeM B BooGpakaeMOM IPOCTpaHCTBe,
KOTOpoe Mbl OyleM HasblBaTb U-NPOCTPAHCTBOM (IPOCTPAHCTBOM CKO-
pocreii), IpSIMOYTroJbHbIE KOODAHHAT-
HBlE OCH, MO KOTOPBHIM CTaHeM OT-
KJaJblBaTh 3HAYEHHS Uy, Uy H U, OT-
JEJNbHBEIX MOJIEKYJ (MMEIOTCS B BULY
KOMITOHEHTBI CKOPOCTH IO OCAM X, Y
M 2, B3ATBIM B OOBIYHOM IPOCTPaHCT-
Be). Torna cKopocTH KaxI0H MOJIeKy-
Jbl GyJIeT COOTBETCTBOBATb TOYKA B
3TOM mpocTpaHcrBe. K3-3a cTOJKHO-
BEHHH MOJIOKEHUS ToueK OyayT He-
NpepbIBHO MeHSITbCA, HO HX ILJIOT-
HOCTb B KaxJOM MecTe OYIeT ocTa-
BaTbCsl HEH3MEHHOH (HAalOMHHM, 4YTO
paccMaTpuBaeTcsi PaBHOBECHOE CO-
CTOsIHHE Ta3sa).

Bcaencrue PaBHONPABHOCTH
BCEX HampaBJeHHH JBHXKEHHs pac-
TI0JI0JKEHHE TOUEeK OTHOCHTEIbHO Hayasna KoopauHaT 6yner cdepHuecKH
cummeTpHuHbM. Clle0BaTeJbHO, TJIOTHOCTb TOYEK B U-NPOCTPAHCTBE
MOXKET 3aBHCETb TOJMIBKO OT MOAYJISA CKOPOCTU ¥ (HaHu oT v2). OGo3HaYuM
3Ty IJIOTHOCTb 4epe3 Nf(v) (N — mosiHOe YHCJIO MOJIEKYJ B JaHHOH
Macce rasa). Torja KOJHYECTBO MOJIEKYJI, KOMIIOHEHTEI CKopocTefl
KOTOPBIX JIeXKAT B Npeenax OT Uy J0 Uytdvy, OT Uy 10 Uy~+duy U 0TV,
20 U;+du,, MOXXKHO NPEJCTABUTD B BUJE

dN, =Nf (v) dv, dv, dv, (98.1)

Puc. 98.1,

x !’yy Uy

(mpousBesenve dv, dv, dv, paer 3jeMeHT o6beMa B U-POCTPAHCTBE).

Touku, n3o6paxKaroliie CKOPOCTH, BEJHYHHA KOTOPHIX 3aKJOueHa
B mpenenax oT v A0 v-+dv, momajaioT B 06/acTb, JIEKAULYIO MEXKLY
cepamu panuycos v B v--dv (puc. 98.1). O6bem obnactu pasen 4mnv? dv.
CrnenoBaresbHO, YHCJIO TOYeK, HaXOAAMMXCS B 3TOH 06JacTH, onpeje-
JIsieTcsl BhIpax<eHHEM

dN,= Nf (v) 4nv? dv. (98.2)

1o BLIpaxKeHHe NaeT YHC/IO MOJIEKYJI, BeJMUHHA CKOPOCTeH KOTOPHIX
JIEXKHT B HHTepBane OT v J0 v-+dv. Pasnenus ero Ha N, noayuuM Be-
POAATHOCTb dP, TOro, 4ro CKOPOCTb MOJIEKYJbl OKAaXeTcA B mpejenax
OT v JI0 v-t+du:

dP,= [ (v) 4nv? dv. (98.3)
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U3 cpaBHeHHs1 3Toro BhIpaxkeHus ¢ (93.6) sakmouaeM, 4TO
F.(v)=f (v) 4nv? (98.4)

Urpaet posb (GPYHKIHH pacnpeleseHHsi MOJEKYJ rasa Mo CKODOCTSIM.
Bun ¢ynkuun (98.4) 6b1 ycTaHOBJEH TeopeTHYeCKH Makcesnsiom
B 1860 r. B n3jioxkeHHOM HH2Ke BBIBOJE 3aKOHA pacnpeeseHHsT MOJIeKY 1
rasa no CKOpPOCTSM Mbl NpHMEpPHO ciefyeM Makceemny.
CorgylacHo ¢opmyJie (93.6) BepOSITHOCTb TOTO, YTO KOMIIOHEHTa CKO-
pOCTH U, HEKOTOPOH MOJIEKYJIbl HMeeT 3HaueHHe.B Mpejesax OT U
J0 Ux—+dv,, MOXKeT ObITb MpeJCTaBjeHa B BHIE

dPy = (vx) dus, (98.5)

rae ¢ (v,) — GyHKIMA pachpeneneHHs. AHaNOTHYHBIE BEpOSTHOCTH
ISl JBYX APYTHX KOMIIOHEHT ONpEAEJSIOTCs BbIPaXKeHHAMH

dP 0, =@ (v,) dv,, (98.6)
dPy, = ¢ (v,) dv,. (98.7)

B cuny paBHONPaBHOCTH BCeX HampaBJ/IeHUH ABHKEHHs aHAJUTHYECKHI
BHA QYHKIHE @ (vy), @ (vy) ¥ @ (v,) HOMKeH ObITb OAHHAKOB, 3TH QYHK-
MM OTJIMYAIOTCA JIHIIb OGO3HAYeHHeM apryMeHTa.

MakcBesi1 npeanoJioxHJ, 4TO BepOATHOCTb DAa3/HYHBIX 3HauyeHHH
OIHO! M3 KOMIIOHEHT, HalpHMep U, He 3aBUCHT OT TOro, KakoBa BeJIH-
YHHA OCTAJbHBIX JBYX KOMIIOHEHT (B JaHHOM clyyae U, H v,) ). 310
O3HauaeT, YTO COOBITHS, 3aKJjoyawoliyecs B TOM, YTO U, HEKOTOpOH
MOJIEKYJ/IbI HaXOJHTCA B Npeaenax OT Uy A0 Ux+duy, U, TOH Xe MoJe-
KyJbl — B Ipefenax oT v, 10 U,+du, W, HaKOHel, U, TOH Xe MoJe-
KyJbl — B TNpefenax oOT v, 10 U,+dv,, SABIAIOTCA CTAaTHCTHYECKH
He3aBHCUMBbIMH. I103TOMY BEPOSITHOCTb TOTO, YTO KOMIIOHEHTEI CKOPOCTH
HEKOTOpPOU MOJIEKYJIBl HMeIOT 3HaueHHs, Jexaulye B mnpefenax oT
Uxy Uy, U, JO Uxtdvy, v,+dvy, v,+dv,, paBHA NPOU3BEJEHHIO BEPOAT-
Hoctet (98.5), (98.6) u (98.7):

dP,, o, 0, =9 (v) @ (v,) @ (v,) dv, dv, du, (98.8)

(cm. dopmyary (93.4)). Bmecre ¢ Tem, corsacHo (98.1), 3Ta BepoOATHOCTD
MOXKeT GbITb NpeACTaBleHa B BHIE

dPy v, v, = f (v) dv,, dv,, dv,. (98.9)
CpaBHenue BeipaxkeHHit (98.8) u (98.9) naer, uro
@) =00)o @) e@,). (98.10)

BasB JsorapugMm or o6eHx yacTell 3TOr0 paBeHCTBa, MONYYHM:
Inf@)=Ing(v,)+Ine(v,)+Ing (v,).

1) 310 npeanonoxkeHne MOXKET GLITH CTPOrO JOKA3aHO, OAHAKO A0KA3aTeIbCTBO BHI-
XOAHT 8a paMKH HalLero Kypca,
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IlpoauddepenupyeM HONTYYEHHOE COOTHOLIGHHE IIO Uyl
I (v)ﬁ)__qa'(vx) 98.11
Fo) 0% g (%8.11)
ITockonbky v=Vv§+v§+v§, YyacTHas IIPOM3BOJHAsg OT U IO
v, paBHA

va+vy+ vz v
IToxcraBuB 5T0 3HaueHHe npou3BofHOH B (98.11) u mepeHecs 3areM

U, U3 YHCJIMTEJs JIEBOH 4acTH B 3HaMeHaTeslb NPaBoil, NpHAEM K pa-
BEHCTBY

@1 _ 9 () 1
T0) T gl U (98.12)
IIpaBast yacTb 3TOro paBeHCTBAa, a 3HAYMT M JieBas 4acTb, He 3aBHCHT
OT nepeMeHHbIX v, U U,. CleloBaTeNbHO, OHA HE MOXET 3aBHCETb H
OT Uy (Ux, Yy H U, BXO,ZLSIT B f(v) cummeTpHuyHo; cM. (98.10)). Takum obpa-
30M, KaXJoe H3 BHIpaxKeHHH, CTOAIUX caeBa u cnpasa B (98.12), paBHo
HEKOTOpPO# KOHCTaHTe, KOTOPYIO MBI OGO3HAuHM, yepe3 —a  (BIOCJEH-
CTBHH BBIACHHTCHl, YTO 3Ta KOHCTaHTa MeHblle Hyad, T. e. a>>0).-
Hrak,

%(%"))v—lx=—oc MJH (fp((v:)) — ou,.
HurerpupoBaHue Jaer, 4to
Ing (o) = — %% 4 1n 4,
rae A — KoHcranta. Otciona
¢ )=4 eXP( “”") : (98.13)
WAHaJIOI‘H'-lHO

2
¢ (v,)=Aexp (— 9‘%) y @ (v,)=Aexp ( sz) .
I'IepeMHoqu HafileHHbIe (DYHKLHH, HaheM, 4To
2 2 2
f (@)= A% exp (——Z(v"—'l'g”—'{l’)> =A’exp (—“T”z) . (98.14)

U3 Buna ¢yukuuii (98.13) u (98.14) crnepyer, 4TO HOCTOSIHHAA o
‘IoJkHA ObiTh Gosbllle Hynsi. Ecnn Gbl OHa Gblla OTPHLATENBHOH, 3TH
¢YHKIHH HeOrpaHWYeHHO Bo3pacTaqd Obl NMPH YBENHYEHHH U,

ITocrositnnas A onpenenserca M3 ycaoBHa HopMmupoBkH (93.7).
CoryiacHO 3TOMY YCJIOBHIO

A T exp ( °‘”x> do,=1. (98.15)
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B § 94 otmeuasnoch, 4TO 3HAYECHHS U (a 3HAYHT H U,) HE MOT'YT NPEBLICHTD
HEKOTOpOe, XOTS1 U OueHb GOJIbIIIOe, HO KOHEYHOE 3HAuyeHHe Up,,. Bme-
cTe C TeM, B KayecTBe NpeJe]OB MHTEIPHDPOBAHHS MBIl B3SIIH —oo H
+o00. Takoe paciiMpeHHe NpelesoB HHTErPUPOBAHHS HE BHOCHT OILY-
THMOH owMOKH. IlonplHTerpasbHass (YHKUHA YOBIBAET C POCTOM U,
cTosib OBICTPO, YTO NPH JOCTAaTOYHO OOJBIIMX U, OHAa IPaKTHYECKH
He oTiMyaeTcsi oT HyJsi. ITosToMy BK/Iaj y4yacTKOB HHTErpHPOBaHHA
OT Upay MO 00 H OT —Up,, 10 —O0O SIBJISIETCS NPEHEGPEKRHMO MaJbIM.

Hnrerpan B (98.15) mnpencraBnsier coGoit uHTerpan Ilyaccona o
Pp=a/2 (cm. Ilpunoxenue I, ¢popmyny (I.1)). Coraacro (I.3)

+ oo

{ exp (—Oi;’-z’f>dvx= VE=VZ. (98.16)

- 00

[MoxcrasuB 310 3HaueHne B (98.15), nomyuum, uto AV 2mjo=1.

Orcrona
A=V a/2x. (98.17)
IMoacranoBka HaiizenHoro snaueHuss A B (98.13) u (98.14) npuBoaur
> (98.18)

X (opMyJiaM
9 (v,) = 1/2n exp (
f(v)—( ) " exp (—Egi) (98.19)

Yto6p HaHTH NOCTOSTHHYIO o, BBIYHCIAHM C MOMOIIbI0 GYHKLHHU
(98.18) 3naueHue <vi> ¥ NpPHPaBHSEM NOJAYYEHHOE BEIpAXKEHHE HalijeH-
HOMY W3 BBIYMCJIEHUS AaBJeHHsi 3HadeHuio kT/m (cm. (97.3)). B coort-
BerctBHH ¢ (93.11)

+o + o

Up>= g 030 (vy) du, = ]/— S exp (

02
2" ) vidv,. (98.20)

CoraiacHo dopmyne (I1.4)

+ o0

j‘exp( “”*) 2 do, = 21/@/2)3: %’f (98.21)

-0

3amenuB B (98.20) uHTerpan ero snauenueMm (98.21), HafizeM, urta
<wp=Vai2n-V 2njad=1/o
Comnocrasnenue ¢ (97.3) npaer
a=m/kT, 98.22)
IToncranoBKa sToro 3HaueHHs B ¢opmyanl (98.18) u (98.19) npusoput
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K OKOHYATeJbHbIM BBEIpaXKeHHAM A1 (GYHKIMH pacnpefeseHHs:

0 0)= (g ) exp (—2), (98.23)
1= (5r) " ex0 (—5r)- (98.24)

Hanomuum, uwro ¢yukuus (98.24), Gyayun yMHOXKeHHO# Ha N,
ompejieNfieT INJOTHOCTb TOUYeK, M300parKaolUX CKOPOCTH MOJEKYI
B U-IPOCTPAHCTBE. YMHOXKHB 3Ty (GYHKUHMIO HaA du, dv, dv,, MBI HalzeMm
BepOATHOCTb dPy,, uy, v, TOTO, UTO KOMIIOHEHTHI CKODOCTH JIEKAT B Mpe-
Jenax oT Uy, U, U, 8O Vet-duy, vy—l-dvy, v,+-dv,. Ilpn 3TOM He TONBKO
BeJINYHHA CKOPOCTH, HO M ee HalpaBJjeHHEe BapbHPYIOTCA JIMIIb B He-
GoJIbIIMX Ipejenax, ompeaensieMblx dvy, dv, u dv,. Ecan Hac umHTepe-
CYeT BEpOSITHOCTh TOJBKO BEJIHYHHBI CKODOCTH, HE3aBHCHMO OT Ha-
NpaB/ieHHsA JABHXKEHUS MOJIEKYJIEI, T. €. dP,, TO HYXHO B3ATb (QyHKLHIO

o
#(%) 701

45

g %
Puc. 98.2 Puc. 98.3.

pacnpenenenus B Bune (98.4). YMHOXeHHe 3ToH (YHKUMH Ha dv naer
BEPOSITHOCTb TOTO, YTO MOAYJb CKOPOCTH HEKOTOPOH MOJIEKYJbl OKa-
keTcsi (IPH TMPOU3BOJIbHOM HANpaBJIeHHH ABHXKEHHs) B Ipejesax oT v
a0 vtdv.

Coraacuo (98.4) u (98.24)

F(v)= (%%)312 exp (— —2"%?-) 4no?, (98.25)

XapakTepHbIM 111 3TOH (PYHKLHH SBJISETCS TO OGCTOSITENBCTBO, YTO
B IOKasaTesle KCIIOHEHTHl CTOHMT B35ITOE CO 3HAKOM MHHYC OTHOLIEHHE
KUHEeTHUeCKOH SHEPrHH MOJIEKYJIB,, OTBedaoleld paccMaTpHBaeMoH
CKOpOCTH U, K kT, T, e. BeJMUHHe, XapaKTepU3yIOLled CPELHIO 3Hep-
THIO MOJIEKYJI rasa. ,

I'papux dynknun (98.23) nsobpaxken Ha puc. 98.2. OH coBnanaer
¢ rayccoBol KpHBOH pacrpejeneHUusi CAy4alHHON BeJHYMHEL '

I'papuk ¢pyukunu (98.25) nan Ha puc. 98.3. ITockonbKy mpu Bospac-
TaHHH U MHOXHTeJb BHZAA e~%" yGuIBaeT GHICTPee, YeM PacTeT MHOXKH-
Teab v%, GYHKUMSA, HAUHHASACh B HyJIe (M3-32 UZ), AOCTHIraeT MaKCHMyMa
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H 3aTeM acHMITOTHYECKHU CTpeMUTCst K Hymo. Ilnomanb, oxBaThBaeMas
KpHBo#i, paBHa emunuue (cp. ¢ (93.7)).

HaiineM cpenHiolo CKOPOCTb MOJIEKYJT <UD (MMeeTcsi B BUAY CPERHSs
apu¢mernyeckas ckopocTb). Ilo ananorun c (93.9) umeem:

o> = OS oF (0)do = gz 4n ogexnn (=7 ) o do.

TMepexon K nepemeHHOH =0 H HHTErPHPOBAHHE IO YacTSM NPHBOASAT
K CIENyIOIEMy pes3yJbTary:

> =V 8kT /aum. (98.26)
CoraqacHo (93.11)

m

U2y = 3 v?F (v) dv= (W) 2 4n § exp (— 3"21;?) vidv. (98.27)

B cootserctBHH ¢ popmyJoi (I.6)

( mu? 4d—-3]/ w3 (2nkT\5/2
€xp (“‘_mar')” V=T V ey 8t ( m_) ‘
0

IMoncTaBuB 5T0 3HaueHue MHTerpana B (98.27), noayuum aas <v?)
yxe H3BecTHoe HaM 3Hauenue 3kT/m(cM. (97.2)). B atoM HeT Huyero
YAMBHTEJbHOTO, TaK KaK NPU HAXOXIeHHH 3HayeHust o B (98.18) Mur
nexoauau u3 coorHowenusi (97.3), T. €. IO CyLleCTBY H3 COOTHO-
wenus (97.2). '

F(u)
F
V) (7;)
i,
T <n
(m1>1z)
T
(/;’27
g Voep” <> g - v /2 U z).>
Puc. 98.4. Puc. 98.5.

Kopeub kBagpaTheli M3 <v®> Ha3blBaeTcss cpejJHel KBaj-
PaTHYHOH CKOPOCTHIO:

Ucp. xp =V <0*> =V 3kT/m. (98.28)

CkopocTb, oTBevaloliass Makcumymy F (v), 6yzneT HauGoJsiee BepoAT-
Hoil. B3sB mpoH3BOAHYIO OT BhIpaxkeHHs (98.25) mo v, onmycTHB mOCTO-
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SIHHBIE MHOXKMTENH H INPHPABHAB MOJYYHBIUEecs BbIPaXKeHHe HYJIIO,
IpHAEM K YPaBHEHHIO

T mod mu?
€xp (—'2kr> (2 T )”—0
YoBneTBOpsiOIINE STOMY YypaBHeHHIO 3HaueHHs! v=0 ¥ v=00 COOT-
BETCTBYIOT MHHHMyMaM F (v). 3HaueHHe v, ofpalaolee B HYJb BhIpa-

JKEHHe, cTosilllee B CKOOKax, IpejcTasisieT coG0H HCKOMYIO HauboJee
BEPOSITHYIO CKODPOCTb Upgep!

Vgep =V 2kT /. (98.29)
Conocrasnenne Boipaxenuit (98.29), (98.26) u (98.28) maer, uro

Upepi <UD tUcp vz =V 2:V/ 8/m:}/ 3=1:1,13:1,22,
Puc. 98.4 unmocTpupyeT 3TO COOTHOLIEHME.

[NoacraBus Bhipaxenue (98.29) B gopmyay (98.25), HafizeM MaKcu-
MasibHOe 3HaueHue ¢yHKuun F (v):

F (Ugep) = (4/€) V m/20 kT ~V mT. (98.30)

N3 dopmya (98.29) u (98.30) ciemyer, 4TO NPH yBEJIHYEHHH TeMIie-
paTyphl (MM yMeHbIUEHHH MacChl MOJIEKYJIBI) MAaKCHMyM KPHBOH cMe-
IaeTCs BIPABO M CTAHOBHTCS HMXKe, IPHYEM, KaK MBI 3HAeM, IJIOLLANb,
oXBarhlBaeMas KpHBOH, ocTaercs HeusMeHHoH. Ha puc. 98.5 conocras-
JIeHBl JIBe KDHBbIE pacrnpeiesieHHsi, KOTOpble MOXKHO TPaKTOBaTh JHGO
KaK OTHOCslMecs K pasiiyibM Temneparypam Ty u T, (npu oauHa-
KOBOI./m), JIHGO KaK OTHOCSLIHECS K PasJMYHBIM Maccam MOJIEKYJ my
u m, (npu oguHakoBoit 7).

OTHOCHTENIbHOE KOJIMYECTBO MONEKYJI, CKOPOCTH KOTOPHIX NpEBhi-
IIaeT HEKOTOpOe 3HAYEHHEe Uy, ONPEAE/ISeTCs BhIDaXKEHHEM

§ F (v) do.

Ha rpaguxke stomy HHTeFPaJIy _COOTBETCTBYET Jlexallasi CrpaBa OT Uy
yacTb MUIOLIANH, OTPaHHYEHHOH KpuBod. M3 puc. 98.5 BuaHO, uTO
OTHOCHTEJIbHOE KOJIHYECTBO

MOJIEKYJI, MMEIOI[HX CKOpO- Ta6nnua 9.1
CTH, NPEBLILIAIOLIHE Vg, CHJIb-
HO pacTeT C MNOBLILIEHHEM U/Vpep AN/N, %| ©/Pgep |AN/N, %
TeMnepaTyphl.

B Ta6n. 98.1 npuBeneHs! .
BBLIYMCJIEHHBIE C IOMOIIbBIO 0—0,5 8,1 2—3 4,6
dynkuun (98.25) otHOCH- ?'2:5'5 ’{0'(75 ;g 8 (1’00_49

EY ’ d M

TeJIbHBIE KOJIHYECTBA MoJie-

Kyl AN/N nnsi pasiuyHbIX
MHTEepBaNoB cKopocTedl. K3 TaGnuust cnenyer, utoy 70% Bcex MoJiekyn
CKOPOCTb OTJIMYAeTCsl OT HanGoJsiee BepoATHOH He Gosblue ueM Ha 50%.
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Cropoctbio, Gosee 4yeM B 3 pas3a NpeBbILAIOMEH Uy, 06ManaeT B
cpeaneM Tosbko 0,04 % Moseky.. CKopocm Xe, NPEBBIIIAIOIHE 5 Ug,p,
HaG/IojaloTCA B CPEJIHEM JIMIIb Y OJHOH H3 12 MH/IIHAp/OB MOJEKYJI.

ITpousBejeM OLEHKY CpexHeldl CKOPOCTH MOJEKYJ KHcaopona. Brl-
YhCIeHHs yloGHee NMpPOW3BOAHTb, 3aMeHuB B (98.26) orHollenne k/m
paBHbIM emy oTHollenHeM R/M. Torza BelpaxkeHHe A/ CpefHeil cKo-
pOCTH NpUMeT BHJ,

<v>=V 8RT/nM. (98.31)

Monekynsipuas Macca Kucsnopona pasHa 32. CrenobaresbHO, Macca
monisi M=32-10~3 kr/mMonb. KoMHaTHas TeMnepatypa paBHA NpUMEPHO
300 K. IloncraBuB B ¢dopmyay (98.31) uncioBble 3HayeHHs1 BXOASALIKX
B Hee BEJHMYHH, NOJYYHM

§-8,31.300
o> = 1/3 12.32.10-3 ~ 900 m/c.

Takum o6pasoMm, KaxJas MOJeKyJa KHCIOpPOJa NPOXOIHT 3a CEKYHAY
nyTh, paBHbil B cpenHeM 0,5 kM. ITockonbKYy MoJsieKyJsa npereprneBaeT
oueHb YyacThle COYAapeHHs C JPYTHMH MOJIeKYJIaMH, 3TOT NYTh COCTOHT
13 6OJIBILOTO YHC/Ia KOPOTKHX IMPAMOJHHEHHBIX OTPE3KOB, 00pa3yIomuX
JIOMaHyl0 JIHHHIO.

MoutexyJibl BOJOPOZia HMEIOT Maccy, B 16 pas MEHBIIYIO, YeM MoJie-
KYJIBI KUCJIOPOJA, BCJIEACTBHE YEro HX CKOPOCTb IIPH TOH XKe TeMIeparype
6yzner B 4 pasa GoJbllle H COCTABHT npu KOMHaTHO TeMmeparype B
CpeIHeM INOYTH 2 KM/C.

Ecnu uMmeercss cMech ras3oB, HaXOAfINAsiCsl B PABHOBECHH, TO B Ipe-
Jesax MOJIEKYJ KaXKIOro copTa HMeeT MecTo pacnpejeneHue (98.25)
CO CBOMM 3HaueHHeM m. Dosee Tskenble MosieKynbl GYAYT ABUrAThbCA
B CpelHEeM C MeHbllefl CKOpOCTblo, YyeM GoJiee JierKue.

Hcxoas u3 pacnpeiesieHHs] MOJIEKYJ IO CKOPOCTAM

Ny =N (5riz)"" exp (— g ) 4w o, (98.32)

MOXKHO HaHTH pacnpelesieHHe MOJIEKYJ N0 3HAYEHHSIM KHHETHYeCKOH
SHEPTHH TNOCTYNAaTeJbHOro ABHXeHMs (o06o3HauuM ee 6ykBoH €). [ns
3TOTO HYXKHO NEepeHTH OT NepeMeHHOoil U K epeMeHHOH &, paBHOH mu?/2.
ITpoussenss B (98.32) moacTaHoBKY v= (2e/m)'/» u dv= (2me)~"/xde,
IOJTy9UM

dNg=N ( V“) (kT)-3/2 exp (-— —) Vede,  (98.33)

rjae dN. 03HauaeT YnuC/I0 MOJIEKYJl, KHHETHIECKAsi SHEPTHs MOCTyTNaTe/b-
HOTO JIBHXKEHHMS KOTODPBIX HMeeT 3HaueHMs, 3aKJIOUeHHBle B Ipejienax
oT & JO &-}+de,
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Takum o6pasoM, pacrmpeieneHHe MOJIEKYJ MO 3HAYeHHAM € Xapak-
TepH3yeTcs (YHKIHeH

f(e) = Aexp (_ ;T) Ve, (98.34)

rze A — HOpPMHPOBOUHHI MHOXHTeNb, paBhbit (2[)/ w) (RT)-¥2.

§ 99. IkcnepumeHTaJbHAs NpoBepka
3aKoHa pacnpenejednsi Makcsesna

TlepBoe aKCHEpHMEHTAIbHOE ONpeeeHHe CKOpOCcTell MOIEKyJl ObLIO
ocymectsnero [lIreprom B 1920 r. IIpubop, HCHOMb30BAHHBIA A/ 3TOH
[eJH, COCTOSI M3 JBYX KOAKCHaJbHBIX LHJIHH-
npoB (puc. 99.1). Ilo ocu mpuGopa 6blia HaTs-
HyTa NJIaTUHOBasi HHUTb, NOKpBITasg cepebpoMm.
ITpu HarpeBaHUU HHUTH 3JEKTPUYECKHM TOKOM C
ee OBEepXHOCTH HCIapsanuch aroMbl cepebpa. CKo-
POCTH HCMapHBIIHXCA aTOMOB COOTBETCTBOBAJIM
TeMmnepatrype HUTH. ITOKHHYB HHUTb, aTOMBI JBH-
rajuchb MO pafMaibHBIM HampaBjeHHsAM. BHyT-
pPEeHHHH LHJIMHID HMeJN Y3KYyI0 IPONOJbHYIO
HieJib, Yepe3 KOTOPYIO TNPOXOAHJI HapyxXy ys-
KMH Nyd4yoK aroMoB (MOJIEKYJISIDHBIH NYYOK).
Yrto6el aToMbl cepebpa He OTKJOHAJHCH 3a CUeT
COylapeHH#l ¢ MOJIeKyJaMH BO3LyXa, BeCb MpH-
6op Obl1 3BaKyHpoBaH. JIOCTHTHYB NOBEPXHOCTH
BHEIHEr0 LMIHHApA, aToMbl cepeOpa oOceranu
Ha Hell, obpasys cJoi B BHJE Y3KOH BepTu-
KaJIbHOH NOJIOCKH.

Ecnu nmpuBecTH Becb NPHGOP BO BpalleHHe,

C/lefl, OCTaBJSIEMBII MOJIEKYJISIPHBIM Iy4YKOM, Puc. 99.1,
CMECTUTCSI O MOBEPXHOCTH BHEIIHEro IHJIHH-
Ipa Ha HeKoropylo BeauuuHy As (cMm. puc. 99.1). D10 npousoiiger
HOTOMY, 4TO 3a BpeMs, NOKa aTOMbl cepebpa IPOJIETAIOT 3a30p MEXKAY
MUJIHHApPAMH, NPHOOP ycneBaeT MOBEPHYTBCS HA HEKOTOPHIA yroa Aeg,
B pe3yJbTaTe NPOTHB MYyYKa OKaXeTcs APYroH Y4acTOK HapyKHOTO
UMJAUHADPA, CMEIEHHBIH OTHOCHTEJNBHO [EPBOHAYAJbHOTO CJeja S,
Ha BequuHHY As, paBHylo RA¢ (R — pajHyc BHeEIIHEro LHJIHHApA).
PaccmaTpuBas ABH:KeHHe aTOMOB cepefpa B CBSI3aHHOH ¢ UM/IMHAPaAMU
Bpamamomeiics cUCTeMe OTCYeTa, CMelleHHe Cea MOXKHO OGBSICHHTDb
JieficTBHEM Ha aToOMbl KOPHOJIHCOBOH CHJIBI, paBHOH 2mlve].

Paccrosinue As Mexay nepBOHauadbHOH H CMEIEHHOM NOJIOCKaMH
cepeOpa MOXKHO CBSI3aTh C YIJIOBOH CKOPOCTBIO BpallleHUsl HHIHHAPOR O,
reomeTpueil npuéopa H CKOpocThio aToMoB v, OG03HauMB BpeMsl Npo-
Jera yepe3 Af, MOXHO HamucaTb, 4TO

As=wRAt, 99.1)
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{TockoNbKY pajuyc BHYTPEHHEro LMJIHMHAPA Maj IO CPpaBHEHHIO C pa-
JAHYCOM BHELIHEero UMAHHApa R, BpeMsi nposera Af MOXHO IOJIOXKHTb

paBHBIM
At=R/v.

INoncraBuB 310 BHIpaxkenue B (99.1) u paspeliuB noJyuHBIIeecs ypas-
HeHHe OTHOCHTEJIBHO ¥, INOJYYHM

v=wR?/ As.

Hsmepus cmernenne ciena As v CKopocTb BpauleHHs: mpu6opa, MOXKHO
ONpeNeNUTb CKOPOCTb aroMoB v. [losoxkeHue, mpaBja, OC/IOXKHSETCH
TEeM, YTO BCJeICTBHE pacrnpejeseHuss N0 CKOPOCTSIM aTOMbl HMEIOT pas-
JIMYHBIE CKOPOCTH, M B pe3yJsbTaTe CMEILIeHHHIH c/I0H 6yaeT pasMbl-
TeIM 1). Mcenenys npodunb ciepa (cM. puc. 99.1), MoxHO GbLIO cocTa-
BHTb IPHMEPHOEe NpEeJACTaBJIeHHEe O paclnpeje’eHUH aTroMoB cepebpa Io
CKOPOCTSM.

Peayspratel onwira IllTepHa mnoATBepAMJIH NPaBHABHOCTb OLEHKH
CpelHeH CKCDOCTH aTOMOB, KOTOpas BLITEKaeT H3 pacnpeleneHus
Maxkcsesna. O xapakTepe caMoro
pacmpefieleHHst 3TOT ONBIT MOT
JlaTh JIULIb BeCbMa NPUGIHKEHHbIE
CBeJIeHHUS.

Bosnee Touno 3akoH pacmpezee-
HHS OBl NMpOBepeH B ombiTe JlaM-
mepTa (1929 r.), B KOTOPOM MOJIEKY-

Puc. 99.2. JIPHBIH NYYOK NPOMycKaJjcs yepes
JiBa BPALAIOMHUXCA JUCKa C pajH-
aNbHBIMH IIEJNSMH, CMeleHHBIMH
JPYT OTHOCHTEJBHO IPYra Ha HeKOTophli yros ¢ (puc. 99.2). M3 uucia
MOJIEKYJI, TPOJIETEBIIHX Yepes le/ib B NePBOM JHMCKe, INPOJIETAT uepe3
BTOPO# IHCK TOJIBKO Te, KOTOPHIE NOAJETAT K HeMY B TOT MOMEHT, KOTa Ha
NyTH Iy4yKa BCTaHET MPOpe3b BO BTOPOM Aucke. Bosee GhicTphie MoJe-
KyJIbl JOCTHTHYT BTOPOTrO JHCKa CJHMIIKOM paHo, a Gosee MeLIeHHbE —
CJIMIIIKOM MO3JHO JJIsT TOFO, YTOOB! NPOMATH yepes wieab. TakuM o6pasoM,
3TO YCTPOICTBO NO3BOJAET BLIAGMHTD H3 My4Ka MOJIEKYJIbl, 0Gafatolye
onpejJeseHHLIM 3HaueHHeM CKOPOCTH (M3-3a KOHEYHOH IIHPHHBI Lieseil
npHGOp BBIAESET MOJIEKYJBl, CKOPOCTH KOTOPBIX JI€XKaT B Ipejeiax
Hekoroporo HHTepBana Av). CpefHssi CKOPOCTb BbIAE/ISIEMBIX MTPHOOPOM
MOJIEKYJI MOXKET OBbITh HalifleHa H3 YCJIOBHS, YTO BpeMs f;, 32 KOTOpOe
MOJIEKYJIBI MPOJIETAIOT PaccTosiHue | Mexnay nuckamu (fi==[/v), HOJKHO
COBNAJaTh CO BpeMeHeM f,, 3a KOTOpOe NHCKH NOBEPHYTCS Ha YIoJa
¢ (t,=¢/w). IlpupaBHAB o06a BpeMeHH, NOJYYHM

v=0l/g.

NMonewympnsii ™\ Y N //ﬂ”ypl[//fd

nyvoK

1) IlupuHa cnos, NMOdyyaloUlerocss NPH HEMOABHIKHOM Ipubope, ompeneisiercs
TOJNIBKO TeoMeTpHell npu6opa, B YACTHOCTH INMPHHOMH IIeaH, Yepe3 KOTOPYIO BEIXOAMUT
MOJICKYJIAPHLII T1yY0K,
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Memnsis ckopocTb BpalleHHst npHoopa o (HJIH Yo MexX1y JUCKaMH ¢),
MOJKHO BBIIENATb U3 My4ka MOJIEKYJH, ofajaliye pasjiuyHbIMH 3Ha-
UEHHSIMH CKOPOCTH. ¥J1aBJIHBasi 3aTeM 3TH MOJIEKYJB B TE€YEHHE Ornpe-
JIeJIEHHOTO BpeMeHH, MOXKHO ONpPeJeHTh UX OTHOCKTEBHOE KOJIHYECTBO
B NyuYke.

Pesyabrarsl onblta JlamMmepra M IPYrHX ONBLITOB, NpeANpHHHMAB-
UIMXCA C TOH K€ LENTblo, HAXOJAATCA B INOJHOM COTVIACHH C 3aKOHOM
pacmpenesieHHs, YCTaHOBJIEHHBIM TeopeTHuecKH MakcBesiom.

Crnenyer OTMETHTb, YTO paclpelesieHHe MOJIEKYJ [0 CKOPOCTSM
B IIyYKe, BHIIIENIIEM Yepe3 OTBEPCTHE B COCYIE, HECKOJIbKO OT/IHYAETCs
OT pacrnpejesieHysi, UMEIOLIerocst B 3aMKHYTOM cocyae. Tak Kak Gosee
OBICTpBiE MOJIEKYJIbl Oy YT MPOXOAHTh Yepe3 OTBEPCTHE B OTHOCHTEJBHO
OoJibIlleM KOJIMYecTBe, 4yeM OoJiee MelJIeHHble, NY4oK GyneT oforaieH
foJiee OBICTPHIMH MoJieKyJsiaMd. IlOCKONIBKY KOJIMYECTBO MOJEKY.JI,
TIPOJIETAIOLIMX Yepe3 OTBEPCTHE B eMHHMIY BPeMeHH, IPONOpPLHOHAJb-
HO U, pacmpeleseHHe B Myuyke GyJeT XapaKTepH3oBaTbcsd He QyHKUUeHd
(98.25), a ¢ynkumei

Fi(0)=4; exp( 2,3;)03,

rne Ai — HOPMHUPOBOUHBIH MHOXHTeNnb. IHanbGosee BeposiTHas CcKo-
pOCTB B 3TOM cJydYyae paBHA vnep—VBkT/m, a CpejHAs CKOPOCTh
W'>=V9nkT/8m.

§ 100. Pacnpegenenne Boabumana

ITonyuennas B § 92 Gapomerpuueckas ¢opmy.sia
Mgh
P = P, €Xp (——-Té;,—) (100.1)

(cM. (92.4)) naeT 3aBHCHMOCTD AaBJIEHUSA OT BBICOTHI HaX MOBEPXHOCTBIO
Semau Jsig BooOpakaeMoH H30TepMHUYecKoil aTMmocdeprl. 3aMeHHM
B IIOKa3arese SKCIIOHEHTH! OTHolleHue M/R paBHEIM eMy OTHOLIEHHEM
m/k (m — macca MoJieKyJibl, k2 — mocTosiHHas bBosbiMana). Kpome
TOro, MOJACTaBUM B COOTBeTCTBUU ¢ (86.7) BMecTo p BhIpaxenue nkT,
a BMECTO p, — BhIpaxeHue nok7T. Cokparup 3aTeM o6e 4acTH paBeHCTBa
Ha kT, mpuzeMm K dopmyJe

n=n,exp (- ’"—g"). (100.2)

31ech 1 — KOHLEHTpPAUUs MOJNEKYJ (T. €. YHCJIO0 HX B eAuHHIE 06heMa)
Ha BBHICOTE /I, N, — KOHUEHTPAIHs MOJIEKYJ Ha BhicoTe h,=0.

U3 ¢opmyarr (100.2) ciaenyer, 4To ¢ NOHHMKEHHEM TeMNEpaTyphl
YHCJI0 YaCTHI[ Ha BBICOTAX, OTJHMYHBIX OT HYJs, yObBaeT, obpaiasch
B Hyab npu T=0 (puc. 100.1). Ilpu aGcooTHOM HYJIE BCE MOJIEKYJIBI
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PaCMONOKHUINCh GBI Ha 3eMHOH 1OBepXHOCTH. IIpH BHICOKHX TeMmepa-
Typax, HanpoTHB, f cJaGo YOBIBaeT C BHICOTOH, TaK YTO MOJEKYJIBI
OKa3bIBAIOTCSl PaclpefieJIeHHBIMH 110 BBICOTE MOYTH PaBHOMEPHO.
DroT haKT HMeeT npocToe (H3HUECKoe OObscHEHHe. Kaxkpoe KOH-
KpETHOe pacnpejie/ieHne MOJIEKYJI 110 BLICOTE YCTAHABJIHBACTCSA B Pe3y.ib-
TaTe JeHCcTBHA JABYX  TeHJAEHLMI:
n 1) DpHTsXKEHHE MOJIEKYJ K 3emie
(xapakTepusyemoe CHJIOH mg) cTpe-
MHTCS1 PacroJIOXKHTh HX Ha MOBepX-
HOCTH 3eMJH; 2) TeN10BOe JBHXKeHHe
(_5>7/) (xapakrepusyemoe BeqHYHHOH RT)
CTpeMHTCS1 pa3bpocaTb MOJEKYJbI
paBHOMEPHO IO BCeM BhicOTaM. Hem
6GoJablie m ¥ MeHbine T, TeM CHJIb-
Hee npeoOJafiaeT mepBas TeHJEHIYs,
H MOJIEKYJIBI CTYIIAITCA Y TOBepX-
0 / . ¥
A Hocty 3eman. B npepene mpu T=0
Puc. 101.1. TEelIOBOE JBHXKEHHE COBCeM Ipe-
KpauiaeTcsl, ¥ Noji BIAHSHHEM INIPHTH-
JKEHHSI MOJEKYJIEl DAacnojiaraloTcss Ha 3eMHOH mnoBepxHocTH. Ilpu
BBICOKHX TeMIepaTypax NMpeBajlipyeT TeIIOBOe ABHKEHHe, H IVIOTHOCTb
MOJIEKYJT MEJJIeHHO YOBIBaeT C BBICOTOH.
Ha pasnoit BeicoTe MoJieKysna o6/ajaeT pas/HYHBIM 3arnacoM Io-
TEHLHA/JbHOH 3SHEPrHH:

G

e,=mgh. (100.3)

CrnenoBaTesbHO, pacnpene]eHHe MOJIEKYJ 10 BBHICOTE SIBJSIETCS BMeECTe
C TeM M pacnpeleeHHeM HX IO 3HaUeHHsM MOTEHIHATbHOH 3HEPrHH.
C yuerom (100.3) dopmyny (100.2) moxHO 3anucath cJaenyIOWHM 0O-
pasom:

n=noexp<——%— . (100.4)

TAe 7 — IJOTHOCTb MOJIEKYJ B TOM MecTe IPOCTPaHCTBA, TAe INOTeH-
uMajibHas SHEPTHs MOJEKYJbl HMEET 3HaueHHe &,, Mo — IIOTHOCTb
MOJIEKYJl B TOM MeCTe, Ille MOTeHIHaJbHasi dHePTHsl MOJIEKYJBbl paBHA
HYJIIO.

Uz (100.4) cnexyer, uTo MOJIEKyJsl pacrnoJsaratorcs, ¢ GoJibLieit
IJIOTHOCTBIO TaM, I'Jie MEHbLIE HX MOTeHIHANbHAsS SHepTHs, U, Hao60opoT,
C MeHblIeH IJIOTHOCTBIO — B MeCTaxX, I'fie HX NOTeHLHa/bHasi dHEeprus
6osblie.

B cootserctBuu ¢ (100.4) oTHOIIEHHE nj K #1; B TOUKAX, I'ie MOTeH-
UHA/IbHAsS. SHEPTrHsl MOJIEKYJEl HMEET SHAYEHHS €pi H €p3, PABHO

e exp <—i’%ﬁ). (100.5)

ng
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Bonbuman nokasan, uyro pacnpenenenue (100.4) cnpaBemnmuso He
TOJIBKO B C/iyYyae NOTEHUMAaJLHOrO HOJsi CHJI 3€MHOI'O TATOTEHMS, HO H
B JI06OM NOTEHLHANBHOM IOJIe CHJI IJIsi COBOKYHNHOCTH JIIOOBIX OJHHa-
KOBBIX YacTHI, HAXOIAMHUXCH B COCTOSSHHM XaOTHYECKOI'O TEIJIOBOrO
IBHKEHMS. B cooTBercTBUH ¢ 3THM pacnpenenenue (100.4) HasbiBaloT
pacnpenenenuneM boapumana.

B To Bpems xax 3akoH MakcBesasa JaeT pacipefesieHde YacTHIL
[0 3HAYEHHSIM KHHETHUECKOH 3Hepruu, 3akoH DosbliMaHa pgaetr pac-
npejcJeH’e YacTIil{ [0 3HaueHHSM IIOTeHUHanbHOH sHepruu. J[is
o6oux pacnpefiesieHHil XapaKTepHO Ha/JU4He SKCIOHEHLHAJbHOI'O MHO-
JHTessl, B II0OKasaTesleé KOTODOT'O CTOHT OTHOLIEHHe KHHeTHYecKofi
HJIII COOTBETCTBEHHO MOTEHUHAJIbHON SHEPrHH OJHOH MOJICKYJBI K Be-
JIYHHE, ONpelessiomlell CPEIHIO 3HEPTHI0 TemJIOBOro JBHKEHHS
MOJIEKYJIBL.

Coruacuo - opmyae (100.4) KonuyecTBO MOJEKYJI, MNMOMANaOMIUX
B npenesnl o6vema dV=dx dy dz, pacrnosoKeHHOro B TOUKE ¢ KOOpAH-
HaraMH X, y, 2, PaBHO
&p (X, ¥, 2)

kT

MBI nosnyunsiu ele OAHO BhIpaXKeHHe 3aKOHA pacnpejeseHus Doubl-
MaHa.

Pacnpemenennss MaxcBesana u DBosblnMana MOXHO OOBEIUHHTb
B ofMH 3akKoH MakcBeamna—bBoabumadna, corjacho
KOTOPOMY UYHCJIO MOJEKYJ, KOMIOHEHTHl CKOPOCTH KOTOPBIX JIeXaT
B npefrejax OT Uy, Uy, U, 1O Vpt+dvy, 0 +dv,, v,~dv,, a KOOpA1HATHI
B npejenax oT X, Yy, 2z o x+dx, y+dy, z-+dz, paBHO

2/2
N o, o, 50y e=ACXP (— ﬁgﬁ@ dv,do, dv,dxdydz  (100.7)

ANy, ,, =1y exp (—-— ) dx dydz. (100.6)

(cM. (98.1), (98.24) u (100.6)). 3necb A — HOPMHPOBOUHEIH MHOXKHTEJIb,
paBHbIll 1o (m/2nkT)’/». HanomunmM, urto €,=¢,(x, y, 2) ¥ v*=v;+
i+l

B pacnpenenenn (100.7) noreHunanbHas SHEPTHSA €, ¥ KHHETH-
vecKas dHeprusi mov%/2, a CaeloBaTeNbHO, U NOJHast sHeprust E, Moryt
LIPUHHMMATh HeNpephlBHBI pAj 3HaveHud. Ecnu nonnas 3Heprus
YacTHLLI MOMKET NPHHHUMAaTb JMIUb IUCKPETHBI psifi 3HaueHui: Ej,

E,, ..., KaK 3TO HUMeeT MeCTO, Hampumep, AJs BHYTPeHHeH >HepruH
aToMa, TO pacnpejeseHue DosbumvaHa uMeeT BHJ
N ;= Ae-Ei/FT, (100.8)

rre N; — uncao yacTul, HaXONAIHXCS B COCTOSIHHM ¢ 3Heprueli Ej,
A — Ko3(}pHUMEHT nPOINOPUUOHAJILHOCTH, KOTOPLIH JOJIXKEH YHOB-
JIETBOPATb YCJIOBHIO

SN =A% Bl =N
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(N — nosiHOe YHCJIO YacTHI B paccmarpusaeMoil cucteme). Iloxcrasus
HafileHHOe H3 NOC/eHEro COOTHOIeHUs1 3HaueHne A B gopmyay (100.8),
MOJYYHM OKOHYaTeJbHOe BhIpakeHHe pacrnpejeieHus BoJabumana mns

cayuas AUCKPETHBIX 3HauyeHHH SHEpruu:
-E;/kT
Ny=Ne (100.9)
S o= EiffT

§ 101. Onpegeneune IleppeHom uucaa Aporajapo

Pacnpenenenne (100.2) 6buio mosoxeno Ileppenom (1909 r.) B
OCHOBY OIIBITOB IIO ONpeleseHHI0 yHcja ABoraipo. Bsselennnle B
KHAKOCTH OYeHb MeJIKHe TBepJble YacTHIbI HaXOAAT-

L cA B COCTOSIHUH HeNpecTaHHOro Gecrnopsiio4HOro ABH-
I JKeHMs, Ha3blBaeMOro GPOYHOBCKHM JBHKEHHEM (CM.
' § 79). IlpuunHa ero 3akJjioyaeTcsi B TOM, UTO IPU H0=
ey CTaTOYHO MasblX pasMepax YacTHL HMOYJbCH], CC-

oflllaeMble YacTHIE YAApSIOUIMMHCA O Hee C pPasHBIX
[[=—7_] CcTOPOH MOJeKyJaMH, OKasbBAIOTCA HECKOMIEHCHPO-
BaHHbIMH. O YacTHLY 3aMEeTHHIX pa3MepoB yAapsieTcs

OJIHOBpEMEHHO 6OJBLIOE YHCJIO MOJEKY, TaK UTO CyM-
MapHbIH pe3yJibTaT yAapoB MOJIEKYJ JOCTATOYHO XOpO-
1o ycpenusiercs. [Ipu MaJbIx pa3Mepax 4acTHIBI HAYHHAIOT NPOSBJISATD-
Csl OTKJIOHEHHUST CKOPOCTEl OTAENBHBIX MOJIEKYJ H YHCJA yIapsIioliuXcs
MOJIEKYJI OT CPEIHUX 3HayeHHU . Ec/i CKOpOCTh HIIH YHCIO MOJIEKYJ, Yaa-
PSAIOLIMXCS O YACTHILY C OAHOH CTOPOHBI, OKaXyTCs HHBIMH, YeM JLJI MoJie-
KyJI, VAapsIoMHUXCs ¢ APYTOH CTOPOHBI, TO Pe3YJIbTHPYIOUIHH HMIYJIbC,
coofLiiaeMbliil yacTHIe, OYAET OT/HYEH OT HYJIsl, M 4acTHLA HayHeT JBH-
ratbCcsi B COOTBETCTBYIOLIEM HampaB/JieHHH. B cienymomuii MoMeHT
pe3yJbTHPYVIOUIMH HMIYJABC HMeeT HHoe HanpasJeHue. Cjie10BaTeNbHO,
yacTHIa OyJeT Bce BpeMsl nepeMellaTbCsi OeCOPSIOYHBIM 0OPa3oM.

BpoyHoBckoe nBHKEHHe YKasblBaeT Ha TO, YTO JOCTAaTOUHO Majible
YaCTHIBI BOBJIEKAIOTCS B COBEPIIAEMOe MOJIEKYIaMH TEIJIOBOE JBHKEHHE.
IlpuHumas yuacTHe B TemJIOBOM JIBHKEHHH, TaKHe YACTHIbI JOJIXKHBI
BecTH cebsl MoJOOHO THIaHTCKHMM MOJIEKYJaM, M Ha HHX JOJIKHBI pac-
IIPOCTPaHATHCA 3aKOHOMEPHOCTH KHHEETHYeCKOH TeopHuM, B YACTHOCTH
3aKoH pacnpezenerusi Boabumana (em. (100.2)).

OcHoOBHYIO TPYZHOCTb B onbiTax IleppeHa cOCTaB/IsiIO NPHIOTOB-
JIEeHHe OIMHAKOBBIX YAaCTHIL U OnpejejeHHe HX Macchl. [IpuMeHHB MHO-
TOKPaTHO MeToJ LeHTpH¢yrupoBanus, IleppeHy yaajoch npUroTOBUTH
BeCbMa OJHOPOAHYIO SMYJIbCHIO H3 NMPAaKTHYECKH OJYHAKOBEIX IIAPHKOB
FYMMHTyTa !) ¢ pajuycaMH NOpSAKa HECKOJbKHMX JECATHIX jouedl
MHKpOMeTpa. dMYJIbCHS MOMELIaJach B IJIOCKYIO CTEK/ISHHYIO KIOBETY
ray6unoit 0,1 MM M paccMaTpuBajach C NOMOLIBI0 MHKpOCKoma (pHC.

Puc. 101.1.

) TyMMHIYT — CTYIUEHHBI MJIEUHBI COK, TOJyYaeMbiii M3 HaJpe3oB B KOpe He-
KOTOPHIX BHJOB AepeBbeB, pactymux B Ocr-Hnauu u na Ileinone.
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101.1). Mukpockon HMeJ CTOJMb Manyw TIJAYOHHY MOJS 3pEHHs, 9YTO
B Hero OblIM BHAHBI TOJNBKO YaCTHIBI, HAXOAALIHECS B TOPH30HTANbHOM
croe ToswuMHOH mpuMmepHo 1 MxM. IlepeMelas MHKpPOCKONm B BepTH-
KaJlbHOM HamnpaBJjleHHH, MOXHO OBLIO HCCAENOBaTh paclperesieHue
GPOYHOBCKHX YacCTHILL [0 BBLICOTE.

OG6o3HauuM BBLICOTY CJI0SI, BUAUMOTO B MHKPOCKOI, HaJ JHOM KIOBETHI
OykBo#t h. Uucso yacTHi, nonajamlluX B I0Je 3peHHs MHUKPOCKona,

onpenensiercss GopmyJion
AN=n(h)SAh,

rae n(h) — uucio GPOYHOBCKHX 4YacTHI B eNHHHIE OOBEMAa Ha BHI-:
core h, S — momanb, a Ah — ray6uHA moJsA 3pEHHS MHUKDPOCKOMA.

IlpumennB K OpoyHOBCKHM uactuuam ¢opmyay (100.2), moxHO
Hamucarhb:

T1€ Ny — YHUCJIO 4acCTHILl B exuHuue o6bema npu h=0, p' — Bec Gpoy-
HOBCKOfl YacTHIB! B 3MYJIbCHH, T. €. BeC, B3ATHIH C YYETOM MOIPABKH
11a 3akoH Apxumena.

Hanucas Belpaxkenue yucna yacTHn, AN 151 ABYX pasHBIX BEICOT
hy u h,, nonyyaem:

AN1=noexp( ””f)SAh AN_noexp< ph”)SAh

Haxonen, norapupmupyst orthowenue AN,/AN,, npuXoiuM K cle-
JYIOLIEMY BBIp QKEHHIO:
1nAV: _p (ha—hi)
AN, — kT

C nomompio 3108 popmynsl no usmepenuem p’, T, (hs;—hy), AN u
AN, MOXHO onpefe/nnTb MocTosHHYI0 Bosbumana k. anee, pasnenus
rasoByl0 NOCTOSIHHYIO R Ha k, MOXHO ObL10 HaHTH yHca0 ABoraz-
po Na.

ITonyuenHoe IleppeHOM Ha pasJMYHBIX SMYJbCHSX 3HaueHue Ny
Texano B npejnenax or 6,5- 102 1o 7,2- 102 mosnb~1. OnpenenenHoe apy-
riiMu, 6ojiee TOUHBIMH MeTOoJaMM 3HauyeHHe N, paBHO 6,02- 1028 mosb 2,
Takum o6pasom, 3HaueHHe, mnosydeHHoe IleppeHoM, HaxoauTCsl B
XOpOLIEM COTIVIaCHH CO 3HAUEHHSIMH, NOJNYYEHHBIMH IPYTHMH METOAAMH,
Y4TO JOKa3blBaeT NMPHMEHHMOCTh K GDOYHOBCKHM YacTHIAM pacnpeje-
senuss Bosbrmana.

§ 102. Makpo- u Mukpococrosinusi. CTaTHCTHUeCKHH Bec

CocTosHMe MakpocKonuyeckoro Tena (T. e. Teaa, o6pa3oBaHHOTO
OTDOMHBIM KOJIHYECTBOM MOJIEKYJ) MOXeT OBITh 33JaHO C HOMOIIbIO
c0beMa, JaBJEHHs, TeMmIeparyphl, BHYTDEHHeH SHepTHH H JpYyrux
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MaKpPOCKOMHUECKHX (T. €. XapaKTePH3YIOIHX BCe TeJO B IIeJIOM) BeH-
yyy. OxapakTepH30BaHHOE TAKHM CIOCOOOM COCTOSIHME Has3blBaeTcs
MaKPOCOCTOSHHEM.

CocTosiHHe MaKpOCKONHYECKOro Tesla, OXapaKTepH30BaHHOE Ha-
CTOJIBKO TM0JpOGHO, YTO OKAa3bIBAIOTCH 3aJAHHBIMH COCTOSIHHA BCeX
006pasyIomKX TesI0 MOJIEKYJ, Ha3blBaeTCA MU KPOCOCTOA HU EM.

Bcsikoe MaKpocoCTOsiHHE MOXKET ObiTb OCYIIECTBJIEHO Pas/IMYHBIMU
Crnoco5aMu, KaxJIOMy H3 KOTOPBIX COOTBETCTBYeT HEKOTOpOe MHKPO-
COCTOsIHHE Tesa. Yuca0 pasauurblx MUKPOCOCMOAHULL, COOMBEMCMEYOUiUX
darHomy MaICpOCOCanﬁHufO, Ha3blBa€TCI CTATUHCTHYECKHUM Be-
cOM HIH TepMOJMHAaAMHUUYe-
CKOH BepOATHOCTDIO MakKpoco-
crosiHus, TakuM oOpasoM, CTaTHCTHYECKHH
BeC INPEeXCTaB/AsAET COO0H YHCI0 MHKPOCKO-
MUYECKHX CNOCOGOB, KOTODHIMH  MOXKeET
ObITh OCYILIECTBJEHO JNAHHOE MaKpOCOCTO-
- sIHHE,

Puc. 102.1. Uro6bl NOSICHATD TOHSTHE CTaTHCTHYe-
CKOTO Beca, paccMOTPHM CHOCOOHl, KO-
TOPBIMH MOJIEKYJIBI Ta3a MOIYT pacnpeiensiTbCs MeX1y JByMs
IOJIOBHHAMH COCyJa, B KOTOpPOM 3akJ/ioueH ras. ITycTb ofuiee 4uciIo
MoJieKysl paBHO N. B KauecTBe XapaKTepHCTHKHM COCTOSIHHSI Trasa
NpUMeM YHUCIO0 MOJIEKYJ, HAaXOAAIIUXCA B JIEBOH IOJIOBHHE COCYAa,
KOTOpoe MBI 0603Hau¥M OyKBOH 7 (COOTBETCTBEHHO YHCJIO MOJIEKYJ B
npaBoi noJioBHHe cocyja Oyner paBHo N — n). CocTosiHHe OTAEIbHOM
MoJieKyJsibl OyJeM XapaKTepH30BaTh YKa3aHHeM Ha TO, B Kakod H3
MOJNOBHH COCyAa OHa HaXoiuTtcsi. Takoe omHcaHHe COCTOSIHUSI rasa H
COCTOSIHHH OT/eJbHBIX MOJIEKYJ SIBJIsSIeTCs], KOHEYHO, JajleKo He MOoJ-
HeM. OJHaKO OHO JOCTaTO4HO AJISI TOro, YTOOBl BHISICHHTb Ha 3TOM
npumMepe xapaxkTepHble 0COGEHHOCTH CTaTHCTHYECKOTO NIOBEJEHH S JIIOOBIX
MaKpOCHCTeM.

Hauynem co caywasi, Korja IoJIHOE YHCJIO MOJIEKYJ PaBHO YeThpeM
(puc. 102.1). Kaxnas MoseKyJa ¢ paBHOH BepOSITHOCTBIO MOXKeET HaXo-
JUMTbCA Kak B JIeBOH, TaK M B NPaBoH NoJIoBHHe cocyzna. IToaTtomy Bepo-
ATHOCTER TOTO, YTO, CKaXeM, MosieKy/a I OKa)KeTcsi B JIEBOH IIOJIOBHHE
cocyna, paBHa 1/2. IlpeGriBaHue B JIEBOH IOJIOBHHE COCYIA MOJEKYJIbI [
H npebbiBaHHe B TOH e NOJIOBHHE COoCy/ia MOJIEKYJbl 2 ABJSIOTCA CTa-
THCTHYECKH HE3aBHCUMBIMH COOBITHAMH. [103TOMy BEPOSITHOCTb OJHO-
BpPeMEHHOIO HaXOXJAEHUsA B JIEBOH YacTU cocyna MoJekyJs I u 2 paBHa
NpOM3BeLeHHIO BeposiTHocTel, T. e. (1/2)%. Tlpofomxas TH paccyxne-
HUS, MOJYYHUM, YTO BEPOSATHOCTb OJHOBPEMEHHOTO HAX0XKIEHUS B JIEBOH
MOJIOBHHE COCy/a BCeX YeThIpeX MoJeKyJ paBHa (1/2)%.

AHaJlorHuHblE pacCyKAeHHs Jal0T, YTO BEpOSITHOCTb JOOOro pas-
MeLIeHHsl MOJIeKYJ B cocyfe (CKaxeM TaKoro, mpH KOTOpoM l-1 u
4-9 MoJIeKyJIbl OyAYT HAaXOIMTbCA B JIEBOH NOJIOBHHE COCYAa, a 2-1 H
3-1 — B mpaBoii), TaKxe paBHa (1/2)%, Kaxnoe u3 pasmeleHuii npes-

x1 g

XN

4x
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CTaBJIsIET cO00 HEKOTOpPOe MHKPOCOCTOsIHHe Tasa. VI3 cKa3aHHOTO Bhllie
CJIeAyeT, YTO BEpOSITHOCTh BCEX MHKPOCOCTOSIHHH OJMHAKOBa M pas-
Ha (1/2)%.

B Ta6sa. 102.1 npuBeneHH Bce MBICAUMEBIE CHOCOOBI pacnpenieseHHst
MOJIEKYJl MEXIY MOJOBHHAMH cocyZa (BCce MHKPOCOCTOSIHHA Trasa).
CocrosiHHe, XapaKTepuayeMoe TeM, 4TO, CKaXeM, B JIeBOH 4acTH cocyja

Ta6aunua 102.1

Cocrosiune Crioco6bl peann3anuu COCTOSHUS ueno
cn.ocoﬁon
uncio unceno Ne Moseky.1, Ne moneky.r, pe;;n::g;:gm
MOJIeK YT MOJIEKYJT HaXOASIIUXCA C/eBa | HaXOASALKUXCSA cnpaBa COCTOSIHASA
osiepa cnpasa : @
-0 4 — 1, 2, 3, 4 1
1 3 1 2,3, 4
2 1, 3, 4 4
3 1, 2, 4
4 1, 2, 3
2 2 1, 2 3, 4
1, 3 2, 4
1, 4 2, 3 6
2, 3 1, 4
2, 4 1, 3
3, 4 1, 2
3 1 1, 2, 3 4
1, 2, 4 3 4
1, 3, 4 2
2, 3, 4 1
4 0 1, 2, 3, 4 — 1
Bcero cnoco6os 21 =16

HaXOMMUTCS OJHA MoOJeKyJsa (6e3pasjiMyHO Kakas), a B NpaBoil yacTH —
TPU MOJEKYJbl, NpeacraBisieT coboi MakpococTosiHHe, 13 Tabauimbi
BHJHO, YTO TAKOMY MaKPOCOCTOSIHHIO COOTBETCTBYET 4 MUKPOCOCTOSIHHS,
CnenoBaTesIbHO, CTATHCTHYECKUH Bec JAHHOTO MAKPOCOCTOSIHHS paBeH 4,
a BeposATHOCTh (OObluHAasi, a He TepMOAMHAMHuecKas) paBHa 4/16.
MakpococTosiHHe, NIpPH KOTOpOM B 00€MX HacTsaX cOcyla HaxOmHTCs
OXHMHAKOBOE YHCJIO MOJIEKYJ, peasH3yeTcs C [OMOLLbI0 IIECTH MHKPO-



328 [J. X1. CTATUCTHUYECKAS ®HU3UKA

cocroanuil. COOTBETCTBEHHO €ro CTaTHCTHYeCKHH Bec paBeH 6, a Be-
poatHocTh (oObluHast) paBHa 6/16.

W3 paccMoTpeHHOro npuMepa BbITEKAeT, YTO BCe MHKPOCOCTOSIHUS
JAaHHOH CHCTEMbl DPaBHOBEPOSITHBI, BCJIEACTBHE YEro CTaTHCTHYECKUH
BeC OKa3blBaeTCs MNPOMOPLMOHAJbHBIM BepOATHOCTH (0OBIYHOM) MaKpo-
COCTOSIHHSI. YTBepK/JeHHEe O PaBHOBEPOSATHOCTH BCEX MHKPOCOCTOSTHUH
JIEXXHUT B OCHOBE CTAaTUCTH4YeCKOH (M3MKM M HOCHT Ha3BaHHe 3 P T O-
JUYECKOH THIOOTE3H. '

Corgiacto Ta6sa. 102.1 B ciiyyae yeThipex MOJIEKYJ1 UMeeTcst GoJibias
BeposiTHOCTb (paBHasi 1/8) Toro, 4To BCe MOJEKYJIbI COGEPYTCS B ORHOH
M3 MOJIOBHH cocyja (seBolt uyu nmpapoit). OfHAKO C YBeJIHUEHHUEM YUCa
MOJIEKYJ1 TIOJIOKEHHe CYLIECTBEHHO MeHsieTcd.

Haiipem uncio crnocofoB (4MC/I0 MHKPOCOCTOSIHHIE), NOCpeACTBOM
KOTOPLIX MOXeT OBITh OCYIUECTBJIEHO MaKpOCOCTOSIHHE, XapaKTepHusy-
eMoe TeM, YTO B JIEBOH MOJIOBHHE COCY/a OKaXKeTCs 1 MOJIeKY T 13 OOLLero
uicaa Mx N, a B npaBoit nosnoBuHe — (N — n) mosekyna. as storo
NPOHYyMepyeM MOJIeKyJbl, IpUnHcaB UM Homepa orT 1 jgo N. 3atem
cTaHeM oTGMpaTh NO OXHOH MOJIeKyJle M IIOMellaTb MX B JIEBYIO IOJIO-
BUHY cocyja. IlepBylo mosiekyay MoxkHO BeiOpaTh N cnocobamu, BTO-
pyilo — (N—1) cnocobom, Tperbio — (N—2) cnocobamu, HaKOHel,
n-10 MOJIEKYJNy MOXHO BbIOpath (N — n-1) cnocobom. OcraBluuecs
(N — n) MosexkyJi MOMECTHM B IIpaByIO INOJOBHHY COCYAa.

W3 cxasaHHOro BHILE CIEAYET, YTO YHCJIO 2 CNOCOGOB, C MOMOMLBIO
KOTOpbIX MOXKHO OTOOpaTh cJyyaiiHpiM ofpa3oM u3 ofuero uucaa N
MOJIEKYJl L MOJIEKYJT AJIsI JIEBOH IIOJIOBUHBL COCYJa, PaBHO

z=N(N—1) (N—2). . .(N—n—+1). .

[OMHOXXHB W pasfieiuB 3T0 4Hca0 Ha (N—n)!, nosyyum BhIpaxkeHue

N!
2=<T—'—n>!' (102.1)

Ozxnako He BCe 2z CIOCOGOB NPHBOAAT K OTJIHYAIOMUMCA APYT OT
Apyra MHKpococTostHUsIM. OTHesnbHble MHKPOCOCTOSIHHSI OTJIHYAIOTCS
TOIBKO COBOKYIHOCTBIO HOMEPOB MOJIEKYJ, OTOOPaHHBIX MJIsI KaMIoi
13 TOJIOBHH COCyJa, HO He I0C/e]0BaTebHOCTBIO, B KOTOPOH 3TH
MoJieKyJibl oTOupaauck. Hanpumep, npu N=3 u n=2 noayuyaworcs
BLIOOPKH

1—-2 2—1 3-—1
1-3 2-—-3 3-2

W13 uux BbIGOpKM 1—2 H 2—1 OTBEYAIOT OHOMY H TOMY K€ MHKPOCO-
CTOsIHUIO (B JIeBOH ToJIOBHHE 1-f1 H 2-f MOJIEKYJIbl, B NPaBOH — 3-51).
To ke camoe oTHocHTcst K BbiGopkam 1—3 u 3—1, a Takke 2—3 u
3—2. Takum oGpasoM, BEIGODKH, OTJIHYAIOLIHECS! TOJbKO MePecTaHOB-
KOIf 7 HOMEpOB MOJIEKYJ, OTOOPaHHHIX JJIsi JIEBOH IONOBHHBI cocyna
(takuX BBIOOPOK n!), COOTBETCTBYIOT OAHOMY H TOMY XK€ MHKPOCO-
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croauuio. CreloBaTe bHO, UYTOOBI MOJNYYHTb YHCJIO MHKPOCOCTOSHHIL,
C TOMOLIBID KOTOPBIX MOXKET OBITh OCYLIECTBJIEHO MaKpOocCOCTOsilihe
(n, N — n), Hyxuo0 pasneautb uncsao (102.1) Ha nl. B pesynasrate pna
CTATUCTHYECKOTO Beca [oJjyyaercs

BLipaXkeHHe

N!
Q(n, N—’l)=m—:n—),- (102.2) Wz

Jlerko  y6eautbcsi B TOM, UTO
Q(2,4—2)=6, aQ(l,4—1)=4 (cm. A
tada. 102.1).

B Tta6n. 102.2 npuBeieHwl 3Ha-
geHusa €2, BHIYHC/IEHHBIE N0 GopMmy.e
(102.2) nast cryyas N=24. Ilonnoe yMc/Io CrnocoG0B pacnpeseeHHst
24 MoJieKyJ1 MexAy ABYMs IOJIOBHHAMM cOCyJa paBHO 22¢=16 777 216,
1 TOJBKO B ABYX CJydasX, BCé MOJIEKYJ/bl OKa3blBalOTCSl COCPENOTOYEH-
HBIMM B OJHOH M3 MOJOBHH cOCya. BeposATHOCTb TaKOro COGHITHS
paBHa npuMepHo 10~7. B yerblpex KyOHUecKHX CAHTHMETpPax BO3LyXa
coziepxkuTcs okoso 102° MosieKyJs1. BeposiTHOCTB TOro, YTO BCE 3TH MoJe-
KyJBl cobepyTcsi B OAHOH M3 IIOJOBHUH COCyJa, PaBHA JABYM, HEJIEHHbLIM
Ha fBa B cremenu 102°, uTo cocTaBasieT HpUGIM3HTebHO 107310%
Sra BEpOSTHOCTb HACTO/1bKO MaJjia, YTO NPAKTHUECKU €e MOXHO CUHTATh
PaBHOH HYJIO.

Ta6auuwa 102.2

Puc. 102.2.

Yucno mone- Uncno mose-
Ky.1 Ky
Q BeposTHOCTL (2] BeposThocTs

cJieBa | cnpasa cnesa ciipasa

0 24 1 6-10-7 9 15 1 307 504 7,8-10-2

1 23 24 1,4-10-6 10 14 1 961 256 0,117

2 22 276 1,6-10-% 11 13 2 496 144 0,149

3 21 2024 1,2.10-4 12 12 2704 156 0,161

4 20 10 626 6,3-10-4 13 11 2496 144 0,149

5 19 42 504 2,5-10-3 R S T e e e

6 18 134 596 8-10-3 23 1 24 1,4-10-6

7 17 346 104 2.10-2 24 0 1 6-10-7

8 16 735471 4,4-10-2

Bcero 224 =16 777 216 cnoco6os

Ha puc. 102.2 usoGpaxken rpaduk, NOKasbIBAOMUA, KaK MEHSIETCA
YKCJIO MOJIEKYJ 71 B OJHOH M3 MOJIOBMH COCyJa C TedeHHeM BPeMeHH.,
D10 uHCI0 KOJEOJeTcss OKOJIO CPEeNHero 3HaueHMsl, paBHoro N/2.



330 TJI. X1..CTATUCTHUYECKASl ®HU3HKA

CayuafiHble OTKJIOHEHHSI 3HaYeHHl KaKoi-Mu6o ¢HaMuecKoil Be-
JUYMHBL X OT €e CPelHero 3HaueHHs <X> HaswBawTca GJAY KTY a-
LHAMHU 3T0d BeJauuuHel. O6o3HauuB QuyKTyanuio yepes Ax, mosy-

YHM, 4YTO
CAx=x—<x>. (102.3)

Cpennee apudmernueckoe Beauuunnl (102.3) paBro mysmo, JleicTsu-
TeJIbHO,

A% = (X — <> =<x> —<x> =0,

ITosToMy B KayecTBe XapaKTepUCTHKH (ayKTyauuii 6epyT ¢ p € A H o 10
KBalpaTUUYHYK GJUAYKTYal Hlo, PaBHYIO

V<(Ax)%. (102.4)

Dosee nokasarenbHa OTHOCHTEJNbHAs (bnyKTyauua B€JHWYHHEI X,
KOTOpass onpene/sieTcss OTHOLICHUEM

V<A
=, 102.5
253 (102.5)
B cratHcTHUeckoll (uM3HKe MOKa3biBaeTCst, YTO OTHOCHTENbHAast (K-
Tyauusi ajfiUTHBHO!H BeJHYHHBI (T. €. TaKOH BeJMUMHEI, 3HaUeHHe KOTO-
poil AMs TeNa paBHO CyMMe 3HAUeHMH /s OTAE/bHBIX €ro yacrei)
0o6paTHO MpPONOPIHOHAJbHA KODHIO KBaJpaTHOMY M3 uncaa N obpa-

3YIOLUX TeJNO MOJEKYJl: )

x)2 1
Vdaagh 1 (102.6)
<x> VN

BrluvciuM Ha OCHOBaHHM JaHHEX Taba. 102.1 orHocuTenbHYIO
(pAYKTYaLHIO YHCJIA MOJIEKYJ B JIEBOH MOJIOBHHE cocyja. BrlunciaeHHs
6yneM mnpousBomuTb no ¢opmysae (93.5). B Taba. 102.3 npuseneHst

sHayeHus (QAyKTyauuii ¥ UX BepOATHOCTH P. B cooTBeTcTBMH C3THMH
JaHHBIMH

<(n —_ N/2)2> =
= (—2)?- 1/164(—1)2- 4/164(0)%- 6/16 4 (- 1)*- 4/16 4+ (+-2)2- 1/16=1.

CrnenoBaTenbHO, CpelHsist KBajpaTuuHas QaykTyauus paBa V' 1=1,
a OTHOCHTeJ/1bHas QUIyKTyauus paBHa 1/2 (cpenHee 3HauYeHHe 7 PaBHO 2),
Ananoruynble BBIYMCJEHHsl, TNPOU3BEACHHbIE C IIOMOLIBIO JAHHBIX
Tabs. 102.2, maioT a8 cpepHell KBaApaTHYHOH (PAYKTyauUd 3HAYEHHe.
2,45, a pns orHocuTeNbHOH QaykTyauun — 3Havenne 0,204, Jlerko
yOeaUuTbCst B TOM, 4YTO

0,5:0,204 =1/2474. (102.7)

3T10 cooTHoeHHe corsacyercs c ¢opmyJaoi (102.6).
W3 Tabn. 102.2 cnenyer, yTo OTKJIOHEHHS OT CpPeJHEro yuc/ia Mo-
JeKy (paBHOro 12) He Oonee 4eM Ha 2 MOJIEKYJbl OCYLIECTBJSIOTCS €



§ 102. MAKPO- 1 MUKPOCOCTOSIHN . CTATUCTHUECKHI BEC 331

BepOATHOCTRIO, paBHoil 0,7, a OTKJIOHeHHs1 He GoJjiee yeM Ha 3 MoJle-
KyJIsl — € BepOATHOCTHIO, paBHO# 0,85. Ec/in Gbl YHCJI0 MOJIEKYJT MOIVIO
OBITh JPOGHBIM, MBI MOIVIH OBl CKa3aTbh, 4TO GOJIBLIYIO YacTh BPEMEHHU
ras HaXOJHUTCA B TaKUX COCTOSIHHSX, B KOTODPBIX OTKJIOHEHHS 4YHCAA
MOJIEKYJI OT CPEAHEro He MPEBBINIAIOT CPEAHIOI KBaJpaTHUHYIO PuIyK-
Tyauuio, T, €. 2,45.

CocraBuB nponopuuto, ananoruunyio (102.7), mna N=4 u N=
=10%, nonyuuM OTHOCHTENBHYIO (MyKTyauuio (0. (.) uHcaa MOJEKyJI
B JIEBOH TNOJIOBHHE cocyla Aad ciaydas, korga N=10%. Jra npomnop-
UHS HMeeT BHUJ,

0,5:0. ¢ =1/102°4,

otkyza 0. p.=10"%°, [TonyueHHb peSYJbTAT O3HAYAET, UYTO YHC/IO
MOJIeKYyJ1 B ORHOH M3 IOJOBHH COCyJa IperepreBaeT H3MEHEHHs, B
OCHOBHOM He TNpEBBLIUAIOMHEe eAHHHLY Xe- [, ¢ .. 102.3

cATOH 3Hadamel uudps.

Mg paccMoTpenu GQIyKTYanuy. yncia Mo-
JIEKYJI, B OHOH U3 NOJIOBUH cocyia. Hpyrue N2 P
MaKpOCKONHYECKHEe XapaKTepHUCTUKH, TakKue,
KaK JaBJieHue, IJIOTHOCTb rasa B pasHbIX —9 1/16
TOYKAX [POCTPAHCTBA H T. ., TaKXKe HCILI- —1 4/16
THIBAIOT qmymyaunu, T. €. OTK/IOHEHHs OT 0 6/16
CpeAHHX 3HaueHHH. 4+ 4/16
PaBHOBecHEIM fiBJISIeTCSI TakOe MaKpoOCo- £ 2 1/16
CTOSIHHE CUCTEMBI, KOTOPOE HEe HMeeT TeHAECHIIUH '

K HM3MEeHEHHIO C TeUeHHeM BpeMeHH. SICHO, uTo
OTCYTCTBHE TaKOH TeHJEHNIHH OYJeT CH/bHEE BCEro BHIPaXKEHO Yy Hau-
GoJiee BEpOSITHOTO M3 BCEX MaKPOCOCTOSIHMH, MBICJUMBIX JJIsi NAaHHOMH
cucteMel. BeposiTHOCTb COCTOSTHUSI NPONOPIMQHANBHA €r0 CTAaTHUCTHYE-
ckomy Becy. IToaToMy paBHOBeCHOE COCTOSTHHE H30JIHPOBAHHOH CHCTEMEL
MOXXHO ONpefe/UTh KaK COCTOSIHHE, CTaTHCTHYECKHH Bec KOTOpOro
MAakKcHMaJeH.

Cucrema, Haxojsmiasics B PaBHOBECHOM COCTOSIHHH, BpeMsi OT Bpe-
MEHH CaMONpPOU3BOJILHO OTKJIOHseTcs OT paBHoOBecusi. OfHAKO 3TH OT-
KJIOHEHHS] SIBJISIIOTCS] HE3HAYHTENBHRIMU U KpaTkoBpeMeHHbIMH. Ilopmas-
JISIFOILLYIO 4acTh BPEMEHH CHCTeMa INPOBOLHT B PABHOBECHOM COCTOSIHHH,
xapaKTepnsyeMOM MakKCUMAaJIbHBEIM CTaTHCTHUYECKHM. BECOM.

CraTucTHyecKass (HM3HKa BCKPHIBAeT NPHPOAY HEOGPaTHMBIX IMpoO-
neccoB. IlpeanosiouM, YTo BHauasle ra3 HaXOZMJICS B JIEBOH IIOJIOBHHE
cocyza, KOTopas OTAeNsjlach IEePeropofKoi OT mpaBoHl MyCTOM IMoJIo-
BuHel. Ecau y6parb meperopoixy, ras caMONPOH3BOJBHO pacrnpocTpa-
HUTCS Ha BeCh COCYA. DTOT nponuecc OyAeT HeoOpaTUMbIM, TaK- KaK Bepo-
ATHOCTb TOTO, YTO B Pe3yJbTaTe TEIJIOBOIO JBHUKEHHS BCE MOJIEKYJILI
coGepyTcss B ORHOH M3 NOJIOBHH cocysa, NMPaKTHYECKH paBHa HYJIO.
CrenoBarenbHO, caM 1o cebe, 6Ge3 BO3JeHCTBUS H3BHe, ras He cmomer
CHOBa COCPeNOTOUHTLCS B JIEBOH IIOJNIOBHHE COCYZA.
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Takum o06pasoM, mpclecc PacnpoCTpaHEHH:A rasa Ha Bech COCyX
OKa3LIEAETCS HeoGPaTHMBIM BCJIEACTBUE TOTO, YTO COpAaTHBIM eMy Mpo-
11eCC MaJIOBEPOsITEH . DTOT BBIBOJ MOXKET ObITb PACIPOCTPAHEH H HA ADY-
rue nporecchl. Besikuil HeoOpaTHMbIi mpouecc — 3TO TaKOU NPOLECC,
oOpaTHEI KOTOPOMY KpaiHe MaJjoBepOATeH.

§ 103. Jutponusa

B nmnpemmnymieM mnaparpade Mbl  YCTaHOBHJIM, YTO BePOSITHOCTD
MakpocOCTOSIHUSI (B JasbHelilleM Mbl OyAeM TOBOPHThL IIPOCTO — CO-
CTOsIHVSI) TPOMOPLIHOHAJLHA €ro CTaTHCTHYEeCKOMY Becy €2, T. e. WHCHy
MHKPOCKOIIHYECKHX CIIOCOO0B, KOTOPHIM MOXKET OBbiThb OCYLIECTBJIEHO
JlanHoe Makpococtosinve, [ToaToMy B KauecTBe XapaKTepUCTHKH Bepo-
ATHOCTH COCTOSIHMSI MOXKHO ObLIO OBl B3fITh CaMo 3TO YHCJIO, T. €. Q.
Onnako Takasi XapaKTepUCTHKa He obJiajafna Gbl CBOHCTBOM aJIUTHB-
HocTH. YUToGbl y6eauTbcs B 3TOM, pa3oObeM NAHHYIO CUCTEMY Ha JBe
MpaKTHUYECKH He B3auMOAEHCTByIOIMe mnoacHucTeMsi. IlycTe 3TH mog-
CHCTEMBI HAXOHSITCS B COCTOSIHUSIX CO CTATHCTHYECKMMH BecaMu i U
Q,. Yucno cnoco6oB, KOTOPLIM MOXKET OCYLIECTBISATLCS COOTBETCTBYIO-
1ee COCTOSIHUE CHUCTEMEI, PaBHO NPOHM3BENEHMIO uMces cnocoboB, KOTO-
PEIMH MOTYT OBITb OCYLIECTBJIEHBI COCTOSIHHS KaKIOH M3 NMOACHCTEM B
OT/INIbHOCTH

Q=0,Q,. (103.1)

Orciona cienyer, u9to Q JeHCTBHTEJNBHO He SBJASETCH aJAUTHBHOI
BEJIMYMHOH,
BasiB sorapudm ot coortHomenust (103.1), nonyuum

InQ=InQ;+InQ,. (103.2)

Uz (103.2) BugHo, uro InQ — apmutuBHasg Eeeauunna. Mmerb neno
C aANMTHBHBIMH BeJMYHHaMHM MHOro Ipoie u ynoGHee. [Tostomy B Ka-
YeCTBE XapPAKTEPUCTUKH BEPOATHOCTH COCTOSIHUA NPHHUMAETCS BeJIM-
ypHa S, NpOMNOpIHOHAJNbHAA JOrapupmy craTtiucruueckoro Beca. Ilo
NpHYMHE, KOTOpasl BBISICHUTCS HHKe, KO3GQHIMEHT IPONOPIHOHAD-
HOCTH BBIOMPAIOT paBHBIM NOCTOsiHHOH Bosbumana k. Onpenesenuyio
TaKUM CIIOCOOOM BEJINUHHY

S=k1nQ (103.3)

Ha3plBAlOT S HTPOMN K E R CUCTEMEL.

W3 ckasanHOro B NpeibifiylneM naparpage BLITEKAIOT ClEAyIollHe
CBOHCTBA SHTPONHUH:

1. Ourponusi M30MMPOBAaHHOH CHCTEMBI NPH IPOTEKAaHUH HeoGpa-
TUMOTO Mpoilecca Bospacraer. [lefCTBHTeNbHO, H30/MMpOBaHHAA (T. €.
npefocTaBJdeHHas caMoi cefe) cHcTeMa NMepeXOfHT M3 MEHee BePOSTHHIX
B GoJiee BEPOSTHEIE COCTOSIHHSI, YTO CONPOBOXKJAETCS POCTOM BEJIH-
gunel (103.3).
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2. DHTPONHs CHCTEMBI, Haxofsuielica B p\aBHOBeCHOM COCTOSTHMH,
MaKCHMaJIbHa.

[NonuepxHem elle pa3 He aGCOMIOTHO CTPOrMil XapaKTep BhICKAa3aH-
HbIX YyTBepxkIeHui. Hampumep, sHTpomus cucreMbl, Haxopsuleics
B DPaBHOBECHOM COCTOSIHHM, IIpeTepneBaeT He3HAYHTeNbHBIE KPaTKo-
BpEMeHHble OTpHUaTeNbHble (ayKTyauud. Onnako 3TH QuyKTyauuu
CTOJIb MaJibl, YTO NPaKTHUYECKH SHTPOIMIO MOXHO CYMTAThb IOCTOSIHHOM
¥ paBHOH MaKCHMaJbHOMY 3HAueHHIO.

YTBepKIAEHHE O TOM, UTO IHMPONUR US0AUPOBAHHOL CUCIMEMbL MOYCE
noabko o3pacmams (4100 1O JAOCTHMEHUM MaKCHMaJbHOrO 3HaueHHs
0CTaBaTbCsl HeM3MeHHOH), HOCHT Ha3BaHNe 3a KOHAa Bo3pacrta-
HUS SHTPONHUHU WIH BTOPOTrO Hauajda TepMOJIHU-
HaMu KU, MHaue MOXHO cKasaTb, 4TO SHTPONHUSI H30JMPOBAHHOH
CHCTEMBI He MOXKET YObIBaTh. '

Hrax, npu nporexkaHHH B H30JHPOBAHHOH cHCTeMe HeoOpaTHMOro
mpouecca 3HTPONMS Bo3pacTaeT, T. €. BHIIOJHAETCS COOTHOILEHHE

dS>0. (103.4)

YToOBl BBISICHMTb, KaK BeleT ce0si SHTPONHS HEeH30JHPOBaHHON
CHCTEMBI, YCTAHOBUM CBSI3b MeEXJAy IpUpalleHueM B3HTponuu dS
KOJIMYECTBOM COOOLIEHHOro cucreme Temsia d’'Q. Byayun ¢ynkuuei
COCTOSIHHUSI, SHTPOIIMS JIOJKHA ONpEeJeNAThCS NapaMeTpaMu COCTOSIHHUS
Tea (MM cucreMul -Tes1). CaMbIMH NpPOCTHIMH CBOHCTBaMH 0GJafaer
njeanbHbili ra3. Ero paBHOBeCHOE COCTOSIHHE NOJIHOCTBIO OINpefessieTcst
3aJlaHieM JBYX IapameTpoB, Hampumep oobema V u temnepatypsl T.
INonbitaemca wHafith Buj ¢yukiuuu S=S(V,T) 18 0ZHOATOMHOTO
HjeaJbHOro rasa '),

PaccMOTpHM Haxoisuiicss B paBHOBECHH OJHOATOMHbLI HJeasbHEIH
ras, 3ak/IOYeHHEIH B cocyle oovema V. BHelunue cuJioBbie noJs Gynem
CYMTaTh OTCYTCTBYIOIIMMH, HHc/l0 Monekysn rasa paBHo N, Temmepa-
Typa rasa paBHa T

MakpococTosiH{e rasa XapaKkTepH3yercs: 3HaueHHsIMU napamerpos V
n T, MHKDPOCOCTOSIHME OIpejeJsieTcs 3aJaHHeM KOOpAMHAT H CKOpo-
creit Bcex N Monekya. Pacnpenenenue moJsiekyJs N0 KOOpAHHATaM H
pacnpejesieHHe IO CKOPOCTSIM SIBJISIOTCS He3aBUCHMBIMM. IloaTomy
CTAaTUCTHUECKUE Bec {2 MaKPOCOCTOSIHHMSI MOMKHO MpEJCTaBUTb B BHJE
NPOH3BEJEHHS MHOXHTEN ,,, ONpENeJsIOUIero KOJMHYeCTBO Pas3jiuy-
HbIX pasMelleHHH MoJeKyJ B NPOCTPaHCTBe, M MHOXuTeNs €, on-
pelelISIoIero YUCJIO PAa3/HUYHBIX paclpejeleHHH MOJeKy/1 [0 CKOpo-

CTAM:
Q=0,-Q. (103.5)

JleficTBUTeIbHO, Kaxkjaoe M3 €2, pachpelesleHHH B NpoCTpaHCTBe
MOXeT peaji30BaThCs COBMECTHO C JIOOBIM H3 ., pacnpeneneHui
no ckopoctsiM. Orciofa BhiTeKaer dopmyaa (103.5).

1) HManaraeMbiit Huxe BrBog npunaaiexur H, B, Hapoxnomy,
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Taxum oGpasom, B pacCMAaTPHBAEMOM Cyuae BbIpAXKCHHE JJIS SHT-
PONHH MMeeT BHJ,

S=kInQ=kInQ,,+kInQ. (103.6)

U3 sTo#t (opMyJBL ClefyeT, YTO HaXoeHUE IHTPONUH HJIeasbHOTO
rasa CBOAUTCA K HaXOXAeHHIO uyucesn &, u .. BoisacHUB, Kag 3Ti
YKCOa 3aBHCAT OT napameTpos rasa V u TP, Mbl HalZieM SHTPONHIO Kak
GYHKUHMIO JaHHBIX NapaMeTpoB.

YTo6el OnpeNesuTh YMCIO Q.,, pasobbeM obveMm V, 3aHMMaeMblii
rasoM, Ha oJIMHaKoBnle KyOuueckue auelixu. OGbem suefixu AV Bul-
GepeM TaK, YTOGHl UHCJIO AYeeK '

r=VIAV (103.7)

GBLI0 MHOTO MeHbllte yncsa Mosekya N (r<€N). Torja B Kaxaylo a4eiky
OyneT nomajaTh B CpeJlHEM MHOIO MOJeKyJs. Huixe MBI YBRIHM, YTO
pasmep siyeek (Kpome ycjoBUs r<<N) He OKasbIBaeT CYILECTBEHHOIO
BIMAHUS HA BHIPAXKEHHE JJI1 SHTPOIHH,

e 7-;71:/. : 2-gm e =-r—:7 4. l
72 nit2 a 12 o
Puc. 103.1,

PaccMOTpUM MakpOCOCTOSIHME, XapaKTepH3yeMoe TeM, YTo B 1-i
syeiike HaXOAUTCA Ny MOJIEKYJ, BO 2-H suelike — n, MOJEKyJ, . . .,
B r-ii siveiike — n, Mosekysa (X n;=N). HafineM uncio crnocoGoB
(T. €. 4HCIO MHKDOCOCTOSIHHH), KOTOPBLIMM MOMKET OBITh peasi30BaHO
Takoe Makpococrosiiue. [l 3TOoro saguKCHpyeM BHYTPH SueeK «Me-
cra», B KOTOpHE Mbl OyJeM «IOMeIaTbh» MOJEKYJbI, OCYLIECTBJSIS HX
pacnpenesenye mo sidelikam (Ha pHe. 103.1 atu Mecra oGo3HaueHsl
TOUKAMH). '

MovtekyJibl MOT'YT ObITh pa3MelleHH Mo 0603HaueHHBIM Ha puc. 103.1
mectaM N! cnocobamu (N! — uHcsio nmepecTaHoBoK N Mosiekya mo N
Mectam). ‘OfHAaKO INepecTaHOBKH, NPH KOTOPBIX HM3MEHSeTCsi TOJIbKO
MOPSJAOK pa3MellleHNsT MOJIEKYJ 1o iy MecTaM 1-H siuefiku (Takux nepe-
CTAHOBOK 1,!), JiMOO pasMellleHHe MOJIEKYJ IO f; MecTaM 2-f sueHKH
(TaKUX HepecTaHOBOK fp!) M- T. 4., HEe INPUBOAAT K HOBOMY MHKPOCO-
cTosiHuI0., HanomMHuM, 4TO OTAeNBbHbIe MHKDPOCOCTOSIHUSI OTJIMYAlOTCA
TOJIbKO HOMEpaMM MOJIEKYJ, MONAJAlIUX B pa3jHuHble AYeiKd. 3a-
¢uKcHUpyeM HoMepa n; MOJEKYJ, KOTophle HaxoasaTrcs B l-i sueidike,
Kaxnomy u3 BO3MOXKHBIX paclpeieneHHH OCTaJbHBIX MOJIEKYJ IO
JpYTUM syedKaM COOTBETCTBYET #;! pa3/iMYHbIX pasMelleHHIl MOJeKyJI
B 1-it suefike, IloaTomy, pasfesuB MOJHOE YHC/IO HepecTaHOBOK N! Ha
n;!, MBI HCKJIIOUYMM H3 PacCMOTPEHHsi Te IepecTaHOBKH, KOTOpLIE OTJ/IH-
4aloTcs JHIIb CocoO0M pasMellleHHs MoJeKyJ B 1-ii siuefike, Pasaeans
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sateM N!/n;! Ha n,!, Mbl HCK/IIOUHM H3 PACCMOTPEHHS Te NePeCTaHOBKH,
KOTOpBlE OTJIHYAIOTCS JIMIUL CIOCOOOM Da3MelleHHs! MOJEeKyJ BO 2-H
Auelike. [Ipogosmikas sToT mpomecc, NPHAEM K BbIPaXKeHHIO

N1 .
np=m, (1038)
KOTOpOE JaeT YHCJO pacnpefesieHuil MOJIEKYJ Mo suefikaM, OTJIHYalo-
IUXCA JIMIIb HOMEepaMH MOJIeKyJ, HaXOASIIMXCA B PasHHIX syeKax
(cp. c (102.2)). Bro uucao mpexcraBisieT co0Oil «IIPOCTPAHCTBEHHYIOY
YacTh CTATHCTHYECKOro Beca.
ITockoNbKY 110 NPEANONOKEHHIO BHEIIIHEE CHIIOBOE TTOJIE OTCYTCTBYET,
B DaBHOBECHOM COCTOSIHHH MOJIEKYJIbl PacHpeiessioTes Mo ofbeMy ¢
NOCTOSIHHOH mJoTHoCcThio, CrefoBaTesibHO, 4HCHAA Ny, Mg, ..., H,
OKA3bIBAIOTCS B CPEAHEM OJMHAKOBLIMH M DaBHBIMH n=N/r (HaHOMHHM
YTO 7 — YHCJO siueeK). TakuM oGpa3oM, AJsI PaBHOBECHOT'O COCTOSTHHSI
«IPOCTPAHCTBEHHAS» Y4CTh CTaTHCTHYECKOro Beca paBHa

an= (,Il\;)[r ¢
JlorapugmuposaHue paer
InQ,=InN!—rlnnl. (103.9)
Cornacno ¢opmyse Crupiunra (cM. Ipunoxenne I1)
InN! ~NInN—N. (103.10)

Bocnonb3oBaBunch 310it Gopmysior, npeobpasyem (103.9) crexyromum
obpa3oM:

InQ,~NInN—N—r(ninn—n)=NInN—Nlnn=N In(N/n)
(Mbl yum, uto rn=N). Otnomenne N/n pasno V/AV. Cienosaresso,
InQ,=NInV/AV)=N InV —N InAV. (103.11)

[lepeifimem kK HaxoxpaeHuio .. BBegeM mpocrpaHCTBO, 10 OCAM
KOTOPOTO OTKJIaJALIBAIOTCA KOMIIOHEHTHI CKOpocTell MoJjekyJa (mpoct-
paHcTBO ckopocrel). PasofbeM 3TO MpPOCTPAHCTBO Ha. OXMHAKOBEIE
Ky6uueckue siveiiku o6beMom AA. Hudke BHISICHHTCSI, YTO 3HaueHHe
AA, xak 4 sHaueHue AV, He CYLIECTBEHHO; BaxKHO JIHIIb, YTOGH 00BEM
AA 6Bl I0CTaTOYHO BENHK JJIs1 TOrO, YTOOH B HETO «IOMajaJso» MHOrO
MOJIeKY.JI.

B paBHOBeCHOM COCTOSTHUH IIIOTHOCTb @ TOYeK, H306pakaromux
CKOPOCTH MOJIeKYJl, ompefenasiercss (yHKuueil pacmpenenenus Makc-
Beasia (cM. (98.1), (98.14) u (98.24)):

p=Nf (v, Uys v,) =
=NA3exp( ———m(v"_l'vf'l'vg)) N( m )mexp (_l’f) .

2kT 2n kT 2kT
Q603naauB CKOPOCTh, OTBEYAIOLLYIO i-# siuefike, yepes v;, MOMYYHM ISt
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«IJIOTHOCTH MOJIEKYJ/I» B [-I siyelike 3HayeHue

m \3/2 mo’
pi= () " ex0 (— 55 )-
HaxoHel1, yMHOXHB IJIOTHOCTb p; Ha 06BeM siueliki AA, NONYYUM YHCIO
MOJIEKYJI #;, NONaJalolHUX B (-0 SYEHKY:

m \3/2 mu§
ny=N (W> exp ( 7 ) AA. (103.12)

ITo anasoruu ¢ (103.8) 3axmouaem, yto yucso CNeco0oB, ¢ NOMOIILIO
KOTODBIX MOXKHO paclpele/uTh MOJIEKYJBl 0 suyelikaM NpH 3aJaHHBIX

Yhcaax f;, paBHO
M

& nglngl.Longlll Lt

Q (103.13)

B ornnuue ot (103.8) uncno siueek Tenepb GeckoHeyHo Benauko. Ogx-
HAKO 1/ fi9eeK, JOCTaTOYHO yJaJleHHBIX OT Hayasja KOOpJAMHAT, dHucsa
11; NPaKTHYECKH PaBHbI HYJo. JlorapudgmupoBanue Boipaxenus (103.13)
Iaer

InQ,=InN!—lnn,!
ITpumenus ¢opmyay (103.10), monyunm L
INQu ~NInN—N—2)(n;lnn;—n)=NInN— n;lnn, (103.14)
(3 n,= N). ‘ ’
Corsiacuo (103.12)

. m ﬂlUi
Inn;=InN+InAA+3 1n(m) SinT —25L,

IMoncranoska srtoro Beipaxenusi B (103.14) npuBomHT X ¢opmysie
InQ.,=NInN—(In~N 4 InAA +

3 m 3 1 mv?
o ln 5 —2in T)Z ni+k_T§;n,.T. (103.15)

Beipakenue Zn, mof SKBUBAJIEHTHO N( > N+ kT cymMma

> n;paBHa N. Yurs 3’1‘0 nepenuiem (103.15) cnenymmuM obpa3om:
InQ,=NInN—NInN—NInAA—

3 3 1
NN+ = NInT + k—TN-g-kT=§N1nT—N1nAA+

+3in [1 — ln%] =5 NInT—NlnAA+3 Na. (103.16)

3neck yepes o. 0603HAYEHO CTOsAllee B KBAJAPAaTHBIX CKOOKaX BHIpaKe-
HHe, He coJepiKalliee MapaMeTPOB COCTOSIHUSI rasa.
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ITonoxus B (103.11) u (103.16) N paBreiM uncay Asoraapo Na
1 TOACTaBMB 3aTeM 3TH Beipaxenus B (103.6), npuzem kK ¢opmyJe Anis
SHTPOINUH OAHOrO MOJIST OJIHOATOMHOIO HJeasbHOro rasa:

SM=kNA1nV—-kNA1nAV+—‘;’—kNA InT —ANxInAA 43 kN

IMpoussenenne kN, paBHO rasopoit mocrosxHod R. CiexoBartesbHo,
Su=RInV+5RInT—RIn(AV-AA) +5 Ra.
Beensi o6osnaueHue
Se=— R1In(AV-AA)+2 Ro. (103.17)

M yuTs, 4TO 3/,R eCcTb MOJIApHAs TeNJIOEMKOCTh OJHOATOMHOTO I'a3a MpH
nocrosinioM obveme Cy, NpPHUAEM K OKOHYaTeNbHOH dQopmyJe:

S,=RInV+CyInT+S,. (103.18)

Ara ¢opMmyJa omnpeesseT MOJSPHYIO SHTPOIHIO OAHOATOMHOTO ') Hpe-
aJIbHOrO Trasa Kak (yHKuuio mapamerpoB coctosiuust V u T. Bocnosb-
30BABUIHCb YpPaBHEHHMEM COCTOSIHUsS, MOXKHO IepeHTH K BhIpaxKeHHIo
IJisl SHTPOIUH Yepe3 JpYyIrHe NapaMeTpHl, Hanmpumep uepes V u p.

Hs (103.17) BumHo, yto BeIGOp pa3mepoB siueeK AV um AA Bauser
JIMILb HAa 3HAUeHHE aJINTUBHON KOHCTAHTH S;, ¢ TOYHOCTBIO 10 KOTOPOi
onpenensiercs sHTponus ¢opmysoii (103.18).

- Tlpu coofiennn rasy tenna d’'Q usmensercs gu6o T (IpH NOCTOSIH-
Hom V), au6o V (npu mocrosHHO# T), nubo oba napamerpa T u V.
CoOTBETCTBEHHO HM3MEHsieTCsl Takake W sHTponusi. UToOBI CBS3aTbhb 3TO
uamenenue "¢ d’'Q, Bo3bmeM auddepennvan Beipaxkenuss (103.18) u
yMHOXKHUM ero Ha T. B pesyabrare nosyyum

T dS, — ﬁ—:dvm 1 CydT

(uToGBI MONUEPKHYTH, YTO UMeeTcd B BUJAY MOJb Tasa, MBI IOCTaBHJI
npu V HHIEKC «M»).

Cnaraemoe C,dT paer mnpupallleHHe BHYTPEHHEHl 3Hepruu rasa
dU,,. Tlonaras mnpouecc coobuienusi temia d'Q) o6paTHMBIM, MOXKHO
npeacrasuth caaraemoe (RT/V,)dV, B Buge p dV,=d'A. Taxum o06-
pasoM, MBI IPHXOAUM K COOTHOLIEHHIO

T dS, = pdV,+dU,.

B cuay amgmutuBHOCTH S, V M U aHajorMusHoe COOTHOLIEHHE HMEeT
MECTO JJIsl MPOU3BOJIBHOM Maechl rasa:

T dS=pdV-+dU=d' A+dU.

1) B § 107 Gyner mokasaro, uto popmyaa (103.18) cnpasennusa u A HAeaJLHOTO
rasa ¢ MHOTOATOMHBIMH MOJIEKYJIaMH.
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CorJlacHO TEepBOMY HauaJy TepMOAMHAMHKY IpaBas 49acTb 3TOro pa-
BencTBa ectb d'Q. CienoBaTensHo,

T dS=d'Q.
Orcroza

dS ope = E'TE (o6paTiMbIil mpouecc) (103.19)

(MHAEKC «OMT» O3HAyaeT «OJAHOATOMHBLIH HJeasbHBIH rasy).

Mpb1 nonyuusmu dopmyny (103.19), paccmarpuBast OfHOATOMHBIH
upeanbHelii ra3, OfHAKO ee JIETKO PacIpOCTPaHUTh Ha JOGYIO TepMo-
IVHAMHYECKYIO cHcTeMy. JlomycTHM, 4YTO HMeeTes] HAXOAdAlascsa B
PABHOBECHOM COCTOSIHHMM H30JHDOBAaHHAs CHCTEMa, B COCTaB KOTOPOH,
Hapsly C OXHOATOMHLIM HJeaJIbHEIM [a30oM, BXOAAT ApPYyTHe TeJja, COBO-
KYIHOCTb KOTODBIX MBI Ha3oBeM TMNOAcucTeMoli. Bce wactH cucrems
HMEIOT OJMHAKOBYIO TeMIlepaTypy (MHHaue COCTOSTHHE CHCTEMBI He OyAer
paBHOBecHbIM). BciencrBue agiuTHBHOCTH 3SHTPOIHIO CHCTEMBl Sgucr
MOXKHO NpEACTaBUTh B BUJE

Scncr = Snoncncr + Sour:

TIe Spozcwer — PHTPONHS TOACHUCTEMBI, a S, — SHTPONHUS  OJHO-
aTOMHOro ujeanbHoro rasa. Ilyctb TemmepaTypa rasa mnperepreJa
GeckoHeuHo Magyio ¢aykryaunuio dT. BejeicrtBue 3Toro ras nosyyur
OT mnopcucTeMbl KonuyectBo Temsa d'Q,,. Iloxcucrema noayunt
npu stoM Temn0 d'Quopeyer=—0 Qour- B cuy masoctu dT stor
npouecc MOXKHO cyuTaTh obpatuMbiM. CilefoBaTesbHO, SHTPOM:S rasa
nonyyut npupamenue dSg,=d Qo /T.

IIpn mpoTekaHMH B HM30JHPOBaHHOH cHcTeMe OOpaTHMOro mpouecca
SHTPOMHUSI CHCTEMBI OCTaercst MOocTosHHOH. OTclofia BHITEKaeT, YTO

dScm:r = dSnoncucr + denr =0.

Yurs 3Hayenne dS,,., NONyYuM JIJIf NPHPALIEHHS SHTPOMHH IOA-
CHCTEMBI BBIPAXKEHHE

—d d
dSnoncucr =—dSeu = 7?°'“‘ = Q";‘ﬂcucr .

Taknm o6pasoM, ¥ A/Is1 COBOKYIHOCTH IPOHU3BQJbLHBEIX T€Jl OKa3blBaeTcst
crnpaBeisiuBod (opMyia

dsS = d—;,g (o6paTumplii mpouecc). (103.20)

3necs d’Q — KoOMMueCTBO MOJNYYEHHOrO CHCTeMOR INpH OGpaTHMOM
npouecce tenya, 7 — TeMnepaTypa CHCTEMSI.

OrmetuM, 4TO, B TO BpeMs Kak d'Q He siBJsieTCs MOJHBIM Audpe-
pennuasoM, BeipaxeHue (103.20) ectb mosnblit AuddepeHmuan (3HT-
ponusi — (GYHKIUHsST COCTOSIHHSA).

Tenepr MoxHO O00BSICHHTb, Hoyemy B dopmyJie (103.3) Owina B3sTa
‘B KauecTBe Ko3(h(dHuIHeHTa NPONOPIMOHANBHOCTH NocTosiHHass Bosabi-
maHa k. BJaarogaps 3ToMy KO3(ObHLUHEHT NpPONOPLHOHAIbHOCTH MEXIY
dS u d'Q/T monyuuscs paBHbIM exunume (cM. (103.20)).
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CocTosiHUE, OCYIIECTB/ISIEMOE OTHOCHTENBHO MAJIBIM HYHCJOM CIIOCO-
GoB, HasblBaeTCd YHIOPAXOYEHHBM WIMHECJAYYallHs M.
CocTosiHHe, OCYLIECTBJ/IsieMOe MHOTMMH pa3/MUHBIMH cnoco6aMy, Ha3kbl-
BaeTcd GeCNOPSALZOUYHBM HWIM cayualhHb M, Takum oG-
pasoM, SHTPOMNHUSL SIBJsIETCS KOJHYECTBEHHOH MEepOH CTeNeHH MOJeKy-
JISPHOTO Gecropsiika B cHcTeMe, DT0 06CTOSITENbCTBO HOSBOJISIET MOHSATH
cMmpicnt cootHowenus: (103.20). CooflieHue cHcTeMe Temjia IPHBOAUT
K YCHJIEHHIO TENJIOBOrO IBHIKEHHS MOJieKyJ H, CJIeJOBaTeNbHO, K yBe-
JIMYEHHUIO cTemeHH OGecropsiika B cucTeme. UeM BhIe TemmepaTypa,
T. e, ueM GoJjiblile BHYTPEHHsISI SHEPTHS CHCTEMBI, TeM OTHOCHTENbHO
MeHblllell OKasbiBaeTcst A0J1s1 6ecrnopsjka, o0yC/IOBJIEHHOTO COOOLieHHeM
JlaHHOro KoJsinyecTsa Temsa d’'Q.

Jna copasepauBoctd paBeHcTBa (103.20) BeckMa cyuiecTBeHHa
cOpaTHMOCTb Ipotiecca, B.XOfie KOTOPOro cHcTeMe COOOIIAeTcsl TEmJIo
d’'Q. Ecin xoauuecTBo Temya d’Q coofluaercs cucreMe B Xofe HeoGpa-
THMOrO IIpoliecca, SHTPONHS BO3pacTaeT KaK BCJ/EJCTBHE COOOLIEHHS
Tensa, TaK M BCJENCTBHe HeoOpaTHMocTH mpouecca, [Tostomy umeer
MECTO HEpPaBeHCTBO

ds > —— (neoGpaTHMBIil TIpoLecc). (103.21)

IMpu d’'Q=0 3T0 HepaBeHCTBO mnepexoguT B cooTHoiueHue (103.4).
[Ton T B dopmy.e (103.21) noxpasymeBaeTcs TeMIeparypa pesepByapa,
OT KOTOpOro JaHHasi chcrema noJyuaer Temio d’'Q. Temmepatypa cu-
CTeMBl TIPH HEOGPaTHMOM IIpOLECCEe MOXKET He HMETb Olpe/e/eHHOro
3HAYEHHUST, NOCKOJbKY COCTOSIHHE CHCTEMbI He SIBJISIETCSI PaBHOBECHLIM.

@opmyasr (103.20) u (103.21) MmoxHO OOGBEAUHUTD BMECTe, HAMUCaB,
4yTO

as>2LL, (103.22)

3HAaK paBeHCTBA OTHOCHTCH K o6pamM51M, 3HaK HepaBeHCTBA — K
HeoO6PaTUMBIM TIpoLecCaM.

Coornomenue (103.22) cayRUT OCHOBOH IJs1 TePMOAMHAMMUECKHX
NpUMEHEHHT MOHATHs SHTPoNHH. O6 STHX NPUMEHEHHSX WAET peub B
cenyomei riaaee.

Tipu aGcomoTHOM Hyne BCSKOE Telo, KAaK NPaBHIO *), HAXOLHTCS
B OCHOBHOM COCTOSIHMH, CTATUCTHYECKHH BeC KOTOPOTrO PaBeH eAUHHIIE
(Q=1). Popmyaa (103.3) JlaeT B 3TOM CJyyae Jij1si SHTPOIHUH 3HAUYeHHE,
paBHoe HyJo. OTclofia BHITEKaeT, 4TO IHMPONUsS 6CAK020 meAq Crmpe-
MUMCR K HYAI0 APU CMPEMACHUL K HYAI0 meMnepamypoi:

lim S=0. (103.23)
T->0
D10 yTBepxKIeHHEe MpeACTaBJseT cO0OH cofep:KaHHe TaK Ha3blBaeMoil
TeopeMmbs HepHecrTa. Muorna yreepxaenne (103.23) naswiBaior
TPETbUM HayaJoM TEePMOJHHaAaMHUKH,

) U3 storo npaBuia GbIBAIOT MCKJ/IOYEHHS, KOTOPLIX MBI Kacartbest ne GyjeM,



Fr'1ABAXII
TEPMOJUHAMHUKA

§ 104. OcHoBHble 3aKOHBl TePMOXMHAMHKH

TepmoavHaMHKa IepBOHAuaJbHO BO3HHKJA KakK Hayka O NpeBpa-
LEHHSAX TemJIOTH B pa6oTy. OfHAKO 3aKOHHI, JexKalllie B OCHOBE TEPMO-
JIMHaMUKH, HMEIOT HaCTOJNbKO OOIIMI XapaKTep, UTO B HacTosllee BpeMsi
TepMOAMHAMHUUECKHE MeTOAbl C OOJBIIHM yCIeXOM MPHMEHSIOTCS s
HCCNelOBAHHSI MHOTOUYHCJIEHHBIX (DU3HYECKHX M XHMHUYECKHX MpPOLECCOB
U 1Sl U3yYeHHsi CBOHCTB BellecTBa U M3/ayueHus. Kak yxe orMeuasoch
B § 79, npH M3ydeHUH CBOHCTB M IIPOHECCOB NpEBpalleHHs BellecTBa
TepMOAMHAMUKA He BJAeTCsl B PacCMOTPeHHe MHKPOCKOMMYECKOH Kap-
THHBI siBjJeHH#. OHA paccMaTpuBaeT sIBJEHHS, ONHPAasiCh Ha H3BJIEUeH-
HbIE U3 ONBbITA OCHOBHBIE 3aKOHBI (HauaJja). [1o 3ToH mputuHe BHIBOJI,
K KOTOPBHIM MPHUXOAUT TepPMOAMHAMHMKA, HMEIOT TaKyl0 K€ CTeleHb
JOCTOBEPHOCTH, KaK H Jiexalue B ee ocHoBe 3akoHul. Ilocnennue ke
ABJISIIOTCST  OOOOIIEHHEM OrpOMHOI0 KOJHMYECTBA ONBITHBIX JAHHHIX.

OcHOBY TepMOAMHaMHKHM o0pasyioT ee JiBa HayaJsa. [lepBoe Hauaso
yCTaHaBJMBAeT KOJMYECTBEHHbIE COOTHOLIEHWS, HUMEIoIiHe MeCTO MHpH
TpeBpalleHUsX SHepruMH H3 ONHUX BHIOB B JpyrHe. Bropoe Hauaso
OIIpenesIA€T YCJAOBHMsI, NPH KOTODbIX BO3MOXKHBI 3TU IIpeéBpalleHud,
T. €. ONpefe/isieT BO3MOXHblE HaNpaBJIeHUS IMPOLECCOB.

[lepBoe HayajO TEepPMOAMHAMHKH YTBEPXKAAET, UYTO KOAUHECITBO
menaa, coobujaemoe cucmeme, 3ampatusaemcs Ha NPUPAUEHLE BHYMPEH-
Hell aHepeuu cucmemol U cosepulerue cucmemoll pabomol HAO BHEULHUMU
meaamu:

Q=U,—U,+4 (104.1)
M B AuddepeHnuanbHOR dopMme:
d'Q=dU+d’A (104.2)

(cm. (83.2) u (83.4)).

ITepBoe Hayaso MHOTAa (POPMYJHpYeTCsl CJAeAYIOLMM oOpas3oM: we-
803Moccer nepnemyym mobure (Geurnili Osueameav) nepeoeo poda, m. e.
maxotl nepuoduuecku Oeticmsyroujuti dsueamens, Komopoul cosepuian Obt
pabomy 6 06oabuEeM KOAUHECHGE, HEM NOAYUAEMAA UM U36HE 3Hepeus.
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\

Beaknit mBuraTens mnpeacraBiseT coGOd CHCTEMY, COBEpIIAONLYIO
MHOTOKPATHO HeKHil KpyroBoil mpouecc (uukJj). ITycte B Xome uukiaa
paGouee BemecTBO (HampuMmep, ras) cHadaja paciiupsieTcss G0 o6bema
V., a 3aTeM cHOBa CKHMaeTcs N0 NepBOHayaJbHOro obbeMa Vi (pHuc.
104.1). Urobul pabora 3a nukxja Oblia Gosbllie HYJs, JaBjeHue (a cie-
JIOBaTeJNbHO, U TeMmepaTtypa) B HpOIecce PAacUIUPEHHs JOJMKHO OHITh
Gosibille, yeM NPH CKaTHH. [l 3Toro paboueMy BELIECTBY HYXKHO B
XOlle pacilMpeHHs coofllaTh TeMmJO, & B XOJe CXKATHSI OTHHUMATb OT
HEro TemJIo.

CoBepiudB IHKJ, padouee BeUeCTBO BO3BPallaeTcs B HCXOIHOE CO-
crosinye. Ilo3ToMy H3MeHeHUEe BHYTpPEeHHEH SHEpPruHU 3a HUKJ PaBHO
nymo. KoauyecTBo Temua, coofuiaeMoro pabouemy Teny 3a LMKJ,
paBHO Q; — Q;, rae Q;— Temjo, .
nosyyaemoe paGoyuM TeJOM IpH P
paciipenuu, a @Q; — Temjo, OTAa-
Baemoe npu cxkatuu. Pabora A, co-
BepiaeMasl 3a MHKJ, paBHA ILIO-
wanu nukaa (em. § 84). Takum obpa-
30M, Buipamxenue (104.1), nHanucas-

HOe 1/ LMKJa, HMeeT BHA

A=Q;—@Q.  (104.3) 0

[Tepnoauyecku JIeACTBYIOHIH Pruc. 104.1.

IBHTaTeNb, coBeplUamomuil pabory 3a

CUeT MOJIyYyaeMOTro H3BHe TeIlla, HA3LIBAeTCsd TE€MJ OB O M a I U-
H o #. Kax cnegyer us (104.3), He Bce mosnyuyaemoe H3BHE TemJo Qg
HCTIONb3YeTCst IJIsl [IOIyUeH s NoJie3Hol paGoTel. Ij1s TOro 4ToGh ABH-
rarejb paboTal UMKJIaMH, 9acTh TelJa, paBHas Q;, JOMXKHA GBITh BO3-
Bp2llleHa BO BHEMIHIOIO CPENy H, CJeNOBaTeNbHO, HE HCIOJb3yercs Mo
Ha3HayeHHio (T. e. AJIs COBepLIeHHs moJie3Hodl paGoTh). OUeBUAHO, UYTO
yeM IMOoJIHee NpeBpailaeT TelsoBas MallMHa [OJyYyaeMoe U3BHE TEIJIO
Q. B nosie3nymo paGory A, Tem 3Ta MamuHa BeiropHee. [Toatomy Temso-
ByI0 MAalIMHy [PHHSITO XapakTepu3oBaTb K 03D PUUL UEHTOM
noJe3HOro AeHfcTBHSA 1 (COKpPAEHHO K. M. ].), KOTOPHIHA
OTpefiesIsieTcs] KaK OTHOLIEHHE coBepIliaeMoil 3a LMK/ paGotel A K mo-
Jy4aeMoMy 3a LHUKJ Tenay Qy:

A
n=- (104.4)

Ilpunsie Bo BHHMaHHe cooTHoueHue (104.3), BripaxeHue ;s K. I J.
MO;KHO 3anucath B BHAE

_Q—0Q:
n=—0g - (104.5)

H3 ompenenenus . n. J. CJefyeT, YTO OH He MOxeT OwITb GoJblle
€HHIIBI,
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Ecan obpaTuth mUKJ, M300paxkeHHBIH Ha puc, 104.1, monyuuTtcs
UMKJ XOJIOJU/bHOM MalnKbl, Takast MamuHa oTOMpaeT 3a IUKJ OT TeJia
¢ TeMneparypoil T3 KOJHYECTBO Temsia @, U OTAAET Tey ¢ GoJiee BHICO-
Kol Temneparypoii Ty xosudectso Tenaa Q. Hapx mammvizoil 83a mukn
Lo/KHA ObiThb coBepiueHa pa6ora A’. DPPEeKTUBHOCTb XOJOMHJIBHOM
MalIMHBl XapaKTepH3YIOT ee XOJOAHJIBHBIM KOS((PHLIHEHTOM, KOTOPBIi
ONpEeNesIsIIOT KaK OTHOILEHHE OTHSITOrO OT OXJIAaXKAAeMOro Tesa Tema
Q: K paGore A’, KoTOopas 3aTpauMBaeTCss Ha NpPHBEJEHHE MALUHHHI B
RelcTBUe:

Qs
7 .
Q—Q;
BTopoe Haya/no TepMOAMHAMHKH, KaK M mepBoe, MOXET ObTh cdop-
MYJIHPOBAaHO HECKOJbKHMH criocobaMy. C-oaHoH M3 (OpMYy/NIHPOBOK MBI

no3HakoMusinch B § 103. Oua saxJiouaercss B YTBEPXK/IEHUH O TOM, YTO
SHMPONUR U30AUPOBAHHOL cuCmemMbl He Mmodxcem Yobeamo:

dS>=0. (104.6)

XOJIOAUJIb HELH KO9(dHIINEeHT = %2—- =

Kaaysuyc chopMynnpoBaj BTOpoe Hauyalo CJAEAYIOIHM 0GpasoM:
HEBOBMOINCHOL MAKUE NPOUECCol, eOUHCIMBEHHbIM KOHEYHbIM DPEe3YAbMmamom
Komopoix Obia Obl nepexod menaq om meaa MeHee HaAzpemoeo K meay
Oosece Haepemomy. He cnenyer npencraBnaTb Keso Tak, YTO BTOpOe
Haya/lo BooOlLle 3ampelaeT IEPeXofi TemJa OT TeJla MeHee HarpeToro
K Teqy OoJiee HarpeToMy. B xosionuibHON MalKHe KaK pas cOBEpILIAeTCst
Takod mnepexoA. OAHAKO 3TOT Inepexof He SABJSAETCH EAHHCTBEHHLIM
pesyabTaToM npouecca. OH conpoBOXKJAAeTCA H3MEHEHHSIMH B OKpY-
KaIOIKUX TeJaX, CB3aHHBIMH C COBEpIUEHHeM Haj cucteMoii paGoTel A’,

TTokaxkeM, uTo coBepilaeMblil B M30JHPOBaHHON cHcTeMe BooOpaKa-
eMblli Ipolecc, NPOTHBOpedYallHii BTOPOMY Hauasly B (OpMYJIHpOBKe
Knaysuyca, conpoBoxjaeTcs yMeHbleHHeM >SHTponuH. Tem cambiM
MBI I0KaKeM 3KBHBaJIeHTHOCTb opMyanpoBkH Knaysuyca u cratictu-
yecKolt (popMyJIIPDOBKM BTOPOTO Hadyajla, COIVIACHO KOTOPOH SHTPONHUS
H30/IMPOBAaHHON CHCTEMBI He MOXKeT yOhIBaTh.

IlpenBaputenpHo clenaem chenywouiee samedanue. lonyctuM, 4ro
HEKOTOpOe TeJO OOMEHHBAeTCs TEIJIOM C ADYTHM TeJOM, KOTOpOe Mbl
6yjem HasblBaTh T€NJOBHM pe3epBYyapoM Ilycrs Temio-
eMKOCTb pe3epByapa 0eCKOHEYHO BeJIHKa. DTO 03HAYaeT, 4TO MOJyyeHHe
HJIM OTHaya pe3epByapoM KOHEUYHOIO KOJHYecTBa Telja He H3MEHseT
ero Temneparypsl. Ilporexaromuii B Tése npoiecc, CONPOBOXKAAOMMUCH
0OMEHOM TeIJIOM C pe3epByapoM, MOXKeT ObiTh 06PaTHMBEIM TOJIBKO B TOM
caydae, eClH B XOJ€ 3TOro Ipollecca TeMrmeparypa Teja OyAerT paBHa
TeMIlepaType COOTBETCTBYIOILETO pe3epByapa. B camom jpene, ecau,
HanpuMep, TeJIO MOJydYaeT TeIJO OT pe3epByapa c Temmepatypoil T4,
HMesl TeMIlepaTypy, MeHblyIo 4eM 7', TO IPH NPOTEKAHHH TOrO Ke Npo-
necca B OGpaTHOM HampaB/IeHHH TeJO CMOXKET BEepHYTb pesepByapy
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MoJy4eHHOEe OT Hero TemJo B TOM cJydae, ecJH ero TeMieparypa Bo
BCSIKOM cayyae He Huxke yeM Tj. CiiefoBaTesibHO, IPH NPsSIMOM H 0o6part-
HOM XOjie Ipolecca TeMreparypa Tesa GyJeT pas/jvuHa, Tel0 NPOXOOUT
B 00OHX CJyyasix yepe3 pasJMYHBIE IOCJEJI0BATENBHOCTH COCTOSIHHI
(xapaKTepHuaylomuecss HEOAUHAKOBBIMH TeMIepaTypaMH), M paccMmart-
puBaeMblii npouecc O6yAeT HeOOpaTHMBIM.

Takum o6Gpasom, npouecc, CONPOBOXKAAOUIUHACST TenJ000MEHOM,
MOXKeT GHITb OOpaTHMEIM TOJBKO B TOM CJ1yyae, ec/d, Nojayyasi Temao u
BO3Bpalljasi €ro NpH OOPaTHOM XOJ€e pe3epByapy, TeIO HMEeT OIHY U
TY 3Ke TeMIepaTypy, paBHYIO Temneparype pesepByapa. Ctporo roops,
IpU MOJYYeHUH TellIa TeMIepaTypa Tesa AO/KHA ObIThb Ha GECKOHEYHO
MaJylo BeJIHYHHY MeHbllle TeMIepaTyphl pe3epByapa (HHaue TeNJIo He
noTeyeT OT pesepByapa K Teay), a IpH OTjaye Ten/ja TeMmneparypa
TeJsia JOJ/IKHA GbiTh Ha GeCKOHEYHO MaJylo BeJIHYHHY BhIILIE TEMIIEPATyPHl
pe3epByapa.

CrenioBaTe/bHO, €AHHCTBEHHBIM OOPaTHMBIM IIPOLECCOM, COMPOBOXK-
JAIOUUMCS TEMIOOOMEHOM € PE3epBYapoM, TeMIeparypa KOTOpOro oc-
TaeTcst HEM3MEeHHOM, SIBJISIeTCST H30TepMUYECKHI nporecc, npo'rexarom,na
npH TeMmnepatype pesepByapa.

PaccMOTpHM HM30JIMPOBAaHHYIO CHCTEMY, COCTOSILYIO H3 JBYX Tedl
¢ oguHakoBoil Tenoemkoctbio C. Tlyctb Teso B nepenaer teany A koau-
yecTBO Temsa @, B pe3ysibTaTe yero TemnepaTtypa Tena A nosbiumaercs
or 3Hauenusi T4, o T4, a TeMneparypa Tesla B yMmeHbIIaeTcs OT 3Ha-
uennst Tgy 10 Tp (Tp<Tp<T 4,<T,). Takoil mpouecc NpOTHBOPEUUT
BTOpOMY Haua/ly B dopmynupoBke Kraysuyca. Halinem namenenue
SHTPONHH B NaHHOM cilydae,

B xome ykasaHHOro npotiecca NPOHUCXONHT TeIlJIOOOMEH Mexuay Te-
JlaMHl € HeOAMHaKOBHIMH TemnepaTypamu. CorJlacHO CKasaHHOMY BBILIE
Takoll npouecc HeoOpatuM. Popmysa ke (103.20) npumeHHMa TOJbKO
K o0paTHMbIM mponeccaM. st Toro 4yTo6el HalTH H3MEHEHUE SHTPOMUH
npy HeoOpaTHMOM Ipouecce, NMOCTYMAOT caeaylomum obpasom. Pac-
CMaTpHBAIOT KaKOH-1HM60 OOpaTHMBIIl INpoliecc, NPHBOAALMHA CHCTEMY
B TO XK€ KOHEYHOE COCTOSIHHE, YTO M NAaHHBIH HeoOpaTHMBIH MpoLece,
H BBIYHCJAIOT JJIS1 STOrO NpolLecca MnpHpailieHHe SHTPONHH No ¢dopMyJe

2
sz—sl:gi’# (104.7)
1

(cm. (103.20)).

B cooTBETCTBHII €O CKa3aHHBIM BEILle pacCMOTPUM OOpaTUMBIA HpoO-
mecc, B XOle KOTOporo Teso B oTpaer Temnio Q mopuusmu d'Q mocie-
JOBATe/bHO PsIAY Pe3epByapoB C TemmepaTrypami, HMeIOMMU Bce 3Ha-
yennsi or T, 10 T, a Teno A nonyuaer Tenso Q nopuusmu d’'Q or
psila pesepByapoB c TemnepaTypamu oT T, A0 T,. B pesyabrate cu-
creMa nepefifer o6paTMMO M3 COCTOSiHMSI, B KOTOPOM Tesla HMEIOT TeM-
nepatypbl T4, ¥ T'gy, B COCTOSIHHE, B KOTOPOM TeMIepaTyphl Te/l PaBHEL
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T4 n Tp. Ilpupamenye SHTPONUK B XOJ€ 3TOr0 MpoLecca paBHO
AS=AS,+ ASB =

CdT S car _ Tx Tg T Tp
Cln=2 +Cln-=2=Cln—
T+ T p0 + Tgo T 20T o
Ao

IlpuusiB Bo BHuMManue, uto T,=Ty+o, Tg=Tg—a (a=Q/C=0),
npeactaBuM AS B Buje

. (T 20+2) (Tgo—0) . _« (T 20— T o) _ a?
AS=Cln T 4:Tgo =Cln (1 T 40T 8o T 40T go ) )

Tockonbky T 40>Tp, BHIpa)keHHe B CKOOKax MeHbILE EIUHHIBI H,
cnefgoBatenbHo, AS<C0. Takum o0pa3oM, Mbl NOKasajd, 4TO B XO4e
BOOOpAaKaeMoro Impouecca, NPOTHBOpeYallero BTOPOMY Hauany B ¢op-
myJupoBke Kiaysuyca, suTponus y6biBaeT, YTO NPOTHBOPEYHT 3aKOHY
HeyObIBaHUS! SHTPOMNHMH.

KenbBUHY npUHANIKHUT elle ofHa GopMyJHUPOBKa BTOPOro HayaJa
TepMoAuHaMuky, OHA 3BYYHUT CJEAYIOUWHM 06Pa30M: HEeE03MONCHLL MaKLEe
npoYeccoL, eOUHCIMBEHHOIM KOHEUHbIM PE3YAbIMAMOM KOMOPbLX A8UAOCE Obl
OMHAMUE OM HEKOMOpPo20 mMenqd OnpedeseHHO20 KOAUYECea Mmenaa it
npespawieHue 3moe0 meniq NOAHOCMbIo 8 pabomy.

Ha nepsobiit B3r/sifi MOXeT 10Ka3aTbCsd, YTO TAaKOH (GOpMyJHpOBKe
NPOTHBOPEUYNUT, HaNpuMep, IPOLECC H30TEPMHYECKOrO pacllHpeHHs
HjeanbHOro rasa. [leficTBUTEeNBHO, BCe NOJYUYEHHOE WAEAJbHBIM Ta3oM
OT KaKOro-To TeJia TeIlJIo NpeBpallaeTcsi NMOJHOCThI0 B paGory. OxHako
HOJIyYeHHe TEeIJIa U NpeBpalleHte ero B paboTy — He eHHCTBEHHBIH KO-
HeYHBIH pe3yJbTaT Npollecca; KpoMe TOro, B pesyJibTaTe Mpoliecca
MPOUCXOJUT M3MEHeHHe oObeéMa rasa.

B TensnoBoil MmauinHe npeBpalieHHe Tenja B paGoTy o0si3aTesibHO
COMpPOBOXKAAETCS JOIONHUTENbHEIM IPOLECCOM — llepefiauell HEeKOoTo-
poro KosuyectBa Tenmja Q; Gosiee XOJIOAHOMY Tesay, BCJEACTBHE 4Yero
nojyyaemoe or 0oJiee HarpeToro Teja KOJHYECTBO Tela @, He MOXKeT
OBITH NpEeBpaileHo NMOJHOCTbIO B pabory.

Jlerko y6eauTbcst B TOM, YTO yTBepaKAeHHe, cojeprkaieecss B popMy-
JaupoBke KenbBUHA, JIOTMYECKU BBITEKAaeT M3 yTBEPKIEHHS, 3aKJ/IOYa-
toiierocst B gopmy.auposke Kaaysuyca. B camom pene, padora moxer
GLITb TOJHOCTBIO NpeBpalleHa B TelJo, HampuMmep, NpH [OCpencTBe
tpenusi. IToaToMy, mpeBpaTHB C IOMOLLBbIO Mpolecca, 3alpelieHHOro
tdopmyspoBKoil KesnbBHHA, Temso, OTHSITOE OT KakKoro-HMOyAb TeJa,
NOJIHOCTBIO B paboTy, a 3aTeM NpeBpaTHB 3Ty paboTy NpuU MOCPEACTBe
TPEHHs B TeIJo, coofllaeMoe APyromy Tesay C Gojiee BHICOKOH TeMrie-
paTypoli, Mbl OCYIIECTBHJH Obl IpOIECC, HEBO3MOXHBIH COIVIACHO
dopmyapoke Kaaysuyca.

Ucnonb3ysi nporecch, 3amnpeliaemMble BTOPLIM HayaJoM TepMOAMHA-
MHKH, MOXHO ObL10 OBl CO3AaTh JBHraTesb, COBEpILaOIHHA paboty 3a
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cyeT TeIJa, NMOJYyYyaeMoro OT TaKoro, HanpHMep, NMpaKTHYeCKH HeHc-
yepraeMoro HCTOYHHKA SHEPTHH, KaK okeaH. IIpakTuyeckH Takoi JBH-
rateab Gbll Obl paBHO3HAauYeH BeyHOMY jBHrateso. [lostomy Bropoe
HayaJ/I0 TepMOJMHAMHKH HHOrJA (opMyJHpyeTcs CJAEAYIOWHM 06pasoM:
Heso3MOdiCer nepnemyym mobure 6mopoeo poda, m. e. maxotl nepuodu-
wecku Oeticmsyrouyuti 08uesamens, Komopeui noayuas 6or menio om 00Ho20
pesepsyapa u npespauyas 3mo menao NOAHOCHbIO 8 padomy.

§ 105. Luxa Kapho

U3 ckaszanHOro B npefuiayIuemM naparpade cjienyer, 4To Aas paGoThl
TEeNJIOBOTO JBHraTtesisi HeOOXOAUMO HaJMuue JBYX TENJIOBHIX pe3epBya-
poB. OT ofHOrO U3 HHX, HUMelollero Gosee BLICOKYIO Temmeparypy Ty
H HasblBaeMOro HarpeBaTeJ e M, JABHraTelb NOJNyd4aeT B XOJe
IMKJIa KOJIHYECTBO Tems1a Q; BTopoMy, HMmelomeMmy Gojiee HHU3KYIO TeM-
neparypy T, ¥ HasblBaeMOMY X OJOJ HJ b H U K OM, JBHrareib
otxaer temio Q.

JonycTiM, 4YTO TemJIOEMKOCTb pe3epByapoB GecKOHEUHO BesnKa.
Dro o3HauaeT, YTO NOJyYeHHe WJIH OT[aya pe3epByapaMH KOHEYHOro
KOJIHYeCTBa Tel/a He H3MEHseT HX TeMIeparypbl. BbisicHUM, KaKoii

jl/,r, 7
7 / 2 2
. |
’ {
72-——1’1 ll 7 : I
| 2 | L 1
I I g - s
A 55 a5
Puc. 105.1. Puc. 105.2.

05paTUMBbIH MK/ MOMET COBepluaThb pafouee BELIECTBO JBUraTeNs B
9THX YycaoBHsix. [lasi KpaTKocTH pabodee BELIECTBO ABHraTessl Mbl
OyJeM HasplBaTh MPOCTO TeJIOM.

PaccmatpuBaeMblil [UKJ, OYEBHAHO, MOXKET COCTOSATb Kak M3 Mpo-
IIeCCOB, B XOJie KOTOpPHIX Te10 OOMeHHBAeTCsl TEIVIOM C pe3epByapami,
TaK ¥ M3 NPOLECCOB, HE CONPOBOK/AOINXCS TENIOOOMEHOM C BHeLIHEH
cpeniofi, T. e. agmabaTHyecKux mporeccoB. B mpenpayiem naparpace
MBI YCTAHOBMJIM, YTO eJUHCTBEHHEIM OOPATHMBIM IPOLECCOM, COINPOBOXK-
JaoluMesl  TelJIOOGMEHOM ¢ “pe3epByapoM, TemmepaTtypa KOTOpOro
OCTaeTcsl HeM3MEeHHOMH, siBJsieTcs M30TePMHMYECKMH mnporecc, NpoTeKaro-
ILMH OpY TeMIepaType pesepByapa.

- TakuM o0pa3oM, MBI MPUXOAMM K BBIBOAY, YTO OOpaTUMBLIH ILHUKJI,
coBeplilaeMblil TEJIOM, BCTYHAOMUM B TeIVIOOOMEH ¢ ABYMS TEIJIOBBLIMH
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pe3epByapamy GeCKOHeYHO GOJbIIOH €MKOCTH, MOXKET COCTOATL TOJbKO
113 JBYX H30TepM (NIpU TeMIepaTypax pe3epByapoB) H ABYX ajiuabar.
Takoit LUK Obl1 BrepBble BBEJEH B paccMOTpeHHE (PaHIy3CKHM HH-
»xenepoM Camu Kapno u Hocut HasBanne M kJaa Kapxo. Omve-
TUM, YTO LHKJ KapHo no onpejejeHuio o6paTHMBIH.

IIpy anuaGatuueckom npouecce d'Q=0. ITostomy coraacuo dop-
mysae (103.20) npu ofpatiMoM apuaGaTuueckom npouecce dS=0 u,
cJlefloBaTeNIbHO, SHTPONUSI OcTaeTcsl nocrosiHEof. Ha stoM ocHoBanuu
ofpaTuMblil aauabaTHuecKuil mpouecc HaspibaeTcss H33H TP O I H-
yecKHM Bocnonb3oBaBlIMCh 3THM TePMHHOM, MOXKHO CKa3aTb, YTO
KA KapHo cocTouT M3 ABYX M30TepM M ABYX H33HTpom. Ha nuarpamme
T, S 3TOT UMKJ BHIIVIIUT TaK, Kak nokasaHo Ha puc. 105.1. 3amerum,
uto BUA IukJa Kapno Ha auarpamsme 7, S He 3aBHCHT OT CBOHCTB TeJa
(MM cucTeMbl Ten), AJS1 KOTOPHIX OH M300paKeH.

Ha puc. 105.2 usobpaxeH HeKOTOpHIN IpouHecc, NepeBOAAIMH CH-
cremy u3 cocrosnus I B cocrosinue 2. CorsacHo (103.20) sneMeHTapHoe
KoJMuecTBO Tensa d’Q, moJyyeHHOe CHCTeMOH, MOXKeT OBITb NpejcTaB-
JeHo B Buje T dS. CnenoBartesibHO, NJOLWALb 3aITPUXOBAHHOH NOMOCKH
Ha puc. 105.2 paBHa d’'Q, a nuowanb GUrypel, OrpaHHueHHON KPHBOH
1—2, Haer XoJIMYecTBO TelJa, NoJyJyaeMoro CHCTeMOH B XOje nporecca.
AnasornyHo nuomanb GUrypel, orpaHiueHHONH KpHBOi, H3o6paxaiomeil
nponecc Ha guarpamme p, V, xaer pabory, cOBepllaeMylo CHCTeMOM
B XoJie mpoiecca (cM. puc. 84.3).

B cooTBeTcTBHM €O CKasaHHEIM NJoOUlaAb IHKJAa Ha puc. 105.1
JaeT KOJMYeCTBO TeMJa, I0]1y4aeMOro CHCTeMOH B Xoje LHKJa (OHO
paBHO Q;—Q;). AHaJorM4HO MJOWAAL LUKJA Ha Auarpamme p, V aaer
paboTy, coBepllaeMyio cCHCTeMOH 3a uuka (cM. puc. 84.4).

KouanuecTso Tenna, nonydsaemMoro cHCTeMoil B XOJe NPOH3BOJIBLHOIO
06paTHMOro npounecca, MOXHO BBIUHCJAUTH 0 (opmyJe

Q= § T dS (105.1)
1

(cp. c (84.3)).

Hafizem k. n. x. unkaa Kapro. CoBeplunB LMK/, cHCTeMa BO3Bpa-
Haercst B HcXopHoe cocrosHue. CrefloBaTesibHO, IIOJNHOE H3MEHEHUe
IHTPONMHU 33 LMKJI paBHO Hymo. Ha yuactke [—2 (cMm. puc. 105.1)
cHcTeMa ToJ1yyaeT OT pesepByapa c Temneparypoil T KOJHUYECTBO TemJa
Qq. TlpupameHne sHTPONHM Ha 3TOM YYacTKe paBHO

Ha yuactke 3—4 cucrema oTiaer pesepByapy ¢ Temmepatypoil T, Ko-
anuectBo Tenna Q;. OTHsiTHe y Tesa Tensa Q; 3KBUBAJIEHTHO cooOLle-
HHIO Teay Temna —Q;. IlosToMy npupanleHne SHTPONHH Ha Y4YacCTKe
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3—4 paBHO

_ =%

2

o:L_—j,,.

4
Asu = S
3

Ha yuactkax 2—3 u 4—I sHTponus noctosinHa, Takum o6pasow,
no/HOe INpHpalleHHe 3SHTPONHM 32 LMK PaBHO

[ONEN

ASm + A534= %—'QT‘— 0. (105.2)
Hs (105.2) caepyer, uto
Q _Ts -
"Q—— T, * (1003)

Bripaxenue (104.5) f1s K. 1. A. TenJoBo# MallHHBI MOXHO Hpej-
CTaBUTb B BHJE

_ Q=@ __ Qi
=7 1— < (105.4)
3aMeHUB B 3TOM BblpaxKeHHH oTHoweHue Q;/Q; B cooTBercTBHHE ¢ (105.3),
TOJTYYHM, YTO

n=1_4=T, (105.5)

Tpu BuiBozie opmy.inr (105.5) Mbl He fesain HMKAKHX Npeosoke-
HUE O cBoficTBaX pabouero BelllecTBa M yCTPOHCTBE TENJIOBOH MaIIHHHL.
CrefoBaTe/ibHO, Mbl TNPHXOIUM K YTBEPXKAEHHIO, 4TO Koaghpuyuenm
noae3Ho2o Oelicmsus 6cex 00pamuMblX MAUUR, pabOMawux 8 udeHmuy-
Hotx ycaosusax (m. e. npu 00HOU u mot e memnepamype Haepesames
U X0A00UAbHUKQA), 00UHAKO8 1 onpedensemcs MOALKO Memnepamypami
HaepesameAs U X0A00urbHuKa. STO yTBEPHKIEHHE HOCHT Ha3BaHHE
TeopeMn KapHuo.

PaccmorpuM HeoOpaTHMYylO MalllMHy, paboTawILyld C TeMU Ke
HarpeBartejieM ¥ XOJONMJIBHHMKOM, 4TO M ofpaTuMas MalllMHa, paGora-
roimas no uukay Kapso. Ilycre no 3aBepiieHuy ILMKJa MailliHa BO3-
BpallaeTcss B HCXOZHOE COCTOSIHME, KOTOpoe Mpl OyJeM CYHTaTbh PaBHO-
BecHbIM., Tak xak 3HTpoONHA sABAdeTcA (PyHKuUell COCTOSIHHsS, ee NpH-
palleHye 3a LUKJ JO/KHO PABHATbCS HYJIO:

$as=o.

TTockonbKy mponecchl, 3 KOTOPBIX COCTOMT LHKJ, HEOGPAaTHMBI, AJIst
’
Kax/I0ro 3/1eMEHTapHOro npolecca HMeeT MecTo HepaBeHCTBO dS > %:Q-

(cm. (103.21)). CnepoBatesbHO, M3 YCJ0BUS PABEHCTBA HYJIO MOJHOIO
npupalienus SHTPONHH 3a IHKJ BbITEKAeT, YTO

0=gds> 2L,
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OTKyJa
d'Q <0
$r <0
Pa3o6beM MocjefHHil MHTErpaJ Ha YeThipe C/araeMbIX:

F={F R [ Feo
T Anl T, An2

[TepBoe ciaraemoe OTBEYAeT IpoOLECCY IOJNYYeHHs OT pesepByapa c
Temnepatypoil 7T; KoJuuecrBa Tel-
z Ja Q; (3T0 KoJMYecTBO Temja He
A 006513aTeJIbHO COBMNAJAeT C KOJIHYeCT-

BOM Temja @y, KOTOpoe MoJyyaer
3a LMKJA ofpatuMas Maiusa), Bro-
poe claraeMoe OTBeYaeT IepBOMY
anuabaTMYecKoMy Y4YacTKy LUKJa.
Tperbe cjaraeMoe oOTBeyaer Npo-
Heccy nepenaudl pesepByapy C TeM-
nepatypoit T, KosauuectBa Temsa Q
(3T0 KoJiMuYecTBO Temsja He o00si3a-
TeJIbHO COBNaJaeT C KOJHYeCTBOM
Tensia Q;, KOTOpOE OTHAeT 3a LHKJI

(7=95) obpatvmasi Maiuuua)., Hakonern, ver-
BEpPTOE cJlaraeMoe OTBeyaeT BTO-
poMy ananabaTHYecKOMY Y4YacTKy LH-
kKn1a. Ha aguabaTuueckux ydacTKax
d’Q=0, m[O3TOMY COOTBETCTBYIOILHE
HHTerpanbl paBHbl HyJo. MHTerpas, oreuaiomuit yuactky Ty, pa-
Ben Q,/T; (HamOMHMM, YTO B Cjyyae HeoGpaTHMOTO Ipouecca B 3Ha-
MeHaTeJsie oTHoueHHsl d’Q/T crouT Temmeparypa pesepByapa, OT KOTO-
poro faHHoe TeJso nosydaer Temio d'Q). Murerpas, oreevaromuil yacr-
Ky T3, paBen —Q;/T,. TakuMm 06pa3oM, Mbl IPHXOAUM K HEPAaBEHCTBY

Puc. 105.3.

Q__ Q:
T;—Tg < 0. (105.6)
HMa (105.6) mosnyuyaem, uto
Q Ty
Q > Ty
I, ClleJoBaTeNbHO,
1@ T Ti=Ty
n=1 0, <1 = (105.7)

[TonyyeHHBIH pe3y/bTaT O3HAayaeT, 4TO K. 1. A. HeOOpPaTHMOH MaILMHLI
BCerja MeHblle, ueM oOpaTuMoll, paboTamliell B TeX Ke YCIOBHSX.

Bun nukna Kapro Ha muarpamme p, V 3aBHCHT OT CBOHCTB cOBep-
[aWero LUK/ BemecTBa, [l ujeanpHOro rasa UMKJ BBIMVISIUT
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TaK, Kak nokasaHo Ha puc, 105.3. Koadduuyest nonesHoro jefictsus
IIMKJ1a Kapﬂo AJig HAEaJIbHOro ra3a MOKHO BBIYHCJIHTb, HE npnéeraa K
HAXOXJEHHIO NPUpAIeHHsT SHTPOMUH.

[Tpu H30TepMHYECKOM NpOLECCe BHYTPEHHSISI SHEPTHUsl HA€aNbHOro
rasa oCTaercs MOoCTOsiHHO. II03TOMYy KOJIMYECTBO NOJyYEHHOrO rasoM
Temsa Q; paBHO paGore A;,, coBepuaeMoif ra3oM IpH Iepexoie H3
cocrosinusg I B cocrosinue 2 (puc. 105.3). dra pabora cornacHo (90.8)
paBHa

Q1=A12=7"‘2—RT11n%, (105.8)

rjie m — Macca HueajbHOro rasa B MamuHe. KosuyecTBo oTaBaeMoro
XONIOAUNBHUKY Temna Q, paBHO paGore A;,, saTpaunBaeMOil Ha cxKaTue
rasa HpU InepeBofie €ro U3 COCTOsiHUSI 3 B cocrosiHue 4, Dra paboTa
paBHa

’ r m V
Q;= A3, =7 RT, lnT/%. (105.9)
Jist Toro 4To6bl UMKJ GbLI 3aMKHYTBIM, COCTOSIHHST 1 U 4 JOJIKHEBL
JeXaTb Ha OJHOH M Tol ke ajauabate. OTClOfa BHITEKAaeT YCJOBHE
T VY t=T,Vi (105.10)

(cM. ypaBHeHnue ajuabarel (88.4)). AHajOruyHO, MOCKOJBKY COCTOSI-
Husl 2 ¥ 3 JiexxaT Ha OJHOH U TOH ke afvabaTe, BBLINOJHSETCA YCJIOBUE

T,V¥ =T,y (105.11)

Hens (105.11) Ha (105.10), npuxomuM K YCJIOBHIO 3aMKHYTOCTH I(MKJa;
vV vV

V:—=V—Z . (105.12)

Tenepp nopcrasum (105.8) u (105.9) B Beipaxenue (104.5) aas
K. . I.:

m V2 m V3
_ —M-— RT1]n V]_ ——M- RTg]I'l V—4
= 2 RT.In Ve )
MY
Hakomren, yurs ycnosue (105.12), mosydum BbipaxeHue
T,—T
n=—7

Koropoe cosnafaer c¢ (105.5).

§ 106, TepmoauHamuuecKasi ILiKaja TeMmmepaTyp

Ilokasannasi B mpeApAyIleM naparpage Teopema O He3aBHCHMOCTH
K. 1. . 0OpaTHMBIX MAIIMH OT CBOHCTB pPabouero BeilecTBa NO3BOJISIET
YCTaHOBHTb TeMIEpaTYpPHYIO IUKaJjy, He 3aBHCAILYI0 OT BbIGOpa TepMo-
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METPHYECKOro Tea, B cOOTBeTCTBHM C yKa3aHHOI TeopeMmoil BeslMuYHHA

=—aq Q’

a clefoBaTesbHO, W OTHOWeHMe Q;/Q; nna uwmkna Kapao, 3aBucsiT
TOJIBKO OT TeMIepaTyp HarpeBaresss ¥ XoJoiuabiuka. OGo3nauuB
BeJIMUMHBI 3TUX TeMIepaTyp IO- HEKOTOpOH, IIOKa He H3BeCTHOH HaM
LIKaJjle yepe3 Uy M U,, MOXKHO HamucaTb, 4To

%27=f_(&1-, 3), (106.1)

rae f(%i, 9;) — yHHBepca/ibHasi (T.e. OZMHAKOBas IJisl BCeX IUKJOB
Kapuo) ¢yHKIMS TeMrepaTyp HarpesaTelsi H XoJonuibHuka. CoorHo-
utenue (106.1) maeT BO3MOKHOCTB ONpENENATb TeMIepaTypy Tesa yepes
KOJIYyecTBa TemJa, NoJiydaeMble M OTAaBaeMble NMpUM IHKJaIax KapHo.

Hokaxem, yro ¢pynkuus (106.1) objagaer caeAylOmEM CBOHCTBOM:

09
FOo 8) =g (106.2)

rae 0(0) ectp omarh-Taku YyHHMBepcaJbHasg (QYHKIUS TeMmIoepaTyphl.
PaccMoTpuM iBe ofpartumele Mamuuel My 1 M, (puc, 106.1), Xxonoaub-
HHK OJHOH H3 KOTOPBIX CJY2KHT OLHOBDEMEHHO HarpepaTesjeM JJis
npyro#i. Ilpeanosioxxnum, 4TO BTOpasi MalliXiHa OTOMpAaeT OT pe3epByapa
¢ TemnepaTypoll ¥; Takoe e KOJHYECTBO Tellsla, KaKoe OTAAeT eMy
neppasi MallHHa.

" i mammae My Qi=Q;, Q;=@Qy;. CrenoBaTe/ibHO, COOTHOILEHHE
(106.1) zns 3Tol MalIMHBI MMEET BUI,

2 (B0 8. (106.3)
Jdna mammasl M, Qi=Q,;, Q=Qy;. [Tostomy corsacho (106.1)

LQm _

o =f (84, B,). (106.4)

PaccmarpuBas Mammusl My n M,, @ Tak:ke pesepByap ¢ TeMmneparypoi
{4; XKaK emuHyl0 O6paTHMYIO MALIMHY, MOJydYalollylo Temao Q; or Ha-
rpeBaTesist C TeMIEepaTypod U3 U OTHAIOLLYIO Temao Q) XOJOIUIBHHKY
¢ TeMmIepartypoit ¥,, MOXKHO HamnucaThb:

A f (3, B,)- (106.5)

Paspenus (106.5) na (106.3), nomyuum, uto

Qui __ (05, )
Qu [0 01 °
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CpaBrenue atoro Beipaxenus c (106.4) mpuBOZMT K COOTHOLUEHHIO

Bz, O
F(8 8)=Tegd, (106.6)

D10 COOTHOIIEHUE CBSI3bIBaeT TeMHepaTypsl 43 ¥ &5 ABYX Tes, mpHueM
B HeM QurypHupyeT TemmepaTypa Vs TPeTbero Teja. ¥ CJIOBUBIUHCH pa3
U HaBcerja o Belfope 3TOro Tena, T. €, ciesaB ¢; HEH3MEHHOH, MBI CBe-
nem GyHruuio f (%3, §), crosuyio B 4uc/aHTeNIe U 3HaMeHaTtese GHopMYy.Jibl
(106.6), x ¢ynkuuu opuoit nepemenHoit $. OG03HAUUB 3Ty GYHKUHUIO
uepe3 0 (%), mer mpuaem x dopmyae (106.2).

Oyuxiug 0 (3) 3aBucUT TOJABKO OT TeMmnepartyprl. ITosTomy ee 3Ha-
YeHHUs] MOXKHO HCIIONb30BaTh A/ XapaKTePHCTHKH TeMIepaTypbl COOT-
BETCTBYIOLIErO TeJa, T. €. IoJaraTh- TeMIepaTypy
Tena paBHod O, rae 0=0(9). Torga BhipaxeHue
(106.1) npumer ciepyomuil BUA:

Q8 (106.7)
Q 0y
CootHomennte (106.7) noMOXKEHO B OCHOBY Tak
Ha3blBaeMoH TEpMOAMHAMHUUYECKOHN

mxaJap Temnepartyp. Ilpeumymecrso
3TOit NIKaJBl 3aKJ0YaeTcsi B TOM, YTO OHA HE 3aBH--
CUT OT BeiGopa Testa (paGoyero BellecTBa B LUKJE
KapHo), ucrnonb3yemMoro Ajisi M3MepeHUs Temmnepa-
TYPBHI.

B cootBerctBuu ¢ (106.7) xana comocraBie-

HHsI TemmepaTyp JBYX Tesl HYXKHO OCYILECTBUThb
mukJ KapHo, Hcnosb3ysi 3TH Tea B KayecTBe Ha-
rpesate/isi U xojoaunbHuka. OTHOLIEHHE Kosuye- Prc. 106.1.
CTBA TEIa, OTJAHHOI'O TeJY — «XOJOXUJIBHUKYY,
K KOJIMYECTBY TemJia, OTOOPaHHOI'O OT Tejla — «HarpesaTessi», AacT OT-
HOILEHHEe TeMNepaTyp paccMaTpuBaeMbXx Teql. s OfHO3HAYHOro Om-
pelesieHnsl YUCIEHHOro 3HaueHHs1 0 HeoO0XOomMMO YCJIOBHUThCA O BhIGO-
pe eIMHHLBI TeMIepaTryphl, T. €. rpafyca. 3a aGCo/OTHBIA rpajyc npH-
HHMAaeTcsl OfHa COTasi Pa3HOCTH TeMIepaTyp Kumsuield mpu atMocdep-
HOM JaBJIEHHH BOAB! M Talolero Japaa. Takum obpasoM, rpaayc abco-
JIOTHOH TepMOAMHAMHYECKOH LIKaJbl PaBeH rpajycy HAeaNbHOH raso-
BO#l LIKAJIBI. }

Jlerko ycCTaHOBHUTb, YTO TepPMOAMHAMHUuecKas LIKaJa TeMIepaTyp
CoBMajaer c ujeanbHOH rasoBoi mKaaol. [eficTBUTE/NbHO, B COOTBET-
creuu ¢ (105.3)

Q _ Ty (106.8)
Q T

Conocrasassa (106.7) ¢ (106.8), monyuum, uto
62 T2

— I e

6; Ty °
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CnenosartensHo, O nponopuvoHaibHa T M, MOCKOJABKY rpajayc oGenx
mKaa ojpusHakoB, 0=T,

§ 107. INpumepsl HA BLIYUCREHHE 3HTPOMHM

duTponust siBaseTcs ¢GyHKUMed cocTosHus. IlosToMy oHa nomxua
3aBHCeTb OT IIapaMeTPOB, OIPEeeNsIOMMX COCTOsHMEe cHcTeMel. Ha-
npyMep, OHA MOXKeT ObITh NpeicTaBjeHa KakK ¢yHkuus p u T, nubo
kak ¢yskuust V u T u 1. 1. JomycTuM, 4TO KaKoe-TO TeJl0 HAarpeBaercs
NpPH TOCTOSIHHOM JIaBJIEHMM p OT a6COJIOTHOTO HYJs JO TeMIEpaTyphl
T, npuueM mporecc HarpeBa NPOMCXOAUT obpartumo. Torha corsiacHo
(103.20) u (87.2) suTponus Tesa mnpu AaBJeHHA p U Temneparype T
onpezessieTcs BblpakeHHeM

C T)dT
0

rae C,(T) — TerioeMKoCTb Tejla IPH IOCTOSHHOM JAABJIEHHH, KOTO-
past dBaseTcs GyHKUHMell TemmepaTyphl. AHaJOrMYHO SHTPONHS Kak
¢dyHKIus obvema V u temnepatypet 7 MoxeT ObITh IpeAcTaBJeHa B BHJE

T
Mun:}ﬁ%i, (107.2)
0

rae Cy — TEmJIOEMKOCTb Tesla MPU TOCTOSTHHOM oGbeMme,

M3 ¢opmyan (107.1) u (107.2) crnenyer, uro Temsoemroctd C, u
Cy (a TakXe ¥ TemJOEMKOCTb NpH JI0O0M APYroM Iporecce) o6pama-
I0TCSL B HYJIb TpH aGCOMIOTHOM HyJe. [leficTBHTeNbHO, ecu OBl Temio-
€MKOCTb He CTpPeMHJIach K HYJI0, TO INOABIHTErpasbHas (GyHKUUS Npu
T — 0 HeorpaHHyeHHO Bo3pacTaja Obl, BCJIEJCTBHE YEro HHTErpaJ Gbli
6b1 pacxomsmuMcst (T. e. obpamajcs 6bl B 6€CKOHEYHOCTD).

1. 9uTponusa upeanbnoro rasa. B §103 6buio
Ha#feHO BbIpaXKEHHEe MJIsi SHTPONMHMU OJHOATOMHOTO HJEaJbHOIO rasa
(t. e. rasa, y xoroporo Cy=>%/,R). Tenepb, HCIOJb3ysl COOTHOLIEHHE
(103.20), mosyuuM BHIpaxKeHHe JJIs1 SHTPONHMM HJeaJbHOIO rasa c
JIOGHIMH MOJIeKYJ1aMu. ITOCKOJIbKY SHTPONHUSI aJNUTHBHA, JOCTAaTOYHO
HalTH ee 3HAauYeHHe IJisi MoJsl rasa S,. DHTPONUS MNPOM3BOJBHOTO
KosnnuyecTBa rasa Gyner paBHa S= (m/M)

Bypmem xapakTepu3oBaTb COCTOsIHHE BelLleCTBa napamerpamMu V
u T, OOHAKO paccMaTpuBaeMblil Tpouecc He OyJeM CUHTaTb H30XOpH-
yeckuM, CorsiacHo TeopeMe Hepucra u ¢opmyase (103.20)

v, 7)
n d/Q
&mm=57n (107.3)
0

rae cumsodiom (V, T) oGo3HaueHO cOCTOsIHME rasa (Mmeercsi B BHAy V
mosisi). HMHTerpupoBanHyue NPOH3BOJMTCA IO TPOH3BOJBLHOMY OGpATH-
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MOMY TNpOLIecCY, TIEPEBOASILIEMY BELeCTBO U3 COCTOSIHHS NPH a6comoT-
HOM HYyJIe B COCTOSIHHE, XapaKkTepHayemoe o6beMoM V u Temnepatypoii 7.
BosbmeM oGnem V, u temnepatypy T, IpH KOTOPBHIX BeLIeCTBO 3a-
BEJIOMO ABJISIETCS MJeaJbHBIM ra3oM, U pa3o0beM HMHTErpas B ¢opmyJe
(107.3) Ha pBa:
(Vo' To) (V' T)
d’ d't
sav, = L2+ | F. (107.4)
0 (Vo: Tll)
IepBriit HHTErpas eCTb HEKOTOPOE YHCJIO, KOTOPOE MBI OGO3HAYHM Yepes
S (V,, T,). Bropoii unterpan sisasierca ¢pynxuneir V u T. UToGbl HallTH
Buj 3Toi ¢yHKuuM, npexcraBuMm -d'Q B Bume d'Q=C,dT-+pdV (8
NPOMEXYTKE HHTEIPUPOBAHMA BElIECTBO BeNET ce0s KaK HAealbHblil
ra3). PasnemuB d’'Q Ha T M 3aMeHMB B COOTBETCTBMH C ypaBHEHHEM
cocrosinus p/T uepes R/V, nonyqum:

VI g ¢ cyar RdV T 14
S L= +S =Cylng—+RIn-.
(Vm To) To
Taxum obpasoM, ¢opmyna (107.4) npuunmaer BUJ
S, (V, T)=8S{V, Ty)+Cy ln +R1n (107.5)

IIpeoGpasyeM 5Ty (oOpMysy CleLyIOMmHAM 06pa30M 1):
Sy=CyInT+RInV4S,, (107.6)

rae S, — xoHcranta, pasHas S (V,, To) — InTy — InV,.

OrMeTHM, YTO B COOTHOIIEHHSI, C KOTOPHIMH MPHXOAHTCS MUMETh LEJ0
Ha NPaKTHKe, OOLIYHO BXOAAT THGO NPOU3BOJHBIE SHTPONMK TO Mapa-
METPaM COCTOSIHHS1, JIHGO H3MEHEHHe SHTPOnuH. B sTux ciyuasx Haxox-
JIeHNe 3HAYeHHs] aJAUTHBHON IOCTOSIHHON B BBIPAXKEHHH IJISi SHTPOIUH
OKa3bIBA€TCST U3JHIIHUM.

®opmysa (107.6) naer BhipaxkeHHe SHTPONHH MOJS WJEaJbHOIO
rasa B nepeMeHHbX ¥V ¥ 7. C noMolLbl0 ypaBHEHHS COCTOSIHHSI MOXKHO
nepeiTH K BHIPAXKEHHSIM SHTPONUH B APYTHX MepeMeHHbIX. IToAcTaBUB
B (107.6) V=RT/p, noayuum ¢opmy.y

S8,=CyInT+RInR+RInT—RInp+S,.
Yurst, uro Ans upeanbHoro rasa Cy+R paBHO C,, MOXHO HaIHCaTh:
Su=C,InT—RInp+S;, (107.7)
rae S¢=S,+RInR.

1) He cuenyer cMymaThCs TeM, UTO MOJ 3HAKOM JIOTapH¢Ma CTOMT pasMepHast Be-
JanYnHA. B BhIpaXenusix, cogepxawux In f, Bcerna umeercs caaraemoe, BKJIOuaioLiee
In fo(fo— KOHCTaHTa) C TAKHM 3HAaKOM, YTO ln fuln f, moryt LTl 06BEAHHEHE! B OIHO
taraemoe BHJa In (f/fo).-
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Hakonen, samenns B {107.6) T uepes pV/R, npuaeM k ¢opmyde
Su=Cylnp+C,InV+Sg, (107.8)

rae S;=S,—CyInR.

2.9HTpPpONUS BO L. V3MeHeHUST TeN0OEMKOCTH BOAH! B HH-
tepBaJie ot 0 1o 100°C ne npessbimator 1%. [TosToMy B yka3aHHOM TeM-
HepaTypHOM MHTepBaJe YAeJbHYIO TeNJIOEMKOCTh BOABI MOKHO CUHTATh .
nocTosHHON ¥ paBHO#l c=4,2 k[Ix/ (xr- K). CooTBercTBeHHO, 0603HaYUB
uepe3 s (273) yZAeJbHYIO SHTPOMMIO XHAKOH Bomsl mpu 0°C, a uepes -
s(T) — yneJbHYIO SHTPONHIO BOALI NpH Temneparype T (273<<T<<373),
MOXHO HamHcaTh, 4TO

T
s(1)—s@79= { A —clngre,
273

OTKyZa
s(T)=cInT+4{s(273) —cIn273} =cIn T 4-const. (107.9)

3.laMeHeHUEe SHTPONUU NPHU NJAaBAEHHHU Ectu
JaBJIeHHe He M3MeHseTcs, TO IJaBJeHHe NPOMCXOAUT MpPH MOCTOSHHOI
temneparype. COOTBETCTBEHHO NpHPaIMIeHHe YAeJbHO SHTPONHH PaBHO

KH WHAK

_ e _ 1 'Q = Jux_ .
& TB Toa  Tia S dQ_Tnu, (107.10)‘

B

THE ., — YHeNbHas TemjoTa naasjeHus. [Ipu saTBepaeBaHuy BelecTsa
yAe/bHasl SHTPOMUS YMEHbILAETCS Ha TAaKYI0 XKe BEJMYHHY.
dopMysia IJis NPHPALIEHHsl YAEJbHOHl SHTPONMH NP HCIApeHHH
orauuaercs ot (107.10) aumb TeM, 4TO BMECTO TENJIOTH ¥ TEMIEPATyPhl
NJ1aB/ICHHST B Hee BXOAAT TENJOTa HCMapeHHsl U TeMIepaTypa KUIIeHHd.,

§ 108. Hekotopble npumeHeHHS IHTPONHH

"Bo3bMeM B KauecTBe HE3aBHCHMBIX MapaMeTpOB, XapaKTepH3y-
IOWMX COCTOSIHHE HEKOTOpOro BemlectBa, oGbeM V u temneparypy T.
Torna BHyTpeHHsIs SHeprus BelllecTBa GyleT ¢YyHKIHMeH 3THX mapamer-
poB: U=U(V, T). B stoM ciiyuae BripaxeHHe epBOro Hayaja Te€pMo-
JMHAMHKM HMeeT BHJ %)

d'Q= (%)Vdr-l-(g%)rdv-i-pdv. (108.1)

") Moansit pudpdepennnan GyHkuun f (x, y) mepeMeHHBIX X W Yy Ompelesercs
BBIpaXieHHEeM
of of

Dro BHIpaXeHHe NaeT npupalenne GyHKuuH f (¥, y) B TOM Clyuae, KOria nepeMeHHbie
x ¥ y NONYHaIoT NPUpALeHHs dx H dy (cM, dopmyay (22.8)).
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B TepMoaHHaMuKe NPHHSATO YacTHEE NPOH3BOAHBIE (YyHKUMH MO mapa-
MeTpaM COCTOSIHHH CHaGxKaTh MHAEKCOM, YKas3bIBalOILHM, KaKOH mHapa-
METp ImpeinoJaraercs npd IudxpepeHUHPOBAHHM IOCTOSTHHBIM. 3JTO
HeoGXONMMO B CBSI3H C TeM, YTO, HanpHMep, MOXXHO pacCMaTpHBAaTh
yacTHylo npoussofHyio U mo T npH ycjosud, 4to p=const. dra npo-
u3Bojnas obosHauaercst cumsosioM (GU/0T), u, BooGlue roBops, HMeer
MHOe 3HayeHue, ueM (QU/AT),. :

PasnenuB Buipaxenne (108.1) ma T, monyuum npupaineHue 3HT-

pomnuu:
as ={-+ (55), par +{+[(Fr), +r]} . 082)

PaccMatpuBasi SHTPoONHMIO Kak (yHkuHio napamerpoB V u T, MOxHO
NpeACTaBHTb NPHPALLEHHE SHTPONMH B BHJE

5= (32), 4 (3),
Cpasuenne ¢ (108.2) maer, uto
('g_?')v =% (%[T]-)v ! (g_g)r =—7]"— [(%(VL)T + p] . (108-3)

CmeluaHHble 4acTHble NPOM3BOAHbIE HEKOTOPOH (yHKuMH f(x, Y)
YIOBJIETBOPSIIOT YCJIOBHIO
o°f o*f

0x0y  0yox *
B COOTBETCTBHM ¢ 3THUM
9 (oS __0 (oS
oV \oT Jv— oT \aoV Jr°*

IloncranoBka B 3TO paBeHCTBO Bhipaxkenui (108.3) mpuBomuT K COOT-

HOMEHHO a7 ()= {7 [(5). +7] -

OcymectBuB audxpepeHIYPOBaHHE, HONYYUM

1 oW 1 [({oUu 1 [ o ap
Twor — Tt [(W)r+p]+‘f [arav +(’6T)v]'
IMTpuHaB BO BHUMaHME, YTO QU QU p UM K '
p » 910 Gy o7 =T oV » UPUXOMMM X (opmye
au ap

dopmyna (108.4) xapakrepusyer 3aBUCHMOCTb BHYTPEHHeH HEPTHH
oT.obbeMa. IIpuMeHNM ee /151 HaXOXKIEHHST BHYTPEHHEH SHepruu uje-
aJIbHOTO M BaH-/lep-BaaslbCOBCKOTO TIasoB,
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Ins  wupeansHoro rasa p=RT/V. Cnenosatensno, (0p/0T)y=
=R/V. loacranoska storo 3HaueHus B (108.4) paer, uro
(au R
(0_V>r =Ty—r =0.
TToNyyeHHbI pe3y/bTaT O3HAYAET, YTO BHYTPEHHSS SHEPTHs HIeab-
HOrO rasa He 3aBMCHT OT ofbema. B § 87 Mbl nmpuuuM K Takomy xe
BEIBOLLY, OCHOBHIBAsiCh Ha TPENOJOKEHHH 00 OTCYTCTBHH B3aHMOJEH-
CTBHS MEXIY MOJeKYJaMH. ‘
V3 ypaBHeHHS COCTOSIHHSI BaH-Jiep-Baa/bCOBCKOro rasa (cM. (91.2)
cleayer, 4To

RT
p=V__F—% . (108.5)

op R
(51—');/ =v=5 "
IToactaBuB 310 BhIpaxeHue B ¢opMyay (108.4), monyuum
U\ _ _RT _ _ a
(W)T‘———v_b P=vr
(cM, (108.5)). IlpousBepss unterpupoBanue mo V, HaiigeMm, 4TO
=—+f (D).

Bun dbyukuun f(T) MOXHO YCTaHOBHTb, BOCIOJIB30BaBIIHCh TEM, UTO
npu V — oo BhIpaxeHHe IJisi BHYTPeHHeH SHEPruu BaH-Jep-BaaJbCoB-
CKOT'O ra3a JIOJKHO MepeXofuTh B BblpaXKeHHe MJIsi BHYTPeHHei SHepruu
upeasnsHoro rasa U=C,T. B urore Mel NpUXONuM K Bhpaxenuwo U=
=CyT—alV, xotopoe Obl10 mosyyeHo B § 91, McXois H3 ApPYrux
coobpaxeHuit (cMm. ¢dopmyay (91.6)).

Orciona -

§ 109. TepmoauHaMHyecKHe NOTEHLHAJBI

Bce pacueTel B TepMOIMHAMHKe OCHOBLIBAIOTCS HA HCIO/Ib30BAHUM
(QyHKIHHA COCTOSIHMSA, Ha3hIBaeMBIX TEPMOJHHAMHUUYECKHMHU
noTeHuuagawmu. Kaxnomy nabopy He3aBHCHMBIX NapaMeTpPoB
COOTBETCTBYET CBOH TepMOAMHAMHMYECKHI moreHnuas. Msmenenus no-
TEHUHAJIOB, IPOUCXOJsIIINE B XO4e KaKHX-JH0O0 MPONECCOB, ONPEAE/ISAIOT
JuGO coBepluaeMyro cHcTeMoil paboTy, JHGO MOJNydaeMoe CHCTeMOMH
TEnJo, ’ '

Ilpu paccMoTpeHHH TepMOAMHAMHYECKHX MOTEHUHANOB Mbl Gylem
no/b3oBaTbhess cooTHoweHuem (103.22), mpeacraBuB ero B BHje

TdS>dqQ. (109.1)

3HaK paBeHCTBAa OTHOCHTCA K OOpaTHMBIM, 3HAK HEPaBEHCTBAa — K He-
00paTHMBIM MHpoleccaM,
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TepMOAMHAMHUECKHE [IOTEHIIUAJBL IBJSIOTCS GYHKUMSMHA COCTOSIHUSI,
TTosTomy npupatienye JM060ro U3 MOTEHLHAN0B PaBHO NOJHOMY AHdpe-
peHuuany GyHkiuu, KoTopoil oH Beipaxkaetcs. Ilomdblit anddepennuan
¢yHkuuu f(x, y) NepeMEeHHBIX X M Y ONpEeAeJseTCs] BbiPaXKeHHEM

ar=(3), e+ (5 )

TTosToMy, eciu B XOfe NpeoGpas3oBaHuil Mbl OMYYMM AJIs MPHpAlIeHHsT
HEKOTOpO#l BEJIMYMHBI [ BRIpaXKeHUe BUJA

df=X (8, n)dg+Y (§, m)dn, (109.2)

MOKHO yTBEepXKIaTh, UTO 3Ta BeJHYHHA SABJAsSETCS QYHKIHEH napaMeTpoB

E u m, npuyem ¢pyukuuu X (§, ) u Y (§, ) npeacrasasior coboit yact-
Hble npou3BojHble ¢QyHKuUH f(E, m):

(%),=xG& . (&)=Y & w. (109.3)

Buyrpennsia sHeprug. C OXHMM M3 TEPMOAMHAMHUUYECKHX MOTEHIIMA-
JIOB MBI YK€ XOpOILIO 3HAKOMBI. DTO — BHYTPEHHSISI SHEPTHST CHUCTEMBI.
BeipaxeHue nepsoro HayaJia AJis 00paTHMOrO Npolecca MOMXKHO mpej-
CTaBUTb B BHje

dU=TdS—pdV. (109.4)

Cpasuenne c¢ (109.2) nokaseiBaer, YTO B KayecTBe TAaK HAa3bIBaEMbIX
€CTECTBEHHBbIX NMEepPeMEeHHbIX AJIs MoTeHnyana U BLICTYyNalOT NepeMeHHbe
S u V. U3 (109.3) cnepyer, uto

(%%)ﬁT’ (%_l;)s=_p, (109.5)

U3 cootnowenuss d'Q=dU-+d'A cnenyer, uto B ciyuae, Korja
TeJo He OOMeHHMBaeTcsl TeIIOM C BHELIHeH Cpejoi, coBepiuiaeMas ‘UM
pabora paBHa

' d'A=—dU
HWJIH B HHTErpajbHOH ¢opme:
A=U,—U, (aer Tenmoo6Mena). (109.6)

Taxkum o6pasom, NpH OTCYTCTBHM TeljiooO6MeHAa C BHeLIHeH cpexodl pa-
6ota paBHa yOblM BHYTPEHHEH 3Hepruu TeJa,
Ilpn mocrosiHHOM OGbeme

d’'Q=dU. (109.7)
CrienoBaTe/IbHO, TEIJIOEMKOCTb IPH MIOCTOSIHHOM OGBEMe paBHa

Cy = (%;’—)V (109.8)
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CsoGopnas aneprus. Corsacuo (109.4) pa6ora, npousBogumasi Te-
JIOM NpH OGpaTHMOM H30TEepMHYECKOM, Ipouecce, MOKeT ObiTh Mped-
CTaBJieHa B BHJE

d’'A=—dU~+TdS=—d (U—TS). (109.9)

d)yHKHHEO COCTOAHUA
F=U—TS (109.10)

Ha3LBalOT CBOGOAHOH 3Heprueil Tena.
B coorBerctBuM ¢ ¢opmysamu (109.9) u (109.10) npu ob6patumom
HM30TEPMHYECKOM IMpouecce pabora paBHa YObIM CBOOOJHOH 3SHEPruu

TeNa:
d’'A=—dF (109.11)
nim
A=F—F, (T=const, o6p.). (109.12)

CpaBuenue ¢ ¢opmyJoii (109.6) nokaseiBaer, uTo NPH H30TEPMHUYECKHX
npoueccax cBOGOJHAs SHePTHs HIPaeT TaKylo XKe POJib, KAK BHYTPeHHAS
SHeprusi MpH ajuaGaTHYecKUX Npoueccax.

3ametuM, uto dopmya (109.6) cnpaBennuBa Kax npu oGpaTHMBIX,
TaK ¥ Ipu HeoépaTHMblx npoueccax. Popmyda xe (109.12) cnpapegsusa
TONIBKO MJIsT oGpaTHMbIX mporeccoB. IIpn HeoGpaTHMBIX Ipoueccax
d'Q<<T dS (cM. (109.1)). TloxcraBHB 5TO HEPABEHCTBO B COOTHOLIEHHE
d'A=d’'Q—dU, nerko nojyuuTb, Y4TO NPH HEOODPATHMBIX HM30TEPMH-
YecKHX MNpoleccax

A<<F—F; (T=const, neobp.). (109.13)

CrenoBatesbHO, YOBIIbL CBOGOZHOH 3HEPTHH ONpefiesieT BEPXHHUII npe-
Jes KosJuuecTBa pabOoTHl, KOTOPYIO MOXKET COBEPIUMTb CHCTEMa MpH
H30TePMHYECKOM Ipoliecce.

Bosbmem audiepenunan or ¢pynxunun (109.10). IpunsB Bo BHuMa-
Hue (109.4), moayuum

dF=T dS—p dV—T dS—S dT=—S8 dT—p dV. (109.14)

W3 cpaBhenus ¢ (109.2) 3akmoyaeM, 4TO €CTECTBEHHBIMH NePEMEHHBIMH
Iasi cBoGonHoil sHepruu siBastoress T u V. B coorserctBuu ¢ (109.3)

()5 ()= oo

3amenuM B (109.1) d'Q uwepes dU--pdV u pasgennm nonyuns-
meecsi COOTHOLIeHHe Ha df (f — Bpems). B pesyJbrate nonyuyuMm, 4To
dS dUu dv

Ecu TeMnepaTypa H 06beM OCTAlOTC NMOCTOSIHHLIMH, TO COOTHOIIEHHE
(109.16) Mmoxer ObITh NpeoGPa3oBaHO K BHAY

—_d(udtTS)——<O (T=const, V=const). (109.17)
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U3 stoit dopMysbl Crefiyer, 9TO HEOOpPATHMBIH ApoLece, MPOTeKaloLLH it
NpH NOCTOSHHHX TeMAepaType U ofbeMe, COHPOBOXKIAETCS YMEHblle-
HueM cBoGoAHOM sHepruu Ten1a. [1o pocTukennn paBHoBecHs F nepecraetr
MEHSITbCA CO BpemMeHem. Taxkum ofpasoM, HNpud HeuamMeHHelXx T u V
PaBHOBECHBIM SBJSETCS COCTOSIKHE, AJIs KOTOpPOro CBOGOAHAsT dHEprus
MHHUMAJIbHA, ‘

Auranbnus. Eciu mpouece NPONCXORUT NPH MOCTORHHOM JaBJe-
HHH, TO KQJHYECTBO IOJYYaeMOro TeJOM Telja MOXHO MNpeACTaBUTh
C/IeAYIOIMUM 0Bpa3oM:

d'Q=dU+pdV=d(U+pV). (109.18)

DyHKHHIO COCTOSIHHS
H=U+pV (109.19)

Ha3piBalOT 3HTaJbNUEed WIM TEeNJOBORX GYHKHNUeil
Hs (109.18) u (109.19) BeiTekaeT, 9TO KOMHYECTBO TelJia, MOJydae-
MOFO TeJIoM B XOfie M30GapHyecKoro Ipouecca, paBHO
d'Q=dH (109.20)
HJIM B HHTerpajbHOi ¢opme
‘ Q=H,—H;. (109.21)

CrefoBatenbHO, B cjlydyae, KOrjia JaBjeHHe OCTaeTCst HOCTOSIHHBIM,
KOJIHYECTBO NOJYYaeMOro TeJIOM Teljla PaBHO NPUPAIICHUIO SHTAJbIHUH,
Huddepenuuporanue Bripaxerus (109.19) c¢ ywerom (109.4) naer

dH=T dS—pdV+p dV+Vdp=TdS+Vdp.  (109.22)

Orciona 3akmoyaeM, 4TO 3HTA/IBIUS €CTh TEPMOAWHAMHUYECKHH MOTEH-
nuas B nepeMeHHbIX S W p. Ero uacTHele nponsBOAHbIE PaBHBI

oH o0H
(55),=7 (55)s=V- (109.23)

B coorserctuu ¢ (109.20) TenJ0eMKOCTb NPH MOCTOAHHOM JABJEHHH
paBHa

oT
Cpasuus dopmyaer (109.20) u (109.24) ¢ dopmynamu (109.7) u (109.8),
NPUXOAUM K BBIBOAY, UTO NPU NOCTOSIHHOM JABJIEHHHM SHTAJbOMA 00Ja-
MaeT CBOHCTBAMH, aHANOTHYHBIMH TeM, KaKHe HMeeT BHYTPEHHSS SHep-
rusi NP TOCTOSIHHOM OGbeme,
Tepmopunamuyecknit norenunan Mn66ea. Tak HasbiBaercss QyHKIUS
COCTOAHHS, OIpele/sieMass CIeRYIOHM 06pasoM:

G=H—-TS=U+pV—TS. (109.25)
Ee nonumiit puddpepenuman pasen (cm. (109.22)
dG=T dS+V dp—T dS—SdT =V dp—S dT.. (109.26)

o= (% ), (109.24)
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CnenoBaTeNbHO, €CTECTBEHHBIMH MNepeMeHHRMHM Ml ¢ynkuun G sB-
astoress p M T. YacTHble npoH3BOJHbIE 3TOH QYHKIUHH PaBHbI
G\~ oG
(W)T_V, (-O-T-)p_—s. (109.27)
Ecnu Ttemneparypa u jaB/leHHE OCTAalOTCH NOCTOSHHBIMH, COOTHO-
wenue (109.16) MoxHO 3anmncath B BHAE:
d(U+pV—TS dG
—(j—ﬂt—)=ﬁ< 0 (T =const, p=const). (109.28)
U3 310t hOpMyJIbI CIEMyeT, UTO HeoBPATHMEL MpPOLeCce, MPOTEKAIOMil
NPH NOCTOSHHBIX TeMIepaType U JaBJeHHH, COMPOBOXK/IAETCS yMeHblie-
HHMeM TepMOJHHaMHuyecKoro norteHuuana I'm66ca. Ilo moctmxkenun pas-
HoBecHs1 G mepecTaer M3MeHATbCS CO BpeMeHeM. Takum oGpa3oM, NpH
HeMsMeHHBIX T W p paBHOBECHBIM SBJSIETCS COCTOSIHME, JJIsi KOTOPOTO
TepMOJHHaMHuecKHil norexnuan I'm66ca munumanes- (cp. ¢ (109.17)).
B Tta6a. 109.1 npuBeseHb OCHOBHbIE CBOHCTBA TEPMOAMHAMHYECKHX
TIOTEHIHaJIOB.

Ta6anua 109.1

Haspanne n o6o3HaueHne

TePMOAHHAMHYECKOro CpoltcTBa
noreHuuana
BuyTpennas sHeprus U,—U,=A4 npH anuabaTHyecKOM Dpolecce,
u=U (S, V) U,—U;=Q ppu V =const
CBo6GoAHasi 3Heprus F,—F,=A npH 06paTHMOM H30TEepMHYECKOM
npotecce
F=F(T, V) F =min ISl PaBHOBECHOLO COCTOSIHHS

npu T =const u V =const

s

DHTajbnust Hy—H;=Q npu p=const
TepMonuHamuueckuit 1no-| G=min JJSI PABHOBECHOFO  COCTOSiHHS
Tenuuan I'n66ca npu T =const U p==const

G=G(T, p)




TJIABA XIII
KPUCTAJIJIMYECKOE COCTOSIHHUE

§ 110. OTauuuTeabHble YePThl KPUCTANNIHYECKOTO COCTOSTHHSA

Tlonasasiomee GOJBbLIMHCTBO TBEPALIX TeJ1 B NMPHPOAE HMEET KpHc-
TaJinyeckoe crpoeHue. Tak, HanpuMep, NMOYTH BCE MUHEPAJBI H BCe
MeTa/libl B TBEPAOM COCTOSIHMH SBJISIIOTCA KPHCTaJJlaMu.

XapakTepHasi YepTa KpHCTAJVIHYECKOrO COCTOSIHHS, OTJIHYaolias
€ro OT XKMJKOI'0 H razoo0pasHOro COCTOSIHHMH, 3aKJIOYAeTCs] B HaJIHYHH
AaHM3O0TPOMNUH, T. e 3aBHCUMOCTH psjla (H3HYECKHX CBOHCTB
(MexaHHYeCKHX, TENJIOBBIX, 3JEKTPHYECKHX, ONTHYECKHX) OT Hanpas-
JIeHHS.

Tena, cBolicTBa KOTOPHIX OAMHAKOBHI 110 BCeM HanpaBJeHHAM, Ha-
3bIBAlOTCSI M 30T P O Il H bl M H. KsorponHnel, Kpome rasoB H, 3a OT-
IeJIbHEIMH MCKJIIOUEHHSIMH, BCEX XKMAKOCTEH, TaKxKe aMOpQHbIE TBepAble
Tena, Ilocnensne npeAcTaB/siOT co0OH MNePeoXJaxAEHHbIE KHMAKOCTH
(cM. § 125).

TIpuynHON aHM3OTPONMH KPUCTAJJIOB CJYXKHT YNOPsJIOYEHHOE pac-
TNI0JI0KEeHHE YacTHIL (aTOMOB MJIM MOJIEKYJI), H3 KOTOPBIX OHH TOCTPOEHHI.
YHopsiio4eHHOE pACMOJOXKEeHHe YacCTHIL NPOsIBJSETCS B IPABHJbHOH
BHeIIHeH orpaHke KpHucTaaaoB. KpHCTaasapl OrpaHHYeHbl IJIOCKUMHU
rpaHsMH, TNepeceKalolMMHCS MNOX HEeKOTOPbIMM, OMNpeAeNeHHBIMH AJis
KaXJoro JaHHOTO POJa KPHCTa/sIOB, yrJjamH.PackanabiBanue Kpucradj-
JIOB Jlerye MPOHMCXOAHT IO ONpPEAEJEHHBIM IJIOCKOCTSIM, Ha3blBaeMbIM
NJIOCKOCTSIMH  CITaHHOCTH.

ITpaBUJIbHOCTb reoMeTpHYecKol GOPMBI H aHM3O0TPONHUST KPHUCTaJJIOB
O6bIYHO He TPOABJAIOTCS MO TOH NMPHYMHE, YTO KPHUCTAJJIHYeCKHe Tesa
BCTpeyaloTcs, KaK MpaBHJO,BBHIAE HOJHKPHCTAJJOB, T e,
KOHIJIOMEPAaTOB MHOXKECTBA CPOCIUMXCS MeXAy CcOo00H, Oecrnopsiio4Ho
OpPHMEHTHPOBAaHHLEIX MEJNKHX KPHCTAJJHKOB. B mosmkpucrannax aHuso-
Tponusa HaG/oAaeTcss TOJbKO B npefenax KaXAOro OTAEJbHO B3sITOro
KpHUCTa//IHKA, TeJO e B LeJOM BC/IENCTBHE 6ecrnopsiloyHod OpHeHTa-
MM KPHCTRJJHKOB aHH30TPONuH He oOHapyxuBaer. Co3faB crenua/ib-
Hbie YCJIOBHSI KPHCTaJIJIM3alMH U3 pacnjaBa MJH pacTBopa, MOXKHO IIO-
JYYHTb OOJIblINE OJAMHOYHBIE KPHCTAJNJIbl — MOHOKP HCTa JJbl
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moGoro BemiecTBa. MOHOKPHCTAa//IBI HEKOTOPHIX MHHEpasoB BCTpe-
YaloTCA B NPHPOJie B €CTECTBEHHOM COCTOSIHHH.

Y nopsIl0YEHHOCTb PACIOJIOKEHHST aTOMOB KPHCTaJl1a 3aKJ/I0YaeTcs
B TOM, 4TO aTOMbI (WJIH MOJIEKYJIbI) pa3MeLlaloTcss B y3JaX IeoMeTpH-
YEeCKH NPaBUJ/IbHOMN fIpOCTPaHCTBEHHOH pelleTKH. Bechb KpHcTall MOXKET

Puc: I10.1.

GBITh MOJIyYyeH HyTeM MHOTOKPATHOrO: HOBTOPEHUsS: B TPeX PasIHUHBIX
HalpaBJIeHUsIX GAHOTO H TOro- Xke CTPYKTYDHOTO 3J/leMEeHTa, Ha3biBae-
MOTO. 3/ eME€HTAPHOH KpPHCTaJdJdHUEecCKOH s4Yei-
Ko # (puc. 110.1, a). Jaunsl pebep a, b U ¢ KpUCTAJIIHYECKOH sTUeHKH
Ha3blBalOTCst NepHUoOLaMH HUJAE H-

V.YV V.V © THYHOCTH KpHCTA/IA,
CERGET BN Kpucranauueckas sueiika npen-
)Hg’é& LD\ 2 g«% &) & cranser coGoit napasenenunen,
A %
& ) )

MOCTPOEHHBIH HAa TpeX BeKTopax a,’
b,. ¢, MOIy/IM KOTOPBLIX paBHHI MEpH-
OJlaM HIEHTHYHOCTH. DTOT Napajijiesne-
' numen, Kpame pebep a, b, ¢, xapak-
TepH3yeTcsl TaKXKe yrjamu a, f u y
- Mexay pebpamu (puc. 110.1, 6). Besnn-
YHHH a, b, ¢ U o, P, Y OMHO3HAYHO
OTpeAesIsIIOT 3JEMEHTapHYIO siYeliKy
U HasblBalOTCsl ee NapaMeTpaMu.
DJIEMEHTapHYI0 siuefiKy MOXKHO
BbIOpaTh pas3JUYHbLIMH  CHocoGaMu.
Aro mokasaHo Ha puc. 110.2 Ha npumepe mmockoit cTpykTypr. OG-
JIMIOBKY CTEHBI YepPEeNYIOUIMMHCH CBETJIBIMH U TEMHBIMH TPEYTOJLHBIMH
NJIUTKAMH MOXKHO MOJNYYHTh MHOTOKPAaTHHIM IIOBTOPEHHEM B JBYX
HanpaBJieHUsIX Pas/MyHBIX fiYeeK (cM., HanpuMep, siueliku I, 2 u 3;
CTpeJIKaMH YKa3aHbl HAaNpaBJ/IeHHs, B KOTOPHIX MOBTOPSIIOTCS STYEHKH).
Auelixn I U 2 OTAMYAIOTCS TeM, YTO BKJIOYAIOT MHUHHUMAJILHOE KOJIH-
4eCTBO CTPYKTYPHBIX 3JIEMEHTOB (MO OJHOH CBeTJIOH M IO OAHOH TeMHO
nautke). KpHcrannnyeckas siyeiika, BKJIIOYAOIIAS HaWMEHbLlee YUCIIO
aTOMOB, XapaKTEepPH3YIOUMX XHMHYECKHH COCTaB KPHCTa/NHYECKOro

LV.V.V.V. .V
ﬁ&v‘%’%ﬁ&zv%v &!\%‘g
N 5

Puc. 110.2.
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BelllecTBa -((HanpuMep, OAHH aTOM KHCJIODOJa M- IBa aTOMa BOJOpOAAa AJs
KpHCTalia Jbja), HasbpiBaeTci MPHUMHUTHBHOH sfueil Koil.
OnHako oOBIYHO BMECTO NMPHMHTHBHOH BHIGHPAIOT 3J1€MEHTapHYIO sAueii-
Ky ¢ G0JIbILMM YHCJIOM aTOMOB, HO O0JafaloOMlyI0 TOH Ke CHMMeTpuedl,
Kak: M Becb KpucTaal B uenoM. Tak, usobpakeHHass Ha puc. 110.2.
nJockasi CTPyKTypa coBHajaer cama ¢ cooH Ipu mnoBopore Ha 120°
BOKpYr Jil0060H NepreHAMKY/sipHOH K Hell ocH, NpOXOAsuiell uepes
BEpILHHBI IVIMTOK. TaKuM ke cBoOHCTBOM o6JlajiaeT d/eMeHTapHas siyeii-
Ka 3. Sluefiku I ¥ 2 MMEIOT MeHBIIYIO CTeNeHb CUMMETDHH: OHU COBIa-
JIAI0T caMHu ¢ coGoi ToJbKO NpH moBoporte Ha 360°,

§ 111, Knaccudukauus KpucTanios

Kpucrannnueckas pelierka MOXeT 06/1aJaTh Pas3/iHUHBIMU BHIAMH
cummerpud. Tlog cummerpuell KpHCTaMJHYECKOH peLIETKH MOHMMAaeTcs
CBONCTBO peLIETKH COBNaJaTb C CaMOH COOOH NP HEKOTOPBIX IPOCT-
PaHCTBEHHBIX NepeMEelleHHsX.

Besikas pelerka npexknie Bcero 06/afaeT TPAHCISUHOHHON CHMMeT-
pue, T. e. coBmajaer cama ¢ co00il NpU NepeMelleHHH (TPaHCIsIUH)
Ha BeJMYHHY NepHoja MAEHTHYHOCTH '), M3 npyrux BHIOB cHMMETpHH
OTMETHM CHMMETPHIO 1O OTHOLIEHHIO K TOBOPOTaM BOKPYT HEKOTOPHIX
oceif, a TaKKe K 3epPKajlbHOMY OTPAMKEHHIO OTHOCHTENBHO ONpejieJieH-
HBIX .TIVTOCKOCTeH.

Ecnn pemerka coBnajaer cama ¢ co0OH IpH NOBOPOTE BOKPYT He-
KOTOpOH OcH Ha yroJ 2m/n (C/ieloBaTe/IbHO, 33 OAMH TOJIHBIA [IOBOPOT
BOKPYT OCH pelleTKa COBNajaeT caMa ¢ co60H n pas), TO 3Ta OCb Hasbl-
BaeTci OCbi0 CHMMETPHH n-ro nopsiaka. MoXHO moKasaThb,

\ Mrockocme n=_0
cummempul

Puc. 111.1,

4TO, KpOMe TPHBHAJBHOH ocH 1-ro MopsiiKa, BO3MOMKHBEI TOJBKO OCH
cumMMmeTpuu 2-ro, 3-ro, 4-ro M 6-ro nopsakos. IlpuMeprl CTPYKTYp,
06J1aJlalolMUX TAKHMH OCSIMH CHMMETPHH, NOKa3aHBl CXEMaTHYECKH Ha
puc. 111.1 (6enbiMH KpY>KKaMmH, YePHBLIMH KPYXKAMH M KpPECTHKaMH
0603Ha4YeHBl aTOMBLI Pa3HbIX COPTOB).

1) Ilpu pacCMOTPEHHH CHMMETPHH peleTKH OTBJEKAIOTCA OT KOHEYHHIX pa3MepoB
KDHCTa/l1a H CYHTAIT peweTKy GecKOHeuHoi,
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TlnockocT#, NpHM 3epKaJbHOM OTPaxKEeHHH OT KOTOPHIX pelieTKa
coBrnajaer camMa ¢ co0oH, HA3BIBAIOTCA MJOCKOCTSAMH CH M-
MeTp u U, [IpuMep NJIOCKOCTH CHMMETPHMH TaKxe JaH Ha puc. 111.1.

Paanuynple BHAbl CHMMETPHH HAa3blBAlOTCA 3JE€MEHTaMHU
CUMMeET)pHH KpHucTajdauueckod peueTkd. Kpome oceét u mjoc-
KOCTeli, BO3MOXHBI APYrHe 3/1eMEHTbl CHMMETPHH, B PacCMOTpPeHHE KO-
TOPBIX Mbl, OJHAKO, BXOAMTb HE CTaHeM.

Kpucraninyeckass pemieTka, Kak InpaBusio, 00/ajlaeT ORHOBpe-
MEHHO HECKOJIbKHUMH BUAaMH cHMMeTpHH. OJHAKO HE BCSKOE COYeTaHHe
3JIeMEHTOB CHMMETPHUH OKasbiBaeTcd BO3MOXHBIM. Kak mnokasaj Bhbl-
maromuiica pycckuit yuennifi E. C. ®epopos, Bo3-
MOKHEI 230 KOMGHHAIHUI 5/1EMEHTOB CHMMETPHH,
NOJyYHBLIME Ha3BaHHe NMPOCTPaHCTBE H-
HelX rpynn 3Otd 230 nNpocTpaHCTBEHHbIX
rpynn pasOuBalOTC MO MPH3HAKAM CHMMETPHR
Ha 32 K 1 a c c a. Haxonen, no ¢opme anemeH-
TapHOH siYeHKM BCe KPHUCTAJJIbL JesAaTCs Ha CeMb
KpHcTaaJdorpapuyeckKHX CHCTEM
(mn cHHTrOHHUH), Kaxias H3 KOTOpBIX
BKJIIOYaeT B cebsl HECKOJIBKO KJ1acCOB CHMMETPHH.

B nopsnxe Bospacraromeil cHMMeTpHH KpHC-
TaJ/yiorpaUyeckue  CHCTEMBI  PacHoJararorcst
CJEAYIOIM 00pas3oM.

. Tpukauunasa cucrema. as
Hee XapaKTepHO, YTO aF=bsc; aP~y. DiemeHTapHas sueiika UMeeT
¢opMy KOCOYTOJIbHOTO NapaJuielenunesa.

2. MoHOKNHMHHasa cucTeMma. [Ba yria — npsmele, Tpe-
THIi (B KauecTBe KOTOPOro NMPHMHATO BHIOHPATh yroJ f) orinuyed or mpsi-
moro. CiegoBatenbHo, a7=bs~c; a=vy=90°; PBs=90°. DiemenrtapHas
siueiika nMeeT (QopMy NPSIMOH NPU3MbI, B OCHOBAHHUH KOTOPOH JIEKUT
napaJsienorpamMm (T. €. ¢opmy npsiMOoro napaJiiesienunesa).

3.Pom6uueckass cHcTeMa. Bce yrao — npsivele, Bce
peGpa — pasHble: a7=b7c; a=P=y=90°. dnemenTapHas siyeiixa umMeer
¢opMy NPSIMOYTOJLHOTO Napajijesenunesna.

4 TerparoHanbHas cHcTeMa. Bee yraol — npsmere,
IBa pebpa — ONHHAKOBHE: a=bz=c; a=P=y=90°. DiemeHtapHas
Ayefika uMmeeT GOpPMY NpPSIMOH NPH3MBI C KBaApaTHbHIM OCHOBAHHEM.

5, PomM6osxpuyecKas (MWIH TPUHTOHAJbHaS) CH-
cTeMma. Bee pe6pa — ogMHaKoBbie, BCe VIVl TaKKe ONUHAKOBBHIE H
OTJIWYHBbIE OT MpsIMOro: a=b=c; a=Pp=y=90°. diemMeHTapHas siyeiika
nMeeT ¢opMmy Ky6a, [ehOpMHPOBAHHOTO CXKAaTHEM MJIH DacTsKEHHeM
BJO/Ib JHAroHaJH,

6. TexcaroHaabHasa cUucTeMa, Pebpa u yrasl Mexay
HHUMH YOBJIETBOPAIOT YC/OBUAM: a=bs~c;, a=F=90°, y=120°. Ecau
COCTaBUTb BMeCTe TpPH 3JeMeHTapHble sYefiKM TaK, KaK II0Ka3aHo
Ha puc. 111.2, To mosyyaercsi mpaBH/bHAs ILIECTMIPAaHHAs MpH3Ma.

Puc. 111.2.
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7. Ky6uueckas cucrtema. Bce. peGpa — ONMHAKOBbLIE,
Bce yribl — npamele: a=b=c; a=P=y=90°. DnemenrapHas s4eiika
UMeeT (opMy Kyba.

§ 112, ®dusnueckHe THNB KPHCTAUIHYECKHX DPEMIETOK

B 3aBHCHMOCTH OT PUPOABI YAaCTHIl, MNOMEIIAIOMHUXCS B y3/IaxX KpH-
CTa//INUECKOH peLIeTKH, M OT XapakTepa CHJ B3aUMOIEHCTBHS MeXAY
YaCTHIAMH PA3/IMYalOT YETHPE THNA KPUCTAMJIMYECKHX PelleToK U Cco-
OTBETCTBEHHO YeThipe THIA KPUCTA/JIOB: HOHHbIE, ATOMHbIE, METa/lIH-
yecKHe H MOJIEKYJIsipHLIEe.

1. MoHHBEe KpHCTaRAb. B ysnax Kpucraainyeckod pe-
MIETKH MOMEIIAOTCS HOHBI pPas3HbIX 3HaKoB. CuJ/bl B3auMOAEHCTBHSA
MEXIY HUMH SIBJISIIOTCSI B OCHOBHOM 3JIEKT- '
pocTaTHuecKUMH (KyJOHOBCKHUMH). CBs3b,
00yCJIOBJIEHHAs] 3J€KTPOCTATHYECKUMH CH- 1
JIaMH TIPUTSKEHUS MEXAY DPa3HOHMEHHO )
3apsKEHHBIMH HOHAaMH, Ha3bBaeTcsl T e-
TepononsipHOH (WM MOHHOH). ] s

TunuYHBIM NPHMEPOM HOHHOH peuieTKH —
MOXeT CJNYXKHTb H300pakeHHasi Ha pHC. )
112.1 pemerka kameHHo#t cosu (NaCl).
Sra peuleTKa NpUHAAJNEKUT K KyGHUecKOH
cucreme. DenbiMu KpyXKamu u3obpaxe- Puc. 112.1 :

Hbl HecyllHe TOJIOXKHUTEJNbHBIH 3apsifi HO- T

HEl HaTpHsi, 4YepHBIMH KPYXKKaMH — OT-

pHuLiaTe/bHEle HOHBI XJopa. Kak BHAHO W3 pPHCYHKA, OJMXKaNmIUMH
COCefisIMH MOHA JaHHOrO 3HaKa OyAyT MOHBI MPOTHBOMNOJOXHOIO 3HaKa.
B rasoo6pasHom cocrosinun NaCl cocTouT u3 MoJeKyJs, B KOTOPHIX
o0beIUHSIIOTCS MOIApHO HOHBL HATPUsl ¢ HOHaMu xJopa. O6pasyromas
MOJIEKYJ1y rpynnupoBKa u3 HoHa Na u nona Cl yTpaunBaer B Kpucrajie
o6ocobeHHoe cyuecTBoBaHHe. MOHHBIA KPUCTa/J COCTOUT HE U3 MOJie-
KyJ, a U3 HOHOB. Bechb KpucTaan B 1e0M MOXHO paccMaTpUBATh
KaK OJHY THTaHTCKYIO MOJIEKYJY.

2.AToMHBE KPHCTaJaJam. B yanax kpucraninyeckoir pe-
LIETKH IIOMelaloTcsl HeATpajbHbie aToMbl. CBs3b, OOBENUHSIOWas B
Kpuctanye (a TakxKe U B MOJIEKYJie) HefiTpasibHble aTOMBI, Ha3bIB4€TCS
roMeonoNnsspHONd (WM KoBaJaeHTHO #i). Cuibl B3auMmo-
JeACTBUS TNPH TOMEONOJISPHOH CBSI3H HMEIOT TaKKe JeKTPHUeCKHH (HO
He KyJIOHOBcKHH) xapakrep. OGbsicHeHHe 3THX CHJI MOXKeT GBITb JaHO
TOJIbKO Ha OCHOBE KBaHTOBOH MeXaHHKH.

FomeonosnsipHast cBSI3b OCYILECTBJSIETCS 3JIEKTPOHHBIMH TapaMH.
310 03Hayaer, 4TO B OGeCHEYEHHH CBSI3H MEXKAY ABYMS aTOMaMH ydacT-
BYeT 10 OJHOMY 3JIEKTPOHY OT KaxJoro aroma. [1o aToil npuuuse romeo-
foAsipHas CBA3b UMeEET HanpaB/eHHbIH XapakTep. Ilpu rerepononsipHoit
CBSI3M KaXKAblfl MOH BO3JEHCTBYeT Ha Bce JOCTAaTOYHO G/iH3KHE K HeMy

A'd
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uoHel. Ilpn roMeomosisipHOH CBfI3M BO3[EHCTBHE HANpPaBJEHO HA TOT
aTOM, C KOTOPHIM Y NaHHOIO aToMa HMeeTCs] COBMECTHasi 3JIeKTPOHHag
napa. I'omeonossipHas CBsi3b MOXET OCYILIECTBJ/ISITbCS TOJBKO BaJjieHT-
HBIMH, T. €. HaUMeHee CBSI3aHHBIMH C aTOMOM, 3JeKTpoHaMmu. [lockonbky
KaXXIblil 3/IEKTPOH MOXKET 00ecledyHTb CBSi3b TOJBKO C OJHHM aTOMOM,
YHCJIO CBsidelf, B KOTOPHIX MOXKET y4YacTBOBAaTb JAHHEIA aTtoM (4HCJIO
cocefiell, ¢ KOTOPLIMM OH MOXeT ObITb CBfI3aH), pAaBHO €ro BaJeHT-
HOCTH. ,
THNHUHBIMY NpUMEPAMH aTOMHBIX KPHCTa/JIOB MOL'YT CHYXKUTh
anMas u rpagur. O6a 3TH BellecTBa TOXKJECTBEHHBL IO XUMHYECKOM
nApuposie (OHH MOCTPOEHBl M3 aTOMOB YIJVIEPOAA), HO OTJHYAOTCA KpH-
cTajnnueckum crpoenrieM. Ha puc. 112.2, a noka3ana peluerka asnmasa,
Ha puc. 112.2, 6 — pemerka rpagura. Ha sToM npumepe oruersivBO
BRIHO BJUSHHE KPHCTAJIHYECKOH CTPYKTYpPbl Ha CBOMCTBa BeLIECTBA.
. Takyro ke pelLieTky, Kak y aJ-
, Masa (peleTKy THMA ajiMasa), HMe-
alli IOT THIIHYHBIE TOMYTIPOBOLHHKH —
repmannil (Ge) u kpemuuit (Si).
oo JLJ1s1 3TOH pelLIeTKH XapaKTepHO To,
YTO KaXKIblH aTOM OKpYyXKeH ue-
= TBIDbMS1 PaBHOOTCTOSIIIUMH OT HETO
9 COCeASIMH, pAacClOJNOXKEHHBHIMH B
Puc. 112.2. BEpUIHHAX NPABHIIBHONO TETPasA-
’ pa. Kaxnpiii M3 ueThipex BaJieHT-
HBIX 3/IEKTPOHOB BXOJMT B 3JI€K-
TPOHHYIO Napy, CBASLIBAIOUYIO JAHHEII aTOM C OXHHM M3 COCEHedl.
3. MeTtannnueckne KpHcTaaJabs. Bo Bcex ysiax
KPHETaJlJIMYECKOH PEIIETKH DaclOJIOKeHbE IMOJIOKUTENBHEIE HOHBI Me-
Tanna. Mexay HUMH GecriopsiiodHo, NMofoGHO MOJIEKyJaM rasa, JABH-
JKYTCS 3JIEKTPOHBI, OTHICNMBIUHECS OT aTOMOB NPH 06Pa30BAHMM HOHOB.
OTH 3JIEKTPOHBI HI'PAIOT POJIb «LEMEHTa», YAEp:KHBasdg BMECTE MOJOXKH-
TeJIbHBIE MOHBI; B MPOTHBHOM CJyyae pellleTKa pacnaJjachk 6wl 1op neii-
€TBHEM CHJI OTTA/JIKHBaHHsS MEXJy HOHaMH. BMmecTe ¢ TeM ¥ 3JIeKTPOHLL
yIepKHBAIOTCS] HOHAMHI
B IIpeJeJax KpHCTaJ-
JIMYECKON pelleTKu Hu
He MOTYT €e INOKHHYTh.,
Bonbmmncteo  Me-
TaJlJIOB HMEeT pelieTKH
OJHOI'O H3 TpPeX THIIOB:
Ky6HYecKyl0 OGbEMHO-
UEHTPHPOBAHHYIO (PHC. Puc. 112.3,
112.3, a), Ky6uueckyio
rpaxeueHTpupoBannyo (puc. 112.3, 6) m Tak Ha3LHIBAEMYIO IIOTHYIO
rekcarotanbenyo (puc. 112.3, 6). HOCJ’IeILHﬂH npeAcTaBiasieT coOOH rek-

CaroHaJIbHyI0 PElIeTKy C OTHOLIEeHHeM c/a, paBHEIM }/ 8/3, KyGuueckas

Y]
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TPAHEeHTPHPOBAHHAA M TIJIOTHAS TEKCAroHajibHas PEIIeTKH COOTBeT-
CTBYIOT HauboJjee MJIOTHOH ynakoBKe OJMHAKOBHIX MIAPOB,

4. MonexyasipHB e KpHCTaJaas. B ysiax xkpucrananu-
YeCKO#l PeleTKH NOMELIAIOTCS onpefe/eHHHM G6pa3eM OpHEHTHPOBAH-
Hble MosiexyJbl. CHJIBL CBSI3H MeXAY MOJIEKYJaMH B KPHCTaJlie UMEIT
TY K€ HPUPOLY, YTO M CHJIBI NPUTSAKEHHS MEKAY MOJIEKYJIAMH, HPUBO-
ISIIHE K OTKJIOHEHWIO Tra3oB oT uaeasabHocTH. Ilo 3Toi npuduHe uX
HA3LIBAIOT BAH-J€pP-BaaJbCOBCKHMH cHJaMH, Moje-
KyJspHBIE peleTKH o0pasyioT, HanpuMep, CJelylollue BellecTsa:
H,, N,, O,, CO,, H:O. Takum n6pa3oM, 0ObIYHBIH JIEA, @ TaKXKe TaK
Ha3piBAEMBIA CyXxofl Jieq (TBeplasi yrieKUC/gTa) HPEACTAB/ISIOT COGOi
MOJIEKY IS PHBEIE KPHCTAAJHL,

§ 113. JlederTnl B KpHCTaMIAX

IledbeKkraMu KpHCTasJIOB HA3BIBAIOT HAapYIIEHUs HAeaNbHOM KpUCTal-
JINYeCcKoil cTpyKTyphl. Takoe HapylleHHe MOXKET 3aKJ/4yaTbhCs B OT-
CYTCTBUH aToMa B y3Jie pelieTKH (BakaHCHs), B 3aMeHe aToMa JaHHOro
BellleCTBa {CBOEro aToMa) Yy»HM aTOMOM (aTOMOM IIpHMecH), BO ‘BHeEH-
PEeHHH JIMIIHero aToMa (CBOEro HJIM 4yKOro) B MEKY3eJbHOe IIpocT-
pauctBo. [lono6Hnie nedeKkTsl HasbBalOTCA T O 4-€ 4 H 6l M U, OHH BHI-
3BIBAlOT HApPYIHEHWS NPaBHUJIbHOCTH peUIeTKH, PACHpOCTpaHsIoHecs
Ha PACCTOSTHUSI MOpPSAKA HECKOJbKHX I1epHOJOB.

Kpome ToueuHbIX, CYIIECTBYIOT JAedeKThl, COCPeLOTOYeHHbIe BOJM3U
HEKOTOpHIX JIMHMHA. VX HasbiBaloT THHEeHHB MH JepeKTaMHu

|
Puc. 113.1, Puc. 113.2,

wiM U caoKanuamu, JedhekTsl TaKoro Bua HapylwaoT NpaBH/b-
HOE uYepeloBaHHE KpHCTaJJHYecKHX Tockocteil. [lpocreiiiiumu Bu-
JaM{ JAUCJIOKAaUUH SIBJISIIOTCA KpaeBasi U BHHTOBAS JAuUCIO-
Kauud,

KpaeBast muciokauusa o6yc/0BIHBaeTCsl JHIIHEH KPUCTaJLIHYECKOH
NOJYNJIOCKOCTbIO, BABHHYTOH MEXKAY ABYMSI COCEIHUMH CJIOSIMH aro-
MoB (puc. 113.1). Kpait 3T0lf moaynsockocT#t 06pasyeT RUCAOKALHIO
JaHHOro BHAA. JIMHMEH JHMCTIOKALHU sBJAETCS INepNeHANKYAsSpHas
K IIOCKOCTH PHCYHKAa NpsiMasi, OTMEYeHHasl 3HAKOM _| .

BuHTOBYIO AMC/IOKAIMIO .MOXKHO NPEJCTaBUTh KaK pe3yJsbTaT paspe-
3a KpHCTajJia [0 MOJIYMJIOCKOCTH H TOCJeAYIOUIEro CABUTa JiemKallux
Mo pasHble CTOPOHBI paspesa YacTeil pelleTKH HaBCIpeuy APYr APYyry
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Ha BeJMUHHY onHoro nepuopa (puc. 113.2). BuyTpennnit kpait paspe-
3a o6pa3yeT BHHTOBYIO IMCJIOKalHIO (CM. MYHKTHPHYIO IPSIMYIO Ha-
pucyHke). Kpucrana ¢ BUHTOBOH AHC/JIOKauued GaKTHYECKH COCTOMT H3
OIHOM KPMCTAJJINYeCKOH IJIOCKOCTH, KOTOpasi H30THyTa IO BHHTOBOM
NOBEPXHOCTH (TAaKyl0 IOBEPXHOCTb HAa3bIBAIOT TeJHKOHAOM). JIMHHSA
IMCIOKALMK COBNAJAET ¢ OChbio BUHTA. [Ipn Kax1oM o6xole BOKPYT 3TOH
JIMHHH KpHCTaJJHyeckass NJOCKOCTb CMeEllaeTcs Ha OJHH Iepuof.

L AL
o9 = ~———
4) 4) 2)
Puc. 113.3.

Mbt paccmoTpenn JABa mnpocTeHINHX (npefesbHBIX) BHAA AHMCIOKa-
uuii. B o6oux ciyyasx JHHUM JUCJOKAlLMH SIBJASIOTCA NPSAMBIMH. B 06-
IeM clyyae JIHHHM JAHCJIOKAUMH MOTYT ObITb KPHBBIMH.

JledekThl OKasbBalOT CHJIbHOE BJHMSHHE Ha (H3MYecKHe CBOHCTBA
KpHCTaJIJIOB, B TOM YHCJI€ M Ha MX NPOYHOCTb., B wacTHocTH, Aucio-
KalMd CcJy»KaT TNPMYHNHOH TOro, 4YTo IJactHyeckas jedopmaunvs ?)
peaJIbHBIX KPHUCTAJJIOB NPOMCXOAUT MO BO3JEHCTBUEM HampsizkeHHH Ha
HECKOJbKO MNOPSJAKOB MEHbLUHX, Y€M BHIYMC/IEHHOE JJIs HAeaJbHBbIX
KpPHUCTAJJIOB,

Y MOHOKPHCTA/JIOB METAJJIOB JIETKO NPOHCXOAMT CABHI' BJOJb
aToMHBIX cqoeB. He cienyer mpencraBisitb ceGe 3TOT Mpouecc Tak,
YTO BCE ATOMHI CJIOSI CMEIAIOTCsl OAHOBPEMEHHO KaK OfHO Lesoe. B neii-
CTBHTE/NILHOCTH aTOMBI NePEeCKaKHBalOT B HOBbiE IOJIOMEHHS He6oJb-
IIMMH TpynmamH noodepefHo. Tdkoe nooyepeiHoe nepeMelleHHe aTo-
MOB MOXeT OLITh NPEeICTaBleHO KaK JABHKeHHe Auciaokauyu. [Ias nepe-
MEILIEHUs AHCJIOKAIMH JOCTATOYHO HANpsiKEeHHH, MHOTO MEHBLIHX, YeM
IJIsl TiepeMellleHHsi BCero aTOMHOro cJjosi cpasy. Ha puc. 113.3 noka-
3aHBI [OCJIeOBaTe/IbHbIE CTaJUH TpOLecca, NPOHCXOISILEro B KPHCTall-
Je noj JeiicTBHeM CHJI, OOYCJIOBJMBAOIIMX CcABUr., IlepBoHayaJbHO
MMeBIIasCcs AUCIOKALUsl IOJ BO3/EHCTBHEM CO3JAaHHBIX B KpPHCTaJlIe
HanpsiKeHW# nepeMelaercs BAOJb KPHCTajia, D10 nepeMelleHHe Co-
NPOBOXK/IAETCS NIOOYEPE/IHBIM CABHTOM aTOMOB CJIOS, JIEKAIIEro Hajl AHC-
JIOKal1eil, OTHOCHTEJBbHO aTOMOB CJIOS, JIEXKALIEro IMOJ QMCJIOKAalHeH.

[Nepemelenuio AUCAOKaNMA NPENSTCTBYeT HAJHYHe APYTHUX AedeKToB
B KpHCTaJ/lle, HanpuMmep, APHCYTCTBUE aTOMOB mnpuMecd. [ncioxkauuu
TOPMO3ATCSI TaKxKe IpPH HepeceyeHHH JApyr ¢ japyrom. Eciu Koa-

1) MNaacTnueckoit HaszbiBaetca AedopMauys, COXpaHAIOWASCA noc.ne TOro, Kak
CHHMaeTC HanpsikeHHe, Bhi3BaBliee AeOPMALHUIO,
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YeCTBO AHCJIOKANMi H APYruX NedeKTOB B KPHCTaJJIe MaJ6, AHCAOKaH
nepeMeIlalTcsl NPaKTHUecKH cBo6oAHO. B pesyJbrarte compoTuB/ieHne
cABUTY GYHET HeBeJMKO. YBeJHYeHHe IJIOTHOCTH JHCJIOKauuil M BO3-
pacTaHyue KOHIIEHTPaLUH IpHMeceil IPHBOAUT K CUJIBHOMY TOPMOXKEHRI0
IMcOKamuii M NpeKpamieHHio UX JABHXKeHHs. B pesysabraTte npou-
HOCTh MaTepHaja pacrter. Tak, HanpuMep, NOBBIIIEHHE NPOYHOCTH Ke-
Jie3a JOCTHraerTcss pacTBOPDEHHEM B HEM aTOMOB yrjepoia (Takoil paer-
BOp IpeAcTaBJjserT co0od CTasb).

Tlnacruyeckass medopMarusi CONpOBOXK/AETCH pa3pyLIeHHEM . KpHC-
TaJJHYecKOl pemieTKH W o6pa3oBaHHEM OOJbLIOTO KOJIHYeCTBa AedeK-
TOB, NPENSITCTBYIOIUX MNEPeMeIeHNI0 Auc/IoKauui. DTHM obbacHsaeTca
ynpouyeHHe MaTepHaJioB NPH HX XOJIOAHOH obpaboTke.

BuHTOBas JMC/I0KanHsl 4acTO BO3HHKAeT B HpoLecce pocTa KpHUcrag-
JIOB U3 PacTBOpa WJIM pacmjaBa. 3axBaT aroMa IVIafkoil NJIOCKOH Kpu-
CTa/IINYECKOH TOBEPXHOCTbIO 3HEPreTHYECKH MeHee BLIFOJeH M Mo-
3TOMy MeHee BeposiTeH, YeM NPHCOEIHHEHHE aToMa K CTyNeEHbKe, Cy-
LIECTBYIOIEl HAa NOBEPXHOCTH KpHUCTa/la ¢ BHHTOBOH AMCJOKaluen.
IloaTomMy KpucTa/Jbl TpPEANOUYHTAIOT pacTH €O BCTPOEHHOH BHYTpb
BHHTOBOH JMc/lokanueli. HoBbie aToMbl NPHCOGAMHAIOTCS K Kpaio CTy-
NeHbKH, BCJEACTBHE Yero pocT KpPHCTa/jsaa MPOHCXOAHT MO COupaJu.

§ 114. TenaoeMKOCTb KPUCTAJIOB -

Pacnonoxkenne gacTHi B y371aX KDHCTaJNJHYECKOH peileTKH OTBe-
YyaeT MUHMMYMY HX B3aHMHOH NOTeHUHaJbHOH 3Hepruu. [lpu cmerieHun
YaCTHI[ U3 NOJIOXKEHHUS] paBHOBECHS B JIOGOM HanpaBJIeHUH NOSABJSETCSH
CHJla, CTpeMsiliasicsi BEPHYTb YAacTHIly B NepBOHAYaJbHOE MOJIOXKEHHE,
BCJIEACTBHE Yero BO3HHMKalOT KojeGanusi uyactiuel. KoseGaHue BHoJb
NPOU3BOJBHOTO HAmNpaBJeHUsST MOXKHO TpPEACTaBHTb KaK HajloXkeHHe
KoJieGaHUil BJOMb TpeX B3aHMHO NeEpIEeHAMKYJSPHBIX HanpaBJeHHi,
INosTomMy Kaxkpo#i yacTuile B KpHCTaJlle clefyeT NPHIHCHLIBATHL TPH
KosleGaTe/bHble CTENEeHH CBOOODI.

B § 97 6blno BHISICHEHO, YTO HA KakKAYI KoJebaTeNbHYIO CTeneHb
CBOGOALI B CpelHeM NpPHXOIMTCS JHEPrHsl, paBHasi ABYM NOJOBHHKAM
kT — onna B BHJ€ KHHETHUECKOH M OJlHa B BHJE MOTEHIHAJbHOI SHep-
ruu, CienoBaTe/bHO, Ha KaXIAylo YacTHILy — aTOM B aTOMHOH pe-
IIeTKe, MOH B MOHHOH HJH MeTaJJIMYeCKOH pelueTke *) — MPHXOQUTCS
B CpelHeM 3Heprusi, paBHasi 3kT. DHepruo MoJisl BellecTBa B KpHcral-
JINYECKOM COCTOSIHMHM MOXHO HaHTH, YMHOMKHB CPENHIOI SHEPIHIO OAHON
YACTHIBI HA YHCJIO YaCTHL, TNOMELAOMUXCS B Y3/1aX KPUCTaJIJIHIECKOH
petetku. IlocnenHee yuciao coBnajgaer ¢ yuciaom ABoragpo N, TONBKO
B cJyyae XHMHYECKH NPOCTHIX BeulecTB. B ciyuae Takoro, nanpumep,

1) B ciryuae MOJIEKYJMSAPHBIX KPHCTAJIOB feJi0 0GCTOHT coXHee. Moekykl Ha
pPAlLy € MOCTYNaTeNbHBIMH KOJeGanHsMi COBEPLUIAIOT TaKXKe KPYTHJAbHLe KosneGanug,
Kpome Toro, mpoucxozdar KojeGaHusi aTOMOB BHYTPH HMOJIEKYJI,
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peimectBa, kak NaCl, yucno uwacrun Gyzer paBHO 2N,, uGo B Mose
NaCl conepxurca N atomoB Na u N, aromos Cl.

OrpaHHYUBIUNCh PacCMOTPEHHEM XHMHYECKH IPOCTHIX BellecTB,
06pasyiomuX aTOMHble MJH MeTaJJIHuecKHe KPHCTasJbl, AJS BHYTPeH-
Hell 3HEPruH MOJISl BelllecTBA B KPHCTAJIJIMYECKOM COCTOSIHHH MOXKHO
Hanucatb BbIpaxkeHHe

U, =Na3kT =3RT.
TMpupauenne BHYTpeHHeHl SHEPrUM, COOTBETCTBYIOIIEE MOBbILIEHHIO

TeMIepaTyphl Ha OIHH KeJIbBUH, paBHO corjiacHo (109.8) Tennoemkoctu
NPH [OCTOSHHOM OGbeMe. CnenonaTeano

Cy=3R. (114.1)
TockoabKy 0GbeM TBepALIX TeJ NpPH HarpeBaHHM MEHSAeTCA Majo, HX
TEIJIOEMKOCTb NPH MOCTOSTHHOM JaBJIeHWH HE3HAYMTE/bHO OTJIUYaercs
OT TEMJIOEMKOCTH IIPU TOCTOSIHHOM O0beMe, TaK UTO MOXKHO MOJIOXHTb
C,~Cy u roBOpUTb TNIPOCTO O TEM/IOEMKOCTH TBEPJOro Tesa.

Hrak, corsmacuo (114.1) TensoeMKOCTb MOJII XMMHYECKH HPOCTHIX
TeJ B KPUCTAJJIHYECKOM COCTOSIHMH OJMHAKOBa M paBHa 3R.3to0 yTBep-
r ¥KJeHHe COCTaBJIsieT CONeplKaHue

sakoHa Honoura n IlTH,
. YCTaHOBJIEHHOTO ONBITHBIM MYTEM.
3aKOH BHINOJHSETCS C JOBOJIBHO
XOpOIUMM NpHOMNKEHHEM JJIs] MHO-
TUX BeLeCTB IPH KOMHATHOH TeM-
neparype. OfHaKo, HanpuMmep, aj-
Ma3 HMeeT NpH KOMHATHOH TeMIle-
patype TemJOeMKOCTb, paBHYIO
Bcero npumepro 0,7R.
7 iz Bosee Toro, Bonpeku (114.1)
Prc. 114.1. TEeMJIOEMKOCTb KPUCTAJI/IOB 3aBHCHT
OT TeMIepaTyphl, IpH4yeM 3aBHCH-
MOCTb MMEET XapakTep, NOKas3aH-
Heiit Ha puc. 114.1. B6au3n aGcoMOTHOro HyJIst TEMIOEMKOCTL BCEX TeJ
nponopuuoHanbHa T3, ¥ TONBKO IPH JOCTATOYHO BEICOKOH, XapaKTEpHO#
LJISL Ka)kJIOro BellecTBa TeMNepaType HAuWHAeT BLINOJIHSTHCS pPaBeH-
ctBo (114.1). ¥ GOMBIUMHCTBA TeJ 3TO AOCTHIAETCS YKe MPU KOMHATHOH
TeMIepaType, y a/jMasa e TeIVIOEMKOCTb JOCTHTaeT 3HaueHHs 3R
JUIb NpU Temmeparype nopsiika 1000°C.

Crporast TeopHsi, TENJIOEMKOCTH TBepJIBIX TeJl, CO3AaHHAas DUHIUTEH-
HoM M [leGaeM, YYHTHIBaeT, BO-NlepBhIX, KBAaHTOBaHHEe SHepPruu KoJjeba-
TeJbHOro JABHxKeHus (cM. § 97). Bo-BTophix, TeopHs YUHTHIBAeT, 4TO
KoJieGaHHsl 4acTHI B KPHCTAJJIHYECKOH pelIeTKe He SIBJSIOTCI He3aBH-
CHMBIMH. DTa TeopHs ') HAXOAUTCS B XOPOILIEM COLJIACHH C ONBITHBIMH
JaHHbLIMH. B 4acCTHOCTH, JJIS1 BLICOKHX TeMIepaTyp OHAa NPHBOJMUT K Bhl-
paxenuio (114.1).

R frmmm e

1) Ona Oyner H3JOXKeHa B TPETbeM TOME.
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JXUAKOE COCTOSAHHE

§ 115. Crpoenne xupKOCTEH

JXuzkoe cocrosiHve, 3aHHMas NPOMEXKYTOYHOE MOJIOKEHHE MEXKILY
rasaMi M KpHCTaJlJlaMH, codeTaeT B ce(e HEKOTOpbIE YepThl 000UX ITHX
cocTosiHuii. B yacTHOCTH, AJ/19 XKUAKOCTEH, KaK U JJIs1 KPUCTAJINYECKHX
TeJI, XapaKTepHO HaJMyMe onpejieJieHHoro oobemMa, H BMECTE C TEM KM -
KoCTb, NOJ0GHO rasy, NpHHHMaeT (opMy TOro cocyla, B KOTOPOM OHA
Haxomurcsi. Jlanee, A/ KpPUCTAJVIHYECKOIO COCTOSIHMSI XapaKTepHO
yNopsiloYeHHOe pacnosoXKeHHe YacTHL (aTOMOB HJIH MOJIEKYJ), B ra-
3aX B 3TOM CMBICJIe LAPUT NOJHBIA Xxaoc. CornacHo peHTreHorpaguue-
CKHUM HUCCJIJIOBAHHSAM, B OTHOLIGHHH XapaKTepa PacroJIOMeHUsl YacCTHIL
JKUJKOCTH TaKXKe 3aHHMAIOT IIPOMEKYTOYHOe IosoxkeHne. B pacmoso-
JKEHHH YacTHI[ JKMAKOCTH HaG/ofaeTcsi TaK HasplBaeMbiil 6 J1 M X-
HHU U IO PsijJioK. ITO 03HAYaeT, YTO 110 OTHOIIEHHIO K JII0OOH yacTHIe
pacnosioxkeHne OJHXKAHIINX K HEH coceilefl sIBISETCS YNOPsIOUEHHBIM,
OpHaxo mo Mepe yZhaJleHHsi OT JAHHOH YacTHIEL PACHOJIOXKeHHe 1O OT-
HOLIEHUIO K Helf JNPYTHX YaCTHL, CTAaHOBUTCS BCe MeHee YNOpSIOueH-
HBbIM, H J0BOJIbHC OLICTPO NOPSJOK B PACIONOKEHUH YAaCTHIL HOJHOCTBIO
ncyesaer. B Kpucraniax ¥MeeT MeCTO L aJbHUU MOPAAOK:
YHOPSJI0YEHHOE PACIOJIOKEHHe YacTHL, [0 OTHOLIEHHIO K Jo6oil uac-
THIle Ha6J/IOJAeTCs B NpejeslaX 3HAYMTENbHOro ofbema.

" Hannune B XKuAKOCTAX GJIHKHErO NOPAAKA CJAYXKHUT NPUIHHOIN TOrO,
4TO CIPYKTYPY KMAKOCTeH HasblBalOT KBa3HKpPHCTAJJHYe-
CKOH (KpHCTaJIo0nofo6HOiH).

"~ H3-3a OTCYyTCTBHS [Ja/bHEro NOPSIAKA KUAKOCTH, 32 HEMHOTHMH
UCKJIOYEHUAMH, He OOHapYXKHBAalOT aHU30TPONUH, XapaKTepHoil AJIs
KpPHCTaJVIOB € MX NPaBHJBHBIM PacIIOJIOKEHHEeM yacTHi,. B xuuxocrsax
C YAJMHEHHBIMH MOJIEKyJlaMH Hab/ojaercs OAMHAKOBAass OpHMEHTAaLHs
MOJIeKyJl B IIpefieslaXx 3HAa4YHTeJbHOro oGbeMa, 4yeM OOYyCJOBJHBaeTcs
aHM30TPONHSl ONTHYECKHX M HEKOTOPHIX APYTHX cBoiictB. Takue xuj-
KOCTH MNOJYYHJN Ha3BaHHe KM AKHX KpPHCTaJaJdo0OB. ¥ HHX
YHOpsiZioueHa TOJbKO OPHEHTALHUs MOJEKYyJ, B3aUMHOe XKe pacroJjioxe-
HHe MOJIeKYyJ, KaK M B OOBbIYHBIX JKHJAKOCTSX, AaJbHEro Mopsiika He
obHapy»KuBaeT,
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[IpoMexyTOUHBIM - IOJIOXKEHHEM KHAKOCTell 00yC/I0BICHO TO OOCTOM*
TEJBCTBO, UTO KHUJKOE COCTOSIHME OKa3biBaeTcsi OCOOEHHO CJIOXKHBIM MO
cBouM cBoiictBaM. [losTomy ero TeopHsi ropasjo MeHee pas3BHTa, ueMm
TeopHsi KpHCTaAJHYecKoro ¥ rasoobpasHoro cocrosHui. Jlo cux nop
HET BIIOJIHE 3aKOHYEHHOH U 00luenNpU3HAHHON Teopuu xujkocreil. 3Ha-
YHTE/IbHLIE 3aCJIYTH B paspaboTke psifa npobJeM TEeOpUH XKHUIKOro Co-
CTOSIHHS TNpHHaNJIexaT copeTckomy yuenomy S1. K ®penkemo.

~ CorslacHo @peHKeo; TeNJ0Boe JBUKEHHE B KUAKOCTAX MMeeT cle-
Aylomui xapakrep. Kaxnas mojexkyJsa B TeyeHHEe HEKOTOPOTO BpeMeHH
Kos1eBJIeTCsl OKOJIO ONpelesIeHHOrO MOJIOXKeHUs1 paBHOBecHsi, Bpems ot
BpeMeHU MoJleKyJ/ia MeHsleT MeCTO PaBHOBeCHS, CKauKOM [epeMelnasich
B HOBOE MOJiOXKEHHE, OTCTOsliee OT MNpEeAbIAYLIEro Ha paccTosHHe MOo-
psAika pasmepoB caMHMX MoJekya. TakuMm oOpasom, MOJEKYJbl JIMIIb
MeJlJIeHHO NepeMeLialoTcsl BHYTPH XKHUAKOCTH, TpeOhiBas 4acTb BpeMeHH
OKOJIO ompeaeneHHbIX MecT. [lo o6pasHomy Boipaxenuio 1. M. ®pen-
KeJ1sl, MOJIEKYJIbl CTPAHCTBYIOT 10 BceMy O0BeMY KHAKOCTH, Bels KO-
ueBoifi 06pa3 KWU3HH, IPH KOTOPOM KDAaTKOBDEMEHHble Nepeesjinl
CMEHSIIOTCA OTHOCHTENBHO AJUHHBIMU NIepHoAaMH OceaaoH Ku3Hu, Jlau-
TeJBHOCTH 3THX CTOSTHOK BecbMa pasyii4Hbl M 0ecrnopsiloyHO “uepeny-
I0TCSL Apyr € APYroM, HO CpeXHAsl JAJIHTEJbHOCTb KOJIeOaHHI OKOJO
OHOTO W TOrO Ke IOJIOXKEHHS pPaBHOBECHUS OKa3bIBaeTcs Y KaxJoit
KHJIKOCTH OINpPENeeHHON BeHYHHOM, pe3ko yObiBaroiieli NpH MOBbilLe-
HUH TeMneparypel. B cBA3M ¢ 3THM IpH TNOBBILIEHHH TeMIepaTyphl
CHJIBHO BO3pacTaeTr NOABMIKHOCTb MOJIEKYJ, YTO B CBOIO Oyepelb BJiE€UeT
3a cofofl yMeHbILIEHHEe BSI3KOCTH >XHIKOCTEH.

CyluecTByloT TBepAble TeJsla, KOTOPEIE BO MHOTUX OTHOLUEHHSIX OKa-
3LIBAIOTCSt OJIHAKE K KHIKOCTSIM, YeM K Kpucrannam. Takue Tena, Ha-
3piBaeMble a M O p ¢ H Bl M H, He 00HapyKHUBAIOT aHu3oTponuu. B pac-
MOJOXXEeHHH MX YacTHIL HMeeTcs, KaK U Y KUJAKOCTeH, TOMbKO OJIHKHHI
nopsnox. Ilepexon or amopdHOro TBepAOro Tena K JHAKOCTH IIPH Ha-
TPeBAHHH OCYIIECTBJSETCS HEeNpPEephIBHO, B TO BpeMsl KaK Nepexof OT
KpHCTaJa K MUAKOCTH COBEpULIAeTCA CKaukoM (noApoOHee o6 3ToM 6y-
zet ckasaHo B § 125). Bce 3To naer ocHoBaHHe paccMaTpHBaTb amopd-
Hble TBep/ible Te/la KaK Niepeox/aKAeHHble XKHUJKOCTH, 4aCTHIIBI KOTOPLIX
BCJEACTBHE CHJBHO BO3pOCUIEH BSI3KOCTH MMEIOT OrPaHHYEHHYIO INOA-
BHKHOCTb.

THUNHYHBIM NIPUMEPOM aMOP(HOro TBEPAOTO Tejla CJYMKHT CTEKJO,
K uiicy aMOpgHBIX Tesl OTHOCATCA TaKiKe CMOJBI, GHTYMB H T. H.

§ 116, MoBepXHOCTHOE HATSKEHHE

MoneKydasl KHAKOCTH pacroniaraloTcsi HacTONBKO GJH3KO Apyr
K ApYTY, YTO CHJIBl MPHUTSIKEHHS MEXKIY HHMH MMEOT SHAuYUTENbHYIO
Beanuuny. [TockonbKy B3auMoleHCcTBHE GICTPO YOBIBAET C PACCTOS HHEM,
HAYHHas C HEKOTOPOTO PAcCTOSIHHS CHJIAMH NPUTSIKEHHST MEXAY MoJie-
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KyJlaMH MOXHO mipeHeGpeub. DTO paccTosiiue 7, KaK Mbl yxe 3HaeM
(cM. § 91), HasbiBaetcd pafHyCOM MOJEKYJASAPpHOTO
pAeiicTBHuA, a cbepa pamuyca r HasbiBaerca c¢pepoil moade-
KyJdsipHoro JneifictBHA. Paiuyc MoJeKyJapHOro neHCTBHA
HMeeT BeJHYHHY TOpsijKa HECKOJbKHX 3cp¢exmBHblx JIHaMeTpOB
MOJIEKYJIBL.

Kaxnasi MoJieKyJla HCHBITHIB2eT NPHTSKEHHe CO CTOPOHHI BCEX CO-
CeJIHHX C Hell MOJIeKyJ1, HaXOAsIUXCA B mpelesax cdepbl MOJEKyAsip-
HOTO JeHCTBHSA, LIEHTP KOTOPOH COBRajaer ¢ JaHHOH MoeJekynoi. Pas-
HOZIeHCTBYIOIAA BCX 3THX CHMJ A MOJEKYJbl, Haxofisefca OT no-
BEPXHOCTH MKHAKOCTH HA PAacCTOSIHMM, IpeBLINIAIOEM 7, OYEBHIHO,
B cpeiHeM paBHa Hymo (puc. 116.1). Vnaue oGcTouT neso, ecan MoJe-
KyJ/Ja HaXOAWTCA Ha PAacCTOAHHH OT IOBEPXHOCTH, MEHBbIIEM YeM 7.
Tak kak nioTHOCTH Mapa (MJH rasa, ¢ KOTOPbHIM FPaHHUHT XKHAKOCTH)
BO MHOTO pa3 MeHbllle TIJIOTHOCTH JKHAKOCTH, BHICTYNAIOWIAs 32 NPeaesikt
JKUJAKOCTH YacTb cpepbl MOJIEKyJAsap-

N
HOTO jeficTBHA GyJET MeHee 3anoJjiHe- _ 7 N\
Ha MOJIEKyJIaMH, YeM OCTa/lbHasi 4acThb f 1% XX %]
chepbl. B pesysmbrate Ha Kaxuyio j’ V] x5/
MOJIEKYJly, HaXOAAILYIOCsS B MOBepX- moommeesEpot——-
HOCTHOM CJI0E TOJMUUHBL 7, OYyZeT /2% x RN, -
IeHcTBOBaTb CHJla, HanpaBJieHHas {575 %
BHYTPb HAKOCTH. BenuuuHa 37Ol W X xy }
CHJIbI PaCTeT B HalpaBJIeHHH OT BHY- N

TPeHHeH K HapyKHOH rpaHuue cJos.

[epexox MoseKyan! u3 TayGH- Puc. 116.1.

Hbl XKHJIKOCTH B NIOBEPXHOCTHBIHN CJI0H

CONPOBOKAAETCS COBEpIUEHHEM Haf Monexynou JIeHCTBYIOUIMMH Ha Hee
B NOBEPXHOCTHOM CJIO@ CHJIaMH OTpHIUaTesbHOil paboTel. B pesyabraré
3TOrO KHHETHUeCKasi SHeprusi MOJIEKYJIbI YMEHblIaeTcd, NpeBpalasch
B TOTEHIHANbHYIO 3HepTHI0. [1on1o6HO 3TOMY cH/a 3eMHOrO TATOTEHHSA
cOBepllIaeT Haj JETALIMM BBepX reJoM OTpHLATeJbHYIO paboTy, 4YTO
NPUBOAHT K NpPEBpaleHHI0 KHHETHYECKOH 3HEPTHH TeJla B MOTEHIHAa/b-
nyio. Ilpu obpaTHOM nepexose MOJEKYJbl B I1y0b KHAKOCTH MOTEH-
nuasnbHas 3HePrusi, KOTOpoi obJajaja MoJeKkysaa B NOBEPXHOCTHOM
cJioe, TMEPEeXONUT B KHHETHUYECKYIO 3Hepruio.

Hrak, mMosexysbl B MOBEPXHOCTHOM CJioe OGJIAJAlOT JOMNOJHHTE b
HOl noreHnuanbHON 3Heprued. IToBepxHoCTHEIT caoft B menom 06.a-
ZaeT JOMOJIHHTENbHON 3Heprueil, KOoTopas BXOZHT COCTABHOM YacCThiO
BO BHYTPEHHIOIO JHEPTHIO KHAKOCTH.

ITockonbKy MOJIOXKEHHe paBHOBECHS COOTBETCTBYET MHHHMYMY MO-
TeULUHAJbHOH 3HEepPruM, IKUAKOCTb, IIpelocTaBjJeHHass caMmoil cebe,
Oyaer npuHUMaTh (OPMY C MHHHMAJIbHOH MOBEPXHOCTBHIO, T. e, dopMy
mapa. OGbIuHO MBI HaGJII0NaeM He XKHIAKOCTH, «[PEeOCTaBIeHHbIE CAMHM
ceGe», a XKHIKOCTH, NMOJABEPIKEHHbIE NEHCTBHIO CUJ 3eMHOIO TATOTEHHS.
B sTOoM cayyae KHMAKOCTE TIpHHHMaeT (GOPMY, COOTBETCTBYIOULYIO
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MHHMMYMY CYMMapHOH 3Hepruu — 3HEPrHH B I10Ji€ CHJl TATOTeHHs
U NOBePXHOCTHOH 3HEPrHH. ' v
[Npu yBesMYeHHH Pa3MepoB Tela OObEM pacTeT KaK KyO JIMHEHHBIX
pasMepoB, a TMOBEPXHOCTb — TOJNbKO Kak KBaapat. Ilosromy mpomop-
HMOHAJIbHAsI OOBEMY Tesla SHeprus B MoJIe TATOTEHUSI U3MEHsIeTCs ¢ pas-
MepaMu Tesia GhICTpee, YeM NOBEPXHOCTHAsl SHEprusi. ¥ Ma/biX Kamesb
JKHUAKOCTH . [Pe06/Iajaiollylo po/ib MrpaeT INOBEPXHOCTHAasi 3HEPrus,
BCJIEACTBHE Yero Takue Kallii HMeloT ¢opMy, OJIH3KYI0O K chepHuecKoi.
DBoablue Karjd 3XKHAKOCTH CIVIIOLIMBAIOTCS MMOJA AEHCTBHEM CHJ TATo-
TeHHsI, HECMOTPsI Ha TO, YTO NOBEPXHOCTHAsA SHEPLHs IPH 3TOM BO3-
pactaer, BoJbliune Macchl XHAKOCTH NPHUHHUMAIOT GoOpMy COCyAa, B KO-
TOpBIA OHM HAJHMTH, C TOPH3OHTANbHON CBOGOLHOM MOBEPXHOCTHIO.
H3-3a HaJM4HA TOBEPXHOCTHOH SHEPIMH XKHAKOCTb OOHapyKHBaer
CTpeM/IeHHe K COKpAIUEeHHIO CBOel moBepXHOCTH. XKuAKocTb Beler cebs
TaK, KaK ecjd Gbl OHa Obljla 3aKJ/IOYeHa B YOPYTYIO PACTAHYTYIO NJIEH-
Ky, crpemsuiyiocs cxartbesa. Crenyer umerb B BHAY, YTO HHUKaKoOH
IJIEHKH, OTPAHMYMBAIOMIell XKHAKOCTb CHApYyXKH, Ha CaMoOM [efie HeT.
[ToBepXHOCTHEIH CJIOH COCTOMT H3 T€X XK€ MOJIEKYJI, YTO U BCS 2KUJKOCTD,
M B3aUMOJEHCTBHE MEXAY MOJIeKYJaMH HMeeT B MOBEDXHOCTHOM cJoe
TOT € XapakTep, UTO H BHYTPM xuaxoctd. [leso sakmoyaercs JHLIb
B TOM, YTO MOJIEKYJIEl B MOBEPXHOCTHOM CJIoe OGJIafaloT AOMOJIHHTE/b-
. HOH 3Hepruefl Mo CPaBHEHHIO C MOJIEKYJaMH BHYTPH XKHIKOCTH.
Bbie/ UM MBICJCHHO 4acTb NMOBEPXHOCTH KHUAKOCTH, OTPaHHYEHHYIO
3aMKHYTEIM KOHTypoM. TEHJEHUMs! 3TOrO YYacTKa K COKDAIeHHIO
. NPUBOJHT K TOMY, YTO OH AEHCTByeT Ha rpa-
8. caod HHuallie C HUM YYacTKH C CHJIaMH, pacrpe-
JieJIeHHBIMH IO BCeMY KOHTYpPY (IO TpeTbemy
3aKoHy HbloTOHA BHEIIHME YYacTKU IOBEpX-
HOCTHOTO CJIOsi JeliCTBYIOT Ha paccMarpuBae-
MYIO 4acTb MNOBEPXHOCTH C CHJaMH TakoH
”l‘ JKe  BeJHYMHBl, HO  NPOTHBOMNOJOXKHOIO
HanpaB/ieHHsl). DTH CHJbI HasbBalOTCS C H-
I JaMH NOBEPXHOCTHOTIO HAaTSHXe-

l
D

! Jj . uus. HanpasineHa cusia moBepXHOCTHOrO Ha-
7 # iz TSIXKEHH S MO KacaTe/IbHOH K MOBepXHOCTH XKUJ-

N KOCTH, NepNeHAHKYJSPHO K Y4YacTKy KOHTY-
YF=2al pa, Ha KOTOpHI# OHa JeHCTBYeT. .

2) P OG603HaYNM CHJIIYy TOBEPXHOCTHOTIO HATSI3KE-

HHS, TPUXOASNLYIOCA HA €IMHHILY JJIHHbl KOH-
Puc. 116.2. 'rypa,ffepes o, DTy BeJIHYHHY HaA3BIBAIOT K O-
350 ¢pHULHNEeHTOMNOOBEPXHOCTHOTO
HaTsxXeHUus. lamepsioT ee B HBIOTOHAX
Ha merp (8 CH) unu B_punax Ha cantuMeTp (B CI'C-cucreme).

- IlpeanosiokuM, 4TO UMEETCS MPSIMOYroJibHAs paMKa C MOABUIKHOM
nepexJaJAuHOH, 3aTAHYTasl MJeHKol xuakoctd (puc. 116.2). Ilnenka
NpeAcTaBadeT co60H TOHKHHA MJIOCKHIl 06BeM KHMAKOCTH, OrpaHHYeHHbIH
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C IBYX CTOPOH MOBEPXHOCTHBIM cjoeM (cM. pHc. 116.2, 6, Ha KoTOpOM
pamka rokasaHa B pa3pese). Besencteye cTpeMyieHMsi OBEPXHOCTHOIO
CJI0st K COKPAILEHHIO CO CTOPOHHI IUVIEHKH OyJeT AefCTBOBaTh Ha Iepe-
KJaAuHy cuna, paBHast 2ol. UToGbl nepekyafiHa HaXoAWJIacCh B paBHO-
BeCUH, K Hell HYXHO NPHUJIOXKHTD BHEUIHIOW CU1y F, paBHYIO CHJe Ha-
TsDKEHHs TUIeHKH, T. e. 2al. Ilpenmosiokum, uto mepekjaagysa nepe-
MeCTHJIach KpaiiHe MeJlJIeHHO B HallpaBJleHUH JeHCTBUS CUJHL F Ha OueHb
Masnylo BeJUUYHHY dx. DTOT INpolecCc CONPOBOXKAAGTCS COBEPLICHHEM
XKHUAKOCTBIO Hajl mNepekaannHoil pabothl d'A=—2aldx=-—a dS, rae
dS — npupaleHye mJolald NMOBEPXHOCTHOro cjosi. IIpH Takom yBe-
JIMYEHHH TIOBEPXHOCTH JONOJHHTE/bHOE KOJNHYeCTBO MOJEKYJ mepe-
XOIUT U3 TJIYOUHBI XKHUJAKOCTH B IIOBEDXHOCTHBII CJIOM, Tepssi IPH 3TOM
CBOIO cKopocTb. IloaToMy, ecan 6wl mpollecc mpoTeKkas agnabaTHUeCKH,
JXUAKOCTb CJlerka oxJaju/ach 6bl. OnHAKO MBI NpeinoJarasy, yto mpo-
IlecC IpoTeKkaeT OuyeHb MeNJeHHO (0OpaTHMO), BCJEJCTBHE YEro TeMrie-
paTypa I/EeHKH OCTaeTcs HeM3MEeHHOH 3a CueT IPHTOKa Tela W3BHE,
TakuMm o6pasoM, mpouecc 6yJeT MPOUCXOAHTL H30TEPMHUYECKH.,

B § 109 MBl ycraHoBuaH, 4TO padoTa, coBepllaeMasi mpH oGpaTHMOM
M30TePMHYECKOM IIpolecce, paBHa YOBIIH CBOOOAHOH 3HepPruu (cM.
(109.11)). CnefioBaTesqbHO, MOXKHO Hamucartb, 4YTO

d'A=—a dS=—dF.

ITosyueHHbIH pe3ysbTaT 03HAyaeT, YTO NMPH M30TEPMHYECKOM YBeJHue-
HHUM TJIOIIALM NOBEPXHOCTHOTO C710s1 Ha dS cBOGOAHAsA 3HEPTHS XKHI-
KOCTH Bo3pacTaeT Ha dF=a dS. Orciofa BHITEKaeT, YTO KOIpdHLHeHT
NOBEPXHOCTHOTO HATSIKEHUSl o NIpej]cTaBiiseT co0O#l JOMOJHHTENbHYIO
CBOGOAHYIO 3HEpPruIo, KOTOpo#l obJajaeT ejvHHLA ILIOWAJH NOBEpX-
HOCTHOT'O ¢J101. B COOTBETCTBHHU C 3THM G MOXKHO BBIPAXKaTb HE TOJbLKO
B HBIOTOHaX Ha MeTp (MJM JUHAX HA CAaHTHMETP), HO H B JKOYJAX Ha
KBaJpaTHbIli MeTp (HJIH B 3prax Ha KBaJpaTHHId CAHTHMETD).

[Tpumecn cHIBHO CKAa3bIBAlOTCS1 Ha BeJMYHHE NOBEPXHOCTHOIO Ha-
TaxeHnsa. Tak, Hanpumep, pacTBopeHHe B BOJE MbLIa yYMEHBINAET ee
K03(h(hHIHEHT IOBEDXHOCTHOTO HaTsXKEHHs MOYTH B IIOJTOpa pasa.
Pacteopenue B Boge NaCl, HanpoTHB, NPUBOAHT K YBEJHUYEHHIO Q.

C noBblLIeHHeM TeMNepaTyphbl pasjiiuyHe B MJIOTHOCTSX XKUAKOCTH H
ee HacChlLleHHOTO napa ymenbliaercs (cM. § 123). B cBsI3H ¢ 3THM yMeHb-
maeTcsi ¥ Koa(pHLHEHT NOBEPXHOCTHOro HaTsxkeHus. [IpH Kpurtuye-
CKOH TeMmmepaTtype ) a oGpaliaeTcsi B HYJb.

§ 117. JXasacHHe moj H30THYTOH NOBEPXHOCTBHIO KHMAKOCTH

PaccMoTpHM NOBEPXHOCTb 2KHAKOCTH, ONMPAIOILYIOCS Ha HEKOTO-
pbiit miockuit KOHTYp (puc. 117.1, a). Ecin nmoBepXHOCTb KHAKOCTH
He IJIocKas, TO CTpeMJIEHHe €€ K COKpalleHHIO NpHBeAeT K BO3HHKHOBe-

1) Onpepnenenne KPUTHUECKOH TeMepaTypsl jaHo B § 123,
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HUIO [aBJIeHHs, HOMOJHHUTENBHOTO K TOMY, KOTOpPOE HCHBLITHIBAeT XKHI-
KOCTb ¢ TMJIOCKOH MOBEPXHOCTBIO. B coTyyae BHIMYKJION MOBEPXHOCTH 3TG
JOMOJIHWTENIbHOE JaBJIeHHe mnoJoxuTesnbHo (puc. 117.1, 6), B cayuae
BOTHYTO! MOBEPXHOCTH — oTpHuareabHo (puc. 117.1, 6). B nmocnennen
cjiyyae MOBEPXHOCTHBIX CJIOH, CTPeMsCb COKDaTHTbCS, pPacTATHBaer
JKHAKOCTb.

BennunHa 106aBOYHOTO JaBJeHHsl, OYEBHAHO, NO/KHA BO3pacraTh
¢ yBeJHuYeHVeM Ko3(pHUHEHTa NOBEPXHOCTHOIO HATAMEHHS o H KpH-
BU3HBI TIOBEPXHOCTH. BBIMHCINM J06aBOYHOe JHaBJieHHe HJs chepuue-
CKOH MOBEPXHOCTH XHAKOCTH. [l 3TOro pacceueM MbICIEHHO chepH-
YECKYI0 Kamuiio XXUAKOCTH IMaMeTpasbHOH NJIOCKOCTbIO Ha JBa MOJY-
mwapust (puc. 117.2). M3-3a noBepXHOCTHOrO HaTskKeHHs o0a moJyiia-
pHs NpUTATHBAOTCA APYT K NPYTy € CHJIOH, paBHOMH

F=la=2nRa,

dra cusa mpuXKHMaeT ApYr K ApYyry o6a noJyluapHs Mo MOBEPXHOCTH
S=nR? u, cjiefoBaTeNbHO, 00YCJIOBJINBAET IONOJHHUTENbHOE JaBJIEHHE
) F 2nRa 2oc
Ap= R R (117.1)
KpuBn3Ha chepHyecKodl NOBEPXHOCTH BCIOAY OXHHAKOBa W’ Ompese-
asercs paauycoM cdepbl R. OyeBHAHO, YTO YeM MeHblue R, TeM 6oJblie
KpUBH3HA cCepuyeckoil noeepXHocTH. Kpueusmy npousaonbuou no-
BEPXHOCTH NPHHATO XapaKTepH3OBATh TaK HasbiBaeMoil cpenHell KpH-
BU3HOMH, KOTOpas MOMET OKasaTbCsl
pas.mmuoﬁ JUIsl pasHLIX TOYEK Io-
BepXHOCTH. .
Cpennsii KpPHBH3HA onpeaes-
eTcsa yepe3 KPHBH3HY HODMasbHBIX

._.___4/\;7\ S

Pt Ap Fo~ AP
o) 6) 8
Puc. 117.1. Puc. 117.2.

ceuennii. HopmanpHLIM ceueHHeM NMOBEpXHOCTH B HEKOTOpPOI TOuKe Ha-
3LIBACTCSl JIHHHS NEDECeYeHHsl STOH NOBEDXHOCTH C IIOCKOCTHIO, MPO-
XoAslell yepe3 HOpMasib K IMOBEPXHOCTH B pacCMaTpUBaeMOH Touke.
Insi cepsl noboe HOPMaZbHOE ceueHHe MPeiCTaBaseT Co60# OKpy«-
HocTb paauyca R (R — pamuyc cdepnl). Bennunna H=1/R naer kpu-
BU3HY cdepel. B ofem ciayyae pasnuyHble HOPMAJbHBIE CEYEHHMS,
TNpOBeJieHHbIEe Yepe3 OAHY H Ty e TOUYKY, HMEIOT PasiHYHYI0 KPUBH3HY.
B reomeTpun ROKa3bIBaeTCsl, YTO NOJyCyMMa 06paTHbIX paauycoB KpH-
BH3HBI

H_—(R1+R2) (117.2)
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I Jiio6oH mapel B3aHMHO MNepNeHIUKYJSPHBIX HOPMAaJbHHIX ceyge-
HHH HMeeT ONHO H TO e 3HayeHHe. DTa BEeJHYMHA H eCTb CpelHss
KPHBH3HA -NIOBEPXHOCTH B JAHHOH TOUKe.

Pannycot Ry u R, B opmydie (117.2) — anre6panuecKye BeJHUUHBI.
Ecnu ueHTp KpUBH3HBI HOPMAaJbHOTO CeYeHHsl HAXOAUTCH MOJ AaHHOH
NOBEPXHOCTbIO, COOTBETCTBYIOUMH pajHyc KPHBH3HHI I10JIOXKHTEJEH;
€C/IM [EHTP KPHUBHU3HBI JIEKHUT HajJ IOBEpXHOC-
TbIO, paJilyC KPUBU3HEI OTpHLATeNeH (pHc. 117.3).
Takum ob6pa3soM, HemJIOCKass MOBEPXHOCTb MOXKET
HMETb CPEJHIOI KPHBH3HY, paBHYI0 HyJ/o. JLis
3TOTO HYXHO, 4YTOObl paiMycChl KDHBU3HH R; H
R, OblnY ORZMHAKOBHI MO BeJIHYHMHE H MPOTHBO-
MOJIOKHEI 1O 3HAKY.

Hns cpepet R;=R.=R, Tak 4TO B COOTBET- .
cru ¢ (117.2) H=1/R. 3avenus B (117.1) 1/R
yepes H, nonyunm, uro Puc. 117.3.

Ap=2Ho. (117.3)

Jlantac nokasan, uto ¢opmyna (117.3) cnpaBennuBa sl moBepx-
HOCTH J1060# qaoprx ecau nof H moHHMaTb CpefHIOl KPUBU3HY MO-
BEPXHOCTH B TOH TOYKe, IIOJi KOTOPOH ONpeJeJsercss AOMOJHUTENbHOE
nasnenue. [TonctaBus B (117.3) Boipaxenue (117.2) nns cpenneit Kpu-
BH3HBI, IOJYYHM GOpMYJTY A/ R00aBOYHOIO JABJIEHUS MOJ IPOH3BOJIb-
HOH MOBEPXHOCTBIO:

Ap= a(gl +RL) (117.4)

OnHa HaswiBaercs popmMynoidh Jlanmaaca.

Jo6aBoyHoe naBjeHle (117 4) ofycjoBIMBaeT H3MEHeHHe YpPOBHSA
XKHIOKOCTH B Y3KHX TPYOKax (KamH//IsApax), BCJEACTBME Yero Hasbl-
BaeTcsl HHOTAA KaNHJAJAPDHBM JaBJAEHHEM

§ 118. SBaenns Ha rpaHuue MHAKOCTH H TBEPHOTro TeJa

Bce ckasanHoe B § 116 06 0coOBIX yC/I0BHAX, B KOTGPHIX HaXOASATCA
MOJIEKYJIE IOBEPXHOCTHOIO CJI0s, LIeJIMKOM OTHOCHTCS TaKXe H K TBep-
nbiM TenaM. ClieoBaTesIbHO, TBEp/ble Tesa, KaK H XKUAKOCTH, 06/1a1al0T
NOBEPXHOCTHBIM HAaTSXKEHHEM. ‘

Ilpu paccMOTpeHHH sIBNEHHH Ha rpaHHIE pasiena pasiuuHbIX cpej,
cJefyeT WMeTb B BHIY, UTO MOBEPXHOCTHAs SHEPTUsl KHAKOCTH HJIH
TBEpPJAOTO TeJa 3aBHCHT HE TOJBKO OT CBONCTB JAHHOH KUIKOCTH HJIH
TBEPJOro Tesa, HO U OT CBOHCTB TOrO BellecTBa, ¢ KOTOPbIM OHH IpaHu-
yat. CTporo roBopsi, Hy>KHO pacCMaTpHBaThb CYMMapHYIO NMOBEPXHOCTHYIO
SHEpPTHIO Qj; ABYX TPAHHYAIMX APYT C ApyroM Beuects (puc. 118.1).
TonbKo ecqd OAHO BelecTBO ra3oo0pasHoO, XHMHYECKH He pearupyer
C ApPYTMM BeIeCTBOM H Majllo B HeM pacTBOPSIETCA, MOXXHO TOBOPHTH



378 IJ. X1V. )XUIKOE COCTOSIHUE

NPOCTO O TOBEPXHOCTHOR SHEPrHH (MM KodpdHIHEHTe NOBEPXHOCT-
HOTO HATSMEHHs) BTOPOTO MKHUAKOTO MJM TBEPAOTO-Teja.

Ecau rpaHnyar Ipyr ¢ APYroM cpasy TPH BeIeCTBa: TBEPAOE, KHA-
Koe U rasoo6pasHoe (puc. 118.2), To Bcsa cucremMa npuHUMaeT KOHQHTy-
palMio, COOTBETCTBYIOLIYI0 MHHHMYMY CyMMapHOH 3Hepruu (noBepX-
HOCTHOH, B I10JIe CHJl TSIKECTH H T. 1.). B 4acTHOCTH, KOHTYp, N0 KOTO-
pOMy TpaHHYaT Bce TPH BelleCTBa, pacnosaraeTcsi Ha NOBEpXHOCTH

/az
JZC{T,',-
oLy, /{/ 7 A
Gnerenm kowmypd 78, mena
, dninorg 41
Puc. 118.1. Puc. 118.2.

TBEPIOro Tena TakMM 00pa3oM, uTOOBI cyMMa NMpOEKLHH BCEeX NpPHJIO-
JKEHHBIX K KaKAOMY 3JIEMEHTY KOHTYpa CHJI NOBEPXHOCTHOTrO HaTsKe-
1iUsl HAa HanpaeJieHHe, B KOTOPOM 3J/€MEHT KOHTYpa MOXKeT nepeMe-
waThcs (T. €. Ha HanpaBJieHHe KacaTesIbHOH K NMOBEpXHOCTH TBEPAOTO
Tena), Obia paBHa HyJo. M3 puc. 118.2 cnexyer, uto ycioBHe paBHO-
BecHs JIeMEHTa KOHTypa AJHHOH Al 3anuiieTcs ciepylomuM o6pasoM:

Ala, .=Ale, , +Ala,, . cosd, (118.1)

TIe O p O  H Gy, . — KO3(DOHIHUEHTE NOBEPXHOCTHOTO HATSXeHHs
Ha TpaHHLAaX: TBepJAOe TéJO — ras, TBepPJAOe TeN0 — KHUAKOCTh ¥ XKHJ-
KOCTb — ras.

OTCUHTBIBaEMbII BHYTPH KHAKOCTH Yroa ¥ MeXAy KacareJbHBIMH
K TIOBEPXHOCTH TBEPAOro TesNia U K MOBEPXHOCTH JKHIKOCTH HasbiBaeTcs
KpaeBHM yraoM. B coorBerctBun ¢ (118.1)

O, p—0%r, %
Ay, T

Kpaepoii yroa onpenensiercss BblpakeHneMm (118.2) Tombko npw
YCJIOBHH, 4YTO

cosd = (118.2).

]ajt.r'—'o‘r.m|
@y, T

Ecnn 310 ycnoBHE He BHIIOJHAETCA, T.e€. |otp »—0;, u|l >0, ., HH
NpH KaKoOM 3HaueHHH ¥ He MOXKeT YCTaHOBHTLCS paBHOBeCHE. 3TO HMEET
MECTO B JBYX CJydasX.

1) &y, >0, w0y, . Kak 66 Hu 6Bl Mant yroua 3, cuna o, . nepe-
BelunBaeT ase Apyrue (puc. 118.3, a). B stoM ciyyae Kuakocth Heor-
PaHHYEHHO pacTeKaeTcd @0 IIOBEPXHOCTH TBEpPHOTO Teja — HMeer

<l. (118.3)
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MECTO MOJHOE CMayYHuBaHUe 3aMeHa NOBEPXHOCTH TBepjoe
TeNI0 — ra3 JBYMSl IOBEPXHOCTSMH, TBEpJOE Te10 — KHIAKOCTh U
JKUJIKOCTb — Ta3, OKAa3hbiBaeTcs SHepreTHueckH BbirogHo#. Ilpu moa-
HOM CMayMBaHHH KpaeBOof yroJ paBeH HYJIO.

Puc. 118.3.

2) o, 40, 0y, r. Kak Obl HU Obl1 yrosm 4 6/HM30K K 7, cuia
O.p, 5 epeBelnBaeT ase Apyrue (puc. 118.3, 6). B atom ciygae nosepx-
HOCTb, [0 KOTOPOH. )KHAKOCTb 'PAHHYHUT C TBEPIBIM TEJOM, CTATHBAETCS
B TOYKY, XKHAKOCTb OTHAENsIeTCS OT TBEpPAOH MOBEPXHOCTH — HMeeT
MECTO HOJHOEe HecMayHBaHue. 3aMeHa IIOBEPXHOCTH TBEp-
Jl0e TeJO — JKHUAKOCTb [BYMs IMOBEPXHOCTSIMH, TBEpAOE TEJO — ra3 H
JKHAKOCTb — Ta3, OKasblBaerTcsl 3HepreTHyeckd BbirogHo#. Ilpu mou-
HOM HEeCMayuBaHHWHM KpaeBOH YroJsl paBeH I.

ITpu coGmomennu ycaoBus (118.3) KpaeBoil yros MoxeT oKas3aThbes
OCTPBIM HJIH TYMBIM B 3aBHCHMOCTH OT COOTHOIIRHHS MEXIY Oy, . H &
Ecan a,, , Gosbllie, 4eM o ., TO '
cos >0 u yroa ¢ — ocTphiii (pHC.
118.4, a). B stoM cnyuae umeer
MECTO YacTHYHOe cMaunBaHue. Ec-
JU o . MeHblle, 4YeM O, ., TO
cos 3<<0 u yroa 4 — Tyno#t (pHc. .
118.4, 6). B srom ciyuae umeer
MECTO YaCTHYHOe HecMauHBaHHE. Puc. 118.4.

HecmauuBanue MoXeT TpHBO-

IUTh K JIHOGONBITHBIM $SIBJEHHSIM.

Vi3BecTHO, UTO CMa3aHHas >XKHPOM HI'0JIKA WM GPUTBEHHOE JI€3BUE MOTYT
IepxaTbcsi Ha MOBEDPXHOCTH BoAbl. OGbsCHEHHe 3TOro, Ha INepBhiii
B3IVIAJ yIMBHTENbHOIO, SIBJIEHHS NpOLIe BCero JaTh, UCXOAS H3 3HEp-
retHueckux coobpaxenuil. CMa3aHHas KHPOM [OBEPXHOCTb CTalH He
CMauyyuBaeTcsl BOJOI; IOBEPXHOCTb CONPHKOCHOBEHHS CTaslb — BOJd
o6sagaet ropasfo GoJbluell 3Heprueil, yeM NOBEPXHOCThb CTajlb — BO3-
LyX HJIH BO3LyX — Boaa. [JonmHoe norpyxeHue HIVIBI B BOAY COIPO-
BOXK/JAeTcsl yBeJHYEHHEM MOBEPXHOCTHOH SHEPTHH OT 3HauyeHHd So. .
(cranp — BO3ayX) A0 3HaYeHHa Soa, ., (cTaab — BoAa), rae S — mo-
BEPXHOCTb HIJIbl. lI3MeHeHHe nOBepXHOCTHOH SHEpPrMM INPH IOTPY2Ke-
HHH omnucbiBaeTcsi H3o06paxkeHHOH Ha puc. 118.5 xpusoit E ,,. Byk-
BOI h 0603HaYeHa BHICOTA HIVIBI HaJ JHOM COCYAa; iy — BBHICOTA MOBEpPX-
HOCTH KHIKOCTH Hajl yPOBHeM JHAa. 3aBHCHMOCTb OT /i NMOTEHLHAIbHOH

Ty XK*
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.

9HEPTrHH HIJH B NoJe 3eMHoro TaroreHus E. ;. uMeer BuX npsmofi,
npoxoxsmed uyepes Hayano KoopauHat. IlosHas aueprus E, g,
paBHass cymme E ., M E.. HMeeT MHHHMYM NpH h=he, 4TO U JpaeT
BO3MOXKHOCTb HIVI€ IJIaBaTb Ha noBepXHocTH Boawl. Eciu, HaxaB Ha
UrJy, TOrPY3HTb €e Ha TaKyio IIyOHHY, 4YTOOBb! MOJIHAst 3HEePTusl Npo-
[J1a yepe3 MaKCHMyM U cTaja yMeHbLUaTb-
cs1, TO HIVIa jajblie OyneT NOrpyxaTbest
camMa H YTOHeT.

AHanornyHo oG bACHSETCS BO3MOXKHOCTD'
«HOCHTB BoJy B peliete». Eciu Boja Hé cma-
YHBAET peIleTo (3TOro MOXKHO AOOMThCA, MO-’

Puc. 118.5. Puc. 118.6.

KpPbIB HUTH, H3 KOTOPHIX CIVIETEHO pelleTo, napaduHOM) H cJIoi Bo-
Zbl HE OYeHb BEJIHK, TO HeGOJblIOE NePeMelleHHe YPOBHS KHAKOCTH
Buu3 (puc. 118.6) GyneT conpoBOXAATbCS YBEJHYEHHEM I10BEPXHOCTHOI
SHEPIHH, IPEBOCXOASLIUM 1O BEJUYHHE YMEHbIEHUE SHEPTHH B moJe
cun Tarotenus. Ilostomy Boja GyAeT YJep:KHBAaTbCsl B pelieTe, He
NPOJIHBAACD.

§ 119. Kanuanspubie siBieHHS

CyliecTROBaHHe KPAeBOro yIja NPHBOXMT K TOMY, YTO BOJIM3H CTe-
HOK COCyZla HaGJIiofaeTCsl HCKPHB/IEHHE MOBEPXHOCTH XKHAKOCTH. B ys-
Koil Tpybke (Kanussipe ') )uiu B

| Y3KOM 3a30pe MEXKIY AByMS CTeH-

KaMi HCKDHBJIEHHOH OKa3blBaercs

1 BCSl OBEPXHOCTb. Ecay XKujakocTh

- \I‘// T B CMauuBaeT CTEHKH, MOBEPXHOCTh
4 HMeeT BOTHYTYI0 (OpMYy, €C/ld He

] cMaukBaeT — BHIOYKAYIO (pHC.

i 119.1). Takoro poiaa H3OrHYThle

MIOBEPXHOCTH 2KHUAKOCTH HasbiBa-
I0TCSI MEeHHCKaMH.

d<5 Z >0 zﬂ> ih<0 _ Ecau kanuaisap norpysurb ofi-

HUM KOHIIOM B 2KHAKOCTb, HaJIHTYIO

Puc. 119.1 B IIHPOKHI COCYX, TO IO HCKPHB-

JICHHOI{ IOBEP XHOCTBIO B KAMH/LIS -

pe AaBeHHe GyleT OT/HYAThCA OT JaBJCHHS IOA MJIOCKOH NOBEpXHOC-

TBIO B LIHPOKOM COCYA€ Ha BeIHUMHY Ap, onpeneisieMyio (Gpopmy.oi

1) Jlat. capillus osnauaer Bosmoc, Kanmansp — «Tpy6ka, ToHKas, Kak BoJocy,
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(117.4). B pesyJabTare npu cMayHBaHHU KanuJisipa YPOBEHb XKHAKOCTH
B HeM OyjeT Bhlllle, YeM B cOcyje, IIPH HECMauyHBAHHH — HHXKe.

HameHeHye BRICOTHI YPOBHSA KHAKOCTH B Y3KHX TpyOGKax HJH 3a30-
pax mosy4H/Io HasBaHHe K a M M JIJI 1 P H 0 ¢ T H. B 1unpokom cmbicie
noj Kanu/JISPHEIMH IBJICHUSMH [OHHMAIOT BCe SIBJIEHHs, 0OYCJIOBJIEH-
Hble CYLIECTBOBAHHEeM [OBEPXHOCTHOTO HaTAXeHHs. B uacTHocTH,
0o0ycJI0B/IeHHOe NMOBEPXHOCTHBIM HaTsixkeHueM JaBJjeHue (117.4) naswl-
BaIOT, KaK yiKe OTMeuasioch, KamUJISPHLIM HaBJIEHHEM.

Mexay XUIKOCTBIO B Kamuisipe M ILIHPOKOM COCYZAE YCTaHaBJIH-
BaeTCa Takxas pa3HOCTb ypOBHeﬁ h, YTOGHBI FHAPOCTATHYECKOS AaBJI€HHE
pgh ypaBHOBeLIHBAI0O KalWJJsIpDHOe AaBjeHHe Ap:

pgh=2a/R. (119.1)

B srtoit ¢opMyse o — NMOBEPXHOCTHOE HATAXKCHHE Ha TPaHHUE KHA-
KOCTb — ras, R — pamuyc KpHBH3HB MeHHMCKa. Paauyc kpHBH3HBI
MEHUCKA R MO2KHO BBIPa3HThb yepe3 KpaeBoi yroJ 4 M paanyc Kamnuais-
pa r. B cavom gene, u3 puc. 119.1 Bugno, urto R=r/cos ¥. IToacraBus
310 3Hauenue B (119.1) u paspewiuB nosyuyuBlLIeecs ypaBHeHHE OTHO-
CUTeJIBHO A, MPUXOAUM K dopMmyJe

h=2a cos 9/pgr. (119.2)

B coOTBeTCTBHH C TeM, YTO CMayHBaiollasi KHIAKOCTb MOAHHUMAaercs
Mo Kanwuisipy, a HecMauupawomiasd — onyckaetcs, ¢opmyna (119.2)
faer B ciayvyae 3<<w/2 (cos $>>0) mosoxutenbHbie A H B. cl1yyae 9>
>n/2(cos $<<0) orpuuaTenbHbe A. '

Ipu BriBoge BhlpaxeHus (119.2) Mbl npenmonarany, uyro dopma me-
HHCKa siBasieTcs cepuyeckoit. PopMy.ay s A MOKHO MOJAYYHTb TaKXKe
Ha OCHOBAaHUH 3HEpreTHUYeCKHX COo0paKeHui,
npUyYeM He BO3HHMKaeT HeOOXOAMMOCTH JenaTb
KaKHe-JH60 cHeluajJbHble INPeINoJIOKEHHA O gt
¢dopme MeHHCKA. PaBHOBecHoe moJOKeHHe Me- -
HYCKa OyeT COOTBETCTBOBATL MHHHMYMY 3Hep-
rud E cucTeMBl KHIKOCTb — Kamuaisap. 3ra
SHEPrHs C/araeTcsi M3 NOBePXHOCTHOH 3HEPTHH
Ha IpaHHIax XHIKOCTb — CTEHKa, HHAKOCTb —
ras U CTGHKa — ras, a TakxKe M3 OTeHIHa bHOH y
SHEPTHU >KHIKOCTH B IIOJIE 3EMHOTO TATOTEHHS. i

Haiinem npupawmenue sHepruu dE, coot-
BETCTBYIOLIEE HPHUPALUEHHIO BBICOTBI MOAHSATHSA Puc. 119.2,
XKUAKOCTH B Kanmusape dh. Ilpu Bospacranuu '
BBICOTHl Ha dA NOBEPXHOCTb CONPHKOCHOBEHHS KHIKOCTH CO CTEHKOH
Kalnuisipa yBelIHUHBaeTcA Ha 2nr dh, BCJAe[CTBHE Yero SHEprHs IoJgy-
YaeT npHpaieHue, paBHoe 2mra,, , dh. OAHOBPEMEHHO YMEHbLIaeTcs
HOBEPXHOCTb CONMPHKOCHOBEHHA CTEHKH C Ia3oM, YTO CONpPOBOXKAAETCA
NpUpalieHeM 3HepTHH, paBHbIM —2mnra., . dh. IloteHuHanbHas sHep-
rds B 0OJe 3eMHOrO TATOTEHHS NOJy4aeT NpHpalleHHe, PaBHOE CHJIE

T L=
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TAMECTH, JeHCTBYIOMEH HA 3alITPUXOBAHHBLIA OOBEM KHMIKOCTH
(puc. 119.2), ymuoxeHHoOi Ha A, T. e. paBHoe gpnrh dh. Uamenenuem
YPOBHSI XKHAKOCTH B IIHPOKOM COCYZE MOXKHO npeHe(peub. Takum 06-
pasomM,

dE =2qr (O, w— Oy, ;) dh+ gonr2h dh.

Orciona cienyer, uTo
dWE{ =20r (Qg, e — Oy, 1) + gONI2A.

IIpupaBHAB 3Ty NpPOH3BOIHYIO HYJIO, NOJYYHM YCJIOBHE paBHOBecHS,
U3 KOTOpPOro BHITEKaeT, UTO o
2(otr, r—0r, %)
h-—;;——. (119.3)
B coorBerctBuH ¢ dopmynoit (118.2) o, —oa, =0a, ,cos$. Ilpons-
Beas B (119.3) Takyio 3ameHy H 0003HauMB O, ;. NPOCTO €, NOJYYHUM
¢opmyay (119.2).



TJTABA XV
®A30BbIE PABHOBECHS W NPEBPALUEHUS

§ 120. Beepenne

B Tepmoaunamuke ¢$a3ofi HasblBaeTCs COBOKYMHOCTb OXHOPOAHBIX,
OIHMHAKOBBIX IO CBOHM CBOHCTBaM yacTed cHcTeMbl. [IosiICHUM moHsATHE
(ha3el Ha cJaeqyiOIUX NpuMepax. B 3akphITOM cocyze HaxoauTcs Bojad
U Haj Hell cMech BO3JyXa M 1apoB BoAbl. B 3ToM cnyyae Mbl umMeeM Hefo
C cuUcTeMOH, cocTosimlell U3 ABYX (a3: oiHy ¢asy obpasyeT Boaa, BTO-
PYIO cMech Bo3ayXa M mapoB Bojbl. Eciu B Bojy J0OABHTb HECKOJIBKO
KYCOYKOB JbJla, TO BC@ 3TH KYCOYKH o6GpasyioT TpeTbio ¢asy. Pasmuy-
Hble KpHCTaJIMYecKHe MOAM(HKALHH KaKoro-qHOO BellecTBa TaKkKe
NpeACTaBAOT co0ol pasHble (asbl. Tak, HanpuMep, anMa3 H rpaguT
SIBJISIIOTCS Pa3/JIMUHBIME TBepAbIMH (asaMH yriepoja.

Ilpu onpeneneHHbIX YCIOBHAX pasHble (a3bl OZHOrO H TOrO Ke Be-
L1eCTBa MOI'YT HaXOAUTLCSA B PABHOBECHH APYT C APYIOM, CONMPHUKACasACh
Mexkay coboii. PaBHoBecue 1ByX (a3 MOKeT UMEThb MECTO JIUMIIb B OIpe-
JleIeHHOM HHTepRajie TeMIepaTyp, NpHUeM KaxKAOMYy 3HAueHUIO TeM-
nepaTypbl T cOOTBETCTBYET BIIOJIHE OIpeAeJeHHOe AaBJeHHe p, NPH KO-
TOPOM BO3MOXKHO paBHOBecHe. TakuM o0pa3oM, COCTOSHHSI PaBHOBECHS
JABYX (a3 usoOpassitca Ha auarpamme (p, 7) auHHeh

p=F(T). (120.1)

Tpu ¢dasbl 0FHOro M TOro e BellecTBa (TBepAas, XKHAKas H raso-
obpasHasi, HJIM XKHIKasA U JBe TBepAble) MOI'YT HaXOAHThCs B PaBHOBE-
CHH TOJIBKO NPH €IHHCTBEHHBIX SHAYEHHUAX TeMIepaTyphl H JaBJIeHHs,
KoTopeiM Ha jguarpamme (p, T) cOOTBETCTBYeT TOYKa, HasblBaeMas
Tpo#HOMH ITa TOUKA JIEKHT HA NepecedeHHH KPHUBBLIX PaBHOBECHS
(a3, B3ATBIX MONAPHO.

B TepMonvHaMuKe 10Ka3blBA€TCA B COTJIACHH C ONLITOM, YTO PaBHOBE-
cue Gosiee yeM Tpex (a3 OMHOIO H TOIO Ke BellleCTBAa HEBO3MOXKHO.

ITepexon u3 ofHol $askl B APYIryr0 OObLIYHO CONPOBOXKIAETCH NOTVIO-
LIEHHEM HJIM BBIJEJIEHHEM HEKOTOPOro KOJIHMYECTBa TemJia, KOTOpOe Ha-
3bIBAa€TCsl CKPHITOH TEMJIOTOH Iepexoja, MJM IPOCTO TEIVIOTOH mnepe-
xoga. Takue mepexoabl Ha3LIBAIOTCA (pa30BLIMU NEPEXOJAMH IIE€PBOrO
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pona. CylecTBYIOT fiepexoibl H3 OAHOH KpHCTaJ/JIMYecKoH Momudu-
KalMH ‘B APYTYIO, KOTOphie He CBfi3aHbl C NOIJIOLUIEHHEM HJH Bhlese-
HHeM TenJia. Takue nepexojbl Ha3bIBAIOTCA (Ha30BRIMH IepeXofaMH
BTOpOro poza ). Mel orpaHuYuMcA PacCMOTPEHHEM TOJNBKO IEPEXOioB
nepBoro poia.

§ 121. Hcnapenne M KonjaeHCauHsA

B XuAKHX M TBepABIX TeJaX npH Jwo6oi TemMmepaType HMeeTcsl He-
KOTOpOE KOJIHYECTBO MOJIEKYJ, SHEPTHSl KOTOPHIX OKasblBaeTCs JOCTa-
TOUHO I/ TOro, YTOObl MPeoloseTh NMPHTAXKEHHE K APYTHM MOJIEKY-
J1aM, NMOKHHYTb NOBEPXHOCTb XKHAKOCTH HJIM TBEDJIOro Teja H nepeiTH
B rasoobpasnyio ¢asy. Ilepexoa KHAKOCTH B rasoo0pasHoe COCTOSIHHE
Ha3biBaeTcsl HCNapeHHUeM, nepexoq B razoo6pasHoe COCTOsIHHE
TBEPIOro TeJa HOCHT HasBaHMe CYGJO MM a I U H. ,

Bce TBepabie Tena Ge3 MCKJIOYEHHS B TOH HJH HHOH CTeneHH cy6-
JUMHPYIOT. Y OIHHX BelIeCTB, TaKUX, HanpHMep, KaK YIJIEeKHCJIOoTa,
npouecc cy6aHManuM NpoTeKaeT € 3aMeTHOH CKOPOCTbIO; Yy IApYrHX
BelleCTB 3TOT NPOLECC NMPH OOBIYHBIX TeMIepaTypax CTOJb He3HayuTe-
JIeH, UTO TpaKTHUeCKH He OoGHapyXKHUBaeTcs.

Ilpu ucnapeHun U cyOJUMaLHH TEJNO MOKHIAIOT nanGonee 6hicTphIe
MOJIEKYJIbl, BCJEXCTBHE Yero CpeiHssl SHepPrHsl OCTaBLIHXCS MOJIEKYJ
YMEHbILIAeTCs U Teso oXJaxgaercs. UToOb NOALEPKHBATL TEMIIEPATypPy
ucnapsiowerocsi (UaM CyGIHMHDYIOLIErocs) Tena HEH3MEHHOH, K HeMy
HYXKHO HenpepuiBHO NOJABOAMTH Tenso. Temso g, KoTopoe HeoGXOAMMO
COOGLIUTL €JHHHIE Macchl BelecTBa AJsi TOrO, YTOOH NMPEBPATHTL ee
B nap, Haxojadwuiica mpH TOH »Ke TeMmmepaType, Kakylo HMeNno Be-
- IIECTBO JO HCRApeHMs, HasblBaeTcs Yy eJ b HO i
TEeNnJOTOH HcCcHmapeHHAa (M1 cybanMma-
1HH).

A

|

—=Y=

[IpM KOHZeHcaluuW Ten.jo, 3aTpaueHHOE NpH HC-
napeHMH, oTHaercs o6GpaTHO: of0pasywiuascs npH
KOHJEHCALUMH XKHIAKOCTh (HJIH TBepIOe TeJ0) Harpe-
Baercsl.

PaccmoTplM npolecc ycTaHOBJIEHHS paBHOBECHS

MeXJ1y. XKHAKOCTbIO M ee napoM. BospMeM repmeruy-
HBEIT COCYJ, YacTHYHO 3alOJIHEHHBIA  2KHAKOCTBIO
(puc. 121.1), u JjonycTeM, uTO TEpPBOHAYaJbHO H3
NPOCTPAHCTBA Haj JKHAKOCTbIO BELIECTBO OLIIO MOJHOCTBIO YHRaJeHo.
BenencTBie npoliecca HemapeHHs NPOCTPAHCTBO HaJl XKHAKOCTBIO CTa-
HeT HamoJIHAThCS MoseKyJsamu. MoJsiekyJibl, neperueimive B rasoo6pas-
Hylo ¢asy, ABHrasch XaoTHYECKH, YIApsilOTCd O NOBEPXHOCTb KHJA-

Puc. 121.1.

1) @a30Bble NEPEXONEl BTOPOTO POAA He MCYEPNLIBAIOTCS NEPEXONAMH MEXKAY pas-
JIMYHBIMH KPHCTAJIHYeCKHMH MonudukaunsamMu. K ux uncny npHHapjexuT nepexon
B CBePXNPOBOJisiLilee COCTOSIHKE, COBEPLIAEMbIH B OTCYTCTRIIC MATHUTHOTO N0 4, a TaKKe
NEepPeXo]l MekAy ABYMS XMAKHMH (asamu resius, HasblBaeMbIMH reqnen-1 u renuem-H.
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KOCTH, TIpHYEM YacTb TAaKHX YAApOB OyJAET CONPOBOXKAATHCH NEPEXOAOM
MOJIEKYJT B XKUAKYIO (a3y. KosnyecTBo MONEKYJ, : HEPEXOASAIIHX B efH-
HULY BpeMeHH B XKHUIKYIO (a3y, OYeBHIHO, NPONOPUHOHANBHO KOJIH-
YeCTBY YHapsilOLIHXCs O MOBEPXHOCTb MOJIEKYJ, KOTOPOe B CBOIO Oue-
penb nponopuHoHanbHo n<v> (eM. (95.6)), T. e. pacTer ¢ AaBiaeHHEM p.
CnepnoBaresbHO, HapsAly C HCIapeHHeM NpoTeKaeT OoOpaTHHIH npouece
nepexojia MoJIeKyJ H3 ra3oo6pasHofl B KUAKYIO (a3y, npHUeM HHTEH-
CHBHOCTb €ro pacTeT 110 Mepe yBeJNYeHHs NJIOTHOCTH MOJIEKYJI B MPOCT-
paHCTBe HaJ XKHMAKOCTbIO. ITpH HOCTHKEHHH HEKOTOPOTrO, BIIOJIHE Ol
PELENEHHOrO (AJIsT JAHHOH TeMIepaTyphl) AABJEHHS KOJHYECTBA MoJe-
KyJ1, NTOKHJAIOWHMX XKHAKOCTb H BO3BPAILAIOIINXCA B Hee, CTAHYT PaBHH.
Hauunass ¢ 3TOro MOMeHTa, MJIOTHOCTb Ilapa MepecTaeT H3MEHATBCA.
Mexpy »XHAKOCTbIO M [ApPOM YCTaHOBHTCH NOJABHXKHOE DaBHOBecHe,
KoTopoe GyJeT CyLlecTBOBaTb N0 TeX.IOp, NOKa He H3MEHUTCs 00BheM
WK TeMneparypa cucteMsl. [lap, HaxoasimHuicss B paBHOBECHH ‘CO CBOEH
JKHAKOCTbIO, HasblBaeTcsi H a C billl € H H bl M. JlaBjeHHe, OpH KoTo-
poM Hab/mojaeTcsi paBHOBeCHEe, Ha3blBaeTCA N aBJE€HH EeM (WIH
YyOpPYyrocThio) HAaCHILEHHOTrO mapa.

KonnuecTBo MoJIEKYJ, MOKHIAIOUUX KHUAKOCTb B €NUHHLY Bpe-
MeHH, CHJIBHO pacTeT ¢ Temneparypoit. KoanuecTso MOJIeKy.1, yAapsio-
IHXCS O NOBEPXHOCTb XKHIAKOCTH, 3aBUCHT OT TeMNEPATYpPhl B MCHbILEH

cTenenu (uepes <v> Kak }/T). [TosToMy npu nopbimeHn# TeMneparyphl
paBHOBecHe Mex1y (dasamM Hapylaercs, H B
TeyeHHe HEeKOTOPOro BPeMeHH TIOTOK MOJIEKYJI  Pun
B HanpaBJIeHUH XKHIKOCTb — map OyneT npe- B
BBHIIATh IIOTOK B HampaBJIeHHIl Iap —> XKHI-
KOCTb. DTO MPOJOJIKaeTcs A0 TeX TMOP, MoKa
BO3pacTaHHe NaBJeHHs He NPHBEJeT CHOBA K
YCTaHOBJIEHHIO MOJBHXHOTrO paBHoBecHs. Ta-
KHM 00pasoM, JAaBJeHHe, IPH KOTOPOM yCTa-
HaBJIMBaeTcsl TOJBHXKHOE PaBHOBeCHe MeXy
JKMAKOCTBIO M NapoM, T. €. JaBJeHHe Hachl-

G

CIEHHBIX TNapoB, OKa3blBaeTcsl 3aBHCSIIHM OT 7 T
Temreparyphsl. Bun sToii 3aBHcHMOCTH noxa-

3aH Ha puc. 121.2. Cmplc1 oGo3navenni T, Puc. 121.2.

Pyp BbIACHHTCA B§ 123; Tp.— TpOHHaﬂ TO‘[-

Ka (§ 127).

Ecnu yBennuuth 06beM cocyna, AaBjeHHe Iapa ynajeT H paBHOBe-
cue Gyner HapyuweHo. B pesysbTatre mpeBpaTHTCA B Nap AOMOJHHTENb-
HOe KOJIHYEeCTBO KHIKOCTH, TAaKOe, YTOOb! [aBJeHHe CHOBA CTaJl0 paB-
HbIM p, . AHaJIOTHYHO yMeHbllleHHe 00beMa NpHUBeJeT K NMpeBpalleHHIo
HEKOTOpPOro KOJIMYeCcTBA Napa B KHAKOCTb.

Bce ckasaHHOe 0 PaBHOBECHH MMy >KMIKOCTbIO H I'a30M CIpaBefi-
JMBO M JJIs CHCTeMbl TBepjoe Tesqo — ra3. Kaxknol Temneparype coot-
BETCTBYET ONpeJe/IeHHOe 3HauyeHMe JaBJeHHs, NMPH KOTOPOM YCTaHaB-
JIMBAeTCsl NOJIBH)KHOE PaBHOBECHE MeXAy TBEPAbIM TeJIOM M Ta3oM.
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Jina MHOrMX Tes, TaKHX, HampHMep, KaK TBepible METa/LIBl, 3TO JaB-
JieHHe NPH OGBIYHBIX TeMIepaTypax HACTOJNILKO Majio, UTO HEe MOXKeT
6bITb OGHAPYMKEHO CAMBIMH HYBCTBHTEJNbHBIMH NpPUGOpaMH,

§ 122. PaBHoBecHe KHAKOCTH H HaCHILIEHHOr0 napa

PaccmoTpuM mpolecc cKaTHsi BellleCTBa NMPH IOCTOSHHOH TeMmepa-
type. IlepBoHayasbHO BelECTBO Ipeimosaraercs rasoo6pasHbiM. Bra-
yajie M0 Mepe yMeHblleHHs oGbeMa JaBjeHHe rasa OyleT pacTd (puc.
122.1). Ilo moctuxenun oboveMa V. JaBieHHe nepecTaeT U3MEHSIThCH,
a BEleCTBO MepecTaeT GbITh OXHOPOXHBIM — YacTh I'a3a KOHIEHCHPYeTCsl
B XKHAKOCTb. [IpoHCXOAMT pacc/oeHHe BelllecTBa Ha JBe (asbl: KHIKYI0
u rasco6pasuyio. [To Mepe nanabHeiiiero

F yMeHblleHHs1 o6bema Bce OGOJbllas 4acTh
‘ BEIEeCTBA NIEPEXOAMT B KHUAKYIO pasy, npH-

geM Iepexol OCYINECTBJIAETCA IIPH IOCTO-

Pl =~ SIHHOM JaBJIEHUH p, ;. (daBJEHHH Hachl-

x|y meHHoro napa). Ilocne Toro kak mpoiecc

KOHJIeHCalIMH BCLeCTBa 3aKaHUUBaeTCs (3T0

IPOHCXOJHUT NPH JOCTHXKeHHH oObeMma V),

7 W Vv Vr V' nanbHefiiiee ymMeHblueHHe o6beMa HayHHa-

Puc. 122.1. €T CONPOBOXJATbCA OBICTPHIM POCTOM Ja-
BJIEHHS.

Ha puc. 122.1 V_ ectb oGbem, 3aHHMaeMblil BeleCcTBOM B razoo6-
PasHOM COCTOSIHHH NPH JaBJeHMH p, ., V, — OOBEM BelllecTBa B XKUJ-
KOM COCTOSIHHHM NPH TOM Xe xaBjeHHH. [Ipy /:o60M NpOMeXyTOYHOM
3HayeHHH o0beMa V yacThb BewlecTBa ¢ Maccoil m, GyHEeT HAXOXUTBCS
B 2KHMIKOM, a YacTh C Maccod m, — B nmapoobpasHoM cocTossHuH. Haii-
JIeM OTHOLUEHHe m,/m,,.

HazoBeM ynenbHbM o6bemMoM V' o0beM equHMIBI Macchl BElECTBA.
Toraa, ecnu Macca BelecTBa paBHa m, TO yJA€/NbHblE 0GbEMBl HAchl-
HIEHHOTO Mapa M XHJAKOCTU NpPH AABJEHHH p, , OYAYT paBHHI

v, =Ye oy =Y (122.1)

B cocTrostHHH, TIpH KOTOpPOM Macca JXHUAKOH (a3el paBHA m,, a Macca
napa paBHa m1,;, Ha JOJIO KHAKOCTH OYIeT NpUXOAUTbCs obbeM Viym,,,
a Ha JIOJII0 HaChILEHHOro napa — o6beM Viim,. B cymme o6Ga st o6bema
JOJXKHBL GBITb paBHEI 06bemy V

V=V,m,+Vim,.
IToacraBuB ciofa Boipaxenus (122.1) mi1s yaeabHBIX 00beMOB U 3aMEHUB
Maccy m CcymMMmoH m,+m,, NOTY4YHM:

=V Ve

My~ My
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Orcioza
M VeV
my  V—Vx

(cM. puc. 122.1). Takum o6pa3oM, OTHOLIEHHE MaCC KHUAKOCTH U HaCHl-
UeHHOro napa B JABYX(a3HOM COCTOSIHMH DPaBHO OTHOLIEHHIO OTPE3KOB,
Ha KOTOpHIe JEJHT FOPH3OHTANbHLIA yYacTOK M30TEPMbl TOUKa, H300pa-
JKalolasi COCTOsIHHUE,

OtMeTHM, YTO MpPH TeMIeparypax, JaleKHX OT KpHTHYeCKoil (0 KpH-
THYECKOH TeMrneparype peub MAET B cJelylolleM naparpade), pasauune
Mexay oObeMaMH KMAKOCTH U napa ObiBaeT HaMHOro GoJiblie, YeMm
nokasansoe Ha puc. 122.1. Hanpumep, ynenbHblli 06beM HACHILEHHOTO
BogaHoro napa npu 100°C B 1600 pas mpeBhiulaeT yJenbHBEI 06beM
KHMIKOH BOAB NpH TOH XKe TeMIeparype.

Hrak, na mgunarpamme (p, V) cOCTOSTHHAM DPaBHOBECHS] MEXKAY KHI-
KOCTbIO H €€ HACHIIIEHHBIM I1apoM COOTBETCTBYET TOPH3OHTA/NbHEIH
Y4acTOK M30TepPMBbl. DTOT Pe3yJbTaT ABJsETcs OOHM JJIsl BceX ABYX-
(pa3HBIX COCTOSIHHH — Ha H30TepMe, H306paXKeHHOH B NEPEMEHHBIX p
1 V, nByxdasHOH cHCTeMe COOTBETCTBYeT T'OPH3OHTAJbHBIH Y4YacToK.
KoHnp! aTOoro yyacTka otBevaioT oobeMam V, M V,, 3aHHMaeMbIM Be-
IIECTBOM B HEpBOH M BTOpOH ¢a3ax. DTHUMH (a3aMH MOT'YT GHITb XKHI-
KOCTb M HaCHIleHHBIA nap, JH00 >KHAKOCTb M KpHCTaMIbl (CM. pHC.
125.2), nuGo, HaKoHell, ABe KPHCTa/JIMYeCKHE MOAM(DHKALMH OJHOTO
M TOro Xe BellecTBa. Bo BceX ciyyasX cnpaBeijiiBO COOTHOLUEHUe,
a”asornudoe (122.2):

_ Yy
L (122.2)

mi_ V,—V

moy V—'Vl
(mi W m, — MacchHl BelilecTBa B IepBOH M BTopoil (asax).

§ 123. Kpurtnyeckoe cocrosinue

Ha puc. 123.1 npuBeneHbl H30TepMbl 1/ HECKOJLKHX 3HaueHHi
Temneparyphl. M3 pHCYHKa BHAHO, YTO C IOBBILIEHHEM TEMIEPaTyphl
TOPH30HTAJIbHEIA YYaCTOK H30TEPMBl COKPAIaeTcsl, CTATHBAACh B TOUKY
npH temneparype T,,, HasuBaeMOH K p HT H Y e c K 0 H. CooTBercT-
BEHHO YMeHbILAeTcsl Pas/HyHe B YAJNbHBIX 00beMax, a C/eloBaTebHO,
W B IUVIOTHOCTSX KMAKOCTH M HachblleHHoro mnapa. IIpu KpuTudeckoi
TeMIlepaType 3TO Pa3/H4YHe NOJHOCThbIO HcyedaeT. OJHOBpEMEHHO Hcue-
3aeT BCAKOe pasjiMyue MeXAYy XKHUAKOCTBbIO M mapoM. TeMmepartypHbIi
XO0J1 IIOTHOCTH KHJAKOCTH M HAcHIIIEHHOTO Napa rnokasaH Ha puc. 123.2.

Touka K, sBAsiomasics INpejejoM, K KOTOPOMY MIPHOGIHAKAIOTCA
TOPH30HTA/NbHEIE OTPE3KH H30TePM IIPH CTPEMJIEHHH TeMIIEpaTy phl K KpH-
THUeCKOMY 3HaueHHIo T, IMeHyeTcss KD UTHYECKOH TOYK 0 .
CocrodHHe, n3obpaxkaemoe TOUKOH K, Ha3blBaeTCA KPUTHUECK UM
cocTosaHHUeM Bemecrsa. O6vem V,,, naBieHue p,, H Temmnepa-
Typa T, OTBeYaKOLIHEe KPHTHUECKOMY COCTOSIHHIO, Ha3bIBAlOTCA K P H-
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THYEeCKHMH BeJNUUYHHAMH Jaa KPUTHUECKOH H30TepMBI
Toyka K cly>KHT TouKo#l mneperu6a. KacaresbHas x H3oTepme B Touke K-
pacmojiokeHa mapaJienbHo ocH V.

Hsa puc. 123.1 cnenyer, 4To naB/eHHe HACHINEHHOTO fapa pacTeT
C TemmepaTypo#, AOCTHras IPH KDUTHYECKOH TeMneparype 3HaueHHS
Pxp- IIpH TeMnepaTypax Bblille KDPHTHYECKOH MOHSTHE ~HACHIIEHHOIO

p ! Wyt

| (r'<1'<r<ng)- p
P -
Pin -
Pinl- pr
l’n’i.n =~ ”

! L
ﬂ VJIC Vr v g
Puc. 123.1. Puc. 123.2.%

napa tepsier cMeic. [ToaTomy KpHBas 3aBHCHMOCTH [aBJieHHs HACHILIEH-
HOTO mnapa OT TeMIeparypbl 3aKaHUHBAeTCs B KPHTHYECKOH TOUKe (CM.
puc. 121.2).

" EcsiM mpoBecTH JIHHHIO Yepe3 KpalfiHHe TOUKH FOPH30HTANbHEBIX YYacT-
KoB u3oTepM (puc. 123.1), nosyuaercss KOJIOKOJIOOOpasHas KpHBasi,
‘orpaHuyyBapomas obnacTb JBYyX(hasHBIX COCTOsIHHH BellectBa. [lpu
Temreparypax BhIllle KPUTHUECKOH BelecTBO NPH JioG0M AaBAEHHH OKa-
3bIBaeTcsl ORHOPOAHBIM. IIpu TakuxX TeMnepaTypax HHKAKHM CXaTHEM
He MOXeT OHITb OCYLIECTBJIEHO OXKM)KeHUe BellecTBa.

IloBsiTHe KpHTHYECKOH TeMmmepaTrypel BrepBble OBLIO BBEIEHO
II. Y. MengeneesbiM B 1860 r. MenjeneeB Ha3Baj ee TeMrnepaTypol a6-
COJIIOTHOTO KHIIEHHSl XHIKOCTH H paceMaTpHBAM KakK Ty TeMIepatypy,
NpPH KOTOPOH MCYE3aIOT CHJIB CLENJIEHHS MEXKAY MOJEKYJaMH H KHA-
KOCTb IIpeBpallaeTcs B map, He3aBUCHMO OT HABJEHHS H 3aHHMaeMoro
elo obGbema. '

KonokonooGpa3Hass KpHBasi M Y4acTOK KDUTHYECKOH H30TEpMHI,
JieXKalmui cjeBa oT Toukd K, Aenst auarpavMmy (p, V) Ha Tpu oGaactu
(puc. 123.3). HaknoHHoi#l 1ITpHXOBKOH moMeueHa 06/1acTh OJHOPOAHBIX
JKUIKHX COCTOSIHHH BemiectBa. [lof KoJioKoooOGpa3HoOil KPHBOH pac-
noJsiaraetcsi obJacTb ABYyX(hasHbIX COCTOAHMH M, HaKoHell, 00.1acThb, Je-
JKalljasi CrpaBa OT KOJIOKOJIO0Opa3HOi KpHBOH M BepXHeH BETBH KPUTH-
YeCKOH H30TepMbl, MpeACTaBJsieT coOoH 06/1acTb OJHOPOAHBIX ras3o006-
PasHBIX COCTOSIHHE BelllecTBa. B nocjejHeii MOXHO 0c060 BLIJENHTH
YacThb, JIEKAIULYIO MOJ NpPaBO BETBbIO KPHTHUYECKOH H30TepMbl, Ha3BaB
ee obsacThio mapa. JlioGoe cocrosiHHe B 3TOH 06J1acTH OTJIHYaeTcs OT



§ 124. TEPECHINEHHBIA ITAP- U NIEPETPETASl XXUIKOCTb 389
©OCTAJILHBIX ra3006pa3sHbIX COCTOAHHA B TOM OTHOILLEHHH, 9TO. IIPH H30-
TEPMHYECKOM CXKaTHH BellecTBO, NMEepBOHAYAJNbHO HaXOAMBLIeecs B Ta-
KOM COCTOIHHH, NpeTepreBaeT Npolecc OXHxKeHus. BeiecTso, Haxo-
asileecsi B OJHOM H3 COCTOSIHHil TP TeMnepaType Bblle KPHTUYECKOI,
He MOXeT ObITb OXKMXXEHO HHKakuM cxatueM. [Tonpasgenenue raso-
00pa3HbIX COCTOSIHMH Ha ras W nap He siBlfeTCs OOIEMPUHATHIM.

b »

|
\
\
\
\
\
\

Puc. 123.3. Puc. 123.4.

Bi6paB npolecc nepexoia. TaK, YToObl OH He mepecekan ABYXdas-
Hyto obaactb (puc. 123.4), MOXKHO OCYUIECTBHTb NEPeXoj H3 MKHUIKOro
COCTOSIHHA B rasooGpasHoe (MaH oOpaTHO) Ge3 pacciauBaHUsi BellecTBa

Ha 1Be (asbl. B 3TOM caydae B npouecce nepexojia BellecTBO GYAeT Bce
BpeMsi OCTaBaThCA OXHOPOJHBIM.

§ 124. TlepecbimieHHbIH Nap M neperperas KUAKOCTb

B §91 npuseneno ypasHenue (91.2), npennoxenHoe Bau-nep-Ba-
aJbcoOM IJISl ONHMCAHMSl COCTOSHHS TI'a3oB NpPH GOJBLIMX MNJIOTHOCTAX.
Ha puc. 124.1 uso6paxkensl usorepmbl Ban-nep-Baasbca, T. e. Kpusbie,
onuchiBaembie ypaBHeHneM (91.2), aas HecKOJBKHX —TeMmneparyp.

»
p
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Puc. 124. 1. Puc. 124.2.
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X apakTepHEIM /IS 3THX H30TeDM sIBJIFeTcs TO, YTO NpPH Temmeparypax,
He NpeBHIIAIOMHKX 3HauyeHue Ty,, Y KPUBbIX HMeeTcss S-ofpasHblil 3a-
BUTOK, B 0GJI4ACTH KOTOPOrO 3aJJaHHOMY 3HAUYeHHIO JaBJEHUs COOTBET-
CTBYIOT TPH pPa3/IMYHBIX 3HAYeHHs oObeMa. Y peasbHbIX H30TepM (CM.
puc. 123.1) Takoro 3aBHTKa HeT, BMECTO Hero y HUX MMeeTCs NpPsIMOJIH-
HeAHBI rOpH3OHTaNbHEIH yyacToK. Ha puc. 124.2 nanoxeHsl ofHa Ha
ApPYrylo peajbHas H3oTepMa M H3oTepMa BaH-zep-Baasbca. Oxasbl-
Baercs, YTo ypaBHeHUe BaH-nep-Baanbca JOBOMBHO XOPOLIO OMUCHIBAET
XOJL M30TepMbl npH obbvemax, 60abmux V.. [Ipu o6bemax, menbuux V,,
X0 peaJibHOH H30TepMBl TaKKe IPHMEPHO CJeAyeT ypaBHeHMIO BaH-
Jep-Baaapca. Takum o6pasoMm, 3TO ypaBHEHHE OXBAaTbiBaeT HE TOJBLKO
rasoofpasHoe, HO H KHJKOE€ COCTOSTHME BeIecTBa.

W3 comocraBnenuss u3orepMbl Ban-zep-Baasbca c peasnbHO# H30-
TepMOil BbITEKAeT, YTO 3TH M30TepMbl NPHMEPHO COBMAJalOT Ha yyacT-
KaxX, OTBEYaIOIUX OfHO(A3HBIM COCTOSTHHSIM BeLIEeCTBa, HO BEAyT cefs
COBepILIEHHO Pas3/iMYHBIM 00pa3oM B 06JIACTH paccioeHHsl Ha ABe a3sbl.
Bwmecro S-o6pasHoro saBuTKa Ha usorepme BaH-zep-Baanbca peanbHas
H30TepMa HMeeT B 3TOfl 06J1acCTH TPSMOJMHEHHBIH TOPHU30HTAJbHBIH
y4acTOK, KOTOpbIH pacrosiaraeTcsi Tak, YTO OXBaTblBaeMble 3aBHUTKOM
mmowazy F; u F, (puc. 124.2) ofMHAKOBHL.

Pacciioenne Ha JBe (asbl 00BSCHSIETCS HEYCTOHUHBOCTBIO OXHOPOI-
HBIX COCTOfIHHEI, OTBevaiol[ux 3aBUTKy [—2—3—4 (puc. 124.3). Heyc-

TOAYUBOCTh COCTOSIHHH Ha yuacTtke 2—3
? CTAHOBUTCH OYEBHJHOMN, €CJIM YYecTb, 4TO

: Ha 3TOM ydacrke npousBomHas dp/dV mno-
JgoxurtenbHa. CrefoBaTeNbHO, BELIECTBO,
crocoGHoe TPOHTH INOCJ/EeJ0BATENbHOCTD
cocTtosiHull 2—3, obJapnano Gbl coBeplIeH-
HO IIPOTHBOECTECTBEHHBEIMH CBOHCTBaMU:
yBesMueHNe of0beMa rasa conpoBOXK/IAJ0Ch
6Bl He YMeHbILEHHEM, a POCTOM JlaBJIeHHs,

Ha yuacrkax I—2 u 3—4 dp/dV orpu-
HaTeabHO, TaK YTO, Ka3anoch Obl, 3TH yuact-

Puc. 124.3. KH MorJiv Obl peasiu3oBatbes. JlefcTBUTE b

HO, NIPU H3BECTHBIX YCJOBUSX COCTOSIHUS,

COOTBETCTBYIOLIME 3THM Yy4acTKaM, MOLYT

ocyuiectBaaTbesi, IlpaBpa, OHM He BIOJIHE YCTOHYHBHI: JOCTaTOYHO,

HalpuMep B COCTOSIHHM A MoNnajaHdsl B map NbUIHHKH, YTOObl BCe

BEILIECTBO pacnaJjioch Ha jiBe (pasbl U mepennio B cocrosinve B (cMm. yka-

3aHHBIU cTpejikoi mepexon A — B Ha puc, 124.3). TlopoGHble He

BIIO/IHE YCTOHYMBBIE COCTOSIHMSI Ha3blBalOTCI MeTacTa b H.Jb-

H bl M H. BemectBo B cocTosiHusaX 1—2 HasbiBaeTcss NeperpeTon

X HIXKOCTD IO, BEIIeCTBO B COCTOSSHHAX 3—4 HasbiBaeTca I € p e-
CHIIEHHBM Napom,

Ilpn pocTaTOYHO HH3KHX TeMmIepaTypax HHIKHAS dYacThb 3aBHTKA
nsorepMel Bau-aep-Baanbca nmepecekaer ocb V H nepexoput B 06JiacTh
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OTPHUIATENBHEIX JaBJEeHHH (CM. HMJKHIOIO H30TepMy Ha pue. 124.3),
BelmecTBo nos OTpUINATENBHBIM JIAaBJI€HNEM, OU€BHJHO, HAXOAUTCS B CO-
CTOSIHUM He CXKaTusl, a pacTsikeHUs, TakHe COCTOSTHUSI TaKiKe MOTYT
ObITh IPH M3BECTHHIX YCJOBHSIX pPeasH30BaHEL. TakHM 06pa3oM, y4acToK
5—6 Ha HUXHel H30TepMe COOTBETCTBYeT INeperperoi, a yvacrok
6—7 —pacTSIHYTOH XKHUAKOCTH.

PaccMOTpUM YCJIOBUSI, TIPY KOTOPBIX MOI'YT OBITh OCYIIECTBJIEHEI
MeTacTaGu/bHBIE cocTosiHUS. HauneM ¢ nepecenuernoro napa. Ecan nap
COBEpILEHHO HE COJEPKHUT IOCTOPOHHHX BKJIIOUEHHH, KOHAEHCALHUs ero
B JKMAKOCTb HayaTbcsi He MoxkeT. st oOpasoBaHMs Kameabky Heol-
XOAMMO, UTOOBI GOJBIIOE KOJHYECTBO MOJIEKYJ OXHOBPEMEHHO COJIN3H-
JIOCh Ha PACCTOSIHUS TOrO 2Ke NOpsifika, YTO U PacCTOSHUSA MeXAy MoJe-
KyJIaMH B XKHJKOCTH, a 3TO COBEepLIeHHO HeBeposTHO. [lJisi BO3HHKHOBe-

7
Abuabeme

Puc. 124.4. Puc. 124.5.

HHUS KOHJEHCAIUH HEOOXONMMO HANHYHE TAaK HA3bIBAEMBIX L€ H T P O B
KOHJ eHCallHH, KOTOphble YJABJIHBAIOT MMOAJIETAIOMUE K HHM MO-
JIEKYJIBl M TIePEBOASIT X B KOHJEHCUPOBAaHHYIO (a3y. LlenTpamu KoH-
JEHCALMH MOTYT CJYXKHTb NBIIHHKH, KaleJbKH XXHIAKOCTH H, B OCOGEH-
HOCTH, 3apsiXKeHHbIE YaCTHIBI (HOHBI).

Takum o0pasoM, €C/M nap TILATENbHO OYHCTHTH OT MOCTOPOHHHX
BKJIIOUEHHH U HOHOB, TO OH MOXET HaXORHTbCS NPH AABJEHHH, NPEBH-
LIAIOIEM /IaBJIeHHE HACHILEHHBIX NApoB p, , NPH JaHHON TeMmeparype.
Takoe cocrosinue OyAeT MeTacTaGHJILHBIM: JOCTATOYHO BO3HHKHYThH
XOTsl Obl ONHOMY LEHTPY KOHAEHCALMH, KaK COCTOSHUE NEPECHIEHHOro
napa GyleT HapyIEHO M BEllecTBO NepelifieT B ABYX(}a3HOe COCTOSIHMe.

[IpakTHYecKH NepecHINeHHbIH Nap MOXHO IOJYYHThb, TOABEPTHYB
HeMepechlllleH Bl Map pesKoMy pacuiupeHHio. BricTpoe paciumpenue
NPOHCXOAMT Ge3 TemIooOMeHa ¢ BHeIUHeH cpefoil M COMpOBOXKAAETCH
oxnaxnenneM napa. Touka, nsofpaxaromas CoCTOsiHHE Napa, nepeme-
1{aeTCsl NIPU 3TOM Mo anuabate. AnuabaTa, Kak OblIO MOKas3aHo B § 88,
UJeT Kpyue, ueM M30Te€pMa, BCJEICTBHE YEro map U3 CTaGHJBLHOrO Co-
crosHus I, coorBeTcTByomero Temneparype Ti (puc. 124.4), moxer
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nepeiTy B METacTabHJIbHOE COCTOSIHUE 2, COOTBETCTBYIollee Gosee HH3-
Koit Temmeparype T.. Takoit mpouecc ucmoab3yerci B KaMepe
B uJbcoHa-— npuGope, NpeIHa3HAYeHHOM /sl HAGMIOACHHSA CJle-
JIOB 3apsiKeHHBbIX YacTHLL (Hanpumep, o-uactun). Conepxxaiiufics B Ka-
mepe BunbcoHa BO3AyX, HACBHINEHHbIH NapamMu BOIBL HJIH CIMpTa, MOA-
Bepraercs pe3KoMy pacIIHpeHHI0. B pe3y/braTe BO3AYX OXJ/amKAaeTcst
H Tapbl OKa3blBalOTCS B COCTOSIHMM IlepechilleHusi. BuiereBuiasi B Ka-
Mepy YacTHLA BbI3bIBA€T MOHM3aNMIO MOJEKYJ Ha cBoeM myTH. [lepe-
CBILIEHHBI Nap 'KOHJEHCHUDYETCS Ha BO3HHMKIUUX HOHAX B MeJKUE Ka-
nesbKH, 00pasysi XOpOuo BHIUMBIN CJex.

PaccmoTpuM ycsioBHSt moJlyueHHs neperperoil xuakoctu. [Ipouecc
OypHOro napooGpasoBaHusi (T.e. KHNEHHS) MOXKET, KaK M Ipouecc
KOH/IEHCAUMH, [IPOMCXOAUTb Ha HMHOPOJHBIX BKJ/IIOYEHHSIX, HaMpHMep
Ha MeCYHHKaX HJM Ny3plpbKax rasa, pacTBOPEHHOro B KuIKocTH. Ecau
XKHUJAKOCTb TULATE/IbHO OYHCTHTb OT TBEPALIX BKJIOYEHHH W pacTBOpeH-
HbIX B Hell rasoB, TO NyTeM HarpeBaHHs ee MOXKHO IlepeBecTH B COCTOS-
HHe C JaB/jeHHeM, MEHbLIUM p, , IPH NaHHOH TeMmnepatype, Ge3 Toro,
4yTOOBI JKHAKOCTb BCKHHNAJ/a. DT0 U OyJeT COCTOSIHHE NeperpeTof »xuf-
KOCTH.

[lepexoa KHAKOCTH M3 OOBIYHOTO COCTOSIHHSI B IEPErperoe MoKasaH
Ha puc. 124.5 (cM. nokasaHnHubiii crpeskoil mepexon I—2). CocrosHue
meperpeToil KUAKOCTH siBAsieTCsl MeTacTaGu/bHBIM. JloctaTodHo 6po-
CHUTb B MeperpeTyro XHAKOCTb MECUMHKY I/ TOFO, 4TOObI KHJKOCTb
BCKHTIeJIa W BEIEeCTBO Mepeiyio B cTaGH/bHOE ABYX(a3HOe COCTOSIHHE
(cm. mepexoa C—D Ha puc, 124.3).

PacTsiHyTyI0 XUAKOCTb, HANpHMEP PTYTb, MOMKHO [OJYUHTH CJie-
AywomuM o6pasoM. Ecii norpy3uTh B pTyTh 3aNasiHHYIO € OAHOrO KOHIA
AJMHHYIO CTEK/JAHHYIO TPYOKY W, TMOBEDHYB €€ 3amnasiHHbIM KOHLOM
'BBEPX, OCTOPOXKHO BBITACKHBAaTb HAapyXKy, TO B TaKoil TPYOKE MOXKHO
[0Jy4HTb CTONG PTYTH, 3HauyHTeNbHO Npesblalomuil 760 mm. Cienosa-
TeJIbHO, PTYTh B TpyOKe OyleT YAep:KHBAaTbC He CHJIOH aTMOC(epHOro
JaBJIeHHs, a HMEIOUWUMCS MeXAYy MOJEeKyJaMH cuensieHneM. PTyTs
B TPyOKe OyZieT HaXOAUTbCA B COCTOSTHHH PAacCTAXKEHHS, T. . NOJ OTPH-
aTeNbHBIM JaBJIeHUeM.

§ 125. MaaBnenne u KpucTadau3auus

[Tepexon KpHCTa/JIJHYeCKOrO Te1a B JKUAKOE COCTOSIHUE MPOUCXOAUT
npu onpelesieHHON IJs KaXJAOro BellecTBa TeMmnepatype H TpeGyer
3aTpaThl HEKOTOPOro KOJHYECTBa TemJla, HasklBAEMOI'O TEe M JI O T O i
naAaBJAEHH 4. '

Ecau BeulectBy, nepBOHAYa/lbHO HAXOAMBLIEMYCS B KpHCTaJlTHue-
CKOM COCTOSTHHH, COOOIIATh KaXKAYI0 CEKYHAY OLHO H TO K€ KOJHUYECTBO
Temja, TO M3MEHeHHe TeMIepaTypel Tesla CO BpeMeHeM OyJeT TaKHM,
KaK NoKasaHo Ha puc. 125.1. BHauase TemmepaTypa Tena Bce Bpemst
pacrer. Ilo pocruxenun Temnepatypsl nuasnenus Ty, (Touxka I Ha



§ 125. TIJIABJIEHUE U KPUCTAJNJIU3ALIUSA 393

puc. 125.1), HecMOTpst Ha TO, 4TO K Tesly MoO-NpPEXHEMY MPOAOKAeT
MOABONMTHLCS TEMJo, TeMmIepaTypa ero nepecraer uaMeHsTbes. OnHo-
BpEMEHHO HayHHaeTCs MpoUecc MJaBJeHHs TBEPAOro Teja, B XOIe KO-
TOPOTO BCE HOBbIE M HOBbIE NOPLMH BEIeCTBA NPEBPALLAIOTCS B XKHA-
KocTb. Ilocsie TOro Kak mporecc nJab/eHUst OyfleT 3aKOHUeH M Bce Be-
ILIECTBO MOJHOCTBIO MepefileT B KHAKOE COCTOSIHWE (TouKa 2 Ha pHC.
125.1), Temmeparypa CHOBa HayHeT MOBBILATbCA.

Kpupas marpeBaHus aMOp(HOro Tesa BHINVIAAMT WHAue (CM. MyHK-
THPHYIO KpuBylo Ha puc. 125.1). Ilpn paBHOMEpHOM mNOABOJE TemJa
Temnepatypa aMop(HOro Tesa HernpepeBHO pacrer. [lJisi aMOPGhHBIX Tes
HeT Onpene/IeHHOI TeMmrepaTyphl Nepexoia B XKHAKOE COCTOsIHHE. DTOT

7

ot

b e o e e

S

0 v avy v

Puc. 125.1. Puc. 125.2.

nepexol COBEpINAeTcsi HernpephiBHO, a He CKayKoM. MOXKHO JIMIIb yKa-
3aTb MHTEPBAJ TEMIEPATyp, B MpeleNax KOTOPOrO MPOHCKXOMHUT Pa3MAr-
yeHHe Tena. DT0 OOBLACHAETCA TEM, YTO JKMIKOCTH H aMopdHble Teja
OTJIUYAIOTCA JIMIUb CTEMEHbIO TONBHAHOCTH MOJEKYJI,— aMopdHbie
TeJla, KaK y¥Ke OTMeYaJioch, NPEeACTaBJSIOT cO00H CHJIBHO NepeoxJark-
JEHHBIE KUAKOCTH.

Temnepatypa nuiaBiexusi 3aBUCHT oT JapijieHusi. TakuM o6Gpasom,
nepexoi M3 KPHCTA/IMYECKOTO B XKHAKOE COCTOSIHME IPOHCXOUT MPH
BIIOJIHE OIIPEACJICHHLIX YCJIOBHSAX, XapaKTepU3yeMblX 3HAYEHUSAMH JaB-
Jiennss W TtemnepaTypel. COBOKYIHOCTH 3THX 3HAYEHHIl COOTBETCTBYET
KpuBas Ha auarpamme (p, T'), KOTOpPYIO NPHHSTO Ha3biBaTh K P U B O M
naasJaeHu . Kpusas nias/ienuss upaer ovenb kpyto. as Toro,
Hanpumep, yToObl M3MeHuTb Ha 1 K Temneparypy Tasinust nbjga, Heo6-
XOAWMO H3MEHHTb AaBJeHue Ha 132 ar.

Toukn KpHBOH mnJaB/jeHHs ONPENENSIOT YCJIOBHS, MPH KOTOPLIX
KpHUCTaJ/Iu4YecKass U KUJIKasa (1)331:;1 MOT'YT HaxoJIHTbCsl B paBHOBECHUH
Ipyr ¢ apyroM. Takoe paBHOBecHe BO3MOXHO NPH JIO60M COOTHOLICHUH
MeXJy MaccaMH XKHIKOCTH W KPHCTaJljIOB, T. €, NP 3HAYEHHAX oObeMma
CUCTeMBI, 3aKJ/IIOUEHHBIX B npepenax or mV; go mVy, rae m — Macca
cucremel, a Vi ¥ Vi — ynenbHble o0beMbl TBepAO# H XHAKOH ¢as.
TTosToMy Kammoli TOuKe KpHBOH IJIaBJeHHSI COOTBETCTBYET Ha jAuar-
pamme (p, V) orpesox ropusonTanbHoil npsMoii (puc. 125.2). Ilo-
CKOJIBKY BEIECTBO B COCTOSIHHAX, U300pa)kaeMblX TOYKAMH 3TOrO OT-
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pe3ka, uMeeT OHY M Ty JKe TeMneparypy, npsamas I—2 ua puc. 125.2
NpeACTaBJsIeT COOOH yYyacTOK HM30TePMbI, COOTBETCTBYIOIIMH JBYX(das-
HBIM COCTOSIHHSIM BelllecTBa (Cp. C rOPH3OHTAJIbHLIMH ydyacTKaMH H30-
TepM Ha puc. 123.1).

OGpaTtHblil NJIaBNEHHIO TNPOLIECC KPUCTAJNIH3alMH NpoTeKaeT cle-
AyloIMM 0o6pasoM. TlpH oxJaxIeHu XHAKOCTH 10 TeMIepaTypbl, pu
KOTOpOH TBepAas M xujxas (assl MOTyT HaXOAUTbCS B PABHOBECHH TIpH
JaHHOM JaBJleHHM (T. e. O TOH Ke TeMnepaTypbl, NPH KOTOPOH MpoHC-
XOIWJIO IJIaBJIeHHE), HAUWHAeTCs OJHOBPEMEHHBI POCT KPHCTAJITHKOB
BOKPYT TaK Ha3biBaeMBHIX 3apoOJblllell WIKM LLEHTP OB Xp U-
ctanJau3auuu, Paspacrasce Bce GoJiee, OTAeNbHBIE KpHCTal-
JIUKH B KOHIE KOHLOB CMBIKaIOTCSl APYT C APYroM, o0pasysl MOJUKpHC-
TaJlJIM4eCKoe TBepjoe TeJo.

LlenTpaMi KpUCTaJ/U3aLUM MOTYT CJYXKHUTb B3BEIUEHHHE B XXHUJ-
KOCTH TBepJble 4acTUlibl, TIiaTe/IbHO OYHIIEHHYIO OT TAKHX YaCTHIL XKUJ-
KOCTb MOXKHO OXJIaJUTh HHKe TeMIepaTypsl KpHCTaJNIM3aluH 6e3 Toro,
uto0Ll Hayasloch 00pasoBaHHe KpHcTa/uIHKOB. CocTosiHHe TaKoi nepe-
OXJIaXKJIEHHON KUAKOCTH sIBJsieTcss MeTacTabuibHeiM. OOBIYHO JOCTa-
TOYHO MONACTh B TAKYIO JXHUAKOCTb ILIIMHKE, JJIS TOro 4To0hl OHa pac-
najach Ha XKMAKOCTb M KDHUCTaJJIbl, HaXOAsIMecs IpPH PaBHOBECHOI
Temnepatype. OfHaKO B HEKOTOPHIX CJayyasix Npu GOJBIIHX Iepeox-
JIaXJIEHUsIX NOABHKHOCTb MOJIEKYJ JKHAKOCTH OKa3biBaeTcsl CTOJb He-
3HAYUTEJNbHOM, UYTO MeTacTaGHJbHOE COCTOSIHHE MOXKET COXPaHSIThCs
oueHb JoJro. JKHAKOCTb B TaKUX cJaydasx obJsiajiaeT BecbMa MaJloi Te-
KYUecTbi0 M NpeicTabjisieT cobofi amopdHoe TBepJoe TeJso.

IMpouecc KpHCTaNIH3aLMH CONPOBOXKAACTCSI BhIAENEHHEM TaKoro e
KOJIMYeCTBA TeMJia, KOTOpOoe IMOrJIOWIAeTcsl NPH IJIaBJEHHH.

§ 126. Ypasuenne Kuaaneiipona — Kaaysuyca

B npexpiaymux naparpadax Msl BHISICHHJIH, YTO ABe JOObe (hasbl
BEIlleCTBA MOT'YT HAXOAHTbCSI B PABHOBECHH JIHLIb HPH ONPELETEHHOM
AaBJIeHUH, BeJMYHHA KOTOPOrO 3aBHCHT OT TemmepaTypbi. O6muil Buf
5TOH 3aBHCHMOCTH MOXKHO IOJNYYHTb, BOCIOJb30BABLIHCH IIOHSATHEM
sutTponuu. s sToro paccMoTpuM HMKJA KapHo Ansi cucreMsl, cocTosi-
meil M3 HAXOASIIUXCS B PaBHOBECHH JABYX (a3 JAHHOrO BeUIECTBA.

Ha puarpamme (p, V) nukn KapHo anst AByx¢a3Hol CHCTEMBI HMeET
BUJ, IOKa3aHHbI Ha puc. 126.1 (reMnepaTyphbl HarpeBaTejst M XOJIO-
IMJbHHKA TNPEAnoaraloTcs OTJIHYAlOWHMHCS Ha OYeHb MaJjlyio BeJlH-
uuny AT). Lindpamu I u 2 nomeyeHsl KpaiHHE TOUKH FOPH3OHTAIBHOTO
yuacTtka usoreMsl ¢ Temnepatypoii T. Cocrosuus I u 2 gBJASIOTCS OTHO-
(a3HBIMH  COCTOSIHHSIMH. Bce npoMexyTouHble TOYKH oTpe3ka [—2
1306paxalorT JAByX(asHble COCTOSIHUS, OTJMYalomuecs APYr oT Apyra
pacrpefie/ieHHeM MAacchl BelleCTBa MeXAy NepBoH M BTOpod ¢asaMH.

Hszorepmuyeckuit npounecc A — B conpoBoxaaercst (asoBbIM IpeB-
paleHHeM HeKoTopoi Macchl BeinecrBa m. [Ipu sToM o6bem BeiecTsa
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nojyyaer npupaiexue, passoe m (V;—Vy), rae Vi u V; — ynenbHele
oGbeMbl nepBoil U BTopoil ¢a3. Ilasi Toro 4robl Takoe NpeBpalleHHe
MOTJIO TIPOM30MTH, BElleCTBY HYXKHO COOOIMTh KOJHyecTBOo Temaa Qy,
paBHOE mqiz, TAE ¢ip — YA€JbHAs TemsoTa, MorjouaeMasl NpH Inepe-
xofe U3 cocrosinusi I B coctosiHHe 2 npu Temneparype 7. Temsno Qg
npeacraBiser coGod TO Tenao, KOTOpPoe MoJiydaeT cucTeMa B Xofe LUK/
oT HarpeBatessi. XOJOAMJIBHHUKY TEIIO OTJAeTcsi B XOJe H30TepMHue-
ckoro nporecca C — D. KonnuecTBo

OTHAHHOrO Temna paBHO Q,=m'q,, 7 l01=177¢/3
rie ¢, —Temaora mnepexoja I—2 . .
npu Ttemneparype T—AT, a m'— _p_»l A 8.2 r
Macca BelllecTBa, Nperepnesamomas | },T_»'\_<_ ~T-AT
(da3oBoe mnpeBpallleHHe B XOAe Npo- Pz * ¢
mecca C— D. Drta BeluyuHa He- ! E Y,
CKOJIbKO OTJIMYaeTcsi OT m, TaK Kak E :”f”f"/z
HEKOTOpasi Macca BElecTBa Iperep- L1
neBaet (ha30Bbie NPEBPAILIEHHS B XOJIe ¢ ki W oy
a/inabaTHYeCKUX MpOLECCOB, n(577)

Ha wusorepmuyeckoM yuacTke Puc. 126.1.

A — B 3HTpONHS CHCTEMBI NMOJyYaeT

npupamenue AS;, paBHoe Q,/T. Ha usorepmuueckom yuyactke C — D
npHpauesue surponuu paBHo AS,=—Q;/(T—AT). B xope aauaba-
THYeCKHX npoueccoB B — C u D — A sutponusi He usmensiercs. Iloa-
HOe NpHpalleHHe SHTPONHUH 3a LHUKJ paBHO Hymo. ClieqoBaTesbHoO,

Orcrona
(Qi—Q2) T=Q/AT. (126.1)

Coryiacio (104.3) Q;—Q; paBHO paGote, coBeplIaeMOH 3a LHKI.
D1y pafoTy MOXHO HalTH, BBIYMC/IHB IJIOWANb UUKJIA. [IpHOMHKEHHO
IJIollafb MMKJIa MOXHO cyutath paBHo# m(V;—V))Ap (cMm. puc.
126.1). Takum 06pascM, Mbl MPUXOAMUM K COOTHOLIEHHIO

Qi—Q:~m (V;—Vi) Ap. (126.2)

B npenene mpu Ap, crpemsimeMcs K HyJO (ISl Y4ero HeoGXOAMMO,
uroObl AT Takxke CTPEMHJIOCh K HYJI0), cooTHoweHnue (126.2) mpespa-
IIaeTcss B CTPOroe PaBeHCTBO.

[MoxcraBum B (126.1) Bmecto Q,—Q; Bripaxkenue (126.2). Kpome
TOTO, 3aMeHHM Q; 4epes mgi,. B pesy/brate momyuuM, 4To

m (Vo—V1) TAp &~ mq,AT.
Orciopa
Ap 912

—_—
~

A T (Vi—Vi) *
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Haxkoneu, cosepuus npefenbHeli nepexon AT — O, npuiem K cTpo-
roMy paBeHCTBY J

P __ Q12

T =TV (126.3)
INonyuenHoe cooTHoLleHHe Ha3biBaeTcs ypaBHenHueMm Kuaa-
neiipona—Kanaysuyca. OHo cBA3bIBaeT NPOU3BOAHYIO OT
PaBHOBECHOr0 JaB/eHHS MO TeMIepaType C TEMJOTOM Népexona, TeM-
nepaTypodl M pasHOCTbIO YAEJNbHBIX 06BbeMOB (a3, HaXOASALWUXCS B PaB-
HOBeCHH. .

CorsacHo (126.3) 3nak npowsBopuoit dp/dT 3aBHCHT OT TOro, KAKUM
M3MeHeHHeM o00beMa — BO3pacTaHHeM HJH yMeHbIIEeHHEM — COMpPOo-
BoXclaeTcsl (pa3oBbIfl TepeXxofl, MPOUCXOASIIUE NMPU MOTJIOMWEHHH TeMJa.
Ilpu ncnapenuu HMAKOCTH HJH TBepAOro Teia obGbeM Bceria Bo3pac-
Taet, nostomy dp/dT Ans KpUBOH HChapeHHsi, a TaKxKe s KPHUBOM
cy6/iHMalH! MOXET ObITb TONBKO MOJIOXHTEJNbHOH: IOBBIIEHHE TeM-
nepaTypbl NPHBOAHT K YBEJHYEHHI0 PAaBHOBECHOTO JABJIEHHS.

Ipu naaBnennu o6beM, KaK NpaBHJIO, BO3pacraeT, Tak uto dp/dT>
>0: yBe/qHyeHHe /aBJleHHsl TPHBOAHT K MOBLIEHHIO TeMMepaTyphl
naaBnenus. OfHAKO y HEKOTOPHIX BeleCcTB, K UYHC]AY KOTOPHIX MpH-
HaJJ/IeXHUT H Boja, 0ObeM KUAKOH (a3bl MeHbile obbema TBepaoH ¢a3sbi
(Vs<Vj) *). B atom cayuae dp/dT<<0 — yBenuueHHe JaBJeHHs COMN-
POBOXK/laeTCsl TIOHMKEHHeM TeMnepaTyprl nnaejenus. IToasepruys sen
CHJIBHOMY C2XaTHIO, MOXKHO, He TOBbliliasi TemnepaTypsl Bbiwe 0°C, BbI-
3BaTb €ro mJaBJEHMeE,

Temnepatypa nepexopa U3 OfHOH KpHCTaJJH4YecKOR MoaudHKaUMH
B Apyryto GYyJAeT NOBbIIATbCA HJM IOHHXKATBCA C POCTOM JaBJIeHMS
B 3aBHCHMOCTH OT TOro, Kakasi M3 TBepinix (a3 obnagaer GOJbLINM
yJAebHBIM OGBEMOM.

§ 127. Tpoiinas Touka. Jlnarpamma COCTOSAHHSI

.Bo3bMeM BemlecTBO B BHJIE XKHAKOCTH H HAXOASIIErocs ¢ Heil B paB-
HOBECHHM HACHILEHHOTO NMapa M, He H3MeHsisl o0beMa, CTaHeM OTHHMATb
OT Hero Temjo. JTOT npouecc OyNeT CONPOBOXKAATbCS TMOHHKEHHEM
TemrepaTypbl BellecTBa H COOTBETCTBYIOLIMM YMeHblIEHHeM JaBJIeHUS,
TTosToMy TOYKa, H300paaiollasi COCTOSHHE BelecTBa Ha Ararpamme
(p, T), nepememiaercss BHHM3 MO KpuBoi ucnapeHus (puc. 127.1). 3o
NIPOJOJKaeTcst 10 TeX Iop, Noka He OyJAeT JOCTHTHYTa TemIepaTypa
KpPHUCTAJJIM3aLHH  BelllecTBa, OTBeyalollasi PaBHOBECHOMY 3HaUeHHIO
nasjenusi. O6o3Haunm 31y Temnepatypy T,,. Bce Bpems, noka wuier
npouecc KpHeraniu3aunu, TeMneparypa M JaBjieHHE OCTaloTCsl HeH3-
MeHHEIMH, OTBOAMMOE TNpH 3TOM TEMJIO MpencraBaseT coGoil Temo,
BhIZE/ISIOlIeecs] NPH KpHCTaJIK3alty,

1) WaBecTHO, 4TO BOAA NPH 3aMep3anuy yBeanuusaercs B obneMe. Io atcii npu-
yile Jefl HMeeT MenblIylo MIOTHOCTh, UeM Bojd.
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Temneparypa T,, H COOTBeTCTByiollee efi PaBHOBECHOE NaBJleHHe
Prp — CIMHCTBEHHblE 3HAYEHUs TeMIEPaTypbl M JaBJleHHs, NPU KOTO-
PbIX MOTYT HaXOIUTbCA B PABHOBECHM TPH (a3bl BellecTBa: TBepaas,
XKujikas ¥ rasoobpasnasi. CooTBeTcTBylomlas TOYKa Ha JAuarpamme
(p, T) HaswiBaercs TpofiHO# TouKoi Takum obpasom, Tpoi-
Hasi TOYKAa ONpEeNsieT YCJIOBUs, NPH KOTOPHIX MOTYT HAXOIHTbCA B
paBHOBeCHH OJHOBpeMEHHO TpH - (askl BellecTBa.

[To oKoHYaHHM Npolecca KPUCTANIN3AUUH B paBHOBECHU GYAYyT Ha-
XOIMTbCS TBepAas W rasoodpasHasi ¢pasel. Ecan npojomkath OTHUMATH
OT BellleCTBa TEIIO, TO TeMIepaTypa CHOBa HauHeT MoHuxKaTtbcs. Coot-
BETCTBEHHO YMeHblaeTcsl AaBJeHHe MapoB, HAXOAALINXCS B PaBHOBECHH
¢ Kpucraaaudeckoii ¢azoii. Touka, wn3oOpaxkaiomas COCTOsIHHE Be-
11eCTBa, NepeMeliaeTcss BHU3 [0 KPHUBOH cyG/uMauMu.

PA
HKpusag

K
Kpusag

/7//1;//5/////7 @ UETTPENUT
o-—

prp """" l/:
p.
/7, ®
b i
g Trp T
Puc. 127.1. Puc. 127.2.

Temneparypa TpOiHOH TOYKHM €CTb Temnepatrypa, INpH -KOTOPOi
MJIaBUTCS BELIECTBO, HAXOAACH MOA NABJIEHHEM, PaBHBIM p.p. IIpH Apy-
THX JaBJEHHSAX TemIeparypa MJaB/eHus Oyler unHoil. CBsA3b Mexay
IaBJeHHeM H TeMmepaTypoil M/aB/jeHHs H306pa3uTCcA KPHBOH MJiaBJe-
HUs, HayHHatouledca B TpoiiHo# Touke. TakuM o6pasom, TpoiiHas Touka
OKa3biBaeTCsl Jiexallleil Ha nepeceyeHUH TPeX KPHBBIX, ONpPeAesIOmHX
yCI0BHS paBHOBECHS ABYX (a3: TBepAOH M KHJAKOMH, XKUAKOH H ra3oods-
pasHoil W, HaKoHel, TBepAO# M rasoo6pasHOH. ‘

B 3aBHCHMOCTH OT COOTHOILEHHS MEXAY yAeNbHbIMH 06beMaMH TBep-
HOH ¥ XHAKOH (a3 KpHBAs [UIABJEHHS HJET JHGO TaK, KaK Ha pHC.
127.1 (dp/dT>0), nmuGo Tax, Kak Ha puc. 127.2 (dp/dT<<0).

KpuBsbie niabienns, ucnapeHust  cySAUMalMu pa3buBalOT KOOPIK-
HATHYIO MJIOCKOCTb Ha TPpu obsactd. CieBa OT KPHBLIX CyGIAHMALHM U
NJ1aBJIeHUs JIEXXHT 00/1acTh TBepJOH (pasbl, MeXKAy KPUBLIMH IIJIaBJEHHS
H HCMapeHHst 3aKJ/I0ueHa 00J1acTb XKHIAKHX COCTOSIHMI H, HaKOHeLl, crpa-
Ba OT KPHMBBIX HCMapeHHsl M cyGIHMauMH NpPOCTHpaeTcsi 06/acTh raso-
00pa3HBIX COCTOSIHMH BelectBa. JlioO6ast Touka B OAHOH M3 3THX obJjac-
Ted H306pa)kaeT COOTBETCTBYMOLIee OXHO(A3HOE COCTOSTHHE BElEeCTBa
(Bce BpeMsi HMEIOTCS B BHAY TOJbKO pPaBHOBECHBIE COCTOSIHHSA, T. €. Ta-
KHe COCTOSIHHSI, B KOTOPBIX BEILECTBO NPH HEH3MEHHBIX BHEIIHHX YyC-
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JIOBUAX NpeCblBaeT CKOJIb YrORHO N0/ro). Besikas Touka, Jexamas Ha
OJHOl M3 pa3rpaHHuYMBAIOMIHX 06/1aCTH KPHBLIX, H306paKaeT coCTOsHIE
paBHOBeCHs ABYX COOTBETCTBYIOMIMX (a3 BemlecTBa. TpoifiHast Toduka
u3o6paxkaeT COCTOsHHe paBHOBecHs Bcex Tpex ¢as. Takum oGpasom,
KaxkJlas TOYKa Ha AHarpaMMe H3o0paxaeT OlpefesIeHHOE PaBHORECHOE
cocTosiuve BemecTBa, [losToMy eeHasbBalOT fMarpaMMoi co-
CTOSHUH.

~ HJis1 BemiecTBa C HECKOJNBKHUMH KPHUCTAJIMIeCKUMH MORAUGUKALUAMU
IuarpaMMa COCTOfiHMSI MMeeT GoJiee C/IOXKHBIA Xapakrtep. Ha puc. 127.3
M3obpakeHa AHarpamma Jjisi cjiydasi, KOrjia 4ucjo pasjuyHbIX KpHcTaJl-
JHYECKHX MofudHKauuii paBHO ABYM. B sTOM cayuae umelotcs nBe
TpoiiHbie TOUKH. B Touke Tp. B paBHOBECUM HaXOASATCS JKHAKOCTb, ra3
¥ mepBas KpHCTajlnMueckas mojaudukauus, B Touke Tp’. Haxomarcs
B PaBHOBECHH XHIKOCTb M 00e KpHCTa/IHYecKue MOAU(HKALHH.

Ilvarpamma COCTOSIHHSI JJISi KaXJOro KOHKPETHOTO BELIeCTBa CTPO-
ATCS Ha OCHOBE 3KCNEPUMEHTAJbHBIX JAHHEIX. 3Has AMAarpammy co-
CTOSIHHSI, MOXKHO IIpeJiCKa3aTb, B KAKOM COCTOSIHMH GyJeT HaXOAHTbCS
BELIECTBO IIPH PA3JIHYHBIX YCJIOBUAX (NMPH Pas/MYHBIX 3HAUEHHSIX
p u T), a TakKe KaKue npespaienusi Oyler nperepneBatb BEIECTBO
NpH pa3IMyHBIX [poLeccax.

TosicHUM 3TO CJIeAyIOIUMH NpuMepamu. Ecin B3siTh BelmecTBo B CO-
CTOSTHHM, COOTBETCTBYIomieM Touke I Ha puc. 127.1, ¥ nojasepruyTh
€ro u306apuyeCKOMY HAarpeBaHUIO, TO BEIECTBO OyleT NPOXOAUTb U300-
paKEeHHYIO NYHKTHPHOH NPSAMOH [—2 MOC/IeAOBATENBHOCTb COCTOSIHHIL:
KPHCTa/lIBl — XHAKOCTb — ras. Ecai To e BelecrtBo B3fTb B CO-
CTOSIHMM, M300paKeHHOM TOYKOH 3, M TaKXKe NMOABEPrHYThb H3obapuye-
CKOMY HarpeBaHHIO, TO NOCJEN0BATEJbHOCTb COCTOSIHHH (NYHKTHDHas
npsmas 3—4) OyleT HHOH: KPHCTaJJbl IpeBpa-
A A LIAIOTCSl HeNOCPEACTBEHHO B ras, MHHYs XHUJ-
Ky ¢asy.

X U3 puarpaMMel COCTOSIHHSI CJEAYET, YTO XKHA-
7 @ Kas (¢asa MOMKET CYIeCTBOBaTb B PaBHOBECHOM
COCTOSIHMH TOJIBKO NpH JIaBJEHHSX He MEHBIIHX,
yeM JaBJieHNe TPOHHOH TOukH (TO Ke camoe
i OTHOCHTCSI U K TBepJioii daze I Ha puc. 127.3).
@ ITpy naBJjieHHSX, MEHBIUHX P.,, HaGJIIOAAIOTCS

TOJIbKO IlepeoXJiaKJIeHHEIE KHJKOCTH.

¥ GousbluvHCTBA OOBIYHBIX BELIECTB TPOHHas

TOYKA JIEXHUT 3HAYUTEJIbHO HMKE aTMOC(HepHOro

Puc. 127.3. JaBJieHHUsl, BCJENCTBHE YEro Iepexof 3TUX Be-
IIeCTB H3 TBEPAOrO COCTOSHHUSA B rasoobpasHoe

OCYIIECTBJISIETCS 4Yepe3 INPOMEXYTOYHYIO XKHAKylo ¢ady. Tak, Ha-
npuMep, TPOHHON TOYKe BOJBI COOTBETCTBYET AaBijieHne 4,58 MM pT. CT.
u Temnepatypa 0,0075°C. Jas yrieKHCJIOTH AaBjieHHe TPOAHOH TOUKH
paBHO 5,11 arM (Temneparypa TtpoiiHoii Touku —56,6°C). IlosTomy
npu atMocGepHOM JaBJEeHHH YIIEKHCIO0Ta MOXKET CYILIECTBOBAThb TOJb«




§ 127. TPONTHAS1 TOUKA. IMATPAMMA COCTOSIHUSA 399

KO B TBepAOM M rasoo0pasHOM cocTosiHUsIX. TBeppas yriekuciora
(cyxoit Jslen) mpeBpalaercs HeNOCPEACTBEHHO B ra3, Temneparypa
CyGnMMalMH YIVIEKHCJIOTBI NPH aTtMocdepHoM AaBieHHH paBHa —78°C.

Ecau yjaenbHbIE 00beM KPHCTaJJI0B NPEBOCXOAUT YJEJNbHBIA 0GbeM
XKUAKON (asbl, TO NOBEASHHE BelecTBAa IIPH HEKOTOPHIX Ipoleccax
MOXKeT 0Ka3aThCs BecbMa cBoeoOpasHuIM. BosbmeM, HanpuMmep, nmogoGHoe
BEIIECTBO B COCTOSIHMHM, H300paKeHHOM Toukofi I na puc. 127.2, u nox-
BEpPrHEeM €ro U30TepMHUYECKOMY cxKartHio, [Ipu TakoM CXKaTHU NaB/eHHe
pacrer, U Inpouecc H300pasHTCs Ha AHMarpaMMe BepTHKaJbHOM NpsaMoit
(cM. myHKTHPHYIO npsiMylo I—2). B xope npouecca BeluectBo NpoXoAUT
TaKyHi0 NOCJAEN0BaTeJbHOCTb COCTOSHUH: ras — KPHCTAJJIBI — XKHIKOe
cocrosinue. IlomoOnas mocsenoBaTeIbHOCTb, OYEBHAHO, HaOJOAAETCH
TOJIBKO NPH TeMnepaTypax MeHbLIMX, 4eM TeMmieparypa TPOHHOH TOYKH.

B 3akJ/oueHne OTMETHM elle OAHY OCOOEHHOCTb AHarpaMMel COCTOSI-
Hus, KpuBas ucnapeHus 3akaHuuBaercs B KpMTHUeckoH Touke K,
IloatomMy BO3MOXKEH NMEpeXOoA U3 00/1aCTH XKUAKUX COCTOSHUH B 06JacTb
rasoo6pasHbIX COCTOSIHMIH, cOBepllaeMBIl B 006X0J KPHUTHYECKOH TOUKH,
6e3 mepeceyeHHs KpHUBOH HcnapeHHs (cM. M306paKeHHBIH NyHKTHPOM
nepexon 3—4 Ha puc. 127.2). Ha puc. 123.4 nokasaHo, Kak BRITJISIAHT
Takoil mepexof Ha auarpamme (p, V). B atoM ciyuyae mepexon U3 Xuz-
KOT'0 COCTOSIHMSA B rasooGpasHoe (M 06paTHO) CoBepILaeTCs HeNPepLIBHO,
yepes TOC/IE0BaTeIbHOCTb OAHODA3HBIX cocTostmil. OTmeruM, uTO
TOYKe ¢ KoopauHatoit T', B3fiTO#l Ha KPUBOH HCHApeHHsi, OTBEYAeT Ha
puc. 123.4 Becb ropH30HTaNbHBIH yYaCTOK COOTBETCTBYIOUIE] H30TEPMEI.

HenpeprIBHLIA nepexon MeXAy XKHMAKHM H rasoo0pasHbIM COCTOS-
HUSIMH BOSMOKEH IIOTOMY, YTO Da3/WYHE MEKIy HHMH HOCHT CKOpee
KOJIMYECTBEHHBbIH, YeM KayeCTBEHHBIH XapakTep; B YaCTHOCTH,y OGOMX
3THX COCTOSIHMH OTCYTCTBYeT aHM30TPOMUS. HenpepbeHbm nepexop,
U3 KPUCTAJJINYECKOTO COCTOSIHHSI B JKHJKOe WJIH razoo0pasHoe HeBO3-
MOXeH, H00 XapaKTepHOH 4epTOH KPUCTAJVIMYECKOrO COCTOSIHHS, KaK
Mbl 3HaeM, fBJsieTcsl anusorponus. Ilepexop xe or cocrosiHusi, o6na-
JIAIOLero aHW30TPONHeH, K COCTOSIHHIO, elo He 06JajaiolieMy, MOMKeT
COBEpLIATbCS TOJNBKO CKAYKOM — QHH30TPONHUS HE MOMKET HMEThCS
TOJIbKO YaCTHYHO, OHA JIKGO eCThb, JIHGO ee HET, TPEThsl BO3MOKHOCTD
ucknoyena. [To stofi nmpuunHe KpuBas CyOJHMAaLUM M KpUBas IJaBJie-
H¥IST HEe MOTYT OOpHIBaThCsl MOAOOHO TOMY, KaK oOpHIBAaeTCS KpHBasi HC-
napeHusi B KpuUTHYeCKOH Touke. KpuBasg cyGJIMMaLUH HAET B TOYKY
p=0 n T=0, KpuBasd nJaBJeHHs] YXOIUT B GECKOHEYHOCTb.

TouHO Tak 2Ke HEBO3MOXKEH HelpepLIBHBIN Nepexoj U3 OfHo# Kpuc-
TaJ/JINYeCKOH MOJM(HKAUMH B APYrylo. PasinuHble KpHCTa/JIHYeCcKHe
MoaMGHKAIUH BEIecTBa OTJIHYAIOTCS NPUCYIUMH UM 3JeMEHTaMH CHM-
MeTpyd. IlockoJIbKY KakoOH-IMOO 3/IeMEHT CHMMETPHH MOXKET TOJBKO
Ju60 GbITh B HAJIMYUH, JUOO OTCYTCTBOBAThb, NEPEXof U3 OXHOH TBepAOH
a3l B APYryl0 BO3MOXKEH TONbKO cKaukKoM. Ilo atoii npuuuHe KpuBas
paBHOBeCHs JABYX TBepAbIX (a3, NOAOOHC KpHUBOH NJaBJEHUS, YXOAUT
B 0&CKOHEYHOCTb,
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§ 128. SiBaenus nepeHoca

Crarucriyeckasi (U3NKa MMeeT JesI0 ¢ PaBHOBECHBIMH COCTOSIHHSIMU
¥ ¢ 06paTHMBIMH IIponeccamM (T. €. npoleccamMy, NPH KOTOPBIX CHCTEMa
NPOXOJUT Yepe3 NOCJeA0BaTeJbHOCTb PAaBHOBECHBIX cocTostHMil). Hay-
Ka, M3yuaionlasi NpPOIECCH, BO3HHKAIOIIUEe NPH HapYIIEHHSIX PaBHOBe-
cHsl, HOCUT Ha3BaHue G M 3HYECKON KHHETHKH.

ITpn HapylleHHH PaBHOBECHS CHCTEMA CTPEMHTCS BEPHYThCS B paB-
HOBECHOE COCTOsIHHE, IDTOT TIPOHECC COMNPOBOXKAAETCS BO3pacTaHHEM
SHTPONHH H, cJefoBaTesbHO, HeoOpaTHM. TakuM o6pas3oM, NpoOLECCH,
u3ydaembie (U3MUECKOH KHHETHKOH, SIB/ISIOTCS HEOOPATHMBIMH.

Hapyiuenue paBHOBeCHS CONpPOBOXKAAeTCs BO3HHKHOBEHHEM [10TO-
KOB JI60 MoJieKyJ, Ju6o TemJa, Ju6O 3/71eKTPHYECKOro 3apsija u T. M.
B CBfI3M C 3TUM COOTBETCTBYIOILIME NPOLIECCHl HOCAT Ha3BaHHe s B JI e-
HHu @ nepeHoca. U3 ckasaHHOro Bhlllle BHITEKAeT, YTO SIBJIEHHA
nepeHoca NpeACTaBJIsIOT COO0H HeoOpaTUMBIE NPOLECCHI.

Mbl paccMOTpPHM TPH SIBJIEHHS NepeHoca: Audpysuio, TenjonpoBoi-
HOCTh M BHYTpPEeHHee TPeHHe, HJIM BA3KOCTb, IPHYEM OTPaHHUYMMCS CJIy-
yaeM, KOrJja OTKJIOHEHHS OT paBHOBeCcHs HeBeJMKH. BHauasie Mbl Hamu-
1IeM 3MIUPUYECKHe YPAaBHEHUS STHX NPOLECCOB, NPUMEHUMEIE K JIHOOBIM
cpenam (TBepJbIM, XKUAKHM H rasoob6pasHeim). B nocneayromux naparpa-
¢ax OyleT JaH MOJIEKYJSPHO-KMHETHUECKHH BLIBOJ, YKa3aHHBIX ypaB-
HEHHH IJI1s1 rasos.

Ilpn paccmoTpeHHH sBJIeHHH mNepeHoca HaM TNpPHIETCS BHIUHCAATh
KOJIHUECTBA Pa3/IMYHbIX BeJHYMH (YMC/IAa 4acTHL, Maccel, SHEPTHH, UM-
nyJbca), MEpeHOCHMBIX Yepe3 HEKOTOpYIo BooOpaxkaeMyio MOBepX-
HocTb. KosMuecTBO KaKo#-1H60 BeNMYHHBI, NPOXOAsliee B eNHHHLY
BpPEMEHHM uepe3 HEKOTOPYIO IOBEPXHOCTb, Ha3blBaeTcsi MOTO K OM
3TOM BeJIMYMHBL. IIpuMepaMu MOTYT CNYXKHTb: NOTOK KHIKOCTH yepe3
TionepeyHoe ceyeHue TPyObl, NMOTOK CBeTa yepe3 OKOHHOE CTEKJIO HJIH
uepe3 CTeKJISSHHbIH GaJslJIOH 3/IEKTPUYECKOH J1aMMOYkH H T. . MOXHO
paccMaTpuBaTh MOTOK Yepe3 MOBepXHOCThb J0OOH (OpMEI; B YaCTHOCTH,
NOBEPXHOCTb MOKET OBITh 3aMKHYTOM.
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IToTox siBJsieTcsl cKaJisipHOH anrefpauueckol BeaHuHHON. 3HaK
NOTOKAa OlpefessieTcs] BHIGOPOM INOJIOXKHTEJNBHOTO HalpaBjeHHsA, Ha-
NpUMep HanpaBJeHHEM OCH, BJOJb KOTOPOH pacmpocTpaHsiercs NOTOK.
TlonoxuTenbHOE HampaBjieHHe OOBIYHO BHIOMpaeTcss IPOM3BOJILHO.
B ciyyae 3aMKHYTBIX NOBEPXHOCTeH MPUHSATO MOJIOXKUTEIbHLIM CINTATh
OTOK, BBITEKAIOWIU{ yepes NOoBepXHOCTb HAapyXKy, a OTPHILATEIbHBIM —
NOTOK, BTEKAWOWHUH BHYTPb.

B aro#f rnaBe Mbl GyleM paccMaTpuUBaTh HOTOKH Yepe3 IJIOCKHe
MOBEPXHOCTH, NMEPIEHANKYIsIPHEIE K OcH 2. Ecsii yacTUIpl, SHEPTHS WIH
HMIyJibC GYAYT NepeHOCHThCS Yepe3 MOBEPXHOCTb B HANPABJIEHHH OCH 2,
MBI GyZieM CYHTaTb COOTBETCTBYIOIIHH IOTOK MOJIOKHTEJNbHBIM, B IIPO-
THBHOM CJIyyae — OTPHILATE/bHEIM,

Kaxpoe siBneHue nepeHoca OblBaeT 00yCJ/OBJIEHO HEOLMHAKOBOCTBIO
B [IPOCTPAHCTBE 3HaYeHHH HeKoTopoil BennuuHel f. B ciyyae nmepenoca
vactil (auddysnn) Takoll BeMINHON AB/SETCA KOHIEHTPAIM YacTHI| —
NepeHoC YaCTHIL OCYIIECTB/ASAETCs B HaNpaBAeHHH yObIBaHUS HX KOHLEHT-
pauuu., IToTOK Temsa BO3HHMKaeT B CJlydyae HEONMHAKOBOCTH TeMIepa-
TYPH B Pa3HbIX TOYKAX CpPe/bl, NpHYeM TEMJIO TeuyeT B HanpaBJeHHH
yOblBaHUsi TeMmepaTypel, U T. I. -

st mpoctoTsl 6yféM cYMTaTh, YTO BeNMYMHA f, HEOXHOPORHOCTH
KOTOpPOH 00yCcJ/IOB/IMBaeT HAaHHBEIA mpolecc nepeHoca (KOHLEHTpauHs,
TemmepaTypa H T. 1), fBagercd GyHKuUMeH JHIIb ORHOH KOOpAUHATHI 2.
Torna nameHeHue 5TOil BEMYHHEI B MPOCTPAHCTBE OyJIET XapaKTepH3o-
BaThCsl NMPOU3BOAHOM df/dz, KOTOPYI0 OGHIYHO HA3bIBAIOT IPAJHEHTOM
BeJHYHHBl f. DTO HasBaHue He BIOJIHE MpPaBUJIBHO: CTPOrO TOBOPS,
NpoOU3BOAHAs CKaNsApHOH (YHKuMH f=f(2) mo z maeT mpoekuuio rpa-
JueHTa @yHKUUHN Ha ocb 2 (cM. (21.2)). OxHako, ciefysl TpaguIMH, MBI
6yleM Ha3biBaTb BXOAfIlME B YpaBHEHHUS INepeHoca BEJHYHHEI BHJA
df/dz rpapuenTtom.

Auddysua. [Tuddysuelt HasbiBaercss 00YCJIOBJIEHHOE TENJIOBBIM
JIBHKEHHEM MOJIEKYJ CaMOIpPOU3BOJIbHOE BHIpABHUBaHHE KOHIEHTpaUHuii
B CMECH HECKOJIbKHX (B mpocTeiilieM ciydyae ABYX) pasJMUHBIX BELIECTB.
Sror nporuecc HabMoOAAeTCsT B TBEPABIX, KUAKUX M ra3000pasHbIX cpe-
Jax. Mel orpaHuyuMcsl pacCMOTpPEHHMEM TOJMBKO ra3o00pas3HBIX Cpel.

IlycTh B exunune o6beMa JIBYXKOMIIOHEHTHOII ra3oBOi cMecH cofep-
JKHUTCSE Ay MOJIEKYJl OJHOTO BHJA M 1, MOJIEKYJ Apyroro Buza. IlosaHoe
YHC/IO0 MOJIEKYJ B €IMHHLE ofbeMa paBHO n=n;+n,. OTHOLIEHHE

ni

C[-_——'

n
Ha3biBaeTC! OTHOCHUTENbHOH KOHIEHTpPpamuei Mose-
KyJa i-ro BHja.
[TpeanonoxuM, 4TO B HANpaBJIEHHH OCH 2 CO3JAIOTCS T'PAJMEHTHE
;;onuempaunﬁ de,/dz u dc,/dz, npuuem dey/dz=—dc,/dz (puc. 128.1).
orja

& et C) = e (g 1) =0,
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TaK 4TO N, a CJeloBaTeNbHO, U p noctosiHHel (p=nkT). [ToaTomy raso-
JIHHAMHYecKHe IOTOKM He BO3HHKaoT, ONHAKO BC/ENCTBHE TEMJIOBOIO
IBHIKEHHSI MOJIeKYJ GyZeT NpOHCXOAWTH MPOLECC BHIPABHHUBAHHS KOH-
IEHTpauki, COMPOBOXKMAIOMMICSA NEPEHOCOM MacChl KaXIof M3 KOM-
TNOHEHT B HampaB/eHUH YObIBaHHSI ee KOHIEHTpauuH, Kak ykasaHo
BHILIE, STOT TPOLECC HOCHT HasdBaHHe Au(dy3uH.

OmnbITHBIM MyTEM YCTAHOBJEHO, YTO IOTOK MOJIEKYJ {-r0 BHJAA uepe3
NeprneHUKYAsPHYI0 K OCH Z TOBEPXHOCTb S ONpelessieTcss BbIpaxe-

HHeM
0 dn;
S =11t N;,=—D Tz‘-S, (128.1)
]
& | 7 rie D — kospdunueRT npomopuuo-
<) HaJbHOCTH, HasblBaeMblf K 03 ¢ ¢ u-
} ny LHeHTOM AHPPys3HUH,
—T1 (@) CornacHo (128.1) B caywae, Korna
! + dn;/dz>0, notok N,; oKasblBaeTcs OT-
0 z pHLATeNbHBIM; 5TO O3HAayaeT, 4TO Mo-
Puc. 128.1, JIeKyJIBl  TIepeHOCSITCS B HarpabJie-

HUH, TPOTHBOMNOJIOXKHOM HallpaBJIEHHUIO
och z (puc. 128.2, a). B cayuae, ecnmu dn;/dz<<0, 10OTOK oKa3piBaeTcs
MOJIOXKHTENIbHBIM, T. €. MOJIEKYJBI IEPEHOCSATCS B HATIPABJCHHH OCH 2
(puc. 128.2, 6). Takum obpasom, 3HaK MHHYC B dopmyae (128.1) o6y-
CJIOBJIEH T€M, YTO NOTOK MOJIEKYJ/l HanpaBleH B CTOPOHY YGbIBaHHsA
KOHLEHTpaLUH,

an an

.z:_o/”/z/ } w-‘
) Q)

Puc. 128.2.

Pasvepnocte motoka wmosekya N pasHa 1/T, paswmepHocTs n;
paBHa 1/L®, naomann S—L2, dz umeer pasmepHocTb L. CienoBartenbHo,
Koa(puumeHT auddysun D umeer pasmeprocts L2/T.

YMHOXKUB 0Ge yactH paBeHcTBa (128.1) Ha maccy MosiekyJsl I-ro
BHJA m;, NOJYYHM BbIpaXKeHHe JJIsl NOTOKA MacChl -l KOMIOHEHTHI:

do;
M;=—D LS. (128.2)
3necy py=nymy—mapuuadbHas OJAOTHOCTH I{-fi KoMm-

IIOHEHTHI; ee Ha3blBalOT TaKke a6 COJIOTHOH KOHLEHTp a-
ILHeH,
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dopmyas (128.1) u (128.2) npeacraBasiior coGolff sMnupuYecKue
ypaBHenus auddysun. Mx HasbiBaloT Takxke 3aKoHoMm P uKa,

TenaonposonHocTb. ONBIT JaeT, 4TO €CJH B HEKOTOPOil cpesie (TBep-
Jolt, XUAKOH MM rasoo6pasHON) co3[aTh BAOMb OCH Z TPAfHEHT TeM-
nepatypel, TO BO3HHKaeT MOTOK TelJa, BeJMYHHA KOTOPOro Ompeje-
JaseTcs (popmyJioi

g=—nILs. (128.3)

3zech ¢ — MOTOK Temsa yepe3 MOBEPXHOCTb S, PacCIOJIOKEHHYIO mep-
NEHAUKYJASIPHO K OocH 2, dT/dz — rpaguveHT Temmeparypsl (TOYHee —
NPOEKIHsA IpajHeHTa TemnepaTypsl Ha oCb 2), ® — K0o3(dHuIueHT npo-
NMOPLUOHAJNBHOCTH, 3aBUCSIIUH OT CBOHCTB Cpelbl U Has3hIBaeMHIil K O-
spdbunuenToM TenJONpPOBOAHOCTH. Eaunuueit ¢
cayxut [Ix/c, T. e. Br (Batr). CnenoBaTesbHo, ¥ U3MepsieTcsl B BaTTax
Ha MeTp-kesbBUH.(B1/(M- K)). 3nak mMunyc B dopmy.e (128.3) orpaxaer
TO 06CTOATENBLCTBO, YTO TEIUIO TeueT B HamnpaBJieHHH YObIBaHHsI TeMIle-
patypul. Ilostomy sHaku ¢ M dT/dz NpPOTHBONONOXKHEI,

YpaBuenue (128.3) ecTb amnupuueckoe ypaBHeHHE TETJIONPOBOA:
Hoctd. Ero HaspiBaloT Takke 3a KOHOM Oyphbe.

Bnytpennee Tpenne. CorJyiacHo ¢opmyae (75.4) cuiia TpeHHs] MEXKAY
JABYMsl CJOSIMH 2KHAKOCTH HJH rasa paBHa

F=n|a|S. (128.4)

rle N—KospduuUeHT BsA3KOCTH, du/dz— Benuuuna,
NOKasplBalomlas, Kak ObICTPO H3MeHsieTCss CKOPOCTb KMAKOCTH HJIH
rasa B HampaBJIeHHH 2, MEPHNEHJUKYJISIPHOM K HalpaBJ/eHUIO ABHKEHHS
cnoeB (rpagueHt u), S — BeJMYHHA MOBEPXHOCTH, 1O KOTOPOH HeficT-
ByeT cuna F, YpaBuenue (128.4) u ecrb sMnupHyeckoe ypaBHEHHE Bsi3-
KOCTH,

CorsiacHo BTOpoMy 3akoHy HbloToHa B3amMoieiicTBHe IBYX CJIOEB
¢ cuyoii F MOXHO paccMaTpHBaTh Kak Npolecc, B XOie KOTOPOro Of
OHOTO CJIOSI K JAPYTOMY TiepefaeTcsi B €AHHHUILY BpeMeHH HMIMYJbC, MO
pennuuHe paBHbl F, Tloatomy ypasnenue (128.4) MOKHO NpeACTaBHTB
B BHJE

du
dz

K=—ns, (128.5)

rie K — uMmynaec, mepefaBaeMblii 3a CEKYHAY OT CJIOSl K CJIOIO yYepe3
NOBEPXHOCTh S, T. €, MOTOK HMmyJbca uyepe3d S.

INotox umnysabca K usMmepsieTcss B Kr-m/c?. CrenoBartesnbHO, elH-
HALEHd Kod(dHLUeHTa BSI3BKOCTU M siBAseTcs Kr/(M-c) (KHJorpamMMm Ha
MeTp-CeKyHAY) ).

1) EauHUUY H3MEPEHHs 1) MOXHO NpEACTaBHTb Takxe B Buge Ila.c (nackambe
CeKYHJa),
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3nak munyc B ¢opmyne (128.5) o6ycnoB/eH TeM OGCTOSATENbCTBOM,
YTO MMIYJIbC «TeYeT» B HaNpaBJeHHH yOblBaHHA CKOpocTH u. [TosTomy
3HAKM TOTOKAa MMIyJbca K M TNpOM3BOAHON du/dz NpOTHBOIOMOMKHEL.

Hanomuum, uto ¢opmyna (128.4) onpenenser OAMHAKOBBIA MOAYJb
IBYX NPOTHBONOJIOXKHO HAIpPaBJeHHBIX CUJ, C KOTOPBIMH CJIOH HEHCT-
BYIOT JpyT Ha Apyra. [Tostomy B (128.4) Hemnb3s mucath Nepex NpaBoi
yacTbio 3HaK MuHyC. Kpome TOro, HyxXHO 6paTb MOAYJ/b BEHIpA:KEHHSA
duldz (Momysb cuNbl NpH JIOGOM 3HaKe NMPOM3BOAHON du/dz nomuen
ObITb TOJIOXKUTEIBHBIM),

§ 129. Cpepnsisn jauMHA cBoOGOAHOro npoGera

MounekyJsisl rasa, HaxoliChb B TEIVIOBOM IBHIKEHHH, HeNpepLIBHO
CTaJIKUBAIOTCS APYT C APYroM. TepMHH «CTOJKHOBEHHE» NPUMEHHTENbHO
K MOJIGKyJlaM He cJiefyeT INOHHMaTb OYKBaJbHO M IpeACTaBJsATb cebe
3TOT mpoliecc NoJAOoOHBIM COYAapeHHIo TBepAbIX apoB. Ilox cTojKHOBE-
HHEM MOJIEKYJI NOApa3yMeBalOT Ipollecc B3aHMOAEHCTBHSA MEXAY MoJe-

KyJIaMH, B Pe3yJIbTaTe KOTOPOTO MO-
JIEKY /bl H3MEHSIOT HalpaBJeHHe CBO-
ero JBMIKEHHS.

Ha puc. 129.1 noxasana KpuBaf,
- H3o0paxaioliasi B3aHMHYIO IOTEH-
& At 1 (/)
Ay g (~, -
v e’{ﬂ( o /(~7)
N ] |
g fm =]
Puc. 129.1. Puc. 129.2.

[HaJbHYIO SHEPTHIO JIBYX MOJEKYJ KaK (YHKIHIO PACCTOSHHUS r MEXKAY
HX LeHTpaMH. PaccMOTpHM € MOMOLILBIO 3TOH KPHBOH NpoLece COMHKEHUS
(coynapenust) MoJieKyJl. [TomecTuM MBbICJIEHHO LEHTP OJHOH M3 MOJIEKYJ
B Haya/0 KOOPAMHAT, a LIEHTP BTOPOll MOJIEKYJBl NPEACTaBUM NepeMe-
maouuMes o ocy r. Ilycrs Bropass MosieKyJia JIETHT IO HalpaBJleHHIO
K nepBoif U3 0eCKOHEUHOCTH, HMMesl HauyasbHBIH 3amac KHHETHYECKOH
SHepruH e,=e;. [Ipubankasch K nepsoil MoJsieKyJe, BTopas noj Aelcr-
BHEM CHJIbl NIPUTSKEHHMS] JBHMKETCS CO Bce BO3pacTalolledl CKOPOCTBIO.
B pesysbTaTe KHHETHYECKAasi 3HEPTHs MOJEKYJIBl €, TaKikKe pacTerT.
OnHako noJHAsl SHEPTHsl CHCTEMBl, PaBHAs €=g,-+¢,, OCTAETCs HEUs-
MeHHO# (cHcTeMa ABYX MOJIEKYJ 3aMKHYTa) ¥ PaBHOM &;, TAK KaK OLHO-
BPEMEHHO YMEHBILACTCS MOTEHIHAllbHAsSl SHeprust &,. Ilpn mpoxoxpe-
HHUH MOJIEKYJIOH TOYKH C KOODAHHATOMH ry CHJIBI IPUTSKEHHUSI CMEHSIIOTCA
CUJIaMH OTTaJIKHBAaHMs, BCJEACTBHE YEro MOJIEKyJa HauHHaeT GHICTPO
TEPATh CKOPOCTh (B 0GJACTH OTTAaJKHBAaHHS KDHBAst €, HAET OYeHb
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KpyTo). B MOMeEHT, KorjJa moTeHlHa/IbHasl SHEPTHS €, CTAHOBUTCS PaB-
HOH IIOJTHOM SHEPrHH CUCTEMBI &;,. CKODOCTb MOJEKYJbl obpaiaercs B
HyJb. B 3TOT MOMEHT MMeeT MecTo HauboJbliee COMUKEHHE MOJEKYJ
Apyr c apyroM. ITocsie ocTaHOBKM MOJIEKYJIBl BCe SIBJIEHHS NMPOTEKAOT
B 00paTHOIl MOCJ/Iel0BaTeIbHOCTH: CHauasla MOJIeKyJa JIBHIKeTCS cO Bce
BO3pAaCTalollel CKOPOCTbIO MOA AeHCTBHEM CHJIBI OTTA/JKUBAHHS; MHHO-
BaB DACCTOSIHHE r,, MOJIEKyJ/la MomnajaeT MoJ JAeHCTBHE 3aMelJsiouiei
ee JBHKEHHE CHJIBI NPUTSKEHHS M, HaKOHel, YyAasseTcs Ha GecKoHey-
HOCTb, MMesi IepBOHAYAJIbHBIH 3anac KHHETHYECKOH SHEPIHH e;.

MuuyuMaIbHOE PacCTOSIHUE, HAa KOTOPOe COMMMKAIOTCS MPH CTOJNKHO-
BEHUH LEHTPHI ABYX MOJIEKYJI, Ha3bBaeTci 3G G e K TUBHB M I M a-
MeTpoM Moiekyas d (puc. 129.2)., Bennuuna

o=nd (129.1)

HasbiBaeTcs 9 GPe KTHBHEM CeYeHHEM MOJEKYJH.

K3 puc. 129.1 BuAHO, 4TO B Cyyae, KOrAa MOJIEKYJid HAYUHAET CBOe
IBHKEHUE U3 GeCKOHEYHOCTH € GO/IbIIMM 3aMacoM SHepruv, MHHHUMAJlb-
HOe pacCTOsiHHe, Ha KOTOpOe COJIMIKAIOTCS LEHTPBHI MOJIEKYJI, OKa3bl-
BaeTcst MEHbIUMM (cp. di U d, Ha pucyHKe). Takum o6pa3om, sddeKTHB-
HBIH JUaMeTp MOJIEKYJ/ 3aBHCHT OT HX SHEpTHH, a CJefOBaTeNbHO, H OT
TemnepaTyphl. C TNOBBIIIGHHEM TeMIepaTypel 3pdeKTHBHEIA AuaMeTp
MOJIEKYJ1 YMEHbILAaeTCs.

3a cexyHAy MoJieKysia NPOXOAMT B CPelHeM NyTb, PaBHHIH CpeaHed
ckopoctH <v>. Ecau 3a cexkyHly OHa nperepneBaeT B CpEHEM v
CTOJIKHOBEHHH, TO CpefHsAs
JJIHHA cBOGOAHOro npotera
OyZneT paBHa

A=52

v

. (129.2)

Jasg Toro urtoGwl mof-
CYuTaTh  CpeiHee  YHCJO
CTOJIKHOBEHHUH v, IpeamnoJio-
JKHM BHayaJse, 4YTO BCE MO- .
JIeKYJbl, KpoMe JaHHOMH, 3a- Puc. 129.3
CTBLIM HETNIOJBHKHO HA CBOMX
mectax. [lpocreium 3a ppHiKeHHEM BBHIAENEHHON HaMH MOJEKYJHL.
YnapuBlkCh 06 ONHY M3 HENOABH)KHBIX MOJIEKYJI, OHAa GyleT JeTeTh
NpsIMOJIMHEAHO A0 TeX MOp, TMOKa He CTOJIKHeTCS C KaKOoH-1uGo Apy-
roil HernoABHKHOH MoJiekyJiol (puc. 129.3). dto coyaapenue npo-
M3OHJET B TOM Clyuae, eC/H LEHTD HENMOJBIXHOH MOJIEKYJIb OKa-
JKETCs OT MpPSIMOH, BAOJb KOTOPOH JIETUT MoJeKyJa, Ha paccrod-
HHH, MeHblIeM 3(¢deKTHBHOrO AuaMeTpa Mosekyssl d. B pesysbrate
CTOJIKHOBEHHSI MOJIEKy/la M3MEHUT HalpaBJieHHe CBOErQ JBHIKEHHs,
N0CJie YEro HeKOTopoe BpeMs onsATh OyJeT ABHraTbCs NPSAMOJMHENHO,
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fIOKAa Ha ee NYTH CHOBa HE BCTPETHTCS MOJIEKY.Ja, HEHTP KOTOPOH
OyleT HAaXOAMTbCS B Npefleslax MOKa3aHHOro Ha puc, 129.3 nuaunzpa
panvyca d. g
3a cexyHAY MoJleKyJla HPOXOIHMT MyTh, PaBHbIN <v)>. UHc/o mpouc-
XOIfAIHX 32 3TO BpeMsl COyNapeHUH ¢ HeMOABHKHBIMH MOJIEKYJIaMH paB-
HO KOJIMYECTBY MOJIEKYJ, LeHTPbl KOTOPHIX MONajaioT BHYTPb KoOJeHda-
TOro LMJMHAPA AJMHB <U> H paguyca d. Huxe Oyjer nokasaHo, uTo
cpenHsisi ANMHA CBOGOAHOTO MpoGera MHoro Goabiue, deM 3¢eKTUBHBIN
nuametp moJiekys d. IlosTomy o6beM LHUJHHApPA MOXKHO CYHTaTbh paB-
HBIM Td?Cv>. YMHOKHUB 3TOT 0ObeM Ha YHCJIO MOJIEKYJl B €AMHHULE oGbeMa
n, NONyYydM CpelHee YHCIO CTOJNKHOBEHHH 3a CEeKYHAY ABHXKYLIeHcs
MOJICKYJIbl C HENOABHKHEIMH:
' v =ad*<vdn. (129.3)

B pefictBUTeNIBHOCTH BCe MOJIEKYJbI JABHIKYTCS, BCJICICTBHE Yero
YUCIO COyJapeHuil ompenensieTcst cpefHell CKOPOCTbIO ABHIKEHUS] MO-
JIEKYJ 110 OTHOLIEHHIO IPYT K APYTY, a He cpelHell CKOPOCThIO <UD MoJie-
KyJl OTHOCHTEJbHO CTeHOK cocyaa. OTHocHTe/bHass CKOPOCTb ABYX
NpPOHM3BOJNIbHO B3ATHIX MOJIEKYJ paBHa

Vorg = Va3 —Vj.
BosEefiss 5TO COOTHOLIEHHE B KBajpaT, MOMYYHM
Vo= (Va— V)2 =0} + Ui —2v, v,

(Ms1 BocmosIb3OBaHCh TeM, uTo V2=1v?), CpexHee 3HAUEHHE CYMMHI He-
CKOJIbKHX BEJHYHH PaBHO CyMMe CPeJIHHX 3HayeHHIl CKJalblBaeMblX
BeauyuH. ITostomy

V3> = 03> +<v> — 2 <V V).
CO6bITHﬂ, 3aKJuammmecs B TOM, 4YTO IepBad MOJ’!EKyJIa HMEET CKO-
pOCTb Vi, a BTOpaH —_— CKOpOCTb Vg, ABJAIOTCA CTATHCTHYECKU HE3aBU-

cuMbIMH, [TostoMy <Viv,>=<V;><{v,>. Ilas ra3a, Haxopsuerocs B pasB-
HOBECHH, KaX/AblH M3 COMHOXHTE/IeH paBeH HYJIO. Takum oGpazom,

<v<2)'n-l> = <U§> -+ <Uf> =2 <uE) -

(cpenHee SHAYCHHE KBajJpaTa CKOPOCTH BCE€X MOJIEKYJ OINHAKOBO H

paBHo <v2>). [loslyyeHHEI# Pe3ybTAT O3HAYAET, UTO Ugry cp.xn = V 2Uep. xs.
Cpennve KBajpaTHYHbIe CKOPOCTH NPOMOPIMOHANbHLI CPEHHM apH(mMe-
THueckuM, CreZoBaTe/bHO,

<001‘H> = V§<v>‘

3amenuB B dopmyJie (129.3) <v> na {Uprg>, TMOJYIHM JJISI CPENHETO
9hCa CTOJKHOBEHMH 3a CEKYHAY BhbIpaKeHue

v= 2ad?<v)n. (129.4)

TMoncrapus 570 sHavenue v B (129.2), nonyuum ans cpefne AJHHBL CBO-



§ 129. CPEAHSS AJUHA CBOBOAHOIO [TIPOBETrA 407

GonHoro mpoGera caenyomy©o GopMyay:

1

3amenuB coraacHo (129.1) nd? yepes o, dopMyJse MOXHO NpPUAATb BHJ,
1

A= Vion® (129.6)

Ipu nocrosinHOil TeMmepaType n mnponopixoHasbHo p. Cienosa-
TeabHO, CpenHsis AJHHA cBoGoAHOro mpo6era OOGpPaTHO IPOMOPLHO-
Ha/lbHa JABJEHUIO

1
A (129.7)

Brinie otMeuanoch, 4To 3(bGhEKTHBHBIA JHaMeTp MOJeKyJ YObIBaeT ¢ po-
CTOM TeMmepaTypbl. B COOTBETCTBHM C 3THM NpH NOBBLILEHUH TeMnepa-
Typbl AJIMHA CBOGOZHOrO MNpoGera yBeJHYHBAeTCH.

OueHuM BeJuuHHY cpelHell NJIMHBI cBoGopHOro npo6era u cpenxee
YHCJIO CTONKHOBeHH B ceKyHAY. B § 80 Mbl ycTaHOBUJIH, YTO MOJIEKYJIBL
HIMEIOT pa3Mephl MopsKa HeCKOJIbKHX aHrcTpeM. [1pumeM sddekTHBHBL
AHAMETP MOJIEKY bl paBHBIM 2 A, T. e, 2:107*° M. Moab rasa 3anumaer
NpH HOpMaJbHbIX ycaoBusX (T. e, npu 0°C u p=1 aT™) oGbeM, paBHbIH
22,4-107% M® Uucsio MoseKys B eAMHMOE 0ObeMa MPH 3THX YCJIOBHAX
paBHo 6-10%°:22,4.107%~3-10%*M~3, [IloacraHoBKa 3THX uHcel
B ¢dopmyay (129.5) maer

yWER—— :
V' 2.3,14-4.10-20.3.10%

Ipu pasnenus, paBHoM 1072 MM pT. CT. (4TO COOTBETCTBYET NpH-
mepHo 107¢ atm), A Gyner nopaaka 10 cm. Ecau cocyn umeer pasmepht
nopsiiKa HECKOJIbKHX CAHTHMETPOB, TO INpPH TaKOM JIaBJEHUH MoJle-
KyJibl GYAYT ABUIaThCsl OT CTEHKH K CTEeHKe NPaKTHYECKU 6e3 CTOJNKHO-
penudl apyr c apyrom. Ilpu maBnesuu, paBHoM 10~° MM pT. cT., A J0-
CTHraeT BEJIMUHHBI MOPSIKA JECATKOB METPOB.

Ilpu BeiBose ¢opMyant (129.3) MBI NMpeANONOXKHIN, YTO A MHOrO
Gosbiue d. Tenepb Mbl MC2KeM YOEIMTbCS B IPaBHJIBHOCTH TaKOrO Npej-
nosioxkeHus, JleficTBHTebHO, U3 NPOH3BEJEHHON OLUEHKH CJefyeT, 4To
NpU HOPMAJIbHBIX YC/IOBHSIX OTHOLIEHHE A K d COCTaBJsieT NMpPHMEPHO
21078 :2.1071°=10",

Yueao CTONKHOBeNHH B CEKYHAY MOXHO NMOJYYUTb, Pas3le/uB Cpel-
HIOIO CKOPOCTb MO.1eKYyJ1 <v> Ha A. B § 98 Mel nosyunsu pns kucaopona
sHauenue <v) mnopsiaka 500 M/c. PasfenuB a1y BequuuHy Ha A=
=2:10"% M, noJayyHM A/ YHCJA CTOJAKHOBEHHI B CEXYHIy 3HAueHHe,
paBHoe 2,5-10° c¢~!. Takum ofpasoM, npH HOPMAaJbHBIX YCJOBHAX
YHCJIO CTOJKHOBEHHII COCTaBJ/ifileT HECKOJbKO MHJ/IHADJAOB B CEKYHAY.
C yMeHblIeHHeM [aBJIeHHS YHCJIO CTOJKHOBEHHH yOBIBAeT, H3MEHSACh
nponopuHoHannio p (em. (129.7)), :

~2.-100" M=2.10"% cMm.
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§ 130. Auddysus B rasax

INonbiTaeMcss monyunth ypaBHeHHe Au(dy3HH, HCXONA M3 MoJe-
KYJIIDHO-KMHETHYECKHX IpeAcTaBieHuii. UToOb ynpocTuTh 3afauy,
OyIem CuYHTaThb, 4TO MOJIEKYJH O0GeHX KOMIOHEHT Maso OT/IHYaloTCs
no Macce (m~m,~m) U UMEIOT NPaKTHIECKH OJAWHAKOBHe 3(GeKTUB-
HEIe ceyeHus (0,0, 0). B 3TOM ciydae MoJiekysnaM oGeHX KOMIOHEHT
MOXHO MpPUIIUCHIBATL OAMHAKOBYIO CpPEIHIOIO CKOPOCTh TEIJIOBOTO
ABHXKEHHs <U), a CpeJHIOI JJMHHY CBOGOAHOro npoGera BHIYHC/IATH
no c¢opmyJe

1
A=—o—
VZ2on ’
rae n=ni+n;.
Jlerko coo6pasuTh, yto npouecc Auddysuu B rasax Gyner mpore-
KaTh TeM MHTEHCHBHee, yeM GLICTpee IBHKYTCS MOJEKYJHl (deM GoJiblie

<U)), a TaKKe ueM pexke CTAJKHMBAIOTCS OHH JPYT C APYroM (T. €. 4eMm
GoJsiblile J/IHHA cBOOOXHOrO mpobera A).

w CJle10BaTeJNbHO, MOMXKHO OXMAATh, YTO

| s ) Koshdunuent xuddysun D nomkeHn 6bTh
o—tf—— |2 NPONOPLHOHAIBLHEIM NPOH3BEJIeHHIO
o0’ :}N,’ @ {v> M. 31O corsacyercss cTeM, 4TO,’KaK
| o ormeuanock B § 128, pasmepHocts D

| = S % pasHa L¥T.
! N”{:_O [ [Npucrynum K BbiHcIeHUsM. Jomyc-
Nd— ll ° THM, 4TO H3MEHEHHE KOHUCHTpALMH rep-
BOil KOMIIOHEHTHI BJOJIb OCH 2 OINHCEHIBa-
1z-A z lz+a ercs pynkuuedl nj=n;(z). OGo3HaYNM
Pue. 130.1. YHCJIO MOJIEKYJl TNepBOH KOMIOHEHTHI,

NPOJIeTAIONIMX 33 CeKYHIy 4epe3 ILIoO-
WAAKy S B HampaBJeHHH OCH 2, 4yepe3 Ni; TO XKe YHUCIO s Ha-
TNpaBJIeHUs, ' IPOTHBONONIOXKHOrO OocH 2,— uyepe3 Nj (pHe, 130.1) %),
PasnocTb 3THX 4Hces JAcT NOTOK MOJIEKYJ NepBoil KOMIOHEHTH Ny ue-
pe3 MmoBepXHOCTb S:

; Ny=N;—N;. (130.1)

BynaeM ucxoauTh M3 yNpPOLIEHHOTO NPeACTaBJEHHS, COTJIACHO KOTO-
pOMY MOJIEKYJIBl JBUXKYTCS BJOJb TPeX B3aUMHO MNepHEeHAHKYJISPHBIX
HanpaBJIeHUH, COBNAJAIOWMX C OCAMH X, Y, 2 (OCH X ¥ y NapasileJbHEl
niomanke S). B stom ciydae corsacho (95.7) yHcI0O MOJIEKYJ1, Tpodie-
TAOIMUX 32 CEKYHAY B ONHOM W3 HalpaB/leHHH uepe3 eIMHHYHYIO IJIO-
IajgKy, paBHO Y/ n<v>. CiaenosatenbHo, udciaa N; U Ni MOXHO mpej-

) Mu Bumonunnn puo, 130,1 Tak, uTo Mosekyas Ny JeTST Yepes BEPXHIOI0, a Mo-

AekynE Ni — uepes HHKHIOW MOJIOBHHY IWIOWAAKU S. B AefiCTBHTENLHOCTH 06e COBO-
KYNIHOCTH MOJIEKYJ pacnpefiesieHbl o Beell moBepXHocTH S,
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CTaBUTb B BHIE
Ni =5 <>,  Ni=2n<v>S) (1%0.9)

rie n; — «3ddeKTUBHAs» KOHUEHTpAIlMsi MOJEKYJ] IepBOR KOMIIOo-
HEeHTHL cJieBa oT S, n] — «3(deKTHBHASY KOHUEHTPALHS MOJEKYJ mep-
BOH KOMIIOHEHTHl crpaBa oT S.

Uepes noBepxHOCTh S GYAYT MpoJieTaTh MOJEKYJILI, NpeTepreBlIne
nocieHee coyjapeHHe Ha pasjMyHBIX paccTosHusfix oT S. OpHako
B CpeJHeM IIOC/ellHee COyAapeHHe NPOMCXOIUT Ha PacCTOSIHMM oT S,
paBHOM cpejHefi AJuHe cBoGoxHOro npobera A. ITosTomMy B KauecTBe ng
pasyMHO B3siTb 3HayeHHe n;(z—A), a B KadyecrBe 7j — 3HaUeHHE
1 (24-M) (em. puc. 130.1). Toraa c yuerom (130.1) u (130.2) MoxHO Ha-
nucaTh, 4TO

Ny= <0 S[ny (2—N) —ny 24+ V)], (130.3)

ITockoabKy A oueHb Maja, PasHOCTb 3HaueHHH QyHKUMH 14 (2),
CTOSIYIO B KBAJpaTHEIX CKOOKax B ¢opmyae (130.3), MoxkHO npexcra-
BUTL B BHJE %)

n(z—1) —ny(z+0)=—1 99, (130.4)

INoncraBus 310 Bhipaxkenue B (130.3), monyuum, yTO

Ni=—(5w>r) GLs. (130.5)

Cpasuenne soipaxenus (130.5) ¢ dopmyamoft (128.1) nokaswiBaer,
YTO, MCXOAS W3 MOJIEKYJ/SIPHO-KHHETHYECKHX MpEICTaBJeHHH, yaaercs
HE TOJIbKO MPHMATH K NpaBUJbHOH 3aBHcuMOCTH Nj OT dn,/dz, HO U no-
JIyUUTb BBIpaxeHHe A1 Koadduuuenra auddysun D. 10 BbipaeHue
HMeeT BHJ

1
D = <v3h. (130.6)

Bosee cTporuii pacueT NpUBOAUT K TaKoH ke ¢opMyJie, HO ¢ HECKOIBKO
OTJIMYHBIM YHCJIOBBIM KO3(pHIHEHTOM.

OrMeruM, 4TO, Kak Mbl M Hpeanosarany, Koddduuuent auddysuu
OKa3biBaeTcsl MPONOPIHOHAJNBHEIM MPOU3BEICHUIO <UD A.

1) ®opmyana (130.4) cnpaBefinBa NpH YCJIOBHH, YTO M3MEHEHHE Ny Ha JUIMHE CBO-
. dny
6GopHOro npo6era MHOTO MeHbllie CaMOro nl(d—;- 7~<<n1‘) - 310 ycnoBHE JaeT Kpu-

TepHUil MaJIOCTH OTKJIOHEHMH OT paBHOBecHs (CM. ueTBepThiil ab3au § 128).
r0 3aMeyaHue OTHOCHTCA K aHAJIOTHYHEIM (GOpMYyJaM CJAeRyIOIUX JABYX maparpa-

T
doB, Hanpumep, popmyna (131.4) cnpasepnuBa npu YCIOBHH, 9TO Z_z}'< T,
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BeriBoz, mpusepummit Hac K ¢opmyaie (130.5), B paBHON Mepe npHMe-
HUM K o6eHM KoMnoHeHTaM cMecu. CnenoBaresibno, KoagduuueHT aud-
¢Gy3uu uMeeT s OGEHX KOMIIOHEHT ONMHAKOBOE 3HaueHHe.

HccenenyeM nosyueHHoe HAMM BhipakeHue Jjis Koadduunenta aud-
¢ysun D. IloacrasuB B (130.6) BeipaxkeHus A <v> H A, NOMYyYHM, YTO

bty L. (130.7)
no m
M3 (130.7) Berrekaer, uto Kosdduuuent auddysun o6paTHo npomnop-
IMOHAJIEH YHCJY MOJEKYJ B e€luHHuLe obbema, a cllefloBaTe/lbHO, H AaB-
JIEHHIO p:
DL,
P
[Tpu moOBbIeHHH TemnepaTypel D pacTer npu6ausuteasho kak V7T
(yamoMHUM, 4TO O cJierka 3aBucuT oT 7).

Msnl npexnoJsarand, YTO MOJIEKYJBl OGEHX KOMIOHEHT OAMHAKOBHI
no macce H apdexTuBHOMy ceuenuto. Ilostomy (130.6) npeacraenser
co0of, IO CYLIeCTBY, BbIpaXKeHHe AJsi Koaduuuenra camopuddysnu,
T. €. Auddy3un MOJEKyJ HEKOTOPOro rasa B cpele MOJIEKYJ TOTO e
rasa, fIejenye camomudpdysun MoxHO Obl10 Obl Hab/OAaTb, MOMETUB
KaKUM-TO CHOCOGOM 4acTb MOJIEKYJ ONHOpOAHOro rasa. Toraa B cay-
yae, ec Gbl KOHIUEHTPAUMsi MEUEHBIX MOJIEKYJ H MOJIEKYJl, He Hecy-
IUX OTMETKH, Oblla HEeNOCTOsIHHA, B ra3e BO3HHUKJAH Obl BCTpeYHLIE
IIOTOKH Pa3HOTrO POJia MOJIEKYJI,-IPHYEM BeJHYHHA NOTOKOB OMpexes-
gack 61 ¢opmynoii (130.5). Ilpaktuuecku camonuddysuo MOKHO
HCCJIe0BaTh, NMPUMEHHB METOJ MEYeHBIX aTOMOB. DTOT METOJ COCTOMT
B MCIOJb30BAaHHH CMECH H30TONOB, T. €. Pa3HOBHJHOCTeHl aTOMOB Of-
HOIo H TOTO XK€ 3JIEMEHTa, OTVIMYaIOLUXCA APYT OT Apyra, HanpHmep,
TEeM, YTO OflHa Pa3HOBHJAHOCTb aTOMOB PajHOaKTHBHA, a JApyras — cTa-
OUJIbHA. )

B cnyuae, Korza MoJieKyJiel o6eHX KOMIIOHEHT CMECH HEOIUHaKOBHI
no macce 4 3(hpeKTHBHOMY cedyeHHIo, Koadpduuuent auddysuu onpene-

JISI€TCS BbIPaKEHHEM
D.. 3 (T \12 1
12778 \2u52 nog, *
i
Ris = m1m2/(mi + mz)r Ojs =10 [(df + dz)/Q]’a
n — YHCJIO MOJIEKYJI B €IMHHIIe o0beMa ra3oBoit cMecH (m; i d; — Macca
M 3(deKTHBHBIH AMAMeTP MOJIEKYJ i-H KOMIOHEHTHI).

§ 131. TenaonpoBOAHOCTH ra3os

Hponssenem BEIYHCJICHHE IIOTOKA TEIJla B Trase, OCHOBRLIBAsICh Ha
MOJIEKYJITIPHO-KHHETHUECKHX TIPEACTaBJEHUSX, Ecnu Temneparypa rasa
B PasHBIX MeCTax pasJjiiuyHa, TO M CPEAHsA SHEPTUs MOJIEKYJ B 3THX



§ 131. TEILJIOITPOBOJHOCTb A30B 411

MecTax Takxke OyjaeT pasinuna. ITepeMemiasicb BCJIENCTBHE TeIIOBOTO
IBUIKEHHSI M3 OJHHX-MECT B JPyrue, MOJIEKYJIbI MEPEHOCSIT 3aNaceHHYIo
HMH 3HEPTHIO. DTOT TNePEHOC SHEPTHH U 00YCJIOB/INBAET IIPOLECC TeNJIo-
MPOBOJHOCTH B rasax.

INpexne yeM MPUCTYNUTb K BLIYMC/ICHHSM, MOMBITAEMCS YSICHHTD,
Kakue (aKTopbl MOTYT BJHSATH HA CMOCOGHOCTb rasa IPOBOAHMTH TEMNJo,
Jlerko cooGpasuth, 4TO, KpOME (DAKTOPOB, OINpEIESIOMHUX CKOPOCTh
anbbysuH, T. €. cpefiHeil CKOPOCTH MOJIEKYJ <U> ¥ IJIMHBI CBOGOLHOTO
npobera A, KOJHYECTBO MEPEHOCHMOH MOJIEKYJaMH SHEPruH AOJKHO
3aBHCETb OT CIOCOOHOCTH MOJIEKYJ 3amacaTb 3HEpTHIO, T. €. OT TemJjo-
€MKOCTH rasa.

PaccMoTpuM ra3, B KOTOPOM KaKHM-TO CIOCOG0OM MOAIEpPKHBAETCA
rpafvieHT TeMIepaTyphl BAO/b HAaNpaBJ/eHHs, KOTOPoe Mbl OGO3HAYHM
6ykBoit 2. IlpeAcTaBUM MBIC/IEHHO
nJIomanky S, nepneHAHKyAspHYIO K /7=7 ()
3ToMy HampasseHHio (puc. 131.1). 3 .

Mcxonst M3 yHpOUIEHHBIX mOpej- { | °

o _"ﬁ"o
craBseHui, GyleM CYHTaTb, 4TO KO- -
JIMYECTBO MOJIEKYJ, TpOJIeTalomHuX I
33 CeKyHAy uepe3 mIomaiky S B
KaxIOM M3 HanpapJieHHH (cJeBa Ha-
npaBo M ClpaBa HaJeBO), PaBHO o

1 o2 T
N_€n<v>S. (131.1) zlﬂ. a2
g
Ilpn TNOCTOSIHHOM JaBJleHUH 7 Puc. 131.1.
3aBHCHT OT Temmepatypul (p=nkT)
<U> Takxe H3MeHsAeTCs ¢ TemnepaTypoil. B ¢Bs3u ¢ 3TuM, KasaJjoch 6w,
CJIefoBANO M1 HAXOXJAEHHA UYHMCJAa MOJIEKYJ, JIETAUIMX uepe3 MJio-
maaxky S cjesa Hanpaso, NOACTAaBAATb B ¢opmyay (131.1) sHauenus n
u <UD, OTBeyaloll¥e ONHOH TeMmepaType, a IJ/s HAXOXKAEHHS yYHCJa
MOJIEKYJI, JIETSIUX CIpaBa HajleBO,— 3HaueHUs n U <v)>, OTBeyalollHe
npyroit Temmeparype. OfHAKO uudna MoJieKyJ, JETAUUX dYepes Iio-
W@aaKy S BO BCTPEUHBIX HANpPABJEHHSIX, HE MOTYT ObITh Pas/IHYHLIMH,
Ecmi Gbl OHM OKa3ajMCh HEOAMHAKOBEIMM, TO, KpOMe IQTOKa TemJa
yepes miIom@Aky S, Habmogajcs Obl MOTOK BelECTBa — MPOMCXO-
auso Opl mepeMellleHHe ra3a M3 OIHON YacTH NPOCTPAHCTBA B APYIYIO.
Mul e  mpeAnosnaraeM, 4TO HHMKaKHX MpOIECCOB, KpoMe IlepeHoca
Tem1a, B rase He npoucxomut. ITosTomy 4yHuc/i0 MoJeKyJs, mpoJeraio-
X Yepe3 S B KaXIOM M3 HanpaBJieHHi, Mbl GyeM BLIYHCIATD 1O ¢op-
myJie (131.1), mpuHAB MIA n ¥ <UD HX 3HAYEHHS B CEYEHHH S.

OTMeTHM, 9TO, TOCKONBKY n=p/kTwrp/T, a <v> V' T, NOCTOAHCTBO
npousBeeHuss n<v> O3HauaeT MOCTOSHCTBO BbIpaXeHHs

PVT—_P_
TVT" VT

o—tm—
o—

!
|
|
|
|
!
I
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CiiefoBaTesbHO, AJIs TOrO 4YTOOBI NPH HaJMUYUH TpajleHTa TeMIepa-
Typbl He HaG/I0JaJoch MOTOKa MOJeKyJ, HeoOXxoAuMo, 4yToObl JaBie-
HHe M3MEHSJNOCh BJOAb OCH 2 MpornopiuoHanbeo V' T.

[lpu BbIUMCAEHHH NOTOKA Temsa GyAeM MCXOLUTb U3 NPENNO/IoNke-

o 14
HHSI, YTO Kaxaas MOJIEKYyJia HECET C coboit SHEPTHIO 8=?kT, COOT-

BETCTBYIOLLYIO TeMIleparype B TOM MeCTe, rlie IPOM30LILI0 ee MOCIeHee
coyJapeHue c IpYrod MosieKyJsod. B cpennem 3TO coyjapeHue mpouc-
XONUT HAa PAacCTOSHUH OT S, paBHOM cpelHell JIHHE CBOGOAHOrO IpO-
Gera A (cM. puc. 131.1). IlosTomy MoseKynam, JieTSLIMM B HaNpaBJieHHH
OCH 2, CJIeflyeT NPUIKCHLIBATh SHEPTHIO &>, OTBEYaIOULYIO TeMIepaType
T,=T (z—A\), T. e. TemmepaType B IJIOCKOCTH (2—A), MOJIeKyJiaM XKe,
JIETAUMM B NPOTHBOMNOJIOXKHOM HanpaBJeHHH,— SHEprHio {&,>, OTBe-
yaomyto temneparype T.=T (z-+A) (2 — KoopauHaTa mjockKocTH S).

B COOTBETCTBHM CO CKa3aHHBIM JIsl [IOTOKA TeIla yepes IVIOMAAKY
S B NOJIOXHUTEJIBHOM HalpaBJeHHH OCH 2 NOJYYaeTcsl BhIpaxkeHHe

qg= N (<81'> - <82)),
rae N — onpenensiercss ¢opmydioit (131.1). Iloacranoska snauenuit N,
&> H &3> jpaer
1 i i 1 4
g==5n<w>S (-Z—le- — sz) = § <> Sk (Ty—T)). (131.2)
Pasnocts 7;—7T, paBHa
T(z—N)—T (2+) =—3 23, (131.3)

(mbr yunu magioctb A). 3neck dT/dz — npoussoguast T 1o z B TOM MecTe,
rjie pacrnoJioXkeHa IJIOCKOCTb S.
C yuerom (131.3) dopmyane (131.2) mMoxkHO mpuaaTh BHL

g=— <> Sa kI o) = — 2 o> (—; kn)%s. (131.4)
ConocraBnenue o1o#t hopmyanl ¢ dopmyJoit (128.3) naer pnst koadpu-

HHEeHTa TEIJIONPOBOAHOCTH c.nenylow,ee. BbipaxxeHue:
w=g <o (ghn) . (131.5)

i i
BcnomuuM, 4TO BhIpameHue 5 R =-kN, onpejensier Temsoem-

KOCTb IIPH TOCTOSIHHOM oGbeme Cy MOJs rasa, T. €. KOJIMYecTBa rasa,
i
cozepxalero Na MOJeKyJ. AHAJIOTHYHO BbIpaXKeHHE - kn NpeacTas-

JsieT co00# TernJIoeMKOCTb KOJIMYECTBA rasa, CONEepIKalllero 7 MOJIeKyJ,
T. €. TEIVIOEMKOCTb €IMHHLBI o0beMa rasa, DTy TerJ0eMKOCTb MOXKHO
NOJYYHTh, YMHOXHB YJIeJNbHYIO TEMJIOEMKOCTb Cy (TENJIOEMKOCTb enH-
HHIIBI MacChl) Ha MacCy €lMHHUBI o0beMa, T. €., Ha IVIOTHOCTb rasa Q.
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Taxkum o6pasoM,

4
5 kn=pcy. (131.6)

IMoxcrasus (131.6) B dopmyay (131.5), npuaeM K OKOHUaTeNbHOMY
BHIPAXKEHHIO A1 KO3pdHUMEHTa TemnJIONPOBOAHOCTH rasa:

1
=5 <> Apcy. (131.7)

Kak bl M mpeaBuaenu, KodpduIMEHT TEMJIONPOBOAHOCTH OKa3aJscs
NpPONOPUHOHABHEIM <UD, A U TEeIJIOEMKOCTH rasa pcy. Bosee crporuit
pacyeT NPHBOAUT K TAKOMY Ke BEIPAXEHHIO VI %, HO C HECKOJbKO
OTJIMYHBIM YHCJOBBIM KO3((PHIIHEHTOM.

BBISICHUM 3aBHCHMOCTb % OT BEJMYMH, XapaKTepH3YIOHX MoJe-
KYJIBl, H OT [IapaMeTPOB COCTOSIHMsI rasa. Yursl, 4To <v> NPONOpPLHO-

naneea /' T/m, A nponmopuuonanbha 1/n0, a pcy NPONOPUHOHANLHO in
(cm. (131.6)), momyuum

t39,) ]/——-—-in—— ]/— (131.8)

U3 (131.8) crenyer, uto, B ornuune ot Kodpduunenta aucdoysun,
K03} (UIHEHT TeNJIONPOBOAHOCTH rasa He 3aBHCHT OT YMCJA MOJEKYJ
B elMHULE o0beMa, a CJeloBaTe/sbHO, H OT AaBieHus (p=nkT). dto
OGYCJIOBJIEHO CJeAyloWuMH TpuynHaMH. C IOHMXKeHMEM JaBJIEHHA
yMeHbLIaercs 7, T.e. KOJHYeCTBO MOJIEKYJ, Yy4yacTBYIOLIMX B mepe-
Hoce 3Heprud. OIHOBpEMEHHO pacTeT A, a 3HAYUT, H pPa3/HyHe B SHEp-
THAX, NIEPEHOCHUMBIX KaxKJIOoH MOJIEKYJIOR B IPOTHBONOJOMKHEIX Hampab-
JleHHsiX. B urore nosyuyaercsi, 4To KOMHYECTBO 3HEPIHH, NepPeHOCHMON
MOJIEKyJ1aMH IIpH JAHHOM TpajieHTe TeMIepaTyphl, He 3aBUCUT OT
IaBJieHHsl. DTO CIpaBeJJMBO JHLIb J0 TeX Mop, IOKa A ocraercsd MaJsoi
N0 CPaBHEHHIO C PAaCCTOSIHHEM MeXAy NOBePXHOCTSMH, OOMEHHBalo-
IIAMHCS TEIJIOM 32 CYeT TeIJIGNIPOBOXHOCTH 3aKJIOYEHHOTIO MEXIY HUMH
rasa (HampuMmep, IO CPaBHEHHIO C pPa3MepaMH 3a30pa MeXNy BHYTpPeH-
Helt ¥ HapyxKHOH KoJI0aMH cTeKJAHHOro Tepmoca), Ilo mepe Toro Kak
NepecTaeT BBINMONHATLCS 3TO YCJOBHE, TEIONPOBOAHOCTb HayWHaeT
Bce Gosbllie 3aBHCETb OT JAaBJeHHs, YMEHBIIAsich C €ro NOHHKECHHEM.
IIpu A, npeBpIIAIOIIEM PAaCCTOSTHHE MEXJAY MNOBEpXHOCTSMH, npober
MOJIEKYJl ONpeJesisieTcss BeJHYHHOH TOro PacCTOSHUsS H NepecraeT 3a-
BHCETb OT JaBjeHHs1. UHcso e MOJIeKy l B elMHHIEe 00beMa NIPH YMeHb-
IIEHHM JaBJEHUSl MPOJOJ/IKaeT YOHIBaTb, BCJEACTBHE YEro yMeHb-
maercs H .

Ilpu mnOBHIIIEHHH TeMmmepaTyphl KO3(GHLIMEHT TemJIoNpPOBOXHOCTH

BO3pAacTaeT HECKOJbKO OBICTpee, yeM VT. 310 00y C/IOBJIEHO TEM, UYTO
aeKTHBHOE cedeHHe O cierka 3aBucut ot T (cM. § 129).
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§ 132. BaskocTth rasos

YTo6bl MOHSTH NPOUCXOXKIEHHE CHJBl BHYTPEHHEro TpeHMs, pac-
CMOTPHM J[Ba CONPHKACAIOWMXCS CJIOS ra3a HeKOTOpoH TosumuHer Az,
[pennosioxkuM, YTO CJIOH ABHXKYTCSH C DPAas3IMYHBIMH CKOPOCTSMH Uj
1 u, (puc. 132.1). Kaxnasi MoJiekysa rasa y4acTByeT B JBYX ABHXKe-
HHSIX: XaOTUYECKOM TelJIOBOM, CPeIHsisi CKOPOCTb KOTOPOro paBHa <uU»,
M YNOPSIOYEHHOM JIBUXKEHHH CO CKOPCCTBIO 4, KOTOpasi MHOTO MEHBILE,
uem <UD, A !

[TycTb B KaKOH-TO MOMEHT BpeMeHH CJIOM 00/1afaloT HMnyibcamu Ky
u K,. DTH UMNyJIbCHl HE MOTYT OCTaBaThCsl HEH3MEHHBIMH, TaK KaK BeJle]-
CTBUE TEIJIOBOTO ABUKEHHS IPOHCXOIUT HeTPePHIBHbIIH Mepexof MOJIEKYJI
U3 opHoro cyoss B jApyrofi. CorsiacHO yNpOLEHHBIM NpeJCTaBJeHHSIM
KOJIHUECTBO MOJIEKYJI, MEPEXOASAIUX Yepe3 IJOMAAKY S 3a CeKyHAy H3
OJHOrO CJIOSI B JADYroH, ONpejesieTCs] BblPaKeHHEM

1

(MaJIOCYLIECTBEHHBIM BJHMSIHMEM YIOPSAOYEHHOrO IBHXKEHHS Ha BeJH-
YHHY CKOPOCTH MOJIEKYJ MOMKHO

_H_ s 4, Tpeiecpeus).
Az= 1T — T [Tonas B apyroit cioi, Mosexy-
T\ iz 4z Jla IpeTepreBaeT COYAApEeHHs ¢ MO-
JIEKyJlaMH 3TOTO CJIOsl, B Pe3yJibTa-
Puc. 132.1. Te 4yero oHa J160 oTAaeT H3GHITOK

CBOETO MMIIyJIbCa JPYTHM MOJIEKY-
JlaM (ecsli OHa NpUJIeTeNIa H3 CJIos,
ABHXKYIIErocs ¢ GoJibilell CKOPOCTHIO), IGO0 yBEAUYUBAET CBOH HMITYJIbC
3a CYeT APYTHX MOJIEKYJl (eC/M OHa NpHJeTe]a U3 CJIOsi, ABHIKYILIErocs
C MeHblIleH CKOpOCTbio). B utore ummysbc Gosee GbICTPO ABHKYIIETOCS
cnost y6eiBaeT, a 6osiee MeIJIEHHO ABHIKYLIErocss — Bo3apactaer, Takum
o6pa3soM, cJIoH BeyT cebsl TaK, KaK ecs Obl K [IEPBOMY CJIOK0 (CKOPOCTD
KOToporo GoJblle) Oblla NPH/IOKEHAa TOPMO3SAIas ero ABHXKEHHe CHJa,
a KO BTOPOMY CJ/IOI0 (CKOPOCTb KOTOPOro MeHbllle) — TaKasl XKe [0 Be-
JUYUHE YCKOpsomas ero ABIXKEHHE CHJa,
Yepes nuomaixy S, Jexallyro Ha rpaHHLe pasdlena H306paXeHHHX
Ha puc. 132.1 c/0eB, NEPEHOCHTCA B eIHHHUIY BPeMEHH B HanpaBJeHHH
OT NepBOTO CJI0S KO BTOPOMY MMIYJbC

K=N (mu,—mu,)

(m — macca wmouexysnl). IloxcranoBka Beipawenus (132.1) ana N
Jaer

K = n<v> Sm (1, —uy). (132.2)

B peasibHOM TNOTOKE rasa CKOPGCTb NPU Mepexojie uepes rpanvny
pasnena JByX CjCCB H3MCHSAETCA HE CKauKoM, a HENPEPLIBHO MO 38KOHy
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u=u(2) (puc. 132.2). Bynem cuntats, 4T0 Kaxaas MoJIeKyJa, IPONETAI0-
Iasi yepes MOBEPXHOCTb S, HECET ¢ COO6OH MMIYJIbC /My, ONpeAe/sieMbli
~8HAYEHHEM CKOPOCTH U B TOM MECTe, IJie NPOM30LLIO NOC/IefHee CToJ-
'KHOBeHHe MoNeKy bl OTAeNbHEIE MOJIEKYJbl NPETepreBaloT Ioc/eHee
coyJapeHye Ha caMbIX pasJund- 2 u=ufz)
HEIX paccrosiHusix ot S. B cpen-
HeM 3TO COyJapeHHe MpPOUCXO-
JUT Ha pacCTOSiHMH, PaBHOM
AMHHE cBOGOmHOro mpoGera A. ZHA—= 1=
IToaToMy MosiekyJiaMm, JieTSIIUM

B HampaBJIeHWH OCH 2, NPHUMH-

IIeM 3HayeHHe CKOPOCTH u;== z—
=y (z—)\), a Mojexynawm, Je-

TAIHM B IPOTHBOMOI0XKHOM Ha- ;
NpaB/JeHHH,—3HayeHHe CKOPOC-  Z-A— ——f——— e
TH uy,=u(z+A). Iloacranosxa
9THX 3HayeHu#l B (132.2) naer
IJs TIOTOKa HMIyJbca B Ha-
MPaBJieHUN OCH Z BHIpaXKEHHE Puc. 132.2,

K = n<wySmu @@= —u(z+H]=— n<w> Sm 2% 2

(cp. c (131.4)). IlpunsiB BO BHHMaHHe, YTO NMPOM3BEJEHHE NM PABHO
IVIOTHOCTH rasa P, MOXKHO HallHuCaTb:

K=—(g<ohp) 458,

Cpasuenue ¢ ¢opmyaoii (128.5) naer Bbipamenue Ana Kodpduuuenta
BSI3KOCTH:

n = <o hp. (132.3)

Bonee crporuit pacuer MpUBOIUT K TAKOMY K€ BHIPAXKEHHIO, HO C He-
CKOJIbKO OT/IMYHBIM UHCJAOBBIM KOI(Q(QHIHEHTOM.

Hs (132.3) carenyer, uto, nono6Ho D u %, K03hhHUHMEHAT BA3KOCTH
nponopiHoHanes <v> u A. KpoMe TOro, oH nponopuuoHaeH njIoTHOCTH
rasa Q, T. €. BeJIHUYMHe, XapaKTepH3ywoulell CnocoGHOCTb rasa «Hakam-
JIHBaTh® HMIYJbC — NPHM 33JaHHOH CKOPOCTH « HMMIOYJbC E€IHHHLB!
of6beMa rasa okasbiBaercs TeM GOJbIIMM, 4eM OoJjblue p (HamoMHHM,
4T0 KO3(HIMEHT TENIONPOBOAHOCTH IPOMNOPUHOHANEH TEIJIOEMKOCTH
eIUHUIB ofbeMa rasa).

Yurs BHIpaxeHHs A4 Bxoadmux B (132.3) BeqnuMH, MOXKHO Ha-

nMcartb, 4TO
T 1 - YV mT
nw V~-T-nm_ s
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Orciona crenyer, uTo, KaK H %, Ko3hbULHEHT BA3KOCTH HE 3aBHUCHT OT
BaBJieHHsl, DTO CIpaBelJIUBO JHIIb JO TeX MOp, MoKa A ocTaeTcss MaJoH
N0 CpPaBHEHHIO C pasMepaMH 3a3opa, B KOTOPOM TeyeT ras (HampHumep,
IO CpaBHEHMIO ¢ AuamerpoM TpyOhi). Ilo Mepe Toro xak nepecraer Bbl-
MOJIHATBCSl 3TO YCJIOBHE, BSI3KOCTh HauMHaeT Bce GoJblle 3aBHCETb OT
JaBJieHHsl, YMEHbLIAsCh C €ro NOHMHKeHHeM. 3aBHCHMOCTD 1) OT TeMIle-
paTyphl Takas xe, Kak y D u %.

§ 133. YanTpapaspexeHHble Trasbl

B cayuae, xorza JyMHa cBoGogHoro nmpofera MoJieKyJ HpeBBIIIAET
JuHefHbIE pa3Mephl COCyJa, TOBOPAT, YTO B COCyJe AOCTUTHYT BaKYyM.
Fa3 B 3TOM cJyyae Ha3blBalOT YA bTpapa3pekeHHBb M. XOTd
B GYKBAaJIbHOM CMEIC/E CJIOBA BaKyyM O3Ha4aeT «IyCTOTy», B YJbTpa-
Pa3peKeHHOM rase COJAEPKMTCA B eAMHHUIE oObema G6OJbIIOE YHCJIO

— 1 — 71 17
1 | 44 {40
mity 2% _y2™

— — 4 2 172

Puc. 133.1. Puc. 133.2,

monekyJ. Tak, npu fasiennu B 10~° mm pT. cr. B 1 M® HaxoxuTcg np-
mepHo 10 MosekyJ. Bosee Toro, B oueHb MaJbIX NMOpax COCTOSIHHE,
onpefie/iieMoe KaK BaKyyM, MOXeT ObITb AOCTHTHYTO M NpPH aTtMmocdep-
HOM JaBJIEHHH.

TloBenenye yJabTpapasperkeHHBIX T'a30B OTJIHYACTCH LEJBIM PSAIOM
ocobenHocteill. B yc/0BHsAX BakyyMa HeJsib3s TOBOPHTb O JiaBJIEHHH OfI-
HOlf yacTd rasa Ha Jpyryio. [IpH oGbIYHBIX YCJOBHSIX MOJIEKYJBI YacTo
CTaJIKUBaloTCs APYT ¢ ApyroM. [TosTomy no soGo#l roBepXHOCTH, KOTO-
poii MOKHO MBICJE€HHO Pa3rpaHHYHTb ra3 Ha ABe yacTH, GyleT MpOHC-
XOZHTb OOMEH MMMNYJ/bCaMH MeXAY MOJEeKyJaMH, H, CJIEeLOBaTeJbHO,
oJiHa 4acTb rasa Gyjer AeficTBOBaTb IO MOBEPXHOCTH pasjena Ha BTO-
pyIo ¢ faBJeHHeM p. B Bakyyme MoJieKyJIbl 0OOMEHUBAIOTCST UMITYJIbCaMH
TOJIKO CO CTEHKaMH COCYZa, TaK YTO HMeeT CMbICJ JIMIIb NOHSITHE JaB-
JIeHHs Ta3a Ha CTeHKY. BHyTpeHHee TpeHUe B rase Takxe OTCYTCTBYeET,
OniHaxko TeJslo, ABHXKYIIEECS B yJIbTpapaspexeHHOM rase, GyAeT UCMLITH-
BaTh JeHCTBUE CHJIbI TPEHHs!, OOyCJIOB/IEHHONH TeM, YTO MOJIEKYJIBI, YAa-
pssick 06 3TO Teso, GYyAyT H3MEHSATh €ro MMIyJbC, PaccMoTpuM atoT
sonpoc GoJiee NOAPOGHO.

[lycte B ysbTpapaspexK€HHOM rase ABHXKYTCS MNapaiieNbHO APYT
Apyry ABe miacTHHKH (puc. 133.1). CKOpPOCTH M/IaCTHHOK PaBHHI Ui H Us.
BsanMopieficTBue My MOJIEKYJOH M IJAaCTHHKOHl B MOMEHT yJapa
MPHBOIMUT K TOMY, YTO MOJIEKYJ/Ia, OTCKOYHB OT IJIACTUHKH, HMeeT B J0-
IOJIHEHHE K TeIJIOBOH CKOPOCTH COCTaBJISIOLLYIO, PAaBHYIO 1O BEJHUHHE
H HamnpaBJIeHHI0 CKOPOCTH IJIaCTHHKH,
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O6 enuHUIly MOBEPXHOCTH BepXHell NJacTHHKH OyJeT yAapATbCs
B CEKYHAY /4n<v> MOJIEKYJl, HMEIOIHX COCTaBJ/IAIOILYI0O CKOPOCTH U,
npuoOpeTeHHYI0 NPH NPEAIIECTBYIOUEM yAape O HUXKHIOI IJIaCTHHKY.
Kaxnass H3 3THX MOJIEKYJ HEeCeT COCTaBJSIOILYI0O HUMIyJibca mu,. OT-
PasuBLIMCh OT BepXHEH MJIACTHHKM, MOJIEKYJBl HMEIOT COCTABJISIOLLYIO
HMIyJbca, paBHy0 mui. ClefoBaTesbHO, YAap KaXIOH MOJIEKYJIbI
O BEPXHIOIO IIACTHHKY NPHBOJUT K yMEHBIIEHHIO €€ UMIyJibca Ha Be-
JUYUHY m(u;—u.). ViaMeHeHne umny/bca B €JAHMHHIYy BpeMeHH, OTHeE-
CEHHOE K E€AMHHIE IOBEPXHOCTH IJIACTHHKH, COCTaBHT

’flT n<v> m(u;—u,).

D10 M3MEHeHHWe DaBHO CHJe, AeficTBYloell HAa €XMHHILY IOBEPXHOCTH
IJIaCTHHKH:

F = 0 <0> (3 —1,) (133.1)

(MBI 3aMeHUJH nm depes p). Takas ke 1o BeJIHYHHE, HO NPOTHBONONOXK-
HO HampapJieHHasi CHJa JeHCTBYeT Ha €JUHHIY INOBEPXHOCTH HHXKHEM
IJIaCTHHKH,

Koap¢dpuiuueHT NMponopuHoHaNbHOCTH MEXIY CHJIOH TpeHHs U pas-
HOCTBIO CKOpOCTed IIIACTHHOK eCTeCTBEHHO HasBaTh Ko3hduuueHTOM
tpenus. M3 (133.1) caenpyer, uto 3TOoT KO3duuHeHT paBeH */,p<v>,
T. €. NPOINOPIHOHAJIEeH NJIOTHOCTH rasa, a CJIefoBaTe/lbHO, H JABJEHHUIO
rasa Ha IVIACTHHKY M CTEHKH COCyJa (/s 9TOro AaBJIeHHs COXPaHseTCs
Beipaxenue p=nkT). .

OGparuMcst Tenepb K BONPOCY O Nepejaye Telsa ra3oM B YC/IOBHAX
BaKyyMa. PaccMoTpuM jBe NJIaCTHHKH ¢ Temmeparypamu 71 u T,,
MEX]IYy KOTOPHIMH HaXONHMTCAl yJbTpapaspexeHHuiil ras (puc. 133.2).
Ecoii Gbl yzap MoJIeKyJl O IIOBEPXHOCTb TBEPJOro TeJia UMeJ aGCOJIOTHO
yIpyrH# XapakTep, MOJIEKYJIbI OTCKAaKHBaJU Obl OT IJIACTHHKH C TaKOH
Je [0 BeJHYHHE CKOPOCTHIO (2 CJIeloBaTeNbHO, M 3HeprHeil), KaKyio
OHH HMeJH nepef yaapoM. B pesyJibrate MoJieKy bl He MOTJIH Gbl nepe-
HOCHTb SHEPrHIO OT IVIaCTHHKH K miaactiHke. OIHAKO Takod BHIBOJ
HaXOAUTCA B MPOTHBOpeunH ¢ ombitoM. CiefoBaTeNbHO, B3aUMOAEHCT-
BUE MEXIY CTEHKOH H yIapsioiiefics O Hee MOJEKYJOH He HMeeT Xa-
pakTepa ymnpyroro yaapa. B aelfCTBUTEJBHOCTH OHO OCYIIECTBJISIETCS
TakK: yAapuBIUMCh O CTEHKY, MOJIEKYJia KaK Obl IPUJIMIAET K He Ha Ko-
pOTKOe BpeMs, IMocJsie Yero NOKHJAET CTeHKY B COBEpILEHHO IIPOH3BOJIb-
HOM HampaBJIeHHH CO CKOPOCTBIO, BEJHYHHA KOTOPOHl B CpPEAHEM OTBe-
yaeT TeMIlepaType CTeHKH %),

1) OTMeTHM, 4YTO YKa3aHHOC YTOYHEHHe XapaKTepa B3aHMONEHCTBHS MOJEKYJ CO
CTEHKOH He BJIHSET HAa Pe3yJbTaThl, NMOJYUYeHHbE HaMH B § 96 mpH BHIYHCJICHHH JAaBJje-
Hus. EciH TeMnepaTypa rasa H CTEHKHM OIMHAKOBa, TO MOJIEKYJH GyAyT MOKHAATh
CTEHKY C TaKoi JXe cpeliHell CKOpPOCTBIO, C KaKoil OHH YAapsloTcs O CTEHKY, TaK 4YTO H3-
MEHeHHE HMITYJIbca MOJIEKYJ B pe3y/ibTaTe yAapa B cpefHeM OyJAeT TaKHM Xe, KaK NpH
a6 COTIOTHO ynpyroM ynape,
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O6patumcst cHoBa K puc. 133.2. Kaxpas us '/,n<v>S Moseky., yia-
pAwoHXca B CEKYHAY O BEPXHIOW IIVIACTHHKY, MPHHOCUT C co6oit 3HEp-
ruto {/,kT, U yHOCUT 5Hepruio, paBHyio {/,kT;. CienoBaTesbHO, Kax-
el yAap MOJIEKYJB O INVIaCTHHKY NPHMBOAHT K IOTepe MJIacTHHKOH
sHepruu /,k (Ti—T;). Takoe ke KOJHUECTBO SHEPrHH MOJy4aeT NMPH
KaxJoM yJape BTOpasi IJIacTHHKa. TakuM o0pa3oM, KOJIHYECTBO 3Hep-
THH, NIeDEHOCHMOE MOJIEKYJ/IaMH B CEKyHAY OT IUIACTHHKH K IVIaCTHHKeE,
Oyzer paBHO

g=5 <>k (Ti—=T)S.
YMHOXKHB M pasfe/nB 3TO BhipaxkeHue Ha mN 4, TOJSyuHM:
g=50<0>cy (T;—T))S. (133.2)

KospduunenT TenynonpoBOAHOCTH, paBHHEIA !/¢p<U>Cy, OKa3blBaeTcs
B YJbTpPapaspeKeHHOM ras3e NPONOPIHOHAJIBHBIM I[IJIOTHOCTH Trasa,
CrnenoBateibHO, TeMJIONEPeAaya OT OGHOH CTEHKH K APYroil GyAer ¢ mo-
HHXKEHHEM JaBJIeHUsl YMEHBILIATBCS, B TO BpeMsl KaK TelJONPOBOIHOCTD
rasa npu oObIYHEIX YCJIOBHAX HE 3aBHCHT, KAK Mbl BHJENH, OT AaB-
JICHHSI.

§ 134. dddysns

PaccMoTpuM cocysl ¢ YJbTpapaspeseHHEIM ra3oM, pasieseHHBIH Ha
IBe uacTH neperopoaxoil ¢ orsepcTHeMm (puc. 134.1). Ecan pasmepst
OTBEPCTHsI MeHblle JJMHbI CBOGOZHOro mpobera, T0 MOJIEKYJbl OyayT

Jennousonmyug

A

7

Puc. 134.1. Puc. 134.2.

NMpOJIETaTh Yepe3 OTBepPCTHE NMOOJMHOUKE Ge3 CTOMKHOBEHHI APYT C ApY-
rom. Mcreuenne rasa uepes OTBepCTHE B 3THX YCJOBHSIX HasblBaercs
sbpdysnei.

Ipu sdpdysuu HaGmofaeTcs Psif CBOeoGpasHLIX fBJNEHHH, ABAa H3
KOTOpBIX 6YAyT HaMH paccMoTpeHbl. [IJist ynpolleHus: paccyAeHHi Gy-
JeM NpeAnoJaraTh paspexeHHe rasa B COCyJe HACTOMbKO GOMbLIUM,
4TO J/IMHA CBOGOXHOrO mpoCera MNpeBHIIIaeT JHHEHHBIE PasMephl co-
cyna. Torna MosexyJbl, MpoiiAs uepes orsepcTe, GYAYT ABHUIaThCs
10 NpsIMOJIMHEHHLIM TPAEKTOPHAM, [OKa HE JOCTHTHYT CTEHOK cocyja.
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Tennosas sdpdy3us. ITycTb cTeHKY oGenx uactell cocyna Nopnepx H-
BalOTCA NMPH pa3iuyHBIX Temneparypax 7; m Ty (puc. 134.2). Korpa
IJHHA CBOGOAHOrO mpoGera A 3HAYHTENbHO MeHbIE JUAMETPa OTBEp-
ctust d (MZd), ycnoBHeM paBHOBeCHsl rasa, 3amNoOJIHSIOLIETO COCYH,
GyZleT paBeHCTBO JaBJieHHH p; M p,. [lockonpKy AaBienue paBHo nkT,
YHCc/a MOJIEKYJ B euHHLIEe OGbeMa, a cjelloBaTe/bHO, U IIOTHOCTH
rasa B oGeux yacTsx cocyAa GyIyT B 3TOM CJIy4yae HaXOAUTbCH B OTHO-
LIeHHH, OOPaTHOM OTHOLUEHHIO TemmepaTyp:

pi __ni _ Ty
0 =T =Ty (134.1)

Ins yabrpapaspexenHoro rasa (A>>d) ycioBusi paBHoBecust GyAyT
uHbIMH, He uaMeHsiollleecss €O BpeMeHeM (CTalIOHAPHOE) COCTOSIHUE
YCTAHOBHUTCA B TOM CJIydae, €C/M YHCJIO MOJIEKYJ, NPOXOASALIUX 32 ce-
KyHIy 4epe3 OTBepCTHe W3 IEpBOH 4acTH cocyna BO BTOpylo, GyZzer
paBHO YHCJIY MOJIEKY.JI, NPOXOAAIMUX Yepe3 OTBepCTHe B MNPOTHBOIO-
JIOXXHOM HanpasieHud. TaK Kak YHMCJIO MOJIEKYJ, NMPOXOASILUX yepe3
OTBepCTHe, NPONMOPLHOHAJIbLHO n<U)>, YCIOBHE DaBHOBECHsS HMEET BUJ

Ny <UD = 1y <.

Cpeniusisi CKOpOCTb (v mponopuuonaisia /7. ITostomy MOxKHO Ha-
nucartb ), uTo

or_m_ /Ty 134.2
Pz na T, { ) )
Takum 06pasoM, OTHOLIEHHE TJIOTHOCTEN ra3a OKaskIBAeTCS HHEIM, YeM
npy oOBIYHEIX ycaoBUAX (cM. (134.1)).
Hnsa pasnenuit ¢ yuerom (134.2) nosyuum

pi_mkTi _ /Ty
P2 ngkTq T,*

B oranume oT oObIYHBIX yC/IOBHE, KOT/a PaBHOBecHe HaGmonaeTcst npu
paBeHCTBe JaBJieHHH B 00eHX YacTAX COCyJa, B YCJIOBHSAX BaKyyMma
ZlaBJleHHe OKasblBaeTcsl GoJibllie B TOH YacTH COCYJAa, Y KOTOpPO# TeMIe-
paTtypa CTEHOK BBHILIE,

Bcrpeunas usorepmuueckas apdysus asyx rasos. Paccmorpum cay-
yail, Korja TeMreparypa CcOCyfa BCIOLY OAMHAKOBa. 3aKpbiB OTBEpPCTHE
B NepPeropojike, 3amoJIHUM JIEBYIO M IIPAaBYI0 HacTH COCYAa pasHLIMU
rasamMi ¢ CHJIbHO OTJIMYAIOMMMHUCA IO Macce MoJeKyaamu. Jdasi onpese-
JIEHHOCTH BO3bMeM B JIeBoil wactu Bojopon (M,=2), a B npaBoit —
kucaopon (M,=32). [lycrs AaBjeHHe BOAOpPOAa p; B 2 pasa MeHblie,
yeM JaBleHHe KHCI0pona p,. CrefoBaTesbHO, KOHUEHTPALUS MOJIEKYJI
KHCJopoZa B 2 pasa NpeBbllaeT KOHLEHTPAIHIO MOJEKYJ BOLOPOAA:

1) B cOOTBETCTBHH CO CKAa3aHHHIM B TIpeAbIAylieM naparpade MB CYHTAEM, 4TO MO-
JIeKyJ1a, yRapUBILHCh O CTEHKY COCYAa, OTCKaKHBAET CO CKOPOCTbIO, COOTBETCTBYIOMEH
TeMNepaTy pe CTeHKH,
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n;=2n;. CaM JaBJleHHs TAKOBHI, YTO A 0GOHX ra3oB GoJiblie JIHHeHHBIX
pasMepoB cocy/a.

Ecn¥ OTKPHITH OTBEPCTHE B IEPEropojKe, BO3HHKHYT BCTPEUYHbIE
s(hysnoHHBIE IOTOKH KHCJIOpOJa M BOAOpOJa uYepe3 OTBepCTHe
(puc. 134.3). Ilotok MoJeKya BOJOpOia OyHAeT IpONOPUHOHATEH
n<v;>, TOTOK MOJIEKYJl KHC/IOPOJa MPOTIOPIHMOHANEH n,CV,y>. Cpenusas
CKOPOCTb MOJIEKYJ] OOPaTHO MpOMOPLUOHANBHA Vm. Tostomy cpenHss
CKOpOCTb MOJIEKYJI Bojopoaa 6yzieT B 4 pasa GoJblue CpefiHeH CKOpOCTH

A
P
72 /\

K i \/‘
—_—
0 —

)
77, 2 ”2'-:2/7,
P \Pe=2py

Puc. 134.3. Puc. 134.4.

MoJIeKyT Kucaopofa: <v;>=4<v,>. B pe3yabrate mnomyuwaercs, uToO,
XOTSl JaBJIeHHe B COCYJle C BOAOPOAOM MeHbllle, 4eM B COCyAe C KHCJIO-
pOJoM, MOTOK MOJIEKYJl Bofiopofia 6yaeT B 2 pa3a GoJiblue MOTOKAa MoJie-
KyJ KHCJIOpofia. BMecTo BEIpaBHMBaHHSI JaBjeHHH 3(dys3HOHHBIE IIO-
TOKH MNPHBeNyT K BO3pacCTaHHIO pas/iMyus B HaBjeHusx, [IpaBpma, co
BpeMeHeM [pPOH30HeT BbIPABHHBAaHHE KOHUEHTpAlMil BOJOPOAa H
KHCJIOpOZia B 06eHX 4acTAX cocyZa (BHayaJse 5TO mpousoiger ais Gosee
GBICTPEIX MOJEKYJ, T. €. JJI BOAOPOAA, TO3XKe 3aKOHUHUTCS BbIPABHH-
BaHHEe KOHIUEHTpAIMH KHCJIOPOAa), H B KOHIIE KOHIOB AaBJIeHHsl BbIPaB-
Hstorcsd. FisMeHenne Bo BpeMeHH JaBJIeHHH p; U P, B 06eUX YacTax Co-
cyla ToKasaHo Ha puc. 134.4.

SIBnenve sddysun ucnmonb3yercs AN pasfiesieHus rasoBLHIX cMeceif,
KOMIIOHEHTbl KOTOPBHIX OTJIHYalOTCS JIHIIbL TeM, YTO B COCTaB HX MoJie-
KYyJ1 BXOIAT Pa3Hble M30TONB! (Pa3HOBHAHOCTH aTOMOB) OIHHX M TeX JKe
XUMHYECKHX 3JIeMeHTOB *), BcileficTBHE TOXIECTBEHHOCTH XHMHYECKHX
CBOMCTB M30TOIOB OCYILIECTBHUTb HX pasfiefieHHe XMMUUECKUM CIOCOGOM
He yjaetcs.

CxeMa yCTaHOBKHM 1Jifl pPasfie/ieHHs1 M30TONOB 3¢dy3HOHHBIM CIIOCO-
GoM naHa Ha puc. 134.5. YcraHoBKa cOCTOMT U3 psiia cTyneHel, oGbeu-
HeHHBIX B Kackaj., a3 u3 Gajnona b, nojaercss HacocoM Hji Ha BXof
nepBofi cryneHu. IIpHMEPHO NOJIOBMHA rasa NMPOXOAUT uepe3 nepero-
POIKY € MeJKUMH mopaMu (A= pa3mepoB NOp) M NOAAETCs 3aTeM Haco-
coM H, Ha BxoA ciepylomel crynend. a3, He npoluemuii yepes nepe-
roponKy, Bo3BpallaeTcsi HacocoM Hy B GamioH B5,.

1) Hcropuyeck# 3a 3THM METOJOM YKODEHHJOCh He BIIOJIHE TOYHOe Ha3BaHHeE:
IucdodysHOHHBI METOA, pasie/]eHH H30TONOB,
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TlockosbKy MOJEKysdBl € MeHbInell Maccoll o6namaror Gosblueit
CpelHell CKODOCTBIO TENJIOBOTO ABHIKEHHs, NOTOK, NPOLIENIIMH uyepes
Neperopoaky, GyHeT HEeCKOJbKO O0OTallleH JIETKHMH MOJIEKYJIaMH 110
CPaBHEHMIO C INepBOHAyaJbHBIM INOTOKOM. IloTOK ke, mnpoxoasuuil
yepe3 Hacoc H;, GynerT HeCKOMbKO OGOralleH TsKeJbIMH MOJEKYJ/IaMH,

H

foﬁj{ﬁ)ﬁ( N __4

— (___JA — (__JA
= y —21 ] —-_

-7 H i H e H H
Puc. 134.5.

B nocsieayomyx cTyneHsX Kackaja IpoLece pasjeseHust IMOCTy-
MAIOIIEro B CTYTNEHb ra3oBoOro NOTOKA Ha AOHOMHUTENBHO 0GOralleHHYIo
JIeTKHMH MOJIEKYJIAaMH U JIOMOJIHUTENIBHO OOOrallleHHYIO TSAXKeJNBIMH MO-
JIEKyJIaMH dYacTH noBropsiercd. M3 i-fi cTyneHH NOTOK, oGoraleHHbI
JIerKoil KOMIIOHEeHTOH, mocrynaet Ha Bxof (i-+1)-it crymeHd, a moTok,
oboralleHHL TsKeJ0H KOMIOHEHTOH, BO3BpalliaeTcs Ha BXof (i—1)-i
CTYIEHH.

[To WCTeUeHHH HEKOTOPOro BpeMeHH BJOJAb KacKaja YCTaHAaBJIH-
BaeTcsi PaBHOBECHOE paclpeje/eHHe KOHUEHTPALMH MOJIEKYJ JIerKoi
KOMIIOHEHTHI. DTO pacmpejiesieHHe XapaKrepHayercs TeM, UYTO KOHIEHT-
pauusi JIETKOHl KOMIOHEHTHl B TOTOKE, BO3BPAlllaéMOM B i-l0 CTyNEHb
u3 (i-+1)-# crynenu, coBnagaer ¢ KOHLEHTpAlMelH Jerkofl KOMIOHEHTHI
B IIOTOKE, MOCTYyMawlieM B i-l0 crynedb U3 (i—1)-i cryneuwu.

l'az B GannoHe 5, OKasplBaeTCsl M-KPaTHO (n— 4YMCIO CTyneHei)
OGOraIleHHEIM JIeTKOH KOMIIOHEHTOH, a ras B 6asuioHe 5, — n-KpaTHo
oGoraiieHHeIM TsiKeJ0oH KommnoHeHToH. CTemeHb oforaineHHusi ompepe-
JISIETCsl OTHOIIEHHEM MAacC MOJIEKYJ/1 O0EHX KOMIOHEHT H UHCJOM CTyIie-
Hed Kackaza.

C momouipblo Kackaja, cocrosiero u3 48 cryneneit, I'. T'epuy yna-
JIOCh NIPAKTHYECKH MOJIHOCTBIO Pasje/uTh U30Tonbl HeoHa (*°Ne u 22Ne),
CoBpemeHHble 3()by3HOHHEIE YCTAHOBKH s pasfie/ieHHs H30TOIOB ypa-
Ha COCTOSIT M3 HECKOJIbKUX ThICAY CTyMeHeH,
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1. BuuncieHHEe HEKOTOPHIX MHTErpajios
1. HecoGcTBeHHHA HHTerpas
+ oo
1@)=§ e P ax (L.1)

RasEBaeTct HFETerpanom Ilyaccouna O603HauHB MepeMEHHYIO HHTErPHpO-
BaHus GYKBOH y, MPEACTABHM 3TOT MHTerpal B BHAE '

+ oo

1®)= § =P ay,

-0

TepeMuOXHUB 06a BHpaMeHUs, NPHAEM K ABYKDAaTHOMY WHTErpaty

+ 00 + oo + 00 4 00
@)= { et § e®ay= § (e P mag  ap

SroT uHTErpan Nerko BHYUCAUTL, PaCCMaTPHBas NepPeMeHHble X U § KaK JeKapTo-
BH KOOpJAMHATHI Ha IVIOCKOCTH H Iepeiilist OT 3THX KOOPAHHAT K MOJISIPHLIM KOOpAMHATaM
ru @ [lpu x ¥ y, H3MEHSIOWHXCT OT —oo JO —+o0, KOOPAHHATA f M3MEHsIETCA B
npezenax ot 0 1o oo, a ¢ — B npenenax or 0 xo 2m. Cymma x2 4 y2 pasua r2, a sae-
MeHT NMOBEPXHOCTH dX dy HMeeT B MOJISAPHBIX KOOPAWHATaX BHA r dr dg. Ilpoussens B
(1.2) Takyio 3aMeHy, npHAeM K BBIPaXKeHHIO

25 o
1 F11

I (6)12=§ dq>§e'ﬂ"rdr=2n =

Orciopa past muterpana (I,1) momyuaercss snavenwe I (B) =V n/p. Takum o6pasom,
+ oo

S e B gy ]/% . (1.3)

2. O6e qactu paBenctsa (1.3) MOXHO paccMaTpuBaTh Kak GyHKUHIO napamerpa f§.
IMpoaudxpepennuposas no sToMy napamerpy (c/iesa AuddepeHUupyeTcs MOAbIHTEr Palb-
Hag OYHKUMA), MONYYHM, UTO

+ oo

S e‘ﬁx'x”dx=% V-;i;. (1.9
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TMostoproe auddepenuuposanue mo f paer
+ oo

S e'ﬁ“’x4dx=% 1/%. (1.8)

Tonunrerpaneusie yuxuun B ugrerpanax (1.3), (1.4) u (1.5) apasiorcs seTHHMA,
TlosToMy BKJIajkl B 5TH HHTETpajih MPOMEXYTKOB [—o0, 0] # [0, +o0] opuHakoew,
Orciopa caenyer, 49to, HampuMep,

ﬁ‘ » 3 7
Betya gy =2 =
) e P x4dx - V-Bg . (1.6)

11. ®opmyna Crupaunnra

B caryuae Gosbinx N MoxHO monyunts A1 N1 mpoctyio npubanxentyro GopMyay,
B cooTBeTCTBHM € omnpegeieHueM N!

N
InN!=In(l-2...N)=Iln14+In2+ ...+ InN= ) Inm.
m=1

Hanucannas HaMu cyMMa paBHa cymMe momagefi nso6paxennsix Ha puc. I1.1 cron-
6uxoB, [lpu Goabwom N cymMMa miaowaneil 3THX CTOAGHKOB MaJO OTJHYAETCH OT ILIO=

|

Inz
/”.F‘
PR
/'//
/
/
/
/2 I N . N I -
9 1 23 485 ... "~ LN
' Puc. 1II.1.

o < o
Iajn, OrpaHMYeHHON NOKa3aHHOM NMYHKTHPOM KpMBOH, mpeicraBasiomell co6oft rpa-
¢ux ¢yrknun In x. CregoBarteabHoO,

N
“InNl'» S Inxde=[xInx—x]¥=NInN—N+1.
i

Ipu 6ombmux N equuuueli MOXHO NpeHeGpeub, H MB NPUXOAHM K dopMyJIe
InN!~NInN—N, (IL.1)
xo'rogaa HasbiBaerci bopMyaoft CTUPJAHHTa.
aMeTHM, 4TO, CTPOrO ToBops, B (opmyae CTHPJIKHHIA HMeeTCS €le OXHO cilarae.

Moe, paBHoe 1/,In (2nN). Onrako npu 6oabimux N 9THM claraeMhIM MOXHO NpeHe6peun
o0 CpaBHEHHUIO C ABYMA APYTHMH cjaraeMbiMH,
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III. CuMmeTpHYHBE TeH30PH BTOPOTO paHra

Popmyanl npeoGpa3oBaHHsi KOMNOHEHT BeKTOpPa. BoabMeM aBe cucTeMbl Koopiu-

HaT K u K', OpHeHTHPOBaHHBIE OTHOCHTEJbHO APYT APYra MPOM3BOJILHBIM 0Gpa3oM.
’ ’,

Basuc cuctemsr K 06pasyior opTE €;, €,, €5, cHcTeMbl K/ — opThi €1, €5, €5 (Mbl GyIeM

0603HauaTh JeKapTOBbI KOODAMHATH Yepe3 Xy, X, X3 BMECTO X, y, 2). B cucteme K

HEKOTOPHIii BEKTOP & MOXKHO NPe/ICTABHTE B BHAE Xaey, B cucTeme K'— B Buge Yage,

(ag ¥ ap'— KOMIIOHEHTH! BEKTOPA @ B COOTBETCTBYIOLIHX CHCTEMaX; MHAEKC & npoGeraer
B o0enx cymmax 3HaueHHs 1, 2, 3). OueBHuHO, uTO

3 3
2 a/;e;= zakek. (IH.I)
k=1 k=1
YMHOXHM Bee uent pasenctsa (I11.1) Ha opT ej:
3 3
\JP ,
Daelep="a (eje)-
k=1 k=1
B cootserctun ¢ dopmyaokk (2.19) ejer=08;,. CuenosaTensho,
D eep=a/8;=a;.

Bripawenue e7ey, TIPENICTaBJACT COGOl KOCHHYC YIaia MexAy {-it ochio cucTeMsr K’  k-ft
ocbio cucteMst K, T. e. cos (x;, xz). Beenem ofosnavenne

0 R=C0s (1, X)s (111.2)
Torpa pasencto (I11.1) npumer Bup
3
a=Youa (=1, 2, 3). (111.3)
k=1

3Has KOMIIOHEHTH BeKTopa a B cucteme K H B3auMHYIO opHeHTaumio cucteM K u K’
(*. e. COBOKYIHOCTb IeBSATH KO3(DPULHCHTOB O ;x), MOXKHO no ¢opmynam (111.3) Buiuuc-
JINTb KOMIOHEHTH BekTopa a B cucteme K'.

Cor/IaCHO CTPOrOMY OINpENeNeHHIO 6eKMOPOM HA3bIBALMCA COBOKYRHOCMb mpex
seAuMUN Oy, Gy, Qg, KOmMOpbie npu nepexode om 00HOL cucmemor K0OPOURAm K Opyeod
npeobpasyromes no gopmyram (111.3), 6 xomopoix xosppuyuenmot oy, umerom 3naue-
nua (111.2) (cM. nmoactpounoe npuMmeyanue Ha crp. 20).

OTMeTHM, YTO H3 JeBATH Ko3p}MIMEHTOB O HE3aBHCHMBIMH SIBJISIOTCS TOJBKO
TpH, D10 COIVIACYETCSH C TEM, YTO OPHEHTALHUS Tea B IPOCTPAHCTBE ONPelelIseTCs TpeMs
ytnamu (cM. puc. 97.1 u CBA3AHHBIA C HUM TEKCT).

Onpenenenne TeH3opa BToporo paHra. Teunscpom T emopozo panea nasvisaemcs
cosokynHocmo Oeeamu eeAuuUn

Tii Tig Ths
Tor Taa Tos ) (I11.4)
81 32 33
komopsie nptt nepexode om 00Hoi cucmemer Koopdunam k Opyeod npeobpasyloOmes no
dopmyaran
T;k-_—'zailakm Tlm (i’ k= l’ 27 3): (1115)

& Komopbix KospPuyuenmol ojy U Oy, Userom suauentin (111.2) (cm. moacrpounoe npu-
metaHue Ha cTp. 146). Bemnunnnt T, B (I111.4) HaspiBaloTCI KOMMNOHEHTAaMH
TeH3opa.

AHa/IOTHUHO OMPEeNISIOTCST B TEH30pHl APYTHX panros. Tensopom n-ro panra
HasbiBaeTcH COBOKYMHOCTD 3% BeIMYHH Tjg...s (BCETO N HHACKCOB), KOTOpPLIE NIPH Nepe-
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X0Jie OT OXHON CHCTeMbl KOOPAHHAT K Apyrofi mpeoSpasylorest no hopMyaM, OTIHYam-
wumes ot (111.5) simwb Tem, YTo B HEX colepiKaTCA n MHOXHTeJIell BHJA O.;p H CYMMH-
pOBaHHe MPOM3BOAHTCS O N UHIEKCaM. B COOTBETCTBHH C TakHM ompele/eHHeM Bek-
TOp NpeACTaBJseT coGoi TEH30p MEPBOro paHra, a CKaJsp — TEH30p HYJIeBOrO paHra.

TIponsBefeHneM BeKTOpa a Ha TeH30p BTOoporo pasra T HashiBaeTcs BEKTop b ¢
KOMIIOHEHTaMH

3
bi=ETikak (=1, 2, 3) (111.6)
k=1

cp. ¢ (40.5)).
(ep CuMMeTpHYHLI TCH30p BTOporo panra. TeH30p HA3HBAeTC CHMMETPHUHBIM,
€CJIH ero KOMIIOHEHThI YROBJAETBOPSIOT yCiaoBHIO: Tp=Tp;. B panbheiiliem cuMmeTpHy-
HEIfi TeH30p Mbl GyaeM 0603HauaThb CHMBOJIOM S, @ €r0 KOMIIOHEHThl — CHMBOJIOM Sp,.
He3aBHCHMBIMH Y CHMMETPHYHOTO TeH30pa SIBJSIOTCH TOJNBKO LIECTb KOMIOHEHT: TPH
IHaroHalbHEe BuAa S;; M, HampuMep, KOMIOHEHTH Syp, Sgg, Sgi (Sz1=S19, Sgo=
=8,3, S13=S31). .

CHMMETPHYHBIH TEeH30p BTOPOrO paHra JONYCKaeT BaXHYIO TeOMETPHUECKYIO
uHTepnperanuio. Ilpexne yeM mepedTH K Heif, OTMETHM, YTO BEKTOPY & MOXHO COIIO-
CTaBHTb He TOJbKO HanpaBJeHHE OTpe3oK, HO M
IIOCTPOEHHYIO IO ONpefieeHHLIM NPaBH/iaM MA0CKOCTb.,
CoBMECTHM Havajlo OTpe3Ka, H306paKalollero BeKTOp,
¢ HauayoM koopauHat O (puc. III.1). Torza nepnex-
OUKYJAsSpHasA K BeKTOPY IVIOCKOCTb, OTCTOSINAs OT TOY-
k# O Ha paccTosiHMe, paBHOe 1/a, TMOMHOCTBIO Ompefe-
JIAT KaK HanpaBJjleHHe, TaK U MOAYJb BekTopa a. M3
puc, III.1 BuAHO, 4TO MpoeKIHs pajnyca-BeKTOpa r
060 TOYKH 9TOM MJIOCKOCTH HA HanpaBJieHHe BEeKTOpa
a pasHa l/a. [ostomy

ar=ar,=a(l/a)=1.

TakuM 00pasoM, ypaBHeHHe IIOCKOCTH HMeeT BHJ Puc. I11.1,
ar=1; uIu B pa3BepHyTOM BHIe
ayxy + agxy 4 agxg=1, (I111.7)

OrMeTHM, uTo noJsoxenHe miockoctd (111.7) B npocTpanCTBe He 3aBHCUT OT BHIGOpa
cHcTeMbl KoopiuHaT. IIpH nepexofie K Apyroii CHCTeMe H3MEHSIOTCS KaK KOMIIOHEHTh!
BEKTOpAa @, TaK H KOOPJAHHATHl Xp JAHHON TOUKH IVIOCKOCTH, NPHYEM TaKHM 06pasoM,
urto coortHomerne (I11.7) ocraercs B cuie.

CHUMMETPHYHOMY TEH30PY BTOPOrO paHra MOXHO CONIOCTABHTb MOBEPXHOCTb BTOPOTo
NopsiiKa, Onpele]seMyl0 YPaBHCHHEM

S11x2 4 Sppx2+ Ssexl+ 281px1%, + 2Sosxexg + 2Sgx50, = 1, (I11.8)

KoMmoHeHTH Syj, Sps, S3z B (H3HUeCKMX NpHIOXKeHHAX OGuBaloT Gosblle HyJs.
[pu aTom ycosu ypasrenue (111.8) onperensier aniunconn. OprHeHTanus sJJIHICOHLA
B NPOCTPAHCTBE He 3aBHCHT OT BHIGODPA CHCTEMH! KOODIHMHAT. TeH3ODHEIH SJUTHICOHT
«CBfI3aH» C OGBEKTOM (TeloM JIHGO CPefloi), CBOMCTBA KOTOPOTO ONHCHIBAET TEH3Op.
Ipu nepexozme K Apyroii cucTeMe KOOPJHHAT H3MEHSIOTCS KAK KOMIOHEHTH TeH30pa,
TaK H KOOPAMHATHI JAHHOK TOUKH SJVIMIICOHAA, NPHYEM TaKHM 00pPa3oM, YTO COOTHOIIe-
uue (I111.8) ocraercs B cuie.

Nnuncoun, onpefensiembii ypaBHenHeM (II1.8), sBaseTcs reomerpHueckum
06pa3oM CUMMETPHYHOTO TeH3opa BTOPOro paHra, nofo6HO TOMYy, KaK HanpaBjeHHbIH
oTpe3ok M naockocTh (111.7) (T. e. moBepXHOCTb NepBoro NOpsAKa) JaeT reoMeTpHyec-
KHi 06pa3 BeKTOpa (T. €. TEH30pa NepBOro PaHra).

Hs anannTHueCKOH reoMeTpHHM M3BECTHO, YTO €CJH OCH KOOPAWHAT HANPABHTHL
BIOJIb TOJYyOCeil SJJMNCOMAa a, b, ¢, TO ypaBHeHHe S3JVIMNCOHLA YNPOILAETCH
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M TPHHEMaeT BH

2 2 3
X X3 X
Stpt+a=1 (11L9)

Orciona cienyeT, 4TO IS KaXKIOTO CHMMETPHYHOrO TEH30pa BTOPOTO PaHra MMeIoTCs
Takue HanpaBJieHHs: KOOPAMHATHBIX oCell, TPH KOTOPLIX paBHBIE KOMIIOHEHTaM TeH30pa
ko3pduLHeHTH S;y, Sp3 H Sg; B ypaBuennu (I111.8) obpamarorcs B Hyab. Takne Ha-
NpaBJeHHs] HA3bLIBAIOTCS FJaBHBIMH OCsAMH TeHsopa. Ecinm ocu Koopiuhar
HaOopaBHTb BLOAb IVIaBHHIX OCell, TeH30D NPHHKMAET JHaroHaJbHblil BHL:

80 0
s=(o S, 0 (111,10)
00 S

Tenzop Buna (I11.10) HaspiBaeTcA M pHBEeNe HHHM K TIAaBHEM OCaM,
a JinaroHalibHbie KOMIIOHEHTH B STOM CJlyyae Ha3blBAlOTCS TIaBHE MM 3Hayqe -
HHU 5 MH TeH3opa. Mbl HamuCa/¥ NpH AHaroHajbHbIX KoMnoHenTax B (I111.10) Tonbko
OZMH HHJEKC, YTOGH OTIHYUTb MX OT AHArOHA/bHBLIX KOMIOHEHT Syy, Spy Sg, onpese-
JIeHHBIX B KOODAWHATHHIX OCSIX, He COBNAJalolUX C IVIaBHbIMH OCSIMH TeH30pa.

YpaBHeHHe TeH30DHOrO 3J/JIKNCOMJA, HANTHCAHHOE B IVIaBHLIX OCAX, MMeeT BHJ

Six2 4 Spxi -+ Sexi= 1. (111.11)

U3 cpasnenns: ypasnenuit (I11.9) u (111.11) moayuaiorcs mnst mosyoceft TeH3opHOro
3JVIHNCOMAA 3HAYCHHSA

a=1VS, b=1/VS, c=1V5,. (111.12)
Hafiem cMbIcsT paccTosiHHsl P NMPOH3BOJIbHOM TOYKH saannconna P or nentpa O
(puc, 111.2), las sToro HanpasuM BROJIb OP ocb X1 HEKOTOPOI KOOPAUHATHOI CHCTEMH

ZA 08108
: ach

Puc. I11.2.

K’. KoopnunaTsi Toukn P B 31011 cucTeme pasrm (p, 0, 0). [ToacTanoska 5THX 3HaueHufi
B ypasrenue (I11.8) mpusosuT K cooTHowenmio Sip?=1, oTkyza

p=1/Vsi, 11,13,

’
rae Sy — nepBas AHaronalbHasi KOMIIOHEHTa TEH30pa B CUCTeMe K'.

OG6o3HauuM Yribi, 06pasyeMble 0ChI0 X1 C IJIABHHIMH OCSIMH TEeH30Da, uyepe3 @y, Pgy
@3 (cm. puc, 111.2). Toraa KoopAMHATH TOUKH P B INIaBHBIX OCSIX GYYT PaBbi

X1= P COS @1, X3 = P COS Py, X3= [ COS P,
IoxctanoBka sTux sHauenu#t B (I111.11) paer
0? (S1c05%@; + Syeosp, + Syeos’ps) = 1,
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Cornacuo (111,13) 1/p®=S87;. TakuM 06pasoM, Mbl IPUXONHM K COOTHOMICHHIO
Si1= $1c05%p; + Sc05%Q; + S3cos*ps, (I11,14)

KOTOpOe CBA3LIBAET KOMIOHEHTY Sy B cHcTeMe K’ C TMIABHBIMH 3HAYEHHSMH TEH30Da H
yIiiaMi, 06DasyeMEIMH OCHIO X1 C I[JIABHLIMH OCSMH TEH30pa.

B cayuae, xoria fBa IJIaBHBIX 3HaueHHsl TeH30pa COBMAfaloOT (HampHuMep, S; =
= §; %= Sg), TEH30PHKI ITUNCON], NpeBPAlLAeTCs B JIHNCOMI BpaumeHus. B sToMm
ciyyae GHKCHPOBAHA OTHOCHTEJIBHO Tesla HJIH Cpelibl TOJIbKO OfHA IVIaBHAsi OCh TeH30-
pa — oCb CHMMETPHH 3JIMIICOMAA (B HallleM npHMepe oCb X3). B KauecTBe ABYX Apyrux
IVIABHEIX OCeft MOXHO B3ATh JBe JIOGble B3aHMHO NepHeHIHKYJsAPHble OCH, NPOXOxs-
HiHe Yepe3 IIEHTP SJIHICOHAA M NePNEeHAHKYJSPHbIE K ero OCH CHMMETpHH.

B cayuae, Koraa Bce TpH IVIaBHble 3HAaUeHHst TEH30pa COBNARANT (S;=8,=S;=
=S§), TeH3OPHHIl 3/UTHNICOHZ BIpOM(IaeTcst B cthepy pammyca 1/V'S (em. (I11.12)).
B sToMm cayuae TPH JoGble B3AHMHO NePIeHANKYJISIPHbIE OCH, MPOXOsALIKE Yepes LEeHTp
chephl, MOXKHO B3Th B KaueCTBe IVIaBHBIX ocefi TeH30pa.

CHMMeTpHUHBIl TeH30p € KoMnoHeHTamu Oz, T, €, TEH30p

(1 00 (111.15)
E=(0 1 0
00 1

HA3LIBAeTCS € 1 U H M 9 H b M. [Tponssenss Beiuncaenns no dopmyaam (I11.6), serko
yOeIUTLCS B TOM, YTO YMHOXKEHHe BeKTOpa a Ha eluHHuHbli TeH3op (I11.15) ocrasaser
BeKTOp a Ge3 uaMeHeHHil. TeH30DHBIA 3/IIHNCOHA LIS €IHHHYHOTO TEH30Pa BLIPOXKIA-
ercst B chepy eAMHHYHOro paguyca. MoxHo nokasaTb, uto TeHsop (I11.15) aBnserca
MHBApHAHTHBIM. DTO 03HAYaeT, YTO ero KOMIOHEHTH He H3MEHSIOTCS NPH Nepexoje oT
OJHOM CHCTeMBl KOOPJAMHAT K JApYroi. ‘ :

TeH30p C OXMHAKOBBIMH IVIABHBLIMH 3HaUeHHAMH (S;=S,=S;=S) MoxHO npejcra-
BHTb B BHJe NPOH3BeJeHHS CKajsipa S Ha eAHHHYHBIH TeH30p:

S 00 1 00
0 S 0})=8{010) (111.16)
00 S 001

O6a MHOXKHTENST — CKalfip H €IHHHYHBIH TEH30p — SIBJISIOTCS HHBAPHAHTHLIMH.
CnefoBaTe/IbHO, M TeH30p, cToswmit cieBa B paseHctBe (I11.16), Takke sBiasercs
HHBapHaHTHBIM, :

Aaauncoup, uHepuuu. [ToACHAM MoNyueHHEle COOTHOUIEHHS Ha NMpHMepe TeH30pa
uHepuHn (M. § 40). D1 unCOMA HHeD HHH (T. e. JIIHICOHL TeH30pa HHep-
LHH) JECTKO CBfI3aH C TeJIOM, HHEPTHBIE CBOJICTBA KOTOPOTrO OH OMHCHIBaeT. I'/iaBHule
OCH HHEpILUH Tesa COBMANAIOT C NOJYOCSMH SJUIHICOHAA, T. €. SIBJAIOTCA IVIaBHEIMH
OCSIMH TeH30pa MHepUHH. [V1aBHLIe MOMeHTH HHepuuH Tena Iy, /4, I3 ABNANTCS rias-
HHIMH 3HaYeHHsIMH TeH3opa MHepuuH. B coorBerctBHH ¢ (I11.12) nonyocu annuncouna

unepunn pasust 1/ VI, UV, v UV,

IMpoBesieM uepes LeHTp Macc TeJla NPOM3BOJBHYIO OCh X1, OGPA3yIOILYIO C [VIABHH-
MHA OCSIMH HHepUHH (T. e. MOJYOCSMH 3JUIHNCOHAA HHEDPIHH) YIJIH @), Pg H @s. Cor-
aacuo Qopmyaie (111.14) MoMeHT HHepLMHU Te/la OTHOCHTEJILHO 3TOH OCH (OCEBOI MOMEHT

uHepiuH /15, COOTBETCTBYIOWIMIL / 5, B hopmyJie (40.7)) MOXKHO BHUHCJHTL N0 Gopmye

I1y=1,c08%@; + 1,c08%@, -+ I5c0s*Qg; (I1L17)

rae Iy, Iy, I3 — rnaBHble MOMEHTHl MHEDUHH Teja.

IllapoBoii BOMYOK ompeesisieTcst Kak Teslo, BCe TPH IVIaBHBIX MOMEHTa HHEpLHH
KOTOpOro ofHakoBbl: [y=1I,=1Ig=1 (cM. c1p. 138). CriefoBaTe/IbHO, SIVIHICORA HHep-
AR WapOBOro BOUKA BLIPOMKIaeTcs B chepy pamuyca 1/ T. Onnoponusilt Ky6 sBis-
€TCq YaCTHBIM CJIyyaeM LIAPOBOrO BOJYKA. JIJIsi MOMeHTa HHEPIHH OTHOCHTEJbHO
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NPOH3BONLHOK OCH, oGpasyioieii ¢ pe6pamu Ky6a Yribl Qj, ¢z H Qg; NoJyyaercs mo
dopmyse (111,17) 3navenne

1%y = Icos?; -+ Icos’, -+ Icos?q, = 1

(HAMOMHUM, YTO JJ1S JIOGOTO HANPABJEHHS B IPOCTPAHCTBE COS?P;-+-cos?P,—-costpy=1).
Taxum o6pa3oM, MOMEHT MHepPIHH Ky6a OTHOCHTeJibHO JIo6oi oCH, npoxoAsmeii gepes
ero LeHTp, GyNeT OfMH H TOT Xe (KaK H y onHopoxHoro wapa). [TosTomy noseneHne
Ky6a npu BpallleHHH BOKPYT JI0GO0il OCH, NPOXOJsilieil Yepes ero LeHTp, He OTVIHYAeTCs
OT noBeleHHsi wapa. ToyHO TaK e He OTVIMYAETCS OT MOBENEHHsl Iuapa NOoBeJeHHe
J1060ro mapoBOro BOJYKA, T. €. Tejla IPOM3BOJIbHON (GOPMEI, HO C TAKMM pacrnpejese-
HHEM MacChl, YTO TPH IJIaBHBIX MOMEHTa HHEPLHH OKa3biBAalOTCsl COBNANAIOLIHMH.

AnanoruyHo He OyHeT OTJHYATbCS OT NOBEIEHHsT NMPH BpALLEHHH OXHOPOZHOLO
KPYIJIOro LMJIMHAPA NoBeleHHe OXHOPOAHOH MPsAMOi NMPH3MBI C KBAJPaTHHIM OCHOBa-
HHEM, PaBHO KaK M NOBeJleHHe JI060ro CHMMETPHYHOTO BOJYKA, T. €. TeJla NPOH3BO/b-
HOlt GOPMEI, HO C TaKHM pacnpeje/ieHHeM MacChl, YTO JBa H3 TPeX IVIaBHbIX MOMEHTOB
HHEPUUH OKAa3LIBAalOTCA COBNAJalOLIHMH,



NPEJIMETHBIA YKA3ATE/b

A6comotHo TBeproe Teso 18, 134
AGcomoTHHT Hyab 274
Amopdurte Tena 372, 393
Amniutyna koneGanus 192

— cxopoct 193

Anunsotponus 361, 399

ATtomHas emMHHLA Macch 264

BpoyHoBcKoe apuxenue 263, 324

Batr 80

BexTop 3Heprum-mMnyJssca 242
BekropHras auarpamMma 198, 211
BeposiTHocTs 291, 293, 311
Bec 70, 71

Boanyox 161

— acumMmeTpuuHbft 139

— cummerpuuHbiit 139, 167
— wmaposoft 138, 150

Bpems 12, 17, 218, 228

— penakcanuu 266

— co6cTBenHoe 227, 228
Bsaskocts 69, 253

— JuHaMuyeckas 256

— KuHeMaTtuyecKas 256

Tasosas nocrosHHas 275; 279

Tepu 192

I'naBHele MoMeHTH MHepanun 138, 149
— ocu uHepumu 136, 137, 138, 150
I'paBuTannonnas nocrosiuHas 168, 170
I'paBuTanuonHOe KpacHOe CMellieHHe 245
— mnosie 170

Ipanuent 87

Mabaenue kanumispHoe 377, 381
— HacblenHoro napa 385, 388
— cBeToBOe 244

JBuxeHHe amepHonuueckoe 208
— BpamareasHoe 18, 46, 131
— uH}HHATHOE 100, 115

— maockoe 131; 133, 154

— mnoctynarensHoe 18, 36, 131
— d¢unnrHoe 100, 115
JHexpement saryxanua 206

— — Jorapudmuueckuit 206
Hxoynb 80, 269

JHuuna 56

JHunamuka 20, 49
Jucnokauusa 367
Ho6porHocts 207, 208, 215

Xunkocts naeanbhas 248, 252
— meperperast 390, 392
— pacranyTas 391

3akoH Bo3pacTaHHs SHTpomHH 333

— BCeMHpHoro TaroTeHus 168, 174
— TI'yxa 63, 65, 78

— MHiwononra u Iltu 370

— wuHepuun 50

— Kynona 62

— Hbolotona Bropoft 53, 54, 174, 237
— — mnepBriit 50, 54

— — Tpetuit 58

— paBHopacnpefie/leHHst aHeprun 306
— coXpaHeHHst uMnyJsca 53, 74, 75, 101
—lﬁ). MOMeHTa HMmyJabca 74, 75, 105,
— — sHepruu 74, 75, 90, 95, 97

— Ouka 403

— Qypre 403

3akonnl HeioTona 49, 72, 118

— coxpaHenus 74, 75, 129, 221

Hmnyasc 52, 53, 74, 101, 152, 236

VimBapnanTHOCTb ypaBHenmit 61, 217

VnBapuanrheie Bennyuns 220, 228, 229,
239, 242

Wurerpan IMyaccona 314, 422

Wurerpanu asmxenus 74, 76, 86

Hurepan 220, 229

— BpeMeHHNOAOGHHA 230

— NPOCTPaHCTBeHHOMOLOOHbIH 231

Kanopua 269

Kamepa Buuncona 392

KBantoBas mMexanunka 13, 15, 35, 50, 309
KenbBun 56, 274

Kunorpamm 55, 56

Kunematuka 20, 49

Kone6anust BhiHyxIeHHble 181; 210
— rapmonuyeckue 182, 190

— 3zaryxaioue 204



430

Kone6anus manue 182

— napametpHueckue 181

— cBoGogubie 181

— co6cTBeHHble 181
KonuuectBo asvxenHsa 52 -
— Tensla 268

Kosdpuuuent BHyTpeHHero TpeHus 253

— Bsa3koctn 253, 403, 415

— saryxanusa 206, 210

— IOBEPXHOCTHOroO HaTsixkenus 374, 375
— nose3Horo geiictBus 341

— — — uukaa Kapuo 347, 349

— TpeHus 68

Kpaesoit yroa 378

KpuBusna kpusoit 43

— nosepxHocTH 377
Kpucrannuyeckas pemerka 362

— sueitka 362, 363
Kpucrannorpaduueckue cuctemu 364
Kpucranab xunkue 371
Kpuruueckne BesnunHb 388

Jlunun Toka 246
Jlo6osoe conpotuBaenne 258, 261
JlopenuesBo cokpaiienne 226, 227

Macca 14, 51, 152, 174, 177

— rpaButanuoHnas 174, 177

— nBuXeHHs 53, 236 '

— 3emau 177

— uHepTHan 174, 177

— MoasipHas 264

— mnokos 53, 236, 243

— npuBefenHas 117

— peastuBucTckas 53, 236

— Counxna 178

MarepuanpHas Touka 18

Mastauk 195, 196

— dyxko 128

Metp 55, 56

Mupoas nunng 220

— Touka 220

Monyab casura 66, 98

— IOunra 65, 98

Monb 56, 264

Mowment umnyasca 74, 106, 107, 113, 136,
150, 152

— uHepuuu 135, 140, 147, 152

— KoJauyecTBa asmxenns 106

— cuanl 108, 109, 1562

Monokpucrann 361

Momnocts 80

HanpsxeHHOCTb TPaBHTALHOHHOTO MNOJS
171, 172

Hauana tepmoanHamukn 263, 340

Hauano TepMopunamukud Bropoe 274,
333, 342, 344

NPEIMETHBIN YKA3ATEJIb

Havano Tepmonmnammrm mnepBoe 268; !
269, 273, 340 ’

— —-TpeTbe 339

Havanbhbie ycsosua 193

Hefitpuro 244

HopmaabHbie ycmoBusa 275

Hyrauuns 166

Hbloton 56

O6mass Teopust oOTHOCHTeJbHOCTH 120,
177, 217

Oneparop Ha6na 87

Onvitr Kaeenauwa 170

— Jlammepra 320

— JleGenena 244

— Maiikenscona 1 Mopan 217

— Ilaynaa u PeGku 245

— IlItepna 319

— Orsewa 175

Ocb Bpamwenus 19, 131

— — MrHoBeHHas 133

— — cBoGopnas 137

— cummMetpun 363

OtHocuTenbHast aToMHas Macca 263

— MoJieKyaspHas Macca 263

Mapa cua 109

IMapamerpr! cocTosinusa 265
ITackams 254

Ilackanb-cekynna 254
Ilepememenne 36

Ilepuon upeHTHuHOCTH 362

— xoJeGanust 192

— obpaumenus 46

ITnewo umnyasca 107

— mnapel cua 109

— cuan 108

ITaotsocts 140

— anepruu 98

INonsemuas cuna 258, 261
INoxasatenp nosautponsl 283
ITone rpaBuranmonHoe 59

— cun 81

— — HeCTaunoHapHoe 82

— — oxHopoaHoe 82

— — noTeHuHa/bHoe 84

— — crauuoHapHoe 82

— — uenrpaabHoe 82, 83, 111
INoauxpucrann 361

IMonnoe cmauuBanue 379
Tonuslit pudpepenunan 87, 270, 354
l'l%c‘:;r;smﬂaa Boabiumana 276, 321, 325;

— Ilnanka 35, 244

ITotenunan 84

— rpaBuTausoxxoro noas 171, 172
Iotenunansbuan QyHKuua 84

— sama 100



NPEAMETHBIN YKA3ATEJIb

TMorennnaneHuit Gapsep 100

IMorok 400, 401

Ipasuao npasoro BuHTa 45

IlpeoGpasoBanne uMmyJabca 241

— cuam 237

s CKOpocTH 61, 232

— 9Heprun 241

Hpe2056paaoaamm Tanunes 60, 221, 222,
2

— Jlopenna 224, 225
INpeueccus rupockona 166
IlpuBenennast giuHa 197
puHIMN oTHocHTenbHocTH [anmuies 60,
62, 217
~— — DiiHmrefina 217
— MOCTOSIHCTBA CKOpOCTH cBera 217, 218
— 9KBHBajJenTHocTH 120, 174, 177
Ipupawenne Beauuuust 9, 77
IIpocTpaHCTBO NCEBROEBKAHAOBO 220
— ckopocteit 311, 335
Mpoctpanctso-spemst 219
Ilpouecc 266
— anuaGaTtuueckuit 280, 346
— usobapuueckuit 280
u3oTepMHueckuii 280
n3oxopuyecknit 280
u33HTponkyeckuit 346
KBa3HCTaTHYeCKHil 266
Kpyroso#i 267, 341
HeoGpatumeift 331, 332
ofpatumeift 267, 343
nonfirponuueckuit 283
— paBHOBecHHI 266
IcesposexTop 29
Ilyas 254
Ilyts 36, 40

PaGora 76, 77, 152, 171, 272
Paé%yc_ MoJeKkyasproro neficteus 286,

NERREEE]

Paspenenne usoronos 420
PaaMepHocTb (pH3HUECKOA BesNHYHHB 57,
58

Pacnipepenienne Boasumana 323, 324
— Makcesesta 315, 319

— Makcsessia — BosnbuMasa 323
Peaknus BhiTekartouieil ctpyn 251
Pesonanc 213, 215

— napawmerpuueckuit 216
PesonancHble Kpueble 214
Penakcauus 266

CekyHaa b5, 56

Cuna 53, 54, 152

— BOCCTaHaBJHBalas 183

— rpaeuTalHoHHasg 59

— HHEpUMH KopuoJaucosa 123, 124
— — ueHTpoGexHas 72, 121, 129
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Cuna xsasuynpyras 183, 193

MarsuTHas 62

HOpMaJibHOro JaBnaenus 67, 72

peakuun 70, 72

Tpenus 62, 63, 66, 72, 90

— nokos 67

Tskectn 70, 71, 82, 122, 156

— ynpyras 62, 63, 78

— ¢yHzamenTanbHas 62

Cusibl BaH-ep-BaaibcoBckue 367

— BHewHue 74

— BHYyTpeHHHe 74

— puccunatuBHee 90

— wunepunu 119, 156, 177

— KoHcepBartnBHble 81, 82, 85, 88

CuHronnn 364

CunxpoHusauus yacos 219

Cuctema epuuul abcosoTHass 53

— — MexayHapopuasi 55

— — CIC 36

— — TexHnueckasa 57

MexaHuyeckas 17, 74

— 3aMKHyTas 51, 74

orcyera 17

— resHoueHTpHYecKas 51

— nHepuuansHas 50, 51, 54, 61, 221

— Ja6oparopras 102

— HewHepunaabHds 50, 118, 129

— nuentpa Macc 102

— TepMopMHamuueckas 265

Cxopocts 37

— JuHefiHaa 46, 152

— cBera 217, 219

— cekTopHanvHas 113

— yraoBas 46, 152

Crnoxenne KoneGanuii 198, 201, 203

— cKopoctelt 61

Co6cTBeHHast aauHa 226

CootHowenne HeonpeneneHHoctd Ieit-
3enGepra 35

Cocrosinue GecnopsiioyHoe 339

— MertacTabunbioe 390, 392

— HepaBHOBeCHoe 265

— HecJyyaiiHoe 339

— paBHoBecHoe 266, 331

— cJayuatinoe 339

— ymnopsgoyeHHoe 339

CneunaljibHas TeOpPHS OTHOCHTEILHOCTH
13, 49, 217

Cpegnee suauenue 41, 292, 294

CrarucTHueckuit ancamGip 291

— Bec 326, 329, 332

Crenenn CBOGOAH! ;&5,

Temneparypa abcomornag 274, 302
— KpHurtHuecKas 375, 387

Tensop unepuun 144, 146, 153, 427
Teopema Kapro 347
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Teopema Hepucra 339

— Iliteitnepa 142, 143

TensoBast MammHa 341

— ¢ynkums 359

Tennoemkocts 277, 352

— MoasipHas 278

— yleabHas 278

Tennonepenaua 268

TepMopnnamuyeckuit notenunan I'u6G6ea
359, 360

Touka xpurnueckas 387

— TpoiiHaa 383, 396, 398

Tpaektopus 35 '

Tpenue BHewnee 66

— BHYTpeHHee 66

— Bs3Koe 69

— KaueHHs 67

— ckoabxeHus: 67

— cyxoe 67, 68

Tpy6ka Toxka 247

Y6uuib Besuunnn 9, 77

Ynap a6comorHo Heynpyruit 103

— — ynpyrnii 103

V%%%Heﬂne Ban-nep-Baanbca 286, 288,

— JBHXKeHHa 53

— Ilyaccona 282

— cocTosHusa 275

— — ujeansHoro rasa 275, 276
— XapakrepHcTHyeckoe 189, 205
Yckopenne 42, 152

— xopHonucoBo 127

— HopMaJbHoe 42, 44

— cBoGonHoro nagenus 70, 122, 197
— TaHreHUHalbHOe 42

— yrJoBsoe 47, 152

Ycnosus paBHopecus 98, 157

Pasza koneGanus 192

— — HauanbHas 192

— TepmofuHamuyeckas 383

dasoBLifi nepexon Broporo poja 384

— — mnepsoro poxa 383

Qurypsl Jluccaxky 204

¢>n31»iqecxu GECKOHEYHO Manbli o0beM
14

dutiypKepanbIoBO COKpalleHHe 226

Daykryauus 330

TIPEJMETHbBIVl YKA3ATEJb

®opmyna Jlanaaca 377

— Ilyaseiina 258

— Crokca 260

— Toppuueann 251

doron 244

OynKuuS pacnpefie/leHHs BepOATHOCTEH
293, 315

— coctosigusa 270

Hentp nuepuun 102

— KpHBH3HH 43

— macc 102, 117, 133, 134, 155, 156
— TaxecTH 156

Huxn 267, 341

— Kapuo 346, 349, 351

Yacrora Guenuit 201

— Kojebanust 192

— — xpyroBas 192

— — nuKjauyeckas 192

— pesoHaHCHas 213

— co6ctBenHas 205, 210, 214
UeTnipexBekTop 241, 242

Yucso Asorazpo 264, 325

— Peitnoanbaca 255, 256

— creneHell csoGoxu 98, 182, 303

O9neMenTs cumMeTpun 364, 399
Dueprua 74

— BHyTpenHsas 267, 357, 360

—3-—- BaH-Jlep-BaajibCOBCKOro rasa 289,

— HAeanbHOro rasa 278, 280, 356

KHHeTHuecKas 75, 76, 151; 154, 238

nokost 238

nosHas 86, 89, 96, 239

— norteHiMaabHas 84, 85,
92, 94, 97, 171

— cBobonuas 358, 360, 375

— cpennss 306

— ynpyroit gepopmanun 97

— nenTpoGexHas 129

Dutanbnus 359, 360

Outponus 332, 339

3pr 80

Sproguueckas runoresa 328

9¢¢Je5xnwﬂmﬁ JuaMeTp MoJexyan 373,
40,

88, 90,
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