E.U Fymuxos, A.JI.bvikos, A.C.Konopamwves
OU3BUKA I ITIOCTYHAIOLIUX B BY3bl

3agaua KHUTH — CIIOCOOCTBOBATh Pa3sBUTHUIO OoJiee MUPOKOTO KPyro3opa, HaBBIKOB
(U3UYECKOro MBIIUICHUS M INTyOOKOTro MOHUMAHUS OCHOBHBIX (PU3MUYECKUX 3aKOHOB, a
TaKkXKe CTUMYJIUpPOBaTh MHTEpEC K NpeaMeTy. bonblioe BHUMaHME yAEICHO pa3dopy
KOHKPETHBIX (u3uyeckux 3afgady M MnpuMepoB. Mcnonb3yemblii MaTeMaTHUYeCKHi
ammapaTr IOJIHOCTBIO COOTBETCTBYET WIKOJIBHOM IporpamMMme. B HOBOM wu3naHuun
WCIPABJIEHbl ONEYaTKM W  OTHENbHbIE HETOYHOCTH MPEABIAYLIETO  W3JaHus,

BbIXOUBIIEro B 1978 1.
Conepxanne
IIpenucnosue
K Yurarento
1. MEXAHUKA
KunemaTnka
§ 1. IIpoctpanctBo u BpeMs. Cuctembl oTcyeTa. OCHOBHBIE MOHATUSI KHUHEMATUKU
MaTepHAIbHON TOUKHU
§ 2. KunemaTtuka IBM>KEHHS B OTHOPOJIHOM T10JIE
JnHnamuka
§ 3. Cucremsbl orcuera B AuHamuke. 3akoHbl HetoroHa. [Ipunmmn
OTHOCHUTENBbHOCTH ["anmunes
§ 4. MexaHn4eckoe cOCTOsSIHUE. Y paBHEHUE IBHKEHUS
§ 5. Cuutbl B ipupoe. ['paBuTaliiOHHbIE B3aUMOICHCTBUS
§ 6. Tpenue. /IBuxenue ¢ TpeHueM. Yupyrue aehopmariu
3aKoHBI COXpaHeHHs B MEXaHUKe
§ 7.Mmnynbc. [IBuxkeHue neHTpa mMacc. PeakTuBHOE IBUKEHHE
§ 8. Pabota. 3aKoH COXpaHEHHS YPHEPTUU B MEXaHUKE
§ 9. CTOTKHOBEHHUS YaCTHI]
§ 10. 3aKkoHBI COXpaHEHHSI U KOCMUYECKHE CKOPOCTH
§ 11. IIpocTbie mpuMepsl U3 KOCMUYECKON JUHAMUKHI
§ 12. Mexannyeckoe paBHOBECHE
JIBH:xeHMe KUIKOCTEe U ra3oB
§ 13. I'mppocratuka. [1naBanue ten
§ 14. JIBuxeHue uaeanbHOU KUIKOCTU
§ 15. Bs3kas -xuakocts. OO0TEKaHUE T
§ 16. Meron ananusa pasMepHoCTEN
2. MOJIEKVYIJIAPHAS ®U3UKA U TEPMOJMHAMUKA
OCHOBBI MOJIEKYJISAPHO-KMHETHYECKOH TeOprH
§ 1. bpoyHoBcKoe aBMX)eHHE. J[Ba MOAX0/1a K ONMMCAHUIO MAKPOCKOTTMYECKUX
CUCTEM
§ 2. MonexkynsipHO-KUMETHYECKasi TEOPHS UCalIbHOTO ra3a
§ 3. Cratuctuueckue pacnpeesieHus
§ 4. @nykTyauun
OCHOBBI TEPMOAMHAMUKH
§ 5. IlepBblii 3aKOH TepMOJMHAMUKH. TerIoBbIe ABUTATETN

o

16
26
26

32
39
46
57
57
63
71
78
85
93
102
102
108
117
124

134
134

141
147
155
160
160



§ 6. [IpuMepsl MpUMEHEHHsI TIEPBOTO 3aKOHA TEPMOIUHAMUKHU

§ 7. Bropoii 3akoH TepMoanHaMUKU. HanpaBineHue TenioBbIX IPOLECCOB

§ 8. CraTtuctuueckas mpupoaa HeOOPaTUMOCTHU TETIOBBIX MPOIIECCOB

I'a3bl, ;kuaKOCTH, (pa30BBHIE MEPEXOabI

§ 9. Peanbuble rassl. YpaBHenue Ban-nep-Baanbca

§ 10. ®a3oBble IEpexobl

3. OJIEKTPUYECTBO U MATHETU3M
DJIeKTPOCTATHKA
§ 1. 3apsa u mosie. 3aKOH COXpAaHEHHUS ANEKTpUYECcKoro 3apsa. [lpunHnun
cynepnozunuu. Teopema ["aycca

2. IIpoBOAHMKY B 3JIEKTPUUECKOM I10JIE

3. Konaencaropsl

4. DHeprus 3IEKTPUUECKOr0 NOJIS U SHEPTUS CUCTEMBI 3apsAI0B

5. DHepreTuyeckue NpeBpalieHHs B KOHIEHCATOPaX U COXpAaHEHHUE SHEPTUH B

JIEKTPOCTATUKE

IToCTOAHHBIN JJIEKTPUYECKHIT TOK

§ 6. 3akon Oma. PaboTa B 11enu 31eKTpu4ecKoro Toka. 3akon Jlxoyns — Jlenma

§ 7. Pacuer neneii mocrostHHOTO TOKa. [IpaBmima Kupxroda

§ 8. MaruuTHoOe 10Jie TOCTOSTHHOT'O TOKa

JIEKTPOMArHUTHOE T0JIe

§ 9. SIBnenue 3nekTpoMarHUTHOM MHAYKIMU. CaMOMHIyKLUs. DHEprus
MarHUTHOT'O TOJIS

§ 10. OTHOCUTENBHBIN XapaKTep 3JIEKTPUUECKOI0 U MarHUTHOTO 1osied. OCHOBBI
TEOPHH IEKTPOMArHUTHOTO TOJIS

§ 11. DnexTpuyeckue MaluHbl IOCTOSHHOTO TOKA

§ 12. JIBmKeHre 3apsSKEHHBIX YaCTHUIL B JICKTPUYECKOM M MAarHUTHOM TOJISAX

IlepeMeHHBIH 3JIeKTPUYECKUI TOK

§ 13. Ilenu nepemenHoro Toka. Bektopusie nuarpammel. Pezonanc

§ 14. MomnocTts nepeMeHHOro Toka. [IpeobpazoBanue u nepenava
anekTposHepruu. TpanchopmaTop

§ 15. Tpexdasublil TOK. DIEKTpUYECKHE MAIIMHBI IEPEMEHHOTO TOKa

4. KOJIEBAHM S 1 BOJIHBI

CoOcTBeHHBIC K0JI€0aHUS B MEXAaHUYECKHUX CHCTEMaX U JIeKTPHYECKUX
Hernsx

§ 1. CBoOoHBIE KONIEOAHUS TAPMOHUYECKOTO OCHMIIISATOPA

§ 2. 3aTyxaromue KoyeOaHus

§ 3. DHepreTuueckre NpeBpaLIeHNs: IPU COOCTBEHHBIX KOJIeOaHHIX

BoinyxkaeHHbIe KOTeOaHNS

§ 4. BeinyxeHHBIE KOJIe0aHUsl TapMOHUYECKOT0 ociiuiaTopa. Pesonanc

§ 5. DHepreTryeckue MpeBpaIieHus MPH BEIHYKIECHHBIX KOJICOaHUX.
YcraHoBieHue KoineGaHuM

§ 6. ABTOKOIICOAHUS

§ 7. HecunycounanbHele KonebaHus

Bouanbl

§
§
§
§

167
173
180
183
183
191

199
199

206
213
219
225

232
232
239
245
253
253

261

268
274
282
282
291

298

308

308
318
326
330
330
339

348
356
360



§ 8. Konebanus cBA3aHHBIX MAaSTHUKOB

§ 9. BonHbl B ynpyrux cpeaax

§ 10. DHeprus BoaH

§ 11. UnTepdepentus BosH. CTOSYME BOJTHBI

§ 12. Tpunamun [roiiredca. dudpakmus BoaH. Dddekrt dommiepa

§ 13. Bonnsl Ha Boge. Jlucnepcus U rpynmnoBasi CKOpOCTh

§ 14. DnekTpoMarHuTHbIE BOJIHbI

5. OIITUKA. TEOPUA OTHOCUTEJIbBHOCTHU

BoaHoBas onTuka

§ 1. CBer KaK 3JIeKTpOMarHuTHbIC BOJHBI. MHTEpepenims

§ 2. ludpakuus cBera

§ 3. CnextpanbHbie pubopkl. Judpakimonnas pemerka

§ 4. IIpoTsKeHHBIE UCTOYHUKHU CBETA. 3BE3/IHBIA HHTEPHEPOMETD

§ 5. UHTepdepeHnnss HEMOHOXPOMATUYECKOTO CBETa. Bpemsi KorepeHTHOCTH

§ 6. duznyeckre NPUHIUIBI rojorpadun

I'eomerpuueckasi onTuKa

§ 7. CeeroBele nyun. [Ipunnun depma

§ 8. Onrrueckue npuOOPHI 1T BU3yadbHBIX HaOmoaeHui. Temeckomn

Teopusi OTHOCUTEJIBLHOCTH

§ 9. IlocTynaTel TEOPUU OTHOCUTEIBHOCTH. [[pMHIIUIT OTHOCUTEIBHOCTH.
MakcumanbHasi CKOPOCTb paclpOCTPAHEHUs B3aUMOIECHCTBUM

§ 10. PenstuBuctckas kunemarrka. CHHXpoHU3alus yacoB. MzmMepenue
IIPOMEXYTKOB BPEMEHH U paccTOSSHUN. OTHOCUTEIBHOCTD TPOMEXKYTKOB
BPEMEHU U PACCTOSHUI

§ 11. IIpeoOpaszoBanus Jlopenna. MarepBai. PensTuBucTckuii 3aKoH
peoOpa3oBaHus CKOPOCTH

§ 12. PensiTUBUCTCKUN UMITYJIbC. 3aBUCUMOCTb MacChl OT CKOPOCTH.
PensituBucTckas sHeprus

§ 13. [Ipumepsl peSITUBUCTCKOTO IBUKEHUS YACTHULL

§ 14. IlpuHuMI SKBUBAJIEHTHOCTU. [ paBUTALIMOHHOE CMEILIEHUE CIIEKTPATbHBIX
JTIUHUN

6. BBEJIEHUE B KBAHTOBVYIO ®U3UKY

3aKoHbI MUKPOMHPA

§ 1. CBeToBBIC KBAaHTHI

§ 2. 'paHUIBI IPUMEHUMOCTH Ki1accudeckoi pu3uku. COOTHOIICHUS
HEOIPECTEHHOCTEN

§ 3. CBer — wactuubl Ui BoaHbl? KopmycKyasipHO-BOJIHOBOW Jyanu3M. BomHbl
ne bpoiins

§ 4. 3aKoHBI IBMKEHUS B KBAaHTOBOM (huzuke. [IpuHIMIT COOTBETCTBUSA

ATOM M 2JIEKTPOMarHuTHoE IoJie

§ 5. ATOM B KBaHTOBOH (pHU3UKE

§ 6. U3znyuenue crera aromamu. [lluprHa crieKTpaibHBIX JTUHHUI

§ 7. U3nyudeHue cBeTa HarpeTbIMH TE€JIaMHU

§ 8. BeiHy)neHHOe n3inydyeHue. KBaHTOBbIE YCHIIUTENIN U T€HEPATOPHI CBETA

360
366
374
379
390
399
406

417
417
425
434
442
449
455
461
461
470
476
476

482

490

497

507
513

521
521
529
537

545

551
551
556
563
568
577



KBanToBasi pr3uKa U CBOCTBA MAKPOCKONMYECKHUX TeJl

§ 9. DnekTpoHHas CTPYKTypa KPUCTAILIOB. J{M3EKTPUKH, TOTYyIPOBOAHUKH,
MeTaJlJIb

§ 10. DneKTpOHHBIE CBOWCTBA IPOCTHIX METAJUIOB

§ 11. [1na3ma u 3JEKTPOHBI B METAJIIaX

I[Mpunoxenne. CucreMbl eJTMHHIL

577
582

588
595



NPERUCIOBUE

Kuura npeicrasisier cofoll nocoGue o Kypcy (GH3HKU
cpenned akoubl. ‘Ocofoe BEUMaHie B Hell Y;ie/1s1eTcsl TeEM BOIpo-
caM, KOTOpble N0 Te€M HJIH JiHbIM TPHYKHAM HE H3JI0XKeHbl B
HIKOJEHOM YueGHUKE HAH H310XeEHB TaM HeI0CTaTOUHO I1y6oKo
1 nospo6uoe. Ieas#l pax BONpocos, U3NOKEHHBIX B IIKOJAbHOM
yueOHHKe (hH3KKH, B 5TOH KHHTe OCBEILALTCS .C HECKOJLKO HHOH
ToukH 3penus. [lopGop Martepnana ocymecrBieH TakuM ofpa-
30M, 4TOGBI GIOCOGCTBOBATH Pa3BHTHIO y UHTATENsl HIHPOKOIO
Kpyrosgpa M Triy6OKOrO HOHMMaHMSl OCHOBHBIX (PHBHHECKHX
3aKOHOB, _

[ uresnsl GaHHOH KHHGH HeoOXORMMO 3HAKOMCTIBO C Ma-
TepHaJioM IIKOJbHOTO YyeOGHHKAa, HOO aBTOpPbl CTPEMHJIHCh

u3berarob ero AyGunupaBaHus, B KHure Hamaraercd He TOJbKO

TeopeTHUCOKHH MatepHas: DASBACHeHUe CYTH .(DyHAAMEHTalb-
HbIX (PH3HHECKHX 88KOHOB HPOBOLHMTCS MyTeM pasbopa HoJibilo-
IO YHC/a OPUTHHAJBHBIX IPHMEPOB H Sajial.

O6vem 3naHHH 10 (pU3HKe, COOGILAEMBIX YUAUHMCH B cpe;L-
Hell IIKOJIe, HOCTATOYHO BEJIMK M :B NPHHUMIE MO3BOJISET pac-
CMaTpPHMBaTh BECbMa CJIOXKHbie BORPOCH HPH AaHaJlH3e $u3u-

yecKHX siBnennil. (QXHAKO ONHT I,POBENEHHA KOHKYPCHBIX

3K3aMEHOB B BYy3aX HOKA3LBALT, WTO Y HEKOTAPOH HacTH
aGHTYPHEHTOB HMEeTCsl .pa3phib MeXAY YPOBHEM 3HaRHH (pak-
THYECKOTO MaTepuasia d YMEHHEM NDHMEHSTh 3TH SHAHHS Ha
NpaKTHKe,

INpennaraemasi KHUTa AOMOKET YHalUMCS JHKBHIHPOBATb

‘39TOT .pasphbIB. Ha mHorouHcaessbix npuMepax IOoKasbIBaeTCs,

HACKOJILKO 3(h(PEKTHBHEIMH MOTYT GLITh FOJydaeMble B CpelHeH
IIKOJIe 3HaH#sl FO (PH3MKE Bpil aHalu3e Jae OueHb CJIOMKHBIX
BOOPOCOB M 3ajay IPH YCJIOBHH JeHCTBHTENbHO IJyGOKOrO.
NOHHMaHHsl CyTH (H3HUeCKHX 3aKoHOB. Yacto obcyxjeHue
5THX BONPOCOB He TpPeOyeT CyIUECTBEHHOrO paciiHpenus: Kpyra
HCIOJBb3yEeMbIX B CpelHeH ILIKoJMe NOHATHH,
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CreneHb TyGuHB (pH3HUECKOTO NOHHMAHHSA XapaKTepH3y-
ercsi yMeHHeM NPHMEHATb /151 aHa/H3a pPa3/JHYHBIX sIBJeHHH
HauGosiee ofmue, ¢yHIaMeHTaJbHEE 3aKoHH. [lpum aHaause
KOHKpEeTHBIX ITIPHMEpPOB H 3aJlay B pa3HbIX pasjiesaXx KHHTH
nokKasbiBaeTcsl, Kak, HallpHMep, NpHMeHeHHe 3aKOHa coxXpaHe-
HHSl 3HEPTHH N03BOJISIeT PelUHTb 3ajayy Mpolle, B3IJISHYTH Ha
Hee ¢ Gosiee OOLIHX TMO3HUHE H, 4TO O0COOEHHO BaXHO, YacTo
JlaeT BO3MOXHOCTb HaliTH OTBET Ha HEKOTOPHIe BOIPOCH, Kacaro-
iHecs TeX siBJAeHHH, JJ1s KOTOPbIX HaM HeH3BeCTHHI OMHCHIBAIO-
II{He X KOHKpeTHble 3aKOHHL. 15 ray6okKoro noHuMaHust ¢u-
3MKH HeOGXOJHMO UYeTKoe OCO3HaHHe cTeneHH OOLUIHOCTH pas-
JHYHBIX (PH3UYECKHX 3aKOHOB, FPAaHHL HX NPHMEHHMOCTH, HX
Mecta B ofuieH pu3HyeCcKoH KapTHHE MHDpa. .

Knura ne neperpyxxena gopmyaamu. Tam, rae 51o Bo3MoXHO
H He HJIeT B ylilepl CTPOTOCTH H3JIOXKeHHS, aBTOPHI CTPEMHJHUCD
MaKCHMaJ/JIbHO HCIO/b30BaTh KauecTBeHHble coobpaxkeHusi. Ilo
MHEHHIO OfiHOr'0 u3 BesqHuafnx ¢usukos . depmu, «...pusn-
yecKasi CyLIIHOCTb JeHCTBHTENbHO NOHHMaeMoro Bolpoca MOMeT
GbITh 00bsicHeHa Ge3 MOMOLHH CJOXKHBIX GopMyJ» *). B ymeHHH
OGBACHHTL CYLLHOCTb BONPOCA «Ha Ma/blax» H 3aKJ/IOyaeTcs .
HCTHHHOE MOHHMaHue ypaBHEHHH, BBIpaXKaloOUIUX (H3HYECKHE
3aKOHBHI. '

HcnosnbsyeMmsilt B KHHre MaTeMaTHYeCKHH ammapat cOOTBeT-
CTByeT COBPeMeHHOH ILKOJILHOH NporpaMMe 1o MareMaTHKe,
cojepxaillef 3/JeMeHTH aHa/lHM3a H JAalowmel yvallumcsl npep-
cTaBjeHHe o6 HefiHOo# CcTopoHe auddepeHUHAIBHOIO H HHTer-
pa/ibrHOTO HCYHC/IeHHA. OfHaKo BbIYHC/AHTE/IbHbIE NPOLEAY PHI,
TpebyiolllHe Ha/JHYHSl ONpele/eHHBX HAaBBIKOB JH(depeHLH-
pOBaHHS M HHTETPHPOBaHHS, 3a PEIKHM HCK/IIOUeHHeM, He
ucnoJb3yiorcsi. Hanporus, B psile NPHMepOB MOKa3bIBaeTcs,
Kak rayfoKoe noHuMaHHe ¢H3HKH H3y4YaeMbIX SBJIEHHH 103-
BOJIIET B3IVIAHYTh Ha HHX C HECKOJIbBKO HHOM TOYKH 3pe-
HHS H OBOHTH mNpPH 3ITOM BBHIYHC/AHTE/NbHBHIC MaTeMaTHYEeCKHe
TPYAHOCTH.

KHura npejHasHayeHa B OCHOBHOM AJ/191 YTEHHS NOCJE H3Y-
YeHHs] WIKOJIbHOrO Kypca (HM3HMKH H MaTeMaTHKH. OfHako ee
MOXXHO YHTaTh H NapaJjljeJbHO C H3yYyeHHeM COOTBETCTBYIOILEro
MaTepxaJia B 1UKose. [Ipu 3ToM cieiyeT yuHTHiBaTh, 4TO, KaK
NpaBHJO, B KamAOM mnaparpade MaTepHa/] pacloJIOKeH Mo

*) B. M. Honmexopso, Drpuko ®epmu, «3nanues, 1971,
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Hapacrawuieli TpyaHocTH. [TosToMy npH nepBoM YTEHHH MOXKHO
He CTPEMHTbCS «NPOGHTBCS» JI0 KOHLA KaxIoro naparpada, a
OCTAaHOBHTbCSI Ha TOM MecTe, [Jleé YHTATeJb MOUYBCTBYET, UTO
IJ1s1 NOHHMaHHA JaJbHeHIeTo MaTepHala Yy Hero elle Her
HeoOXOIHMMBIX 3HaHHH. :

ITpenonaBaHue GpU3HKH B CpefHEH 1IKOJE MO HEOGXOLHMOCTH
pefleTcsl TaKHM o6Gpa3oM, 4YTO MaTepHaJll H3Jaraercsi CTPOro
nocJefoBaresabHo. IIpH 3TOM y yuauiuxcsl HeT mpeacTaBJEHHs
HH O ADYTHX, €llie. He H3YUEHHBIX pa3fenax ¢HU3HKH, HH O CBSl-
35X H3yyaeMoro MarepHasia C 3THMH pasnenamH. OpHofl H3
XapaKTepHBIX OCOOeHHOCTeH 3TOH KHHTH SIBJSETCS TO, 4TO
B Hell QH3MKa paccMaTpHBaeTcs KaK e[luHasl HayKa, Bce pas/ielibl
KOTOpOH B3aHMHO CBsi3aHbl. JTO IIpeAnosaraer y 4HTaTe]s Ha-
JHYHE ONpeJeJIEHHbIX IIPE[CTaBJEHHH O COIepXKaHHH BceX
pasnesoB (QU3HKH, V3J0XKeHHe INOCTPOEHO. TaKHM oOpasoM,
YTOObl YualleMycsi B JAaJibHefIleM, IIpH H3YueHHH (PH3HKH B
BBICIIEH IIKOJIe, He MpPHIIOCh HepeyunBatbes. Pasymeercs,
npu 6oJiee r1y6OKOM H3YueHHH IIpeiMeTa B3TJSL Ha HEKOTOpHIe
BEIlH MOXET CYLIeCTBEHHO H3MEHHTLCS, OJIHAKO HHYTO H3 TOTO,
YTO YHMTATE/b Y3HAeT H3 3TOH KHHMTH, He 6yJeT PH STOM 06bsB-
JIeHO HEeBepHHIM.

H3noxeHHbI B. KHHI'e MaTepHaJ HCIOJb30BaJICS Ha 3aHs-
THAX B (U3HKO-MaTeMaTHUYECKOH IIKOJIe- HHTepHATe MpH JIeHHnH-
TpajCKOM yHHBEpCHTeTe. Y 4YalllHECs] 3TOH IIKOJBL B TEYeHHe
MHOTHX JIET CHCTEMaTHUECKH NOGHBAIOTCS YCNEeXOB Ha BCECOl03-
HBIX H MeXIyHapOLHBIX OJHMIIHAaX IIKOJIBLHHKOB 110 PH3HKE H
YCIEIHO BbIAEPKHUBAIOT BCTYNHTE/bHEIE SK3aMeHbl B BelylliHe
BY3bl CTpaHbl.

KHHra MOXET NpHMHECTH MOJb3y BCEM, KTO HHTepecyercs
(GH3MKOH M HMeeT CKJOHHOCTb K H3YUYeHHIO TOUYHBIX HayK.
Ee MOXHO HCNOJIB30BaTh Ha 3aHATHSIX ‘B WKOJBHBIX (H3HUec-
KHX KpYXKaX, Ha ()aKy/bTaTHBHBIX 3aHATHAX NO (H3HKe.
OnHa, HeCOMHEHHO, OKAXKeTCs1 HHTEPECHOH 115 yuHuTesed GH3HKH
CPelHHUX - IIKOJ, NpodeCCHOHANbHO-TEXHHUECKHX VUHJHIL H
TeXHHKyMoB. KHHra 6y ieT moJiesHa NpH MOATOTOBKE K KOHKY pc-
HHIM 3K3aMeHaM B BbiCIUHe yueGHble 3aBefeHHs. Ilo uenomy
psSILy BOIPOCOB OHA MOXET Hpe,[lCTaBHTb HHTEpeC H AJs CTYJEH-
TOB BY30B.

ABTOpHl HajneloTcsl, yTO KHHTa OyZeT C HHTepecoM mpo-’
YHATAaHAa BCEMH, KTO TaK HJH HHaue CBSIsaH WJH OyJer
CBfI3aH ¢ (busuxon " TeXHHKOH B cBoedl npageccHOHaNbHOH
,ueﬂTe.anocm.
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Kuura cogepxut chaepyomue pasgenan: 1. Mexanuka.
2. MonekynapHad ¢H3UKa U TepMOJAHHAMHMKa. 3. DJEKTpH-
yecto M MarhetuaMm. 4. KoneGanus u Bosnbl. 5. OnruKa.
Teopust oTHocutenbHOCgH. 6. BBeneHne B KBaHTOBYWO ¢u-
3uKy. Takasi mocsiej0BaTeNbHOCTb H3JOXKEHHS MaTepHana
COOTBETCTBYeT NporpamMme no thusuke cpefHel IIKOJBI H
nporpaMMe BCTYIHTENbHBIX 3K3aMeHOB B By3. B nannoi
KHHTe OTCYTCTBYeT pazfen «PH3HKa aTOMHOTO siipa H 3je-
MEHTapHBIX YacTHl». DTO CBA3aHO [JNaBHHM 06pa3oM c TeM,
Y70, MO MHEHMIO aBTOPOB, MaTepHAJ 3TOrO pasfena ¢ J10-
CTATOYHOM NMOJHOTO NpejcTaBieH B IIKOJbHOM ydeOHHKe.
Hegroropnle M3 OTHOCALHXCA CloJa BOMPOCOB 3aTPOHYTH B
IPyTHX pasfenaX KHUTH.

* ABTOpHI CUMTAIOT CBOMM IPHATHBIM JOJTOM BRIPa3uTh G.a-
rofapaocte b. B. bByxosuesy w B. M. Huxomnaesy, Basis-
IINM Ha cefs TPYJA N0 PeLEHSHPOBaHHI0 PYKOHHCH, H pPelaK-
topy B. C. Beaurosy. Mx noGpomeaaresnnasie 3aMeqaHusl BO
MHOFOM CNOCOGCTBOBA/IH YAYUIIeHHO KHHTH. ABTOPH MpH3Ha-
teasHsl 1O, JI. KiamMouToBuuy, u6bdl HHHUGHMATHBA ChIrpaJa
HEMa/yl0 pOJIb B MOAB/AEHHH 3TOH KHHIH,

E.l M. Bymuros
A. A. Buxos
A. C. Kondpamees



K YHTATEJIO

D10 ofpailleHde ajpecoBaHO TeM YHTaTe/siM, KOTOphe pe-
I TOTOBHTbCS K BCTYNHTEALHOMY 3K3aMeHY 1o ¢H3HKe
B BY3 C IIOMOILbIO 3TOH KHHIH.

BeTynuTeabHBIH 5K3aMeH B By3 B Halile BpeMsi He CBOJUTCS -
'K ¢opManbHOMY OTBETY Ha BONDPOCH 5K3aMEHalHOHHOTO G-
Ta, a 3a4yacTylo NpeiacTaBasieT coboll Oecely ¢ abHTypHEHTOM,
BO BpeMsi KOTOPOH BHISICHSIIOTCSI He TOJIbKO ero ¢pakTHUeCKHe
3HaHHs, a [VIaBHBIM 006pasoM KpYT ero MHTepecoB, CTeNeHb €ro
NOATOTOBJEHHOCTH J/1s1 oO0yueHHMst B JAaHHOM Byse. [lostoMy
NOArOTOBKA K 5K3aMeHY He JO/KHA CBOAMTBCSI TOJBKO K NOBTO-
PEeHHIO HM3yYeHHOTO B 11KOJe MaTepuasia, a JoJDKHa 006si3a-
TesqbHO YrAY6Js1Th NOJyUeHHLIe B wKoJie SHaHUsI H paclipsTh
Kpyrosop. [Ipn 3ToM He clieflyeT 3afBIBaTh, YTO IOArOTOBKA
K 5K3aMeHy HeoOXol¥Ma He TOJBKO IJ1s1 TOro, YToOHl I1peosio-
JleTb 3TOT 6apbep, HO U 1Js YKpensenus {pyHnaMeHTa, Ha Ko-
TopoM 6yJeT NMOCTPOEHO laJibHeillee obyyeHHe B Byse.

[pucTynaTe K YTEHHIO 3TOH KHUTH CJIeflyeT, pacrnoJaras
JIOCTaTOYHBIM 3amacoM BpeMmeHu. KHHra HackbllleHa MaTepua-
JIoM, NOSTOMY €e uTeHue notrpefyeT BpeMeHaMM OT YHTaTe/s
HEKOTOPHIX Ycuauil. Bo BcsikoM ciyyae uuTaTh ee CJAeAyeT
C KapaHJalloM B pyKe, 06513aTe/IbHO BOCNPOKH3BO/sl HEKOTOPHIE
ONyIilleHHBlE BBIKJAJAKH (KakK INpPaBHJIO, B TEKCTe NDHBOAATCH
Heo6XoHMble YKa3aHHs, KakK JienaTb 3TH BhIKJaAku). He npe-
HebperafiTe 5THM COBETOM, TaK Kak MHOTHe BBIKJAAKH B KHHTE
He NMpHBeJieHbl NOTOMY, YTO HMEHHO CaMOCTOsATEeJbHOE HX BOC-
npousBelleHye UHTaTeNeM Crnoco6CTBYeT HauboJsee Ty6oKoMY
HOHMMAaHHIO W 3(pdPeKTHBHOMY YCBOEHHIO MaTepHaJia.

O6blyn0 B KakJoM mnaparpade maTepHall paciosioxeH Io
Hapacratouiefi Tpyanoctd. ITostomy 11pH 1nepBoM YTEeHHH KHHUTH
MOXHO He CTPeMHTbCs 06s3aTesbHO JOYHMTaThb naparpad Jo
KOHla. 3aTpylHeHHs] MOTYT OHITb CBI3aHBl C HEJLOCTaTOYHBIM
3HaHMEM MaTepHaja WIKOJbHOrO YYeOHHKa 110 3TOMY BOIpOCY.
Torna nesnecoobpasHo OTKpPHITh MKOJNBHBIN YUe6HHK H OCBEXKHUTh
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B NaMATH COOTBETCTBYIOWMH MaTepuas. [IpuuuHOil 3aTpyaHe-
HHUH MOXKeT GbITb H HeJOCTaToYHas MaTeMaTHYecKasi NMOArOTOB-
Ka. B 3ToM ciiyuae BaxKHO He najath AyXOM, a MPOsIBHTDb OIpe-
_JleIleHHYI0 HAcCTOHYHBOCTb,— B YUeHWHM HHKOrJa He ObIBaer
Jerko! : -

Hsyuenne 3Toll KHHIH JOJXKHO NIOMOYb YHTATEIO COCTaBHTh
NpeiCTaBleHHe O NpeiMeTe B eJoM H 06 OTAEJbHBIX €ro pas-
Jejax. YMeHHe YBePEeHHO OPHEHTHPOBATbCS B OOLIHPHOM Ma-
TepHuaJie 0COGEHHO BaXKHO NOTOMY, «4TO aGHTYPHEHTY H3BeCTHa
TOJIBKO TporpaMma 3K3aMeHa. KoHKpeTHble BONPOCH, BXOJf-
Iye B 3K3aMeHAlHOHHble OHJIETBI, MOTYT- OBITH CHOPMYJIHPO-
BaHbl MNO-PasHOMY, H JJIsl YCMNEWHOro OTBeTa aGHTYPHEHTY
npexie Bcero HeoGXOAHMO cCaMOMY CHe/aTh NPaBUIbHBIA 0TGOP
HY)X®#oro Matepuana. [lo3ToMy, BCTpeTHB B 3TOH KHHMTe He
H3YYaBIHACA B IUKOJE MaTepHaJ, He TOPONHTeCh OTOGPACHIBATDL
ero B ctopony. Paso6paBiuiHch B HeM, MOXKHO NO-HOBOMY B3IIsi-
HYTb Ha HEKOTOpHE XOpOLIO HM3BEeCTHbIe BelH H OGHAPYKHTb
B3aHMOCBSI3b MeXJY SIBJEHHSMH, paHee KasaBLIHMHCS COBep-
" [IeHHO He3aBUCHMbIMH. UuTas KHMTY, 3ajyMbiBafiTechb Haj
TeM, Ha KaKHe BOMPOCHl MOXKHO OTBETHTb, HCHO/Mb3Ys H3yuae-
MBIH MaTepHaJ.

B xHHre noapoGHo pacCMOTPEHO GoJIbLIOE YHCIO KOHKpET-
HBIX TpHMEpOB, HJIIOCTPHPYIOIIHX CcofepkaHHe ¢yHIaMeH-
TaJbHBIX (PH3HYECKHX 3aKOHOB H NDHMeHeHHe 3THX 3aKOHOB.
Ho aBTopbl. peKOMEHAYIOT He OTPAHHYHBATBCSA Pa3bopoM TOJbKO
npHBeieHHbIX NpuMepoB. O6A3aTeIbHO HYKHO pPeluaTh 3afauf.
TosbKO caMOCTOATENBHO pellasi 3aflaqi, MOKHO JIOCTHYb TOTO
BBICOKOTO YPOBHSI NMOHHMAHHS (PH3HYECKHX 3aKOHOB, NMPH KO-
TOPOM MNOSIBUTCS BO3MOXKHOCTb OTBeYaTb Ha HOBbIE BONPOCHI,
OTHOCSIHeCS K ¥M3ydyaeMoH o6JacTH.



1. MEXAHHMKA

KHHEMATHKA

§ 1. INpoctpancTBo H Bpemsa. CHCTEMbI OTC:eTa.
OcHOBHble NMOHATHA KHHEMATHKH MATEPHAJLHOH TOUKH

MexanHuecKoe IBHIKEHHe — 3TO NepeMellleHHe H3YuaeMoro
TeJla OTHOCHTEJIbHO JPYroro Teja, NpHHHMaeMOro 32 HENOJBHXK-
Hoe. OfHO M TO e MEXaHHUeCKOe [BHKEHHEe MOXeT BhIIJSAJEeThb
COBepIleHHO TMO-pa3sHOMY B 3aBHCHMOCTH OT.-TOrO, KaKoe TeJso
NpH H3YUEHHH 3TOTO IBHKEHHs CUMTAeTCs HeNoABHKHEIM. Tak,
Hanpumep, ¢ TOUKH 3peHHs HabJionaTens, HaXxoAsinerocs B Ba-
roHe Moe3fia, BLICKOJIb3HYBIUHH H3 PYK -TIpeAMeT najiaeT Bep-
THKaJbHO BHH3, a I/ HaO/I0KaTevIsl Ha 3eMJle 5TO e JIBHIKeHHe

Prc. 1.1. Tpaekropun cBoGojHO Najawilero teja (@) H TOUKH Ha o6ofe
: : KoJjieca (6) B pa3HBIX CHCTEMaX OTCYeTa.

npoHcxXoAHuT 1o mapabosinyecKoil TpaekTopuH. Touka Ha oGoze
KoJileca BaroHa [BHMIKETCS MO OKPYXKHOCTH JJsl NepBOro U3
3TUX HabaiofaTeiel, HO 3TO JKe JBIHKEHHE C TOUKH 3PeHHs BTO- -
poro Ha6aiojaTenss NPOUCXOAUT NO 3aMBICJIOBATQH KPHBOM ——
uuknoune (puc. 1.1). B atom 3akmiouaercs npocrefiiiee npo-
SIBJICHHE OTHOCHTE/IBHOTO XapaKTepa MexaHHYeCKOro ABHKEeHHSI. :
Mexanpnueckoe IBHXKeHHE IPOUCXOLUT B NPOCTPAHCTBE H BO
BpemeHH. [TOHATHS MPOCTPAHCTBA M BpeMEHH OTHOCATCS K UHCTY
¢dyHaaMeHTa/IbHBIX TOHATHH, KOTOpble HEBO3MOMKHO OINpeje-
JIMTb Yyepes KaKue-To Gosiee mpocTtoie noHATHs. Ho B du3uke

5
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GoJlee BaXKHLIMH SIBJSIIOTCS He (OpMaJibHble ONpeJiesieHHs1, a
KOHKDETHbiE CBOHCTBA NPOCTPAHCTBA H BPEMEHH, NPOSBJAIO-
lHecsi MPH NMPOTEKaHHH TeX WJIH HHBIX (DU3WUECKHX IMpolec-
coB. M 3TH KOHKpETHHIE CBOHCTBAa NMO3HAIOTCSA ONBITHBIM IIYTEM.

du3nka — TOYHasi HayKa, T. €. B ee OCHOBe JIEKHT H3y-
YeHHe He TOJIbKO KauyeCTBEHHHX, HO H KOJHYECTBEHHBIX COOT-
HOLIEHH{I, NO3TOMY JK0OOH (PH3HUECKHH® ONLIT CB3aH C H3Me-
penusMu. o croBam . M. MenjeneeBa, HayKa HauHHaercs
¢ TeX MOp, KaK HAYyHHAIOT H3MEepATb.

Jasi M3yueHHs] MEXaHHUECKOro JBHMKEHHS, NPOUCXOASALIETO
B NPOCTPAHCTBE H BO BPEMEHH, HYXHO NPeXJe BCEro yMeTb
H3MepSATh TIPOMEKYTKH BpPeMeHH H PAacCTORHHS.

B pasiHyHbBiX 06NacTsaX M3NKH H TEXNMKH HCHOARbL3YIOTCS
pazmnbie cnoco6sl HAMEPEHHst PACCTOSHMA M NIPOMEXYTKOB Bpe-
menu. JhoGoe u3Mepesue CBOAMTCS K CPaBHEHHIO H3MepsaeMOH
BEeJIHUMHEl C Jpyrai BeAMYHHOH, OPHHSTOH 3a eIMHUYHYIO,
T. €. C 3TajJoHoM. BreiGop 3TajoHa H cHocoGa CpaBHEHHS H3Me-
psieMoii BEeIHUUHE! C 3TaJOHOM MOXKeT OHITh Cle/aH No-pa3HoMY.

B macrogiuee Bpemsi B KaueCTBE 3T4JIOHA JJIMHBI NPHHAT
MeTp — AJHHa, paBHas | 650 763,73 AsiMH CBeTOBHIX BOJIH
B BaKYyMe ONpeNieleHHOM OPaHXKEBOH JIMHHH B CTIEKTPE H3MY-
ueHHsi aToMa KpunToHa-86.

B kauecTBe 3TasOHa BPEMEHH NPHHATA CEKYHJa — Npome-
KYTOK BpemenH, paBHeii 9 192 631 770 nepuomam siextpo-
MarHHTHOTO HKSJYUYEHHS, COOTBETCTBYIOUIErO ONpPENETEHHOMY
‘Aepexoly B aToMe Le3dsi-133 B OTCYTCTBHE BHEIIHHX NOJEH.

HcnonbioBaBuidilcsi pagee STaJIOH MeTpa B BHJIE CTEPKHS U3
CIJlaBa MJIaTHHB! H HPUAHS OKasaJsCs HeloCTaTOYHO HaAEXKHEIM,
160, KaK H Bce TBepAble Te/a, NOABEPKEH BHEIHAM BIHSIHHAM
H He MOXeT GbiTh. BOCHPOM3BEIEH B C/Iyuae erd yrpaThl. Toumno
TaK e He YJOBNeTBOPSET CUBPEMEHHEIM TpeGOBaHHAM 3Ta-
JIOH BpeMeHH, OCHOBAHHBIH Ha HCMOJb30BAHHH &aCTPOHOMH-
YeCKHX 4acoB», T. €. CYTOUHOFO HAM OpGMTAILEOro BPaieHHs
3emnn. He HCKMOYEHO, 4FO TEXHHYECKHH HDPOFPECC NPHBEET
K TaKoH TOYHOCTH HM3MCPOHWH, UTO # CYilleCTBYIONE 3TaJOMHLI
NPUAETCHE 3&MEHNTL HA HOBBIE, 'GOJIEC COBEPIMEHUBIE,

CymiecTByloT pas/iHYHBIE CHOCOGH CPABHEHNS M3MEPseMoil-
BEJTHUMHB! C 3Tantovom. [afmpumep, DPH HIMEPERWH AJIMHLI
BOSMOJKHO HEMNOCDPELCTBEHNOE CPAaBHEHHE HIMEPAEMOTO OT-
pe3Ka C BPOMEXYTOUHBIMH STAIOHANH — IKECTKMMH JHHedKa-
MH. TaKo# cnocdd 6cHOBAH Ha CBOHCTBE TBEPAMX T/ COXPaHATH
710 M3BECTHOH CTEMEMH HEH3MCRHbIMH CBOIO $OpMY H PasMepH.
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Jpyroli BO3MOXHHH €nHOCO0 H3MEpPeHHs JJHHLI — TPHAHTY-
asuus (puc. 1.2). B s3Tom crnocofe HenOCPeACTBEHHO HU3MEpSIOT
nsHHy «6aspi= AB, Ha KOHMHAX KOTOpOH H3MepsiioT YIJIbl o U P
B HamnpaBleHHH Ha o6bekT C. 3ateM uckoMoe paccrosinue AC
(unu  BC) paccuuTeiBaeTcs 0O (OpMyJaM TPHIOHOMETPHH.
B ocHoBe 310r0 criocofa JIEHKHUT NOATBEpKAaeMasi ONBLITOM I'H-
[oTe3a O TOM, YTO CBETOBBIE JIYYH, NPUXOAS- C
mue oT oobekTa C K Toukam A u B, noauu-
HSIOTCSL TEM jKe aKCcHoMaM reomeTpus EBKan-
Ja, YTO M TEOMETPHUECKHEe NpPAMBIE JHHUH.

Eite oauH BO3MOXKHBIH cnoco6 u3Mepe-
' HH$1 PacCTOSIHHH — paduonoKanus (MM CBeTo-
JoKaiust). ITpn 3ToM HamepsteTCcst BpeMsi mpo-
XOMJBHHS 3/€KTPOMArHUTHOTO CHTHala 10 &£ 4
o6bekTa H O0OpaTHO M npefnosaraercs, A g
YyTO CHTHAJ pacnpocTpassiercss Tyaa U 06- Puc. 1.2. Hame-
paTHO C OAMHAKOBOHK CKODOCTHIO. peHne  paccTosi-

Bonpoc 0 TOM, corsiacoBaHbl JAH Mexay HH  METOIOM

. TPHAHTYJIALHH.
coboli pasmusie CHOCOGBI H3MEpEHHS paccros-
HHUH, T. €. 1af0T ¥ OHH OAHO W TO XKe MJHM HeT, peilaercd
TOIBKO HA OMNRITE. .

Hamepenne NpoMeRYTKOB BpemeHH TaKKe BO3MOXHO He
TOIbKO ITYTeM HENoepPeACTBEHHOTO CPAaBHEHHS! C STajJOHOM, HO
U OYTEM HCIMOAL3OBAHUA PA3AHYHHX KOCBEHHBIX METOOB,
OCHOBAaHHBIX Ha HSHYECKHX SABACHHUAX pPasHOH nNpPHPOAHL.
Hanpumep, BO3MGOMHO HCIOJIB30BaNHE MNEPUOMMYECKHX MeXa-
HUYECKUX Kose0anuif, Kak 5TO IR/aeTCs B OOBIYHHIX MasiTHH-
KOBHIX M KBapueBhiX yacaXx. [Iisi uamepeHust GOJBIIMX TpoMe-
KYTKOB BpemeHH, HAIpHMep, B TeoJIOTHH H apXeoJOrHH, WHC-
NOJL3YeTCsl SIBIEHHE pajHOaKTUBHOIO pacnaja.

Ilisi onMCaHHSI MEXaHUYECKOIo JBHXKEHHsi, Kak H Jio6bIX
ApPYriXx (PU3MYECKHX MPOIECCOB, NPOTEKAIOIUX B NPOCTPAHCTRE
H BO BpeMeHH, UCHO/Ib3YyIOTCSl CHCTeMBl oTcyeTa. Iloa cucremoit
OTCUeTa MOHUMAIOT TEJO UJIH CHCTEMY TeJ, OTHOCUTENLHO KOTO-
PHIX pacCcMaTpUBaeTcsi H3ydaeMoe [BHKeHue, BMeCTe C .COBO-
KYMHOCTBIO CBA3aHHHIX C 3TUMH TelaMH npuOOpPOB AJs H3Mme-
PEHHS pacCTOSTHHI H NMPOMEXYTKOB BPEMEHH.

OzHo ¥ TO XKe (U3HUECKOE SIBJEHHE MOXKHO pPacCMaTpHBaThb
B PasHLIX CHCTEMaX OTcYeta. XOTs H3yuaeMoe sIBJI€HHE B pas-
HHX CHCTEMaX OTCUETA MOMKET BHITIAAETH [0-PAa3HOMY, HO
AJUHBL Teql W TPOMEKYTKH BpPeMeHH, KaK II0KasLlBaeT OmHIT,
OPpH JABHXKEHWH CO CROPOCTAMH, MaJhIMH MO CPaBHEHHIO CO
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CKOPOCTBIO CBeTa, SBJASIIOTCS abCOMIOTHBIMH, T. €. HE 3aBHCAT
OT TOro, B KaKOH cHCTeMe OTCYeTa OHH H3MepsIoTCH.

KnneMaTHKa onucbiBaeT MeXaHHYeCKoe ABHIKEHHE, OTBJIe-
Kasicb OT ()M3HYECKHX NPHYHH, €ro Bhi3blBalOMX. Bribop cH-
CTeMbl OTCYeTa B KHHEMaTHKe onpele/sieTcs HCKJKYHTEILHO
coo6palKeHHsIMH yao0CcTBa NpPH MaTeMaTHYeCKOM OIHCaHMH.
HHKaKHx [pPHHUKIHAABHEIX NPEHMYLIECTB Y OHOH CHCTEMbI

OTCYeTa N0 CPAaBHEHHIO C APYro# B

‘ « KHHeMaTHKe HeT. [lpenMylnecrBa

. ONpefleJIeHHOT0 KJlacca CHCTeM OT-

’ ' cyera — HHEpUHMAJbHEIX CHCTeM —

BLISIBJISIOTCSL TOJABKO B JHHaMHKe.

Hs-za Ca0KHOCTH - (PH3HUECKOTO

MHpa, H3yyasli peasibHOE€ SBJIEHHe,

MBI BCeTla BhIHYKA€Hbl yIPoLaTh ero

t H BMeCTO CaMOro siBJIeHHA paccMar-

v PHBaFL HEKOTOPYIO Hea/H3HpoBaH-

. a) 5 HYI0 ero Mojenab, CTPEMSICb K TOMY,

‘ yTOOLI B BHIOpaHHOH MOJEJNH coXpa-

\Prc. 1.3. Beprukaibihe  pyry gaMple xapaKTepHele, HaHGoJIee
{ (@) 1 KpyTHABHBIE (6) KO- -

neGamnsi Tikenoro mapa BAKHBIE UEPTH ABJEHH. Ilo oGpa3-

'na ynpyroi npososoke. HOMY Belpaxkenuio f1. M. ®penkess,

(pU3MKH (aKTHYeCKH pACCMaTPHBAIOT

He caMO siBJIeHHe, a KapHKaTypy Ha Hero, H ycmex 3aBHCHT

OT TOro, HaCKOJILKO YayHa 3Ta KapHKarypa.

Tlpocrefiiueli MOAE/BIO B KHHEMATHKe ABJAETCA MaTepHaJb-
Has TouKa. MaTepHa/bHOH TOUKOH CuHMTaeTcs Jiofoe TeJo,
pasMepbl KOTOPOTO B paccMaTpPHBaeMOM SIBJ€HHH HeCYILeCT-
BeHHE! H HX MOXKHO He NpHHUMaTh Bo BHHMaHHe. ONHO M To Xe
TeJ10 B OJHHX YCJIOBHSIX MOXHO CUHTaTb MaTepPHaJbHOH TOYKOH,
a B JDYrHX — Helbas. Hanpumep, Tsixkeablll wap, nojse-
IIeHHBIH Ha ynpyrofi MPoBoJOKe, MOXHO CYHTaTh MaTepHallb-
/HOM TOYKOH 1NpH H3y4eHHH BepTHHAJBHLEIX KoJseGaHui
(puc 1.3, a) ¥ Henb3s — [P M3yUEHHH KPYTHJBHbIX KoJjeba-
' HHii BOKPYr BepTHKaJbHOH ocH (puc. 1.3, 6). Takum obpasom,
HCNOJIb3Ysl MOJeJNb MaTepHaJbHOH TOYKH, MBI, HIeaJH3HpyeM
_He CTOJIbKO CBOKCTBAa CaMOro TeJja, CKOJBbKO YCJIOBHS €ro IBH-
JKEeHHS.

TMonoxeHne MaTepHa/sbHOH TOYKH B HEKOTOPOH CHCTeMe
OTCYeTa MOXKHO ONpeneauTh, 3ajaBas ee pajHyC-BeKTop r.
Ecan cBs3ath ¢ cucTeMoil oTcyeTa KOOPAMHATHBE OCH, HAMpH-
| Mep, JEeKapToBOfi NpsAMOYIOJIbHOH CHCTEMH KOOPAMHAT, ..TO
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3allaHHe PaJnyC-BEKTOpa r S5KBHBAJIEHTHO 33JaHUIO TPeX Koop-
IHHAT X, Y, 2 — NMpPOEKUHHA paauyc-BeKTOPa Ha BBHIGpaHHbBIE
ocH. JIBuXkeHHe MaTepHa/JbHOH TOYKH MAaTEMATHYECKH OITHCAHO
MOJMHOCTBIO, eC/IH H3BECTEH ee palHyC-BeKTOp KaK (YHKIHs
BpeMeHH r (f), T. e. H3BeCTHH TPH
ckassipHble GyHKUHH x (f), y(f) uz(f).
Hamenenne paauyc-Bektopa 3a”
HEKOTOPbIH INPOMEXYTOK BpeMeHH
At=t,— t;, paBHOoe r(&)— r(t),
Ha3bIBAIOT NepeMelllenHeM Ar 3a Bpe-
ms1 Af. JIHHHS, KOTOpYIO ONHCHIBAET
NpH 3TOM KOHel paJHyc-BeKTopa
r (), HasbiBaeTCsl TpPaeKTOpPHEH Ma-
TepHaJbHOH TOYKH, a IJIHHA -3TOH '
JIHHHH — TpojfineHHbIM 3a Bpema Af Puc. L4, Tpaexropus,
nyteM AS (puc. 1.4). npo#iiennbil myte AS H
OTHOweHHe BeKTopa mepememie- CPeMCllenne Sr Marepi-
) p PEeMeL anpHOR TOUKH.
HHA Ar K DpOMeXyTKy BpeMeHH ‘
Af HasbiBaeTcsi cpenHefi 1Mo BpeMeHH CKOPOCTbIO JBHXKe-
HHA. V,,=Ar/At. Ecau yMeHbIUAThb 3Ha4YeHHE INPOMEXYTKa
BpeMeHu Af, 1o oTHowenye Ar/At Gyzer _CTPEMHTBCS K TIpe-
Aelly, KOTOPbli HA3bIBa€TCs MTHOBEHHOH CKOPOCTBIO (HJH
MPOCTO CKOPOCTbIO):

. Ar dr . :
VU= lim — =~—. 1.1
: At—voAt dt ( )

" TakuM o6pasoM, MrHOBEHHASI CKOPOCTb NpeJNCcTaB/IseT Co60i
HPOH3BOIHYIO pafHyG-BeKTopa # no BpeMenH."Hapsany c npHBe-
JeHHBIM 0Go3HaueHHeM dr/df 1Jsi NIPOH3BOXHON YacCTO HCIOJb-
3yercsi apyroe oGosHauenue: r'. M3 camoro onpenenexHs cKo-
POCTH- CJIeflyeT, YTO B KaXJI0H TOUKe BEKTOpP CKOPOCTH Hallpas-
JIeH MO KacaTeJbHOE K TPaeKTOpHH.

YHacro Hcrnospayercs ellle ofiHa, HO YXke CKaJApHAsA BeJH-
YHHA, TaKXe Ha3piBaeMasi CKOPOCTBIO,— CPEIHHH MOIyJb
CKOPOCTH U, ompefieisieMsli Kak oTHoWeHHe nyTH AS k mpo-
MeXYTKY BpeMeHH  Af, 3a KOTOpHIH 3TOT NYTbh NpPOHAEH: v=
=AS/At. Cpenusis CKOPOCTb ¥, =Ar/At ¥ cpenH#ii MOLYJb
CKOPOCTH v, BooOlile roBopsi, XapaKTePH3YIOT JBHKEHHE C pas-
HBIX cTOpoH. HanpuMep, NpH IBHXXeHHH aBTOMOOHJIS TIO 3aMK-
HYTOMY NYTH BeKTOp cpelHeii CKOPOCTH ¥, BHUHC/IAEMBIH 32
. MOJIHOE BpeMs IBHXKeHHd, paBeH HYJIIO, HECMOTPA Ha TO, YTO
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aBTCMOGM/Ib MPOILEN HeMaJblil NyTb, a CpPeAHHI MOAY.1b CKO-
poct v=AS/At orinuen ot nyas. OnHako NpH CTpeMIeHHH
npoMexyTKa BpeMenn Al K HYJIO BelHUHHA BeKTopa cpelHei
CKODOCTH O, NMPHOIHKAETCS K CPELHEMY MOAYJIIO CKOPOCTH U
¥ B npenene Af—(0 3TH BeJMUMHDBI COBMajaioT. 10 KaK pas Ta

Puc. 1.5. Tpaekrcpus (q¢) n rogorpad BeKTopa CKOPOCTH (6) MaTepHabiiof
TOYKH.

BEJHUHHA, KOTOPYIO TOKasbiBaeT CTpeJ]Ka Ha CIHIOMeTpe
ABTOMOOHJIA.

Bektop cKopocTH XapaKTepHayeT OBICTPOTY H3MEHEHHs
BEKTOpa MepeMellleHHst MaTepHa/lbHOM TOUKM. [last XapakTe-
PHCTHKH OBICTPOTHI M3MEHEHHsSI BEKTOPa CKODOCTH BBOJST YC-
Kopenue. ‘CpelnHM 3a BpeMst Af yCKOpeHHeM @, HasblBaeTcs
OTHOLIEHHE TIPUpalleHust cKopocTH Av=o (1,) — v (¢) x npo-
MeXyTKy Bpemenu Al a.,=Av/Af. Tlpegen 3toro oTHOMEHHSs
npyu Af—0 HasblBaeTcss MIHOBEHHBIM YCKODeHHeM (MJAH TNPOCTo
YCKOpeHYeM):

a=lim £2-% (1.2)

CpasuuBast ¢opmyanl (1.1) u (1.2), MOXKHO OTMETHTb CJefyIo-
myo ¢GopMaJbHYI0 AHAJOTHIO MEXAY CKOPOCTBIO H yCKOpe-
HifeM. Eciu ckopocTb XapakTepuayeT OLICTPOTY H3MeHeHHMst
paiMycC-BeKTOpa, TO YCKOpPEeHHe XapaKTepusyeT ObICTPOTY H3-
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HSl BEKTOpA CKOPCCTH. PaccMotpus 3Ty aHAJIOTHIO HOA-
. 11ycTe Kouel pafnyCc-BEKTOPA ONHCHIBAET HEKOTOPYIO
WTOPUIS, TOoKazanHylo na pre. 1.5, @. B xaxxuapll ronent
“iH BEKTOP CKOPOCTH HaHpaBsdeH 10 KacaTeaLHOH K Tpa- -
cxropnil. M3o6pasiy Bce BEKTOPH CKOPOCTH ¥y, Uz H T. A. TaK,
qroful  OHH  HAUNHAIICE B OJHON MPOH3BOJIBHON Touke A

T~

U

.

Puc. 1.6. Tpaekropus (a) u rogorpa BeKTopa cKopoctH (6) IpH paBHOMep-
HOM [BHKEHHH 10 OKPYXKHOCTH.

(puc. 1.5, 6). Ilpu ABHIKEHHH MATE€PHAIBHON TOYKH O TPAaEK-
TOPHUH KOHEl BEKTOPA CKOPOCTH Ha TAKOM-IepTexe 6y/1eT OMUCh-
BaTh KpuBy MN, sasniBaemylro rogorpadoM BeKTopa CKOpO-
ctd. Menonbays Takoe onpejesienue, MOXKHO CKa3aTh, UTO cama
TPAEGKTOPHS MAaTepPHAJbHOH TOUKH sBJsieTcsl rojorpacdom ee
paguyc-pekTopa. Temeps Jerko coo0pasuth, UYTO BEKTOP YCKO-
perns na puc, 1.5, § 6yAeT B Kaxa0il ToUKe HAUPABJIEH MO
Kacatenbuoll X rojorpady BekTopa ckopoctH MN nopo6uO
TOMY, KaK BEKTOP CKODOCTH HampaBJjieH N0 KacaTeqBHOH K
Tpaektopud Ha pHc. 1.5, a.

OsmcanHasi aHadoTUs MOXKET ObITh HCTIO1b30BAHA, HANPU-
Mep, A5 HaXOMKAEHHSI YCKODEHHS TOUKH, PABHOMEPHO JBH-
®ywefics no oxpysuoctd (puc. 1.6, a). Toperpad sektopa
CKOPOCTH JLI5 TAKOro JBHKeHHs1 moKasan ua puc. 1.6, 6.
Ioxa ratepracgbiasi TOYKa COBepHIAET OXHMH OGOPOT 1O Tpa-
EKTOPHH, KOIel BEKTOPa CKOPOCTH COBEpIUAeT OfuH 000POT 110
roforpady. Beanunua CKOpPOCTH MaTepHaslbHOH TOUKM CBSI-
3ana ¢ pagHycoM OKpPYKHOCTH R W nepuonom obpautenusi T
COOTHOLIEHUEM

2nR

U:T.
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AHasornyHoe COOTHONIEHHE CBASHIBAET BEIHYHHY YCKODEHHSA a
¢ panuycoM ronorpaga CKOpPOCTH 0:

2nw

TS i

.
CpaBnHBast 5TH (OPMYJBl, NOJYyYaeM

UZ
a—R—. (1.3)
CpaBuubas pHc. 1.6, a n 6, y6exnaemcs, UTo BEKTOpP YCKOPEHHS @
B Kax/bpli MOMEHT BpeMeHH HanpaBJ/ieH NpOTHBOMNOJIOXKHO pa-
JIHYC-BEKTOPY MaTepHaJbHOH TOUYKH JJIsI 5TOTO Ke MOMEHTa
BpeMeHH, T. €. YCKOpDEeHHe @ HampaB/JeHO K LEHTPY OKpYX-
HOCTH, fIBJAIOUIEAC TpaeKTOpHeH NBHKEHHS.

B paccMaTpHBaeMoM MpHMepe paBHOMEPHOTO IBHIKEHHS
TOYKH MO OKPYKHOCTH BEKTOP CKOPOCTH H3MEHSIeTCs TOJBKO MO
HarpaBJ/IeHHIO, OCTaBasACh HEM3MEHHbIM N0 abCOJIIOTHOM BeJH-
ypHe, T. €, 0 MOAYJl0. BEKTOp yCKOpeHHs1 IPH 5TOM HalpaBsdieH
TEPNEHJAHKY/ISIPHO BEKTOPY CKOPOCTH, T. €. MO -HOPMaJH K
TpaeKTopuH. Tax OyzeT npH ABHXKEHHH C NOCTOSIHHOH MO BesH-
YHHe CKOpOCTbI0 Mo JiofoH TpaekTopHH. Ec/n e ckopocTh
TOYKH MeHsIeTC H 10 BeJHYHHE, TO Y BeKTOpa YCKOpeHHs
KpPOM€ HOPMaJsIbHOH COCTaBJISAIONIEH, HalpaBJeHHOH NepleHH-
KYJsIpHO CKOPOCTH, GYIeT elle COCTaBJstoniasi, HarnpaBJeHHas
N0 HJH TNPOTHB BEKTOpa CKOPOCTH B 3aBHCHMOCTH OT TOTO,
YBEJHUYHBAETCH HJH YMEHBIIAeTCss CKOpPOCTb MO BeJHUYHHE.
BesnunHa HopMasbHOH cocTaBJasioliel YCKOpPeHHSl oOrnpele-
JsieTcsl no-npexHeMy dopmyJod (1.3), Tie nox R noHuMaercs
pajHyc KpHBH3HBl TPAEKTOPHH B JIAHHOH TOYKe, T. €. palHyc
OKPYKHOCTH, AYTa KOTOpoHl NpPHOJH3HTENLHO COBMajaeT ¢
y4acTKOM TPaeKTOpPMH BOJH3H paccMaTpHBaeMoil TOYKH. Be-
JINYHHA coCTaBJsIoliel yCKOpeHHsl, napaJJieJbHOl CKOPOCTH H
XapaKTepH3yioliel H3MeHeHHe BeJHUYHHBI CKOpPOCTH, paBHa
TPOH3BOJHOHN OT BeJHYHHbI CKOPOCTH MO BpeMeHH dv/dt.

§ 2. KvHemaTHka JABYIKEHHS B OJLHODOAHOM MoJjle

Ilpocrefitinii cayyali HepaBHOMEPHOro JBHKEHHSI — 3TO
IBHIKEHHE C TIOCTOSIHHBIM YCKOpeHHeM. Takoe IBHKeHHe MpOoHC-
XOJIHT B NOCTOSIHHOM BO BPEMEHH OJHODOIHOM CHJIOBOM IOJIE,
TIprMepoM TaKoro noJisi MOXKeT CJYXKHTb MoJe TATOTeHHsT BOJIH-
34 NOBEPXHOCTH 3€MJIH NPH YCJOBHH, YTO ABHIKEHHE TeMa

.
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IIPOMCXOMUT B 06J1aCTH, JIHHeHHble pasMepbl KOTOPOil MaJibl MO
CpaBHeHHI0 ¢ paauycoM 3emuH. [pyroii npuMep — JelicTBYIO-
llee HA 3apsKEHHYIO YacTHLY 3JeKTpHYeckoe NoJe B NpOCT-
_paHcTBe MexAy NJaCTHHAMH ILIOCKOro. KoHjeHcatopa. Pasy-
MeeTcsl, JBHKEHHE Tes B TaKHX NOJAX MPOHCXOAHT € MOCTOSIH-
HBIM YCKOpEHHeM JHib NPH YCJOBUH, 4TO HUKaKHE APYIrHe
CHJIBI, KaK, HalipuMep, CONPOTHBJEeHHe BO31yXa, He JeHCTBYIOT.
YpaBHeHHe JBHKEHHS TeJa, IBHXKYLIEroCs C MOCTOSTHHBIM
YCKOpEHHEeM &, HMEeEeT BH]

2
rzr0+'vot—|—9§t-. 2.0

I1pH onHOM H TOM 2Ke YCKOPEHHH @ JIBUXKEHHE MOMKET BLIIVISJETh
COBEpLIEHHO N0-Pa3HOMY B 8aBHCHMOCTH OT TOTO, KaKOBHI Ha-
aJIbHble YCJOBHS —- NOJIOXKEHUe Tesa Fy B HayaJbHbBIH MOMEHT
BPEMEHH M HayaJbHas CKO-
pocts ¥,. Ho BO Beex ciy-
YasiX 3TO JBHXKEHHE OIMHChI-
BaeTcsl ONHHM H TeM Ke
ypaBHeHnem (2.1). Takoe )
ABHIKEHHE i NPOHCXOMMT B, o . Iz\;
OJIHOH TJIOZKOCTH, IPOXOJAS- 3

LN HEP.3 BEKTOPb YCKO-  p,. 9 1. Tpaektopus nsmkenns Ma-

peHust 4 1 HAYAJbHOH CKO-  tepyanpuoil TOUKH BOH3H TOBCPXHO-
.pocTH ®,. Jlerko nosyyuTh CTH 3eMJH.

ypaBHEHHE TPaeKTOPHH JBH- -
;KeHHsi. ByleM sl omnpeneseHHOCTH pacCMaTpHBAaTh JABHXKEHHE
BOJIM3H NOBEPXHOCTH 3eMau. Torja ycKopeHHe @ ecTb YCKope:
HHe CBOGOHOrO NajleHNst g 1, CJIeloBaTeLHO, TPAEKTOPHS JIEKHT
B BEPTHKAJbLHOH MJIOCKOCTH. BBeJeM B 310l IVIOCKOCTH CHCTEMY
KOOPJAMHAT CJAelYIOHM 06pa3oM: OCb X HAanpaBHM T'OPH30H-
TaJbHO, a OCb Y — BepTHKAa/IbHO BBepX. CIpoeKTHpyeM Bek-
TopHOe ypaBHeHHe (2.1) Ha ocH x U y. TTyCTb @ — YroJa Mexny
HanpaB/eHHeM Ha4aJbHOH CKOPOCTH M ochlo x. Toria
x:xo—l—vocosa-t (2 2)
_er '
Yy=1y,+v,sina- 5
OG6biyHO ObiBaeT YIOGHO BbIGpaTh CHCTEMY KOOPAMHAT Tak,
4yTOObl €€ HayaJo COBNAJANo C HCXOAHOH TOYKOH TPaeKTOpHH
(puc. 2.1). Torpa xo=y,=0 n ypaBHeHn;{ (2.2) npunumalot BUA
X=1Uu,C0s0a-1, 2.3)

g
y:vosma-t-——2—.
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UTo6er MOAYYHTDL ypaBHEHHE TPACKTOPUH Y=y (x), HYKHO
HCKJIIONUTL Bpems U3 3THX ypaBueHuit. Bupaxas ¢ U3 nepporo
YpaBHEHHs H NOACTaBJsAs BO BTOpCE, NOJIYUHM
gx?

y=xtga— (2.4)

205 cos?a
2710 ypaBHeHHe napafo.bl, MPOXOSILCH Yepe3s Haualo Koop-
auHat, Ee BeTBM nanpas/eHbl BHHM3, TaK KakK KO(hHIHEHT
npu x* oTpunareseH. Hcmoabays Xopoio: H3BecTHBIC CBOHCTBA
KBaJPaTHOrO TpeXuJeHa, MOMHO HaliTH KOPHH MpPaBoOd YacTH
Bbipamenus (2.4), ee naubosibliiee 3HaUeHHUE Yy,,, ¥ 3HAYCHUE X,
NPH KOTOPOM JOCTHraeTcsi 3HauyeHHE Y,,. KopHH Tpexd.eHa
CYTb TOYKH, B KOTOpHIX mnapabosa (2.4) nepecekaeT oCb X.
Onun KopeHb x;==0 COOTBETCTBYET Haya/JbHOH TOUKE TPaEKTO-
puH, BTOpO#l x,=2(vi/g)sina -cosa= (v}/g)sin 2 naer nane-
HOCTBb MoJIeTa Teja MO TOpU3oHTalH. BepumuHa napa6ofbl se-
JKUT Ha €€ OCH CHMMETDHH, T. €. MOCePEIUHE MEX]Y KOPHSIMH
npu x=x;=(v3/2g) sin 2a.. TloAcTaBasisi 3T0 3HaueHue x B (2.4),
HaXOMHUM MaKCHMANbHYIO BHCOTY MOABEMA Y., =(V8/2g)sina.
Ecnu uHTepecoBaThCsi TeM, KakK GYAeT MEHATHCS TPAEKTOPHS
NpY U3MEHEHHH HaNpaB/eHUs HAYaABHOH CKOPOCTH, T. €. yria
@, To yno6Hee npeo6pas3oBaTb YpPaBHCHUE TpaeKTopHH (2.4)
TakMM 06pa3oM, YTOGBI OHO COAEPIKa/a0 TOMBKO KaKYIo-HUGYIb
ONHY TPHTOHOMETpHYecKylo QyHKuHMIO yraa a. Jlas storo Boc-
noJib3yeMcst  cooTHoulieHueM 1/cos?a=1-4-tg*a. TloacraBass
ero B (2.4), Haxoqum

y:xtga—<1+tgza)§if. (2.5)
U

YpaBHenue (2.5) onucbiBaeT ceMeHCTBO napaGo/HYecKHX
TpaeKTopuil, 3aBUCAUIEE OT ABYX MapaMeTpOB: BEJIUYHHBI Ha-
Ya/JbHOH CKOPOCTH U, H yraa o. PellleHHe KHHEMAaTHYECKHX
3aja4 o CBOSOAHOM MaJileHHH B OTHOPOJHOM MOJe TSXecTH dak-
THYECKH CBOJMTCS K MCCJEIOBAHHIO 3TOrO CeMEHCTBA.

B KauecTBe mpHMepa paccMOTPUM GaNJHCTHYECKYIO 3afauy
0 cTpeatie H3 pyxbs, npeHeGperasi CONPOTHBJICH EM BO3AYXa.
IIpexcne Bcero 3ajaiuMcst BOMPOCOM, KakK CleNyeT CTDPesiTh,
yToOBl MOMAcTb B UeAb, HAXOJSILYIOCS Ha DPaccTOSHUM S To
rOPH30HTA/MH U Ha BBICOTE A HAJl TOPU3OHTANBHON MJIOCKOCTBIO,
npoxoasineli yepes pyxbe (puc. 2.2). Crpensisi B Uesb, Ml MO-
3EM MEHSITh HaKJIOH CTBOJA PYXbsi ¢, HO, Pa3yMeeTCsi, Mbl HE B
CHJ1aX MEHATb BEJIMYHHY HayaNbHOH CKOPOCTH U,, TaK KaK OHa



§ 2. KHHEMATUKA JABHXXEIIMS B OAHOPOJAHOM TIOJE 19

3aBUCHT OT 3apsiia MaTPOHOB M YCTPOHCTBA pPyxXKbsi. [losToMy
O6yJeM CUMTaTh ¥y, U3BECTHOH 3aJlaHHON BeJHUHHOKH. TloA Kakum
K€ YIJOM K TODH3OHTY CJEIYeT HaNpaBHThb CTBOJ PYXKbsi?

UTo6Ll OTBETHTHL HA 3TOT BONPOC, NOTpebyem, 4ToObl TPaeK-
TOpHsi, OINHUCBIBaeMasli ypaBHeHHeM (2.5), mNpoXoauna uepes

ueab, T. €. TOYKY C KOOpAWHaTaMH x=S§, y=h:
h:Stga—(1+tg2a)g—S:.
teh

(2.6)

JTo KBAJpaTHOE ypaBHEeHHe OTHOCHTeNbHO iga. Pemas ero,
noJyuaem JJsi KODHEH CJelyloiee BhipaXkeHHe:

ga= Ll s VT FETIL @)

ECJIH lIHCKpHMHHaHT HE OTpHILaTe.HeH, T. €.
Us— g (g + 208h) =0, (2.8

TO ypaBHCHHME HMEET BELIECTBEHIIbIE KOPHH H, CJEIOBATEbHO,
NpH JJaHHOH Hava bHOH CKOPOCTH MVJIHM B UENb NONACTh MOKILO.
Ecau npu 3TOM JIUCKPUMHHAHT

TNOJIO¥HTeNeH, T. €. YpaBHEHHE 4

(2.6) umeer nBa pasJMUHLIX Be- v

IIECTBEHHBIX KOPHS, TO B I1Iefb ,
MOXKHO TONAacTh MO ABYM pas- o [
JIMYHBIM TpaeKkTopusaM. TpaekTo- 0 S
pYsI ¢ MEHHUIHM 3HAYEHHEM yT-

Jla o HA3BLIBAeTCsl HACTIIbHOMA, ¢ Puc. 2.2, Tpaekrtopus nyan mpu
GOMbIIMM — HaBecHOH. [lpu cTpenbGe B e,
PaBHOM HYJIO IUCKPHMHHAHTE,

Korjia Kopuu (2.7) coBNanawT, B Lel1b NPH JaHHOM 3HAYEHHH
HauaJbHOH CKOPOCTH MOXHO TONAacTb €{HHCTBEHHBLIM 00pa3oM.
Ecan ®e AUCKPUMHHAHT OTpuuaTeleH, To ypaBHeHHe (2.6)
He HMeeT BelleCTBEHHBIX KOpPHEH W B LeJb NPH IaHHOM 3Haue-
HHH U, MONACTh HeJAb3s HH BPH KAKOM 3HAYEHWHM YIia o HH
oRHa U3 TpaekTopuil cemeitctBa (2.5) He «HOTATrMBaeT» 10 3TOH
meau. Qrciofia sCHO, YTO PaABEHCTBO HYJIO JHCKPUMMHAHTA
onpefeNser TY MHHHUMAJbHYIO Ha4aJbHYIO CKOPOCTB Usmins
NPH KOTOPOH elle MOXKHO TMOMACTh B JAHHYIO LeJb!

Goin =g (h+V T ).

C Apyro#i CTOpOHH, NIPH 3aJlaHHOM 3HAYEHHH Uy PABEHCTBO HYJIO
JHCKPHMHHAHTa ONpejesiseT KoOpAHHaThl HanGoJlee yia/leHHbIX

n

T
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LeJsielf, B KOTOPLIE ellle MOXHO NonacThb, T. €. TPaHHuy OGJacTH,
NPOCTPe/IHBAEMON H3 JaHHOTO pyxbsi. Bripaxas u3 (2.8) h
(B c/iyyae paBeHCTBa), HaXOJHUM

S, _

v S2

h=—t (2.9)
2g 200

Orta ¢opmyna onpesessieT HauGOMbLIYIO BBICOTY LEJH, HaXo-

AsuieHcst Ha PAacCTOSTHHH S OT PYKbsi 110 TOPH3OHTAJH, B KOTO-

PYIO elle MOXKHO MONACTb NMPH JAaHHOM U,. C ee MoMOULbIO J1eTKo

q

T VNS

Puc. 2.3. Tpannua npocrpeqnBaeMoit o6macTH.

>

NOJYYHTh YpaBHeHHe TpaHHIbl MNPOCTPeJHBaeMOH 06JacTH,
€C/IH 3aMEHHTb KOODJIHHAThI OMnpellesleHHOH HauGoJjee yHaseH-
HOH 1esn S M h Ha nepeMEHHbIe BeJIHYHHBI X H Yy — KOOpDJIH-
HaTbl TOYEK HCKOMOH TIpaHHIBL

2 2
= 20 8% .
y=gg . (2.10)

Jto ypaBHenue mapaGosnl ¢ BepuiHno# npu x=0 , y=uvi/2g.
Ee BeTBH HamnpaB/eHbl BHH3 H NepeceKaloT TOPH30HTAJNbHYIO
oChb B TOuKax x===0%/g (puc. 2.3). Bce TpaeKTopuH C JaHHbIM
Uy NPH pa3HbIX 3HAYeHHAX @, T. €. ceMeHcTBo mapaboa (2.5),
LIeJIMKOM JieXKaT MOJ 5TOH FpaHHUEH, H Ka)Jas U3 TPaeKTopHH
KacaeTcsi TpaHHUBI B OpfHOH Toyke. JIpYTHMH cJloBaMH, rpa-
HHUA SIBJIsIeTCs] OrHOaloulel /151 ceMeiicTBa TaKHX TPAaeKTOPHIi.
Uepes KaxIyI0 Iiesb; PaCclOJIOKEHHYIO HHXKE TpaHHUBI, Mpo-
XOJISIT iBe TPAEKTOPHH, NPHYEM HaBeCHasl KacaeTcsl rpaHHLUbL [0
rnonajianusi B LeJb.

(dakTHyecKH TpaHHLUA HpOCTpeJIHBaeMOH ob1acTH npeg-
cTaBJjisier co00fi HEKOTOPYIO MOBepXHOCThb, a ‘napaGoJa (2.10)
€CTh CEYEeHHE 3TOH MOBEDPXHOCTH BEPTHKAJIBHOH IJIOCKOCTHIO,
Npoxoisilliefl Yepes HayaJo KOOPAHHAT., Bcesi NoBEpXHOCTH
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MoxeT ObIThb NoJYydeHa BpalleHdeM napaboJswr (2.10) Bokpyr
OCH Y.

Ecau ¢ camoro Hauana HHTepecOBaTbCsSl TOAbKO TIpaHHIEH
npoctpesuBaeMoif 06/1aCTH, TO €€ MOXKHO HaliTH cpady c Io-
MOL(BK) ypaBHeHWs1 Tpaektopuu (2.5). [eiicrBuTesbHO, pac-
CMOTPHUM LIe/JIH, HaXOJfLIHecs] Ha OJHOH BEPTHKaJNH, OTCTOS-
I(eli OT PYKbsSl HAa PACCTOSIHUE X, U HANAEM HA-3TOH BePTUKAJH
CaMyI0 BBICOKYIO TOUKY, B KOTOPYIO €lile MOXKET NONacTb nyJs’t
DTa TouKa, OYEBUJHO, NPUHAIEXKUT rpanHue. Takum o6pasoM,
3ajlaua CBOAMTCS K HaXOXJEHII0 MaKCHMyMa y MPH 3aJaHHOM
X, T. €. MaKCHMyMa KBaJpaTHOro Tpexusena (2.5) OTHOCHTE/b-
HOo tgo. KBanparHblil Tpexu/ien HMeeT MaKCHMyM NpH tga=
=v/gx. COOTBeTCTBy}OLLlee MaKCHMa/IbHOE 3HaueHHe MoJy4a-
ercsl NMoJACTaHOBKOM tg o=vi/gx B (2.5). Pesy/abTaT coBnagaer ¢
dopmysoit (2.10).

TTosyuenHble Bblille Pe3y/bTaThl, KaK HETPYAHO yGeauTbCd,
COJEpXKaT BCE XOPOINO H3BECTHBIE YaCTHbIE caydyaH. Tak, Ha-
NpUMep, MaKCHMaJbHasl BLICOTA NONBEMA Yy, =Uy/2g NOJY-
yaercsi U3 ypaBHeHus (2.10) npn x=0, a HaubGosbwas Jajib-
HOCTb 10JI€Ta NYJIH NO FOPU3OHTANH NPH YCJOBHH, UTO PYXKbe
H LeJb HaXOASTCSl Ha ONHOM BbICOTe, Nosyvaercs 3 (2. 10) npu
y_O Xmax ™= /g

Tenepb HeCKOMBKO YCJIOXKHHM 3ajjauy U BMeCTO, MYyJH pac-
CMOTPHM MoJIeT IpoGHHOK, HMEIOUHX OJHHAKOBHIE N0 BEJIHYHHE,
HO HECKOJIBKO pas/Hyarouipecs: No yrjiy ¢ TOPH3OHTOM HadaJb-
Hble CKOpPOCTH. [ToKaxKeM, YTO NMPH MaJjoM pasfpoce HanpasJe-
HHI HauaJbHbIX CKOpOCTell Bce JAPOOHHKH B noJjieTe MpOHAYT
TNOYTH Yepe3 OJHY H Ty e Touky. I1ycTb CTBos py:Kbsi o6Gpa-
3yeT yroJ o ¢ ropusonTom (puc. 2.4). bynem xapakrepusoBaTb
OTKJIOHEHHE HAINpaBJeHHs] HayaJbHOH CKOPOCTH KaKIOH Opo-
GHHKH OT HampaB/JeHHs CTBoJa yrjaoM O, KoTopblil OyneM
cuuTaTh MadbiM: 0o, TpaekTopus IpOoGHHKH, BblIeTeBiLeH H3
CTBOJIA TOYHO NOJ YIJIOM & K TOPHU3OHTY (T. e. ¢ 8=0), onpene-
JISeTCs ypaBHEeHHeM (2.5). ¥YpaBHenue TpaCKTopHH'llpOﬁHHKH,
BblIeTeBIlleH NOA-YTJIoM o8, nosydaercs u3 (2 5) saMeHOl o
Ha a-16:

y:xtg(a+6)——[l+tg2(a+6)] 2.11)

Hama 3afaua — BHIICHUTb, NepeceKaloTCsl JH sTH TPaeKTOPHH,
Ecnu okaxercs, 4TO IepeceKaroTCsl M TPH 3TOM I0JIOKEHHE
TOYKH NEPECEYEHHS XOTs1 Obi NPHOJHIKEHHO He 3aBHUCHT OT
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BesiMyHHLE O, To 310 M OYIAeT 03HayaTb, YTO TPAEKTODHH BCeX
JpOGHHOK MpPOAAYT yepe3 3Ty TouKky. Takylo TOUKY MOKHO
‘Ha3BaTh (OKYCOM IyYKa YacTHIL.

Hrax, 115 HaxOKIEHHs MOJOKEHHS (OKYca HYXHO HAHTH
pellenye cucTenmsl ypaBrenui (2.5) u (2.11), kpone oueBiIAHOrO

N s

0 T

Puc. 2.4, Tpaektopuu apoGHHOK npH BEICTpENE H3 PYXbA.

pemlenya x=y=0, COOTBETCTBYOIULErO TOYKe BElI€Ta APOGH-
HOK M3 CTBOJA.

[IpeoGpasyem ypaBuenue (2.11), BOCHOJB30BABIIUCH Ma-
JIGCTLIO yIala §. 1 37oro ucnosabsyeM Gopmyay As TaHIeHca
CyMMBI ABYX YIVIOB M YuTeM, 4TO jJisi MadblX yrios tgd=0:
tgo-d 2.12)

I—6tga *

tg (o 6) ~
YuuThiBasi, 9To nNpH YK chopaBeasiBO  COOTHOLIEHKE
—y ~ 1 +vy*), npeoGpasyem (2.12), coxpaHss TOJBKO JH-
HeilHple nmo & wienpl:
tg(a+d) ~(tga+8)(1+dtga)xtga+6(1+tg2a).
(2.13)

*) HelficTBHTEIbHO, YMHOMKAS YHC/IHTENL H 3HAMEHATeJb ApoGH

1
T—
na Iy, noayyaem lli-:?' IpeneGperas y* no cpaBLeHuIo ¢ eqHHHLER,

noJjlydaeM IIpHBeleHHYo ¢opMy.Iy,



§ 2. KUHEMATUKA ABWXEHHWS B OAHOPOAHOM IIOJIE 23

[Momuepkuem, uyto B (2.13) OTGpOILEHb! WieHH NOpsiiKa 0% H
Boie. HMenoabays (2.13), nosyumm, 4to B 5TOM ke HpHOJII-
JKEHHH

14+-tg2(a+8) ~ 1 +tgtat28tga(l+tgra). (2.14)

[Moncrapnsis (2.13) u (2.1'4) B ypaBHeHHe TpaeKTopHH (2.11),
Hajiem

y—xtga——( +tgro) +
+6[x(l+tg2a)—5§tga(1+tg2a)]. 2.15)
Vg

PaccmaTpuBas ypaBHeHus (2.5) H (2.15) Kak cHCTeMy ypaBHEHHH
JUISl HAXOXKIEHHsT KOoOpJIHHAT QOKyca X H Yy, BHIUM, Y4TO NOJIO-
’KetHe oKyca, eCiiH OH CYIIECTBYET, He 3aBHCHUT OT §, HO 1Jisi
€ro HaXOXKJEHHS HY>KHO I1POCTO IPUPABHATh HYJII0 KBaApaTHYIO
CKOOKY B BbipaxkeHuu (2.15):

9 b
—_%
= Ztga" (2.16)
[NoxcTaB/isis HalileHHOEe 3HaueHHe x B ypaBHeHue (2.5), omnpe-
Je/isieM y-KoopAHHATy ¢oKyca:

D
Y= (1—clg?a). - (2.17)

[lpn HaxomJeHHH KOOpAHHAT (oKyca Mbl npeHeOperaiH B
YPaBHEHHH TPAEKTODHH BCEMH CTeNeHsiMH O Bhllle IepBOH,
NOSTOMY TOJIYYEHHOE CBOHCTBO (POKYCHPOBKH (HE3aBHCHMOCTb
KOODJIMHAT TOYKH IiepeceyeHusi pasHbiX TpaekTopHii oT §)
ABJAETCA TNPUOIHKEHHBIM M CIPABELJIHBO C TOYHOCTBIO JO
uj1eHOB, JIHHelHBIX 1o §. Ha camoM nene nepeceuenne paaiuy-
HBIX TPA€KTODHH IIPOHCXOANT HE B OJHOH TOUKE, a B HEKOTOPOii
MaJsiofl 06/1acTH, JHHeHHble pa3Mepbl KOTOpOfl B HanpaBJleHHH,
NEPTIEHIHKYNSPHOM K  TPAaeKTOPHH, TIPONIOPIHOHAMbHDI 82
(puc. 2.4).

W dopmya (2.16) " (2.17) BuaHO, uTO nonoxkeHue GoKyca
3aBMCHT OT yryla-@, T. €. OT HaKJ/JOHa CTBoJia pyxbsi. Mckiouas
u3 (2.16) u (2.17) yron @, NOJYYHM TreOMETPHYECKOE MECTO
(OKYCOB TIDH BCEBO3MOMKHBIX 3HAUEHUSX Q;

2
. vy gxt
Bl D I

ARETREEY:
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CpaBHHBas 3To Bblpaxenue ¢ gopmyof (2.10), HementeHHO
ybexaaeMcst, 4T0 (OKYCHPOBKa MY4YKa APOOHHOK NPOHCXOIHT
KaK pas B TOYKaX TpaHHUBbI JOCTHXHMEIX [IPH JaHHOH Hadajb-
HOI CKOPOCTH lieJiefi. DTo elle pa3 YKasbBaeT Ha NpHOIHKEeHHBIH
XapakTep (OKYCHPOBKH, HOO BhIlIe OBLIO MOKa3aHO, YTO Yyepes
XKa)kAyI0 TOUKY TPaHHLE MPOXOAHT TOJBKO OJIHA TPaeKTOpHS.

o 4

/) ’ T
Puc. 2.5. TpaektopHH ApOGHHOK B OTCYTCTBHE TATOTEHHA.

Ha camoM fene nepeceueHHe TpaeKTOpHil MyuKa YacTHI MpO-
HCXOAHT HE B CaMoll TOYKe rpaHHIE, a B HEKOTOpoil MaJyoH
o6aacTi BOJIH3H 3TOH TOYKH, HO, KOHEYHO, 3Ta 06sacTh lenaHu-
KOM JIEXXHT HHXKE TPaHHLBL.

CeoiicTBo (HOKYCHPOBKH Nyuka YacTHI{ MOXHO YCTAHOBHTD
HE TOJIbKO C IOMOLLbIO ypaBHemm TPaeKTOPHii, HO H Hemo-
CPEICTBEHHO H3 YPAaBHEHHH JIBHIKEHHS.

[lpocieiuM 3a mMOJETOM BBLIETEBLIHX OXHOBPEMEHHO H3
pPYXbsi IpOOHHOK BO BpeMeHH. IIpeAnosoKHM Ha MHHYTY, 4TO
moJie TATOTeHHS OTCYTCTBYeT. [IpH 3TOM APOOGHHKH MOJETAT
pPaBHOMEDHO H NpsSMOJHHEHHO, 00pa3ys «Beep» (pHC. 2.5).
B npousBOJIbHBI MOMEHT BpeMeHH { APOGHHKH GYAYT HaXo-
JMTBCS -Ha Ayre AB OKpPYXHOCTH pajHyca Uyt ¢ LEHTPOM B
TouKe BbuieTa O. [JnuHa aToit AyrH paBHa 20,t0,,,. I1pn Manbix
8 3Ty ayry MoXHO NpHOIHKEHHO (C TOYHOCTBIO 10 4/JIEHOB I0-
psinka 0?%) 3ameHHTb Xopfod. B mone TsxkecTH Bce APOGHHKH
MaJialoT C OJMHAKOBLIM YCKOpEHHeM g, H MO3TOMY OTpe3ok AB,
Ha KOTOPOM OHH HaXoJATCs, IepeMellaeTcss MapaJllesbHO
caMoMy cefe, MOHOTOHHO YBEJHYHBAsACh B AJHHE C TEYEHHEM
speMend. OTcioga fiCHO, 4TO BpeMsl moseTa Jo ¢okyca Gyner
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pasHBIM 1Js Pa3HbIX APOGHHOK, a caMa (OKYCHPOBKA BO3MOXK-
Ha, TOJBLKO €c/H Bech OTpe30K AB mpoier yepe3 ofHy TOUKY.
Jsis 3TOro B HEKOTODHIH MOMEHT BPEMEHH CKOPOCTH BCeX Jpo-
GUHOK JIOJIKHBI OKa3aThCsl MapajJielbHHMH OTpesky AB, H
JIpOOHHKH MpoHAYT uepe3 (oKyc oxHa 3a Apyroif. Ecau npu
3TOM BCIIOMHHM, YTO Ha CaMOM Jlesle APOOHHKH HaXOAATCS He
a oTpeske mpsiMoif, a Ha xayre (puc. 2.5), To cpasy cTaHeT
OUEBHJIHLIM, YTO B JeHCTBUTENBHOCTH APOOMHKH NpPOHAYT He
yepe3 OJHY TOYKY, a yepe3 HEKOTOpYI MaJjyk 06/acThb.

© DTH paccyx[eHHsl MO3BOJSIOT JerKo HalTH H MOJOXeHHe
doxyca. OnpenenuM, B KaKoil MOMEHT BpeMeHH f; HampaBJeHHe
CKOPOCTH JADOOHHKH, BHLJIETEBILEH H3 pPYXbsl MO YIJIOM &,
cTaHeT MapajjienbHo oTpe3ky AB, HampaB/leHHe KOTOPOro He
H3MeHsieTcst co BpemeHeMm. M3 pue. 2.5 BHAHO, YTO 3TO NpOH-
30HAET MpH

Y = —ctga, (2.18)

Ux

TlocKOIBKY HpOEKLUHH * CKOPOCTH JIpOOHHKH ONperestoTCs
topMyIaMH

v, =U,c08®, U,=y,sina—gt,
To ¢ momoubio (2.18) Haxomum

Yo
T gsina’

4

IloacTaB/isig 3HaueHHe {; B ypaBHEHHs] ABHKEHHS IPOOHHKH
(2.3), nonyuyaem KoopAuMHaThl ¢okyca nyuka (2.16) u (2.17).
IlpuBefiennbIe paccyX/IeNHsl NOKa3BBAWT, UTOo 3bdekT GoKy-
CHPOBKH NyyKa YacTHU (paKTHYECKH ONpefelisieTCs] He YCJIOBH-
€M fepecedeHUst pAa3JHYHBIX TPAEKTOPHH Mexay coboii, a
YCJIOBHEM MepeceueHHst TPaeKTopHi ¢ Junuell MN (puc. 2.4),
MeprNeHHKYIsIPHOH K TPaeKTOPHH: TOUKHM HepeceueHHs AJsd
TPaeKTOpHH, OTJIHYAOUIMXCS HAYalbHBIM YIJIOM Ha BeJHYHHY
~0, OTCTOAT Ha npsmon MN 1pyr oT Apyra Ha paccTosiHHe
nopsaka 82

PaccmoTtpennullt 3ddeKT GOKYCHPOBKH NMepBOHAYaIbHO pac-
XOJIAlerocst Ny4yka yacTHIL oOYCJOBIeH NeHCTBHEM CHJBI To-

HECTH, MOITOMY NMYYOK POKYCHPYETCS TOJNBKO B BEPTHKAJBLHOM
TJIOCKOCTH,
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AHHAMHKA

§ 3. Cucremnr otcuera B auMHamuKke. 3akoHw Hbrotona.
[Ipunuun otHocuTeabHocTH [anunes

IlvnamMuKa H3yyaeT JBHKEHHe TeJ, BCKpbIBas NPHYHHBI,
npujatollie IBHXEHHIO TOT WM HWHOH Xxapakrtep. OcHoBy
JAMHaMHMKHY €OCTaBJIAIT 3aKoHbl HpioToHa, KoTopmle npejcTas-
n910T cofoii 06obLenHe 60MbIIOro YUCja SKCNEePUMEHTANbHBIX
dakToB. o

B KuHeMaTuKe BCe CHCTeMbl OTCYeTa PaBHONPABHBl H OJH-
HaKOBO JONYCTHMBI. B JHHAMHKe eCTeCTBEHHO MOMBITAaThCs
BLIOpaTh CHUCTEMY OTCYETa TaKuUM ofGpasom, 4TOOBl SABJEHHSA
NpUPOZBl B HEH BoirJAfenH HauGosee npocro. OnbIT NoKasbl-
BaeT, YTO NPH ONpe]eJseHHOM BbIGOpe CcHCTeMBl OTCHETa clpa-
BeAJIMBO CJe/yiollee IIPOCTOe YTBepXKJAeHHe: CBOGOLHOE Telo,
T. €. TeJ0, He B3aHMOJEHCTBYIOIlEE C APDYTMMH TejaMH, NOKO-
HTCA WJIH ABMIKeTCs] NPSAMOJNHHEHIHO W paBHOMEpPHO. B 3Tom u
COCTOMT coJiep:KaHue nepBoro sakona Hplotona. C Toukn
3peHHs IlepBoro 3akoHa HbloTona cocTosiHie ABHXKEHHS CBO-
60ZHOrO Tesa ¢ NOCTOSHHOH CKOPOCTLIO 3KBUBAJEHTHO COCTOS-
IIMIO II0KOS B TOM CMbICJe, YTO, KaK W MOKOMH, oHO fiBjsietcs
€CTeCTBEHHBIM, He TpefylolMM HHKaKkoro ofbsAchenls, HHKa-
'KOH TPHYHHEL.

Haununasn ¢ ApucTtoTensi, Ha UPOTAMXKEHHH [IOYTH ABaALaTH
BEKOB CYILECTBOBAJO INpelyOexjieHue, 4TO JBHKEHHE ¢ I0-
CTOSIHHOH CKODOCTBIO HYK13eTCs 1718 CBOEro NojajepKanus BO
BHELIHEM BO3JAEHCTBUH, a MPH OTCYTCTBHH TaKOTO BO3/JeHCTBHSA
IBU:KeHWe npekpainaeTcs. [lonago6usca renuit Tanunes u
HewoToHa, 4TOOB OCO3HATH TO, YTO OObSCHEHHS TpeGyeT He
JBHXKEHHE C NOCTOSIHHOH CKOPOCTBIO, a H3MEHEHHE CKOPOCTH.
JBukeHne Tesa, NpoOUCXOAsilee (e3 BHEILHHX BO3JefiCTBHH,
Ha3blBaeTCs JABHKeHHeM no uHepuuH. CHCTEMBl OTCYeTa, B KO-
TOPBEIX CBOGOLHOE TeJIO NOKOHTCA HJIH [BHMKETCA paBHOMEPHO H
NpsSIMOJIUHEHHO, Ha3bIBAIOTCA HWHEPHHAJbHBIMH.

Hrak, nepBoiii 3axon HbloToHa CBOAMTCA K YTBEPKIEHHIO
O CYULeCTBOBaHUM HMHEpPHUabHBIX cHcTeM oTcyeta. CymiecTso-
BaHHe TAKHX CHCTEM OTCYeTa NpeicTaBjsAeT cobol obobiienue
. OMBITHBIX (AaKTOB, & He ABJsETCS JOrHUecKoH Heo6X0AMMOCTBIO:
MHD MOT 6pl GBITH YCTPOEH H HHaye:

Bpejenue vHepuUHaJpHBIX CHCTEM OTCYETAa OCHOBAHO Ha HC-
NoTb30BaHHH TIpeJCTaBJenus o cBoGoaHom Tese. Ho Kak MOXHO
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vOeIUTLCST B TOM, YTO TeMO JEHCTBHTENBHO CBOGOAHO, T. €. HE
53aUMOJIEHCTBYET HH C KaKHMH JPYTHMH TejaMu? Bce H3BecT-
pple B (H3UKe B3aHMOHEHCTBHS MeXLy TesJaMH YOLBaloT ¢
}'BeJII/I'{EHHEM pacCTOsTHHUSL. HOSTOMy MOXKHO CYHTaTbL, YTO TEJIO,
JOCTATOYHO YIaJeHHOe OT APVIHX Tes, TPaKTHYeCKH HE HCIbl-
THIBAET BO3JEHCTBHS C UX CTOPOHBI, T. €. SIBAsSETCS CBOSOMHBIM.
PeassHO YCIOBHS CBOOGOIHOTO ABHIKEHHSI MOTYT BBIIGJHSATHCH
JUIIb NPUGIIKEHHO, ¢ OOJblIeH HJAH MeHbllel TOYHOCTBIO.
Ot1cloga SICHO, YTO HEBO3MOXHO OCYIIECTBHTL TaKOH OIBIT,
KOTOpHIH JaBad Obl HEUOCPEACTBEHHOE UOATBEpKAEHHE Iep-
Boro 3akoHa Hrlotona. o cymectBy, 3TOT 3aKOH MpEeACTaBJIsA-
eT COoGOH 3KCTPaMoJsNHIO Pe3y/bTaTOB peajbHbIX ONBITOB Ha
HIEaNTU3UPOBAHHBIH CJyYaH MOJHOTO OTCYTCTBHSI BHEIUHHX
BO3/IEHCTBHH.

Kakue e cucTeMbl OTCUETa SIBASIIOTCST HHEPUHAMBHBIMH? Bo
MHOTHX CJydasiX CHCTeMa OTCuYe€Ta, CBsisaHHas C J3emjel —
reoueHTpHYecKas,— MOXKET CUHTATbCH HWHepuuanbHoH. Ho
CTPOro HHEpHHAJIbHOH OHA He SIBASIETCSI, O YeM CBHIETENbCT-
BYIOT ONBITHI C MasgTHHKOM ®yKo H ¢ OTK/JIOHeHHEM CBOBOIHO
najamomux Tel OT BepTHKaiu. HeHHepnuasbHOCTb EOUEHT-
PHYECKOH CHCTEMbl OTCYeTa CBs3aHa TJIaBHEIM 00pasoM ¢ Cy-
TOUHBIM BpalllenHem 3eMsH BOKPYr OCH H ¢ OpGHTAJbHBIM ABH-
xeunem Bokpyr Comanna. C ropaspo GoJbluell CTemeHbiO TOU-
HOCTH MOMHO CUMTATb HHEPIHANBHOH TIeJHONECHTPHUECKYIO
CHCTEMY oOTcueTa, CBs3aHHYI0 ¢ Co/HIEM W HEeNoJBHXKHBIMH
3BesjaMH. Jlobass cHCTema OTCueTa, KOTOpasi JABHMKETCS OTHO-
CHTE/bHO HHEDNHAJNBLHOH C MOCTOAHHON MO BeJHUHHE W Ha-
NPABJEHHIO CKOPOCTbIO, TaKXKe SIBJSIETCH HHEPUHATbHOH.

B uHepuHa/bHOH CHCTEME OTCUETa M3MEHEHHE CKOPOCTH
Tesa MOKeT ObITh 0OYCJ/IOBIEHO TOJbKO €ro B3aHMOJIEHCTBHEM C
APYIUMH TesqaMH. JLJIs1 omucauus B3aHMOIEHCTBHSI MEXIY Te-
JaMH BBOJAHTCS (QU3HYECKasl BeJIHUHHA — CHJa, jalomias KoJH-
YeCTBEHHYIO MeDPY 3TOro B3aumojeHcTBHs. Dusuueckas mpu-
pola B3aHMOJEHCTBHA MOMKeT ObIThb Pas/HM4HOH: CYLIECTBYIOT
rPaBHTAlHOHHBIE, 3JIEKTPHYECKHE, MArHHTHLIE H Jpyrue B3a-
usogeiicteusa. Ho a5t Bcex BHJIOB B3aMMOJEHCTBHH KOJIHYe-
CTBeHHAst Mepa MOXeT ObITh BbIOpaHA EIHHbIM O0pasoM —
H3MePSITh CHJBI PA3HOM MPHPOLBI MOXKHO B OJHHX H TeX Xe
CAMHUIAX C NOMOULbIO OJHHX H TEX }KE 3TaJOHOB. B MexaHuke
NPUPOZA CHJIBI COBEPIEHHO HeCyliecTBeHHa, BONPOC € IPOHC-
XOXKJIEHHH CHJI B MEXaHHKE He CTaBHTCSI W He BhIACHIETCH.
Biarojapsi Takofi  yHHBepcaJbHOCTH MEXaHHKA YCIEIIHO
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ONHCHIBAET JBHKEHUE MNOj JAeHCcTBHeM CHJ JI06OH NpUPOAHL.
TTosToMy W onpejiesleHHE CHJIBL B MEXaHUKe JIOJIKHO OTBeYaTh
TOJBKO Ha BONPOC, KaK H3MEPUTb CHJIY H KaKOBbl ee
CBOWUCTBA.

BOMBIIMHCTBO M3BECTHHIX CNOCOGOB U3MEPEHUS CHJ OCHO-
- BAHO Ha HUX CBOICTBe BLI3bIBaTb YNPYIyHO JAedopManHio TeBep-
Jpix tedq. [Tpocrefitiuii npuMep npufopa AJst U3MEPEHUst CHIT —
3TO MpPYXUHHBIHA AuHaMoMmerp. CrefyeT OTMETHUTb, YTO HEKOTO-
pble MOAMUKAllMiM 3TOr0 nNpuHGOpa, Hanmpumep KpYTHJbHBEIE
Bechl, 06J1aflal0T OYeHb BBICOKOHl YYBCTBUTEJBHOCTBIO. Takue
BeCchbl MIPEACTAaBJAIOT COGOH OAMH M3 CaMbIX COBEpLIEHHBIX
¢usuyeckux npuGopoB. C TNOMOLILI KPYTHJIbHBIX BECOB
coBeTckue ¢usuku Bparunckuii u [lanos B 1971 roay ycrano-
BHJIH PaBEHCTBO MHEPTHOH H IPaBUTAallHOHHOH MacC C OTHOCH-
TeNbHO# TOuHOCThIO, paBHo#. 10-1%2. Takast TOYHOCTb 3KBHBa-
JIEHTHA BO3MOXKHOCTH 3aMETHTb H3MEHEHHe MacChl XKeJe3HO-
JopoxHoro cocraBa B 1000 ToHH mpu JoBaBlieHUH K HeEMY
OJIHOTO MHJIJIUTPaMma.

Ilnst u3MepeHHs! CHI Ha OCHOBE $iBJICHHS ynpyrou Jedop-
MaliHH MOXKHO TOCTYTUTh CJeAYIomUM o6pa3oM. Bosbmem ompe-
JeJIeHHYIO (3TaJIOHHYIO) TNPYXUHY W 6ydeM CYMTaTh, 4TO B
HHEpIHATBbHOH CHCTEME OTCYeTa NPH pacTsiKEHUH Ha ompeje-
JIEHHYIO BeJMUUHY NPYXKUHA JEHCTBYeT Ha NPHKPENJEeHHOe K
ee KOHILY TeJIO ¢ CHJIol F,, HanpaBJeHHOH! BIOJb OCH NPYKUHHL.
Bynem Takxe cyuTaTh, yTO ABE JIOOblE CUMBI PaBHBL H POTHBO-
MOJIOXKHO HampaBJ/eHbl, e€CJId INPH OJHOBPEMEHHOM JeHCTBHH
TOJBKO 3THX JBYX CUJ TeJIO OCTAeTCsl B MOKOE UJH JBUXKETCS
PAaBHOMEPHO U TIPSIMOJIMHEHHO B HHEPLHANbLHOH CHCTEME OT-
cuera. - Torna Ml MOXKeM BOCIIPOM3BECTH STaloH CUJH Fy
JIIo6OM 4HCJIe SK3eMIVISIPOB.

Tenepr noneiTaemcsi JOOGUTbCH Toro, yTo0bl TesIO OCTaBa-
JIOCb B TIOKO€ B HHEpPLIUAJbHOH CHCTEMe OTCYeTa IPH OJHOBpe-
MEHHOM JeHCTBHM HA HEro TpeX 3TaloHHbX cHal Fy. OmeIT mo-
KaxKeT, YTO 3TO BO3MOXKHO, €CJIH OCH BceX TpeX NPYKHH Jiexar
B OJHOH NJOCKOCTH, oGpasys yribl 120° apyr ¢ apyrom. Or-
CIOfla MOXKHO CJI€/1aTh BBIBOJ, 4TO JAEHCTBHe ABYX cual F, MoOx
yraom 120° apyr K ZApyry SKBHBAJeHTHO JeHCTBHIO OJHOH
cunbl F,, HampaB/eHHOH NO JAHaroHaJH MNapaJJjejorpamma,
MOCTPOEHHOTO Ha 3TuX cuiax (puc. 3.1). B stom mapanneno-
rpaMMe JUIMHA MeHbIIeH AWaroHasJM Takas e, Kak W JAJHMHA
CTOpOHBI. OGO6IIUM 3TOT pe3yJabTaT H OYyJEeM CYHTaTb, YTO JAei-
CTBHE Ha TeJO ABYX STaJIOHHLIX CHJA [, pacroJOXKEHHBIX MO
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JIIOObIM YIJIOM APYT K JPYrY, SKBHBAJIEHTHO JAEHCTBHIO OAHOM
CHJIbI, BeJHYHHA W HaINpaB/JeHHe KOTOPOi 3ajaloTCsi JHaro-
HaJblo MapaJe/iorpamMma, IOCTPOEHHOrO Ha IleI':{CTBYIOI.U,Hx
CHJIaX KaK Ha CTOpoHaX. [IpyrHMM cJioBaMH, Mbl MpejmnoJa-
raeM, 4YTO JB€ 3TAJIOHHbIE CHJIBI Fo CKJaAbIBAlOTCs, KaK BEK-
TOpbI. DTa THNOTe3a JaeT BO3MOMKHOCTb MPOrpafiyHpoBaTh MpPH-
Gop /151 H3MepeHHsi cHa — aHHamomeTp (puc. 3.2). Cune F,
ypaBHOBELIHBAIOLlEll COBMECTHOE JieHCTBHE

JBYX 3TaJOHHBIX CHJ F,, HampaB/eHHbIX MOJ ,/11\
yrJoM 20 APYr K JAPYTY, Mbl NPHIIHCBIBaeM SN
BeJHYHHY 2F,c0s @ H HampaB/eHHe, YKasaH- e

Hoe Ha pucyHKe. MMesi mporpanyHpoBaHHBIN I
JMHAMOMETP, OCTaeTCs TOJBKO yBenuthest Ha £ \L12/F,

F
\
Puc. 3.1. PaBHosecHe Tena Puc. 3.2. Cnoxeune
OpH JeHCTBHH Tpex CHIL CHJI U TpaxynpoBKa
JIHHAMOMETpa.

OIlbITE, YTO BCE€ CHJbBI HE3aBHCHMO OT HX cpnsuqecxoﬁ npH-
poabl CKJIAfBIBAIOTCS, KaK BeKTOPBI.

Tenepb MOXHO chopMy/aHpOBaTh BTOpoH 3akoH HbloTOHa,
KOTOpblf{ yCTaHaBJHBAeT KOJIHYECTBRHHYIO CBSA3b MEXAY YCKO-
peHHeM Tesa B HHEPLHa/JbHOH CHCTeMe OTCHYeTa M BbI3HIBAIO-
IHMH 3TO YCKOpeHHe CHJaMH. YCKOpeHHe IPOTOPLHOHAIbHO
CyMMe BCeX JEHCTBYIOUIHX HA TeJNO CHJL:

aNZF[.
3

Ho npuoGperaeMoe TesloM YCKOpEeHHe 3aBHCHT He TOJIbKO OT
CHJIBI, HO H OT CBOHCTB camoro Tesna. CBoicTBO Tes npHoGpe-
TaTh TO HJIH HHOE YCKOPeHHe NOA JeHCTBHEM RAHHOH CHJIbI HO-
CHT Ha3BaHHe HHepPTHOCTH. KosHyecTBeHHOH Mepoll HHEpT-
HOCTH siB/IfieTcA Macca. Bpeienue 3ToH PH3HUECKOH BEJTHUYHHDL
JaeT BOSMOXHOCTb 3alHcaTh BTOpOH 3akoH [1bioToHa B BHje

‘ ‘ma =X F,. (3.1)
i
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W3 ombiTa H3BeCTHBI CAeYIOUHE CBOHCTBA MacChl: 3TO aiAHTHB-
Hasl CKa/sipHasl BeJHUHWHA, He 3aBUCHINAS OT MOJOXEHHs Tesa
¥ €ro CKOpOCTH MpPH YCJIOBHH, YTO CKOPOCTb TeJla MHOTO MeHb-
e -CKOpPOCTH CBeTa. |

JefictBylomue Ha Ten0 ‘CHUJbl 06YCIOBJEHB €10 B3auMOJeH-
CTBHEM € APYruMH Tenamu. TpeTuil 3akoH HeloToHa KOJIHYECT-
BEHHO XapaKTepH3yeT 3TO B3aUMOJEeHCTBHE: CHJbI, C KOTOPbIMH
TeJla JIeHCTBYIOT APYT Ha ApYyra, PaBHbl 10 BeAHUHHE H TPOTH-
BOTIOJIOXKHBI 10 HaNpaBJeHHIO:!

Fi,=—F,;. (3.2)

DT0T 3aKOH ABAAETCS HPSIMBEIM 060GLHeHHeM SKCrepHMeH-
TaJbHbIX (DAaKTOB. B €ro cmpaBeflAHBOCTH MOXHO YOeIHThCsI
Ha psijie OPOCTHIX OMNBITOB. B To ke Bpemsi, CTPOro roBopsi,
3TOT 3aKOH NPHUOJ/HKEHHBIH, TaK KaK OH MpeAnoJsaraeT MTHO-
BEHHOE pacnpocTpaHeHHe B3aUMOIEHCTBHI M PaBeHCTBO CHJ
B34UMOJEHCTBHSI B OZHH H TOT e MOMEHT BpemeHH. [losTomy
IJIs1 JIBHXXYILMXCSl yJaJleHHbIX Tes, B3aHMOIEHCTBYIOILMX IO-
CPEICTBOM CO3/1aBaeMbiX MMM MoJiell, 3TOT 3aKOH BBITIOJHSIETCS
JHIIb TPHOGJMXKEHHO, B TO BpeMsi KaK NPH KOHTAKTHOM B3a-
HMOJIECTBUM OH SIBJSIETCSI TOYHBIM.

3akonsl HbloTOHa B MeXaHHKe WIPAalOT TaKYyl Xe podb,
KaK M aKCHOMBI TNpPH TNOCTPOEHHHM MaTeMaTH4YeCKOH TEeOpHH,
HanpuMep eBKJIWAOBOH reoMeTpuH. Besi IMHaMHKa MOXeT ObITh
noJyueHa JefyKTHBHbIM MYyTeM KaK CJe/lCTBHE 3THX 3aKOHOB.
Tak xe Kak mpH NOCTPOEHHH MaTeMaTHUeCKOil TEeOpHH Cylile-
CTBYeT HeKoTopasi cBofoja B BblGOpe CHCTeMbl OCHOBHBIX akK-
CHOM, TaK M B JMHAMHKe MOXKHO HECKOJBKO TO-pasHoMy cdop-
MYJARPOBATh OCHOBHEIE 32aKOHBL. B NMPUHSITOM BbIIIE H3JTOXKEHHH
ocHoB MexaHHKH HbioToHa BTopol 3akaH (3.1) comepuT 3k-
€repUMeHTa/bHO POBepsieMoe YTBepKAEHHE O TIPONOPHHOHAb-
HOCTH YCKOpeHHs JefiCTBYIOUleH CHJe W OmnpefleseHHe HHepT-
HOW Maccel. MoxHO chopMy/iEpoBaTh 3aKOHBI IHHAMHKH TaKHM
obpasom, u4ToGbl ONpPeNeNUTh Maccy HEe3aBUCHMO OT BTOPOTO
3akoHa. B 3ToM cayuae Bropolt 3akoH HreioToHa 6yneT comep-
JKaThb [[Ba YTBEPIKJAEHHS: O MNPONOPUHOHANBLHOCTH YCKOPEHHS
cHle ¥ ofpaTrOHl nponopHHOHaAbHOCTH Macce. Kamnoe wus
3THX VYTBep:KJIeHHH MOMKHO He3aBHCHMO TIOJBEPrHYTh 3SKcCIle-
pUMeHTasNbHOK TpoBepke. IlpH Takom noaxoje TpeTHHi 3aKOH
JUHAMHKH QOpMyJAHPYeTCs KaK YTBEpKACHHe, YTO HPH JOO0M
B3aMMOJEHCTBHH JBYX Tes OTHOIUEHHE MOJYJel UX YCKOPeHHi
eCTb TIOCTOsSIHHAs JJIs 5THX Tes BeJqHYHHAa, KOTopasi Mo ompe-
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J€NEHHIO NPHHHMAETCs paBHOl OOPaTHOMY OTHOILUEHHIO HX
macc:
ay My
a  my

(3.3)

Tlpu TakeM ONpEAETEHHH MacChl Mbl MOJY4aeM BO3MOKHOCTD
BLIPA3UTL MacChl BCEX TeJ He3aBMCHMO OT BTOPOTO 3aKOHA AH-
flaMHKM Yepe3 MacCy OIpeie/]eHHoro, Tesa, MNOPHHATOTO 3a
3TaJIoH Macchl. Tenepb, HMest HE3aBHCHMBIE CIIOCOGH! H3MEpPeHHUs
CHJbI H MAacChl, MOXKHO 3KCHEPHUMEHTA/JIbHO NPOBEPATH 3aBHCH-
MOCTb YCKOpEHHMS Tesla OT KaxkAofl u3 3Tux BesuuuH. [1pu sToMm,
pasyMeercs, paBeHCTBO (3.2) yKe He sBJsieTCs HE3aBHCHMDIM
¢)M3UYIECKHM 3aKOHOM, a NPEACTaBJAseT cobof CJAeACTBHE 3aKO-
HoB auHamukd (3.3) u (3.1).

Hapsaay co CKOpoCTbIO D, ABJASIOMEHCT KHHEMaTHUeCKOH
XaDAaKTePUCTUKON JBUKEHUS MaTepHaJbHOH TOUKH, MOKHO
BBECTH CBA3aHHYIO C HEH. AMHAMHUYECKYIO XapaKTePHCTHKY p,
NOJNYUUBLIYI0O HAa3BaHUE HUMITyJbCca: -

p=mo. (3.4)

TlocKOJIbKY YCKOpeHue @a=dp/df, To npu HEU3SMEHHOH Macce
TeJa m YpaBHEHHe BTOPOro 3aKoHa AuHamukH (3.1) MoxHO
nepenucaTh B 3KBHBAaJEeHTHOH dopme:

dp _
EMEF-. (3.5)

VimeHHO B TaKOM Buje 5TOT 3aKOH U Obl MepEoHauadabHo cdop-
myaupoBan HelotoHom. OTmertum, uto ypaBHenue (3.5) ocra-
ercsl CHOpaBeAJHBbIM H IPH ABHXKEHHH Tesa ¢ GOJLIIHMH CKO-
pOCTAAMM, KOTAa HAaYMHAeT MpOsIB/IATBLCS 3aBUCHMOCTb MAcChl
OT CKOPOCTH.

3aKOHB MeXanHKH CHPABELTHBBL B HHEPHHAJbHBIX CHCTE-
'Max oTcuera. B Kakoll MMEHHO MHepLHaJbHOH CHCTeMe pac-
CMaTpMBAeTCA  M3yuaemMOe MeXaHHYeCKoe JBHIKEHHE — CO-
BeplieHHo G6e3pas3iu4HO. BrepBele 5T0 0GCTOATENLCTBO ObLIO
ocosHaHo [annneem, PaccmaTpuBasi MeXaHMUYECKHe sIBJEHHA
B 3aKpLITOIl KaioTe Kopabus, [anunefl npumen K BLIBOAY, YTO
Ol MPOMCXOAAT OJMHAKOBO HE3aBHCHMO OT TOTO, MOKOHUTCH
Kopal/ib WJIM APHIKETCS NPSIMOJHHEHHO H pPaBHOMEPHO.

lanunefi paccMaTpUBaeT C/EAYIOUHE IPOCThIE OMBITHL B He-
MOABHXHOM KOpalJie Kall/Ii BOAbL H3 MOABEILEHHOTO K MOTOJKY
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BeJepKa NonajanT B COCYA C Y3KHM TOpJILILIKOM, NOJACTaB-
JeHHblH BHH3Y. Dpocasi npeiMeT 0O HAaNpaB/ieHHIO K HOCY
Kopa6Jisi, He NPHIETCS NPHMEHATb GOJBIIYI0 CHAY, 4eM Gpocast
€ro Ha TO XK€ PacCTOSIHHE B CTOPOHY KOpMbl. Ilpbiras B AJuHY,
Bbl C/leJlaeTe NMPbIKOK Ha OJHO H TO e PacCTOSIHHE HE3aBHCHMO
OT €ro Hamnpas/jeHHs. [Ipy paBHOMEPHOM JBHKEHHH KOpabis ¢
KaKOH YTrOJHO CKOPOCTbIO B OTCYTCTBHE KauyKH BO BCEX 3THX .
SIBJIEHHSIX HE YACTCs OGHAPYMXUTh HH MaJleHlero H3MEHEHHs.
Hanpumep, najamowmue Kanid GyAyT no-OpexHeMy najaTh B
FOpJIBILKO [OJCTaBJAEHHOTO COCYJa, HECMOTPsS Ha To, YTO 3a
BpeMsl MaJleHHs] KalJH COCYN BMeCTe C Kopabsem yCIeBaer
NEPEMECTHTLCS] Ha 3HAUYHTeNbHOe paccTosiHHe. HH no ognomy
M3 3THX SIBJIEHHH He yJaCTCs YCTaHOBHTb, ABIHKETCS JIH KOpabilb
HJIH TO-TIpEXHeMY CTOMT Ha mecTe, He nmoMoryT TyT u camule
TOHKHE MeXaHWYeCKHe ONBITH ¢ TouHeHIIMMH npubopamu. Hrak,
HAXONACh B 3aKpbITOil KaloTe, C NOMOLILIO MEXaHHYECKHX OMLI-
TOB HEBO3MOXKHO ONPENENUTh, CTOUT JIH KOPa6ab HJIH JBHIKETCS
C NOCTOSHHOH CKOPOCTbIO. JIPYTHMH CJIOBAMH, MEXaHHUYECKHE
SIBJIEHHs] [POTEKAalOT OJHHAKOBO BO BCeX HHEPLHANbHbIX CH-
CTeMax OTCYeTa B TOM CMBICJIE, YTO OJHHAKOBBI ONHCHIBAIOILHE
HX 3aKOHB! JUHAMHKH. DTO YTBEPKAEHHE O MEXaHWYECKOH 3K-
BHBAJIEHTHOCTH BCEX HHEPIMAJbHBIX CHCTEM OTCYeTa Ha3LIBaloT
NPHHIMOOM OTHOCHTeNbHOCTH [anuages.

. § 4. MexaHHueCKoe COCTOSIHHE. YpaBHEHHe JBHKEHHs

Ilpu IBHXKEHHH MaTepHa/JbHOH TOUKH U3MEHSETCS CO Bpeme-
HeM ee M0JI0KeHHe, ONpefe/sieMoe paJuyCc-BEKTOPOM rF, €€ CKO-
pOCTb @, YCKOpeHHe @ H T. A. ['0BOpsT, 4TO NIpOHCXONUT H3Melle-
HHe COCTOSIHHSI MaTepHa/JbHOH TOYKH cO BpeMeHeM. YTo xe no-
HHMAlOT [OJ MeXaHHUYeCKHM COCTOSIHHEM H 3aflaHHeM KaKuX
napaMeTpoB OHO Ompefedisiercsi? MeXaHHUeCKOe COCTOSIHHe Ma-
TEepHAJbHOH TOYKH B HEKOTOPbIi MOMEHT BPEMEHH OINPEAEJIEHO,”
€CJIH JJ1s1 3TOTO MOMEHTa BpeMEHH 3aflaHbl €€ PaAHyC-BEKTOp H
CKOpoCThb. Ec/ii H3BeCTHO MeXaHHYECKOe COCTOSIHHE MaTepHa/b-
HOHl TOYKH B KaKOH-1M60 MOMEHT BpEMEHH H JEHCTBYIOILHE HA
Hee CHJIbI, TO C IOMOILLbI0 BTOPOTO 3aKOHA JHHAMHKH MOXKHO
onpejesuTh ee MEXaHHYECKOe COCTOsSIHHE B MOCJAENYIOUHE MO-
' MEHTbI BpeMeHH, T. €. HOJHOCTBIO MPEICKasaTb €e JBHIKEHHE,
HiMeHHO 10 3T0# npHuuHe BTOpOH 3akoH HblOTOHA YacTo Hasbl-
BalOT ypaBHEHHeM JBHXKEHHS, HOO OH ONHMCHIBAae€T 3BOJIOLHIO
Ha4aJbHOTO COCTOSiHHS CHCTEMBl BO BpEMEHH.
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OcTaHOBUMCS Ha 3TOM HeCKOJbKO mojpobuee. Bropo#t 3a-
kon HelotoHa, u/an ypasHeHHe asuxkeHus (3.1), moaBoaser
IpPH H3BECTHBIX CHJIaX HaAHTH YCKOPEHHe MaTepPHaJsbHOM TOUKH.
Ho 3nanHe ycKkopenusl faeT BOIMOXHOCTh OMpeNeJHTh TOJbKO
H3MEHEHHEe CKOPOCTH 3a HEKOTOPHIfl TPOMEXKYTOK BpEMEHH.
Yro6bl HAHTH caMO 3HayeHHe CKOPOCTH K KOHLY 3TOro mpome-
XYTKa, HYXKHO 3sHATh HE TOJbLKO M3MEHEHHEe CKOPOCTH, HO H ee
3HavyeHHe B HaualbHBI{l MOMEHT. AHAJOTHYHO, 3HAHHE CKOPOCTH
IO3BOJISIET HAHTH M3MEHEHHE NOJIOXKEHHS] MaTepHaJbHOH TOYKH
3a HeKoTopoe Bpems. UToOb HaliTH caM pajHyC-BEKTOP, HYIKHO
3HaTh €ro 3HauyeHHe B Haya/bHEIl MOMeHT. Hampumep, B cay-
yae JBUIKEHHs ¢ MOCTOSHHBIM YCKOPEHHeM CKOpPOCTh H pajuyc-
BEKTOp MaTepHalbHOH TOYKH B MOMEHT BpeMeHM ! ompefess-
10T GopMyJaaMu

v()=v,+at, (4.1)

r<t):ro+ﬂot+%y
TAe U, H Fy — CKOPOCTb M PafHYC-BEeKTOP B HadaJbHEIH MO-
MEHT BpeMeHH {=0. Y paBHeHHe JBHKEHHS [JaeT BO3MOXKHOCTb
HaliTy @ (¢) U () TONBKO TOrAa, KOTZAAa H3BECTHO HayaJbHOE CO-
CTOSIHHE CHCTEMBI, T. €. BEJHYHHRH Uy H Fy. 3aJlaHie Haua/bHLIX
YCHOBHE A5 HaXxoKAeHud ¥ () u r(f) HeoGXOMMMO M B TOM
c/lyyae, KOTA2 JeHCTBYIOUIHE CH/BI TAKOBbl, YTO YCKOpeHHE He
OCTaeTCsl MOCTOSIHHBIM. B HEKOTOpBIX C/lyyasix ypaBHEHHE JBH-
WeHHs YHaeTcsl NPOHHTerpHposaTh, T. e. HalTH ©(f) H r({)
Kak (QYHKUHH BpeMeHH, KOTophle TaKwke OYIAYyT cojep:kaTh
HauaJ/lbHble 3HAY€HHS] TV, H Fy. [IpHMepaMy TaKHX CIY4aeB sB-
JISIOTCSL: JIBHXKEHHE MaTepHa/bHON TOYKH MOA AefiCTBHEM CHJIbi,
06paTHO TPOMOPLHOHANBHON KBajpaTy pacCTOSTHHSI OT CUJIO-
BOTO LleHTpa (IBUIKEHHE TJaHeThl MOJ JeHCTBHEM MPHTIMKEHHS
K CoslHILy, IBHKeHHe o-4acTHLBI B 110J1€ ATOMHOTO SIpa), ABHMKe-
HHE TOJA JLeHCTBHEM CHJBI, MPOMOPLHOHANBHON - CMELIEHHIO
(rapMOHHYECKHI OCUM/IATOP), U T. 1.

B cayuae, Korna ypasHeHWe JBHXKEHUSI He YHaeTcs pe-
IUIHTh aHAJHTHYECKH, €ro MOXHO pewaTh yucaeHHo. Jledcr-
*BYIOIlasl Ha MaTepHaJbHYIO TOYKY CHJA MOXKET 3aBHCETh OT
BPeMeHH, OT NOJIOKEeHUsT TOUKU H OT ee cKopocTH: F=F (¢, r, v).
ITycTh Ham 3ananbl HayaJbHBIE 3HAYCHHS Fy H V. Y PaBHEHHE
NBHKEHHS J1aeT BO3MOXKHOCTh HailTH YCKOpeHHE &, B TOT Ke
_MOMEHT BpeMeHH. 3Hasl YCKOPEHHEe, MOXHO NPUOAUKEHHO Hail-
TH H3MEHeHHEe CKOPOCTH 3a Manblii IIPOMEKYTOK BpemeHH Al

- Av=a, Al,
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OTKYAa CKOpPOCTb ©; K KOHIY 3TOTO MPOMENYTKa paBHA
v, =0,+a, At. (4.2)

3Hasi CKOpPOCTb @y, B HAYaJbHBEIH MOMEHT, MOKHO NPHOTHIKEHHO
HallTH H3MeHeHHe paiauyc-BeKTOpa 3a TO ke Bpems Af:

Ar =9, At,

OTKYJa 3HaUEHUE PaJAUYC-BEKTOpa r; K KOHILY 3TOTO MPOMEKYT-
Ka paBHO

ri=r,+o,Atf. 4.3)

Brifop Be/qHUHHEI TIpOMeKYTKa BPeMeHH OmpejessieTcsi TOH
TOYHOCTHIO, KOTOPYIO Mbl XOTHM MOJYUHTb NMPH TaKoM npHOJIH-
JKEHHOM BBIUMC/IEHHH. Yem MeHbllle BelMUHHA MpoMeskyTka Af,
TeM OJMzKe K HCTHHHBIM GyAYT 3HaUEHHS ©; H Fy, BhIUHC/sIEMbIE
no ¢opmysaam (4.2) u (4.3). HalineHHsle 3HaueHHa @; H r,
NOJICTABJISIEM B BblpaxKedue AJs cuabl F (¢, r, ©) H.C NOMOLIBIO
ypaBHeHHs [BH:KEHHsI HAaXOAUM YCKOpeHHe @, MaTepHaJbHOMN
TOUKH B KOHIE mpoMexyTka Bpemenu Af. Tenepb noBropsiem
OMHCaHHYIO NPOHeAYypYy AJs -C/IeAYIOLIEro  NPOMeKyTKa Bpe-
MeHH, TpHYEeM pOJb HayaJbHBIX YCJOBHH OyAyT Hrparth Haf-
JeHuble no (4.2) u (4.3) 3sHaueHUst v, U ry:

V,=0;+a, A, r,=r;+o, AL (4.4)

3areM Bce HOBTOpSIETCS ellle pa3 U T. A.

Ecnu tpeGyeTcss HaHTH H3MEHEHHE COCTOSIHHSI MaTepuaJsib-
HOH TOUKH 32 GOJBIIOH NPOMEKYTOK BpeMEHH, MpUAETCs pas-
OUTb 3TOT HPOMEXKYTOK Ha OoJibluioe uucao waroB Af, Uem
MeHbllle pasMep KaxK[oro luara, TeM TouHee OyleT pe3yJbTar,
HO Heo0XOAMMOe YMCJ/O IIAroB NPH 3TOM YBeIHYHBaeTcs. 3a
TNOBBILIIEHHE TOYHOCTH pe3y/bTaTOB MPHXOAUTCS MJIATHUTL YyBe-
JH4eHHeM oObeMa BbIYHCIeHHE. DblcTposelcTBYIOmHE 57€KT-
pPOHHBIE BREIYHCJIHTE/bHEIE MALIHHB! [IO3BOJSIOT MPOU3BOLUTH
YHCJIEHHOE pellleHHe ypaBHeHMH GblcTpo M 3¢dexTHBHO. Ha-
npuMep, Ha coBpeMenHo#i DBM Bcero 130 cekyHn saHuMaeT
pacuer oasoro o6opora IOmurtepa -Boxpyr CosHia, npu KoTo-
POM C TOUHOCTLIO AQ OAHOH MHJ/IJTHAPAHOH YUYHTHIBAIOTCS BO3-
"MYLUEHHSI OT BCeX APYTHX ILIaHET.

IlpH nMpaKTHYeCKOM BbINOJHEHHH PacyeToB UMEIOT AEJN0 He
¢ BEKTOPaMH, a C YUCJaMH, MOITOMY Kaxkloe H3 NpHBEJeHHBIX
Bhlllle BEKTOPHBIX YPaBHEHHWIl 33mMHUChIBaeTcsdl B BHJE TpeX CKa-
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ASPHBIX YPABHEHUH, COOTBETCTBYIOMIMX MNPOEKIHSAM BEKTOP-
HOrO YpaBHEHHS Ha OCH BHOpPaHHOH CHCTEMBI KOODJMHAT.

YacTo NPHXOAHTCS pPaccMaTpPHBaTh MEXaHHUECKYIO CHCTe:
MY, COCTOSIILYIO H3 HECKOJIbKUX B3aUMOJIEHCTBYOMMX Tesl. Ecan
U3BECTHBI CHJIBl B3aMMOJCHCTBHS MEXJY TeJaMH U BHelIHHe
CHJIBI, JEICTBYIOUIME HAa Ka)kA0e U3 Tedl, TO IS HaXOXKAEHHs
NIBIKEHHS CUCTeMBl NPHUXOAUTCS PellaTb CUCTEMY ypaBHEHUH,
COCTOSILLYIO M3 YPaBHEHHH [BMXKCHUS [J/151 Ka)KIOTO H3 Tesl.
MexaHHYeCKOe COCTOSIHHE CHCTEMBI YaCTHIL OmNpeaensercs 3aja-
HHeM KOODAHHAT H CKOpOcTell BCeX YACTHIL B OJHH H TOT %Ke
MOMEHT BpPeMeHH. YDPaBHEHHs [BHIKEHHs OMHCHLIBAIOT H3Mele-
HHE 3TOTO COCTOSIHHSI CO BpeMeHeM. AHa/jHTHYeCKOe pelleHHe
3a/lauil HaxOXIEHHS MeXaHHUYeCKOro NMOBEJCHUsS CHCTEMbl B3a-
HMOJEHCTBYIOWHUX TeJ COMNPSIKEHO C OFPOMHHIMHM MaTeMaTHuec-
KHMH TPYAHOCTAMH, Tak, HanmpuMep, 0 CHX NOp He pelleHa B
ofimeM BHJe 3a1aua O ABIHXKEHHH JaXke TPeX B3auMOJEHCTBYIO-
IHX Tesl TPH NPOU3BOJBLHHIX Haua/lbHbIX YycaoBHsAX. OAHAKO
UHCJICHHBIH pacueT JBHXKCHHSI CUCTEMbl B3aUMOJAEHCTBYIOUIHUX
YACTHL HE COACPIKUT HUUEro NMPUHUUNHA/ABHO HOBOTO [0 CpaB-
HEeHHUIO C pacueToM [BH:KeHHs OJHOH MaTepHa/NbHOH TOUKH BO
BHewHeM noJe. [Ipu MpuGAMKEHHOM BBIYHC/AEHHH CKOPOCTb H
paauyc-BeKTOP KaxJOH H3 YacTHLL HaXOAsITC C TOMOLLbIO
TOH K€ caMoii mpoueAypbl no gopmyaam (4.2) — (4.4), ToabKO
NPy ONpele/ieHHH YCKOPEeHHUH YacTull B KaXKALIH MOMEHT Bpe-
MEHH C TIOMOLULbIO YpaBHEHHI IBHXKEHHsl B 3THX YpaBHEHHsX,
KpPOMe BHEIHHX CHJ, YUHTHIBAIOTCS M CHJIBI B3aUMOJENCTBUS
MEXJY uYacTHUAMH,  °

Kpome 3afadu 0 HaxOKAEHHH -JBIKEHUS O 3aJaHdbIM CH-
JlaM, YpaBHEHHS! JBHMKEHHSI MOTYT OblTb HCIOJB3OBaHbl A5
pellleRHs 3ajaud HHOrO XapakKTepa — HaXOXJIeHHUs JAeHicTBYyro-
IHX CHJ, eC/IM M3BECTHO JBHXKEHHE, T. €. e/ 3ajlaH pajauyc-
BEKTOp Kak (hyHKuHus BpeMeHu. [IpumMepoM Takoii 3ajauu Mo-
JKET CJAYXKHTb HaxOXJEHHE CHJBL NPUTSIKEHUS IJIaHEThl K
ConHIlY 1O H3BECTHOMY M3 ACTPOHOMMUECKHX HalGJ/I0JeHUH
3aKOHY ofpalleHus 3TOH MJaHeTsl MO JJIHNTHUECKOH opbuTe
Bokpyr Coanua.

Hpyro#i npuMep — JBUKEHHE TOUKH MO IJIHICY, OMHCHI-
BaeMoe CJEAYOlUMH YpaBHEHHAMHU:

x(t)=Acos wt,
y(@)=Bsinwt, . : (4.5)
2=0,
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B ToM, 4TO TPaeKTOpPHs TAKOTO ABHKEHHS AHCTBUTEIBHO Mpea-
CTaB/sIeT COGOH 3JIHIIC, MOXKHO YGERUTHCS, HCKJIOYHB BpeMs
M3 3THX ypaBHeHHil. Pasmenus nepBoe ypaBHeHue Ha A, BTo-
poe ~— Ha B, BO3BOAs MX B KBaipaT H CKJAajpIBasi, MOJydaem

2 2
%4_%:1. (4.6)

310 ecTh ypaBHenHe ssuinmnca ¢ noayocsmd A u B (puc. 4.1).

Marepuasibliast TOUKa ABHIKETCS 10 3TOMY SJUIMIICY B Hampas-

JICHHH  TIPOTHB  4acOBOH

g crpenku. s HAXOXKJCHHS

.. CHJIbl, BBI3BIBAIOIIEH TaKoe

ABUKEHHE, HYKHO C JIOMO-

wpio dopmya (4.5) omnpene-

JIUTh YCKOpPEeHHEe YaCTHIH.

Huddepenuupys ypaBHeHHUs

(4.5) mo Bpemenu, HaXomUM

, NPOEKIHH CKOPOCTH HAa OCH
*° KOOpAMHAT:

Puc. 4.1. TpaeKTopus NpoCTPaHCT- v, =—o0Adsinot,
BEHHOTO  OCLMJIATOPA. v,=owBcoswt, (4.7)

v,=0

Hudpepenuupysi 1no BpeMeHH cooTHoliueHus (4.7), mojydaem
NPOEKIHH VCKOPEHUS:

.

a,=— %4 cos o,
a,=— 0B sin of, (4.8)
a, =0, ’

Hcnonesysi Bropo#i 3akoH HblOTOHa, H3 COOTHOIIEHHH (4.8)

MOJYYHM TIPOEKLHH CHJIBI, ACHCTBYIOMeH Ha MaTepHalbHYIO
TOUKY:

F,=—mu24 cos ut,
F = —mo?Bsin wt, 4.9)
F,=0.

- CpasnuBast (4.9) ¢ (4.5), Bolpaxenus AJ1s NPOEKLHI CHI MOKHO
3anycarth B BHAE ) :

F,=—moyx, Fym—wmtozy. (4.10)

OTH COOTHOIIEHHS] JAIOT MCKOMYIO 3aBHCHMOCTb JeHCTBYromiell
Ha YaCTHIy CHJIbl OT ee KOopAWHarT, B BeKTopHOoM BHAE HUX
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MOXHO 2anucatb CJAEAYIOIIHM 06pa30M: .
F=—mo?r. (4.11)

Cpnaa F HanpaBrieHa K Hauajy KOODJAHMHAT M MPONOpPIHOHANbHA

paccTosiHuio JI0 cH/IoBoro leHTpa (puc. 4.1). D10 npocrpan-

CTBEHHBIH OCUHJISTOP, COBEPWAIOWHNH IJIOCKOE JABHXKEHHE.
XoTs1 JBHEHHEe NPOCTPAHCTBEHHOTO OCUMINATOPA, Kak H

nBikenre nuaner vokpyr CoJsnila, NMPOHCXOAUT NO 3JIJHNTH-

YeCKOHl TpaeKTOPHH, XapaKTep 3THX JBHIKEHHI COBEpIIEHHO

pasangex. IlBmxenne naa-

HeThl TIPOUCXOAMT MNOA Jeil- y v

CTBHEM CMJIBI, O6PaTHO IIPO-

NOPIHOHANBHON  KBaapary

paccrosinusi 1o Conuna, pac- $ F
N0JIOXKEHHOTO B OJHOM H3 N Y
¢doxycos aanunca (puc. 4.2), 2y z

B TO BpPeMsl KaK y NpocTpaH-
CTBEHHOTO OCUMWJLIATOPa CH- U,
JIOBOW 1IeHTp COBMNajaeTr ¢
LEHTPOM SJJIHICA. pa3{m““e Puc. 4.2, [pmxkenve mnJaHeTH Bo-
B XapakxTepe IBHXKEHHH CTa- Kpyr Counna.
HOBUTCS OCOGEHHO OTUETJIH-
BbIM, €CJIH BCIIOMHHTD, YTO CKOPOCTH NJIAHETH Uy H Uy B aeTHH U
NepHres MK PasinuHbl (puc. 4.2), B TO BpeMsl KaK y MpOCTpaH-
CTBEHHOTO OCHMJIATOPA CKOPOCTH ¥y M Uy B COOTBETCTBYIOILHX
TOUKax OpOUTHl OAMHAKOBBI (pHc. 4.1).

B 11HaMnKe BCTpeYaloTCs M TaKMe 3allauH, IJie 3ajlala ToJb-
KO 4acTh CHJI, efCTBYIOWMX HAa MaTepHaibHble TOUKH. TaKas
CUTYyalMsi BO3HMKAET, KOIja [BU:KeHHe Tesja NMPOUCXOAUT TNpH
HaJOXEHHbIX cBA3AX. llpnMepamH MeXaHHUeCKHX CHCTeM,
COBEpLIAIOINX TaKHe [BHMKEHMs, SABJASIOTCH MaTepHaJbHasI
TOYKa B TOJI€ TAXKECTH, NOJBelIeHHasi Ha HepacTsKUMON HUTH
(MaTemMaTHYeCKHI MasfTHHK), TPYy3bl, COEJIHHEHHbIE HUTSMH,
NepeKHHYTHIMH Yepes 6J0KH, U T. . Hannune CBA3H NpHUBOANT
K TOMY, UTO IBHXEHHE MaTeMaTHUeCKOro MasiTHHKa Or paHHueHo
ceprueckoll NOBEPXHOCTBIO C LIEHTPOM B TOUKe NoOjBeca, JBH-
JKeHHe TPy30B, COeIMHEHHbIX HHMTSIMM, NPOUCXOAUT TakK, 4TO
paccTosiHHe MeX1y HMMH, H3MepeHHOe BJOJIb HaTSIHYTOH HUTH,
BCe BpeMs OCTaeTCsl HEM3MEHHbIM, U T. A. IIpH H3yueHnH Takux
CHCTEM BO3HHMKAaeT 3ajaya He TOJBKO pacuera MX /JBHIXKEHMS,
HO M Cmpele/leHNsl CHJl peaKuuH cBsisefl. B ypaBHeHHsX IEH-
KEHHS YHCJIO HEHSBECTHBIX NpPH 3ITOM BO3pacraer, TaK Kak,
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NOMHUMO YCKOpeHHH, TOAJEXKAT ONPENeNeHHio 1 HEKOTOpble 13
cua1. Ho U B 3ToM cayuae MOMKHO HafiTH BCE HeM3BECTHLIE, TakK
KaK K ypaBHEHHsIM JBHKEHUs lIOﬁaBJ'IH}OTCH ypaBHeHHH,OHII~
ChiBaIOlllHEe HANOMKEHHbIE CBSI3H.

B kauecTse npuMepa MeXaHN4ecKOoll CHCTEMbI CO CBSI3sINH
PacCMOTPHM TIPOCTOH MEXAHM3M, CXeMaTHUeCKH h300paKeHHblit
Ha puc. 43 ITyCTb MacChl TPY30B iy U 172,
MHoro Gosbtile Macc 6710KOB U HUTH, a Tpe-
Hue oTcyTcTBYyeT. Torna B mepBoM NpH-
. z OJIKEHHU GJOKH M HUTb MOKHO CUMTATh BO-
lg ofille He HMEIONIMI MacChl, JTO YCIOBHE

7

N03BOJISIET CUUTATbL HATSKEHHE HUTH OJH-
- HaKoBbIM N0 Bceit ee jnune. CocTaBum
ypaBHeHHe [BMKEHUS 151 KaxKJAOrO U3
rpysoB. Cuabl, JeHCTBYIOWMEe Ha' rpy3bl,
972 nokasannl Ha puc. 4.3. Torza

-
My : m T,=ma;
lﬂ,[] 1g+ 1 1%¥1) (412)
g m.g -+ Tz =m,a,,
mg -°  riaea; u @, — yckopeuusi rpysoB. Cnpoek-
THDpYEM 3TH ypaBHeHHﬂ Ha BGpTHKaJ’IbHOQ
Puc. 4.3. Cuim, HaNpaBJIeHHe:
JeficTByloLHE Ha
rpysbl IpH HaJHYUH —m,g+T,=ma,,, (4.13)
cpsidedt. .
: —myg+T,=m,a,,.

OGo3naunM BeJIHUHHY CHJbI HaTsiKenns HUTH uepes 7. Torma
BCJIEACTBHE TpeThero 3akoHa Hriotona 73=T, a B cuay Toro,
yTo Macca JeBoro 6J0Ka paBHa HyJ0, T1=2T. Tenepb ypas-
Henus jBikenust (4.13) nepenuinyTcs B BHIE

—mg +2T =m,a,,,
—myg +T =mya,,.

Cucrema 1BYX ypaBHeHHH (4.14) cOmepHT TP HEH3BECTHBIX:
NPOEKUNH YCKODeHHIl I'PY30B HA OChb X M HaTsKeHue HUTH T.
TN HaXOXKIEHUs] HEM3BECTHBIX 3TUX YPaBHEHMI HEIOCTATOUHO.,
K Hum cnenyer 1o6aBuTh ypaBHEHHe, ONMCHIBAIONIEE HANOMKEH-
HYIO CBsi3b. Hannume HepacTsKHMOH HHTH NPUBOAHT K CY-
IECTBOBAHMIO OMNPEJIe/IEHHO!l CBSI3H MEXKIY NPOEKHHSIMH YCKO-
pennii Tpy3oB. UTOOH yCTaHOBUTb 3TY CBsI3b, PAacCMOTPHM
BO3MOXKHO€ nepemeillenue rpysoB. [lycTb, Hanpumep, mnepBLift
rpy3 NOJHAJCS Ha paccTostHHe Axy. Torza, Kak JIErKO BHJIETDL
. M3 puc. 4.3, BTOpol rpy3 ONyCTUTCS Ha BABoe GoJbliee pac-

(4.14)
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crosinde, T. €. €ro mepeMeuienne Ax,=—2Ax;. T[ToCKOJBKY
5TH NEPEMELIeHHsl MPOUCXOIAT 3a OJHO M TO XKe Bpems Af, T0
TaKHM XK€ COOTHOIEHHeM OyAYyT CBsi3aHbl H MPOEKIHH CKOPO-
cTeit, M NPOEKLUHH YCKOPEHUH. IPY30B:

Upx = _201xr Aoy = _2alx' (4 15) .

-YdquTBIBasi 3Ty CBA3b YCKOPEHUil, MOXKHO M3 cHcTeMbl (4.14)
HafiTH IPOEKUHH YCKOPEHHH TPY30B Qi U @y H CHJY HATSKE-
- HHSL HHTH, T. €. peakuuio cBssu T:

_2mpg—mmy .
alx—m a2x——2a1x, (416)
. _ 3’711”12
T = e 4.17)

Ecmn 2m,>m;, TO yCKOPEHHE NepBOro TIpy3a HampaBJjeHo
"BBepPX, HO 3TO €lle HHYero He TOBOPHT O HANPaBJEHUH €ro
nBuKeHHs. st HaxoxjeHns HampaBJeHHs ABHXKEHUsI HYIKHO
3HaTDH €llle HaYaJabHYI0 CKOPOCTb. A JI/1s1 OnpeNe/eHHs 0I0XKe-
HUA TPY30B B /1000 MOMEHT BpeMeHH mnoTpefyercsi elme H
3HaHHE HX HayaJbHOTO NOJOXKEHHS.

§ 5. Cuani B npupope. I'paBUTaLHOHHbIE B3aHMOIeHCTBHS

B nmumamuke HbioToHa mpupoja cui, BXOASUHX B OCHOB-
Hble YpaBHEHHsl, HecyulecTBefiHa. BTopoii 3akon Hbiotona
onpenelisier YCKOPEHHE Tesla HE3aBHCHMO OT NPUPOAB CHJI,
BBI3BIBAIOIIHX 3TO YCKOPEHHe.

Bce mMuoroo6pasue BCTPEYAIOUIHXCH B NMPHPOAE B3auMmonei-
CTBHH CBOIMTCSl BCETO JHINb K YeTblpeM THIaM. 2TO IpaBHTa-
IWHOHHOE, 3JEKTPOMArHUTHOE, silepHOe (MM CHJIbHOE) M TaK
HaspiBaemoe cjafoe BaamnofedcTBHsi. M3 HHX, Hcnodb3ys
NOHATHE CHJIBl B CMBICIEe MeXaHHKH IHbloToHa, MoxHO pac-
CMaTPHBaTh TONBKO IPaBHTALMOBHOE H 3JIEKTPOMArHHTHOE B3a-
HMOJIEHCTBUsI. Snepuble W c/1abple B3aHMOIEHCTBHS TNPOSIBJA-
I0TCSl Ha CTOJIb MaJIbIX PAcCTOSHHUAX, KOr[a 3aKOHBl MEXaHHKH
Herorona Y2Ke HENpPUMEHHMBI. OBaactb NMPOsIBJICHHS 3THX B3a-
HMOJEHCTBHI OrpanuueHa MPOLECCAMH, IMPOHCXOAMMMHE ¢
aTOMHBIMH SIIpaMH M 3JE€MEHTapHBIMH YaCTHIAMH.

B oTinume OT KOPOTKOZEHCTBYIOMMX fAEPHOrO M c/aaboro
B3aMMOJEHCTBHI, I'paBUTAllHOHHOE H 3JeKTPOMarHHTHOe B3a-
HMOJEHCTBUST — JaJbHOZeHCTBYIOHME: HX JEHCTBHE MpO-
ABJISETC Ha OuYeHb GoablIHX paccTosdnHsAX. Tlo 3Toit mpuunHe
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MMEHHO 3JIEKTPOMATHUTHOE M T[PaBUTAllMOHHOE B3aUMOJEH-
CTBHA ONpele/sioT BCce KpynHoMacwTaOHble sBJCHHA, HayH-
Hasi OT fIBJICHWH .HAa MOJIEKYJsPHOM YPOBHE M -KOHYas npo-
" leccaMH B JaJeKHX raJjakTHKaX. Bce Mexanuyeckue siBJIeHHA
B OKPYKalollleM HAC MaKPOCKONHYECKOM MHpPE€ ONpelessiorcs
MCKJIIOUUTENbHO TPABUTALMOHHBIMA M SJEKTPOMATHHTHBIMU
cusiaMd. ['paBUTalMOHHBIE CHJIBI ONHCBLIBAIOTCS HaHboJee mpo-
CTBLIMH KOJIHYECTBEHHBIMH 3aKOHOMEDHOCTAMHU, HO, HECMOTPs
Ha 3Ty NPOCTOTY, X MPOSIBJEHHS MOTYT ObITh BECbMa CJOXKHBI
U MHoOrooGpasuel, JIBH)KeHHE [UIaHeT U COYTHHKOB, MOJET
apTHJLICDUACKUX CHApsAOB, MJaBaHHE TeJ B KUAKOCTH — BO
BceX 3TUX SIBJEHMAX nOposBJAseTcss JAeficTBHE paBHTallHOH-
HBIX CHJI.

Ko/HyecTBeHAbIE 3aKOHOMEPHOCTH 3JEKTPOMAruHTHBIX CHA
ropasjJo CJa0XHee, a HX nposiB/eHHs ellle GoJiee pasHOOOPA3HEL.
KysonoBckoe anekTpocTaTuyeckoe B3aHMOAEHCTBHE 3apsiloB,
JefCTBHE MarHUTHOTO. MO/l Ha 3apsijbl U TOKH, YIPYIHe CHJIbI
B TBEPAbIX TeJlaX, BO3HHKAIOWME NPH HX dedopMallil, YIpyrHe
CHJ/Ibl B XKHMIKOCTIX H rasax, HaKOHEIl, CHJb! TPeHHs IIpH ABH-
KEHHH TeJl — BCEe 3TO NpOsiBJIeH s B3aUMOJENCTBHUIl 3/1€KTpO-
MATHUTHOH [DHPOABIL.

['paBHTaUMOHHOE B3aBMOACACTBHE OMNUCLIBAETCA 3aKOHOM
RCEMHPHOTO TSATOTEeHHsl,. OTKPLITHIM HuloToHOM. MaTepuanbibie
TOYKH NPUTSATHBAKTCA C CHJOH, MPOMOPILMOHAIBHOH MNpou3Be-
AEHHUIO WX Macc ¥ oOpaTHO MPOMOPLHOHANBHOH KBaApaTy pac-
CTOSIHHS MEXKAY HHMU:

F=y=pt. . (5.1)

KoshdHuneHT nponopioHaibHOCTH Y HOCHT HasBanhe TpabBu-
TALMOHHOW MOQTOSHHOM. DTa BeJHYHHA XapaKTepusyeT MHTEH-
CHBHOCTb TPaBUTALUOHHOTO B3aHMOJEHCTBHS Y SIBJASIETCS OJHON
H3 OCHOBHBIX (DM3MYECKHX KOHCTaHT. Ee yuc/aeHHOE 3HayeHue
3aBHCHT OT Bbifopa CHCTeMbl eAuHMU M B eaunuunax CH umeer
3HayeHue 6,673-10-* H -m¥/kr? (uau m3/(kr -c?)).

®opmyaa (5.1) maeT TONLKO BEIHUMHY CHJIBI NPUTSIKEHHS
TOYeyHLIX Tead. Ha camom 1esie ecTb ABe CUJBI: CHJA TSIMOTEHHS
JEHCTBYeT Ha KaxK[0e U3 B3aUMOJAEHCTBYIOUIMX Tell. 3TH CUJIbI
paBHbI IO Be/JHYHHE H MNPOTHBOMNOJOMKHBI [0 HANPaBJEHHIO B
NOJHOM COOTBETCTBHH € TpeThbUM 3akoHom HpioToHa. Ownu
llanpaeJeHbl  BJOJbL MNpPsIMOH, COEQUHSIOLEll MaTepHaJ/bHbIe
ToykH., TAKOro poia cu/bl HOCAT HAa3BaHHE UEHTPAJbHbIX,
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BeKTOpHOE BhIpaXkeHHe, Hanpumep, AJs cuJbl Fy,, ¢ KOTopoit
TeJIO C Maccoil m, AeACTBYeT Ha Teso ¢ maccoil my (puc. 5.1),
HMeeT BHJ

re—ry

F =vymm,——— .
12 =Yy P,

(5.2)

Ilpu ycTaHOBNEHHH 33KOHA BCEMHPHOIO TATOTeHHs HbioToH
HCXOAHJ H3 OTKpHITHIX KensepoMm Ha OCHOBaHHM aCTPOHOMH-
yeckHX HabmoaeHuil Tuxo Dpare 3akonoB ABUKeHHs TUIAHET
Coseynolt cucTembl. Tpu 3akona
Kemiepa raacsr:

. Tpaekropuu, 1o KOTOPLIM ABH- o F
KYTCs MUlaHeTbl, LPEACTaBJSIOT CO- 2 Fy
00l S/JIHIICH, B OAHOM 43 (OKYCOB
xotopbix Haxoautcs Cosnue.

2. Paauyc-BeKTOp NJaHeTHl OIlH-
CbiBaeT 34 paBHble BpeMeHa OJH-

Tz

Y

~

HaKOBble IJIOULAaJH. g

3. Jlas BceX mJaHeT OTHOWIEHHE pye. 5.1 [pasutannossioe
KBajJpata nepuoia o0pallenus K Ky0y  msaumogeiictsue Mare-
GosbLIOH TIOJTYOCH 3JVIHNITHYECKOH Op- PHANBLHBIX  TOYEK.

OHTBHI HMEET OJIHO W TO 2Ke 3Hauenpe.

OpO6HTE GOJIBIIHHCTBA IIJJaHeT MaJlo OTJIHUAIOTCsl OT KPYyro-
BbiX. st pocTOThl GyJeM CUHTaTb HX TOUHO KPYroshbiMH. JTO
He MpOTHBOpeYHT nepBomy sakony Kemnsepa, Tak kak oKpyx-
HOCTb IpeAcTaBJ/sierT coOOH YacTHBIR CJaydad 3JJMIca, Y KOTO-
poro ofa gokyca coBnafaior. CorjlacHo BTOpomy sakoHy Ken-
Jepa JABUKeHHE MJaHeThl N0 KPYIroBOH TPaeKTOPHU NPOHCXOIHT
¢ MOCTOSIHHOH MO BeJHYHHE CKOpocTbio. [1pH 3ToM TpeTu# 3a-
KoH Ken/epa NpuUBOAHT K TOMY, YTO OTHOILEHHE KBajpaTa ne-
puojaa obpamenusi T K -KyGy paanyca Kpyrosoll opOuTbl R
OJIHHAKOBO AJsI BCeX IJIaHeT:

Pl

% = const. (5.3)

HBuxyiascs no OKpy:KHOCTH C NOCTOSIHHOH CKOPOCTBbIO NJia-
HeTa 00/ajlaeT LEHTPOCTPEMHTENbHbIM YCKODEHHEeM, DPaBHbIM
4n2R/T?. Bocnoabayemcss S5THM OGCTOSITENLCTBOM, UTOOLI OIpe-
Je/ldTh CHJY, KOTOpasi CoofllaeT IlaHeTe TaKoe YyCKope-
Hue (nMpH BbMoJHeHHU ycaoBHs (D.3)). CorjacHo BTOpoMy
sakony IHbloToHa BesHuMHa YCKOpEHHA paBHa OTHOILEHHIO
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IEUCTBYIOIIEH HA IJIAHETY CHJBL K Macce IJIaHEThI}
4n? . .
¥R _F (5:4)

T T

Orciona ¢ yueroM (5.3) JI€rKO YCTaHOBHTb, KaK F 3aBHCHT oT
Macchl [JIaHETH H OT pajiuyca ee op6utel. ¥YmMHoKas (5.4) Ha -
R?, BUAUM, 4TO B JI€BOH 4acTH, coryacHo (5.3), CTOHT oauHa-
KoBas I/ BCeX IJIaHeT BeJIMYMHA. 3HAuuT, W NpaBas 4acTb,
paBHas FR*m, mnoctosnna. Ilostomy

. e
T. €. CuJa TATOTeHHs1 OoOpaTHO NpPOMNOPLHOHA/IbHA KBajpaTy
paccrosuus or CoJHI@ M NPONOPLHOHAJABHA Macce IJIaHETHL.
Ho CosHue u nsaneTa BEICTYNAKOT B MX B3aMMOJEHCTBUH Kak
paBHonpaBuuie Tesga. OHH OTJIHYANOTCA APYT OT ApYyra TOJBKO
BeJMMUHHOH Macc. M MocKoabKy cusla NpUTSKEeHUS NPONOpLyo-
HaJblia Macce IJIaHeTl 71, TO OHa JO/KHa GbITh MPONOPUHO-
HaneHa u Macce Cosnua M:

- mM
Te‘z— .

Beoas ko3hp(HUHEHT NpONOpLHOHAJBHOCTH Y, HE 3aBUCALLHIT
HH OT Mac¢ B3aUMOJEHCTBYIOLUUX TeJ, HH OT PacCTOSTHHS MEXTy
HHMH, NPHXONMM K q)op\ayne JJisl 3aKOHA BCEMHPHOTO TArore-

HUS (5 1).
- I'paBuranuoHHOe B3aUMOJEHCTBHE TeJ MOXKHO OINHUCHIBAT,
HCNOJB3YST MOHsATHE TPaBHTALMOHHOrO MNoJsi. HbloToHOBCKas
($OpPMYJIHPOBKA 3aKQHA BCEMHPHOIO TATOTEHHS COOTBETCTBYET
NpeACTaBJIEHHIO O HENIOCPEACTBEHHOM AeliCTBHH TeJ APYT Ha JpY-
ra Ha pacCTOSAHHH, 6e3 KaKoro Gl TO HH OLIIO Y4aCTHA Npome-
KYTOUHOH cpeipl. B coBpemenHOIl (U3lKe cUMTaeTCs, YTO Nepe-
Jada JoOHX B3aMMOASHCTBUH MEKAY TeJaMH OCYLIECTBJSETCS
NOCPEACTBOM CO3JaBaeMBIX 3STHMH TelaMu noJded. OpHO u3
TeJ HENOCPEACTBEHHO HE JeHCTBYeT Ha JAPYroe, OHO HaJessier
OKpy2Kalolee ero NpocTpaHCTBO OCOGHIMU CBOHCTBaMH — CO3-
JaeT TpaBHTAIHOHHOE MoJle, ocobyto MaTepuajlbHylo Cpeny,
KOTopas U BO3JIECTBYET Ha ApYroe TeJo. Ho nykakoit narisa-
HOll KapTUHBI NOJA JaTh HEBO3MOMKHO, MOCKOJBKY CaMO IOHS-
THE PH3HUECKOTO NOJIS OTHOCHTCS K UHUCJAY OCHOBHBIX NOHSITHIH,
KOTQphIE HEBO3MOXKHO oNpelesuTb 4epes JApyrue, 6ojee 0po-
_ CThI€ IOHATHA. MOKHO TO/ILKO ONIHCATL €ro cBolicTBa. OTMETHM,
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yT0 B paMKax MexaHMKH HeloToHa ofa mpejcTaBieHHsi — O
ZefiCTBHH TATOTEHHS Ha PACCTOSIHHU M O B3aUMOJENCTBHH uepe3
rpaBUTallHOHHOE M0Jle — MNPHBOAAT K OJMHAKOBLIM pe3yJibTa-
Tar H ABJAIOTCA OJAMHAKOBO JIOMYCTHMBIMH.

Cu/10BOH XapaKTepHUCTHKON TpaBUTALHOHHOTO IOJASl S5IB-
J151eTCs1 €T0 HaNPAXKEHHOCTL, H3MepsieMasi CUJIOH, AeficTBYIOLIeH
{4 MATepHaJbHYIO TOYKY eIMHWYHOH Macchl. [l rpaButa-
ILHCHHOFTO MO0JIA, CO03[aBaeMoro TodeuHo#l Maccoit M, Ha pac-
CTOSIHMM ¢ OT Hee Be/IHYMHA HAaNpSIKEHHOCTH g (r), COTJacHO
3aKOHY BCeMHpHOTo TsiroTenusi (b.1), paBHa

g =v3- * , (5.5)
M3 coobpaxeHuil CHMMETPHH SICHO, UTO MOJie TOUEUHOH MacChl
sipJIfeTcss cepHUYeCKH - CHMMETPHUHBIM, T. €. BEeKTOp Hamps-
JKeHHOCTH g B JI000H TOUKe HAamNpaBJeH K CHJIOBOMY HEHTDY, a
BCJIMUMHA €70 3aBHCHUT TOJILKO OT PacCTOSTHHS A0 LeHTpa.

. OnHIT NOKAa3bIBaET,  YTO FPABUTALMOHHLEIE [0JIST VIOBJET-
BOPSIIOT NMPUHUUNY cyNeprno3uuuu. COriacHO 3TOMY NPUHLHITY
rpaBMTALlHOHHOE [OJie, CO3JaBaeMoe KaKoH-1n6o Maccoil, He
3aBUCHT OT Ha/lHuMs JApPYrux Macc. HanpsixernocTb mnoud,
€03/1aBaeMOT0 HECKOJIbKHMH TeJaMM, paBHa BEKTOPHOH cyMMe
HanpsiKeHHOCTel NoJeH, co3JaBaeMblX STUMH TeslaMH B OTHEJb-
HOCTH. ’

IprHuMO cynepriosvilii Mo3BOJISAET PACCUHTHIBATH IPABH-
TallMOHHbIE MOJs, CO3JaBaeMble NPOTSKEHHBIMH TesamH. s
3TOFO HYKHO MBICJIEHHO Pa3buTb TesIo Ha OT//bHbIE 3JIE€MEHTH, _
KOTOpBEIE MOXKHO CUMTAThb MAaTepHANbHBIMHM TOYKAMH, W HaHTH
BEKTOPHYIO CYMMY ToJiefi, cosflaBaeMblX 3THMH 3JIeMEHTaMH.
Ilonb3ysich MPHHIUIOM CYNMepPHNO3HLHH, MOXKHO NOKAa3aTb, YTO
I'PaBUTALlMOHHOE TNOJe, CO3jaBaeMoe apoM co chepHuecKl
CHMMETPHUUHBIM paclpelie/ieHHeM Macchl, BHe 3TOro mapa HeoT-
JHYHMO OT 'PABHTALlMOHHOTO [10JIs] MaTepPHaJbHOM TOYKH TaKoiH
7€ Macchl, KaK M Ilap, TNoMelleHHO# B LeHTp luapa. [lokasa-
TEJBCTBO MNOJOGHOTO YTBepkK/ieHus OyjeT OaHO ‘B TJaBe
«JJIeKTpOCTATHKA» /ISl caydasi 3JeKTPOCTaTHUeCKOTro B3auMo-
JeficTBHA, IJle cija TaKxkKe yOuBaeT 06paTHO NPONOPLHOHAIbHO
KBajpaTy pacCTOSTHHS. ‘

Hcnonbays eme u Tperuil 3akon HbloToHa, HETPYAHO JHO-
KasaTb, UTO [IBa iapa co cdepHYecKH CHMMETPHYHBIM pacrpe-
JeJleHHeM MacC MPUTATHBAIOTCA APYT K APYTY TakuM 06pa3om,
Kak eciy Obl MX MAacchl ObLIM COCPEJOTOUEHH! B HX LEHTPaX..
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IlycTh nBa 1Wapa ¢ MaccaMM m; W m, NPHTATHBAIOT APYT ApYyra
¢ cuiamu Fi, u Fyy (puc. 5.2,a). Ecan 3aMeHUTh mepBbIA 1Wap
Toueynoli Maccoii m, (puc. 5.2, 6), To co3jaBaeMOe MM IpaBu-
TAllHOHHOE T0JIe B MeCTe pACTOJO0XKEHHs BTOPOro Iuapa kLe
H3MEHUTCH H, CJeNoBaTe/]bHO, He H3MEHHTCS cuia Fy, nei-
CTBylomlass Ha BTopofi map. Ha ocHOBaHMH TpPeTLErO 3aKOHA
HebloToHa OTClofa MOXKIIO
4 2 clelaTb BbIBOJ, 4TO BTO-
m ) po# wap aefcTBYeT C Of-
. z 3 IOk
Ty HOH U TOH xe cuHJof Fi,
KaK Ha nepBblii Wap, Tak
Fiz FZ/O J) W Ha 3aMEHAIUYIO €ro
My o~ < Ty )
MaTepHaJIbHYIO TOUKY 1.
E, Ey 3Ty Cuay JIerKo HaliTH,
m; o> | 0 /7, f#} yuuThIBasi, 4TO CO3JaBae-
" Puc. 5.2. K Bonpocy o IpaBHTAlHOHHOM MO€ BTOPEIM LIapOM T'pa-
B33HMOAEHCTBHH Teql €O ChepHYeCKH CHM- BMTAallHOHHOE noJie€ B TOM
MeTPHYHBIM pacnpejiesieHHeM Macc. MeCTe,D rape HaxoAHuTCd
NepBbIH 1Iap, HEOTJINYM-
MO OT MoJig TOYEYHOH MAacChl M1, TOMELEHHOH B ero UEeHTp
(puc. 5.2, 6). Taxum o0pasoM, CHIa TNpPUTAXKEHHA 1LIapoB
coBmajaeT C CHJIOH TIpUTHIKEHUs JBYX TOUEUHBIX Macc
My W my, PacCTOsiHUE MeXIYy KOTOPBIMH paBHO PacCTOSIHUIO
T MeXIY LEHTPaMH 11apoB.

Tenepp oueBHAHO, YTO HA HaXoJAsIeecs BOJIH3H TOBEPX-
HOCTU 3€eMJIH Tesio MacChl M JelCTBYeT cuia TsKectd G, Besu-
4YMHA KOTOpPOH BbIYUCJASETCS N0 (opMmyJe

mM

G=1% , (5.6)

rae M — macca 3eman, R — ee paguyc. Jas NpUMEHHMOCTH
dopmyanl (5.6) He obs3atenbho, YTOOH 3eMJsi TpeACTaB/sa
co0oli ONHOPORHBIN 11Ap,- AOCTATOUHO, UTOGHl pachHpelesenue
MacChl MOKHO ObLIO CYHTATb CPEPUUECKU CUMMETPHUHEIM, Ecau
TeJO JABHIKETCS TOJBKO MOJ NeHCTBUEM CHJbI Tsikectu &, T. e.
CBOOOJHO TajaeT, TO €ro YCKOpeHHe g, COrJacHO BTOPOMY 3a-
koHy HbioToHa, paBHO nNO BesguuuHE

g=m =y (5.7)

¥ HanpaBJieHo K LeHTpy 3emiHd. B To Ke caMoe Bpems npaBas
yacTb (5.7) naeT BeJWYUHY HANPSIKEHHOCTH FPaBUTALLUOHHOIO
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noJsi 3eMJsid y ee MoBepXHOCTH. HanpsixkeHHoCcTs rpaBHTallHOH-
HOTO MO0JISI U YCKODEHHe CBOOOAHOTO NajeHUSI B 3TOM MoJie —
5T0 OJHO H TO XKe. i

OcranoBuMcsi Tenepb Ha BoIpoce 00 3KCMepHMEeHTaNLIIoOM
onpefeseHHH TPaBHTAMOHHOH NocTosiHHON ¥y. Ilpexae Bcero
OTMETHM, YTO Y He MOXeT ObITb OnpejesieHa U3 acTPOHOMMUEC-
KUX Ha6mopenuit. JelcTBUTeNBHO, U3 HAGMIONEHHH 3a ABH:IKE-
HYMEM IJIaHeT MOXKHO HaHTH TOJBKO MPOU3BEAEHHE Tpashrta-
1MoHHON mnocrosinHofl Ha maccy Coanna. M3 nabmogenuit sa
JABHKeHHeM JIYHBl UJaM 3a CBOOOAHBIM INajeHHeM Tesl BO.iH3SH
3eM/JIM MOXHO HalfTH TOJNBKO NPOU3BEAEHUE TPABUTALHOHHOH
NOCTOSIHHON Ha Maccy 3emuu. IL1s1 onpenesienus y HeOOXOAHMO
HMeTb BO3MOXKHOCTb HE3aBUCHMO H3MEPUTH MacCy HCTOYHHKA
rpaBUTAIlUOHHOTO NOJs1. DTO MOXHO CAENATh TOJBKO B OILiTe,
NIPOBOJUMOM B J1a00PAaTOPHBIX YCJAOBUsIX. TaKoli ONBIT BlepEbie
6w BeinosineH ['enpu Kapenaumem B 1798 ropy ¢ NoMoOLiblc
KPYTH/BbHBIX BECOB, K KOHIIAM KOPOMBIC/JIa KOTOPHIX ObLIH lipH-
Kpemnsenbl He6o/blUMe CBUHIIOBBIE 1uapbl. Ha neGosbllom pac-
CTOAHUM OT HUX HENOABHKHO 3aKPEJISNHCH 00JbLIHE THAKeE/ble
wapel. Maccel BceX 1mapoB. ObliH U3BecTHRI. [lon AeficTBHEM cHA
NPUTSKEHUS MaJiblX 1UapoB K OOJBIUUM KOPOMBIC/JIO HEMHOIO
NOBOPAYHBAJIOCh, H MO 3aKPYUYHBAHUIO HUTH NOABECa H3Mep-
Jack cuja. B cBoux oneiTax KapeHAuiu moqyyusa smnadeli:: vy,
Bcero Ha 1% oTauyaroieecst OT NPUHSTOTO B HACTOSIIEE B,
B coBpeMennnix moauduranusx oneita Kapenauiia NpoH3Bo-
JUTCSI M3MepeHUe YCKOpeHuit, coolfLiaeMplX MaJ/blM LIapaMm Ha
KODOMEIC/IE TPaBUTAl{MOHHBIM MOJIEM TSIKeJblX LIAapoB, YTO
N03BOJISET TIOBBICUTH TOYHOCTH H3MEpPEHUH.

3Ha:ue IPABUTAlHOHHON TIOCTOSIHHOI NO3BOJISIET Onpcie-
JuTh Maccel 3emau, CoHI@ U APYTHX HCTOUHHKOB TATOTEHHSI
no HaBaIOAeHHsIM 32 JBHKEHHEM B CO3AaBaeMblX HMH T'DaBHTa-
LIMOHHBIX TIOJSIX.

OcHoBHOe (u3HyecKoe cojiepiKanHe OTKPeIToro HpioTonom
33KOHA BCEMHPHOTO TSITOTEHHsI COCTOHT B TOM, YTO CHJIa TPaBH-
TaiMOHHOTO B3aUMOJAEHCTBUST Tesl NPONOPILHOHAJNbHA HX MHEpT-
HBIM Maccam, T. €. MaccaM, GUTYPHPYIOLIHM BO BTOPOM 3aKoHe
HbeloToHa W onuchiBaoLUM HHEPTHBIE CBOHCTBA Tesl. Ho Huep-
IHST M CNoCOGHOCTh K TPaBHTAlMOHHBIM B3aHMOAEHCTBUAM
NPeACTaBAAIOT cOBOl COBEpIIEHHO pasHble CBOHCTBA MaTEPHH.
KosnuecTBernble Meph! 3THX CBOHCTB MOTJIH Obl H He ObITh OXH-
HakoBeIMH. B 3ToM c/ayuae norpeGoBanock Obl BBOAMTH [1Ba
NOHSITHS; HHEPTHOH MaccChl AJs ONHMCAHHA HHEPTHBIX CBOLCTB
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TeJl M TPaBHTALKOHHOM (MM TATOTEIOWeH) Macchl /151 ONHCARHUS
crocoGHOCTH Cc03JaBaTh rpaBHTaiMoHHOe noJse. CoBnajeHue
HHEePTHOH U IPaBHUTALHOHHOA MacC B HbIOTOHOBCKOH MeXaHHKe
He HMeeT Noj cofoi (PU3HYECKOH MpPHYMHBI M B 3TOM CMbBIC/E
ABJSIETCS CJAy4YafiHbIM. DTO HPOCTO IKCMEPHMEHTAIbHBIA (PaKT,
YCTAHOBJIEHHBIH C OYeHb BBICOKOH CTEMEHBIO TOYHOCTH. Pak-
THYECKH 3TOT pe3y/ibTaT CcoAepxkajcss yxe B YCTAHOBJCHHOM
TFanu/ieeM 3aKoHe O TOM, UTO BCE Tesla B OJHOM H TOM XK€ rpa-
BUTAIMOHHOM [OJI€ HaaloT ¢ OJHHAKOBEIM ycKoperHeM. OmnbiTh
Tajuies] HMeJNH HEBBHICOKYIO TOYHOCTb. B jajbHedmeM paBeti-
CTBO HHEPTHOH M- PaBUTAllHOHHOH MacC HEOJHOKPAaTHO IOJ-
TBEPKAA/10Ch CO BCE BO3PACTAIOIUEH TOYHOCTDIO B OMBITAX YUEHKIX
pasublx 3m0Xx — Hbtotona, beccensi, 2rtBema, JuKKe H,
HaKoHen, bparunckoro u IlaHoBa, KoTopble JOBE&JH OTHO-
CHTENIbHYIO TOYHOCTb H3MepeHHH 1o 10-2

PaBeHcYBO HHEPTHOH M rpaBHTAalMOHHOH MacC, HOCHBLUeCE
CJIyYalHHH XapakTep B KlacCH4YecKoil (U3HKE, JEKUT B OCHOBE
CO31aHHO# DHHIITEHHOM DPENATHBUCTCKOR TEOPHH TArOTCHHSA,
HaspiBaeMofi Takxke O0fIedl TeopHed OTHOCHTE/IbHOCTH.

§ 6. Tpenue. [IBuKeHHe C TpeHHeM. Yrnpyrue jedopmalu

[1posiB/ieHHs CUJT 2JE€KTPOMATHUTHONA NMPHPOJBI B OKpYXKato-
IleM Hac MHPE HacTOJIbKO MHOroo0pasHbl, YTO OhLJIO Gbl COBEp-
1eHHO Oe3HaAeKHO MBITATLCsl ONHCATh HX BCe €IHMHbiM ofpa-
30M. B nanbHefilieM npu H3yueHHH 3aKOHOB 3JCKTPOMArHeTH3-
Ma OGYAYT paccMOTDEHbl HEKOTOpble BMAb Takkx cuia. Iloxa
7K€ MBbl OTPaHUYHUMCS TOJIBKO CHJIaMH TPEHMS] H YOPYTHMH CH-
Jgamu. IIpH ONHMCaHHH 3THX CHJI MBI BOCHOJIb3YEMCST (:2HOMEHO-
JIOTHYECKHM MOJXOJ0M: HE BHHKAsl B HPUPOAY 3THX CHJI, BBIsiC-
HHUM YCJOBHS, IPH KOTOPBIX OHH MpPOSIBJAIOTCS, H, ONHPasAch
Ha OMNBIT, YCTAHOBHM HX KOJIHUECTBEHHbIE 3aKOHOMEDHOCTH.

«Cyxoe» TpeHHe BO3HHKAET HA MOBEPXHOCTAX COMPHKOCHD-
BeHHd TBepAbIX Tesl. PasnuuaioT Tpu BHAA TPEHHS MPH KOHTaKTe
TBEPAbIX Te/: TPEHHE HOKOSI, TPEHHE CKOJIbIKEHHS] H TpEeHHe
KayeHHus. Cusa TPEHHs CKOJIbXKEHHSs BCerja HanpaBJ/ieHa BJOJb.
MOBEPXHOCTH CONPHKOCHOBEHHSI TeJl HNPOTHBONOJIOKHO OT-
HOCHTE/IbHOH CKOpOCTH. BesnuyHHa ee CHJIBHO 3aBHCHT OT Xa-
pakTepa NoBepXHOCTeH, HX 06PabOTKH U CTENEHH YHCTOTHI.

Crporo rosops, cuja @, ¢ KOTOpOH OAHO TeIO JEHCTBYET
HA MOBEPXHOCTb APYToro, Hampap/ieHa [Oj HEKOTOPHM YIJOM
K NOBEPXHOCTH (puc. 6.1, Ha KOTOPOM TOYKA MPHJIONKEHH ST CHJIbE
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279 HArVIAAHOCTH PHCYHKA nepeHeceHa BHYTPb Tesa). OnHako
30 MHOTHX Cy4asiX 3Ty CHJAY yAoGHO paccMaTpuBaTh Kak JIBe
eIl cuay N, Hanpap/deHHYIO N0 HOPMAaJH K MOBEpXHOCTH
KoHTaKTa (CHJIa HODMaJBHOTO JABJACHHS, WJIH CHJIAa peaKIUH
GIOPBI), H CHJY TpeHus F,, HanpasJeHHYIO N0 KacaTeJbHOf.
¥ ac6eTBO 3aK/IOMAETCST B TOM, YTO' BETHYHMHBL 3THX COCTABJIAIO-
11X OfHOH CHJIBI @ NIDH TPEHUH IOKOSI H NIPH TPEHHH CKOJIbKE-
117 CBSISAHBl MEXAY CO00H yCTAHOBJIEHHBIM HA OMNBITE 32KOHOM.
KvioHa — AMOHTOHa:

Foy=pN. (6.1)

Koa(pHUHEHT TpeHHsl K, 3aBUCALMA OT pojia CONpUKaCalolHX-
€3 TOBePXHOCTeH, MOMXET HMETh DasHbIe 3HAUEHHUS /s TPeHHSA
CKOJIBXKEHHS] W TPEHHsl TIo- ———
kosl. Kax npaBuiio, U= ‘ _”f

=2l B ciyuae TpeHus no- : i
KOs, KOTJa CHJla TPEHHsT MO-
HET H3MEHATLCH OT HYJsA

J0 HEKOTOPOro MaKCuMaJb- v i/
HOTO 2HaueHHus, ¢opMmysa - e Fy
-(6.1) onpemenser Maxcu- T 77 L
MaJIbHYI0 ~BeJHUHHY. CHJIBI Puc. 6.1, JleficTBHe noBepXHOCTH Ha

Tpenus, ObpaTuM BHUMaHHE CKOMIB3ALIEE TIO HElr Teno.
Ha 70, 4TO KO3(P(pHLHEHT Tpe- _
HHS He MOXKET OLITh BHIUHCJIEH TEOPETHUECKH, a OTNIPe/Ie/ISeTCs K-
crepUMeHTa bHO. OnbIT noKaswiBaeT, UTo KO3(hGdULHEHT TPeHH S
34BHCHT OT MaTepHaJja TPYLUIUXCS HOBEPXHOCTEH H OT KavyecTBa
11X 06paboTKU U He 3aBHCHT OT IJIOLLAJH COTIPUKOCHOBEHHS TPY-
IHXCs noBepXHocTed. B TOM, YTO CHJ/la TPEHHsI He 3aBHCHT OT
VIO iH CONPHKOCHOBEHHS, MOXKHO YOEAUThCA Ha CJIeYIOmeM
NpocTeM onuiTe. KHpnuy HAYHHAET COCKAJb3bIBaTh ¢ HAKJIOH-
HOH ROCKHM TpH OXHOM H TOM K€ YrJie, He3aBHCHMO OT TOroO,
Kaxoil rpaHblo KHPNMY MOJOXKeH Ha JocKy. OOBYHO mpH He
CIHIIKOM GOBIUIHY CKOPOCTAX KO3(MOUILMEHT TPEHHS CKOJbKE-
HHS He 3aBHCHT OT OTHOCHTEJBHOH CKODOCTH TPYIIHXCA NMOBEpPX-
nocreit. CTporo roBopsi, CBOHCTBO HE3ABHCHMOCTH OT CKOPOCTH
BEPHO JHiIb TNPHOIUKEHHO, TaK KaK KO3(pQUIUHEHT TpeHHs
HE3HAYHTEJNBHO YMEHBIIAeTCsl C YBEJIHYeHHEM OTHOCHTEJbHOH
CKOpOCTH, a 3aTeM HayHHaeT Bo3pacTaTh. '
WutepecHo oTMeTHTH, YTO CHJIa TPEHHSI CKOJIBXKEHHsSI HA
caMOM fieJie He SIBJISeTCsl NOCTOSHHOM, a HCHBITHIBAET He(OJIb-
WHe cayyaiiHble KoJeGaHHsl OKOJIO CPEJHEro 3HayeHHs, onpe-
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nensemoro gopmyJoit (6.1). AMNINTYAa TaKHX KoseGaHMH 3a-
BHCHT OT 06paGOTKH CONpPHKAcCaWHUXCsl NOBEPXHOCTeH M, Ha-
pUMEpP, NPH CKOJbKEHHH OTHUIH(OBAaHHOTO aJIOMHHHEBOTO
Opycka 1Mo NOJHPOBAHHON CTaJIbHOH TOBEPXHOCTH He IPEBbI-
N » waer 0,5% or cpenHero 3HaueHHs
CHJIBI TPeHHS.

TIpounocTpupyem npumeHeHHe
F NIPHBEJIEHHBIX BBIIle 3aKOHOMEPHOC-
Fre a Tell TpeHHs Ha CJejyolleM MPOCTOM

T 7 pumepe. BoiscHuM, nop kakuM yr-
JIOM HYXKHO TAHYTb 3a BepeBKY Ts-

JKeJblit UMK AJIs TOTO, 4ToObI nepe-

JBUTATb €ro BOJOKOM IO TOPH30H-

I | TaJbHOH 1IEPOXOBATO# MOBEPXHOCTH

. C HaWMEHBIIHM YycHJHeM (puc. 6.2).

Puc. 6.2. Cunbt, RCTBY- B ppocrefimeM mpHGIHKEHHH GYJeM

oume Ha MCPEABHIACMBIA (g, UMK MaTepHaJbHO TOUKOH

BOJIOKOM fIIMHK. *

B aTOM CJo1yuae Bce CHIIBI IPUJIOXKEHBI B

OfHOH Touke. Kakue CHJBI AecTBYIOT Ha SIIMK, SICHO H3

puc. 6.2.

CunTaeM, yTo AWHK nepemelnaercs paBHOMepHO. TIpH 3ToM

paBHOZEiCTBYIOMAA BCeX NeHCTBYIONHMX Ha SIMK CHJI COTJIACHO
BTOpOMY 3akKOHY IHbloTOHA paBHa Hy.J10:

F+NYFy+G=0. (6.2)

$IcHO, uTO MpH mepeMelleHHH SIMKA C YCKOPEHHEM MpH-
JeTcsi TAHYTb 3a BePeBKY ¢ O0JbLIUM ycuIHeM. [lns Hceneno-
BaHHUsA COOTHOLIEHHA (6.2) cpoeKTHpYeM ero Ha BEepTHKAJbHOE
H TOPH30HTAaJbHOE HATNPaBJeHHS:

Fsina+N—G=0, (6.3)
Fcosoa—F ,=0. (6.4)

Hawa 3agaua — ucciiejoBaTh 3aBUCHMOCTD BETHUHHBI CHJIBI
F ot yrna . [lns 3Toro HeoOGXo MO HCKJIIOUHTD U3 ypaBHeHm‘i
(6.3) 1 (6.4) cuny peakuuu onopet N ¥ cuay tpenus F aK
KaK OHH TOXKe MEHSIOTCA NPH. H3MEHEHHH a.

J15s HaxoXKAeHHs BeJIMUMHBI CHJBI TPEHHSI CKOJbXKEHHd
Bocrosib3yemcsi 3aKoHoM Kymona — Amontona (6.1). Beipa-
Kas CHIIY peakKuHH onopw N M3 cooTHomeHus (6.3), nosayuaem

D0

p= R (G—Fsin a).
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TlesjcraHoBka 3Toro BripaskeHusi B (6.4) naer

— G
F(o)= cosa--usina

Yycautenb He 3aBHCHT OT ¢, I0TOMY cHaa F 6yjeT HauMeHb-
well, KOrja sHaMeHaTeJdb MakcumaseH. MTak, HaM HYXKHO
Haf#TH MaKCHMYM BBIpaXKeHHS

f(a)=cosa+psina. (6.5)

Ipoitie Bcero aTo caenathb, cBeas f (o) K OJHOH TPUrOHOMETpPH-
ueckoil yukuuu yraa o, O603HaUHB

p=tge —S““;’, (6.6)

H NpHBEJs NPaByio YacTb BbIpaxenus (6.5) K obuieMy 3HaMe-
HaTeJo, TMOJYYHM

.

cos (a——qa)
flo) =5

OtMmeTtuM, uTO 3aMmena (6.6) Bcerja BO3MOMXKHA, NOCKOJBKY
TaHreHC MOXKeT TNpPHHHMAaTh JIoObie 3HaueHHsi. Ternepb BHAHO,
uTO BeHYHHA f(0) MaKcHMaJbHa npH a=g¢=arctg n. Mmenno
NOJ TaKUM YIJIOM H CJeLYeT TSIHYTb 3a BEPEBKY.

ITOT e BONPOC MOXKHO PaccCMOTPeTb H C HECKOJbKO HHOHA
TOYKH 3peHust. Tlpexie Bcero 0TMeTHM, YTO (pOpMasbHO BBEJEH-
nast cooTHoireHHeM - (6.6) BelHUHHA ¢ BCJAeACTBHe 3akoHa Ky-
JoHa — AMOHTOHa HMeeT SICHBIH CMBICJA: 3TO ecTb YroJ, o6-
pasyemblii BEKTOPHOH CyMMOH CcHa N u F,, 1. e. cuioit Q,
C HOpMaJbHOH K NOBEPXHOCTH cHJoil peakuun N (puc. 6.3).
TlepenymeM ycJoOBHE paBHOMEpPHOIO JIBHKEHHsl simlHKa (6.2)
B BHJE

G+Q+F=0. , (6.7)

Iast orBera Ha nocTapjaeHHBIE BONpPOC yA0GHO HCCIEA0BATD
ypaBHeHHe (6.7) rpaduuecku. Ilpexze Bcero hnsobpasum Ha
yepTesKe H3BECTHYIO MO BEJHYHHE H HamnpaBjaeHHIo culy @
(puc. 6.4). Uto Kacaercsi ciaraeMoro @, To HaM 3apaHee H3-
BECTHO, KaK BHAHO H3 pHc. 6.3, JHlIb ero HampassieHue. Tlo-
3TOMY .Yepes KoHell BeKTopa G NpoOBOAHM NpSIMY0, COCTABJISIO-
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iy yroa gp=arctg p ¢ BepTukanbio. Ha stoft npsmoii Gylem
OTKJIaIbIBaTh CHJY ), COBMelLIasl ee HayaJo ¢ KOHLOM BEeKTOpa
G . Tlonoxenne KOHIA BeKTopa @Q noka HeussectHo. B coot-
BeTcTBHH ¢ (6.7) cuna F Ho/mKkHa 3aMblKaTb TPEYTrOJbHHK CHI,

axR W @
[ '
| \\
|
N
A
! >
A o
VZ 73
P
&
: - Y6
Puc, 6.3. O ¢usuueckom Puc. 6.4. T'paduueckoe neemeno-
CMBIC/I€ BENHYHHBl . Banue ypabHeHus (6.7).

T. €. COeAMHAITh KOHel, BekTopa @ ¢ HauasoM Bektopa G. Kak
BUJHO U3 pHC. 6.4, BennunHa cuJsel F 6yneT HauMeHbluefi, Korja
. €e HafpabJieHHe o6pasyeT NpPSIMOH Yroa ¢ HanpaBjleHHeM @,
T. € YroJ ¢ ¢ TOPHU30HTOM,

IlycTb Tenepb Tpe6yeTcst HAMTH HAUMEHBINYIO CHJY, COOG-
WAILLYI0 ALUKY 33JaHHOe YCKOpPEHHe (¢ 10 TOpH30HTaNH.
Torna ypaBhenue (6.7) mpHHHMaeT BHJ

G+Q+F===ma.

I'paduueckoe peienne Takoll 3ajaud MNOKaszaHo Ha puc. 6.5.
HHTepecHO OTMETHTL, UTO H B $TOM CJIydYae HampaB/eHHe CUJBL
F NepneHAHKYJ/SIPHO HANpPaBJEHHIO .Q M COCTaBJSET TOT Ke
camblit yroa ¢=arctg p ¢ ropusontom. OfHaKo NpH A0CTaTOY-
HO 6ONIBIIOM YCKOpeHHH @, Korja g/a<lp, NeprneHAuKyJsp,
ONYIIeHHBIH H3 KOHUA BEKTOpa mea, nepeceueT Hanpab/eHue Q
HHXKe KOHua BekTopa (, M, NOCKOJbKY Q He MOxKeT OLIThb ‘Ha-
npaB/ieHa BHH3, HaMMeHblasl o BeinuuHe cuaa F 3ambiKaer
TPeYToJIbHHK BekTopoB G # ma, T. e. Q=0. B stom cayuae
LUK NIPOCTO He CONPHKACAETCS] ¢ TOPH3OHTAJbHOH MNOBepX-
HOCTBLIO.

MoxHo paccMoTpeTh ci1yuail, KOrda SILHK TSHYT BBEPX 110
HAKJIOHHOH IJIOCKOCTH, W YOEAMTbCS, YTO H B 3TOM Ciyuae
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cusa F OyzeT HaHMeHblllel, ec/lu ee HanpaBJIeHHe NepneHauKy-
AsipHO cuje Q, T. e. o6pasyer yroa ¢p==arctg y He C TOPH30H-
TOM, @ C HaKJIOHHOH IJIOCKOCTLIO.

BeJiHunHy TpeHHS MOXKHO MEHSITb Pa3JIMUHBLIMH CNOCOGaMH.
Haubonee pacnpoCTpPaHEHHBIfI CNOCO6 yMEHBIICHHS TpeHHs
CKOJbXEHHSI — HUCIOJb30BaHHE

mna
cMmaskH. [Ipu sToM cyxoe TpeHHe
MEXJIY CKOJIB3SIHMH I[OBEPXHO-
CTSIMH 3aMEHSACTCS BSKUM TpPEHHU- F

€M, T. €. TPCHHEM MeXKJ1y B3aHMHO
IBUXKYIMMHCS TOHKHMH CJOAMH
xuakoctu. Ho 3To He enunct-
BEHHLIH Crnoco6 yMeHbIIaTb Tpe-
HHe CKOJIbKeHus. XOpolio H3Be-
CTHO, 4YTO 3aCTPAABUIHH B JOCKE
TBO3/Ib JIeT4e BLITSIHYTh, €CJH NPU
3TOM €T0 NOBOPauUBATh H3 CTOPO- ,
BB B CTOPOHY. B uem Tyr peno? Puc. 6.5. Tpaduuecxoe ncenc-
PaceMoTpuM onbIT, cXema Koro- ACBAHHE JBHMEMIA AlMKA ¢
YCKOpEHHEM a.
porg uzofpaesa Ha puc. 6.6.
Bpycok A JiexUT Ha TOpPH3OHTAJLHOH JIeHTe TpaHCIOpTepa.
IlpyxuHa K ynHep:kuBaeT ODYCOK OT NepeMelieHHSI BMECTE C
JICHTO TIpH ee pBHxkeHHU. Kakasi 6oxoBas cusa F Heo6xomuma
AJIsl TOTO, YTOOBI BEI3BATh NeEpPeMenieHHe GpyCcKa NOnepeK JeHTol
TpchnopTepa? OnwiT moxa-
3bIBAET, UTO 3Ta CUJIA IIpPH -
JBHXKYielcs neHTe Oyner
ropasjio MeEHbLIC, YeM MpH
HEMNoJBHKHOH, H TeM MeHb-
ule, yem ObICTpee JBHIKETCH
JleHTa. DTH pe3yJbTaThl Jer-
KO OOBSICHUTL C TNOMOULBIO
3aKOHa Cyx0ro Tpeuus.. Be-
JHYHHA  JCHCTBYIOWCH HA  pyc, 6.6. Bpycok na mswkymeiics
OpYCOK CHJIbI TpPEHUS IIpH JIEHTE TPaHCNopTepa. -
CKOJIbXKEeHUH OpycKa. OTHO-
CHTEJIHO JIGHTBl HEe 3aBHCHUT OT CKOPOCTH H paBHa Ipo-
u3BelleHHIO KoathduuHueHTa TPEHHsT P Ha Bec Opycka G,
Hanpasnena srta cuJla TNPOTHBONOJIOXHO CKOPOCTH OpycKa
OTHOCHTEJBHO JIeHThl. IlpH HemoaBUKHOH JeHTe GoKoBoe
CKoJibKeHHe GpycKa GyaeT NMPOUCXOAUTHL TOJIBKO TOTJa, KOTAA
Jeficryrowas cujia F e menbiie uG, [Tycrb Teneps JienTta Aph-
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JKeTCSl CO CKOPOCTBIO I Hanpaso, Toria OpYCOK OTHOCHTEIbHO
JICHTBI HMEET CKOPOCTh —, HATPaB/IEeHHYIO HajeBo. Ecau npu
3TOM noJ JelicTBUeM GOKOBOH cu/bl OGpYCOK mepemeniaercs
norepek JeHThl ¢ MOCTOSIHHOH CKOPOCTBIO ¥, TO €ro NoJHas
CKOPOCTh OTHOCHTE/JBHO JIEHTHl ¥; COCTABJIfAET YroJg o ¢ Ha-
TpaBJIEHHEM JABHKEHHsI JeHThl (puc. 6.7, @). Cusia TpeHHs H B

u

—_———

/)
| o

a) . )

‘Puc. 6.7. Cxopocte 6pycka ¥; OTHOCHTENBHO JEHTH TpaHcnoptepa (a) H
HanpaBJeHHe CHIblL Tpenus (6).

3TOM cJIydyae paBHa uG, HO Terepb OHA Hampas/eHa NPOTHBO-
TI0JI0’KHO BeKTOpy ¥, (puc. 6.7, 6). BekropHas cymma cujnl R,
JelicTByomlelf Ha OpYCOK €O CTOPOHBL MPYXKUHbI K, cuabnl F
U CHJbl Tpeniusl Fp, 1o BTopomy 3akoHy HbloTona paBHa HYyJlio,
TaK Kak Opycok JaBuxkeTcsl Ge3 yckopenus, Ilostomy

F=F,sina=pGsina, (6.8)
H cusa, Heobxoiumas [J/151 GOKOBOrO mNepemellleHUs OpycKa,
MeHbule UG U TeM MeHblle, YeM Mewblie ¢, Ecau ckopocthb
GOKOBOT'O CKOJIbIKEHHs 6pYCKa MHOTO MeHblile CKOPOCTH JIEHThi,
T. e. v&u, 1o tga=uv/ukl. Ilpu atom sinatga U dopmyJa
(6.8) npuuuMmaeT BHJ

Hrak, cuaa F, neobxoaumas A71s1 GOKOBOro nepemellenus 6pyc-
Ka, TMpPONOPIHOHANbHA €r0 CKOPOCTH NMPHU YCJAOBHH, YTO JeHTa
JBHXKeTCs ropasfio GbicTpee Gpycka. MejseHHOe mepeMelleHe
6pycka OyleT BhI3BIBATBCS CKOJIb YTOAHO MaJoH CHJIOH.
PaccMoTpenHEL MpUMep NMO3BOJIsIET YSICHUTL NPUYUHY 6OKO-
BOIO 3aHOca aBTOMOGMJ/ISI TPH PE3KOM TOPMOXMEHHH, Korjga
NPOUCXOJUT G6JIOKHPOBKA KoJlec H aBTOMOBHJIbL JABHIKETCHA H030M.
Tlpn kaueHHu Kosec 06€3 NPOCKAb3bIBAHUSI Kacaollascs
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JOPOrH YacTb KoJleca HEeNoJBHKHA, H, CeJ0BaTeNbHO, BO3MOXK-
HOMY OGOKOBOMY TMEPEMEIIEHUIO TNPEMNSTCTBYET TPEHUE TOKOS.
[Tpu 6J0KHPOBKe KOJleC HauUHHaeTcsl MPOCKaJb3biBAHHE KOJlec B
MECTe KOHTaKTa ¢ JOporoi, H, Kak B ciayuae 6pycKa Ha JIBHU-
KVLLEHCsl JieHTe TPaHCTopTepa, Jaxke HHUUTOXKHAs cuaa, Jei-
CTBYWOIIAsT B MOMEpPEYHOM HamnpasJjleHduH, OyJeT NMPUBOAUTEL K
6OKOBOMY TepeMellleHHI0 aBTOMOOUJIS.

PaccMoTpuM ellle ofHH TpHMep, TJie TPeHHe CKOJIbXKeHMA
nposiBisieT cebsi ¢ HEeOXMAAHHOH CTOPOHBI.

Beem mobutensM XokKes ¢ 1aii6oil, KOHEUHO, XOPOLIO H3-
BECTHO, UTO 1Uaiifa CKOMb3UT MO JbLY NO MPSAMOK JHHUH He3a-
BHCHMO OT TOTO, Bpalilaercs Iaiifa uiu Her. [TonpoGyem pa306-
partbcst, MOYEMYy 3TO TaK.

[Npexjie BCEro HamOMHHMM, UTO YCKOpeHHe LeHTpa Macc
(B ZaHHOM CJTyYae LleHTpa maiibbl) OnpefessieTcsi BeKTOPHOI CyM-
MOH BceX CHJI, NefiCTBYIOUMX Ha Tesl0, He3aBUCHMO OT TOrO,
rie oHH npumaoxersl. [Tofpo6Hee 0 3aKOHe IBHKEHHS LEHTpa
Macc MOXHO TNpOUYHTAThb B rJjaBe «3aKOHBl COXPAHEHUs B
MeXaHUKey, ,

Cuspl, ompenendioiine TPaeKTOPUIO LeHTpa maibbl,— 5T0
CUJIBI TPEHHUsI O Jel. [TocKoJIbKY Ha OmbITe Mbl BUAHM, UTO L@HTP
11aH0bl IBUKETCSl TPAMOJHHEHHO, TO paBHOAEHCTBYIOLIAsl BCeX
CHJI TpeHHs, JEHCTBYIOIIMX HA Da3/MUHbIe 3JEMEHTH IIaiObl,
JOKHA ObITh HampaBjeHa B CTOPOHY, MPOTHBOMOJIOXKHYIO
BEKTOPY CKOPOCTH IieHTpa aiibel. [Tokaxewm, uto 31O Oefict-
BHTEJIbHO TaX.

PaccmoTpM JBA OJHMHAKOBBIX 37deMeHTa wiaibel A u B
(puc. 6.8, a), pacrnoJOKEHHbIX CUMMETPHYHO OTHOCHTENbHO
JuameTpa Iai0bl, NEPNeHIHKYASIPHOTO K CKOPOCTH JABMXKEHH
umeHTpa v. Ha puc. 6.8, 6 mpuBeneHo NocTpoeHHe CKOpOCTel
37eMeHTOB A U B OTHOCUTENbHO MOBEPXHOCTH, TO KOTOPOH
CKOJIb3UT IlIaif0a: CKOPOCTb Ka)KJOro 3JeMeHTa IIafiObl paBHa
BEeKTOPHOH cyMMe JIMHEHHOH CKOPOCTU BPALEHUs STOrO aJeMexi-
TAa BOKPYr LEHTpa IIaifbbl M CKOPOCTH JBHKEHUs IIEHTpA.
H3 puc. 6.8, 6 sicHO, YTO CKOPOCTH 3JIEMEHTOB ¥, U ¥ g OTKJO-
HEHbl OT HamnpaBJieHHsl IBHKEHHUS LleHTPa 1ai6el ¢ B NPOTHBO-
MOJIOKHBIE CTOPOHBl HA OMMH U TOT xKe yroJa. MeficTByiomue
Ha 3TH 3JeMeHThbl cHJbl TpeHust F, u F paBHBI MO BeJHUHHe,
TaK Kak BblOpaHbl OJHHAKOBbIE MO TJIOMIAAH 3jeMeHThl A U B
W, C/IeIoBaTeIbHO, OAMHAKOBBI CHJIBL IABJIEHHS 3THX 3/1€MEHTOB
Ha TJIOCKOCThb. HanpabJjenusi cul F, H Fp NPOTHBONONOMXHb
BEKTOpaM ¥4 U Ty CKOPOCTeHl 3THX 3JeMEHTOB OTHOCHTENLHO
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m1ockocTd. Tlostomy cymma F,-F HanpaBiesa aHTHmapads-
JIEJIBHO @ (CYMMa COCTaBJISTIOIIEX CHJl TPeHHS, MepIeHRKYJIsP-
HBIX HaMNpaBJEHHI0 CKOPOCTH LEHTpa Iuaibbl ¥, paBHA HYJIO).
OyeBufiHO, uTO BCIO 1UA[6Yy MOXKHO pasGuTb Ha Takue Mmapul
3/eMEHTOB, W MO3TOMY pPaBHOAEACTBYIOWAST BCEX CHJ TPEHHS
HamnpapJeHa NPOTHBOMOJOXKHO CKOPOCTH WEHTpa Iuafibbl. DTa

Puc. 6.8. Toctpoenne BeKTOpoB ckopocTell ToueK, A H B ckoab3smen
~  Bpawaloumeficad WakiGhl.

CHJa TOJbKO YMEHBIIAeT-CKOPOCTb Iaibel, He H3MEeHAs ee
Hanpae/aerus. CiefoBaTelbHOo, HEHTp WAHGH JBHXKETCS MO
NPsIMOH JIMHUH.

OTMeTuM, YTC mNOJYYEHHBI pe3yJbTaT CHOpaBeiIUB st
J1060H 3aBHCHMOCTH BEJHYHMHEI CHJIBI TPEHHS OT CKOPOCTH, KGO
B pacCyxJCHHSIX HCMNOJb30BAJOCh TOJABKO TO, UTO- CHJIa TPEHHUS
HanpaBJeHa MpPOTHBOMNOJICKHO OTHOCHTEJNBHOH CKOPOCTH.

Tenepb Jerko cooGpa3uTh, UTO Bpaillawilasics maf6a npou-
JET 10 OCTAHOBKH GoJblliee paccTOsSTHHe, YeM HeBpaulaloiascs,
IpPH ONHOM M TOH K€ Ha4YaJbHOH CKOPOCTH LeHTpa. B camom
Jesie, B OTCYTCTBHE BpailleHHsl BCE CHJBI TPEHHS, AEHCTBYIOILIHE
Ha OTJeJbHbIE 3/1€MEHTH 1aH0bl, HaNpaBJeHbl B OJHY CTOPOHY
anTHNapa/ienbHo . [1pH BpaileHHH WalObl 3TH CHJIBI TPEHHUS
NpH MpPEKHUX abCOTIOTHBIX 3HAUCHHSIX HAMpPaBJACHBEI MO-pPas-
HOMY V51 pA3JIMUHBIX 3/J1€MEHTOB LIAHOH, U HX CYyMMa IO BeJIH-
YHHE MEHblle, UeM B NepBoM caydae. YeM cu/bpHee 3aKpyueHa
waiba, TeM JaJjblie OHAa CKOJB3UT!

O6paTiM BHHMaHUE Ha TG, UTO B MOCJEAHUX PACCyKACHUIX
HCIOMb30BA/IOCh MPEANOJIOKEHHE O HE3aBHCHMOCTH BeJHYHHBI
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CHJBI TPEHHUS CKOJbXKEHUS OT BeIHYUHBl OTHOCHUTEIbHON CKO-
POCTH, YTO -XODOLIO BBINOJHAETCS NPH CYXOM TpPEHHH.

Hrak, xoxkkefiHas wafiba CKOJIB3HT N0 JbLY MO MPSAMOM.
Hpyroe neio B ¢yrbose! Ilocne «pesaHoro» ynapa 3aKpyuyeH-
HBIH ¢YTOONBHHIR MSIY JIETHT 10 BeCbMa 3aMbIC/I0BAaTOR KPHUBOH,
Mi3MeHsIsl HalpabJeHHe JBUXKEHHMS Mo ropH3oHTalHd. Bee jeno
3/lecb, KOHEYHO, B CONPOTHUBJEHHH BO3AyXa, KOTOpoe IpH
CKOJIbZKEHUH XOKKeflHOH IIaii0bl NMpaKTHYECKH HHKAKOH POJIH
He urpaer, st oObsicHeHHs] HCKPHBJGHHOH B FOpPH30HTa/bHOM
HanpaeJIeHHH TPaeKTOPHH KPpy4eHoro GyTGoabHOr0 Ms4a HyXKHO
NPeJCTaBUTE cebe KapTHHY oOTeKaHHsl Bpallaioulerocs mapa
HaberammuM NOTOKOM Bosayxa. [losBiaeHue mnpu 3ToM «GOKO-
BOH» CHJIbl, BBISHIBANOIEH HCKPHBJIGHHE TPAEKTOPHH, HOCHT
Ha3BaHHe adperTa Marnyca. TlojgpoGHee 06 3ToM TOBOpPHTCS B
rjaaBe «/[BHXKEHHe XKHUAKOCTEH H Tas’oB».

B oTaHune OT cuJal TpeHus CKOJIbXKEHHs], BOSHUKAIOWMUX NpH
OTHOCHTEJILHOM JBUKEHUH TeJl, CUJBI YIIPYTOCTH ONpefedIoTCa
TOJIBKO B3aUMHBbIM DAacloJIOXKeHHeM B3aUMOAEHCTBYIOLMX TeJl
U BOSHHKAIOT NpH UX JedopManusx. s TBepAbIX Tesd pasfii-
4afoT ABa NpeJe/bHbIX c1ydas fedopMalHi: yIpyrue B IJacTH-
yeckue. Ec/ii nocsie npekpauenus BHEIIHETo BO3AEHCTBHS TeA0
NOJIHOCTBbIO BOCCTAHABJIMBA€T. CBOIO (OpPMY U 'pa3Mepbl, TO
Iedopmanus HaswiBaercss ynpyrofi. s ynpyroft gedopma-
LMY XaPaKTEPHO CYLIeCTBOBAHHE OJHO3HAYHON CBSI3H MeXIY
BeJIMYUHON JedopMalHH U BbidpBalouielt ee cusoff. OnbIT noka-
3LIBA€T, YTO NPH MaJablX YNPYrux JedopMalusX BeJHYHHA
JnedopMalil TPOIOPUHOHAIbHA BBISLIBAIOUIEH ee CcHje. ITO
yTBepKJAeHHE HOCHT Ha3BaHHe 3akoHa ['yka. Ilpu GosbLIHX
JeopMallUaX CBsSI3b MexAy AedopMallsMH B CHJIaMH TepecTaer
OLITb JIHHEHHOH, a 3aTeM W BooOOIEe CTAHOBHTCS HEOXHO3HAyY-
noit, T. e. JedopMalusa CTAHOBUTCA MJacTHueckoil. Ilpu sToM
TeNIO ocTaercss JeOPMHPOBAHHBEIM XOTS Obl YaCTHUHO H IOC/e
npeKpanieHus JAeHCTBHA BHEIIHHX CUJ. TakuM o6pasoM, sBJs-
€1¢s Jau JedopMalius YNPYTod WK IJIaCTHYECKOM, 3aBHCHT HE
TOJIBKO OT MaTepHaJ/a Teja, HO H OT BeJHUHHBl TPHJIONKEH-
HLIX CHJL.

Yrpyrue jJedopManiy HCMOJNL3YIOTCSA BCIOAY, HAuHHAs OT
PasJIHYHOTO THNA AMOPTH3AUMOHHBIX YCTPOHCTB H NPYXKHH H
KOHYas TOHYAHIIHMMH H3MepHTeIbHBIMM mpubopamu, Ha mia-
CTHYeCKOH JeOpMAlHA OCHOBAHBl pas/HuHblEe CTOCOGHI XOJI0J-
1ol  06paGOTKH MeTa/JIOB: IITAMNOBKA, KOBKAa, NpOKaTKa
H Ip. :
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OcranoBuMCS HECKOJIbKO NMoApoGHee Ha 3akone ['yka, omn-
ChIBAIOLLEM MaJible ynpyrue fedopMalMHi. DTOT 3aKOH ClpaBel-
JHMB AJIs PasiHuUHbIX BHAOB YIpYroil Aedopmaryu: pacTszke-
_HH$l, CxKaTHs, CABHra, KpyueHusi, usruba. Hanpumep, npn
pacTsaXeHHH CTEPXKHS ero YAJHHeHHe A/ NponopiuoHaAblio
npuJoxeHuol cuae F:

F=FAL . (6.9)

Benuunny % naswBalor KoapdHuuesTOM KecTkocTH.  Ilpu
JeopMallul KPYYeHHsl LMJAMHAPHUECKOIO CTepPKist WJAH [po-
BOJIOKH YroJ/ 3akpyuyHBaHMs A@ NPONOpLHOHAJ/CH Bpallaro-
{eMy MOMeHTY cua M:

M=fAg, (6.10)

rae [ HasbiBalOT MOAYJEM KpYYEeHHs.

Koaduinentsl £ 1 f B popmyaax (6.9) u (6.10) saBucaT kak
OT YyNnpyrux CBOHCTB MaTepHasa, Tak H OT pa3mMepoB AchopmH-
pYyeMbiX Tes, MOHO BBECTH IIOCTOSIHHbIE, XapaKTePH3YIOUWHE
yOpyrue CBOMCTBA MaTepHasa M He 3aBHCsiLiMe OT pasMepoB
tesa. [lJsi H30TpOIHOro BelllecTBa CYUIECTBYIOT AB€ He3aBHCH-
Mble XapaKTepHCTHKH YIOPYTUX CBOHCTB —— MOAYJb [OQura u
koapunnent Ilyaccona. Ilpowe Becero Mx BBeCTH Ha IIpHMepe
JedopmanMi NpocToro pactsekeHHs. llpun oAHopoAHoil Aegop-
MalUy NOA JelfiCTBHeM 3aAaHHON CHJbl F yIJIHHCHHE CTep¥KHsI
Al OpomnopUMOHANLHO ero MepBOHAuyalbHOH AJHHE [y, TGITOMY
OTHOCHTeNbHOE YyIJAuHenue Al/l, yxke He 3aBUCHT OT MJHHbLI
crepxus. Ho 3Ta BeAnuuHa eflle 3aBHCHT OT MONEPEYHOrO ce-
ueHHs1 cTepxkHf S.Ecan Xe BMeCTo Cu/bl F BBeCTH Hampsixe-
uue F/S, To npu 3ajaHuoM Halipsi2keHUH OTHOCHTENbHOE Y.JIH-
Hete yXKe He 3aBHCHT OT NONepeyHoro cedyeHusi, a ompeessi-
ercsi TOJbKO YHOPYTHMH CBOWCTBaMH MaTepHaJa:

£, 6.11)

Bennunna £ HasuiBaetcsi MoAyJem [Oura matepuada. lpu pac-
TSKEHHH CTEPKHS YMEHbLLUAIOTCSl ero NonepeyHble pasMepbl.
OTHOLIIEHHE * OTHOCHTE/bHOIO IMONEPEYHOTO CXKATHS CTEPXKHS
K €ro OTHOCHTEJIbHOMY NPOJCJBHOMY VIJIHHEHHIO HA3bIBAETCS
Koapduuuentom Ilyaccona.
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3AKOHbI COXPAHEHUSI B MEXAHUKE

§ 7. Umnyasc. JlpuxeHne ueHTpa macc. PeaktusHoe
JiBHKEHHE

Eciu H3BeCTHBl CHJBI, JAeHCTBYIOLIME HA MaTepHaJ/bHble
TOYKH, TO 3aKOHbI JHHAMHKH JAIOT BO3MOMKHOCTb NOJHOCTbIO
olpele/IiTh MeXaHHUeCKOoe TOBeJeHHe H3y4aeMOH CHCTEMBI.
IipumeHenne BToporo 3akoHa HploToHa K Kaxioi W3 maTepH-
#/ILHBIX TOYeK MO3BOJIAET HAHTH ee YCKOpeHHe B JaHHOM mMecTe
B JAHHBI MOMEHT BpeMEeHH W TeM CaMbiM MOCJe0BaTebHO, Liar
34 11aroM, NpociequTh ee ABHxKeHue. Ho yacro Takas perasnb-
nasi HHbopMallksl o JABHikeHHH OGpiBaeT He HY:kHA. Mrorna mac
UHTEPECYeT TOJNbKO KOHEUHOR COCTOSIHHE H3YYaeMOH CHUCTEeMb,
a ee IIPOMEKYTOUHBIE COCTOSIHHS, Yepes KOTOphble CHCTeMa IIpH-
XOIUT B KOHEYHOE COCTOsIHMe, He NpeACTaBJsIIOT HHTepeca.
[3 HeKOTOpPBIX CaydYasiX HAc BOOOLLe HHTEPECYET TOJIbKO [BHKE-
111ie CHCTeMBl K4K [eJ0ro, 4 He ABHIKEHHE OTHE/bHBIX YaCTHIL,
BXOASIIUX B cHcTemy. B nolo6HuIX cayyasix ObiCTpee BCEro K
HeJdH [PHBOAUT HE HENOCPEACTEEHHOE [IPUMEHEHHe 33KOHOB
[ibloTOHA, a HCHOJL3OBAHHE 34KOHOB COXpPaHEeHus.

K 3akony coxpamHeHusi MMIyJbca CHCTeMbI B3aHMOJEMHCT-
BYIOWHX YACTHIL JIETKO NPHIITH HENOCPEACTBEHHO H3 BTOPOro H
Tperpero 3akoHoB Hototona. CHibl, efCTBYIOULIHE HA KAMKAYIO
B3 1 BXOAALMX B CUCTEMY uacTHI, pa3ofbeM Ha ABE IPYIMbL:
SHEIIHHe W BHYyTpDeHHHe. BHyTpeHusis cuaa F;,— 370 cuJja,
¢ KOTOpO#l k-s1 uacTHIla JeficTBYeT Ha i-i0. BHemusisi cHJja
F; — 310 cus1a, C KOTOpO# JIeHCTBYIOT Ha {-t0 YACTHILY BCE TeJa,
lie BXOASiLIMe B COCTaB PaccMaTPHBAGMOH CHCTEMBI.

3aKOH H3MEHEHHS HMIyJ/ibca p, i-if YacTHUbl HMeeT BHJI

dp,' n .
F:F,+kZFl-k, i=1,2,3,...,n (7.1

I'lo/IHBIM HMIYJ/IBCOM CHCTEMBl YacTHIL P Ha3bIBAeTCsl BEKTOPHAs
CyMMa MMIYJ/bCOB OTAEJIbHBIX YACTHIL B OAHH H TOT K€ MOMEHT
LpeMeHH:

P:Zpi. (7.2)

CnoxuM nouseHHO ypaBHeHusi (7.1) mns Bcex yactuu. Torza
B JIeBOW 4acTH, KaK BUAHO W3 (7.2), mONYYHM CKOPOCTb H3Me-
Lenua NoAHOro HMNy/abca cucTeMbt d P/d. IlockonbKy BHYTpeH-
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HHE CHJIHI B3aHMOJeHCTBHA Mexay uyacTuuamu F;, YIOBJETBO-
pAT TpetbeMy 3akoHy HbioToHa

Fik="‘Fkir

TO NIPH CJIOKEHHH B [IpaBOH 4acTH, rI¢ BHYTPeHHHE CHJIbI Oy 1y T
BCTpeuarbCsi mapamH, HX cymMMa oGpaTHTCS B HY./b. B pesy/b-
TaTe IOJY4HM

§$=ZF,.Y | (7.3)

CKopocTb H3MeHeHHsI MOJIHOTO HMITYJ/IbCa CHCTEMBl OMpere/is-
€TCsl CYMMOH BHENIHHX CHJI, JEHCTBYIOIIHX Ha BCe YACTHILBI.
O6paTuM BHHMaHHE Ha TO, YTO pPaBeHCTBO (7.3) HMeeT TaKoH ke
BHJ, KaK H 3aKOH H3MEHEeHHS HMITyJ/bca OJHOH MaTepHajlbHOH
TOUKH, NPHUYEM B NPABYIO YaCTb BXOJAT TOJLKO BHEIIHHE CHJIBL.
B 3amkHyTOl cHCTeMe, T[e BHEIIHHe CHJBbl OTCYTCTBYIOT, IOJ-
HbIA HMIYJbc P CHCTEMbl He MEHSeTCsl, He3aBHCHMO OT TOro,
KakHe BHYTpPeHHHe CHJIb JeHCTBYIOT MEXKJY YacCTHILAMH.

IMo/HBIH HMITYJIBC HE MEHSIETCS H B TOM cJayuvae, Korja aefl-
CTBYIOLIHE Ha CHCTEMY BHeIIHHe CHJbl ypaBHOBelleHbl. Moxer
0Ka3aThCH, -UTO BHEIIHHE CHJbl YPaBHOBEILUEHL! TOJIbKO BJOJb
KaKOro-TO Hanpas/eHHs. XOTsl CHCTeMa B 3TOM c/ydae H He
| ABJdercd 3aMKHYTOH, COCTaBJAWINASA « MOJHOTO HMITYJbCa
BJIO/b 3TOTO HampaB/eHHs, Kak BuAHO H3 Qopmyas (7.3),
OCTaeTCsl HeH3MeHHOH. h

YpaBseHue (7.3) XxapakTepH3yeT CHCTEMY B LI€JI0M, HO IIO-
TIPEKHEMY OTHOCHTCS K ONpENEeJEHHOMY MOMEHTY BpEMEHH.
HerpyaHo BHmOH3MEHHTb 3TO COOTHOIIEHHE TakKHM 00pasoM,
4yTOOLl TMOJYYHTb 3aKOH H3MEHEeHHs HMIY/bCa, CHCTEMbl 3a
HEKOTOPLIH mpoMexxyTok BpeMmeHH. IlycTb jeficTBymolllHe Ha
BXOJfILIHE . B CHCTEMY YaCTHIbl BHEIIHHE CHJ/IbI HEH3MEHHbI B
TeueHHE npomexkyTka Bpemenu Af. Torna (7.3) Mo:KHO mepemu-
catb B BHJE

AP=F,At. (7.4)

Bennunna F;At{ HOCHT Ha3BaHHe HMIYyJ/bca cHabl F;. HM3mene-.
HHE HMIIYJbCa CHCTEMbl paBHo CYMMapHOMY HMIYJbCY BHeI- |
HHX CHJI.

CootHomlenue (7.4) MO3BoOJAET ONPEIEIHTL H3MEHEHHe HM-
My/JbCca CHCTEMbl 32 KOHEYHBIH IPOMEXKYTOK BPEMEHH, €CJH
BHEIIIHHE CHJIB MOCTOSIHHHI, EC/IH <K€ BHEUIHHE CHJbl H3MeHs-
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10TCA, TO MOXKHO Das0HTb MPOMEXKYTOK BpeMEHH Ha TaKHe Ma-
Jble 4acTH, YTOOB! CHJIBI B Tpelenax Kaxkuoll 4aCTH MOXHO
5Bl10 CUHTATh TOCTOSIHHBIMH, K Kaxknofl TaKOH 4aCTH MpHMe-
HuTh (7.4) U NPOCYMMHPOBATD 10 BCEMY NMPOMEKYTKY BPEMEHH.
3aKoH H3MeHEHHsl UMMyJabca CHCTeMBbl (7.3) MO CYLIECTBY

1IpeJCTaBAsET COOO0I 3aKOH ABHKEHH A HEHTPa MacC (MJIH HEHTPa
WHEPUHH) CHCTEMBI, ONpeAe/IsseMOro CJAeAYIOUMM 06pa3oM:
UEHTP MacC — 3TO TOYKa, PajauyC-BeKTOp KOTOpOll #, laercs
Bhip 22KEHHEM:

2 miri : .

i

‘,‘:: Zm,- !
[3

TAe #; — PajHyc-BeKTOp wacTuiel ¢ Maccofl m;. CKopocThb
ueHtpa Macc 9,=dr /dt cornacHo (7.5) paBHa

2 myo;
2”’:

B uyHcauTese mpaBofl 4acTH 3TOrO BhIPAXKEHHS CTOUT MOJHLIH
UMIIYJbC CHCTEMBI P, a B 3HaMeHaTesie — MoJHas Macca M.
TlosToMy HMNyJbC -CHCTEMBI 4YaCTHIl paBeH [IPOU3BENECHHIO
MacChl CHUCTEMBI Ha CKOpOCTb €€ LeHTpa Macc:

(7.5)

(7.6)

P=2mo,=Mo,. (7.7)
Orcrona
dP _ ppdve
=M o (7.8)

T. €. CKOPOCTb H3MEHEHHs UMIy/bCa CHCTEMBI PaBHA MPOH3BE-
ISNMI0 ee MacChl HAa YCKOpeHHe IeHTpa = Macc. CpaBHHBaH
(7.8) ¢ (7.3), BupuM, 4TO

ML Z F,. (7.9)

Coraacuo (7. 9) UEHTP Macc CHCTEMbl IBHKETCS TakK, KakK IBH-
Talach Obl MaTepUanbHas Toyka Macchl M mog AeficTBHEM CHJIBI,
paBHoll cyMMe BCEX BHEILHHMX CHJ, NeHCTBYIOWMX Ha BXOHAALLHE
B cucTteMy 4YacTHUbl, B wyacTHoCTH, HEHTP Macc 3aMKHYTOf
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CHCTEMbl JBHMKETCSI PAaBHOMEPHO U NPAMOMHHEHHO HJM TOKO-
HTCSH.

BHyTpeHHHe cuabl, AefiCTBYIOLIHE B paccMaTpHBaeMoOH Ci-
cTeMe, He BXOAAT B ypapHeHue (7.9), onpefensiouee yckopeHne
LeHTpa MacC. 3HAuUUT JM 5TO, UTO BHYTpPEHHME CHJEL BOOGLL2
HUKaK He BJHSIOT Ha [BMXKEHHe LEeHTpa Macc? B orcyTeTBie
BHELIHHX CHJ 3TO A€HCTBUTENBHO TaK. EEC/AH Ke BHEIIHHE CHJILI
IEACTBYIOT, TO JEJ0 MOXKET OCCTOATb HECKOJbKO CJIOMKHEE.
BHeluinue cuiabl AeilCTBYIOT He Ha LEHTP Macc, a Ha OTHeJbHEe
YACTHIBl CHCTEMbl. BHeLIHHe CHJbl MOTYT 3aBHCETb OT MOJO-
JKEHHUS YacTHIl, a MOJIOKEHHE KaxAOH YacTHlbl MPH €e JBili:e-
HHU OMNpeIescTCs BCCMH JEHCTBYIOIIMMH Ha HCE CHJAaMH, Kak
BHELIHUMH, TaK U BHYTPeHHHMH. [lodcHHUM 3T0 Ha ciaemyloLieM
npoctom npumepe. [lycTh 3apskenHas dacTHIA IBHXCETCA B
OJJHOPOJHOM 3JIEKTPHUUECKOM [10J€ TJOCKOTO KOHJAeHCAaTopa.
IlpencraBoTe cede, YTO B HEKOTOPHIH MOMEHT HACTHIA «B3Pbi-
BaeTcs» Mnoj ACHCTBHEM KaKHX-TO BHYTPEHHHX CHJI. Ecau npu
3TOM BCE OCKOJIKH OCTaHYTCs BHYTPH KOHJEHCaTopa, TO OCTa-
He'Tcs 6e3 H3MeHeHHs NoJHasg BHEWHSAS CHJAA H, CJEN0BaTe]bHO,
YCKOpEeHHE LEeHTPa Macc Tocje B3pblBa OCTAHETCS TaKHM e,
KakK U JI0 B3pbiBa. Ecau Xe XOTb OfMH 3apsKeHHbIH OCKOJOK
OKa:KeTCsl 3a NpelesaMd KOHIEHCATOpa, TIe BHEIliHee 3J1eKTPH-
YeCKoe [MoJie OTCYTCTBYeT, TO TNOJHAs CUJa HU3MEHHUTCA H,
cJleJloBaTe/IbHO, H3MEHUTCS YCKOpeHHe [IeHTPa Macc BCeX OCKO.1-
KOB. Mrak, neficTBHe BHYTPEHHHX CHJ B MOMEHT B3PbIBA MOXKET
NpPUBECTH K U3MEHEHHIO YCKOPEHHs LEHTpa Macc.

3aKOH COXpaHeHUs HMNYJbCa 3aMKHYTOH CHCTEMBI II03BO-
JsieT JIeTKO OOBSACHWTE NPUHUHI PEAKTHBHOTO JBHHKEHHS.
Ilpn cropaHun TOIJIMBA TOBbILIAETCA TeMmepatypa U co3ia-
eTCsl BBICOKOE JaBjeHHe, 01arofaps uemy NponyKThl CropaHss
¢ 0OJbLIOH CKOPOCTbIO BBIPBLIBAIOTCH H3 ComJa JBUrare/is pa-
KeTbl. B oTCyTCTBHE BHEIWIHHX NoJeH NOJHbIH HMIYJIbC paKeTsl
H BbIJIETAIOIIUX H3 CONJa rasoB OCTAeTcs HeH3MeHHbIM. [Tostomy
NPH HUCTEYEHHH Ta30B pakera npHoOpeTaer CKOpoCTb B Npo-
THBONOJIOKHOM HarnpaBJeHHH.

[lonyuum ypaBHeHHe, ONHCHIBAIOLIEE [BHKEHHE pAaKeThl,
[IycTb B HEKOTODBIA MOMEHT BPEMEHH PaKeTa B KaKoH-TO HHep-
[IHaJbHON CHCTEME OTCueTa MMeeT CKOpocTh . BBenem npyryio
HHEPLHAIbHYIO CHCTEMY OTCYE€Ta, B KOTOPOH B J1aHHbIH MOMEHT
BPEMEHH PAaKeTa HENoOJABMIKHA. Ecau JBHTaTe/Nb paKerhl paéo-
Ta€T M .33 NPOMEXYTOK BpeMeHH Af BhlfpacbiBaeT rasbl Maccoi
Am, CO CKOPOCTBIO ., OTHOCHUTEJBHO pakKersl, TO cnycra At
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CKOPOCTb paKeTbl B 3ToH cucreMe OyAeT OTJIMYHA OT HyJsd H
paBHa Av. TlpuMeHuM K paCcCMaTPUBAeMOH CHCTEMEe pakera
IJIOC Tasbl 3aKOH COXPAHEHUs MMOyJabca. B HauadbHbell Mo-
MEHT paKera U rasbl MOKOATCS B BLIOPAHHOH CUCTEME, MO3TOMY
NOJHBIA HMNYJbC paBed Hymo. Crmyctd Af HMOYJBC PaKeThl
paBeH m Av, a HUMIYJbC Bblépomeﬂﬂblx rasoB Am,w
[103TOMY '

ofTH?Y

m A+ Amaw,,=0. (7.10)

HosHaa Macca CHCTeMBbl COXpaHsSieTCs, NMO3TOMY Macca BhIGpo-
IEHHBIX ['a30B paBHA yOBLIU MacChl PaKeThl:

Am, 4 Am=0.

Tenepy ypaBHenue (7.10) mocsie jeeHusi Ha MPOMEXKYTOK Bpe-
Menu  Af TmepenuchiBaeTcs B BHJE
Ag Am

m A Vot Ar

[lepexons k npexeay rpu Af—0, nosyuyaem ypaBHeHHE ABHIKE-
[HA Tela MEePeMEeHHOH Macchl B OTCYTCTBHE BHEIIHUX CIHJ:

dm

mi = v, (7.11)

dit
Vpaeuenue (7.11) umeer Bup BrOporo 3akoua Hutotona. Ogn-
HaKO MacCa PakeTbl M 37eChb HE NOCTOsHHA, a YOLIBAeT co Bhe-
MEeHeM H3-3a TOoTepH BeliecTBa, nostoMy dm/dt<<0. Tlpasyio
12CTh 3TOrO YPAaBHEHHA MOXHO paCcCMaTPUBATh KaK PEeaKTHB-
HYIO CHJIY, T. €. CHJly, C KOTOpOH AeIICTBYIOT Ha pakery BElIe-
Talollue U3 Hee Tasbl.

Ypasuenue (7.11) nonyueno B onpejeseHHoOl HHEPLHANBHOR
CHCTEME OTCYETA, HO, Pa3yMeeTCsl, BC/IEJCTBHE NIPHHIMINA OTHO-
CUTEJLHOCTH OHO CNPaBEAJHBO H B moéou Apyrofl MHEpIHA/b-
HOH CHCTEME OTCUeTa.

Ecnu KpoMme peakTHBHOH cuuilpl HA pakery AeHCTBYIOT H
JAPYTHe BHELUHHE CHJBl, TO HX CJedyeT J0GaBUTHL B NPaBYio
yactb ypaBHeHus (7.11). 310 ypapHenue BrepBbie GBLIO MOAY-
yeHO MeIepcKUM U HOCHUT €ro HMBH :

Ilyctb pakera HaxoauTCs B CBOOOJHOM NMPOCTPAHCTBE, THE
Ha Hee He JACHCTBYIOT BHEIIHWE CHJbt. Ilocse BKJOYEHHS ABH-
rareist paKera HaGHpPaeT CKOpPOCTh, ABUrasAch Mo Np AMOH JHHHH.
CrnpoekTHpOBaB BEKTOpHOe ypaBHeHHe (7.11) Ha HampaBieHue
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JBHUXKEHHU ST paketTol, MNOJYYUM

dv dm
mmz _Uo'm'&?' (712)
ITo mepe paGoThl ABHTraTe/]st Macca PaKeTbl YMEHbLUAETCH.
Bynem B ypaBuenuu (7.12) paccmarpuBaTh Maccy pakeThl Kak
¢yHkuMi0 HabpaHHOH pakeroii ckopocrd. Torma ckopoctb

H3MEHEHUST MaCCbl MO2KHO Hpe}.'LCTaBI/ITb CIeAYomUM 06p330M§
dm dm dv

T dodt’ (7.13)
HNoxcrasasis (7.13) B ypaBueHue (7.12), nomyuum
' Codm Lo, (7.14)

Ilpennono:xum, YT0 CKOPOCTb HCTEUEHHSs ra3oB U,,, HEU3MEHHA,

4td JOBOJIBHO TOUHO COGJIOJAeTcsl B COBPEMEHHBIX pakerax.

B sTOM cayuae ypaBHenue (7.14) mo3BossieT Jerko HaliTH Maccy

pakersl Kak (YHKUMIO CKOpocTH. B camoM fene, coryacHo

(7.14) npousBogHas uckoMol GyHKUUU dm/dy TpONoOpUUOHAb-

Ha camoif ¢yHKuuu m. M3 xypca MareMaTHKd H3BECTHO, 4TO

T2KHM CBOHCTBOM 00/12J1a€T TOJNbKO 3KCNOHEHLUAIbHAS (byHK-

oust. Tlostomy peitienue ypaBHenust (7.14) npu TNQCTOSTHHOH
CKOPOCTH HKCTEUEHUS U,,, UMEET BUJ

v
m=~Cexp (——-—) (7.15)
UYorn :
3nauenue moctossHHOH C Onpele/sieTcsi W3 HauaJbHOTO YyCJo-
BUs: mpu v=0 Macca pakerbl paBHa HauaJbHON Macce m,. M3
(7.15) npu v=0 nmonyuaem C=m,. Takum ofpasom, macca pa-

KeTbl /1 B TOT MOMEHT, KOIJa €e CKOpOCTb paBHa U, Jaercsl
dopmy.ioit

m=rm,exp (— (7.16)

Uorn/ '
KOTOpasi HasbiBaeTcsi ¢opMy.oil 1l1oaxoBcKoro.
dopmysa I[IHONKOBCKOrO MNO3BOJISIET PpaccuuTaTh 3arnac
TONJIHBA, KOTOPbIH HEOGXOIHUM JJs1 COOGLIEHHS] PaKeTe ompe-
IeseHHON KoHeyHoill ckopoctu v. CorsacHo (7.16) oTHoweHue
HavaJbHOH MacChl pakeThl #1, K €€ KOHEUHOH Macce m paBHO
exp (V/v,,) ¥ 6yler TeM MeHblue, ueM O6oJblle CKOPOCTb |
HCTEUEHHS Ta30B U,,,. DB COBDEMEHHBIX paKeTax Ha XUMHU- .
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4eCKOM TOIJIHBE CKOPOCTb Fa30BOH CTPYH COCTaBAsieT 3—
4,5 xu/c. JlonycTuM, UTO pakeTe HeOGXOJIMMO COOGWMTbL mep-
BYiO KOCMHUYECKYI0 CKODOCThb, T. €. TaKylo CKOPOCTb, IPH KOTO-
pOil OHAa MOJKeT CTaTb COYTHHKOM 3em/H. Dra CKOpPOCTb MNpH-
ATu3uTebHO paBHa 8 kM/c. TIpH CKOPOCTH HCTEUEHHS Uy, =

2 kM/c dopmyna Llnonkosckoro jaer m,/m=54,6, T. e.
pAKTHYeCKH BCS HauasibHasi MacCa pakeThl NPHUXOAMTCSA Ha
ronauBo. IIpH  u,,,=4 KM/C OTHOLIEHHE Me/m COCTaBJACT
74, HO H B 3TOM CJydYae 3amnac TONJIHBA Me—m JOMKEH
1iDEBOCXOINTL MAaccy KOCMHUECKOro Kopab/st # B HECKOJb-
KO pas.

TexHuueckHe TPYJAHOCTH, CBf3AHHBIE C JOCTHKEHHEM Koc-
MHYECKHX CKOPOCTeH, mpeofoseBaloTCsl ¢ NOMOLIbI0 MHOFOCTY-
NewyarTblX paker, ujpest Koropulx npuuanexur K. 3. Lluoa-

~KOBCKOMY. Koria MaccHBHasi mepBasi CTYNEHb DaKeTbl HCYep-
naeT 3amac TONJIHBA, OHa OTAesasiercs JJs TOro, 4toGbl He

NPHXOJMIOCH PA3rOHATDL Ja/bliie- yKe HCHYKHbe NmycTble 6aKy
113-110]] FOpioyero 1 orpaGoTaBliye ABHraTeau. Bropas cryneHb
Ao0aBjisieT K paHee JOCTUFHYTOH CKOPOCTH e€lle HEeKOTOPYIO
CHOPOCTb, a 3aTeM OTjAe/]siercd, U T. 1.

sl MeXK3Be3JHbIX TOJETOB KOCMHUECKHX Kopabjel Heo6-
XOJMMbl 3HAUHTEJbHO 60ablLiHe CKOpPOcTH. DaMKafiline K Ham
3B€3Bl HAXOASTCS HAa pPACCTOSITHHH OKOJMO 4 CBETOBBIX JI€T,
1109TOMY /sl SKCOEJHIHH TNpHEMJIEMOH MPOAOMKUTEIbHOCTH
11c06XOJHUMBL CKODOCTH He MeHblle 0,1 ckopoctu cera. Pop-
mMyqa llHonKOBCKOro mokasbiBaer, 4To /ISl JOCTHKEHHS TAKHX
CKOpOCTeli paKeThl Ha XHMHYECKOM ‘TOMJHBe aGCoMOTHO He-
upHrofxbl. Ec/u faxe 10nycTHTD, UYTO CKOPOCTb FA30BOH CTPYH
Uy, cocTaBasieT 10 kM/c, To npu v=0,lc OTHOLIEHHE H/m
papHO €302 1013, [Ipu moJie3aHOH Macce /71 BCEro JHIIb B OJHY
TO:HY CTAPTOBAS Macca pakeThl JOJKHA COCTaBAATh 10130° TOHH.
Ora BelMUMHA NPEBOCXOJHT BCsiKoe BooGpaxenue. [lnsi cpas-
HCHHUSA yxa;xe'vx uyto Macca Hauei ['anaKTHKH paBHa ¢BCero
JAutrby 3-10% TOoHH.

§ 8. PaGora. 3akoH coxpaHeHMA 3HepPTMH B MeXaHHKe

Hapsany ¢ BpeMeHHOH XapaKTepHCTHKOH JeHCTBHS CHJIbI —
ee HMNY/JAbCOM, PACCMaTPHBAOT MPOCTPAHCTBEHHYIO XapakTe-
PUCTHKY JIeHCTBHA  CHJBI — paboTy. Pafota AA cwim F
NpH nepeMelieHH: Teald, K KOTOPOMY OHA NpPHJOXKeHa, paB-
Ha CKaJsIpHOMY TMpPOM3BeleHHI0 CHUAu F Ha 3JemeHTapHOe
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nepemelienHe Ar TOUKH €€ MPHJIOKEHHS:
AA=FAr=F Arcosa, 8.n

[he o — yroJ. MexAy HanpabienusiMu F u Ar. Ecau Ba teno
JefiCTBYyeT cpa3y HeCKOJbKO CHJI, TO paboTa BEKTOPHOH CyMMBI
3THX CHJ paBHa Cymme paGoT OTAeNBHBIX CHJ.

Pa6oTa Bcex cuJs, AeHCTBYIONIMX Ha MaTepHa/lbHYIO TOUKY,
OlnpefiesisieT H3MEHEHHe ee KHHeTHueekoii sHeprun E, —=mu2/2,
B 3ToM MOXHO YOERHTHCS C MOMOILBIO BTOPOTO 3aKoHa Hbloto-
Ha. Bripasum Bxogsimyio B (8.1) monnyio cuny F uepes yckope-
nue teja: F=ma. Toraa Bmecto (8.1) monyuum

A =m 52 Ar=mv Av. 8.2)

3necy HCMOIB30BAHO TO, YTO Tpenes OTHouwleHusi Ap/Af npu
At—0 ects ckopocTb YacTuubl @. CTosiiasi B npaBoOH YacTH
(8.2) Besimuuna myAp ecThb NpUpalieHHe KHHETHYECKOH SHEPTHY
uacTHUE mu?/2. B camoMm Jese, npHpallleHHe KBajpaTa J060i
H3MEHSIOMIENCsT BeJIHYHHE [ [0 ONpe/ie/IeHHIO €CThb

APy =(+AD*—P,

4To paBHO 2f Af, eciu npenebpeub MaibiM useHoM (Af)2 Takuum
o6pasom,

AA=A (’"-éi) . (8.3)

Pa6ota cunbl F 1pH KOHEYHOM MEPEMEIEHHU Tesla paBHa CyMMe
pafoT Ha 3/1eMeHTapHBIX yY4acTKaX, Ha KOTOPbE MOKHO Pa36HThb
TPaeKTOPHIO STOTO ABHKEeHHs. /I3MeHeHHe KHHEeTHYeCKOil sHep-
THH NIPH KOHEYHOM MepeMelIeHHH YacTHIBl PaBHO pafoTe Bek-
_TODHOH CYMMBI BCEX AEHCTBYIOIIMX Ha Hee CHIL.

Tlo aHaloruM ¢ 3aKOHOM M3MEHEHHSI HMITYJbCa MOKHO ObLIO
OBl OXKWJaThb, YTO A/ CHCTEMbl MaTepHa/bHBIX TOYEK 3aKOH
U3MEHEHHsT KHHETHYeCKO# sneprun 6yjeT UMeTb BHA: H3MeHe-
HHE KHHETHYECKOH SHEPTHH CUCTeMBl paBHO paboTe BHEIUHHX
CHJI, JeHCTBYIOUWIHX Ha cHcTeMy. OLHAKO JIerKo BHAETh, YTO 3TO
He TakK. [IpM paccMOTpeHWH 3aKOHa COXPaHEHHsi HMMIyJbca
BHYTPEHHHE CHJBl MOMNADHO YHHYTOXKAJHChb B COOTBETCTBHH C
TPeTbUM 3akoHOM Hpiorona. PaGoThl 3Ke BHYTPEHHHX CHJ 1O-
NapHO YHHUYTOXKATbCS He GYLYT, TaK Kak B ofileM cJydae ua-
CTHUBl, K KOTODhIM [PHJIOKEHH 3TH CHJIH, MOIYT COBEpLIAThb
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pasHble nepeMeltents. Hanpumep, ecau ABe NpUTATHBAIOULHECH
YaCTHLIbl TTEPEMeCTSITCA HaBCcTpewy ApPYr APYLY, TO BHYTPEHHHE
CHJIbl MX B3aHMOJAEHCTBHSA COBepIlaT MOJOXHTeAbHbIE paboThl,
1 MX cymMMa Oyzer oTjinuHa oT HyJasd. Takum obpasom, paboTa
BHYTPEHHHX CHJ MOXKET IPHUBECTH K H3MEHEHHI0 KHHEeTHYec-
KOil 9HepruH cucTembl. Ho H B 3ToM ciyyae MOxKHO choOpMYyJH-
poBaTb (H3HYECKH{l 3aKOH, COIJIaCHO KOTOpOMY paGoTa BHelu-
HUX CHJI, ACHCTBYIONIMX Ha CHCTeMY, ompejesseT H3MeHeHHe
HEKOTOPOH (PYHKUHH COCTOSIHHSI MEXaHHYECKO# cHcTeMbl. Ta-
KOH (YHKUHEH COCTOSIHMS $IBJsETCs MOJIHAs MeXaHHuecKas
9HEPrust CHCTEeMbl, KOTOpPasl HapsAy ¢ KHHETHUYECKOH BKJIOYAeT
B ce0s1 MOTeHUHaNbHYIO 31EPTHI0 B3aMMOLEHCTBHS YacCTHI, CH-
CTEMBI.

Bce cuabl, AEHCTBYIOUIHE HA YacTHIbI, MOXKHO pa3buTb Ha
JBe rpYNMbl: KOHCepBaTHBHble M HeKotcepBaTHBHble. CHJIBI
Ha3bIBAIOTCH KOHCEPBATHBHBIMH, ecH HX pafoTa NpH H3MeHe-
HHH MOJOXKEHHS 4aCTHL He 3aBHCHT OT (OpMBI NIYTH NPH Nepe-
MEUeHHH YacTHIL, a ONpeAe/sieTcs TOAbKO Haya/blHOH W KOHed-
HOH KOH(pHrypauusiMH CHCTeMbl. [IpHMepaMH TakHX CHJ MOTYT
CAYIHTb CHJBl TSKECTH, KYJOHOBCKHE CHJ/Bl B3aHMOACHCTBHA
3apsiKEeHHBIX YacTHll, ylnpyrue cujasl. Pa6oTa HeKoHCepBAaTHB-
HbIX CHJ 3aBHCHT OT ¢opMbl NyTH. TIpHMEpOM TaKHX CHJ SBJIst-
eTcsl cuJa TpeHHs.

[ToHsiTHe MOTEHLHAJILHOH SHEPTHH BBOJAUTCS B CBfA3H C pa-
00TOl KOHCepBAaTHBHBIX CHJ. PaccmaTpuBasi, HalpHMmep, OJHO-
poAHOE NOJIE THXKEeCTH, MOXKHO YOEAHTLCH, YTO NPH NepeMellle-
HHH TeJa U3 MoJioKeHus I B mojoxenue 2 paboTa CHJbl TsKe-
ctH A, He 3aBUCHT OT (DOPMBI TPAEKTOPHH H OMNPEAC/AeTcs
TOJBLKO Pa3HOCTBIO BLICOT A; H A, B HAUaJbHOM H KOHEUHOM IO-
JIOKCHHAX:

Ay =mg (b —h). (8.4)

Tax kak pabora He 3aBHCHT OT GOpPMBI NYTH, TO OHA MOXKET
C1YKHTh XapaKTepHCTHKOH HayaJJbHOH M KOHEYHOH TOYek,
T. €. XapaKTepHCTHKOH caMoro cuaoBoro noss. Ilpuvem ka-
Kyi0-1100 TOuKy noJsi (HanpHMmep, Ty, OT KOTOPOH OTCUHTaHLI
BLICOTHI B opmyate (8.4)) 3a Havaso oTcuera H GyjeM paccmat-
pHBaTh paGoTy, COBEpIlIAaEMyl0 CHJaMKH MOJS TNPH Mepexoje
YacTHILI B 3Ty TOUYKY H3 ApYIOil NPOH3BOJBLHOH TOUKH P (Ha-
npiiMep, HaXofslleficst Ha BbIcOTe 1). DTa pafora, KoTopas B
paccaniaTpuBaeMoM npHMepe paBHa mgh, Ha3bIBa€TCs MOTEHILH-
a1eHOoM oHepruel E, uacTuusl B Touke P, Toraa pa6ota Ciijiui
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TAMKECTH TPH NepeMelleHHH Teaa U3 Touku I B Touky 2 (8.4)
paBHA Pa3HOCTH NOTEHUHAJbHBIX 3HEPrHi B HAyaJbHOH H KO-
HEYHOH TOYKax NYTH.

[ToTenuMasbHy0 SHEPTHIO MOMKHO BBECTH AJIs JIOOLIX CHJI,
paboTa KOTOPLIX He 3aBHCHT OT Crocob6a H3MeHeHHsl B3aHMHOTO
pacrhoyioeHHsl  B3aUMOJEHCT-
ByloLIMX TeJ. [losist TaAKHX CHJl
HOCSIT Ha3BaHHe MOTCHIHA/b-
HbIX. [TOKaxeM NOTEH M A bHBIH
XapakTep LEeHTPaJbHOrO TNoJs,
B KOTOPOM CHJIa 3aBUCHT TO/IBKO
OT pacCTOsiHMS [0 CHJIOBOTO
LleHTpa M HaTlpaBJ/ieHa Mo pajny-
cy ot Hero. [1ycTb Tesio mepenme-
Puc. 8.1, [MorenuuanbHueiil xapak- LlacTes 13 TPqKH IUB TOUKY 2

Tep EHTPANLHOTO MOIA. 1o HeKoTopo# KpuBo# (puc.8.1),

Pasobbem Bech nyTh Ha 3Je-
MeHTapHble YuacTKM Al Tak, uTo6bl cuay F B mpenesiax y4acTka
MOXKHO OBLIO CUMTaThb MOCTOsIHHOH. PaboTa Ha TaKOM 3JeMmeH-
TapHOM Y4YacTKe

AA=FAl =F Alcos a.

Ho Alcos o ectb npoekuus anemenTapHoro nepemericHust Al
Ha HanpasJeHHE PaJlyC-BEeKTOpa ¥, MPOBEAEHHOTO U3 CHJIOBOTO
neutpa: Alcosa=Ar.Takum obpaszom, paboTa Ha TaKOM yua-
CTKe paBHa MPOM3BEACHHIO CHJIbI Ha M3MEHEHHe PacCTOSIHHSA [0
cuioBoro ueHtpa. CyMMupYs aJeMeHTapHble paboThl Ha BCeX
yuacTkax, ybexnaemcs, uTo pabora cHJ NOJs INpH Nepemerie-
HHUH U3 TOUKH [/ B TOUKY 2 paBHa paboTe npH nepemeiieHuH BIOIb
panuyca u3 Toukd [ B Touky 3. Takum obpasom, sta paGoTa
omnpesiessieTCsl TOMBLKO HavyaJbHBIM M KOHEUHBIM DACCTOSTHHSIMH
Tejla OT CHJIOBOTO IIEHTPa M He 3aBHCHT OT dopmbl nyTH. [lo-
TeHIHaNbHasl 3HEPrHs Teja B NPOH3BOJLHON TOUKE ONPEaeNs-
eTcsl Kak pabora, coBepliaeMasi CHJIaMH TOJIsl NpH NepeMerie-
HHMH Tesla U3 3TOH TOUKH B OINpEAEJEHHYIO TOUKY, MOTEHIHAJb-
Hasi SHepPrUsl B KOTOPOH NPHUHSITA paBHOM HYJ0. B Gosee cnox-
HOM CJyuae, KOrjla pacCcMaTpHMBaeTCs HECKOJBKO B3aMMojeft-
CTBYIOWIMX TeJ, NPHHHUMAeTcsl, YTO MNOTEHOHaJbHAs SHeprHsl
B3aUMOJICHCTBHSI pPaBHA HYJ/IO NMPH KaKOM-JIHOO onpeaereHHOM
B3aUMHOM DACTIOJIOKEHHH 3THX TeJ. ¥ J06HO (HO He 00513aTeJbIHO)
B KauecCTBe 3Tof KOH(HIypallui BLGpaTh TAKOE PaclosoXKeHne,
Korjia B33aUMOJACHCTBYIOUIME Tela YJaaJeHbl ApPYr OoT Apyra Ha
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GeckOHeuHOCTh. [loTeHuHasbHAsl SHEpPrHsi CHCTeMbl BO BCSIKOH
HHOIl KOHGHrypauuH olnpeje/sieTcsi Kak pabora, coBepliaemas
BCEMH CHJIaMH B3aHMOJEHCTBHS NPH Nepexofie CHCTEeMBI H3 3TOR
KOH(HI'ypalUHH B MOJMOKEHHE C HYJEBOH NOTEHUHAJBLHON Hep-
rHel.

Mz camoro onpeneseHusi siCHO, uTO MNOTeHUHaJbHas Hep-
rusl ABJseTcs QyHKUHEH KOOPAHHAT B3aHMOJEHCTBYIOLIHX TeJ.
Haxoxnenue BHAA 3TO#i (YHKIHH COCTOHT B BBIUHCJEHHH pa-
0OTBI, COBEpILaeMOH CHJIaMH B3aUMOJEHCTBHS IpPH Iiepemelie-
HUH TeJ. [IpuBefeM BbIpaKEHHS [JIsl NOTEHUHAJBLHOH SHEPrHH
E HEKOTODBIX BaXKHBIX CJydasix.

[NoTeHuHKa/bHasl SHEPrHsl TATOTEHHS TOUEUHBIX MAcC 1y H M,
WJIH Tes CO CpepHUeCKH CHMMETPHUHBIM pacrpejeseHHeM Mace,
HAXOJSILUXCS HA PACCTOSHUH r APYr OT JApyra, ONpEAE/IsieTCs
BBIPaXKEHHEM

E,=—yTfe, (8.5)
Anech nOTeHUHaNbHAs SHEPrHsi NPUHATA PaBHOH HYJIO IIpU
GCCKOHEYHO GOJIBILIOM PacCTOSHHH Mexny Tenamu. s noteH-
IIHAJMbHOH SHEPrHH Tesa Macchbl /M B MOJE TAFOTEHHs 3eMau
yI06HO BHAOM3MEHUTH dopmyay (8.5) ¢ yueToM COOTHOILEHHS
(5.7) ¥ BBIPA3HTb NOTEHUHAJLHYIO 3HEPTHIO uepe3 YCKOpPCHHC
cBOGOJHOro najieHusi g y IOBEPXHOCTH 3eMJH H Pajuyc 3eM-

TH R: A
R2

Ecau BbICOTA Tena HaJ I[OBEPXHOCThIO 3eMan A Mana Tmo
CpaBHEHHIO ¢ paguycoM 3eMau {(r=R-h, hR), T0 dopmyay
(8.6) MOXHO YIIPOCTHTB, BOCIOIL30BaBIIHCh TeM, uTo 1/ (14 x)~
~l—x (nph xK1):

. ng2____ mgR ~
En=—g5=—Tinr > —mgR+mgh.  (8.7)

[lepBoe cnaraemoe B npaBoit 4acTH (8.7) MOKHO ONYCTHTB, TaK
Kak OHO IOCTOSIHHO, T. €, He 3aBHCHT OT IOJIOKEHHs Tesa.
Torna Ml mosyuaem

E,=mgh,

Y70, B OT/IM4HE OT (8.6), COOTBETCTBYET BHIGOPY HauaJsa oTCYeTa
NOTeHUHAJbHOH 3HEPrHH Ha I1OBEPXHOCTH 3eMay,
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[MoTenuuanbHasi SHEPrusi KYJOHOBCKOIO B3aHMOAEHCTBHSA
IBYX TOUEUHbIX 3apAJOB g, H ¢, HA PACCTOSIHHH ¥ APYT OT Apyra
JaeTcsl BhIpa)keHHeM, aHaJorHuHmiM (8.5):

1 q1q,

En:m—;—~ (8.8)
Pazinuye sHakoB B ¢opmynax (8.5) u (8.8) BbizBaHO TeM, yToO
rpaBHTAllHOHHOE B3aUMOJeHCTBHe BCerfia HMeeT XapakTep
NPUTSKEHHS, B TO BPeMsi KaK MPH 3JeKTPOCTATHYECKOM B3aHMO-
IefiCTBHH 3apsijbl OJHOrO 3HaKa OTTajJKHBawTIcsa. B cayuae
CHJI TIPHTS2KEHH ST TIOTEHIHaJ/bHAasl SHeprus Bo3pacTaeT NNPH yBe-
JIHUEHHH DACCTOSTHHA MexXKJIYy TesdamM, a B cJydae OTTajKH-
Banus — ybwiBaeT. OGoGienne ¢opmyszl (8.8) ua cayuafi
CHCTeMbl B3aHMOJEHACTBYIOUIMX 3apsiioB OyJleT mNpOBeleHO B
§ 4 pasgena 3. Tlpu ympyrofi gejcpmalMH, OMHCbIBaeMOH
3akoHoM ['yka, norenumansbuas 3xeprus aeopMHPOBAHHOIO
TeJa MPOMOPLHOHANbHA KBaAPATy BeJIHUHHH JedopMaiivy.
Hanpumep, 3Heprust pacTsiHyToro CTep:KHs, A1 KOTOpOro
sakon I'yka samnHcoiBaercss B BHae (6.9), paBHa

Ey= 3 k(A (8.9)
Y CTaHOBHM COOTHOLIEHHE MeKJY CHJIOH H H3MEHeHHeM MO-
TeHuHaabHOH sHepruu. PaccMoTpum mepemeinenue Tema Al
MeXAY AByMs GJH3KHMHM TOYkKaMmH. PafoTa CHJ moJisi pH 3TOM
nepemellenny pasHa F Al. C gpyroii ctopounbi, 3Ta pabota
paBHA Pa3HOCTH MOTEHLHAJbHBIX SHEPTHH Teja B HaUaJbHOH H
KOHEYHOH ToykKaX, T. €. B3ATOMY C OOpaTHBEIM 3HAKOM H3Me-
HEHHIO TOTEHLHaJbHOH 3Hepruu. [losTomy

FAl=—AE.
JleBylo uyacTb 3TOr0 COOTHOLUEHHSI MOMKHO 3amHcaTb B BHJE
NPOH3BEJIeHHs TPOEeKUHH CHJbl F, Ha HampaBJeHHe fepeme-

uesHs: Al na Benuuuny storo nepemettennst Al: F Al=F,Al
Orcrona

Fp=—=2n, (8.10)

TIpoexiusi cu/bl Ha MPOH3BOJIBHOE HaMpaBJaeHHEe MOKeT ObiTh
Hafiflena JeJCHHEM HM3MEHEHHS MOTeHIHaJbHOH 3HEPrHH MpH
MaJjIoM MepejelleHHH BAOAb 3TOrO HalpaBJ/eHHs! 1Ha BeJHIHHY
rnepeMelLeHIL,
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[NMoTenunasibiasi sHePrHs YacTHUbl B CHJOBOM TOJIe SIBJIs-
ercs (¢yHKuueil ee koopaunatr. IlpupaBunsas E(x, y, 2)
NOCTOSIHHON B&JIMYHMHE, MOJYyYaeM YpaBHEHHE I[OBEPXHOCTH,
BO BCEX TOYKaX KOTOPOM MOTEHLHAJbHAs SHEPTHSI HMEET OIHO
H TO K€ 3HaueHHe. IDTH NMOBEPXHOCTH NOCTOSHHONR MOTEHLHAJ b-
1IOH 3HEpPrHH JAlT HarJSAHYI0O KAapTHHY CHJIOBOrO MOJS H
[IIHPOKO HCMOJIL3YIOTCS B 3JeKTpocTaTHKe. CHaa B KaKIoi
TOYKe HallpaBjena NepHeHInKyJsIpHo K NPOXOsiel yepes 3Ty
TOUKY SKBHMOTEHLHAJIbHOA NOBEPXHOCTH. ITO JIETKO YBHJETH
¢ nomouibio dopmyanl (8.10). B camom nesne, BriGepem nepeme-
uicHHe Al BIOJb TOBEPXHOCTH TnocTosinHofl sueprun. Toraa
AE,=0 u, crefopaTenbHo, paBHa HYJIO NPOEKUHS CHJBL Ha
nosepxuocts £ =const. Tak, manpumep, B rpaBHTaLHOHHOM
noJie, CO3JaBaeMOM TeJIOM MacChl /72, CO ChePHUECKH CHMMETPHY-
HLIM pacnpejesenHeM Macc, NOTeHIHa/bHas SHepPTHs Tela
MacCChl M1, AaeTcs BoipaxenneM (8.5). TToBepXHOCTH NOCTOSHHON
SIEPTHH TAKOTO TOJs TNPEACTaBJASIOT co00# cdepbl, UEHTPbI
KOTOPBIX COBNAJAIOT C CHJOBBIM LenTpoM. [leficTByiomas Ha
MACCY M1, CHJIA TIEPTIEHKYJIsIPHA SKBHNIOTEHHAJILHON TTOBEPX-
HOCTH H HanpaBjieHa K CHJOBOMY UHenTpy. [lpoekumuio sToi
CHJIbl Ha pajlyc, NPOBENEHHbIH H3 CHJIOBOTO LEHTPa, MOMKHO
AaHTH M3 BbipaXKeHHs JJIsi NoTeHnHasbHofi aueprun (8.5) ¢
nomotibio  gopmysasr (8.10):

F — ___AEn _ Yy, 1 _}_ N LT
r Ar Ar r+Ar r r(r+Ar)-
yto npu Ar—0 paer
mymy
F,. _ — 'V —‘;T— .

[NosyueHnblil pe3y/ibTaT NOATBEPIKIAET NPHUBELEHHOE Bbillle Ge3
JOKa3aTeJIbCTBA  BbIpaXKeHue I TNOTeHUHAJNbHOH SHEpPrHH
(8.5).

[epeiineM Tenepb K OOCYKAEHHIO 3aKOHA COXPaHEHHs Me-
Xanygyeckofi 3HepruH. PacCMOTpHM CHCTEMY MaTepHajJbHbIX
TO"eK, Ha KOTOpble AEHCTBYIOT BHeIlMHEe CHJIbl U BHYTPEHHHE
KCICepBATHBHBE CHJBl B3aumojeilicTeus. Hsmenenne xuneru-
Ur KO SHEPTHH BCEH CHCTEMbl IIPH NePeXoje €e U3 COCTOSHUs ]
B cocTosiHue 2 paBHO cymMme paboT BHEIIHHX H BHYTPEHHHX
CHJI, Je/fCTBYIOHX Ha BCE Tesa:

EK?“EKIZABHQHI_{_ABHYTD' (811)
Palora BRYTpenHMX KoMCepBaTHBHBIX CHJI PaBHa pPasHOCTH
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3HaueHH{l MOTeHUHAJNbHOH 3HEPrud CHUCTEMbl B HadYa/IbHOM H
KOHEGYHOM COCTOSAHHAX:

Aywyr == Eqi—E

BHYTP ne*

[ToacraBass sto Boipamxenue B (8.11) u nmeperpynnupoBeiBas
c/araemsle, MOJYYHM

(EK2+EH2)_(EK1 +En1):AnHem~ (812)

M3 atoro paeeHcTBa BHAHO, YTO pabora AEACTBYHOIUX Ha CH-
CTeMy BHEIUHHX CHJI Ompefesisier u3MeHeHHe (PYHKUHH COCTOA-
HUSl CHCTEMBl, PAaBHOH CyMMe €e KMHeTHYeCKOH H MOTeHUHaNlb-
HOi 3Heprui. Jra cyMMa U eCTb NOJMHasi MeXaHHYecKasl 3Hep-
rusi CHCTEMBI.

Ecau Hapslly ¢ KOHCepBaTHBHLIMH B CHCTeMe AeHCTBYIOT H
HEKOHCEepBATHBHEIE BHYTPEHHHe CHJbI, HANPHUMEpD CHUJBl Tpe-
HMS, TO H3MEHeHHe MeXaHUYeCKOH# 3Hepruu CcHcTeMbl Gyaer
pPaBHO CyMMe pabOT BHEIHHX CUJ U BHYTPEHHUX HEKOHCepBa-
THBHBIA CHJI.

Muorpa Hekoropsle U3 AEHCTBYIOIUX HA CHUCTEMY BHEMIHIX
CHJI TaKxke fBJAIOTCA KOHCEPBATUBHBIMH, HAmpHMep, KOraa
CHCTEMa HAXOOHTCSl BO BHEIIHEM TPaBHTAUHOHHOM (MJIH 3JIEKT-
pocraTtHueckoM) moJsie. B 3TOM cilyyae MOKHO BBECTH MOHATHE
MOTEHLHANbHOH 3HEPTHH CHCTEMBI BO BHEIIHEM MOJIe U BKJIO-
YUTh €€ B MEXaHHYECKYI0 3Hepruio cucremsl. Temepb usmeHe-
HHE MeXaHWYyecKol sHepruu OyaerT PaBHO cymMme paboT TOJbKO
HEKOHCEepPBATHBHBIX BHEIIHHX M BHYTPEHHHX CHJI.

B orcyTcTBHME HEKOHCePBATHBHBIX CHJI MeXaHUYecKas 3Hep-
rusi CUCTEMBI OCTAeTCsl HeU3MEeHHOH. BOo3MOXHB! JHIIL B3auUM-
Hble TpeBpallleHus MOTEeHUHAJIbHOH 3HEPrUH B KHHETHUYECKYIO
H O6paTHO, HO MOJIHLIH 3anac MeXaHHYeCKOH 3HepruH CHCTEMbI
H3MEHHUTBCA HE MOXKET.

3aKOHBl COXPaHEHUs 3HEPTHH H UMIYJbCa BHINOJHAKTCA B
MOGBIX MHEPUUAJNLHBIX CHCTEMaX OTCYeTa. XOTs W MeXaHHye-
CKasi 3Heprus, U HMMYJbC DPaccMaTPUBaeMOH CHCTEMbl Mare-
pUaJBHBIX TOYEK HMEIOT pasHble 3HAYeHHsi B Pa3HbIX HHEpPLH-
AJbHBIX CHCTEMax OTCYeTa, HO MPU ABHXEHHH 3TH 3HaueHHUS
OCTAlOTCS HEH3MElIHbIMH B 3aMKHYTBIX MeXaHHYeCKHX CHCTeMax,
a MPH HAJHYHHM BHEIUHHX BO3ACHCTBHA B KaxKHOH CHCTeMe OT-
CUeTa MeIsioTC B COOTBETCTBHE ¢ ypaBHenusMu (7.4) u (8.12).
[Tpu 3ToM Mexamnueckasi HePrusi, B OTAHYME OT HMITYJbCA,
MOXKET H3MEHATLCA H3-32 HAJHUHA BHYTPCHLHX HEKOHCEpBA-
THBHBIX CHJI,



§ 9. CTOJKHOBEHHUS YACTHLL 71

3aKOHbl COXPAHEHH S SHEPTHU U UMIYJ/bCA TECHO CBSA3AHbLI C
onpeje/eHHbIMH CBOHCTBaMH CHMMETDHH NMPOCTPAHCTBA U Bpe-
meHH. XOTs BhHlIlle OHU GblJIH [IONYY4EHH Kak CJeJCTBHE 3aKOo-
HOB JIMHaMHKH HbioToHa, B J€HCTBHTENBHOCTH OHH NpEICTaB-
Jas10T coboli Gonee obliMe NPUHLUUNBI, 06JacTh HX NPHUMEHH-
MOCTH LIHpe U He OFPaHHYUBAETCS] HBIOTOHOBCKON JAMHAMHUKOM.

CoxpaHeHHe UMNyJabCa B 3aMKHYTOH cuCTeMe CBsI3aHO
¢ OJHOPOAHOCTBIO NpocTpaHcTBa. OXHOPOJHOCTh MPOCTPAHCTRA
03HA4aer, 4To BCE sIBJCHHS B 3aMKHYTOH cHCTeMe He U3MeHsITC,
ec/1i OCYILECTBUTb MapasJelbHHI NepPeHoC CHCTEMbl U3 OJHOTO
MecTa B Jpyroe TakuMm o06pasoM, 4Tofbbl Bce TeJa B Hell okasa-
JIICH B TEX K€ YCJIOBHSX, B KAKUX OHH HAXOAHJUCH B [1PEXKHEM
nonoxkeHUH. [IpH TakoM mepeHoce mNOTeHIlHa/bHAas 3HEPTHsI
B3aHMOJIEHCTBUS TeM, KOTOpPAs, KaK 3TO CJEAYeT U3 ONHOPOA-
HOCTH MPOCTPAHCTBA, 3aBUCHT TOJbKO OT HX B3aUMHOTO pac-
FIONIOXKEHHS, OCTaercsl HEeHW3MeHHOI. 3HauuT, npH NepeHoce
BeeX TeJ Ha OMH U TOT e BeKTop R paBHa HYJ/IO paboTa Bcex
BHYTpeHHuX cu1 Fj:

Tak kak R — NpOU3BOJbHBII BEKTOP, TO OTCIONA CJAEIYET, YTO
D2 F;= 0, T.e.cymMMa CHJ B 3aMKHYTOH CHCTeMe DaBHa HY.JIO.

L

DTO H eCcTb TO YCJOBHE, NPH BBHINOJHEHHH KOTOPOFO BTODOI 3a-
KoH HpbloToHa NPUBOIUT K 3aKOHY COXPaHEHHUs] HMMYJbCa.
B stux paccyxkpaeHusx tperuii 3akoH HbloToHa yxke He uc-
MOJIb3YETCS.

CoxpaneHue 3HepTHU B 3aMKHYTOl cUCTeMe CBSI3aHO C OJHO-
poanocTeio BpeMeHd. OIXHOPOJHOCTb BpeMEHH 3aKJ/I0YaeTcs B
TOM, UTO BCE€ SIBJICHHUS B 3aMKHYTOH cHCTeMe MDH OJHUHAKOBBLIX
HayaqbHbIX YCAOBUSIX OyAyT Janbli€ NPOTEKaTb COBEpLLEHHO
O/lHHAKOBO, HE3aBUCHUMO OT TOro, B KAaKOH MOMEHT BpPEMEHH
9TH HauyaJbHBIE YCJAOBHUS CO3[aHbl,

§ 9. CroskHOBeHHMSI 4acTHL

3aKoHbI COXpaHEHHUs] IHEPTUH U UMITY/IbCa 9ACTC NO3BOJSIOT
ropasjo Npolle NOJYYUTh OTBEThl Ha HEKOTOpble BONpPOCHI,
CBA3aHHBIE C JBIDKEHHEM TeJl, YeM HellOCPEICTBeHHOe IIpHMe-
HeHHe 3aKOHOB AHHaMHKH. Pasymeercsi, uHdopmauwsi, monay-
JaeMasi C MOMOIIbIO 3aKOHOB COXpaHeHHUs, He SIBAsieTCsl TaKoH
licyepnplBaroLlell, Kak NPH HCHO/b30BaHNH 3aKOHOB AMHAMHKH.
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HO 3aTO W I[OJyyaercsi oHa ropasio 6ojee JerkuMm nyTeM.
Oco6GeHHO UeHHbIM 31eChb SIBJASETCS] TO OOCTOATEILCTBO, YTO
3a4acTYIO 3aKOHBI COXPaHeHHUsl MOrYT GbITh UCIIO/b30BaHbI JaxKe
B TeX CJay4asx, KOraa JeHCTBYIOLIHe CHJbl Heu3BecTHbl. Tak
OOCTOUT Jeso, Hanpumep, B (DU3HKe 3JeMeHTApHBIX YacTHL.

3aKOHH COXDAaHEHHUs] 3HEpPrHH U uUMIyJbca (HaKTHYECKH
SIBJASIIOTCS] €IMHCTBEHHLIM CpeJICTBOM T€OpeTHYeCKOro U3y4eHHs]
1POIIECCOB CTOJKHOBEHMsl Tes, KOrja Xapakrep AeHCTBYIOLHX
NPU CTOJKHOBEHHHM cUJ HeusBecTeH. IloJl CTOJKHOBEHHMAMH B
(hbU3MKe NOHUMAIOT CaMble pa3HoOOpasHble NpPOLEcchl B3aHMO-
IeiCTBHsI MeXJy TeJaMH NpU YCJOBHM, YTO Ha OECKOHeYHO
GO/BUIOM paCCTOSIHUM ADPYT OT ApYyra Teja sIBASIIOTCSl CBOGOA-
HeiMu. Korna tesna npoxoisit MUMO JPyr Jpyra, OHH B3aHUMO-
ICHCTBYIOT MeX1y Co0OM, W pe3yJ/bTaTbl TAKOr0 B3aUMOIEHCT-
BUSI MOT'YT OBITb CAMBIMH Pa3HOOOPAa3HBIMH: TeJa MOT'YT COelH-
HHUTBCSI BMECTe B OLHO Tesao (abco/I0THO Heynpyruil ynap), B
pesyJsbTaTe COylapeHusl MOI'yT BOBHHKHYTb HOBbie TeJld, MOXKET
CJAYYUTBCS U TaK, YTO MOCJe B3aUMOJEICTBUs Tesa BHOBbL pac-
XOonsTCsl 6e3 U3MeHeHUsl CBOeroc BHYTPeHHero CoCTosiHus (ab-
cootTHO ynpyruil ynap). CTOJNKHOBeHHUsS] MaKPOCKOMHYeCKHX
Tesl BCerfia B TOH WJIM MHOI CTelleHH sIBJASIIOTCS Heynpyrumi,
OfHaKo B o0JacTH (hU3MKH ATOMHBIX sIBJEHHH H IIPOLECCOB C
3/leMeHTapHBIMH YaCTHUAMH MOHSITHe 00 YNPYroM yaape Urpaer
BAXXHYIO pOJIb, TaK KaK 0O/arofaps AHCKPETHOMY Xapakrepy
5HEepreTHYeCKOro CleKTPa CTaJKHBAIOWMXCA 4acTHLL  HX
BHyTpeHHee COCTosiHHe JUGO He MeHsieTcst BooGule (ynpyruii
yaap), Ju60 CKa4yKoM H3MEHSIeTCSl Ha KOHeYHYIO BeJUYUHY.

PaccMoTpuM a0CoMIIOTHO Heynpyrufi yaap ABYX Tes, NpH
KOTOPOM OHH COEJUHSIIOTCSl BMecTe W JBHIKYTCSl JaJjblile Kak
onHo Teso. ClunaHHe BMECTe NJACTH/IMHOBBIX LIApOB, 3acTpe-
BaHUe NYJH B JlepeBsHHOM OpyCKe, 3axBaT HeHTpoHa aToM-
HBIM 51IPOM — BCE 3TO NpHUMephl aBCOJOTHO HeyNpyroro yaapa.
Ecau cranxuBatouiyecss Tena o6pas’yloT 3aMKHYTYIO CHCTEMY,
B KOTOPOil JeHCTBYIOT TOJBKO BHYTPEHHUE CHJIBI, TO INOJHBiI
UMITYJIbC CUCTEMB! OCTAeTCsl HEU3MEHHBIM, DTO 1103BOJIsIET JIETKO
onpeleuTh CKOPOCThb TeJja, 06pa3OBaBLUErocsl B pe3yJbTare
HeYIIpYroro COylapeHHusl NBYX TeJ.

O603HauuM CKOPOCTH TeJ/I C MacCaMu m1y U 1, 10 YAapa uepes
91 U ¥,, @ CKOPOCTb 00pa30BaBIllerocsl NPH HeYnpyrom yaape
Tesa Maccel my-+m, depes @. Toraa, npHpaBHUBas MOJHbE
HMIYJbCH JIO M Nocae ynapa:

n,v, -m,v, =(m, 4 n1,) 0,
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1101y HM

im0 My,
v =TI 9.1)

Jlerko Buneth, uro onpegenseMas dopmynoi (9.1) ckopocts
? eCTb IPOCTO CKOPOCTb ABHIKEHHS HEHTpa MacC CTaJKHBAIO-
IUXCA Tej, KOTOpasi, pasyMeercsi, B 3aMKHYTOl CHCTeMe OcTa-
eTcsl HEH3MEeHHOH.

[lpH HeynpyroM yaape KHHeTHYeCKas SHEprds IOCTyia-
TEJBHOI'O ABHXEHHS CTAJKHBAIOIHXCA Tel YObIBaer, 4aCTHYHO
npeBpallasch BO BHYTPeHHIO0 3HeprHio. Kunerudeckas suep-
rHSl MOCTYNATeNbHOIO IBHMIXKEHHSI TeJ CHCTeMbl JO YAapa

2 2
E,.,="2+52, (9.2)
nocae ypapa
E,,= 0t (9.3)
y

[TopcraBasis B (9.3) cxopocts v u3 (9.1) u cocraBass pas-
HOCTh KHHETHUYeCKHX 3HepPruil Jo H mocle yAapa, Haiigem

1 ; \
EKI—E“:?H(‘IH—‘UZ)Z, (94)

myme
ny -+ my
tes. [To cyuectBy (9.3) ecTh KHHeTHYeCKAs SHEpPrHs mOCTYia-
TENLHOFO ABMIKEHHS CUCTEMB! KaK LeJNoro, KOTopas B 3aMKHY-
TOHl cHCTeMe He MeHAeTrcs, HOO OCTaeTcsl HEH3MEHHOH CKOpOCTh
nenrpa Macc. I[lostomy (9.4) MoOXHO paccMaTpHBaTbh Kak
KHHETHYECKYI0 3HEePrHi0 OTHOCHTENLHOIO JABHXKEHHs CTA/IKH-
BaIOWHXCS 4YaCTHL, KOTOpas NPH HEYHNPYrOM CTOJKHOBEGHHH
npeppaulaeTcs B APYrue BHABI IHEPTHH, HANPHMED B TemJo.

B oTanyue or Heynpyroro, npu a6Co/OTHO YHOPYIOM yAape
COXpaHseTcs He TOMbKO HMIYJIbC, HO H MeXaHHYeCcKan SHepTHs,
T4K KaK BHYTpPeHHee COCTOAHHE CTANKHBAIOWMHXCA YaCTHL
ocJie yAapa OCTaeTCsi TAKHM ke, KAKHM OHO Onl10 KO ynapa.
Tak Kak 4acTHObl 0 H HOCJTe CTOJKHOBEHHS SBJAIOTCA CBO-
GOAHBIMH, TO NOTEHUHA/]bHAA SHEpPrHA OTCYTCTBYET, # Coxpa-
HCHHE MEXAHHUYEGCKOH 3HEePruH O03H3YaeT COXPaHEHHe KHHETH-
YOCKOI SHepriill CTaAKHMBAKOUHUXCA 4acTuil.

rae p== — TdK HasnBaeMag NPpHBEACHHAA MacCa IBYX
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TIpu u3yueHHH 3aKOHOMEPHOCTEHl YNpYyroro CTOJKHOBEHUS
GyaeM 1 NPOCTOTH CTUTaTb, YTO OJHA H3 YacTHll (C MaccoH
m,) 1O CTOJNKHOBEHMs MOKOUTCA: ¥,=0. Ha3oBeM 3Ty yacTHiLy
MHUILEHbIO, a HAJNETAIOIULYI0 YaCTHILY € Maccoil m; ¥ CKOPOCTHIO
¥, — cHapsagoM. CKOpOCTM HacTHll, pa3JeTalolMXCs Moc/e
CTOJIKHOBeHUsl, 0oGO3HayuM uepes ¢ ¥ @;. Torja 3aKoHhl CO-
XpaHeHUsl UMIYJbCa M 31EPTHUY 3amnMIIyTCs B BHJIE

m,9, = m,v; + m,v;, (9.5)
1 1 ,2

2 1
5 mul = 5 My + 5 myv, (9.6)

HauHeM ¢ HEKOTOPBIX HPOCTBIX YaCTHBIX cJaydaeB. Ilpexxre
BCEF0 PacCMOTPHUM «I1060BOe» CTOJKHOBEHHE 4acTill, Hamnpunep
1IapOB, HPH KOTOPOM CKOPOCTB ¢, HampassieHa no JWHUM, coe-
IAuHsole#d ux neHTpsl. Torga ¥ CKOPOCTH IIapoB HOCIE ynapa
GyAyT HanpaBJeHbl MO 3TOH ke JHHUU. [IpOeKTHPYS PaBeHCTBO
(9.5) Ha 3TO HampaBJ/leHWe, NOJYYUM CKalfpPHOE YpaBHEHHe,
Kotopoe BMmecTe ¢ (9.6) ofpasyer cucTeMy ypaBHeHUI /14
HaxOxKJEeHUs1 MPoeKUMH u; ¥ v; CKOPOCTell IIapoB rocje yaapa.
Pemass ee, maxomum

, Mmy—mg , 2my

e el 44 = ee—— )
U ml'f-‘mzll’ vz ”11—9—’"201’

9.7)
Ecau Maccel 11apoOB OJHHAKOBH (fm,==m,), TO NEpPBBIH I1ap npy
yJlape OCTaHaBJUBaeTcsl, a BTOPOH Wiap rmocJe yaapa ABUKETCs
€ Takoll e CKOpPOCTbIO, KaK M HepBulli I1ap 10 yRapa. Ecau
CHapsiA Jerde MMIIEHM (m,;<m,), To corjaacHo (9.7) wv;<<0,
T. €. CHapsJ OTCKaKHBaeT Ha3al, MpHUYeM Hpu m,;<&m, CKO-
pPOCTb CHapsAla NPOCTO MeHsieT CBOe HarpaBJieHHe Ha NPOTHBO-
nosoxHoe. Eciu cHapsj Tsesiee MMILEHH, TO TIoCJe yaapa
CHapsA NpPOJOJKaeT ABUraTbCsl B TOM K€ HaNpaB/JgeHHH C MeHb~
el CKOpOCThIO.

PaccmaTpuBasi u3MeHeHHe KHHETWUUYECKOH SHepruM Iapob B
pesyJrTare yAapa, MOXKHO YOeQUTbCs, YTO B CJydae paBHBIX
Macc NPOUCXOHT MONHBIA OOMEH aHepTHeH, B TO BpeMs Kak NpH
6OJIbILON pa3HHULE B Maccax CHapsij NPU CTOJIKHOBEHUH MOXKeT
nepeiaTb MULLIEHY JIHIIb MaJyio yacTb cBoell sHepruu. B camom
JeJe, NyCThb, HaNPUMep, CHAPsJ MHOTO JIerue MUILIEHU: m, <&ni,,
Torna, npene6peras B 3uaMeHarese ¢opMmyas a1s v, (9.7)

o , m
BEJITYHHOM A7, 110 CPABHEHNIO C My, TOMYYHM U; &2 2 —m—‘ vy, OTKYJA
2
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I/15 KHHETHUECKOH 3HEePruH MHIUCHH MOC/e yAapa HMeeMm

,2
Moty m1 mlvl < mlvl

AHaJIOrHUHbI Pe3yJ/1bTaT MOJYUYHUTCS U B CJyuae, €CJId CHApPSA
3HAUUTENBHO TSHKEAee MHUILCHU (11, >M,).

B nefictBuTesbHOCTH J1060BOH yaap — 3T0 $oJbiiast pej-
KOCTb. Ero OTHOCHTE/NBHO JIETKO OCYIUECTBUTb pa3Be UTO MpPH
Hrpe B OHJbAPA, a NPU CTOJNKHOBEHHSIX MOJIEKYJ, aTOMOB H
5/EMEHTapPHbIX YaCTHIL IOJABJ/SIONIEEe YMC/IO YAApPOB SIBJS-
I0TCSl HEICHTPaJbHBIMH.

Ec/u yacTHila HaJeTaeT Ha HeTOABHKH Y10 YaCTHILY TaKOH ke
MacChbl, TO IIPH HELEHTPA/AbHOM YHNPYroM yIape YacTHIL! pas3Je-
TAlTCSl MOA NPSAMBIM YIJOoM APYr K Apyry. llefiCTBUTe/IbHO,
3aKOHBI COXpaHeHMst umnyJdbca u suepruu (9.5) u (9.6) npu
m,=m, NPUHUMAIOT BHUJ

v, = v, 03, !
2 ,2
vi=v J-v;.

[lepBoe M3 3THX paBeHCTB O3HAUYAeT, UTO BEKTOPBI CKOpoCTeil
v, U; U U, 06pa3yioT TPeyroabHHK, a BTOpPOE — YTO AJ
3TOTO TpeyroJibHHKa crpasepanBa teopema [ludaropa, T. e.
OH MNpPSIMOYTOJbHBIH: YroJ MeXAYy KaTeTaMH ¥; H ©; PaBeH
7/2. OpHaKo 3aKOHOB COXPAHEHHUsI 3HCPTHH H HMMYJAbCA HEXO-
CTATOYHO AJist ONpeje’eHHs Hanpas/eHiisi BEKTOPOB Uy H U
OTHOCHTE/IbHO HAampap/eHusl ABH)KEHHS HaJICTaIOLLCH YaCTHIIbL.
Jlsis Toro 4urofel ompesesiUTb 5TH HanpaBJeHHS, HYXKHO 3HATb
3aKOH B3aMMOJEMCTBHS MKy YaCTHULAMH H UX MOJOXKEHHE B
MOMEHT CTOJIKHOBEHHS.

B ofuieM caydyae wacTHIl ¢ pa3HLIMH MacCaMH IIPHMEHEHHE
34KOHOB COXDAHEHUS K HW3YYCHMIO MPOIECCA CTOJKHOBEHHS
y106HO HHTEpIpeTHpOBaTh reomerpuuecku. [na storo mepeii:
AeM u3 n1abopaTtopHOA HHEPUUAAbHON CHCTEMbI OTCUETA, B KOTO-
poil yactHua-MHIlleHb 10 CTOJKHOBEHHS IOKOUTCH, B APYTYIO
HHepPIHANAbHYIO CHCTEMY OTCUeTa, B KOTOPOH LEHTpP Macc craj-
KHBAIOIMXCSl YaCTHI[ MOKOUTCS KaK JIO CTOJKHOBEHHS, TaK H
nocsae. Jra CHCTEMa OTCUETA IBHXETCS OTHOCHTENbHO Jsabopa-
TOPHOH C TAaKOH 7K€ CKOPOCTbIO, KaK H [EHTP Macc:

__m91--my0, m

my-j mg  my-l-ma

vl)
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TaK KakK MHIIEHb JO CTOJKHOBEHHSI B J1a6OpPaTOPHON CHCTeMe
OTCYETa TOKOUTCH (U,=0).

B cucreme 1eHTpa Macc ABHXKYTCH 00€ 4YaCTHLBI — KakK
CHaps, Tak H MHumeHb. MX HMNyJbChl paBHBI MO BeJHYHHE H
NPOTUBONOJIOKHE 110 HANpaBJeHHIO, TaK YTO MNOJIHBIA HM-
NYJbC CTAJKHBAIOILMXCA YACTHIL B 3TOH CHCTeMe OTCY€Ta paBeH
HYJIO.

B cHay 3aKOHA COXpaHEHHA HMNYJLCa HMIYJALCHl OOEHX
YACTHILL OCTAOTCS1 P aBHBIMH 110 BeJIHYHHE H MPOTHBOMNO/I0KHKIMH
IO HAMPAaBJEHHIO H NOCJAEe CTONKHOBEHHSA, 4 B CHJAY 3aKOHA CO-
XpaHeHHsl 3HEPTHH OCTAIOTCA HEH3MEHHLIMH H HX BeJIUYHHBL.

Puc. 9.1. Bextopsl cKo- Puc. 9.2. TToctpoenne Bex-
pocTeR yacTHIL fo M noc- TOpPa CKOPOCTH 4aCTHIIpI-
Jie CTOJKHOBEHHA B CH- CHapfila rocje CTOJNKHOBe-

CTeMe LEHTpa Macc. HH ©] B JaboparopHoif

CUcTeME OTCYyeTa.

TeM caMbIM B CHCTEME LEHTPa MacC CTOJKHOBEHHE CBOAUTCHA K
IIOBOPOTY CKOpocTeH OGeHX YacTHI, OCTAXINHXCH NPOTHBOINO-
JIO)KHO HanmpaBJeHHBIMH H HEH3MEHHBIMH IO BeJUuHHe. ST0
nsoGpaxeno Ha puc. 9.1, rae BeKTOPLl CKOPOCTEfl ¢ HEAEKCOM
«0» OTHOCATCA K CHCTEME LeHTpa Macc. ¥roa O B 3aBHCH-
MOCTH OT B3aHMHOTO PAacCHOJOMKEHHs YaCTHIL NPH CTOJKHOBE-
HHH MOXET NPHHHMAThb Jio0He 3HaueHus. Ero snadenne e
MOKET OhITb HAHJEHO TOMBKO H3 3aKOHOB COXPAHEHHS.
CKopoCTb 4acTHL, B J1aGOPATOPHOH CHCTEME OTCYETa MOMKHO
MoNy4HTb U3 pHC. 9.1 cienyiomiM rpadHyecKiM MOCTPOEHHEM,
—

Orroxxkum Bektop OA, paBHBIH CKOPOCTH CHapsiia B CHCTEME

UeHTpPa Macc 1o yAapa @ (puc. 9.2). CkopocTh cHapsaaa B

J1a0OPaTOPHOH CHCTeMe @, PaBHA CYMMe ¥y H CKOPOCTH LieHTpa
—>

mMacc v, T. e. wuzobpaxaercs Bekropom BA ma puc. 9.2,
Ilocsie CTONKHOBEHHSt CKOpOCTh CHapsiia B CHCTEME LEHTpa
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Mace Vi HMEET TY K€ BeJHUYHHY, YTO H ¥y, H, C/I€J0BATC]b-

110, H300pa)KaeTcss HEKOTOPLIM BeKTopoM OC, KOHel KOTOporo
JICKHT B KAKOH-TO TOYKE OKPYXKHOCTH PajHyca U, C LEeHTPOM
B Touke 0. [TosToMy cKOpocTb cHapsija nocje yaapa B Jabopa-
TOPHOH CHCTEMe OTCY€Ta ¥;, paBHad CYMMe Pj, H CKOPOCTH

0
[leHTpa Macc @, H300paxkaercss Bektopom BC. ¥Yroa ¢
XapaKTepH3YyeT H3MEeHeHHe
HANpPABJAEHHST CKOPOCTH CHa-
psaa B snabopaTopHoOHl CH-
creMe B pe3y/bTare CTOJK-
HOBEHHUS . .

BennunHa Bektopa BA

pu—
paBHa v;, a Bekropa BO
my

V=l HOSTO_I\:Iy Be
JuuHHa Bexkropa OA pas-
fitg Puc. 9.3. MaxcuManoupif yroa Ot-
Ha vy, = Ul*U:m 1+ K/JOHEHHS  4acTHUBI-CHApfaja npH
! 2 CTOJIKHOBEHHH @pyu, KOTAA CHApAJ
Puc. 9.2 coorBercTBYET CaY- TSKENEE  MULUGHH.

uaw my<limy, T. €. KOrjia
cuiapsifi Jerde MumieHd. Tak Kak Touka B JexHUT IIPH 3TOM
BUYTPH OKDPYXKHOCTH, TO YTOJM OTKJOHEHHS CHApfa ¢ MOKET
[IPHHUMATh Jio6oe 3HaueHHe. Ec/aH cHapsij Tsnkejaee MHIIeHH
(m,>m,), TO Touka B HaxomuTcs BHE OKPYKHOCTH (puc. 9.3).
BuaHo, 4TO B 3TOM c/Jydae yroJ OTKJOHEHMsI CHapsiia (¢ He
MOJKET IIPEBbILIATh HEKOTOPOTO MAKCHMAJIBHOTO 3HAUYCHUHA Pynay,
CHHYC KOTOPOrO PaBEH OTHOLUCHHIO Uy,/U:

. V1o My

Sln(Pmax:"v—:—,;l—l.
Ianpumep, Npu yrnpyroM paccesiHid JeHTPOHOB Ha HEIOJBH K-
HLIX NIPOTOHAX, KOrJla OTHOIIEHHE Macce m,/m,=1/2, yroa pac-
CCAIMS He MOXKeT IipeBbimarb 30°.

B 3ak.ioueHHe OTMETHM, YTO I10J1yUYEHHbIE BblLIE 3aKOHOMEp-
HOCTH OCTAlOTCsl B CHJIE H B TeX cJydasix, KOrja paceMmarpH-
BaeMast CHCTeMa CTaJKHBAIOULMXCA YacTHL, CTPOro roBops, He
siBJSIeTCS 3aMKHYTOH. Heo6xoauMo JHLIb, 4YTOObl BHeuLlHE
CHABL GBI MaJbl 10 CPpaBHEHHIO ¢ BHYTPEHHHMH CHJaMH,
JefICTBYIOUHMH BO BpEeMs CTOJNKHOBeH!si, Toraa HMIy.1bcoM
BHCUIHMX CHJ 33 BpemMsl CTOJKHOBEHHS MOXKHO IpeHefpedb.
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Hanpumep, maruutHoe nose B KaMepe Busbcona cyuiecTBeHHO
HCKDHBJISIET TPAeKTOPHIO 3apsKeHHBIX YacTHIL JO H IocJae
CTOJIKHOBEHHsI, OJHAKO BO BpeMs CTOJKHOBeHHs JeficTBHeM
MarHUTHOTO IO/l MOXHO IpeHeGpeub.

§ 10. 3akoHbl COXpaHeHHU$ M KOCMHUYECKHe CKOPOCTH

AnanuTHyeckoe peileHue AHHAMHYECKOH 3aJauH O JBHAE-
HHH Tesia B LiEHTPaJbHOM T'PaBHTAIMOHHOM II0J1€, HanpHMeEp o
IBHXEHHH 1uiaHeT BOKPYT CosHLA H/IH HCKYCCTBEHHBIX CIYT-
HHKOB 3eM/IH, COMPSKEHO CO 3HAYHTEJIbHBIMH MaTeMaTHYeCKH-
MH TPYAHOCTAMH. MeX1y TeM OTBeTbl Ha MHOTHE BOIpOCHI,
Kacarolyecs 3TOTO JBHKEHHS, MOXIHO CPaBHHTEIBHO MPOCTO
NOJYUYUTb C NOMOLLBIO 3aKOHOB COXPAaHEHHA.

[Tpexkne Bcero onpeneanM BTOPYIO KOCMHUECKYIO CKOPOCTb
U, T. €. MHHHMAJIbHYIO CKOPOCTb, KOTOPYIO HY2KHO COOOIIHTH
HaxojslleMycs Ha IOBEPXHOCTH 3eMJH Tely AJId TOTO, 4TOGhI
OHO yJa/HI0ch Ha GeCKOHEeUHOCTb (ee YacTO HasblBAIOT TaKiKe
CKOpOCTBbIO 0cBOGOKAeHHA). [Iporle Bcero 3to cpeqaath, HCMOMb-
3y 3aKOH COXpaHeHH A SHepPrUH. DyneM cuHTarTh, UTO ABHTATEIH
pakeThl cpabaTblBaIOT HENOCPEACTBEHHO Y IOBEPXHOCTH 3eMJlH,
cOO0LLAIOT paKeTe HeOOXOAHMYI0 CKOPOCTb H BBIKJIOUAIOTCH.
Kunernuyeckasa suepris Ttesna I1IpH 3anycke paBHa mwf/2, a
fIOTEHIlHa/IbHAasl 5SHeprusi BOMH3H [OBepXHOCTH 3eMsH, B
COOTBeTCTBHH ¢ (opmysoll (8.6), paBHa —mgR. [loanas me-
XaHHUecKas 3Heprus

2

£ =" ngr
B CBOOOJHOM II0JleTe OCTaeTcsi Hen3MeHHOH. B KoHeuHoM co-
CTOSTHMH, KOrja pakera yjajiujach OT 3eMiad Ha GecKOHey-
HOCTb, ee [oTeHllHa/1bHas 3HepTHs paBHa HYyaw0. OUeBHAHO, UTO
HeoOXofHMasi HauajbHas CKOpocTb GyneT HauMeHbleH, ecH
B KOHEUHOM COCTOSIHHH CKOPOCTb pakerbl OGpaTtHTC B HYJIb.
CrnenoBatesbHO, B KOHEUHOM COCTOSIHHH IIOJIHAs MeXaHuuecKas
5HepPTHs paBHA HYJO, M BCAEACTBHE 33aKOHA COXpPaHEeHHSs
IHEPTHH

moly

3 —meR=0,

OTKYAa HEMEJJIEHHO TI0JyuaeM
vy, =) 2gR = 11,2 km/c. (10.1)
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Pakera yjanutcsa Ha GeCKOHEUHOCTh HE3aBHCHMO OT TOTO, B
KaKOM HAamIpaBJeHMH coobuieHa €H BTOpasi KOCMHYECKasl CKO-
pOCTb, XOTHl TPAeKTODHMH ABHXKCHHS HPH 3TOM OYAYT, pasy-
MeeTCsl, pasHhbIe.

O6patum BHHMaH¥e Ha TO, YTO MPHBEJEHHBIC BBIIE pac-
CYXKJEHHS TNPOBEJEHBl B CHCTEME OTCUeTa, CBSA3aHHOH ¢ 3eM-
Jied. DTO COBEpLIEHHO eCTeCTBEHHO, TaK KaK MO caMofl mocTa-
HOBKE 3aJaY OUEBHIHO, YTO 3eMJfl CUHTAETCH HENOJABHIKHOM.
TouHee, cHcTeMa oOTcyeTa, CBfi3aHHas C 3emJed, cyuTaercd
HHepUHATbHOH, a npuTsxeHHeM CoJHUA M TeM Oojee JIpyrux
miaHeT npeneGperaercs. OfHAKO monpo6yeM B TOM e CAMOM
npHOMHXKEeHHH (T. €. npeHeGperas nputsikenueM K CouHiy)
pPacCMOTpPETb 3TOT BOMPOC C TOUKH 3PECHHS CHCTEMBbE OTCYeTa,
cei3anHo# ¢ Co/HIEM. 3TO COBEPIIEHHO 3aKOHHO, TAK KakK re-
JIMOLEHTPHYECKAs] CHCTEMAa OTCYETa fABJACTCA HHEPUUAJNBHOH C
6ofblIeH cTeneHbl0 TOUHOCTH, YeM reouentpryeckas. [Mockosb-
Ky npuraxenve Kk ComHuy 3zech He yuutbiBaercs, ComHue sB-
JISIETCST JIMIIb TEJIOM, C KOTOPBIM CBsi3aHA CHCTEMA OTCYeTa, a He
(bM3NYECKUM TeJIOM, B/MSIOINIUM Ha JBIKEHHE.

0OB603HauNM CKOPOCTb ABHXKEHHSI 3em/Iu yepe3 ¥ M Npearno-
JIOXXMM /11 MPOCTOTHI, YTO HAyaJbHAsi CKOPOCTb TeNa OTHOCH-
TeJBHO 3eMT¥ o, COBHajaeT C Hefl mo HampaesJeHHw. [Ipume-
HUM 3aKOH COXDAHEHHSs 3HEPTHH, YUHTHIBAS, UTO, YAAJHBIINCE
or 3emsu Ha GECKOHEYHOCTb, T€JIO OCTAHABJIMBACTCS OTHOCH-
TeJPHO 3eM/1M, T. €. B DAcCcMaTpHUBaeMOH cHCTeMe OTcyera
HMEeT TY e CKOpPOCTb, YTO H 3emus:

nw LR pgp =", (10.2)
Orcioga Haxomum
v =V 2gR +v*—v, (10.3)

UTO HE COBMAJACT C HOJYYEHHBIM paHee 3HauenveM. Kakomy xe
pesyabraty Beputb? COBEpILEHHO OUYEBHAHO, 4TO (hOpMyJia
(10.3) He MowxeT 6GuiTh BepHOH. B Hee BXOANT v — OTHOCHTE/b-
Hasl CKOPOCTb ABYX HCIOJIb30BaHHBIX HAMH cHcTeM otcuera. Ho
TaK KaK BCe HHEpIHa/JbHble CHCTEMb OTCYETa PaBHOMNpPABHBI, TO
OTReT 1€ MOKeT 3aBHceTb OT v, B uyem e geno? B cnpasennu-
BOCTH 3aKOHa COXPAaHCHHMs 3HEPrHHM COMHEBATbCA HE IIPHXO-
Rirest. Buipasenne Ais mOTEHIMANBION 3HEPTHH BO BCEX HHEp-
Ui hIBIX CHCTCMEX OTCUCTd OAHIAKOBO. 3HAUNT, B ypaABHEHHUH
Oaviaica adeprun (10.2) yro-ro He yureno. Hro xe? Eauucr-
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BEHHOE, YTO Mbl MOIVIH YNYCTHTb,— 3TO H3MeHEHHEe KHHeTHYeC-
Kofi suepruu 3emau. B camom jene,.nmpH yAajseHHH Tena OT
3eMJIH CHJIa TATOTEHHs! NeHCTBYET He TOJbKO HA TeJO, HO H Ha
3eMai0, OKasbiBasi BJAHAHME Ha ee JBHKeHHe. [lpasja, HaMe-
HeHHe KHHeTHUecKo# sHepruu 3eM/H NPH 3TOM OuYeHb MaJo,
1160 ee Macca M MHoro 6oJblie, yeM Macca Teja m. TeM He
MeHee nonpoGyeM yuecTh ero akkyparso. Obo3nayas CKOPOCTb
3emay mocje ylajeHHs Tena Ha GECKOHEYHOCThb yepe3 v;, 3a-
NHUHIEM 33KOH COXPaHEHHs! 3HePTHH B Buje

o a2 2
Mt | mlend o g MO (10.4)

2

CkopocTe Tesla B KOHEYHOM COCTOSIHHH Tenepb paBHa v,, H0O
TeJIo, KaK H paHblile, J10MKHO ObITh HENOABHIKHO OTHOCHTEBHO
3emisd. BeauuyuHy v, MOXKHO HAHTH C NOMOLIbIO 3aKOHA COXPa-
HeHUs UMIYJbCa, K00 B OTCYTCTBHE BHEWHUX CHJI, T. €. B 3aMK-
HYTOH CHCTeMe B3aUMOLEHCTBYIOIUX TeJ, MOMHBIH HMIIYJbC
coxpansercs. [lostomy

Mo +m (v, +v) = Mv, +mo,. (10.5)

Haxoznsa v, u3 ypaeuenus (10.5) u noacraeasia B (10.4), nmocne
HECJOKHBIX NPeobpa30BaHHi MOJYYHM

Lv‘fI:(l—}—-%)QgR. (10.6)

J10 BLpaXKEHHE YK€ ropasfio G/HKe K IPEKHEMY pe3yJbTary,
qeM (10.3), HO Bce-TakM OT/IHUAETCST OT HETo JIMIUHHM MHOXKH-
tenevt 1--m/M. 3aMeTuM, YTO €c/H CUHTATh MAacCy Teja MHOTO
MeHbllle Macchl 3eMuiH, T. €. m/M<1, To caaraeMbiMm m/M
MOXHO IpeHeOpeub 110 CpaBHEHHIO C elWHHIeH, ¥ dopmyna
(10.6) naer npexuuil pesyabrar v, =} 2gR. Herpyano coo6-
pasuthb, yTo npeanosoxenue m/M—Q c camoro Havasa GpuIO
HesIBHO HCIIOJIB30BAHO MPH pelleHHH 3aflayl B CHCTEMe OTcyera,
cBsizanHoi ¢ 3emJeli. [leificTBUTeNIbHO, 3€MJs1 CYyHTaJach He-
NCIBMXXHOHA KaK B HayalbHOM, TaK H B KOHEYHOM COCTOSIHHH,
HECMOTpPsl Ha TO, YTO Ha Hee, KaK H Ha TeJo, AeHCTBoBaJja cH/a
TATOTEHUsI. DTO BO3MOKHO, TOJNBKO ecau m/M—-0.,

Wrak, Bupaxkenue (10.6) sirnsercs Gosee oGiuM, uem (10.1).
OHo faeT BO3MOXKHOCTB ONPEAESHTD BTOPYIO KOCMHUYECK VIO CKO-
pOCTb B TOM CJyyae, KOTAa MacChl 3a1yCKaeMoro Tenaa u 3eMad
cpaBHUMBl MexAy cofofi. OaHako Tenepb BO3HHKaeT ApYyro#
Bonpoc. Iloyemy npeHefpenenne H3aveHCHHEM KHHETHYCCKOI
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sueprun 3emnn (npu m/M—0) B reoueHTpHueckoil cucTeme
oTcueTa JOMYCTHMO, a B FeJHOLEHTPUYECKO! NMPHUBOAUT K SIBHO
nesepuomy pesyaptary (10.3)? Beabp H3MeHeHHe - CKOPOCTH
3eMJH OAMHAKOBO B J106OH HHEpUMAJbLHOH CHCTEeMe OTCuera.
B sroM serko yGenurtbcst, nepemucas Gopmyay (10.5) B ue-
CKOJBKO MHOM BHJE:

muy = (M +m) (v;—0). (10.7)

BuaHo, 4To U3MeHeHHe CKOPoCcTH 3eMaH Au=uv;—0v He 3aBHCHT
OT ee HayaJibHOH CKOPOCTH ¥, T. €. OT BbIOOpa CHCTeMbl OTCUeTa.
Ojilako H3MeHeHHe KHHETHYeCKOH 3Hepruu 3eMJIu B Pa3HblX
cluCcTEMax OTCYeTa GyjaeT pa3HBIM; B I'eOleHTPHYECKOoil cucreme
st0 M (Av)¥2, a B TeJHOLEHTPHUYECKOI
2
M (v-2|—Av) Mv — Mu Ay 4 X8

G (10.8)

[pu m<«M, xak Buano n3 (10.7), Av<v,. Tlockoabky cko-
poctb v Gosblle BTOPOH KOCMHYECKOH CKOPOCTH, TO MepBoe
caaraemoe B mpasoil uacti (10.8) mHoro 6osblie Broporo,
T. €. H3MEeHeHHe KUHeTHYeCKOH 3HepPruH B Ie/HOleHTPHHeCKOoH
cucTeMe MHOro O0JbIle 3TOr0 M3MeHEHHS B IeOleHTPHYECKOH,
i €ro Hesb3sl HE YYUTHIBAaTb B ypaBHEHUH (aslaHCa HEprHH.

Pasymeercsi, ¢opmyna (10.6) Moxxer GbiTh nosiyueHa u B
reOlEHTPHYECKOH CHCTEME OTCUeTa, eC/IM TaM Y4ecTb H3MEeHEHHe
KITHeTHYeCKOH sHepruu 3eMJH.

Paszo6paHublil npumep oveHb noywuteseH. OH HarJsnHO
[IOKa3blBaeT, C KaKOH OCTOPOMKHOCTBIO HYXKHO IOAXONHTH K
BOIIPOCY O TOM, UTO CYIIECTBEHHO B paCCMaTPUBAEMOM SBJIEHUH,
a yeM MOXHO npenefpeub. Bce HHeplLUaTbHbBIE CHCTEMEl OTCYETA
PABHOIPABHLL B TOM CMBIC/IE, YTO 3aKOHBI IPHPOAE B HUX OfH-
HakoBbl. [103TOMYy mpHM TOYHOM pellleHHH 3a1aud BHIOOD TaKoil
cucreMel Ge3passiuuer. OAHAKO NMPH HAXOXKAEHHH MPHOIUKEH-
1I0T0 pellieHHs npeHedpeKeHHus, JONYCTHMbIE B OHOH CHCTeMe
OTCYeTa, MOTYT OKa3aTbCs COBEpIIEHHO HeIPHIOAHBIMH B
Apyroii.

[lepefinem Tenepp K OfpejeneHHI0 TpeTbell KOCMHYECKOMH
CKOPOCTH Uy, T. €. MHHHMAJbION CKOPOCTH, KOTOPYIO HYKHO
COOOIIHTE Te1y BOJH3W MOBEPXHOCTH 3eMJM /ISl TOro, 4TOOb
OO CMOrJI0 MOKHHYTh mpenessl CoJHedHoH cucreMbl. Bynem
paccyxaaThk caenyionnM obpasoM. 3abyneM HA BpeMs O 3eM-
HOM TSITOTEHHMR W HalileM MHHUMAJbHYIO CKOPOCTh Uy, KOTOPYIO
liYIKIO COOBLINTD Tesy, HaxoidueMycst or CoJlHIa HA paccTos-
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HUM r, DPABHOM DAJMyCy 3eMHOH OPOHTHI, UTOGH OHO CMOTJIO
npeonoserh nputsikeHue CoHua. Ty CKOPOCTb JIETKO HAHTH,
HCIIONTb3YsT 3aKOH COXpaHeHHs 3Hepruu. [locKoibKy Mbl IMOKa
npenebperaeM HOMEM TATOTEHHs 3eMJH, TO HYXHO HPOCTO
notpeGoBatTh, UTOGbl CyMMa KHHETHUECKOH 3HEPruu Tena mui/2
¥ MTOTEHMATbHOU 3HEpTHUHU B novie Tsarotenust ConHua —vaC/r
paBHS/ACh HYJMIO: TEJIO NOJKHO OCTAHOBHUThCH Ha GECKOHEUHO
Gonpurom paccrosinuy ot CoJHua, rie NoTeHUHUa bHas SHEepris
obpamaercs B Hyab. Orcrona

v‘i=2vM_rC.. (10.9)

Jlerko BHIETb, UTO 3Ta CKOPOCTb B J 2 pa3 60/bie CKOPOCTH
3emnu Ha KpyroBo# opfure nBmkenus Bokpyr Counua v=
=298 km/c. Teno ynanurcsi Ha GECKOHEUHOCTb HE3aBUCUMO OT
TOrO, B KAKOM HanpaBJieHHH CooblieHa eMy CKopocTb v,. Urak,
v, PaBHa PUGIU3UTENBHO 42,1 KM/C. 270 O4€Hb MHOTO, OAHAKO,
pasymeercsi, Mbl MOXeM HCHO/b30BATh [BIKEHHE 3eMid H
3amycKaTth TeJO B TY K€ CTOPOHY, KYAa ABHXKETCH 3eMJs IO
op6ure. Torna Tesly HYKHO COOGWIUTH JOGABOUHYIO CKOPOCTh,
pasnyio (' 2—1)v =~ 12,3 km/c.

Tenepb HETPYAHO HAHTH U CaMy TPEThIO KOCMHUUYECKYIO CKO-
- poctb. JLJs1 3TOro AOCTAaTOUHO TONBKO COO6Da3uUTh, UTO HA CAMOM
aejie ckopocTh 12,3 KM/C TeO0 ROJIKHO MMETh NOCAEe TOro, Kak
OHO Mpeojo/eeT NPUTIKeHUe K 3emie. [103ToMy CyMMa KHHETH-
yecko¥ 3HEPru¥ Teja NpPH 3anycke muj;/2 ¥ NoTeHuMa bHOR
SHEPTHH Ha NOBEPXHOCTH 3eMiu —mgR NOMKHA PaBHSThCA
KMHETHUECKOH 3HEpruu JIBHMKEHus cO CKopocThio 12,3 km/c
[OC/IE€ IIPEONONIEHHST 3€MHOTO THATOTEHUS:

mv%n _ m(l/-—é—-l)zv2
— MmeR= T
OTKyZia _ .
vhi=(V2—1)" v»+2gR. (10.10)

Sro#t GopMyJie MOXKHO NMPHAATH APYroH BHI, €CJAH BCIOMHUTD,
yto }/2¢R paBeH BTOpPOi KOCMHMUECKOH CKOPOCTH Uy

vy =(V2—1)" v* + v} (10.11)

[NoacTaBnss ciola YHCAEHHbIE 3HaUeHU ST OPOUTATBLHONH CKOPOCTH
3eman vx~29,8 KM/C ¥ BTOPOH KOCMHYECKOH CKOPOCTH U) =
~11,2 km/c, noayuum v~ 16,7 km/c,
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Hrak, oreeT noayueH. Ho y uurartess, BO3MOXHO, BO3HHK
BONPOC: IIOYEMY DacCyXXAEHHA NpPOBOIWJINCH B JABa 3Tanar
JlpyruMH CJOBaMH, NOYEMY 33KOH COXpPaHEeHHs 3HEPTHH HC-
JI0/1b30BaJICA IBaXKIbl — CHadaJa AIA Npoluecca BbIXOAa Tena
u3 nonas tarotenus CoJsHLA, a 3aTeM -— U3 [OJA TATOTCHHSA
3emsn? Hesb3st T IPHMEHHTD 3aKOH COXPaHEHH Al SHEPTHH OLHH
pa3 KO BCceMy MpOLEcCY B LETOM, NoTpeGonas, YTOGH! NOJHASA
SHEPTHA Tea, T. €. CYMMa ero KMHeTHYECKOH! SHEPTHH H I1OTeH-
IIHaBHBIX 3HEPIHH B noaax taroreHus 3eman u CoaHua, pas-
HA14aCh HYJIO:

) 2
m(U—;bm) _ C_07 (10.12)

Opnako uuTaTe]b, pasofpaBlIuiics B npelblLylieM IpH-
mMepe, KOHEYHO, coo0pasuda, uTo Tak NHCATh Hejb3d. [leHicTBH-
TeJNbHO, BBIPA3MB BTopoe ciaaraemoe B Gopmynae (10.12) yepes
BTOPYI0O KOCMHYECKYI CKOPOCTb 0fj=2gR, a TpeTbe — uepes
CKOpPOCTh 3eMJM Ha KpyroBo#l opGure Bokpyr CosHuA y?==
=yM¢/r, MBI HE NOJYYUM I/t TPETbEH KOCMHYECKOH CKOPOCTH
¢opmyaer (10.11). M coBepiieH1o 1OHATHO — IIOYEMYy: B BbI-
paxkenuu (10.12) Mbl He yuuTHIBAMM H3MEHEHUS KHHETHUECKOH
3HEPTHY 3eM/IH [IPH yIAJCHUH OT Hee 3aNyIleHHOro Tena, XoTs
3TO M3MeHeHHe H Maljo, HO, KaK Mbl BHUJIENH B NPeIbLIyLIeM
npHUMepe, y4eT ero B TeJHOLEHTPHYECKOH CHCTEeMEe OTcuera
1e00X0IUM. YuTeM M3MeHCHHe KHHETHYCCKOH sHepTHH 3eMi.
Pasymeercs, npu 3ToM Mbl GyaeM npeHeOperaTb H3MEHEHHEM
KiuetHyeckoll sHepruu CosHIA: Kak NPH BbIYHCJIEHHH BTOPOM
KOCMHYEeCKOH CKOPOCTH MOXKHO Obl10 IpeHefpedb M3MECHeHUeM
KHHETHYeCKOH 3HepTHH 3eM/IH NPH HUCIIONb30BAHUM CBf3aHHOM
C Hell cUCTeMBbl OTCUeTa, TaK U 3[1eCh U3MEHEHHEeM KHHeTHUYEeCKOH
sheprud CoJHIA MOXHO NpeHeGpeub APH HCHOJb30BaHHM Te-
JIOLEHTPUYECKOH CHCTeMbl oTcyeTa. Ero HYKHO GblIo Gbl yuu-
ThiBaTb, €C/IM Gbl Mbl MCIIOJNB30Bald KaKyr-HHOYAb HHEPLH-
aTbHYI0 CHCTeMY OTcyeTa, B Kotopoit CoJIHIe ABHXKETCS, HalpH-
Mep CHCTeMY OTCYeTa, CBA3aHHYI0 ¢ KAKOH-TM00 TalaKTHKOH.
C yyeToMm cKa3aHHOro 3aKOH COXPAHEHHs SHEPTHH B IeJTHOLEHT-
pnyeckoil cHCTeMe OoTcyeTa CJAeLyeT NucaTbh B BHIE

2
m(d+l'111)2+ : _ng— 'i_M_C=-/i2vi (10.13)
r

B s1oM Boipaxenun M — macca 3emin, v, — CKOpocTb 3eMn
nocjie ynajeHus Tesla, a OCTalbHple OCO3HAYEHHA MNPexKHHE.
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Tperbe u yerBepToe caaraemble B JIEBOH YacTH, KAaK U paHblie,
BbIPA3UM COOTBETCTBEHHO UYepe3 BTOPYI0 KOCMHYECKYIO CKO-
pocTb M CKOpocTb 3eMau Ha KpyroBoil opGure. [lepetiecem
BTOpOE cJlaraeMoe ua JeBoii yactu ypasHenus (10.13) B npaByio;
TOrZa B npaBoil 4yacTu OyJeT CTOATb W3MEHEHHEe KHHEeTUUeCKOil
3HepruH 3eM/H, KOTOpoe MNPeiCTaBHM B BHJE

—jg(vg——vz) =M2—(02—}—v) (v,—v) =~ Mu (v,—v). (10.14)

[TockonbKy Macca Tesa MHOIO MeHbIlE MacChl 3eMJH, TO
H3MeHEeHHe CKOPOCTH 3eMJH NpH YJa/JeHHH Teja OT Hee MaJo,
U CyMMa U,-v npub/luxKeHHO 3aMeHeHa Ha Zv. Herpyano co-
06pasHTb, UYTO 3TO COOTBETCTBYET HpeHeGpe:KeHUI0 BTOPBIM
claraeMbiM B HpaBoil wactd ¢opmyJbl (10.8).

JJis HaxomJeHUst M3MeHeHUs1 CKOpocTH 3eMau Av=uv,—v
BOCHOJIb3yeMCsl 34KOHOM COXpaHeHHsi HMmyJbca. [IpeneGpe-
JKEM BJIMSIHHEM noJjs Tsarorenust CosHia Ha JBHKeHHe 3eMJIH H
3aMYLIEHHOTO TeJla B TeUeHie BCero BpeMeHH, KOTOPOe OHO 3a-
TPauuBaeT Ha BbIXOJ W3 30HBI JAeHCTBUS 3€MHOIO TATOTEHHUS.
Tak Kak CKOpOCTb TeJa HpH BEIXOJE H3 3TOH 30HBI paBHA U,
uMeeM

m (v -+ vyy) + Mv=muv, 4 Mu,.
Orciona
M,—v)=m@©+uvy;—1v,) =mlv,“—(l/§—— 1)v], (10.15)

TaK Kak vleQU. OGparuM BHUMaHue Ha TO, UTO H3MEHEHHe
ckopocti 3emau Au crpemurtcss K HyJaio npu m/M—0, 1. e.
3aMYCK KOCMHUECKHUX anfaparoB HpPaKTHYECKU He BJHUfET Ha
aBikenHe camoll 3emau. Ymuoxas (10.15) Ha v, moaywum,
coriacio (10.14), u3MeHeHHe KHHETHUECKOH 3HEPTUH 3eMJH.
[loacraBasisi 3TO U3MeHeHHWe B ypaBHeHue GajaHca SHepriu
(10.13), TONY4UM ypaBHEHHE A OHpE}_lEJIEHHH TpeTbel Koc-
MHUECKOH CKOPOCTH Uy

(v vy — 20} — 20 =2v ‘UIII_(V§‘- 1) U] .

Pewasi 310 ypaBHeHHe, HaXOLMM AJIs vy, [pexHee 3Ha4YeHHe,
naBaemoe copmyJoilt (10.11).

O6GpaTiM BHUMaHue Ha cJjeaylouiee obcrositenbecTBo. He-
CMOTPSl Ha TO, YTO 3aKOH coxpaHeHust suepruu (10,13) Gbia
3anucaH AJsl BCEro npouecca B HeA0M, MPH HaXOXKAeHHH U3Me-
HEHHSI CKOPOCTH 3€MJH HaM HPHLWIOCH BOCHOJ/bL30BAThCH 33KO-
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JIOM COXpaHeHHsI HMIYJAbCa B NPUGIHKEHHOM BHJAE TOJbKO JJIs1
orupefesIeHHoro 3Taia Mpolecca, a HMeHHO AJs BhiXOAa Tela
TOJIBKO U3 30Hbl JeAcTBHA TsiroTenHsl 3eM/aH. Ilpu stom Mbl
CYHTaJNH, YTO Ha BTOPOM 3Tame, T. €, NPH YJaJeHHH Tesa H3
30Ubl IEHCTBHSA COJHEYHOTO NMPHUTAXKEHHs, CKOPOCTb 3eM/IH YiKe
He Meusijacb no Beluunue. TakuMm ofpa3oMm, (akTHUECKH
HaM BCe paBHO [IPHILIOCH POBOAUTDL NMO3TANHOE [IPHOIHKEHHOE
paccMoTpenue. [lonbITKa NpUMEHHTb 3aKOH COXPAHEHHS HM-
nyJbCa KO BCEMY NMpoLecCy He npuBena 6bl K KeJaeMoMy pe-
3yJbTary. Jle10 B TOM, UTO 3/leCb Mbl CTAJKHBaeMCsl C TaK Hasbl-
BaeMOH «3ajauell Tpex Tea», ABHKYUIUXCA NOA ACHCTBHEM CHJ
B3aHMHOro NpUTsKenusi, Tounoe peilenue 3Toi 3aa4i B ofieM
¢Jydae BCTpeuaeT KOJIOCCaJdbHble MaTeMaTHYeCKHe TPYAHOCTH H
MOKeT OLITb [0BeJleHO [0 KOHLA JHb B HEKOTOPbIX 4acTHBIX
cayvasx.

[1pu pellenuy NpakTHYECKHX 3a/lad KOCMHYeCKOH IHHAMHKH
OOBIYHO HCMOAb3YeTcs NPHOMHKeHHbIH 10AX0J, OCHOBAaHHbIH HAa
pa3bHenHy MpOCTpaKCcTBa HAa TaK HasbiBaeMule cepbl AeHCTBHS
orjenpubix HefecHbix Teal. Tak, HanpuMmep, B pPa3oOpanHOM
npuMepe cHaia’ta paccMaTPUBAJIOCH ABHIXKCHHE Tela TOJbKO
noz AefictBieM nputsikenus K 3emise, [1pu stom, cTporo rosops,
npeue6peractess ue BausauHeM Cosula Ha JBHXKeHHe Teja, a
pasuocTbio BO Bausinvsix ColHIa Ha ABHXKEHHst 3eMJIH H Tesa,
T. €. (haKTHUECKH [IperebperaeTcs HeoAHOPOAHOCTDIO NT0JS TATO-
tendsi Conuua B cepe gmefictBusi 3emsu. [loce Boixopa Te-
Ja H3 chepsl AeHCTBH 3eM/IH pacCMaTpPUBA/IOCH €0 JBHXKEHHE
ToabKO B nose tsirotennsi Conuuna, Pasmep cdepw aeficTBua
3eMan onpefessieTcs TeM pacCTOsiiHeM, Ha KOTOPOM PasHOCThb
yckopenuii, coobuiaempix Cosnuem 3emiie H 3anyuieHHoMy ey,
CTaHOBHTCS CPABHHMOH C yCKOpeHnHeM, CooblijaeMbIM Tey 3eM-
Jeii. B ornuune ot cepul AeficTBHA, «cepa IPUTKEHHS 3eMaH
ornocutenbuo Conuuar, onpepensieMas Kak 06/1acThb, l1a rpa-
HHIIe KOTOPOHl paBHLI 10 BeJIHUHHE TPaBHTALMOHHbIE YCKOPEHHUs
Teqa ot 3eman H ot Co/HIA, He HTPACT HHKAKOH POJIH B KOCMH-
YeCKOH AHHAaMHKe,

§ 11. TlpocTwie mpuMepbl M3 KOCMHYECKOH THHAMHMKH

OcoleHHOCTH JBHKEeHHs TeJl B HBIOTOMOBCKOM MOJ€ TATOTe-
Ml Jydile BCero H3yuarh, paccMaTpHBasi KOHKDETHBIE NpH-
Mepnl, B sToM maparpade GyleT paccCMOTPeHO HECKOJAbKO IpH-
MCDOB M3 KOCMHYECKOH IHHAMHKH [JBHXKEHHS CHYTHHKOB B
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rPaBUTALHOHHOM MOJIe 3eM/IM Ha OCHOBe 3akoHOB Kemsepa u
3aKOHOB COXpaHEHHS.

Hpunmep 1. C nomoca 3eMiu 3aNyCKaiOT [Be paKkeTbl, OIHY
BEPTHKA/IbHO BBEPX, JPYTYl0 TOPH30HTaNbHO. HauanabHbie
CKOPOCTH 00€HX PaKeT pPaBHBL Uy, [TPHUEM BEJHYHHA U, GOJbLIE
IEPBOM KOCMHYECKOH CKOPOCTH M MeHblue BTOpPOH. Bbisic-
HHMM, Kakas M3 paker YAaiuTcA Jajblie OT LeHTpa 3emiH
M BO ckombko pas. ConporMBieHHEM BO3AyXxa GyneM HpeHes-
perarsb.

PaccmorpuM BHauaJsie Gosiee mpocTOi caydalt, KOTAa pake-
Ta 3alycKaeTcsi BePTHKaMbHO BBepX. IIoCKOMBKY enHHCTBEH-
Hasg cusa, NeHCTBYIOLAS HA paKeTy B CBODOJHOM IOJETE, €CTh
CHIa TIPUTSXKEHHMA K 3emsie, HaNpaB/JeHHAs BEPTHKAJIbHO
BHH3, TO paKeTa I[OJIETUT [0 IPAMOH, NpoXonfAmel uyepes
ueHTp 3emyn. Tak Kak HaualbHas CKOPOCTb PaKeThl MEHbLIE
BTOPOH KOCMHYECKOH CKOPOCTH, TO paKeTa Ha HEKOTOpPOM
pacCTOAHUHM 7, OT LEHTPA 3eM/TH OCTAHOBHTCH M HAUHET Majarthb
Has3aj. TOYKy MaKCHMaJIbHOrO yAAJeHHU s [TPOLle BCero HafTH U3
SHEPTEeTHYECKHX CO0OpakeHUH. JleHCTBUTENBHO, TaK KAK MOJ-
Hasi MeXxaHHyecKas 3HepPTHs CHUCTEMbl pakera — 3eM/A CoXpa-
HAETCHA, SHEPTHA B Hayase noJsera (mviy/2—mgR) paBHa 3Hep-
THH B TOYKE OCTAHOBKM (—mgR?/r;). Orciona cpasy Haxomgum
paccTofiHMe MaKCHMaJlbHOTO YyJANeHHA OT UeHTpa 3eMJH:

2gR?
ry = ——=——m.

2gR —uy

Ilpexne uem BLIYHCAATE BEIHYHHY MAKCHMAJBHOTO yAaje-
HHSl PAKETHl IPH TOPU30HTANBHOM 3aMYCKE, BLIAACHUM BOIPOC O
thopme TpaektopHH. [TOCKOJIBKY HauanbHasi CKOPOCTb PaKEThl
INpEBLILIAET MEPBYI0 KOCMHUECKYIO, HO MeHbllie BTOPOH, pakKeTa
JBHIKETCS [0 3JUIMICY, Y KOTOPOro OKYC HaXOAHUTCA B LEHTpe
3emnu, a HayasbHAs TOUKa MoOseTa siBjsieTcs nepureeM. Hosb-
1Aas OChb 3JUIMIICA NPOXOAMT Y4epe3 3Ty TOUKY H HEHTp 3eMiH
(puc. 11.1). Murepecytouiasi Hac TOYKa HauGOJbLIErO YAAJICHHSA
OT UeHTpa 3eM/IM — aroreil — JIEXXHT Ha [POTHBOINOJOKHOM
KOHUE GOJbLION OCH, U CKOPOCTh PaKeThl U, B 3TOH TOUYKE, pa-
3yMeeTCsl, OTMWYHA OT HYJfA M HAlpaBJ/eHA INEepPNeHAUKYIAPHO
GONBLLIOH OCH 3JITHIICA.

Jis HaxOMKIeHHSI BEJHUYMHBL Iy ONMATH MOMHO BOCIOJB30-
BaTbCA 32KOHOM COXPaHEHMS SHEPrHH:
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VYike orciofa JIerKO YBHIETb, UTO MaKCHMaJlbHOE YAaJleHHe pa-
KeThl ry B 3TOM Cayyae GyJer MeHbHie, 4eM r,. Y paBHEHHe
COJIEPKUT JiBe HEU3BECTHbIE BeJIMUMHLL U, U 7y H II03TOMY HMeeT
fecyHcIeHHoe MHOXeCTBO petleHHH. Urto Ol 3TO MOIVIO O3HA-
yatb? [lepeunTtaB elie pa3s HamWM paccyx-
JeHHsi, JIETKO 3aMeTHUTb, YTO B YypaBHeHIie
3aKOHA COXpaHeHHs S3HePrHH He BOUNIM HHKa-
KHe NPH3HAKHM, KOTOpble XapaKTepH30BaJH
Obl TOUKY 7, KaK TOYKY HauOOJbLIero yjaa-
nenusi. ToyHO TaKoe Ke ypaBHeHHE Mbl IIO-
JYYUIH Gbl U AJ151 JI060H Ipyrod TOYKH Tpa-
eKTOpUHM. 3aMeTHM, UYTO B IIepBOM cJayyae
(np¥ BepTHKaJbHOM 3amyckKe pakeTbl) TOY-
Ka MaKCHMAaJbHOTO yJa/leHHs Oblia yXke Bbl-
JeJ€Ha B ypAaBHEHMH 3aKOHA COXpaHeHH$

3HepruM, TaK KaK TOJNbKO B 3TOH TOuke ku- PHe. 1.1 O
HEeTHYeCKasi 3HEpPTHs pakeTsl ofpaiiaercsi B Tpgg:;;;‘}f;”;a_
Hyab, Kakoe ke yC/JOBHE CJeNyeT N06aBHTDb KeTH mpH
K ypaBHeHHI0 6anaHCa 3HepPrHH BO BTOPOM 0 <V <Ty -

cayyae, yTo6bl Yy4ecTb OCOGEHHOCTH TOY-

KM Haubosblero yialeHusi, OTIMYAIOIIHE ee OT BCex
IPYTHX ToOYeK TpaeKTopuu? Mbl yKe 3aMeTH/IHM, 4yTO B 3TOH
TOYKE CKODOCTb MEPIEeHANKYJIAPHA K HaNpaBJeHHIO Ha LEHTp
3emau. ToyHo TakUM 2Ke CBOHCTBOM 00jajaeT M HayalbHasi
TOYKa TPAeKTOPHH: N0 YC/JIOBHIO Haua/lbHAas CKOPOCTb PaKeThl
U, TIEPIIEHAUKYJISIPHA HANpaBJ/eHHIO Ha LeHTp 3eM/aH. Bo Beex
OCTAJBHBIX TOYKAX TPAGKTOPHU 3TO HE TaK. DTOT (aKT M03BO-
JsieT B NPOCTOM BHJE INPHUMEHHTb BTOpoH 3akon Kemiepa o
NOCTOSAHCTBE CEKTOPHOH CKOPOCTH NPH ABHXKEHHH B LEHTPab-
HOM IIOJIE;

VR =u,r,.

Tenepb Mbl MeeM CHCTEMY YpaBHEHHH [/151 ONIpEAe/IeHHSs Uy H 7,
npHYeM H3 HAUIMX pacCyXkJIeHH#l BbITEKaeT, YTO 3Ta CHCTEMa
JIOMKHA HMeTh JBa pelleHHs, COOTBETCTBYIOUIHX TEPHTEd H
anorero, Jlerko yGemuTbes, YTO MOC/E NOACTAHOBKH Uy =0U,R/ry
ypaBHeHHe GasaHCa 3SHEPTUH MpeBpallaeTcs B KBajpaTHOE
ypaBHEHHE OTHOCHTENBHO f,, KOPHH KOTOPOrO paBHE R H
r,=v;R/(2gR—v?); cpaBHMBas r, C ry, TNOJyYaeMm

gzﬂ___(m)2>1,

T2 vﬁ
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Hpumep 2. JIBa MCKYCCTBEHHBIX CNYTHHKA 3eM/IH JIBUIKYTCS
o OJHOH H TOH e KpYyropoil op6uTe Ha pacCcTOsiHUM L Apyr or
Apyra, cudtasi BAoJb TpaekTtopuu. [lepHox ofpalienus cnyT-
HUKOB paBeH T'. Kak MoxHO CO/JIH3HWTb CIYTHHKH Ha opOure,
€CcJIl H& OJHOM H3 HHX €CThb JBHraTelb, C HOMOLLBIO KOTOPOTO
MOXKHO NMPAKTHYECKH MTHOBEHHO CO-
OBLHTL HEKOTOP YIO JONOJHHTENbH VIO
ckopocTh Av, Ma/yio no CpaBHEHHIO C
op6uTaIbHOH CKOPOCTBIO W Hamnpas-
JIEHHYI0 IO KacaTesabHOH K TpaekTo-
pun? Kak ckopoctb Av cBszaHa ¢
LuT?

Ha puc. 11.2 nokasana kpyro-
Basi TpaeKTOpHUS pajuyca ry, 1o Ko-
TOpOll ABHXKYTCSl CHOYTHHKH Ha pac-
crosiuud L apyr ot apyra. Ecau B
Puc. 11.2. [lpeoGpasosa- IIPOH3BOJNBHON ToOuke A CcnyTHHKY
HHE KDYTOBOH TPaeKTOpHH  COOGLIHTH JONOJHHTENbHYIO CKOPOCTD
B _SAMMITHUECKNE TPH CO- Ay g pappaBseHHH OPOGHTAJBHOTO
OOUIEHHH COYTHUKY B TO4Y-
ke A nomoniuTeNnHON cKo-  ABHXKEHHS, TO OH Gy1eT ABUIaThCst MO
DOCTH B Hampamienuu op-  IJJIHNTHUECKOH opGute [/ ¢ (hokycom
GutanbHoro asuxenus (/) B uenrtpe 3emun. [lepwox obpauie-
W TPOTHB ABUKEHHS (2).  ppgpoTakoil op6HTe GObLIE, YEM NIO

Kpyrosoil. Ec/i ke 1onoqHHTENbHYIO
cKOpocTh Av B TOUKe A HanpaBHTb IPOTHB ABHXKELHS 10 OpPOHUTE,
TO CHYTHHK NepefileT Ha S/JHOTHUECKYI0 OpOHTY 2, mepuop
ofpauleHHss mo KoTopod MeHbiue T,

Or1crofa CTaHOBHTCA SICHbIM, KaKHE MaHEBpbl CJelyeT Mpo-
BOAMTL /51 COJIHMEHHS! cnyTHHKOB. [lpexie BCero OTMmMeTuM,
YTO, IIOCKOJbKY KPYroBas#g H 3JJHNTHYECKasi OPGHTBI HMEIOT
TOMBKO OAHY 0O0WYyl0 TOYKYy A, BCTpeua CYTHHKOB MOXKET
NPOU30HTH TOILKO B 3TOH Touke. [lostoMmy BCTpeua Moxer
NPOU30HATH TOJBKO Yepe3 NPOMEXYTOK BpeMeHH Moc/e COBep-
lleHHs1 MaHeBpa, KpaTHbiil mepuony oOpallleHHs COYTHHKA IO
31JUNTHYeCKOIl op6ute. Ecin ABHraTenb YCTaHOBJIEH Ha CIIYT-
HUKe, MIYLeM BHepeaHd, TO €ro HYXKHO Pa3orHarb, NepeBOis
Ha op6uty /. Ecau e jBHraTenb HaXOAHTCs Ha CIYTHHKe,
HAYLLEM C3a]H, TO ero HYXKHO TOPMO3HTb, NEPeBOAs Ha OpGHTY
2. OGpaTtuTe BHHMaHHE Ha Ka:kKyWHICS napajokc: AJds TOro
4TOObl JOrHATb, HYZKHO NPUTOPMO3HTD.

st onpenenertocTH paccMOTPHUM NEPBbLH cayuail; B MOMEHT
COBEPILUCHH ST MaHeBPA DAaCCHBHBIH CTYTHIK HAXOAHICs B TOuKe B,
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orcrosuiel Ha L or touku A. Hafigem BequunHY N0OMOJHHTE b~
Holl cKopocTH Av, KOTOPYIO HYXHO COOBGUIMTL aKTHBHOMY CIYT-
HIIKY, YyTOGbl BCTpeda NMPOH30ollLla yepe3 ogHH obopor. O6osHa-
4ilM yepe3 U CKOPOCTb IBHIKeHHS 1o KpyroBod opbure. Toraa
nieproj obpautenns Ty 0O JIIHOTHYECKOH op6HTe 10/KeH GbiTh
poJiblue mepHoja obpaileHusi T nmo KPYyroBoH Ha Bpemst Hpo-
XOMXJIEHHA AYTH L 1o Kpyrosoii opOure:

T(—T==. (11.1)

Haiinem cBsisb mexay nepHopom oOpauwenus T, no a/anauii-
THYECKOH op6uTe U TOH N06dBOYHOlN CKOpocTbio Av, xoTopas
NepeBOJUT CNYTHHK Ha 3TY OpOUTY. B 5TOM H4M MOMOI'YT 33KOHBI
Keniepa. Ha ocnoBanuu tperbero saxkona [Kensepa

. L a3

T1=T‘?, (11.2)
rae a= (r,+r,)/2 — GoJabuiasg noayocb aJjaunca (puc. 11.2).
ns toro 4robbl cBsA3aTb PACCTOSHHE f, OT UEHTpa 3eMaH
JI0 anoresi 3JJIMOTHYECKOH opGHTH ¢ Ay, BOCHOJb3YyeMCH BTO-
pbiM 3aKoHOM Kensiepa u 3akoHOM coXpauenlsi sHepruu: o6o-
3HayHB Yepe3 v, =v~+ AvCKOpocTh CIYTHHKA B MEpHIee, a yepes

Uy — B amnoree 3JIJIHOTHYECKOH OpOGHTLI, HMEEM

iUy =Ty, (11.3)
mo’ mgR? muh mgR?
- =5, (11.4)

Snecb m — Mmacca cnyTHHKa, R — pamuyc 3emau. Bripaxas
v, 13 (11.3) u moacrasass B (11.4), nmonydaem

L, r$ _&Ri 1

—2-01( —-r—g-)— 3 l——r—g . (11.5)
3ameuasi, 4yTo gR?/ry ecTb KBajApaT CKOPOCTH CHYTHHKA Ha
KpyroBoii op6ure paapuyca ry, u3 ypaBHenua (11.5) mosyuaem
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[TocKonpKY [0 YCJIOBHIO 10GaBOYHAs CKOpPOCTb Ay MHOroO
MEHbIIE CKOPOCTH OpOUTAJBHOTO JBUKEHHS U, TO

=(1+%”-)2z1+2%3.

Tenepp ans GosbuIoil noiyocu uMeeM a=sr,{(142Av/v). Iop-
CTABUM IIOJYYEHHOE BbIPaX€HHE JVI @ B ypaBHEHHUE TPETbEro
sakona Kennepa (11.2). Bo3sons oTHolenue a/r, B Ky6 ¥ yYHUTHI-
Bas, uto Av/v<£l, naxomum TixT?(14-6Av/v), oTkyza

2
U1
02

T,—T= 3T Av )
U
Cpaenusas 310 Bhipaxenne ¢ (11.1), BugumM, uto
L
Av= 5T (11.6)

Hrak, ecau MBI XOTHM, YTOOb! BCTpeua CIyTHHKOB [1POU3OLL-
Jla yepes oUH OBOpOT, TO MAYIIEMY BIEPeLH CIYTHHKY HYXKHO
cooBmuTh 100aBOYHYI0 CKOPOcTb Av, omnpenenseMyld COOTHO-
weHnem (11.6).

Urobbl BCTpeYa NpoH30LLIa 4epes 11 0G0POTOB, HYXKHO CO00-
IWHTb B 7 Pa3 MeHbUIYIO 106aBOYHYIO cKOpocTh Av=_L/(3nT).
Takum o6pasoMm, Mbl MOXeM H3DacXOJOBaTb TeM MeHbliie
TOIIMBA JUIS COBEPLUCHMs MaHeBpa, ueM GoJbllle BpeMeHH
COTJIaCHBl KJAThb BCTPEYH.

[Tocne 3aBepuleHUs MaHeBpa COJMKEHUS, LA TOTO YTOGHI
repeBecTd CIYTHUK CHOBA Ha KPYTOBYIO OpPGUTY, MpHAETCs Mo-
racuTb COOOIICHHYIO €My JOGABOYHYIO CKOPOCTb, T. €. elle pa3s
BKJIIOUUTH JIBHTATEJb,

Bropoft cayuaft, Korna tpe6yeTcs «IOrHaTb» HAYLIHiL Brie-
peld CHOYTHUK, paccMaTPHBaeTCsl COBEPUIEHHO AHAJOCMYHO H
[PUBOJMT K TakoMmy e BbipaxeHuio (11.6) nna Av.

IIpumep 8. Ha GonblIOM pacCTOSIHUM OT 3€MJIH METEODHT
JIBYKETCS] OTHOCHTEJBHO Hee CO CKOPOCTBIO Ug. Eciu Gbl 3eMHOE
[PUTAKEHHE OTCYTCTBOBAJIO, METEOPHT rpolles Obl HA paccTos-
uuu | or uentpa 3emnu (puc. 11.3, a). BoisicuuM, npu Kakom
Haubo/IbLIEM 3HAYEHHH (IIPUIETBHOTO» PACCTOAHUSA [ METEOPUT
Gyner 3axBayeH 3emJefl.

Ha GosblioM paccrosinuy oT 3eMiH, Tl€ MOTEHUHANbHYIO
3HEPTUI0 B3aUMOJEHCTBUA ¢ 3eMmiell MOXHO CUMTaTh PaBHOM
HYJIIO, METEOPHUT HMEET CKOPOCTb U, M €T0 MOJMHAs 3HEPTHA PaB-
Ha KHHeTHYecKoil muy/2, Eciu 6bl HauasbHasi CKOPOCTb MCTeO-
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pura v, Gbla paBHa HYJIO, TO, ABMIasCb TOJbKO MOA JAeHCT-
BUEM CHJIBI MPUTSKEHUS K 3eMne, oH o6A3aTesNbHO ynaa Ob Ha
3eM/I0 ¥ pU MajieHuH MMeJ Y NMOBEPXHOCTH 3eMJIH CKOPOCTb,
paBHYI0 BTOpo#i Kocmuueckoil v, =11,2 km/c, B uem Jierko yGe-
JUTBCA € [IOMOMIbIO 3aKOHA COXpPaHeHHs 3HepruM. fcho, uro

U,

J)
Puc. 11.3. @) Tpaektopus MeTeopHTa BOIH3H 3eMIM H «NPHUEIbHOE»
pacctosiuue [. 6) 3aluTPHXOBaHWHbE TJIOWAAH PaBHLI NO BTOPOMY 3aKOHY
Kenanepa.

TpaeKTOpHS METeopHTa B 5TOM cJydae — IpsAMad, MPOXOAs-
was yepe3s ueHtp 3emau. Ecau e HayalbHasi CKOPOCTb METEO-
puTa OTJIMYHA OT HYJIfA, TO OH B IOJ€ 3€MHOI'O TATOTEHKS JNBH-
XKercs no runepbosie U GyneT 3axBaueH 3emsed TOJbKO TOTAa,
KOrla sTa rumepbona «3aneHeT» 3eMHo# wap. Herpyano coo6-
pasuThb, YTO MPH 3a4aHHOM IPULIEIbHOM PACCTOAHHH [ Tpaek-
TOpUsi MeTeopuTa GyNET TeM MeHblle HCKPHBJIEHa, YeM GoJbile
€ro CKOpOCTb U,, TaK HYTO JOCTATOUHO OBbICTPbiE METEOPHTHI
GaaronosyyHo MUHYOT 3em/ito. OueBH/HO, YTO HaUMEHbIUEi
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CKOPOCTH Uy, TIPH KOTOPOH METEOPHT elle «[1POCKOUHT» 3eMJIo,
COOTBETCTBYET TpaeKTopHs,- H3obpaxkennast Ha puc. 11.3, a.
M naoGopoT, NpH 3aJaHHON HAuanbHOH CKOPOCTH U, 3Ta Tpaek-
TODH5I CCOTBETCTBYET HauGOJbIIEMY TPHIENBHOMY PaCCTOSHHIO
l/, IpH KOTOpOM MeTeopuT Oyjer 3axBauen 3emsed. HMrak, mis
NOJYUeHHsT OTBETAa Ha MOCTAaBJEHHBIH BONPOC HYXKHO PaccMOT-
peTb TPaeKTOPHIO, KACaloULYIOCS 3€MHOro Iapa.

TpH JBHXKEHUH METEOPHTA B NOJE TSKECTH 3€MJH BBINOJ-
HAETCS 3aKOH COXPaHEeHHsI MEXaHWYECKOH 3Hepruu

muy mv2

7 = mgR, (11.7)

rle U — CKOPOCTb M€TeOpHTa B TOUYKE KACAHHs, OTCTOSLLEH
oT nentpa 3eMaM Ha paccrosinite R. Bropoil, 3akon Kensepa
O NNOCTOAHCTBE CEKTOpHOﬁ CKOPOCTH NIPpH ABUKEHHUU Te/1a B MOJE
TAXKECTH CNpAaBeJIHB M VIl PAa3sOMKHYTHIX Tpackrtopuii. Ilo-
3TOMY NpHUPABHAEM CEKTOpHBIE CKOPOCTH METEOpHTa B (eCKo-
HEYHO yI[aJIEHHOﬁ OT 3eMJIH TOUKe U B TOUKe KaCaHHA:

v, = Ru. (11.8)

[lpaBasi yacTb 3TOrO paBeHCTBA OYEBH/HA, NOCKOJbKY B TOUKE
KacaHHsl BEKTOP CKOPOCTH ¥ IIePNEeHIHKYJASIpeH paauycy 3eM-
JIM, a JieBasl 4acTb CTAHOBHMTCS OYEBHJHOH, €CJH NOCMOTPEThb
Ha puc. 11.3, 6. TloacraBasis v u3 ypasuenus (11.7) sakona
coxpanenuss sHeprun B (11.8), maxomum [:

=R ]/1+2gR RY 1+(2)V. (9

M3 nonydeHHoro oreeta BHIHO, YTO MaKCHMaJbHOE TNpH-
lleJIbHOE PacCTOsIHUe, NIPH KOTOPOM MeTeopHT OYJAET 3axBaueH
3emJel, 3aBHCHT OT BeJMYMHBI HavaJbHOH CKOPOCTH v,. Ecau
g0, To /00, T. e. NepBOHAYaJbHO TNOKOWUBIIMHCS OTHOCH-
TeJBHO 3eMJIM METEOPUT YMajieT Ha 3eMJi0 NpPH J106HX 06CTOos -
TEAbCTBAX (Pa3yMeeTcsi, 3TO CIPABEVIUBO B IPE/NONOXKEHHH, UTO
CosHlle ¥ ApyTHe IVIaHeThb! NpPaKkTUYeCKH He BJMAIOT Ha JBH-
JKeHHe MeTeopuTa). Ecau vy (vo>uy), 10 >R, T. e. B npe-
Jene GeCcKOHEUHO 60JkNIOH CKOPOCTH U, TPaeKTOPHT TNPAMO-
JuHellHa, TAK KaK 3a MaJjoe BpeMs IloJeTa MeTeopuTa BOJIH3H
3eMJIM CUJIa 3€MHOTO TNPUTSIKEHHsl He YCIeBaeT BHI3BATb 3a-
MEeTHOTO M3MEHEHHsT UMIY,1bCa MCTeopHTa (T. €. HCKPHBUThL €ro
TPaeKTOPHIO), U METEOPHUT MOINaj1eT Ha 3eMII0 TOALKO TOTAA,
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KOrJla ero mpHIeTbHOe pacCTOsiHHe [ He MpeBOCXOAHT pajuyca
3eM/IH.

B rpuBeseHHOM npHMepe He YYHTLIBAJOCH BJIHSAHHE 3€MHOH
atmocdepsl HA TpaeKTOpHIO MeTeopHTa. OfHAKO DPH pacueTe
MaKCHMaJIbHOTO NPHIENLHOTO PacCTosiHUsl no gopmyse (11.9)
MBI HE MOJYYHM 3aMeTHOH OLIHOKH, TaK KaK TOJILHHA aTMoche-
pbl Maja 1o cpaBHEHHIO ¢ pajuycoM 3emsd R.

§ 12. MexaHnueckoe paBHOBeCHe

Pasaesn MexaHHKH, B KOTOPOM H3YHYaloTCsi YCJIOBHSI PaBHO-
pecHsl Tesl, HasblBaeTcsi cTaTHKOH. [lpolle Bcero paccMoTpeThb
YCJIOBHSI paBHOBecus aGCOMIOTHO TBEPJAOrO Tesia, T. €. TAKoro
Tesla, pasMepel H (OpMy KOTOPOTO MOMKHO CUHTATb HEH3MEHHbI-
mu. [ToHsTHe a6COII0THO TBEPIOTO Teda siBJsieTcsi abcTpaKMel,
NIOCKOJIBKY BCe peaJiblible Teja MOJ BJAHSHHEM NPUJIOMKEHHBIX
K HHM CHJ B TOH HJM HMHOH CTeneHH AedopMHpYIOTCH, T. e.
MEHSIIOT CBOIO opMY H pasMmepbl. Benununna gegopmauuii saBu-
CHT KaK OT NPHJIOMEHHBIX K TNy CHJ, TaK H OT CBOHCTB CaMOro
Teqa — ero (opMbl H CBOHCTB MaTepHasja, U3 KOTOPOTO OHO
W3rOTOB/ME€HO. B0 MHOrHX TNpaKTHUYeCKH BaMXHBIX CJAydasix
JeopMauHH ObIBalOT MasbIMH H MCNOJb30BaHHE MNpeacTaBJie-
HU} 00 abCOoJIIOTHO TBEpAOM TeJse SIBJISIeTCS] ONPABJAHHBIM.

OznHako He Bceraa MajocTb JedopMallil sB/seTCs] 10CTAaTOU-
HBIM YCJOBHEM JJsI TOro, YTOObl TesJQ MQXHO ObIIO CUHTATH
abcoJIIOTHO TBeplbiM. UTOOBI MOSICHHTB 3TO, PACCMOTPHM CJle-
ayiomui npumep. Daska, sexamas Ha ABYX onopax (pHc.
12.1, @), MoxeT paccMmaTpHBaTbcsi Kak abCOJIIOTHO TBepaoe
TeJI0, HEeCMOTPs Ha TO, YTO OHA CJjerka nporubaercs noj Aefi-
CTBHEM CHJI TsiecTH. [leHCTBHTe/NbHO, B 3TOM C/ydae YCJOBHS
MEXaHHUEeCKOTO PABHOBECHS MO3BOJSIIOT ONpPENeNHTh CHJIbI peaK-
uuu onop N, u N,, He yunurbiBas gedopmauvu 6anku. Ho ecin
Ta xKe OaJsiKa JIeXKHUT Ha TpeX onopax (pHuc. 12.1, 6), To npexacras-
JieHHe 06 abCOJIIOTHO TBEPAOM TeJsle SIBJSIETCS] HENMPHUMEHHMBIM.
B camoMm gese, nycTbh KpaliHHe ONOPLI HaXOAATCH Ha OJHON To-
PH3OHTIH, A CPelHsIsT — UyTb HUxe. Eciau Gajka aGCco/OTHG
TBepAas, T. €. Boobule He nporubaercsi, TO OHA COBCEM He JaBHT
Ha cpeaHoo onopy (N;=0). Ecau xe 6asnka nporubaercst, TO
OHa JABHT Ha CPEeJHIOI0 ONOpY, MpHUEeM TeM CHJIbHee, yeM GoJb-
ule jgedopMauusi. YcJOBHSI paBHOBecHs! aGCOJIOTHO TBEPAOro
Tesla B 3TOM CJydyae He MO3BOJISIOT ONpPeNeTHTh CHJbl peaKIHH
onop Ny, N> U N3, Tak KaK NpUBOAST K ABYM yDaBHENUSAM /18
TPCX HEH3BeCTHBIX BeJHUHH, TaKHe CHCTEMBI HOCST HasBaHHe
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CTATHYECKH HeonpelenuMbiX. [ HX pacuera HeoGXoauMO
YUYMTHIBATL YOPYTHE CBOHCTBA TeJl.

[IpuBeleHHbIH MpHMEp MOKa3piBaeT, YTO MPHMEHHMOCTb
MOjIeTH abCOJIOTHO TBEpAOro Teja B CTaTHKe OMpejensieTcs He

¥, W,
¥, § H

L il L

Siiy .

—

A

] &
] ]

a) 7)

Puc. 12.1. Cuan peakuny aas 6aaKH Ha IBYX onopax (@) H Ha TpeX onopax
(6). B cayuae 6 Mozens aGcoqlOTHO TBEPAOTO Teda K Oajke HelpHMEHUMa.

CTOJILKO CBOHCTBAMH Camoro TeJa, CKOJbKO YCJAOBHAMH, B
KOTOPBIX OHO HaxXoIHUTCH.

YcoBUS paBHOBECHsS! abCOJIIOTHO TBEPAOro TeJsa MpeiacTaB-
JA10T co60H YacTHLIN caydail JuHaMHYeCKuX ypaBHeHHl, Korja
YCKOpEHHE OTCYTCTBYET, XOTSl HCTOPHYECKH CTATHKA BO3HHKJIA
U3 noTpefHOCTEll CTPOMTE/NbLHOH TeXHMKH MOYTH HA JABa ThICA-
yesieTHsI paHblle JHHAMHKH. B HHepluMasbHOl cHcTeMe oTcyeTa
TBepJloe TeJI0 HAXOJHUTCS B PABHOBECHH, €C/IH BEKTOPHAs CymMMa
BceX JeHCTBYIOLIMX HA TeJO BHEWHHX CUJ M BEKTOpHAd cymMma
MOMEHTOB 3THX CHJ paBHHl HYJIO. IlpH BLINOJHEHHH NEPBOro
YCJIOBHS paBHO HYJIO YCKOpPEeHHe IeHTpa Macc Tena. llpu
BLINOJIHEHHH BTOPOTO YCJIOBHSA OTCYTCTBYET YIVIOBOE YCKOpPEHHE
Bpailerus. [losTomy, ecid B HayaJbHBI MOMEHT TEJO MOKOH-
JIoCh, TO OHO GyJleT OcTaBaTbCsl B MOKOE H JaJblie.

B panbHeiilleM Mbl OrpaHHYHMCS H3YUeHHEM CPaBHHTEJIBLHO
NPOCTHIX CHCTEM, B KOTOPbIX BCe JAeHCTBYIOLIHE CHJIbI JiexaT B
OJIHOH MJIOCKOCTH. B 3TOM cayuae BeKTOpHOe yCJOBHe

2F,-=0 (12.1)
CBOAUTCS K JIBYM CKaJsPHLIM:

2 Fu=0, XF,=0, (12.2)
i ¢
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€C/AH PAcCOJIOXKHTb OCH X H Y B IVIOCKOCTH JeHCTBHS CHJI.
HekoTtopble W3 BXOASILUUX B YCJIOBUSA paBHoBecHs (12.1) peiict-
BYIOLIMX HA TEI0 BHEHMHHUX CHJ MOTYT ObIThb 3aJaHbl, T. €. HX
BeJIHUHHA M HampaBJeHHe H3BeCTHBI. UTO e KacaeTcsi CHJa pe-
aKIMH CBfI3eH HJIM OMOP, OTrPaHUYMBAIOLIMX BO3MOMKHOE mHepe-
MellleHHe Tesla, TO OHHM, KaK MpaBHJIO, Hamepel He 3aJaHHl H
caMi TMOJAJexaT ONpeAe/eHHIO.
B oTcyTcTBHE TpPEHHA CHJIBI
peakilly NeprneH UKy pHbI HO-
BEPXHOCTH  COMPHUKOCHOBEHHS
TeJI.

HMHoraa BO3HHMKAaeT COMHe-
HHe B ONpeJeNcHHHN Hampablie-
HUS CHJIBl PeaKilM CBSI3H, KakK,
Hanpumep, Ha puc. 12.2, rge
Hso?pameH CTCPAKCHD, OMUPAIO- 199, Hanpasnenne cua
wiicst KoHuoM A 0 FIajKyio PeaKUHH, AEHCTBYIONMMX HA CTep-
BOTHYTYIO MOBEPXHOCTb YalUKH JKEHb.

M B TOUKe B Ha OCTpuIfi Kpaii

yawkH. [l onpejesneHuss HanpaBJeHHs CHJ PeaKUHH B 3TOM
c/lyYyae MOXKHO MBIC/ICHHO HEMHOTO MOJBUHYTb CTepKeHb, He Ha-
pyluasi ero KoHTakTa c yamkoi. Cuiia peakiMu 6y eT HampaBJe-
Ha mepreHANKYJIsPHO MOBEPXHOCTH, MO KOTOPOH CKOJIb3HT TOUKA
koHTaKTa. Tak, B Touke A JeficTByollasi Ha CTep:eHb CHJja
peakilH nepreHANKYyaspHa MOBepXHOCTH YallKH, a B TOuKe B—
NepNeHANKYIApHA CTEPIKHIO.

Jlns nockoit CHCTeMbl CHJI BEKTODBI MOMEHTOB BCEX CHJI
HAmpaBJIeHbl TEPNEHANKYAAPHO MJIOCKOCTH, B KOTODOH Jexkat
CHJIBI, €CJIH MOMEHTBl PacCMaTPHBAIOTCS OTHOCHTEIBHO TOUKH,
Jiexalluel B 3To ke MIoCKocTH. [1o3ToMy BEKTOpHOE yCJOBHE
JL1sl MOMEHTOB CBOJAHMTCSl K OJHOMY CKaJsIDHOMY: B MOJIOXKEHHH
paBHOBeCHs ajrebpaHyeckasi CyMMa MOMEHTOB BC€X BHEIHHX
NeACTBYIOIUMX CHJ paBHa HYyJa0. BenuunHa momenta CHAbl F
OTHOCHTEe/TbHO ToUKH O paBHa MPOU3BEACHUIO BETHUHHBI CHJBL F
Ha paccTosiHMe OT TOYKH O A0 JIMRHH, BAOJb KOTOPOH JeHCT-
Byer cuna F. TIpH 3TOM MOMEHTSI, CTPeMSILLHeCs MOBEPHYTh TENIO0
N0 yacoBOH CTpeaKe, OepyTcs C OJHHM 3HAKOM, MPOTHB 4aco-
BOH CTPEJKH — C MPOTHBOMOJOXKHBIM. BBIOOD TOYUKH, OTHOCH-
TeJIbHO KOTOPOH paccMaTpPHBalOTCSI MOMEHTBI CHJI, MPOH3BO-
JHTCS HCKIIIOYHTENBHO M3 cooOpaKeHMH yAoOCTBa: ypapueHue
MuMEHTOB OYAeT TeM Iipouie, 4yeM Godblie CHI OYAYT HMETb
pabiible HYJII0O MOMEHTHI,
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s uiasrocTpallii NPUMEHEHHsl YCJIOBHE paBHOBecHsl af-
COJMIOTHO TBEPAOTO Tesa pPacCMOTPUM CJAeLYIOmHH NpHMep.
Jlerkasi JleCTHHIA-CTPeMsIHKa COCTOMT H3 JABYX OJIHHAKOBBIX
uacTell, IWapPHUPHO COEJAHHEHHBIX BBEPXY H CBSI3aHHBIX BEpeB-
Kol y ocHoBaHus (puc. 12.3, a). Onpenenim, KaKOBO HaTsike-
HHE BEPEBKH, C KAKHMH CHJIAaMH B3aHMOJIEHCTBYIOT NOJOBHHKH
JIECTHHLIBI B IIapHHPe H C KaKHMH CHJIaMH
OHH JaBSIT Ha TIOJ, eCJH Ha cepellHe OfHOH
13 HHX CTOHUT 4YeJoBeK BecoM (. Paccmatpu-
BaeMas CHCTEMa COCTOHT H3 JBYX TBEpAbIX
T&J — MOJOBHHOK JIECTHHIBI, H  YCJOBHS
PaBHOBECHSI MOXKHO NPHMEHATh KaK LIS CH-
CTeMH B IeJIOM, TaK H IJ51 ee dacTeH.

[Ipumensisi ycJOBHSI paBHOBeCHSI KO BCeil
N, CHCTEME B II&JIOM, MOXKHO HAliTH CHJBEI peak-
nud nmosga N, u N, (puc. 12.3, 6). Ilpu
OTCYTCTBHH TPEHHS 3TH CHJbl HalpaBJjeHbl
BEPTHKAJbHO BBEPX H YCJIOBHE PAaBEHCTBA HY-
JII0 BEKTOPHOH €yMMBI BHeWHHX cHa (12.1)
NpHHHMaeT BHI

N,+N,=G. (12.3)

YcioBue paBHOBECHSI MOMEHTOB BHEHIHHX CHJI
OTHOCHTe/IbHO TOUKH A 3anuckiBaeTcsi cie-
IYyIOIUM 06pa3omM:

1
Puc. 12.3. Llap- N2lcosa=G—=cosa,  (12.4)
HHPHO COeIHHEH- 2

Hble BBEpXy MO-
JOBHHKH Jectan- TA€ [ — JIJIHHA TOJOBHHKH JIECTHHIBI, a o —
bLI-CTPEMAHKH yToJ, 06pa30BaHHbIA JeCcTHUIIEH ¢ 110J0oM. Pe-
CBASanbl  TOPH- — yaq cycteMmy ypaBuenud (12.3) u (12.4), na-
30HTAJbHOH Be- o N.—Gl4. N.—3G/4
peskoii y ocuo- XOMHM [NVy=UL/%, [V,= :

BaHHS. PasymeeTcsi, BMeCTO YpaBHEHHS! MOMEHTOB

(12.4) OTHOCHTEJNBHO TOUKH A MOXKHO GbLIO ObL

HanMcaTb ypaBHEHHE MOMEHTOB OTHOCHTEJbHO TOUKH B (i/u
Jiobol Apyro# touku). [Ipw 3ToM nosyuuiack Obl CHCTEMA
ypaBieHuil, 3KBHBaJeHTHAsi HCIONb3oBaHHOH cicteme (12.3) u
(12.4).

CuJsia HATSIKEHHS! BEPEBKH H CHJIBI B3AUMOJEHCTBHUSI B 1uap-
HHPe IJis1 paccMaTpUBAaeMOil CHCTEMBbI SIBJASIOTCS BHYTPEHHHMH
H TO03TOMY He MOryT OBITh ONpefeseHbl M3 YC/JOBHI paBHOBe-
CHsl BceH CHCTeMbl B IlesoM. [JIsi onpefesieHHst 3THX CHJ He-
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06XOIHMO pacCMAaTpHBaTh YCJOBHSI pPAaBHOBECHS OT/EBHBIX
yacTefi cHcTeMbl. IIpH 3TOM yldauHBIM BBIGOPOM TOUYKH, OTHO-
CHTEJIbHO KOTODOH COCTaB/sA€TCA YpPaBHEHHE MOMEHTOB CHJI,
MOXKHO JOOHTHCSI YNPOLIEHHS aJire6paHuecKoil CHCTEMBI ypaB-
HenHil. Tak, Hanpumep, B JaHHOH CHCTeME MOMKHO paccMOT-
peTb YCJOBHe DaBHOBECHSI MOMEHTOB CHJI, JNEHCTBYIOLIHX Ha
JIEBYIO TNOJIOBHHKY JIECTHHIIBI, OTHOCHTEIbHO TOYKH C, B KOTO-
poii HaXoAuTcss wapHHp. IIpH TakoM BbIGOpE TOUKH CHJIHI,
IEACTBYIOIIHE B LIAPHHDE, HE BOHAYT B 3TO YCJOBHE, H MBI
Cpasy HaxOIMM CHJY HaTSI)KeHHSI BepeBKH T1i

N, cosa=Tlsina, (12.5)

OTKYJa, YuHTbIBasi, uTo N;=G/4, nonyyaem

G
T = ctga.

VYcenoeue (12.5) osnavaer, uto pasHofeficTByiowas cua T u
N, npoXoIHT 4epe3 TouKy C, T. e. HarnpaBJeHa BJIOJb JecT-
HHupl. [losTOMy paBHOBeCHe 3TOfi TMOJIOBHHKH JIECTHHIIBI BO3-
MOXKHO, TOJIBKO €CJIH CHala @,, JefiCTBYlolias Ha Hee B LIAPHUPE,
TaK)Ke HampaBJeHa BJOJb JecTHHUH (pHc. 12.3, 8), a ee BeJH-
YHHA paBHAa BeJiIHuHHe paBHojeHcTBylowed cul T u Ni:

Q=7

= Tsina”

Cuna Q., HeficTBywomasi B LIapHHPe Ha APYTYIO TOJIOBHHKY
JIECTHHLIBl, HAa OCHOBaHHH TpeThero 3akoHa HbloTona paBHa
Q. 1o BeJqHuUHHE H HampaBJeHa NpoTHBomnoJoxHo. Hanpagie-
HHe CHJB @ MOXHO ObLIO GH ONpEEJHTb HENOCPEeNCTBEHHO
u3 puc. 12.3, 8, yuHTHIBad, 4TO TNpPH PaBHOBECHH TeJ1a TOJ nel-
CTBHEM TPeX CHJ JIHHHH, MO KOTOPHIM JEHCTBYIOT 3TH CHJIHI,
nepeceKaloTCsi B OJHOH Touke. [{eHCTBHTENBHO, PacCMOTPHM
TOYKY NepeceueHHs JHHHI JeHCTBHA ABYX H3 3THX TpeX CHJ H
COCTaBHM YypaBHEHHe . MOMEHTOB OTHOCHTEJIBHO 3TOH TOYKH.
MoMeHTBI nepBbIX ABYX CHJl OTHOCHTEJBHO 3TOH TOYKH DaBHBI
HYJIO, 3HAYHT, JOJIKEH DaBAATBHCS HYJIO H MOMEHT TpeTbeil
CHJIBI, YTO BO3MOXKHO, TOJIbKO €CJIM JIHHHS ee JEeHCTBHSi TaKHke
NPOXOJHT Yepe3 3Ty TOYKY.

Huorga 3ajauy CTaTHKH MOXHO DeIlHTb, BooOlle He pac-
CMaTpHBasi YCJOBHH paBHOBECHS, a HCIOJb3Ysl 3aKOH COXpa-
HeHHs1 3HEPTHH TPHMEHHTENBHO K MeXaHH3MaM 0€3 TpeHHs:
HH OJIHH MEXaHH3M He JaeT BbIMTpbIla B paboTe. DTOT 3aKOH
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YacTO HA3bIBAIOT 30JI0TLIM MPABHJIOM MeXaHHKH. I Hio-
CTpaudu TAaKOTO MOAXOJA PacCMOTPHM CJCAYIOIMHA MNpHMEp:
TsKeJbIA Tpy3 BecoM G TOJBEILGH Ha HEBECOMOM LIapHHpe ¢
Tpemsi 3BeHbsMH (pHc. 12.4). Kaxoe HatsxeHHe JO/KHA Bbl-
JepxaTh HHTb, CoelHHsoWas ToukH A u B?

TTonpoGyem ¢ TOMOIUbBIO 3TOrO MEXaHH3Ma NMOAHHMATL TPY3
G. OtBs3aB HUTb B Touke A, MOTSHEM ee BBepX TaK, YTOOBI
TouKa B MeIJIeHHO NMoJHsIach Ha PacCTOsIHHE
Ah. Bennunna nepemeiennss Ak orpandueHa
TEM, UTO CHJIa HATSDKEHHs] HHTH T J0/KHA
OCTaBaTbCsl HEH3MEHHON B [Mpollecce repe-
memennsi. CoBepileHHass mpdH 3ToM pafoTa
AA=T Ah. B pesyabtare rpys G nogHnMaer-
Cs1 Ha BBICOTY Ay, KOTOpasi, Kak siCHO H3 reo-
MEeTpHUYECKHX coobpaxenHd, paBHa 3Ah. Tak
KaK NpH OTCYTCTBHH TPEHHsI HHKaKHX TOTEPb
SHEPTHH He MPOUCXOMHT, MOMHO YTBEpKJAaTh,
YTO H3MEHEHHE NTOTeHIHAIbHOH 3HePTHE I'Py3a,
paBuoe G Ah;, onpexensiercs COBEpILEHHOH
npu nogwreme pabotor. Ilostomy

Puc. 124, B . T=36
wapuupe u3 Tpex  QueBHAHO, YTO AJIS LIAPHHPA, COAEPIKAIETO

3BeHpeB TOukH A
W B CcoequHeH [IPOH3BOJILHOC YHCJO 1 OAHHAKOBbLIX 3BCHLEB,

HHATBIO. T =nG.

HeTpyaHO HafiTH HATsXKEHHE HUTH H B TOM CJydae, Koria
TpeGyeTcsl yuYHThIBATb Bec camoro IapHHpa Gi: COBepiLaeMyio
IpH NoAbeMe paboTy caefyeT NMPHUPABHATb CYMME H3MEHEHHH
NOTEHUHANbHBIX SHEPrHil rpysa H 1uapuupa. s wapuupa Hs
OJMHAKOBBIX 3BEHbEB LECHTP TSKECTH €ro MOJAHHMAEeTCsl Ha
n Ah/2. Tlostomy

Tzn(G —p——GQi) .

CopMynHpPOBaHHBI NPUHUHMI {<30/10TOC MPABHJIO MeXa-
HHKH») TPDHMEHHM H TOr[a, KOrjJa B Mpouecce jiepemeleHufl
Heé MPOHCXOJHT H3MEHEeHHs [OTEHUHAJbHOH 3HEPrHH, a Mexa-
HH3M HCNOJb3yeTCs s npeoOpa3oBaHus CHJBL. PelykTopsl,
TPAHCMHCCHH, BOPOTBI, CHCTEMBI pbIuaroB H 6JIOKOB — BO BCeX
TAKHX CHCTeMaxX BeJIHYHHY MNpeoOpasoBaHHON CHJIBL MOXKHO
OIIpe/le/IuTb, NpHpaBHHBass paboTel Npeo6pasoBaHHON H OpH-
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JIOKEHHOH cuJl. JIpyruMH cJoBaMH, NPH OTCYTCTBHH TPeHH»
OTHOMIEHWE 3TUX CHJI ONPEJCACTCS TONLKO [EOMET pueit ycTpoii-
cTBa. PaccMOTpPHUM C 3TOH TOYKH 3peHus paso6paHHbm BHILLE
npUMep co cTpemsinkoii. Koneuno, ucnonb3oBath CTpeMsinKy B
Ka4eCcTBe NOJALEMHOro MEXaHW3Ma, T. €. NOAHMMATb Ye/oBeKa,
c6/1MxKas IOJOBUHKH CTpe-

MSIHKH, BpSIA JIH  IE€JI€Co-
ofpasno. OpHaKo 3TO He Mo-

JKeT IIOMeIlaTb HaM NpHMe- -
HUTbL ONUCAHHBLIH MeTOJ AJ5

HaXOXJAEHUS CUJbl HaTsIxKe-

Husi BepeBKU. IIpupaBHUBasd

paboTy, cOBepUlaeMYI0 NpH

cOJTMIKEHVH YacTell CTpeMSsiH-

KM, U3MEHEHUIO NOTEeHIHab-

HOH 3HEpPruUu 4YeJoBeKa Ha

CTpEMSIHKE U CBSI3LIBasl U3

PEOMETPHUECKHX  coobpame-  pye 195, INepemeliedne HHKHEFO
HUI nepememlenue Ax HHX-  kouua gecTruus Ax K Fpysa Ak npH
HEro KOHIA JIECTHHIBI ¢ U3-  COMHMKEHHH NOJOBHHOK CTPEMSIHKH.
MEHEHHEM BBICOTHI I'py3a Ah .

(puc. 12.5), nosyuaem, xak ¥ cJAeHOBaJO OMIfaThb, NPHULEAEH-
Hbli paHee pe3yJbTar:

A
|
!
|
|
|
|
!

G
T=ctgo.

Kak wmbl yxe oTMeuasii, BeJHUHHY NEPEMeLlCHUs cleayeT
BoIOUpaTb Takoi, YToObl B Ipolecce MNEPEMElIeHHd MOIKHO
OBLIO CYUTaTh NOCTOSIHHO BeJMYMHY AeHCTBYIowwiel cu/bl. Jler-
KO y6eiuThcsl, 9T0 B IpPHMEpE ¢ IIAPHHPOM 310 YC/IOBHE He
HaKJaJblBaeT OTPaHHYEHHII Ha BEJHYUHY NEpeMEIlEeHHs, Tak
KaK CiJa HaTs:KeHus HUTH He 3aBUCHT oT yraa f (puc. 12.4).
Hanpotus, B 3allaue 0 CTpeMsiHKe NepeMelleHHe CAeAYeT Bbl-
6upaTh MaJbIM; HOO CHJa HATSIKEHUs BEPEBKH 3aBHCHT OT .

PaBuoBecue 6biBaeT yCTORYMBBHIM, HEYCTOHYMBbIM H 0e3-
pasauuHbM. PaBHOBecHe yCTOHYHBO, €CJAHM IIPH MasblX Tiepe-
MeIIeHHSIX TeJsa H3 IOJIOKEeHHS] PABHOBECUS AEHCTBYIONIHE CHIIbI
CTPEMSTCSl BEPHYTL €ro o0paTHO, M HeYCTOHYHBO, €CJM CHJIBY
VBOAAT €ro JaJjblie OT NoJioxKeHus paBHOBecus. Ecau xe npw
MaJblX CMeUleHHsIX JAeHCTBYIOmME Ha TeJO CHWIBL M HX MO-
MEHTBI NO-NIPEXHEMY YPaBHOBEILUUBAKOTCS, TO paBHOBecHe Ges-
pasJauyHoe, ‘ '
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YCTORYHBOMY PaBHOBECHIO ‘COOTBETCTBYET MHHHMYM MOTEH-
[Ha/JbHO! SHEPrHH TeJja IO OTHOLIEHHIO K ee 3HAYEeHHAM B
coceIHUX TNOJNONKEHHSX Tela. DTHM CBOACTBOM 4acTo YIOGHO
NOJIb30BaThCsl NPH OTBLICKAHHH NOJIOKEHHS PaBHOBECHS H HC-
CJ1eIOBaHHH XapaKTepa paBHOBECHS.

PaccmoTpuM npHMep Hcc/lefloBaHHA YCTOHYHBOCTH paBHO-
Becus. [TycTb uMeloTCs IBa KpYIJabiX KapaHialla pagHycaMu R

Puc. 12.6. ParHoBecHe KpyIJIOFO KapaHjialuia.

# r. OJHH U3 HHX pAcroJIoXKeH FOPH3OHTANBHO, APYTOH ypaB-
HOBellleH Ha HeM B FOPH30HTAJBHOM MOJIOXEHHH TaK, YTO OCH
KapaHjallefi B3aHMHO NepleHAHKY/sipHbl (puc. 12.6, a). Ilpu
KaKOM COOTHOIIEHHH MexAYy palHycaMH paBHOBECHE YCTOHUH-
Bo? Ha Kako#l MaKCUMAJIbHBIH yroJl MOXKHO NPH 3TOM OTKJIO-
HHTb OT TOPH3OHTAJH BepXHHM Kapaﬂnam? Koadpuuuent tpe-
HHSl paBeH [,

Ha nepsbifi B3rsisig MOMKeT NOKas3aThCsi, YTO paBHOBECHE
BepXHero KapaHJallla BooOlle HeyCTOHYHBO, TAK KaK IEHTP
TSKECTH BepXHero KapaHjalla JIeHT Bbillle OCH, BOKPYT KOTO-
poii oH MOxeT 10BopauuBaThcs. OJAHAKO 34eCh NOJOKEHHE OCH
BpaUleHHs HEe OCTaeTCs HEeH3MEHHBIM, NOTOMY 3TOT CJyuvaii
TpefyeT CNeHHaJbHOIO HCCeJOBAHHS .

ITockoApKy BepXHHI KapaHJalui ypaBHOBELUEH B I'OPH30H- -
TaJlbHOM TNOJIOXKEHHH, LEHTPhl TAXKecTH Kapanfaweid O; u Oy
JnexaTr Ha ofHOH BepTHKanau (puc. 12.6, 6).

OTK/IOHHM BepXHHH KapaHJall Ha HEKOTOpbi Yroa ¢ ot
ropH3oHTa d. [IpH OTCYTCTBHH TPEHHS NOKOS OH HEMENJIEHHO
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COCKOJIBb3HYJI OBl BHH3. UTOOB HE JyMaThb IOKa O BO3MOXKHOM
COCKaJIb3BIBAHUH, Gy/eM CUNTATh TPEHHE JOCTATOYHO GOJBIINM.
Tlpu 3TOM BepXHHMIi KapaHAall «IIPOKATHIBAETCA® M0 HHKHEMY
6e3 npocka/ib3biBaHksl. Touka ONOPHl M3 NojOKeHHs A nepe-
MelllaeTcsl B HOBOE ro/ioxkenne C, a Ta TouKa, KOTOPO# BepXHHii
KapaHJall J0 OTKJOHEHHsl ONHpaJcs
O HHXHMH, NEPEXOIHT B MOJOXKEHHe tqo !
B. TlockoapKy mpocKajb3biBaHHE 4 4

OTCYTCTBYeT, AjuHa AyrH AC paBHa
ninHe orpeska BC : —AC=R¢=BC.
1leHTp TsKECTH BepXHEro Kapasjalila
0, nepexouT B noJsioxkenue 0. Ecau
BepTHKaJ/b, NpoBefleHHas uepe3 O,
HPOXOJAHUT JieBee HOBOH# TOYKH OIO- - 1
pa C, TO CHJIa TAXKECTH CTPeMHTCS }
BepHYTb BEPXHHI KapaHJalll B NOJO- !

XEeHHe paBHOBecHsi. BripasuM 310 4 9, ¢ -Z’f P
ycoBne -MaTeMatuueckn.  Ilposens oo oo I'paduteckoe
BepTHKAJb Yepe3 TOUKY B, BHIUM, peme};ué ypaBHenus
YTO JIOJI2KHO OBITD BBINOJIHEHO YCJIOBHE tg  =y0.

BE < DC. (12.6)

Tax kax BE=rsing, a DC=BC cos p=R¢ cos ¢, To u3
~ yeaoBus (12.6) no.nyqaeM

P
] —R— < TR (12.7)
IockosbKy tg o> (0<<e<<m/2), cuna TsKecTH OYZeT CTpe-
MHUTBCS1 BO3BPAaTHUTh BEPXHHUI KapaHjall B TOJOKEHHE pDaBHO-
BECHSl TOJMBKO mnpH r/R<l.

CilenoBaTeNbHO, YCTOHUMBOE paBHOBeCcHe BepXHEro KapaH-
Jlallla Ha HHM)XXHEM BO3MOXHO TOJBKO TOT/@a, KOTJa €ro pajuyc
MeHbIile pajuyca HIXXHEro Kapasjaiua.

s oTBeTa Ha BTOPOH BOMNPOC CJEAYET BBIACHHUTb, KaKHe
TIPHYHHBl OTPAHHUYMBAIOT BEJIHUYUHY AOMYCTHMOTO Yria OTKJO-
HeHUs. Bo-mepBeiX, NpH 6OJBLIMX YIJAaX OTKJOHEHHS BEpPTH-
KaJlb, NPOBeJleHHAas Yepe3 LeHTP TsKecTH BepXHero Kapaujia-
1, MOXKET MPOHTH mpaBee Toukk onophl C. M3 ycioBus (12.7)
BHJHO, YTO NPH 33JaHHOM OTHOLUEHMH DaJHyCOB KapaHAallel
Y=R/r MaxkcMMaJbHBI{ YroJ OTKJOHEHHS @ OIpele/sercs
ypaBHeHHeM g @;=v@,. PellleHe 3TOro TpaHCIIEHJEHTHOIO
ypaBuenus Jerko Haith rpaduuecku {puc. 12.7). Bo-BTophiX,
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MaKCHMaJbHOE 3HAueHHE YrJja OTKJOHEHHs OrpaHUYHBaeTCs
BeJIMUMHOJ TPEHUsl: KapaHnJall He JOJIKEeH COCKaslb3blBaTh, T. €.
JUISL TIpefieIbHOTO yraa ¢, nojyyaeM tg ¢,= (BCIIOMHHTE yC-
JIoBHE PABHOBECHS Ha HAKJOHHOM IJIocKocTH). Peluenue sToro
ypaBHeHHs TaKke MNoKasaHo Ha puc. 12.7. OueBuino, uTO
MaKCHMaJIbHO JOTYCTHMBIH YroJl OTKJIOHEHHsI PABeH MEHbILIeMY
U3 ¢, U @,. [TocKoabKy y=>1, a K0a(hHLIHeHT TpeHHs W OObIYHO
MeHbllle eJWHHIIB, TO MAaKCHMAaJbHO JOMYCTHMBIH YroJ OTKJO-
HEHHsl NPAKTHYECKH BCerja OomnpesessieTcss YCJIOBHEM COCKasgdb-
3bIBaHHUs, T. €. YIJIOM .

JBUKEHHUE JXUAKOCTEH W T'A30B

§ 13. I'uapocraruxa. [IlnaBande Tea

[MaBHOe MaKpOCKONMYECKOe NPOsIBJICHHE PA3JIHUHsT MEeKIY
TBEPIABLIMH TeJIaMH, C OJHOH CTOPOHBI, H XHAKOCTSMH M IasaMH,
C ApYro#, CBSI3aHO C HX NOBENEHHEM IPH H3MCHEHMHM (DOPMBI.
Teepapie Tesa nedopMHPYIOTCS TOJBKO MOJ AeHCTBMEM CHJ.
Meanennoe usMeHeHue (OPMbI KHAKOCTH 0e3 H3MEHEHHA ee
o0beMa MOXKeT IPOHCXOAHTb [OA JACHCTBHEM CKOJIb YTIOAHO
MaJo# cuibl. B npefenbHoM ciyyae GeCKOHEUHO MEAIEHHOTO
M3MEHEHHs, POPMBI KMJKOCTH BOOOlLe HHUKAKHX CHJI He Tpe-
Oyercsi. JKuakocTw M raspl BeIyT cebsg Kak yOpyrde Teja
TOJILKO B OTHOLIEHHH HM3MEHeHMs uX oObeMa.

Tak Kak n3MeHeHHe (OpMBI BBIASIECHHOrO 06beMa Bcerﬂa
CBA3aHO C KacaTeJbHbIMM HANPSIKEHUSIMM B cpele, TO IpH
PaBHOBeCHH KacaTe/bHble HaNpsKeHHsl B XKHMIKOCTAX M rasax
He BosHHKaloT. O1ciofia cileflyeX, YTO B COCTOSIHUH paBHOBECHS
BeJIMGYHA HOPMAJbHOTO HaNpsKeHUs — JaB/]IeHUsT — He 3a-
BHCHT OT OpHEHTAllMH IVIOUAAKH, Ha KOTOPYIO OHO IEHCTBYeT.

I JoKasaTenbCTBa STOrO  YTBEPAKIEHHS] PacCMOTPHM
MbICJIEHHO BbIJEIEHHBIH BHYTPH XKHAKOCTH 00beM B BHJeE INpsi-
MO TpeyrosbHo# npuambl (puc. 13.1, @). Ha GokoBble rpanu
STOM NPHU3MBI CO CTOPOHBI OKpPY2KaiolleH XKHAKOCTH IeHCTBYIOT
casiel Fi, Fy, F3, HanpaBjieHHble NEpPUEHJMKYJASPHO K COOT-
BeTCTBYIOUMM rpaHsiM. B paBHOBECHH BEKTOpHAs CyMMa 3THX
CWJI paBHa HYJIO M, CJeAOBaTeIbHO, BEKTOPbl 3THX CHJ 06pa-
3Y10T TpeyroJibHuK (puc. 13.1, 6). DT0T TpeyrosbHUK nogobeH
TPEYTrOJIbHHKY, JeXallleMy B OCHOBaHMM TPH3MBI (Kak Tpe-
YrOJbHHKM CO B3aUMHO IepleHAHKYJSPHbIMM CTOPOHAMH).
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M3 mnogobusi TpeyroibHHKOB CJedyeT, 4TO OTHOHIEHHE BeJu-
YHHBI CHJbI F; K NIOmMaAH rpaHd S;, Ha KOTOPYIO OHa AeHCT-
ByeT, OAMHAKOBO IJsi Bcex rpauefi. Ho otnowenue F;/S;
NPeACTaB/s1eT cofofl JaB/eHUE B MUAKOCTH, UTO H J0KAa3bIBaeT

£

oan

M

J)

Puc. 13.1. PaBHOBecHe MBICJEHHO BBIAGJIEHHOTO 00BeMa MKUAKOCTH IOX
JeHCTBHEM CHJ JaBJeHHs (K J0oKg3aTeabCTBY 3akona llackasns).

HE3aBUCHMOCTbL JABJCHHS OT OPHEHTAIIMH IVIOIAAKH B KHI-
KOCTH HJH rase.

DKCMEePUMEHTAABHO 3TOT 3aKoH Obl1 OTKpwIT IlackaneM u
HOCHT €ro HMs.

He okaspiBasi CONMpOTHBJEHHSI H3MEHEHHIO (JOPMBI, KHJ-
KOCTH M Tasbl TeM He MeHee CONPOTHBJSIOTCA H3MEHEHHIO
ofvema. T'aspl 06/1a4a10T CIOCOGHOCTLIO K HEOTPAHHYEHHOMY
paCUIHPEHHIO, T. €. 3aNOJHSIOT MOJHOCTBIO MPEAOCTAB/IEHHBIH
UM o6beM. HanpoTHB, AJisl »KHAKOCTH XapaKTepeH OMmpeAcseH-
HBIl COGCTBEHHBIH OGBEM, KOTODBIA JIHIb HE3HAUHTEJNbHO Me-
HSIETCSl TNPH H3MEHCHHH BHeELIHETro -AaBjdeHus. Bo MHOTHX
cayyasix uaMeHenue ofbeMa MKHAKOCTH GLIBA€T CTOb MAJIBIM,
YTO HM MOXUHO IMOJIHOCTBIO NpeHeSpedyb U paccMaTpHBaTh XKHUI-
KOCTb KaK HECHKHUMAEMYIO, T. €. HMEIOLLYIO -OCTOSTHHYIO TJIOT-
HocTh, Takas KUIKOCTb HasbiBaeTcsad a6COJIOTHO HeCKHMaeMoil.

Kak u B ciyuae abco/iioTHO TBEPAOTO Teqa, MPUMEHHMOCTh
npeacTaBiaennsa 06 abcoIOTHO HeCKUMaeMOo#l »KUAKOCTH ollpe-
JIeJSeTCs He CTOJbKO CBOHCTBAMH CaMoOl »KHAKOCTH, CKOJIBKO
VCIOBHSIMH, B KOTOPBIX OHa HaxoauTcsi. Hampumep, mnpu
H3YYCHHH paclpocTPaHEHHsI 3BYKOBBIX BOJMH B JKHAKOCTH
BCerga HeoGXOAWMO - YUHTHIBATH €€ C:KUMacMOCTL, B TO Bpems



104 ABWXKEHUE >XHUAKOCTEM U TA30B

KaK TNpH HU3yueHHH ABHKEHHSI IOTOKOB He TOJIbKO XKHAKOCTh,
HO M ra3 4aCTO MOXHO pacCMaTpPHBAaThb KaK HeCKHMaeMEle.
B -no/se 3eMHOro TSArOTeHUS AaBJeHHE B KHAKOCTH, XOTsI
H He 3aBHCHT OT OpPMeHTAlMH IJIOLAJKH, OKa3bIBaeTCsl PasHbIM
Ha pasHoi riy6uHe. JI1s Hec:KMMaeMOH KHAKOCTH 3aBHCHMOCTD
JaBJIEHHS OT TJYOUHB! MOXKeT GBITh JIer-
KO HaiijleHa. PaccMmarpuBas  yC/IOBHS
pPaBHOBECHS  MBICJIEHHO  BbIAEJEHHOr0o
ofbeMa KHAKOCTH B BHAE BEpPTHKAJbHO
pacrnoJIoKeHHOro LHJIuHApa (puc. 13.2)
U YYHTHIBast HapsAy C CHJIaMH JaBJIeHHS!
CO CTOPOHBI OCTaJbHOM XKHAKOCTH TaKXKe.
u cuay TsKecTH (U==pghS, neficTBYyIO-
LYI0 HAa BbIAEJEHHBI O6beM, MOJNyYHM

p:—Ppi=0gh, (13.1)

Puc. 13.2. PasuoBecue TJ€ py H p; — JABJEHHSI B KHAKOCTH
Mé"féif:“;ﬂﬁﬁiﬁi“ﬂﬁgﬁ Y BepXHEr0 M HUXKHEro OCHOBAHHil LH-~
ganqum cHb TANecTH. L AHAPa, h — BhicOTa UMIHHApA, ( —
IVIOTHOCTb  MKHAKOCTH.  OBYCJIOBJIEH-

: HOe CHJIOH TSIXKeCTH JaBJileHHe B XHJI-

KOCTH HOCHT Ha3BaHHe I‘HZIPOCTaTH"IeCKOFO. XOTH I‘HIZIPOCTa'
THYECKOe JaBJ/IeHHE€ 3aBHCUT OT FJIY6HX‘IbI h, OHO He 3aBHCHT
OT OpPHEHTALMH MOl MJOWAAKH, HA KOTOPYIO OHO JelCTBYET.
anBeﬂeHHOQ BbIle JOKasaTesbCTBO 3aKoHa [lackanas ocTaercs

]
K
,!

|
|

|
|

Puc. 13.3. Cunbl faB/leHHs XHAKOCTH Ha JHO COCYZOB ONMHAKOBBI BO BCEX
Tpex cJayuasx.

CPaBeJyIHBbIM H B 3TOM CJydyae, TaK KakK pasMep NpU3MBI,
HCM0/1b30BABIIEHCA TIPH J0Ka3aTebCTBe 3akoHa (puc. 13.1, a),
MOKeT OHITb BblOpaH CKOJIb YTOZHO MaJbIM. '

['MapocTaTHyecKoe AaB/jeHHe MKHAKOCTH Ha JHO COCYyJAa Of-
pefesisieTcss BBICOTOH CToJ6a H TVIOTHOCTBIO MKHAKOCTH H He
3ABHCHT OT (OpMbI CTeHOK. [T03TOMY CHJIa AaBJIEHHS XKHAKOCTH
Ha JHO COCYIOB, H3006pakKeHHBIX Ha puc. 13.3, y KOTOpBHIX
IWIOWAAH AHA paBHBI, OAMHAKOBA, HECMOTPH Ha TO, YTO COCYABL
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Cojlep>KaT pa3HOe KOJMHYeCTBO KHAKOCTH. MoxeT mokasaTbest,
YTO NPH B3BEIIHBAHHH 3THX COCYJOB BeCbl MOKAXYT OIHH H
TOT e BeC, TaK KaK MOKa3aHHs BECOB ONpeAessIIOTCsA CHIOH, C
KOTOpPOH JHO cocyla AeHCTBYeT Ha YallKy BecoB. 210, pasy-
MeeTcsl, He Tak, H MNpOLie BCETO B 3TOM yOelUTbCs, COOGpasHB,
YTO NOKa3aHHSl BeCOB He MOTYT 3aBHCETb OT TOrO, MOCTaBIeH
JIH COCYJl JIHOM Ha 4YAllIKy BecOB HJIH MOJBellieH K Hel 3a rop-
JIBIILIKO.

Hanuyue 06yC/IOBJIEHHOrO M0JIEM™ TSXKECTH THAPOCTATHYE-
CKOTO JAaBJIEHHS NIPHBOJMUT K CYIECTBOBAHUIO CTATHUECKOH OB~
€MHOH CHJIBI, JeHCTBYIOIEH Ha NOTPYKEHHbIE B JKUIKOCTh TeJa.
3aKoH, omnpefe/sIOIWHI BeJIHYHHY BbITAJKHBAIOLLEH CHJIbI, GbLT
OTKPHIT B&IHKHM ApXHMeJOM: 3Ta CHJIa paBHA BeCy XHIKOCTH,
o0beM KOTOPOH coBmajaeT ¢ O6BHEMOM MOTPYXKEHHOH B KHJ-
KOCTb "YacTH Tesla. B crpaBeN/MBOCTH 3TOr0 YTBep KAEHHS
JIETKO y6elHTbcA caeayomuM o6pa3oM. BeirenuM B XKHAKOCTH
-06beM NPOH3BOJIbHOH GopMbl. B cOCTOSIHHH paBHOBecHSI AeHCT-
BYIOLIAs Ha KHAKOCTb B BBHIJENEHHOM of0beMe CHJla TSKEeCTH
ypaBHOBelIHBAeTCs CHIaMH THAPOCTaTHYECKOrO AaBJleHHs, Aeii-
CTBYIOLUHMH Ha NOBEPXHOCTb Bbi€JE€HHOr0 06beMa CO CTOPOHK
OKpYKalomel KHAKOCTH. EC/IH 3aMEHHTb BbIIEJEeHHBIH 00beM
JKHAKOCTH TBEpJbIM TeJOM TOYHO TaKOH ke (OopMbl, TO AEHCT-
BYIOIlHE Ha MNOBEPXHOCTh Tea CHJABI I'HAPOCTATHYECKOTO [aB-
JIEHHs OKPYKalOlkeH MKHIAKOCTH, OYEBHJHO, HE M3MEHSTCS H,
C/lefloBaTebHO, HX PaBHOJEHCTBYIoHass OyAeT MO-NMpexHeMY
paBHA BeCcY BbleJEHHOro ofbema MXHUIAKOCTH H Halpas/eHa
BEPTUKAJ/JIBHO BBEPX. DTO M €CTh apXHMeJ0Ba BhITAJKHBatomas
CHJla, NEHCTBYIOWlAsi Ha MOTPYXKEHHOE B KHAKOCTh Teso. Oue-
BH/IHO, YTO JIMHHS JefACTBHS 3TOH CHJIBI NMPOXOAHT Yepe3 LEHTP
Macc BblAEJE€HHOr0 o0beMa *XHAKOCTH H He 3aBMCHT OT TOrO,
Tlle PAcClOJIOKeH IeHTP MacC MOTPYXKEHHOTo Tesa.

- Ecau cpenusisi IVIOTHOCTh Tesla MeHble MJIOTHOCTH KH[-
KOCTH, TO 4YacTh TeJa BBICTyNaeT Hal MOBEPXHOCTbIO. B 3Tom
cllyyae TOBOPAT, YTO TeJo miaBaer. [us CTpPOMTENbCTBa KO-
pabJieii Gosbllioe 3HaY€HHE HMeeT BOMPOC YCTOHUHBOCTH MJa-
BaHHsA. JDTa YCTONYHBOCTL OMNpENeNsieTcsl MOJIOXKEHHeM MeTa-
ientpa. Ha puc. 13.4 u3obpaxken KopaGnab, HaKPeHEHHbIH Ha
HEKOTOPHH yrosl o OT BepTHKaJbHOTO MNoJoxeHHs. TIpH aTom
LEHTp TS2KECTH BBITECHEHHOH HM B 3TOM HaKJIOHHOM IOJIOXKEHHH
BOABI HAXONMTCSt B TO4Ke B, cMelleHHOH H3 MJIOCKOCTH CHM-
MeTpuH Kopabis NN B Ty e CTOPOHY, Kyla HaKpeHHJCs
Kopabab, [lpoBelieM depes Touky B BepTHKa/lb, KOTOpas
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NpeAcTaBJsieT coboil JIHHUIO AeHCTBHS BHITAJKUBAIOWIEH CHJIBL.
Touka C TiepeceueHusi 3TOH JMHHH € IIOCKOCTBIO CHMMETPHU
KOpabJsisi HasbIBaeTCsi MeTaleHTPOM. ECJM MeTaueHTp JIEXKHT
BBILIE LEHTPA TsKeCTH Kopabist O, To MOMEHT BhITAJKUBaomleH
CUJLI  OTHOCHTEIBHO ILIEHTpa

N TSIKECTH KopabJjsi CTPEMHTCS

BO3BpPaTHTh Kopab/b B BepTH-

KaJbHOE TMOJIOXKEeHHe, T. €. KO-

pabnp mJjaBaeT ycroiiuueo. Ec-

JU XKe METALUEHTP JIEKHT HHXe

LUEeHTpa TAXKECTH Kopabisi, TO

/ﬁ E niaBaHue Kopabjasi B BepTH-

4 KaJbHOM  TOJIOXMEeHHH Oyjer

= ! — - |
\,/\5v HEYCTOMYHBBIM.
4 Ecau  cpeansis IJIOTHOCTD

/N TeJa paBHA IIOTHOCTH KUA-
Pnc. 155.4. K ycroﬁwaocﬁa ko- KOCTH, TO APXHMELOBA BpITal-
pa6.71ﬂ B BCDTHKAJBHOM  IIOJIO- KHBaipomlas CHJa paBHa Becy

MEHHH. Tesla. B 3TOM chayuae Teqo ue-
JUKOM TOTPYXKEHO B KUAKOCTh
W HAXOAMTCS B COCTOSIHUH paBHOBecHs. Ecau OBl Teso, Kak
U JKUAKOCTb, ObLIO a6COJIIOTHO HECHHMAaeMbIM (MJIH CXHMa-
€MOCTH TeNa U XKHJKOCTH OBLIH OAMHAKOBHI), TO 3TO paBHOBeCHe
Gbu1o Obl Ge3apasauyuHeM. Ho y peasnbHBIX TBepAbIX MaTepHaJIoOB
CKHMaeMOCTb, KaK IpaBUJIO, MEHbLIE CXKHMAEMOCTH XKUHJKOCTH.
TeJa U3 TAKUX MaTEPHaIOB NPH PABEHCTBE UX MJIOTHOCTH MJIOT-
HOCTH KUAKOCTH JOJKHBL ObLTH ObI YCTOHYUBO M/14BaTh B IIO-
TPY:KEHHOM COCTOSIHMH Ha HekoTopoil ray6une. Ho mpakrtu-
UeCKH TaK HUKOIZa He ObIBA€T, TAX KaK COBNaJeHUe MJIOTHOCTH
XKHUAKOCTH H IVIOTHOCTH MaTepHasa HOYTH HEBEPOSITHO.

Onxako crenath ¢pedriow TIOTHOCTh TBEPAOTD Tela PaBHOM
IJIOTHOCTH KUAKOCTH He MpeacTaBiseT TpyAa. CpemHss miaor-
HOCTh MOJABOJHOH JIOAKH B NOTPYKEHHOM COCTOSIHMM KaK pas
paBHa IJIOTHOCTH BOZBI. MOXeT JIM TaKasi JIOZKA 3aBHCHYTh
Ha HEKOTOPOH TJy6HHE B MNOI'PYXEHHOM cOCTOSIHUH? OKasbi-
BaeTcst, HeT. I1ycTh Ha HEKOTOpOH TJy6lHe CPelHssl MJIOTHOCTh
JIOOKH paBHa IFIOTHOCTH BoAbl. IlpeicraBum cebe, 4TO BCJE-
CTBHE CJYYaHHHX TPUYUH JOJKA MNOrPY3UJaach UyTh LIyOKe.
CkMMaeMOCTh JIOAKH ONpeAe/IsieTcss He CTOMBKO CHUMaeMOCThiO
Martepua/a, U3 KOTOPOro OHa ClenaHa, CKOJbKO KECTKOCTBIO
ee KOHCTPYKUMM. [JpakTHuecKH 3Ta CXHMaeMOCTb BCeria
ropaszio 60/blIe CXKHMaeMOCTH BoAbl. [103ToMy NpH HeGOJbILIOM
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NOTPYXKEHHH YBEeJHYHBILERCH THIPOCTATHYECKOE IaBJAEHHE NPH-
pejJer K AedopMallMM Kophnyca, U CPeAHAs IJIOTHOCTb JIOAKH
cTaHeT GoJblue MJIOTHOCTH BOABI — JIOAKA OYAET NOTPYKAThCH
ewle ra1y6:xe. CoBepIIEHHO aHAJIOFHYHO IIPH CAyYaiiHOM yMEHb-
IICHHH T1YOHHBL HOTPYKEHHS YCJIOBHE

pPaBHOBECHSI TaKKe HapYIWHTCs, H JOA-

Ka OyJeT BCIJIBIBATH.

MoxHo npozmenaTe NPOCTOH OIBIT,
WTIOCTPUPYIOUIUH YC/IOBHS IJ1aBaHHs
TeJla B NOFPYKEHHOM COCTOSIHUH. B BbI-
COKOM HHJIHHAPHYECKOM COCYIe C BO-
JIOH IJIaBaeT IepeBEpPHYTas OTBEPCTHEM
BHH3 NpOOGHpKa, YACTHYHO 3alloJIHEH-
nas Bosgyxom (puc. 13.5). Kosuyectso
BO3/yXa B NpoOGHPKe HYXKHO NoAoGpaTh
TakuM 06pa3oM, 4TOOBl H3 BOIBI YYTb
BbICOBBIBAJIOCH TOJMBKO JIOHBIIKO IPO-
OMpKHU: cpelHsisl IVIOTHOCTb [J/aBaloulel
NPOCHPKH € BO3JyXOM HEMHOTO MEHb-
e mnaoTHocTH BoAbl. OTBepcTHe IiH-
JHHAPHYECKOTO COCYHAAa 3aTAruBaeTcs
TOHKOH IPOYHON pPE3HHOBOH IJIEHKOH.
Ilpy wmaxaTHu nanbleM HA IUICHKY
JaBJeHHe BO3[AyXa HaJ MOBEPXHOCTHIO
BOJIBl B LMJIHHIPE BO3pacTa€T. B pesysib-
TaTe BO3AYX B NpoGupKe cxumaercs, Puc. 13.5. Hewmorcrpa-

1IMA TNJiaBaHU# TeJja B
H CPelHsisi IJIOTHOCTb NPOGHPKH C BO3-  jorpyiennom  cocros-
IYXOM CTaHOBHTCS GOJIbilie MIOTHOCTH HHH.
BOJIbl — [1POGHPKA TOHET, ECAH OTIYCTHTD
NJICHKY, TO JaB/JeHHE NPHMET NepBOHAYaJbHOE 3HaYyeHHe, H
npo6ypKa BCILIBIBET.

Pasymeercs, Korja nOpoGHpKa HAaXOMHTCA HA HEKOTOPOH
riy6uHe, MOXKHO, H3MeHss HamaTHe Ha IVICHKY, JOOHTbCH
paBeHCTBa NJIOTHOCTH BOABI H CpelHell NJIOTHOCTH NPOGHPKH.
Ho paBnoBecue npobGHpKH, KaK W B cjydyae NOABOJHOH JIOAKH,
6yzer neyctoiiuuBbIM. [{0oOHTbCH TOro, YTOOBI IMpOGHpKa OCTa-
BaJach HENOJABHXKHOH Ha IEKOTOpOH r/y6HHE, MOMXHO TOJBKO
IMHAMHYeCKH, NEePHOJHYECKH YBEJHYHBAash H yMEHblUadg HaxKa-
THe na nJeHKY. IIpH 9ToM cpefiusist JIOTHOCTL NPOGHPKH GyAeT
10 GoJibllle, TO MEHBLUIE IJOTHOCTH BoAbl. Ho 6iaromaps HHep-
UMK MPOGHPKH H BSSKOCTH MKHIKOCTH MOXHO JOOHTBCS TOFO,
4to KoneGanus NpoBHpPKU GyAyT NPAKTHYECKH HE3aMETHBIMH.
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B oTsiHuHe OT pacCMOTpPEHHBIX BhILE NPHMEPOB, AHPHKAOb
C KecTKoA 000JI04KOf MOXKET YCTOHYHBO BHCETh B BOBIYXE.
[TycTh Ha HEKOTOpOH BLICOTE CREAHSS MJOTHOCTb AMPHKAOIA
- paBHa IJIOTHOCTH BO3ZyXa Ha 3Tofi BblcoTe. BeienctBue xect-
KOCTH OGOJIOUKH AHPHKa0/s MOXKHO CUHTATh, YTO €r0 CPCAHAS
NJIOTHOCTb INPH H3MEHEHHH BHEUIHETO JaBJEHHs OCTaeTcs
HeHaMeHHOH. [loaTOMY nNpH CJAYYaHHOM YMEHBIIEHHH BBICOTHI
noibeMHas CHJIa BO3pacTaeT, TaK KaK IIOTHOCTL BO3AYyXa
NPH 3TOM YBEJIHYHBAETCA.

§ 14. JiBKXKeHHe HIeANbHOA KUIKOCTH

[lpy KHHEMATHYECKOM OIMHCAHHH ABHXKEHHA XHAKOCTH HJIH
rasa MOXHO TNOCTyNaTh CJefYIoUHM o6pasom. Byaem caenntb
3a onpefefieHHOH TOYKOH NMPOCTpaHCTBa H (PMKCHPOBATL BEJH-
YHHY H HalpaBJieHHe CKOPOCTed pAasJHYHBIX YacTHI XKHJA-
KOCTH, KOTOpLIE B pasHble MOMEHTHI BPEMEHH NMpPOXOJAT depes

Puc. 14.1. CkopocTH yacTHI IBHXKYNIEHCH MKMAKOCTH M JHMHHH TOKa.

3Ty TouKy. Ecn npogenath 310 145 BCeX TOYEK NMPOCTPaHCTBA
H YKasaTb CKOPOCTH 4YaCTHI{ XXHIKOCTH BO BCEX TOYKax B ON-
pefeNeHHBII MOMEHT BpEMEHH, TO IMOJNYYHTCS MTHOBEHHAs
KapTHHA -paclpelesicHHsl CKopocTefl B ABHXYWeHcA KHI-
KOCTH — TaK HasbiBaeMoe Mojie cKopocTed. JIMHHM, Kaca-
TeIbHbIE K KOTOpbIM BO BCEX TOYKax COBNAJAlOT C HanpasJe-
HHAMH CKOPOCTefi JKHAKOCTH B 3THX TOUKaX, HAasbiBalOTCs
JUHHSIMH ToKa (puc. 14.1).

TlpH cTauHOHAapHOM TEUEHHH XXHIKOCTH IOJIEe CKOPOCTEH,
a LIel0BaTe/IbHO, H JHHHH TOKAa HE MEHSIOTCS CO BpEMEHEM,
" B sTOM Cyuae JIMHMH TOKa COBNAJAIOT C TPAEKTOPHAMH OT-
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- JeJIbHbIX 4aCTHL XKHIAKOCTH, TAK KaK KaxKJas 4YacTHLA KH]I-
KOCTH NMPHXOJHT B FAHHYI TOYKY C TOH e caMoi CKOpOCTbBIO.
Yactb KHJAKOCTH, OrpaHHYeHHass JIHHUAMH TOKAa, HAa3bI-

Baercst Tpy6Ko# Toka (puc. 14.2). Takass MbICJ€HHO BbijieJeH-
JKHAKOCTH B HACTOsILLEH TPY- s
Oe, NBHXKeTCS, HUIJle He Te- ’ ‘
pecekasi G0KOBOH IOBepx- ;

Se
HapHOM TEUEHHH KOJIHYeCT- . == -
BO KHJIKOCTH, NlepeceKarolel v
B €[MHHIly BPeMeHHU CeyeHHe
JeJeHHYI0 4YacTb TpYOKH,
_PAaBHO KOJIHYECTBY XKHJKOCTH, «BbITEKalolleii» yepe3 ceyeHHe S;.
Ecau BeiGpaTe TpyGKy TOKa C monepeuHbIM ceueHHeM AS
ceueHHss Obljla OJHHAKOBOH, MpPHYEM 3TO CeueHHE OPHEHTHPO-
BaHO MNeEpNeHAHKYJSPHO JHHHAM TOK4, TO KOJHYECTBO MKHI-
KOCTH Am, nportekaiouiei '{epes 3TO CeyeHHe 3a BpeMms {,

Hasi B IIOTOKE 4YacTb XXHAKOCTH — TPyOKa ToKa,— Nogo6HO
HocTH TpyOkH. [Ipu crammo-

S, T. €. «BTEKalolleii» B Bbl- Puc. 14.2. Tpy6ka ToKa.
HACTOJILKO MaJIbIM, YTOOBl CKOPOCTb MAKOCTH BO BCEX TOYKAX
6YyIeT paBHO

Am=pvAS't. (14.1)

B craudoHapHOM NOTOKe BeqMYHHa Am ofHa H Ta XKe IJs
JI06Oro MOMNepeyHOro CceyeHHsi BbIGpaHHON TPyOKH TOKa,
nosToMy corJiacHo (14.1)

p.v; AS;=p,v, AS,. (14.2)

EciH KHIKOCTD MOXHO pacCMaTPUBaTh KaK HECXKHMaeMylo,
TO pPy==p, H ycjaoBHe (14.2) mpHHHMaeT BHJ

v; ASy=1v, AS,. (14.3)

310 COOTHOLIEHHE Ha3bIBaeTCSl YpPAaBHEHHEM Hepa3phIBHOCTH.
[Monyuenuniit pesysabrat (14.3) cnpapefuB AJs1 BBHIOPAaHHOH
TpyOKH ToKa. [IpH H3yueHHH JABUXKEHHS NOTOKOB MKHAKOCTH
Ha TakHe TPYOKH MOXHO pa36HTb Bce TNpPOCTPAHCTBO, 3aHH-
MaeMoe XHAKOCTBIO.

JHHaMHKa JBHKEHHs peasbHOH KHUAKOCTH OYEHb CJIOXKHA.
HOnst ynpouleHHsl ee ONMHCAHHUS B HEKOTOPHIX C/1YYasiX MOXHO
npeHe6peyb CHJIaMH BHYTPEHHEro TpeHHs. TaKylo XKHIKOCTb
Ha3bIBalOT HAeaJbHOH. [IpH JBHKEHHH HIEAJBbHON MXHAKOCTH
He [IPOHCXOIMT NpeBpalleHHs] MeXaHHYeCKOH 3SHEprHH - BO
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BHYTpEHHIOWO, T. €. MexaHuyeckas SHEprusl KHAKOCTH coXpa-
Hs€TCS. 3aKOH COXpaHEHUs MeXaHWUYeCKOH 3Hepruu JUIsi Hie-
aJlbHOM HeCXKHMaeMO#l JKMJKOCTH BBIpaaeTCs ypaBHeHHeM
Bepuyanu. :
PaccMoTpuM 4acTh KUJKOCTH, 3aKJIOUEHHYIO MEXIY ced
HusMu AS; 1 AS, HexoTopoil TpyGKH TOKa, PacloJOMKEHHLIMH
Ha BBICOTaX /1, U fl, COOTBETCTBEHHO (puc. 14.3). 3a npomMeKyToK
BpeMeHH A! 3Ta KMAKOCTh CMemlaeTcsl BAOJNb TPYOKH ToKa H
3alHMaeT HOBOE MOJIOXKeHHe Mexay cedenusmu AS; u AS;.

Pue. 14.3. K BuiBoay ypasHenus Bepuysau.

Has mamoro npomexyTka BpeMendH Af? moxHO mnpeHe6pedb
pasauudeM Mmexay naomansaMu AS @ AS' crapbiX U HOBBIX
CeUeHHl W pasnnuuveM B HX BblicoTax. [TofcuuTaem paGoTy,
COBEpILIAaeMYI0 BHEIIHUMH CUJIaMH Hal BbLAEJEHHOH KHAKOCTBIO
3a Bpemsi Af. Cnnibl jaBjeHusi, AeficTByroiile Ha GOKOBYIO
NOBEPXHOCTh TPYOKH ToOKa, palOThl HE COBEPIIANOT, TaK Kak
JNeHCTBYIOT NepneHAMKYJAsipHO Nepemeilenuio. Pafota cuasl
naBjeHus1 B ceueHuu AS; paBHa p,AS,v,A¢, paBora B ceueidnu
AS, paBHa —p,AS,v.Af, TaK uTO MoOHAs paboTa BHELIHUX CHJI

AA = p; AS; v, Ab—p, AS, 0, Al (14.4)

B cuny cranuoHapHOCTH IBHMEHHUST SHEPrHsl XKHAKOCTH MEXKIY
ceueHusaMH AS; u AS; He Mensietcst, ITa 4YacThb MKHJKOCTH
nokasasa Ha puc. 14.3 nBoliHo#l mwTpuxoBKo#. [losTOMy H3Me-
HenHe 3HEPTHU paccMaTpHBaeMOM MUIKOCTH paBHO SHEPrHH
YaCTH KHUAKOCTH MeXAY ceuenusmu AS, u AS] MUHYC 3Hep-
rusi YacTH KUAKOCTH MeXAy cedeHussiMH AS, u AS;. TloTenuu-
aTbHAs SHEPrusi uacTu KUAKoctd Mexay AS, u AS;
pana pAS,v, Afgh,, ee KHHeTHUeCKas 3HEPrHs paBha
1.0 AS; v, At Ui, AHaOrHYHO 3aNUCHIBAIOTCS BBIpaKEHUS AJf
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3HEPTHH JKUAKOCTH MexAy ceuennsMH AS; u AS]. [lostomy
H3MEHEHHE SHEpPTHH BCeH BbIAC/IEHHOH YacTH XKHMAKOCTH B pac-
cMmaTpuBaeMoll TpyGKe ToKa 3a Bpemsi Af paBHO

AE =p AS, v, Al ghy - p AS, v, Al v3—
—-(p AS, v, Al ghy 4 p AS, v, Af vg) . (14.5)

Ha ocHoBaHHM 3aKOHA COXpaHEHHsl MEXaHHUYECKOH SHEprHH
pabora BHewHHX cuJ (14.4) paBHa H3MeHEHHIO SHEPTHH CH-
crembl (14.5). YunTbiBasi ypaBHeHHe HepaspbiBHOCTH (14.3),
NOJIyUHM

1 I
p; +0ghi+ 5 ovi=p,+ogh,+5pvi.  (14.6)

310 u ectb ypapHenHe Bepuyman. OHO ObLIO BHIBEJEHO ISt
JOCTaTOYHO Y3KOH TPYGKH TOKa H, CTPOro TroBOpsi, CIpaBel-
JIMBO, KOrja »Ta TpyOKa CXKHMaeTcs B JIHHHIO ToKa. [lostomy

Puc. 14.4. Manomerpruyeckas TpyOKa B MNOTOKE ¥KHJKOCTH.

cyMMa p—l—pgh—l— pv? ocTaercss HEeHM3MEeHHOH BJOJb OJHOH

I TOH Ke JMHHH TOKa.

B HEnoABHIKHON MKHAKOCTH B COCTOSIHHH paBHOBECHS CO-
rjacHo 3akony Ilackans jaB/jeHHe He 3aBHCHT OT OpHEHTAIHH
WIoMmAaAKH. A Kak oOCTOHT JeJ0 B ABHXKYLIEHCH MKUAKOCTH?
YpaBrenne DepHY/IH 1aeT BO3MOXHOCTL OTBETHTb Ha 3TOT
BOMPOC B CJyyae CTALlHOHAPHOTO TeUEHHsl HJAeaJbHOH HEeCKH-
MaeMolt KHIKOCTH., OKasblBaeTCsi, UTO BEJHUMHA H3MEpseMOro
HENoJBHKHLIM MAHOMETPOM JAaBJeHHs 3aBHCHT OT OpHEeHTalHu
NJ0LlaZlKH B MOTOKE.
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[MpencraBum ceGe MaHOMETp B BHJE H30rHYTOR TpyOKH,
nepelHsis 4YacTb KoOTOpoii, ofpallieHHass HaBCTPedy TIOTOKY,
samasiHa, a B GOKOBOH CTeHKe HMeeTCsl NapaJiie/IbHOe ' CKO-
pocTH obTeKatoweil KHAKOCTH oTBepcTHe (puc. 14.4, a). Takas
Tpy6Ka HCKaXKaeT NMOTOK TOJBKO BOJH3H ee TEPEIHErO KOHIA,
a BOJM3M OTBEPCTHSl MOTOK NpPaKTHYECKH He MeHsercs. [lo-
3TOMY JaBJEHHE 3[ECh TAKOE e, KaK H BO BCEX APYTHX TOUKax
JHHHH TOKa, mpoxoisuiefi BOGJH3H OTBepcTHA. COEIHHEHHBHIH
C Takoii TpyOKOH MaHOMETp HM3MepsieT JaBJieHHe XHMAKOCTH p,
BXoisiiiee B ypaBHeHHe Beprynnu. Taroe e naBjeHHe mo-
KaeT NMPOU3BOJIbHO OPHEHTHPOBAHHBIH MAaHOMETp, ABHKYLIUH-
csl BMECTE C MOTOKOM.

Ecan xe B3AThb TPYGKY C OTKPHITHIM TNEPEIHUM -KOHLIOM,
oOpallleHHEIM HABCTPeYy MOTOKY MKHAKOCTH (puc. 14.4, 6),
TO NOKa3aHHE COENUHEHHOIO ¢ Hell MaHoMeTpa Byzer GoJble p.
[Mosichum 3T0. JIMHMM TOKa BO/IH3H Takoi TPYOKH NMOKasaHH -
Ha puc. 14.4, 6. Tak Kak XHAKOCTb BHYTPH TPYyOKH Hemon-
BHXXHA, TO JIHHHS TOKa, YNHPAWOLLAsACs B OTKPBHITHIH KOHEL
TpyOKH, oOpbiBaeTcss B Touke A H CKOPOCTb KHAKOCTH B 3TOH
TouKe obpauiaercs B Hy/ab. OG03HAYMM JaBJIEHHE B 3TOH TOUKE
yepes py, a JaBJeHHe H CKOpOCTb B TOTOKE BJaJH OT TpYOKH
uyepes p U v.

TlpuMenss K BblIeJEHHOH JHHUH TOKa ypaBHeHHe Bepnya-
JIH, HOJIYYUM

- .
ps=p+ 5 pv* (14.7)

HMeHHO 5TO JlaBJieHHE H NOKA3hIBA€T COENUHEHHBIf ¢ TPYGKOM
MmanoMeTp. [lo H3MepeHHsSIM BeJHUHH p M p;, T. €. pacmnosa-
ras PpybkaMH OGOMX THIOB, MOMKHO pacCYHTATb CKOPOCTb
NOTOKA U,

C mnomombio ypaBHEHHss BepHY/JIH JIErKO OLEHHTH CRO-
POCTb  HCTEYEHHS XHMIKOCTH v M3 wnpuua. bynem cuurtaTh
KHIKOCTh HleasbHOH. IlycThb Ha MOpIUEHb WINMPHLA, KOTOPHIH
HMEET IJowaib S,, AeHCTBYeT BHeWHNs cuaa F (puc. 14.5)
H CTPYs *HIAKOCTH BHITEKAeT H3 HIJIBl C OTBEPCTHEM IJIOLIAH S.
PaccMoTpuM JiHEHIO TOKA, MPOXOASLLYIO BAOJIb OCH CHMMETPHH
IUNPHLA, H NIPUMEHHM K Hell ypaBHeHHe Bepryaau. OGosnauas
_ CKOPOCTb TOPIUHSI H, CJeJOBaTeTbHO, JKHAKOCTH BOJH3H HeEro
yepes vy, HMEeeM
i F 1 1

o=t (14.8)
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‘W3 ypaBHeHHsl HepaspeIBHOCTH (14.3). BHITeKaeT, 4To Sy=3Sv.
Buipaxas orciola v, H noicrabiss B (14.8), mosyuum

fetw[-(3)] a

O6bIYHO TVIOMAAb OTBEPCTHS MIVIbl BO MHOTO Pas MeHblie ILIO-
malH NopliHs wnpHia: SKS,. Toraa, npenebperasi KBajpaToM

77 7 Y

~ Puc, 145, K oueHke cKOpoCTH Puc. 14.6, Hcreuenne RHIKOCTH
HCTEYeHHs! JKHAKOCTH M3 ILMNpHUA. H3 OTBEPCTHS B CTEHKE COCYZHa.
oTHolleHus1 S/S, Mo cpaBHEHHIO ¢ eIuHHIleH, HalleM CKOpOCTb
HCTEUYECHHSA:

2F
v Ik .
Kak BbITeKaeT Ha/iuTasi B IHMHPOKHH COCYH KHIKOCTb H3
HE6OJIbILOrO OTBEPCTHS B JAHE HJH GOKOBOH CTeHKe Ioj Aeii-
CTBHeM Cuibl T#xectTH (pHc. 14.6)?  CkopocTh HCTeyeHHs
HJleaJIbHOH HECXKHMaeMOH KHJKOCTH JIETKO HAHTH C IOMOIUBIO
ypaBHeHHs1 BepHyniau. PaccMOTpuUM JIHHHIO TOKa, HaYHHAIO-
uytocsi B6JIM3H CBOGOAHOH NOBEPXHOCTH KHAKOCTH H IIPOXOJsi-
H1YI0 BAOJb OCH OTBepcTHS. [TOCKOJIbKY CKOpPOCTb KHAKOCTH
BOJIM3H NOBEPXHOCTH B IIHPOKOM COCYZ€ NpeHeGpexXHMOo MaJa,
TO ypaBHeHWe DBepHyJiH HMeeT BHJ

B
pgh =3 pv?,

OTKYZa
v=V"2gh. ~ (14.10)

Takum 06pa3oM, CKOpPOCTb HCTeUeHHsI HI€aJbHOH MKHJ-
KOCTH M3 OTBEpCTHsI-B COCYAE TaKas e, KaK H IIPH CBOGOLHOM
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NaJleHUH TeJla C BBICOTHI /1. DTOT daKT GblI BIIEpBLIE YCTAHOBJICH
Toppuuesnn,

Boaee cioxubpM AB/IgETCA BONpOC O (popMe CTPYH BBITEKa-
fomied xuakoctu. OkaseiBaercs, uTo GopMa CTPYH 3aBHCHT OT
ycTpoiicTBa oTBepcTHs. CpaBHHTEJNBHO MNPOCTO HCC/AEAOBAThH
npenesbHple ClydaH, NoKasaHusle va puc. 14.7, a u 6. B c1yuae
@ JHHHH TOKA B OTBEPCTHH neped HCTEUEHHEM MOCTENEHHO

R —————
*:;—";\_k:_,_\ 0 “—~: —! s
|~ __.—-—-——-——-)—\ v __‘»—__ﬂ\
- - -
1 ., N/ v 7
a) J)

Puc. 14.7. 3aBucuMocTb CeueHHsi CTPYH MKMAKOCTH OT yCTPOHCTBA OTBEp-
crus.

MEHSIOT HamnpaBjeHHe HA napajie/NbHOe OcH TPYOKH. B pe-
3y/JbTaTe IJOWAAb CeYeHHS BhITeKalolleH CTPyH paBHa M0J0-
IAJH CeueHHs] OTBEPCTHS TPYOKH M CKATHA CTPYH HE Mpo-
HexofuT. B cayuae 6 yacTHUb! KUAKOCTH BOJH3H OTBEPCTHS
HMEIOT CKOPOCTH B MONEPEUHbiX HANPAaBJACHHAX, YTO MPHBOAUT
K CKaTHIO CTPYH. BesHunHy CxkaTHA VIS 3TOrO Caydas MOMXKHO
paccunTaTh C MOMOLIBIO 3aKOHA COXpAaHEHUs uMnyJabca. Bylem
paccyxnaTh ciaenyooluM obpasom. Bcrony BOH3H GOKOBBIX
CTEHOK COCYJa CKQPOCTb ABHKEHHS XHIKOCTH MNpeHeOpexHMo
MajJa H JaBjeHHe paBHO ruapocraTHueckomy. CHiabl jas-
JIeHHS JKHAKOCTH Ha CTeHKH COcyJa B3aHMHO ypaBHOBe-
HIMBAIOTCS  BCIOAY, 33 HCK/IOUEHHEM  yuacTKa, JIeXKalero
TOYHO HAIPOTUB OTBEPCTHA H HMEIoLEro Ty Xe miowanb S,
YTO H OTBepcTHE. VIMmy/abc 3TOH HeypaBHOBEIICHHOH CHJBI 327
BpemMa Af paeen pghS Af. Ha ocHOBaHHH 3aKOHa COXpaHeHHS
HMIYJibCa TOYHO TaKOH JKe MO BeJIHUMHE HMNYJbC A0/KHA
YHECTH BBITEKAIOLAs 3a 3T0 BpeMa Af XKHAKOCTb. 3TOT HMHyJIbC
paBeH IPOM3BEACHHIO MACChl BBITCKAWMIEH XMAKOCTH HA CKO-
POCTb ee HCTeueHus v. Ecan niowajb cedyeHus CTpYH NocJe



§ 14. ABH)XEHHE WAEAJIBHON )KMAKOCTH 115 -

cxatusi Si, TO HMIYJbC JKHUAKOCTH paBeH p S;v At v. TlosTomy
. pghS At =pS; v* At.

TlopcTaBisAs cofa CKopocTh HcTeuenust »xkupxoctH (14.10),
noayunM S;==8/2: monepeuHoe ceueHHe BHITEKaWledl CTPyH
OKa3blBaeTcsl BJBOE MeHbIIe MJOMAAH oTBepcTHs. [Ipu Bcex
APYrux ¢opMax OTBepCTHH, OTIHYAIOIHXCS OT H306paxKeHHbIX

Ap

P

- Puc. 14.8. Peaguusi cTpYH XXHZKOCTH IPH TEUEHHH IO H30THyTOil Tpy6e.

Ha pHc. 14.7, cxkaTde CTpYyH 3aKJOUEHO B IPOMEXKYTKE MEXKIY
9THMH TpeJe/JbHBIMH Cay4asMH.

3aKOH COXpaHeHHsi MMIYJIbca MO3BOJIAET OGBSCHHTL peak-
LHIO CTPYU 3KHIKOCTH, KOTOpasl TeueT MO H30THYTOH Tpybe
TOCTOSTHHOTO ceueHust miomain S (puc. 14.8). ITpu craumo-
HAPHOM TeUeHHH HMIYJbC JOGOr0 3JeMEeHTa KHIKOCTH H3Me-
HAETCS TOJILKO MO HAaNpaBJEeHHIO, OCTaBasiCh HEH3MEHHBIM MO
BeqHuHHe. B TpyGe, H3orHyTOH MOJ NPSIMBIM YIJIOM, H3MEHEHHE
UMIOYJbCA XUIKOCTH 3a BpeMmsi Af, Kak BHAHO W3 pHc. 14.8,
paBHO

Ap=p,—p;=0pSv (v,—v,) AL, - (4.1
rle ¥i U Y,— paBHble N[O BeJHYHHE CKOPOCTH KHUIKOCTH [0
U nocJse Haru6a TpyObl: vy =0,=v. Takum o6pasom, JaeficTByto-

was Ha Tpy6y cuJa, 06yCJOBJEHHAs NBHKEHHEM MXUIKOCTH,
paBHa ’

F=V2pSu. . (14.12)
HanpabJenne stofi cusel ykasaHo Ha pucyHKe. PasoGpanmublii
[IpUMep O6bSICHSIT MPUHIHN JeHCTBHS FHIPABIHYECKUX TYPOHUH.

B sakmouenue paccMOTpHM sABJICHHE TaK Ha3bIBAeEMOTO
ruapaBJaNyYeCKoOro ylapa. Hepem{o MOKHO BHAETh, KaK B
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TBEPALIX KaMHAX BBLIOHTHI YrayGneHHs B TeX MecTax, Kyna
nonajlaloT OTAe/NbHEE MajalouiHe cBepXy Kamid Bofwl. Jeso
B TOM, YTO NpPH YJape Kanejb O mperpafpy, B OTJIHYHE OT MO-
cTOIHHO JeHCTBYIOWIEH CTPYH, NMPOHCXOJHT BHE3aNHO BO3HH-
KQIOMHA KOHTaKT CTPYH C mperpanoii. B HenpepriBHOH CTpye,
KaK MBI BH/eJH, HAa TIOCTaBJEHHYIO MONepeX MOTOKa MJIOLAAKY
AeHcTByeT n06aBouHas CHMia pr¥/2 Ha eIMHHIY Tomand. Ecan
JKe HEmoJBHXKHAf MJollajfiKa MOABJAAETCS B MOTOKE BHE3alHO,
To HaGeratolasi Ha Hee »KHAKOCTb BBIHYKJ€Ha 3aTOPMO3HThHCH. .
A6CONIOTHO HEeCKHMaeMas XKHAKOCTb, JBHXKYIIASCH N0 TpyGe,
TIpH MICHOBEHHOM NepeKphIBaHHH TPYO6bl oCcTaHOBHJach Gbl BCA
cpasy, YTo NpHBEJO Obl K GeCKOHEYHO GOJMBILOH CHJE JaBJeHHSA
Ha nperpafy. [loatomy npeicTaBieHHe o6 abGCOJIOTHO HECHKH-
MaeMOH JKHIKOCTH B TaKHX YCJIOBHSIX HelNpHMeHHMO. B cxu-
MaeMOH JKHAKOCTH NpPH BHE3alHOM TMOSBJEHHH TNperpajinpl 3a
BpemMs AZ OCTAaHOBHTCS TOJILKO Ta YacCTh XHJKOCTH, IO KOTOpOH
ycneeT JOATH BOJHA AeQopMalHH, pacnpoCTpaHAoLIasCa B
JHIKOCTH HaBCTpeuy TNOTOKY OT fnperpaiei. Takas BoJiHa pac-
NPOCTPaHAeTCA "CO CKOPOCTBIO, PaBHOH CKOPOCTH 3BYKa ¢
B J@HHOH JHAKOCTH. 3aKOH COXpaHeHHs HMIyJibca N03BoJsieT
paccuHTaTh BEJNHYHHY CHJABl F, JeficTBYyMOllefi Ha BHe3alHo
BO3HHKAIOULYI0 B Tpybe ceueHHeM S mneperopoaky. ITyctb mo
TIOSIBJIEHHST TIperpajibl »KHAKOCTb B TpyOe HMe/aa CKOPOCTb U.
YuuTEIBas, 4YTO Macca OCTaHaBJAHBAKUIEHcs 3a Bpems Al
JKHIKOCTH paBHa pSc Af, HMeeM

F At =pSc Atv,

OTKYAa IJIs pa3BMBAlOULETOCs NPH THAPaBIHYECKOM Yaape
no6GaBoyHoro jAasjeHus p=F/S nmeem

p=pcv. (14.13)

CKOpocTb 3ByKa B BOJe paBHa NMPHMEPHO 1500 m/c. Tloatomy
B NMOTOKe, HMelolleM ckopoctb 10 m/c, aaBaetue (14.13), pas-
BHBaeMO€ TIPH THAPABJHYECKOM YyJape, KaK HeTpyaHo YyOe:
auTecs, B 300 pas Gonblle AaBjeHHs Pvd/2 TOCTOSHHO Aei-
CTBYIOIE# CTPYH BOJHL.

fIBseHHs, CBsI3aHHBIE C rnnpamnueexnm ylapoM, BecbMa
pasHooOpasurl. HanpuMep, Bo BpeMmsi IUTOpMa Ha MOpe MOMHO
Habm01aTb, KakK BOJHB, ObIOIIHE B BEPTHKAJbHYIO CTEHKY
HalepexHON, o6pa3yioT BCIJIECKH, HMEIOUIHE OTPOMHYIO BRHI-
COTY, B JECATKH pa3 NpeBOCXOAALLYIO BBICOTY BOJIH Ha MOpe.
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§ 15. Baskas xuakocts. OGTexanne Tea

B menoM psjie mpaKTHYeCKH BaXKHBIX CJyyaeB MOBeleHHe
OObIYHOH XKHAKOCTH B INpelesax H3BECTHOH TOYHOLTH KCIepH-
MEeHTa COrJacyeTcsl ¢ pe3y/JbTaTaMH, NpPeJCKa3blBaeMbIMH TEO-
pHeil ABHKeHHs HIea/bHOH HeCKHMaeMOH »KHAKOCTH. Ho ecTb
HEMaJI0 NPHMEpOB, KOrja Hejb3si npeHebperaTb BHYTPEHHHM
TpeHHEeM B KHJKOCTH, Ha3bIBa€MbIM BSI3KOCTbIO. DO/BIIHHCTBO
HHTEPECHBIX SIBJE€HHH NpPH IBH2KEHHH >KHAKOCTH TaK H/JIH HHaue
CBA3aHO HMEHHO C 3THM CBOHCTBOM, a B HEKOTOPBHIX C/lydasx
BA3KOCTb KHAKOCTH SIBJISETCS Onpelessomiel.

Ilpu u3yyeHMH HAeaNbHOH XKHAKOCTH BHIABHIaJI0Ch Tpe-
GoBaHHe, uTOObl HOpMaJibHasi COCTABJSAIOMAs CKOPOCTH KHJ-
KOCTH Ha ee IpaHHUe ¢ TBepAbM TeloM ofpailajach B HYJb.
KacaTesbHast COCTaBAsAIOIMLASl CKOPOCTH MOLJa HMETb IPOH3-
BoIbHOe 3HaueHHe. Ho oxasbiBaercsi, uto Bo BceX C/aydasX,
rlie 5TO MOXKHO NPOBEPHTb 3KCIEpHUMEHTAbHO, CKOPOCTh XKHI-
KOCTH Ha MOBEPXHOCTH TBepIOro Teja CTPOrc paBHa HY.JIIO,
T. €. XKHIKOCTb KaK Obl NMPHJHNAET K NOBEPXHOCTH, KOTOPYIO
oHa o6TeKaeT. B6/1H3H moBepXHOCTH TBEpAOro Tela BO3HHKAET
TaK HAa3blBaeMBId NOTPaHHYHBIfl CJ0# KUAKOCTH, B KOTOPOM
CKOPOCTb HapacTaeT OT HYJsl J0 3HaueHHs] CKOPOCTH B NMOTOKeE.
BinsAHHE BA3KOCTH Ha ABHXKEHHE OCTa/JbHOH YacTH KHAKOCTH
majo. Ho ecnn, Hanmpumep, BsisKasd KHAKOCTh ABHIKETCS IO
LOCTaTOYHO Y3KOH TpyGe, TO _HorpaHHYHbI c/oif MOXKeT 3a-
NOJHUTL BeCb 00beM TeKYIlefl KHAKOCTH, W NpPH H3YYeHHH
3TOr0 JBHXKEHHS IIpeHeOperaTb BS3KOCTbI) Hedb3sl. akKoe
TeUeHHE HMeeT OYeHb Maso O6lIero ¢ JBHMKEHHEM HlIeaJleOPI
JKHAKOCTH.

Kaxk yxe oTMeuasoch, B CTaTHYeCKOM cjyuae, T. €. B PaB-
HOBECHH, HHKAaKHX HANpsKeHHil ciBHra B xuakoctd uer. On-
HaKO B JABHXKYIIEHCA XKHIKOCTH TaKHE HanpsiKeHUs MOryT
6biTb. BA3KOCTb Kak pa3 M ONHCBHIBaeT TaKHe CHJIB, BOBHHKAIO-
mHe B ABHXKYILEHCS KHAKOCTH. B oTinume ot TBepapix Tel,
rIe CIBHIOBO€ KacaTeJbHOe HamnpsiKeHHe Onpee/sieTcsl BeJH-
YHHOH JehopMalHH CABHTa, B KHAKOCTH TaKoe HanpsiXKeHHE
ONpeeNsieTcss CKopocTbio fAedopmauud. JIpyrHMH CJIOBaMH,
JKHIKOCTH OKAa3BIBalOT BS3KOe, a He YHpyroe CONPOTHBJEHHE
NpH H3MEHEHHH (POPMBI.

Jss Toro uTo6Hl BBECTH KonﬂquTBeHHylo xapaKTepHcmxy
BSI3KOCTH XKHJKOCTH, PAacCMOTPHM CJefylomuii oreiT. IlycTh
JKHIKOCTb HaXOJAHTCSA MEXAV [ABVMsi TBeDIbIMH IIJIOCKHUMH
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napajsienbubiMi  miactuiaMu (puc. 15.1). Huxusia nnacrusa
HENOJBHIKHA, 4 BEPXHSS JBHKETCS NapaJjelbHO HHXKHEH ¢
MaJiolt CKOpoeThio v. OmbIT NOKA3bIBaeT, YTO AJs NOALEPKAHHA
PaBHOMEPHOrO JIBUMKEHHS BepPXHEH NAACTHHBl Heo6XolAHMa
cuna F, HanpaB/ieHHas BJOJb MJIACTHHBI H NMPONOPIHOHANbHAS
IJIOWAAHM IIACTHHBI S, CKO-

: = pocTH v M o0paTHO IpO-
o F  NOpUHOHAJIbHAS PACCTOSHHIO
o d Mex1y MIacTHHAMH:
‘ Sv
/

b~ il
//, / [ToguepxHeM, uto 6jaro-
: - Japs «IpHJIMIAHHIO» KHA-
v=0 KOCTH K MOBEPXHOCTH IIa-
Pnc. 15.1. Bsaskas mugkoers Mex- CTHHBL 3Ta CH/Id XapakTe-
Iy IJIOCKMMH IIJ1aCTHHAMH. pu3yeT BHYTpeHHee TpeHHe,

T. €. TpPeHHe MexJ1y mpo-
CKa/b3bIBAIOIIMMU JPYT OTHOCHTEJNBHO ApYyra CJ0SIMH KHIKO-
CTH, & He MeXJy *UIKOCTHIO H TBEPJbIM TEJIOM.

Beanununa v B (15.1) onmckiBaeT BsI3KHe CBOUCTBA XHI-
KOCTH M HasblBaeTcsl KoadHiIHeHTOM BS3KOCTH. BsiskocThb
AHIKOCTH CHIbHO 3aBHCHT OT ee TeMnepaTypsl. Tak, HanpuMep,
BSI3KOCTb BOJBI IIPH MOBLILIEHHH ee TemnepaTypsl oT 0 1o 20°C
YMeHbILAeTCsl 1OUTH BJIBOE.

TIpH Ha uuMu BS3KOCTH, T. €. CHJ BHYTPEHHEro TPEeHHs,
TOPMO3SAIILUX JIBUMKEHHE XKUJKOCTH, JJIsl NMOJNEP:KaHHS CTalHO-
HapPHOI'O TeueHHs] B TOPH3OHTANbHOH Tpy6e HEH3MEHHOTo ce-
YeHHs] HeoOXOMHMO MOJJIEPXKHUBATH NMOCTOSIHHYIO Pa3sHOCTb J1aB-
JeHHH Ha Konuax Tpybbi. HanoMHHM, 4To B MjeaibHOH KHIKO-
CTH NPH TaKOM JBHXKEHUH JaBJeHHe, KaK 3TO CJlelyeT H3 ypas-
HeHHsi BepHynau, olMHAKOBO BIOJb BCeH TPYOHL.

TeueHne KUAKOCTH B HAHHAPHUECKOH TPY6e, NPH KOTOpPOM
CKOPOCTH YacTHI[ XMJKOCTH BCIOJY HamnpaBJeHbl BJOJb OCH
TpyObl, HAa3blBaeTCs JaMHHAPHBIM HJHM CJIOMCTbIM. Takoe Te-
YeHHe BO3MOXKHO TOJNBKO NpPH He odYeHb OOJBIIOH CKOpOCTH
IOTOKa BSI3KOH MKHIKOCTH B Tpy6ax Majoro MHONEepeuHoro
ceyenusi. C yBeJIMYEHHEM CKOPOCTH HJH C YBEJHYEHHEM IJIO-
ILANH ceyeHHs1 TPyObl XapakTep TeYeHUS NPHHIHIHAIBHO
H3MeHsieTcsl. BMecTo c/IoMCTOrO TeYeHHs BO3HHKAeT Hocsilee
HEperyJiApHbIE XapaKTep 3aBHXPEHHOE, WJIH TypOyJeHTHoe,
TeyeHHe. laMeHeHHMe xapaktepa TeueHHs MOXKHO HabamaTh
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B SKCIEPHMEHTE CO -CTEK/ISHHBIMH TPYOKamH PasiHYHOTO Ce-
YeHHs NPH Pas/THYHBIX Nepenajax AaBieHHf, T. €. NPH pas-
JHYHBIX CKOPOCTSIX KHIKOCTH. JIMHHH TOKa MPH CTAIIHOHAPHOM
TEYEHHH MOKHO CleaTh BHIMMBIMH, BIYCKasl BO BXOJHOE
CeueHHe CTEK/IHHOH TPpYOKH OKPaleHHYIO CTPYHKY JKHIKOCTH.
[Tpu HeGoMBIION CKOPOCTH NOTOKA B Y3KOH TpYyOKe MoAKpalleH-
Hasi CTpyHKa [IBHKETCS POBHO H MNapa/iIeNbHO OCH TPYOKH.

a) 7}

Puc. 15.2. Tlpoduaes cxopocTelt mpH JaMHHapHoM (a) U TypGy/eHTHoM (6)
TEYEHHH KHUJIKOCTH mo TpyGe.

3areM OpH NOCTEHEHHOM YBEJHYEHHH CKOPOCTH MQTOKAa BHe-
3aMHO HAYHHAeTCs HeperyJsipHoe JBHIKEHHE, KOTOpOe NOCTe-
[IEHHO 3aXBaThIBaeT BCIO TpYOKY,— CTpPYiHKa, poBHas y BXoJa,
pa36HBaeTCs] Ha MHOMKECTBO H3BHJIMCTHIX CTpyek. Taxkue He-
peryJasipHble M3MEHEeHHsl ABHXKEHHS NPOHCXONAT HE H3-32 H3-
MEHEHHsI BHEIUHHX YCJIOBHH, a BCJIEACTBHE HEYCTOHUHBOCTH
JJAMHHAPHOTO TeUeHHss HPH GOJBIUHX CKOPOCTSX.

Ilpu cranHoHapHOM TYpOYJEHTHOM JABHXKEHHH CKOPOCTDb
JKHIKOCTH B JaHHOM MeCTe HE OCTaeTcsl NOCTOSIHHOH, a COBep-
[IaeT XaO0THUECKHE Koje0aHHs W MO BeJHYHHE H MO Hampas-
Jenuto. Ho cpenHsis cKopocTb B JaHHOM MecTe TpYObl OymeT
NOCTOSIHHA M HampaBjieHa BJOAb ocH TpyOel. Ha puc. 15.2, a
M0Ka3aHO pacrpefiesleHHe CKOPOCTH IKHAKOCTH MO CEUEHHIO
TpyObl NMPH JaMHHapHOM TedeHHH, a Ha puc. 15.2, 6 — pac-
npeieneHte cpeiHell CKOPOCTH MpPH YCTaHOBHBIUeMCS TypOy-
 JIEHTHOM TedeHuH. B TypOysneHTHOM INOTOKe, KakK BHJHO H3
PHUCYHKA, MOMHO YeTKO BBIIETHTb HOTPAHUYHBIA CJOH KHI-
KOCTH BOJIH3H CTEHOK TpyObl, e CPelHsisi CKOPOCTb GBICTPO
crnajaer A0 HYJs, B TO BpeMs KakK NpH JAaMHHApHOM TeUeHHH
TAKOT'O YETKOro HOIpaHHYHOTO CJOS HET, TaK KaK CKOpoCThb
H3MeHsIeTCSl 38 CYeT BS3KOCTH 10 BCEMY CEYEHHIO TpPYOH.
JpyruMH cJoBaMH, B 3TOM cCJAydyae BCsl Tpy6a HAXOMHTCH B,
npenenax HOTPAaHUYHOTO CJOS.
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HeycrofiunBocTh JlaMHapHOTrO TeueHHss H BO3HHKHOBEHHe
TYpPOYJICHTHOCTH — CJIOKHEIE BONPOCHI, JO KOHLA He BBIsIC-
HEHHbIE H B HacTosllliee BpeMs.

Bospioe npaxTHueckoe 3HaueHHe HMeeT BONPOC O CHIIAX,
AeHCTBYIOIIMX Ha TBEPJOE Teso, ABHXXYlleecs B HENOABHXKHOM
KHIKOCTH HJIH rase. Hacto okasbiBaeTcsi Gosiee YAOOGHBIM pac-
CMaTpHBaTb O0TeKaHHe HeNOABHXKHOIO Tejla HaberarwuHM Io-
ToKoM XHpakocTH. O6a moiaxola 9KBHBaJIEHTHHl B cnny Mexa-
HHYECKOr0 NMPHHIHIA OTHOCHTE/NLHOCTH.

PasnoxuMm noanyto cuay F, AefiCTBYIOILYI0O Ha Teno €O
CTOpDOHBI NOTOKa, Ha [Be COCTaBJISIIOIHE: B - HaNpPaBJCHHUH

noroka F, W mnepneHjaHKy-

- i” > JApHYyW noToKy F,. Cuay
F, no ofwenpuHsiToft Tep-
MHHOJIOTHH HAa3BIBalOT Jio6o-
BEIM CONpPOTHBJIEHHEM, CHJTY
F, — noxabeMHofi cHJIOH.

Ilpu crayuoHapHoM 0f-
TeKaHHH TBepJAOro TeJsa Mo-
TOKOM HJ€aJbHOH XKHIKOCTH

- J060Boe CONPOTHBJIEHNE

Ty JIOJKHO Boo6ille OTCYTCTBO-
Puc. 15.3. 06 ~ Batb. Y106H y6GemuThCH B
HC. D TeKaHHe CHMMEeTPHUHO
ro Tela moTokoM uieaiphoii mmgz- OTOM, PACCMOTPHM OGTeKanHe
KOCTH. - CHMMETDHUHOTO TEJa, H30-
Opa)keHHoro Ha pHc. 15.3.
JIHHHK TOKa CHMMETDHUHBI OTHOCHTEJBbHO IJIOCKOCTH MAN,
a CKODOCTH YaCTHI[ MHIKOCTH B COOTBETCTBYIOIIMX TOYKAX
nepell ¥ 3a TeJIOM paBHEI N0 BeJHYHHE H OTJIHYAIOTCS TOJBKO
1o HampasieHuto. [aBieHHs B 3THX TOUKAX OJAMHAKOBH CO-
riacHo ypaBHenHlo DBepuysun. Tenepp Jierko coo6pasHTs,
4TO COCTaBJISIIOUIHE CHJ JaBJeHHs B Toukax A u B, Hampas-
JIeHHbl€ [IaPaJUIe/IPHO TOTOKY, KOMINEHCHPYIOT Ipyr Apyra.
Tak kax nosnHas CHJaa, AEACTBYIOASl HAa TeJO CO CTOPOHHI
' IOTOKA, PaBHA CyMMe CHJI JaBJIeHHsl XHIKOCTH, AeHCTBYIOMIHX
Ha OTAE/IbHBIE SJIEMEHTHl NOBEPXHOCTH TeJa, To Jio6oBoe Co-
NPOTHBJIEHHE OTCYTCTBYET.

B paccmorpenHoM Ha puc. 15.3 cayuae B CHITY CHMMETpHH
KapTHHBI OGTeKaHHs TeJa PaBHO HYJIO HE TOJBKO J0OOBOe
CONPOTHBJIEHHEe, HO H mNoABeMHass CHJa. MOXKHO NoKa3aTh,
4TO STOT Pe3YJ/IbTaT —— DABEHCTBO HYJIIO HOJHOU CHJIBI, AeRCT-
BYIOUIEH Ha TeJ0 CO CTOPOHHI NMOTOKAa HAEA/bHOR MKHAKOCTH,—
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CrpaBel/iuB AJIS TeJla HPOH3BOJIBHOH (DOpMBI, HMEIOLIErO KO-
HeyHple pa3Mepbl. B 5TOM COCTOMT TaK HashBaeMblil MapaloKc
JlanamGepa.

HHaue o6CcTOUT Aesio npH OGTEKaHHH Tesa, HMeoLiero Gec-
KOHeuHble pasMepbl B HaNpaBjieHHH, NEepNeHAUKYJSPHOM NO-
TOKy. JIoGOBO€ CONpOTHBJEHHE B HACAJBHOH KHIKOCTH OT-
CYTCTBYET H B 3TOM CJlyuae, B TO BpeMs Kak HO}I’beMHaH cHJIa

MOXKeT OBbITb OTJIHYHA OT HYJA.
TeopHs, mNOABEMHOH CHJIBI AJA
Kphlia 6eCKOHEYHOro pasmaxa Obl-
na cosfada H. E. DKykorckuwm,
KOTOpPBIH MOKasaJj, UTO AJA BO3-
- HHKHOBEHHSI NOJBEMHOH CHJIbI He-
06X0HMO CYIIECTBOBaHHE UHPKY-
JISIIMH BO3JlyXa BOKPYr o6TeKae-
“MOro TeJa.

YTOO6RI JyUllle NOHATb IPHUHHY
BO3HHKHOBEHHSI NMOABEMHOH CHJIBI,
paccMOTpHM BHadase ofTeKaHHe
Bpalllalolierocss UMJIHHApa paBHo- Pue. 15.4. Jlunun ToKa BAsKOM
MepHbIM NMOTOKOM BO3AyXxa. Ecsy  MHAKOCTH BOXpYT Bpaimlaionte:
6ul IUJIMHAD He BpalliasICs, TO H3-3a Focst UHAHAApa.
MaJIOH BSI3KOCTH BO3[yXa KapTHHA ' :
06TekaHHsl HaberaloliMM INOTQKOM MaJjo OTJHYajsach Obl OT
H306paxkeHHOH Ha pHc. 15.3. BA3KHH BO3AyX «NpHJHIAET»
K NOBEPXHOCTH UHJHHApa. [103TOMY NPH BpallleHHH THIHHIP
yBJ€KaeT NpHJEeramlide CJIOH BO3AYXa, BbI3bIBAas €r0 MHUPKY-
aanuio. Ecin 6bl Haberarommero notoxa He 6bL10, TO BCISACTBHE
BA3KOCTH, NpeHeOperaTb KOTOPOH 31eChb HeJb3sl, KapTHHA
JHHHH TOKa - BO3ZlyXa BOKPYr BpalaIOMErocs HJHHIpA
uMena OBl BHJ, NOKa3aHHbII Ha puc. 15.4. Ilpu 3Tom uem
Jafnblle OoT UMJIHMHApPA, TeM MeHblie CKOpPOCTb YBJEKaeMoIro
[IHJIHHAPOM Bo3fyXa. IIpH. o6TeKaHHHM NOTOKOM BO3AyXa Bpa-
IAOIEroCs [UWJIMHAPA NPOHCXOAMT HaJOXeHHe KapTHH 15.3
u 15.4. B Tex Mecrax, rie CKOPOCTH NOCTYIaTe/JbHOrO ABH-
XKEHHS BQ3lyXa C NOTOKOM H BpallleHHs BMecTe C [HMJIHHAPOM
COBNAjaloT MO HampaB/IeHHIO, PE3YJAbTHPYIOUass CKOPOCTb

. BO3lyXa NPEBOCXOIHT CKOPOCTb IOTOKa, HaGeramoliero Ha
oMJAHHAP. TaM, rie oO6YC/OB/I€HHas BpalleHHEM CKOPOCTb
BO3AyXa HanpaBlleHa NPOTHBOMOJIONHO HAGerarlieMy noToxy,
peay/IpTHpYIOWask CKOPOCTb BO3AYyXa MEHBIIE CKOPOCTH IO-
ToKa. B peaysbraTe nosyuaetcsi KapTHHa oOTekaHHs Habera-
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IOIHM BO3AYXOM Bpallamouerocss LHWJIHHAPa, H300paKeHHas!
Ha puc. 15.5: cKopocTb BosAyXa CHH3Y UHJHHApDA MEHBLIE,
a JaBJIeHHe, CJIefOBaTeNbHO, GoJibllle, 4yeM CBepxy. BosHu-
KaeT NOAbeMHasi CHJa. JTO siBJeHHe HasblBaeTcs: 3¢deKToM
Marnyca. Ero Jjierko Ha6miofaTh 3KCNEPUMEHTATBHO MPH CKa-
THIBAHHH C HaK/JOHHOH MJIOCKOCTH JIerKOro LMJHMHApa H3
miioTHol 6ymaru (puc. 15.6). Hanpasiennasi nepnedaHKyJspHO
CKOPOCTH MNOCTYNAaTeJBHOrO JABHAKEHHS LHJIHHAPA NOADbEMHas
CHJIa TIPHBOJHT K PE3KOMY YBEJHUEHHIO KPYTH3HBI TpaeKTo-
PHH — LMJIMHApP, Najasl, 3aBOPaYHBaeT IOX CTOJ.

Adxbext Marnyca nposiBjisieTcst NPH noJeTe 3aKpy4YeHHOro
(¢YTOONBHOrO HJIM TEHHHCHOrO Msi4a NPH pe3aHblX yjapax.

Urak, nupkyJsuns BosgyXa BOKpPYr TBepJOro Tesa, Ha-
XOAAILErocss B MOTOKE, MPHBOAHT K NOSBIEHHIO NOXBEMHON
cuel. B 3ddexre Marnyca UMpKyJsiIHsI BO3HHKaeT 3a cyeT
BpallleHHs] LMJIHHApA. B ApYrux ciayyasix LHPKYJASUHAS MOMKET
BO3HHKHYTb H (€3 BpameHus Teda. Tak, Hanpumep, IHPKY-
JISILMST BO3HHKAeT NpH OOTEKaHHH BSI3KOH KHAKOCTBIO HECHM-
METPHYHOrO TeJa. .

OTMeTHM, HYTO UHPKYJSIHS HE MOMKET BO3HHKaTb B Hje-
aJlbHOH MHAKOCTH, TAe BoOOWIe He CYHEeCTBYET KacaTesbHBIX
-HaNpSIXKEHHH MeXAY pPasJHYHBIMH CJIOSIMH HIKOCTH. - Posb
BSI3KOCTH B O0pa30BaHHH LUPKYJISUHH MOXKHO TPOHJITIOCTPH-
poBaThb CJELVIOUHM 5(QPEeKTHBIM ONeiTOM. [lycTh B MOTOKE
JKHAKOCTH Ha JIHE pycja HMeeTcs YrayOseHHe, Kak NoKasaHo
Ha puc. 15.7. Tlpu OTCYTCTBHH BSI3KOCTH MOIVIO Ohl CYIIECT-
BOBAaThb TaKO€ JBHKEHHE, IPH KOTOPOM XHJAKOCTh B YTYOJEHHU
6oi1a 66 HenoapmxkHOK (puc. 15.7, a). Tlpu 5TOM CKOpOCTEH
AHAKOCTH MeHsiJach Obl CKa9KOM Ha MapaJuiesbHof IHY pycJa
noBepxuocTH NN'. B peanbHOB XHAKOCTH NPH CKOJIbHEHUH
TPHIOHHOTO CJIOSI HaJi HEMOABMIKHOH BOROH B siMe OJarojaps
BA3KOCTH BO3HHKAeT KacaTelbHas CHJa, KOTOpas NPHBOAMT
BEpXHHIT CJIOH BOABI B SIME B JBH:KEHHE B HalpaBJEHHH MOTOKa.
Ho mBuxeHMe BOAB! B M€ OTPAHHYEHO CTEHKAMH, H B pe3yJib-
TaTe B Hell o6pasyeTcss CHCTeMa BPalIalOMIHXCSl «CLENAEHHBIX
IIECTEePEn».

BS13KOCTh BO3ZYXa NMPHUBOAHT K BO3HHKHOBEHHIO LHPKYJs-
LIMH BOKPYL Kphwia camojieTa. ONbIT NOKasblBaeT, 4TO LHp-
KYyJsllUs BOKPYF KpBLIa BO3HHKAeT CJAYIOWIUM 006pasoM.
B6su3u ocTpo# sajpHe KPOMKH KpblJla BO3BHUKAIOT BHUXPH, B
KOTOPEIX BpallleHHe BO3flyXa NPOHCXOAMT NPOTHB YaCOBOH
crpeqxu (puc. 15.8). 3t BHXpH YBeJIHl{HBaIOTCi{, _OTPBIBAIOTCS
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|

Puc. 15.5. OfrexanHe Bpallaroerocss UUAHHAPA HaberamuuM IOTOKOM.

N

7 “ f s

Puc. 15.6. Dddext Maruyca npH cKaTblBAHHH JIErKOTO LHJAHHApPA ¢ HaK-

» JIOHHOH IJIOCKOCTH.
N N
A, 4 74
©
2 7
1@
6
Y 7
4 7 /
7/ T,
a) : J)

Puc. 15.7. JluHMH TOKa MUAKOCTH B Dycie ¢ yLaybJaemmueM.
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OT KpbJIa H YHOCATCA HaberawmuM MOTOKOM Bosayxa. Ilpu
5TOM OCTaJibHasi Macca BO3fyXa BOJM3M Kppla HauHHaeT Co-
BeplIaTh BpallleHHe B POTHBOTIOJIOXHYIO CTOPOHY, obpasys
IHPKYJISIHIO BOKPYr Kpbljia Mo 4acoBoi -crpeake. Llupky.as-
IMOHHBIH MOTOK, * CKJaAblBasiCh
¢ HaberaroiuM, ycKopsieT IBH-
’K€HHe BO3J(yXa HaJ KpPHIJIOM H
3aMejJisieT noj KpeuioM. B pe-
3yJbTaTe KapTHHa OGTeKaHHS
Kpblla I[IOTOKOM IPHHHMaeT
Puc. 15.8. K BO3HHKHOBEHHIO BHJ, H306pa}KeHHbI‘ﬁ‘Ha PHC.
LHpKYJIALHH — BO3JyXa — BOKPYT 15 Q9 napjeHHe BO3LyXa Haj-
KpblJIa caMoJjieTa. .
KPBIIOM NTOHHKAETCH, IO KPH-
JIOM NOBBILIAETCS, YTO H NPHBOJUT K BOSHHKHOBEHHIO MOABEM-
HOH CHJIBL.
I[lpy nBHKEHHH Tesla B BA3KOH XKHMAKOCTH HJ/IH T'ase Ha TeJo,
HapsAny ¢ NMOABEMHOH CHJIOH, NEACTBYET CHJa J060BOTO COMpO-
THBJIEHHsS. MOXKHO YyKasaTb JBe MNPHYHHE BO3HUKHOBEHHS

Puc. 15.9. Jluauu ToKa nmpu of6TeKaHHH KpLlia.

9To# cHJBl. Bo-nepBHX, BKJag B JOGOBOE CONpPOTHBJIEHHE
ZAI0T KacaTebHble CHJIbI BHYTPEHHELO TPEHHsl, AEACTByIOmHe
CO CTOPOHH! YIOTOKA KHIKOCTH Ha «IPHJIHIIIHA» K TOBEPXHOCTH
TeJla TorpaHHYHEIH c1ofi. Bo-BTopeIX, 1060BOE CONPOTHBJEHHE
BO3HHKAET BCJIEACTBHE Pas3/IMYHS B CHJIAX JABJEHHS Ha Mepef-
HIOI0 M 3aHIOI0 YaCTH Teja BCJEACTBHE HECHMMETPHUYHOCTH
KapTHHB! OGTEKAHHS BSI3KOH KHIKOCTHIO JaxKe CHMMETPHUYHOIO
Tesa.

§ 16. Meroa anasm3a pasMepHocTeH

3akaHuHBasi H3yueHHe MeXaHHKH, I[1O3HAaKOMHMCS = ewle
C OIHHM METOJIOM HCC/IeNOBaHHSI (PH3HUECKHX IPOLECCOB —
TaK Ha3blBaeMbIM METOIOM aHa/lH3a pas3MepHOCTEH.
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PaccMoTpuM 3ajauy, -OTBET Ha KOTOPYIO HaM XOPOLIO H3-
BeCTeH: C KaxKOH CKOpPOCTbIO yHajeT Ha 3eMIi0 Tesao, cBOGOLHO
najapouiee 6e3 HayaJbHOH CKOPOCTH C HEKOTOPOH BHICOTH /,
eC/IH CONpPOTHB/EHHEM BO3JyXa MOXKHO mnpeneGpeun? BMmecro
TOr0, YTOObl HENMOCPEACTBEHHO OIpejieNisiTh 3Ty CKOPOCTh,
MNOJB3YSICh COOTHOLIEHHSIMH KHHEMAaTHKH, nompofyeM pac-
CyxjJaTb cieaymomuM ofpasoM, Ot uero Boofule MOXKeET 3a-
BUCeTb Be/lMYHHA 3TOH CKOpocTH? JlOBOMBHO OYEBHIHO, UTO
OT BBHICOTH /i H OT YCKOpeHHs] CBOGOJHOrO mNajieHHd g OHa He-
npeMeHHO JOJiKHAa 3aBHceTb. [JokoJse6aBUIMCh, MbI MOXKEM
BKJ/IOUHTb B YHCJO BeTHYHH, OT KOTOPBbIX 3aBHCHT CKOPOCTb
NajeHust, U Maccy Tesa m, XOTs BoobLIe-TO JIerko coo6pasHTh,
4YTO OT Macchl 3aBHCHMOCTH OBbITb He JoJikHO. Hrak, mpeamo-
JIOKHM, YTO CKOPOCTb MajeHHs 3aBHCHT OT h, g H n:

v="F(h, g, m). (16.1)

Kaxolt B MoxeT uMerb QyHKIus f?

OTBeTHTP Ha 3TOT BONPOC MOXHO C INOMOLIBIO AHAJH3a
pasmepHocTell. B mofofi cHcTeMe eHHHII HMeeTCs] HECKOJbKO
(bU3HUeCKHX Be/IMYHH, A/151 KOTOPHIX €IHHHIIbI BbIOpaHb HpO-
H3BOJIBHO H CHHTAlOTCS OCHOBHBIMH. B cucreme eannun CIC
(a ansa mexanuueckux BeauyuH u B CH) B kauectBe oc-
HOBHHIX BRIGpaHbl €AMHUIBI AMHHH L, BpeMenn T u Macch M.
EfMHHIBI Bcex ocTaibHbIX (DH3HYECKHX BeJTHYHH BHIPAXKAIOTCH
yepe3 ocHOBHble., HampHMep, €IMHHIA CKOPOCTH BhIpaxaercs
yepe3 OCHOBHHE €JHHHMIIH JJHHBI H BpeMeHH Kak LT ~!. Bbl-
paxkeHue eJMHHUIbI JTI060H (DH3HYECKOH BeJHYHHKE B OIpefeseH-
HOH cHCTeMe eJMHHI] Yyepe3 OCHOBHHIE eJHHHIIBI 3TOH CHCTEMBI
Ha3blBaeTCs Pa3MepPHOCTbIO AAHHOH (DH3HYECKOH BeTHUHHBE,

ITocKoMBKY CK/AaAbIBaTh MOXKHO TOJIBKO BE/JIMYHHBI OJHHA-
KOBOH PasMepHOCTH, TO NOCJ/e HEeKOTOPOro pasiyMbsi MOXKHO
AJIs1 MCKOMOH (QYHKIMH [ NPENIONKHTb TaKyio GopMyay:

v =Chsg/m?, (16.2)

rae C — HEKOTOpoe INOCTOSIHHOE 4Hc/o (GespasmepHas Io-
CTOsIHHAs1), @ X, Y H Z — HEH3BECTHbIE YHCJA, KOTOPHIE CJEAyeT
onpenenntb. Teneps yutem TO O6CTOATENBCTBO, YTO €C/IH (Op-
Mysna (16.2) npaBuibHa, TO pa3MepHOCTb ee JEeBOH 9acTH
HOJKHA COBMAajaTb C pPa3MEPHOCTBbIO NpaBoil. PaamepHocTb
CKOpocTH ectb LT =}, pasMepHOCTb BbICOTHI A eCTb L, pasmep-
HOCTb YCKOpeHHS CBOGOJHOIO MaJeHHs g paBHa L =% H,
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HaKOHelU, pa3MepHocTb Maccht m paBHa M. [lockaneky mocro-
snHag C GespasmepHa, To opmy.e (16.2) cooTeTcTByeT Clle-
Jy®llee PaBEeHCTBO Pa3MEPHOCTEH:

LTt = L= (LT 2% M- (16.3)

3TO pPAaBeHCTBO JOJKHO BHIIOJHSATHCS TOMXIECTBEHHQ, He3a-
BHCHMO OT TOTO, KaKOBHl UHCJEHHBE 3HAueHus ki, g ¥ m. [lo-
5TOMY -CJI[lyeT HNPHPaBHATh MOKaszaTead cremeHed npu L, T
" .

L l=x+4y, ,
T —1=-—2y, (16.4)
M 0=2z.

Perrast cucremy (16.4), naxonum z=0, y=1/2, x=1/2, u
nostomy Gopmyaa (16.2) npunumaer Bug

v=Ch'/sg'/sm® =C}/ gh. (16.5)

VcTHHHas BeJTHYHMHA CKODOCTH paBHa, Kak H3BecTHo, V 2g/ .
Urag, wnanoxenHbi MOAXOA jal HaM BO3MOXHOCTb ONpese-
JHTb NPAaBH/IbHBIA BHI 3aBHCHUMOCTH U OT A, £ U m W He JaJt
BO3MOXXHOCTH HaHTH 3HaueHHe mnocTosiHHOH C, Kotopasi Ha
caMoM jene paBna V2.

Tenepb cpasy BO3HHKaeT JAOBOJBHO -MHOTO BOIPOCOB..
[Tpexxpe Bcero, o3nHauaer JiM ycIex B pa3o0paHHOM IPHMepe,
4TO 5TO JEHCTBUTENBHO YHHBEPCAJbHBIH CIIOCOO HAXOXKAEHUS
BHJIA 3aBHCUMOCTH MEXKIY pa3NHYHBIMH (QHIHUECKHUMH BeJH-
uyHamd? Eciy ja, TO KaK ONmpefiesIuTh, OT KaKHX napameTpoB
3aBHCHT HHTepecyiomas Hac BeaqunHa? Ecan naliteHmr stu
napaMeTphl, TO BCerja JJi HCKOMasg 3aBHCHMOCTb BBIPaxKaercs
¢opmynofi Buaa (16.2), Bcerna /M cUCTeMa yPaBHeHHH THma
(16.4) MO3BOJIUT ONHO3HAYHO ONPEJNEIHTD NOKA3aTeNH CTeNeHe
BCEX BENHUHH, BXOASALIMX B opmyry (16.2)? Kak ompenenutsb
3nayende uMciaeHHo#t nmocrosnHod C? W 1. 1. He 6ynem nw-
TaTbCA CPa3y NOJYYHTh HCUEPNBIBAIOIHE OTBETHl HA. ITH BO-
Ipochl, a IMONBITAEMCS IOCTENEHHO BBIICHUTBL BCE,. YTO Hac
HHTEPECYeT, paccMaTpHBasg KOHKDETHble IIPHMEpHI.

IMepBbIit BoOmpoc, noxanyi, cambiil Tpyauel. Cynutbk 06
YHHBEPCAJBbHOCTH, METOJa MOMKHO, TOJBKO JeTalbHQ H3Yy4YuB
€T0 BO BCE€X OTHOIUEHHAX. [lo3TOMY MBI NTOKa OCTaBHM €ro B
TIOKOE, PasyMHO NMpPEANOJOXKHUB, UTO, IO KpaiHeil mepe, BCeTjia
MOXKHO IIONBITAaThCsl BOCIO/B30BATHCH H3/I0KEHHBIM TIOZIXOOM.
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Heckonbko sicHee OGCTOHT Jies10 "CO BTOPBIM BOIIPOCOM.
Ta6nuily OCHOBHBIX [1apaMeTPOB, ONpEAE/AOIHNX H3yuaeMoe
fIBJIEHHE, BCerja MOXKHO COCTaBUTb, €CJHM H3BECTHHl OMHCHIBA-
ol e ero pusnuecKue 3aKoHsl. B psjle cayuaes onpenensiomue
fIBJIEHHE [apaMeTphl MOXKHO YKas3aTb M TOTAa, Korja (pusuue-
CKHE 3aKOHBl HeH3BecTHbI. [IpH ompejeseHHH CHCTeMHl napa-
METPOB HYKHO, KaK M NPH COCTaBJEHHUH YPaBHEHHI Ha OCHOBE
(pU3UUECKHX 3aKOHOB, YIPOCTHTL, CXEMaTH3UPOBATL H3y4YaeMoe
sBjenue. Kak mpaBuso, A1 HCIONb30BAHHS METOAA aHAJIH3a
pasMepHoCTeH HYXKHO 3HaTb MEHbIIE, 4YeM JJIf COCTABJEHHS
ypaBHEHHI [BHUXKEHHUSI. ’

Ecnn uyueso mapameTpoB, ONnpeiensioluX H3yuaeMoe fB-
JeHue, GoJblle YUCIa OCHOBHBIX €JMHHI, Ha KOTOPHIX HOCTPO-
eHa BbIOpaHHAsl CHCTEMa eIHHHUI], TO BCe II0KasaTejau crerne-
Heil, padyMeeTcs, He MOTYT ObITh onpenejeHul. B stoMm ciay-
yae MOJe3HO MpeXJe BCero ONpelequTb BCe He3aBHCHMbIE
GespasMepHble KOMGHHAIMH BbIGPAHHOH CHCTEMBI AapaMeTPOB.
Torna wuckomas BeauyuHa OyZeT ONpeNenNATbCA [IPOU3BEJE-
HHeM KaKo#-1160 KOMOMHALMH TapaMeTpoB, UMerLell HYKHY10
pasMepHOCTb, Ha HEeKOTopyio (YHKIHIO® 6e3pa3MepHLHX Iapa-
MeTpoB. JIerko BHJETb, YTO B paso6paHHOM IpHMepe H3 Be-
JIUYMH A, g U m 6e3pasMepHYI0 KOMGHHAIIHIO COCTABHTh HeJb3 .
TTostomy ¢opmyaa (16.2) ucuepnbiBaeT BCe BO3MOXKHBIC CIy4aH.

PaccMoTpuM Tenepn TaKyio 3afayy: ONpeJeNUTb JaIbHOCTb
TODU30OHTAIBLHOIO II0JIeTa MNYJH, BHIIYIIEHHON ¢ HayaJbHOH
CKOPOCTbI0 U B TOPU3OHTAJTbLHOM HanpaB/eHHH Ha BbicoTe A
OT 3eMHOH noBepxHocTH. UHCA0 nmapamMeTpoB, OT KOTOPBIX
MOKET 3aBHUCeTb HCKOMAas BeJMYMHA, DaBHO ueTnipeM: %, U, g
H'Macca nyau m. [TosToMy nosHoe pelneHHe 3aaull HEBO3MOXK-
Ho: cucrema enunun CIC . (a mas mexamuku u cucrema CH)
NOCTpOeHa TOJNBKO Ha TpeX -OCHOBHGHIX efuHHIIax *). Hafinem
npexae Bcero Bce Ge3pasMepHele Hapamerpsl y, KOTOpLle
MOKHO CKOHCTPYHpOBaTh U3 A, U, g U m!

v = h*¥v¥g?m®, (16.6)

*) Ecan 3apaHee (M3 KaKuX-JHGO JIOTNOJHHTENbHBIX COOGpaxKeHHI)
YUYeCThb, YTO OT MacChl IIyJIH HCKOMas BeJIHYHHA He 3aBHCHT, TO MOXET IOKa-
3aTbCA, YTO YHCJIO NapaMeTpOB PaBHO YHCJAY OCHOBHBIX €JMHHIl H 3ajada
CTaHOBHUTCA paspelnnmMoit. OaHaKo 3TO He TRK, HOO, HCKJIOYyadg Maccy .NyJH
H3 YHCJIA BO3MOXHBIX IIapaMeTPOB, MH OrpaHHYHBaeM 387ayy paMKaMH KH-
HEMaTHKH, a Bce KHHEMATHYeCKHe BeJIHYHHB! COJePXKaT TOJBKO JBE OCHOBHbI®
©/HHHIIH #~ IJIHHY H BpeMs,
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STOMY BBIPAXKEHUIO COOTBETCTBYET CJIEAYIOUIEE PABEHCTRBO Paa-
MepHoCTel:

1 =L*(LT=Y(LT-9= M.  (16.7)

Orciona mosiyyaem C/Ieayiomyio CHCTEMY YpaBHEHHIL:
' L O0=x+y-te,

T 0O0=—y—2g (16.8)
M O=u.
Pemas cucreMy ypaBHeHH# (16.8), nafinem
u=0, y—%——22, X=2. » (f6.9)
Tenepr a1a uckomoro Ge3pasmepHOro napamerpa IOJyyaem
y=heo-rigime = ($£)°. (16.10)

Takum o6pasoM, €IUHCTBEHHEI!I HE3aBHCHMbIA 6e3pasMepHHIH -
nmapaMeTp B paccMaTpHBaeMoH 3ajlaue — 5T0 hg/v?. Tenepb
YK€ He HYXHO HCKaTb.JalbHOCTb II0JI€Ta, HMEIOILYI0 pa3mep-
HOCTb- JJIMHBI, B Bufie (16.2): Bce paBHO, Kak Mbl BHIeJH,
OIHO3HaYHO ee ompeaesuTh He yaactcs. HHocratouHo HalTH
Kakol-1u60 mapaMerp, HUMEIOIIHE pa3MepPHOCTb IJHHBI, Ha-
npumep caM napamerp h. Toraa obuee BhIpakeHue LS Aajb-
HOCTH [0JIeTa 1IQ TOPU3OHTANH S MOXKHO 3aIHCaTh B BHAE

S=hf (_hvg) (16.11)

rae f— noka ueusBectHas yHKuusi Ge3pa3MepHOro mnapa-
MeTpa y=hg/v?. Merop aHanH3a pasMepHoCTEH B H3JI0XKEHHOM
BHIE He IMO3BOJIHT OmpeieluTbh BHA 3ToH (yHKuuu., Hyxuo
NPHUBJIEKATh KaKHe-TO JOMOJHHTENbHble coofpaxeHnus. Ha-
IpUMEp, U3 ONBIT2 HaM MOXeT ObiTb HM3BECTHO, YTO HCKOMas
JaTbHOCTbL T10JIETA MPOMOPIHOHANbHA TOPH3OHTAJBHOH CKO-
pocty nyau v. Torja ¢pyHkuus [ HeMelJeHHO ONpefesercs —
CKOPOCTb U JOJIXKHA CTOATb B 1epBOil CTeNeHH B YHCJHTeSe,
T. €. o

F)=Cy, - (16.12)

H 1ia S moayyaeMm -
' 5=Ch(fv§)’~”' =Cv ]/% (16.13)
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4TO C TOYHOCTBIO O MOCTOSIHHOIO MHOMKHTE/SI COBMAJAET ¢
npaBHJbHBIM OTBeToM S=uv )/ 2h/g.

[NonuepkneM, 4to mpH TakKoM cnocoGe onpenejeHdst BHIa
¢yHKUMH [ HaM J0CTaTOYHO 3HaHHs 3KCMEPHMEHTAJIbHO YyCTa-
HOBJIEHHOM 3aBHCHMOCTH JaJIbHOCTH ToJiera S He OT Bcex napa-
- METPOB, @ TOJIKO OT OJHOTO H3 HHX.

Ho 3To He eIMHCTBEHHKIH BO3MOXHBIH NYTb ONpele/ECHHS
¢dyHkuMH f. MOXHO HEMHOTO H3MEHHTb pacCyKJEHHs H oll-
-pefesuTbh [ M3 coobpaxkeHHHl pasmepHocTH. [leficTBHTENBHO,
€cJiH Obl YHCJIO OCHOBHBIX €JHHHIL, Ha KOTOPhIX MOCTPOEHA CH-
CTeMa e[HHHIl, PaBHAJIOCh Gbl He TPEM, a WeThIpeM, TO PaBeH-
CTBO DPa3MepHOCTEH MO3BOJIHJAO Ohl MMOJHOCTBIO OMNPEIE/HTh
3aBHCHMOCTb. Ja/IbHOCTH mosiera S ot A, v, g u m. OTkyaa xe’
B35iThb YETBEPTYIO He3aBHCHMYylo eauHHIy? o cux mop npu
3anucH ¢opMyJl pa3MEpHOCTEH He jefasoch Pa3iHyHA MEXAY
€[HHHIIAaMH [JIHHbI B TOPH3OHTAJBHOM H BEpPTHKaJAbHOM Ha-
npapiennsnx. OJHAKO Takoe pa3/iHyHe MOXHO BBECTH H 060-
3HAYHTb Pa3MepHOCTb €JHHHIBI AJHHBI [0 TOPH3OHTAJH Yepe3
Ly, a no BeptuKanun — yepes L,. Torza pasmepHOCTb Aaljib-
HOCTH [0JIETa MO TOPH3OHTaJH S 6yner L., a pa3mepHOCTb
BbiCOTH h — L,. PasMepHoCTh ropH30HTAAbHOH CKOPOCTH U
6yner L,T-1, a 'Pa3MEPHOCTb YCKOPEHHs CBOGOAHOTO MaJeHHus
g— L T 2, Tenepb, rasas Ha gopmyay (16.11), Mbl BHANM,
4TO e}lHHCTBeHHbIﬁ crnoco6 MoJy4YHTh pasMepHocTb L, B yHc-
JUTeNe NpaBod 4YacTH 3aKJO4aercs B TOM, YTOGHl CYHTaTh
f (v) nponopunoHaabHo# y ="/, MEl CHOBa NPHXOAHM K BopMy.Jie
(16.13). Pasymeercs, tenepb, HMes yeThipe OCHOBHbIEC EIHHHIIH
Ly, Ly, T 1 M, MOXHO H HENOCPEJCTBEHHO MONBITATHCH CKOH-
CTPYHDOBAaTh BEJHYHHY HYIKHOH pPa3MEDHOCTH H3 4eThipex
napaMeTpoB h, v, g 1 m:

S = Chovbgm?. - (16.14)
Papencro pasMepnocreli /neBod H npapod - yacted '
Ly=L3 (L, T) (L, T-%) M4 - (16.15)

npnsoum 'K CHCTEME ypaBHeHHH zum nokasare/eli crenenei
a b, cud

L, 1=b,
L, 0=a+c, ) g
T 0=—b—2, (16.16)
M 0=d.
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Pemast 3Ty cHcreMy, HaxoAuMm

d=0, b=1, ¢=—1/2, a=1/2 (16.17)

u noayuaeM Qopmyay (16.13). Takoe pasmnoxeHHe pasMepHO-
CTH JUIMHBL IO B3aUMHO NepPHEeHIHKYJISPHbIM HanpaBJCHUAM
TOJIYYHJIO Ha3BaHHE «BEKTOPHBIX eHHHUIL AMHHBD. HX Henodb-
30BaHHe, KAK Mbl BHJIHM, CYILECTBEHHO YBEJHYHBAeT BO3MOXK-
HOCTH METOoja aHa/lH3a pasMepHoCTel.

AHanu3 pasMepHOCTel ABJSETCA OJHHM H3 YHHBEPCAJbHBIX
METOHOB HCCAENOBaHUSl (PU3HYECKUX SBJECHHH H OYEHb [HHPOKO
ucnoabsyercsi. Benukuft ¢nsuk dupuko depMu 9acTo yTBepx-
RaJl, 4TO JeHCTBHTEbHO HOHHMaoIHe NPHPONY TOTO HJIH HHOrO
SIBJIGHUS JIOJXKHB yYMETh MNOJy4aTh OCHOBHBIE COOTHOLIEHHS
H3 cooOpaKeHHH pasMEpHOCTH.

Oco6eHHO IIHPOKOE IPHMEHEHHE MOJYYHJI METOA aHasd3a
pasMepHoetell NPH H3YYeHHH JBHXKEHHMS BS3KOA MXHIKOCTH
M rasa H NPH H3YYCHHH JBHMKEHHS TBEPAbIX TeNl B XKHIKOCTH
H rase. B 3ToM HauGoJsee CJIOXKHOM pasjiesie JHHAMHKH, rfe
OueHb MHOTHE BONPOCH He peilleHbl IO HacTofllee BpeMs,
METOJl aHa/Jd3a pa3MepPHOCTeH 3a4acTyio OKa3blBaeTcsl eNHH-
CTBEHHBIM HOJXOJIOM, NO3BOJISAIOUIMM TEOPETHUECKH OCMBICTHTD
pesysnbTaThl Pas/MUHLIX SKCNEPUMEHTANbHbIX HCCJIETOBAHHIL.
Uneno ¢uaHyeckHx BEJIHYHH, ONPENeNdiolUX TO HAH HHOe
SIBJIGHHE, WHOTJA HACTONBKO BEJNHKO, YTO OKa3blBaeTcsi Npak-
THYECKH HEBO3MOXHBLIM HE TOJBKO PElIHTb YPaBHEHHS JBHKE-
HHSI, HO U Jlaxe COCTaBHTh UX. Ho U B TaKHX c1yyasx aHasus
pasMepHOCTel NMO3BOJISAET HAUTH HEKOTOpble OCHOBHbIE COOTHO-
[IEHHS] MEMJY STHMH BeNHUYHHAMH, YTO (PAKTHYECKH O3HAUaeT
YMeHbIICHHE YHCJa HE3aBHCHMBIX mapamerpoB. CoderaHue
MeTO/ia pasMepHOCTell C 3KCHEPHMEHTOM JaeT BO3MOXKHOCTb
NoJydyaTs YacTHUHYI HHGPOPMALUHUIO O CBOHCTBAX H3Y4YaeMblX
CHCTEM H B OY€Hb CJOKHBIX C/1y4asix, KOrJla Ip.yTHMH METofaMH
ee BOOOILE HOTYYHTb HE YJACTCH.

B 'KauecTBe NpHMepa HCIIOJb3OBAHHS aHAIH3a pasMep-
HOcTell pacCMOTPHM OZIHY M3 NPOCTEHMINX 32189 3TOTO CJIOXKHOI'0
pasfena MEXaHHKH — 3a/jauyy O CONPOTHBJ/ICHHH, HCHHLITHIBA-
€MOM TBEpJbIM Te/JIOM HPH JBHXKEHHH B BA3KOH cpele — Xuj-
KOCTH WM rase. ConpoTuB/eHHe JBHXKEHHIO B BSA3KOH cpefne
3aBHCHT OT G6OJbIIOrO 4YHCJA [apaMeTpoB, OTHOCHTEIbHAs
POJIb KOTOPBIX MEHSIETCS B 3aBUCHMOCTH. OT CKOPOCTH ngﬂmeHHH
TeJqa,
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TIpu HeGoJblHHX CKOPOCTSIX ABHXKEHHA OCHOBHOH BKJax B
COTPOTHBJIEHHE OMNPEACISETCs] BA3KOCTbIO JKHIKOCTH, a ee
TIJIOTHOCTBIO H CXKUMAEMOCTbIO MOXKHO TpeHeSpeub. ITpu 6odb-
WIMX CKOPOCTSIX ABHXKEHHS ONPEAENSIIONYI0 POJIb HUTPAET KaK
pas ‘MJOTHOCTb KHIKOCTH, a He ee BsI3KocTb. M, Hakoxem,
ecJI1 CKOPOCTb JBHIKEHHsl TBEPIOTO TeJa CTAHOBHTCS CPaBHH-
MOH CO CKOPOCTBIO 3ByKa B KHJKOCTH, TO IPH pacuere CHJbI
CONPOTUBJIEHUS] HEOGXOIHUMO YUHTHIBATbL CXKMMAEMOCTb CPejbl.
Takum ofpasoM, HaGop mapaMeTpoB, ONpElE/sIOUHX BeJd-
YHHY COTNPOTHBAEHHS! JBHIKEHUIO, BKJIOYAET B cefft CKOPOCTb
TeJa U, INIOTHOCTB CpeJbl P, €€ BS3KOCTb 1, CXHHMAEMOCThb

1 1AV \

-——‘—l ¥ JIMHEHHble pasMepnl Tena I, I, u [,. Bynem
CYUTATb, UTO TeJO O6JIaJlaeT CUMMETPHE# OTHOCHTENBHO OCH 2,
a €ro CKOpPOCTb ¢ HaNlpaBJeHa BIOJb OCH CHUMMeTpHH. Toraa
TEJIO XaPaKTePH3YETCA JUHEHHBIM pasMepoM / BIOJb OCH CHM-
MeTPHH M IJIOWAbIO TTonepeyHoro ceuenust S. Bynem ucnons-
30BaTb BEKTOPHBIE €IWHHILL IJUHH, - TPUIHCHIBAst Pa3HbIE
pasmepHocth L, L, n L, ajs paccTostHui BAOJb ocell ¥, y 1 2.

PaccMoTpum cayuail, KOrjia CKOpPOCTb JBHKEHHS TeJd MHOTO
MEHBILIE CKOPOCTH 3ByKa B cpene. IIpu 3TOM CXHMaeMOCTbIO
Cpelbl MOXKHO 1npeHefpeub, U MBI HMeeM MSITb TApPaMETPOB:
u, 0, M, I, S. Buipakkenust 1jisi pasMEPHOCTEH STHX BEJHUHH
UMEIOT CeNyIomni BUa:

v L,T1,

p (LLL)M,

v L7TM, (16.18)
I L,

S L,

Tpexxae Bcero omnpenessieM GespasMepHLIE NMapaMerpsl, KOTO-
pble MOXHO COCTABHTb W3 3THX BEJHUHH:

Y =vipiniSulv. : (16.19)

Bbxpa)xeﬂne (16.19) npuBozuT K cnenyromeMy paBeHCTBY pas-
MepHOCTed:

= (LT L R MY (L;lT-xM:)?(LxLy)uw. (16.20)
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CucremMa ypaBHeHHH Iis NokasaresneH creneHefi x, y, g,
W U W UMeeT BHJ

Lx O=‘ "_y+u’

L, 0=—y%u,

L, 0=x—y—z+uw, - (16.21)
T 0=—x—2,

M O=y-+tz ’

Pemiasi ee, HaxoguM x=y=u=—z, w=2. CjejgoBare/bcHO,
Gespa3MepHbIfi mapamerp v, corsiacHo (16.19), umMeer BHJ

v=<—§lg—u) o (16.22)

W3 Boipaxkennsa (16.22) BuaHO, 4TO B pacCMATPHBAEMOM Clyyae
HMEETCA BCEro OJHH HE3aBHCHMbIA Ge3pasMepHHbI napamerp
In/(Spv). [losToMy BbIpaxeHHe JIJ11 CHJbl CONPOTHBJIEHHSA
pPaBHO NPOH3BEJEHHIO KAKOH-THO0 KOMOHHALHH H3 BeJHYHH
v, py My, S W I, umeromel pa3MEPHOCTb CHJIbI, HaNPAaBJEHHON
BIOJb OCH 2, HAa HEKOTOPYI0 QyHKUHIO Ge3pasMepHOro mnapa-
merpa In/(Spv). Kak Jnerko y6eauTbcsi, NpoH3BeaeHHe vZpS
KaK pa3 H HMeeT Pa3MepHOCTb CHJIbl, HalpaBJIeHHOH MO OCH 2.
[MosToMy BbIpaxeHHe IJig CHJIbI CONPOTHBJeHHs F samuchl-
BaeTcsl B BHJE

| F=vﬂp$f<§l-‘%). . (16.23)

Sra opmyJia Mo3BOJIAET CALNATh OYeHb HHTEPECHbIE BLIBOABI
0 cHJie conporHB/eHHs. [1yCTb CKOPOCTL JBHIKEHHSI HACTOJIBKO
Masa, YTO ONpPeJeJfioULyi0 POJb B CONPOTHBJIEHHH Hrpaer
BA3KOCTb XKHAKOCTH 7). Tak KaK CHJia CONPOTHBJ/IEHHS NIPH STOM
BPONOPI{HOHAJBHA BA3KOCTH, TO ‘

-\ In
)= C 5o
u puipaxenue (16.23) npuuumaer BHI ,

F =Culn, (16.24)

rie C — HeKotopasi noctosHHas. CH/a COIPOTHBJEHHS! Mpo-"
MOPIHOHA/IBHA CKOPOCTH ABHIKEHHS TeJla, BASKOCTH H JIHHef-
HOMY pa3sMepy Teja B HampabjeHHH ABHXKeHHs. OHa OKasul-



§ 16. METOJL AHAJIH3A PA3MEPHOCTEN ‘133

BaeTcsi He 3aBHCSLIell OT MJOTHOCTH XHIKOCTH H OT BEJHYHHBI
NONepeyYHOro: CeYyeHusl Tena. '

Tlpu Goabiefi ckopocTH onpenensiouledl . CTAHOBUTCS . He
BSI3KOCTb JKHIKOCTH, @ ee MJOTHOCTb. JlJsi Toro yTo6w cHsa
CONPOTHBJIEHHS He 3aBHCeJa OT BA3KOCTH, HYXKHO, YTOObLI
DYHKUHS f CTpeMHJIaCh K IOCTOSIHHOMY 3HaueHuio. Popmyna
(16.23) npu 3TOM MpPHHHMaeT BHJ

- F=Cu%S, . (16.25)

rjpe Cl——HOBaﬁ nocTosiiias. Kak n MOXHO GblJIO OXHJAThb
H3 KayeCTBEHHBbIX COOGP&)KCHHH COHPOTHBJ’(CHIIC B 5TOM CJlyyae
onpenensieTcss nonepeyHbiIM CEYyeHHEM Tesla H He 3aBHCHT OT
pasMepoB Tejia BIOJIb HampaBJ€HHA IBHXKEHMNA.



2. MOJIEKYJISIPHASI ®U3HUKA
U TEPMOJWHAMHKA

OCHOBb! MOJNEKYJISAPHO-KUHETUYECKONA TEOPUU

§ 1. BpoyHosckoe jasukenue. Jisa nojpxopa
K ONUCAHUI0 MAKPOCKOMMYECKHX CHCTEM

OcHoBHOe NO/OKEHHE MOJIEKYJAPHO-KHHETHYECKOH TEOpHH
CTPOEHHUA BeleCTBa, BbITEKamllee M3 OMNBITHBIX (aKToB, 3a-
KJIIO4aeTCA B TOM, YTO BCe MAKPOCKOMHYECKHE Tesa COCTOAT .
M3 aTOMOB U MOJIEKYJ, HaXOASAHUXCS B COCTOSTHHH HEeNpepHIB-
HOTO' Xa0THYECKOro TEIJIOBOro ABHxkeHHs. HauGosee yGenu-
TeJLHLIM ONBITHBIM (PAKTOM, HATVISIIHO MOATBEpIKAAIOWUM Xa0-
THYECKHH XapakTep TEMJIOBOTO JIBHMKEHHA H 3aBHCHMOCTb
HHTEHCHBHOCTH 3TOrO [BHIKEHHSI OT TeMIepaTyphbl, ABJAsSETCA
OGPOYHOBCKOE JBHKEHHE. /

Ha6monas B MHKPOCKON 3a [BHMKEHHEM B3BEIUEHHBIX B
KUAKOCTH MEJKHX YacTHil, MOXKHO OGHapyXWThb, YTO Kamjas -
yacTHila CoBeplIaeT XaoTHuYeckoe [BHkeHHe. [lpesncrassenue
0 Xapaxrepe OJyXJaHHS YacTHIbI MOXKHO [ONYUYHTh, ClH (HUK-
CHPOBATh €€ MOJIOXKEHHE B [0/ 3PEeHHs U3MepPHTEIBHOTO MHK-
pockona uyepes paBHbIE NPOMEXKYTKH BpemeHd. CoenuHuB
T10C/IEIOBATE/IbHBIE MOJIOKEHHS YACTHLbI NPSAMBIMH, MBI [10JY-
YHM JIOMAHYIO JIMHHIO, MOJ0OHYI0 H300pakeHHOH Ha puc. 1.1,
HanpabsieHus cocelHUX Y4acTKOB JIOMAaHOW JIMHUH COCTaBJISIOT
BCEBO3MOXKHBIE YIVIBl APYT ¢ APYroM, TaK YTO HE yaaercss mofi-
METHTE -HHKAKPH 3aKOHOMEPHOCTH B H3MEHEHHH HaripaBJIeHHs
JIOMAHOH JIMHUH. YeM Kopoue NPOMEKYTKH BpeMeHH, dyepes
KOTOpbIE (PHKCHPYeTCSl MOJIOXKEHHe YacTHIlbl, TeM 6oJiee H3/I0-
MaHHOH OyJeT BBIIVIIETb «TPAaeKTOPHS» YacTHIE: TOYKH A, B,
C, ... (QukcupyoT mnosoxeHue HacTHupl uepes 30 ceKyHI,
a Toukd I, 2, 3, ..., CORNMHEHHbI® MYHKTHPOM, (PHKCHpPYIOT
€e MOJIOXKEHHE Yepe3 KaKible 5 CEKYH]I.

Ecau nabmonars 3a JBHKeHHeM Cpa3y HeCKONbKHX B3Be-
IIEHHBIX B XXHAKOCTH YaCTHL, TO MOXHO 3aMETHTb, YTO OHH
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ILBHIKYTCS. TO B OfHY CTOPOHY, TO B NPOTHBONOJIOMHEIE, TO MOJ
yraom Ipyr kK Apyry. Orciona MOXHO clenath BHIBOA, 4TO
Ha6JiofaeMoe 6pPOyHOBCKOe JBHIKEHHE HE CBs3aHO C HepeMe-
[IeHHEM IIOTOKOB KHAKOCTH, TaK KaK B STOM CJYydae COCEJHHE
YyaCTHIBl Bcerja nepeMmemianuck Obl BMecTe. Ha ombiTe xe
HHK&KOH COIJIaCOBAHHOCTH B  JBH-
JKEHHHM COCELHHMX 4acTHll He Ha6alo-
Jaercsi, JBHKYTCSI OHM COBEPLUEHHO
HE3aBHCHMO JApYr OT Apyra.
Hsmensas remneparypy, npu Ko-
TOPOH NPOM3BOAMTCH ONBIT, MOXKHO
3aMeTHTh, YTO C YBEJHUEHHEM TEMIE-
paTtypbl HHTEHCHBHOCTb GPOYHOBCKO-
[0 JBHXKEHUs] DPAacTeT, ¢ IOHHMIKEHH-
eM TeMmnepaTyphl OHO 3aMHpaer.
Taxoft xapakrep ABHXKEHHSI MO-
3BOJISI€T MNPENNOJNOKUTE, 4YTO Gpoy-
HOBCKasl u4acCTHIA ABMKeTCH TOA AeH-
CTBHEM YJapoOB, NOJYYaeMbIX OT MO-
JEKYJN XHIKOCTH, B KOTOPOH OHa
Haxonautcs. Ecaum npu  stom  cuM-
TaTb, YTO TENJOBOE [BHIKEHHE MO-
JIEKYJ KHIKOCTH SIBJISIETCS XaoTH-
YECKHM, TO- MOXKHO OGBSCHHTL BCe

Ha6JofaeMble Ha ONBITE 3aKOHOMEP-~ LK
HOCTH 6POYHOBCKOrO JBHIKEHHS, Puc. 1.1. BpoyHonckoe
Ha nepBuiil B3rasn Morao 6w no- ABHIKEHHE.

KasaTbCsl, UYTO COBEpIUEHHO Xa-
OTHUeCKHY, O€CrOpsNOYHBIH XapaKTep YAapoB OTHe/BHBIX
MOJIEKYJT JOJIKEH OblJ Obl IPHBOJHTL K TOMY, YTO 6POYHOBCKad
YaCTHIA, Macca KOTPpPoil BO MHOIO pa3 GoJIblLie Macchl MOJIEKY-
JiEI, BooOuie He OOMKHA Oblla OHl 3aMETHO NepeMeliaThes.
B camom nene, nedcTBue ynapoB, NONYYeHHBIX GPOYHOBCKOI
qacTUUEH ¢ OXHON CTQPOHBl, JOJIKHO IOJHOCTbIO KOMII€HCH-
pOBAaTbCsl YAapaMH ‘C MPOTHBONOMJOXKHOH CTOPOHH. B Takoi
CHTyalMH, Ka3ajoch Obl, GPOYHOBCKAsA YaCTHIA MOXKET TOJIBKO
«IpOXKaTby Ha MecTe. OuH6ka TAKOO PacCy:KACHHS 3aKIHO-
yaercd B TOM, UYTO c/yuafiHbii Opolece MNOAMEHseTcs, Io
CYILIECTBY, PErydsipHbIM UepejoBaHHeM BO3AEHCTBUH C NPOTH-
BONONOXKHHIX :cTopoH. Ho Takpe uepeloBaHHE YXke He fB-
JETETCH CITYySAHHBIM IPOHECCOM, &  001a1aeT BEICOKOH CFENeHbIo
ynopsiaouenHoctH, CreneHb ynopsROYeHHOCTH TAKOFO 4EPENO-
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BaHHS He OTJIHYAETCS OT CTENEHH YIOPSACUEeHHOCTH Ipoiecca,
B KOTOPOM BC€ HCIIBITHIBAEMBbIE YaCTHIEH TOJIYKH- TIPOHCXOAAT
B OJHOM HanpasjieHHH. EciH, Hanpumep, pesyJbTaT OLHOTO
TOJYKA XapaKTepPH3YyeTcs HEKOTOPHIM paccTosiHueM [, To pe-
3yJbTaT NOCJeJoBaTeNbHOCTH N  yHNOpsJIOYEHHBIX TOIYKOB
nponopuHoHaseH BenHuHHe NI. EcJH ke nmoc/efoBare/bHOCTDb
'3THX N -TOTYKOB HOCHT CJY4YafiHbIHl XapaKkTep, TO HX pe3yJ/bTar

nponopuHonanen }/ N I. TlokaxeM 3to.

ByneMm ¢ moMOLbIO H3MEPHTEJbHOTO MHKPOCKONA OIpeje-
JIITh PacCTOsIHHE, HAa KOTOPoe 6POYHOBCKAs YacTHIA yAa/seTca
OT Hayaja KOODIHMHAT 3a BpeMms . !, MHOTOKPaTHO MOBTOpAS
3TOT oNbiT. Besikuil pa3 Mbl GyJieM. MoTy4aTh pasHble 3HAYEHHS

"3TOTO0 DACCTOSIHHA, OHAKO B GOJBIUIHHCTBE ONBITOB OYIYyT
[0J1y4aTbcs GIH3KHE APYT K IPYTY 3HAUEHHs, H JIHIUb H3peaKa
6yAyT MOJy4YaTbCsl BEJHYHHBI, 3aMETHO OTJIHYAIOUHECSH OT
OCTaJbHBIX. MOXHO BBECTH CpE€JHee PacCTOsIHHe, Ha KOTopoe
YXOMHT YacCTHI[A OT HauajJa KOOPJHMHAT 34 BpeMs !, MOHHMas
10l HHUM cpejiHee 0 60/bLIOMY YHCIY ONbTOB. B ofHOKpaTHOM
oIbiTe .HMeeTCs1 60blilast BEPOATHOCTb IJOJNYUYHTh 3HAYEHHE pac-
CTOfIHHSA, GJH3KOe K cpejHeMy. [lofuyepKHeM, 4TO peub HJEeT
HMEHHO O PacCTOSIHHH JI0 YaCTHIBI OT Hayajaa KOOPAHHAT, a
HanpabJ/IeHHs1 NePEeMEUIeHH B OT/IE/bHBIX ONBITAX MOT'YT GHITh
COBEPIIEHHO Pa3JHYHBIMY — BCE HANPAaBJ/IEHH S PABHOBEPOSITHBL,

3azaua COCTOHT B TOM, 4TOObl HAHTH 3aBHCHMOCTb OT Bpe-
MEeHH CPEeJHEero PacCTOsIHHsl, KOTopoe GyjaeM o6osHauath (R ).

PasgennM HHTepecylomee Hac BpeMs Ha6mioAeHHs ¢ Ha
GOJIbIIOE YHCJO PAaBHBIX MAJbIX MPOMEXYTKOB Al TaKHX, 4TO
B TeUeHHEe KaX/Oro IPOMEXYTKA YacTHIA HCHBITBIBAET OTPOM-
HO€ YHCJIO YAapOB CO CTOPOHBI MOJIEKYJ KHAKOCTH. ITo cye-
CTBY, TaKoe pacCyX/JeHHe 03HayaeT MHOTOKPAaTHOe MOBTOpPEHHE
ONbiTa [0 H3MEPEHHIO CPEJHETO pACCTOSIHHA, NPOHIEHHOrO
yacTHieH 3a BpeMs Af, nmpHYeM KaX[Ablii pa3 Mbl COBMELIAeM
HayajJO KOOPAHHAT C IIOJIOXKEHHEM YaCTHIbl B KOHLE Npexbl-
Iyulero MpoMexyTka BpeMendH Af. IpyraMu cioBamH, 3TO
TAaKOH XKe QNBIT, KaK H pacCMOTPEHHHI . BblLIE, TOJBKO OCY-:
LeCTBJISIEMbIH 33 TPOMEXYTOK BpeMeHH Af, a He {. TTOCKOJbKY
H' 33 OPOMeXYTOK Af# yacTHUA HCIBITBIBAET OTPOMHOE YHCJIO
yJAapoB, BCe NPHBEJCHHBIE - Bhbllle PACCyXKIAGHHA OCTAIOTCA B
CHJIE: HampaB/leHHE MEpEeMemeHHs 3a KaxAbiR «amar» Af co-
BEPIIEHHO MIPOH3BOJIbHO M HHKAK He CBS3aHO C HamnpaB/eHHEM
NepeMelieHHl B APYTHe. fIPOMEXYTKH, a ‘PAacCTOsiHHe, MPOXo-
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AuMoe vacTHue® sa Af, 6yIer nmpHMEpHO OIMHAKOBHIM AJIf
GOJILLIMHCTBA TPOMEXKYTKOB.

J/1s1 nmpocToTh GyZeM CYHMTATh STH PACCTOSHHS OZIHHAKO-
BbIMH /ISl BCeX IIaroB H o6o3HayHM 4epes L.

Ilycts B peaysbraTe N TakKHX NOC/eNOBaTe/bHbIX IIAros
yacTHIA OKasajach B TO4Ke C pajuyc-seKtopom Ry. Torza
Noc/Ie OuepejHOro Wara oHa Nonajer B TOUKY

Ryii=Ry+Lyiz, (1.1)

rge Ly.: — BexTop nepememenus 3a (N-1)-# war, aMetomui
NpOU3BOJIbHOE HANpaBJeHHe ¥ onpeleseHHYH BeqHYHHY L.
Paccrosinne wacTHupl- or Havasa Koopauuar nocie (N-+1)-ro
lIara paBHO

Rys; =V Ru+2RyLcosgFLE. (1.2)

3necb @ — yron Mexjay BekropaMH Ry W Ly, Haiitu
cpeiHee 3HaYEHHE IPaBOH YaCTH 3TOTO BbIpAXKEHHA 3aTpyIHH~
TeJIbHO, HO0 YCPeIHATh HYKHO KBaJApaTHHIH KODEHb, a B 00IieM
cayuyae cpejHee 3HaueHHe (DYHKLUHH He paBHO 3TOH (DyHKUHH
OT cpeiHero 3HaueHHsa aprymenra: (f(x))s4f({x)). Jlerko
3aMeTHTh, yTo ecu Bo3BectH (1.1) uau (1.2) B xBazpar:

R12V+1=R%V+2RNL COS(P+L2) (1-3)

TO cpellHee 3Hau€HHe KBaJpaTa CMeIieHHs MOxeT GbiTh JIeTKo
HaHjeHo. [TosToMy 6yAeM HCNoO/b30BaTh_JJ/I1 XapaKTEPHUCTHKH
yaaneHus 6poyHOBCKOH 4acCTHIB OT Haya/jia KOOpAHHAT e (R),
a V' <R%. Ycpeaussa Jepyio H npasyio uacti (1.3) H yuHTH-
" Basl, YTO YroJl ¢ C paBHOM BEPOATHOCTbIO NPHHHMaeT JioOble
sHauenus or 0 o 2, 1. e, (cos @ )=0, noay4aem

(R¥+1> =<Ry>+ L2 ‘ (1.4)

HUcnonbaysi Merol MaTeMaTHYecKOH MHAYKHUHMH, Ha OCHOBE
cootHouwenns (1.4) jerko mokasatb, YTO

<RY> == NL*. T~

Takum oBpasoM, cpenHee sHdyeHHe KBajJpara CMeILEHHs Npo-
MOPUHOHAJIBHO YHC/TY LUAroB, & MOCKOAbKY LIATH COBEPLIAIOTCS
3a ONHMHAKOBbIE TPOMEXKYTKH BpeMeHH Af, To

, " (R =at, o (1.5)
; 31‘0 KOHEYHO, He O3Hayaer, 4YTo CpepHee CMellieHHe Ipo-
NOPUHOHA/ILHO BpeMeHH. - BpoyHOBCKOR JIBHXKEHHe JacTHIbL
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TAKOBO, YTO CPE&IHHI KBaApaT CMeLeHUs] PacTeT MPOrNopLHO-
HaJlbHO BpeMeHH. [IpyrHMH c/lOBaMH, KB&APATHHIH KOpPEeHb
u3 (R?) pacTeT CO BPeMeHeM MNPONOPUHOHAILHO V'f. Dra Be-

JMuHHa, T. e. }/ (R?>, HasbiBaeMas CPEIHHM KBajipaTHUHBIM
3HaueHHeM R, He paBHA CPEAHEMY 3HAUEHHIO paccTosiHHA (R)
YACTHLLI OT Hayasla KOOPAHHAT CAYCTS MPOMEXYTOK BPEMEHH f,
KOTOpOe Mbl XOTelH onpeaeuTh! ORHAKO MOXHO MOKA3aTh,
UTO 3TH BEJIHUHHBI OTJIHYAKOTCS TOMLKO MOCTOSTHHBIM MHOMKH-
teneM. [losToMy cpennee paccTosiHHe GPOYHOBCKOH HaCTHIIB

OT HayaJa KOOPAMHAT TaKxe NponopluoHambHo } f:
Ry=pV't. (1.6)

CoBepiueHHO OYEBHAHO, 4TO KoadipHuHeHTH o U f§ B dop-
mysnax (1.5) u (1.6) 3aBHCAT OT HHTEHCHBHOCTH TEMJIOBOIO
JBH3KEHHST MOJIEKYJ >XHAKOCTH, YAapbl KOTOPHIX NPHBOAAT K
GpOYHOBCKOMY JABHXKEHHIO B3BEILIEHHOH YaCTHLEl, T. €. B KO-
HEYHOM CYeTe OT TeMIEpaTypHi.

Wsyuyenne GPOYHOBCKOrO JABHXKEHHS: CHIrpalo Go/bllyio
poJib B Pa3BHTHH MOJEKYJAPHO-KHHETHYECKO!! TEOPHH CTpoe-
HHS BelecTBa. VIMeHHO GpPOYHOBCKOE JABHXKEHHE HE€ TOJLKO
NIPUHECIO HEONPOBEPXKHMOE JOKa3aTeNbCTBO PeajbHOCTH aro-
MOB H MOJIEKYJ, HO H NO3BOJMJO BINEPBLIE MOACUMTATH KOJH-
YeCTBO MOJIEKYJ B MaKpOCKONHUeCKOM ofLeMe BelllecTBa, T. €.
ONpEJENHTL 3HaueHHe yHesa ABoragpo: N =6,02-10% moans-1.
. Takum 0o6pasoM GbIIO OKOHYATEJNEHO YCTAHOBJIEHO, YTO TENJO-
Basi (h)OpMa JBHXKEHUA MaTe€pHH OOYCJOBJE€HA XaOTHYECKHM
JABHXEHHEM AaTOMOB- HJIH MOJIEKYJ, H3 KOTOPbIX COCTOSAT
MaKpPOCKOMHUECKHE TeJja.

Ucropuyeckn npu H3yyeHHH MaKpPOCKOMHYECKHX CBOMCTB
(bH3HUECKHX CHCTEM HE3aBHCHMO CJIO0XHJHCL JBAa PAasjHUHBIX
NOAXORA — CTATHCTHYECKHIH M TepMoAHHamHueckui. Craru-
CTHUECKHN NMOAXOA, UM CTAaTHCTHHECKAs] MEXAHHKa, SIBJgeTcs
MOJIEKY/ISIPHO-KMHETHUECKO! TeopHeH, OCHOBaHHOH Ha ompe-
JIeIleHHbIX MpPEJCTaBJeHHAX O CTPOEHHWH BewlecTBa. 3ajnaueh
CTaTHCTHUECKOH MEXAHHUKH SBJISIETCA YCTAaHOBJEHHE 38KOHOB
NOBEJleHHsI MAaKPGCKONHYECKHX CHCTEM, COCTOSIIHX. H3 OTPOM-
HOrO YHCJIA YACTHIL, HAa OCHOBE HM3BECTHHIX QHHAMHYECKHX 3a-
KOHOB .TIOBEJIEHHsI OTAeNbHBIX YacTHL. JIpyrumu cjoBamH, cra-
THCTHUECKAs MEXaHWKA yCTaHaBJHWBAET CBA3b MEXAY 3KCNepH-
MEHTa/IbHO. U3MepseMbIMH: MaKPOCKOMHYECKHMH BeJHUHHAMH,"
X&8pPaKTePH3YIOUUMH CHCTEMY B LEJIOM, TaKHMH, KaK JaBJlieHHe,
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06beM, TeMIepaTypa, HanpsKEHHOCTh SJIeKTPHYECKOTO IOJA
H T. L., d MHKPOCKOITHYECKHMH - Xap AKTEPHCTHKAMH CHCTEMBI,
TaKHMH, KaK MacChl H 3apsibl COCTABJISIIOMMX CHCTEMY YACTHIL,
HX KOOPIHHATHl. H HMIYJLCHI H T. 1.

ITosichuMm ckasanHoe Ha npumepe. Ilpocrefiiedi cucremoi,
cocrosiiieit U3 GOJIbLIOrO YHCJIA YACTHIL, SIBJSETCSl ras, 3aHH-
Maromuil Hekoropuil abbeM. C TOUKH 3pEeHHS MEXaHHKH CO-
CTOSIHHE TaKOW CHCTEMbl OMpee/siercsl 3ajaHHeM MNOJIOKEHHH
H CKOPOCTell BCeX MOJIEKYJ rasa, YHCJIO KOTOPHIX B MaKpo-’
CKOTIHYecKOM ofbeMe orpoMuo. Hampumep, Bcero 1 cm® Bos-
AyXa NPH HOPMa/bHbIX YCJAOBHAX copepxkur 2,7 -10** MosneKyJ.
H3-3a 1BHKEHHS MOJIEKYJT MEXAHHUECKOEe COCTOSIHHE HEMpepbiB-
HO uaMensiercsl. OJIHAKO OMBIT MOKA3bIBAET, YTO MPH HEH3MEH-
HbIX BHEIUHHX YCJOBHAX JM00asi MaKPOCKOMHHYECKash CHCTeMa
PAHO HJM MO3[HO MPHXOIHUT B CTALHOHAPHOE COCTOSIHHE, MpPH
KOTOPOM, HECMOTPSI Ha H3MEHeHHe MEeXaHHYECKOrOo COCTOSIHHS,
TaKHe BEJIHUYHHbI, KAaK, HampHMep, TeMmeparypa, MJOTHOCTD,
JlaBlieHHe, XapaKTepH3YIOmHe CHCTEMY B LEJIOM, OCTAITCS
HeH3MeHHbIMH. [ M30JHPOBAHHOH MAaKpPOCKOMHUECKOH CH-
cTeMbl 3T0 OYJEeT COCTOSIHHE TEIJIOBOIO PaBHOBECHs. 3ajlaHHEM
TAKHX MAKPOCKOMHMYECKHX BEJHUHH H XapaKTepH3YIOT COCTOSA-
HHe CHCTEMbl B CTAaTHCTHYECKOH MeXaHHKe.

Takum ofGpa3oM, omnpeJeJeHde COCTOSIHHS CHCTeMBbl B CTa-
THCTHUECKOA MeXaHHKe SIBAfICTCH TOpas/o MeHee JeTaNH3H-
POBaHHbIM, YEM B MEXaHHKe, TAK KaK ONHpPAeTCs JHIIb HA He-
00J/IblIOe YHCIO MAKPOCKOMHYECKHX MapaMeTPOB, H3MEpSEeMBIX
Ha ombiTe. B GosbIIHHCTBE ClyyaeB TaKoe COKPaliEHHOe OMH-
CaHHe CHCTEeMbl SIBJISIETCS] BIIOJIHE JOCTATOYHBIM, HOO Hac, Kak
NpPaBHJIO, COBEPLIEHHO He HHTEpecyeT AeTaibHAasi HHMopMaUHsl
O JIBUXKEHHH OTIEJNbHBIX MOJIEKYJI.

- Ho 3HaueHuss MAKpOCKOMHUECKHX NMApaMETPOB, pa3yMeercs,
3aBHCAT OT JABHXEHH§ MOJIEKYJ, H 3a1a4a CTATHCTHYECKOH Me-
XaHHKH — BbIPasUTh CBOMCTBA CHCTEMbl B LEJIOM Yepe3 Xapak-
TEPUCTHKH OTIEIbLHBIX MOJIEKYJI, T. €. HePeKUHYTb MOCT MeXLy
Makpo- H MHKPOCKOMHYECKHMH ONHCAHUSAIMH cucTeMbl. IIpH
3TOM Tpebyercss YCTAHOBHTbL CBSI3b MAKPOCKONHYECKHX Mapa-
METPOB CHCTEMBI CO CPEIHHMH 3HAYEHHUSIMH MHKPOCKOMHYECKHX
BeJTHYHH M JAaThb Crocol BBIUHCJEHHSI 3THX CPEIHHX 3HA4eHHH
Ha OCHOBE 33aKOHOB JBHIKEHHS OTIEJBHBIX MOJEKYJI.

Tak, HanpuMep, AJs1 ONHOTO MOJS HI€aJbHOIO rasa MoJe-
KYJAADHO-KHHETHUECKas] TEOPHS YCTAHAB/IUBAET CBA3b MEXIy
NpPOH3BEAGHHEM JBYX MAKPOCKOHNHYECKHX mapaMerpoB rasa —
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JaBjeHHs p H MoaspHoro obbema V,— H cpeftHHM 3HAYeHHEM
MHKPOCKOIHYecKoro mnapamerpa (E) — cpenHe#t KHHeTHue-
CKOH 3HEpTHeH XaOTHYECKOro JBHXEHHS OHOH MojekyJn E:

PVu=s<E>Na - (1.7)

B oriHuHe oOT MOJIEKYJSIpHO-KHHETHYECKOH TeopHH, Tep-
MOJHHaMHYEeCKHH MOAXO0[ NPH H3YYeHHH CBOMHCTB MaKpOCKO-
ITHYECKHX CHCTEM He ONHpaercs HH Ha KakHe MojesibHble
npejicTaBieHHsl 06 aTOMHO-MOJIEKYJAPHOH CTPYKType Belie-
ctBa. TepMmonunamuka npepnctaBasier cofofi (eHoMeHosOrHYe-
CKYyI0O TEOPHIO, OCHOBaHHYI0O Ha He(GOJbLIOM YHCJIE TBEPHIO
YCTAHOBJIEHHBIX HA OMNbITe 33aKOHOB, TaKHX, Kak, HampHMep,
3aKOH coxpaHeHHs 3HeprHH. OCHOBHEIE NOHATHA TePMOJHHA-
MHKH BBOJATCA Ha OCHOBE (PH3HYECKOTo 3KCIEpHMEHTa, H
IIO3TOMY OHa ONepHPyeT TOJNbKO MAKPOCKOIHYECKHMH BeJH-
YMHAMH: JaBjeHueM, Temmeparypoii, ofveMoM H T. m. [lpu
3TOM CBA3b MEXJAY PasjMYHBIMH MaKPOCKONHYECKHMH mapa-
MeTPaMH KOHKPETHHIX CHCTeM B TepMOJHHAMHKe yCcTaHaBJH-
BaeTcsl ONHITHHIM nyTeM. Hampumep, ans 1 Mosas rasa B yc--
JIOBHAIX, KOrjia 110 CBOHM CBOHCTBaM OH GJIH30K K HieajbHOMY,
Ha OmbIT€ YCTaHOBJEHA Ciefyiouias CBA3b MEXIY TpeMs Mak-
POCKONHYECKHMH NapaMeTpaMH: NaBjeHHEM, MOJSPHLIM 06b-
eMoM H alcommoTHON Temmeparypoi:

pV, = RT. (1.8)

TepMoaHHaMHYECKHH OAX0A OT/IHYaeTcs GOMbILOA OBLIHOCTHIO
H npocroTofi. OH naeT BO3MOXHOCTb pellaTb MHOTHE KOHKper-
Hble 3a1ayH, He TpeOys HUKaKHX cBeJleHHH o CBOHACTBaX aToMOB
HJIH MOJIEKYJI.

HeznocraTkoM TepMOIHHAMHYECKOTO METOJa MOXHO CUHTaTh
TO, 4TO NpPH €ro HCIOJb30BAHHH OCTEETCA .HEBHLIABJEHHON
CBA3b MeX1y Ha6iionaeMbiM fBJeHHeM H 00YyC/aB/HBAIOLIHM
3T0 #iBJleHHe IIOBelleHHeM MoJekyld. ECJIH Mbl, HanpuMep,
TEPMOTHHAMHYECKHM METOJOM YCTAHOBHM, YTO METaJIHYyecKHMH
CTepkeHb [IPH HarpeBaHHH JIOMIKEH YAJHHATHCA, a PacTAHyThIHA
PE3HHOBBIH XKTYT — COKpAawaTbCcs, TO Mbl HE CMOXEM OObsc-
HHUTb, KakHe OCOGEHHOCTH CTPOEHHS BELIeCTBA HPHBORAT 'K
TAKOMY pasjH4yHi0 B NOBeNeHHH NpH HarpeBaHHH, Ecam xe
9TO0 Hac He YAOBJETBOPSAET H Mbl XOTHM FOHATb, MOYEMY TaK
_TIPOHCXOZHT, TO 'Mbl IOJ/DKHBEI OGPaTHTHCH K CTaTHCTHYECKO:
MeXaHHKe, TaK Kak B paMKaxXx TepMOAHHAMHKH HEBO3MOMKHO
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BCKPHTb TIJTYGOKHH (H3HYECKHH CMBICA MaKpOCKOMHYECKHX
apaMeTpoB H HX CBfI3b ¢ MHKPOCKOMUYECKHMH I1apamMeTpaMH.
OnHako HMeHHO 6saroiapsi. 3ToMy OGCTOATENBCTBY OCHOBHH@
3aKOHBl TEPMOJHHAMHMKH, YCTAHOBJIEHHbIE Ha ONHITE, pHMe-
HHMBI KO BCEM MaKPOCKOIMHYECKHM CHCTEMAM, HE3aBHCHMO OT
0COGEHHOCTeH HX BHYTPEHHEH CTPYKTYpBl.

CraTucTHYeCKasi MeXaHHKa U TepMOAHHAMHKA 0T oe BpeMs
Pa3BHBATHCh HE3aBHCHMO, HOO TepMOAUHAMHKA OCHOBHLIBAJach
HA 3KCIIEPUMEHTAJIbHBIX (DaKTax, B TO BpeMs KaK B OCHOBe
CTAaTHCTHYECKOH MeXaHHKH JieaddH TIHmoTe3sl 06 aTOMHO-
MOJIEKYJ/IIPHOM CTPOEHHH BEleCTBA M KHHETHYECKOH mpHpoze
TENJIOThl, JOCTOBEPHOCTb KOTOPBIX BbI3BIBajJa COMHEHHE [0
TeX 1Op, MOKa 3TH THIOTe3nl He OblIH MOATBEPXKIEHHl 3KCIIe-
pumenTanbho: C Tex. mop oTmajna HEOBXOXHMOCTH B PE3KOM
pPa3rpaHUYeHWH MeXAYy TEePMOAHHAMHKOH W MOJIEKYJASPHO-
KHHETHYeCKOH TEOpHeH, H B HacTosllee BpeMs OHH (aKTHYECKH
CJMJTHCh B @UHYIO HAYKY — CTATHCTHYECKYIO TEPMOAUHAMHKY.

eficTBUTebHO, HaHGO/IEE TTOJIHBIE [TPENCTAB/AEHHS O CBOM-
CTBaxX CHCTeM OOJBIIOTO YHCJ/IAa YacTHI[ [aeT COBMECTHOE HC-
N0Jb30BaHHE TEPMOJHHAMHKH H CTATHCTHYECKOH MeXaHHKH.
Hanpumep, cpaBHenue dpopmya (1.7) u (1.8) naer BO3MOXHOCTD
yCTAHOBHTb (DPH3HYECKHH CMBIC] MAKPOCKONHYECKOro mapa-
MeTpa —TepMonHHaanecxoﬁ temnepatypol T, CBSI3aB €€ CO
cpenHell KHHETHYeCKOH 3Hepruefi Xa0THYECKOTo llBH)KeHHﬂ’
Monexyn

<E>=5T,

rae k=R/Na — nocrosinHass Boubumana.

§ 2. MoseKyIAPHO~KHHETHYECKAR TEOPHS MAEAIbHOTO ra3a

CTaTHCTHYECKas MeXaHHKa JaeT BO3MOXHOCTb YCTaHOBHTD
CBA3b MEXIY MaKpPOCKONMHYECKUMH IapamerpamMH GoJbilohk
CHCTEMHl H CpeJHHMH 3HaYeHHSAMH MHKPOCKOIHYECKUX BEJTHYHH,
XapaKTePH3YIOLIUX OTAEIbHLIE MOJEeKYJH. [IpoumamocTpupyem
3TO Ha IPOCTOM, HO BaXKHOM NPHMEPE YPaBHEHHS COCTOSHHS
HAeaJbHOrO rasa.

Bynem paCCManHBaTb HAeaJbHBIA ra3 Kak COBOKyHHOCTb
OrPOMHOTO 4YHCJa OAHHAKOBBIX - MOJIEKYJ, pa3Mephl KOTOPHX
npexe6peumo Manenl. ByaeMm cuurarh, YTO MOJIEKYJIEI ABUXKYTCH
[0 3aKOHaM KJacCHYecKOi = MeXaHHKH H B3aUMOJEHACTBYIOT
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‘Mex1y co0of' TONBKO BO BpeMsT CTOJKHOBEHH, KOTOpHIE HOCAT
XapakTep ympyroro ynapa. ['as saxiioyeH B COCYL; H B CO-
CTOSIHWM TENTOBOTO PaBHOBECHS HHKAKHX MaKPOCKOMHYECKHX
JBHXKEHHH B HEM HE MPOHCXOIHT.

Paccuntaem naBjleHHe, OKasbIBaeMoe HIEaJbHBIM Ta3oM Ha
cTeHKy cocyna. CymmapHoe jefictue MOJIEKY.T Ha TIOBEPXHOCTH
MOXHO 3aMEHHTb OJHOH HEnpepelBHO ZHEHCTBYIOMEH CHJIOH,
TaK KaK MOJIEKYJ OUEHb MHOTO H HX CTOJKHOBEHHS: CO CTEHKOH
TIPOHCXOJAT OueHb YacTo. [losToMy, COrIacHO 3aKOHAM JIHHA-
MHKH Hblotona, JaBneHue rasa pasHO BeJHYHHE H3MEHEHHS
NepneHIHKYASPHOH K CTEHKE COCTAaBIAIOLIEH HMIYabCa Bcex

‘ $
o N7
7
Z
Puc. 2.1. Ynpyroe cTOJKHOBEHHE MoJie- Pnc, 2,2, K BHYHCIEHHIO
KyJbl Ta3a co CTeHKo#l cocyna. JlaBJIeHHS Tasa.

MOJIEKYJI, - KOTOPLIE HCIBITHIBAIOT CTOJKHOBEHHSI C €IHHHIEH
IVIOM[AJIH TOBEPXHOCTH CTEHKH 32 E€IMHHLY BpEMEHH. XOTd
MeCTO H BpeMsi ylapa KaxJOH MOJEKYJBl O CTEHKY COBEpPLIEHHO
HECYLIeCTBEHHO, HAYHHATb NPHXORHTCSI C- PaCCMOTPEHHS yaapa
OTZenbHOH MoJekyabl. [Toka Ans TPOCTOTH HpPEATONIONKHM,
YTO MOJIEKYJIH CTa/JIKHBAOTCH CO CTEHKOH afCOMIOTHO YIIPYTO.
Korza moJiexyna OTCKEKHBAET OT CTEHKH; ITPOEKHHF €€ CKO- .
POCTH Ha HampaBjieHHe HOpMadH K- CTeHKe  MeHsier sHak. Ha-
NPaBHM " OChH: X IT0 HOpMaJH- K- cTeHke (puc. 2.1).” O6o3HaunM
yepes- v; NPOEKIMIO CKOPOCTH MOJEKYJH kO ynapa, a: uepes
v;=-—U, HOCJE yjapa. MsMeHeHHe HMIy/nbca MOJEKYJH HpH
CTONKHOBEHHH COCTEHKON m:(U;—Uy) paBHo--—2fwy, a nepe-
NaBaeMHIH * CTEHKe HMAYJABLC™ paBeH: 2Mu,. D10  OTHOCHTCH K
EIMHUIHOMY- CTONKHOBEHHIO: Ténepb' paccMOTPHM- Te' MoJe-
KYJbl, ¥ KOTOPBIX IPOSKUUA CKOPOCTH Ha OCH X-JIEXRHT B MAIOM
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HHTEpBanie . OT Uy HO Uyt Avy. FIycThb 4HCAO TAKHX -MOJICKYJ
B emumnite oObema pasBHO An (v.). 3a Bpemsa Af . JO .CTEHKH
JOJETAT ‘U .CTOJKHYTCSL C Hell TOJBKO -Teé H3 HHX, KOTOpbIE
HaXOJATCA BHYTPH CJOA _TONUHMHOH U, Af, Hpuieramwuiero
K ydacTKy CTeHKH miowand S (puc. 2.2). Ilpomexyrox Bpe-
MeHH Af MOXHO BrIGpPATb HACTOJBKO MaJbIM, YTOOBI TOJILIHHA
ciost v, Af GblIa MHOTO MEHbIUE CpPeAHEH IJHHB CBOOOJHOTO
npobera MojekyJ. Toraa CTOJKHOBEHHH MOJICKYJ MEXJy
coGoli .B 3TOM CJIoe npakTuuecku. He Gyner. Mrak, duciao ypa-
POB, HAHOCHMBLIX pPACCMATPHBAEMBIMH MOJIEKYJaMH 3a BpeMs
At, paBHO An (vy)v,S Af, a nepejaBaeMblii NIPH 5TOM CTEHKE
uMnyasc AF Af paseH

AF At =2mu, An(v,)v,S At.

Orciofa jgaBjieHHe Ha CTeHKY Ap, co3gaBaemoe 5TOH Ipymnoi
MOJICKYJ1, paBHO
AF .

Ap:—s——: vaf,A‘n (Ux). (2.1)
[TosiHOE naBieHHe, CO3/laBaeMOe BCEMH MOJIEKYJIaMH, MOMYIHM,
npocyMmuposas (2.1) no BceM rpynmaM MOJEKYJ, CKOPOCTH
KOTOPBIX HANpPAaBJeHbl K CTEHKE, T. €. 10 BCEBO3MOXHBIM 3Ha-
BeHUAM U,>>0:

p=2mXviAn(,) (v, >0). (2.2)

BenepcTBHe XAOTHYHOCTH TEIJIOBOTO JBHIKEHHA B COCTOSTHUK
paBHOBECHsST YHCJIO MOJIEKYJ €O CKOPOCTbIO, JIeXKalell B HH-
TEpBaNe OT Uy 10 Uyt AU, JIETAWHX K CTEHKEe, B CDelHeM
pPaBHO UYHC/IY MOJIEKYJ CO CKOPOCTBIO OT —Uy HO0 — (Ut Avy),
JETAUUX OT CTEeHKH, T. €. An(vy)=An(—v.). Tak kak nox
3HAaKOM CyMMbl B (2.2) CTOMT KBajpaT TPOEKUHH CKOPOCTH,
TO CYMMa TOJIBKO 110 HOJOXHTEJIbHHIM 3HAUeHHSM U, paBHA
IIOJIOBHHE CYMMBI TI0  BCeBO3MOXKHBIM : Uy

p=m B0} An (o). (2.3)

Jlerko coo6pasutb, uro cymMma B (2.3) cB®3aHa co CpeRHHM
3HAUEHHEM KBajpaTa NPOEKIUH CKOPOCTH MOJCKYJBI HAd OCb X.
B camoM mese, cpenHee 3HaueHuwe v [0 COBOKYHNHOCTH H3 7
MOJIEKYJT OIIpeJeTaeTcs (popMleop“x

<vx>—’va, L Uatvht .U (24)
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Ho B (2.3) daktHuecKH CTOHT Ta Xe caMasi CyMMa, TOJbKO
CYMMHpPOBaHHE . [IPOH3BOAHTCSI He M0 OTAEJbHBbIM MOJIEKYJaM,
a no rpynmnaM MoJeKyJa B eIHHHIE o6heMa, HWMEIOLUHX IIOYTH
OIHHAKOBHIE 3HAUEHHS Uy, [losTOMy (2.3) MoXHO nepenncaTb
B BHIE

p=mn {uvt>, o (2.5)

€ n €cTh MNOJHOE YHCJO MOJIEKY/] B eQHMuLe ofbeMa HJIH
KOHUEHTpauusi. B cuay paBHOnpaBHsa BceX HampaBjeHHH NpH

XAOTHYECKOM TEeIJIOBOM ABHIKEHHH (v§)=%(v’), H, CJenoBa-
TeJibHO, (opMyJia (2.5) NpHHMMaeT BHA
1 .
p=-mn <UD, ~ (2.6)

DTO H eCTb OCHOBHOE ypaBHEHHE KHHETHUYECKOll TeopuH Hjie-
aJbHOTO ra3sa. MakpocKomH4ecKHii mnapaMerp, XapakTepHay-
IOIHH ra3 B LeJOM,— JaBJieHHe p — BHIpaXKeH 3Jech uepes
CpellHee 3HaueHHe MHKPOCKONHYECKOro NapaMeTpa — KBajpara
CKOPOCTH OTIe/IbHOi MOJIEKYJIH.

YpaBHeHuHe (2.6) MOXHO mepenHcarbh B HECKOJbKO HHOM

BHJAE, €CJIH BBECTH CpPE€AHIOI0 KHHETHYECKYI0 3HE€PrHI0 XaoTH-

. m
4ecKOTo JBHXKE€HHs MOJIEKYJbl rasa <E) = <vH:

p=2n<E>. @.7)

TNonymaeM Tenepb 0 Tex yNpolleHHSX, KOTOpbie GhIJIH Che-
JlaHbl IPH BbIBOZie ypaBHeHHs (2.6).

" Bo-mepBhiX, MOXeT CJOXKHThCS BredYaTJeHHe, 4TO MpHBe:
JEHHbIH BBIBOA. ypaBHeHHs (2.6) He yuUTHIBaeT CTOJKHOBEHHi
MoJieKyJl Mexnay coGoii. B camoM zese, npH. mojcyere yucsa
YAapoB O MJIOWIaAKY Mbl CYHTAJH, YTO BCE MOJEKYJbI H3 Bhl-
Ae/IEHHOM TPYNIbl CO CKOPOCTAMH OT Uy JIO Vet Av,, JeKalIHEe
B CJoe TOMIIHHOH U,Af, JOCTHraioT CTeHKH B Te€ueHHe IpoMe-
)KyTKa BpemeHH Af. Ho Ha camoM Jejie HEKOTOpbleé H3 HHX
' He JOJIeTAT IO CTeHKH, TaK KaK B Pe3y/bTaTe CTOJKHOBEHHH

MOTYT H3MEHHTb HampabJjieHHe ckKopoctH. Ho KpoMe Takux
CTOJIKHOBEHHHA, B pe3yJbTaTe KOTOPHIX MOJIEKYJbl «YXOLAT»
H3 BbIEIEHHOR Tpynnbl, B rase NMPOHCXOIAT CTOJKHOBEHHA,
AONOJIHAIOULAE 3Ty TPYNNy Mo/MeKy/a. B COCTOSHHH TensaoBoro
PABHOBECHSl, KOTla B rase OTCYTCTBYIOT MAaKPOCKONHYECKHe
NOTOKH, CpelHee 1HCIO MOJIEKYJL B KaXAaoh. rpynne HEe Me-
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HAeTcs CO BpeMeHeM, HeCMOTPS Ha 4acThle CTOJKHOBEHHS
MoJiekyJl. T103ToMy CTONIKHOBEHHS! He MOTYT H3MeHHTDb CpelHero
pesyJsbTaTta yIapoB MOJIEKYJ O CTeHKH COCYja, BbIpaKaeMmoro
(2.6). Bropoe u3 cienaHHblx npH BoiBoge (2.6) mpemmosioxe-
HHH KacaJiochb XapakTepa B3aHMOJEHCTBHS MOJIEKYJH CO CTEH-
Koii. [lpegnonaranocs, uTo yaap o creHKy aGCOJIOTHO ynpyrnn
Ha camom gmese 310 mpenmnoJio-
XeHHe TaKXKe sBJAseTcs Hecy-
mecTBeHHbM. YT00B yGemHTh-

cd B 3TOM, PacCMOTPHM ras B A
npAMOYroJbHOM cocyne (pHc.  °
2.3), B KoTopoM CTeHKH A H B.
00/1afal0T pasHbIMH CBOMHCTBa-
MH: yNap MOJIEKYJ/Ira3ao CTeHKY  pyc, 2.3. Crenkn cocyna A u B
A abcomoTHO ynpyrnﬁ, a O pasupie: yjaap MOJIEKYJ O CTEHKyY
CTeHKYy B —Heynpyruil. Eciau A a6comoTHo 'ynpyraf, o crenky
6Bl JaBJieHHe rasa Ha 3TH CTeH- B — ueynpyruf.

KM OblIO-pa3/IHYHbIM, TO B OT-

CYTCTBHE TPEHHs O NOACTABKY COCYJ C rasoM npuwmen Gul B
LBHXKeHHe 1o, JelicTBHeM BHYTpPeHHHX cuJ. Tak kak cocyr
B BH)XEHHE He MPHXOIHT, Mbl JOJIKHBL 3aKJIOYHTb, 4TO B
COCTOSIHHH TeIJIOBOTO PaBHOBeCHS JaBJIEHHe ra3a He 3aBHCHT
‘OT Xapakrepa B3aHMOJEHCTBHS €ro-"MOJIEKYJ CO CTeHKaMH.
OO0BbsACHAETCA 3TO TeM, YTO B CTALHOHAPHOM COCTOSIHHH MoJie-
KYyJbl He HaKalJHBalTCs Ha CTEHKaX: CKOJbKO MOJIEKYJ
NPUJIMNAET K CTeHKe NPH HEeYNpYroM YAape, CTOJNbKO e OT
Hee H yJeraeT, NpHYeM B CpeHeM C TakKoii e CKOpOCTbio,
TaK KaK TeMiepaTypa CTeHKH H rasa OJHHaKoBa.

A BOT npeinosioeHHe O TOM, WTO ra3 HIea/bHHI, T. e.
€ro MoJIeKYJ/ibl HAaCTOJIbKO MaJibl, YTO HX HOJHBIA COGCTBEHHLIA
o6BeM MaJ [0 CcpaBHEeHHI0O ¢ 0OBbeMOM 3aHHMaeMOro ra3oM
cocyZa, H YTO MOJIEKYJbi B3aHMOJEHACTBYIOT TOJILKO BO BpeMsi
CTOJIKHOBEHHH, OKasbiBaeTcsl CcyllecTBeHHHIM. Toabko 1as
rasa ¢ TaKHMH CBOHCTBAMH H CIIpaBelJHBO ypaBHeHue (2.6).
Ilna peajibHHIX ra3oB OHO BBINOJHAETCS JHIb NPHOIHKEHHO.

YcraHoB/IeHHas Ha ONbiTe CBA3b MEXJY JaBJIeHHEM, OObe-
MOM "H TeMiepaTypoil rasa npuGJHMeHHO ONHCHIBAETCS ypas-
HeHHeM MeHaeneeBa — KnanefipoHa, KoTtopoe AMs OLHOrO
MOJIAl rasa HMeer BHJ

. PVu=RT. : 29
310 ypapHenHe BLINOJHACTCS TEM TOyHee, ueM G/IHKe rés mo
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.

CBOYM CBOWCTBaM K uieasbHoMy. Ilasi ujeasibHOro rasa OHO
ObII0 Obl TOYHGIM.

ITpeoSpasyem ypaBHenue (2.7) Tak, yTolhl €ro GblIO yIL06Ho
cpaBHuBaTh ¢ (2.8). ¥YMmHoxuMm (2.7) Ha obveM V, 3aHHMa-
eMblfi OZHHM MoJeM raza. Tak Kak YHMCAO MOJIEKYJ B OJHOM
. MoJie JoGoro rasa ectb yucao Aporanpo Na, 10 .nV,=N, H

V=2 NA<E>. (2.9)

Tenepb cpasuente ypasuenuii (2.8) u (2.9) nosBosisieT BoIPA3UTh
CPENHIO KHHETHYECKYI0 3HEPTHR) XAaOTHYECKOrO TEIJIOBOrO
IBHXKeHHH MoJekya (£) yepes TeMmmeparypy rasa T
CE>=3kT, k=i, ©(2.10)
A
OrmeruM, uto noa (E) noHHMaercs: CpelHss KMHETHUECKAs
SHEPTHS TIOCTYNATENbHOIO IBUXKEHHUSI MOJEKYJ, HGO HABJIEHHE
rasa onpenensercs nepefaBaeMblM CTEHKE UMITYJAbCOM, KOTOPBIH
3aBHCHT TOJbBKO OT CKOPOCTH MOCTYNATeJbHOIO JBHKEHHS
mosekyJ. TlostoMy cdopmyna (2.10) nis. ogHoaToMHOro rasa
JaeT CPeAHIO BETHUYMHY IOJHOH SHEPTHH XAOTHYECKOTO IBH-.
JKeHHs, a fJIsl MHOTOATOMHLIX [a30B, TJe TENJIOBOe JABHIKEHHE
BKJIOUaeT B Cce0fl TakKKe BpalleHHe MOJIEKYJd M KoJaeGaHHs
aTOMOB B MOJIEKYJaX, OHAa JaeT CpelHee 3HAueHHE TOJIbKO
KUHETHYECKOH SHEPTUH MOCTYNATeNbHOrO ABHIKEHHS. |
Camoe uHTepecHoe B copmynae (2.10) To, uro cpenuss
SHEPTHs TE{lJIOBOTO IBHXKEHHSI MOJIEKYJ 3aBHCHT TOJMBKO OT
TeMneparypsl rasa. [IpH DaHHOH Temmeparype CpelHAfl KHHe-
THYECKasl 3HEPTHS MOCTYNATENbHOIO XAOTHUYECKOTO IBHXKEHUS
MOJIEKYJ1 HE 3aBHCHT HH OT XMMHUYECKOTO COCTaBa rasa, HH OT
Maccel MOJIEKYJI, HH OT JaBJeHHS rasa, HH OT o0beMa, 3aHH-
MaeMoro rasoM.
TMoacrasasia (E) u3 (2.10) B dopmyay (2.7), nosayyaem
clefywoliee  BhIpaKeHHe ISl JAaBJEHHs HIEalbHOrO rasa:

- p=nkT, (2.11)

Tle n— KOHUEHTPAIHA MOJEKYJI. .

B HIeanbHOM rase, rje MOJEKYJbl He B3aHMOIEHCTBYIOT
MeXZYy c06oii, sHEpPTUsI BCEro rasa €cTb NPoCTO CyMMa 3Hepruii
OTAeNbHBIX  MoJeKyJ. s ofHOro MOJSI OJHOATOMHOrO rasa
sta sHeprua U pasHa ,

3 3
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Dra BenMUHHA HE CBA3aRa C IBWXXEHHEM Ta3a Kak uenoro H
Ha3bIBAETCS BHYTPeHHell sHepTHel rasa.

. s HewneanbHOTO Ta3a BHYTPEHHAS SHEPTHs NPEACTaB-
Jasier co6off CyMMy BSHEpPTHil OTAeTbHBIX MOJIEKYJ H SHEPTHH
UX B3aumofefcTBUSA. ‘

TTocKOMIbBKY B COCTOAHUM TEIJIOBOIO DaBHOBECHS CpeNHAS
KUHEeTHYeCKasyl SHEPTHA MOJIEKYJ 3aBHCHT TOJBKO OT TeMIle-
paTypbl, TO B CMeCH Ta30B CpPeJHHE KUHETHUEeCKHe SHEpPTHH
MOJIEKYJl pasHbIX COPTOB OJUHAKOBHI: «

2 2
3
msu) Mo 3 (2.13)
[TosToMy JnierKHe MOJNEKYJEBF JABHXKYTEA B cpelHeM OhicTpee
TAXKeJNbIX.

[TonHoe naBneHHe cMeCH HJeajbHBIX Ta30B PaBHO CyMMme
JlaBJIeHHIt, KOTOpble UMeJ1 Obl KaxKIbIH U3 ra30B, COCTaBJAIOLMX
CMeCh, €C/IH YAaluTh W3 COcyJla OCTajbHBie rassl. B aToM
MOXKHO y6eauTbcsi, 6YKBalAbHO NOBTOPAA NPHUBEIEHHBIH BHIBOJ
ypaBHenns (2.6) ¥ yuMTBIBas, YTO HMIYJbC, NepelaBaeMbiii
CTEHKE MOJIEKYJaMH KajkJoro Copra, OGyC/aBJHBaeT TO JNaB-
JIeHHe, KOTopoe co3/iaBai Obl OfIHH 3TOT Ta3. DTOT 3aKOH 6bL1
OTKDPBIT OILITHBIM IyTeM IlaJbTOHOM M HOCHT €TI0 RMS.

§ 3. CrarvicTuyeckue pacnpejesesns

Tlonubif Gecnopsanok, KOTOPBIM XapaKTEPU3YETCs TEMJoBoe
IBMKEHHE MOJIEKYJI, BCE K€ HMEeT CBOH 3aKOHH. Hecmorps
Ha TO, 4TO KaxJas MoOJIeKyJja rasa IpPH CTOJKHOBEHHX C
JPYTHUMHE MOJIEKYJIAaMH M CO CTEHKaMH cocyjla Bce Bpems H3-
MEHfIET CBOW, CKOPOCTb, MaKPOCKONHYECKOE COCTOsIHME Trasa
B PaBHOBeCHH He MEHSeTCsl, UTO II03BOJISET CYUTaTb, UTO B
rase CyUIeCTBYeT HEKOTOpOe B CPeJHeM HeH3MEHHOE BO BpEMEHH
pacnpeneneHye MOJIEKYJ MO cKopocTAM. [MeficTBHTeNnbHO, Kak
MBI BUJ@JIH, TIPU. JaHHOH TeMIepaType cpejiHee 3sHayeHHe KBaj-
paTa CKOPOETH: MOJIEKYJ HMeeT ompenenennoe aHauenue. Ogn-
HaKoO CpeIH MOJEKYJ B JaHHBIK MOMEHT BPEMEHW €CTb M ObICT-
pbl€, U MENJIEHHble, H MOXHO IOCTABHTL BONPOC: CKOJIBKO B
cpellHeM: B ra3e MOJEKYJ HMEEeT TO W/ HHOE 3HaueHue CKOo-
pocTu?

Taroe- pacTipesesienye MOJeKys Ta3a MO CKOPOETAM yCTa-
HaBAWBAGTCH BCeT]a, KOTAA TIa3 NPHXOMUT: B paBHOBecue,
' HE3ABHUCHMO OT TOrO, KaKOBO OEIIO -Ha4aJbHOE COCTOsSHHE
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cucreMsl. EC/IH Jaxe -B OTKauyaHHBIA COCYA BNYCTHTb CTPYIO
rasa, B KOTOpOH BCe MOJIEKY/Jbl HMEIOT NOYTH OJAMHAKOBEIE 110
BeJMUHHE W HAampaBleHHIO CKOPOCTH, TO CIYCTSi HEKOTopoe
BpeMsi B pe3yJbTaTeé CTOJKHOBEHHH MOJIEKYJl HanpaB/eHHOe
JBHXKEHHE B rase néepeijeTr B XaoTHUecKoe, NPH KOTOPOM Bce
HanpaBJeHHsl cKopocTed §yAyT BCTpeuarbCs OJMHAKOBO 4acTo,
a B pacrnpefeNeHHH MOJEKYJ 10 BeJHUHHE CKOPOCTH Oyner
Ha6MOAaTbCsA ONpejleseHHas 3aKOHOMEPHOCTb.

PaBHOBeCHOE COCTOSIHHE Fa3a XapaKTepHU3YeTCs He TO/NbKO
pacnpefesJeHdeM MOJIEKYJ 1O CKOPOCTAM, HO H IO KOOpJMHA-
TaM. B oTCyTCTBHe BHeIUHMX ToJsielf 3TO pacnpefieleHde Gyner
OJIHOPOJHBbIM, T. €. Fa3 paBHOMEPHO pac-
=2 R npejeasercs no BceMy ofnemy cocyjaa:
. B JMOOLIX pPaBHBIX MaKPOCKOIHYECKHX
e . o6beMax BHYTPH COCYZa B cCpelueM
1 HAXOJUTC OAMHAKOBOE UHCJO MOJIe-
KyJ1. A KaK OGCTOMT /€0 NPH HajgH-
UHH JeHCTBYIOUIErO HA MOJEKYJH [0~
Js, HanpuMep noJs Tskectu? Xopo-
IIO H3BECTHO, YTO [aBJeHHe BO31yXa
ybuiBaeT - ¢ BbIcOTOH. CrefoBare/ibHO,
Prc. 3.1, Pasmosecre 2O e na Buicore. Dop
MBLIC/IEHHO BBIAEJEHHOI'O ' M
cros rasa B mone 1a- Opyca (8600 M) naBneHHe cocrasiser
- KecTH, JIMIIb TOJOBHHY JaBJEHHS Ha YpPOBHE

MOpsl, T. €. KOHIEHTPAIHs MOJEKYJ
TaM yXe BjBoe MeHbule. OTClOfa, KOHEYHO, He cjelyeT Je-
JaTh BBIBOJ,” UTO Ha BJBOe GOJbLIEH BHICOTE COBCEM HeT
MOJIEKYJ BO3]yXa,— CaMOJeThl JIETAIOT H FOpa3fio BHILIE.

HaijiTu 3akoH pacrnpejeneHHsi MOJIEKYJ rasa B OJHOPOJHOM
NOJI€é TAXKECTH C BbICOTOH MOMXKHO U3 YCJOBHS MEXaHHUECKOro
paBHOBecHs., PaccMOTPHM BepTHKaNbHBIH CTOI6 rasa.c mio-
‘wajapio ocHoBaHusa S (puc.3.1) H BBIIETHM B HEM MEICJIEHHO
Ha BLICOTe X CJOW TOJMUHHOA Ax, HACTOJBKO MaJioH, YTOGH
IJIOTHOCTB ras3a pMoOXKHO OBJIO CUMTaTk B INpelenax 3TOro
CJ0A NOCTOSIHHOH, HO B TO }Ke BPEMs 3Ta TOMUIMHA JOJXKHA
6biTb TAKOM, UTOGH BHYTPH BHIJEJEHHOTO CJI0Sl GbLJIO MHOFO
MOJIEKYJ H MOXHO Obli0 6Bl TOBOPHTHL O IPOH3BOJIHMOM HMH
JaBJEHUH, o

K >TOMy Bbijle/leHHOMY CJIOIO-Fa3a MBI NPHMEHHM YCJOBHE
MEXaHHYeCKOro PaBHOBeCHA MOJOGHO TOMY; KaK 3TO jesanoch
B THAPOCTaTHKE /A CJOSl KHAKOCTH, TA€ Mbl, HCIOJb3YA
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NMOHATHE JaBJEHHSA, COBEPIIEHHO He HHTEPecoBaNHCh €ro
MOJIEKYJISIpHO-KHHETHUECKOH npuponoli. Mel MoxeM Tak No-
cTynatb, H60 AaBjeHHE rasa Ha CTEHKY COCyAa, paccMaTpH-
BaeMoe ~KaK pesy/JbTaT IepefauydH MoJeKyJdaMH HMITyJbca
CTEHKEe MNpH CTOJKHOBEHHAX, U THIPOCTATHUECKOE aBJeHHe
B rase Ha OMbITe M3MEPAIOTCA OAUHAKOBO, ONHUMH H TEMH e
npuGopaMd H, cJeloBaTeNbHO, IIPEACTABIAAIOT COGOH ONHH
H TOT K€ MaKpOCKONHYECKH{l mnapaMerp paccMarpHdBaeMol
CHCTEMBI. : ' .

YcaoBre paBHOBECHR BbIIEJNEHHOro CJOsi rasa COCTOMT -
B TOM, UTO AeHCTBYIOIIas HA HEro CHJa TAXKECTH ypaBHOBEIIH-
BaeTcAd CHJaMH JaBJeHHl Ha BepXHee H HHXKHEE OCHOBAHHSA.
B npoekuuu Ha och x (puc. 3.1) 3To yciaoBHe 3amuchiBaercs
B BHIE

p(X)S—p(x+ Ax) S—pgS Ax=0.
Tak Kak naeneHue Ha BbICOTe x-+-Ax MOXKHO 3amucaTbh B BHIe
p(x+ Ax) = p (x) + Ap,
TO yCJOBHE DPABHOBECHS TPHHHMAaeT BHJ,
Ap=—opog Ax. 3.1)

Bxonamana B (3.1) mJIOTHOCTb rasa ¢ 3aBUCHT OT JaBJIEHHS,
Bbipa3uM ee u3 ypaBHeHHa MenjeneeBa — Kaarieiipona aaa
npou3BoJbHOH Macchl rasa M:

pv =2 RT, 3.2)
rie p — moaapHaa Macca. C noMowbio (3.2) nosnyuaem
v M ,

P=T7 =% @.3)

TMoncrabasiem sto Bupaxenne B (3.1) M nepexofuM K npeneny
npu Ax—0. Tak Kak npenen orHomweHus Ap/Ax npu Ax—0
ecTb IpousBofHas dp/dx, To moayuaeM cJiepywouiee augxpe-
peHUHaNbHOe ypaBHeHHe A QyHKUMH p(X):

‘ -
== TRFP (3.4)

JTo ypaBHEHHE TOBOPHT O TOM, 4TO TNPOH3BOAHAA HCKOMOF
(PYHKIIHH HponopuHoHanbHa caMoil (DyHKIHH. Kak H3BecTHO
H3 Kypca MaTeMaTHKH, €AMHCTBEHHOH (yHKIMell, o61anaowies
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TaKHM CBOHCTBOM, SIBJSIETCSI SKCHOHEHTa, H, .C/JeJ0BATEJbHO,
pelleHHe TAKOro ypaBHEHHS NMpPU NMOCTOSHHBIX g U T uUMeeT BHJ

p(x)= Cexp( *;f;f) (3.5)

3HaueHHe MOCTOSAHHON C ompenessieTcsi U3 YCJOBHS, 4TO AaB-
JieHue Ha BeicoTe x==0 paBHO 3ajaHHOH BeJHUYHHE p,:

p(0)=pyexd (). (3.6)

Qopmyay (3.6) MOXKHO mepenucaTb B HECKOJBKO HHOM BHJE,
Y4HTBIBAsA, YTO MOJIpHAs Macca |\ paBHA NMPOM3BEIEHHIO MACChl
MOJIEKYJIBl m Ha yHcao Aporaspo Na:

p(x)=poexp (—5E) . (3.7)

CootHotueHtde (3.6) uu (3 7) HOCHT Ha3BaHHe 6apOMETPUUECKOl
topmysbl. Beipaxkaemas eto 3a-
oz} BHUCHMOCTb JaBJIEHHS Tasa p
p) ‘OT BBICOTHI ¥ IpaH4ecKH npes-
7 crapjera Ha puc. 3.2. OrMeTum,
4TO MPHMEHHMOCTH 6ap0Me'rpH-
yecKOH (OpMYJBl K peanbHOM
3eMHOH armocdepe BecbMa Or-
. paHW4YeHa, Tak Kak artMocepa
0 7 TIDAKTHYECKH HHKOTA HE Ha-
XOJHTCS B COCTOSIHHH TETJIOBOrO
Puc. 3.2, 3aBucumMocTb JaBJeHHR DABHOBECHS H €€ TeMmmeparypa
~fasa or BLICOTEL MEHSETCS C BBICOTOH. Y UHTBIBAs
CBSI3b MEXJY JNaBJeHHEM rasa
H KOHueHTpam{eu Monexyn (2.11), u3 (3.7) nonyuaem pacnpe-
JeJEHHE MOJIEKYJ 1O BLICOTE BO BHEIIHEM MOJE:

n(;c)znoexp‘(—'%%’f). 3-8

JIeTrKo 3aMeTHTh, YUTO B UHCJAHTE/E TIOKA3ATENS  SKCIIOHEHTHI
B 38) CTOUT TOTEHUHAJbHAA 3HEPTHA MOJIEKYJbI, HaXOAA-
uleHcsA B NoJie TSXKECTH Ha Bhicote x: Ep(x)=mgx, T.e. 3Ty
thopmy 1y MOXKHO NEpPENUCaTh B BHJE

| n(x )_-n0 exp( . Ez;x) ) . (8.9)
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ATOT NONYYeHHH Ha KOHKPETHOM IIpUMepe pe3y/bTaT MMeer
BecbMa ofmui. xapakrep. Popmyaa (3.9) naer paBHOBecHOe
pacnpefieJieHHe MOJIeKYJl B NPOCTPAHCTBE B JI0GOM IOTEHLH-
aJbLHOM MOJIe M HOCHT HasBaHHMe pacrpefeneHuss BoabuMana.

Ofmas TeopHsi PABHOBECHHIX CTAaTHCTHYECKHX pacrpee-
JeHuit 6eia cosfana ['n66ecoM. OH mokasas, YTo B COCTOSHHH
TENJIOBOrO pABHOBECHs 3aKOH paclpefe]eHuss MOJEKYJ 10
Ji060H XapakKTEePU3YIOUeH HX COCTOSIHME BeJHUHHE (KOOD/H-
HaTe, CKOPOCTH, SHEPTHH) HMeeT SKCIIOHEHIMaJbHbIH Xapak-
Tep, NPHYEM B MOKasare/e 5KCIIOHEHTH, Kak H B (3.9), cTouT
B3fiTOE CO 3HAKOM MHHYC OTHOIIEHHEe XapPaKTepHOH SHEepru
MOJIEKyJIbI K BeJIMuHe 2T, KOTOopas NpOnopIHOHaAbHA CpefHeH -
KMHETHYECKOH SHEPIMH. XAOTHUECKOTO JBHIXKEHHS MOJIEKY.JI.
B wacTtHoCTH, IS paclpefeseHdsl MOJIEKYJ Ta3a Mo IPOoeKiH
CKOPOCTH Ha Kakoe-1MGO HaNpapBJE€HHe B II0Ka3aTeje 3KCIo-
HEHTHI CTOMT OTHOLUEHHE 3aBHCAILHEH OT 3TOH NMPOEKIMH YacTH
9HEPTHH MOJIeKy bt K £T:

E(vy %
fog=aexp (—E) =aerp (—5iF). @10

Beanuuna f(v,) HasbiBaeTcs (yHKUHMEH DacnpeieseHHs MoJe-
KyJl 10 NPOEKIHH CKOPOCTH Ha ocb x. Ilpoussenenue f(v,)Av,
paBHO CpeNHeMY UYMCJIY MOJEKY/ rasa B eJMHHLIE o0beMa, Y
KOTOPBIX TPOEKLMsl CKOPOCTH HA OChb X JIEXMT B HHTEpBaje
OT Uy JO Uyt Av,, NOROGHO TOMY KaK IIpOM3BENEHHE 1 (x)
u3 GopMyanl (3.9) Ha Ax naeT cpefHee YHCJIO MOJIEKYJI, X-KOOp-
JIMHATA KOTOPBIX JIEKHUT M@KAY X u X+ Ax.

OcranoBumest nogpo0Hee Ha cMbicae (GYHKLUMH pacnpefe-
neHus f(v,). [Ipexne Bcero moAuepKHEM, YTO GECCMBICAEHHO
3aJlaBaThb BONPOC O TOM, CKOJbKO MOJEKYsa HMEKT CTPOro
onpene/seHHOe 3HaueHue v,, HanpuMep poBHo 500 M/c. Ckopee
BCEro, B NaHHBI MOMEHT. BO BCEM COCYJIe C Ta30M He OKaxercs
HHU ORHOM MOJIEKYJIH € TAKHM 3HayeHHEeM U,, TaK KaK YHCJO
MOJIEKYJ1 Ta3a XOTb M OueHb BeJHKO, HO BCE K6 KOHEYHO, B
TO BpPeMs KaK JONYCTHMBIX 3HAauyeHHUHl v, GECKOHEYHO MHOrO.
[TosTOMy HMeeT CMLICJ TOBOPHTb TOJBKO O CPeJHeM 4HCJe
MOJIEKYJ B efuHHLe o0beMa, 3HaueHHe IIPOEKIMH. CKOPOCTH
KOTOPHIX Ha OCb X JIEXXUT B HHTEPBaje oT Uy 10 U+ Av,, Ha-
npumep ot 500 go 501 m/c. "

HarnsipHoe mnpefcraBneHHe o 3aKOHE pacnpefeeHHsl Mo-
JIEKYJl 1O NPOEKUMH CKOpPOCTH JaeT Tpaduk (yHKuuu [(v,)
(3.10), xoropmii npusesen Ha puc. 3.3. I'owanp sawrpuxo-
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BaHHOMH , IOJIOCKH Ha STOM pUCYHKe, paBHas f(v,)Av,, naer,
KaK Mbl BHIEAH, Cpe/iHee HUHCJIO MOJIEKYJ Ta3a B eJHHHLE 00b-
eMa, Y KOTOpPbIX MPOEKLHSI CKOPOCTH U, JIEKHT B yKa3aHHOM
untepBajie Av,. Tenepb Jerko coofpasuTb, UTO [OJNHAS IJIO-
wanb, orpaHHueHHas rpadukoM -QyHKUHH f(v,) H OCblO U,

)

7 Uy ypduy Ur
Puc. 3.3. I'padux ¢yukuun pacnpenenenus f(vy).

JaeT YHCJO MOJIEKYJ, Y KOTOPLIX U, HMeerT Jiiofble 3HaYeHHS
OT ~—00 JI0 00, T. €. JaeT IOJIHOe YHCJIO MOJIEKYJ B elHHHLE
obbeMa. MIMeHHO H3 3TOTO YCJOBHS, Ha3LIBAEMOrO YCJIOBHEM
' HOPMHPOBKH GYHKUMH pacnpele/eHusi, U onpejesercs Io-
crofiHHas a B (Qopmyse (3.10). [na ee HaXOXKIEHHS HYNKHO
[IPOHHTErpHpoOBaTh GYHKUHIO f(v,) NOU, OT —oo [0 00 H IpH-
PaBHATb pe3y/bTaT KOHUEHTPALHH MOJEKYJ /7. ITo Jaer cJe-
Ayollee 3HAYEHHE MOCTOSHHOH a:

m 7,
a=n ‘/W @3.11)

@®yHKUUH pacnpefie/leHUsI: MOKHO JaTh U HECKOJLKO HHYIO
uHTepnperanHio. Bmecto Toro, uToGhl rOBOPUTL O TOM, CKOJIBKO
B CPelHeM MOJIEKYJ] B eJHHHLE oObeMa HMeOT 3HaueHHe U,
B 3a/laHHOM HHTEpBaJ/ie, MOXHO I'OBOPHTb O TOM, KaKoBa Bepo-
. ATHOCTb" TOTO, YTO Hayraj BbLIOPAHHAs MOJIEKY/a HMeeT 3Ha-

ueHHe U, B 3TOM HHrepBaje. O4EBUAHO, YTO 3Td BEPOSATHOCTb
_ PaBHA OTHOILIEHHIO CPEJHEro YHC/Ia TAKUX MOJIEKYJ K MOJHOMY
uHCIy MOJIeKysn B enuHuue obbveMa. OGosnauasi ee uepes
q (vx)Aux, MOXKEM HalHCAaTh

q(vx)z%'f(”#) = ‘/%exp<-'mﬁ:§_) . (3j12) -
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H3-3a nonHol XaO0THYHOCTH TEMJIOBOTO JBHUXKEHHUS B COCTOSHHH
pPABHOBECHS] MOXKHO CYHTaTh, YTO BCE HaNpaBJeHHA pPaBHO-
npaBHB. B NPOTHBHOM cilyyae B rase CyllecTBOBaJo Gbl He-
'KOTOPOE NpPEeHMYIIeCTBEHHOe HanpaBJieHHe ABHXKEHHS MOJEKYJ
H, CJeJ0BaTeJbHO, CYLIeCTBOBaJ Obl HanpaBJeHHbIH I[OTOK
Fas3a, 4ero HeT B COCTOSIHHH TeIJIOBOrO paBHOBecHs. [lo3Tomy,
ec/H BbIGpath JO0ble TPH B3aHMHO MEpHEHAHKYASPHBIX Ha-
IpaBJieHHA X, Y, 2, TO QYHKIHH pacnpejeseHHss MOJIEKYJ] IO -
IIPOEKLUSIM CKOPOCTH HA 3TH HANPaB/eHHs GYAYT HMETb OJHH
H TOT ke BuA (3.12).

MO2XKHO 1OCTaBHTb BONPOC, KAKOBA BEPOSATHOCTH TOrO, YTO
Hayraj BolOpaHHasi MoJieKysaa rasa OyJer HMeTb 3HaueHHs
TPeX IPOEKIHH ee CKOPOCTH Uy, Uy H U, B 3alaHHBIX HHTEPBAIAX:
IIPOEKIHs Ha OCb X B HHTEPBAJIE OT Uy A0 Uyt AUy, HA OCb § ——
oT v, RO Uy+-Avy, Ha OCb 2 — OT U, 10 U,+Av,. PaBHonpasue
BCEX HampabJeHHH N03BOJISET CUYUTATD, YTO BEPOSATHOCTh HMETh,
HalpHMep, U, -B 3aJaHHOM HHTEPBAJ€ He 3aBHCHT OT TOro,
KaKOBb! 3HA4YeHHS [BYX JPYTHX NMPOEKUHH CKOPOCTH MOJEKYJbI.
310 3HAYHUT, YTO BEpPOATHOCTb TOr0, YTO BC€ TPH INPOEKIHH
CKOPOCTH JIeKaT B 3ajlaHHBIX HHTEpBaJlaX, PaBHa NPOH3Beje-
HHIO BEPOATHOCTEH A/1A Kamnon U3 NPOEKUHUH B OTJEJIbHOCTH:

g (vy, vy, v,) A, Ay, sz—q(vx) Av,-q(v)) Avy-q () Au,.

Teneps ¢ nomompio (3.12) MOJKEM HamHCaTh
9 (Vs v, v,)=(ﬁ_f>a/zexp[_-;Z_T(UHU;H:)}. (3.13)

B noka3sarene skcnoHeHTH B (3.13) pakTHUeCKH CTOHT KBajpar
CKOPOCTH MOJEKYJbI, H II0Ka3arejb paBeH OTHOLIEHHIO ee
KHHeTHYeCKoH sHeprHH K AT. Takum o6pasoM, sta QyHKuus
pacupejiesieHHs. 3aBHCHT TOJIbKO OT BEJHYHHEI CKOPOCTH, HO
He OT ee HanpaBieHHs. PacnpefenenHe mo CKOpPOCTsM, Kak
H CHAE[0BajJ0 OXHJaTh, OKAa3bIBAETCH PABHOMEPHBIM MO BCEM
HallpaB/eHUSIM, T. €. H30TPONHBIM. B IPOCTPAHCTBE.

Tenept nerko nOMyyuThb BbIpaXKEHHE JAJA BEPOSTHOCTH
-TOr0, YTO Hayraj BbIOpaHHas MoJeKysja HMEeeT BeJHYHHY
CKOPOCTH B 3aJJaHHOM HHTEpBajie OT U A0 v-+Av, HE3aBHCHMO
OT TOTO, KAaK.3Ta CKOPOCTb HampasieHa. /Il 3TOTO HYXKHO
HafTH, YeMy COOTBeTCTByeT npousBefeHHe Av.Av,Av, maa-
BCEX MOJIEKYJ, BEJIHIHHA CKOPOCTH KOTODHIX JEXHT B 3aaH-
HOM . HHTEpBaJe or v 10 v-+Avu. Ec/H MOCTPOUTh CHCTEMY KOOP-
AMHAT Uy, Uy, U, (pHC. 3.4), TO JI€rKO BHAETb, YTO MOJIEKY./aM
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C ONHHAKOBLIM 3HaYeHHEeM BeJHYHHBI CKOPOCTH U COOTBETCTBYIOT
TOYKH HA MOBEPXHOCTH cdepbl pajHyca U C LLEHTPOM B Hauase
KOOpJAHHAT. Moseky/aaM €O CKOPOCTAMH B HHTEpBaje oT U
10 v+ Av cootBercTByer wapoBo# caod ToamuHe Av. Tlo-
3TOMy npoHsBeleHHo Av,Av,Av, B paccMaTpHBaeMOM cJayyae
COOTBETCTBYeT O0BbEM STOrO IUAPOBOTO CJIOS, PaBHBIH HMpPOM3-
BEJEHUI0 IJICWAAH TMOBEPXHOCTH cepel Ha TOMUHHY CJ04,
T. e. 4nv®Av. BripakenHe 1Ji BePOATHOCTH TOrO, YTO MoJe-
KyJla HMeeT BEeJHYHHY CKOPOCTH B 3aJlaHHOM HHTepBaJe, PaBHO
npousBefenHio (3.13) Ha 4nv?Av:

q(v) Av=14xn (Q%Z‘f)ahexp ( 2kT> vtAv.  (3.14)

Ecnu Hac UHTepecyeT cpellHee YHC/IO MOJEKYJ B €lHHHIE 00b-
€Ma C TAKHMH 3HAYEHUSIMH BEJTUYHHBI CKOPOCTH, TO Mbl AOJIKHHI
yMHOXHTDh (3.14) Ha KOHLEHTpamMIO Trasa .

f(v)Avﬁ4nn<2':T>/2exp( 2kT>v2Av. (3.15)

3aeucumMoctb QYHKIMH f () OT CKOpOCTH MOKasaHa Ha pHc. 3.5.
2ta QyHKUUSA HMEET MaKCHMyM IPH 3HaYeHUH v=V 2T /m ,
Has3bIBAEMOM Haubojiee BEpOSTHOI
ckopocThio, TTnowans, orpaHuyennas
rpadukoM QYHKIMH H OCBIO U, HaeT
HOJIHOE YHCJIO MOJIEKYJ B eLHHHIE
ofnreMa .

IlpH mnOBBHIIUEHHH TEMIEpaTyphbl
KpHBasi DAaCHpeleNeHHS  MOJEKy.J
OO CKOpPOCTSIM JedpOpMHPYeTCs Tak,
KaK [0KasaHo Ha puc. 3.6. Makcu-
MyM KpHBO{ cMellaeTcss NIPH YBeJH-
yenud 7 B o6nactd 6OAbIUHX 3HA-
yeHHE 0. MaxcHMaJbHOe - 3HaYeHHe
f (v) mpu 3toM yOblBaer, TaK YTO NAOWALL IMOJA KPHBOH ocC-
TaeTcs HeusMeHHo#. [lpuBeneHHuIe Bhllue (PYHKIHUH paclpeje-
JEHHS MOJIEKYJ rasa M0 CKOPOCTSIM OblIH BhmepBhble MOJY-
yeHbl MaKkcBe/IOM H HOCAT €ro Hmsi,

" 3xcnepHMeHTaJbHOE H3MepeH#e CKOpOCTell MOJeKYJ H
NpoBepKa 3aKOHA pacnpefieneHst MakcBesa 0CylecTBASIOTCS
PasIMYHLIME METOAAMH, HCIFOAb3YIOUIMMH MOJEKYJspHbIE myd-
Kd. OnuH M3 nepBbIX TAKMX ONBITOB Oblad TIPOAeJaH Ilh'epuom
B 1920 ro,uy.

Puc. 3.4. Maposoft cro#t
B HpPOCTpaHCTBE CKoppcTei.
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3HaHHe CTATHCTHYSCKMX OYHKIHA pachHpefeneHHs aaer
BO3MOXHOCTh BBIYHCJ/IATE CpeIHHE IHAYCHHA MUKDOCKOIHYE-
CKHX napamerpoB. Hampumep, ¢ noMmoupbno GOYHKUHH pachpe-
JeJCHHSA BOJIbIIMaHa MOXXHO HaHTH ITOJIOWKEHHe IIeHTpa Mace

) Plv)

7- ‘ > . ‘,." Tra.,
R o v

Puc. 3.5. TI'padux maxcses- Puc. 3.6, ®yHkuun pacnpezeie-
JIOBCKOT'O PacrpeseNeHus Moe- HHS MOJIEKYJI 1O CKOPOCTSIM HpH

KyJl Ta32 10 CKOPOCTSM. pa3HbIX TEMIeparypax.

rasza B nose TmxecTH. C momouipio GYHKUHH . pacnpejeseHus
Maxkceeasa BBMHCJASIIOTCH CpeJHHE 3HAaUeHHs! BeJHYHH, 3a-
BHCSIIIHX OT CKOPOCTH MOJeKYJibl. ECAH BBIYHC/IHTD CpelHee
3HayeHHe KBajpaTa CKOpocTH (v?), TO MbI MOJYYHM YXKe MpH-
BeJleHHYI0 paHee BeJqHuHHY 3RT/m. Ilast cpennero 3naueHus
a6CoMOTHOH BEJHYHMHBI .CKODOCTH PacyeT C MaKCBEJJIOBCKOMH

(pyHKIHEH pacrpeneseHust Jaer {v) = I/SkT/rtm.

§ 4. Paykryauux

TensioBoe paBHOBecHe — 3TO BCErJa JHHAMHUYeCKOoe paBs-
HoBecHe. TensioBoe JBHXKEHHe aTOMOB HJIH MOJEKYJ, H3 KO-
TOPBIX COCTOMT MaKDOCKONMHYeCKasi CHCTeMa, HHKOTJa He mpe-
Kpamaercs. ITo3TOMy MaKpPOCKONMHYECKHE Be/JIMUHHBI, Xapak-
TEpH3YIOIHE CHCTeMY B II€JIOM, CTPOTO TOBOPS, HHKOIJA He
OCTAOTCsl MOCTOSAHHLIMH, @ HCILITEIBAIOT Mayinle GeCnopsifouHbe
KoJle6aHHsi BOJH3H HEKOTOPLIX CPeIHMX 3HaueHHid. Taxue
XaQTHYECKHE OTKJIOHEHHs! OT CPeJHHX 3HAUYEHHI TeX HJAH HHBIX
BeJHYHH, NPOHMCXOMSIHE B TeUeHHE MaJjblX IPOMEXKYTKOB
BpeMeHH, HaspBaioTcsi (GayRrTyauusMi. OTHOCHTeNIbHAs Be-
JiiYuHa QAYKTyauHii Tem Gojibilie, YeM MEHbIIe PAa3MEepEl H3y-
YaeMOH CHCTEMb.

SIpxuii mpuMep MIyKTyauuii — 5T0 APOXKAHHE 3epKasbHA
4yBCTBHTE/IbLHOTQ rasibBaHoMeTpa, Maxkpockonuyeckas cHerema,
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cocroswas M3 MOABHMKHON KarylKH rajJbBaHOMETpa, MOJBe-
LIEHHOW Ha ynpyroi KBapueBOH HUTH, B COCTOSIHHM MEXaHH-
YECKOTO pPaBHOBecHs Oblla Obl COBEPIIEHHO HEMONBHXKHOM,
ecy Gbl He TEemJIoBoe IBHXKEHHe. YIaph MOJEKYJ -BO3LyXa,
COBEpIIAIOLIMX TEIJIOBOE [BHXKEHHe, MPHBOLAT K TOMY, YTO
yroJ1 MoBOpPOTa 3epKa/ibLia HCTBITHIBAET Xa0THUECKHe KOe6aHH
BGJIH3H- TIOJIO}KEHHS MeXaHHuecKoro paBHoBecHs. dakruueckH
3T0 TO ke GPOYHOBCKOE IBHXKEHHE, KOTOpOe OT/IHYaercsi OT
paccMorperHoro B § 1 JBHXeHHS B3BelLIEHHOH B IXMIKOCTH
YaCcTHIE! TOJBKO TeM, YTO 3JeCb pacCMaTpHBaeTCs He MOCTY-
narejbHoe, a BpailaTe/bHOe IBH:KeHHe BG/IM3M YCTOHUHBOTO,
a He (e3pa3/IMUHOTO MOJIOXKEHHS paBHOBecHS. IHTEHCHBHOCTD
TAKOro IBHXKEHHUA 33aBHCHT OT TEMHEpaTypbl, OHO NPHHIHIH-
ajJbHO HEYCTPAaHHMO M CTaBUT MpeleN 4YBCTBHTENbHOCTH
M3MepHTe/IbHOM anmnapartyphl. .

OcHoBHblE 3aKOHOMEPHOCTH (MIYKTyauuil MOMXHO ToIMe-
THTb, paccMarpuBad NpocTellIHi NPHMep NPOCTPAHCTBEHHOTO
pacrpeleseHHss MOJIEKYJ HAeajbHOrO rasa BHYTPH COCYZa B
COCTOSTHHH TeNJIOBOTO paBHOBecHsA. B cpenneM ras paBHOMEpPHO
' 3aMOJIHSAET Becb COCYH, T. €. KOHLEHTPalUHs MOJIeKYyJ BCIOLY
oIvHakoBa. Pa3zennM MBbICJIEHHO COCY], HA JBE paBHble YaCTH.
ITycrb uMCIO MOJIEKYJ cjieBa paBHO 11;, clipaBa — f,. CymMa
m-+n, €CTb TMOJHOE YHCJIO MOJMeKyJ B cocyne. B paBuoecuu
B CpeJiHeM n,=1,, HO TdK KaK 3TO paBHOBecHe JHHaMHUYECKoe,
TO B KaxIbli MOMEHT BpeMeHH BCJEJCTBHE XaOTHYeCKOro
IBHXXEHHS 3TO BEpHO JIMIb NMPHOIHIKEHHO, TIOTOMY 4YTO MoJe-
KYJIbl - HENPEPbIBHO MEPeXOiAT M3 OXHOM NOJIOBHHEI COCyJa B
apyryio. B npunnume HuuTO He Mellaer UM Booflle B KaKoOH-TO
MOMEHT cobpatbcs B OJHOH moJoBHHe cocyia. OfHAaKO Takoe
cobuiTe Oyner KpailiHe MaJioBepOSATHBIM. UTOGHI - yGeaHTbCA
B 3TOM, PacCMOTPHM, KaKHMH CrocoGaMH MOJEKYJbl MOTyT
pacrpenesaTbcs Mex1y TOJOBHHaMH cocyia. OnHy MoJekyJy
MOXHO pPa3MecTHTb B COCYI€ ABYMS CIoco6aMH — JIHGO B
neBofi, siM6o B mpapoii ero mosnoBuHe. OueBHIHO,.YTO BEPOAT-
HOCTb HalTH MOJIeKyJly B Kakofi-To ofHOH mNoJIOBHHE cocyla
‘paBHa 1/2, ecqu, KOHewHO, cocyl pasjieieH Ha CTPOTO paBHble
YaCcTH. IlBe MOJIEKYJIbl MOXXHO Pacnpee/HTb B COCYE YeThl PbMs
(2*) cmocobamu, H60 AJS K&XKIOrO H3 IBYX CHOCOGOB pac-
npefeneHHs OJHOH MOJIeKYJbl CyLIECTBYeT JiBa cmocofa pac-
npenenenus japyrofl, Hnsa Tpex MoJekyJ -4MCJO CHOCO0OB
pacripelleleHHs paBHO BOCBMH (2°), Tak Kak JJIfi Kaxuoro
H3 HYeThIpeX BO3MOXHLIX BADHAHTOB pacnpeleseHHs NepBhiX
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JABYX MOJIEKYJ €CThb JBe BO3MOXHOCTH Paclpee/leHHs TpeThbell.
MOJEKYaH, H T.A. B ciayuae N Monexyn YHCIO CIoco6oB
pacnpeseaeHus  paBHo 2V,

DyneM cuurath, 4YTO BEPOATHOCTH. HAXOXKAEHHA JIKOOOH
Hayraj B3ATOH MOJIeKYJIbl B ONDEJEJIEeHHOH IIOJOBHHE cocyja
HE 3aBHCHT OT TOrO, Tie B 3TOT MOMEHT HaxOJATCH BCE oOC-
Ta/JbHEIE MOJIEKYJbl. DTO BEPHO AJS HIEaJbHOTO rasa, MoJje-
KYJIBl. KOTOPOTO He B3aHMOAEHCTBYIOT MeXAY COGOH H HMeIoT
npeHeGpeXXHMO Majble pa3Mephl, TaK YTO HX COOCTBEHHHIH
06beM 3HAYHTENbHO MeHbllle o0beMa cocyia. B stom cayuae
Kaxabih u3 -2V cnoco6oB pasmelieHHs N MoJeKyn B cocye
HMEET OIHY H TY e BepOSTHOCTb, paBHYW0 (1/2)¥. PasbacHum
5TO noapoOHee, MoJieky/sbl raza HaxoAsTCH B TEIJIOBOM JBH-
JKEHHH, H HX pAacllojIoOKE€HHe B COCyJe HENPepLIBHO H3Me-
userca. [IpeanonoxuM, YTO MBI MOMKeM JeJaTb MTHOBEHHbIE
«qJOTorpa(pHu» NOJIOXKEeHHsA MoJieKya1 B cocyse. Ha kaxpoit
TaKo#l «oTorpadHH» Mbl YBHAHM OJHH H3 MBICAHMBIX CIIOCOGOB
pasmereHusi MoJeKyJ. Pasmenienua Ha Mo6bIX JBYX CHHMKax
CYHTAIOTCHA OJMHAKOBLIMH, €CJH B KaKOH-THGO IOJNOBHHE CO-
cyna, HampHuMep JeBoi, Ha OOOMX CHHMKaxX HaXONATCS OAHH
H T€ )K€ MOJIeKYJIbl. YTBEPXXIEHHE O PAaBHOH BEPOATHOCTH BCEX
2V pasMellleHH#i O3HaYaeT, YTO KaKoe-1HOO pasMemieHue Gyner
BCTpeyaThCs Ha CHUMKaX He yallle H He pexe JPYTHX, B CpeHeM
ONMH pas B KaxjoH cepuH, comepxaieil 2V «pororpagufir.

PasmecTHTe Bce N MoJeKya B OJHOH' NOJIOBHHE cocyja
MOXHO TOJIBKO OJHHM criocoGom. [TosToMy BEpOSITHOCTB TOrO,
4TO Bech r'a3 cofepercs B OJHOI IOJIOBHHE COCYAA, paBHa (1/2)V,
ITpu Goablunx N 310 oyeHb Masas BeqHyHHA. Hanpumep, pas
rasa, cogepxauero scero 100 moJsiekyJ, BEPOATHOCTb TaKOTO
coBrITHA paBHa 271%=s10~3°. B cpenHeM TOJbKO Ha OJHOM H3
10% cHuMKOB MBI 6Bl YBHIEJH, YTO OJHA H3 IIOJOBHH COCyja
nycra. Yrto6bl mnpeacTaBuTh ce6e, HACKOJABKO BEJIHKO 3TO
YHUCJI0, BCIIOMHUM, 4TO, IO IIPE€JaHHI0, H306peTaTe b iIaXMaTHOH
HTpHL TOTpefoBall B Harpaly «Bcero» 2%4z10'® sepeH HiLEHHIE.
310 oKa3sanock Gosblle, YeM KOJHYEECTBO 3ePeH, KOTOPOe MOXKeT
YMeCTHTbC B aMGape BBICOTOH 5 M H LIMpHHO# -20 M, mpors-
HyBiueMcst ot 3eman ao Coanuna. M sto ass rasa, cocTosinero
BCETO M3 cra Mosekya! A s oaHOrO MoJs rasa, FIe YHCIO
MOJIEKYJ/ cocTrasasier 6-10%, BeposATHOCTL BCEM MOJIEKYJaM
0Ka3aThCsl B OJHOM IMOJOBHHE COCYAa HACTOJBKO MAaJja, 4To
NPOCTO  HERO3MOXKHO HAfTH IJs Hee MOAXOIsAllee CpaBHEHHe
B MHMpe 00pasoB, AOCTYMHbIX YeJOBEYECKOMY BOOGPaIKEHHIO.
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IloncunTaeM Tenepb BePOATHOCTL TOTO, UTO B ONpEReNeHHOH
TNIOJIOBHHE COCYJAa - HAXOAHTCH 33JaHHOE YHCJIO 7 MOJEKYJI.
Ora BepOATHOCTb PaBHA OTHOIIEHHIO THCJA CII0COGOB pasme-
IIEHHS, - IPH KOTOPLIX B BHIOPAHHOH IIOJIOBHHE coCyla Haxo-
narcsl Jobble 11 MOJIEKYJ, K 2¥— NOMHOMY YHCIY BO3MOXKHBIX
pasMelieHHi.

Yucao TakMX pasMelleHHi, OYeBMAHO, PABHO YHCIY CIIO-
co60B, KOTOPLIMH MOXHO BHIOPaTb 71 MOJEKYJ M3 COBOKYII-
HocTH N MOJIEKYJ, T. €. YHCJAY codeTaHud 3 N no n. 2ro
YHCJIO COYETAHHH PaBHO

n NI
CN-—-————-—-n! =T * 4.1
[TosTOMY BepoATHOCTb P, TOTO, UTO B KAKOH-HHGY b, HATPHMED
ﬂeBOf’I, T1O0JIOBHHE COCyﬂa‘ HaXOAHTCA 71 MOJECKYJ, paBHA

Nt

Pa TNy (N—n) 2

Jenepb ¢ nomowpio (4.2) JIETKO pacCYMTaTh, Kak 4acTo Ha
Hamux «pororpaduax» 6ynyT BCTpedaThCcs Te HJH HHLIE pac-
npefesieHuss MosieKya. Jis rasa u3 cra MOJIEKYJ BepOSITHOCTb
TOTO, YTO MOJIEKYJIB PaclpenesarTcs Mexay HOJOBHHAMH CO-
cyla CTporo HOpOBHY, NIpHOAH3HTeNbHO paBHa 1/18, T. e,
TaKoe pacrpeliesieHHe BeTpeuaercsl B cpeaHeM | pas Ha Kaxpnie
18 cHMMKOB.

Hrak, crporo paBHOMepHOe pacnpejiesieHNie MOJIEKYJ 110
ofbeMy BCTpedaeTcs He TaK YK M 4acto. Ho ecau mul nopcun-
TaeM BEPOSITHOCTH TAaKHX DacnpedeseHHH MOJEKYH, NIPH KOTO-
pHX B OZHOH NOJIOBHHE cocyja 6yJeT Ha JBe, YeTblpe U Booblie
Ha He6oJblloe YHCJIO MOJeKyJs 6oJsblie, yeM B APYro#, u mpo-
CYMMHDYEM 5TH BeDOSTHOCTH, TO Mbl YBHIHM, UTO BePOATHOCTb
NnosiBJIeHHs JIOGOTO M3 TaKHX pacupeneneHHil 6yaer O6amHaKa
K eIMHHIE, a OYeHb HEPaBHOMEpHble paclipeleleHHsd, Npu
KOTOPBIX YHCJO MOJIEKYJ CIPaBa U CJleBa PasjHYaeTcs CHJLHO,
6yLyT BcTpeuaThbcs KpaiiHe peako. [IpencraBlienre o xapakrepe
pacnpeneneHus BepostHocrel (4.2) paer puc. 4.1, nocrpoenuntit
Ivist Tasa u3 V=20 mosexysn. [lo ocu afciiice OTIOXKEHO QUHCAG
MOJIEKYJT B OAHOH (HanpuMmep, JeBOH) IONOBHHE COCYAd, a
IO OCH OPJAMHAT — BEPOATHOCTH COOTBETCTBYIOHIMX PasMeleH !
MoJiekyJ. TIpHBeleHHOe pacupenesieHHe BEPOATHOCTEH MOXKHO
OoXapaKTepH30BaTh ILIABHOH KpHBOﬁ-— oruGaionieft, KoTopas
nokasaHa NYHKTHpPOM Ha puc, 4.1, C yaenuqeﬁuem TIOJIHOTO

-
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YHCJIa MOMEKYJ I'asa T4 KPHBasf CTAHOBHTCH Bee Gosee H GoJee
octpoit. [Ins N=100 onsa npuseneHa ma puc. 4.2.

"Temepp MBI MOXEM cHenaThb CACAYIOMIUA OOIEHH BBIBOJ;
€CJIH TIOJIHOE YHCJIO MOJIEKYJ B H3yyaeMmolt CHETeMe BEJHKO,

A TN N=20
/ i '
/ \
/
!
1’ \
/ \ :
.-.—-r’I/r : ' If?ﬁ\_ e ’
7 5 0 5 n

Puc. 4.1. BeposaTHoCTE TOTO, YTO B cocyne, coAepxameM 20 MoJIeKys rasa,
N M3 HUX HaXOAATCS B OJHOH IIOJOBHHE COCYJa, a. OcTadbHeie 20 — 1
B ApyroH.

TO (JYKTyauMH IIJIOTHOCTH, COOTBETCTBYIOUIHE CYIIECTBEHHO
HEONHOPOJHOMY pAaCIpeLeNeHHI0, [OYTH HHKOTJa HE BO3HH-
KaloT. OnucaHHble BbIlle 3aKOHOMEDHOCTH CHpPaBENJIHBLI HE
TOJBKO A1 GAYKTyauui IJIOTHOCTH, HO H Aas QMyKTyanu
JApYrHX MaKpPOCKOMHYeCKHX nmapamerpoB. EciH uxcno yacTHn B
CHCTEME OYEHb BEJHKO, TO OTHOCHTE/IbHAs BeJHYHHA Payk-
Tyanuil Jo6oro mapamerpa O4YeHb |

Maja 10 CPaBHEHHIO CO CPeiHHM £}
3HAaYeHHeM 3TOro IapaMerpa, H
‘€10 MOYTH BCErJa MOXHO MpeHeb-
peub. [losToMy MBI OOGBIYHO He
oco3HaeM ¢akKTa CYHIeCTBOBaHHS
dbaykTyanuit, Korja HmeeMm Jejto
¢ GOJBUIHMH MaKPOCKOITHYECKHMH
cucremamMd. Ho ecim cucreMa Jo-
CTaToOYHO Majla, To (hIyKTyarHu
MOT'YT OBITh JETKO .ofHaApyKe- -

Hbl H YacTO HMeIOT- GosIbIoe 3Ha- 0 2 4 60 80 n
YeHHe. Pre. 4.2. Ta xe sepoarHoCTh

V1 cocyna, cojepxaniero 100
"Kak yxe ynoMHHANOCH, Tel- MOJeKyT rasa.

JIOBble (IYKTYalHH CTaBAT Npeest

YYBCTBHTEJbHOCTH JIIOOBIX HM3MEpHTEeNbHBIX mpHOOpoB. IlpH
H3MepEeHHH MaJsbiX 3HaueHHH (PH3HUECKHX BEJHYHH WJIH ClaGhiX
CHTHaMOB (PIYKTYauHH B. UyBCTBHTC/JIDHOM 3/EMEHTe H3Me-

N=100

|
|
|
|
|
|
|
|
}
[
|
!
1
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pUTeJIbHOro NpH6oOpPa MOTYT OKA3aThCS CPABHHMLIMH C H3Me-
psieMoll BeqHuHHON. DIyKTyauHH, BOSHHKAIOUIHE B CAMOM M3-
MepHTEJILHOM NpUGOpe, 3aTPYIAHAIOT H3IMEPEHHsI U IO3ITOMY
'Ha3biBalOTCH IIYMaMH.

OCHOBbI TEPMOZHHAMHMKH

§ 5. NMepBwii 3akor TepmoanramMHKH. Tennoshe
JABUraTeNH

Jlio6ass H30MMpOBaHHAs MAaKPOCKOIHYECKas CHCTeMa C
Te4eHHEM BpDEMEeHH NPHUXOIUT B COCTOSIHHE TepMOAMHAMHYe-
CKOI'O DaBHOBECHS, B KOTOPOM, €CJIH OTBJeYbCH OT (VIyKTyauuil,
XapaKTepU3yIollie €€ MaKPOCKONMHYeCKHe NapaMeTphl He Me--
Hstorcss. [lpomecc mnepexoa cHCTeMBI H3 HepaBHOBECHOrO
COCTOSIHHSI B COCTOsSIHHE PaBHOBECHSI Ha3biBAeTCs peslaRcalHed.
JauTeapHOCTL 3TOrG Ipolecca xapamepusyerca BpéMeHeM
peJlaKcanuH.

Mu yxe oTMeyasad, 4YTO TeENJOBOE DaBHOBeCHE C TOYKH
3pEHUS MOJIEKYJSIPHO-KHHETHYECKOH TeOpHH TNpencTaB/sier
co6oil NMHAMHYECKOe paBHOBECHe: MEXaHHYeCKOe COCTOsIHHE
CHCTEMH! BCJIEACTBHE TEIVIOBOTO ABHMXKEHHs, MOJIEKYJ Hernpe-
PHIBHO M3MEHSieTCsi, HO TePMOAHHAMHYECKOE COCTOSIHHE He
MeHsiercsi. JIMHaMHuecKHil XapaKTep  TeNJOBOTO DPaBHOBECHS
OTYETJIMBO BUJEH Ha NpHUMepe paBHOBECHs 3XUAKOCTH H ee
HacBILEHHOTO Napa: B TaKoil CHCTeMe HeNmpepuBHO HAET Ipolece
HcnapeHHusl XKUAKOCTH U o6paTHHI €My Ipolecc KOHAEHCALHU
napa. [Ipyrofi npumMep — paBHOBECcHe T'a3a B 3aKPBITOM COCYJe,
HaXOAsLIeMcs B 1oJe TsxkecTH. C MOJIEKYIAPHON TOYKH 3peHHs
MOXXHO CYHTaTb, YTO 3]€Ch ITPOHCXOIAT ABA KOMIEHCHP YIOUHX
Apyr Apyra npouecca: Bbi3biBaeMbil CHJIOA TfXKeCTH Hamnpas-
JIeHHBIH BHH3 Apeiid MOJIeKy] KOMIEHCHDPYETCSl HanpaBJeHHbBM
‘BBepX AH(YSHOHHBIM IIOTOKOM, KOTOphHfi 06YCJ/IOB/IEH pas/iH-
YHeM KOHUEHTPalUH MOJIEXYJ IO BBICOTE.

Ecnu 10CTaToyHO MeNIeHHO H3MEHATb BHELIHHE yc.nomm
TaK, YTOOH NPH STOM CKOPOCTb NPOTEKAIOWIETO B paccMaTPH-
BaeMOM CHCTeMe npollecca Onila 3HAYHTENbHO MEHbUIE CKOPOCTH
peJaKcalliH, TO TaKOH npouecc 6yAeT (aKTHYECKH. IIPEACTaB-
" JATb Ccoboii UenoykKy OJU3KHX APYr K APyTy PaBHOBECHBIX
cocTosiHUA.” [103TOMY TaKOH NpPOLECC OMHCHIBAETCH TEMHU XKe
CaMbIMH MaKPOCKONHWECKHMH NapaMeTpaMHi, 4TO H COCTOfiHHE
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paBHOBecHA. OTH MeJJIeHHble NPOLECCH Ha3bIBAIOTCA paBHO-
BeCHBLIMH HJH KBa3HCTATHYeCKHUMH. TOJbKO HPH TAaKHX MpO-
meccax CHCTEMY MOXKHG XapaKTepH30BaThb TAKHMH IapameT-
pamH, Kak JaB/jeHHe, TeMnepaTypa U T. 4. JICHO, 4TO peaJbHble
[pOLECCH ABAAIOTCA HePABHOBECHHIMH H MOTYT CUHTAThbCA
' paBHOBECHLIMH C 60JbLIE€H H/IH MeHbLIeH TOUHOCTHIO,

OpHOH H3 caMblX BaXKHBIX BeJHYHH, XapaKTepH3YIOMIHX
(pH3UUECKYIO CHCTEMY, SIBJASETCA €€ 3HeprHd. IIoHATHE SHEepTHH
[IPHMEHHMO KO BceM dopMaM JBHXKEHHA MaTePUH H O6beMHAET
caMmple pasHooOpasHble ABJE€HHA NpHpoabl. HauGosee ¢yuna-
MEHTaJIbHBIH 33aKOH NPHPOABI, YCTAHOBJIEHHBIH Ha OCHOBAHHH
MHOTOYHCJ/IEHHEIX 3KCIeDHMEHTaJbHBIX (AaKTOB H HabJioge-
HHUH,— 3TO 3aKOH cOXpaHeHHA 3Heprud. CorjacHo 3ToMy
3aKOHY 9HEPIHd He BO3HHMKAeT H He HCUe3aeT: SHeprHsa HeYHHU-
UTOXHMA, B ABJEHHAX MNPHPOALI OHA TOJBKO IIEDPEXOAHT H3
OZIHOH (boprI B JIPYTYIO: HJIH OT OfHOH (PH3HUECKOH CHCTEMBI
K JPYTOH.

M3MeHHTb 3HEPrHI0 BBIJENEHHOH (PH3HUECKOH CHCTEMBI
MOXHO, KaK HOKa3blBaeT ONLIT, TPeMA Pa3/HUHLIMH CIIOCOGaMU.
Ecnu BHelllHee BO3JeficTBHe Ha CHCTEMY HOCHT MeXaHHUECKHH
XapakTep, TO H3MEHeHHEe ee 3HEpPTHH olpeneadercd. paboToi
BHEUIHYX CHJ, AEHCTBYIOMMX Ha cHUCTeMy. BO3MOXHO TepMH-
yecKoe BHelIHee Bo3jeficTBHE, NPH KOTOPOM H3MEHEHHE 3Hep-
THH CHCTEMH [POHCXOIUT Ha MOJIEKYJAPHOM YpoBHe 06e3
COBEpIIEHHS MaKPOCKONHYeCKOil paloTHl B pe3yJbTaTe Xao-
THYECKOTO TENJIOBOrO JABHXKEHHA Ha PaHHIle paccmanHBaeMOﬁ
CHCTEMBI C APYTMMH TesamMH. KosiHuecTBEHHOH Mepoi H3Me-
HEHHA 5HEDPTHH I[PH TaKOM Crocofe, Has3bBaeMOM TemJomepe-
Jaueii, fABJAETCA KOJIHYECTBO TemJa, TepPelaHHOe CHCTEME.
Haxkoueu, H3MEHHTb SHEPTHIO CHCTEMBI MOXKIIO, M3MEHAA caMy
CHCTEMY, HanpuMep J06aBjAd K HeH WM YIansdsd YacTHIH,
Hanpas/jAsl Ha Hee 3JeKTPOMarHHTHOE H3JyueHHe H T. [.
B pasbHeiinieM Mbl GyJeM paccMaTpHBaTbh TOJIBKO MEPBBIE JBa
cnocoGa BO3JEHCTBHA Ha CHCTEMY.

TloguepkHeM, 4TO MakpocKomHueckasa paGoTa H KOJIHYECTBO
TeIJa — 3TO He (JOpMbI SHEPTHH, @ TOJbKO PA3JHUHbIE CIIOCOGLI
€e H3MEeHeHHd U Mepejaul OT OJHOro Tesa K gpyroMy. Iloatomy
. B TO BpPeMs KaK 3HEPrus XapaKTePH3YyeT COCTOAHHE paccMmar-
pHBaeMOii CHCTEMH, TEMJOTa H padoTa XapaKTEepH3YIOT H3Me-
HEHHE COETOSIHHSA, T. €. [IPOHUCXOAANIHE B CHCTEME IIPOLeCCHI.

IlonHasd 3»HepPrusa CHCTEMBl COCTOMT 'H3 MEXaHHUYECKOH
SHEPTHH W BHYTpeHHell. B TepmoxumHaMHKe OOLIYHO paccMmar-
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PHBAIOT TOKOSIIHECS] Tesla, MeXaHHUYeCKas 3SHEPTHf KOTOPHIX
He MeHsercs. B 3ToM ciyuae 3aKOH COXPaHEHHS 3HEPTHH
MOXKHO c(hOpMYyJHpPOBATb CHEAVIONMHM 00pasoM: H3MEHEHHE
BHYTDeHHeH 3HepruHu cHcrembl AU Bo Bpemsa Ipouecca nepe-
X0Jla U3 HAYANbHOTO COCTOSIHHS B KOHEUHOE PaBHO CyMMe Co-
BEPILEHHOH  Hajl CHCTEMOH BHEIIHHMH TeJaMH paboTet A H
MOJYUEHHOTO CHCTEMOH KOJHuecTBa Temna Q:

AU =U,—U,=A4+Q. (5.1)

[IpHHUMN COXpaHEHHS 3SHEPTHH NPHMEHHTENbHO K TepMOJH-
HaMHuecKHM cHcreMaM (5.1) HOCHT Ha3BaHHE NEpPBOTO 3aKOHA
TEPMOAHHAMHKH.

Ipouecc mepexojia CHCTEMBI H3 IAHHOIO HayaJbHOTO CO-
CTOSIHHSI B ONpeJeNeHHOe KOHEYHOe COCTOSIHHE MOXHO OCy-

P IECTBHTb PA3JIHUHBIMH crocoba-

M. TIpH 3TOM coBepluaeMasi Haj

Py - 7 . cHcremoit pabora A M mnepenasa-

7 b eMoe efi Terio Q 3aBHCAT OT CIo-

P coba mepexosa.. Pasymeercs, ux

CyMMa, DaBHasi H3MEHEHHIO 5Hep-

5 > 2 THH CHCTEMBI, BO BCex caiyyasx 6y-
JIeT OIHA H Ta XKe,

7 v AV bV I_IOHSHHI‘\’/I STO HA TNpHMepe

Pc. 5.1. p— V-muarpamma TPOCTEHIICH TEPMOLHHaMHUECKOH

HICANLHOTO rasa. CHCTEMBl — HJEaNbHOTO  rasa.

PaBHOBeCHOE COCTOSIHHE OJHOTO
MOJI  HJEANbHOTO Ta3a XapaKkTepH3YeTcs 3ajlaHHeM JIBYX
napameTpoB, HanpHMmep JaBi€HHa H oObema. Tperu#t mapa-
MEeTp — TeMnepaTypa — HaxXoJuTcs NPH 3TOM H3 YpaBHEHHs
cocTosiHHA MenjeneeBa — Knanefipora. IloatoMy coctosiHHe
MOJIS1 HJ€aNbHOIO rasa MOXHO H306pa3sHTb TOYKOH Ha AByMep-
HOH p — V-nuarpamme (puc. 5.1), a KBa3HCTAaTHUECKHH NPO-
1ecc, NMpeACcTaBAAMMH Co00H NOCAeN0BaTENbHOCTh paBHOBEC-
HBIX COCTOSIHHH,— HENpepuiBHOH JHHHeH. Ilyctb Touka [
H300paxkaeT HauaNbHOE COCTOSIHHE Ta3a, a TOYKa 2 — KOHeY-
Hoe. Pabora AA’, coBepmiaeMasi TasOM IIDH H3MEHEHHH ero
of6peMa Ha Manyl BeTHYHHY AV, paBHa NPOH3BEJEHHIO JaB-
JIECHHA Ha H3MeHeHHe ofneMa:

AA’ =p AV. (6.9

M3 puc. 5.1 BuaHO, uTO 3T2 paGoTa paBHA NJIOWANH 3AIUTPHXO-
BAHHOH TOJIOCKH BhICOTOH p H mwHpHHOH AV, Ilostomy pa6ora,



§ 5. IEPBbII 3AKOH TEPMOJHWHAMHKH .163

coBepllaeMas rasoM NpH PaclUIMPeHHH M3 cocTosHHsA [ B coO-
crosiuue 2 Mo NYTH a, paBHA IVIOWALH KDUBOJHHEHHOH Tpa-
MelHH, OTpaHHYeHHOH rpadHKOM Tpoluecca U ockio adcrucc.
Pa6ora, coBepluiaeMas BHELIHHMH CH/JIaMH Haj TasoM IIPH 3TOM
npouecce, Ha OCHOBaHMH TpeThero 3akoHa HboioroHa, orau-
yaeTcA OT paloTHl rasa TOJbKO 3HakoM. Temepn Jierko BHIETD,
yTo pafoTbl BHELIHHX CHJI, COBepllaeMble NIPH pacilHpeHHH
rasa U3 COCTOsiHUA I B cOCTOsAHHE 2 IO MYTAM a H b, pasJ/IHUHLL.
Ho u3MeHeHHe BHYTpeHHeH sHepruu rasa U,—U, He 3aBHCHT
or myTH nepexoza. CrepoBaTesbHO, coofliaeMble rasy TpH
9THX IIpOlleccaX KOJHYCCTBA TemJa, Kak caenyer us (5.1),
OyAyT TakKxkKe DasJHYHBL.

IMonyuaemoe cucTeMoil B X0fle KBa3HCTATHYECKOrO MPolecca
KOJIMYECTBO TellJa XapaKTepHu3yercs QU3HUYCCKOH BeJTUUHHOH —
TENJOEMKOCTBIO. TelI0EMKOCTBI0 Ha3kIBaeTCsl OTHOLIEHHE Tepe-
LAHHOTO CHCTeMe Ha yuacTKe mpouecca Tenaa AQ x mpouc-
LIeieMy Ha 3TOM y4yacTKe H3MCHCHHIO TEMIeparyphl CH-
creMbl AT AQ ’

C::"AT' (56.3)
KonuuecTBo Temna, mosyuaemoe CHCTEMOH NPH H3MECHECHHH €e
teMmrnepatypbl Ha AT, OYIeT HEONMHAKOBBIM JJsi Pas3JHYHBIX
npoueccoB. ITostoMy 6yaeT pasHoii H TENJOEMKOCTb. Takum
00pa3oM, TeNJOeMKOCTb ABJAAETCA XapaKTCPHCTHKOH He ca-
MOr'0 BelleCTBa, a ONPENeICHHOro Ipolecca ¢ JaHHbIM Belle-
CTBOM.

C noMmolibio MEPBOro 3aKOHAa TEPMOAHHAMHKH MOMKHO IIO-
JYUYHUTh BHIpa)KEHHE AJs TENJOEMKOCTH NPH PasHBIX IpOLec-
cax. Jlasa 3Toro ynoGHO 3amucarth NEePBBIH 3aKOH B HECKOJBKO
oTau4HOH ot (5.1) dopme: .

Q=AU+4, (5.4)

rie A’ — pa6oTa, KOTOPYIO COBEPLIAIOT CHJBL, NPHJIOXKCHHDIE
CO CTODOHBl paccMaTpUBaeMoOil CHCTeMbl K BHELIHHM TeJaaM.
Ilpumensns (5.4) k MaloMy ydyacTKy Ipouecca H paccMarpHBas
CHCTEMBI, Y KOTOPBbIX BBIpaXK€HHE ]I COBepllaeMoi paboThl
uMeer BHJ (5.2), moay4Yum

AU AV r
C——=ET+PF' (5.5)

BoruncsiuM ¢ momomsio (5.5) TensoeMkoctd 1 Moaa uaeasbHOro
rasa npu pasTUYHBIX INpoueccaX, DBHYTpPeHHAA 3SHeprus

&*
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H€aJbHOIO Ta3a 3aBHCHT TOJBLKO OT €r0 TeMIepaTyphbl H s
OJIHOATOMHOTO rasa, corjacso (2.12), paBua 3/, RT. Hasa
H30XOPHYECKOr0 Ipomecca, TNPH  KOTOpOM OOBeM Trasa
ocraerca HeHsmeHHEM, AV=0, u ¢ nomoupo dopMy.el (5.5)
HaxoJuM

A 3

C, =22 =3R. (5.6)
Tensoemkocte €, mnoJyuyHna HasBaHHE MOJADHOH TenJoeM-
KOCTH IIPH NOCTOSIHHOM ofbeMe. OHa XapakTepH3yeT NpPOIece
HarpeBaHHs rasa B 3aKPHITOM cOCyfe. A ecyu ras 3akJioueH B
IWJIHHJD C BEPTHKAJIbHHIMH CTEHKAaMH, 3aKDHTHH CBepxy
NOpIUHEM C TPY30M, TO HarpeBaHHe rasa OyleT NPOHCXOIHTD
IIPH NOCTOSIHHOM JaBjeHHH. Takoe u3obapHuecKoe HarpeBaHHe
CONPOBOXKJAETCs pacliipeHHeM TIasa, NPH KOTOPOM OH, IO~
HHMas MOpHWEHb C TPy30oM, COBepLiaeT paboTy. HoaTOMy
TENJOEMKOCTb Ta3a MNMpH NOCTOSAHHOM jaBjaeHuu C, OGoJblue,
YyeM TenJIOEMKOCTb TIPH TnocTosiHHOM of6neme C,. M3 ypas-
HEHHs1 COCTOSIHHS OJIHOTO MoJs HjeanbHoro rasa pV,=RT
IIpH TIOCTOSIHHOM [aBJeHHH p HaxoguM p AV=R AT. Tenepb
¢ noMouipio (5.5) nonyuyaem

C,=Cy+R. (5.7)

JL15l ONHOATOMHOTO Tasa Cy=3%/,R, nostomy C,=%/,R.
Tennoemkocts Cy n C,, KaK BUJHO H3 q)opMle (5.6) u
(5.7}, nocrosiuuel. OHH HME}OT OJHO H TO e 3HayeHHe 1
IIPOLIECCOB, NPOHCXONAIHX NIPH JIoObIX 00beMax H JaBJCHHUSX,
K OCTaloTCs HEH3MeHHHIMH Bo Bpems nponecca. [lpouecchi,
IPH KOTOPBIX TEIJIOEMKOCTb IOCTOSIHHA, HOCAT HasBaHue
NnoTHTponHYecKHX. HMsoXxopuueckHii H H306apHYecKHH npo-
1eCChl ABJAIOTCA IOJHTPONHYECKHMH. JIDYTHM BaKHBIM IIpH-
MEpOM TOJHTPOIHYECKOTO IIpoHecca fABJsSeTcs ajHabaTnye-
CKHi, IIPH KOTOPOM CHCTEMA TENJOH3OJHPOBaHA. Hpn OTCYT-
CTBHH TemJOOGMEHa C OKPYXKAlOUHMH TeJaaMu nepBbIH 33KOH
TepMOAHHAMHKH (5.1) npHHHMaeT BHJ, (

AU = 4, (5.8)

T. €. H3MeHEHHE BHYTpDEHHe{l SHEPIHH CHCTEeMbl 1P OHCXOJIHT
TOJBKO 32 CYET PABOTHI BHEIIHWX CHJ. 3TO XKE CaMoe MOMKHO
BbIPa3HTb H HHaye: NpH afuabaTHyecKoM INpolecce COBepIia-
eMasi cHcTeMol paBora A’, coraacHo  (5.4), paBHa YObLIH
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BHYTPEHHEH SHEpTHH CHCTEMBI:
Al=—AU=U;—VU,. (5.9

Tlpu pacIUHPEHHH CHCTeMa COBEpIIAET [IOJIOKHTENbHYI0 paboTy
A'>0, Ho A<CO, u ee BHYTpeHHssl HepTHs yGbiBaér. s
HIeaNbHOTO Tas3a, Y KOTOPOTO BHYTPEHHsSl 3HEPTHsl 3aBHCHT
TOJBKO OT TeMIeparypsl, 3TO -
03HAYaeT, 4TO NIPH afHabaTHye- P
CKOM pacllMpeHHH ras OYJIeT
oxaaxznarbcs. Ilpu agmabaTH-
YEeCKOM CXKATHH Takoll ras 6y-

JEeT HarpeBaThCAl.

Takoe noBegeHHe NO3BOJSsI-
eT NOHATb, modyemy Ha p— V-
gHarpaMMe HJeaJbHOro rasa
rpaduk obpaTtumoro ajpuaba-
THYECKOTO Ipolecca HIET Kpy- g v
ye rpadHKa H30TEPMHUECKOTO Puc. 5.%/. Hsorepmpt v apuabara
npouecca (puc. 5.2). Medicrsu- 2 P 'Mar?;;{:e AACAILHOTO
TEeJbHO, IPH H30TEPMHUECKOM
pacIuHpeHHH TeMIepaTypa IIOCTOsIHHA, a IPH aguabaTHyec-
KOM — yOblBaeT, NO3TOMY ajfuabara JOJIKHA IiepeceKaTb H30-
TepMbl, COOTBETCTBYIOLIHE Bce Gosnee M 6oJjee HH3KHM TeMme-
patypaMm, B pe3yJbTaTe 4ero JaB/JeHHe INPH pacliHpPeHHH
najgaeT ObICTpee, UeM Ha H30TEpMe.

IlpH H30TEepMHUYECKOM paclIMpPEHHH HJealbHBIH ra3 cosep-
maer paboTy TOJBKO 3a CUET NOABOAHMOIO K HeMy TelJa, Tak
4TO €r0 BHYTpPEHHsS 3HEPTUsi BO BpPeMs TAKOTo mporecca He
MeHseTCs. )

IlpuMeHHM mnepBLI 3aKOH TePMOJHHAMHKH K aHajH3y
paGoTbl TemJsOBOH MalUMHBL. IasHaueHHe JIOGOTO NEPHOIH-
YeCKH NEeHCTBYIOLIETO TEMJIOBOTO IBHTATEIH COCTOMT B COBEp-
IIEHHH MeXaHWYecKoH paboThl 3a CYET HCIO/b30BAaHHS BHYT-
peHHell 3HEpPrHH XAaOTHYECKOTO [ABUIKEHHS MOJIEKYJ], O 4YeM
KpPaTKo, HO He COBCEM TOUHO TOBOPAT KaK O IpeBpalleHHH
Tenja B paGory. IlpHHmunnanbHas cxema JIIOGOH TelJOBOH
MAaIlHHBl, €C/H OTBJIEYLCS OT €€ KOHCTPYKTHBHBIX OCOGEHHO-
CTeill, BBITVISAAUT TaK, KAk [0KasaHo Ha puc. 5.3. Ee obs3a-
TeNbHbIMH 3jIeMEHTAMH SIBJSIIOTCSI 1Ba TEIJIOBLIX pesepsyapa:
HarpeBaTeJIb C HEKOTOPOH TemnepaTypol 77 H XOJOJZHUILHHK
¢ -temneparypoil T, MeHbUICH TeMIeparypbl HarpeBarens.
Pons XOJ/IONMJIbHHKA MOXET BBIMOMHATH OKpyXamowas cpena.

T, =const
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Ecau mpocTo MpHBECTH HarpeBaTtenb B TEIJIOBOH KOHTaKT ¢
XOJIOMHUIBHUKOM, TO BHYTDEHHSsI 3HeprHsl HarpepaTeast OyneT
nepenaBaThesi XOJOAHJBHUKY IYTEM TemJonepenayd 6es co-
pepiienus paotel. [1si coBeplieHUs MeXaHHYECKOH paboThl
0653aTeNbHO JOMKHO ObITb NPOMEXKYTOUHOE 3BEHO — TaK
HasblBaeMoe pafouee Teno, B KauyecTBe KOTOPOro MoxeT CblTh

T
P
&
A
&
<7y
a7 4
Puc. 5.3. Tpunuunu- Puc. 5.4. Lluga TensioBoll MamHHLl
ajbHasl cXeMa TeNioBoH Ha p — V-guarpaMwme.
MailliHH.

HCIIO/Ib30BaH, HaPHMED, ra3 B LH/JIHHADE, 3aKPbITOM IOIBHK-
HBIM TOPIUHEM. ¥ NEepHOAHYECKH ACHCTBYIOWUEH MallMHBI BCe
Ipoleccyl ¢ patoydM TEIOM IOBTODSIIOTCS. ’
Mexanuueckas pafota coBepluaeTCsi INPH pacllMPeHHH
rasa B WMJIHHJIDE, IDH KOTODOM OH IIPOXOJHUT Yepe3 psii Co-
CTOSIHHE BJIOJIb HEKOTOPOH KPHBOH a Ha puc. b.4. Ias Ttoro
yTofbl pagouee TeJO BEpHYJIOCh B HCXOAHOE COCTOSIHHE [, ras
B IHJHHAPE HYXHO CXKaTb, AJs YeTo Hajl HHUM IPHALTCS COBep-
muTh pabory. Ho sra paota o6s3aTeNbHO JO/KHA ObiTh
MeHbllle, ueM pafoTa, cOBepLIEHHAs [a30M NPH pacUIMpeHHH,
Ha p — V-guarpamme paGorta rasa NpH DaclIMpeHHH paBHa
nJoManl - KpHBOJIHHEHHOH Tpameluu noj KpHUBoH a. Utolwi
IOpH CXKaTHM rasa coBepliajach MeHblas pa6oTa, KpHBas
cKatHs b JOMKHA JieXkaTb HHKE KDHBOH @: cCXaTHe rasa
JIO/TKHO TIPOHCXOAHTbL TpPH (osee HH3KHX TeMIeparypax, yeM
pacuiMpenue. PasHOCTb NJIOWAAEH [OJ KPUBLIMH @ U b, T. e.
nJaomajAb, OTrpaHHYeHHasi 3aMKHYTOH KpPWUBOH | —a — 2 —
b — 1, paBua paGore A’, coBepiraemofl 3a uukja. Ha ocHo-
BaHHH NIEPBOTO 3aKOHa TePMOJMHAMHUKH 3Ta paGoTa paBHa pas-
HOCTH MeXZy TelJIoM (J;, moJyueHHbIM DaboulM TeJJOM 3a LHKJI
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OT HarpepaTe/s, M TeIIOM Q,, OTAAHHBIM MM XOJIOAHUJIBHHKY,
60 pabouee TeJO NOCAE COBEPIIEHHMA [MKJa BO3BpAlllaeTcs B
HCXOJHOE COCTOSIHHE, TaK YTO €ro BHYTPEHHAS SHEPTHS IPH-
HHMaeT HCXOIHOE 3HAYEHHE:

A'=Q,—Q, - (5.10)

OTHollleHHe coBeplueHHOl 3a UMEA paGotsl A’ K KOJHUECTBY
tensa Q;, MOMYYCHHOMY 3a LMK/ OT HarpeBaTe/si, HasblBaerTcs
KO9((HIHEHTOM [IOJE3HOTO JeHCTBHS TENJIOBOH MAlIHHBI 1)
AI
=

MakcHManbHO BEIrofHOH Oblja Obl TeNJIoBas Maumﬂa,iy KOTOpO#t
BCe NoJydeHHoe Temo Q; mpeBpaianoch 6bl B padory: A'=Q;.
OnHaKo Ha OCHOBAHWU OIRITA YCTAHOBJEHO, 4TO 3TO HEBO3-
MO2KHO.

K ofcyxneHuio k. . 1. TenJoBOH MallHHBl MBI €IE Bep-
HEMCSl NPHM HM3Y4eHHHM BTOPOro 3aKOHAa TEPMOAMHAMHKH.

§ 6. flpumepnl NMpUMEHEHUS! NEPBOTO 3aKOHA
TepMOIAHHAMHKH

TlepBblfl 3aKOH T€PMOJMHAMHKM, KaK M 3aKOH COXDaHeHHf
SHEPTUH B MeXaHHKe, YacTO JaeT BO3MOKHOCTb HCC/E0BaThb
TENJOBble IPOLECCH B MaKPOCKONHYECKHX CHCTeMaX Jake B
TeX cJydadX, KOTJa HaM HEU3BECTHb! JeTaJd MHKPOCKONHYe-
CKOH KapTHHbl M3yuaeMblX siBJeHHH. IlepBblil 3aKOH YHHBEp-
cajleH, OH NPHMEHHMM KO BCceM G6e3 MCKJUYEHHS TENJOBbIM
nporeccaM B JMolhlXx cucreMax. Kak M BCAKHHE 3aKOH coxpa-
HeHHsA, OH He JaeT JeTaJbHoi HH(pOPMAaUMH O XOjie Ipoilecca,
-HO NO3BOJSIET COCTABUTb YPaBHEHHE (aJlaHca, eC/H 3apaHee -
H3BECTHO, KaKHE 3HepreTHYeCKHe MNpeBpalleHUs1 NPOUCXOAAT
B pacCMaTpHBaeMOH CHCTeMe,

B stom nmaparpade Mbpl pacCMOTPUM IPHMEPbl HCHOJ/bL30Ba-
HHMA NEePBOro 3aKOHA TEPMOJHMHAaMHKH.

Tlpexk e Bcero ciesiaeM HECKOJIBKO 3aMeHaHHH O CMbIC/IE BXO-
JAIUX B ypaBHEHHEe IEPBOro 3akoHa BeJHuMH. Ko/nyecTBo
nepefaHHoro TemJja OblJIO ONpPEleNeHO KaK Mepa H3MEeHeHHMs
BHYTpEHHell »HEePrHH CHCTeMbl OpH tensonepefaue. Ho He
BCerja nojBeJleHHe K CHCTeMe Tellla IPUBOJHT K H3MEHEHHIO
€¢ BHYTpeHHell 3HepTHH. Hanpumep, NPH H30TEPMHYECKOM
‘PaclIMpeHHH HJAEAJbHOTO Tasa IOJABEJEHHE Tel/1a HEe CONpo-
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BOXJAeTCs yBeJHUeHHeM BHYTDeHHeH 3sHepruH rasa, Buyr-
PeHHsis. 3HEPIUsi HAEaNbHOTO ra3a 3aBHCHT TOJbKO OT TeMIie-:
paTypel H IIPH H30TEPMHYECKOM IIPOLECCE HE MeHsercs, HO
ras copepuiaer paGotry, H BeJHYHHA 3TOA paboThl PaBHA IIOA-
BOAHMOMY K CHCTeME KOJHYeCTBY Temja. TOUHO Tak ke H
CoBeplieHHe BHEUIHHMH CHJAMH MeXaHHYecKod paGoTH Haj
CHCTEMOji MOXeT He COIPOBOXKAAThCS H3MEHEeHHEM ée BHYT-
peHHell sHepruu. Eciu cxkHMaTh HAaeasnbHEIH Tras3, IPHHHMAs
MepHl K TOMY, 4TOOBEI €ro TeMieparypa HPH 3TOM He YBeJHuH-
Bajlacb, TO BHYTDEHHsisi 3HEPrHsi rasa ocraHercs Ge3 wu3Me-
HeHHs, a K OKDYXalOUIHM TejlaM IIepel/ieT HeKOTOpoe KOJH-
4eCTBO TeMJla, paBHOE COBEPILLIEHHOH HaJ rasoM IIPH €r0 CKaTHH
pa6ore.

TlpuMeHsisi mepBHIH 3aKOH TepMOJHMHAMHKH, HYXKHO BCerjia
BHHMATeJbHO CJEAHTb 3a TeM, K KaKHM H3MeHeHHAM B CaMoH
CHCTEME MOKeT IPHBECTH IIOJBEJeHHEe K HeH Telja H coepuie-
Hue paGotel. IlosicHUM 3TO Ha' ciepywouleMm. npumepe. Ilpen-
cTaBbTe ceGe, YTO B KOMHAaTe HA HEKOTOpPOEe BPeMs BKJIOYHJIH
3J/IEKTPHUYECKHil HarpeBartesb, B pe3yJbTaTe yero TeMmieparypa
posayxa yeeauuusaach or Tj no T,. MoxKeT NOKas3aThbCst, 4TO
B pesyJibTaTe 3TOr0 BHYTPEHHsii 3HEPrHs BO3AYyXa B KOMHare
yBeauuHaack. [IpoBepum, Tak Ju 310. ByneM cuurtath BO3AyX
HJieaIbHEIM T'a30oM, B COCTOSSHHH TEIIOBOrO paBHOBECHst Cpeji-
Hsist KUHETUYecKass SHEpPrus OJHON MOJIEKYJB IPOIOPLHO-
HaJbHa aGCOMIOTHOH TeMIepaType, a HEPrust BCero BO3AyXa
B KOMHAaTe NPONOPHMOHANbHA YHCJAY MOJEKYJ, T.e. QHCHY
Mosell rasa, Haxojsuerocs B KoMHate. [losToMy BhIpaxkeHHe
JJIsi SHEPTrUH MOXKHO 3aITuCcaTh B BUje

U=CV%T, ‘ 6.1

rae m — Macca Bo3lyXa, W — ero MojspHas wmacea, Cy —
MOJISIPHAS TEIIJIOEMKOCTh IPH IIOCTOSSHHOM oGheMe.

Bocnoap3opabenmch ypaBHeHHeM MeHzeneeBa — Kianei-
poHa pV==(m/p)RT,- 3ameuaeM, YTO BHIPAXKEHHIO AJIsi BHYT-
peHHeH SHeprud Bosayxa U MoXHO NIPHAATh BHI

U=c,%. 0 (6.2)
OGreM KoMmHatel V He usMeHsieTcsi npH paboTe HarpeBa-

TeJsl, He H3MEHsIeTCsi W JaBJeHHE Bo3ldyxa B KoMHaTe p. OHO
paBHO aTMOC(EPHOMY, IOCKOJBKY KOMHATa HE repMeTuuHa,



§ 6. TPUMEHEHMSI TIEPBOTO 3AKOHA TEPMOAUHAMHUKH ]69

Toraa u3 ¢opMysnl (6.2) BHAHO, 4TO BHYTPEHHSI SHEpPTHsA
BO3/lyXa B KOMHAaTe He H3MeHsdeTCd IPH NpPOTan/JHBaHHH.
Cpasy BO3HHKAIOT BONPOCHI: YTO NMPOHCXOAHT C IOTpeb/sieMoH
OT CETH 3/IEKTPO3HEPTFHeH H 3aueM MBI BOOGLIE BKJII0YaeM 3J1€KT-
poHarpesaresb? BTopol Bompoc, KOHeUHO, INYTKa: RJISI 4eJso-
BEKA HMeEeT 3HAUCHHE He SHeprH# BO3JyXa, a €ro TeMneparypa,
KOTOpas IIOBBIIIAETCA MNpPH mnporanyiiBanHH. Yo Kkacaercs

) : 157
{Am Am
a1 22
I .

Puc. 6.1. Ilpoxoxjenne rasa uepes 3MeéBHK.

SHEPTHH, NOTPebaseMOl HarpeBaTe/aeM OF CETH, TO OHA LETHKOM
«BBIXOJMT» HAPYXKy: Macca BO3JyXa B KOMHAare IIpH Harpe-
BAHHH NpPH IIOCTOSTHHOM JAaBJIeHHH yMEHbLIAETCS.

Hrak, BHyTpeHHAsi $SHeprHs BO3AyXa B KOMHAre IIpH
pabore Harpeparejqs He MeHserTcfl, HECMOTPS Ha MOBBILIEHHE
TeMneparypel. Ho HHKakoro nmapafokca B 3TOM HeT. [lepBhiit
3aKOH TEPMOAHMHAMHKH, pasyMeercs, CIpaBeJHB H B 3TOM
ciydae, [lpocTo NpH HarpeBaHHH H3MEHseTCA caMa paccMar-
pHBaeMasi CHCTeMa: YHCJIO YaCTHIL B HEH yYMeHbIlaeTcH.

PaccmoTpuM Tenmeph CTanHOHApHBIH IOTOK HAEAJbHOTO
rasa, npoTeKawlero uepes LJIMHHYIO CIIHPAAbHYI0 TPYOKY —
3amMeeBHK (pHuc. 6.1). Ha Bxone 3MeeBHKa mNOijepKHBAIOTCA
NOCTOSIHHbIE . laB/ICHHE p; M TeMnepaTypa T,. Ha Brixoze
3MCEEeBHKA MOJIEPIKHBAETCA IMOCTOSHHOE JaBJeHHE p, H H3Me-
psercs temneparypa T.. Ilpexnze Bcero moacunTaeM pa6ory,
COBEpLIaeMYI0 IIPH NPOXOXKAEHHH Uepe3 3MEEBHK OQHOIO MOJA
rasa.

O kaxkol paGore et peub? Mbl 3HaeM, UTO ras, a TOUHeE,
CHJIAa JaBJeHHA rasa coBepliaer paloTy MpH MepeMelleHHH
HOpIIHS HJH JI060ro APYroro Tena, OrpPaHHUMBAIOLIErO 3a-
HHMaeMblit rasoM o6beM. TakHM TeJNOM fIBJISIETCS, HaIpHMEp,
060/10uKa PE3HHOBOrO IIapHKa, Ae(OopMHpYyIOlasacs IPH ero
HanosHenuH rasomM. Oflilee BelpaxceHHe JJs paboThl CHJIB [aB-
JIeHHs rasa paercsa ¢opMysoft (5.2):

AA"=p AV. (6.3)
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OrMeTHM, YTO HaJUyMe Tesad, OUPAHHUMBAIOLICTO Oo0bLEM rasa,
COBEPLIEHHO HEOOXOJMMO Il TOro, 4roObl MOXKHO ObLIO TO-
BOPUTb O COBEpILaeMQii ra3oM paboTe: ras, pacuIipsAOLIHACS
B MYCTOTY, paborbl He copepwaer! [losicaum sro. [lpencrasum
cebe cocyl, pasfesieHHbll Neperopojikoll Ha JBe YacTd: IO
OlHy CTOPOHY OT NEPeropoiKM HaxoAuTca ras, mo Apyryio -
BakyyM. [Ipy BHe3anHOM yJaJleHHH [EPErOpojKH ras 3amoi-
HfIET -BeChb COCyJ, o0neM rasza ysenauuuBaercs (AV>0), nas-
JeHue rasa p=0, ogHako paCorst ras He cosepinaer: AA’=0.
Gopmyaa (6.3) B 3TOM ciayyae HenpPHMeHHUMa.

Hapsny ¢ paboro#, coBepiiaemoii rasoM, MOXKHO pac-
cMaTpuBaTb pabOTy BHEIUHMX CHJ, COBEPIIaeMyl0 Haj rasoM
npu nepemenleHnd nopuHsa. OueBUAHO, YTO IPH DPaBHOMEDHOM
nepemeuleHyy nopiuns pabora AA, coBepilaeMas Haj rasom,
IIPOTHBONOJ/IOXKHA 110 3HAKY M PaBHA IO BeJAHYMHE paboTe rasa
AA’, 1. e. AA=—p AV. Tax o Kakoi xe paGoTe HIeT peub?
Benb HuKaknx nopiunel sjech Her! OnHako Ha caMoM jese
CIOPIIHHY», T. €. BHELIHHUE TeJa, NONLEDKHBAOLIHE 33/laHHbIE 13B-
JIEHHS1 Ha BXOJe W BLIXOJe 3MEEBHKa, 31eCb €CTb, ¥ OHHU-TO H
COBepilalT padoTy Haj NPOTEKAIOUHM TIasoM. STy pabory
MOXKHO TIOJCYHUTATb CJIEYIONIHM 06pa30M

PaccMmorpuM ras, 3ak/oueHHBLI MeXAy BXOOHHIM S,
BBIXOJHBIM S, CeuyeHHsIMM 3MeeBHKa (pHc. 6.1). Bcaencraue
CTAlHOHADHOCTH MOTOKA Macca 5TOr0 rasa He MeHseTcsi Co
BpeMEHeM, T. e. ecaM 3a BpeMs Af uepes BXOIHOe ceueHHe
npomia Macca rasa Am, TO TOYUHO Takas K€ Macca BblIla
U3 3MeeBMKa.

Ilycte o6GneM, 3aHWUMaeMsblii Maccoit Am Ha BXoje npH
JaBJjieHuH p; ¥ Temneparype Ty, pased AV, a 06beM Ha BBIXOAE
u3 sMeeBHKa paBen AV,. 'a3, Haxoau BLIKIACA MKy CeUeHHUIMU
S1 ¥ S,, Tenepb 3aHHMAET HOBOE NOJOXKEHHE: HAYUIAs 3a HHM
NOpUHMA rasa JedcTBoBa/a Ha Hero ¢ cumaoil Fi=p;S;, unymmn
BIEpeld ra3 oOKasbiBal CONPOTHBAeHHE F,=p,S,. Takum
o0pasoM, pa0oTa BHEWHHX CHJ Hal paccMaTpHBaeMbIM TIas3oM
AA=p,AV,—p,AV,. Tlocko/ibKy BO BpeMs Ipoilecca page-
JIEHHs rasa Ha BXOJE M BLIXOE OCTAIOTCH MOCTOSIHHBIMH, TO
pa60Ta BHECIIHHX CHJI TIIpH LPpOTaJdKEBAHMH 4E€DE3 3MEEBHK
OJIHOTO MOJISl rasa paBHa

A=pVi—pV,, (6.4)

rie Vi, m V, — obbembi, 3anuMaembie 1 mMosem rasa npu yc-
JOBHAX, CYUWECTBYIOLHUX ‘Ha BX0Jl¢ B Ha BLIXOJE 3MEEBHKa
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coorBercTBenHo. CorJlacHo ypaBHenuio Mengeneesa — Kia-
nefipoHa MOXHO HamnMcarb

pV1=RTy, pV,=RT,.
HOSTOMY coBeplIaeMasa HaJ OJHHM MOJIEM rasa pa60Ta paBHa
A=R(T,—T,). . (6.5)

Tenepr o6paTM BHHMaHME Ha OJHY OCOGEHHOCTb paccMart-
pUBaeMOro npHMepa: B TO BpPeMsl KaK TeMmleparypa rasa Ha
BxoJe B 3MmeeBHK T 3ajaercsd, Temreparypa Ha BmiXone T
usMepsieTcsi. HamomiuMm, YTo jaBieHue B oGOMX CJaydasix
sagaercsi. OT yero ke 3aBUCHT TeMneparypa rasa Ha BeIXoje?
QOueBHIHO, OT YCJIOBHIl €ro NPOXOXKJAEHUS Yyepes 3MEeBHK.
UYeM ke MOIYT pas/MuaTthcsi STH yCJa0BHs? TONBbKO MHTEHCHB-
HOCTBIO . TEIJICOGMEHA MPOTEKAIOIEro [0 3MeeBUKY rasa ¢
oKpymKatoleil cpefoft. PaccMoTpuM BHauasle caydail, Korja
TeJIoO0MEeH BOOOWIE OTCYTCTBYET,— 3MeeBHK anuabaTHYyecKu
H30JIMPOBaH OT OKpyxawoulell cpennl. KakoBa mpu sToM TeM-
neparypa rasa T, Ha Boixofe? Mcmonbsysi nepBblit 3aKOH

TepMOJHHAMUKH
Q--A=AU, (6.6)

nonyuaem A=AU, tak kak Q=0. ITocKoJbKy BHYTpPEHHSS
5HEPrUsl MJIEalbHOTO Tras3a IpONOPHHOHAIbHA aGCOMOTHOH
TeMmneparype, uMeeM

AU=U,—U,=Cy(T,—Ty). . (6.7

ToncraBasis Buipaxenuss (6.5) u (6.7) B ypaBHeHue (6.6)
VUUTHIBAsi, YTO B OTCYTCTBHE TemmoobmeHa Q==0, nosayuaem

R (T _Tz) :CV (T _T1),

a Tak Kak Cp,>0, TO OTCI0fla HEMENJIEHHO Cjefyer T:=T,.

Taxum o6pasoMm, TemnepaTypa HleanbHOrO rasa IpH ajaua-
6aTHYeCKOM MpPOXOXKJIEHHH uYepe3 3MeeBUK He MeHseTcs, a
coBepluaemasi np¥ sToM pa6ora, Kak BHAHO U3 (6.5), paBHa
Hymo. [as Toro yroGel pabora Oblia OTJIMYHA OT HYJdA, He-
o6xofuM TenJooOMeH. Jlerko y6equThbCsi, 4TO, KOrja ras
nonyuaer temsio >0, copepuiaemMass HajJ HHM pafora OTpH-
uareibHa W, Haobopor, npu Q<0 A>>0. [e#icTBHTENBHO,
NojcTaB/sisi B ypaBHeHHe nepBoro sakoHa (6.6) Bolpamenus
(6.5) u (6.7), nonyuaem

=(Cy+R)(T—T),). (6.8)
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Cymma Cy-+R paBHa MONAPHOH TENJIOEMKOCTH HJealhHOro
rasa npH nocrosiHHoM jasjaennn C,, nostomy dopmyay (6.8)
MOXHO 34IIHCaTh H TaK:

Q=C,(T,—T)). (6.9)

M3 sToro BupamkeHHs BHIHO, uto 3HaK AT =T,—T; coBnajaer
co 3HakoM Q. Ecam, Hanpumep, Q<C0, T. €. ras IpH NMpoXox-
JEHITH yepes 3MeeBHK otjaeT-Tem10, o 7,< T, H H3 BHpaxe-
HHA (6.5) BHAHO, YTO cOBepIllaeMasi IIPH 3TOM HaJl Ta3oM
pabora nomnoxurenabHa: A>0. Mcxoaa U3 nojyyeHHBIX pe3yJb-
TaTOB, IONBITAEMCA JIPEJCTAaBHTh cebe, KaK IPOHCXOAHT Ipo-
TEeKaHHe rasa yepe3 3MeeBHK. EC/IH B 3MeeBHKe ra3 OXJax-
Jaercs (Q<<C0), To coBepllaeMas Hal rasoM paGoTa IOJOXKH-
TeJbHA — BHEIIHHE CHJB! «IPOTATKHBAIOTY ra3 uepes 3MeeBHK.
Ecam rtensio nogogurca (Q>=>0), To Hall 3MeeBHK Iojoleid
" TEIJIOBOH "MaIllHHe — Ta3 caM coBepliaer paboTy Haj BHeLl-
HHMH TesnamH. K ofparure BHHMaHHe, Y4TO 3TOT pe3yJbTaT He
3aBHCHT OT TOTO, KakKOBa BeJMYHHA JaBJjeHHA rasa Ha BXoxe
H Ha BbIXOfe. ENHHCTBEHHOE YC/IOBHE IIPH 3TOM — JaBJjeHHe
Ha BXOJle JO/KHO ObiTh OoJibllle AaBJeHHA Ha BBIXOJE, HHaue
ras IpOCTO IoTeyer B OOpPaTHYIO CTODOHY.

Kak Obj10 BBISICHEHO, NPH aAHa0aTHYECKOM NPOTEKaHUH
rasa uyepes 3MeeBHK coBeplllaeMass Haj HuUM pabora paBra
HyJ/i0. He Kaxercs JIH BaM CTpPaHHBIM 3TOT pe3y.bTar? JIerko
NMpHAYMarb Takofi ombIT, B KOTOPOM Haj rasoM paGora coBep-
maercs, a TeIIooOMeHa ¢ OKpYzKawoleH cpenoi Her. [eii-
CTBHUTEJBHO, NONPOGYeM IIPH ITOMOIIH KOMIIPECCOpa NpPOKayH-
BaTh uyepe3 3MeeBHK ras B BakyyM. s Toro ytoGel IIpolecc
MOXHO OBLIO CUHTATH CTAUHOHAPHLIM, CEYEHHE BHIXOJHOTO
OTBEPCTHSA CAeJIaéM MHOTO MeHbIIle CeYeHHs BXOJHOTO. 3meeBuK
TEILTOH30JHPYEM OT OKDYKalolleH Cpenbl. '

CoBepiuaemas KOMIIPECCOpoM Hajl ra3oM 'paboTa IOJIOXH-
TE€IbHa H paBHa MOJHOH coBepluaemMoli Hajl rasom pabore,
60, KaK yXe OTMeyaloch, BHIXOAA B BaKyyM, ras paGoTs!
He coBeplnaeT. Tak Kak Her OOMeHa TeILIOM, HAIHLO IPOTH-

_ BOpeuyHe ¢ YTBEPXKJEHHEM O TOM, UTO IPH aJHaGaTHUECKOM
MpOTeKaHHH pafoTa paBHA HY.JIIO.

2T0 NpPOTHBOpEYHE BO3HHK/O NOTOMY, YTO IIPH IIPOKAauu-
BaHHH Tasa B BaKyyM IIDOHCXOAAT H TaKue 3HEpreTHYeCKue
NpeBpallleHHs, KOTOpbe OBUIH COBEPIIEHHO HECYIEeCTBEHHE! B
paso0paHHOM Bhille NpHMepe. JleHCTBHTENRHO, NEPBHIH 3aKOH
TepMOﬂHHaMHKPI HCII0JIB30BAJICA B BHJE Q—i—A AU, me U—
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BHYTPEHHSS SHEpPrHs ra3a, KOTOpas CKJajnbiBaeTcsi H3 KHHe-
THYECKOH 35HEPTHH XAOTHUECKOTO ABMXKEHHS MOJEKYJ rasa M
NIOTEHI[HA/IbHOH 5HEPrHH HX B3aUMOJEHCTBHA Mexay coGoii.
(Ins HueaJbHOrO rasa BTOpas YacTb — 3HEPrUsl B3aUMOJEH -
CTBHSI MOJIeKyJ] — Boofuie OTcyTcTByer.) IlostomMy mnpu Hc-
N0/1b30BaHHH TAaKOH (OPMYJHPOBKH NEPBOTO 3aKOHA TEPMOIH-
HaMHMKH 3apaHee MOJ4Ya/qHBO [IpeAroJaraercd, 4To B pac-
CMaTPHBAEMLIX [IpoHeccax Heé IPOMCXOJUT H3MEHEeHHsA Mexa-
HHYECKOH 5HEPTHH CHCTEMREI, T, €, He MEHSETCS TIOTeHIUAIbHAs
SHEPTHs rasa Kak LEJOr0 BO BHELIHEM I10je, He MeHsercs H
KHHETHYECKAsl 3Hepruf JABHKEHHUS rasa Kak LeJoro, He BO3-
HHKaeT B rase HUKaKHX MaKPOCKOMHUYECKHX IOTOKOB. Termepb
yiKe CTAHOBHTCA SICHO, 4TO NPH IIPOKAUHBAHHH rasa B BaKyyM
HCNIOJIb30BATh TIepBbIi 3aKOH B TAaKOM BHJE Hefb3s, TAK KaK
Ha BBIXOJle M3 3MeeBHKa B BaKyyM BO3HHKAaeT MaKpOCKONHYe-
CKHil HaTIpaBJeHHHH TIOTOK, KHHETHUECKYIO SHEPTHIO KOTOpOro
~ HeoGXOMHMO yuuTHIBaTb. PaGora kommpeccopa B 3TOM Ciyuae
" KaK pas M onpefessieT KMHETHUECKYI) SHEPTHIO 3TOrO MOTOKA.

Ecin BXOM M BBIXOJ 3MeeBUKAa pAacllOJIOXKEHBl Ha pasHoil
BRICOTE, TO B YPaBHEHHH OajlaHCa 5HEPTHH HEOOXOAHMO Y4uH-
THIBATb H H3MEHEHHe [OTEHLUHaJbHOH 3Hepruu rasa B IoJe
TSAKECTH, TOXOOHO TOMY KaK 3TO J€JaJoCh B T'HIPOIHHAMHKE
IIPH BEIBOJle ypaBHeHUs DepHyiu.

§ 7. Bropo# 3akon TepmopuHamuxku. Hanpasnenue
TEILIOBbIX [IPOLECCOB

IlepBLiit 3aKOH TEPMOJMHAMHKH — OIHMH H3 CaMbIX OGLIMX
¥ (PyHIaMEHTAJIbHRIX 3aKOHOB NpHpoibl. He usBecTHO HH
OJIHOTO TIpoIecea, e XOTh B KaKOH-TO Mepe HaG/o1anoch Gbl
ero Hapyumenue. Eciyu kakoii-1160 npouece sanpelieH nepBhM
3aKOHOM, TO MOXHO ObiTb a6COJIIOTHO YBEPEHHHIM B TOM, HTO
OH HHUKOTZa He mpousoiiner. OXHAKO 3TOT 3aKOH He Jaer HH-
KAKHX YyKa3aHWil O TOM, B KaKOM HallpaBJIEHHH Da3BHBAIOTCH
IpoLEeCChl, YAOBJIETBOPAIONUIHE IPHHIUITY COXPAHEHHS SHEPTHH,

[ToscuuM 310 mpuMepamu. [lepBbiii 3aKOH TEPMOAHHAMMKH
HHYero He FOBOPHT O TOM, B KAKOM HallPaBJIEHHH TPOHCXOIHT
TENJIOOGMEH MeXIy NPUBEJEHHHIMH B TENJIOBOH KOHTaKT Te-
JlaMH, HaXOAALIMMHCA TP pasHeIX Temmeparypax. Kax yike
00CyKAaN0Ch Bblllle, TEM1I006MEH IPOMUCXONHT TaK, YTO TeM-
nepatypsl BLIPABHHBAIOTCA M BCS CHCTEMa CTPEMHMTCS K CO-
CTOSIHHIO TeMJIoBoro paBHoBecHs. Ho mepBblfl 3aKoH He OHLJ Obl
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HapyuieH, ecjau Obl, HaobOpOT, Hepejaya Ten/la NPOHCXOLH/IA
OT TeJa C HU3KOH TeMriepaTtypolt K Teny c 6oJiee BbICOKOH IIPH
YCJOBHH, YTO IIOJHBIHA 3amac BHYTPCHHEH SHEPTHH OCTaBaJ/Cs
66 Heu3MeHHbIM, OJNHAKO NOBCEJHEBHBIE ONbIT I10Ka3blBaeT,
YTO caMo co00H 3TO HUKOIZA HE NPOHUCXOIMT.

pyro# npumep: NpH najeHUH KaMHS C HEKOTOPOH BBICOTH
BCSi KHMHETIHUECKasi 3HEPTrUsl €ro IIOCTyIaTeNbHOrO ABHXXEHHS
HcuesaeT NpHM ylape O 3eMI0, HO IIPH 3TOM YBEJIHUYHBACTCH
BHYTpPEHHSISI SHEPTHst CAMOTO KaMHS M OKPYXAIOWiUX €ro TeJ,
TaK UTO 3aKOH COXPaHEHHSI 3HEepPrHM, pasyMeercs, He OKasbl-
BaeTcst HapyiueHHbIM. Ho nepBoMy 3aKOHY TepMOIHHaMMKH
He NIPOTHBOpeuYHs Gbl M oOpaTHBIM IpoHecc, NPH KOTOPOM K
JexaleMy Ha 3eM/e KaMHIO Iepeulsio Gbl OT OKPY2KaroliHX
NpeIMEeTOB HEKOTOPOE KOJIHYECTBO TenJsa, B Pe3ysbrare Yero
KaMeHb MNOoJHsiAcH Gbl Ha HEKOTOPYio BbicOTY. OIHAKO HHKTO
HUKorja He Hab/woJaj] TaKHX CaMOIIPOM3BOJBHO IIOACKAaKH-
BawII¥X KaMHe#H.

BayMbiBasicb B 3TH M Jpyrue noZoGHbIE NpHMEpbl, MHI
NMPHUXOIUM K BBIBOAY, YTO MNEpPBbIH 3aKOH TEPMOJMHAMHKH He
HaKJajblBaeT HHMKAaKHX OTPaHMUYCHHH Ha HalpaBjeHHe Ipe-
BpalleHHH 3HEPTHH U3 OJHOT0 BHJA B IPYTOH U Ha HallpaBJeHHe
nepexojfia TenJaa MeXAy TeJaMH, TpeGys TOJbKO COXpaHeHHUs
[OJIHOrO 3armaca SHeprHMH B 3aMKHYTBIX CHCTeMax. Mexny TeM
ONBIT [IOKA3BIBAET, UTO Pas3HbIC BHIbI S3HCPTHH He PaBHONEHHH
B OTHOLUCHUH CIOCOOHOCTH IIpeBpaliaTbCsi B JApPYTHE BHIbL
MexaHHuecKkyl0 3HEPTrHI0 MOXHO LEJHKOM IIPEBpaTHTb BO
BHYTPEHHIOIO 3SHEPrHio JoGOoro Teja HE3aBHCHMO OT TOro,
KakoBa Oblna ero remneparypa. efictBurenbHo, Jar6oe Teso
MOXKHO HarpeTb TPeHHEM, YBCJIMUMBASsi €rO BHYTPEHHIOIO SHEp-
M0 Ha BEJHUHMHY, PaBHYIO COBepLIeHHOH pabote. TouHO Tak
XK€ 3JIeKTpPHUeCKasi SHEPTHs MOXKeT ObITh LGJIMKOM INpeBpalieHa
BO BHYTPEHHIOIO, HaNpHUMEp, NpH MNPOXOXKICHHH 3JeKTplue-
CKOrO TOKa uepe3 CONpOTHBieHHe. A BOT 1Jsi 06paTHBIX IIpe-
BpalllCHUH BHYTPEHHEH SHCPIMH B JIPYTHEe BHIBL CYLIECTBYIOT
onpejie/ieHHble OrpaHHYeHHd, COCTOSLIME B TOM, YTO 3anac
BHYTPeHHEH 3HEPrMM HH NPH KaKHMX YCJOBHAX HE MOKeT
NPEeBPATHTbCH LEAMKOM B JpYrHe BHIbl 3HeprHH. C oTMeueH-
HBIMH OCOGCHHOCTSIMH 3HEPreTHUYCCKHX IIpeBpalieHHH CBsI3aHO
HanpaB/CcHHE INPOTeKaHMsI IIPOLECCOB B IpHpoae. Bropoit
3aKQH TEPMOJHHAMHKH, OTpaxKaloliHH HanpaBJeHHOCTh €c-
TECTBEHHBIX IIPOHECCOB M HaJaraloliuil OrpaHudyeHus Ha BO3--
MOXHbl€ HalpaBJ/ICHHSl 3HEPreTHUYECKHX TNpeBpaiieHHH B Mak-
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POCKOITHYECKHX CHCTEMAX, MPENCTaB/asier cobol, KaK U BCAKHI
(byHIaMeHTaJbHEIH 3aKOH, 0600IIeHHe 6om>moro YHCJIA OMNBIT
HbIX (PAKTOB.

VicTopHueckH OTKPBITHE BTODOTO 3aKOHA TEPMOIHMHAMHKE
OLIIO CBSI3aHO C H3YYeHHEM BOMPOCAa O MaKCHMAJbLHOM KOs(
(DHLHEHTE TIONE3HOr0 ACHCTBHSA TEMJIOBBIX MALHH, TPOBEICHHBIN
¢pannysckum ygewniMm Camn Kapno. Tlosgnee Knaysuyc

T

T
E<l
A=q
Puc. 7.1. TlpuHmunuasibHast Puc. 7.2. TlpuHusnuansHast
CXeMa ycTpoHcTBa, B KOTOPOM cxeMa yCTpoHcTBa, B KO-
Hapymaetcqd mocTyJar Kiay- TOPOM Hapylllaercsi TIOCTY=
3Hyca. Jgat TomcoHa.

Tomcon (mopz KenbBHH) HpPEIVIONKHIH pa3HYHBHE O BHAY,
HO 3KBHBaJeHTHble (DOPDMYJHPOBKH BTOPOTO 3aKOHA TEpMO-
IMHAMHKH.

Cornacuo ¢opmynupoBke Kraysuyca, HEBO3MOMXKEH HpO-
mecc, eJUHCTBEHHBIM DPe3YJbTaTOM KOTOPOro GBLT Gbl Mepexor
Telsa oT Tena ¢ 6osee HU3KOH TeMreparypoil K Teny ¢ GoJiee
BLICOKOH TeMnepatypoH.

Tomcon cthopmynHpoBal BTOPOH 3aKOH TePMOIHHAMHKH
CleNYIIHM 00pa3oM: HEBO3MOMKEH NepHOIHYeCKHH Mpolece,
€IHHCTBEHHbIM KOHEYHBIM pEe3yJbTAaTOM KOTOpPOro OblI0 OBl
CoBeplIeHHe padoTel 3a CYET TemJaa, B3STONO OT OJHOFC
KaKOro-To Tefa.

BripaxeHHe «eIHHCTBEHHBIM pE€3yJbTaToM» B 3THX (opMy-
JHPOBKaX 03HAYaeT, YTO HHKAKHX JDYTHX H3MEHEHHH, KPOMe
YKa3aHHBIX, HH B PaCCMaTPHBaeMblX CHCTEMAxX, HH B OKpyxa-
IOIIHX HX TejlaX He IPOHUCXONUT. YCJIOBHAf CXeMa TaKOrQ
poza npouecca, 3anpelgesHoro nocryiaroM Kiaysuyca, mo-
Ka3aHa Ha puc. 7.1, a mpomecca, 3ampelieHHOr0 HOCTYJIaTOM
Tomcona,— na puc. 7.2.
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B dopmynuposke Tomcona BTopofi 3aKOH TEPMOJIMHAMHUKH
Hak/JaJblBaeT OrpaHHyeHHs] Ha TMpeBpalleHde BHYTPEHHeH
sHepruu B MexaHuuecKyw. M3 cdopmynupoeku TomcoHa cue-
JyeT, 4TO HeBO3MOKHO MOCTPOUTh MalIMHY, KOTOPas coBepLiaja
6bl paboTy TOJIBKO JIMILIb 38 CUET IOJYUYeHUS TelJja U3 OKpyIKa-
roiieft cpenpl. Takas rumoreryueckas MallMHA ToJaydyusaa Ha-
3BaHHE BEYHOTO JBUTAaTessl BTOPOro POAd, TaK KaK BCJAEICTBUE
HEOrpPaHUUEHHOCTH 3aracoB BHYTPEHHEH SHEPrHM B 3eMmIe,
okeane, atMoctepe Takas MaliuHa Obl1a Obl AJA BCEX Mpak-
THYECKUX IeJeH SKBUBAJICHTHA BEUHOMY [BUIaTeIo.

Beunblfi aBurarenb BTOpOro poja He HAaXOAMTCS B IPOTHU-
BOpeYHMH C MepBbIM 3aKOHOM TepMOAMHAMUKH, B OTJUYUE
OT BEYHOTO JBUTaTe/sl MepBOro pojaa, T. €. YCTpoficTBa /4
coBepileHUs paboTsl BooOie 0Oe3 HUCMOJIb30BaHUS UCTOUHKKA
SHEpTHUH.

DKBUBaJEHTHOCTb (OPMYJIUPOBOK BTOPOrO 3aKOHA TEPMOJH-
"HaMUKH, npejioxeHHBIX Kaaysmycom u TomcoHOM, ycraHas-
JIUBAETCH TIPOCTHIMH PacCyXACHUAMU. :

Tlpeanoioxum, d9TO MOCTYJAT Tomcox—xa HecnpaBeMHB
Torpa MOXKHO OCYLIECTBHTb TaKOH Ipouecc, €JHHCTBEHHBIM
pe3yabTaToM KoToporo Obl10 Obl coBeplieHHe PaboThl 3a Cuer
TeIJ1a, B3ATOr0 OT €MHCTBEHHOTO ICTOUHUKA ¢ Temieparypoii 7.
Oty paGoTy MoxkHO Obljo Obl, HampuMep MYyTeM TpeHusd,
CHOBa UEJIHMKOM IMIpPeBPaTUTh B TEIJIO, MNepefaBaeMoe Teuay,
TeMmeparypa KoToporo Bbllle, yeM 7. EQMHCTBEHHBIM pe3yJb-
TaTOM TAaKOT'0 COCTAaBHOrO Tponecca Obl Obl Nepexoj Teml1a oT
Tesa ¢ Temneparypoit T K Tey ¢ 6oJiee BBICOKOH TeMneparypoii.
Ho sTo mnporusopeumso Obl mocrysaaty Kaayauyca. Hraxk,
‘moctysnar Knaysuyca He MoxkeT OBITb CIpaBeMJIHMBBIM, €C/IH
HEBEpEH mnoctysar ToMcoHa.

TlpeanonoxuM Tenepb, YTo, HAOOOPOT, HECHPABENJUB MO-
cTysnaT Knaysuyca, u nokaxem, 4To Ipu 3ToM moctysaat ToM-
COHa TaKXKe He MOXET BBIMOJHATbCS. IIOCTPOMM OGHIYHYIO
TENJIOBYIO MallMHy, Koropas Gyier paboraTb, moJyyasi He-
KOTOpPO€ KOJHYecTBO Temsa @, OT Harpesaress, orjaBasi Q,
XOJOAWJIBHMKY M MpeBpamas pasHocTb @, — Q, B padory
(puc. 7.3).

- Tlockonbky HOCTyJIaT Kanaysuyca npeanosaraercs Hesep-
HBIM, MOXKHO OCYIIECTBHUTb IIPOUECC, €JAMHCTBEHHBIM pPe3yJb-
TATOM KOTOpPOro OyJeT Mepexoi KOJHUeCTBa TelJa, paB-
HOro ., OT XO/JCAMJbHHKA K HarpeBaTello. Cxemaryuecky
3TO MOKAa3aHO B mpaBod yactu puc. 7.3. B pesysbrare Harpe-
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paTelb OyJdeT oTiaBaTh paGoueMy Tely TelJOBOH MallHHb]
Tens1o @ ¥ noaydarh IpH npouecce, IPOTHEOpEUallleM MOCTyaa-
1y Knaysuyca, tensno @, Tak 4To B 1€/0M OH GyJeT OTAABaTh
KOJHYECTBO Temsa, paBHoe Q;—(Q,. MMenHo Takoe KonugecTBoO
TelJla MalliMHa IIpeBpailaer B pa-
6ory. B XojgonuapHHKe B 1EJIOM
HHKAaKHX H3MeHeHHH Boollle He
IPOHUCXOJMT, H60 OH OTJaer M Io-
JIy4aeT OflHO U TO K€ KOJHUECTBO
tensa Q.. Tenepsb BIJIHO, UTO, KOM-
GMHUDYS TEIIOBYI0 MAIIHHY H
npolece, IPOTHBOpeYaIlMH NoCTy -
aary Kuaysumyca, MOXKHO I[IONY-
YUThL IIPOLecC, IIPOTHBOpeYantui 0
nocryaary Tomcona. L<h

TaxkuM ofpasoM, NOCTYJaThl -
Knaysuyca u Tomcona au6o 06a  Puc. 7.3. KomGuuupys c Ten-
BepHbl, JMG0 06a HEBEPHbl, M B JOBOH MalMHOH yCTPOHCTEO,
3TOM CMBIC/IC OHH SKBHBAJEHTHpl, 1300paxenxoe wa puc. 7.1,
I/IX CIIDABEIUIMBOCTD b . KOTOPOM HapYIIAeTCA MOCTyJ/IaT

paBeIMBOCTb JJIl MaKPO-  Knayanyca, momyuaeM CHCTe-
CKOMUYECKHUX CHCTEM IIOATBEPAKAA- My, B KOTOPOH Hapyluaercs
€TCsi BCEeMH HMEIOIIUMHCA 3KC- | nocryaar Tomcona.
MePHUMEHTaJbHBIMH (aKTaMu,

Ha ocHoBe mpusenenHbiXx (JOPMYJHPOBOK BTOPOro 3aKoHa
TEPMOJHHaMHKH MOXKHO IO yYUTh pe3ysprarsl Kapuo s Mak-
CHMaJBHO BO3MOXKHOIO Kos(uimeHTa moJe3HOro JeHCTBHS
TEeIJIOBbIX MaluMH. JJIs TelJI0BON MAaIlHHbI, COBepILAtOEel UK
'MexJAy HarpeBareseM C (GUKcHpOBaHHOH Temmeparypo#t T, u
XOJIOLH/IBHUKOM C TeMeparypolt T,, KO3QpHIHEHT MOJIe3HOI0
JOEeHCTBHSI He MOXEeT IIPeBbILIaTh 3HAUEHHSA

T,—T
o on=Dgh (7.1)

/

&

HaunGosnbluee sunauexHue 1), ompegensieMoe dopMynoi (7.1),
JOCTHraeTcs” y TelIOBOH MallMHBI, COBepIUamoleld o6paTHMbIi
UMK/, He3aBUCHMO OT TOIO, YTO HCIIOAb3yeTcs B KauecTee pa-
6ouero Tena. Liuka sBaAsiercss 06paTHMBIM, €CJH OH COCTOMT U3
06paTHMBIX NPONECCOB, T. €. TaKHX, KOTOPblE MOXKHO IPOBECTH
B JI0OGOM HalpaBJgeHHH 4epe3 OJHY M TY 2Ke LENOYKY PaBHO-
BECHBIX COCTOSIHHIL.

ENHHCTBEHHBIM 0GPATHMBIM MUKJIMYECKHM IIPOLECCOM, KO-
TOPBbIfl MOXHO OCYILIECTBHTb MEXJy HarpeBareseM H XOJIOJH/b-
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HHKOM C (PHKCHDOBAHHLIMH TeMIIepaTypaMH, SIBJIseTCSl TakK Ha-

spIBaeMblit UK KapHo, cocrosiiuil U3 JBYX H30Te€PM H JABYX

agnabar, Jns upeanbHOro rasa TakoH LMK H3oGpakeH Ha

puc. 7.4. Ha yuacTke /—2 ra3 HMeer TeMmneparypy, paBHYIO

TeMiepaType  HarpeBareds

X 7 T:, H H30TEPMHYCCKH pac-

LUIHPSETCsl, mojaydyasi Temno

5 Q. ot wmarpeBatessa. Ilpu

53TOM Tra3 coBepInaer IOoJO-

2 FKUTEJNbHYIO paboTy, pPaBHYIO

noasy4yeHHoMy Ttemday. Ha

4 3 yuacTke 2—3 ras paciyps-

ercs aauabaTHYeCKH, U IpH

7 ‘7 3TOM €ro Temmeparypa mo-

: HHxKaercsa or 7T, JO 3Haue-

Puc. 7.4. llukn Kapuo ma p — V- HHsl, PABHOTO TeMIeparype

Imar.paMme HJIEaaLHOro Trasa. XOJMOJHIbHHKA Tz- COBep-

lmaeMasi raseM Ha 3TOM

yuacTke pabora paBHa yObIH ero BHYTpeHHelN aHeprdu. Ha

CIeAyIOmEeM y4yacTke 3—4 ras H30TepMHYecKH cxkKuMawT. [lpu

3TOM OH OTAaeT XOJOJIUJbHHKY KOJNHUECTBO TemJsa (J,, paBHOe

coBeplIaeMOH HaJX HHUM IIPH cxKaTHH pabore. Ha yuactke 4—/

ra3 ajgMabarHyecKH C:KHMMaiT JO TeX IIOp, IIOKa ero Temiepa-

Typa HE MOBBLICHTCA JIO0 3HAUEHHs T';. YBe/HUeHHe BHYTPeHHeH

SHEPTHH rasa IIPH 3TOM paBHO paboTe BHELUHHUX CHJI I10 CXKaTHIO
rasa.

Hukn Kapuo sB/siercss eIHHCTBEHHBLIM 3aMKHYTHIM MpO-
IECCOM, KOTOPBIA MOXKHO OCYLIECTBHTbL OGpaTHMbIM 0OpasoM.
B camom peme, agmabaTnueckue mpouecchl o6paTHMEI, €CJIH HX
IPOBOAHTb JOCTATOYHO MEJJIEHHO, T. €. KBA3HCTATHUYECKH.
MaorepMHyecKkne nporecchl — 3TO €JHHCTBEHHBIE IIPOIIECCH C
TeIJIOOOMEHOM, KOTOpble MOI'YT ObITh NPOBEJEHBl OGPATHMHIM
obpasoM. [lpu smoboMm apyrom mnpoiiecce TeMneparypa pabouero
TeJla H3MEHSETCsl U, COrIacHO BTOPOMY 3aKOHY TePMOJHHAMHKH,
TenJIOOOMEH C HarpeBaTejieM HJH XOJOJAHJbHHKOM HE MOXKET
6bIThb O6pAaTHMBIM: OOMEH TeIVIOM IIPH HAa/JH4HH KOHEYHOH pas-
HOCTH TEMIIEpaTyp HOCHUT XapaKTep NPHOIHKEHHS K TEIJIOBOMY
PABHOBECHIO H He SIBJSIETCS] PaBHOBECHBIM IIPOLIECCOM.

Pasymeercsi, oOMeH TelsioM B OTCYTCTBHE DPasHOCTH TeM-
nepatyp MPOHUCXOZHUT OecKoHeuHO MejyieHHO. Iloatomy ofpa-
THMBI LHKA KapHo nmpojomkaercss GeCKOHEUHO JIOTO H MOII-
HOCTb TEIJIOBOH MalIMHEL IPH MAKCUMAJIbHO BO3MOXKHOM K. II. K.,
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onpenessieMoM dopmyJsol (7.1), crpemutca K Hymo. IIpouec-
cbl B JIOGOM peajhbHOH MalinHe 06si3aTeNIbHO CONepKaT Heob-
paTHMble 3BeHbs, H, CIENI0OBATE/IbHO, €€ K. II. JI. BCeria MeHbLue
teoperHueckoro mpegena (7.1).

IIpeoGpazoBaHne BHYTpeHHEH SHEPTHH B MeXaHHUYECKYIo,
KakK CJefyeT U3 BTOPOTO 3aKOHA TEPMOJNHAMHKH, HE MOXKET
GbITh IIPOH3BEJIeHO IONHOCThI0. /1S TO-
ro 4yToObl MIPEBPaTHTh B MEXaHHYECKYIO T
SHEPTHI0O  MAKCHMaJbHO  BO3MOXKHYIO
yacTb BHYTpeHHeH »HepruM, Heo6xo-
JUMO HCIOJb30BaTh  UCKJIOUHTEJIBHO
obparumele npoueccH. s uamoctpa-
LHH PacCMOTPHM CHEAYIOWME TNPHUMEDP. Puc. 7.5. K mnotyue-
HyCTb HMEETCA HEKOTOpOoE€ TeJO, HEe  HHWL MaKCcHMaJbHOH pa-
HaxoJsmeecss B COCTOSSHHH TeIJIOBOro Gorl.
paBHOBECHsI C OKpyXKalolleH cpenoH,

HanpuMep HAealbHH ra3 B LWIMHApE C MOpLUIHEM, HMelo-
mub temnepatrypy 7T,, O6osee BBHICOKYIO, YeM TeMmIeparypa
okpyxatoweit cpeapt T (puc. 7.5). Kakum o6pasoM MOXKHO
NOJYYUTh HAuBOJbLIY paboTy NPU YCJIOBHH, UTO B KOHEUHOM
COCTOSIHHHM Ta3 [O/IKEH 3a-

HHMaTh TOT ke oGbeM, uro ¢ “
¥ B HaYajbHOM? R

Ecaun 6bl  Temmeparypa i\
rasa Obl1a paBHa TeMIepa-
Type OKpyXawied cpensl,
T. €, r'a3 HaXxoAwiIcs Obl B Tel-
JIOBOM pPaBHOBECHM C OKpPY-
’KeHHeM, To HHUKako#l pabo-
Thl BOOOIIE IOJYYUTh ObLIO
66l HeBo3MOKHO. ITpeBpaine-
HHe BHYTDEHHeH >3HePrMH B »
MEXaHUYECKYI0 MOXKET HpOo- J V 14
HCXOIUTL  TOJILKO B TOM  pyc 7,6, [Tponecc nosyuenus Makch-
Clyyae, KOI‘lIau HaAYaJIbHOE  mannHoi paGothl wa p — V-guars
COCTOsIHHE BCEH  CHCTEMbI pamume.

He sBJIsieTCS] PaBHOBECHBIM,

Ho u npu HepaBHOBECHOM HauaJbHOM COCTOSIHMHM IIePEXof
CUCTeMpl B COCTOSIHUEC paBHOBECHsI He 0053aTesbHO COMNpo-
BOXJaercsi IpeBpallleHHeM BHYTPEHHEH 2HepruH B MeXxa--
HHUYecKylo. EcnM mpocro NpHBECTU ra3 B TEIJIOBOH KOHTAKT C
OKpyxarwell cperofi, He AaBas eMy paClUMpsTbCs, TO Tas3

<p

RS
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OCTBIHET M HHKAKOH paGOTHl MPH 3TOM COBEPIIEHO He GYIeT.
IlosToMy /18 BO3MOXHOCTH COBEpLUEHHS PaGOTHl HEOGXOLHMO
HpPeJOCTaBHTL razy BO3MOXHOCTL DAaCIIUPsSITLCSH, HMes B BHAY,
4TO NOTOM €ro NpHJeTcH CKaTh, TAK KaK IO YCJOBHIO B KOHeY-
HOM COCTOSIHHH ras JOJIXKeH 3aHHMAaTh TOT ke O0LeM, YTO H B
HayajqbHOM. [ln1A mosydyeHHs MaKCHMajbHOH paboThl mepexol
M3 HauaJbHOTO COCTOSIHHS B KOHEUHOE JIO/KeH ObITh NMpOH3Be-
IeH ofparMMo. A 3TO MOXKHO CHesaTh, TOJBKO HCHOJb3Ys
. aguabaTHUeCKHe U H30TepMHueckHe mpoueccel. Mrtak, ras cie-
IyeT aiHabaTHUeCKH paciMpsiThb [0 TeX IOp, HOKA ero TeM-
nepatypa He CTaHeT pPaBHa TeMIepaType OKpYXarouleH cpelsl
T, a 3aTeM H30TepMHUECKH CXaTb IPH 3TOH TeMmepaType IO
ucxonHoro o6nema (puc. 7.6). CoBepinaeMas ra3oM NpH ajua-
6aTHuecKoM pacludpeHHd [—2 paGoTa, KaK BHIHO U3 PHCYHKA,
6osblue TOH paGoOThl, KOTOPYIO NPHIAETCS COBEPIUHTL Haj [a3oM
OPH H30T€DMHUECKOM cXatud 2—3. MakcuManbHasi pabora,
KOTODP YO MOXKHO IOJYYHTb IIDH NMepPeXojie ra3a H3 COCTOAHHsA [
B COCTOSIHHE 3, paBHa NJOWALH 3alITPHXOBAHHOTO Ha pHc. 7.6
KPHBOJIMHEHHOro TpeyroJbHuka [—2—3.

§ 8. CraTHcTHuYecKass mpHpoAa HeoOpaTHMOCTH
TEMJOBBIX NPOLECCOB

TepMmonuHaMyuecKHH MOAXOJ HE NO3BOJSET BCKPHITH BHYT-
PEeHHIO NPUPOALY HEOGPaTHMOCTH peasbHBIX NMPOHeccoB B MaK-
pocKonmHueckux cHcreMax. OH TOJABKO (HKCHPYeT ¢akT Heob-
paTHMOCTH 'BO BTOPOM 3aKOHe, ONHpasicb Ha SKCIEPHMEHT.
MonexynspHO-KHHETHYECKHH NOAXO] NMO3BOJSAET NpoaHa H3H-
poBaTb NPHYHMHBI TakoHi HeoGPaTHMOCTH peasIbHBIX IPOLECCOoB
H onpejie/leHHOA HanpaBJeHHOCTH 3HEPTeTHUECKHX NpeBparue-
HH} B npHpole.

PaccMOTpHM ¢ TOYKH 3peHHs MOJeKYJAPHO-KHHETHIECKOH
TEOpHH MOJe/Ib THIOTETHYECKOro «BE€UHOro» ABHTaTe/lst BTOPOro
pona, usoBpaxennyw Ha puc. 8.1. Ilpeanmonoxum, uto 3TOT
«BEUHBIH» JBHraTte]b paboTaeT CAEAYIOIHM 06pa3oM: ras camo-
NPOH3BOJIbHO COBHpAETCsi B J1€BOH NMOJIOBHHE UHJHHApA, MOCIe

. 4ero NnopineHb MOABHIAOT BIVIOTHYIO K rasy. IIpH Taxom nepe-
MEHIEHHH BHEIIIHHE CHABL PaGoThl HE COBEPIIAIOT, TaK KaK cobpaB-
wHiics B JeBoH MOJOBHHe Tra3 HE OKas3blBaeT JaBJEHHS Ha
nopiueHb, 3aTeM MOABOAHM K ra3y TeIJO H 3aCTaB/feM €ro
H30TEPMHUECKH PaCIIHPATBCH O mpexsHero obheMa. IIpn sToM
ras cosepliaer paGoTy 3a cueT nojBoauMoro tenJa. Ilocse



§ 8. HEOBPATUMOCTDb TEIIJIOBbBIX IIPQIIECCOB . 181

TOro, Kak I[OpUIeHb nepeififieT B KpaliHee [paBoe IOJNOXKEHHE,
GyneM XJaTh, I0Ka ra3 CHOBA He CO0epercsi CaMONpPOU3BOJIbHO
B JIeBOM IIONIOBHHE cocyla, M 3aTeM TNOBTOPSieM BCE CHOBA.
B pesyabTate nonyyuiach NEPHOAHYECKH JCHCTBYIOllas Ma-
fIMHAa, KOTopas coBepiaeT paboTy TOMb- .
KO 3a CUeT IOJYYEHHS Tellla OT OKpY-
XKawLed cpenpl.
MonekyaapHo-KHHEeTHUECKass  Teo-
pHusl NO3BOJSIET Cpa3y OOBACHHUTH,, IO-
ueMy Takoe ycrpoiictBo He OyzeT pa-
6otatb. Kak Mbl BHIETH, BEpOSITHOCTb
TOTO, UYTO ras, COAepxKaiuil GOJbIIOE
yHuCaId MOJEKYJ, XOTs Obl OMH pas ca-
MOIIPOK3BOJIBHO cofepercs B OJHOH Io-
JIOBUHE COCyJa, HHUTO:kHO Mana. M yx
COBEpILEHHO HEBO3MOXKHO cefe mpescTa-
BHUTb, 4TOGbl 3TO MOIVIO IOBTOPSATBCS
pas 3a pasoMIo Mepe paGOThl MalIUHBI.
Tenepr MOXHO yKa3aTh, KaKoH

CMBbICJI BKJAaIbIBaeTCs B IIOHSITHE He- -
o6paTuMoro Iporecca: Mponece ABJseT-
csl HeoGpaTHMBbIM, ecd O6paTHBIR [IpO-. Tenno

Lecc B JAGHCTBUTENBHOCTH IIOYTH HH-  Pyc, 8.1, Ogun H3 Ba-
Korga He mpoucxoaur. CTPOFOro 3a-  pHAHTOB «BEHOTO» ABH-
NpeLeHHs 1JIS TAKOro Ipollecca HeT —  FaTens BTOpOro poja.
OH IPOCTO CJIHLIKOM MaJIOBEPOSITEH, UTO-

Obl ero MOXKHO Obl10 HaG/MI0aTh Ha onbiTe. Tak, paccMOTpeHHbIH
IpUMep «BEYHOIO» JABUraTe/Isi BTOPOrO POJa OCHOBBIBAJICS Ha
nporecce CaMONPOU3BOJNBHOH KOHIEHTPALlMH rasa B OJHOH
nosnoBHHE cocyia. Tako#f nporecc sBAsieTcss OGpaTHBIM A5
npoLecca pacunIMpeHHss rasa B nycrory., Pacumpenue rasa
B IIyCTOTY INpEACTaBafeT cof6od OAMH U3 Haubojee APKHX IpH-
MepOB HEOOpaTHMBIX IPOLECCOB — OGPaTHBIA IIpolecc B Mak-
POCKOIIMYECKOH CHCTeMe HHMKOrAa He Ha6J/ojalcs.

Taxum of6pa3oM, ¢ TOYKH 3PEHHS NPEACTABIEHHH MOJIEKY-
JISIDHO-KMHETHYECKOH TeopHH BTOPOH 3aKOH TEPMOIMHAMHKH
YTBep:KIaeT TO, YTO B MPHPOJe B MAKPOCKONHYECKHX CHCTEMax
[porecchl PasBUBAIOTCSl B TAKOM HallPaBJICHHH, KOTJd MeHee
BEPOSITHbIC COCTOSIHMSl CHCTeMbl 3aMeHAIOTCS Ha Gosee Bepo-
sITHple, Takas HHTepIIpeTauus BTOPOro 3aKOHa TePMOAHHAMHKH
Obla BHepBble IpeiJyokeHa DBoubuMmaHoM. [Ipu  paccmorpe-
HHM (IYKTyalM#d IJIOTHOCTH H€aJbHOro rasa B § 4 Gbl1o
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BEISICHEHO, YTO COCTOfIHMA rasa, NPU KOTOPHIX pacrpefene-
HUE MoJieKy/ 6JIM3KO K paBHOMEPHOMY, BCTPEUAioTcsl TOpasio
yame, YeM jJajexHe OT PaBHOBECHS COCTOSIHHA € CUJIbHO Hepas-
HOMEPHBIM pacnpefeseHueM Moaekys. [pyrumu cjoBamu, co-
CTOSIHUAl C HEPaBHOMEPHBIM pacnpefeNeHueM MOJeKYJa 10
o6beMy, IPH KOTOPHIX UHCJIO MOJIEKYJ B IIPaBofi U JIeBOH MoJo-
BHHE COCYaa CHJIBHO Da3jgHuaercs, UMEIOT Topasfo MEHbLIYIO
BEpPOSITHOCTb, UeM COCTOSIHHSI C NOYTH DaBHOMEDHBIM pacmpe-
neleHueM, 6au3kue K paBHOBecHoMy. Hrak, HeoGparuMmiii
npoLecc NPUOIHKEHUSA K PABHOBECHIO — 3TO NEpPeXoj| K Hau-
Gosiee BEPOSITHOMY MaKpOCKONHYECKOMY COCTOSIHHIO.

CkazaHHoe BHIIIE 0 TPUPOJIE HEOGPATHMOCTH PeasbUbIX PO~
[IeCCOB MOXHO C(hOpMy/HPOBaTh U HECKOJbKO HHaue. MoKHO
CKa3arb, 4YTO HeoO6paTHMBI NepeXol K PpaBHOBECHIO — 3TO
Nepexoy OT B CUJIbHOH CTENeHH yNopA10YeHHBIX HepaBHOBECHH X
COCTOAIHUH K MeHee yropsIOYeHHBIM, Xa0THUECKUM COCTOSIHHSIM.
Ilpn pacmupeHHH rasa B NYCTOTY HayalbHOE COCTOSIHUE,
KOTJa Ta3 3aHHMaeT YyacTh MNPEJOCTaBJCHHOro eMmy ob6bema,
ABJISIeTCS] B 3HAUUTEJbHOH Mepe YNOpSIOYEHHbIM, B TO BpeMs
KaK KOHEeYHOe COCTOSIHHe TEIJIOBOTO PaBHOBeCHs, Korja ras
paBHOMEPHO pacnpefieleH No BceMy o6beMy cocyla, SBJsercs
COBEPIIEHHO HeynopsaoueHHHM. JIpyrofi npumep — Hampas-
JIeHHBbIH NYy4YOK MOJEKYJ rasa, BXOASIIHH B OTKayaHHBIH coCy.
YcraHoB/IeHHe DaBHOBECHOTO MaKCBe/JOBCKOTO pachpefene-
HHUSl MOJIEKYJI 110 CKOPOCTSIM NpejcTaBJ/iser coGoll HeoGpaTuMhIfi
NpoLECC nepexoa CUCTeMBl H3 YIOPALOUEHHOTO COCTOSIHUS,
KOrJa BCe MOJIEKYJBl HMEIOT NOYTH OJHHAKOBBIC MO BEJHYHHE
H HalpaBJeHHI0 CKOPOCTH, B KOHEYHOE COCTOsIHHe, Xapakre-
" pU3YIOUIeeCs] MOJHOH XAOTHUHOCTBIO [BHXKEHHSI MOJIEKYJI.

C 3TOll TOYKH 3peHHsl JETKO MOHATb - yCTaHaBJIHBAaEMYIO
CTOPHIM 3aKOHOM TEPMOJMHAMHKH OMpEAENEHHYIO HanpabBJeH-
HOCTb 3HEepreTHyecKMX NpeBpalleHuil B 3aMKHYTOH MaKpOoCKo-
nuyeckoll cucreMe. Koraa 1e10 noayuaeT HEKOTOPOE KOJHYeCT-
EO Ten/a 3a CUeT COBEpINeHHs MeXaHu4eckKol paGoTel, TO 3TO
O3HAYyaeT HeoOpaTHMOE MpeBpalleyHe KUHETHYECKOH 3SHepruu
VHOPSIOYEHHOTO MaKPOCKOIHUYECKOTO JABUKEHUS! B KHHETHUec:
KYIO- 3HEPTHI0 XaO0THUYECKOTO JBMKEHUS MojekyJ. lIpeBpaiie-
Hue TenJa B paboTy, Hao60pPOT, 03HaYaeT NpeBpaleHHe S3HEePTHH
6eCriopsiIOYHOr0 JBUKEHHS1 MOJEKYJ B 3HEpPTHiOo YNOpSIoueH-
HOTO JBHXKEHHS] MaKpOCKONHYECKOro Tesa — TakoH mnepexor,
KakK Mbl BHJIENH, B NPUHIHNE BO3MOXKEH, HO HCKIIOUHTENLHO
Manosepomen. ' -



§ 9. PEAJIbHBIE I'A3bl. YPABHEHHE BAH-JEP-BAAJILCA 183

* HeobpatuMuil xapakTep NpoOLECCOB Mepexola B COCTOSIHHE
TENJOBOTO PABHOBECHSl, YCTAHABJIWBAeMblH BTOPHIM 3aKOHOM
TEDMOJHMHAMHUKH, CNIPABELIUB TOJBKO 17151 GOJNbIIHX MaKPOCKO-
nuyeckux cucreM. C TepMOAMHAMHUUYECKOR TOUKHM 3pPEHHUsT H30-
JUpOBalHas CHCTEMa, MpPHILEAass B COCTOSIHHE TelJOBOro
pPaBHOBECHSA, HE MOXET CaMOIPOU3BO/JIbHO BHIHTH H3 3TOrO
cocrosHus, OJHAKO CTaTUCTHYECKas MEXaHUKa JONYCKaeT
CylecTBOBaHHe (QWIYKTYauMH, KOTophle (PaKTHYECKH NpELCTaB-
JAIT  c000fl CaMONpPOM3BOJIbHbIE OTKJOHEHHS] CHCTEMBI OT
paBHOBecHs. Kak yxe oTMeuasoch, yeM GoJbllie 4acTHIL B CH-
CTeMe, TeM MEHbIe OTHOCHTENbHAasi BeIMYHHA (UIYKTYyalHil
moBoro MaKpPOCKOMMYECKOro NapaMerpa, M AJs ROCTaTOYHO
60JIbILON CHCTEMBl (WIYKTYalUsIMH BOOGLLE MOXKHO NpeHeOpeyb.
VIMeHHO MO3TOMY 111 TAaKMX CHCTEM ClipaBe/JIHB BTOPOH 3aKOH
TEPMOJAMHAMUKH,

B cucremax ¢ He6OJBIUIMM YHCJIOM YacTHI OTHOCHTE/bHas
BeIMYHHA (QUIyKTyauuil BejHKa, T. €. CAMONPOH3BOJbHbIE OT-
KJIOHEHHUs1 KaKOH-IHOO BENIMUMHBLI OT €€ CpEIHero 3HauyeHHUs
MOryT ObITb CPaBHHMBI C CaMHUM CpeIHHM 3HaueHueM. Takag
CHUCTEMa YaCTO CaMONpPOH3BOJILHO BBIXOJAUT U3 COCTOSIHUS
pPaBHOBECHS, U BTOPOH 3aKOH TEPMOAHHAMHKH 3JeCb Hellpume-
HMM. XapakTepHbl mpHMep HapyuieHHs BTOPOrO 3aKOHA Tep-
MOJMHaMHKH B JIOCTaTOYHO MaJjblX CHCTEMaX — GPOYHOBCKOE
IBHKEHHME, NPH KOTOPOM B3BElEHHAas B JKMJKOCTH YacTHIa
N07y4aeT KHHETHUECKYIO 3HEPrHI0 OT MOJEKYJ OKpY:XKaloweH
Cpelbl, XOTS TeMIepaTypa Cpelbl He BhIE, YeM TeMrIeparypa
caMoli GPOYHOBCKOH YacTHIBIL.

TA3bl, XHAKOCTH, ®A30BBIE NMEPEXO/DbI

§ 9. Peanrbnble rasp.. Ypasuenue BaH-nep-Baasbca

TloBenenue peanbubix ra3oB B TOH HJIM MHOH CTeNeHH OTJIH-
4aercs OT MOBEIECHHA HACAJLHOrO rasa, ONHMCHIBAEMOro YpaB-
HenneM Menzeneepa — Kaanefipona. OTKJIOHEHHs1 3aBHCAT He
TOJBKO OT TOro, C KAaKHMM TasoM -— KHCJIOPOAOM, a30TOM H
T. .- Mbl HMeeM Je/10, HO M OT TeX YCJOBHil, B KOTOPbIX Ha-
xonurcs ras. Uem Gonee paspexkernr T'as U 4yeM BbllLE €rO TeM-
nepatypa, TeM MEHee 3aMETHH 3TH OTKJIOHeHHA. [lostomy
NPUMEHHUMOCTb MOJEIH HJEaNTbHOTO Tas3a K ONpPENeNCHHOMY
peasbHoMy rasy ompefessieTcs He CTOJbKO CBOHCTBaMH CaMoro
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rasa, TaKHMH, KakK pasMepbl H Macca ero MOJIeKyJ H B3aHMo-
IEeHCTBHA MeXJAYy HHMH, CKOJbKO YCJOBHSMH, B KOTOPBIX
HaxXONHTCS ras. ‘

BsauMozeficTBHe MeXay MoJieKyJdaMH peastbHOro  rasa
HOCHT HaCTOJIbKO CJOXHBIH XapakTep, YTO HEBO3MOXHO NOJY-
YHTb ypaBHEHHE COCTOSIHHS, KOTOpO€ KOJIHYECTBEHHO NPaBH/Ib-
HO OHHCbIBaJIO Gbl NOBEIEHHE PeasbHOro rasa Bo BCeH 06aacTH
BO3MOXKHBIX H3MEHEHHH ero TeMnepatypbl H IJIOTHOCTH. Mox-
HO, OJHAKO, HamHCaTbh NPHOJHXKeHHOE ypaBHEHHE COCTOSIHHS
peaJbHOro rasa, YYHThiBaiolllee OCHOBHBIE KaueCTBEHHBIE OCO-
GEHHOCTH MEXXMOJIEKYJISAPHOTO B3aHMOAEHCTBHSA.

B Momenu wmpeasqbHOro rasa He YYHTHIBJIOCh HH B3aHMO-
JICHCTBHE MOJIEKYJl Ha pacCTOSIHHH, HH KOHEYHbIH pasmep
caMHX MosekyJs. CHJIbl B3aHMOAEHCTBHA MEXKIY MOJEKYJ/aMH
HMEIOT 3JIeKTPOMAarHUTHY0 NPHPOAY, XOTS B LEJIOM MOJEKYNbl
3JIeKTPHYECKH HeHTpa/bHbl. Ha GoJbliHX pPacCTOSHHSAX MoJe-
KYJIBl HPHTSTHBAIOTCS APYT K APYrY, a Ha MaJsblX — OTTaJKH-
Batotcs., CHJIBI 1IPHTSKEHHS MEXKAY MOJeKYJaMH GhicTpo YOBI-
BalOT C YBeJHYEHHEM PacCTOAHHS MEXIY HHUMH, H HOSTOMY
NpH MaJsiofl NJIOTHOCTH ra3 BefeT ceGs KakK HieajbHbIH. Ho Tem
He MeHee CHJbl IIPHUTSXKEHHS CYLIeCTBEHHB!, TaK KaK HMEHHO
OHH NPHBOIAT K KOHAEHCALHH rasa B XKHAKOCTb. OTTaNKHBaHHe
MOJIEKYJ Ha MaJIbIX PACCTOSIHUSIX HACTOJBKO OBICTPO BO3pacTaer
NPH HX COJIHXKEHHH, YTO C XOPOILeH TOUHOCTbIO MOJIEKYJIB MOXK-
HO CUMTATh TBEPAbIMH B3aHMHO HE NMPOHHKAIOUHMH TEJaMH H
TOBOPHTb 06 HX COGCTBEHHOM oObeMe. DT0T 06'beM CTaBHT Ipe-
IeJl BO3MOXKHOMY CXaTHIO rasa.

[lpucrynasg x mnoayyeHHIO an6Jm)erHoro YpaBHeHHs
COCTOSIHHA peasbHOro rasa, 6yAeM CYHTaTh, YTO B3aHMOJEH-
CTBHE MOJIEKYJl MPHBOIHT JIHIIb K HeGOJBIIHM NONpaBKaM B
ypaBHEHHH COCTOSIHHSI HpeaJbHoro rasa. IIpu JocraroyHo
BHICOKHX TeMreparypax H MajblX TJIOTHOCTSIX rasa HCKOMOe
ypaBHEHHE JOIKHO HPHBOAHTH K TEM Ke pe3yJbTaraM, YTO H
ypaBHeHHe MeHpeneeBa — Kianefipona.

Tpexxze Bcero yureM KoHeYHbIE COGCTBEHHBIE pasMepbl MoJIe-
KyJ1. DdaKTHYECKH 5TO NPHBOAHT K TOMY, YTO HPeNOCTaBJIEHHBIH
MOJIEKYJIaM Tasa JyIs IBHXKeHHS o0beM GyIeT MeHblle ofbeMa
cocyga V. TlosToMy B ypaBHEHHH COCTOSIHHA 1 MOJd HAealb-
HOTo rasa saMeHuM o6veM V Ha V—b, rae b.— xapakrepHas
JVIs JQHHOTO rasa NOJIOXKHTEIbHAs TIOCTOSIHHAS, YYHTHIBAIOLAS
3aHHMaeMHIfi MOJIEKYJ1aMH O06bheM:

p(V—b)=RT. (9,1)



§ 9. PEAJILHBIE I‘AEIbI. YPABHEHHE BAH-JEP-BAAJIBCA 185
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, I3 s1OrO ypaBHeHHs BHAHO, YTO 0GbeM rasa V He Moxker
6LITE ClEeTaH MeHblle, ueM b, Tak Kak npH V—b naBienue
rasa p HeEOrpaHHueHnHo Bo3pacraer. Pasymeercsi, He ciaeayer
OXKHJATh, UTO NpH 3HaueHHAX V, GIU3KHX K b, ypaBHCHHE
(9.1) 6yner mpaBHJIbHO OINMCHLIBaTh IIOBEAEHHE rasa, W60 mo
CBOEMY CMBICJY INOCTOSTHHAasi b sBJsIeTCsl MaJoH ITONpaBKoOH:
bV.

YureMm Tenepr nposJjsouleecss Ha GOJBIIHX PacCTOSHHAX
[PHTSKEHUE MeXKIY MoJeKyJaMH. [IpuTsKeHHe JONKHO NpPH-
" BOOHTb K YMEHBIIEHHIO OKa3bIBaGMOIO ra3oM JaBJCHUS Ha
CTCHKH COCYyJa, TaK KaK Ha KaXJyi0 HaXoAsulyrocss BOJIU3H
CTEHKH MOJIEKYJY GyJeT JAeH#CTBOBAaTb CO CTOPOHBI OCTAJbHBIX
MOJIeKYyJ rasa CuJa, HaopaBJeHHasl BHYTpb cocyjaa. [lostomy
JaBJIeHHEe Ha CTeHKH p OyJeT MEHbIIC 3HAYeHHs, 1aBaeMOro
BoipaxkenueM (9.1), Ha HEKOTOpYIO BeJHUHHY p':

RT '

OT uero MoxeT 3aBHCEThb BeJHUHHA p'? MOXKHO OXHIATh, UTO
B Ipy6oM IPUGJIHKEHHH CHIa, AEHCTBYIONIAs HA KaXIyio MoJjie-
KyJy CO CTOPOHBI OCTAaJIbHBIX, GYAET NPONOPLUHOHAbBHA YHCTY
OKPYXaloIHX MOJIEKYJI, T. €. IUIOTHOCTH Fa3a, ClefoBaresbHO,
 TIONPABKa K IepelaBaeMOMy OTJAeJbHOH MOJIEKYJIOH UMITYJIbCY
HOPH yJAape O CTeHKY NPONOPLHOHAaJbHA NJOTHOCTH rasa. [lo-
IpaBKa Xe K IepeiaBaeMOMY IPH yAapaX O CTeHKY BCeMH
MOJIEKYJIaMH HMIYJbCy (T. €. K JaBleHHio) GyAeT IpomopLHo-
HaJIbHa KBaJpary IJIOTHOCTH [asa HJIH, UTO TO XKe CaMoe, ofpar-
HO NMPONOPLHOHANbHA KBaApary obweMa. [TostoMy BhipaxkeHHe
LJs p' MOXKHO 3amucaTth B BHIE

P=, .93)

rle g — XapakTepHas JAJs JaHHOTO rasd IOJNOXKHTEeJbHAas II0-
crosHHas. [lockoneKy p’, Kak u b, siBJAsieTCS MaJioH MONMpas-
KOH, JO/IKHO BBINOJHATLCSI HEpaBeHCTBO a/ V2« p. Toacrapasis
P’ u3 ¢opmyasr (9.3) B ypaBHenue (9.2), noayunm

(p+73) V—t)=RT. 9.4

YpaBuenue (9.4) HocHT HasBaHHe ypaBHeHHs Ban-nep-Baannbca.
OHo ' IPHGIHIKEHHO YYHTHIBa€T OCOGEHHOCTH NOBEACHUS. PEalb--
HOTo - r'asa, OGYCJIOBJIEHHBIE MEXMOJIEKYJISAPHHM B3aHMOAEH-
crBueM. [locrosinnnie Ban-pep-Baaabca a u b onpenensiiores
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OMBITHBIM IIYTEM: HX 3HaueHHs AJIsl KaXKJOro rasa BbhIOHpaloTcs
TaKHM 00pa3oM, uToOwl ypaBHeHHe (9.4) HauaydlIHM o6pa3oM
OIHCHIBA/IO MOBEJCHHEe JAHHOFO rasa.

He caexyer paccMaTpHBaTh NpHBEAEHHBIE BBIILE paccysKae-
HHSI KaK CTPOrHH BbIBOJI YPABHEHHSI COCTOSIHHS PEasNbHOrO rasa.
Ounn npezacrapasioT coboif npuMep (PeHOMEHOJIOTHYECKOrO HOJ-
X0la, NIPH KOTOPOM KaueCTBEHHBbIH BHJI 3aKOHOMEPHOCTH YCTa-
HABJHBAETCs C TOMOIIbI0 HABOASIMIMX COOGPAaKEHHH, a KOJH-
yecTBeHHble XapaKTEPHCTHKH — B JaHHOM CJyyae NnocTOsTHHBIC
a 1 b— HaxomaTcss M3 CpaBHEHHs1 C 3KcmepHMenToM. Kax
1 BCsikoe eHOMEHOJIOrHYeCKoe COOTHOLUCHHEe, ypaBHeHue BaH-
lep-Baanbca B HekoTopolt 06/acTH — NPH JOCTaTOYHO BBICO-
KHX TeMIeparypax ¥ MaJjblX IJIOTHOCTSX — JaeT NpPaBHJbHOE
KOJIHUeCTBEHHOE OnHCaHHe CBOHCTB peaJbHOro rasa, TOrJa
KaK BO Bcell 06/1aCTH H3MEHEHHS! apaMeTPoB OHO JaeT TOJbKO
KayeCcTBEHHYI0O KapTHHY IOBEACHHs Trasa.

Kpome ypaBuenus: Bau-zep-Baanbca 6bl10 HpeasoxeHo
MHOTO ADYTHX 3MOHPHYECKHX YPABHEHHH COCTOSIHHSI peasbHBIX
razos. HekoTopble H3 HHX JAIOT Jiyylllee COFJlaCHe C ONBITOM 34
cueT 60IbINEro YNCAa BXOAALHNX B HHX (PeHOMEHONOTHYGCKHX 110~
cTosiHHbIX. OJHAKO NMpH KaueCTBEHHOM HCCJEeJOBAHHH MOBeLe-
HHS peasbHBIX Fa30B yAOGHO HCHOJb30BaTb HMEHHO ypaBHe:
Hie Ban-nep-Baanbca Gmarojapst ero npocrore H sicHoMy ¢H-
3HUECKOMY CMBICTY.

Jnsi vecsieIoBaHHt st IOBEICHHSI Fa3a pacCMOTPHM onpeesie-
Mble ypaBHeHWeM Bamu-mep-Baanbca uzorepmbl, T. €. KpPHBbiE
3aBHCHMOCTH p -0oT V npH 3aiaHHBIX 3HAYCHHASIX TeMIlepaTyphl
T. C 2Tofi uesblo nepenuiieM ypaBHeHHe (9.4) B BHIe

Va—(b+5p?>vz+%v—“—;=o. ' (9.5)

Ilpu (pUKCHPOBaHHBIX 3HAYCHHAX p H T 570 ypaBHEHHE TpeTbel
CTerneHH OTHOCHTeNbHO V. YpaBHEHHE TPETbeH CTeNeHH HMeeT
nn6o oAuH, JuGO TPH BelleCTBeHHBIX KOPH#A. IlosTomy mnpu
JaHHBIX 3HAUeHHsX JaBJeHHs] H TeMIeparypbl ypaBHeHnHe (9.5)
aaet Au60 OHO, JNHGO TPH 3HAYEHHS 00beMa. 2TO 3HAYMT, YTO
Ha p—V-mHarpaMMe H30TepMa HepeceKaeT FOPH30HTANbHYO
upsimyto p==const nuGo B oxHOH, JHGO B Tpex Toukax. Ha
puc. 9.1 npHBeneHb H30TEPMBI, COOTBETCTBYIOUIHE P Aa3JHYHBIM
sHauenuaM temuepatypel T:>T,>T,>Ts. H3sorepma, coor-
BETCTBYMOIlasi J0CTaTOYHO BBICOKOH Temmepatype 75, Maso
OT/IMYaeTCH OT H30TE€PMbl HIEATBHOFO ra3a,’H OJHO H3 CaMBbIX
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CYUIECTBEHHHX OTIWYHE 8aKJIOUaeTCA B TOM, YTO 3HAYCHHE
obbema V HM IPH KaKHX JaBJAEHHAX He MoXKeT ObITb MeHblie b.
[Ipu nocrarouHo HU3KHX TemnepaTtypax Ty H T's H30TepMBI CO-
JiepKar BOJHOOGpa3HLIi yY4acTOK, TaK 4To mpsAMas p=comst
TPUXKAbL nepecekaeT usorepMy. CyliecTByeT HEKoTopas TeM-
nepartypa T,, Takas, YTO COOTBETCTBYIOUlas el H30TepMa OTAe-
JITeT BCe MOHOTOHHLIE H30TE€PMBI, JeXallue Bbillle Hee, OT «Iop-
faTbiX», Jexaulux Huxe. Takasa TeMmiepaTypa H COOTBETCT-
Bylollas €l M30TepMa HOCAT HA3BAHHE KPUTHYCCKHX.

JIas TOro uToGbl BLISICHHTb CMBICJ 3TOH Ha HEPBBI B3IVISIA
BeCbMa CTPaHHOH 3aBHCHMOCTH, C/ICAYeT OoOpPATHTLCSA K OMBITY.
Ha puc. 9.2 nokasaHbl moJyu4eHHbIE 3KCICPHMEHTAJbHO H30-
TepMbl yriekucaoro rasa CO,. I1py BLICOKHX TeMIepaTtypax 5TH
H30TePMbl OYEHb MOXOXKH Ha H30TEPMBbI HAeajbHOro rasa. Ilpu
HH3KHX TeMmIeparypax XapakTep H30TepM CYIIECTBEHHO ApY-
rofi: y HHX HMeeTcsl TOPH3OHTAJbHBIA YYacTOK, :Ha KOTOPOM
JaBJCHHE OCTaeTCsl MOCTOSIHHBIM, HECMOTPSl Ha H3MCHEHHE
obbema.

PaccMoTpuM, KakuM (H3HYECKHM MPOLECCAM COOTBETCT-
BYIOT pas/iMYHble YYacTKH u30TepM, IIpu H30TepMHUECKOM
CXKATHH OJIHOTO MOJIfl YIVIEKHCJOTHl Ha yuactke AB (puc. 9.3)
OHa BeJleT celst oJ0GHO HeaJbHOMY Ta3y: AaBJEHHE Bo3pacTa-
eT IPH yMCHLIICHHH oO0beMa. IIpH JaabHeHIlleM CXKAaTHH AaB-
JICHHE OCTaeTCsl HEH3MEHHBIM, & B COCY/ie MOSIBASCTCA KUAKAS
yrJekHucaora. Tak mpojomkaercss Ha BceM yuactke BC, moka
B Touke C BeCb ra3 He CKOHJEHCHPYETCS] B KHJKOCTb. ¥YUYacTOK
BC coOTBeTCTByeT PaBHOBECHIO MEXKAY KUJAKOH YIVIEKHCIOTOM
H ee HacbIUIeHHbIM 1apoM. JlanbHefiliie MONKTKH CKATHS KU
KOCTH COIPOBOKJAIOTCSl PE3KHM yBEJHYeHHEM JaBJeHHS MpH
CaMOM He3HAUMTeJbHOM YMEHbHICHHH ofbeMa.

"Hanoxum na rpaduk skcnepumMeHTaJbHO TMOJYYCHHOH H30-
TepMBI TeopeTHUYecKy KpHuBylo Bau-mep-Baasbca ans Toh ke
camo#i Temneparypbl. Ha yuactke AB, COOTBETCTBYIOUIEM Ta30-
00pa3HOMY COCTOSIHHIO, 00€ KPHUBBIE MPAKTHUYECKH COBMAZLAIOT:
ypaBHeHue Ban-nep-Baannca BHOJHE — yJIOBJETBOPHTEILHO
omHChIBaeT cBoficTBa MmapoB, AaJ€KHX OT HacbiuleHHs. Kpyrofi
XOJ TeopeTHUecKoi H3oTepMbl Ha ydacTke CD KayecTBEHHO
NPAaBHJIbLHO IEPEJaeT Majlyi0 CKHMaeMOCThb JKHJIKOCTH, XOTH
SKCIEDHMEHTAa/bHas H30TepMa HA 3TOM Yy4yacTKe HAET elie
Kpy4de. Ho BonHOOGpa3HbI yY4acTOK TEOPETHYECKOH H30TePMEI
COBEPUICHHO He II0X0X Ha COOTBETCTBYIOLIEE €My MJ1aTo
9KCIIePUMEHTA/IbHOH KPHUBOH, '
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OnHako OKasbiBaercs,. UYTO Pl COCTOSIHHH, TOMaAaloUHX
B 06J1acTh «rOpPGOB», MOXKET ObITh 3KCIEPHUMEHTANBbHO OCYIIECTB-
JIeH TIpH COGMIOEHHH ONpeleneHHbX ycaoBHH. Tak, B cBO6OA-
HOM OT NBUIH M 3apsDKEHHBIX 4YacTHIL NpPOCTPAaHCTBE YAaeTrcs
NpH NOCTENEHHOM CXATHH MOJYYHTh Napbl IPH JaBJEHMH,
Go/ibllieM JaB/eHHs1 HaCHUIEHHBIX NapOB HpPH JAHHOH TeMie-
parype. Takue mapel HasblBalOTCA MEPECHILEHHBIMH, H HX CO-
CTOSTHHST JOCTaTOYHO XOPOLIO ONHMCHIBAIOTCS Y4acTKOM BB,
TEOPETHYECKOH H30TepPMBl. ITH COCTOSIHHA HpH TNOSBJIEHHH
UEHTPOB . KOHAEHCAIUH — HOHOB, MbIIHHOK, MeJIb4aHLIuX
KanejJeK — CTAHOBSITCSI HEYCTOMUMBBIMM, M Me€PECHIEHHBIH
Iap MrHOBEHHO KOHJECHCHUPYeTCA B TyMaH. [lepechllleHHHIH
nap MOXHO NOJYYHTh HE TOJIBKO NMPH H30TEPMHUYECKOM CIKATHH,
HO M NMpPH OXJ&KACHUM HacklleHHoro mnapa. [losromy ero
HHOTJld HAasbIBAIOT TaKXKe IepeoxJaxkIeHHbIM. Takoli cnocob
MOJAyYeHHS MepechIIeHHOro napa MCHOJAb3YeTcsl B Kamepe
Bunbcona, Hauefuell IMHMPOKoe NMPUMEHeHHe B ANepHOR (H-
3HKEe JJISl PErHCTPalUH 3apsKEHHBIX YaCTHIL.

YIJIeKHC/IOTa B XKUAKOM COCTOSIHUH HpPH HOCTENEHHOM H30-
TEPMHUYECKOM DAaCIIHPEHHH MOXKeT ObITh NOJNy4YeHa MpH [aB-
JIEHHH, MEHblLIeM [aBJeHHsl HaCHIIIeHHHIX NMapoB HpH JaHHOH
TeMneparype. Takue coCTOSIHUS HA3BIBAIOTCSA neperpeToﬁ KUA-
KOCTbIO, ¥ MM COOTBETCTBYET YuactokK CC; TEOpeTHYeCKO# H30-
tepMbl Ban-pep-Baanbca. Ileperperasi :KHIKOCTb MOXKET ObITh
NoJdyYeHa TaKKe HArpeBaHHEeM MKHAKOCTH IIPH IOCTOSIHHOM
JlaBJIEHHH, €CJIH IPHHATb MEPHl K TOMY, YTOOB He BO3HHKJIO KH-
nenusi. JIs 3TOro HEOG6XOAHMO, YTOOBl KHIKOCTbH M CTEHKH
cocyla He CONepxKaJil pacTBOPEHHBIX rasoB. IIpH MosiBJEHHH
HEHTPOB KHUIICHHS IeperpeTasi XXUJKOCTb MTHOBEHHO 3aKHIaeT.

Takum obpasoM, yuactku AB; u DC; Teopernueckoil H30-
TepMbl COOTBETCTBYIOT COCTOSIHHSIM BEIUECTBAa, KOTOPble MOTYT
ObITh OCYLIECTBJIEHB SKCHEPHMeHTaNbHO. COCTOSTHHS BellecTBa
Ha yuactke C,B; sBiasloTcs aGCOMIOTHO HEYCTOHYMBBIMH H .
BooOlie He MOTYT OCYIIECTBJAATBCS B NPHPOAE, TAK KAK HM
COOTBETCTBYET YMeHbIIEHHE NaBJeHHs NpH cxkarud. [Ipencra-
BHM.Ha MHMHYTy, YTO TaKH€ COCTOSIHMSI BO3MOXHBI. [lycTh He-
Gosnblasi 4acThb BELIECTBA CJyyalHO CxKajnach B pe3yJbTare
tdaykTyanuu naotHocTd. Toraa naBieHHe B 5TOM MeCTe€ YMeHb-
IIKTCS M CTAHET MeHbllle JABJEHHS OKPYKaloleH cpeibl. ITO
NpHBEJET K AalbHelflleMy CKATHIO BbIIEJEHHOrO BEIeCTBA H
T. J.— CHCTEMa CaMONpPOHM3BOJNIbHO BHIXOAHT H3 COCTOSIHHS
paBHOBeCHS. ’
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Ec/H HeyCTOAYHBOCTL COCTOAHUH, COOTBETCTBYIOLIMX Yyya-
¢rkam CC; u BB,, ofyciasnuBajgach HaJH4YHEM LEHTPOB KOH-
IEHCALMH H KHIEHHS U notoMy Obliia B IPHHUMIIE YCTPAHUMOH,
TO HEYCTOHYHBOCTb COCTOSHHI Ha ydacTke C,B; cBs3aHa C He-
. . H30€KHBIMU TEIJIOBbIMH (MIYK-
P L TyalHsiMd M [PHHIMIHAJLHO

’ HeycTpaHuMa. [JosToMy Takue
COCTOSIHUA TEOPETHUYECKOH H30-
TepMbl NPaKTHUECKH HUKOrAA
He OCYUIECTBJAIOTCA.

Hanuuue HeocyllecTBUMO-
ro yuacTka Ha u3orepmax Ban-
Jep-Baanbca npu Temmepary-

0 pax HHXKe KpUTHUECKOH 03Haua-
Puc. 9.4. Tpauuun pasHosecus €T, YTO HPH ITOCTCIIEHHOM H3ME-
pasMuuyHBIX (a3 BeljecTBa Ha HEHHWH OOBeMa BEIIECTBO HE

p — V-nnarpamme. MOXKET BCce BpeMsl OCTaBaThCs

OJIHOPOAHBLIM: B  HEKOTOPHIH

MOMEHT JOJI2KHO TNPOU30HTH paccjoeHHe BellecTBa Ha jipe ¢a-
3bl — JKHIKYI0O H I'a3000pasHylo.

B CBA3H C 3THM HHTEPECHO OTMETHTb, YTO 3MIIHPUYECKOE
ypaBHeHue BaH-fep-Baanpca, nosydeHHOE C LEJIBIO BBENEHHA
MaJIblX TONPaBOK K YpPaBHEHHIO COCTOSHHA HA€albLHOro rasa,
(PAaKTHUECKH OKa3aJochb 3(heKTHBHBIM B ropasno GoJee mHpo-
KOf ofsactu. B caMoMm jefe, OHO yKa3a/lo Ha CYIIECTBOBaHHE
KDHTHYECKOH TeMneparyphl H Ha HeOOXOJAHMOCTb DaccJOeHHA
BELIECTBA Ha (aspl IpH TeMnepaTypax HHXKe KPHTHYECKOH.
OHO Tak>Xe OTPa3HJIO BO3MOXKHOCTDb CYIIECTBOBAHHS COCTOAHHH
NEPECHIEHHOr0 napa U TeperpeTofl XKUAKOCTH, KaYeCTBEHHO
OIIUCAJIO MaTYyH CHHUMEEMOCTb KUJAKOCTEH H T.II.

[TpocnenuM, Kak u3mMeHSETCA IO Mepe IOBBILEHHA TeMIne-
patypbl 06/1acTb COCYUIeCTBOBaHHA JBYX (a3 Ha p—V-pua-
rpamme. IlpAmMonnHeNEbIfi y4acTOK 3KCIIEPUMEHTAIBLHOH H30-
TEPMBl YMEHDBLIAETCA € POCTOM TEMIEPATYPhl U NPH KPUTHYEC-
KOfl TeMmmeparype CTArMBaeTcsi B OJHY TOUKY —- TOYKYy K Ha
puc. 9.2. Ecau coeUHUTD MEKAY cOGOH TOUKHU Haya/1a FOPH30H-
TaJbHBIX YYacTKOB Ha BCeX U30TepMax, a TaKxe TOYKH KOHILOB
3THX YYacTKOB, TO MOJYYHM HEKOTOpYI KpuBylo MKN
(puc. 9.4). Ora KpuBas npeacTaB/IsAeT cOOOI IpaHULLy, OTALAAIO-
OIYI0 COCTOSIHHS, B KOTOPHIX BEUIECTBO CYLIECTBYET B JBYX
HaXOAALIMXCSA B PABHOBECHU (ha3ax, OT OJHO(PA3HBIX COCTOAHHIL.
CootBercTByloniHe Touke K JaBjeHHe H 0OBEM IOJYYHIH
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HasBaHMe KPUTHUeCKHX. COCTOSIHHME BellecTsa B TOUKE K mna-
3bIBAETCA KPUTHUECKHM COCTOSIHHEM. .

B KpHTHUeCKO# TOUKe CIHBAIOTCA B OXHY TPH TOUKH, B KOTO-
pPHIX TOPHM30HTAJBHBIH YYaCTOK 3KCIepHMEHTaJbHOH H30TePMBI
nepecekaer H3orepMy Ban-nep-Baanbca.

B KpHTHUECKOM COCTOSIHHM HCUE3aeT pasjuuue MeXIy XKHI-
KOCTbIO M Ta3oM, HeT M HHMKAaKOH TIpaHHULbl pasjesa Mexay
HHMH.

CKHMaeMOCTb BeIeCTBa B KPHUTHUECKOM COCTOSIHHH He-
OTPAHHYEHHO BO3PACTAeT: TpadHK H30TepPMBl B OKPECTHOCTH
3TOH TOYKH MAET TOPH3OHTAJBHO H, CJEN0BAaTeNbHO, MaJjoe
13MeHeHHe o0beMa BelleCcTBA He CONPOBOXKIAETCH H3MEHEHHEM
IaBJeHHA. 3T0 NPHBOAHT K CYLIECTBOBAHMIO GOIBLIMX (IYK-
TyalnH# IJIOTHOCTH B KPHTHUECKOM COCTOSIHHH, KOTOpHE IpPO-
SBJIAIOTCSl, HampHMep, B SABJEHHH KPHUTHUECKOH oOMaJecleH-
IIMM — CHJIBHOM paccesiHHH CBeTa Ha C/YyYaiiHBIX ‘HEOLHOPOJl-
HOCTAX.

I'panuuel paBHOBecHs pasHBI% (a3 BellecTBa MexAy coOof
NOKa3aHbl Ha auarpamme cocrosinuil (puc. 9.4). I'pannma KS
ABJSETCA YMCTO YCJIOBHOM H COOTBETCTBYET HCTOPHUECKOMY Je-
JIEHHIO Ia3000pPa3HOro COCTOSHHA HA 1ap M «UCTHHHBIN ras» B
33aBHCHMOCTH OT TOrO, HaXOAHTCA JH BeLIeCTBO NPH TeMIepa-
 Type HMXKe WIH BBIIE KPUTHUYECKOH. B oTsimume oT rpanuusl

MKN Ha 3Toli 1arpamMe, NpH nepexoje uepes rpanuny LKS
HUKaKHX (DM3HYECKMX HM3MEHEHHHl B BellecTBe HE NPOHCXOLMT.

§ 10. dasoBbie nepexopbt

Takue mnpouecchl, Kak, HanpHMep, IJaBJeHHEe TBepIOro
Teja MM KOHIEHCAIHUA HAChIEHHOro napa B KHIKOCTb, OObIY-
HO HAasbIBalOT (DA3OBBIMHM TEPEXOaMH.

I'lepexon Bemectsa H3 OAHOM (pasel B APYryio NPH 3a1aHHOM
NaBJeHHMH TPOHUCXONMT BCErja NMPH CTPOro ONpele/eHHOH TeM-
neparype. Hanpumep, ecnm HarpeBaTh Jei NPH HOPMAaJbHOM
aTMoc(PepHOM JIaBJIeHHH, TO OH HauHET IJIaBHThCS NPH JOCTH-
»keHuH Temnepatypel O °C, M 3Ta Temnepatypa, HeCMOTpA Ha
MOJIBO/L TeI1a, Oy/eT OCTaBaThCs HEH3MEHHOMH 10 TeX 10D, NMOKa
BeCh J1e]l He PacTaer  He IpeBpaTHTCs B Boxy. B nponecce nias-
JIeHHA Jel M BOAa CYIIECTBYIOT OJHOBPEMEHHO, HAXONACh B
TENJIOBOM PaBHOBECHH JIPYT ¢ ApyroM. Eciu NPEKPATHTb 10/IBO
Telna, TO Jiell H Bofia 6YAyT COCYLIeCTBOBATh NIPH 5TOH TeMIle-
, baType HeorpaHuueHHO JOMIrO,
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Eciy uaMeHuTb JaB/jeHHe, TO HU3MEHUTCS U TeMmmeparypa
(asoBoro nepexona. JpyruMu ciioBaMH, cOCYLIECTBOBAHHE ABYX
(a3 B PaBHOBECHH BO3MOKHO JIMIIb MPH CTPOrO ONpeJe/eHHOM
COOTHOIIEHHH MeXxY, AaBjeHHeM u Temneparypod. Eciu u3o6-
PasuTb 3Ty 3aBHCHMOCTb B BHJE KPHBOH B CHCTEME KOODAMHAT
p—T, To monyuuTcs Tak HasbiBaeMas AHarpaMmMa COCTOSIHHIL.

PaccMoTpuM fHarpaMmy COCTOSIHHH 141 (pa30BOro mepexosa
MEXAY KHJKOCTBIO U ee mapoM. BcnomHum, uro Ha p—V-1ua-
rpamme (puc. 9.2) paBHOBECHIO MeXJY MHAKOCTbIO H. IIapeM

COOTBETCTBYIOT ~ TOPHU3OHTAJIbHbLIE
P f [a3 Y4YaCTKH 3KCIePUMEHTAIbHKIX H30-
e ——— TepM. ['OpH3OHTANbHBIH XOA H30-
Hudkocms : TepMbl Ha 3THX Y4acTKax CooT-
i BeTCTByeT TOMY, uTO IIpH JaH-
{ HOll TeMmepaType He3aBHCHMO OT
! 0061eMa paBHOBECHE MEXIY XKHAKO-
0 T CTBIO M I1ApOM BO3MOXHO TOJBKO
IIPU onpejesieHHoM aBaeHuu. [o-
Puc. 10.1. Kpuean pasHOBe- 3TOMYy A5 MOJYy4YeHHs] KDHBOH
A e 1 PaABHOBECHST KHIKOCTH W I1apa .Ha
P AaTpannre. p— T-gyMarpamMve HYXXHO Ha OCH
a6CUHCC OTJIOKHTb 3HAUEHUS TeM-
nepaTypul AT Kaxaof H30TePMBl;, & HA OCH OpDAMHAT — JaBJje-
HHE, COOTBETCTBYIOLIEE €€ TOPH30HTANbHOMY y4acTKy. B pesy.n-
Tare MOJydUTCA KpuBas, UzobpaxeHHas Ha puc. 10.1: pasje-
HHE, TIPH KOTOPOM XKHAKOCTb H Iap MOTYT HaXONUTbcS B paB-
HOBECHH, BO3pacTaeT ¢ YyBeJHueHHeM Temmeparypbl. Kpupas
COCYLILECTBOBAHHS 3aKaHYHBAeTCs B KPUTHUECKOH TOUKe, TaK
KaK U3 p—V-nuarpaMm BUJHO, UTO IIO Mepe IOBBILIEHUS TeM-
nepaTypbl FOPU3OHTAJbHBIA YYacTOK H30TEPM CTAHOBUTCA BCe
MEeHbIIE H HCUe3deT Ipu KPUTUUECKOH TeMmeparype — IpH
TeMIepaTypax Bbllle KPUTHUECKOH KHUAKOCTb CYIIECTBOBATh
He MoxceT. [To Mepe MPHOMHKEHHs K KPUTHUECKOH TeMreparype
IJIOTHOCTh HAacCHIUIEHHOrO mapa BospacTaer, npd =T, oHa
CTAHOBHTCSA DAaBHOH IJIOTHOCTH XKUAKOCTH W map Boolbuie cTa-
- HOBUTCSl HEOTJIHUHUMBIM OT JKHJAKOCTH.

KpuBas paBHOBecHs KUAKOCTH U napa Ha p—T-nuarpamme
JlaeT 3aBUCHUMOCTb JaBJEHUS HACBIIEHHBIX IapoB OT TeMIe-
patypel. B TO xe camoe BpeMs 3Ta KpUBas JaeT 3aBUCHMOCTb
TeMIIepaTypbl KUMEHUsT XUJAKOCTH OT AaBJIeHHUs, TAK KaK KuIle-
HHE TIPOMCXOJMT -IPH TAKOH TeMIeparype, KOrJa JaBJjeHHE
HaCBILICHHOTO Mapa B My3blpbKaX CTAHOBUTCS PaBHBIM JaBJie-
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~

HHIO B XKHIKOCTH.. [TosTOMy HHOFZa oHa Ha3blBaeTCs KpHBOH
KHIICHHS.

KpuBas paBHOBecHsl }KUJKOCTH U napa paszessier IoCKOCTb
p—T-nuarpammbl Ha nBe 4acTH. Tak KaK npH 3alaHHOM 1aB-
JleHHH Gosiee BBICOKHM TeMmepaTypaMm COOTBETCTBYeT map, a
6oJiee HH3KHM TeMIepaTypaM — XKHIKOCTb H, Ha060p01', npH
3a/1aHHOH Temneparype 6oJjee HH3- p
KHUM  JIaBJ€HHSIM COOTBETCTBYyeT
nap, a 6osee BBICOKHM JaBJIEHH- :
AM — XHJIKOCTb, TO 00JIaCTb CIIpa- Y
Ba M CHH3Y OT KPHBOH paBHOBe- b
CHs1 COOTBETCTBYET ra3oo6pasHoi, A
a obnacTb cireBa M CBEPXy OT s
Hee — XKHUAKOH ¢a3ze. :

CywectsoBanue Ha KpHBOH
paBHOBeCHsl XKHIKOCTH H Mapa : kT
KPDUTHUECKOH TOYKH OTUETJHBO Puc. 10.2. ITepexos H3 raso-
JIEMOHCTPUPYET OTCYTCTBHE NpPHH- OOPa3HOTO COCTORHHA A B KHA-
IMITHAIbHOH PA3HUIBI MEXKAY XKHA- O Bp P rpana 2
KHM H ra3000pa3HbIM COCTOSTHU IMHU paMME,
BewecTBa. [IOSCHHM 3TO CJeAyIOIHM NpuMepoM. BosbMeM
nap B HekoropoMm cocrossHud A (puc. 10.2) u mepeBe-
JleM - €ro B XHAKOCTb B COCTOSIHHH, H300paKaeMoM TouKoil B.
Takoe mnpeBpalleHHe MOXHO OCYUIECTBHTb HECKOJbKHMH M-
TAMH. MoOXHO, HanpuMep, OXJNaXNaTb a3 NPH NOCTOSIHHOM
JIABJIEHHH p4 JI0 TEX MOP,.I0OKA TEMIEpaTypa He CTaHeT PaBHOH
Tg, a 3aTeM NOAHATH JaBJeHUE MPU MOCTOSIHHOH TeMIeparype
10 3HadeHHd py (myth { Ha puc. 10.2). B mponecce usoGapu-
YeCKOFO OXJIAXK/EHUs1 MyTb | mepeceKaeT KPHBYIO PAaBHOBECHS,
H B 3TOH TOYKe CHCTeMa paccJiauBaeTcs Ha JBe asbl, Tak Kak
NPOHMCXONMT KOHJEHCALMsl mapa B JKUAKOCTb. MoxkHO nepe-
BECTH CHCTeMy H3 cocTosiHusi A B cocrosinHe B no mytu 2,
CHayaJla H30TepMHUYECKH CXKHMas ra3.Jl0 JaBJeHHs pg, a 3aTeM
H306apHUeCKH oXsaxkaas 10 TeMrnepatypbl Tz. B sToM cayuae
KOHJICHCAIMA Napa U pacc/ioeHde HA aBe (asbl npou3oHjeT B
nponecce H3oTepMuyecKoro cxkatusa. Ho mepexon mexny teMmH
JKe COCTOAHHAMH A U B MOXHO mpOBECTH H TAKHM CIIOCOOOM,
TIpH KOTOPOM. HUrjie He OyJeT MPOHCXOAHMTh CKAauKoOGPa3HOro
" M3MEeHEHHs COCTOSIHHSI H BelecTBO BCe BpeMsa OyleT oCcTaBaThCs
OJIHOPOHBEIM., JTOF0 MOXKHO AOGHTbCS, OCYLIECTBJSSL HpOLIECC
B 00X0] KPHBOH COCYIIECTBOBAaHHS Mapa H XHAKOCTH, HaNpH-
Mep, 1o nytH 3 Ha puc. 10.2. OcyuiecTBass nepexog mo IroMy

parmecrrar o —o- e
H
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AYTH, Mbt HHTJie He YBHJe/IH OBl KOHIEHCAIHH H, CJICIOBATEIbHO,
He CMOIJIH OB CKasaTh, UTO BeIECTBO AePecTasno OHITh Fa3oM
¥ CTaJlo XHIKOCTbIO. M TeM He MeHee M B 3TOM C/Iyyae Mel
ONaJeM B TO XK€ CaMOe KOHEUHOe COCTOSTHHE, B KOTOPOM pac-
CMaTPHBAEMYIO CHCTEMY MBI CUHTAeM KHAKOCTbIO. B OGBMHBIX
YCJIOBHAX Tasdbl H KHIKOCTH HACTOJNBKO CHJBHO OTVIHYAIOTCSH
IPYTr OT APYra IO IJIOTHOCTH, YTO HE NPEACTABJSEeT HMKAKOro

Ry
\
\
7,
5’2 \\\
.
\~~
i { =
b
= ‘ 7 % wy C v
Puc. 10.3. 3anasiHHas aMnyJaa ¢ Puc. 10.4. TloBegeHne rpaHuub!
KHIKOCTBIO H €€ HaCHILEHHHM pasflesia B 3aBHCHMOCTH OT 06beMa
napom. aMIy.JIEL

TPyAa pasjaHuuTh HX. Ho, Kak Mbl BHIENH, pasaHuHe MeXIY
S3THMH COCTOSIHHSIMH BelleCTBa B J€HCTBHTENLHOCTH HeE IIPHH-
[HIIHANBHOE, a CKOpee KoaHuecTBeHHoe. Pasnuune B NJIOTHOCTH
CKa3plBAeTCsl Ha HHTEHCHBHOCTH B3aHMOIEHCTBHS MOJIEKYJI
H Ha XapakTepe TenJoBoro ABHxkeHHs. Ho H ras npu temne-
paTypax BhbIIE KPHTHUECKOH MOXKHO C2KaTb A0 TAKOH CTENEHH,
4TO €ro IJIOTHOCTb CTaHeT GoJibllie XapaKTepHOro 3HAueHHS
IJIOTHOCTH KHAKOCTH. .

PaccMOTpHM Tellephb Npolece nepexoja BellecTBa H3 OfHOH
¢asel B ApYyryo, NPOHCXOASIIME IPH HEH3MEHHOM oOneMe.
Dynem HarpeBarh 3anasHHYIO aMnyJy, CONEPXKAIlyid HEKOTO- -
poe KOJHYECTBO KHIKOCTH H HaXOASILIHHCH HaJ ee NOoBepX-
HOCTbIO HachueHHo# nap (puc. 10.3). Ecam BHyTpeHHHit
o6reM amnyJasl V; NpeBHIaeT KPHTHUECKHH o6beM V., cooT-
BETCTBYIOIHH HaXORAIIEHCS B aMIlyJe Macce BellecTBa
(puc. 10.4), TO npsAMas, COOTBETCTBYMILAS H30XOPHUECKOMY
HarpeBaHHIO, IPOHAET ClnpaBa OT KPHUTHYECKOH TOUKH # IO
Mepe HarpeBaHHst KOJHYECTBO XKUAKOCTH B amnyJjie 6yneT yMeHb- .
1marhbCcsd, NOKa BCe BEILeCTBO He oGpaTurcsl B.nap B Touke C;.
[IpH STOM IPAHHIA MKHAKOCTH ONYCKAETCH W HCYE3aeT y HHXK-
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Hero KOHHa amnydn, Ecau o6veM amnydasl V, MeHbiue KPHTH-
yeckoro ofvema V,, TO NpH HarpeBaHHH nap GyAeT KOHIAEHCH-
pOBAaTbCA, HOKAa BCE BELIECTBO B AMIYJe€ He NpeBpaTHTCA B
JKHAKOCTb. 10 mnpousoiger B Touke C,. I'paHuua pasgena
JKHJIKOCTH H Iapa NOJHHMAeTCsl H HCYe3aeT y BEPXHEro KOHLA
amnyJu. EciH, HakoHel, ofseM aMnyJibl paBeH KPHTHUECKOMY,
TO I'PAHHIA HCYE3HET IJie-TO MOCPeJMHe aMIyJbl, i IPOH30HAIET
3TO, KOIJla TeMIlepaTypa CTaHeT PaBHOM KPHTHUECKOH. Ec/u
0o0beM aMiyJbl JHLIb HEMHOTO OTJHYAeTC OT KPHTHYECKOrO,
HanpHMep MeHbille KPHTHYECKOTO, TO IIPH HArPEBAHUH IPaHHLA
JKHAKOCTb — I1ap B aMilyJ/e NepeMelaeTcsi BBEpX, HO HCYe3aer
BCe-TAKH paHblle, YeM JOXOAWT JO BEPXHEro Kpas ammyJbl.
Ilpu ob6bemax amnyiol V; u V,, 3aMeTHO OTJHYAIOHIUXCA OT
KpHTHUYecKoro obwema V., HCUe3HOBeHHe IDAaHHLBL pasfena B
toukax C; U C, MPOUCXOJIHT NPH TEMIIEPaTypax HHKe KPUTH-
yeckod. Ilpu nanbHelilueM HarpeBaHUH aAMNYJbl HHKAKHX BH-
IMMBIX HM3MEHEHHil BEHIECTBA HE IIPOMCXOAHT, B TOM YHCJE
u B Toukax Dy u D, npu Temneparype,-paBHON KPHTHUECKOH.
AHasoruyHbiM o6pasoM’ Ha p—7-IHarpaMme COCTOSTHHIL
MOXXHO pacCMOTPeTb KPHUBYIO PaBHOBECHS KHIKOH H TBepLOH
thas. Dta KpuBas BblpaxaeT 3aBHCHMOCTb TeMIIepaTyphl NJaB-
JIEHH OT [aB/Je€HHs M HasblBaeTcs KPHUBOH mnJjaBieHHs. [lo
- CPABHEHHIO C KPUBOH PaBHOBECHS XXHIKOCTH U I1apa OHa UMeeT
JB€ XapaKTepHble 0cOGEHHOCTH. Bo-nepBbIX, HA KPHBOH IJ1aB-
JIEHHS] OTCYTCTBYeT KPHUTHUecKas TOYKa. JTO CBf3aHO C TeM,
YTO UCTHHHO TBEpJHE, T. €. KPUCTANJIHYECKHE, Tesa 0bJafaroT
yIop ALOYEHHOH MOJIEKY/IAPHOH CTPYKTYPOH H IPHHIHIIHAJIBHO
OTVIMYAIOTCA OT *KUIKOCTeH M rasoB cBoell aHu3oTponued. Ile-
pexoi MeXIy HKHIKOCTbIO H KPHUCTA/UIOM HE MOKeT ObiTb HpO-
H3BeJleH HellpephiBHbIM 06pa3oM, KaK 3TO MOXKHO cjelaTb AJs
JKHJIKOCTH H rasa B 06X0Jl KPHTHUECKOH TOukH. Bcerzna moxHo
TOYHO YKasaTh, K Kakoil (ha3e — XHIKOH HJIH KPHCTaJlJIHYeC-
KOl — OTHOCHUTCA TO WJ/IH HHOE COCTOSIHHE BELECTBA.
Bo-Bropbix, HaK/IOH KPUBOH I1aBl€HUs HAa p—7-AHarpam-
Me MoxKeT ObiTb pa3HbIM, B OTJHYHE OT KPHUBOH KHIIEHHH, Ije
JaBJEeHHEe BCETAAa BO3pacTaeT C YBEJHYEHHEM TeMIeparyphl.
EcAau npu niaBneHuu o0beM BeLIECTBa YBEJIHUHBaeTCs, TO
KDHBasi NJIaB/eHHs HAKJIOHEHA B Ty e CTOPOHY, YTO H KPHUBAA
KuneHHA., HanoMHHM, 4TO npH HcnapeHHH O6BEM BCErjia BO3-
“pacraer. HaknoH kpHBof#i nnaBieHuA 6yAeT HPOTHBONOIOXKHDBIM,
€CJIH NIPH IVIaBNE€HUH 06BbEM YMEHBIIAeTCH, KaK 970 NMPOHCXO-
JAHT, HanNpHMep, NPH TadHHH Jbja.
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JlBe ¢a3pl BemecTBa MOTYT HAXOAUTBCA B PABHOBECHH APYT
¢ IPYroM -BIOJb KPHBBIX COCYLIECTBOBaHHA H& p—T-gHarpam-
me coctossHuil. Tpu ¢asbl ofHOro M TOro e BellecTBa MOTyT
OIHOBpEMEHHO HaXOZHTbCS B PABHOBECHH JPYT “C JAPYroMm
JIMIIb B OJHO# onpejeseHHol Touke Ha fuarpamme p—T ., B stoit
TOYKE CXOIATCS BMECT€ KPHBEIE DaBHOBECHS KaXAHX JBYX
(a3, B TOM yHCJIe KpHBHIE
IJIaBJEHUsT M KuneHnus. Tou-
KH papHOBecHsa Tpex (a3
Ha3blBalOTCA TPOHHBIMH TOY-
A - K xamn. Hanpumep, y Boml

Mudrocms OJJHOBPEMEHHOE CYIIeCTBOBA-
Tlepdoe HHe B PpAaBHOBECHH Jbja,
meno BOJIbI H [1apa BO3MOXKHO TOJIb-

KO mpH HAaBjeHHH 4,62 MM

pT. CT. H TeMmmepatype

> +0,01°C.
0 7 7 TpoifHast Toyka BOIHI
OoueHb yIo6Ha B KauecTBe
CTAHJApTHOH TOUYKH TeMIe-
paTypHOiHl IIKajul, Tak Kak
ee BOCHpPOHM3BeleHHe, B OTJIHYHE OT TOUKH KHIEHHHA MJH
nJaBJeHHs, He TpeGyeT CrelHaJbHOrO MOAJEPKAHHS Onpele-
JIEHHOTO JIaBJIEHHS. ,

Cxematnueckasi JuarpaMMma CoOCTOSIHH# JJIs BelllecTBa,
HMelolIero Tpu ¢ass — TBEPAYIO, XKHAKYIO H ra3oo6pasHyio,—
nokasana Ha puc. 10.5. Hakiaonm kpusoii nuaeienus AB
u3obpaxkeH JJIA CJaydasi, KOTZa IJaB/IeHHe COIPOBOXJAercs
yMeHblLleHHeM o0beMa, KaK y Jbja. B oTinune ot KpuBoil pas-
HOBeCHs.mapa U Xuakoctd AK, okaHuHBaOIeHcs IpH KPHTH-
yecKOl TeMmmeparype B Touke K, KpuBas nJaBjeHuss AB mpo-
JoJKaeTcsl HeorpaHHYeHHO. KpuBasi DPaBHOBeCHS TBepIOro
TejJla C ra3oM yXOIWT B Hauajqo KoopauHat. leficTBuresibHO;
0 33aKOHaM KJ/aCCHYeCKOjl MeXaHHKH INIDH CTPEMJEHHHM TeM-
neparypsi K abCoIIOTHOMY HYJIIO TENJVIOBOE IBHXKEHHE peKpa-
maercsi. HemoaBH:KHbIE aTOMbl 3aHHMAIOT TaKOe PacloJsoMke-
HHe, TPH KOTOPOM MOTEHIMANbHAs 3HEPTUsl B3aHMOAEHCTBHSA
MHHHMaJIbHA. DTO DAacnojoxeHHe mnpeacTaBasier coboj pe-
TyJSPHYI0 MPOCTPAHCTBEHHYIO pelleTKy. ITosroMy mpu abco-
JIOTHOM HYJIe TeMnepaTyphl J060e BelleCTBO C TOUKH 3peHHs
KJ1acCHYeCcKOH MeXaHHKH JOJ/KHO OblTb KPUCTAIIHYECKHM.
CylecTByeT TOJbKO OJHO. MCKJIOYEHHe M3 3TOTO IPaBHJa:

P B

s

}; e e e e e e e

]

Puc. 10.5. p—T-puarpaMMa paBHO-
BeCHHIX COCTOSIHHH BelecTsa.
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reJuli OCTaeTCs XKHIKHM NPH BCeX TeMmepaTypax, BIJIOTb JO
a6CoJIIOTHOTO HYJIA, eCJH JaBjeHHe He mpeBbilaeT 25 artu.

JHarpaMMa COCTOsTHHII MO3BOJIsIeT Cpa3y OTBETHTB Ha BO-
HpOC, YTO MPOH3OHJET C BelleCTBOM IPU ero HarpeBaHHH HJIH
cxkatud. Ecau, HampuMep, BemiecTBO B ra3o06pa3HOM COCTOS-
HHH, H300paxaemoM Toukodi C Ha puc. 10.5, mouBeprHyTh
H30TEPMHUYECKOMY CKATHIO, TO NMPOUCXOASUIHH C HHM Ipolecc
H300pa3uTCA BEPTHKAJIbHOH MyHKTHPHOH JHHHeH. BHaHo, uTo
NpH JaBJeHHH p; Ta3 3aTBepieer, a 06pPa30BaBIIHHACA KPHCTAJLI
OpH JaBJEHHH P, PaCMIABHTCH. )

M3 nuarpammel cymecTsoBanHs (a3 BHIAHO, YTO KPHCTaJI
NpH H3006apHYECKOM HarpeBaHHH He O06A3aTeNbHO JOMXKeH
INPOXOAUTb Yepe3 CTAAHIO KHAKOTO COCTOSHUA AJSA TOTO, YTOGHI
npeBpaTuThca B ra3. Ecau naBieHue Bbie TPOHHOH TOYKH, -
TO NPH HarpeBaHHH KPHCTAJJ AeHCTBHTENLHO CHayaja pacmJja-
BHTCA, a MOJYYHBHIASACS XKHIAKOCTb 3aTeM ucmaputcsi. Ho npu
IaBJIeHHH HHXKe TPOMHOM TOYKH KPHUCTAlJ NpPH HarpeBaHHH
cpa3y npeppaiiaercs B nap. Takoi mepexo HasbiBaeTcs Cy6-
JUMauMeii HWJIH BO3roHKO#H. VIMeHHo Tak Beger ceGs Teepias .
yTJeKHCJI0Ta NMPH HOPMaJbHOM aTtMmocepHOM HAaBJeHHH, TakK

KaK ee TPOKHOH TOYKE COOTBETCTBYeT JAapJjeHHe 5,1 aT.

) B sakuoueHue storo maparpada obcynuMm oueHb sdipekt-
HBIH OMBIT, JIETKO BOCMPOH3BOAHMBIH C NMOMOLIbIO CaMBIX NpoO-
CTHIX cpencTB. B CrekJAmHBIH COCYHN HaJHBAlOT HEKOTOpOe
KOJIHYeCTBO 4eThlpexxJopucroro yraepona (CCly), a ceepxy
cao#t Boawl. IlpH HOpMmanbHOM armocepHOM AaBJEHHH BOAA
kunut npd 100 °C, a uerbIpexXJOPHCTHIN YIJIepoj — MpH
76,7 °C. Eciiu MenJieHHO HarpeBaTth COCYZ B BOJSIHOH GaHe, TO
Ha TrpaHdue pasjiefia 3THX HEeCMELIHBAIOKXCSA XKHAKOCTeH
KHneHue HayuHaerca npu 65,5 °C! Kak 06bACHHTL 3TO fB-
JeHue?

Kunenue — 3T0 o6GpasoBaHHe mNy3bipbKOB Napa BHYTPH
xuakocTH. OHO HacTynaer, Korja JaBjieHHe HaChILIEHHOTO
napa cpaBHfieTCsl C JaBJieHHeM B XHIAKOCTH Ha TOH TayGuHe,
rae obpasyerca nyasipek. JlaB/ieHHe XXHAKOCTH CKJaJbIBaeTcs
- U3 atmocepHOro JNaBMEHHS H T'HAPOCTATHYECKOTO JABJEHHS
cTos6a XHAKOCTH. EcaH BhicoTa crosifa XKHIKOCTH B cocyne
HECKOJIbKO CAHTHMETPOB, TO THAPOCTATHYECKOe NaBJIEHHe CO-
CTapJsleT HECKOJBKO TBHICAYHBIX OT HOPMAaJBHOrO aTrMocdep-
HOro, H ero MOXHO He NMPHHHUMAaTh BO BHuMaHHe. [laBienne
HACBILEHHBIX NapoB JKMAKOCTH OMpene/siercsi ee TeMIepary-
. po#l. B Boze NMy3HIPbKH coAEePKAaT TOJILKO mapel BOABI, H HPH
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100 °C naB/eHHe HACBHIIEHHOTO Tapa BOALl PABHO HOPMAJbHOMY
atMocdepHOMY. B - ueThIpeXXJIOPHCTOM yFJepofie ny3hHPbKH
cofiepkatr Toabko napel CCl; W naBieHHE HACHIIEHHBIX napos
paBHo atmocdepHomy mnpH 76,7 °C. :

Ha rpanuue pasnena sTHX XHAKOCTEH Ny3bIPbKH COAEPIKAT
kak napet CCly, Tak # napbl Bofel. JlaBienHe B 5THX Ny3bIpbKax,
Ha OCHOBAHHM 3aKOHa JlanbTOHA, PABHO CYMMe MapIHAalbHBIX
nasnenuil napos Bomel H CCly, Ilostomy naBienue, paBHOe
arMocepHOMY, YCTAHOBHTCH B NY3BIpbKaX, HaXOXAIHXCA Ha
rpasuile, NpH Temnepatrype, Menbweit 76,7 °C. Ilpu 310l TeM-
nepaType H HauHHaeTCsl KHIEHHWe Ha rpaHHue pasgena. Onwbit
TIOKA3bIBAET, YTO 3TO NMPOHCXOAMT NpH TeMmeparype 65,5 °C.
ATy TeMmepaTypy MOXKHO YCTAHOBHTb (€3 OmbITa, NoaGHpas
TAaKYyI0 TEMIepaTypy mno TaGaHllaM 3aBHCHMOCTH JaBjeHHA
HachIWEeHHBIX 1apoB Boael H CCl, OT TeMnépaTypel, IPH KOTOPOH
cyMMa jaBeHHH paBHa atMocthepHomy. Ilpu 65,5 °C napienue
napoB BoAbl cocraBiger 192 MM pT. CT., a JaBJeHHe NapoB
CCl, — 568 MM pt1. ct. HUcnonb3ysa sTH Uudpbl, MOXKHO cle-
JaTb BBIBOJ, YTO B KaXKIOM Ny3bIpbKe, 06pa3oBaBIieMcsd Ha
rpaHHne paspena, Mmojekya CCl, 6yneT nouTH B TPH pa3a
GoJbllie, 4eM MOJEKYJ BOABI. A Tak Kak H Macca MOJEKYJbI
YeTHIPEXXJIOPHUCTOrO YIJIEPONA B AEBATH pa3 GOJbILE MACChl MO-
JIEKYJIB BOJBI, TO €r0 HCIMApeHHe NMPOHCXOAUT MOYTH B 25 pas
6uicTpee, ueM HcrapeHHe Boasl. Habnronaa KMneHHe B norpaHuy-
HOM CJIO€ B TEUeHHE HEKOTOPOrO BPEMeHH, MOXKHO YGenHThCH,
yto HUkHHH caofi CCl, BEIKHNAeT 3HAYHTEILHO GLICTpee, YeMm
BEPXHHUH CJIOH BOXHI, ’
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9JIEKTPOCTATHKA

§ 1. 3apsn H noje. 3aKOH coXpaHeHHS
QJIEKTPHYECKOTo 3apsiia.
INpunuun cynepnosuuuu. Teopema Iaycca

DneKTpHYecKUil 3apsii U 3JeKTpHYecKoe IoJe — NepBUY-
Hble NOHATUSA. BeccMblcsieHHO 6bwI0 OBl MBITATLCS ONpENeNUTh
HX uepes Apyrue, Gosee mpocTsie mOHATHs. Bee, uTo MBI MOkKeM
cle/laTh,— 3TO OlKCaTh WX CBOKUCTBA.

BakuefinuM M3BeCTHHIM U3 ONbiTA CBOMCTBOM 3JeKTpHuUec-
KOTO 3apsja sIBISeTcs 3aKOH ero CoXpaHeHMs: B H30JHPOBaH-
HOH cucreMe ajrefpaMyecKasi cymMMa 3apsifioB BCeX Tes OCTa-
ercsi HeusmeHHoIl. CrpaBe/UyIMBOCTb 5STOTO 3aKOHA - NOLTBEPXK-
JaeTcsl He TOJbKO B YHCTO 3JIeKTPOCTATHYECKHX SIBJEHHUAX, HO
M B HaGJIONEHHAX HAaJ OTPOMHBIM YMCJ/IOM NpEBpalleHHH 3ie-
MeHTapHbX yactul. CoxpaHeHue sapsifa — 3TO OMHH H3 CaMblX
(yHIaMeHTaNbHBIX 3aKOHOB npupoasl. He H3BeCTHO HH OANOTO
ciaydass ero HapyuleHus.

3apsii MAKPOCKOMHUECKOTO Tela ONPeNeNAeTcs CyMMapHbIM
3apSIIOM 3JIEMEHTapHHX YACTHI, U3 KOTOPHIX COCTOMT 3TO TEJO.
3apsauTh MakpOCKONMUYECKOE TeN0 MOXKHO, TOJBKO H3MEHUB
YHCJIO COAEPIKALIUXCS B HEM 3apsKeHHBIX 3/1€MEHTapHbIX Ya-
crun. Ho sapsp camO0ii 3jeMeHTapHOH 4acTHLH SIBNSETcCs ee
HEOTheMJIEMBIM CBOMCTBOM, IPHUCYUIMM eiff OT NpHpoxsl. «3a-
PSARUTBY 3JIEMEHTApHYIO YacTully, T. €. H3MEHHTb ee 3apsi,
HEJb35 — Mbl NPOCTO MONYYUM IIPH 3TOM APYrylo uacrumy. Be-
JUUYKHA 3apsia BCeX 3aps2KeHHBIX S/eMEeHTAPHBIX YacTHI OfHA
¥ Ta xe U coctaBaser 1,6-10-1° Kn (uau 4,8 -10-20CI'C3-en.
3apsina). DIeKTPHYECKU 3apsi/| YacTHUB sBJseTCs ee QyHAa-
MEHTaJIbHOH XapaKTePUCTHKOH M He 3aBHCHT HH OT Bwibopa
CHCTEMH! OTCYETA, HH OT COCTOSTHHS JABMIKEHHA YaCTHUbLI, HH OT
€e B3aHMOAEHCTBHA C APYrHMH 4acTHLAMH.

s
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BsaumojielicTBHe S/IGKTPHUECKHX 3apffO0B, HaXONALIMXCA

B IQKOe, OIMHCHIBAETCHA 34KOHOM KyﬂOHa. OT 34KOH YyCTaHaBe

JUBAET 38BHCHMOCTb CHJIb B3aHMONEHCTBHS ABYX TOUEUHHIX:

3apANOB B BaKyyMe OT MX BENHUMH ¢ H ¢a M DacCTOSHHS 7

Mex1y HHMMH. B Mexmynaponmofi cucreme enunun CU saxoft
HMeEeT BH] .

1 gi9s . (1.1)

T 4ney r?

DJeKTpHUEeCKHe 3apsaipl HANENAT OKpYyXKaiwllee HX Hpos
CTPAHCTBO OCOGHIMM  (PH3HUECKHMH CBOHCTBAMH -— CO3Jal0T
snexTpuueckoe mnose. OCHOBHEIM CBOIMCTBOM HOJA SBASETCH
' TO, YTO Ha HAXONALIYIOCA B 3TOM INOJ€E 3apSAXKEHHYIO 4aCTHILY
IeACTBYeT HEKOTOpas CHAa, T. €. B3aHMONEHCTBHE SJEKTpHYes
CKHX 3apsfioB OCYLIECTBJAAETCHA -MOCPEACTBOM CO3[aBAEMBIX
HMH IOJel.

TTose, cosnaBaeMoe HEMOABHXKHLIMH 3apsjaMH, HE MeHseTCs
CO BpeMeHeM H HaseiBaeTcs 3JjeKTpoctaTHdeckuM. CHioBofi
XapaKTePHCTHKON 3JeKTPOCTaTHUECKOTO IO ABJAAETCS Hanps-
xenHocTb E, namepseMas cujoft, neficTeyromel Ha efHHHYHEI}
NOJIOXKHTENbHEIN TIPo6HE 3apsAA. Tlome, cosnaBaemoe yenu-
HEHHEIM TOUEUHHIM 3apANOM ¢, sBJsdeTcs chephdecKH cHMMeT-
PHYHBIM; BEJHYHHY €ro HanpsXKCHHOCTH ¢ NOMOILBI0 3aKOHA
‘Kynona MoxHO npencTaBHThb B BHJE

- I g - .
E = Tne, 79 ‘ (1.2)

JHEPTeTHYECKOH XapaxkTepPHCTHKON  3JIEKTPOCTaTHUECKOTO
noas ABAAETCSA MOTEHIHaA ¢, H3MepsieMblfi paGoTofi, coBep-
[maeMofi CUJ1aMy MoJiA NP NepeMelieHHH eJUHAYHOTO MOI0XKH-
TEJILHOTO 3apsia M3 JaHHOH TOYKH IOJiA B HEKOTOPYIO TOUKY,
IOTEHIIH a1 KOTOPOil IPHHAT PaBHEIM HYJM0. DH3HUeCKHIT CMBICH
YIMeeT TOJBbKO PasHOCTb HOTEHUHAJOB MEXAY paccMaTpHBae-
MBIMH TOYKaMH, a He a6COJIIOTHEIE 3HAUEHH A ITOTEHIHAJIOB TOYEK.
CyliecTBOBaHHE -TIOTEHIHala Kak SHEPreTHYeCKoH Xapakre-
PHCTHKH TOYKH IIOJisI CBSI3@aHO C TeM, 4To paGora CHJ moas
IpH NepeMellleHHH 3apAaa He 3aBHCHT OT (OPMBI TPaeKTOPHH,
a onpefensiercsl NoJoXKeHHEM HadaJbHOH ¥ KOHEYHOH TOdYeK.
Ilons, o6aanatomye TakHM cBOMCTBOM, HAsHIBAlOTCA ITOTEHIH-
ATbHBIMH. ‘ , :

Ilpu paccMOTpeHHH S/JEKTPOCTATHUECKOrO IO/ TOYEYHOTO
3apsaia yno6HO B KadecTBe TOUKH C HYJEBBIM IIOTEHIIHATOM
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BEIOpaTh GECKOHEYHO YAa/leHHYI0 TodKy. Torja Bhipaxenue
ans nofenunana ToukH, orCroamélt Ha paccrosiHHe r OT 3apfja,
umeér Bujg ;
1 ¢ g
=TT (1.3)
-TlorennuanbHan sHeprus W 3apsja ¢;, NOMELIEHHOTO B 3J€KT-.

poCTaTHYecKoe Ifosle, paBHAa NMPOHM3BEJEHHIO §; HAa MOTEHIHaJ
TOH TOUYKH NOJIfA, IJle HaXONHTCA 3TOT 3apfA:

W =q,9.

Ecin 3apsin g, HaXoAHTCS B 10JIe, CO3/dBAEMOM TOYEUHBIM 3a-
PSIIIOM ¢, TO €ro NoTeHIHa bHas 3Heprus, ¢ yueroM (1.3), paBna
W19

dnegy r

TlpH omHOMMeHHHIX 3apAaax ¢ M ¢, T. €. IPH OTTATKHBaHHH,
NOTEeHIHaAbHAsl SHEPTHs NOJOXHTeabHa. IIpH pasHOHMeHHBIX
3apsajax, T. e. NPHTAXKEHHH, INOTeHIHaJbHas 9Hepruﬂ, Kak
H B IPaBHTALHOHHOM [10J1€, OTPHIATENbHA.

DnexkTpHyecKHe noJA rpadHyecKH Hsoépamalofr au6o ¢
HOMOLIbIO CHJIOBHIX JIHHHH, JIN60 ¢ HOMOLIbIO SKBHIOTEHIHAIb-
HBIX noBepxHocreil. CHJOBHE JHHHH NePHEHAHKYJISPHHI 10-
BEPXHOCTAM HOCTOSIHHOrO NOTEHLHAJAd; MO3TOMY, HMesl OAHY
H3 3THX KapTHH, MBI MOXEM IOCTPOHTb APYIYIO.

DneKTpHYECKHE MO YAOBJETBOPAIOT NPHHLHIY Cynepro-
3UIHH: 3JEKTPHYECKOE II0Je CHCTeMbl HCTOYHHKOB fIBJIfIETCSA
CYMMO# TIoJ1el OTAENbHLIX HCTOYHHKOB. HanpsikeHHOCTB moJi,
€03/1aBaeMOL0 HECKOJILKHMH 3aPSilaMH, PaBHa BEKTOPHOMN CyMMe
Hanps>KeHHOCTeH MNoJel, CO3JaBaeMBIX KaXAbiM 3apAA0OM B
oraeabHoCTH. [loTeHIHaM TPOH3BOJBHOH TOYKH NOJSl HECKOJb-
KHX 3apfJoB, KaK CJelyeT H3 ONpeleJeHHsl NOoTeHLHaJa,
paBeH aJjrebpauyecKoH CyMMe IIOTEHIHAJ0B, CO3/aBaeMBIX B
3TOH TOYKE KaXKIAbIM 3apAfoM. IIpH 3TOM TOUKa HYJIEBOTO NMOTEH-
nMaja BHOHpaerca oflliell AJfA BCeX 3apAAOB.

[IpHHIHN CYNeprno3HIHH (paKTHYECKH O3Hauyaer, YTO NPH-
CYTCTBHE JPYrHX.3apfA0B HHKAK He CKa3hiBaeTCs Ha IoJIe, CO3-
JlaBaeMOM ' JaHHBIM 3ap f110M.

TlorenunanbhHufi XapakTep 3JEKTPOCTATHYECKOTO — MOJSA
JIETKO JI0Ka3aTh A/ C1ydas o/ TOYeHHOro 3apsaa. 3T0 MOXKHO
clleNaTh TaK Ke, KaK H J/1f rpaBHTAllHOHHOrO NOJA, CO3/aBae-
Moro TodyeyHoi Maccoit (CM. § 8 pasgena «Mexaﬂuxa»). Torna
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¥S NPHMHUMIA CYNEPRO3HUHH OyAeT - CIGAOBaTL NOTEHIHH-
a7bHOCTD JIIOGOr0 EKTPOCTATHYECKOrO NOJsA, TaK Kak Jioboe
pacnpene/ieHie 3JeKTPHYECKHX 3apsloB, CO3JAIOWMX ROJE,
MOXHO NPEACTAaBHTb KakK ‘COBOKYITHOCTb TOYEUHbIX 3apsijioB.

3aKOH B3aHMOACHCTBUA 3JIEKTPHUYECCKHUX 3apslOB — 3aKOH
KysoHna — MoxHO cOpMy/HpOBaTb MHAye, B BUAE TaK Hasbl-
BaeMoii Teopembi ['aycca. Teopemy I'aycca MoXHO MOJYyYHTD
Kak cJjeicTBhe 3akoHa KysoHa
H [OpPHHLUMOA CYNepIrio3HIUH,
JlokasaresbCTBO OCHOBBIBA€TCSl
Ha o6parHoil IPONOPUHOHAMb-
HOCTH CHJB B32aHMOLCHCTBHSA
IBYX TOYEYHBIX 3apAjOB KBaj-
pary pacCTOSIHHsI MEXKJY HHMH.
IlostoMy Teopema [aycca npH-
MEHHMa K JI060MYy (PH3HYECKO-
MYy IOJIIO,TAe AeHCTBYET 3aKOH
OOpaTHBIX KBaApPaTOB H NpHH-
LHI CYNEPHO3HUHH, HampuUMep
K IDaBHTAllHOHHOMY IOJIO.

Puc. 1.1. CusoBHIE JIHHMH SJeKT-

PHUECKOTO MOJIS TOYEYHOTO Saps- llpexne uem Qopmyanpo-
Ja, InepecekawuHe 3aMKHytyio BdAThb TECOpPEMY raycca, paccMoT-
nosepxHocts . PHM KapTHHY CHJIOBbIX JIHHMI

, . JICKTPHYECKOTO MOJsi HEMoX-
BW)KHOTO TOYEYHOro 3apsna. CHJIOBble JIHHHH YEIHHEHHOTO
TOYEUHOrO 3apsfia NPEACTABJSIOT coGOM CHMMETPHYHO pac-
NOJIOXEHHDbIE PaaHasbHble nPsiMble (puc. 1.1). Moxno nposecTu
Jaoboe YHC/A0 TaKMX cHaoBbIX JHHHA. OGo3HAYMM nonHOE MX
yncJsio uepe3 N. Toraa rycrora CU/IOBbIX JIHHHH HA PacCTOSHHM
r OT 3apsja, T. €. HHCJO JIHHHH, NEPECEKAalOWHX eNMHHUY
NOBEPXHOCTH cdepbl pamuyca r, paBua N/(4nr?%). CpaBuupas
C BBIDAXEHHEM JJISl HANPs)KCHHOCTH MOJsl TOYEYHOro 3apsija
(1.2), BHAMM, YTO TYCTOTA CHJIOBbIX NHHUR M HanpsKEHHOCTDb
[OJMH NPONOPUMOHANLHE. MBI MOMKEM CHQJIATH HMX YHCJEHHO
paBHEIMHM, HaljexamuM obpasoM BbIOPAB MOJHOE WHCAO CH-
JOBbIX JiuHUA N:
N g ]
2

Anr2 4mey r2?

otRyna N=gle,. Takum o6pasoM, noBepxHOCTS chepni JGGOro
pamnyca, OXBaTHIBAIOMIEH 3apAN ¢, NEPeceKaloT §/e, CHIOBHX
auRNR. Tar Kak cA/IoBble JHHHK HellpePHBHLI, TO CTOIbKG XKe

.
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JUHHA BEIXOAUT HADYXKY M3 JIO60H 3aMKHYTOH MOBEPXHOCTH X
(puc. 1.1), oxBaTwBawowieit 3apsn ¢.

BBeaeM Teneph NOHSITHE NOTOKA BEKTOpA HaMpsiXKeHHOCTH
noJisi 4epe3 NOBePXHOCTb. [IpOH3BOJIBHOE MOJE MOXKHO MBIC-
JIEHHO pa36GUTh HA Majble 06JaCTH, B KOTOPHIX HaNpsSIXKEHHOCTh

MEHSETCs! 110 BeJHYUHE H HalpaB- , e ‘
JIGHHIO CTOJIb MaJlo, YTO IT0J1€ MOXK- = ! n
HO CYHTaTh B Mnpejejaax sTod o06- i I

JIaCTH OFHOPOJAHBIM. B Kaxk o Ta- o o
Koii 06saCTH  CHUJIOBBIE JIHHHH e e e g

NMpeACTaB/IIOT coboil mapajjenb- ~
Hble NpSMbIe H HMEIOT OCTOSTH-
HYIO TYCTOTY. A.S},
PaccmorpuM, Kakoe uucio AN L-
CHJIOBBIX JIHHM POHU3bIBAeT Ma- Puc. 1.2. K OMPERETEHHIO TIO-
TOKa BeKTOopa HanpsaXKEHHOCTH
ayto niowanky AS, HAIPABAEHHE  poro wepes mrowanky AS.
HOpMAa/TH B K KOTOpOfi ofpasyer
yroJ o C Hanpabs/jeHHeM JHHHH HanpsikeHHocTH (puc. 1.2).
[Tycte AS, — mpoekuust AS Ha IIOCKOCTb, NEPNEHAUKY>
JISPHYIO K CHJIOBBIM JHHHSAM. Tak Kak 4HC/IO JHHHH, nepes
cexkaomux AS u AS,, 0IHHAKOBO, a TYCTOTa JHHHH, COTJACHO
NPUHATOMY YCJOBHIO, PaBHA BeJHUYHHE HaHpH}KeHHOCTH noas
E TO

f
i
)

AN=EAS,=EAScosa.

Bequuuna E cos o npeactTaBasieT oGO TNpPOEKIHIO BEKTOpa
E Ha HanpasjeHHe HOpMadd n K mJomajgke AS: .

Ecosa=E,.
[TosTomy yHC/I0 CHJIOBBIX JHHHE AN, nepeceKalomuX NIOMAAKY
AS, pasHo

AN=E_AS. (1.4)

Ilpoussenenne E,AS HOCHT HasBaHHE NIOTOKA BEKTOpa Hampsi-
3KeHHOCTH noJst yepe3 noepxHoctb AS. dopmyaa (1.4) noka-
3bIBAET, UTO MOTOK BeKTopa E uepe3d moBepxHOCcTh AS paBeH
YHCY CHJIOBBIX JHHHH, NepeceKaoluX 5Ty I0BepXHOCTh. OTMe-
THM, -YTO IIOTOK BEKTOpa HAaNpsIKeHHOCTH, KaK H YHCJIO IIpo-
XOAfMIUX 4epe3 MOBEPXHOCTb CHJIOBBIX JHHHH, €CTh CKaJsp.
[ToTok BekTOpa HaNpPsSIKEHHOCTH IOJS Hepe3 IPOH3BOIbHYIO
NOBEPXHOCTD IIPEACTAB/IsAeT CO0OH CyMMY TOTOKOB uepes sje-
MeHTapHble NJIOMAAKH, Ha KOTOpble MOXHO DasbuTh 3TY. Io-
"BEpXHOCTb. B cuay cootHomeHHus (1.4) MOXKHO yTBepKAaTh, 4TO
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]

IIOTOK HANPSKEHHOCTH MOJIs TOYEYHOTO 3apsja ¢ yepe3 Jio6yio
OXBaTHIBAIOILYIO 3apsij 3aMKHYTYI0 MoBepxHocts 2 (pHc. 1.1),
KaK H YHCJIO BLIXOASINHX M3 3TOfi MOBEDPXHOCTH CHJIOBBIX JIH-
HHi, paBeH ¢/e,. [Ipy 3TOM BEKTOp HOPMAJH K 3J1eMeHTapHbIM
MJOIajKaM 3aMKHYTOR MOBEPXHOCTH CJIe[yeT HamnpasJsTh
Hapyxy. Ecau sapsix BHYTpH NOBEPXHOCTH OTPHUATE/IEH, TO
CHJIOBBIE JIHHHH BXOJASAT BHYTPb 3TOH MOBeDXHOCTH H CBf3aH-
HBIH C 3apsiIOM IIOTOK BEKTOpAa HANPSKEHHOCTH IOJA TaKXKe
OTpHILATENeH. .

Ecsiu BHYTPH 3aMKHYTO# OBEPXHOCTH HAXOAHUTCH HECKOJIb-
KO 3apsiJioB, TO, B COOTBETCTBHH C TNPHHUMIOM CYIEPHO3HIHH,
OYLyT CKJAIBIBaTbCH MOTOKH HAMpPsX)KEHHOCTeH UX moJeil.
[Noaublit nOTOK GyJeT paBeH ¢/€,, rie MOJ ¢ cjaelyeT HOHHMATh
anreGpaHuecKylo CyMMy Bcex 3apAI0B, HAXONSIHXCA BHYTPH
HOBEpP XHOCTH.

Tenepp MOXHO OKOHYATEJIbHO cd)opmynuposa’rb TeopeMy
I'aycca: nmotrox N BekTOpa HaNpSXKEHHOCTH 3JIEKTPHYECKOro
nossi E B BakyyMe uepes J06yi0 3aMKHYTYIO IOBEDXHOCTb NPO-
MOpIIHOHAJIEH MOJIHOMY 3apsily g, HaXOJAAIEeMyCsl BHYTPH 3TOH

NMOBEpPXHOCTH!

Teopema I'ayeca mIHPOKO HCHOJNB3YeTCS B 3JEKTPOCTATHKeE.
B HekoTOpBIX cayyasix ¢ ee HOMOILBIO JIETKO PacCUHTLIBAIQTCSH
HoJs1, Co3fiaBaeMble CHMMETPHUHO paclipe/ie/leHHbIMH 3apsilaMH .

INpumenum Teopemy I'aycca ajst pacyera HampsiXKEHHOCTH
3JIGKTDHUECKOTO MOJSi PaBHOMEPHO 3apsKeHHOro Mo HOBepX-
HOCTH Liapa pajauyca R. Pacnpenenenue 3apsanos, CO3AalOMUX
[oJje, B 3TOM cJyuae ofsafaer chepHUeCKOH CHMMETpHEH.
[TostoMy Takoit e cuMMmerpuefi obmnajaer u moJe. Cu/oBbe
JUHHH TaKOTO MOJISl HampasjeHbl 1O pajHycaM, a BeJHYHHA
HanpsXKeHHOCTH OIHHAKOBa BO BCeX TOYKAaX, PaBHOYAAJeHHLIX
OoT meHTpa wapa. JIas Toro uroObl HAalTH BEJAUYHHY Hamps-
eHHocTH noas E (r) Ha paccrosinuy r oT LeHTpa 1uapa, npose-
JIleM MBICJIEHHO KOHIIEHTPHUECKYIO C LIapoM cepHUecKYio Mo-
BepXHOCTb pajauyca r. [TockosbKy BO BceX ToyKax 3Toi cephl
HaNpAXKEHHOCTb MOJISl Hampas/jieHa NepHeHJHKYJ™pHO ee THO-
BEpXHOCTH H OJIHHAKOBA IO BeJIHUHHE, TO OTOK HaMP sXKEHHOCTH
HPOCTO paBeH HPOH3BEICHHIO BEJHYHHBI HAIIPAMEHHOCTH MHOJS

Ha [JIOWafb NOBEPXHOCTH Cephl:

N =E (r) dnr. (1.5
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Ho 3Ty BesMuMHY MOXKHO BHIPA3HTb H C MOMOHIBIO TeopeMhl
I'aycca. Ecoiu Hac uHTepecyer moJie BHe uiapa, T. €. IpH r>R,
to N=¢/e, u, cpaBuuBas ¢ (1.5), Haxonum
1 ¢

E()=gzg;7x (">R).
Ecau e HHTepecoBaThCsl MOJEM BHYTPH 1uapa, T. e, IpH r<<R,
10 N=0, Tak KaK BeCb pacrnpe[eeHHbIH 110 MOBEPXHOCTH 1apa
3apsi, HaXOOMTCA BHE MBICJEHHO IPOBENECHHOA HamH cephl.
[losToMy mose BHYTPH 1iapa OTCYTCTBYET:

E=0 | (r <R).

AHaJIOTHYHO MOXKHO PaCCUHTATb 3JEKTPOCTATHUECKOE HOJIE,
co3jlaBaeMoe GECKOHEUHOJ MJIOCKOCTbIO, 3aPsKeHHOH ¢ mJIoT-
HOCTBIO -0, MOCTOSIHHOH BO BCEX TOYKAaX MJOCKocTH., IJo co-
06paXeHHSIM CHMMETPHH MOX-

HO CUMTATb, UTO CHJOBEIE JH- _ _ /
HHMH- TTepPIIeHHKYISIPHEL K I1JI0C -
KOCTH, HAampaBJieHH OT Hee B
o6e CTOPOHBI H HMEIOT BCIOAY . il A -
OJIHHAKOBYIO rycTotry. JeficTBu-
TeJIbHO, eCJH Obl ['YCTOTa CHJIO-  §
BLIX JIHHHII B PasHEIX TOUKAX
6bl1a pasMYHOH, TO MepeMe- -
LeHHe 3apmerHou HJOCKOCTH _ p.
BJIOJIb caMoil cebsi MPUBOAMJIO As
Gbl K H3MEHEHHIO MONSl B STHX Puc. 1.3. K Bruucaennio Hamps-
TOYKaX, YTO MPOTHBOPEUHT CHM-  weypoctn monst pasmoMepHO 3a-
METPHH CHCTEMBl — TAKOH CJIBUT PAXKEHHON ' MIOCKOCTH.

He JIOMKeH M3MeHATb TIoJe.

Jpyrumu cnoBaMu, mosie G6eCKOHEYHOH PaBHOMEPHO 3apsiKeH-
HOH IIJIOCKOCTH SIBJISIETCS OLHOPOLHBIM. '

B xauectBe 3aMKHYTOfl MOBEpXHOCTH IJIsi IPHMEHEHHS Teo-
pembr [aycca BrGepeM MOBEPXHOCTH IUJHHAPA, MOCTPOEHHOTO
crefiyiomuM ofpasoM: -oGpasyolias OUIHHApPA mapajjienbHa
CHJIOBBIM JIHHHSIM, 4 OCHOBAHHS HMEIOT IJIOWAAH S, mapaJjenb-
Hbl 3apsKEHHOH MJIOCKOCTH H JIeXaT Mo pasHble CTOPOHH OT
Hee (puc. 1.3). TloToK HampsKEHHOCTH MOJsI Yepe3 GOKOBYIO
NOBEPXHOCTb paBeH HyJo, NMO3TOMY MOJHEI IOTOK dYepes
3aMKHYTYIO TTOBEPXHOCTb paBeH cyMMe ITOTOKOB 4epe3 OCHOBa-

HHS [UJIHHIpA:
N = 2ES.

\"m-—‘
A
Yo




-206 BJIEKTPOCTATHKA

ITo Teopeme 'aycca 3TOT e MOTOK OMpPENENsETCS 3apsAOM TOH
YacTH MJOCKOCTH, KOTOpas JeXHT BHYTPH LUHJIHHIApA, H paBeH
0S/ey. CpaBHHBasi 9TH BbipaXeHHMs IAfl IOTOKa, HAXOAHM

G
_280-

B xauecTBe APYruX NMPHUMEPOB moJsefi, CO3AaBaeMbIX CHMMET-
pPHYHO pacnpejeneHHbIMH HCTOYHHKaMH, MOXHO IIDHBECTH
[0J1e PaBHOMEPHO 3apsKEHHOH 1O AJHHe GeCKOHEUHOH NpsMO-
JHHEHHON HHUTH, MMOJIE PABHOMEPHO 3apsxKeHHOro 6eCKOHEYHOro
KPYTOBOTO LMJHHApA, MOJe 11apa, paBHOMEPHO 3apsKeHHOro
mo o6weMy, U T. n. Teopema 'aycca mo3BojsieT BO BceX 3THX
cJAyvyasx Jerko pacCYHTbIBATh HampsKeHHOCTb MOJA.

§ 2. IlpoBogHHKH B 3J€KTPHUYECKOM MoJIe

Heo6X0nMMbIM YCIOBHEM 3JIEKTPOCTATHUECKOTO PaBHOBECHS
MPOBOJHHKA ABJAETCS PABEHCTBO HYJIO HAINPSKEHHOCTH 3J1€KT-
PHYECKOT0 MOoJIst BHYTPH NPOBOAHHKA. Ecau 66 BHYTPH NPOBOA-
HHKAa CYIIECTBOBANO MaKPOCKONMHYECKOe IoJe, TO CBOOOAHBIE
3apsaibl (B Merajfnax — 3/1eKTPOHbI) NMPHILIH Obl B JBHKEHHE,
T. €. paBHOBecHe Gbl10 Gbl HapyieHo. ¥YcaoBHe E=0 ponsxHo
GbITh BBIMOJHEHO /S BCeX TOYEK BHYTPH MPOBOJHHKA HE3aBH-
CHMO OT TOTO, 3apsi2KeH OH CaM HJIH MOMEIeH BO BHeIIIHee 3/1eKT-
pocTaTHuecKoe moJe.

YC/I0BHE OTCYTCTBHSI 3JIEKTPOCTATHUECKOTO TMOJSA BHYTPH
MPOBOJHHKA MPHBOAMUT K TOMY, UTO HECKOMIEHCHPOBaHHBIE 3a-
pPAABl MOTYT pacnojaraThCsl TOJIbKO HAa €ro MOBepXHOCTH. B
9TOM JIETKO YOeIHThCs C MoMoInbio TeopeMbl I'aycca. Paccmor-
PYM IIPOH3BOJbHYIO 3aMKHYTYIO IIOBEPXHOCTb, OTPaHHYHBAIO-
IYI0 HEKOTOphIii 06beM BHYTPH NPoBOAHHKA. Bo Bcex Toukax
3TOH MOBEPXHOCTH HAaMpKEHHOCTb MAKPOCKONMHYECKOTo 3/€KT-
puueckoro moas paBHa Hymo. ClenoBaresbHO, PaBeH HYJIO H
‘IOTOK HanpsIXKEHHOCTH IOJIS Yepes 9Ty NMoBepXHoCcTh. Toraa o
Teopeme 'aycca paBen Hymo H MOJHBIA 3apsi B o6beMe, orpa-
HHYEHHOM PaccMaTpHBaeMOi MoBepXHOCThbio. TakK Kak nosepx-'
HOCTb POH3BOJbHA, TO PE3Y/bTAT NPUMEHHM K JIIOGOMY YUacTKY
BHYTPH NpPOBOAHHKA BIJOTh 10 €ro npaHunbl. Mrak, HeckoM-
NEHCHPOBAHHBIE 3aPAAbH MOTYT pacmoJararhC TOJAbKO Ha
MOBEPXHOCTH TNPOBOAHHKA. '

OrcytcTBHE 3apSiiB BO BHYTPEHHHX YacTsiX NPOBOAHUKA
MOXeT ObiTh HCIONb30BAHO -JJIA ONBITHOH NPOBEPKH 3aKOHA
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1 .
Kynona. Ecnu 61t B 3akone Kynona F =m—oq—;glnoxa3aTenb

CTENEHH r HEe PaBHsICA Obl TOYHO JBYM, TO He Gblia Gbl cripa-
BelJIHBa TeopeMa I'aycca H BO BHYTPEHHHX YacTAX 3ap AKEeHHOTO
TNPOBOJHHKA JOJUKHBI OblIH Obl HaXOAHTbCS 3apsansl. Uutepec-
HO, 4YTO OTCYTCTBHE 3apAJIOB BO BHYTPEHHHX YacTAX 3apsKeH-
HOr0 MeTa/IJIH4ECKOr0 NPOBOJAHHKA OBLIO 3KCIEPHMEHTAbHO
ycraHoBMeHO  KaBeHpHuieM
3a 12 et mo Toro, xak Ky-
JIoH ChopMyJTHPOBAT 3aKOH
B3aUMOJEHCTBHA TOYEYHBIX
3apsanoB. IlpoBepky 3akoHa ‘AS
Kynona TakuM crmoco6oM
MOXKHO MPOH3BECTH ¢ 60JIb-

lU€H TOUHOCTLIO, HEM TPH  p,. 9y K pyqucrenuio HamnpsixKeH-
HENOCPEACTBEHHOM H3MEDE~  poery mosst BEIH3H MOBEPXHOCTH NPO-

HHH CHJIbl B3aHMOJEHCTBHA BOIHHKa.

MexZy 3apsKeHHBIMH Tesa-

MH, TAK KaK OYeHb TPYAHO CO3JaThb YCJOBHS, OTBeYalolIHe
TpeGOBaHHIO, YTOOBI 3apsaabl OBIIH TOYEYHHIMH.

C nomoiiibio TeopeMbl I'aycca JTerko HafiTH BHIpaXKeHHe A
Hanps2KEHHOCTH 3JIEKTPHYECKOTO NOJAS B HENOCPEACTBEHHOMH
6/IM30CTH OT IOBEPXHOCTH NMpOBOAHHKA. Ilpexne Bcero orme-
THM, YTO BO BCEX TOYKaX NPOBOAHHKA NMOTEHIHaJ] OJHHAKOB W,
C/JIeOBAaTeNbHO, €ro TPAaHHIA SIBJAETCS 3KBHIOTEHUHAJILHOH -
MOBEPXHOCTBIO, & CHJIOBblE JIHHHH MEPTEHAUKYNAPHLI €ro mo-
BepXHOCTH. Bo3bMeM Ha MOBEpXHOCTH NPOBOAHHKA HACTOMBKO
Maunbiii ygactok AS, 4To6Bl €ro MOXKHO ObIJIO CHHTATH IJIOCKHM,
a MOBEPXHOCTHYIO TUIOTHOCTb 3apsjia ¢ — NOCTOAHHOH. IIpo-
BEJIeM MBICJACHHO MaTyK 3aMKHYTYIO WHIHHIPHYECKYIO TTIOBEPX-
HOCTb, 06pasyiolHe KOTOPOH MepHeHIHKY/IAPHBI K MOBEPXHO-
CTH NPOBOAHHKA, a OCHOBaHHA mnapasieabnel AS (puc. 2.1).
HuxxHee oCHOBaHHE DPAaCHONOXKEHO HEJHKOM BHYTPH NPOBOX-
HHKa, TJ€ T0J€ OTCYTCTBYET, 8 BEpXHee — B HENOCPeACTBEHH O
GJIH30CTH OT TOBEPXHOCTH NMPOBOJNHUKA, TAE CHJIOBbIE JIHHHH
elle MepneHIHKYISAPHbL K Heil:

IIpu TakoM BbI6OpE 3aMKHYTOH NMOBEPXHOCTH MOTOK Hamps-
JKEHHOCTH NPOXOIHMT TOJBKO Uepe3 BeDXHee OCHOBAHHE H pa-
BeH E AS. Ilo teopeme 'aycca

E AS =948

g '
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OTKYJa
E=Z, (2.1)

TTomuepkuem, uto dopMyaa (2.1) gaer BelpakeHHe /1A Ha-
NpPSKEHHOCTH IOJHOTO 3JEKTPOCTaTHYECKOrO MOjs,  CYLIECT-
BYIOILIEr0 BOJM3H NOBEPXHOCTH MPOBOAHHKA, HE3aBHCHMO OT
TOr0, CO3JACTCA JIH STO [I0J& TOJBKO CaMHM 3ap sKeHHBIM

Puc. 2.2. DiektpHueckoe moJje Puc. 2.3. JleficTBre HHayIHpOBAH-

TO4YEYHOTO 3apfja, HaXOAAMIETO- HHIX Ha -IVIOCKOH TpaHHue 3apf-

cAi BOJH3H NOBEPXHOCTY NPOBOJ- OB SKBHBAJIGHTHO JCHCTBHIO TO-
3 HHKa. o qeyHoro 3apaja —g.

MPOBOJAHHKOM HJIH elle H Apyrumu 3apsifamu. HMs (2.1) BugHo,
YTO HANPSXKEHHOCTh Pe3YJbTHPYIOLIETO MOJS BOJIH3H MOBEPX-
'HOCTH NPOBOJHHKA CBf3aHa TOJIBKO C IIIOTHOCTBIO 3apsiioB Ha
€ro NOBepXHOCTH.

B KkauectBe nmpuMepa NpPOBOJHHKA B 3/JEKTPHYECKOM IOJe
paccMoTpuM 6oJbLIOA KYCOK MeTajJa C IJIOCKOH rpaHuiel,
T. €. aKTHYECKH 3allOJHEHHOE IPOBOAHHKOM IOJYIPOCTPaH-
CTBO, B [10JIe TOYEYHOr0 3apsijia §, HaXOAALIerocst Ha PacCTOAHUH
[ ot naockoit moBepxHocTH (pHC. 2.2). BoisicHHM, KakuM 6yjer
SJIEKTPOCTaTHYECKOE II0J€ BO BceM MpocTpaHcTBe. [lpexne
BCEro OTMETHM, UTO BHYTPH KyCKa MeTasja MOJil HeT: clipaBa
ot njockoctH E=0. Ocraercs HafiTH 1oJie B MOJYIIPOCTPaHCTBE,

collepxamem 3apfin. Ha mJockoifi' moBepxHOCTH NpOBOAHHKA
HHIYUHPYIOTCS 3apfifibl, TIOBEPXHOCTHAS IJIOTHOCTh O KOTOPBIX
CBSI3aHA . C HANPSKEHHOCTHIO IIOJHOTO MOJA BOAM3H NMJOCKOCTH
cootHomenneM (2.1). Ilo npuHuuny CynepnosHmMH MOJMHOE

-
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1noJie B /oGOl TOUKe MOXKHO PAacCMaTPHBATh KakK CyMMy moJsief
3apsla ¢ ¥ HHIYUHPOBAaHHBIX Ha IUIOCKOCTH 3apsnoB. Tak
KaK CIpaBa OT IVIOCKOCTH IIOJIHOE M0JI€ PaBHO HYJIIO, TO SICHO,
YTO CyMMapHOe ToJie BCeX HHAYIMPOBAaHHBIX HA IVIOCKOCTH 3a-
PANOB MOXKHO .8aMEHHTb JJISI IIPABOTO IMOJYIPOCTPAHCTBa
110/1eM OJIHOTO TOYEYHOTro 3apsiia — ¢, MOMEINEHHOTO B Ty Xe
TOYKY, YTO H MCXOJHBIH 3apsj g. [Tose HHAYUHPOBAHHEIX 3aps-
JIOB CHMMETPUYHO OTHOCHTENBHO IIOCKOCTH: [lostomy mose
HHIYIIUPOBAHHEIX 3apsiioB B JIEBOM IMOJYNPOCTPAHCTBE 3KBH-
BaJIEHTHO JI0JIF0 TOUEYHOTO 3apA/1a —¢, PacnoJ0KEeHHOT0 CIIpaBa
OT MJIOCKOCTH CHMMeTPHYHO 3apsify ¢ (puc. 2.3). Mrak, nonHoe
roJie B JIEBOM IOJYIIPOCTPAHCTBE MpeJcTaBasier cofoil cynep-
MO3HILHIO MoJieli, cO3JaBaeMblX 3apsjioM ¢ H 3apsjoM —¢, pac-
MOJIOXKEHHLIM ClpaBa OT IVIOCKOCTH CHMMETPHYHO 3apsify ¢.
IMonyyeHHulii pe3ysabTaT MOXKHO KpPaTKo copMYyJHPOBATH
TaK: JeHCTBHE IJIOCKOf IpaHHibl MPOBOJHHKA C HHAYLHPOBAH-
HBIMH Ha Hel 3apsi/laMH MOXKHO 3aMEHHTb JefiCTBHEM TOYEYHOTO
3apsja —¢, SBJAAKLIErocss KaKk 6bl 3¢pPKajJbHBIM H300paXKEHHEM
JIAHHOTO 3apsJia ¢ B IPOBOJSIIEH IJIOCKOCTH. [T03TOMY onmHCak-
HBIfl Croco0 HaXOXKAEHHs MOJsi HOCHT HasBaHHe METola H306-
paxkeHHH. 7
3Has. 3JeKTpUYECKOe MOoJe, MOMKHO PacCuHTaTh MOBEPXHO-
CTHYIO IJIOTHOCTh MHJYIHPOBAHHBLIX HA MPOBOJHHKE 3apSNOB H
CHNY, NeHCTBYIOMYIO Ha TOUYeuHbIH 3apsif q. ITockonbKy Bce
CHJIOBLIE JIMHHH, BHIXOJSIIIHE H3 3apsja ¢, OKAaHYMBAIOTCS Ha
NpOBOAALIEH TJOCKOCTH, TO MOJHasi BeJHYHHA HHAYIHPOBAH-
HOTO Ha Hel 3apsiia paBHa —¢q. Pasymeercs, sToT 3apsj pac-
npejiesieH HepaBHOMepPHO. [TOBEPXHOCTHYIO -IJIOTHOCTb HHJY-
ILHPOBaHHBIX 3apsI0B JIErKO ONPEeNeNHTh C MOMOMIBIO COOTHO-
weHus (2.1). HanoMHHM, 4TO Hamps:KEHHOCTb MOJS BGJIH3H
MOBEPXHOCTH TNPOBOAHHKA HAanpaBjieHa MO HOPMaJH K ' Hei.
OuyeBujHO, YTO- B pacCMaTpHBaeMOM CJyuyae IoJje ofajaer
OCEBO# CHMMETpHEH: NPHU BPallleHHH BOKPYT JHHHH, COeHHSIO-
ek 3apsjpl ¢ M ——¢, KapTHHA nojis He MeHsiercsi. [Tostomy
“IIJIOTHOCTb 3apsJia Ha INOBEPXHOCTH 3aBHCHT TOJMLKO OT pac-
CTOSIHHSI r OT OCH CHMMETpPHH: 0==0 (r). [IpocToii pacuer, ufes
KOTOPOTO MOHATHA H3 pHC. 2.4, NPUBONHUT K pe3y/bTaTy

S =8 () =5 2.2)

Kakas cuna nefictByer Ha 3sapsn ¢? Jnsa HaxoxneHus
CHJIBl HYXHO 3HaThb HalpPSKEHHOCTb MOJA, B KOTOPOM HAX0~



- 210 . OSJEKTPOCTATHKA

IHTCA 3TOT 3apsif. B naHHOM ciyuae 3o moste cosnaercs 3aps-
AaMH, HHAYOHDPOBAaHHLIMH Ha NpoBoAHHKe. TOUHO Takoe e
nojie cosjaBan Obl 3apafa-u3c6paxkeHne —q. Taxkum o6pasom,
3apsjl § TPHTACHBAeTCSl K NPOBOIHHKY C TaKOH e CHJION,
KaK H K 3apsiy —¢, Haxoxasuemycs
Ha paccTOosIHUH 2! OT Hero.

A xakylo pa6oTry HYXHO COBep-
1HTh, 4TOGHl YIATHTb 3apsAk g Ha Gec-
KOHEeYHOCTb? MozkeT mokasartbcsl, 4To
HckoMasi paGorta OyAeT Takofi e,
KaK U IIDH Pa3JBHKEHHH Ha GeCKOHeY-
HOCTb 3apSIIOB § H —@, HAXOALIHX-~
Csl HAa pacCTOAHHH 2! Apyr ot Apyra:

2
L ¢ (2.3)

T ne, 20 "

g I

Puc. 2.4. K pacyery mo-
BePXHOCTHON TLAOTHOCTH HH- Onnaxo 310 HeBepHO! B 3TOM MOX-

IYLIHPOBAHHBIX 3aps0B. HO y6ez[mbc5r C MOMOUIbIO CJACAYIOHIET O

IpocToro paccyxpaeHus. I'lpu yaase-
HHH 3apsla ¢ OT THOBEPXHOCTH MeTaja OyleT YAaJATbCAB
IIPOTHBOIIOJIOKHYIO CTOPOHY M ero «u3o6pakeHue» —g, H60 B
KaXablil MOMEHT CHna, JefCTBYIOMAs Ha 3apsij, onpeessiercs
3apAI0OM-H300paKeHHeM —¢, -PACTIOJNCKEHHBIM CHMMETPHYHO §
OTHOCHTEJIbHO IOBEP XHOCTH MeTasa. [Tostomy no opmyae (2.3)
onpenenserca pabora, KoTopas COBEpHIAeTCS BHEIIHHMH CH-
naMH, NeHCTBYWIUHMH HAa ofa 3apsaga. Ham xe HeoGxoauMo
Ha#iTH pa6oTy TOJbKO OJHOH M3 3THX CHJ — JAeHCTBYIOHIEH Ha
3apsj §: Belb Ha CaMOM JeJle HIHKAKOro 3apsja —g HeT, a eCcTb
3apsbl, HHAYIUPOBaHHBIE HA NOBEPXHOCTH METasJa, KOTODBIE
NPH yAAJeHUH 3apsiia § PAacTeKalTCsl MO 3KBHIOTEHIHATLHOR
NOBEP XHOCTH, TAK YTO IIPH HX NePeMelleHHH HUKAKOH DaboThl
He coBepliaeTca. Takum o6pas3oM, HHTepecywllas Hac pa6o-
ta A’ 6yner B 1Ba pa3a MeHbule, yeM pagota A B (2.3):

L

(2.4)

DTOT pes3ysbTaT CTAHOBHICS OCOOEHHO HATJSAAHBIM, €CJaH
*BCIIOMHHTb, YTO' 3J€KTPOCTATHUECKYK 3HEPTHI0 B3auMoneHcT-
BHsl 3apAJ0B MOXHO pacCMaTPHBAaTb KaK 3HEPTHI0 CO3/aBae-
MOro HMH TNofisi. B cHcreMe 1ByX TOUEUHBIX 3apAJoB ¢ H —(¢
TI0JIe CYLIECTBYET BO BCEM IIPOCTPAHCTBE, B TO BPeMsl KAK B pac-



§ 2. NIPOBOAHHUKHN B JJEKTPHYECKOM II0JIE . 211

CMaTpHBaeMOM CJydae foJie CYLIECTBYET TOJNbKO B TOH MHOJO-
BHHE MpOCTPAHCTBA, Tie Haxoaurcs 3apsay g (puc. 2.3).

Mo paccMoTpesd npOCTEeHIUHH cJaydaH: ToueuHblfi 3apsf
B6/u3n GeCKOHEYHOH IIJIOCKOH INOBEPXHOCTH IPOBOJHHKA —
M CYMeJIH NpOCTO YraJaTh peleHHe — 3aMEHHJH NoJie HHAY-
IHPOBAHHBIX 3apAN0B MNoJjeM (HKTHBHOTO TOYEYHOTO 3apsja-
H3006pakeHud, PaCHONIOKEHHOro Mo JAPYIYIO CTOPOHY I'PaHHULbI

Puc. 2.5, CusnoBbie JIMHHM M CeYeHHS SKBHIOTCHIHMAJIBHHIX NOBEPXHOCTEH
noJig ABYX PasHOHMEHHBHIX TOYEYHBIX 3apfHOB.

MPOBOJHHKA. A MOXHO JIH IPUMEHATb METOJ H306paXKeHu i 11g
NPOBOJHHKOB GoJee cloxuo#i GopMel? s orBera Ha 3TOT
BONPOC PACCMOTPHM pa3oGpaHHbIf BbIIIE NPHMEP C HECKOJBKO
HHOH TOUKHM 3pEeHMA.

IpeanosioxxuM, 94To UMEIOTCA JBA TOYEYHBIX 3apaAja ¢ ¥ —§
Ha paccrosaHud 2/ apyr ot fpyra. [ToJie Tako# CHCTEMH 3apA]0B
xopoio usBecTHo. Ha pue. 2.5 mokasaHwl CHJIOBBIE JIHHHH M
CeyeHHs SKBHIOTEHNUAJBHBIX moBepxHocrefi. OnHa u3 3KBH-
NOTEHLIHAJbHBIX [IOBEPXHOCTEH — NJIOCKOCTh, NEepIeHHKyIAp-
Hafl OTpe3Ky, COEAUHSIOEMY 3apajbi, H Jendllas ero nono-
AaM. JlefcTBHTENBHO, MOTEHUHAI mo/éoﬁ TOUKH STOH NJOCKOCTH

1 q q\ __
0= (F—12) =0,
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TaK KaK: pacCTOSIHUSA JII00O0i TOUKH ITOH NMJOCKOCTH OT 3apsioB
g H —¢ ONMHAaKOBHl (r;==r,). COBMECTHM TOHKHH NpOBOASIIHI
3KpaH ¢ 3Toil naocKocThblo. TlocKoMBKY Bce TOYKH NPOBOAHHKA,
NOMELIEHHOTrO B 9JIEKTPOCTATHUECKOE MOJIe, HMEIOT OJIHHAKOBLIH
NoTeHIHaJl, KapTHHA I10JIS1 He H3MEHHTCS BHe SKpaHa, a BHYTpH
Hero HanpsXkeHHOCTb Mo~

7
2 ‘ Js1 paBHa Hymo. YGepem
% 7 Tenepb 3apsifg —q. Cnpa-
; 7 ; /l Ba OT 3KpaHa 1moJs He 6y-
. ! A
g 7 /‘ g F\E ; f_,,,‘..q JIeT, CJieBa BCE€ OCTaHETCHA
A
1z & L 2
7 7
i A v A o7
a_ iz ' :
. !' 2Ly
-q 1 g
d)
Puc. 2.6. dneKTpHuecKoe mojie BHYTPH Puc. 2.7. Takyio 3ana-
IByrpaHHOTO yria (@) coBnajaer ¢ Jio- 9y MeToJoM H3oGpae-
JieM wueThbipex 3apsjoB, NMOKa3aHHHX Ha HHI{ pDelHTb Henb3d.
pHc. O

0e3 u3MeHeHusi. Ho monyuuBliasicsi cucTeMa — KakK pas .To,
4YTO HaM HYXHO paccMorperb! CnpaBa OT 3KpaHa NOJS HeT,
CJ1eBa HanpsKeHHOCTDb B JI060i TOUKE ONpEeAeNseTCs BEKTOPHOH
CcyMMOll HanpskeHHocTefl mnojiell, CO3[aBaeMbIX 3apslaMH ¢
H —¢, a MoTeHUHa] — anre0paH4ecKol CYMMOH MOTEHIHaJO0B
3THX MNoOJEH.

Tenepp MOXHO chOpMyJHPOBAaTh OCHOBHYIO HIAEI0 MeETOAA
H300paxKeHHH: HYyKHO. nolo6paTh TOYEYHBIE 3apsilbl, KOTOpLIE
cosnaBalH Gbl TaKHE XKe NOJf, KaK M HHIyIHpOBaHHble Ha
NOBEPXHOCTAX TPOBOJHHKOB 3apsibl. [lo/0KeHHe H BeJHYHHA
3THX (PHKTHBHBIX 3apsilioB JOJKHBI BHIGHPAThCA TaKHM o6pa-
30M, 4TOGH OJiHA H3 5KBHNOTEHIHAJIbHLIX OBEPXHOCTEH Moss,
C03/1aBa€MOro - 3aJaHHbIMH M (PHKTHBHBIMH® NOJ06D aHHBIMH
3apsjlaMH, COBMajaja Obl ¢ MOBEPXHOCTBIO mpoBoaHHKa. [loa-
YepKHeM, 4YTO C ITOMOLIBIO 3THX 3aPAA0B HaXOMHTCS 110J1€ TOJIBKO-
BHe TPOBOJNHHKOB. BHYTpH NPOBOJHHKOB IOJS HeT. .

Meton H3o0paxkeHHHi B HEKOTOPHIX C/ydasix MO3BOJISET
OYeHb TNPOCTO HAXOJHTb peLIeHHs BecbMa CJOXKHBIX Ha mep-
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Bbift B3IVIAN 3JIEKTPOCTaTHUeCKHX 3ajau. [lnsi mpHMepa pac*
CMOTPHM [10Jie TOUEYHOTo 3apsla ¢, HaXOAslerocs BHYTPH
NPOBOASAIIEro MPAMOro ABYrpaHHoro yrag (puc. 2.6, a). Bce
3JIEKTPHYECKOe I10Jle COCPENOTOYEeHO TOJAbKO BHYTPH YrJa,
Tle pacIojioXeH 3apsl, ¢; MO JApYTyl0 CTOPOHY MPOBOASLIEH
MOBEPXHOCTH noss HeT. HerpynHo y6enuTbes, YTO 3KBHIIOTEH-
IIMa/JbHOCTb OBEP XHOCTH JBYTPaHHOrO yrJja 6yjer ofecneyeHa,
eC/IH BBeCTH TPH (UKTHBHBIX TOYEUHBIX 3apsAfa, KaK IIOKa3saHo
Ha puc, 2.6, 6. IlosroMy noJie BHyTpH yIJia npeacTaB/isieT coO0H
CYNepHo3HIMIO NoJell YeThipeX H306paKeHHbIX Ha puc. 2.6, 6
3apsanoB. ’

Cuna, ¢ KOTOpO# 3apsifi ¢ NPUTATHBAETCA K IPOBOJHHKY,
MOxeT ObITb NPEACTaBJeHAa KAK BEKTOpPHAsh CyMMa cunt ero
B3aHMOILEHcTBH${ C TpeMmsi (PMKTHBHBIMH 3apsiflaMH.

Ho, HECMOTpﬂ Ha CBOIO IMPHBJIEKATEJbHOCTb, METOJ H300-
paxeHHH JajieKO' He YyHHBepcajieH. JIOCTaTOYHO IIOMECTHTb
TOYeYHBIHl 3apsl ¢ CHAPYKH MNpPOBOASALIETO ABYTPAHHOTO YIJa
(puc. 2.7), uroGel 3anauy y:Ke HEBO3MOXKHO ObUIO PelIMTh Ta-
KHM MeTonoM. XOTSl CHCTeMa uyeTblpeX: TOYEeYHHIX 3apsijioB,
_H3o6pakeHHas Ha puc. 2.6, 6, 1 B 3TOM cJyyae ofecrieunBaer
3KBHIIOTEHIHAJbHOCTh IMOBEPXHOCTH [IBYTPAaHHOrO yrIJja, OHa
He JlaeT pelleHusi 3ajayH. /{ejo B TOM, YyTO QHKTHBHbIE 3apsIbl
MOKHO IIOMelmarb TOJbKO MO JPYTyI0 OT peajbHOro 3apsia
CTOPOHY NPOBOASALIEH MOBEPXHOCTH. B Tok TOUKe, Tie HaXONUTCH
TOYEYHbIA' 3apsll, HaNpsKeHHOCTb N0/ obpauiaercsi B Oec-
KOHeYHOCTb. [loaToMy, €CJIH Mbl NOMECTHM (DHKTHBHBIA TOUey-
Hblii 3apsJ 1O OfHY CTOPOHY C peaJbHHIM 3apsiioM, TO B TOUKE
HAXOXKJeHHs (PHKTHBHOI'O 3apsijia Hamnps:KeHHOCTb IoJs o6Gpa-
Iaercsi B GECKOHEYHOCTh, YEero Ha CaMoM JieJie HeT,

§ 3. Konnencatoput

.

ITon eMKOCTbIO KOHJEHCATOPa NMOHHMAIOT OTHOLIEHHE 3apsjfa
KOHJIEHCaTOpa K MOAYJIO DPa3HOCTH MOTEHIHA/OB MexAy ero
OOKJIaJIKaMH.

Uro Takoe sapsan KoHaeHcaTopar 3apsiKas KOHIEHCATOp,
Mbl cooflilaeM 3apsapl ero o6kaankaM. IIpu sToM nox sapsijaom
o0KJIaIOK HYXKHO MOHHMATb 3apsifbl, PacrosioxKeHHbie TOJbKO
Ha BHYTPEHHHX, O6paljeHHbIX IPYr K ApYTy- MOBEPXHOCTAX
THX OBKNAJOK. DTH 3apsiipl PaBHBI [0 BEJIHYHHE M MPOTHBO-
NOJIOXKHHL 110 3HAKY, M abCoJIIOTHAs BEJHYHHA .mo60r'o H3 HHX
Ha3blBae’l‘Cﬂ 3apsnoM KOHAeﬂcaTopa.,
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Uroftt NODYEPKHYTH Pas3fiyie MEXAY TEM, UTO HA3LBAIOT
3apgA0M KOHAeHcaTopa, M IOJHBIM 3apsiAoM OCKJanoK, pac-
CMOTPUM crepytowuii npumep. Ilycrs HapyxkHas oGK/aagka
cepHYECKOr0O KOHJEHCATOpa 3a3eM/eHa, a BHyTpeHHe#l coob-
weH. 3apsf g. Beck 3TOT 3apsj paBHOMEpPHO pacnpeneauTcs 1o

Puc. 3.1. Cepuueckuil KonpeHcatop BO BHELIHEM 3JEKTPHYECKOM MoJe.

BHEILHel MOBEPXHOCTH BHYTpeHHell ofknanku. Torna Ha BHYT-
PEHHEl NMOBEPXHOCTH HAPYXHOI cepbl HHAYUUPYETCsl 3apsj
—¢, U, CJeloBaTeNbHO, 3apsj KOHLeHcaTtopa paBeH ¢. A uro
OyIeT Ha BHeIHel MOBEPXHOCTH HapyxKHOH cdepvl? ITO 3aBH-
CHT OT TOTO, UTO OKpYKaer KoHieHcartop. Ilycrs, Hampumep,
Ha PACCTOAHHH | OT IIOBEPXHOCTH BHEIUHEH cepbl HAXOMUTCSH
ToueuHblft 3apan Q (puc. 3.1). 10T 3apal HUKAK HE MOBJIHAET
Ha 9JEKTPUUECKOE COCTOSIHUE BHYTPEHHEro NpOCTPAHCTBA
KOHJeHeaTopa, T. €. Ha IoJe Mex]y ero obKkaaikaMu. B camom
nese, BHYTPEHHEE U BHEIIHee NPOCTPAHCTBA Pa3jiesieHsl Tommedt
MEeTaMJia HapyXHoil OOKJIalKH, B, KOTODOH 3JeKTPHUYECKoe
noJie paBHO HyJ10. Ho Xapakrep nossi BO BHEIHEM NMpPOCTpaH-
CTBE M 3apsji, MHAYUHDOBAHHBI Ha HapyXKHOH HOBEPXHOCTH
BHEIIHelH cdepbl, 3aBUCAT OT BEJTHYHHBI U IOJIOXKEHUS 3apsaa Q.
31o nose 6yleT TOYHO TAKHM Xe€, KaK ¥ B CJyuae, Korja
sapag Q HaXOAUTCS HA PacCTOSTHHM [ OT IOBEPXHOCTH CIJIOHI-
HOTO 3a3eMJIEHHOTO MEeTaJIMUecKOro Ilapd, Pajluyc KOTOpPoro
paBeH pajHycy BHellHeld cdepsl KOHJeHcatopa (puc. 3.2).
Takum xe GyneT n WHAYUMPOBaHHWIT 3apsan. Ilaa Haxoxje-
HUs €ro BeJMUHHBE GyleM DacCyKIaTh CJAEAYIOLHM oBpasoM.
AnekTpHuecKoe rose B JI060R TOYKE MPOCTPAHCTBA CO3JdeTcH
3apsiioM Q ¥ 3ap A10M, HHYyIMPOBAHHBIM Ha NOBEP XHOCTH mapa,
KOTOPHIfl pacmpenesneH TaM, -pasymeercs, HeDaBHOMEPHO —

.
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KaK pas Tax, wrobut ofpaThiiach B HYJb Pe3yNLTHPYIOWIAA Ha-
NPsIXEHHOCTh NONs BHYTPH mapa. CorsiacHo NpHHLMNY cynep-
TNOSHUIUY NOTEHUHAA B MoGOW TOUKe MOMKHO HCKAaTb B BHiE
CYMMBI TIOTEHIHAJIOB TIOJIeH, CO3laBaeMBIX TOUEUHBIM 3apsanoM Q

Puc. 3.2. IMose ToveyHoro 3apsga BOJH3H 333¢MAEHHOTO NPOBOAALIErO
wapa,

U TOYCYHBIMH 3apsiiaMH, Ha KOTOpbie MOXHO Da30uThb pac-
npejesieHHb 10 NOBEPXHOCTH Illapa HHAYUHMPOBAHHHIA 3apsil.
ITockoJIbKY Bee asteMeHTapHble 3apsiibl Ag;, HAa KOTOPBIE PA3GUT
MHJYUMPOBAHHBI HAa NMOBEPXHOCTH Inapa 3apsij Q', HaXOASTCS
Ha OMHAKOBOM PacCTOSTHMH R OT UeHTpa iuapa, TO MOTeHIHAJ
€037aBaemMoro MM MOJIs B IeHTpe iiapa OynerT paBeH

1 Aq,-__ 1 _I_ - 1 g
4ne, Z? " 4mey R E Ag; = 4ne, R °
i

14

Torna noJHMI NOTEHUMAN B LEHTPE 3a3€MJIEHHOTO l1apa paBeH

e (S ) =0
(Po“;in_so —R_+R+i)_‘ »
OTKYyJa .
Q =—Q 52
R4
3HaK MHHYC OTpaXKaer ToT ¢aKT, YTO HMHAyUHDPOBAHHHII Sapsj
BCerja TPOTHBONOJIONKHOIO 3HaKa. o
Wrak, Mbl BHIHM, YTO Sapsijl HA HAPYIKHO# NOBEPXHOCTH
BHemHeN cdepbl KOHAEHCATOPA ONPEAIACTCH TeM OKPYHKEHHUEM,
B KOTOPOM HaXOIHTCSl KOHAEHCATOP, H HE MMEEeT HHKAKOI'O OT-
HOMIEHHA K 3apspy Kospeuncatopa ¢. Honnsifi sapag Breumed
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oOKJIaIKH KOHIEHCATOPa, pasyMeeTcsi, PaBeH CYMMe B3apsijoB
ee BHELIHeH H BHYTPEHHEH MOBepXHOCTeH, OJHAKO 3apfil KOH-
JieHcaTopa onpejieisiercs TOMbKO 3apsJioM BHYTPEHHEH noBepx-
HOCTH 9TOH OOKJIaJKH, KOTODHIH CBSI3&H CHJIOBBIMH JIHHHUSIMH
HOMA C 3apAJOM BHYTPEHHeH OOKJaJKH.
B pasoSpanHoM npHMepe HE3aBHCHMOCTb SJIEKTPHUECKOro
o/l B NPOCTPaHCTBEe Mexay OOK/IaJKaMu KOHJeHCatopa H,
CJIeJOBATE/IbHO, €0 €MKOCTH OT BHEIIHHX TeJ
\l\ (Kag 3apsKeHHbIX, TaK H He3apsXKeHHBIX)
odyc.noaJIeHa aJIeKTpoc'raTqucxoﬂ 3alHTOH,
T. €. TOJMIEH MeTa/ja BHeIIHeH OGKJAaIKH.
K ueMy MoXer -npHBECTH OTCYTCTBHE TaKOMl
SAIIMTH, MOXHO YBHJETH Ha cnenylomeM npH-
Mepe.
PaccMmoTpuM NJI0CKHA KOHIEHCAaTOp B BHJE
IBYX NapaJJjeJbHEIX METa/VIHUeCKHX [J1acTHH,
-4 9JIEKTPHUECKOE [10Jle KOTOPOro HpPaKTHUECKH
Puc. 3.3. Kop. UEJNHKOM COCDENIOTOUEHO B IPOCTPAHCTBE MeX-
pencatop B Me- AY IVIACTHHAMH. 3aK/IIOYHM KOHJEHCATOp B
rannmueckol Ko- HE3aPSMEHHYIO IJIOCKYK) MeTaJJIHYeCKYlo KO-
poGxe. poBKy, Kak mokasaHo Ha puc. 3.3. Ha nepsmit
B3IJIIL MOMKET IT0Ka3aThCsl, YTO KAPTHHA OIS
MexJay OoO6K/NaJKaMH KOHJeHcaTopa He H3MEeHHTCS, TaK Kak
BCE MOJie COCPEJOTOYEHO MEXKAY NJNaCTHHAMH, a KpPaeBHM
a(ppexkTOM Mbl npeneGperaeM. OnHAKO JIETKO BHIETb, YTO 3TO
He Tak. CHapyXH KOHJEHCATOPa moJe OTCYTCTBYET, MO3TOMY
BO BCeX TOUKAaX CJieBa OT KOHJEHCATOpa NOTEeHUHAJ OJHHAKOB H
COBMajaeT C TNOTEHIHAJOM JE€BOfl NJACTHHB., TOYHO TaK Ke
HoTeHIHa  Jo60i TOUKH CrpaBa OT KOHIEHCATOpa COBHAjaeT
¢ -TIOTEHLIHAJIOM TpaBoit maacTyHel (puc. 3.4). TlosToMy, 3akJo-
yas KOHJEHCATOP B MeTa/IHYECKyl0 KOPOOKY, Mbl COEJIHHSEM
NPOBOJHHKOM TOUKH, HMEIOIHe PasHbIl MOoTeHuHaA. B pesyb-
TaTe B MeTa/JIHYecKofl KopobGke GyleT NPOHCXOMHThH mepepac-
npejesieHHe 3ap 0B JO TeX Iop, N10Ka He BbIPABHAIOTCH TOTEH-
nMaJpl BeeX ee Touek. Ila BHYTpeHHeH NOBEPXHOCTH KOPOGKH
HHYIHPYIOTCS 3apsjbl, H MOSBHTCSA 3JE€KTPHUYECKOE MoJie BHYT-
' pu KOPOGKH, T. €. CHapyXH Konjencaropa (puc. 3.5). Ho aro
03HAUYaeT, YTO Ha BHEUIHUX MOBEPXHOCTHAX IJIACTHH KOHJEHCa-
TOpa TMOSBATCS 3apsAbl. Tak KakK NPH 3TOM IOJHKI 3apsi] H30-
JIHPOBAHHOM MJIACTHHE HE MEHSETCA, TO 3apsj HA ee BHEUIHEH
[IOBEPXHOCTH MOXKET BOSHHKHYTb TOJILKO 3a CYET MepeTeKaHHs
sapsifia ¢ BHYTPEHHel NoBepxHOCTH. Ho npw H3MeHeHHH 3apsaa
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Ha BHYTPeHHHX nonegxuocmx 06KJIalIOK H3MEHHTCS TIQVIE MEXILY
naacTiHaMH kKoHpaeficatopa. TakHM ofpasoM, 3ak/odeHHe
PacCMOTPEHHOTO KOHJGHCATOpa B MeTa/lIuueckyR kopo8ky
NPHBOAMT K HSMEHEHHIO 3/IeKTpHYEcKoro coctonfilisn BHyTpen-
Hero NpocTPaHCTBa.

ViaMeHeHHe 3apsifioB NJIACTHH H SJIEXTPHYECKOI'Q TIONA B
STOM IIpHMepe MOXeT OHTb JIETKO paccyHTaHo. OGosnaunm

t
!
|
——p -
|
i
|
|
(

N
N

L

N
. ( ,
= e
qd'd'd
[ T —— |
Puc. 3.4. - DnextpHueckoe Puc. 3.5. duexkTpHUECKO®
noje 3apsKEHHOTo  mJIoC- T0JIe 3aPAKEHHOTO KOHJieH-
KOTO' KOHJeHcaTopa. catopa, NMOMeueHHOTo B Me-

TaJN/IAYeCKYi0 KOpOGKy.

3apsj H30JHPOBAHHOT'O KOHJeHcaTopa yepes ¢, 3apsl, nepeTex-
UIHA Ha HapyXHble IIOBEPXHOCTH IJIACTHH NpPH HaJeBaHHH
KOopoGKH, ofo3Haunm uepe3 ¢'. Takol ke 3apsij NPOTHBOIO-
JIOXXHOTO 3HaKa GyJeT HHAYNHPOBaH Ha BHYTPEHHHX NOBepx-
HocTAX KOpoGKH. Ha BHYTpeHHHX NOBEpXHOCTSIX NJIaCTHH
KOHJIEHCaTOpa OCTaHeTcs1 sapsii g—gq . Toraa B mpocTpancrse
MeXJy IJACTHHAMH HAarpsiXKeHHOCTb OJHOPOZHOIO nojs Gyner
paBHa (g—¢’)/ (Se,), a BHe KOHIEHcATOpa I0Jie HalpaBJeHO B
NPOTHBOIOJOXHYIO CTOPOHY H €TI0 HalpsKEeHHOCTb paBHa
q'/(Seo), rme S — nyomager njaacTHHbl. TpeGys, uToGbl pas-
HOCTb NOTEHNHAJOB MeXJy IIPOTHBOINOJOXHEIMH CTEHKaMH
MeTaJ/ITHYECKOH KOPOOKH Obl1a paBHa HYJIO, H CYHTast JVIf PO-
CTOTBl PACCTOSIHHSI MEXJy BCEMH MNJIACTHHAMH OJMHAKOBBLIMH H
paBHBIMH d (pnc 35) MOJYYHM
q—q

Seo d+ 5+ d——d 0,

otkyga ¢’ =q/3. 310 ’3Haqm‘, ‘YTO - HAIPsKEHHOCTb MOJMA B
KOHJIEHCAaTope COCTaBiAsieT Tenepb 2/3 OT NepBOHAYaJbHOTO
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»

3HAUCHNs, & BHE KOHJEHCATOpa ToJie B TPH Pasa cnabee, ueM
6LLTO B KOHJEHCATOPE 1O HANRBAHH$ KOPOOKM. PasHocTh noren-
UMaNoB MEeXAYy ODKNaKamMH Komjencaropa U; cocraBasier
2/3 oT nepBOHAYANbLHOrO HaNpsixkeHHsi Ha KoHJeHcartope U.

=L .

Puc. 3.6. Ilepexof K sXBHBaJIEHTHOH cXeMe [T KOHJEHCATOPa B METaJlJIH-
yeckoli KopoOKe.

EMKocTb wu3o/HpoBaHHOTO KoHjgeHcatopa ectb C=gq/U.
Ecau noj eMKOCTbIO CHCTeMBl, NONYYHBIIEHCS NPH HAJEBaHHUH
Ha KOHJEHCAaTOp MeTalJH4YecKOH KOpOOKH, NMOHHMATh OTHOLIe-
HHe TMOJIHOTO 3apsiia ¢, COOOIIEHHOro NJAacTHHE, K PasHOCTH
TOTEHIIHAN0B MexkJy mJjactuHamu U, TO

~9_3
Ci=g-=%C.

JToT peayJsbrar Jerko MNOHSThb, €CJH Yy4ecTb, YTO IOCTe
HajleBaHHss KOPOOKH MoJie CyilecTByeT BO BCEX TpeX MNpoMe-
JKYTKAX MeXKJ]y NJIaCTHHAMH, T.-e. (aKTHUeCKH HMENTCS TPH

ONHMHAKOBBIX KOHJEHCAaTopa, 3KBHBa-
JIEHTHas cXeMa BKJIOYEHHSI KOTOPHIX
nokasaHa Ha puc. 3.6. Boiuncias em-
KOCTb TOJIyYHBILEHCS] CHCTeMBbl KOH-
Jencaropos, noayuum C;=3/, C.

@ Haperas Ha KOHZeHcaTtop Merad-
— JuYecKast KOPOGKa  OCYILIECTBJseT
5/1eKTPOCTATHYECKYIO 3alIHTY CHCTe-

—_—— Mbl. Temepb Mbl MOXKeEM TOJHOCHTDH
= CHapyXH K KOpobke robbie 3aps-

Diic. 3.7. [ose s6ausn kpa-  YKEHHbIE HJIH He3apsyKeHHble Tela H
eB IJIACTHH Komjencatopa. IIPH-3TOM 3JIEKTPHYECKOE IoJ€ BHYT-

PH KODOOKH He M3MEHHTCH. 3Hauwr,
He U3MEHHTCSl H eMKOCTb CHCTEMBI. ‘

OG6paTuM BHHMaHHe Ha TO, YTO B pasoOpaHHOM NPHMepe,
BBISICHHB BCe, YTO HAC HHTEpPeCOBAJO0, Mbl TEM He MeHee O0OLIH
CTOPOHO! BONPOC O TOM, KaKHe e CHJIB ‘OCYILEeCTBHJIH Iepe-
pacnpesienenne 3apsnos. Kakoe snekTpuueckoe noJje BhISBAJO
HBMKEHUE BNEKTPOHOB B Martepyase NPOBOAAUEA KODOORH?
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OueBHIHO, YTO 9TO MOXET GHITb TOMBKO TO IOJE, KOTOPOE Bht-
XONUT 3a mpejenbl KOHAeHCaTopa BOIM3M KpaeB MJIACTHH
(puc. 3.7). Xora 370 nO/IE MaJIO U HE MPHHUMAETCS BO BHHMAHHe
IIpH pacyeTe H3MEHEHHS EMKOCTH, HMEHHO OHO OMNpeiesnsier
CYyTb paccMaTpHBaeMOrO sIBJIEHHS] — IlepeMeliaeT 3apsiibl H
5THM BHISLIBAeT H3MeHeHHe 3JIEKTPHYECKOro Mojsi BHYTPH KO-
pOOKH.

§ 4. DHeprus 3JEKTPHYECKOTO MO/ M SHEPrus
CHCTeMbl 3apsifioB

3apskeHHEII KOHeHcaTop ofianaer sHeprHeit. B pamkax
3JIEKTPOCTATHKH 3Ty SHEPrHIO MOXKHO PaccMaTpHBATh JHOO Kak
MOTEHIIHA/JIbHYIO SHEpPTHIO B3aHMOAEHCTBHSA 3apsiioB, COCpPeno-
TOYEHHbiX Ha OOKJajKax, JHOO KakK 3HEePrHi0 CO31aBaeéMOro
3THMH 3apfAAaMH 3JeKTPHUECKOro HOJS, 3aKJIOYEHHOIO MEXIY
oOKJMafKaMi KOHIeHcaTopa. B mepBoM ciyuae SHEpPrus KOH-
IeHcaTopa MOXeT OblTh INMpeACTaBJeHa ONHOH H3 CJAeNYIOHX
dopmy.1: '
1 ¢2
T 4
DHeprus HJ0OCKOro KOHAGHCATOpa, paccMaTpHBaeMasi Kak sHep-
THS 3aKJIOYEHHOrO0 MeXJAy ero ofK/JIagKaMH 3JeKTpoCTaTHye-
CKOro TMoJsl, HMeeT BHJ

W =5 e EV, L (49

1 1

rae V=38d — o6veM, 3anuMaemblii noaeM. Kosdxpuunenr mpu
V HMeer cMbic/l O6BLEMHOH TJIOTHOCTH 3HEPTHU 3JEKTPOCTATH-
YECKOro [oJsl.

DHeprusi B3aHMoAeHCTBHS CHCTEMBl N HEMOIBHMKHBIX TOYey-
HEIX 3apsIIoB B BakyyMe BhIpaxkaetTcst (opMyJoft

N
1
Wy =5 22990 (4.3)
(=1
rape ; — MoTeHoHa, mnoJas, COo3JaBaeMoro BCEMU 3apsajaamu,
Kpome i-ro, B TOH Touke, rjae Haxofurtcs i-if 3apsam:
1 I
P:= 4mg, E TRi' (44)
k=1
(ki)

31ech 7y — PacCTOSIHUE MeXJly [-M H k-M 3apsjamn,
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Hna nokasaresbcrBa 310l GOpPMYJEl YIOGHO HCHONB30BaTh
MeToJ] MaTeMaTHUYecKOH HHAYKUHH. [Ipexne Bcero yGemumcs,
uro ¢opmyna (4.3) cnpaBeiuBa IJIsi CHCTEMBI JBYX TOUEUHBIX
3apsnoB: N=2. DHeprus 310l CUCTEMEI ONpenessercs paGoToi,
KOTOpasi COBEPIIAETCS BHEIIHHMH CHUJIAMH IIPH BHECEHHH TOUEY-
HOTO 3apfifia ¢, U3 GECKOHEYHOCTH B I0JIE, CO3JaBaeMOe 3ap oM -
¢;. dra paota paBHA MPOM3BENEHHUIO 3aPfANa (s HA MOTEHIHAJ
Q.. TO# TOYKH IOJS,.B KOTOPYIO OH BHeceH: W,=¢,(,, IIie @,=
=q,/ (Areorys). AHAOTHYHO, CYMTAsA, UTO 3apsl i BHOCHTCS
B IIOJIe, CO3[]aBaeMoe 3ap oM (s, I8 SHEPTHH CHCTEMBI IOJY-
yuM W;=¢,9,, THe Q1=¢,/(45Eer1,). [IOSTOMY 3HEPTHIO CHCTe-
MBI MOXKHO 3amucaTb B CHMMETPHUHOM BHIE:

1 2
W, =5 (0.0 +0:0) =5 7 >, 9%

i=1

Tenepes mnpenmosoxum, uro ¢opmysna (4.3) cmpaBepiuBa
119 N TOYeuHBIX 3apAJOB, H JOKaXeM €€ CIPaBelJHBOCTb s
cucremol (N+1) sapsanoB. Ilpu BHecenuu (N-+1)-ro sapsana
3HEPTUA CHCTEMBl H3MEHHTCH Ha BeJHUYHHY, paBHYIO pabore,
coBepIIaeéMOH BHENIHUMH CHJIAMH!

Vyri=Wy+A. (4.5)

3pece Wy, corsacHO MmpeimoNOXKEHHIO, onpexenasercs Gopmy-
Jgoit (4.3), a pabora, coBepuiaeMas BHEUIHHMH CHJIaMH MpH
nepeMelIeHHH 3apaia ¢y, ; H3 6GCKOHEUHOCTH B TOUKY MOJSA C
NOTEHUHANIOM @y, 4, PaBHA A=qn, ,Pn+i, TAE

N
_ 1 q:
PN+1 = g, ) — (4.6)
1

oy LA+

— MOTEHIKHAJ 3TOH TOUKH MOJIf, CO3aBaeMblil BCEMH 3ap A1aMH,
KPOME (Gpny1-

[locsie. BHECEHHA 3apAfa Gux .1 H3MEHSIOTCS . MOTEHIHAJBI
BCEX TOYEK IOJA, KPOMe TOH, Ile HaxXOAUTCA 3TOT 3apsl.
INorennuan ToukH, B KOTOpOH HaXofuTCs i-K 3apﬂ11, Tenepnb
Oymer paBeH @;:

g o
(Pl=q)[+'4__,‘?o;1Y+_Ii\’;—; (i=l’2""’N); (PN+1 Pr+1- (4 7)

Tenepb BeIpasuM aﬂeprmo cucrempl. (N-4-1) sapagoB (4.5)
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yepe3 HOBbI@ 3HAUEHHA MOTEHIHAJIOB (; C IIOMOIIbIO COOTHOLIE-
HU#A (4.7):

N
Y . : ,
Vaii=5 ;::1 q; ((Pl _ﬁ%) +In+i PN

Cymma HNPOH3BEAEHHH §; Ha BTOpOE-CJaraeMoe B CKOGKax B npa-
BOH 4YacTH 3TOTO paBeHCTBa, B CHJY . (popmy.nbl (4.6), paBHa
—q N+1PN+1- Hoa'rOMy i

! N+1

l ’
Wy =7 Z q:91 — 2 N 1PN+ +4N+1Q>1v+1=—~ 2 q; (Pt-

i=1 i=1

Takum o6pasoM, dopmyna (4.3) A1 3HEPTHH CHCTEMBI TOUEU-
HBIX 3apdl0B JOKasaHa.

dra ¢opMyna cnpaBeljuBa H B TOM cJyuae, Koraa, Hapaay -
€ TOYEUHBLIMH 3apfjlaMH, B CHCTEMY BXOJAT 3apfXKEHHHIE MPO-
BOJHHKH, NIPHYEM B CJIaTaeMEIX, COOTBETCTBYIOLIMX IIPOBOJHH-
KaM, ¢; eCTb IIOJHHI 3apAA-IPOBOLHHKA, a §; — €ro noTeHuyal,
CO3/1aBaeMblii KaK JPYTHMH 3apslaMH, TaK H €ro COGCTBEHHLIM.
Ilokaxem 3toO.

Ilyctb B cucTeMe u3 N 3apsAoB eCTh OJMH 3apsAKeHHBIH IPO-
BOJIHHK C 3apAJOM ¢, H NMOTEHIIHAJOM ., a BCE OCTaNbHHIE 3a-
panas — toueunnle. Toraa ¢opmyna (4.3) HOMXKHA HMeTb BHI

N-1
1 1
V=g X 99+7 Gt (4.8)
i=1

Paso6beM MbIC/IEHHO 3apfj HPOBOJHHKA ¢, Ha GoJblioe
qHca0 M MambiX yacTell TaK, 4To6bl KaXAYIO 4acTb Aqk MOXHO
6bLJI0 CUHTATh TOYEUHBIM 3apsiAoM. Torna sHepriio Beeil CHCTEMbI
MOXHO NpEACTaBHTb Kak suepruio (N—1)4+-M Toueunurx
3apAJI0B:

| N-1 L
= q,-cp,-+—2-ﬁ21\ APy (4.9)

=1

IlocKomnbKy 'Bce TOUKH NPOBOJAHHRA UMEIOT OJMHAKOBHI MOTEH-
oHal1 ¢,=¢, (k=1, 2,..., M), Bo Bropoll cymMMe B 3TOH (pop-
MyJae @, MO)KHO BLIHECTH 32 3Hax CYMMBI:

1 1
3; Achpk=7 Pn Z A.qk=_2' (ann
=1" k=1

.



222 SJIEKTPOCTATHKA

M

(cymmaZAqk npeacraenser co0Ofi NMOJHHEIE 3apsil NPOBOA-
k=1 N
HHMKA ¢g).

Taxkum ob6pasom, dopmyaa (4.8) nokasana. Hs IpUBeAEHHO-
ro BbIBOZA SICHO, YTO MOTEHIHaJ NPOBOAHHKA @, CO3Jaercs
KaK TOYEUHHIMH 3apsJiaMH ¢;, TaK H 3apAJOM CaMoro NpOBOJ-
HHKa ¢,. HeiictButesnbro, B dopmyJe (4.9) ¢, ecTb noteHunan
noJsis, CO37aBaeMOro BCEMH 3apsiaMu, KpoMe Ag,, T. e. BceMu
TOYEUHLIMH 3apsilaMd §; H 3apsiJIoOM IPOBOAHHKA ¢,, 32 HCKJIO-
ueHHeM Majloil ero 4acTH Ag,, Koropasd MOMET GhTb BHIGpaHa
CKOJIb YTONHO MaJoH 1Mo CPABHEHHIO C §,.

Pasymeercs, ¢opmysa (4.3) ocraercs cnpaBeiJHBOH H B
TOM CJlyduae, KOIJa B pacCMaTpHBaeMOH CHCTEME eCTb TOJBKO
3apsiKeHHble TPOBOAHHKH H HET TOYEYHHIX 3apsilioB.

Kax y:xe oTMeyasnoch Bblllle, 3/1€KTPOCTATHUECKYIO SHEPTHIO
MOXKHO paccMaTpHBaTh JHGO KaK SHEPTHIO B3aHMONCHCTBHSA
8apsloB, JHOO KaK SHEpPTHIO CO34dBaEMOrO STHMH 3apfAiaMH
nosas. Jlerko yGemutbesi, uto, HCnoab3ys ¢opmyay (4.3) aas
SHEPTrHH B3aHMOAEHCTBHA 3apsiioB, PACIOJOXKEHHBIX Ha 06-
KJaJKaXx KOHIEHCATOPa, Mbl HEMENJIEHHO NOJIY4aeM H3BECTHYIO
topMys1y sHEprHH KOHIEHcaTopa:

1 1 '
W=7(q1(pl +qchz)=7q(q)1 (Pz)“—*? qU.

OnHako, paccMaTpHBasi SHEPrHIO ABYX Pa3sHOHMEHHBIX TO-
UeyHBbIX 3apsA0B, Mbl NMPHXOAUM K I poTHBOpeunto. CorJacHo
topmyJe (4.3) sTa sHEPTUS OTPHUATENBHA: §,Gs/(4meqrss)<<0,
a.ec/IH ee pacCMaTpUBATh KaK SHEPTHIO NOJIS 3THX 3apsjoB, TO
9HEPrHA [OJYUaeTCs MOJOKUTENbHOM, TaK KaK IJIOTHOCTb SHEp-
rHH monfl */,e,E? HUrle He IPHHHUMAeT OTPHIATEJbHLIX 3Haye-
HHi. B dyeM xe 3nech neso? OGbscHACTCS 3TO TeM, 4TO B hopMmyJie

- (4.3) D/l SHEPTHH TOYEYHBIX 3apAJIOB YUHTLIBACTCH JIHIID HX
B3aHMOJEACTBHE, HO HE YUHTHIBA€TCSi B3aUMOJEHCTBHE OTHE/b-
HBIX 3JIEMEHTOB KaXKAOTO TAaKoro 3apsifa Mexay coboi. ei-
CTBHTEJIBHO, €CJIH MBl HMeeM JeJIO JIUIIb ¢ OAHHM-eIHHCTBEHHBIM
TOYEYHbIM 3apfIOM ¢, TO SHeprus, BbIUHCAAEMas 1O (op-
myJie (4.3), paBHa HyJIIO, B TO BpeMsl KaK SHEPTHS 3JEKTpHuec-
KOTro 1O0Jifl 3TOTO 3apfAfia MMeeT HOJOXKHTEJNbHOE (GeCKOHeuHoe
JJIs HCTHHHO TOYEYHOI'O 3apsijia) 3HAU€HHe, paBHOE TAaK Hashl-
BaeMOii COGCTBeHHOM sHepruu 3apsijaa g. Co6CTBeHHAA SHEPrus
3apA/ia MOXKET pacCMaTpPHBaThCA KaK SHEPTHs B3aHMOAEHCTBHS
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ero yvacrefi. BelnunHa 3Toit SHEPTHH 3aBHCHT, KOHEYHO, OT
pasmepoB H ¢opmul 3apszna., YacTe ee ocBoGonusach Gbl MpH
«B3pHIBE» M PasJjieTe «OCKOJIKOB» 3apffia Mol JeHCTBHEM KYyJO-
HOBCKHX CHJI OTTAJIKHBAHHSA, [PEBPATHBIUHCH B KHHETHUECKYIO
SHEPTHIO $OCKOJIKOB», Ipyras ee yacTb ocTajlack 6bl B dopMme
COGCTBEHHOH 3HEPTHH 3THX (OCKOJIKOB».

PaccMorpuM Tenepb MOJHYIO, T. €. COOCTBEHHYIO H B3aHM-
HYIO, SHEPTHIO JIBYX 3apAM0B ¢i H ¢,. IlycTh KaXaplil U3 5THX
3apsioB B OTAEJBHOCTH CO3[1aeT COOTBETCTBEHHO nosie Ey v E,
TakK 4To pe3ynabTHpyloee nojie E=E+-E,. O6pevMHass MJIOT-
HOCTh SHEPrHH MoJIl pacnajfaeTcsi Ha TPH CJiaraeMblx B COOT-
BETCTBHH C BHIPAXXEHHEM ’

' (Eq+ Epy = Ei+ Ei+2 (Ei-E,).

I[lepBble 1Ba ciiaraeMbix B IPaBOH YacTH COOTBETCTBYIOT 00beM-
HOH TJIOTHOCTH COGCTBEHHBIX SHEpPrHH 3apsuoB ¢ H gz, a
TPeThe CcJlaraeMoe COOTBETCTBYET SHEpPrHH B3aHMOAEHCTBHA
3apAfoB JApYT ¢ ApyroM. ViMeHHO 3Ta yacTp NOJHOH 3HEPTHH
cCHCTeMBI H Aaerca dopmyJiof (4.3). M3 oueBHpHOrO HepaseH--
ctBa (Ei—FE,;)*>0 cnepyer, uro EI4-Ei=2(E;-E;). Takum
06pa3oM, MoJIOKHTENbHAsT COOCTBEHHAA SHEPrHA 3apAN0B BCer-
Jla Gosbllle HJIH B KpafiHeM cJlyuae paBHA HX B3aHMHOH 5Hep-
rud. HecmoTpst Ha TO, 4TO B3aHMHAasi 3HEpPrHs MOXKeT NPHHH-
MaTh KakK MOJIOXKHTEIbHbIE, TaK H OTPHLATENbHbIE 3HAYeHHs,
rioJiHAs 3HEPrHsA, mnponopuHoHanbHas FE?2, Bcerga mnodo-
JKHTETbHA. :

[lpu Bcex BO3MOMKHBIX TepeMelleHHSX 3apAfoB, He H3Me-
HAIOMHUX HX GOpPMBI H pasMepoB, cCOOCTBEHHAasi SHEPTHSA 3aps-
JoB octaetcs noctoaHHOH. [losTomMy npu Takux repeMereHHsIX
H3MEHeHHe TOJIHOH 3HEprHH CHCTEMBl 3apsiioB PaBHO H3MeHe-
HHIO HX B3aHMHOH 3HepruH. Tak Kak BO Bcex (H3HYECKHX SIB--
JIHHAX CYHIeCTBEHHO HMEHHO H3MeHEeHHe SHEPrHH CHCTEeMBI, TO
[IOCTOSTHHAS 4acTb ~— COGCTBEHHAsi SHEpPrHs 3apsjoB -— MO-
XKeT ObITh OTGpOIIeHAa. B 3TOM cMbicjie H cliefyeT NOHHMAaThb
yTBepKIeHHe 06 S5KBHBAJICHTHOCTH SHEPrHH B3aHMOJEHCTBHA
3apsjoB H 5HEPrHH CO3/laBaeMoro HMH noJjs. Hrak, Mbl MOXeM
CONOCTAaBJIATh CHCTEMe 3apsloB JHGO T[OJHYIO 3HEPTHIO —
SHEPTHIO [10J151, JHG0 SHEPrHI0 B3aHMoJeHcTBHS H GyAeM IoJy-
yaTh OPH 3TOM, BooGile roBops, pasHele 3HayenHs. Ho, pac-
CMaTpHBasi MepexXoA CHCTEMbl H3 ORHOTO COCTOSIHHA B APYTOE,
MBI JIJIsT H3MEHEHHS] 3HEeprHH BCer[a MOJIyuYHM OfHY H Ty Ke
BEJIHYHHY,
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OfpaTuM BHUMaHMe, YTO NPH MHCIOJb30BaHHH (POPMYJIBI
' (4.3) 1A CHCTEMBI TOUEUHBIX 3APANOB H [POBOAHHKOB MBI, KaK
BUAHO M3 CAMOro BHIBOAA (POpMYJIBI, mOJyYaeM COGCTBEHHYIO
5HEepPrHIO MPOBOJHUKOB H B3aHMHYIO MOTEHIHAJbHYIO SHEPTHIO
BCeX BXOAAIIHX B CHUCTEMY 3apsjoB, T. €. TNOJHYIO 3HEeprHio
N0/l 32 BBIYETOM HEH3MEHHOH COGCTBEHHOH 3HEPrHH TOUEUYHBIX
3apsLO0B.

Cof6cTBeHHasi SHepPrusi NPOBOAHHKOB, B OTJIHUHe OT COGCT-
BEHHOl 3HEPrHH TOUEUHBIX 3apsfOB, He SBJIAETCA MOCTOSH-
-Ho#t. OHa MOKeT M3MEeHHThCS NPH H3MEHEHHH KOH(HIypauHH
CHCTEMBI BCJIEJCTBHE I€peMelleHHs1 3apsioB B MPOBOJHHKAX.
[TostoMy sTa sHeprust He MOxeT OblTb OTOpOLIEHA IpPH BBHIUH-
CIEHHH H3MeHEHHs] SHEePrHH CHCTEMBL.

B ToM cayuae, Koria CHCTeMa COCTOHT TOJbKO H3 NPOBOJ-
HHMKOB, a TOUeYHLIX 3apsAnoB Her, opMyJa (4.3) JaeT nOJHYIO
SHEPTHIO CHCTEMBbI, T. €. CyMMYy COGCTBEHHBIX SHEPrHil Bcex
NPOBOAHHKOB M HEPrHH HX B3aHMOJAeHCTBHsA. Mbl mosydyaem
‘Of[HO M TO e 3HaueHHe He3aBHCHMO-OT TOTO, PacCMaTpHBaeM
JIH 3HepPrHIO MOJSI HIM SHEPTHIO CHCTeMbl 3apsafoB. [TpumepoM
TAKOH CHCTEMBbl SIBJISIETCS KOHJAEGHCATOp, TJe, KaK Mbl BHIENH,

o6a moaxofa AAlOT OJHHAKOBLHIY Ppe3yJbTaT W=—;—qU .

B’ 3akmoueHHe 3TOro naparpada pacCMOTPHUM 3HEPIHIO
TOUSYHOrO 3apsia ¢, HaXONAWErocss Ha paccTosiHHM [ ot Gec-
KOHEUHOT'0 IJIOCKOI'O NMPOBOAALIEro 3KpaHa. [ToCKoMbKY norteH-
IMaJ NpPOBOJSALIEro 5KPaHa paBeH HYJII0, TO COIVIacHO (opMyJie
(4.8) sHeprusi cucrembl (COOCTBEHHasi SHEPTHUs NPOBOAHHKA H
SHEPrHsi B3aHMOAEHCTBHSA TOYEUHOro 3apsjia C NPOBOAHHKOM)
paBHa TMOJIOBHHE NPOHM3BEJEHHS 3apsja ¢ Ha NOTEHUHaN ToH
TOUKH, TAE OH HaXORMTCHA. DTOT MOTEHUHAN MOMer GhiTh Haii-
J€H Kak TNOTeHIHaJ NoJs 3apsafa-H3o6paKeHUs, PacroJIOKeH-
Horo Ha paccrosiHuu 2/ ot sapsaa g (puc. 2.3). IMostomy
q®

1
V=gto=—gmgaur

B NOJIHOM COOTBETCTBHH C pesyJsbTatoM § 2, rae Oblia BbIYHC-
JMeHa paGoTa, KOTOPYK HYMXHO COBEPIUHTb, YTOGH YAAIHTDH -
ToyeyHbit 3apsAL ¢ OT NMPOBOASAILETO 5KpPaHa Ha GeCKOHEUHOCTb
{cM. - opmyay | (2.4)).

V3 paso6paHHOro npuMepa OYeBHAHO, YTO TNIPH HAaJHYHH
TOY@YHBIX 34D AJA0B H IPOBOAHHKOB HE HMEeT CMLIC/Ia pacCMaTpH-
BATH NO OTACJIBHOCTH. COGCTBEHHYIO IHEPrHI0 MPOBOJHHKOB H



§ 5. COXPAHEHHKE OSHEPTMH- B BJIEKTPOCTATHKE = 995

B3aHUMHYIO NOTEHIMaJbHYIO 3HEPrHI0 BCeX 3apsj0B, TaK Kak
pa6oTa BHEWHHX CHJ ONPelesseT- H3MEHCHHE CYMMBI 5THX
sHepruil. MckiouuTh M3 pacCMOTPEHHsT MOMKHO TOJIBKO HEM3-
MEHHYIO COGCTBEHHYIO 5HEPrHI0 TOYEYHBIX 3apsjioB.

§ 5. JHepreTHuecKHe TNpeBpalleHHs B KOHAEHcATopax
H COXpaHEHHE 3HEPTHH B 3JeKTPOCTATHKE

JaA aHaiu3a sHEPreTHYeCKHX NpeBpalleHHil, KoTophie
MOTYT IMPOHCXONHTb B 3J€KTPUYECKOM T10J1€, PACCMOTDHM IL10C-
KMIT KOHIEHCATOp € BO3AYIUHBIM 3a30pOM, JIOJCOEUHEHHBIH K
HCTOYHHKY C NOCTOAIHHBIM Hanpsi:kenvem U,. Byjem pasusu-
raTh NJACTUHBLI KOHIEHCATOpa OT PACCTOAHHA dy IO pAacCTOSIHHA
d, B IBYX CJy4Yasx: Npe/BapHTeNbHO OTCOSINHUB KOHJIEHCATOP
OT UCTOUHMKA ITHTAHUA U He OTCOELUHSA KOHIEHCATOP OT HCTOY-
HUKa.

B nepBoM ciyyae 3apsii Ha o6K.Jajkax KOHJEHcaTopa Bce
BpeMA ocTaercsl HeusMeHHbM: ¢=CU-=const, X0Ts eMKOCTb
C u pampsikenve U U3MEHAIOTCA NPH JABHMKEHHH ILTACTHH.
3uas HanpskKeHHe Ha KOHJEHCaTope B HayajbHblil MOMEHT,
HaxoAHM BEJHUYHHY 3TOro 3apsapa: :

g=CU,= S"]S N (5.1

Tak xaxk pasHOUMEHHO 3apsKEHHbl€ IJIACTHHBI KOHJEHCa-
TOpa OPUTSATHBAIOTCA, AJIA UX pasiIBHIKEHHS HeOGXOMHMO CO-
BEpLIUTh NOJIOXKHUTEJNbHYIO MeXaHHuyeckyio pabory. Ecan upu
PasIBUKEHHH DACCTOSHHE MEXKIY NJaCTUHaMH BCe BpeMs ocTa-
€TCs MHOIO MeHblUe UX JIMHEeHHBIX pa3MepoB, TO, KaK HETPYIHO
yGeanTbCs, CUIa MPUTSIKEHU TIJIACTHH HE 3aBHUCUT OT paccTos-
HUsL Mexay Humi. [leficTBUTesbHO, moJie, cO3faBaeMoe Of-
HOH U3 TIJIaCTHH, OJJHOPOJIHO U €ro HanpskeHHOCTb E=0/(2s,),
rge 0=¢/S — NMOBEPXHOCTHAsl IJIOTHOCTb 3apsja. YMHOMKHB
STy HANpPSAMXKEHHOCTb HA BEJUYUHY 3apsaja APYTOH NJAaCTHHH,
HaXOIHM BeJHYHHY JeficTBYIOUIEH Ha Hee CHJbL: F=g%/(2e,S).

JJasi paBHOMEDHOTO TIepeMelcHHs IJIACTHHBI BHEWIHsA
CHJIa JIOJIXKHA YPaBHOBECHTb CHUJY NPUTAKEHHs, H NMO3TOMY CO-
BeplaeMas NP IepPeMEIeHHH IIJIACTHHBI HAa PacCTOAHUE d2~d1
MexaHuyeckas paGoTa paBHa

A=F (d,—d) =305 (dy—dy).
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[ToacraBuB B 3ty dopmyay BenuuuHy 3apsifa u3 (5.1), Haiinem

2
A=500gq), (5.2)
2d;

Bropoii ciyuaft oTiHyaercsi OT pacCMOTPEHHOrO TeM, 4TO
NpH JABHXEHHH IJIACTHH OCTaeTCs HEeU3MEHHbIM He 3apsj
KOHJeHCaTopa, a HanpspkeHue Ha Hem: U=U,. Tlockoabky
paccTosiHHe MexAy OOKIagkaMH yBeJWyHBaeTcsd, TO Hanps-
KEHHOCTb NOoJs1 yOblBaeT, a CJIELOBATCAbHO, YOLIBACT H 3apsil
Ha niaactuHax. [losToMy cH/Ia NMPHTSKEHHS TJIaCTHH He OCTa-
eTCsl MOCTOSTHHOM, KaK B NepBOM cJydae, a yObiBaeT, MpHYeM,
KaKk HeTpyaHO yGemuTbesi, 06paTHO MPONOPLHOHANLHO KBaj-
paTy paccrosiHis. Briuncauth paboTy 3TOH NEPEMEHHOH CHJILI
METOAdMH 3JIEMEHTApHOH MaTeMaTHKH 3aTpY/JHHTEAbHO —
Heo0XOJUMO YMEHHe HHTerpupoBaTbh. Ho Bce-TaKH Mbl MOXKEM
HalTH 3Ty paboTy, ubo MareMaTHYeCKHe TPYIHOCTH B (H3HKE
Hepeako ynaercsa oboHTH, MOOXOAs K 3ajaue ¢ APYroft CTOPOHH,
T. €. HCINoAb3ys Apyrue (H3HUeCKHe 3aKOHb. Ha mnomoilb
HaM OpPHJET OAMH M3 caMbiX (yHIaMEHTANbHbIX 3aKOHOB HPH-
poAbl — 3aKOH COXpaHeHHs W NpeBpauleHUusl SHEPTHH.

Ilpumenum ero cHadana K 6osee NpOCTOMY NEPBOMY CJAYYalo.
Hsmenenue sneprun W KoHIEHCATOPAa NMPOHCXOAUT TOJALKO 3a
CYeT MeXaHH4eckKoH paboTbl, COBEpILAEMOll BHEIIHHMH CH/IaMH:
W,—W,=A. Tlockonbky 3apsii KOHJIEHCATOpa OCTaeTcs He-
HU3MCHHDBIM, [JIsl 3HEPTHH KOHJEHCaTopa YIOOHO BOCIIOJDL3O-
Batbcsl (opmynoi W=¢?/(2C). Taxkum oGpasoM,

g [ 1 1
A=% (g~

4TO IIPH TIOACTAHOBKE BHIpKEHHS AJIs1 eMKOCTH M JJ/s1 3apsija
(56.1) npuBoaur K oKoHuartenbHo#l ¢opmyae (5.2). OGparum
BHHMaHHE, YTO 3TOT DEe3YyJbTaT MOXKHO NOJYYHTb H paccmar-
pHBasl 3HEPrUI0 KOHJAEHCATOpPa KakK 3HEPTHI0 3JEKTPHUECKOrO
noJisi Mexay ero obkaagkaMH. Tak Kak HanpsKeHHOCTb MoJs
H, CJICOBATEJNLHO, IIOTHOCTb S3HEPTHH OCTAIOTCS HEH3MEHHbIMH,
a o6beM, 3aHHUMaeMblil TosieM, BO3PacTaeT, TO yBeJAHUCHHe SHep-
THH DaBHO NIPOM3BEJCHHIO IJIOTHOCTH 3HEPTrHH £,£2%/2 Ha npu-
pamieHue obneMa S (d,—d,).

Bo BropoM ciyuae sHeprusi KOHJAeHcaTopa H3MeHsleTcsl Kak
3a cyeT MexaHH4eckoll paboTbl, TaK H 3a cueT paboThi, COBEp-
11aeMOA HCTOYHHKOM HHTaHH:

W,—W,=A+ A (5.3)
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OnpezenHB He3aBHCHMO H3MeHEHHE 3HEPTHH KOHJAeHcaTopa
H_ paboTy HCTOYHHKA, MOXHO C IIOMOLIBIO 3aKOHA COXPaHEHHHA
sgeprun (5.3) HalTH MeXaHHYeCKyw paboTty.

ITockoabKY B 3TOM C/Iydae OCTaeTcsi HEH3MEHHBIM Hamps-
JKeHHe, IJs pacyera 3HeprHH KOHJEHCATopa YAOGHO HCIIOJb-
soBath Gopmyny W=CU?/2, [lna U3MEHEHHs 3HEPTHH HOJY-
qyaeM

Us Up 11
W,— W= (C—C)=2eS (g—7 ). (54)
Ilpn usmeHeHHM 3apsina Ha oOKJIajkaX KOHJEHCaTopa Ha
BEJHUHHY Ag=g,—@; HCTOYHHK NHTaHHf coBepilaer paGoTy
A,er=Us(g:—¢q:1). 3apan KoHJeHcaTopa ONMpPeAe]sercs COOT-
HomeHHeM g=CU,. Torpa

1 1
A= UleeS (g ) (5.5).

H C nomoupio BoipaxeHdHsa (5.3) noayuaeM
1 1 1
A=1 ﬁeoS<E——Z>.
OrMmeruM, yto H3 (5.5) # (5.4) BHAHO, YTO
Anct:2(W2_W1)v

T. e. paboTa HCTOYHHKA paBHA YABOEHHOMY H3MEHEHHIO 3Heps
THH KOHJleHCaTopa.

HHTepecHO OTMeTHTB, YTO Kak paGoTa HCTOYHHKA, TaK H
H3MeHeHHe 3HEePTHH KOHJEeHCaTopa IIOJYYHJHCh OTpHIIaTe/b-
HBIMH. JTO BIIOJIHE ITOHATHO: COBeplllaeMas MeXaHH4YecKas pa-
60Ta IOJIOXKHTEIbHA H J0JKHA Oblla OBl IPHBECTH K YBeJaHYe-
HHIO SHEpTHH KOHJeHcaTopa (KaK H IPOHCXOIHUT B IIE€PBOM CJY-
uae), Ho sHeprusi kKoHaeHcatopa yObIBaeT, H, CJI€JOBATENBHO,
HCTOUHHK JIOJIXKEH (IPHHATH Ha ce6s» SHEPTHIO, PABHYIO YObLIH
IHEpPrHH KOHJEHcaTopa H MeXaHHueckofi paGoTe BHEMIHHX
cua. EcaM npouecch B HCTOUHHKE OGPaTHMEI (AKKYMYJSATOD),
TO OH OyHeT 3apsKaThCfl, B IPOTHBHOM CJydae HCTOYMHHK
HPOCTO HarpeBaercsl.

Urobel Jyuiue pa3o6patbcsi B CYTH fBJEHHH, DacCMOTPHM
NPOTHBOMNOJMOXKHBIH CJAyYai: NIPHCOEJHHEHHbIE K HCTOYHHKY
IJIaCTHHBI KOHAeHCaTopa COIHXKAIT OT PaccTosiHHA dqi JO pac-
cTosHUA d; (ds<<d;). IToCKOMBKY NJACTHHBI NPHTATHBAIOTCA,
pa6ora BHEIIHHX CHJ OTpHUATeNbHa, H60 ]I PaBHOMEPHOro
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nepeMemieHNs MJIACTHH BHEMIHSIsE CHJIA J0/IXKHA ObITh HanpabJe-
Ha B CTODOHY, NPOTHBONONOXKHYIO MEPEMCINCHHIO. JHCPTHs
KOHJeHCaTopa npu COJIMKEHHH MJacTHH Bo3pacTaer. Mrak,
MeXaHH4YecKasi paboTa BHEIUHHUX CHJI OTPHUATEJ]bHa, a SHEPrus
KOHJICHCATOpPa BO3pOC/a, CJACIOBATEIbHO, MCTOYHHK COBEPIIHJI
HOJIOKHUTENbHYI0 pabory. [TosoBHHA 3TCH paboTel paBHa yBe-
JHUYCHHIO 3HEPrHH KOHJCHCATOpa, BTOpas NOJOBHHA mepelaHa
BHEUIHUM TeJlaM B BHIE MeXaHHYEeCKOH paboThl MPH CONHIKEHHH
nJacTHH. Bce npuBeseHHble Bbile (OPMYJbl HTPHMEHHMSI,
pasymeeTcsi, npH JMIOO0M HanpABJICHHH MepPeMeNeHHs MJIACTHH.

Bo Bcex paccyxaeHHsiX Mbl HpeHeGPeraiy conporHBJIeHHEM
NPOBOJIOB, COEIHHSIONIUX KOHJIEHCATOP C HCTOYHHMKOM. Ec/n
YUUTBIBATh BBIAC/SIOIIECCH B MPOBOAAX NPH ABHKEHHH 3aps-
I0B Tenno Q, ypapHeHue GajsaHca 3HEPrHH NMPUHHUMACT BHJ

WZ—W1+Q:A+Ancr~

HMaMmeHeHne 3neprHM KOHAeHcaTopa M padora HCTOMHHKA
BBIPAXKAIOTCH, KOHEYHO, mpexHuMH dopMynaamu (5.4) u (5.5).
Tenso Bcerna BbiensieTcsi HE3aBHCHMO OT TOrO, CONUXKAIOTCA
WJIH pasiBHramTCs NJACTHHBL, mostoMy @Q>0. Beauuuay Q
MOXKHO BBIMHCJIHTb, €CJH H3BECTHAa CKOPOCTb [BHXKCHHSA 11Ja-
cTHH. UeM Gosblile CKOPOCTb ABHAKEHHsI, TEM GOJIbLIE BbIIL. A0~
nieecs TemJso. Ilpy 6eCKOHEYHO MELJICHHOM JABHXKEHHMH I1JIACTHH
Q@—-0.

Bpille Mbl OTMETH.TH, YTO paboTa HCTOYHHKA MUTAHHS TPH
pPasIBHXEHHH MN/JJACTHH DaBHA YJIBOCHHOMY H3MCHCHHIO 3HC)-
FHH KOHJEHcaTopa. 3TOT (PaKT HOCHT YHHBEPCANbHbIH XapaKTep:
€CJIM JIo0bIM cOCcOGOM H3MEHHTb IHCPIHIO MOACOSAMHEHHOIO K
HCTOYHHMKY MHTAHHs KOHJEHcaropa, TO pabora, coBepuiaemas
IIPH 3TOM HCTOMHHKOM MHTAHHSI, PaBHA YJIBOCHHOMY 3HAUEHNHIO
M3MECHEHHS 3HEPrHH KOHJeHcaropa:

A —2AW.

Kak B 3roM yGemutbesi? ITocKo/sbKky KOHAEHCATop BCe
BpeMsl OCTAeTCs NPHCOEJHHCHHBIM K HCTOYHHKY HHUTaHHs, Ha-
NpSIKCHHE Ha KOHeicartope paBHO U, Kak B HayaJse, TaK H B
KOHIle mpolecca (XOTS BO BpeMs Mpoliecca HampspKeHHe Ha
KOHJICHCAaTOpe MOxKeT ObITb U MeHblie). Ecsu 3apsij KoHaeHca-
TOpPa BO BpeMs Mpoliecca H3MEHHUJCS Ha BeJIHYHHY Ag, TO ero
3HEPrHsl M3MEHHJAachb Ha BeJHYHMHY

1 1 1.
AW =§' quz_'g" qul =§'U0Aq:.

HCT
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[lpH 3TOM HCTOYHHK MHTaHHS COBEPIIHJ DPaboTy
A= U,Aqg=2AW. (5.6)

HCT
UTto6nl y yHTaTelsl He BO3HHK/O MOAO3PEHHH B TOM, UYTO
NOJIOBIHA 3HEPrHH «GeccJefHo HCyessia», MOJEe3HO HamHCaTh
ypaBHeHue 6ajnaHca 3HEpPrHH:
A =AW LA Q, (5.7)

rae A; — mexaniiyeckasi pabora, cOBepIICHHAs NPH 3TOM NPO-
ecce CHJIaMH, NefCTBYIONIMMH Ha BHeIIHHUe Tesa, a  — Bhble-
auslieeca temao. Ouesuano, uto A;+Q UM paBHO ocTaBluefica

]

HWCT

) 7 Z Z Fn 174
t
1/ L -
z

Pue. 5.1. Brarupanue niacTHHB U3 IH3JEKTPHKa B IVIOCKHH KOHJEHCaToOp.

NOJOBHHE paboThl HcTOuHHKA. CYIUECTBYIOT TakHe NpPOLECCH,
B KOTOpHIX JH60 A;=0, 6o Q=0. Ho, xaxk BHAHO u3 (5.6)
n (5.7), u3MeHeHHe 3HEPTMH KOHAEHCATOPa, COEIMHEHHOTO C
HCTOYHHUKOM, 00513aTeIbHO CONPOBOKAeTCS THOO CoBepIlIeHHeM
MexaHHueckoH paGoTel, JHO0 BLlJENCHHEeM TemnJa.
PaccMOTpHM Tenepb 3HepreTHYeCKHe NPEBpPalleHUs] B KOH-
JeHcaTopax TPH HATHYHH JH3JeKTPHKA MexAy OOGKIajKaMH.
EMKOCTh KOHJEHcaTopa C JAM3JeKTPHKOM B &£ pas 6oijblle, yem
eMKocTb C TaKOro e KoHjeHcatopa Ges auasexkrprka. Kow-
JIEHCATopP ¢ 3apsIOM ¢, OTCOeIHHEHHbIl OT HCTOYHHKA MHTAHH4,
obaanaer snepruelt W=g*/(2C). Ilpu 3anoJHeHHH NPOCTPaH-
CTBa MeX]y OOGKJajiKaMH JAH3JIEKTPHKOM € NPOHHIAEMOCTLIO
¢ 5HeprHsi KOHJIeHcaTopa ymeHbluuTcs B & pas: W' =W/e.
Ortcrofia cpasy MOKHO CIeslaTb BBIBOA O TOM, 4YTO JM3JEKTPHK
BTATHBACTCA B 3JeKTPHueckoe noie. BenuunHa BTATUBaIONIEi
CHJIBl TIPH HEM3MEHHOM 3apsfje KOHJeHcaTopa Y6hiBaeT mo
Mepe 3amoJIHeHHs1 JU3JEeKTPHKOM TPOCTPAHCTBA MekAy 06-
Kaagkami. Ecay Ha njacTHHAX KOHJEHCATopa NMOAJCPXKUBAETCS
IIOCTOSIHHOE Hanpsi:KeHWe, TO CHJa, BTATHBAIOMIAN JH3IEKTPHK,
He 3aBUCHT OT JAJMHBI BTIHYTON yacTH. s HaXoXaeHus CUJbl,
IeficTBYIOmE# Ha JHAJEKTPHK CO CTOPOHBl 3JIEKTPHYECKOTO
ToJsi, paCCMOTPUM BTArBaHHe TBEPJOTO AUSNEKTPHKA B rOpH-
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30HTAJbHO PaCIOJOXEeHHbIH IIOCKHH KOHJEHCATOp, COeIHHEH-
HB{I C HCTOYHHUKOM INOCTOsIHHOro Hampsikenus U (puc. 5.I).
Ilyctb noja neicTBHEM HHTEpeCYIOUIEH Hac BTATHBAIOLIEH CHJIBI
F, , v Kako#i-To BHelHed cuabl F KyCOK JH3JeKTPHKA HAXOAHTCSA
B PaBHOBECHM M JJIMHA BTAHYTOH 4acTH NPH 5TOM DaBHa X.
HonycTuM, 4To AHSIEKTPHK BABHHYJCA Ha BeJHYHHY Ax.
I3 3axOHa COXpaHEHHs SHEPTHH CJEayeT, YTO COBeplIEHHAas
HCTOYHHKOM pabora AA,., paBHA CyMMe H3MEHEHHSI 3HepPruH
KonfeHcatopa AW u wMexaHuuecKo#t paloThl, COBepllaeMoH
cuiaof [F,, HaJl BHELUIHUMH TeJaMH:

AA, e =AW +F,Ax. (5.8)

Kax Mut yxe 3uaem, AA,..=2 AW, nostoMy ypaBrenue (5.8)
MO;KHO Iepenucartb B BHJE

AW = F,, Ax. (5.9)

li3MeHenue sHeprHH KOHJEHCAaTopa IPH BIBHTaHHMH M-
9JeKTpHKa Ha BeJHYHHY Ax paBHO
1 go(e--1)1 Ax U2
rge ! —monepeyHblfl pasMep IJaCTHHEL.
C nowmomsio dopmya (5.9) u (5.10) Haxopum

T.€.CHJa NPH BABHIAaHHH JH3JEKTPHKA MNOCTOSIHHA NPH HEH3-
MEHHOM Harlp f2KeHHH,

B kauectBe mocJe/Hero NIpHUMepa pacCMOTPHUM 3ajauy o
BTSTMBAHHH XKHJKOIO [IHJEKTPHKA B IIPOCTPAHCTBO MEXY
BepTHKAJbHbIMHM ILJACTHHaMH IIJIOCKOTO KOHJeHcaropa, co-
eJHHEeHHOr0 C HCTOYHHKOM IIOCTOSTHHOrO Hanpsienus U
(puc. 5.2). OnpenenuM, Ha Kakofl BHCOTe i YCTaHOBHTCS YpO-
BeHb (KHMJIKOCTH MeXJy NJaCTHHaMHM IIPH IOTPYKEHHH HX
KOHILIOB B KHIKMH JUSJEKTPHK C IIPOHHIIAEMOCTBIO € M IJIOT-
HOCTBIO 0 M CKOJBLKO IPH 3TOM BBIIEJUTCS TelJa.

B COCTOSIHUM paBHOBECHSI CHJA, BTATUBAOIIAN JHUSJIEKTPHK
B NPOCTPAHCTBO MeXJy IlIaCTHHAMH{, YPaBHOBEIIHMBAeTCs
cuaolt taxectH G, AefcTBYIomEeH Ha MOAHATYIO XHAKOCTH:
G=pVg=pdlhg. N5 HaxOXIeHHS BLICOTH IOJBEMA XHIKOFO
. ARUSJIEKTPHKA NIPUPABHAEM BHIYHC/ICHHYIO BTATHBAIOULYIO CHITY
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Becy CTos6a MOAHABILIEHCS >XHIKOCTH H INOJYYHM

PR (e—=1U?

i (5.11)

I HaxOXAeHHA BBIAEJHBIIETOCH IPH NOABEME KHAKOCTH
TeNJsa npole BCero HCXOAHTb U3 3aKOHA COXPaHEHMsi 3HEPTHH,

Puc. 5.2. BraruBaHue KuIKOTO JIH3JEKTPHKA B IJIOCKHA KOHJEHCATOP.

CoBepueHHasi HCTOYHHKOM NUTaHUS PaGoTa paBHAa CyMMe H3Me-
HEHHs1 SHEPTHH KOHJEHCAaTOpa M MeXaHHYecKoi paboThl, COBEp-
[IEHHOH 3/MEKTPHYECKHMH CHJIaMH:

A,.. =AW+ A.
TlocKONTbKY MOAHATBIH CTOMO KHAKOCTH ITOKOHTCS, COBepleH-

Has MeXaHH4ecKas paéoTa paBHa CyMMé H3MCHCHHA NMOTCHUHA-
JIbHOH SHEPruH JU3JICKTPHKA B 110J€ TAXKECTH H BBIACTHUBIIETOCA

Tensa Q:
Ayer = AW - mgh + Q.

YuutniBasi, 4t0 A .,=2 AW, H NONb3ysiCb COOTHOLIEHNEM
(5.11), Haxommum
V=g =7
TagkuMm 06pasoM, NOTOBHHA MeXaHHYeCKOH paboThl, COECp-

INeHHOH CHJIaMH JMEKTPHUYECCKOro NoJisd, NOlJIa Ha yBeJNYeHHE
NOTeHIHaJbHOH SHEPTHH XKHUAKOTO AUNIEKTPHKA, a BTOPas 1010~

ese—D2IUL 1 mgh.
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BHHa TpeBpaTHiach B Temio. Kak 1o Tenno Beigenuiocs? [pu
[OTP yKEHUU IIJIACTUH KOHJEHCAaTopa B AM3JEKTPHK KHMAKOCTDb
HauMHAeT NOAHMMATHCH, IpHOGpeTas KUHETHYECKYIO 3HEpTHIO,
H 10 MHepUHHM TPOCKAKHBAET MOJIOKEeHHe paBHOBecHs. Bos-
HUKAIOT KoJeOaHHs, KOTOpPhle MOCTENeHHO 3aTyXalT H3-3a
BASKOCTH JKHAKOCTH, U KMHEeTHYeCKas 9HepTHA MpeBpalaercs B
temjo. Ec/H BA3KOCTH AOCTATOYHO BeJHKa, TO KoJeOaHHH
MOJKET H He 6bITb — BCE TEIVIO BhIAENAeTCH NMPHU MOJABEME HHJ-
KOCTH [0 IIOJIOKEHUSA PAaBHOBECHS.

MOCTOAHHBIA IJEKTPHUYECKHHA TOK

§ 6. 3akon Oma. PaGora B uemnu
3JIeKTpHYeCKoro Toka. 3akoH [xoyas — JleHua

Pacyer ajieKTpHYecKHX ULemefl MOCTOSHHOTO TOKA OCHOBAH
Ha ucmonb3oBaHMM 3akoHa Owma. Il1A yvyacTKa ORHOPOAHOH
LeTH (Ha KOTOPOM He JeHCTBYIOT CTOPOHHHe CRJSt) 3akoH Oma
BBIpaXKaeT CBA3b MEXAY TOKOM B LeNH [, HaNpsxKeHHeM Ha
KoHuax ydactka U u comporuBieHHeM R:

U ’ ) .

i Hepa3BeTB/IEHHOH 3aMKHYTOH LeMH, COHEPIKaliel

HCTOYHHK TOKAa C 3JCKTPOIABHAKYWIEH CUJIOH & M BHYTPEHHUM
CONPOTHUBJICHHEM 7, 3aKOH (OMa HMeeT BHJ

—_C (6.2)

TR

A Kak HafiTH CHJIy TOKa B y4acTKe HEOJHOPOJHOH UEMH,
MeXJy KOHUAMH KOTOPOro CYIIECTBYeT HEKOTOpas pasHOCTb
MOTE€HLUHAJIOB M BHYTPHM KOTOPOTO MMEIOTCH CKAuKM NOTeHIHa-
JIOB, HalpHUMep, BKJIIOUEH ra/ibBaHHYeCKHI 3JIeMEHT WJIH aKKYy-
MyAATOp?

Paccmorpum aJiA IpoCTOTHl y4acTOK HEOQHOPOZHOH LEMNH,
COCTOSAIIIMI U3 BYX MOCJEACBATENbHO COSAHHEHHBIX PAa3/IHYHBIX
NPOBOAHMKOB A M B, HampHMep MeEAHOr0O M [HMHKOBOTO
(puc. 6.1). Mexny pas/IMYHBIMH IPOBOAHUKAMH HMEGTCS CKAYOK
[OTE€HLHAJIa, KOTOPLI He 3aBHCHT OT TOKAa H CYIIECTBYET JaKe
/B €ro OTCYTCTBHe. DTOT CKayoK NMOTeHUHMala HOCHUT Ha3BaHHE
BHYTPEHHe#l KOHTAKTHOM pa3HOCTH NMOTeHLHaJIoB. Ero BosHUK-
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HOBEHHE 00YCJIOBJIEHO TE€M, UTO UHCJIO CBOGOIHBIX 3/IEKTPOHOB B
eIHHUIE 00beMa — KOHIEHTPAallUsi JEKTPOHHOro rasa — pas-
JIMYHO B pasHblX Merassax. IIpHM CONPHKOCHOBEHHH TakKHX
METa/IJIOB NPOHCXOANT JHU(DPY3Hsl 3JEKTPOHOB uepe3 KOHTAKT
M3 TOro Merasljia, rjle KOHIleHTpauHs Bbllle, B TOT, IJie KOHIEHT-
painds Huxe. B pesynbraTe Mexay NpPOBOJHHKAMH BO3HHKAET
pasHOCTb  TNOTEHIHAJIOB,
BeJIMYMHA KOTOPOH oIpe- f
JensieTcsl TeM, 4YTO B yC-
TaHOBWBILEMCS]  TUHAMH- V //4 // A\\\\ﬁ\\\\!
YECKOM PaBHOBECHH - o, @ ¥s
(Py3HOHHBIH T1OTOK 3JIEKT-
POHOB YpaBHOBEILHBAETCS
BCTPEYHBIM TIOTOKOM, CO-
37aBaeMbIM BO3HHKIIHM B KOHTAKTHOM CJIO€  3JIEKTpHdYe-
CKHM noJieM. BenHunWHa cKayka 3aBUCHT OT poja MeTaJliIoB H
oT Temneparyphl. [loguepkKHeM, YTO KaXAblH MeTas/ll OCTaercs
5KBHIIOTEHIIHAMBHBIM, a CKAYOK NOTEHIHa/a H CBA3aHHOE ¢ HUM
3JIEKTPUUECKOE 110J€ UMEIOTCS TOABKO B MECTE€ KOHTAKTA.
IMoacoemuHHM Tenepb BHEIUHHE KOHIBI NPOBOAHUKOB A H B
K HCTOUHHKY INIOCTOSAHHOTrO HampskeHHsi. OG0O3HAaUMM [IOTEH-
1HaJa JIEBOTO KOHua npoBopHuka A uepe3 ¢,, a NOTEHIHAa
IpaBoOro Kowila poBojHHKa B uepes ¢, (puc. 6.1). Tlorenuua-
Jbl MerasiioB A U B B MecTe KOHTaKTa 0603HaYHM 4epe3 ¢4 H
¢ 5. Tak Kaxk Tenepb B NPOBOJHHUKAX HIET TOK, TO, pasymeercs,
QP4 M Q7@ p. Ml TIOKa He 3HaeM, KaK 3alucarb 32XOH
Oma s Beero paccmanuBaeMoro ydyacTka e, HO 3aTO MO-
JKeM HallMcaTb ero VTSl KaX/JIOro W3 OJZHOPOJHBIX yuacTKoB A H
B. Tax Kak TNpPOBOJAHMKH COEIHMHEHBI MOCJAEJOBATENbHO, TO
yepes HUX NPOTEKAaeT OAUH H ToT ke ToK /. IIpeamnonoxum, 4to
TOK HJET cJaeBa Hanpapo, Kak nokasaHo Ha puc. 6.1. Torna

P Pa= IRAi
Qg— Py, = IRp,

Puc. 6.1. ¥YuacToK HeonHOpoAHOH wUenH.

(6.3)

rae R, ¥ Ry — conporiBienus ydactkoB A u B. Croxum
nowteHHo ypaBHeHHs (6.3) M IEPETPYNNUPYEM cjaraeMbie B
JIEBOM 4YaCTH CJeLyiomuM 00pasoM:

— @) + (95— (PA) =1 (R,+Rp). (6.9

CyMMa R A—{—R p €CTb TIOJIHOE COIPOTHBJIEHHE R paccmarpuBae-
MOro - yuactka. PasHocTh MOTEHLHAJNOB @y—@; IPEACTaBJIsAET
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coboii npuioxenHoe Hanpsxenue U. PasHoctb ¢ p—@p4 ecTh!
CK4a4YOK IOTEHILHala B MECTe KOHTAaKTa METaJIOB, KOTOPHIH, |
K4aK Y2K& OTMeuajoch, He 3aBHCHT OT IPOTEKAIOUIero TOKa M
onpejessieTcsi TOJbKO TNMPHPOJOH METassioB H TEeMIepaTypoii.
3HaueHue cKauka ¢ ;—¢, 0Go3HauuM uepe3 &. Torma coor-
HomeHue (6.4) MOXHO mepenucaTh B BHAe

_ust '
[==2¢, (6.5)

Jro u ectb 3akoH Oma A1 ydacTKa HEORHOPOAHON LEMH.
OrMeTuM, uTO NMoj HanpsixenHeM U Ha paccMaTpHBaeMoM yua-
CTKe NOHHUMAeTCAd PasHoCTb @,—@,, L€ ¢, — IMOTEHIHA Toi
TOUKH, OT KOTOPOH T€UEeT TOK, 4 Q; — MOTEHIHAJ TOUKH, K KOTO-
poit Teuer ToK. CKauoK NOTeHIHaNa B MeCTe KOHTAaKTa & ornpe-
Je€H KaK QPp—@y, T. €. 3HAK & ONpeaensercs TeM, MOBhLl-
1IaeT HJH NOHHXKaeT CKA4OK 3HAyeHHe ITOTEHIHana B LEMH B
HanpaB/eHHH TPOTEKaHHA TOKa: eCJH NoBhIIaer, To &0,
ecd MoHmxkaer, 1o &<<0. Ho Befb npH pacCyXAEHHAX Mbl
BuIOpa/lM HanpaB/eHHe TOKa cjeBa HampaBo Hayrag! A eciu
Ha CaMOM JieJie OH TedeT B [IPOTHBOIOJIOXKHYIO cTopoHy? [lpen-
MOJIOXKHUB, YTO TOK HUJET CIIPABA HAJEBO, U NOBTOPAA 6YKBAIbHO
Bce BBIKJAJAKH, Mbl MOJYYHM 3HAyeHHe TOKa, OTJHYalouleecs
TOJBKO 3HAKOM. JTO O3HAuaer, 4To, INIPHCTYNasi K aHamusy
yd4acTKa HEOJHOPOJHOH LEMH, Mbl MOXeM BOOOLIE He 3ayMhbl-
BaThCSl O TOM, B KaKyl0 CTOPOHY HMAET TOK Ha caMoM Jeje, a
3aJaBaTh eMy HarpaBJeHHe NMPOH3BO/bHO. BribpaB Hanpasie-
HHE TOKd, Mbl ONpejesseM €ro BeJHYHHY Mo ¢opMmyJe (6.5),
crporo co6/onas chopMyJ/JHPOBaHHOE Bhlllle NPABHJIO 3HAKOB
g U u &. Ecin B pe3ysbrate TOK OKaXeTCH NOJOXKHTETh-
HHM, TO OH JEHCTBHTE/JbHO TeYeT B 3aJaHHOM HAMH HarpasJje-
HuH. Eciau Ke MNoayyuTcsi OTpHIaTesbHOE 3HaueHHe, TO B
JefiCTBHTEILHOCTH TOK HJeT B ITPOTHBONOJOXKHYIO CTOPOHY, a
BeJHUHHA ero, pasyMmeercdl, HaHjeHa NpaBuU/IbHO. Huxe Mpl
nopo6HO pacCMOTPHM IIPHMEPhl HCIOJIb30BaHHA 3aKoHa Owma
JJIA ydacTKa HeOJAHOPOJAHOH WeNH, HJJIIOCTPHpYIouine chopmy-
JIHPORAHHOE IPABUJIO 3HAKOB.

CKauoK NMOTeHIHa/la Ha TPaHHIIEe ABYX METaJJI0B Mbl 0603Ha-
9HJIH TOH e OYKBOH &, UTO H 3JEeKTPOABHXKYULYIO CHIY. DTO
He caydaiiHo. CKauoK TMOTeHIHaJa BO3HHKAeT B pPe3yJbTare
Juddy3HH 3JEKTPOHOB, T. €. CUJI HE3JEKTPOCTATHUECKOrO
NPOHCXOXKAEHUsA (He KYJOHOBCKHX), OOYC/OBJIEHHBIX XaoTH<,
YECKHM JIBH)XCHHEM 3JEKTPOHOB. TaKHe CH/Ibl He3eKTPOCTa,
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THYECKOIO IPOHCXOXKIEHUS HaseBalOT CTOpoHHHMH. OTHo-
II€HHe paboThl CTOPOHHMX CHJ HO NepeMEelEHHIO IOJOXKH-
TEeJbHOrO 3apsifa BJAO/Ib HEKOTOPOro YYacTKa LEHNH K BEeJHUHHEe
3TOrO 3apsja HOCUT Ha3BaHHE 3JEKTPOJABMXKYIIEH CHJIBI Ha
JIaHHOM yuacTKe, B paccMoTpeHHOM cjydae pafoTa cuJa,
BbI3bIBaIOIMX audxpy3HI0, HPH HepeMelleHHH 3apsia HPOTHB
371eKTPHYECKOTO HOJs B KOHTaKTe OlpejeseTcs BeIHUHHOMH
CKauKa MoTeHUHana. [103TOMY 3TO JEHCTBHTENbHO 3JEKTPO-
JBHAKYIIAS CHia B OGBIYHOM CMBIC/Ie 5TOro cjaoBa. Ho, KOHeuHo,
TaKOH KOHTaKT JBYX Pas/HYHbIX METa/JOB B OGBIYHBIX YCJIO-
BHAX He MOXKET CJYXKHTb HCTOUYHHMKOM ToKa. Jlerko yGemuTncs,
YTO B 3aMKHYTOH LEHH H3 pa3HblX METa/LJIOB, BCE YYaCTKH
KOTOPO#l NOAAepXUBAIOTCS NPH OLHOH H TOH XKe Temmeparype,
CyMMa BCeX CKaYKOB HOTEHIHaJjia paBHA HYJIO H TOK B LIENH OT-
cyTcTByeT. Eciu mopnepXUBaTb KOHTAKTHI IIPH PA3HBIX TeM-
nepatypax, TO CyMMa CKauKOB He paBHa HYJIIO U NpeACTaBJser
cOGOH TEpPMO3JEKTPOABHKYILYIO CHJY.

3akon Oma Jjis yyacTKa HeogHOpoAHOH uenH (6.5) cmpa-
BeJ/IMB HE TOJbKO B CJyuae KOHTAKTHOH pasHOCTH MOTeHIHa-
JIOB, HO M IJ51 CTOPOHHHX cuJ Jo0oii npuponsl. HeoxHopos-
HOCTb yYacTKa MOXKeT GhIThb 00YCJIOBJEHA HalnyueM rajbBaHH-
YECKOTro 3JeMEHTa, aKKyMYJsTopa, TeHeparopa MOCTOSHHOTO
TOKa ¥ T. J. EC/AH paccMaTpHBaeMblii yYaCTOK COJEDIKHT He-
CKOJIBKO 3. . C., TO B opmysie (6.5) nox & HyKHO HOHMMATb
anre6panyecKylo CyMMy BceX 3. J. C., IPHYEM 3HAK KaXKIOH H3
HHX OIpeJE/IsieTcss B COOTBETCTBHH €O C(OPMY/IHPOBAHHBIM
npaBujioM. B 3ToM cayuae R npejncrabiasieT co0OH MOJHOE CO-
IIPOTHBJIEHHE YYacTKa.

3akon Oma B dopme (6.5) cofepKuT B cefe B KayecTBe YacT-
HBIX cayyaeB ¢opmyasl (6.1) u (6.2). [aa ogHopoiHOro yyacrt-
Ka uenu &=0 u (6.5) npespawmaercs B (6.1). Has HepasseTs-
JeHHol 3amkuytoii uenu U=0 u dopmyaa (6.5) nepexomur B
6.2).

[lpu npoxoxjpeHHH TOKa B LENH 3JEKTPHYECKOE IoJe Co-
BepliaeT paboTy, KOTOpPYI0 OObIYHO Ha3bIBalOT PaGOTOH TOKa.
Besnnuuna pa6oTsl ocTosiHHOTO ToKa [ 3a BpeMsl £ Ha y4acTKe
LenH, Ha KOHUAX KOTOPOro MOAJepIKHBaeTcs HampsxkeHue U,
OIpeJie/IfeTcs COOTHOIIEHHEM

A=IUt. (6.6)

[IpoxoxneHue ToKa yepes NpOBOAHHK, 00/alaloluil CONPOTHB-
JIeHHeM, BCerjia ConpoBOXKAaeTcsl BhjeseHHeM Temia. Konuue-
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CTBO BBIJIEJIUBIIErOCS 3a BpeMs { TellJa OnpenessieTcsi 3aKOHOM
Jxoyna — Jlenua:

Q = I*R¢. 6.7)
B cayuae onHopoamoro ywactka, koraa /=U/R, Qopmynl
(6.6) u (6.7) coBmajawloT, T. €. KOJHUYECTBO BhLAEAAIOUIEIOCH

Tenja paBHO pafoTe TOKa, W PaboTy TOKAa MOXKIO BbiPasuTh
JIOOLIM M3 TpeX SKBHBaJEHTHBIX CIOCOOOB:

) Uz
Alef:I"Rt=-R~t. (6.8)
B HeoIHOpPOAHBIX yyYacTKaX WENH, TIe TOK ONpelensercs

dopmynoit  I=(U+&)/R, Boensioweecs TemIo He PaBHO
pabote Toka. IT0 O3HAYaeT, YTO

Y- NpoTeKaHHe TOKa B TaKOM yua-
_ o CTKE CONMPOBOXJAeTCs He TOJb-
' KO BbIIEJEHHeM TemJa, HO H
l APYTHMH MpOLECCaMH, CBs3aH-
m_ HBIMH C INpeBpalieHHeM 35Hep-

THH.
R é,r B kauectBe mpumepa sHep-
Puc. 6.2. Cxema BRmouennss ak- T€THYECKHX IPeBpallEHHH B He-
KyMyIsTOpa Ha 3apsAKy. OIHOPOJHOi UENH PacCMOTPHM

3apAlKy akkymyJastopa. He
BJIaBasCh B JIETaMH NPOHCXOAAIHX B aKKYMYJISITOPE MPOIIECCOB,
JIETKO COOGPa3NTh, 4TO MpH 3apsijiKe Bce XMMHUECKHE MPOIECCH
BHYTPH HEro HAYyT «BCIATBbY, W, CJEJOBAaTEJbHO, TOK HIET B
HanpaBJeHHH, [IPOTHBOMNOJOXKHOM TOKY IPH paspsiike, Korja
aKKyMYJIATOP SIBJSIETCS. MCTOYHHKOM MHTaHHs 71 BHEIUHEH
uenH. [losToMy akKyMyJasaTop BKJO4aeTcsi B Lenb Tak, Kak
NOKa3aHO Ha puc. 6.2, a TOK B UENH HJET B HalpaBJIEHHH, YKa-
3aHHOM cTpenkoil. Tak Kak 9. 1. C. akKyMyJaaTopa (CyMMa cKau-
KOB MOTeHIlHaJa BHYTPH HEro) NOHHMAeT MOTeHIHa] B UENH B
HanpaBJeHHH MPOTEKaHHsA TOKA, TO, B COOTBETCTBHH C 3aKOHOM
Oma a5 HeopHOpojHoro yuactka (6.5), TOK B uenu paeeH

_u=&
=735 (6.9)

B sroft (hopMyJie r — BHYTpeHHee CONpPOTHBJEHHE aKKyMy-
JAdTOpa, a CONPOTHBJAEHHE R BKJ/IOUWEHO B UeNb 1Js peryJaHpoB-
KH BeJIMUHHHL 3apSHOTO ToKa. JIerko BHAEThb, 4TO TOK OYHeT
NOJOMHTEJNbHBIM H, CJA€JOBATENbHO, HOHJACT B YKA3aHHOM
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HaNpPaBJEHHH TOLKO NIPH YCJIOBHH, YTO MOJABAaEMOe HAaIp sixe-
uue U Gonbuie 3JeKTPOABHAKYIICH CHJBL aKKyMyasTopa &.
TonbKO NPH BHINOJHEHHH 3TOrO YC/JOBUS M MOXHO 3apAAMTH
aKKYMYJISITOP. :

PaGora, coBepiuaemasi 3apAfHOi CTaHUue#l B EIHHHILY
BpeMeHH, T. e. paboTa TOKa Ha BCEM PacCMaTPHUBAEMOM Y4acT-
ke, paBHa /U. Ha Bcex conporusJe-
HHUAX, BKJIIOYash BHYTPEHHEE COINpPO- Er
THBJICHUE aKKyMYJATOPA, B CAHHHUILY 3
BPEMEHH BbIRAACTCA [KOYJAEBO Tell-
710, paBHoe [*(R--r). Kpome 3a-
PALKH aKKyMyJIITOpa M BbLIEJCHHS p
TenJia, APYTHX 3HEPreTHYeCKHUX Ipe- Eg;l I
BpallleHHil B pacCMaTpUBAEMOil LienH
ne npoucxoauT. ITosToMy Ha OCHO-  puc 6.3. K rccieioBamiio
BaHHH 33aKOHA COXDAHEHHS] 3HEPTrHH  ycaoBHA paloTsl MCTOYHu~
MOMKHO YTBEp:KIaTb, YTO Kd TOKA.

1U =1 (R +1) + Py, (6.10)
rae P,,, — MOWHOCTb, HAYyUiasi HENOCPEICTBEHHO Ha 3apsiKy

akkyMmyJaatopa. [JogcraBiass B (6.10) BbipaxenHe s CHJIbL
Toka (6.9), noayuum

Py =CW—=86) _ /. (6.11)

sap™"  R+tr

Taxkum 00pasoM, npH 3apsiike aKKyMyJATOP B eIHHHLY BpeMe-
HH 3amacaeT sHepruio, paBuywo I&. Pazymeercs, storo pesy.ib-
TaTa MOXHO GbLIO OXHAATb H3 3JeMEHTapHLIX COOOpameHUH:
Belb INpolLlecChl B AKKYMYJATOPE CYMTAIOTCA OOpaTHMbLIMH, a
NpH paspfjke aKKyMyJsTOD PasBUBaeT MOWHOCTL /&.

OGpaTiM BHHMaHHE, YTO, CUHTAs HU3BECTHbIMH BbIPAXKCHHA
AJIs IIOJIHOM paGpThl TOKA, A/ JKOYJeBa Tem/a i A1s padoTsi
3apSIAKH aKKyMYJSITOpa, MOXHO C IOMOILbLIO 3aKOHA COXpPaHe-
HHSl 3HEPTHH NOJIYyYHTH Bbolpaxkenue (6.9) A Toka B wenw,
T. e. 3akoH OMa Jis pmaHHoro caydas. s 3TOro HYXKHO
npocro noxactaButh B (6.10) Pg,,=I&. ‘

B 3ak.oyeHue 3T0ro naparpada uccjaenyeM ycJaoBHA paboTht
HCTOYHHKA NOCTOAHHOTO TOKa, 3aMKHYTOIO Ha BHELUHEE COIpPo-
TuBjieHHe R (puc. 6.3): KaKuM JOKHO ObITb CONPOTHBJCHHE
Harpysku R [J/is TOro, 4tolObi [OJYYHTh MAKCUMAJbHYIO CHJY
TOKA B LENH, MAKCUMaJIbH Y10 [I0C3H Y10 MOIIHOCTL, MaKCHMa/ib-

“HBIH K03 HeHT nose3noro AcHCTBHA? I
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Tox B 1enu onpexensiercs 3akoHoM OMa (6.2): I=&/(R-+r).
Tlosnass MoimHOCTh P, pa3BuBaeMasi HCTOYHHKOM TOKa, DaBHa
I&=&2/(R-+r). Tlonesnas Mompocth Py, T. €. MOIIHOCTb,
BBIAEJISIIOUIAACA Ha Harpyske, 1aeTcsl COOTHOLIEHHEM

2R
—nR=-S2R_ 6.12
Pn I*R RFr)? ( )

KostxpunseHT mnosnesHoro JNeHCTBHA 1) HCTOYHHKA B 3TOH
LenH, OnpefejseMblii KaK OTHOLIEHHE [0JIe3HOH MOLIHOCTH K
TI0JIHOH, 3aBHCHT OT COMPOTHBJIEHHSI HArpysKH:

Py R

=P =Rir’ 6.13)

Wccneayem nonyyennnle Bhipaxkenns. ITosHasa mouHocts P

H TOK B lienH | OTJIHYAIOTCA MOCTOSIHHBIM MHOMHTENEM &, 110~

| 3TOMYy HX 3aBHCHMOCTb

2% OT CONDOTHBJIEHHS Ha-
7 k=m-~ikaltusunanamam——— TDY3KH R  OIHHAKOBA
p 3 (kpuBasi I Ha puc. 6.4).

[ o~ MakcHManbHOe 3HayeHHe
45> “ '3THX BEJIHYHH NOJy4aeTcs
7 npn R==0, T, e, npu Ko-

G951 (N e POTKOM 3aMBIKaHHH liC-
h ! | ToyHHKa. Kak BHAHO 13
o R r s &2 Gopmyn (6.12) u (6.13),

NPH 3TOM pPaBHB HYJIO

Puc. 6.4. 3aBucHMOCTb MOIHOITH R [oJie3HAas MOILHOCTh Py
K. 1. . HCTOYHHKA TOKAa OT COMNPOTHBJIE~ H KO3(p(bHL[HEHT MoJes3Ho-

HHSI HarpyskH. .

ro pefictBus 1. Ilpu R=r

NOJHAs MOMIHOCTh H TOK

PaBHHI TIOJIOBHHE CBOEr0 MAaKCHMaJbHOrO 3HadeHHs, Kos(xp-
'IHEHT NOJe3HOro JeHCTBHA 1 paseH 0,5, a mojiesHass MOLIHOCTD
JOCTHraeT CBOEr0 MaKCHMaJbHOTO 3HA4YeHHs, PaABHOrO I10JIO-
BHHE IMOJIHON MOLIHOCTH P npH 3To# Harpy3ske. s Toro 4ro6ht
y6elHMTbCS, YTO TPH PABEHCTBE COMPOTHBJEHHS HArpyskH u
BHYTPEHHEro CONPOTHBJIEHHS HCTOYHHKA TOKA I10JIe3Has MoIl-
HOCTh MaKCHMaJbH4, npeobpasyeM NPAaByIO 4acTb BbIPaKEHHS -

(6.12) cneayiomum obpasoM:
2 2
J I G — (6.14)
(R+1)?*R R-+2r+r¥R ,

TlosiesHass MowmHOCTb 6YJeT MaKCHMaJbHOM, KOrZa 3Ha-
MeHaTeJ]b MpPaBOH 4YacTH Boipaxkenus (6.14) MuHHManeH,
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INpeoGpasyeM 3HaMeHaTeNb:

2 2
R—2r 4 %+4r=<l/——- ’_) 4. (6.15)
VR
Oyukuua (6.15) gocTHraer MHHHMyMa TOrja, KOTjJa BBIpae-
HHe B CcKOOKax paBHO HyJio, T. €. pH R=r.

Ilpn HeorpaHHYEHHOM YBEJNHYEHHH CONDOTHBJECHHSA Harpys-
KH (R—>00) KaK mojHas, Tak M 1oJe3Hast MOLIHOCTb CTPEMSITCS
K HyJio (xpHBas 2), a KO3P(hHIHEHT MONE3HOro AeHCTBHS —
K eMHHUIE (kpuBas J).

Hs puc. 6.4 BuaHO, uTO TpeOGOBaHHS TIONYUEHHS MaKCHMAaJb-
HOrO TOKa B LICMH, MaKCHMAJbHOH IOJe3HOH MOLIHOCTH H MaK-
CHMaJbHOTO K. M. JA. NPOTHBOpEYHUBHI. [l TONYYEHHS BO3-
MOKHO GOJIBIIETO TOKA COMPOTHBJACHHE HArpy3KH LOMKHO OBITh
MaJIblM 110 CPaBHEHHIO C BHYTPEHHHM COINPOTHBJICHHEM HCTOY-
HHKa, EO NIpH 3TOM OJH3KH K HYJIO MONe3Has MOLIHOCTh U
K. NI. J.: TIOYTH BCHA COBEpLIaeMas HCTOYHHKOM Toka pa6oTta
HJET Ha BBIIEJEHHE TeNJa Ha BHYTDEHHEM COMpPOTHBJIEHHU 7.
UTo0bl MOMYYHTb OT JaHHOTO HCTOYHHMKA TOKa MaKCHMaJbHYIO
NOJIE3HYIO MOLIHOCTD, CJEAYET B3ATb Harpys3Ky € CONpOTHBIE-
HHeM R, paBHbBIM BHYTPEHHEMY COIDOTHBJEHHIO HCTOUHHKA.
BennunHa MakCHMa/bHOHR MMOJIE3HON MOLHOCTH Py . =&?/ (4r),
HO KO3(D(MHIHEHT MOJE3HOTO JCHCTBHA NIpH 5TOM DaBeH BCETO
qauib 0,5, JIioGyo None3Hy MOWHOCTL P;, MEHBIIYI0 MakCH-
Ma/lbHOH, MBI MOXEM NONYYHTb, KaK CBHICTEJIbCTBYET XO[
KpHBOil 2, NpH JIBYX 3Hau€HHAX R; H R, COMpOTHBJEHHS Ha-
rpy3kH. [lpakTHueckH JIJd TMOJYYEHHS 3aJaHHOH TOJE3HOM
MOLIHOCTH CJEeAyeT BBIOMpaTb HArpy3ky ¢ OOJBbIIHM CONpO-
THBJEHHEM R, TaK KakK K. M. . IpH 3ToM Bbiue. s noayye-
HHS K. 1. J., OJH3KOrO K €IHHHIE, cJeayeT 6paTb Harpy3ky ¢
CONpPOTHBJICHHEM, MHOIO OOJIBLIHM BHYTPEHHENO CONPOTHBJIE-
HHfl HCTOYHHMKA TOK4, HO IIPH 3TOM BBIIE/AIOIIAACA MOLIHOCTD
P.—0.

§ 7. Pacuer nened mNOCTOSIHHOTO TOKa.
Hpasuna Kupxroda

3akon OMa 115 HeOJHOPOIHOro Yyuactka uenH (6.5)
[O3BOJISIET pAaCCYHTATh JIOOYIO CJIOXKHYIO Da3BETBJIEHHYIO
Ienb MOCTOSHHOro TokKa. Takue pacueTol YHIOOHO MPOBOAHMTD,
NOJB3YysiCh JBYMf TpaBHJIaMH, chopMyJaHpoBaHHBIMH KHpX-
ier(bOM. .
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PaccMOTpUM npoOH3BONTBHYIO pa3BeTBJAEHHYIO Lenb, 4YacTb
KoTopoit u3obpaxena na puc. 7.1. Tlepsoe npaBuio Kupxroga
CTHOCHTCSA K y3/aM, T. €. TOUKaM, B KOTOPbIX CXOJHTCH He MeHee
TpeX TNPOBOJAHHKOB. BceiejcTeHe 3aKOHA COXPaHeHHsl 3apsaia
B 100l Touke 1eny, B TOM yucie ¥ B J1060M yaJje, Npu npo-
YOXJEHHHN TICCTOSTHHOrO TOKA He AOJIKHO NPOHCXOIUTHL HaKoil-
JAeHNA JeKTprYecKoro 3apsja. ITosTomy CyMMa NPHTEKAIOWE X

Puc. 7.1. Yacth pa3peTBaeHHOA 3JEKTPHUECKOH UeIH.

K Y3y TOKOB JCJKHA PaBHATHCS CyMMe YTeKawuwux. Eciu
YCJIOBHTBCSI CYUHTATb NOAXOAsAUIME K Y3JY TOKH MOJIOMKHTEb-
HbIMH, a HCXOJsILHE M3 Y3Ja — OTPHLATEJbHBIMH, TO MOXHO
CKasaTb, YTO ajreGpanyueckasi CYMMa CHJI TOKOB B y3Je paBHa
Hymo:

21 1,=0, a.n
k=

rie n o0o3HayaeT YHCO IIPOBOJOB, CXOJSIIHXCH B YaJe.
Bropoe npaBuno Kupxroda OTHOCHTCS K INPOHM3BOJILHBLIM
3aMKHYTBHIM KOHTYpaM, KOTOPEHE MOKHO BBIJEJIHTb B paccMart-
puBaeMoil paspeTBJieHHOH uenu. Paccmorpum koutyp ABCA
Ha puc. 7.1. ITockoabKYy npH pacueTe Mbl GYJeM HCIOJb30BaTh
sakor OMa JAJs1 HEOZHODOZHOrO Y4YacTKa LeNH, TO, KaK Mbl
BHJIEJH, HanpaBJieHHe TOKOB B Hepa3BETBJEHHbIX Y4acTKax
MOJKHO 3aJaThb NPOH3BOJDbHO, HaNpHMep TaK, KaK Ha puc. 7.1.
(HapoMuuM, YTO ec/ii B pe3yJbTaTe pacuyera KaKou-TuGo w3
TOKOB OKaKeTCsl OTPHUATEJIbHLIM, TO 3TO O3HAaYaeT, 4To B Jefi-
CTBHT&JIDHOCTH TOK Ha 3TOM- y4acTKe TeyeT B NPOTHBOTOJDXK-
HYI0 CTOPORY.) 3anuuem 3axon OMa Jy1si KaxKAOTO U3 HepasBer-
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BJIEHHBIX YyuacTKoB KouTypa ABCA. O6o3HauHB moTeHLHAJBI
V3J0B uepe3s ¢4, Pp H Pg, MNOJTYUHM

IlRl’:(PB_"(PA +£i’
[\Ry=p—Pc—& (7.2)
I,Ry=q@c—@a-+&s

B stux dopmyaax depes R, 0603HaYE€HO NOJHOE CONPOTHBIE-
HHE y44acTKa, MO0 KOTOPOMY TedeT TOK {,. Jlerko saMeTHTh, UTO
€CJIH TepBoe YpaBHeHHe cucTeMbl (7.2) YMHOXHTB Ha —1
3aTeM CJIOXKHTh MOYJIEHHO BCe TPH YPaBHEHHs, TO MOTEHIH bl
V3JI0B BBINAJAIOT:

'—‘IIR +12R2+13R3:-‘61“‘62+63 (73)

I'asas na popmyay (7.3), nerpyaHo chopMy/aHpoOBaTh NPaBUJIO,
C TOMOIIbI0 KOTOPOTO MOXHO Obi/10 6Bl HENOCPEJCTBEHHO MO.1Y-
YHTb 3TO PABEHCTBO: HYKHO BHIOpaTh ONpefie/leHHOe Hampas-
NeHue 06X0Za 3aMKHYTOTO KOHTypa (HampHMep, 1o YacOBOWH
CTpesiKe) H NpPHPaBHATHL ajare6paHyecKyio CyMMY MOpOH3Be-
JEHHH CHJI TOKOB Ha CONPOTHB/JIEHHS COOTBETCTBYIOIMX YYaCT-
KOB aJjrefpanuyeckoifl cymme 3. J.C., BCTPEUAIOMHXCSA B 3TOM
KOHType. IIpH 3TOM TOK CYMTaeTCs - NOJAOKHUTE/NBHHEM, €CJIH
€r0 HamnpaBJeHHe cOBNajaeT ¢ HanpabjaeHHeM 06x0fa KOHTYpa,
H OTPHIATE/BHBIM B NPOTHBOMOJ/IO0XKHOM CJ1yYae; 3. . ¢. Gepercs
CO 3HAKOM «-+», €C/H OHA MOBBIIIAET MOTEHIHAJ] B Ileld B Ha-
npaBieHHH 006XOAa KOHTYpa, H CO 3HAKOM «—», €CIH MOHH-
XaeT. 310 M eCThb BTOPOE MpPaBH.IO KprrO(ba KOTOpOe MOKHO
KOpPOTKO 3amnucaTh TakK:
nt

PR = 3 & )
rje 7 — YHCJO Hepa3BeTB/JEHHBIX YYACTKOB B pacCMaTpHBae-
MOM KOHType (COBNajalollee ¢ UUCAOM BCTPEUAIOIIHXCA B ITOM
KOHTYpe y3J/0B), a #1 — YHCJIO 3. 1. C., AeHCTBYIOUNHX B KOH-
Type.

Tenepb MoxHO chOpMynHpOBaTh OfllHe mpaBHaa pacueTa
IPOH3BOJBHBIX Pa3BETB/EHHBIX Lienel MNOCTOSHHOTO TOKA.

1. O603HauHTL Ha CXeMe TOKH BO BCEX HEPa3BETBJEHHHX
yYacTKax, NMPOH3BOJBHO 33jlaBas UM HampaBJ/eHHe.

2. CoryacHo nepsomy npasuay Kupxroda samucats ypas-
nenns (7.1) aaa BceX ys3JOB, KpOME€ OJHOro (ypaBHeHHe pJs
NOC/IeJIHer0 y3ja MNHcaThb He HYXKHO, TAK KaK OHO AIBJsETCH
CJIeACTBHEM NPEALIAYILKX).

4
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3. Cornaco Bropomy mnpaBuny Kupxropa cocrasuts
ypaBHeHus (7.4) 175 BceX NPOCTBIX KOHTYPOB, KOTOPLIE MOXKHO
BBIEJIUTh B JAaHHOH LENH M KOTOphie He IOJIYYaloTCsl Halloxke-
HHEM y2Ke pacCMOTpeHHBIX. [IpOCTHIM CUHTAeTCsl TaKOH KOHTYD,
IpH 00X0e KOTOpPOTO Mbl MOOBIBAEM B KaXKIOH TOYKE TOJIBKO
N0 OJHOMY pasy. B npaBH/IbHO BbIOpAaHHOH CHCTEME KOHTYPOB

. Kax/Jpld Yy4YaCTOK weNnu JoJ-

< & "

I' 127f XeH ¢urypupoBaTth mo Kpa#-

+= Hefi Mepe B OJHOM M3 KOH-
TYpOB.

i 4. Ecmu B pesy/ibTaTe pe-

J - 7 [IeHHs] MOJY4YHUBIIEHCS CHCTe-

4 21’2 -

2 MBl VPaBHEHHH KaKHe-1HGo

R TOKH OKaXKyTCsl OTpHLATe/b-

£ I HBIMH, TO B Je€HCTBUTEJBHO-

Puc. 7.2. Tlapaanensuoe coegu- CTH HX HalpaB/€HHE IPOTH-

HeuHe MCTOYHUKOB TOKA. BOMNOJIOKHO BLIOpAaHHOMY Ha
cxeme.

Ins unmoctpauuu npumenenuss npaBunl Kupxroda pac-
CMOTPHM YC/JOBHsI DpaboThl OaTaped H3 JBYX NapasjesbHO
COeJMHEHHBIX MCTOUHHKOB (pHc. 7.2). IlapaMeTpsl cXeMbl
yKa3aHbl Ha PHCYHKe.

OGo3HauuM TOKH B HEPAa3BETBJEHHBIX YYacTKaxX LenH
uepes I;, I, v I W 3ajajuM UM HampaBJeHHs, KaK YKa3aHo
Ha pHcyHKe. [lonb3ysach chopMyJHPOBAHHBIMH IMpaBHJIAMH
pacueTa menelf, COCTaB/sieM ypaBHEHHE 1Js1 TOKOB B y3Je:

I, 1,—1=0. (7.5)

BriGepeM [1Ba IIpOCTBIX KOHTYpa, HAaNpHMEp, CJIeIYIOHM
00pa3oM: OfHH COAEPIKHUT HCTOUHHK C 3. M. C. &1 H CONPOTUB-
JeHHe R, Apyroiél cozmep:uT ofa HCTOUHHMKAa Toka. O6xons
3TH KOHTYDHl NPOTHB 4acoBOH CTPeNKH, NOJyyaeM cCJefyloline
ypaBHEHHS:

11ri+1R:é;1" (7.6)
Ilri—lzrzzé’i——é’z. (7.7)

Mbl nonyuusnu cucreMy M3 TpeX ypaBHEHHH C TpeMsl HEH3BeCT-
HBIMH ToKaMHu [I;, I, u I. Buipaxxaem [, u3 ypaBHenus - (7.5)
H nojcraBiasiem B (7.7):

Il(ri_f"rz)—]rz:é;i—éla (7'8)
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YMuoxasn (7.6) na rs, a (7.8) Ha R H cKaajbiBasi HX TOUYJIEHHO,
HaxonuM /i

_&1{rs R —&sR
Ii= R T Frirs (7.9)

HUckmouast anajsoruusio u3 ypasueuuit (7.6) n (7.8) I, naxo-
oM I

— 172+ &1
T R(riFro) i (7'10)

Bripakenne nasi /,, KOTOpoe NPOCTO HAXOIHTCS H3 YpaBHEHHS
(7.5), MOXHO, VUHTHLIBast CHMMETPHIO CXEMHl, HANHCAaThb H He-
nocpencTBenHo, 3aMeHsis B (7.9) HHpekcel 1:22:

&2 (n+R—E1R
L= R T @1

Bripaxenne (7.10) nokaseiBaeT, 4To TOK / uepe3s Harpysky
R Bcerjga nosoxkHTeNeH H, cleJoBaTesNbHO, TEUET B HanpabJe-
HHH, VKasauHoM Ha cxeme. M3 (7.9) u (7.11) BHaHO, uTO mpH
paBHBIX &) H &»: TOKH 4epe3 HCTOYHHKH [; H [, Toxe moJo-
XutenbHbl. Ecan ke, HanpuMep, &:>&,, T0 1; BCeraa noJo-
JKHTEJIEH, B TO Bpemsi KakK TOK /, MOXeT OblTb H OTpHLATE/b-
HbiM. B TakoM ciayuyae oH TeueT B HampaB/leHHH, HPOTHBOMO-
JIOXKHOM YKa3aHHOMY Ha pHC. 7.2. DT0 03HayaeT, YTO HCTOYHHK
&2 He OTHaeT 3Heprhi0 BO BHEWIHIO LeNb, a caM norpebJser
SHEPTHIO OT HCTOYHHKA &;.

BbIsiCHHM, IPH KaKHX YC/JIOBHAX HCTOUHHK &5 (IpH &1,>&:)
6yzer paGoTaTb HOpMaJbHO, T. €. OTAABaTh SHEPrHIO BO BHELI-
Hiopo uenb. M3 (7.11) BugHo, uro [,>0 npu &, (r;+R) —
—&1R>0. TlepenucaB 3T0 YCJOBHE B BHJAE

8, > ;8% (7.12)

-

BHIHMM, YTO BTOPOH HCTOYHHK paGOTaeT HOPMAJbHO, €CH €ro
3. I. €. Gosblue HanpsikeHHs1 U Ha 3aKHMax MepBOro HCTOUHHKA
B CXeMe, TJle TOJbKO NepBbI HCTOUHHK 3aMKHYT Ha CONPOTHBs
JeHue R. IMosyueHHBIH pe3yJbTaT JIErKO MOHSTL H3 CAEAYIO-
WMX NPOCTHX coobpaxkeHuh. I[IycTh MOAKJ/IOYEH K CONPOTHB-
JeHHI0 R TOJbKO NepBblfi HCTOYHHK. EC/JH HampsiKeHHe Ha
ero 3axuMax U=¢&R/(r;+R) 6onbie &, TO, NOAKIIOUAA
&» NapajiielbHO &, MBI (aKTHUECKH CTaBHM BTOPOH HCTOU*
HHE Ha «3apsalKy»,
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N3 dopmyarr (7.12) Buamo, uTO ycJOBHE HOPMANLHOH pa-
60THl BTOPOTO HCTOYHHKA 3aBHCHT OT CONPOTHBJEHUS HATPy3KH
R: npu Majnom R oH paGorTaer HOpMaJbHO, NPH HEKOTOPOM
3HaueHHMH R, onpepénsieMoM yciosieM &.=¢& 1R/ (ri+R), Tok
uyepes &, ofpaimiaeTcss B HYJIb,

&t 5
L f’?’-z T.e. IpH R=E&»1/ (61—&») nox-
o T 1F KJIOYEeHHe WJTH OTKJIOUEeHHE 3TOTO
HCTOYHMKA HHYEro He MeHgeT B
7 l . ocTaJbHOM uenu. IIpu G6abLIMX
P 3HaueHUAX R MNOAKJIOUeHHE HC-
. TOYHHKA & TPHUBOJHT K YMeHb-

LIEHHIO TOKa 4Yepe3 HAarpysky R.

Ipa napannenbHO COeTUHEH-
HBIY HMCTOUHHKA TOK4 MOXHO 3a-
MEHHUTb OJIHHM 3KBHBAJICHTHbIM HCTOUHHMKOM, KOTOpHIH ofec-
IEYUT BO BHellHell Uerd Takol e Tok. [lapamerpm Takoro
HCTOYHHKA JIeTKO oOnpejeluTb ¢ noMolbio ¢opmyin (7.10).
[lepenucoiBas ee B BHie

Puc. 7.3. Tlocaenosarenbhoe
CoeAHHEeHHe HCTOYHHKOB TOKA,

(81’2‘}‘(82’1‘
] = n-rs

172
‘ R+
ritre

M CpaBHHBasi C BbIpaXKeHHeM JJii TOKA, CO3/aBaeMOro 3KBH-
BaJIeHTHBIM HCTOYHHMKOM 3. /1. C. § U BHYTPEHHHM CONPOTHBJIE-
uyeM, r, I=&/(R+r), HaxoauMm, 4TO 3HaueHHs & H r 3KBH-
BaJEHTHOTO HCTOUHHKA ONpeleNsioTcs (opMyIaMH

§=diztén o (7.13)

B ‘yacTHOCTH, MJsi OAMHAKOBBIX TapaJlieJbHO COeIHHEHHBIX
HCTOYHHKOB 3KBUBAJIEHTHBINI HCTOYHHK, KaK BHAHO H3 (7.13),
HMeeT Ty e 3. . C. ¥ BABOe MeHbllee BHYTPEHHEE CONPOTHB-
nenve. B cayuae HepaBHHX 3. 1. c. &1 H &, BeaHuHHa & HMe-
eT NPOMEXYTOUHOe 3HaueHHe.

PaccMoTpuM Tenepb ycJ0BHS  paboTHI nocneﬂosa'renbﬂo
COCNHHEHHBIX MCTOYHHKOB ToKa. HJis 3Toro uccienayem iuens,
cxeMa KOTOpOW MoKaszaHa Ha pHC. 7.3. BwisicnuM, Bcerja s
HaJHYHe BTOPOTO HCTOUHHKA € 3. A. C. &2 NPHUBOJMT K YBeJHYe-
HHIO TOKa B LeINH, NMepBOHaYaJbHC COJAEpXkailled TOJLKO OIHH
HCTOUHHK C 3. 4. C. &y. OueBHJHO, UTO BTOPOH HCTOYHHK HMEET
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CMbICJT TMOAKJIOYATb, TOJbKO €CJH

(81”‘(82 (631‘
ntrat R TR 714

YMHoxan ofe 4acTi 5TOTO HePaBEHCTBAa HA NOJOMHTEILHYIO
BeJHUHHY ({r14-7-FR)r4-R) U npuBonA nopoGubie 4ICHE,
noJydaem

&, (i +R) > &,
OTKYaa

¢s >, G (7.15)

ro ’1‘1'"[?' v

CMBIC/T 3TOrO HepaBeHCTBA OUYEBHJIEH: C/€Ba CTOMT TOK KO-
POTKOTO 3aMBIKaHHA BTOPOTO HCTOYHHKA, a CIpaBa — TOK B
LenH, cojepKaulefl TOJBKO NEPBhI HCTOUHMK. MHrak, mocue-
JoBaTe/IbHOE MOIKJIIOYEHHEe BTOPOr0 MCTOYHHKA Leaecoo6pasHo
TONBKO B TOM CJy4ae, KOrja TOK €ro KOPOTKOTrO 3aMBIKaHMHS
60.1blile TOKA B LIENH, B KOTOPYIO MBI €r0 COGHpaeMcs BKIIOUHTb.

§ 8. MarHuTHOe moJe NOCTOSHHOTO TOKa

JBuxyuiniics 3JEKTPHUECKHIH 3aps] Hapsily C 3JeKTpHue-
CKHM CO3j1aeT MarHWTHoe nosie. B oT/iMyHe OT MOTEHIMAJbHOTO
3/JIEKTPUUECKOr0 MOJSA, NOCTOSTHHOE MAarHHTHOe INose, €O03ja-
BaeMOe CTAlMOHADHHIMH TOKaMi, SBJASETCS COJIEHOHAANbHBIM,
WJIH BHXPEBBIM: €r0 CHJIOBBIE JIMHHH Bcerja 3aMkHYThl. JIpy-
THMH CJIOBaMH, MAarHHTHOe I110Jleé HE HMEeeT HCTOYHHKOB —
MarHUTHBIX 3apAL0B.

MarnuTHoe nosie nposiBAsieTcss B AEACTBHH Ha MarHUTHYO
CTPeNKY, PaMKy C TOKOM, ABWKYwMicsa sapsi. Ha pamky c
TOKOM H MarHHTHYIO CTPE&JKY MarHuTHOE I10Jie OKasblBaeT OpH-
CHTUpYIOIEe ACHCTBHE, HA ABMKYWHIACA 3apsAi B MATBHTHOM
noje JeHCTBYET cuJja, NEPneHAHKY/AApHAs CKOPOCTH 3apsia.

CuJI0BOIl XapaKTEPHCTHKOH MArHHTHOTO IO SIBJISAETCS
HHAYKUns B. Dra BekTOopHas ¢u3HyecKas BeJHYHHA OGBIYHO
BBOJHMTCH NYTEM PACCMOTPEHHs AefiCTBMS MarHHUTHOrO TOJIS Ha
MaJIeHbKY10 IPOOHYIC PaMKy ¢ TokoM. HanpasneHue sexkropa B
COBNajilaeT ¢ Hanpap/JeHUEM HOPMaIU K CBOGOAHOH NpOGHOM
paMKe ¢ TOKOM, YCTAHOBMBIIEHCS B noJie. 3a HampabJjeHHe
HOPMaJIH K INIOCKOCTH PaMKH IPHHUMAIOT TO HampabJ/ieHHe, B
KOTOpOM OYJieT nepeMeiiaThbes BHHT € NPaBOH Hapeskofi, ecnu
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BpallaTh €ro IO HalpaBjieHUIO TOKa B paMKe. BeauunHa uHayK-
IIMM HPOHOPUHOHAIbHA MaKCHMA/IbHOMY MOMEHTY CHJ, jefi-
CTBYIOIUHX Ha NPOOHYIO PaMKy.

Unpykuus MaruuTHOro noJds, CO34aBaeMoro TexyumM o
IPOBOAY TOKOM, ompejenasercs COBMeCTHBIM JeHCTBHEM Bcex
OTJAEIbHBIX }‘«IaCTKOB npoBoja. MarHuTHoe moJe yAOBJIETBOP A€T
HOPUHLHITY CYNEPIIO3HIMH: €CJIH MarHuT-
HOe TIi0J€ CO31aeTCHd HeCKOJbKHMH Mpo-
BOJHUKAMH C TOKOM, TO HHJAVKIHSA pe-
3Y/JbTHPYIOLIETO IOJA €CTh BEKTOpHAA
(yMMa HHAVKUHMH IOJEH, CO3/JaBaeMblX
KAXKJbIM NPOBOJAHUKOM. TouHO Tak ke
JIS1 OJHOro IPOBOJAHHKA C TOKOM Ha-
6monaeMasi Ha OIbiTe HHAYKUMS B
€CThb BEKTOpHAas CyMMa 3JeMeHTapHbIX
uHayKuMii AB, cosgaBaeMblX OTIefb-
HBIMH Y4acTKaMHu poBoja. Ha onbire He-
BO3MOKHO OCYILECTBHTb OTJAE/IbHBIH y4a-
CTOK TOKa, TaK 4YTO HeJb3f Hemocpes-
CTBEHHO H3MEPHTb H CO3/|aBaeMOe HM
nosie. Vsmepurs MoxHO TO/BKO CyM-
MapHy0 HHIYKIHIO MAarHHUTHOTO IOJf,
Puc. 8.1. K sakony CO3/ABAEMOTO BCEMH 3/EMEHTAMH TOKa.
Buo— CaBapa — Jlamiaca. OMHAKO CYLIECTBYET 3aKOH, HA3bIBAEMbIi

3akoHoM buo — CaBapa — Jlanaaca, Ko-
TOPbIH, OyAy4H NpPUMEHEeH K y4acTKaM [POBOJA IPOU3BOJIBHOMH
(hopMbI, HO3BOJISAET BO BCEX C/1y4YasiX BBIYUCIUTb 3HAYEHHE PE3YJIb-
THPYIOWEH HHAYKIIMH MAarHUTHOTO N0JIs, COBIIajalolliee ¢ U3Me-
peHHBIM Ha ombiTe. 3aKoH bHo — CaBapa — JlanJaca dopMy.iu-
pyerca caenyiomum o6pasoM. DaeMeHT npoBoja Al, mo Koro-
pomy TeyeT TOK /, co3jjaeT B BakyyMe (HU/JH B Cpejie C MarHur-
HOH NPOHHIAeMOCTbiO p==1) B HEKOTOPOH TOYKE MAarHUTHOE
noje, HHAYKIUMA Koroporo AB of6paTHO PONOPUHOHAIbHA
KBaJpaTy paccTOAHMA r OT 3/J1EMEHTa TOKa [0 TOYKH Halbio-
JIeHHUS:

AB=—“A IAlsina (8.1)

4n r2 ’
rge Wo— MarHuTHasad IOCTOAHHAdA, & o —YyIroJq MeEXJIy Ha-
NpaBJ/I€eHHEM Ha TOYKY HaﬁJIIO}_IeHHﬂ H HalpaBJEHHEM 3J/IEMEHTA

toka Al (puc. 8.1). Bektop AB neprneHUKYAAPEH K MJIOCKOCTH,
cozepxauleit anement Al u panuyc-sexkrop r, Hampasnenue
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AB onpenensierca npaBHJIOM NPaBOro BHHTA: OHO COBMajaeT C
HanpapbJieHHeM BpaIlleHHsl TOJOBKH BHHTa NpPH €ro MnocTy-
naTebHOM MNepeMellleHHH BJoJAb TokKa. Vcmonb3ys mnoHaTHe
BEKTOPDHOTO TNpOH3BeJieHHs, 3aKOH DBuo — CaBapa — Jlanaaca
MOXHO NepenHcaTb B BEKTOPHOM BHJE;

AB =t/ AlXr (8.2)

4 3

3nechb BekTop Al HanpaB/eH BJOJb npoBoua B Hal’IpaBJIEHHH
JIBHXKEHHS TOJOXHUTEIbHBIX 3apsJoB.

®opmyaa (8.1) (unu (8.2)) no3BosifeT pacCUHTaTh HHAYKIIHIO
MarHHTHOTO MOJIfl, CO3/laBaeMOro NpPOH3BOJBHBIM pacnpejese--
HHEM NOCTOSIHHBIX TOKOB. IlpocTeiium
IIPHMEPOM HCHOIb30BaHH A 3aKOHAa Buo—
CaBapa — Jlansaca cJyXHT BbIYHC/IEHHe
MarHUTHOrO MoJis B [EHTPe KPYroBo-
ro toka. Ilycte TOK [ uuer mo mnpo-
BOJY B BHJIE OKDYXKHOCTH paauyca R
no uacoBoil crpenke (puc. 8.2). Bekro-
pul AB oT Bcex 3/1eMEHTOB KOJIbLEBOro
[POBOJla HANPaBJIEHbl NEPHIEHAHK YAAPHO
TNJIOCKOCTH KPYra 33 MJOCKOCTb DHCYH-  pye. 8.9, K puumcre-
Ka. nOSTOMy CyMMapHasa HHIAYKIHA HHIO MAarHHUTHOTO MOJAS
MarHuTHOro noJss B  Hanpas/eHa KDYToBOTO TOKa.
B TY XKe CTOPOHY, a ee BeJHYHHA
paBHa mnpocto cymme Bcex AB. Jliofoil s1eMEHT KpyroBoro
KOHTypa HaXOJWTCSl HA OJHOM H TOM JXe PacCTOSSHHH r==R oT
UEeHTPa Kpyra, a €ro Hanpab/jieHHe o0pa3yeT NpAMOH Yroa o=
=x/2 ¢ HanpaB/JeHHeM Ha TOYKY Hab.ojeHus. [losTomy, cym-
MHPYS 3J€MeHTapHble HHAYKUHH, C IIOMOILbIO q:)OpMyJIbI 8.1)
NIOJIYYHM

1
B=XAB=T* Al

CyMMa JJIHH BCeX 3JIEMEHTApHBIX YYaCTKOB EAZ paBHa JJHHE
OKPYXHOCTH 2nR, MO3TOMY HMHAYKUHS MAarHHTHOrO NOJs B
IleHTPE KpYrOBOrO TOKa paBHa

= Mol
B=4%.

Pacuer MarHuTHOrO moJis, CO31aBaeMOro TOKAaMH JPYTHX
KOH(Hrypamuil, BHIOJHAETCS C IOMOLIbI0 HHTErpHPOBaHHS.



248 - NMOCTORAHHLIA SAEKTPHUECKUA TOK

B wacTHOCTH, HHAYKUHS MarHUTHOTO MOJA, cosjaBaeMoro Gec-
KOHEYHBLIM NPAMOJHHEHHRM NPOBOAHHKOM C TOKOM, YyOmIBaer
0o6paTHO MPONOPIIMOHAJIBHO DPAacCTOAHHMIO f OT MpoBOAA:
M 1 '
B"“'.?—:? = (8.3)
JIHHUH MarHUTHOM HHAYKUMH B 3TOM CJyYae NPEACTABJSAIOT
COGOH KOHUEHTPHUYECKHE OKPYXKHOCTH, IJIOCKOCTH KOTOPBIX
NeprneHaNKyJaAsIpHbL  TOKY, a
l . LEHTPBl PAaclioNioXKeHbl Ha OCH
7 toka (puc. 8.3).
l : MaruurHoe noJse MoxeT GbiTh
0XapaKTEepH30BAHO HEKOTOPBIM
001IHM COOTHOIUEHHEM, KOTOPOE,
Kak H Teopema ["aycca B 3JeKT-
pocTaTHKe, MOXer ObITb HC-
( [I0JIb30BAHO [IJIsl pacuera mar-
HUTHBIX TOJeH, cOo3/aBaeMbiX
CHMMETPHUHBIMH  pacnpejese-
HHSIMH TOKOB. 2DTO COOTHOLUE-
HHe HOCHT HAa3BaHUe TEeopeMb!
O UAPKYJSANMH BeKTODA Mar-
f HUTHOH MHIYKUMH.
Puc, 8.3. Jlunnn MarHHTHOH HIi- 3aMEf[§(;‘z$pigﬂ?gsﬂ?‘%gﬂgggﬁ
AYKUHH NPSAMOJHHEHHOIO NPOBOA-
HHUKA C TOKOM. JAHM Ha HEM HanpaBJI€HHE 06X0-
aa. O6osuauum uyepes B, npo-
eKIHIO BekTopa B Ha HanpaBjieHHe 3;eMeHTa KOHTypa Al
CocraBuM cymmy npousBefeHHit B,Al pnsi Bcex 3/eMEHTOB
3aMKHYTOro KoHTypa. Jta cymMa Y B, Al HaselBaeTcsi LHpKY-
Jstupelt Bektopa B no samgnyromy kontypy [. B cuny sakona
Buo — Capapa — JlanJjiaca uUMpKyJsUHMA Bektopa B no npous-
BOJILHOMY 3aMKHYTOMY KOHTYPY PaBHa NPOH3BEACHHIO Wy HA TOK
[, pOHM3BIBAIOIIMH KOHTYP, IO KOTOpoMY Gepercsi LHPKYJIs-
1HA. ’
IlpoBepHM CHpaBEAJIHBOCTb 3TOTO YTBEPXKACHHUH IS Mar-
HHUTHOTO [10JI5I, CO37aBaeMOro IPAMOJHHENHbIM (GECKOHEUHBbIM
[IPOBOJHHKOM C TOKOM. [Ipexje BCero OTMETHM, YTO HYXKHO
paccMaTpHBaTb TOJbKO KOHTYpbl, J€XaliHe B MJOCKOCTH,
HEPNEHAHKYJSPHOH K IPOBORHMKY, TaK Kak Bekrop B He
HMeeT COCTaBJSIIOIIMX BAOJb TOKa H, CNIELOBAaTENbLHO, LHPKY-
Aasuusa B no npous3BosibHOMY KOHTYPY COBHAjaer ¢ LMPKYJs:
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ttefl o NPOEKUHH KOHTypa Ha 3Ty HJOCKocTh. Tlpoiue Bcero -
paccyuTaTh UHPKYJIAUHIO B 0 KPYroBOMy KOHTYPY C LIEHTPOM
Ha npoBoAiHHKe. B 3ToM ciyuae BekTop B B Ka/OH TOUKe KOH-
Typa napauaeneH sjlemeHty Al (ecau BbIGpaHHOE HanpaBneHHe
o0xoja COBHajaer ¢ HanpaBJeHHeM —
CHJIOBBIX JIHHHI ), a BeJIHUHHA B, oaH-
HAKOBasi BO BCeX TOYKAxX KOHTYpa,
naercst opmynoin (8.3). Cymmupys
B,Al 1o BceM 3/ieMeHTaM KOHTYpa,
noJyyaem 5

ZB,AZ:BZAI: !
2 L 9nR =y, (8.4)

Puc: 8.4. K teopeme o wup-
Bunno, uto uupkyaauna B He 3aBH-  kynauuu BexTopa MHAY KLY
CHT OT pazuyca oKpyxHoctH. Herpya- MarfHTIOTe MO,
HO yGeauTbcsi B TOM, 4YTO HPH IPO-
H3BOJIHOH Je(opMauiy OKPYKHOCTH BeIHYHHA UHPKYJIALHU
B ue usmenntcsa. Paccmorpum  anemenT Al NpOM3BOJNBHOTO
kourypa | (puc. 8.4). Ina uero B, Al=B Alcosa; uo

Al cos a=r Ag, nostomy

BAl__

ol
-rA(p—~ “ﬂAq).

CyMMMp yA [0 BCeM 3JieMeHTaM KOHTypa, noJy4aem
!
ZB,AZ=%Z Ap=p,l. (8.5)

Teopema 0 UHPKYJISLHHA BEKTOPA HHAYKLHH MAarHUTHOTO MO~
“JISL CipaBeAJiMBa JJISL TIoJs, CO3AaBaeMoro npoM3BOJbHBIM pac-
npejeeHHeM TOKOB.

TlpHUMeHHM TeopeMy o [LHpKyJIH[LHH BEKTOPa HHAYKLUHH
MACHHTHOIO TNOJIA K paciery [MOJsA, CO3[4aBaeMoro <coJe-
HOHJIOM, T. €. UMJIHHAPHYECKOH KAaryWKOH C MJOTHO CONPHKa-
CaIOMHMMHCSA BHTKaMH. MarHuTHOE IoJIe TaKOH KaTYIIKH HMEeT
BiJ, MOKa3aHHbI Ha puc. 8.5. Ecau pnuHa KaTyLIKH MHOro
00.1bliIe ee AHAMETPA, TO JHHHH MArHHTHOH MHAYKUMH BHYTPH
KaTyilKH Napa/JejbHbl ee OCH H NOoJe TaM OfHOPOAHO BCIOAY,
338 HWCKJ/IIOYEHHeM KOHUOB KarykKH. CHapy:KH BOJH3H GOKO-
BOH .[TOBEPXHOCTH KATYWIKH II0JIe MPAKTHYECKH OTCYTCTBYeT.
LBbIHHCJIHM UHPKYJIALNI0 HHAYKUHH B 1o mpaMOyroJbHOMY
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KOHTYPY, TIOKasanHomy Ha puc. 8.6: cropona bc mapan-
JIeJIbHA, a CTOPOHH ab ¥ cd NeplneHANKYASAPHBl JHHUAM HHIYK-
MK BHYTpH Karyuiku. Torna Bektop B 6yneT UMeTb OTVIMYHYIO
OT HYJSl NPOEKIMI0O HAa HafpaBJeHHe KOHTypa TOJIbKO Ha yuya-
ctxe be v nupKyaauus B no KouTypy pasHa B/, rne | — anvnHa

—

b etosssssssrosssrracscoed

Puc. 8.5. MaruutHoe noJe coJeHOHAA.

BV T VLT 440 0ESENETTETINQEITERCITIOEOIEOTLY

G —C

IR A R RN LA AN S A NN NN R NN NXENE ]

a -t d

Puc. 8.6. KonTyp A1s npHMeHeHHS TeopeMbl O UHPKYJSUHH.

yuactka bc. Tloxcuntaem Ttereph HOJHBIE TOK, IPOHH3LIBAIO-
WK BEIOpaHHBIH KOHTYpP. OG03HAYUM YUCJIO BUTKOB HA €AMHH<
Iy AJHHB cojieHounaa uepe3 n. CKBO3b BHIOpAHHBIH KOHTYD
APOXOINT 1l BUTKOB, U nomuelfl ToK pasen [nl. CorsacHo teope-
Me O UHUPKYJIANUH

Bl =yp,lnl,
OTKyJa
B=npyln. (8.6)

Qopmyna (8.6) naeT MHAYKHHMIO MarHUTHOTO IOJAS BHYTDH
IJMHHOTO COJNEHOWJa, O OOMOTKE KOTOpOrO IIpOIYyCKAaeTcs
Tok [. B6am3u xpaeB coneHOMAA nofe yxe He GYAeT OXHOPOA-
HBIM. Jlerko mokasaTb, YTO MHAYKHHS [OJIsi HA OCH COMEHOUAA
Ha CAMOM €ro KOHIe PaBHa NOJIOBHHE 3HAYEHHUSI HHAYKIUH BHYT-
pu coseHouaa. Ecay K KOHLY coseHOMZA NPHCTaBHTL APYTOH
TaKoil e COJIEHOMHA, [0 KOTOpOMYy B TOM XKe HalpaBJeHHH
IIPOTEKAeT TAKOH e TOK, TO PACCMATPHBAEMAas TOUKA OKAKeTCA
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BHYTPH HOBOrO, COCTaBHOTO COJIEHOHJA, H HHAYKLHS NOJA B
Heil OyleTr onpejensartbes ¢opMydaoir (8.6). Ho no npunuuny
CYIEPIO3HIHKY 3T XKe HHAYKIHA €CTh CYMMa MHAYKUMI TOJeH,
CYLIECTBYIONMX BOJNH3M KOHLOB KaXJAOrO COJNeHOUAa. ITockob-
Ky COJIEHOUJIbl OJMHAKOBBl, TO OJAMHAKOBHl H CO3JaBaeMble HMH
NoJs, u, CAeA0BaTeIbHO, HH- = ~
JYKIHA MarHUTHOFO NOJS B
TOYKE Ha OCH Ha KOHLE O/I-
HOrO COJIEHOHJA paBHa B=
=1/2p0[n.

Tenepb BHIYHCJIAHM HH-
JYKUHMIO MarHUTHOrO MOJIA
BHYTPH 3aMKHYTOH TODOH-
JlanpHOH KaTymkH (puc. 8.7).
B oriuume ot coJgeHouua,
JIHHHU MarHUTHOH HHAYKLHH
3aMbIKAIOTCS 3/IECb BHYTPH
CaMOH KaTYIIKH W NPeJCTaB- p

- uc. 8.7.
JSI0T CO60H OKPYXKHOCTH,
napaJJjejbHbie ocH Topa. HanpasieHHe HX TaKoBO, YTO, V-
JA BIOJb HHX, Mbl BUIHM TOKH B OOMOTKE TOPOHMIAJLHOH Ka-
TYIIKH TEKYIIUMH 10 4acoBOH cTpejake. BuluuciauM wuupkxy-
JIALMIO BEKTOpAa MAarHUTHOH HHAYKLHH BJOJb OLHOH H3 TaKHX
auHuil, U3 coobpakeHHH CHMMETPHH OU€BHJHO, YTO BeJIH-
yMHA BeKTopa HHAYKUHH B oanHakoBa BO BCeX TOYKax, Je-
¥Kalux Ha ojfHoi JuHHM UHAYKUHH. [lycth paguyc Takomh
OKDYMKHOCTH paBeH r (ry<lr<(ry). Torpa no teopeme o LHPKY-
JISIHH HMeeM

Topoupanbuasn Karyuika.

B-2nr=p,IN,

rae N — 1oJIHOe WHC/IO BHUTKOB, a8 / — TOK B OGMOTKE TOPOH-
JanbHOH karymku. Orciofa

B IN
®opumyaa (8.7) mokaskiBaeT, YTO MHAYKUHS MArHHTHOLO IMOJA
B TOpE MakcuMa/jbHa BOJH3H BHYTPEHHEH CTODOHEI H MHHH-
Ma/nbHa BOJIM3H BHEIIHEH CTOPOHBEI TOpA.

Beipaxkenue jjd HHAYKIHH MArHUTHOrO MOJsA B JJHHHOM
coseHouzie (8.6) Moxer ObITb NMOJYYEHO KaK NpPEeeNBbHBIH Cay-
ya# ¢opMyar (8.7) AnA noJd B TOPOHAANBHOH KaTyIIKe MpH
YCJIOBHH, YTO JHaMeTp BHTKOB MHOTO MeHbIE pajuyca caMo-
ro Topa, B stom cayuae (r,—r,)/r&l, mose BHyTpH TOpa
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NpaKkTHYeCKH OXHOPOXHO, a oTHolieHue N/2mr npencrasﬂﬂeT
co0Oil YHCJAO BHTKOB Ha €JHHUILY AJWHbI KaTylKH.

B 3akaouenne storo naparpada Bephemcs K (opmy.e
(8.3) nAn HMHAYKIHH MAarHHUTHOTO TOJs NPSAMOJHHEHHCTO

)

T ——

I3

/] R
a)

/] R r
)

Puc. 8.8. MarunrHoe nosie npsAMOTo TOKa, TEKYILEro MO TNOBEpPXHOCTH UH-
JIBHAPHUYECKOTO NPOBOAHHKA (@) H MO BCeMy ceueHmio (6).

cCKOHEYHOro MPOBOAHHKA ¢ TOKOM. /s oueHb TOHKOro fpo-
BOJAHHKA, KOI'Za r CTPEMHTCS K HYJIO, HHAYKUHS MarHUTHOrO
nossa BOGJIM3H NPOBOAHHKA HEOrPaHWYEHHO Bo3pacraeT. Pe-

1
#
% -

B
RN
]

H
I

Puc. 8.9. K pacuery maruur-
Hero ToNs  BHYTPH NpPOBOX-
HHKa.

albHO NPOBOL BCerZa ¥MeeT KO-
HeyHyo ToaiuuHy. C moMowbio
TEOpEMBI O HHPKYJSANMA HHIYKIMH
MarHUTHOTO 10/ JIerKo YGemuTh-
Csi, YTO CHapyXu INPOBOAHHKA
HHIYKHUMS NOJ5 HO-TIPEeXKHEMY BLi-
paxaerca ¢opmysoin  (8.3), a
BHYTPH IIPOBOJIHHKA BeJHYHHA HH-
IYKIHH 3aBHCHT OT pacmpernee-
HUSl TOKAa MO CeueHHIO NMPOBOAHH-
ka. Ecay BeChb TOK TeueT TOJbKO
110 MOBEPXHOCTH UHJMHIPHYECKO-
ro NPOBOZHHKA, KaK 3TO ObiBaeT
B 1I0JI0fi TOHKOCTEHHO¥ Tpy6Ke
WJU B CBepXIPOBOAHHKAX, TO Mar-
HUTHOTO TI0JI1 BHYTPH HeT. 3aBu-
CHMOCTb BJHYHHbI HHIYKHUH OT

pacCTOsIHYSA r IO OCH MPOBOJZHHKA HMeeT B 3TOM cJaydae BHI,
nmokasaHHbli Ha pHc. 8.8, a. Ecau Tok paBHoMepHo pacnpeze-
JieH TI0 CeYeHUIo IPOBOIHYIKA, TO MarHUTHOE 1oJie BHYTPH Tpo-
BOJIHHK A N PONOPIHOHANBHO PacCTOSIHUIO OT ero ocH (puc.8.8, 6).
Yro0n yGEAUTRCA B 5TOM, PAaCCMOTPHM UHPKyAsuyK B no xpy-
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roBOMY KOHTYpPY pajuyca r, JealeMy BHYTPH IIPOBOJHHKA B
MJIOCKOCTH, MepneHAMKYAspHOk K ero ocH (puc. 8.9). ITo coob-
paXMEeHHUSIM CHMMETPHH BEeJHYHHA HHAYKUHMH MO/ OJHHAKOBA
JUIsl BCeX TOYEK, JexaiqudX Ha Takoil okpyxHoctH. Tak kak
MoJie HampaBJ/ieHO MO KacaTeJbHOH K OKPYXKHOCTH, TO ITO Teope-
Me 0 LUPKYJAUHH HMeeM

B-2ar =p,l’, (8.8)

rae [’ ecTb TOK, MPOXOAAI(HIl Yepes 3alUTPHXOBAHHOE HA PUCYH-
Ke CeyeHHe BHYTPH 3TO OKpYxx<HOCTH. IIpH paBHoMepHOM pac-
npele/ieHHH T0Xa N0 CeyeHHIo

2
P ()
nosToMy corsiacHo (8.8) HHAYKUHS MOJs BHYTPU NPOBOJAHHKA
paBHa

B=%r%. (8.9)

3JEKTPOMATHHTHOE T[IOJIE

§ 9. SIsacHHe 3neKTPOMATHHTHOI UHAYKUUM. CaMOMHAYKUUSA.
JHeprud ™MarHHTHOrO mOJASA

OrkpuiToe B 1831 rony Papaneem siBfieHHe 3JeKTPOMArtut-
HO/l MHAYKIHUK COCTOMT B TOM, YTO B J1IOOOM 3aMKHYTOM KOH-
Type NpH H3MCHEHHH MArHHTHOTO IOTOKA 4Yepe3 MOBEePXHOCTh,
OrpaHfYeHHY ITHM KOHTYDOM, BO3HHKAET 3JIEKTPOLBHXKYLIASA
cwia, BeJMYMHA KOTOPO#l NPONOpUHOHAIbHA CKODOCTH H3Me-
HCeHHMA MarHHTHOIO MOTOKa!

d®
E=—h3. 9.1)

Kosppuunent £ 3aBucHT ot BbIGOpa cHCTEMBl efHHuN. B equHu-
nax CH k=1.

B npoeopsiieM KOHTYpe CYIIECTBOBaHHE 5. . C. HHAYKUUH
MPUBOJHT K MOSIBJEHHUIO HHAYKLHOHHOIO TOKA. 3HaK MHHYC B
¢gopmyne (9.1) coorBercTByer mpasuay JleHua, corsiacHO Ko-
TOPOMY HanpapJesue HHAYKUHOHHOrO TOKa BCerga TaKoBo,
YTO CO3/aBaeMoe UM MarHHTHOE ITOJIE [1PensATCTBYeT H3MEHEHHIO
MarHMTHOTO ITOTOKA, BLI3BIBAIOLIEr0o HHAYKUHOHHLIH TOK. |

PaccmarpuBasi pasjiHuHBIE ONBITEI, MOMXHO YOENUTBCS, YTO
BO3HUKHOBEHHE 3JEKTPOABHKYLIEH CHJBL HHIYKUUH MOMET
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GLIThb OGYCJOBJIEHO CTOPOHHHMH CHJIAMH pasHol ¢(U3HuecKoH
NPUPOAH. B HemojBH:KHOM KOHTYpe 3. A. C. HHAYKIHH ofyc-
JIOBJIEHA BHXPEBHIM JI€KTPHUECKHM I10J1eM, BO3HHKAIOLUIUM IIpH
H3MEHEHHH MAarHUTHOrO IMOTOKa Yyepe3 IOBepXHOCTb, OrpaHH-
YeHHYIO KOHTYpoM. H3MeHeHHe MarHHTHOTO IIOTOKa MOXKeET GHITh
BbI3BAHO KaK JBHKEHHEM MarHHTa, CO3Jalollero InoJe, TaK
H H3MeHeHHeM BeJHYHHbLI MArHHUTHOrO IOJA NYTeM H3MEHEHHS
TOKa B 3J1eKTpoMaruute. [lepnas
BO3MOXXHOCTb peaqu3yercsi B
NpPOMBILLIEHHBIX TeHeparTopax,
rJle BpallawuHics JeKkTpoMar-
HHT BO30Y2KJaeT TOK B OOMOTKAax
HeMo/ABHXHOTO cratopa. Bro-
y) pasi BO3MOXXHOCTb p€aH3yercs
B TpaHcdopMaTopax, riie u3Me-
y HeHHe TOKa B NEpPBHYHOH 06-
¢ MOTKe BBbI3HIBAaeT H3MeHeHHe
MarHHTHOTO HOTOKAa H, CJexo-
BaTeJbHO, NOSIBJEHHe BHXPEeBO-

ro 3JeKTPHYeCKOro IoJsl.
B oT1HuKe oT nOTEHIHABHO-
Puc. 9.1. llpukenne nposojstlel  ro 3J1€KTPOCTATHYECKOTO IO,
PaMKH B MarHHTHOM NOJe. CO3/1aBAEMOTO  HEIO/BH 2KHBIMH
3/JIeKTPHUECKHMH 3apslaMH, BH«
XpeBoe 3/JIeKTPHUECKOEe I0Je, BO3HHKAMWEe IIPH H3MEHEHHH
MarHUTHOT'O N0Js1, 06/1aJlaeT TeM CBOHCTBOM, 4TO paboTa cHJ
3TOTO NOJS Ha 3aMKHYTOM NYTH He paBHa HyJ0. HIMeHHO 3TOf
paboTol U onpeac/asercs 3. A. C. HHAYKUHH B 3aMKHYTOM KOH=
type, IlofuepkHeM, UTO BHUXPEBOE 3/JEKTPHUECKOE NOJE IIPH
H3MEHEeHHH MATHHTHOTO IOJs CYLIECTBYET He3aBHCHMO OT TOrO,
HMEeTCs1 JH B 3TOM MecTeé 3aMKHYTHIH NPOBOISIIUHH KOHTYP.
CaM npoBoAsUME KOHTYp fIBAsETCs JHIIb HHAMKATOpPOM, 06-
HApYXHBAKOUIMM HaJuyHe 3TOrO BHXPEBOro 3JEKTPHUYECKOro

noJst.

Unyio ¢H3HyecKyio' NPUPOLY HMEET BHI3bIBAKOLAS HHAYK-
IHOHHBIH TOK CTOPOHHSIS CHJA, BO3HHKAKOWAS NPH IBHKEHHH
NPOBOJHHKA B HEH3MEHHOM MarHUTHOM IoJje. Buxpesoe saek-
TPHUECKOE [10J1€ B 3TOM CJYyYae OTCYTCTBYET, a CTOPOHHSAS CHJIA
ecTb CHJa JlopeHua, ¢ KOTOPOH MarHHTHOe ToJje JeHCTBYeT Ha
JBHYIIHECS BMECTE C NPOBOJHHKOM 3JEKTPHYECKHE 3apsifbl.
Ha TakoM npHHUHIIE OCHOBAHO AEHCTBHE 3/IEKTPHUECKHX TeHe-
paTopoB HeGOJbIIOH MOLIHOCTH, TA€ HHllyKU.HOHHbIH TOK BO3-

|



§ 9. 3JIEKTPOMATHUTHASI WHAYKUUA 255

6yxaerca B oOMOTKe pOTOpa, BPAIAIOUIEroCs B HEMOABHIKHOM
MarHHTHOM IH0Je. B OTCyTCTBHE NPOBOAHHKA, COJAEPXKALIEro
3JEKTpHUYECKHE 3apsjbl, HHKAKHX CTOPOHHHX CHJ, a CJeJ0Ba-
TeJIbHO H 3. J. C. HHAYKUHH, HET.

HerpyaHo y6eautbes, yTo 3. A. €. MHAYKUHH, BHIYHC/IfAE-
Masi o obuiemy 3akony (9.1), conazaer ¢ paGoroli cTOpoHHel
cuJbl (cHael JlopeHla) Ho nepeMelleHHI0 eIHHHYHOrO 3apsja
10 3aMKHYTOMY KOHTYpY. DyjaeM cuuTaTh, 4TO NpSIMOYyTo/bHas
MeTaslIHuecKas paMka abcd IBHXKETCA C IIOCTOSIHHOM CKOPOCThIO
v, KaK IokasaHo Ha puc. 9.1. CropoHa ab nepecekaeT cuJIOBbIE
JHUHHK OJHOPONHOIO MAarHUTHOTO NOJs B, CYLIECTBYIOIIErO
MexJy INOJI0CAMM MarHuta. BeanunHa 5. A. C. HHIYKUMH B
KOHTYpe abcd Mozxer ObiTh BBIUMCJIEHA C IIOMOLIbIO 3aKOHA 3J/€K-
TPOMAarHUTHOH MHAYKUUHU (9.1). YuuThIBass, yTO IIPH ABUKEHUH
paMKH B HallpaBJeHHH, YKa3aHHOM Ha puc. 9.1, nponuswisaro-
UIMH paMKy MAar"HuTHbIl IIOTOK YOBIBaeT, HMeeM

AD =—Blv At,

oTkyja corsacHo (9.1)

d®
&=—2"=Blv. (9.2)

Brruncaum tenepb 3Ty e 3. 4. C. HHAYKUMH Kak paboTry CTo-
POHHHX CHJ IIPH II€PEMELIEHHH EeJUHHYHOrO 3apsja 110 KOH-
Typy abcd. Cropounsisi cuia — cuna JlopeHua — Jaer BKJaj
B 3. J. C. TOJBKO Ha yyacTtke ab aauuoi ! (puc. 9.1). OtHowe-
HHE CHJIbI K IIepeHOCHMOMY 3apsify paBHo uB. Ilostomy Besu-
uHHa 3. A. C. HHAYKUMH paBHa Blu, yto coBnagaer ¢ (9.2).
OtMmeTuM, 9TO 3. J. C. MHAYKUHH B TaKOH paMKe BO3HHKaer
JUIIb TOrJa, KOrJa TOIbKO YacTb PaMKH HAXOAUTCS B OJHO-
POZHOM MarHHTHOM I10J1€ (KaK [10Ka3aHO Ha PHCYHKE) WIH Korja
MaTHUTHOe N0J€ HeogHopogHo. Ecau paMKa 1eJMKOM Haxo-
JUTCA B OJAHOPOAHOM IIOJI€, TO IIPH €€ IOCTyNaTeJ]bHOM JBH-
JK€HHH MarHUTHbBIH [TIOTOK He MEeHSIeTCsI U 3. 1. C. HHAYKIHH paB-
Ha HYJ/IIO, XOTS Ha OTJE/JbHLIX yIaCTKaX PaMKH CTOPOHHUE CHJIBL
JeHCTBYIOT.

Hecmorpss Ha pasHywo (U3HYECKYIO0 IPHPOAY CTOPOHHHX
CHJ1 B paCCMOTPEHHBIX cJaydYasiX, 3aKOH 3JeKTPOMAarHUTHOM
HHAYKIHH (9.1), corsacHO KOTOpOMY 3. J. C. HHAYKIHH B KOH-
Type paBHa B3ATOH C OOpaTHbLIM 3HAKOM CKOPOCTH H3MEHEHHS
MarHUTHOTO [IOTOKA, CIPaBENJHB H B CJydae, KOrja [OTOK Me-
HSAETCS 33 CYET H3MeHeHHs1 MarHHTHOFO M10JIs1, H B C/ly4ae, KOTja
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NOTOK MEHSETCs 3@ CYeT JBHIKEHHS KOHTYpa B HEH3MEHHOM
MArHHTHOM T0Je, H B CJ1yYae, KOTJa TPOMCXOIHT H TO H Apyree.
IDTH BO3MOMKHOCTH — IIQJI€ MEHSAETCH HWJIH KOHTYD JBHKET-
¢ — HEepasJIMYHMbl B (OPMyJHpPOBKE 33KOHA BHAYKIHH.
PaccMOTpUM 5TH  BO3MOMHOCTH € TOYKH 3DEHHA CTOPOHHHX
CUJ1, AEHCTBYIOIHX ‘Ha 3apAibl.

Cuaa, JeHCTBYIOWIAS HA 3apfAf ¢ B 3ACKTDHUECKOM nose
Hanpskennoctd E, paBna gFE He3aBHCHMO OT TOTO, SIBASICTCS
1oJIe NOTeHUHANbHBIM HJIH BHXPEBLIM, T. €. CO3/1aeTCH 3AEKTPH-
YECKHMH 3apsjaMi HJAH M3MEHSIOWMMCA MaTHHTHBIM TOJEM.
Cuna Jlopesua, JaeHcTBylO-
asi Ha ABHKYIHIACH CO CKO-
POCTBIO © 3apSIA ¢ B MarduT-
HOM Il0Jie HHAYKIHH B, on-
penesifieTcsi BEKTOPHbIM ITPO-
U3BEeJCHHEM CKODOCTH ¥ H
HHAYKUHH B:

F=qvx<B. (9.3)

31a cuja nepneHguKyaapHa
KaKk CKOPOCTH 3apsija, Tak
H HHAYKUHH MarHHTHOTO NG~
asa. llonnasa cnaa, | peficT-
BylOLlas Ha 3apsfji ¢, paBHa

Prc. 9.2, Yuunoasiprapli HHIyKTOp. F=g(E+vxB). (9.9)

B nBUAKyMXCA B MarHHTHOM IT0JI€ NPOBONIIHKAX CHJIA BO3HH-
Kaer 3a cueT 9. BuxpeBoe s/eKTpHYECKO€ NOJE BO3HHKAET,
eCJIH Te-JIH60 MeHsieTcsl MarHHTHOE IoJie. 3T 3¢xeKTH He3a-
BHCHMBI U MOTYT MNpOSIBAATLCA H IOPO3Hb, H CjHOBPEMEHHO.
Ho B m060M ci1ydae nefiCTBHE 3THX CTOPOHHHX CILI CO373€T B
KOHTYpP€ 3JEeKTPOABHIKYILYIO CHJY, BeJHYHHA KOTODOH paBHa
CKOPOCTH M3MEHeHHsl MarHMTHOTO NoToKa.

B stoM cMeicie gopmyay (9.1) moxHO Has3BaTh IPaBHJIOM
IJIS1 HAXOMAEHHS 2. J. C. MYAYKLHH, KGO, KaK Mbl BUAENH, 3Ta
topMyJia He BCKpbiBaeT (GH3MUECKOH NMPHYHHEI BO3HHKHOBEHH
9. 4. C.— NpHYHHA MOXKeT ObITb pasHOfl B PAasHLIX CJyYasX,
[IpaBuJo noroka (9.1) jaer TONbKO 3HaY€HHE 3. [1. C., MEXaHH3M
ee BO3HMKHOBEHHMH NOJ/UKEH YCTAHABJIHBATLCS HE3aBHCHMO.

Ho u3 sroro npaeuia 6uiBaorT H uckaoueHHa! [loHATL aTH
HCKJQUEHHST MOXKHO, AHWb 3HAasd HCTHHHYIO NPWYMHY BO3HUK-
HOBEHHMA CTOPOHHHX CHA. SIPKHH NpUMEP — HIBECTHLH ejue
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Qapanero yHunoJsipeelii HEHAYKTOp (puc. 9.2). Meranuye-
ckHil kKoHTyp ABCD Bpaimaetcst BOKPYTr NOCTOSIHHOTO MarduTa
IMJIHHAPHYECKOH (opMbl, 00pasysi ¢ MarHHTOM 3aMKHYTYIO
3JIEKTPHYECKYIO 1I€Nb NPH NMOMOIIH ABYX CKOJB3SIIHX KOHTAK-
TOB, OJMH H3 KOTOPBHIX (A) Kacaercsi ocM MaTHMTa, a APYroi
(D)——caMOFO MarHuTa B HeHTpaJbHOH TOuKe. MarHuTHHIH

0 noToK uepe3s KoHTtyp ABCD,
/ v L 3aMblKaeMblii 4acTbl0 MarHurTa,
A paBeH HYJIO B /MoO0OH MOMEHT
/’/ (’ Y/ BpeMEHH, TaK KakK CHJIOBHIE
Z v
LAl |
pa i
7 f//? * ’
v
4
v
A
)
Puc. 9.3. K ofwsacuennio pefict- Puc. 9.4. I'lpu nosopore miacTHH
BAA YHMOOJAPHOTO HHAYKTOpA. BOKpYT ToyekK € H D Touka Koms .

TakTa nepemelnaercsi 3 K B K',

JMHHH MarHUTHOTO NOJsI JieXaT B IJIOCKOCTH KOHTypa. Mame-
HEHHE MAarHUTHOrO IOTOKA NPH BpallleHHH KOHTYPa TaKxke PaBHO
HYJI0, 2 MHAYKIHOHHBEI TOK ecTh! EC/AM OT4eT/IIHBO npeacTa-
BHTb cefe, 4TO NPHYHHOH BO3HUKHOBEHHS 3. [. C. B TAKOM YCT-
poiicTBe siBsIsieTcst cunia Jlopenua, AeHCTBYOIIAs Ha 3/EKTPO-
Hbl B JBHXKYIIEMCS KOHTYPe, TO JIerKo coofpasuTh, 4To 3. A.C.
JEHCTBHTENBHO JOJ/KHA Bo3HHMKaTh. Has Gonbuell HarasgHo-
CTH PacCMOTPHM BHIOH3MEHEHHLIH BapHaAHT 3TOTO ONBITA, KOTja
KOoHTYp ABCD 1BH:keTCsl NnOCTynaTeJbHO BAOJb NPOBOASIIEH
JIEHTHI, IOMEIIEHHOH B OHOP OJIHOE MarHuTHoe nose (puc. 9.3, a).
37ech TakXKe MarHUTHBIA NTOTOK Yepe3 KOHTYD H €ro H3MEeHeHHe
paBHBH HYJIO, HO Ha yuacTke BC Ha 3JeKTPOHH JEHCTBYET
cuna Jlopeuna, sacraBisitoliasl HX ABHraThCs BAOJB KOHTYpa.
Bosnuxkarwas 3. 1. ¢. & =Blv 6yjer Takoil ke, KaK H B yCT-
policTBe, NOKa3aHHoM Ha puc. 9.3, 6, rjie BMECTO JIEHTH HMe-
10TCS1 MPOBOJSILIME PENIbChI, COUHHEHHbIE B ONHOM MECTE.

A Bot B ycrpoiicTBe, TOKa3aHHOM Ha pHC. 9.4 (MarHuTHOe
10Jie HanpaBJeHO NEpHeHAHKY/ISPHO NJOCKOCTH PHUCYHKa),
npH HeGosbluoM nosopore-nnacTiE A U B Bokpyr Toyek C u D
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TOYKa KOHTakTa K nepeMemiaercsi Ha OoJblLIOe PpacCTOSIHHE,
niomajab KOHTYPa H, CJ€L0BaTeNTbHO, MAarHUTHBIA MOTOK H3-
MEHSIOTCS Ha 3HAYHTENBHYIO BEJHYHHY, HO TOKa B LEMNH
npaktHuyeckH Her! M Jerko nousth, nouemy. Ilepememenue
TOYKH KOHTAKTa IPOHCXOAHT OT OYeHb HE3HAYHTEJBHOTO JBH-
MEHHS IJACTHH, Torda ¥ XB oueHs Maso H cuaa Jlopenua
NPAKTHYECKH OTCYTCTBYET.

Ba)XHBHIM YacTHHIM CJIy4aeM 3JICKTPOMArHHTHOH HHAYKLUHH
AIBJISICTCS CaMOMHIYKIHs, KOTAA H3MEHSIOMHUACA MarHUTHBIHA
II0TOK, BbI3BIBAIOMMH 3. A. C. HHAYKIHH, CO3/a€TCSi TOKOM B
caMoM. paccMarpuBaeMoM KouType. CorstacHo mnpasuiy Jlenua
sIBJIEHHE CaMOMHAYKUHH IpenATCTBYeT H3MEHEHHIO TOKa B
KoHTYpe. ITosToMy NpH 3aMblKaHHH LEINH, coiepkawefi HeTod-
HHK TIOCTOSIHHOrO TOKa, TOK JOCTUTaeT CBOErO yCTaHOBHBILILE-
rocsi 3HaueHHsl He cpasy, a NP PAa3MBIKAHUH LENH HE MOXET
MTHOBEHHO HCY€3HYTh.

PaccMOTpHM, OT Yero 3aBHCHT 3. A. C. CAMOHHAYKUHH. Mar-
HHTHOE IoJe, C03[aBaeMOoe TOKOM B KOHType (HJIH KaTryLIKe),
B Ji0GOH TOYKe MPOMOPUHOHANBHO cHJIe Toka [. Tlostomy H
MarHuTHBI noToK @, MPOHM3BIBAIOLIMY 3TOT KOHTYp, NpONOp-
LHOHAJIEH TOKY:

O=LI. (9.5)

KoaddruuesT 1ponopuHOHaJbHOCTH L HashIBAeTCST HHIYKTHB-
HOCTBIO KOHTYpPa HAH KoadxbHLHeHTOM caMOUHAYKUKH. Mcnoss-
3ysl 3aKOH 3JEKTPOMAarHWTHOA HHAyKuud (9.1), ans 3. n. c.
CAMOHHAYKLHH NOJYYaeM BBIPaXKEHHE

df
§=—L%. (9.6)

IIpn HeH3MeHHBIX QOPME H pasMepax KOHTYpa 3. 4. C. CAMOHH-
JyKUHH NPONOPUHOHANBHA CKOPOCTH H3MEHEHHs TOK4 B KOH-
Type. HHAYKTHBHOCTh KOHTypa L 3aBHCHT OT ero pasmMepoB H
(pOPMEL, 4 TakxKe OT MATHHTHHIX CBOHCTB CPeIbl, B KOTOPYIO OH
TIOMELIEeH. ‘ .-

s npumepa HaiiteM HHAYKTHBHOCTB JJIHHHOTO COJIEHOH 14,
Hmeromero N BUTKOB, IJomanb cedeHds S U aauny [ MHayx-
UMA MarHUTHOrO II0JI1 BHYTPH TAaKOr'0 COJIEHOHZAA COIJIACHO
(8.6) pasna

B=p, 21, 9.7)
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‘Maruuntabiit notox (D; uepes nonepeuHoe ceyenne cojleHouAa S
paBeH

@, =BS —p,-SI,

a cymmapuuii motok @ uepes Bce N BHTKOB Gyner B N pas
6oJblie;

NZ
O=N®D;=p, +SI. (9.8)
CpaeuuBasi (9.8) u (9.5), nonyuaem ;
L N2S ‘
=HRo—7 (9.9)

BBoasi 4HCIO BHTKOB Ha eQMHMUY JJIHHBI A=N/l, 3TOMy BHI-
PaXKeHHI0 MOXHO NPHAAThL BHJ

L=pn¥,

rae V=8l — o6veM cojeHOHAa, BHYTPH KOTOPOrC B OCHOB-
HOM H COCPEIOTOYEHO MAarHHTHOE IIOJe.

Marnuthoe nose obnanaer sHeprueii. Ilpome Bcero B 3ToM
yGeIuThCs, paccMaTpUBas MpoLeCe CNafaHHsl TOKa B KaTylIKe
|

a)
Puc. 9.5. DiexTpuyeckas uenb Ads H3yyeHHsi MarHHTHON 5HEPrHH TOKa.

IPH OTCOEMHEHHH €€ OT HCTOYHHKA TOKa B cxeMe Ha puc. 9.5, a.
Jo pasMbiKanus KJaloua B KaTyllKe HAET HEKOTOPHit TOK [y, H
5TOT TOK €O03JlaeT MarHHTHoe mnoJie. [IpH pasMbIKaHMH KJIoHa
OCTaeTcsl I0CJIEN0BATENbHAS LeNb W3 KaTyIIKH H CONpOTHB.Je-
Husl R (puc. 9.5, 6). Tox B katyumke 61arofaps CaMOMHAYKIH
CnajaeT NOCTENEHHO, M NPH 3TOM Ha CONPOTHBJEHHH R 1npo-
JOJI2KAeT BBIIEIATHCS 1KOYJIEBO TENJ0. 3a CUET KaKHX 3anacoB
5HEPTHH BHIJEIAETCS TENJIO -— BEAb HCTOUHHK INHTAHHUSI YXKe
orkaouen? 3zech yO6bIBaeT TOK M CO3JaBaeMoe MM MAarHMTHOE

NoJ1e; 3HAYMT, MBI MOXEM TOBOPHTbL 06 HEPrHd TOKa HJIH 00
o ———
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SHEPTHH CO3/aBaeMoro MM Maruuthoro mnoss. [lo ananoruu c
3MEKTPOCTATHKOMH, TI'Jle MOXKHO TFOBODHTb 00 SHEPrUU 3aps/oB
UM o6 SHEpTUH CO31aBaeMOTO MMM I10/1f, €CTeCTBEHHO OXH-
JlaTb, YTO B C/1y4ae I[OCTOSIHHOT'O TOKA JIONYCTHMbI 00d npes-
CTaBJIEHHSA: SHEPTHI0 MOXKHO paccMaTpuBATh JHOO Kak 3Hep-
TMi0 ToKa, JuGO KaK 3HEpPTuio CO03/|aBaecMOro UM MArHHMTHOrO
noasi. Ho Mwel yxe Bugenu,
_~ uTO, XOTA He OBbIB2ET 3JEKTpH-
A yeckoro 3apsja Ges cosjaBae-
MOTO HM I10Jifl, 3JEKTPHUYECKOe
noje 06e3 3apsja — BHXpeBoe
1I0JIe — MOXKET CYHIeCTBOBATh
1 oHO obaanaer sueprueii. Io-
0 AT I, I 3TOMYy BOIPOC O JIOKAMM3AIHH
Puc. 9.6. K Bhlunciendio 3uep- SACKTPITICCKOH SHEPIHL  petiia-
CHH  MATHETHOLO  IIOMA. eTcsi B 1101b3y Inojas. Kak Mbl
YBUJHM HEMHOTO 03:Ke, TOYHO

TaK K¢ OGCTOUT JeJ0 U C MarHHTHOI SHEpTHeH.

Toscuuraem suepruio Maruuthoro nouas. K3 3akona coxpa-
HEHHUs] SHEPT'MH OYEBHJHO, YTO B pacCMaTpPHBACMOM HaMH OIbITE
(puc. 9.5, 6) BcA 3HeprUs MAarHHTHOrO 110/ B KOHLE KOHIIOB
BbIEIUTCS B BHJIE JUKOYJEBAa Ter/a Ha conmporHsienun K. 3a
Bpemst Af Ha conporuBienuH R Belaenserca Temmo AQ=
=J*RA¢{. [lo 3axony Oma Tok [ paBen

C yueToM 3TOr0 paBeHCTBA BhipaxeHne 4151 AQ MOXKHO 3anucath
B BHJE

AQ =—LIAl =—®([)Al. (9.10) .

Boigeasiomeecs Temio AQ, pasymeercs, I0JOXKHTEILHO,
TaK Kak TOK yGblBaeT M, ciaepoBareabHo, Al<C0. H3obpasus
Ha rpajuke 3aBucuMocTb MarHutHoro noroka U (/) or Toka [
(puc. 9.6), serko. cooGpasuTk, YTO IIOJHOE BbIICJAUBIIEECS
TenJ10, paBHOE MepBOHAYAJbHOMY 3aracy SHeprHU MarHUTHOrO
110JIst, OlLpeae/IsieTCs IJIONA/IbI0 3alUTPUXOBAHHOTO TPEYroJib-
Huka 1/,D,I,. Takum o6pa3om, BLIpa:KeHue JJf SHEPTUH Mar-
uutHoro nosig W, cosnapaemoro TokoM / B KaTyuKe ¢ HHAYK-
THBHOCTBHIO L, uMeeT BUJ

(1)2

» 1 1
W=y ® = Llt=g. ©.11)
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Kaxk u B 3J1eKTPOCTaTHKE, MOXKHO BBECTH TOHATHE OOLEMHOI
NJOTHOCTH 3HEPTrHH MarHuTHoro moJsi. PaccMaTpuBasi ofHO-
pOJHOE MarHHTHOE noJie BHYTPH MJHMHHOFO COJIEHOMja, NOoj-
CTaBUM BO BTOpYlo u3 dopmys (9.11) BhipaxkeHHe Aas HHAYK-
THBHOCTH (9.9), a Tox I BbIpa3uM Yepes HHAYKIHIO MArHHTHOTO
noJis ¢ noMoinbio (9.7). B pesysbrare mosyunm

W =5 BV,
o

OTKyJa O0beMHAas HJOTHOCTb 3SHEPIHH MAarHHTHOTO MoOAs W
paBHa

B?
We= 5. (9.12)

§ 10. OTHOCUTEeNbHBI XapakTep 3JEKTPHYECKOTO
W MarHMTHoro mnoJjeil. QCHOBbt TeopHH
9JIeKTPOMATHUTHOTO MOJsI

I3yyas sJeKTpoMarHMTHy® HHAYUHMIO, Mbl BHAEJNH, YTO
NPU PacCMOTPEHHH 3TOTO SIBJEHHS B ONpeleseHHOl HHepuHaab-
HOH CHCTeMe OTCYeTa BO3MOXKHBI JiB€ PAa3NHYHBIC NPHYHHBI
BO3HMKHOBEHHS] MHAYKLHOHHOTO TOKa: JHGO MOSBJEHHE BHX-
peBOro 3JeKTpHYecKoro mnojsl, Ju6o jeiicTBHe cuJbl JlopeHua
Ha JBHXKYUWIHECS BMECTE C NPOBOJHHKOM 3JEKTPHYECKHE 3aps-
JIbl CO CTOpOHBI MarHWTHoro noJs. OJHaKo NpH aHalu3e BO3-
HUKHOBEHHS 3. 1. ¢. HHAYKIHMH 33 CYeT CHJH JIopeHna B onbite
C MeTalJINYeCcKo# pPaMKOH, ABHXKYINEHCs B MAarHHTHOM HoJe
(puc. 9.1), MBI MOXeM pacCyxJaTh H HHaue,

TlepeiineM B cucteMy OTCYeTa, CBSI3aHHYIO ¢ ABHKYyLefcs
pamkoii. B sToll cucTeMe oTcueTa 3apsifbl HEMNOABUIKHEL H,
CJIeJI0BATeILHO, CO CTOPOHEN MAarHHTHOTO MOJISi CHJa HA HHX He
JeficTByerT.

Kak ke 0o0bACHMTb BO3HUKHOBEHHE 3. A. C. MHAYKIHH B
3TOH cHcTeMe oTcyera? EjMHCTBEHHOE, YTO OCTAeTCA Mpenrno-
JIOXKHTb,— 3TO HaJH4YHe B 3TOH CHCTEMe 3JeKTPHYeCcKoro noJs,
HaNpaBJIeHHOrO MePHneHAHKYJ/SPHO MarHHTHOMY BJOJNb CTOPO-
HB! ab paMKH, KOTOpOro He GblJO B HCXOAHOI CHCTEME OTCYeTa.
HeficTBuTebHO, B J000H HHEPUMAJBHON cHCTeMe OTcYera
LefCTBYIOLIAS HA 3apAj cHaa onperensercs GopMyJoit (9.4), u
TIOCKOJIbKY B CHCTeMe OTcyeTa, CBA3aHHO#H ¢ paMKoii, 9=0,
cuna F MoxeT OHITh oéycnomeﬂa TOJILKO 3JIEKTPHYECKHM I10JIEM
E' cymeCTBy}omuM B 3TOH CHCTEME, A
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Hrax, Mul npuxoiuM K BLIBOAY 06 OTHOCHTENLHOM Xapaxrepe
3NEKTPHYECKOrO H MarHuTHoro noJieii. CorsiacHo npHHIMNY OT-
HOCHTEJIBHOCTH, C KOTOPBIM I10pOGHEee I03HaKOMUMCS HH2Ke (CM.
cTp. 476), Bce HHepuHAIbHBIE CHCTEMBI OTCYETA PABHONPABHEI,
B obcyxpaemMom 3sech onbite HaG/ofaeMol BEJIHYHHOH fABJIA-
ercd 3. . C. HHAYKUUH B PaMKe, H OHA CYIECTBYeT He3aBHCHMO

Puc. 10.1. K 06BsiCHeHHIO BO3HHKHOBEHHS 3. . €. HHAYKIHH B Pa3HBIX
CHCTeMaX OTCueTa.

OT TOro, B KakOH HHEDUHAJbHOH CHCTEMEe 3TOT OMmBIT pac-
cMmarpuBaercs. Kag Mbl Bujiesd, B OJIHOH CHCTeME OTCYeTa, e
3JIeKTPHUYECKOE I10J1€ OTCYTCTBYET, CYIECTBOBAHHE 3. Ji. C. 00b-
AcHsiercsl cuyol Jlopenua (puc. 10.1, a), B TO Bpems xak B 1py-
roit, TAe paMKa HelojBHKHA,— TOJbKO HaJIHYHEM 3JIEKTPHUE-
ckoro moss (puc. 10.1, 6). Ilpu Mandelx ckopocrax (v&c),
KOrjia MoxKHO npenebpeub H3MeHeHHeM cuibl F npu mepexoge
OT OJHOH CHCTEMBbl OTCYeTa K APYro#, H3 (opMyJe (9.4) cre-
JIYeT, YTO HalPSKEHHOCTH 3neKrpuueckoro noisa E' B cucreme,
rje paMka HermoJBHKHA, JOMKHA ObITL paBHA

E' =vXB. (10.1)

Vlrak, ABHXKYIUH{ICA MATHUT KPOME MAarHUTHOI'O CO3JA€T U 3JIeK-
Tpnqecxoe nmoJie.

O6paruM BHHMaHHe Ha TO, YTO OTHOCHTENbHHI XapaKTep
3JIEKTPHYECKOro H MAarHHTHOro noJieik Mbl MOTJIH 3aMEeTHTb H
=paHbme. B camom aeJne, HeI'IOlIBH}KHbIﬁ 3apdaj cO3JaeT TOJIBKO
- DJICKTPHYECKOEe noJIe. Om{axo 3apsajn, HeHOlIBH)KHbIﬁ B KaKo#-
MO0 OfHON CHCTEME OTCyeTa, OTHOCHTEIbHO APYIHX CHCTEM
‘oTcueTa ABHxKercd., TakoH JABHKYyWMicA 3apsj [ooGedH
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' SJIEKTPHYECKOMY TOKY M INOTOMY CO3[aeT MArHHTHOe I0Je.
TaxuMm o6pa3oM, ec/ii B KAKOH-JHO0 CHCTEME OTCYeTa eCTh TOJb-
KO 3/JeKTpHYeckoe noje, To B /w000l 1pyrofi cucreme 6yzer
euie # MarHutHoe. [TomyuuMm opMyJsy LI HHAYKIMH MarHuT-
HOTO IIOJST B STOM cCJaydae, aHajJoruuHyio dopmysae (10.1).
PaccMoTpuM cHCTEMY OTCYeTa, ABHKYLIYIOCA CO CKOPOCTBIO ¥
OTHOCHTENBHO 3apsila q. B 3Toil cucTeMe orcueta 3apsil 1BH-
HKeTcsl co CKopocTbio —¥. Bocnosabsyemcsa 3akoHoM bBuo —
CaBapa — Jlansaca (8.2) niaa HaXoXJIeHHS HHAYKIHH Mar-
HUTHOTO moisi B', cosjaBaeMOTO JIBHXKYVIMMCA CO CKOPO-
CTbI0 —® 3apsiioM g. Tok [ BrlpaKaeTcs uepe3 KOHIEHTPAIIHIO 7
3JleMEeHTapHBIX 32pPAL0B §,, CKOPOCTh HX JBHXKEHHUS U, IJIOLIANb
ceyeHHs IPOBOJHHKAa S ciepyiomuM oGpasoMm:

I = gq,nSv.
[Moncraass 310 BelpaxeHHe B 3akoH buo — CaBapa — Jlanstaca

(8.2) u yunreiBas, uto BeKTOphl Al H —¥ mapaJJ/enbHbl, MOY-
qaeM

Uo oXr
B’:_TJ_I- qonS Al i)
Tak kak qonSA! ecTb moMHLA 3apsan ¢, HaxonsAlUHiAcT B pac-
cMatpuBaeMoM ofreme NpoBojHHKa SA/, TO co3naBaemoe 3THM
3apsIOM NpH JBHXKEHHH MAarHUTHOE IOJe ecTh
?
B'=—1to g2Xr (10.2)

4n r3

Ho B 5Toii ke Touke 3aps] g CO31aeT s/7eKTpuueckoe noJse E,
paBHOe

__9 T
E= e, r3°

(10.3)

CpapnuBas (10.2) u (10.3), BUauM, UTO MarHHTHOE MOJIE, CO3/a-
BaeMoe JIBHXKYVIIHMCA CO CKOPOCTBIO —@ 3apSJOM, CBA3aHO C
3JeKTpHUECKUM noseM E, co3laBaeMblM 3THM e 3apsjioM B
TOi CHCTEMe OTcyera, Tje OH HeIloiBHKEH, COOTHOILIEHHEeM

B =—¢p,vxE. (10.4)

Sra ¢opMyia, nolyyeHHas A/1f TOUEUHOTO 3apAa, CipaBefIHBa
H JJ5 NONAf, CO3[aBaeMOro JIOOLIM pacnpejieeHHeM 3ap sioB.
Taxnm o6pasoM, ec/IH B HEKOTOPOH CHCTEME OTCYeTa CyIiecT-
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BYeT TOJMBKO 3JeKTpHueckoe note E, To B Apyroil cucreme or-
cueTa, ABHXKYINEHCS CO CKOPOCTHIO ¥ OTHOCHTENBbHO HCXORHOH,
CyLiecTByeT elle H MarHuTHoe noJje B', koTopoe BbldHC/IsI€TCH
no copmyne (10.4). :

®opmyawr (10.1) u (10.4) npexacraBasioT coBol YacTHbIE CaY-
4aH npeoOpa3oBaHHsI MoJel NPH Nepexoje OT OXHOA HHEPLHA/b-
HOH cHCTeMbl OTcuyera K apyrofi. OHI cnpaBel HBBEL IPH MaJ0f
OTItOCHTE/IbHOH CKOPOCTH CHCTEM OTCueTa (v<¢). B obuem cay-
yae, KOrla B HCXOJHOH CHCTEME OTCHYETA €CThb H 3JICKTPHUYECKOE,
H MarHUTHOE I0Je, HEPeJsTHBHCTCKIeE (hopMyJasl Mpeobpaso-
BaHHs HMEIOT BHJX

E =E+9xB, B =8B—euvxE. (10.5)

OTMeTHM, YTO €yW¢=1/c?, T'le ¢ — CKOPOCTb CBeTa B BaKyyMe.
Dopmyasl npeoOpa3oBaHHA 3JAEKTPHYECKOTO H MarHHTHOTO
noseii MpH OTHOCHUTEJbHOH CKOPOCTH CHCTEM OTCU€Ta, CPaBHU-
MO# CO CKOPOCTBIO CBeTa, foJee rpomosiki, deM (10.5). OxHako
BCerJa NpH Ilepexoje OT OfHOH HHEPUHAIbHOH CHCTEMBI OTCHETA
K IPYTo# CYymecTBYIOT HHBAPUAHTHEIE, T. €. He MEeHSIOlHe CBoe-
ro 3HaueHHd, KOMOMHALMH H3 BexkTopoB £ u B, npuuem HX
TOJIbKO JIB€ —3TO CKalfpHoe MpOHSBeleHHe 3THX BEKTOPOB U
HX PasHOCTb KBaJparoB:
E-B=FE'-B, (10.6)
E*— 2B =FE"—(*B", (10.7)

Gopumyart (10.6), (10.7) no3BoaAsOT cAeqaTb P BaxKHBIX Bbi-
BOAOB O CBOKCTBaX 3JEKTPOMarHUTHOrO moJs. Eciau B Kakoi-
Ju00 HHepUHaJbHOH CHCTEMe OTCHeTa 3JIEKTPHYECKOe H Mar-
HHTHOE MOJs B3aHMHO NMepneHAHKYJSIPHBI, TO, KAK BHIHO W3
(10.6), oHn OGynyT B3aUMHO MEPNEHAHKY.ISPHBI H BO BCAKOMN
Apyroil cucreme. as TakUX B3aUMHO OPTOrOHAJBHBIX MOJek
MOKHO HaHTH TAKyl0 CHCTEMY OTCYeTa, B KOTOPOf auGo B=0,
jaubo E=0, cMOTps N0 TOMy, MOJIOXKHTEJIEH HJIH OTPHIATEJNEH
uwusBapuant (10.7).

M3 oTHOCHTEIBHOTrO XapakTepa 3JeKTPUUYECKOTO H MATHHT-
HOTO TIOJIeH eCTeCTBEHHO BBITEKAET, YTO MPH H3Y4eHHH 3/1€K-
TPHYECKHX W MATHHTHBIX SIBJJCHHIT MMEeT CMBICJ pacCMaTpH-
BaTb 3TH MOJSl COBMECTHO, KAaK €QMHOE 3/1eKTPOMArHHTHOE
nose. I'lpu nepexozxe oT oxHOI CHCTEMBI OTCYETA K AP VIO 3/€K-
TPHUYECKOE 10JI€ B OJHOH CHCTeMe, KaK Mbl BUJEJIH, BbIPaXKaeTCs

- H yepes 3JIeKTPHYECKOe MoJe, H uepe3 MATHHTHOE MoJe B APY-
roii cucreme, ¥ HaoGopor. ITo3TOMY ecTecTBEHHO OXHAATh,
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YTO MEKIY 3JEKTPHUECKHUMH W MArHUTHBIMH ABJAEHHAMU CyLle-
CTBYeT omnpejeneHHass cuMmMerpusi, F3MeHenue MaruuTHOrO
noJisi MMODOKAAET BUXPEBOE 3/eKTpuyecKoe noje. OkasniBaercs,
YTO CIpaBelIUBO U o0parHoe: H3MEHsIOIeecss BO BpeMeHH
3/IeKTpHYeCKoe Mo/1€ MOPOKAAEeT MATHUTHOE MOoJe.

K sToMmy BLIBOZY MOXKHO NMPUITH, aHATU3UPYS YXKe H3BECT-
Hble HaM 3KClepuMeHTajqbHbie (DAKThl M OMHCHIBAIOUIHE HX
¢dusnueckHe 3akoubl. Pacemorpum yua-
CTOK 3JeKTPHYecKofl Iend, cojepxa- il
WMil JUIHHHBIA [pSAMOJIHHEHHBIH mpo- hr
BOZ N mJocKHH KoHaeHcartop (puc. 10.2).

Bynem cuutarb, uto B TeueHHE HEKOTO- -
poro JOCTaTtodHo MaJoro IMpOMEexRKYT-

Ka BPEMEHH TOK B 3TOfl Lemu pased /. g A
JtoT TOK CBsI3aH C M3MeHeHHeM 3apsja
KoHjcHcatopa cooThowenneM [=dg/di.

PaccemorpuM  KpyroBofi  KoHTYp 1,
OXBATBHIBAWILKHA MPOBOAHHK, KaK MOKa-
3ano na puc. 10.2, Tok [ cosnaer
MarHUTHOe MoJe, MOITOMY IO Teope- =
M€ O [HPKYJALUHH BEKTOpa HHAYKIHH
MaruuTHOro moJjs (8.5) smeeM

DB AL=p,l. (10.8)
4

B npasoit uactu (10.8) crout 3apsn, ne- i
peceKaiomuii OrpaHHYeHHY0 KOHTYPOM E:KC{OIPOAQD-AQLTL:E&}L)@{Hlg;ff
{ MoBepXHOCTb B @JIHHHLYY BpPEMEHH. IYKUHE He 3aBHCHT OT
BylleM TENepb MnepeMeltdarp KOHTYD ! noaomenns KoHTypa.
BHH3 JI0 TeX MOp, MOKa ero MJOCKOCTb

He NpOiifeT B INPOMEXKYTKE MeXIy nJacTHHamud, B 3Tom
C/1y4ae HHKaKHe 3apspl HE epeceKaloT OrpaHUueHHYIO KOHTY-
pOM 4acTb IJIOCKOCTH, H B 3ToM cMbicsie ToK / B (10.8) paBen
Hymo. Ho MarHuTHOe nose BOKPYT MPOBOAA, B TOM MECTe, IJ€
pacrosioKeH KOHTYD, HUCUe3HYTb HE€ MOKeT, H JeBasi 4acTb
(10.8) He u3MeHsAeT CBOETo 3HAYEHHS IIPH CMEHIEHHH KOHTYpa.
Mbl npuxoauM K mpoTuBopeuuto: neBas yactb (10.8) oTnuuHa
OT HyJs, a mpaBast paBHa HyJo. 3Hauut, B dopmyne (10.8)
4ero-To He XBaraeT. EcTeCTBEHHO 02KUJIaTh, YTO HA CAMOM jiesie B
NpaBoH 4acTH 3Tol (OpMYJ/H NOMKEH CTOAThL elle ONUH uJ/eH,
KOTOPBIl paBeH HYJIO, [TOKa MJIOCKOCTb KOHTY pa lepeceKaet
npoBoA. Kak yragare Buj 3sroro usiena? Tak Kak JjeBas
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yacte (10.8) npu cmemenuu Kontypa He H3MEHHJIACh, TO no'{
npo6yeM noncraBuTh B npaByio yactb (10.8) Bmecro r paBHYIO |
eMy CKODOCTb H3MEHEHHS 3apsja Ha OOKJIanKax KOHJEHCATO- -
pa dg/dt v nonpiTaeMcsi HHTEPIPETHPOBATh 3TY BEJHYHHY TaK,
4yToGEl OHA HMEJa CMbIC/ H B TO# 006J1acTH, TAE OTCYTCTBYIOT
IBHKYIIHeCst 3apsainl. [ToCKOJMBKY 3apsi KOHIeHcaTopa ¢ pa-
BEH NPOW3BEJEHMIO ITOBEPXHOCTHOH IIJIOTHOCTH 3apsita O Ha
IJI0LIAAb IJTACTHHEL S, TO IIPH HEH3MEHHBIX pasMepax H (iopme
KOHjencaTopa dg/di=S do/dt. Bripaxas 110BEpXHOCTHYIO ILIOT-
HOCTh 3apsila Yepes HalpsKEHHOCTb 3JEKTPHYECKOTO I0Js
Mexay miaactTuhamu E==0/e,, nepenuiuem (10.8) B Buie

dE
EB, Al=gyu,S — (10.9)
1

B orauyue or Toka I, Benuuuna dE/df we paBHa HYJIO B IIpO-
MEeXYTKe MeX1y oOKMalkaMH KOHjeHcatopa. [TocKoMbKy mpo-
uspenenve ES mnpencraBasier coGoil ITOTOK HAaIpsiKEHHOCTH
9JIEKTPUYECKOro 1oJsi £ yepe3 NOBEPXHOCTh, OTPAHHYEHHVIO |
KOHTYPOM, TO B npaBoil yactu (10.9) cTour BennyHHa, Nponop-
IIHOHAJMbHAsl CKOPOCTH H3MEHEHHs! NOToKa N HanmpsiKEHHOCTH .
3JIEKTPHYECKOTrO IOJIs:

ZB Al= eopo dt (10.10)-

Ecaun renepr BMecro (10.8) u (10.10) nanucarb gopmyay

dN
ZBL Al:}lgl—}—%}lo—d?, (10.11)
i

TO orna 6yner clnpaBenjiHBa BCErAa, HE3aBHCHMO OT TOro, Iue’
npoxogut KoHTyp [. Eciu n/ockocTh KOHTypa Inepecekaer
IpoBOJ, TO BTOpOH ujeH B npasoit yactu (10.11) npakruyecku
paBeH HYJIO, H Mbl BO3BpAallaeMCHd K TEODEME O HHPKYJSWHH
maruuthoro noss (10.8). Eciu ke nJOCKOCTb KOHTYpa npo-
XOIUT BHYTPH KOHIeHcaTtopa, To /=10, IepBLIi YjleH B NnpaBoi
yacTH BKJaja He 1aeT, HO, KaK Mbl BHIEJH, NOJIOXKEHHE Clia~
caer BTOpOe CJlaraeMmoe.

Bosnukaer Bonpoc: siBisiercsi JH 10GaBlA€HHOE HAMH- BTO-
poe caaraemoe B npaBofi yactd (10.11) uucto QopmanbHeM,
HEOOXOAHMEIM TOJBLKO 1Jisi TOro, 4ToOn ¢opmysa Obia cnpa-

i
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BEAIMBA [ J1000T0 KOHTYPa, MJH OHO HMMEET (PM3HUECKHH
CMBICJI H COOTBETCTBYeT TOMY, YTO MarHMTHOE moJe BO36YyxKja-
eTCsl H3MCHSIOMHUMCS 3JCKTPHUeCKHM rojem? OTBeT Ha 3TOT
BOIIPOC MOXKHO MOJYYHTb, CCJAU PaCCMOTPETh HECKOJbKO BHJO-
u3MeHeHHbIH onbIT (puc. 10.3), rae KoHTYp ! pacnosoxed ue-
JIMKOM BHYTPH OOJBLIOTO KOHJEHCATOPa, PACCTOSTHHE MEXIY
NJIaCTHHAMH  KOTOPOro Be- |

JIMKO 1O CPaBHEHHIO C pas- i
‘Mepamu xouTypa. OnbiT 1o- I
Ka3bLlBaeT, UTO BHYTPH KOH-
JeHcaTopa ecTb MarHHTHOE
noJe, OJHAKO OYEBHIHO, UTO
3TO NOJE He MOXET Co3ja- I
BaTbCsl JaJCKO PACHOJOXKEH-

i et e i .

HbIMH MPOBOJAMH C TOKOM
I. 3Haunt, B 3TOM cayuae DY E
MAarHMTHOE M0J1€ BO3HHKAaeT 7

H3-38 H3MEHEHHSs] 3JCKTPH- r | ] )

yeckoro mnoaf. Llupky.as- )
UMSl MHAYKUMHM 3TOrO Mar- "
HHUTHOTO TIOJIST 1O KOHTYpY ”

onpeaeasercs CKOpOCTBIO

HU3MEHEHHSs] IOTOKA Hamnps-

JKCHHOCTH  3JICKTPHUYECKOTO it

NnoJisi 4Yepe3 MOBEPXHOCTD, l

OTPAHHUYCHHYIO 3THM KOH- Puc. 10.3. Hamenenue siekTpHuec-

TYPOM' Koro noJas NPHBOAHUT K NOsABJECHHIO

MAariuTHOrO 110J14.

Benuuuna g, dN/dt noay-

YyhJa Has3BaHUE TOKAa cMellle-

HHUS, TAK KaK OHa, NOJOOHO TOKY NPOBOJAUMOCTH /, sIBJsieTCSs HC-

TOYHUKOM MAarHUTHOro mnoJsi. TepMHH «CMeIeHHe» 00YC/I0BJIeH

HCTOPHYECKHUMH NPHUYMHAMM U CBSI3aH C YTPaTHBINEH 3HAYeHHE

MEXaHHYEeCKOH MoJe/blo 3JeKTpHueckoro nouas. Caenyer ofT-

METHTb, YTO TOK CMELICHHS 3KBHUBAJCHTEH TOKY IPOBOJMUMOCTH

TOJBKO B OTHOLUEHHH CITOCOOHOCTH CO3JAaBaTh MATHUTHOE HOJE.

Hanpumep, npy HaIHYMHK TOKa CMELIECHHS He BBIIEASCTCS 1XKOY-

JEBO TEMNJIO.

Tok cmemenust Gbly1 BrepBLIe MNpeackasaH MakcBesajoM Ha
OCHOBE TEOPETHYECKOr0 aHaJju3a HM3BECTHBIX K TOMY BpEMCHH
3KCNEPHMEHTAJbHO YCTAHOBJAEHHBIX 3daKOHOB 3JIEKTpoMarHe-
TH3Ma. MaxcBeJT NoKasas, 4To eHHas HenpoTHBOpeYHBas Kap-
THHA 3JIEKTPOMATHUTHLEIX $fBJGHUH MOXeT OBITh CO37aHa,
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TONMBKO €CJIH TPEINOJOXKHTb, UTO H3MEHAIOeecs 3JeKTpHuUC-
CKoe T10J1€ CrocofHO co31aBaTh MarHHTHOe noJe. M3 nanucan-
110/ UM CHCTEMBI YDaBHEHHI1 3J1eKTPOMAarHHTHOTO TOJA cjev-
10T KaK BCE 3KCNEPHMEHTaJbHbIE 3aKOHBI 3JE€KTPOMAarHeTH3Ma,
TaK H CYLIECTBOBAHHE TOKA CMEMEHHS.

CuncreMa ypaBHeHHH MakcBesJa CONEPIKHT YeThipe OCHOB-
HbIX 3aKOHa 3JexTpomarierusma. IlepBriii 3axoH — Teopema
laycca, cBfisbBaiOmlasi MNOTOK HANPAXKEHHOCTH 3JIeKTpHUe-
CKOTO TOoJST yepe3 3aMKHYTYIO NOBEDXHOCTh € MOJHBIM 3apsI0M
BIYTPH 3TOil noBepxHocTH. Teopema I"aycca paer mHyiO Mmarte-
MaTHUYECKYIO (JOPMYJHPOBKY SKCIIepHMeHTalbHOMY 3aKkony Ky-
Jona. Bropoii 3akon — teopema I'aycca 149 MarHHTHGro noas,
COTJ1aCHO KOTOPOH NMOTOK EEKTOPa MarHHTHOM HHIYKUHH Yepes
JI06YI0 3aMKHYTYIO TNOBEPXHOCTb PaBeH HYJI0. Jta Teopema
OTpakaeT BHXPEBOH XapakTep MarHHTHOTO NOJS H OTCYTCTBLE
B NMPUPOJE MarHHTHHIX 3apAJI0B.

TpeTnit 3aKOH — 3aKOH 3JEKTPOMAaTHUTHOH HHAYKLIMH Pa-
paled, COTJIaCHO KOTOPOMY H3MeHIolneecsi MarHHTHOE Moje
MOPOXKJIAET BHXPEBOE 3JEKTpHUecKoe noJie. YUerBepThiii 3aKOH
ABJsieTcs obobennem sakona buo — CaBapa — Jlanraca. Mar-
HHTHOE T10J1€ MOXKET CO3]1aBaThCsl KaK ABUIKVIIHMHCS 3JEKTPH-
UeCKHMH 3apAjaMH, T. €. TOKaMH IIPOBOIHMOCTH, TaK H H3Me-
HAIOWMMCS JEKTPHYECKHM TOJEM, T. €. TCKAMH CMeLieHns.

AHaju3HpyR CHCTEMY YPaBHEHHH 3JEKTPOMATHHTHOIO NOJA,
Maxkceesns npuizes X BHIBOAY, YTO 3TH yPaBHEHHS JONYCKAaOT
CYLIECTBOBAHHE CBfI3aHHBIX MeXJIy COGOH 3JEeKTPHUECKOro H
MarHUTHOTO ToJieft, pPacnpocTPaHSIOMHUXCA B NPOCTPaHCTBe
CO CKODOCTBIO CBETd,— 3JE€KTPOMATHUTHBIX BOJIH, KOTOpPHIE
nosjaHee GblJIH 3KCMEPHMeHTaNbHO ofHapyxeHsl ['epuem. Pas-
TOBOD O CBOHCTBAX 3THX BOJIH HaM MPeJICTOHT B pasgede «Kose-
6aHuA W BOJHBIN.

§ 11. 3aexkTpuyecKHe MAIIHHLI IOCTOSSHHOTO TOKa

HnrtepecHo o6CyIuTh fABJEHHE 3JE€KTPOMATHHTHOH HHAYK-
LIHH C TOYKH 3pEHHA IHEPreTHYeCKHX npeBpaiennit. Inga storo
pPaccMOTPHM NMPOBOJAALLHIA KOHTYP € BKJIIOYUEHHBIM B HETO HCTOY-
HHKOM TOKa C 3. 1. C. &, NOMEIEHHbIH B OJHOPOJHOE MarHHT-
Hoe niose B (puc. 11.1). TlonewxkHas 4acth konrypa AC mo-
JKeT 6e3 TpeHH A CKOJb3UTh No pesbcaM. Ofo3nauuM yepes [ cuny
TOXa B KoHtype. Torza Ha noaBuxuywo yactb .AC aeiicTByer
cuna Amnepa Fa=Bll, nanpasiengas, Kak yKasaHo Ha pH-
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"cynke. Cuna AMnepa He 3aBHCHT OT TOFO, NOKOMTCSI CTEPKEHb
AC uny gBuxercs. Eciin MBI XOTHM, YTOGB! CTEpKEHb JBHraJcH
paBHOMePHO, HEOOXOMHMO MPHJIOMKHTh. K HEMY BHELIHIOIO CHJTY
F, xoropas B /11000f1 MOMEHT ypaBioBellHBa/la Obl CHIAY AM-
nepa. llycTb 3a mpomeyTok Bpemenid Af cTepkeHb mepeme-
CTHJICS HA PaccTosHHe Ax B HANPaBJEHHH JeHCTBUS CHJIbL AM-
nepa. Hanmumem ypaenesre 6anaHca aueprud. 3a Bpems Af

. b oo fi_T
AN D,
//,/’// f/ ' F ‘ -

Puc. 11.1. K sdepreTHueCKHM UpeBpalleH#siM NPH  JeKTPOMAaTHHTHOR
HHAYKLHH.

HCTOUHHK coBepura pafory &/ Af. I1pu 3ToM BO Beex MpoBoA-
HHKax BbLIIMJIOCH JukoyJjeso Tenso [*R Af, rpe R — moa-
noe comporusiaenne nend. Kpome Toro, cosepuwisa paboty
cus1a Amnepa:

AA=FyAx=1IBlAx=1BAS=1AD.  (11.1)

Ha ocrosauHyi 3aKOHa COXPAHEHHs SHEPrHH COBepIIeHHAas HC-
TOYHHKOM pafoTa paBHA CyMMe BbIAEJIMBLIETOCH Temja H pa-
6otn! ciabl AMmepa:

&1 At =D1R At +1 A, (11.2)

oTKyaa, nepexoiss K npeaeny Al—0, aas cuael Toxka [ no-
JyyaeM
= Gdv ‘ (11.3)
ComnocTtapiisisa 370 Beipaskenye ¢ 3akonom OMa 1 noaHofi menwy,
Mbl BUAHM, 9TO POJb 3. A. C. HFPAeT BEJHUHHA, COCTOANIAH U3
IBYX cJjaraeMbiX: U3 3. A. C. HCTOYHIKA TOKA @& H M3 BEIHUHHbE
~d®/d¢{. 2ot uaeH mpejacTaBiasieT co6oil 106aBOUHYIO 3. 1. C.
(3. 4. c. HHAYKIUH), OOYCJIOBJICHHYIO JEHCTBHEM CTODOHHHX
CHJI ITPH ABHKeHHH yuactka AC.
PaccMoOTpeHHBIA npHMep npejacTaB/seT cobofl Mojenb 3JeK-
TPOABUTaTe/Nsl NOCTOSTHHOTO TOKa. Kak BHAHO u3 ypaBHelmﬂ
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1
(11.2), 3HEpPTHSI HCTOUHHKA TOKA HCHONBb3YEeTCsl AJsl CoBeplues
HUS paGoOTHl HaJ BHEIIHHMH TeJaMH M 4YacTHYHO DacCeHBaeTCst
B BHIe JKoyJeBa Tensia. M3 ¢opmynnt (11.3) BuaHO, Kakywo
poJib MIPaeT sIBJeHHe 3JeKTPOMarHUTHOH HHIYKIHHM B pabore
3JIEKTPOMOTOpA.

Tenepb npeanoNoxuM, Tro crepxedb AC CKOJb3HT B mpo-
THBOITOJIO}KHOM HampaBJIeHHH, T. €. B HanpaB/JeHHH JIeHCTBHA
BuelHed cuiul. [Ipu stoM paGora cunsl AMnepa AA=IA® or-
punarenbHa, tak kak A@<C0. PaBHas el nmo BennuuHe pa6ora
BHeIlHe#l CHJIbL [ nosmoxuTensHa. [xoyJaeBo TenJo tenephb Bbl-
Jessiercsl Kax 3a cueT paGoThl HCTOUHHMKA TOKA, TAK H 3a CUeT
pa6oTbl BHeliHe#l cHIBl . 3aKOH COXPaHEeHHS! SHEPTHH HMEET
BHJ,

ST AL+ T|AD|=I?R A, (11.4)
OTKyJa, mepexoisi kK mpenery Af—>0, momyuaem
I =iﬂ%‘ﬂ' . (11.5)

B 3ToM coryuae ycrpoficTBo paGotaeT Kak reHeparop. Jaxe ecan
Mbl y6epeM HCTOUHHK ToKa (6=0), B uenu Bce paBHO GyieT
HUITH TOK M BbyenaTtbest temso. M3 ypasnenus (11.4) Buawo,
4910 370 GyJeT NMPOHCXOAUTH 3a cueT paboThbl BHEUIHEH CHJIBI.

O6paTuM BHHMaHHME HA TO, YTO Ha CaMoOM Jeje HeT Heol-
XONMMOCTH DaccMaTpHBarh 3TH CJYy4aH — 3JEKTPOMOTOp H
reHepaTop — IO OTJENbHOCTH. JIerko BHJETb, 4TO ypaBHeHHeE
6ananca sHepruu (11.2) u ypaBHenue 3akona Oma (11.3) ox-
BaTLIBalOT 06a CJIydyasi, eCJH TONbKO YUHTHLIBATh 3HAK H3Mene-
Hus MarHutHoro moroxka A®. TakuM o6pasoM, OJHO H TO ke
VCTPOHCTBO MOXKET CJYKHTb MOJEJbIO H 3JIeKTPOMOTOpA, U re-
Heparopa. Ero pa6ora B jofoM pekuMe OMHCHLIBAETCSI OJIHHMH
U TeMHU ke ypaBHeHHsMH. B sjextpHueckoft MamiiHe Hampas-
JeHHe npeo6PasOBaHUsI 3HEPTHMH MOXKeT ObITb H3MEHeHO Ha
o6paTtHoe. CBOHCTBO OGPATHMOCTH NPHUCYINE BCEM 3JEKTPHYE-
CKUM MaIIMHaM ITOCTOSIHHOTO TOKA M IIHPOKO  HCHOJb3YeTCs.
B TeXHHKE.

PaccMorpuM noppobHee 3/1eKTPOMOTOP NOCTOSIHHOTO TOKa @
He3aBHCHMBIM Bosdymnex-meM H CONPOTHBJIEHHEM OOMOTKH SIKO*
pst R, KOTOpulif BK/MIOYEH B ceTh ¢ HanpsukeHneM U, ITpemes
6pera51 TPEHHEM B NOAUIMIHHKAX, HCCRelyeM YCJOBHS paboTsl
3/€KTPOMOTOpA: HaHJeM 3aBHCHMOCTb TOKAa B IieNH, NOJHOM
norpe6iseMoil MOTOPOM MOLIHOCTH H MEXaHHYEeCKOi MOILHOCTH,
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Pa3BHBaeMOl MOTOPOM, YIJIOBOi CKOPOCTH BpallleHHS SIKOpS H
KO3(ppHIIHEHTa TTOME3HOro AeHCTBUS OT MeXaHMYecKoH Harpys-
KH, T. €. OT MOMEHTA BHeIIHUX CHJ, ACHCTBYIOMIMX Ha SIKOPb.

Ilpeano/ioKHM, 4TO K SIKOPIO 3JIEKTPOMOTOPA CO CTOPOHHL
MEX3aHHYECKOH HArpy3KH INPHJ/IOKEH IOCTOSIHHBIH Bpamaromui
MoMeHT M. DBynem paccMarpuBaTb paGoTy 3/€KTPpOMOTOpa B
CTALlHOHADHOM DpeXHMe, KOrja YIJIOBas CKOPOCTb BpALEHHA
SIKOpSl ® He MeHsercs: co BpeMmeHeM. IlycTb B Lenu axops uger
TOK /. Bocrosb3yeMcsi 3aKOHOM COXPAaHEHHs! 3HEpPTHH: norpes-
JSeMyld MOTOPOM OT ceTH MolHocTb P=]/U mnpupaBHseM
CyMMe MeXaHHYeCKOH MOIIHOCTH P, pa3BuBaeMoOil MOTOpOM,
H JKOYJIEBa TEMJId, BHIAESIOIIEroCs B SIKOpE B €IUHHIYy Bpe-
MCHH:

IU=P,+-I*R. (11.6)

[TocKonbKY IpH BpalleHHH SIKOPsI B IIOCTOSIHHOM MAarHHT-
HOM [10J1€ B €0 06GMOTKE BO3HUKAET 3. 1. C. HHIYKLHH, TOK [ oI-
peneasiercst 3akoHoM OMa /151 HEOJHOPOJIHOrO y4yacTka LEIH:

U-&
1==7¢€, (11.7)

rae & — abco/oTHas BeJMUYHHA 3. J. C. HHAYKIHH,
CpaBHuBas 3TH (OpMyJibl, JIEFKO YBHIETb, YTO

P,=I&. (11.8)

3TO COOTHOILIEHHE, PA3YMEEECsI, IIOYTH OUEBHIHO U H3 HHTYHTHB-
HBIX COOGpaKeHHUIL.

TTockoAbKY NPH HE3aBHCHMOM BO30YXKAEHHH MAarHHTHOE
TIoJle CTaTopa MOCTOSIHHO, TO CKOPOCTb H3MEHEHHS! MarHHUTHOIO
TIOTOKA H, CJeJI0BATE/IbHO, 3. . C. HHAYKIUH NPONOPLHOHAIbHA
yIJI0BOH CKOPOCTH BpalleHHs siKOpsl . IlosToMy paBeHCTBO
(11.8) MokHO mepenucaTh B BHIE

P, — ko, 11.9)

rie k — Kos(bOHIHEHT [IPOIIOPIHOHANBHOCTH, 3aBHCAILHH OT
HHAYKIUY MarHHTHOTO MOJs1 CTaTopa H OT KOHCTPYKLUHH 3JIEK-
TPOMOTOPA, T. €. OT pasMepoB H GopMbl 06MOTKH siKopA. C apy-
roif CTOpOHEBI, pa3BHBaeMasi MOTOPOM MeXaHHYeCKasl MOILHOCThb
IIpH PABHOMEPHOM BpallleHHH $SIKOpsi paBHA IIPOU3BEICHHIO
MEXaHHYeCKOro MoMehra M Ha YIVIOBYIO CKOPOCTb:

P, =Mao. - (11.10)
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W3 cpaBuennsi Boip axenuil (11.9) u (11.10) BuguM, uto npH ycra-
HOBHUBIIEMCs] BpalIeHHH SIKOPSl TOK B ero o6MOTKe IIPONOPIHO-
HajleH TIPHJOXEHHOMY MeXaHHUeCKOMY MOMEHTY:

I = M/k. (11.11)

Onnako 43 coorHomenus (11.7) caenyer, 4To TOK He MOXKET npe-
BHIIATh 3HAYEHHSsI
U
]max:'IT’ (11.12)
KOTOpoe jgocthraercss npH &=0, T. e. NpH HETIOABHXKHOM KO-
pe. DTO 03HAYaeT, UTO MAKCHMAaJIbHEIH MEX2aHWYECKHH MOMEHT,
KOTOPBI MOXeT pasBHThb MOTOp, paBeH

kU

/Wmax:'—R_' (1113)

Ecay MOMEHT BHENMIHHX CHJI, AEHCTBYIOIHX Ha AKOPDL, OVAET
TIPEBHIIIATEL 3Ty BEJUYHHY, TO SKOPb OYAET BpaulaThCs B Npo-
THBOMOJIOKHYIO CTOpPOHY W MOTOp OyZeT padoTarh Kak rexe-
paTop.

Hrak, u3 pasencrsa (11.11) caenyer, yto 3aBHCHMOCTD TCKa
B fIKOpe OT NPUJIOXKEHHOrO MeXaHHUECKOro MOMEHTa JHHelHasl
(puc. 11.2, a), npnueM MakcHMaJjbHele 3HaueHust o, U My,
natorcst opmyaamu (11.12) o (11.13).

TlosiHast MomHOCTb, nOTpebJsieMasi 2J€KTPOMOTCPOM  GT
ceth, P=JU=UM/k, a ee MakcHMaJibHCE 3HauyeHHE

Poax=Ina U=U¥R.

3aBHcHMOCTh noTpelJisieMOli MOLIHOCTH OT M npejcTaBiena
na puc. 11.2, 6 npsimoit 1.

.C nomompio gopmyat (11.6) u (11.11) Bripaxenue 115 Mexa-
HHYECKOH MOLIHOCTH, pa3BHBAEMON MOTOPOM, MOXHO TIPEACTa-
BUTb B BHJe

U

Po=-"M— R . (11.14)
310 ypaBHeHHe napa6oJibi, BETBH KOTOPON HamnpaBJ/ieHbl BHH3
(kpuBast 2 Ha puc. 11.2, 6). Mexanuueckasl MOILIHOCTb MoOTOpa
obpamiaercss B Hysab npu M=0, 1. e. npu pabore MoTOpa Ha
X0JIOCTOM XOAy, ¥ py M=M_, .., Koria skopb He Bpaiaercs.
"~ CoBceM HeTPYJAHO YGEAUTHCS, YTO MaKCHMAaJIbHOE 3HayeHHe Me-
XaHUYeCKOH MOIHOCTH MOTOpa jocturaercst npu M=M, . /2



§11L. SJTEKTPH"!ECKHE. MAINMHBl TIOCTOSHHOIO TOKA 273

¥ PaBHO

R
3

ys

Pmmax: Pmax: R

]

Koadduipent nosesHoro jAeficTBUsi MOTOPa, olpejessie-
MBIl KaK OTHOLIEHHe MeXaHHYeCKOH MOLIHOCTH K IOJIHOR
MOLLHOCTH,  NOTPebJIsieMO#

OT CeTH, pPaBeH ; oo
P, R maz Lo
N=—7p=l—ay M. !
0 1]
3aBucuMOCTh K. II. . OT Moaz M
M npencraBnena npsamol  , FA__ '
Ha puc. 11.2, 6. Haa on- ~74% / {
peleNenns 3aBUCHMOCTH yT- ! 2
JIOBOHM CKOPOCTH $KOpPSH OT !
MEXaHHYeCKOl  Harpysku HAymrb—-=5 4 i
BepHewmcsi K popmyJe (11.10), e i i N
TloncraBisna B Hee P, u3 n M My Mgz M
(11.14), noayusaem ©= 7 g
=U/k— (R/k*) M. Tpaduk 6)
3aBUCHMOCTH ® oT M --
TakkKe npsimas (puc. 11.2,2). 0 -~
Ilpy orcyTcTBHM BHeluHeH © Moz M
Harpysk, T. €. Ha XOJG- 1
CTOM XOjy, VIJIOBasi CKo- Wy 2)
pPOCTh MaKCHMaJbHA:
_u 15
o, =—. (i11.15) p 7

C noMoublo thopMy.JIbI Puc. 11.2. 3asncumocThb ToKa B 06-

(11.15) kosdduument npo- MOTKe SIKOPA (a), MOMHON 4 noJes-
HOH MolHocTH (6), K. n. 4. (6) n

NOPLHOHATBHOCTH & Mex 1y YIVIOBOH CKODOCTH SIKOPS (2) OT Mo-
3. A. C. HHAYKUHH M YIJIO- MeHTa BHELIHHX CHJI.
BOH CKOpPOCTBIO ), BXOAf-
]_IlPlﬂ B BhIpaXKE€HHE JJisd HCKOMBIX BE€JHYHH, MOXKHO BbIpa-
3UTb 4epes yr.fIOBy}O CKOPOCTE XOJIOCTOrO XoJa g, KOTOPYIO
JIETKO H3MEPUTHL Ha ONbITE.

IMpuBeneHHble HA PUCYHKE KPHUBBIE HATVISIJHO H.n.mompupy-
IOT YcJOBHsI -paboTH 3jeKTpomoropa. CTpeMieHHe HOJaYYHTh
OT JAHHOTO 3JeKTPOMOTOpPa BO3MOXKHO GOJBIIME Bpallalouiui
MOMeHT HeHM36exHO NPUBELET, KaK 9T0 BHAHO U3 puc. 11.2,.6, 6,
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K TOMY, YTO MeXaHMYecKas MOI[HOCTb MOTOpa H ero K. I. [.
OyayT KpaiHe HHU3KHUMH, a YIJOBasf CKOPOCTb sKops 6JIH3Ka K
Hymawo. Tloutu Bcag norpebasieMass IIPH 3TOM OT CETH 3SHEPTHS
nojifleT Ha HarpeBaHHe OOMOTKH sfkopdA. Ji1s nojayueHHs Mak-
CHUMaJbHOH IOJIE3HOH MOIIHOCTH OT JAHHOIrO MOTOpa MeXaHHdye-
CKYIO HAarpy3Ky 11e06X0AUMO CONIacOBaTh ¢ HUM. MeXaHHYEeCKHUH
MOMEHT BHELUHUX CHJ AOMKEH ObITb paBeH IIOJIOBHHE MAaKCH-
MaJIbHOTO MOMEHTA4, KOTOPBIH MOXKET Da3BUTb JAHHBIN 3JE€KTPO-
MOTOp. DTOTO MOXKHO JAOGHTBCS HCIOJB30BAHHEM DPELYKTOpA.
KoahduiueHt nosesnoro aeficTBUS MoTopa, paboTaromero B Ta-
KoM pexume, paed 0,5. Jlio6yo MeXaHMUECKYIO MOLIHOCTD
P,y MEHBLIYIO MaKCHUMAJbHOH, MOXKHO NOJYUYUTb IPH ABYX
3HAYEHHSAX MOMEHTa BHemHHXx cua M; u M, (puc. 11.2, 6).

[/ IoslyueHus BBICOKOrO K. II. J. TIPHU 33JaHHOH I10JIe3HOH
MOLIHOCTH CJIENYET, KaK BUAHO U3 puc. 11.2, 6, BBIGHpATh MEHb-
Iiee 3HAYEHHE MOMEHTA BHEIIHUX CHUI M,: mpH 3ToM Gecroes-
HBIl pacxoj SHeprHM Ha HarpeBaHHe OOMOTKHM siKopsi GyJer
Menbllle. MoTopy, npeJHa3HAUEHHOMY A5 paboThl Ha pasHbIX
pexuMax, HyxeH peiykrop!

§ 12. JIBHKeHHe 3apsiKeHHbIX YaCTHL B 3JEKTPHICCKOM
H MACHHTHOM TIOJAX

Kaxk wu3BecTHO, cuJa, JeHCTByWOIas Ha 3apfAKEHHYIO ua-
CTHUIy B 3JEKTPOMATHUTHOM IIOJI€, HMEeT BHJ

F=q(E+vXB). (12.1)

[pu 3ananueix moasax E m B 3ajaua o JBHXkKEHHHM 3apsfa B
nojie — 3T0 O0blYHAS 33jaua KJIACCHYECKOH MEXaHMKH O JBH-
JKEHMH YACTHUIIL IO JCHCTBHEM H3BECTHBIX CHJI. CTpOro roBops,
IBHXKYILAACA C YCKOPEHHEM 3apsiKeHHAas 4YacTHia H3Jydaer
3JIeKTPOMATHUTHBIE BOJIHEL M UCIIBITBIBAET C UX CTOPOHBI OTBET-
Hoe BoazefictBue. Ho ator adxpext, Boobie roBops, mMaJj, H Bo
MHOTHX CJy4asixX UM MOXHO IIOJHOCTbIO npeHeOpeub. Ho paxe
U TOTJla 33/1aUa OCTAETCsl OUeHb CJIOXKHOM, €C/IH 3a/laHHble BHEL-
HHE 1018 HEOJHOPOAHBI. B ONHOPOAHLIX 3/1€KTPHUECKOM M Mar-
HUTHOM TIOJISIX JBHMKEHHE 3apsKEHHOM YaCTHLBL IPOHUCXOIUT
JIOCTATOYHO IIPOCTO U MOXKET ObITb U3YHEHO JIEeMEHTAPHBIMH Me-
TOAAMH.

JBuKEHHE 3apsKEHHOH YACTHOBI B OJHOPOJHOM 3JIEKTpH-
YECKOM II0JI€ COBEPIUEHHO aHAJOTMYHO ABHKEHHUIO MaTepHallb-
HOH TOYKH B OLHOPOAHOM IloJe TAxecTH, OHO NPOHUCXOLHT €

- 1
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HOCTOSIHHBIM O BeJMYHHE M HAanpaBJeHHI0 YCKODEHHEM, PaB+
HBIM IPOH3BE/ICHHIO Y€JIBHOTO 3aP/ia YacTHIb! §/m Ha Hanpsis
keHHocTh nodsi E. Tpaektopusi Takoro JABH:KEHHs B O6ILEM
cayyae npejctasiasier coGofi napadony. HMeHHo Tak JBHKyTCH

Prc. 12.1, ®DoKycHpPOBKa NyukKa 35J€KTPOHOB IPOJOJLHBIM MarHHTHHM
noJieM.

3JIEKTPOHEBI B TIPOCTPAHCTBE MEXKJY OTKJOHSIIOUIMMH MNJacTHHA-
MH B 371eKTPOHHO-1y4eBOHl TpyOke ocuuanorpada ¢ 31eKTpo-
CTATHYECKHM YIpaBJCHUEM.

JIBuKenHe 3apsKeHHOH YaCTHUBI B OXHOPOJHOM MarHUTHOM
nose nop jeHcTBHeM cuawbl JlopeHua go X B NpOUCXOMUT cJe-
AyouluM o6pasoMm. B nuockocTH, nepneHAHKYJASpHOH HHAYK-
IHH MAaTCHHTHOTO TMOJs, YaciHia paBHOMepPHO ofbpaiaercs
N0 OKpYKHOCTH. Panuyc 3Tofi OKPYKHOCTH NPONOPUHOHAJEH
BeJIMYHMHE TMNepNeHAUKYASIPHOH MArHHTHOMY MOJI0 COCTAaBJSIO-
mefi CKOPOCTH YaCTHIBI, 4 HACTOTa OGpalleHHsl OT CKODOCTH He
3aBHCHT H paBHa NpPOH3BEJEHHIO YIeNbHOTrO 3apsla YacTHUH
Ha HHJAYKIHIO MATHUTHOrO noas. Ec/ay NpH 3TOM 4acTUUA UMeeT
ele U COCTABJSIONYI0 CKOPOCTH BROJAb MATHHTHOTO N0J5, TO Ha
TAKOe BpalleHHe HAaKJAaJblBaercsi PaBHOMEPHOE JBHXKeHWe
BJI0Jb 110J151, TAK YTO TPAEKTOPHS PE3YJIbTHP YIOWETO JBHKEHH
npejacTaBisier coGok BHHTOBYI0 AHuuio. Cuaa Jlopenuna, jped-
CTBYIOIIAS] TEPIeHIHKYASPHO CKOPOCTH YaCTHIL!, He MeHser
BeJHYMHB! CKODOCTH M, CJeIOBaTe/]bHO, KHHETHYECKOH sHep-
TFHH 4YaCTHIHI.

HHTepecHo OTMETHTB, YTO NMpPH HeGOJBIIOM pa3fpoce 3Ha-
YeHHH# NpOAOAbHOM COCTABJSIONEN CKOPOCTH YacTHI[ IBHKEHHe
B OJJHODOJHOM MAarHUTHOM MoJle 06Ja1aeT 3aMeyaTe/IbHEIM CBO#-
CTBOM (JOKYCUPOBKH: BbIXOASAIIHIA H3 OJHOH TOYKH H HanpaBJ/Ien-
HBIi BJIOJIb T10J1s1 CJeTKa pacXoisilMiicd My4oK 3apsKeHHHX
YaCTHI Ha HEKOTOPOM PacCTOSIHHH BHOBb COOHMPaeTCsl B OIHY
TOYKY. DTO CBOHCTBO MPOAOJABHOH HOKYCHPOBKH OBLIO HCIOMb-
aoBano. B 1922 rony Bymem 11.71;1 TOYHOI'O U3MEPEHH YAe/]bHOTQ
3apsijia 3JIEKTPOHA, .
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Pas6epem onbir Byina nogpo6uo. PaceMmotpum yerpoiictpo,
p3obpaxenHoe HA puc, 12.1: snekTpoHHO-yueBasi TpyOka Ge3
YAPABJSIONHX [JIAaCTHH IOMElleHa BHYTDb COJIEHOHIa, CO3-
JAIIEr0 OJHOPOJHOE MArHHTHOE MOJIe, HanpaBJeHHOe BJOJb
ocu Tpy6kH., B oTCyTCTBHE MArHHTHOrO MOJS 3JEKTPOHbI JETAT
npaMoauHeiiHo U 06pasyloT Ha ¢vyopecUHpYIOIeM 3KpaHe
LIHPOKOE CBETSIIeecs NATHO. Peryiupys BeqHuHHy TOKa B conte-
HOH]].G H TeM CaMbIM -H3MEHAS HHAYKUHI MardHuTHOroO 11044,
MOKIO JOGUTBCS TOTO, YTO 3/EKTPOHBI COGEPYTCSA Ha 3KpaHe B
SIPRYIO CBETSILYIOCS TOYKY. BbISICHHM NMPUYHHY (GOKYCHDOBKM
9/1€KTPOHOB. M3 3/eKTPOHHOH NVIIKW 3JEKTPOHB! BbLIETAIOT C
IpHOJH3HTEIbHO OJHHAKOBBIMH 110 BeJAHYHHE CKOPOCTSIMH, HO C
HEeKOTOPbIM PasGPocoM MO HaNpaBieHHK., BeJHUHHY CKOPOCTH
3JEKTPOHA U MOMHO ONMpeAe]HTb C MOMOIbI0 3aKOHA COXpaHe-
HHSI SHEPTHH:

2
- =el, (12.2)
rge e — abconoTHasl BeJHYHHa 3apsija aszaekTpona, a U —
YCKOpsIIOIlee HaNpsiKEHHe MexKJYy KaTOAOM H YCKOPSIOILHA
aHoJIOM 3jexTpouHofi nmywku. Ha 3.7ekTpoH, seTsiui BroJs
MarHHTHOTO 104151, cHJa JlopeHua He feficTByer. [TosToMmy a/1ek-
TPOH, BLIJIETEBIUHH M3 NYVWKH BAOAb OCH TPYOKH, ABHKETCH
ApPsIMOJHHENHO M IoNnajaeT B UGHTDP 2KpaHa. Eciu Jke 3/1eKTPoH
BblJIETe/ IO HEKOTOPLIM YIJIOM ¢ K OCH TPYOKH H, C/JIeJ0BaTedb-
HO, Y HEro eCTb COCTaBJAIMAA HAaYalbHOH CKODOCTH, MepreH-
JUKYJSpHAsi MarH4THOMY O/, TO, KaK Mbl BHJENH, TPAeKTo-
pHsa 3JeKTpOHa mpelcTaBiasier co00H BHHTOBYIO JIHHHIO: €0
JABHXCHHE €CTh Pe3y.1bTaT CACKEHHS DABHOMEPHOI'O ABHIKEHHS]
BAOJb OCH TPYOKH CO CKOPOCTBLIO Uy ==U COS 0. U PABHOMEDPHOrO
GOpailleHHs MO OKPYMKHOCTH B MJOCKOCTH, NMEPHEeHJUKYAAPHOL
ocu TPYyGKH, CO CKOPOCTBIO U =0 sin a.

¥riaosasi CKOPOCTb BpalleHHS! 3JE€KTPOHA IO OKpYXKHOCTH
onpele/sieTcsl C I1OMOILLbI0 BTOpPOro 3akoHa HpioToHa:

2
va

R

=¢Bo, (12.3)

. rie R — paguyc OKpYXHOCTH. YUHTbIBAsi CBA3b MEXKIY JHHEH-
HOM U yrjoBoit ckopoctAMH U;=0.R, ¢ nomouwpio (12.3)
HagaeM

eB
0, =—, (12.4)

m



§ 12. IBHXEHHE - 3APSXEHHbBIX YACTHL 277

3ameuare/ibHO, UTO YIJIOBAasi CKOPOCTb H, CJIEJOBATEJLHO,
nepnoJ o6palleHis He 3aBHCAT OT BE&IHUHHbI cKopoctH. [losTo-
MY 3JIE€KTPOHbI, BbIJIETEBIUHE H3 NMYIIKH NMOJ Pa3HLIMH YIJaMH,
COBEpIIAlOT NOJHLI 060pOT 3@ OAHO H TO ke BpeMsi. I[IocKoNbKY
5JE€KTPOHBI BBIJIETAIOT H3 MYIIKH MOX MAJLIMH yIJaMH K ocH
Tpy6kHn (cos ax1), TO Bce OHH ABHKYTCS BIOJNbL OCH TPYOKH
NPaKTHYECKH C ONHOM M TOH 2Ke CKOPOCTbIO Uy /U H 3a BpeMs
onHoro obopora T=2n/®, NPOXOAAT BIOJbL OCH TPYOKH OMHO
1 TO e paccrosHue L:

L=2, (12.5)

(08
JT0 03HAauaeT, YTO BCE BUHTOBBIE JIHHHH, N0 KOTOPLIM JABHKYTCS
3/eKTPOHbI, NepeceKkalT OCh TPYOKH NpaKTHYeCKH B ONHON M
TOH Ke TOUKe, OTCTOsILIEH Ha paccTosiHue L or nymku. Takas
e (HOKYCHPOBKA TPOHCXOAHT H TI0C/€ COBEPUIEHHS 3JIEKTPO-
HaMmi IBYX, TpeX H T. X. o0OpOTOB, T. €. Ha paccToaHuax 2L, 3L
¥ T. X. OT nywkH. Ecin 110102keHne OTHOH M3 9THX TOUEK COB-
najeT ¢ NMJOCKUCTBIO 3KPaHa, TO MATHO Ha 3KPaHe COXMETCH B
ApKYI0 TOuKy. Pasymeercsi, paccTosiHIe OT 3JeKTPOHHOH Mylll-
KH JI0 3KpaHa OnpefejaeTcs KOHCTPYKUKeR TPYOKH H He H3Me-
H$I€TCS BO BpeMs ONbITa, HO MBI MOXEM H3MEHSTDH I11aTr BHHTOBOH
JUHHU L, perysupysi BeJHUYHHY HIAYKUHE MarHUTHOTO noss B

HJIH YCKOpsiolilee Hanpsixkenne U.

[loacraBnsis cKOpOCTb 3J€KTPOHOB v U3 (12.2) u yrjoByio
CKOpoCTb BpaieHust o, u3 (12.4) B opmyay (12.5), nonyuaem
COOTHOILIEHHE

e &l

‘7 = “E{E?’ . (12.6)
Ec/id npu HEU3MEHHOM YCKOP AIolleM HanpsukeHnu U Mbl 106b-
eMc st POKYCHPOBKH NMy4Ka 3J1eKTPOHOB, NNOCTENEHHO YBeJIHUNBAA
HHAYKUHIO MarHUTHOTO noag B or HyJas, To ¢opmynaa (12.6)
MOKeT ObITb HCMOJIb30BaHA JJIs1 BLIYHCJIEHHS OTHOIIEHHS e/m.
g 3TOoro B NpaBylo YacTb HYXKHO FOACTABHTL 3HaueHust U
u B, npu xoropelx npousoinia GOKyCHpOBKa, a B KauectBe L
B3ATh PACCTOSTHHE OT 3JIEKTPOHHOH NYIWIKH 10 3KpaHa TPYOKII.

Eciiy Tenepb MpOJOJIXKATH YBEJHYWBATL HHAYKUHIO MAar-
HUTHOTO MNOJIfA, TO NATHO Ha 3KpaHe OyleT CHAYaja paciJbi-
BaThCsi, a 3aTe€M CHOBAa COXKMETCSl B SPKYIO TOUKY. ficHo, uTo
Tenepb 3JEKTPOHBI YCNEBAlOT COBEPIUHTL JBa MOJHHIX 060poTa
110 BHHTOBOH JIMHHHM JIO TOTO, KaK MNONajalT Ha skpaH. s
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HaxoxJeHHs e/m B gopmyay (12.6) B kauectse L B 3TOM cay-
 4ae cJeAyeT MOJACTAaBJSTh MOJOBHHY PAcCTOSIHUS OT NMYIUKH J0
3KpaHa.

OTmeTHM, UYTO JNOCTHIHYTasi 3THM METOAOM TOYHOCTb H3Me-
PEHHs1 VAEJBHOTO 3apsila 3JIeKTPOHA COCTaBJSET BEIHUHHY
nopsijka JAecsiTOH J0AH MPOLEHTA.

B nacrositiee Bpemsi siBjeHHe QOKYCHPOBKH MyUYKa 3JEKTPO-
HOB IIPOJOJBHBIM MAarHHUTHBIM 110JIE€M HCIOJb3YeTCsl BO MHOTHX
3JeKTPOHHO-OITHYECKHX NpHbopax.

[lepefineM Tenepb K pacCMOTPEHHIO JABHXKCHHSA 3aps2KEHHOH
YaCTHUEI B [IOCTOSIHHBIX OJHOPOJHBIX B3aHMHO MEPNEHAHKYJIsp-
HBIX (TaK Ha3blBaeMBIX

Ky ’A(y' CKPCIUCHHBIX)  3JIEKTpH-
YeCKOM M MarHHTHOM IO-
E v asax. DByaem cuurars,

— YTO B Haua/bHBIH MOMEHT
YacTHIA MOKOHUTCS.

8 - - Ha mepBwift B3rasjn

/V” z & KameTCsi, uTo [BHKEHHE

! YacTHUL OyAeT BecbMa 3a-

Puc. 12.2. CucTeMbl KoopauHar Aist u3y- ~ MPICJOBATHIM. B camoum

uenisl JBHXKEHHS B CKpelleHHHX moasx. A&J1€, Ha HEINOIBHXHYIO

YACTHILY MarHUTHOE I10J1e

He JeflCTBYeT, HO, KaK TOJBKO NOJ ACHCTBHEM 3/CKTPHUYECKOrO

no/si oHa MpHOOGpPETaeT HEKOTOPYIO CKOPOCTh, TaK HEMeJJIeH-

HO MarHMTHOE moJje Gy/1eT HCKPUBAATh ee TpaekTopHio. OnHa-

KO, HECMOTPSl Ha KaMyIIylCcs CJOXKHOCTb, B JAHHOM cJyuae

yAaeTcsl NOJHOCTBIO HCCJACAOBATh ABHIKEHHE HACTHUPL ¢ 10-
MOLILbIO BeCbMa NPOCTHIX PACCyKICHHH.

Brifepem cucTeMy KoOpAMHAT TakHM 06pa3oM, YTOOH OCh Z
Obljla HamnpaBJeHa BAOJb BEKTOpa MHAYKLUHH MarHUTHOTO IOJIst
B, a ocb y — BIOJb BEKTOPA HANPSIKEHHOCTH 3JIEKTPHUECKOTO
noJst E. Hauaso cicTeMbl KOOpJHHAT MOMECTHM B TY TOUKY, TJ€
B HawyaJ/bHBIfi MOMEHT BPEMEHH MoKouJach yactuua (puc. 12.2).
[lycts Ansi onpeneseHHOCTH 3apsi]i YacTHUBI ¢ MOJOKHTENEH.

Tlpexze Bcero y6eAuMmcsi, U4TO TPAEKTOPHUs NPEICTABMASET
co6oil NJOCKYI KpHBYIO. [lepBOoHayanbHO NOKOMBIICHCS ya-
CTHIIE 3JEKTPHUECKOe MOJe CoobliaeT YCKOpPEHHe H, CJeloBa-
TEeJBHO, CKOPOCTD BJOJE OCH y. [ToCKOIBKY cuJa, AeHCTBYOIas
Ha YacTHILY CO CTOPOHBI MarHUTHOTO NOJS, MEPHEeHAHKYJspHa
KaK HHJYKIHH MoJsl, TAaK ¥ CKOPOCTH YacTHIBI, TO H 3Ta CHJa
TaKzKe JEHCTBYET B IJIOCKOCTH Xy. [IpYTHMH C/I0BaMH, ycKope-
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HHE YaCTHIBI, a CJeoBaTeJbHO, H CKOPOCTb BJOJb OCH 2 paB-
Hbl HYJIIO: YacTHIA HHKOTJ4 He CMOXeT NMOKHHYThb IIJIOCKOCTb
xy. Ho 1 B m10cKocTH xy mepBOHAYaJbHO MOKOUBILASACS 110J0-
JKHTEJBHO 3apsiKeHHas YacTHIIA MOXeT JBHIaTbCsl TOJBKO B
BepxHel nosaymiaockoctH (y2=0). B sToMm npoine Bcero y6eanTh-
Cs H3 HepreTHyeckux coobpaxenuii. B camom nene, mocTosiH-
HOe MarHuTHOe ToJe, JefiCTBYA NepIeHAHKYJSIPHO CKOPOCTH,
paboThl He COBepLIaeT, a MOCTOAHHOE 3JeKTpUYeckoe ToJe mo-
TeHUHaNbHO. B paccmaTpHBaeMOM OJHODOJHOM 3J1€KTPHYECKOM
1oJie TOTeHUHaJbHAsi 3HEeprus 3apsiKeHHOH YacTHUBl 3aBHCUT
TOJBKO OT KOOPJHMHATH Y, H Hallla YaCTHIla, OKa3aBILHCh HUKe
0CH x, HMeJ1a Obl TOJIHYIO SHeprHio 6ObIIYIO, YeM B HAYadbHBIHA
MoMeHT. CaMoe 6oJsiblilee — YacTHIA CMOXKEeT TOJbKO JOHTH 10
OCH X, HO MPH 3TOM CKODOCTb €€ JOJKHa O6paTHTbCS B HYJb.

Uto6bl NpOABHHYTHCA Jajbllié B BBIACHEHHH BONpOCa O
¢opmMe TpaekTopHH, 3a6yaeM Ha BpeMsi O HaYa/JbHHX YCJOBHSIX
H 3ajyMaeMcsi Haj TaKHM BOMPOCOM: MOXeT JIH 3apsiKeHHas
YaCTHIA B CKpPEIIEHHBLIX 3JeKTPHYECKOM M MarHHTHOM NOJAX
IBHTaThCs C MOCTOAHHOM CKOpOCThio? OUeBHIHO, YTO I/ 5TOrO
NoJIHast CHJa, JEeHCTBYIOIAs Ha YacTHIY, AOKHA 6bITh paBHA
HYJI0, T. €. MarHHTHas H 3JeKTPHYECKasd CHJBI JOJ/LKHE ObITh
pPaBHBl MO BeJWYHHE H TIPOTHBOMOJIOXKHBI MO HampabJeHHIo.
DekTpUuecKas CHJa, NEHCTBYIOUAs Ha MOJOMXHTEIbHO 3aps-
JKEHHYIO YacTHIY, Hamnpam/eHa BJOJb OCH Y, CJeI0BaTeJ]bHO,
MarHuTHas JoJ/DKHa ObIThb HampabjeHa B OTpHLATeNbHOM Ha-
npaeJeHuH 310# ocu. Herpyano y6equTbcs, 4To /151 3TOTO CKO-
pOCTb YacTHLH JOXKHa GHTb HampasJ/eHa BIoJb ocH x. Besau-
YHHA CKOPOCTH ONpejeasieTcss H3 COOTHOILUCHHS

gE = quB, (12.7)
OTKyza
-£, (12.8)

TToCKOJMBKY CKOPOCTb YacTHIBI He MOXET MpPEBHILIATh CKOPOCTH
cBeTa B Bakyyme ¢, 10 u3 ¢opmysn (12.8) BuaHO, 4TO ABHXKEHHe
3apSKEHHOH YacTHIbl B CKpEUEHHBIX TOJAX C NMOCTOAHHOMH
CKOPOCTBIO BO3MOXXHO TOJIbKO npH E<IcB. B npoTHBHOM Cay-
yae ycsoBre (12.7) He MOXeT GHITb BBEIITOJHEHO.

PaccMOTpHM MOBeJleHHe YacTHUBI, ABHXKYIIEACA B CKPEIEH=
HBIX TIOJISIX C MOCTOSTHHOM CKOPOCTBIO, C TOYKH 3PEHHST CHCTEMB
oTCyeTa, B KOTOPOH 3Ta yacTHua mnokoutcs (puc. 12.2). Ilo-
CKOJIbKY Takas cHcreMa orcuera K’ IBHXKETCH OTHOCHTENBHO
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Hexoauod cucrembl K paBHOMepHO H MPSIMOJIHMHEHHO, TO OHA
Takxe sBjferca HHepuuanbuoii. [losnnas cuaa (12.1), peit-
CTBYIOILAsl HA MOKOSILYIOCA B 5TOH CHCTEMe OTCYeTa uacTHIY,
JonxKHa ObITh paBHa Hyalo. Ho MarHuTHas CHJa OTCYTCTBYeT,
TaK Kak 4acTHia nokoHtcs. (CnepoBarefibHO, JOIKHA OTCYT-
CTBOBATb M 3/eKTPHYecKast chsia. Ho 3To BO3MOXNKHO, TOABKO
eC/IH HanpsKeHHOCTb 3JeKTpuyeckoro moasi £’ B cucreme K’
paBHa HY.I0.

Taxkum 06pa3oM, MBI NPHXOAMM K BLIBOAY, YTO B CHCTEME
orcuera K', ABHXKYIIEHCS OTHOCHTEABHO HCXOAHON CHCTeMbl K
¢ MOCTOSIHHOM CKOpoCThio v=E/B BJoJb OCH X, IEKTPHYECKOS
I10/i€ OTCYTCTBYET H €CTh TOJIbKO MAarHUTHOe MoJie. ITOT mpHMED
elle pa3 WILIOCTPUPYET OTHOCHTRAbHBII XapaKkTep 3/eKTpo-
MArHUTHOTO [OJIS: HANPSIEHHOCTb 3IeKTPUUECKOro IOJsl H
MIYKIHST MarHiuTHOTO II0AA H3MEHsiOTCSl INIPH MepeXxoie OT
OJHOI HHEPIHAJbHOH CHCTEMBl OTCYeTa K JADYTOH.

Pa3ymeercsi, Mbl MOTJIH IIPHHTH K BBIBOAY 06 OTCYTCTBEH
9AEKTPHYECKOTO 110451 B crcTeme K' M HENOCPeJCTEeHHO € NHO-
Momipio opmysa npeobpasosanns nosei (10.5), ecau ¢ camoro
Haya/jia OrpaHH4YHUTBCS CAyyaeM, KOT1a ABHIKEHHEe YaCTHIB HPOo-
HCXOAUT CO CKOPOCTBIO, MaJOfl 1i0 CPABHEHHIO CO CKOPOCTBID
csera. Bropas us dopmysa (10.5) noxassiBaer, 4to B paccma-
TPHUBAEMOM CJy4ae NPpH v<<¢ UHAYKIHS MarHHUTHOIO NIOJS HPH
nepexose B cucreMy orcueta K' HPaKTHYECKH HE MEHSETCs:
B =B.

Tenepb BO3BpaTHMCA K PacCMOTPEH{IO NePBOHAYA.IBHO I1O-
KOMBLIEIiC B cucreMe oTcyera K 4YacTHIBI H PAacCMOTPHM ee
ABIJKEHIE C TOUKH 3peHHst nabaiofarens B cHcreMe otcuera K,
rl1e ecTb TOJbKO MarHHTHoe noJge. OyeBHAHO, UTO Haya/lbHas
CKOpOCTb 3TOfl YaCTHLBI B cucieMe orcuera K' rampasieHa B
OTpHIATENbHOM HAIIPABJIEHHH OCH X H B COOTBETCTBHH C ¢hop-
mysqoii (12.8) pasna v=E/B. Kak Mbl BHIeIH B IpeaplaylieM
npHMepe, B 0JHOPOJHOM MarHHTHOM I10/1€ 3apsiKeHHas YacTHLA
pasHOMepHO 06paniaercsl 1o OKPY’KHOCTH, €CJIH ee CKOPOCTb
nepHeHAHKYIspHa MarHUTHOMY Nodio. Pajiyc oKpysHocTH R
W yI/I0Basi CKOPOCTb ®, NAIOTCSl COOTHOLICHHSIMH

: B
R=—-, o==". (12.9)
TosoMenue OKPYXHOCTH, IO KOTOPOH [ABHIKETCS 4acTHOA B
~ cucreMe orcuera K', nokasano Ha puc. 12.3. Yacruua ¢ noso-
JKUTEBHBIM 3apsaoM o0pallaeTcs 10 4acoBoll CTpelke,



§ 12. OBMXXEHME 3APSIKEHHBIX YACTHU 281

Hafinem Temepb ABHMKEHHE 4acTHUbl B cucreMe orcuera K.
QueBU/iHO, YTO OHO MOJYYAETCS B PE3YAbTATE CJIOKEHHS PABHO-
MEPHOro JABHMAEHHS TOUKH 10 OKPYKHOCTH H NOCTYHATEJbHOTO
IBUMCHHS 3TOf OKPYAHOCTH CO CKOPOCTbIO U 110 OCH Xx. Jlerko

g

- |0’ 7 ﬂl R &
Puc. 12.3. B cucreve ot- Puc. 12.4. B cucreme or-
cueta K’ 3apfj IBHKETCH cueta K tpaektopusa 3a-

110 OKPYIKHOCTH, . pia — UHMKJIOHJA.

coo0pa3iTb, YTO TOYHO TAK € ABHKETCS Ta TO4Ka 060Aa KO-
Jeca paguyca R, karamerocs Ge3 NpocKadb3blBaHHs MO OCH X,
KOTOpas B HAYAJbHbI{ MOMEHT HaX0[HIAaCh B HAYa/1¢ KOOPAHHAT.
TpaexTopusi TaKOro [BHKEHIIf HOCHT HAa3BaHHE UHKJIOHIHL.
Omna usobpaxena Ha puc, 12.4.

Herpyano moay4itb 3aBHCHMOCTh KOOPAMHAT YacTHUbI OT
BpemeHH. 15 3T0T0 HY:KHO TIPOCTO IIPOKATHUTb» KOJECO H3
HayaJbHOTO MOJOXEeH st Mo ocH x (puc. 12.5) U BoIpasuTh Koop-
JuHaThl HHTepecywolleil Hac TOYkH A yepe3 yroJ I0OBOpOTa
Koaeca ¢=wm.f. [lpn Kayenmuu (€3 MPOCKAAb3bIBAHUA AJHHA
ayra AD pasna paune orpeska 0D, mostomy

x () =R (v —sinwo,),
y (=R (1—cos o),

Fie R 0 o, onpexessorcst dopmytamu (12.9).

IMpubeseHHoe paccMOTpeHye CHPaBENIUBO H JGisl YaCTHUBI C
OTPHLATENbHbIM 3apsiAoM. TakKas YyactHua B MariliTHOM moJe
00pallaeTca MO OKPYKHOCTH IIPOTHB YACOBOH CTDPEJKH, HO
LEHTP OKPYMKHOCTH LepeMelllaeTcs IO-TMpexkHeMYy B Hampab.ie-
HUU ocH x. TpaekTopHsa B 3TOM Ciyuae MIBJSETCH 3€PKallbHbiM
oTpaxeHnHeM B IIOCKOCTH y==0 KpHBO# Ha puc. 12.4.

Taxkum obpasom, Jicbasg yacTuua, HE3aBUCHMO OT ee MacCh!,
BeJIHYHHLI H 3HAKA 3apsja, B CKPELUEHHbIX MOJfX COEepIuaeT
Apeiid B HanpaBJeHUU, MepeHIHKYI9PHOM K Bektopam E u B,
C OHHOH u TOi Ke ckopoctblo v==E/B. Xors stor pe3yJabrar
MOJy4yeH HaMH AJIst MepBOHAYA/IbHO MOKOUBIUSHCS YaCTHUBI, OH
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yMeeT coBepleHHO obuyil xapakTep. B camom nene, ecan uas
CTHLA MMEeeT KAaKYH-TO HauaJbHYI0 CKOPOCTb B IJIOCKOCTH XY,
TO 3TO CKa)eTcsl TOJbKO Ha MOJOXMEHUM LEHTPa M BeJHYHHE
paaMyca OKDYIKHOCTH, 1O KOTOPOH 4YacTHua ofpailaercs B
cucreme orcuera K'. lleHTp 3TO#l OKpYXHOCTH B CHCTeMe OT-
cyera K BO BCeX cJyyasX PaBHOMEPHO aBMxercs (apeiidyer)

y 14
o)y
l N,
(4 \p . \
ol ke z 19, U~
Puc. 12.5. K BoBOIY Puc. 12.6. TpoxounansHas
YPaBHEHHS LHKJIOHJEL TPaeK TOpHS,

c To#l Xe camoii ckopoctblo v=F/B, PesyawTupyioliee ABH-
JKeHue YacTHubl 6YyAeT CKJaAbiBaTbCsl W3 PaBHOMEPHOTO JABH-
JKEHUsl BJIOb OCH X U PABHOMEPHOI' 0 BPAUIEHHA O OKPYXKHOCTH
B MJOCKOCTH xy. TpPaeKTOpHs 3TOrO NBHKEHHS HOCHT HA3BaHHE
Tpoxoujwl. B ofiiem C1yuae 3To He COOTBETCTBYET KaueHuio 6e3
NpocKauab3biBanus. OIMH U3 BO3MOXHBIX THIIOB TPOXOHIb! MO-
KasaH Ha puc, 12.6, B wacTHOM cayuyae TpoxouaanbHas Tpaek-
TOPHSI MOXKET BBIDOAHMTLCA JaXe B NPAMYIO JHHUIO, NapaJlienb-
HYI0 OCH X. Jlerko coo6pasuThb, YTO TaK GYy/IeT, €CaH Haya/bHas
CKOPOCTb YacTHLbI HalpaBJjeHa BAOAb OCH X M paBHa E/B, Tak
KaK MMEeHHO B 3TOM cjydae B cucTeMe orcyera K’ wacTuua ro-
KOWTCA.

B 3akJl04eHye OTMETHM, YTO €CJHM Y HayaJbHOil CKOPOCTH
YacTHUBI €CTb COCTABJSIOLIAS BAOJb MarHUTHOIO noJs (T, e,
BJOJb OCH 2Z), TO Ha yXKe pacCMOTPEHHOE JBHKEHHE HaJIOXKUTCS
elle ¥ paBHOMEDHOe JIBHXKEHUE B 3TOM HanpaBJ/IeHHH,

NEPEMEHHBIA 3JIEKTPHUECKHHA TOK

§ 13. Henu nepemeHHOro Toka. BexkTopHble auarpammbl.
Pe3onauc

®usnyeckue NpolecckH, NPOUCKOASUIYE B UENsX CHHYCOH='
JaJIbHOTO NEPEMEHHOr0 TOKa, NPEACTABJAIT Co60#l BLIHYKICHY
Hble Kos1e6aHYs1, HOJTHBIH aHAIM3 KOTOPBIX CBOAUTCS K PRIIeHHI0
axgpepeHNaIbHEIX YPaBHeHU ¢ NOCTOSIHHBIMH Kos(duiyeHy
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!

"'ramu. Onnako HauGosiee BaXKHbIH [UIsi IPAKTHYECKHMX NpHMeHe-
HUH yCTaHOBHBIUHHACH peXHM TAKHX KoJebGanui, Koraa cober-
BeHHble KosieGaHHs B LEMH YXKe 3aTyXJH, MOXeT GbiTb CTPOro
HCC/I1e[0BaH 3JeMEHTapHBIMH METOJaMH.

Ipexpe BCcero paccMOTPHM MpocTelilnne cJydad, Korjaa
nepeMennoe Hanpsxenue U (f)=U, cos of nonaercs Ha Ha-
TPy3Ky, MNpeAcTaBJsiolylo cobofi anbo 06blYHOE OMHUYEeCcKoe
conpotHBJjeHHe R, juGo eMKocTh C, JHGO MHIYKTHBHOCTDL L.

B ciayuae akTHBHOrO CONPOTHBJAeHHSI R TOK B lenu [
onpese/sieTcsl COOTHOLIEHHEM

1) =" =L,cosof, 1,=2, (13.1)
OTKYJa BHJHO, 4TO B TAKOH LENH He NPOUCXOAHUT cABUra no (ase
Me:KAy HampsiKeHHeM H TOKOM.

B unenu, conep:xarneil To1bKO eMkocTb C, TOK Mpoiile BCEro
HaNTH, BOCNOJb30BABLIHCh TEM, YTO €ro BeJHUYHHA OMpeeJs-
eTcsl CKOpPOCTbIO H3MEHEeHHsl 3apsja KoHieHcatopa: I=dg/dt.
Tak xax ¢g=CU, a eMKOCTb KOHJEHCaTopa MOCTOsSIHHA, TO IJIsi
TOKa moJyuaem

I ({)=—CaU,sinot =Caol,cos (cot—{—%). (13.2)

Takum o6pasom, Tok B IeNH HMeeT CHHYCOMAAJbHLIH Xapakrep
M onepexaer no (paze HanpsizKeHHe Ha u/2:

I(H)=1,cos (wt+%) .

CBsI3H MeXJy aMIIMTYIHbIMH 3HAueHHSIMH [OJaBaeMOro Ha-
npsoxenuss U, 1 Toxka B menu /, MOXHO, KaK BHHO u3 (13.2),
npuaath BHE 3akoHa OMa, eC/IH BBECTH MOHSITHE 3aBUCSLIEro
OT YacTOTHl @ €MKOCTHOrO CONpPOTHUBJIEHHS R:

1

li=-3%, Re=-gr- (13.3)
[osyueHHbI!l pe3y/abTaT MOMHO HAarJISIHO NPOHLIOCTPHPO-
BaTh C NOMOLIbIO IpathlKOB 3aBHCHMOCTH HANpSKEeHHs! H TOKa
oT BpeMeHH (puc. 13.1). B 1e MOMeHTHI BpemenH, Korjaa noja-
BaeMOe HampspKeHHe [OCTHraeT 3KCTPeMayibHBIX 3HAuYeHHH,
3apsiJ Ha KOHJeHcaTope He MeHsieTcsl U, CJeloBaTesbHO, TOK B
neny obpamaercsi B Hy/1b. B Toukax, rje Hampsokende obpa-
1LaeTCsl B Jyab, BEJIHYHHA €ro MEHAETCs Hanbojee OBICTPO H,
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CJ1€10BaTe/]bHO, TOK JOCTHIaeT JKCTPEMasbHbIX 3HauyeHuH.'
Hrak, ¢u3uyeckas npuumHa ciBura no dase oueBHIHA, Be-
JIHYHHA CIBHTa paBHa ®/2, a HANPaBJIEHHE CABUTa (OllepeKenue
WJIH OTCTaBaHue Mo (base) JIETKO YCTAHOBUTb, paccMaTpUBas,
HanpuMmep, NepBYIO YeTBepThb I€PHOJa H3MCHEHH ST HAllP sSKEHH S

Hanpsaxenue yOoBaer, T. €.
i) KOHJIEHCATOp paspsixaercs, He-

]
\ /\ CMOTDSI Ha TO, YTO TOK yBEJIHYH-

7 V ;\/ 7 BAeTCs N0 abCO/OTHOH BEJHYH-

i t { He. ITO BO3MOXKHO, TOJBLKO €C-

bit7] W : | JH HanpsieHHe U TOK HMEIOT
} ! : NPOTHBOINOIOXKHbIE 3HAKH, T. €,

g : \i/ Z rpadHk TOKa JeACTBUTENbHO

1 | HMEET BHI, H300pakeHHbIH Ha

puc. 13.1.

Puc. 13.1. Hanps:kenne H ToK Cnyqaf’i, KOrja CHHYCOH-
B KOHJencartope, JlaJbHOe HanpsiXkeHHe NofaeTcs

Ha HWHAYKTHBHOCTb L, mnipome
BCETO NPOaHaJH3HPOBaTb, CPABHHBAS BHIDAXKEHHA

1=c4l, =L, (13.4)

dt
IlepBas dopmyna npencrabBnser coGOi BbIp aKeHHE 151 TOKA B
TOJbKO YTO PAacCMOTPEHHON Lenu, conep:xkamiein emkocth C.
BTopoe cOOTHOIIEHHE OTPaKaeT TOT (aKT, YTO MOJAHHOE Ha Hil-
JYKTHBHOCTb L cHHycoujanbHoe Hanpsikenne U B Kaxubiil
MOMEHT BPEMEHH KOMIEHCHPYeT BO3HHUKAIOWYI B KaTYHIKe
3JIEKTPOABHIKYLLYIO CHY CAMOHHAYKIHH & =~—L dI/df. Ananus
nepsoro .u3 coorHoweHuit (13.4) npusen k dopmyae (13.2).
CnenoBatesbHo, (DOpMyJia TakKOro ke THOoa Oyler ToJayuyeHa
NPH aHaNH3e BTOpOro u3 coorHoiueHuit (13.4). OHa nonyyaerca
u3 (13.2) samenoit /12U, C—L:

U (t)=Lol,cos ((ot-{— ;) . (13.5)

W3 nepsoro cootnowenus (13.4) caenyer, uto Tok I onepesxaer
HanpsikeHne U Ha m/2; aHANOTMYHO, M3 BTOPOroO CJeAyeT, YTo
B TaKOH LIENH HaNpsKeHUe onepexaer TOK Ha n/2. 3anaBaeMol
BeJIHYHHON fBJsieTcs nojaBaeMoe Hanp szkeHne U ()= U, cos wf,
nostoMy anag toka I u3 (13.5) nonyyaem :

I(t)=1,cos (wt—%) .
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Kak u panblle, cBs3H MeX/y AMIJIHTYHLIMA 3HAYCHHAMH TOKA
H HanpsiKeHHs MOXHO npuaaTh BHJ 3axona Oma, eciH, Boc-
noMb30BaBUIMCH (13.5), BBECTH HHAYKTHBHOE CONPOTHBJICHHE 2 .

Iy==", R,=ol. (13.6)

[losryueHHBI pe3yabTar TakiKe MOKHO IPOHJLTIOCTPIPOBATD C
nomompio rpadukos (puc. 13.2). Ha sepxueM rpadiuke noxa-
3aHa 3aBHCHMOCTb TOKa OT Bpemeni. IHa sTopoMm rpaduxe uso-
GpaxkeHa 3. J. C. CAMOMHAYKUHH. [To/107eHe 3KCTPEMYMOB H
CABHI' 3TOr0 rpacdika OTHOCH- JtE)
TEJABHO IpapHKa TOKA JerkKo on- |
pele/inTb C IOMOLIBIO 3aKota
3JIEKTPOMATHHTHOH HHAYKLUHH H 7
npasuaa Jlenua: &=—L dl/dt.
HeltcTBUTEIBHO, 3. X. C. HH-
AYKUHH ofpaiaercs B Hyab &
B TOYKAxX 3KCTPEMyMa ToKa
H JIOCTHT3€T 3KCTPEMAasbHbIX 4
3HaueHHH B T€ MOMEHTHl, KOrJa
TOK MeHsieTcs1 Haubosee ObicT- L%/
po. B kaxaplii MOMEHT mossp-
HOCTb 3. . C. CaMOHHAYKUHH 4
TaKoBa, YTOOBl MPENATCTBOBATH
H3MEHEHHIO TOKa,— 3THM Cpa-
3y YCTaHABHBAETCs Hanpab.ie- PffC. 13.2. Tox, 5. 1. c. CaMOAH-
o AYKUHH H HanpsyKeHue Ha HHAYK-

HHe CABUTa MO (haze Mexay TO- THBHOCTHL.
KOM H 3. /. C. CAMOHHIYKIHH.
M, HaKoHew, NpPHIOKEHHO® HAMPSIHCHHE H3MEHSIETCS B [POTt-
Boase ¢ 3. . €, CaMOHHAYKLUHH (HEKHI{ rpadux Ha pHc. 13.92).

PaccMorpenne stux npocrefimyx ueneii nokaseiBaer, uto,
38 HCKJIIOYEHHEM C/Iyuyasl aKTHBHOTO COMNPOTHBJCHHA R, ne-
BO3MOXKHO Hanucarb 3akoH OMa /151 1eneil nepeMeHHoro Toxa,
ONpEeAe/IsIoNHA MIHOBEHHOe 3HaueHHe Toka [ (f) B Buge oOT-
HOIICHHSI NIPHJIOKEHHOTO HANMPAMKEHHS K CONPOTHBJCHHIO COOT-
BETCTBYIOLIETO YuYacTKa, BCJEACTBHE TOTO, UTO MEXAY TOKOM H
HANP SXKEHACM CYlMecTByeT CABMT no (ase. Kak mul Bupenw,
3aKoH OMa CrpaBejyiHB TOBKO JUISl aMIHTYIHBIX 3HAYCHHI
TOKa M HamnpsiKeHHs.

Teniepb paccMOTpHM nOC/I€NOBATEAbHYIO LEMb [EPEMEHHOTO
TOKa, COJEPKalLyl0 aKTHBHOE ConpoTHBJeHHE R, emMKkocrh C M
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unayKTuBHOCTh L (puc. 13.3). K a1oii menu npu/oxeHo Hanpsi-
xenue U (H)=U, cos vl,

B nocsenosartenbHOl Lienu NepeMEHHOTO TOKa cHja Toka [
B Kax bl MOMEHT BPEMEHH BO BCeX y4acCTKaX LEeNH OHHAKOBa,
a CyMMa MTHOBelNHbIX 3HAueHWH HanpsiKeHU{l Ha CONMpOTHBJE-
Huu R, eMkoctu C W MHAYKTHBHOCTH L paBHa 3HayeHHIO NpPHU-
JIOKEHHOTO HanpsiKEeHHsT B TOT e MOMEHT BpPEeMEHH:

BOCHOJIbSyeMCﬂ TEM OﬁCTOHTGJIbCTBOM, 4YTO ¢MTIHOBEHHOC

3HaueHue J1060f1 U3MEHSIOmEHcss N0 TapMOHHYECKOMY 3aKOHY
~ BETHUHHBE!I MOXKHO NPEJCTaBUTh KaK Npo-

o & eKIMI0 BEKTOPA Ha HEKOTOpOe 3apaHee
u@) z _L BbIOpAHHOE HANpaB/JCHHE, NPHUEM CaMm

! T BEKTOD PAaBHOMEPHO Bpariaercsi B IJIO-
AN CKOCTH € yYacTtorofi ®, a ero LIu-

Puc. 13.3. IMocsemo- HA paBHa AaMILIMTYAHOMY 3HAuYEHHIO
BaTeibHas Uemb RLC. HCCJAENyeMOH BeJNHUHHBI. C IOMOIIbBIO Ta-~
KOro NpeiCTaBIeHU s HCCAeyeMOoll cxeme

MOXKHO COIIOCTaBUTb BEKTOPHYIO AHATPAaMMY, H306paXKeHHYIO Ha
puc. 13.4, a. Kaxnoil Bequuune: TOKy [, HanpsukeHUsIM Ha
conpoTuBJaeHHH R, emxocty C M HHIYKTHUBHOCTH L — cormo-
CTaBJSIOTCS BEKTOPHI, JJHHA KOTOPLIX paBHAa aMITUTYIHOMY
3HAUEHHIO COOTBETCTBYIOIIEH BeIMYHHBI. Bes cucTeMa BekTo-
POB BpamaeTcss Kak lieoe ¢ YIJI0BOfl CKOPOCTBIO G BOKPYT
oCH, TEePNeHIHKYJISPHOH I