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HPEAUCJIOBUE

Hacrosimee yuebHoe mocoOue HamucaHO Ha OCHOBE MaTepHaiia olmiero kypca «Dusmka»,
YUTAEMOT0 aBTOPOM CTyAeHTaM beropycckoro rocynapcTBEHHOTO YHUBEPCUTETa MH(POPMATHKH U
Panuo3IEKTPOHNUKH, U3YJaIOIMM Kypc (PM3UKU B TE€UEHHE IBYX-TpeX cemecTpoB. ConepxaHue 1o-
coOHsI COOTBETCTBYET JNEHCTBYIOMIEH MporpaMMme Kypca PU3UKH TSl TEXHUIECKUX CIIEIUATBHOCTEH
BY30B.

Ienp mocobust — chopMUPOBaTh y CTYACHTOB JOCTATOYHO HIMPOKYIO TEOPETHUECKYIO TMOJ-
TOTOBKY B 00OMacTH (PM3MKH, HEOOXOJUMYIO Ul OPHEHTAIMH B MOTOKE HAYYHOH M TEXHUYECKOU
nHGOpPMAIMK U UCTIONB30BaHUS 3HAHUU 1O (PU3MKE B TEXHHKE; IaTh TAKOW 00BEM TEOPETHIECKOTO
MaTepHualia, KOTOPBI HEOOXOIUM JIJIsl TIOHUMAHUSI CYTH PacCMaTPUBAEMBIX (DM3UYECKUX SBICHHH,
OTIPENIeNIUB TPAHUIIBI IPUMEHUMOCTH MIPUHIIUTIOB, 3aKOHOB U TEOPHA, U3JI0KUB MPH 3TOM MaTepHall
B HanOoJiee KOMIakTHOU opme. [ToaTomMy B paboTy BKIFOUEHBI OPUTHHAIBHBIC PE3yTbTaThl Hayd-
HBIX MCCIICZIOBaHUH, BBIMIOJHEHHBIX aBTOPOM B paMKax MPOEKTOB beropycckoro pecmyoanKkaHCKo-
ro Gonma GyHIaMEHTATBHBIX HCCIICTIOBAHU.

VYuebHoe mocodue u3gaercs B ABYX 4acTsAx. B mepBoil yacTu paccMOTPEHBI HEPEIATUBUCT-
ckas (HbIOTOHOBCKasl) U PENSITHBUCTCKAsh MEXaHWMKa, BKIIOYAs KoJeOaTeNbHbIC M BOJHOBBIC IPO-
IIECCHI, a TAK)KE MOJIEKYIISIpHas (pU3MKa U TEPMOJANHAMHUKA, HIIEKTPUYECTBO M MArHETU3M.

[Tpu moaroTOBKE MOCOOMS OB IMMOCTABJICHBI CIEAYIOIIHE 3adaUu:

— JIaTh BO3MOXKHOCTH CTYJIEHTaM CaMOCTOSITENIbHO paboTaTh HaJ KypcoM, B TOM YHCIIE MPH
MOJITOTOBKE K MPAKTHYECKUM U JTA00OPATOPHBIM 3aHSATHSIM;

— M03BOJIUTH JIEKTOPY JOTOJHATH MaTepHa, YATAEMbIH Ha JEKIHUIX, HATJSAHBIMEA TTpUMe-
paMH, MPHJIOKEHUSIMHA (PH3MUECKUX 3aKOHOB B Pa3HBIX OOJIACTSIX HAYKH M TEXHHUKH, a TAKXKE pelle-
HUSIMH  KJIACCUYECKUX 3a/ad JUIs OOBSCHEHHWS M WUIIOCTPALUU HU3Yy4aeMbIX TEOPETHYECKHX
MOJIOKEHUH,

— JIOCTUYh MAKCHUMaJbHO BBICOKOTO KaueCTBa MPEACTABICHUS CI0XHO KOHCIIEKTHPYEMBIX
y4eOHBIX MaTepPHaJIOB, HAIPUMEP TPAPHUKOB, WILTFOCTPALIUN U CXEM.

HazBanusi TeM B HacTosimeM MOCOOHH COBMANAIOT C HA3BAaHUSMH JIEKIMOHHBIX 3aHATHNA. B
odopMIIeHHH MaTepHaia MCIOJIb3YeTCsl BhIACICHHE (POPMYIUPOBOK 3aKOHOB, TPUHIUIIOB, (GOopMyI
¥ TEPMUHOB C ITOMOIIBIO TIOAYEPKUBAHUS, PAMOK M IPYTUX THIIOTPAPCKUX CPEICTB, UTO 00JIeryaer
BocnpusaTHe MHpopMaruu. B mocoOrnu 60nbioe YMcao WLTIOCTPAINA, OHO W3 Ha3HAYSHHH KOTO-
PBIX — HarJsIIHOE 00BsACHEHHE (pu3nUecKkux Gopmyn U Moxaenei. KpaTkas u nocrymnnas gopma us-
JIOKEHHSI MaTepuaia, B TOM YHcie (U3UYECKO CyTH M3YydaeMbIX SBIICHHH, MMO3BOJISET HCIIOJIB30-
BaTh MOCOOME MPENOaBaATEIIMU TEXHUYECKUX BY30B. Il OMOTHUTETBHOTO yI0O0CTBa mocobue
COJIEPKHUT MOIPOOHBII MTPEIMETHBIN yKa3aTeb.

ABTOp OnarogapuT AekaHa Guandeckoro ¢axyiabTeTa bpecTcKoro rocy1apcTBEHHOTO YHU-
Bepcuteta M. ‘A. C. Ilymkuna npodeccopa B. A. IlnerroxoBa, mpodeccopa xadenpsl GU3NKu
tBeproro tena BI'Y B. I'. IlenmeneBuua, mpodeccopa kadeapsl ¢usmkn u xumun BIATY
B. M. Jlo6psiackoro, 3aBenyromiero kapeapoi ¢pusuku ¢axynbrera paguo(GU3UKd U 3JIEKTPOHUKH
BI'Y mpodeccopa B. A. CaeunukoBa u nmouenta kadenps ¢usuku BI'YUP B. 1. Myp3zosa 3a
0OCY)KICHHUC PYKOITMCH HACTOSIIIIErO TOCOOWS U CIIeTITaHHBIC 3aMCUaHUsl.
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BBEJAEHHUE

®uznka obpa3yeT (pyHIAMEHT OCHOBHBIX HANpPABICHUH TEXHUKH, TaKUX KakK
PAaIUOTEXHUKA, DJIEKTPOHUKA, JIEKTPOTEXHUKA U DHEPreTUKA, CTPOUTENIbHAS TEXHU-
K4, THAPOTEXHHUKA, CBETOTEXHUKA, 3HAYUTEIIbHASI YaCTh BOEHHON TeXHUKHU. [loaTomMy
MOXXHO YTBEpKIaTh, 4TO (pU3MKA — 3TO (yHIaMEHTaldbHasi OCHOBA MOATOTOBKU HH-
xKeHepa. B3auMocBs3b GU3MKM U TEXHUKHU oueBHIHA. Hanpumep, 6e3 oBnanenus ¢u-
3MYECKUMH 3aKOHAMHU TATOTEHMSI, KOHEUHO, paKeTbl U CIYTHUKH HE yJeTelu Obl B
KOCMOC M YeJOBEYECTBO HE MOJYy4YMI0 Obl MHOTMX HOBBIX JaHHBIX 00 OCHOBax W
NpUHUIHNAX CTpoeHusl BcenmenHou. be3 3HaHUN 3aKOHOMEPHOCTEW B3aWMOIEHCTBUS
YCKOPEHHBIX MOHOB C MOJYNPOBOAHUKAMH HEJb3d ObLIO OBl CO3AaTh OOJNBIIMHCTBO
MOJIYIPOBOJHUKOBBIX TPUOOPOB, MUKPOCXEM U LIEJBIX KOMIIBIOTEPOB. Ycrexu B (u-
3UK€ MOJYITPOBOJAHUKOB COBEPLIMIIM NEPEBOPOT B paguoTexHuke. C 3ameHon paano-
JaMIl Ha MOJIYIIPOBOJIHUKOBBIE IPUOOPHI, a 3aTEM Ha MUKPOCXEMbI U HAHOCTPYKTYP-
HbIE CXEMbI MOBBICUJIACH HAJIC)KHOCTh, CHU3WIIOCH IOTPEOJIEHUE SHEPTHUH.

B cBO0 odepenar KOHCTPYMPOBAHHE MOJYIPOBOJIHHMKOBBIX JIETEKTOPOB DHEP-
MU YacTHll Ha 0a3e MOHHO-UMIUIAHTUPOBAHHBIX KPUCTAJUIOB MO3BOJIUIO OTKPHITH
HOBBIE (PU3MUYECKHE 3aKOHBI U 3(PPEKThI ABUKEHUS U PACCEIHUS] YCKOPEHHBIX YaCTHII
B Kpuctamax. Hanpumep, sapdextsl kaHanupoBaHus, TeHEHl MO3BOJUIN U3YYUTH B
HKCIIEPUMEHTAX MPOCTPAHCTBEHHOE paclpe/IelieHHe JJIEMEHTHOTIO COCTaBa, Ae(EeKTOB
B MOHHO-OOJy4YE€HHBIX KPUCTAJUIAX, a TAK)KE BPEMs JKU3HU siAep U MEXaHU3MBI sJep-
HBIX peakiui. ITO, B CBOIO O4Yepe/ib, 00ECIEUU0 CO3aHIEe COOTBETCTBYIOLIUX TEX-
HOJIOTUH B ITOJYIIPOBOJHUKOBOU IIPOMBIIIEHHOCTH.

KoneuHo, B coBpeMeHHOI (hU3UKE OCTAIOTCS HepelleHHbIe MPo0JIeMbl, HaJl KO-
TOpbIMU paboTatoT pusuku. [lepednciuM HEKOTOPbIE U3 HUX:
— B (hH3MKE TBEPAOIo Tejla — 3TO PelleHre TpoOIeMbl CBEPXIPOBOAUMOCTH MPU
CPaBHHUTEJIBHO BBICOKMX TEMIIEPATYpaX; PEIIAOTCS 3a4a4M MTOJTYyUYECHHS] MAaTEPHUAIIOB C
DKCTPEMAJIBHBIMU CBOMCTBAMH B OTHOLIEHUU MEXAHUYECKON MPOYHOCTH, TEIUIOCTON-
KOCTH, DJIEKTPUYECKHX, MArHUTHBIX, ONTHYECKUX XapaKTepucTuk. Hampumep, B pe-
3yJbTaTe CBEPXOBICTPOM 3aKAJIKHU M3 paclliaBa CO3/AI0TCSI MUKPOCTPYKTYpbI, Xapak-
TEepU3yeMble M3MEIIbYEHUEM 3EPEH, YMEHBIIEHUEM pa3Mepa BbIJEICHUI BTOPhIX (a3,
pacIIMpPEHUEM TPaHULl PACTBOPUMOCTHU B TBEPJIOM COCTOSIHUM M 00pa30BaHUIO MeTa-
CTaOWJIbHBIX KpuUcTauinueckux (a3. Ilomydaembie ObICTpO3aTBEpAECBIINE CIIABBI
LIMPOKO MCIOJIB3YIOTCS JJII MUKPOJIEKTPOHUKH, B a3POKOCMUYECKON U TPAHCIIOPT-
HOW IPOMBIULJIEHHOCTSX;
— B acTpo(u3UKe — COCTOSIHUE MATEPUH MPU OIPOMHBIX MIIOTHOCTSX U JaBJICHU-
X BHYTPU HEUTPOHHBIX 3BE3]] U «YEPHBIX JIBIP»;
- B (u3MKE MIa3Mbl pabOThl UAYT HAJl YIPABIsEMbIM TEPMOSJIEPHBIM CUHTE30M,;
HaJ OOBSICHEHHMEM YCKOPEHHS 3apsUKeHHBIX YacTHIl MPH BCHBIIIKAX CBEPXHOBBIX
3BE3/1, U3IYyYEHHU MyJIbCAPOB U JIp.;
— B KBAHTOBOHM AJICKTPOHMKE — HAJ PEIICHHEM MpoOJeM HEIMHEHHOW ONTHUKHU
IPA CO3JAHHUU JIA3€POB C MEPECTPAUBAEMON YACTOTOW HM3IYyYEHHS, C TOBBIIIEHHON
MOIIHOCTBIO;
— B (pu3MKe 37I€MEHTAPHBIX YaCTHI] — HAJl CO3JaHuEM 00O0OIIIEHHOM TEOPHH.




OTmeTuM, YTO NOAJIMHHAS PEBOJIOLHUS B 3KCIIEPUMEHTAIBHBIX UCCIEAOBAHUIX
pa3uuHbBIX oOJacTeil (Gu3uku (B3aMMOJCHCTBUS 3JEMEHTAPHBIX YACTHIl, (U3UKH
TBEPJIOTO TEJIa, KBAHTOBOW AJICKTPOHUKH, PAIMOACTPOHOMUHM) CBSI3aHA C IIPUMCHEHU-
eM OBM mns 06paboTku mHbOpMaLuu, JUisi MOJAEIUPOBaHUS (DU3UUYECKUX MpoIiec-
coB. OCHOBHOE TpeOOBaHME, MPEABSIBIIEMOE K KOMIBIOTEPHOMY MOJEIMPOBAHUIO,
3aKJII0YAETCS] B COTJIACUU MOJIy4aeMbIX PE3yJIbTaTOB C PEalbHbIM 3KCIEPUMEHTOM U
CYLIECTBYIOLIMMHU TeopusiMu. Hampumep, ucciienoBaHue 31€MEHTHOTO M KOMITO3U-
IIMOHHOTO COCTaBOB OO0pPAa3lOB sIACPHO-(DU3UUECKUM METOJ0M pe3epdhOopaOBCKOrO
00paTHOTO paccesiHus BBIMOJIHSIIOT C UCIOJIb30BAHUEM KOMITBIOTEPHBIX MOIEIUPYIO-
mux nporpamm, Takux kak RUMP (PAMII), GISA (T'13A).

[Iporpamma kypca pusuku crnoco0cTByeT GOPMHUPOBAHUIO Y CTYJEHTOB Hay4Y-
HOTO MHUPOBO33PEHMsI, HA OCHOBE KOTOPOI'O CKJIAJIbIBAIOTCSI OCHOBHBIE IpEACTaBIIe-
HUSL O COBpeMeHHOM (usmueckoil kaptune mupa. Llesp kypca ¢(pu3MkM: n3yueHue
OCHOBHBIX TIOHSITHH, 3aKOHOB, PUHLIUIIOB M TEOPUH KJIACCUYECKOW U KBAaHTOBOM (hu-
3uKku. M3ydyeHne OCHOBHBIX (PU3NYECKHUX SIBJIEHUU U MPOLIECCOB M HUX TPAKTOBKA C
TOYKHU 3PEHHS] COBPEMEHHBIX Hay4HbIX NpejcraBieHui. dopMupoBaHue COBpEMEH-
HOTO (PU3UYECKOr0 MBIIIEHUSI U HAYYHOTO MUPOBO33peHuss. O3HAKOMJIEHUE C METO-
namMu (pU3NYECKUX UCCIEIOBaHUM.

OcHoBHBIE 32124 Kypca QU3HKU:

—  TEOpPETUYECKHU MOATOTOBUTH CTYACHTOB B 00JacCTH (DU3UKHU, BKIIOYAS OCHOBBI
(GU3UKM HA COBPEMEHHOM YPOBHE €€ Pa3BUTHSA, YTOOBI OHM MOTJIM OPUEHTUPOBATHCS
B MIOTOKE HAYYHON U TEXHUUYECKONW MH(POPMALIMKU U MCNOIb30BaTh 3HaHUS MO (PU3UKE
B TEXHHKE;

— O3HAKOMUTh C COBPEMEHHOUN HAay4dHOU anmaparypoi, cOpMHpPOBAaTH HaBBIKU
MpoBeieHNs (PU3UYECKOTO IKCIEPUMEHTA U PEIICHHs] KOHKPETHBIX 3a/1a4 U3 OTHENb-
HbIX paznenoB ¢usuku. ChopmMupoBaTh yMEHUE OLEHUBAHUS CTENEHH JOCTOBEPHO-
CTH pe3yJIbTaTOB, MOJTYYEHHBIX B 9KCIIEPUMEHTAJIbHBIX UM TEOPETUUECKUX HCCIIE0-
BaHUSX.



PA3JEJI 1. ®PUBNYECKHUE OCHOBbI MEXAHUKH
Tema 1. ®u3uka kak gyHaaMeHTAIbHAS HAyKa
1.1. lMpeamet pusuku. Baxueiimue 3Tanbl pa3BuTus GU3NKH

du3nka —3T0 HayKa, U3yyarouias npocTeillire u BMECTe ¢ TeM Haubosee 00-
IIMe CBOMCTBAa M 3aKOHBI JBMKEHHUS OKPYXAIOIIMX HAac OOBEKTOB MaTEPUAIBHOIO
Mupa. Mamepus — 3TO BCe, UTO OKPY’KaeT HaC U YTO Mbl BOCIIPUHUMAEM MPUOOpaMu
WK opraHamMu 4yBCTB. [IOHSATHS PU3HUKHM U ee 3aKOHBI JIe)KAaT B OCHOBE BCETO €CTECT-
Bo3HaHUsA. CI0BO «(hU3MKa» MPOU3OILIO OT TPEUYECKOro ciioBa «PhysSiS» — mpupoa.
Panee B aHTHYHOU KyJIBTYypE dTa HayKa OXBaTbIBajla BCIO COBOKYIHOCTb 3HAHUW O
NpUPOAHBIX siBIeHUX. [1o Mepe nuddepeHmanum 3HaHUH U METOAOB HCCIEA0BA-
HUN U3 HEE BBIIETWINCH OTIEIbHBIE HAYKH, B TOM 4HuCie (pU3nuka B TOM BUJE, B KO-
TOPOM MBI €€ HUCHOJIb3YEM U U3YYaeM.

®du3rka — 3TO TOYHAs SKCHEpUMEHTalbHas Hayka. [Iporecc mo3HaHust mupa
O0eckoHeueH. Hamum 3HaHUS Ha KaXXJIOM CTYNEHHW pa3BUTUS HayKH OOYyCIIOBJIEHBI HMC-
TOPUYECKH JOCTUTHYTBHIM YPOBHEM MO3HAHUS U HE MOTYT CUATATHCS OKOHYATEIbHBbI-
MU, NOJHBIMH. OHU SIBISIIOTCS OTHOCUTENIBHBIMU 3HAHUSIMU, T.€. HY)K/IAIOTCS B Jajib-
HEWILIEM pa3BUTHUH, B JaJbHEHIIEH IPOBEPKE U YTOUYHEHUU. BMecTe ¢ TeM Besikas Ha-
YUHasl TEOPUSI COJNEPKHUT JIEMEHThl aOCOITHOTO, T.€. MOJHOIO 3HaHUS, O3HAYaeT
CTYINIEHb B MO3HAHUM O0BEKTUBHOrO Mupa. Hampumep, pa3BuTHe HaAYKH YCTAaHOBHUIIO
npenesibl, B KOTOPhIX CIpaBeiMBa HBIOTOHOBCKas MexaHuKa. B HacTosiee Bpems
HBIOTOHOBCKAsI MEXaHMKA SIBJISIETCS COCTABHOM YacThio (PM3MUECKON HayKH B LIEJIOM.

Heckonpko c10B 0 B3aMMOCBSI3U M B3aMMOOTHOIIEHUAX (PU3UKH € APYTUMHU
pa3zejamMu ectrecTBO3HaHus. [ BceX Hayk ecTecTBO3HAHUS (aCTpOHOMUU, OUOIIO-
T'MU, XUMUU U T.J1.) OOIIMM HAyYHBIM SI3bIKOM SIBJISICTCS HayKa MaTeMaTuka. B3aumo-
MPOHUKHOBEHUE HAYK TaKOBO, YTO, HAIIPUMEP, CETOJIHS CaMOCTOSTEIbHO Pa3BUBAIOT-
cs ¥ pusndeckas xumus (TepmuH BBen JlIomoHocoB B 1752 1.), u 6modusuka (1961r.) —
paszien HayKH, MOCBSIIEHHbIA U3YyYEHUI0 (PU3NYECKUX U (PU3UKO-XMMHYECKUX SIBJIe-
HUN B OMOJIOTMYECKUX 00beKTax. Pu3nyeckass XMMuUsl BKIIOYAET TaKUe pa3felnbl, Kak
KBaHTOBAsI XUMMUS, QU3UKO-XUMUYECKAsT MEXAHHUKA, FIEKTPOXUMUSA U T.J., OOBACHIS
XUMHUYECKHUE SIBICHUS U YCTaHABIIMBAs UX OOLIME 3aKOHOMEPHOCTH HAa OCHOBE IPHH-
IUIOB (PU3HKHU C UCIIOJIb30BaHUEM (PU3UUECKUX IKCIEPUMEHTAIBHBIX METO/IOB.

du3uKa noApasAeNaeTcs Ha psii B3aUMOCBS3aHHBIX pa3nenoB. [lo nzyyaembim
00BEKTaM BBIIEISAIOT (PU3MKY TBEPABIX, )KUIKUX M Ta3000pa3HbIX Tel, (GU3UKY dJie-
MEHTapHBIX YacTUI U (PU3NYECKUX MOJIeH, PU3UKY sipa, GU3UKY aTOMOB U MOJIEKYII,
¢u3uky mnasmsl. Jpyroit kputepuilt — uzydaemoie (HOpPMBbI WM MPOLECCHl JBUKEHUS
Marepuu. PaccMaTpuBaroT MeXaHUYECKOE JIBUIKEHHE, TEIIOBbIE MPOLIECCHI, IEKTPO-
MarHuTHbBIE SIBJI€HUS, TPABUTALIMOHHbBIE, CUJIbHBIE U clla0ble B3auMojielicTBus. Boiae-
JSI0T MEXaHUKY MaTepHAIbHBIX TOYEK M TBEPABIX TEJ, MEXAHHMKY CIUIOLIHBIX Cpe],
TEPMOJIMHAMHUKY, CTATUCTHYCCKYIO (U3UKY, IJICKTPOIUHAMHKY (BKIIOYAs ONTHKY),
TEOPHUIO TATOTEHUS, KBAHTOBYIO MEXaHUKY M KBAHTOBYIO TEOPHIO MOJIS.

OTmeTuM, 4TO HayKa MEXaHUKa 3apoAWIach B 3MOXY IPEKO-PUMCKOMN KyJbTY-



pbl OKOJIO 5 B. 10 H.3. OnHako mepBas QyHIaMeHTaldbHas (uU3MUYEcKas Teopus —
Kjlaccuyeckas Mexanuka HproToHa — Obla coznana nuuib B 17 B. C nosiBneHueM me-
xaHuKu HploTOHa OBUTO MOKAa3aHO, YTO 3a/Jada HAyKH 3aKJII0YaeTcsl B OTHICKAaHHUH
HanOoJiee 00X KOJMYECTBEHHO (POPMYIUPYEMBIX 3aKOHOB TPUPOIBI.

Tema 2. J1eMeHTHI KHHEMATHKH MAaTePUAJbHOI TOYKH M TBEPAOro Tejia
2.1. MaTepuajbHas TOYKa. AOCOJTIOTHO TBepAOe TeJ10

Mexanuka — 310 001acTh (PU3MKH, KOTOpas U3y4aeT 3aKOHOMEPHOCTH Mexa-
HUYECKOTO ABMKEHUS U IPUUMHBI, BbI3BIBAIOLIUE WM U3MEHSIOIINE 3TO IBUKCHHE.

Mexanuueckoe O0sudrcenue — 3T0 U3MEHEHHUE B3aMMHOTO PACIOJIOKEHUS Tel
WM MX YacTeH B MPOCTPAHCTBE C TEUEHUEM BPEMEHH.

B HepenstuBHcTCKON (HBIOTOHOBCKON) MEXaHHUKE pacCMaTPHUBAIOT MEXaHUYE-
CKHE JIBH)KEHHSI MAKPOCKOIMUYECKUX TEJ CO CKOPOCTAMH, BO MHOI'O pa3 MEHbUIUMU
CKOPOCTH cBeTa B BakyyMe. [Ipu 3TOM BBIAEISIOT ClAEAYIOLINE pa3aebl:

1. kunemamuky, KoTOpas U3ydaeT JBUKEHUE TeJl, HE paccMaTpHuBas MPUYH-
HbI, BbI3BIBAIOIINE 3TO JBH)KCHHUE;

2. OuHamuky, KOTOpas HU3y4yaeT 3aKOHbI JBUKECHHS TeJl W MPHUYUHBI, BBI3bI-
BAaIOILIME UM U3MEHSIIOIINE 3TO JBUKEHUE.

MexaHuKka 111 ONMCaHUs IBHXKEHUSI TE B 3aBUCUMOCTHU OT YCJIOBHI KOHKpET-
HBIX 33/1a4 UCIOJIb3YET CIEeAYIOLIME YIPOIIEHHbIe (PU3NYECKUE MOEIIN

a MarepuanbHas Touka (uacmuya) — 5TO TEJNO, pa3MepamMH KOTOPOTO B
YCIIOBUAX JIaHHOM 3371a4id MOKHO npeHeopedb. OTHO U TO K€ TeNO B pa3IuyHbIX yC-
JIOBUSIX MJTM MOXKET CUUTATHCS MAaTepUalbHOM TOUKOM, I HET.

b. AGcosil0THO TBepOe TeJIo — 3TO Telo, AeopMalueii KOTOporo Mo JAeu-
CTBUEM MPUIOKEHHBIX CHUJI B YCIOBHUSIX JaHHOW 3aJaud MOXHO npeHeOpeusb. [lpu
ATOM PACCTOSIHUE MEXAY JHOOBIMH IBYMsI TOUKaMH 3TOTO TeJa B IPOLECCE JBUKEHUS
HE MEHSETCH.

C. AOCOJIOTHO YIpyroe TeJ0 — 3TO TEJNO, KOTOPOE IOCiE MpEeKpalleHHs
BHEIIHEr0 CUJIOBOIO BO3/EMCTBUS MOJHOCTHIO BOCCTAHABIMBAET CBOM MEPBOHAYANb-
HbIE pa3Mepbl U GopMmy.

d. AOCOITHO HEyNpyroe TeJa0 — 3TO TEJO, TMOJHOCTHIO COXpAHSIIONIEEe Jie-
(bopMHPOBAHHOE COCTOSIHUE MOCIIE MPEKPALIEHUS JEHCTBUS BHEITHUX CHIL.

2.2. Cuctema orcueTa. BekTopHbie BeJJMYHHBI H ONEPALIMHU ¢ BEKTOPAMH.
Kunematuka Touku. Ilyrs. Ilepememenne

OnpenenHM, 4TO HYXHO 3HATh JJIs1 OIMMUCAHUA ABWKCHUA IMTPCIMCTOB B KHHCMA-
THKC. Hpem(e BCEro JIro0oe HU3MCPCHUC TTPOU3ZBOAUTCA OTHOCUTCIBHO KaKOIro-TO TC-
Jla OTCUYCTAa, T.C. C 3aJaHUA MMOJOKCHHA TOYKH B IIPOCTPAHCTBE. Tenom omcuema Ha-
3bIBACTCA IMMPOU3BOJIBHO BBI6paHHOG a0COIIOTHO TBEPAOC TCJIO, OTHOCHUTCIBHO KOTO-
poro onpeacaiaCTCA MOJOXKCHHUC OCTAJIbHBIX TCII.



Cucrema orcyera — 3TO COBOKYITHOCTb T€Jla OTCYETAa U CUCTEMBI IIPOCTPAHCT-
BEHHBIX KOOPAMHAT, )K€CTKO CBA3aHHOM C TEJIOM OTCYEeTa U CHAOKEHHOM YacaMH.

TeoMeTpuuecKHii BEKTOP & — 3TO HANPABJICHHBIH OTPE30K B IPOCTPAHCTBE.
JlnuHa BEKTOpa @ HA3BIBAETCS €r0 MOIYIeM U 0603HaYaeTcs |<"3] °a.

Haubonee yacto ynotpedisercs JekapToBa CUCTEMAa KOOPAUHAT, OPTOHOPMH-

ZA pOBaHHBIN 0a3uC KOTOPOH 00pa3oBaH TpeMs €au-
7l HUYHBIMU 110 MOJYJIIO M B3aUMHO OPTOTOHAJIbHbI-

o
o M(X, Y, 2) MH BEKTOpamH i, |,K, IpOBeICHHBIMU M3 Hayaya

! koopauHat, puc. 2.1. [lonoxeHue npoM3BOJILHOU
i 1
TOYKM M XapaKTepuzyeTcs paouyc-eekmopom I ,
- COEIMHSIOINM Havyano koopauHaT O ¢ TOUKou M:

x S “W F=xi+yj+zk, [[|=r=2+y2+2,
rme X=rcosa, y=rcosb, z=rcosg. Bemnun-
Puc. 2.1. TlTonoxeHue TOUKu
B IEKapTOBOIt cucTeme koopmurar  HPI X Y, Z HA3BIBAKOTCA MPAMOYTOJIbHBIMH JICKAPTO-
BBIMU KOOPJIMHATAMHU BEKTOpa I .
Kpome Toro B MexaHUKE HUCIONB3YIOTCA cepuiecKas U HMIHHIPHIECKAas CHC-
TEMBI KOOPJIMHAT, a TaKXKe JIPYrue KpUBOJIMHEHHBIE CHCTEMbI KOOPINHAT.
CkanapHnole 6enuuUHbl XAPAKTEPUIYIOTCS TONBKO YHUCICHHBIM 3HaYeHUEM
(Bpemsi, Temrieparypa u T.J).
[lepeuncnuM cienyronme onepanuu ¢ BEKTOpamu:

roor ORI
1. Croxennie BeKTOpoB: a +b =C, npw atom |a| +‘b‘ 3 |C|

PacemoTpuM ananumuueckuii MeTon CIOXKEHHUS
BEKTOPOB, HANPUMEpP CKOPOCTH u'i (i =1, 2), puc. 2.2.
Kak u3BecTHO, BEKTOPBHI, JIKAIIUE B IJIOCKOCTH, MOYKHO

O Uix x Pas3IokKHUTh Ha cocTaBisone (KOMIOHEHTHI). [loaToMy B
Puc. 2.2. TIpesicraBnenne OPSIMOYTOJIBHOM  JIEKAPTOBOW CUCTEME KOOPAMHAT B
BEKTOPA di B IeKapToOBOH  IJIOCKOCTHM  KaXIblii BEKTOpP MOYHO  OJHO3HAYHO

CHCTEME KOOpAUHAT IIpCACTaBUTh B BUJIC

1 1 1
U; =Uj +U;y,
I o '
rae Uy, =Upyl; Uy =U,, | ; npoekuun Ha ocu X i Y ONpEIensroTcs COOTBETCTBEHHO
> . o 1
KaK U, SU;C0S , Uy, =U;SiNj ; yrom ¢ — yroi, KOTOpbIi COCTABIsET BEKTOP U; ¢
r — — 2 2 T uiy
ochio X. Tlpu stom Uj| =u; = ,Juj, +u;y , tgj =—.
uix
Toraa npu cI0kKeHUH BEKTOPOB CKOPOCTH HOTydaeM
o1 rT I I ) '
ul +u2 = (ulx +u2x) + (uly +u2y) = (ulx +u2x)| + (uly +u2y)] .
AHANIOrMYHO ONpeENsAeTCs CIOKEHHE BEKTOPOB B CIydae TPEXMEPHOTO IPOCTPAHCTBA.
2. CkansgpHoe IpoM3BeJeHHE JBYX BEKTOPOB ECTh UUCIIO, PABHOE

G or
(a,b) =[] ﬁb‘ xcos(a,b) =abcosa =a,b, +ab, +a,b,,




1
1
rae o — yroi Mexay BekTopamu a u b . CkamspHoe mpousBeneHue 0003HAYAETCS
r 1 1
Takxe cuMmBoJiamu ab, ab.

1
1 1
3. BekTopHBIM mpou3BeAeHHEM BEKTOpOB & U b Ha3piBaeTcs BekTOop C,
VMMEIOLINM UIMHY, PABHYIO IIPOU3BEACHUIO UIMH ITUX BEKTOPOB HA CHUHYC yIJIa MEX-
1

ny HUMH C=absinj , ¥ HalpaBleHHEIH MEepIEHANKYIAPHO K a U b, kak mokasaHo

Ha puc. 2.3, B COOTBETCTBUU C HPAGUIOM NPABOUl PYKU: TIPABYIO PYKY HANPaBISIOT
1
BJIOJIb TIEPBOHAYATILHOTO BEKTOpa & TakKuM 00pa3oM, 4ToObl, Crudasi maiblibl, MOXKHO
1

ObUTO HampaBUTh WX BAOJb BekTOpa b . bonbmioii manen mpaBoii pyku OyaeT moka-
= 1

3bIBAaTh HAIIPABJICHUEC BEKTOpaA C.
r_.r r.
Oo6o3nauenne. C=[a,b]=a

CUCTCMC KOOpAHUHAT
r
|

1
b. B aexaproBoii

r
k
a-| =

v
J
ay

r
[4,b] =|ay
b, b

y b,
Puc. 2.3. HaripaBnenue

r r r
BEKTOpa E:[5 llj] = (aybz - azby)i N (axbz h asz)j +(axby - aybx)k-

Kunemamuueckuii 3axkon 0gudicenus — 310 GYHKUMS, BbIpaXkaroas MoJjioxe-

HUE TOYKH B JIFOOOH MOMEHT BPEMEHH:
r=r(t). (2.1)

VpaBuenue (2.1) sBasiercss BEKTOpHOU (HOpMO¥ 3akoHa. J[BMKeHHE MaTepUaIbHOU
TOYKH TOJHOCTBIO OINpPEAENIEHO, €CIU KOOPAUHATH MaTEpUAIbHOM TOYKU 3aJaHbl B
3aBUCUMOCTH OT BPEMEHHU:

x=x(t), y=y(), z=2z(1). (2.2)
Ot ypaBHeHUs (2.2) HA3BIBAKOTCS KUHEMAMUUECKUMU YPAGHEHUAMU OBUNCCHU
MaTepralbHON TOYKH. OHU SKBHBAJICHTHBI BEKTOPHOMY ypaBHeHuto (2.1).

TpaekTopusi — 5T0 KpUBas, KOTOPYIO OMMCHIBAeT pammyc-Bektop [ (t) koop-
JMHAT MaTepUaIbHOM TOUKH (WU Tea) ¢ TeYCHUEM BpeMeHH, puc. 2.4,

JIIMHOM NMyTH S TOYKM Ha3bIBACTCs [JIMHA Yy4YacTKa
TPAeKTOPUH, IIPOMAECHHOIO dTOW TOYKOW 3a paccMarpuBae-
MBIl IPOMEXKYTOK BpeMmeHH, puc 2.4. J[nmuHa myTd — 3TO
ckajsipHas (QyHKUHS BPEMEHH.

BekTop mepememennst Df =T - Po — 3TO BEKTOp,

[IPOBEICHHBI M3 HAYaJIbHOI'O IIOJIOKEHHUS JBHXKYILEUCS
Prc. 2.4. TpaexTopus TOYKH B IOJIOKCHHE €€ B JIAHHBI MOMEHT BpeMeHHU (IpH-
HaCTHNbL. B HAYANLHBIE  payeppe  pasMyc-BeKTOpa TOYKM 33  PaccMaTpHBACMBIN

MOMEHT BpEMCEHH HacTiId i omesxyTok B eMeHH), cM. puc. 2.4
HAXOJUTCS B TOUKE A, p YTOK Bp y CM. pUC. £.4.

1 1 1 1 1
TI0JIOKEHHE KOTOpPOii Dr =r- 1o =r(t)- r(t)-
onpenensiercst panuyc- B npegene Dt® O Moynb IE€MEHTapHOTO MEPEMEIICHHS
1
BEKTOPOM fg paseH slemMeHTapHOMY myTH: |dr | = dS.

I[JISI YCTAaHOBJICHUA KOJINMYCCTBCHHBIX COOTHOIIICHUM MCIKOY (I)I/ISI/I‘IGCKI/IMI/I BC-
JIMdnHaMHu HX H€O6XOI[I/IMO CpaBHUBAaThb C COOTBCTCTBYIOIMMU OSTaJIOHAMM.



Mescoynapoonas cucmema eounuy, oooznadaemasi cumposiom CU (Sl), — ato yHu-
BepcalbHas CHCTeMa €IWHUI] (PU3NYECKUX BEIMYMH, OXBATHIBAIOMIAS BCE OTPACIH
HAayKd M TeXHUKH. [[03TOMY B JanbHEHIIEM MPU BBHIMOJHEHUU PACUCTOB 3HAUYCHUS
BenuurH OyneM BoipaxaTh B enuaMax CU. OcHoBuble equuuiel CU: qmHa myTH
u3MepsieTcs B Mmetpax (M), Macca — B KHJlorpaMmax (Kr), BpeMs — B CeKyHaax (C) U T.I.

2.3. CxopocTh 4 ycKkopeHue. BolunciieHue npoiiieHHOro nyTu

B ¢usuke BaxHelel KUHEMATHYECKON XapaKTEPUCTUKON JBUKEHUS SIBISET-
cst ckopocThb. CKOPOCTB — 3TO BEKTOpHAas (PU3MYECKasi BEJIMUMHA, KOTOPas Onpeess-
€T KaK ObICTPOTY JBUKEHHUS, TAK U €r0 HAlpaBJIEHUE B JAHHBIII MOMEHT BPEMEHH.

BekTopoMm cpenHeit ckopocTH 3a UHTEepBai BpemMeHu Dt Ha3piBaeTcs OTHOIIIE-
HiIe TIpuparesus Dr panuyc-BEKTOpa TOUKH K MPOMEKYTKY BPEMEHH Dt :

=2 (2.3)
Dt
HanpasieHue BEeKTOpa CpeJiHeli CKOPOCTH COBIAAeT ¢ HaNpapieHneM Dr .

Mznogennasa ckopocmp MaTepUALHON TOUKHU — 3TO CPEAHSS CKOPOCTh 3a Oec-
KOHEYHO MaJIbIi MHTEPBAJ BPEMEHH, ONpeaeisieMas Kak BEKTOpHAsl BEJIMYMHA, PaB-
Has TIEPBOI IPON3BOIHOM MO BPEMEHHU OT PagHyc-BeKTOpa I paccMaTpPUBAEMON TOUKIL:

= tim 2029 (2.4)

BexTop MIrHOBEHHOW CKOPOCTHM HAIIPABJIEH II0 KAaCATEJIbHOM K TPACKTOPUU B
CTOPOHY JBMXKCHHS. MOJYJIh MIHOBEHHOW CKOPOCTH (CKaspHasl BEIMYMHA) PABCH
[IEpBOW IIPOU3BOJHOM ITyTHU 110 BPEMEHU

r

r r Dr%lim§=”m E:ﬁ: , (25)

r . Dr . .
u=p|=|lim — =|lim —x—=|lim —
oeoDt| |[xeoDs Dt| |D@oDs| |x®oDt| Do Dt dt
r7e S—IIyTh, IPOWUIECHHBIN B10Jb TPACKTOPHH.
Exununa cxopoctrt B CU — Mmetp B cekynay (m/c).
IIpoeKknun CKOPOCTH Uy, Dy U D; HA OCU IPAMOYIOJIBHBIX JEKAPTOBBIX KOOPIH-
HaT paBHbI IIEPBBIM IIPOU3BOJHBIM II0 BPEMEHU OT COOTBETCTBYIOIIUX KOOPAUHAT

JNBWKYILEUCS TOYKHU:

uy=% u,=¥ u,=%,
1 1 1
MIOCKOJIbKY BEKTOPHI 1, |, K He u3MeHnstoTes mo BpeMeHu. Mo/Iyiib BEKTOpa CKOPOCTH

— 2 2 2
u=.uy+u;+u;.

[Ipu Hepasnomepnom deurcenuu Monyiib MTHOBEHHON CKOPOCTH C TEYEHHEM
BpeMeHH u3MeHsieTcs. [lo3ToMy BBOMISIT CJIENYIONIYIO CKATISIPHYIO BETUUUHY.

Cpeonsisi ckopocmv HepasHOMEPHO20 Osudicenus (CpeoHsas nymeeas CKo-
pocmb) — 3TO IPOIMICHHOE TEJIOM PACCTOSIHKE S, ICIICHHOE Ha BPeMsl, 3aTPauyeHHOE Ha
MIPOXOXKACHUE ITOTO PACCTOSTHUS .

u :<u>:§. (2.5a)

onpeeNsieTcsl Kak

p



JInvHa myTH S, MPOMJIEHHOIO TOYKOM 3a MPOMEXKYTOK BpeMeHH OT {3 1o tp, 3a-
JaeTCsl MHTErPaJIOM, KaK cienyer u3 ypaBaenus (2.5):
t2
ds=udt u noatomy S= ¢y (t)dt. (2.6)
i1
B 3aBrcuMOCTH OT (DOPMBI TPACKTOPUH PA3THYAIOT MPIMOJIMHEHHOE U KPUBO-
JUHEWHOE IBIKECHUS TOYKU. ECITH TpaeKTOpHs TOUKH JIC)KHUT B OJHOMN TIOCKOCTH, T.€.
IUIOCKast KPUBasi, TO JBMYKCHHUE TOUKH HA3BIBAIOT IIOCKHM.
JIBIOKEHHE TOYKH HA3bIBACTCS PAGHOMEPHBIM, CIIH TOYKA B JIFOOBIC paBHBIC
MPOMEXYTKHA BPEMEHHU TPOXOJUT PaBHbIC paccTOsHUsA. [Ipu 3TOM MOAYab CKOPOCTH
TOYKM HE M3MEHAETCSA C TEUYEHHWEM BpeMeHu: U, =U. JlnuHa myTw,; NpoHIeHHOro

PaBHOMEPHO JBUXKYILEHUCS TOUKOH, SIBISETCSA TUHEHHON QYyHKIMEH BpeMEeHU:
t
s=ugdt=u(t,-t). (2.7)
t

Ecam monynb CKOpOCTH yBEIMYHMBAETCS C TEUEHHUEM BPEMEHH, TO JBHKCHHUE
Ha3bIBAE€TCA YCKOPEHHBIM, €CJIM K€ OH YOBIBAET C TEYEHHEM BPEMEHH, TO JIBHIKEHHE
Ha3bIBAETCS 3aMEJITICHHBIM.

Yckopenue — 310 BeKTOpHas (u3nuecKas BEIMYMHA, XapaKTepHU3yrollas W3-
MEHEHHE CKOPOCTH JBIDKYIIeHica Touku U .

Mcznosennoe yckopenue MaTepUalbHOM TOYKM — DTO BEKTOPHAs BEJIMYMHA,

omnpeaesieMas Kak I3AMCHECHME CKOPOCTH B €AMHUIY BDCMCHHU.
1 1

L= jim DT E (2.8)

CJICIIOB&TCHBHO, MTI'HOBCHHOC YCKOPCEHHE TOYKHW — BCKTOpHAaA BCIIMYMWHA, paBHAA BTO-

pOM IIPOU3BOAHOM 10 BPEMEHU OT €€ paJguycC-BEKTOpa.
I

rdr i
a=— =, 2.9
dt? (29)
Emunnua yckoperus 8 CH — MeTp Ha cexyHy B kBagpate (m/c?).
Hcnonb3ys popmynsr (2.8) u (2.9), momydaem, uro
r r re d2x r d2y r d2z r
r:i@x’ +Q><' +% Q:d X>1' +d yxj +d Z><k:
diédt dt "ot g dt?  dt? dt?
r r
=ayl +ay ] +azk, (2.10)
T1I€ @, &y U A; — IPOEKLIUU BEKTOpPA YCKOPEHUsS HA KOOpJAUHATHBIE OcH X, Y U Z COOT-
BETCTBEHHO. MO/Iy/Th BEKTOpa YCKOPEHUs Oy/IeT paBeH

a=,a; +a, +a’. (2.11)

r v
[Tockoabky a(t) :i—l:, TO MO’KHO 3amucaTh, uro du =a(t)dt. Torma kunema-

muyecKuil 3aKOH U3MEHEHU CKopocmu 6YIIGT HUMETH BU/
I T
u = cp(t)dt. (2.12)
CJIGIIOB&TGJ'IBHO, IIPOCKNUHN BEKTOPA CKOPOCTH Uy, Uy U Uz OIPCACIIAIOTCA KaK

Uy = ax(t)dt, uy, =gy (tdt, u, = g, (t)dt.



2.4. TanreHMAJbHOE M1 HOPMAJIbHOE YCKOPEHUS

PaccmoTpum 00muid ciiyyail I0CKOTO KPUBOJWHEWHOIO JIBMYKEHHS] — CHUTYa-
L[MI0, KOTJa MaTepHalibHasi TOYKa JIBHXKETCSI IO MPOU3BOJIBHOM TPAeKTOPUU B ILIOC-
KOCTU. TpaeKTopuio MOXHO pa3OUTh HA TAKUE OTPE3KHU, YTO KaXKJIbII OTPE30K TpaeK-
Topuu OyAeT coBNaaaTh C Ayroil OKPY>KHOCTHU C LEHTPOM B HEKOTOpol Touke 0. OTy
TOYKY Ha3bIBAIOT UeHmpom Kpueusznwt Tpackropuu (puc. 2.5), a paauyc R cooTBeT-
CTBYIOUIEH OKPY)XHOCTH — pAOUyCcOM KPUBU3HbBL MPAeKmopuu B TOU KE TOUYKE
(R=AO, cMm. puc. 2.5). Harmpumep, Uil OKPY>KHOCTH painyc KpUBH3HBI R mocTosi-
HeH. [[ns npsamoit nmuann R =% . JIns npounx KpUBBIX 3HAYEHMS pajuyca KPUBU3HBI
MEHSAIOTCS] OT TOUYKHU K TOUKE.

BekTop yckopeHHus a NPUHATO PACKNA/BIBATL HA JIBE
COCTaBJISIOIINE — KACATENBHYIO at (B10J1b BEKTOpA CKOpOCTI/I

U 1O KacaTeJbHOW K TPaeKTOPUHU) M HOPMAIBHYIO an (B
NEePIEHINKYIIIPHOM HAINPaBJICHUH), CM. pHC. 2.5:

a=4§ +a,,a=ya’+a?, (2.13)

rie é[ =a t: én =a, n: a, — TaHTeHIHAJIbHOE yCKope-

Puc. 2.5. KoMnoHeHTHI _
BexTopa yekopenus 4 HH€; &, — HOPMa/IbHOE (uenmpocmpemumenvhoe) ycko-

mpu JIBIKEHHH YacTHll - peHue. Ilpu stom @ =acos) , a,=asnj , tgj =a,/a ,
10 MPOU3BOJIBHOMN

) o 4!
cM. puc. 2.5. EnNuHUYHbBIA 6ekmop kacamenvnou t Hampas-
TPAeKTOpUU

JIEH MO KacaTeJIbHOM K TpaeKkTopuu B TOuke 4 B CTOpOHY
JIBUKEHUS TOUKH, €IUHUYHBIA 6eKmop arlaeuou nopmanu N
K TPaeKTOPHH B TOUKe A HATpaBlieH K IeHTpy KpuBu3HEL. Optel t u N Bcerma mep-
MEHIMKYISPHBI IPYT APYTY-

TanreHuuanpHoOE at U HOpPMaJbHOE an YCKOPEHUS XapaKTepU3yIOT COOTBET-
CTBEHHO M3MCHEHHE CKOPOCTH MO BelWYMHE (II0 MOIYJI0) U U3MEHEHUE HalpaBJe-
HUS1 BEKTOpPa CKOPOCTU TOYKH:

(2.13a)

I[BI/I)KGHI/IG TOYKHW HA3LIBACTCS paeHonepemernnbim, CCJIN Ipu 3TOM IBUKCHUU
TAHICCHIUAJIBHOC YCKOPCHUC at TOYKHM IIOCTOSSHHO. B ClIyda€ pPaBHOYCKOPCHHOI'O

nBmkeHus @ = const > 0. [Ipu paBHO3aMeJIEHHOM IBHXEHUH 8, = const < 0.

Paccmotpum crenyronme 4acTHble BUJIbI IBUKCHMUSL:

1) npsamonuueiiHOe paBHOMepHOe nBkenne a=0: a, =0, a,=0;

2) paBHOMEpHOE JIBIDKEHHE 10 OKPYKHOCTH, KOT/Ia BEJTMYMHA MOJYJISI CKOPO-
CTU coxpaHsieTcs B 10001 MomeHT Bpemenu: 8, =0, a =a=const=u ? / R;

3) HpHMOHI/IHeI/IHoe paBHONIEpeMEeHHOe ABMkeHue, R=% . B »stoM ciyuae
a[ =a= const, ah =0.



2.5. KunemaTnka TBeporo rejaa

Pa3nuyatorT mATH BHIOB ABIDKEHHs TBepAoro tena: 1) mocrtymarenbHoe; 2)
BpallleHue BOKPYT HETOABIKHOHN ocH; 3) IJIOCKOE ABIKEHHE; 4) IBUKECHUE BOKPYT
HETIOJIBM)KHOW TOYKM M 5) cBoOOaHOE aBrkeHue. [lepBrie nBa Buaa SIBISIOTCS OC-
HOBHBIMH JIBIDKEHHSIMU TBEPJIOTO TeJIa.

ITocmynamensnoe O0gusicenue — 3T0 Takoe ABIKEHHE, IPU KOTOPOM JIFO0OIT
BBIICJTICHHBIN B TEJIC OTPE30K OCTACTCS MapajuIeIbHBIM caMoMy cebe.

Yucno cmeneneii c60600b1 TBEPIOTO TeNa | — ITO YNUCIO HE3aBHCUMBIX KOOP-
AWHAT, OHO3HAYHO OMPEACIISIONINX MT0JI0KEHHE TBEPOro Tella B IPOCTPAHCTBE.

PaccMoTpum moctynaTenbHOE ABMXKEHHE MPOU3BOJIBHOTO Tena, puc. 2.6. Oue-
BHUJIHO, YTO YUCIIO CTENEHEH cBOOOIBI Tena B JaHHOM CIydae paBHO TPEM, TaK Kak
JOCTaTOYHO OTHMCATh JBM)KEHUE KaKOW-HUOYIh OIHON TOYKHM TeJja, HAPUMEP TOUYKH
A B nexapToBoii cucreme KoopAnHaT. TpaeKTOpuu BceX OCTAIbHBIX TOYEK (HarmpuMep
TOYKH B) MOT'YT OBITh IOJTyYEHBI ITyTEM «IIapauIeIbHOTO» IEpEeHOCca.

JlomycTiM, Ty =F(t) =3aKOH ABMKEHHS TOUKH A.

Torna 3akoH JBUKEHMS TOUKU B OyJ1eT UMETh BU]T
1 1 1
lg=ratlaB

1 o
rae g — BEKTOp, IPOBEAEHHBIN OT TOUYKU 4 K TOUKE B,

MOCTOSIHHBIN 10 BeaHYuHe (abconomuo meepooe meo)
U HanpasJICHHIO (nocmynamenvhoe 0gudicenue).

Puc. 2.6. ITpumep

OCTYIATENLHOTO IIpn moctynareabHOM IBUXKCHUU BCE TOYKHU TBEp-
ABVDKCHUS IIPOM3BOJIBHOTO  JIOT0 Tejia COBEPIIAIOT 332 OAWH M TOT K€ MPOMEKYTOK
TBEPAOTO TCIa BpEMEHHU = paBHble nepemenienusd. [Tostomy ckopoctu u

YCKOPEHMS BCEX TOUEK Teja B JAHHBIM MOMEHT BPEMEHH OJMHAKOBBI
1 1 1 1
r dr dr r r du du r
g o=8a_dg_r I _GUa_GOUg _T

[locTynarenpHOE ABUMKEHUE TBEPJIOTO TEJIa MOXKET OBITh MOJHOCTHIO OMUCAHO,
1 (V)
€CIIM M3BECTHBI 3aBHCUMOCTh OT BPEMEHHU paamyc-Bektopa I (t) nBrkeHus ro0oi

TOYKH 3TOTO T€Ja U €ro MOJ0KEHHE B HA4YaJIbHbIII MOMEHT BPEMEHH.
2.6. BpameHue BOKpYr HeNmoABUKHOM OcH

[Ipsimast, mpoBeeHHas Yepe3 ABE HEMOABUKHBIE TOUKH BPAILAOIIErOCS TBEP-
JIOTO Tena, SBISIETCA HEMOABMXKHONU 0CbIO
6pauieHus.
[Ipy BpameHMH BOKPYI HEIOIBHK-
HOli (3aKpenJieHHoit) ocu: 1) Bce TOUKHU Teja
JIBUTAIOTCS TIO0 COOCHBIM OKPY>KHOCTSIM, KOTO-
pblEe JIe)KAT B IUIOCKOCTAX, MNEPIEHIUKYIAP-
HBIX OCH BpallEeHUs, LUEHTPbl OKPYKHOCTEH
Puc. 2.7. Cxema, WUTIOCTPUPYIOLLIAS JIe)KAaT Ha OCHU BpaH_IeHI/IH; 2) JIMHEHHBIE CKO-
JBIKEHHE KaOMHOK Ha KoJiece 0003peHust  POCTHU TOYEK, HAXOIAIIMXCS HAa pa3HOM pac-




CTOSTHMH OT OCH BpalleHus, pa3Hbie. OYEBUIHO, YTO B ITOM CIIy4ae TEJIO 00JiaaaeT
JIMIITb OJTHOM CTETEHBI0 CBOOOJIbI, MOCKOIBKY TOJOXKEHHUE Tea OJTHO3HAYHO OIpee-
JSIETCSL YTJIOM €ro MOBOPOTa BOKPYr ocu. Hampumep, eciu 3akpenuTh KaOWHKHA Ha
KoJiece 0003peHus1, TO OHU OYyT COBEPIIAThH BpalllaTeabHOE ABUXKEHUE, puc. 2.7.

[Ipu onmucaHuy BpalIaTEIbHOTO JBUKCHUS YAOOHO MOJIb30BATHCS MOJISPHBIMU
koopauHatamMu R u ¢, rie R — paanyc — paccTosiHue oT OCH 70 TOYKH, a ¢ — MOJISIP-
HBII yTo1 (Yol MoBOpOTa). DIeMeHTapHbIE MOBOPOTHI Tena 0003HAYar0TCA Kak Dj
umn dj (MX MOXHO paccMaTpHBATh KAaK MCEBIOBEKTOPEI).

Bexmop di' snemenmapnozo nosopoma mena —
9TO BEKTOpHAs BEJIMYMHA, MOAYJIb KOTOPOH paBeH yriIy
MOBOPOTA, a HANPABJICHUE COTJIACHO HPAGUNY OYpAGUUKA
COBIIQ/IACT C HANPABICHHEM MOCTYMATSIbLHOTO JIBHIKCHUS
OypaBurKa, PyKOSITKa KOTOPOTO BpaiaeTcs BMECTE C Te-
JoMm, puc. 2.8.

Wtak, mycTh TBepJo€ TEJO, BpalllasCh BOKPYT He-
MOJIBI)KHOW B aHHOUW cucteMe otcueTa ocu OOC, cosep-
muio 3a Bpems Ot OeckOHEUHO Mayblii MOBOPOT ]

Puc. 2.8. Cxewma, puc. 2.8. Torna sneMeHnTapHoe Tepemenienre df 1000t
CBSI3BIBAIOLIAs] TOYKU A TBEPJOTO TeJa MPU TaKOM MOBOPOTE OyIE€T paBHO
1 . .
XapaKTCPUCTUKA ‘dr ‘ — rA S nq dJ (214)

BpaliaTCIbHOI'0O JIBUKCHUA
HJIN B BEKTOPHOM BHC

dr =[dj',ral, (2.14a)
rae A(t) mpoBenen u3 HekoTopol TOUkM O HA OCH BpaICHUSI.

2.7. YT10BBI€ CKOPOCTH U YCKOpEeHHe

BBesiem onpejienieHus BEKTOPOB YIJIOBOH CKOPOCTH M YIJIOBOTO YCKOPEHMS.
BeKTop yri10Boii cKOpOCTH W XapaKTepu3yeT GBICTPOTY H3MEHEHHMS YIIia MOBOPOTa
U OIIpENIEIAETCS KaK

i
dt ’
rae dt — IPOMEsKYTOK BpeMeHH, 3a KOTOPOe Tello coBepuiaeT nosopot dj ; w =|j|.

(2.15)

r
W=

AKcuanvHvle 6eKmMopvl — 3TO BEKTOPBI, HAaNPaBJICHHE KOTOPBIX CBA3BIBAIOT C
HalpaBjieHueM BpamieHus. Hauano BEKTOPA W MOHO COBMECTHUTH C TH000it TO‘{KOI/I
IpUHAJIEKAIIEH OCH BpamieHus. BekTop W coBMazaer ¢ HampasIeHHeM BekTopa dj
W SIBJISETCS AKCHATbHBIM BEKTOPOM.

M3meHenne BekTopa W CO BpeMeHEeM XapaKTepHU3yIOT BEKTOPOM YIJIOBOI'O

YCKOpeHust b:

(2.16)

o dt dt?
Hampasnenne Bekropa D coBmamaer ¢ Hampasienuem OW — mpupaiieHus




BEKTOpa W. Bekrtop b, kak u W, ABJISACTCS aKCHATBHBIM. BekTop yrimoBoro yckope-
HUS HATIPaBIIeH B Ty JKe CTOPOHY, UTO M W, €CJTH BpalleHHe YCKOPEHHOE, U HPOTHUBO-
TIONOXKHYI0 W, ECIIH BpallleHHe 3aMe/IeHHOE.

Enuauna yriosoit ckopoctd B CU — panguan Ha cekynay (pana/c), etmHUma
yriaosoro yckoperus B CU — panuas Ha cekyHay B KBagpate (pan/c’). Yroia moBopo-
ta ¢ B CU 3anaerca B paanaHax.

. 3anuuieM BbIPAKEHUS JUIsl YTJIOBOW CKOPOCTH M YTJIO-

W BOI'O YCKOPEHMsI B IPOCKIUAX HA OCh BpallleHUsI Z, MOJI0KHU-

TENbHOE HAIPaBJICHUE KOTOPOW CBSKEM C TMOJIOKUATEITHHBIM
p HanpaBlIeHUEM OTCUYeTa KOOPAHMHATHI ¢ — yria MOoBOpPOTa —
MpaBWJIOM MpaBoro BUHTA, puc. 2.9. Torna mpoekuuu Bek-
Puc. 2.9. Konpenenennio  ropop w, u f, Ha 0ch Z Ompeaenstores GopMymaMiu

HPOEKIMU BEKTOPA d dw
YTIIOBOTO YCKOPEHHUS W, = %t , b, = %dt (2.17)

Ha och Z

3nech w; u [, — BenuuuHbl anredpanyeckue. Nx 3nax
XapaKTepHU3yeT HaIpaBIeHHe COOTBETCTBYIOMIETO BEKTopa W U b. Hanpumep, eciu
w, >0, To HampaBlIeHHe BEKTOpa W COBMAAAET C HOJOKUTENHHBIM HATPABICHHEM
ocu Z; eciu sxke W, <0, To HanpapieHne BeKTopa W IPOTHBOMONOKHO.

Takum 00pa3oM, MOKHO ONPEICIUTh 3aBUCUMOCTD | (t) — Kunemamuueckui
3aKkon epauwiernus mena — 1o popmynam (2.17), 3Has ycKopeHHUe B(t) KaK (QYHKIHIO
Bpemenn. Tak kak dw, = b, (t)dt u dj =w,(t)dt, To, uaTEerpUpYH, TOTYUIUM

W, (t) = QP (t)dt u | () = v, (t)dt. (2.18)
Korna n3BecTHB! HavanbHbIC YCIOBUSE B MOMEHT BpeMenu ty =0 (w,(t; =0) =w, u
j (t,=0)=] ,), u3 dopmyn (2.18) cienyer, uto

t t
W, (1) =W + g, (Ddt, (1) =] o + W, (). (2.19)
0 0

Hanpumep, mpu paBHOYCKOpEHHOM BpaiiareiabHoM jBmxkenuu (b =const) u3

dbopmyn (2.18), koraa U3BECTHBI HAYAIBHBIC YCIOBHS, ITOJTy4aeM
b t?

w=wy+bt, jo=j oo Fwt+

OTmeTuM, 4TO paBHOMEPHOE BpALIEHUE MOXKHO XapaKTepU30BaTh HEPUOOOM
epauienusa T — BpeMeHEM, 3a KOTOPOE TOUYKa COBEPIIAET OAMH MOJIHBIA 000POT:
_2
W
Yacmoma eépawienusa — 4uciio MOJHBIX 000POTOB, COBEPIIAEMBIX TEJIOM MPU PaBHO-
MEPHOM €ro JABM)KEHHUH 110 OKPYKHOCTH B € JMHUILY BPEMEHH

Exununa yacrote! Bpamenus B CU — repir (I'm).



2.8. CBsI3b M€Ky YIVIOBBIMM U JIMHEHHBIMU CKOPOCTSAMH U YCKOPEHUSIMH

Haiinem InHEHHYIO CKOPOCTh U TIPOM3BOIBHOM TOUKH A TBEPOTO Tela, Bpa-
ITAFONIErocs BOKPYT HemoaBmkHO# oc OO( ¢ yriaoBoit ckopocTsio W. IlycTs momo-
’KEHHE TOYKU A OTHOCHTEIBHO HEKOTOPO# TOYKH O OCH BpAIEHUS XapaKTePU3yeTCs
paznyc-BekTopoM [, puc. 2.10. Bocnons3yemcs hopmy:oit (2 14), HOI{GJII/IB ec Ha

dj’

COOTBETCTBYIOIIHI MPpOMExyTOK Bpemeru Ot . Tak kak dr %It —u u g =W, TO

. r

dj u= E,r]:[w,r], (2.20)

T.C. JIUHEUHAas cKkopocms U TOYKH TBEpAOTO Tela, Bpa-
D LIAIOLIEr0Cs BOKPYT' HENOBIKHOM OCH, PABHA BEKTOPHO-
lv*dt My NPOM3BE/ICHUIO YIIOBOH CKOPOCTH W Ha paamyc-
u BexTop I ToukH, cM. puc. 2.10. Momyns Bektopa (2.20)
paBeH U =WrSinNg wm

' u=wR,

Puc. 2.10. K BerBoxy rie R=rsinq — paguyc OKpY>XHOCTH, [0 KOTOPOM JBH-
CBA3M KUHCMATHUCCKUX  ypercyg Touka 4, cM. puc. 2.10. Hampasnerue BekTopa U

BCJIMYHMH IMMOCTYIMATCIIBHOTO
COBITAIa€T C HAIPABICHUEM IIOCTYMATEIIHOTO ABHIKCHUS
W BpalaTCIbHOT'O
OypaBuuka (npasuio npaéoco sunma) MPH €ro BpalllCHUU
1 1

JABUMOKCHUA
OTWKI.
[Mponuddepennupyem ypasuenue (2.20) Mo BpeMEHU U HaWJeM HOJIHOE YCKO-
pEHne TOUKHU A:

r—[“'—W M+ [rd—r]—[b P+ o001 =10, P+ i, P11, (2.21)

IIpn paBHOYCKOPEHHOM BpallaT€IbHOM JIBHKCHUH (b =COoNst) MO’HO IMOKa3aTh,
YTO MOAYJIb OJIHOTO YCKOPEHUSI TOUKU A €CTh BEJIMUYMHA

a=.al+a?,

1 1 1 [V}
rac BCC BCKTOPLI a, at u an JICKAT B IIJIOCKOCTH, HCPIICHAUKYJIIAPHOU OCH BpalllCHUS.

B atom cnydae cnipaBeaiuBbl (hOpMYyIIbI

2 .2R2
o 2UZ WIR oo o o _dOR)_pdw
R R dt dt
s= @ldt = c‘vadt =Ry  dt=FR (2.22)
L] L] L] d
rje S—/JIMHa MyTH, MPONUJIEHHOT'0 TOYKOM MO JIyTe OKPY>KHOCTU paauyca R, | —yron

HIOBOPOTA 3a MPOMEeXyTok Bpemenu (i, - t).



Tema 3. Dj1eMeHTHI TUHAMHUKH

3.1. I'panunbl NPUMEHUMOCTH HBIOTOHOBCKOH Mexanuku. [lepBblii
3akoH HeroTona. UHepumanabHbie cucTeMbl oTcuera. Macca 1 MMITYJIbC.
CuJjibl BHYTPEeHHME M BHELIIHUE

B ocHOBe HBIOTOHOBCKOM MeXaHHKH, rocrnoactsoBsasmieii B XVII-XIX Bs.,
JeXaT TPU 3aKOHA JUHAMHKH, chopmynupoBanHble M. Hetotonom B 1687 r. Onu
BO3HUKJIM B pe3yJsibTaTe 00001IeHHsT OOIBIIOT0 KOJIMYECTBA OMBITHBIX (PaKkTOB. 3aKo-
Hbl Hbl0TOHA SIBIISIFOTCS OCHOBHBIMU 3aKOHAMU MEXAHUKH U MO3BOJISIOT PEUIUTH JIIO-
Oyr0 MeXaHUYeCKYyI0 3a7auy. M3 HUX MOTYT OBITh BBIBEJCHBI U BCE OCTaJbHbIE 3aKO-
HbI MexaHuku. Mexanuka HploTOHa paccmaTpuBaeT OPOCTPAHCTBO U BpeMs KaK 00b-
EKTUBHBIE (DOPMBI CYIIIECTBOBAHUSI MAaTEPUHU, HO B OTPBIBE JAPYT OT JApyra U OT JBH-
KEHUS MaTEepPUATbHBIX TEJ, YTO COOTBETCTBOBAJIO YPOBHIO 3HAHUI TOTO BPEMEHH.

IepsBwlii 3axon HoroToHa (3aKkon unepyuu):

CYILIECTBYIOT TaKu€ CHUCTEMbI OTCUETa, HA3bIBAEMblC MHEPUUAJBLHBIMHU, OTHOCH-
TEJIBHO KOTOPBIX JIt00asi MaTepuaibHas TOUKa (T€JI0) WA MOKOUTCS, UIIH JBHKETCS
PAaBHOMEPHO U MPSIMOJIMHEHHO, €Cli PaBHOJEHCTBYIOMIAs BHEUIHUX CHUJI, MPHUJIIO-
’KCHHBIX K HEel, paBHA HYJIO (MJIM HA HEe HE JICHCTBYIOT HUKAKUE CHJIBI).

CBOMCTBO Tella COXPaHITh COCTOSSHUE HMOKOS WM PaBHOMEPHOTO MPSIMOJIH-
HEWHOT0 IBUKEHUSI Ha3bIBACTCSI UHEPMHOCHIbIO:

JIrobas gpyrasi cuctemMa OoTcyeTa, IBHXKYINASICS PAaBHOMEPHO U MPSIMOJIMHEHHO
OTHOCHUTEJIbHO MHEPIIUATBLHON CUCTEMBI OTCYETA, SIBJISCTCS TaK:Ke MHEPIUATHHOM.

ITepBblii 3aKk0H HpIOTOHA BBIMOJHAETCA B MHEPLUHUAIBHBIX CUCTEMAX OTCUETA U
MOCTYJIUPYET UX cyllecTBoBaHue. [IpuMep mHepruanbHONW CUCTEMBI OTCYETa — ATO
2eruoyenmpuueckan (3Be3Has) cucmema omcuema ¢ neHtpom Ha CoJHIIE M OCH-
MU, TIPOBEICHHBIMY B HAIIPABJICHUN OMPEACICHHBIX («KHETIOBUKHBIX») 3BE3/I.

UToObI ONMMCHIBaTh BO3JIEUCTBUS, YIIOMUHAEMbIe B MepBoM 3akoHe HbproToHAa,
BBOJIAT MOHSATUE CWIbI. JIJIsI OMMCaHWs WHEPTHBIX CBOMCTB TENl BBOJMUTCS MOHSTHE
MaccHl.

B unHepnualpHBIX CHUCTEMax OTCUETa CUJlA F — 510 BEKTOpHAs BEJIMYUHA, SIB-
JAIOLIAsACS MEPON MEXAHUYECKOI0 BO3JIEUCTBUS HA TEJIO CO CTOPOHBI APYIUX TEN UIIH
MoJIEH, B PE3yJIbTaTe KOTOPOI'o TEJIO MPUOOpPETAaeT YCKOPEHUE WM U3MEHSAET hopmy
U pa3MepHl.

Kaxap1ii Bu CUJT 3aJ1a€TCSl CUJIOBBIM 3aKOHOM. Eciy Ka)J10M TOUKE MPOCTpaH-
CTBa 3aJ]a€TCs OIpeJeJIeHHOe 3HaUeHue (PU3NUecKol BEIWYUHBI, TO B 3TON 00JIacTu
MPOCTPAHCTBA 3a/1aHO hu3uueckoe noje NaHHON (PpU3NUECKON BENMYMHBL. Takum 00-

pa3oM, ecjIi 3Ta BeJIMYMHA BeKTOpHas (HampuMep rpaBUTaiMoHHas cuia F ), To mone
SIBJIACTCS BEKTOPHBIM, & SCJIN CKalApHas (manpumep Temriepatypa 1) — CKaJIIPHBIM.
Cuna F monmHOCThIO 3a/1aHa, €ClK yKa3aHbl €€ MOAYJb, HalpaBJieHUE B MPO-
CTPAHCTBE U TOUKa npuioxeHus. [Ipsimasi, BIOAb KOTOPOW HalpaBiieHA CHUA, HA3bI-
BACTCS JIUHUEI OCUCMEUS CUIIbL.
Mexanuueckoint cucmemoii Ha3bIBAETCSI COBOKYIIHOCTh MAaT€PUAIIbHBIX TOYEK



(Tei), paccMaTpUBAaEMBIX KaK €MHOE 1IEII0E.

Tena, He BXOSIIME B COCTAB UCCIETyeMONH MEXaHUYECKOW CUCTEMBI, Ha3bIBa-
10TCSl 6Hewtnumu menamu. CUIbl, IEUCTBYIOIINE HA CUCTEMY CO CTOPOHBI BHEITHUX
TE€J, HA3bIBAIOTCS BHEIIHMMH CHJIaMH. BHYTpPeHHHMMH CHJIaMM HAa3bIBAIOTCS CHJIBI
B3aMMOJCHCTBHSI MEXIYy YacTsIMH paccMaTpUBaeMOW CUCTeMbl. Pa3nenenue cuin Ha
BHYTPEHHHUE W BHEUTHUE YCIOBHO M ONPEEISIETCS BHIOOPOM CUCTEMBI YaCTHII.

Hensmensiromeecst ¢ Te4CHHEM BPEMEHH 11071e, ACHCTBYIOIIEE Ha MaTepHaib-
HYIO TOUKY ¢ cuiioii F , Ha3bIBaeTcs cmayuonaprvim nonem.

Exunnna cunst B CY — Hetoron (H): 1H = 1 kram/c?,

Macca — 910 pusnueckas BETUUYHHA, SBISIOMAICS MEPOl MHEPTHOCTH Mate-
pHAIbHOM TOYKH MM MEPO HHEPTHOCTH TeJla IIPH MOCTYHATeIbHOM JIBUKCHHH.

B3sB HeKoTOpOE Teno 3a 3TajJOH MacChl, MOKHO CPaBHHUTH Maccy JI000ro Tena
¢ 9TuM dTajgoHoM. CpaBHEHHE Macc ABYX Tell, Ha KOTOpbIe ACHCTBYET OJHA U Ta ke
CHJIa, CBOJIUTCS] K CPABHEHHUIO YCKOPEHUN ITHX Tell:

m/m, =a,/a, .

Ennnuna maccsl B CU — kutorpamm (kr).

B pamkax HbIOTOHOBCKOM MEXaHMKHU Macca Te€la CIY:KUT MEpPOU CoaeprKalie-
rocsi B TeJie BEUIECTBA M BBIMOTHIIOTCS 3aKOHBI COXPAHEHUS U aTMTHBHOCTH MACCHI:
Macca M30JIMPOBAHHOM CUCTEMBI Tl (cM. oaTemy 4.1) He U3MEHSETCSl CO BpeMEHEeM
¥ paBHA CyMM€ MacC TeJ, COCTABISIONINX CUCTEMY.

IInomnocmpto BewecTBa p B JaHHOM TOYKE M Teila HAa3bIBAETCS OTHOLICHUE
mMacchl M Mayioro syieMeHTa Tela, BKIII0Yamero Touky M, k senuuune dV obbema
ATOTO DJIEMEHTA!

_dm
=N\
Exuanna mwiotHocty B CU — kumorpamm Ha Kyoudeckuit Metp (kr/m )
BeKTOpHas BeIMUMHA [, PaBHAS MPOM3BEICHNUIO MACCHI M MAaTEPUATBHON TOU-
KM Ha ee CKOpocTh U U COBIMAAAONIAs 10 HAMPABICHUIO CO CKOPOCTBIO, HA3BIBACTCS
AMITYJIbCOM (Ko1uuecmeom 03uofceuu;1) 3TOW MaTepUATbHON TOYKH:
p=mu. (3.1
Ennnnna nmnyisca B CU — kusorpamm-MeTp B cekyHy (Kr-m/c).
Wmmynbe — BeTMYUHA aJAuTHBHASA. VIMITyibe CHCTEMBI, COCTOSIIER U3 N MaTe-
pHaIbHBIX TOYEK, paBCH BEKTOPHOM CyMMe I/IMHy.]IBCOB pI BCEX TOYEK CUCTEMEL.
n
b=4 h=amd. (32)
i=1 i=1

3.2. Bropoii 3axkoH Hb0TOHA KaKk ypaBHeHHUe ABUKEHUS

B uHepuuanbpHbIX cucTemax cripaBe i BTopoi 3akoH HbloToHa:
YCKOpEHHUE, MpHOoOpeTacMoe MaTepHaIbHONH TOUYKOW (TEJIOM), MPOHOPIIMOHATIBLHO
BBI3BIBAIONICH €0 CHJI€, COBMAIAET C HEeW MO HAMpaBICHHUIO U OOPAaTHO MPOIIOp-
IMOHAJILHO Macce MaTepUaIbHOM TOYKH (Tena):



d=—. (3.3)

3|m-

bonee obuias popmynupoBka BToporo 3akoHa HproToHa — ocmoemnoii 3axon
OUHAMUKU MAMEPUATIbHOU MOUKU:
CKOpPOCTh U3MEHEHUS UMIIYJIbCa MAaT€pPUAIbHONW TOYKU paBHA JECHCTBYIOLIEH CUIIE
(v IO MOAYIIO, U TIO HATPABJICHUIO)

dp _r
—=F. 34
& (34)
JlewictBuTenbHO, U3 popmyi (3.1) u (3.3) cinenyer, uro
r_ _dd _d(mu')_dfo_&
ma=m—=——2="T"=8§.
dt dt dt
YpaBHeHuUe
ma=F (3.5

HA3bIBAIOT ypaBHeHHEM JABH:KEHUSl MaTepHalbHOW TOUKH. Vcmonbs3ys ypaBHEHHE
nswkenus (3.5), MoxxHO moka3ath, uro 1 H — 370 cma, koropas coo0Iiaer Teny mac-
coii 1 kr yckopenue 1 M/c® B HAPaBICHNH JCHCTBHS CHITBL.

O caoxenun cui1. OHOBPEMEHHOE JICHCTBHE HA MATEPUANbHYIO TOUKY He-

CKOJIBKMX cuil F,F, ... DKBUBaJIEHTHO AEMCTBUIO OJHOW CHUJIbI, HA3BIBAEMOHN PAGHO-

Oelicmeyoueil (pe3yﬂbmupymy4eﬁl) CI/IJ}OI‘/JI Y PAaBHOU UX FEOMETPUYECKOU CYyMME:!
F=FR+F+.., (3.6)

rjae II:I — cuJIa, ¢ KOTOPOU JCHCTBOBAIO OBl HA TAHHYIO MaTEPHATBHYIO TOUKY I-€ TEJI0

B OTCYTCTBHUE Apyrux Ten. Jlannoe yrBepaxkacHue (3.6) sBisieTcss 0000MIEHUEM OIBIT-
HBIX (DAKTOB.

3.3 Tpernii 3axon HoroToHa

OO01iee CBOMCTBO BCEX CHJI B3aUMOJEHCTBHS MOCTYJIMPOBAHO B TPeTheM 3a-
koHe HbroToHa:
CUJIbI B3aUMOJCUCTBUSA JIByX MaTepUalIbHbIX TOYEK B MHEPLUUAIBHON CUCTEME OT-
cyera BCerJa paBHBI 10 MOAYJIKO UM HANpPaBJIECHBbl B IIPOTUBOIIOJIOXKHBIE CTOPOHBI
BJI0JIb NPAMOM, COCIUHSAIONIEN ITU TOYKHU:

Fik =- P s (3.7)

1 1
rae Fy —cuna, neiicTByrommas Ha i-10 TOUYKy co cTopoHsl K-it Toukn; F; — cuna, neii-

CTBYIOIIAS Ha K-F0 TOYKY CO CTOPOHBI I-i TOYKH. DTU CHIIBI BCEr/ia MPUIIOKEHBI K
pa3HBIM MaTepHAIbLHBIM TOYKaM (Tenam), BCerja ACHCTBYIOT HapaMu U SIBJISTFOTCS CH-
JJaMU OJTHOU IIPUPOBL.
Tperuii 3axoH HbloTOHa BBIMOJHSAETCS B JIOOOM MOMEHT BPEMEHU COTJIACHO
RPUHYUNRY 0AIbHOOCHCM U, TTIOCTYINPYEMOMY B HBIOTOHOBCKOW MEXAHUKE!
B3aUMOJCHCTBUE MEXAY TEIaMHU PACIPOCTPAHAECTCA B  IIPOCTPAHCTBE C
0ECKOHEYHO OOJIBIION CKOPOCTBIO.
B 1encTBUTENBHOCTH CYIIECTBYET KOHEYHAS MAKCUMAJIbHASI CKOPOCTh PACIpO-
CTpPaHEHUsI B3aUMOJEHCTBUI, KOTOpas paBHa CKOPOCTH CBeTa B Bakyyme. OJHaKo




IPA CKOPOCTSX TEJ, 3HAYUTEIIbHO MEHBIINX CKOPOCTU CBETA, U BTOPOU U TPETUU 3a-
KOHbI HbIOTOHA BBIMOJHSAIOTCS ¢ OOJBIION TOUYHOCTHIO. Hampumep, pacdersl Tpaek-
TOPUM IUIAHET U HMCKYCCTBEHHBIX CIYTHUKOB IPOBOISTCS C «aCTPOHOMHYECKOW»
TOYHOCTBIO € IIOMOILBIO 3aKOHOB HbroTOHA.
Hcnonn3ys 3akoH (3.7), MOXKHO MOJIYYUTh, YTO
do, _ dp, d,r r._
o d a(pl“Lpz)—O,
TEM CaMbIM IOATBEPKAasl CIIPABEJIMBOCTh 3aKOHA COXPAHEHUSI UMITYJIbCA B UHEPLIU-
aJIbHBIX CUCTEMAX OTCYETA.
IMapHocTts B3aumopeiictBus. Cuna, ¢ KOTOpOl B3aMMOJICHCTBYIOT JiBa Tena
(MaTepua bHBIC TOYKH), 3aBUCUT TOJIBKO OT UX OTHOCHTEIIBLHOTO MOJIOXKCHHUS U OTHO-
CUTEJIBHOU CKOPOCTH IBUKECHUS.

3.4. lIpunnun orHocuteabHOcTH [Nanmmies. [lpeodpa3oBanus INaaunes

BaxxHolt 0COOEHHOCTBIO MHEPLHUATBHBIX CUCTEM OTCUETa SIBJISETCS TO, YTO IO
OTHOIICHUIO K HUM IPOCTPAHCTBO OJTHOPOJHO W M30TPONHO ((pu3nuveckue CBOWCTBA
IIPOCTPAHCTBA OJIMHAKOBBI B PA3JIMYHBIX TOUYKAX U B KAXKIOW TOYKE OJIMHAKOBHI BO
BCEX HAIpaBJICHUSX), & BpeMsl OJIHOPOJIHO (TpoTeKaHue PU3NUCCKUX SBICHUN B O1-
HUX U T€X K€ YCIOBHIX B pa3HOE BpeMsl HX HAOJIEOICHUS OJMHAKOBO).

Hpunmun orHocuTeabHOCcTH INanniies:

BCE MEXaHUYECKHUE SIBJIICHUSA B pPa3HbIX MHEPUHMAIbHBIX CHCTEMax OTcYeTa OyayT
IIPOTEKATh OJJUHAKOBO.
Takum oOpazoM, eciid B pa3iMYHbIX MHEPUUATIBHBIX CUCTEMAx OTCYETa MPOBOJIUTH
OJIMH U TOT K€ MEXAHUYECKHUM DKCIIEPUMEHT ITPU OJAMHAKOBBIX HAYAJIbHBIX YCIOBUSAX,
TO pe3yJbTaT OyAEeT OJUH U TOT XKe.

Haiinem ¢opmynsl nmpeoOpa3zoBaHus KOOPAMHAT
IIpU IIepexofe OT OAHOM WHEPLUAIbHOU CHUCTEMBI OT-
cyera K Apyrou. PaccMoTpum nBe MHEpLUAIbHBIE CUC-
Tembl orcyera. [lycte mepBas cuctema orcuera K (c
KOOPAWHATHBIMHU ocsiMU X, Y, Z) YCIOBHO HEIOBIIKHA,
a cucrema orcuera K( (¢ koopamHaTtHbIMU ocsiMu X',
Y’, Z") — IBUXKETCSI OTHOCHUTEIBHO MEPBOM PAaBHOMEPHO
M TIPAMOIMHEHHO CO CKopocThio Uy (Ug = const),

puc. 3.1. BeibepeMm ocu koopaunat cucrembl K mapan-
JIENbHO COOTBETCTBYIOIIMM OcsiM cucteMbl K Tak, uTo-
Obl ocu X'u X' coBmajganu Mexay coboil u ObuUTM Ha-
[IpaBJIEHbI BOJIb BEKTOpA u'o. Ilycts paguyc-BeKTOp NPOU3BOJIBHOU TOYKU M B He-

Puc. 3.1. K BeiBOIY
npeooOpazoBanuii [anumes

MOIBIKHON cHCTeMe GyjeT |, a B IOXBIXKHOM — I (. COOTBETCTBEHHO H3MEpseMOe
Bpems B cuctemax K u K( o6o3naunm t u tC.

CoryacHO HBIOTOHOBCKOM MEXaHUKE XOJi BpEMEHU MHBAapHUaHTEH B 00EUX CHUC-
TE€Max OTCYETa, T.€. MPOMEXYTKH BPEMEHU MEXAY ABYMS COOBITUSMHU, U3MEPEHHBIMU
o yacam cucrem orcyera K u K(, onunakossr: Dt = DtC.



Bo3pMeMm 3a Hayano oTcyeTa BpEMEHM MOMEHT, KOT1a Hadana koopauHaT O u
O’ cosmazanu (t, =tf). Torna B mpon3BoNbHBIN MOMEHT BpeMeHH oTpe3ok OO(=u t

Y MOYKHO 3aITHCaTh:
[ =rC+Ugt, (3.8)
t =tC. (3.8a)
Cootnomenus (3.8) u (3.8a) Ha3wiBaroTCs mpeodpaszoBanusimu I'ayiniiest.
B xoopauHaTax 3TH mpeoOpa3oBaHUs UMEIOT BUJT
x=xl+ut, y=y( z=2z( t=tC (3.9)
[Mponuddepenuupyem npeodpazoBanus (3.8) Mo BpeMEeHH W TOJYydUM Kidc-
cUuecKuil 3aKOH nPeoopasz0eanus CKOpOCmMu TOYKU TIPH TIEPEX0Jie OT OJHON WHEP-
LAAIBHON CUCTEMBI K IPYIrOM:

U =u(+U, (3.10)
rae U — abcomoTHas CKOPOCTb, T.€. CKOPOCTh T€Ja B YCIOBHO HEIMOJABUKHOM CHUCTE-
M€ OTCYUETa, U ¢ — oTHOCHTENbHAS CKOPOCTH, T.€. CKOPOCTb T€Jia B ABUKYIIEUCS CHUC-
TEME OTCUETA, u'o — CKOPOCTb CaMOM IOJABUKHON CUCTEMBI.

[ToaTOMYy BEKTOpP CKOPOCTH, KHHETHYECKAsi DJHEPTUsl U UMIYJIbC TOYKU HE SiB-
JSIFOTCS MHBAPUAHTHBIMY BEJTMUYMHAMHE B Pa3HBIX HHEPIMATBEHBIX CUCTEMAaX OTCUETA.
[Mponuddepennmpyem ypapaenue (3.10) mo BpeMeHHN U MOTyIHM

2 1
4t =90, (3.11)
dt® dt
T.€. YCKOPEHHE Tela OJUHAKOBO BO BCEX MHEPLMANIBHBIX CUCTEMAX OTcueTa. Ecin Ha
Touky M meiicTBHe Apyrux Ten ckommencupoato (&=0), To u (=0, T.e. Touka
JBUKETCS] OTHOCUTENBHO cucTeMbl K (paBHOMEpPHO U NMPSMOJIMHENHO MU MOKOUTCS.
ITockonbKy BO BCeX MHEPLUMATIBHBIX CUCTEMAaX OTCYETa Macca M MOCTOSIHHA, TO
u3 popmysl (3.11) cipaBeayIuBO, YTO: o
ma=ma¢ b F=F¢
rae II: — cuna, JAedcTBYyloIas Ha Teno B cucteme K ; II:( — CuJa, JIEUCTBYIOIIAs Ha
teno B cucreMe K(, CrenoBarenbHO, BCE CHIIbI OCTAIOTCS HEM3MEHHBIMHU MPH Tepe-
X0J1€ U3 OJJTHOU UHEPUHUAIIBHON CUCTEMBI OTCUYETA B JPYIYIO.
Takum 00pa3oM, MOXKHO CAeNaTh BBIBOJA, YTO 3aKOHbI HbIOTOHA W MEXaHUKH
WHBApUAHTHBI (HEM3MEHHBI) IO OTHOILCHUIO K TipeoOpazoBanusiM [ amues.

3.5. 3akoH BceMMpPHOro TsArorenus. Macca nHepTHasi M TPABUTAIMOHHASA

Macca xapakTepu3yeT CnocoOOHOCTb TeJl B3aMMOJEHCTBOBATh C APYITUMH Teja-
MH B COIUIACUM C 3aKOHOM BCEMUPHOIO TATOTEHHMsI, OTKpbIThIM M. HproTOHOM Ha oc-
HOBaHMM OCHOBHBIX 3aKOHOB JIUHAMHUKH U 3aK0HOB Kemepa.
B coOoTBETCTBUU C 3AKOHOM 6CeMUPHO20 MA2OMENHUA
Cuja I'PABUTALIMOHHOIO B3aUMOJEHCTBHS, AEHUCTBYIOIIAs MEXIY ABYMsI MaTepu-
aNbHBIMUA TOYKAMH, MPOIMOPIMOHATIbHA POU3BEACHUIO Macc TOYeK My U N, 00-
paTHO MPOIMOPLUMOHAJIbHA KBAJIpaTy pacCTOSIHUA I MEXAy HUMHU M HaIlpaBJIEHA I10
MPSAMOM, COEUHSIOIIEN 3T TOUKH:




F=cMm (3.12)

r2

rae G —rpaBuranronnas nocrosinnas. B CU: G=6,67 10 Hom#/xr?,
B 3akone (3.12) my u M, — rpaBUTAIIHOHHBIE MACCHI, T.€. MEPHI TATOTCHUS, a
HE WHEpTHas mMacca, KoTopasi BXOJUT BO BTOpoi 3akoH Herorona. OpHako skcnepu-
menTasibHo B XVIII B. (anrnuiickum ¢usukom I'. KaBenauiem) ObLIO yCTaHOBIICHO,
YTO JIsl JIIOOOTO Teja MHEPTHAS U T'PABUTAIIMOHHAS MACChl CTPOTO MPOMOPIIMOHATE-
HBI ApyT Apyry. [loaToMy eciu BBIOpaH OJMH U TOT e ATaJOH JJIsl U3BMEPEHUsI 00enx
Macc, TO UX HE pa3audaroT U FTOBOPST MPOCTO O Macce Tena.
13 Broporo 3akoHa Heiorona (3.3), paccMarpuBasi TeJIO Maccoi My, y TOBEpX-
HOCTH 3eMJIM Ha TMOJIFOCE, MOXKHO BBIBECTH, UTO
Fem,g=600 p M Oy
R m R°g

P

rane M, —wmacca 3emin; R — paccTosiHie Mexay TeaoM U 1ieHTpoM 3emutu. OIBIT I10-
3

Ka3bIBAECT, YTO BCE TEJA B IOJIE TATOTEHUs 3€MJIM NAJAI0T C OJMHAKOBBIM YCKOPEHU-
eM . IlosTromy mnocinenHee COOTHOLIEHUE CBUIAETEILECTBYET O MPSIMOM IPOIOPLUO-
HaJIBHOCTU MAacC MHEPTHOU M I'PaBUTALMOHHON. Toraa ecau npuHATh, 4TO
M 2
Mu—g, 10  GE2=g=981 />
m, R
OnbIThI, BBINOJHEHHBIE HA CETONHAIIHUM J€Hb, IOKa3bIBAIOT, YTO 3TH JBE Mac-
Chl SIBJISIIOTCS TPOSBICHHEM pPAa3HbIX CBOMCTB OZHOW W TOH e (QuU3NYECKOn

BEJIMYHHBI.
3.6. Criia Ts1KecTH U Bec

B cucreme orcuera, cBI3aHHON ¢ 3emiieid, Ha BCSIKOE TEJO JIEMCTBYET CHMJIA
THAXKECTH, T.€. CHJIa, C KOTOPOM TENO NPUTATUBAETCS 3EMJIICH!

P=mg. (3.13)

ITon neiicTBHEM CHIIBI TSPKECTHM BCE Tejla MAaJal0T C OJUHAKOBBIM YCKOPEHUEM

g = 9,81 m/c% Ha3bIBaEMBIM YCKopeHuem c600001020 nadenus. OTMETHUM, YTO B 3a-

BHCHUMOCTH OT r'eorpaduuecKoil MIMPOTHl MECTHOCTH (CBSI3aHO ¢ BpaIlcHUEM 3eMJIH),
a Tak)Ke B 3aBUCHUMOCTH OT BBICOTHI HaJl YPOBHEM MOPS BEJIMYMHA § HE3HAUYUTEIHHO
mensiercst. YacTo stumu otkioHeHnsaME g ot 9,81 m/c” npeHedperaror.

BecoM TeJsia Ha3bpIBaeTCs cuia, C KOTOPOM J1I000O€ TEo, Haxodleecs B MoJie
CUJI TSDKECTH, CO3/IaHHOM HEOECHBIM TEJIOM, HarpuMmep 3emileid, 1eMCTByeT Ha Onopy
WIM MOJBEC, MPENATCTBYIOIINE CBOOOTHOMY MaJIeHHIO Tena. B yacTHOM ciyyae, Ko-
rjaa omnopa (IMoaBec) MOKOUTCS WIIM PABHOMEPHO M MPSAMOJIMHEHHO JIBHIKETCSI OTHOCH-
TEJTbHO HEKOTOPOW MHEPIUATBHOM CHCTEMBI OTCUETa, BEC Tejla MO BEJIMYMHE U Ha-
MPaBJICHUIO COBNAAAET C CUIION TSKECTH.

B o6rmiem citydae aBrkeHus onopsl (MOABECa) HITM CaMOTro Tejla ¢ YCKOPEHUEM
A OTHOCHTEIBHO MHEpPIMANBHON CHCTEMBI OTCYETa K TeIy KPOME CHJIbI TSKCCTH

IMPHJIOKCHA OOMMOJHHUTCIIbHAA CHJIa N p€aKunun OIIOPhI, YAOBJIICTBOPAIOIIAA COTJIACHO



BTOPOMY 3aKOoHY HbIOTOHA ypaBHEHHIO
1 1 l
N+P=ma.
1 1 1 l l l
Toraa o onpenenenuto Bec Tena P¢=- N =P- ma=m(g- a). [Ipu cBo60aHOM 11a-

(V) ! 1
NEHUH TeJa BMecTe ¢ omopoil (moaBecom) Bec P( paBeH Hy:rO, OCKOJIBKY a = (.
DTO COCTOSTHUE HA3BIBACTCS HEBECOMOCHBIO.

3.7. Yupyrue cuibl. 3akoH I'yka. Cyxoe u :xuaKoe TpeHne

W3meHeHne pacCcTOSHUA MEXAYy TOYKaMHu Tejia MOJI BO3JEMCTBHEM BHEIIHUX
CHJI WJTU IpYTuX (akTopoB (HarpuMep HarpeBaHus) Ha3bIBACTCS Oeghopmayuei.

Hedopmanus Tena Ha3bIBACTCs YHPY20il, €CIIN MOCIE MPEKpalieHNs 1eHCTBUS
BHELIHUX CHUJI TEJIO MPUHUMAET NIEPBOHAYAIbHBIE pa3Mepbl U GOpMY.

Hedopmaiyiv, KOTOpblE COXpaHSIOTCS B TeJie MOCe MPEKpalieHus AecTBUS
BHEIITHHUX CWJI, HA3BIBAIOTCS miadacmuieckumu (ocmamounvimm).

Cuia ynpyrocTu — 370 CWia, IpONOPLUOHAIbHAS CMELIEHUIO MaTepUaIbHON
Toukd (Tena) W3 TIOJOXKCHUS PABHOBECUS M HATPABICHHAS K TOJOXKCHHIO
paBHOBECHS: . .

=-kr,
rie [ — paadyc-BeKTOpP, XapaKTePU3YIOIIMil CMeIeHNe YacTHIB M3 TONOKEHHUS
paBHOBecHs; K — osoXuTeNnbHbIN KO3 PuiueHT. Cuibl ynpyrocT BO3HUKAIOT B pe-
3yJIbTAaTE B3aUMOAECUCTBUS TEJ, CONPOBOXKAAIONIErocs AeopManuen.

Cuna, nelicTByIolas Ha €IUHUILY IUTOIIA 1 ONEPEYHOro CeYeHus1, Ha3bIBaeT-
CSl HOpMANLHBIM HARPAICEHUEM

s =P%, (3.14)

rae F. —cuia, nepneHauKyaspHast K miomiaake (CeueHunio), Ha KOTOPYIO OHa JIeHCT-

BYeT, S — IJIomanas MOMEePEYHOro CeueHus, HanpuMmep ctepkHs. [Ipenmomnaraercs,
YTO yHIpyrasi Cujia paBHOMEPHO paclpe/iesieHa 0 CEUEHUIO CTEPIKHS.

OTHOCHUTEIIPHOS M3MEHCHHUE JUUIMHBI CTEpKHS (nmpoodonbnas Odegpopmayus) u
OTHOCHUTEIILHOE TIOTIEPEUHOE CIKaTHE (corcamue) ONPEEISIOTCS COOTBETCTBEHHO TaK

e= D% u el= D%I , (3.15)

rie | u d —amuHa 1 quaMeTp CTepIKHS COOTBETCTBEHHO. Hampumep, nmpu pacTskeHUH
DI monoxwutenbho, a Dd — otpuriarenbHo.
P. I'yk sKkcriepuMeHTanbHO YCTAHOBUIIL, YTO JJIA MajblX AedopMalidi Ipoaosib-
Has Aedopmaius € U HapsHDKEHUE ¢ MPSIMO MPONOPLUUOHANIBHBI APYT IPYTY:
(3.6
rne E — mooynv FOnza. Ypasuenue (3.16) naswiBaercs 3akoHom I'yka. [Ipenenom
IPOYHOCTH S,, Marepuaja, U3 KOTOPOTrO HU3TOTOBIEHO TEJIO, HA3bIBAETCSI MAKCH-

MajbHas CHUa, KOTOPYIO MOXXHO MPUJIOKHUTHh K Tely, He pa3pymmuB ero. Hampumep,
IIPU PACTSKEHUU AJIs J1aTyHU U OpoH3bl S\, = 22- 50 I'Tla, a qyist yrnepoaucTon cra-

nmu (MammHOMOAeNO4HOM) S\, = 32- 80 [Tla.
Hcnonw3ys dopmyisl (3.14) u (3.15), nepenumiem 3akon 'yka (3.16) B popme



e=—="=—,
| E ES
ES T _ T
F :|—D| =kDl WIH F=-kDI, (3.17)
rae K — JKeCTKOCTh, HampuMmep NpyXuHbl, Dl — BEKTOp YUIMHCHHS WM CXKATHS

— BeJIMUMHA yOpyrou aedopmanuu.

1
NPYKUHB; ‘DI

Buewnum mpenuem Ha3bIBacTCs B3aUMOICUCTBUE MEXKAY PAa3JIMYHBIMU CO-
[IPUKACAIOLIMMUCS TEJIaMM, IPEMATCTBYIOIIEE UX OTHOCUTEIBHOMY IEPEMEIIECHUIO.
Ecnu tpeHue nposBisieTcss MeXy 4acTAMHU OJHOI'O U TOrO K€ TeJla, TO OHO Ha3bIBa-
€TCS 6HYMPEHHUM MPEHUEM.

TpeHue Mexay MOBEPXHOCTHIO TBEPAOIO TEla U OKPYKAIOLIECH €ro KUIAKOU
WU Ta3000pa3HON Cpejioil, B KOTOPOM TEeNO ABUMKETCS, HA3bIBACTCS KHJAKHUM WU
BAI3KMM TPEHHEM.

Tpenue Mexay NOBEPXHOCTSIMHU JIByX CONPHUKACAIOMINXCS TBEPABIX TEJ MPHU
OTCYTCTBUU MEXYy HUMU KUAKON WM ra3000pa3HOil MPOCIOMKN HA3bIBAETCS CYyXHM
TPeHueM. TUIbl CyXOoro TpeHHUs !

a) mpeHue NOKOs — TPCHHE MPHU OTCYTCTBUU OTHOCHTEIBHOTO TEPEMEICHUS
COIIPUKACAIOLIUXCS TEJI;

0) mpenue ckonbiceHun — TPEHUE, KOTOPOE BOSHUKAET NPH CKOJIBKCHHUH JIaH-
HOI'O TeJla 110 IOBEPXHOCTH APYrOro TeJla U BBIPAKACTCA KaK

F =kN, (3.18)
rae K — koo OUIMEeHT TPeHHs CKOJIBKEHUS, 3aBUCSIIUA OT MPUPOJBI U COCTOSHHS
COIPUKACAIOIIMXCS TIOBEPXHOCTEH (B TOM YHCIIE OT MX IIEPOXOBATOCTH) U HE 3aBH-
CSAUIMI OT TUIOIIAJAM CONPUKOCHOBEHHUS; N — cuila HOpMaNIbHOIO JABICHUS, PHKU-
Marollas TpyLuecs MOBEPXHOCTU APyl K Apyry. B kauectBe nmpumepa MOXKHO IpHU-
BECTH CJICAYIONIME MpuOIM3nuTeNbHbie 3HaueHus K. nepeso no aepery — Kk » 0,4; pe-

3uHa 1o TBepaomy teny — K » 1- 4; cmazannsie mapukonoammnauk — K < 0,01.

Cuna TPCHH:A, NPCIATCTBYIOIIAA BO3SHUKHOBCHHUIO JABHMXXCHHA OJHOIO TCJia I1O
MMOBCPXHOCTU APYTOro, HA3bIBACTCA cunou mpenHusa noKoA.
1

Bo Bcex Buaax TpeHMsl BO3HMKAeT cuia TpeHus F, , HampaBieHHas mo kaca-

TEJILHOU K MOBCPXHOCTAM COIIPUKACAIOIIUXCA TCJ IMPOTUBOIIOJIOKHO HAIIPABJICHUIO
ABVOKCHUA JAHHOTO T€J1a OTHOCUTCIIBHO APYIroro. [Ipu DONBITKE BBIBECTH TEJIO U3 CO-
CTOSAHUWA MOKOA CHJia TPCHUS IMOKOS U3MCHSCTCS OT HYJIA A0 MPCACIbHOTO 3HAYCHHA

> Fmrgaz( . Cuny

max
Fup, - OTHOCHTENBHOE JBIXKCHHE BOSHMKACT mpu ycinoBun F,.,

m o o
F N HA3bIBAIOT npeoeﬂbuou Cujiou mpenus nOKo. O6BI‘IHO, roBOpsA O CHIIC TPE-
mp o

HHUA CKOJIBXXCHHSA, HMCIOT B BUAY ITPCACIIbHYIO CUITY TPCHHA ITOKOA.



Tema 4. 3akoHbI COXpaHeHUs

4.1. 3amkHyTas cuctema. CoxpaHsomuecs BeJTHIUHbBI.
CBsI3b 3aKOHOB COXPAHEHHUS CO CBOMCTBAMM NPOCTPAHCTBA U BPeMEHHU

MexaHuueckasi CUCTEMa Ha3bIBACTCS 3aMKHYTOM (u301uposannoil), eciiu oHa
HE B3aUMOJICHCTBYET C BHEIIHUMU TelaMu (Ha Hee HE JCWCTBYIOT BHEUTHUE CHUJIBI).
[loHsiTHE 3aMKHYTOW CHCTEMBI UMEET CMBICI TOJIBKO MO OTHOUIEHUIO K MHEPIUANb-
HBIM CHCTEMaM OTCUeTaA.

PaccMmoTpuM crienytoniue BeIMYHMHBI, KOTOpble 00J1aJJal0T CBOMCTBOM COXpa-
HATHCSI BO BPEMEHU MPU JIBUKEHUU CUCTEMBI: DHEPTUI0, UMIYJIHC U MOMEHT UMITYJIb-
ca. OO1ee CBOWCTBO ATUX TPEX BEIIMYUH — CEOUCHEO A0OUMUBHOCHU: TSI CUCTE-
MBI, COCTOSIIIIEN U3 YacTel, B3aUMOJACHCTBUE KOTOPBIX MPEHEOPEIKUMO MaJIo, UX 3Ha-
YEHHUE PABHO CYMME 3HAYEHUM IS KAXKAOU U3 YacTe! B OTIEIBHOCTH.

3aKOHBI COXPAHEHHUS SHEPIUH, UMITYJIbCa U MOMEHTA UMIyJibca — 3TO (PyHa-
MEHTaJIbHbIC TPUHIMIBI QU3UKU. 3aKOH coxpanenusn Inepeuu (cM. nonremy 4.8)
CBSI3aH C 0OHOPOOHOCMbIO 8PEeMeHY — UHBAPUAHTHOCTHIO (PU3UYECKUX 3aKOHOB OTHO-
CUTEJIbHO BBIOOpa Hayajla OTCYETa BPEMEHHU. 3AKOH COXPAHEHUS UMNYIbCa
(cM. moaTemy 4.3) CBSI3aH C 0OHOPOOHOCMbIO NPOCMPAHCMEA. TIPH MAPALICIbHOM
NEepPeHoce B MPOCTPAHCTBE 3aMKHYTOM CHCTEMBI TE€Jl Kak IeJoro ee (Qusnyeckue
CBOWCTBA HE M3MEHSIOTCS (HE 3aBHUCAT OT BhIOOpA TMOJOXKEHHUS Hadaiaa KOOPIAMHAT
WHEPIMATLHOW CUCTEMBbI OTCYETa). 3AKOH COXPAHEHUS MOMEHMA UMRYIbCA
(cm. moaTemy 4.13) cBsi3aH COOTBETCTBEHHO C U30MPONHOCHbIO NPOCMPAHCMEA —
MHBApUAHTHOCTBIO (PU3NYECKHX 3aKOHOB OTHOCHUTENIBHO BbHIOOpA HANpaBIIECHUS OCEH
KOOPJMHAT CUCTEMBI OTCYETA.

[lepeuncnenHble 3aKOHBI COXpPAaHEHUS! MOKHO IMOJYYUTh M3 BTOPOrO 3aKOHa
HeroToHa. IlpuMeHeHre 3aKOHOB COXpAaHEHHs YHpPOIIAaeT pelleHHue 3aad, n30aBisis
Hac OT TPOMO3JIKUX U YTOMUTEIBbHBIX PACUETOB, €CJIM CUJIbI B TOUHOCTU M3BECTHHI.
WX MOXHO MCHIOJIb30BATh, KOTJa CUJIbl BOOOIIE HEU3BECTHBI.

4.2. AMnyJibe CHJIbI

3anuiiemM ocHoeHoe YpPasHeHue OUHAMUKU
T

P_g (4.1)

T7Ie IMITYJIbC YacTHIBI P =MU ; Mu U —ee Macca U CKOPOCTh COOTBETCTBEHHO.
CornacHo ypaBHenuto (4.1) mpousBoHas UMITyJIbca MAaTepUaTbHON TOYKH IO

BPEMEHHU paBHa JEUCTBYIOLIEH HA Hee cuile. B yacTHOCTH, eciu F= 0, To p=const.
13 Boipaxenns (4.1) npupalueHue UMITyIIbca YaCTULBI 33 JH000H IPOMEKYTOK

BPEMEHH, €CJIM M3BECTHA 3aBUCUMOCTb CUJIBl F OT BpemeHH, ompenensieTcs 3a Ko-
HEYHBII IPOMEXKYTOK BpEMEHH t Kak

r r 'r
P2 - Py =QFat. (4.2)
0




Benuuuny B npaBoii yactu Gopmyibl (4.2) Ha3bIBAIOT UMHYIbCOM CUITDL:
OpUpAIICHHEe MMOYJIbCa YACTHUIIBI 32 JH000 MPOMEXKYTOK BPEMEHH 3aBUCHT HE
TOJIBKO OT 3HAYCHUS CHJIbI, HO U OT MPOJOJDKUTEIILHOCTH €€ JACUCTBHS, WIH, JAPY-
TMMU CJIOBAMH, PABHO UMITYJIbCY CHJIBI 32 3TO BPEMSI.

MMnyJibC CHCTeMBbI YaCTHUI] €CTh BEKTOPHAS. CyMMa UMITYJIbCOB €€ OT/CIbHBIX

YACTHIL

1 _ o 1
p=amn, (4.3)
i
1 A
rac pi — UMIIYJIBC I-1U YaCTHUIIKI.
Teopema 00 M3MEHEHUH UMITYJIbCA CUCTEMBI:

MOJIHBIU HUMITYJIBC CUCTCMBI MOKHO MUBMCHHUTD TOJIBKO IIGﬁCTBHCM BHCIHIHUX CHUJI
dp _ I
E - FeHem ’ (44)
T.C. MPOU3BOAHAA HMITYJIbCa CHCTCMbI IO BPEMCHHU paBHaA BGKTOpHOﬁ CyYMMC BCCX
BHCIIHUX CHII, HeﬁCTBYIOHIHX Ha 9aCTUIIbI CUCTCMBEI.

Kak u B ciy4dae OIIHOﬁ JaCTUlbI, U3 BLIPAKCHUA (44) CJICaAyeT, 4TO IpuUupamic-
HHUC UMITYJIbCa CUCTCMBI PAaBHO HMITYJILCY pe3YHBTPIpy}OH_Ieﬁ BCC€X BHCIIHHUX CHJI 34
COOTBGTCTBYIOH.IPIIZ IMPOMCIKYTOK BpeMCHI/I:

ror \f
Po- P = d:(;Hemdt : (45)
0

4.3. 3aK0H COXpaHEeHUs] UMITYJIbCa

U3 ypaBuenus (4.4) cieayer, 4To BHyTPEHHUE CHIIbI HE MOT'YT M3MEHUTH UM-
MyJbC CUCTeMbI. PaccMoTpuM 3aMKHYTYI0 cucTeMy. Torna corinacHo dpopmyie (4.4)
dp T
L
3aKkoH coXpaHeHHs] HMITYJIbCA:
UMITYJIEC 3aMKHYTOM CHCTEMbI HE U3MEHSICTCS C TCUCHHEM BPEMEHH, T.€. OCTACTCS
MOCTOSIHHBIM:

p= é p; (t) = const. (4.6)

IIpn 5TOM HMIYJIBCBHI OTAEIBHBIX YACTUL WJIM YacT€d 3aMKHYTOM CHCTEMBI MOTYT
MEHSTBCS CO BPEMEHEM.

NMITynibc MOKET COXpaHATHCA U Yy HE3aMKHYTOW CHCTEMBI IIPU YCIOBHUH, YTO
pe3yIIbTHPYIONIAs BCEX BHEITHUX CHJI paBHA HYJIIO, KaK cienyeT u3 BeipaxkeHus (4.4).




4.4. llenTp Macc. YpaBHeHUe ABH:KeHHMs HeHTpa Macc. CucremMa neHTpa Macc

LenTpom Macc (yermpom unepyuu) CUCTEMbI 1 MaTEPHUATBHBIX TOUYCK Ha3bI-
BaETCs TOUKA C PAJANYC-BEKTOPOM OTHOCHUTEIHLHO Havalla JAHHOW CUCTEMBbI OTCUETA:

& r

; a mf
e = I:1m , (47)
1 VY (v .

rac m nu ri — 3TO Macca nu panI/ch-BeKTop -1 MaTepI/IaHBHOI/I TOUYKHU COOTBCTCTBCHHO,

n
N — YUCII0O MaTepUalbHbIX TOYEK B CUCTEME, M= é M — macca Bcenl cuctemsl. [1o-
i=1
JIOYKEHUE LIEHTPA MACC XapaKTEPU3YET PACHPENCICHUE MACChl I TOM CUCTEMBI.
B ciyuae Ipex H3MepeHI/H7I KOOpIII/IHaTBI ueHIpa MAacCC 3alIMUIYTICS B BUJIE

k——amx k——amm,%——amm (4.8)

i=1 i=1 M=y
IJie X, Vi U Z — COOTBETCTBEHHO KOOPUHATHI I-ii MaTepHalibHOM TOYKH Maccoi My.

[IpoTskeHHBIE TEJla BO MHOTHX CiIy4yasX yJOOHO paccMaTpuBaTh Kak Tela, B
KOTOPBIX BEHIECTBO SIBJISICTCSI HEMPEPBIBHO pacnpenaeieHHbiM. MHbIMU ClIOBaMu,
MPEIoJIaraeTcs, 4YTo TEJIO COCTABJICHO M3 N YAaCTHIl, IpUYeM N CTpeMUTCs K OecKo-
HeuHocTu. B popmynax (4.8) cyMMbI 3aMEHSIIOTCS MHTETpaJIaMU

1 1 1
= cxdm, = cydm, == cydm,
Xc m\PX Yc m?y Zc m\SY—d

r71e UHTErPUPOBAHUE TPOBOJUTCS MO BCEl 00JACTH, 3aHATOM TEJIOM.
Toraa B BEKTOPHOM BHJIE AJIsk CIIy4asi HEPEPHIBHOIO PACIPEEICHHUS MACChI C

IUIOTHOCTBIO p BbIpaxkeHue (4.7) 3anuiieTcs CIeIyrIM 00pa3oMm:
r_1.r 1.
c=—¢dm==¢rdv. (4.9
m m
\/
LleHTp Macc cucTeMbl COBIAZAET C €€ LIEHTPOM TSKECTH, €CIIHU MO0JIe CUIT TSKe-
CTH B MpeJiesax JaHHOW CUCTEMbl MOKHO CUYUTATh OJTHOPOIHBIM.
CKopocTh LEHTpa Macc CHCTeMbl Hailem, npoaudPepeHpoBaB ypaBHEHHE

(4.7) mo BpeMeHu:

i zﬁzigmd_r_iam
d mZ d m.z y N

Ecnu ckopocTh 1eHTpa Mace paBHa HYJII0, TO CUCTEMa KakK IeJI0¢ TIOKOUTCS.
Takum oOpaszoM, B Mexanuke Hbl0TOHA umnyibc cucmemovt Maccoi m MOKET
OBITH BBIPA)KEH Yepes CKOPOCTb €€ [ICHTPa Mace
p=muc. (4.10)
[ToacrasuB Boipakenue (4.10) B ypaBHenwue (4.4), monyduM 3aK0H JIBHIKEHHUSI
HEeHTPa Macc

G T
C_f 4.11
dt 6Hew ( )

T.C. HCHTP MACC CHUCTCMBI YaCTULl ABUIKCTCSA KaK mamepudaibHas novka, B KOTOpOfI



COCpPE0TOYEHA Macca BCEU CUCTEMBI U Ha KOTOPYIO ACHCTBYET CHUJIA, paBHAsI TE€OMET-
pUYECKON CyMME BCEX BHEIIHUX CHUJI, MPUIOKEHHBIX K cucteMe. [Ipu aToM yckope-
HHUE IIEHTPA MAacC HE 3aBUCUT OT TOYEK MPUIIOKEHUS BHEIITHUX CHUJL.

B cootBercTBUM ¢ dopmyron (4.11) u3 3ak0HA COXpAHEHHS UMITYJIbCa CICIY-
€T, YTO LIEHTP MacC 3aMKHYTOW CUCTEMbl B HMHEPIMAIbHOW CHCTEME OTCYETa WU
JABVOKETCSA MPSIMOJIUHENHO U PABHOMEPHO, WIIW MOKOUTCS.

Cucremy oTcuera, JKECTKO CBSI3aHHYIO C LIEHTPOM MAacC U MEPEMEIIAONyOCs
MOCTYINATENBHO MO OTHOLICHUIO K MHEPUUAIBHBIM CUCTEMaM, Ha3bIBalOT CHCTEMOM
LHEeHTPa Macc, Wik, Kpatko, I{-cucmemoi.

ITonHBI UMITYJIBC CUCTEMBI YaCTULl B [/-cUcTEME BCeraa paseH Hymro. [pyru-
MU CJIOBaMH, Jr00asi CUCTEMa YacTUIl KaK 1eJ0e NOKOUTCS B cBoel [[-cucreme. Jlis
3aMKHYTOM CUCTEMBI YaCTUIL €€ [[-cucTema sBJISECTCA MHEPLUHUATBbHOM, ISl HE3aMKHY-
TOM — B 0011IeM clly4ae HEMHEPIUaIbHOM.

45. Paoora

J1o cux mop MbI U3y4aiu ABUKEHUE U B3aMMOJEUCTBUE YAaCTUIl B paMKaX Tpex
3aKOHOB JIMHaMHKU HproToHa. JI71s1 KOJIMYECTBEHHOTO OMUCAHUS ABUKEHUS HCIIONb-
30BaJIOCh MOHATHE CHJIbI. Ternepb paccCMOTPUM JBUKEHHUE YACTHIBI C MOMOIIBIO TO-
HATUN pabOThl U SHEPTHH.

DHepeusa — 370 yHUBEpCAJIbHAsE Mepa pa3iMuHbIX (POPM JBUKEHHUS U B3aUMO-
nericteus. Padora sBisieTcs Mepol MpeBpalieHusl OJHOIO BUJA SHEPTUU B IPYTroOil.
[ToaToMy 3HEprust u paboTa UMEIOT OJIHY PA3MEPHOCTb.

B noBceqHEBHOM KU3HU CIIOBO paboma ynoTpeoseTcs: B pa3InuHOM CMBICIIE.
B ¢usuke xxe pabora uMeeT CTpOro ONpeneIeHHbIN CMBICI.

IycTh Ha YacTHIly, COBEPIIAIONIYIO MEPEMEIICHHE IO
HEKOTOpOil Tpaeckropun 1-2, neiicteyer cuma F, puc. 4.1. B

oOmiem ciydae cwia F B mpoiiecce ABUMKEHHS YaCTHUIIBI MO-
KET M3MEHATHCS KaK 10 MOJYJII0, TaK W IO HAMpPaBJICHUIO.
1
Paccmotpum snemenTapHoe mepemerenue dr , B mpemaenax
1

KOTOPOI'o CUIy F MOXHO cUMTaTh ITOCTOSTHHOM.
Puc. 4.1. K BeiBOIY P y '

hOPMyJIBI-ONIPEIeeHNAs HetictBue cuiibl F Ha mepemenieHun dr xapaKTlele-
pabOTHI CHIIBI 3YIOT BEJIMYMHOU, PAaBHOU CKaJIIPHOMY MPOU3BEICHUIO Fdr ,

KOTOPYIO Ha3BIBAIOT JIEMEHTAPHOI paboToii cunbl F Ha nepementenny dr :
dA=Fdrf = (F cosa)ds = F.ds, (4.12)

Tl 0 — YTOJI M@Ky BEKTOpaMHU F udf ; ds= |dl"| — 3JIEMEeHTapHbIN MyTh; Fg— mpo-
CKIUST BEKTOPA F na Bektop dr puc. 4.1. Bennuuua dA — anrebpanveckas: B 3aBU-
CHMOCTH OT yI7Ia MekAy BekTopaMu F u df oHa MOXeT GBITh KaK IONOKHUTETBHOH,
TaK U OTPHUIIATECILHOM U, B YaCTHOCTH, PaBHOW HYJII0 (eciu FAdr , T.e. F5=0).

Cymmupyst (naterpupys) eipakenue (4.12) mo BCEM DJICMCHTaPHBIM y4acT-
KaM IyTH OT TOYKHU 1 10 TOUKHM 2, HaX0AUM padomy cuast F Ha 1aHHOM MyTH:



2r r 2
A= oFdr =¢fFds. (4.13)

®dopmyna (4.13) cipaBenivBa HE TOJIBKO JUIS YACTHIIBI, HO ¥ JIJIs JTFOOOTO Tena
1
(umu cuctemsl Ten). [ox dr (wam dS) Hago MOHMMATh MEpEMEIIEHHE TOYKH PHIIO-
1

xkeHus cuiibl F . B yacTHOM ciiydae npu npsSMOJWHEWMHOM JIBIXKEHUU Teja MoJ JAek-
1

CTBHEM IIOCTOSSHHOM cuilbl F, KOoTOpas cocTaBisieT HEKOTOPBIN Yrojl ¢ C HalpaBlie-
HUEM MEepeMEIIeHUs], paboTa 3TOM CUJIBI PaBHA
A=F;s=Fscosa .
Yro0Obl OXapaKTepu30BaThb CKOPOCTb COBEPIICHUs PAOOThl, BBOAAT IMOHSITHE
MOIIHOCTU. Mouwinocms — 310 paboTa, coBeplIaemasi CHIJION 3a €IUHULLY BPEMEHH.
MouHocTs P paBHa ckajiipHOMY IIPOU3BEIEHUIO BEKTOPA CUJIbI HA BEKTOP CKOPOCTH,

C KOTOPOM JBUXKETCS TOUKA MPUIIOKECHUSA dTON CHUIIBL:
p=R_ .
dt

Kax u paGota, MOIITHOCTbh — BEJTMUMHA alireOpanyeckas.

Exunauna padorsr B8 CU — mxoyis (JIx): 1 Jhxk=1H - m.
1 Jlxxoynb — 310 pabota, coBepuiaemas cuioit BennuuHoil 1 H na mytu 1 m.

Enunauna momuoctd 8 CU —Batr (Bt): 1 Br =1 /Ix/c.
1 BaTT —9T0 MOIIHOCTS, IIPH KOTOPOiA 38 Bpemsi-1 ¢ coepmaercst pabora 1 JIx.

3Hasi MOIIHOCTh CHJIbI F , MOXHO HalTH U padOTy, KOTOPYIO COBEpIIAET 3Ta

cHja 3a MPOMEXYTOK BPEMEHHU t I[eI/ICTBI/ITeJIBHO IIOJICTABMB TIOABIHTErPAILHOE BbI-
paxxenue B popmyiie (4.13) B Bujie Fdr = Fudt = Pdt , moxy4aum

A=C‘)Ddt.
0

4.6. KuneTnueckasi 3Heprusi yactuubl. KoHcepBaTMBHBIE CHIIBI

Kunemuueckasn JHeplun MEXAHUUECKOIl CUCMEeMbl — ITO OHCPIrug MCXaHHU4C-
CKOT'O JIBUKCHUS ATOM CHUCTCMBI, onpeacirsieMas CKOpOCTbIO €€ YaCTHII.

ITycts wacTiia Macchl M ABIKETCS MOA IEHCTBHEM HEKOTOPOH CHIIBI F (B
o0IIeM ciiydae cuiia F - pesyabTUpyHoLas Heckoubkux cui). Halinem snementap-
HYI0 padoTy, KOTOpYIO COBEpIIIACT dTa CHJIa F na 3IeMEHTapHOM TepeMenienun o .

Yyrem, 4To F = md%t u dr = (dr /dt)dt =udt, u 3anmmem u3 Bepaxenus (4.12):
dA = Fdr =mudu .
MoHO mokasats, 9to UdU =udu , u anemenTapHas pabota GyaeT paBHa
dA=mudu =d(mu?/2).
Otcrona BUIHO, 4TO paboTa cwiibl F maer Ha nmpupanieHue HEKOTOPOH Beu-

YUHBI B CKOOKaX, KOTOPYIO Ha3bIBAIOT KMHETHY€CKOM IHepPrueil 4acTHLbI:

mu 2
= ) 414
. (4.14)




Kunernueckas sHeprus siisercs: QyHKIMeH coctossHus cucteMbl. OHa Beeraa
NOJIOXKHTEIbHA. B pa3HBIX MHEPIUAIBHBIX CUCTEMaX OTCUETA KHHETHUYECKAs YHEPTUS
HEOJIMHAKOBA.

Takum 00Opa3oM, mpupaneHHe KUHETHUYECKON dHEPTHUH YACTHUIBI MIPH AJIEMEH-
TApPHOM TEPEMEIICHHHA PABHO 3JEMEHTapHOW paboTe BCEX CHJI, JCUCTBYIOIIUX HA
YaCTUILY, HA TOM K€ MEPEMEIICHUU:

dE, =dA. (4.15)

TeopemMa 0 KHHETHYECKON JHEPIHUU:

U3MCHCHHE KMHETUYECKON DHEPTUU YacTHUIIbI MPU €€ MEePeXoje W3 OJIHOrO TOJIOo-
KCHUS B JIPYyroe paBHO ajireOpandeckoil cymme paboT BCeX CWII, JCHCTBYIOIINX HA
YACTHUILY HA TOM XK€ MEPEMEIICHUU:

Ev, - B, =Ao. (4.16)
Ennnuna kunetnueckoit sHeprun B CU — mxoynb (x): 1 Jx =1 H - M.
KoncepBaTHBHOW Ha3bIBAIOT CWIIy, paboTa KOTOPOM ONpPEACHseTCS TOJIBKO

HAYaIBHBIM U KOHCYHBIM IMOJIOKEHHUSIMH TEJIa U HE 3aBUCHUT OT (POPMBI U JUTHHBI ITyTH

(OT TPaeKTOPHH TOYKH MPHUITOKCHHS CHIIBI).

KoHcepBaTHBHBIC CHIIBI IEHCTBYIOT Ha TeNO (MaTepUAIBHYIO TOYKY) B IMOTCH-
UAJTBHBIX CTAIIMOHAPHBIX MONIX. CTalMoHApHOE T0JIe OyIeT MOTeHIHATbHBIM, €C-
au pabota 1o JTF00My 3aMKHYTOMY IIYTH B 3TOM IoJie OyIeT paBHa HYJIO:

N |
A=¢fdr =0.
a YroObl yOeaUTHCS B 3TOM, pa3o0beM MPOU3BOJIbHBIN
) 3aMKHYTBIA KOHTYp, TIO0 KOTOPOMY JBIDKETCS YacTHUIIA,
1 Ha nBe yactu: 1la2 u 2bl, puc. 4.2. Torna padorta 4 Ha
5 3aMKHYTOM MYTH paBHa
= +
Puc. 4.2. K onpeneneHuio A= Aap + Aoy

CTALMOHAPHOTO rae Ao = Ay, Tak Kak paboTa KOHCEPBATUBHBIX CHII
TIOTCHIHATIBHOTO MOJIA HE 3aBHCUT OT (popMmbl yTH. [lockonbky Aoy =- Ay

TO B PE3yJIbTATE OKA3BIBAETCS, YTO pab0Ta B MOTEHUMAJIBLHOM I0JI€ Ha MMPOU3BOJIHLHOM
3aMKHYTOM ITyTH JIEHCTBUTENbHO paBHa Hymo: A=0.

Hexoncepsamuenule cunbt — 3TO CUbl, pad0Ta KOTOPBIX 3aBUCUT OT (POPMBI
Tpaekropuu. Ilpu nepemenieHn MaTepruagbHOM TOYKU WIM TeJa 110 3aMKHYTOM Tpa-
EKTOpUU pabdOTa HEKOHCEPBATHUBHOM CWIIbI HE paBHA HyJ0. K HEKOHCepBaTHBHBIM
CHJIAM OTHOCSITCSI CHUJIbI TPEHHs U CONPOTUBICHUSA. OHU HA3BIBAIOTCSA OUCCUNAMUG-
noimu cunamu. CymmapHas paboTa BCEX BHYTPEHHHMX JUCCUIIATUBHBIX CUJI CUCTEMBI
BCETJa OTPULIATEIIbHA.

4.7. IloTeHUMANBHAS JHEPTUs YACTUIBI B MOJ1e. JHePIrusl yNpyroii 1e)opmManumu.
CBs13b MeKAy NOTEHIHAJBbHOU JHEPTrUeil M CHJIOH 1M0JIA

PaccMoTpuM cTalioHapHOe Mojie KOHCEPBAaTUBHBIX cuil. PaboTy KoHcepBa-

TUBHOW CHJIBI MOYKHO TIPEJICTABUTh Kak M3MeHeHue (yObLIb) HEKOTOPOW CKASPHOM
l ~

dynxuun E, (1), sapucsuieil To1bK0 OT MONOKEHHUS YacTULbI (Tena), KoTopas Ha3bl-



BACTCS MOTEHUMAJIBHOH YHepIruen YacTULbIL.
T
dA=F dr =-dE,.
Torna paboma cun nona npu nepeMenieHUU YaCTUIIBI U3 TOYKH 1 B TOUKY 2 MOXKET
o 1
OBITh TIpE/ICTaBIeHa KaK yObUIb IOTEHIMANbHOMH dHeprun E, (I') dacTuupl B JaHHOM

ToJIe.

21 r
A, =oFdr =E, - E, . (4.17)
1

W3 dopmynsr (4.17) cneayer, 4To MOTEHIIMATIBHAS SHEPTHS ONpPeEIeieHa ¢ TOY-
HOCTbBIO JIO MPOU3BOJIBbHON MOCTOSIHHOU. [10CKOIBKY B PU3HUECKUX SABICHUSIX TPUPO-
Il paccMaTpUBaeTCs HE cama BeIMYMHA MOTEHIIMATBbHON dHEPTHUH, a TOJBKO €€ W3-
MEHEHHE, TO pOJIb KOHCTAaHTHl HecyllecTBeHHa. Hadamo oTcuera MOTEHIMATBHOU
suepruu (E, =0) BeiOupaeTcs u3 coobpaxeHnii y1o0cTsa.

Ennnuna norennmansHo suepruu B CU — mxoyins (Jx): 1 x =1 H - m.

OnpenenuM sHEpruio ynpyroiu neopmanuu crepxHs. BHelllHue cuiibl moa4u-
Hstores 3akony ['yka (3.17). [loTeHImanbHas SHeprusl yIpyro pacTsaHyToro (ckarto-
r0) CTEpXHsI paBHA MHHUMAJIBHOW paboTe, COBEpIIacMOW BHEIIHUMH CHUJIAMU TPU
nedpopmanuu, t.e.ipu F_=F:

6Heul

DI
E, = A= oFdx.
0

[TycTh X — yJUIMHEHHE CTEPXKHS, KOTOPOe U3MEHSIETCS B Ipolecce AeGopManuu
or 0 o Dl . Toraa cornacHo 3akony I'yka (3.17) monyyaeM /st JHEPrHH YHPYTOi
nedpopmanuu E,, 4To MOTCHIMATIBHAs JHEPIUS YHPYro PACTSIHYTOrO CTEPXKHS MpO-

NOpLHOHATbHA KBaJIpaTy Je(opManuu:
D]

RS OE—SxdleE—S(Dl)Z.
o 2 |

B HBIOTOHOBCKOIl ME€XaHMKE MIMPOKO HCIOJIb3YIOTCS JBa CIoco0a OMHCaHUs
83AUMOO0eUCMBUs_4acmuybl C OKPYKAIOIIUMHU TeJaMU: C MOMOIIbIO CHJI U C MOMO-
IIBI0 TOTEHUUAIBHONU dHepruu. [lepBbiif cIOCOO MPUMEHUM M K TaKUM CUJiaM, JJis
KOTOpPBIX HElb3s BBECTU NOTEHIMAIBHYI0 JHEPIUIO, HAIIPUMED AJIs CUII TpeHus. Bro-
poii croco0 MPUMEHUM TOJIBKO B CIIy4ae KOHCEPBATUBHBIX CHUII.

PaccMoTpuM IepeMenieHre YaCcTULbl U3 OJHOW TOYKM ITOTEHIMAJIBHOIO CTa-
LIMOHAPHOTO OIS B Ipyryl0. CBSA3b MEKAY NMOTEHUMAJIbHON JHeprueil U CUJIOM
MOJISI BEIPAXKaeTCsl B COOTBETCTBHH ¢ ypaBHeHueM (4.17):

s : (4.18)

1
rjie noTeHnuanbHas sueprus Eq(r) — dynkuus nonoxenus yactuupt B nose. Cre-

1
AOBATCJIbHO, IMPOCKIHA Fs CHJIbI ITOJIA — BEKTOpa F -8 II&HHOIZ TOYKC II0JI1 Ha Ha-

1 ~
npasiicHre nepemenicHuss Of paBHa ¢ OOpaTHBIM 3HAKOM MPOU3BOJHON TOTCHIIU-
aibHOM dHEeprun Ej, 1o 1aHHOMY HalpaBJICHHIO.



[epememenne df MOXHO B34Th B JFOOOM HANPABICHUH, B YACTHOCTH BJOIb
KoopauHaTHbIX oceil X, Y, Z. Cea3b mexcoy cunoil noas u nOMeHuuaibHol IHepIu-
el Kak (yHKIUEH KOOPIUHAT MOXKHO MPEACTABUTH B CIICAYIONIEM BHJIC:
ey Pl T

y z o
IJIc BEJIMUUHY, CTOSIIYIO B CKOOKAaxX, HAa3bIBAIOT I'PAJUCHTOM CKAISIPHON (YHKIIHH
KOODPJIMHAT — TIOTCHIIMAJILHON SHEPTHH YaCTHUIhI B JAHHOW TOYKE TMOJIs, 0003HaUas

L
grad E, wm NE,. TupdepenunanpHpiii onepatop Habna B 1eKapTOBBIX KOOPANHA-

(4.19)

TaX 3allMChIBACTCA KaK

L r r r
N=1i 1 + ] 1 +k 1 .
I I Ix .

Taxum o6pa30M, BEKTOP KOHCEPBATUBHOW CHJIBI F IIPOTHUBOMOJIOKECH HAMPAaBICHUIO

L
Bekropa NE ;. ®opmyna (4.19) no3sonser, 3Has MOTEHIMATLHYIO SHEPIUIO YaCTUILBI
. . N
Ep(ll‘), HaliTh JnercTBytomnyto Ha Hee cuny F(r). CMbIch rpagueHTa OyaeT MmOHST-

HEC, €CJI1M BBCCTH ITOHATHC 3l<eun0melmua.71buoﬁ nosepxnocmu — 1MOBCPXHOCTH, BO
BCCX TOYKax KOTOpOfI MNOTCHUOUAJIbHAA SHEPTUA UMECT OAHO M TOKC 3HAUYCHHC. Kax-
AOMY 3HA4YCHHIO Ep COOTBCTCTBYCT CBOS 3KBHIIOTCHLMAJIbHAA IMOBCPXHOCTD. Torna

rpagueHt E, —9To BEKTOp, HANPABJICHHBIN [0 HOPMAIU K SKBUIIOTCHIMAIBHOMN 110~

BEPXHOCTHU B CTOPOHY BO3PACTaHUS MOTECHIIUAIBHOW SHEPTUU.

4.8. [ToiHas MexaHU4YecKas IHEPTHUs YacTULbI. 3AKOH ee COXpaHEeHMS.
Oobmedusnyeckuii 3aKOH COXpPaAHEHHUS JHEPIUH

PaccmoTpum cuctemy yacTull (MaTepUalbHBIX TOYEK), KOTOpas HAXOAUTCS B
CTAaLlMOHAPHOM I10JIE KOHCEPBATUBHBIX CWJI. HaCTUIBI CUCTEMBI JBUTAKOTCS MOCTYIIA-
TenbHO. OTMETHUM, YTO 6HEUIHUEe CUibl HE UMEIOT OTHOUICHUS K CUIOBOMY IIOJIIO, B
KOTOPOM HaxXOJSATCS 4YacTUlbl. BHENTHUE CUJIbI MOTYT OBITh U KOHCEPBATHUBHBIMH, U
HEKOHCEpBaTUBHbIMU. PaboTa mocienHux cuia HEe MOXET ObITh yUTeHa KaK M3MEHe-
HUE NOTCHUUAIBLHON SHEPTUU CUCTEMBI.

ITonHast MexaHU4YecKasl DHEPrusl YacTULbI — DHEPIUS MEXaHUYECKOIO JBU-
JKEHMS U B3aUMOJEUCTBYS, paBHasl CYMME KHHETUYECKOH U IMOTEHIUAIBHON YHEPIUNd:

E=E, +E,. (4.20)

[Tonuas MexaHWYECKast SHEPTUsl YaCTUIIbI, KaK U MOTCHIIMAIbHAS YHEPT s, ONIPe IeIs-
€TCSl ¢ TOYHOCTBIO JI0 MPOU3BOJIBHON mocTosiHHON. 13 ypaBHeHwus (4.20) MOXKHO J0-
Ka3aTh, YTO HMPHUPAIICHUE MOJHOW MEXaHMYECKON SHEPruu YacTHUIbl HA HEKOTOPOM
NyTH B CTAllMOHAPHOM II0JI¢ KOHCEPBATHBHBIX CHJI PaBHO anreOpanueckoil cymMme
paldoT BCeX BHEIIHUX CHJI, ICHCTBYIONIMX HA CUCTEMY Ha TOM K€ MyTH:

E,- E,=A,..- (4.21)
Ecmn A, ., >0, To mosHas MexaHW4ecKas DHEPrUs CUCTEMbI YBEIMUYUBAETCA, €CIH

A, .. <0, TO yMeHBIIAETCH.



[MoxHast MexaHUYeCKasi JHEPTUS YACTUIBI MOKET U3MEHSIThCS TOJBKO MO JICH-
cTBHEM BHENIHHUX cuil (cM. popmyiy (4.21)). OTcrofa HemOCPEACTBEHHO CISIYeT 3a-
KOH COXPAaHEHHS MeXaHUYeCKOH IHEPTUH YaCTHIIBI:
NOJTHASE MEXaHMUYECKasi SHEPTHUs YaCTUIBI B CTAI[HIOHAPHOM T10JI€ KOHCEPBATHBHBIX
CHJI OCTAaeTCs HEM3MEHHOW BO BPEMEHH, €CJIM BHEUIHHE CHJIbI OTCYTCTBYIOT WIH
TaKOBBI, YTO HE COBEPIIAIOT PabOThI B TEUEHUE PACCMATPHBAEMOT0 BPEMCHHU:

E =E, +E, =const. (4.22)

Juccunamugnsle cucmembvl — 3TO CUCTEMBI, B KOTOPBIX MEXaHUUYECKasl dHEP-
T'Hsl IOCTENICHHO YMEHBINASTCS 32 CUeT MPeoOpa3oBaHusl B Ipyrue (HEMEXaHHYCCKUE)
(dbopMBbI 3HEPrUH. ITOT MPOIIECC MONIYYMT Ha3BaHUe ouccunauuu (paccesiHus) IHep-
2uu. CTporo roBopsi, BCE CUCTEMBI B IIPUPOJIE SIBISAIOTCS JUCCUTTATUBHBIMU.

Ilenmpanvnoimu Ha3bIBAIOTCS CHJIBI, AEHUCTBYIOIIHUE MO MNPSIMOI, COEIUHSIO-
LIEH YaCTULIbI, M 3aBUCSIINE TOJBKO OT PACCTOSIHUSA [ MEXKAY HUMH.

Paccmotpum cucremy udactunl N, Mexay KOTOPHIMH JAEUCTBYIOT TOJBKO IEH-
TpajbHbIE CWJIBI. MOKHO ITOKa3aTh, YTO B ATOM CJIy4ae HE3aBUCHUMO OT CHUCTEMBI OT-
cueTa paboTa BCEX BHYMPEeHHUX YeHMpPanibHulX (KOHCepeamueHuix) cul TIPH TIEPEXoIe
CUCTEMBI YacTHI] U3 OJHOTO MOJOKEHUS B JPYroe MOXKET ObITh MpeicTaBieHa Kak

yOBLIIb HEKOTOPOH (DYHKITMHU, ONIPEACIISIEMON COCTOSTHUEM CHCTEMBI:
KOHC _ [=cob cob
Hymp Epl - Ep2 |

cob
p2

KOHEYHOM COCTOSTHHSX COOTBETCTBeHHO. Codcmeennasn (63aumnasn) nomeHyuas-
HAA IHEPZUA CUCHIEMbl YACTUL] — 3TO MEXaHUYECKAsl DHEPIHsI CUCTEMBI TEJl, 3aBHUCS-
masi OT KOHQUTYpAlUU CUCTEMbI (B3AUMHOI'O PACIOJIOXKEHHUSI YACTHI) U XapaKTepa
CUJI B3aUMOJICHCTBUS MEXKAY HUMMU:

rjae E;‘ié u E}, — coOcTBeHHasl MOTEHLMAJAbHASA SHEPIUsl CUCTEMbl B HAYaJIbHOM U

co6 _ 1 N cob
Ep =5 a Epik’
i,k=1
(i*k)

rae E;"iﬁ — JHEPrus. B3auMoIeHCTBHS I-i 1 K-if wactuil. Eciiu npu IBMKEHUU Y4acTHIL

KOH(UTrypalus CUCTEMbl OCTAETCs MOCTOSHHOW, TO MOTEHLMAJIbHASL SHEpTus Oynaer
MOCTOSIHHOW W BHYTPEHHHE CHJIbI pabOThl HE COBEPILALOT.
Kunemuueckaa snepzua cucmembpl 4aCTULl paBHA CYMME KHHETUYECKUX DHEP-
U OT/IEJIbHBIX YaCTHULL!
i=1

rae M U U, — COOTBETCTBEHHO Macca M CKOpocTh yactuibl i. CymmapHas pabora A

BCEX CHJI JICHCTBYIONINX HA CHCTEMY YaCTHIl — BHEIIIHUX U BHYTPEHHUX — 3aTpadyrBa-
eTCsI Ha MpHpaIleHHe KMHeTH4YecKoi sHepruu (cM. hopmyiny (4.16)).
Takum 00pa3oM, Mexanuueckas IHep2us CUCHEMbL OTIPEICIIACTCS KaK

E=E +Ey’. (4.23)

MexaHnueckasi SHEPTHsSI CUCTEMBI 3aBUCUT OT CKOPOCTEN YAaCTHL CUCTEMBI, XapaKTe-
pa B3aUMOJEHUCTBUS MEXAYy HUMHU U KOHQUIYpaluu cucTeMbl. MI3MeHeHne MexaHu-



YECKOM SHEpPruM 3aMKHYTOM CHUCTEMBbl paBHO anredpandeckoil cymme paboT Bcex
BHYTPEHHHX HEKOHCEPBATUBHBIX CHUJI

—  AHeKOHC
E2 - El =~ Peuymp -+

CrnenoBatenibHO, MEXaHUYECKasi SHEPIrUsT HEKOHCEPBATUBHOM 3aMKHYTOW CHCTEMBI
yowsiBaer (DE Oynmer oTpuIaTenbHO), MOCKOJIBKY MOXKHO IMOKa3aTh, YTO PE3YJIbTH-
pyroiasi paboTa BceX BHYTPEHHUX HEKOHCEPBATUBHBIX CUJI CUCTEMBI — BEJIMUMHA OT-
puLaTesbHasi, HE3aBUCUMO OT CHCTEMbI OTCUETA.

3aKoH coxpaHeHHs MeXaHMYeCKO JHePpIruu CUCTEMbI:

MEXaHMYECKasi DJHEPTusi 3aMKHYTOM cUCTeMbl yactull (cM. ¢popmyiny (4.23)), B ko-
TOpPOH OTCYTCTBYIOT HEKOHCEPBATHBHBIE CHJIbI, COXpaHsSeTcs B Ipolecce
JBUKEHUS.

Paccmotpum cucremy vactun N Bo gnewnem cmayuonapuom none Koncepsa-
muenblx cun. JIeWCTBYIOIINE BHEIIHUE CUIIbI MOXKHO Pa3[eIUTh Ha CWIbl CO CTOPOHBI
BHEIIIHETO MOJIsl U BHEIIHHE CTOPOHHHE CHJIbI, KOTOPHIE HE OTHOCSTCS K JaHHOMY
BHEIIHEMY TIOJTI0. YUTEeM, UTO KaXKJas i-s 4aCTUIAa CUCTEMbI OY/IeT XapaKTepu30BaTh-
Csl CBOUM 3HAYCHHEM MOTCHIMANBHON dHeprun E; Batone, onpeaesnsieMbiM 1o ¢op-
myne (4.17). MoXHO NOKa3aTh, YTO HOJIHAA MEXAHUUECKAA IHEPIUA CUCHEMbL BO
BHEIIHEM I10JIE€ pABHA CYMME KUHETUYECKOM U IMOTCHIMAIBHON YHEPIui

E=E +E; +E§, (4.23a)

E

- Qyow

rae E, = Di -
i=1

N3meHeHne MeXaHUYEeCKOW PHEPILUU CUCTEMBI OMpPEACNSIETCS CyMMOUW paloT
BCEX JICUCTBYIOIIUX B CUCTEME HEKOHCEPBATUBHBIX CHUJI (BHYTPCHHUX U BHEIIHUX):

E2 h El v A—teKOHC : (424)
Takum 00pa3om, Korjna HekomcepeamugHvle Cuibl OTCYTCTBYIOT, MOJIHASI MEXaHU4Ye-
CKasi DHEPTHSI CUCTEMBI COXPAHSIETCH.

3aKOH COXpaHEeHHMsI MOJIHOW MeXaHMYeCKOil J3HepPrud CUCTEeMbl, HAXOJs-
Hefcsa BO BHENTHEM CTALIMOHAPHOM I10JI€ KOHCEPBATUBHBIX CHUII:

B UHEPYUAIbHOU cUcmeme omcyema TIOJIHAsi MEXAHUYECKAS] DHEPTUsl 3aMKHYTOMU
cucteMbl yacTuil (cM. popmyiy (4.23a)), B KOTOPOH HET BHYTPEHHUX HEKOHCEpBa-
THUBHBIX CHJI, OCTAETCS MOCTOSSHHOM B MPOLIECCE ABUKEHUSA.

JlaHHBIN 3aKOH BBIBOJAMTCS C MPUMEHEHUEM TEOPEMbl 00 U3MEHEHUHU KUHETH-
4yeckoil 3Hepruu uactuibl (4.16), koTopas omupaercsi Ha BTOpOi 3akoH HproToHa
(3.3). Otcrona ciienyer TpeOOBaHHE HHEPIMATBLHOCTA CUCTEMBI OTCUCTA.

B 3axnmtouenue chopmyiupyeM 3aKOH COXPaHEHUsl JHEPTUM B €ro oouem
(pusnyeckom cmbicie:

DHEPIusl HUKOIJa HE MCYE3aeT U HE NOSBISAETCS BHOBb, OHA JIUIIb IPEBPAIIAETCS
Y3 OJHOTO BUJA B IPYIOM.

dusnueckas CyNIHOCTh 3aKOHA COXPAHCHUsS M TpEBpalleHus dHepruu (Mexa-
HUYECKOW, BHYTPEHHEH, OJJIEKTPOMArHUTHON, XHMHUYECKOW, SIACpHOW | Ap.) —
HEYHUUYTOXKUMOCTh MATEPUU U €€ JBUKECHHUS.




4.9. I'paBUTALIMOHHOE TI0JI€ M €r0 XapAKTEPUCTUKA

B3aumopeinictBue Mexay TenaMU OCYLUECTBIISICTCS 4YEPE3 2pasumauuoOHHoe
noje (Tojie TATOTEHUS), KOTOPOE SIBIsICTCS OAHOM u3 (hopM marepuu. B rpaBuraiu-
OHHOM II0JIE Ha MATEpUAIIBHYIO TOYKY ACHUCTBYET CUJA TATOTEHHUs, MPSIMO IPOIOpP-
LIUOHAJIbHAs Macce 3TOU TOYKH. BekTopHON XapaKTEpUCTUKOW JAHHOIO IO ABJIA-
€TCsl €ro Hanpax@ceHHocms [, KOTOpas paBHAa OTHOIICHHMIO CHIIbI TAroTeHus F,
NEUCTBYIOLLIEN Ha MaTepUabHyI0 TOUKY, K BEJMYMHE €€ MacChl M

I'=F/m, (4.25)
rae I' —9To cuia, KoTopas AeHCTBYET Ha TeJ0 Macchl 1 Kr.

Cuiibl TSITOTEHHS MUMEIOT MOTEHIUABHBIA XapaKTep, YTO MO3BOJISET BBECTH
CKAJIIPHYIO XapaKTePUCTUKY TPABUTALUOHHOTO MOJISI — ROMEHUUAR (), CBI3aHHBIN C
1

[’ COOTHOIIIEHUEM

r ir o or o« r
I'=-grad =- (ﬂi| +1l] +1lk).
ix Ty 1z
Mo3KHO MMOKa3arh, 4TO JJIsl TPABUTALIMOHHOIO T10JIsI, CO3aBa€MOI0 MaTEPUAIIb-
HOW TOYKOW C Maccou M, HaxXOASIIENCs B HaYajle KOOPAMHAT, HAIPS)KEHHOCTh PaBHA

r=-cMr, (4.26)
r

rie I — paguyc-BeKTOp TOUKH IMOJs, B KOTOPOH OIpeensercs I ; G — rpaBuTamm-
OHHAsl TTOCTOSIHHAS.

Paboma cun zpagumayuonnozo noas, Hanpumep 3eMiid, He 3aBUCUT OT ¢op-
MBI IyTH, a OMPENEIAeTCS HaualbHBIM M KOHEYHBIM TMOJIOKeHHeM Tena. [Ipu mepe-
MEILEHUH TeJIa C PAaCCTOSHUS 1 710 2

A:-GMm(ri- ri), (4.27)

1 2
1 1
rae M —macca 3emnd; M — macca tena. Paauyc-BekTopsl I, U I, IPOBOASTCS U3 LICH-

Tpa 3eMJIM K Teay M.

Ilomenyuan epagumayuonno20 noAA OUPEACIACTCS TOJIBKO MAacCOM Tela,
CO3J1aI0ILEro paBUTAlMOHHOE I10JI€, U PACCTOSIHUEM OT LIEHTPA JAHHOI'O Tejla 10 He-
KOTOPOM TOYKH TOJISL:

MoxHO MOKa3aTh, YTO MOTEHIIMATIbHAS YHEPTUsI, KOTOPOU 00JialaeT TeJIo0 Macco M
BOJIU3H MOBEPXHOCTU 3E€MJIU, UMEET CJICAYIOIINI BUJL:
Ep =C+mgh, (4.29)

rae nocrosiHHasg C Ha MOBEPXHOCTH 3€MJIM NMPUHMMAETCA paBHOM Hymto. Toraa mo-
TEHLMaJ I'PaBUTALMOHHOTO NOJIs1 BOJIM3U MOBEPXHOCTU 3EMIIM OIPEeIaeTCs Kak

i =gh. (4.29)



4.10. Ilpumepbl NpUMEeHEHUS
3aKOHOB COXPaHEHHUS UMIIYJIbCA M MeXaHUYeCKOH SHepPrun

[IpuMepOM NPUMEHEHUS 3AKOHOE COXPAHEHUSA UMNYAbCA U dHep2uu TIPYU Pellle-
HUU peasibHOM (PU3MYECKOM 3a7auu SIBISIETCS yap aOCOMIOTHO YIPYTUX U HEYIPYTHX
TEJ, TaK KaK JiBa CTAJIKUBAIOIIMXCA Tella, Ha KOTOpbIe HE JEHCTBYIOT CHIIBI CO CTOPO-
HbI KaKUX-JIMOO APYTUX Tell, MPEACTABIAIOT COO0H 3aMKHYTYIO CUCTEMY.

Hanpumep, B 0CHOBE COBPEMEHHOTO fAJIepHO-(pU3nYecCKOro Meroaa pesepdop-
JIOBCKOTO OOpaTHOrO paccestHus JiekaT (PU3nYecKrue 3aKOHbI B3aUMOJACHCTBUS Haje-
Tarolled YacTullpl (MOHA) M aTOMa MUIIEHU: Tiepeiada SHEPTHU U 3aKOH COXPaHCHHS
MMITyJIbCA MPU Mpolieccax YIpyrux B3auMoeicTBuid 1Byx Tei. Koraa sHeprus nane-
TarOIIEH YaCTUI[BI HAMHOTO OOJIBIIIE SHEPTUH CBSI3U aTOMOB B TBEP/IBIX TellaX (OKOJIO
105B), TO aTOM MHIICHH MOXHO CYHTATh M30JIMPOBAHHBIM. DHEPIHsl PACCESHHBIX
YacTHIl 3aBUCUT OT MAacChl f/ipa, C KOTOPbIM MPOU30IILIO CTOIKHOBEHHME, Onaromaps
yeMy METOJ MO3BOJISET MPOBOAMTH aHAJIU3 3JEMEHTHOro cocTaBa BewlecTBa. M3-3a
HYHEPreTUYECKUX MOTEPH, UCIIBITHIBAEMBIX O0OPATHO PACCEIHHBIMU @HAIU3UPYIOIUMHU
YacTULIAMH TIPU MPOXO0XKJIEHUU CJIOS M3y4aeMOro BelllecTBa J0 M IOCIe paccesHus,
METOJ1 SIBJIIETCS YYBCTBUTEIBHBIM U K TJIyOMHE, HA KOTOPOH HAXOASTCS aTOMBI TOT'O
WM MHOTO 3JeMeHTa. Mcnonbk3oBanue g 00paboTku cnekTpoB nporpammsl RUMP
JIae€T BO3MOXKHOCTh OINpPEENsATh KOHIeHTpaluu sfieMeHToB HaunHas ¢ 0,001 at. %.

Yoap (coyoapenue) — 3T0 CTOIKHOBEHHE ABYX WIH Oojee Tel, B Pe3yiIbTaTe
KOTOpPOTO CKOPOCTH TeJ M3MEHs0TCA. CTOJIKHOBEHUSIMU HAa3bIBAIOT Pa3HOOOpa3HbIE
MPOLIECCH B3aUMOJIEUCTBUS MEXAY TelaMu, IOpH YCIOBHHM, YTO Ha JOCTAaTOYHO
OOJIBIIIOM PACCTOSIHUM APYT OT JIpyra Tesa MOKHO pacCMaTpUBaTh Kak CBOOOJIHBIE.

Ilenmpanvhotit yoap — 310 ynap, Ipu KOTOPOM Tela 10 COyAapeHUs! ABHKYTCS
10 MPSIMOM, IPOXOAAIIEH Yyepe3 UX LEHTPhl Macc. [Ipu 3TOM BEKTOPBI CKOPOCTEN Te
110 ¥ IIOCJIe yAapa JjeaT Ha IPsIMOU JIMHUY, COSIUHSAIOIIEH UX LIEHTPHI Macc.

Abconwomno ynpy2uii yoap — CTOJIKHOBEHUE JBYX Te€Jl, B pe3yJbTaTe KOTOPOro
B 000MX B3aMMOJICUCTBYIOIINX TElIaX HE OCTAETCA HUKAKUX JAedopMalMii U BCS KH-
HETUYECKasi SHEprus, KOTOpod oOiajanu Tena 10 yaapa, mocjie yaapa CHOBa Ipe-
BpallaeTcsl B KUHETUYECKYIO SHEPTUI0. BBITIONHSIOTCS 3aKOH coxpanenus umnyibca u
3GKOH COXPAHEHUs. MEXAHUYECKOU IHEeP2UL.

O0603HaYMM CKOPOCTH IIAPOB MaccaMu My U M, 10 yaapa 4yepes ull u u'2, ocJIe

yaapa — uepe3 lljl u l'JZ. [TycTh mapbl ABuKyTCs moctynatenbHo. [Ipu abconoTHO

yIOPYyroM yaape Jjisi CKOPOCTeH M dHEPruil 10 yjaapa W MOCje yaapa CIpaBeIIuBbI
CIICYIONINE YPaBHEHUS:
1 1 _ 1 1
muy + mu, =mu; + myUs,, (4.30)
2 2 2 2
u u u
My | MUy _ My | M, (4.30a)
2 2 2 2
Paccmotpum ciywaii meHTpasibHOro yiaapa. Ypabuenue (4.30) Torma MoOXKHO
paccMmarpuBaTh Kak cCKansgpHoe (pasHble HampaBiICHHS CKOPOCTEH pa3iudaroTcs
TOJIKO 3HaKoM). [IpernosaoxuM, 4To MepBOHAYAIBHO 00a IIapa JBHTaJIHCh BJIOJb
OJHOro HampapyieHus. [TycTh mociae CTOJIKHOBEHHS HAIPaBIICHUE MX JBW)KCHUS HE




u3MeHuI0Cch. [lepenuineM 3aKOHBI COXpaHEHHS, CIIPOCIUPOBAB MX HA HAMpPaBJICHHE
nBmkeHus (0003HAYMM Kak OCh X), B TAKOM BHUJIC:

My (Ugy - Upy) =My (Upy - Uyy), MU - U,”) =my(Uy,” - ug,).
Pasnenus BTOpoe ypaBHEHHE HA TIEPBOE, IIOTyUHM
u1x +u1x = u2x +u2x-
YMHOKas 5TO ypaBHEHHE OJUH pa3 Ha My, a APYroii pa3 — Ha My M BBIYUTAS €0 M3
TIEPBOTO YPaBHEHUS, MIOJyYUM BBIPAKEHHS 1JI1 00EMX CKOPOCTEH MOCIe yaapa;
u, = (Mg - Mp)uy, +2mu,, U = (M, - myu,, +2muy, (4.31)
" m +m, ’ ZX m +m, ' '
B o01ieM Bujie 3TH BBIPAKEHUS CIOKHBI. MBI paCCMOTpI/IM B KQUCCTBE MPHME-

pa oauH YaCTHBIU CquaH HYCTB OIWH Iap 40 yaapa IIOKOMUTCH. U2 = O Torna
_ (n‘h - mz)ulx . 2rT‘hulx

= - - u
1X ’ 2x
m+m, m + mz
I[eﬁCTBHTCHBHO, I10CJIC yz{apa BTOpOfI Luap JABUXECTCs B Ty XKE CTOpOHy, KYIIa JABUT AJI-

cs nmepBblil 10 yaapa. CkopocTh Uy, ¥ NOBEIECHUE MEPBOIO MIapa 3aBUCAT OT COOTHO-

LIEHUS Macc.
A. Eciim my >m,, TO mepBbId MIap MPOJOJDKAET ABUraThCS B TOM K€ HaIlpaB-

JIEHUH, KaK U 10 yAapa, HO C MEHbIIEeH cKopocThio. CKOPOCTh BTOPOTO IIapa Mocie
ynaapa Up 6oJibliie, 4eM CKOpOCTh MEePBOro 10 yaapa U, , puc. 4.3, a.

b. Ectm my <m,, To HanpasieHue ABMIKEHHUS IIEPBOrO ILIapa IpH yaape u3me-

HSIETCS — IIap OTCKakWBaeT oOpaTHO. BTopoi map ABMKETCS B CTOPOHY, B KOTOPYIO
JBUTAJICS MEPBBIN 0 yaapa, HO ¢ MEHbILEH CKOPOCThIO, puc. 4.3, 6.
B. Maccel mapoB oguHakoBsl: My =M,. Toraa
u1x :u2x; u2x :u1x1
T.e. IIApbl PABHON MAcChl TPH yj1ape 0OMeHHBAIOTCS ckopocTsivu. Hampumep, eciiu
1, =0, 10U, =0.
Abconrwomuo Heynpyeuii yoap —
d d CTOJIKHOBEHHE JIBYX Tell, B pEe3yibTare
Q_l. O O— Q KOTOPOIro Tejda OOBEIUHSIOTCS, BUra-
my e m M gcp manmeme xax exmHOe Teno. Ilocne
CTOJIKHOBEHHsI 00pa3yeTcsl TeJIo C Mac-
: : coil My +m, (cBoiicTBO addumusHocmu
Q_u.l O——* 4_0 O_.Z maccut).
L m M Ecniu ynap okaseiBaercsi abco-
JIOTHO HEYMPYTUM, TO ONPEACIUTH Tpe-
OyeTcsi TOJNBKO OJIHY OOIIYI0 CKOpPOCTh
oboux Ten mocie yaapa. Yaap Oyaem
CUMTATh IEHTPANbHBIM. Ecin Macchl Ten
M UM, WX CKOPOCTH 10 ynapa u'1 u

Ho ynapa Mo ynapa
]

[locne ynapa Hocne yaapa

a

Puc. 4.3. AGCOTIOTHO yIIPyTroe CTOJIKHOBEHUE
JIBYX TelL
a —4YacTHUIIbl MaccamMu M, > M, ;

0 —4acTULBI MaccaMu M, <M,

1 1
U,, a ux obmiast CkopocTb nocie yaapa U, To 10 3aKoHy coxpanerus UMnyaibea



1 1 1
My +may = (my +my)uC.
CxkopocTh mocie ynapa OyJeT HampaBlieHa MO TOW NpsIMOM, IO KOTOpO#l Ha-
npaBJieHbl 00€ CKOPOCTH JI0 yjapa:

m+m,

OtmeTuM, 4TO MOJHAs MEeXaHWYecKas dHEPrus 1IapoB MPHU LEHTpaIbHOM abco-
JXOTHO HEYIPYroM yJape He coxpaHsercd. B mponecce coynapeHus 1mapoB MEXIY
HUMH JIEHCTBYIOT CUJIBI, IOAOOHBIE culam mpeHus N 3aBUCSIINAE OT CKOPOCTH HU3Me-
HeHus nedopmanuii, a He OT BenMuuHbl Aedopmanuii. Hanpumep, npu coyaapeHuu
TJIMHAHBIX IIAPOB 3TH CUJIbI UCYE3Al0T, KOTAa AedopMaliy IapoB NepecTaT u3Me-
HATBhCS (CKOPOCTH IIAPOB CTAHOBSITCS PaBHBIME). KiHeTHYecKkas SHEprust mpH ynape
YMEHBIIAETCs, TaK KakK U3-3a AedopMaliii OHa YaCTUYHO WUJIU MOJIHOCTHIO MpeBpalla-
eTcsl B ipyrue popMbl SHEPTUH, HAPUMEP B TEIUIOBYIO WJIM MOTEHLIMANbHYI0. OTMe-
THUM, YTO BO3MOKHA OOpaTHAsi CUTYyallKs, KOTJla MPU CTOJKHOBEHUH BBICBOOOXKIAETCS
IIOTEHIIMAIbHAS YHEPIUs, HAIIpPUMEP XUMUYECKas WU siepHas. Tornaa rnojaHas KuHe-
TUYeCKas SHEPTHsl MOCJIE CTOJKHOBEHUSI MOKET OBITh 0OJIBLIE UCXOHOM.

Jl1 aOCOIOTHO HEYNIPYTOro yAapa IM1apoB U3MEHEHNE KUHETUYECKON SHEPruu

DEk:(nh+mz)u<?_§?n1u12+rrw§g_

do= MU T MU, (4.32)

2 2 2
Hcnonb3yem ypaBHeHue (4.32) v mosrydum, 4To
DE, =- — 4™ (] - )2, (4.33)
2(my + )

4.11. KocMu4eckue CKOPOCTH

PaccMoTpuM xapakTep ABHKCHUS T€Jl, HAXOIAIIMXCS MO/ ASHCTBUEM CHII BCe-
MUPHOTO TAroTeHUus. OTpaHUYUMCS NPOCTEUIIUM CIydyaeM JABYX TeJ, MpeAarnoaras,
YTO Macca OJHOro U3 HUX M ropaszno MeHbllie Macchl m BTOporo tena. Toraa nepsoe
TEJO0 MOKHO CUUTATh MPAKTUYECKH HEMOJBHKHBIM WUJIU JBUKYIIMMCS PAaBHOMEPHO U
MPSIMOJIMHENHO, TaK KaK yCKOpEHHe, cooOIaeMoe eMy MEepBbIM TeloM, MpeHedpe-
KUMO MaJio. 3ajiaya CBOIUTCA K ONPEAEIICHUIO IBU)KEHHS BTOPOTrO Tela.

Haubonee mpocToii ciiydail — 3TO JIBM)KEHHE MCKYCCTBEHHOI'O CIYTHHKA IO
KPYTrOBOM OpOMTE Ha MOCTOSIHHOM BBICOTE HaJa MOBEpXHOCTHIO 3emuu. [locie Toro
KaK paKeTa-HOCUTEJb OJHUMAETCS Ha IOCTATOYHYIO BBICOTY, HA KOTOPOM MIIOTHOCTh
3eMHOU aTMoc(epbl, a CIeOBaTEeNIbHO, U €€ CONPOTUBIECHUE IBHKECHUIO HUYTOXKHBI,
JBUTATENIM PaKeThl BBIKIIOYAIOTCS, U JalibHENIIee IBUKEHUE MOKHO pacCMaTpUBATh
KaK IPOUCXOJAIIEE TOJBKO MO IeUCTBUEM CHII TATOTeHMs. HauaabHBIMU YCIOBUSMHU
ITOTO JBMXKEHUS CIIY)KAT IMOJIOKEHUE U CKOPOCTh PAaKEThI-HOCUTENS (WM OT/ICIIHB-
HIETOCsl OT HEE CITyTHUKA) B TOYKE, B KOTOPOU BBIKIIFOYAOTCS TBUTATEIIH.

ConpoTtuBiieHneM BO3/yXa MpU MPOXOXKIEHUHU Tena yepe3 atMocdepy 3emiaun
Oynem mnpeneOperath. Pamuyc opOUTHI CIyTHHUKA JOJKEH OBITH OOJbINE paauyca
3emnu, paBHoro R; =6350 kM. Ilpumem 1 nanpHEHIINX pacuyeToOB, YTO paanyc

opoutsl R cocrapnser 6700 km. CornacHo smopomy 3axkorny Herorona (3.3):



2
M32m = ma, = mu,; ,

R R
raie F — cuma rpaBuTanmoHHOTO B3aumojaeictBus; M3 — macca 3emun; m — macca
cryTHUKa. W3 mocieHero ypaBHEHUs MOJIy4aeM BhIpaKCHUE JIJIsl MePBOil KOcMuUYe-
CKOM CKOpPOCTH — HaWMEHbIIIeH HauYalbHOU CKOPOCTH, KOTOPYIO HEOOXOJIUMO CO00-
IIUTH TETY, YTOOBI OHO CTAJI0 UCKYCCTBEHHBIM CIyTHUKOM 3emiu. OHa paBHa CKOPO-

CTU KPYTrOBOT'O JBM>KEHHUS HA JAHHOW BBICOTE HAJl 3€MIIECH:

Uy =+/GM,/R. (4.34)

Ecnu 611 atMocdepa 3eMin OTCYyTCTBOBaja, TO COYTHUK MOT Obl IBUTAaThCS MO KpYy-
rOBOIl OpOUTE HEMOCPEACTBEHHO Y IIOBEPXHOCTH 3€MIIH, T.€. IO OPOUTE C paaryCcoM
R, . IIpeneOperas pa3auuueM MeKAy CHION TSKECTH MY U CHIIOW MPaBUTALIMOHHOTO

F=G

MPUTSHKEHUS TENa K 3eMJIe, MOJYyYUM PaBEHCTBO

GMézm:mg b Ggl‘?:gRr

3 3

Torna MOXHO MONTY4nTh U3 BeIpaKeHus (4.34):

U, =+09R, »8xulc.

Bropas kocMH4Yeckasi CKOPOCTb U,, — 3TO CKOPOCTb, KOTOPYIO HYKHO CO-

OOIIUTH TENTYy TPH 3aMycKe C 3eMJIU JIJIsi TOTO, YTOOBI OHO BBINLIO U3 CPEepbl 3eMHOTO
npuTsHKeHus U ctano tenoM ConHeuHou cuctembl. Eil cooTBeTcTBYeT mapabosnye-
ckag Tpaekrtopus. [loxg neiictBueM cunbl TAroreHus CoiHIA TENO JBHXKETCS IO
3aMKHYTOI opOuTe BOKpyr CoJHua.

Bbruucnum U,,, OPUMEHUB 3aKOH coXpaneHus SHepeuu. B MOMEHT 3almycka

MIOJIHAS DHEPTUSA TENA MAaCCOU m paBHA
\ mu2, oM g
2 R
r7ie TOTCHIIHAIbHAS YHEPTUs HOPMHPOBAaHA TAKUM OOpa3oM, YTO Ha OECKOHCYHOCTH
cornacHo (hopmyine (4.27) ona oOpainaercs B HyJb. [lonHas 3HEprus Takke Oymer
paBHA HYJIIO, TaK KaK CYMTAaeM, 4TO Ha OCCKOHEYHOCTH CKOPOCThH Tella paBHA HYIIIO.

Torma onpenenum, 4ro U, » 11 km/c, Tak Kak

U, =/2GM; /R =~/2u,,. (4.35)

TpeTbﬂ KOCMHUY€ECKasi CKOPOCTb UK3 — OTO TaKass KOCMHYCCKasa CKOPOCTh,

IIpU KOTOPOW TE€JI0, HAUMHAs JBUKEHUE BOJIM3U NMOBEPXHOCTH 3€MJIU, MPEOAO0JIEBAET
36MHOE€ TMPUTSHKEHWE, 3aTEM COJIHEYHOE MNpuTsbkeHne W nokugaeT CosHEeuHyro
CUCTEMY.

[loncraBum B ypasuenue (4.35) Bmecto M; maccy Connma (1,97-10% «r) u

BMECTO pajmyca — paguyc 3eMHoit opouts! (1,50-10™" M), mOCKONBKY B MOMEHT CTap-

Ta ¢ 3eMJTU TEJIO0 HAXOJUTCSI UMEHHO Ha TaKOM paccTostHuu ot COJHIA, U TIOTy4YUM
U,; =42 xm/c.

C ydeToM TOro 4To 3eMiisl HE SBISACTCS HEMOJBMKHOW B MOMEHT 3aIllycKa Teja U

asmwkercs Bokpyr Cosnia co ckopocthio 30 kM/c, a Takke IPUHUMAsE BO BHUMAaHUE
CUJIBI IPUTSIKEHUS Teja K 3eMJie, MpH 3allycKe Teja 1Mo KacaTeJIbHOW B HAIPaBICHUU




OpOUTAILHOTO JABIKEHUSI 3eMITH CKOPOCTh 42 KM/C JOCTHraeTcs IpU CKOPOCTH Telia
OTHOCUTEIBHO 3eMu U, 5 » 17 km/c.

4.12. MoMeHTBI HMITYJIBCA YACTHIBI OTHOCUTEJIbHO TOYKH H OCH.
MomenTt cuibl. [Tapa cui

3amaya TMHAMHUKU a0CONIOTHO TBEPJOro Teja — U3YYUTh ABUKEHUE Tella B 3a-
BUCHMOCTHU OT JIEUCTBYIOIIMX Ha HEro cui. i u3yyeHus: spawjamenbHo20 08uxice-
HUs Tea He0OX0JMMO BBECTU HOBbIE MOHATHS: MOMEHT CHJIbI © MOMEHT UMILYJIbCa.

PaccMOTpUM cHauana ofHy 4acTuiy. IIycTh [ — pagmyc-BeKTOp, XapakTepu-
3YIOIIUI ee TMONOKEHNE OTHOCUTENLHO HEKOTOpOoi TOYKH O BBIOPAHHOW CHCTEMBI
OTCueTa, a P— e UMITYJIbC B 3TOMH CHCTEME.

1
MomeHTOM MMIYJIbca (Momenmom Konuuecmea osurcenun) L gactuupl A
OTHOCUTENBHO TOUKH O, puc. 4.4, Ha3bIBAlOT PU3NYECKYIO BEIMUYUHY, YUCICHHO paB-
1 1
HYI0 BEKTOPHOMY MTPOU3BEIECHUIO BEKTOPOB [ U P
R |
L =[r, p]. (4.36)

W3 sToro onpenenenus cienyer, yto L sBuser-
Csl aKCUAJIbHBIM BEKTOpPOM. Ero HampaBieHue BbIOpaHO
TaK, 4TO BpameHHe BOKPYI' TOUKM () B HaNpaBIICHUH

BeKTOpa P u BekTOop L o6pa3y10T MPaBOBUHTOBYIO

cuctemy. MOayJib BEKTOpa L paBeH
L =rpsina =Ip, (4.36a)
e o= yroa Mexay I u P; | =rsina —mmedo BexTO-

1
Puc. 4.4. Moment umnynsea L na'hy oriocurensHO Touku O, oM. puc. 4.4,
qacTUILI 4 OTHOCUTEIHLHO

Touku O

~ T
oA

Emununa momenta ummnyisca B CU — xwuiio-
rpaMM-MeTp B KBaapaTe B ceKyHIy (Krm/c).
OnpenenuM MeXaHUIECKYIO BETUIMHY, OTBETCTBEHHYIO 32 U3MCHEHHE BEKTOpA
L B maHHOI cucTeMe OTCYeTa, npoan@@epeﬂup}pOBaB ypaBHeHue (4.36) mo BpeMeHH:
o _df ¢ rodd

dt dt Pr Idt
Tax xak Touka O HemojBWXHA, TO BekTop df /dt paBeH ckopocTH U YacTHIIb, T.€.

COBHA/IAET O HAMPABIEHUIO C BEKTOPOM [, TIO3TOMY
dr .
a 1 1
CoracHo Bropomy 3akoHy Herotona (3.4), d[’J/ dt =F, rme F — paBHOzelicTByOMIAs

BCEX CHIJI, HPHJIOKEHHBIX K YaCTHIIC. CJICIIOB&TGJ'IBHO,
oA,
oot
MomeHnTOM cuiibl F OoTHOCHTENBHO HEKOTOPOM Touku O Ha3zbIBaeTcs puznye-
1
CKasl BEJIMYMHA, YMCJIECHHO paBHAs BEKTOPHOMY IPOMU3BEACHUIO paguyc-BeKTopa I,
1

MPOBEIEHHOTO U3 TOYKU O B TOUKY MpUIIOKEHMs cuibl 4, Ha cuiy F . O6o3HauuB



1
ero OykBoit M , 3anumiem

T l T

M =[r,F]. (4.37)
BekTtop M HampaBiieH neprneHIuKyIsIpHO MJIOCKOCTH, B KOTOPOH JIeKaT BEK-

Topel [ u F, puc. 4.5. Moxyns MOMEHTa CHIIEI paBeH

. M =IF, (4.37a)
M . '
rae | =rsina — medo Bektopa cuiibl F OTHOCHTENIEHO
Touku O.
ITnewom cunwl | HA3BIBAIOT UIMHY MEPIICHIUKY-
0 - A' F  Isipa, OYIIEHHOTO U3 TOYKH O Ha MPSMYIO, BIOIb KO-
| \“r~f>'14 TOpPOM JEHCTBYET CHIIA.
Pric. 4.5. Moment cimst M , Enmanna momenta cunsl B CH — HBIOTOH-
npunoxensHoi B touke 4,  Metp (Hm).
OTHOCHTEJILHO TOYKU O MOMEHT CHUJIbI XapaKTEePU3yeT CIIOCOOHOCTh CUJIIBI

BpalllaTh TEJIO BOKPYT TOYKH, OTHOCUTEIBHO KOTOPOH OH ompeaensercs. Ecnu teno
MOXET BpallaThCsl OTHOCUTENILHO TOUKH O MPOU3BOJBHBIM 00pa3oM, TO MO JACHCT-
BHEM CHWJIBI TEJIO MOBEPHETCA BOKPYT OCH, COBNAJAOUIECH ¢ HANIPABIEHUEM MOMEHTA
CHUJIBI.

Wtak, mpou3BogHas O BPEMEHU OT MOMEHTA WMILYIbca L YACTHIbI OTHOCH-
TEBHO HEKOTOPOii TOUKM O BEIOPAHHOI CHCTEMBI OTCYETa paBHA MOMEHTY M pas-
HozeHcTByOIIEH cuibl F OTHOCHTEJILHO TOM %€ TOUkH O:
oy
dt

3aKkoH M3MeHEeHHMs MOMeHTa umiyibea (4.38) yacTo Ha3BIBACTCS ypaeHeHUeM
Momenmog. VI3 TaHHOTO ypaBHEHHS, B YACTHOCTH, CJIEYET, YTO €CIIM OTHOCHUTEIHHO
HEKOTOPO# TOUKH O BBHIOPAHHON CHCTEMEI OTCYETa CyMMa MOMEHTOB BCEX CHII, JICH-
CTBYIOIIMX Ha 4YacTully, paBHa Hymo (M =0) B TeueHHE HEKOTOPOTO MPOMEKYTKA
BPEMEHH, TO OTHOCHTEIBHO ATOW TOYKM MOMEHT MMITYJIbCA YaCTUIIBI OCTAeTCS MO-
CTOSIHHBIM B T€YCHHE HTOTO BPEMEHHU.

(4.38)

1
YpaBHeHrne MOMEHTOB (4.38) Mo3BOJISCT HAUTH MOMEHT CHJIBI M OTHOCHTEITb-
HOU uHTepecywiell Hac Touku O B 110001 MOMEHT BpeMeHH t, eclin U3BeCTHA 3aBU-
1

CUMOCTB OT BpeMeHH L (1) "acTuIlbl OTHOCUTEIBHO TOH JK€ TOUKH.

Taoke w3 Gopmyssl (4.38) MOKHO ONPECIUTh MPUPANICHHE MOMEHTA HMM-
IyJibca YaCTHUIbI OTHOCUTEIBHO TOUKK (O 32 KOHEYHBIN MTPOMEXKYTOK BpeMeHH t, ecnu
1

M3BECTHA 3aBHCHMOCTh OT BpeMeHHM MoMeHTa cuiibl M (1), medcTByromero Ha 3Ty

YaCTULY OTHOCUTEIBHOU TOM ke Touku O:
rr tr
L, - Ly =M (t)dt. (4.39)
0
Benuuuny, cTosmryro B paBoit yacTu BeipaxeHus (4.39), Ha3bIBAIOT HMITYJIb-
COM MOMEHTA CHJIBI.
B tex cnmywasix, Korma TBEpAO€ TENO BpalllaeTcsi BOKPYT HEMOJBUKHOM OCH,
BBOJIAT MOHSTUS MOMEHTA UMITYJIbCA U MOMEHTA MHEPIIMU OTHOCUTEIIBHO OCH.



MoMeHTOM HMIYJIbCA YaCTULIBI OTHOCHTEJILHO HENMOABWAKHOW ocu L, Ha-
3BIBACTCS CKANApHAs BENMYMHA, PaBHAS MPOEKIUHI HA 9Ty OCh BEKTOPA MOMEHTA HM-
nyibca L, onpeneneHHOro OTHOCUTENBHO JII000H TOYKU, BEIOPAHHOM HA paccMaTpH-
BacMOM OCH.

COOTBETCTBEHHO MOMEHTOM CHJ/IbI OTHOCHUTEJIBHO HENOABHKHOW ocu M,

HAa3bIBACTCS MPOEKLUSA HA OTY OChb BEKTOpPA M OTHOCHTENBHO 06O TOYKH, BbI-
OpaHHOW Ha JTaHHOW OCH, XapaKTepU3yollas CIOCOOHOCTb CHUJIbI BpAaIlaTh TEJIO BO-
KpYT 9TOH OCH.

Mo’kHO 10Ka3aTh, 4TO BEIOOP TOYKM HA OCU HUKAK HE BIUSAET Ha 3Ha4eHus L,

u M, . Iloaromy TouKy BBIOMpAIOT U3 COOOpaKEHUH y100CTBA: ypaBHEHHE MOMEHTOB

(4.38) Oynet Tem mpoiie, yem OOJbIle CHIT OyIyT UMETh PABHBIC HYJIFO MOMEHTHI.
[Ipu mpoenupoBaHUM MOMEHTOB CWJI Ha ocH, Hampumep X m Y (ciydvaid rwio-
CKOW CHUCTEeMBI CHJI, Koria ock X U Y pacloyioKeHbl B INIOCKOCTH ASHCTBHS CHJI), MO-
MEHTBI CHJI, CTPEMSIIUECS] TMOBEPHYTh MAaTEPHUAIbHYI TOYKY (TE€JO) MO 4acoBOMU
CTpeJIKe BOKPYT BBIOpAaHHOTO Hauaya, OepyTcsi C OJHHUM 3HAKOM, MPOTUB YaCOBOM
CTPEIIKU — C TIPOTHUBOTIOIOKHBIM.
YpaBuenne MoMeHTOB (4.38) B mpoeKIuu Ha OCh Z UMEET BH/T
dL,/dt=M,. (4.40)
B vactHOCTH, €ciin MOMEHT cuiibl M, OTHOCUTENBHO HEKOTOPOM HENOJBUKHOW OCH
Z paBeH HYINIO, TO MOMEHT UMITyJIbca L, 4aCTHIIBI OTHOCUTEIBHO 3TOW OCH OCTaeTCS
:

noCTOSIHHBIM. [Ipu 3TOM BekTOp L MOXKET H3MEHSThCS.
I'1aBHBIM MOMEHTOM cHcTeMbl K CHJI Ha3bIBae€TCS BEKTOP, PABHBIA CyMMe
1

BCKTOPOB MOMCHTOB BCCX CHJI Mi CHUCTEMBbI OTHOCHUTCIIBHO OIIHOfl U TOU XK€ TOYKH

CHUCTCMBI OTCUCTA

M, =& [ R (4.41)

i=1 i=1
JIBe paBHBIE 110 MOAYJIFO ¥ MPOTUBOIOJIOKHO HANPABIIEHHBIE CUJIbI, HE JIEUCT-
BYIOILIME BJOJIb OJIHOM MPSIMOM, HA3bIBAIOTCS mapoil cwi. Mx paBHOAEHCTBYyoLIas
Cujia paBHA HYIIO0. Jelicmeue napbl CAIl HA TBEPJOE TEIO CBOJMUTCS TOJILKO K Bpallie-
HUIO TeJa OTHOCUTEIIbHO HEKOTOPOW TOYKHM, JIEKAIIENW B INIOCKOCTH ITOM Mapbl CHUJIL.
Ilnewom mapbl CHJI HA3BIBACTCS PACCTOSHHME | MEXTy IPSIMBIMH, BJIOJIb KOTO-
PBIX NEHUCTBYIOT CHJIBL.

r
M =

Qox

[Iycth k Teny B Toukax 1 U 2 mpuiioxeHa
mapa cun (F =-F,), puc. 4.6. Obo3naunm
1 1 1 [V}

1 =1 - I, — paanyc-BEKTOp, IPOBEICHHBIA W3
TOuku 2 B TOouky 1. Pe3ynbrupyronuii MOMEHT
CUJI OTHOCUTENIBHO MPOU3BOJIBHOM Touku O Oyner
OTNpeENAThCS TaK:

1 r 1 r 1 r 1 r 1
Puc. 4.6. Cxema, WIUTIOCTpUpYIOLIAs M =[r,F] ;_"[er Fol=[r.F]- [, R =

y ror
CUCTBHC IIapbI CUJI HA TCJIO —
A P =[(r,- 1), Rl




Takum oOpa3zom, moaydaem, 4To
[
M =[r,,F]. (4.42)
CrnenoBaTeabHO,
M =r, F sina =IF,. (4.42a)
B paccMoTpeHHOM cilydae cyMMapHBIH MOMEHT BHEIITHUX CUJI HE 3aBHCHUT OT BBIOOpA

[]
TOYKHU, OTHOCUTENIbHO KOTOpOW ero ompeaensdtoT. Bekrop M mnepneHaukyispeH K
IJIOCKOCTH, B KOTOPOM JIe)KaT CWJIbl. B 4acTHOCTH, B NPUBENEHHOM NpPUMEPE Ha
1

puc. 4.6 Bekrop M HamnpaBlieH NepneHANKYISIPHO INIOCKOCTH PUCYHKA OT HAC.
4.13. MoMeHT UMITYJIbCA CUCTEMbI. 3AKOH COXPAHEHHUSI MOMEHTAa UMILYJIbCa

BribepeM Npou3BOJIbBHYIO CHCTEMY 4acTull. BBejgem MOHSATHE MOMEHTAa HUM-
MyJ1bCa MEXAaHHYECKONl CHCTEMBbI OMHOCUMENbHO HeKomopoi mouku O Kak BEK-
TOPHYIO CyMMY MOMEHTOB UMITyJIbCa €€ OT/CNBHBIX YaCTHIL;

L=aL, (4.43)
I
I7IE BCE BEKTOPBI ONPENEIEHbl OTHOCUTEIBHO OJHOW W TOM ke Touku O 3aJaHHOMN
CUCTEMBI OTCYETa. MOMEHT MMIMYJIbCa CUCTEMBl — BEJIWYMHA AJJAUTHUBHAS. MOMEHT
MMITYJIbCA CUCTEMBI PaBEH BEKTOPHOW CyMME MOMEHTOB MUMITYJIbCOB €€ OTIEJbHBIX
YyacTeil He3aBUCHUMO OT TOT'O, B3aUMOJIEUCTBYIOT JIM OHU MEXK]Ty COOOM.

BeisicHuM, Kakas BeJIMYMHA ONpPEACsAeT U3MEHEHUE MOMEHTAa UMITYJIbCa CHUC-

Tembl. Jlst oToro npoauddepenuupyem (4.43) o Bpemenu. CoriacHO ypaBHEHHUIO

mMomeHTOB (4.38) npousBoHAas dL/ dt paBHa MOMEHTY BCEX CHJI, ICHCTBYIOMIMX Ha

I-t0 yactuity. [IpeacTaBUM 3TOT MOMEHT B BHJI€ BEKTOPHOH CyMMbI MOMEHTOB BHYT-
PEHHUX U BHEITHUX CHUJIL:

dL r

b a M+ a M sreut (4.43a)

dt i |
3aech mepBas CymMMa — CYMMapHbIi MOMEHT BCE€X BHYTPEHHUX CHJI OTHOCUTEIBHO
Touku O, BTOpasi CyMMa — CyMMapHbIi MOMEHT BCE€X BHEIIHUX CUJ OTHOCUTEIBHO
TOH K€ TOYKH.

BHyTpeHHne Criibl — 3TO CHJIBI B3aUMOJEUCTBUS MEXKAY YaCTULAMHU JaHHOU
cucteMbl. [lo mpemvemy 3axony Horomona (3.7) 3TH CHJIBI TIOTAPHO OJMHAKOBHI 110
MOJYJIIO, TPOTHUBOITIOJIOKHBI 110 HAIIPABIICHUIO U JIEKAT HA OJJHOU MPSIMOU, U 3HAUMT,
HMEIOT OJIMHAaKoBOe Iuieyo. ClieqoBaTeIbHO, CYMMAapHBI MOMEHT BCEX BHYTPEHHUX
CHWJI JUIS1 JTFOOOM CHCTEMBI YacTULl OTHOCUTENBHO TOUKU O paBeH HYJIO!

1
[o]
a Mf”y "P =0.
i
CoOOTBETCTBEHHO PaBEH HYIIO0 U CYMMAapHBIF MOMEHT OTHOCUTENBHO JIF000i ocu Z:
2 BHYMp —
a M5 =0.
i

Takum o6pa30M, MOMCHT MMITYJIbCa CUCTCMBI MOKCT U3MCHATLCA TOJIBKO IOA
IIGI)'ICTBI/ICM CYMMAapHOro MOMCHTAa BCCX BHCHIHUX CHII. B PE3YJIbTATC BBIPAKCHUC



(4.43a) npuHUMaeT BU/

% — P sneu
dt
1 o 1 " 1
rie M =g M — cymmapHbIii MOMEHT BCEX BHEIIHHMX CHJI; MOMEHTHI L u
i

: (4.44)

I\I/I HEU orpeeIeHbl OTHOCHTENIBHO OJHOM U TOH ke ToukHr O 3aJaHHOM CUCTEMBI OT-
cyerTa.

MoMeHTOM HMIYJIbCA MeXaHUYeCKOH CHCTEMbI OMHOCUMENbHO OCU HA3bI-
BAeTCs MPOCKIMS Ha 3Ty OCh BEKTOpPa MOMEHTA MMITYJIbCa CUCTEMBbl OTHOCHTEIBHO
000 TOYKH, BHIOPAaHHOM Ha JaHHOU OCH.

MoOMEHTOM CHJIBI MEXAaHUYECKOH CHCTEMBI OMHOCUMEIbHO 0CU HA3BIBACTCS
MPOEKIIMS Ha 3Ty OCh BEKTOpa MOMEHTA CHJIbI OTHOCHTEILHO JII000H TOYKH, BEIOpaH-
HOHM Ha JJAaHHOH OCH.

13 ypaBHenusi MmoMmeHTOB (4.44) crneayet, 4TO NMPOM3BOAHAS TIO BPEMEHH OT
MOMEHTa UMITYJIbCA CUCTEMBI OMHOCUMETbHO HENOOBUNCHOU OCU PaBHA CYMMapHOMY
MOMEHTY BCEX BHEIIHHX CHJI, JCHCTBYIOIIMX HAa CHCTEMY, OTHOCHUTEIBHO 3TOH Ke
OCH.

Lz _ g grew, (4.443)
dt

Kak u B cimydae ofHOW 4YacTHIlBI, corjlacHO ypaBHeHuto (4.44), npupalicHue
MOMEHTA UMITYJIbCa CUCTEMBbI 32 KOHCUHBIH MPOMEKYTOK BpeMeHH { paBHO
r r t\ r 6HEeUl
L,- L =M dt, (4.45)

0
T.C. MPUPAIICHHNEC MOMEHTA MMIYIbCa CHCTEMbI PABHO MMITYJIBCY CYMMapHOIO MO-
MEHTa BCEX BHEIIHHUX CHJI 32 COOTBETCTBYIOIIHNN TPOMEKYTOK BPEMCHH.

U3 ypaHenus (4.44) ciaenyeT 3aKon coXpanenus MoMeHmMa UMNY1bCa MexXa-
HUYeCcKou cucmemol.

MOMEHT HMMITYJIbCA 3aMKHYTOW CHCTEMBI YaCTHI[ OCTACTCS MOCTOSHHBIM, T.C. HE
U3MEHSIETCS CO BpEMEHEM:

L =4 L(t) = const. (4.46)
i

ITpr 5TOM MOMEHTHI UMIysbca L; OTAENBHBIX YacTel WM YacTUL 3aMKHYTOH

CUCTEMBl OTHOCUTEJIBHO OAHOW U TOM K€ TOUYKU CUCTEMBI OTCUETA MOTYT U3MEHATHCA
CO BpEMEHEM, 4TO OTMEe4CHO B (4.46). 3aKOH COXpaHCHHS MOMEHTA UMITYJIbCa TPE/-
CTaBIsIET COOOM CaMOCTOSATENILHBIM OOIIMIA MNPUHLMI, SIBISIONIUICSA 0000IIEHHEM
OTBITHBIX (haKTOB.

Takum 00pa3oM, MOKHO Ha OCHOBaHMU ypaBHeHu# (4.44) u (4.46) nns uHep-
LUAJIbHBIX CUCTEM OTCUETA 3aKJIIOYUTh, YTO NMPUYUHA USMEHEHUS MOMEHMA UMNY b=
ca cucmemvl — JEUCTBUE Jpyrux Ten (4epe3 MOMEHT BHEIIHHX CHII
B3aMMOJICHCTBHS).




Tema 5. Mexanuka TBepa0ro TeJia

5.1. MomMeHT UMITYJIbCA TeJIa OTHOCUTEIBHO HENMOABUKHON OCH.
Moment nnepuuu. Teopema Il Teiinepa

VYpaBHeHre MoMeHTOB (4.44) cripaBeiIMBO s JTF000# MPOU3BOJIEHO BHIOPAH-
HOU HenoaBMXHOW ocu. Ho oHO mpuoOperaeT 0cOOEHHO MPOCTOM BUA IS Ciiydas
8paweHUs BOKpy2 HeNnoO0B8UICHOU OClU, €CTTU B Ka4eCTBE OCM MOMEHTOB BHIOpDAaTh OCh
BpauieHus. Haiigem BbIpakeHUE IJi1 MOMEHTA UMITYJIbCA TBEPIAOrO Tejla OTHOCHU-
TEJBHO HETIOJIBMKHON OCH BpalieHus Z.

[lpu BpamieHun aOCOMIOTHO TBEPAOrO Tela (CUCTEMBbI 71 YacTHIl) BOKPYT He-
HOABIKHOM OcH Z Kaxas MaTepHajbHas TOYKa Teia (4acTuiia) mMaccoi My, ueil pa-
JNYC-BEKTOpP paBEH h , IBIDKETCSI TIO OKPYKHOCTH MOCTOSTHHOTO pajnyca RI CO CKO-

;

pOCThIO U, , MepneHAuKyIsIpHO paguycy R, puc. 5.1. MoMeHT uMIyibca OTAEIb-
HOW yacTHLBI paBeH L; = Mu;l; 1 HampaBJIeH 10 OCU B CTOPOHY, ONPEAEIIAEMYIO ITpa-
BHJIOM TPABOW PYKH (coBmazaeT ¢ HampaBIeHHEM BekTOpa W Ha puc. 5.1). Yurem,
4TO BEKTOp R ocTaeTcs NOCTOSIHHBIM 110 BETMYMHE W HAIPaBICHUE €ro BCErja nep-
NEHIUKYJSIPHO K HAIIPaBJIEHUIO BEKTOpPa MOMEHTA UMITYJIbCA: II% A ILi :

MoxHO 3amucarh, YTO MOMEHT MMITyJibca Tejia OT-
HOCHUTEJBHO OCU Z

Lz:g. LiSinq zgmuiR -
i=1 i=1
C aopyroit cTOpoHbI, IPU BPALLIEHUH 110 OKPYKHOCTH
U, =W,R, rae @, — npoekuus BEKTOpa yriaoBOi CKOPOCTH
BpamieHns W Ha och Bpanuierus. Toraa
g g g
L, =a mw,R* =w,a mR*=w,3 I;,, (5.1)

i=1 i=1 i=1
1€ MOMCHT I/IHepHI/II/I |‘ﬁ TOYKH TCJia IiZ OTHOCHUTCIIBHO

OCH BpallleHHsI €CTh MPOU3BEJICHUE MACChI 3TON TOYKH Ha
Puc. 5.1. K onpezeniennio  KBagpaT pacCTOSHUA OT HEE O OCH.
MOMEHTa HMITyIbCa Tea MomMeHTOM WHepuum Tejga (cucmemuvl) OTHOCH-
OPRI@IRTHO ocH TEJIBHO OCH BpalieHus Z Ha3bIBaeTCs (PU3MUECKAS BEIMYH-
Ha, paBHAs CyMME MOMEHTOB MHEPIIHH BCEX MATEPHATbHBIX TOYCK CHCTEMBbI, B3ATHIX
OTHOCHTEJIHO 3TOW € OCH, M ompejessieMas CyMMOU MPOM3BEICHUI Macc N Bcex
MaTepUaNbHBIX TOYEK Tena (CHCTEMBbI) Ha KBAAPAThl UX PACCTOSHUMN 10 JAHHOW OCH:

=& mR:. (5.2)

Ha ocHoBanuu ypaBhenui (5.1) m (5.2) MOXHO Hammcarh JJii MOMEHTA HM-
MyJbCa BPaIIAIOIeToCs TeJla OTHOCUTEIBHO OCH BpatieHus Z
L, =1w,. (5.3)




B caywyae xorga macca M Tena HEMPEPHIBHO paclipeneieHa mo ero o0memy,
MOMEHT MHEPIIUH TeJa BhIpakaeTcs HopMyIioi

m

| = gR?dm = R’r dV, (5.4)
0 \Y

rae R— paccrosiaue sanementaproii maccst dm o ocu Bpamenus; dm=r dV —wmac-

ca MaJjioro s3jaeMeHTa Teja oobemoM dV | p — IIIOTHOCTH BEIIECTBA TEA.

Eannuna momenta unepuuu B CU — kuiorpamm Metp KBaapatHbiid (KT -M2).

MoOMEHT MHEpLUHMH TBEPAOIO TEJIA 3@gucum OT TOTO, KaK paclnpenesieHa Macca
TeJIa OTHOCUTEIIBHO MHTEPECYIOIIEN HAC OCH, U SABJISECTCSA BEIIMYUHON AJAUTUBHOM.

I'1TaBHBIH MOMEHT MHEPUMH TEJIA — 3TO MOMEHT MHEPIIMU OTHOCHUTEIBHO OCH
BpallleHUs, IPOXOAAIIEH Yepe3 LIEHTP Macc Tela.

Ecnmn n3BecTeH MOMEHT MHEPLIMM T€Jla OTHOCHUTENIBHO OCH, MPOXOJAILIEH Yepes
€ro IeHTpP Macc, TO MOMEHT MHEPIIMU OTHOCUTEIBHO JIF000M ApYrou mapamienbHOM
ocu onpexaensercs meopemou Illlmennepa:

MOMEHT UHEPIUH Tena | OTHOCUTENBHO MPOU3BOIBHON OCH paBeH CyMME MOMEHTA
€ro UHEPIUH | OTHOCUTEIHLHO MapajuieIbHON OCH, HPOXOASIIEH Yepe3 LEHTP Mace
TeJa, U MMPOU3BEAECHHUA MACChl M TeJla Ha KBAaJpaT PACCTOSHUSA d MEKIY OCSIMU:

| =1, +ma®. (5.5)
PaccMoTpuM aOCoOIOTHO TBepaoe Teno. OmnpenenuM MOMEHT WHEPIUU Teja

OTHOCHUTEJIBHO MPOU3BOJILHOM ocH 2, puc. 5.2. Toraa mycth yepes neHTp macc tena C

MIPOXOJIUT OCh 1, mapayenbHas ocH 2, pacCTOSTHUE MEXIY OCSIMU PAaBHO |é| :

1 (IC)

0) Ilycte Ry u I"i — BEKTOPBI, NEPNEHAUKYIIPHBIC

ocsiM 1 1 2 cooTBeTcTBeHHO. OHM MPOBEIECHBI OT OCEH B
I-i BIEMEHT TBEPJI0r0 Teia Maccoi M.

PaccuntaeM MOMEHT MHEPIMH Tela OTHOCUTEIb-
HO OCH 2, UCTIONB3Ys BeipakeHue (5.2):

] ] r
1 =AmiP=Am(R-a) =

r r r r
_ 2 2 o] 2 o
=amR +ama’- 2aa mR,
Puc. 5.2. K 10kazareiabCcTBy . » ' ! |
teopemsl [l TeitHepa rie @ mR™ =1, —MOMEHT uHEpLUUU TeJla OTHOCHUTENb-
i

-U 2. 2 D —
HO ocu l; g ma”=ma®; g mR =0, Tak kak ocb 1 mpoxoauT vepe3 LEHTP Macc.
i i
JIOKaKEM 3TO yTBEPIKICHUE.
Jloxazamenbcmeo:
1 .
ITyctb I'; — pannyc-BEKTOp I-T0 2JI€MEHTa Tejla OTHOCUTENIBHO LIEHTpa Macc.

PaIII/IYC'BeKTOp HeHTpa MaCC CUCTCMbI YaCTUL OTHOCHUTCJIBLHO Ha4dalla OTCUCTA BbI-

o r 1o r 47). B
6paHHOI/I CHUCTEMBI OTCUECTA PAaBECH I = Ea mr; o OImpPCACICHHUIO ( . ) CUCTCMC
i

I ! o
HCHTpa MaccC I‘C =0 H, CJICAOBATCIIbHO, OTHOCUTCIIbHO CHTPA MAaCC CyYMMapHbIU BCK-



° I ] 1 1
top amr;=0. Ho R — cocraBnstomiass BekTopa [, MepHeHAUKYIIpHAas
ocsiMm 1 u 2. CnegoBaTenbHO, €CIM CYMMAapHBIM BEKTOp paBeH HYJIO, TO CyMMa €ro
COCTaBJISIIOIIMNX B TNIOCKOCTH, IEPHEHAUKYISPHON ocsiM 1 1 2, Takxke paBHA HYIIO.

Ymo u mpebosanoco dokazamo.
' ' IIpumep. HalinemM MOMEHT HMHEPLUU OAHOPOI-

QS i®
! HOT'O MPSIMOTO TOHKOTO CTEP)KHS MacChl M W JUIMHBI |
'#A C |C:I|X | OTHOCHTEILHO OCH, INPOXOMAAIIEN MNEPIEHMKYIIPHO
"
. ; CTepKHIO uepe3 ero cepeauny (rouka C), puc. 5.3.
/2 * Pemenue. Pa3o0beM MBICIEHHO CTEPKEHb Ha

Puc. 5.3. K BEIMHCICHIIO Majble OTpe3ku. IlycTh X — paccTositHhEe OT OZHOrO W3
MOMEHTA HHepIHH ToHKoro ~ TAKMX JJIEMEHTOB CTEPXKHA 10 OCH, a dx — ero mauHa.
CTEpIKHS OTHOCHTENBHO ocH, 1 0rla MOMEHT UHEPLUU STOr0 JJIEMEHTA
npoxojsuieit uepe3 Touky C dig = x%dm = x°r Sdx,

rae S — miomnaab NONepeyHoro CeYeHus: CTEPKHS; p — IVIOTHOCTh BEMIECTBA CTEPXK-
Hi; Sdx =dV —3JIeMEeHT 00beMa CTEPIKHS.
MOMEHT MHEPLMH OJHOW MOJOBUHBI CTEPKHSA HAXOAWM, UHTETPUPYS MOCIE/-

Hee BeIpakeHue 1o x ot 0 1o 1/2, a ickoMbIii MOMEHT HHEpIUK Oy1eT BIBOE OOJIbIIIC:
3

112 y 2
lc=2rS c‘yzdx:gr 2o Wy
0 3 e2g 12
Torpa, Hampumep, OTHOCHUTENBHO OCH, MPOXOMSAIIEH 4Yepe3 KOHEL CTEPHKHS
(touka A), puc. 5.3, umeem
.2
| = |c+m8d—0 _m|2+m|2 oy
&2g 12 4 3
JLis minockodt QUrypbl MOMEHTHI UHEPIUU OMHO-
CUmME/IbHO mpex 63aUMHO NEPREeHOUKYIAPHBIX Ocell,
JIBE U3 KOTOPBIX JIeKAT B TIOCKOCTH (PUTYPHI, OKa3bIBa-
FOTCS CBSI3AHHBIMU MEXy COOOM MPOCTHIM COOTHOIIEHU-

eM. U3 puc. 5.4 cienyer, 4ro

— 2 — (v2 2 —
Puc. 5.4. K onpenenenio dl, =r>xdm=(x"+y“)dm=dl, +dl .
MOMEHTA UHEPIUH IUIOCKOU OTkyna
(GUrypel OTHOCUTEIBHO OCH Z |

z

=1, +1,. (5.6)

5.2. YpaBHeHUe TUHAMUKH TBEPIOro TeJja,
BpPAIAIONIErOCsl BOKPYT HEMOJABUKHOM 0CH

B ciydyae BpalieHHss TBEpIOro Teja BOKPYT HEMOJBMIKHOW OCH Z JIBUKCHHE
TeJa ONpeeNIIeTCs ypaBHEHUEM, COTJIACHO YpaBHEHUI0O MOMEHTOB (4.44), kak

—_ 6Heul
dL,/dt = My,
rae L, 1 My — cOOTBETCTBEHHO MOMEHT HMITYJIbCa U MOMEHT BHEIIHHX CHJI OT-
HOCHUTENIbHO OcH BpamieHus. Toraa mpoaudepenuupyem ypasHenue (5.3) mo Bpe-



MEHH Y, UCIOJIb3Ysl BhipaxkeHue (4.44), moiayyuM ypasHeHue OUHAMUKU 8DAUeHUs.

meep0o020 meja BOKPYT HEMOJIBUKHON OCH BpalieHus Z:

d BHeW
a(lzwz): MZz™. (5.7)

Ecnu teno B npouecce BpamieHus: He 1epOpMHUPYETCsi, TO €r0 MOMEHT UHEPIINHU
HE M3MCHSETCS M €r0 MOXHO BbiHECTH B (5.4) M3-110]1 3HaKa POU3BOTHOM:

|Z% =My | 1,b, = MEe (5.8)

rae |, — MOMEHT MHepIUK Tejla OTHOCUTENBHO OCH Z; — CYyMMapHbILii MOMEHT
e |, —mome e ena oTHOcUTeNnbHO ocu Z; M3 — cymma ome

BCEX BHEUIHWX CHJI OTHOCHTENBHO ocu Z; b, =dw, /dt — mpoekiust BeKTOpa yrioBo-

ro yckopeHus Ha och Z. Takum oOpa3oM, rmosrydaeM ypaBHenue (5.8) — maremarnye-
CKYIO 3allUCh YPABHEHHUS] IMHAMHUKHU BPalIaTeJbHOI0 JIBHKEHHsI TBEPAOIro TeJia
BOKPYT (PMKCUPOBAHHOMU OCH.

N3 Beipaxenus (5.8) BugHO, 4yTO £ 00paTHO NPOHMOPLUOHATHLHO MOMEHTY

HHECPIHHU. CJICIIOB&TGJIBHO, IZ ONpeACNISICT MHEPTHBIC CBOMCTBA TBEPAOrO Tela MpH

BPALICHUH: TIPH OJHOM M TOM K€ 3HaYeHHH MOMeHTa cuia M ;"™ temo ¢ 66sbIIUM

MOMEHTOM WHEPIMH MPUOOPETAET MEHBIIIEE YTIIOBOE YCKOPEHHE.
B BekTOopHOii ¢popme ypaBHenue (5.8) umeer Buz
1 1

b = M e (5.9)

1 1
rie BeKTop b Bcerma HampaBiieH BIOJb ocH BpaiueHus, a M — 310 cocrasnsto-
V4

I V4

11asl BEKTOpa MOMEHTA BHEIIHUX CHJI BIOJb OCH BpPAILCHHUS.

HuterpupoBanue ypaBHeHus (5.8) ¢ yueToM HaYalbHBIX YCIOBHN — 3HAYCHUH
Wy U | o B HAYaJIbHBI MOMEHT BPEMEHH — IO3BOJISET IOJHOCTBIO PELINTD 3d0d4y O
epawyeHuy_meepoo20_mena_oKpy2. HenoOBUNCHOU ocu, T.. HAUTU 3aBUCHUMOCTb OT
BpeMEHHM yIiioBoi ckopocTu W(t) u yria moBoporta j (t).

5.3. Kunetuyeckasi 3Heprusi Bpamamuerocss TBEpA0ro reJjia
(och BpameHusi HeMOABUKHA)

PaccmoTpum aOCoOMIIOTHO TBEpPAOE TENO, KOTOPOE BpAIIAETCA OKOJIO HENOJ-
BW)KHOM OCH, IIPOXOJAIIEH yepe3 Hero. Bee Touku ABUXKYTCSA C OMHAKOBOU YIIIOBOU
CKOPOCTBIO W = CONSt. YureM, 4TO CKOPOCTb - 4aCTHUIIBI BPAIIAIOIIETOCS TBEPAOTO
tena U= RW, rme R — paanyc oKpy)XKHOCTH BpalleHHUs I-i YacCTHUIIBI, U ONPEIEIUM

KHHETUYICCKYIO JHEPIUI0 BPAallalIierocst TBEPIA0ro reJia

2
o u? &
Ek=amu—'=§a mR?
i .

ow® 1,2
2 % ;

=5 :§|W ; (5.10
7]

rae | — MOMEHT MHepIMK Tella OTHOCUTEIbHO OocH BpalieHus. OOpaTuM BHHUMaHUE,
yro popmyna (5.10) nogobHa ypaBHenuio (4.14), onpenesionieMy KHHETHYESCKYIO
SHEPIHUI0 Teja, TOJIBKO Macca Teja 3aMeHeHa Ha MOMEHT mHepuuu |, a nuHeiiHas
CKOPOCTbh — Ha YTJIOBYIO CKOPOCTh (.

OnpenenuM paboTy BHEIIHUX CUJI MPHU BpalleHUH TBEPAOIrO Tejla BOKPYT He-



MOJIBM)KHOM OCH. B COOTBETCTBHM C 3AKOHOM U3MEHEHUs MEXAHUYeCKOU JHepeuul
cucmembl dJIEMEHTapHasi pad0oTa BCEX BHEIIHUX CWJI paBHA MPUPAIICHUIO KHHETHYEC-
ckoit snepruu tena dA = dE, , niu cornacuo Beipaxenuro (5.10):

Aw? 0
dA= dé—z.
2 5
ITycTh och Z COBMAAAET ¢ OCHIO BpamieHus. Torma W2 =W2, rae W, — IPOCKIHs yr-
JIOBOM CKOPOCTH Ha OCh Z, U
dA = Iw,dw, = M ;"*“w,dt = M ;"“dj
Ecimu M;*“ u dj wumeror ogunakoseie 3Haku, To 0A>0. Uuaye dA <O0. IIpu moso-
poTe Tena Ha KoHeuHbld yron D) =j , - | , paboma enewmnux cun Oynet paBHa

i2
A= (‘)!\/Ig”e’”dj . (5.11)
i1
Taxum O6pa3OM, pa60Ta BHCINHUX CHUJI ITPH BPAILICHUU TBEPAOIro TCJIa BOKPYT

HETMO/IBUKHOM OCH OmpejiensieTcst neiicTBueM MoMmenTa. My atux cunm otHOCH-

TeJbHO 3TO# ocu. Ecmu cuibl TakoBbl, uto M =0, 10 paboTy OHH HE TPOU3BO-

JST. YMECTHO OTMETHTb, U4TO pacueTHas (Gopmyna cpaBHMMa ¢ (HOpMYJIOH pacyera
paboThI, COBEPIIIAEMON CHJIaMHU TIPU MOCTyHaTeIbHOM JiBkeHUH (4.13).

5.4. Ili1ockoe IBUKEHUE TBEPAOI0 TeJia. Y paBHeHHEe JUHAMHUKH MJIOCKOT0
ABM:KeHUs1. KnHeTuyeckasi JHeprusi TBepAOro Tejia NpM MJI0OCKOM JIBHUKEHUH

PaccMoTpuM mpocTeNIInN Cllydaid IBUXKEHUS Teja, HE UMEIOLIETO 3aKpeIuIeH-
HBIX TOYEK, — CIy4ail IUIOCKOTO ABWKEHUS. J[B)KEHUE TOUYKU HA3bIBAIOT NMJIOCKHM,
€CJIM BCE TOYKH €€ TPAaeKTOpPHH JIeKaT B OAHON muiockoctu. Ilimockoe (niocko-
napanienvroe) NBUKEHHE TBEPAOro TeJla — 3TO TaKOE JBIKECHHUE, MPU KOTOPOM
TPACKTOPUU BCEX TOUEK TEJIA JIEKAT B MAPAIUICIIBHBIX MIIOCKOCTAX.

OCoOEHHOCTBIO TIJIOCKOTO JBMIXKEHUSI TBEPJIOrO Tejia SBJISIETCS TO, YTO €CIIU
OHO BpPAIIAETCs, TO TOTAA OCh BPAILEHUsI COXPAHSAET CBOKO OopueHmayuto B TpOCTPaH-
CTBE U OCTaCTCS MepneHOUKyI[apHOU NI0CKOCMU, B KOTOPOU IBUKETCS IIEHTP Macc.
[Ipn 5TOM AOCTATOYHO PACCMOTPETH ABMKEHHE OJHOTO M3 €r0 CEUYCHUU, HAIpuMep,
TOr0, B. KOTOPOM JIEXKHUT LEHTp Macc. lIpu pasiiokeHuu IUIOCKOTO [IBUKEHUS HA
nocmynamejibHoe U pawjamesibHoe CKOPOCTb U MOCTYIATEIBHOTO JBUKEHHUS OIpe-
JieJieHa HEOJHO3HAYHO — OHA 3aBUCUT OT BbIOOpA OCH BpallleHHUs, OJHAKO YTiIOBas
CKOPOCTb BPAILATEIBHOTO IBUKEHUS OKA3bIBAETCA OJHOM U TOM XKe.

[Inockoe nBUKEHUE TBEPJIOrO Tela B JAHHBII MOMEHT BPEMEHH MOXKHO IpE-
CTaBUTh KaK YUCMO 8paujamenbHoe 08UNCEHUE BOKPYS MZHOBEHHOU OCU 8PDAU{CHU,
MPOXOSIIIEN Yepe3 HEMOJABMXKHYIO TOUKY, CKOPOCTh U KOTOPOW paBHA HYJIO B He-
MIOJIB>KHOM J1aOopamopHoil cucmeme omcyema, ’x€CTKO CBSI3aHHOM ¢ 3emiiei. Jta
OCh MOJKET HAaXOJWUThCS BHYTPU WIM BHE Teila. B pa3Hble MOMEHTHI BPEMEHH MOJIO-




KEHHE MTHOBEHHOU OCH BPAILICHUS U3MEHSETCS C TEUEHUEM BPEMEHU OTHOCUTEIBHO
HENOJIBWKHOM CHUCTEMBI OTCUETAa U OTHOCHUTEIBHO TEIA.

Ecnun B kauectBe ocu epauwjenus BbIOpAaTh OCh, MPOXOASIIYIO Yepe3 IEHTP
Macc, TO YpaBHEHUSAMHU JABUKEHUS TBEPAOTO Tejaa OyayT:

1. YpaBHeHuUe IBU:KEHHS IIEHTPAa Macc, ONPEACIISIIONee CKOPOCTh MOCTYyIa-
TSJILHOT'O ABMKCHHUS TE€Ja Maccou m

—==3F, (5.12)

1 1
e U — CKOPOCTB IIEHTPA Macc Tena; g K — CyMMa BCEX BHENIHUX CHJL.
i

2. YpaBHeHne AUHAMHUKH TUIOCKOI0 ABUKCHHUSI OTHOCHUTCIBHO OCH, IPOXO-
JsIen qcpe3 HCHTP MacCC TCJia U HEHOJABUKHON OTHOCHUTEIBHO TCJIa, OIIPCACIAIOIICC
I
YIJIOBYIO CKOPOCTbH WC BpamaTCJIbHOT'O ABUXCHUSA

r

I = M 6Helwl

C g Mc
1

rae lo 1 MZ* — MOMeHT uHepuuM Tea ¥ MOMEHT BHELIHUX CHJII OTHOCHTEIIBHO

(5.13)

9TOM OCH COOTBETCTBEHHO.

OnpeneuM KHHETHYECKYH) IHEPruI0 TeJia, COBEPIIAIIIETO MI0CKOoe O08U-
aocenue. Ecmn paccMaTtpuBaTh ABMXKEHUE Tela KakK BpaIllEHUE BOKPYI MTHOBEHHOM
OCH, TO IEMEHT Maccel DM, uMeeT B JaHHBII MOMEHT BPEMEHH JIMHEIHYIO CKOPOCTh

U; =Wr;, rae I, —paccTosiHUE OT 3TOro 3JIEMEHTa JO MTHOBEHHOM ocu. KnHetnueckast
DHEPIHUsl OTAEIIBHOIO AJIEMEHTA Tella OyAeT

LV, 2_1 2
DEy; == Dmu? = = Dmr2w?,
2 2
a KMHETHYECKask SHEPIHsl BCETO Tella
2
o W” o I w
E =a DEy =7a Dmr? = 12

rac |1 — MOMCHT HMHEPHUN TCJIa OTHOCHUTCIBHO MIHOBEHHOM ocu. Ho 1o TECOpEMC

2

, (5.14)

) N 2 )
[reitnepa (5.5) |y =1- +Mmry, rae Iy — paccrosHHe OT MTHOBEHHOI OCH JI0 LIEHTpa
Macc U | = MOMEHT MHEpIMU Tesla OTHOCHTENIBHO OCHU, NMPOXOAAIIEH depe3 LEHTp
macc. [Toatomy u3 Beipaxenus (5.14) nomyuum

2
lcw® 1
= C +§ml’0 2.

Ex
BBenem B 5T0 BeIpaXeHHE TUHEWHYIO CKOPOCTE LIEHTPA Macc Uz =W > Iy!

2 2
| ~W mu
Ek:C—+—C_

2 2

(5.15)

Teopema Kénura:
MOJIHAs KMHETUYECKasi DHEPrus IMpU IUIOCKOM JBMKEHHHM TBEPAOIO TeEJla paBHA
CyMM€ KMHETHYECKHX JHEPIrUi IOCTYIATEJIBHOTO M BPALIATEIBHOIO JIBHXKECHUUN
(BparieHue paccMaTpuBaeTCs BOKPYT OCH, MTPOXOJISIIEH uepes3 IIEHTP Macce).

Ecnu paccmaTtpuBarh INIOCKOE ABUKCHUE KaK BPALLECHUE BOKPYT MCHOBEHHOU



ocu, TO KUHETHYECKass DHEPrusi Tella €CTh DHEPrus BPaIaTeIbHOTO IBHKCHHUS
(cMm. dopmyny (5.14)).



Tema 6. HennepumnajibHble CHCTEMBI 0TCYETA

6.1. YpaBHeHHe IBUKEHUS] B HEHHEPLUHUAJIBHBIX CHCTEMAaX 0TCYeTa,
ABMKY LM XCH MOCTYNATEIbHO

OCHOBHBIE NTOJIOKEHUSI MEXAHUKH HBIOTOHA 1 BBITEKAOIIME U3 HUX CIEACTBUS
MOTYT OBITh CHPaBEAJUBbI TOJIBKO JJI1 MHEPIHAIBHBIX CUCTEM OTCUETA, ABUKYIIUX-
Cs IPYr OTHOCUTENBHO Jpyra NpsMOJIMHEWHO U paBHOMEpHO. Besikas cucrema, KOTo-
past ABUXKETCSA C YCKOPEHUEM I10 OTHOIICHUIO K UHEPLUAIBHON CUCTEME OTCUYETA, SB-
JAETCS HEMHEePUHAJIbHOI.

[IpakTnyecku ygoOHO MOJIB30BAThCS CUCTEMAaMM KOOPAMHAT, KOTOPbIE UMEIOT
yCKOpeHHe no oTtHoueHuo K COJHIYy W 3BE€3[1aM, HapUMEpP, CUCTEMON KOOPAMHAT,
CBA3aHHOU C 3emiiell. B Takmx HEMHEpUMANbHBIX CHCTEMAax KOOPAMHAT MEXAHUKA
HerotoHa yxe He cripaBeiunsa.

B MexaHuKe HEMHEPIMAIbHbIX CUCTEM KOOPAMHAT SABIISIIOTCA OCHOBHBIMU Clle-
AYIOLUE ITOJIOKEHUS

1. Yckopenust Ten BBI3BIBAIOTCA CUJIAMM, OJHAKO CHJIbI HE 00s3aTesbHO 00Yy-
CJIOBJICHBI JEUCTBUEM TEJl APYT HA APYyra,

2. B HenHepuUaIbHBIX CUCTEMAX OTCYETAa HA TeJla JACHCTBYIOT CUlbl UHEPUUU
— CUJIbI, OOYCIIOBJIEHHBIE TEM, YTO CUCTEMA OTcHYeTa 00J1alaeT YCKOPEHUEM MO OTHO-
LIEHUIO K MHEPIMAJIBHOM cHCTEME OTcYeTa. OHU HE BbI3BAHBI B3AMMOJICMCTBUEM TEN.
IToaToMy Ha cuibl HHEpLUMU TPETUHN 3aKOH HbIOTOHA HE pacrpocTpaHseTcs,

3. Bce cuiibl mHepiuu, noJ00HO cUjlaM TATOTEHMsI, IPONOPLHUOHATBHBI Macce
Tena. Bcem Tenam, HE3aBUCHMMO OT UX MACChI, CUJIbl MHEPIMU COOOIIAIOT OJIMHAKOBOE
YCKOpEHHUE.

Cuna unepyuu — 370 BEKTOPHAS BEIMYMHA, YUCIECHHO PAaBHAS MPOU3BEICHUIO
MacChl MaTepHUaIbHON TOUKH Ha €€ yCKOpeHue (YCKOpCHHE HEHMHEPIMaIbHON CHCTeE-
MBI OTCYETA) U HAMPABJICHHAS TIPOTUBOIMOIONKHO YCKOPEHUIO.

Beenenue cwil uHEPLMH TO3BOJSAET BBECTU JUISI HEMHEPLUAIBHBIX CUCTEM OT-
cyeTa ypaBHEHHE, MO (OpME AHATOTMYHOE YPaBHEHUIO 6mopoco 3axkoHa HproTo-
Ha (3.5). CoxpaHSIOT CBOW MPEKHUI BHUJ U YPaBHEHUS JIBUKCHHS, BBITCKAIOIINE U3
3TOro noJjiokeHusi. Ho B HUX OyayT yUHTHIBATHCSA, KPOME «OOBIYHBIX» cu, 00ycCIoB-

JICHHBIX IIGfICTBPIGM APYIruXx TCJI Ha JaHHOC TCJIO, TAKIKC 1 CUJIbI HHCPIUU FuH .

mat=3 F,_ +&F,, (6.1)

683auUm

L o .o A~
rae al — ycKopeHue Teja B HeMHepIHAIbHOH cucreme orcuera; q Fg,,,,, —reomer-

puducecCKasa Cymma BCCX CHII, IIGfICTByTOH.IPIX Ha JAaHHOC TEJIO CO CTOPOHBI JAPYIUX TCI,
1

[] V)
a F,, —cymMma cui nHepiu, AeiicTBYONMX Ha Teno. YpaBHeHnue (6.1) HazpiBaeTcs

YPABHEHHEM JIBHKEHHSI B HEMHEPIHUAJBbHBIX CHCTEMAX 0TCYETA, U OCHOBHbIM
YPAGHEHUeM OUHAMUKU OMHOCUMETbHO20 OBUNCEHUS MAMEPUATbHOU MOYKU.
Macca Tejla, YMHOKEHHAsl Ha €r0 YCKOPEHHE OTHOCUTEIbHO HEMHEPIIUATBHOM CUCTE-
MBI OTCueTa, OyJeT paBHa MO BEJIWYMHE M HANPABJICHUIO PAaBHOJCHUCTBYIOIIEH BCeX
CHUJI, IPUJIOKEHHBIX K TENY, BKJIFOYasi U CUJIbl UHEPLIUH.



B MexaHuke HEMHEPLHMAIBHBIX CUCTEM OTCYeTa Oy/ieM paccMaTpuBaTh JBUKE-
HUS TNl U CUCTEM OTCUETa TOJBKO CO CKOPOCTSAMHM, MAJbIMH IO CPAaBHEHHUIO CO CKO-
pocTbio cBeta. [Ipu 3TOM OrpaHMYEHHH MOKHO CUUTATh, YTO JABUKEHUE HEUHEPLU-
aJbHOM CUCTEMBI OTCYETA HE BIUSAET Ha CBOMCTBA TAKUX OCHOBHBIX M3MEPUTEIbHBIX
npuOOpPOB, KaK JUHEHKH U YaChl.

OrnpenenumM, Kak CBSI3aHbl MEXIY COOON CKOPOCTH U YCKOPEHUSI B MHEPIHAJIb-
HOW M HEMHEPUUAJIbHOU cHcTEeMax orcyera. PaccMorpum ciryyai, Koraa HEeMHEpLHU-
anmpHas cucteMa orcueta K (¢ koopaunatasiMu ocsimu X', Y', Z") aBmxKeTCs IOCTY-
naTejabHO (MIPH TAKOM JBMKEHUM JTHOOOH BBIJCICHHBIN B Telie OTPE30K OCTaeTCs ma-
paJuIeTIbHBIM CaMOMY ce0e) C YCKOPEHHEM éo 10 OTHOIIEHUIO K YCIIOBHO HEIOABUXK-

HOW MHepHHaabHOU cucteme otcuera K (¢ koopauHatHeiMu ocsimu X, Y, Z).
A K O603HauNM pagnyc-BeKTOP MPOU3BOIHHON Touku M
M B HemoaBIXHOH cucteme K kak T =OM, a B gBuHKYy-
AK Ak weitcs cucteme K( kak I 6= OM [pu >Tom Iro =00¢ -

Vot » 910 paamyc-BekTop Toukn OC (Touka OC — Hagano koop-
O’ JMHAT HEHMHEPIUATbHONW CHCTEMbI OTCUETA), W3MEPEHHBIN
J7 B cucreme K, puc. 6.1.

. [ToCcKOJIbKY NBUKEHHUE CHCTEMBI K( [OCTyIaTelb-
< | I |
HOE, TO €€ OpTHI i ¢ j ¢k¢ UMEFOT NOCTOSHHOE HANIPABIICHHUE.

N3meHeHne ux HampaBlIEHUsI B IPOCTPAHCTBE MOXKET OBITh
Puc. 6.1. K BoIBOy 3aK0HA N
npeobpazosans ckopoctn  OOYCIOBICHO TONBKO - BPALICHHEM MOJBIKHON CHCTEMBI

—_

7 X

TOYKH IIPH NEPEXOJL OTCUYCTA.
OT UHEPLMAIILHOM K Aobconromuvim Oeudricenuem TOUYKH HA3BIBACTCS €€
HEWHEPLUAIBbHON

JIBIKEHHME 1O OTHOIICHHUIO K KaKOW-JIMOO MHEPIUaIbHON
CHUCTEME OTCYETA, YCIOBHO INMPUHUMAEMOM 3a HEIOJBUXK-
HYI0 1 Ha3bIBa€MYIO a0COIIOTHOM CUCTEMOW OTCYETA.
OmHuocumenbHbIM 06UIICeHUEM TOUKH HA3BIBACTCS €€ JBHMIKCHME IO OTHOIIIC-
HUIO K JBIOKYIIEWCs (MOABUKHON) CHCTEME OTCYETa, KOTOPYIO HA3bIBAIOT OTHOCH-
TEJIbHOUN cucteMmoil orcuera. Ilepenocnoe 0euxrcenue TOUKA — 3TO JBUKEHUE TOUYKH,
MOKOSILIENCS B IBHKYILICHUCS CUCTEME OTCYETA, OTHOCUTEIIBHO HEIOJABUKHON UHEP-
MUAJIbHON CUCTEMBI OTCUETA.
B xaxiplii MOMEHT BPEMEHH 3HAYEHUS PaJUyC-BEKTOPOB I I MPOU3BOJIb-
HOM TOYKHU M CBSI3aHbl COOTHOIIICHHUEM
|I‘ = |I‘o + II‘ (

CUCTEMCEC OTCUECTA

rie 1 6= xd G+ yoj o+ 20k ¢,

r_r ! ' '
Torma 1 =T, + XA ¢+ yC¢j ¢+ z& ¢ TponuddepeHunpyem mociegHee BbIpake-
HHE 110 BPEMCHH:

rodr r r r
ar _ dio , (P, g Y] g 32
Gt dt e

= —Kk¢.
dt

dr, r
YuureiBasg, 4TO d—to =Uy €CThb CKOPOCTb IIEPEHOCHOIO JBWKEHUA, T.€. CKOPOCTH IIO-

CTyHaTCJIbHOI'O ABUKCHUSA CUCTCMBI OTCUCTA K( OTHOCUTEIBHO CHCTEMBI K, moJry-



YUM 3aKOH NMpeo0pa3oBaHMs CKOPOCTH TOYKM TPU IMEPEX0jae OT WHEepIHaIbHOU

CUCTEMBI OTCYETa K HEMHEPIIHMAIHLHOMN

U =uUg+ug, (6.2)

rie U( — OTHOCHTEIbHAS CKOPOCTh TOYKH, T.¢. CKOPOCTh TOYKH OTHOCHTEIBHO [BH-

xkymeiica cuctemsl K(, U — abcomoTHAs CKOPOCTh TOUKH, T.e. CKOPOCTH TOUKH B

HenoABwKHOW cucteme koopauHaT K. YpaBuenue (6.2) mmeer TOT ke BU, YTO U

Kaaccudeckuil 3aKoH npeobpazoeanus CKOpOCMU mMOouKu TPH NEPEXo]e OT OJHOU

UHEPIMATBLHON crcTeMbl oTcyera K apyrou (3.10).

Bo3sMeM BTOPYIO MPOU3BOAHYIO TI0 BPEMEHH OT I

o _d%fy , dixer | d2yer dzer
dt®  dt®  dt®  dt* T dt®

[TonyueHHOE ypaBHEHHE YKBUBAJICHTHO CJIEIYIOMIEMY BBIPAKCHHIO:

a=ag+al, (6.3)

ol
rae ZT; = go — OTO MEPEHOCHOE YCKOPEHUE, T.€. YCKOPECHUE HEUHEPLUAILHOU CUCTE-
MBI OTCUETA OTHOCHTENILHO MHEPIHATBHOMH CHCTEMBI OTCUETa; 8 — YCKOPEHHE TOUKH
B MHEPLUAIBHON CUCTEME OTCUECTA, ac— YCKOPEHHE TOYKU B HEMHEPLMAIBHOU CHUC-
TeME OTCYETA.

[Mony4yennsie hopmyisl (6.2) u (6.3) cripaBeUIMBbI I MOCTYMATEIBHOTO Tie-
PEHOCHOI'O IBUKCHUS.

Korna HemHepnmanpHasg cucTeMa KOOPAMHAT JIBUKETCA MOCTYNATENIbHO C YC-
KOpEHHUEM éo 10 OTHOILIECHUIO K UHEPLUAIBHOM, B HEW IEUCTBYET MOCTyNATEIbHAA

cuia uHepunn (F,., ):

L] L} '
FuH 4 Fncu = - May, (64)
e M —Macca Teja, Ha KOTOPOE 5Ta CHIIa MHEPLHHU IEHCTBYET.

6.2. Bpamawinuecss HeuHepIHAJIbHbIE CHCTEMbI 0TCYETA.
IlenTpobde:kHasn cuina mHepunu u cuiia Kopuosnca (6e3 BbiBoaA)

PaccmoTpum Teneps ciydail, Korja Tejao NOKOUTCS BO Bpallarolleics ¢ mocTo-
STHHOM YTJIOBOW CKOPOCTBIO HEMHEPLIMAIbHOU CUCTEME KOOPAUHAT.

[TycTh Ha rOpU30HTAIIBHON TOJICTaBKe, Bparatomieiics Bokpyr ocu OOC ¢ yr-
JIOBOM CKOPOCTHIO (0 OTHOCUTEIBHO HEMOIBUKHON CUCTEMbI KOOPAUHAT, YCTAHOBJIEH
MasiTHUK, puc. 6.2. [lns HabaroaaTesnsl B HEMOABMKHOM CUCTEME OTCUeTa, Halpumep,
CBSI3aHHOW C MOMEIIEHUEM, T/Ie YCTAaHOBJIEHA MOJICTaBKa, HUTh, HA KOTOPOU MOJBE-
IICH MIApUK Macchl M, OTKIIOHSICTCS OT BEPTHKAIM HapyXy (OT OCH BpallleHHs) Ha
YTOJ @, ONUCHIBAasi OKPYKHOCTh paguyca I. [Ipu 3ToM 10IKEeH BBIMONHATHCS BTOPOH
3akoH Herorona (3.3):

1 r 1
T+mg=F,,
1 1 2r
rae T — cuia HaTsHKEeHUs HUTH; IEHTPOCTPEMUTENbHAS Chila Fuc =- MW"l — paBHO-
IIefICTBYIOHlaH CWJIBI TAKECTH U CUJIbI HATIKEHUS HUTU. 3HAK MUHYC CBUACTCIILCTBY-



1
er o ToMm, 4ro cwia F,. HampaBieHa B CTOPOHY, MPOTHUBOIOJIOKHYIO pPajHyc-

BeKTOpY I , T. €. K LIEHTPY BPAIUEHHs, PUC. 6.2.
Huis Ha6JIIOIIaTeJISI Ha MOJICTaBKE MASTHUK U
HIapuK MoKosTes ( a< = 0)

magt T+mg

OTKJIOHEHHE MIapuKa OT BEPTUKAIH OOBSICHS-
eTcsl OsIBIIeHUEeM cuil uHepuuu. [lockonbKy mapuk

E : L =a IMOKOUTCA, TO, CJIICAOBATCIBbHO, HCHTPOCTPECMUTCIIL-
Hasl Cujia YPaBHOBCIINBACTCS HaHpaBHeHHOﬁ OT OCH

C BpalleHus EeHTPOOeKHOU cuioil uHepuuu. Jlewct-
Puc. 6.2. [Ipumep Bpawmaromeiics  BUTENIBHO, COTNIACHO yPaBHEHMIO IBIERUIG (6.2):
HEUHEPLUHUAILHON CUCTEMBI ma¢— -|- + m + F
oTCUcTa
FuH =

B cucteme oTcueTa, Bpalaruiecs ¢ MOCTOSHHOU VIJIOBON CKOPOCTBIO, Ha T10-

KOSIIIEECs] B HEM TEJIO JCHCTBYET HEHTPOOEKHAS CHJIa HUHEePUHH F 46 » KOTOpas 3a-

BUCUT OT erIOBOfI CKOPOCTH BpalICHUA CHUCTCMBI OTCUCTA W n paanyc-BEKTOpa r
TTIOJIOKCHUA paCCManI/IBaeMOI/I TO‘IKI/I B IIBI/DKYH_IGI/ICH CHUCTEME OTCUETA.

o
F o = MWr (6.5)

UH
r
[lepeHocHOE yCKOpEeHUE MPU ATOM OyJIeT aC =W .

Ecnm Teno nBMKeTcsS BO BPANIAIOIIEUCS ¢ NOCTOSIHHOW VIIJIOBOU CKOPOCTHIO W
HeI/IHepL[I/IaJIBHOI/I CHUCTEME KOOPAMHAT, KOTOpas MepeMeniaeTcs MOCTYNaTENbHO C yC-
KOpEHUEM ao OTHOCI/ITeJIBHO HeHOIIBI/I)KHOI/I WHEPIUAIBLHON CUCTEMBI OTCUETA, TO Te-

PEHOCHOE YCKOPEHHE aC = ao W Moo MOKa3aTh, YTO HA TEJIO OyayT ACHCTBO-
BaTh Cpa3y TPH CHIIbI HHEPIUH:
' I
1) nocmynamenvnas cuna unepyuu F,., =-may (cm. dopmyny (6.4)). Ona

ncu
BO3HHUKACT IIPHU MOCTYITATCIbHOM JIBUKCHUN HGHHCpHH&HBHOﬁ CHUCTCMBI OTCUCTA,

! r
2) yenwmpobeoicnas cuna unepyuu F ;= mwar (cm. ypaBHenue (6.5)). Ona

JNEUCTBYET BO BPAILIAIOIIMXCS CUCTEMAaX OTCUETA U Ha JIBUKYIIUECS, U HA HEMOJBHXK-
HBIE TeJIa, YAAJCHHbIE OT OCH BpPAICHHS Ha KOHEYHOE PacCTOSsIHUE [
3)  kopuoaucosa cuna uuepuuu

= 2n’[u ([I\N] (6.6)
JEUCTBYET BO Bpamaiolmeﬁc;l CHCTEME KOOP/IMHAT TOJbKO Ha JBIKYIIHECS C OTHOCH-
TenpHOM ckopocThio U( Tena. Korga ckopocTh 3Toro npuxkenus U( oOpariaercs B
HyJIb, 3Ta cuia ucyeszaeT. OHa 3aBUCHUT OT YIJIOBOM CKOPOCTH BpALIEHHS U OTHOCH-
TEJIbHOW CKOPOCTH TeJIA.

Takum oOpa3om, cornacHo ypaBHeHHIO JBkeHUs (6.1) ocHOBHOe ypaBHeHHE
AUHAMHUKH B HeI/IHepHI/IaJ]LHOI/I cHCTeMe 0TCYeTa, KOTopas BpallaeTcs C MOCTOsH-
HOM VFJIOBOI/I CKOPOCTBIO W BOKDYT OCH, MlepeMeNTaroNieiics OCTYIaTeNnbHO ¢ YCKO-

pE€HUEM ao HUMECT CJIGIIYIOI_HI/II/I BU/.




mat=F +F,, +F,; +Fg, (6.7)

1
rae F —cymma «0OBIUHBIX» CHJI, IEUCTBYIOIIMUX HA TEJIO CO CTOPOHBI APYyrux Ted. B
MHEPIHUAIBHON CHCTEME OTCYeTa TeO Obl JBUTANOCh U3-3a HUX C YCKOpeHueM. Jlaxe
1 1

npu F =0 Teno B HeMHEpLUMANBbHON CUCTEME OTcYeTa OyAeT IBUTaThcs B 0OIIEM
Clly4ae ¢ YCKOPEHUEM OTINYHBIM OT HYJIS.

6.3. [IpuHIUN YKBUBAJIEHTHOCTH

Korpa B HemHepuMaNbHOM CHCTEME OTCUETa BO3HUKAIOT Kakue-IMOO HOBbIE
CWJIBI, TO, TOJBKO yOEIMBIINCH, YTO HUTJE€ HE MOSBWINCH HOBBIE T€JA, CO CTOPOHBI
KOTOPBIX JECUCTBYIOT CUJIBI TATOTEHUS, MOXKHO YTBEPKIAaTh, YTO BHOBb MOSIBUBILIKECS
CUJIbI — 3TO CWIbl HUHEPUUU. DAKT, YTO CUJIbI MHEPLMHU, KAK U CUIIBL TAMOTEHUs, IIPO-
IIOPLMOHAJIBHBI MaccaM TeJl, IPUBOAUT K CIEAYIOLIEMY Ba)XHOMY 3aKIIOUYCHUIO.

[IpencraBum cede, 4TO MBI HAXOJIUMCSI B HEKOTOPOW 3aKPhITON JJaOopaTopuu U
HE MMEEM BO3MOXXHOCTH HaOJ0/1aTh BHEIIHUN MuUp. JlOMyCTUM, UTO MBI TaKXKe HE
3HAeM, I'/Ie HaXOAUTCs JabopaTopusi: B KOCMUYECKOM MPOCTPAHCTBE WM, HAIIPUMED,
Ha 3emiie. 3aMmeuasi, 4YTO BCE TeJla HE3aBUCUMO OT MAacchl I1aJal0T B JJaOOPaTOpUHU C
OJIMHAKOBBIM YCKOPEHUEM, MBI HE MOKEM OJTHO3HAYHO YCTAHOBUTH, YEM BBI3BAHO JOTO
YCKOPEHHUE — I0JIEM TATOTEHUsl, YCKOPEHHBIM IOCTYIATEIbHBIM JBUKEHUEM CaMOU
1abopaToOpUu WM, HAKOHEL], 00eMMHU 3TUMHU NPUYUHaAMu BMecTe. Hukakue onbIThl 110
cBOOOIHOMY MAaJIEHUIO Te B Takoil J1a00paTopuu HE MOTYT OTJIMYUTH OJHOPOJHOE
10JI€ TATOTEHMS OT OJHOPOIHOIO IOJISA CUII HHEPLIUH.

OHHIITENH cQOPMYIUPOBAT NPUHUUN IKEUGATEHIMHOCMU CUTl MA2OMEHUS U
cun unepyuu’ Bce (PU3NYECKUE SBJICHUS B OJHOPOAHOM IOJIE TSATOTEHUS MPOUCXOAT
COBEPILEHHO TaK K€, KAK U B COOTBETCTBYIOILIEM OJHOPOJIHOM II0JI€ CUJI MHEPLIUU.

[ToaToMy BOOOIIIE HUKAKUMH (PU3HUUECKUMU OMBITAMH HEBO3MOXHO OTIUYHUTH
OJHOPOJHOE I10JI€ CUJI TATOTEHUs OT OJHOPOJHOIO MOJIs CUJI MHEPLIHH.

6.4. PaGoTa BHEIIHUX CWJI NIPH BPallleHUH TBEPAOro Tejia

B HeMHepUMaNbHBIX CHCTEMaX KOOPIUHAT HE CYIIECTBYET 3aMKHYTBIX CUCTEM
Tes1. CUlbl MHEPUUN 17151 BCSKOW OTPAaHUYEHHONW CUCTEMBI TEII SIBISIOTCS 6HEUHUMU.

CornacHo eémopomy 3axony Hetomona (3.3) B HEMHEpIUAIBbHBIX CUCTEMAX OT-
CueTa OPOM3BOJHAS IOJHOTO MMITYJIbCA CHCTEMBI T€1 PABHA CyMME BHEUIHHUX CHII,
ACUCTBYIOLUX HA CUCTEMY CO CTOPOHBI BHEIIHUX TeJ, a TAKKE CHJI HHEPLUUH, IEUCT-
BYIOUIMX Ha BCE TENIa CHCTEMBI.

rr
% =F+F,,. (6.8)

Hsmenenue nonnoti snepeuu CUCTEMBbI Tell (B OTCYTCTBHE CHJI TPEHHS) PaBHO
cymme pabor A, BHemHHX cui (4.21) u paboT A, BCEX BHEUIHUX CHJI HHEPIIHH,

JNEUCTBYIOIIUX HA CUCTEMY.
A@Hem + Am = E2 - El’ (69)




rne E, - E; —npupaiuenne noaHol MEXaHMYECKOM SHEPTUU CUCTEMBI.

3akon coxpaneHus NOJHOU MEXAHUYECKOU 3JHepeuu HE BBIMOJIHIETCS B
HEWHEPITUATBHBIX CUCTEMaX KOOPIMHAT.

CornacHO MOJy4Y€HHOMY B MoATeME 5.3 BBIPAKEHUIO NIl pabOThl 4 BHEUIHUX
CHJI TIPH [IOBOPOTE TBEPAOTO Tela Ha KOHEUHbIH yron | o (5.11) MoxHO 3amucath B

clly4ae HEMHEPIHMAIbHBIX CHCTEM OTCYETA, YTO
I o
A= M J““dj
0
r7le MOMCHT BceX BHEIIHHX cuii M ;" OTHOCHTENbHO OCH BpamieHus Z BKIIOYACT

MOMEHT BCeX CHJI uHepuun M " OTHOCHTENBHO ITOH OCH.

6.5. I'mpockonsl. 'mpockonnuecknii 3¢ dexr. Ilpeneccus rupockona

Cso600nbte ocu (ocu c60000H020 6pawienus) — STO TaKKe OCH BpAIICHUS TEJ,
KOTOpbIE COXPAHSAIOT CBOIO OPUEHTALMI0O B MPOCTPAHCTBE 0O€3 ACHCTBUS Ha HHUX
BHEIIHUX cUJl. B oOwieil Teopuun 10Ka3bIBa€TCs, 4TO JJIs JIH0OOro TBEpJOro Tea Cy-
IIECTBYIOT IJIaBHbIE OCH MHEPUHUH — TPU B3aUMHO NMEPHNEHAUKYISIPHbIE OCH, MPOXO-
JSIIIME Yepe3 LEHTP Macce Tella, — KOTOPble MOTYT CIIYKHUTh CBOOOJHBIMH OCSMH.

MoHO MOKa3aTh, YTO BpAICHHE BOKPYI IJIaBHBIX OCEH C HAMOOJBIIUM U
HAaMMEHbIIUM MOMEHTaMU UHEPIUHU OKa3bIBAETCs. YCTOWYMBBIM, a BPAILIEHUE BOKPYT
JIPYTUX OCEM M OCU CO CPETHUM MOMEHTOM — HEYCTOMYMBBIM.

I'mpockon — 3T0 MaccUBHOE TBEPAOE CUMMETPUYHOE TEJO, Bpallaroleecs ¢
GOMIBIIOH YITIOBOM CKOPOCTEIO W BOKPYF CBOEH OCH CHUMMETPHH, SBJISIONIEHCS CBO-
00IHOI1 OCBIO.

Ecnu ock cuMMeTpuu FUPOCKONA 3aKperieHa WM OHa MOBOPAYMBAETCS C yT-
JOBOM CKOPOCTBIO Wy <<W, TO MOMEHT HMMILYJIbCa TMPOCKOIA HAlpaBJIEH MO OCH

BpanieHus (0CH CHMMETPHH) MapaJlIelIbHO YITIOBOM CKOPOCTH W :
L=Iw. (6.10)
[IIupokoe pacrpocTpaHEHUE MOJIYYHWIT TMPOCKON HA
KapJAaHOBOM MOJBece, KOT/1a OJHOPOIHOE TEJIO BpaICHUS
3aKperieHo B LEHTpe macc, puc. 6.3. lonoxenue tena B
MOJABECE JOJDKHO OBITh TAKUM, YTOOBI ocu c80000H020 8pa-
wenus AA', BB' u ocs OO' nepecekanuck B 1IeHTpe Macc. B
ATOM CJTy4ae MPH JIFOOBIX BO3MOXKHBIX JIBH)KCHHSX TeJla €ro
LIEHTP Macc OCTaeTcsl HenoABWKHbBIM. [Ipu 3tom ock AA' (B
JAHHOM CJIydae — OChb CHMMETPHH Teja) MOXKET 3aHUMAaTh
MIPOU3BOJIBHYIO OPUECHTAITUIO B POCTPAHCTBE.

Ecnu rupockomn packpydeH BOKPYT OCH CHMMETPHH,
TO OpueHmayusi OCY BPAIICHUSI TUPOCKOMA OCTACTCS HEU3-
MEHHOH, KOTJ]a MOMEHT BHEITHUX CHJI OTHOCUTEJIPHO 3aKPEIUICHHOTO IIEHTPAa Mace
rMpOCKoNa paBeH Hymo. Kak cieayer wu3  ypaBHeHUss MomeHTOB (4.44),

Puc. 6.3. 'mpockomn Ha
KapJIaHOBOM TIOJIBECE




L=Jdw= const, T.e. BeInoJiHsAETCS paBeHCTBO (6.10). JlelicTBUTEIPHO, MOMEHT CHIIBI
TSYKECTU OTHOCUTEIBHO 3aKPEIJIEHHOr0 LIEHTpa Macc CBOOOIHO BpallarolIerocs r'u-
pockora OyieT paBeH HYJI0, TaK KaK 3Ta CHJIa MPHUJIOKEHA K HEeHTpy macc (LeHTp
BpamieHus C COBMAIACT C IIEHTPOM Macc). MOMEHT CHJI TPEHHS TPEHEOPEKUMO MaJl.

Takum oOpa3om, MOBOpauMBas MOACTABKY, HA KOTOPOM pacMOJIOKEH KapAaHOB
MOJIBEC, MOKHO YOEIUTHCSI, UTO MPHU MPOU3BOJIBHBIX MOBOPOTaX MOJCTABKH OCh T'H-
pOCKoOIIa COXpaHsAET HEM3MEHHOE HAIIPABJIICHUE B IIPOCTPAHCTBE.

YToOBl OCh THPOCKOTIA U3MEHUIIA CBOE HAMPABIIEHUE B MPOCTPAHCTBE, HEOOXO-
JMMO, COTJIACHO ypaBHEeHUIO (4.44), oTiinyue OT HyJIsl MOMEHTA BHEITHUX Ccuil. Toria
HaOto1aeTcs siBJieHue — rupockonuyeckuii 3¢ ¢ekT — rupockon NoBOpayUuBaeTCs
TaK, YTOObI €ro OCH CBOOOAHOTO U BBIHYXJAEHHOT'O BpallleHHus coBnaaaiu. Ucnonb3ys
ypaBHCHHE MOMCHTOB (ypaBHCHHE TUHAMHKH BPAIIATEIBHOTO JBIIKEHHS), MOXKHO
TI0KAa3aTh, YTO €CIIH OCh OBICTPO BpalIaOLIErocs CBO6OIIHOFO TUPOCKOIIA C MOMEHTOM

UMITyJIbCa L CTapaThCs MOBEPHYTH MOMEHTOM CHII M , TO OH3 HRHET BpAIIATECA C

YTJIOBOM CKOPOCTBIO Wo B TAaKOM HANpaBJIE€HUH, YTOOBI BEKTOPBI WO, L u M cocras-

TSN IPABYIO TPOHKY BEKTOPOB; Co

M=w, L.
['mpockonuueckuid  3pQexT BbI3BaAH JEHCTBUEM

KOPUOJUCOBBIX cuil uHepuuu. OObicHum 310. Ha

puc. 6.4. n300pakeH MacCUBHBI CUMMETPUYHBIA BOJI-
YOK, Bpamafomnncsl BOKPYT' OCH CHMMETPHUH C YIIIOBOi

CKOPOCTBIO W . MOMEHT BHEIIHHX CHII M HaIpas-

6H 7
JICHHBIU BOOJIb OCH Y, CTpeMI/ITCSI BpalmiaTb OCb THUPO-

CKOHa C YTIJIOBOW CKOPOCTHIO W BOKpYr ocu Y,
puc. 6.4. OqHako TUPOCKON HAYUHAET MOBOPAYUBATHCS

BOKpPYT ocu X, 4TO JIEUCTBUTEIBHO JOJDKHO OBITH BbI-
3BaHO TIOSABJICHUEM KAaKOro-TO MOMEHTa CHJ, Ha-

Puc. 6.4. K 00bsicCHEHUIO

IHPOCKOTHHYECKOTO MPaBJIEHHOTO BJOJb 3TOI/I ocu. Ilepeitnem Bo Bpaiaro-
sddexra (v'vo—yrnonas{ IIYIOCS CO CKOPOCTBIO W , CHCTEMY OTCYeTa, B KOTOPOU
CKOpOCTB, C KOTOPOi OCh THUPOCKOTMA HETMOJIBI)KHA, a Ha €ro MaTepuajbHbIe
1 |
ITOBOPAIRGACTY ¢Cb TOYKM mMj, ABWKYIIHECA CO CKOPOCTSIMHU uiG:W I,
THPOCKOIIA) N
NEUCTBYIOT KOPHUOJTUCOBBI CHUIIBI WHEPLUUU
1

II:i K =2m [u’id;v{/gH] (cm. dpopmyny (6.6)). Moment stux cun M HampaBieH BHONb

1
ocH X, U UIMEHHO OH BBI3BIBAET BPALLEHUE OCU CO CKOPOCTBIO W .

Ecnu och rupockona 3akpernieHa NOMIMIUITHUKAMH, TO U3-3a TaHHOTO d(dekTa
BO3HUKAIOT 2UPOCKONUYUECKUE CUbL, ICUCTBYIOIME HA OMOPHI, B KOTOPBIX BpallaeT-
Cs OCh THPOCKOTA.

PaccMoTpuMm Teneps cuTyanuio, Koraa K OCH TUPOCKOIA MPUIIOKEHA CHUJIA, JIU-
HUS JICMCTBUS KOTOPOW HE MPOXOJIUT Yepe3 TOUKY 3akperuieHus O.

IIpeuneccusi rMpOCKoONa — 3TO TAKOW TUN JBHKEHUSI, KOTJa B pPEe3yJbTaTe IO-
CTOSIHHOTO JICHCTBMSI MOMEHTA BHEITHEH CUIIBI OCb C80000H020 2UpOCKona BpalllaeT-




Csl BOKPYT HalpaBJICHUs JAHHOW BHEIIHEW CUJIBI.

[Tpumep nperieccuu — IBHXKEHUE OCHU JAETCKOW UTPYILIKHU — FOJIbI C 320CTPEHHBIM
koHIioM (puc. 6.5), T.e. THpocKoIa, UMEIOIIEro OJHy TOYKy omopsl. FOma, packpy-
YeHHass BOKPYT CBOEM OCH M IMOCTaBJICHHAss HA TOPU30HTAJILHYIO TJIOCKOCThH CJIeTKa
HAKJIOHHO, HaYMHAET MPEIECCUPOBATh BOKPYT BEPTUKAIBbHOU OCHU }TOIIIIIefICTBHCM

MOMEHTa Taphl CUJI TSHKECTH M HOPMalbHOW peakiuu omopel: M =~ mé, rae
| =OC.

CKopocTh, C KOTOPOIl OCh BpallleHHs ABUKETCSI OTHOCUTEIBHO BEPTHKAIBHOU
OCH, Ha3bIBACTCS 2710601l cKkopocmwvio npeyeccuu \\ .

MoHO [0Ka3aTh, YTO [JIs BpAILAIOIIErocs
BOJIYKA YTJIOBas CKOPOCTh MPELECCUM HE 3aBUCHUT OT
yrjla HakJIOHa BOJYKa €, oHa OOpPaTHO MIPOIMOPIHO-
HaJbHa MOMEHTY UMITYJIbCA BOJYKA!

W~ —.
L

YemMm OBICTpEE BpAIlAE€TCs] BOTUOK, TEM OOJIbIIIE
MOMEHT MMITYJIbCa U TEM MEMJICHHEE OH MNpPEeLecCcHpy-
er. IlpyueM MrHOBEHHO€ MCUYE3HOBEHHE MOMEHTa CH-
JIbl, HATIPUMEP TAKECTH, IPUBOJUT K MTHOBEHHOMY K€
MCYE3HOBEHUIO HPELeCCUH, T.€. MPELUECCUOHHOE JIBU-
KEHUE ABISCTCS Oe3blHePUUOHHBIM.

Ecnu paccmaTtpuBaTh KaueHHE HAKJIOHHOT'O JUCKA, TO HA HEro OyJeT IeilcTBO-
BaTh ONPOKUBIBAIOIIMN MOMEHT CHJI TSJKECTH M peakuuu onopsl. Jlerkuit quck yna-
J€T 3HAYUTEIBHO OBICTpPEE, YEM MACCHUBHBIN, M3-32 MAJIOTO 3HAYEHHS] MOMEHTa UM-
nyibca (CKOPOCTh MPEIecCu OOJIBIIIE).

N3BecTHO, uTO mpereccusi oGecrneunBaeT YCTOWYUBOCTh ABMKEHUS. BriepBbie
THPOCKOT MCTIONIb30Bal ppaniy3ckuii pusuk XK. dyko (XX B.) ans qokazareinbcTpa
BpameHnus 3emud. [lepBsiii B benapycu madatauk Pyko ycTaHOBIEH B benopycckom
TOCYJapCTBEHHOM IENarornieckoM yHuBepcutere uM. Makcuma Tanka (ceHTSOpb
2004 r., MuHCK).

CBoiicTBaMH THPOCKOIIOB 00JIaIal0T Bpalllalolirecss HeOeCHbIE Teja, BUHTHI
camoisieToB W T.A. Hampumep, rupockonuyeckue yCTpOHCTBa M MPUOOPHI LIUPOKO
NPUMEHSIOTCS B PAKETHOW U KOCMHYECKOW TEXHUKE, JJIs lesiel HaBuranun (ykasare-
JM CTpaH CBETa, TOPU30HTA U JIpP.), IPU MPOBEACHUHU TONOrPa(QUISCKUX U T€OIe3Hue-
CKUX palOT, CTPOUTENBCTBE METPONOJUTEHOB, TPU OYPEHUH CKBAaXKHUH.

Puc. 6.5. IIpumep rupockormna
C OJTHOM TOYKOU OIOPHI —
JeTCKas 01




Tema 7. KonebaTesibHbIE MPOLECCHI
7.1. F'apmoHuMYeckne KoJIe0aHUsA

Konebanuamu Ha3bIBAIOTCS JIBXKCHUS WM MPOIECCHl, KOTOPbIE OOJagal0T
OTPEJICICHHON MOBTOPSEMOCThIO BO BpeMeHu. CucreMa, coBepiiaronias KojieOanus,
HAa3bIBACTCS KO1€0AMeNbHOU CUCHEMOU VTN OCUUIAMOPOM.

duznyeckas npupojia KojaedaHUil MOKET ObITh pa3HOM — pazInyaroT MeXaHU-
YECKHE, DJICKTPOMArHUTHBIC U IPYTUE KOJICOAHUSI.

Konebanust Ha3bIBatOTCS c80000HbIMU (COOCMEEHHBIMU), SCITH OHHU IMPOUCXO-
JIST B CUCTEME, KOTOpas MpejocTaBieHa cede Mociie TOro, Kak OHa BBIBEJACHA U3 T0-
JI0’KEHUSI PAaBHOBECHSL.

Buvinyswcoennvie konebanusa — 310 KoaebaHus, KOTOPbIE MPOUCXOIAT MO JCH-
CTBUEM MEPUOIUYECKH M3MEHSIONIEHCS] BHEITHEH CWJIbI, HAIPUMEP B cliydae Mexa-
HU4YecKuXx konebanuii F = F,coswt .

I'apMoHu4yeckne KojieGaHUsA — 3TO KOJEOaHuUs, MPU KOTOPBIX KOJEOromasics
(du3nyeckas BeJIMYMHA U3MEHSAETCS 110 3aKOHY CUHYCA MJIM KOCHHYCa.

Paznuunble nmeproanyeckue nporecchl (Mpomecchl; KOTOPbIE MOBTOPSIFOTCS Ye-
pe3 paBHBbIC IPOMEKYTKH BPEMEHH) MOTYT OBITh IPEICTABICHBI Kak cymma (cymep-
TIO3HIINS) TAPMOHHYECKUX KOJICOAHUH.

["apMoHnyeckoe kosie0aHne BETUYMHBI X OMUCHIBAETCS YPABHEHUEM THIIA
X(t) = Ascos(wyt +j o) | (7.0)
rae X(t) — oTkiOHEHWe KOJICOMIOIMEHCS (U3NUECKON BEITUYHUHBI OT PAaBHOBECHOTO
3HAUCHUs; A — amMnaumyoa 2apmoHUYecKux Kojaedanuil — MaKCuMaJabHOE 3HAUYCHHE
KOJICOJTIONICHCST BEJIMYHMHBI; (g — LUKIMYecKas (Kpyropas) 4yacToTa KoJeOaHuid; ¢go —
HavanbHas (aza konebanuii B MOMeHT BpemeHu { =0 (ompenensercs BBIOOpOM Ha-
qana otcyera Bpemenn); | (t) = (Wyt+j o) — dasa koneGanuii B MOMEHT BpeMeHH t,

BBIPA)KEHHAs B paJdaHax, — ONpeessieT 3HaueHue KoJIeOIoencs BeIMYUHbI B JaH-
HBII MOMEHT BpeMeHHU. 1711 MaTepuaabHOM TOYKUA C MAaCCOW M BEJIMYMHA X HA3bIBACT-
Csl cmeujenuem mena U3 NoJIoKeHUs1 paBHoBecus. OTMETHM, YTO aMIUIMTY/1a U Yac-
TOTa TAPMOHUYECKNX KOJE€OAHHI MOCTOSAHHBI. Tak Kak COS M3MEHSETCS B Ipenenax
or +1 510 - 1, To BenuunHa x MeHsieTcs oT +4 10 —A. [Tockoapky coS(a +2p) =cosa ,
TO X HE U3MEHseTCA, Koraa ga3a KojaeOaHuil noayyaeT npupamieHue 27.

Ilepuodom konedanuii T Ha3bIBACTCA HAMMEHBIIUN TPOMEKYTOK BPEMEHHU, 3a
KOTOpBIN crucTeMa, coBepuiaronas kojie0aHus, CHOBa BO3BPAIIAETCSl B TO ke COCTOS-
HUE, B KOTOPOM OHA HaxoJIWjach B HayaJlbHbI MOMEHT, BHIOPAHHBINA MPOU3BOJIBHO.
[Ipu 3TOM (haza nosyyaer npupaiieHue 2.

Wo(t+T)+j o =(Wet+j ;) +2p.
Otcrona nosy4aercs, 4To
-2 (7.2)

Wo



Yacmomoii Konebanuil v Ha3bIBaeTCAd BEIUWYMHA, oOpaTHas nepuody Koneba-

HUll, — 9MCJI0 TIOTHBIX KOJICOaHM, COBEpIIAEMbIX B €IUHUILY BPEMEHHU:
n=1=Wo (7.3)
T 2p

Exnnnna gactotst B CU —repr (Tw): 1 T =1¢™

1 I'y — 3TO YacTOTa MEPUOIUYECKOTO MpoLecca, Mpu KoTopoM 3a 1 ¢ cosepia-
€TCsl OJTHO TIOJIHOE KoJieOaHue.

[TycTh MaTepuanpHas TOYKa COBEpIIACT MPSIMOIMHEHHBIE TAPMOHUYECKHE KO-
nebaHus BJIOJIb OCH X OKOJIO MOJIOKEHUSI pAaBHOBECHS, IPUHATOIO 32 Ha4aja0 KOOPAH-
Hat, puc. 7.1. Onpenenum 1j1st KOAEOMIOMIEHCS TOYKU CIETYIONNE BEIIUUUHBI.

T R Cwmemenne: X = A>cos(w,t +j ), puc. 7.1, a. (7.4)
a +A\ / \ [Tockonbky YacTHIla JBUXKETCS, cOBepuias KoJjieba-
0 \ / \ t= HHSI, TO OHA 00J1a]]aeT CKOPOCTHIO M YCKOPEHUEM.
'134)(]‘ Ckopocth: U, = X=- Awy>sin(wyt 4] ) =
A L
5 Wg . = Anpcosiwgt +] o +2), pite. 71,6, (7.5)
- AW} \/t Yckopenue: a, =W, = &=~ Aw. xcos(w.t +j ,) =
ol = AWZ XCos(W,t +j , +p), puc. 71 B. (7.6)
0
/ \ / _ Kak cnenyet u3 popmyisl (7.5), ckopocTh onepexa-
¢ 9 t 12 -
_ ij/ \/ eT CMEIICHHE Ha 7/2, a YCKOPEHUE, COTJIACHO BhIPa

xeuuro (7.6), —Ha 7. YCKOpeHHe U CMEIICHHUE HaXO0-

Puc. 7.1. 'apmonunueckue JATCA BIIPOTHBO(ase.
konebanus (po = 0): AMIUIATYJbI CKOPOCTA M YCKOPEHUS PaBHBI

@ — 3aBUCHMOCTb CMEICHNA X COOTBETCTBEHHO Ao U AW, . CKOPOCTb U yCcKOpe-
OT BpeMeHH 1; 6 —3aBUCUMOCTD

CKOPOCTH Dy OT BPEMEHH {;
6 —3aBUCHUMOCTb YCKOPEHHUS dx OT

HUE, Kak cienyer u3 ypaBHenuit (7.5) u (7.6), co-
BEPILAIOT FAPMOHUYECCKUE KOJICOAHUS C TOM JKe IUK-

BpEMeEHH t JIMYECKOM YaCTOTOM, YTO U CMCIICHUE X.
- ['apMoHnyeckue KojebOaHusi MOXKHO HU300pa3uTh
A . rpaUueCKu MemoO0oOM 6eKMOPHBIX ouazpamm (mMemooom
A 8pawaowe2ocs 6eKmMopa amnaumyosvt), puc. 7.2.
— %0 5 . W3 npousBosbHOM Touku O, BbIOpaHHOW Ha ocu X,
0 s X mOI YrIoM @o, PaBHOM HadanbHO# (ase komebaHus, OT-

Puc. 7.2. U306paxkenne  KJIaJIBIBACTCS BEKTOP A, MOJyJb KOTOPOTO PaBEH aMILIu-
TapMOHMHUCCKHIX KONeOaHuil Tyne 4 paccMaTpUBaEMOro KoJueOaHus.
MCTOAOM BEKTOPHBIX Ecnu sT0oT BekTop OyaeT Bpamarbess BOKpYT Touku O
FHarpamMm C YITI0BO# CKOPOCTBIO, PABHOM g, TO IPOEKIH BEKTOpa
Ha ock X OyZIeT coBepmaTh KonebaHus Mo 3akoHy X = A>Cos(Wyt +j ).
JKCMOHEHIMATbHAA (popMa 3amucH rapMoHu4eckux Kosedanmui. Corac-
HO (hopmyIe Diiniepa A1l KOMILICKCHBIX YHCEIT
e’ =cosj +ixsinj ,

rae | =+/- 1 — MHuUMas eauHUIA, X =COS] — ACHCTBUTCNIbHAS WM BELICCTBEHHAS



4acTh KOMILIEKCHOrO uMclia U ob6o3Hadaercas Re(€! ); h =sinj — mammas uacts

KOMILICKCHOTO uncia, obo3nadaercss Im(e’ ). Iosromy ypaBuenue (7.1) MOXHO 3a-
IHCaTh B KOMIJIEKCHOM 9KCITOHEHIIHAIBHOM (hopme
X = ReX,

rae X = Ase ™ot o)
dusnyeckuil CMEBICI UMEIOT OTIAEIBHO BEIleCTBEHHAsI U MHUMasg dyacTu. Bemie-
CTBEHHAs] 4acCTh KOMIUIEKCHOW (DYHKIIUU X MpPEJCTaBIsAeT COOOM TapMOHUYECKOE
KoJicOauue:
ReX = Ascos(wyt +j o) = X.

7.2. YpaBHeHHe rapMOHNYeCKHX KoJieOanunii 0e3 Tpenusi. Ero pemenue
Comnocranisis ypaBHenus (7.1) u (7.6) mis cMelieHUs. U YCKOPEHHS MaTepH-

aJbHOM TOYKH, MOXHO 3anucarh AM(pPepeHunaIbHOe yPABHEHUE FAPMOHNYECKUX
KOJ1e0aHuUIi:

2

8&+W§xx=0 WIH %+ngx20. (7.7)
t
Ero pemenue
X = A>cos(wyt +j ;). (7.8)

Bo Bcex ciydasix, korna umeercs ypaBuenue suna (7.7) &+bx =0, ero pere-
HUE SIBJIICTCS BEJIMYMHOM, M3MEHSIOMICHCS TI0 TapMOHUYecKoMy 3akony (7.8), mpu-
gem /b =W, — KpyroBas 4acToTa.

Ecnu nonoxeHne CUCTEMBbI MOXKET ObITh ONMCAHO OJHHM €IUHCTBEHHBIM Ia-
pamerpom X(t), 3aBHCAIIMM OT BPEMCHH, TO TaKas CHCTEMa MMEET OJIHY CTCICHb
CBOOOJIBI.

B MexaHuke cucteMa ¢ OIHOW CTENEHBIO CBOOOMBI B COCTOSIHUM YCHMOUYUBO20
pasHosecusi OyIeT coBeplIaTh rapMOHHYECKHE KojeOaHus (Masible COOCTBEHHBIE KO-
nebaHus1) MPH BBINIOTHECHUH CIICYIOIICTO YC106UA .

Ha YacTuly (WS CHCTEMY YacTHII) JOJDKHA JCHCTBOBAThH CHJIA WJIM MOMEHT CHII,
NPOTMOPINOHATBHBIE CMEIICHUIO YaCTHIIBI U3 TIOJO0KCHUS PAaBHOBECUS M CTpEMS-
IIMECs BEPHYTH €€ B MMOJIOKEHUE PAaBHOBECHSI.

JIBIDKEHHE TaKUX U MOJOOHBIX UM CUCTEM MOXKHO OIUCATh B COOTBETCTBUU CO
BTOpBIM 3ak0HOM Hbtorona (3.3). Torna cuia, aeiicTByromas BAI0JIb OCH X Ha KOJIeO-
JFONLYFOCS] MATEPUATBHYIO TOUYKY Maccoi M, yuuThbiBas ypaBHeHue (7.6), paBHa

F,=mxa, = mxA>w§ xcos(Wot +j o +p) =- m>w§ xAxcos(Wyt +j o) =

2
= - mXwg XX = - kxx, (7.9
r7ie X — KOOPJIMHATA, XapaKTEePHU3YIOIIas MOJ0XKEHUE KOJICOMIOIIEerocs Tejia, Halpu-
Mep, CMEIIEHHE Ipy3a, yroj OTKIOHEHHs MasTHHKA H T.1.; K— kBasmkecTkocTh (KO-

3 PUIHEHT YIPYTOCTH):
k = mxve. (7.10)



B o6miem ciiydae K— 310 K03 GHUIMEHT MPOMOPIIMOHATEHOCTH MEK/Ty BOCCTAHABIIH-
BaIOILIEH CUJIOW M CMEIIEHHEM WM MOMEHTOM BOCCTAHABJIMBAIOLIEH CHIIBI M YTJIO-
BbIM CMEIICHUEM.

Cubl Tina (7.9) Ha3bIBAIOTCS KEA3UYNPYUMU HE3ABUCHMO OT UX MPUPOJIBI.
HMIMeHHO KBa3uynpyruil XxapakTep CUIbl CIIYKUT KPUTEPUEM MaJIbIX KOJieOaHUM.

7.3. F'apmonnveckuii ocumiAaTop. [lpyxuHublil, puzndeckuii n
MaTeMaTHYeCKNii MasiTHUK (MaJjible KoJieOaHusl)

O3HaKOMMBIIUCH C 3aKOHOMEPHOCTSAMH M XapaKTePUCTUKAMH FapMOHUYECKUX
KOJ1€0aHMI, TPUMEHUM MOJIyYEHHbIE 3HAHUS JJI1 U3YYEHHUs] TAPMOHUYECKOr0 OCIUII-
astopa. Cunamu TpeHus Oyzem npeHedperarb.

I'apMoHHYecKMM OCHMJIJISITOPOM Ha3bIBAETCS CHUCTEMA, COBEpIIAlolas rap-
MOHHUYECKHE KoJieOaHMs, ONMUchiBaeMbie AuddepeHnanbHbIM ypaBHEHUEM, UMEI0-
M Buj (7.7):

B+wWExx=0.

[IprumMepamMy TapMOHHYECKOTO OCUMJUISITOpA SBISIOTCA MPYKUHHBINA, MaTeMa-
TUYECKUN U (PU3NUECKUN MASITHUKHU.

Maamnuuxk — TBEpAOE TEJNO, COBEpLIAIOLIEE MO ASHCTBUEM NMPUTIOKEHHBIX CUIT
KOJ1e0aHMs OKOJIO HETOJBUKHOM TOYKU WITU OCH.

oy, Yy yy. IpyxMHHBIH MAaATHUK — 3TO
IOI g C 1|0+D|0 rpy3 Maccod M, MOJBENICHHBI Ha al-
F= kDIO 0 S, i COJIFOTHO ynpyroﬁ MPYKUHE, Maccou
““““ ' KOTOPOW MOXHO TpeHeOpedb, U COBEP-

Aol TapMOHUYECKUE KOojeOaHus
[oJ  JCHUCTBUEM  YIPYIOM  CHIIBI
F.=-k>x, rtme K — xecTkocTb

Puc. 7.3. [IpyxHHBIA MasTHUK IPY>KMHEL.

[Iycts |, — pmmua HepacTsHyTOM npykuHbI, puc. 7.3. Ilox meiicTBuem Beca
Tena npyxuHa pactaHercs Ha Dl u Teno 3aitmer monoxenue pasHosecuss X =0. B
3TOM TIOJIOXKEHNHY CHJIa TSDKeCTH MY ypaBHOBemnBaeTcs ynpyroit cumoit kDl :
mg = kDl . (7.11)
Bri6epem och X, MONOKUTENbHOE HaIpaBie€HUE KOTOPOW HampaBieHO BHU3. Eciu
CMECTUThH TEJI0 BHHU3 Ha PAcCTOSHME X, TO yIJIMHEHHE IpYyxuHbI coctaBuT Dl + X.

[ToaToMy pe3yabTHpYIOIIasl Cuja, ASHCTBYIOIAS Ha TEJO, TaK KaK CO CTOPOHBI pac-
TSHYTOW MPYKUHBI IEHCTBYET CUJIa, HATIPABJICHHAsI BBEPX, OYACT UMETh BUJI

F, =mg- k(DI +x) = - kx.
C yuerom ypaBHeHus (7.11) umeem, uto pesynprupyromas cuina F, = - KX umeer xa-

pakTep KBasuynpyroi cuibl. [ToaTomy rpy3 OyaeT coBepiiaTh TapMOHHYECKHE KOJIe-
O0anus. ITo Bropomy 3akony Hprotona (3.3) monydaem ypaBHEHHE JBHMKCHHS IMPY-
KMHHOTO MasiTHHKA Buza (7.7):




m& = - kX wun 8&+%><x:O. (7.12)

CnepnoBatenbHO, penienre qudpepeHnnanbHOro ypaBHeHUs
x = AscosWt +] ).,
r7ie HMKJIMYecKasl 4acToTa U nepuoj OyAyT paBHbI COOTBETCTBEHHO

wo:\/% , T=2p x\/%. (7.13)

Kunernueckass sHeprusi NpyKMHHOTO MasiTHUKAa OYJET BBIpAXaTbCAd Kak
Ex = mT)&Z , @ TIOTEHIMAJIbHAA dHEeprus — Ep = k—;(z .

MaremMaTH4eCKMM MAasTHUKOM Ha3bIBacTCs UICATU3UPOBAHHAS CUCTEMA, CO-
CTOSAILAst U3 MAaTEpUAIIBHOM TOYKU MAcCOU M, OABELICHHON HAa HEPACTI)KUMOU HUTHU
IUTMHOM { 1 KOJIeOIoIIecs Mo AEHCTBUEM CUIIBI TAXKECTH 0€3 TPEHHUS.

HeGoub110ii TsDKENBIN MapUK, MOBEIICHHBIN HA TOHKOW JUTMHHON HUTH, KOTAa
pa3MepaMu Tejla 10 CPAaBHEHUIO C JIJIMHOW HUTH MOXHO MpeHeOpeyb, SIBISETCS XO-
POLIUM MPUOJINKEHUEM MAaTEMAaTUYECKOI0 MasTHHUKA.

IIpn ManbIX yriax OTKJIOHEHUS ¢ MOXHO CUYUTATh
x»a>l, roe x — MuHEWHOE CMENICHHUE BJOJIb TPACKTOPUH
TOYEUHOW Macchl (IIapuKa) OT TOJOXKCHHS PAaBHOBECHS B
touke O, puc. 7.4. Eciu Bo3Bpaiaoiias cujia mpornopiuo-
Lty HaJbHA X WIH 0, TO KojebaHusi OyAyT rapMOHUYECKUMHU.

mg Bo3sBpaiaromas cuna — COCTaBIIAOIIAsA CUIIBI TSKECTU I'Py-

Puc. 7.4. Matematnueckuil 35 yacarenpHas K TPACKTOPHH IIAPUKA — OMPEICIACTCS TAK
MasATHUK

Fy =- mg>sina » - mga :-mgX?.

YpaBHEHME ABUKCHUS 3aNIMCBIBACTCS KaK

mS&:FX:-mg? WK 8&+%><x:O, (7.14)
T.e. umeeT By 3akoHa (7.1). Torma yacrora u meproa KoeOaHui OMpeaeIIIOTCs KakK
wo:ﬁ, T=20x/ . (7.15)

g

CJie1oBaTeNbHO, YACTOTa MaJIbIX KOJIEOAHMI 3aBUCHT OT JUTMHBI MasTHhKa | %, HO
He oT mMacchel Tena. ®opmyna (7.15) ais neproaa KojaecOaHU MAaTEMaTHYECKOTO Ma-
ATHUKa HasbiBaeTcs gpopmynou Tomcona. Cornacuo (7.15) nepuos kosiebaHuil Ma-
TEeMATHYECKOT0 MasTHUKA MPOTIOPIIMOHAJICH €0 JUTHHE B cTereHn 1/2.

Du3uYeCKUM MAasATHHKOM HAa3bIBACTCA TBEPAOE TEIIO,
COBEpIIANOIIEE O] ACHCTBUEM CHIIbI TSKECTH KOJEeOaHUs BO-
KpYI' TOPU30HTAJIbHOM HETOABUKHOM OCH, HE MPOXOIALIEH Ye-
pE3 LEHTP MacC TeJla U Ha3bIBAEMOU OCbI0 N006eCa MAAMHUKA.

B nanHOM cityyae Telo HENb3sA pacCMaTpuBaTh Kak MaTe-
puanpHyr0 TOUKy. OCh BpallleHUS KECTKO CBSA3aHa C TEJIOM.

Bei0epem NoI0KUTENBHOE HAIPABIEHUE OTCUETa YIIa

Puc. 7.5. ®usnueckuit
MasATHUK



IPOTUB YaCOBOI CTPEJIKH, OCh BpallleHus Z, MPOXOIAIas depes
TOUKy noaseca O, HalpaBjieHa Ha HAC, puc. /.5,

[TycTh hu3nYecKnuii MaSTHUK OTKJIOHEH U3 MOJ0KEHHS PABHOBECHS HA HEKOTO-
pblit yron a. Torma ypaBHEHHE BPAIIATEILHOTO JIBIDKCHHS MasATHHKA B MPOCKIIUU Ha
ock Z (cM. ypaBHEHHE JTWHAMHKHU BpAlllaTeIBHOTO ABIKeHUs TBepaoro tena (5.8))
OPUMET BH

dw.
M, =1 —Z=|&,
dt
rie M, — MOMEHT Bo3Bpamaromeil cuibl; | — MOMEHT MHEPIUM MasTHUKA OTHOCH-
2
. dw, d“a
TEJIBLHO OCH BpalieHus Z, —% =— — yIJIOBO€ YCKOpPEHHE.
dt?

C npyroit ctopoHbl, KojeOaHus (HU3NYECKOTO MasiTHUKA OyIyT rapMoHu4Ye-
CKUMH TOJIBKO TOTrJa, Korga Sina »a (Mmaisble yribl OTKIOHEHHS). [Ipoekmus mo-
MEHTa CHJIBI TSXKECTH Ha 0Ch Z OyIeT

=k | =-mglsna » - mgla
rae F, =-mg:sina — Bo3Bpamiaromas cuia; | — paccTosHuEe MEXTy TOYKOW MoBeca
u nientpom Macc C MasTHHKA, | Siha — m1e4o CHJIb.

Tornma s MajbIX aMIUTMTYJT MOYKHO 3alMCaTh YpaBHEHHE KOJcOaHU Qu3nde-

CKOTO MasiTHHKa

l&+mgl>a =0 wmm d&+mgl#lazo. (7.16)

Pemenunem  muddepeHunanbHOro ypaBHEHMsSI  SIBISIETCS byHKUIUS
a =apy,Cos(Wyt +j ) ¢ IUKINYECKOH HaCTOTOH U MEPHOAOM

W = \/7 \/7 T=2p \/7 \/7 (7.17)

rac JJauHa Inp :—I — MNPHUBCACHHAA IJIMHA (1)I/ISI/I‘IGCKOFO MasATHHKA. 3aMeTI/IM qTo0
m

KBa3HYIIPYTUM B PACCMOTPEHHOM CIIy4ae SIBJISIETCSI MOMEHT CHJIBI TSKECTH, IIPOIIOP-
LAOHAJIBHBIN YTy OTKJIOHCHHUS a .

Ilpuseoennas onuna l,, Gu3naeckoro MasTHUKA — 5TO JJIMHA TAKOTO MaTEMa-
TUYECKOTO MASITHUKA, IEPUOJI KOIeOaHU KOTOPOTO COBMAJAET C NEPHOJOM JaHHOTO
(hU3UYECKOr0 MasITHUKA.

Touka OC Ha nmpomomxenun npsmoir OC, oTcTosAIIast OT OCH MOJABECA Ha pac-
cTOAHUM |,,,, HA3BIBACTCSA UeHmMPOM Kauanua U3NUECKOro MassTHUKA.

Touxa nmogBeca U LEHTp KayaHUs 00JIAJAIOT CEOUCHEOM 83aumMHOCHU. MOX-
HO TI0Ka3aTh, UCNOIb3ys Teopemy llITeiiHepa, 4TO mpH MepeHoce TOUKHM MOJBEca B
neHTp kauanus OC mepuoj xonebaHuid PU 3TOM HE U3MEHHUTCS, MTOCKOJIBKY MPEKHSS
TOYKa IMOJIBECa CTAHOBHUTCS HOBBIM LIeHTpoM kauaHus OC.

MareMaTiuecKuii MasiTHUK MOXHO MPEJICTABUTh KaK YaCTHBIA (IIpeesIbHBIN)
ciydail (pU3M4ecKoro MasTHHUKA, BCS Macca KOTOPOIro COCPEAOTOYEHA B €ro LEHTPE
macc. JleiicTBuTensHO, npu 3toM | =ml? u, cleqoBaTenbHO, COMNACHO BBHIPAKEHUIO



(7.17), oymer T=2p \/g , UTO coBmanact ¢ Gpopmynoii (7.15).



7.4. JHeprusi rapMOHMYECKNX KoJeOaHuii

HavanpHoe cMelleHre U HadallbHasi CKOPOCTh ONPENEIIAIOT TOT HaYaJIbHbIN 3a-
nac MOTEHUUAJbHON U KUHETUYECKOW YHEPTUH, KOTOPBIA COOOIIEH KOJIEOIoIeMycs
Teny. Ecim cunbl TpeHHsI OTCYTCTBYIOT, TO 3TOT HAYAJIBHBIN 3aI1ac YJHEPTUHA OCTAETCS
HEU3MEHHBIM MPU KOJIEOAHUSIX.

Kunernuyeckasi JHeprusi MaTepUalbHOM TOYKH, COBEPIIAKOLIEH TapMOHUYE-

CKHe KoyieOaHusl, paBHa

2 2 2
mu” _ mAZWO >sin2(wot+j o) = mAZWO

2 2 4
IMoTreHunaabHast JHePrus MaTepUAIbLHON TOUKHU MPU ATOM OYJET paBHA

E, = {1- cos2(Wpt +j )] - (7.18)

X kx?  mwdxx®  mAAWS .
Ep =- fd=— - =0 = == R0 scos (ot +] o) =
0
2
= mATZWO {1+ cos2(wpt +j o)]. (7.19)

I'paduxu usmenenus Ey(t) u E(t) co Bpemenem n3obpaxeHsl Ha puc. 7.6, a, 6.
Yacrora usmenenus £, u E, paBHa 4actote 2wq. 3HaYeHus E, u E, CIBUHYTBI ApYT
OTHOCHTEIIBHO JpyTa 1o (ase Ha p /2.

E E,|
" \/\/\t ZOVV\/f
a 4]

Puc. 7.6. I'padmkn 3aBUCIMOCTH OT BPEMEHHU HEPTUU TAPMOHUYECKUX KOJICOAHMIA:

a —nonHas E u kuaeTH4eckas E, sueprus npu ¢g = 0 (E, ~ sinz(wot +j0));

6 — noreHumnanbHas £, sueprus npu ¢o = 0 (Ep ~ cos’ (Wot +] o))

KBasuympyras cuina sBisiercs KoncepsamusHoi. [103ToMy moJiHasi MeXaHuYe-
cKasi JHeprusi £ rapMoHNYeCKOro KoJjiedaHuii ¢ TeYCHHEM BPEMEHHU JIOJDKHA OCTa-
BaThCsI MOCTOSIHHOM U OTIpeiensieTcs: 1o popmyrie
:mAzwg :kAz :mu%ax (7.20)

2 2 2 '
rae U, = AW, — ammmmtyna ckopoctd (cMm. ¢opmyny (7.5)). Takum oOpaszom,
E mporopIiinoHaibHa KBaJpaTy aMIUIUTY bl CMEIICHUS WK aMILTUTY IbI CKOPOCTH.

BaxHO OTMETUTB, UTO KOJIeOaTeNIbHASI CUCTEMAa OyIeT TapMOHUYECKUM OCIIHII-

E=E +E,

JIATOPOM JIMIIb IIPpHU YCJIOBUHU Ep ~ X2, T.C. KOrga nNOTCHIMAJIbHAs SHCPrug IpoIrop-

LMOHAJIbHA KBAJpaTy CMEIIECHUS U3 MOJIOKEHHSI PABHOBECHUSA. DTO YCIOBHE SIBISETCS
HHEPreTUYECKUM KPUTEPUEM MaJIbIX KOJIEOAHUM.

Ciio)keHHe rapMOHMYECKHX Kose0aHuii. Eciu cucteMa oqHOBPEMEHHO y4a-
CTBYET B HECKOJIIBKUX KOJIEOATEJIbHBIX IpOLEccax, TO MOJ CI0KEHHEM KojeOaHuu




MOHUMAIOT HAXOXJAEHUE 3aKOHA, OMMCHIBAIOILETO PE3YIbTUPYIOUIMN KOseOaTeabHbIH
rpolecc.
PaccMoTpuM ci0K€HHE ABYX TapMOHUYECKUX KoJjieOaHUl, a MMEHHO Npo-
CTEHILNM CIydail, KOrJa OHA UMEIOT OJHO HAIIPaBJICHUE U OJHY YaCTOTY Wo:
X = ACosWot +] 19),  Xp = Ap2cos(Wot +] 29).
Vcnonk3yemM METo[ BEKTOPHBIX AUarpaMm, puc. 7.7. Ha JIAHHOM PHCYHKE X1 M X2 —
npoekuuu BekTopoB A u A, Ha ocbk OX. Ilockonbky BexkTopel A u A, BpamaroTcs C

OZIMHAKOBOM YTJIOBOW CKOPOCTBIO 0, TO PasHOCTD a3 (j ,o - ] 19) MEXKIy HUMHU OC-

TAETCS MOCTOSTHHOM.
' [To mpaBuily BEKTOPHOTO CiOXeHHUs (MPaBUIIO Ta-
paJuiesorpamma) pe3yabTHpYyIOIee KOIeOaHUe OMNUCHIBA-
eTcs mpoekuue Bekropa A Ha ock OX. YpaBHeHue pe-
3yJIBTUPYIOIIETO KoiebaHus OyaeT

X=X + X, = Acos(Wot 4] o),
r7e aMIuiuTyaa 4 U HadanbHas asa ¢g 3aJal0TCs COOTHO-
HIEHUSMMU:

2 _ A2 2 .
Puc. 7.7. Cnoxenue A =N +PAg+2AR 008 20- ] 10) »
rapMOHHMYECKUX KoJieOaHHH . _ A SN+ Asinj o
METOJOM BEKTOPHBIX g o=

ACos] 10+ A OS] 20
CymMma ABYX TapMOHHYECKUX KOJeOaHWUH OJTHOTO
HAIPaBJICHHUS U OJJUHAKOBOW YaCTOTHI €CTh TAPMOHHUYECKOE KOJIeOaHUE B TOM K€ Ha-
MIPABJICHUH | C TOH JK€ YACTOTOM, YTO U CKJIabIBaEMbIC KOJICOAHUSI.
AMIUIUTYJIa PE3YyIbTUPYIOUIET0 KOJIeOaHUs 3aBUCUT OT pa3HOCTHU (a3 CKIabl-
BAa€MbIX KOJIEOAHMIA:
Decnu | 59-) 10=22mMp ,rnie m= 0, 1, 2..., rorna A=A +A;;

2) eCHI/Ij 20 " ] 10 :i(2m+1)p , Tae m= 01 11 21 Toraa A:|A’i- A2|

JUarpaMm

7.5. YpaBHeHHe 3aTyXal0UIUX KOJe0aHUI U ero penieHne.
Koa¢ppuuuenr 3aryxanus

Ecnu B KonebaTenbHOM CUCTEME HA OCHMIUIATOP JACUCTBYIOT JUCCUIIATUBHbBIE
CWIbl (COTPOTHBIICHUS CPEJIbI, BSI3KOTO TPEHHS), TO C TCYCHHEM BPEMEHHU MPOHCXO-
JST MOTEPU SHEPTUU U TaKhe KoseOaHUs Ha3bIBAIOTCA 3aTyXAKIIMMM. 3aKOH 3aTy-
XaHUs KoJieOaHUM onpeensieTcsi CBOMCTBaMU KOJIeOaTeIbHBIX CUCTEM.

Cucrtema Ha3bIBAETCS JIMHENHOU, €CIIA B XOJAE NMPOLEcca HE U3MEHSIOTCS Ma-
paMeTpbl, KOTOPbIE XapaKTEpU3yIOT CYLLECTBEHHBIE Il PaCCMaTPUBAEMOI0O IIpolLieC-
ca (pu3nyecKre CBOMCTBA CUCTEMBI.

Ilycts B cucteme AEHCTBYET CWila TPEHUs, MOIYJIb KOTOPON IPSIMO IIPOIIOP-
LIUOHAJIEH CKOPOCTU. Toraa B MpoeKuu Ha 0cb X MOXKHO 3aIlucarh

Fopx =- r¥,



rae [ — NOCTOsSIHHAsg BEJIMYMHA, Ha3biBaeMasi KO3()PUIMEHTOM TpeHHs. 3HAK MHUHYC
YKa3bIBa€T HA TO, YTO CHJIA TPEHUS U CKOPOCTh HAIIPABIIEHBI MPOTUBOIIOJIOKHO. 3a-
MUIIEM YPaBHEHUE JIBUKCHUS B COOTBETCTBUU CO BTOPBIM 3akoHOM Hprorona (3.3):

mk=-kx- rxk.
O603HaYNM % :Wg, % =2b . Toraa nmocinenHee ypaBHEHUE MOXKHO IIEPENUCATh
&+ 2bk +wix =0, (7.21)

rje x — Kojeoonasca BeauunHa; f — ko3¢ @uiuueHT 3aTyXaHus, Onpeesroniui
CKOPOCTh 3aTyXaHHs; (g — IUKINYECKas 4acToTa (COOCTBEHHAS 4aCTOTa) CBOOOTHBIX
He3aTyXalolux KojeOaHui Tok ke konebdarenbHol cuctemsl (mpu S = 0).

VpaBuenue (7.21) naseiBaetcs audpepeHIHATBHBIM YPaBHEHHEM CBOOO-
HBIX 3aTYyXAKOIIHUX KOJeOAHUI IMHEHHON CHCTEMBI.

B cnyuae manbix 3atyxanmii (b <<W,), HanpuMep ManoM TPEHHH, PEIICHHE

ATOT0 YpaBHEHHUS

x = Aye P L cosiwt +j ), (7.22)

rac Ao — HavajbHas aMIuIaTyaa; W =/ Wg -b 2 _ MUKIINYCCKAA 4aCcTOTa 3aTyXaromux

<., — - bt «
xoneOanuii; A= Aje P _ amnnumyoa samyxarouux Konebanuii, M3MEHSIOMASICS CO

BPEMEHEM IO DKCTIOHEHIIMAIIBHOMY 3aKOHY. Takoe yMEHbIICHHE aMIUTUTY/IbI Ha3bl-
BaloT penakcayuen (ociadacHreM) KojaeOaHuu.
b x= A D Loostwt 4] o) ['paduk 3aTyxarommx KojeOaHUN Mpu
X, A b YCJIOBUH, UTO HaudalibHas (aza paBHa HYIIIO,
//" T ---- A= Ae npuBeZeH Ha puc. /.8. 3aTyxaHue Hapylaer
A \

Ao Ao HePUOJUYHOCTh KOJIEOAHUU, MOITOMY 3aTy-

/ v Xarmiue KOJIC6aHI/I${, CTpOro roBsopsd, HC B-
\/ ! JAOTCA IEPUOANICCKUMU.
- BpemeHeM perakcauuu Ha3bIBACTCA

\A:_A)e'bt

1
IIPOMEXKYTOK BPEMEHHU t =g ' B Tedenue ko-

Puc. 7.8. 3atyxatommne rapMOHMICCKHE 110 avmHTY/A 3aTYXAIOMIHX KOJMEOaHHid

YMEHBIIAETCs B € pas.

B ciydae MasbIX 3aTyXaHUH MOXKHO YCJIIOBHO HCIOJIb30BAaTh IOHATHE nepuooa
3amyxauwux Konedanuil Kak MpoMexyTKa BPEMEHU MEXAy ABYMsI MOCIENYIOIUMHU
MaKCUMyMaMH KoJieOmtonieicss (U3n4eckoil BeITMUNHBI:

2p 2p
T="T"=—— (7.23)
W w2 - b?
[TosTOMy mepuon 3aTyxaroImux KoyebaHuid Bceraa OoJbllie Meproia He3aTyXaroIuX
rapMOHHYECKUX KoJicOanuit (cM. popmyny (7.2)).

kosnebanus mipu pg= 0

2
Ecmn b <<wy, t0 T =P C pocToM K03 dUIMEHTa 3aTyXaHus [ IEPUoJl KO-
Wo

nebaHul yBETUYNBACTCSI.



7.6. Jlorapupmuyeckuii 1eKpeMeHT 3aTyXaHUsl

Ecmu A(t) m A(t+T) — aMmmuTy el IBYX MOCIIEI0BATCIbHBIX 3aTyXalOMUX KO-
JAe0aHni, COOTBETCTBYIOIIMX MOMEHTAM BPEMEHH, OTIMYAIONIUXCS Ha MEPHOJ, TO
OTHOIIICHHUE

- bt
AL - AC T (7.24)
At +T) Aoe' b (t+T)
Ha3bIBACTCS 0EKPEMEHMOM 3amyXanus, a ero jorapupm
t T_ 1
=D T (7.25)
Alt+T) t  Ne
Ha3bIBaeTCA JOrapupMuyecKuM JeKPeMeHTOM 3aTyXaHWsl, KOTOPbIA paBeH HaTy-
panbHOMY Jlorapu(My OTHOILIECHMS aMIUIUTY]l KoJieOaHUi yepe3 OAUWH Nepuo. 3/1ech

Ne — ynci0 KoJebaHuii, coBepIIaeMbIX 32 BpeMs YMEHbUIEHUS! aMILTUTY/IbI B € pas3:
t _1_ 1

VYObIBaHHE aMIUTUTYAbBl MOXKHO ONPEIEIUTh C MOMOILbIO JIOTApU(PMUIECKOTO

ACKPCMCHTA 3aTyXaHHA
I

A=Ay T . (7.27)
Ecmm b =w, Torna roBopsAT o Kpumuueckom 3amyxanuu, U U3 BBIPAKCHUSA
(7.23) cnenyet, utro T ® ¥ | T.e. ABMKEHHUE TIEPECTACT ObITh MEPHOTUUICCKIM.
Ecmm b >w, (conporuBnenue cpensl, HampuMep TPEHHUE, BEJIUKO), TO pelle-
Hue ypaBHeHus (7.21) umeeT BuJ
x=C, % P* +.C, % b,

rme b=+/b?- Wg , C1 1 Cy — NOCTOSIHHBIC, 3HAYCHUE KOTOPBIX 3aBHCHT OT HaYallb-

HBIX YCJIOBHH. J[BI)KEHHE HMEET anepuoouyeckuil XapakTep: MpU BO3BPAILECHHUU
CUCTEMBI B MOJIOKEHNE PABHOBECUSI HUKAKUX KOJI€OAHUI HE BOSHUKAET.

Jlodpomnocmuio xoJiedaTeJIbHON CHCTEMBbI Ha3bIBaeTCs Oe3pa3MepHasi BeJu-
yrHa Q, paBHAs MPOU3BEICHUIO 27 HAa OTHOIICHUE dHepruun E(t) konebaHuit cucTeMsbl
B IPOM3BOJIBHBIII MOMEHT BpeMeHH t K yObLIM 3TOI dHEPIUH 3a MPOMEKYTOK BpeMe-
HU OT t 10 t+ T (32 0JIMH YCIOBHBIN MEPUOJT 3aTYXAMOIINX KOJICOaHHH):

Q=2p =W
E(t)- E(t+T)"
Oueprus E(t) nponopunonansHa kBaapary aMmmiuty sl A(t), mostromy
2
Q=2 x5 A(;) = 2I-Osz: 2IO-2|

A(t)- A(t+T) 1-e 1-e
[Ipy ManibIx 3HAYCHUAX Jorapupmuyeckoro aekpemenrta 3aryxanus (I <<1)

1- €2 » 2| , nosromy (mpunnmas T = 2p /Wy)
Q:IB:p Ne:L:m_ (728)

JIoOpOTHOCTH MpONOpIIMOHANIbHA YUCTY KojeOaHuil Ne, cOBEpIIaeMbIX CUCTEMOH 3a



BpEMSI peNIaKCcalu T.

7.7. YpaBHeHHe BbIHYK/AEHHBIX K0JIeOaHUI U ero pelieHue.
BekTopHas amarpamma

B peanbHOl kosiebaTenbHON CHUCTEME MOKHO MOJYYUTh HE3aTyXarollue KoJje-
OaHMs1, ecnM KoJieOaHUsl COBEPIIAIOTCS CUCTEMOM MO JEHUCTBUEM GbIHYMCOAIOu4ell
CUJIbl, U3MEHSIOIIEICS 110 TADMOHUYECKOMY 3aKOHY C YaCTOTOM @:

F, = F,>coswt. (7.29)

Torna ypaBHeHue BToporo 3akoHa Hetotona (3.3), yuuThiBas CHIy TPCHHS HITH
conpoTusieHus cpenst F,, =- r& u Bosmymmaromryto cuiy (7.29), uMeer BuI

Mk = - kx- rk+ F,coswt . (7.30)
Beenem o0o3HaueHus %:wz, % =b u nomyyum au(pPepeHunAIBLHOE YPABHEHUE
BbIHYKJICHHBIX KOJIeOaHUM

&+ 2bk +wix = %coswt : (7.32)

rjae f —kodPuiMeHT 3aTyXxaHus; wo — COOCTBEHHAs1 YACTOTa KOJIEOaAHUN CUCTEMBI.
A Ha puc. 7.9 uzobpaxken npoctedmuii ciayyai
________________ YCTaHOBJICHUSI BBIHYXJACHHBIX KOJIEOaHUH.
Huddepernuansuoe ypasaenue (7.31) sisier-
ﬂ [\ /\ [\ (\ [\ Cs JJMHEHMHBIM HEOJHOPOIHBIM ypaBHEHUEM. U3 Teo-

0 U\/ \/ pUM JIMHEWHBIX U] PepeHINaIbHBIX YpaBHEHUN C

X

MOCTOSAHHBIMU KO3 ()UIIMEHTAMH M3BECTHO, UYTO €ro
.................. i pelIcHre paBHO CyMMe OOILEro peueHus cooTBEeT-
Prc. 7.9. Tportece yeratopnerms.  CTBYIOIIETO OJIHOPOIHOIO (c HyneBo# mpaBoii ya-
BBIHYIKJICHHBIX KOTEOAHIT CThI0) ypaBHeHus (tuma (7.21)) m wactHOrO pere-
HUSI HEOJJTHOPOJITHOTO YPaBHECHHS.
Oo1ee pemieHUe OAHOPOHOTO ypaBHeHus (7.21) HaM U3BECTHO:

= Ay > Uxcosw't +j o), (7.32)

rae W'= qwg - b? = coGcTBEHHAs YACTOTA 3aTYXAIOMIMX KOTCOAHHIA.

MOo>KHO MOKa3aTh, YTO YACTHOE PEIICHNE UMEET BH]]
= A>cos(wt - | ), (7.33)
rne A — aMIUITNTY/1a BBIHYKJIEHHBIX KOJeOaHUl; ¢ — OTCTaBaHUe To (a3e BHIHYKICH-
HBIX KOJI€OaHUI OT KosieO0aHMi BBIHYXIAIOIIEH CUIIBI.

Takum 06pazom, OCHWIIIATOP OJHOBPEMEHHO COBEPILAET JABa THUIA KOJeOaHH

(7.32) u (7.33) u obuiee pemienne ypapaenus (7.31) ecTb cyMMa pelICHHINA:
X=X+ X,.

Cnaraemoe (7.32) urpaer 3aMETHYIO POJIb TOJILKO B HAYaJIBHOW CTaIuU TPO-
1ecca nMpu ycTaHoBlieHUH KoyieOanuit (cMm. puc. 7.9). Co BpeMeHeM 3aTyXarlue Ko-
neGaHus OBICTPO 3aTyXaloT BCJIEJICTBUE COMPOTHBICHUS CPEIbl: M3-3a2 SKCIIOHEHIH-
ATIBHOTO MHOXHUTEIS €' pOJIb PEIICHUsS X3 YMEHBIIAeTCsI 1 UM MOKHO IpeHeOpeub



10 UCTCYCHUHM HEKOTOPOI'0 BpeMEeHH. B pelieHun ypaBHEHUS BBIHYKICHHBIX KOJie0a-
Huil (7.31) mpu YCTaHOBMBINHKXCS KOJICOAHHMSIX OCTaeTCsl TOJbKO ciaraemoe (7.33),
T.€. KOJICOAHUs MPOUCXOMAT C TIOCTOSTHHOW aMIUTUTYAON U, CIeIOBaTeIbHO, HE 3aTy-
XaoT.
Omnpenenum noctosiaabie 4 U ¢. i 3Toro npoauddepeHmpyeM ypaBHEHUE
(7.33) aBaXk/1bI 11O BPEMEHHU:
X =- Awsin(wt- j ) = Awcos(wt-j +p/2),
=- Aw?cos(wt - j ) = Aw?cos(wt-j +p)
U TOJICTaBUM BbIpakeHus uist X, ¥ u & B ucxonnoe ypaBuenue (7.31). Cymma tpex
rapMoHH4YecKux (GyHKIUH B JieBoi vactu (7.31) momwkHa ObITH paBHa (QYHKIHMH

F
~Ocoswt . YuutsiBast (ha3oBble CABMIU MEXIY X, X U &, OpeacTaBUM 3TO PABEHCTBO €
m

HIOMOIIBI0 BEKTOPHOU AnarpamMmsl Ha puc. 7.10 (ciydait W <W).

B cko0Okax Ha 3TO# quarpamMMe yKa3aHbl «IIPOHCXOXICHUSI» (WM COOTBETCT-
BUS) BEKTOPOB, MOJYJIU KOTOPBIX MMEKOT Pa3MEpHOCTh ycKopeHms. M3 3roii nua-
rpamMMel 1o Teopeme [Tudaropa cienyer, uro

) D .2
ZbAw | P2 - w2)2 + ab A2 a2 = F00
2 i eme
] Fo ! [losToMy aMIuIuTyia A ¥ OTCTaBaHUE CMellle-
g m . HUS MO (a3e Ha ¢ OT BBIHYXAAIOIIEH CHIIBI
= 3amarTca popmynamu
(yckopenue) /¢  (cmemenne) Fo
2 0 2 2 2
Aw AWG - W) Awg

A= m
2 212 2’
- +
Puc. 7.10. BexropHas quarpamma ‘/(WO 2\'\[; )" +4b W
w

BBIHY)KJIEHHBIX KosleOaHuil mpu W <W j =arctg )
w3 - w?

(7.34)

®opmyier (7.34) Moka3bIBarOT, 4TO A M ¢ ONPEIEISIFOTCS CBOWCTBAMHU CaMOTO
ocmisitopa (W, b ) 1 BeIHY)1aromeii cunst (Fy/mM, W), HO He HaYaIBHBIMHA YCIIO-
BussMu. OTMETHM, 4TO IIpu W >W, nomydaercs | <0 ¥ BBIHYXAEHHbIE KOJIcOaHMs
OynyT onepexath Mo gaze koseOaHusi BHEIITHEN CUIIBI.

7.8. Pe3onanc. PezonancHas kpuBas. [lapamerpudeckuii pe3oHaHc

Pe3oHaHCcOM Ha3bIBACTCS SIBJICHUE PE3KOr0 BO3pPACTAaHMS aMIUTUTYAbl BBIHYX-
JICHHBIX KOJICOAHUI MpU MPUONMKEHUU YaCTOThl BBIHYKJAIOIICH CUJIBI K YacTOTeE,
paBHOM WK OJIM3KON K COOCTBEHHOM 4acTOTe KoJieOaTeIbHOU cUcTeMBl, prc. /.11, uto
HEO0OXOJMMO YUUTHIBAThH MPU KOHCTPYUPOBAHUU MAIIUH U CTPOUTEIbHBIX KOHCTPYK-
uuit. Ha puc. 7.12 npencraBineHa 3aBUCUMOCTb (pa30BOT0O CABUTA | OT YaCTOTHI .

IIpu pezonancnoi wacmome

W, = WG - 2b° (7.35)




aMILIUTyAa BBIHYKICHHBIX KoJcOaHui NMeeT MaKCUMyM

Fo
— m
2b W,WO -b
A q)ﬂ
4 . P bp<by<bg S e
1
b;<b
Bs b > Mo e
= Fo_ V2 :
rn\N(% - > E >
Wpes (g w 0 Wo w
Puc. 7.11. Pe3oHaHCHBIE KPUBBIE YIS Puc. 7.12. 3aBucumocts ciBura ¢as ¢
CMEIIEHHSI YaCTHUIIBI U3 TIOJI0KEHUS OT YaCTOTHI ( BBIHY)KJIAIOMICH CHIIBI TIPH
paBHOBECHS pa3HBIX 3HAYCHHUAX KOA(PPHUIIEHT

3aTyxaHus [

Yem menbuie B, Tem Gombiie A,,.. B cayuae £ =0 w,, =wy u A,,, ® ¥,

4TO (hPU3MYECKU OECCMBICIEHHO. B peanbHbIX yCIOBUSIX Ha OCHWLISATOP BCeraa Aeil-
CTBYIOT CHJIbI CONPOTUBIIEHUs cpeibl. [Ipu ciabom 3aTyxanun b <<wy: w,,, » Wy u

3HAUCHHE ¢ TIPU PE30HAHCE MPaKTHIeCKn paBHO P /2. Ecimu f cTaHOBHUTCS HACTOIBKO

OompimM, 9o b 3w / \/E, TO BBIpAXXCHHE JJIsI pe30HaHCHOW yacToThl (7.35) cTtaHo-

BUTCSI MHUMBIM. CIle10BaTE€NbHO, PE30HAHC OTCYTCTBYET, aMILIUTYAa MOHOTOHHO
YMEHBIIAETCS C YBEIMYEHUEM YaCTOTBI BBIHYKAIOIICH CUJIBL.
[lpuy W® O ammuTyna [OOCTUTACT CHMAMUCHUYECKO20 OMKIOHEHUSA
Fo/ o
Ag= W—gn :?O — IPEAEIBbHOIO 3HaUY€HUs CMEIICHUS 110 JEUCTBUEM IIOCTOSIHHOU CHU-
0
abl Fo (cnyuait craTucTiyecko nedopMaiiu CUCTEMBI MO ISHCTBUEM MOCTOSHHOM
cunbl Fo, korma W <<w,).

[Ipu W ® ¥ ammamuTyaa crpemMutcs K Hymro. [Ipu 60mb1I0# yacToTe cucrema
HE ycleBaeT K0JIe0aThCsl U CMEILEHUSI OTHOCUTENbHO TOJI0KEHHSI pABHOBECHSI HET.

B cimy4ae manoro 3aryxanus (b <<w,) BHemIHsAs cuila KOMIIEHCUPYET B TOUKE

pe30HaHca CUITY COIPOTUBIEHHS CPEIbl, PE3OHAHCHAS AMIUIMTY/A PABHA
Fo Fo

Apes === 205 = xpy, 7.37
e = Dbwg 2bxw_§ QxAy ( )

rae Q — 1oOpOTHOCTh KOJeOaTeIbHON CUCTEMBI; Ag — CTATUCTUYECKOE OTKJIOHECHHE.
CnenoBarenbHo, ueM Oomnbmre Q, Tem OoJbIe Apeg. J10OpOTHOCTH MOKAa3bIBAET, BO

CKOJIbKO pa3 aMIUIMTYJa MPU PE30HAHCE MPEBBIIAET CMEIIEHUE CUCTEMBI U3 IOJIO-
YKEHUs paBHOBECUS MO ACUCTBUEM NOCTOSHHOW CHUIJIBI.

Ha puc. 7.13 noka3aH rpaduk 3aBUCUMOCTH CpeIHEH (3a Meproj1) MOUTHOCTH
BBIHYX/IAfOIel CHIIbl OT ee 4acToThl < P(W) >. HesaBucumo ot ko3dduimeHra 3a-



TyxaHus S npu W =W, BenuunHa < P > makcuManbHa. BaskHbIM mapameTpoM pe3o-
HAHCHOW KpuBoH < P(W) >, XapaKkTepH3yIOIIMM «OCTPOTY» PE30HAHCA, SIBJISIETCS OT-
Hotrenre W,/ DW, paBHOE TOGPOTHOCTH OCIMILISATOPA:

<P> Wo _
i

OTmeTuM, 4TO CYLIECTBYIOT He3aMKHYmble

cucmemsl, B KOTOPbIX BHEIIIHEE BO3JEHUCTBUE CBO-

> JUTCS] K U3MEHEHHUIO CO BPEMEHEM UX MapaMeTPoB

U HasbIBacTCsi hapamempuyeckum (Hampumep,

L
2
C

Puc. 7.13. Pe3onancHas kpuBast JiIst

cpexHeit (3a Iepro) MOLIHOCTH MaTEMaTUYECKUH MAsTHUK C NEPEKUHYTOM Yepes

< P(wW) > BbIHYXIafOMIEH CHIIBI; 0JIOK HUTHIO, IJIMHY KOTOPOrO0 MOXKHO MEHSTH,
DW — pa3HOCTb 4acToT, OTITyCKasi ¥ MOATATUBAs HUTH).

COOTBETCTBYIOIIUX MTOJIOBUHE Jlns mapamMeTpuueckoro BO30YXKIEHHUS KO-

MaKCHMaJIbHOH Cpe/Hel MOUHOCTH  jjeGaHuii  NPUHIUIUAILHO HEOOXOJUMO, YTOOBI
CHUCTEMa YK€ coBepllajia majibie KojeOanus. BeienctBue HEM30EKHBIX CIIydalHBIX
TOJTYKOB BO BCSIKOW CHUCTEME CYIIECTBYIOT MaJibie COOCTBEHHBIE KosieOanus. [Ipu na-
paMeTpUYEeCKOM BO3JACHCTBHM 3TH MaJible KOJeOaHUsA HAUYMHAIOT HapacTaTh (He0OXo-
JMMOE IS 9TOTO COOTHOIIICHHE (a3 yCTaHaBIUBAeTCs caMo cobOoii). Tak kak siBie-
HUE MapaMeTPUUECKOTO BO30YXKJEHHS HaAOII0aeTcsl TOABKO MPHU M3BECTHBIX COOT-
HOIICHUSX MEXKAY YacTOTOW BHEIIHETO BO3JEWCTBUS M YACTOTOM COOCTBEHHBIX KO-
ne0aHui CUCTEMBI, TO B 3TOM OTHOIIEHUH OHO CXOJIHO C siBJeHUEeM pe3oHaHca. [lo-
3TOMY €0 4aCTO HAa3bIBAIOT MAPAMETPHUYECKUM PE30HAHCOM.

Tema 8. BonnoBblie npouecchl

8.1. PacipocTpaHneHue BOJH B ynpyroii cpese. IlpoxojibHble U nonepe4Hbie
BOJIHBIL. 'apMOHMYecKHe IJIOCKAaA U chepuYecKasi BOJIHBI.
JlunHa BoJHBbI. CKOPOCTH BOJIHBI

Korna B kakoi-mmu60 Touke cpe/bl (TBEPIOH, KUAKON WM ra3000pa3Hoii) BO3-
OyX1aroT KoJeOaHusi, TO BCIEICTBUE B3aMMOJICUCTBHS MEXKAY YaCTULAMU CPEAbI ATU
KoJieOaHus OYIyT nepeaaBaThCs OT OJHON TOYKH CPEJIbl K IPYTOd CO CKOPOCTHIO, 3a-
BUCAILIEH OT CBOMCTB cpefbl. [Ipu paccmMoTpeHun kosie0aHUi Mbl HE Oy/IE€M YUYUTHI-
BaTh JIETAJbHOE CTpOeHHE cpeapl. Cpena paccMaTpUBAETC KAK CHAOWIHAA, HENIPE-
PBIBHO pacnpejieJieHHas B IPOCTPAHCTBE U 00J1a1aolas yupyruMmu CBOMCTBAMU.

Cpena Ha3bIBACTCS JIMHEUHOU, €CITA €€ CBOMCTBA HE U3MEHSAIOTCS MOJ JIEUCT-
BHEM BO3MYIIICHHH, co3aBaeMbIX KosieOanusmu. H3omponnasa cpeda — 310 cpena, y
KOTOpOM (pU3MUeCKue CBOMCTBA, CYIIECTBEHHbBIE B paccCMaTpUBaEMOil 3a1aue, O JuHa-
KOBBI BO BCE€X HampabiieHusiX. Ecnu pusnyeckue cBOMCTBA Cpefbl, CYIIECTBEHHbIE B
paccMaTpuBaeMoOM 3a7jadue, HE U3MEHSIOTCS OT TOYKH K TOUYKE, TO CPENa SIBISETCA 00-
HOpOOHOIL.

BoJiHOBBIM mponeccoM WIH BOJHOM HAa3bIBAETCS MPOLECC paCHpPOCTPAHECHUS




KOoJieOaHU B CIUIOMIHOM cpejie. ICTOUHMKOM BOJIHBI SIBIISIIOTCS KO/1eOAHUsl, KOTOPBIE
pacupoCTPaHsIOTCA OT UICTOYHUKA B BU/I€ BOJIHBI.

[Ipu pacnipocTpaHeHUH BOJHBI YACTULBI KOJIEOIIOTCA OKOJIO CBOUX MOJIOKEHU N
PaBHOBECHS, @ HE NIEPEMEILAIOTCSA BCIE 3a BOJIHOM. BmecTe ¢ BOTHOM OT 4aCTHUILbI K
YacTHIIE MEPEJAETCS TOJLKO COCTOSIHUE KOJI€0aTeIbHOTO IBHXKEHUS U €r0 YHEPTHUsl.

OCHOBHBIM C60IicmEoM BCEX BOJIH SIBISETCS MEPEHOC HEprun 0e3 mepeHoca
BEIIECTBA.

Ynpyzumu eonnamu Ha3piBaloTCI MEXaHUYECKHE BO3MYILEHHUS, pacrpocTpa-
HAIOIKECS B YIPYroil cpene. Ynpyrast BoJIHa Ha3bIBACTCS 2APMOHUYECKOU, ECITA CO-
OTBETCTBYIOIIME €1 KoJIeOaHUsI YaCTHIL] CPEJIbI SIBISIOTCS TAPMOHUYECKUMM.

IIpoxonbHasi BOJIHA — 3TO BOJIHA, B KOTOPOM YaCTULbI CPEJibl KONEOIIOTCS B
HaIpaBJIeHUU pPacCIpOCTpaHEHUsl BOJHBI. [IpomoiapHbIe BOJHBI MOKHO HAOJIONATh B
METaNIMYECKOM OJHOPOJIHOM CTEpP’KHE WJIM B PACTSHYTOM NpPY>KUHE, KOrAa mnomnepe-
MEHHO C)KHMMAIOT U PACTATUBAIOT OJUH ee KoHell. [IpojaosibHble BOJHBI MOTYT pac-
MPOCTPAHATLCA B Cpellax, B KOTOPBIX BO3HUKAIOT YINPYTU€ CUIIBI MpU AedopMalvu
COKATHsSI U pacTshKEeHUs (B TBEPIBIX, )KUAKHX M ra3000pa3HBIX TEax).

ITonepeuHasi BoJIHA — 3TO BOJIHA, B KOTOPOW YacTHULbI Cpellbl KONEeOI0TCS B
IJIOCKOCTAX, MEPHNEHAUKYISIPHBIX PAcIpOCTpaHEHUI0 BOJHBI. Hanmpumep, momnepeu-
Has BOJIHA OyJleT pacipoCTPaHAThCA BAOJb HATAHYTOM CTPYHBI, KOT/1a Y4acTKU CTPY-
HbI KOJIEOJIIOTCSI BBEpX M BHU3. [lonepeyuHble BOAHBI MOTYT paclpOCTPAHATHCS TOJIb-
KO B cpejie, B KOTOPOW BOSHHUKAIOT YIPYTHE CHIbI IpH Aeopmanuu casura (B TBEp-
JBIX TEJax).

Briciirie TOUKM BOJTHOBOTO JABUKEHHUS HA3BIBAIOTCA MYYHOCMAMU, A HU3IINE —
enaounamu. Amnaumyoa — 3T0 MaKCUMaJIbHasl BBICOTA MYYHOCTH WM I1yOMHA Bra-
JIMHBI, U3MEPEHHAs! OTHOCUTEIHHO HYJICBOTO YPOBHs (HJIM MOJIOKEHUS PAaBHOBECHS).

JIIMHOM BOJIHBI A HA3bIBAETCA PACCTOSHHME MEXIY ONMKalIIMMM YacTULAMHU,
KOTOpBIE KOJIEOTIOTCS ¢ pasHOCThIO (a3 2p . Takke A paBHa PacCTOSHUIO MEXKIY
JIBYMsI COCEIHUMHM BIaJIMHAMU MJIM TYYHOCTSAMH.

JlIMHa BOJIHBI — 3TO PACCTOSIHME, HA KOTOPOE PaclpoCTpaHseTcsi rapMOHHUYe-
CKas BOJIHA 3a BpeMsl, paBHOE nepuoay koiaebanuii 7+

| =u*T wmm u=I:n, (8.2)
I7i€ 0 — CKOPOCTh PACHPOCTPAHEHMSI BOJIHBI; V — YaCTOTA BOJIHBI.

Yacmoma 601Hbl v — 3TO YUCIIO IMYYHOCTEH, MPOXOAAIINX Yepe3 TaHHYIO TOY-
Ky 32 €JJUHHILY BpeMEHH (HJTU YUCIIO MOJIHBIX KOJICOaHuH).

CKOpPOCTh BOJIHBI D — 3TO CKOPOCTb, C KOTOPOHl IMepeMelaeTcss My4YHOCTh
BOJIHBI. CKOPOCThH BOJIHBI HAJI0 OTAMYATh OT CKOPOCTH YacTUll camoi cpenbl. Hanpu-
Mep, CKOPOCTh BOJHBI, Oeryiei no mHypy, HampaBjieHa BAOJb IIHYpa, B TO BpeMs
KaK CKOPOCTH YaCTHII IIHYpa HAMpPaBJIEHbI NEPIEHIUKYISIPHO EMY.

[IycTh rapMOHHYECKasl BOJHA PACIpPOCTPAHSAETCA CO CKOPOCTbIO 0 BIOJb OCH
OX 6e3 3aryxanus. O603HaYMM CMeEIlleHHE ¢ YaCTHUIbl CPellbl ¢ KOOPAMHATON X M3
NOJIOXKEHHUsST paBHOBECUs B MOMEHT BpeMmeHu t uepe3 ¢ = &(X, t). Ha puc. 8.1 npen-
CTaBJIeHa 3aBUCHUMOCTb CMEILEHUs ¢ OT KOOPJMHATHI X B JAHHBI MOMEHT BPEMEHH,
r7ie KOOpAMHATA X — 3TO PACCTOSHUE YACTULIBI CPEABI 10 UCTOYHUKA KoseOanuii. Pac-
CMOTpUM OTJINYKE Tpadrika BOJHBI OT rpaduka rapMOHUUYECKOr0 KOJeOaHus:



S A - 1) rpaduk TapMOHHMYECKOro  KoyieOaHUs
\ B/\ - NpeaACTABIIAACT cOo00M 3aBUCHUMOCTHL CMEIICHUSA TaH-
0 ;( HOW 4acCTHUIIbl B OT BpEMEHHU:
A = :
X > X=X (X’t)|x=const !

2) rpaduK BOJHBI — 3TO 3aBUCHUMOCTb CMe-
LIEHUsA BCEX YACTUI[ CPeIbl OT PACCTOSAHUS 10 MUC-
TOYHHUKA KOJICOAHUI B JJaHHBI MOMEHT BPEMEHHU:

Puc. 8.1. I'pauk 3aBucuMOCTH
CMCUICHUA X JacCTHUll CPEabI OT
KOOPJAUHATEI X B HaHHBIfI MOMCECHT

BpeMeHH t X=X (X’t)L:COnSt :

Bonnoevim ¢ppornmom Ha3bIBAETCS T€OMETPUUECKOE MECTO TOYEK, O KOTOPBIX
JOXOIAT KoJeOaHHusl K ONpeleIEeHHOMY MOMEHTY BpeMeHu t. Boinoeoii nosepxno-
CMbI0 HA3bIBACTCS TEOMETPUUECKOE MECTO TOUYEK, B KOTOPBIX YACTHUIbI CPEbI KOJeO-
JIIOTCS B OAHOW (pa3e MM UCTBITHIBAIOT OMHAKOBBIE CMEIICHHUS.

BonHoBOW (QpOHT B Ka)Abli MOMEHT BPEMEHH OJMH, & BOJIHOBBIX MOBEPXHO-
CTEel MOKHO MPOBECTU OECKOHEYHOE MHOKECTBO.

becywiumu 6onnamu Ha3BIBaIOTCS YIPYrUe BOJHBI, KOTOPBIE IEPEHOCAT B
npocTpaHcTBe FHEpruto. [Ipumepsl Gerymmx BojiH — Iockas U cpepruyeckasi BOJHBI.

BosiHa Ha3bIBaeTcs MJIOCKOM, €CIIA €€ BOJIHOBBIC TIOBEPXHOCTHU IPEACTABIISIOT
COBOKYITHOCTbH IUIOCKOCTEW, MapajulesibHbIX ApYyr Apyry. Ilpumepom Iiockux BOIH
SIBJISIFOTCSL BOJIHBI, KOTOPBIE PACXOIATCS OT IUIBIBYILETO KaTepa.

Bonna HaszpiBaercs cepuUecKOM, €CII €€ BOJHOBBIE NMOBEPXHOCTU HMMEIOT
BUJl KOHIIeHTpuueckux cdep. LlenTposl 3Tux cdep Ha3pIBalOTCAd LEHTPOM BOJHBI. B
KayecTBe npuMmepa c(HepuyecKux BOJIH- MOMKHO pacCMaTpuBaTh 3BYKOBbIE BOJIHBI B
BO3/1yXe (3BYK M3 IPOMKOTOBOPHTEIS), BOJIHBI TIPU 3€MIICTPSICECHUSIX.




8.2. YpaBHeHHe IU10CKOi BOJIHBI. OTHOMEepHOe BOJIHOBOE YPABHEHHE.
BoJinoBoe uncJio

[IycTh TOYKH, pacnoiiokeHHbIe B MIIOCKOCTH x = 0, KoJIeOIIOTCA MO 3aKOHY
X (0,t) = Ascoswt. O0603HaUYUM CKOpPOCTh PacHpOCTpaHEHHUS KOJIeOAaHWH B JTaHHOM

cpene yepes v. Konebanus yactuibl B cpenbl (cMm. puc. 8.1) B mutockocTd x OyAyT
NPOMCXOUTH MO TOMY ke 3akoHy. OHaKo ee KoyiebaHus OyIyT OTCTaBaTh MO Bpe-
MEHH OT KoJicOaHMsI MCTOYHMKA Ha 7, TaK Kak JUIA MPOXOXKIACHHS BOJIHOU

paccTosiHUsL x TpeOyercs Bpems t = A . IoaToMy B IIIOCKON BOJIHE, pacHpocTpa-
HSAIOIIENCS BIOJb MOJIOXKHUTEIBHOIO HampaBieHuss ocu X, cMmelleHue ¢ — QPyHKUus

X . .
pasHOCTH (t- —). YpaBHEHUE TAKOW MJIOCKON BOJIHBI UMEET BU/L
u

X
x=f(t-2). (8.2)
u
VYpaBHeHHe KoeOaHUN YaCTHIL, JekKauX B TWiockocTu OX, uMeeT BU
X (X,1) = Axcosgv Xt - 5)9, (8.3)
8 u’t

rae pynkuus £(X, t) — nepuonuveckas GyHKIHMS KOOPAUHATHI U BPEMCHH.

B o0mieM ciyyae ypaBHeHMe IJIOCKOM BOJIHBI, PaCIIPOCTPAHSIONIEHCS BIOIb
MIOJIOKUTENBHOIO HAIPaBJIEHUsI OcU X B Cpejie, He MOIVIOLIAOLIEH YHEPIHUI0, UMEET
BUJI

X(Xx,t) = A>COS§N Xt - §)+j OE’ (8.4)

r1e A — MOCTOSIHHASL BeJMYMHA — aMILIATYA BOJIHbI; W = 2D /T — mukindeckas (kpy-

. dx _ X\ . .
roBas) YacTOTa BOJHBI; U "=\ dazoBasi ckopocTh; WXt- —)+j o — (aza maockou
u

BOJIHBI; ()o— HauajgbHas (a3a BOJIHBI.

@Dazoean ckopocmb BOTHBI — 3TO CKOPOCTh, C KOTOPOM paclpoCTpaHsIETCs OIl-
peneneHHoe 3HaueHue (pa3bl BoHBL. Daza BOJHBI XapaKTEPHU3YET COCTOSIHUE JBUXKE-
HUS YaCTHUIl CPEJIbl TPU TIPOXOXKICHUU BOIHBI B CpeJi€.

OrnpeaeniM BOJTHOBOE YHCI0 KaK

=22 W (85)
[ uT wu
Hamnpumep, B citydae miockoi BOIHBI ¢aza OyJeT MOCTOsIHHA':
wt - kx+j , =const,
OTKY/1a, €CJIM B3SITh IPOU3BOHYIO [0 BPEMEHH, CIIEAYET, YTO % = % =u.
YpaBHeHHe II0OCKON OETYIIEN BOJIHBI MOYKHO 3aIlMCaTh B BUJE
X(X,t) = Ascos(wt - kx+j ) (8.6)
WJIU B OKCTIOHEHIMAIbHOU (hopme
X(X,t) - A>ei(Wt- kx+ o) ,

rac (1)H31/ILI€CKI/II‘/JI CMBICJI UMCIOT OTACJIABHO BEIICCTBCHHAA U MHUMAas 4YaCTH.




B crepxkHe, M0 KOTOpOMY paclpOoCTpaHsSETCsl MPOJO0JibHASL YIPyrasi rapMOHU-

Jyeckas BOJHA, a30Basi CKOPOCTh v OMPEACIISICTCS BBIPAKCHUEM
E
u=_|—,
r

rae £ — moayns KOHra matepuaiia CTepkHs; p — INIOTHOCTh MaTepuana HeaehopMu-
POBAaHHOTIO CTEPKHA, T.€. HEBO3MYILIEHHOI'O BOJIHOBBIM IIPOLIECCOM.

J1jist monepeyvHbIX YOPYruX BoJH (ha30Basi CKOPOCTh paBHA
_ |G
u=_|— ’
r

rae G —Moaynb clBUra; p — MIIOTHOCTh HEOTPAHUYEHHOM M30TPOIHON TBEPAOI cpe-
1bl. CKOpOCTh NONIEPEYHBIX BOJIH B CTPYHE, HAIIPUMEP B HATSHYTOM HUTH, 3aBUCUT OT
HATSKEHUS CTPYHBI:

us=_|—,
S

rae F — cuna HaTsKeHUsI CTPYHBI, p U S — COOTBETCTBEHHO IJIQTHOCTh MaTepuasa
CTPYHBI U IJIOIIAAb €€ MONEPEYHOTO CEUCHUS.
Ypasnenue chepuuecxoii 6onnwi

x(r,t) :?mos(wt- kr +j o), (8.7)

rae I — paccTosiHue OT UCTOYHMKA BOJIHBI JI0 PACCMAaTPUBAEMOU TOUYKU Cpefbl. AM-
IJIMTY/1a KOJIeOaHuii B CPepUUECKOil BOJHE YOBIBAET C PACCTOSIHUEM TI0 3aKOHY 1/T .

PacnpoctpaneHnuie BOJIH B OJHOPOJAHON M3O0TPOMHON cpefie B oOlleM ciydae
ONUCHIBAETCS BOJITHOBBIM YPABHEHHEM

ﬂ2X+ﬂ2X+ﬂ2X :ixﬁ WJIN D)(:ixﬁ, (88)
X2 .”yz 2 ul qi2 uZ a2
L R
rje v — gazoBasi CKOPOCTh; D= 0 + 02 + 2 — oneparop Jlamaca.
X y z

Perenrem BonHOBOro ypaBHeHus (8.8) siBisieTcst ypaBHeHHE JTF000M BOJIHBI.
BosHoBoe ypaBHeHHe ISl IUIOCKON BOJIHBI, PACIPOCTPAHSAIOLICUCS BIOJIb
ocu X, UMeeT BUJ

X _1,0% (8.9)
2 u? qt?
B BosHoBoM ypaaenuu (8.9) mpoussomHas no Bpemenu X/t =u, — 310

MPOEKIIUSI Ha OCh X CKOPOCTU YAaCTHIIbI CPEJIbI, IBIXKYIIEHCS OKOJIO CBOETO MOJIOXKe-
Hust paBHoBecusi, a X /X =€ — orHocurenbHas mepopmarus cpeabl. [lpu sToM €

MOJKET OBITh OOJIBIIEC HYIIS (pacTsDKEHUE), paBHA HYJIIO MJIM MEHbBIIIE HyJs (CoxkaTue).
Ecmu cpena, B KOTOpPOW pacrpoCTpaHSIETCs] OJHOBPEMEHHO HECKOJIBKO BOJIH,
JMHEHHA, TO CKOPOCTh BOJH HE 3aBHUCUT OT MX MHTCHCHBHOCTH M K 3THM BOJIHAM
NPUMEHUM HpuHyun cynepno3uyuu (Han0#ceHus) BOJIH:
NP PacpOCTPAaHCHUH B JIMHCHHOW Cpe/ie HECKOJbKHUX BOJIH KaX/as U3 HUX pac-
NPOCTPAHSETCS TaK, Kak OyJITO JPYTrue BOJHBI OTCYTCTBYIOT, & PE3YJIbTUPYIOIICE



BO3MYIIIEHHE B JIOOOH MOMEHT BPEMEHHU B JIOOOH TOYKE MPOCTPAHCTBA PAaBHO

CyMME€ BO3MYILIEHUM, COOTBETCTBYIOIIMNX KaXK IO U3 3TUX BOJIH IIOPO3Hb.
CornacHo TaHHOMY MPUHITUITY CYNEPIO3UIINN, TAKUM 00Pa30M OIPEAETSIOT PE3YIib-
TUPYIOIIEE CMEIEeHNE, CKOPOCTh M YCKOPEHUE YaCTHUI[ CPeIbl B MPOU3BOIBHBIA MO-
MEHT BPEMEHH B Cllydyae OJHOBPEMEHHOT'O DPACIPOCTPAHEHHUS HECKOJIbKHX BOJH B
JIMHEVHON cpefe.

Kozepenmnocmpro Ha3bIBaeTCS COTJIACOBAaHHOE MPOTEKaHWE BO BPEMEHH U
MPOCTPAHCTBE HECKOJIBKUX KOJIeOaTEITbHBIX MIIM BOJIHOBBIX MPOIECCOB. /IBE BOIHBI
HA3bIBAIOTCS KO2EPEHMHBIMU, €CITU PA3HOCTH UX (a3 HE 3aBUCUT OT BPEMEHHU.

Humepgpepenyueii BOTH Ha3bIBACTCS SBICHNE HAIOKECHHS BOJH, IPU KOTOPOM
KoJIeOaHUsI B OJJHUX TOYKAaX MPOCTPAHCTBA YCHIIMBAIOT, & B IPYTUX OCHAOIAIOT APYyT
Apyra B 3aBUCHMOCTH OT COOTHOIICHUSA MEXAy (a3zamu 3TUX BoJaH. HeoOxommmbiM
yCIIOBUEM HHTEPPEPEHIINHU SBISETCS KOTEPEHTHOCTH CKJIABIBAIOIIAXCS BOJH.

Oco06bIM cinyyaeM UHTEPGhEPEHIIUN SBISIIOTCS CHIOAYUE 80IHbI — BOJIHBI, 00pa-
3YIOIIHECS MPU HAIOKEHUU JBYX OETYIIWX BOJH, PACIPOCTPAHSIONINXCS HABCTPEUY
APYT APYTY C OJMHAKOBBIMU YaCTOTAMH U aMIUTUTYIaMHU.

Ecnu paccMoTpets aBe miockue Oeryiiue BojiHbl (cM. hopmyny (8.6)) ¢ oau-
HAaKOBBIMU aMIUIMTYaMH W YaCTOTaMH, KOTOPBIE PAaCHPOCTPAHSIOTCS BAONb OCH X
HABCTpEUy APYT APYTY, TO MOKHO MOITYYUTH yPAGHEHUE CIOAYEI 60IHbL.

2px

X =Xq + X, = 2Acoskx coswt = 2Acos|— coswt .

Takum 006pa3om, B Kax10i TOUKE CTOSUYEH BOJIHBI COBEPIIAIOTCS TAPMOHUYECKUE KO-
nebaHus TOM K€ YaCTOThI , YTO U Y BCTPEUYHbIX BOJIH. AMIUIUTY/A CTOSAYEH BOIHBI B

OTJIMYHKE OT OeryInei IIOCKON BOJHBI 3aBHCHUT OT X U PaBHA |2ACOS(2pX/ | )| :
Ilyunocmamu crosiueii BOJNHBI HA3bIBAIOTCS TOYKHM CPEIbl, IJI€ aMIUIATY/a

CTOSIUEH BOJIHBI JIOCTUTAET MaKCUMaJIbHOTO 3HaueHus: 24. X KkoopAauHaThI X,, onpe-
NENSAI0TCS U3 YPaBHEHUS

2p| Xn - +mp (M=0,12,...).

¥Y3namu crosiaeir BOTHBI HA3bIBAIOTCS T€ TOYKH CPENbl, B KOTOPHIX aMILIATYa
CTOsTYel BOJIHBI OOpalaercs B HyJb (B HUX OTCYTCTBYIOT KosieOanus). KoopauHaTh
Y3JIOB X, HAXOJSAT U3 YpaBHEHHUSI

Zplﬂzi(m%)p (M=0,12,..).

PaccrosiHre Mexay COCeAHMMHU My4HOCTsIMH (y371aMu) Ha3bIBACTCS OJIUHOU
cmosiuell 60anbl ¥ paBuo | /2 Geryiux BomH. [l CTOSYUX BOJH CHPABEJIHBBI Clie-
AYIOLTUE YTBEPKICHUS:

1. Bce Touku MeXJy ABYMsI COCEAHUMH y3JaMU KOJEOIIOTCS ¢ pa3HbIMU aM-
IUTTY/IaMH, HO C OIMHAKOBBIMH (pa3amu.

2. [Ipu nepexone uepes y3en (aza konedanuii uamensiercs Ha p . Toukwu, je-
JKAIlKe M0 pa3Hble CTOPOHBI OT y3.a (B mpeaenax | /2), konebmarores B mpoTuBOdase.

3. [lepenoc »Heprum vepe3 y3iabl OTCYTCTBYeT. HeT HuKakoro pacmpocTpane-
HUSI BOBMYILICHUS BJIOJIb OCH X.



OTMeTuM, 4TO €Cu Cpeaa, OT KOTOPOM MPOUCXOAUT OTPAKEHUE, MEHEE TLIOT-
Hasi, TO Ha TpaHuUlEe cpell oOpa3zyeTcsl MyYHOCTh CTosYel BoJIHbI. MHaue, ecnu cpena
OoJee TIOTHAs, TO Ha TPAHMIIE cpel 00pa3yeTcs y3ell CTOSIYEH BOJIHBI.

8.3. DHeprusi ynpyroi BojHbI. [I0TOK ¥ IJIOTHOCTH MOTOKA SHEPTHUH.
BekTop YmoBa

Ynpyras cpena, B KOTOpOi pacrpoCTpaHIIOTCs MEXaHWYEeCKHe BOJIHBI, 00aja-
€T KaK KHHETUYEeCKOU dHepruei KojaebaTeabHOro IBIKEHUS YACTHII, TaK U IOTCHIIH-
anbHOU AHEpruei, 00ycIoBIEHHON AedopMalrei.

PaccmoTpum npo1osibHYI0 IIOCKYI0 BOIHY (8.2), KoTopast pactpoCTpaHseTcs B
eMHHIE 00BEMa CpeJibl MacCoi, PaBHOIA p, ¢ KolebartenbHol ckopocThio U =X /1t

rjae X — CMENIEHUE YacTHIl cpeibl. BrineneHHbii o0beM 00JajaeT KUHETUYECKOM
sHeprue. O0vemHan n1OMHOCHb KUHEMUYeCKoU IHePZUI cPedbl BEIPAXKAETCS KakK

Vy=—X=2ru”, (8.10)

rae U — CKOpOCTh KOJIeOaHHs YacTHIl CPebl; p — INOTHOCTh cpenbl; dW, — kuHeTH-

yecKasi SHEPrusl Bcex 4acTull B maioM oobeme dV cpenbl, BBIOpaHHOM TakuM o0Opa-
30M, YTO B €r0 Mpejenax CKOpocTh U BCIOY OJUHAKOBA.

Mo>XHO A0Ka3aTh, YTO 00beMHAA NIOMHOCHb NOMEHYUATbHOU IHEPZUU YR~
Py200edopmuposannoii cpeovt

Vp=——==_ru‘e", (8.11)

rae de — MOTEHIMAIbHAS YHEPTUSI OJHOPOHO 1€(HOPMUPOBAHHOTO MAJIOTO y4acT-

Ka cpenpl o0bemom dV ; U — (pa3oBast CKOPOCTh BOJHBI B CPEJie; € — OTHOCHTEIbHAS
nedopmarus Cpeibl.

[TockonbKy BOJHA JIBMKETCS, TO OHA OCYIIECTBISIET MEPEHOC MEXaHUYECKOU
sHepruu. [log 00beMHOM MUIOTHOCTHIO YJHEPTHHM YIPYTHX BOJH MOHUMAIOT 00BEM-
HYIO IJIOTHOCTh MEXaHUYECKOW PHEPTHH CPeibl, 00yCIOBICHHYIO paCIPOCTPaHEHUEM
STUX BOJIH M PABHYIO

V SV HY :%r (u? +u?e?). (8.12)

[MponuddepeHtmpoBas ypaBHeHne MmI0cKkoi BosHbl (8.4) oauH pas no t, apyroii pas

10 X U ONpPEACIIUB TaKUM 00pa3oM U U &, YUUTHIBAs, YTO ku? =w?, MIOJIyYUM TUIOT-
HOCTb DHEPI'MH, BO3HUKAIOLIEH B YIIPYIOM Cpelie NPU pacipOCTPaHEHUU B HEW IUIO-
CKOM HPOJI0JIbHOMN BOJIHBI:
v =r Aw?sin(wt- kx+j o). (8.13)
B ¢usuke ucnonb3yroT NOHATHE MOTOKa 3Hepruu. Ecnm miomanka cpenbl
uMeeT miomans dS, a ee HopManb N COCTAaBIAET C HANPABIEHUEM PACIPOCTPAHEHHS
BoJHEBI (0chi0 X) yroi o (puc. 8.2), To moTok 3Hepruu d@ ompenessercs Kak OTHO-
nieHue komuectsa sHeprun AW , mepeHOCHMO#t BOJIHOM Yepe3 3Ty MJIOMIAAKY 3a Ma-
JIBIM IPOMEKYTOK BPEMEHH, K €T0 JUIUTEIIbHOCTH



dW v (udtdScosa) v (U,dS)dt
dt dt Cdt
rae dW — sHeprus, 3aKIOYEHHAass BHYTPU IUIOINAAKU C OCHO-
BaHHEM ILTomabio dS u obpasyromieii umuHol Udt; U — Bek-

r I r r
do = v (U,dS)=(j,ds), (8.14)

Puc. 8.2. Yepes TOpP CKOPOCTH IIE€PEHOCA JHEPIMU BOIHOM, HOPMAJIbHBIA K

TJTOUIAJKY CPEabl as BOJIHOBOU MOBCPXHOCTH B JaHHOM MecTe, V.. — o0beMHas
N I ' I

3a Bpems dt BOJHOH  roTHOCTH SHepruu BoiHbl; dS=ndS; j =vU — BekToOp

NMEPCHOCHUTCA DOHCPTUA

aW IJIOTHOCTH NMOTOKA 3Heprum (BekTOop YMoBa). /g rapmo-

argeckoil Bomasr U = (W/K)N.

Bektop YmoBa (H. A. YmoB, 1874) B pa3HbIX TOYKaX MPOCTPAHCTBA Pa3IUYCH,
a B IaHHOM TOUKE CPEJIbl H3MEHSCTCS CO BPEMEHEM 110 3aKOHY KBaJpaTa cuHyca. Ha-
npaBlicHUE ] COBITAJIaCT C HAMPABJICHUEM PACIPOCTPAHEHUS YHEPTHH, T.€. | - - u , a
€ro MOJYJIb PaBEH DHEPTUH, TICPEHOCUMOU BOJIHOH 3a CIMHUILY BPEMCEHH Uepe3 eu-
HUYHYIO TUIOIIAJIKY, PACIIOJIOKCHHYIO TIEPIICHIUKYJIISIPHO PACITPOCTPAHEHUIO BOJTHBI:
-4 _99 (8.15)

dScosa dS,

Emmauna miotHocty nmotoka 3Hepruu B cucreme CHU — JIxoynb HA METp B
kBazpare-cexyHna (Jlx/(M>-c)).

Korma BomHa pacmpocTpaHseTcsi B TPEXMEPHOM IMPOCTPAHCTBE, TOT/IA MOTOK
SHEPTUH YePE3 MPOU3BONLHYIO MOBEPXHOCT S BeIpakaeTCs B BUJIE UHTETpaa:

@ =],dS). (8.16)
S

j

Apdext domnepa s 3ByKOBbIX BOJH. [Ipy 1BMKEHHM UCTOYHUKA Kojeba-
HUI 1 npueMHUKa (YCTpOWCTBA, KOTOPOE BOCIPUHUMACT 3BYKOBBIC KOJICOAHHS Cpe-
IBI) IPYr OTHOCUTEIBHO JApYyra MPOUCXOJWT U3MEHEHHE YacTOThI KOJieOaHWM, BOC-
MPUHUMAEMOI TPUEMHUKOM. DTO siBJIeHHE Ha3biBaeTcs I dexrom Jomiepa.

B axycmuxe 3dpdext Jlomnepa mposBisieTcss Kak NOBBIIIEHWE TOHA MPH IMPH-
OJIMYKEHUU MCTOYHUKA 3BYKa K MPUEMHHUKY U TIOHM)KEHHE TOHA 3BYyKa NPH yIaJeHUU
HMCTOYHUKA OT MPUEMHHKA.

[TycTh MCTOMHUK ¥ MPUEMHHUK (HAOJIOATEIb) IBUXKYTCS BIOIb COCAMHSIOMICH
UX IpAMOM: U, ¥ U, — COOTBETCTBEHHO CKOPOCTH MCTOYHHKA U IpUEMHUKaA (T10JI0-

JKUTCIIbHBI IPU COJIMIKEHHUH U OTPULATCIIbHBI ITPU YAAJICHUU UCTOYHHUKA U ITPUCMHU-

Ka); Ny — YacToTa KojaeOaHMWil UCTOYHMKA;, U — CKOPOCTh PAacIPOCTPAHCHUS 3ByKa B
1

~ I ~
JaHHOM CPECAC. Ecmu HampaBJICHUA U, U Un HC COBIIAJArOT C MPOXOAAIMICH YCPC3 HC-

u
TOYHUK M IPUEMHHK IPSIMOiA, TO OEpyT UX MPOEKIMIO HA HAIIPaBJICHUE 3TOM MPSIMOM.
B o6mem ciyuae yactora N koneOaHuii, BOCIPUHUMAEMBIX MPUEMHHUKOM, PaBHA
n="En (8.17)
umu,
Bepxuue 3Haku B BeipakeHuu (8.17) 6epyrcs, eciiv npu JBMKEHUH UCTOYHHK U MPU-
eMHHK CONMXKaloTcd, U, ClefoBaTelIbHO, N >Nj. Hmwkuue 3Haku B dopmyne (8.17)

OepyTcs, Korja OHU B3auMHO yzaaistorcs. [Ipu stom N <ng.



Tema 9. CnenuajbHasi TEOPUSA OTHOCUTEJIbHOCTH
9.1. OnbiT Maiikeascona—MopJin

CneuuanbHas T€OpUsi OTHOCHUTEIBHOCTH, Hadajla KOTOpPOW ObUIM 3aJ0KEHBI
Anv6eprom OiiHmTeiiHOM B 1905 T., CyllleCTBEHHO U3MEHMIIA Tpe/icTaBleHus (Hu3u-
KM 0 npupoje. 1o ee nmosiBieHus MOJI0KEHNUSI HBIOTOHOBCKOM MEXaHUKHU O CBOMCTBAX
MPOCTPAHCTBA U BPEMEHU SBISUIUCH (YHAAMEHTAIbHBIMU.

[Ipy Mcnonb30BaHUM Pa3HbIX MHEPLUHUAJIBHBIX CHCTEM OTCYETA, ABMKYLIUXCS
OJ1HA OTHOCUTEJIBHO JPYrOoM MPSIMOJIMHENHO U PAaBHOMEPHO, U3MEPEHUS PACCTOSHUN
B KaXJOM cHCTeME KOOPIMHAT MPOU3BOAAT MPU MOMOUIM JIMHEEK, a MPOMEKYTKOB
BPEMEHHU — NPU MOMOIIM YaCOB U CBETOBBIX CUTHAJIOB. Torjga mpu nepexojie oT pe-
3yJlbTAaTOB U3MEPEHMI, MPOU3BEICHHBIX B OAHOW CHUCTEME OTCUeTa, K pe3ysibTaraM
M3MEPEHUI B JIPYTOM CUCTEME HEOOXOAMMO 3HaTh, KaK CBSI3aHbI MEXKIY co00il pe-
3yJBTaThl K3MEPEHUH JUTMHBI U TIPOMEXYTKOB BpeMeHH (KOra OffHH JTMHEHKU U Yachl
TIOKOSITCSI B OJIHOM, a Ipyrue — B Ipyro cucreme orcyeta). CiaenoBaTeinbHO, BO3HU-
KaeT BOIPOC O BIAUSHUU JBUMKEHHUS CUCTEM OTCYETa Ha MOKa3aHUS OCHOBHBIX U3Me-
PUTENIbHBIX HHCTPYMEHTOB IIPU MEPEX0/I€ OT OAHOU CUCTEMbI KOOPAUHAT K APYTOH.

N3navansHo B koHIle XIX — Havanme XX BB. HmpeAmnoJiarajgoch, 4YTo paclpo-
CTpaHEHHE CBETa NPOTEKAET B Pa3HBIX CHUCTEMAaxX oTcuera mo-pazHoMy. CoriacHo
BOJIHOBOM TEOPHH, CBETOBBIE BOJHBI JIOJKHBI PACHPOCTPAHATHCA C ONPEETCHHOM
CKOPOCTBIO OTHOCHUTEJIBHO HEMOJABUKHON TUIIOTETUYECKON CPEJIbl, Ha3bIBAEMOM 2¢hu-
pom. Ilpu 3TOM CKOpPOCTH pPaclpOCTPAHEHHs] CBETa OTHOCHUTEIBbHO HEMOJBUYKHOTO
a¢upa COBNAZTAET CO CKOPOCTHIO CBETA B BAKYyME C M OJIMHAKOBA BO BCEX HaIpaBJe-
Husx. Toraa cornacHo KiIacCM4eckoMy 3aKOHY MpeoOpa3oBaHMs CKOPOCTH [Nanunes
(3.10) B ABMOKYILEHCS MO OTHOIIECHUIO K 3HPY CO CKOPOCTEIO u I/IHepLII/IaJIBHOI/I
CHUCTEME OTCUYEeTa CKOPOCTh ¢BeTa C( OyaeT onpenensaThes KaK c(=C-u.

B 1881 r. amepukanckuii ¢pusuk AnpOepT MailkeabCOH MpPOBET SKCIEPUMEHT
(a 3aTeM MOBTOPHMIJI €r0 COBMECTHO ¢ DaBapaoM Mopau B 1887 r.), 11eib KOTOPOro
3aKJII0YAJIach B OMPEICJIECHNN CKOPOCTH CBETAa B Pa3HbIX HANPABJICHMSX MO OTHOIIIE-
HUIO K ABWXKEeHUIo 3emau. [Ipu 3TomM ObLI0 UCIONB30BAHO JBHXKEHHE 3eMJIM O Op-
oure co ckopocThio okoi0 30 M/c. [ToBopaunBasi yCTaHOBKY, MOKHO OBLTO H3MEHSTH
pacIionoKeHre MPUOOPOB OTHOCUTENIBHO 3TOM ckopocTu. Heobxoaumo ObLI0 mpoBe-
PUTh, 6aUsenm U NOBOPOM YCMAHOBKU HA BPEMSI PAaCIPOCTPAHEHUS JIBYX CBETOBBIX
CUTHAJIOB, U3 KOTOPBIX OJIMH PACHPOCTPAHSETCS B HANPABICHUU JIBUKEHHS YCTAHOB-
ku (3emin), a Apyrod — B IEPICHINKYJIIPHOM HAIPaBJICHUH.

OneiT OBbUT IPOBENEH clieaytonuM oopazom, puc. 9.1. Mctounuk S ycraHOB-
JICHHBIA Ha ECTKOM IUJIUTE, MOChIAET OYEHb KOPOTKHE CBETOBBIE CUTHAJIBI BO BCEX
HampasieHusXx. Ha 1ByxX B3auMHO NEpHEHANKYJISPHBIX HANPABICHUSX YCTAHOBJIEHBI
3epkasia A U B, oTpaxarolire CBETOBbIE CUTHAJIBI OOpaTHO B TOUKY S. B 310l TOuKe
TaK)X€ HaXOJIUTCS YCTPOMCTBO, MO3BOJIAIOIIEE TOYHO KOHCTATUPOBATh, OJJHOBPEMEH-
HO JIM BO3BpAUIAIOTCA B JAHHYIO TOUKY CBETOBbIE CUTHaJbI OT 3epKai A u B. Ilnura
MOXXET CO BCeMHU NpHOOpaMH MOBOPAYMBATHCS BOKPYT BEpTUKAIBbHOM ocu. OTHOCH-
TEJIbHO HEMOJBUKHON MHEPLHAIBbHON CHUCTEMbI OTcyeTa, CBA3aHHOW ¢ CoJIHLEM U




3Be3/IaMH, TUTHTA JIBUYKETCSI BMECTE C 3eMJIcii 1o ee opouTe.

N\ [TycTh CHauyama yCTaHOBKAa OpPHUCHTHPOBaHA Tak,
9TO €€ CKOPOCTh OTHOCHTEIHHO HEMOIBHMYKHON CHCTEMBI
OTCYeTa, T.€. CKOPOCTh JBIIKCHHs 3eMIIH 10 OpOuTe, Ha-
npasiieHa o SA. CornacHo dpopmyse (3.10) Ha nytu SA

d u CKOPOCTh CBETa OTHOCHTEIBHO YCTAaHOBKH (3eMJH) paBHA
sl 4 TO MOZYJIO C- U, TaK KaKk CKOPOCTb JIBUKEHHS HCTOUHH-
C C-u '; Ka CBETOBBIX CHUTHAJIOB HAIpaBJICHA BOJIb HANPaBICHHUS
S ,I ———= IBMKEHUS CHUIHaja, a Ha oOpatHoM nytd AS —
c+u ‘f (c+u).Torma mans mpoxoxacHus myTd SAS HEOOXOIMMO
Puc. 9.1. Cxema omnsbiTa BpeMs
A. MaiikenbcoHa I 2 1

=" X7
c-u c+u c¢ 1-(u/c)

Ha nytu xe SBS Moaynb CKOpOCTH CBETa OTHOCHUTEJIHHO YCTAHOBKH PaBEH

ct=+c?-u?, kax cienyeT u3 puc. 9.1, NOCKOJIBbKY CKOPOCTb JIBH3KEHHSI HCTOYHHKA
CBETOBBIX CHUTHAJIOB HalpaBlieHa MOINEPEK HANpaBlIeHUs NBUKEHUs cUTHaja. Bpems
MPOXOKJEHUS ITOTO MyTU OyeT
- 1
Je2-u? ¢ \f1- /ey
CornacHo BbIlIE TOJYYEHHBIM (hOPMYJIaM, CBET JIOJDKEH MPOXOAHUTH MyTh SBS
obicTpee, ueM S4S: t. >t,. 3MepuB pasHOCTH - t,, MOKHO ONpPENEIUTH CKOPOCTh

t,

3emin (yCTaHOBKH) OTHOCUTENIbHO 3(upa. Bbicokas 4yBCTBUTEIBHOCTH METO/A
J0JIKHA Obla MO3BOJIUTH ONPEIETUTh BEIUYUHY JaHHOW Pa3HOCTH.

Tem He MeHee B pe3yJsibTare OMbITa ObLIO YCTAHOBIEHO, YTO Pa3HOCTh BPEMEH
oTcyTcTBYeT. Takum 00pa3oM, MPOAOJIbHBIN U MOMEPEUYHBI CUTHANI PacIpOCTpaHs-
IOTCSI C OJITMHAKOBOM CKOPOCTBIO, CKOPOCTh CBETA HE 3aBUCUT OT CKOPOCTH JIBUKEHHSI
UCTOYHMKA cBeTa. ClIe0BATENBHO, KIACCUYECKULl 3aKOH Npeodpas08anus CKOpocmu
T'anunes (3.10) HeBepeH UIsi CKOPOCTH CBETA.

OtmeTrum, uro pe3ynbrar MaiikenbcoHa—Mopin HEe MOr OBbITh CIEICTBUEM
Clly4ailHOro coBnafeHusi ckopocteil 3emun U 3¢upa, HaIpUMeEP, B MOMEHT BBIIOJI-
HEHUs 3KCHepUMeHTa 3emilsl MOKOMIACh OTHOCUTENBHO 3¢upa. OJHAKO yCTaHOBIe-
HO, YTO pe3yJibrar coxpansercs (1t =1r) u yepes monrona, Kora 3emis ABUIKETCS 110

opOrTe B OOpaTHOM HaIpaBJICHUH.

[MosToMy DHHIITEHH NpeIOKUI 0TKAa3aThCsl OT MpeJcTaBlieHuil 06 adupe, o
CYLIECTBOBAaHUM AaOCOIIOTHO TMOKOSIIEHCS CUCTEMBbI OTcyYeTa. ODTHU MNPEIOKEHUS
OWHIITEH cOpMyNIHpoBad B BHUAE [IBYX MOCTYJIATOB, KOTOPHIE JIEKAT B OCHOBE
CIeMAJIbHON TEOPUH OTHOCHTEILHOCTH:

1. lIpunyun omnocumenvnocmu iinuwimeitna. 3akoHbl (GU3UKA OJUHAKOBBI
BO BCEX MHEPLUHAIBHBIX CUCTEMAX OTCUETA.

Hnaue: YpaBHEHMs, BbIpaKaloIUE 3aKOHBI MPUPOJbI, MHBAPUAHTHBHI, T.€. HE
MEHSIOTCS [IPU NIEPEXOE OT OJHOW MHEPLHUAIBLHON CUCTEMBI OTCUYETA K APYTOH.

2. IIpunyun nocmoancmea cxopocmu céema. CKOPOCTb CBETa B BaKyyMe ¢




HE 3aBUCHUT OT JBWKEHUS MCTOYHMKA CBETa WM HaOJIIOJaTelNsl, OJIMHAKOBa BO BCEX
HanpaBneHusx u pasHa 3,0-10° m/c.

N3 mocTtynatoB DUWHIITENHA CIEAYET, YTO CKOPOCTh CBETA B BAKYYME SIBIISIETCS
MPEAEIBHON CKOPOCTBIO M OJMHAKOBA BO BCEX MHEPLUHUAIBHBIX CHCTEMAX OTCYETA.
@daxT, 4YTO CKOPOCTh JIFOOOI0 CHrHaja HE MOXKET MPEBBIIATH MPEAEIbHOE 3HAUCHUE
c=30%40% m/c, sBisercs 3akoHoM npupoabl. Eciin Obl 3HaYeHHE CKOPOCTH CBETA B
BaKyyMe€ B Pa3HbIX MHEPLHMAIBbHBIX CUCTEMAX OTcUeTa ObUIO Pa3IUYHBIM, TO 3TH CHUC-
TEMbI MOXXHO OBLIO OBl OTJIMYUTH APYT OT JpYra.

CrenoBartenbHO, MOCKOJIBKY 3HAYEHUE BCEX BO3MOKHBIX B IPUPOJIE CKOPOCTEN
JIBW)KCHUS TEJl U PAaCHPOCTPAHEHMs] B3aUMOJCUCTBUM OIrpaHUYECHO BEJIUYUHOU C, TO
ATUM OINPOBEPraeTcs NPUHUMUI JAJIbHOJICUCTBUS HBIOTOHOBCKOM MEXAHUKH O MTHO-
BEHHOU Iepeaayde B3auMoJeHcTBUA. B HacTosiee Bpemsi 00a noctysiaTa DWHIITEHHA
MOATBEPKAAIOTCA BCEM COBOKYITHOCTBIO MOJTYYEHHBIX SKCIIEPUMEHTAIBHBIX (DAKTOB.

Ha cnenumanbHON TEOpUM OTHOCHUTEIBHOCTH OCHOBAHA PEIATUBUCTCKAS MeXa-
HUKa. B peramueucmckoit mexanuke pacCMaTpuBarOT KIACCUYECKHUE 3aKOHBI JIBU-
KEHUs Tell (YaCTHIl) TIPU PesmUueuCmCcKUX CKOPOCHX, T.e. CKOPOCTSIX, CPAaBHHUMBIX
CO CKOPOCTBIO CBETA B BAKYyME.

9.2. IlpeoopazoBanus Jlopenia

[IpeoOpazoBanus [anunes (3.9), onuchIBarONKe MEPEXO OT JBHKYIICHCS CO
CKOPOCTBIO U MHEpLHaNbHOW cucTeMbl orcuera K( k Apyroil ycI0BHO HENOJBUXK-

HOM wWHepIManbHON cucteMe orcueta K (cmyuwaif, korma ocu koopamHat X u X
cucteM K u K( cooTBeTcTBEHHO BHIOpaHbl HANIPABICHHBIMU B/IOJb CKOPOCTHU ulo):

X = X("'Uot’ y= y(, z=27( t=t(

X(=X-Ugt, Y=y, z(=z Tt=t.
JUist peNAITUBUCTCKUX CKOPOCTEW HYXKHBI HOBBbIE MpeoOpa3oBaHUs, YIAOBIETBOPSIO-
1Iye MoCTyJIaTaM DWHIITeHHA.
AK _ AK’ PaccMoTpuM ABe MHEpLUATIBHBIE CUCTEMBI OT-
Y cueta K u K( ¢ xoopauHaTHBIMH OCSIMH COOTBET-
ctBenHo X, Y,Zu X', Y', Z’, puc. 9.2. Beibepem ocu
KoopauHaT cucteMbl K( mapamnenbHO COOTBETCT-

Y

oy U 4  ByomuM ocsim cuctemsl K rtak, 4ToOsr ocu X u X

X X’ coBnaganu mexay coboil. Cucrema KO ngBumkercs
oTHocuTebHO K cucTembl B0 ocu X CO CKOpO-

Z 4 cteio U =congt. IlycTs B HAYaNbHBI MOMEHT Bpe-

I4

Puc. 9.2. Uuepumanshas cucrema MeHH t=1(=0, xorma Hadana xoopamaatr O u O
orcuera K( gBmKercs BIpaBo  COBHNANAKOT, M3 Hadana KOOPAMHAT M3ITy4aeTCs CBe-
CO CKOPOCTRIO U OTHOCUTEIRHO  1oBoji curHan. CoriacHO BTOPOMY MOCTynary DHH-

cucTeMbl oTcuera K 1ITEiHA, CKOPOCTH CBETA B 00EUX CHCTEMaX OJHA U
Ta e U paBHa c. [loaromy ecnu 3a Bpems t B cucreme K curHan noiaeT 10 HEKOTO-
poii Touku A4 (cM. puc. 9.2), mpoiias paccTosiHue



X=ct, (9.1
TO B cucteme K(koopauHata cBETOBOTO UMIMYJIbCAa B MOMEHT JJOCTUKEHUS TOUKU A

X(=ct(, (9.1a)
rae t( — BpeMs MpOXOXKJIEHUSI CBETOBOTO MUMITyJibca OT Hayajaa KOOPJAUHAT JI0 TOUKH
A B cucteme K(. Bbruurasi u3 nepBoro ypaBHeHHs BTOPOE, MOITyYaeM

x(- x=c(tC- t).
ITockonbky cuctema K gBmxkercs otHocutenbHo K, To X(! X u, cnemoBatenbHO,
t(1 t, T.e. orcuer BpeMenu B cuctremax K(u K pasznuueH u uMeeT OTHOCUTEIbHBIN
XapaKTep.
JlomycTiM, 4TO HOBBIE MPeOOpa3OBaHUs JISI PESITUBUCTCKUX CKOPOCTEH Ju-

HEWHBI 1 UMEIOT BUJ

x=g(xt+utl), y=y( z=z( (9.2)
rlie y — HEKOTopast KoHcTaHTa. Toraa, moacraBuB x U X( u3 dopmyi (9.1) u (9.1a),
3aruineM

ct =g(ct(+ut() =g(c+u)tc. (9.2a)
Oopatnbie BoipakeHUsM (9.2) u (9.2a) mpeoOpa3oBaHus OyAyT MMETh MOIOOHBIN
BUJI, TAK KaK JBM)KYIIUECS CUCTEMbI SKBUBAJICHTHBI. JTO OYEBHIHO, TaK KaK €CIIH
CKOpoCTh ABIKeHUsI cucteMbl K( oTHOCHTENnbHO cucTteMbl K paBHa U, TO P 3TOM
ckopocth aBuwxkeHuss K otHocutenbHo K paBHa - U . CienoBarenbHO, CAEAYOIINE
BBIPKEHUSI SIBIISTFOTCS CTIIPABEIITMBBIMU

x(=g(x- ut), (9.3

ct(=g(ct - ut)=g(c- u)t. (9.3a)
Beipazum t( u3 popmynst (9.3a) u nojacraBum B ypaBHenue (9.2a):

ct=g(c +u)g( )t
- g2c% - u?) =[b =u/d] =g%C(L- b?).
W3 nocneqHero ypaBHEHUs CISAYET, YTO
1

Teneps HaiiaeM cootHorienne Mexay t u t( INepenumem popmyny (9.3), uc-
1oJib3ys BeipaxeHus (9.2):
x(=g(x- ut) =g(g(x¢+ut9 - ut).
Penrnm mnociiennee ypaBHEHUE OTHOCUTENBHO U
x@=g2x¢+g2utt qut,

qut =(g? - Dxe+guté=gaut¢ (1- g2)x¢,
1- g2 &

t=g¢ x¢=g t¢+_(1- —)

Qu 9% 5

(9.4)

[MoncraBum u3 ypaBHenus (9.4) 3naueHue y:

L Foel x
2 %]

w/lbe



Taxum oOpazom, Mbl noay4win npeodpazoBanusi JlopeHna, npeaioKeHHbIE
X. Jlopenuem B 1904 r. enie 10 NOSIBIEHUS] TEOPUU OTHOCUTEIBHOCTH

x:%(xmut(y, y=y¢ z=2z¢
1-b (9.5)

a?¢+
\/1 b2 g ﬂ
[IpeobpazoBanust JlopeHia, 3aMeHsIONINE Hpeo6pa303aHI/I>1 lanmusnes, mo3BonuIU
OOBSACHUTH PE3YNbTaThl ONBITOB MalikenbcoHa—Mopau. OTMETuM, 0JIHaKO, YTO MpHU
3TOM TUnoTe3a, chopmynupoBanHas [[x. Ouiypkepansaom U X. JlopeHiieM u uc-
noJip3ytomias mpeodpazosanus (9.5), npenmonaraia CymecTBOBaHUE AOCOIIOTHOU
CUCTEMBI OTCUE€Ta, B KOTOPOH 3(PUp MOKOUTCS, Hapylias, clieJ0OBaTeIbHO, MPUHLIHUII
OTHOCHUTEJIBHOCTH BCEX MHEPLHUAIBHBIX CUCTEM.

Cnycts ron, B 1905 r., DUHIITENHH KapIMHABHO PELInI MPpo0IemMy, IepecMoT-
PEB UCXOJHBbIE MOJIOKEHHUS KIACCUYECKOM (DU3UMKU O CBOWCTBAX MPOCTPAHCTBA U
BpeMeHu. Ha ocHoBe crernuanbHOW TEOpUH OTHOCUTEIBLHOCTH MM OBbUIM BBIBEJEHBI
npeoOpa3oBaHUs KOOPJAUHAT

1
X0= ———(x-ut), yb=y, z6=z
1- b?
1 u s
t¢= ——¢I- x2.
1- b2 & (c° ra
N3 cpaBHenus npeodpaszosanuii (9.5) u (9.6) BeITeKaeT, YTO OHU CUMMETPHYHBI U OT-
JMYAIOTCS JIUIIb 3HAKOM ITPH CKOPOCTH U .
Ilpunyun coomeemcmeus:

IPH MaJIbIX CKOPOCTIX U << C, T.e. b <<1, nmpeoOpa3opanus JlopeHIa nepexoasir

(9.6)

B npeoobpaszosanusn I anunes. IlpeodpazoBanust ['anumnes SBISIIOTCS MpeaeTbHBIM
ciyyaeM npeoopazoBanuii JIopeHa.
[Tpu u > ¢ Beipaxeuns (9.5) u (9.6) mus X, t, X( t¢ TepsroT GU3NISCKUIT CMBICT,

TaK Kak CTaHOBATCS MHUMBIMH. DTO O3HAYaeT, YTO JBHXKEHHE CO CKOPOCTHIO, 00JIb-
1€l CKOPOCTH CBETa B BaKyyMe, HEBO3MOXKHO.

9.3. OTHOCUTENBHOCTH MOHSTHS OJITHOBPEMEHHOCTH

Teopust DWHIITENHA PACCMATPUBAET HEPA3PBIBHO CBSA3aHHBIE NTPOCTPAHCTBEH-
Hbl€ M BpPEMEHHbIE KOOpPJIMHATHI, OOpa3yloUIUMe YEThIPEXMEPHOE MPOCTPAHCTBO-
BpEMS$i, B KOTOPOM IPOTEKAIOT Bce Ppusznueckue sipneHus. OJHO U3 CIECTBUN CleLH-
aJbHON TEOPUU OTHOCUTEIBHOCTH COCTOUT B TOM, UYTO BpEMsl MepecTaer ObITh abCco-
JIOTHOW BENMYMHON. OJJHOBPEMEHHOCTH SIBJISIETCS MMOHATUEM OTHOCUTEIBHBIM, MPHU-
oOpeTaroleM CMbICH, KOrja YKa3aHo, K KaKOW CUCTEME OTCYETA ITO MOHSITUE OTHO-
CUTCH.

ITycts B cucteme K B TOUkax ¢ KOOpAMHATAMHU X; U Xo B MOMEHTBI BPEMEHHU

t; u t, mpoucxonaT aBa coObiTus A1 U A, B cucteme K( M cOOTBETCTBYIOT KOOP-



nvHaTel Xf u X B MOMeHTHI BpeMeHH tf u t§. Eciu coObiTusa B cucteme K mpowuc-
XOIISIT B OTHOU TOUKE ( Xy = X, ) M SABJIAIOTCS OAHOBpeMeHHbIMU (1 =1, ), To, cormacHo
npeobpasoBanusaM Jlopenma (9.6):
X =X5, Y =15,
T.€. 9TH COOBITHS SIBISIFOTCS. OTHOBPEMEHHBIMH M IIPOCTPAHCTBEHHO COBIMAIAIOIIUMH
1711 TF000M MHEPIMAIBHOM CHCTEMBI OTCUETA.
Ecnm coOpitust B cuctemMe K mpocTpaHcTBEHHO pa3oOmieHsl (X 1 X, ), HO 0f-

HoBpeMeHHBI (t, =t, =t), To B cucreme K¢(, cormacHoO npeoOpa3zoBaHUIM
Jlopenna (9.6):

x¢= X¢ =
b1 b2 * J1- b?
_t-ux/c? t-ux,/c
tg= -

T.¢. B cucteMe K( 3Tu cOOBITHS MPOCTPAHCTBEHHO pa3HECEHHI, Kak U B cucteme K, a
Takke He OJHOBpeMeHHBI. ClieI0BaTEIbHO, OHOBPEMEHHOCTD JIBYX COOBITHI 3aBH-
CUT OT BbIOOpa cUCTeMBI O0TcueTa. HeoOXoumMo yKka3pIBaTh CUCTEMY OTCYETa, OTHO-
CUTEJIBHO KOTOPOH 3Ta OJJHOBPEMEHHOCTHh HMEET MECTO.

CornacHo DuHIITENHHY (U3UYECKON PealbHOCThIO 00JIalaeT HE TOYKa Mpo-
CTpaHCTBa U HE MOMEHT BPEMEHH, a TOIbKO camo coObITHe. [103TOMY, 4TOOBI B KOH-
KPETHOW CHCTEME OTCUEeTa OIMUCATh COOBITHE, YKa3bIBAIOT MECTO, B KOTOPOM OHO
MIPOUCXOJIUT, U MOMEHT BPEMEHH, KOTJJa OHO MTPOUCXOINUT. B CBOIO ouepenb 3TO 03-
HAYaeT, YTO MPHU COMOCTABICHUH JIBYX COOBITHIA, IPOU3OMIEIINX B PA3TNIHBIX MEC-
Tax, TpeOyeTCsl CpaBHUTh BpeMs (ITOKa3aHMs 4acoOB) B Pa3jIMUYHBIX TOYKAX CHCTEMBI
oTcueTa. ITO BO3MOXHO, TOJIBKO €CJIM XOJI BCEX YacOB JAHHOW CHCTEMBI OTCUETa
CUHXPOHU3UPOBAH, HATIPUMEP C TIOMOIILI0 CBETOBBIX WJIM PaIMOCUTHAIIOB. [Ipn 3TOM
M0 CUHXPOHH3WPOBAHHBIM YacaM MOJXKHO OIPEACNSITh BPEMsI TOJIBKO ISl CUCTEMBI
0TCYETa, OTHOCUTEIBHO KOTOPOH CHHXPOHU3UPOBAHHBIE YaChl TTOKOSITCS.

W3 OTHOCUTEIHPHOCTH TIOHATHS OJTHOBPEMEHHOCTH CJICTYET, YTO HEJIb3s TOBO-
puTH 00 aOCOJIOTHOM BPEMEHH, T.€. CHHXPOHU3UPOBAHHBIC YaCchl CHCTEMBI OTCYETA
K(, paccraBieHnbie, HanmpuMep, BAOIb ocu X (, OyayT MOKa3sIBaTh pa3HOE BPEMS B
cucteme otcueta K, 3aBucsinee OT KOOPAUHATHI X (MECTHOE BpeMs).

Taxum 06pa3oM, MOCKOJBKY 3HAaK pa3HOCTH t§ - tf ompenensieTcst 3HaKOM BBbI-

axXeHud - U(X, - , TO IIOPAAOK OZHOBPEMCHHBIX B CUCTEMEC OTCUCTA K coObITHii
2

Ay 1 A, MOXKET OBITh JIFOOBIM B IPYTHX CUCTeMax oTcueTa (P pa3IuvHbIX 3HAYCHU-
SIX CKOPOCTH U ), T.€. OBITh KaK MPSIMbIM, TaK 1 00paTHbIM. COOBITHSI OJTHOBPEMECHHBIC
JUTsL HEMOJIBMXKHOTO Habsoaresnss OyAyT HE OJHOBPEMEHHBI JJi JABMXKYLIErocs Ha-
omonarens. OgHaKO MOJYEPKHEM, UYTO BCE CKa3aHHOE HE OTHOCUTCSA K MPUYMHHO-
CBSI3aHHBIM COOBITUAM (CM. moaTeMy 9.6).



9.4. OTHOCUTENBHOCTD IVINH M IPOMEKYTKOB BpeMeHHU

W3 npeodpazosanuii Jlopenna (9.5) u (9.6) cnenyer, 4ro JUHEHHBIA pa3mep
TeNa, ABUKYIIETr0Cs. OTHOCUTEILHO MHEPUMAILHOW CHCTEMBI OTCYETA, YMEHBIIIAETCS
B HANPABJICHHUU IBWKEHHS. DTO U3MECHEHHE MPOJOIBHOr0 pasmepa Tena (1o Hampas-
JICHHIO OTHOCHTEJIBHOIO JBIJKCHHS) HA3BIBACTCS JIOPEHIEBBIM COKpAIllEeHHEM M
(bHUKCHUpYyeTCs B YCIOBHO HEMOBHKHOM HHEPIHUAIBHON CHCTEME OTCYETA.

K  aK’ [Iycte |y — mnmua cTepXHS, MOKOSIIETocs B
Yl v u cucteme KC(. Pa3mepsl Tena B TOW HHEpUUATBHOU
_> CUCTEME OTCUYETa, OTHOCUTEIBHO KOTOPON OHO IOKO-
UTCs, Ha3bIBAKOTCS COOCMEEHHbIMU pazmepamu. Ec-
o X x _, M CTCPXCHb PaCIONOKEH BJIOIh OCH X¢, puc. 9.3,
o (1) Xo(t) X X' TO lg=X5- Xf, tme Xf U X§ — KOOPJAMHATHI KOHIIOB
crepkHs. [lo onpenenenuto anumHa L Toro xe crepx-

Puc. 9.3. Crepxenp o
HokomTes B crcreme K, Hs B cucteMe orcyeta K , OTHOCUTENBHO KOTOPOI OH
KOTOpAst TBHKETCH BMecTe ¢ cuctemoit K( nBmxkercs co ckopocthio U
OTHOCHTEIHHO cHcTeMbl K BJIOJIb OCH X, paBHa PAa3HOCTH 3HAYEHUN KOOPJIHWHAT
CO CKOPOCTHIO U KOHIIOB CTEPKHsI, U3BMEPEHHBIX B OJUH U TOT K€ MO-

MEHT BpeMeHH 1o gacaMm cucteMbl K (1) =t,):

lo =X Xf= (%, - %)/y1- b? =L/\/1- b2,

CrenoBateNbHO, TIPU ONPEIeIICHUH JUIMHBI (IPOJ0JIBHOTO pa3Mepa) Tejia B CUCTEME,
OTHOCUTEIBHO KOTOPOH TEJI0 ABMXKETCS, U3MEPEHHAs JIJIMHA Teja Oy/leT MEHbIIE ero
COOCTBEHHOM JJIMHBI, BHIYUCICHHON B CUCTEME OTCUETA, TJ/I€ TEeJIO MOKOUTCS !

L=1lgy1- b?. (9.7)

JluHeiiHble pa3mepbl Teda OTHOCUTENbHBI. Ero coOCTBEHHBIE pa3Mepbl SBISIOTCA
MakcuMajabHbIMU. [103TOMY, yKa3biBas UMCIEHHO JUIMHY HEKOTOPOIO Tejla, HeoOXo-
AUMO coo0lIaTh, B KAaKOH KOHKPETHOW CHCTEME OTCUeTa ONpejesieHa JaHHAasl BEJH-
YUHa.

MO0>HO HOKa3aTh, YTO [IONEPEYHBIC PA3MEPHI TEIa HE 3aBUCAT OT CKOPOCTHU €ro
IBUOKEHUS M OAUHAKOBBI BO BCEX MHEPLIMAIBHBIX CUCTEMAX OTCUYETA!
Yo-V1=Y5- W, -4 =%- A, (9.8)

WNnaye, Hanpumep, NycTb UMEET MECTO HECOBIA/IE-

’ )
?'EK v|* Hue BaOMb oceli Y u Y( pasMepoB ABYX OJMHAKOBBIX
A A STAJIOHHBIX TeJ, MOMENeHHLIX B cucTeMbl K n K(, kak
noka3zaHo Ha puc. 9.4. Toraa ¢ Touku 3peHust 00enx cuc-

- TE€M OTCUYeTa OJIMH U3 TAJIOHOB OYyJIeT KOpoue APYroro u,
CJIeI0BATEIbHO, MOKHO OTJIMYHUTH ABKYIIYIOCS CUCTEMY

o - 5 orcuera K( ot HemoaBmkHOU cucteMbl K 1o Oolee Ko-

POTKMM MONepeyYHbIM pazMepaM. OJIHAKO 3TO MPOTUBO-
PEUUT NPUHYUNY OMHOCUMETLHOCTU.
JIopeHLIeBO COKpalleHUE SIBIISIETCS KUHemamuye-

Puc. 9.4. K onpenencunro
MOTIEPEYHBIX Pa3MEPOB TEJ



CKUM penamusucmckum 3gpgexmom. OHO HE CBSA3AHO C JIEUCTBUEM HA JBHXKYIIIEECS
TEJI0 KAaKUX-TUOO MPOJIOJIBbHBIX CHJI, COKMMAIOUIUX €ro BJOJIb HAIlpaBJICHUS JBUXKe-
HUS, 1 00YCJIOBJIEHO ONpPENENEHHOMN MpOoLeAYpOl U3MEPEHUs Pa3MEPOB JBUKYILETO-
csl Tena. DTO COKpAIleHHE CYIIECTBEHHO TOJBKO MPU CKOPOCTAX ABUKEHUS, OJTU3KUX
K CKOpPOCTH CcBeTa B BakyyMme. M3 Beipakenus (9.7) cienyer, 4To Tena HE MOTYT JBH-
raTbCsi CO CKOpPOCTAMM U 3 C, Tak Kak Ipu U =C TPOJOJIbHBIN pa3Mep Tena CTaHo-
BUTCSl paBHBIM HYIIIO, @ IPU U > C OH JIOJKEH ObUT Obl ObITh MHUMBIM. OTMETUM, YTO
IIPU MaJbIX CKOPOCTAX U << C JAJuHa Teja NpUoOpeTaeT NPaKTUUECKU aOCOIIOTHBIN
cmeicn (L »1,).

OTHOCHUTEJILHOCTh NPOMEXYTKAa BPEMEHU MEXAY KaKUMHU-TUOO ABYMS COObI-
TUSIMU, HaIIpUMeEp, MEKIY Ha4aJloM M KOHIIOM Kakoro-iu0o mporecca, — 310 elie oj-
HO Ba)KHOE CJIEACTBUE Mpeodpa3zoBanuii JIopeHua.

[Tycts B ABmkylieicss nHepHuanbHO cucteMe orcdera K nBa paccmarpu-
BaeMbIX COOBITHS 1 M 2 MPOUCXOAAT B OJHOM M TOH ke HEMOABUKHOW OTHOCUTEIBHO
KC Touke 4 (X =X§) B MOMEHTHI BpeMeHH tf u 1§, Tak 4TO MPOMEKYTOK BPEMEHH

MEXKIY 3TUMH coObITHAMH t (=t =16 - tf. OTHOCUTENBPHO HENMOIBMKHOM MHEpPLU-

ambHOH crcTeMbl oTcueTa K Touka A ABIKETCS C TOM ke CKOPOCTBIO U , 9TO U CHC-
tema KC. IToaromy B K coObiTus 1 1 2 coBepiatoTcst B pa3HbIX TOUKaX C KOOPAUHA-
TaMu X; U X,. IIpu aToM X5 - Xy =ut ,raet =t, - {{ —TPOMEKYTOK BPEMEHU MEXK-
ny coobiTuaMu 1 u 2 o yacam B cucteme otcdera K, T.e. 115 onucanust coObituit 1
1 2 He0OXOAMMBI MOKa3aHUs U 4acoB, U U3MEPEHUs KoopauHat. 13 mpeoOpa3zoBaHuii
Jlopenna (9.5) cienyer, uto

[ = 1g+u x$/c® tf+u xg/c® _ tg- g

J1- b2 J-p2  J1-p?’

= 0 (9.9)
J1- b?
Takum o0pa3om, OJIHH U TE€ € Yachl B Pa3HBIX MHEPIHAIBHBIX CUCTEMAX OT-
cyera MAYT MO-pa3HOMY. JIUTENBHOCTh MPOLECCA, MPOUCXOIAIIET0 B HEKOTOPOU
TOYKE, MUHMMAaJbHA B TOW MHEPUHUAIBHOW CUCTEME OTCUETA, OTHOCUTEIIBHO KOTOPOU
9Ta TOYKa HEMOABMKHA. T >1 .

Bpewms, oTcunThIBagMOe 10 YacaM, JBKYIIMMCS BMECTE C TEJIOM, B KOTOPOM
MIPOUCXOIUT HEKOTOPBIN TPOIecC, HA3bIBACTCSI COOCTBEHHBIM BPEMEHEM JTOTO Tela.
CornacHo ¢opmyie (9.9) cobcTBeHHOE BpeMsi camMoe KOpoTkoe. B 000l cructeme
OTCYE€Ta, OTHOCUTEIHPHO KOTOPOW Yachl JIBYWIKYTCS, Yachl MAYT MemjeHHee. Hampwu-
Mep, Yachl, ABMKYITUECS OTHOCUTEIHLHO WHEPITUATBHOW CUCTEMBI OTCYETAa CO CKOPO-

CTBIO U, UAYT MEJJIEHHEE MOKOAINUXCA 4YacOB B ]/ J1- b? pa3. O1oT 3¢ dexT Ha3bI-

BaeTCs «3ameodienuem epemenu» (peasTUBUCTCKUN 3 (EKT 3aMe/UIeHns X0j1a Bpe-
MEHH).

COOTBGTCTBGHHO (1)I/ISI/I‘IGCKI/IC Hpoueccm B IIBH)I(YH.IGﬁCH CUCTEMCEC OTCUCTa OJIA
Ha6JIIOIIaTCJI$I, OTHOCHUTCJIIBHO KOTOpOFO 9THU YaChbl IIBI/I)KYTCSI, HpOTeKaIOT MCIJICHHEC,
YycM B H€HOI[BPI)KHOI>1. OIIHaKO nu3 npuryuna OMmHoOcumejalbHocmu CHCI[yeT, YyTO Ha-




omonarens B cucteme orcueta K(, NBHKYIIEHCS OTHOCUTEIBHO CUCTEMBI OTCUETa
K, He 3aMeTHT, YTO €ro 4achl UIYT MeJJIeHHee, yeM 4achkl cucteMbl K . MHaue o6a
Habmonatens B cucremax K u K( 3apukcupoBanu Obl, 4TO B MHEPI[HATBHON CHCTE-
me orcuerta K( Bpems Teuer MemieHHee. A 3T0 Gbl HO3BOJIMIO MM 3aKJIIOYHUTh, YTO
OJIHa 13 UHEPLHUAJIbHBIX CUCTEM OTCUETA OTIIMYAETCS OT JPYIrOM.

B 1971 r. Obu1 BBINIOJNIHEH CIAEAYIOMMHA SKCIEpUMeHT. CBEPXTOUHBIE Yachl 00-
JIETEIN HAa PEaKTUBHOM CaMoOJIETE BOKPYr 3eMiM. B HadalbHBIA MOMEHT BpEMEHU
t =0 ux mokazaHus coBmaganu ¢ yacamu cucteMbl K . CKOpPOCTh camoieTa cocTaB-
msina U =10° km/4, T.e. Gbla 3HAYMTENBHO MEHBIIE CKOPOCTH CBETA B BAKYyMe. BbTO
YCTAaHOBIICHO, YTO MOrPEIIHOCTh X0/a YacoB cocTaBmaa okono 107 ¢. Pemnm mom06-
HYIO 33/1a4y TEOPETHUYECKH, UCTIONB3ys BhipakeHue (9.9). Mrak, yackl ABUraINCh OT-
HOocHUTeNIbHO cucTeMbl K co ckopocthio U . Ilycte B MOMEHT BpeMeHu t mo vacam
cuctemMbl K  mBmkymmecs d9acel mokaseBamu Bpems t;. Cormacro (9.9)

t, =ty1- b?. CrienoBaTenbHO, HCKOMOE BPEMS

t- t,=t(1- J1- b?).

[Tockonbky U << C, T0 0 popMyJie 6uHOMa HproTOHA

J1- (u/c)® »1- %(U/C)Z.
28 ¢

1 o
Torpa t- t, ZEEEE t, T.e. IEHCTBUTENILHO, Hanpumep, 3a Bpems t =60 muH (1o ya-

cam cuctemsl K ) nBmkymuecs yackl otctanyT Ha 1,5X10°° c.

Takum 00pa3om, TeueHHE BPEMEHH 3aBHCUT OT COCTOSIHUS JBHKeHUs. Yuc-
JIEHHOE 3HAaY€HHUE MPOMEKYTKAa BPEMEHHU MEXIY JIBYMs COOBITHSIMU HMEET CMBICI
TOJIBKO TOT'/la, KOrAa YKa3aHo, B KAKOM CUCTEME OTCYETA ATOT MTPOMEKYTOK U3MEPEH.
SIBneHne 3aMeNICHUS BPEMEHHM — OTO KUHEMAMUYECKUUl PenamuéucmcKuil ig-
¢hexm, KOTOpBIII BO3HUKAET B Mpoliecce usMmepeHus. JJanuoiii 53 et sBisieTcs: B3a-
MMHBIM M TaK K€, KaK W JJIsl AJIMH, CAMMETPUYEH OTHOCUTEIBHO 00€MX MHEpLHUalb-
Hbix cucrem orcuera K u KC.

9.5. UurepBai Mexay coobiTusiMu. Ero nHBapmaHTHOCTH

KoopanHarhl KI1acCHYECKOr0 TPEXMEPHOTO MPOCTPAHCTBA MPeoOpa3yroTCs ca-
MU "epes cebst, HarpuMep, MPH MOBOPOTE AECKAPTOBBIX OCEH B IIOCKOCTH Ipeobpa-
3YIOTCS TOJBKO MPOCTPAHCTBEHHBIE KOOPAMHATEL. Bpemst rmpu 3ToM B (OPMYIIBI Ipe-
00pa3oBaHus HE BXOIHT, IIOCKOJIBKY CYMTAETCS, YTO OHO HE mpeobpasyercs. [Ipeod-
pasoBanus Jlopenna (9.5) u (9.6) cBs3bIBalOT KOOPAUHATHI MPOCTPAHCTBA K MOMEHTBI
BpPEMEHHU.
A. Ilyankape u uyth o3:xe B 1908 r. I'. MUHKOBCKHI1 OKa3aiu, 4To:
npeobpazosanust Jlopenya MOXKHO pacCMaTpUBaTh, KaK MOBOPOTHI OCEH KOOPMHAT
B YETHIPEXMEPHOM MPOCTPAHCTBE, B KOTOPOM K TPEM MPOCTPAHCTBEHHBIM KOOPIH-
HaTaM X, y, Z 100aBIIIeTCS «BpEMEHHAsI» KOoopaAuHaTa Ct (pa3MepHOCTh BCEX KOOP-
JIWHAT OJMWHAKOBA), T.C. MOJOKEHHE Ka)KIOW TOYKH ITOrO IPOCTPAHCTBA OJHO-



3HAYHO ONPECIIAETCS] COBOKYITHOCTBIO YeThIpeX KoopauHar (Ct, x, y, 2).

B cnenunanbHOM TEOpUM OTHOCUTENBHOCTH BpeMs U 3-MEPHOE MPOCTPAHCTBO
HE3aBUCUMO JPYr OT Jpyra HE CYIIECTBYIOT, a 00pa3yloT eauHoe 4-wmepnoe npo-
cmpancmeo-épema Munkoeckozo.

CgoiicTBa 4-MepHOTO MPOCTPAaHCTBA MUMHKOBCKOTO OTJIWYHBI OT CBOMCTB
OOBIYHOI'O 3BKJIMIOBAa 3-MEPHOro mpocTpaHcTBa. [Ipu moBopoTe ocell neKapTOBBIX
KOOPAMHAT MEHSIOTCA MPOEKINK T000r0 BEKTOpa [, HO He M3MEHSeTCs CKalipHas
BeJIMUMHA — JTMHA 3Toro BekTopa (cM. dopmyny (1.1)). Oanako mnpeoOpa3oBaHuUs
JlopeHIia MEHSIOT 3Ty BeNMYUHY (B IPYroil MHEPIUAIBLHOW CUCTEME OTCUETa UMEET
MecTo A(G(EKT PEeNITUBUCTCKOrO COKpalleHus JUiuHbI). [lo3TomMy OOBIYHBIC
3-MepHbI€ BEKTOPHI HE MOT'YT ObITh BEKTOpaMU MPOCTpaHCTBa MUHKOBCKOTO.

[Ipocrelimelt koMOMHaMEN, MOCTPOCHHON M3 KOOPAMHAT X, y, Z A Ct, U UHBa-
PUAHTHOM MO OTHOIICHUIO K TpeoOpazoBanusm Jloperma (9.5) u (9.6), T.e. He 3aBu-
csiuieil oT BbIOOpA CUCTEMBI OTCUETA, ABIIAETCS MHTEPBAJ MEXAY ABYMS COOBITUSIMU.

HNuTtepBan mexay n1ByMs coObITUSIMH 1 U 2, BEIYUCTICHHBIN B HHEPLUAIBbHON
cucteme orcuera K(, —3T10 BenuunHa, paBHas

sb = /c2(th) - (15)%, (9.10)

rae t{, = t§ - tf — mpoMexyToKk BpeMEeHH MEXIY pacCMaTpPUBAEMBIMU COOBITHS-

mu 1 u 2, onpenensiemsrii B cucteme K¢ |f,— paccTostHne Mexay AByMs TOUKaMu

OOBIYHOT'O TPEXMEPHOr0 MPOCTpaHCTBA B cucteMe K(, B KOTOpBIX COBEpIIAIOTCS CO-
ObITHUS

16 = (8- X% +(y8- yB? +(28- 9% =/Dx€ + Dy€ + Dz .
[Ipu nepexosae oT ABMXKYIIEHCS HHEpLMAIbHON cucTeMbl oTcuera K( k Hemo-
BIKHOUM MHEpLMANIbHOM cucteme orcuera K nmomyyaem

S =S5 =+/CtE - 155 . (9.10a)
JIeHCTBUTEIILHO
(sB)? =c®(t8-th - (x¢- xB*- (v8- yP°- (- 2D° ="t - I =inv,

Dx - ut Dt - Dxou/c?

W,Dy(:Dy,Dz(:Dz,Dtd:: W

JlonycTum, 4TO paccMaTpUBaeMble COOBITHS MPOM3OUUIM C OJHOM M TOM Xke
gacruneit. Toraa ly,/t, =U — ckopocTs yactuisl. Cie0BaTebHO,

Spp = CtlZ\/l' (l12/Ctip)? = ctipy/1- b2,

VYTBepKIeHHe «aBa COOBITUS Pa3eieHbl HEKOTOPHIM MHTEPBAJIOM S» UMEET adco-
JIIOTHBIN XapakTep, Tak Kak CIpaBeJIMBO BO BCEX MHEPLMAIBHBIX CUCTEMAaX OTCYETA.

IIOCKOJBKY Dx¢=

Bennuuny t , =t,/1- b? HasbIBaIOT MPOMEKYTKOM COOCTBEHHOrO BPEMEHH YaCTH-

6l MeXay coObTusaMu. Ilostomy S, =Ct . Ilockonmsky C=const, To S, =invV u
t,=inv.



B mpoctpancTtBe MMHKOBCKOro Kaxa0oe€ COObITHE 0003HAYaeTCsl MUpOGoil
moukoii, puc. 9.5. InTepBan Mexay AByMs COOBITUAMU Sf, (IBYMS MHPOBBIMH TOY-

KaMH) SIBJISICTCS KBAJAPaToM JUIMHBI 4-MEpHOTO paJMyC-BEKTOpa B MPOCTPAHCTBE
MunkoBckoro. IIpoeknnn Takoro Bekropa Ct, X, ¥ ¥ Z OKa3bIBalOT MPOCTPAHCTBEH-
Hbl€ KOOPJMHATBI HEKOTOPOTO COOBITHSI M MOMEHT BpPEMEHH, B KOTOPBIM OHO
IIPOU30ILIO.

ct N300paxkas nmpouecc JBUKEHUS YACTHIBI KaK MOCIE0-
) BaTEJIbHOCTh COOBITUH — MHPOBBIX TOUYEK, MOJYYHM TPAECKTO-
pHUIO IBMKEHHUs B MpocTpaHcTBe MuHKOBCKOro. OHa Ha3blBa-
€TCS MUPOEOI TUHUEN U TIOKa3bIBAET NPOCTPAHCTBEHHBIE KO-
OpAWHATBHl YacCTUIbl B JIFOOOW MOMEHT BpEMEHH, T.€. Mpea-
Puc. 9.5. TIpoctpanctBo  CTaBISET BCIO HCTOPUIO CYLECTBOBAHMS YaCTULIBI.

.., MHpOBas

MBUHEOBCKOTO Ecmi S5 >0, T.e. S, — AGHCTBHTEIBHOE YHCIO0, TO HH-
TepBaJl Sy, HA3bIBACTCS 6PEMEHUN000OHbIM. B >TOM ciydae Bceraa MOXKHO HAaWTH
takyto cuctemy K(, B kotopoii 06a coObITHs mporcxoaar B oaHoi Touke (I, =0),

T.e. OyAyT OJNHOMECTHBIMHU: C2t122 - |122 = Cztfg. HMuTepBan MOXHO M3MEPHUTH TOJBKO

4acaMu.
CeéemonododnbM UHTEPBAIl Ha3bIBAaeTCs, Koraa Sj, =0, coObITus MOryT OBITH

CBSI3aHbl CBETOBBIM CUTHAJIOM. COOBITHSI, pa3€ieHHbIE BPEMEHUIIOA00HBIM WUJIN CBE-
TOMOJOOHBIM MHTEPBAJIAMH, MOTYT ObITh MPUYUHHO-CBSI3AHHBIMU JIPYT C IPYTOM.

Ecmu S5, <0, T.e. S, — MHEMOE UHCIIO, TO MHTEPBAJ HA3BIBACTCS NPOCMPAH-

cMmeennono0oonsvim. Beerna MoxxHO HalTu Takyro cucreMy K(, B koTopoil oba co-
ObITUST B pasHBIX TOYKaxX OYAYT ~TPOHCXOAWTh oxHoBpeMeHHo (tf, =0):

c’tZ, - 15 =-18. Ipu stom |5 Beerna Gombine C2t3, T.e. HE B OJHOI CHCTEME OT-
cdera COOBITUSI HE MOTYT OKa3aTh BIMSHMS IpYyr Ha Apyra. MHaue cBA3b MEXIy CO-
OBITUSIMU JTOJKHA OblTa OBl OCYIIECTBIISITHCS CO CBEPXCBETOBOM CKOPOCTHIO. Takum
o0pa3oM, Ba COOBITHS, pa3JeleHHbIE IPOCTPAHCTBEHHONIOJOOHBIM MHTEPBAJIOM, HE
MOTYT OBITh COETMHEHBI MUPOBOW JTMHUEH.

9.6. [lpyunHHOCTH

ITycts B nHEepuuanbHOi cucteMe K B MOMEHT BpeMeHU t; B Touke 4 ¢ Koopau-
HATO# X1 BO3HUKAET CUTHaI. B Touke B (KoopAHMHATA X) MPU MOJYYCHUN CUTHAJA B
MOMEHT BpeMeHHU t, HaumHaeTcs 3amyck pakeTsl. bynem npeanonaraTts, 4To 06a co-
ObITHSI TPOUCXOAAT HAa ocu X. CKOpOCTh pacHpOCTpPAHEHMsI B JAHHON CUCTEME OTCYe-
Ta CUTHAJIa — CKOPOCTh BIUSAHMA U, . MoxkeT 1 ObITh Takoi HaOIOAaTENb, U1 KO-
TOpOro mpu4rHa OyJIeT B TOUKe B, a ciencteue —B Touke A? O003HAYUM JIJIs1 TAKOTO
HaOmonatensa t§ u tf xak COOTBETCTBEHHO MOMEHTBI BPEMEHHU NPUXOJa CUTHAJIA B
TOYKY B M UCITyCKAHUS CUTHAJA U3 TOYKH 4.

B cucreme otcuera K t, >t;. Jlnsg onpeneneHHOCTH yCTh X, > X; . IIpu aToM



OYEBHUJHO, UTO X, - X; =u,, (t, - t;).
13 npeobpasoBanuii Jlopenna (9.5) u (9.6)
2 2
ig- tg= tr- - (X- X)u/c _ (- 4)@A- Ug, U/ c?) (9.12)

J1- b2 J1- b2 ’

rae U — CKOpOCTbh MHEPLHUAIBHOM MTOABUKHON CUCTEMBI OTCUYETA.

usu
Benmunna 1- —% B ypaBHeHuw (9.11) Bcersa nmonoxurenbHa, Tak Kak U <C,
c

a U, £C (xorma NpUYMHHO-CIECACTBEHHAS CBSI3b OOYCIOBJICHa MaKCHMAalbHO BO3-
MOYKHOU CKOPOCTBLIO IIEPEayd CUTHAJOB MM B3aMMOJEHCTBUM, TOrna U, =C, T..

MaKCHMaJIbHOE 3HAYE€HUE CKOPOCTU BIMSHUS PABHO CKOPOCTH PACIIPOCTPAHEHHS CBE-
Ta B BAKyyMme).
CnenmoBarensto, ecnu t, >t, o u t§>t{. Takum 06pa3oM, HOCIEIOBATEIb-

HOCTb XOJa COOBLITHIl IIPUYMHA—CJIEACTBUE B DPEISITUBUCTCKON MEXAHHUKE SIBISIETCS
HEU3MEHHOMW, U MOPSIOK CIICIOBAHUS MPUYUHHO-CIICACTBEHHBIX COOBITUN OJUHAKOB
BO BCEX MHEPIMATIBHBIX CHCTEMaX oTc4yeTa. YTOOBI MOCICAOBATEIBHOCTh X0/1a COOBI-
TUN MOMEHSJIaCh, Ha/10, YTOOBI CKOPOCTh MHEPIIMOHHOT0 HabMroAaTes OblIa OOJbIIe
CKOPOCTH CBETa, YTO HEBO3MOIKHO.

9.7. PeIITUBUCTCKHUI 3aKOH MPe0OPA30BAHUS CKOPOCTEN

Bektop B mpoctpancTBe MUHKOBCKOrO MMeeT 4 MpOEKIUH, KOTOpble Oynem
0003Ha4ath rpedeckum cumMBoioMm: Aq (Ay, A, Ay, A,), ¥ SIBISETCS WHBAPUAHTHBIM

OTHOCHTENbHO mpeobpa3oBanus Jloperua. Takue BEKTOPHI HA3BIBAIOTCS Yemblpex-
mepuvimu win 4-eexmopamu. Hampumep, deThIpeXMEpHBIH pagryc-BEKTOP IPO-
cTpaHcTBa MHHKOBCKOTO Iy (Fgt, Iy Iy, I;) MMEET CleyIomue NpOCTPaHCTBEHHO-

BPEMCHHBIC KOOPJAWHATHI. rct

HOU uHepImanbHol cucteMbl K k nHepumanbHoi cucteme K, nBrkyrieics BIOIb
ocu X cO CKOPOCTBIO U , KOMITOHEHTHI 4-BeKkTopa A, MpeoOpa3yroTcs MO 3aKOHY:

=Ct, r, =X, =Y,r,=z. Ilpu nepexosie OT HEMOIBHXK-

+EA§ ,Aél}+E
,=— ¢ " 9.12
DA P - 5/&
(9.122)

R AR A A

[TpeooOpazoBanus (9.12) u (9.12a) Ha3pIBAIOTCS COOTBETCTBEHHO MPSAMBIMH M 00paT-
HBIMHU.

OTH npeoOpa3oBaHMs aHAIOTHYHBI npeobpazosanusim Jlopenya (9.5) u (9.6).
[Tpu mepexojae B APYryr0 MHEPIHHUATBHYIO CUCTEMY OTcueTa (4TO SKBHBAJICHTHO IO-
BOPOTY OCEH mpocTpaHCTBA MHHKOBCKOTO) MPOCKIIUU 4-BEKTOPOB OYIyT MEHSITHCS.

OtmeTuM, 4TO KBaJapaT MHTEpBAJa MEXKIY IBYMS COOBITUSIMHU 3122 (9.10) sBnsiercst



PEIISITUBUCTCKUM UHBAPUAHTOM.
KBanpar 4-Bextopa omnpenenseTcss Kak CKaJsipHas BeMYWHA, OAUHAKOBAs JJIs
BCEX MHEPLUUAIBHBIX CUCTEM OTCUETA U paBHas
=A-A-A-A=AE-AF-AP- AP =inv. (9.13)
UtoObI MOAYy4YuTh 4-BEKTOP CKOPOCTH, HAJIO0 B3STh MPOU3BOJAHYIO OT 4-painyc-
BEKTOpAa MO CKAJSPHOU BEJIIMYMHE, BBIMOJHSAOUIEH B MPOCTPAHCTBE MHHKOBCKOTO

ponb BpeMeHH, — unTepBan ds=cdt =cy1- b2dt, koTopslii He H3MeHsIeTCs IpH Tie-

pexojie B APYryr0 UHEPIUAIBHYIO CUCTEMY OTCUeTa (7 — MHBApUAHTHOE COOCTBEHHOE
BpeMsi Teja, KOTOpPOE IOKA3bIBAIOT IOKOSIIUECS B CUCTeMe uYachl). [loaTomy
4-¢exmop cxopocmu eCTb
dry,
Um=—— 9.14
=, (9.14)
U €ro MpoeKIuu OyayT paBHbI

1 Ux Uy uz
Uy = ———=,Uy =—F2—,Uy = : (9.15)
J1-b2 " cf1- b2 cy/1- o2 c\/l b2
IIycts B cucteme K B mimockoctu X, Y JBUIKETCSA YACTULA 7 CO CKOPOCTHIO
1 o v v
Uq, OPOCKLHK KOTOPOii Ug, , Ugy U Ug,, prc. 9.6. Haiizem mpoekuun cKopocTH 3Toi

4acTHIBI UGy, UGy, 1 U, B cucteme K(. Ecin ¢X0ICTBCHHBIE OCH JCKAaPTOBBIX KOOP-

nuHat cucteMm otcuera K m K( momapno MapayIIebHbI U CHCTEMA K¢ nBuxercst ot-
HOCHTENbHO K ¢ TOCTOSHHOM CKOpOCTBIO U BIOME OCH X, IpHYEM B HAUANbHEI
MOMEHT Hauaja oTcuera BpemeHn B K u K((t =t(=0) nayana xoopaunat O u O(
ATHX CUCTEM COBIAJIAIOT, TO CIIpaBeAIUBLI peoOpa3oBanus Jlopenia B popme (9.6):

K ’
al v 4K xb= 1 (x-ut), yt=y, z¢=z
2
m /JO 1-b
u 1 u o
— te=—= & = x2
/| / 2 2
o O '—X,; Il_ b g c” g
Z / ¥z X ITpoexuuu ckopoctu U§ HaliieM CIeoyIOMKUM 00pa3oM:
Puc. 9.6. K BeiBOIY Ul = dxe — dx¢/dt ug., = dy¢ — dy¢/dt ul, = dz¢ — dz¢dt _
PEISITHBUCTCKOTO 3aKOHA dt¢ dt¢at’ dt¢  dt¢dt’ dt¢ dt¢dt
npeodpasoBaHisA CKOPOCTH - [poiidypeperuupyem Boipaxerus (9.6) mms X, y¢ z¢, t¢ mo
BpeMmenu t:
dx¢ 1 dx _Ugy-u dyt _dy _ dz( dz _

— = (—-u)= , ——=—=Upy, —— =— =Ugy,
dt ll_bz(dt ) /1_b2 dt dt %Y odt dt

u dxo_ 1- quX/c

\/1 bz? Cdig  f1-p2

IlosydeHHbIe pe3ybTaThl MOACTABUM B MPEIBIAYIIHE GOPMYIIBI JUIA U§, , UGy 1 UL, !



~ Uge- U
"5 1- uugy/c?’
9.16
o107 0w b7 o
&= 1- quX/c & = 1-uug, /e’

Otcrona ckopocTb yacTuilbl B cucteme K( paBHa

= o +u +uf - (g - u)? +u,(1- b?) +ug,A- b%)
1- uugy / c

Jaunbie popmynsl (9.16) u (9.16a) BeipaxkatoT pesITABUCTCKHUI 3aKOH Tpe-
o0pa3oBaHUs CKOPOCTEH MpPHU MEPEXOAE OT HEMOABHXKHOW K MOJABUKHOW HHEPIHU-
alnbHOM cucTeMbl oTcueTa. [IockonbKy Bce MHEPIMATIBHBIE CUCTEMBI OTCUETA PAaBHO-
IIPaBHbI, TO HEMOJBUXHYIO CHCTEMY OTCUETa MOYKHO PACCMAaTpUBaTh KakK IOJBUXK-
HYI0, a MOJIBMKHYIO CUCTEMY OTCUETa — KaK HEMoABMKHYI0. Toraa oOpaTHbie npeob-
pPa30BaHUs CKOPOCTEN MPHU MEPEX0/I€ OT MOJABUKHOU UHEPLIMAIBHON CUCTEMBI OTCUE-
Ta K HEMOJBUXHON MHEPIHUAIbHONW CHUCTEME OTCYeTa OYAYT MOJYHEHBI U3 BbIpaxe-
Huit (9.16) 3ameHol U Ha - U :

1+u u&(/c oy T4 ug/c2’ % 1+uug/c?
[Tpu Manbix ckopocTax (U <<C ¥ Uy <<'C) peNsSTUBUCTCKUM 3aKOH Ipeodpa-

(9.16a)

Uox =

30BaHUsl CKOPOCTH IPUHUMAET BUJ (hOpMyI1 peoOpa3oBaHUsl CKOPOCTH B HBIOTOHOB-
CKOU MEXaHUKE:
1 1 1
Ulx =Upy - U, UGy =Ugy, U§, =Up,, WIH B BEKTOPHOM BHAC U§=Ugy-U .

9.8. PeqsiTUBUCTCKMIT MMITYJIbC

Kak Opu10 Moka3zaHo paHee, AJIMHA, HHTEPBAJI BPEMEHU B PESITUBHCTCKOW JIH-
HAMHKE OTHOCHTEIBbHBI. MOXKHO TOKa3aTh, UCMONB3ys BbipaxeHus (9.14), uro s
3aMKHYTOW CHUCTEMBI U3 PEISITUBUCTCKUX YACTHUI] 3dKOH COXPAHEHUS HepesimUeUCHi-
K020 uMMyIbCa (4.6) He BbimonHsAETCs. OTMETHM TaKXkKe, YTO HEPEIATUBUCTKUI MM-
mynsc  P=mu. (em. ¢dopmyny (3.1)) He sBIIeTCS KOMIOHEHTOH KaKOTo-TH6O0
4-geKkTOpa MpocTpancTBa MUHKOBCKOTO.

Jliis 11060# pensITHBUCTCKOM YACTHIIBI JIETKO OMPENEIUTh 4-8eKMOop UMNYJib-
ca, yMHOXas 0e3pa3mMepHblil 4-BEKTOP CKOPOCTH Uy, HAa TOCTOSHHBIA MHOXKHUTEb:

Py = MCU,,. (9.18)

Bennuuna m B ypaBaenuu (9.18) — 310 Ta ke Macca, KOTOpasi BXOJUT B ypaBHCHHS
HBIOTOHOBCKOW MeXaHUKHU. [Ipu nepexoe or OJHOU CUCTEMBI OTCYETA K APYTrOu Mac-
ca M ocTaercs HEU3MEHHOM, MOCKOJIBbKY SIBJSETCS JOPEHIIEBEIM HHBAPUAHTOM.

[Tocne moncranoBku kKoMnoHeHT 4-ckopoctH (9.13a) monydyaeM peasiTHUBHCT-
CKUH UMIYJIbC MATEPUATIBHOW TOUKHU

r r r r mu
P=Px +Pyj+ Pk zl—bz. (9.19)



Ecmu b ® O, To pensaTHBHUCTCKUN UMITYJIBC COBMAJIET C KJIACCUYCCKUM UMITYJIBCOM.

[To aHagOTMK C KJIACCHYECKUM ypaBHCHHMEM JBIKCHHS dacTHibl (3.4) pensru-
BUCTCKHI 3aKOH JBMKEHHUS YaCTHIILI MACCHI 777 3alMCHIBACTCS TaK:
dpm dupm
Fmn= J i |Fpy= me— = MW, (9.20)
S S

rae W, =duy, / ds — 4-sexTop yckopenusi; 4-BekTop BHeIHeH cuibl F, — cuna Mun-

Koeckozo. Ypasuenue (9.20) HaswiBaetcs ypasnenuem Munkoseckozo (pensmuegu-
CMCKOe ypasHeHue OUHAMUKU MAMEPUATbHOU MOoYKu 8 4-mepHoil popme) u 3ame-
HseT emopotl 3axkon Hoiomona (3.3).

Cusia MUHKOBCKOI'O HE COBMAaeT ¢ 0OBIYHON cuiioi. MOXKHO MoKa3ath C y4e-
ToM 3aKoHa (3.4), 94TO e¢ KOMITOHEHTHI ONMPECIIIIOTCS TaK: .
1 dp,_ F (F.u)

r :
= = , F :—y, F.__= z , FA—o = w
-z & ciip? ™Y 1o b2 ™ -2 T - b2

KomnonenTsl 4-BekTopa cuiibl F,, mpu nepexoae M3 OJHOM HMHEpPUUATBLHOU

- (9.21)

cucrembl otcuera K B apyryro K(mpeoOpasyrotcst coriacHo ¢dopmynam (9.12) u
(9.12a). Cmblcn «BpeMeHHOIT» KOMIIOHEHTHI F, oOcynnm nosnxee B moareme 9.9.

IIpocTpaHCTBEHHBIC KOMIIOHEHTHI ypaBHenus Munkosckoro Fy, Fy, F, mpex-

CTaBJIAIOT OCHOBHOIL 3AKOH PEIAMUGUCMCKOI OUHAMUKU MAaTEPUATLHON TOUKH (Te-
na) (ypasnenue 0sudcenus peaamueUCHCKoOll YWaAcmuysl ¢ 3-mephoii hopme):

r r .
d_r d&mu ¢
FR Tt 822

&Vl-b% g

rjae F — pe3yabTHpyomas Bcex cui. Ormetnm, uto ypaBaenue (9.22) BHemIHe COB-
NaJIaeT C OCHOBHBIM YPaBHECHHEM HBIOTOHOBCKOM MexaHukH (3.4). OqHako B JIeBO
YacTH YpaBHEHHS CTOUT MPOU3BOJHAS MO BPEMEHHU OT PESITHBHUCTCKOTO MMITYIIhCA,
onpeaensiemoro (9.18). Ypasuenue (9.22) uHBapuaHTHO MO OTHOIICHUIO K npeodpa-
306anusm Jlopenya, yAOBICTBOPSs HPHHIHUITY OTHOCUTEIPHOCTH DUHINTCHHA.

B Teopun otHocuTeNbHOCTH cuiia F siBIsieTCsl BETUYMHON HEMHBAPUAHTHOM, B
Pa3HBIX CUCTEMaX OTCYETAa €€ YKMCIIOBOE 3HAUCHUE U HampaBlieHHE OyAyT pas3IMyuHBbI.
B o61miem ciaydae yCKOpeHUE PElsITUBUCTCKON YacCTHUIIBI HE COBMAJAeT MO HampasJe-
HUIO C pe3yJbTUpYIOIIeH cuoil. HampapiieHue u BeIuYMHaA YCKOPEHHUsI Tejia orpeje-
JISIFOTCSl HE TOJIBKO CHJION, HO U CKOPOCThIO. [103TOMY B pENIATUBUCTCKOM Cllydae OT-
HOTICHUE CUJIbI K YCKOPEHHIO HE MOXKET CIIYXKUTbh OINpPEEICHUEM MAcChl B OTJIMUHE
OT M3BECTHBIX MPEJCTABICHUN B HbIOTOHOBCKOM MexaHuke. Henb3s BBeCTH BeIu4M-
HYy, KOoTOpasi Obl ClyXuJia Mepoil MHEPTHOCTH Teja. OTMETUM, YTO B CIEIHATBHOMN
TEOPUHU OTHOCUTEJILHOCTH Macca He SIBISIETCS] ICTOUHUKOM TPaBUTAIMOHHOIO MOJIS.

N3-3a 0THOPOIHOCTU TIPOCTPAHCTBA B PEISATUBUCTCKOM MEXaHUKE BBITIOJIHSIET-
CS 3AKOH COXPAHEHUS PEeIAMUBUCHICKOZ0 UMNYAbCA. PENSTUBUCTCKUN HMITYJIbC
3aMKHYTOW CUCTEMbI COXPAHSETCS, T.€. HE U3MEHSETCS] C TCYCHUEM BPEMEHHU.

[Tpu cKOpoOCTAX, 3HAYUTEITLHO MEHBIIIMX CKOPOCTH CBeTa ¢, ypaBHeHue (9.22)
MEPEeXOUT B OCHOBHOM 3aKOH HepelsaTUBUCTCKON MexaHuku (3.4). Takum obOpasom,
3QKOHbl KIACCUYECKOU MEeXAHUKU MOXKHO TOJYYUTh KaK CIIEICTBUE TE€OPUU OTHOCH-




TCJILHOCTH JUIA NPEACIbHOrO cirydas U << C.
9.9. BzaumocBsI3b MACChI M JHEPTUHU. JHEPrus MOKOs

Onpenenum Kunemuueckyio snepeuio E, pensiTHBUCTCKON YaCTHUIBI KaK BEIIH-
YUHY, IPUpAIEHHE KOTOPOM paBHO paboTe CHUibI, JeHCTBYIOmEH Ha yacTuily. CHa-
yaja HaI/II[eM npupainieHie KuHeTnueckoi sHepruu dE, wacTuipl moja jaeiicTBUeM
cuer F Ha DIIEMEHTAPHOM ITyTH dl’ =udt:

el
OB, = (F.0) dt =2 dp d Qat = (b)) .

CoriacHO OCHOBHOMY YPaBHEHHIO DPEISTHBHCTCKON muHamuku (9.22), yuuThbIBas,
[ I
g0 2(U,du) = 2udu =d(u?) (cm. moaremy 4.6), MOKHO TONYYHTb, UTO
& 0
mc =
dE, = dG -
Q - b 2 -
re M COBMAZacT C MacCoi MOKOSIIEHCs qacmum; b =u/c. Tlokosimiasicst yactuia
KAHETHYCCKOU DHEPTUU HE UMEET, U TIOITOMY

Oq me?_° E me” 2 (9.23)
= T WIH = - mc”-. .
S §J1-u?/? \ V1-u?/c?

BeIpaxeHune (9.23) — 3TO YPAaBHEHHUE ISl PeAAMUGUCMCKOU KUHEMUYECKOU
aHepeuu dactulibl. COrjlacHO 3TOMY YpPaBHEHHIO HU OJIHA YacTUla ¢ MacCcoH, OTJINY-
HOM OT HyJsl, HE MOXET JBUTaThCsl CO CKOPOCTHIO CBETA, & O€3MaCcCOBBIE YACTHUIIBI
MOTYT CYILIECTBOBATh, TOJIBKO €CIIA IBUXKYTCSI CO CKOPOCThIO cBeTa c. [Ipu ocTaHOBKE
TaKOW YacCTHIIBI OHA ucue3aeT (noruomaercs). Kak u3BecTHO, (DOTOHBI SBISIOTCS Ta-
KuMU Yactuiamu. [Ipu Manpix ckopocTsx, koraa U << ¢, ¢popmyna (9.23) nepexoaut
B HBIOTOHOBCKOE BBIpa)KCHHE JIJIsl KHHETHUYECKOU SHEPTHH.

Kunernueckas sHEprus paBHa pa3HOCTH dHEPTUN JIBUKYIIECHCS U MOKOSAIIECUCS
qacTulsl. Ilonnasa Inepeus c60600no0i wacmuypl (mena) onpenenseTcs Kak cymMma

9HCPIrun MOKOSIILIEUCS YACTULIbI U KUHETUUYECKOU 9HCPIruu ", CJICA0BATCIbHO, PaBHA

mc?

E=——. (9.24)
J1-u?/c?
CremoBatenbHO, «BpeMeHHas» KoMIoHeHTa F, ypaBHeHust Munkosckoro (9.20)
(F.4)
c%y1- b?

. I
CBsI3aHA C U3MEHEHHUEM TOJTHON YHEPIMH YaCTHIIbI, TaK Kak (F,U) — MOIIHOCTH CHJIBI:

Fot =

[lepenuiiem ypaBHeHHE (9.24) B Takoi popme
E=mc*+E,, (9.25)



I B MOJHYIO HEPTUI0 £ HE BKIIIOUECHA MOTEHIMAIbHAS YHEPIrusl TeJla BO BHEIIHEM
CHWJIOBOM TI0JI€, €CJIM TAKOE I0JIE IEMCTBYET HA TeNO. Bennunny mc? DiHIITeH Ha-
3BaJl IHEPTrHeil MOKosA (codcmeennoil Inepeuel mena). DHEPrUs TOKOS — ITO 00IIAs
GHYMPeHHssl SHep2usi mefid, N3 KaKuX Obl BHJIOB SJHEPTUU OHA HE COCTOsUIA (DJIEKTPH-
YeCKOM, XUMHYECKOM | JIp.), KOTOpOii 00anaet jirodast nokosmiascs yactuma (U =0)
C HEHYJIEBOM MACCOU:

— 2
E, =mc”. (9.26)
OtmetuM, uto popmyay (9.26), cormacHo KOTOpOit Macca m Tena XapaKTepU3yeT ero
SHEPruro Nokost E,, Ha3bIBAIOT hopmynoit Jitnuwmenna.

Takum oOpa3zom, «BpeMeHHas» KOMIOHeHTa 4-BekTopa mmnyibca (9:.17), co-
riacHo BeipakeHuto (9.15), cBs3aHa ¢ MONHOM SHEPTHEN CIECAYIONIMM 00pa3oM:

E
Do = MCUg = ——e = (9.27)

Jbz e

CJICIIOB&TCHBHO, 4‘BGKTOp pm onpeaAcsICT AMHAMHUYCCKHUEC XAPAKTCPUCTUKN PCIIATH-

BUCTCKOM YaCTHUIILI U O6’beIII/IH${eT SHEPTUIO U UMITYJIbC YaCTUIIbI:

pm=§%, P Py P
OTOT BEKTOp Ha3bIBaeTCs 4-BEKTOPOM IHEPTrUU-UMITYIIbCA.

B cuny ogHOpOAHOCTH BPEMEHU B PENSITUBUCTCKOW MEXaHUKE BBITTOJIHSIETCS
3aKOH COXPAHEHUA IHEP2uU: TI0JIHASL YHEPT U 3aMKHYTOM CUCTEMBI COXpaHSETCs, T.€.
HE U3MEHSIETCS CO BPEMEHEM.

CootHomrenue (9.26) BeipakaeT (QyHIAMECHTAIBHBIA 3aKOH MPUPOJIBI — 3aKOH
B3aMMOCBSA3U (IPONOPIIMOHANBHOCTH) MacChl m U SHepruu mnokost Ey tenma. [loatomy

Maccy MOXHO pacCMaTpUBaThb KaK Mepy IHepzocodeprucanusn tena. MOXKHO yTBep-
XJaTh, UTO CO BCSIKOW MaccOM CBsS3aHa PHEPrusi U, HA00OPOT, C dSHEPrUueH, Kakoil Obl
dbopmbl OHa He ObuIa, CBA3aHA Macca. Takum oOpa3oM, Macca W JHEpPrusi CBA3AHBI
IPYT C APYIOM, XOTS U ABJISIIOTCS KAYECTBEHHO PA3JUYHBIMU CBOMCTBAMU MATEPUH.

dopmyiiel, ionydeHHbie s dHepruu (9.24) u umnynbca (9.21) cBumeTeNbCT-
BYIOT, UTO JJAHHBIE BEJIMYNHBI UMEIOT Pa3HbIE 3HAUCHHUS B PA3HBIX CUCTEMAX OTCYETA.
OpHako cylmiecTByeT BEIMYMHA — HEKOTOpas KoMOuHauus E u p, KoTopas sBIseTcs
WHBAPUAHTHOM, T.€. UMEET OJTHO U TO KE 3HAYECHHUE B PA3HBIX CUCTEMAX OTCUETA.

Hcnonp3yem npaBuia npeoOpazoBanus 4-sektopa (9.12a) mpu nepexope ot
OJIHOM MHEPLUMAIbHON CUCTEMBI OTCUETA K APYTrOU U MOJIYYHUM, YTO

p_EE
* ¢cc _E-upy

D§P=ﬁ, P§ =Py, P$=p;, E_ﬁ'

Nmnynbe u sHeprusi npeoOpa3yroTcst Ipyr dyepe3 apyra. Torga kBaapat 4-BeKTopa,

omnpeaensieMbrit u3 Gopmysisl (9.13), umeet BUA
2

E E¢ _
" PPy =5 P pf - pf =inv.

Takum o6pa3oMm, MoACTaBUB (POPMYIIBI-ONPEAEACHUS PETSITUBUCTCKOIO HMIYJbCa




vactuilbl (9.19) u nmosHoii sHeprun (9.24), MOXKHO TOTYYHUTh
i} 2
18 m? 0@ mi O

2c = C * = mic?,

c’ g\/l u?/c? 4 g\/l u®/c® 4
EZ- p%c? =m?c* =inv, (9.28)
p=Eu/c. (9.29)

N3 popmyisr (9.28), a TakKe 3aK0HO8 COXPAHEHUS PENISIMUBUCTICKO20 UMNYTb-
ca u SHepeuu TOJy4aeM, YTO Macca CUCTEMbI TEJI B TECOPHH OTHOCUTEIHOCTH HE SIB-
JSIeTCsE MEpPOM KOJIMYecTBa BeriecTBa. Macca cuctemsl Tell (4acTHIl) He paBHA CyMMe
Mmacc Ten (J4acTHIr), COCTABIISIONINX cucTeMy. Kak v B HEpEIITUBUCTCKOW (HBIOTOHO-
CKOIi) TEOpUH, Macca U30JIMPOBAHHON CUCTEMBbI TEJI HE H3MEHSETCS] CO BPEMEHEM.
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PA3JIEJI 2. MOJIEKYJIAAPHASAA ®U3UKA U TEPMOJINHAMUKA

Tema 10. OcHOBHbIE NOHATHS CTATUCTHYECKOH (PU3MKH 1
TePMOANHAMHUKHU

10.1. Makpockonuveckasi cHCTEMA.
CraTucTHyecKuii 1 TEPMOAMHAMMYECKUI METObI HCCIIe10BAHUS

JI1s1 TEOPETUYECKOTO UCCIICIOBAHUS 3aBUCUMOCTH CBOWCTB T€Jl OT UX CTpoOe-
HUS, B3aUMOJICUCTBUS MEXK]Y YaCTHUI[AMU, U3 KOTOPBIX COCTOSAT TeJa, M XapakTepa
JABWOKCHUS ~ O3TUX  YaCTHI[  HMCIOJB3YeTCS  CTATHCTUYCCKUH  (MONEKYISIpHO-
KUHETUYCCKHIT) METO/I.

CraTtucTuyecKMii MeTOJ — ATO METOJ HCCJIEAOBaHUS MAKPOCKONMMYECKHX
CHUCTEM, T.€. CUCTEM, COCTOSIIIINX U3 OOJBIIOTO YUCIA YACTHUIl, KOTOPBINA ONMEpUpyeT
CTATUCTUYECKUMHU 3aKOHOMEPHOCTSIMU U CPEIHUMU 3HAYCHUSMU (PU3UYECKUX BEIU-
YUH, XapaKTEPU3YIOIIUX ATy CUCTEMY.

OTOT METO/I JIS)KUT B OCHOBE MOJIEKYJISIpHOM Pu3nKN — pazjena Pu3uku, Ko-
TOpBIA M3y4yaeT CTPOCHHME W CBOWCTBA BEIIECTBA  HUCXOIS U3 MOJIEKYIAPHO-
KUHEemu4ecKux npeocmasnienuil, OCHOBBIBAIOIINXCS Ha TOM, YTO BCE Tela COCTOST
13 HEMPEPhIBHO XAOTHUUYECKH JBUKYIIUXCS aTOMOB, MOJEKYJ win uoHOB. CrenoBa-
TEJLHO, B TOM CJIy4ae UCTOJb3yEeTCs MUKPOCKONUYUECKOE ORUCAHUE.

CocTosiHMEe MaKpOCKOMHYECKONW CHCTEMBI; B KOTOPOM OTCYTCTBYIOT IMOTOKH
(Maccel, 3apsaa, SHEPTHH U T.I.) MEXKAY €€ IMOJACHCTEMaMH, Ha3bIBacTCS paBHOBEC-
HBIM (mepmoounamuueckoe pasnogecue).

Tepmoounamuueckumu Ha3bIBAIOT TAKUE MAKPOCKOMUYECKHE CUCTEMBI, KOTO-
pbl€ HaXOMSTCS B TEPMOJUHAMHYECKOM paBHOBecuu. Tepmodunamuueckue napa-
Mempbl — GU3NYECKUE BEJIIMYMHBI, XapaKTEPU3YIOIINE COCTOSHUE TEPMOJIUHAMUYE-
ckoi cuctembl. JltoOas QyHKIUMS TEPMOJMHAMUYECKUX MapamMeTpOB Ha3bIBACTCS
(QyHKIIMEN COCTOSHUS CUCTEMEL.

H3onuposannvle mepmoounamuyeckue cucmempl — 3TO CUCTEMbI, KOTOPbIE
HEe 0OMEHHUBAIOTCS C BHEIIIHEW Cpellod HU PHeprueu, Hu BemiectBoM. Cucrema, u3o-
JUpOBaHHAs OT KaKUX-TUOO BHEITHUX BO3JICHCTBUMN, Ha3bIBACTCS 3AMKHYMOU U MO-
KET OBbITh pa30uTa Ha COCTABJISIONINE €€ MOJCUCTEMbI, CJIa00 B3aUMOJEHCTBYIOIINE
MexAy co0oil. I3MeHeHne cocTosiHUS TEPMOJUHAMUYECKON CHCTEMBI CO BPEMEHEM
HAa3bIBACTCSL M EPMOOUHAMUYECKUM NPOUECCOM.

TepMoaunaMuvecKuii METO — 3TO METO]T UCCJICIOBAHUSI MAKPOCKOTTUYECKUX
CUCTEM, OTMEPUPYIOIIUA BETUYMHAMH, XapaKTEPU3YIONIUMU CUCTEMY B IIEJIOM IPHU
Pa3IMUHBIX MPEBPAIICHUSX YHEPTUH, MPOUCXOAINX B cucteme. [Ipu aTom ompee-
JS€TCSl COCTOSIHUE TEPMOJMHAMHYECKONW CUCTEMBbl M HE YUYUTBHIBACTCS BHYTPECHHEE
CTPOCHHE M3y4aeMbIX TEJl U XapaKTep ABUKEHUS OTACIbHBIX yacTull. Makpockonu-
YyecKoe onucanue ONUPACTCS HA BEJIMUUHBI, KOTOPHIE HEMOCPEACTBEHHO U3MEPSIOTCS
¢buznyeckumu npudopamu. TepMoaMHaAMUUECKUN TTOAXO0]] OKa3bIBA€TCS TEM TOUYHEE,
yeM OOJIbIIIEe YaCTHI[ B CHCTEME.

OTOT METOJI JIE)KUT B OCHOBE TEPMOAUHAMUKH — pa3jiena (GU3MKHU, u3ydarole-




ro O6I_HI/IG CBOMCTBA MAaKpOCKOIMUYCCKUX CUCTCM, HAXOAAIMUXCA B COCTOAHUUN TCPMO-
AUHAMHWYCCKOI'0O paBHOBECHS, U MPOUCCCHI MEPEX0Ja MCIKAY 3TUMH COCTOSAHUAMMU.

10.2. ®u3nyeckuii CMbICJ TeMIEePaATypPbl

Temneparypa siBAsieTCS TEPMOJMHAMUYECKUM [apaMETPOM, UTPAIOIIUM BaX-
HEHIIYIO posib B (PU3HUKE B LETOM.

Temmneparypa — 310 Qu3nueckas BeIMUYMHA, KOTOpasi XapaKTepU3yeT COCTOs-
HUE MEePpMOOUHAMUYECKO20 PABHOGeCUs MAKPOCKOMMYECKOW cuctembl. Temmepary-
pa — €AMHCTBEHHBIM TEPMOAUHAMUYECKUN MapaMeTp, KOTOPbIA OJAUHAKOB IS BCEX
yacTe U30JIMPOBAHHOMN CUCTEMBbI, HAXOAAILIECUCS B COCTOSHUU TEPMOAUHAMUYECKOTO
paBHOBECHS.

[lockonbKy Temmeparypa — 3TO OAHA M3 MAaKPOCKOIMHUYECKHX XapaKTePHUCTHUK
MaKpOCUCTEMBI, TO OHa HE MMEET CMBbIC]IA JJII CUCTEM, COCTOSIIMX M3 HECKOJIbKHX
Mousiekysl. Heo0XonuMo OTMETUTh, YTO NIPU ONpPEAEICHHOM JOTOBOPEHHOCTH MOXHO
YCIIOBHO TOBOPHUTH O TEMIIEPAType Jaxke OJHON YaCTHUIIBI.

B Hacrosiiee Bpemsi MPOKO UCHOJB3YIOTCS ABE TEMIEPATypHbIE IIKAJIBI.

MexnayHaponHas npaktuyeckas tmikana (wkana Ienvcus) — mkana, rpanyu-
poBanHast B rpanycax llenbcus (°C) mo QByM penepHbIM TOYKaM — TeMIepaTypam
3aMep3aHus ¥ 3aKHUIaHus BOABI pH AaBiaennn ~1,01-10° ITa, KoTopble IPUHAMAIOTCS
cootBercTBeHHo O u 100 °C.

Tepmonnnamuveckas temneparypHas nikana (mkana Kenveuna) — mkana,
rpajyrpoBaHHas B keiabBrHAX (K), KoTopas omnpeaensieTcs 0 OJAHON pernepHoi ToY-
K€ — mPOiHOIl MoYKe 600bl — TEMIIEPATYpE, NPU KOTOPOH Jie/1, BOJIa U HACHIIIICHHBIH
nap npu aasiaeHuu 609 Ila HaxosATCs B TEpMOAMHAMUYECKOM paBHOBecHH. Temre-
patypa 3Toil Touku 1mo JaHHoW mkajie paBHa 273,15 K. Temneparypa T =0 K Ha3bI-
BaeTcs Hyiem Kenveuna (aOCOTIOTHBIM HYJIEM).

Tepmoannamuueckas temnepatypa (7) u Temneparypa (t) mo MexayHnapoaHoit
MPAKTUYECKOH IIKaje CBSI3aHbl COOTHOIIEHUEM

T =27315+t.

HopmanbHble yeaosusi: T = 27315 K =0°C, py~1,01-10° ITa.

B HexkoTOpBIX 3alaJHbIX CTpaHax LIMPOKO HCHOJIb3yeTcs Likana dapeHreunra.
Touka 3amep3anus Bojbl paBHa 32 °F, Touka ee 3akunanus onpenaensercs kak 212 °F.
Hampumep, HopmanbsHas TemMnepaTypa tena yenoneka paBHa 98,6 °F.

B panbheiitem (cm. moatemy 10.4) MbI OKa)eM, 4TO CpeaHee 3HAYCHHUE KH-

HETHUUYCCKOM OHCPrunM MNOCTYHNaTCIbHOI0 ABWIKCHUA MOJICKYJI <enocm > 3aBHUCUT

TosibkO oT 7. Takum oOpa3omMm, puU3MYECKU CMBICT TeMiepaTypbl 7 3aKO4yaeTcs B
TOM, YTO TEMIIEpaTypa ras3a sBJISIETCSI MEPOU KMHETUYECKON DHEPIUU €TI0 MOJIEKYI.
PaccmoTpuM OcCTanbHbIE TEPMOAMHAMUYECKUE mapameTpsl. /aenenue — 310
CKaJIsIpHasl BEJIWYMHA, paBHAsi OTHOLIECHUIO MOAYJIS CUIIbI, NEHCTBYIOIIEH IEPIIECHIN-
KYJIAPHO MOBEPXHOCTH, K IIOLIAAM 3TON IOBEPXHOCTHU IIPU YCIOBUU PABHOMEPHOTO
pacrpenencHus CUIbI 110 IOBEPXHOCTH
p=F/S.




Enununa nasnenns B CU — nackans (ITa): 1 11a =1 H/m>.

B TexHuke u puznKe UCTIONB3YIOT CIEAYIONINE TOHATHS:

— ¢usmueckas atmochepa, 1 arm.~1,01:10° Ila — 5T0 HOpMAIBHOE ATMO-
ceproe nasnenue npu 15 °C i gaBnenue cronda Bogb! BEICOTOH 10,33 M;

— MM pryTHOro cronba win topp (mo wmmenu Toppuuemin), 1 atm.=
=760 mm pr. CcT.;

— 6ap, 16ap = 10° ITa; 1 arm. =~ 1,01 Gap.

O6vem V —3TO mapaMeTp COCTOSHUSL BELIECTBA, U3MEPSEMbIl B MeTpax KyoOu-
geckux (M%), murpax (i), MuumnTpax (Mn). YoensHuiii 06vem V' — 310 00beM eIu-
HUllbl Maccbl. Korma Teno OAHOPOAHO, T.€. €ro IUIOTHOCTH [ =const, To

v=V/m=1r .
10.3. YpaBHeHHe COCTOSIHUS M1€AJTbHOI0 ra3a

B MOneKyJIApHO-KMHETHYECKON TEOPUHU IOJIB3YIOTCS HUICATU3UPOBAHHOU MO-
JIENbIO UOeabHO20 2a3a, B KOTOPOW CUUTAETCS, UTO:

1. Co6cTBeHHBIN 00bEM MOJIEKYJ Ta3a MpeHeOpeKMMO Majl M0 CPABHEHUIO C
00BEMOM cocya.

2. Mexy MoJeKyJlaM1 ra3a OTCYTCTBYIOT CHJIbI B3aUMOJIEHCTBHUS.

3. CTONKHOBEHUSI MOJIEKYJ Ta3a MEXJy coOOW M CcO CTeHKamMu cocyna abco-
JIIOTHO YIIpYyTHE.

Takum o0pa3om, uaeanbHbIA ra3 MOXKHO paccMaTpuBaTh KaK COBOKYIHOCTb
OecropsIOYHO JBMKYIIMXCA MOJIEKYJ-IIAPUKOB, UMEIOIINUX MPEHEOPEKUMO Majbli
cOOCTBEHHBIN 00BEM U HE B3aUMOJICUCTBYIOIIUX APYT C IPYTOM Ha PACCTOSIHUU.

PaccMoTpuM 3KCIiepUMEHTAIbHbIE 3aKOHBI, ONKCHIBAIOIIME IOBEJICHUE He-
aJbHOIO ra3a.

3axon bouna-Mapuomma (cepenuna XVII B.):

JUTsL JAaHHOW Macchl Ta3a M Mpu MOCTOSIHHOW Temrnepatype 1 mpou3BeeHue J1aBie-
HUS p Ha 00BbeM V ecTh BeJIMUMHA MOCTOSIHHAS:
npu T =const u m = const, (10.1)
T.€. IIPU MOCTOSAHHOW TeMIiepaType 0O0beM raza oOpaTHO MPOMOPLHMOHAIEH MPHIIO-
KEHHOMY K HEMY JaBJICHUIO

V~1p.

Kpusasi, u3o0paxaromiasi 3aBUCUMOCTb MEXIYy p U V,
XapaKTEepU3YIOIIas CBOMCTBA BELIECTBA NPU ITOCTOSSHHOM
TeMIIEpaType, Ha3bIBaCTCs uzomepmoi. 30TepMbl — 3TO TU-
nepOoJIbl, PacloiOKEHHbIE Ha rpauKe TeM BBIIIE, YEM BbI-
1Ie TeMIepartypa npoucxopsiiero nporecca, puc. 10.1.

— »

Q Vv Konuuecmeo eewecmea v — 310 (pusrueckas Belu-

Puc. 10.1. Misotepmbl  ypma, ompeaessemMas YUCIOM MOJIEKYJ, aTOMOB WIIM HOHOB,
MACANLHOTO Tasa U3 KOTOPBIX COCTOHT BEIIECTBO.

Eounuya xonuuecmea eewyecmea — mosib — 3TO KOJIMYECTBO BELIECTBA CHUC-
TEMBbI, COJIepKalel CTOJIBKO K€ MOJEKYJ, ckoyibko cojepxkurca B 0.012 kr uzorona
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Takum oOpa3zoM, B 0OJHOM MoOJ€ JIt0OOTr0 BEUIECTBA COAEPKHUTCS OJAHO U TO K

) _ 2 1
yncio moiekyn1 N,, HasbiBaemoe yuciom Asozadpo:. N, = 6,022X0 3 moms . 06-
1iee yuciio Mojiekya N rasa onpenesnsieTcs Kak

N =n NA:%NA,

rge n = m/ M —u4ucno moseit; m— macca raza; M —monapunas macca, onpenensemas

KaK Macca OJIHOTO MOJIsl BEIIEeCTBA.
Exuauna monspaoi maccsl B CH — kuitorpamMm Ha MOJIb (KIr/MOJIB).
3akon Asozadpo (xonen XVIII B.):
MOJIH JIFOOBIX Ta30B IPH OJMHAKOBOM TeMIlepaType U JaBJICHUN 3aHUMAIOT OJIMHA-
KOBBI€ 0OBHEMBI.

IIpun HOpManbHbIX ycnoBuax (T =T, p=py) 10T 00BeM V) (MoOnApHBUL

3
M

Jl _

=2241X0°3
MOJlb MOJlb

O6’beM ra3a Macchl M U 4YUCIIO MOJIGKYJI B CIUHUILIC O6’beMa n— Konuenmpa-

Uus mMoJjieKy1 — onpeacisaroTca COOTBETCTBCHHO TaK

00vem) paBeH: V,, = 22,41

V =nVy, :%v,\,I , (10.2)
n=N_Na (10.2a)
V. Vy

IHapyuanvnoe oasnenue — >TO JABJICHUE, KOTOPOE MPOU3BOIUI ObI Ta3, BXO-
TSR B COCTAB Ta30BOM CMECH, €Cli Obl OH OJIUH 3aHUMajl 00bEM, paBHBIN 00bEMY
CMECH IIpU TOM K€ TeMIleparype.

3akon lanemona (navyano XIX B.):

JABJICHUE CMECHU HJICalIbHBIX Ta30B PAaBHO CYMME NaplUaibHBIX JaBICHUN
P1s P2, P BXOIAILIUX B HEE Ta30B:

P=a P, =P+ Pyt...t Py (10.3)
n

3axon Hlapaa (XVIII B.):
JaBJieHUe p AaHHOW Macchl M rasa npu MocTOSIHHOM 00beMe U3MEHSETCS JIMHEHMHO
¢ Temnepatypoi t, puc. 10.2, a:
p=py(l+at) mpu V =const, m=const, (10.4)

rac a = %73 K™ Po — aasnenue rasa npu t =0°C. Ilpouecc, nporekaromuii npu mo-

CTOSHHOM 00beMe, Ha3bIBaeTCs uzoxopusim. Ha nuarpamme B koopauHarax (p, t) on
n300pakaercs NpsiMoM, Ha3bIBaeMoU uzoxopoii, puc. 10.2, a.
3akon I'eu-JIroccaka (Hadano XX B.):
o0bpem V JaHHOW Macchl M Tra3a MpH MOCTOSTHHOM JIaBIICHUN W3MEHSETCS JIMHEHHO
¢ Temneparypoii t, puc. 10.2, 6:
V =V,(1+at)|npu p=const, m=const, (10.5)

rac a = %73 K™ Vp —o6bem raza npu t =0°C. Ilpouecc, npoTekaromuii Ipu MOCTO-




SHHOM JIaBJICHUH, Ha3bIBaeTCs uzooapuvim. Ha nuarpamme B xoopamnarax (V, t),
puc. 10.2, 6, 3TOT npoiiecc n300pakaeTcst MPSIMON, Ha3bIBAEMOU U300apoil.

-7 Vl >V2 . P> P2
-1Ja 0 t °C -la 0 t,°C_

Puc. 10.2. [Tpumepbl TepMOAMHAMHYECKUX IPOIECCOB
@ — N30X0PBI UJEATBHOTO T'a3a; 6 — U300aphl HJI€aJIbHOTO ra3a

N306apbl 1 U30XOPHI MEPECEKAOT OCh TEMIIEPaTyphl B TOUKE t =- J/a =-273°C.
Ecnu Hadano oTcuera cMECTUTh B ATY TOUYKY, TO moyryunuM mikany KeapBuna (Tepmo-
JAMHAMUYECKYIO TeMIieparypy): T =t + % (cm. puc. 10.2, 0).

B TepmoayHamMuueckoy 1Kaie TeMreparyp
V=Vp(d+at)=V@aT, p= pl+at)=paT.

Otkyna
oDy Y= cons npu P = const, m=const, (10.6)
Vo T T
Pl | P = cong npu V = const, m = const, (10.7)
P2 T2 T

r7e MHAEKCH 1 M 2 OTHOCATCSA K HMPOM3BOJBHBIM COCTOSIHHSM, JIEKAIIUM Ha OJIHOM
n300ape WM H30X0PE COOTBETCTBEHHO.

VYpaBuenue (10.6) naswiBator 3axomom Ieit-JTroccaka (VN ~T). YpaBHeHHe
(10.7) naswiBarot 3axkonom Lllapns (p~T).

YpaBHeHHEM COCTOSIHHSI MICaTbHOIO ra3a Ha3bIBACTCS ypPaBHEHHE, KOTOPOE

CBSI3BIBACT €0 JiaBiicHue p, 00beM V u temneparypy 7 B COCTOSHUHM TEPMOJIUHAMMU-
YECKOr'0 paBHOBECHSI:
f(pV,T)=0.
®dpanny3ckuit ¢puszuk u umxeHep b. Knanetipon, oobenunus 3akonbl (10.1) u
(10.6), BeiBeN ypasnenue Knaneipona:
JUTSI TAaHHOW MacChl WICATBHOTO T'a3a OTHOIICHHWE MTPOU3BECHUS TABICHUS H 00b-
eMa K TePMOJIMHAMHYECKON TeMITepaType €CTh BeTUYMHA TIOCTOSTHHAS
I?I_—V =C =cond, (10.8)

rac C —ra3oBas MMOCTOsAAHHAA, KOTOpasA 3aBUCUT OT XUMHNYCCKOIro COCTaBa rasa 1 1po-
IMOpLOHATIbHA €ro Macce M.

[Mepenumiem ypasaenwue (10.8), ucnons3yst popmyay (10.2), B Bujge
pVyn =CT wm pV,, = RT, (10.9)
rie R=C/n — monspuas rasosas mocrosinuas. W3 3akona ABOTaapo U ypaBHEHHs

(10.9) caenyeT, uTo MOJISIpHAS Ta30Bas MOCTOSIHHAS OJJMHAKOBA y BceX ra3oB. [1oaTo-



My €€ TIPUHSTO Ha3bIBATh YHUGEPCANbHOU 2A3080l HOCHOAHHON. DKCIICPUMEHTAITb-
HO ycTaHOBJIeHO, uTo R =8,31)[x/(Moib°K). JlelicTBUTENBHO,

r= PV _ 1,01x0° 22,4140 3 TTa xar> / Moms g3 UK
T 273K " Moms XK
Jliist ra3a mpou3BosIbHOM Macchkl M ypaBHenue (10.9) MoxkHO mepenucath B BUC
PV = % RT . (10.10)

YpaBHeHHe cocTostHUS 1 Macchl M upeanbHoro raza (10.10) HaswiBaeTcs ypaBHe-

Huem Menpaeneesa—Kunaneiipona. Eciiu BBectu nocmosannyto boanvymana
R

k=— =13840 23 JIw/K,
Na
to ypaBHeHnue (10.10) MoxkHO 3amucaTh, ucnoyibdys Gopmyiy (10.2a), kak
p=RL_WNAT _ (10.11)
VM Vm

VpaBuenus (10.9) u (10.11) — 3t0 pasHble HOPMBI 3aMUCH YPAGHEHUSI COCMOSIHUSL
uoeanvroeo 2aza (10.10), koTopoe CrpaBeIMBO IS PeaabHbIX T'a30B, €CIIU UX IUIOT-
HOCTH HEBBICOKH (IIPU KOMHATHOII TeMIepaType U JapieHud, pasHom 10° ITa).

Takum 006pa3oM, MOXKHO C/IETATh CIICTYIOIINE BBIBOIBI:

1. JlaBnenue uaeaabHOTO ra3a IpU JaHHOH TeMIEparype MpsMO MPOIMTOPIIHO-
HAJIbHO KOHIIEHTPAIIUH €r0 MOJIEKYIL.

2. IIpn o1MHAKOBOM TeMIIepaType M JaBICHHHU BCE ra3bl COACPXKAT B CIUHUIIE
o0bemMa OIMHAKOBOE YHCIIO MOJICKYJI.

10.4. Cpeansisi 3Heprusi MOJIEKYJIblI.
YpaBHeHHne MOJIeKYJIAPHO-KMHETHYECKO TeOPHUH /ISl IaBJIEHHUS ra3a

PaccMOTpuM HEMOCPENCTBEHHO M3MepsieMble MapaMeTphl (TeMieparypy, 1aB-
JICHUE U T.JI.) C MUKPOCKOIIMYECKOW TOUKH 3peHUsl. ByJieM cuuTath, 4T0 BBIOIHSIOT-
Ccsl 3aKOHBI Kiaccuueckor (pusuku. [IpumeHuTs 3akoHbl HpIOTOHA K KaXKIOMY aTOMY
MM MOJIEKYJIE Ta3a, KONMYeCTBO KOTOphIX Gombire 107 Ha 1 M°, mpakTHUYecKH He-
BO3MOXHO. I1loaToMy B kunemuueckoii meopuu 2a306 UCnonb3yrT CTaTUCTUYECKUN
METOJ UCCAEAOBAHUS.

[TycTs B cocyne o0beMoM V HaXOoauTCs UaealbHbIN Ta3, cocTosuii u3 N Mo-
nekyn maccoit m. Konnentpamust Monekyn B rase no omnpeaenerunto N = N/V . Paso-

ObeM MOJIEKYJIbl B KaKJOW eAnHMLle o0beMa Ha rpynmsl Dn;, B kaxmoi U3 KOTOPBIX

CKOPOCTH MOJIEKYJ MOXHO CUMTATh NMPAKTUYECKU OAVHAKOBBIMHU M PABHBIMU U, , TaK
[]

yro @ Dn, =n — nonxoe umcino monekyn B eauHuune oobema. Ilpennonoxkum, uto

MOJIEKYJbI Ta3a JIBXKYTCS XaOTHYECKH, YUCIIO B3aUMHBIX CTOJIKHOBEHUIN MEXIY MO-
JIeKyJIaMU ra3za NMpeHeOpeKMO Majio MO CPaBHEHUIO C YHUCIIOM yJIapOB O CTEHKH CO-
Cylla, a COyJlapeHusi MOJIEKYJ CO CTEHKaMH cocyjia abCoIioTHO ynpyrue. JlaBienue
raza Ha CTEHKY 0OYCJIOBJIEHO CTOJIKHOBEHUSIMU C HEM MOJIEKYJ ra3a.

[Ipu olieHOYHOM MOAXOE Oy/AEM CUMTATh, UTO Ka)KJas MOJEKyJja, HajeTas Ha




CTCHKY HOPMAJIbHO, B PE3YJIbTATC CTOJIKHOBCHUA C HEM OTJIETAeT B IMPOTHUBOIIOJIOXK-
HOM HalIpaBJICHUU. Torga 10 CTOJKHOBEHHUS CO CTEHKOM MOJICKYJIa UMCJia UMITYJIbC
1 1 1 1

p_l. = MU ¥ 1OCJIC CTOJIKHOBCHUS — UMIIYJIbC p2 =-mu.

[Ipupamienne UMITyJibCca MOJIEKYJIbI B PE3YJIBTATE CTOJKHOBECHUS
Dp=p,- py=mu - (-mu)=2mu . (10.11a)
Mojynb TpHpaIICHUs MMITYJIbCa, KOTOPBIM MEPEeIaoT CTEHKE MOJICKYJIbI -1
TPYHIIBI €KECEKYHIHO, HAUAEM KaK

I
|Dp,| =2mu; n,, (10.116)
re N, — 4UCJIO MOJEKYJ, KOTOPbIE JOCTUIaIOT €KECEKYHIHO ITOBEPXHOCTU CTEHKH,
JBUTASCh NEPIEHAUKYISAPHO K HEU.

u A c S= 12 Yucno Mosiekys N; paBHO YHCITY MOJIEKYJI

—, S B LWIMHApE JJIMHOM U;’1 Cc u cedeHuem
- > — » 2

S=1 wm", puc. 10.3, T.e., HIOCKOIBbKY BCE HaMpaB-

JICHUA PpaBHOBCPOATHBI, TO
Puc. 10.3. K BbIBO/Ty OCHOBHOTO

ypaBHEHHUS] KHHETUYECKOH TeOpUH n;, = 5 Dnu; . (10.118)

CyMMHpYys IO BCEM IPYIIIaM, HaXOAUM
1
n=3n, :Eé Dny; .
Pa3jieluM ¥ yMHOXHMM TMOCJIEIHIOI CyMMy Ha N. B pesyibTaTe NpHXOAuM K

CJIEIYIOIIEMY BBIPAXEHHUIO JJI1 YHUCIa YAapOB MOJIEKYJ O €AMHUILY MOBEPXHOCTU
CTEHKH B €JJMHUIlY BPEMEHHU:

n :%n<u>, (10.12)

1
rae <u>=-§ Dnu, — cpeJHee 3HaUYeHHE MOy CKOPOCTH MOJEKYI. 3aMETUM, YTO
n

TOYHBIN pacyer, YINTHIBAIONINM, YTO MOJIEKYIIbI ABHXKYTCSA HE BIOJb TPEX B3aMMHO
HEPIICHINKYIISIPHBIX HAMPABICHUN, a C PaBHOM BEPOSITHOCTHIO BIOJNH JHOOOrO Ha-
paBJieHHs B POCTpaHcTBe, aaet B popmyne (10.12) kosddumment 1/4, a ve /6.

Torna u3 Beipaxkenuit (10.116) u (10.118) mony4um, 4TO
IDp| :%mufDni .

[TonHoe naBieHHWE TOIYdYUM, MPOCYMMHUPOBaB mnocieaHee ypaBaenue (10.16)
no Bcem TpynnaM Dn Mosekyn. IlockonbKy 1O ONpeAeNeHUI0 JaBJiCHHE

p=F/S=[S=1] =dp/dt = Dp/Dt, To naBneHne paBHO
o r 1 o
pP=a |Dp,| zéma uiani .
PaszieiuM U yMHOXHMM JaHHOE YPaBHEHUE HA KOJIUUYECTBO MOJIEKYJI 71 U TIOIYYHUM
p=%nm<u2>. (10.13)

Beipakenue (10.13) MoxHO mepenucaTh nHaye:



p = % n< enocm > ’ (1014)

rae <e >=<mu 2/ 2> — cpe/iHee 3HAYeHHMe MOCTYNATeJbHOW KHHETHYECKOMH

nocm
IHEPIruu MoJieKyJa. YpaBHeHue s monHoro aasieHus (10.14) sBaseTcs TOYHBIM,
XOTS ¥ OBLIO MOTYYEHO NPU MCTIOIB30BaHUU Psi/ia JOMYIIEHUH.

®opmyiy (10.14) Ha3BIBAIOT OCHOBHBIM YPAGHEHUEM KUHEMUYECKOU meopuu
2az06. 13 Hero crnefyeT CTaTUCTUYECKUN CMBICH MapamMeTpa JIaBICHHS p. JaBICHUE
rasa Ha CTEHKY OINpPEAEISAETCS CPeIHUM 3HAYCHHEM IMOCTYMATeIIbHONH KHHETUYECKOU
SHEPTUH MOJIEKYJ M KOHIIEHTpalueil MOJIEKYIL.

ComnocraBum Beipaxkenune (10.14) c¢ ypaBHenmem MenneneeBa—Knameiipona

(10.11) u Hatigem, uTo

3

<Cppem > KT (10.15)

nocm

<@€,,.m > 3ABHCUT TOJIBKO OT TEMIIEPATYypPHI I'a3a, OT MACChI K€ MOJIEKYJ HE 3aBUCHT.

10.5. BHyTpeHHsIsl JHepPrus UeaJbHOIo0 raza

Buympenneiit snepzueir U MakpoCuCTEMbI Ha3bIBAIOT YHEPTHUIO BCEBO3MOKHBIX
BUJIOB JIBUKCHHS M B3aUMOJICHCTBHS BCeX YacTHIl (MOJIEKYJ, aTOMOB, HOHOB | T.1I.),
oOpa3ylolux paccMaTpuBaeMyro cucremy. Hamnpumep, BHYTpEHHsIE SHEPrusi CUCTe-
MBI, HAXOISIILIEHCS B Ta3000pa3HOM COCTOSIHUU, COCTOUT M3:

1) KUHETUYeCKO# Hepruu OeCHopsAOMHOT0 (TEIJIOBOTO) MOCTYMATEIIBHOTO U
BpaIlaTeIbHOTO JBUKEHUS MOJIEKYJ, @ TAKXKE KOJeOaTeIbHOIO JIBU)KEHHSI aTOMOB B
MOJIEKYJIaX;

2) IOTCHIIMAIIBHON JHEPTUH, OOYCIIOBICHHOW CHJIAMU MEXMOJICKYJISIPHOTO
B3aMMO/JICUCTBHUS,

3) SHEepruu ICKTPOHHBIX 00OJIOYCK ATOMOB U HOHOB;

4) sHeprum JABWKCHHS U B3aUMO/ICHCTBUS HYKJIIOHOB B aTOMHBIX SIIpax.

BHyTpeHHss1 2Heprus SBIsSEeTCS OJHO3HAYHON (YHKIIMEH COCTOSIHUS TEPMOIU-
HAMUYECKON CHCTEMBI N HE 3aBUCUT OT TOTO, KAKUM 00pa3oM CUCTEMA IMPUIILIA B 3TO
cocrosinue. TlogoOHO nomenyuanvHou 3Hepeuu B MEXaHUKE, BHYTPEHHSS SHEPrus
onpeeNnsieTes: ¢ TOYHOCTHIO J10 MOCTOSHHOTO ciaraemoro Uy, 3aBucsIiero ot BbiOopa
COCTOSIHHUS, B KOTOPOM BHYTPEHHsISI SHEPI'Hs MPUHUMAaETCa paBHoW HyI0. Beioop Ug
HE UI'PACT pOJH, TaAK KaK B TEPMOAUHAMUYECKUX pacyeTax ONpPEIeIsIeTCS U3MEHEHUE
BHYTpEHHEH sHepruu. B panbHeiineM Oynem cuuTaTh, paccMaTpuBasi MPOLECCHI, HE
CBSI3aHHbIE C XUMMYECKUM PEaKLUAMU U OPYTUMHU IIPEBPALLECHUAMU JJIEKTPOHHBIX
000JI0YEK aTOMOB W MOHOB, YTO COCTaBJISIOLIKE MI. 3 U 4 BHYTPEHHEH HHEPruu He
U3MEHSIOTCS, U He OyJIeM UX BKJII0YaTh BO BHYTPEHHIOK YHEPTHUIO.

B uneanbHOM rasze npeHeOperaroT CuiaMu MEKMOJIEKYJISIPHOTO B3aUMOJEHCT-
BHs Ha pacCTosAHUU. [103TOMY BHYTpPEeHHSAS JHEPrUus MAEaIbLHOI0 ra3a paBHa CyM-
M€ KMHETHYECKHX SHEPTrUil 0€CIOpsIIOYHOTO ABMXKEHHS BCEX MOJIEKYII.

BHyTpeHHsAsT dHEprus HICAJIbHOIO ras3a SBIISICTCS BEIWYUMHOW aJIMTUBHOW!
BHYTPEHHSISI DHEPIUsl BCEU CUCTEMbI paBHA CYMME BHYTPEHHUX DHEPIUM €€ YacTeu.




10.6. 3akon paBHOpacnpeeleHUs] IHEPIUU

YroObl onpenenuTh NOJ0KEHUE [IEHTPa MacC MOJEKYJIbl, HEOOXOUMO 337aTh
TpH KoopAuHaThl. Clie0BaTEeNbHO, MOJIEKYJIA, KaK U MaTepuaibHas TOUKa, UMEET TPU
Q?Jz / NoCTylnaTeJabHble cTeneHu cBoOonabl. Ecnm momnekyna
.’ COCTOMT M3 HECKOJIbKUX aTOMOB, TO HEOOXOJIHMMO J0-
MOJIHUTEIBHO YYUTHIBATh CTENEHHU CBOOOAIBI Bpalla-
TeabHOrO JBMXeHus. Hanpumep, xecTkas AByXaToMHas
MOJIEKYJIa UMEET MSTh CTENEeHEW CBOOOJbI: TpU MOCTY-
naTesibHbIE W JBE BpallaTelibHble, KOTOPbIC CBSI3aHbI C
Puc. 10.4. Jipe Bpamatenbible  yrpavy oBOPOTA BOKPYT ABYX B3aHMHO HEPICHINKY-
CTETIEHU CBOOOIBI JKECTKOM 9
BYXATOMHO MOTEKYITE JSPHBIX OCed, MNPOXOJALIMX 4Yepe3 LEHTp Macc,
puc. 10.4. Ecnu mosiekyiia yrpyrasi, TO MOJieKyia Oyiert
UMETB €IlIe OJIHY CTEeTeHb CBOOO I (PaCCTOSTHIE MEXKTy aTOMaMH) — KOJIeOaTeIbHYIO.

CymectByet npasuno: cuctema u3 N MaTepuanbHbIX TOYEK, MEKIY KOTOPBIMU
HeT kecTKkuX cBsizer, umeeT 3N cTeneneld cBoOobl. Jro0asi U3 )KeCcTKUX CBsI3ei, yc-
TAHABJIMBAIOIIAs] HEU3MEHHOE B3aUMHOE pPAaCIOJIOKEHHE IBYX TOUYEK, YMEHBIIAET
YHCIIO CTeNeHeil cBOOOAbI HA EJUHULLY.

Ipumep. CucremMa cOCTOUT U3 IBYX aTOMOB JKECTKO CBS3aHHBIX, TOT/Ia YHCIIO
creneneit cBo6obl | =3N - 1=5. Eciu cucteMa COCTOUT U3 TPEX aTOMOB € KECTKOM
cB13b10, TO | =3N - 3=6 creneHel CBOOOMHI.

B kmaccuueckoil crarucTUYecKoW (pU3MKe BBIBOJUTCS 3aKOH pPaBHoOpAacIpe-
neneHus YHepruu (zaxon bBonvumana):

Ha KaXIyI0 CTENeHb CBOOOAbL MOJEKYIbl IPUXOAUTCS B CPEIHEM OJIMHAKOBAS KU-
HeTuueckast sueprus, pasuas (1/2) KT .

7
’
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O

NY

CJICIIOB&TCHBHO, cpeomm JHepicus MoJieK).ibl UOeaIbHO20 2as3a, B KOTOpOM
ATOMBI B MOJICKYJIC ’)KCCTKO 3aKPCIIJICHLI 1 HE B3&HMOI[€I>1CTBYIOT, OMpCACIIACTCA KaK

<e>= IEkT , (10.16)

rae moja | HOHMMaeTess CyMMa 4YHclia mocTtynareiabHbiX (7, . ), BpallaTeIbHBIX

nocm

CTEIeHell CBOOOIBI:

) ¥ yOBOGHHOro uucia KojeOarenbHbIX (7,,,)

nocm + n6pau¢ + 2nK0JZ )

COBITAJIAET C YUCTAOM CIeneHel c80000bl.
BHyTpeHHSs1 DHEPTHUS OJHOTO MOJIS WeadbHOTO ra3a OyAeT paBHa CyMME KH-
HeTH4yeckux 3Hepruit N, Monekyn:

(n(;paw

I =n JIJist MOJIEKYJI C KECTKON CBS3BIO MEXKIY aTOMaMHU YHUCIIO |

U :NAIEkTZIERT. (10.17)
BryTpeHHss sHeprus i TpOU3BOJIIBHOM MAacChl M UACAIbHOIO ra3a paBHa
u="Lgr=nlrr, (10.18)
M 2 2

riae M — monsipHasi mMacca; v — KOJU4YecTBO mouie. Takum o0pa3zoM, eHympeHHss
9HepeUs U0ealbHO20 2a3d 3aBUCUT TOJIBKO OT €ro TEMIEPATYPHI.



10.7. TemmoeMKOCTH HAEAJTHLHOIO ra3a

Tennoma, mnoitydyaemass CUCTEMOM OT BHEIIHEHW CpEAbl, OINPENENsIeTCs Kak
9HEprus, rnepejaBaeMas CUCTEME BHEIIHUMHU TeJlaMu IMyTeM TerioooMeHa. [lepenaua
MakpocucTteme Teria Q ocymecTBiaseTcs: Kak rnepeaaya BHyTPEHHEW SHEPIUU MaKpo-
CHCTEME OT BHEIIHUX TEJ MPU KOHTAKTE C HUMH (MOKET MPOUCXOIUTh H Yepe3 U3ITy-
yeHue) Oe3 coBepiieHus padoThI.

Yoenvnaa mennoemxocms eewyecmea — >T0 BENMYMHA, XapaKTepHU3yrOLIas
KOHKpPETHOE BEUIECTBO, paBHAsl KOJUMYECTBY TEIUIOThI, HEOOXOAMMOMY JIJIsl HarpeBa-
Hus 1 kr Bemecta Ha 1 K:

c=19Q (10.19)
mdT
rie m —macca BemecTa; dQ — 3neMeHTapHOE 3HAYCHUE TETIIOTHI.
Torma temnora Q, moroiieHHas (BbIIEICHHAS) CHCTEMON TP U3MEHEHHUU €¢
TeMIIepaTyphl, MPOMOPLUUOHAIBHA MACCE CUCTEMbI U U3BMEHEHHUIO TEMIIEPATYPHI:
T
Q= ¢emdT . (10.20)
T
Ecnu yaenbHast TEIIIOEMKOCTh BEILIECTBA HE 3aBUCUT OT TEMIIEpaTyphbl, TO
Q=cm(T,-T,). (10.20a)

Emnnuna reruotsl B CU — mxoyns (Jx). Hacto ncronpiyercs Takast eAMHUIIA
M3MEpEHUs TeIUIOThI, Kak kanopus: 4,19 Jlx =~ 1 kan, 4, 19-10° JIx ~ 1 xkai.

Emmnauna ynensHoi termoemkoctd B CHM — mxoyns Ha kunorpamMm-KensBuH
(Ix/(xr-K)).

Hms Boget mpu T =15 °C wm mocrossHHOM JjaBieHun 1  aTwm.
¢ =100 kxkan/(kr-°C), T.e. uisi-moBbIeHuUs TemrepaTypbl 1 kr Boasl Ha 1 °C Tpely-
ercst 1 KKaj TemIoThl.

Monapnasa menioemKkocms éeujecmea — 3TO BEIUYMHA, PABHAsSI KOJIUYECTBY
TEIJIOThI, HEOOX0IUMOMY JJIst HarpeBanus 1 Mok BemecTBa Ha 1 K:

c=1%_cm, (10.22)

rge n = m/M — YUCJIO MOJIEH, T.€. KOJIMYECTBO BEWIECTBA; M — MOJIsIpHAs Macca rasa.
Emuauna monsapuoit teroeMkoctd B CU — JIxoynb Ha MOIb-KEIbBUH

(Ix/(monpb K)).

Termmoemkocth C sBiseTcs GYHKIMEH TPOIecca U 3aBUCHT OT TOTO, KaKuM 00-
pa3oM IIPOUCXOAUT MPOLECC HArPEeBaHHS: TPH MOCTOSIHHOM JasieHuu (C,) Wi npu
noctosiHaoM oobeme (Cy). Toraa st v MoJieii ra3a TemioTa OyIeT BhIpaKaThCs KakK

Q=nC,DT, p=congt, (10.21a)

Q=n C,DT,V =const. (10.216)
Baxnast xapakTeprCTHKa Ta30B — nOKazamensb (nocmoanunan) aouadamaol .

g=C,/C, . (10.22)

ONBITHBIM TyTEM TMOJYYEHO, YTO 3HAUCHUSI O0e3pa3MEepHON BEJIMYMHBI ) ISl Pa3HBIX
ra3zoB Jiexar B npenenax 1,30 —1,67.



Tema 11. Hauana TepMoaMHAMUKHA
11.1. IlepBoe Ha4Ya10 TEPMOAMHAMMKHI

[lepBoe Hayano TEPMOJUHAMHKHU SBISIETCS OAHUM U3 (PyHJIaMEHTAILHBIX 3a-
KOHOB (PU3MKH MaKpOCHCTEM U YTBEPXKIAET, UTO MPUPAIICHUE BHYTPEHHEH YHEPIUU
MaKpOCHCTEMBI IIPU €€ MePexo/ie U3 HAaYaJILHOTO COCTOsIHUS 1 B KOHEUHOE 2 HE 3aBU-
CUT OT criocoba mepexoja. JlJisi KOHEYHBIX U3MEHEHUM TePMOJMHAMHYECKUX Tapa-
METPOB NMepBOe HAYAJI0 TEPMOANHAMUKH POPMYIHUPYETCS CIECTYIOIIMM 00pa3oM:

KOJIMYECTBO TEIUIOTHI Q, moromeHHoe (BBIACICHHOE) MaKpOCUCTEMOW, WIET Ha
npupaieHue ee BHyTpeHHel sHeprun DU =U, - U; u Ha coBepiieHue cuctemMon

paboThl 4 HaJl BHELIHUMU TEIAMM:

Q=DU +A, (11.1)
rae sennuuHbel DU |, 4 u Q aBistorcs GyHKuMsiMu npouecca. Bxoasine B ypaBHeHue
(11.2) BenmMuMHBI MOTYT UMETh U MOJIOKUTENBHBIC, U OTpULIATEeIbHbIC 3HaUeHHs. Ha-
npumep, ecin Q <0, To TENIO OTBOAUTCS OT CUCTEMb], HHAYE NP MOTJIOMIEHUH CHUC-
temoit Teruia Q > 0. Ecnmu A<O, To paboTa mpou3BOIUTCS HaJl CUCTEMOM.

CymectByer Takxke cienytouias GopMylIHpoBKa MEPBOro Hayaja TepMOIH-
HAMUKH:
HEBO3MOXXCH BEUHBIA JBUTATENb (MEpHETyyM MOOWIE) MEpBOro poja, T.e. TaKOW
MEePUOANYECKU ACHCTBYIONIUHN JABUTATENh, KOTOPBIN coBepIian Obl padoTy B 0OJIb-
[IeM KOJIMYECTBE, YEM MOoJydyaeMasi UM U3BHE SHEPTHUs.
[Ipyu BbIYMCIIEHUN COBEPLIEHHOM CHUCTEMOM paOOThl MM MOJTYYEHHOTO CUCTE-
MOH Teria OObIYHO MPUXOAUTCS pa30UBATh paccMaTPUBAEMbIN MPOIECC HA P dJie-
MEHTapHBIX MPOLECCOB, KaX/bI U3 KOTOPBIX COOTBETCTBYET BEChbMa MaJOMYy H3Me-
HEHUIO MapaMeTpoB cucTeMbl. Toraa as 0ECKOHEYHO Maoro U3MEHEHUS COCTOSTHUS
CHUCTEMBI HCIIOJIB3YIOT HEpeoe HAual0 MmMEPMOOUHAMUKU 6 Oudhhepenyuanvhoi

dopme

dQ =dU +dA, (11.2)
rae dU — GeckOHEYHO Masloe M3MEHCHUE BHYTPEHHEH SHEPTHH, TPOUCXOSIICE TPH
n00aBlIeHIH OECKOHEYHO MaJloro KojmdyecTBa Terna dQ cucreme, koTopas coBepiia-
eT 6eckoHeyHO Manyro pabory dA. 3Hak d o3HavaeT, YTO MBI KIMEEM JICIIO HE C MPH-
paileHneM Kakon-mu0o (GyHKIMH, a ¢ JCMCHTAPHBIMU 3HAUCHUAMU TSIUIOTHI (AQ) u
pa6otsl (dA). B otirure ot U Bennunibl Q U A ABISIOTCS QYHKIMSIMU POIECCa.

Eciu 00beM MakpOCHCTEMbI, HAPUMeEp rasa, moiydaet npuparienue dV, o
sIIeMEHTapHas paboTa CHJI IaBlIEHUS Ta3a Ha CTEHKU OyAeT paBHa

dA = pdVv,

rie p — JABJICHUE ra3a Ha CTEHKU. Tak KakK JIaBJICHHUE T'a3a Ha COCE/IHUE Tela (CTCHKH)
IpU U3MEHEHHWU O0bheMa raza MOXKET M3MEHSThCS, TO paboTa, coBepliagMas ra3oM
IIPU KOHEUYHBIX U3MEHEHUsAX o0bema oT Vy 10 V,, MOXKeT ObITh NPEACTABIEHA B BUJIE

MHTETrpala



Vo
A= gpdV . (11.3)
Vi
3uak paboTel 3aBucuT OT 3Haka AV : mpu pacimupenuu ra3a (dV >0) padora A>0,
a mpu cxxaruu raza (dV <0) pa6ora A<O.
C yuetom dopmyinsl (11.3) mepenuineM nepBoe Ha4aaI0 TEPMOIMHAMHUKH KaK
dQ =dU + pdv . (11.4)
Cornacuo ypasuenuio (11.4) nmpu nocrosaaom oobeme, koraa dV =0, mis momsp-
HOW TEIUIOEMKOCTH ra3a MOKHO 3alHcaTh
G, =89m0 (11.5)
e 1T @
rae npu quddepenunpoBanuu Uy, o 7 o0beM V cunraercs noctossHHbIM. CreoBa-
TEJBHO, MOJISIPHASI TETJIOEMKOCTh Ta3a MpHu MocTosTHHOM oO0beme Cy paBHA H3MEHe-
HUIO BHYTpeHHEH sHeprun 1 Monb ra3a npu MOBBIIIICHUH ero Temrepatypsl Ha 1 K.

N3 popmynel (10.17) anis uaeanbHoro rasa, du,, = IE RdT . Tornma
C, = IE R. (11.6)
CornacHo ypaBHenuto (11.5)
du,, =C,dT.
Bo Bce cooTHomienus TepmoauHaMuk BXoauT DU . OmycTuM MOCTOSIHHYIO MHTET-
PUPOBAHUS U 3aIHUILIEM JISI BHYTPEHHEH SHEPIUU OJTHOTO MOJIS MIeaIbHOIO ra3a
Uy =G/T. (11.7)
Hcnonszyem ¢opmynsr (11.2a), (11.4) u (11.5) um npeacraBum BbIpakCHHE
(10.20) nst MonstpHO# TeroeMKocTH (i1 1 MoJib ra3a) B BHIE

C:d_Q:dU_M-}-ﬂ,
dr dT dT
dVy
= — M 11.8
C=Cy+p— (11.8)

Jlnst m300apuueckoro mpoliecca, HampuMep, ra3 HarpeBaeTcs mpu P = Const, w3

ypaBHenus Knaneipona (10.9) monyuaem
dv, _d RT,__dT
=p—(—)=R—=R
Par " Par ( p ) ar -’
, CTICIOBATEIBHO, B 9TOM CITydac
Cp, =G +R. (11.9)

VYpasuenne (11.9) nassiBaetcs ypasnenuem Maiiepa n mokasbiBaeT, uyto C, Bcerjaa
6ombiie Cy. ITO 0OBSICHIETCS TEM, UTO MPHU HacpesaHuu 2a3a Mpy TTOCTOSTHHOM J1aB-
JIeHUH TpeOyeTcs elle JOMOTHUTEIbHOE KOJNYECTBO TEIJIOTHI Ha COBEpIIeHHE pabo-
ThI PACITUPEHUS T'a3a, TaK KaK MOCTOSHCTBO JIaBJICHUS 00CCIICYMBACTCS YBEITMUYCHHEM
obbema rasza. Mcmonb3yeMm Boipakenue (11.7) u torna u3 ypaBuenus (10.10) momy-
YMM, YTO MOJISIPHAs TETUIOEMKOCTh IPU TTOCTOSTHHOM JIaBJICHUH OTPECISICTCS TaK:

cp :¥ . (11.10)




N3 Beipaxkenuit (11.9) u (11.10) cornacuo dhopmyiie (10.21) caenyer

g= & *R_, R_1+2 (11.11)
¢, o
OTCIOJIa MOJISIPHAS TEIIOEMKOCTh Oy/I€T paBHa
Gy =RI(g- 1). (11.12)

Ha ocHoBanuu ananu3a ypaBaenui (11.6) u (11.10) nonyyaem, 94T0 MOJIIPHBIC
TEIIOEMKOCTH MJICATBHOTO Ta33a ONPECIISIOTCS TOIbKO YMUCIOM CTEIeHEH CBOOOIHI |
MOJIEKYT W He 3agucsam OT TEeMIepaTypbl. OTO YTBEPKACHHE MOJIEKYISPHO-
KHHETUYECKOW TEOPHU CIIPABEJIMBO B JIOBOJIBHO IMMPOKOM HHTEPBAJIE TEMIIEPATyP
JUIIb JJI 0OHOAMOMHBIX PEAIbHbIX 2a308.

cvt DKCIepUMEHTalbHAsT 3aBUCUMOCTh Cy OT TEM-
nepaTypbl, MONYYCHHas B OIBITaX C BOJOPOIOM,
puc. 11.1, oObsicHsieTCs KBAaHTOBOW MEXaHHKOWU.
OHeprusi BpaliaTeIbHOr0 M- KOJNEeOATeNbHOTO JBU-
JKEHUW SBJISAETCA KBAaHTOBAHHOM, T.€. OHA MOXKET
MPUHUMAThL HE JI0O0bIe, a TOJBKO TUCKPETHBIC 3HA-
yeHus. Ecnm 3HEprusl TEIUIOBOTO JIBWIKECHHS HEIO0C-
TAaTOYHA, HampuMep Uil BO30YKIEHUs KoJieOaHUH,
TO 9TH KoJieOaHUs HE BHOCAT CBOETO BKJIaJa B TEll-
Puc. 11.1. Oxenepumentanbias  joemkocts. COOTBETCTBYIOMIAS CTEIEHb CBOOOJIBI
3aBHCIMOCTE C, OT «3aMOPAKMBAETCS» W K HEH HEe NPUMEHHUM 3aKOH
TEMICPATYpRl LA BOXOPOAA  pagHOpacHpeAeIeHNs] YHEPTHH.

OTUM OOBSICHIETCS, YTO TETNIOEMKOCTh MOJISI IByXaTOMHOTO ra3a — BOAOpO/a

(i =5) — npu komHaTHO# Temmeparype paBua (5/2)R, a ve (7/2)R. CnenoBarenbHo,

‘R

2
5
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IpHU TeMIiepaTypax, cooTBeTcTByromux yyactkam |, [ u |1l va puc. 11.1 coorBetcT-
BEHHO, Y MOJIEKYJI IPOSIBISIIOTCS TOJNBKO 3 MOCTYIMATEIbHbIE CTENEHH CBOOO/IbI, 3aTEM
n00aBIsAIOTCS 2 BpalllaTelbHbIE CTENEHU CBOOOBI, a MPHU BBICOKUX TeMIIEparypax
HAaYMHAET UrpaTh pojib KojeOaTeabHOE JABMKEHUE MOJIEKYJbl. B mpomexyTkax Tem-
neparyp TEIJI0eMKOCTh paCTET MOHOTOHHO, TaK KaKk HE BCE MOJIEKYJIbl OJJHOBPEMEH-
HO BOBJIEKAIOTCS BO BPalJaTEJIbHOE U KOJI€0ATEIbHOE IBUKEHUS.

Taxum oOpa3om, Knaccuueckass TeOpUs TEMIOEMKOCTH MPUOIN3UTENBHO BEpHA
TOJIBKO U OTACNBHBIX TEMIEPATYPHBIX UHTEPBAIOB, IPHUEM KaKIOMY WHTEpPBaIy
COOTBETCTBYET CBOE YMCIIO CTENEHEN CBOOOABI MOJIEKY!L.

Ha ocHoBanuu popmyin (11.12) u (11.7) nonyuum cienyroiiee BhIpaKEHUE JIs
BHYTPEHHEH DHEPIUM vV MOJIEH UCAJIBLHOIO rasa.

_NRT _ pV (11.13)

PaccMOTpuM mMpHMeHeHHe MePBOro Ha4YaJjia TePMOAMHAMHUKHM B CIIydac u3o-
npouyeccos, T.e. TAKUX MPOIECCOB, KOTa OJMH M3 TEPMOIMHAMHUYCCKUX TapaMETPOB
IpY IPOTEKaHUH TPOIIECca He U3MEHSICTCA.

1. Uzoxopnuwiii npoyecc (V =const, cm. puc. 10.2, a). CornacHo rnepBoMy Ha-
yany tepmoauHamuku (11.26), Tak kak st u3oxopHoro mnpouecca dA = pdV =0:

dQ=dU +dA=dU .



N3 popmyner (11.5) dU,, = C,dT . [ToaTomy At NpOU3BOIEHON MacChl HIEaTbHOTO
rasa rnoJry4yum

dQ =du = %C\,dT . (11.14)

2. Mz00apuwiii npoyecc (P =const, cm. puc. 10.2, 0). CoracHo dopmyie

(11.3) pabota mpu yBenmuueHuu oobemMa ot V; 110 Vo, paBHa
Vo

A= gpdV = p(V, - Vy). (11.15)
\%1

Bocnons3zyemcs ypaBHenuem MenaeneeBa—Knaneipona (10.10):
m m
V, =—RT;, pVo =—RIT>.
V1 ML pVv2 M2
Otkyna
m R
Vo-Vi=——(T,-Ty).
2-V1= IO( 2-T)

Torna ypaBuenue (11.15) st paboThl H300apHOTO PACHIUPECHUS IPUMET BUJ
A= % R(To- Ty) . (11.16)

DuU3nYeCKUid CMBICT MOJISIPHOM ra30BOM NOCTOSHHOM R
R uncnenno paBHa pabote 1 Mol uaeadbHOrO raza npu M300apHOM pacIIUpPEHUU
npu Harpese ero Ha 1K.
B u3o6apHoM nporiecce npu cOOOIICHUU a3y MAacCOU 71 KOJIMUECTBA TEIIOThI

m

€ro BHYTPEHHSISI SHEPTUs BO3pacTacT Ha BEJIMUUHY cOrjiacHO ypaBHeHuio (11.5):
m
du =—GC,,dT .
Y4

3. Uzomepmuueckuii npoyecc (T =const, cm. puc. 10.1). Mcxoas u3 BeIpake-
nus (11.3) u ypaBuenus Mennaeneea—Knanetipona (10.10) naiizem paboTy m3orep-
MHYECKOr0 PacIliupCHMS raza

Vo Vo
A= OpdV = O—RT(i/—V—%RTI Yo Mprin b

Vi Vi 1 pz
BHyTpeHHss SHEPrus UJ1eaJbHOTO ra3a IpU U30TEPMHUECKOM MPOIECCE HE U3MEHSI-
€TCs, TaK Kak

m
du =—G,dT =0.
MCV

B m3oTepmudeckom mpoiiecce TEII0eMKOCTh Ta3a He ompeencHa. M3 mepBoro Hava-
na repmoauHamuku (11.26) monyuyaem

dQ =dU +dA=dA.
Bce konmu4ecTBO TEIIOTHI, cO00IaeMoe ra3y, pacXoyeTcsl Ha COBEpIICHUE UM pado-
TBI POTUB BHEITHUX CHIT

Q=A="Rrinz=TgrrinP (11.17)
MV, M D,



CrenoBareibHO, B TEYCHUE M30TEPMUYECCKOTO PACHIMPEHHS ra3a, 4ToObl €ro
TEMIIepaTypa He MOHMKANIACK, K a3y HAJ0 MOABOAUTH KOJIHUYECTBO TEIUIOTHI, PABHOE
pabore ra3a npu paclIupeHuH.

4.  Aouabamuyeckuii npoyecc. Aduabamuueckum HA3BIBACTCI Hpouecc,
npu KoTopoMm oTcyTcTByeT Teruiooomer (dQ =0) Mexy cucTeMoi U OKpyKaromien
cpenoii. Ilpu 3TOM mpoIecce TEIOEMKOCTh paBHA HYJ0, cM. (Gopmyny (10.24).
AnnabaTHUYecKue MPOIECChl HCIOMB3YIOT B XOJOJMIIBHBIX YCTAHOBKAX H T.JI.

W3 nepBoro Havana tepmoanHaMuku (11.20) cnenyer, 4to

dA=-dU, (11.18)
GHeWHsIsL paboma COBEPIIACTCS 3a CUST U3MCHEHUS BHYTPEHHEH YHEPTHU CUCTEMBI.

MoXHO JT0Ka3aTh CHPABEIJIUBOCTh YPAGHEHUA AOUADAMUYECKO20 Bpoyeccd,

Ha3bIBAEMOT0 TaKxke ypasnenuem Ilyaccona:

pVY =const. (11.19)
VYpasuenue (11.19) o0bscHsET NpUYMHY HA3BAHUS Y noKazamenem aouadbamoi.
DKBUBAJICHTHBIC YPaBHEHUS aI1a0aTHICCKOTO TIPOIECcca UMEIOT BH/T
TV9 ! =congt, (11.19a)
T9p" 9 = const. (11.196)
OTmeTHuM, 4TO y Ha3bIBAETCA TaKxKe Koappuuyuenmom Ilyaccona.
Jluarpamma agnabaTHyeckoro mpoiecca B koopanHatax (p, V) uzoOpakaercs

KpUBOH, Ha3biBaeMou aduadamoii, puc. 11.2. Kak BugHo u3 puc. 11.2, aguabata
UJET Kpyye U30TEPMBbl, TaK KaK

g :&:1+£ >1.
Gv Gv

Pabota anmmabarudeckoro pacmmpenus (Ipu 3TOM TeMmIie-
parypa rasza yMeHbIaeTcst oT 71 710 72) HacalIbHOTO rasa

4

Tz .. Tz
_em_ 9. m_. I _._m
A=y —CyddT=-—C, JT=—0Cy(T- Tp). (11.20)
0 e M 7 M M
Tl Tl
Puc. 11.2. K cpaBHeHNIO 5. Ilonumponnwiti npoyecc. Ilonumponnvim Ha-
rpadukoB agrabaTel 3bIBACTCS HMpouecc, B KOTOPOM TEIJIOEMKOCTb OCTAETCS
1 N30TEPMBI IIOCTOSAHHOM. VcXoas U3 1epBOro Havyajga TepMOJAUHAMUKU

(11.20) nst HOTUTPOIHOTO TIPOIecca MOYKHO BBIBECTH
YypasHeHue noJIumponsl

pV" = const, (11.21)
rne N=(C- Cp)/(C- C) — noxazamens nonumponsi. B uactnoctu, npu C =0,

N=g u u3 Gopmyinsr (11.21) monyuaercsi ypaBHEHUE aIuadAaTHI.

11.2. BeposiTHOCTD M (DJIYKTYaLMH.
CMBICJ CTATUCTHYECKOT0 ONMMCAHUS: MAJIOCTh OTHOCUTEJIBHON (PIIyKTyaunu

Cmamucmuueckana ¢puszuka — 510 pazjen (PU3NKU, B KOTOPOM H3YyHarOTCs
CBOMCTBa MaKpPOCHCTEM HCXOMS U3 MUHAUBUIYAIbHBIX CBONUCTB COCTABJISIOIIMX MakK-



pocucTeMy gactur (d4mcio gactur mopsaka 107 — 10°°) u B3aumomeiicTBHil MexIy
HUMU.

OCHOBY CTaTUCTUYECKON (DU3UKU COCTABISCT meopusn eeposmuocmeii. Bepo-
SITHOCTh UHTEPECYIOIIEro HAC COOBITUS XapaKTepU3yeTCsl KPaTHOCTHIO €ro MOBTOpE-
Hus. Eciim u3 N ciyyaes i-¢ coObiTre npoucxoaut N pa3, To BepoSITHOCTBIO Pj 3TOT0
COOBITHS HA3bIBAIOT BETUYUHY

R = lim m
Ne¥ N

Tak kak Ha mpaktuke N Bcerga KOHEUHO, TO JJISi BBIYMCIICHUS BEPOSITHOCTH
ctapatorcs, utoObl N u N; 6butn moctatouno GosbmiuMu. [ToaToMy MOXKHO paccyu-
THIBATh BEPOSITHOCTh KaK

R » % (1122)

CyMMa BEPOSITHOCTEN BCEX BO3MOKHBIX PE3YJIBTATOB U3MEPEHNI paBHA €AUHULIE:
[]
aP =1 (11.23)

i
HYCTB HCKOTOpPAas BCIMYMHA X OIIMUChIBACT, HAIIPUMCED, MOJICKYJTY U IIPUHUMACT

JAMCKPETHBIE 3HAYEHUsI X; C pasHoW BeposTHOCThIO P . Torma cpeomee (cpeonee

apu¢memul£eCKOe) 3Hayenue BEINYUHBI < X > BBIYUCIICTCSA TAK:

<x>:%é Nox =3 Px . (11.24)
| |

9KCHepI/IMCHTaHBHO Ha6JHOIIaeMaH HOJIA Pe3VyJabTATOB, KOTAa CO6BITI/IG ocymie-
CTBIISICTCS, UCTBIThIBACT (iaykryanun Dx =X- < X>. @aykryanum — 3T0 Clydaii-
HBIC OTKJIIOHCHM (1)H3quCKOﬁ BCIIMYMHLI OT €€ CpenHerO 3HAYCHMSI. OTMeTI/IM, qToO
Q)HYKTyaHI/H/I HUCIIBITHIBAOT HIO6BIC BCJIIMYUHBI, 3aBUCAIIINUEC OT C.qual‘/’IHBIX Q)aKTOpOB.
B cratuctuueckor Gpusuke (GIyKTyalu BbI3bIBAIOTCS XAOTUYCCKHM TEILJIOBBIM JIBH-
KECHHUEM YaCTUII, O6pa3YIOH_H/IX CI/ICTeMy. I[a)Ke B COCTOSAHUHU CTATUCTHUUYCCKOI'O paB‘
HOBCCH Ha6HIOIIaeMBIe @HSquCKI/IC BCIIMYMUHBLI UCIIBITBIBAKOT Q)HYKTyaHI/H/I OKOJIO
cpenaHux 3HavueHui. COrjIacHO TEOPHUU BEPOSITHOCTH, C yBelnveHueM duciaa N ucrbi-
TaHUW OTHOCHUTEJIbHAS (IYKTyalusi JFOO0H BEIMYMHBI X YMEHBIIACTCS 1O 3aKOHY

ZI/ AN . TIo3TOMy MakpOCKONHMYECKHE 3aKOHBI, MOJYYECHHbIE JI1 OYEHb OOJBIIOrO

quclia MOJIEKYJI, SIBASIFOTCSI TOYHBIMH.

B_nanpHeiiiiem 00bI9HO OyaeM paccMaTpuBaTh Maiibiii 00beM dV makpocuc-
TEMBbl HUYTOXHO MAJIOTO pa3Mepa IO CPaBHEHUIO C PasMEpPAMU CaMOil MakpOCHUCTe-
MBI, coepskanuii uncio yactul dN HacTONBEKO OOJNBIIOE, YTO OTHOCUTEIBHON (IIyK-
Tyaleil 1X MOXHO MPeHEOPeyb.

DyHknusa pacnpeaejenus. PaccMoTpuM  ciydail, Korjga — ciaydaiHas
BEJMYMHA X, HAIPUMEP CKOPOCTh MOJIEKYJbl, UMEET HENpepbIBHbIN XxapakTep. Pa3zo-
ObeM BCIO 00JIaCTh U3MEHEHHMSI X HA OTJIEJbHBIE JOCTATOYHO HEOOJIbIINE UHTEPBAIbI
(X, X+ Dx) , Takurie 4TOOBI H30€XkKaTh 3aMEeTHBIX (pIyKTyaruii Benmaunbl x. [Tycts AP

— 3TO BEPOSATHOCTH MOIMAJAHUS CIIy4YalHOM BEJIMUYWHBI B JAHHBIN UHTEPBAI.
Onpenenum @hyuxyuto pacnpeoenenus f(X) Kak BEepOATHOCTh TOTO, UTO MH-
Tepecylolllasi HaC BeIMYMHA OKKETCS B €IMHUYHOM UHTEpBajie BOJM3U 3HAUYCHUS X'



f(x)= lim 2= %
Dx® 0 Dx dx
BeposTHOCTB TOTO, UTO 3HAYCHUE BEIIMYMHBI X TIOMAAeT B MHTEpBal (a, b), paBHa
b
P = of (x)dx. (11.26)
a
Ycnosue nopmuposxku eéeposmuocmeit. BEpOSTHOCTb TOTO, YTO BEJIUYHMHA X

MOJKET MPUHATH XOTA Obl KaKoe-HUOYIb 3HaUeHHe, paBHa 1, T.e.

B
of (x)dx =1, (11.27)
A

(11.25)

/I MHTEIPUPOBAHUE IPOBOJIMUTCS [0 BCeMy MHTepBany (A, B) BO3MOKHbBIX 3HAYCHU I
BeMuMHbl x. Takum oOpa3om, Bcs IUiomanas moj KpuBod f(X) paBHa eauHwMIIe
(cm. moaremy 11.3). Vpasuenue (11.27) seasiercst anamorom popmyssl (11.23).

Ecnu m3BecTHa HOpMHUpOBAaHHAS Ha CAUMHMIYY (DYHKIIHs pacrpeacICHHUs BEJIH-
YHMHBI X, TO CIPaBEJIMBHI Ceayronme GOpMYyIIbl I CPSAHET0 U CPEAHCKBAAPATHY-
HOT'0 3HAYECHUW BEIIMYUHBI X!

< X>= Eéy(f (x)dx, (11.28)
A
< x?>= Exz f(x)dx. (11.29)
A

11.3. Pacnpenenenue MakcBesjia. CpeaHsisi, cpeiHsisi KBaJAPaTUYHAS U
HanOoJiee BepOATHASI CKOPOCTH MOJIEKY.JT

PaccmoTpum ra3, HaxXOIAUIMHICS B COCTOSSHMM PaBHOBECHS MPU JAHHOW TeMIIe-
patype. Bce monoxenus 1 HanpaBICHUS IBIKEHUS MOJIEKYJ paBHOBEpOSATHBI. [1ycTh
N — o6miee 4ynciio MoJieKyJI ra3a B JaHHOM oObeMe. B rase ycraHaBiauBaeTcsi HEKOTO-
poe CTallMOHApHOE paclpejie]ieHne MOJIEKYJ 10 CKOPOCTSAM, HE 3aBHCAIIee OT Bpe-
MEHH. DTO paclpe/ielIeHue ONMChIBAeTCs PyHKyuel pacnpedenenus Makceenna no
aocontomusim 3nauenuam ckopocmei f (U), xoropas Takke He 3aBUCHT OT BpeMe-

uu. Bemmunaa f(U) onpenensier orHocuTenbHOe yncio monekyn dN/N , aGcomror-
HbIC 3HAYCHHS CKOPOCTEH KOTOPBIX JIeXkKAT B HHTEpBaie oT U Jjo U +du . OgyeBuaHo,
uto dN/N mponopimonansHo uatepsany du :

ANW) _ ¢ ydu . (11.30)

Torma N f(u)du = F(u)du — 3To 4nciI0 MOJIEKYI, KOTOPbIE UMEIOT CKOPOCTH B MH-

TepBasie oT U 1m0 U +du. B 1859 r. JIx. K. MakcBemn moiay4mi GopMmyity s
f (U) —pacnpenenenne MakcBesia Mo aGCOTIOTHLIM 3HAYEHUSM CKOPOCTEIi:

@ m 572 > @ 1mu?d
fu)y=4pE M 9 ¢ lmu”2 11.31
0 =02 Cutenf S (11.31)

rae m —Macca MoJiekyinbl; K — moctositHuas bonbimana; 7 — aGcomroTHast TeMnepary-



pa. Ora ¢pyakus f (U), mokazanHas Ha puc. 11.3, ynoBIeTBOPSET YCIOBHIO HOPMHU-
poBku (11.27):

¥
of (u)du =1.
0

OtmetuM, uto pachpeneiacHue Makcsemia (11.31) sBasieTCs] paBHOBECHBIM U
CTAIIMOHAPHBIM, T.€. 00/ MOJEKYl CO CKOPOCTSIMH OT U 10 U +du ocraercst mocTo-
STHHOM, HE3aBUCHUMO OT U3MEHEHHUSI CKOPOCTU OTACIBHBIX MOJEKYJ MPHU CTOJKHOBE-
HUSX.

A
f(u) T1 T1<T,<T3

~
R, S N ——
\
.\-_
/
A
'~
N

N
\A
P W,

Puc. 11.3. I'paduk ¢pynkimu pacupenenenus f(U) MakcBenia B 3aBUCHMOCTH
OT CKOPOCTH MOJIEKYI U

Dyukyuna pacnpedenenus Maxceenia HO NPOEKUUAM CKOPOCHMEN MONEKY]l
ONpENEIAETCS TaK:

mm g7, ®1mug+uy
&20KT g g 2 KT p

Toraa yncino MOJIEKyI CO CKOPOCTIMHU OT ul 10 U , B ra3e MOKHO HaliTu 1o (opmyiie

2)6
fUy,ly,Uz) = +u2)f. (11.31a)

UpxUsyUp,
DN=N o 0O Of uyuy,u,)duy,duydu,.
Uy Upy Upz
3anuiieM paHee MONYYEHHOE IS CPEIHEH KMHETHYECKOW DPHEPTrUU TOCTYyIa-
TEJIBHOTO JABM)KCHUS OJIHOM MOJICKYJIbI HcaIbHOTO Ta3a ypaBHenue (10.15)

3 m<u? >

<enocm 2kT _T’

rae cormacHo dopmyrne (11.29) V<u?>=u, — cpeausisi KBaAPATHYHAS CKOPOCTh
MOJIEKYJI ueanpHoro raza. CiieoBaTeIbHO, CPeIHISI KBaIpaTHYHAS CKOPOCTh PaBHA

u, =350 = [3RT (11.32)
m M

CkopocTh, IIpU KOTOPOH (YHKIHUS pacrpeeeHus] MOJIEKY HIealbHOTO ra3a
no ckopoctsim f(U) mocturaer Makcumyma, Has3bpIBacTCs Hambosiee BepOSITHOM

CKOPOCTHIO U . D1a ckopocTh onpeneisercd u3 yeinous df /du =0 u paBua
eep

/ KT f RT
= _— = [2—— . 11.




BOnbas yacTh MOJIEKYJI ra3a MMEET CKOPOCTH BbILIE, YeM U, (cM. puc. 11.3).

Cpennsis (cpeansisi apudgMeTnyeckas)) CKOPOCTh MOJICKYJ ra3a COTJIACHO
onpenaencHuio (11.28) onpenensercs kKak

¥ 8 KT 8 RT
u) = cyf (u)du :\/—— :\/——. (11.34)
) E}J pm p M
3TI/I TpI/I CKOpOCTI/I OTJINYAKOTCA Ilpyl oT npyla YUCJIOBBIMU MHOXHUTCIISAMU,

OJIM3KMMM K €IMHULE, IpU4eM U ., > <u> >U,.

Pacnpenenenne MakcBesuia A JaHHOTO ra3a 3aBUCUT TOJIBKO OT TeMIIEpaTy-
pBI: UEM CHJIbHEE Harper ras, TeM OBICTpee IBIMXKYTCS €ro MoJjeKysbl. [JOCKOIbKY C
MOBBILLIEHUEM TEMIIEPATypPhl I'a3a 3HAUCHHUS <u> , Uge M Ug,, YBEITHYUBAIOTCS, TO MaK-

cumyM pyskiuu f(U) cMemraercs B cTopoHy 00abIKUX ckopoctei, puc. 11.3, a ero
a0CoIOTHAs BeTMYKMHA yMeHbInaeTcs. [Inomaas moa kpusoi f (U) coxpaHsieTcs.

Kpusbie Ha puc. 11.3 MOXXHO Takke paccMaTpuBaTh U WHAY€ — KaK COOTBETCT-
BYIOIIIME Ta3aM MpPH OJHOW M TOH ke TemIepaTrype C pa3HbIMH MaccaMH MOJICKYI:
m >y > M.

OKCIIEPUMEHTHI 10 OMpeNeeHHI0 (PYHKIIMH PacHpeaeseHUs] M0 CKOPOCTSIM B
peanbhbix razax (1920) ¢ BBICOKOW TOYHOCTBHIO MOATBEPAWIN pacrpeneincHue Mak-
CBEJIJIa JIJIsl Ta30B MPH HE CIHUIIKOM BHICOKOM JaBJICHUH.

11.4. Pacnpeaesienne MoJieKyJl BO BHEIIIHEM TOJIe€.
Pacnpenesienue boasumana. Pacupenenenne Makcsessia—boabsiumana

lp+dp PaccmoTpum HeanbHbI ra3 B OAHOPOAHOM IIOJIE TSKE-
S S ctu. ATMocdepHoe TaBieHHe Ha Kakoi-mubo Beicote h 00y-
' dh CJIOBJIEHO BECOM BBIIIETEKAIIMX CJIOEB rasza. byaem cuurtars,
: YTO T'a3 HAXOAUTCA B COCTOSHUU TEPMOAUHAMUYECKOTO PABHO-
'/ Tq T h BECHs W €ro Temmneparypa | BCIOJy OAMHAKOBa. Beiaennm Ha
p BeicoTe h ctonb raza Beicoroit dh w rwomanp0 ocHOBaHUSA S

Puc. 11.4. K geisosy PABHOW enunune, puc. 11.4. Pashocte nasneHuii p u p+dp
GapoMeTpHYECKOH  YUCIICHHO paBHA BECY ra3a B BIICICHHOM IIUIHHIPE:
opmyIbI p- (p+dp)=rgdh, - dp=rgdh,
rae r =m/V. — miotHOCTh ra3a Ha Beicote h; r dh>1l=dm — snemeHT macchl rasa.
3HaK MEHYC B (hopMyJie TIOKa3bIBACT, YTO JABJICHUE C BHICOTON YOBIBACT.
13 ypaBaenus Menaeneea—Knaneiipona (10.10) caenyer, 4to
V =(m/(Mp))RT u r =Mp/(RT).
Tormga Haxogum
dp=- mgdh 1507051 9 _. @dh,
RT p RT
rje B o01eM ciaydae 7 3aBUCHT TOJIbKO OT h. IHTerpupys mocjienHee BhIpakeHUe 10
BbicoTe OT O 10 h ¥ 1Mo 1aBIeHUIO OT Po 10 p, MOJTydaeM

p=poe "D, (11.35)




rae Py — laeieHue rasa Ha Beicote h=0. CienoBarenbHO, H3MEPHUB € IIOMOLIBIO Oa-

poMeTpa JaBiIeHHUE Po U p, MOXKHO 110 U3MEHCHHUIO TaBJICHUS OMPEICIUTh BBICOTY
h="TnPo (11.36)
gM p
[Tostomy Beipakenue (11.35) HasbiBaeTCs Oapomempuueckoi gopmynoi v
OTpeJeIsIET 3aBUCUMOCTD JIaBJICHHUS aTMOC(HEphl OT BBICOTHI HAJ MOBEPXHOCTHIO
3emnu. U3 Hee criemyet, uTo dasieHue yOBIBAET C BHICOTON Te€M ObICTpee, YeM TshKe-

nee ra3 (0onbine M) u yeM HibKe ero temmeparypa, puc. 11.5, a.
A
p Moy>M; nt T>T

po T<Ty

h 6
Puc. 11.5. Cxembl, WILTIOCTpHUPYIOITHE OAPOMETPUICCKYIO (HOPMYITY U
3aKkoH bonbiMana:

a — VI3MCHEHHE JTaBJICHUS ra3a p B 3aBUCUMOCTH OT BBICOTHI h;

0 — U3MEHEHUE KOHIOCHTpPAUU ra3a n B 3aBUCHUMOCTH OT BBICOTHI h

bapomerpudeckas hopMmyna Mo3BOJISIET MOMYYHTh COOTHOIICHHE MEXIY KOH-

HEHTPAIMsIMU Ta3a Ha pa3ndyHON BbICOTE. MCTONb3yeM ypaBHEHHE COCTOSIHUS HIie-

anpHOrO ra3za B ¢opme (10.11): p=nKT, rae n — xoHueHTpamus moiekyna. [Ipu

T=const umeem pP/py=nN/ny, rae ng — KOHLEHTpALMs MOJEKYJI rasza IpH
nasineHun [y. [lostomy u3 Beipaskenns (11.35) noxyanm

n=nye MK, (11.37)

rae k/m=R/M . U3 ypaBrenns (11.37) crnemyer, 4TO Mpu MOBBIIICHHH TEMIEPATY-

pel, T.¢. ipu T ® ¥ | MOJIEKYJ bl OKA3bIBAIOTCS PACIPEICTICHHBIMU 10 BBHICOTE TIOUYTH
paBHOMepHO: N® Ny. Ilpu T ® O K monexynsl noa AedcTBHEM CHUIIBI TSXKECTH Oy-
IyT OMyCKaThCs Ha aHO cocyna: N® O, puc. 11.5, 6.

Yurem, uto Mgh = E — noreHnuanbHas SHEPTHs MOJEKYIbI B OJHOPOIHOM

noJsie TAToTeHust BOIM3H moBepxHoctd 3emuu. [Ipumem, uro Ha ypoBrae h =0 moten-
ualibHast SHeprust paBHa Hyt0. Torna popmyiy (11.37) MoKHO Tiepenucarth B BUJIC

- E,/(kT)
n=nge /7, (11.38)
rjae Ny — MJIOTHOCTh YaCTHll, COOTBETCTBYIOIIAsA TOYKE, B KOTopoﬁ Ep =0. BLIpaxce-

Hue (11.38) — pacnpenesienne BoabMaHa MOJIEKYJ Ta3a 1O MOJIOKEHUSIM — Xapak-
TepU3yeT pacnpeiesieHne YacTUIl BO BHEIIHEM NOMEHYUATbHOM noje N CIPaBEATNBO
pu JEHCTBUM JIFOOBIX KOHCEPBATHBHBIX CHJI JJII COBOKYITHOCTH JIFOOBIX OJIMHAKOBBIX
YaCTHUIl, KOTOPbIE HAXOAATCA B COCTOSTHUM XaOTHUYECKOTO TEIIOBOTO ABMXKEHHs. U3
HETO CJIEJIyeT, UTO MPH MOCTOSHHOM TeMIlepaType IJIOTHOCTh ra3a OoJjbllle TaMm, IIe
MeHbule TTOTeHIIMANbHAS YHEPTUS €ro MOJIEKYI, T.€. OJIMKe K MOBEPXHOCTH 3EMIIH.



B mosie BHEIIHUX CHJI MOJICKYJIbI ra3a MOAYMHSAIOTCS OJJHOBPEMEHHO M pacIpe-
nenennio Makcsemia (mo ckopoctsam) (11.31a), u pacnpenencHuio bosbimana (1o
noJjiokeHusiM). B obeux ¢dopmynax pacrnpeaeieHuii MPUCYTCTBYET SKCIOHCHIINATb-
HBIH MHOKUTEIIb, B ITOKA3aTeje KOTOPOrO MMEET MECTO COOTBETCTBEHHO OTHOIIICHHE
KHHETHYCCKOW M MOTEHI[HATBLHONW SHEPTUH OJHOM MOJCKY/Ibl K Benuunue KT , koro-
pasi OPENEINICT CPeOHIO dHEeP2U Menio8o2o o0gudxceHus moaexynvl. Oba pacmnpe-
JICJICHUSI MOXKHO OOBCIMHUTH B OAWH 3akoH MakcBeuia—bonbumana (pacnpede-
nenue Makceenna—bonvumana).

PaccmoTpum anemeHTapHbIii 00beM uaeanpHoro raza dV = dxdydz, pacnono-

’KCHHBII B TOUKE C KOOpAMHATAMH X, Y U Z. O0sA3aTeIbHBIM ABISETCS TO, UTO BO BCEX
Toukax oobema dV KOHIICHTpAIMsI # MOJICKYJI JOJDKHA OBITh OJJMHAKOBA. YKCIIO MO-
nekyn AN, KOMIIOHEHTBI CKOPOCTEH KOTOPBIX U3MEHAIOTCS B MHTEPBaNiaX OT Uy, Uy,
U, 1o U, +du,,u, +duy, u, +du,, a koopauHaThl — OT X, Y, Z 10 X+dX, y+dy, z+dz,
B 35ieMeHTe o0beMa dV BBIUUCISACTCS TAK:
- E, /(KT
dN =nf(u,,u,,u,)du,du, du,dV =nye o/ (T ¢ (u,,uy,u,)du, du, du,dxdydz.

ITo 3axony MakcBes1a—boJibIMaHa 4uCJI0 MOJIEKYJI OIPEAEIIIETCS BBIPAXKECHUEM

& mu?2 0
dN = noéeiﬁz expg- 2—+Ep+du  du du ,dxdydz (11.39)
e2pkT g ¢ KT = y=re ,
g p

rae N, — IVIOTHOCTh YaCTHI, COOTBETCTBYIOIIAsI TOUKE (Ha4yay KOOPIWHAT), B KOTO-
poit E, pasna O; norenumanbhas sHeprus Ep =E (XY, 2); kunetndeckas sHep-

2 112 0002 1012y 2 _
rust — GYHKIHMA KOMIIOHEHT CKOpocTH (U“ =Uj +Uy +uz); mu /2+ E, =E — nox-

Hasi DHEPTHUs MOJIEKYJIbI.
11.5. Bropoe Hauyano tepmoanHamMuku. Q0paTtumbie 1 HEOOpATHMbIE MPOLECCHI

IlepBoe Ha4vao TEPMOAMHAMUKU HE IO3BOJISIET YCTAHOBUTH HAIIPABJICHUE IIPO-
TeKaHus npoueccoB. OHO HE HCKIIIOYAET BO3MOKHOCTU TaKOro IIpolecca, €IUHCT-
BEHHBIM PE3YJIbTATOM KOTOPOI0 ObLIO OBl MOJHOE MPEBPAILEHHUE TEIUIOThI, MOJIY4YEH-
HOM OT HEKOTOPOro Teisa, B paboTy, HallpUMEp CYLIECTBOBAHME BEYHOI'O JABUTATENS
BTOPOro poaa. Beunvim oOeuzamenem 6mopozo pooa HA3BIBACTCS NEPUOIUYECKU
JNEUCTBYIOIINI JBUTaTENlb, COBEPUIAIOIINN paboTy 3a CUET OXJaXKIECHHSI TOJIbKO HC-
TOYHHKA TeroThl. O000IIEHHEe OrPOMHOI0 KCIEPUMEHTAIBHOIO MaTepHraia MpuBe-
JIO K BBIBOAY O HEBO3MOXXHOCTH PEajIM3allMy JaHHOIO JBUraTENs U MOJYYUIO Ha3Ba-
HHE BTOPOr'0 3aKOHA TEPMOANHAMUKMU.

CyliecTByeT HECKOJbKO 3KBHBAJICHTHBIX (POPMYIMPOBOK BTOPOr0 Havaja
TepmoauHamMuku. [Ipusenem cieayromue GopMyIupOBKHY.

®opmynuposka Kitaysmyca: HEBO3MOXKEH IIPOLECC, €AUHCTBEHHBIM PE3YIlb-
TAaTOM KOTOPOTO SIBJISIETCS Nepeiada TEMIOTH OT MEHEE HarpeToro Tena K Teiry Oosee
HarpeTromy.



®opmyaupoBka KeabBuHA: HEBO3MOXKHBI MPOIECCHI, €AMHCTBEHHBIM KOHEY-
HBIM pEe3yJIbTaTOM KOTOPBIX ObLIO OBl IpEBpallleHHe BCETO MOJTYyYEHHOTO CHCTEMO
Teruia LeJIMKOM B padoTy.

Bropoe Havano TepMOAMHAMUKHU OMNpEEseT HalpaBlICHHE MPOTEKaHUS Tep-
MOJIMHAMHYECKUX TMPOIIECCOB, YKa3bIBas KaKWe MPOIIECChl B MPUPOJIE€ BO3ZMOXKHBI, a
KaKue — HeT.

Tennoeou 0suzameny — 3TO NEPUOANYECKU NECUCTBYIOIINN ABUTATENb, COBEP-
MIAOIIUA paboTy 3a CYET MOJIYYEHUSI U3BHE TETUIOTHI.

KIIJ] mennoeozo 0suzamensa onpenenseTcs Tak:

h=AQ,,
rae Q; — cooOleHHoe JBUTATENIO TeIo; A — Ipou3BeAeHHas UM padbora. Bennunna
A TipencTaBiseT COOON «IOJIE3HBIN» «BBIXO» JABUTATENS (TO, YTO MBI MOIyYaeM OT
Hero), a Q; — To, 4TO «BKJIaAbIBaeM» B Hero. [IOCKONIBKY nosHas aHepeus COXpaHseT-
cs, TO mojBoaumMasi temiora Q; JobKHA OBITH paBHA CyMMe paOOThI U KOJWYECTBA
TEIUIOTHI, OTBOJAUMOM IIPYU HU3KOM TeMIIEpaType:

Q=A+Q,.
Ortcrona MmoxHo 3anucath A KITJ[ geurarens
h=2"Q_1. Q& (11.40)
Q Q

CornacHo cootHomenuto (11.40) KII/| aBuraresis TeM BhIle, YeM MEHBIIEC Oyaer
terioTa Q,. OMBIT MOKa3bIBACT, YTO YMEHBIINTh Q2 10 HYJIST HEBO3MOXKHO.
dopmyaunposky KeabBruHA MOXKHO Nepedpa3upoBaTh:
HEBO3MOYKHO CO3/1aTh TeII0BoM aBurareias ¢ KITJ h =1.

TepMoauHaAMUUYECKHUI TTPOIECC HA3BIBAETCS 00PATHMMBIM, €CIIA OH JOMYCKAET
BO3BpAlCHHUE Tella (CUCTEMbI) B MEPBOHAYAIBHOE COCTOSIHUE 0€3 TOro, 4ToObI B OK-
py’Kalolllel cpelie OcTaauch Kakue-HuOynb m3meHeHus. Heobxoammoe u j1octaToy-
HO€ YCJIOBUE OOPAaTUMOCTU — PAGHOGECHOCMb TEPMOJMHAMUYECKOIO IMpoliecca, Ko-
r7la paBHOBECHE B KaKJIOM TOUKE CHUCTEMbI YCTAHABIMBACTCS OBICTPEE JIUTEIHLHOCTH
caMoro Ipouecca.

Keazucmamuueckuii npoyecc — 310 0€CKOHEUHO MEJJICHHBIN MEPEX0]l TEPMO-
JTUHAMUYECKOM CUCTEMBI U3 OJTHOTO PABHOBECHOI'O COCTOSHUS B JIPYyroe, npu KOTO-
POM TEPMOJUHAMUYECKOE COCTOSIHME B JIFOOOH MOMEHT BpPEMEHH OECKOHEHYHO MaJlo
OTJIMYAETCS OT PAaBHOBECHOI'O U €r0 MOXHO paccMaTpuBaTh KaK COCTOSHUE MepMOo-
OUHAMUYECKO20 PABHOBECUSL.

Besikuit TepmoaunaMuueckuii mporecc, He YAOBJICTBOPSIIONINM YCIOBUSIM 00-
paTUMOCTH, HA3bIBACTCS HEOOPATHMBIM TEePMOAMHAMHUYECKHM MmpoueccoMm. Bce
peabHbIE TPOLIECCHI SIBISIOTCS HEOOPATUMBIMHU.

11.6. DuTponusi. 3aK0oH BO3pacTaHus FJHTponuH. MaKpo- 1 MUKPOCOCTOSTHHS.
CraTtucTHYEeCKHMI CMBICJ YJHTPONIMH. JHTPONHUS U HEOOPATUMOCThH

Hemeukwuii yuensrit P. Knaysuc (1865) mokazan, 4ro mporecc mpeBpamieHus
TETUIOTHI B pa0OTy MOAYUHSICTCS BTOPOMY HAayaly TEPMOJIUHAMHKH, KOTOPOE MOXKHO



chopMyIMpOBaTh CTPOTO MATEMATUYECKH, €CJIM BBECTU OCOOYIO0 (YHKIIHIO COCTOS-
HUS — SHTPOTHUIO.

Kpyzo6bim npoyeccom (yuxnom) Ha3pIBaCTCS TEPMOAMHAMUYECKHI MPOIECC,
IpU KOTOPOM BCE TEPMOJMHAMHYECKUE MapaMeTpbl (M TepMOJUHAMUYECKHE (YHK-
I[[1¥) BO3BPAIIAIOTCS K CBOMM HAa4aJbHBIM 3HAUCHUSIM.

3anuiiem Hepasencmeo Knaysuyca niis KpyroBoro npoiiecca

@ﬁrﬂ £0, (11.42)

rae dQ — KoJIMYeCcTBO TEILIOTHI, COO0IIaeMoe cucreMe (MM OTBOAUMOE OT HEe) Ha
OECKOHEUHO MaJioM ydYacTKe IHKIJa; 1 — abCoNIIoTHAs TeMIepaTypa COOTBETCTBYIO-
IETO AJIEMEHTa Cpe/ibl. B TepMoauHAMUKE JTOKA3bIBACTCS, YTO MHUKIY, COCTOSIIEMY
TOJBKO W3 OOPAaTUMBIX MPOIECCOB, COOTBETCTBYET 3HAK paBEHCTBA (pageHcmeo
Knaysuyca). naue, eciiv IUKJI COMPOBOXKIACTCS HEKOTOPHIMH HEOOPATHMBIMH W3-
MEHEHUSIMHU, TO BBIMOJIHACTCS HEPABEHCTBO (3HAK «<» B BhIpaxkeHuu (11.41)).
DiieMeHTapHOEe MPUBEICHHOE KOJIMYECTBO TEIUIOTHL = 3TO OTHOIICHUE JJIEMEH-
TapHOro KonmuvectBa Teria dQ, MOMyd4eHHOrO TEJIOM MPH KBa3HCTATHYECKOM IPO-
ecce, K Temreparype T TeIUIOOTAANIETo Tea (HampuMep OKPYKaIoIIe Cpebl).
Jlnst o6pamumoco npoyecca cornacHo paBeHCTBY Kitaysuyca
ds=9 (11.42)
T
€CTh MOJIHBIN nudPepeHran QyHKIUN COCTOSIHUS S, Ha3bIBaeMbli JHTponue. Paz-
HOCTb DHTPOIHI CHCTEMBI B IBYX MTPOU3BOJILHBIX COCTOSIHUSX 1 1 2 paBHa

2dQ _AdU +dA
DS, =S, - S1:()__I_Q:()7_I_ , (11.43)
1

1

rne BS;g, — U3MeHeHue SHTPONUU B XOJ€ HEKOTOPOro npouecca. MHrerpuposanue

B BeIpakeHuu (11.43) Bemetcs BAOAbL MyTH JHOOOT0 KBa3HCTATUYCCKOTO 00PaTUMOTO
npoiiecca, cBs3biBaromiero coctosuus 1 u 2. Ormerum, uro dpopmyna (11.42) ompe-
JEJISIET SHTPONHUIO C TOYHOCTBIO 0 aAAUTUBHOU NMOCTOSIHHOU. PU3UYECKUU CMBICI
UMEET HE caMa DHTPOIHS, & Pa3HOCTH SHTPOITHUH.

Taxum 00pa3om, U3 BTOPOro Hayasia TEPMOJUHAMUKH CIIEAYET, YTO CYIIECTBY-
€T OJIHO3HAaYHasi (PYHKLHUS COCTOSIHUA S KOTOpas Mpu OOpaTUMbIX aauabaTHYecKuX
nporeccax (dQ =0) ocraeTcst MIOCTOSTHHOM.

CornacHo HepaBeHcTBY Knaysuyca (11.41) npu reobpamumuix npoyeccax

2
DS, , > c‘ﬁrﬂ . (11.43a)
1
U3 cootHomennii (11.43) u (11.43a) ciemyer yTBEpXkKACHUE, YTO IHTPOMHS

3aMKHYTOU (a11abaTHO M30JIMPOBAHHOM) MAKPOCUCTEMbI HE YMEHBINACTCS:
3
DS, ° 0, (11.44)

T.€. SHTPOITUSI MOXKET WM BO3PACTATh B CIIy4ae HEOOpaTUMbIX (HEpaBHOBECHBIX) MPO-
LIECCOB, WM OCTaBaThbCS MOCTOSHHOW B cilyyae 0oOpaTUMbIX mIpoueccoB. Ecnu ke
Maxkpocucmema He3amMKHyma, T.e. OOMEHUBAETCS TEIJIOTON ¢ BHEIIHEW Cpeioi, TO ee
SHTPONUS MOKET U3MEHATHCA JIIOOBIM 00pa3oM.




HafmeM HU3MCHCHHUC SHTPOIIMU B IIpoHeCCax MACAIbHOIO ra3a, UHCIO0Jb3ys BbI-

paxenue (11.43). Tak kak dU :%C\,dT u dA= pdVv :%RTO\I/—V (CM. COOTBETCTBEHHO

dopmyier (11.15) u (11.4)), TO MOXKHO MOJYYHUTh, YTO
DS, =m InL+RIn\Q% (11.44a)
MEYTT TG
[Ipupamienne SHTPONMUU MPH HEOOPATUMOM MPOIECCe MEXIY IBYMS paBHO-
BECHBIMHU COCTOSIHUSIMU 1 M 2 paccUMTBIBAIOT, MPOBEAS MEXAY cocTossHUSAMU 1 u 2
KaKOU-HUOYAb 0Opamumblii npoyecc.
OtmetnM, uto coryiacHo onpezenenuto (11.42) B ciayyae 0OpaTUMBIX MpOIieC-

coB dQ =TdS. IlepenanHoe cUCTEME TEILIO MOYKHO MPEACTABUTH KaK
2 2
Q= ¢¥lQ =¢rds,
1 1

¥ OHO OyJZeT paBHO IUIOIIAJM MOJ KpUBOMW Mpoliecca Ha guarpamme 7—S. Takum 00-
pazoM, B ciaydae oOpaTHUMBIX MPOIECCOB BHIMIOIHSAETCS TEPMOJAMHAMUYECKOE PaBEH-
CTBO

| TdS =dU + pdV | (11.45)
VYpaBuenune (11.45) sBnsercs oaHoOM U3 GOpPM 3aIUCH 11€P8020 HAYALA MEPMOOUHA-
muxu (11.20) 11 TaKUX TPOIIECCOB.
OHTponust 001aaeT CBOWCTBOM @AO0OUMUGHOCHU. DHTPONUS CUCTEMBI paBHA
CYMMe€ 3HTPOMHI TeJl, BXOJALIUX B CUCTEMY .
PaccMoTpuM cMmemmBaHue ABYX MAealbHbIX I'a30B, 3aHUMAIOIIUX pa3/ielICHHbIE
neperopoakamMu o0beMsl V) =V, . JlaBiaeHue, Temneparypa U 4ucio Mojeil B 00oux

o0beMax oauHakoBo. [locie yaaieHHs NeperopojkKd MPOUCXOAUT HEOOPATUMBIN
IpoIecC CMeIlIeHHs Ta30B. [IprApaliienrne SHTPONUK KaXk0oro ra3a corjacHo (11.44a)
DS, , =NRIN2. B cooTBeTCTBUMA CO CBOWCTBOM aJAUTHBHOCTH SHTPOIHUH CyMMap-

HOE MIPHUPAIICHUE YHTPOITHH CUCTEMBI PABHO
DS = 2nRIn2.
[Tpupamenne DS > 0, uTo ecTecTBEHHO, TaK KaK MPOIECC CMEIIEHUSI HEOOPATHM.
Teopema Hepucma:
pu MPUOIMHKCHUN TEMTIEPATYPhI K aOCOTIOTHOMY HYJTIO SHTPOTIHS MaKPOCUCTEMBI
TaKXKE CTPEMHUTCS K HYJIIO MPHU JIIOOBIX 3HAYEHUSX IPYTHX TEPMOJUHAMUYECCKUX
HapaMeTpOB CUCTEMBI:

lim S=0. (11.46)
T®0

Tax kak Teopema HepHcTa He MOXKeT OBITh BBIBEICHA M3 MEPBBIX ABYX Hadall TEPMO-
AMHAMHKH, TO €€ 9aCcTO HAa3bIBAIOT TPEThUM HAYAJIOM TePMOIAMHAMUKHU. TakuM 00-
pa3oMm, abCONOTHOEe 3HAYCHHE SHTPOMUU MOKHO YCTAaHOBUTH C MOMOIIBIO TPETHETO
Hayvaja TePMOJIMHAMUKH, COTJIacHO KoTopoMy npuHuMaercs S=0 mpu T =0.

B cnydae n3o6apuueckoro mporecca Mbl MOKEM BBIYUCIATH a0CONIOTHOE 3HA-
YeHUE SHTpONUU 1o GhopmyIie




LC (T)dT
o~
0

Cnenosatensho, mpu T ® O teroemkocth Cp, BceX MakpoCHCTEM JOJKHA CTpe-

S(p,T) = (11.47)

MuUThCs K Hyt0. Taxke n3 reopemsl cnenyet, uto G, npu O K paBHa Hymt0.

B mepmoounamuke TOBOPAT, UTO 3a/1aHO MAKPOCOCMOAHUE CUCTEMBI, KOT/Ia
COCTOSIHHE JTAHHON MaKpOCHCTEMBI MOXKET OBITh 0XapaKTepHU30BaHO 3aJlaHUEM TaKUX
MakKporapamMeTpoB Kak 00beM, JaBlIeHUE, TEMIIepaTypa u Ap.

CocTosiHuE € MaKpOCHUCTEMBI, KOT/la 3aJaHbl COCTOSIHUS BCEX MOJIEKYJ, Ha-
3BIBAIOT MUKPOCOCTOSIHHEM.

JIto60e MaKpOCOCTOSIHUE MOKET OBITh PEaTU30BaHO Pa3IMUYHBIMU CHOCOOAMU
WIN Pa3InIHBIMU MUKPOCOCTOSIHUSIMU (MUKpPOpACTIPEICICHUSIMU YaCTHUIL IO KOOPIH-
HAaTaM U CKOPOCTSIM).

TepMonnHamMuyeckasi BeposiTHOCTH \\ COCTOSIHUSI CUCTEMBI (crmamucmuue-
CKUII gec) — 3TO YUCIIO cOCO00B, KOTOPHIMU MOXKET OBITh PEaM30BaHO JAHHOE CO-
CTOSIHUE MaKPOCKOMMYECKONH CHCTEMBbI, WM YHCIO PAaBHOBEPOSITHBIX MUKPOCOCTOS-
HUH, COOTBETCTBYIOIIMX JTaHHOMY MakpococtosiHuto: Ilo ompenenenno W 3 1, T.e.
TEPMOAMHAMHYECKAsI BEPOSITHOCTh HE €CTh BEPOATHOCTH B MATEMATHYECKOM CMBICIIE,
koropas £1.

Cornacuo bonpumany (1872), sHTpONHUS CUCTEMBI U TEPMOJIMHAMHYECKAS Be-
POSATHOCTH CBSI3aHBI MEXKY CO00M COOTHOIIEHUEM
S=kinw, (11.48)
rne K — mocrosituHas bonbiivana. TakuM 00pa3oM, SHTPOMHS OINMpPEaesseTCs Jiora-
pUpMOM UYKCIa MUKPOCOCTOSHUHM, C MOMOIIBI0 KOTOPBIX MOXET OBITh PeaTu30BaHO
HaHHOe MakpococtosiHue. CleoBaTeIbHO, SHTPOMHSI MOXKET PacCMaTpPUBATHCS Kak
Mepa 6epoAmHOCH U COCTOSTHYS TEPMOIMHAMUYECKON CUCTEMBI.

®opmyna bonbimMana (11.48) mo3BossieT AaTh SHTPONHU CICAYIOIIEEe CTATH-
CTHYEeCKO€e TOJKOBAHME!

SHTPOMHS SABIISCTCS MEPOH HEYTOPSIOUEHHOCTH CUCTEMBI.
JleficTBUTENIBHO, YeM OOJIbIIE YUCIIO MUKPOCOCTOSIHUM, PEaU3yIOMNX JaHHOE
MaKpOCOCTOsIHUE, TeM Oouble SHTponus. B cocmosanuu pasnosecuss — camoro Bepo-
SATHOTO COCTOSIHHS CHUCTEMBI — YHCJIO MHUKPOCOCTOSHUN MaKCHMajbHO, TPU ITOM
MaKCHUMaJbHa U SHTPOMHSI.
Takum 06pazoM, BTOpoe Hadajgo TEPMOAMHAMUKH MOKHO CPOPMYITHUPOBATH
KaK 3aKOH BO3PACTaHHMsA HTPONMHM 3aMKHYTOW CHUCTEMBI NMPU HEOOPATUMBIX MPO-
neccax (nBe GopMyITHMPOBKH):
0001 HeoOpaTUMbIM MpPOLIECC B 3aMKHYTOM CHCTEME MPOUCXOAUT TaK, YTO 3H-
TPOMUSI CUCTEMBI TIPH 3TOM BO3pacTaer,

unu
B IIpOIIECCaX, MPOUCXOASIINX B 3aMKHYTON CUCTEME, YHTPOTHS HE yObIBAeT.

[lpu cTaTHCTUYECKOM TOJKOBAaHWHU SHTPOIMHU 3TO O3HAYAET, UYTO NPOUECChl 8
3aMKHYymoU cucmeme WAYT B HaIpPaBICHWW YBEIWUYCHHS YHCIIa MUKPOCOCTOSHUH,
WHBIMU CJIOBaMH, OT MEHEE BEPOSITHBIX COCTOSHUIN K 00jee BEpOSITHBIM, JI0 TE€X IOp
MOKa BEPOSITHOCTh COCTOSIHUS HE CTaHET MakcHMalbHOW. ClenoBaTeNbHO, BO3pacTa-




HHUE SHTPOIHMH O3HAYAET MEPEX0J] CUCTEMbI M3 MEHEE BEPOSTHBIX B 00JICe BEPOSITHBIC
cocrostausi. CornacHo BeipakeHusM (11.43) u (11.48) TepMmoanHaMuyecKas BepOST-
HOCTh COCTOSIHUI, KaK U DQHTPOIUS, 3aAMKHYTON CHCTEMbI HE MOYKET YMEHBIIATHCSI.

JUIsl «MaJbIX» CHCTEM, COCTOSIIIUX M3 MaJlOr0 YMCJia YacTHIl, MOTYT HaOIO-
JaThCsl OTHOCUTENILHO OOJbIUE (PIIYKTYaIlUH, T.€. SHTPOIHUS U TEPMOJMHAMUYCCKAS
BEPOSITHOCTh COCTOSIHMW 3aMKHYTOH CHUCTEMBI Ha OIPEICICHHOM OTPE3KE BPEMEHHU
MOTYT yOBbIBaTh, a HE BO3pacTaTh, WJIM OCTaBaThCsS MOCTOSHHBIMU. B cucremax c
OY€Hb OOJILIITMM YHMCIIOM YacTHI BCe (PIIYKTYallud MaJIbl.

Taxum oGpaszom, emopoe nauaio mepmoOuHaAMuKY SBISETCS CTATUCTUYCCKUM
3aKOHOM M BBIP2KACT HEOOXOJMMBIC 3aKOHOMEPHOCTH XAOTHYECKOTQ JIBHIKCHHS
OOJIBIIIOTO YMCIIa YaCTHII, COCTABJISIOIINX 3aMKHYTYIO CUCTEMY.

11.7. lluka Kapuo

Bonpmioe 3HaueHne 171 NTPUMEHEHU TEPMOJUHAMUKHA UMEKOT KPYrOBBIE MPO-
neccsl. KpyroBele mpomeccsl JiexaT B OCHOBE BCEX TEIUIOBBIX MAIllMH — JBUTaTeNIe
BHYTPEHHET0 CrOpaHusl, HapOBbIX U ra30BbIX TYPOUH, XOJIOANUIBHBIX MAIIUH U JP.
PaBHOBecHbBIE KPYroBbl€ MPOILECCHl M300paKkaroTCs B

A
rid p auarpammax p-V, p—T u 1p. B BHJE 3aMKHYTHIX KPHBBIX,
TaK KakK JIBYM TOXIECTBCHHBIM COCTOSHUSIM — Hadally W
6 KOHIIy KPYIOBOTO HpOIlecca — COOTBETCTBYET B IHOOOM
2 auarpaMMe OJiHa U Ta *e Touka, puc. 11.6. Pabora pacuiu-
V penus A (mromans ¢purypsl 1la26l Ha puc. 11.6) sBuser-
Puc. 11.6. [Tpumep Cs TIONOKHUTENBHOM, a pabora cxkartus A, (uromanb
paBHOBeE;IgIFIZngFOBOFO 2al62) — otpunareiabHa. PaboTa 3a mukn A paBHaA ¢ TOY-

HOCTBIO JI0 3HaKa IUIOIAAM UKIa B P-V auarpaMme, ox-
BaTBIBAEMOM 3aMKHYTOH kpuBoil: A=A + A,. Takum oOpa3oM, paboma 3aBUCUT OT

BUJIa TIPOLIECCA, B PE3YNBTATE KOTOPOrO0 CHCTEMA MPUXOJIUT U3 OJHOTO COCTOSIHUS B

Ipyroe.
[{ukn Ha3BIBAaETCS MPAMBIM, €CJIM 32 IUKJI COBEPIIAETCS MOJ0KUTEIbHAs pado-

ta A=¢pdV >0 (uukn nporekaer mo yacoBoil cTpenke). Llukn Ha3piBaeTcst 0Opat-

HBIM (IIUKJI IPOTEKAET MPOTHUB YaCOBOM CTPEIIKH), €CIIM 3a IUKJ COBEPINAETCS OTPH-
natenbHasd padora A= gpdV <O0.

Paoouee meno TEIUIOBOIO ABUTATENS — 3TO TEJNO, COBEPIIAIOLIEE KPYTrOBOU
npouece U 0OMEeHUBAKOLIEecs SHEpPTruen ¢ ApyrumMu TesamMu. OObIYHO 3TO Tas.

Tepmocmamom HaA3BIBAETCS TEPMOJAMHAMMYECKAs CHCTEMA, KOTOPAassk MOXKET
0OMEHUBATHCS TEIUIOTOM C TeJaMU MPAKTUYECKH 0e3 M3MEHEHUsI COOCTBEHHOU TeM-
neparypsl.

[IpyHIMO paboThl TEMJIOBOIO JBUTaTeNs: OT TepMocTaTa ¢ 0Oosiee BBICOKOMN
TeMneparypoil 71, Ha3bpIBa€MOr0 Hazpesamesnem, 33 UNKI OTHUMAETCS KOIUYECTBO
TernoTel Qg, a TepMocTaTy ¢ 0ojiee HU3KOU TeMmmnepaTypoi 7,, Ha3bIBAEMOMY X0.10-
OWIbHUKOM, 32 IIUKJ TIEpeIaeTcsl KOJIMYECTBO TerioThl Qp, mpu 3TOM coBepilaercs




pabora A=Q, - Q,, puc. 11.7, a.
Tepmuueckuit KI1/] npurarens cornacuo gopmyne (11.40) paren

PaGouee PaGouee he -1, %,
Teno, Tq Teno, Tq Q Q
i% TQT rae Q,1 0 cormacHo BTOpPOMY Hagaly Tep-
Toe—1 A Konomiad A MOIMHAMHKH.
— > vammpa  i—— IMpouecc, 0OpaTHBIA MTPOUCXOIAIEMY
B TEIJIOBOM JBHIaTejie, UCIOIb3YyETCS B XO-
u Q ﬁ Q2 JOMIBHON MAIMHE: OT TepMocTara ¢ OoJjee
Pabouee Pabouee HH3KO# TemriepaTypoid T 3a IUKI MOJTy4aroT
reno, Ty Teno, Ty KOJIMYECTBO TEIIOTHl Q, M OTHAKOT TepMO-
a 6 craty T1 koamdecTBO TerwroTel Qq. IIpu sTOM
Prc. 117, Cxonat k oy Kanrio: HaJl ~ CHUCTEMOW  coBepimaercs  pabora
a — IelcTBUe TeHJIOBgroKJgHraEeJIsI; A= Ql ) Q2  puc. 11.7,6.
6 — NEHCTBHE XOJIO/TTHHON MATIIHHBI O PeKTUBHOCTH XONOANIBHON Mallly-

Hbl XapaKTePHU3YET XOJOJUIbHBIN K03Pdu-
eHT N ( — OTHOIIGHUE OTHATON y TepMOCTaTa ¢ 0oJiee HU3KOW TeMIIepaTypoil KOJu-
yecTBa TemoThl Q2 k padbore A, KOTOpasi 3aTpayrBaeTCsl Ha MPUBEACHUE XOJIOIUIIb-
HOW MAILIMHBI B JIEUCTBHUE!

he=2%=_ (11.49)

A Ql' Qz

K TepMonnHaMUYEeCKUM ITUKJIaM, HCCIEOBAHUE KOTOPHIX CHITPAlO BAKHYIO

poJib B pa3paboTke OOIMUX OCHOB TEPMOJAMHAMUKH, OTHOCUTCA IukiI KapHo,
puc. 11.8. Huxa Kapno — 310 00paTuMBIii KpyroBoil mpoiiecc, B KOTOPOM COBepiIlia-
eTCs PEBPAICHHE TEIUIOTHI B padoTy (uiau pabotel B Temiory). OH COCTOUT H3 IO-
CJIEIOBATEIIbHO YEPEAyIOIIMXCS JBYX H30TEPMUYECKHX W JABYX aJHa0aTHUYeCKHX
MPOIECCOB, OCYIIECTBISIEMBIX € pabouyMM TesioM (MaeaabHbIM Ta30M WM MapoM).
Hukn Kapuno Obu1 BmepBeie paccmorpeH (paniysckum ¢uszukom H. JI. C. Kapho
(1824) xak waeanpbHBIA paOdOYMil MK TEIUIOBOrO JBHUraTelis. Pabodee Teno mocie-
JI0BAaTEIHHO HAXOAHUTCA B TEIUIOBOM KOHTAKTE C IByMsI TEIUIOBEIMU pe3epByapaMu —
A HArpeBaTeseM C MOCTOSTHHOU TeMIlepaTypo 77 U XOJIOUIIb-
Pl Tuq HUKOM ¢ T, <T;. IlpeBpamienue TemnoTsl B paboTy CONIpo-

BOXK/IAE€TCS MEPEHOCOM PabOYUM TEJIOM OINpPEETICHHOIO KO-
JMYECTBA TEIUIOTHI OT HarpeBaTeis K XOJ0AUIbHUKY.
Bri6epeM Touky 1 B kauecTBe HAYaIbHOTO COCTOSIHUSA,
puc. 11.8. MneanpHblil ra3 pacimupsieTcsi U30TEPMUYECKU U
oOpatumo no nytu 1-2 npu temnepatype 71. Hanpumep, ras
3aKJII0YEH B HWIMHAPE C MOABUKHBIM MOPIIHEM U HAXOAUTCS
B KOHTaKTe ¢ ropssuuM tepmocratoM (77), KOTOpbIH cooOIia-
€T razy KoJau4ecTBo TemnoTsl Q. 3areM ras pacuupsercs

Puc. 11.8. I{uxn Kapuo
IUTS MJIeanbHOIO Ta3a Ha
nuarpamme p-V

aanadbaTuyecku U oOpaTUMO MO NMyTH 2—3; HA 3TOM y4YacTKe Mepeaayd TEIIoThbl He
IIPOMCXOAUT U TeMIleparypa rasa najgaer 10 72. Ha Tpetrbeit ctaquu UKIa IPOUCXO-



JIUT U30TEPMUYECKOE 00paTUMOE C)KaThe rasa 1no nytu 3—4; 3/ecb He0OX0IUM KOH-
TaKT ¢ XOJOAHBIM TepMmoctatoM (7)), KOTOpOMY ra3 TmepefacT KOJIUYSCTBO
ternoTel Q, . Hakonen, ra3 annabaTudecku coxuMaercs 1o mytu 4—1, Bo3Bpalasce B

UCXOHOE cocTosiHue. PesynbpTHpytomas paboTa, coBepiiaemasi B oqHoM 1ukie Kap-
HO, YUCJIEHHO paBHa IUJIOLIAY, OTPAHUYEHHON KPUBOJIMHEHHBIMH OTpe3Kamu, oopa-
3YIOIIMMU UK Ha p—V-nuarpamme (kpusas Ha puc. 11.8).

JlaHHBINA LMK MOXET OBITh MPOBENEH B oOpaTHOM HampasieHuu. Hampumep,
M0 TAKOMY MPHUHIMITY paboTaeT 110001l OBITOBOM XOJIOAWIbHHUK.

[Hukn KapHo MoxHO Takke n300pa3uTh Ha Auarpamme 1-S Ha puc. 11.9. U3zo-

T TepMbl  u300paxarTcs  npsMmbiMa  1-2. u 34,
7l 1 2 aauabaTel — npssMbiMU 2—3 1 4-1.
Kapno chopmynuposan cieayrolmryio Teopemy (meo-
To| . pema Kapno):
4 3 > BCcEe OOpaTHUMBbIE JIBUTATENU, pabOTaIOMIUe MEXIAY TePMO-
S S S CTaTaMU C OJIMHAKOBLIMU JBYMS TEMIIEpaTypamu, UMEIOT
Puc. 11.9. Iuxn onud u ToT *e KIIJ[; Hu onrH HEeOOpaTUMBIA JBUTATENb,

Kapro Ha muarpamme T-S  paboTaronuii MeX1y TEMH e TEPMOCTATAMHU, HE MOKET
nMmeTh 6onee Beicokuit KIIJI.

Koaddunment noneznoro nevicteus apurarens KapHo, kak u ar000ro Temio-

BOro ABuraress, 3agactcs BeipakenneM (11.40). Cornacho (11.49) mosy4yeHHoe Ten-

10 Q =Ty(S,- §) u paBHO mIomanu noa otpe3koM 1-2. OTaaHHOE XOJOAUIBHUKY

temio Q, =T,(S, - §)) u paBHO muomann nog otpeskoM 4—3. [Ipu 3ToM moImAH
OpsIMOYrosibHUKA, T.€. Q) - Q,, paBHa paboTe coBeplIaeMOll ABUTATEIEM 3a UK.

[MoacraBus Beipakenust Q1 u Q. B popmyiy (11.40), momayumnm, yto KI1JI oGparumo-

ro jsuraresigs KapHo 3aBUCUT TOJIBKO OT TeMIIEpaTyp TepMOCTaToB 11 u 15!

nes T,
1

rae temiepatypsl 71 U To ABIAIOTCS aOCOMIOTHBIMU, U3MEPEHHBIMU 10 TEMIIEPATYp-

HOM mIKane uaeanbHoro rasa. L{ukin KapHo umeer makcumanbnublii KIT v cioyxut

Mepolt 3¢ PEeKTUBHOCTH TEIIOBBIX JIBUTATEIICH.

PeanbHble ra3el. YpaBHenue Ban-nep-Baannca. B peanbnbix cpenax (TBép-
JbIe TeJNa, JKUAKOCTH, PEeabHbIC Ta3bl) MEXKIY MOJCKYJIAMHU CPEbl JCUCTBYIOT CHIIBI
NPUTSDKEHUS WM OTTaNKUBAHUA. Cuibl MedCMONEKYIAPHO20 63aUMO0CUCmEUs
JIGACTBYIOT MEX/y MOJNCKYJIAMH M aToMaMH Ha paccTosuusix 10 10° M n sBasrores
KOpoTkoJercTByomuMu. Koraa 3Tu cuiabsl NpUBOAST K 00pa30BaHUIO XUMHUYECKHUX
COCUHEHMM, TO UX HA3bIBAIOT XUMUUECKUMU WU 6al1eHmHbImu cuaamu. Mbl Oy-
JIEM PACCMaTpPUBATh TOJIBKO Ia3bl, COCTOSIIIUE U3 DJIEKTPUUECKH HEUTPAIBHBIX MOJIE-
KYJI WJIM aTOMOB.

Cua B3aMMOJICHCTBUSL MOJICKYJI — 9TO CYHEPHO3HIUS CUI TPUTSDKEeHUs (cu
Ban-oep-Baansca), npeobnanaromux Ha OOJBIINX PACCTOSHUSIX, U CHJI OTTAJIKUBA-
HUS, JTOMUHUPYIOIIKUX HA MaJibIX PACCTOSIHUSAX. OTU CUJIbl YPaBHOBELIMBAIOT APYT
Apyra Ha PA6HOGEECHOM PACCHMOAHUU Ty MEKIY MOJIEKYJaMHU — PACCTOSHUM, Ha KO-

(11.50)




TOPOM OBl HAXOUIUCH MOJIEKYJIbI B OTCYTCTBUE TEIIOBOT'O IBUKEHHUS.
[loTenuuanbHas 3HEprus B3aumo encTBus Mosiekyn U — GyHKius paccTostHus
I MeX1y LEHTpaMH COJIM3UBIIMXCS MOJIEKY] — MMHMMAaNbHA 1pu I =Iy. U, ompe-

nensieT paboTy, KOTOPYIO HY>KHO COBEPILIUTh MPOTUB CUJI MPUTSIKEHUS, YTOOBI pa3b-
eIMHUTH MOJICKYJIbI, HAXOAAIINECS B paBHOBecuH (I =1Iy).

N CooTHoOLIEHUE MEKIY |U min| u KT sBusercs kpure-

U pUeM pa3IMYHBIX arperarHblXx COCTOSIHUM Bellectsa. B
ciydae rasoobpassoro cocrosust U | <<KT, t.e. Ten-

Uy = JIOBOE€ JIBJKEHUE MOJEKYJ IPEHATCTBYET COEIMHEHUIO
(xouzencanun) monexyn. Ecmu xe |U | >> KT, To Ten-

Puc. 11.10. Tunuunas JIOBOM JHEPIUU HENOCTATOYHO, YTOOBI «OTOPBATH» MOJIE-
KPUBasi 3aBUCHMOCTH KyJIbl Ipyr OT Opyra, U BELIECTBO HAXOAUTCS B TBEPAOM
SHCPIUHM B3AUMOACHCTBIA  coctognuu. Korna |U min| » KT, To u3-3a TEII0BOrO JBH-

Moekyn U

KEHHsI MOJIEKYJIbI IEPEMEIIAIOTCS B MPOCTPAHCTBE, OOMeE-
HHUBAsCh MECTaMH, HO I' £ I, ¥ BEIIECTBO HAXOAUTCS B JKUAKOM COCTOSHUMU.

VYHuBepcanbHOr0 ypaBHEHUS! COCTOSIHUS JJIs1 dKUIKOCTEN 1 peajbHbIX ra30B He
cymecTByer. BHecem B ypaBHeHHMe cocTosiHHMA uueanbHOro rasa (10.9) pVy,, = RT
MOMNPABKH, YUYUTHIBAIOIINE COOTBETCTBEHHO COOCTBEHHBIM O0BEM MOJIEKYJ U CHIIBI
MEXKMOJICKYJIIPHOTO B3aUMOJICHCTBUSA: D — 00beM, 3aHMMAaEeMBbIii CaMUMH MOJICKYJIa-
mu, u pl= a/V,\ﬁ — enympennee oaenenue (a v b — nocrossuubsie Ban-nep-Baansca,
3HAYCHUS KOTOPBIX OMNPEACISAIOTCS 3JKcnmepuMeHTanbHo). Cunbl Ban-nep-Baanbca
CTpeMsTcsl cONMU3UTh MoJsieKyJibl. CieA0BaTellbHO, BHYTPEHHEE JaBICHUE PEabHOTO
ra3a yseauuuBaercsa Ha PC Ho mpu cOnmxeHun KyJIOHOBCKOE OTTalKWBaHUE HE TO-
3BOJISICT MOJIEKYJIE 3aHATh MECTO, YIKE 3aHATOE Ipyrol MoJiekynoiul. Iloatomy peainb-
HBII 00BEM, B KOTOPOM MOT'YT TIEpEMEIIaThCsl MOJIEKYJIbI, onpeenseTcs Kak Vy, - b.

[Nonnanackuii yuensri 5. J{. Ban-nep-Baansc (1873) BbiBen ypaBHEHHE, KOTO-
po€ 3amuChIBaeTCs

®

p + (VM b)=R WIn (11.51)
¢ nzao(v b)=n RT (11.51a)

nb)=nRT, 5la
Dav

rien =m/M ; V =nV,, ; R — yHuBepcanbHas ra3oBas OCTOSIHHAs. YpasHenue Ban-

oep-Baanvca nyist mons raza (11.51) Ha3wIBaeTCs ypasHenuem coOCMOAHUA PeabHbIX
2a3086. J1ns1 Ipou3BOJIBHON Macchl ra3a qaHHoe ypaBHenue umeeT Bua (11.51a). a3,
TOYHO TOJYMHSIONINECS ypaBHEHUIO BaH-nep-Baanbca, Ha3wiBatoTcs 2azamu Baw-
oep-Baanvca. 3nauenus kouctant Ban-nep-Baanbca a u b cooTBeTcTBEHHO paBHBI,
HanpuMmep, s Bogoponaa — 0,0245 I[)K'MglMOJIBZ u 26,6-10° M3mons, mns
kuciaopoga — 0,138 I[)K-M3/M0J1I>2 u 31,8:10°m%/mons, mns sTHIOBOrO cnupra —
1,22 Jix-m>Imouns” n 84-10°° m3/monb.
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PA3JAEJ 3. QJJIEKTPUUYECTBO U MATHETU3M
Tema 12. DyekTpocTaTUYecKOE MOJIe B BAKYyMe

12.1. 3akoH coxXpaHeHHs FJIEKTPHYECKOI0 3apsAa. JJIeKTpuiecKoe moJie.
HanpszkeHHOCTD 3JIeKTPHYECKOro MoJsl TOYEYHOr0 3apsija.
Hpuaoun cynepno3unuu. Pacyer 3jieKTpH4ecKoro moJs

Dnekmpocmamuxa = pa3ien KIACCUUECKON (PHU3MKH, KOTOPBIA M3ydyaeT B3au-
MOJICHCTBUE HEIOABMIKHBIX 3JICKTPUYCCKHUX 3apsIOB U CBOMCTBA MOCTOSTHHOTO DJICK-
TPHYECKOTO TIOJIS.

DJIeKTPpHYECKHI 3apsii — 5TO BHYTPEHHEE CBOMCTBO TEJI MJIM YACTHII, XapaK-
TEPHU3YIOIEe MX CIOCOOHOCTh K AJIEKTPOMArHUTHBIM B3aWMOJCHCTBHSAM. 3apsia (
ornpeaensiorT B kymonax (Ku).

CyuiecTByeT 21emenmapnutii (MUHUMAILHBIN) 21eKMPUYecKuil 3apso

e=160X0 K.
Hocntens sneMeHTapHOrO OTpPHUIATENBHOTO 3apsafa — 21ekTpoH. Ero macca
m, =9,1140 3lr. HocuTenb 3MeMEHTAPHOTO MOTOXKUTENHHOTO 3apsiia — IPOTOH.

Ero macca my, =1,67X0  kr.

OKCIIEpUMEHTAIBHO YCTaHOBJIEHBI CIEIYIOIINE )yHOamMeHmanvHbvle CEOUCH-
6a DIIEKTPUYECKOIO 3apsaa:

1. DnekTpUYeCKUi 3apsl CYIIECTBYET B ABYX BUAAX: MOJOKUTEIHLHOM U OTPU-
nareabHoM. OJHOMMEHHBIE 3apsiibl MPUTSATUBAIOTCS, PA3HOMMEHHBIE — OTTaJIKHUBa-
I0TCS.



2. DNEeKTpUYECKU 3aps]l HHBAPUAHTEH — €r0 BEJIMYMHA HE 3aBHCHUT OT CHCTe-
MbI OTCYETa U, CIE0BATENIbHO, HE 3aBUCUT OT TOT'O JBUYKETCS OH WJIA MMOKOUTCH.

3. DieKTpUYEeCKUi 3apsi AUCKPETEH — 3apsij] J0O0ro Tejla COCTaBIsET LEN0e
KpaTHOE 3JIEMEHTAapPHOTr0 3JIEKTPUUYECKOT0 3apsiia e.

4. DACKTPUYECKUN 3apsil AIUTHBEH — 3apsij] 000N cucTemMbl Ten (YacTuir)
paBeH cyMMe 3apsiioB Tell (4acTHIl), BXOJISAIIUX B CHCTEMY.

B 1747 r. ®panknun chopmynuponai, a M. @apaneii B 1843 r. qokazan 3aKoH
COXpPaHEeHHUs FJIEKTPUYECKOI0 3apsjia;

anredpanyeckas cymma 3JIEKTPUUYECKHUX 3apsiAoB JII0O0H 3aMKHYTOM CHCTEMBI OC-
TAaeTCs HEU3MEHHOH, Kakue Obl MPOIEeCChl HU MNPOUCXOAWIM BHYTPHU JaHHOU
CUCTEMBI.

ITox 3aMKHYTOM CUCTEMOM B JAHHOM 3aKOHE ITIOHUMAETCS ILeKMPUUECKU U30-
JUPOGannan cucmema, KOTopasi He 0OMEHHMBAETCs 3apsJaMu C BHEIUHUMU TEJIaMH.

Toueunwlit 31eKmpuuecKuil 3apa0 — 3TO 3apsHKEHHAS] MaTepUalbHAS TOUYKA.

CoryacHO COBpPEMEHHBIM MPEACTABICHUIM B3aUMOJIECUCTBAE MEXKIY 3apsiaamMu
OCYIIECTBIIAETCA 4Yepe3 IoJie. BCAKUN JIEKTpUUYECKUM 3apsii CO3IAET dJIeKTpHYe-
CKOe 10JIe, U3MEHSS ONpeIeIEHHBIM 00pa30M CBOICTBA OKPYXKAIOUIEro MPOCTPAHCT-
Ba. [lomenieHHbIN B KaKyr0-IMOO TOUYKY AJNEKTPUUECKOro MoJisi MpoOHbIHN 3apsa Oyner
UCIIBITHIBATH JICUCTBUE CHUJIBI.

Ilpoonvim Inekmpuyeckum 3apa0om HA3BIBACTCA TOUEUYHBIN 3apsii HACTOJIBKO
MaJioil BEJIMYMHBI, YTO OH MPAKTHYECKU HE BBI3BIBAET MepepaciperesieHus dIeKTpH-
YECKUX 3apsA/I0B Ha OKPYKAIOIIMUX TeJlaX U, CIEeN0BaTEIbHO, HE BHI3BIBAET 3AMETHOIO
MCKAKEHUS HCCIIEyEeMOro MOJIsl.

DJIEKTPOCTATHYECKUM I10JIEM Ha3bIBA€TCS AJIEKTPUUECKOE I0JIe, CO3/1aBae-
MO€ HEMOJBUKHBIMHU AJIEKTPUUECKUMU 3apsA/laMi U HE U3MEHSIONIEECS BO BPEMEHH.
Co CTOPOHBI ANEKTPOCTATHYESCKOTO TMOJIST HA 3apsbl (3apsHKCHHBIC YaCTHUIIBI) TEHCT-
BYIOT 2J1eKmpocmamuuecKue cuiibl, KOTOPbIE SIBISIIOTCS LEHTPAIbHBIMU.

Opannysckuit puzuk [apas Kynon B 1785 r. ¢ noMomibo KpyTUIBHBIX BECOB
YCTAHOBWJI 3AKOH 63AUMO0CUCMEUs 08YX moUeHblX 3apsaos (3axkon Kynona):

CHJIa B3aUMOJICHCTBUSL MEXKY ABYMsI HENOJABHKHBIMUA TOUEUHBIMM 3apsaamMu ¢ U

0,, HAXOASIUMMMUCS B BaKyyMme, IPSMO IPOINOPLHUOHAIbHA BEJIMYUHAM 3apsifoB,

o0paTHO MPOMOPLUUOHAIbHA KBAJApaTy PACCTOSIHUS I MEXIy HUMH U HalpaBieHa
BJI0JIb COEIMHAIOIIECH UX MPSAMO:

r r

Fo=ktk( Moaynb  Fp, =k % % : (12.1)

r2

1 v (V)
rae [ —paanyc-BEKTOp, HAIPABJICHHBIM BAOJIb JTUHUM, COCAUHAIOMICH TOYCYHBIC 3a-
1

psambl O U Q,; BeKTOp Fy, MO cornarenuo npuioker K 3apsaay , Ha KOHIIE BEKTO-
pa I ; k — koapdunuent nponopuuonansHoctn. B CU k :4IOL:9,O>§LO9 H-m*/Kn’=
€o

=9,010° M/®, rae ey =8.8540 12 d/M — drexTpuueckas mocrosiHuas (dapax (D) —

eIMHUIIA IEKTpHUEecKoi eMKkocTH (cM. moaremy 12.7)). Hanpasnenns cun F, u F,;
IPOTHBOIIOJIOXKHEL. B ciIydae pa3sHOMMEHHBIX 3apsA0B CHJIA B3aHMMOJCHCTBUS COOT-



BETCTBYET MPUTSHKCHUIO, & B CITy4ae OJTHOMMEHHBIX 3aps/IOB — OTTAJIKHBAHHIO.

CuItbl 3JIEKTPOCTATUYECKOTO B3aMMOJCHCTBHS YacTO Ha3bIBAIOT KY/1OHOBCKU-
mu cunamu. OT™METHM, 9TO 3aKOH KyrtoHa ananorudeH no hopme 3aKoHy 8cemupHo-
20 macomenus (3.12). IIpr 5TOM poib TSHKEIBIX MAacC UTPAIOT AIEKTPHYESCKHUE 3aPs/Ibl.

DKCHEPUMEHTAITLHO YCTAaHOBIICHO, YTO CHJIa B3aMMOJICUCTBUS JIBYX 3apsiiOB HE
M3MEHSICTCA, CCIU BOIM3M TIOMECTHTH eIIe Kakue-mu00 3apansl. Ilycts kpome 3apsina
Q umesores 3apsast ¢ (i =1,n), puc. 12.1. Torna pe3yIsTHPYIOMAs CHIIA F, ¢ ko-
TOPOIi JeicTBYIOT 3apsaasl ¢ Ha Q, onpenenseTcs o NPUHUURY CYREPROZULUL CUT.

F=&F (12.2)

1
rie | — cuna, ¢ KOoTopoll necTBYET 3apsin O
Ha Q B orcyTcTBHE ocTaibHBIX (N- 1) 3apsmoB.

Besikoe 3apsKEHHOE TEJNO MOXHO IIpen-
CTaBUTh KaK COBOKYIHOCTBH TOUYEUHBIX 3aps/0B,
AHAJIOTUYHO TOMY, KaK B MEXAHHUKE BCSKOE TEJO
MOYHO CUHATATh COBOKYITHOCTBIO MATEPHATBHBIX
Touek. [loaTomMy asekTpocTaTuyeckas cuiua, ¢
KOTOpPOM OJTHO 3apsIKEHHOE TEJIO IEUCTBYET HA APYroe, paBHa reOMETPUYECKOU CyM-
M€ CHUJI, PUJIOKEHHBIX KO BCEM TOUYEYHBIM 3apsifiaM BTOPOTO TEJIa CO CTOPOHBI KaX-
JI0T0 TOYEYHOTI'O 3apsiia IEePBOro Tela.

Korpna 3apsael pactipefienieHsl B 3apsSyKEHHOM TeJI€ HEMPEPBIBHO — BJIOJIb HEKO-
TOpol JMHNK (HampuMep B Cliydae 3apspKEeHHOTO TOHKOTO CTEPIKHSI), TOBEPXHOCTH
(HampuMep B cirydae 3apspKEHHOHM IUTacTHHBI) Wi o0beMa (Hampumep B ciiydae 3a-

Puc. 12.1. BzauMoaeicTBue TOUEYHBIX
Pa3HOUMEHHBIX 3apsiI0B

g (i= 1,3) ¢ 3apsizom Q>0

PSDKEHHOTO I11apa), MCIIOIb3YIOT IOHATHS iuneinou | |, nosepxnocmuoit S v 06v-
eMHOU T NJIOMHOCHEll IJ1IeKMPUUECKUX 3apa006 COOTBETCTBEHHO:
_d d _d
=% A (12.3)
i s’ v’

rae dg — 3apsa Manoro yyacTtka WM 3apsuKeHHOM nuuuu amuHoi dl , wou 3apsoken-

HOIT oBepXxHOCTH Miomaapio dS, wnu 3apspkeHHOro Tena oobemom dV cooTBercT-
BEHHO.

1
OmnbIT MOKa3bIBaeT, YTO cwia F , AelicTByroIIas Ha HEMOABMKHBIN TOUYCUHBIN
npoOHBIN 3apsia [, BCErJa MOXKET ObITh MPECTaBIICHA KaK

F=qE, (12.4)

1
race BCKTOp E He 3aBUCHUT OT BEIWYMHBI HpO6HOFO 3apsaa ( U Ha3bIBACTCs HaIIpsi-
JKCHHOCTBIO DJICKTPHUYICCKOTO ITOJIA B JTAHHOM TOYKE.
Hal'lpﬂ)KeHHOCTL — 3TO CHJIOBAA BCKTOPHAA XdPAKTCPUCTHUKA SJICKTPOCTATHUYIC-

CKOTI'O ITOJIA
r 1
-F
E/é. (12.4a)

1
B obmem ciayuyae E sBasercs ¢pyHkuwmenr koopauHat. Ecnu B Kaxaod TOUYKe Mpo-
1

crpancTBa E = const, To mose Ha3pIBaeTCS OJHOPOIHBIM.
W3 Beipakenus (12.4a) Bexktop E MOXHO onpenenuTs cieayronmm o0pa3om:



HANPSOKEHHOCTD 3JICKTPHYSCKOTO MOJIS B JAHHOW TOYKE MPOCTPAHCTBA — 3TO CHIIA,
JEUCTBYIOIIAS HA €IMHUYHBIN MOJIOKUTEIIbHBIA HEMOABUKHBIN 3apsifl, IOMEIIECH-
HBIU B IaHHYIO TOUKY.
Enununa Hanpsokenanoctd B CU — Hetoron Ha Kynon (H/Kn): 1 H/Kn=1 B/m,
riae B (BosbT) — eIMHMIIA TOTEHITHANA JIEKTPOCTATHYCSCKOTO MoJIs (M. momaremy 12.3).
W3 3akona Kynona (12.1) HenmocpeICTBEHHO CIEIyeT, YTO HANPSKEHHOCTh He-
IOJIBMYKHOTO TOYEYHOro 3apsjia Q B BakyyMe Ha PacCTOSHHU I OT HEro MOXHO
MPEICTAaBUTh KaK

, mMoayil, E=—1"1 12.5
zy. Ie, « (12.5)

rie [ — paguyc-BeKTOp, COSAMHSIIONMMIA TOUKY MO ¢ 3apsiaoM Q.

r 1
E:igi
r

Hanpasnenue Bektopa E coBmajgaer ¢ HampaBieHHEM CUIIbl, JEHCTBYIOIIECH Ha
TOJIOKUTENbHBIN 3apsj. Eciu mone co3naercs NOI0KUTENIbHBIM 3aps0M, TO BEKTOP
E HampaBieH B KaXI0# TOUKe MPOCTPAHCTBA BIONL PagMyC-BEKTOpa I OT 3apsia
(oTTankuBaHue POOHOTO TIOJIOXKHUTETLHOTO 3apsina). Ecnu mone coszmaercs oTpuiia-
TEJILHBIM 3apsiioM, TO BeKTop E HampasneH k 3apsay (IpuTsDkeHUE MPOOHOTO IMo-
JIOXKHTEBHOTO 3apsijia).

['padprueckn saeKTpoCTaTUUECKOE TOJIE M300pa)KaloT C MOMOIIBIO CUI08bIX
aunuil (AUHUR HaANpAdCEHHOCMU) — JII/IHI/II?I, KacaTelabHblE K KOTOPBIM B IKa)Kz(oﬁ

TOYKE COBIIAJAIOT C HampaBlieHHeM Bektopa E (puc. 12.2, a), 1.e. conepxar E.

B

Puc. 12.2. KapTuHBI CHIIOBBIX JTHHUAN DJIEKTPUIECKOTO TIOJIS

1
a — JJ1s IPOU3BOJILHOTO MEKTPOCTATUUECKOTO MOJIsI YKa3aHbl HalpaBiieHUs BekTopa E B pasHbIx
TOYKaX CHJIOBOH JIMHUU; O — JUIsl IBYX Pa3HOMMEHHBIX 3aps/I0B,;
6 1 2 — COOTBETCTBEHHO IS IOJIOKUTEIBHOTO U OTPULIATEIILHOTO TOYEUHBIX 3aps/10B

Ceolicmea CUITOBBIX JINHUM:

1. yka3pIBalOT HampaBi€HUE CUJIbl, JEUCTBYIOIIEH B JIaHHOW TOYKE MOJS Ha
MOJIOKUTENBHBIA TPOOHBIN 3apsij;

2. HAYMHAIOTCS HA MOJOKUTEIbHBIX U 3aKaHYMBAIOTCS HA OTPULATEIbHBIX 3a-
psnax (puc. 12.2, 6);

3. IpeACTaBISIIOT COOOW pajauaibHbIe MPSIMBbIEC, €CIIA MOJEe CO3JAeTCs TOYeU-
HBIM 3aps0M, KOTOPbIE BBIXOAST U3 3apsAJia, €CIU OH MOJIOKHUTENIEH, U BXOJAT B HETO,
ecyii oH oTpunateneH (puc. 12.2, B, r);

4. HUTJIe HE MIEePECEKAIOTCs, TaK KaK B KaXKJ0W TOUKE MPOCTPAHCTBA BEKTOP Ha-
NPsSHKEHHOCTH OJIHO3HAYHO HAIPABIICH;

5. mapajijienbHbl BEKTOPY HANPSKEHHOCTH B CITydae 0OHOPOOHO20 NOs, KOT 1A
BEKTOP HANPsHKEHHOCTHU B JII000M TOUKE MOCTOSIHEH MO MOAYJIIO U HAIlPaBJICHHUIO.



N3 dopmynsr (12.2) crnenyeT NPUHOMI CYNEPHO3HIIAH JJIEKTPHYECKUX
MoJIeH:
HaIpPsHKEHHOCTh 3JIEKTPUYECKOTO TMOJIsI CUCTEMbl TOUEUYHBIX 3aps/ioB paBHA BEK-

TOPHOW CyMME HAIPSKEHHOCTEW TOJIEN KaXKI0TO U3 ATUX 3aPAI0B B OTAECIBHOCTH:
roo r

r 1 o q
E=aE=—a <%, (12.6)
i ' 4peg i 0 |

1 o
rac ri — paanycC-BEKTOP, NPOBECACHHBIM OT TOUYCYHOI'O 3apsiaga qi K TOYKEC, I'A€ U3MC-

psiercst one. Takum 0Opa3oM, pe3yNbTHpYIOIIee MOoJIe MOXXHO PaccMaTpUBaTh Kak
HaJIOKeHHE (CYNEepIIO3ULINIO) MOJIEH Ka)X0r0 U3 3apsJ0B CUCTEMbI B OTACIBHOCTH.
Ecnu 3apsg HenmpepbIBHO pachlpenesieH, Hampumep, mo oosemy V, To
dopmyna (12.5) Oynmer npexacrasieHa B apyroi ¢opme. Hamgo 3amenuts Q Ha
dg=rdV wu BMecTo CyMMHpOBaHHs MPOBECTH HHTETPUPOBAHHE IO OOJACTH IPO-

CTPAaHCTBA, TA€ I OTIMYHO OT HYJIA:
r 1 rr
E:—O—rdv. (12.7)
4peg r3
Oy I
AHaJNOrM4HO, KOTJa 3apsibl Paclpe/iesieHbl B 3apsHKEHHOM TEJ€ HEMPEPBIBHO

BJI0JIb HEKOTOPO# JMHUY | MM Ha MOBEPXHOCTH S TOrAa HANPSHKEHHOCTH TMOJIS, UC-
noJb3ys cooTHorienus (12.3), onpenensercss COOTBETCTBEHHO 10 GopMyIiam:

r 1 | r r 1 sr
E=—¢§=td, E=-=->rdS. (12.7a)
4peg | r° 4peg gr°

B oxHOpOIHON M30TPOITHOW Cpele, OTHOCUTENBHO IUIOXO IPOBOIALLEH DIIEK-
TPUYECKUN TOK (AU3JEKTpHKe, cM. moaTreMy 13.1), koTopas Oe3rpaHUYHA WK 3aroJI-
HseT 00bEM, OrpaHMYCHHbIH KBUMOTCHUHMAIBHBIMU [OBEPXHOCTAMU MOJIs 3apsiIOB
(cMm. moaremy 12.4), cuna F (12.1) u wanpsbkenHocts E mons (12.5) onpenensroTcs
KakK

r_.1 qGf _ 1 |mo

F= B=r, F= = 12.8
% r MOJTYJTb lpege 12 (12.8)

r 1 Qr 1 |Q

E= =r, Monyir E= = 12.8a
4pece r° 4 4peqe r? (1282)

rie € — oudieKkmpuueckas npouuyaemocms cpeovl (cMm. noaremy 13.2) — Oe3pas-
MepHasi BeIMYMHA, MMOKa3bIBAIOIIAs, BO CKOJIBKO Pa3 YMEHBIIAETCS B3aUMOJCHCTBHE
TOUYEUHBIX 3aPSA/IOB B JJAHHOW Cpejie MO CPaBHEHHIO C BaKyyMoM. JmajekTpuueckas
IPOHUIIAEMOCTH BakyyMa €., =1.

3Has pacrpeesieHHe 3apsaoB, Mbl MOKEM PACCUHUTATh HANPSKEHHOCTH
JIeKTpHYecKkoro nmojs no Gopmyne (12.6), ecnu mosie AMCKPETHO, WM MO (HOPMY-
nam (12.7), (12.7a), €CITH pacrpe/ieNieHne 3apsiioB HenpepsiBHo. Ipn sTom s Ha-
XOKJICHHsI BEKTOpa E Hamo BRIUMCINTH CHavaa ero npoekunuu. Hampumep, B aexap-
TOBBIX KOOPAWHATAX:

E, = ¢fE,, E, = FE, , E, = ¥E,,
E=EZ+EZ+EZ,




r7Ie TPOEKIMU BEKTOpa E-E , E,, E,— Tpu unTerpana tuna (12.7) wiu (12.7a).
X1 —=y1 =z p

Tonbko TOrAa, KOraa cucTeMa 3aps0B 00J1ajaeT TOM WM MHOM CUMMETpHUeH, 3a1a4a,
KaK MPaBUJIO, 3HAUUTEIIBHO 00JIeryaercs.

1
12.2. Tlorok BekTOpa E .
Teopema I'aycca u ee npuMeHeHHEe K pacyeTy moJist

PaccMoTpuM sneMeHTapHY0 IUomaaky 0dS, KOTopyr NMpPOHU3BIBAIOT JIMHHH

1 ~ ~

HanpspkeHHocTH, puc. 12.3. Ilyctb N — eIMHUYHBIA BEKTOp, NEPIEHIUKYISPHBIN
1

wiomanke DS u HampaBiieHHBIN oA yriioM o k BekTopy E . Torna uncno nuHmii Ha-
NPKEHHOCTH,  NPOHU3BIBAIOIIMX  JJIEMEHTAPHYIO nnomamcy DS, paBHO

E DScosa = E, bS, rne E,, —npoekuus BeKTopa E Ha HopMmanb N K miomanke dS.

Bemunna D@ = E, DS= E DScosa = E DS HA3bIBAETCS MOTOKOM BEKTOpa
HANPSKEHHOCTH  SNSKTPOCTATIIECKOTO  MOMs  Hepeqdl mIoiiNgy DS. 3nech
DS=DSh - BeKTOp, MOIyNb KoToporo paBeH DS, ero mampaBieHue coBmagaeT C

HanpapieHneM N k miomaznke. OTMETHM, Y4TO BEIOGOP HAMpaBIeHHs BeKTopa N ycio-
BEH, €ro MOXHO ObLIO HAIPABUTH B IPOTUBOIOJIOKHYIO CTOPOHY Ha puc. 12.4.
Ecnu mosne HEOQHOPOJHO W MOBEPXHOCTh S He miockas (cM. puc. 12.4), To,

pasz6uBas moBepxHocTh Ha yyactku DS (i =1 Nn) tak, 4yroObl Kax bl anemeHT DS

OBILJT IJIOCKHM U QJICKTPUYICCKOC II0JIC B MpPCACIax 3JICMCHTA OBLI10 OAHOPOAHBIM, I1O-
JydacM OJid IOTOKAa HAIPSKCHHOCTHU Y€PE3 BCIO IMOBEPXHOCTD

o r r
De » § E DS,

A 4

:-

|I i=1
1 \ 1
. \ AS\ = rne E; — HanpsokeHHOCTB IMOJIs, OTBEYAIOIIasi JIEMEHTY
DS.: _.-“\_~— DS. Tlpu BS ® 0 cymMmma mepexoauT B MHTErpajl Mo
BCCU MOBEPXHOCTH, U PABEHCTBO CTAHOBUTCSI TOYHBIM
|- 1 1
@D = OES. (12.9)
Puc. 12.3. OgropogHoe OE '
1
snekTprueckoeToNne, E [ToTok BekTopa E depe3 mpow3BOIbHYIO 3aMKHY-
M306DAKEHO TYIO IOBEPXHOCTh S T.€. Yepe3 MOBEPXHOCTh, OTPAHUYH-
TnapajuIebHBIMA CHIIOBBIME  BAIONTYIO0 HEKOTOPYIO 00JIACTh MPOCTPAHCTBA PaBEH
1 1
JIMHUAMH, ITPOXOAAITUMU @E - & )dS - @ dS (1210)
yepes MMOBEPXHOCTh S S n==
motmanku DS. .
ILITPHXOBBIMH THHHSMY 7€ 3HaK ¢) IOKa3bIBAET, YTO UHTErpas Oepercs 10 3aMK-
I/I306pa>KeHa MMPOCKIHA HyTOﬁ HOBerHOCTI/I
miomaze DS Ha MI0CKOCTS, JIsl HArJISAAHOTO HM300paKEHUsS DIIEKTPOCTATHYE-
MIEPIEHIUKYIISIPHYIO

CKOro mojsi OyAeM MpOBOJAUTH Yepe3 €AUHUYHYIO ILIO-
HaJKy, NEPHNEHAUKYISAPHYIO CHJIOBBIM JIMHUSAM I10JI,
YKCIJIO CUIIOBBIX TUHUN N, paBHOE MOyINI0 nomoka g 6eKMopa Hanps*HCeHHOCMU.

B ciiyyae 3aMKHYTOW MOBEPXHOCTH MPHUHATO OpaTh HOpMaib, HANPaBICHHYIO
Hapy>Ky 00JacTH, OXBaThIBA€MOl 3TOW IMOBEPXHOCTHIO, T.C. GHEUWIHIOW HOPMAJb,

CHJIOBBIM JIMHUAM I10JIA



puc. 12.5. 3Hak notoka @g onpenensercsa cienyromuMm odpazom. Korma cunosele
JIMHAY BBIXOMAT u3 obbema (puc. 12.5, yron a <p/2), To moTok Oyaer moaoxuTe-
JeH. A ecIli CHWJIOBBIC JIMHUHM BXOAAT B 00beM (cM. puc. 12.5, yrom a >p/2, t.e.
cosa <0), To MOTOK OyIET OTPHIIATEIICH.



Teopema I'aycca qiist BeKTOpa E (VTS AMEKTPOCTATHYECKOTO TIOJIST B BAKyyMe):
MOTOK BEKTOpa HAMPSHKEHHOCTH DJIECKTPOCTATHUYECKOTO TOJII B BaKyyMe depe3
MIPOU3BOJIbHYIO 3aMKHYTYIO TOBEPXHOCTh SpaBeH anredopandeckort cymme N 3apsi-
JI0B (Jj, OXBAaTBIBAEMBIX 3TOW MOBEPXHOCTHIO, JACIICHHON Ha DJICKTPUUYECKYIO TTOCTO-
SHHYIO €,

Jgo 1y
xAS=—q ¢ - (12.11)
Jloxazamenbcmeo:
N3BeCTHO, YTO HANIPSHKEHHOCTH MOJII TOUEUHOTO 3apsia ( ONpeaeiaeTcss Kak
r_1 r
== 47 (12.11a)
4peg 1< T
1
a 10 BEJIMYMHE MOJYJIb HANPSIKEHHOCTH PaBeH E = e, @ :
€r

PaccmoTpum BooOpakaeMyro 3aMKHYTYIO C(HepUUECKYIO
MOBEPXHOCTH paauyca I, B IEHTPE KOTOPOM MOMEIIEH ToYed-
HBIN TTOJIOKUTETIBHBIN 3apsiy (. CUIOBbIe TUHHUM 3aps/a ( [eH-
TpaJIbHO CUMMETpHUUHBI, puc. 12.6. B cooTBercTBUM ¢ hopMy-
noii (12.10a) B kax10# TOUKE TON MOBEPXHOCTH MPOCKIIHsL

BekTOpa E Ha BHemiHIO HOpMaib OyneT paBHa

Puc. 12.6. K BeiBOTY E = 1 q
n 2"
TeopeMsl ['aycca dpeg r
CrietoBatenbHO, IOTOK BeKTOpa E depes moBepxHOCTH paBeH
1
D = PFndS=E,S= = dpri=1 (12.116)
S 4peo r €0

Bripaxenue (12.110) He 3aBUCUT OT I'. Tak Kak CHJIOBbIC JIMHUW HUTJC HE MEpeceKa-
I0TCS, TO UX YUCJIO OYyJIET TaKUM K€ 4epe3 JII00YI0 3aMKHYTYIO MOBEPXHOCTh, OXBa-
THIBAIONIYIO 3aps J.

Ecnu 3apsn nonoxureneH, To Ha HeM HAaUMHAETCS YMCIIO JIMHUI

NHaq = q/ eO .
JIJist OTpUIIATENEHOTO 3apsi/ia IMHUN UAYT U3 OCCKOHEYHOCTH, 3aKaHYMBAsICh HA HEM:
N3aK =" q/ € -

Kommueerso nuuuit nmpu a3tom N, >0, T.e. HeoTpunarensHo, Tak kak <0. Orme-

3
THM, YTO YHCJIO JIMHUM OTPULIATENIbHBIM OBITh HE MOXKET.

B cootBercTBUUM ¢ mpuHIMIOM cyrnepno3unuu (12.6) anekTpuueckux moiei
3aKITI0YaeM, uTo JJIs 3apsiIoB OJHOTO 3Haka crpaBemnnBo ypaBHenue (12.11). Ecnu
BHYTPH 3aMKHYTOM moBepxHOCTH S HaxoAauTcsi N MOJI0OKUTENbHBIX TOYEUHBIX 3aps-
10B U Nz OTpUIIaTENIbHBIX TOUYEUHBIX 3apsi0B, TO KOJUYECTBO CUJIOBBIX JUHUI OyneT
CJIEYIOLUM:

N N

154t 1 o2
NHaw:_aqi’ NaaK:'_aqk'

€0i=1 €0 k=1

1
[ToaToMy 0O1IMii MOTOK BekTOpa E Oyner paBeH pa3HOCTH MOTOKOB MOJIEH MO-



JIO)KUTEIBHBIX ¥ OTPUIATEIIBHBIX 3apSJIOB, T.€. COOTBETCTBEHHO Pa3HOCTH YUCIA JIU-
HUH, HAUMHAIOIINXCS U OKAHYUBAIOIINXCS BHYTPH TIOBEPXHOCTH
N
~ I N - RN
@E - NHaLt - Naak =—aG +_a &k=—a qi,k ’
€i=1  Cok=1 €0 ik
rue é 0 x — anredOpanyeckas CyMMa BCEX 3aps/10B BHYTPH OBEPXHOCTH S
ik
umo u mpedo8anloCch 00KA3AMb.
Ecnu 3apsinpl ¢ pacnosokeHbl BHE 3aMKHYTOI MOBEPXHOCTH WM CYyMMAapHbBIN
1

3apsii BHYTPHU 3aMKHYTOM MTOBEPXHOCTH PaBEH HYIIIO, TO MOTOK BekTOpa E uepes Hee
@ paseH Hymo0. HarysaiHo 3T0 MOKHO OOBSICHUTB TEM, UTO KOJINYECTBO JIUHUM, KO-

TOpbI€ BXOJAT B 00BEM, OrPAHUYCHHBIN MOBEPXHOCTHIO S paBHO YMCHY JTUHUMN, BbI-
XOISAIINUX U3 HETO. .

Teopema I'aycca nis Bektopa E B nuddepennuanbnoii ¢popme. [Ipu pac-
CMOTpPEHHUU MOJIs, CO3/1aBAEMOI0 MaKPOCKOIMYECKUM 3apsi/IoM, 3apsii CYUTAIOT pac-
MpeeJICHHBIM B MPOCTPAHCTBE HEMPEPHIBHO C KOHEUHOM OOBEMHON TJIOTHOCTHIO p.
Torna MOXHO CUMTATh, YTO KaXbIi 2yieMeHTapHbIi 00beM DV npeactarisier coboit
To4euHbIi 3apsg I DV .

1
Pa3znenum notok Bekropa E uepe3 3aMkHYTYy10 MOBepXHOCTh SHa 00beM DV,
3aKJIFOYEHHBIA BHYTPU JAHHOW IIOBEPXHOCTH:

1 .r rr
= Qﬁ xdS=—
DV €y
1 Oy/ieM CTATUBATh ATy MOBEPXHOCTH B TOUKY. [lonydeHHas ckansipHasi BEJIMUMHA Ha-
1
3bIBACTCS Oueepeenyueil eekmopa E :
1 1
r e XdS
divE = lim Q)E— }
oveo DV

Mo3KHO TTOKa3aTh, 4YTO B JIEKAPTOBOU CUCTEME KOOPIUHAT
r g r E
divE® NXE:ﬂEX+ﬂ y+‘”EZ.
ix Ty 1z

Cornacuo meopeme 0cm1{ozpf10c1<ozo 13 BEKTOPHOTO aHaJIN3a
OE XdS = cpivE dV . (12.12)
S Vv
ComnocraBuB ypaBHenus (12.11) u (12.12), chopmynupyem Teopemy I'aycca (12.11)
B Au(pPpepeHIHATBHON (l)que:
JUBEPreHirs BekTopa E B HEKOTOpOW TOYKE 3JIEKTPOCTATUYECKOIrO MOJIA paBHA
00BEMHOM IUIOTHOCTH JIEKTPUUECKOTO 3apsia p B 9TOM TOUKE, ACICHHON Ha €'

divE="". (12.13)
€o

Te Touku mons, rae diVE momoxurtenbHA, HA3bIBAIOTCS UCHOUYHUKAMU BEK-
TOPHOTO TOJIsI (TTOJIOKUTENBHBIC 3apsi/ibl), & TC TOUKH, TJI¢ OHA OTPHIIATEIIBHA, — CHLO-
kamu (oTpULATeNbHBIC 3apsiabl). OTMETHM, YTO HOBEPXHOCTh WHTETPUPOBAHUS S

1

BBIOMPAIOT TaK, YTOOBI MOJYJIb BEKTOpa E OBLI MM MOCTOSHEH MO BCEH MOBEPXHO-



CTH, WJIH HA OT/IETBHBIX €€ yHacTKaX. .

IMpumep. Omnpenenute HamnpsbkeHHOCTh E : a) BHe
cepst u 6) BHyTpH chepbl paguycoM [, 3apsHKCeHHOH ITo-
JIOKUTENBHO, ecnu 3apan Q paBHOMEPHO pacIpesielieH Mo
TOHKOM c(hepuueckoit obomouke (puc. 12.7).

Pemenne. A. Boibepem nMoBepxXHOCTh UHTEIPUPOBa-
HUA S B BUJE cdepsl paguyca > Iy, HIEHTP KOTOPOH COB-
NaJaeT C LEHTPOM 3apsKEHHOU cPeprueckoil 000T0UKH.
O PABHOMEDHO I3-3a  paBHOMEPHOIO pacmpeie/ieHus] 3apsia Mo

sapsoxerHoii chepuueckoin  CPepe mone E cdepuyeckn cummerpuyno. Bexrop E Ha-

060IOUKH MPABJIEH HAPYXKY, TAK KaK 3aps]l HOJOKUTEIEH, W HUMEET
r [ \
TOJIBKO PaJHAIBHYI0 COCTABISIOMIY0 E=FE,—, rae I — paauyC BEKTOp M3 LIEHTpa
r

Puc. 12.7. K BerunciieHuro

cdepsl B paccMaTpuBaeMyo Touky nois. CnenosartensHo, E=E .
1

ITockonbky BekTop E meprneHauKy/sipeH K MOBEPXHOCTH Sj, TO CIPABEIIUBO
' I 1 o
E--n, rme N — BeKrop BHENIHEW HOpManmu K moBepxHoctu S;. Ilostomy
rUr
cos(E,n) =1. Toraa cornmacHo Teopeme 'aycca (12.11)

&F S = ¢, dS = E ¢dS = E X(4pr2) =Q/e, .
S

S S
B pesynbTare noiayyaem, 4YTO HaAPsHKEHHOCTh OIS
1
E=—_- X% ,
4peq
T.€. IBJISIETCS TAaKOM Ke, KaK eciii Obl BECh 3aps]l HaXOuiIcCs Obl B LIEHTPE CEPBHI.
4 b. Boibepem noBepXHOCTh HHTETPUPOBAHUS S

B BUJE cephl paauyca I, <fy. [lone 10mkHO OBITH

TaKke CQOEpPUYECKH CHUMMETPUYHO. Mcmoms3zyem
teopemy [aycca (12.11) u noxyunm

OF xS = E¢dS= E 4pr2) =0,
S S

B /

o
Puc. 12.8. 3aBucumoctsb MOCKOJIBKY BHYTpU c(epbl 3apsii paBeH HYyIIo.
HAIPSDKCHHOCTH DJICKTPUIECKOTO  BryTpu 3apsukeHHoi cepol E =0, puc. 12.8.
WOl £ 0T pacCTOAHMA I 110 Heo0x0auMo OTMETHTh, YTO BHYTPHU JIHOOOTO

HEHTpa PABHOMEPHO 3apsHKCHHOM
chepuyeckoit 000JI0UKH
pammyca ro

MPOBOJSILIETO I11apa, BECh 3apsi KOTOPOro COCPeao-
TOYEH B TOHKOM TOBEPXHOCTHOM CJIOE€, HAIpPSKCH-
HOCTB TIOJISl paBHA HYJIIO.

Takum oOpa3om, mpumeHeHue teopemsbl ['aycca (12.11) mnst pacdera mosjeit
3¢ (}EeKTHBHO B TOM cllydae, Korja moJie 00jaaaeT CrenuaibHol cumMmeTpuei (Jarie
BCETO IUIOCKOH, IMIMHAPUICCKON HITH chepruecKoii).



12.3. Teopema o uupkyasiuuu Bexkropa E . I[lorenumnain.
IMoTeHuMaJ MOJIsI TOUEYHOI 0 3apPsiAa

PaccmoTpuM HemoBMXHBIN TOYEUHBIN 3apsi Q,
KOTopHﬁ CO3Aa€T B BaKyyMe€ JJIEKTPOCTATUYECKOE MO-

1 Qr
ae E =——". Ilycte B 3TOM 1osie Iepemerniaercs
4peg r
ApYroy TOYEYHBIN 3apsi (] U3 Ha4YaJIbHOI'O IMOJI0KECHUS
1 B KOHEUHOE MOJIOkKEHUE 2 BJOJIb MPOU3BOJIBHON KpH-
Puc. 12.9. K onpenenennio  poii 1-2 (puc. 12.9). Torpa cuia, MPUIOKEHHAS CO
pabOTLI EPEMEIIEHNA 3apANA B croponbl monsl K 3apsily, cOBepliaeT padoTy, BbIpa-

3JIEKTPOCTATHIECKOM I0JIE . A
KAIOUTYIOCS JIMHEHHBIM UHTETPaJIOM, KOTOPbIN Oepercs

(Q.q>0) 1o HeKOTopoﬁ THHHH (HYTH)5
A2 = cﬂ(E ) = _qQo ()—r :Sr (12.14)
1

1 1 r
Ho r:dr =rdr, B yem jerko y6ezu/1TLc;1, maddepernupys ToxaectBo [ =r2. Io-
sToMy uHTerpai (12.14) cBoauTCs K ONpeeIcHHOMY HHTeTpay

P} .
S aQ I qQa 10 (12.14a)

PaGora A, He 3aBHCHT OT TPaeKTOPHHU MEPEMEIICHNUS, a ONPEALNIACTCS TOJIBKO MO-

noxxeHueM touek 1 u 2. CnenoBaTesibHO, 3JI€KTPOCTATUYECKOE M0JIE TOYEYHOTO 3apsi-
1a SBJIAETCS CTAlMOHAPHBIM U MOTEHUUATBHBIM, a 3JIEKTPOCTATUYECKHUE CUIIbl — KOH-
cepBaTuBHBIME (cM. toaTembl 4.5, 4.6). JlokazaHHOE yTBEPIKICHHUE CIIPABEIIMBO IS
J000r0 IMEKTPOCTATUUECKOTO TOJISI.

> JlonmycTuMm, 4TO B AJIEKTPOCTATUYECKOM IOJIE 3apsij

— 3 X nepeHocurcsa u3 Touku 1 B Touky 2 cHavana no nytu 1-3-2

/ N2 p y y ;

1\ > a 3areM no nytu 1-4-2, puc. 12.10. B o6oux cinydasx pado-
I-E\_/4_<\_=7L ThI CUJI OJMHAKOBBI: A, = A,,. Ecin 3apsan nepeHocutcs

»

N 1o 3aMKHyTOMY nyTH 1-3—2—4-1, To Ha yuyactke 2—4—1 pa-

Puc. 12.10. Padotanpn  Go1q yamennt suak: Ay, = - A, . [losTOMy HMeeM, 4To
HepeMeIeHUH 3apsijia B

NEKTPOCTATHIECKOM Az + PAosy = Azon = 0.
TI0JIC HO 3aBHCUT OT 3HauuT, NpU MEePEMELIEHUH 3apsia Mo JIF0OOMY 3aMKHYTO-
(opmer yTH My IyTH paboTa B ANEKTPOCTATUYECKOM T10JI€ paBHA HYJIIO.

Ecnu nepemeniaemblii 3apsa equauanbii (=1 Ki), To padoTta mo 3aMKHYTO-
MY IIyTH CBOJUTCS K UHTErPaIy

r r r~r
oE dl =¢Edl cos(E,dl )=¢Fdl, (12.15)
L L L

1
rae E, —npoekuus Bexropa E Ha HampaBieHne OECKOHEUHO MaJIOTO MEpPEMEIIECHHUS
1

. o ro. .
dl Bmoab kouTypa L B mannoit rouke mosst; dl =dIt (t — equrnuHbI BekTOp Kaca-
TENBHON K KOHTYPY). Takoil MHTErpan Ha3bIBACTCS UUPKYIAUUECH 8eKMOpA Hanpsi-



scennocmu E INEKMPOCHMAMUYECKO20 NOJIA TIO 3AMKHYTOMY KOHTYpY L.
Teopema o uumpkyJasiuum Bekropa E:
LHUPKYJIALMS BEKTOPA HAMNPSKEHHOCTH DJEKTPOCTATUYECKOTO MOJIsl BOJb JH000r0
3aMKHYTOI'0 KOHTYpa paBHA HYJIO:

o> =0. (12.16)

PaBenctBo (12.16) MOXHO paccMaTpuBaThb Kak ONPEICICHUE HOMEHUUAIbHOCHU
noisi. Takum oOpazoM, J1t000e IEKTPOCTATUYECKOE MOJIe TOTEHIIUATBHO.

JI71s1 MOTEeHIIMAIBHBIX MO MOKHO BBECTU MOHSTHUE MOTEHIIMANIA — AHEPreTH-
YECKOM XapaKTEPUCTUKU I10JIs.

Hotennuan | () —3To ckansApHas GU3MUECKAs BEIMUMHA, YNCICHHO paBHAs
NoTeHIManbHOH >Heprun W(I) eIMHMYHOTO TONOKHUTEIHHOTO ‘3apsiia B JIaHHOM
TOYKE MPOCTPAHCTBA:

i (=W (12.17)
q
IloTeHuman onpeneneH ¢ TOYHOCTHIO 10 aJJUTUBHOK TIOCTOSTHHOM. 3a HYJIEBOH IO-
TEHIMAJl 9acTo ya00HO MPUHUMATh MOTEHIIMAT OECKOHEUHO YIaJIEHHOW TOYKHU MpO-
cTpaHcTBa. Ha mpakTuke 3a HyJIeBOW MOTEHIIMAN OOBIYHO MPUHUMAIOT MOTCHIIMAT Ha
MOBEPXHOCTHU 3€MJIU.
Exunnna norennuana B CU —Bonbt (B).
1 B ecTb noTeHIMan Tako TOYKH MoJisl, B KoTopo# 3apsia B 1 Kt obnanaer mo-
teHianbaoi suepruei 1 Jx (1 B = 1 JIx/ 1 Ku).
B notennuanbHOM mosie Tena 00JaaatoT MOTEHIMAIbLHOW dHEepruei u pabota
KOHCEPBAaTHUBHBIX CHJI COBEPIIAETCS 3a CUET yObUTH MOTEHIIUAIBHON SHEPTUN
A,=-DW=-(W,-W)=W,-W,. (12.18)
Torma B coorBercTBHE ¢ BhipakeHueM (12.14) st TOue4HOTO 3apsga MOXKHO
3anucaTh

=1 9, (12.19)
dpey r

rie nocrosiHHas C HE UrpaeT PoJiH, TaK Kak JJCKTPOCTATUYECKHUE TOJIS CBSI3aHBI C
Pa3HOCTHIO MOTEHIIUATOB. [I0TeHIIMAT — 3TO HEOTHO3HAYHAS XapAKTEPUCTUKA OIS, a
HANPSHKCHHOCTh — OJIHO3HauHas. CuuTas, 4To MpH yJAJICHUM 3apsiia Ha OecKOHeY-
HOCTh MOTEHIMANbHAs dHeprus odpamiaercs B Hyiab W(¥) =0, nonydaem C=0 u
3amucbiBaeM Gopmyiny (12.19) 6e3 KOHCTaHTHI.

Pa3HoCTBI0O MOTEHIMAJIOB | | - | , MeXIy Toukamu 1 u 2 Ha3pIBaeTcs paboTa,

coBeplllaeMas CUJIaMH MOJIs IPU NEPEMEIICHUH €IMHUYHOTO MOJOKUTEIBHOTO 3aps-
71a TI0 MMPOU3BOJIBHOMY MYTH U3 TOYKU 1 U B TOUKY 2:

11'12:%, (12.20)
rae (j 1- ] o) — yoburs motennmana. CormacHo gpopmynam (12.13), (12.15) u (12.19):

. . 2rr 2
J1-i,=0Fd =gEd, (12.21)
1 1



1
rae dl — OeckoHeyHO Malioe mepeMenieHne, a HHTerpai 6epeTcst BIOJIb MPOU3BOIb-
HOU KPUBOU MEXIy Ha4aJIbHOW U KOHEYHOU TOUKAMU.

Ecnu mepememate 3apsia U3 NpOU3BOIBHON TOYKH Ha OECKOHEYHOCTH, T/e TO-
TEHIMAlIbHAsL DHEPrusl, a 3HAUUT, W MOTCHIMAI MPUHUMAIOTCS PaBHBIMU HYIIO, TO
paboTa CHII IIEKTPOCTATUIECKOro most A, =0 , oTKyaa

j =P (12.22)
q
[TosTOMy MOXXHO c(HhOpMYTUPOBATH CIEIyIOIIEe ONpeIeeHne MOTeHInaIa!
MOTeHIUA] — 3TO $u3NUeCcKas BEIMYMHA, OmpenesemMas padoTol CHil MO 0
NEPEeMEIICHUIO €MHUYHOTO TOJOXKHUTEIFHOTO 3apsiia MPH €ro yJaleHu! W3 JaH-
HOW TOYKH MPOCTPAHCTBA B OECKOHEUHOCTb.

12.4. CBs3b NOTEHNNAJIA U HATIPSIKEHHOCTH MOJI .
IMoTeHuMaa moyist CHCTEMBI 3aPS/10B

[TycTh B MPOCTPAHCTBE UMEETCSI AIEKTPOCTATHYECKOE TMOJIC FT B npousBoib-

HOM HAIpaBJICHUU TIEpeMeIaeTcs ToueuHbIi 3apsia  Ha otpe3ok dl . IIpu atom cu-
JIBI TTOJISE COBEPIIAOT paboTy o

dA=q(Ed )=qEd, (12.23)

rne E, — npoexmust BekTopa E na HaNpaBJIeHNE 0ECKOHEYHO MaJoro MmepeMeniCHHs

dl . Oty paboTy MOKHO ONPEICIUTh Yepe3 yobuIb moteHiuana (- dj ):
dA=-qdi =g Oy . (12.232)
efl g
[Mpupasuss (12.23) u (12.23a), umMeeM
aEd = - & Oy,
efl g

E = (12.24)
1l . .
Taxum o6pazom, mpoeknusi Bektopa E na nampaBnenune dl paBHa ckopocTu
yObIBaHUS TOTEHI[MAIA BJJOJb 3TOTO HANpaBICHUSI.
B3sB B Kau€cTBE ITOTO HANPABICHUS | koopnuHaTHbIe ocu X, Y U Z, MOTy4uM

IJISL KOMIIOHEHTOB BCKTOpa E:

fi _ T _ i
E,=-*  Ey=-— W E,=- >,
T Y T Ty TR g
CooTBeTCTBEHHO BhIpakeHue Jyisi E umeet Buj
- — e T o A [
E=-20 W, W 0 grad 0N (12.25)
g‘ﬂx Ty 1z o

T.€. HAMPSKEHHOCTh 3JIEKTPOCTATUUECKOTO MOJISI paBHA TPAJAUEHTY NOTEHIIMANa, B3s-
. 1
TOMY ¢ 0OpaTHbIM 3HaKoM. CrienoBaTeNbHO, 3Hast GyHKIHIO | ('), MOXKHO ompee-
1

JWUTh HaNpsDKeHHOCTh moiisi E . 3Hak munyc B Qopmyne (12.25) mokaswiBaeT, 4TO
1
BeKTOp E HampaBiieH B cTOpOHY yObIBaHUS MOTEHIMANA.



st rpaduyeckoro M300pakeHHsl paclpeiieieHus] MOTEeHLUada UCHOJb3YIOT
IK6UNOMEHUUAIbHBIE NOEBEPXHOCMU — TIOBEPXHOCTH, BO BCEX TOYKAX KOTOPBIX IO-
TEHIMaJl UMEET OJHO U TO XK€ 3HAYCHHUE.

Pabota, coBepiaeMas cuiaamMu 3JIEKTPOCTATHYECKOTO MOJIA MPU MEepeMEIIeHUU
AJIEKTPUYECKOT0 3apsaa [0 OJAHOM U TOM K€ SKBUIIOTECHIIMAIBHOW ITIOBEPXHOCTH, PaB-
Ha Hymo. 1109TOMy CHIOBBIE TMHUH NEPECEKAIOT IKBUIIOTCHIHATLHBIE TIOBEPXHOCTH
MoJ MpsSMBIM yrioM, BekTop E Oyaer mneprneHauKyaspeH 3KBUIIOTEHUUATbHBIM
IIOBEPXHOCTSIM.

OKBUIMOTEHIMAIbHBIE MTOBEPXHOCTU OOBIY-
HO OPOBOAAT Tak, YTOObI PA3HOCTH HOTEHIMAIOB
MEXAY IABYMs COCEIHUMHU 3KBUIIOTEHUUAIbHBIMU
MOBEPXHOCTSIMU ObUIM OJIMHAKOBBI. Torma rycro-
Ta 3KBUIIOTCHIMAJIBHBIX IOBEPXHOCTEHW HAIJISAIHO
XapakTepU3yeT HaIPsHKEHHOCTh IMOJI B PAa3HbIX

Puc. 12.11. DKBUNOTCHIUATBHBIC ToYKax. Tam, rae 3Tu MOBEPXHOCTHU PACIIOI0KEHbI
TIOBEPXHOCTH (IlyHKTUPHBIE JIMHUU) ¥ TYIIIE, HaMpsDKeHHOCTh Oousbiie. Ha puc. 12.11
CHJIOBBIC JIMHHH (CILIONIHBIC JIHHU) MYHKTUPOM H300PaKEHBI CUJIOBbIE JIMHUU 3JIEK-

11013 TOHCHHOTO TPOCTATUYECKOTO HOJISI TOYEYHOTO IOJIOKHTENb-

HOTORITEIRHOTO Sapia HOI'O 3apsjaa, CIUIOUIHBIMU JIMHUSMHU — CEUYCHMS
DKBUIIOTCHUHAAIBHBIX MOBEPXHOCTEM.

IToreHuMan moJiAg cucremMsl 3apanaoB. IlycTs cucrema cOCTOUT U3 HENOABUXK-

HBIX TOYEUHBIX 3apanoB ¢ (i =1,n). MCHonb3yeM MPHUHIMI CYTEPIO3ULNH K TPHU-

o o 1 o 1 1
geckux noineit (12.6). B mo6oit Touke nons HanpsokeHHOCTs E =g E |, Toe E; —nHa-
i

1 | ! L,
HpspKeHHOCTh mods 3apana . INockoneky E=-Nj , a E =-NJ,, To MbI MOxeM

L
BoIHECTH onepatop auddepernupoanus N 3a 3HaK cyMMbl. [T0ay4rM OPUHINIL CY-
HEPIO3ULUK IS MOTEHIUAIA CUCTEMBI HEMOABMKHBIX TOYEYHBIX 3PS I0B:
- a. r
j(m)=aji),
i=1
1

rae I — pagmyc-BEKTOp I-rO TOYEHHOTrO 3apsja, MPOBEICHHBI M3 WHTEPECYIOMIEH

HaC TOYKHU.
HOTGHHI/I&H CHUCTEMBI HEIMMOABUKHBIX TOYCYHBIX 3apPANO0B OIMMPCACIIACTCA KaK
. 1 o G
j=gd, (12.26)
4peg i i

rae I —paccTosHUEe OT TOUEUHOIO 3apsaa ¢ 10 UHTEPECYIONICH HAC TOYKH noisd. B

BeIpakeHuU (12.26) npou3BoIbHAS KOHCTAHTA OIYyIlleHa. Bcesikas peanbHas cucTema
3apsA0B OTpaHUUYEHA B MPOCTPAHCTBE, MOITOMY €€ MOTCHIHAl Ha OSCKOHEYHOCTH
MOYKHO TIPUHSTH PAaBHBIM HYJIIO.

Ecnm 3apsinbl, oOpasyromue cucTeMy, pacrpeesieHbl B IPOCTPAHCTBE HETpe-

PBIBHO, TO
1 .rdv

e O (12.27)
\Y

j



rae I — o0beMHas IOTHOCTH 3apsijia B MecTe HaxoxaeHus oobema dV , HHTErpupo-
BaHUE MPOBOJMUTCS WIH MO BCEMY IMPOCTPAHCTBY, WM 1O TOM €ro 4acTu, KOTopast co-
JEPKUT 3aps/Ibl.

Ecnu 3apsasl pacnpeneneHsl TOJbKO Ha MOBEPXHOCTU S WM pacHpeleeHbl
JMHEHHO (3aps] COCPEOTOUYCH Ha OYEHb TOHKOM HUTEBUIHOM>» IPOBOJHHUKE |), TO
COOTBETCTBEHHO OYJyT CHpaBeauBbl (HOPMYIIbI

. 1 sdS . 1 Jd
j=—0—4j =—0O—, (12.27a)
dpgy o T 4pep |
rae S W | — COOTBETCTBEHHO MOBEPXHOCTHAS M JIMHEHHAs IJIOTHOCTH 3apsiaa; dS —

snemeHT moBepxuoctu S dl — seMeHT 3apsKeHHON THHUH (HUTH).

12.5. DnexTpudecknii AUN0Jab. MOMEHT CHJI, 1eliCTBYIOIIMIA HA TUIIOJb.
JHeprusi AMIOJA B MOJIe

DIEeKTPUYECKHM IMIOJIEM HA3bIBACTCS CUCTEMa JIBYX PaBHBIX MO MOJIYIIO
Pa3HOMMEHHBIX TOYCUHBIX 3apsaaoB (+(,- () Ha paccTosiHuu | apyr ot apyra.
1

Ilneuo ounona | — BexTop, HAMpPaBIECHHBINA MO OCH JMIIONS OT OTPULIATEIHHO-
ro 3apsijia K MOJOXXKUTEIbHOMY U PABHBIM PACCTOSHUIO MEK/TY HUMH.
Dnexmpuueckuii MoMenm Ounona P — BEKTOp, COBIAAIONINIA TI0 HAPABIIE-

HHIO C TUIEYOM JIMINIOJIA, HANPABICHHDBIH OT OTPUIIATENLHOTO 3aps/a K TOJOKHTEb-
HOMY U PaBHBIH HpOI/ISBGI[eHI/IIO Moy 3apAjia ¢ Ha IU1eyo E

p qI (12.28)
CornacHo ¢opmyse i noTeHuanta toueunoro 3apsaa (12.19) moreniman
DIIEKTPOCTATUYECKOTO OIS TUnods B Touke A (puc. 12.12) onpenensercs Tak:
q4_49 0 1 qr-r)
4peo gn, .5 4peg .
Ecnu paccrosHue I OT IEHTpa AMIONS 10 TOYKH A TakoBo, 4uro I >>|,
r.-r, =lcosq u r,r. =r?. IlosTomy
. __1 pcosq
j ey 12 (12.29)
Haiinem no ¢popmyie (12.24) npoekiuu BekTopa E:
g=-W _ W _ 1 2peosq e W _ W _ 1 psna (g3
Mm I dpey, 3 M, g 4pey 3
rjie HampaBleHue |, coBmamaeT ¢ HampaBieHHEM paaumyc-BeKTopa [, a Jpyroe Ha-

npasiieHre |, JeKHUT B INIOCKOCTH C OCBIO AHIOJNS U HAPABICHO MEPIEHANKYISIPHO
1
K I B cTOpoHY Bo3pacTanus yria 6, puc. 12.13. Ilpu stom dl, =dr, dl, =rdq .
1

Otcrona nojrydaem, 4To MOJYJb BekTopa E mosisg numons B Touke 4 paBeH

=E?+E} _i—\/1+ 3cos’q . (12.31)

MoxHO JOKa3aThb, 4YTO CHJIA, IIGI/ICTBYIOH_IaSI Ha JTUIOJIb, ONPECACIACTCS TaK:



r 1
F:pE

q
ﬂE 1 1
rje o Npou3BOHAs BeKTOpa E mo HampaBneHuto, COBMagaonieMy ¢ BEKTOpOM |

, (12.32)

W P .
A

Puc. 12.12. K BBIYUCIICHUIO TOTCHIIHATIA Puc. 12.13. K BBIYUCIIEHUIO TEKTPUIECKOTO
II0JIA AUITIOJIA T10JIA AUITOJIA
TE
3 Beipakenus (12.32) cieayer, B 4aCTHOCTH, YTO B OHOPOIHOM IOJIC o =

1
u F =0.3Hauur, cuna qeicTByeT Ha TUIOJb TOJIBKO B HEOOHOPOOHOM NOJe.
MoMeHT cuJ1, JeiCTBYIOIIMA HA JUN0Jb. BO BHEIIHEM JJIEKTPUUECKOM I10J1€
Ha 3apsJbl JUIIONS JEUCTBYET Mapa Cujl, KOTOpas CTPEMUTCS MOBEPHYTh JUIIONb TaK,
1

YTOOBI JIEKTPUUCCKHI MOMEHT JIUIIOJS Pa3BEPHYJICS BJIOJIb HAMIPaBJICHUs o E .
Bo BHemHeM ogHOpoAHOM mone, puc. 12.14, a, MmomeHT napsl cuin M cormmacao
ornpenaencHuio (cM. hopmyiy (4.42)) paBeH . .
M =qElsina wmu B BekTopHOM BHje M = [’3 E. (12.33)

XO0Ts co31aeTcst Bpallaroui MOMEHT, pe3yIbTUPYIOLIas Mapbl CUJl paBHA HY-
JIX0 U AUNOJIb B MIOJIE HE MepeMeImaeTcss. MOMEHT CHIJI CTPEMUTCS pa3BEPHYTh JTUIIOJb
1

BJIOJIb CHJIOBOW JIMHHUU 3JICKTpUYECcKoro moiiss. Bekrop M HampaBiieH neprieHIuKy-
1 1
aspHo P ¥ E 1o mpaBuiy BEKTOPHOTO POU3BEICHUS.
Bo BHemHeMm HeojHOpoaHOM mosie (puc. 12.14, 06) cuibl, ACHCTBYIOIIUE Ha

1 1
KOHIIBI TUTIONISI, HEOTUHAKOBBI (‘Fz‘ > ‘Fl‘ ). X pe3ynbTupytolas cuia CTpeMUTCs Te-

PEIBUHYTH AUMNOJb. JIUTIONL BTATUBAETCS B 00JACTh MO ¢ OOJIBIIEH HANPSIKEHHO-

r"r
CTBIO, €CITH YTOJL & = (p, E) Menbiie P/2 (cm. puc. 12.14, 6). Ilpu a >p/2 punoisb
OyaeT BBITAJIKMBATHCS U3 001aCTH 00JIee CUIILHOTO MOJISI.

L
=

/

+q >
a2 —
M—7 > - +q
_ P > —€ k>
4 _A > F
_<|_6(Ta > 2 1

a 4]

Puc. 12.14. JTunionis BO BHEITHEM JIEKTPOCTATUIECKOM TIOJIE:
a — B OJTHOPOJHOM; 6 — B HEOJIHOPOTHOM



JHeprusi AMIOJA B I0JIe. JHEPrUs TOUEYHOTO 3apsiia BO BHEIIHEM IIOJIE IO
dopmyne (12.17) papaa W =(Qj , rae ¢ — NOTEHIMAI MTOJII B TOYKE HAXOXKJICHUS 3a-

psaa g. [Toatomy sHEprus U0 BO BHEITHEM TI0JIC
W=aj.,+aj.=df.-i.),

rjae ) , ¥ | . — MOTCHIHAJIbI BHECIIHETO MO B TOUKAX PACIIOIOKEHUS 3apsAoB (, |

0. cooTBeTcTBeHHO. C TOYHOCTHIO J0 BEIUYMHBI BTOPOTO MOPSAKA MAJIOCTH, YIUTHI-

Bas BeIpaxkeHue (12.26), monyuyaem

N
o= =g,
J + J - 1-” |
rae 1‘1|+I — MPOM3BO/IHAS TOTEHIMANA [0 HanpaBieHuo BekTopa | . [loatomy
W =- p>E. (12.34)

CrenoBatenbHO, MUHUManbHYI0 sHepruto (W, = - PE) numons umeer B mo-

UH

(V) 1 1
JIO)KCHMHM YCTOMYMBOI'O PaBHOBECH:, KOTJa HaIIpaBJICHHUS BECKTOPOB P U E cosna-

AT Mexay coOoil. Ilpu OTKIOHEHUH W3 ITOrO MOJIOKEHUS BO3HHKAET MOMEHT
BHEIIHUX CHJI, BO3BPAIIAIOMINX IUMOJIb K MOJIOXKEHHUIO PABHOBECHSI.

12.6. IIpoBOAHMKH B 3JIeKTPUYECKOM I0JIe

Mukponone — 3TO UCTUHHOE 3JIEKTPHUYECKOE TOJ€ B JIOOOM BEIIECTBE, OHO
MEHSETCS BECbMa PE3KO Kak B MPOCTPAHCTBE, TAaK U BO BpeMEHU. MHUKpoOToie pas-
JUYHO B Pa3HBIX TOYKAX aTOMOB M IMPOMEXKYTKaX MEXAy HUMHU. UTOObI HaWTH Ha-
MPSHKEHHOCTh UCTUHHOTO TIOJIST B HEKOTOPOH TOYKE B JIAHHBIA MOMEHT, HEOOXOIMMO
CJIOXUTH HAIPSKEHHOCTH TOJIEH BCEX OTACIBHBIX 3apsHKEHHBIX YACTHI[ BEIIECTBA —
AJIIEKTPOHOB U SIIEP. .

Makponone — 310 EKTpUUecKoe mone E B BemecTBe, MOJ KOTOPHIM TMOHU-
MAaIOT MPOCTPAHCTBEHHO YCPEIHEHHOE MUKPOTIOJE. Y CpeJHeHHE TPOBOAUTCS 10 (-
3UYECKU OCCKOHEUHO MajioMy O00BbEeMY, COAEpPKAIIEMY JAOCTATOYHO OOIBIIOE YUCIIO
aTOMOB M UMEIOIIEMY pa3Mepbl BO MHOTO pa3 MEHbIIIE, YeM T€ PACCTOSHUS, Ha KOTO-
PBIX MAKpOTIOJIE MEHSCTCS 3aMETHO:

E = Epvapo = Evupo ) - (12.35)

MAKpo

B merannuueckux mpoBOJHUKAX UMEIOTCS C60000HbBle HOCUmENU 3apAda —
AIIEKTPOHBI MPOBOJIUMOCTH (CBOOOIHBIE 3JIEKTPOHBI), KOTOPHIE MOT'YT O] ACHCTBUEM
BHEUIHETO AJIEKTPUUYECKOTrO MOJIS MEPEMENIATHCS M0 BCEMY ITPOBOIHUKY .

B oTCcyTCTBUE BHEIIHETO MOAS 3JIEKTPUUECKUE MO AJIEKTPOHOB MPOBOIUMO-
CTH U TOJIOKUTEIbHBIX HOHOB MeTajljla B3aUMHO KOMIIEHCUPYIOTCS.

Ecimn meraiuimyecknii MPOBOJHUK BHECTH BO BHEIIHEE JJIEKTPOCTATUYECKOE
1oJje, TO MO/ ICUCTBUEM ITOTO TOJISI AIEKTPOHBI MPOBOJUMOCTU MEPEePaCTIPeICIISIOT-
Csl B IPOBOJIHUKE TaKUM 00pa3oM, UTOOBI B JIFOOOU TOUKE 8HYmMpPU NPOBOOHUKA DIIEK-
TPUYECKOE MOJIE IIEKTPOHOB MPOBOJUMOCTU U TOJIOKUTEIHLHBIX HOHOB CKOMIIEHCH-
poBajio BHeliHee mojie. [Ipu ycTaHOBUBIIIEMCSI paBHOBECHOM pacrpeie/IeHnI 3apsi-

JIOB 3JIEKTPOCTATHUECKOE T0JI€ BHYTPU IPOBOJHUKA oOpaiaercs B Hynb: E =0.



SIBneHueM I1ekmpocmamuyeckoil UHOyKyuu Ha3bIBAETCs Iepepacrpesese-
HHUE 3apsI0B B MPOBOAHUKE MO BIUSIHUEM BHEITHETO AJIEKTPOCTATUYUECKOTO TTOJIS.

[Ipu 5TOM Ha IPOBOJHUKE BO3HUKAIOT 3apsijibl, YUCICHHO PaBHbBIC APYT JIPYTY,
HO MPOTHBOIIOJIOKHBIE 10 3HAKAM — UHOYUUposanHbvle (HaseOeHHbIe) 3apsdbl, KOTO-
phI€ UCYE3aI0T, KaK TOJBKO MPOBOTHUK YIIaJISIeTCﬂ U3 3JIEKTPUYECKOrO MOJIS.

[Mockonbky BHYTpu mpoBoanuka E =-gradj =0, to norenmuan Oymer mo-

CTOSIHHOM BETMYMHON U CIPABEUTHBBI CIICIYIOLIUE C1eOCH U
1. BexTop E HaIIpaBJICH [0 HOPMAJIA K KaXKIOW TOUKE MOBEPXHOCTH: E= E

E =0. Mnaue kacarenbHasi COCTaBISIONIAs BEKTOPA E Bbi3Bana ObI MePEMEIIICHHE

HOCHTEJIEN TOKA 110 IOBEPXHOCTH MPOBOJHUKA.
2. [loTeHnuan BO BceX TOYKAaX OJHOPOJHOIO MPOBOJHMKA OJAMHAKOB. Bech
00bEeM MPOBOTHUKA SKBUITIOTCHIIMAICH, TaK KaK JIJIsl JIF0OOT0 HarpaBjieHus |
9 _ rur
—=-E=-K =-Ecos(E,d)=0,
1l
U [I03TOMY BCIOJly BHYTPH MMPOBOHKKA, a TAK)KE HA €ro MOBEPXHOCTH | = CONSt .
3. [ToBepXHOCTh IPOBOJHUKA SIBJISAECTCA SKBUIIOTCHIIMAIBHOM, TaK KakK JJis JIt0-
OOl TMHUM Ha 3TON OBEPXHOCTH
f__g o,
1l
4. HeckoMII€HCUPOBAHHbBIE 3apsbl paclojaratoTcsi B MPOBOJHUKE TOJIBKO Ha
ero noBepxHoctu. Cornacuo teopeme ['aycca (12.11), 3apsia g, 0XBaThIBaEMBIN MPO-
M3BOJILHOW 3aMKHYTOM MOBEPXHOCTHIO S MPOBEICHHONW BHYTPHU MPOBOJHUKA, OyIeT

paBeH HYJIIO:

ng‘)eOI'Ed'S:O,
S

TaK Kak BO BCEX TOUKAX MOBEPXHOCTU S HANPSKEHHOCTh E=0.

[TosToMy npu NOMEMIEHUN HeUmpanbHO20 NPOGOOHUKA BO BHEILIHEE I10JIE CBO-
00JHBIE 3apsAbl HAUHYT MEPEMEIATHCS . OJIOKUTENbHbBIE — 10 MO0, & OTPULATENb-
HBbIE — IPOTHB TOJIsA, puc. 12.15, a. Ha ogHOM KOHIIE IPOBOIHMKA OyneT N30BITOK I0-
JIO)KUTEIBHBIX 3apsi/OB, HAa JIPYroM — OTpULATENbHbIX. OKOHYATEIbHO BHYTPH MpO-
BOJHHMKA HANPSHXKEHHOCTb MOJII CTAHET paBHA HYJIO, a JIMHUM HANpPsHKEHHOCTH BHE
MPOBOJHUKA — NEPIEHAUKYIIPHBIMHU €r0 MOBEPXHOCTH, puc. 12.15, 6.

—— >
- B ma—
| ERaS) |
N =] >
—N~0 =0 £ —»

a E 6 -— B
Puc. 12.15. He3apsikeHHBIH POBOJHUK B AJIEKTPHYECKOM TOJIE:
a —HOCHUTEJH 3aps/ia IPUXOJAT B IBU)KEHUE TIPYU NOMELEHUH POBOIHMKA BO BHEIIIHEE TOJIE;

6 — KapTUHA JIMHUIA HANPSDKCHHOCTH OISl (Ha IOBEPXHOCTH MPOBOTHUKA N300pasKeHbBI
WHTyIIUPOBAHHBIC 3aPsiIbl)



12.7. Ilosie BHYTPpM NPOBOIHUKA M 'y €0 NOBEPXHOCTH.
Pacnpenesienue 3apsiia B NnpOBOJIHUKE

HanpsixeHHOCTD E AIIEKTPOCTATUYECKOTO MO BOJHM3M TOBEPXHOCTH IPO-
BOJIHMKA CBSI3aHA C MOBEPXHOCTHOM MIOTHOCTHIO CBOOOMHBIX 3apsiI0B Ha MPOBOIHH-
Ke. DTy CBSI3b MOXHO OIPEJIENIUTh, HCIIONB3Ys Teopemy ["aycca (12.11).

Ha moBepxHOCTH TPOBOJHMKA, TPAHUYAIIETO C
BaKyyMOM, B OKPECTHOCTH TOUYkH A, puc. 12.16, BbI-
AeNMM Mallblii y4acTok Iuiomansto DS, Ha koTtopom
HaxonuTcs 3apsan =S DS, roe S — moBepXHOCTHAas

DSeepx

IJIOTHOCTH 3apsza Ha npoBoaHuke. Ilycrs N — BHEI-
HSsl HOpMaJb B TOUKE 4 K TOBEPXHOCTH MPOBOJHUKA.
Puc. 12.16. K onpenenennro ~ BbibepeM B kauecTBe 3aMKHYTOM IraycCOBOW MOBEpX-
HATPSUKEHHOCTH MOJIS BOMM3H  HOCTH S MOBEPXHOCTh [MJIMHJAPA, OCHOBAHUS KOTO-

MMOBCPXHOCTU MMPOBOAHHUKA pOFO paBHBIZ DS —_ DS — DS

6epx HUJICH
O6pa3syrolye IWIMHAPA TapaienbHsl Hopmaan N. Torna moTok Bektopa E
qyepes 3Ty HOBerHOCTB COFJIaCHO @opMyne (12 11) Oyner TakuMm:

@EmlS S+ Frds+ Erds=d =S50S

S DS, DS € %o

6epx
1 [}
rae ectu OS,, ® 0, To (‘)E>dS:O nu  OEXIS=0, nockoiabKy COOTBETCTBEHHO
\ Stox DS
BekTOp E mnepnenaukynsgpeH BHeIIHEH HOpManu K OOKOBOHM MOBEPXHOCTH S;,, H

BHYTPH IIPOBOJHUKA IO HET.
[ToaTOMY M3 MOCIIEAHETO YPABHEHUS CIENYET
E,DS=sDS/e,,
rae E, —npoekuus BeKTOpa Ha BHEIIHIOK HOpMaJlb N. OTcrofa OKOHYATENBHO TI0-
Jy4Y4M, 4TO BOIM3H IMPOBOJIHMKA B BAKYYMEC
S

By == (12.36)
0

1
Ecin's >0, rou E, >0, T.e. BekTOop E HampasieH OT MOBEPXHOCTH MPOBOJI-
1

HHUKa — COBMaJaeT 10 HaIllpaBJIEHUIO ¢ HOpMaibio N; uHave ecan S <0, 10 E, <0 —
BEKTOp HAIIpaBJIeH BHYTPb NpOBoHMUKA (cM. puc. 12.15, 6).

Cornacuo ypasaenuio (12.26) E, =- §j /fn u, ciemoBarensHo:
=g W 12.37
S =-€)—— " (12.37)

Ha puc. 12.17 npeacraBieH BuJ CUIOBBIX JMHUM M 3KBUIMOTEHUUAJIBHBIX IO-
BEPXHOCTEN IOJIS 3aPSKEHHOIO IOJIOXKUTEIBHO METAUIMYECKOr0 TeJla LUJIUHAPH-
4yecKor (hOpMbI ¢ KOHMYECKHUM BBICTYIIOM Ha OJTHOM KOHIIE U KOHUYECKOW BHaJMHOMN
Ha IPyTOM.

Onpenenum CUilbl, AEHCTBYIOIINE HA MTOBEPXHOCTh NMPOBOAHUKA. PaccMoTpum
ClIy4ai, KOrJa 3apsKEHHBIN y4aCcTOK MOBEPXHOCTH IPOBOJHUKA TPAHUYUT C BaKyy-



MOM. Mexay OZHOMMEHHBIMH 3apsijlamH, Ha-
XOJAIIUMHUCS HAa TOBEPXHOCTH 3aPSKEHHOTO
MPOBOJIHUKA, JEHUCTBYIOT CHJIbI B3aUMHOI'O OT-
TaJKUBaHUA. MOXXHO JOKa3aTh, UTO CHUJIA, JIEH-
CTBYIOIIIasi HA €IMHUILY MOBEPXHOCTU MPOBOJ-
HUKa, OMPENIeNACTCS KaK

r 2
F,=> f=BEf (12.39)
2e, 2

rJI€ y4TE€HO, YTO S =€,E, u E2 =E?.
yq . 0™=n n

Puc. 12.17. DxBUnIOTEHIINAIIBHBIE
IIOBEPXHOCTU U CUJIOBBIE JIMHUU BeJII/I‘II/IHy Feo Ha3bIBAIOT HOG6EPXHOCHL-

3a0CTPEHHOTO MTPOBOJHUKA. CIVIOIIHBIC  noi napomuocmeto cui. He3aBucuMoO OT 3HAKA
JIMHUU — CUJIOBBIC JIMHUH, HYHKTI/IpHI)IG ! !

JIMHHUHW — 3KBUITIOTCHIIUMAJIbHBIC
IIOBEPXHOCTH rla HalpaBlieHAa Hapyxky 3apsyKEeHHOro IIpo-

BOJIHMKA W CTPEMUTCS €0 PACTAHYTh.

CaoiicTBa 3aMKHYTOH NpoBoAsileil 000104Kku. UTak, B 'COCTOSSHUM paBHO-
BeCHS U30BITOUHBIX 3apsiI0OB BHYTPH MPOBOIHUKA HET, BEIIECTBO BHYTPU MPOBOJIHU-
Ka DJIEKTpUYECKU HeuTpanbHO. [Ipu yjaneHuu BemieCTBa U3 HEKOTOPOTro oObema
BHYTPH MPOBOJIHHUKA, T.€. CO3[JaHUU 3aMKHYTOW MOJOCTH, TI0JIE HUTJI€ HE U3MEHUTCS.
PaBHOBecHOe pacmpejeneHue 3apsanoB coxpaHutcs. CrenoBaTelbHO, W30BITOYHBIN
3apsii paCIpeNeNIMTCS Ha IPOBOJHUKE C MOJIOCTHIO TaK K€, KaK U Ha CIUIOLIHOM IpO-
BOJITHMKE — 10 €T0 HAPYHOW MOBEPXHOCTH.

[TosToMy BHEWIHWE 3apsjibl, B YACTHOCTH 3apsifbl Ha HAPY>KHOU MOBEPXHOCTHU
MPOBOJHUKA, HE CO3/Ial0T MOJISI B MIOJIOCTA BHYTPHU MPOBOJHUKA. DTO SIBICHUE JIEKUT
B OCHOBE 2JIEKIPOCHMAMUYECKOll 3aujimsbl — YSXPAHUPOBAHUM TEJI, HAIIpUMEp U3Me-
PUTEIBHBIX MPUOOPOB, OT BIUSIHUS BHEIIHUX SJEKTPOCTATHUUECKUX ToJie. Bmecto
CIUIOIIHOTO MPOBOTHUKA-000T0UYKH MOXKET OBITh T'yCTasi METAJNTMYECKas CEeTKa.

S , a 3Ha4uT U HanpasneHus E, cuma F,; Bce-

12.8. D1eKTp0eMKOCTh yeJMHEHHOI 0 IPOBOIHUKA

YeauHeHHBIM NPOBOAHMKOM Ha3bIBA€TCS MPOBOJAHUK, KOTOPBIM HAXOAUTCS
HACTOJIBKO JAaJIeKO OT JPYTUX TeJl, YTO BIMSHUEM UX DJEKTPUUYECKUX MOJIEH MOMKHO
npeHeopeyb.

Xapaktep pacnpeeraeHus 3apsa10B [0 NOBEPXHOCTH 3apPSKEHHOTO YEIUHEHHO-
r0 ITPOBOJIHUKA, HAXOJAIIETOCSA B OJHOPOJIHOU, U30TPOITHOU JUDJIEKTPUUECKOU CPENE
(cMm. mogremy 13.1), 3aBUCHUT TOJIBKO OT (hOPMBI TIOBEPXHOCTH MPOBOHMKA. [ToBepx-
HOCTHAsI TUIOTHOCTh 3apsAJI0B S B KaXKJ0M TOUKe A4 MOBEPXHOCTH MPOBOJAHHUKA IPO-
NOpLHOHANBHA €ro o0LeMy 3apsay:

s =kq, (12.39)
rae K =K(X,y,2) — QyHKIUS KOOPAMHAT TOUKH A, 3aBHCSIAs OT (OPMbI M pa3MEpPOB
MOBEPXHOCTU TPOBOAHMKA. 3HaueHuss K Oombllie B T€X TOYKAX MOBEPXHOCTH, TIE
Oonbiie ee kpuBU3HA. ONBIT MOKA3BIBAET, UTO 3apsia ( HA YEIUMHEHHOM IPOBOAHHUKE
OpsSIMO  TPOIIOPIIUOHANICH €ro MOTeHHuany ¢ (cuuTaeM, 4ro Ha OECKOHEYHOCTH



J ¥ =0):q~) umq=Cj

Koaddumment nponopunronansHocT C Ha3bIBaeTCS IJEKTPUYECKON eMKO-
CTBIO (21eKMPOEMKOCMbIO VU TIPOCTO eMKOCHbIO) STOTO IPOBOTHUKA!
c=9, (12.40)

J

Ennnuna emxoctu B CU — papan (P): 1 d = 1 Kn/B.

3a eAMHMIy €MKOCTH MPUHUMAIOT €MKOCTh TaKOTI'O MPOBOJHHUKA, MOTEHIHAI
KoToporo u3Mmensiercs Ha 1 B npu yBennuenuu 3apsina Ha Hem Ha 1 Kii.

Hanpumep, Haiinem eMKOCTb YEJIMHEHHOI'O MPOBOASNIETO 1apa paadycoMm R,
ucnons3ys ¢popmyinst (12.11), (12.20) u (12.40), yautsiBas, uto | y = 0:

|¥

¥

i - :-R@édF:EédF:Oi‘ 9 g=-_94 | =9
Y ¥ R R4peor2 4peOr|R 4peOR
Cuuapa = Jﬂ = 4pey R, (12.40a)

CIEN0BATENIbHO, Ul IIapa €MKOCTh MPsIMO IIPONOpLMOHAalbHA €ro paauycy. Ha
MPaKTUKE OOBIYHO MPUXOJUTCS BCTPEUATHCS C EMKOCTAMH B MHTEpBajie oT 1 MkD 10
1 n®. Hanpumep, eMKocTh IpoBOsLIEro mapa ¢ paguycom 3emiu 0,71 mO.

EmkocTp 3aBHCHT OT (OpMBI M pa3Mepa YEIMHEHHOIO MPOBOJAHHUKA M OT JU-
JIEKTPUYCCKUX CBOMCTB OKpYy»Karoriei cpeabl (cm. Temy 13). EMkocTu reomerpuye-
CKHU MOJ00HBIX TPOBOJHUKOB MPONOPLUOHATIBHBI UX pa3MEpPaM.

12.9. BzaumHasi eMKOCTh IBYX NPOBOAHNKOB. KoHeHcaTOpPBI

YCTaHOBJICHO, YTO DJICKTPOCMKOCTh HEYCTWHCHHOI'O NPOBOJHMKA BCEr/ia
0o0JIbIIIE JCKTPOEMKOCTH TOTO K€ MPOBOJHUKA, KOI/Ia OH yeauHeH. Ecnu k mpoBoj-
HHUKY C 3apsAaA0M ( MPUOIM3UTh APYTUE Teja, TO Ha MX MOBEPXHOCTH BO3HUKHYT HH-
AYLUUpOBaHHbIC (HA MPOBOJAHWKE) WM CBs3aHHbIC (Ha JMAJICKTPUKE) 3apsbl
(cMm. moaTemy 13.1). D1H 3apsAabl OCIAOISIOT MOJIE, CO3IaBAEMOE TPOBOHUKOM C 3a-
psiom (. IToTeHIuam IpoBOJHUKA TOHMIKAETCS, & €r0 SIEKTPOEMKOCTD MOBBIIIACTCS.

KonpaeHcarop — 310 cuctema u3 AByx (MHOrma Oojiee) MPOBOIHUKOB (0OK1a-
00K) C OJIMHAKOBBIMH 110 MOJIYIIIO, HO MPOTHBOIOJIOKHBIMHE I10 3HaKy 3apsaaMu. Kak
npaBwiio, GopMa M PAaCIOIOKEHHE OOKIaJ0K TAKOBBI, YTO 3JCKTPHUECKOE I0JIC
MPAKTHYECKH MOJHOCTHIO COCPEIOTOYCHO MEXK/Ty OOKIaIKaMH.

EMKoOCTh KOHAeHcaTOpa — 3T0 (pu3WYecKas BEJIMYMHA, paBHAs OTHOIICHHUIO
3apsijia J, pacioyioKeHHOTO Ha MOJIOKHUTEIBHO 3apsHKEHHOM 00KIaIke KOHIeH CaTopa,
K Pa3HOCTH MOTEHIIMANIOB | 1 - | » MEXIy €ro 0OKJIaKaMu:

c=—9 -9 (12.41)
Ji1-12 U
rae U =] ;- | » — Hanpajcenue, NPUIOKEHHOE K KOHIEHCAaTOPY. EMKOCTh KOH/IEH-

catopa C 3aBUCHUT OT (POPMBI U TEOMETPUUECKUX pa3MEpPOB OOKIIAIOK, OT 3a30pa Me-
Iy HUMH U OT 3aIOJIHSIONIEH KOHAECHCATOP CPEIbI.
IIpumep. PaccuntaeM eMKOCTH IUIOCKOTO KOHJICHCATOPA, MPEICTABISIONIETO




co00i J1Be MeTa/NIM4YeCKHE IJIOCKUE MapajlieNbHble MUIACTUHBI IUIOMIANbI0 S pasje-

neHHble 3a30poM mmpuHb d. I[TycTh KOHIEHCATOP 3aIllOJHEH Cpeloi, XapaKTepu3ye-

MO IM3JIEKTPUUYECKON MPOHULIAEMOCTEIO . 3aps] KoHAeHcaTopa [, puc. 12.8.
Pemenne. M0XHO NOKa3aTh, YTO HANPSKEHHOCTh BHYTPU KOHJEHCATOPA

o B E=> =9 —cong. (12.42)
> €eo eeoS
> [ToaToMy HampspkeHHE MEXAy OOKIaJKaMH, TaK Kak
> 0Ch X TIepICHANKYJISIpPHA OOKIaIKaM, OTPEEISICTCS Kak
> d d
< > . . N N d
d U:]]_-jZ:dEdX:EOjX:Ed:q—.
X 0 0
Puc. 12.18. Konnencarop [Toactasum U B dopmyny (12.41) u moayuum st
C IapajjIeIbHbIMHA IIJIOCKOI'O KOHACHCATOPa
OOKIIaIKaMu eepS
CI’!JZ KOHO — To p (1243)

OTMeTuM, 4TO B JIaHHBIX pacueTax HE YYTEHO UCKaXEHUE TOJIsl y TpaHuIl Tuia-
cTiH. EMKOCTBh peanbHOro KOHeHcaTopa ompesensercs Boipakenuem (12.43) tem
TOYHEE, YeM MEHbIIIe 3a30p d 10 CpaBHEHUIO C IMHSHHBIMU Pa3MEPaMHU.

CoennHeHnsi KOHAEHCATOPOB. [[71 TOro 4TOOBI TOJYYUTH OINpPEIEICHHYIO

eMKOCTh KoMOmHanmu koHzaeHcatopoB C; (i =1,n), WX COEAMHSIOT CIEAYIOUUMH

OCHOBHBIMH CTIOCO0aMU. Y RHaApainenbHo cOeOUHeHHbIX KOHOEHCAmopoe Pa3HOCTh
noteniuanoB Dj ; Ha oOkmagkax KOHAEHCATOPOB OJMHAaKoBa W paBHa Dj |,

puc. 12.19, a.
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Puc. 12.19. Coeaunenust KOHIEHCATOPOB:
a — TapajeabHoe; O — MOCIeA0BaTEIbHOE

a +

[lonHast eMKOCTB OyAEeT paBHa CyMM€ €MKOCTEN OT/IENbHBIX KOHJIEHCAaTOPOB

a a .
q aag ach; 2
c=9 - - -, 12.44
b o o & (12.49)

Y nocnedosamenvno coeOuHeHHbIX KOHOEHCAMOPOE 3aps bl ( BCeX 00KIIAT0K
paBHsI 110 MoayIto (puc. 12.19, 0), a cymMmMapHasi pa3HOCTh IOTEHIMAJIOB PaBHA
S )
i=1 =1 i
OTKYJa IOJIy4aeM, 4TO TPH ITOCIIeI0BATEIILHOM COCMHEHHN KOH/IEHCATOPOB CyMMHU-
PYIOTCSI OOpaTHBIC BETUYUHBI EMKOCTEH:
1

-a

—. 12.45
ag (12.45)

1
C



Tema 13. DuekTpocTaTHYecKoe NMoJjie B AUIJIEKTPUKE
13.1. CBsi3aHHBIE U CTOPOHHME 3aPSI/AbI

M3BeCcTHO, YTO AMIIEKTPHKAMHM HA3bIBAIOTCS BEIIECTBA, KOTOPBIC NIPH OOBIY-
HBIX YCJIOBHSAX MPAKTHUECKH HE MPOBOIAT AIICKTPHUCCKUI TOK. B maHHON moaTeme
03HAKOMHMCS CO CBOMCTBAMU JMIJICKTPHKA.

Kak u Bcsikoe BEIIECTBO, TUIICKTPHUK COCTOUT U3 MOJIeKyJ (aTomMoB). Bee mo-
JICKYJIbI TUDJICKTPUKA DJICKTPUUCCKH HEHTPATbHBI. CYMMAPHBINA 3apsijl SJCKTPOHOB M
aTOMHBIX sIJIEP, BXOISIINUX B COCTaB MOJICKYJIbI, paBeH HYJ0. OTHAKO MOJIEKYJIBI 00-
JIAIA0T DJIEKTPUUECKUMU CBOMCTBAMM.

B nmepBoM nmpuOIMKEHHH MOJICKYIY TUDJICKTPUKA MOXKHO pacCMaTpHUBaTh Kak
MEKTPUICCKHA IUTOIb C HIEKTPUICCKIM MOMEHTOM

p=dl, |
rae  — CyMMapHbBIN MOJIOKHMTEIBHBIN 3apsii BCEX aTOMHBIX siaep B Mojekyne; | —
BEKTOD, MPOBEJACHHBIA U3 WIICHTPa TSHKECTUY JJICKTPOHOB B MOJICKYJIC B IICHTpP Ts-
’KECTHU» MOJOKHUTEIBHBIX 3aPSAT0B aTOMHBIX SIIED.

PaznuyaroT Tpu THNA AUIIEKTPUKOB!

1. Henonspuole ouznekmpuxku — JUIICKTPUKA € HEMOJSPHBIMU MOJICKYJa-
MU — 3TO TaKH€ TUAJICKTPUKH, B MOJIEKYJIaX KOTOPHIX B OTCYTCTBHE BHEIIHETO DJICK-
TPUYECKOrO MO «UCHTPHI TKECTH» MONOKHUTCHBHBIX H OTPHIATENBHBIX 3aPs/IOB

cosmagaiot (I =0) u, cnegoBarebHO, JUMOJBHBIC MOMEHTBI MOJICKYJI PaBHBI HYJIIO.
TakoBbl, Hanpumep, MoJeKyIbl Hp, Oz, No 1 ap.

2. Ilonapuovie ournekmpuku — TASIACKTPUKU C NOJSIPHBIMU MOJEKYJIaMU — 3TO
JUDJICKTPUKHU, MOJIEKYJIBI (aTOMBI) KOTOPBIX HMEIOT 3JIEKTPOHBI, PACIIOJIOKECHHBIC He-
CUMMETPUYHO OTHOCUTEIIBHO aTOMHBIX SIJIEp, U TTOATOMY OHHM 00JIaIat0T AUMOJIbHBIM
aneKTpuueckuM MoMeHToM. Hampumep, monexynsl H,0, ciiuptoB, NH3 u T.1.

Ecau nonsipHbll AUDNIEKTPUK HE HAXOJIUTCS BO BHEIIHEM DBJIEKTPUUYECKOM TO-
Jie, TO B pe3yibTaTe TEIUIOBOT'O JBUXKEHHSI MOJIEKYJ BEKTOPBI UX JUMOIBHBIX JJICK-
TPUYECKUX MOMEHTOB OPUEHTHPOBaHbI OecropsiiouHo. CreaoBaTesibHO, CyMMa -
MOJIHBIX MOMEHTOB BCEX MOJIEKYJI, COJIEpKAIIUXCS B JTI0OOOM (pu3nuecku OecKoHeu-
HO MajioM 00beMe JIUDJICKTPUKA, paBHA HYJIIO.

3. Hounwvte ounekmpuxku — 370 JUDJICKTPUKH, UMEIOIIME MOHHYIO KPHUCTAJI-
JUYECKYIO PENIETKY U MPEJICTABISAIONINE COOON MPOCTPAHCTBEHHBIE PEIIETKH C TMpa-
BUJIBHBIM YepeI0BaHUEM HOHOB Pa3HbIX 3HaKOB. Hanpumep, monekynsl KCI.

Honapuzayueir nusIEKTpUKa HA3bIBACTCS MPOIECC, B Pe3yJIbTaTe KOTOPOIO
¢busnyaeckuii 00beKT (aTOM, MOJIEKYJIa, TBEPAOE TEJIO U JIp.) MPUOOPETACT DIICKTPUYC-
CKHAW JUTOJbHBIA MOMEHT.

COOTBETCTBEHHO PAa3aUyaloT TPU BHUJIA MOJSIPU3ALUAU TUDTIEKTPUKOB!

1. Dnekmponnas, vinu deghopmayuonnas, NOIApU3aIUS JUIICKTPUKA C HETIO-
JSIPHBIMU MOJIeKyJaMu. Bo BHENIHEM DJIEKTPUUYECKOM MOJIe JEKTPOHHBIE 000I0UKU
aTOMOB U MOJIEKYJ Ae(DOPMUPYIOTCS: TIOJIOKUTEIBHBIC 3aPsiAbl CMEMIAIOTCS IO MOJIIO,
OTpHUILIATENIbHBIC 3apsiibl — NPOTUB ToJig. [loaTOMyY HemossipHas MoJieKyJsa mpuoope-




TaeT WHIYIMPOBaHHBIA (HABCJICHHBIN) IUIOJBHBIA SICKTPUYCCKUH MOMEHT, MpO-
1

MOPLMOHANBHBIM HANPsHKEHHOCTH BHelHero noist E, puc. 13.1, a. Henonsipuas mo-
JeKyna nogoOHa ynpyroMy AMOONI0, JUIMHA IJleda KOTOPOro MponopLHOHaibHa Ha-
NPsHKEHHOCTH BHEIIHETO 3JIEKTPUYECKOTO TMOJIA.

2. Opuenmayuonnasn, i OUNOAbHAA, TIONSPU3ALUS AUDJIEKTPUKA C MOJSp-
HBIMH MOJIEKYJIaMU — OPUEHTALU UMEIOUIUXCS AUMOJIbHBIX MOMEHTOB MOJIEKYJ MO
nosto, puc. 13.1, 6. Bo BHeNIHEM JIEKTPUUYECKOM M0JIe MOJIIpHAasi MoJiekya nedop-
mupyetcsa. OJIHaKo B IEPBOM NPUOIMKEHUHU ITOU Aedopmalueil MOKHO peHeOpeyb.
MOHO cUuTaTh, YTO MOJIAPHASL MOJIEKYJIa 110 CBOUM 3JIEKTPUYECKUM CBOMCTBAM IO-
N00Ha XKECTKOMY JIUMOJII0, MOJIYJIb 3JIEKTPUYECKOTO MOMEHTA KOTOPOT0 HOCTOSHEH.

3. Honnaa mnonspuzauus IUAIEKTPUKA C HOHHBIMH KPUCTALIMYECKUMHU pe-
HIETKaMU — CMEIIEHHE MOAPEIIETKH MOJOXKUTEIbHBIX HOHOB BJIOJIb MOJs, @ OTpHIa-
TEJIbHBIX MOHOB MPOTHUB NOJIsI IPUBOAUT K BOZHUKHOBEHHIO JUIOILHBIX MOMEHTOB.
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Puc. 13.1. MonekynspHbIe peICTaBICHUS O JUIIEKTPUKAX:
@ — DIIEKTPOHHA MOJISIpU3allisl HENOJSPHOTO JUAJIEKTPUKA,
0 — OpUEHTALMOHHAs MOJISPU3ALMS TOJISIPHOTO TUAJIEKTPUKA

Takum o0pazom, mexanuzm noaspuzayuu CBA3aH C KOHKPETHBIM CTPOCHHUEM
auaneKTpuka. OQHAKO HE3aBUCMMO OT MEXaHW3Ma MOJISIPU3AIUU BCE MOJOKUTEIb-
HBIE 3apsibl CMEIIAIOTCS MO MOJII0, a OTPUIATEIbHbIE — MPOTUB MOJs. B 0OBIUHBIX
YCIOBUSX CMEILECHUS 3aps0B 3HAUYUTEILHO MEHBIIE pa3MepoOB MOJIEKY]. B pe3yib-
TaTe NOJIIPU3ALIMU HA TTIOBEPXHOCTHU JUAIEKTPUKA B DJIIEKTPUYECKOM I10JIE TTOSABIISAIOT-
Cs1 HECKOMIICHCHPOBAHHBIC 3apsi/bl, KOTOPHIC HA3bIBAIOTCS CBSI3AHHBIMH (notapu3a-
yuonnsimu). CBsi3aHHBIC 3aps/Ibl HE MOTYT MEPEIBUTATHCS CBOOOIHO M IMEpeMeria-
IOTCSI TOJIBKO BHYTPHU JICKTPUUYECKU HEUTPabHBIX MOJIEKyd. B oliiem ciyuae MoryT
BO3HUKATh U 00BEMHBIC, M IOBEPXHOCTHBIC CBsI3aHHBIC 3apsaanl (LI (s ().

[lepBUYHBIM HCTOYHUKOM OJJIEKTPUUYECKOTO MOJs B JAUDICKTPUKE SBISIIOTCS
CTOPOHHME 3apsiibl, KOTOpPbIE HE BXOJSIT B COCTaB HEUTPAIBHBIX MOJICKYJI
JTUDJICKTPUKA.

Honem E enympu ournexmpuxa 6yneM Ha3bIBaTh BEIIMUYUHY, SBISIOILYIOCS
] 1
cynepnosunuei nonst E, croponHux 3apsanos u nona EC cBA3aHHBIX 3apsa10B:

E=E,+E¢ (13.2)

1 1
rne E, u EC — 910 Makpomnoss, T.e. ycpeIHEHHbIE IO (PU3NYECKU OECKOHEYHO MAaJIo-

My 00bemMy Mukpormnods, puc. 13.1. Teneps MOXKHO ONPEACIUTH, YTO AMITEKTPUKH —
3TO BEILIECTBA, YEPE3 KOTOPHIE MPOHUKAET 3JIEKTPOCTATUUECKOE IMOJ€, B OTIUYHUE OT
METaJIOB, IKPAaHUPYIOIIKX JIEKTPOCTATUUECKOE MOJIE.



13.2. Noasipu3oBaHHOCTD. [{H3JIeKTPUYecKAs BOCIPUUMYHBOCTD.
Jln3JieKTpuyeckasi NPOHUIAeMOCTh

KonnuecTBEHHON XapaKTEpUCTUKOW MOJSIPU3ALMMU TUAJIEKTPUKA CIYKHUT BEK-
1

Top P, Ha3pIBaeMblil MOISIPU30BAHHOCTHIO.
IMonsipu3oBaHHOCTH (8eKmMOp nonapusayuu) ONpenenseTcs KaK JAUTONbHBIA
MOMEHT €JIMHULBI 00beMa JUAIEKTPUKA, PaBHBIM OTHOLIEHUIO AJIEKTPUUYECKOrO JH-

MOJIBHOI'O MOMEHTa Majioro o0bemMa AMAJIEKTPUKaA K 3TOMy 00bemy AV:
p-L1 85, (13.2)
DV i<

r ! - . .
rae P =ql; — dneKTpUYecKuii TUMOIbHBI MOMEHT I-ii MOJICKYIIBI; 1 — OOIee YKCIIO

MoJIeKyJ B 00bemMe AV. DTOT 00beM JT0IKEH ObITh HACTOJIBKO Majl, YHTOOBL B €r0 Ipe-
JeNax ANEKTPUUECKOE MOJe MOKHO ObUIO CUMTATh OJHOPOJIHBIM. YHCIIO MOJIEKYT B
AV NOMKHO OBITH JOCTATOYHO BEJIMKO, YTOOBI K HUM MOXKHO OBLIO MPUMEHHUTH CTa-
TUCTUYECKUE 3aKOHOMEPHOCTH: N >>1.

Emunnua nomspusosanuoctd B CH — kyios Ha Metp B kBaapare (Ki/m®).

B city4yae H30TPOMHBIX TUAICKTPUKOB (32 UCKIIFOYEHNEM CETHETOYJICKTPUKOB U
HEKOTOPBIX MOHHBIX KPHCTAJIIOB), YbH CBOWCTBA HE 3aBUCST OT HAINPABICHHUS, TIOJISI-
PH30BaHHOCTH JIMHEIHO 3aBUCHUT OT HANPSKEHHOCTU pe3ynbrupytoniero (13.1) mons:

P=ceE, (13.3)
raze C — 6e3pa3MepHa51 BCIIMUMHA — AUIJICKTPHUIECKAsA BOCIIPpUUMYMNBOCTL BE€IIE-

CTBA, XapaKTepu3ymlas cBoicTBa audiektpuka. Becerna € > 0. Jlusnextpuueckas
BOCIIPUMMYHMBOCTb HE 3aBUCUT OT HANPAKEHHOCTH E.
OTMeTHM, YTO B CHIBHBIX ICKIPHYCCKUX MOJSIX 3aBHCUMOCTE IOJIAPH30BAH-
HocTH P ot HanpsbxeHHocTH E mojst B qunnekTpruke MOKET ObITh HETMHEHHOM.
MosxHO fl0ka3aTe meopemy I'aycca Ons nons 6eKmopa NOAAPU3AUUU.
MOTOK BEKTOpa Mosisipu3auun P CKBO3b NPOM3BOJIBHYIO 3aMKHYTYIO MTOBEPXHOCTh
S paBeH B35 TOMY C OOpPATHBIM 3HAKOM U30BITOYHOMY CBS3aHHOMY 3apsy JUAJIEK-
Tpuka B 00beMe V, 0XBaTbIBAEMOM MOBEPXHOCTHIO S T.€.:

P XIS=-q=- ¢y &V, (13.4)
S \%

rae I ( — o0beMHas MIIOTHOCTh HECKOMIIEHCHPOBAHHOTO CBSA3aHHOTO 3apsja.
B ougppepenyuanvnoit popme ypasuenue (13.4) umeer cieayromuii B
NxP=-r¢ (13.5)
T.€. JUBEPTCHIUS TOJS BEKTOpa P paBHa B3STOW C OOpaTHBIM 3HAKOM OOBEMHOM

IUIOTHOCTHU M30BLITOYHOTO CBSI3aHHOTO 3apsia B TOM ke Touke. JImnnu P HaumnaroTcs
Ha OTPULIATCILHBIX U 3aKaHUYKMBAIOTCS Ha IMOJIOKUTCIIBHBIX CBA3AHHBIX 3apsaax.
BennunHa niaoTHOCTH HECKOMIICHCUPOBAHHOT'O CBA3aHHOIO 3apsaa [r (B AN~

JIEKTPUKE CBA3aHA C IJIOTHOCTHIO CTOPOHHUX 3apsiioB p (popmyson

I
re=- S .- €E Nc . (13.6)
1+c 1+c




CnenoBaTellbHO, 00beMHble C6A3aHHbIE 3apA0bl BHYTPU AUDIEKTpUKA OyAyT
OTCYTCTBOBATb MIPU OJJHOBPEMEHHOM BBIITOIHEHUH JIBYX YCIOBUM:

L
1) nusnexTpuk sBisetcs ogHopoanbM (Nc =0);
2) CTOpOHHUE 3apsi/bl BHYTPH Hero oTcyTcTBYHOT (I =0).
- +o' [ToMecTHM TIACTMHKY W3 OJHOPOJHOTO JIUAJICK-

1 - -
+_ EO g_ = 0

+—,— [, []. Tpuka BO BHEIIHEE ODJICKTPHYECKOE I0Je, CO3aHHOE
+| - <—+>1 |- 7ByMs OECKOHCUYHBIMH IApaUICIIGHBIMA Pa3HOUMEHHO
I E T | sapskeHHBIMH IUIOCKOCTAMH, puc. 13.2. B ausnekTpuke
+ —> —>- —>- - '
+| f»- «<E%»>1 |- mone ECcosnaercs CBA3aHHBIMU 3apsaMK M HATPABICHO
i > "~ +™1 |  nporus BHemHero nous Eg, co3naBaeMoro cropoHHUMH
+| - «—— +>t |- 3apsmamu. PesyabTupyromiee moje BHYTPH AUIEKTPUKA
+| -~ —+> |- comuacHo popmyie (13.1) onpeaensercsa Kak
T a
U= - E=F- EC

le——» C nmomoripio Teopembl [aycca (12.11) MOXHO BbI-

d YUCITUTh HAMPSHKEHHOCTh MEKIY JABYMS Pa3sHOMMEHHO

Puc. 13.2. HanpkeHHOCTE  3qpgoxeHHBIMU IUIOCKOCTSMHU (CM. BbIpaxerue (12.42)):
anexkTpudeckoro noss E

_'S
BHYTPH JIUIJIEKTPUKA Eo= e_O J

rie S — MNOBEPXHOCTHAs MJIOTHOCTh CTOPOHHETO 3apsija Ha METaNIMYECKUX OOKIaa-
1
Kax KoHjaeHcaTopa. [1o aHamoruu MoXHO 3amucath s mojst EC

s (
E¢="". (13.7)
€0
rne S (— MNOBEPXHOCTHAs IIIOTHOCTh CBSI3aHHBIX 3aps10B.
Tornma oJIy4aeM, 4TO HANPsLKCHHOCTD IIOJIsI BHYTPU JUDJICKTPUKA

E:EO-E¢:S(;S( (13.7a)
0

COBIAACT C HAMPSHKCHHOCTBHIO IMOJIST B BaKyyme, KOTJa MOBEPXHOCTHAS IIOTHOCTD
3apsijia Ha 0OKJIaKax KoHaeHcaTopa paBHa (S - S ().

MOHO [MOKa3aTh, YTO Ha FPAHUIIC AUIICKTPUKA U BAKYyyMa HOGEPXHOCHHASA
HIOMHOCHb C8A3AHHBIX 3aps006 S ( paBHA HOPMAIBHON COCTaBJISIONICH BEKTOpa
NOJISIPU3AIIIH B JAHHOHN TOYKE MMOBEPXHOCTH:

s (=P, =cegyE,,, (13.8)

rac Pn — MPOCKIUsS BEKTOPaA P Ha BHEIIHIOIO HOpMaJib K IMOBCPXHOCTH JAHHOT'O OU-

1
anekTpuka; E, — mpoekuus BekTopa E (BHYTpH amdnekTpuka BOTM3M €ro MOBEpX-
HOCTH) Ha BHEUIHIOO HopMaib. CienoBaTenbHo, 3HaKk P, ompenenser 3Hak S (.
Torna moxxHo 3anucarh u3 Gopmyi (13.7) u (13.7a)

(
E=E,-3'=E,- D =g,- SE=E . cE.
€o 0 €o
Hanps»keHHOCTh pe3yIIbTHPYIOIIETO MOJISI BHYTPH IMAJIEKTPHKA PaBHA
e=Fo -5 (13.9)

1+c e




E
rae e=1+c = Eo — IMIJIEKTPUYeCKasi MPOHMIAeMOCTh cpeabl. OHA XapaKkTepu3yeT

CIIOCOOHOCTh JAMAJICKTPHKA TMOISIPU30BATHECS B DJIEKTPUUYECKOM TIOJIE M TTOKA3bIBACT,
BO CKOJIBKO pa3 IMoJie 0cyiadseTcs qudieKTpukoM (cM. moaremy 12.1). OTMeTuM, uTo
1U1sl Beex BeniecTB € >1. J{ns Bakyyma € =1, 1jst ra3oB € MaJio oTiin4aeTcst ot 1, mist
BoAbl € =81, a I HEKOTOPBIX KEPAaMUK MOXKET JOCTHTaTh MHOTHX ThICSY. JIjus
AIEKTPOU3OIUPYIONIUX MATEPUATIOB, HAIPUMED ISl MITKOUW pe3uHsl, € = 2,6- 3, nis

ynbTpadapdopa (kepamuka) € = 6,3- 7,5, s crexina € =4- 10.

[lpu Hanmuum OUAIEKTpUKa Teopema ['aycca ams BeKTopa E (12.11) u >xBU-
BajieHTHOE ypaBHeHHE (12.13) 00BIYHO 3aMKMCHIBAIOTCS TaK:
Eas=L 3 q, divE=—", (13.10)
S o€ =1 €€
rie ¢ — CTOpOHHHUE 3apsiJibl, OXBAThIBAEMbIC 3aMKHYTOH MOBEPXHOCTBIO S p — 00b-
eMHasl IJIOTHOCTb CTOPOHHETO 3JICKTPHYECKOrO 3apsijia B TOM e TOUKE IO, B KOTO-
poii onpexensiercs quseprenuys o E. HeoOxoauMo 0TMETUTE BbINOIHEHHE TEO-

peMsbI O IIUpKYIsiuK BekTopa E (12.16) u B Bakyyme, U TIPU HATTMYUU TUDJICKTPHUKA.

13.3. BexTop D (3aexTpHUeCcKOe CMeleHHe).
Teopema I'aycca nas BekTopa D

Hampsi>keHHOCTB  9JIKTPOCTATHYECKOLO TOJS 3aBUCHT OT CBOWCTB Cpelbl
(ot €). Kpome Toro, BeKTop HanmpspKeHHOCTH E Ha rpaHuile JUAIEKTPUKOB HpeTep-
NeBaeT CKaukooOpa3HOe M3MEeHeHue. BBejem s omucaHUs 3JIEKTPUYECKOTO MOJIs
CUCTEMBI 3aps/IOB C yYE€TOM MOJSPU3ALMOHHBIX CBOMCTB JUANIEKTPUKOB BCIIOMOTa-
TEJIbHBIM BEKTOP, UCMOJIB30BAHUE KOTOPOTrO BO MHOTHX CIy4asiX yIPOUIAeT U3yUeHHUE
MOJIA B IURJIEKTPUKAX.

BHyTpu AusieKkTpuKa 1oJie OnpeaesseTcss U CTOPOHHUMU, U CBSI3AHHBIMU 3a-
psnamu. [loatomy, ucxoas u3 teopeMsl ['aycca s BeKTOpa HaNps>KEHHOCTH B Ba-
kyyme (12.11) u yuuThiBasi BETUUKUHY IFIOTHOCTH HECKOMIICHCHPOBAHHOTO CBSI3aHHO-
ro 3apsnaa I (B JUBJIEKTPUKE, 3alULIEM

I£| ><|£ _r+rc
€o

[To Teopeme Iaycca s BekTopa nosspusaruu (13.5):
L 1
NXP=-r¢C

Torma umeem, 4TO
LA . F
dvE=—(r - divP),
€o
1 1
div(e,E+P) =t , (13.11)
rJic BEKTOPOM JJIEKTPHYECKOro cMemeHusl (3JIeKTpuYecKoi WHIYKIINH) Ha3bIBa-
€TCs1 BEKTOP

D=e,E+P. (13.12)




Jnist H30TPOITHOTO IMBIEKTPHKA C YHeTOM (hOPMyYIBI (13.3) monyuaem
D =e,(1+Cc)E =eg,E. (13.12a)

Eannuna BexTopa sekTpudeckoro cmemenus B CU — KyJioH Ha MeTp B KBall-
pate (Kn/m®). .

Bektop D ommchIBaeT 3€KTPOCTATHUECKOE TOJIE, CO3aBaEMOE CTOPOHHUMU
3apsiiaMu B BaKyyMe, HO MIPH TaKOM MX PaClpe/Ie]ICHUU B IPOCTPAHCTBE, KAKOE UMeE-
eTCs IPU HATMYUU JIUIJICKTPHKA.

AHAJIOTUYHO JTMHUSIM HANPSHKEHHOCTH MOYKHO BBECTH JIMHUU ITIEKMPUULECKO20
cmewjenusn. HanpasieHyue 1 rycToTa JIMHAA BEKTOPA ICKTPUIECKOr0 CMEIICHNs! OI1-
PEIENSFOTCS TaK JKe KaK U JIJIsl BEKTOpa HanpspkeHHocTH E .

Cornacto ypasrenuio (13.11) Teopema I'aycca B nuddepenunanbHoii pop-
Me Ui BekTopa D umeer Bua
N>xD =r (13.13)
T.€. IMBEPreHIIUS TOJIsi BEKTOpa D paBHa 00BEMHOW INIOTHOCTH CTOPOHHETO 3a-
psa B TOM XK€ TOUKE.

1
B Tex Toukax, rme auBepreHius BekTopa D mosiokuTennHA, PanosioxKEHbI
1
ucmounuxu nonss D (r >0), a B TeX ToYKax, IJie OHa OTPUIIATEIIbHA, — CHIOKU TIOJIS
1 1

Bektopa D (r <0). Jlunum Bextopa D HaumHArOTCS W 3aKaHYMBAIOTCS TOJIBKO Ha

CTOPOHHUX 3apsfax. OTMETHM, UTO UCHMOUYHUKAMU U CTOKAMU TIOJIS E sBasioTcs Kak
CTOPOHHUE, TaK U CBsi3aHHbIE 3apsbl (cM. prc. 13.2).

Hcnonesyem Teopemy OcTporpajckoro (12.12) u chopmynupyem Teopemy
I'aycca nns Bektopa D (meopema Laycca ona snekmpocmamuueckozo nons 6
ouseKkmpuke).

gD xdS=q, (13.14)
S

MIOTOK BEKTOpA JIICKTPHYECKOTO CMEIICHHS JIICKTPOCTATHIECKOTO MO B UAIICK-
TPUKE Yepe3 MPOM3BONBHYIO 3aMKHYTYIO TOBEPXHOCTh S paBEeH anreOpandyeckoi
CYMME OXBaTbIBAEMBIX 3TOH OBEPXHOCTBIO CMOPOHHUX DIEKTPUYECKHUX 32PS/I0B.

B uzoTponHbix audiekTpukax Bektopbl D u E mapasiensusl. B anuzorporn-

HBIX JIN3JIEKTPUKAX OTH BEKTOPbI HEMAPAIUIEIbHBI.

JL7is - HeMpEpHIBHOTO paclpeeieHus 3apsiia B TPOCTPAHCTBE C OOBEMHOIM
wioTHOCTRIO [ = dq/dV cnipaBemnBo

ODdS = gy dv. (13.14a)
S v

OtmetnM, uto a1 Bakyyma popmysia (13.11a) 3anmuceiBaercs Tak:
D=¢eyE. (13.15)

13.4. Tlone B qu3jIeKTPUKe. Y CJI0BUSI HA TPAHHIIE IBYX JUIIEKTPUKOB

1
W3yunm noBeJieHue BEKTOPOB HAIPSKEHHOCTH E W anexTtpuyeckoro cmerie-
1
Huss D »srnexrpocrarnueckoro mosisi Ha IpaHUIE pasjena JBYX OJHOPOIHBIX H30-



1 1 1 1
TponHbIx amanektpuueckux cpen 1 (E;,D;) u 2 (E,,D,). PaccMoTpuM okpecTHOCTB
IIPOU3BOJIBHON TOUYKH A, JIEKalEH Ha IIOBEPXHOCTU paszeia 3Tux cpen. Ilycts € u
€, — JAUDIIEKTPUYECKUE IIPOHUIAEMOCTH NIEPBOM U BTOPOH cpel. bynem ucmoib3o-

BaTh TEOPEMY O LUPKYISALNN BEKTOpa E (12.16) u Teopemy I'aycca uis BekTOopa D
(13.14).

[IpoBenem B ToUuke A Ha rpaHUIle pa3fena Cpej €AMHUYHbBIE BEKTOPbI, HAaIlpaB-
JIeHHBIE TI0 KacaTelbHOH K moBepxHocTH (U ) pasmena u mo Hopmamu (N) K Heil, Ha-
MPABJICHHOMW U3 MEPBOU CPEIBI BO BTOPYIO.

[locTpoum BOIM3M TOYKH A 3aMKHYTHIM MPSMOYTOJIbHBIA KOHTYp L, ABe cTO-
POHBI KOTOPOTO Mapaule/ibHbl TpaHulile pasjena cpen u paBubl Dl , a mBe npyrue
pasubl Dh, puc. 13.3, a. Ilpu mobom 3HaYeHHH Dh momkHa BBITIOIHATHES TEOpeMa O

upkKyssiiuy Bekropa E (12.16):

oExd =0.
L
[Mepeiinem k npeaerny npu Ch® O:
lim o >dl =0. 13.16
Dh® Ofﬁ ( )
I!lA 1 A
> n
D_hﬂ t v L
2 2y ! Ly &
Dh O~
1 _VL t €1
2 <
p - D

Puc. 13.3. K nony4eHuto ycioBUi Ha TpaHUIIE ABYX AUIIEKTPUKOB!
1 1
a — JJ1 TaHT€HLMaIbHBIX KOMIIOHEHT BekTOpoB E n D
1 1

6 — 17151 HOpMAJIbHBIX KOMITIOHEHT BekTopoB E u D

1 1
B sToM cimyuae 3Hadenms uHTerpana (E>dl Bmoas Goxoseix cropon (Dh) mpsmo-

YTOJIBHOTO KOHTYypa L cTpeMsTcs Toxe K Hynro. BepXHsis 1 HUXKHSS CTOPOHBI KOHTY-
pa HEOrPAaHUYEHHO MPUOIMKAIOTCS K TOBEPXHOCTH pazjena cped. [lpu o0xone KoH-
Typa L 1o 9acoBoii crpeinke ¢ yuetom Beipakenus (13.16) momydaem, uto

(Ey +E; DI =0,
r7e TMpPOEKIUN BEKTOpa E B3aThl Ha HarpasjeHue 00XoJa KOHTYpa, MOKa3aHHOEe
cTpenkamu Ha puc. 13.3, a. VuTem, uTO B MPOEKIMH HAa BeKTOp ! BBIMONHAETCA
E;¢=- E; . Takum oOpa3oMm, mepBoe rpaHu4yHoOe yCJA0BHE /sl HANPSAKEHHOCTH

moJis

Ey =Ey, (13.17)

1
T.C. TAHTCHIMAJIbHAS COCTABJIAIONIAS BEKTOpa E HampsHKeHHOCTH TOJS HE HM3Me-
HSETCS MTPU NIEPEXO0/IC U3 OJTHOU CPEeIbl B IPYTYIO Yepe3 OBEPXHOCTh pa3iena.
CornactHo ¢opmynam (13.12a) u (13.17) umeem




D=eeyE U —— Dy =—— Dy
€2€p €€
Y TIOJTy9aeM MepPBOe TPAHUYHOE yc.110Bne 151 DJIEKTPUYECKOT0 CMEeIeH U
Dy =—% D]I , (13.18)
€1

T.€. TAHT€HIIMAJIbHAS COCTAaBJISAIONIAs BEKTOpa D IpeTepIieBaeT Ha TPaHULIE pa3Jie-
Ja IUDJIEKTPUKOB Pa3phIB.
OnpenenuMm BTOpYIO napy yciaoBuil. Beioepem Bokpyr Touku 4 HeOOJbIION
Y4acCTOK MOBEPXHOCTH pazjaena cpex miomanpio DS. IMocTponM muIMHIPUYECKYIO
3aMKHYTYIO TOBEPXHOCTh S, 0XBATHIBAIOIIYIO ATOT YYAaCTOK IPAHUIIbI pasjiena cpen 1
u 2. [Tycth oOpasyroriue ruauHapa aauaoi Dh mapanienbHbn BEKTOPY N HOpManu K
TIOBEPXHOCTH Pa3Jielia, a OCHOBAHMUs LIMINH/IPA IIEPIICHIUKYIISAPHBI n, puc. 13.3, 6.

B Teopeme 'aycca (13.14) nnst Bektopa D :
oD xdS=q,
s

rae  — CyMMapHbIM CTOPOHHMM 3apsj]l, HaXOAALIUNWCSA BHYTPU 3aMKHYTOU INOBEPX-
HOCTH S T.€. B 00bEMe IIMIHH]IPA. Ilepeiinem k npeaeny npu Dh® O:
lim @D xS = lim qg.

Dh® O Dh® 0

B oOmeM cinyuyae npu HaJWYMKM TMOBEPXHOCTHBIX CTOPOHHHUX 3apsyIOB HAa TPAHMIIC
paszzaena

D|r|1r®noq =sDs,

I7Ie 0 — IOBEPXHOCTHAs TUIOTHOCTh CTOPOHHETO 3apsija Ha rpaHule pasaena. Torna
JIOJIKHO BBITIONHATHCS PABEHCTBO

lim @Dde (D,, - D;,)DS=sDS.

Dh® O
1

[Tonnyyaem rpannyHoe ycnoBue st Bektopa D B Buge

D,, - Dy, =S . (13.19)
ECJII/I Ha IMOBCPXHOCTHU pa3acijia CpCa HET ITOBEPXHOCTHBIX CTOPOHHUX 3apsAd0B, TO

limg=0.

Dh® 0 q

1

CrnenoBateiibHO, BTOPOE TPAHMYHOE yCJI0BHe Ui BeKTopa D 3amuchiBaeTcst Kak

D,, =Dy, (13.20)

T.€. TIpU TIEpEX0/Ie Yepe3 TpaHully pa3fena ABYX Cpell, Ha KOTOPOl HET MOBEPXHO-
CTHBIX CTOPOHHUX 3apsAJI0B, HOpMaJIbHasi COCTAaBJISIONIAs BEKTOPA JIEKTPUUECKOTO
CMEILCHHs HEeMTPEPhIBHA.
CoOOTBETCTBEHHO BTOpOE IPAHMYHOE YCJOBHME JAJ51 HANPSAKEHHOCTH TOJIA
UMEET BUJI

e,60E, =€80Ey, P | By :% E, . (13.21)
2

B wacTHOCTH, eciu nepBas cpesia — BakyyM, 1o € =1 u E,, = E;, /e, . D1o ycnosue

BaXHO OJIA NPAKTHYCCKOIO MPUMCECHCHMA B pCIICHUUA 3a1a4.



1 1
IIpeaomaenne nunuii BekTopoB E u D . [lonydyeHHsle BbllIe yCIOBUS IS
1 1
cocTaBisAOMMX BekTopoB E n D Ha rpanuie pasznena IByX JUANIEKTPUKOB O3HAYa-
10T, YTO JIMHUU 3TUX BEKTOPOB Ha 3TOM rpanuiie npenomisitores, puc. 13.4. Haiinem
COOTHOILIEHHE MEXIY yIilaMu a; U a,, 00pa3yeMbIMH JIMHUSAMU HAIPSIKEHHOCTH C
NEPHEeHANKYIIAPOM K MOBEPXHOCTHU paszzena cped B Touke A. Eciu cTopoHHUX 3apsi-
JIOB Ha TpaHuIle pasaena Het, To 1o Gopmynam (13.17) u (13.21) nonyyaem
— -8
Ex =Ey u By =—E,,.

2

N3 puc. 13.4 caenyer, 4ro yriel a; u a,

YJIOBJIETBOPSIIOT YCIOBUSIM
tgale—]I, tgaZ:E—2 =
E1n E2n
9a; _ Ex Ein _ B
tga; Exn By Eop
Torna 3akoH mnpejioMJIeHUS JUHMHM Hanps-
JKEHHOCTH 3JEKTPOCTATHYECKOr0 MOJsl Ha IO-
BEPXHOCTH pa3jena ABYX AMAICKTPUYECKHUX Cpe
IpU YCJIOBUU OTCYTCTBHS HA 3TOM MOBEPXHOCTU CTOPOHHHUX 3apsiIOB B COOTBETCTBUU
¢ ypaBHenuem (13.21) 3anumeTcs Tax:
Lo (13.22)
tga; €
YcioBue Ha rpaHMue NPOBOAHUK—IMIIeKTpuK. Eciiu Ha puc. 13.3, 0 cpena
1 — mpoBonHuK, a cpena 2 — audnekTpuk, o D, =D, , a Dy, =0, Tak xak BHyTpH

Puc. 13.4. ITpenomiieHue TMHAN
HAINpPSDKEHHOCTH HA TPAHUIIE
ABYX JHJICKTPHKOB (€5 >€q)

NPOBOTHHKA E=0.Us dopmyisr (13.19) ciaenyer, uro
D, =s, (13.23)
rie N — BHEIIHSAS O OTHOMICHHIO K IPOBOJHUKY HOPMAITb.

CBsi3aHHBIIi 3apsii Y NOBEPXHOCTH MPOBOIHUKA. MOXHO JI0Ka3aTh, YTO €C-
JH K 3apsSHKEHHOMY YYIacTKy TOBEPXHOCTU MPOBOTHUKA MPUIIETaeT OJHOPOIHBIN JIU-
IEKTPHUK (00BEMHAS INIOTHOCTH CBA3aHHBIX 3apsioB I' (=0), To HA rpaHuUIle TUIIICK-

TpPHUKa C TPOBOAHUKOM OYIyT CBSI3aHHBIE 3apsAJIbl C MTOBEPXHOCTHOM TNIOTHOCTBIO S (

s 0= %13 , (13.24)

I7e S — IHOBEPXHOCTHAs IJIOTHOCTh CTOPOHHETO 3apsjia Ha npoBoaHuke. IIpu sTom
3HAKHU CBSI3aHHOT'O U CTOPOHHETO 3aps10B Oy1yT IPOTHBONOIOKHBI.
CernerodyiekTpuku. Ceznemosiekmpukamu Ha3bIBAIOTCS KPUCTAIIIMYECKHE
JMDJIEKTPUKHU, 00JIaJarolie B ONPEJCICHHOM JMana3oHe TEMIIEpAaTyp CIIOHTaHHOM
NOJISAPU3aLUEH, KOTOpask CyHIECTBEHHO U3MEHAETCS N0/ BIMSHUEM BHEIIHUX BO3JEH-
crBuii. OHU HCIIOJIB3YIOTCS B KOHAEHCATOPaxX OOJBIION €MKOCTH IPU MajbIX pa3Me-
pax. [Ipumepst: ceraeroBa cons NaKC,H O *4H,0, Tutanat 6apus BaTiO;.
Jomenst — 5T0 001aCTH CETHETODJIEKTPUKOB C PAa3IMYHBIMH HAIPABICHUSAMU

noJsipusanuu. JJoMeHHast CTpyKTypa OTpa)kaeT 0COOEHHOCTH pa3BUTHs (a30BOro Ie-
pexosla B pealbHOM CErHETORJIEKTpUKe. TemmepaTypa, BbIIIE KOTOPOM HMCUE3aIOT



CErHETOAJIEKTPUUECKHE CBOMCTBA U BELIECTBO BEIET CEOsl KaK UBOMPONHbIU OUIJIeK-
mpuk, Ha3bIBalOT moukoi Kwopu T-. B HEKoTOpoM TeMnepaTypHOM HHTEpBajie y
cernerodniektpukoB € ~10000. Hampumep, y cernetoBoil comn T, =258- 296 K,
CIIOHTaHHas nojspusanus Py =2,6 aKn/m?, e » 200; y Turanara 6apusa T. =391 K,
crioHTaHHas nonspusanus P, =158 uKn/m?, e » 3000.

JUisi CeTHETOANIEKTPHKOB CBSI3b MEXKJY BEKTOPOM HAINPSDKCHHOCTH BHEIIHETO

ANEKTpUYEeCcKoro nojsi E u Bexktopom mossipuzanuu P HenwHelHas U HaOIoaeTcs
ABIICHUE OUIIEKMPUUECKO20 2ucmepe3uca — COXpPaHEHUs OCTaTOYHOW MOJSpHU30-
BaHHOCTH P mpu cHsatum BHerrHero nois (puc. 13.5). INonsipuzanus obpasna uc-

ocm

4ye3aeT MOJHOCTBIO JUIIb MO/ ACHCTBUEM AIEKTPUUECKOIO MO MPOTHUBOTOI0KHOTO
HampaBJICHUs, HaNpsHKEHHOCTh KoToporo E=-E..

Benmunna E_ HaseIBaeTCA KOIpyumuenou cuiou.

Ilve30r1exkmpuku — >T0 KPUCTAIVIMYECKUE U~
AIIEKTPUKHU, B KOTOPBIX MPHU CKATHHU WIH PACTIKEHUU
BO3HUKAET DJJIEKTPUUYECKas MOJSApHU3alus — OpIMOUN
nbe303QdexT. Oopammuslii nbe30Ihhexkm — nosiBIE-
Puc. 13.5. Jiuonextpudeckuii HUE MEXaHWYeCKOoW Jedopmanuu mMojJ JAelCTBHEM

TUCTEPE3UC B CerHETOAIEKTpUKax  IJICKTPHYCCKOT'O IOJIA.

13.5. DHeprus 3J1eKTPUYECKOro MOJs. JJIeKTPHUYeCKasi FJHeprus
CHCTEMBI 3apS/I0B. JHePIrus yeAMHEHHOr0 IPOBOJIHUKA.
JHeprus KoHaeHcaropa. IlnoTHocTh 3HEepruu

CornacHo omnpeeneHuto  moreHuana (12.17) sHepruw B3amMoaeicTBuUs
CHCTEeMBI /7 HeMOABHKHBIX TOYEUHBIX 3apsiioB ¢ (i =1,N) MOXHO OnpeIennuTh KaK

18 .
W=-aqi, (13.29)
2.~
i=1
r1e | ; — NOTCHIMAM, CO3AaBaeMblil B TOH TOYKE, T€ HaXOIUTCS 3apsija C; , BCEMU 3a-
psimamu, kpome i-ro. Ecim 3apsin pacnpe/esieH B MPOCTPAHCTBE HEMPEPBIBHO ¢ 00b-
eMHOH MIOTHOCTBIO [ =T (), To amemenT ob6vema dV OymeT HMeTh 3apsn

dg =rdV . Toraa sHEprusi CUCTEMBI ONPEACIISACTCS YPAaBHCHHEM

1.
W==¢@ rav, (13.26)
2
v
rae V —Bech 00beM, 3aHUMAEMbIN 3apsJIOM.
OnpenenuM IHEPruI0 3apsizKEeHHOT0 YeJMHEHHOr0 MPOBOJIHUKA MPOU3BOJIb-
HOU (hOpMBI, 3apsijl, EMKOCTh U MOTEHIMA KOTOPOTO paBHbI COOTBETCTBEHHO (, C, ¢.
[loTeHnuan Bo BceX TOYKAaX YEAMHEHHOTO MPOBOJHMKA OJMHAKOB. 3HAasl @, Hailiem
€ro PHEPrHUI0 Kak

W:%j &y av =%qj , (13.26a)
Vv



WK, UCTIONB3Ys, uTo C=q/j 1o dhopmyne (12.40), Haiinem
L2 2
w=9"--9 (13.266)
2 2C

MoxHO JOKa3aThb, 4TO JJICKTPHUYCCKAA DHCPIrusa CHMCTEMbI M3 77 HCIIOABUKHBIX
3apAKCHHBIX ITPOBOJHUKOB PaBHA

18 .
W=-adiji, (13.268)
2i
rae g; = ($;0dS, nockonbky B NPOBOJAHUKE M30BITOYHBIE 3apsAbl PACIPEAEIEHBI 110

S
€ro BHEIIHEH IMOBEPXHOCTH, S i — HOBCPXHOCTHAA IJIOTHOCTb CTOPOHHHUX 3apsiA0B HA

MaJioM 3JIeMEHTE MOBEPXHOCTH i-r0 MPOBOAHUKA Iwiomansio dS. MHTerpupoBanue
HPOBOJUTCS TIO BCEU 9KBUNOMEHYUANLHOU 8HewlHell NO8ePXHOCMU TIPOBOIHUKA TIJIO-
maaeto §. Takum o6pazom, popmyiy (13.26B) nepenuinem B BIIE

18
W:—a disidS, (1327)
2 i=1lg
rac S — HOBCPXHOCTDL 3aPAKCHHBIX IIPOBOAHUKOB.
B O6H_IeM cliydac 2J1eKmpuuecKyro IHepzuro J000U cucmemol 3apAa’iceHHblx

HEeNnoO8UMCHBIX mesl — IPOBOJTHUKOB M HEMPOBOAHUKOB — MOYKHO HAWTH 1O hopmyie

W=2 G sds+Z Grav, (13.28)

S V
rne o m I — COOTBETCTBECHHO IMOBEPXHOCTHAA U 00BbEeMHas IIOTHOCTH CTOPOHHHX 3a-

PSIOB; ¢ — TOTEHINAI pe3yIbmupyiouje2o nojis BCeX CTOPOHHUX U CBSI3aHHBIX 3apsi-
JI0B B TOYKax Maibix deMeHToB S u dV 3apsukeHHBIX MOBEPXHOCTEH U 0OHEMOB.
WNuTerpupoBanue MPOBOAUTCS MO BCEM 3apsHKEHHBIM IMOBEPXHOCTSAM S M MO BCEMY
3apspKeHHOMY 00beMy V Tell CUCTEMBI.

CornacHo dopmyne (13.28), ecnu 3apsij pacnpe/ieiieH HelPepbIBHO, TO HE00-
XOJMMO pa3OuTh 3apsiji KaxJI0ro Teja Ha OCCKOHEYHO Malible 3jieMeHThl S dS wmim
rdV u xaxaplii u3 HUX YMHOXXHTh Ha TIOTEHIHAN | , CO3/1aBaeMbIil HE TOJIbKO 3apsi-
JAaM# IpYTHX 00BEKTOB, HO M 3JIEMEHTaMH 3apsija 3TOTO Tela.

[TosTomMy pacuer mo ¢opmyne (13.28) mo3BonsieT BHIYUCIUTH MOJTHYIO JHEP-
TUI0 B3aMMO/IEiCTBHS, TTOCKOJIBbKY IMOJy4aeM BEIMYHHY, PaBHYIO CyMME DHEPTHi
B3aMMOJICUCTBUS 3aPSKEHHBIX HEMOABMYKHBIX TEJI U UX COOCTBEHHBIX SHEPIHH.

Co0cTBeHHas1 JHePrus 3apsHKEHHOTO Teja — 3TO DHEPrus B3auMOJACHCTBUS
APYT C APYTOM SJIEMEHTOB JAHHOTO 3apsHKEHHOTO Tena.

Onepeuro W MOXKHO TPaKTOBaTh KaK MOTEHIIMAIBHYIO SHEPTUIO CUCTEMBI 3apsi-
KEHHBIX TeJI, OOYCIIOBJICHHYIO KYJTOHOBCKUMHU CHJIAMH HMX B3auMOJeWCTBHs. Bims-
HUE CPEeJlbl Ha DHEPTHIO CHCTEMbI IPU HEM3MEHHOM pacHpe/eIeHNH CTOPOHHHX 3a-
PSAZOB TaKOBO, YTO 3HAYCHUS MOTCHITMAIOB ¢ B PA3HBIX JUIICKTPUKAX DPA3JIHYHBEI.
Hanpumep, B 0JHOPOIHOM, U30TPOMHOM JAMAJICKTPUKE, 3AMOJHSIONIEM BCE TOJE, @
MEHBIIIE, YeM B BaKyyMe, B € pa3.

N3 dpopmynbl (13.28) MOXKHO TONYyUUTh (GOPMYITY TAKKE IS 2IeKMPULECKOU




anepzuu konoencamopa (r =0):
1 1§ oY gy, 1 1
W==sdS==8§ (pdS+j , (pdSU="2——"22="q( 1-j ,)==qU, (13.28a)
2 2¢é U 2 2 2
S S S
rae S u S — momaau 00kiaaok konaeHcaropa; = CU .
M3yueHre mepeMEeHHBIX DIIEKTPOMArHuTHBIX mojei (tema 20) mokasaio, 9To
OHH MOTYT CYIIECTBOBATh OTAEIBHO OT MOPOJMBIINX MX CHCTEM DJIEKTPHUECKUX 3a-
PSIIOB M TOKOB, a MX PACHpOCTPAaHEHHE B MPOCTPAHCTBE B BHJE DJICKTPOMArHUTHBIX
BOJTH CBSI3aHO C IMIEPEHOCOM 3HEPruu. Tak OBLIO TOKa3aHO, YTO:
SIIEKTPOMArHUTHOE MoJie oOmamaer sHeprueii. COOTBETCTBEHHO U JJEKTPOCTATH-
yecKoe MoJjie 00J1aJaeT SHEPruei, KoTopas pacmpeseiicHa B Ioje C 00beMHOM
IUIOTHOCTBIO W, .

O0beMHasi IVIOTHOCTH JHEPIHHU YJIEKTPOCTATHYECKOro moas W, B ciaydae
OJIHOPOJHBIX MOJIEH BBIYUCIISIETCS IO (popmyIie

W
We=—-. 13.29
o= (13.29
JU1s1 HEOTHOPOIHBIX NOJIEH CIIPaBEUIMBO BBIPAKECHHE
dw
W =—, 13.30
o= (13:30)

rae dW — sueprus manoro snementa dV oObeMa 1mojsi, B mpejesiax KOTOPOro BEJIH-
4YUHY 00BbEMHOH IJIOTHOCTH JIEKTPOCTATUUECKOIO MO W, MOJKHO CUUTATh BCIOLY

OJVMHAKOBOU.

Eaununa o0beMHOM IIOTHOCTH DHEPTHHU deKTpuyeckoro mons B CU — mxo-
yiIb Ha MeTp B kyOe (JDx/m).

OObeMHast TUTIOTHOCTh SHEPTUH BJIEKTPOCTATHYECKOTO TOJISI B M30TPOITHOM -
aJIEKTpUYeCcKol cpene (MM BakyyMme) paBHa

rr rr 2
We = OF dD :%eeOEZZ%EXD:%%O, (13.31)

rae D —anexkrpuueckoe cmenienue. CornmacHo ypasHenuto (13.12a) D =eeyE.

Heo6xomumo otmeTuth, uto Gopmyinsl (13.25) — (13.28a) cnpaBennuBbl s
NOTEHIHAJIBHBIX JJIeKTPOCTATHYECKUX IOJIei, T.e. TOJeH HENOIBWKHBIX 3aps-
JKCHHBIX TSI

JInsi nepemennbix HeNOMEHUUATBHBIX INEKMPUUECKUX NOJIell TIOHSITHE TI0-
TEHIIMAA W TIOCTPOCHHBIC HA €T0 OCHOBE BBIPAIKEHHUS JIJIsl SHEPTUH JIMIICHBI CMBICIIA.
OTH noJst 001a1aI0T IHEPrHeid, KOTOPYI MOXKHO HAWTH, MOJIb3YSICh YHHUBEPCATLHOU
dbopMyIoH, cripaBeUTMBOI Kak JJIsl OJHOPOIHOTO, TaK U JIJISl HEOJHOPOIHOTO MOJIS:

\eeOEz \é X[l)

W=tV =g——dvV=g——av, (13.32)
\Y \Y 2 \Y 2

rae V — o0beM, 3aHUMAaEMBII OJIEM.

DHeprus MOJSIPU30BAHHOTO JAMAJIeKTpUKa. OObeMHas MJIOTHOCTh SHEPTUU
AJIEKTPOCTATHYECCKOTO TOJIs B BakyyMme, Kak cieayeT u3 ¢opmyn (13.30) u (13.31),
paBHa




1
Wgak - EeOEZ )

1
[Ipu To#t xe HampsbkeHHOCTH E mons B nuanexkTpuyeckoil cpeie oObemHas MIoT-

HOCTb DHEPI'MH NOJISI B € pa3 OoJblIe, YEM B BAKyyMe:

We = %eeoEz .

[TosToMy 00BbeMHasi IVIOTHOCTH JHepPruud W, = HOJISPU30BAHHOIO JUDIICK-
TPHKa OIpPENEsIeTCs KaK

Wousn = % (e - 1)eOE2 = % CeOE2 = % PE ) (1333)

1
rie P=ceyE — nondpu3oBaHHOCTB NMANIEKTpHKA, C — IUDIIEKTpUYECKass BOCIIPH-

AMYUBOCTb IUDJIEKTPHUKA.

IHonxepoMmoTopHbie cuibl. Ilondepomomopusie cuibl — 3TO MEXAHUYECKHUE
CWJIbI, KOTOpPBbIE JAEUCTBYIOT HA 3apsKEHHBIE Tela, MOMEIIEHHBIE B JJIEKTPUUYECKOE
nosie. [log nedcTBUEM 3THX CHJI MOJSPU3OBAHHBIN JUAIEKTPUK Aedopmupyercs —
3TO SIBJIEHUE HA3BIBACTCA 21eKmpocmpukyuen. [ IJpyuuHON nX BOSHUKHOBEHHUS SIBJISI-
€TCsl IEUCTBUE HEOAHOPOIHOTO AJIEKTPUUECKOTO TOJIS HA JUIIOJIBHBIE MOJIEKYJIBI T10-
JIIPU30BAHHOTO JTUAJIEKTPUKA. DTH CUJIbI OOYCIOBJICHBI HEOJIHOPOIHOCTHIO MaKpo-
MOJIsI, @ TAKXKE U MUKPOTIOJIs, CO3/]JaBa€MOT0 B OCHOBHOM OJIMDKAMIIIMMU MOJICKYJIaMU
MOJIAPU30BAHHOTO JUAJICKTPUKA.

Hanpumep, paccMoTpum 3apsyKEHHBIA TIOCKUKA KOHIEHCATOP, OTKIKOYEHHBIN
OT MCcTOYHMKA (IOCTOSIHHBIE 3aps/ibl HAa 00KIaaKax), cM. puc. 12.18. Beenem B Hero
JTUAJIEKTPUK C JUAICKTPUUECKON MPOHUIIAEMOCTBIO & TaKUM 00pa3oM, 4TOOBI MEXKIY
HUM U TUTACTUHAMH KOHJIEHCATOpa He ObUIO Ja)Ke TOHKOIro 3a30pa (MHauYe CHIIBI DJICK-
TPOCTPUKIIUM HE TIepeaBaluCh Obl MJIACTUHAM U CUJIA B3aHUMOJICHUCTBUSA MEXY IJia-
CTHHAMH HE MEHsUIach OblI MPH BBEIACHUM AMdJeKTpuKa). [loa melicTBHEM MOHaAEPO-
MOTOPHOW CWJIbI OOKJIAJIKM KOHJIEHCATOpa COKUMAIOT TUIACTUHY JAUAJICKTPUKA, TTOMe-
LHIEHHOTI'0 MEXAY HUMH, U B AUIJICKTPUKE BO3HUKAET JABJICHUE.

Eciu paccrosiHre MEXIy IUITACTHHAMHU YMEHbIIAeTCs Ha OX, TO MexaHHdecKast
paboTa paBHa

dA=F, dx,
1
rac Fx — IMPOCKIMUA CUJIbI IPUTAKCHUSA F MCXKAY IIaCTUHAMH KOHACHCATOpA Ha I1O0-

JIOKUTENBHOE TTOI0KEeHuEe ocu X. I3MeHeHune dHeprum nosis

2

X,

rae S—I1uIommaas TOBEPXHOCTH OOKIIa KA KOHACHCATOPA.

CornacHo 3akoHy coxpaHeHus dHep2uy MEXaHUYecKas padoTa CHJI JJIeKTpuye-
CKOI'O TOJISI paBHA YMEHBIICHUIO YHEPTUM IJIEKTPUUECKOro 1ojs. Toraa nmouaepomo-
TOpHas Cujia — CUJia, EWCTBYIONIAs Ha €JIMHULY MMOBEPXHOCTU IUIACTUHBI, — OyAeT
paBHa

=Xz S8 =" ef’s, (13.34)

T.€. 00BbEMHOM MJIOTHOCTH OHCPIruU SJICKTPHUICCKOTO ITOJIA.



Tema 14. IlocTOSAHHBIN JIEKTPUYECKHI TOK
14.1. Cuia v IVIOTHOCTH TOKA. Y paBHEHNE HENPEPLIBHOCTH

Anekmpoounamuka — pazzien yueHus: 00 3JIeKTpUUeCTBe, B KOTOPOM paccMar-
pUBAIOTCS SBJIICHUS W TPOLECCHI, OOYCIOBJIEHHBIE [BH)KEHHUEM HIIEKTPUUYECKUX
3apsI0B.

[IycTh U M ¢ — CKOPOCTH COOTBETCTBEHHO TEIJIOBOIO JABMKEHUS AJIEKTPOHOB B
OTCYTCTBHUU TOJI U YHNOPSJIOYEHHOTO JIBHYKEHHsSI 3JIEKTPOHOB B ToJie. Yepes molytro
wiomaaxky dS cpenHsis CKOPOCTh <d> =0. Torga cpenHsisi CKOPOCTb IEKTPOHOB B I10-

(G +0)=(u)+{0)=(a).

DJIEKTPUYECKHI TOK €CTh YHOPSJOYEHHOE ABUKEHHUE SJEKTPUUYECKUX 3apsi-
noB. JIJiss BOBHUKHOBEHUS U CYIIECTBOBAHUS JIEKTPHUYECKOrO TOKA B BemiecTBe (Ipo-
BOJIAIIECH Cpe/ie) HeOOX0UMO:

1) Hanuuue cBOOOMHBIX HOCUmMeNeill MOKa — 3aPSHKSHHBIX YaCTHIl, CIOCOOHBIX
nepeMeniaTbesi B IpOBOASIIEH cpeie yIopsA0YEHO;

2) HAJTMYUE JCKTPUIECKOTO MOJIsI BHYTPH MPOBOHUKA.

Hocutensmu Toka MOTYT OBITh 3JIEKTPOHBI (B META/LIaxX), HOHBI (B 3JICKTPOJIU-
Tax) WIK JAPYrue YacTUIlbl. 32 HAMPABICHHUE JICKTPUYECKOTO TOKA MPHUHUMAIOT Ha-
MpaBJICHUE JIBIKEHUS TTOJOKUTEIBHBIX 3aPSIOB.

Cuiia Toka | — 3710 ckanspHas Qpuznyeckas BeIMUMHA, paBHAs BEJIMYHUHE 3apsi-
na dg, nepeHOCUMOro Yepe3 paccCMaTPUBAEMYIO MOBEPXHOCTh B SIMHUILY BPEMCHHU:

_d9. (14.1)
dt
3aMeTHM, 4TO ONpeaeieHre eAUHHUIBI CUJIbl TOKa B MeXIyHapoJHOM cucTeme eau-
HUII JaeTCs Yepe3 CUITy B3aUMOACHCTBUS TOKOB U U3JaraeTcs Hxe B noareme 15.5.

DIIeKTPUYECKUI TOK HA3bIBACTCS HOCHOAHHBIM (CHAYUOHAPHBIM), €CITU CUIIA
TOKa U €ro HANpaBJIEHUE He U3MEHSIOTCA C TeUeHUEM BpeMeHu. Ilepemennvim nex-
mpuyecKum moKOM Ha3bIBAETCS TOK, U3MEHSIOIIMICS C TEUEHUEM BPEMEHHU.

J1J1s1 IOCTOAHHOTO TOKA

ne OyzieT paBHa

| = % , (14.2)

e ( — 3apsiI, IpOXOAsIIni 3a Bpems t uepe3 MonepeuHoe CeUCHHE MPOBOHMKA.

Eaunauna cwiel Toka B CU —ammep (A).

OnuH ammep — 3TO TOK, P KOTOPOM 3a €IMHHUILY BpeMeHH 1 ¢ uepe3 MOoIHOe
CeUeHHUe MPOBOIHUKA MPoxoauT 3apsia 1 Ko,

I110THOCTBIO JIEKTPHYECKOT0 TOKA Ha3bIBACTCSA TOK, MPOTEKAIOUIUN CKBO3b
CIMHUILY IUIOMIAAH MoBepXHOCTH dS., OPTOrOHAILHOW HANIPABIICHUIO TOKA!

j=d (14.3)
dSa
Enununa miotHoct Toka B CU — ammiep Ha MeTp B KBajipaTe (A/Mz).



1
BekTop mIOTHOCTH TOKA | XapaKTepHU3yeT HalpaBlICHUE DJICKTPUUYECKOrO TOKa

B Pa3HBIX TOUKAX PACCMATPUBAEMON TOBEPXHOCTH M PACTIPEIENIEHHE CHIIBI TOKA TI0
3Tt MoBepXHOCTH. [109TOMY CHJIa TOKa Yepe3 MPOM3BONBHYIO MOBEPXHOCTh S orpe-
NIENSETCs KaK MOTOK BEKTOPA MIOTHOCTH TOKA
= oj >dS, (14.4)

. s
rae dS = rlldS (N — eUHUYHBI BEKTOp HOpManH K momaake dS). Iy mocTosTHHO-
ro Toka |, TeKyIero meprneHIUKyIsSpHO CEYEHHIO S MPOBOAHMKA, IIOTHOCTH TOKA
BBIPAYKAeTCs KaK

i=1/s. (14.5)

Ecnm 3a Bpems dt yepes momepeunoe ceuenue dS MpoBOTHNKA B HANIPABICHUH
CKOPOCTH <L'J> IepeHOCUTCs dMeKTpudeckuii 3apsy dg=ne(u)dSdt (roe n, e (u) —
KOHIIEHTPAIIUS, 3apad U CPEAHAsS CKOPOCTh YIOPSJOUYEHHOTO ABIDKEHHS 3apAaIoB CO-

OTBETCTBEHHO), TO CHJIa TOKa | = =49/ — nely dS, a IUIOTHOCTHL TOKAa OyIEeT paBHA
dt

j =ne(ll). (14.6)
Eciu BOocuTenamMu Toka SIBISIIOTCS KakK TIOJIOKUTCIIBHBIC, TAK U OTpI/II_[aTGJIBHBIe

3apA/bl, TO MIOTHOCT TOKa OHpGI{GHHeTCH (1)opMyJ101/I
J-r u++r u -neu++neu, (14.6a)
rae I . u I . —00bEMHBIE JIOTHOCTH MOJIOKUTEIBHOTO U OTPUIIATEIBLHOTO 3apsiI0B-
HOCHUTEIIEH, U + U l'J — CKOPOCTH UX YHOPALOYEHHOI'O IBMKEHUSA, N, U N — KOHLEH-
TpaI_II/ISI IIOJIOKUTCIIBHBIX U OTpI/II_IaTGJIBHBIX HOCUTEIEU TOKa, UMCHOIIIUX 3apsm e+ )51

€ COOTBETCTBCHHO.
B HpOBOI[HI/IKaX, 1€ HOCUTCIILIMHU SBJISIFOTCA TOJIBKO 3JIGKTpOHBI (r _ <O )51
+ =0), BEKTOp IIIOTHOCTH TOKA PaBEH C YYETOM 3HAKa DJICKTPOHA

j =-nel. (14.66)
YpaBHeHHe HeNPEPBIBHOCTUH. PacCMOTPUM B HEKOTOPOU NPOBOAIIEN CPELE,

TJIe TEUET TOK, 3AMKHYTYIO NOBEPXHOCTH S. Jl5ig 3aMKHYTBIX TOBEPXHOCTEN MPUHSTO

Opatb BEKTOP HOpMAIIH N x moBepxHOCTH S, HANPABIEHHKIH HapyxKy. Il0o3TOMY HH-

Terpan ¢ xdS OIpeeNsIeT 3aps/l, NPOXOJAUIMI B €IUHUIY BPEMEHH Yepe3 MOBEepX-
S

HOCTh S, COITacHO 3aKOHY COXpaHEHMs 3apsiia TOT UHTErpall paBeH YObLIM 3aps/ia B

€MHMITY BpEMEHU BHYTpH 00bema V, OrpaHUYE€HHOr0 MOBEPXHOCTHIO S

r
e‘)ll'r ds=- 2. (14.7)

DTO COOTHOIICHUE HA3bIBACTCS YPABHEHHEM HENPEPbLIBHOCTH JJIEKTpHYe-
CKOI'0 3apsia ¥ BbIPaKAaeT 3aKOH COXpaHEHUs 3apsiia. B ciydyae mOCTOSHHOrO Toka
pacrpeelieHde 3apsijioB B MPOCTPAHCTBE JOJDKHO OCTaBaThCS HEU3MEHHBIM, T.C.
dg/dt =0. Cnenosarenbho, ypaBuenue (14.7) npumMeTt BH




) xdS=0. (14.8)
S
Takum o0Opa3oM, iuHuU 6eKMoOpa | , HATIPABJICHHBIC 10 JBUXCHHUIO 3apPs/IOB,

T.€. BIOJIb BeKTOpa E, B ciyyae MoCTOSHHOrO TOKa 3aMKHYTHI. Ilojie BekTopa | He
UMEET HCTOYHHUKOB.
W3 ypaBHenus HenpepbsiBHOcTH (14.7), npencraBuB ( B Buae (= ¢y dV u uc-
\%
noJis3yst reopemy Octporpajickoro (12.12), nonyuum auddepeHunaibHyo popmy
ypaBHEHHUsI HEMPEPbIBHOCTH

Lr qr
N =- —, 14.9
=g (14.9)
Yenosue cmayuonapnocmu (s nocrosiaaoro toka r /it = 0) 3anuceBaeTes Kak
Nxj =0. (14.10)

14.2. 3axkon Oma /151 OJITHOPOIHOTO TPOBOTHUKA.
3akon Oma B 1udpepenunanbHoi popme

3akon OMa JJIsi OJJHOPOJHOI0 Y4YacTKa Henu (HE CojeprKallero UCTOYHHK
ToKa) (unmeepanvhas gpopma 3axona Oma).
cuiia Toka |, TeKyImero no oJHOPOJHOMY METAIINYECKOMY MPOBOAHHUKY, IPOIOP-
[IMOHaJIbHA HanpshkeHnio U Ha KOHIIE TPOBOIHUKA
- UE , (14.11)
rae R—anexmpuueckoe conpomuenenue nposoonuxa.
Exununa conporusnenus B CU — om (Om).
1 OM — 3TO compOTHBIICHHE TAKOTO MPOBOAHHKA, B KOTOPOM TEUET MOCTOSH-
HbIM TOK 1 A nipu HanpsikeHuu 1 B Ha ero koHnax.
ConpoTHBlieHHE MPOBOJHUKA 3aBUCUT OT €r0 pa3MepoB U (POPMBI, a TaKKe OT
MaTepuaia, U3 KOTOPOro MPOBOJHHUK HM3TOTOBIEH. [IJIsT OMHOPOAHOTO HUIWHApPUYE-

CKOIr0 NpOBOAHHKA COMMPOTUBICHUC OMPCACIIACTCA KaK

I
R=r —, 14.12
e (14.12)

riae | — aniHa mpoBoaHMKA; S — TUIOIAL €0 MOMEPEYHOr0 CEUCHUS; p — YACIBHOE
DIIEKTPUIECKOE COMPOTHUBICHUE, XapaKTePHU3YIOIee MaTepra MPOBOTHHUKA.
Eannuna ynenpHOro snekrpudeckoro conpotusiieHus B CU— Om-metp (Omm).
JI71s1 OOJIBIIIMHCTBA METAJIJIOB MTPH HE CIUIIKOM HHU3KHX TeMIIEpaTypax
r ~T. (14.13)
Benuuuna, oOpaTHasi yJAeIbHOMY JJIEKTPUYECKOMY COTNPOTHUBICHHIO, Ha3bIBa-
eTCs yAeJAbHOM JIEKTPHIECKOH MPOBOANMOCTHIO BEIIECTBA MPOBOIHUKA
1
o
Ennnaunna ynensHo# anextpudeckoi poBomrMocty B CU — cumenc Ha Metp (Cm/m).

s = (14.14)



Haipewm cBsi3b MeXy IIOTHOCTBHIO TOKA ] U I10JIEM IIE B OJTHOU U TOH K€ TOY-

Ke MPOBOISIIECH CpPeJIbI. PaccMOTpuM HM30TPONHBINA IIPOBOAHUK, B KOTOPOM Hampas-
JeHus BekTopoB | u E coBmanator.

: ] MBICIIEHHO BBIACIUM B OKPECTHOCTH HEKOTOPOH

ds > »  TOYKM HPOBOJALICH CPEIBI ANEMEHTAPHBIN LMIHHIpHYE-

. E CKHH 00beM ¢ 00pasyIOMMH, MAPAICIbHBIME BEKTOPY

d ] , a cnenoBatenbHo, U Bektopy E. Ilycts dS — mome-

Puc. 14.1. K BeIBOIY peuHoe ceueHue uMHApa, dl — ero nauHa. B npoBoaHu-
NOKabHOro 3aKkoHa OMa K€ HAaNPSOKEHHOCTH dnekTpudeckoro moyst E =U/dl .

Torna u3 popmyn (14.11) u (14.12) q1st TaKOTO AIEMEHTAPHOTO MJIMHAPA HOJydaeM
Edl

| =U/R=jdSu R=r ﬂ, CIEeI0BATENbHO, jdS=———— .
ds rdl/dS

[ToaTomy nmeem

ir:rléstr. (14.15)

Bripaxenue (14.15) HaspiBaercs 3akoHoM Oma B nuddepenunuannbHoii gopme
(roxanvnbiM 3aK0HOM OMma) ¥ YCTAaHABIMBACT CBSI3b MEXKAY IUIOTHOCTBIO TOKA W Ha-
MPSIKEHHOCTHIO JJIEKTPUYECKOTO T0JI B OJHOUW M TOM JKE TOUYKE ITPOCTPAHCTBA.

Heo6xoauMo OTMETHTh, YTO €CIM TOK IMOCTOSIHHBIA, TO W30BITOUHBINA 3apsi
BHYTPHU OJHOPOJHOTO MPOBOJHUKA BCIOAY paBeH HyJt0. M30bITOUHBIN 3apsiy MOXKET
MOSIBUTHCSI TOJIBKO HA MTOBEPXHOCTU OAHOPOJAHOTO MPOBOJAHUKA B MECTAX COIPUKOC-
HOBEHHS C JPYTMMHU IPOBOJAHUKAMHU WJIM HA YyYacTKaxX, A€ IPOBOAHUK HMEET
HEOJHOPOJAHOCTH.

OTMeTUM, YTO 3JIEKTPOCTATHYECKOE MOJI€ BHYTPHU MPOBOJIHUKOB IIPU pPABHOBE-
CHHM 3apsiIOB paBHO HYIIO. [I0CKOMBKY B Ciydyae CTalMOHAPHBIX TOKOB 3apsbl, BO3-

OyXJarolire 3JeKTPUYECKOe MOoJie, IBHKYTCS, TO 3JIeKTpuueckoe noje E crammo-
HapHBIX TOKOB CYHIECTBYET U BHYTPU IPOBOJIHUKOB C TOKOM.

14.3. CToponHue CHJIbI

JInst CyIIeCTBOBAHUSI NOCMOSIHHO20 MOKA HEOOXOAUMO Haluyue B IENu Uc-
MOYHUKA MOKaA — YCTPOUCTBA, CIIOCOOHOTO CO3/aBaTh U MOMJACPKUBATH Pa3HOCTh
MOTEHIINAIOB 32 CUET CHJI HE DJIEKTPOCTATHYECKOrO MPOUCXOkKAeHUA. OTMETUM, UTO
MEPEMELICHUE HOCUTEIIEN TOKA MO/ IEUCTBUEM CHUJI DJIEKTPOCTATUYECKOTO TOJIS IIPHU-
BOJIUT K BBIPABHUBAHUIO IMOTEHIIMAJIOB BCEX TOYEK LENH U MPEKPALIEHUIO TOKA.

CTOpOHHMMM CHJIAMH HA3bIBAKOTCS CUJIbI HE JIEKTPOCTATHYECKOTO MPOUCXO-
KICHUS, JCUCTBYIOIIME Ha 3apsiibl JIMOO Ha OTIENbHBIX ydacTKax IemnH, JU00 BO
BCEH IICIIN.

KOJII/I‘IGCTBCHH&IH XapaKTepPUCTUKA CTOPOHHUX CHJI — MOJIE CTOPOHHUX CUI U

€ro HalpsKEHHOCTh E omnpezensieMas CTOpOHHEN CUIION, NEUCTBYIOIIEH Ha €lI1-

cmop

HUYHBIN MMOJIOKUTEIIBHBIN 3aps;



r lI:CmO
Bomap =4 e (14.16)

[Iprpona CTOPOHHUX CHJI MOXKET OBITh Pa3JIMYHON: B raJbBAaHUYECKHUX dJIEMEH-
TaxX OHU BO3HHUKAIOT 3a CUET SHEPIMU XUMHUYECKUX PEAKLIMN MEKIY IEKTPOJAMHU U
AIEKTPOJINTAMH; B T€HEPATOPE — 3a CYET MEXAaHUUYECKOW SHEPTUU BPAILLECHUS POTOpa
reHepaTopa; B COJTHEUHBIX OaTtapesx —3a cueT F3Hepruu (OTOHOB U T.II.

Ilox nmelicTBHEM €O31aBAa€MOroO IOJS CTOPOHHUX CHJI DJIEKTPUUYECKHUE 3apsiIbl
JIBUKYTCS BHYTPU MCTOYHUKA TOKA NPOTHUB KYJIOHOBCKHX CHJI JIEKTPOCTATUYECKOTO
noJisg, OJarojapsi YeMy Ha KOHIIAX LENU MOAJEPKUBAETCS pa3HOCTh MOTEHUMAIOB U B
LN TEYET MMOCTOSHHBIN 3JIEKTPUUECKUN TOK.

duznyeckas BeIWYUHA, ompenaesieMas padoToil, KOTOPYIO COBEPIIAOT CTO-
POHHHUE CHJIBI IIPU NEPEMELIEHUH €AUHUYHOIO TOJIOKUTEIBHOIO 3apsAia, HA3bIBACTCS

anekmpoosudicywien cunou (3/C), neicTByOIICH B IIEIH:
e=2 (14.17)
q

Dta paboTa COBEpIIIACTCS 3a CUST IHEPTHH, 3aTPAUYUBACMON B HCTOYHUKE TOKA,
M0STOMY BEJIMUYUHY &€ MOKHO Ha3BaTh DJC MCTOYHHKA TOKA, BKIIFOYCHHOI'O B IIEITh.

Exuauna 3/1C 8 CH — BoasT (B).

V4acTOK 3JEKTPUUECKOM IIeNu, Ha KOTOPOM HE AEHCTBYIOT CTOPOHHHE CHIIHI,
Ha3bIBACTCS 0OHOPOOHBIM. YUACTOK IITTH, HA KOTOPOM Ha HOCHTENIU TOKa JICHCTBYIOT
CTOPOHHHE CHJIbI, HA3bIBACTCSI HEOOHOPOOHBIM.

PabGoTa cTOpOHHHX CWJI MO MEPEMEUIEHUIO 3apsna (] Ha 3aMKHYTOM Y4YacTKe
LIeNY paBHA

1 1 1 1
A= @chopdl = qQ)Ecmode .
Otcrona D/1C, nelicTByromas B 3aMKHYTOW LEMNHN, — 3TO LUPKYJIALMUSA BEKTOPA HANpPS-
KEHHOCTH TOJISI CTOPOHHHUX CHJI:

€= PFemopdl - (14.17a)

CrnenoBateNbHO, JUIS IOJISi CTOPOHHHMX CHJI IUPKYJSALUS €r0 HAMPSHDKEHHOCTH T10
3aMKHYTOMY KOHTYpY He paBHa Hyr0. DJIC, nelicTByromas Ha y4actke 1-2 nenu
I (puc. 14.2), nHaxoauTcs Kak

2r r
1 -+ 2 =c
_ ,I _ €12 = Femopdl - (14.176)
€12 1
Puc. 142, Vuacrox ~ECIM Ha 3apsan ( NEHCTBYIOT CTOpOHHME Cuibl F,,,, ¥ CHIbI
gomg S1C AIIEKTPOCTATUYECKOro Nojst F,, To pe3ynpTupyomias cuiia paBHa

F= chop + Fe = q(Ecmop + E) .
Pabota pe3ynbTupyrOIIeil CUIIbI MO MEepeMEeIIeHUI0 3apsaia ( Ha ydacTke 12

ornpenaensercs ¢ momoiisio Gopmyi (14.176) u (12.21) kak
2r ro2rr o
ALZ = qc\ﬁcmop d + QC)EdI =Qep, q(.l 17} 2) . (1418)
1 1

JIJist 3aMKHYTOM 11enH, Tak KaKk padoTa 3JIEKTPOCTaTUYECKUX CHUJT B 3TOM CIIyyae paB-




Ha HyTIO (] 1 =] »), HOTydaeMm

A=0e. (14.18a)
. Up Hanpsikenuem U, Ha yuactke 1-2 HasbiBaeTcs ¢u-
- .
! : 3UYeCKas BEIMYMHA, YUCIEHHO paBHas CyMMapHOH pabore,
S EEL COBEpPIIAEMOM IEKTPOCTATUYECKUMHU U CTOPOHHMMHM CHJIa-
’ ]

| MU 110 NIEPEMEIICHHUIO EIMHUYHOTO MOJOXKUTEIHHOTO 3apsiia
Puc. 14.3. K Berancrenmio  Ha JaHHOM y4acTKe IemH, puc. 14.3:
PabOTHI IITEKTPUUECKOTO _A
ToKa Up=—==]1-]2tep. (14.19)
q
Takum oOpa3om, HampsiKEHUE HA KOHIAX Y4acTKa IIEMU PaBHO Pa3HOCTH MOTEHIIUA-
JIOB, €CJITM YYaCTOK SIBIIACTCS OAHOPOIHBIM (T.€. Ha ydacTke He aeictByeT D/IC, cTo-
POHHHE CHJIBI OTCYTCTBYIOT, puc. 14.3):
Up=]1-1] 2 (14.192)
ConporuBjieHue coelMHeHNs] MPOBOAHNUKOB. B cilyyae MociaeaoBaTeabpHOro
COCIMHEHHUS 71 MPOBOJHUKOB, MTOKa3aHHOTO Ha puc. 14.4, a, cuia Toka B HUX OyAeT
oauHakoBoii: I, =1, =..=1,=1.

Rl1 Ila U

Puc. 14.4. Coenunenus n nposouukos (N = 3):
a — napaJiebHOe; 6 — I0CIIeI0BaTEIFHOE

Hcnonw3ys 3axon coxpanenus 3Hepeuu, COTIACHO KOTOPOMY NOJHOE HanpskeHue U
pPaBHO CyMMe€ MaJICHUI HaIMpsyKEHUH Ha KaXKIOM COIPOTUBIIEHUH, MTOJIYyYaeM, UYTO

g8 9
IR=U=3U; =3 iR=1aR.

i=1 =l i=1
R=4R. (14.20)
i=1
[Tpy DmapaiiesbHOM COSAMHEHHMH n MPoBOAHUKOB (puc. 14.4, 6) K Kaxaomy
IPOBOJHUKY IPUIOKEHO noiHoe HanpsbkeHue U: U, =U, =..=U_ =U. Vurewm,
4TO 3aps0 coxpansemcs. Toraa
E:| :g |: :g&:ugi
R a' 4R 4R

[ToaTomMy 0O1I€E COMPOTUBICHUE IEMH OKA3bIBAETCSI MEHBIIE COMPOTUBICHUS KaX-
JIOTO U3 PE3UCTOPOB B OTJICIBHOCTH:
1 81

a .
Roi=R

(14.21)




14.4. O600menHbIi 3akoH OMma B 1uppepenunanbHoii popme.
3axon Oma 1151 HEOITHOPOAHOI0 YYACTKA LU

3akon Oma B auddepennuanpaoit popme (14.15) npu COBMECTHOM JIEHCTBUU

nonst E n nosst croponnnx cun E,,,, 3anuceiBaeTcs Tak:

j=s(E+E (14.22)

OTOT 3aKOH CHpPaBEIJMB B CIy4yae HEOJIHOPOJHBIX YYAaCTKOB IIENMHU W Ha3bIBAETCA
00001IeHHBIM 3aKk0HOM OMa B 1udPepenunanbHoi popme.

cmop) .

YMHOXHUM CKaJisipHO 00e 4actu paBeHcTBa (14.22) na Bektop dl, urcineHHO
paBHblii qymHe dl smemeHTa MPoBOAHKMKA U HANIPABJICHHBIN BIOJIh IPOBOJHUKA B Ha-
1

IMpaBJICHUH TOKA, T.C. BJOJIb BCKTOPa j IJIOTHOCTHU TOKA.
1 1 1 1 1 1
jodl = (Exdl +E,,,, >l )/r .

1 1
Takkax j>dl = jdl, 1o
_ | rrr r
I’jd|=:r§d|=E>dl+E xdl .

cmop

[TpounTEerpUpyeMm Mo JUIMHEe ydacTka nenu 1—2 (Mexay cedeHusMHu mnenu 1 v 2) u yu-
TEM, UTO CHJIa TOKa BO BCEX CEUEHUSX LIETH OJIMHAKOBA!
I 2 2r r 2y r
— 1 O=dl = >0l + Fomop
O = GF 2l + Fonoy 0l
1 | — 2 1 1 1
e | Torna cornmacuo popmynam (14.12) u (14.18) nocnennee
Puc. 14.5. K BoiBosy 3ak0oHa ~ BBIPXKEHUE NPE0OpasyeTcs B 0000uiennblil 3akon Oma:

Oma JuIst HEOTHOPOJIHOTO | LR, =0 (-] ,)Fepn, (14.23)
y4acTKa ey

rae R, —3nekTpudeckoe COMpOTHBICHNE YYacTKa IIeTU
1-2; ( ;-] ,) —pa3HOCTH HOTCHUMANIOB Ha yyacTke nenu 1-2, puc. 14.5.

Vpasuenue (14.23) =310 3akon OMa 1J151 HEOTHOPOAHOI0 YYACTKA IENu:
MPOU3BEACHUE DIIEKTPUYECKOI0 COMNPOTHUBIICHHS YYaCTKa LIETIH Ha CUJTYy TOKAa B HEM
paBHO CyMMe NaJ€HHs AIEKTPUUECKOro NMoTeHurana Ha 3toM yyactke u 3J1C Bcex
MCTOYHUKOB 3JIEKTPUUYECKON SHEPTUH, BKJIIOUEHHBIX Ha JAHHOM y4YacTKe.

[Tonw3ysack 0006meHHbIM 3akoHOM Oma (14.23), Hy)XHO COOIIOAaTh CIEAYIO-

iee npasuno 3nakoe s 3J1C UCTOUHUKOB, BKIIFOUEHHBIX Ha yyacTke nenu 1-2:
€CNM HANPSYKEHHOCTh MOJISI CTOPOHHUX CHUJI B MCTOYHUKE COBIIAJIaeT C HalpabJie-
HUEM BBIOpaHHOr0 00X0/1a y4acTKa Ienu (BHYTpHU MCTOYHHMKA 00XOJ CBSI3aH C Iie-
peMelIeHreM OT KaToJia K aHOo.y), TO pu nozacuete DJIC 3TOro uCTOYHUKA HYKHO
CYUTAThH IIOJIOKUTEJIBHOM, @ B MPOTUBHOM Cilyyae — oTpunareiabHo. Hanpumep,
€, =€ >0 na puc. 14.6, a; ¢, =-e <0 na puc. 14.6, 6.

O0o0mennbIit 3akoH Oma (14.23) MOXKHO MpencTaBuTh B (hopme, B KOTOPOIi

€ro HKCIEPUMEHTAIbHO YCTaHOBWI HeMelKuid pusuk Om B 1826 1.:

I ,R =Uys, (14.23a)
rae Hanpsbkenue U, onpenensercs corinacHo ¢popmyne (14.19).
PaccMoTpuM dacTHBIE cily4au:



€p=¢ ep=-¢€ 1. 3akon Oma oOna 3amKHymou uyenu

L 8T, . &, (Dj =0):
P QI & el
Ir=j,-j,+e Ir=j,-j,-e R 1+ Ryew
a 6 riae ¢ — anreOpadueckass CymMma OTIEIbHBIX

OJIC B nmannoii nenu; R — cymmapnoe cormpo-

Puc. 14.6. [TpaBuno 3unakoB mis D/1C N
TUBJICHUE BceM 1enu; Rye — CONMPOTHUBIICHUE

HCTOYHUKOB:
a —ciy4ai e > 0:6- cinyyai e < 0 BHCIIIHEH enu, ' — BHYTPEHHEE COIIPOTUBIIC-
(r — BHyTpEHHEE COTIPOTUBIICHUE HUE UCTOYHUKA TOKA.
UcTOYHMKA TOKa). CTpenkoii 0603HaueHO 2. Ecmu unenb pasomknyrta, To | =0.

BHIOpaHHOE HapaBIeHKE 06x0/a [Tostomy DJIC MCTOYHUKA, NEHCTBYIOIIETO B

Pa3OMKHYTOM IIENH, paBHA PA3HOCTH MOTEHIUAJIOB Ha €ro KIeMMax:
€=l 211
3. B ciyyae KODOTKOrO 3aMbIKaHHs CONPOTHBIEHUE BHEIIHEH Ienu

e
R =0. Torna cuia Toka | =—.

GHeul
r

Ipasuaa Kupxrodpa gas pa3BeTBJEHHBIX
neneit (1847 r.). Yznom anexkmpuueckoii uenu Ha3biBa-
eTcsi Jro0asi TOUKa Pa3BETBICHUS 1IEMH, B KOTOPOM CXO-
JUTCS. HE MEHEe TPEeX MPOBOJHUKOB C TOKOM. TOK, BXO-
TSN B y3€J1, CAUTAETCS MOJIOKUTEIbHBIM, a TOK, BBIXO-
SN U3 y371a, —OTpULATeNbHbIM, puc. 14.7.

Ilepgoe npasuno Kupxzogha — anrebpamdeckas
CyMMa TOKOB ly, cxoasimuxcs B y3iie, paBHa HYJIO!

J
al, =0, (14.24)
k=1
r7ie N — 9uCjI0 MPOBOAHUKOB, CXOASIIUXCS B y3JI€.
Hanpuwmep, nns y3na A Ha puc. 14.7, a nepBoe npa-
B0 Kupxroda 3anuceiBaeTcs Tak:
Puc. 14.7. K npuMeHeHHI0 —
npaBun Kupxroda:
a — 311 SNEKTPHUCCKON LeIH; Bmopoe npaeuno Kupxzogpa — B 11060M 3aMKHYTOM
6 — pa3sBeTIBNIEHHAs e~ KOHTYpPE, MPOU3BOJILHO BHIOPAHHOM B Pa3BETBICHHOMU
DIIEKTPUYECKON LieTH, anreOpandeckas cymMma najaeHuil Hanpsoxkenuid U, =R Ha

MOCJICAOBATENBHBIX YYaCTKaX 3TOr0 KOHTypa paBHa anreOpanyeckoi cymme J/(C
€ , BKIIIOUEHHBIX B KOHTYD:

au =aliR=4ae, (14.25)
i i k

rae |, 1 R — COOTBETCTBEHHO TOK M CONPOTHBICHHUE i-ro yyactka. Hampuwmep, mis
3aMKHYTOT0 KOHTypa ABCDA (puc. 14.7, 6)

1R - 1R + 1R + 1R, =€, - ; + &,
riae Toku 1 DJ]C yke CUMTAIOTCS MOJIOKHUTEIbHBIMU (00XO0/1 110 YaCOBOM CTPEIIKe).



[Ipu pacuete neneit ¢ npumenenrem npasui Kupxroda Heodxoaumo:

1. BriOpaTh Npou3BOJIBLHOE HAIPaBJICHHE TOKOB HAa BCeX ydacTkax uenu. [lpu
pELICHUH 33Ja4d ONpPENessieTCs, YTO €CIU MCKOMBIM TOK MOJYYUTCS IMOJOKUTENb-
HBIM, TO €r0 HalnpasJjieHne ObUIO BBIOPAaHO MPaBUIIBHO, a €CJIM OTPULIATEIBLHBIM — €r0
HMCTUHHOE HAINpPaBJIEHUE TPOTUBOIIOIO0KHO BEIOPAHHOMY.

2. BpiOpaTh HampaBieHue 00x0/la KOHTYypa U CTPOro €ro Mpuiep KUBaThCH;
npousseneHue |;R monoxurenbHO, €M TOK Ha JaHHOM YYacTKE COBNAJAET C Ha-

npaBiaenueM obxona. DJIC, aelcTBylolUE MO BHIOPAHHOMY HAMPaBICHUIO 00XO0a,
CUUTAIOTCSI TIOJIOKUTETBLHBIMU, IEUCTBYIOIIUE MPOTUB — OTPULIATEIIBHBIMH.

3. IloacuuTaTh 4MCIO m y3J10B B IENU. 3amucarh sl KaXJOr0 U3 Y3JI0B
(m- 1) Beipakenutii (14.24).

4. CocrtaBuTth cuctemy ypaBHeHui (14.25), ucnonb3ys BCe CONPOTUBICHUS U
OJIC paccmarpuBaeMoi nenu. Kaxaplii paccMaTpuBaeMblidi KOHTYP JOJKEH COJAEP-
KaTh XOTs ObI OJIUH AJIEMEHT, HE COACPKAIIMICS B MPEIbIAYHIMX KOHTYpaX.

14.5. 3akon JIxoyas—/lenna

Koraa snektpuyeckuii TOK | MPOXOAMT MO MPOBOIHKMKY, TO M3-3a HEYINPYTHX
CTOJIKHOBEHHI HOCHTENIEH TOKA (JJIEKTPOHOB) MEXKIY COOON M C IPYTHMHU YaCTHIIAMH
cpeapl (aToMaMu) MPOMCXOIUT paccestHue SHepruM. ECIM TOK TeueT B IEHH M3 He-
MOJBM)KHBIX METANTHYECKHUX MPOBOIHUKOB, TO paboTa, coBepiiacMast KyJTOHOBCKHMH
cuiiaMu nipu neperoce 3apsiaa dg =1 dt (cm. popmynsr (12.20) u (14.19a)), paBHa

dA=dq( - | 5) =1 dtU
U [EJMKOM PACXOAyeTcs Ha HarpeBaHHe MPOBOIHUKOB. Torma 3a manoe Bpems dt B
oobeme dV osmemenTta mpoBoaHMKa MinHOW Ol BBIIEISETCS KOMMYECTBO TEILIOTHI,
omnpeaensieMoe coriacHo 3akony Oma (14.11) crneayronum oOpa3om:

2
dQ:IUdt:IZRdt:Uth.

3a KoHeUHbIH TpoMexKyToK BpeMeHnu oT O g0 t Tok | BeiensieT Bo BceM o0bemMe Mmpo-
BOJIHHMKA, COMPOTUBICHUE KOTOPOro paBHO R, koiaudecTBo TermioTsl Q:

Q= tol *Rat . (14.26)
0

dopmyita (14.26) Beipaxaet 3akoH Jzkoyasi—/Ienna. Eciu TOK B I[N MOCTOSIHEH,
TO mogy4aeM 3akoH JDxoyis—JIeHa s yJacTka [enu MOCTOSHHOTO ToKa (6 uHme-
2panvHout ghopme), KoTopsiii ¢ yuerom 3akoHa Oma (14.11) 3anuceiBaeTcs Tak:
Q=I1%Rt=UIt=U?/R, (14.26a)
KOJIMYECTBO TEIIOTHI, BBIACISIEMOE MOCTOSIHHBIM JIEKTPUYECKUM TOKOM Ha y4dacT-
K€ LEMHU, paBHO MPOU3BECHUIO KBaJpaTa CUJIbl TOKA HA BPEMs €ro MPOXOKIACHHUS
U DJIEKTPUYECKOE COMPOTUBIIEHUE ITOI'0 YUACTKA LIETIH.
OTOT 3aKOH ObUI YCTAHOBJIEH SKCHEPUMEHTAIbHO He3aBucumo B 1841 r.
. Ixxoynem u B 1842 r. pycckum ¢pusukom J. X. Jlenmem.
Beinenum B npoBoanuke nwmHapudeckuii oobem dV =dSdl (ock mumuaapa




COBIQIaeT ¢ HampanieHueM Toka). [1o 3akony Jxoyns—Jlenna 3a Bpems dt B aTom
o0beMe BBICIUTCS TEIJIoTa!
rdl
dQ=1°Rdt=——
R ds
Yoenvnoii mennosoii mowynocmoio Ha3bIBA€TCS KOJIMYECTBO TEIJIOTHI, BBIJE-
JISIFOIIEECs 3a €AMHUILY BPEMEHHU B €IMHUIE 00beMa!
d .
w="99 _ 2 (14.27)
dvdt
Hcnonszyem auddepennuaibyo ¢popmy 3akona Oma (14.15) j=SE wu om-

(jdS)?dt=r j2dvdt.

pezieneHne yAenbHON dIEKTPUUEcKoi mpoBoauMocTu BemiectBa (14.14) r =1/s . B

pe3yibTrate noayuuM 3akoH Lxkoyasa—J/lenua B ougpgpepenyuanvuoit ghopme:
w=s E?= jE. (14.28)

Mownocmubro nocmoannozo moka HaszpiBatoT BenmunHy P =IU', koropas
paBHa JKOYJIEBY TEILTY, BBICIIEMOMY B IPOBOJIHUKE 32 €AUHULLY BPEMEHH.

TemioBoe AEUCTBUE DIEKTPUUECKOTO TOKA UCITOJIB3YETCS B JIaMIIaX HAKAJIMBa-
HUS, SJIEKTPOCBAPKE, JICKTPOHATPEBATEIBHBIX IPUOOpaX U T.1.

Knaccuueckasi Teopus 3J1eKTPONPOBOAHOCTH MeTALI0B. OCHOBHBIE 3aKOHBI
AJEKTPUYECKOTO TOKA B KJIACCUUECKON TEOPUH IEKTPOTIPOBOJHOCTH METAIIIIOB — 3TO
3akoHbl Oma, /xxoyns—Jlenua u Bunemana—®panua.

JI1s1 Bcex MeTaioB MPU OJIMHAKOBOW TEMIeEpaType OTHOlLIeHHE K03 UIneH-
Ta TemIonpoBoAHOCTH K K yJeabHOU 3JEKTPUUECKON MPOBOJUMOCTH OJMHAKOBO U

YBEJIIMYMBACTCS ¢ TEMIIEPATypOH COriacHO 3akoHy Buiemana—®panna (1853):
85 LT, (14.29)
rie L — uucno JlopeHma, He 3aBucsiiee oT MeTamia; K 3aBUCUT OT aTOMHO-
MOJIEKYJISIPHOTO CTPOEHUS BEUIECTBA, COCTaBa, TEMIIEPATYPHI, TaBJICHHS U T.1.

B knaccuueckoit meopuu nekmponpoeoonocmu memanog, NOJI0XKEHUsS KO-
TOPOM YaCTHYHO OBLITN MCIOIB30BAaHbI PAHEE, CUNTACTCS:

1. Tlpu oOpa30oBaHUM KPUCTAJUIMUECKOW PEUIETKU 3JIEKTPOHBI BHEIIHUX 000-
JIOUYEK aTOMOB 000QOIIECTBISIOTCS U KPUCTAIUT IPEACTaBIsIET COOON PEIIeTKY HEMo/ -
BIKHBIX HOHOB METaJlIa, MEKIY KOTOPBIMH XaOTUYECKHU ABMKYTCS CBOOOIHBIE DIIEK-
TPOHBI, 00pa3yst IEKTPOHHBIN ra3, o0aauii CBONCTBAMU U/I€aTBHOrO Ia3a.

2. JIBmKeHHe AIEKTPOHOB MOAYMHSICTCS 3aKOHAM KIACCHYECKON MEXaHUKH.

3. IIpeneOperaercs B3aMMOJEHCTBUEM 3JIEKTPOHOB MEXAYy COOOM, paccMmar-
PHUBAIOTCS TOJIBKO CTOJIKHOBEHHS C aTOMaMH B y3JIaX PEHISTKH.

4, Jlaxxe mpu MPEAENbHO JOMYCTUMBIX 3HAYEHUAX TUIOTHOCTH TOKA, CPEIIHSA

CKOpPOCTb <U> YHOPAAOUCHHOI'O ABHIKCHHA 3JICKTPOHOB, O6YCJIaBJ'H/IBaIOI_HCFO DJICK-

TpI/I‘IeCKI/Iﬁ TOK, 3BHAUYUTCIIbHO MCHBIIIC UX CKOPOCTHU TCIIJIOBOT'O JABUKCHUSA <U> .

Heo6x0auMo 0TMETUTD, YTO CYHIECTBYET PSJi TPYAHOCTEH KIACCUYECKOU TEO-
pUH, KOTOPBIE pa3pemialoTcss KBAHTOBOM TEOPHUEH: HANIPUMED, HE COTJIACYETCS C JKC-
MEPUMEHTAIBHON 3aBUCUMOCTD COMPOTUBJIEHUS OT TEMIIEPATYpPhl, 3aBUCUMOCTb TETI-
JIOEMKOCTH METAJUIOB OT TEMIEPATYPhI MPOTUBOPEUUT IKCIIEPUMEHTATIHHOM.



Tema 15. MaruuTHoe moJie B BAKyyme

15.1. MarauTHas naaykuusa B . MarauTHoe moJie
PaBHOMEPHO ABWKYLIerocs 3apsjaa. [IpuHuun cynepno3uuuu mosei

B XIX B. onbITHBIM ITyTeM ObLIO YCTAHOBIIEHO:

1. B npocTtpaHCTBE, OKpYKAIOUIEM TOKH U MOCTOSHHbIE MArHUTHI, BO3SHUKAET
CUJIOBOE HOJ1e, HA3bIBAEMOE MACHUMHbIM.

2. JIBwxyuiuecs 3apsibl CO3/1al0T MArHUTHOE MOJIE.

3. MaruuTtHoe noJie JeMCTBYET Ha ABMXKYIIUECS 3aps/ibl.

Kak u3BECTHO, 3JEKTPOCTATUYECKOE IOJIE IEUCTBYET W HA HETOJBUKHBIE 3a-
PAIBI, ¥ Ha IBHKYIIHECs. MarHUTHOE MOJIe HE AEHUCTBYET HA MOKOSILIKUECS 3aps/ibl.
OnbIT NOKa3bIBAET, YTO XapaKTep BO3AECHCTBHS MarHUTHOIO MOJS HA TOK 3aBUCUT OT:

1) ¢dopMBbI IPOBOJIHKKA, IO KOTOPOMY TEUET TOK;

2) pacrojoXKeHHS MPOBOIHUKA;

3) HampaBiICHHUS TOKa.

AHAJIOTUYHO TOMY, KaK IPU HCCIIETOBAHUU BIIEKTPOCTATHYECKOTO TOJIA HC-
MOJIb3yeTCsl MPOOHBIN 3aps]l, MpU HMCCIEIOBAHUM MArHUTHOIO MOJISI MCHOJb3yeTcs
3aMKHYTBIN IJIOCKUN KOHTYP C TOKOM (pamMKa ¢ TOKOM), JIUHCIHHBIC pa3Mepbl KOTOPO-
IO MaJibl 10 CPABHEHUIO C PACCTOSHHUEM JI0 TOKOB, 00pa3yrolKX MarHuTHOE TOJIE.

OpueHTranmst KOHTypa ¢ TOKOM B POCTPAHCTBE Xa-
paKTepu3yeTcs HANpaBIeHHEM HopMmanu N K KOHTypy. B
KA4eCTBE MOJIOKUTEIBHOIO HAIPABICHUS HOPMAaJH IpHU-
HHUMAETCs HAIPABJICHUE, CBA3AHHOE C TOKOM HPAGUIOM

oypasuuxa:
Puc. 15.1. Vclonb3oBamme 3a TOJIOKUTEIHLHOE HAIMpaBJIICHUE HOPMalIu MPUHUMA-
PAMKH ¢ TOKOM JUTSt €TCsl HaIMpaBJICHHE TOCTYMATEeIbHOTO ABWKEHUS Oy-
MCCIIEI0BAHMS paBuMKa, pyKOsiTka KOTOPOTO BpallaeTcs B HamlpasJe-
MarHUTHOTO MOJIs HUU TOKA, TEKYIIETO B pAMKE.

OMnbITEl OKA3bIBAIOT, YTO CO CTOPOHBI MAarHUTHOTO TOJISI HA JBIKYIIYIOCS B
1 o 1
3TOM HOJIE CO CKOPOCTBIO U 3apsKEeHHYIO YacTHLy (] aeiicTByer cuna F . Oxcnepu-
MEHTAJIbHO TIO BEJIMYMHE M HAMPABJICHUIO MATHUTHOM CHUJIbI ONPENEsSIOT CUIIOBYIO
1

XapaKTCPUCTUKY MArHUTHOI'O ITOJIA — BEKTOP MATHUTHOM HHAYKIUH B.
HpI/I HN3MCHCHUHU HAIIPABJICHUSA CKOPOCTHU HaCTUIIBI B TOYKE A nions MOAYJb CH-
1

ael F,, m3menserca or 0 no makcumansHOro 3Hauenus (F,) 3aBUCAIIETO OT

makce !
1

MIPOU3BEICHUS |q| X, a TaKXKe U OT 3Ha4YeHUs B Touke 4 BekTopa B.
1
ITo onpenenenuto, Moaysb BekTopa B paBen

- (FM)MaKC 15.1
PE? (15.1)

OtmetuM, 4TO OTHOIIEHHE F, / (|q| ) He 3aBHCHUT HU OT 3apsja (| YacTHIbl, HH OT

MOJIYJISl €€ CKOPOCTH.
1
Takum oOpazoM, macnumnas undykyusa B 4yucieHHO paBHAa OTHOLIEHUIO CHU-



JIbl, JEMCTBYIOUIEH Ha 3apsSKEHHYIO0 YaCTHUIy CO CTOPOHBI MAarHUTHOrO MOJIS, K MpO-
M3BEICHHUIO a0COJIIOTHOIO 3HAYEHUS 3apsA/ia U CKOPOCTH YaCTHUIIbI, €CJIM HalpaBlIEHHUE
CKOPOCTH YaCTHIIbI TAKOBO, YTO 3Ta CHUJIa MaKCUMaJbHA.

Exnanna marautHoi naaykiuu B CU —tecna (T).

[Ipu 3amonmHeHnn Bcero o0ObeMa, rjie uMeeTcss MarHuTHoe mnojie (00bem orpa-
HUYEH NOBEPXHOCTSAMHU, 00Pa30BaHHBIMU JUHUSMHU HANPS)KEHHOCTU BHEIIHETO MOJIA,
cM. moaremy 16.2), oJHOPOAHOI M30TPOIHON CpeioH (MarHeTHKOM, CM. MOATEMY

16.1) BenmuurHAa MarHUTHOM MHAYKIMU B w3MensieTcs B u pas:

B
m=—,

rae u — maznumnas nponuyaemocms cpeowt (cMm. noaremy 16.3) — Oe3pasmepHas
BEJIMYMHA, MMOKA3bIBAIOIIAsi BO CKOJIBKO pa3 MarHWTHas WHAyKIus B mons B cpexe

OTJIMYAeTCs OT MarHUTHOM MHAYKIMU B, mons B Bakyyme. s Bakyyma IT,, =1.

64K
1

W13 onblTa cnenyert, 4To BekTop cuisl F, opTo-
rOHaJeH CKOpocTH U qactuuel 0. Tlo onpenenenuro
BEKTOP MarHMTHOW MHAYKIMH B Takke oproroHancH
Hanpasinenuto F , puc. 15.2. Tlo npaeuny npaeoii py-

Ku JaJOHb TIPAaBOM PYyKH pacmojaraercss TakK, YTOOBI
BBIMPSIMJICHHBIE ~ TIAJIbIIBI  YKa3bIBaJ Ml HAMpaBICHHUE
JIBH)KCHNUS 4aCTHLIBI U, a ecllM WX COTHYTh — HAIIPaB-
nenue Bektopa B. Torma Gonbinoit manen pyku Oy-
JeT yKa-
3bIBaTh HAMpPABJICHHUE CUJIbI, ACHCTBYIOMIEH CO CTOPOHBI MAarHUTHOTO TOJIA HAa TMOJIO-
KUTETFHO 3apsHKEHHYIO YaCTHILY:

MarauTtHoe 1oJie Ha3bIBAETCSI 0OHOPOOHBIM, €CITH BO BCEX €T0 TOYKAX BEKTO-
pBl MAarHUTHOW WHIYKIIMH OJWHAKOBBI KakK MO MOAYJIO, TaK M MO HampaBieHHio. B
NPOTHUBHOM CIy4ae MarHUTHOE TI0JIE Ha3bIBACTCSI HEOOHOPOOHBIM.

['paduuecku cranmoHapHoe (HE U3MEHSIOUIEECS CO
BPEMEHEM) MarHUTHOE TOJIe W300paXKaroT JTUHUSIMHU Mar-
HUTHOM MHAYKUMH, puc. 15.3 a, 6.

Puc. 15.2. K OTpEJIETIEHHIO

HaIpaBJICHUA BEKTOPA CUJIbI FM

zjfﬁ:\‘\ o
‘~:-t—;'/ Junuamu macnumnoiu uHoyKl{uu (Cuﬂogblﬂ’lu Jlu-
| HUAMU MACHUMHO20 nOJl}l) Ha3bIBAXOTCA JIMHWH, IMPOBC-

a 9
AJCHHBIC B MAIrHUTHOM II0JIC€ TAK, YTO B KaXJ0U TOYKE I10-
/4|\ JI9 KacaTenabHasd K JIMHUM MarHUTHOU HHAYKOWHU COACP-
1

.: ::7:{:}::, \’\ ::75:\:: :, JKUT BCKTOP BB 9TOU TOYKE I1OJIA. HaHpI/IMep, B CcjIy4dac

s A

Puc. 15.3. CunoBbie TMHUT
MarHUTHOTO TIOJISI BOKPYT
MIPOBOJTHUKA C TOKOM:

a — IIpSAMOM IIPOBO/THUK;
6 — KpYroBOi BUTOK

IIPOBOJHUKA C TOKOM OHU MMEIOT BUJ OKpykHOCTer. Ha-
[IPaBJICHUE CWJIOBBIX JIMHUM MPAMOIO TOKA ONPEIEIISIOT
10 Npaeuny NpPaeoil pyKu. €Ciu MBICIEHHO OOXBATHUTH
MPOBOJHUK MPABOM PyKOM Tak, 4To OOJBIION Mmajel yka-
3bIBAa€T HAIPaBJICHUE TOKA B MPOBOJHUKE, TO OCTAJIbHbIE
NaJIbLIbI [TOKA3bIBAIOT HAIIPABIICHUE CUJIOBBIX JIMHUM Mar-
HUTHOTO MOJIsl TOKa, puc. 15.3, a.



JIMHUM MarHUTHOIO IOJS BCErAa 3aMKHYTHI, B TO BpeMsl KaK JJMHHUH DJIEKTPO-
CTaTUYECKOTO OISl — PAa3OMKHYTHI (OHM HAYWHAKOTCS HA TOJOXHUTEIbHBIX U 3aKaH-
YHBAIOTCS HA OTPUIIATEIBHBIX 3apsi/iax).

Takum 00pa3oM, OMBIT TOKA3bIBAET, UTO CUJIA, AEHCTBYIONIAsl CO CTOPOHBI Mar-
HUTHOTO IOJIS Ha nBI/DKyLuy}oc;I B HEM 3aPSOKCHHYIO 9ACTHILY, ONPEJIEIAETCS KaK

= q[u BJ. (15.2)

HaHpaBHeHI/Ie BCKTOpa CHJIBLI FM OMnpeACIIACTCA COrjIaCHO MpaBuly BEKTOPHOI'O
npou3BeieHus (IpaBmiIo HpaBoﬁ pyKH) ONMCAaHHOMY BbIlIe. MOaysb CUIIBI PaBEH
=qu Bsma (15.2a)

T7ie & — yron MexIy BeKTopamu U u B.

Torna, ecnn Ha ABMKYIIYIOCS YaCTULLY € JIEKTPUUECKUM 3apsioM (| OTHOBpE-
MEHHO JICHCTBYIOT MAarHMTHOC M JJICKTPHYECKOE MO, TO Pe3ylNbTUPYIOIas JIIeK-
TpoMaruuTHas cwia F, Ha3biBaeMas cunoit /lopenya, paBHa CyMMeE JIByX COCTaB-
JSIOLIUX — AIEKTPUYECKOW U MarHUTHOM:

F= qE + q[u B] (15.3)
rac E — HaHpﬂ)KeHHOCTB 3JICKTpI/I‘ICCKOFO T10JI4. 9JI€KTPI/IUIGCKEUI COCTaBJIAROIIIAS pe-

3YJABTUPYIOLIEH CHUIIbI F He 3aBHCHT OT CKOpPOCTH JIBMKEHHA 3apsana. Ckopocts U B
dopmyne (15.3) onpezensercs OTHOCUTEIBPHO HHTEPECYIOIICH HAC CHCTEMBI OTCYECTA.
I/IHorz(q nox cwion JlopeHna NOHMMAKT TOJIBKO MArHUTHYHK) COCTaBJISIOLIYIO
cuinbl F . HeoOxoammo 3aMeTuTh, 4TO pasjiesieHue moyiHoW cuiibl JIopeHia Ha sJiek-
TPUYECKYIO M1 MArHUTHYIO COCTaBJISIIOIIME 3aBUCUT OT BBIOOpa CUCTEMBI OTCUETA.
BaxxHoil 0COOCHHOCTBHI0O MAarHUTHOM CHWJIBI SIBJISIETCSI TO, YTO OHA BCErja mep-
MIEHIUKYJIIPHA BEKTOPY CKOPOCTH 3apsjia, MO3ITOMY pabOThl HAJ 3apsiloM HE COBEp-
maet. CnegoBaTesibHO, B TOCTOSHHOM MAarHUTHOM TOJIE SHEPTHUs IBUKYIIEHCS 3aps-
YKEHHOMW YaCTHUIIbI OCTAETCsl HEM3MEHHOM, KaK Obl YaCTHUIIA HE JIBUTaJIaCh.
MaruuTHoe nojie pABHOMEPHO JBH:KYILErocsi 3apsiia. DJIeMEHTapHbBIN 3a-

KOH, ompejenstomnui nojie B paBHOMEPHO ABUKYIIETOCS HEPEIITUBUCTCKOTO TO-
YeyHoro 3apsja ¢, Obul MoJydeH B pe3yibTaTe OOOOIIEHUS SKCIEPUMEHTAIbHBIX
JTAHHBIX

[ _ Mo alu.r] 15.4
B4pr3’ (154)

rae M, =4p X0’ T'n/m — MarHuTHas oCTOsIHHAs; I — pajanyc-BEKTOP, TIPOBEIEH-

HBIA OT 3apsna kK Touke Habmonenus. Koner panuyc- BEKTOPA HETIOJIBIKEH B TAHHOU
CHCTEME OTCUETa, a €r0 HAuajo JBIKETCA CO CKOPOCTHIO U . CDOpMYJIa (15.4) cnpa-
BeJIIMBA B CITyYae IOCTOSHHOM HEPEIATHBHCTCKON CKOPOCTH U IBIKEHHS 3apsa.
JIs1 MarHUTHBIX MOJIEH CIIPAaBEJINB NMPUHLIMUI CyNEePIO3H UM
MAarHATHasE UHAYKLIHS TOJIsSI, CO34aBa€MOr0 HECKOJBKUMH TOKAMHU WJIM JIBHXKYLIH-
MHCS 3apslaMH, paBHa BEKTOPHOM CyMME MAarHWUTHBIX MHIYKLHW IOJIEH, cO31a-
BAEMBIX KaXK/1bIM TOKOM WJIH IIBI/I)KYH_II/IMCH 3apsiIOM B OTZIEJIBHOCTH

B= a B, (15.5)






15.2. 3akon buo—Capapa—Jlanmiaca u ero npumMeHeHue
K pacyeTy MArHUTHOIO 10JIsl MPAAMOIro U KPyroBOro TOKOB

B 1820 r. ¢ppannysckue yuensie XK. buo nu @. Caap uccienoBaiu MarHuTHbIE
TI0JIs1, CO3JJaBAEMBIE B BO3/1yXE MPSIMOJIMHEWHBIM TOKOM, KDYTOBBIM TOKOM, KaTyIIKON
c TokoM H T.n. B coaBropctBe ¢ ¢paniysckum ¢uszukom II. Jlammacom, KoTopbiid
0000IINIT MONyYEHHbIE UMM HKCIIEPUMEHTAIbHBIE PE3yJbTaThl, OHU MOJYYUIU 00-
IIMH 3aKOH, NO3BOJISIOIIMI BBIYMCIISITh MATHUTHYIO MHAYKIUIO B KAXKJIOW TOYKE IO-
7151, CO37aBa€MOM TOKOM, TEKYIIUM IO MPOBOJHUKY JF000I (POPMBI.

MaFHI/Il:Haﬂ WHIYKLIMS TIOJS IMOCTOSHHOTO 3JIEKTPUYECKOTO TOKA, CO3JaHHAs

anementoM dl nuHEHHOro poBogHKMKA ¢ TOKOM | B Bakyyme (puc. 15.4), yaosie-
TBOpsAET 3akoHy buo—CaBapa—J/lamiaca, koropsiii B CU nmeer Bu:

r T T
dB:@[J’rldV _m I[dlg,r] , (15.6)

. p R
rae | — mroTHocth Toka, jdV um ldl — coorBeTcTBEHHO

~ ~ 9 1
00beMHbIIl VI TUHEUHbII INeMeHm moKa, | — paauyc-
1
BEKTOp, MpoBeAcHHBIA U3 iemedTa dl B paccmaTtpuBae-
1

1
MYIO TOUKy moist A. Yron mexay Bekropamu dl u I pa-
1
BeH 6. Hampamnenuwe dB mTepneHAMKYISIPHO TUIOCKOCTH
1

Puc. 15.4. MaruurtHas
WHJIYKIUS 3JIEMEHTA TOKa

1 (V)
BekTopoB dl u I W coBmamaer ¢ KacaredbHOW K JIMHUU
MAarHATHOM MHIYKIIMH, IPOXOASIIEN Yepe3 TOUKY A.
1
Monyns Bektopa dB onpezaensieTcs BhIpaKeHUEM
mp 1dlsin
dB = ﬁ—q . (15.6a)

I,2

Jlamtac — aBTOp TUMOTE3bl O TOM, YTO MPU HAJOKEHUU MArHUTHBIX TOJIECH
CIPABEMJIUB NPUHYUN CYNEPRo3unuU, T.€. IPUHIUI HE3ABUCUMOT0 IEUCTBUS TOJIEH:
1 1

B =B, (15.7)

rae dB — marrnTHas WHAYKIMSI MAarHUTHOTO 1OJIsE Majioro 3iemenTa dl mpoBogHuka
C TOKOM, & UHTEIpUPOBaHUE MPOBOAUTCS MO BCEH IJIMHE TPOBOAHUKA.

Takum' o0pa3oMm, MarHuTHas HMHAYKIHUS TIOJs, CO3JaBaeMOro B BaKyyMe
TOKOM |, HAyIIKUM 110 TPOBOJHUKY KOHEYHOU IJIMHBI U JI1000#1 (OpMBI, paBHA

[ myl Jdl 1]
=10 y%.1 15.7
4 73 (15.72)
rr
p="0 L.y (15.76)
4 r

Paccmotpum nBa npumepa npuMeHenus 3akoHa buo—Casapa—Jlamaca.

1. MarauTHOe 1MoJie NPSIMOJIMHEIHOr0 NMPOBOAHMKA ¢ TOKOM. [lycTh TOK |
TEUYeT MO MPSIMOMY MPOBOAY OECKOHEUHOM MJMHBI. B KauecTBe MOCTOSIHHON WMHTET-
pupoBanus Bbibepem yroi 6, puc. 15.5, a. Ilo 3akony buo—Casapa—Jlaruaca (15.6a)

MoayJb BekTopa dB B TOuke A MoJis 3IeMEeHTa MPSIMOJIMHEHHOTO MPOBOAHNKA PABEH



:EIdlsinq

d ,
(2

rae d = E U dS=rdg,ar= _i, R — paccrosinue ot mpoBojaa a0 Touku 4. [losro-

sinq sing

rdg _ Rdq
my dl=——= . Torga nmonydaem

Y sng  sin?q 7
.2
gg =™ IRdg sn“q q_@'an dq .
4p sn’q R? R

VYron 6 st Bcex 3neMeHTOB npoBojia usmensiercst ot 0 1o 7. [1o mpuHumy cymneprio-
sunuu (15.5) marauTHas I/IHI[YKI_II/IH TOJIsi, CO3/]JaBaeMOTo MpsiMbIM TOKOM |, paBHa

| |
4pRCF qdqg =- 4T))R>cosq|p :%XZ,
= Mol 15.8
2R’ (15.8)
\\\‘ 7\\
y g By dB,
BNg S o]
/’//I: 1 'Il
‘ dB,

Puc. 15.5. K BEIYHCIIEHNIO MATHUTHOTO TIOJIS:
a — MPSIMOJIMHEHHOTO TIPOBOTHHUKA C TOKOM; 6 — KPyrOBOTO BUTKA C TOKOM

2. MarHuTHOe TOJI€é KPYroBOro BHTKA ¢ TOKoM. OmpelnennM MarHUTHYFO
WHIYKIMIO TIOJIsl BUTKA C TOKOM | B Mpou3BOIbHOM Touke Ha ocu BuTka OO(, mpoxo-
Asuell yepe3 LEeHTP. BUTKA MEePIeHIUKYIspHO ero miockoctu. Ha puc. 15.5, 6 noka-
3aH KpyroBOW BHTOK pamuyca R, MI0CKOCTh KOTOPOTO MEPIEHANKYIISIPHA IOCKOCTH
gyeprexa, a ocb OO( 1euT B 3TOM HJIOCKOCTI/I B touke A4 Ha ocu OO( BeKTOPHI

ag="o ! g J[d 1]
4p 1

JUIA TIONICH PA3IMYHBIX MAIBIX JJIEMEHTOB dl BuTKa c TOKOM HE COBMAJAIOT MO Ha-
MPaBJICHUIO. BeKTophI dBl u de JUISL TIOJIEN IBYX JWAMETPAIbHO MPOTUBOMOJIONK-

HBIX MemenTos Butka dl L | d|2, nMeromux oxunakosyro amuay dl, =dl, =dl, pas-
1 1 't:J r
HBI 10 MOJYJIIO: ‘dBl‘ =‘de‘ =dB =myld /4pr2 , Tak kak sin(dl,r) = 90°.

1 1
Pesynbrupytromuii Bektop dB, +dB, HampasiieH B TOUYKe 4 1O OCH BUTKA, TPH-
yeM

rrol —dl rrolR
2

d.
apr® v oprd

|o|ér;l +d|52| =2dBsinb =



1
Takum obpa3om, nonepeunsie cocrapisitomue dB, B3aMMHO KOMIICHCHPYIOT

1
apyr apyra. Bektop unanykuuu B B TOuke A 711 MarHUTHOTO MOJISl BCETO BUTKA Ha-
npasieH Takxke Baoiab ocu OO(, a ero Moayib onpeensercs Tak:

2pR 2pR
R —adranh = MR mpl R nbl
B=¢¥B=cyiBsnb = —— | = R.
a8 =¢ 0% Pl e 01' 3%
YuureiBas, uto I =+ R? +h? noayJaceM
_m IR? m IR?
B=-—2-—=-0_ % 15.9

15.3. Teopema I'aycca nj1s1 BekTOpa B

1
Maznumnsim nomokom (nomoxom éexmopa B maznummnoit unoyxkuyuu) ve-
pe3 Mayro MOBEPXHOCTH uIonaabi0 dS Ha3biBaeTcs Gpu3ndeckas BeaTHunHa

r r ry
d®, = B>dS = B.dS = BdScos(B, ), (15.10)
rae dS = ndu, N — eIMHMYHEIH BeKTOp HOpManu K miomanke dS; B, — mpoexius

BEKTOpa B na HanpasjeHue HopMann. Manas miomaaka dS BeIOMpaeTcs Tak, 4TOOBI
€€ MOXHO OBLJIO CUMTATh INIOCKOM, a MATHUTHOE T10JI€ B €€ TIpe/iesiaX — OJIHOPOJIHBIM.
1 []

[Tonie B MoxeT ObITh HAIJIAIHO MPEACTABICHO C MOMOILBIO JIMHUN BekTopa B.
VX mpoBOJAT TaKKUM 00pa3oM, 4TOOBI YKCIIO JIMHUHN, epecekaronux miomanky ds,
1

YHUCJIEHHO OBLIO MPOMOPLIUOHATIBHO MAarHUTHOMY NOTOKY. [loTok Bektopa B moxer

ObITh KakK TIOJOXKUTECIBHBIM, TaK K OTPUIATCIBHBIM B 3aBUCUMOCTH OT
oy

3Haka COS(B, n)

MarHuTHEIN OTOK Y€pes3 MPOU3BOJIBHYIO OBEPXHOCTE S paBeH

=B xdS= B, dS. (15.11)
S S

TIpy BBIYMCICHUY STOTO MHTErpajga BEKTOPHI HOpMaiel N K mmomagkam dS HyXHO
HANPAaBJIATh B OJHY U Ty YK€ CTOPOHY MO OTHOIICHHUIO K MOBEPXHOCTH S,

Ecnu MarHutHOE 10JIe OIHOPOJIHO, & TIOBEPXHOCTh S ILIOCKAsI, TO

U
5 = BScos(B, ). (15.12)

Exnnnna MarauTHOro notoka 8 CU — Be6ep (B6): 1 B6 = 1 Tiam®.
1 B6 — 3T0 MarHuTHBIN MOTOK, MPOXOASIINUNA CKBO3b TUIOCKYIO MOBEPXHOCTH ILIO-
magpo 1 M7, PACMOJIOKECHHYIO NEPHECHANKYIIPHO OAHOPOJIHOMY MarHUTHOMY I10-
10, UHAYKITUSL KOToporo paBHa 1 Ti.

Teopema I'aycca qyisi MATHUTHOT'O TOJISA:
MAarHUTHBIN MTOTOK Y€pe3 MPOU3BOJIBbHYIO 3aMKHYTYIO HOBEPXHOCTh PABEH HYJIIO:

oB>dS=0. (15.13)
S




Teopema I'aycca qiist BeKTOpa B & g depeHuraIbHON popme:
. ldivB=0, (15.14)
T.. JUBEpreHius noys B Bcroay paBHa HyIHO.

JlaHHasi TeopemMa CHpaBeJIiBa U JIJISl MOCTOSIHHBIX, W JIJISl IEPEMEHHBIX Mar-
HUTHBIX noned. Teopema Taycca B popme (15.13) oTpaxkaeT sKCHepUMEHTANbHbIH

daxT, yro nmuHMK BekTopa B 3amkHyTh. YpaBHenue (15.14) sKBUBAJICHTHO ypaBHE-
Huto (15.13) u sABIsAETCS MAaTeMaTHYECKUM BBIPAKEHHUEM TOTO, YTO B MPUPOJEC HET
MarHUTHBIX <3aps/IoB», HA KOTOPbIX HAYWHAIUCH Obl WM 3aKaHYUBAJIUCH Obl JIMHUU
MAarHUTHOW MHIYKLHUU.

MarHuTHbI TOTOK Yepe3 MOBEPXHOCTh, OTPAHUYEHHYIO 3AMKHYMbIM KOHIMY-
poMm, Ha3bIBaeTCsl nomoxocyennenuem V.

Hanpumep, notokocuernieHne paMKi WIH KaTyIIKH, cocTosime u3 N BUTKOB,
MarHUTHbBIE TOTOKHU Yepe3 KOTOPbIe OJAMHAKOBBI U paBHbI Pp, Oy/€T TaKOBO:

Y =N&g.

[ToToKOCLEeMIIEHne KOHTYpa, 00yCIOBIEHHOE MAarHUTHBIM IOJIEM TOKa B Ca-
MOM 3TOM KOHTYpE, Ha3bIBACTCSI nOmoKocyenienuem camoundykyuu. llotoxocuen-
JIEHUE KOHTYpa, 00YCIOBICHHOE MAarHUTHBIM MOJEM TOKa, WIYIIEro B IPYroM KOH-
Type€, Ha3bIBACTCS HOMOKOCUENI1eHUEeM 63AUMHON UHOYKYUU dTUX IBYX KOHTYPOB.

1
15.4. Teopema 0 HMpKYJSiNU BeKTOpa B,
ee NpUMMeHeHue K pacyery nmoJiei. Ilose costenonna

1
[To ompeneneHuto yupkynauyuei eekmopa undykyuu B maznumnozo nona
M0 3aMKHYTOMY KOHTYpPY Ha3bIBa€TCS MHTETPAN, 3HaK KOTOPOTO 3aBHCHUT OT HampaB-
neHust o0xona Koutypa L:

1 1
oBxdl .
L 1
Teopema o0 muUpKyAsiIHM BeKTOpa B (1711 MarHUTHOTO TOJSI MOCTOSHHBIX
TOKOB B BaKyyMe): .
IUPKYJIALHI BeKTopa B mo mpomsBosnsHOMY KOHTYpY L paBHa mpomssenenuro I,
Ha anre0panveckyro CyMMY TOKOB, OXBAaThIBAEMbIX JAHHBIM KOHTYPOM:

r T
ol =B >l =mya I, (15.15)
L L

k=1

'
rae dl =dif" — snement JUTMHBI KOHTYpa, HaIllPaBJICHHBIM BI0JIb 00X0Ja KOHTYpA;
, rur
t — BekTOp KacaTenbHOW B JaHHOM Touke K KOoHTYpy, B, =Bcos(B,dl) — cocras-
JISTFOIIast BEKTOpa B s HAIMpPAaBJICHUU KACATEIbHOW K KOHTYPY C YYETOM BBIOPAHHOT'O
HanpaBiICHUsT 00X0/1a; 7 — YUCIIO TPOBOJIHUKOB C TOKAMH, OXBATHIBACMbBIX KOHTYPOM
L mpou3BoibHON (POPMBI.

Tok cunTaeTcs HONOKUTESIBHBIM, €CJIH €r0 HAIPABJICHHE CBSI3aHO C HAIMPaBJic-
HHEM 00X0/1a MO0 KOHTYPY MPaBHJIOM MPaBOro BHHTA. TOK MPOTHBOIMOJIOKHOTO Ha-




MIPaBJICHUs] CUYUTAETCS OTPULIATENIbHBIM, puc. 15.6.
1
HepaBeHcTBO Hy/I0 HUPKYJIALMUA BeKTOopa B cBUaeTenbCcTBYeT O TOM, UTO MO-

ne B HemoreHnmansHo. Takoe mosie Ha3bIBAaCTCs suxpesvim (COneHOUOAIbHbIM).
1

Teopema o uupkynsiuuu B mo3Bonser ympo-

g CTUTh BBIYMCIIEHUE MArHUTHOW WMHAYKIUH, KOT/a, BbI-
N OpaB TPOCTOH KOHTYpP, BBIYHUCICHUE NUPKYISALUN
150 1,<0 15>0 MOYKHO CBECTH K NPOU3BEACHUIO B wiu B| Ha JUTHHY

Puc. 15.6. OHpeHeHeHHe 3HaKa KOHTypa NI €ro 4actTh. I/IHaqe pvaeT I10JIs1 B BbI-
TOKa B TEOpEME O LUPKY/SIMUK  TOJIHSIOT, UCHONb3ys 3akoH buo-CaBapa-Jlamiaca
1

BekTOpa B ((15.8a) u (15.80)). .
MuddepenunanbHas popma TeopeMbl 0 IMPKYJIALMA BekTopa B:
N"B=mj, (15.16)
rae ] — IVIOTHOCTh TOKAa B IAHHOW TOYKE, ‘Ij\] ’ é‘ =myj . Ilpu aTOM KI ’ é = rotI'B. ITo
ONPENIEIICHUIO POTOP BEKTOpa B s JEKAPTOBBIX KOOPJIMHATAX BBIPAIKAETCS KAK
r r r
[ j k
B & . B "
roté:l 1 1 :@_h%r.f.éé[BX_ﬂBzgj_*_ﬂ y_ﬂBxgk_
ix My 9z fy Tzg efz Wxg ix Ty g
B, B, B,

I[IpuMeHeHHus1 TeOpeMbl 0 HUPKYJISLHHUU BEKTOpa B Kk pacdyeTy MarHUTHOT O
noyisi mpsimoro Toka. ®opmyna (15.8) ang MHIYKIMM MArHUTHOTO TIOJISE TOHKOTO
IPSIMOJIMHEHMHOTO OECKOHEYHOT'0 MPOBOAHUKA C TOKOM JaeT HEKOPPEKTHBIN pe3yib-
taT ipu I ® O, T.e. Ha ocu MpoBOAHMKA TonydaeM B® ¥ . Yyrem, 4TO peanbHBIHA
MPOBOJIHUMK MMEET KOHEYHOE TOIMepedHoe cedeHne R 1 ucmonbp3yeM Teopemy o Iup-
KyJISIUM BEKTOpa MarHuTHOW wHyKiwn (15.15).

[TycTh mocTosiHHBIN TOK | TeueT BAOIb GECKOHEYHO JJIMHHOTO MPSIMOTO IMPO-
BOJIA. 3aMKHYTHIl KOHTYp L mpencraBum B BHAE OKpY)KHOCTH pamuyca f. U3 cum-

METPHH 337a4M CIEAYyeT, YTO JUHUHU BeKTOpa B MMEIOT BUA OKpYKHOCTEN C HEHTPOM
1
Ha ocu mpoBoaa. Moaynb BekTopa B pomkeH ObITh OMHAKOB BO BCEX TOYKAX Ha
1
paccTosiHUM I 0T ocHu ipoBoja. Bexrop B HampaBiieH 1o kacaTteabHOM K OKPYKHOCTH:
1 1

oB>xdl =¢)B xdl =B, ¢l =B2pr =myl ¢
L L L

rae | (—Tok, oxBaTbIBaEMbIit KOHTYPOM L.
OTcrona cinepyer, 4To BHYTPH NPOBOJHUKA, TaK KaK 4epe3 MOIEPEeYHOe cede-

Hue paxuyca r < R teder Tok | 6= jpr?, MarHuTHas HHIYKUHS paBHA

p.= MPr _ myir _ mir (15.17)
2pr 2 2pR?
Bhe npoBonHuka ¢ TokoMm (I > R) monyyaem pe3ysibTaT, COBINAIAIOIINNA C paHee IMo-
nyuennoi popmysoi (15.8), Tak kak | (=1 u
_ ol
=2




Taxum o6pazom, Ha ocu poBogHUKA ¢ TokoM B =0. MarautHoe none nmeer
HanOOJIbIIYIO MHAYKIMIO HAa TOBEPXHOCTU MPOBOJHUKA.
------------- . : MarnuuTHoe moJie cosnenouna. Conenou-

y k*& FEAIFEEIEIEE Y 0OM HA3BIBACTCA CBEPHYTHIN B CITHPAIH H30JHPO-

’ - K AX * BaHHBIM NPOBOJHHUK, 10 KOTOPOMY TEYET DIIEK-
2ATTUTUT O U U Uy, Tpuueckuit Tok, puc. 15.7.

» f““:B * PaccMoTpuM coneHou JAauHOM |, umeromuii N

-------------- BUTKOB. Ha eIMHMIly JIMHBI COJIEHOMIA IPHXO-

IT l' nutcst N= N/l BuTkoB mpoBomHuka. Ecnm miar

Puc. 15.7. Conenonn BHUHTOBOM JINHUU JOCTATOYHO MaJl, ‘TO KaKIbIH

BUTOK COJCHOHOA MOXHO HpI/I6HI/I)KeHHO 3aMCHHUTL 3aMKHYTBIM BHUTKOM. BYIIGM TaK-
JKC Mmpeamnojaratb, 4To0 CCUCHUC NMPOBOAHWKA HACTOJIBKO MaJj0, YTO TOK B COJICHOHUAC
MOXXHO CUHUTATh TCKVYIIIHUM I10 €0 MOBCPXHOCTH.

1
N3 coobpaxeHuil CHMMETpUHU CieayeT, YTO JUHUU BekTopa B HampasiieHb
1

BJIOJIb €r0 OCH, IpPUYEM BEKTOp B cocTaBisier ¢ HampaBiIeHHEM TOKAa B COJICHOMJIE
MPaBOBHHTOBYIO cucTeMy. [looToMy BeIOEpeM 3aMKHYTBI MPSIMOYTOIbHBINH KOHTYD
ABCDA, puc. 15.7. LHupkynsauusa BekTopa B mo nanHOMy KOHTYpy paBHa
oBd = 3Bdl + 3B d + B d + Bd =mNI.
ABCDA AB BC CD DA

Ha ygactkax AB u CD KkoHTyp NEpNeHIUKYISIPEH TUHUSM MArHUTHOW WHAYKIIUU:
B, =0. MoxHO mnoka3aTh, YTO BHE OECKOHEYHOI'O COJICHOMJA MAarHUTHOE IIOJE
B =0, ynanus yuactok CB Ha 6€CKOHEYHOCTD, T/I€ MarHUTHOE TI0JI€ COJICHOU/IA PaB-
HO HYJIIO, TaK KaK MarHUTHOE IOJI€ KaXJOr0 BUTKA COJEHOMWJA YMEHBLIAETCS C
paccTossHuEM ~ rs.

Ha ydactke DA xoHTyp COBHmagaeT ¢ JTMHUEH MarHWTHOW MHIYKIMHU, BHYTpU
coneHouza nosie ogHopoaHo (B, = B). [lostomy nmeem

oBdl =Bl = myNI .
DA

CJICIIOB&TCHBHO, BHYTpU AJIMHHOT'O COJICHOWIA IIOJIC OJHOPOAHO (3& HCKIIIOUCHUECM

00JIacTe, MPUJIETAIOIIUX K TOPIIAaM COJICHOUIA):
B=mynl, (15.18)

rac Nl Ha3BIBAIOT YUCIOM amnepeumiKaoes.

15.5. Cuia Amnepa

Ha xaxnpiii HOCUTENb TOKA B IIPOBOJHUKE JAEHWCTBYET MarHUTHAs cuia. B pe-
3yJbTaTE€ MAarHUTHOE MOJIE JECUCTBYET HA CaM MPOBOJHUK C TOKOM C OMNPEAECIECHHOU
CUJIOH, Ha3bIBAEMOM CHJION AMIepa. .

A. M. Amniep YCTaHOBHII, YTO CHJIA dF , ¢ KoTOpoil MarHUTHOE TOJIe ACHCTBY-
€T Ha OIICMEHT TOKa Idl , momemieHHBIM BO BHEIIHEE MAarHUTHOE IIOJIE C
uHayknuet B, paBna

dF =1[dl,B]. (15.19)




®opmyna (15.19) Beipaxaer 3aK0H AMIiiepa:
cuiia, JICHCTBYIONIAs Ha DJIEMEHT MPOBOJHUKA C TOKOM B MAarHUTHOM II0JI€, paBHA
NPOM3BE/ICHUIO CUJIBI TOKAa Ha BEKTOPHOE MPOU3BEICHUE JJEMEHTA JJIMHBI IPO-
BOJIHUKA HA MATHUTHYIO WHIYKIUIO TIOJISI.
Hurterpupys Boeipaxkenue (15.19) mo snemenTam Toka (00ObEMHBIM MU JTHHEH-
HBIM), MOKHO HalTH MarHUTHYIO CHITY l:

1
F=Icgd ,B]j. (15.19a)
|
B gacTtHOCTH, €CIIM MATHUTHOE MOJI€ OJHOPOJHO, @ IPOBOJHUK JIMHEHHBIHN, TO

1 r
F=1IBsin(dl ,B). (15.190)
Hampaprienue cuiibl AMIEpa ONPEACISIOT HO NPAGULY J1e60i PYKu' CCIH Ja-

JIOHb JIEBOM PYKH PaclojiOKHUTh TaK, YTOOBI B HEE BXOJUJ BEKTOp B, a yeThipe BbI-
TSAHYTBIX MAJIbLA PACIOJIOKUTH IO HAIPABJIEHUIO TOKA B MIPOBOJHUKE, TO OTOTHYTHIN
00JbIION Majel] NOKaXXEeT HalpaBJIeHUE CUIIbl AMIiepa.

3akoH AMIiepa NMPUMEHSETCA I ONPENEJICHUS] CUJIbl B3aUMOJIEWCTBUSA JIBYX
TOKOB. JIBa mapajjiesIbHbIX IPOBOJHUKA C TOKOM |, ¥ |, HaxoJsaTcs Ha PacCTOSTHUU

R npyr ot apyra. Hanpasienue cui dII:1 u dF , C KOTOPBIMH TTOJISI Elil u EI32 neHcT-
BYIOT Ha NPOBOJHUKU ¢ TOKaMH |, u |,, ompenensrorcs mo mpaBuily JIEBOH PYKH,
puc. 15.8. Ecau nnvHa mMpoBOJHUMKOB BO MHOIO pa3 Oosblle paccTosHus R mMexny
HUMH, TO MOXXHO CYHTATh IPOBOJHUKHN OECKOHEUHO AITUHHBIMHU.

| I Hcnonb3yem monyueHHoe Bblpaxkenue (15.8) mms
1 2 o
T T MarHUTHOTO TIQJISI MPSIMOTO TOKA, YTOOBI HAWTH TOJE B

,—,dlé; s _f_ 51 1r000# Touke TipoBogHIKa ¢ TokoM |; (1 =1, 2):
q I '.__y-——”' :rrOIi
'y dF, B 2R

A

Torma cornmacuo 3akony Ammepa (15.19) moxxHO HaiiTh
Puc. 15.8. Bsanvoseiictaue | CHULYs KOTOpas ICHCTBYET Ha SICMEHT dl, npoBogHuKa ¢
JABYX HapaJIJIeJIBHBIX TOKOM |2 CcO CTOpOHBI HOH;I‘B]_:
IIPOBOJHUKOB C TOKOM ~rUr ror 4]
dF, =1, dl, Bysin(dly, By) =[dl, ~ B] =20 11124,
p R
CooTBeTcTBEHHO Ha y4acTok dl; mepBoro mpoBOJHHUKA C TOKOM |; TeHCTBYeT cuia
g 14l
dF=—9 124, .
2p R
1 _ 1 1
Heobxoanmo ormeruts, uro dF, -  dF, n dF, = ‘dFl‘.
Takum 00pa3zoM, 1j1st MOYJIEH CHIT MOXKHO HamucaTh o01yto GopMmyy

ny I41

dF =012, (15.20)
p R

Korma mnpoBoma HaxoasTcs B Cpee € MArHUTHOW MPOHUIIAEMOCTBIO [T

(cMm. Temy 16), 3akon (15.20) npencraBisieTcs B BUJIC

dF =MoMlala 4 (15.20)
2p R




dopmyia (15.20) mo3BosseT YCTAHOBUTD OJHY M3 OCHOBHBIX eauuuIl CU:
AmMriep — 3TO eIMHHMIIA CUJIBI TOKA, paBHAs CHUJIEC HEM3MEHSIOIIETOCS TOKa, KOTO-
PBIiA, MPOTEKas MO IBYM MapauIeIbHBIM IPOBOTHUKAM OE€CKOHEYHOW JJIMHBI U HU-
YTOXHO MAJIOTO KPYTOBOT'O CEUEHUsI, PACTIOJIOKCHHBIX HA PacCTOSTHUM 1 M OJTUH OT
JPYTOro B BaKyyMe, BbI3BAJ ObI MEXIY STUMU IMPOBOTHUKAMH CHUJTy B3aMMOICHCT-

Bus, paBHyI0 2>10 " H Ha KaIblii METp JUIMHBI IPOBOTHHKA
(4p>207 " Ti") (14) 1A) H
A =2X07—.

(2p) x(1m) M

I[JII/IHHBIG HpHMOHHHeﬁHBIC M MapalICIbHBIC IMPOBOAHHUKH C TOKAMHW OAMWMHAKO-
BOro HallpaBJICHUA MNPUTATHBAIOTCH, C TOKaMM pPa3HOIro HamIpaBJICHUA —
OTTAJIKUBAKOTCA.

F
|

15.6. MarHuTHBIH MOMEHT KOHTYpa ¢ TokoM. CuJjia, IeiicTBYIOIIAas HA
KOHTYP ¢ TokoM. PaGoTa npu nepeMeieHnu KOHTYpPa ¢ TOKOM

MarHuTHBIM MOMEHTOM ILJIOCKOTO 3aMKHYTOI'O KOHTYpa ¢ TOKOM | Ha3bIBaeT-
Csl BEKTOP

P = 1SN, (15.21)
rae S— miomajap NOBEPXHOCTU, OTPAHUUEHHON KOHTYpPOM,
KOTOPYIO Ha3bIBalOT OOBIYHO HOBEPXHOCTHIO KOHTYpa (HiIH
TIOBEPXHOCTBIO, HATAHYTOH HA KOHTYP), N — eIWHIYHBIH
BEKTOP HOPMAJIN K IUIOCKOCTH KOHTYpa, puc. 15.9. Bexktopsl
Puc. 15.9. Butok c TokoMm N U ['Dm HaMpaBJICHbI NCPICHAUKYISIPHO INIOCKOCTH KOHTY-

pa 1o npasuny npasoco sunma (cMm. puc. 15.1).
Ha peGpa a pamku ¢ TOKOM BO BHEIIHEM OJHOPOJHOM MAarHUTHOM TOJI€, MOKa-
1 1

3aHHOM Ha puc. 15.10, neiicTByloT cunbl F u F,, KOTOpbIE CTPEMATCS TOJIBKO pacTsi-
1
HyTh (WiH ckath) BUTOK. [Tockonbky pedpa b nepnennukynspusl nunusiMm B, To Ha
KaXJ0€ M3 HUX JIEWCTBYET CHUJIa, CTPEMsIIasicsi MOBEPHYTh PaMKy TakK, 4TOObI ee
1

IJIOCKOCTh ObUTa mepheHaukyisapHa k B. CrnenoBarenbHO, cO CTOPOHBI BHELIHETO
MAarHUTHOTO MOJIE Ha KOHTYp C TOKOM JEHCTBYET 8pawjaroujuti MomeHm Tapbl CUJ,
KOTOPBIH, KAK MOJKHO MOKa3aTh, OMPEALISETCS BEKTOPHBIM ITPOU3BEICHUEM

| 4 M =[p..B], (15.22)
2 lﬂl > rae P, — BEKTOP MarHUTHOI'O MOMEHTa KOHTYpa C
]?MT k > TOKOM, B - BEKTOP MArHUTHOW UHAYKIUU.
o > [lo ompenenenuio BEKTOPHOTO MpoOU3BEE-
Y z n > HHUS CKaJIsIpHas BEIWYMHA MOMEHTA paBHA
4 M = p,Bsinj , (15.22a)
? I7I€ ] —yroja MeXAy BEKTOpaMu ['Dm uB.

Puc. 15.10. IIpsimoyronpHasi pamka

C TOKOM B MArHHTHOM [O/e MoxHo jokazaTh, uyto ¢opmyna (15.22)

CIipaBE€ajinBa JJIsI KOHTYpa ¢ TOKOM, HAXOAAIICTOCS



B OJIHOPOTHOM MAarHUTHOM I0JI¢, HE3aBUCUMO OT (POPMBI STOTO KOHTYpA.
[Tpu moBOpOTE KOHTYpa ¢ TOKOM B MAarHUTHOM IoJie Ha yrod dj , MOMEHT CHJl

coBepIIaeT padboTy, KOTOPYIO ONpeaesIoT Kak dA = M >de =- PpBsinj dj =-dE,.

PaboTta uzner Ha U3MEHEHUE MOTEHIUATbHON YHEPTrUU KOHTYpa C TOKOM B MarHUTHOM
nosie. Torga noTeHuuanbHas sHeprust OyAeT paBHa

E, =0PnBsinj dj =- p,Bcos +const wum
E, =- P B +const. (15.23)

Cuaa, neiicTByOmAasi Ha KOHTYP ¢ TokoM. Cuibl Amniepa, AEHCTBYIOIINE HA
3aMKHYTBIA TPOBOJHUK C TOKOM CO CTOPOHBI MATHUTHOTO TOJIS (BHEIIHEr0 W COOCT-
BEHHOTO ITOJISI TOKA B IPOBOJIHUKE), BBI3BIBAIOT J1e(HOPMAIIHIO TPOBOTHHUKA.

1

Eciu KOHTYp HaxOAWTCSA B HEOJAHOPOJHOM MAarHUTHOM moje B, He nepnenmu-
KYJIIPHOM K TUIOCKOCTH KOHTYpa, To (hopmyna (15.22) cnpaBenBa, eciii pa3Mepsbl
KOHTYpa JIOCTATOYHO Malibl M IOJIC MOKHO CUMTATh B IpejeliaX KOHTYpa MPHOJIH3H-
TEJIILHO OJAHOPOAHBIM. Torma OyayT AeHCTBOBAThH M IMapa CHJI, CTPEMSINAsACS MOBEpP-
HYTh KOHTYP C TOKOM, M PE3yJIbTUPYIOIIasl CHJIa, BBI3BIBAIOIIAs OCTYMATEILHOE TIe-
peMelneHrne KOHTypa, BEIUMCsieMas coriacHo ypaBHeHuo (4.19) kak:

: . 2 :
F,., =-NE, =N(p,,>B), (15.24)

pes — T

1
rac B — maruuTHas HHAYKIHA BHCIIHCTO MAarHATHOTO I10JIA.
1

Hon peiictBuem cuist F

HE3aKPEIJICHHBIW 3aMKHYTBI KOHTYP C TOKOM B
HEOJJTHOPOJHOM MarHUTHOM II0Jie OyAeT mepeMenarbes MNoA00HO MAZHUMHOMY OU-
nonaro. Cunel Amriepa, I€MCTBYIOIINE HA OTAENIbHBIE YYACTKHA BUTKA, KaK U B CIy4dae
OTHOPOJHOTO MOJIsl, NEPIEHIUKYIJISIPHBL K TOKY U K MarHUTHOMY noJ0. O1Hako 1no-
CKOJIBKY JIMHUM MarHUTHOM MHAYKIUHU TEIEepb HE MAapaJuICNIbHbI, 3TU CHJIBI COCTaB-

JISIFOT HEKOTOPBIM YroJl ¢ IIIOCKOCThIO BUTKA. [ToaTOMy OH Oyner BTAruBatbcs B 00-
1 1
JacTb 0oJjiee CHIIBHOTO MarHUTHOTO TOJIsI, €CJIU Yroll ¢ MEeXAy Bekropamu P, u B

octpeiii (j <p/2, puc. 15.11,a). Eciu e atot yrox tymoii (j >p/2, puc. 15.11, 6),

TO KOHTYpP C TOKOM Oy/€T BbITAIKUBATHCA B 0071aCTh Oosee ciaadboro nojs. OTMeTuM,
ro— .

YTO MOJOXKEHNE KOHTYpa, IIPU KOTOpPOM P, - B saBnsercs neycroitunsbiM. [loso-

(V) ' 1
’KEHHE YCTOMYMBOIO PAaBHOBECHS KOHTYpa COOTBETCTBYET CiIydaro, Korga P, - - B.

Puc. 15.11. BuTok ¢ TOKOM B HEOJHOPOJHOM MarHUTHOM I10JI€:
@ — BUTOK BTSTHUBaeTCs B 001aCTh 00JIee CUIBHOTO TOJIS;
O — BUTOK BBITAJIKMBAETCS B 00J1aCTh OoJee c1aboro mosis



Ecnu BHemrnee mosie oaHopoaHo (B =const u toraa ['Dm =const), To pe3yJib-

tupytomas cwia (15.24) oTcyTCTBYeT M Ha KOHTYpP JEHCTBYET TOJBKO BpAIIAFOIIHIA
momeHT (15.22).

Pabora npu nmepemMenieHnH KOHTypa ¢ TOKOM. [IoCKOIbKY Ha MPOBOJHUK C
TOKOM B MAarHUTHOM I0JI€ ICUCTBYIOT CHJIbI AMIIEpa, TO IPHU ABUKEHUU TPOBOJHUKA
3a CUeT UCTOYHHUKA TOKa COBEpIIAeTCs padoTa.

é“ PaccMOTpuM NpPSIMONMHENHBIA YYaCTOK IIPO-

1 4 . BOJIHUKA JUTMHOM | ¢ MOCTOSIHHBIM TOKOM |, KOTOpPBIi

B /_ir/, JBIKETCS TIOCTYHATENBHO MapaIenbHo CamMoMy Ce-

Z—/’—l? oe. [lycts MarHuTHOE mosie B HampaBieHo mepreH-

L4 IUKYJIPHO K IUIOCKOCTH, B KOTOPOU ABHUXKETCS IpPO-

dr BIOIIHI/IIf, puc. 15.12. Pa6ora dA cunbl Amrmepa

Puic. 15.12. K BEMHCIICHIIO = 1[I, B] npu nepemenicHnu NpOBOAHUKA HA pac-
paboTHI IIPH MOCTYNATENLHOM crosame df onpenenﬂeTc;I dopmyson

JBHXKXCHHWU ITPOBOJHUKA C TOKOM dA F )dr —_ IBI dr —_ IB dS (1525)

rae dS — miomians, omMcaHHas MPOBOJHUKOM TMPH JBUXKECHUHU. M3 ompenercHus
marautHoro nmotoka (15.10) ypasuenue (15.25) MOKHO TIPEICTaBUTh B BUJIC
dA=1do, (15.25a)
rne dA — paboTa mpu mepeMeIleHUud MPOBOJHUKA C TOKOM, COBEpIlaeMasi CUIaMU
MarHuTHOrO 1oJisi; d@ — yBelnveHne MarHUTHOTO MOTOKA Yepe3 MoBepXHOCTh dS.

MosxHo moka3ath, 4to (opmyna (15.25a) cnpaBemiviBa U B Ciiydae MPOU3-
BOJILHOT'O TIEPEMEIICHUS] TIPOBOTHHUKA JTFO00K (hOPMBI BO BHEUTHEM MOCTOSTHHOM He-
OJTHOPOJHOM MAarHUTHOM TmoJie. [lo3Tomy, eciim paccMaTpuBaTh KOHTYP C TOKOM
NPOMU3BOJLHON (DOPMBI, KOTOPBIM JBUKETCS B MarHUTHOM TI0JIe, TO, pa30uBas Mmpo-
BOJIHUK Ha 3JICMCHTapHbIC Y4aCTKH, MOXHO NMpUMEHSTh ypaBHeHue (15.25a). Torma
paboTa 1o nepeMeIIeHu0 KOHTypa ¢ TOKOM Oy/eT paBHa

A=g do=I(D,- @), (15.26)

rae @; u @, — MarHUTHBIA TIOTOK 4Yepe3 IUIONIAaJb KOHTYypa COOTBETCTBEHHO B Ha-

YaJlbHOM U KOHEYHOM IOJIOKEHUsAX. TakuMm 00pa3om, pabora Mo MnepeMemeHuo B
MIOCTOSIHHOM MArHUTHOM I10JIE 3aMKHYTOTO KOHTYpa C TOKOM paBHa MPOU3BEIACHUIO
CHJIbI TOKa B KOHTYpe Ha M3MEHEHHE ero norokocuemieHus. ®opmyna (15.26) Bbi-
MIOJTHSIETCSI, €CJIA TOK B KOHTYPE MOCTOSIHEH.




Tema 16. MaruutHoe moJie B BelleCTBe

16.1. Hamarau4eHHOCTH. TOKM HAMATrHUYMBAHUSA

1
HpI/I BHCECCHHMH TOI'O MJIHW MHOI'O BCIHICCTBA B MArHHUTHOC IIOJIC B , HalIpuMmep

o0pa3oBaHHOE TOKaMHU B MPOBOJIAX, Moje u3MeHseTcs. [IpuuuHoit sBisieTcs TO, 4TO
PSIT BEIIECTB SIBISICTCS MACHEeMUKAMU, T.€. OHU CIIOCOOHBI O] ACHCTBUEM MarHuT-
HOT'O II0JISI HAMAarHUYUBaThCA — npno6peTaTL MarHUTHBIM MOMEHT. HamaranueHHoe

BEILICCTBO CO3/1aCT CBOE MATHUTHOE T10JIC B PesynbTupytomiee nose B Oyzer paBHO
B=B¢+B :
rjae B B — TIOJIsL, YCPE/IHEHHBIE 110 ¢du3nuecKku OECKOHEYHO MajIoMy 00BEMY.

Kak u mone B , TIOJIE B( HE MMEET TOYCYHBIX HCTOYHUKOB (MarHUTHBIX 3apsi-

noB). CienoBatenbHo, meopema I'aycca ons pesynsmupylouie2o nojis npu npucym-
cMmeuu MazHemuKa 3anyichbiBaeTcs Tak:

OB >dS =0, (16.1)
S

T.€. JINHUU BEKTOpa B un [IpY HAIMYMH BEILIECTBA B MATHUTHOM I10J1€ HENIPEPBIBHEL.
MexaHu3M HaMarHU4uMBaHus. V3BECTHO, 4TO MOJIEKYJIBI MHOI'MX BELIECTB
001a1al0T cOOCMEEHHBIM MASHUMHBIM MOMEHMOM W3-32 ABWKEHUS DIJIEKTPOHOB I10
3aMKHYTBIM MHUKPOCKOIIHYECKUM OpOHMTaM B MpeesiaX KaXIoW MOJCKYJbl (aToMa).
Kaxx1oMy MarHUTHOMY MOMEHTY COOTBETCTBYET MOJICKYAAPHBLI MOK — DIIEMEHTap-
HBI KPYrOBOM TOK, CO3JAIOIIMN B OKPY’KAIXOILIEM MPOCTPAHCTBE MATHUTHOE IIOJIE.
IIpn OTCYTCTBHM BHEIIHETO MarHUTHOTO IONI MAarHUTHBIC MOMEHTBI MOJIEKYJ OpH-
E€HTUPOBaHbI OecropsiiouHo. Toraa paBHbI HYIIIO ¥ T0JIe B(, u cymmapHbIif MarHuT-
HBIII MOMEHT BellecTBa. Bo BHemHeM nosie B, MarHuTHBIE MOMEHTHI MOJIEKYII MIPH-
oOpeTaroT MPEUMYIIECTBEHHYI0 OPHEHTAIUIO 1 BEIIECTBO HAMArHUYMBACTCS, BO3HH-

kaet nosie B(. CyMMapHbIii MAaTHUTHBIA MOMEHT BelllecTBa OYJET OTIMYEH OT HYJIS.
IIpn BHECEHUM BO BHEILHEE MOJIE BEMIECTB, MOJIEKYJIbl KOTOPBIX HE UMEIOT MPHU
1

OTCYTCTBMM HOJA B, MarHMTHOro MOMEHTa, B MOJIEKYyJIaX WUHIYLUPYIOTCS MOJIEKY-
nsipuble TOKM. ClieloBaTeNbHO, BEIIECTBO MPUOOpPETAeT MAarHUTHBIM MOMEHT, YTO U
1

MPUBOJUT K BO3HUKHOBEHMIO ToIs1 BC.

Takum oOpa3oM, HaMarHMYMBAaHUE BEIIECTBA OOYCIOBIECHO MPEUMYIIECTBEH-
HOU OpPUEHTAIMEN WA UHAYIIUPOBAHUEM MUKPOCKOMUYECKUX MOJIEKYJISIPHBIX TOKOB
BO BHEIIIHEM MAarHUTHOM Tosie. Takoe moBeneHne MOJEKYIAPHBIX TOKOB MPUBOAUT K
TIOSBJICHUIO MAKPOCKOIIMYECKUX TOKOB, HA3bIBACMbIX MIOKAMU HAMAZHUYUEAHUA | C
Toxkn HaMarHM4YWBaHUSA CO37al0T JOMNOJHUTECIbHOE MAarHMTHOE I10JIE B( Toxkamu
npoeoouMocmu Ha3bIBAIOT TEKYLIME MO MPOBOJHUKAM TOKH, CBSI3aHHBIE C MEpeMe-
IICHUEM B BEIIECTBE HOCUTENEH TOKa. OTMETUM, YTO B OTJIMYUE OT TOKOB MPOBOJIH-
MOCTH TOKM HAMAarHM4MBaHUSI HE MPUBOJAT K NMEPEMEILICHUIO 3aPsi/ia IO MATHETHKY.

CreneHb HAMarHMYMBAHUSI MATHETUKA XAPAKTEPU3YETCSI HAMATHUYEHHOCTHIO

1
J — MAarHuTHBIM MOMEHTOM E€IUHHUIILI 00bEMA.:



r 1 o1
J=—an 16.2
oy & P (16.2)
rie DV — ¢usnyeckn OeckoHeyHO Maniblii 00BEM B OKPECTHOCTH AAHHOW TOYKH;
1 < [V}
P,, — MarHUTHBIII MOMEHT OTIAEIbHON MOJIeKYlbl. CyMMUPOBAaHUE NPOBOAMUTCS I10
BCceM MoJjiekysiaM B o0beme DV . HaMarHnueHHOCTh MOXKHO TaKk)Ke OMpeaesuTh KaK
) [
J=n(py), (16.3)
I . .
I7i€ 1 — KOHLIEHTPALUs MOJIEKYJI; < pm> — CpEJIHUI MarHUTHBI MOMEHT MOJIEKYJIbI.
1
Ecnun BemecTBo HAMarHM4eHO OAHOPOJHO, TO BEKTOp J BO BCEX TOYKAaX Mar-
HETUKa OJMHAKOB.

16.2. lupkyasimst HaMaramyeHHocTi. Bekrop H (HANPSDKEHHOCTH MATHUTHOTO TTOJIST)

1
Teopema 0 UMPKYJASIIUN BEKTOPAa HAMATHUYEHHOCTH J !
1

HUPKYJSUS BEKTOpa J MO MPOU3BOJILHOMY 3aMKHYTOMY KOHTYpY L paBHa anreo6-
panvyecKoil CyMMe TOKOB HaMarHMYMBAHUS, OXBAThIBAEMbIX KOHTYPOM L:

ol =1¢ (16.4)

1 1
rae | €= j &dS, npuyem MHTErpHpoBaHUE NPOBOAUTCS MO IPOU3BOIBLHON IOBEPX-

HOCTH KOHTypa L. Ilone BexTopa J OrpaHMYeHO 00JIACThIO MPOCTPAHCTBA, 3aMOJI-
HEHHOW MarHeTUKOM, M 3aBUCHUT OT BCEX TOKOB — HAMAarHWYMBAHUSI M IPOBOAUMOCTH.
NuddepenunanbHas ¢popma ypasaeuus (16.4) umeet BU:
N J=j¢ (16.5)
T.€. POTOp BEKTOpa HAMAarHMYEHHOCTH PaBEH IMJIOTHOCTH TOKAa HaMarHMYWBaHUS B
TOM K€ TOYKE IIPOCTPAHCTBA.
ITockobKy B MarHeTHKax, MOMCIICHHBIX BO BHEILIHEC MAarHUTHOE IOJE, BO3-

HUKAIOT TOKU HAMarHWUYMBAaHUs, TO yupkyiayus eekmopa B Oyner onpenensarbcs He
TOJBKO TOKaMH MIPOBOAMMOCTH, HO U TOKAMH HAMArHUYMBAHUS :

o>l =my(1 +19, (16.6)

rae | m 10 = coOTBETCTBEHHO TOKM MPOBOAMMOCTH M HaMarHUYMBAHUS, OXBAThIBaE-
Mble KOHTYpoM L. @opmyiny (16.6) cli0’KHO HCITOJIB30BAaTh U3-3a TPYAHOCTH OMpe/e-
nenwst TOkoB | ¢ B obmiem ciydae. J[nst yOpomeHUST U3yYEHHs MO B MarHeTHKaX
BBOJIAT BCIIOMOTATENbHEINH BEKTOP. IIycTh B ypaBHeHMAX (16.6) u (16.4) uupkynsiwms

BEeKTOpoB B n J OGepercs mo omHOMY KOHTYpY L. l:Ipeo6pa3yeM ypaBHeHue (16.6):

[ [ e rg r
SRl = my(1 +gyodl), Q‘%E-J?dl:I.
L L L My %] |
Hanpsizke HHOCTHI0O MATHUTHOI'O MOJIsA Ha3bIBaeTCs BekTop H :
r g r
H=2 7. (16.7)
m

Eannauna nanpspkeHHOCTH MarHuTHOro nosist B CU — amniep Ha metp (1 A/wm).



16.3. Teopema 0 MUPKYJALNH BEKTOPa H

1
O00061mKM TeopeMy 0 IUPKYJsAuy BekTopa B (15.15), momyueHHyIO it Mar-
HUTHOTO 10 B Bakyyme. Mcnonb3yeM BbIpaxeHHe (16.7) u 3anumemM Teopemy O
HMPKYJISAIMA BEKTOPa H (3a1<0H NO1H020 MOKA ]Il MArHUTHOTO TIOJIs B cpene):

@H dl =1, (16.8)

T.€. HUPKYJSIUS BEKTOpa H 10 NMPOU3BOJIBHOMY 3aMKHYTOMY KOHTYPY paBHa aj-
reOpanyeckoi CyMMe TOKOB MPOBOJMMOCTH, OXBATHIBAEMbBIX 3TUM KOHTYPOM.
1

JMuddepenunanbuas popma TeopeMbl 0 HMPKYJISAUMU BeKTOpa H :
1
potop Bekropa H paBeH MJIOTHOCTM TOKAa MNPOBOJAMMOCTH B TOM XK€ TOYKE
BEIIECTBA

X, T T

N "H=j. (16.9)
1

JlaHHast TeopemMa BhIpaXKaeT ONPECICHHOE Cc8olcmeo Nodis BekTopa H , ca-

1
MO K€ IMOJIE 3TOr0 BEKTOpa oHa He ompenenset. [lone H B obmem cinydae 3aBu-
CHUT OT BCEX TOKOB — M OT TOKOB IIPOBOJAMMOCTH, U OT TOKOB HAMAarHUYWBaHU.
1 1

Ces3p Mexkay Bektopamu J u H . B HecuibHBIX 10JIX HAMArHUYEHHOCTh
1

j MPOMOPIIMOHANIbHA HANpPsDKEHHOCTH H  1osisi, BBI3BIBAIOIIETO HAMarHUYHUBaHUE.
[ToaTOMYy MOKHO BBECTH MOHATHE MArHUTHOW BOCHIPUHUMYMBOCTH y BEIIECTBA!
J=cH, (16.10)
rje y — 0e3pa3MepHasl BeIMUMHA, XapaKTepHas sl KaKJI0ro JaHHOTO MarHeTHKa.
B ormninumne OoT AUAIEKTpUYECKOM BOCIIPUMMYUBOCTH &, KOTOpasi BCeraa Iojo-
KUTEIbHA, MACHUMHAA B60CHPUUMYUBOCHD ¥ OBIBACT KaK MOJIOKUTEIbHOM, TaK U
otrpuniatesbHOM. C1abOMAarHUTHBIE BENIECTBA — MATHETUKH, IS KOTOPBIX |C| <], -

TOPA3/ICIAIOTCS Ha nAPaAMACHEMUKU (X > ,O) u ouamaznemuxu (y < 0). Y nmapamar-
HETHKOB J - - H , y 1MaMarHeTHKOB, J- H.

CBs3b MexK1y BEeKTOpaMH B u H . CnaGomaruurhbie BEIIECTBA MOJIYUHS-
totcst 3aBucuMocTd (16.10). JIns aux Beipakenue (16.7) mist BEKTOpa HaNPSIKEHHO-
CTH MarHUTHOTO I10JIsi IPUHMMACT BH]I

r B r r
H=—-cH b (@A+c)H=—.
M M

[ToaTomy 1ojryyaem B ciaydae OIIIHOpOHHOﬁ Hlsmponﬂpﬁ cpenbl
B=m(@+c)H=mnH, (16.11)
rae W=1+C — macnumnasa nponuyaemocms cpeovl — BEINYNHA, XapaKTEPU3YIO-
mas  PeakIuio Ccpeabl Ha  BO3JCHCTBUEC  BHEIIHETO  MAarHUTHOTO  TIOJIA
HanpspkeHHOCThI0 H (cMm. moxaremy 15.1). MarHuTHbIE CBOWCTBAa UAMarHETHKOB
(m <1) u mapamaraeTuxoB (M >1) BeIpaskeHbI 0OYeHb ci1abo. Hanpumep, y quamarte-
THUKOB BOJIOPOIa, BOJBI U BUCMYTa MarHUTHAsI BOCIIPUUMYHNBOCTD ¥ PaBHA COOTBETCT-
Benno -0,063-10°, -9,0-10° u -284-10°. Jlns TakuxX MapaMarHeTHUKOB, Kak BO3YX,
IJIaTUHA U SKUAKANA KUCIIOPOJ, BEIIMUMHA ) COCTaBIISET COOTBETCTBEHHO 0,38-10'6,



360-10°° u 3400-10°.
1
Teopemy o nmpkynsiuu Bektopa B (16.6) npu 3amoiHeHUN MarHETUKOM BCe-
ro MPOCTPAHCTBA, /1€ UMEETCS] MAarHUTHOE T0JI€, YaCTO 3alKChIBAIOT TaK:

oBdl =myml . (16.12)
L

1 1
I'panuynbie yciaoBus s BekTopoB B m H . PaccMotrpum rpanuily aByx
J0CTATOYHO MPOTSKCHHBIX (OCCKOHEUHBIX) C1a0OMarHUTHBIX BeliecTB 1 u 2 ¢ mar-
HUTHBIMM IPOHULIAEMOCTSIMU IY; U IT, COOTBETCTBEHHO. IlycTh Ha rpanuie paszgena
1 1

MAaro€TUMKOB HET TOKOB IMPOBOANMOCTH. JInaumn HMHAYKIIUN B u HaNpsAKEHHOCTHU H
MAaruuMTHOI'O I10JIA MCIBITBIBAIOT M3JIOM HA I'paHUIC pasaciia. HOpMaJIBHBIC COCTaB-

JSIOUIUE BEKTOPOB BuH s cpenax Oyaem o003Ha4aTh COOTBETCTBEHHO B, m H;,
(1 =1,2). TanreHnuagbHbIC COCTABISIONINE BEKTOPOB — KacaTeNbHbIE K MOBEPXHO-
cTu pasaena —coorBercTBeHHO B, m H; . C momomsio Teopembl ["aycca nns Bek-
Topa B (16.1) u Teopemsl 0 IHPKYJISILIAA BEKTOPA H (16.8) MOXHO TOTYYUTH Clie-
AYIOLIME YCIOBUS Jiisl BeKTopoB B u H Ha rpanwmiie pasmena 1ByX MarHeTUKOB:

B, = By, %:%, (16.13)
Hy = Hy , :—i::% (16.13a)

Takum oOpa3om, mpu mnepexoie yepe3 rpaHully paszzesa JABYX OAHOPOJIHBIX
MAarHeTHKOB, KOT/[d Ha IPaHHIIC pa3jiela HeT TOKOB MPOBOAMMOCTH, HOPMasIbHas CO-
CTaBJIAIOMIAs BEKTOPA MArHUTHOW WHAYKIMH B ¥ TaHreHIMaabHAs COCTABIIAIONIAs
BEKTOpa HaIpPSKEHHOCTH H HCTIPEPBIBHEI, T.€. HE H3MEHAIOTCS. IIpi 9TOM TaHIeH-
[MaJIbHbIE COCTABJISIOLINE BEKTOPA B u HOPMaJIbHBIE COCTAaBJIAIOIIME BEKTOPA H
MPETEPIEBAIOT CKAYOK.

B pesymbraTe moiy4aeM 3aKOH MPEIOMICHHS JIUHHI BEKTOPA B KOTOPBIi
TaK)X€ BBIMOJHAETCS. B U30TPOMHBIX MAarHETUKAX s JIMHUI BEKTOpa H nons:

tga, _m
wa, m (16.14)
rie a, U a, — yIIbl MEXAY JIMHUEH UHIYKLIHU B (HampsHKEHHOCTH H ) ¥ HOpMa-
JBIO0 K TIOBEPXHOCTH pa3/ejia MarHeTUKOB.
B 3akioueHue oTMETUM, YTO JTUHUU BEKTOpa B BCerza 3aMKHYTHI, B TO Bpe-

Ms KaK Ha I'paHMIle JBYX MarHeTUKOB JIMHUHM BEKTOpa H MOTYT BO3HUKATh WJIA 00-
PBIBAThCS (M3-32 MOBEPXHOCTHBIX TOKOB HAMArHUYHBAHHS).

®eppomarneTusm. Deppomaznemurkamu HA3BIBAIOTCS TBEpAbIE BEIIECTBA,
o0Jiajaroiye Mpy HE CIHMIIKOM BBICOKHX TEMIIEpaTypax CaMOMpPOU3BOJIbHOM (CITOH-
TaHHOM) HAMAarHHYCHHOCTHIO, KOTOPasi CUILHO M3MEHSETCS O] BIUSHUEM BHEIIHUX
BO3JIEHCTBUI — MAarHUTHOIO MOJIs, 1eOopMalivii, U3MEHEHUS] TEMIIEPATYPHI.

deppoMarHeTUKU B OTIMYHME OT CIAOOMAarHUTHBIX Ma- U MapaMarHeTUKOB SIB-
JSI0TCSA CUJIbHOMArHUTHBIMU CPeJaMH. BHYTPEHHEE MAarHUTHOE IOJI€ B HUX MOXET B



COTHHU W THICAYM pa3 MPEBOCXOJUTH BHEIIHEE MoJjie. TakKuMHU CBOWCTBaMHU 00JIadaroT,
HanpuUMep, MmepexoaHbie MeTauibl (kene3o Fe, kobansr Co, Hukenb Ni), HEKOTOpbIC
peIKO3eMeNbHBIC AJIEMEHTBI U PsijI CIUTaBOB. BOJIbION BKJIaJ B 9KCIIEPUMEHTAIBHOE
nuzyueHue cBoicTB heppomaruetukoB BHec A. I'. CronetoB (konerr XI1X B.).
Ocnoenasn Kpueas namaznuuueanus HeppoMarHeTuka — 3TO KpUBas Hamar-
HuuuBanus J = J(H), puc. 16.1. Ha puc. 16.1 npeanonaraercs, 4To B HCXOXHOM CO-
CTOSIHMM, TE/IO HE HAMArHM4eHO. MarHuTHas MHIAYKUMs B ¢eppomarHeTnkos 3aBu-

cut ot H , nomobHo HamarunyeHHocTH J , HeMMHENHHo. [loaToMy MarHuTHasi MpoHHU-

1IaeMOCTb i 3aBUCUT OT HAIPSHKEHHOCTH H Mo Takke HEeJIuHEelHHo, puc. 16.2.
A

J
JHGC
0 H
Puc. 16.1. KpuBble HAMarHUYMBaHUSI MarHETHKOB: Puc. 16.2. 3aBUCHMOCTh MarHUTHOM
1 — peppomarnetuku (u>>1); MPOHUIIAEMOCTH i (hepPOMArHETHKOB
2 —napamarnetuku (¢>1); 3 — nnamaraeruku (u<l) OT HANpsHKEHHOCTH TIOJIS

Maznumnsim 2ucmepe3ucom Ha3bIBACTCS SIBICHUE, KOTJA MPEABICTOPUS Ha-

MarHUYHMBaHUS OMPEENISICT 3aBUCHMOCTh HAMAarHHYCHHOCTH J OT HANPSKCHHOCTH

MarHuTHOro nmojisi H (wnmu B ot H) B dheppomarte-

1 tuke, puc. 16.3. Ecnu dpeppomarueTuk HaMarHu-

TUThH 70 Hackimenuss (kpuBas 0-1), a 3arem

ymenbiiate H (kpuBas 1-2), To npu H = 0 B dep-

POMArHETHKE OCTAHETCS OCHIAMOYHAA HAMAZHU-

y Hye H yennocms J.,, . OTO SIBICHUE HCIOIB3YIOT NPH
-J

U3TOTOBJICHHH TOCTOSHHBIX MAarHuToB. J[isi Toro
4TO0bl YMEHBIIUTh HAMArHHYEHHOCTHh JIO HYJIS,
HAJI0 MPHUIOKUThH MPOTUBOIOJIOKHO HAIPaBIICH-
Hoe moje (Touka 3), ¢ HANPSHKEHHOCThIO H,., KO-
TOpasi Ha3bIBACTCS KOIpUumueHou cunou. llpu
YBEJIUYECHUU IPOTUBOIOJIONKHOTO TOJs (heppOMArHETUK MepeMarHuuuBaeTcs (Kpu-
Bass 3—4), nocturas HachlneHus (Touka 4). 3aTeM ero MOXKHO OISITh Pa3MarHUTHTD
(kpuBast 4—5-6) 1 BHOBb NMEPEeMAarHUTHUTh 10 HachleHus (kpusas 6-1). M3menenue
HaMarHM4YeHHOCTU OMUCHIBACTCS nem.ieil 2ucmepe3uca — kpupo 1-2—3-4-5-6-1.
Korna B Toukax 1 un 4 nocruraercs maznumnoe nacviujenue (J, . — Hamaz-

'JHac

Puc. 16.3. MarHuTHBINA THCTEPE3UC
B (heppoMaraeTukax

HUYEHHOCMb HACbLUeHUs), TIONYIaeTCs MaKCUMalbHas MeTs rucrepesuca. VHade

MOJTy4aroTcsl MoA0OHbBIE METIN TUCTEpE3nca, HO Kak Obl BIMCAaHHBIE B Hee, puc. 16.3.
Jlns xaxgaoro geppoMarHeTuka UMeEETCsl OMpe/eNIieHHass TeMIlieparypa, Hasbl-

Baemas moukoit Kiopu T ., npu KOTOPOH OH TepsieT CBOU (heppOMArHUTHBIE CBOMCT-

Ba. [Ipu HarpeBanuu Boilie Touku Kiopu dpeppomarueruk npespaiiaercs B 0ObIYHBIN
napamarfetuk, puc. 16.1. OtMerum, 4ro QU3NYECKYI0 TpUPOAY (PpeppoMarHeTU3Ma
YJI0Ch MOHSTH TOJIBKO C TOMOLIBIO KBAHTOBOM (PU3HKHU.



Tema 17. SIBjeHue 3J1eKTPOMATHUTHOM MHIYKIHH
17.1. OnbiTel @apapes. llpasuio Jenua

Paccmotpum onbiThl M. ®apanes (1831), B KOTOPBIX OBIJIO OTKPHITO A61€HUE
InekmpomazHumnoi undykyuu. OHO 3aKJIIOYAETCS B TOM, YTO B 3aMKHYTOM MPOBO-
JSIEM KOHTYpEe TpPH USMEHEeHUU NOMOKA MASHUMHOU UHOYKYUU, OXBATHIBAEMOIO
OTUM KOHTYPOM, BO3HUKAET OJJICKTPUUYECKUN TOK, TOJYYUBIIMNA Ha3BaHHE
UHIYKIUOHHOIO.

OneiT 1. ConeHoupa NOAKIOYEH K
rajgbBaHoOMeTpy. Eciin B coneHOU I BIABUTATh
(MM BBIABUTATH) MOCTOSHHBIA MarHUT, TO B
MOMEHTBI BIBUTaHUs (WM BBIIBUTAHUS)

il
HAOJIIOaeTCsl OTKJIOQHEHUE CTPEJIKH TajibBa-
K> HOMETpa, T.€. B COJICHOMJC HHAYLMPYETCS
anekrpoaBmwkymas cuia (9JC), puc. 17.1, a.
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HanpaBneHus OTKIOHEHHsS] CTPENKH NIPHU

BJIBUTAHUM W BBIABUTAHUM TPOTHBOMOJIOXK-

Puc. 17.1. Ombiter M. dapazes: Hbl. EciiM MOCTOAHHBIM MarHuT pa3BepHYThH

a — B coneronze upAymmpyercs DJC mpu  TaK, YTOOBI MOJIOCA MOMCHSIINCH MECTaMU,

OTHOCUTEJIFHOM JBIKEHUH Maruura u co- TO W HAIIPABJICHUC OTKIOHCHHA CTPCIIKHU

JNeHOU/1a; 6 — B Karymke K> BO3HHKAaeT TOK  MU3MEHUTCS Ha MPOTHUBOINOJOXKHOE. OTKIIO-

1Y U3MEHEHUN TOKA B KaTylIKe K1 WM gepye CTpENKH TadbBaHOMETPA TeM 0OIb-

fIpH TICPEMCIICHITH KATYIICK me, 4deM OOJbIIE CKOPOCTh JBHIKEHHS
OTHOCHUTEIBHO APYT APYyra

MarHuTa OTHOCHUTEJIBHO COJIEHOU/A.

Taxoit xe 3 ekt OyaeT, eclii MOCTOSHHBIA MATHUT OCTaBUTh HEMOABUKHBIM,
a OTHOCUTEJIBHO HETO NEPEMENIATh COJIEHOU.

OmnbiT 2. Onun coneron (K1) MOAKITIOYEH K HCTOYHHUKY TOKa. JIpyroi cojieHo-
un (K>2) NOAKIIOUEeH K rajibBanoMetpy, puc. 17.1, 6. OTKIIOHEHUE CTPENIKH TraJIbBaHO-
MeTpa HaOJII0JaeTCsl B MOMEHTBI 6KII0UeHUsl WIN 8bIKIIOYEHUs TOKA, B MOMEHTBI €ro
yeenuueHus WA yMeHbuleHus B KaTylike Kj Wiu Nnpu nepemewjenuu KaTymeKk Apyr
OTHOCHUTEJIBHO Jpyra. [Ipu BKIIFOYEHUN M BBIKIIFOUEHUH CTPEJIKA OTKJIOHSETCSA B pas-
HBIE CTOPOHBI, T.€. 3HaK UHAYIHPOBaHHON D/]C B 3THX cllydyasx pa3janycH.

BO3HMKHOBEHNE MHIAYKIMOHHOIO TOKAa B ombITax dapajnes yka3blBaeT Ha Ha-
JUYUE B IENH dIEKTPOABIKYIIEN cuibl. OTa D/]C Ha3bIBaeTCS 3JIEKTPOABUKY LIEi
cuIoi dekTpoMaruuTHoil uHayKuuu (3//C undykyuu) €. .

a

OcCHOBHBIE CBOMCTBA HHIYKITMOHHOTO TOKA:

1. BozHukaer Bcerna, Korjaa nNpoOUCXOIUT U3MeHeHue MarHuTHOrO MOToKa ye-
pe3 mIonaap, OrpaHUYEHHYI0 KOHTYPOM.

2. He 3aBucur ot cnoco6a M3MEHEHUs MOTOKAa MArHUTHON MHAYKIMH, a ONpe-
JENSAETCA JIIb CKOPOCMbIO €20 USMEHEHUSL.




OTKpbBITHE SABJIEHUA JIEKTPOMATHUTHOM MHAYKIIMHU TTOKA3aJI0:

— B3aHMMOCBS3b MEXK]y JIEKTPUUECKUM U MArHUTHBIM TOJIEM;

— BO3MOXHOCTb IOJYYEHHUS IIEKTPUYECKUX TOKOB C MOMOIIBIO MarHUTHOTO
TOJISL.

SIBneHue SJIEKTPOMAarHUTHOW WMHAYKIMU TMPUMEHSIETCA Uil NpeoOpa3oBaHMs
MEXAHUYECKON DHEPTUU B dHEP2Uio 31eKmpuyecko2o mokda. B oCHOBe NpuHUIMNA pa-
OOTBI AIEKTPOABUTATENCH JIC)KUT JaHHOE SIBJICHUE.

HampaBnenne MHIYyKIIMOHHOTO TOKa (a 3HAYWT, M 3HAK € ) ompenesseTcs mo

npasuiy JleHua: rmpu BCAKOM u3MeHeHuu MarHUTHOTO TTIOTOKA CKBO3b IIOBEPXHOCTD,
HATSAHYTYIO0 Ha 3aMKHYTBIA POBOISIIMNA KOHTYDP, B KOHTYPE BO3HUKAECT MHIAYKIIUOH-
HBI TOK TaKOT'O HANpPaBJIEHUS, YTO €r0 MAarHUTHOE MOJIE NPENATCTBYET W3MEHEHUIO
MAarHuTHOTO MOTOKA, BbI3bIBatoero JJ1C nHayKInm.

[TpaBusio JleHna BeIpakaeT CyIEeCTBEHHbIN (HU3NYECKUN (aKT — CTpEeMIICHUE
CHCTEMBl TPOTHBOJCHCTBOBATh HM3MEHEHUIO €€ COCTOSHUSL (d1exmpomacHummas
uHepyust).

17.2. 3ak0H 2J1eKTPOMATHUTHON MHIYKI[HHN.
IMosHbIi MArHUTHBIH MOTOK (MoTOoKOcuemIeHne). Toku Dyko

3aKoH JIEKTPOMATHUTHOM MHAYKIMH (3akon Dapades):
DJIC 31eKTPOMAarHUTHON MHIYKIMH B KOHTYPE YHCIEHHO paBHA M IPOTHBOIIO-
JI0KHA TI0 3HAKY CKOPOCTH HM3MEHEHHS MAarHWTHOI'O IOTOKA 4epe3 MOBEPXHOCTH,
OrpaHUYEHHYIO STHM KOHTYPOM:

e = RN (17.1)

JIns 3aMKHYTOrO KOHTYpa CYMMAapHbIM MarHUTHBIM MOTOK @ CKBO3b MOBEPX-
HOCTb, HATSIHYTYK0 HAa TaKOW KOHTYp, — 3TO nomoxocyenienue ¥ NTaHHOro KOHTypa
(moTHBII MAarHUTHBIH MOTOK). [ToaTOMY B 3/eKTpoTeXxHHKe 3akoH dapajes 4acto
3aMMChIBAIOT B hopMe

dy
g =-—.
dt
Ennnuna 3/1C snextpomarautHoit uaaykiuuu B CU — Bonbt (B).
[Ipu cropocTn M3MeHeHHss MarHuTHOTO notoka 1 BO/c B koHTYpe MHIyHUpY-
ercsi D/1C, paBHas 1 B.
3uak MuHyc B 3akoHe Papanmes (17.1) cBs3aH ¢ ONpeneICHHBIM MPaBUIOM
3HAKOB!
— 3HAK MarHUTHOI'O MOTOKa @ ompenensieTcss BHIOOPOM HOPMalld K MOBEpX-
HOCTH S, OrpaHMYE€HHON paccMaTpUBaEMbIM KOHTYPOM,;
— 3Hak JJIC nHaykuuu € — BbIOOPOM IOJIOKUTENBHOIO HAIpaBJIEHUsS 00-

(17.1a)

Xoja 1o KoHTypy. HanpapneHnue HopManu N K MOBEPXHOCTH S U MOJIOKUTEIBHOE HA-
npaBjieHHe 00XoJa KOHTypa CBS3aHbl JAPYr C JIPYIOM NpASUlOM Npaso2o GUHMA,

puc. 17.2.
[ToaTOMy, MpOU3BOJNILHO BBHIOMpAsi HANpaBIEHWE HOPMAIH, MbI ONpEIesieM



3HaK M0TOKa & i 3HaK D]IC, a Takke HarpaBJIeHUE HHAYKIIMOHHOTO TOKA.

KoHTyp JABHKETCSI B NOCTOSIHHOM MATHUTHOM
nmoJie. PaccMOTpUM KOHTYD C MOBIKHOM TIEPEMBIYKOM
amuHoH |, puc. 17.3. TIycTh OH HAXOIUTCSI B OJTHOPOI-

+ HOM CTAIlMOHAPHOM MArHUTHOM IIOJI€, IMEPICHINKY-

Puc. 17.2. TIpausio NpaBoro  jgpHOM IUIOCKOCTH KOHTYpa W HANpPaBJI€HHOM 3a

BHHTA, CBALIBAIOMEE IUIOCKOCTh PHCYHKA. HauHeMm JBWrath MNEPEeMBIYKY

Hgigif;iiigiﬂﬁgﬁgﬂ;ﬁe BIPaBO co ckopocThio U . Bmecte ¢ nepeMVHqKoﬁ Hay-

06X0/1a KOHTYpa HYT JBHTaThCS M BCE HAXOISIIHECS B HEMl cBOOOIHBIC
3JICKTPOHBI.

B pe3ynbTaTe Ha 3JIEKTPOHBI ACHCTBYET BIOJb NIEPEMBIKI MATHUTHAA COCTaB-
nstomast cuibl Jlopenta F=- e[u B] W DJICKTPOHBI

Hanpasienue AE cmop
06x0/1a vﬁ < HauYHYT IIEpEeMELAThCs 10 MEPEMBIYKE BHU3 — IIOTEYET
O, | L, TOK |, HampaBiIeHHBIA BBEPX. DTO U €CTh MHIYKIUOH-
ly B u Hell TOK. IlepepacnpenenuBiiuecs 3apsabl (Ha Io-
BEPXHOCTH TPOBOJHUKOB) CO3JaayT AJICKTPHUECKOE
Puc. 17.3. K onpenenenuto noJie, KOTopoe BO?:6YJII/IT TOK U B OCTaJIbHBIX Y4YacTKaX
€ B Ciydae, Koraa KOHTYp KoHTypa. Cuna F HE3NeKTpOCTaTUYEeCKOW MPHUPOABI
JIBHIKETCS B MIOCTOSHHOM SIBISICTCSL CTOPOHHEH CHION (CM nonremy 14.3). Eii

MarHHTHOM nozte B COOTBGTCTByeT Toe EcmOp = F/ (-e).

Hupkynsauust BEKTOpa E [0 KOHTYPY [JA€T IO OINPEACICHUI0 BEIUYUHY

cmop
O/1C mHayKInH, U MOJydaeM B IIaHH(I)M ciydae, uTo
= @ mop Xl =UBI . (17.2)

Kontyp HenonBumikeH (HaBeneHne BUXPEBOro 3JICKTPHYECKOr0 MO/
E(r t) mepeMeHHBLIM MATHHTHBLIM I0JIEM B(r t)). CoruacHo 3akony dapajes,
BO3HUKHOBeHUE D/[C 31€KTpOMarHUTHONW MHAYKLIMHA BO3MOKHO M B CIy4ae HEIMOA-
BIYKHOTO KOHTYPA, HAXO/SIIIETrocsl B IEPEMEHHOM MAarHUTHOM ToJie. OMbIThI MOKa3bl-
BaroT, 4To DJIC MHAYKIMY HE 3aBUCUT OT POJIa BEIIECTBA IPOBOJIHUKA, OT COCTOSTHUS
MIPOBOJHUKA, B YACTHOCTH, OT €ro TEMIIEPaTypbl, KOTOpPasi MOXKET ObITh HEOJMHAKO-
BOU BJI0JIb IIPOBOAHUKA.
A Jlx. Makcenn st o0bsicaenust DJ1C uHayKiuu
B HEMOJBMXHBIX IMPOBOJHUKAX MPEANOIONKUI, UYTO ne-
pemenHoe MaznumHoe nojie BO30YXKIAaeT B OKpYXkaro-
IIEM MPOCTPAHCTBE BUXPEBOE DJIEKTPUUECKOE MOJIE, KO-
TOPOE U ABJISIETCS NPUYNHON BO3HUKHOBEHUS! MHIYKIIM-
OHHOro ToKa B mpoBogHuke. Ha puc. 17.4 npusenen
IpUMEpP BUXPEBOTO AIEKTPUUYECKOTO MOJIsI, BO3HHUKAIO-
LIETO NPU 803PACMAHUY MATHUTHOT'O TTOJIS.

DnexTpudeckoe rnose, Bo30yK1aeMoe U3MEHEHUSIMU MarHUTHOTO TOJIsl, UMEET
3AMKHYMble CUNOSble JUHUU, T.€. NPEICTABIIET coboii BuxpeBoe mnose. Buxpesoe

djleKkmpuuecKkoe noiie E ne aBnsercs QJICKTPOCTATUYCCKHM. Takoe moje BBI3BIBACT B

E

Puc. 17.4. IIpumep BUXpeBOro
AIIEKTPUYECKOTO MOJIS




MPOBOJHUKE JABUKECHUE JIEKTPOHOB IO 3aMKHYTHIM TPACKTOPUSIM U HPUBOJUT K BO3-
HUKHOBEHNIO DJIC B HEMOJBUKHOM KOHTYpE NMPU M3MEHEHHH BO BPEMEHU MArHUT-
HOTO TIOJISl — CIMOPOHHUMY CUTAMU SBIISIOTCS CHIIBI BUXPEBOI'O SJICKTPUIECKOrO MOJIs.

Hupkynsuust E 3TOro BUXpeBOro moss mo Jo0oMy HEMOABUKHOMY KOHTYPY
L npoBogHuka npeacTanisier coooit C 3JIGK”[pOMaFHII/ITHOI71 MHAYKIUA

\r r () i \r r B r
. = dl =-—=- — xS = - xaS. 173
€ ?E it ﬂtgs gﬂ_t ( )

B Beipaxkenun (17.3) onepanyu nuddepeHIupoBaHus M0 BpEMEHH ¥ HHTETPUPOBa-
HUS 110 TOBEPXHOCTH MOKHO TOMEHSITh MECTaMU, Tak Kak KOHTYp L u moBepxHocTh S
HEeMOABMXXHBI. [I0CKOJIbKY KOHTYp M HATSIHYTas Ha HETro MOBEPXHOCTh HEIOABUKHBI,
TO B yPaBHEHHHU KCIIOJIB3YESTCSI CAMBOJ YaCTHOM mpon3BoaHo# mo Bpemenn (1/1t).

PaccmoTpeB BbIllle J1Ba MPUHIMIUATIBLHO PAa3HBIX Clydash BOZHUKHOBEHUSI WH-
JTYKIIMOHHBIX TOKOB B IMPOBOJHUKE, MOXKHO JT0OKa3aTh, 4TO 3aKkoH Dapazes (17.1) mis
TBEPABIX TN C OJJIGKTPOHHOH (MM ABIPOYHOM) MPOBOJUMOCTHIO BO3MOYXKHO
MPEJCTAaBUTH B BUJIC

r r r
e :-O('j—q::@jE+[J,B])>d|. (17.4)

L
B otinume ot 3akona (17.1) Beipakenue (17.4) cnpaBeaidBO TOJIBKO B KBa3HCTAIIHO-
HAapHOM NPUOJIMKEHUU MPHU JTIOCTATOUYHO MEIJIEHHBIX U3MEHEHHSIX BO BPEMEHHU Nepe-
MEHHOI'O JJIEKTPOMArHUTHOIO 1oJjsd. IlonHas npousBogHas 110 BPEMEHU OT MarHUT-
HOTO IOTOKA B (17.4) yuuThIBaET €ro U3MEHEHHS, CBSI3aHHBIC KaK ¢ U3MEHEHHUEM I10-
ast B Bo BpeMenw, Tak u ¢ aBmkeHueM (1edopmariyeii) mpoBOASIIEro KOHTYypa.

Toxn ®yko. MHAYKIMOHHBIE TOKH BO3HUKAKOT HE TOJBKO B JIMHEHMHBIX ITPO-
BOJHHUKAX, HO U B MACCUBHBIX CHIAOUWHBIX NPOBOOHUKAX, TOMEIICHHBIX B IEPEMEHHOE
MAarHuTHOE MOJie, WIN NpU JBHKEHHHU TEJ B HEOJHOPOAHOM MAarHUTHOM IOJE. OTH
TOKH 3aMKHYTBI B TOJILLE IIPOBOJHNKA U HA3bIBAIOTCSA TOKAaMH DyKo.

Toxkn Pyko Takke MOTUYMUHAIOTCA IpaBwily JIeHIa: MX MarHUTHOE IIOJe Ha-
MPaBJICHO TaK, YTOOBI MPOTUBOJICHCTBOBATH U3MEHEHNUIO MArHUTHOTO TIOTOKA, UHIY-
LHUPYIOIIEMY BUXPEBbIC TOKH. 3HAYUTEIbHOE YUCIIO MAIIMH U IPUOOPOB OCHOBAHO HA
nerctBuu cuil Amnepa Ha Tokd Dyko. DTH TOKM MOTYT JOCTUTaTh OYEHb OOJBIION
CHUJIbI, UTO U MCIIOJIB3YIOT, HAIIpUMEpP, B HEKOTOPHIX TOPMO3HBIX CUCTEMAX, [IOCKOJIb-
Ky MAacCUBHbIE IPOBOJHHUKH TOPMO3ATCS B MAarHUTHOM moje. OTMEeTHM, 4YTO BHUXpE-
BbI€ TOKU BBI3bIBAIOT CWJILHOE HarpeBaHUE IIPOBOJHUKOB.

Bzaumooeticmseue BUXPEBBIX TOKOB C BBICOKOYACTOTHBIM MAarHUTHBIM TOJIEM
IIPUBOJUT K HEPABHOMEPHOMY DACHPEACICHUI0 MACHUMHO20 NOMOKA 110 CEYEHUIO
MarHUTOINPOBOIOB — BBITECHEHHME MarHUTHOI'O MOTOKA U3 00beMa B MPUIOBEPXHOCT-
Hble 00JIaCTU TPOBOJHUKA. OTO SBJICHUE HA3bIBACTCA MACHUMHBIM CKUH-
Ihpexmom.

Buxpesble TOKM BO3HMKAIOT U B CAMOM IIPOBOJHHUKE, 110 KOTOPOMY TEUeT Iie-
PEMEHHBIN TOK, YTO NPUBOJUT K HEPABHOMEPHOMY PACHPENEICHUIO MoKa 10 cede-
HUIO IPOBOJHUKA — BHITECHEHUE TOKOB BBICOKOM YacCTOTHI B MPUIIOBEPXHOCTHBIE 00-
JIACTU MPOBOJHUKA. DTO SIBJIEHUE HA3BIBACTCS 2/1IEKMPUUECKUM CKUH-IPPexkmom.




17.3. siBnenue camounaykuuu. Uuaykrusnocts. AC camounaykuum.
NHAYKTUBHOCTH COJIEHOUA

DneKTpOMarHUTHAs UHAYKIMS BO3ZHUKAET BO BCEX CIIydasX, KOTJla U3MEHSETCS
MAarHUTHBIN MOTOK CKBO3b KOHTYp. [Ipu 3TOM He uMeeT 3HAUEHUS, YeM BBI3bIBACTCS
9TO U3MEHEHUE MOTOKA.

CaMoMHaYKIMS — 3TO SIBJICHUE HABEJICHUSI BUXPEBBIX JICKTPUUECKUX MOJIEH B
MIPOBOJISIIIINX TEJIaX MPU U3MEHEHUHU TOKOB B ATUX K€ Telax Wi ux aedopmanusax. B
ciydae camounaykuuu OJIC €y — dJIeKTpOABMKYINAsd CHJIa CAMOUHIYKIIMHA — B KOH-

Type (IJEKTPUIECKOH 1eTH) HABOJIUTCS MAarHUTHBIM IOJIEM, CO3/IaBACMbIM MEPEMEH-
HBIM TOKOM B TOM ke 1enu. IIpy 3ToM MarHuTHOE 1moJie BCerga CylieCTBEHHO U3Me-
HSIETCSI OT TOYKH K TOYKE HOPMAJIBHOTO CEYEHHUsI IPOBOJA.

DNEKTPUYECKUN TOK, TEKYIINH B 3aMKHYTOM KOHTYpE, CO3AAET MAarHUTHOE MO-
Je, MHAYKIUA KOTOporo 1o 3akoHy buo-Casapa-Jlamiaca nponopuMoHagbHa TOKY.
IToaTOMy CLEIUIEHHBI ¢ KOHTYPOM MAarHUTHBIM IIOTOK TPOIIOPLMOHAIEH TOKY B
KOHTYpE

Y =LI, (17.5)
rae Ko3(pPpuuueHT nponopuroHaIbHOCTH L Ha3bIBa€TCS MHAYKTUBHOCTBIO KOHTYPA.
dopmyna (17.5) cnpaBenuBa TONBKO ISl TOCTATOYMHO TOHKHUX IPOBOJIHUKOB.
OrmeTHM, 4TO MarHUTHBIH MOTOK V' CO3/1a8TCA CAMUM TOKOM |. [ToaTomy no nmpaBuiy
MpaBoOro BUHTAa BEKTOphl B m S Bcerjga HampaBiieHbl B OJIHY CTOPOHY H, CliefoBa-
tenpHO, Y > 0. [ToaToMy HHAYKTHBHOCTH L SBISETCS MOTOKHUTEIBHON BETUIHHOM.

NHIYKTHBHOCTBIO (COOCHMBEHHON UHOYKMUBHOCMbIO) 3aMKHYTOTO IPOBO-
JSUIEr0 KOHTYpa Ha3bIBAeTCsl CKaJSIpHAsi BenuduHa L, paBHas OTHOIIEHUIO MOTOKO-
CLCIUICHUS KOHTYpa K CUJIE TOKA B 9TOM KOHTYDE.

NHAyKTUBHOCTH KOHTYpa B OOIIEM CJIy4ae 3aBUCUT TOJIBKO OT (OPMBI U pa3-
MEpPOB KOHTYpa YU MarHUTHOM HPOHUIIAEMOCTU TOM Cpelibl, B KOTOPOU OH HAXOAUTCS.
Ecnu KOHTYp ecTKuil u MoOJU30CcTH HET (eppOMarHeTUKOB, HUHAYKTUBHOCTh — IO-
CTOSIHHAs BEJIMUMHA, HE 3aBUCALIAs OT CHJIbI TOKa |.

Ennnuna nanyxtuBaoctd B CU —renpu (I'n).

Cornacho Beipaxenuto (17.5) uanyktuBHOCThIO 1 ['H 00MamaeT KOHTYp, Mar-
HUTHBIH MOTOK CKBO3b KOTOPHIiA Iipu Toke 1 A paBeH 1 B0, 3Hauut 1 ['n = 1 BO/A.

NuaykTuBHOCTH cojieHonAa, cojepxaiiero N BUTKOB, peHeOperas KpaeBbl-
Mu 3 dexTamu, 3aUChIBACTCS KaK

L:i:%:—m)BS:mnz\/, (176)

riae @, — MarHUTHBIN MOTOK Yepe3 OJWH BUTOK cojieHouzaa, V — 00beM COJIeHOUA,
1 — YUCJIO BUTKOB Ha €AUHUILY €T0 JJIMHBI, {4 — MAaTHUTHASI IPOHUIIAEMOCTh BEIIECTBA
BHYTPH COJICHOH/IA.
[Ipu n3MeHeHNH CHUIIBI TOKA B KOHTYpe corjiacHo 3akoHy Papanes (17.1a) Bos-
Hukaet A C camoundykyuu €q:
dy d

eS:'E:'a(LI). (177)



Ecnu npu u3amMeHeHnn Toka MHIYKTUBHOCTH L ocTaeTcs moctossHHOM (He MEHs-
eTcs KOHQUryparys KOHTypa U HeT (heppOMAarHeTUKOB), TO
eg=-L—
dt (17.8)
B ¢opmyne (17.8) 3Hak MHHYC MOKa3bIBaeT, YTO €5 BCETAa HAIPaBICHA TaK, YTOOBI

MPENsTCTBOBATh U3MEHEHHUIO CHUJIbI TOKA B COOTBETCTBHM C MpaBuiioM Jlenna. B sB-
JICHUSIX CAMOMHAYKIIMHM TOK 00JIaJaeT «MHEPLMEN», MOTOMY 4TO 3P(HEKThl MHIYKIIMH
CTPEMSITCSI COXPAHUTh MAarHUTHBIA MOTOK MOCTOSIHHBIM, TOYHO TakK K€, KAK MEXaHH-
YyecKas MHEpUUsl CTPEMUTCS] COXPAaHUTh CKOPOCTh Te€JIa HEU3MEHHOM.

17.4. Tox npu 3aMbIKAHUM ¥ PA3MbIKAHUHU LENH

[Ipu BCAKOM M3MEHEHUHU CUJIbI TOKA B MPOBOJAILIEM KOHTYpe Bo3HHKaeT DJ[C
CaMOMHAYKIIMH, B PE3YJIbTATE YEro B KOHTYpPE MOSBIAIOTCS AONOJHUTEIbHBIE TOKH,
Ha3bIBAEMbIE IKCHIPAMOKAMU CAMOUHOYKYUU. Y CTAHOBIIEHUE TOKA MPU 3aMbIKAHUU
LEMH, a TaKKe yObIBaHWE TOKA NPU pa3MbIKaHUU LIETH MPOUCXOIUT HE MTHOBEHHO, a
MOCTENEHHO U 3aBUCUT OT MHAYKTUBHOCTH LIeNH, puc. 17.5.

L [IycTh B Llenu conpoTuBieHneM R 1 MHAYKTUBHO-
ctbio L mox nmevictBuem BHemHed DJIC & (BHyTpeHHEe
COINPOTHUBJICHHE OaTaper MPEHEOPEIKUMO Mayio) TEUYET
nocrosiuubIii ToK |, =€/R, puc. 17.5. B MomeHT Bpe-

MeHHU t = O BRIKTIOUMM MCTOYHHMK TOKa. Bo3uukaet 3J[C
CaMOMHYKLIHH. DKCTPATOK pa3MbIKaHUS OyJIeT MPensiT-
K

¢ CTBOBaTh YMEHbIIEHHIO TOKa. COrjlacHO YpaBHEHUIO

Puc. 17.5. Cxema ombiTa, (17.8) e, =- L%. Tok B memu ompenensercs 3aKOHOM

IMO3BOJISAIONIET0 HAOII04ATh
SIBJIECHUE CAMOUHIYKIUH MPHU Oma IR= €5, T.C.
3aMBIKAHUU U PA3MBIKAHUS dl

MMOCTOSTHHOTO TOKA IR=- La

Pa3nensem mepeMeHHbIe OCIEIHErO YPABHEHMUS

d_ R
| L
u urrerpupyem 1o | (ot lp g0 1) o t (ot O 1o t):
|n|'_:- % Wt B (17.9)
0

rne t = L R — [MOCTOsIHHAsA, Ha3bIBaCMas epemenem pejiakcauuu — BpeMs, B TCUHCHUC

KOTOPOT'O CHJIa TOKA YMEHBIIIAETCS B € Pas.

Takum 00pa3oMm, MpU BBIKIIOUYEHUH HCTOYHHMKA TOKA CUJIa TOKAa yOBIBaeT IO
AKCTIOHECHIIMATBLHOMY 3aKOHY. UeM Oosbliie 3HaUeHUe 7, TeM MEJJICHHEee CMalaeT TOK.
Ha puc. 17.6 noka3an rpaduk yobiBanus cuibl Toka |(t) co Bpemenem (kpuBas 1).

Ouenum 3HaueHue DJIC caMOMHIYKIIMM TPU MTHOBEHHOM YBEJIMYECHHUU CO-
npotuBieHus ot Ry 1o R:



Rt e Rt
| = 1gexp(- ) = exp(- ),

o exp( L) R, p( L)

OTKVOa e :-Lﬂ:ieexp(_ E)
Y ST Td Ry L’

IloaToMy mpu pe3KOM pa3MbIKAHUM KOHTYypa

Puc. 17.6. I'padux 3aBUCUMOCTHA
pag (R>> RO) OJIC caMOMHAYKIIUM MOXET BO MHOTO

cuiibl Toka | ot Bpemenu t

B II€TIH, N300paXXEHHON Ha pa3 OpEBLBICUTE & 6aTapeI/I, 4TO0 MOXET IPHUBECTHU K
puc. 17.5. Kpussre 1 u 2 npobHoio u30aAYUYU W BBIBOLY U3 CTPOS U3MEPHTEIh-
COOTBETCTBYIOT CIIydasiM HBIX IPUGOPOB.

a3MBIKaAHHUA U 3aMbIKaHUA IICIITN V)
P H ITpu 3ambikanuy nienu kpome BHEWHeN J/[C

dl .
¢ Bo3HukaeT JJIC camonHayKIMHU eg = - LE 1 COOTBETCTBYIOIIMI 3KCTPATOK 3aMbl-

KaHMsI, IPENATCTBYIOIIMM BO3pacTaHUIO TOKa, puc. 17.5. Mcnonk3yeM 3akoH Oma u

3anuieM JudQepeHraibHoe ypaBHEHHE
IR=e+eg=e- Ld—l.
dt
MO0>XHO TTOKa3aTh, YTO PEUIEHUE 3TOI0 YPABHEHUSI UMEET BUJL
I =1,(1- exp(- t/t)), (17.10)
rae |, =e/R — ycranoBusmmiicst Tok B nenu (mpu t—); t =L/R — epema ycma-
Hoenenua moka. TakuMm 00pa3oM, MPHU BKIIOYEHNH UCTOYHMKA TOKA CUJa TOKA BO3-
pacTaeT 1Mo SKCIOHEHIIUaJbHOMY 3aKOHY, puc. 17.6, kpusas 2.

B3zaumnout unoykuyueii Ha3bIBa€TCSl SIBICHUE
B030yxzeHuss DJ[C 371eKTpOMarHuTHOM MHAYKLHMH B
OJIHOM 93JIEKTPUYECKOM I€NU NpPH HU3MEHEHUHU DHJIEK-
TPUUECKOT0 TOKA B JIPYroM LENu Uiu MpU U3MEHEHUHU
B3aMMHOT'0 PACIIONIOKEHUS 3TUX JIBYX LIeneH.

PaccMoTpuM J1Ba HEMOJBHXKHBIX KOHTYpa 1 1 2
Puc. 17.7. SIBnenune B3auMHOI ¢ Tokamu |1 u |5, pacnonoXeHHbIX JOCTATOYHO OJU3-

MHIYKIIUH KO Jpyr ot apyra, puc. 17.7. IlycTs BOIM3U KOHTYPOB
HeT (heppomarHeTukoB (cM. moaTemy 16.3).

[Ipy W3MEHEHUHU CWIIBI TOKa B OJHOM M3 KOHTYPOB B JPYIOM UHAYLHUPYETCS

I C e3aumnoii unoykyuu

€r=-—==-Lyy— une;=-—==-L,—=, (1711)

rae @,, — MarHUTHBIN NOTOK, KOTOPBIM CO3/1a€eT TOK |1 yepe3 koHTYyp 2; @D, — Mar-
HUTHBII [TOTOK, KOTOPBIN co3aaeT Tok |, uepes koutyp 1; L, u L, — 6é3aumnvie un-
oykmuenocmu xoHTypoB. Ilpu otcyrcTBum deppomarnernkos L, =L, =L (meo-

pema e3aumnocmu). Kospobunuentol L1, u Ly; HE 3aBUCAT OT TOKOB, & 3aBUCAT OT
(GhOopMBI, pa3MEPOB M B3aMMHOTO PACIIONIOKEHUS KOHTYPOB, a TAaK)K€ OT MarHUTHOM
MPOHUIIAEMOCTH OKPYXKAIIIEH KOHTYPBI cpeabl. Bripakarorcest 3tu ko3 pummeH-
THI B T€X k€ €IMHHIIAX, YTO U UHAYKTUBHOCTH L.



17.5. DHeprusi KOHTYpa ¢ TOKOM. JHepPrusi MATHUTHOTO TOJIS.
IInoTHOCTH 3HEPIrMU MATHUTHOTO MOJISI

[IpoBOAHMK, IO KOTOPOMY HPOTEKAET JJIEKTPUYECKUM TOK, BCErAA OKPYKEH
MAarHATHBIM NI0JIEM. MAarHuTHOE NOJIE MOSBIISIETCS U UCUE3AET BMECTE C MOSBICHUEM
Y MCUYE3HOBEHUEM TOKA. MarHuTHOE MoJje, NOJOOHO AIEKTPUUECKOMY, SIBISETCS HO-
CUTEJIEM DHEPIUu. JHepausi MaeHUmMHO20 NnoJisa paBHa paboTe, KOTOPYIO 3aTPaunuBaET
TOK Ha CO3JaHUE TOTO IOJIS.

PaccMOTpUM KOHTYp MHAYKTUBHOCTBIO L, o koTopomy TeueT Tok |. C naHHbIM

KOHTYpOM cuerieH MarHuTHbId moTok ¥ = LI. Bynem cuutats, uto dheppoMarHeTuku
dl

OTCYTCTBYIOT. [IyCTh TOK B 1IN YBEIUYUBAETCA C OBICTPOTOM T
IIpn m3mMeHeHUM TOKa B 3aMKHYTOM Lenu B HeW Bo3HukaeT I/[C camonmHayk-
mun. Pabora mo nepemernenuto 3apsia dq nporus 3toit DJIC uaeT Ha W3MEHEHHE

SHEPI'UM TOKa

dl d
dA=-edg=LS dg=L Tl =Lidl =aw,
dt dt
rae dW — paborta, koTopast HeOOXoauMa I YBEIMUECHUS CHIIBI TOKA B IEMH OT 3Ha-
yenus | 1o 1+dl. IToaHas paborta, HeoOXoauMast ISl YCTaHOBJCHMS ToKa |, paBHa

| L|2

0
Bripaxenue (17.12) onpenessieT HEPruio, 3amacacMyr KOHTYpoM ¢ TokoM. [loarto-
My W Ha3biBaeTCsi JHeprueil KOHTYpa ¢ TOKOM (coOcmeenHoll IHepeuell moka).
OTa sHeprusi Takke SBISIETCS SHEPrUe MAarHUTHOTO MOJIs, CO3/IaHHOTO TOKOM |, Te-
KYIIUM T10 MPOBOJHUKY C UHIYKTUBHOCTHIO L.

Ha npumepe ogHOPOAHOIO MAarHUTHOTO MOJSl BHYTPH JUIMHHOTO COJIEHOUOA
BBIPa3UM SHEPrUI0 MAarHUTHOTQ IMOJISl Yepe3 BEIUYMHBI, XapaKTepU3yroIrue 3TO MoJie
B OKpY’KarollleM MpocTpaHcTBe. VMckaxkeHHeM Moyisi Ha Topuax cojeHoujaa Oynem

npeneoperath. HAYKTUBHOCTH COJICHOM/IA COTIACHO ypaBHeHUIO (17.6) BbIUnCISICT-
N2S
ca Kak L= nbml—. Orcrona

1 _N%?2
MarHuTHas MHIYKIUS TTOJIsI COJICHOM/ 1A, KaK ObUTO MmoyiydeHo paHee (cM. dop-
oI
myny (15.18)), para B=—"— CnenoBarensHo, | = Bl
N

[To ompeseneHno BEKTOpa HAPSHKEHHOCTH MarHuTHoro moist (16.11)

B=mn,nH.
Hcnoap3yeM 3TH TOCISIHUE COOTHOMICHUS U TIOIYIUM

2
w=_b_y=Bdy (17.14)

2mym 2



rae 9 =V —o0bem coneHonia. Dta Gpopmyiia CripaBeiuBa IS OJTHOPOJIHOIO MO,
3aIoJIHAIONIEro ooseM V.

MoxHO n0Ka3aTh, YTO B Cilydae OTCYTCTBUS QeppomarHetrvika sHepruro W
MO>KHO BBIPA3UTh OMPEICTUTh KaK

W= @E%dv. (17.15)

[TogpiHTerpansHoe Bhipaxenue B Gopmyne (17.15) — 310 sHeprus, 3akiOyYcHHAs B
anemerte oobemom dV. Otcrofa ciieyeT, YTo MarHUTHAsE SHEPTHs JIOKATHN30BaHA B
MPOCTPAHCTBE, 3aHUMAEMOM MArHUTHBIM TOJIEM.

[TosnHy!O0 3HepPruI0 J000r0 MArHMTHOIO MOJIS, 3aKJIIOUYEHHOTO B MPOU3BOJIb-
HOM 00beme V, onpenenstoT no Gopmyse

W = g,V (17.16)
Vv

1 1
rae W, = gHdB — mI0THOCTH HEPIrHM MATHUTHOIO MOJIsl, T.€. YHEPTUs €AUHHUIIbI

o0BemMa (I:% = I:%( I—II)) OTO BBIpaKEHUE CIPABEJIMBO B Clydae HeheppOMarHUTHOU
CpEIBbL.

MarnuTtHOe 1ojie JUIMHHOTO COJICHOM/IAa OJHOPOIHO M COCPEIOTOYECHO BHYTPH
HEro, MOATOMY JHEPrus 3aKII0ueHa B 00beMe COJICHOM/A U paclpesienieHa B HEM C
MOCTOSIHHOW 00BeMHOI IJI0THOCTHIO JHEPTHH MATHHUTHOT'O TOJISI

W _ B? _mnH? _ BH
Wy =—= = = .

V. 2mym 2 2

OtmetuM, uto dopmyna (17.17), kak u Beipakenue (17.16), cnipaBe yinBa, KOTria i He
3aBHCHUT OT H, T.e. B ciiydae He)eppOMarHUTHBIX CPE/I.

MosxHO f0Ka3aTh, yTo 3Heprus N CBSI3aHHBIX JAPYT € APYroM KOHTYPOB (B OT-
CyTCTBHE (hepPPOMArHETUKOB) OMPEACIISICTCS TaK:

w=2 &, (17.18)

i,k=1

(17.17)

roe L, =L,; —B3auMHas HHAYKTUBHOCTG I-TO U K-ro KOHTYpoB; L; = L, — uHAyKTHB-
HOCTb I-TO KOHTYpA.



Tema 18. DiieKTpOMarHuTHbIE KOJIEOAHUSA

18.1. Kpasucranuonapusbie Toku. CB00OHbIE KOJIeOaHNS
B KOHTYpe 0e3 aKTUBHOI'0 CONPOTUBJIEHUSA

Korna mpoucxoasT snekTpudeckue KojieOaHus, TOK B ILEMU H3MEHSETCS BO
BPEMEHH U, BOOOIIIE TOBOPS, B KAXKJIBIH MOMEHT TOK OKa3bIBA€TCSI HE OJMHAKOBBIM Ha
pa3HbIX ydacTKax Ienu (M3-3a TOro, 4TO IJIEKTPOMATrHUTHBIC BO3MYIICHHUS Pacrpo-
CTPAHSIOTCS XOTSA U C OYCHB OOJIBIIION, HO KOHEYHON CKOPOCTHIO).

OnHaKo MMEETCss MHOTO CJIy4aeB, KOT/Ia MTHOBEHHbBIE 3HAUEHUs] TOKA OKa3bl-
BAaIOTCS NMPAKTUYECKU OJIMHAKOBBIMUA HA BCEX Yy4YacTKax LENU. TakoW HEPEMEHHBIN
TOK Ha3bIBAIOT KBAa3MCTALMOHAPHBLIM. J[JI1 3TOro BCE M3MEHECHHUS BO BpPEMEHHU
JIOJKHBI TIPOUCXOAUTH HACTOIBKO MEJJIEHHO, YTOOBI paclpoCTpaHEHUE dJIeKTpoMar-
HUTHBIX BO3MYIIEHUM MOKHO ObUIO CUUTATh MCHOBEHHBIM.

[IepeMeHHOE AIEKTPOMArHUTHOE II0JI€ PACHPOCTPAHIETCS B MPOCTPAHCTBE CO
CKOPOCTBIO, paBHOM CKOpocTH cBeTa. Ecnu | — myivHa menu, To Ha MPOX0XKACHHUE JTH-
HbI | 2JIEKTpOMAarHUTHOE BO3MYILICHUE 3aTpauynBaeT BpeMst mopsiaka t = |/c.

JInd mepuoanuuecku U3MEHSIOIUXCS TOKOB YC/I08UE K6A3ZUCHAUUOHAPHOCMU
OyJeT BBITIOJTHEHO, €CIIU

t =1/c<<T,
rae T — nepuoa u3mMeHeHuid. Hanpumep, st nenu amHoi | = 3 M Bpems 7 =10%c u
TOKM MOYXHO CUHATATh KBA3UCTAIMOHAPHBIMH BILIOTH /10 YaCTOT 10° 'y (T= 10°® c).

B nanHoll Teme Oyaem mpeanosaratb, YTO YCJIOBHE KBa3UCTALIMOHAPHOCTHU
BBITIOJIHSIETCS, U TOKH OyJIeM CUUTaTh KBa3UCTAIIMOHAPHBIMU. ITO MO3BOJIUT UCIIOb-
30BaTh (POPMYJIbI, MOJYYEHHBIE B CTaTUYECKUX Moiisix. Hampumep, ToT dakt, yTo
MTHOBEHHBIE 3HAYEHHS KBa3UCTALMOHAPHBIX TOKOB MOAYUHAIOTCS 3axorny Oma.

Inexkmpuyeckum - Ko1e0amenbHblM KOHHYPOM HA3BIBACTCS BJIEKTpUYECKas
1IeTlb, coJiepKaIiasi KoHJIeHcaTop eMKkocTu C, KaTylIky MHIYKTUBHOCTU L 1 pe3uctop

c compoTuBieHueM R, B KOTOpoil MOTYT BO30YXAaThCs AJIEKTPUUYECKUE KoJieOaHuUs,
puc. 18.1.

ConpoTHBiieHHE TPOBOJHUKOB IeNMu R MpHUHITO Ha3bIBATH
AKMUGHBIM CORPOMUGICHUEM.

Ecnu x siekTpuyeckoMy KOHTYPY HE MOAKITIOUYEHbl HUKAKNe
BHEIIHWE MCTOYHWKU TepemenHoil DJIC, To mpu 3aMbIKaHWU Ha
KaTyIIKy TPeIBapUTEIbHO 3apsHKEHHOTO KOHJEHCATOpa €MKOCTH
Puc. 18.1. Tlpumep C B KOHTYpE BO3HHUKAIOT CcOOCMEeHHble Koebanus. B xone npo-

SJIEKTPUHECKOTO  recca MEPUOJUYECKH M3MEHSIOTCS 3aps0 Ha OOKJIaJKaX KOHJEH-
KONCOATEILHOTO o 1yyn  BeTHYMHBI HANPAJICEHUS W MOKA B TIETIH.
KOHTYypa .
[Tpumenum npasuno Kupxroda nns kontypa Ha puc. 18.1:
IR+U; =¢,, (18.1)

rae Uz =0/C u  — COOTBETCTBEHHO HANpsUKCHHE Ha KOHICHCATOPE M 3apsij KOH-




2
JEHCaTopa; eg = - L% =- L% —3/IC caMOMHIYKIIUM B KaTYIIKE.
t

d
3HaK CHJIbI KBa3ucTalmoHapHoro Toka | (1 = d_?) COBIIAIaeT co 3HaKoM dq, BbI-

OpaHHOE TOJIOKUTEIBHOE HAIIPABICHHE TOKA COOTBETCTBYET YMEHBIIICHUIO (TIOT0MKH-
TEJILHOT0) 3apsiia KoHaeHcaropa. KonedarenbHbiii KOHTYp Ha puc. 18.1 onuceiBaeTcs
JUHENHBIM U] PepeHInaIbHBIM YPaBHEHUEM BTOPOTO MOPsJIKa BUAA
2
d_g+5%+iq:o_ (18.2)
di« Ld LC
B xoHTYype npu oTCyTCTBUM compoTuBicHus npoBoauukoB (R =0) 6ynyr co-
BEpIIATHCSI CTPOro MEPUOINYECKHE KOJeOaHUsl — CBOOOAHbIE He3aTyXalliue KoJie-
Oanus. Jugpdpepenyuanvroe ypasuenue c60000HbIX 2aPMOHUYECKUX IIeKmpuye-
CKUX KOnle0anui.

20y —

@§+w59=0. (18.2a)
[uknuyeckas 4actora wg (codcmeennas uacmoma KouTypa) u nepuod Ty Ko-

nebaHuil onpeaeNaoTcs NapaMeTpaMyu KOHTYpa U YAOBIETBOPSIOT (popmyiaMm

w, =1/+/LC, T, =2p+/LC. (18.3)
Vpasuenue (18.3) s Ty HazeiBaetcs ghopmynoi Tomcona.
3apsin ( KOHICHCATOpa M CUJIa TOKa | B KOHTYpe H3MEHSIOTCS TI0 3aKOHAM

g =0, Cos(Wyt +j ), (18.4)
| =-1,sin(wyt +j o) =1, cos(wyt+j ,+p/2), (18.5)

rae Om — aMmmiurtyaa 3apsaa; |, =Wy, =d, / JLC - ammmryna Cuibl TOKa;
@o — HauanbHas (aza kojedaHuil 3apsaa ¢. 3HaueHus: Om U @o ONPEAEIIAIOTCS Hauallb-
HBIMH yCITOBUSIMHU.
Toxk B kOoHTYpe oTcTaeT 1o (haze oT 3apsia KOHIeHcaTopa Ha /2. Hampsbkenue
Ha KoHzeHcaTope U =] , -] ;, ompenensieMoe Kak pa3HOCTh NMOTCHIMAJIOB OOKIa-
JOK KOH/ICHCATOpa, TAK)Ke M3MEHSETCS 10 TAPMOHUYECKOMY 3aKOHY U COBMAJAeT Mo
daze c 3apsiiom (Q:
Uc =U,cos(wqt +j ), (18.6)
rre U, =0,/C — ammiuryna HanpsDKEHHs, paBHas HAYalbHOMY HAINPSDKCHUIO Ha
KOH/IEHCAaTope. AMIUTUTY/Ia TOKa MOKET OBITh 3alrcaHa Kak

e ga (187)

Cootnomrenue (18.7) mexnay Iy u Uy o ¢hopme nmonodHo 3akony Oma (14.11)
JUTS. OTHOPOJIHOTO YYacTKa IEMU MOCTOSHHOTO TOKa, MO3TOMY BenmuuHy +/L/C Ha-

3bIBAIOT 8OTHOGBIM CONPOMUGTIEHUEM KOJIE0AaTEIHLHOTO KOHTYpA.

['apmonmnueckue (He3aryxaromire) CBOOOJHBIC KOJEOaHUS COMPOBOXKIAIOTCS
B3aMMHBIMU TIpeBpaiieHusiMu dHeprun We 3JIEKTpUUECKOTO TMOJIsi KOHJIEHcaTopa
sHeprun Wy, MaraHuTHOTO MOJIsl KaTYIIKU WHAYKTUBHOCTH:




2
We=J = 9m oot 4 o), (18.8)
12 L2 .5 .
Tmsm (Wot 4 o) - (18.9)
Konebanust, mpoucxoasiue B 2JIEKTPUIECKOM KOJIeOaTEILHOM KOHTYpE, YaCTO
HAa3bIBAIOT 3JIEKTPOMArHUTHBIMU KOJIe0OaHUAMH B KOHTYpPC.

3nauenus W, u W, U3MEHSII0TCS PU TrapMOHUYECKUX KOJIeOaHUsIX B Mpeaenax
or 0 10 MaKCHMAaJIbHBIX 3HAYEHHi1, COOTBETCTBEHHO paBHbIX 5 /(2C) u L12/2. Ko-
nebanuss W, u W, casunyTtel no ¢ase: B Te MOMeHTHl BpeMeHH, korzga W, =0,

=
1
|
I

W, =LI2 / 2 u, HaoGopor, korma W, =0, To W, = g2, / (2C) . Tlonnast oHeprust >ek-

TPOMAarHuTHBIX KojicOaHuii B KOHTYPC HC UBMCHACTCA C TCUCHUCM BPCMCHU
2

2
W) =Wy (t) + Wi (t) = g—g = Lzm = const . (18.10)

18.2. CBoOoaHbIe 3aTyXa0lue dJIeKTpUUecKue KoJIe0anus

Korna kosieOaTenbHBI KOHTYP COACPIKHT MOCICAOBATEIBHO COCINHCHHBIC
koHjgeHcarop C, KaTymKy HWHAYKTHBHOCTH L HM akTHBHOE CONpOTHBICHHE R,
puc. 18.1, To ero ypaBHenue (18.2) MoxeT ObITH 3aIHCaHO KaK

§+2b§+w>q=0, (18.11)
rae 2b = R/L. Benuuuny f HaswsiBaoT koagpuyuenmom zamyxanus. B stom ciy-
yae, mockonbky R? O, cBoOoaHBIE KOTEOaHUS B KOHTYpE OyIyT 3aTyXal0IMMH.

[Ipu 3aTyxamwmuX CBOOOJHBIX KOJCOAHUSIX KPOME B83AUMHbLIX NpPespaujeHuti
HHEPrUM 3IEKTPUUYECKOr0 U MArHUTHOTO MoJiel OyeT MPOUCXOIUTh npeobpazoeanue
YacTH DHEPTHH B [DKOYIIEBO TEIWIO HA aKTUBHOM compoTuBieanu R. [ToaTomy sHep-
I'vsl, 3aMlaCeHHas B peajJbHOM KOHTYpE, OCTENEHHO PacXo1yeTcsl Ha HarpeBaHUeE.

MoxHO TIOKa3aTh, YTO OpH S < wq pelieHue oJHOpoaAHOro AudPepeHImanbLHO-
ro ypaBHenus (18.11) umeer Bua

) : — o oDt :
gt 9=0ne bt cosiut +j o) g=0q,e "~ coswt+j ), (18.12)
Vo —--rf_’_‘qme-bt
/ \ [\ — YacToTa 3aTyXaroulux
( \/ t Koje0aHuii; 0, U @o — NPOU3BOJIbHBIE MOCTOSTHHBIE, OIpe-
LM T ) JensieMble W3 HayajdbHBIX ycioBuid. ['paduk ¢dyHkumnu

(18.12) mokazan Ha puc. 18.2. DTa GyHKIUA onpeaesseT

3aTyXxaronme KolcOaHus W SBIISICTCS HGHGpHOI{H‘IGCKOfI.
-bt

Puc. 18.2. I'padux
CBOOOTHBIX 3aTyXalOMIUX

sneKTpudeckux konebannii MHOXUTENb (€~ B ypaBHeHuu (18.12) naswiBaroT am-

NAUMYOOIl 3amMyXaruux Koaedanuil, CM. IITPUXOBYIO JTMHUIO HA puc. 18.2.
Benmuuuny T = 27/ Ha3bIBAIOT REPUOOOM 3amyXaroujux Koaedanui.

T=— 2 - To :
Ww2- b2 1 (b)wp)?

(18.13)



rne To — nepuoj cBOOOIHBIX He3aTyxaromux koiebanuii (cM. hopmyiy (18.3)).
3Has 3aBUCUMOCTbH ((t), MOKHO HAWTH HANPSHKCHUE Ha KOHJIEHCATOPE M TOK B
KOHType. HanpsipkeHue Ha KOHJIEHCATOPE OMPEISIIeTCS KaK

Ue :g:%me-btcos(wtﬂ o) (18.14)
Tok B KOHTYpe
| =wq,e "' cogwt+j ,+d), (18.15)

rae yron d (p/2<d <p ) Takoi, uto
- b /w, =cosd u w/w, =sind .
DTO0 O3HaYaeT, YTO MPU HAJUYUU AKTHBHOTO CONPOTHUBICHUS R koieOaHus Toka B
KOHTYpE OmepexaroT no ¢ase kojedanus 3apsnaa Ha konaencatope (18.12) (wiu Ha-
npsokenuns (18.14) xonaencaropa) 6osiee yem Ha 7/2. 3amerum, uto npu R = 0 omne-
pexxenue o = /2.
I'paduku pynknuii Uc(t) u | (t) ananorununsl 3aBucumoct g(t) Ha puc. 18.2.
PaccMOTpuM BENTMYHHBI, XapaKTepU3YIOIINE 3aTyXaHHE:
1. Bpemsa penakcauwuu t — 3TO0 BpeMmsi, 32 KOTOPOC aMILUIMTYAa KoOJieOaHUMH
YMEHBIIIACTCS B € pa3, onpeeseTcst KodpPUIMeHTOM 3aTyxanus b :
t =1/b. (18.16)
2. Jlozapugpmuueckuii 0ekpemenm 3amyxanus A ONPEACISCTCS KaK HATY-
pasbHBIN Jorapu(M OTHOIICHUS JABYX 3HAUCHHN AMIUTUTYJ, B3STBIX Yepe3 MEpPHO]

KoneOanus 7T~

=20 _pro 1 (18.17)
AlL+T) Ne
rne A —amiuatyaa cootBetrcTByloliek Benndunbl (4, U, I); Ne — uncio konedanuii 3a

Bpems 7. Ecim 3aTyxamme mMano (b <<w,), To W»w, =1/+/LCu

| »b 2 =pRJCIL . (18.17a)
Wo
3. o onpenenenuto (7.28) doopomnocms Q konedaTEIHHOIO KOHTYpa paBHA
Q = IB =p Ne .

Yem Mmenblre 3aTyxanue, TeM Oombire Q. Ilpm manbix 3aryxanumsax (b <<w,) co-

riacHo popmyrte (18.17a) 10OpOTHOCTH BHIYUCIISACTCS TaK:

1L
== 18.18
PN (18.18)
Taxoke B citydyae ciaboro 3atyxaHus cipaBeyinBa cieayromias Gopmyna ais Q:
W
2 —, 18.18
Q»2p o (18.18a)

rae W —sHeprus, 3anaceHHas B KOHType; oW — yMeHbIlIeHUE 3TOW SHEPruu 3a Nepu-
on kosnebanus T; dW/W — oTHOCHTENFHOE YMEHBIIICHUE YHEPTUH 32 IEPHOI.

[Ipu b 3 w, BMecTo Konebanuil OyaeT IPOUCXOAUTD ANREPUOOUUECKUTl PA3PAO
KoHOencamopa. AXTUBHOE CONPOTHUBICHUE KOHTYpa, MPU KOTOPOM HACTYIaeT are-



pI/IOI[I/I‘IeCKI/II‘/’I IMpoUCCC, HA3bIBAKOT KpumuieCKum
L
Ry =2,— . 18.19
=2 (18.19)

18.3. Boiny:KaeHHBbIE dJIeKTPUYeCKUe KOJIeOaHus

Jlist ocyliecTBiIeHUsI BHIHYKJAEHHBIX KOJe0aHWil B 3JIEKTPUUYECKOM KoJieOa-
TEJIbHOM KOHTYpE B HEro HY>KHO BKJIIOYMTh HCTOYHHUK JJIEKTPUUYECKOW 3HEpPruu,
puc. 18.3, DJIC KoTOporo U3MeHsIeTCsl C TCUCHUEM BPEMEHU 0 TapMOHUYECKOMY 3a-
KOHY:

e =e,, Coswt. (18.20)

B 3nekTpoTeXHUKE UCTOUYHUK BJIEKTPUYECKON dHEP-
ruu, xapakrepusyromuiics 3/C 1 BHyTPEHHUM JJIEKTPU-
YECKUM COMNPOTUBJICHUEM [, Ha3bIBACTCS UCHIOYHUKOM
/C (ucmounurkom nanpsaxicenus).

Ecnu BHyTpeHHee conpotuBieHue I ncrounnka J3/(C
CUMTAETCAd MPEHEOPEKUMO MaJIbIM IO CpaBHEHHUIO ¢ R, TO
Takou uctouHuk DJIC Ha3BIBACTCS UOeaIbHbIM.

VYpaBHeHUE KoJeOaTENbHOIO KOHTYpa, COAEPKamlero MOociIeoBaTelIbHO CO-
eanHeHHble KoHaeHcaTop C, aKTUBHOE CONpPOTUBIICHHE R, KaTylIKy WHIYKTUBHOCTU
L u BHemHIO0 iepemennyto DJIC &, B cpaBHeHUM ¢ Ghopmysioi (18.1) umeer Bua

Rl +U. =e+e..
Torna ypasnenue 6viHycOeHHBIX KOI€OAHUI 3aTTHCHIBACTCS TaK:
&+ 2bg+wiq=€/L =(e,/L)coswt, (18.21)
rae f — KodpPUIUEHT 3aTyXaHus; W, — LHUKINYECKas 4acTOTa CBOOOIHBIX HE3aTy-

Puc. 18.3. KonebarenbHsrii
KOHTYp C BHEIIHEHN
nepemennoit JJ1C ¢

xaromux kojedanuii (mpu R=0).

Pemenrem 3toro audGepeHInaaIbHOr0 ypaBHEHHS, KaK H3BECTHO, SBIIICTCS
cymMMa OOIIero pemeHus OJHOPOJHOrO ypaBHeHUs: (0e3 MmpaBoOd 4acTh), KOTOpOe
HKCIOHCHIIMATBHO 3aTyXaeT, M YaCTHOT'O PEIICHUs HEOJHOPOJIHOTO YPaBHEHHUS.

PaccMoTpuM TOJIBKO YCTAaHOBHMBINKECS BBIHYXJICHHBIC KOJICOAHMSI, T.€. YACTHOE
peienue ypaHenus (18.21), umeroiiee BU/I

0=y cosWt-y ), (18.22)
rae ¢, — aMIUIMTy/a 3apsja Ha KOHJEHcaTope;, Y — pa3HocTh (a3 mMexay kosebda-

Husimu 3apsna u BaenHer DJ[C ¢ (18.20):

€m/ L - 2bw (18.23)

Om = ,tgy =
K \/(WS-W2)2+4b2W2 w3 - w?

2
B ypaBuenusx (18.23) w=+/wi- b? ah_—t- f—L , TAK KaK W3 :L_lc ub :2—|T_. C yue-

TOM IMOCJICAHUX PAaBCHCTB 3alIUIICM




O = €m gy = (18.23a)

1 & 1 L
W?VL- E+R2 w

BenuuuHb! Q, ¥ i ONPEAEasiOTCS TOJKO CBONCTBAMU CAMOI0 KOHTYpa U BBI-
nyxjatomei JIC ¢, npuuem y > 0. IlosTomy q Bcerna orctaet no ¢ase or &.
JIist CHITBI TOKA B KOHTYPE TPH YCTAHOBUBIITHXCS KOJCOAHHUSIX 3aIUIIIEM
| =-wq,sin(wt-y )=wqg,coswt-y +p/2)=1_coswt-j), (18.24)
rae ammmTyaa toka |, =wq,, =€, /Z; | =y - p/2 —casur no haze MeKIy TOKOM
u Buemneilt DJIC e . Bennunna Z Ha3pIBACTCS NOJIHBIM INEKMPUUECKUM CONPONUG-
Jienuem (MIMIICTaHCOM) TICTTH:

.2
z= &L L2 R2=x2+R2,

WC@

rae X — peaktuBHoe conporuBienre nend; Xe =1/(WC) — eMKOCTHOE cOmpOTHBIIe-

Hue nenu; X, =WL — MHAYKTUBHOE CONPOTUBICHUE LICIU.

B konType ¢ BHemHer D/[C BO3MOKHBI PE30HAHCHI HAIIPSKEHUM, TOKOB M 3a-
psinoB. Pe3onancHbIe KpuBbIe A cHutbl Toka | (W) m uis 3apsiga Ha KOHAEHCAaTope

0, (W) mokasanbl Ha puc. 18.4, rue W,,, =W, =1/+/LC . Kax Buzgno Ha puc. 18.4, a,

yeMm MeHblie R, Tem mensbiie f u Oonbie Q, M MpU MPOYUX PABHBIX YCIOBHUSIX TEM
0OJIbIIIE U «OCTPEe» MAaKCUMYM TIpU pe3oHaHce. Yem Oosbiiie J00POTHOCTH OCIUIIIS-
TOpa, TEM YK€ PE30HAHCHAsl KpUBasl.

A

Im R3>R2>R.I.:O (O

> 0

w w (0]
0 6

Puc. 18.4. Pe3oHaHCHBIE KPUBBIE:
@ —3aBUCHMOCTb CUJIBI TOKA |, B K0oJI€OaTeIbHOM KOHTYPE OT 4aCTOTHI (),

6 — 3aBUCUMOCTD 3apsnaa g, Ha 061<J1azu<ax KOHACHCATOPA OT 4YaCTOTHI

Ilepemennvim mokom Ha3bIBAIOTCS BBIHYKJCHHBIE KOJICOaHMsI TOKa B LEIH,
COBIIAJAOIIKE ¢ 4YacTOTOU BhIHYkAaromend IJ[C. OnucaHHbIe BbIIIE YCTAHOBUBIIHUE-
Csl BBIHYXJICHHbIE KOJIEOaHUsI MOKHO pacCMaTpuBaTh Kak MPOTEKAHUE MEPEMEHHOIO

toka B 11enu ¢ C, L, R, 00yClIOBIEHHOE nepeMeHHbIM HANPAIHCEHUEM.
U =U_ coswt. (18.25)

[TpoTekaronuii TOK u3MeHseTcs 1o 3akony (18.24) u, cienoBareabHO, OH OTCTAET IO
¢aze ot HanpsbkeHUs Ha ¢. Mcxoanoe ypaBHenue (18.21) MokHO 3amucaTh HHAYE:
Ug +tU. +U =U  coswt, (18.26)



I
rie U =Rl, U = %, U, = L%. Takum 00pazom, cyMMa MaJeHUN HaNps>KeHUs

Ha OTJICJBHBIX JIEMEHTaX KOHTYpPA B KK/ MOMEHT BPEMEHU PaBHA HAINPSHKEHUIO,
IPWIOKCHHOMY M3BHE.

Paccmotpum, kak cootHocsatest U u | Ha sneMeHTax KOHTypa JJisl COMPOTHUBIIE-
aus R (UR), xorgencaropa C (U, ) u katymku L (U ):

Up =Rl coswt-] )=Ug,coswt-j), (18.27)
Uc = I,,/WC) coswt - - p/2) =Ug,coswt-j -p/2), (18.28)
U, =wLl _sin(wt-j )=U ,coswt-j +p/2). (18.29)

ComnocrasuB hopmyisl (18.27) — (18.29), M0oXHO cienaTh BBIBOJ:
HanpsbkeHne Ha eMkocT U orcraeT o dase ot cuiibl ToKa Ha P /2, HANPsDKEHHE

Ha MHAYKTHBHOCTH U, — omepekaeT Ha P/2, a HaNpsDKeHHE Ha aKTHBHOM COIIPO-
tuBsieHuu U, coBnagaer no ¢ase ¢ TOKOM.

CnenoBaTenbHO, MOHATHE 00OpOMHOCMY TI0KA3bIBAET, BO CKOJIBKO pa3 Hampsi-
KEHUE Ha KOHJIEHCATOPE MOKET NPEBBICUTH MPUIIOKEHHOE N3BHE HANPSKEHUE:

o :lﬁ = 1 _Wendpe (18.30)
RVC wCR U,

OT0 CBOMCTBO KOHTYPOB HACTPAUBATHCS HA PE30HAHCHOE HANPSHKEHUE UCTIONb-
3YIOT JJIs1 BBIICJIEHUS U3 CIIOXHOTO HANPSIKEHUS HY>KHOW COCTaBIIAIONIEH oa00pOM
C u L. Tak penaercd mpu HacTpoilke pagUuONPUEMHHUKOB, KOTJa HEOOXOAUMO J0-
OUTbCSI COBMAJIEHUSI COOCTBEHHOM YacTOThI KOJEOATENbHOIO KOHTYpa NMPUEMHHKA C
YacCTOTOM AJIEKTPOMAarHUTHBIX BOJIH, M3/IyYaeMbIX pajguocTaniueil. OTmetum, 4To,

HAIpUMep, OObIYHbIE PaAHOKOHTYPhI 00MamaroT n06poTHOCTRIO Q~10- 107, mns

MbE302JICKTPUICCKON MIacTUHKH Q ~ 2 X0* ma wactore 20 x['1.



Tema 19. YpaBuenuss MakcBeJuia
19.1. BuxpeBoe 3j1eKTprUYecKoe moJjie. JJIeKTPOMArHUTHOoe nmoje. Tok cMemenuns

Jliist 0OBSICHEHHSI BOBHUKHOBEHUS MHYKIIAOHHOTO TOKA B HEMOJIBHYKHBIX MPO-
BoaHukax J/Ix. K. MakcBet npenoaoKui, 4To BCAKOE MEPEMEHHOE MarHUTHOE T10-
Jie BO30YXK/IaeT B OKPYKAIOIIEM MPOCTPAHCTBE BUXPEBOE AIEKTPHUECKOE IMOJIE, KOTO-
poe U SIBIISETCS MPUYMHOW BOSHUKHOBEHHS MHIYKIIMOHHOT'O TOKAa B KOHTYpe (mepBoe
OCHOBHOE NOJI0KeHne Teopun MakcBesia).

[{upKyasiuss BEKTOpa HANPSKEHHOCTH E BHXpeBoro mossi, kKak ObLIO paHee
MoJTy4eHo B roxareme 17.2 (cMm. dopmyiy (17.3)), He paBHA HYJIIO, T.€. AICKTPUICCKOE
noie E, Bo3OyxkmaeMoe mepeMEHHbIM MATHUTHBIM IOJIEM, KaK M CaMO MACHUMHOe
noje, SIBJSICTCS GUXPEBLIM

r r r
s =- 92 = 418 yg (19.1)
L dt Sﬂt

B oOmeM citydyae cymmapHO€ 3JI€eKTpUYECKOE MOJIe CKIIaIbIBAETCS U3 dJIEKTPU-
YEeCKOTr0 TOJIs, CO3/1aBaéMOr0 HETOJBMKHBIMU 3apsiaMH, U BHUXPEBOTO AJIEKTpUYe-
ckoro mous. [ToCKONBbKY HMUPKYISIUS AJIEKTPOCTATHYECKOTO IOl paBHA HYJIO, TO
LUPKYJISAINSA CyMMapHOTO MOJISt ONPENENAETCS KaK

rr M| r
oFd =- 5dS. (19.2)
L st
YpaBHenne MakcBesta (19.2) ansa snektpomarautHoro monst (00oOIIeHHe

3aKOHA AJEKTPOMArHUTHOM MHIYKIMH JJISI HEOABUKHOIO 3aMKHYTOT'O TIPOBOJISIIIETO
KOHTYpa B TIEPEMEHHOM MarHUTHOM Ti0Jie) (hOpMyTUpyeTCs TaK:
1

HUPKYJIALMS BeKTopa E HampsmeHHOCTH AJIEKTPUYECKOTO MOJISl O MPOU3BOJIHHO-
My HENOJBH)XKHOMY 3aMKHYTOMY KOHTYpy L paBHa B35TO C OOpaTHbBIM 3HAKOM
CKOPOCU U3MEHEHU MACHUMHO20 NOMOKAa Yepe3 NMOBEPXHOCTh S HATAHYTYIO Ha
9TOT KOHTYP (wn, 9TO TOXKE caMmoe, paBHA B3SATOMY ¢ OOPATHBIM 3HAKOM IOTOKY
BEKTOpPA ﬂB/ it yepe3 BeIlIICYKAa3aHHYIO TIOBEPXHOCTH S).

U3 BCKTOPHOI'O aHaJIn3a COFJIaCHO meope.ine Cmokca MOXHO 3a11McaThb, 4TO

@E di = dotE xS, (19.3)
L S
13 conocranenus ypaBaenuii (19.2) u (19.3) CJIEITyeT, UTO
r
FLo.mB (19.32)
qa

Beipakenue (19.3a) siBnsiercss ypaBHenumem Maxkcesuia (19.2) B auddepennn-
aJlbHOM opme.

Tok cMemeHusi. MakcBeIUT MPEANONIONKMI, YTO aHAIOTUYHO MAarHUTHOMY I10-
JF0 BCSIKOE€ M3MEHEHHE AJIEKTPHUUYECKOTO TOJISI BBI3BIBAET B OKPYIKAIOIIEM MPOCTPaH-
CTBE BHUXPEBOEC MAarHUTHOE TMoJic (BTOPOe OCHOBHOE TMOJIO)KEHUE TeOpHuu
MakcBeJia).



W3BecTHO, uTO Mok nposooumocmu | = (‘)i xdS (14.4) o0ycnoBIIeH ABMKCHHEM
S

3apsKEHHBIX 4acTHUL. J[JIsI KOJMMYECTBEHHOM XapaKTEPUCTHUKH «MArHUTHOrO JEUCT-
BUSI» TIEPEMEHHOTO 3JIEKTPUUYECKOTO TOJIT MaKcBeJI BBEJ TIOHATHE TOKAa CMEIICHUS
(1865), paBHO3HAYHOTO MO CBOEMY MAarHHUTHOMY JICHCTBHIO OOBIYHOMY AJICKTpHYE-
CKOMY TOKY. TOKHM CMeIeHHUsI CYIIECTBYIOT JIUIIL TaM, TJe MEHSCTCS CO BpEeMEHEM
aNeKTpuueckoe noje. Kak u mepeMeHHbIH TOK MPOBOJIUMOCTH, TOK CMEIIICHUS CO3/1a-
€T TIEPEeMEHHOE MarHUTHOE TTOJIE.

BekTop niomnocmu moxka cmeuwjenusa B JaHHOW TOYKE MPOCTPAHCTBA PaBEH
CKOPOCTH M3MCHEHHS BO BDEMEHH BEKTOPA 3JICKTPHYCCKOTO CMEIICHHUS B 9TOM TOUKE
K
I Jem = ﬂt ’ I I I (194)
rae D — BekTop anexrpuueckoro cmemenus (D =e,E + P B nuanekrpukax (13.12)).

TokoM cMeleHus1 yepe3 NPOU3BOJIBHYIO OBEPXHOCTh S Ha3bIBAETCS (puznye-
CKasl BEJIMYMHA, YMCICHHO paBHAas NOTOKY BEKTOpPA IUIOTHOCTH TOKAa CMELICHHUS
CKBO3b 3Ty OBEPXHOCT!

onm S = 01%— (19.5)

Cnenyer nmogyepKkHyTh, UTO TOK CMEIICHUS ONPENeNsIeTcss MPOU3BOAHON BEK-
1 1

topa D, HO HE CAaMHUM BEKTOPOM D.

Tak, HanmpuMep, B I0JI€ IJIOCKOro KOH-
neHcatopa Bektop D Bcerja HampaBieH OT
«HOJOKUTENBHOW» TUIACTUHBI K «OTPULIATEIIb-
Hoi». Ho B CIlydae €CIM JJIEKTPUYECKOe TojIe

BO3pACTaECT, TO ﬂD/ﬂt a clIe10BaTEILHO, U TOK

CMEIICHUS] HalpaBJIEHbl TaK, KaK MOKa3aHO Ha
puc. 19.1,a. Ecnum xe »leKTpUYECcKoe ToJie

o

yOBIBaET, TO ﬂf)/ﬂt HaIpaBJIEHO OT «OTpHIla-

Puc. 19.1. HanipaBneHue TOKa CMEIICHUS
B CJTy4ae MJIOCKOTO KOHJCHCaTopa: TEJILHOM» TUIACTUHBI K <IOJOXKHUTEIBHOW», W
@ — KOHJCHCATOP 3apsKacTCs, MarHuMTHOC MOJ¢ IMPOTHUBOIMOJIOKHO IO CpaBHE-

6 — KOHJIGHCATOP pa3psKacTCs HHIO ¢ TIEPBBIM city4aem, puc. 19.1, 6.

Ecnu B kakKoM-1100 MPOBOJIHUKE UMEETCS nepeMeHHblli MoK, TO BHYTPH Mpo-
BOJHUKA CYUIECTBYET nepemeHnoe snexmpuyeckoe nose. 1103ToMy BHYTpH NPOBOA-
HUKa UMEETCS U TOK MPOBOJMMOCTH, U TOK CMEIIEHUSA, U MarHUTHOE IOJIE MPOBOJ-
HUKa ONPENIEINAETCS CyMMOM 3TUX JIBYX TOKOB.

MakcBenn BBEN NOHATUE HOJIHO20 MOKA, PABHOTO CyMME TOKOB IPOBOJUMO-
CTH M CMEIeHHs. BEKTOp MIOTHOCTH MOTHOTO TOKA PaBeH

r r qD
bom = | +’%—t. (19.6)

JIMHUM IEPEMEHHOI0 TOKA BCIOAY 3aMKHYThI, KAK M JIMHUU MOCTOSHHOTO TOKA.
Ha koHmax npoBogHHKOB (IeTieli) oOpbhIBaeTCs JIMIIb TOK MPOBOAMMOCTH, a B JU-
aNIeKTpuKe (MU B BaKyyMe) MEKAY KOHIIAMHU MPOBOJHUKA «IIPOTEKAET» TOK CMEIIe-



HUS, KOTOPBIN 3aMbIKaeT TOK MPOBOJUMOCTH, HApPUMEP MEXIy OOKJIaJKaMU KOH-
JIeHCaTOpa B MPOIIECCE €ro 3apsIKU WIH Pa3psIKU.

Tok cmemienust oOJlagaeT JMIIL OAHUM (DU3HMYECKUM CBOMCTBOM: MHOJ00HO
OOBIYHBIM TOKaM MPOBOJMUMOCTH, OH SIBJISICTCSI MCTOYHNUKOM BHXPEBOTO MarHHUTHOIO

MoJisl, T.€. TAKOTO MOJIsl, IUPKYJSALUS HANPSHKEHHOCTH H KOTOporo mo 3aMKHYTOMY
KOHTYpPY HE paBHa HYJIIO. .

MaxkcBesut 00001 TeopeMy o mupKyssiuu Bekropa H (16.8), nucnonb3osas
MOHSITHE MOJTHOTO TOKA:

JJrroor ﬂ[') r
oHdl =¢fj+--)dS. (19.7)
It
L S
YpaBuenne MaxkcBesia (19.7) mias anekrpoMarHuTHOro mosist (000O0IeHHAs
TeopeMa o0 NUPKYJsiiuu Bektopa H ) popmynupyercs Tax:
UPKYJISAUS BeKTOpa H HampspkeHHOCTH MArHUTHOTO TOJIS TIO TIPOU3BOJIBHOMY
HEMOJBI)KHOMY 3aMKHYTOMY KOHTYpYy L paBHa anreOpanyeckoli cymMme MakpoTo-
KOB M TOKa CMEIICHUS CKBO3b MIOBEPXHOCTh, HATSHYTYIO Ha 3TOT KOHTYD.
Nuddepenunannnas ¢popma ypasuenus (19.7) umeer Bua
L, " _r 1o
N H=j+2 (19.72)
1 ﬂt 1
T.€. pOoTOp BekTOopa H ompenensercss MIOTHOCTBIO TOKA MPOBOJUMOCTH | W TOKa

1
CMEIIEHUS ﬂD/ it B TO¥ Xe TouKe.

19.2. YpaBuenust MakcBeJuia.
OTHOCHTEJBHOCTH JIEKTPHYECKOT0 U MATHUTHOIO 1oJIei

B 60-x rr. XIX B. JIx. K. MakcBenin, ocHOBbIBasich Ha uzaesx dapajges o0
ANEKTPUYECKOM M MArHUTHOM TOJIAX, 00OOIINI 3aKOHBI, YCTAHOBJIEHHBIE 3KCIEPH-
MEHTaJbHBIM IMyTEM, U Pa3paloTall 3aKOHUEHHYI0 meopurd) eOUHOo20 IJ1eKMmpPoMaz-
HUmMHO20 noaa. BuepBbie 00 ypaBHeHHsIX MakcBesuia ObUIO A0J05KEHO Ha 3aCeTaHUU
Jlonponckoro Koponesckoro obmectsa B 1864 r. YpaBuenus MakcBemna QpyHKIUO-
HaJbHO CBS3BIBAIOT JIEKTPUUYECKHE M MArHUTHBIE TOJIA C 3apsijaMd U TOKaMu B Ba-
KyyMe U CIUIOIIHBIX CpeJjaX M OXBaThIBAIOT CO0OIl BCE M3BECTHBbIE 3aKOHOMEPHOCTH
MaKpodJIeKTpoMarueTu3Ma (KiIaccu4eckod MaKpOCKOMYECKON 971eKmMPOOUHAMUKLL).

Teopuss MakcBessia mnpeacraBiser co0oit (HEHOMEHOJOTHYECKYI0 TEOPHUIO
AJIEKTPOMArHUTHOIO MOJig. JTO O3HAYAeT, UTO B HEM HE paccMaTpHUBAIOTCS MO/IeK)-
JISIPHOe -cmpoeHue cpedbl N BHYTPEHHUU MeXaHu3m npoyeccos, MPOUCXOASIINX B
Cpelle B DJIEKTPOMArHUTHOM IOJie. DJIEKTPUYECKHME M MarHUTHbIE CBOWCTBA CPE/bI
XapaKTepU3YyIOTCs TPEMsl BEJIMUMHAMU: JAUDJIEKTPUUYECKON MPOHUIIAEMOCTBIO &, Mar-
HUTHOM IIPOHULIAEMOCTBIO 4 U YAECIBHOU DJIEKTPUUYECKON IMPOBOIUMOCTEIO 0.

MaxkcBesut 06001mI TeopeMy ['aycca s anekrpoctatudeckoro mojs (12.11).
OH mpeanoiaoXkuj, 4To OHa CHpaBEeAJIMBA AJIA JIFOOOTO 3NEKTPUUECKOro MOJisd, Kak
CTAalHOHAPHOTO, TaK U nepemMeHHoro. CooTBeTCTBYIOIICe ypaBHeHHEe MakcBelia as

aniekTpoMarauTHoro noiist (teopema IMaycca s Bekropa D (13.14)) umeer Buj




P dS=¢y av, (19.8)

rae [ — o0beMHas MIOTHOCTh CTOPOHHETO 3JICKTPHYECKOTO 3apsija, HEMPEpPhIBHO
pacnpeiesICHHOr0 BHYTPH 3aMKHYTO# MOBEPXHOCTH S
YpaBuenue Maxkcseiia (19.8) opmynupyercst Tak:
MOTOK BEKTOpa DJICKTPUUECKOro cMmelneHuss D depe3 mpou3BONBHYIO HEIMOBUK-
HYIO 3aMKHYTYIO TIOBEPXHOCTh S paBeH aare0panyeckoil cyMMe CTOPOHHUX 3apsi-
JIOB, OXBATHIBAEMBIX 3TOM MOBEPXHOCTHIO.
CornacHo Teopeme Octporpanckoro (12.12) w3 BEKTOPHOrO aHaju3a yYpaBHEHHE
Maxkcgenia (19.8) B nudde )eHHI/IaJILHOI/I (opme 3anucChIBacTCS KaKk

N>D =r . (19.8a)
Canenytomiee ypaBuenne Makcesia (teopema ["aycca /i MAarHUTHOTO TIOJISt

B (15.13)) nmoka3sIBaeT, YTO MArHUTHBINA MMOTOK Yepe3 MPOU3BOIBHYIO HEMOABHKHYIO
3aMKHYTYO TIOBEPXHOCTh S PaBEeH HYJIIO:

@é dS=0. (19.9)

YpaBuenne MakcseJia (19. 9) B an¢ depeHnHanbHOI Gopme nmeeT BHL

N>B=0. (19.9a)
Takum o0pa3oM, MoOJIHasi CUCTeMa ypaBHeHMd MakcBeJlJla B HEMOIABHXHBIX Cpe-
JlaX B MHTETPanbHO (QOpME BKIFOYACT YETHIPE. ypaBHEHNUS (19.2), (19.7), (19.8) u

(19.9), csasbiBatomue BekropHbie ot E, H, D 'u B mexay co0oi, ¢ MIIOTHOCTHIO
1
DIEKTPUYECKOT0 3apsifia I U IIOTHOCTBIO JNEKTPHHECKOTO TOKA. |
1

r r r
@Edl—-“l‘]"BdS Q‘j—ldlzdjr+1]”—?)d8,
S
PP dS= gy adv, OB dS=0.
S V S

OTy cUCTEMY HEOOXOAUMO JONOJIHUThH MAMEPUATLHOIMU YPAGHEHUAMU, XA~
PAKTEpU3YIOIIMMH JJIEKTPUYECKME U MArHUTHBIE CBOMCTBA Cpenabl. B ciyyae oHO-
POJIHBIX M30TPOMHBIX HECETHETOSJEKTPUUECKUX U He(PEepPOMArHUTHBIX CPEJl U MaK-
POTOKOB, MOAYMHAIOMMXCA 3aKOHy OMa, 9TH YPaBHEHHS HMEIOT BHJL:

D=eeE, B=mmH, |=s(E+E (19.10)

'€ &g U Wo — COOTBECTCTBCHHO DJICKTPHYCCKAss U MarHUTHAas IOCTOSAHHBIC; € U it — CO-
OTBCTCTBCHHO NMIJICKTPHYCCKAs U MAarHUTHAs NMPOHHULACMOCTH; 0 — YACIbHAs DJICK-
1 1

cmop) ’

TpUYCCKas NMPOBOJUMOCTh BEIICCTBA, EuE — COOTBCTCTBCHHO HAIIPAKCHHOCTHU

cmop
AJIEKTPUYECKOTO OIS U MOJISI CTOPOHHUX CHJI.

N3 ypaBHeHuld MakcBenna ciieayer:

— HCTOYHHMKAMU DJIEKTPUYECKOTO TMOJId SBISIOTCS SJIECKTPUUYECKUE 3apsiJibl
WJIA U3MEHSIOIIMECS BO BPEMEHU MAarHUTHBIE TTOJIS;

— MAarHUTHBIE TOAS MOTYT BO30YXKAAThCA JIMOO JBIXKYIIUMUCS SJEKTpUUE-
CKUMHU 3apsfaMu (JIEKTPUYSCKUMHU TOKAMH), JTUO0 NMEPEMEHHBIMH JJICKTPHUSCKUMU
MOJISIMU,




— nepemenHoe MA2HUmMHOe Nnojie BCETJa CBSI3aHO C MOPOXKIAEMbIM UM 3JICK-
TPUYECKUM TIOJIEM, & HepeMeHHOe dIeKMPUYecKoe noJjie BCEraa CBsI3aHO C MOpOoKaae-
MBIM UM MarHUTHBIM, T.€. 9JIEKTPHYECKOE M MAarHUTHOE ITOJI HEPa3pPHIBHO CBSI3aHBI
JPYT C APYrOM — OHK 00Pa3yIOT eAMHOE 3IeKTPOMATHUTHOE NoJle.

Jlns cranmonapubeix moneit (E =const u B =const) ypaBHenus MakcBeria
UMEIOT BU/

oFd =0, ¢PdS=q, gHdi =1, @BdS=0. (19.12)
L S L S

B aToM crydae anekTpudecKkre M MarHWTHBIC TIOJISl HE3aBUCUMBI APYT OT APYTa, UTo
MO3BOJISIET U3y4aTh OTJEIHHO MOCTOSIHHOE JIEKTPUIECKOE U MAarHUTHOE IOJIC.

IMonnas cucremy ypaBHenuii Makcpesia B quddepenimanpHoit hopme co-
crouT u3 ypaBHenuit (19.3a), (19.7a), (19.8a) u (19.9a), xapakTepu3yIOUIUX MOJC B
KaXJ10M TOUKe IPOCTPaHCTBA:

L r L r r qp

N'EZ-E, N'H:j'*'E,
It qt

L1 L1

NxD=r, NxB=0.

JlaHHbBIC YpaBHEHHUS HE CUMMETPUYIHBI OTHOCUTEIIBHO DJICKTPUICCKOTO ¥ MATHUTHOTO
MoJieH, Tak Kak B NPUPOJIC CYIICCTBYIOT JICKTPUYCCKHE 3apsjibl, HO HET 3apsaoB
MArHUTHBIX.

B ciydae eciu 3apsiibl M TOKH pacrpeieiicHbl B TPOCTPAHCTBE HEMPEPBIBHO, TO
00e (opMbI ypaBHEHHI MakcBeiia — HHTerpajdbHas U auddepeHianbias — YKBU-
BaJICHTHBI. OJHAKO €CJIM UMEIOTCS MOBEPXHOCTH pPa3pbiBa, HAa KOTOPHIX CBOWMCTBA
CpeIbl WK TOJICH MEHSIOTCS CKauyKoOOpa3Ho, TO MHTErpajibHas (Gopma ypaBHEHHU
sBIIsieTcst Oosiee 00mel. OTMETHM, 9TO B OTHOIICHUH (PU3NICCKUX MPECIIOB MPUME-
HUMOCTH 00€ CUCTEMBbI PABHO3HAYHHDI.

Jlst Toro uToOBI aHHbIC ypasHenusi Makceenna 6 oupgepenyuanvroii popme
ObUTH CTpaBe/UIMBBI M Ha TPAHMIAX CPEJi, HCOOXOJAUMO JOMOJHHUTh 3TH ypaBHEHUS
epanuunvimu ycrosusmu — cootnomenusmu (13.17), (13.20), (16.13) u (16.13a),
KOTOpPBIC CIPABE MBI JTsE TOCTOSHHBIX M TIEPEMEHHBIX TOJICH

Ey =Ex ., D1y =Dy, By =By, Hy =Hy
(ypaBuenus (13.20) u (16.13a) BbIBeACHBI I Cllydas, KOrjJa Ha TpaHHIIC pas3jeiia
OTCYTCTBYIOT KaK CBOOOJIHBIC 3apsi/ibl, TAK U TOKH ITPOBOIMMOCTH).

Bce akcmeprMEHTaNbHO PErUCTPUPYEMBIC JJICKTPOJUHAMUYCCKUE SIBICHUS
YIOBJICTBOPSIIOT MPHUHIIAITY OTHOCUTEILHOCTH. YPaBHEHHS MaKcBelljia BBIMOIHSIOT-
Csl BO BCEX MHEPIIMAIBHBIX CUCTEMaX OTCUETa M SBJISIOTCS MHBAPUAHTHBIMU OTHOCH-
TeNbHO MpeoOpa3oBanuil Jlopena. OTMETHM, YTO BXOASINNE B yPAaBHECHUS BEIIMYUHBI
peoOpasyroTcs MO ONpPEICACHHBIM MPABUIIAM MPH TEPEX0JIe OT OJHON HMHEpIIHab-
HOU CHUCTEMBI OTCYETa K APYrou. JleaeHue 3JIEKTPOMAarHUTHOTO I0JI Ha BJIEKTpUYe-
CKOE€ M MAarHUTHOE UMEET OTHOCHTEIIbHBIN XapakTep ¥ 3aBHCHT OT CUCTEMBbI OTCYETA,
B KOTOpOM paccMmaTpuBaroTcs sifieHus. OqHAKO 3apsijl Jr000i YacTHUIlbl — eI TUBU-
CTCKM WHBapHWaHTHAs BEJMYMHA, HE 3aBUCSIINAsl OT CKOPOCTH YaCTHUIIBI M BHIOOPA CHC-
TEMBI OTCUETA.




Tema 20. DiieKTpOMAarHUTHbIE BOJIHBI

20.1. BosiHOBOe ypaBHeHUe sl 3JIeKTPOMATHUTHOM BOJIHBbI. OCHOBHBbIE
CBOHCTBA 3JIEKTPOMATHHTHOIi BOJIHBL

CKOpPOCTb, NONEPEYHOCTh, CBA3b MEKAY EuH

W3 ypaBHeHuit MakcBeina ciaeayer, YTo 3J1eKmpoMacHuUmHoe nojie CrocoOHO
CYILIIECTBOBATh CAMOCTOATEIbHO — 0€3 ANEKTPUUECKUX 3apsA 0B U TOKOB. B3anuMocss-
3aHHBbIC KOJICOaHUs (M3MEHCHHMsS) DJIEKTPUUECKOTO M MArHHTHOTO IOJIeH; COCTaB-
JSAOIMX €IUHOE IEKTPOMArHUTHOE T0JIE, HA3bIBAIOTCS 2J1IEKMPOMAZHUMHBIMU KO-
Jedanuamu.

JIEKTPOMATHUTHbIE BOJHBI — 3TO 3JIEKTPOMAarHUTHbIE KOJI€OaHus, pacrpo-
CTPAaHSIOIIMECS B MPOCTPAHCTBE C KOHEUYHOW CKOpPOCThIO. B Bakyyme OHHM Bcernaa
PacmpoCcTpaHAIOTCs CO CKOPOCTHIO, PABHOH CKOPOCTH CBETA C.

NMeHHO TpUCYTCTBUE MOKaA cMeujeHus ﬂD/ it Hapsiny ¢ BenmuuHOM ﬂEIS/ It u

03HA4YaCT BOSMOKHOCTD IMOABJICHUA 3JICKTPOMArHUTHBIX BOJIH. Bcsikoe nsmenenue Bo
BPEMCHH MArouMTHOI'O ITOJIA BO36y)KI[aeT IMOJIC JJICKTPHUYCCKOC, NSMCHCHHUC KC II0JIA
ANIEKTPUUYECKOTO B CBOKO Ouepesib BO30YXJaeT MarHUTHOE MoJie. 3a CYET HEelpephIB-
HOT'O B3aMMONPEBPALIEHUS 3JIEKTPOMAarHUTHOE BO3MYIIeHUE Oy/IeT pacnpoCTpaHATh-
Cs B IPOCTPAHCTBC.
Paccmorpum OZTHOPOJIHYIO U30TPOTIHYIO HeﬁTpaHLHon HETIPOBOISIIYIO CPEAY
D=eeE, B=mmH, (20.2)
rac &g U Yo — COOTBETCTBCHHO JJICKTPUYCCKAasd U MarHuTHasd IIOCTOSIHHEIC, &€ U Hu — CO-
OTBCTCTBCHHO AUIJICKTPUYCCKAA W MArHUTHASA NPOHUIACMOCTU CPCILI. I/ICHOJIB?.YSI
ylpaBHleHI/I}I MaKCBeJIJ'Ia, MOJXHO IIOKa3aTb, 4YTO BOJIHOBBIC YPAaBHCHUS JIsI BCKTOPOB

E u H nmeror Bug

N P r o1
N’E'= eoem)m.l]”TzE : I&IZH = eoerrbm‘II”TH, (20.2)
Lo R O
rae N =D= + + —oneparop Jlanmaca.
A o W 2 paTop

ITepeuriciiiM OCHOBHBIE CBOMCTBA AJIEKTPOMArHUTHBIX BOJIH, PACIPOCTPaHsIO-
IUXCS B M30TPONHON HEUTpaIbHON HENMPOBO/IAIIEH HEEPPOMATHUTHOU cpefie:

1) ckopocmoio pacnpocmpanenus U SIEKTPOMArHUTHON BOJIHBI B Cpejie Ha-
3pIBaeTCsl (hpazoeas ckopocmp (CKOPOCTh pacmpocTpaHeHus ¢asbl koneOanwuii). [o
3akony Maxceenna OHa paBHa

_ 1 1:C
Veomy yJem Jem’

rae C :]/ \/€oN}) — CKOPOCTH PACIPOCTPAHECHUS IICKTPOMArHUTHON BOJIHBI B BaKyYy-

(20.3)

Mme. [Tockonbky €r>1, Tou <C;

1 1
2) BEKTOpHI HampspkeHHocTe E u H aiekTpuyeckoro ' MarHUTHOTO TOJeH
BOJIHBI M BEKTOP CKOPOCTH PACIPOCTPAHEHUS BOJHBI U B3aMMHO MEPIEHIUKYISPHBI



1 00pa3yloT MPaBOBUHTOBYIO cuctemy, puc. 20.1. 3To cBOMCTBO 3JIEKTPOMArHUTHOM
BOJIHBI HE 3aBUCHUT OT BHIOOpa KOOPAUHATHON CUCTEMBI;

L 3) B pacnpoCTpaHSIOIIEHCS 3JICKTPOMAarHUTHOM
U BOJIHE KOJI€OaHUsl MEKTPUYECKOT0 U MarHUTHOTO MOJeH
npoucxonar B ¢aze. Ha puc. 20.1 nokazaHo uaMeHeHHE
1 1

| BekTopoB E um H B mpocTtpancTtBe B (pUKCHpPOBaHHBIM
o ™ MOMEHT BPEMEHH, IPUYEM MEXIY MTHOBEHHBIMH 3Haye-
H (B) nusvu E u H (E u B) B m000i TOYKe CyHIECTBYET OIpe-

Puc. 20.1. Pacnipenenenue JACJICHHAs CBsI3b, @ UMCHHO.
SMCKTpUICCKOro E=uB wm eeE=,mmH. (20.4)

1 MaroHMuTHOI'O II0JIEH

B PACIPOCTPAHSIOLIEHCS Oto 3Hauwt, 4T0 £ 1 H (Wiu B) 0XHOBPEMEHHO B OJHUX
BOJIHE U T€X K€ TOYKaX JOCTUIaloT MaKCUMyMa, OJTHOBPEMEHHO

oOpaIarTcs B HyJb U T.J.

BonHoBbie ypaBHenusi (20.2) omuchIBaIOT, B YaCTHOCTH, PAaCIPOCTPaHCHUE
HanOoJIee MPOCTHIX ANEKTPOMArHUTHBIX BOJIH CTPOTO ONPEIETIEHHON YacTOThl — n0-
CKUX 2APMOHUYECKUX (Mouwlcpoma{nuqemux) INEeKMPOMAZHUMHBIX 60TH. AMIUIN-
Tyna kosebanuid BekTopoB E m H muiockoil rapMOHMYECKOM 3JIEKTPOMarHUTHOM
BOJIHBI B JIFOOOW TOYKE HAaOIIOJEHUS MOCTOSHHA. MOXKHO MOKa3aTh, YTO YpaBHEHUS
IUIOCKOM TapMOHHUYECKOM DAJIEKTPOMATHUTHOM BOJIHBI, PACIPOCTPAHSIOLICUCS BIOJb
ocu X IKapTOBOH CHCTEMBI KOOPJMHAT, HMEIOT BHJL:

E = E,,coswt - kx+a), (20.5)
H =I—'Imcos(wt- kx+a), (20.5a)
r7e IIEm u H m — @MIUIMTYZIbI KOJeOaHUN 3JIEKTPUUECKOT0 U MAarHUTHOTO TOJIEH BOJI-
HbI; W = 2PN — KpyroBas ([UKIMYECKass) 4acToTa dTUX Kojebanuit; K =w/u — Boi-

HOBOE YHCIIO; o0 — HadyanbHas ¢asa konedbanuid Bonubl pu 1 =0 u X = 0. 3Hak MuHyC
B ckoOkax ypaBHeHuit (20.5) u (20.5a) o3HauaeT, 4TO BOJHA PACIPOCTPAHICTCS B IO-
JOXKHUTEIbHOM HampapicHu# ocu X. OTMETUM, YTO aMIUTUTYAbI dJICKTPUUYECKOTO U
MarHuTHOTO Tosieit E, m H  cBa3ansl cootHomenuem (20.4).

PaccTosinre, Ha KOTOpOEe pacnpOCTPaHsIETCs HIEKTPOMArHUTHasl BOJIHA B Cpe-

Jie 3a BpeMsl OJTHOT0 nepuoja kojebanuii 7, Ha3bIBaeTCsl JJIMHOW BOJTHBI U ONpees-
eTcs Kak

| =uT. (20.6)

CBs13b JJIMHBI 3JIEKTPOMArHUTHON BOJIHBI C NEpUOJIOM 1 M 4acTOTOM N KoneOaHuil B
BaKyyMe

| =cT, wm | =chn. (20.6a)

BosiHOBBIE YpaBHEHUS IVIOCKONM rapMOHHYECKOM 3JIEKTPOMAarHUTHOMN BOJI-

HbI, PaCIPOCTPAHAIOLIEHCS BJIOJIb OCH X, 3alIMCHIBAIOTCS KaK

TE 1 T%E TH 1 1PH

, . 20.7
x> u? qt? w2 u? qt? (20.7)



20.2. OnbiTel I'epua. IlsioTHOCTH 3HEPrUN
3JIEKTPOMArHUTHOM BOJIHBI. BexkTop IloiinTHHra. OnsiT JlebeneBa

Onpitel I'epa. YtoObI MOTYYUTH CBOOOIHBIE 3JEKTPOMArHUTHBIE BOJHBI,
HEO0OXOJIMMO CO3/1aTh B MPOCTPAHCTBE JOCTATOYHO OBICTPO M3MEHSIOIIEECS AIEKTPH-
YEeCKOe IM0J€ WM COOTBETCTBEHHO OBICTPO M3MEHSIOIIEECs] MArHUTHOE IIOJI€.
I'. P. Teprr B 1888 r. ucnosnbn3oBan npubdop ¢ uckpossim npomedxcymxom (BUOpatop
['epiia), B KOTOpOM Ha KOPOTKOE BPEMsi BO3HUKAIN KOJeOaHUs 3apsijia; MPU ITOM re-
HEPHUPOBATHCH HIEKTPOMATHHTHBIC BOIHBI ¢ dacToToil mopsiaka 10° I'm. Otmernw,
YTO MHOTHE COBPEMEHHBIE BHUOpPATOPHBICE AHTEHHBI COXPAHMIN KOHCTPYKTHUBHBIC
ocobenHoctH BuOpaTopa ['epua.

['epu 3aperucTpupoBall 3J€KTPOMArHUTHBIE BOJIHBI HA HEKOTOPOM PaCCTOSIHUU
oT BUOpaTopa C MOMOIIBI PE30HATOpa — BTOPOro BUOpaTopa € ropasio MeHbLIen
JUTMHOW MCKPOBOTO MPOMEXKYTKA (IOJIM MUJLTUMETpPAa BMECTO 7,5 MM B M3JIydaronieM
BuOpatope). Takxke TOMOIHUTEIHFHO B KAYECTBE PE30HATOPA MCIOJIB30BANICS MPSIMO-
yroJbHBIN (MM KPYTOBO#l) MPOBOJIOYHBIH BUTOK C UCKPOBBIM MPOMEXYTKOM. Vckpe-
HUE BUOpaToOpa BBI3BIBAJIO MOSBICHHE UCKP B pe3oHaTtope. l'epl ycTaHOBWI, YTO
AIIEKTPOMArHUTHBIE BOJIHBI PACIIPOCTPAHAIOTCS CO CKOPOCThIO cBeTa C. OHU HEBUAM-
MbI, OJJHAKO 00JafatoT BCEMHU CBOMCTBaMH cBeTa. MceneaoBaHHbIE UM BOJIHBI OTHO-
CAT K paJAMOBOJHAM: C UX MMOMOILbIO MEPEIaI0TCs PaJIi0O- U TEJIEBU3UOHHBIE CUTHAIIBI.

DJIEeKTPOMArHUTHBIC BOJHBI YCIOBHO JICJSITCS HA HECKOJIBKO BHAOB (A yKa3aHBI
B Bakyyme): paduosoanst (10* m<| < 10% m), ceemosvie Bonub! (ungpaxpachvie
BoJiHBI (760 HM< A <1 MMm), 6uoumsiti cBer (400 HM< A <760 uMm), yrempagpuonemo-
6oe wsnydenne (1 wmM< A <400 HM)), penmeenoécKoe W3IIyUYCHUC
(6:10° uM< 1 <1 M) u p-uzayuenue (L < 6-10° um).

COOTBETCTBYIOIIME YACTOTHI MOKHO HaiTh u3 popmynsl (20.6a). Hampumep,

4acTOThl BUJIMMOTO CBETa JieskaT B uHTepBaie ot 4,0 X10" 1o 7,5-1014 I'm.

PanyoBosIHBI 1 MUKPOBOJIHBI TEHEPUPYIOTCA C MOMOIIBIO AJIEKTPOHHBIX YCT-
POMCTB; BOIHBI ¢ 00JI€€ BRICOKMUMH YaCTOTaMU MPH MOMOIIHU SJIEKTPOHUKHU MOJTYIUTh
KpaiHe TPyAHO.

IIsIOTHOCTH JHEPruM JJIEKTPOMArHMTHOW BOJHBI. Bexkrtop IloiiHTHHrA.
DJIEKTPOMArHUTHBIE BOJHBI MEPEHOCIT B MPOCTPAHCTBE SHEPTUI0. IHeEpus InekK-
mpomazHumno2o nona \W — 370 KOJTMUECTBEHHAs XapaKTEPUCTUKA IJICKTPOMArHUT-
HOI'O B3aUMOJCHCTBHUS.

W =gV,
ric w-— O6’beMHaH IIJIOTHOCTH 3HepFI/II/I I10JIs1. OﬁLeMHaﬂ IJIOTHOCTHL W 3Hepr1m
AJIEKTPOMATrHUTHOI'O MMOJIA CKIAAbIBACTCA M3 05’b€MHblx niomHocmerl We U Wy, DJICK-

TPUUYECKOTO U MAarHUTHOIO INOJIEW U PaBHA, €CIU CPEla HE COAEPKUT CETHETONIEK-
TPUKOB U (heppPOMarHETUKOB:

_&eE”  mmH?

2 2
rae £ v H — COOTBETCTBEHHO HANPS)KEHHOCTHU JJEKTPUUECKOTO U MArHUTHOIO TOJIEN
BOJIHBI B IIPOU3BOJIbHBII MOMEHT BPEMEHU B JJAHHOW TOYKE ITPOCTPAHCTBA.

, (20.8)

W= We + Wy,



Taxk kak +/€,E =./mmH u3 soipaxenus (20.4), To

w = /e,my ~/emEH . (20.9)

®opmyisl (20.8) u (20.9) xapakTepu3yrOT IIOTHOCTh SHEPTUU JICKTPOMATrHUTHOU
BOJIHBI B JI000H MOMEHT BPEMEHH B J1F000i TOUKE IIPOCTPAHCTBA.

Bektop 11 nnommnocmu nomoka snepeuu 31eKmMpoMazHUMHOU 601Hbl HA3bI-
BacTcs BekTopoM IloiinTHHTA (Ymoea-Houumunza)

I = [E |-|] (20.10)

1
ITo mopynto BekTop [/ omnpenenser 3HEPruro, MEPEHOCUMYIO BOJIHOM B €AUHHUILY
BPEMEHM 4Y€pe3 €AUHUYHYIO IUIOIIAIKY, NEPIEHAUKYISPHYIO HAMPABICHUIO PacIpo-
CTPAHEHUS BOJIHBI:

M=EH =wu = /%Egcosz(wt- ka+a), (20.11)

rie U — hasoBas CKOPOCTh BOJIHBI, PaBHasi CKOPOCTU [EPEHOCA SHEPr U (mpu oTCyT-
ctBun qucnepcun). Hanpasienue Bektopa [/ coBmagaceT C HanpaBICHUEM MEpeHOoca
DHEPIUH, T.€. C HAIPABICHUEM PACIIPOCTPAHEHUS dJIEKTPOMArHUTHON BOJIHBI.

EavHnna mioTHOCTH NOTOKA SHEPIUU 3JIEKTPOMAarHuTHOW BOJIHBI B CU — BaTT
Ha MeTp B kBazgpate (Br/mP).

Eciu ucxoauts vM3 NpeAaCTaBICHUN O JOKAJIW3AIMUA 3JIEKTPOMArHUTHON dHEP-
MU B MPOCTPAHCTBE, TO MOXKHO 3aKJIOUUTh, UTO OHA OyIeT U3MEHATHCS B JAHHOM
o0beMe V Kak 3a cUeT ee BbITEKaHUs U3 00BbEMa Yepe3 MOBEPXHOCTh S TaK U 3a CUET
TOr0, YTO TOJIC MepeaacT CBOK SHEPILHIO BCIIECTBY (3apsKCHHBIM YacTHIIAM), T.C.
IPOU3BOAMT PAabOTy HaJl BEIIECTBOM.

CornacHo Teopeme IloiiHTHHTA YObUTL SHEprur W 371€KTPOMArHUTHOTO OIS,
3aKJTII0UYEHHOTr0 B 00beMe V, 3a eTMHUILY BpeMeHI/I onpez(enﬂeTc;I KaK:

r
- A= gyrofas+ &) XEdV (20.12)
. t s Vv
rne I1 — Bexrop [loiiTuHTa; | — IUIOTHOCTH TOKA; E — HanmpsHKEHHOCTH AJIEKTpHYe-

CKOTO 1101s; N — HapyKHAs HOPMallb K IIOBEPXHOCTH S, dS u dV — snemenTsI mo-
BEPXHOCTH W 00bEMa COOTBETCTBEHHO. MHTErpas @H X dS OIpeJIeIsieT OTOK dHEeP-
S
THH, EPCHOCHMBIH JIIEKTPOMATHUTHBIM IIOJIEM CKBO3b 3aMKHYTYIO IOBEPXHOCTE S,
OrPaHUYMBAIONIYIO paccMaTpuBaeMblit 00beM V. Unterpan ¢)j XEdV onmceiBaet pa-
\%

ooty, coBepmaemyto ctopoHHuMu JJIC Haj TOKaMU MPOBOJUMOCTHU, U JKOYJICBBI
MOTEPH — MOTEPH DHEPTUH JICKTPOMArHUTHOIO IMOJIA 3a CUET e¢ MpeoOpa3oBaHus B
SHEPTHIO TEIJIOBOTO JBUKCHHS CPEJIbI.

CkanspHas BeJinduHa |, paBHast MOYJII0 CPEIHEro 3HaUeHus Bekropa [ToiTHH-
ra, Ha3bIBACTCSI HHTEHCHBHOCTHIO 3JIEKTPOMATHUTHOM BOJIHBI:

| = ‘<1'7>‘ (20.13)

N3 (20.11) cnemyeT, YTO MHTCHCHBHOCTh IUIOCKOW TapMOHMYECKOW 3JIEKTPO-




MAarHUTHOW BOJIHBI IIPONOPLMOHAJIbHA KBaAPATy aMIUIUTYIbl €€ 3JIEKTPUYECKON CO-

CTaBJISIIOIIICH .
2
| = /%% (20.14)

OnsIT JlebGeneBa. MakcBeiul TEOPETUUYECKHU MOKA3all, YTO 3JIEKTPOMArHUTHbBIE
BOJIHBI, OTPAXasiCh WIM MOIJIOUIAsICh B T€JIaX, Ha KOTOPbIE OHM MAJal0T, OKA3bIBAIOT
Ha HHUX JaBJIeHHE. DTO JaBJIICHUE BO3HHMKAET B PE3yJbTaTe BO3ACHCTBUS MAarHUTHOILO
[10JIS BOJIHBI HA 3JIEKTPUYECKHE TOKH, BO30YKIAEMBbIE JJIEKTPUUECKUM TOJIEM TOU Ke
BOJIHBL. /lagnenue 31eKmpomMazHumHOll 601Kl Ha TEJIO ONPENEIAETCS BbIPaXKEHUEM

p=(1+r)w), (20.15)
Tiie p — KOIhpunyuenm omparcenus 31eKmpomazHumHoii 6011l — OTHOLICHYE UH-
TEHCHBHOCTH OTPA)KEHHOH BOJHBI K MHTEHCHBHOCTH Tafaroniei (MpH MONHOM OTpa-
skenuu I =1, npu nonsom nornowenun r =0); (W) — cpeanee 3a HepHOJ BOJNHBI

3HaYeHHe 00BEMHON TIOTHOCTH YHEPTHH SIIEKTPOMArHUTHOTO mosis. Ecam BoHa ma-
JlaeT Ha IIOBEPXHOCTH TeJla HAKIOHHO, [0J] yriioM ¢ K Hopmai, To (W) = (1 cosq)/c.

JlaBieHUE 3JIEKTPOMArHUTHOTO HM3Jy4eHUs OOBIYHO O4YeHb Majo. Hampuwmep,
JIaBJICHIE CONHEYHOTO M3TydeHHs Ha 3emie cocrapmser okono 10° ITa, uro B 10™
pa3 MeHbIIIe aTMOC(EPHOTO JaBICHUS. DKCIEPUMEHTAIBHOE JTOKA3aTEeIbCTBO CYIIC-
CTBOBAHUS JIaBJICHUS DJICKTPOMArHUTHBIX BOJIH, TIOJTBEPAMBIIEE TEOpUIO MakcBe-
na, o610 mosyueno I1. H. Jle6enesiM. B 1899 1. on oGHapyxui1 u usmepui oaene-
Hue ceema Ha TBepabie Tena, a B 1910 r. — Ha rasel. B skcnepumenTe, BBINIOJIHEHHOM
B 1899 r., 00beKT HccenoBanus UMEN BUJT TIOJBUKHOTO KpbUIbIiKka. JleObeneB oOHa-
PYKAJI TTIOBOPOT ATOTO KPBUIBIIIKA MO ACHCTBUEM ITaIafOIIEeTo Ha Hero cBeTta. Benu-
YHHA CBETOBOTO JABJICHHS OKa3ajlaCh COOTBeTCTBYOMIEH hopmyie (20.15).

JlaBieHue cBeTa UrpaeT OOJIBIIYIO POJIb B aCTPOPU3HKE U ATOMHBIX SIBIICHUSX.
Hampumep, Hapsay ¢ JaBIe€HUEM ra3a JaBJIcHUE CBeTa 00eCIeunBaeT CTaOMIBHOCTD
3BE3/1, IPOTUBOICHCTRYSI CHJIaM TPaBUTAITUU.
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