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[NaBHas Lenb Aoknaaa — KpaTko NpoaeMOHCTPUPOBAaThL Kak BCS
SrIEKTPOANHaAMMKa, B TOM YMUCNE HE OOBbSACHSAEMas B Kriaccnuyeckon msuke,
N rpaBuTaumsa cnegyroT U3 3akoHa CoXpaHeHUst KOMYecTBa ABMXKEHUS.
[letTann — B KHure.
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1. BBeaeHue

B coBpemeHHon chunsmke nocne bonee yem 0.1, Buvcon
NonyBeKOBOro 3abBeHNA BHOBb MOMy4YaeT K- i

pOKOe pacnpocTpaHeHne TPaKTOBKa ABNEeHNI MATEMATHHECKOE

MOAE/NMPOBAHUE

npupoabl C UCMNoJrib3oBaHNEM TUIMOTE3bI O 3NEKTPOMATHHUTHBIX

HanMM4Ynn PU3n4eCKoro Bakyyma Kak HeKoTo- :J:é\:#%ﬂﬂﬂﬂﬂﬂblx

POV cpeabl, B KOTOPOU pa3BuUBatOTCS BCE 110 METOROMOTMH
MeXaHWKK

npoueccsobl. D,aﬂee Ty cpeny AJid KpaTKOCTu CMOLLHOM Cpefb!
bynem HasbiBaTb 3QNPOM.

[ naBHblE 3a4a4n KHUTN — OEMOHCTpaLms BO3-

MOXHOCTU UHTEepnpeTaunmn 6onbLLIOro Knacca

MaKpPOCKOMUYECKUX ABITIEHNIN MO METO00rNmn |
MEXaHMKN CNSIoWHON cpeabl 6e3 npuereyYeHus ‘
penatneuamMa, npuaaHne nmnyrbca nccneno-

BaHMAM (PyHOAMEHTarbHbIX 3aKOHOB B paMKax

napagurMbl CrfOLLHON Cpeabl, a Takke noapob- Asryct 2016

HOE N3NoXXeHne matemaTuyeckoro popmannama, UMEKLLEro NEPCNEKTUBY
cTaTb 00Lwen nnatdopmon Ans KoHconuaauum ycunmum CTOPOHHMKOB
Teopuun admpa No yTBEPXKOAEHMIO €€ B Ka4eCTBE DA30BOW KOHLENLUM NpU
aHanuse asneHun. IHTyuTuBHbIE MOLENN MHOIMMX NUccregoBarenemn

TeopeTn4HeCkn BO3IMOXHbI, BOINPOC YTO pearimu3yetcad B rnpupoae. -




B oaHHbIX nccnegoBaHUAX adup NpeacTaBnseTcs Kak HekoTopas
OJHOKOMIMOHEHTHas CNNoLIHas cpeaa, yaoBneTBopstoLLLas ooLWenpuHATbIM
3aKoHaM COXpaHeHusa: MaTepun U Konudectsa ABuxeHns. MatemaTtuyec-
KOe npeacTaBneHne JaHHbIX 3aKOHOB B BUE YPaBHEHUSI HEPA3PbIBHOCTU U
BTOPOro 3akoHa HbioToHa OyAem HasbiBaTb ypaBHEHUSAMU achupa.

3 ypaBHEHUN 3adpupa C NPUHATLIM B MPUKIaAHOW MaTteMaTuke YPOBHEM
CTPOroCcTu NonyYeHbl CreacTBms, KOTOPbIM AaHa usnyeckad NHTepnpe-
Taums. [NpoBegeHo conoctasrneHne ¢ 6a3oBbIMU 3KCNEPUMEHTASTBLHO YyCTa-
HOBJTIEHHbIMU 3aKOHaMM, KacatoLLNXCA ANEKTPUHECKNX, MArHUTHbLIX U
rpaBMTaALIMOHHbIX SABNEHUN. [TokasaHO XopoLlee COOTBETCTBNE. PacKpbIThl
MEXaHN3MS MHOIMX MPOLECCOB, Ka3aBLUMXCHA PaHEE NapadoKcasribHbIMM.

MaTtemaTtuyeckn yCTaHOBMEHO, YTO (PaKTUYECKN BCA aNIeKTpoanHaMuKa U
rpaBUTaUMOHHbIE 3(PMEKTLI CieayoT N3 BTOPOro 3akoHa HbHTOHa.

B meTogonorm maremMaTtn4eckoro MoaenMpoBaHua MaTteMaTuyeckas
MOLENb CYNTAETCA aeKBaTHOW, ECNN CNEeACTBUS U3 HEE COOTBETCTBYHOT
BCEM XOPOLLIO YCTAHOBIEHHbLIM ONbITHbIM bakTam. osTomy, cornacHo
9TOW METOOO0NOrMn, MOXHO caenaTb 3akioyeHne ob ageksaTHOCTuU
MaTemMaTtudeckon mogenu adupa, npeacTtaBneHHoOM B BUae ypaBHEHUS
Hepa3pbIBHOCTU 1 BTOPOro 3akoHa HbloToHa, ANnsa onucaHns anekTpo-
MarHUTHbIX U FPaBUTALMOHHbIX NPOLIECCOB.




Takum obpa3som, ocnapvBaHue CyLlecTBoBaHNSA admpa B METOAOMNOMN
MaTeEMaTUYECKOro MoaenMpoBaHusa 03Ha4YaeT ocrnapvBaHue cnpaBeanm-
BOCTM BTOPOro 3akoHa HbloToHa.

Teopua OTHOCUTENBHOCTU — Apyras MmaTt. Modernb. B KHUre He KpUTUKyeTc.
[Toka3biBaeTCcs: MOXHO AaTb yoeauTernbHble 0ObSCHEHNS ABEHNAM DE3 HEE.

Jlornyeckoe nocTpoeHne Teopun agompa cyLecTBeHHO bornee npospadvHo,
4yeM 0DbIYHO UCMONb3YEMOE B (PU3UKE: 3KCNEPUMEHTASTLHON NMPOBEPKU
TPebyloT ypaBHEHNA adompa U ypaBHEHUE €ro COCTOSAHUSA, a He Pa3HO0b-
pasHble POopPMYyNUPOBKM MHOMOUYUCIIEHHBIX PU3NYECKNX 3aKOHOB, BbIBOAN-
Mble 30eCb Kak doopMarbHble NTormyeckmue crnegcTBus ypaBHeHUN adumpa.

B KHUre nokasaHo, YTO CYLLECTBEHHYHO POSib BO MHOIMMX SIBNIEHUSAX UTPaET
cuna >KykoBckoro, o6o6bLEHHada Ha crniyvYan B3auMOAENUCTBUS OO bEMHbIX
BUXpen. Hanpumep, BO B3anMogencTBnUm NPOBOAHUKOB C TOKOM,
B3aMMOOENCTBUN 3apsA0B C ANIEKTPOMAarHUTHbLIM MOSIEM U T.A4.

N3naraembin 3gecb matepuar, He3aBMCUMO OT OTHOLLEHUS K TnMnoTese o
cyluecTBoBaHUM adomnpa n ero Pusny4eckon MHTepnpeTaunumn, MoXxet
paccMmaTpumBaTbCs Kak HOBbIN 3(PMEKTUBHLIN MaTeEMaATUYECKNN annapaTt
ONa AeTanbHOro U3yydeHus anekTpuYecknx, MarHUTHbIX U rpaBUTaLMOHHbIX
asneHnn. imeem 4 ypaBHeHUSa adpupa BMmecTo 8 ypasHeHu Makceenna +
MartepuaribHoro ypaBHeHus (11 ypaBHeEHUI). 5




ioes 0 npoTekaHUn BCEX MNPOLIECCOB, B TOM YMCIIE ANEKTPOMArHUTHbIX U
rpaBUTaALMOHHbLIX, B HEKOTOPOW Cpeae, a He B NyCcToTe, NpUHaanexuT
BEJIMKUM YYEHbLIM, B TOM YUCIE co3aaTensM MeXaHUKN 1 aNeKTpoagnHaAMUKM.
MoxxkHo ocobo BbiaenuTb: HetoTOH, Makcenn, XXykoBckuin, MeHaenees.
bonee TOro, BO MHOrMX KrnacCU4YeCKnUx COBPEMEHHLIX y4ebHMKax no
MeXaHWKe CroLHON cpeabl MEXaHUYECKME pesyrbTaThl N1040TBOPHO
NCNOSb3YIOTCA ON1A aHanns3a aneKkTPoOMarHUTHbIX ABIEHUN.

Bonpocbl TeopeTnyeckoro 060CcHOBaHUS ANEKTPOANHAMUKN C MOMEHTA
npeacrtaeneHna ypasHeHuin Makceenna B oopme [. 'epua n O. XeBucanga.
AsnsaTca nu, Hanpumep, ypasHeHns MakcBensna creacTtBueM HEKOTOPbIX

bornee pyHOamMeHTanbHbIX 3aKOHOB npupoabl? To ke camoe OTHOCUTCS K
rpaBUTaLNK — ABMAIOTCS NN €€ 3aKOHbI CrieACTBUEM OnpeaeneHHOro
OBWMXeHUs cpeabl?

B kKHUre gaHa cuctemartnyeckasi MaTemMaTuyeckasd TpakToBKa MakpOCKomnu-
YeCKMNX ANEKTPOMArHUTHbIX U rpaBUTaLMOHHBLIX ABMIEHUW Kak AUHaAMUKN
HEeKOTopoun cpenbl. Takaa TpakToBKa 4O HACTOALEro BpeMEHU OTCYTCTBO-
Basia, XOT9 UMEETCS MHOXXECTBO OTAENbHbIX Nybnnkauum B JaHHOM
HarnpasneHnn. 3TO TOPMO3UNO NOHMMaHNe MHOrmx akcrnepmmMmeHToB 20 Beka
(byxepep, Tecna, HuKonaeB) n 0o cux nop MeLaeT pasBUTUIO NPOPLIBHOWN
TEXHUKM.




2. Vlepapxua mat. Moaeneun apumpa. QHeprus
apumpa. YpaBHEHNE COCTOAHUSA

B matemaTtuyeckon Teopum adomp npeacraBnsaeTca HEKOTOPOoM abCcTpakTHON
CMNSIOWHOW Cpenoun, Xxapakrtepusyemonm B MOMEHT BpeMeHU t B TOYKe cpeabl
C KoopauHaTamMn r oObEMHOM MAOTHOCTLIO adpupa p(t,r) n ckopocTbio u(t,r)

aBwkeHnsa acompa. CnnoluHaga cpeaa npeanonaraercst HeBA3KOW 1, BoobLLe
roBOps, CXMMaeMOWN.

PaccmaTpuBaemoe HuxXe MmaTemMaTuyeckoe onucaHue acompa He 3aBUCUT OT
NHTEpPNPETaLMN ero Kak HeENoOaABMXXHOW cpefbl, B KOTOPOM pacrnpoCTpaH-
S0TCA BO3MYLLEHNA (HE 0bsi3aTeNbHO Marnble), NN Kak cpeabl, HoCUTenu
KOTOpOu OABUXYTCA. To eCcTb MaT. MmoAgenb adupa onucbiBaeT oba crny4as.

Cuctema ypaBHeEHUI Ang onncaHus adpmpa Ha atToMapHbIX XapakTepPHbIX
BpeEMEHax 1 macwTabax c HyrneBbiMY TEH30POM HaNPS>KEHUA U CUlaMn B
ypaBHeHuUn asmxkeHna npegnoxeHa H.A. MarHuuknum B 2010 . B 2014 r.
B.J1. bblukOB paccMoTpern ypaBHEHWE OBUXKEHUSA C HEHYIIEBOW NpaBou
4YacTblO, HO NOCTOSAHHOW NIOTHOCTLIO adompa. B 2016 r. B AaHHOU KHUre
B.J1. beiukoB n @.C. 3anueB BblBENN ypaBHEHNE COCTOAHUA adoupa u
NoNy4Ynnn cogepkatenbHble pe3ynbraTthl Ans o0LWux ypaBHEHUN admpa C
YYETOM TEH30pa HanpaXXeHUn, BHELLUHUX CUI, NCTOYHWUKOB/CTOKOB, YTO
NO3BOSINII0 N3YYUTb SPUPHLIA MEXaHNU3M MHOMMX HEMNOCPEeACTBEHHO
HabnogaemMbix npoueccoB. C HYNIEBLIM TEH30POM HarpsXeHun (oasne-
HMEeM 3dompa) BbiNadaeT AriekTpocTaTuKa. 7




YpaBHeHUs acpupa B (Nosny) narpaHKeBou 3anncu (B aprymeHTax BblgerneHo
r(t) BMECTO Hay. NoNoXeHUsa) SUNepoBa 3annch - ganee. Yp-a nocTynnmpyroTca.

dp(t,r(t)) YpaBHeHune
dt B Hepa3pbIBHO-

ctun. CoBna-

1
~p(6,x(0) (Ve ut,m),_, ) + P (£ r(®),u(t,r(®) nasr e it

MaTtemaTnyeckn 3akoH
d (p(t’ r(t)) “(t’ r(t))) COXpaHeHns nmnyrnbsca B

dt adoupe NMOeHTUYEH BTO-
POMY 3aKOHY HblOTOHA

(F(t’ r,u(t, r)) T VrP(t, r,ut, r)))rzr(t) ansi matepuanbHON TOYKU
NnepemMeHHON Macchl.
[lepBoe 1 BTOpOE ypaBHEHUSA UHBAPUAHTHbI

OTHOCUTENBLHO NpeobpasoBaHus [anunes.
HennHenHaa cucrema ypaBHEHUN.

km,O

g — UCTOYHUK UNKU CTOK, P — TEH30p BHYTPEHHEIO HanpsXXeHns adupa,
K, o — KOHCTaHTa nepeBofa aNMeKTPOMarHUTHbIX eAUHUL, U3MEepeHUs
NSIOTHOCTU 3dpmpa B MeXaHU4Yeckue. B npocTenLlem crniydae paBeHCTBa
OMaroHarnbHbIX U OTCYTCTBUSA HEAMAroHarbHbIX 3l1eMEHTOB :
roe p — noasneHne adumpa (NANOTHOCTb SHEPTUN). 3




ra3ormapomMexaHmnKn.

5 nass. 296 c.

Packpriag B (2.3) npou3BOAHBIE OT HNPOU3BEeACHHH M BBOAS 000-
N . d
3HauYeHWe UHAMBHAY2JbHOH NPOU3BOAHON -d—‘;—, noJsyuyaem

d :

d—‘; + pdivv=y. (2.3)

PaseuctBo (2.3) ectb auddepenunansHas cdopMa 3anHCH 3aKOHA

CoXPaHeHHs MacChl B IMepeMeHHBIX JiJlepa NpPH HaJHUHUH IIPOCTPEH-
pacHpeneseHHbIX HCTOUHHKOB ¢ MJOTHOCTBIO 4.

[ToacraBassa (5.2) B (5.1), nosyuaeM HHTerpa’bHYIO 3afHChL 3aKOHA
B BH/JlE

SSS[%pv+pvdivv-—pF—Z"—— 5 Z:z]d~c=0. (5.3).

T

Tak kax (5.3) umeer MecTo aas Jwboro obbema ¢, TO, CJAefOBa-
TeNbHO,
d at G A ot

— i — _— LI g __ 2 __
=7 pv + pvdivv —pF T 5% = = 0.

(5.4)

Buinoanus auddepeHnupoBaiie B NepBOM c/JlaraeMoM, MoXKeMm Tfe-
penucatb (5.4) B BHIe

dv dp . oT, ot at
pTd—f——I—V(-—t——]—deVV):pF-{— dx + c?yy+ a; ’

(5.5)

PapenctBa (5.4), (5.5) npexacramafoT coboit auddeperuna bHYIO
3anMchb 3aKOHa KOJHuYecTBa ABHXKEHHS B obuieM cJayuae.

Sloris e e e e EE SIS Baaaanaep Co B. Jlekuau no ruapoaspomexaHnke. YueG. no-
cobue. JI., Man-so Jlenunrp. yH-rta, 1978. Ha. — 58, 6ubanorp. —

Ecnun B gaHHbIX
ypaBHEHUAX
paccmartpuBaTtb
aprymeHTbl rutBs
YHKUNAX KaK
He3aBUCUMBbIE, TO
91NepPoBo
onuncaHue.

Ecnn ypaBHeHUS
paccmartpuBaTb
Ha TpaeKkTopun
r=r(t), To -
narpaHxeso. B
aHrm. UCTOYHMKAX
Ha3bIiBaeTCH
«nony-
narpaHxesa»
doopma 3anucu.

cnonbayetcs B
YMCMNEHHbIX
MeTodax, OCHO-
BaHHbIX Ha
narpaHxeBowu
dopme. SPH. o




dopmanbHoe OTNM4YME OT YpaBHEHUS ABMKEHMS B ra30BOV U rMapoamHa-
MUKE — NNIOTHOCTb OUrypupyeT oA NOMHON NPOU3BOAHON MO BPEMEHN.
MMmeHHOo 3To obecrneynBaeT nonyyYeHne ypasHeHna Makceenna n apyrux
3aKOHOB 3MIEKTPOAMHAMUKIA KaK CNeacTBUA YypaBHEHMIN adpupa npu p#const.
[Mpn p=const ypaBHEHNSA 3PUpa SKBMBANEHTHbI YP-AM rMOPOMEXaHUNKN.

dusnyeckasa nHtepnpetaumsa pasnuyimn. MexaHuka >Xmakoctu 1 rasa
paccmartpusaet cpeay, obnapgatoLLyto OKMOKAM (I/IH,EI,I/IBI/I,EI, ) OO bEMOM, TO ECTb
cpeny, B KoTopon nobon BblAeNeHHbIN OObEM BCE BPEMSI COCTOUT N3 OQHUX
N TEX XKE YacTuL U ero rpaHuua B npouecce gedopmaunm obpasyercs n3a
OOHMX N TEX Xe YacTuy, (YacTuubl cpeabl HE NepPeceKaroT rpaHnLy 3Toro
obbeEMA). IHbIMUK crioBamMun, MeXay YacTuuamMmm cpeabl UMeeTCsl 4OCTaTOYHO

cunbHas ceaA3b. OgHako He Bce cpedbl U ABMeHusa 0bnagatoT TakuM CBOWMC-
TBOM, Hanpumep, UM MOXET He 0bnaaaTh chiny4yasi cpeaa, a Takke npoLecc
pacnpocTpaHeHns BO3MYLLEHUI B Cry4ae, Korda MaTtepus He NepeHoCUTCS.

C 3TON TOYKU 3PEHUA YPaBHEHUA MEXAHUKN XUOKOCTU U rasa MOXHO
paccMmaTtpuBaTth Kak YaCTHbIN crnyyYan ypaBHeHU adoupa, Koraa
cnpaseasivBa runoTesa o ABVKEHUM CNIOLLUHOW cpeAbl B (POpMe XUAKNX

06BEMOB, NPUBOASALLASA K HANMYMIO CUabL_KOMIEHCUDYIoLLEN YIeH C
npon3BoaHoON NnoTHocTh no BpemeHu PIERIGIERIER (G .

Bo3MOXHble ganbHeWLIne geTanm3aunum moaenu adgoupa: onmcaHue
B3anMOOENCTBUA HOCUTENEN adoupa, cTaTUcTnyeckada domsunka agpumpa. 0




VceTaHOBUM CHaualla SHEPreTHYECKYI XapaKTEepUCTHKY 3(upa,
UCX0s U3 BTOporo 3akona Herorona. Ilycts Haxoasiascs B mokoe
JarpamkeBa dactuia >dupa 3a Bpems At npuoOperaeT CKOpPOCThH
u(t + At, r(t + At)) 10J1 BO3JeHCTBMEM OOBEMHON TUIOTHOCTH CH-
ael AF v mpoxoaut paccrosuue Al = u(t + At, r(t + At))At. Torna
1o BTOpoMy 3akoHy HeloTOHA

P (t + At,r(t + At) )u(t + At r(t + At)) 5

F.
At

[Ipu 5TOM coBepiaercss 00bEMHas MIOTHOCTL paboThl A = AFAL
Torna

pm(t + At,r(t + AD))u(t + At, r(t + At))Al
Al

= AFAl,

pin(t + At,r(t + At) Ju?(t + At,r(t + At))At P
At -

pm(t + At r(t + A )u?(t + At,r(t + A)) = A.

B3saB npenen At = 0 npu NOCTOSHHOM MIOTHOCTH PadOThI A,
M0JIy4aeM BbIPaKECHHE

A = pp(t,r())u?(t,r(t)), 9)

KOTOPO€ MOYKHO MHTEPHPETUPOBATh Kak O0BEMHYIO MJIOTHOCTh KH-
HETUYECKOM sHepruu 3(hupa, 001a1al01Ero CKOpOCThIO U.




OCHOBHOE OT/IMUKE OT OOBIYHOIO CrOCO0a BBE/ICHUSI KWHETHUYE-
CKoO¥ 3Hepruu B o0iei (usuke (cm., Hanpumep: [26, c. 131-133])
COCTOMUT B UCMOJIb30BAHUHU 3/IECH MPEALILHOTO Mepexoa Mpu ycio-
BUM NOCTOSIHHOM maoTHOCTU padoTsl A = AFAL To ects npu neii-
creuu cuiibl AF, umerowneid Bua o-gpynkuuu. Takoii npeaesbHblii ne-
pexo/ O3HAYaeT, YTO IHEProcoJIep:KaHue JIarpaH)KEBON YaCTHUIIbI
orpejesieTcs 3aJaHHON (PUKCUPOBAHHON MepeaHHON MIIOTHOCTBIO
sHeprumn A. Kpome toro, B npeaiaraeMoM MoaX0A€ cpasy ydTeHa
BO3MOYKHOCTb HW3MEHEHHS TUIOTHOCTH 3dupa p,,(t) 3a cuér coob-
ILIEHUS JJAarPaHKEBOM YACTUIIE TUIOTHOCTU YHEPTUU A.

OTmMeTMM TakXke, YTO PACCMOTPEHUE HMMIYJbCHOW (MTHOBEH-
HOW) TeHepaluy JBUIKEHUS W3 COCTOSHUS TOKOS SIBIsIETCs 0OILe-
MPUHATON METOAMKON B MEXaHUKE CIUIOLIHOM cpeabl (CM., HAmpu-
mep: [17, 1. 3.3, 3.7, 4.1; 16, c. 636]).

B ciyuae pp, = ppmo M U =C, TI€ € — CKOPOCTH CBOOOIHOIO
pacrnpocTpaHeHus: BOJIHbI B 3(hupe OT BO3MyIIeHuUs (cM. ¢. 52 B 1. 4,
MOCBSIIIEHHOM BOJIHAM B 3(upe, a Takxke 1. 2.1, rjae ¢ BBOJUTCS Kak
dpupoarHaMrUecKas MOCTOSHHAS U MOKa3bIBAETCSl, YTO OHA paBHA
CKOPOCTH CBETa), [10J1y4aeTcs pe3yibTrar

‘A = pm,OCZJ

KOTOPbI MO BUAY AHAJOTMYEH TaK HA3blBAEMOW PEJISTUBUCTCKOM
(opMmyuie Ul NIOTHOCTH YHEPIUU MOKOS.




B HacTosllee Bpemsi OTCYTCTBYIOT SKCNEPUMEHTLI MO ONpeaereHnio
ypaBHEHUSI COCTOAHUS adupa. MosTomy npuxoguTcsa ncnonb3oBaTth Te
UIN NHBIE TMNOTE3bl N NPOBEPATb UX aJeKBATHOCTb, CpaBHMUBAas CrneacTBUS
3TUX TMNOTE3 C U3BECTHLIMU U3 SKCNEPUMEHTA (hakTaMM.

[Tony4ynm ypaBHEHME COCTOSAHUA HA OCHOBE NPEANONOXEHUS O TOM, YTO
aaBneHue acdoupa (3Ha4eHne anaroHanbHOro arfeMeHTa TEH30pa BHYT-
PEHHUX HaNPSXXeHUN ¢ 0bpaTHLIM 3HAKOM), KOTOpOe 3aecb 0603Ha4YMMPY,
aBnaeTca PyHKUMEeN NIOTHOCTU 3Heprun adpupa (6apaTtponHOCTb Npu

|u|=const) ;
p = p(pmu®)

[MpnmeHas ioimrny Tennopa B OKPECTHOCTU HEKOTOPOIro XxapakTepHOoro

3Ha4YeHus , 0003Ha4YMB JaBrneHne adupa NPU OTKNOHEHUN OT
XapaKTepPHOro COCTOsHUA 4Yepes [g, oTObpacbiBasi YneHbl BTOPOro nopsiaka
ManocTn n gobaBnsas NNOTHOCTb SHEPTUU BHELLHUX UCTOYHUKOB, MPUXO-

AWM K cneayrwuwemy ypaBHEHUKO COCTOAHNA

(m*f) (mz)
o | 2 | = > @/ - - o

CyMMa NnoTHOCTEN 3anac&éHHONM B Hanpsi- 05 leep, w2
KEHUSIX SHEPrUM 3dMpa, SHEPTUN ABVKEHNS |
advpa 1 3HEPrUM BHELLHUX UCTOYHUKOB
OCTaéTCs NOCTOSIHHOW. IHBAapUaHTHOCTb.

KoHcTaHTa B NeBon YyacTtu
Bbinagaet us (4. 13




ypaBHeHI/Ie COCTOAHUA B SJIEKTPOMAlHUTHbIX eaANHNLax

[TogovepkHEM, Kak rnokasaHo B KHure (n. 15.1, 15.2, 16.2, 17.2), UMeHHO
Takoe ypaBHEHME COCTOAHMA Be3 MHOXMTENSA 1/2 B KNHETUYECKOWN SHEPTUN
NPUBOANT K 3aKOHY KynoHa n 3aKkoHYy BCEMUPHOIO TAroTeHns ~1/r2.

YpaBHEHNE COCTOAHMS NO3BOMSET OLEHNTb OTHOLLEHWE NpUpaLLEHUSd
OAaBIIEHNS K MPUPAaLLEHMIO NNOTHOCTU B adpupe. Ans HebornbLunx
BO3MYLLEHNWN NITIOTHOCTM OTHOCUTESTbHO XapaKTEPHOro 3Ha4YeHuns u
HeDbOoMNbLIMX CKOPOCTEN, B OTCYTCTBME NCTOYHUKOB

dp
dp., N

u?

Cosnagaet ¢ popmyrnon ansg CKOpoCcTu pacnpocTpaHeHUs MarbiX BO3MY-
LLleHnN (C 72 B ypaBHEHUM COCTOSAHUSA He coBnarsio Obl), NpUMeHAEMON B
MexaHuKe cnnolwHon cpeabl. OgHako 30eCb 3TO COOTHOLLEHUE He MOCTY-
nupyeTtcs, Kak B MexaHuke (JlonusHcknin), a asndeTca crieCcTBUeEM

ypaBHEHNS COCTOSHUA adoupa. 14




3. YpaBHeHus MakcBenna Kkak cneacrteus
ypaBHEHUN adupa

3agada nonydeHus yp-un Makceenna n3 MexaHmku cpopmynmpoBaHa 4aBHO.
Hanpumep, H.E. >KykoBckuun obcyxgan e€ ewe B 1918 r. PewwueHa B 2015 .
ctaTtbs B.J1. beidkos, @.C. 3anues, H.A. MarHnuknm (yeunusa 3x O.dp.-M.H.).

YOo0CTBO pacCMOTPEHNS BEKTOPA MarHUTHOM MHAYKLUMN U BEKTOPa Hanpsi-
)KEHHOCTM 3NEKTPMYECKOro nosisi 06ycnoBneHo BO3MOXHOCTbIO UX N3Mepe-
HUS B HATYPHbIX 3KCNnepumMeHTax. Qd1pHbIe onpeaeneHmns

_ —_ Takoe onpeneneHue E
B = cV X (pU) E=(u-V)(pu) aan H.A. MarHuukui.

¢ — 9dompoanHammnyeckas noctosgsHHaa. CpaBHeEHNE TEOPETUYECKN MONYyYEH-
HbIX 30ecb ypaBHeHn Makceenna ¢ yctaHoBrieHHbIMU B CI'C skcnepumeH-

TaribHO MO3BOSIAET 3aKMYUTL, YTO C JOMMKHA ObITb BblOpaHa paBHOW CKOPO-
CcTu cBeTa (cBOO6OAHOro pacnpocTpaHeHUsa BO3MYLUEHUSA B adhupe).

CBoeobpasHoe npeacraBneHne nNioTHOCTU NoToka adoupa [l 2ms BEKTOpamu,
C MOMOLLbIO poTOpa 1 KOHBEKTMBHOW NPON3BOAHOM (BAOMNb KpMBOW).

B kHUre nokasaHo, YTO BBEAEHHbLIE BEKTOPbLI YAOBIETBOPAIOT YPaBHEHUAM,
KOTOPblE MOXXHO MHTEPNPETUPOBATL Kak 0600OLLIEHHbIE YPpaBHEHUS
Makceenna. B HekoTopbIX nogxoaax ypasHeHna Makcsernsia BbiIBOOAT U3
ypaBHeHUA KonebaHuin. 3aecb BbIBOA OCHOBAH Ha ypaBHEHUSIX adhupa,
KOTOpbIE OMNUCLIBAOT HE TOSMbKO KosiebarternbHble npouecchl. [oatomy 15
npeacTaBneHHbIV ganee pesynbrart aBnseTcs bonee oowmm,




B3aB anBepreHuunto oT onpeaeneHnun nosemn, Haxogmm

1
0= 3V (V) (pw)

YpaBHeHnA achupa B IUNEPOBbIX NEPEMEHHbIX:

dp(t,r)
at

+ V- (p(t,u(tr)) = Lq(1’:, r,p(t,r),u(t,r)),

km,O
Op(t, ‘(;)t“(t' D ) -v) (p(t,Du(t, ) =

L (Bt r 060, u(t,0) + %P (6,1, o6 D, u(t, 1))

Knaccuyeckne npu

lul = c, VXF=0

UneH BbIpaXKaeTcsl Yepes onepaTopbl OT P 1 u. FpoMo3akas dopmyna.
CnoxHocTb B ypaBHeHun Amnepa. Hago obino Beiaenntb n3 ~30 4rieHoB
NeBylo YacTb U NoKasaTtb YTO oHa egmnHcTBeHHa (P.C. 3anueB). Maple.

BeegeHve H n D B ypaBHeHUsiX MakcBenna He TpebyeTtcs, A40CTaTO4YHO
B, E nj [YuebHuk: AnekcangpoB, borgaHkeBud, Pyxanse, 1990, c. 25]46




BoipaXkeHua ang o v j Yepes CKOPOCTb U NIIOTHOCTb adpupa NO3BONAKOT
paccyYUTbIBaTh O U j TeopeTudecku. [pnyem npmncyrtcreme cammx Hocute-
neun 3apaga v Toka, HanpumMmep aNeMeHTapHbIX YacTul, He 0ba3aTenksHo.

Pusnyecknin cMbiCr BEKTOPHOTO NoTeHuvana LYEEEgail: nioTHOCTb
9Heprnmn (NpmM MexaHNYECKNX eauHnLax 0) U HanpaBrieHNe e€ OABUXEHUS.

cxooHble ypaBHEHMSA adhmpa MHBaApMaHTHbLI OTHOCUTESNBHO Npeobpas3oBa-
HUa anunesd. lNpu4ynHoM notepu Takon MHBAPUAHTHOCTU B YpaBHEHUSAX
Makceenna aBngaeTca npMmMmeHeHne 4OCTaTOYHO CIIOXHbIX aAnddepeHuUn-
anbHbIX OMNepaTopoB 1 NiMHeapu3auuns HennHenHbIx ypasHeHu npu [RIIERS-

N3 onpepeneHns E n ypaBHeHNSA OBMKEHNS
NMeeM NpeacTaBreHue:

MNoacTtaBnas B yp-€ ABUXKEHUS U YYUTbIBad

onpeaenexHusa B nonyyaem none cunbi u

NopeHua (B.11. BbiukoB). Opyras dopma E +—X%xB=|u|lV(p|lu])
3anncy 3aKOHa CoxXpaHeHuUsa uMnynsbca ¢

admpa. Bo3HMKAET BO MHOIMX BbIPa)KeHUSAX.

[Tone cunbl JlopeHua He 3aBUCUT OT NpaBon YacTu ypas- u
HeHus ABmkKeHus. MNMo3BonseT kKrnaccnuuLmMpoBaTh NMOTOKN I Ealb dl !
adpupa: aNeKTPUYeCKn, MarHUTHbIU, rpaBUTaLIMOHHBLIN ¢
(3apsabl, gpyrme o0bEeKTbl ABUXKYTCS B HYN1E€BOM Mnone

cunbl JlopeHua).




4. 3apsn, ero anekrpuyveckoe none. fTeopema
[[@aycca. 3akoH KyrioHa. OrnekTpuyeckum
noTeHuuarn

Konu4yecTBo 3apsiga onpegenum Kak 00bEMHbIN MHTErpan ot 00bEMHOM
NMIOTHOCTM 3apsida No obnactn TeveHns acupa

. 1 1
UMK C YY4ETOM

= V-Edr = — E-ds
onpenenenns E K& 41T f-ﬂv 41 jfs

OdunpHaa TpakToBKa 3apsaa siBnsieTca 6onee WMpOKon, YeM Knaccu4vec-
kas. CornacHo onpegeneHuto, 3apaa B adoupe accouumpyercs ¢
HEeKOTOpbIM TedeHneM adoupa, nNpu 3ToM NPUCYTCTBUE HOCUTESNEN 3apsaa,
He obsizaTenbHo. [NoaToMy co3gaHue 3apsaaa, Hanpumep TPEHMEM APYr O
apyra pasnuyHbiX Mmatepuarsnos, B 3(PMPHOU TPaKTOBKe O3HaAYaeT co3gaHue
COOTBETCTBYIOLLEro NOTOKa adounpa, a BO3IMOXHOE OBUMXKEHME 3apPAXKEHHbIX
4aCTWUL, B 3TOM MOTOKE ABMAETCH BTOPUYHLIM 3d0dpeKTOM. 18




B dpusuke dpopmyny

Ha3blBalOT ANeKTpocTaTn4eckon Teopemon aycca B MHTerpasnibHon qoopme.

3akoH KyrnoHa B p13nKke paccMaTpuBaeTcs Kak YaCcTHbIW Cnyyan, TO eCTb
crencTtBue, arekTpoctaTtnyeckom Teopemel [aycca. CrnipaBeanmBoOCTb
Teopembl [[aycca B anekTpoanHamuke, UMetoLen aeno ¢ nepemMmeHHbIMU BO
BpEMEHN 3MEKTPOMArHUTHLIMU NONSMMN, MPUHUMAETCS B Ka4YeCcTBe rmnoTessbl,
BEPHOCTb KOTOPOW npoBepsieTcsl 0000LLEeHNEM ONbITHLIX (aKTOB.

B Teopuun adompa T. [@aycca nonydeHa Kak crieacteme onpeneneHnn anekTpu-
4YeCKOro nosid U NNOTHOCTM 3apsa, a CUIoBble CBoMCTBa E nNo OTHOLLEHUIO K
3apsagy nonydeHbl ganee n3 ypaBHeHUa aBMKeHUa agoupa. [lostomy B
Teopun adompa He TpebyeTca npuHaTue T. [aycca B Ka4YECTBE MMNOTE3bI C
NpoOBEepPKON B aKcnepumeHTax. 3akoH KyrnoHa, Kak crneacteue anekTpocrar-
N4ecKomn TeopemMsbl [laycca, Takke He TpebyeT B Teopun adoupa SKCNepUMeH-
TanbHOW NPOBEPKU. DKCMEPUMEHTASIbHOW NPOBEPKN TPEDYIOT CaMi YpaBHEH-
na adpmpa 1 ypaBHeHNe ero COCToAHMSA, a BCe ocTalibHble 3aKOHbI, paccmar-
puyBaeMbIe B 3NEKTPUYECTBE N MarHeTu3mMe, BKIoYaga arekTpoanHaMumKy,
ABNAITCA, KaK NoKa3aHo B KHUre, criedcTBUSAMN ypaBHeHU adoupa. B aTom
CMbICIe NIornyeckoe NoCTPoeHne Teopumn adpupa ABNSETCA CyLLEeCTBEHHO
bonee npospayvyHbiM, YEM ODBLIYHO UCMOSb3yeEMOE B (pusumKe. 19




OneKTpuyeckoe norne, BEKTOP HANPSXKEHHOCTY KOTOPOIo SBNAETCS
NoTeHLManbHbLIM, MOXHO ONMUCaTh OAHOM YHKLMEI

Teopema pasnoxeHuns enbMronbLa NO3BONSET HaMTU C TOYHOCTbIO A0
cnaraemoro [, Takoro, yto [ZETEEY, noTeHuMan noTeHLMansHOro Bek-

TOPHOro Noss o 3afaHHOW AUBEPreHUnn, B Hallem criyyae rno nnoTHOCTU
3apsga

[Tokaxkem, 4TO NoTeHLUMan cesi3aH ¢ AaBlIEHUEM
adoupa. YpaBHeHUE OBMXKEHNS adompa MOXKHO
nepenucaTb cnegyrowmm odbpasom.

B ycTaHOBMBLLUNXCS YCIOBUSIX
(4acTHbIE NPOU3BOAHbIE MO BPEMEHMN
obpallalTca B HOMb) U OTCyTCTBMA F

E =

Toroa, ¢ TOYHOCTLIO 40 aAAUTUBHOW KOHCTaHThl, UMEeM

Pa3HoOCTb NOTEHLMANOB B YCTAHOBMBLLUEMCS MOTO- -
ke acpupa onpenenseTca pasHOCTbIO AaBNEHUN P2 =1 =

kmO
adpvpa nnu NNOTHOCTEN 3HEPrUM Ero Te4eHUs TN
¥, — @1 = (pu®); — (pu®),
1

OnekTpocTaTUYeECKN 3aps onpeaensieTcs
NOTOKOM rpagneHTa gasneHust acoupa nnm

NIOTHOCTM 9Heprun (13 T. Faycca) yepes S,
orpaHnYMBaloOLLYIO 3apsa.




5. BonHoBbIE NpoLiecchl B apupe

PacnpocTtpaHeHns Marnbix BO3MYLLEHUN MO aHasIONMm ¢ MEXaHUKOM CrnioLwU-
HOM cpeabl. HeBO3MYLLIEHHOE COCTOSAHME HEKOTOPOU BENMUYMHBLI 0O03HaYe-
Hbl 3BE304YKON, a €€ Marble BO3MYLLUEHUSA — LUTPUXOM

MpeHebperas BeMyMHamy BTOPOro Nopsiaka ManocTy 1 npeanonaras
6apotponHocTs [MSNACB] , nonyyaem us ypasHeruin acpupa npv TR

dp i 113 ypaBHeHus
—_— COCTOSIHUS

dp adupa

B cnyyae 6e3BUXpEBOro Te4EHNS NN BUXPEBOrO TeYeHNsa ¢ 6e3BnXpeBoOM
3aBUXPEHHOCTBIO

BonHoBble ypaBHEHUS XOPOLLO n3y4veHbl (runepbonunyeckue). OnuceiBaloT,
B TOM 4uMCne nrockue, cpepunyeckme, NpoaosibHbIE U NONEPEYHbIE BOSHbI.

B KHMre NOCTpOeH NpMMep BONMHOBOIO peLLeHnst 0e3 NpeanonoXeHus o
MarblX BO3MYLLEHUNAX .

YpaBHeHUs adonpa UMEKT HE TOSIbKO BONHOBLIE peLleHus! 21




6. QHEPIrUSA ANEKTPOMArHMTHOIO Mosns

B knaccu4yeckon MakpOCKONMMYECKON TEOPUN 3NeKTpUYecTBa NnnoTHOCTb
SQHEpPrum fIEKTPOMarHMTHOro Nosid BBOAUTCS KaK NocTynar (CM., HanpuMmep:
[CuBYXUWH, T. 3, c. 346]). B adoupHON nHTepnpetTaumm ninoTHOCTb SHEPTUN
9NIEKTPOMAarHMTHOro Nons, Kak u nboro gpyroro ABMXeHUs1 adpupa,
BblYMCNsSeTcs No doopmyne, BbIBEAEHHOW U3 BTOPOro 3akoHa HbloToHa

A = ppu’® = k'm,opl-l2

Beipa3nm aHepruto Yepes E n B. Teopema [enbmMronsLa no3sonser
pa3noxuTb ¢ TouHocTbto Ao cnaraemorolW, Takoro, uto NAVEERY
OOCTaTO4YHO MPOU3BOSbHbLIM BEKTOP HA NOTEHUUANbHY U BUXPEBYIO
KOMIMOHEHTbI MO 3a4aHHbIM ANBEPrEHLNUN U pOTopy. [1lns BekTopa

F(t,r') + VP(t, r’)) i

pu=-Vo+VxW+A, fﬂm Je V"' ~EGr)e——F—

Ir —r’|

47rkm 0 fﬂ qr(i lI-' )I k

A = pmuz = km,Opuz = ?;’0 (pu)Z =

dt’

i
~ 4mc Ir—r'| %(—V¢+V><‘P+A0)2.




/. PaspbiBbl B apupe. SPpdPpeKkTbl KBAHTOBAHUS

B paccmatprnBaemon matematuyeckon Mogenu, paspbiBbl MOryT doOpMU-
poBaTLCA CamMornpon3BosbHO. Hanpumep, B 6e3aMBepreHTHOM Mnosie CKo-
POCTEN, a TaKuM CBOMCTBOM 00nagatoT rnomne CKoOpoCcTen anekTpoMarHUTHON
BOJIHbI, B OTCYTCTBUE MNpaBbIX YacTeN UMEEM TPEXMEPHOE YpaBHEHME
broprepca — Xonda

B ogHOMepHOM crydae 3To ypaBHEHME XOPOLLO U3y4eHo. B yacTHocTH,

NMokasaHo, YTO Ha NepeceyYeHnn XxapakTeEPUCTUK Y €ro PELLIEHNUS MOXET
chopmMmpoBaTbCA pPe3kMiA paspbiB, HANPUMEP, B BUAE NOSBEHUS YaapHOM
BOJTHbI, KOTOpasi 3aTEM pacnpocTpaHseTcs 0bbl4YHbIM ANA Hee obpa3om




YpaBHeHusa B andodepeHunarnsHom gopmMe Ha NoBepPXHOCTU pa3pbiBa He
BbIMOSIHEHEI, TaK KaK B €€ TOYKax He CyLLEeCTBYeT NPoM3BOAHbIX. TpebyoTcA
gonosiHuTenbHble ycnoBus. OBbIMHO BbIBOAAT U3 YPaBHEHUA B NHTErparb-
Hon dpopme (CenoB). B KHMre nonydeHbl pasfindHblie YCNOBUS Ha pa3pbiBe.

O dekT KBaHTOBaHMA NapaMeTPOB MOXET BO3HMKATb A4St NEPUOONYECKOrO
npouecca ¢ NOBEPXHOCTLIO pa3pbiBa, MO pa3Hble CTOPOHbLI KOTOPOro cpeaa
NMEET pas3nunyHble NnapamMmeTpbl.

B KHUre paccMoTpeH npuMep pelleHns ypaBHEHUN adomnpa Ona TeYeHUs
Npuv HanM4num BHYTPEHHEW NOBEPXHOCTN paspbiBa, MMetoLLen doopmy
uunmHapa paguyca @, BHyTpu n BHE KOTOPOro adomp ABMXKETCS C pasnuy-
HbIM NapamMeTpom A. YcroBume Ha rpaHuue paspbiBa AaeT

sin(A;In(r;)) =0
NaHHoe aBuxeHne adupa BO3MOXXHO TOMBLKO MPY AUCKPETHOM Habope

3HauyeHun napametpa KE: KRR AV X)) . /IHbIMM cnoBamMu, CYLLIECTBYIOT
TONbKO KBAHTOBbIE YCTAHOBUBLLUNECH COCTOSAHUSA JAHHOrO Te4eHus acumpa.

B KHUre BbinncaHbl 3dpMpHbLIE NpeacTaBrieHns YCroBMn Ha paspbiBe AN
MarHMTHOIO W 3NEeKTPMUYECKOro rnosien Yepes CKOpPOCTb M MNOTHOCTbL adoumpa.

24




8. 3akoH buo — CaBapa

3agaya O BbIYMCIIEHMN MArHUTHOIO MOMS MO 3NEKTPUYECKOMY TOKY.
cnonb3yeTca matematnyeckas dpopmyrna onpeaerieHna BEKTOPHOro nons
No 3agaHHOMY pacnpeaeneHno BEKTOPHOro nonsi Buxpeu (potopy). Ans
OObEMA U HUTU B KHUIE NOSTY4YEHO

. _ . LOE
Jtotal =) AT Ot

Knaccuueckue npu

34ecb 3T opMmyribl NOSTyYeHbl TEOPETUYECKN HA OCHOBE YpaBHEHUN
adompa. To ecTb ABAAOTCA CNeacTBUAMM ODLLMX 3aKOHOB ABMXXEHUS 3dhupa.
[Mpnyém 0600w aloT Krnaccmnveckni sakoH buo — CaBapa Ha cny4van ckopoc-
Ten admpa, OTIINYHBIX OT CKOPOCTM CBETA, N NEPEMEHHLIX MO { TOKOB.

[1OTOK MarHUTHOIro Mons d(t) = f B(t,r) -n(t,r)ds
S(t)

C nomouibto bno-Casapa
BBOANTCS UHOYKTUBHOCTD.
Mpw 3aBUCUT TOINMbKO
OT reomeTpun. Ons HATK:




9. OCHOBHOWM 3aKOH 3MIEKTPOMArHMTHOWU UHAOYKLNW

dd d

|_|pOI/I3BOLI,HaFI Nno BpemMeHn OT MarHUTHOIO NOTOKa E = a B:nds
S5(L)

MpumensieTcs dpopmyna CToKea U MHTErpanbHOe TOXOAECTBO A

oA
f — —Vx(VxA)|-d

VEERAM(A 3] — CKOPOCTb ABMXEHUSA TOYEK KOHTYpPa (3dupa B HEM). YunTbiBas,
YyTo He OaeT BKIad B uHTerpar, nosy4aemMm OCHOBHOW 3aKOH 3.M.W.:

ld[f(t)ltotal(t) _ —E(t)

[MposaBurock norsie cunel JlopeHua,

BXoAsLliee B ogHy 13 popma 3anucu

3aKoHa coxpaHeHusa nMnynbca agmpa.
[Tony4yeH He Kak 0000LLEHME OMNbITOB, @ Kak MaTeMaTuU4ecKkoe crieacTene

YpaBHEHUN OABUMKEHNA adhupa (HepaspbIBHOCTU U BTOPOro 3akoHa HbloTOHA).

MexaHn4eCKnUn MexaHn3M BO30YXKAEHUSA U TEYEHUS SNEKTPUYECKOro Tokal
Bo3MoOXXHOE ABMXKEHUE 3apSKEHHbLIX YaCTULL — BTOPUYHbIN 3dopeKT!

Torga MOXHO UCMOMNbL30BaTh ABWMXKEHME 3dbMpa B NpUpoae co cKopocTbio V!
26




10. 3aKoH CoxpaHeHUsa BUXPEeBOro MMnNysbca.
CunnoBoe B3aUMOOENCTBNE BUXPEN

B MexaHuke cnnowwHon cpeabl BBOAAT MOHATME UMMYNbCa Cpenbl Kak
NMMNynbca, KOTOPbIW AOMKEH BbITb NPUITOXEH MIHOBEHHOW CUMOW OS19 MIHO-
BEHHOro npuBegeHna cpenbl B 3agaHHOe ABUMXEHME N3 COCTOAHNSA NMOKOA.
BeBegem noHATME BUXPEBOro nMnysisca adompa rno aHanormm ¢ MexaHUKou
cnniowHon cpeabl [CadbdpmaH, 2000]. PaccmoTpmum oOLwmin criydyam cxumae-
MOW cpefbl C HEMNOCTOAHHOW MSIOTHOCTHLIO U YPaBHEHME OBUXEHUA adhupa.

Mcnonb3yeTcs MHTerpansHoe TOXXAEeCTBO AN

_UL PmIJd'r:%fﬂ;r><(V><(;Dﬂ,1u))d'r+%ﬂg rx (pp,uxn)ds

[lo aHanorum ¢ M.c.c. Ha30BEM I(t) = lﬂ] X (V x (p u)) B
BUXPEBbLIM NMMYNLCOM 3doupa BEKTOP 2 J)y i

B kKHure nokasaHo, YTo B npeaene Heorp. npoc-

TpaHcTBa nosiy4aemM 3akKOH M3MEHEHUS BUXPEBOIO dI(t)

nMmnyrnbca agupa. CpaBHMBas Co BTOPbIM 3aKOHOM TR = fff Fdr
HbloTOHA, MOXHO MHTEPNPETUPOBATL KakK MMIMYIbC =

Heorp. o6béma adupa. CoxpaHsetcs npv KIEKI) .
27




B KHUre BblvMCieHa cuna, AENCTBYIOLLYIO Ha 3aBUXPEHHOE TeYEeHME B 0DOBLE-
ME Mpu coobLLEHNN B €ro ToHKax BHELLHeN ckopocTu \A¢M 9 (BHE 0ObEMA
TeYEHMEe BE3BNXPEBOE UM POTOP MIIOTHOCTKU NOTOKAa BbICTPO yObIBAET)

gg:éma: Fy(t) = HL Fdr+ fva Vx (VX (ppu)dr +
i

if.HT pru X (VX V) dr,

Knaccuyeckada nogbeéMH. cuna

_ Kykosckoro npu F=0, VxV=0,
Fy(t) = [ﬂ;} Fdr+ fL FPm“(rL(D) Vxdl + p=const, L — Buxpesas HUTb:
1

> R xan Fy(t) = pyl fL Vxdl
L

O606uieHne cunbl XKYKOBCKOro Ha criydam TpEXMEPHOro 00beKTa, BHE U
BHYTPU KOTOPOro MUMEETCS MNOTHOCTb NOTOKA NN TPEXMEPHOU KPUBOW.

BaXHbln BbIBOO — BO3OENCTBUE NOTOKA apupa Ha OOBLEKT MOXKET OCYLLECT-
BNATLCA HE TOSIbKO NOKarnbHO BOMM3K ero NnoOBEPXHOCTU, HO U HA PacCTosi-
HMW NOCPEaCTBOM BO34EUCTBUA HATEKaKOLLEro Notoka agoupa Ha oKpyxa-
oW O0OBLEKT BUXPb. Hanpumep, ecnv 06bLEKT BMOPOXEH B BUXPEBYIO

06nacTb, TO OH MOXET CPa3y OLLYTUTb 3TO BO3AeiCTBUe (acTpoHomus). 28




11. SneKTpu4eckun Tok B NPOBOAHUKAX.
3akKoHbl AmMnepa

B cootBeTCcTBUM C 3PUPHBIM NpeacTasneHnem ypaBHeHUa Makceenna,
TeYyeHne 3reKTPUYEeCKoro Toka O3HavYaeT TeveHne agoupa C HEHYNEBbLIM:

V x (Ju]?V x (pu)) # 0

Bbile Hannuue Kaknx-nmbo matepunanbHbIX CTRYKTYP, YOEPKMBAKOLLNX
SIIEKTPNYECKUIN TOK, HE Npeanonaranocb. PaccMoTpum 3(UpPHYO TPaKTOBKY
NpOTEKAHMNA TOKa B MarepuarisHOM HOCUTENE — MPOBOAHNKE 3IIEKTPUYECKOrO
Toka. N13yyeHne ocobeHHOCTEN NpoTeEKaHMA adbupa B NPOBOAHMKE TpebyeT

OeTanbHbIX 9KCNEePUMEHTanbHbIX U TEOPETUYECKUX UCCreaoBaHnm (ero
CTPYKTypa). 34ecb OCTaHOBUMCS NnLLb Ha OOLLEM aHanu3e 3Toro npouecca.
3 Bcero pasHoobpasus cBOMCTB NpPOBOAHNKOB 0OCyanM ogHO U3 Hanbonee
Ba)XHbIX — CMOCOOHOCTb yaepX1uBaTb U HanpaBnaTb NOTOK adhupa.

CyLlecTBOBaHME YCTaHOBMBLLETOCH BUXPEBOIO ABMXKEHUS MOXET obecrneyn-
BaTbCS rpaNEeHToOM JaBeHns Npy NOHWKEHHOM AaBRAEHUN B Er0 LEHTPE.

CnocobHOCTb NPoBOAHUKA YAEPXKUBATb N HANpPaBniATb NOTOK 3dnpa MOXKHO
CBA3aTb C €ro BHyYTPEHHEWN PEryNsipHON CTPYKTYpOoU n obpasoBaHUEM
CKMHOBOrO cJiosl. Kpome Toro, BO3MOXHO yBenu4eHne CcKOpoCcTu BHYTpU —
nomkaTtue cHapyxu. Cnom He NosIHOCTbIO N30NUPYET NOTOK. Bokpyr
BO3HMKAET MHAYLUNPOBAHHLIN BUXPEBOW MNOTOK 3donpa — MarHUTHOE none.,




3akoH Amnepa 1 onpenenser cuny, 4ENCTBYIOLLYIO CO CTOPOHbI MarHUTHOIO
Nonsd, Ha SfIEMEHT ToKa uUnu Tok. B pusnke 3akoH AMnepa yctaHoBreH
AMMNUPUYECKM N 0OBSACHAETCA OAUHAKOBO AS1A NPOCTPaHCTBa N NPoBOA-
HUKOB KaK OBWXeHWNE 3apsKEHHbIX YacTul nog genctemem cunbl JlopeHua.

B kHUre nokasaHo: 3akoHbl AMAEepa MOXHO OObACHUTL BO3HUKHOBEHNEM
00006LEHHON cunbl 2KYKOBCKOIO B BUXPEBLIX MOTOKax acoupa — crneacts. 2ro
3akoHa HbloToHa. BosaMoXHOE OABMXKEHUE 3apsKeHHbIX YacTuL, — BTOPUYHO.

[TycTb B npoBogHuKe HoMep 1 nmeetca none ckopocteun I, cosgaHHoe
NCTOYHNKOM HOMEP 2, KOTOPbIN MOXET ObITb M0ObIM. PaccmoTpum cvmy,
OENCTBYIOLLYIO Ha 3aBUXPEHHOE Te4eHMe B 00bEME 1, npn coobLLEHN B
€ero To4Kax CKoOpoCTu (cosnaval TOKa), manoun BHe 1.

B dpum3mke noctynupyertcsd, 4To NOTHOCTb SﬂeKTEW—IeCKOI'O TOKa paBHa

NNOTHOCTU MOTOKA 3apsXXeHHbIX YacTuy . B adompHOM nHtepnperta-
LMK 3aKkoHa AMnepa NPUMEM, YTO NIIOTHOCTb ANIEKTPUYECKOro TOKa B NPOBOA-
HUKE paBHa (I'IO,EI,TBGp)K,EI,aeTCFl coBrnageHneM C onblITHbIMU 3aKOHaMu AMHepa).

O6o06LeHre 3akoHa Amnepa 1 ong obbema: Ons HUTK ¢ YYETOM ManocTu 2-ro YneHa:

21, ; 3aKoH
c2R, (1) I X1, (D dl Amnepa 2.
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12. CunoBoe Bo3gencTBme agpumpa, BbiI3BaHHOE
rpaAuEeHTOM AaBrieHUs

PaccmMoTpum aBMXEHME MPOU3BOSIbHOIO 00bEKTa B NOTOKE adpupa. OObeKT
MOXET ObITb TBEPALIM, XUAKUM, razoobpasHbiM Unu nrasmeHHsIM. Cunebl,
CBA3aHHblE C BUXPEBbLIM UMIMYMNbCOM U3YyYeHbI Bbille. 34eCb PaCCMOTPUM
CUIbl, Bbl3BaHHbIE FPagMeHTOM aOaBrieHnd. B obulem criyqae Takme cusbl
MOrYT BO3HMKaTb Kak B OTCYTCTBME, Tak U NPU HaNMM4nm BUXpEN.

[lo aHanoruu ¢ M.c.c. onpeaenuMm rmaBHbIA BEKTOP CUMbl JaBrneHust adoup-
HOW cpebl Ha OOBbEKT MHTErpanom rno NOBEPXHOCTU, COAEPKALLIEN OOBEKT

Rz—# pnds R=—ﬂ‘[ Vp dr Teagghialo
r i rpagueHTe.
B ycTaHOBMBLUEMCSA MOTOKE apupa LN M ﬂ (E—-F)dr
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13. Cuna JlopeHua. Cuna rpaButauun.
B3anmoaencTteme oobLeKToB

pMMEHNM 3COMPHYIO TPAKTOBKY CUIOBbIX BO3AEUCTBUIA AMst OGbACHEHNS]
OBWXEHUSI pa3HOMMEHHO 3apPSKEHHbIX 0O bEKTOB B MPOTMBOMOSIOXKHbIX
HanpaBreHUsIX B 3NIEKTPUYECKOM More, X BpalleHUs B pa3Hble CTOPOHbI B
MarHMTHOM Morne, a Takke ANsA BbIACHEHUSA NPUYMH rpaBuTaumn. Metoao-
NTOrMS1 MEXaHMKM CIOLUHOW cpeabl MO3BONSAET AaTb €CTECTBEHHYO U
HarnNAOHY NHTEePNpeTauUnio 3TUM ABNEHUSIM.

B M.c.c. n3BecTHbI cneaytoLmne acdeKkTbl, KOTOPbIE MOTyT NPUBOAUTL K
OBWXEHNIO OOBEKTOB UMW YacTuL, B pa3Hble CTOPOHbI B OHOM MOTOKE

1. ObobwWeEHHasa cuna XXykoBCcKoro — BO34ENCTBUE cpeabl Ha
pa3pbiBHOE UMM 3aBUXPEHHOE TeveHne, B T.4. apdekT MarHyca.
. [lBmxeHune rancamu (nasuposaHue, Nepenbman).
KonebaHna obbekToB B onpenenéHHon dpase (baccet 1888, 2014).
[MoBegeHne UCTOYHUKOB U/UNU CTOKOB.
PeakTnBHOE ABUXEHUE.

O.c. KykoBcKkoro npeacraBnserca LWMPOKO pacnpoCcTpaHEHHOW B npupoae.
B ocHoBY Teopun Bo3aencTBUA apupa Ha 0OBLEKTEI NOIoXNM 3Ty cuny. Ho
B 00LLEM Crny4yae OBMKEHUE OObEKTa MOXET OnpeaenaTbCs BCEN COBOKYIM-
HOCTbIO 1-5 1 OCNOXHATBLCA YaCTUYHOW NPOHULIAEMOCTBIO OObEKTa ANs

NnoToKa adoupa, a Takke Hanminem UCTOYHUKOB, CTOKOB U BHELLHUX CUI. -




ObTekaHne HECMMMETPUYHBIX UMK BpaLlaloLLNXCsl OO bEKTOB MOXET COMpo-
BOXAaTbCA 0Opa3oBaHNEM PaspbIBOB, BUXPEN U MOrpaHUYHOro Cros.
[TpeanonoXxum, YTo OKOSO U BHYTPU 0O6bekTa 0bpa3oBanock ycTaHo-
BUBLLEECH TeYyeHue C NorpaHnYHbIM Crioem, cogepkallinm paspbiBbl UK
Buxpu. 3yunm cnyyan, korga cuna Bo3gencTema agompa Ha oObekT npea-
CTaBMsAETCS B BUAE CYMMbI CUSIbl, BO3HMKAIOLLIEN B pe3yrisTaTe COXpPaHEHUS
BUXPEBOro UMMynbca, U CUbl, BbI3BAHHOW rpagneHToOM JaBrieHus

Fobj — Fv + R

9Ta cuna obycrosneHa paspbiBHBIM W/UnNv BUXPEBBIM Te4eHeM ddmpa.
[TosaTomy Byaem HasbiBaTh €€ curion »KykoBckoro. Cunbl B npaBon Yactu
BbIYMNCIIAKOTCA C NOMOLLBIO 0OBLEMHbLIX MHTErpanoB. 1o aHanorum ¢ Mm.c.c.

BO3bMEM 006M1acTb UHTENPUPOBAHNS, OXBaTbIBAIOLLY OOBLEKT U MMEIOLLLYHO
rpaHunLy, COBMaaatoLLyo C BHELLUHEN rpaHnLEN NOrPaHNYHOrO Criosi

Fop, =R+Fv:fﬂ V(p,,u?) dr +
|
ﬂf (Vx(Vx(pmu))+%pmux(VxV)) dr

OcHoBHON 3P EKT NOSABNEHUA CUNMbI YYTEH NPEANONOXEHUEM O HANMNYUK
paspbiBa UM BUXPEBOIO NOrpaHnUYHoOro criost n obimm Bugom popmynbl.
OTO MO3BOMSAET YNPOCTUTL BbIPaXXeHUA B MHTErpanax 6e3 notepm OCHOBHbIX
XapakTepuUCTUK 9O EKTOB. 33




Cwuna JlopeHua

[lycTb OKOno nokosiLerocs oobekTa nmeetcs ckopocTh [iNY], cBA3aHHas,
HanpuMep, C NPOMCXoaALLMMIN BHYTPU Hero npoueccamu. Cooduwmm acounpy
okono obbekTa B norpaHn4Hom croe 6e3suxpesyto ckopocTh VAREAEI.
[MpmeM, 4YTO B CIIOe CKOPOCTb W NIIOTHOCTb 3dMpa paBHbI nass.

[peacTaBMmM B NOrpaHMYHOM CIio€ NnoAblHTerparnbHble BblpaXeHus B

v (pm,obj (uon; + V)z) +VX (V X (p mobj (Uobj + V))) -

f(pm,obj: uobj: Pm. V) (V(pmvz) +V X (V X (pmv))) — f(E + g X B)

bynem cuntatb, 4UTO cnnosoe norne JlopeHua crnabo MeHseTcAa Tak, YTO €ro
MOXHO BbIHECTU U3-NOA4 3HaKa uHTerpana. lNpuxoamnm Kk curne JlopeHua

Ay = km,o f f f ¥ (pm,obj:uobj;pm;v)d'f
%4

CpaBHuBas apupHoe onpeaesrieHe 3apsiga, 3akovaem, ‘-ITO eCTb
0OBbEMHOM NNOTHOCTb 3apsida. Tpu BapmnaHTa Ans 3apsaa >0,<0,=0.

SdurpHas nHtTepn. cunbl JlopeHua — MmexaHn4ecknm cmMblicri 0600LLEHHOM
cunbl 2KyKoBCKOro. B otrinyme ot ousukn, rae 910 pensaTuBUCTCKUN SDEKT.

OdompHas TpakToBKka 3apsiga obbekta — 0cCObEeHHOCTb 0ObEKTa, NpNBOaS-
Lasi K obpasoBaHUIO pas3pbIBHOIO UM BUXPEBOIO NOrpaH. Cnos, XxapakTte-
pusyemoro Hannunem cunsl JlopeHua. [BmxeHne 3apsaa co CKOPOCTbIO
MPOUCXOAUT HE B NMYCTOTE, a B /1. MarH. nonsx, Takke cesasaHHbIX ¢ \W. 34




3akoH KyrnoHa ansa AByx 3apsiKeHHbIX 00bEeKTOB

[Nony4yaeTcs noacTaHOBKOM OOPMYIbl, AaBaemMoun Teopemou [aycca, ans
9JIEKTPUYECKOro nosns, co3gaBaemMoro paBHOMepHO pacrnpegeneHHoun no
LLapy NNOTHOCTbLIO 3apada, B popmyny anga cunel JlopeHua

Cuna, gencraeyoLlas co CTOPOHbl 00beKTa € 3apaaoM 1 Ha 0ObLEKT C 3apsi-
OM 2, — €NHNYHbIN BEKTOP, NPOBEAEHHBIN OT 00beKTa 1 K OOBEKTY 2,
— pacCTogHUe Mexay HUMMN.

icnonb3oBaHMe apUpHLIX onpeaeneHnn MarHUTHOrO 1 SNEKTPUYECKOro
nonen NpuBOAUT K NpeacTaBrneHunto 3akoHa KynoHa B cucteme eanHuy CIC.
CI'C cuctema npeanoyTuTensHa anga onucaHus agoupa.

B knaccuyeckoun anekTpocTaTtuke 3akoH KynoHa paccmMaTpmBaeTcs Kak
0000LLeHME KCNepUMEHTarbHbIX pakToB. B adompHOM nHTEPNpETauum
3akoH KyrnoHa obycrnosrneH nosiBneHnem cusibl 2KyKOBCKOro B HEKOTOPOM
noToke adupa, accoLMMpoBaHHOM C 3apsXKEHHbIM ODBLEKTOM.




Cuna rpaButauunm

A3 akcrnepnmMmeHTa N3BeCTHO, YTO rpaBmuTauma OeNCTBYET Kak Ha He3aps-
XEHHbIE, TaK N Ha 3apshKeHHbIE 00bEeKTbI. B adhmpHON TpakToBKE rpaBuTa-
LuMsa obycrnosrneHa obpasoBaHUEM Pa3pbLIBHOMO NI BUXPEBOIO MOrpaH. Cros.
[na obbekToB adhupa, y KOTOPbIX TakOW Crnon He obpasyeTcs, rpaBuTalus
MOXET OTCYTCTBOBaATh. I3ydeHue getanen gsmxeHnsa adoupa B rnorpaH. Crioe
TpebyeT B 06LLEM Crny4Yae YMCNEHHOIO PeLLUEHNSI UCXOOHbIX YpaBHEHUN 3dU-
pa. 34ecb OCTaHOBMMCS Ha YNPOLLEHHON aHaNUTUYECKON OLEHKE rpaBuUTa-
LMOHHOW CUMNbl N €€ MHTepPrpPeTaLnm ¢ TOYKU 3PEHUA M.C.C.

[TpeanonoXxum, 4To Ha obbekTa OENCTBYET
cuna rpasutaunm, odycrnosreHHasi TOSNIbKO

rpagneHTomMm AaaBlieHn4d

[Tony4yeHo npubn. pewl. yp-nn acupa ans
rpaBUTaALMOHHOIO NOTOKa 3apupa (nose cunbl
JlopeHua paBHO HyMO) B cpep. koopa. na Hero

B ynpoLleHHoM aHanuse npeanonoxuMm, YTo XxapakTepHas CKOpoCTb adupa
B norpaHn4YHOM cnoe % CTaHOBUTCS DorblLUe XapakTepPHOW a3uMyTaribHOM
ckopocTu [BF: iEPEETEgRy YR e ] — HekoTopas KoHCTaHTa, [ — BHeLw-

HAA rpaHMua norpaHU4YHoOro crosd. Torga B aoMpHOU TPakToBKE M U g

41T uggo r§ Cuna TaroTeHmsa macchbl, Haxo-
R~ —-mygi, Blm, = —pm,oafrB, A= Rre]  ASILLIENCS HA PACCTOSHWN I OT
3 rg/AT LEeHTpa rpaBUTaLMOHHOIo Nong.
36




A3-3a BBICOKOW MPOHUKaKOLEN CMIOCODHOCTU rpaBUTaLMOHHOIO NOTOKA
adompa norpaHnYHbIN CNON MOXET HaXOAUTLCS KaK BHE, TakK N BHYTPU
obbekTa. B kHuUre npuBeaeHbl NPUBNMKEHHbIE KONMMYECTBEHHbLIE OLEHKU
ONs BHELLUHEN rpaHuLbl rpaBUTALIMOHHOIO NOrpaHNYHoOro Criosl.

BuxpeBoe gBuxkeHne apupa B 00bEKTE U €ro OKPECTHOCTM MOXKET BO3HU-
KaTb Kak B pe3yribTate NPOXOXXAEHUS BHELLHEro NoToka admpa 4Yepes CTPYyK-
TYPHbIE aNeMeHThbl 00beKTa, Tak U B pe3ynbrate Nnotoka adupa, BbI3BaHHO-
ro ABMXXEHNEM CaMUX CTPYKTYPHbIX SrIEMEHTOB.

CBouncTBo admpa npenaTcTBoBaTb YCKOPEHUKD OOBLEKTOB 3ar10XeHO B
ypaBHEHNN ABMKEHUA ddmpa — 3aKOHE COXPaHEHUSI KONMYeCTBa OABUXEHUS.
C 3pUpPHON TOYKU 3PEHNA MHEPTHYIO Maccy OOBLEKTa, MPOSABAIOLLYHOCS MpU

NOorbITKE U3MEHEHNSI €r0 CKOPOCTM B OTCYTCTBUE BHELLHEro noTtoka agupa,
MOXXHO MHTEPNPETUPOBATb Kak BO3HUKHOBEHUE BHYTPU OObEKTa BUXPEBOIO
NnoToKa adoupa, NpuBoadLLEro K nosasrieHnto cusbl 2Kykosckoro. [1pn atom
BUXPW, KaK N B NPUCYTCTBUM BHELLHErO rpaBUTaLlMOHHOIO NoToKa adupa,
onpeaensitoTcs, B OCHOBHOM, BHYTPEHHEWN CTPYKTYpOon obbekTa. daHHbIe
coobpaxeHnss MOXXHO paccMaTpmuBaTb Kak SUPHYIO UHTEPRNPETaLNIO
NPUHUMNA SKBMBANEHTHOCTU rpaBMTaLMOHHOW U MHEPTHOW Macce 1 npuHuuna
9KBMBAJIEHTHOCTU rpaBUTaALMOHHBIX CUIT U CUIT UHEPLIUN.

[Tpy BOSbLLION CKOPOCTU OABUMXKEHUA 3dmpa cuna rpaBmTauum obbLEKTA,
OBWXYLLETOCH CO 3HA4YUTESNIbHO MEHbLLIEN CKOPOCTLIO, onpeaenaeTcd MMeH-
HO CKOPOCTLIO adompa, a He 0bbekTa. Ecnu Bo3HMK rpaB. MoToK, TO BCE
CNOCOOHLIE rpaBUTUPOBaTb OOBLEKTLI BpaLLaTCA UMK OBUXKYTCS K LIEHTPY,




3aKOH rpaBUTALMOHHOFO TArOTEHNS OBYX OOBbEKTOB

ConocTtaBumM rpaBUTaLMOHHBIM NOTOK 3dompa macce . A UMEHHO, CBAXeM
koHcTaHTy K3 onpeaensioLLyo BENMUUHY notoka, ¢ Wl no cdopmyne
, rae [ — rpaBuTauMoHHas NocTosiHHas. MoacTtaensas B Bbipa-
XEHNE ONSA CUIbl TATOTEHUS NPUXOAUM K 3aKOHY BCEMUPHOTO TATOTEHMS

OdUpHaa MHTeprpeTaumsa 3aKoHa TAroTEHUS UMEET HarnsgHoe MexaHu4ec-
Koe 00bSACHEHME: BOSBHUKHOBEHUN CUNMbl 2KYKOBCKOro B CO3aBaeMOM Mac-
comn notoke admpa. PaHee, cornacHo [CuByxuH, T. 1, c. 326], kakne-nmbo
HarnsgHble PuU3nYecKne nHTepnpeTauum rpaBUTaLMOHHOIO MPUTSXKEHUS, B
TOM 4ucne B 0bLIEN TEOPUN OTHOCUTENBLHOCTU, OTCYTCTBOBArMN.

Tem He meHee nony4vyeHHas dopMyria MOXeT ObiTb HENPUMEHUMA K
rmoGanbHbIM Npoueccam Ha NNaHEeTapHOM U ranakTU4eCKOM YPOBHSX,
MOCKONbKY Hernb3s yTBepxdaTb, YTO Ha TakMx MaclTabax obssarenbHo
BbIMOMHAKTCH YCNOBMUS, NPU KOTOPbIX NonydYeHa ata dopmyna.

B ob6uwem cnyyae Ans BbIMUCIIEHUS CUMbl FpaBUTaLMKM HEOBXOAMMO peLlaTh
ypaBHeHus admpa ¢ AaHHbIMU O BHYTPEHHEN CTPYKTYpe 0OBbEKTOB COOTBET-
CTBYIOLLIMMM FPaHUYHBIMU U HaYanbHbIMWN YCITOBUSIMU
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14. SpnpHas TPaKTOBKA B SN1EKTPOTEXHUKE U
ANEKTPOXUMUU

AfgekBaTHOE NMOHUMaHNE MEXaHU3MOB SABMEHUN, NCMNOJ1b3yEMbIX B 3J1EKTPO-
TEXHUKE N IINEKTPOXNMNN, NMEET BaXkHeuLlee 3Ha4yeHune, T.K. NO3BOSSAET

LerneHanpaBrnieHHO cCoBepLeHCTBOBATb NMEKLLIMECA N CO3aBaTb MNMPUH-
LnnmalsibHO HOBblE TEXHUYECKUE yCTpOIZCTBa.

[lageHune HalpAaxXeHnd Ha y4acCTKe Lerun

[lageHue HarnpaxeHud, paBHOE Ppa3HOCTU NMNOTEHUMNAJI0B HAa KOHLLAX

npoBoAa, onpeaenseTcs pasHoCTbio AaBrneHnin Te4eHns acdumpa u
NOTEHLUMAIOB BHELLUHMUX CUIT HA 3TUX KOHLAaX

Iy

1
—— | VWUg+p)-dl
km,O 11

1
= _k_'((UF +p); — (Ug +p)1).
m,0

1
(P2 — 1) = — Koo ((Ug+p)2— Wr+p))




MoLLHOCTb, BblAENEHHAsA B 9NEeKTPMYECKon Lenu

OTMETMM, YTO BBEAEHNE CKOPOCTU HanpaBneHHOro ABMXEHUNS 3apsikeH-
HbIX YaCTuL, UX KOHLEHTPaLUN U CBA3X C CUITON TOKa MCTOPUYECKM
cnenyeT N3 aNneKTPOXMMNYECKUX SKCMIEPUMEHTOB, B KOTOPbIX HOCUTENMN
3apsiga permcTpmpoBanmcb B UISMEPEHUSAX, HO pearibHasa npuymHa mx
OBWKEHUA He onpedensnacbk. B cnyyae npoBogoB, MO KOTOPbIM TEYET TOK,
CBSI3bIBAHNE MOLLHOCTW C HanpaBneHHbIM ABMXEHUEM 3apsKEHHbIX
YyacTuUL, He NOATBEPXAEHO NPSAMbIMU 3KcnepumeHTamn. HaobopoT, onbIThl
CO B3PbIBOM MPOBOMOYEK MOKA3bIBAKOT, YTO HE SNEKTPOHbI SIBMAIOTCS
OCHOBHbIM HOCUTENEM SHEPTUN INEKTPUYECKOrO TOKA.

B KHUre nokasaHo, YTO MOLLIHOCTb, BbIOENEHHYI0 B 3NEKTPUYECKON Lienu,
MOXHO TPaKTOBaTb Kak MOLLHOCTb, NepeaaHHyo NOTOKOM adupa
3apskeHHbIM YacTuuam.




IIIEKTPUYECKOE COMPOTUBIIEHNE B 3NEKTPOXUMUNYECKON
A4YenkKe U rasoBom paspsaa

3 3aKkoHa coxpaHeHunsa uMmnynbca 3unpa, ypaBHEHMS OBMKEHUSA 3apsiKeH-
HbIX YacTuL, B acdbupe, NPUMEHSAS ., HaxoOuMm Onsd ToKa YyacTtul

V.S
|I,| = v |E|S = |U|—j-

— yacToTa CTONKHOBEHUS 3apsKeHHbIX YacTUL, ¢ YacTuuamm adupa,
] — nnowaab 1 ArnnHa y4acTtka, Yepes KOTopbl npoTekaeT acup,
I — anekTpuyeckoe conpoTMBIEHNE yYacTKa.

Takum obpa3om, n3BeCTHas U3 3KCNEPUMEHTOB B SNEKTPOXUMUYECKNX
AYyenkax 1 ras3oBbiX paspsaax dopmMyna ABNAETCs CreacTBUEM 3aKoHa

COXpaHeHns uMnyrnbca adupa 1 ypaBHeHUA OBMKEHUS 3apsA’KeHHbIX
4acTuL, B NOTOKe adpupa.




OneKkTpuyeckoe ConpoTUBIIEHNE B NPOBOAE

PaccmoTpum onpeneneHme conpoTMBIEHNS yYacTKa U

Hernn ¢ 3aaHHbIMU HaNpA>XeHnemM M TOKOM Liotal

[Ins NOCTOSAHHOrO 3MEKTPUYECKOrO Moss ¢ Y4ETOM 3PUPHBLIX NpeacTaBne-
HU SNEKTPUYECKOro NOJIst U MNOMHOIo Toka MMeem

(-lev(,ou)2 —ux (Vx (pu))) R

Js Vx (lul?2v x (pu)) - ds

=

[pn NOCTOAHHbBIX 0 (1

=Vu? —ux (Vxu)|-i
NMOTHOCTM 3chupa 2 ( )) g

1 NOSIHOM TOKe Ro = 5

I total

ConpoTueneHne onpeaensieTca rpagueHToM KUHETUYECKOW SHEPTUN U
3aBUXPEHHOCTbLIO NOTOKa adoupa B nposBode. B TUNUYHBIX CriydasdX ¢ pOCTOM
3aBUXPEHHOCTM MNOTOKa adompa yaerbHOe CONpoTUBIIEHUE NadaeT, a C poc-
TOM rpagmeHTa ero KNHETU4YeCKon aHeprun — pactet. MoxeTt HabnogaTbes
KakK CBEPXMPOBOAMMOCTb, TaK N ANSNIEKTPUYECKME CBOMNCTBA.

ConpoTtueneHue npoBogHUKa onpeaenseTcd 0CoObDEeHHOCTAMN TeYEHUS
adompa B HEM, a BO3MOXHOE ABWMXEHME HOCUTENEN 3apsga ABnaeTcd
BTOPUYHLIM 3(PEKTOM.




ONEKTPOEMKOCTb, KOHOEHCATOPbI

[Ans o6bLEKTOB, Y KOTOPLIX MAIOTHOCTL 3apsiga MEHAETCH NPONOPLNOHASIbHO
3apsay ¢ KoadpPuumMeHTOM MPOnopLNOHAaNbHOCTU, ABMAKLWMMCA PYHKLMN-
e TOYKN NPOCTPaHCTBA, B PU3NKE BBOAUTCS NOHATUE INTIEKTPOEMKOCTU
NOrpy>XeHHOro B HEMNOABUXKHbLIN OU3NEKTPUK.

C y4yeTom cB43u noTteHumana c I
NAOTHOCTLIO 3apsaa UMeem I, @l =71

CBsA3b noTteHumana c _
naeneHvem acovpa gaéTr Kol qs = C(p.u? — pu?)

3apsig obbekTa ¢ 3agaHHOM EMKOCTbIO XapaKTepusyeT aasrieHme adgupa
NN OTKITOHEHWE NIIOTHOCTU 3HEPIrnn YCTaHOBUBLLUEroCH TedeHnst achupa
OT €€ XapaKTepPHON BENMUYUNHBI.

B anekTpoTexHuKe LMPOKO NMPUMEHSIHOTCS KOHOEHCATOPbI.
[MTone, nokanM3oBaHO B OrpaHN4YEHHON 06acTu
npocTpaHcTBa. Pa3HOCTb NOTEHLUManNoB 06KNaaokK

Pa3HOCTb AaBneHum unuv nioTHOCTEN
9Heprmn TevyeHum acpupa, cosgaBaeMbiX
obknagkamu.

bonbLwnn 3apsan npyu 3agaHHOM EMKOCTM O3Ha4YaeT 00nbLUYH Pa3HOCTb
OaerieHnn adompa nnu NIIOTHOCTEN SHEPTUN TEYEHUS.




YpaBHEHME TOKa B KOHTYPE MNOCTOSIHHOMN (OOPMb

[TlpMEeHNM K 3TOMY KOHTYPY OCHOBHOW 3aKOH
9JIEKTPOMarHNTHOMN UHOYKUUN C YH4ETOM HEN3MEH-
HOCTW ero oopMbl 1 OTCYTCTBUSA BHELLHMX CUI.
[TageHne Hanps)KeHUs Ha TPEX yvacTKax

Bblpa>|<as| NOTOK Yepe3 MHAOAYKTUBHOCTb U NOJSTHbIN TOK, NCMNOoJ1b3yA MNoJ1y4eH-
Hbl€ BblLLE C*)OpMyJ'IbI Ond nageHnda HanpaxXeHnd, UMeEeM

Eze (L)

i aL (t) I total (t) QoL ( )

c2 R(t)ltotal (t) P

C(t)

B3aB npon3BogHy OT 3a(PUpHOro onpeaenieHns sapsga U npearnosioXus,
4YTO Yepes 0bKMaaKy KoHOeHcaTopa NpoTEKAET TOT XKe NOMHbIN TOK 3dhupa,
4YTO U BOOSMb KOHTYpA, noslydaemMm n3BeCTHOE ypaBHEHME TOKA B KOHTYpe

da.(t t Bce BennymHbI
) + R(t) q;( ) + qa—() RSP sLipaxaercs
t c(t) yepes p 1 U.

INornyeckoe cneacTBue 3akoHa COXpaHEeHUs MNynbca adupa.
HarnagHbin MexaHnuaMm nepegadv sHeprn BOOMb LEnu ¢ paspbiBaMu.
[BmKeHe 3apsKEHHbIX YacTuL, HE UCKITIOYAETCH, HO BTOPUYHO. 44




[1TNOTHOCTb SHEPTrUK SNEKTPMYECKOrO TOKa Nnpwu
He3aBUXPEHHOM MarHMTHOM nore

PaccmoTpum HesaBuxpeHHoe B cmbicrie VEINE IR varHMtHoe none.
B atom cnyyae ypaBHeHne Amnepa (B yp-x Makcsenna) nepexoguT B

OE
4 = unv Y =
) T )

B neBon 4yactu CTOUT NJIOTHOCTU MOLLHOCTMW. cE2

NHTerpupyto no BpeMeHu, nonyyaem nrnoTHOCTb Hg = ——

aHeprun. C y4ETOM ANINEKTP. NPOHNLAEMOCTH 8m

OMPHOE NOHNUMAHME ITTEKTPMUYECKOIO TOKa B LIEMNM NO3BOSIUIIO N3 CaMblX
o0LWmMx coobpaKeHUn NoNy4YnTb NIIOTHOCTb ANEKTPUYECKOW SHEPIN Lienu

Kak crecTBMe BTOPOro 3akoHa HbloToHa, a HE Kak crneacTBue noctynara
[CuByXxuH, T. 3, C. 346].




MarHutHag sHeprusa 3aMKHYTOro npoBoAHMKA C TOKOM B
MarHMTHom none. [NNoTHOCTL MarHUTHOU 3SHepPrum B Lienu

PaccmMoTpum 3aMKHYTbIA KOHTYP , B KoTopoM TeyéT Tok B, MycTb atort
KOHTYP HaxoauTcs B MarHuTHOM none . CornacHo nony4eHHoMYy BbiLLE
3akoHy AMnepa Ha aneMeHT KOHTypa OeWCTBYeT cuna

. By PaboTta npu cMmeLleHum _ _
dFy, = I, ( i, T) A S AA,, = dFy, - dr

B kHure BbldmcneHo v, I_lq) B AJIEKTPOTEXHNKE HA3blBAETCAH
PR MarHUTHOW SHepruen KoHTypa.

Tatke nomnyyeHa nnoTHOCTb SHEPrUK Lienn B CBOEM

MarHMTHOM Mone, BO3HUKAIOLLas NPy MrHOBEHHOM u

— ' p2
nepemMeLlieHnn arnemeHTa npoBoaHmMKa ¢ MrHOBEHHbLIM A = 87 B1
BKINNKOYEHNEM TOKa

OdompHasa TpakToBKa TOKa B Lenn no3sorunna BBECTU MarHUTHYIO SHEPruto
KOHTYpa M NNOTHOCTb MarHUTHOM SHEPIUM HE KaK CNeAcTBUA NOCcTynaTa
[CuBYXUH, T. 3, . 346, c. 346] nnn o600LWEHNSA ONLITOB, a Kak CreacTBud
BTOPOro 3akoHa HblTOHa, a Takke YyCTaHOBUTbL MEXaHNYECKOE CoaepKa-
HMUE OaHHbIX BENMMYMH Kak paboTbl UK NAOTHOCTM paboThl MO CO3A4aHUI0 U
nepemMeLLeHnNo BUXPEN B CNNOLLHOW cpeae.

OHepreTmka KOHKPETHOW TEXHUYECKOW cucTeMbl. MarHuTHasi aHeprus
KOHTYypa CBsidaHa C BUXPEBbLIM, a aNeKTpmuyeckasa SHeEPrus KOHTypa — C
be3BuxpeBbiM ABMXKEHUEM admnpa. ObLias dopmyna nony4vyeHa BbILUE. 46




YHUNONAPHLIN reHepaTop

[TpogeMOHCTpUpPyeEM 3aKOH MOSABIEHNS 3.4.C.,
B KOHTYpE C OABWXYLLUMMCSH B HEM 3OUpPOM AN
cliyyas, Korga MarHMTHOe Mnorie He N3MEHS -
eTCS BO BPEMEHMU, a ANEKTPUYECKOoe none u
BHELLHSAA cuna OTCYTCTBYIOT.

CornacHo obLen
doopmyne onga a.4.c.

EcTecTBeHHO NpeanosioXunTb, YTO IMHEWHAS
CKOPOCTb TedeHUs adompa B AUCKe yBenn4nBaeTcsd
No paguycy OT LeHTpa K Kpato aucka. [yctb
lo||B|] R?
E(t)= = |w||V X (pu
() 7 A |||V % (pu)|

SdompHaa TpakToBKka AaE€T NpocToe 0O0bsACHEHME BE3 NPUBIIEYEHNUS TEOPU
oTHocuTenbHocTK (ru.wikipedia.org) nponopunoHarnibHOCTM 3.4.C. YTOBOW
CKOPOCTM BpaLLEHNA N BENUYNHE MArHUTHOIO Nond. PasHOCTb NOTEHLMAOB
obycrnosreHa pasHuuen gasneHnn adompa B LEHTPE N Ha Kpalo AUCKa.

Pa3HocTb AaBrneHnn admpa ns-3a BpalleHUs — OO bACHEHUE JNEKTPUYECK-
oro nons 3emnu ~130 B/m y noBepxHocTn unn 220 B Ha BICOTEe pocTa
yernoseka, ~400 kKB B BEpXHUX Crnosx. 47
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15. OueHKn NNoTHOCTN 3dunpa

B HacTosLee BpemMs OTCYTCTBYIOT HEMNOCPEACTBEHHbIE U3MEPEHUA MITOTHO-
cTn acpupa. Cenyac npeacraBngdeTcs BO3MOXHbIM TOSTIbKO MCMNOSfb30BaHME

OPYrnx, XOopoLlO U3BECTHLIX N3 SKCMepMMeHTa BenuuuH. Crieayet oxuaaTb,
4YTO Hau4eHHasd OueHKa NoKasbIBaEeT, Mo KpanHen mepe, Nopsaaok BerMynHbl.

B KHUre nnoTHOCTL HEBO3MYLLIEHHOIO adompa onpeaerieHa Ha OCHoBE
OaHHbIX O CNeayrLKnX 3KCnepumMeHTax:

1. C nasepamun. V13 makcMmarnbHOro 3Ha4eHUs ANEKTPUYECKUX Nosien, npu
KOTOPOM MpoLecchbl OCTalTCA NMMHEUHBIMM.
B3anmogencrame marHmta n eppomMarHUTHOro marepmana (~1 atm).
B3pbIB NpoBosiovek DOSbLLINM 3NEKTPUYECKMM TOKOM B BaKyyMe.
OIIEKTPOMArHUTHOE rnorsie B (poToHe, AaBrieHne CBeTa.
. PaccTosiHne gns kyrnoHoBckoro bapbepa B 3oMpHON MoZesnv NPoToHa.
. AHanmus CTpyKTypbl HocuTesnen acpupa (HeroToHUM). Co3gaHue anmasos.

CoBoKyrnHocTb aHanusa ~10 pasnuyHbiX PUsnYecknx aPMEKTOB OaET:

po = 3-10713 [crl/?2/em3/?],

Ko = P80 o 6.7 105 [rY/2/(c cm3/?)], [cTaTKyn0H/cM3]
Pmo = 21077 [r/cm?]. Po

OaBrieHne HEBO3MYLLEHHOIO adpupa, macca HoHOTOHUS

Macca 6nuska
p~11-10"[Mla] B8 m, = 6.8-107*% = 4.1-10"m,, [kr] BESEIEEIE
— MenpeneeBa.

B 106 pa3 6onbLue atmocdepHoro. B npotoHe ~10'3 HbOTOHMEB. !




16. 3akno4veHune

COBOKYMHOCTb NPOBEAEHHbIX B KHUME CUCTEMHbBIX MHOTOCTOPOHHUX UCCIe-
OOBaHNW, CpaBHEHWE TEOPETUYECKUX NpeacTaBneHnin ¢ 60NbLWMM Konnvec-
TBOM 3KCNEePUMEHTasrIbHO YCTAHOBMEHHbIX 3aKOHOB MOXET CNYXUTb
0OOCHOBaHMEM TNMOTE3bLI O CYLLECTBOBaHUM 3dmpa, BbipaXkKeHHOW B BUAE
00OLLENPUHATLIX NOCTYNAaTOB: COXPaHEHNS MaTEPUN U COXPaHEHUSA KOMnnYe-
cTBa ABwkeHus. [Ina gononHUTENbHOM BepdUKaLumum 3Ton runotessbl 1
YTOYHEHUA XapaKTePUCTUK adomnpa B KHUre npeasioXXeHbl HoBble Mano3ar-
paTHble 3KCNEPUMEHTHI.

CornacHo MeTogonormm matemMaTM4eckoro MoAdesinpoBaHnA, yCtaHaBI1N-

BaloLLlen afekBaTHOCTbL MateMaTM4eCckon Mmogenu Ha OCHOBaHWUM COOTBET-
CTBUA €€ CreacTBUMN XOPOLLO NMPOBEPEHHBIM OMNbITHLIM pakTam, NpoBeaEH-
Hble nccnegoBaHUs NO3BOSIAIOT caenatb 0600CHOBaHHbLIW BbIBOA 00 afek-
BaAaTHOCTW ONUCAHUSA SMNEKTPUYECKNX, MarHUTHbIX U rPpaBUTaALUOHHbLIX ABrie-
HUM KaK OUHaAMUKK adoupa B MoLeNN MeEXaHUKN CrIOLLHOW cpeabl, npuyem
6e3 npmBrneYeHnss TeEopuUmn OTHOCUTENBLHOCTH.

YpaBHeHus admpa HeobXxoaMMO yYnTbIBaTb NPU NOCTPOEHUN AETanbHbIX
CaMOCOriacoBaHHbIX MaTeMaTUYECKUX MOAENEN SNEKTPOANHAMUKN, ra3o-
BOW N ruapoanHamMuKkn. T.K. SNEeKTpUYECKoe, MarHUTHOE Nonsa U ypaBHEHUS
MakcBenna yTpadnBaloT YacTb MHpopMaLmMn, coaepkallencs B UCXOAHbIX
ypaBHEHUsIX acpupa, HanpumMmep, NOCTOSIHHYIO YacTb NOTOKa admpa.
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B Mogenax MmakpoypoOBHEBbLIX SBMEHUN, NOMUMO 3aKOHOB COXpaHEeHUS
MaTepun N nMnynbca, MoryT NPUMEHATLCA U ApYyrme N3BecTHbIE B Mexa-
HUKe CMSIOLLIHOW cpedbl 3aKOHblI COXpPaHEHUS HAaNpUMep MOMEHTa, MOMEHTA
BUXPEBOro MMMynbca, Yncrna s3auensieHnm Buxpen.

[TepBONPUYNHON CBOUCTB 3N1EKTPUYECKUX TOKOB M MarHUTOB SBNAETCS
NOTOK 3dom1pa, a BO3MOXHOE ABMXKEHUE 3apsXKEHHbIX YacTULL — CONYTCTBYIO-
LLMM 3pPEeKTOM B 3TOM NoToKe. BO3MOXHOCTb co3daHuda BT aHeprun.

B3anmopencrene oobeKToB B adompe, HanpumMep rpaBUTaLlMoOHHOE, MOXET
NPOMNCXOOUTb HA PACCTOSIHUAX NopsiaKka pa3MePOB UX NOrpaHUYHbIX CIOEB,
KOTOPbIE MOIYT 3HAYUTESBHO OTNINYATLCA OT PasMepPoB caMux OOBHLEKTOB.

B maTtemaTtnyeckom Teopun agpupa crioXkHble U Ha NepBbiv B3rNsa
napagoKcarnbHbI€ SBNEHUSA HAX0OAT €AMHYI0 ACHYI0 UHTEPNPETaLUIO
MEXaHMKWN CMsIoLHOW cpedbl (TemMa aAns oTAeNbHOro aoknaga). B kHure
NpoaHann3npoBaHbl Takue SABMEHUSA, KaK: KOPNYCKYNsPHO-BOSIHOBOW
ayanusm; pasnnyHoe noBeaeHne NnpoTUBOMOSIOXKHO 3apSXKEHHbIX TES B
9IIEKTPUYECKOM N MarHUTHOM MOSAX; rpaBUTalMOHHOE BO3AEUCTBUE;
SIBNEHUS, CBA3AHHbIE C ANTEKTPUYECKUMU TOKAMU U MarHuTamu, B TOM
4yucre CBEPXNPOBOAMMOCTb; B3aUMOAENCTBME TES C MaakuMm noBepPXHO-
CTAMU; da30BOE COCTOAHME OOBLEKTOB; KBAHTOBAHWE MPOLIECCOB.




B KHUre packpbiTO EANHCTBO MPOUCXOXKOEHUA SNEKTPOMArHUTHLIX U rpa-
BUTALIMOHHbIX CUIT KaK pesynbraTta ABMKeHNs1 apupa. Bbicokast CKOPOCTb
adompa okono 3emMnu - co3gaHus TEXH. YCTPOMUCTB, NpeodbpasyoLmnx
rpaBUTaLMOHHOE ABMXEHNE 3dmpa OKOSo 3eMNN B ANEKTPOMArHUTHOE U
HaobOopOT C LEeNblo N3BNEYEHUSA SHEPTNK, YNPaBIIEHNS rpaBUTaLmMeEN U
co34aHns HOBbIX CPEeACTB NepeaBMmKeHNsI B NPOCTPaHCTBE.

AHanus CTpPyKTypbl HocuTeneun agpupa (HeIOTOHUEB) NOKa3bIBAET KOMOC-
canbHY CTPYKTYPHYIO N MHPOPMAaLMOHHYK EMKOCTb 3dompa gaxe Ha
pacCTOSHUSAX nopsiaka pagunyca npoToHa. ATO OTPLIBAET MPakTUYECKU
HeorpaHM4YeHHble BO3MOXHOCTU ANF co34aHUs HOBbIX MHGOPMaLMOHHBLIX
N BbIYUCIIUTESNbHBIX TEXHOSOTMNN.

Bbicokas npoHukatoLwas cnocobHoCcTb onpeaenéHHbix (cnabo Mmoaynupo-
BaHHbIX) NOTOKOB achmpa Nno3sonseT NPeanioXUTb NpeacTaBneHHyo maTte-
MaTUYECKYI0 TEOPUIO B KaYecTBe MHCTPYMEHTa Ansi 000CHOBaHHOrO aHanu-
3a Tak Ha3blBaeMbIX NCUXODOU3NYECKUX U NapaHOpManbHbIX SBREHNUIA.

MaTtepunan KHUrn, He3aBUCMMO OT OTHOLLIEHUS K TMNOTE3E O CYLLECTBOBa-
HUM adompa 1 ero PuU3ndeckon NHTeprnpeTaunm, MoOXeT paccMaTpmBaTbCS
KaK HOBbIM 90 EKTUBHbLIM MateMaTu4eCcKU annapart Ansg AetanbHoro
N3YyYEHUS ANEKTPUYECKUX, MArHUTHbLIX N rpaBUTaLNOHHLIX 3(PIEKTOB.
MaTtem. meToa ans KOHBEPreHUmnn (CMHTE3) pasfnyHbIX OTPacnemn Hayk,
CO3aHNS HOBbIX NPUPOAONOAO0DHbLIX, SKONTOrMYHbIX TEXHOMNOTMNA.

HeobxoamMmo OTKpbIBaTb HOBOE Hay4YHOEe HanpasneHue B Poccuu.
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