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BBEJAEHUE

Henbl0 OUCCEpTALIMOHHOTO HWCCIEIOBAaHMS SIBJISIETCS BBISICHEHHWE XapakTepa U
CTENEHU BO3LCHCTBUS DJIEKTPUYECKHX 3apsAJOB M IOJIEW HaA  pas3jIMyHbIE
TUAPOJAMHAMUYECKUE MPOLECChl W MPOLECCHl  TEIJIOMACCOOOMEHa, a TaKXKe
IOCTPOEHUE TEOPHUIl, aJEKBaTHO OTPAXAIOLIUX TEYEHUE COOTBETCTBYIOLIUX
IPOLIECCOB B MpUpOJIE U TexHUKe. [Ipr 3TOM OCHOBHOE BHUMAHHE YJEIEHO BOIIPOCAM
YCTOMYMBOCTH MEXAHUYECKOTO PAaBHOBECHS  KUAKUX MacC M TpaHMI] pasjesa
KUIKUX CPeJl B AIEKTPUUECKOM I10JI€, & TAKKE DIEKTPOKOHBEKIIUHU KUIKOCTEH.

JluccepTallMOHHOE KCCIEA0BAHME MOKHO CUHUTATh aKTYAJbHBIM B CBS3U C TEM,
YTO 337]a4M, PACCMOTPEHHBIE B IUCCEPTALMU, UMEIOT HEMOCPEICTBEHHOE OTHOIICHHUE
K TakuM MpobOjeMaM, Kak (U3MKa MPOLECCOB, MPOUCXOISAIINX B KUAKOCTIX IMOA
BJIUSIHUEM JJIeKTpuyeckoro nois [1, 2], ynpasienue (Hanpumep UHTEHCU(PUKALIMS)
TMIPOIMHAMUYECKMMU MPOLIECCAMHM M IIPOLECCaMU TEIJIOMaccoOOMeEHa € MOMOILBIO
AIIEKTPUYECKOr00 MOJsi (B TOM YHCIIE B YCIOBHUSIX HEBECOMOCTH) [3-6], co3maHuio
HOBBIX TEXHUUYECKHUX yCTpoucB - DI /[-HacocoB, mpeoOpa3zoBarteeil, cenapatopon [7-
10], anexTpoaucneprupoBanue xkuakoctedt [11-14], dusuka rpossl (B TOM 4YHUCIE
npoOiemMbl  JUHEHHOM W IIapoBOM  MOJHUN, npobiemMa  3IEKTpU3ALMU
ruapoMetreopoB) [15-23], npobiema 3JIeKTpUUEcKOro mpoodost B KUJAKOCTIX [24-29],
NOBEJACHUE HEKJIACCHUUECKHX cpen (KUAKUU Trenui, >KUJIKUE KpUCTaIbl) B
anexktpudeckom noiie [30, 31].

Coaep:xaHue quccepTalli COCTOUT U3 IIECTH IJIaB.

IlepBasi rjlaBa TIOCBSILEHA UCCIEAOBAHUIO HEYCTOMYMBOCTH PaBHOBECHS
IJIOCKOW TOPU30HTAJIBHOM T'PAHULBI pa3ferna ABYX HECMEIIMBAOIIUXCS KUIKOCTEU
BO BHEIIIHEM BEPTUKAIBHOM WJIM TOPU30HTAILHOM 3JIEKTpUUECKOM Toisie. BriepBbie
noaoOHas 3amaya Obula noctaBiieHa u pemeHa JI. Tonkcom [32] u S. ®penkenem
[33]. Janee, B IUHEWHON MO aMIIUTyAEe NMOCTaHOBKE, Teopusi DI'J] mOBEpXHOCTHBIX
BOJIH U HEyCTOWYMBOCTEHN OblIa pazButa k. MemuepoM u apyrumu B padortax [34-

371 (cm. Takke o0030per [38, 39]). IIpoGmema MeXaHM3MOB BO3HHUKHOBEHHUS
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KOHEYHOAMIUIUTYTHOTO CTAaTHYECKOro penbeda TpaHUIbl paszziena KHIKOCTEH B
AJIEKTPUUYECKOM TI0JIe B HEIMHEWHOW TTOCTAaHOBKE ( B TOM YHCIIe U mpobiieMa oTtObopa
CTaTUYECKUX CTPYKTYp) paccMarpuBaiach B padorax [30, 40, 41]. O630p
pE3yJbTATOB AHAJIOTMYHBIX HMCCIEIOBAaHUN JUISl ClIy4yass MArHUTHBIX JKUJKOCTEH B
MarHUTHOM TI0JI€¢ MOKHO HaiTu B [42]. B amccepramum paccMoOTpeHBI 3a7adud 00
YCTOMYMBOCTH  PaBHOBECUSl IUIOCKOM TpaHULbl paszzaena  ciaabornpoBOIAIINX
KUAKOCTEH, HMEIOIIMX BpeMs pellakcallMi 3apsja TopsAlika XapaKTEepHOTro
TUAPOAMHAMUYECKOTO BPEMEHH, B BEPTUKAILHOM U TOPU30HTAIBHOM 3JIEKTPUUYECKOM
nosie. [loka3aHo, 4TO B 3THUX Ciyyasx BO3MO)KHa KoiyieOaTelbHash HEYCTOWYUBOCTD.
PaccuuTanbl 1 mocTpoeHbl HEWTpanbHble KpuBble. Kak 11 HOpMaIbHOrO, TaK U JUIs
KacaTeJbHOr0 MOJI HAlIeHbI TPaHULIbl 00JaCTell TapaMeTPOB Cpejl, BHYTPU KOTOPBIX
BO3MOXHa JUOO MOHOTOHHas, JHOO KojebarelbHas HEYCTOMYMBOCTh. [l cirydas
NEPHEHAUKYJIAPHOTO K TPAHULE 3JIEKTPUUECKOro MOJIi METOJOM MAaJIoro rnapamerpa
pemieHa 3ajada o0 OMNpEAENICHUH aMIUIUTYJIbl CTaTUYECKOTro penbeda TpaHULIbl
pazziena JIByX HEWJCANbHBIX XKUIKOCTEH B DJIEKTPUYECKOM II0JIe, BO3HUKAIOUIETO B
pe3yibTaTe nmoTepu ycToMuuBOCTH. IlokazaHo, 4To penbed MOXKET BO3HHUKATh Kak
MSACKO, TaK M JKECTKO, TPUYEM HaWJEHHOE YCJIOBHUE CMEHbl PEXHMOB
HEYCTOMYMBOCTH YHHMBEPCAJIIbHO W NPUMEHUMO Kak K HACAIbHBIM, TaKk U K
HeuJealbHbIM (001a1al0IIMM KOHEUYHON MPOBOAMMOCTBIO) TUANEKTPUKaM. Teopus
OI'/l HEyCTOMYMBOCTH PABHOBECHsI TPAHMUIBl pa3fena KUIAKOCTEW NPUMEHEHA K
NOCTPOEHUIO TEOPUU KPHU3UCA KHUIIEHUS AUDJIEKTPUKOB B JIJIEKTPUUECKOM TMOJIE.
PaccunTanbl BeMYMHBI KPUTHUYECKUX TEIUIOBBIX MOTOKOB U OTPBIBHBIX JUAMETPOB
ny3blpeid B 3aBUCHUMOCTM OT BEJIMYMHBI HANPSXKEHHOCTH moias. CpaBHEHHE
PACCUMTAHHBIX BEJIMYMH C OSKCIEPUMEHTAIBHBIMU M TEOPETHUYECKHUMH JTAHHBIMU
JIpyTux aBTOpPOB [43-46] maet y10BIETBOPUTEIBHOE COTJIACHE.

Bropas ruaBa jguccepralMM TOCBSIIEHA UW3YYEHUIO PABHOBECHBIX (HOpM
HAWIEKTPU30BAaHHBIX Kamnedb M MX YycToMuMBocTH. [loj Ha’JIEeKTpHU30BaHHBIMU
KaIUISIMM  TIOHUMAIOTCSl KaIUIM, NOJSPU30BaHHbIE BO BHEUIHEM TMoJe€ W (WMJIN)

NIEKTPUUYECKH 3apsbkeHHble. BrepBeie 3amaga 00 ycTOMYMBOCTH ChEpUUECKOM
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dbopmbl TpoBOJAIIEH 3apsDKEHHOM Kamd Obuta pemieHa Paneem [47]. pyroit
KJIACCUUECKUN TPEACNIbHBIM Claydail  YCTOMYMBOCTHU AIUIMIICOMIAILHONW (B BUIE
BBITSIHYTOTO JJITUIICOMIA BpalieHus) (opMbl MPOBOIAIICH Kaluld BO BHEIIHEM
JIEKTpUUYEcKOM noJjie Obl1 paccmotpel I'. Teinopom [48]. B naneHelimem nmogo0OHbIe
3aJ]a4yd  pacCMaTpUBAIUCh Pa3IMYHBIMU ABTOPAMU B PA3JIMYHBIX ITOCTAHOBKAX.
O030pbI COOTBETCTBYIOIIMX MCCIIEIOBAHUN MOXHO HalTH, Hanpumep, B padotax [11,
13, 49]. AmnanoruuyHble HCCIEIOBAHUS IS CJlIydas MArHUTHBIX JKHJIKOCTEH B
MarHUTHOM TI0Jie OcBelleHbl B [42]. B aumccepraumm nOpsMbIM YHUCIECHHBIM
WMHTErpUpOBaHUEM ypaBHeHUsl OanaHca nasieHuid tuna FOura-Jlammaca mocTpoeHo
PABHOBECHOE CEYECHME OUANEKTPUUYECKON KAaIulM BO BHEIIHEM JJIEKTPUYECKOM IIOJIE.
[TokazaHo, 4TO [JIs1 Karesb, pa3MepP KOTOPBIX CPaBHUM C KaMWIISSPHOU MOCTOSTHHOM
KUAKOCTH, (opmMa ceueHus BO BCEX PACUETHBIX TOYKAX OTIMYAETCS OT
AJUIATNICOUMAAIBHON HE 00Jiee, YeM Ha OJIMH MPOLEHT U, TEM CaMbIM, 3JUTUIICOUIAJIbHOE
npUOIMKEHUE SIBJIAECTCA BIOJHE MPUEMIMMBIM. Takke YMCIEHHO M aHAJIUTHYECKU
(MCTONB3Ysl BJUIMIICOUJANBHOE MPUOIMKEHUE) OIpeAeNieH MOpOor YCTOMYHMBOCTU
KaIuIn BO BHEIIHEM noJie. OKa3amoch, YTO B 3TOM CIIy4ae Pe3yabTaTbhl OTINYAIOTCS
MEHee 4YeM Ha JiBa MpoleHTa. MeTogoM MHHMMHU3alWUd MOTEHUUATbHOU SHEPrUu
Kalld  MOKa3aHo, YTO CYIIECTBYIOT pa3jMYHble YCTONYMBBIE (B CMBICIE
CYILIECTBOBAHHUS MUHHUMYyMa SHEPruun) AIUTATICOUAANIbHbBIE (bopMbI
HAJIEKTPU30BAHHBIX Kamellb, MEXJYy KOTOPBIMH MOTYT OCYILIECTBISTHCA >KECTKHE
NEPEXO/IBl C THUCTEPE3UCOM. ODTOT Pe3yJIbTAT, U3YUYEHHBI paHEe TEOPETUYECKH U
AKCIEPUMEHTAJILHO JJISI MATHUTHBIX KUAKOCTEN [42], B nuccepTanuy 0000IIeH U Ha
cilyyail TpOBOISIIMX 3apsOKEHHBIX Kamelb BO BHEIIHEM JJEKTPUYECKOM MOJE.
Teopusi BeTBIIEHUSI PAaBHOBECHBIX (POPM HARIEKTPU3OBAHHBIX Karellb MPUMEHEHa K
npoOsieMe HMHHUIMUPOBAHUS JUHEHHON MoaHuu. llpenioxeH enuHbI KpUTEpHid
HEYCTOMYMBOCTH PABHOBECHUS IUJIOCKOM MOBEPXHOCTH B JJIEKTPUUECKOM TIOJIE H
MOBEPXHOCTH HAdJIEKTPU30BAHHBIX Kareidb. PaccMOTpeHbl BOMPOCHl YCTOMYMBOCTH
paBHOBECHS M BETBJIEHUS PABHOBECHBIX (OPM HASIEKTPU3OBAHHBIX IMYy3bIPEH.

HCCMOTpSI Ha TO, YTO 3aps’KCHHBIC ITY3BIPbKHW B 3JICKTPUUYCCKOM IIOJIC B HEKOTOPBIX
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ClIyyasiX WIparT peuiaroulyro pojib B (POPMUPOBAHUM IIIEKTPUYECKOIO MPoOOs B
wuakoctsx [1, 24, 25, 50], uccnenoBaHuii B yKa3aHHOM HampaBlieHUM Majio. B
UMEIOLLUXCS e, ITy3bIpH HE BCeraa 000OCHOBAHHO MPEJICTABISIOTCS HECKUMAEMBIMH,
YTO MO CYTH O3HayaeT KanenabHbid npenen [51-53]. MeTtoioM MUHUMU3AIUU SHEPTUU
YCTaHOBJICHBI BO3MOJKHBIE PaBHOBECHBIE 3JUTUIICOUTAJIBHBIE bopMbI
HA’JICKTPU30BAHHBIX IIY3BIPENM C YYE€TOM HX CKHUMAEMOCTH. [l 3apsyKEeHHBIX
Iy3bIpEN TIOKa3aHa BO3MOYKHOCTb JECTKHX IIEPEXOAOB C THUCTEPE3UCOM MEXKIY
PaBHOBECHBIMH AJUTMIICOMAAIBHBIMU (popmMamMu. MHoroMonoBslid Meton Panes [47,
54] npuMeHeH K aHaJU3y HEYCTOMYMBOCTH KaBUTALMHHOTO 3apSKEHHOT'O ITy3bIpS,
KaK BO3MOKHHOI'O M€XaHHU3Ma (pOPMUPOBAHUS BBICOKOBOJIBTHOTO MPOOOS KUIKOCTH.
CpaBHEHME TIOJNIYYEHHBIX pE3YyJbTATOB C OKCIEPUMEHTAJIBHBIMUA PE3YJIbTaTaMU
paboThI [S5] IEMOHCTPUPYET YIOBIECTBOPUTEIBLHOE COTIIACHE.

Tperbs ri1aBa quccepralyuy MOCBALIEHA WCCIECIOBAHUI0 MEXAHU3MOB 3apSIKHA U
B3aMMOJICUCTBUS 3apsKEHHBIX Kamenb B atMocgepe. Kak u3BecTHO (CM., Harpumep,
[15-19]), B HacTosiliee BpeMsi HE CYIIECTBYET 3aKOHYEHHOH OOIenpu3HaHHON
TEOpUM Tpo3bl. Torma Kak 3apsDKEHHBIE KAaIUId BOJBI 3TO OCHOBOIIOJArarolue
CTPYKTYPHBIE 3JIEMEHThHI (POPMHUPOBAHUS I'PO3bI, IOATOMY BHUMaHHUE UCCIIEeIOBaTENEH
K HUM BEJIMKO. B 4aCTHOCTH, pa3IMYHBIMU aBTOPAMU IPEIJIOKEHBI U UCCIEIOBAHBI
pa3IMYHbBIE MEXaHU3MBbI 3apSKHU Kalellb, U3J0KEHUE UX MOXHO Hauth B [14-19]. B
AUCCEPTALMHU TPEIJIOKEH M UCCIEAOBAH HOBBIM MEXaHMU3M 3apsaku Kanenb. CyTb
€ro CBOAUTCS K TOMY, UTO IPU HEOAHOPOJHOM HUCIIAPEHUHN KaIUIH, MMOJAPU30BAHHOU
BHEIITHUM 3JIEKTPUYECKUM TIOJIEM, HOHBI OJTHOTO KaKOTO-TO 3HaKa UCHapsioTcs Oomee
WHTEHCUBHO. B wurore kamms mpuoOperaer M30BITOYHBIN 3aps] Apyroro 3Haka. B
OTJIMYME OT H3BECTHBIX MEXAHU3MOB 3apslIKU, 3apsA/iKa Kameiab B pPE3yJbTare
MpeajaraeMoro MeXaHu3Ma MOXKET MPOUCXOAWTh B aOCOIIOTHO HEMPOBOISIICH
cpene. IlpennoxkeH W BBINIOJHEH KAYECTBCHHBIM MOJICJIBHBIM SKCIEPUMEHT,
JEMOHCTPUPYIOIINM BO3MOXKHOCTh 3apsJKM M JIEBUTAUM KaIlUld B YCJIOBHSIX
HEOJHOPOJHOTO UCIIapEHUs (TIIeHOYHOTO KUIICHUSA). [Tomyuyeno 151

IIPOMHTETPUPOBAHO YPABHEHUE KMHETUKHU 3apSAKH KAIUIM B YCIOBUSX IJIEHOYHOIO
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KUATICHUSI ¥ B YCIIOBUSIX KOHBEKTHBHO-AH(P(PY3UOHHOTO HCIAPEHUS MPHU PA3TUYHBIX
gyrcnax PeitHonbaca. [IpennoxeHo peHoMeHOTOrnYecKoe ypaBHEHHE, OIMCHIBAIOLIEE
KMHETUKY 3apsiIKu Kallld IpH IMaJeHuu ee B Bozayxe. [lpousBeneHO 4duciIeHHOe
MOJICIMpOBaHUE TpoIecca MaaeHus M 3apsaku kammm B atMmocgepe. [lokazana
BO3MOXKHOCTh JICBHTALIMM Kamelb W JaHO OOBSICHEHHE 3epKaIbHOMY 3(PQexTy
CumriicoHa, 0OHApy>KEHHOMY 3KCIIEPUMEHTAJIbHO U ONHCAaHHOMY, Hampumep, B [19].
Pemena 3amaua o0 B3aMMOJEHCTBUM JBYX 3apsUKEHHBIX C(EpUYECKHX Karlelb,
najgarommux B armocdepe. PaccuuTaHbl CUIIBI, SHEPrUU B3aUMOJCHCTBUS U
HaIIpSDKEHHOCTH  TOJIA. Y CTAaHOBJIEHA BO3MOYKHOCTH TAaKOIO HETPAIULMOHHOTO
3p(deKkTa Kak CIUSHHE OJHOMMEHHO 3apsUKEHHBIX Kalelb C MOCIEoYIOIIeH
HEYCTOMYMBOCTBIO 00pa3oBaBIIeiics Kamu no Pasero.

B 4yerBepToOil I1aBe nuccepTaluy pacCMOTPEHBI HEKOTOPHIE ACHEKThI MPOOIEMBI
mapoBoii  mosHuu. IIpobnema mapoBoit wmonxHuu (IIIM) Obutla  0ObexTOM
UCCJIeIOBaHUs JUIsl MHOTMX YY€HBIX, B TOM 4Wie Takux UMsSHUTHIX kak H. Tecna,
[1JI. Kamwuia, ogHako 3Ta mpobiieMa CYIIECTBYeT M B HACTOSIIEE BpeMs.
O6cyxnenue moneneir 11IM, ee HaOmromaTeNbHbIe CBOCTBA U UX CTAaTUCTUYECKYIO
00pabOTKy MOXKHO HalTH B KHUrax W oO3opax [20-23, 56-58]. B nmccepranum
NpEAJIOKEHA M NPOAHAIM3UPOBAHA IY3bIPbKOBAs MOJENb IIAPOBOM MOJIHUH,
cornmacHO KoTopor IIIM 5TO 3JIEKTpUYECKH 3apsKEHHBIA PACIUIABICHHBIA WU
OTBEpAEBIUMK My3bIpb M3 METajyla WM CHJIMKAaTa BOKPYT KOTOPOIO MPOUCXOIUT
peakuus ropenus. J[aHo oObsicCHEHHE TOMY, KaK MOKET 00pa30BaThCs TaKOH OOBEKT,
caenanbl oueHku mnapamerpoB IIIM. YucnenHo pemeHa 3agaga O pocTe U
TEMJI000MEHE TOopsYero Mmy3bipsi, KOTopbiM mnpezactaBisercs LIM. Omnucanbsl u
POAHATU3UPOBAHBl JIBAa Clly4yass HATYpHBIX HaOJIOJEHUN aBTOpa pa3pylICHHM
JIEPEBSHHBIX OMOP JUHUMN AJIEKTporiepeaad MOJIHUEH (MPeanoIOKUTEIBHO IapOBOM).
[IpeacraBnensl Qororpadpuu pazpymenuii. Ha ocHoBe pe3yiabTaToB HaAOIOACHHIMA
NPEAJIOKEHA TEOPUSI BJIEKTPOTEIJIOBOTO B3pPbIBA, MPOU3BOJMMOIO IIAPOBOM WU

JIMHEMHOW MOJIHUEH. HpOI/I3B€I[€HHLIe PaCUCThbl IIO3BOJMIIM OLCHHUTL OJHCPIrUr0 U
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motHocTh B3pbiBa (IIIM). BBenmeno mousitue u chopmynupoBaHbl HEOOXOIUMBIE
YCIIOBUS B3PBIBHOTO PelaKCallMOHHOTO 3 (heKTa B KHUAKOCTH.

IIaTas riaBa nocpdilleHa MpoOJieMe KOHBEKTUBHON YCTOMYMBOCTH PaBHOBECHS
c1a00MPOBOIAIINX KUAKOCTEH B AJIEKTpUUYECKOM mojie. B Ooisiee obmieit nmpodieme
3JEKTPOKOHBEKTUBHOM YCTOMYMBOCTH M 3JIEKTPOKOHBEKI[MM MO>KHO BBIJEIUTH JBa
HanpaBieHus. OJHO M3 HHUX CBSI3aHO C MCCIEJOBAaHUEM 3JIEKTPOKOHBEKTHBHOM
YCTOMYMBOCTH M  KOHBEKUMU  HM30TEPMHUECKOW KUAKOCTH BO  BHEIIHEM
ANIEKTPUUECKOM MoJie. B 3TOM ciyyae KyJOHOBCKME CUJIbl BO3HUKAIOT B pe3yjbTaTe
oOpa3zoBaHusl O0BEMHOr0O 3apsifa B JKUIKOCTU. B psge pabor cuuTaercs, 4TO
00BEMHBIN 3apsAll B >KMJIKOCTH BO3HUKAET M3-32 CHJIbHOM HEOAHOPOJHOCTH IOJIS
BOJIM3U HEKOTOPBIX YYACTKOB 3JE€KTpoa0B [59-61]. OaHako 3Ta runore3a 00beMHOIr0
3apsA000pa3oBaHus  HE MOJy4yWia JOJDKHOTO pa3BUTHS. boyee mnepcrneKTUBHOM
OKazajlach rumore3a OOBEMHOIO 3apsiioo0pa3OBaHMsI, COIVIACHO KOTOPOW 3apsii B
KUIKOCTH 00pa3yeTcsi B pe3ysIbTaTe MHKEKIUU C OAHOTO U3 3JeKTpoaoB [2, 10, 62-
67], 1ub0 B pe3ysbTaTe OKUCIUTEIbHO-BOCTAHOBUTEIBHBIX PEAKIMI Ha 3JIEKTpoAax
[2, 68, 69]. Bropoe HamlpaBi€HUE CBS3aHO C U3YUYEHUEM DICKTPOKOHBEKTHUBHOM
HEYCTOMYMBOCTM M KOHBEKUMU HEOJHOPOJHO HArpeTod  ciabompoBOASIICH
xunkoctu [3, 70-76]. CoOOTBETCTBYIOLIUE OSKCIEPUMEHTAIBHBIE HCCIIEIOBAHUS
MOXHO HaliTu B pabotax [3, 73, 74, 77, 78]. B nuccepraumum paccMOTpeHa
KOHBEKTUBHAs YCTOWUYHBOCTh paBHOBeCHs HEOJHOPOJHO HarpeTron
CJ1a00NpPOBOAIIEH KUIKOCTH BO BHELIHEM MOCTOSIHHOM 3JIeKTpuueckoM moiie. [lpu
3TOM 00pa3oBaHHE 0OBEMHOTO 3apsi/ia B AKHUAKOCTHU CBSA3BIBAETCS C HEOAHOPOJHOCTHIO
TOKa, OOYCJIOBJIEHHON 3aBHCHMOCTBbI0 OMHYECKOH AJIEKTPONPOBOJHOCTH >KUIKOCTH
OT TeMIepaTypsl. B pamkax Takoi ITOCTAaHOBKHM 3aJa4d COXPAHSAETCS BO3MOXKHOCTb
OpOSIBJICHUST  OPYIMX  MEXaHU3MOB  3apsjiooOpa3oBaHust U (OPMHUPOBAHUSA
AJIEKTPUYECKOTO MOJIsA, MOTOMY B Hayajle IIECTOM IJIaBbl MOAPOOHO OOCYXAAIOTCS
CME)XHbIE MTOCTAaHOBKHU 3a7ad M MEXaHU3MbI NPOBOJUMOCTH, 00pa30BaHus 3apsjaa U
noyi. OnpeneneHbl paMKH IPUMEHUMOCTH OMHUYECKOM MOJIEIH ITPOBOJUMOCTH.

OOcyxneH NpUHIMUI CMEHbl yCTOWYUBOCTH. ChopMyTupoBaHO U 0OOCHOBAHO
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oespinaykiponHoe npubmmkenne O/, Ha ocHoBe momydeHHBIX ypaBHEHHMH
pelieHbl  3aJa4d O KOHBEKTMBHOM  YCTOMYMBOCTH  pPAaBHOBECHS  ITIOCKUX
BEPTHUKAIBHOTO W TOPHU30HTAJIBHOTO CJIOEB HEOJHOPOJHO HArpETOW JKHUIKOCTH B
JIeKTpuueckoM Mnoje. llocTpoeHsl HeWTpaiabHbIE KPHUBBIE, OINPEAEIECHbl YacTOTHI
HelTpanbHBIX KoJeOannil. CpaBHEHHE TOMYUYEHHBIX PE3yIbTaTOB C TEOPETHUCCKUMU
U OKCIIEPUMEHTAJbHBIMM  PE3yJIbTaTaMH JIPYTHX aBTOPOB  JEMOHCTPUPYET
YAOBJIETBOPUTENBHOE COTJIACHE.

B mecroii riaBe pacCMOTpPEHBI HEKOTOpPBIE BONPOCHI KOHBEKTHMBHOM
YCTOMYMBOCTH M KOHBEKUMHU MPOBOASIIMX JKUJIKOCTEH C Yy4E€TOM BHYTPEHHUX
JNEKTPUUECKUX  MOJIeH:  TEePMOAJIEKTpUUECKOro moias U aAu(@y3noHHOro
ANEKTPUYECKOTO TMOJIsI ABOMHOrO cios. 3agauu 00 3JIEKTPOKOHBEKIUU C YYETOM
TepMOJIeKTpuYeckux  3PGdexToB  paccMmarpuBaiuck B [79-82].  Bnusinue
3JIEKTPUYECKOTO TOJISI IBOMHOTO CJIOS Ha KOHBEKTUBHYIO YCTOMYMBOCTH PABHOBECHS
KUAKOCTH paccMarpuBaioch B pabdote [83]. B muccepraumm gaHo 0OOCHOBaHHE
YPAaBHEHUSAM  DJIEKTPOTMAPOAVHAMUKA  C  y4E€TOM TUPQPy3UOHHBIX U
TepMOAU(PPY3UOHHBIX 3(PPEKTOB, MNPUBOAAIIMX K BO3HUKHOBEHHUIO BHYTPEHHUX
JJIIEKTPUYECKUX  TOJe W OObEMHBIX  3apsAnoB. PaccMOTpeHO — BIMsIHME
TEPMOIJIEKTPUYECKOTO N0JI1 HA KOHBEKTUBHYIO YCTOMUNBOCTh PABHOBECUS KUAKOCTH
M BO3HUKHOBCHME KOHBEKIMH B JIMHEMHOM M HEJIMHEWHOW I10 aMIUIUTYJIE
BO3MYLICHUI IOCTAaHOBKE. B 4acTHOCTM IOKA3aHO, YTO TEPMOIIEKTPUUECKOE II0JIE
IIOHW)KAET IIOPOr YCTOWYMBOCTH, HE H3MEHSET MSTKUH XapakTep BETBIICHMS B
CTAallMOHAPHBI PEXHUM KOHBEKIMH, HO MOXET YBEJIWYUTb WIM YMEHBIINUTH
KOHBEKTHBHBII TEIUIONOTOK Yepe3 CJIOM MO CPaBHEHHIO C YMCTO OeHapoBCKUM. B
Oonee oOmieit, yueM B [83], MOCTAaHOBKE HUCCIIEIOBAHO BIUSHHUE JIEKTPUUECKOTO IMOJIS
JBOMHOTO CJIOSI HA KOHBEKTUBHYIO YCTOWYMBOCTh PABHOBECHS XKUJIKOCTH, ITOKa3aHa, B
YAaCTHOCTH, BO3MOXKHOCTb KOJIEOATE€IbHOW HEyCTOMYMBOCTU. PemieHbl 3amauu o
KOHBEKTUBHOM  JIBIDKCHMM  JKHJKOCTH,  BO3HHUKAIOIIEM  II0J  JIEHCTBHEM

HCKIIIOYUTCIIBHO JJICKTPUYCCKUX IMOHACPOMOTOPHBIX CHUJI B YCIIOBHAX HCBCCOMOCTH.
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PaccmoTrpena Takke cmexHas 3amada O TEPMOMATHUTOTUAPOJIMHAMHYECKOM
JBUKEHHUH )KUIKOCTH ME¥XK]1y KOAKCUATIbHBIMH I[IUJIMH]IPAMM.

B nmucceprannu mosiydeHsl CIEAYIOIIME HOBbIE Pe3YJbTAaThl, KOTOPHIE ABTOPOM
BbBIHOCSTCS HA 3ALIIUTY.

BnepBbie mokazaHa BO3MOXHOCTh Ko0JieOAaTeIbHOW HEYCTOMYMBOCTH PaBHOBECHS
rpaHulbl pasjena >KUAKOCTEH B HOPMAJIbHOM JJICKTpUUECKOM Iojie. OmnpenesieHsl
napaMeTphl KUAKOCTEH, JIJIi KOTOPBIX KoyiebaTelibHash HEYyCTOWYMBOCTH BO3MOXKHA.
Paccuntanbl HeWTpandbHbIE KPUBBIE M YacTOThl HEWTpadbHBIX KojieOaHuid. Taxoke
YTOYHEHBI TapaMeTphl JKUJKOCTEH, 11 KOTOPBIX BO3MOXKHA KoJjeOaTenbHas
HEYCTOMYMBOCTh B KacaTeabHOM mojie. [locTpoeHbl eauHble auarpaMMbl oOiacTei
MapaMeTPOB Cpell, BHYTPHU KOTOPHIX B PA3IMUHO OPUEHTHUPOBAHHBIX MOJISIX BO3MOXKEH
MOHOTOHHBIM WJIM KOJieOaTeIbHbIH THUI HEYCTOMYUBOCTH. METOIOM Majoro
rapaMeTpa B HEJIMHEWHOW IO aMIUIATYJIE€ BO3MYIIEHUM MOCTAHOBKE 33Jla4d HalJICH
€IUHBIA JJIi TPOBOJAIIMX W HENPOBOASAIIMX CPEJ KPUTEPUMl CMEHBI MATKOTO U
JKECTKOTO  PEKMMOB  HEYCTOMYMBOCTA  TpaHUIBl  pa3jiesia  >KUJAKOCTEH B
anekTpudeckoMm nose. IIpennoxena DI’/ Teopusi kpusnuca KUIEHHUS KUJIKOCTEH HaA
MIPOBOJIOYKE C YUETOM KPHUBU3HBI TEIJIOTAAIOIICH TOBEPXHOCTH.

[IpoBeneHo wuccienoBaHUE YCTOMYMBOCTH AJUTUICOUAANBHBIX (OpPM Karmeinb ¢
y4E€TOM CTPUKIMOHHBIX cuj. [lokazaHo, 4TO MOCIEIHHE HE BIMSIOT Ha MOPOT
YCTOWYMUBOCTH, a JIMIIb NEPEONPEAEIAIOT AaBJICHUE BHYTpPU Karuiu. BrepBeie miis
MPOBOJIAIIMX 3aPSHKEHHBIX Kallellb, HAXOSIIUXCA BO BHEITHEM JICKTPUUECKOM TMOJIE,
YCTAHOBJIEHO CYILECTBOBAHUE PA3JIMYHBIX BETBEU PABHOBECHBIX AJIIUIICOUIAIBHBIX
dbopM, MEXIy KOTOPHIMH BO3MOXHBI JKECTKHE TIEPEXOJIbl C THUCTEPE3UCOM.
Paccuntanbl k03¢ UITMEHTH yCWICHHS BHEIIHETO TIOJSI  DJITUIICOMATbHBIMU
KarisiMi. BriepBble MOCTaBJICHBbI M PENIECHBI 3aJa4d O BETBJICHUU U YCTOMYMBOCTU
PABHOBECHBIX AJUIMIICOMIAIBHBIX (POPM HAPIEKTPHU30BAHHBIX IMy3bIPEH C yU4E€TOM HX
C)KMMAaeMOCTH.

[IpensoxeH HOBBIA MEXaHU3M 3apAJKA MPOBOASIICH KAl 3a CYET €€

HCOOHOPOAHOIO HCIIApCHHA BO BHCIIHCM JJICKTPUYCCKOM IIOJIC B HGHpOBOIIiIIHGfI
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cpene. [lomydeno ypaBHeHne KUHETHKH 3apsaakd. Ha ero ocHoBe perieHsl 3a1a4u 00
ONpEJECICHUN BPEMEHH 3apsAJIKM M MaKCUMAaJIbHOIO 3apsAja Kalld B YCJIOBHSX
IUICHOYHOTO KWIIEHUSI W UCHApeHUs] B KOHBEKTUBHO-AU(PPY3HOHHOM pEKHME.
[IpennoxeHo (peHOMEHOIOTHYECKOE YpaBHEHHE KMHETHKHU 3apSAKU Kalld BOJABI B
atmocgepe. TeopeTndeckn U IKCIEPUMEHTAIBHO MTOKa3aHa BO3MOKHOCTh JIEBUTALINU
Kamenb BoAbl B aTtMocepe. BmepBbie maHo oObscHeHHE 3epKalbHOMY 3(PQeKTy
Cumncona.

[lomy4yeHbl acCUMOTOTHYECKHE (B TOM YHMCJIE aBTOMOJEIBHBIE) COOTHOLICHUS IS
CWJII U DHEPrud B3aMMOJEHCTBUS JBYX OJIM3KO PpACIOJIOKEHHBIX 3apsSKEHHBIX
cepuueckux yactull (Kameib). BriepBble yCTaHOBJIEH MHBAPUAHT B3aUMOJIEHCTBHS
OJIHOMMEHHO 3apsDKEHHBIX YaCTHUIL Pa3HbIX PaJuyCOB: MX OTTAJIKMBAHHE Ha JIFOOBIX
pPacCTOSHMSX, €CIM 3apsAbl YaCTULl OTHOCATCS KaK KBaJpaThl UX PaJHyCOB, IpPH
JPYTUX YCIOBHSX Ha MajbIX PACCTOSHUAX UMEET MECTO NMPUTSHKEHUE TAKUX YACTHULL.
[lokazaHa BO3MOKHOCTb P3JIEEBCKOM HEYCTOMYMBOCTH Karuid, oOpa3oBaBUICHCS B
pe3yNbTaTe KOAryJIALHMH JIBYX MEHBIIMX OJJHOMMEHHO 3apsSKEHHBIX Kallellb.

[Ipennoxkena u mnpoaHaIM3UpOBaHA HOBas Mojeib IapoBod MojHuu (I1IM),
cormacHo kotopoi IIIM mpencraBasier coOOM  SIEKTPUUECKH  3aPSKEHHBIN
pacIUIaBJICHHBIN (3aTBEPACBIIMI) My3bIph W3 METaUIa WM CUJIUKATA, OKPYXEHHBIH
30HOI ropeHus . BriepBble MOCTABIEHA U YMCIEHHO pElIeHa 3ajada O TEII00OMEHe
roOpsiYero, pacTyllero 3a CYET 3JEKTPUUYECKOro 3apsiaa, My3bIps. Y CTAHOBIIEHO, YTO
JUIsL BBIpacTaHus 10 pa3mMepoB HaOmoaaemon [1IM Ha mOBEpXHOCTH My3bIps JOJIKHA
BO3HHUKHYTh peaklus ropeHus. Bnepsbeie onmyOIMKOBaHbI YHUKaJIbHbIE (QoTOorpaduu
paspylIeHUN JEPEeBSHHBIX ONOp JBYX JIMHUM 3JEKTpomepeaady MOJIHUEH
(mpeanoioKUTeNbHO mapoBoi). Ha ocHOBe 3THX HaOMIOEHUN MPEUIOKEHA TEOPUs
AJIEKTPOTEIIIOBOTO B3PbIBA MPEAMETOB, IPOU3BOAMMOro MosiHHeN. [IpousBeneHHbIe
Ha OCHOBE TEOPHM pPaCUeThl IMO3BOJIWIM OLEHHUTh JHEPrUi0 W MOIHOCTH [IIM.
Brnepsbie BBe1eHO 1 000OCHOBAHO MOHSATHE B3PBIBHOI'O PEIAKCALIMOHHOTO MPOLECCa.

Jlano 00OCHOBaHME BO3MOXXHOCTH  MCIOJIb30BaHUSI OMHUYECKOH  MOJENH

MIPOBOJIUMOCTH NIpU paccMoTpennu 3anad 1 /] kousekuu. [lokazano, yTo npuHUHUMN
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MOHOTOHHOCTHM BO3MYIUEHHM BBINOJHAETCS B Cllydyae LWIMHIAPUYECKOM U
chepruvecKoil TeOMETPHSIX SJEKTPOJIOB W HE BBITIONHSACTCS ISl TUIOCKOW. BriepBbie
naHo obocHoBaHue Oe3piHAYKIMOHHOMY OI'J] mpubmmkenuto. [lomydeHo Todnoe
penieHue 3aJadyd O KOHBEKTMBHOM YCTOWYMBOCTH HEOJHOPOJHOIO HArpeToro
BEPTUKAJIBHOTO CJIOSl CJIIA0OMPOBOSIIECH KUIKOCTU MPU PA3IUYHBIX OPHEHTALMIX
AIIEKTPUYECKOrO NOJIsI. BriepBble MPOU3BENECHO NMPSAMOE YMCICHHOE MHTErPUPOBAHUE
meronoM Pynre-Kyrra-Mepcona cucrembl ypaBHeHuMd OI'J[ KOHBEKTHUBHOM
YCTOMYMBOCTH JUISI CIIy4asi TOPU30HTAIBHOTO CII0S KUAKOCTH.

JlaHo 00OCHOBaHHME BO3MOXXHOCTM IIOCTAHOBKM 3a/Jad O KOHBEKTHBHOMU
YCTOMYUBOCTHU paBHOBECHS HEOJHOPOIHOU KUIKOCTH c Y4ETOM
TEPMO3JIEKTpUUECKUX 3PPekToB. BriepBbie B Hanbosee MOJTHONW NOCTAHOBKE peleHa
3aa4a O BIMSHUM TEPMODIEKTPUYECKOTO IOJS HA KOHBEKTUBHYIO YCTOWYHMBOCTH
paBHOBECHUS JKHIKOCTH. BrepBele NOCTaBiIe€Ha M peElIeHa 3aJada O Xapakrepe
BETBJIICHUS B PEXUM CTAlMOHAPHOM KOHBEKIIMH C YYETOM TEPMOIIEKTPUYECKOTO
noyii. BrnepBele B HauOolsiee MONHOW ITOCTAHOBKE pEIIEHA 3aJada O BIIHMSHHUU
AIEKTPUYECKOTO IO JTBOWHOTO CJI0S HA KOHBEKTUBHYIO YCTOWYHNBOCTh PABHOBECHSI.
[ToxazaHa BO3MOYKHOCTh KOJI€OAaTEeIbHOM HEYCTOMYMBOCTH. BriepBble MmOCTaBi€HBI U
pELIEHBI 3a1a4n 0 KOHBEKTHBHBIX JIBWKCHUSX, 00yCIIOBJIEHHBIX
TEPMOAJIEKTPUYECKUM TIOJIEM, MOJEM JJIEKTPUUYECKOTO JBOMHOIO CJIOS, MAarHUTHBIM
IIOJIEM M TEPMODJICKTPUYECKUM TOKOM.

JloCTOBEpPHOCTh U HA/IEKHOCTh PE3YJIbTATOB MOATBEPKIAAETCA BO-TIEPBBIX, TEM,
YTO MPAKTUYECKH B KaXKJIOM pa3zelie BCEX IJIaB UMEETCS CPABHEHUE TEOPETHUUECKUX
pacyeToB C AKCHEPUMEHTAIBHBIMA JAHHBIMU, TMOJYYEHHBIMU CaMUM aBTOPOM WU
OPYTMMHM aBTOpPaMH, KOTOPOE JAEMOHCTPUPYET KadyE€CTBEHHOE W KOJIMYECTBEHHOE
corjacue; BO-BTOPBIX, TEOPETHUYECKUE pacuUeThbl, BBINOJHEHHbIE aBTOPOM B Oosee
oOlIel MOCTaHOBKE, JOIMYCKAaIOT IMpeAeSibHbIE MEepPeXOoJbl K XOPOIIO H3BECTHBIM
pe3yJibTaTaM IpyTruX aBTOPOB.

Hayynass u mnpakTudeckass 3HAYMMOCTH JUCCEPTALlMOHHON  pabOoThI

3aKJIIFOYacTCA B CIICAYIOUICM. HOHy‘IGH pAd HOBBIX PE3YyJIbTATOB, ITO3BOJIATOIIHUX
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NOMNOJHUTh HAy4YHbIE MPEJICTABICHUS B OOJACTH 3JEKTPOTHAPOJUHAMUKH, TEOPHHU
YCTOHYMBOCTH, METEOPOJIOTUH, TEOPUU DIEKTPHUECKOTO MpoOO0s, MPEenIokKEHBI H
UCCJIEIOBaHbl HOBBI MEXAHHM3M 3apsAKU Kalleidb, HOBasg MOJEIb IIAPOBON MOJIHUUHU.
Pe3ynbraTel, mosydeHHbIE B JAMCCEPTALMU, WCIOJIb30BAIUCH MPHU IUIAHUPOBAHUU U
IPOTrHO3UPOBAHUHU TEXHOJOTMYECKUX 3KCIEPUMEHTOB B KOCMOCE, MPU MOCTAHOBKE
TEOPETUYECKUX U  OKCHEPUMEHTANBHBIX  HcciiegqoBaHud B Ilepmckom
rocyJapCTBEHHOM yHHUBEpcuTeTe, llepMCKOM Ienarorn4eckoM YHUBEpPCUTETE,
HNuctutyre mexanuku cruiomHbix cpen PAH (r. Ilepms), MHCTUTYTE NpuKIagHOM
¢buzukun AH Monnossl (1. KumnneB), npu pa3padborke crernkypcoB B ['1azoBckom
NEAUHCTUTYTE.

Anpobaumust  pe3yibTaTOB  JAMCCEPTAIMOHHON  pabOThl  CcOCTOSJIAcCh  MpU
00CyX/I€HUH JTOKJIaJ0B Ha: 8-0M PUKCKOM COBEIIaHWU MO MPUMEHEHUIO MarHUTHOM
rupoauHaMuku B Metamutypruu (Pura, 1975); 4-om Bcecoro3HoMm coBemanuu 1o
areKkTpuueckoit oopadbotke matepuanioB (Kumuues, 1975); 4-om BececorozHom chesnie
1o TeopeTuyeckoil u npukiagHoil mexanuke (Kues, 1976); BececorosHom cemunape
Mo THAPOMEXaHWKE U TemioMaccoooOmMeHy B HeBecomoctu (MockBa, 1979);
VYpanbckoil 30HATLHON KOH(EPEHIIUH MOJIOJBIX YueHbIX U crenuanuctoB (Ilepms,
1980); 5-om Bcecorwo3HOM cbe3fe MO TEOPETHUUECKONW W MPUKIAJTHOM MEXaHUKE
(Anma-ATta, 1981); 2-om Bcecowo3Hom cemuHape MO THIPOMEXAaHUKE U
teriomaccooomeny B HeBecomocTH (Ilepmpb, 1981); XVI kondepenuuu momoabix
uccnegoBateneit U'T® CO AH CCCP (HoBocubupck, 1983); 3-em Bcecoroznom
CEMHUHape M0 TMAPOMEXAHUKE U TEIIoMaccooOMeHy B HeBecoMocTH (UepHoroyioBka,
1984); 5-om Bcecoro3HOM COBEMIAHMM MO 3JIEKTPUYECKUM METoJaM 00padoTKu
matepuasioB (Kummunes, 1985); 3-em Bcecoroznom cemunape mno npooiemMe 1mapoBoit
monHuu  (MockBa, 1989); Bcecoro3nbix KoH(pepeHIUsIX  «JloaroxxuBymiue
IJ1a3MEHHbIE 00pa30BaHUsl U MaJOM3yUYE€HHbIE (POPMBI €CTECTBEHHBIX AJIEKTPUUECKUX
paspsiioB B atmocepe» (Apocnasib, 1990, 1992); International Workshop on G-
Jitter (Potsdam, New York, USA, 1993); 10-oit 3umMHE#H IIKOJIE€ O MEXaHHKE

crutowHbix cpea (Ilepmb, 1995); 11-0if MexayHapogHOW IIKOJE MO MEXaHUKE
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crutowHbIxX cpen (Ilepmb, 1997); 2-oit Poccuiickoil HaLIMOHAIBHOM KOH(PEPEHLIUH 11O
tertooomeny (Mockga, 1998); 12-oif 3uMHel mIKoJie IO MEXaHUKE CIUIOIIHBIX CPEeJl
(ITepmb, 1999).

ITo Teme nuccepranuu aBTOpoM onyoankoBano 33 padorsi [6, 151-182].
OcHOBHBIE pe3yibTaThl EPBOM IJ1aBbl 0NMyOJMKOBaHbI B paboTax [6, 151, 156, 170,
173, 179, 182], Bropoii rnassl - B [164, 165, 172, 175, 181], tpeTheii tiasel - B [171,
172, 174, 176, 178, 180], ueTBeproii riasel - B [162, 163, 167, 168, 169, 177], narou
riaBbl - B [6, 152, 153, 155, 159], mecroii rnassl - B [154, 157, 158, 160, 161, 166].

BoapmMHCTBO OMyOIMKOBAHHBIX PAaOOT BBIMOJIHEHBI aBTOPOM CaMOCTOATENLHO. B
COABTOPCTBE BBINOJAHEHO 7 pabor. U3 Hux, B pabore [6] aBTOpY NpUHAIIEKHUT
ydJacTue B pacueTax M oOcyxJeHuu pesysbraroB. B [151] aBropy mnpuHamiexar
KOHKpPETHBIE pacyeTbl M ydacThe B OOCykJeHuu pe3yiabratoB. B [156] aBTOp
TEOPETUUECKU UCCIe10Bal KOHBEKTHUBHYIO YCTOWYUBOCTh paBHOBECHUS
c1a00NpPOBOIALIUX KUIKOCTEH B 3JIEKTPUUYECKOM MOJE U YCTOWYMBOCTH T'PAHULIBI
pasjena KUAKOCTE! B MOCTOSIHHOM MoJjie (BKJIrouas Kpusuc kumnenus). B [165] aBTop
BBINIOJIHUJ pacueTbl GopMbl 1e(hOPMUPOBAHHOIO IY3bIPS B 3JEKTpUUYECKOM Toiie. B
[170] aBTOpY NpUHAMJICKUT y4acTHUE B pacyeTax M OOCYXKIACHUU pPe3yiabTaToB. B
paborax [173, 175] Bkiiaj aBTOpa COCTaBIIsIET MOCTAHOBKA 3a/1a4, Y4acTUE B pacueTax
U 00CYXJI€HUH PEe3yIbTaTOB.

B nwuccepraumm wucnonwsdyercss MexayHapoaHas cucrtema eaunun  CH.
O0603HaueHUs] HEKOTOPBIX (PU3NYECKUX BETUYUH COXPAHSIOT CBOE 3HAYEHUE JIMILID B
rpenenax OJHOU IJIaBBI.

ABTOp Bcerza ¢ 01arogapHoOCThI0 OyJIeT BCOMUHATh CBOMX Yuutened ['puropus
3unoBbeBuya lepmiynn u Eduma Muxaiinosuua XyxoBuikoro. ABTOp 0c000

MpPU3HATEJNICH 3a COTpyaHuYecTBO Bragumupy Abpamosuuy bpuckmany.
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1. YCTOMYUBOCTH PABHOBECHS IIJIOCKOHW 'PAHUIIBI
PA3JIEJIA )KUJKOCTEM B DJIEKTPUUECKOM I10JIE

1.1. HOCTAHOBKA 3A/IAYU. OCHOBHBIE YPABHEHMUSA
N TPAHUYHBIE YCJIOBUA

PaccMoTpuM /1B€ HECMEIIMBAIOUIUECS KUAKOCTH C PA3IMYHBIMH MEXaHUYECKHUMHU
U DJEKTPUYECKUMHU CBOMCTBAMHM, HAXOJSIIHMECS BO BHEIIHEM IIOCTOSHHOM H
OJIHOPOJITHOM 3JIEKTPUYECKOM ToJie. byzieM cunTtatrh, 4TO Ka)xkaas U3 HUX OJHOPOJHA
II0 CBOEMY COCTaBy U TEMIIEPATYpPE, IPUUEM MOCIEIHSS OJJMHAKOBA JUIsl 00€UX Cpel.
Kpome Toro, npeamnosioxum, 4To >KUAKOCTH JMHEHHO MOJISAPU3YIOTCS U MPOBOAST
IIEKTPUUYECKHI TOK 10 3akoHy OMa. BBuay 3toro 0yaem npenedperate 00bEMHBIMU
IIEKTPUYECKHMMH  CHJIAMHM M YYWUTBIBaTh  TOJBKO  IOBEPXHOCTHBIE  CHJIBIL.
DAEKTPOMPOBOAHOCTH JKUAKOCTEH G OyAeM CYUTATh MajbIMH B TOM CMBICIE, YTO
MOXKHO TMpeHeOpeub MarHUTOTUAPOAMHAMUYECKUMHU dS(PPeKTaMu U IKOYJIEBBIM
pa3orpeBoM, TO €CTh OyJEeM CUWTaTh BBIMOJIHEHHBIM OCHOBHOE MPUOIMKEHHUE
anekTporuapoanHaMuku [84] (4 - xapakTepHbIi pa3Mep 001acTH)

Moo A’
€€

<<1.

€ysHy- DJICKTPOAUMHAMUYCCKHUC IIOCTOSHHBIC (3,Z[CCI> n aajce 6y,Z[eT HCIIOJIBb30BaThCA

Mexnaynaponnas cuctemMa eaunuil CH). dakTuyecku 3TO €CTh YCJIOBHE MaJIOCTH
BPEMEHM MAarHUTHOM 1uddy3ur 10 CpPaBHEHUIO CO BPEMEHEM peJlaKCalliu

AJIEKTpUUYECKOro 3apsiaa. HeTpyaHo mNpoBepuTh, YTO MPH DIEKTPOINPOBOJHOCTH

1 1

KUIKOCTH G <<1OM cM U pe = l0HO BBIONHSAETCA JJII XapaKTEPHBIX pa3MEpPOB

h<10cm. MoXHO  TakXke  BBIICNHTH  O0JACThb  AJIEKTPOTHAPOAMHAMUKU
c1a0onpoOBOIAIIUX JKUJIKOCTEH, B KOTOPBIX BpeMs pElakcaluuu 3apsija OIHOTO

NOpsiZIKa C XapakTepHbIM THUIPOJMHAMHYECKUM BpeMeHeM T~ h/v.. [lomaras,

-1 -
HanpmMep: v, ~ lem/c, i~ 1cM MonyuuM s G oleHKy: 6 ~107°Om cM -
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/_\<§ N — | O

@ NS * ol oo (ex

Puc. 1.1

Bun TCOPCTUICCKUX MOJIeeH JJIs1 UCCIIEOBaHUS YCTOI\/'I‘H/IBOCTI/I paBHOBECHUSA I'PaHULIBI pa3aciia
JKUJIKOCTEH B SJICKTPHUYCCKOM I10JIC

B Tom ciydae, ecii KUAKOCTH 3alOJHSAIOT MPOCTPAHCTBO MEXIY IUIACTUHAMU
IUIOCKOTO  KOHAEHCATOpa, OPUEHTUPOBAHHOIO TOpU30HTaNbHO (puc.l.1), nmbo
BEpTUKaIbHO (puc.l.2) cymecTByeT MX MexaHudeckoe paBHoBecue. [lpu 3TOoM
IpaHMIA pa3fena >KUAKOCTEH Iulockas M uMeeT ypaBHeHue z = 0. M30biTouHOE
JABJICHHE CO CTOPOHBI OJHOM WU3 Cpel, CO3/aBaeMO€ JIIEKTPUYECKHM IIOJEM,
KOMIIEHCHUpYETCsl ruapocratudeckuM. g  oTkpeiToi cuctembl  (puc.l.2) 3to
IPUBOJNT, HATPUMED, K MOJHATHUIO (OIyCKAaHUIO) KUJAKOCTH HA BBICOTY
80(82 - 81)E02
2g(72 - YI) ‘

h:

Nunexkcamu "1" u "2" cHaOIUM BETUYUHBI, OTHOCSIIIMECS! COOTBETCTBEHHO K BEPXHEH

U HIWKHEH KHUIKOCTH — 1uiotHocTH cpen. Ilpm >TOM paBHOBECHBIM
s 1,2

TIOBEPXHOCTHBIN 3apsi/] paBeH
0, =¢,(¢,E,, —¢&,E,,)=0.
A BelIMYMHA HAMpPSPKEHHOCTH OJIMHAKOBAa B O0EMX cpelax W Ompenensercs Juoo

INDIOTHOCTBIO TOKA M YACJIBbHBIMH DJJICKTPOIIPOBOJAHOCTAMU CPEA G, (HpOBOI[HH_II/Ie

cpenbl)
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a00  IUIOTHOCTBIO 3apsma (g Ha OOKJIAAKaXx W JAUAJIEKTPUUYECKUMHU

IPOHULAEMOCTAMU €, , (HEIPOBOISALINE CPENIBI)

_0y(e,+5))

€088,

EO

B cnydae miockoro Tropu3oHTaNbHOTO KoOHAeHcatopa (puc.l.l) paBHOBecHOE
pacmpeneneHue TMoJisi M TOBEPXHOCTHOTO 3apsifa Mojydaercs cheayrommm. Jlms

HETIPOBOIAIIUX CPEI:

E =% g __ 0%
10 — 81 9 20 — 82 : (1 1)
h,+—h, h,—+h, .
82 81

JIns nmpoBoasIMX cpen:

5 5 £,0
h,+-"h, h,=%+h, 102 7,0 (1.2)
G, G,

31ech ¢ - pa3HOCTh MOTEHLMATIOB MEXy OOKIaaAKaMH, /1,, - TOJIIHMHBI CJIOEB.

HOHI[CpOMOTOpHBIC CHIJIBI, I[GﬁCTBYIOH.IPI@ Ha ITOBCPXHOCTb, MOI'yT IIPUBCCTH K
HCKPHUBJICHHUIO €€, TO CCTh K ITIOTCPC YCTOfI‘II/IBOCTPI PaBHOBCCH:I.

B CACIIaHHBIX [IIPCAIIOJIOKCHUAX JIMHCAPHU30BAHHAA CHCTCMaA ypaBHGHI/Iﬁ JIIA
BOSMYH.ICHI/Iﬁ B O6T>€M€, BO3ZHUKAIOIIUX B PEC3YJIbTATC MAJIOI0 HUCKPUBIICHUA

IMOBCPXHOCTH, BBITJIAJANUT TAK

%=—Vpi’/yl. +v. Av,, divo, =0,
ot (1.3)

dive, =0, rote, =0, p/=p +7,8z, i=12.
Bbyaem cunrtatk, 4TO BO3MYLIEHUE TOBEPXHOCTH UMEET PopMy
Z:Z;(x,y,t):é’;oexp{kt—ikxx—ikyy}, i=~—1.
JIist mpoCTOTHI MPEANOI0KUM, YTO TOJIIMHA KaXIOTrO CJIOS >KMJIKOCTH TOpasio
OoJbllIE XapaKTEPHOM [UIMHBI BOJHBI k.h >>1. Torma st BOSMYIIEHUH CKOPOCTH,

QJICKTPUICCKOI'O IMOJII U JaBJICHUA ITOJYYHUM CICAYIONIHMEC PCHICHUA, 3aTyXaromue 1o

Mepe yJaJeHHs OT TOBEPXHOCTH:
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L, = (A1’2e$kz + Bl,zeim"zkz)exp{kt —ik x — ikyy},

ik —. ik k?

_ y Fhz $ml,2kz Fm »ka . .
V,,=1% y A, ,e +k—m1,2BL2e +ik/z F,e™ exp{?»t—zkxx—zkyy}

y y

€12~ _Cl,zkeikz exp{h‘ - ikxx — ikyy} > (1.4)

e, =ik C e " exp{?»t — ik x — ikyy} ,
e, =Fik,C,e™" exp{?»t — ik x — ikyy} :

ik

Uy]’z —+ kx (Alazeikz + E’zeiml‘sz)eXp{xt — ikxx - lkyy} 5
M LA, o ) )
D= i%e ¢ exp{?»t — ik x — zkyy} ,
7\' 1/2
B (1 5\ 112
m,, = (1 + vmkzj : k=(kI+k7) .

B pemienus BXOAAT MOCTOsIHHBIE MHTErpupoBawus A ,,, B,,, C,, F,. Jlna ux

OIIPCACIICHMA HGO6XOI[I/IMO 3alMCaTb T'PaHUYHBIC YCJIOBHA Ha IMOBCPXHOCTU

z= &(x, y,t). OTH yCIOBUS MOJTYYalOTCs U3 TPeOOBAHUN HEMPEPHIBHOCTH HA TPAHUIIC

CKOPOCTH, TaHI€HLHMAJIbHOW KOMIIOHEHTBHI IOJIs, TOJHOTO TEH30pa HaIpsKEHUN
(BKJIFOUAIOLIETO0  BS3KME M  MAKCBEJUIOBCKHE HANpPSKEHUS) U HOPMaIbHOM

KOMITIOHCHTHI ITOJIHOI'O TOKA. FpaHI/ILIHI)Ie YCJI0OBHA MOHO 3aIIUCAaTh B (bopMe

- - Iz 1 1
F=0. a0 alndend L l)-o

7 . - =\ 00 . .

El+d = -
I’l[G ]+ IVS(QU+GSET)+ Py +n[p0] 0, 09
Q:goﬁ[sﬁ], 022%+6V§,
d, ov, 0

T, :_Sik(p’ _gyz)_golegEz +eeE By + n(aTU;“'afoj

3nech o - KO3 PUIUEHT TOBEPXHOCTHOTO HATSHKEHUS Ha TPaHUIIE pa3iena,
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B, g, 1
— X _ y
n’ni’k B 2 2 r2 12’ 12 2
1+&° +¢& \/1+§x +&) \/1+§x +&)
(i, k=1,2),

E€AUHUYHBIM BEKTOP HOPMalIM K IIOBEPXHOCTH &(x, y,t), KBa/IPaTHBIMU CKOOKaMH

0003HaYaeTCsl CKAYOK BEJIMYMH MPHU MEPEXOJIE YEPE3 MOBEPXHOCTH

[X]=(%, - X)), ..

R, - pamuychl KpUBU3HBI, | M V JUHAMHU4YECKas U KUHEMATUYECKas BA3KOCTHU

coorBercTBeHHO. IlocpenctBom  div, o0003HaueH omnepatop IOBEPXHOCTHOU
IUBEPreHLUH. G - clenu(uIecKas IOBEPXHOCTHAS AJIEKTPOIPOBOIHOCTb.

OTMeTHM, 4TO 3aKOH COXpaHEHHUs MOBEPXHOCTHOro 3apsnaa B (1.5) moxer ObITh
NOJIy4eH OOBIYHBIM crocoOoM [85], T.e. MHTErpUPOBAHMEM 3aKOHA COXPAHECHHS
00BbEMHOTO0 3apsija Mo MaJIoMy 00bEMY, BKITIOUAIOIIEMY B C€0sl 2JIEMEHT 3apsiKEHHOMN
MOBEPXHOCTU. 3aMETUM TakXe, YTO MOBEPXHOCTHAsI 3JIEKTPOMPOBOIHOCTH JIOHKHA
ObITh CBsSI3aHA C CYIIECTBOBAHMEM JIOCTATOYHO OOJBIIOrO0 CKauka OOBIYHOU
AJIEKTPOIIPOBOJIHOCTH Ha TpaHULE paslena. OTO BO3MOXKHO, HalpuMmep, IpH
00pa30BaHUM HA MOBEPXHOCTHU AJCOPOLMOHHOrO CJOS MOHOB OJIHOTO 3HaKa, JIOO
IpU aHOMAJbHO OOJIBIIONW TMOJBMKHOCTH YacTUI] Ha ToOBepxHocTH [86]. B Tom
cilyyae, KOrjla KHHETUYECKHE CBOWMCTBA YaCTHIl MPHU MEPEXOoJe Yepe3 MOBEPXHOCTh

MEHSIOTCS TUIABHO (HUKE 3TO OyAET IpeaIoararbes), MOKHO cuuTath 6, =0.

1.2. YCTOMYUBOCTHb PABHOBECHS I'PAHUIIBI PA3JIEJIA

’KUJKOCTEH B HOPMAJIbHOM DJIEKTPHUECKOM ITOJIE
PaccmoTpum 1B HeCMEIIMBAIOUIUECS >KUIKOCTH, 3arOJHSIONINE MPOCTPAHCTBO
MEXAy IJJaCTUHAMHU IUIOCKOro KouaeHcatopa (puc.l.1). B paBHOBecuu mosne

OJTHOPOJTHO M TIOCTOSTHHO B KaXKJIOM U3 Cpell

E10,20 = {0309E10,20} :
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JlomycTuM, 4TO MOBEPXHOCTh B PE3yJIbTaTe€ BO3MYILIECHHS €Ia00 MCKPUBISETCS, TaK

4TO €€ YpaBHCHHE CTAHOBHUTCS  TaKUM Z(x,t) = &(x,t) =&, eXp{M — ikx} .

BosHukaromme wmanble  BO3MYINEHHS CKOPOCTH, JIABJCHHSI, TIOJNsS, 3apsia
yaoBieTBopsitor  ypaBHeHusM (1.3), (1.4) wu rpanuuynbiM ycioBusM  (1.5).
JluHeapuszyem cHuCcTeMy TpaHWUYHBIX ycioBuH (1.5) Mo MalbiM BO3MYIICHHSIM |

3anuiieM ee B popme

[v,]=[v.]=0, (1.6)
e, —ikEE,]=0, (1.7)
pefee. ]+ [oe.]+ 0 ) =0, (18)
. 0 0 (1.9)

QO(exl _lkgElo)"‘ n( ;Zx + aljcz) =0,
1.10
5] g[y]§+ak2§—[2n a(;);}reo[seon]:O, (1.10)
0, :80[8E0]a (1.11)
V. =0, =AL. (1.12)

1.2.1. MoHOTOHHAsI HEYCTOMYHMBOCTH

XOpomio M3BECTHBI PE3yJbTAaThl KCCIEIOBAHUS YCTOMYMBOCTH PaBHOBECHS
MOBEPXHOCTU B CJIydae HJICATIbHO MPOBOASIIEH MOBEPXHOCTH U B CIydae JIBYX
uaeanbHbiX AMANIEeKTpukoB [30, 32-36]. [loxg uaeanbHO MPOBOASIIEH MOBEPXHOCTHIO
MOHUMAETCSI TMOBEPXHOCTh, HA KOTOpOM oOpamjaeTcs B HyJb KacarelibHas
KoMIioHeHTa 1mois. (O4eBUIHO, AJIT ATOTO JOCTATOYHO, YTOOBI OJHA M3 Cpenl Oblia
XOpOUIUM MPOBOJHUKOM). [IepBbIii M3 ATUX CiIydaeB peaiu3yeTcsi, Hapumep, s
TpaHUIlbl pa3ziesa BO3AyX-BOJa, a BTOPOM MOKHO peajnu30BaTh B BBICOKOYACTOTHOM
MoJie, TaKOM, YTO YacTOTa WM3MEHEHHUS 3TOr0 TOJII MHOTO OoJbllie OOpaTHOTO

BPEMEHHU pellakcaluy 3apsaja (B oToM ciydae E,, u E,, - 3bdeKTUBHbIE 3HAYECHUS

HaIpsHKEHHOCTE, cM. Takxke [87, 88]). DT mpenenbHble cilydau XapaKTepHbI TEM,

qTo Ha IIOBCPXHOCTHU OTCYTCTBYIOT CABHUI'OBBIC QJICKTPUICCKHUC CHJIBI.



23

JIeCTBUTENBHO, B CIly4ae UACATbHO NMPOBOISAIIECH MOBEPXHOCTH UMEEM T'DAHUYHbBIC
YCJIOBUSI OTCYTCTBHUS KaCaTeIbHOW KOMIOHEHTHI MOJIsl Ha MOBEPXHOCTHU
e, —ikCE\, = e, —ikCE,, =0, (1.13)
a B Clly4ae HENpPOBOSIIMX >KUJIKOCTEH — YCIIOBUE OTCYTCTBHUSI MOBEPXHOCTHOI'O
3apsi/ia U YCIOBUE HETPEPHIBHOCTU KacaTeIbHONW KOMIIOHEHTHI MOJIs
O=¢,[¢E,]=0, [E.]=0. (1.14)

W B ToM 1 B apyrom ciydae jeBast 4acth ypaBHeHus (1.9), mpeacrasisronias co0oit
IIEKTPUUYECKHE CUJIBI, KacaTelIbHbIE K TOBEPXHOCTH, oOparaercs B HyJb. [Ipu Takux
YCIIOBUSIX CHWJIBI, JCHCTBYIOIIME IO HOPMald K TOBEPXHOCTH, SIBISIOTCS JIHOO
KYJIOHOBCKUMU (MI€aJIbHO TPOBOJSIIAS MOBEPXHOCTH), JIMOO MOISPU3AMOHHBIMU
(uaeabHbIE TUAJIEKTPUKH) U BCErAa MPSIMO MPONOPLUHUOHAIIbHBI CMEIICHUIO YYaCTKOB
MOBEPXHOCTHU. DTO MPUBOJUT K TOMY, UTO B paCCMaTPUBAEMBbIX MPEAEIbHBIX CIIy4asx
MOBEPXHOCTh HEYCTOMYMBA TOJIBKO MO OTHOLIEHHIO K BO3MYUIEHUSM, MOHOTOHHO
pa3BUBarOIMMCS BO BpeMeHH. Kpome TOoro, BIHSHUE BSA3KOCTH HA KPUTHUYECKOE
3HAYEHUE HAIPSHKEHHOCTH MOJs B TAKOrO THUIIA MOHOTOHHOW HEYCTOMYMBOCTHU
(MHOTIa MCIONB3YETCS TEPMUH 'cTaThyeckas") OOBIYHO HE3HAYUTENIbHO, MO3TOMY
BBHIIICYTIOMSIHYThIE  TPEACNIbHbIE CIIydal pacCMaTpUBAIOTCS B MPUOIHKCHHUH
HEBS3KOU KUIKOCTH.

Jlist uaeanbHO MPOBOJSINEH TMOBEPXHOCTH, MpeHeOperast BA3KOCThIO, HCHOIb3YS
pemienne (1.4) u rpannunsie ycnmoBus (1.6), (1.12), (1.13), HeTpyAHO MOITYYUTH
JTUCIIEPCUOHHOE coOoTHOLIEeHUE i DI J[ rpaBUTAlIMOHHO-KATWIUISIPHBIX BOJIH

22— g(st_Yl)k_l_ ok’ _So{gEg}k2 .
Y2+ Y2+ Y1+, (1.15)

durypHbie CKOOKH 3/1€Ch U JJAIe€ 03HAYAIOT

(X} =(x,+X,)

z=0"
HaHpSDKCHHOCTB I10JI4, HpI/I KOTOpOﬁ HaCTyHaeT HGYCTOﬁqHBOCTB I10 OTHOLICHHUKO K
MOHOTOHHBIM BO?)MYHICHHHM (TO CCThb 7\4 :O) C BOJIHOBBIM 4YHUCJIIOM k, OHpeI[eJIHeTC}I

N3 COOTHOIICHUS
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{SE(f} _ g(v,—v,) N Otk-
g,k €,

Haubonee onacHeIMH, B CMBICIIE MHHHUMYMa HAMNpPSO>KEHHOCTH, SIBISIOTCS
BO3MYLIEHHUSI C PENEH-TCWIOPOBCKOM [JIMHOW BOJIHBL, KOTOpas ONpPENEETCA

CICAYIOIMM 00pa3om:

12
D) (1.16)
lm = 27‘[(#} = TC\/ECIS R aS = —(l
gy, —v) gy, —v)
Trac aS - KaHI/IHHHpHaH IIOCTOAHHAJ. COOTBCTCTBYIOH.[C@ BOJIHOBOC 4YHUCIIO H
KpI/ITI/I‘-IeCKoe I10JIC OHpeI[eHﬂIOTCﬂ TaK
_ 12 (1.17)
81E120 + 82E220 :2u‘km /809 km = M ) Ezo :iEIO'
a c,

Breaem Ge3pasmepHbIil mapamMeTp MoJist, OTBETCTBEHHBIN 32 BOSHUKHOBEHHE JAHHOTO
THUIIA HEYCTOMYUBOCTEM, ONPEAEIIUB €r0 CAEAYIOIINM 00pa3oM:

&8 Ey h (1.18)
40, '

N2

Torna ycnoBue HeyctoitunBocTH (1.17) 3anuiercs B Buae

N2 = T (1.19)
(1+&,6,°/€,0,")

[Ipenmonoxkxum  Temepb, YTO 00€  KUAKOCTH  SBISIOTCS — UACATBHBIMU
JIUAIIEKTPUKAMHU U Ha MTOBEPXHOCTU HET cBOOOHOrO 3apsina. Toraa, ucnonssys (1.4),

(1.6)-(1.12) u (1.14), nonyyum cieayrouiee JUCIEePCUOHHOE COOTHOIICHHE:

g(Y2 _YI)k n ok’ _k2(81 _gz)zgoEloEzo (1.20)

22 = —
oY Y+ (&8 +e)y +1,)

Kak um B ciyuae wujaeanbHO MNPOBOISIIEH MOBEPXHOCTH, HanbOOJee OMacHBIMU
ABJISIFOTCA  PENCU-TEHMIOPOBCKUE BO3MYIIEHUS, a KPUTHUYECKAsT HANPSKEHHOCTD
ONPENENAETCS U3 COOTHOIICHUSA

e +e (1.21)
EE, :2akm 1 : 20 E,y=—FE,.

80(81 _82) €,
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Ilepexons k N°, monyuum

) (1:22)

B ciydae, xkorga HIXKHSS cpefa UACAIBHO MOJIPU3YIOIasics (IpoBoasdIIas) €, — o0
(E, >0) oba ycnoBusi HeycrouuBoctu (1.19) u (1.22) mepexomsar B yciaoBue
Tonkca-PpeHkens

N’=m. (1.23)

B 3akimoueHwe TmpuBEAEM AUCIEPCUOHHBIE COOTHOIIEHUs s OI'/[-BomH Ha
IIOBEPXHOCTU pas3zeiia KUAKOCTEH KOHEYHOH TINIyOMHBI A U h,, KOTOpbIE MOXHO
nostyuuts BMecTo (1.15) u (1.20), ucnone3ys ypaBHenus (1.3) u rpaHUYHbBIE YCIIOBUSA
(1.5) (cm., nHanpumep, [89])

2 gk(y, —y,)+ok’ —gk’ {SEO2 cthkh}
{ycthkh}

b

22— &k —v) r ok’ —g (e — e,) E E,k*{ethkh}"
{ycthkh} ‘

1.2.2. KoJsiebaTeibHas HEYCTOMYMBOCTD

Kak mokazano Bblle, /Uil TMPEAEIbHBIX CIy4acB OECKOHEUHO MaJloTO BPEMEHH
penakcanuu 3apsjaa KojebaTrenbHble MOJbI 3aTyXalT M MO OTHOIICHHUIO K HUM
paBHOBECHE IUIOCKON MOBEPXHOCTU YCTOWUYMBO. OJHAKO €CHM YYECTh, UTO BpEMS
penakcauu 3apsiia KOHEYHO, TO BO3MYILECHHS IOJISI 3aBUCAT YK€ HE TOJBKO OT
BEJINYMHBI CMEIICHUSI, HO U OT CKOPOCTH CMEIIECHHS. DTO MPUBOAUT K TOMY, UTO
AJIEKTPUUYECKOE TM0JI€ BBICTYNAET B poyu ao0aBouHod "BsskocTu'. I[lpuyem sTa
"BSI3KOCTB'" MOJKET OKa3aThCsl U OTPUIIATEIBHOM, TaK UTO ToJie OyIeT CIOCOOCTBOBATH
HapacTaHUIO KOJeOaHUH.

[TepetimeM K paccMOTpeHHIO KojiebaTenpHOl HeycToiunBocTr [151, 173].

JomycTuM, 4TO KUAKOCTA MMEIOT PA3IUYHbIE MPOBOAUMOCTHU, AUIIECKTPUUECKHE
MPOHUIIAEMOCTA U IJIOTHOCTH, HO OJWHAKOBbIE KHHEMATUYECKHE BS3KOCTH.
Ucnonb3ys pemenue (1.4) u rpanuunsie ycnoBus (1.6)-(1.12), HeTpyaHO 1151 3TOTO

ClIydasa IOJYYHUTH IIOJHOC HUCIICPCHOHHOC COOTHOIICHHUC 7\,(]{) HpI/IBGIIeM €ro B
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oe3paszmepHoil popme. B kadyecTBe enMHMIIBI JUTMHBI BEIOEPEM JIJTMHY BOJHBI pejicii-

TEUJIOPOBCKUX BO3MYIICHUN

on (1.24)

B kadectBe CAUHUIIBI BPCMCHU BBI6CpCM 06paTHy}0 YaCTOTY TI'pPaBUTAIMOHHO-

KallTWJIAPHBIX BOJIH

3\ 72 (1.25)
[t]:Q,,f:( gk, | Ok, j .
Yi+tY, YitY»
Emvuauna manpsokenHoctu nons -  E,. Torma mnoilyuuMm OMCIEPCHOHHOE

COOTHOIIICHHE B (hopMe

(XZ +Q°Z + B®ZK(n,—1)+ 7&) : (x + ®Ble2(ﬂ = D =

n,

2
- | Bk*yz (ﬂ— j -(1 - ”3j +2ME*Z [1_—’%} - xz[l_—’%j x (1.26)
n, 1+ n, 1+ n, 1+ n, :

x| -\ +2Mk>Z +1731k2®(”1 " ’ﬂ(l " ”ﬂzj ~0

n, 1 —n,

BI[GCB IIPUHATHI CJICAYIOIINC 0003HAYCHMS:

12
VA :(1+ }sz -1, M :ﬂ, n, :ﬁ’ n, :i, n, :Y_2’
k Q. c, g Y,
B 8081E120k:,”l2 ___0,+0, _ (1—1’11)7\,+B1 - B,n,
: (y1 +y2)Qin12 ’ 80(81 +82)Qm ’ (1+n2)(B+k) ’ (1.27)

W:k(nl +n2)(1+n1)+2Bnl(l+n2) ® (n1 —nz)

(1+m)(1+m)(A+P) ’ (1+m)B+2)
B (1+n2) B n1(1+n2) B N
d _B(1+nl)’ b, _Bn2(1+nl)’ = _(k+k ) :

I[JI}I IMPOCTOTHI CHAa4YaJIa PaCCMOTpPUM 3adaqdy 00 YCTOﬁqHBOCTH I'paHUbI THIIA T'a3-

KNIKOCTD. B stom CJIy4dac INIOTHOCTDb I'a3a MOXHO CUHUTATb MCYUC3AIOIIC MaHOﬁ, TakK

4ro: 7y, >>Yy,; n, >>1. Kpome Toro, ormerum, uto B ypaBHeHuH (1.26) mmeercs
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Majblid mapaMmeTrp M, uMerolmui cMbIca Oe3pa3MepHOil BSI3KOCTU. [leHcTBUTENBHO,
BEIOWpas, Hampumep Y, ~10°kr/m°, a~2-10°H /M, v~10"°m’/c, momyuum
M ~107° <<1. TlocnenHee 0OCTOATENLCTBO MO3BOJAET MPEACTABUTH KPUTUUECKYIO
BEJMYMHY MOJS W YacTOTYy HEUTpalbHBIX KoOJieOaHMH B BHUAE PSNOB MO MAJIOMY
napametpy M. Jlnsg Toro, 4ToObl KoJieOaHUsI MOBEPXHOCTH HapacTaiu, HEOOXOAUMO
BOCIIOJIHEHUE TI0JIEM DHEPTUH, TUCCUIIUPYEMOU 3a cueT BA3KocTH. [loaToMy crenyer
MOJIOKUTD
_ 1/2 3/2
B.=aM"™ +aM +aM " +...,

A= i(QO +bM" + b M + b4M3/2+...). (1.28)

[loacraBnsast »tu  Belpakenus B (1.26), MOXXHO omnpenenuTb Kod(PPUIUEHTHI

pasnoxenus (1.28). B HyneBoMm npubnvkeHnn no M HaX0IUM

0, =(k+)" (1.29
Crnenyromuii mopsaoK NpuOIMXKEHUs npu n, >>1 naer  a =b, =0. Hakonen B
IIEPBOM MOPsAKE NPUOIMKEHN 10 M yaaeTcs onpeneianuTb KodpUUueHTs! a, u b, .

B pesynbrare nomy4yaem

(1+m)1+ nz)(Qﬁ + Bz) (1.30)
B(m —m,) |

Manas mompaBka K 4YacTOT€ HEUTpaJbHBIX KOJIEOAHWUN HECYIIECTBEHHA, MOITOMY

B.=M

MOJKHO CHHUTATb, YTO B TOYKE KpHU3HUCaA YCTOﬁqHBOCTH
. o
=ik + k) =0, (1.31)

W3 moilydeHHBIX pe3yJbTaTOB BHJIHO, YTO KojebaTenpbHas HEYCTOWYHMBOCTD
BO3MOJKHa TOJIBKO TIPU OTPECIIEHHOM COOTHOIICHWH MEXIy CBOWCTBaMHU cpel. A
UMEHHO, JI0JKHO OBbITh (1, —n,) >0 nam
G, €, (1.32)
_>_
c, &
Takum o6pazom, npu ycinoBuu (1.32) B cucreme BO3MOXKHa KojebarenbHas

HeycToiunBoCTh. Ecnu ke ycnoBue (1.32) He BBINOJHEHO, TO MOJIE UTPAET POJb
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n00aBoyHOM "BSI3KOCTH", yBeNWYMBas JEKPEMEHT 3aTyXaHUs TIPaBUTALMOHHO-
KaIWUISIPHBIX BOJAH. Kpome Toro, M3 xapakTepa 3aBHCUMOCTH KPUTHYECKOM
HaNpsOKEHHOCTU TOJNS OT TapaMeTpa pelliakcauud [3 BUAHO, YTO IOBEPXHOCTH
yCTOMYMBA IO OTHOILUEHUIO K KOJIeOATEeIbHBIM BO3MYLIEHHSM, €CIU OJIHA U3 Cpe

ABJCTCA HMACAIIBHBIM IIPOBOJHHKOM B—)OO, 1oo 00e NACAJIbHBIMH H30JIATOpaAMU
B—0.

C nmumenplo mMONMY4YuTH OoJiee TONHYIO HHPOpMAIMIO O  KoJeOaTerbHON
HEYCTOWYUBOCTH, OBLI TPOBEACH YHCICHHBI pacdeT TMOJHOTO JUCIEPCHOTO
OOTHOILICHUS (1.26). s ATOTO B (1.26) M0JIarajJoch
A = i® (HeUTpanbHBICKOIC0AHNS), TOCE Yero ACHCTBUTENbHAS M MHHMAs  4YacTd

YPaBHEHUs  MOJArajiuch

W
B,
. 0.6k
3
0,16 .
03} 3
0,08
0 0.12 0,24 K

Puc. 1.4. 3aBucuMOCTb 4acTOTBI HEUTPATBHBIX

Puc. 1.3. HelttpanbHbie KpUBBIE U1t Kos1e6aHuil OT BOJIHOBOTO YMCIIa BO3MYIEHUIA

MOHOTOHHOM HEYCTOWYUBOCTH - 1 1
KoJIeOaTEIbHOM - 2, 3

paBHbIMU HyJr0. IlomydeHHass cucremMa JByX HEJIMHEWHBIX alnreOpandecKkux

YpaBHEHUI (OTHOCUTEIBHO HEHM3BECTHBIX B, M () pellajgach YUCICHHO METOJOM
Hpiorona. B kauecTBe HadanbHbIX NOpUOIMKEHUH BbIOMpanuch Bu o,

BbIuucieHHbIe 110 Gopmynam (1.30) u (1.31). [dnsg pacueToB BeIOMpATNCh 3HAYCHUS

n, U n,, paBeple n =2, n,=1. Ha puc.1.3 nokazansl HEWTpaJbHBIC KpPUBBIE,

NOCTPOEHHBIE ISl pa3IMYHBIX 3HauYeHUM Oe3pazmepHoil Bsizkoctu M. Kpusbie 2, 3
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-3 -4
noctpoensl st M =107 ; 5-107; (B =1) coorBerctBernHo. Kpuas 1 sBusercs
HEUTPaJIbHOM KPUBOM MOHOTOHHOW HEYCTOMYMBOCTHU. B 3TOM ciiydyae KpUTHUECKHUE
3HAYeHUs] NapaMeTpa Mojs B, NpakTHYecKHW He 3aBUCAT oT BenuuuH 3 u M. Ha

puc.1.4 wu300pakeHbl YACTOTbl HEUTpaJIbHBIX KoOJIeOAHUM, OTHOCSAIIMECH K
HEUTpaJIbHBIM KPUBBIM 2, 3. BUIHO, YTO 4acTOThl HEUTPAIbHBIX KOJIEOAHUHN TaKXKe

MPaKTUYECKU HE 3aBUCAT OT BSI3KOCTH M MapameTpa penakcanuu (mpu M<<1).

k0 1 2 P
0,12}
0,08}
0,04}

0 15 30 M+ 103

Puc. 1.5. 3aBucMMOCTb MaKCUMaJIbHOI'O BOJTHOBOT'O YUCJIa HEUTPAJIbHBIX BO3MYILIEHUH OT
0e3pa3MepHOil BI3KOCTH U MapaMeTpa pelaKcanuu

Beimie ObUIO  CKa3aHO, YTO MOHOTOHHAs HEYCTOMYMBOCTH PaBHOBECHUS
MOBEPXHOCTH, KaK B HOPMAJIbHOM, TaK U B KacaTEJIbHOM I0JIe 00YCIIOBJIEHA CUIaMH,
JNEUCTBYIOLIMMH I10 HOPMaju K MOBEPXHOCTU. B cilydae HOpPMAJIBHOIO IIOJS - 3TO
CHJIBI B3aMMOJEHCTBHSI CBOOOIHOTO 3apsia MOBEPXHOCTHU C MPHJIOKEHHBIM BHEITHUM
nojieM, JTUOO MOJSPU3AIMOHHBIE CHJIBI, TO €CTh CHJIBI B3aWMOJCWUCTBUS CBS3aHHBIX
IIOBEPXHOCTHBIX 3apsi0B C BHEIIHUM IIOJIeM. B KacarelbHOM II0J€ CHIIaMH,
IPUBOJAIIMMHA K  Pa3sBUTHI0O MOHOTOHHOW  HEYCTOMYUBOCTH, SABJISIIOTCS
MOJISIPU3ALIMOHHBIE CHUJIBI.

Cunibl ke B3aUMOJEHCTBUSL BHEIIHETO MO C HMHAYLHMPOBAHHBIM CBOOOIHBIM
3apsAOM  SIBISIFOTCS.  CIBUTOBBIMM, TO €CThb HAIIPABJIEHBI [0 KacaTelIbHOU K
NOBEPXHOCTH, M TaK JXK€, KaK U B HOPMAJIbHOM TIOJI€, MOTYT OBITb NPUYUHON

K0J1€0aTeIbHON HEYCTOMYMBOCTH.
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N3 mnosiydeHHBIX pe3yibTaTOB CIEAYEeT, 4YTO KoyieOaTenbHash HEYCTOMYHMBOCTH
UMEET CYLIECTBEHHO JUIMHHOBOJIHOBBIA Xapakrep. [[ns KakIbIX (PUKCHPOBAaHHBIX

3HaueHuil M u 3 cyliecTByeT MaKCMMalbHOE BOJHOBOE YMCIIO BO3MYILEHU k, , 1o

OTHOHICHHUIO K KOTOPBIM PaBHOBCCHUC ITOBCPXHOCTH CIIC MOKET OBITh HGYCTOﬁqHBBIM.

Ha puc.1.5 noka3ana 3aBUCMMOCTb BeJIMUUHBI k, OT napameTpoB M u 3. BugHo, uto

C YBCIIMYUCHUCM BA3KOCTH [JHAIIA30H MOJIHWH BOJIH, IIO OTHOHWICHHUIO K KOTOPBIM
HACTYIIaCT KoJieOaTeIbHas HCYCTOfI‘II/IBOCTL, YMCHBIIACTCA. Tor xe pe3yiibTart

NOJTy4aeTcsl IpHU Mepexojie K npeeny UaeaabHOro MPOBOJAHUKA [ —> 00 U WIeaTbHBIX
u30asTOopoB B — 0.

OtmeTuM, yTOo Ha puc.l.3 MyHKTHpPHOM NpsAMOM mokazaHa 3aBucuMocTh (1.30).

Buaum, 4to 4YHMCIEHHBIM pacueT MOATBEpXk AaeT (aKT NPONOPLUUOHATIBHOCTH B,

AJIEKTPOINPOBOJHOCTH U BSAZKOCTH, TO €CTh M.

Kak HaiiieHO BbIllIe, MUHUMAJIBHOE KPUTHYECKOE Yncia0 B, nomydaercs us (1.30)

npu k =0 u paBHO

B =M nlz(1+nl)(l+n2).
. n2(nl_n2)

C yderom (1.27) 3T0 BBIpakeHHE MOXET OBITH TIEpenrcato B opme

B e0e.6,E0,  (1+n)’ (1.33)

Nn,6, nl(nl _nz)

ITockonbKy n, M n, 3aBUCAT TOJIBKO OT COOTHOILIEHUS MApaMETPOB CPEN, TO MOPOT
BO3HUKHOBEHUS KOJeOAaTEIbHON HEYCTOWYMBOCTA B KOHEYHOM HUTOTE OMPEICISICTCS
BEJIMYMHOM IHapameTrpa B, KOTOpPBIM OTBETCTBEHEH TAaKXE W 32 BO3HUKHOBEHHE
00BEMHON KOHBEKTUBHOM HEYCTOMYMBOCTH (cM. riaBy 5). Ilopor »e MOHOTOHHOI
HEYCTOMYMBOCTHU ONPEACIISIETCS BEIMUYNHON ITapaMeTpa

g8, Ey, (1.34)

B (V 2ga)l/2 .

CpaBauBas (1.33) u (1.34), MOXXHO BHIETh, YTO KoJieOaTeIbHAas HEYCTOWYHMBOCTH

PaBHOBCCHA IIOBCPXHOCTU CCTb PE3YyJabTAaT YHCTO JJICKTPOTHAPOAMHAMHUYCCKOI'O
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B3aMMOACUCTBUS M HMEeT OOLIyI0 NPUPOAY C OOBEMHON HEYCTOWYMBOCTHIO,
PAacCCMOTPEHHOM B NATOM IUIaBe. Pemaroniyro posib B 3THUX THUIIAX HEYCTOMYMBOCTHU
UIPAET COOTHOLICHWE MEXKIy BSA3KMMHM M KYJIOHOBCKMMHM cwiamu. [lpuuem, s
IIOBEPXHOCTHOTO B3aMMOJEHUCTBUS ITU CUJIbI CYLIECTBEHHO CIIBUTOBBIE.

B cnaydae ke MOHOTOHHONM HEYCTOMYMBOCTH  OINPEIACIAIOIIMM  SBISETCS
COOTHOILLIEHHE MEXKIy OJJIEKTPUYECKUMU M KanWwuULIpHBIMM cunaMu. CrenaHHoe
3aMEUYaHue OCTAETCS CIPABEIIMBBIM U B CIIy4ae KacaTeabHOr0 MO (CM. CIEAYIOIIHMA
naparpad).

OTtmeTuM, 4YTO BCE pe3yJbTaTbl ObUIM MOJYyYEHbl B MPEANOJIOKEHUH, YTO

BO3MYIIEHUSI UMEIOT (popmy ~ eXp{M — ikx} . Oz1HaKo, BCE€ COOTHOILIEHHS] OCTAIOTCS

CIIPaBEIJIUBBIMU U TSI BO3MYIIICHU, UMEIOMUX HOpMy
&~ exp{kt — ik x — lkyy}

C TOW pa3HUILIEH, YTO B MOCJIEIHEM CIIy4ae BO BCEX COOTHOIIECHUSIX

12

(1.2 2
k=(kl+k})
OTOT pe3yiibTar - CICACTBHC TOIO (baKTa, 4TO HOPMAJIBHOC II0JIC HC BBIACIIACT

KaKOT0-Tu00 HampaBJIeHUs Ha MJIOCKOCTH (x, y) , TAK 4TO BOJIHOBBIE UuClIa kU ky

JOJIKHBI BXOJUTh B OKOHYATEIbHBIN pe3yJabTaT CUMMETPHUYHO.
B 3akmroueHue sToro maparpada 3aMeTHM, UYTO pe3yJbTaT O BO3MOXXHOCTHU
K0J1€0aTeIbHON HEYCTOMYMBOCTH TOJIBKO JJIsl TAKUX CPEJl, Y KOTOPBIX

o & (1.35)
G, g

NOJyYEHHBIH BBIIIE JJIS MPEJENIbHOTO ciydas Y, >>7Y,, JEerko obolmiaercs U Ha
Cllydall  NPOM3BOJILHBIX ~ OTHOWIEHMH  y,/y,=n,. JlIs 3TOr0 B  IOJHOM
JTUCIIEPCUOHHOM cooTHoweHuu (1.23) mocrarouHo mnepeiitu k npeneny M —0 u

MOJIOKHUTE: A =2+, ‘8‘ << ‘Q‘ Beruucisgss O, HaxoguM, 4YTO O HE 3aBHCHUT OT

. c, ¢
OTHOIIEHHUS ¥, /Y, u 8 >0 (HEYyCTOWYMBOCTH) MOMYyYAETCS BHOBb IPU  —= > —2
Gl 81
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1.3. YCTOMYUBOCTHb PABHOBECHS I'PAHUIIBI PA3JIEJIA
"KUJKOCTEH B KACATEJBbHOM DJIEKTPUUECKOM IOJIE
B sTrom pasnmene paccmaTpuBaeTcsi yCTOWYHMBOCTH PABHOBECHUS IMOBEPXHOCTH B
KacaTeJbHOM ToJie. HamoMHuM, 4T0 oapoOHO 3Ta 3a1ada Oblia paccMoTpeHa B [37].
OnmHako B HacTosAmed paboTe OyAyT MONYYeHBI HEKOTOpPHIE HOBBIE PE3yJbTaThl U
0000111eHbI pe3ybTaThl [37].

HpC,IIHOJIO}KI/IM, 4dTO PAaBHOBCCHOC IIOJIC HAIIPABJICHO TAaKHUM 06pa30M, qTo

E ={EOO,O, O} (puc.1.2). Ilpu »TOM HampaBjieHUE X Ha IJIOCKOCTU SBIISICTCS

BBIACIICHHBIM. HOC)TOMY, BOO6HIC roBops, HCIB3A IMOJYUYUTL PC3YyJbTAaTbl JIA
BOSM}’H.ICHPIﬁ, 3aBUCAINNX OAHOBPCMCHHO OT X U )y, pCILIUB 3a1a4y IJIA BOSMYMGHHﬁ,
3aBUCAIINMX TOJBKO OT X HWIHW TOJbBKO OT ). IIo »rton IMPUYIUHE PACCMOTPUM

BO3MYIIEHHSI, UMEIOIIHE POPMY
w:wo(z)exp{xt—ikxx—ikyy}, w:{G,é,p, F,}.
Pemennst ypaBHEHHMH Ul aMIUTUTYIBI BO3MYIIEHHH B 00ObeMe B JaHHOM CiIydae

OynyT Temu xe, uTo U (1.4), a TMHeapu30BaHHAs CUCTEMa I'paHUYHBIX yciaoBuil (1.5)

MMEET BUJ [UX]:[Uy]:[UZ]:O’ v, =AE,
e]-0. [ % -ikv.] -0
EOOSO[S(eZ+ikxiEoo)]+|:n(a(;)Z aal;ﬂ 0, (1.36)

ov,

(0] + glv]e - ok a[ }—soEoo[gex]:o,

xao[ e. +zkaE00)]+[ s(e. +zkaE00] 0.

[TapameTpbr cpen o, €, Yy, VvV OyaeM cuuTaTh NPOU3BOJIBHBIMU (B paMKax

npubnmxenuss OI'J]), oaHako mid TOro, 4TOOBl YNPOCTUTH PEIICHHE 3a]auH,
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MNPEANOJIONKUM, KaK U B CIIy4ya€ HOPMAJbHOIO MOJI, YTO KUHEMATUYECKUE BSI3KOCTHU
cpen omHoro mopsaka Vv, =v,=v. llogcraBmaa pemenus (1.4) B cucremy

rpaHnyHbIX ycnoBui (1.36), modMyduM OJHOPOAHYIO CHUCTEMY anreOpanvecKux
YpaBHEHHI 171 ONpPEAENICHHS  MOCTOSIHHBIX ~ WMHTETPUPOBAHUA. Y CIOBHUE

pa3spelIMMOCTH  3TOM CHCTEMBI MPUBOAUT K CIHEAYIOLIEMY JUCIIEPCHOHHOMY

i +% (m - 1)—4k2k”{‘y—y}2—4xk2v(m— ) {Z; ;
L4kt (m - 1) 51;215101;(2(0281 )) (137)
[ 2130

e e

CrnenyeT OTMETHUTh, YTO B ypaBHeHUU (1.37) UMEIOTCA JBa ClaraembiX, COJIEPHKAITUX

ITI0JIC. HqueM IIEPBOC ClIaracMoc, IIPOIIOPHUOHAJIBHOC (81 —82), oTpaxacT 4YuCTO

noysipu3alioHHbId  dpdekr monsa. Torma kak BTOpoe cjaraeMoe OTpa)kaeT
B3aUMOJICHCTBHUE TMPUIO0KEHHOTO TMOJsI C HHIYIHUPOBAHHBIM Ha IIOBEPXHOCTH, B
pe3yJbTare €€ BO3MYIICHHUS, CBOOOIHBIM 3apsjgoM. B dacTHOM ciydae, Korja
3 PEKTHI FTESKTPOIIPOBOTHOCTH, a CJICIOBATEIIBHO, U CBOOOHOTO 3apsga MOTYT ObITh
UTHOPHUPOBAHBI (HAIpUMEP, B BBICOKOYACTOTHOM II0JI€), PABHOBECHE ITOBEPXHOCTH

ycroituuBo. /[leiictBurensHo, ecau B (1.37) nmonoxuts o, =c,=0, TO BTOpOE

ciaraeMoe oOpallaeTcsi B HyJb, a MEPBOE MMEET BCErjaa MOJOXKHUTEIbHbIN 3HAK U
MO>KET OBITh BKJIIOUEHO B YACTOTY 3aTyXalOUUX IPaBUTAMOHHO-KATMIUISIPHBIX BOJIH.
1.3.1. MOHOTOHHASI HEYCTOMYNBOCTH
[Ipenmnonoxxum Tenepb, 4TO SJIEKTPONPOBOJHOCTU CpPe KOHEUHBI M HCCIETyEM

}’CTOI\/II‘-II/IBOCTB IMMOBCPXHOCTHU IO OTHOIICHHUIO K MOHOTOHHBIM BO3MYIICHUSAM. HOpOF
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yctoiunBoctu onpenensercs u3 (1.37) mpu A =0. [locne HECTOKHBIX BHIYUCICHHMA

Haxoaum

- —¢, )k E, 1.38
gk(y2 _ Vl)"' o+ (Gl c52)(81 8Z)I‘Zchogo ~0 (1.38)
c,+0,

DTO paBEeHCTBO MOXKET OBITH BHIIIOIHEHO, €CITH TOJIBKO
(Gl —02)(81 —82)<0 opu Y, >V, (1.39)
JlpyruMu cioBaMH, paBHOBECHE MOBEPXHOCTH HEYCTOWYMBO MO OTHOIICHHIO K
MOHOTOHHBIM BO3MYIIICHUSIM TIPH BBIITOJTHEHUH OJHOTO U3 YCIOBHH
a)c,>0,, € <¢g, ; 0) 6,<0,, g >¢, . (1.40)

HpH 9TOM KPHUTHUYCCKAA HAIIPAKCHHOCTD ITOJIA OIPCACIIACTCA TaK

g2 (8 -k ok’ (0, +0,) (1.41)
" ki kj (01 - Gz)(gz - 81)80 .

Haunbomnee onmacHBIMU SIBIISIOTCS BO3MYIICHUA C BOJTHOBBIMU YHCIIAMHA

12

k:M . k. =0.

: ot
OtmetuM, uto HepaBeHcTBa (1.40) MpakTHYECKH BBHITTOIHSAIOTCS PEAKO, TaK Kak Ooiee
(MeHee) TPOBOJMSIIEH JKHIAKOCTH COOTBETCTBYET OOBIYHO W OoJibllias (MEHbIIas)
TVRJIEKTPUYECKast TPOHUIIAEMOCTb.
MOHOTOHHAsT HEYCTOWYMBOCTH B JaHHOM ciydae OOYyCIIOBJI€HAa YHCTO
TOJISIPU3AIIMOHHBIMY CHJIAMH, TIOCKOJIBKY WIEH, POTOPIIMOHATBLHBIA BO3MYIIICHHOMY
cBOOOHOMY 3apsily Ha MOBEPXHOCTH, B IUCIEpCHOHHOM ypaBHeHuu (1.37) mpu

A =0 BpIDAgacT.

1.3.2. KosiebaTenbHAs HEYCTOMYHUBOCTD
3anuuieM JUCHEPCUOHHOE COOTHOIIEHHE B Oe3pa3MepHON (opMme, cuuTas, uTo

CUCTEMA NPCACTABIIACT coOoi CUCTEMY THUIIA Ta3-)KUAKOCTH Y, <<Y,. E,III/IHI/II_IBI

u3MepeHus BoioepeM Te ke, uto U B (1.24), (1.25). Toraa nomydaum
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2
(QF +37 + KB A)Z + 4MMCZ —4MK*Z —2kalb(2k M, —zj =0,
(1.42)
Ak KG_nzj +Py
+
Q=k+k', Z=-1+ 1425 d=¢g(e, -¢,) e ,
M A+B
(0,8, —5,,) o, -0, (1.43)

P v )BT e(mre)n,

Ocranpuble 00o3HaueHusi coBmanaroT ¢ (1.27). Ilpenmonoxkum, 4YTO BS3KOCTH

KUJIKOCTU Mana, Tak 4to M <<1. Torna, kak u B ciiy4ya€ HOPMJIbHOTO IOJI1, MOKHO

oTbIcKMBaTh peueHue (1.42) B Bune psaos no M
B =Ma +M>a+.., h=i(Qq +bM +b,M*+.).
IToncraBnsist  pasnokeHHMe B JUCIHEPCHOHHOE  COOTHOLIEHWE W pasfeiss

JNEUCTBUTENIBHYIO U MHUMYIO YaCTH, C TOYHOCTBIO 10 MaJIbIX IIEPBOIO Iopsaka no M

Haujiem

2, 2 1.44
o (B +Q0)(l+nl)(l+n2), =0y + B, (1.44)
2Bn2(nl_n2)

[TompaBka Kk 4acTOTe HEUTPAIbHBIX KOJIEOAHUI HAC MHTEPECOBATH HE OyAET, HOITOMY

BBIPAXCHUC JIA bl He BuINHChIBaeTcI. Kak wu MpCKIC, Bl* HUMCCT CMBICI

KPpUTHYCCKOI'0O 4YHCJIa II0 OTHOHMCHHIO K BO3HHKHOBCHHUIO KoJIeOaTeJIbHOM

HGYCTOI‘/JI“II/IBOCTI/I TOJIBKO B TOM CJlIy4dae, €Clid n, > n, Ui

92,5 npu vy, >>v,. (1.45)
o, &

Takum o0pasom, npu ycnoBun (1.45) B cucreMe BO3MOXKHA KoJjieOaTellbHAs
HEYCTOMYMBOCTh. MmuHUManbHOEe KpuTtHueckoe uyucio (1.44) cooTBeTcTBYeET
JUTMHHOBOJIHOBBIM BO3MYIICHUsIM K, ~ k  —> 0 1 paBHO

(1+n)1+m,) (1.46)

Im
2112(711 - nz)
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B cymmnocTH, KpH3UC OIpeneNnseTcs BEIMYMHOM IapaMerpa B, /(M B) 51

cootHotienue (1.46) MoxeT ObITh TIepenucaHo B popme

- £0€.€, g _ (1 +n1)2 (1.47)

B )
n,0, 2(”1 - nz)

UucneHHoe penieHne JUCIIEPCUOHHOIO0 COOTHOIIEHHUS MOKa3bIBaeT [37], 4yTo, Kak u
B Cllydya€ HOPMAJIBHOIO TIOJIS, CYIIECTBYET MAaKCHUMaJIbHOE BOJHOBOE YHCIIO
BO3MYIIICHUH, 10 OTHOIICHUIO K KOTOPHIM paBHOBECHE €IIE MOXKET ObITh
HeycTOMUMBBIM. Mcnonb3ys pesyabTatr [37] U npuHATHIE 3/1eCh 0003HAYEHUS MOYKHO

3arucaTtb

112[3(111 - nz) (1.48)
(1 - n2)2(1 + nl)M .

max

s paccMaTpuBaeMOro Ciy4as KacaTelbHOTO TIONS OKa3bIBAETCS BO3MOXKHBIM
aHAJTMTUYECKH MOJYIUTh OoJiee ob1iee yemosue, uyeM (1.45). (B [37] aTo He cnenaHo).

JleicTBUTENbHO, TMyCTh COOTHOIICHHE MEXAY IUIOTHOCTSAMH  JKHUIKOCTEH
NpOu3BOJIBHO. B mpenene mcuesarome Mayioil BS3KOCTH IOJHOE IHUCIIEPCHOHHOE

cootHotenue (1.37) MoxeT ObITh MPEICTaBICHO B hopMe

2
€, —¢&
X +BN +(Q + Bkla ) +BQ + BB =0, a :M,

((cs1 - 62)(81 - 82) +2(6182 - 6281)) m

b= Qm(g1 +82)
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0 | & 0 x £
o E__.,: J‘?‘ O~y {Eil

Puc. 1.6. Equnsie nuarpamMmmsel 00J1acTei mapaMeTpoB Cpell, AJIS KOTOPBIX PaBHOBECHE TUIOCKOU
TpaHUIBI  pa3fena MoOXKeT ObITh HEyCTOWYHMBBIM (3alITpUXOBaHO). In - MOHOTOHHAs
HEYCTONYHMBOCTH, OV - KoNebaTenpHas

3anumeM A =im +9d, rae ‘8‘ << ‘co‘ ITocne moacranoBku A B (1.49) ¢ TOYHOCTBIO 10

Majioi 0 TEPBOTrO MOPSIKA MOIYIUM

o’ =Q; +28B + Blk’a,

_ 2 Bgl(nl - nz)(nzns - 1)
S B e )i m) (1.50)

ny :Yz/Y1'
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Ilpu 6 >0 xosnebaHus ¢ 4acTOTOM, OJNM3KOM K TpaBUTALMOHHO-KANWUIApHON (2,
HapacTtatoT. YcinoBue >0, B CyIIHOCTH, O3Ha4aer (n1 —112)(112113 —1)>O. B

packpbIToi (hopme nocieaHee yCI0BUE CBOJUTCSA K OJJHOMY U3 JIBYX YCIOBUHN

a)2>8—2>ﬁ, 6)&<8—2<h. (1.51)

o, & T2 G, & 7,
3amerum, uto pe3ynbTaT (1.45), momydeHHbIl u B [43], ABISIETCS MNpeaeTIbHBIM

ciaydaeM (1.51) npu n, >>1.IlosydyeHHbIE pe3yabTaThl O3BOJISIIOT CHEIATh BAYKHBIE

000011ar0IMKe BHIBOJBI OTHOCHTEIIBHO BO3MOYKHOCTH HEYCTOWYHMBOCTH TOTO WJIU
WHOT'O THIA B 3aBUCHUMOCTH OT CBOMCTB JKHUJKOCTEH KaK B HOPMAaJbHOM , TaK M B
kKacatenbHOM Toie. Ha pwuc.1.6 mnpencraBieHsl eAuHBIE aUarpaMMbl oOiacTei
napaMeTpoB cpell, JUIsl KOTOPBIX BO3MOXKEH TOT WM WHOW THI HEYyCTOMYMBOCTH
(HEYCTOMYMBOCTH BO3MOJKHA JIJIsI ITPUXOBAHHBIX 00JacTei):

a) HOpMaJIbHOE T10JI€, MOHOTOHHAS HEYCTOMYHBOCTH;

0) KacaTeabHOE 110JIe, MOHOTOHHASI HEYCTOMYHUBOCT;

B) HOpMaJIbHOE T10JIe, KoJie0aTeabHass HEYCTOMUYUBOCTD;

I') KacaTelbHOE T0JIe, KoyieOaTenbHasi HeyCTOMYUBOCTD.

1.4. O PEXUMAX BOSBHUKHOBEHUS CTATHYECKOI'O PEJIBE®A HA
T'PAHUIIE PA3JEJIA ) KUJIKOCTEM B QJIEKTPHYECKOM IOJIE

HccnenoBannsi HEYCTOMYMBOCTH PABHOBECHsSI T'PaHULBl pas3feiia KUIKOCTEW B
AIEKTPUYECKOM TI0JIE B HEJIMHEWHOW MO BO3MYLIEHUSM IOCTAHOBKE IO3BOJIAIOT
OTBETUTh HA TAaKWEe, HAlpPUMEp, BAXKHBIE BOIPOCHI KaK BOMPOC O BO3MOXKHBIX
peXrMax BO3HUKHOBEHHUS HEYCTOMUYNBOCTH.

BrIsiIcCHEHNIO BO3MOKHBIX PEKMMOB BO3HUKHOBEHHSI HEYCTOMYMBOCTH PaBHOBECHS
TpaHUlbl pa3zieyia B HOPMAJIbHOM JJIEKTPUYECKOM I0JIE B HEJIMHEMHOUN MOCTaHOBKE
JUISL IBYX TPYIIN TPAHUYHBIX YCIOBUW OBLIM MOCBSINEHBI, Hanpumep, padoTsl [30,
40]. Tak B pabote [40] mpu HCHOIB30BAHMM TPaHUYHBIX ycioBui (1.14) ObUIO

HAMIEHO, YTO INpU g, /e <354 PEXHMM BO3HMKHOBEHHUS HEYyCTOMYMBOCTH
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MATKMH, a Ip1 €, / €, > 3,54 - xectkuil. B pabore [30] ncnomnp3oBanach apyras

rpy1mna rpaaudHbiX yenoBui (1.13) u ObUIo  yCTaHOBIIEHO, YTO TAaK)KE€ BO3MOJKHBI JBA
YKa3aHHBIX PEXMMa BO3HUKHOBEHHSI HEYCTOMYHMBOCTH, OJHAKO YCJIOBUE HUX CMEHBI
nonydaerca apyrum. B [30], B 4acTHOCTH, HaWJIEHO, 4YTO CMEHa pPEXKUMOB
OTIpeeNsieTCs] BETMYMHON CBOOOIHOTO PAaBHOBECHOTO 3apsijia Ha MOBEPXHOCTH.

Huxe, ucnons3yst meton [40] u rpanuunsie yciosus (1.13), mokazano, 4To, BO-
MIEPBBIX, Pa3HbIC YCIOBUSA CMEHBI PEKUMOB HEYCTOMUYMBOCTU, TOyuyeHHBIE B [30] u
[40], MmoryT OBITH OOBEAMHEHBI B OJHO, O0JIee 00IIIee yCIOBUE, BO-BTOPHIX, B CIydae
MPOBOJIAIIEH TMOBEPXHOCTU YCIOBHE CMEHBI PEXKUMOB, BOOOIE TOBOpS, HE
onpeenseTcsl BEIUIMHON CBOOOHOTO 3apsijia Ha moBepxHocTu [179].

Wtak, pacCMOTpUM CTAaTHYECKOE COCTOSIHUE XOPOIIO MPOBOJSIIECH MOBEPXHOCTH B
AIEKTPUYECKOM I10JI€, BOSHUKAIOUIEE MOCE MOTEPH YCTOMUMBOCTH. [Ipenmnonoxum,
YTO CTPYKTypa MOBEPXHOCTHU MEPUOAMYECKAs BAOJIb OCH X, TaK YTO YpPaBHEHUE

neOpMUPOBAHHOM MTOBEPXHOCTH UMeeT BUll z = E(kx). B craTmdyeckoM coCTOSHUU

Ha TIOBCPXHOCTHU BBIIOJIHACTCA YCIOBHUC OamaHca Bcex CHJI, a KacCaTcJibHasda
KOMIIOHCHTA II0JIA 06pamaeTcsi B HYIJIb. TeM cambIM I'PAaHUYHBIC YCJIIOBUA 6y,Z[YT

Cﬂeﬂy}OH_H/IMI/I
Ap— (v, —vl)g<%+n,-eo[sE,-En]—%[sEz]za /R,

~ 2\ Y2 " (152)
ﬁxElzﬁxE2=0,R=—(1+§xj /&,

!

& !
207 ’2
\/1+be \/1+E."x

TUIPOCTATUYECKOrO JNABJIEHUS, @ R - paauyC KpUBU3HBI. PaBEHCTBO KacaTelbHBIX

n= €AUHUYHBIM BEKTOp HOpMain, Ap- mepenaj

KOMITOHEHT CHJIbl BBITIOJHAETCS TOXXKJACCTBEHHO B CHIJIYy I'paHWYHBIX ycioBuit (1.13).

HanpsixeHHOCTB 101 IPEICTABUM B BUAE CYMMBI

E =E,-Veo., i=12. (1.53)
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[Tycts amruinTyaa cratudeckoro penbeda mana u paBHa a. Caenys [40], 3anuiiem
BCE€ BEJIMYMHBI B BHUJE psAAa MO Majod aMIUIUTYyJE, COXpaHss WICHbl HE CTaplie

KyOH4ecKoro (31ech YUTE€HO, UTO @, yJIOBJIETBOPSIOT ypaBHeHUIo Jlariaca)

E(x) = acoskx + a’Bcos2kx + a’y cos3kx+...,

@, = ad, coskxe™ +a’B, cos2kxe™" +a’(c,, coskxe ™ + (1.54)
¢y, cos3kxe )+,
_ * 2 _ 2 .
E,=E, +a"E, +.., k=k,+a'k,+..., i=12.
BeIpaxkenue i ¢, HMEET TaKOU K€ BUM, YTO U A1 ¢ ,, HO CO 3HAKOM + B

nokaszatenie SKCIOHEeHTHl. lloacraBnsas pasnoxeHus (1.54) B TrpaHUYHBIC YCIOBHUSA
(1.52) u cobupass  kodpbULIMEHTHI NMPU OJAMHAKOBBIX CTEMEHSX «, MOJIYYUM B

JTMHEHHOM NPUOIMKEHAN U3BECTHBIH pe3ybTaT

{SE;Q} =20k, /€,.
B KBajpaTHYHOM MO a TIPMOIMKEHHH ONMPEeNsioTcss KoIQMUIUEHTH PasiokKeHHs
B, B,,. B TpeTbeM NMopsiaKe yAaeTes ONpeAeuTh KodQGUUUEHTH! ¢, ¢;, U ONPaBKH
K KpUTHYeCKOW HampsokenHocTd  E,,E,,. 3amumiem, omyckas T'pOMO3JKHE

BBIKJIAJIKM, OKOHYATCJIIbHOC BBIPAKCHUC, OIMPCACIIAIONMICC IMOIMPAaBKU K KpI/ITH‘IeCKOﬁ

HaIpso>KCHHOCTH
(6E,E..} :k_m(i_ ), = [eE, T (1.55)
(eE,”} 216 ’ (B2

AMIUTUTY Iy CTAaTUYECKOTO penbeda Ternepb MOKHO HAUTH Tak

3 IMOJTYYCHHBIX COOTHOIIICHUM BUAHO, 4YTO B 3aBHCHMOCTH OT BCJIMYUHBI

O0e3pazMepHOro mapaMerpa 1 BO3MOXHO BETBJICHHE CTAaTUYECKOTO PEIICHHS Kak
Ha3al, Tak u Boepen. [lpu n<\/§ /4 uWMeeM BETBJIEHHUE BIEPEN - MSITKUUA PEKUM

HEYCTOMYUBOCTH, IIPU n>\/§ / 4BeTBIEHUE Hazad - OKECTKUM pexUM

HEYCTONYHUBOCTH.
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[lycte kaxkmasd u3 cpel 00jafaeT KOHEUHBIMU 3JEKTPONPOBOAHOCTSIMU G, .

TOFI[a B CTaOMOHAPHOM COCTOJHHMHU PABHOBCCHUA Ha IMOBCPXHOCTHU HAKOILICH

CBOOOJTHBIH 3apsia

Q = SO[SEO] = 8081E10(1 _ﬂj .

€0,
31ech UCIIOIB30BaHO yCIOBHE E, E,=06,/6,. Ecm o,/c,=¢,/¢,, TO
cBoOomHbIN 3apan (Q=0, HO mpu 3ToM MN#0 TaK, 4TO COXPaHSAETCS

BO3MOKHOCTb KCCTKOI'O PCKHMaA PA3BUTHUA HGYCTOﬁQHBOCTH. HaHOMHI/IM, 9TO B [30]
BO3MOKHOCTb JKCCTKOI'O PCXKHMa CBA3bIBAJIIACH HCKIHOYUTCIBHO C HAJIUXYHUCM Ha

IIOBEPXHOCTU CBOOOJIHOTO 3apsija.
[Tokaxkem Tenepsb, YTO YCIOBHE CMEHBI MEXAaHU3MOB HEYCTOMYMBOCTH T > J5/4,
IIOJIyYEHHOE BBIILIE, MPUTOJHO TAKXKE M JUIA Cllydas MICAIbHBIX IUIJIEKTPUKOB. B

2
ToM cinyvyae E, / E,=¢, /¢, . Tornaans m° NOILy4HUM CIEAYIOLIEE BEIPA)KEHUE

2
) 8—1)
L (8+1

" yCJIOBHUC CMCHBI PCKHMMOB BO3HUMKHOBCHMUA HCYCTOIZHHBOCTH B JaHHOM CJIy4dac

OyJleT UMETh BUJT

(8_1)2 5 (1.56)
e+l 16
C npyroii cTopoHbl, TpeoOpa3oBaHre PyHKIIUH
26 —11(g* +1)
32(e +1)°

fe)="2

noJiydeHHoOU B padote [40], 1 OTBETCTBEHHOH 3a CMEHY PEKMMOB HEyCTOWYMBOCTH B

Cllyyae MJI€aJbHBIX AMAIEKTpUKOB  (mpu  f >0- msarkuii pexum, npu [ <0-

rol 3_(8_—1)2
2\16 \eg+1

JKECTKUM) TaeT
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Buanm, uTo ycioBue BO3HUKHOBEHUS YKECTKOTO PEKUMa HEYCTOWYUBOCTU U B STOM
ciayuae coBnaaaet ¢ (1.56).
Takum 06pa3om, OOIITUM YCIIOBUEM CMEHBI PEKUMOB HEYCTOMYHNBOCTH PAaBHOBECHS

TpaHUllbl pa3fieNa XKUJIKOCTeW (MPOBOMAIIMX W HEMPOBOMSIIMX) CIEAYET CUUTATh

yCIIOBHE
[eE,’] _ 5 (1.57)
ek} 16
Tak kax sogEO2 /2 npeCTaBisieT coO00M MEKTPUUECKOE JABIEHHE, TO CMBICI

(1.57) 3akmrouaercs B TOM, 4YTO JJISI OCYIIECTBIEHUS JKECTKOIO pEXHMa
BO3HMKHOBEHHUSI CTaTMYECKOro peinbeda TpaHUIBl pasziena SKUJKOCTEH B
IIEKTPUUECKOM T0JIe He0OX0IUMa JJOCTATOYHO OOJbINas BEJIMYMHA OTHOCUTEIHHOTO
CKauyKa pPaBHOBECHOTO JJIEKTPUUYECKOTO JABJICHUS (MEXaHMYECKOTO HANpPSDKEHMs) Ha

TPaHULIE pa3ielia )KUIKOCTEU.

1.5. K TEOPUU KPU3HUCA KUIIEHUSA )KUJIKOCTEM B
IJEKTPUUYECKOM IIOJIE

Kak yxxe roBOpUIIOCH, HEKOTOPHIMHU IpOIECCAaMU TEIMIOMAacCOOOMEHa MOXKHO
3(QPEeKTUBHO yYIPaBIATh W 3HAYUTEIBHO HHTCHCU(MUIIMPOBATH HX C IOMOIIBIO
BJIEKTPUYECKOTO TMOJIA. JTO KacaeTcsi W MPOLIECCOB KUIMEHWUS M KOHACHCAIIMU B
anekTpuueckom mone [3, 4, 6, 43-46]. B wyactHOocTH, B paborax [43, 45, 46]
3KCIIEPUMEHTAIBHO YCTAHOBJIEHO CYLIECTBEHHOE BIIUSIHUE BHEIIIHETO
AJIEKTPUUYECKOTO MOJsl Ha TaKUE XapaKTEPUCTUKHU KUIICHUSI, KaK OTPHIBHON JUaAMETP
My3bIps, KPUTUUECKUHN TEIJIOBOM MOTOK, KOA(PUIIMEHT TeTUIOOTAAUH U JIp.

B nactosimem maparpade Teopus YCTOMYHMBOCTH PAaBHOBECHsI TPAaHMIIBI pasjena,
U3JI0KEHHAsl B MPebIAYIIUX Naparpadax, OyaeT npuMeHeHa IJig pacyeTa OCHOBHBIX
XapaKTEPUCTUK KHUIEHHS B JJIEKTpUUecKOM 1one [182] W cpaBHEHMST UX C
3KcrepuMeHTamu [43].

Kak u3BecTHO, CyIIECTBYIOT JBa OCHOBHBIX PEKHUMa KHUIICHHS: My3bIPhKOBOE U

IJICHOYHOE. B mepBoM cilyyae TEIIONOTOK, MOABOAWMBIN K KMAKOCTH, Mall U HA
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MOBEPXHOCTU OOpa3yloTCs OTAENbHbIE MYy3bIpH, KOTOPBHIE 3aTE€M BCIUIBIBAIOT O]
neiucTtBueM cwibl Apxumena. Bo BTOpom ciyyae, KOTOpbI HMMEET MECTO IpH
CYILIECTBEHHO OOJIBIINX TEIJIOBBIX MOTOKAX, HaJl MOBEPXHOCTHIO HarpeBa oOpa3yercs
CIUIOIIHAS IUIEHKA Iapa. [lepexon ot mepBoro pexrnma KO BTOpPOMY HOCUT Ha3BaHUE
IIEPBOr0 KpU3KCa KUINEHUA. Tak Kak NpPH INICHOYHOM KHMIIEHUU PE3KO YXYALIAETCS
TEIUIO0Ta4a KUJIKOCTH U YMEHBIIAETCS MHTEHCHMBHOCTH MapoOOpa3OBaHUsA, TO 3TO
SBJISIETCS ~ HEKENIATEIbHBIM  sIBJICHMEM. llepexox K IUIGHOYHOMY  KHIIEHUIO

COBCpLIACTCA IIpA OIIPEACIICHHOM KPUTHYCCKOM 3HAYCHUHU TCIUIOIIOTOKA ¢ .

OOpatHbIil Mepexo]l OT IUICHOYHOTO peXuMa K Iy3bIpbKOBOMY HOCHUT Ha3BaHUE
BTOPOr0 KpHU3UCA KUIIEHUS U TAKXKE IMPOUCXOIAUT IPU OINPEICIICHHOM 3HAYEHUU

TEIUVIONIOTOKA (., HPUYEM i >q., [90, 91]. MHorumum aBTOpaMH OTMEYAETCS

TUAPOJMHAMHUYECKAs NPUPOJA KPU3UCOB KHUIIEHUS, CBSI3aHHAs C YCTOMYMBOCTBIO
NBYX(}a3HON CTPYKTYPHI MPUIIOBEPXHOCTHOTO ¢Jos (CM., Harpumep, [90]).

OTHOCHUTENIbHO YCTOWYMBAsl IUIEHKA TMapa, 0Opa3oBaBIIAsICS MPU IJIEHOUHOM
KUIIEHUH, pa3pyIlIaeTcs ¢ YMEHbIIEHUEM TEIIIOBOTO NMOTOKa. [IpnyeM, kak mokas3aHo,
Hanpumep, B [92], HEYCTOMYMBOCTH IIOBEPXHOCTHM HMEET XapakTep peliei-
TEUJIOPOBCKOW HEYCTOMYUBOCTH.

B npenpiaymux naparpadax ObUIO MOKa3aHO, YTO DJIEKTPUYECKOE I0JIE UTpaeT
CYILIECTBEHHO JECTAOMIM3UPYIOUIYIO POJb B OTHOUIEHUU YCTOWYMBOCTH PABHOBECHS
IUIOCKOM TpaHuLbl pa3fena JABYyX KUAKocTed. Tem camMblM  HajgoKeHUE
AIIEKTPUUYECKOTO OIS, MO-BUIUMOMY, JOJKHO CIIOCOOCTBOBATH TOMY, YTO TEPBBIi
KpU3HUC KUIMEHUSI OyJIeT UMEThb MECTO NPH CYIIECTBEHHO OOJIBIIUX TEIJIOMOTOKAX.
MHTEHCUBHOCTh TEIUIO-MAacCOOOMEHa MpPH 3TOM TaKXKE CYHIECTBEHHO YBEIUYHUTCS.
bonee Toro, B ycnoBUAX NOHMKEHHON TPaBUTALMM 3JEKTPUUECKUE MMOBEPXHOCTHBIE
CUJIBI MOTYT UT'PaTh POJIb TPABUTALIMOHHBIX, UTO, B CBOIO OUEPEb, MOKET IO3BOJIUThH
YIPaBJIATH C MOMOIIBIO 3JIEKTPUYECKOrO MOJII KPU3UCOM KHUIIEHHUS U B YCJIOBUSAX

HEBCCOMOCTH.
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PaccmoTpum KumneHue KUIKOCTH Ha MPOBOJIOYKE B PaIHAIBHOM 3JIEKTPUUECKOM
none. Crnemyss moaxoxy, pa3BUTOMYy B pabore [92], paccMOTpUM YIPOIICHHYIO

ABYMCPHYIO MOACIIb ITpOoHecCa IMICHOYHOIO KMIICHUA Ha TOPU30HTAJIbLHOM

Z.il
E

Puc. 1.7. HarpeBatenb (37€KTpPOT) U OCH KOOPAUHAT

MUIMHAPUYECKOM HarpeBatene. HarpeBarenb SBIsSE€TCS OJHUM U3 AJIEKTPOJIOB.
bynem mpenmonarate, 4TO BTOPOM BJIEKTPOJ HAXOJIUTCS Ha PACCTOSHHUH MHOTO
OosbIIeM, YeM TOJIIMHA TAapOBOW IUIEHKH, TaK YTO ToJie BOIM3M Mexpa3sHOU
MOBEPXHOCTH MOKHO CUUTATh paualibHBIM (puc.1.7).

Kunkocte u map OyneM CUMTaTh HEC)KUMAEMBIMU HEBSI3KMMH U OJIHOPOJHBIMU B
o0beMe (0ObeMHBIC 3apsabl OTCYTCTBYIOT). (OO0o03Hauass Majble BO3MYIICHHUS

HOBEPXHOCTH JKUAKOCTHE, cKopoctH L =-V®, moas €é=-V¢ u JaBjeHus p,

MOJIYYHM CJICYIOIINE JIMHEAPU30BaHHBIC YpaBHEHUS JJII BO3MYILIEHHH B OO0BeMax
Ka)XJI0U U3 CPEL:

acbu (1.58)
ot Yio = 712872

A(DI,Z =0, A(Pl,z =0, Pp=—

WNunexe 1 oTHOocHTCS K mapy, 2 - K KHJAKOCTH. ByleM OTBICKMBAaTh pelICHUE IS
BO3MYIIICHUH B (hopme

w(x,z,1) = wy(z)exp{— iot +ikx} . (1.59)
[Tpu 3TOM OyaeM cUMTaTh, YTO TOJIIMHBI IUICHKH Tapa W CJIOS JKUIKOCTH MHOTO

Oosbllle, 4YeM JUIMHA BOJHBL, T.€. kA >>1 u kh, >>1. Bpln paccMOTpeH Takke cirydan

IIPOU3BOJIBHBIX TOJIIIMH, a 3aTEM OCYILECTBIEH NEPEXo K nmpeneny kh <<1 (ToHkas
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IVIeHKa mnapa) ¥ kh, >>1. OpHako cCpaBHEHHE pe3yJbTaTOB IIOKa3bIBaeT, YTO

paznuyue MEXAy ATUMHU THUIAMU TPHUOJMIKEHUH B KOHEUHOM HUTOTE CKa3bIBACTCS
JUIIb HA BEJIIMYMHE HECYIIECTBEHHBIX MOCTOSHHBIX Kod(dduimenton. [loatomy B
HEJISIX MPOCTOTHI pelieHust Oy/1eM UCIOJIb30BaTh TIEPBBINA TUIT TPUOIMKEHUS.
[Toacrasnss (1.59) B (1.58) u uHTErpUpys C Yy4€TOM TOTO, YTO BCE BO3MYIIECHUS
HCYE3aI0T IPU z —> 00, MOIYyUYUM
D, = A4,e " exp{—iot +ikx}, ¢, =+C e exp{-iot+ikx},

. The , : : 1.60
P2 = (lemALze - V1,85 )exp{— 10f + lkx} . (160

ITocrosannele unTerpuposanus 4,, A,, C,, C,, &' HOIKHBI ONpEenensATbCA U3

rpaHuyHbiX ycnoBuil (1.5). 3amuimueM cucreMy TpaHMYHBIX YCJIOBUH, C Y4E€TOM
CIEQYIOIINX 3aMEYaHUM.

bynem cuMTath KUAKOCTH HACTOJIBKO CIA0ONPOBOISIIMMHU, YTO TOBEICHUE
IpaHMIIBl pa3fiesa MOXKHO ObUIO paccMaTpHBaTh KakK IMOBEJIEHUE TPaHUIIbl pasjesa

HNOCAIIBHBIX JU3JICKTPHUKOB. TOFI[& Ha rpaHuic MMCEM
0 =g,ii|¢E|=0. (1.61)

B ycnoBum paBeHCTBA HOPMAJbHBIX KOMIIOHEHT CWJI KalmWUISIPHOE J1aBJICHUE
NpeACTaBUM B BHJIE JIBYX CJAra€éMbIX, OJHO M3 KOTOPBIX OOYCJIOBJIEHO KPUBU3HOMN
TEIJIOOTAAIONIEH TOBEPXHOCTH (BHYTPEHHEr0 SJEKTPOJa), APYyroe - KPUBU3HOMU
BO3MYUIEHHOW TrpaHuubl paszzaena. Toraa BO3MYILIEHHas 4YacTh JarlaCOBCKOTO

JABJICHUSA IIOJTy4aCTCsA paBHOﬁ

, ( £ a%) (1.62)

=—o| —— )
P 2R*  Ox’

npu &' <<R. 3nmecb R - paguyc TEIUIOOTHAIOIIEH MOBEPXHOCTH. 3aMETUM, YTO B
pabote [46], TOCBAIIIEHHONW aHATIOTHYHON TIpo0eMe, TEpBOE cllaraeMoe B CKOOKax
(1.62) HE0OOCHOBAHHO MPOMYIIIECHO.

ITone BOIM3HM BHYTPCHHCTIO HNWJIMHAPA, COOTBCTCTBYIOHICC PABHOBCCHIO I'PAHUIIBI

paszzena map - JKUAKOCTb , IPEJACTaBUM B popme
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E,=(E2,~DE%)" 7,

p
rac DE2 - IIOIIpaBKa Ha HCOAHOPOAHOCTL IIOJIA. HpI/I TOJIIUHC IUUICHKHW IIapa,
3HAYUTEJILHO MEHBIIICH PACCTOAHUA MCIKAY SJICKTpOAAMHU MOKHO CUUTATDh

_2E >
R

DE*

Torna Ha BO3MYIIIEHHOW TPaHUIIE, B TUHEHHOM 1O & MpUOIMKEHUH, OyIeM UMETh

C yuerom caenanHbix 3ameuanui u (1.6)-(1.12) nuHeapu3zoBaHHas cuUcTeMa
T'PAaHUYHBIX YCIIOBUH Mpu z =0 B TaHHOM CJIy4ae MOJIy4aeTcs CIIeyFOIIeH:

o0, 00, 0P, _ 3k [e]+%
oz 0z o6z ot L ox

[ee.] - DE{EL}Q —0,

00

[Eoo] =0

(1.63)

0’ NE
[p]_a(ZI%Z +§§j * go[geono]_ 80E20%§=0.

[Toncrasnsas pemenue (1.60) B rpanuunbie ycaoBus (1.63), moaydum oaHOPOIHYIO

CHUCTEMY alreOpandecKux ypaBHEHUH 1 Kodduuuentos 4,,, C,, u &', ycnosue

pa3penIiMMoCcT  KOTOpPOM  MPUBOJUT K  CJICAYIOIIEMY  JIUCIIEPCHOHHOMY

COOTHOILIICHUIO:
w0 = — gk(y, —v,) N £08,(8, —8,) ELK .
Y2+ 81(82+81)(Y1+Y2)
(1.64)
+ 80E220(82 - 81)k ok ok’

+— —
Ry, +7v,)  2R(vi+7.) vi+7s
Bripakenue, crosimee B BBICOKHX CKOOKax, MPEACTaBISET COOOM HHKPEMEHT
pactymux Bo3MmylieHuu. HMccnegys o Ha MakCMMyM, HalJeM BOJIHOBOE YHUCIO

HanOoJee OMacHBIX BOSMYIHCHHﬁ. C‘-II/ITaH, 4TO IIOJIOBHMHA COOTBGTCTBYIOHIGI\/'I JJTMHBI
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BOJIHBI OyJeT OIpenessTh CPEAHUNA OTPHIBHOW AMAMETP IMy3bIpsd B IEPEXOTHOM

pexxuMe kureHus [92], mociae HeCI0XKHBIX MpeoOpa3zoBaHU MOTyYHM

-1

1/2
2 4 p2 2
d,=d, B &, +[1+ Ble + fleJ : (1.65)
3(R? +1)2) AR +12) R +12
dE = Tc/kmax = ;\‘max/z'
3nece B, R,, f - 06e3pa3mepHble BETUYUHBI, ONIPEIEICHHbIE TAK:
2
B2 = (81_82) E22080 R =R g(Y2_71) f_81(81+82)
- 9 1 ) - )
8182(81 + 82) ag(Yz _Y1) a (82 - 81) (1.66)

-12

g \/—g(vz—vl) 1 3

, =7TV3 + e — OTPBIBHOHM JUaMETp ITy3bIpS B OTCYTCTBUU ITOJISL.
(0

IIpu R, - oo (kuneHwe Ha IUIOCKOM ayekTpone) ¢opmyna (1.65) mepexogut B

3aBUCHUMOCTb, HaICHHYIO B padoTe [45].
Kputnuecknii TEmIOBOW NMOTOK ONPENETSIICA U3 YCIOBHS, YTO B TOUKE KpHU3HUCA
CKOpPOCTh  pocTa Haubosree ONacHbIX BO3MYIICHMM  MOpsiIKAa  CKOPOCTH

napooOpazoBaHus, TO €CTh

0 .
a—i’ ~Im(o(k,, ))as = Z{l :

r — yaciabHaA TCILIOTA Hap006p330BaHI/I}I, ag - KannuurpHas IIOCTOAHHAA. I/ICHOJIB?)YH

BbIpaxkeHus (1.65) u (1.66), monyurum 3aBUCUMOCTh KPUTHYECKOTO TEIJIOBOIO MOTOKA

OT TIOJIS B CIIeytoIieit opme:

" =q B’ | 1+1/4R} + B* 2R,
"| 243 (1+1/2R12+B4/3+Bzf/R1)l/2+B2/\/§ (1.67)

1/4
31ech g., =constry/y, (ocg(y2 - yl)) — 3HAYEHUE KPUTUYECKOrO TEIJIOBOTO MOTOKA B

OTCYTCTBUHM 3j1eKTpuueckoro nous . [Ipu R, — ocous (1.67) umeem
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B’ 1

q+ =+ 2\/§+(Bz/\/§+(1+34/3)1/2) )

(1.68)

HHTepeCHO OTMCTUTDB, 4YTO IIPH MAJIbIX 3HAYCHUAX I10JIA Ha6J'HOI[aeTC$I YMCHBIICHUC

9 2
BEJTMYMHBI KPUTHYECKOTO TEIIOBOro notoka. JeiictBurensHo, npu B~ <<1 u3 (1.68)

nMEEM
¢. = (1 - B*/443).

Munumym q. nocruraercs npu B =1 u pasen 0,86q.,. [Ipu 6onpmmx nonsax B >>1

BEJIIMYMHA  KPUTHUYECKOTO  TEIUIOBOTO  IIOTOKAa  PacTET  MPONOPLUOHAIBHO
HaIPSHKEHHOCTH TIOJIS.

OTHOCUTENBHO TEIUIOOTAAYM TMPU KHUIEHUU >KUAKOCTU B DIIEKTPUUYECKOM IIOJIE
3ameTuM craeayromee. Jns pacuera kodduimeHTa TEIIOOTIaYd MPU Pa3BUTOM
Iy3bIPbKOBOM  KHUIIEHUHM HACBIIIEHHOW JKUJIKOCTH, KOTJa pOJb KOHBEKLUHU
HE3HAUWTEeIbHA W TEIUIOOT/Jaua IIOJHOCTBIO OIpeeNseTcss MapooOpa3oBaHUEM,

O0OBIYHO KCIIONB3YIOT KpUTEPHAIbHBIC ypaBHEHUS Buaa [73]:
n m
Nu = const(Rk) (P)",
rae Nu - uucno Hyccenbra, R, - uncio PeliHONbACA, OIPENEICHHOE Ye€PE3 CKOPOCTh

napoo6OpazoBanusi, P - uucino [Ipanpis:

Nu:%, Rk:‘]as ’ p:X,
X Y,V X

B - ko3dunuent temnooraaun, y, - KodhUIUEHT TemnepaTyponpoBogHOCTU. B
Ka4yeCcTBE XapaKTepHOW UIMHBI BHIOMpAETCS] OOBIYHO BEIMUYMHA, PONOPLUOHAIbHAS
OTPBIBHOMY JMAMETPy d, IMy3bIps, a MMEHHO, KalWUIIpHAas MOCTOSIHHAsAA, .
Hampumep, ans pas3BuTOrO My3bIpbkoBOro kumnenus B [90] mnpennaraercs

KpUTEpHaIbHAs 3aBUCUMOCTh
0,7 1/3
N, = const(Rk) (P) . (1.69)
OTHOCUTENBHOE yBEIMYECHNE KOD(PPHUIUEHTA TEIUIOOTIA4U B DIIEKTPUYECKOM II0JIE C

ucroiab3oBanueM (1.69) onpenenurces Tak
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0,65
B ()" (1.70)

Bo \d;
Ha puc.1.8 npencraBieHbl 3aBUCMMOCTH 0€3pa3MEpHOT0 OTPBHIBHOIO MapameTpa

y3bIpst OT O€3pa3MepHOro napaMeTpa MoJisi, HIOCTPOEHHbBIE 10 ypaBHEeHUIO (1.65).

1
0,8

0,6

NICRL

0,4
0,2

0,1

0,08
G0 05 1 2 4 6 8 B

0,04

0,5

Puc. 1.8. 3aBucumoctu 06e3pa3mMepHOro Puc. 1.9. 3aBucumoctu 0Ge3pa3mMepHOro
OTPBIBHOTO JAMAMETpPA Iy3bIpsl OT Oe3pa3MEepHO KPUTUYECKOIO TETIOBOTO MOTOKA OT
HANpPsUKEHHOCTH  TI0JIT B JIOTapU(MUYECKHX O€3pa3sMEepHOM  HampsHKeHHOCTH — HONsi B
KOOpJIMHATax Jorapu()MUUECKIX KOOpANHATAX

Kpusemvm 1, 2, 3 coorserctBytor R, =100, 1, 0,3. Ilpn noctpoenun kpusoil 4 B
KadyecTBe d, ObLI B3AT OTPBIBHOM JUAMETP ITy3bIpsi, ONPEIEICHHBIN 110 AaHHBIM [43].
ToYKkH COOTBETCTBYIOT JKCIEPUMEHTAIBHBIM JaHHBIM paboTel [43]. Ha pwuc.1.9

NpCaACTaBJICHBI 3aBUCUMOCTH KPHUTHUYCCKOI'O TCIJIOIIOTOKAa OT 6e3pa3MepH0r0

napametpa nois. KpussiM 1, 2, ,3 cOOTBETCTBYIOT Takue ke R, Kak u Ha puc.l.8.
[Ipu noctpoeHun KpuBou 4 B KA4ECTBE ¢, MCIIOIb30BAIOCH 3HAUEHUE KPUTHUECKOIO
TEIUIONOTOKA, HaljaeHHoe To pe3yibratam [43]. ToukuM TOXKE COOTBETCTBYIOT
pe3ynbTaTam paboTs [43].

Takum 06pazom, BUIHO, UTO MpeajaraeMasi MmodydMIUpUUYECKas TEOpUs Kpu3uca

KHIICHUA B J3JICKTPUYCCKOM II0JIC HAXOAWUTCA B YAOBJICTBOPHUTCIIBHOM COIJIaCUN C
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OKCIICPUMEHTATBHBIMA  JTAHHBIMH W TIOJIyYEHHBIE pEe3yJbTaThl MOTYT OBITH
MCIIOJIb30BaHbl MPH IJIAHUPOBAHUU COOTBETCTBYIOIINX IKCIIEPUMEHTOB.
PaccmoTrpuMm Tenmepr KHUIEHHME B YCIOBUSX HeBecoMocTu [6]. B ycmoBusix

HEBECOMOCTH MOYXHO TOJIOXHTh g =0, TOTIa KPU3WUC KUIICHUS W TEIJI0O0OMEHa B
OTCYTCTBUM DJJIGKTPUUYECKOTO ToJNisi OyAeT HacTymarh mpaktudecku npu ¢=0.

HanoxxeHne BHEHIHETO 3JEKTPUUECKOIO IOJS MOXKET NMPUBECTH K AECTa0WIN3aLUU
IpaHULlbl pa3jelia nap-KUAKOCTb U, B IPUHIIUIE, K 00pa30BaHUIO ITy3bIPEN, TO €CTh K
BOCCTAHOBJIEHHIO ITy3bIPbKOBOI'O KMIIEHHUS.

JUig mpoCTOTBI PacCMOTPUM Cy4yail KUIIEHUS Ha IUIOCKOM IUIACTHUHE, KOTOpas
SBJISIETCSL OJTHUM U3 3J€KTpoAoB. [lap M kUIKOCTH OyAeM CUMTaTh MPOBOISALIMMHU C
IPOBOJAUMOCTSIMU G, U G, COOTBETCTBEHHO. (DJIEKTPONPOBOJHOCTb Iapa MOXKET
ObITh 00YCIIOBJIEHA, HANpPUMEp, TEPMOIJIEKTPOHHOW 3MHCCHEH C TEIIOOTIAoIIEH
miacTuHbl). B paBHOBecMM ypaBHeHME NOBEpXHOCTH kuakoctu z=0. Ilone
OJIHOPOJIHO, PUYEM

£y _Sy

b

E, o,
a Ha MOBEPXHOCTU UMEETCS aICOPOMPOBAHHBIA CBOOOIHBIN 3apsij
0, = 80[8E 0]'
YpaBHeHrEe BO3MYIIIEHHON MOBEPXHOCTH MPEACTaBUM B (hopme
z=§, exp{oat — i/cx} :
Torna, ucnonws3ys pemenns (1.4) u rpanuunsie yciosus (1.6)-(1.12) mpu g=0 c

y4€TOM TOTO, 4YTO 3apsDKeHHash TOBEPXHOCTh TMPENCTaBIsAeT COO0OM HJIeaTbHO

nposojsamyo E  =FE , =0 (rpaauunoe ycnosue (1.13), momyumm cremyromee
IHUCIIEPCHOHHOE COOTHOLICHHUE:
) so{an}kz — ok’ (1.71)
0 = .
Yi+72

HauGomnbimei ckopocThio pocTa 001a/1af0T BO3MYIIEHHS C BOTHOBBIM YHCIIOM
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B 280{3155} (1.72)

30

m

AHaAJIOTHYHO TOMY, KakK 3TO OBUIO CJENAaHO BBIIIE, JJISI KPUTHUYECKOTO TETIOBOTO
NOTOKA HAXOAUM
q. = L{aosEg}m :
3(Y1 + 72)
OTMeTuM, YTO MpPHU HANPSIKEHHOCTH BHEIIHEro moss nopsiaka 1 kB/cM oTpbeIBHOM
JUAMETpP IMy3bIpsl OKa3bIBAECTCS MPHUMEPHO TaKUM K€, KaK MPU KUIEHUU B 3€MHBIX
YCIIOBHSIX, @ BEIMYMHA KPUTHYECKOTO TEILIONOTOKa ¢, ~ 10" B/M’.

Pesynbrar (1.72) wumeeT caMOCTOSATENbHBIA UHTEpec. JleWCTBUTENBHO, MJIA
IIPOCTOTHI OyZEM CUMTaTh OJIHY U3 CPEX MIEaNbHOM Tak, yTo E,, =0, Torga yciosue
HEYCTOMYUBOCTH TUIOCKOW MOBEPXHOCTHU KUAKOCTH B YCIOBUsAX HeBecomocTu (1.72)
MOJKET OBITh 3aIIMCAHO B YHUBEPCAIBHOM BUJIE

N2 = 8081E1021,,1 :3_7'5 ~2.36,
4o 4 (1.73)

[ =2n/k_ - §nuuHA BOJHBI HauOoJiee OBICTPO PACTYIIMUX BO3MYVIIEHHH) U OyIeT
m m po pacty y y

00cyX/aTbCsi BO BTOPOI! riase.



