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5. KOHBEKTUBHASI YCTOHMYUBOCTh PABHOBECHS

CJABONPOBOJSIIMX KUJIKOCTEM B
YJEKTPUYECKOM TMOJIE

5.1. MU CXOJHBIE ITOJOXEHUA DJIEKTPOI'NIPOANHAMUKHU U
KOHBEKTUBHOH YCTOMYHUBOCTH
5.1.1. O0cyxeHne MOCTAHOBKH 33/1a4
BosbIIMHCTBO 3aad, paccMaTpUBaE€MbIX B HACTOSIIEE TIJ1aBE€, CBA3aHbI C
WCCJIIEJOBAHUEM JUHAMUKHU DJIEKTPONPOBOJHON BSI3KOW KUIAKOCTH, ITOMELICHHOM
MEXKy IByMs MapajuielIbHbIMU TUIACTUHAMU, HArPETHIMU JI0 PA3HBIX TEMIIEPATYp, U
MOJICP>)KUBAEMBIMU TIPU Pa3HBIX MOTEHIMaNax. Takas cucrema mpeacTaBiisieT cOoi
HE 4YTO HMHOE, KaK IUIOCKMM KOHJIEHCATOp C yTeukouh. HecMoTps Ha Kaxyuryrocs
MPOCTOTY MOJIEIHU, B OOIIEM clydae HCCleOBaHUE TUHAMHUKU >KUJIKOCTH B TaKOM
KOHJICHCATOPE COMPSHKEHO ¢ OOJBIIMMU TPYAHOCTSIMHU. ITO CBS3aHO MPEXKIE BCErO C
TE€M, YTO B OCHOBE TOTO WJIM MHOTO MEXAHUYECKOrO IMOBEACHUS KUJIKOCTU JICKAT
pa3JIMuHbIC AIEKTPOPUIUNIECKHUE WIIH IITEKTPOXUMUUECKUE TTPOIIECCHI.
1. Jduddys3us moHoB u oOpa3zoBaHME [ABOMHOIO AIIEKTPUUECKOrO CJOS Ha
TPaHULIE )KUIKOCTh-3IEKTPO/I.
2.  OKHCIUTEIbHO-BOCCTAHOBUTEIbHAS PEAKIMM HA DJIEKTPOAAX W HHKEKIHUS

3apsiIoB B 00bEM >KUJIKOCTH.

W

[Iporiecchl aucconanuu-peKoMOUHAIUN B 00BEME.

&

Tepmoauddy3uss HOHOB U BO3HUKHOBEHHE TEPMODIJIEKTPUUYECKOTO TOKa
(Toss).

5. JIKoyJieB pa3orpes KUJIKOCTH.

6. HeoanoponaHast nonasipuzanus KuJIKOCTH.
Bce »3Tu mnpomeccel B ONpENENEHHOM CTENEHW BIUSAIOT Ha pacrnpeleieHue
AJIEKTPUYECKOT0 3apsiia U MOJsS B JKUJIKOCTH M TEM CaMbIM Ha pachnpeleieHue

IMNOHACPOMOTOPHBIX CHII, d, CJICAOBATCIbHO, U HAa THAPOJHUHAMHUKY CJIOA. OI[HaKO B
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peanbHOM CUTyallMi HEKOTOPBIE U3 Ha3BaHHBIX MPOIIECCOB MOKHO HE YUUTHIBATh, TaK
KaK OHM OKAa3bIBAIOT HE3HAYUTENbHOE BIHMSHHE HA JWHAMHUKY B LeloM. B
JabHEHIIEM BKJIA bl Pa3IHUHBIX 3PPEKTOB OyAyT 00CYKIAaThCS 0CO00.

B DJI' sBinenusix B3auMojJieicTBUE OOBEMHOr0 CBOOOJHOTO 3apsiia U
AIIEKTPUYECKOTO MO (KYJIOHOBCKOE B3aWMOJCWCTBHE) UTPAET OCHOBHYIO M YacTO
pemaroyo poiib. [ 3Toro Heo6X0AUMO HATUYKE B CPEIE TOCTATOYHO OOJBIIOTO
AIIEKTPUYECKOTO MOJIs, TAKOTO, YTO

E>>v.B, (5.1)
VL. - XapaKTepHasi CKOPOCTb KUJIKOCTH, B - UHIYKIHS MarHUTHOTO 1o [8, 84].
C [npyroil  CTOpOHBI, pPAacCMOTPEHUE JUHAMUKH IKUIKOCTH B  paMKax
ANEKTPOTUAPOANHAMUKHN TPEIIONAracT MajoCTh CHJIbI }'xf? 0 CPAaBHEHUIO C
KYJIOHOBCKOU

o> [x3

[lonaras, 4ro mmeercs TOJBKO HMHAYKTUPOBAaHHOE MAarHuTHoe nosne u B~p,cEh,

BMCECTO IMOCICIAHCIO yCJIOBHMA  MOXKHO IIOJYYHUTH OCHOBHOC HpI/I6J'II/I)KCHI/IC

QJICKTPOAWMHAMUKHU

2p? 5.2
Hohto " <<1. (52)
€,€

Kak yxe roBopuiioch (cM. riaBy 1) 3To €cTh yCIOBUE MAJIOCTH BPEMEHU MarHUTHOMN
mud¢y3un M0 CPaBHEHHIO C BPEMEHEM pellaKcallud OOBEMHOTO AJIEKTPUUYECKOTO
3apsja.

3anuiieM CHUCTEMY YpPaBHEHMH, OINHCHIBAIOIIUX JWHAMUKY JKHJIKOCTH B
anekTpudeckoM modje. [lpu 3Tom He Oyaem CTaBUTH LIEIbIO BBHITUCHIBATH Hambosee
o01ue ypaBHEHMS, OXBATHIBAIOIINE IUPOKUH Kiacc siBieHuid D/II°, a orpanuunmMcs
JUIIb HEKOTOPBIMHM CHELUAJBbHBIMUA CIy4YasMH, B paMKax KOTOPBIX W OyIyT
paccMaTpuUBaThCsl KOHKPETHBIE 3aJady, C(POPMYJIHPOBAHHBIE B IOCIEAYIOLIUX
naparpadax. BeiBog Oosee oOmux ypaBHenuit DJII" oOcyxknancs, Hampumep, B

pabotax [8,84].
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Cucrema ypaBHenudt O/II' nomxna Brmroyars ypaBHeHue Hasbe-CTokca,
YPaBHEHUE HENPEPBIBHOCTH, YPAaBHEHHE 3aKOHA COXPAHEHMsI SHEPrHH (ypaBHEHHE
IepeHoca TeIula), ypaBHEHHEe MakcBelula, ypaBHEHHE IIEpeHoca 3apsioB H
ypaBHeHHMEe cocTosiHus cpeapl. B ypaBHenme Haswe-Crtokca HapaBHE ¢
apXUMEJIOBBIMH  CHJIaMH, OOYCJIOBJIEGHHBIMHM HEOJHOPOAHOCTBIO TEMIIEpaTyphl,

BKJIFOYUM U 3JIEKTPUUYECKUE, TUIOTHOCTh KOTOPBIX paBHa [93]

L E? (5.3)
7 —pE+ oy B ] |28y
2 o), ) 2

P - INIOTHOCTH 00BEMHBIX 3apAaAa0B, Y - INIOTHOCTD KUAKOCTH.

B panbhelimem OyaeM npeHeOperaTb OObEMHBIMU CHJIAMH, OOYCIOBIECHHBIMU
HEOJTHOPOJHOM TOJSPU3ALUEN Cpeabl IO CPAaBHEHHUIO C KyJIOHOBCKMMH. [lo-
BUJIUIMOMY, 3TO BO3MOXHO, €CJIM HEOJHOPOJHOCTh TOJIsl, OOYCIIOBIICHHAs
HEOJHOPOHBIM 3aps/IOM, JOCTATOUYHO BEJIUKA, TO €CTh

OF o¢ (5.4)
E €

B pamkax OI'J] cmaGomonsipHBIX KHAKOCTEH, KOTOpPBhIe W OyAyT paccMaTpHUBaThCS,
ATO YCIOBUE JIOCTATOYHO XOPOIIO BbINONHSAETCS. (OTMETUM, YTO BIMSIHUE YHUCTO
MOJISIPU3ALMOHHBIX CUJI HA KOHBEKTUBHYIO YCTOMYMBOCTh PACCMOTPEHO, HAIPUMED, B
[71]).

[Ipu 3amucu ypaBHEHHUsI MEpeHOoca Temia OyAeM CUUTaTh, YTO BHYTPEHHSIS
SHEPTUsl €IUWHUIIBI 00BbeMa >KUIAKOCTH MHOTO OOJIbIlI€ TUIOTHOCTU SJIECKTPUUECKOMN
SHEPTrUHU. DTO BO3MOKHO B TOM CiIy4ae, €Clii cpeia Caadomnoapru3yoascs U Yuciio
3apSOKEHHBIX YaCTHUIl MHOTO MEHBIIE 4YHuCia HEWTpaldbHbIX. Eciu KHIKOCTh
cmabompoBosAIIas, TO MOXKHO Takxke mpeHeopeds dddextamu [xoyns u Tomcona.
HelictBuTensHo, coriiacHo [93], s moTOKa Telia B MPOBOJAIICH XKUIKOCTH B

OTCYTCTBUH MAIrHUTHOTO ITIOJISI UMCEM

G, =(e+a,T)j—xVT, (5.5)
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@ -dJeKTpUYECKMil MOTeHIHMaNn, J- IUIOTHOCTh TOKa, O, -muddepeHruanbHas
tepmModDJIC xuakoctu. Ilomoras, mHampumep: k=~02Bt/Mm-K; 8T/h=10"K/m;
E~10°B/™m; h~107wm; o, ~ 10°*B/K; 6~10"20Om " cm ! naiinem, uto mo HOPSIIKY
BEJIMYMHBI OTHOILIEHHE MEPBOr0 CjIaraeMoro K mocieaHemy B (5.5) MHOrO MeEHbIIE
eTUHUITBI (~1 0'3).

B cuny manplx cKOpocTe KUAKOCTH MPEHEOpe)eM BSI3KOW gucCcHUIaIueit
sHepruu. [Ipu 3amucu cucteMbl YpaBHEHHI MCIIONb3yeM npubmmkenne byccrunecka,
TO €CTh W3MEHEHHE IUIOTHOCTH OyJieM YYHUTBHIBaTh TOJBKO B apXHUMEIOBON CHIIe
[125].

OxoHYaTeNnbHO, B paMKax MPUHATHIX MPEIIOI0KEHUN U TPUOINKEHUN CUCTEMY

ypaBHuenuit DI 3anumiem B hopme

—

B

Py +7(0V)6=-Vp' +nAG —yBT8 + pE,

Y

Z—f+UVT:xAT, divo=0,

%‘*’ diVji :F(qi)_R(qiqu)a i#k,
(5.6)
= — . = qK
Ji=q, 0+ szgn(ql. )bl.ql.E - D.Vyg, +#VT,

jzzji7 pzzqiv

diVE:p/sso, rotE =0, i=12.
31ech UCHOJIb30BAHBI B OCHOBHOM  OOILIENPUHSATBHIE 0003HAYEHUS: ¢, -i-bIii COPT
UOHOB, b, >0, D, K- Ko3pPUIHUEeHTs! MOABUKHOCTH, TUPPYy3UHn U TEpMOIUPPY3Un
[-r0 copTa MOHOB, I'M R - (DyHKIMM TEHEpalUu M PEKOMOWHAIIMM WOHOB, p'-

AAaBJICHUC, BA3AHHOC C THAPOCTATUYCCKUM p COOTHOIICHHUCM

] 80 2 88 . (57)
p=p——E{—J—mw
o )y
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(B nmanbHeimiem mrpux OyaeTr omyckarbes). Ilo mMepe HEOOXOOUMOCTH K CHCTEME
(5.6) OynyTt mo6aBIATHCA TEPMOJUHAMHYECKHE YPAaBHEHHsI COCTOSIHHSI CpPEIbl U
COOTHOIICHHS MEXKIY KUHETUYECKUMH K03 pHiIneHTamMu.

B OonbmHCTBE paccMaTpUBaeMbIX 3ajad TPAHUYHBIMU YCIOBUSMHU K CHUCTEME
(5.6) OynyT rpaHH4YHBIE YCIIOBHS NEPBOTO pOJAA, TO €CTh, HAIPUMEP, HA I'PaHHULIEC
KUIKOCTH OyIyT CUMTATBHCS 33JJaHHBIMU PACIPEIECICHUE TEMIIEpaTypbl, IOTEHIHAAIA
U CKOPOCTHU KUAKOCTH:

W‘S :Wo(xsaysazsat)

Jlpyrue BapuaHTBl TPaHUYHBIX YCJIOBHM  OOCYXHArOTCi 0co00, TIO0 Mepe
paccMOTPEHHUSI KOHKPETHBIX 33/1a4.

B 3axmouenne storo maparpada OTMETHM, YTO TPH HAJIUMYUU B KUJIKOCTHU
JIOCTaTOYHO CHJIBHOTO BHEIIHErO JJIEKTPUYECKOro MOJs M B OONbIIMX OOBeMax
(pa3mMepbl KOTOPOTO HAMHOTO TMPEBBIMIAIOT J1€0A€BCKUN pPaIUyC IKPaAaHUPOBAHMS)
abdexramu nuddyszun u TepmoaudPy3un MOKHO IPeHEOpEYb.

OnHako, B OTCYTCTBUM BHEIIHETO JJIEKTPUYECKOTO TOJISI B peE3ysbTaTe
Ha3BaHHBIX TU(DPY3uOHHBIX A(DPEKTOB MOTYT TEHEPUPOBATHCS BHYTPEHHUE OIS
(TEpMORIIEKTPUUYECKOE TIOJIE, IT0JI€ JBOMHOTO 3JEKTPUUYECKOTO CIIOs), BKIAJ KOTOPBIX
B TUJPOJAMHAMUKY B HEKOTOPBIX CIy4asX MOXET OKa3aTbCAd CYIIECTBEHHBIM.
HccnenoBaHuio 3TOro  BOIIPOCA  IOCBAIIEHA CIEAyOLAs IJIaBa  HACTOSIIEH
JUCCEPTALIMH.

5.1.2. MexaHu3Mbl NPOBOAMMOCTH U 3apsiA000pa3oBaHus

Kak yxe roBopwjioch, CIOXHOCTh 3aJadyl O MEXAHMYECKOM JBUKEHUU
KUIKOCTH B DJIEKTPUYECKOM TIIOJI€ CBs3aHa, MPEXAE BCEro, ¢ MHOrooOpazuem
ANEKTPO(PHU3NYECKUX POoLEeccoB B Hel. [Tpu 3TOM mpuHIIMNIUAIBHOE 3HAUEHHE UMEIOT
IIPOLIECCHI, CBSI3aHHBIE C MPOBOAUMOCTBIO JKUJIKOCTH M 0Opa30oBaHUEM OOBEMHOTO
3apsga. B wactHocTH, B paborax [68, 126] »KkcrnepuMeHTanbHO OOHAPYXEHO, YTO
KUIKUE JUDJIEKTPUKH, oOnanaroniye pa3ITu4YHON 1o BEJIMYMHE
AIIEKTPOIPOBOJIMMOCTBIO, JABWXKYTCSA B JIIEKTPUYECKOM TI0JIe MO-pazHoMy (Ipu

IMpoYuXx OJWHAKOBBIX yCHOBI/IHX). B cBs3u ¢ 3TUM MOXKHO MMpCAIOJ0XKUTb, 4YTO
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OCOOEHHOCTH JBMKEHUS CBSI3aHbl C pa3IMdYMEM B MEXaHU3Max MPOBOJWMOCTH B
KUIKAX AUDJIEKTPUKAX Pa3HOW yAEIbHOM AJIEKTPOIPOBOJIMMOCTH U MOJIEKYJISIPHOIO
COCTaBa.

Kak ykazano Beime, B paborax mo OJIIT KOHBEKIMH CIaOOMPOBOIAIINX
KUIKOCTEN pacCMaTpUBAIOTCA M PA3BUBAIOTCS J1BA OCHOBHBIX MOJAXO0JA K SBICHHSIM
3JIEKTPONIPOBOIUMOCTH U MEXaHU3MOB 00pa30BaHMs 00BEMHOT0 3apsija.

[lepeliieM K pacCCMOTPEHMIO YKA3HBIX MEXAHU3MOB.

CHayana BKpaTIle pacCMOTPUM HWHXKEKIMOHHBIA MexaHu3M. /[liusg 3Toro
IPEANOIO0KUM, YTO B MU30JIMPOBAHHON OT 3JIEKTPOAOB KUIKOCTH MPAKTUYECKH HET
MOHOB. Takke MPEeAnoaoKUM, YTO MPHU IMOMELIEHUN TaKON JKUJIKOCTH BO BHEIIHEE
AIIEKTPUYECKOE I0JIE C OAHOTO M3 DIIEKTPOJIOB OYIET MPOUCXOAMTH HMHXKEKIIUS
3apsI0B OJHOTO 3HAKa C MOCJIEAYIOIUM 3aXBaTOM UX HEUTPAJIbHBIMU MOJIEKYJIAMU U
pa3psAKOd Ha NIPOTHUBOIIOJIOXKHOM 3JiekTpoae. I[Ipm 3TOM IIOTHOCTH TOKa B

JKUAKOCTHU paBHa

Ji=bqE,
bl - IIOABM)XHOCTH HOHA, ql - TITIJIOTHOCTHB I/IH)KGKTI/IPOBaHHOFO 3ap}IL[a. B

CTallUOHAPHOM PEKUME B IUIOCKOIAPATIICIHHON sUeiike UMeeM

E .
J. =bq,E. = const= j, %:%/880' ©-8)
z

CoBMECTHOE pelIeHHE 3TUX YpaBHEHHH NaeT CIENyIOLIee paclpeneiceHue Mol U

3apsiga B )KUAKOCTH:

(5.9)

[TocrosiHHas unHTerpupoBanus C, ONpeneNseTcs U3 yCIOBHUM A 1o (IOTeHIHUAaa)

Ha IPaHMLIAX CIIOSL.
PaccMoTpuMm citydaii cnaboi nnxkekuuu. Crnadas MHKEKIHs O3Ha4aeT
\h
J=—1"_ <1
€,eb,C,
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1/2
HIN TaK KakK Cl HMCCT CMBICII HAIIPSAKCHHOCTHU IIOJIA B CIIOC B OTCYTCTBHC

HMHXXCKIMHU, TO MOKHO 3aIIMCAaThb

B nepBoM npubimxeHun mo MajioMy rnapaMerpy UHXKEKIuu J mojrydaem

g,eE (5.10)
0 00 .
h

B ciiydae cuiibHOM MHXKEKIIMU HA MHKEKTUPYIOIIEM AJIEKTPOJIe UMeeM [64]

E =Ey(1+2Jz), q,=J

J; =const, EZ(Z:O):O, q1(2=0)—>oo,

Torna pemieHre UMEET BUT

12 .
E _( 2j, j 112 _ ) (5.11)
L =|—F] z7, q=—""=.
€,8b, bE. (z)

Bunno, uro 3akoH OMma, T.€. MIPONOPLUHOHAIBHOCTh j W £ HE BBINOJIHAECTCS U TOK

3aBUCUT OT HAMNPSDKEHUS MO KBAJPATUYHOMY 3aKOHY (IIPU MHXKEKIUU SJIEKTPOHOB B
BakyyM uMeeM 3akoH Yanmpmga 3/2 [108]). Kak mokazaHo Beime, B Ciaydae xKe
cmaboit wHXekiuu 3akoH Oma BBIMOJTHSETCS, HO npuOIMmKeHHo. Tok B
PACCMOTPEHHOM PEKMME HOCUT Ha3BAHUE TOKA, OFPAHUYEHHOTO MPOCTPAHCTBEHHBIM
3apsiioM (TOII3).

B ciydae HepaBHOMEpHOW OWMONSAPHON WHXEKIMH C OOOUX DJIIEKTPOIOB
CUTyallds COBEpUICHHO aHaioruyHa. B crammonapHom pexume umeem (cM.,

Harpumep, [63])
h=bqE, j,=-bgkFE,

dE (5.12)
—=(q,+4,)/ €&, P=¢ +4,.
dz
(3mech u panee cuutaercd ¢, >0, ¢, <0, bl’2 >0). OTcro1a HaXOIUM:
b, — 7.b
E = , = J19 — J2b .
bb, (5.13)

CtpyKTypa [oJIly4eHHOr 0 penieHus copnaaaer ¢ (5.9) c 3amenoit j, / b va D,,.
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[TepeitneM K paCCMOTPEHUIO OMUYECKON MOJEIN MTPOBOIUMOCTH.

JlomycTuM, 4YTO B XKUAKOCTH B JOCTATOYHOM KOJMYECTBE HMMEETCS TNPUMECH,
CHOCOOHas TUCCOLMUPOBATh HAa HOHBL. B OTCYTCTBHE TOKAa U3MEHEHHE YHCIIa HOHOB B
o0beMe €O BpeMEHeM, B NPEIANOJOKEHUH TMMapHOW pPEKOMOWHAIMH, JaeTcs
ypaBHeHHeM [26, 31, 127]

dn,
dt

=n,(1-a)K, — Kyn.n_,

N, - IJIOTHOCTb HEUTPAJIILHOU IIPUMECH, O - CTCIICHb HOHM3aUuuU pumecu, K, , K, -

KOHCTAaHThI AUCCOINall U peKOM6I/IHaHI/II/I. B PaBHOBCCHH

KD: n.n_ (5.14)
K, no(l—oc)'

W ucnions3ys ycaoBUe HEUTPAIBHOCTH h, = N_ = 0N, , IMEEM

Ky _ mo® (5.15)

K, (1-a)

K, - xoHcTaHTa noHu3auuu. [Ipy IPOXOXKIEHUM TOKAa B CTALlMOHAPHBIX YCIOBUAX

MOJKHO 3aIluCaTb

d1V]:e+n0KD—e+KRn+n_, a<<l,

J e+(n+b+ +nb )E

e, - 3apsgaa IOJIOKHUTCIIBHOI'O HOHA. B npcaciibHOM ClIydac AOCTATOYHO OONIBIINX

+

00BbEMOB M MaJIbIX TOKaX HUMEEM KBazupaBHOBecHOE cocTosiHue (5.14), To ecTh
j=2(b, +b.)n.E.

Ucnonwiys (5.14) u (5.15), nonyyaem

. K n
j=2e,(b, +b) |22 -E=c,E, o,=2e+Kn(b +b).
R
31ech G, MMEET CMBICI COOCTBEHHOM IMEKTPONPOBOAHOCTH KuaKocTH. Kak ykasaHo

B [31], moHsATHE COOCTBEHHOU AJIEKTPOMPOBOTHOCTH (5.16) MOKHO BBECTH B CiIydae

"cnabeix" (E <10 xB/cm) moseit u mManoro BpeMEeHH JIaH>)KEBEHOBCKOW XUMHUYECKOU



155

penakcanuMu 1O CPAaBHEHUIO C TPAH3UTHBIM BPEMEHEM MPOXOJA HOHOB MEXKIY
AIIEKTPOIAMU

(5.17)

YuutpiBas HU3N0KEHHOE, CHOPMYIUPYEM YCIOBHS, MPU KOTOPBIX IPOLECCHI
JUCCOLMAIIMN-PEKOMOMHAIINA MOXHO CYHTATh PABHOBECHBIMU U HMEET CMBICH
MOHATHE COOCTBEHHOW ANEKTPONPOBOIHOCTH KUAKOCTH:

a) HATMYUE TUCCOLUMUPYIOIIEH NPUMECH;

0) "Maibie" MOJBMYKHOCTH MOHOB, ""MaJible" TOJIA;

B) "OospIne" 00beMBbI JKUAKOCTH (IO OLIEHKaM, TpUBeAeHHBIM B [31], HanpuMmep,
paccTosiHHE MEXIY dJeKTpoaaMu /s >>10 Mkm);

I') IOCTaTOYHO MAJIOE BPEMsI JIAHKEBEHOBCKOM XMMUYECKON PETaKCALIMH.

BooOmie roBopsi, K 3TUM yCIOBUSIM HEOOXOAMMO A00aBUTH €IE YCIOBHE MAJOCTH
00BEMHOT0 HECKOMITIEHCHPOBAHHOTO 3apsija B AKHUAKOCTHU MO CPAaBHEHUIO C (POHOBBIM,

TO €CTb

n) q, =2e, K n, >> ‘p‘

B nanpHeiiiem, BO BCEX pacCMaTpUBAEMBIX B 3TOM I1aBe 3ajlayax yCIOBHUA a)-1)
OyIyT MpeanoaaraTbCsi BHIOIHEHHBIMHU.

5.1.3. YcaoBust paBHOBeCHS U IPUHIIAII MOHOTOHHOCTH BO3MYIICHUI

[Ipu Hammuuu OOBEMHOTO 3apsiia B JKUJIKOCTH B DJIEKTPUUYECKOM IIOJIE Ha HEe
JNEeUCTBYIOT TOHAEPOMOTOPHBIE CHJIbI, CIIOCOOHBIE MPUBECTU KHUIKOCTh B JIBUKEHUE.
OnHako, B HEKOTOPBIX YCIOBHUSIX BO3MOXXHO paBHOBECHME M TOTJa MOXHO
paccMaTpHuBaTh 3aJa4y 00 €ero yCTOMYMBOCTH.

[Tonaras B ypaBHennu Haepe-CTokca (5.6) U=0 u B3gB omepaiuio rot OT
MpaBoOM €ro 4acTu, MOJYYUM YCJIOBUSI paBHOBecHs (ITOKAa YYUTHIBAEM TOJIBKO CHIIBI

ANEKTPUYECKOTO MPOUCXOKIEHUS, TO €cTh cunuTaem g =0)

VpoxE:O, divE, =p, /€,6, E=E,+E,, divE, =0. (5.18)
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3nech EOO - T0JIe, CO3/IaHHOE BHEIIHMMH IO OTHOIICHUIO K KUJKOCTH 3apsIaMu.
Cuuras € = const, 3anIMIIEM YCIOBUE PABHOBECHS B BUJIC
Vp, xEO+Vp0 xEOO:O. (5.19)
[lepBoe cnaraemoe B (5.19), ¢ yuetom EO =—V @, Bcerja paBHO HYJIIO, TaK Kak
Vp, =-V(Vo)=¢g,eAE,.
[Ipu cnermanbHOM BBIOOpPE AIEKTPOJIOB BTOPOE ClaraeMoe TakKe MOXKET PaBHATHCS
nymo. (Hanpumep, B MI0CKOM, IMIMHAPUYECKOM, CHEPUUECKOM KOHJIEHCATOPAX).
PaBHOBecHe, 0JlHaKO, MOYKET OKa3aThCsi HEYCTOMYMBBIM, B PE3YyJbTAaT€ BO3HUKAET
TUAPOJMHAMUYECKOE JBUKEHHE, TO €CTh AJIEKTPOKOHBEKIIUS.
PaccMmorpuMm  BecbmMa  BaXHBIM  NPEACNBHBIA  CIy4all  KOHBEKIUU  C
"BMOpPOXKEHHBIM'" 3apsAJIOM.
JlomycTuM, 4TO MPU ABUKEHHUH 3JIEMEHT KUAKOCTHU, MPOUJI PACCTOSIHUE, PABHOE

XapaKTEPHOMY pa3Mepy o0bema, 3aHSATOr0 >KUIKOCTHIO, MPAKTUYECKH HE TepsieT

CBOETO 3apsjia. DTO BO3MOKHO, €CIIM BpeMsl peslakcalliy 3apsiia T=¢g,e/ G Ooublie
XapaKTePHOT0 TUAPOAMHAMUYECKOTO BpEMEHHU £, ~ Z / v, (Z - XapakTepHbIH pa3mep),

TO €CTh

€ _Z (5.20)

(o - He o0sA3aTeNIbHO COOCTBEHHAsl 3JEKTPONPOBOAHOCTH). OlleHHBasi CKOPOCTh W3

Z2

ypaBHeHUs1 HaBbe-CTOKCa ¢ y4ETOM TOJIBKO KYJTOHOBCKHX CHIL: L, ~ U ToJlaras
n

g,ek
p~—"—_ BMecto (5.20) moay4um
2.2 102
ee E (5.21)
B=—"""->1.
no

B pabote [128] skcnieprMeHTaIbHO HAMACHO, YTO B CJIA0OMPOBOMSIIINX KUIKOCTIX
MOYTH Cpa3y MoOcJie MOTEePU YCTOMUMBOCTHM M Hadalla JBHKCHUS KOHBEKTHBHBIN

MEepeHOC 3apsija TNPEBBINIACT TOK MPOBOAUMOCTU. JleHCTBUTENBHO, BBIOUpas
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napaMeTpbl, XapakTepHbIe IS  BJICKTPOTHMAPOJUHAMHUKUA  CIA0OMPOBOSAIINUX
xuakocteit: E ~1kB/em, n~10"Ila-c, G~10_120M_ICM-1 , €~1, MOJIyduM OLIEHKY
B~10>1.

Takum o6pazom, mpuOIMHKEHNE KOHBEKIIMU C "BMOPOXKEHHBIM" 3aps/IoM MOKHO
CUHTATh JOCTATOYHO OOOCHOBAHHBIM JIJIsI YKA3aHHBIX CIy4aeB W UCIOJb30BaTh €T0
IpU PELICHUH HEKOTOPBIX 3amad D'/ .

Paccmotpum, Hampumep, Bo3HuUKHOBeHHME OI'J[ HEYyCTOMYMBOCTH B Clydae
MOJIHOCTRIO  "BMOpOkeHHOTO" 3apsima. IlpeHeOperas BS3KOCTbIO UM JPYTUMH
JUCCUMIATUBHBIMA ~ MEXaHU3MaMH, [Js MajlblX BO3MYUICHUWA paBHOBECHUS B

O€3bIHYKIIMOHHOM MPUOIHNKEHUHU MOYKEM 3aIiCcaTh

yg—l;:—Vp+pE0,diV6=0, %:@+6Vp0=0. (5.22)

ITycte & - Mamoe cMmerieHue MPOU3BOJIBLHOIO 3JIEMEHTa 00beMa OT IOJIOKEHHUS

paBHOBecus. Torga
5= dive =0.
Ot
VckiarounB U B ypaBHEHHSX (5.22), MOIy4uM

0’f Vp 1 - -
C5-_YP, bE,, = —EVp,.
Py y Yp 0 p EVp,

HckmounM p W3 MEPBOrO YPAaBHEHHs, YMHOXUM €ro Ha & W INPOUHTETPUPYEM

MOJIYYEHHOE PaBEHCTBO MO BceMy 00beMy. Toraa Oyaem UMeTh

—

- 0°¢ 1 1 ¢/= -~
Jeszar=—f&,pds— [(EVp, )(EE,Jar .
14 4 y z y 14
[IepBpIil HHTErPAN B MPABOM YaCTHU IIPU YCIOBUM HENPOHUIAEMOCTH CTEHOK COCYJa

pasen Hymo. [lonaras &~ e, naiizem



158

J (9o )8, Jav
ol 7 ”éde _ (5.23)

HeycTolunBOCTh, TO €CTh MOHOTOHHOE HAapacTaHWE CMEUIEHUS & BO3MOXHO, €CIH

o’ <0, To ecTh Npu
EVp,<0 (5.24)
Jpyrumu ciaoBamu, I TOTO, 4TOOBI paBHOBECHE OBUIO HEYCTOWYWBO TIO
OTHOIIIEHUIO K MOHOTOHHBIM BO3MYILIEHHSIM, HEOOXOAMMO, YTOOBI BO3JIE€ 3JIEKTPOOB
HAaKaIUIUBAJIMCh TOMO3aps/ibl, YMEHBIIAIOMIMECS IO BEJIIMYMHE 110 MEPE yAAIEHUS OT
anektpona. C  (HU3MYECKON TOYKM 3pPEHUSI 3TO COBEPIIEHHO MOHATHO. Ha amemeHt
KUAKOCTH 1 oObema dV , CMECTHBIIHMICS B HANpPABICHUH TIOJISI B TOJIOKEHHUE 2,

OyJieT nerlcTBOBaTh CUjia
{ =p()EQ)aV .

Ha BeITECHEHHBIH TIPU TOM 3JIEMEHT 2 B MMOJIOKEHUH 2 ICHCTBOBAJIA CUJia
{ =p.(E(2)av .

KoJib CKOpO TIJIOTHOCTH 3apsijla yMEHBIIAETCS B HAITPABJICHUU T10J15

pl(l) > p2(2), TO ~£2>~£2

U dJeMEHT | WMeeT TeHJEHIMIO cMmelarhesi nanbiie. To ecth ycnoBue (5.24) -
HEOOXOMMOE YCIIOBHE HEYCTOMYMBOCTH TI0 OTHONIEHHWIO K MOHOTOHHBIM
BO3MYIIIEHUSIM. DTO YCJIOBHE 3aBEIOMO BBITIONHSAETCS TpU 00pa30BaHUU OOBEMHOTO
3apsaa B paMKax HHKEKITMOHHOTO MEXaHU3Ma TIPOBOIUMOCTH.

[To moBOAY MOTYYEHHOTO YCIIOBUSI OTMETHUM €IIIe CJISTYIOIIEe.

B pabGote [129] aTO0 ycnmoBue paccmaTpuBaeTcss Kak HEOOXOIMMOE YCIIOBHE
HEYCTOMYMBOCTH PAaBHOBECHUS JKHUJIKOCTU B AJIEKTPUUECKOM Moje BooOme. B pabote
[39] oOpatHoe (5.24) YCJIOBUE paccMaTpUBAeTCAd Kak JOCTATOYHOE IS

YCTOMYMBOCTH paBHOBeCHUS. OHAKO 3aMETUM, YTO:
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BO-IIEPBBbIX, HapylieHue yciaoBus (5.24) MpUBOAUT K TOMY, YTO Ha SJIEMEHT
KUJKOCTU JIEUCTBYET BO3Bpallaroliasi Cujia U OH HayMHAeT COBepIIaTh KOJIeOaHUsI.
OTH KoJieOaHUsI MOTYT OKa3aThCS HAPACTAIOIIMMH U TOT/Ia paBHOBECHE HEYCTONYMBO
M0 OTHOIICHUIO K K0JIEOATEeIbHBIM BO3MYIIEHUAM (CM. T1.1);

BO-BTOPBIX, B pamkax wmoxenu OIJ[, B  KOTOpOH  YYUTHIBAIOTCS
TEPMODIJIEKTPUUECKUE TOKH, yciaoBHue (5.24) BooOIIEe OKa3bIBACTCS HE CBSI3aHHBIM C
YTBEPKJIEHUEM 00 YCTOMYMBOCTU WU HEYCTOMYMBOCTH paBHOBECHS (CM. TIIL. 6).

[TosTomy Oynem paccmarpuBath ycioBue (5.24) TOJNBKO Kak HEOOXOJMMOE
yCIOBUE€ HEYCTOMYMBOCTH pABHOBECHUS IO OTHOILIEHHWIO K MOHOTOHHBIM
BO3MYUIECHUSIM B paMKaX OMHYECKOU MOJIEJIH MPOBOJAUMOCTH.

PaccmoTpum  BbimosiHeHue ycioBus (5.24) B paMKax OMHYECKOW MOJENH
IPOBOJUMOCTH, CUMTasl DJIEKTPOIPOBOJHOCTh 3aBHUCSIIEH OT TeMIIEpaTyphl.
JlommycTuM, 4TO JKUJIKOCTh B TUIOCKOM KOHJEHCATOpe HaXxoAuTcs B paBHOBecuu. [Ipu

9TOM

dE, p d
T=T,—-Az, - :é’ E(G(TO)EO):O.

Ocp z HampaByieHa NEePIEHIUKYIISPHO IJIACTUHAM.

d,

Brorauncass P, 1 % , HalieM
Iz

oT

_ SOSjOA(aG) dp, &8, A4’ (Gzﬁj 2 (86) (5.25)
or/’ dz c’ '

0 o’ oT oT*? g

HeoOxomumoe yclioBHE HEYCTOMYMBOCTH IO OTHOIICHHMIO K MOHOTOHHBIM

BO3MYIICHUAM OKa3bIBACTCA BBIIIOJHCHHBIM, €CJIM 3aBUCUMOCTD G(T) TaKOBa, 4TO

o’ 2 (80)2 (5.26)
>0.

S =
oT* o

oT
Jns  SKCEepUMEHTaIbHO ITOATBEPXKACHHBIX 3aBUCHUMOCTEN G(T ) OpeHkens u

Anamuesckoro [130]

A, -7 Al = (5.27)
— =—€



160

HEIMOCPEACTBEHHBIM BhIUUCIICHHEM (5.26) HaxoquM s <0.

Takum o00pa3oM, B paMKax OMHYECKOM MOJENH MPOBOAUMOCTH B ILIOCKOM
KOHJICHCATOPE BO3MOYKHA HEYCTOWYUBOCTh TOJIHKO IO OTHOIIEHHUIO K KOJIeOaTeIhHBIM
BO3MYIIICHUSAM (CM. CIAEAYIOIIUHN pa3aen).

B paGote [75] 3aBHCUMOCTH G(T ) arpOKCUMHUPOBAIACh ITOJIMHOMOM BTOPOH

CTCIICHM.

o) = oy(1+5(T = T) + (T - T, ))
(5.28)
s, 8 >0, SI‘T—TOO‘st‘T—TOO‘z <<I.

T,, - HEKOTOpasl CpeHsAsd TeMIepaTypa. bplo MoiydeHo, 4YTO paBHOBECUE IJIOCKOIO

CHOSI KUAKOCTH B DJJIGKTPUYECKOM TIIOJI€ HEYCTOMYMBO II0 OTHOIICHUIO K
MOHOTOHHBIM BO3MYIIeHUsIM. JleficTBUTENbHO, anpokcumMarius (5.28) obecrneunBaeT
BBITIOJTHEHUE HeoOxoaumoro ycnoBus (5.24). OgHako, eciau ee paccMaTpuBaTh Kak
IPEICTABIAIONIYI0 TEpBbIE WIEHBl pa3iokeHus cooTHoweHud (5.27), To

K02()(ULMEHTBI 5, US, OKA3bIBAIOTCS CBS3aHHBIMU TaK, YTO ycioBHe (5.24) yxke He

BbINOJIHsIETCA. [[03TOMY BBIBOJ O CYILIECTBOBAaHMH MOHOTOHHOM HEYCTOWYHMBOCTHU B
paMKax OMHUYECKOM MOJIEIH, TTOJTYUYEHHBIN B [75], sBIseTCS HEOOOCHOBAHHBIM.
Hanee B oToi TnaBe OyJeM UCIHOJB30BaTh JIMHEHHYIO aIlPOKCUMAIIUIO
3aBUCUMOCTH JJIEKTPOINPOBOJHOCTH OT TEMIEPATyphl, CUUTas €€ JOCTAaTOYHOU IS
IIOJIy4Y€HUs OCHOBHBIX PE3YJIBTATOB.
Nuaye neno oOCTOMT B HWJIMHAPUYECKOM U CHEPHUUECKOM KOHJEHCATOpaXx.
PaBHOBecHBIC pacripefiefieHus TeMIEepaTypbl B HUIUHAPUUECKOM H CHEpUIECKOM

KOHJICHCATOpax, COOTBCTCTBCHHO, UMCIOT BU/

T T,-T, lnr_Tzlnrl—Tllnrz
° ln(rz/rl) ln(rz/rl) ’
TOZ(Tl_Tz)”lrz+Tz’”z—T1’”1_

rn—n)  n-r
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3nece wuHAEKcOM | 00O3HAYEHbI BEIMYMHBI, OTHOCSIIUECS K BHYTPEHHEMY
AIEKTPOAY, 2 - K BHemIHeMy. JlJId rpagueHTa paBHOBECHOTO 3apsAia B TOM U APYTrOM

CIIy4ae COOTBETCTBEHHO HOJIyYHM
dp, ¢ (80) 2T, -T,) +(8T0j2 g(a_c)z_(azc) \
dr ro® |[\oT/r ln(r2 /”1) or /) \o\oT or*))|’

dp, ¢ (80)4(T2—T1)1313+(8T0)2 g(&_cjz_(ézdj
dr r’c’ |\OT r3(r22—r1) or /) \o\oT oT*

30ech ¢ M ¢, - NOCTOSIHHbIE MHTETpUpoBaHusA, npudyeM ¢ >0, ¢, >0, ecnu Ha

J

BHYTPEHHEM DJJIEKTPOJIE TMOJOKHUTENBHBIN 3apAn. OLEHKH ClIaraeMbIX, BXOJSIINX B

0c
(GurypHple CKOOKH, IOKa3bIBalOT, 4YTO CjlaracMble, IPOMOPIHOHAIBHBIC (a—T ,

2
oT,
BCerja OOJbIIE CIaraeMblX, MPOMOPIMOHATBHBIX (—0 . OHU CTaHOBATCS OJHOTO

or

InopstAka TOJIBKO IIpU 7, ~ 1, YTO, B CYHIHOCTH, O3HA4YaCT IICPEXOo[d K ILIOCKOM

dp, dp,
FGOMeTpI/H/I 3a1a4u. HOBTOMY 3HAK d_ (a CJICAOBATCIIbHO U EO d_ ) HOCKOHBKY
r r

E, mnpenmnosaraercs IMOJIOKHUTEIbHBIM) OIPENEISIETCS Pa3HOCTHIO (T 5 —T]). [Tpu
T, >T, BHYTpPEHHUH OJEKTPOJ HMEET OONBIIYyI0 TEMIEpaTypy, HEoOX0aumoe

yCIIOBUE HEYCTOMYMBOCTA MO OTHOIICHUIO K MOHOTOHHBIM BO3MYIICHUSIM
BBITNIOJTHAETCS, TaK, YTO OHA CTAHOBUTCS BO3MOXKHOM [129, 76].

5.1.4. be3piHAyKIIUOHHOE MpUOIMKeHre ']

Bo MHOrMX nNpakTUYECKHM HHTEPECHBIX 3aJayaX MarHUTHOM TUAPOJWHAMUKH
UCIIOJIb3YeTCsT  OC3bIHAYKIIMOHHOE MPUONIKEHHEe, B KOTOPOM TIpeHeOperaercs
WHyIUPOBAHHBIM MarHUTHBIM IOJIEM TOKOB IO CPAaBHEHHUIO C BHEIIHUM Tosiem [131,
132].

B 3amavax snekTporuapoIuHaMUKN BCTPEYAETCS aHAJIOTHYHOE MPUONIKEHUE, B

KOTOPOM TpEHEOperaeTcsi AIEKTPUUECKUM TI0JIEeM HHAYIMPOBAHHOTO B 00BEMe
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KUIAKOCTH 3apsia 1O CPaBHEHUIO C BHEIIHMM IOJIEM (OHO TaKXe MOXKET OBITh
Ha3BaHO O€3bIHIYKIMOHHBIM ).

[Ipoananu3upyem ycioOBUSA, TpPU KOTOPBIX CHPABEUIUBO OE3BIHIYKIIMOHHOE
npubmmxenue OIJI. PaccmMoTpuM Takke HEKOTOpPhIE KOHKPETHBIE —CIIydau
IPUMEHUMOCTH 3TOT0 npubamxkeHus [155].

[IpenmonoxxuM, YTO Bs3Kas HeC)KUMaemas CaaboOmpoBOASIIAS  KUIKOCTD
HAaXOJUTCS BO BHEUIHEM IIOCTOSIHHOM 3JIEKTPUYECKOM Iojie. byaem cuuTarh
KUIAKOCTh HEOJHOPOJHOM IO 3JIEKTPONPOBOJHOCTH. DTa HEOJHOPOAHOCTH MOXKET
ObITh  OOyCJIOBIIEHA pa3NUYHBIMU  NpUYMHAMH. Hampumep, 3aBHCHUMOCTBIO
JIEKTPOIIPOBOIHOCTH OT TEMIIEPATYPbl, HAPSHKEHHOCTH TOJISL, MHKEKIUEN 3apsaa0B
c aekTpoaoB U T.A. IIpu Hanucanum ypaBHeHuid OI'J] OyneM y4dUThIBaTh TOJBKO
KYJIOHOBCKHE CHJIBI.

PaccmoTpum cHauana ciyyail COOCTBEHHOM 3JIEKTPONPOBOJHOCTH (MHXKEKIIMU
HeT). YI00HO 3ammcarth ypaBHEHUS B Oe3pa3MepHOil ¢opMe, BHIOpaB B KadecTBE
eJMHUI] U3MEPEHHUs JUTHHBI - L (XapakTepHbIi pasMep 0061acTu), BpeMeHu - L'/ v,

ckopocty - V/L, ons - E, (E,, - HaIpsKEHHOCTb I10JIs, CO3/jaBacMasi BHEILIHUMM, 10

OTHOILICHMIO K >KHUIKOCTH, 3apsaMH, 1o yciaoBuio B oobeme divE,, =0) u 3apsna -

g,k
—0—%  EauHMIB U3MEPEHUsI TOIOUPAIOTCS TaK, YTO0BI KO HUITHEHT Tpu Vp ObLI

paBeH eaunHule. B 6e3pazmepHoit popme cuctema ypapHenuid I/ 3anumieTcst Tak

2—‘;+(6v)6:—vp+A6+Bpé, Pl(%+ Bij =-Ap—éVA,

dive=p, rote =0, divo=0,
6= E B= gLy L’ o(F) (5.29)
E, ’ vn csOL2 c,

I7ie G, - HEKOTOPOE CpEeJIHEEe 3HAYCHHE HJIEKTPOIPOBOAHOCTH. [IycTh pacmpenenenne

QJICKTPOIMMPOBOJHOCTH BCIOAY MAJIO OTIMYACTCA OT CPCAHCTO 3HAYCHHA HA BCIIMYNHY

G’(F). Torma ns k(?) MOJIy4yaeM
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c'() | S:max\c'(f)\ e (5.30)
Oy

Mr)=1+8f(2), f(F)=

max‘s'(?)
Tenepp cucteMa ypaBHenuit (5.29), (5.30) comepxKuT mManblii mapaMmeTp S, UMEIOIIUI
CMBICH MaKCUMaJIbHOM BEJINYUHBI OTHOCHUTEIBHOMN HEOJHOPOIHOCTHU

QJICKTPOIIPOBOJHOCTH. Pemenue cucteMbl MOXKHO OTBICKATh B BHUAC PAOOB I10 MAJIOMY

napamerpy S. B HyneBoM npulOamKeHnu 3aKOH COXPaHEHUs 3apsaaa JaeT
0 -
Pl(ﬂ+qu0 +p, =0.
Ot
WHTerpupys noiay4yeHHOE PAaBEHCTBO 10 BCEMY 00bEMY JKUIKOCTH, ITOJTy4YUM

%}[podV + Eﬁonpods + %lpOdV =0.

>

[Ipn ycioBMM HENPOHMUIAEMOCTH CTEHOK cocyga v, =0 U BTOPOM HHTErpal
oOpatiaercst B HyJb. M3 ocTaBIierocs COOTHOILEHUS CIIEIYET, YTO B CTALlMOHAPHOM
pexume p,=0. Takum 00pa3oM, pasiokKeHUE DIECKTPUYECKUX BEIUYUH B Psijl 1O S
MO’KHO 3amKcaTh B BUJE

p=Sp, +8%p, +S°ps+..., e=¢,+5¢ +S% +S°¢+.. . (5.31)
[ToacraBnsas (5.31) B cucrtemy (5.29) u coxpassisi JIMIIb YICHBl MEPBOTO MOPSJIKA

MAaJIOCTH 11O S, MTOIYYHUM

Z—l; +(VV)0 =-Vp + AV + BSp,é,, (5-32)
Pl(%+ BVplj +p, +E,Vf, =0, divo=0. (5.33)

dive, =p,, rot =0.
3ameyaTenbHOM  ocoOeHHOCThIO  cucteMbl  (5.32), (5.33) sBmgercs TO
00CTOSITEIBCTBO, YTO OHA 3aMKHYTA U HE COJEPKUT IOJIsI MHIYIIUPOBAHHOTO 3apsi/a.
(Cucrema 3aMKHyTa IpH 3aJaHHOU fl(F), B IIPOTHUBHOM CJlly4yae K HEi HEOOXOAUMO

N00aBUTh YpaBHEHUE [UJISI OMpEIEICHUS fl(F) TakoBbIM MOXKET OBbITh, HaNpPUMED,

ypaBHEHHE TEIUIONPOBOAHOCTH). Pemenue cucremsl (5.32), (5.33) npu 3amaHHBIX
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HAayaJlbHBIX W TPAaHUYHBIX YCIOBUSIX  OMNpENENsieT JABUKEHUE KHJIKOCTH,
00yCJIOBJIEGHHOE B3aWMOJEHCTBUEM BHEUIHErO MOJS M WHIYLHPOBAHHOIO 3apsja.
@DaKTUYECKH 3TO M COCTaBIAET CYTh O€3bIHAYKUMOHHOro npubmmwxenus OI'/,
WCIIOJIB30BABIIIETOCS, 0€3 JOCTATOYHOTO 0OOCHOBaHUS, HaMpuUMep, B paborax [3, 60,
61, 63, 72-76, 129].

PaccmoTpyuM KOHKpETHBIE IPUMEDHI.

B nemsorepmuueckux 3agadyax OI'J[ HEOAHOPOAHOCTH 3IEKTPONPOBOJAHOCTH
00yCJIOBJIEHa HEOAHOPOJHOCTBIO TEMIIEPATYpPHI, ITO3TOMY B KadyecTBE MapaMmerpa S
MO>KHO BBIOpATh

S :L(a—GJST =B.0T,
G, \OT
OT - xapakTepHbIii mepernaj TeMnepaTypsl. s npuMeHuMOoCTH 6€3bIHIYKIIMOHHOTO
npUOIMKEHUsT HEOO0XO0uMa JIOCTAaTOYHAs MaJIOCTh BEJIMYWHBI S, TO €CTh ciabas
3aBUCHUMOCTh G OT TEMIIEPATYPHI.

B paborax [59-61] npenmnonaraercs, 4To 3JAEKTPONPOBOAHOCTD KUIKOCTH 3aBUCUT

OT BEJIMYMHBI HAIPSIKEHHOCTU BHEIIHETO TOJIS, TO €CTh
c= GOCD(E 00) .
B sToMm citydae 0e3bIHIyKIIMOHHOE MPUOIMKEHHE TPUMEHUMO, €CIIN:

(aij |VE|L<<1.
OE,,

Haxkonen, B 3amauax OI'J[, B KOTOpBIX 0OBEMHBIN 3apsij] CO3AACTCS BCIEICTBUE
YHUIIOJISPHOM  MHXKEKIHMM  3apsiioB € OJAHONO M3  DJIEKTpPonoB  [63-67],
OC3bIHAYKIIMOHHOE TNPUOIIKEHHE TMpeanoyiaraer cinabyro uHXKekiuio. Eciu
npeHeopedb COOCTBEHHOW MPOBOJUMOCTBIO JKHUJIKOCTH, TO CHUCTEMa YypaBHEHUU B
JTAHHOM CJIy4ae UMEET BU/T

2—‘: +(VV)o=-Vp+ AV + BSpé,

Pl(% + Bij =-Sp’ —éVp, (5.34)
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. - N . \%
divo=0, dive=Sp, rote=0, P=——.
bE L

EnvHUIBI M3MEpeHUs TPEeKHHUE, KpOME CIUHHIBI H3MepeHus 3apsga. OwnHa
BBIOMpAeTCS UCXO/I U3 YCIIOBUH Ha MHXKEKTHPYIOIEM JIeKTpoie. B yacTHOCTH, ecin

3aJ]aHa IUIOTHOCTh MHIKEKIIMOHHOIO TOKa J, TO [p]: JoL/bE,,. Ecnn xe 3anana
INIOTHOCTh 3apsiia ¢,, TOrAa [p]:qo. B kaxIOM U3 NpUBEAEHHBIX CIIy4acB

COOTBETCTBCHHO

J,L g q,L

=0 _
beeE €,EE,,

Cnabas  wmxkekmuss o3HadaeT S <<1. Jlng T1omydeHHss ypaBHCHHH B

O€3BIHIYKIIMOHHOM MPHUOIMKEHUU ToaAcTaBuM pasznoxenue (5.31) B (5.34). Torna B

MIEPBOM MOPSIKE TPUOIMKEHUS 10 S TTOTYIUM:

. - 5.35
Pl(% + UVplj +6,Vp, =0, dive =0. (533)
¢

Bo BropoMm nopsiike npubnkenus cucrema (5.34) naer
0V

=, T(OV)o=-Vp+AG+ BSp g, dive,=p,  p,=0.

(5.36)

Takum 00pazom, 175 onpeenaeHus most ckopoctel u3 ypasuenusa HaBre-Crokca
(5.36) HEoOXOIMMO pEHIUTh €ro COBMECTHO C YpPaBHEHHEM 3aKOHAa COXPAaHEHUS
3apsna (5.35). O6a ypaBHeHUs HE COAEPKAT MOJIA UHAYIIMPOBAHHOTO 3apsiaa, TO €CTh
3aMKUCaHbl B 0€3bIHAYKIIMOHHOM MPUOIMKEHUH.

3aMeTHM, OJHAKO, YTO BO MHOIMX 3a/Ja4ax C YHUIIOJSIPHOM WHXXEKLIUEH
NOCJIEAHSAS  NpEAnojaraercd CUWIbHOM W OE3bIHAYKIHMOHHOE MNpUOIMKEHHE
HenpuMeHuMo. OHO Takke HENPUMEHHMMO B TOM CJy4ae, KOrJa paccMaTpUBAETCS
B3aMMOJICHCTBHE 0OBEMHOTO 3apsiia ¢ COOCTBEHHBIM IOJIEM (CM. TII. 6).

5.1.5. BoiBoa ypaBHEHUI 3JIEKTPOKOHBEKIUHM JJI1 OMHUYECKON MO/
NPOBOAMMOCTH

Janee OyAayT pacCMOTpPEHBI 331a4i 00 YCTOMYHUBOCTH PaBHOBECHS TUIOCKUX CIIOEB

HEPaBHOMEPHO HAarpeToi Cla0oMpOBOIICH KHUAKOCTH, MOMEIICHHON BO BHEIIHEE
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IMOCTOAHHOC JJICKTPUYICCKOC IIOJIC U HaXOHHmeﬁCH B IIOJIE TSXKCCTH. HpI/I 3TOM

UCIIOJIb3YETCA OMUYECKas MOJIEIH MPOBOJIUMOCTH. CoOcrBeHHas

-1
-1 -12
AIEKTPONPOBOAHOCTD KUAKOCTU MpeAmnoiaraerca B npeaenax 10 0> c,210""0Om

oM Jaaum 060CcHOBaHNE OMUYECKON MOJIENTH TTPOBOIUMOCTH SKUIKOCTH.

3anuiieM OCHOBHBIE YPaBHEHHUS, COXPaHSs MPEIIONIOKEHUS, B KOTOPHIX BBIIIE
3anucanbl ypaBHeHus: HaBbe-Ctokca u TeruionpoBogHocTH (5.6). B ypaBHeHMsIX
3aKOHOB COXpPaHEHHUS 3apsAlloB NpeHeOpexxeM TepMoau(Py3nOHHBIMH TOKaMU IO
CPaBHEHUIO C TOKaMHU MPOBOJUMOCTH, a MPOILECCHl AUCCOLUAINUA - PEKOMOMHAIINH
OyJZleM CUMTaTh KBa3MPABHOBECHBIMU.

BriBenieM ypaBHEHUE 3aKOHA COXpaHEHUsS M30BITOYHOIO 3apsiia B cliydae IBYX
TUIIOB HOCHUTEJIEH TOKAa MPOTHUBOIOJIOXKHBIX 3HaKOB. C ydetoMm auddy3un 3apsaos,

HCIIOJIB3YyA (56), I TTOJIOKUTCIIbHBIX W OTPULATCIIBHBIX 3apsAA0B HMCCM 3dKOHBI

COXPAaHCHHA
dq . - dg . _ (5.37)
d_tl:DlA% —dIV(blqlE), d—;: D,Aq, +d1V(bz%E)'

[lycTth, Kak W mTpexae, B JKUJIKOCTH HMEETCS M30BITOUHBIA 3apsam (s
OTPEICIICHHOCTH TOJOXKHUTENIbHBIN), IJIOTHOCTh KOTOPOTO P MHOTO MEHBIIE
GhoHOBOM, KOTOpas onpeensaeTcsi COOCTBEHHOMN AIEKTPONPOBOIHOCTHIO KHUIKOCTU

B panpHeiimeMm ycioBHO OyneM CUMTaTh ¢, >‘q2‘. Cymmupys ypaBaenust (5.37),

q,

p=q,+q,, p<<min(g,

II0CJIE HECIIOKHBIX IPE0Opa30BaHUM MOTYyUYUM

d iv(b.oE D
d_[; = (D, - D,)Aq, + D,Ap—div(b,pE — g, (b, +b,)E).

Ilpegnonoxum, uyro D, ~D,=D wu b =b=>b (301eCch 3TO NIpHUEMIIEMBIC

(5.38)

npubnmxenus). Torma Oynem uMeTh

d (boE + oF
d_l: = DAp—div(bpE +oE),  o=2hg,

G- coOCTBEHHasi 3JEKTPOMPOBOAHOCTh KuAkocTu. [IpeHeOperas BkIagoM

M30BITOYHOTO 3apsiJia P B 3JIEKTPONPOBOAHOCTD, TOIYYUM
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d, (= d
d—l::DAp—dlv(GE), %IDACIO, 9 z‘qz‘:e“/KunO :

W3 monmydeHHbIX ypaBHEHHU BUHO, YTO BBIPABHUBAHHUE KOHIIEHTpauu (OHOBOTO

3apsaga ¢, MPOMCXOIUT MO 3aKoHaM AU (y3uu 3a XapakTepHoe BpeMms A’ / D, Toraa
KaKk CBOOOJHBIM 3apsii elle U pelakcupyer 3a Bpemsl g,&/c. OObIYHO BpeMms

MOJIEKYJIIpHOW Mudy3ur HAMHOTO MPEBBIIIAET BpeMs pellakcalliy 3apsjia Jlaxe B

CJ1a0ONMPOBOIANINX KHUIKOCTSAX, TO3TOMY B TEUYEHUE XapaKTEPHOIO BPEMEHHU ¢€,&/G

MIPOBOJIUMOCTH KHUJIKOTO JIEMEHTa MOYKHO CUMTATh (PYHKIIUEH TEPMOJIUHAMUYECKOTO
COCTOSIHUSL CPEIbl, HapPUMEP, TEMIIEPATYPHI, NABJICHUS WU DJIECKTPUYECKOrO IMOJIS.

3aK0H COXpaHEHHs U30BITOYHOTO 3apsija MPU ’TOM UMEET MPOCTON BU/T

~ . = 53
%+0Vp:—dlv(cE), Gzc(T,p,E). (5.39)
B paBHoBecun L =0, 0/0=0 u mI0THOCTH OOBEMHOTO 3apsiia ONPEAesseTcs B

JTAHHOM CJly4ae ypaBHEHUSIMU

d(cE d(eE
—( 0):O, —( O)zpo/so.
dz dz
Penias ux coBMecTHO, HaleM

. d(e
pOZSOJOE g'

OTOT 3aps aHAJIOTMYEH IMOBEPXHOCTHOMY 3apsiy, KOTOpPBIA aKKyMyJUpyeTcs Ha

TpaHHUIIC pasjena ABYyX pPasHbIX MPOBOJAHHUKOB C MPOBOJUMOCTSIMH G, U G, U PaBeH

(cm. pazgen 1.1)

O =¢j [Er_F| ; __ 99919
0 0Js¢ s Jog h h .
G, O, 10, + 1,0,
Takum o0Opa3oM, B paMKax MPUHATHIX MPEINOJIOKEHUN U B paMKaX OMHYECKOU
MOJENU IPOBOAMMOCTH KUIAKOCTH OKOHYATENIBHYI0 CHUCTEMY YPAaBHEHUM MOXKHO
3amMcaTh B BUAC

yo(g—l; + (BV)G) =-Vp+nAv -y PTg + pE
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g+6VT:xAT, divo =0,
ot (5.40)

o/ .= P - _
5+UVp-—le(GE), leE_g’ rotE =0, G—G(T,p,E).

5.2. YCTOMYUBOCTH PABHOBECHUSI BEPTUKAJIBHOI'O CJIOS
CJABONPOBOJSIIEN ) KUJIKOCTHU B QJEKTPHUYECKOM IOJIE

B Teopun oObIYHON KOHBEKIIMHA HanOO0JIee MPOCTOE U HATJISITHOE PEIICHHE MOYKHO
MOJIYYUTh aHAIUTUYECKU B 3amade Panes-benapa o0 ycTOMYMBOCTH paBHOBECHS
TOPU30HTAJILHOTO CJIOSI CO CBOOOAHBIMU Tpanumamu [125].

B ciydae KOHBEKIIMM B 3JEKTPUYECKOM MOJIE AHATOTMYHON MOJEIBHOM 33a/1a4ei,
JOIYCKAIOIIE TOYHOE pEIICHME, SIBISIETCS 3ajada 00 YCTOMYHMBOCTH PaBHOBECHS
BEPTUKAIBHOTO CJI0s1 )KuAKOCTH [152, 153].

PaccMoTpuM  TOCKME  BEPTUKAIBHBIM CIIOM  KUAKOCTH, IIOMEIICHHBIA BO
BHEIIIHEE  DJIGKTPUYECKOE TI0JIE M MOJOrPEBAaEeMbId  CHU3Yy WIIM  CBEPXY.
ONEeKTpONpPOBOAHOCTh  JKMJIKOCTH  OyAeM  cuuTaThb  JIMHEHMHOW  (QyHKUIHEH
TEMITEPaTypbl. Y CIIOBHE PABHOBECHSI CJI0SI MOYKHO MOJYYHTh, MOJIOKUB B (5.40) U =0

u 0/0r=0. Torma, mocie mpuMeHeHus1 onepanuu rot K ypaBHeHuto HaBbe-CTokca,

IMOJIy4YuM
Z

el —

< e
Q.E —
3E ®
-h y h
X
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Puc. 5.1. [1nockuii BepTUKaIbHBIN CIIOH )KUIKOCTH. Pacnonoskenne ocell KoopauHaT u
HaIPAaBJICHUE DJIEKTPUYECKOTO MO

—

E,xVp,—gxVT,=0.
OTO yCcI0BHE MOXKET OBITH BBIIIOJHEHO B JIBYX CIIydasix

E VT2, (5.41.1)

E,LVT,|g. (5.41.2)

[Ipu BeimonHeHuun ycnoBus (5.41.1) paBHOBecHue XapaKTepu3yeTcs CIEAYIOLIUM
pacnpesieIeHUEM PABHOBECHBIX BEIWMYHMH (OCh z HaIpaBl€Ha BEPTUKAIbHO BBEPX,
puc.5.1):

T,=Ty-Az, c=c,(1+B,(T -T,)),

d
E, :EOO(I + BGAZ), P, =€,€E B, A4, %: Yo8BT, + p,E,-

[Ipu BBIIOTHEHUH yCIoBUS (6.41.2) B paBHOBECUH UMEEM

d,
I,=T,—-Az, E,=E, =const, p,=0, %:yogBTO.

z

Paccmotpum Ternepp moBeAeHME MalbIX BO3MYIIEHHH. [[1s1 3TOTO JMHEapu3yem
cuctemy (5.40) mo MansiM BO3MYIICHHUSIM U BBeAEM Oe3pa3MepHble MepeMeHHble. B
KayecTBE €AMHUI] U3MEPEHUS BBIOEPEM: paCCTOSHUSA - A - TIONYIIUPUHA CIIOS; TIOJISA -

E,,; BpeMeHu - h° / v; CKOpOCTH - /h; BO3MYIIEHHI TeMnepaTypsl - A/ ; naBjieHus -

Y,Vx/h; 3apsana - g, AE,. Torna B Oespimykunonnom OI'J[ mpubnmxenuun

IMOJIy4YuM
a—U=—Vp+A6+RTEl+RBpEO, Pg—l)z:AT,
ot ot
})e%+p:—§OVT, divo =0, divé=Sp, roté=0, (542)
4 2
R — gBAh , B: SOSEOOBG , :X, Pe = VSOS 5 S = BG‘A‘h.
VX Y ogBA X G,f
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31ech € - eAMHUYHBIA BEKTOP, HAIPABICHHBII BEPTUKAIBHO BBEPX, €, - CANHIUYHBIHN
BEKTOpP B HAIIPABJICHUH PABHOBECHOTO TTOJISI.

JIJist IpOCTOTBHI PacCMOTPUM CJIOM CO CBOOOJHBIMHU TEIJIOU30JUPOBAHHBIMHU
rpanuniamu. [lapannenbHo OyJaeM paccMaTpuBaTh TPU Cllydasl HaIlpaBJICHUS OIS,
IpU KOTOPBIX, coriacHo (5.41.1) u (5.41.2), paBHoBecue BO3MOKHO (puc.5.1):

1) moJie mapasuiesIbHO OCH z (BEpPTHKAJIBHO);
2) moJie mapajuieIbHO OCH X (TOPU30HTAIIBHO);
3) moJie mapayieabHO OCH ) (TOPU30HTAIIBHO).
Bo3mymienus OyneM cuMTath HOPMAJbHBIMHU, MEPUOJAMYECKHUMH B IJIOCKOCTH

cios
w' = w(x)exp{—lt +ik,y+ ikzz} (5.43)
[TonctaBum (5.43) B ypaBHEHHS cUCTEMBI (5.42), NBaXK/Ibl MPUMEHUM ONEPALUIO TOt

K IIEPBOMY YPaBHEHHUIO 3TOM CUCTEMBI U CHPOCLUPYEM IOJYYEHHOE ypPaBHEHUE HA

OCH X U z. B Ka)XJTOM U3 TpeX CIIydaeB 3TO JIaeT
L [v,.T]=-ik,BRD,p,
L,[v,,T|=BRD,’p— BRk,p; (5.44.1)
L[v,.T]=BRk’p, (5.44.2)
L,[v,,T]=-ik,BRD,p;
L|[v,.T]=—ik,BRD,p, (5.44.3)
Ly[v,.T)=k k,p.
31ech BBEACHBI CICAYIONINE OTIEPATOPhl U 0003HAUCHUS:

L[v,.T]=-A(D; = k*)v, - (D, = ¥*Jv, +ik,RD,T,
L[v,.T]=-MD;} = k*Jv, = (D, = k*)v, +ik,RD,T,

0
K=k, D=

Bo Bcex YPaBHCHHUAX ) -KOMIIOHCHTA CKOPOCTH HMCKIIOYCHA IIPH IIOMOINKU YCJIOBHA

HCIIPCPBIBHOCTU
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Do, +ikv, +ik,0,=0. (5.45)

YPaBHeHI/Iﬂ TCIIOIIPOBOAHOCTH, HyaCCOHa H yCJIOBHC IMOTCHIUAJIIBHOCTH I10JI BO

BCCX TPECX CiiydassX UMCIOT BU

~MPT=v,+(D; - KT,

_ . (5.46)
D.e +ik.e, +ik,e, =Sp,
D, =ik,e., De, =ike,, ke, =k,e,. (5.47)
3aKOH COXpaHEHUs 3apsijia MPUBOAUT K CIIETYIOUIUM YPaBHEHHSIM:
—ik,T, (5.48.1)
(-AP +1)p=4-D.T, (5.48.2)
—ik,T. (5.48.3)

K monmydennsiM ypaBHenusiMm (5.44) u (5.48), BooOIe roBopsi, cienyeT J00aBHUThH
ypaBHEHUS JIJIsl DJIEKTPUUYECKOTO MOJIS B OKPY’KAOIIEM CJION mpocTpancTBe. OHAKO,
Kak OyJeT TMOoKa3aHO HIDKe, /I aHajdu3a YCTOWYMBOCTH OTH YypaBHEHUS HE
MOHA100TCSl.

Kak yxe roBOpWIOCH, BEpTUKAIbHBIE TPAHUIBI CJIOS OyJIeM CYHUTATh
CBOOOJHBIMH, HEAeHOPMHUPYEMBIMH U TEIUIOM30JIMPOBAaHHBIMU. HMMess B Bumy
JanbHeHIme mpeoopa3oBaHus, 3auIlleM TPaHUYHBIC YCIOBHS B pa3MepHO (opme.

VYcenoBus HeneOpMUPYEMOCTH M TETUIOU30JISIIUN JA0T

v,=0, DT=0, x==h. (5.49)
Ha cBOOOIHBIX TpaHUIaX JOHKHO BBIMOTHITHCS YCIOBUE OamaHca BCeX CHIT
nk(];k - ilgm)) =0, T,=-pd,+ n(% + &)_kJ + SOS(EiEk - lsikEzj . (5.50)
ox, O, 2
3neck n, - enuHU4HbIN Bektop, 1, , T i]({m) - TCH30pHI BS3KUX M MaKCBEJUIOBCKHUX

HaANpsDKEHU B JKUJIKOCTH U OKPYXKAIOIIEM NPOCTPaHCTBE (MaccuBe), MHAEKC m
OTHOCHTCSI K MacCHBY.
PaccmoTpum mepBbIii BapuaHT 3aladydl - Clydail BEpTHUKAIbHO HAIMPaBIECHHOTO

noJid. YUMThIBas MPEANOJOKEHHE O CBOOOJHBIX U HEeACPOPMUPYEMBIX TpaHUIIAX,
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crpoerupyem ypaBHeHue (5.50) Ha ocu z U Y U JIMHEAPU3YEM IIOJIyYEHHBIE

YpaBHEHHUS IO BO3MYIIEHUSIM. JTO Aa€T

oo, 0v (5.51)
n( = + axzj =—¢g,E (e, —€,e.,,),
(a‘)x ¥ aoy) =0,  x=th. (-52)
oy  Ox

K mnonydennsim ycnoBusm (5.49), (5.51), (5.52) cunenyer mn00aBUTH YCIOBHS
HEMPEPHIBHOCTH HOPMAJIBHOM K TpaHHUIIE KOMIIOHEHTHI TOKa W KacaTeIbHOU
KOMITOHEHTBI MO

(ce, —o,e,,)+ 805(8% -g,6.,)=0, e =¢,,, x=1h. (5.53)

C uenpro pa3fgenuTh TUAPOJUHAMUYECKYIO) U DJIEKTPUYECKYIO YacTH 3a/1aydd
UCKIIIOYUM TIoJie U3 TpaHudHoro ycioBus (5.51). M3 rpaHWyHOro yciaoBus st

terionoToka (5.49) u ypaBuenus (5.48.1) HalimeM Ha TpaHUIIAX

@zo npu x =+h. (5.54)

Oox

[TocnenHee COOTHOIIIEHUE ¢ y4eTOM ypaBHeHUM (5.47) naet
Ae. =0 pu x =+h, A= sz — k* - oneparop Jlamnnaca.
B cBoro ouepens, us (5.53) cnenyer, uto Ae,, =0 npu x =t/h. Ilpumenus oneparop

A x ypaBHenuto (5.51), nomyunm

5.55
A(aox +%):O opu x ==th. (5:35)
0z  Ox

['uapoauHaMuueckass 4acTh 3ajlaud, ompenesieHHas ypaBHeHusiMu (5.44.1), (5.45),
(5.46), (5.48.1) u rpannunbiMu ycioBusmHu (5.49), (5.52), (5.55), Temepb He
CoJIep>KaT BO3MYIIEHUH MOl © MOXKET OBITh paCCMOTpPEHA OTACIBHO.
[Tepexons k 6Ge3pazMepHOit hopMe U UCTIONB3YS YpaBHEHNE HEMPEPHIBHOCTH
(5.45), emie pa3 nepenuiiieMm rpaHuydHbie ycioBus (5.49), (5.52), u (5.55) B Bume
v =0, DT=0, npu x ==xh. (5.56)
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(D) -k )Dv. =0, AD+k)o,=0; TPHX=h. (5.57)

[Tocnennue aBa yciaoBUsi MOTYT OBITh €IE YIPOIIEHbI paccMoTpenuem (5.44.1) Ha
rpanuiie. Hecnoxxaeie npeoOpazoBanus (5.44.1), ¢ yuerom cooTHomeHu# (5.54) u
(5.56), nmoka3bIBarOT, 4TO yCIOBUS (5.57) S3KBUBAJIEHTHBI YCIOBUSIM
Doy, =0, D’v =0, x=tl. (5.58)

CoBeplIEHHO AHAJIOTMYHO MOTYT OBITh C(OPMYIMPOBAHBI IPAHUYHBIE YCIOBUSA
JUIsL IpYyTUX JBYX HampaBieHuil mnons. bosee Toro, B OKoHYaTelbHOU (hopme
pe3yJbTaThl B 000UX ciydasx coBnagaror ¢ (5.56) u (5.58).

Takum o0OpazoM, uMeeM TpU AaMIUTUTYJIHBIC 3a7add, CQOPMYITUPOBAHHBIC
ypaBHeHusMU (5.44), (5.45), (5.46), (5.48) u rpanuuyHbIMU ycinoBusiMu (5.56), (5.58).

HetpyaHo 3ameTuTh, 4TO BCE TpHU BapHaHTa 3aJadyd MMEIOT TOYHOE pPEIICHHUE
YeTHOrO W HEYeTHOro TumoB. Hampumep, s mepBoro tuma 3amadd (TI0Je
HaIpaBJICHO BJOJIb OCH Z) U JUIsl TPEThero (MoJjie HampaBjiIeHO BIOJb OCH y) UMEEM

CIcayromece pCcHUuC 4€THOIO THIIA:

v, =4, sin(ﬂj , v, =4, sin(ﬂj , v, = A, cos(ﬂ) ,
27 2 2 (5.59)

T =B, cos(%) , p=C, cos(%) ,n=0,2,4,6,....

Petiennst HeueTHOTO THMA TIOTy4aroTcs U3 (5.59) 3ameHoi cos Ha sin, a sin Ha COS;
n=13,57,....

Bo BrOopom cnywae (mosne mapayuieNibHO X ) TOJYYaloIIHecs PpEelICHHs
aHAJIOTUYHBI, 32 HUCKIIOYEHHEM TOrOo, YTO B CJIy4ae YETHOTO pEIIECHUS HMeeM
p=C, sin(nnx / 2) , 4 B HEYETHOM - p:Cl'cos(nnx / 2). JUis  HaxoXIeHUs

kodpunuentos A4,, 4,, A,, B,, C, nomaydaercs JUHEIHAs OJHOPOJHAs CHUCTEMa

ypaBHeHuil. TpeOyst oOpaliieHus B HyJb ONpeAeIUTeNIeld TAKUX CUCTEM B KaXKJIOM M3

TPEX CIIy4acB, MOJIYUYUM TPU JUCIICPCHOHHBIX COOTHOIICHUS
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— X MP+3M*(P+1)— M* + R(m’ + k] )=

ik.(k? + m?)RBF, (5.60.1)
= —ik_m’RBF, (5.60.2)
— ik k:RBF. (5.60.3)

3nech M:kyz+kf+m2, m:nz_n,F:(l—kPl)_l.

PaccmoTpum  cHavanma mpenenbHBIN  ciiydaii OECKOHEYHO MallbIX BpPEMEH

penakcauun P =0. Ha rpanuue ycTOMYMBOCTM A =i®U TOCIE pa3AeiaCHUs

NEeWCTBUTENBHBIX U MHUMBIX yacTei B (5.60) umeem

©’PM — M* + R(m* + k) =0, (5.61)
k.RB, (5.61.1)

2
®=1- kZRB%, (5.61.2)

+
) (5.61.3)

—k Y

T M(1+P)

W3 mociaeaHuxX TpexX COOTHOIIEHWW BUIHO, YTO 3HAK (pa30BOM CKOPOCTH BOJIH,
pacpoCTpaHSIONIUXCS BIOJb OCH Zz, B TEpBOM ciiydae (I0JIe BEPTUKAIIBHO)
COBIIAJIa€T CO 3HAKOM uyuciaa Poanes, a BO BTOPOM M TPEThEM CIydasxX -
MPOTUBOIIOJNIONKEH eMy (BO3MYIIECHUSI PACIIPOCTPAHSIOTCS OT O0JIee XO0JI0IHOTO KOHIIA
KaHaJIa).

Uckntouass ® w3 ypaBHeHuM (5.61), moaydyum KBaJpaTHbIE€ YpaBHEHUS IJIs
CIIEKTpa KPUTHUYECKUX 4uced Panes, KOTOopble B KaXKIOM M3 TPEX CIy4aeB HMMEIOT
ClIeIyIOIME KOPHHU:

(5.62.1
2k’B, )

R (k2 +mz)2 4 "
R =22 —1£|1+4k°B,—2—| |,
12 2k2m*B, - By (kyz N mz) (5.62.2
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1/2

Ro(ky2 + m2)2 k?
Rl(,32) = — —1+|1+4k’B—— , (5.62.3
2kzkyB1 (kj‘l'mz) )
2
312 :B—P2_
(1+P)

(kj + k2 + 1712)3

2 2
ky+m

3ILGCB RO = - KPpUTHUYCCKOC YHCIIO Panes B OTCYTCTBHUC IIOJIA.

[lepBble U3 3THX KOpHEW (MHAEKC BHHU3Y) BCEr/a MOJIOKHUTEIbHBI U COOTBETCTBYIOT
HEWTPaAJIbHON YCTOWYMBOCTH MPHU MOJOTPEBE CHU3Y, BTOPHIE BCETJA OTPULIATEINIbHBI -
MOJOTPEB CBEPXY.

PaccMoTpum cHauana ciydaid 2 M HIXKHUKA YpPOBEHb HeycToumBocTH m =0.
OTOMY YpPOBHIO COOTBETCTBYET YETHOE JBWKEHHE THUIIA BajJOB C OCSIMH,
NEPHeHAUKYJIAPHBIMU TpaHUllaM cJiosl. B OObIYHONM KOHBEKUMU TMPU JIAHHBIX
I'PAaHUYHBIX YCIOBUSIX YPOBHIO m =( COOTBETCTBYET aOCOJIIOTHASI HEYCTONYHBOCTD
=0 npu k,=k_ =0).

II0 OTHOIICHUIO K MJIMHHOBOJIHOBBIM BO3MYIICHUAM (R

[Tonaras B (5.62.2) m =0, Haiinem

(k2 +kj)3

R =Ry="" 5 (R, =0), R =
y

(TOT k€ pe3yabTaT MOXKHO IOJIYYUTh M U3 JUCIIEPCHOHHOTO cooTHoImeHus (5.60.2)

Ui JII0OBIX P)). DTOT pe3ynbTar 03Ha4yaeT, yTo M0Jje, HapaBIeHHOE TOPU30HTAIBHO

NCPINCHAUKYJIAPHO TI'paHUIAM CJIOA, HC OKa3bIBACT BJIMAHHUA HaA YCTOI>’IIII/IBOCTB
OTHOCHUTCIIBHO BOSMYHICHI/Iﬁ, COOTBCTCTBYOIIUX HWKHEH MOJC. O,Z[HaKO

KPUTHUYCCKHUC YMCJIa PSJIe}I, COOTBCTCTBYHOIIHEC 0oyice BBICOKHM YPOBHAM CIICKTpaA,

3aBUCAT OT Tons. B yactHocTH, MuHMMM3MpPYs R\”, u3 (5.62.2) HO BOJHOBBIM
uicnam k, u k. wHaiinem, uro mpu B, <3/ m’ Hanbojee ONAaCHBI IUIOCKHUE

KoJieOaTeJIbHEIC BO3MYIICHNA C BOJTHOBBIMH YHCJIaMHU
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1/2
o g | 3B3T (1+5m°B,)"
y Y e T 2531 (563)

( B BBIpa’KE€HUM U1 k_ TIOAOIPEBY CHU3Y COOTBETCTBYET 3HaK "—").

PaBHOBecue IMpu 1MOoOOIrpeBC CBCPXY CTAHOBHUTCA TAaKIKC HCYCTOﬁqHBLIM, HO IIO
OTHOHIICHUIO K BO3MYIICHHAM, COOTBCTCTBYIOIIUM YPOBHAM n>1. MuHUMaJIbHBIM

2
KPUTUYECKUM yuciaaMm Poanes Rz() npu a00bIX B, #0 COOTBETCTBYIOT ILIOCKHE

KoJIe0aTeNIbHbIE BO3MYILEHUS C BOJIHOBBIMHU 4Mciaamu (5.63) (B BbIpakeHUU Wi k_

HY’KHO B3Th "+").
XapakTepHble HEUTPAJIbHBIE KPUBBIE JUIsl JAHHOT'O HAIIPABJICHUS IO U 1 =1
npeacrasiaeHbl Ha puc.5.2 u 5.3. Kpusem 1, 2, 3 Ha puc.5.2 COOTBETCTBYIOT

ky =0,2;0,8,1 u B, =10. Ha puc.5.3 xpuBas 1 coorBeTcTBYyET ky =0,2; kpuBas 2

-k, =05; B, =10.

R, |R2|

20
2000

1500__/_,/3// 15k

0 0,4 0.8 12k,

Puc. 5.2. HeliTpanpHble KpuBbIE IIPH NOAOIPEBE L 0,4 0,8 12 k.
CHM3Y. OJEKTPUYECKOE II0JIé OPHEHTUPOBAHO

Puc. 5.3. HeliTpanbHble KpUBBIE IIPU N1OAOIPEBE
CBEpXY
[leperinemM kK paCCMOTPEHUIO IBYX IPYTUX CIIy4aeB OpUEHTAUUM 1oJis. [lomaras B

BJIOJIb OCH X

(5.62.1) u (5.62.3) m =0, HaiizeM, YTO HIKHEMY YPOBHIO HEYCTOMYMBOCTU B ITHX
CIIy4asiX COOTBETCTBYIOT OJMHAKOBBIe KpuThueckue uucna Pames. (Kak ciemyer us

(5.60.1) u (5.60.3) aT0 crpaBeanuBO U i JOOBIX P ). MUHUMAaNbHBIE KpUTHYECKHE

yucna Panes (5.62.1) u (5.62.3) npu m =0 oka3bIBatOTCS paBHBIMU HYJIIO: R&’” =0,

npu k, =k, =0. Dro o3Ha4YaeT, YTO KAaK MPH MOJOTPEBE CBEPXY, TaK U CHHU3Y
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paBHOBecHME aOCOJIOTHO HEYCTOMYMBO [0 OTHOUIEHUIO K JJIMHHOBOJHOBBIM
BOo3MyIIeHUsIM. OJHAKO 00JIaCTh HEYCTOWYMBOCTA NpPHU TOJOTPEBE CBEPXY TEM

MEHBIIIEC, YEM MEHBIIEC BEIWYMHA IO, U B IIpenene B, — 0 mpu moxorpese CBepxy

paBHOBecue ycTroMumBo. [Ipum momorpeBe CHHM3Yy HAJOXKEHHE IOJISI NPUBOJIUT K

MMOHWKCHUIO YCTOMYMBOCTH OTHOCUTEIILHO BO3MYIICHUH C ky #0 u k_#0, Tak uro
Bceraa R1(1’3) <R,.

PaccMoTpum Temeph YCTOMYMBOCTH PABHOBECHS, KOTJa BEPTHUKAIBHBIA CJIIOH
KUJIKOCTA HAXOJUTCA B BEPTUKAJIBHOM AJIEKTPUYECKOM IOJI€ WA TOPU30HTAIBHOM,

HaIpaBJICHHBIM IO OCH ), (MEepBBIA M TPETUH CIlydal) U KOTZla BpeMs peslaKcaliu

3apsana koHeuHo P #0. Paccmorpenue nposenem mia ciydass m = 0 u P = 1. Ilpu
P#0 F=#1 uwu3 (5.60.1) u (5.60.3) nonxyyaercs TUCHEPCHOHHOE COOTHOILIEHUE
TPEThEMN CTEIICHU

ak’ +b\ +ch+d, tid, =0, (5.64)

a=-BM, M=k '+k’,
b=M(1+2PM),

c=—(2M* + M*F, - BRk}),

d,=Rk} — M’, d, = RBm’k .
[Tonarast Ha rpaHuUIle YCTOMYUBOCTH A =i M pa3iemsis ACHCTBUTEIHHYI0 1 MHUMYIO

yacTu B (5.64), noinyuum

(R, - R)k;
 M+2M*P’ (5.65)

2

(-’ MP +2M* + M’ B, - RBk})+ k k;RB=0.

WckimounB U3 3TOW CUCTEMBbI YpaBHEHHH 0, MOCIE HECIOXHBIX MPeoOpa3oBaHMIMA

MMpUXoauM K KY6I/ILIGCKOMY YPaBHCHUIO AJIA OIMPCACICHUA KPUTHYCCKUX YHUCCII Pones
R+ R*u+Rs+1t=0, (5.66)
u=(yB*-2B-R,), s=(B*+2BR,)), t=-RP’(l1+a)’=0,
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Ml+a) (1+20)°k; k?

0(=Pl(ky2+k22), B= P P
1 1

[ToryueHHOE KyOMUYECKOE ypaBHEHUE BCErJa UMEET OJUH JEHCTBUTEIbHBIN KOPEHbD,
COOTBETCTBYIOIIMN KpUTHUYECKOMY unciy Panes npu nmogorpese cuusy R, > 0. Ecnu

XKC HGI;'ICTBI/ITGJIBHBIX KOpHeﬁ TpHU, TO ABAa M3 HUX OTPHUHOATCIBHBI U COOTBCTCTBYIOT

KpUTHUYECKUM yuciaM Pases mpu noxorpese cBepxy R, .

Brruucnenue KOpHCﬁ 9TOT'0 YPABHCHUA JACT CIICAYIOINUC PC3YIIbTATHI.
I[J'UI ciydas 1nmoaorpe€Ba CHU3Y 3THU PE3YJIbTATbl KAYCCTBCHHO HC OTINYAIOTCA OT

IOJlyYEHHBIX B NPUOIMKEHUM MTHOBEHHOM penakcauuu 3apspa P =0. B ciyuae

MOJIOrPEBa CBEpPXY OTpakeHHEeM Toro (akrta, 4ro KyOuueckoe ypaBHeHue (5.66)

uMeeT 00 OJIUH  JICHCTBUTENBHBIM  KOPEHb, JUOO TpH, SBISETCS

7.5

2,51

0 0,5 1,0 15 Kk,

Puc. 5.4. HeiitpansHas kpuas npu nozgorpese cepxy u P, = 0,1

CYILIECTBOBAHUE Y HEUTPAIBbHOW KPUBOU Ha puc.5.4 NOBOPOTHOM TOYKH,
COOTBETCTBYIOIIEH  MaKCHUMaJlbHOMY BOJIHOBOMY 4YHCIYy  BO3MYLIECHUW, IO
OTHOLIEHUIO K KOTOPHIM DPABHOBECHE MPHU TOJOTPEBE CBEPXY €IIe MOXKET OBITh
HEYCTOMYMBBIM. [[pyrumMu cjoBaMH, paBHOBECHE TMpHU TOJOIPEBE  CBEPXY
OKa3bIBAa€TCA  HEYCTOMYMBBIM  TOJBKO IO  OTHOLIEHHKD K  CYIIECTBEHHO
JUTMHHOBOJIHOBBIM BO3MYIICHUSAM. JJi1 PUKCUPOBAHHBIX 3HAYCHHUM MapaMmeTpa IMoJis

n 4YuCCl HpaHI[TJBI P, })1 CYIICCTBYIOT MHUHHUMAJIBHBIC IJIMHBI BOJIH BOBMYH.IGHI/Iﬁ

(MakcuManbHble k, ¥ k_), IO OTHOLICHUIO K KOTOPHIM PaBHOBECHE MPH TOJ0IPEBE
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CBEpXy MOXeT ObITh HeycToWuuBeiM. Ha puc.5.4 mnokazana TtunuyHas IS

paccMaTpruBacMoOro Ciaydas HEUTpaJbHAs KpPUBAas, COOTBETCTBYIOIIAS ITOAOTPEBY
ceepxy u P=1; k,=02; B, =+10; A =0]l. Bunno, 4o paBHOBeCHE yCTONYHBO 110

OTHOLICHUIO K BO3MyIIeHUsM ¢ &k, >02 u k. >1,54.

B’ B>
10} 1.0F

8r 0,8F

1

6 06+

4t 04f

2 5 0,2

. . L L 1
0,25 0,5
0 1 3 kz 0 ) ) 0,75 ky
a o

Puc. 5.5. Jlunuu HyneBOro JTUCKPUMHHAHTA ypaBHEeHUs (5.66). Bolie kpuBbIxX
CYILECTBYIOT TPH JEHCTBUTEIBHBIX KOPHS

BennvnHa MakCHMallbHBIX 3HAYCHWd Kk, W Kk, ONpEHEISIeTCs W3 YCIOBHS

pPaBEHCTBA HYJIO JUCKPUMUHAHTA KyOMYECKOTO YpaBHEHUS ISl KPUTHUECKUX YUCEN
Panes (5.66) u 3aBucuT oT BenumuuHBI napamerpa nosid. Ha puc.5.5a mokazaHsl

JVHUM HYJIEBOIO JMCKpUMHMHaHTa 18 ciaydas P=1; P =0]1. Kpusasg 1
coorBerctByeT k,=02; kpuBas 2 - k =1. Hwke 5Tux KpuBbBIX KyOuueckoe
ypaBHEHUE IJIsl KpUTHYECKUX uucen Panes nMeeT TONBKO OJUH JIEHCTBUTENIbHBIH
KOPEHb, COOTBETCTBYIOIIMN  HEYCTOMYMBOCTH IIpU IOJOIPEBE CHHU3Y, TO €CTb

paBHOBECHE IPU TOJIOTPEBE CBEPXY YCTOMYMBO IS JIFOOBIX R. DTO 03HAYAET, YTO JJIst

¢ukcupoBaHHbX P, P u B, HEyCTOWYMBOCTb MPH MOJOTPEBE CBEPXY MOXKET OBITH
[0 OTHOLIEHHUIO K BO3MYILIECHHUSM TOJIBKO OINPENEIEHHON CTPYKTypbl. B yacTHOCTH,
Kak ciefayer u3 puc.5.5 6, npu P, =0]1; P=1 u B’<16 Henb3sa BO30OYIUTH

JBUKEHUSI, IEPUOJUYECKUE BAOJIb OCH Z C JIJIMHOW BOJIHBI
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2n  2mn
, = k_z < (),_2 .

5.3. YCTOMYHUBOCTHh PABHOBECHSI TOPU30OHTAJIBHOI'O CJIOS

CJABONPOBOJSIIEN ) KUJIKOCTHU B QJEKTPHUYECKOM ITOJIE
PaccmoTpum Tenepb yCTOMUUBOCTh PABHOBECHS TUIOCKOTO TOPU30HTAIIBHOTO CIO0SI
HEPAaBHOMEPHO HArpeTor ciabompoBOMASIIECH KUIKOCTH, HAXOAIIEHCS BO BHEITHEM
OJIHOPOJHOM TOCTOSIHHOM SJIEKTPUUECKOM Ioje W B moiie Tsbkectu [159]. Crnoit

OyneM cudTarth OE3rpaHUYHBIM B HANPABICHWUW TOPU30HTANBHBIX OCEH X, V U

OTpaHUYEeHHBIM IUIOCKOCTAMH z =0, /4 B BepTUKaIbHOM HarpaBieHuu. Kak wu
npexe, OyaeM npeHeoperaTh JHKOYJIEBBIM Pa30rPEBOM MO CPABHEHUIO C BHEITHUM.
Kpome Toro, kak u mpexje, MPeAroNoKUM, YTO TOJIIMHA CJIOS HAMHOTO OOJIbIIe
nebaeBCKOro pajauyca. YUHUThIBasg PE3yJbTaThl, MOJYyYECHHbIE BBIINIEC, COOCTBEHHYIO
AJIEKTPOIIPOBOTHOCTH KUAKOCTH OyJIeM CUUTATh JIUHEHHONU (PYyHKIMEH TeMIiepaTyphl,
a IUDJIEKTPUYECKYIO MPOHULIAEMOCTD - IOCTOSIHHOW BEJIMYUHOM.

B paMkax npuHATBIX OPEAIION0KEHUN CUCTEMA UCXOAHBIX YPAaBHEHUN COBIIAAAET
c (5.40).

[Ipu cTporo BEpPTHUKAIBHOM MOJOTPEBE CBEPXY WU CHU3Y U BEPTHUKAIBHOM
DIEKTPUYECKOM II0JI€ IO-IPEKHEMY BO3MOXXHO paBHOBECHE KUIAKOCTH. Jliis
PaBHOBECHBIX pPAaCIPENCIICHUA TEMIEPATyphbl, HANPsDKEHHOCTH TMOJIL W 3apsiaa
MOJIy4aeM

Ey, . €0EP,AE

0= T, Py 0,
(1-B,42) (1-PB,4z) (5.67)

GZGO(1+BGT).

T,=-Az,

JIns mMasiblx BO3MYIICHUM JIMHEApU30BaHHAs CUCTEMa YpaBHEHUN B Oe3pa3MepHOU
dbopme u B 6e3piHayKIIMOHHOM JOI'Jl mpubnvkenun Oy1eT UMETh BUJT

@:—Vp+A6+RTEO + RBpe,, Pﬁ—oz =AT,

ot ot (5.68)
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0 oT . . -
Pl—p+p:——, divo=0, dive=p, rote=0.
ot 0z
€, - CIUHUYHBIA BEKTOP B HANpaBICHUU OCH z. EIUHUIBI U3MEpeHus u

Oe3pa3MepHbIe MapaMeTphl TE K€, YTO U B MPEABIAYILEM pa3Jiee.

CHavana pacCMOTPUM MOJIETBHYIO 337jauy 00 YCTOHYMBOCTH PaBHOBECHS CJIOS CO
CBOOOTHBIMH, HeaehOpMUPYEMBIMH, ucalbHO TEIJIONPOBOAHBIMU u
AJIEKTPOIPOBOJIHBIMU  TPaHUIAMHU. OTO TO3BOJIUT AHAJIMTUYECKH, BCECTOPOHHE
UCCIIeIOBAaTh POJIb KYJOHOBCKOTO B3aMMOJIEUCTBHSI OOBEMHOTO 3apsija C BHEIIHUM
nojieM. ['paHUYHBIC YCIOBUS B CIETAHHBIX MPEANOI0KEHUIX CIeAYIOIHUE:

v,=0,T =0, nk(Zk—Z,Em))zo npu z =0;1,
(5.69)

ov. Ov 1
T =—pd, +n —- + k)-l—S S(E.E ——8.E2).
ik POy ﬂ( ox, | ox, 0 kT O

CTpUKIMOHHAS 4YacTh DJIEKTPUYECKOrO TEH30pa BKIIOYEHa B naBieHue, 1, , T, i]({m) -

TCH30PLbI HaHpH)KCHI/Iﬁ B XHUAKOCTH M MAaCCHBC. YcnoBue PaBCHCTBA KaCaTCIIbHBIX

HaMPsHKEHUH MOKHO TIPeoOpa3oBaTh K BUILY

n(@oz + 8ij = soex(aEO - emEm).

ox oz

Nn IMOCKOJIBKY I'paHUIbI UACAIBHO IIPOBOAAIIMUC U ITOJIC BCCTAd HOPMAJIBHO K HHUM,

TO

[Tocnennee ycnoBue - 370 0OBIYHOE YCIOBHE Ha CBOOOJHON MOBEPXHOCTH, KOTOPOE

npeodpasyercss k L) =0. OKoOHYaTeIbHO, I'pPaHUYHBIE yCIOBUS K cucteme (5.68)

TaKHe
v, =v"'=T=0 mpu z=0;l. (5.70)
PaccmarpuBas HopMasibHBIE BO3MYIIICHUS BUIA
w(z)exp{—%t +ik x + ikyy} ,

MIOJIy4YUM aMIUTUTYAHYIO 3a/1a4y
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—Av, =Av_ - k*RT - k*RBp, k*=k;+k;,
2 (5.71)
—APT=AT+v,, (AP, -1)p=T", A=—5-k .

dz

HcxkimounB v, U p, IOIy4aeM OJHO YPAaBHEHHE LIECTOTO NopsAaka 1 1’

— WPRAT + X*(PAT - PN'T — PRN'T) - A\(PA'T - AT — PN'T + Bk*RT)
(5.72)
+k*RT + AT - k*RBT' =0.

[Iects I'PaHUYHBIX YCJ'IOBI/Iﬁ A TCMIICPATyphbl IMOJYYAarOTCA HCIIOJIb30BAHUCM

AMIUTUTYIHBIX YPABHEHUM U TPAHUYHBIX YCIIOBUU ISl CKOPOCTH
T=T"=T"=0 mnpu z=0;l. (5.73)

£
YMHO)kasg Tenepb ypaBHeHHE (5.72) Ha KOMIUIEKCHO CONpsDKEHHYI0 1 |
unterpupyss B mnpeaenax or O g0 1, MOXHO mNOKa3aTh BENIECTBEHHOCTh U

3HaKOOHpeI[eJ'IeHHOCTI) BCECX I/IHTeraJIOB, KpOMe
1
J = jT "T'dz .
0
WuTerpupys ero mo 4actsiM, noiydyaem
1
J= ITT*/dz -_J".
0

Takum oOpazoMm, uHTerpan J - yucto MHUMBIA. Toraa mpuOIMKEHHOE pelIeHHe

ypaBHeHUs (5.72) MOKHO NIPEACTAaBUTH B BUJIE [72]
T =ae™, Im(m)=0.
[ToxcraBuB pemienne B ypaBHEHHE (5.72), TOMydYnM KyOWUYecKOe ypaBHEHUE IS
JTeKpeMeHTa A
aX +bX +ch+d=0, a=-PPM, M=k*+m", (5.74)
b=M(MP,+ PRM +P), c=—(M’ + M*P+ M°P, - PK’R),

d=M>-k*R+iRBk’m.
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B mpenensHoM cityyae P, =0 (MrHOBEHHas pejlakcalus 3apsiia) MO aHAJIOTHUU C

pe3yJbTatamMu pazaena 5.2 1isl KpUTUYECKUX uncel Panes, nonyuum

2 2\3
Ri=y 5 RB -1+ 1+ am’B7 ), RO:—(k -m) ,
m

k2
(5.75)
R, B+P
R = (1+1/1+4sz2) B =2
> 2m’B! bo(1+P)
3meck R, - KpuTHYeckue uucia Pomes mpu momorpeBe CHU3Y M CBEpXY

COOTBCTCTBCHHO. MI/IHI/IMI/ISI/IPYH HUX I10 BOJIHOBOMY YHCIIYy, HAXOOAUM, 9YTO BOJIHOBOC

YHCII0, COOTBETCTBYIOIIEE MUHUMYMY R, U R,, Kak U B cilydae 0ObIYHON KOHBEKLIUU
[125], paBHO £k, \/_ \/_ Camu ke MUHUMAJIbHBIE KpUTHUYECKHE yucia Panes

MOHOTOHHO YOBIBAIOT C BO3pacTaHueM moiis (puc.5.6).

|Ry|-107

0 ' 4 8 B

Puc. 5.6. 3aBucMMOCTH MUHUMAIILHBIX KPUTHYECKUX uncen Panest ot 6e3pa3smMepHoOi
HANPSHKEHHOCTH TOJIA. 1 - MOJ0TpeB CHU3Y, 2 - CBEPXY

Kak yxe orMedasioch, paBHOBECHE B JAaHHOM CJIy4yae HEYCTOWYMBO TOJBKO IO
OTHOIIEHUIO K KOJeOaTeTbHBIM BO3MYIICHUAM. J[J11 4aCTOT HEUTPaIbHBIX KOJICOAHMI

MOJIy4aeM

()

k2+m2)
o= ") —1+1/1+4m2B2), ® =—(—(1+1/1+4m232).
TR ) = T |

ACHMIOTOTHYECKOE 3HAUCHUEC JacCcTOT, COOTBCTCTBYIOIICC OOJIBIIINM TIOJISIM pPaBHO

(5.76)
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3m?
() =

SN/

Kak u B clIydac BCPTHUKAJIBHOIO CJIOA, HauOoyiee OITacCHEIC BO3MYIIICHHA

MPEACTaBISAIOT COO0M Oeryiine BOJIHBI.

B ClIy4a€ KOHCYHOI'O BPCMCHH pPCIIaKCAllUH 3apsaa R #0 I OIIPCACIICHUA
KpUTHUECKUX urcen Pajest momydaeTcsi KyOuueckoe ypaBHEHHUE BUJla

R’ +R*(ZG* -2G -3R,)+ R(3R, + G* +4R,G) - R(R, + G) =0.  (5.77)
31ech 0003HAYECHO

P B*k'm*P’ G- M*P + M*PP, + M*P

M8(1+P)2 ’ P12k2
B2
12}
8-
41
B}
0 2 4 6 &

Puc. 5.7. Jluaus HyneBoro nuCKpuMUHaHTa ypaBHEeHH (5.77)

VYpaBaenue (5.77) umeer aumOO TpPU JCHUCTBUTEIBHBIX KOPHS, JHUOO OJWH,
COOTBETCTBYIOIIMI KPUTHUUECKOMY uucity Panes npu nmomorpese cHuzy. /[[Ba apyrux
JNEUCTBUTENIBHBIX KOpHS (B Ciydae TpeX KOpPHEHM) COOTBETCTBYIOT KPUTHUUYECKUM
yuciaMm Poness mpu momorpeBe cBepxXy. JMCKpUMHMHAHTHAs KpuBask MOXKET OBIThH
npeactaBieHa B Bujge ¢yHkuun B=B(k,P,P). llpu P=F =1 u m=mn oHa
n3o0paxkeHa Ha puc.5.7. Belie KpuBOW pacronoxeHa o0JacTb NapaMmeTpoB, B
KOTOPOM CYIIIECTBYIOT TPH JCHUCTBUTEIBbHBIX KOPHS ypaBHEHUS (5.77), HIKE - OJIUH,

COOTBETCTBYIOIIIMI  TMOJOTPEBY CHHU3Y. AHAIW3 JIUCKPUMHUHAHTHOM  KPHUBOM

nokaspiBaeT, yto npu P #(0 cymecTByeT KpUTHUECKOe mojie B,, TOJIbKO IpHU

NPEBBIILIEHUHA KOTOPOr0 HEYCTOMUYHMBOCTD MPHU MOJOTPEBE CBEPXY CTAHOBUTCS BOOOIIIE
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BO3MOXkHOH. Hamomuum, uro mpu F =0 paBHOBecHE IpH IONOIPEBE CBEPXY

. (moctatouHo cuibHBIN ogorpes). Tak

HEYCTOMYMBO MpHU JIOObIX B, eciu ‘R‘ > ‘Rz

JUIsl TIapaMeTpOB, COOTBETCTBYIOIIUX pHUC.5.7, paBHOBECHE MpPH MOIOTPEBE CBEPXY

YCTOMYHMBO TPH JIFOOBIX uuciax Panes, ecnmu B< B, =1,7.

B nensx nonyuyenus: 00siee TOUHBIX KOJMYECTBEHHBIX COOTHOILIEHUN CPABHEHHUS C
skcriepuMeHToM 3anada (5.71), (5.73) unrerpupoBajiach YUCIEHHO, METOJ0M PyHre-
Kytra-MepcoHa ¢ opToroHanusanuend pelmieHud Ha Kaxaom Iare. ['paHu4YHbIe
YCJIOBHUSL COOTBETCTBOBAJIM TBEPIBIM, HICAIBHO TEIUIONPOBOJHBIM TIpaHulaM. B
KayecTBE HauyaJbHbIX NPHUOIMKEHUH K KPUTUYECKUM 4uciiaM Panes um yactoram
HEUTPAJIbHBIX KOJEOAHU HCIONb30BATUCH 3HAYEHHS] COOTBETCTBYIOUIUMX BEJIUYMH,
BBIYUCIIEHHBIE TIO hopmynam (5.75), (5.76). [Ipu pacueTax UCIONIB30BAIICS AITOPUTM,
noApoOHO onucaHHbli B pabore [133]. HeoOxomumocTs OpTOroOHAIU3ALUU
JUKTOBajach TEM, 4YTO B HEKOTOPBIX pacuerax uucio IIpannarns BeiOMpanoch
OonpmvM. B Takux pacuerax Masblii mapaMeTp MpU CTaplield MPOU3BOAHOU
3aCTaBi€T 3a00TUTHCS O COXPAHEHUWU JIMHEWHOW HE3aBUCHUMOCTU pEUICHUN B
nporecce uHTerpupoBanus. [IpuBnem pe3ynbTaThl YACIEHHOIO HHTETPUPOBAHMS.

Ha puc.5.8a, 6 m3o0pakeHbl HEUTpalbHbIE KPHUBBIE W YACTOTHl HEUTPAIbHBIX

KosiebaHuil, COOTBETCTBYIOIIME IToforpeBy cHu3y u P =P, =1. (Kpusbie 1 - B =3,

40t
4_
30} !
k/ 2
20} 2r
0 2 4k 0 2 4 k
a 3]

Puc.5.8. HeliTpanbHble KpUBbIE M YaCTOThI HEUTPAJIBHBIX KOJIEOaHUM MTPH MOJAOTPEBE CHU3Y
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KpuBble 2 - B =5). Ha puc.5.9 nzoOpaxeHsl HEUTpaJbHbIE KPHUBBIE ISl TEX XK€
3HAYEHUN MapaMeTpoB, HO MpPHU IOAOTPEBE CBEPXY. 3ABUCUMOCTb MHUHHUMAJIBHBIX

Kputndeckux uucen Pames or mapamerpa nosa B npu P =P, =1 npencrasinexa Ha

puc.5.6.
B
6L
4_
2 2r
2 3

Puc. 5.9. HelitpansHble KpuUBBIE IIpH
TOJIOTPEBE CBEPXY Puc. 5.10. 3aBHCMMOCTH KPUTHYECKOIO

napaMmerTpa nojs oT JiorapupMa MUHUMAIBHOIO
KPUTHYECKOrOo 4ucia Paned mpu mnoporpese
cBepxy. [IlpencraBneHsl TeopeTHUECKHE U
OKCIIEPUMEHTAJIbHBIE  JITAHHBIE  PaA3JIUYHBIX
aBTOPOB

Kak yxe ObU10 OTMEuYeHO BhINIE, B padote [74] cuctema, aHamoruunas (5.71),
UHTerpupoBanack MeTojoM byOHoBa-I"anepkuna. Pe3yabTaThl 418l Cityyas moJiorpena

ceepxy u P =480, P, =0,1 cpaBHHBaJIUCH C DKCIIEPUMEHTAIbHBIMA JAHHBIMU [73,

74]. Ha puc.5.10 nmpeacraBieHsl: CIUIONIHAas KpHuBas - pacyeT MeroiaoM byOHOBa-
["anmepkuna [74], mTpuxoBas KpuBas - pacder 1o npubamxeHHo Gopmye (5.75) ¢

R, =1708, uepHblii kBazpaTr - pacuer meroaoM Pynre-Kyrra. OcTajlbHbIE TOYKH

COOTBETCTBYIOT pe3yJibTaTaM dKCIIEpUMEHTOB [73, 74].

BuaHo, yTo pacyeTsl, NPOBEICHHbIE PA3IUYHBIMU METOAAMHU M Pa3JIMYHBIMU
aBTOpaMH, JAOT OJU3KWE pe3yJbTaThl U YAOBIETBOPHUTEIHBHO COIJIACYIOTCS C
HKCIIEPUMEHTOM.

B 3akmiouenue oTMeTHM TIyOOKYIO aHAJIOTHIO JJIMHOBOJIHOBOTO XapakTepa

pacCMOTPEHHONM B JTOM TJIaBe OOBEMHOM KoOjeOaTeIhbHON HEYyCTOMYMBOCTH U
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NOBEPXHOCTHOM K0JI€OATENbHOW HEYCTOMUYUBOCTBIO, PACCMOTPEHHOW B MEPBOM IJIABE,
3aKJII0YAIOIIYIOCS B CYIIECTBOBAHUHA MAKCUMAJIBHBIX BOJHOBBIX YHMCEN BO3MYILECHUH,
[0 OTHOIIEHHWIO K KOTOPHIM pPABHOBECHE €IIE€ MOXKET OBbITh HEYCTONYHBBIM
(moBopoTHble TOYKM Ha puc.l.3, 5.4, 5.9) npu KOHEUYHBIX BpEMEHaX pejakcaluu
3apsana. Ousnyeckas CymIHOCTh 3TOTO SIBJIEHUS 3aKJI0YAECTCs, M0-BUINMOMY, B TOM,
YTO BpeMs pellakcaluu 3apsaa (PUKCUPOBAHO, TOTJA KaK YacTOThl HEUTpalbHBIX
KOJie0aHUW PacTyT C pOCTOM BOJHOBOTO uucia (puc.l.4, 5.8) u HacTymaeT MOMEHT,

KorJa 3apsa HE YCIICBACT OTPCIAKCUPOBATh HAAJICKAIIUM 06pa30M.



