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[MpoaHanunsnpoBaHbl 3/1EKTPOTEPMOKOHBEKTNBHbIE TEHEHVSI BA3KOU HECKMMAEMON AUSNEKTPUHECKON XKNAKOCTH,

I'IOMeLLLeHHOﬁ B MOAY/INPOBAHHOE 3NIEKTPUHECKOE NOoJI€ NJIOCKOro KoHAEHCATOpa. )KI/I,ELKOCTb HarpeeBaeTca Co CTOo-

POHbI BEPXHErO 3/1€KTPOAA (KaTOAa), C KOTOPOro npoucxoanT yMEPEHHaA UHXEKUUNA OTPUUATENIbHOINo 3apsAaa.

Ha nnockocTu aMnAnTyga Mmoaynaunmm — 06paTHa;| HaCTOTa NOCTPOEHA KapTa PeXMMOB NOBEAEHUA XULKOCTN.

MpogemoHCTppoBaHa BO3MOXXHOCTb MOAABJIEHNS 3EKTPOTEPMOKOHBEKLMI B MOgyaupoBaHHoM nosie. ObHapy-

XKEHbI PA3/INHHbIE TUMbI OTKJINKA HAa NEPEMEHHOE BHELLHEE BO3p,eﬁCTBI/Ie — MOAYNNPOBaHHbIE 6eryu.|,v|e n ctoa4ne

BOJIHbI. I_Ionyqubl XaAPaAKTEPUCTUKN MOAYINPOBAHHBIX BOJIH.
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1. BBEAEHUE

Tekyume muageKTpuIecKre u CAADOIPOBOMAIINE
CpeJibl — YKUJIKOCTU U YKUJIKIE KPUCTAJLIBI — [IPEICTaB-
JISIFOT 3HAYUTE/IbHBIN MHTEPEC I U3YYeHUsI HE TOJIb-
KO OJrarojiapst 60/IbIITOMY Pa3HOOOPA3UIO BOZHUKAIOIITUX
HeJIMHEHHBIX Tevenuii u crpykryp [1,2], Ho u ¢ nupakru-
JeCKON TOYKHU 3PEHUsl: JIjIsi KOHTPOJIsi MHTEHCUBHOCTHU
MacCo- U TeIJIONePEeHOCa, MHTEHCHBHOCTHU [IPOXO/IsIIIe-
ro Yepes3 Cpejly CBeTa, & TaKyKe PACIpeesIeHus 3apsijia
B cpejie [3-5].

O HUM U3 CHOCODOB MEXaHU3MOB TEHEPAIUU CBO-
OOHBIX 3apAIOB B KUJIKOCTU SIBJISICTCSH WHYKEKITUS
[3,5,6]: BCsleicTBIE OKUCIUTEIBHO-BOCCTAHOBUTEIbHBIX
peakiuii BOJIM3U MPAHUIBI XKUJIKOCTb—3JIEKTPOJL TeHe-
PUDYIOTCsI 3apsijibl, COBIAJAIONINE 10 3HAKY C COOT-
BETCTBYIOIIUM 3JIEKTPOJOM. B j1laHHON crarbe n3yda-
ercs CJIydail YHUIOJISPHON WHKEKIUH OTPUIATETHHO-
ro 3apsja. Haxopsmasics y KaTojia HedTpajbHasl IpU-
MeChb 3aXBaThIBAET 3JIEKTPOH, CTAHOBSICh OTPUIIATE b~
HBIM HOHOM [7]:

Me+ (XTY7) = Me(e) + (XY ) =Y (1)

free’
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rme Me — merasn Karoga, OTJAIONINI MOHHON mape
+ — —_

(XTY™) ausekTpoH e, a Yf,.ee — OTPHUIATEJILHO 3apsi-

JKEHHBII MHXKEKTUPYEMBbIl HOH.

Bozuukaromue ot mefictBrueM pa3HOCTH OTEHITHA~
JioB Vjy Ha OOKJIaJKaxX KOoHJieHcaTopa cuibl Kymona ot-
TaJKUBAIOT OTPHUIlaTe]IbHbIE 3apsdAdbl OT KaTo/Ja B 3a-
30D TOJIIUHON d MEXKJy IJIEKTPOJIAMH, 3al0JHEHHDII
JauaaeKTpuKkoM. Ilpu ompesiesieHHbIX YCI0BUAX B pe-
3yJIbTaTe HEyCTONYMBOCTU IeHEpUpPYyeTCsl dJIEeKTPOKOH-
BEKTHUBHBIII MaCCOIIEPEHOC.

Bemmumay wumkeknum xapaxTepusyer Oe3pasmep-
uwiit mapamerp C = qod?/Voeoe (qo — mioTHOCTD 3apsi-
J1a, UHXKEKTHPYEMOTO B YKHJIKOCTb C KATOJA £9— SJICK-
TpUYecKas IIOCTOSHHALA, € — JUIICKTPUYICCKAs IIPOHU-
1[aeMOCTD CpeJIbl), KOTOPBIl IpejicTaBiseT coboii 0THO-
IIeHNe MHYKEKTHPYEMOro 3apsja Ha eIUHUILy ILIOIIA-
U qod K TIOBEPXHOCTHOMY 3apsiily, KOTOPBI MO ObI
NPUCYTCTBOBATH Ha 3JIEKTPOJAX U3-32 MPHIOKEHHOTO
BHerHero 1oJist Vogoe/d [8].

BoznuknoBenne 31eKTPOKOHBEKITUT U HAIKPUTUIE-
CKH€ TEeYEHUs B M30TEPMUYIECKOM CJIydae IOAPOOHO
usyqensl [8,9]. TlokazaHo, 9TO KHUJKOCTH MOYKET HAXO-
JIUTHCsL b0 B COCTOSHUM MOHHON mpoBOAUMOCTH (OT-
CYTCTBUS JIBUYKEHUS CILIOIIHOM cpejibl), Jaubo B perKu-
Me 3JIEKTPOKOHBEKTHBHOTO TedeHus. [Ipm sTom mepe-
XOJ1, MEXKJTy MEXKJIy 9TUMH COCTOSHUSAMU IIPU U3MeEHe-
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HUM YIPABJISIONIEro napaMerpa (3JIEKTPUIECKOrO IHC-
Jia Pajtest) mpoucxoaur rucrepe3sucHbiM 06pasoM.

B nemsorpemmueckoil KUAKOCTH, HaXOAdAIIelcs B
[oJIe CHJIBI TSYKECTH, 3& C4eT KOHKypeHmun cmia Ky-
JIOHA U IUIABYYeCTH BO3MOXKHBI ycusienue [10, 11| wim
ocyiabiienue [12] Teronoroka, a Tak¥Ke XaO0THUECKHE
JIBUKeHUs 11pu Harpese cOoky [13].

Eciin »KuJKoCTh HArPEBAETCA CBEPXY, HOSABJISAETCH
BO3MOKHOCTH F€HEPAITUH KOJIE0ATETHbHBIX PEKIMOB Te-
YeHud B Buje Hejuneiinbix Bosn [7,14,15]. Ilpu srom
AHAJIN3 3JIEKTPOKOHBEKTUBHDIX TE€UCHUN IIPOBEICH J1JIsl
CJlydas MOCTOSAHHOTO 10Jisi B GE3bIHYKIIMOHHOM IIPH-
GJIMYKEHUHN: TTOJIATAETCS, ITO SJEKTPUIECKOE MOJIE BHYT-
PU KOHJIEHCATOPA HE 3aBHCUT OT PACIPEIEJCHUS UH-
JKEKTUPOBAHHOIO 3apsiyia. 1l0KaszaHo, 9TO Ha IMOPO-
re yCTOMYMBOCTH B pe3yJibTare MpsiMoii Omdypkrarun
Xonda MOTyT BOSHUKHYTH BOJIHOBBIE Te€UeHUS B (HOP-
Me cTostueil miau Geryineil BoaHbl. B HaTypHBIX 3KcIe-
PUMEHTaX BOJHOBBIE TEIEHUsT HAOJIIOMAIOTCS B TOM THC-
Jie B 3aMKHYTBIX KOJIBIIEBBIX KAHAJIAX, HATIPUMED, TIPA
U3yYeHNN KOHBEKIMN OMHAPHBIX cMeceil [16].

B paGorax [17,18] upoBeien y4er BIusgHUA KOHBEK-
TUBHOI'O II€PEPACIIPE/IC/ICHAS MHKEKTUPOBAHHDBIX 3a-
PAIOB HA 3BOJIONHIO 3JIEKTPOKOHBEKTUBHBIX PEZKUMOB
npu ciaboit mrkekrmu 3apsaga (C = 0.224) B mocro-
SIHHOM M IIePEMEHHOM BHEIHUX 3JICKTPUUECKUX MOJISX.
ITopo6HO M3yUeHBI CMEIIAHHBIA PEsKUM KOHBEKIIUH —
JUTUTEIbHBIN TIePEXOIHBIN [IPOIece MEeXIy Oeryimeil u
CTOSTIE BOJTHAMU, & TaKyKe MOJLyJTMPOBAHHbBIE Geryiue
BOJIHBI.

B mammoii pabore mpoaHAJM3NPOBAHO ITOBEIECHUE
TEPMO3JICKTPOKOHBEKTUBHBLIX CTPYKTYP B IePeMEHHOM
JIEKTPUIECKOM MOJI€ B CIydae YMEPEHHOH MHKEKIUN
zapgaa (C 1.0). B ommmume or ciydast ciaaboit
[17,18] nHKek1un 06HAPYKEeHA BO3MOXKHOCTD [IOJIaBJIe-

HUA SJIEKTPOTEPMOKOHBEKIIUU B MO/IYJIMPDOBAHHOM I10-
JIe, a TaKzKe CTa6I/I.HI/I3aJ_[I/IH pezKuMa CTOAIUX BOJIH.

2. IOCTAHOBKA 3AJJAYN

Paccmarpusaercs I1JIOCKUIA FOPU30OHTAILHBII
caabo-

ZKNJIKOCTDBIO.

KOHJICHCATOD TOJIIUHON d, 3allOJHEHHBIH
HPOBOJIAIIEl  BA3KON  HeCzKUMaeMON
Iorennman anoga ®(d) = Vj, norennmasn karona B
obIeM  cjiydae MEHSIeTCsl TapMOHUYIECKHM 00pa3oM
®(0) = aVp sin(27 ft) ¢ ammrynoit aVy u gacroroit f
(o < 1). KoHgeHCATOD € KUJKOCTBIO HAXOUTCS
TaKKe B I0JI€ CUJIbI THAZKECTU g U HAI'DEBAETCs CBEPXY,
© — pa3HOCTH TeMIeparyp Ha OOKJIAJIKaX KOHIEHCA-
Topa. Kpome Toro, Ha BepxHeM 3jieKTpoje (KaToje)
[IPOMCXOJIUT ABTOHOMHAsI MHYKEKIUs 3apsiaoB. Hampa-
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6(0)=0, O(0)=V,sin(27ft)
OO0 000000000 X

d £ |z

0(d)=0, ®(d)=V,

Puc. 1. Cuctema koopauHaT, reoMeTpusi N FpaHuYHbIE YCI0-
BUSl 334241 O FOPU3OHTAIbHOM CJIOE >XKUAKOCTM

BUM OChb T JEKapTOBOil CHCTeMBbl KOODJUHAT BJIOJIb
00KJIAZIOK KOHJIEHCATOPA, OCb 2 (puc. 1) — BHU3, BIOJIb
YCKOPEHUsT CBOGOIHOTO T1a/IeHHS.

Bamaga paccMATpUBAETCA B SJICKTPOTHIPOIIMHA-
MHOYECKOM MPUOJMKCHAU, B KOTOPOM
3dPEKTH IPEeHEOPEKUMO MaJIbl 10 CPABHEHUIO C IJICK-
rpudecknmu [4]. ZKugkocts obsagaer cieyommmmn

MaTrHUTHBIE

XapaKTepUCTUKAMU: JTUHAMUYECKOH BA3KOCTBIO 1],
JIIDJIEKTPUIECKON MTPOHUIIAEMOCTHIO € U IIJIOTHOCTHIO
[IpU CpeJIHEN TeMIepaType po, TEMIIEPATYPOIIPOBO/THO-
CTBIO X, KO3MDMUIMEHTOM TEILIOBOIO DPACIIUpeHns [
(upemosiaraercs JMHEHHAS 3aBUCHUMOCTDH ILUIOTHOCTH
or Temueparypbl: p = po(1 — 56)) u MOABUKHOCTEIO
zapsanoB K. JlusjgekTpudeckas MPOHUIAEMOCTDb YKUJI-
KOCTH € U KO3(pDUIMEHT MMOABUKHOCTH HOHOB K He
3ABHUCSAT OT TEMIIEPATYPBI U SJIEKTPUIECKOTO TIOJIS.

Cucrema muddepeHnnaabHbIX yPAaBHEHUN, OMUCHI-
BAIOIINX JIEKTPOTEPMOKOHBEKITUIO, COIEPIKUT yPaBHE-
Hue HepaspbiBHOCTH, ypaBHenne Hasbe — CTokca, 3amu-
CcaHHOE B Ipub/mKennu Byccurecka, ypaBHeHUE TEILI0-
uposogHocTH [19], a TakKe 3aKOH COXPAHEHUs 3apsia
u ypastenue Ilyaccona [8,20]:

divv =0,
ov

at—f—(v-V)v:

1
—p—Vp + nAv — gBe — gV P,
0

00 (2)
5T
dq

ot
Ad = —

(v-V)l = xA¥b,

+(v-V)g=K(¢* - Ve Vq),
q

coe’

rje v, p u f — 1oJist CKOpOCTH, JABJICHHs U TeMIIepaTy-

PbI COOTBETCTBEHHO, ¢ — OO'beMHasl INIOTHOCTD 3apsiJia,

€ — eJUHUYHBIIA BeKTOD, COHAIIPABJICHHBIN C OCBIO 2.
Hcnosb3yeM B Ka4ecTBe MACIITA00B CJIeLy IOIIHe Xa-

pakTepucTuKH: JUHLL [¥] = d, Bpemenu [t] = pod? /1,
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ckopoctu [v] = n/pod, nasnenus [p| = n?/pod?, pas-
HocTH ToTeHImanoB [®] = Vj, mrorHocTH 3apsjoB
[q] = €0eVo/d?, Temueparyper [0] = O.

Torpa cucrema (2) B 6e3pasMepHOM BHUJIE 3allUIICT-
Csl CJIEITYTOIITIM 0Opa30M:

divv =0,
({2—: +(v-V)v=
2

=—-Vp+Av - &Ge - T—qVCID,

Pr M2 (3)
00 1
ET +(v-V)o = ﬁAG,
0q T
k| : - (VD
5 TV VIe= 150 - VeV,
Ad = —q.

I'panuynbie ycyioBus Ha OOKJIAIKAX KOHJIEHCATOPA CO-
OTBETCTBYIOT WJEATHHO JIEKTPO- W TEIIOMPOBOIHBIM
ILJIACTUHAM, Ha KOTOPBIX *KUJIKOCTH HE ITPOCKAJIb3bIBa-
€T, & C KaToJla NHXKEKTUPYETCs 3apsiI;

npu z=0: v=0, 0 =1,
—C,
mpuz=1: v=0,0=0, =1.

¢ = asin22nvt, ¢ =

(4)

B cucreme ypashenuit (3) M IpaHUYHBIX YCJIO-
Buil (4) wupucyrcrByor Ge3pasMepHbIe HapaMeTpbl
Ra = gpofO©d3/nx — uucno Panes, Pr = n/pox —
quciao Ipawnraga, T = epeVy/nK — GespasmepHbiii
3JIEKTPUYECCKHUIT ITapaMeTp, IPONOPIUOHAIBHBIA Cpel-

HEMY HalIPpA2KCHUIO Ha O6K.H&,HK&X KOH/IeHCaTOopa,

napamerpel M = /e0e/K2py u C, xapakrepusyromniye
HOJBHMKHOCTb HHXKEKTUDPYEMBIX HMOHOB U HHTCHCHB-

frod®/n —

6e3pasMepHbIe AMIUIATYIA U 9acTOTa TapMOHUYIECKOH

HOCTb MHZKEKIUU, a TakKXKe « U V

MO/TYJIAIE TOTEHINAJIA HA BEPXHEH 00KIaIKe.

DJIEKTPOKOHBEKIMA B HEOJHOPOJIHO HATPETON CJra-
GOIPOBOJISIIIEH JKUAKOCTH BOZHUKACT U II0JI1ePKIUBACT-
cs1 Grmarogapsi CUJIe TUIABYYECTH, BOSHUKAIOMEH B 10OJI€e
TszkecTn, u cuwie Kynona, neficTByfomieil Ha WHXKEKTU-
POBaHHBIE 3aPsIbl.

Paccmorpum jgBymepubie Tedenus, v = (v, 0,0,).
g pemenus nesmueitnoii cucrembl (3) ¢ rpaHUYHbBI-
MU yesI0BUsAMHE (4) MCIIOIB30BAJICS JIBYXIIOJIEBOH METO/.
it ero peajmsanuu HEOOXOAUMO HEPEHTH OT IOJIEH
CKOPOCTH V U JIABJIEHUS P K CKAJISPHBIM (DYHKITUHI TOKA
1) U BUXPIO CKOPOCTH (0, 3aJ]aBAEMbIX COIJIACHO CJIEILy-
IOIIMM COOTHONICHUSIM:

o, o
0z’ Ox

MOXKHO 3aMETHUTh, 9TO p = —A1).

Vg = — Vz = )y P = (I‘OtV)y, (5)
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B nepemennbix v, ¢, 0,q u ¢ cucrema ypaBHeHUit
(3) BBIVISLAUT CJILYIOMUM 0OPa30M:

Ip Op Y  Op 0y _
ot ox 0z Az dr
T2 (0®dg 0P dq Ra 06
—M+W($£‘£$%ﬁm;
00 900y  900) 1
o 020: Tozor oY (6)
9q 0q0¢  0q0y T -,
ot 920: To-00 a2 d VOV
Al/f = —,
AP = —q,

C 'PaHUYHBIMUA yCJIOBUAMN

mpu z =0: ¢ =0, a—w:O, 0=1,
0z
¢ = asin 2mvt, ¢ = —C, (7)
0
nmpu z =1: ¢ =0, —1/}:07 =0, o=1
0z

B TOPU30HTAJIbHOM HallpaBJIEHUU MUCIIOJIb3YIOTCA
HepuoJnviecKue yCjaoBusd

F(zx+ L,z,t) = F(x,z,t), (8)
riae F'— mobast uz dyukunii cucremst (6), L = 27 /k —
IIepUO/T KOHBEKTUBHON CTPYKTYPbI, COOTBETCTBY IOt
KPUTHIECKIM BO3MYIIEHUSIM k Ha TOPOre BOSHUKHOBE-
HUSA JIEKTPOTEPMOKOHBEKITAM.

st aHajm3a HeJUHEHHBIX TEYeHW B JAHHON
CTaThe MUCIOJIbL30BAaH HabOp MapaMeTpOB, COOTBETCTBY-
FOIIUX  CJIADOIIPOBOIAIIIM  YKUJIKOCTAM: Pr 10,
[7, 21], M 14.14 |7, 8, 10], C 1 (ymepen-
Has MHXKEKIWs), U HarpeB cBepxy (umcio Pajes
Ra = 2500). IIpu 9TOM KPUTHUECKOE BOJHOBOE IHCIIO

k = 4.33 [17], u, cienoBareabHO, pasMep CTPYKTYPb
L = 1.44. B yucjeHHOM MOI€/INPOBAHIY HCIIOJIH30BAHA,
cerka 31 x 21 ysnoe (mar Az = Az = 0.05), uro
JIOCTATOYHO JIJIA 33Ja49d O TEPMO3JIEKTPOKOHBEKIIUY
(moapobHOE paccMOTpEeHHe BJIMSHUSL I'YCTOTBI CETKH
Ha XapaKTePUCTHKU 3JEKTPOKOHBEKIMU IPOBEICHO
B patore [18]).

Jl1g HaXOKJIeHUs II0JIeil TeMIepaTypbl U ILIOTHO-
CTH 3apsJIa UCHOJIb30BAJUCH SIBHBIE CXEMBI ¢ PA3HOCTS-
MU TPOTHUEB IIOTOKA IIEPBOTO MOPAIKa TOIHOCTH. Jlis
pelennst ypaBHeHust 3BOTIONUE (DYHKIAA BUXPST CKOPO-
CTH IIpU TIOMOIIYU HEHTPaIbHO-PA3HOCTHOI CXeMbI BTO-
POToO MOPSJIKA TOTHOCTH HEOOXOUMO Y/IOBJIETBOPEHUE
KPHUTEPHUIO YCTONUMBOCTH, CBSI3aHHOMY C JIOKAJIbHBIM
3HaYEHUEM quce/1 PefiHo/IbIca B KasKI0M U3 Y3JI0B CeT-
ku. JIjist 9TOro MCIOJIb30BAJIOCH IIEPEKIIOYEHIE MEXK LY
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Puc. 2. BudypkauymoHHas gumarpaMma pexumoB ABUKEHNS

XKUAKOCTU N 33aBUCHMOCTU MaKCUMalbHOMO 3HaYeHust PyHK-

unMm Toka u hasoBoli CKOPOCTU BeryLueil BONHbLI OT ynpass-
tollero napametpa T

JIBYMSI PA3HBIMA SIBHBIMU IHCJIEHHBIMA CXEMaMHM, yJI0-
BJICTBOPSIONIUMHE yCJIOBUIO YCTONUNBOCTH JJIsl PA3HbBIX
qucest Peitnonbaca [22].

Vpasuenus Ilyaccona jjist BUXps CKOPOCTH (0 U 3a-
PsiJla ¢ PENIAJIACh TIPU IIOMOIIU METO/Ia II0C/IeI0BATe b
HOl BepxHell pesakcanyu [23]. 3nadenue BUXps CKOPO-
CTH Ha TOPU3OHTAJILHBIX TPAHUIAX BLIUYUCIAIOCH B CO-
OTBETCTBUHM C ycjosueM Towma.

JI1s1 anaJm3a oIy YeHHBIX Pe3YJILTATOB B IIPOIECcce
YUCJIEHHOTO MOJEIUPOBAHUS YCTaHABIMBAIICH 3aBUCH-
MOCTH MaKCUMAJBHOTO 3HAYEHUsT (DYHKIUH TOKA Y aq
B pPaCUETHON dA4YeiiKe U ero KOOPAUHAT Lypqy U Zmar OT
BPEMEeHH, 3aBUCUMOCTH OT BpeMeHHU 3HaYeHus (DYHKIN
TOKA Yo B buUKcupoBaHHoM y3ie x = 1/2 u z = 1/2,
a TaKKe pacrpeenenns (PyHKIMN TOKa, TEMIIEPATY PBI
U 3apsijia BHYTPU A9eiKH.

3. IOCTOAHHOE IIOJIE

B nocrostarOoM noste (aw = 0) it paccMaTpuBaeMo-
ro B JIAHHOW cTaThe HAbOpa MapaMeTpoOB U 3HAYCHUH
asekTpudeckoro dnciaa Pates T = 655 mexanudaeckoe
paBHOBeCHE KUJIKOCTU CTAHOBUTCS HEYCTONYIUBBIM OT-
HOCHUTEJBHO KOJIEOATEIHbHBIX BO3MYIIECHUN, U B PE3Ylh-
TaTe TpAMON OudypPKAIMN BO3HUKAET JJIEKTPOKOHBEK-
st B dopme Gerymumx BosiH (traveling wave, TW),
puc. 2, 3.

204

70,5

1

T 1 [

1

1 \ === == ’
0 02 04 06 08 1,2 14

X
Puc. 3. Pexum Gerywux sons TW npu T = 665. a — 3a-
BUCMMOCTMN OT BPEMEHM 3HAYeHUs PYHKLMU TOKa B OUKCUpPO-
BaHHOI TouYke (CMJIOWHAs NUHNS, JIEBasi OCb) U FOPU3OHTas b~
HO KOOPAMHATBLI MaKCMMyMa PyHKLMM ToKa (KpacHbIe TOYKM,
npasas ocb). b — Pacnpegenerne dbyHKLMM TOKa B sidelike B
MOMEHT BPEMEHU, COOTBETCTBYIOLLNIA BEPTUKAIbHOMY pa3pesy

Ha puc.3a

CrpyKrypa TedeHHs B JAHHOM DEKHUME IPEICTaB-
JIsieT cobOi JIBa MPOTUBOIOJIOKHO BPAIIAIONTIXCA KOH-
BEKTUBHBIX Basa (puc. 3 b), KOTOpbIe JBUKYTCS KaK 116~
JIOE€ BJIOJIb TOPH30HTAJIBHOIO HAIPABJICHUS C IIOCTOSIH-
Hoit (azosoii) ckopocTbIO

dl‘maz

=1.22
dt

Uph =
(puc. 3 a, KpacHble TOUKH), HHTEHCUBHOCTb KOHBEKITUN
B BaJjlaX OCTaeTCsA IIOCTOSAHHOI.

Kaxk Bujno Ha puc. 2, Ipu yBeJMIEHAN YIPABJISIIO-
ero mapaMeTpa MHTEHCUBHOCTH KOHBEKIIUN B PEYKIME
Oerymmx BOJIH BO3PacTaeT, a (a3oBas CKOPOCTH, Ha-
000poT, majaer. TO MPOJIOJIKAETCS BIIOTH 10 KPH-
Tudeckoro 3uadenns T = 673, mpm KOTOpOM cmcTema
CKAIKOOOPA3HO MEPEXOJUT K PEKHUMY CTAIMOHAPHOM
koHBeKIuu (stationary overturning convection, SOC).
DTOT pekuM 00J1a71aeT KOHBEKTUBHON CTPYKTYPOIt, CO-
CTOdAIIEH M3 JBYX HEMOJBUXKHBIX BaJOB, 3€PKaJIbLHO-
CHUMMETPUIHBIX OTHOCHUTEIBHO BEPTUKAIHHON IJIOCKO-
CTH, NPOXOAIIEHl 10 JIMHUU MAKCUMAJbHON (MUHE-
MaJIbHOIT) BEPTHKAIBHON CKOPOCTH KUJKOCTH (pHC. 4).
MHTEeHCHBHOCTD JIBUYKEHUS YKUJKOCTH ITOM PEKHUME
B HECKOJIBKO Pa3 IIPEBBIIIAET WHTEHCHUBHOCTD PEKUMA
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1

Puc. 4. PacnpegeneHue B siveiike NaOTHOCTY 3apsifa ¢ € M30-
NUHUAMU (PYHKLMN TOKA B PEXWUME CTALMOHAPHON 3NEKTPO-
koHBekuun SOC, T = 675

crogaux BoH. Hecmorps Ha oTsmaus O6udypKarmnon-
HOI JIMarpaMMbl DeEIIeHUil B yMEPEHHOM PeXKHUMe HH-
xkekipn (C = 1, puc. 2) or ciayvas caaboii MHKeKIUK
(C = 0.224 [18]), mepexo/ K BHICOKOUHTEHCUBHOMY Dé-
JKAMY KOHBEKIINH HAOJIIOMAETCS U B 00OUX CJIydasiX.

4. TIEPEMEHHOE ITIOJIE

PaccmorpuM Teneph rapMOHHYECKYIO MOJLYJIAIIAIO
[OTeHINAIa Ha BEepXHeH OOKJIajKe KOHIeHcaTopa (Ka-
Tojie). B KauecTBe OCHOBHOIO COCTOSIHHUSI, HA KOTOPOE
HaKJIa/IbIBAETCS MOJYJIANAA TI0JsA, Oepercd Oeryimast
BOJIHA, HabO1aeMast ipn 3HaveHnn T = 665 (puc. 3).
IIpu janHoM 3HaYMEHUN yIIPABJISIONIEro mapaMerpa da-
30Bas CKOPOCTb MOPU30HTAJIBHOTO JABUYKEHUS Oerymeit
BOJIHBEI COCTABIACT Vpp = 1.22, ITO COOTBETCTBYET COO-
CTBEHHOI YacToTe KojiebaHuii 1moJieil cucreMbl B (pUK-
CHPOBaHHOU TOUKe, vy = (.848.

B 3aBucuMocTH OT BETMYIUMHBI AaMILIATYBI MOILYJIs-
[IUU (v, & TaKXKe OT COOTHOIINEHHUs COOCTBEHHOI 9acTo-
TBI Iy CHCTEMbBI U YaCTOTHI MOJIYJISIINH BHEITHETO ITOJIs
I MOYKHO TIOJIYIUTH PAa3UYIHbIe THUIIBI OTK/INKa. Kapra
DPEXKUMOB TE€YEHUsI YKUJIKOCTH HA IJIOCKOCTH aMILIATY-
Jla MOJYJIAINWUK IOTEHIMAjla Ha KaToJle — OTHOIIEHHEe
COOCTBEHHON YACTOTHI CUCTEMBI K UACTOTE MOILYJISIIII
IIpe/icTaB/IeHa Ha PHUC. D.

st mupokoro Habopa uactot (v /v € [0.2;2]) npu
HeGOJIBINX AMILIATYaX MOyJsimn mods (o < 0.1,
ue 6ostee 10% oT pasHOCTH NOTEHIUAIOB HA IPAHUIAX)
B CHCTEME Dean3yercs PEeXKWM MOJYJINPOBAHHBIX Oe-
rymux BosiH (modulated traveling wave, MTW). Pac-
npejiesieHns MYHKIMN TOKA, TeMIepaTypbl U 3apsaia B
peKruMax MOIYJIUPOBAHHBIX OEryIuxX BOJIH U Oerymmx
BOJTH KadecTBeHHO moxoxku. Ho B pexxume MTW un-
TEHCUBHOCTH KOHBEKIIUN U T'OPU30HTAJIbHAS CKOPOCTH

10 2KOT®, Bbi. 2

02 03 04 05 06 07 08 09 1 11 12 13 14 15 1,6 1,7 18 19 2
Vv

Puc. 5. KapTa pexumoB TeyeHUs >XUAKOCTW Ha MJIOCKO-
cm a—vp/v (aMnanTyaa Momynsiuuu noTeHuuMana Ha KaTo-
[e . —OTHOLLEeHNe COBCTBEHHOM HaCTOTbl CUCTEMbI K 4acToTe
mogynsiuuun vo/v) npn T = 665 n C = 1. 3enenble obnactu
— mogynuposatHble berywue sBontbl (MTW), xxentole — me-
xaHuyeckoe pasHoBecue (ST), KpacHble — MOLYINPOBaHHbIE
crosiine BonHbl (MSW), cnine — MoaynupoBaHHasi 31eKTpo-
konsekumus (MEC)

KOHBEKTHBHBIX BAJIOB, BOOOIIE TOBOPSI, MOJLYJINPYIOTCS
¢ YacTOTOl BHENIHero BozjeiicTBus. B obuiem ciydae
OTHOIIIEHNE YaCTOT Vo/V He SIBJISETCS PAIMOHAJIbHBIM
YUCJIOM, UTO COOTBETCTBYET KBAZHUIIEPHUOIUTECKAM KO-
snebannsM (DYHKIIUU TOKA, TEMIIEPATYPBI U 3apsiia B
JIOKAJIbHON TOYKe KOHBEKTUBHON gA4eiiku.

Kak BugHO M3 KapThl pexuMoB (puc. 5), mis
BCEX PACCMATPUBAEMBIX TACTOT MOJLY/IAINNU, HATAHAS
€ HEKOTOPO#l aMILIUTYIbl ¢ = (W), PEKUM MOIY-
JINPOBAHHBIX OEryIIUX BOJH CTAHOBUTCS HEyCTOWYH-
BBIM ¥ CUCTEMA MEPEXOUT K JPYTOMY THITY JIBUKEHUS.
IIpu 9TOM 3aBHCHMOCTD @ = (i (w) SBISETCS CJIOK-
HOM M MMeeT BUJI IAPAMETPUUECKUX «SI3bIKOB». MOXKHO
3aMETUTh, YTO MUHUMAJbHBIE KPUTUIECKHE aMILIUTY-
bt paspytierns pexxuma MTW npubun3uresibHO cOOT-
BETCTBYIOT COOTHOIIEHUSIM YacToT Vo/v ~ 1/2,1,3/2,
YTO OTBEYAET PE3OHAHCHBIM YaCTOTAM, [IOJIYYAEMbIM 13
TEOPHUU [APAMETPUYECKOTO Pe30oHaHCa [24].

PaccMOTpuM TOBEIeHNE TETEHWIT, BOSHUKAIONIAX B
pe3yJIbrare MOTePU YCTONINBOCTH MOy TMPOBAHHOM Oe-
ryuieif BOJIHBL.

B unreppase uwacror vo/v € [0.45;1.3] Gosbine
AMILTUTY/IBI MOJYJISITIAN TIOTEHIUAIA HA KATOJIE TIPUBO-
JIAT K BOSHUKHOBEHUIO PEXKMUMA, MOJLYJIUPOBAHHON d1eK-
rpokonseknuu (modulated electroconvection, MEC),
puc. 6.

Ha mnepsom »3rame mnepexoga k pexumy MEC
AMILTATY/Ia KOJIE0ATETHHOIO TEUEHNST YBETMINBACTCS
(puc. 6a; 0 < t < 3). CKOPOCTb IOPU3OHTAJIBLHOIO
JIBUZKEHUST CTPYKTYP MAJAeT — BOJHA OBICTPO OCTAHAB-
JITBAETCS. DTO OTPAYKAETCS B MOBEJICHNN KOODIUHATHI
MakcuMyMa (QyHKIMA TOKA B s9eiike Ha XapaKTepu-
cTudeckoil mwrockoctn (puc. 60): Xpar = const yxke
npu t > 2.5. Jlanee cpejHee 3HAUYEHHE MaKCHUMAJIbHO
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Puc. 6. MNepexoa k pe>xxuiMy MOAYIMPOBAHHON 3/1EKTPOKOHBEK-
unn MEC ot pexuma mogynmposaHHbix berywux sonn MTW
npu napametpax T = 665, a = 0.2, vo/v = 0.6 (To4ka 1 Ha
puc. 5). a — 3aBMCMMOCTb MaKCUMasbHOTO 3HaYeHNst PyHK-
LMN TOKa B si4elike OT BpeMeHun, b — nosefeHne KoopANHaTbI
MaKcuMyMma PyHKLMMN TOKa B sidelike Ha XapaKTepUCTUYHECKON
MJOCKOCTU
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Puc. 7. 3aBUCMMOCTN OT BPEMEHN MaKCUMabHOIO 3HaYeHns

yHkumn Toka (kpacHas kpusas) u dyHKLUM ToKa B pukcu-

pOBaHHOI TOYKe NMPOXOASALLEro nocepenHe ropu3oHTaNbLHOrO

paspe3sa sideiikn (4YepHasi kpusas) s Habopa napameTpos

T= 665, o =04, vo/v = 1.6 (Touka 2 Ha puc. 5), 3aTyxa-
HNE KOHBEKTWBHOIO [BUXXEHUS

GYHKIME TOKA BO3pacTaeT JI0 HOBOIO 3HAYEHUs.
3epkajabHO-cUMMeTpUYHas  (opma
BAJIOB BOCCTAHABJIMBAECTCH. B peXuMe MOIYJTNPOBAH-
HOfT asiekTpoKoHBeKIMN (puc. 6 a; t > 5) ammanTyna
TedYeHUs] MOJIYJIMPOBAHA C YACTOTON MOJLYJISIITUE I1OJIsI

KOHBEKTHUBHbBIX
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Puc. 8. lMepexog k pexunmy ctosdux Bonn SW ot pexxuma be-

rywmx sond TW npu napamerpax T = 665, o = 0.3, vo/v =1

(Touka 3 puc. 5): a — 3aBUCUMOCTb MaKCMMaJIbHOrO 3HAa4YEHUS

byHKUMM TOKa B sivelike OT BpemeHu, b — nosefeHne ropu-

30HTaNLHO KOOPAMHATBLI MaKCMyMa OYHKLMN TOKa B siHelike
Ha XapaKTepUCTUYHECKON MIOCKOCTU

‘ 12

max

Puc. 9. 3aBMCUMOCTb OT OTHOLLEHUST BPEMEHUN K MEPUOLY KO-

nebaHunii MakCUManbHOrO 3HaveHNs PyHKLMN ToKa (CrioLwHas

JIVHUS, NIeBasi OCb) 1 FOPU3OHTAJIbHON KOOPANHATHI MaKCUMY-

Ma pyHKUMN TOKa B sivelike (TOYKM, NMpaBasi OCb) B pexume

CTOSIYUX BOJIH MpuW 3HaYeHusix napameTpo T = 665, v = 0.3,
vo/v =1 (To4ka 3 Ha puc. 5)

vV, a CpeJHss WHTEHCHUBHOCTH 3JICKTPOKOHBEKIINM B
HECKOJILKO pa3 0OoJIbIle, IeM B PEKNUME MOy IUPOBAH-
HBIX OEryIux BOJIH.

st cooTHOIIEHNsT AaCTOT, JIEXKAIIEro BHE JiAalia-
30Ha Vo /v € [0.45;1.3], GosbIlne aMIIUTY/IbI MOJLYJIsi-



MWIT®, Tom 167, BoII. 2, 2025

BansHne nons Ha ABTOHOMHYKO NHXEKUNIO. . .

-0,01
0,02
-0,03

a)O \l;
0,33
0,20
0,07
Z03 -0,06
-0,19
-0,32
lllllllllllllll -0.45
C) 0 02040608 1 1214
0 | X | \'ll
0,06
0,04
0,03
- 0,02
70.5- L 0,01

1
e)

0

70,5+

1

T T T T T T T 171
02 04 0,6 08 1
Il X |

0

T 17
12 1,4

I T B I B B
0 0204 06 08 1
X

T 11
12 1,4

-0.06

0,05
0,03
0,00
-0,02
-0,05

10,07
-0,10

0,09
0,05
0,01
-0,03
-0,07
-0,11

70,5

R e R N A B e
0 02040608 1
d)o L X |

B <

T T
1,2 1,4

0,06
0,04
0,03
0,02
0,01
-0,01
-0,02
-0,03
-0,05
-0,06

70,5+

B <

T T T T 1T T
0,2 04 0,6 0,8 1
0 | X |

U
0,17

0,11

0,04
[ [-0,02
-0,09
-0,15

I

T T
12 14

70,5+

IN[I\TI\I\I\IT
002040608 1 1214

Puc. 10. Pacnpegenernsi doyHKunM TOKa B sideiike npu 3HadeHusix napametpos C = 1, T = 665, o = 0.3, vo/v = 1, pacnpege-
NIEHNs COOTBETCTBYIOT MOMeHTaM BpeMeHu a—f Ha puc. 9 (Touka 3 Ha puc. 5)

I[N TPUBOJIAT K IIOJABJICHAI0 KOHBCKTHBHOIO JIBHZKE-
uus kugkoctu (puc. 5, obmactu ST). Ilpumep nepe-
X0/la OT OeryImeil BOJIHBI B COCTOSIHHE MEXaHHIECKOIO
PaBHOBECUS LIPEJICTABIICH Ha PHC. 7.

Kpome Toro, jijst onpeseseHHOro Habopa 4acror
BozzeiicTBus vy/v € [1.1;1.3] mocrenoBarenbHoe yBe-
JIMTYEHHEe aMILIHTYIbI MOJYJISIUN OTEHINAA CHAYAIA
IPUBOJUT K IOJABJIEHHIO MOJYJHPOBAHHBIX OEryIux
BOJIH, a 3aTeM K IIePeX0Jly K BBICOKOMHTEHCHBHON MO-
JLyJIUPOBAHHOI 3JIeKTPOKOHBEKIU (puc. 5).

IToMuMmO crieHAPUEB SBOJIONUH T€YCHUS B lIEPEMeH-
HOM II0jIe, PACCMOTDEHHBIX BBIIIE, CYIIECTBYET eIle
OJIVH, IIPEJCTABJIAIONIMH 0cOObIl uHTEepec (KpacHble
obsactn Ha puc. 5). BOJH3M COOTHOIIEHHH YacTOT
vo/v =1/2,1,3/2 umerorcst 061aCTH TTADAMETPUIECKO-
IO BO3/IEHCTBHS, B KOTOPBIX BO3MOXKEH PEKIM MOJLYIIN-
poBaHHBIX crosanx BoiH MSW (puc. 8).

B jaHHBIX 00JIACTSAX U3MEHEHNST aMIUTUTY bl U 9ac-
TOTBHI BHEIIHETO II0JIs CKBO3HOE JBUKEHHE KOHBEKTUB-
HO{I CTPYKTYPBI BJIOJIb FOPU30HTAILHOIO HAIIPABIICHUST

OTCYTCTBYET, a ee KoJieOaH!si UMEIOT CBOMCTBA CTOsTI€l
BoJsiHbl. Harmpasiienne BpalleHus 3JIEKTPOKOHBEKTHB-
HBIX BaJIOB IIEPUOANYECKU MEHAETCH, a CJIeJOBaTE/IbHO,
KOOPJMHATHI IICHTPOB BaJIOB MEHAIOT CBOE IIOJIO?KCHUE
B dg4eiiKe, CABUTrasgCh Ha IIOJOBUHY IPOCTPAHCTBEHHOI'O
epuoja A49eiiKy 10 3aKOHaM

T <T/2, T=1/v:

Tmaz(t +T1) = Tmaa(t) + L/2,
Tomin (t + T1) = Tinin(t) — L/2,
Tmaz(t +T) = Tpmaa(t +T1) — L/2,
Trmin(t +T) = Tpin(t +T1) + L/2.

(9)

ITpu 9TOM MHTEHCUBHOCTDL TEUCHHs [EPHOANICCKU
Gimska K Hymo (puc. 8 a). Kak MOXKHO 3aMeTHTDH 110
9BOJIIOINK TOJIOYKEHNS MaKCHMyMa (QYHKI[UH TOKa Ha
XapaKTEPUCTUYECKOH IIOCKOCTH, CMEHA HAIIPABEHUSI
BpAIICHHUS BAJOB CONPOBOXK/IACTCA WX HEOOJIBIINIM
JIBIZKEHHeM BOJIM3HM II0JIOZKeHHst paBHOBecust (puc. 8 b).
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Paccemorpum 6otee 11opo6bHO OJIMH 1Tepro/1 KoJiebar-
HUIl CHCTEMBI B JIAHHOM pexknme (puc. 9).

Kosebanug &ysknmum ToKa AHrapMOHUYHBI
BpeMenn. Ha oauHoM mepuoae KoJieOaHWil —mMme-
OTCSL  JIBa PAa3HBIX MakKCUMyMa (QYHKIUU TOKa
(Ymaz1 = 0.4, Vmare = 0.28, pasuuna 30%) u usa
pasHbIX MUHEMYMa. Haubosblneil ”HTeHCHBHOCTU KOH-
BEKIIMM COOTBETCTBYET IIOJIOXKEHUE 3aKPy4YEeHHOI'O I10

BO

JaCOBOU CTPeJIKe KOHBEKTUBHOI'O BaJjla B IIPABOY 9acTH
sgueiiku (MOMEHT BpeMeHU @ Ha puc. 9 U COOTBETCTBY-
fomee nosie yHKIMA Toka Ha puc. 10), BTOpoMy Mak-
CUMYyMY — PAacCIIOJIO’KCHUE BaJjla B JICBOI 4acTu d4eiiKu
(MomenT BpeMmenu f Ha puc. 9 U COOTBETCTBYIOIIEE 110
se dynknun toka Ha puc. 10). Crpykrypa TeueHus
B 9TUX JIBYX C/IyYasgX OTJIMYAETCs HapaBJIEHHMEM Bpa-
[IIEHNs BAJIOB: BPAICHHE Baja 10 (IIPOTUB) YaCOBOIL
CTpeJIKe CMEHSETCS BpallleHneM B ITPOTUBOIOJIOKHOM
HAIIPABJIEHUN.

Bmecre ¢ Tem, mepecrpoiika TedeHHs, CBA3AHHAS
C U3MEHeHneM HallpaBJIeHUs BPAIIEHNsS KOHBEKTUBHBIX
BAJIOB BO/IM3W MUHUMYyMa (DYHKIMH TOKA ITPOUCXOIUT
npu 3aMeTHON «j1edopManum» Bajos (IOsBIEHREe BTO-
poii IPOCTPAHCTBEHHON rapMOHUKH). B MOMEHTBI Bpe-
Menu b—e Ha puc. 9 B gUeiike IPUCYTCTBYIOT OTHOBPE-
MEHHO JeThIpe Baja (JByXdTaxkKHasi CTPYKTYPa [0 Bep-
rukaian Ha puc. 10). Ilepsasi 4acTh NUKJIA MOJYJIHPO-
BaHHOI cTosTueit BoHbI T} 3aamMaeTr npumepro 38% or
nepnojia Kosebanwii, a sapepmatonas — 62%.

5. SAKJIFOYEHUNE

WNsyuena 3BoJifOLMsI TeYEHHS] B TOPU3OHTAJIBHOM
KOHJIEHCATOPE, 3aIl0JTHEHHOM JIMJIEKTPUIECKON KUJI-
KOCTBIO, IIPN HAaJWYAM YMEPEHHON aBTOHOMHOI yHU-
[TOJITPHON WHXKEKIUU C KATO/a W [PU HAarpDeBe CBep-
xy. OnpeieieHbl IOPOroBbIE 3HAUYEHUSI JJIEKTPUIECKOTO
qucia Pajies, oTBedaroniue BO3HUKHOBEHUIO JIEKTPO-
KOHBEKTHUBHOTO JIBU2KEHUS U3 COCTOSTHUST MEXaHIIECKO-
0 pPaBHOBeCHsI U JaJIbHeIeMy [Iepexoy K BbICOKOWH-
TEHCUBHOMY PEXKHMMY KOJIeOaHUI.

W3yueHo BiidsiHUE IEPEMEHHOIO I0JIsT HA PEXKIM MO-
JynupoBaHHBIX Oerymwux BosH. [locTpoena kapra pe-
JKUMOB Ha ILJIOCKOCTH OTHOIIEHUEe COOCTBEHHON 4acTo-
ThI KOJIEOAHUI K YaCTOTe MOJLYJISIIIAN — AMILIUTY I8 MO-
gystsitin. OOHAPYKEHbI PA3JINIHBIE YCTOWIUBbLIE KOJIe-
baTe/lbHbIE TEYEHUs, MPEICTABIISIONINE COOOW OTKJINK
Ha BHEIIIHee [IePEMEHHOe BO3JEHCTBUE: MOLYJIUPOBAH-
Hble OeryIre BOJTHBI, MOLYIUPOBAHHBIE CTOSINE BOJIHDI
U PEXKUM MOJYJIUPOBAHHOI 3/leKTpoKoHBeKmn. [loka-
3aHO, YTO MOJLYJISIIIUsI TIOTEHITHAJIA MOXKET IIPUBOJINTE K
[10/IABJIEHUIO 9JIEKTPOKOHBEKIIUU.
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PuHaHcupoBaHue. Pabora BBIIOJHEHA TIPH I0O/I-
nepxkke Poccuiickoro nayunoro donga (rpanr Ne 23-
21-00344, https://rscf.ru/project/23-21-00344/).
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