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Bnepsbie coobpakennsi 06 3JIeKTPOCTPUKIIMOHHOM MEXaHM3ME BO3HUKHOBECHHS
BOJIH B >KMJKOCTH, HAOJIOJaeMbIX HEMOCPEACTBEHHO Tepes MpoOoeM >KHIKOTO JH-
3JIEKTPUKA B CUJIBHBIX AJICKTPUUYECKHUX MOJIAX, ObUTH BbicKa3zaHbl B padote FO.H. Bep-
mHuHa [1].

JIMHAMUKA TNIJIEKTPUKOB B 3JIEKTPHYECKOM I0JIe

Ha 3apsikeHHYI0 AMAJIEKTPUUYECKYIO KUIKOCTh B 3JEKTPUUECKOM TOJIe JEHCTBY-
eT o0beMHas cuia, Belpaxaemas (Gopmysoil ['eapmronsua
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[Iycte Mexay AByMs IUIOCKMMHU TOPU30HTAJIbHBIMU 3JICKTPOAAMU IPHUII0KEHO
MOCTOSIHHOE HamnpsbkeHue. B 3ToM ciaydae OTIM4HA OT HYJISI TOJIBKO BEPTUKAIbHAA
IIPOCKLHS IEKTPUYECKOro mnoyis £_. PaccMOTpUM pOCT MaJIbIX OJHOMEPHBIX BO3-

MYHIGHI/Iﬁ INIOTHOCTU U CKOPOCTH, COOTBCTCTBYIOIIUX PACCIIOCHUIO BAOJIb 3JICKTPH-
YCCKOTI'O II0JIA, B BUAC

p=po+ Agexp(p)exp(i2mx/A),  u, =Cyexp(y)exp(i2mx/A) (2)
U JJIsl pacCIIOCHUSI OMEPEK ANEKTPUUECKOTO TOJIS B BUJIE

p=po+ Ayexp()exp(i2zz/A), u, =Coexp(p)exp(i2nz/A). 3)
3nech A — AsuHA BOJHBI BO3MYILEHUH, Ay, Cj — HadyaJabHbIE aMIUTUTYbl BO3MYIIIE-
HUH, Y — UHKPEMEHT HEYCTOMYUBOCTH, O( — CPEIHSA IUIOTHOCTH BELIECTBA.

O6bemuas cuna (1), melcTByOIIass Ha WACATBHBIA AUDJIEKTPUK B OTCYTCTBHE
CBOOO/IHBIX 3aps/IOB, B Cllyyae BO3MYyIleHUH (2) umeeT BU [2]
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rae £y — BeIu4rHa OJHOPOAHOTO B 3TOM CIIy4ae dJIEKTPUYECKOIO MOJIS.
Jlia Bo3myieHu (3) BeJIMYMHA UHAYKIUH 3JIEKTPUIECKOro nojis Dy MOCTOsAH-
Ha MO0 IPOCTPAHCTBY, MIO3TOMY aHAJIOTUYHO MOIy4YaeM [2 ]
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Kak nokazano B [2], TakOoW BUJ CHJI MOXET MPUBOJUTH K aHU30TPOITHOMY pac-
nagy AUAJIEKTPHKAa HAa CUCTEMY HHUTEBUJIHBIX MapOBBIX KAHAJIOB B >KUAKOCTH, MPH-

OJIM3UTENIPHO TApAICIbHBIX HANPABJICHHUIO JJIEKTPUUYECKOTO MoJisi. Takoi pacman
MPOUCXOJIUT JAKE€ B YCTOMYMBBIX OJJHO(DA3ZHBIX HAYAIBHBIX COCTOSHUSAX.
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OmnpeneneHHbIil BUI aeKTpuueckux cui (4) u (5), nponopiuoHaibHbIX rpagu-
€HTaM IJIOTHOCTH, (DaKTMYECKU O3HAYaeT JOMOJHUTENbHBIN aHU30TPOIHbIN BKJIaa B
NOBEPXHOCTHOE HATSKEHUE HA TPAaHULAX pa3lieia )KUJIKOCTh-Nap. ITO0 0OCOOCHHO Ha-
[VISIAHO BUJHO IIpY YHUCIEHHOM peamm3anuu Merona LBE, Tak xak siekrpuuyeckue
cuibl (4) u (5) BKIIOYAIOTCS aIIUTUBHO C CHUJIaMU, 00ECIIEYMBAIOIIMMHU TTOBEPXHOCT-
Hoe HatrspkeHue [3]. st rpaHul OpUEHTUPOBAHHBIX BJAOJb MOJS 3TOT BKJIAJ MOJIO-
KUTEJIBHBIN, a JUIsl TPaHUIL], ODUEHTHUPOBAHHBIX MOIEPEK MOJIA — OTPULATENbHBIN. UTO
MHTEPECHO, MPU JOCTATOYHO CUJIIBHOM MOJIE JJISI TPaHUll, OPUCHTHPOBAHHBIX MOTE-
pPEK, CyMMapHO€ MOBEPXHOCTHOE HATSHKEHUE MOXKET UCUE3HYTh MOJHOCTHIO (puc. 1).
B pacuerax 31€KTpONpOBOJHOCTH BEIIECTBA I0JIarajaach PaBHOW HYJO, a JUAJICK-
TpUYECKasi MPOHUIAEMOCTh HEMOJIIPHOTO JUAIEKTPHUKA — 3aBUCALIEH OT IUIOTHOCTH

kak ¢ =1+4+3ap/(1-ap). Benuunna A= Eg /(8mp,) — Oe3pa3MepHBIi KBaapaT am-

IIMTY AbI OJICKTPHUYCCKOI'O I10JIA.
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Puc. 1. VcuesznoBenue 3(h(peKTUBHOTO MOBEPXHOCTHOT'O HATSKEHUSI B CUIILHOM DJICK-

TpudeckoM moie. CpeiHee DICKTPHUYECKOe IONe COOTBETCTBYeT A =50, Bpems
t =0 (a), 100 (6), 200 (). [IpuBencunas Temmeparypa 1 =0.7.
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Puc. 2. 3meHenue 3¢(eKTUBHOIO NOBEPXHOCTHOTO HATsDKEHUs! K =0 /0 B 3JEK-
Tpu4uecKoM noie [4]. / — o = o0(; 2 — Ha OIIOCE Iy3bIPbKA; 3 — HAa DKBATOPE.

B [4] Ha ocHOBe 3KCIEPUMEHTAIBHBIX NaHHBIX O AehOpMAIMH My3bIPHKOB B
ANEKTPUUECKOM T10JI€ MPEANPUHSITA MOMbBITKA ONMPEACIUTh U3MEHEHHE d(PPEKTUBHOTO
MOBEPXHOCTHOTO HATSDKEHUS JKMJIKMX TUAJIEKTPUKOB Ha TOJIOCE U HA HKBATOPE, HC-
MOJIb3YsI BEJIMYMHY KPUBHU3HBI MOBEPXHOCTH B ITUX TOUYKAaX, U cuutas Gopmy my-
3BIPHKOB 3JUIMIICOMIATBHON. DKCIEPUMEHTAIBHO Hai/IeHO, YTO HOpMajbHas K MO-
BEPXHOCTU pa3jiefia COCTABISIONIAS JICKTPUUECKOTo ToJIs ocnabiser 3G GheKTUBHOE
MOBEPXHOCTHOE HATSXKEHUE, a TAHTCHIMANIbHAS COCTABIIAIONIAs YCHUIMBAET (pHC. 2).
OpnHako neTanbHO MEXaHW3M 3Toro 3ddexra oObsicHEH HEe ObLI, Tak Kak B [4] pac-
cMaTpuBajach TOJBKO CyMMapHas Cuja, JACUCTBYIOUIas Ha DJIEMEHT MOBEPXHOCTHU
pasznena (a3, 6e3 ydyera oObEMHBIX CHUJI. DKCIEPUMEHTHI [4] ObUIM BBIMOJHEHBI Ha



IIEPEMEHHOM HAIIPSKEHUHM, YTO CHJIBHO 3aTPyAHSET MHTEPIPETALMIO ITOJTYYECHHBIX
pEe3ynbTaTOB, KOTOpBIE, TAKUM OOpPa30M, HOCAT TOJbKO KAade€CTBEHHBIM XapakTep.
Kpome toro, nonyuyenusie B [4] hopmyJsibl IpeacKa3blBalOT CIUTIOUMBAHUE MY3bIpbKa
ANEKTPUUECKUM TOJEM, YTO MPSIMO MPOTHUBOMOJIOKHO HaAOII0IaeMOMYy B JKCIIEpH-
MeHTax 3 (exTy yaIMHEeHUs My3blpbKa BAOJIb Mouis. [IpuunHON Takoro pacxoxie-
HUS SBIISIETCS TO, UTO B [4] BIUSHUE 3NEKTPOCTPUKIIMOHHBIX CHJI OBUIO YYTEHO TOJb-
KO Ha TPaHULAX IMy3bIpbKa.

l[eﬁCTBHe AIEKTPOCTPUKIHUHU B HEOTHOPOAHOM ICKTPHUIECCKOM IT0JIE

PaccmoTrpum  AeHCTBUE DIEKTPOCTPUKLIMM B OJHOPOJHOW JKHIKOCTH MEKIY
IBYMSl KOHUEHTPUYECKUMHU LUIUHIAPUUECKUMHU WIH CPEPUUECKUMH JJIEKTPOIaMHU.
Ilycte R u Ry, — paauycsl BHYTPEHHEIO M BHEIIHETO 3JIEKTponoB. Ilocne momaum

HampsOKEHUS BO3HUKAaeT OObEMHAsl CUjla B HalpaBiIeHUM yBeiauueHus nois. [lpu
3TOM BOJIM3M BHYTPEHHETO 3JIEKTPOJa BO3ZHUKAET 00JIACTh YBEJIMYEHHON IMIOTHOCTU
B BOJIHE TOPMOYKEHUS, a Y BHEIIHETO 3JIEKTpoaa — o01acTh pazpexenus [5,6]. B ciy-
Yae, KOT/la 3HAUYCHUE MHAYKLIUU SJIEKTPUUYECKOTO MO Ha BHYTPEHHEM SJICKTPOIC
MIOCTOSTHHO U paBHO Dy, 2JIEKTPUUECKOe Mojie £ U3MEHseTCs C painyCoM:

[unuHIpuYecKue 3JIeKTPOIbL E=DyR/(er), (6.2)

Cdepuyeckue IeKTPOIbI E= DOR2 /(572) : (6.b)

Jls pacyera T€YEHUs KUAKOTO JUDIIEKTPHUKA MOJ JAECHCTBUEM DIIEKTPOCTPUKIU-

OHHBIX CHUJ [7] UCIIOIB30BAJICS METO]] BO3MYIICHUH,
pP=po+Ap, u=ug+Au. (7)

Bynem cuutate, 4to B o0nactu R + cyt <r < Ry —cyt, Tie BIUSHUA 2IEKTPOIOB
Ha T€YEHUE JKUAKOCTH HET, B IIEPBOM IMPUOIMKEHHH IIJIOTHOCTD KUIKOCTU MOCTOSH-
Ha O = pPg,a CKOPOCTh U =uy = 0. 31eCh ¢y — CKOPOCTh 3ByKa.

Tak kak npu MOCTOSHHON INIOTHOCTH JUDJIEKTPUYECKAs MPOHULAEMOCTh TOXKE
nocTosiHHa, To u3 (1) momydaem, 4To 0ObeMHas CHUJia paBHA

oe/0
T

B of0mem cirydae ogqHOMEpHOE ypaBHEHUE WMITYJIbCA ISl HEBS3KOM KHUIAKOCTH
(ypaBHEHHE Diljiepa) UMEET BU]T
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Tak kak B IEpBOM HpI/I6J'H/I)KeHI/II/I IINIOTHOCTh IMOCTOsSIHHA, TO JAaBJICHUEC HC 3aBHUCUT OT

KOOPJMHATHI, U I'PAJAUEHT JaBJICHUS PaBeH HyJ10. Bo BTopom npubiamkenuu ( p = pg,

O(Au)

u ~ Au ) ypaBHEHHE UMITYJIbCA 3AIIMCHIBAETCS B BUIE O o = F. Tak kak cuia He
4

3aBUCHUT ABHO OT BpECMCHH, TO 3TO YPABHCHUC MOKHO IIPOUHTCIPUPOBATH 110 BPCMCHHU
polu=Ft. (10)

Orcrona, yuutbiBas (6) u (8), mosrydyaeM BeIpa)K€HUsI I CKOPOCTH [7]:



(9¢/0p)r DGR*

[unuHIpuYeCcKue 3JIEKTPOIbL u= t, (11.a)
4 827"3
2 4
DGR
Cdepuueckue 371eKTPOIbI u=- (0¢/0p)r Dy t. (11.b)
2 82 rS

Temepp MOXHO HAWTH IONPAaBKy K IUIOTHOCTH Ap. [l 3TOro paccMoTpum
YPaBHEHHUE HEPA3PBIBHOCTHU ISl OJHOMEPHOIO CIydast
op Opu (D-1)pu
PP +( )P =0. (12)
ot oOr r
B stoMm ypaBHenuu D =1,2,3 o3Ha4arOT MIOCKUH, IWIMHIPUYECKUN U chepruyeckuii

ciydau, cooTBeTcTBeHHO. OTcroaa, yuutsiBas (7) u (10), momydaem:
o(Ap) :_(GF N (D—l)th- (13)
ot or r

HuTerpupys erie pa3 no BpeMEeHH U TIOJICTaBIAs crofa popmyiy muist cuibl (8) ¢
yueToM (6), OKOHYATEIbHO NOJyYaeM YpaBHEHHMs! JJIsl INIOTHOCTHU B BUAE [7]:
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HOJ’Iy‘-IeHHI)IC HpI/I6JII/I)KeHHI>Ie peuICHuA CIIpaBCAJINMBEBI IJI MaJIbIX BPCMCH, IIOKa

Ap/ py <<1, T. e. ipu ycnoBun Ft? /(por)=ut/r<<1.

[Toxoxue pe3ynbTaThl MOJYy4YeHbI B [5,6] B MpUONMKEHUH IMHEWHON aKyCTUKH U
ropasjio 6osee ClI0KHBIM METOIOM, UCTIONB3Ys IpeodpazoBanue Jlamiaca.

Ha puc. 3 npuBenensl pe3yibTarhl, noinydeHHble MetogoM LBE mpu pacuere
OJIHOMEPHOT0 TEYEHHUs, COOTBETCTBYIomIero (11.a), B 3JEKTpUYECKOM MOJE MEXKIY
KOAKCHUAJbHBIMU UUJIUHIPUYECKUMU 3JIeKTpojgaMu [7]. BenuunHa 31€KTpUYECKOro
IIOJISI HA TIOBEPXHOCTH BHYTPEHHETO 3JIEKTPOJAa COOTBETCTBOBAJA 3HAYEHUIO Iapa-

MeTpa A=208.1. ['pannvHbIC YCIOBUS AJIS TUIOTHOCTU M CKOPOCTH Tipu » = 2R 3ania-
BaJIMCh B BUJIE YCIIOBUIM HENPEPHIBHOCTU T€UEHHUS BAOJIb paauyca.

Ha navanbHO#M cTanuu, Moka IMJIOTHOCTh B 00JACTH BHE BIUSHHS LIEHTPAIHHOTO
AJIEKTPOJIa HE CWIIBHO OTJIMYAETCA OT MEPBOHAYAJIBHOM, PE3yJIbTAThl PACYETOB XOPO-
o coBmagaT ¢ Teopernyeckumu (11.a). O6macTy BIUSHHUS BHYTPEHHETO 3JIEKTPO-

t

J1a, KOTOPYIO MOXHO OLICHUTb Kak R + J.(co —Uypin ) At , 3AMETHO MEHBIIE, YEM BEJIH-
0
yuHa r < R+ cpt , moay4yeHHas B [5,6] i BOJIH JJIEKTPOCTPUKLIUU B aKyCTUYECKOM

npubmkenuu (puc. 3). boiee Toro, No UCTEUEHUU HEKOTOPOTO BPEMEHHM HaOJIrOa-
ercs (opMUPOBAHUE YJIapHON BOJIHBI, PACIIPOCTPAHSIONICHCS OT 3JIEKTPOJia MPOTUB



MOTOKA KUJAKOCTH, JBUTAIOMICHCS Tiepen (pOHTOM BOJHBI CO CKOPOCTHIO MPOTIOP-

[IUOHAJILHOU t/rg?’/B (11.a) B HampaBieHUU BHYTPEHHErO 3JeKTpoaa (puc. 3,0), rae
ryR — KOOpAHHaTa GpOHTA YAAPHOM BOJIHBI.
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P L 5 Pir 1 5
1 R — R,

2B y 2t y s
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Puc. 3. Pacnipenenenusi IOTHOCTH U CKOPOCTH B OKPECTHOCTU BHYTPEHHETO 3JIEK-
tpoga R<r<2R. t=50 (a), 200 (6). Kpussie I/ — pacuer metogom LBE. Kpussie

2 —reopus (11.a). T=0.9, py =1.66.

8
asperities at the
electrode surface
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Puc. 4. BoiHBI 2JIEKTPOCTPUKIIMKA MEXKIY HWIMHIPUUYECKUMU dekTponamu (a, b):

A=300 (a), 600 (b). TemHBIM TIOKa3aHA MEHBINAS TJIOTHOCTH (mMap). OOpazoBaHue
3apoapliiei mpobos (¢), A =30. TeMHBIM TOKA3aHbI GOJBIIHE BETHIHHBI E /p.

Ha puc. 4,a npuBeaeHbI pe3yJbTaTbl MOJCIUPOBAHUS TCUCHUS KHUJKOTO JTUDJICK-
TPUKA MEXY JBYMS KOAKCHAJIbHBIMU HWJIMHIPUYECKUMU 3JIEKTpogaMu. YeTKo BU/I-
Ha BOJIHA CKATHS, PACIIPOCTPAHSIOIIASCS OT BHYTPEHHETO 3JIEKTPOa BOBHE.

HQYCTOﬁqHBOCTH, CBA3AHHbLIC C BOJTHAMH JJICKTPOCTPUKIINH

B pacuerax, npencraBieHHbIX Ha puc. 4,0 (B ciiyyae OonbllIed HanpsyKEHHOCTH
0JIs1), BUJHO Pa3BUTUE AaHU3OTPOIMHON HEYCTOMUMBOCTHU [2] B 00JaCTH MOHUKEHHOM
IJIOTHOCTH MEPE BOJIHOM CHKATHUS.

Kpome Toro, B BoJIHE CxKATUSI TPOUCXOJAUT 00pa30oBaHUE HEOTHOPOTHOCTEH M3-
3a BIMSIHUS “‘IIEPOXOBATOCTU BJEKTPOAOB. BO3ie BBICTYNOB 3JIEKTPUYECKOE IOJIE
00JIBIIIe, TOITOMY JUAJIEKTPUK BTSATHBACTCS B ATH 00JIACTH, U OT HUX PACTIPOCTPAHSI-
FOTCS BOJIHBI pa3pekeHus. Eciu paccTosiHMEe MEXAY BBICTYNaMU JOCTATOYHO MaJlo,
BOJTHBI Pa3pEKEHUST BCTPEUAIOTCS IPUMEPHO MTOCPEIUHE, U B 3TOM MECTe 00pazyercs
007acTh OHKEHHON TIOTHOCTU. Harnmsanuee nanuwii a3gdekt mokazan Ha puc. 4,8
JUISL TUIOCKUX 3JIEKTPOAOB C JIByMsl BBICTYIAaMHU HAa OJHOM W3 HUX. MIHTEpecHO, 4To
BenmuuHa E/p, ompenensroomas coriacHo 3akoHy IlamieHa BEpOSTHOCTH MPOGOs,

IMPUHUMACT MAKCUMAJIbHBIC 3HAYCHHUSA HC BO3JIC BCPHIMHBI OCTPHUSA, T'NC I3JICKTPHUYC-



CKO€ MOJIe MAaKCUMAaJIbHO, & B 30HE MOHMXEHHOU IJIOTHOCTU MEXIY OJIU3KO pacro-
JI0’KEHHBIMU MUKPOOCTPUSIMU HA TTOBEPXHOCTH AJIEKTPOAOB. B 3TOM MecTe BeuunHa
E/p Boipactaer 6Goinee, yeM B 11 pa3 1o cpaBHEHHIO C HAYAILHBIM 3HAYeHUEM. Ta-

KO 3(PPEKT MOKET CIIYKUTh HOBBIM MEXaHU3MOM 3aPO3KICHHS TTPOOOSI.

Kpome ommcanHoro teueHus, B 00JacTu Tepe] BOJHON YIUIOTHEHUS MOTYT pea-
JIA30BaThCSl YCJIOBUS 11 AHU30TPONHOW HEYCTOMYHMBOCTH. ILIIOTHOCTH BemiecTna,
COOTBETCTBYIOIIAS JIOKAJIbHBIM CHUHOJAISAM NPU HAJIWYAM BJICKTPUYECKOTO TOJIA,
Psp 3ABUCHT OT KOOPJMHATBI 7', TAK KaK JICKTPHYECKOE IOJIC YMCHBILIACTCS C yBe-

andeHueM paauyca (6). [Ipu moHmkeHus MIOTHOCTH BEIIECTBA CO BPEMEHEM corJjac-
HO (14) mpaBas rpaHuna 00JiacTH, II€ BO3MOYKHA AHM30TPOINHAS HEYCTONYHMBOCTH
(P < pg,(r)), pacmmpsiercss mo KoopauHare r (puc. 3,0). Pesynbrarsl YnCICHHOrO

MOJICITMPOBAHUS MpEJCTaBiIeHb Ha puc. 4,06. OT BHYTPEHHErO 3JIEKTPOJa PacIpo-
CTpaHsIETCS BOJIHA CXKaTus (BOJHA DJIEKTPOCTPUKIIMHU), @ B 00JACTH TIEpENl BOJTHOM
TJIOTHOCTh MOHUYKAETCS M3-3a HEOJHOPOJHOTO MO CKopocTelt (puc. 3), u Tam pas-
BHUBACTCSI aHU30TPOITHAS HEYCTOMYNBOCTb.

3ak/oueHue

IIpoBeneHbl pacdeTsl AIEKTPOTUAPOIUHAMUYECKUX TEUCHUN C BOSHUKHOBEHUEM
BOJIH 3JIEKTPOCTPUKIIMU, B TOM YHUCIIE U YAAPHBIX, TEUEHUW C BOSHUKHOBEHHUEM aHU-
30TPOIMHON HEYCTOWYMBOCTH B CHJIBHBIX DJIEKTPUUYECKHUX TIOJISAX U C U3MEHEHUEM 3 (-
(EeKTHBHOTO TOBEPXHOCTHOTO HATSDKEHMSI HAa TpaHUIaX pasnuena ¢as KUIKOCTh-Tap.
[IpuBeneHHBIE pacUEThl YKA3bIBAOT HA TO, YTO B CHJIBHBIX JIEKTPUUYECKHUX IOJISAX HE-
00X0AMMO MPUHUMATh BO BHUMAHHE BIIMSIHUE AIEKTPOCTPUKIIMIO, HA YTO BIEPBBIC
ObLIO OOpaleHo BHUMaHue B pabdoTtax [1,5,6].

Pabota BeimonHena npu nozgjaep:kke Poccuiickoro @onaa dyHaaMeHTaTIbHBIX
Uccnenosanuii (rpant Ne 06-08-01006-a).
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