ISSN 0868-5886

VIIK 541.182:537

© B. I1. Hlapgapen, B. E. KypoukunH, 2020

OU3UKA ITPUBOPOCTPOEHUA

HAYYHOE IIPUEOPOCTPOEHHUE, 2020, mom 30, Ne 4, c. 32—45

TUTAHTCKAS JUCHEPCUS JTUDJEKTPUYECKOH
IMPOHUITAEMOCTHU JUCHEPCHOM CUCTEMBI
B IEPEMEHHOM J2JIEKTPUYECKOM IIOJIE.
OB30P MOJXOJOB, YYUTHIBAIOIINX
HAJIMYUE JIBOHMHOI'O CJIOSA

B 0630pe mpoaHadM3HpOBAaHBI JBA IMOAXOA K OMHCAHUIO MOJSPU3AIUH JUCIIEPCHBIX CHCTEM IPH IMPHUIIOKCHUH,
B 00IIeM Cllydae, IePEeMEHHOT0 MIEKTPUIECKOro 1ois. PaccMorpensl Moaenu noisipuzanuu Tpyxana u Jlyxuna —
[unosa. B pe3ynpTaTe MpoBEeAEHHOTO 0030pa CIEAYET BBIBOA O TOM, YTO HanOOJIEEe MPEAIOUYTUTENEHON MOZETBIO,
MO3BOJISIOIIEH CYIIECTBEHHO HAPACTHTh CKOPOCTH 3JIEKTpodopesa auctepcHoi (aspl, sBisiercss Moaens JlyxuHa —
[Munosa, npu peann3anuu KOTOPOH BO3MOKHO MOSIBICHUE TUTAHTCKON AUCHEPCUU AUIIEKTPUUECKON MPOHULIAEMO-
CTH TeTEePOreHHON NUCIEPCHOM CUCTEMBI IIPH BBIMOJHEHUHU YCIIOBHS HAJIMYKS TOHKOIO ABOMHOIO CIOS BOKPYT He-
MIPOBOJIAIINX JTUCIIEPCHBIX YAaCTHIl B IPOBOJSINEH TUCTIEPCUOHHOM cperie.

K. cr.: IMdIeKTprUIecKas MPOHUIAEMOCTh, THTAHTCKAst TUCTICPCHS UAIICKTPUIECKOM TPOHUIIAEMOCTH,
aneKTpodopes, MPUOIKEHHE TOHKOTO ABOWHOTO CIIOs, TeTEPOreHHas cpesia, noysipusanus Makcsemia — Barnepa,

AUCTIEpCHas cucrema

BBEAEHUE

B pabore [1] B uHTEepecax yBeIWYEHUS CKOPOCTH
aneKkTpodopesa IucepcHoOit (assl OblIa paccCMOTpeHa
BO3MOXKHOCTh HCIONB30BaHus dpdexra Oomprroit
HU3KOYACTOTHOM IUCIEPCUU OTHOCUTENIBHOM TUAJIEK-
TPUUECKON MPOHHUIIAEMOCTH B TUCIIEPCHON CHCTEME,
cocTosiiiel U3 aucnepcHoi ¢asbl B BUAE mapoodpas-
HBIX YacTHL[ C IapamMeTpaMu &,,0,, IOMEIIEHHbBIX
B OJTHOPOJHYIO IHCIIEPCHOHHYIO XHAKOCTH C Mapa-
MeTpamu &,,0,, (& u o, (i =1, 2) — oTHOCHTENDb-
HBIE JMAJIEKTPUYECKUE NMPOHUIAEMOCTH M YAEIbHBIC
MPOBOIMMOCTH COOTBETCTBYIOIIUX CpPEMA) B YCIOBUSAX
nonspm3anmun MakcBemuia — Baraepa (IIMB) [2, 3].
IIMB HOCHT Ha3BaHHE MaKpPOCKOIIMYECKOH, T.K. B HEN
UTHOPHUPYETCsl HaJM4Yhe OBOWHOIO CJIOSI Ha IpaHMLaX
pasznena a3 u HE YUUTHIBAeTCS TeM caMbiM Au(dy3-
HBIA XapakTep pacrlpeAeNieHHs 3apsijia Ha TpaHHIax
paszena, 4To BelET K OTPaHUYEHHOCTH NMPUMEHEHUS
3TOH TEOopuH O00JACThI0 TOHKOTO JABOMHOTO CIOS
ka>1,rne k =1/ Ay, a — paanyc BKIIOYEHHs, Ap
— pamuyc skpanupoBanus Jlebas. B Hacrosmiei pa-
00Te TpUBOAKUTCS 0030p IBYX MOJIENICH TEOpUH MOJIs-
pHU3alMU IUCIEPCHBIX CUCTEM B YCJIOBHUSIX Pa3BHTOTO
muddy3Horo pacrpeneneHus 3apsaa JBOWHOIO CIOS:
TEOPUH MMKPOCKOIHMYECKON mosigpu3zauuu TpyxaHa
[4—-6] u dyxuna — [lunosa [7].
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BHauase BwImumieM Hauboiee MOJIHYI CHCTEMY
YPaBHEHUH, OMHUCHIBAIOIIMX MPOIECC MOJSPHU3ALUU
B obmem Buge [7, § 3.1, § 3.2]:
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Cucrema ypaBHEHHH, ONHCHIBAIOIIAs paccMaTpH-
BaeMBIi TPOIIECC, COCTOUT W3 THUAPOJAUHAMHUYECKOTO
0J0Ka, BKIIOYAIONIETO MOJISPHU3UPOBAHHOE YpaBHE-
gue Hasre — CrTokca mig MaJibIx uucell PelHoibaca
(1) (ma3piBaeMoe B 3TOM cityuae ypaBHeHHeM CTOKca)
W ypaBHEHHE HETPEPHIBHOCTH U HEC)KUMaeMOn
KUIKOCTH (2). YpaBHeHue (3) sBIseTcsS ypaBHEHUEM
HENpPEepBIBHOCTA TIOTOKa HWOHOB (CM., Hampumep, [7,
c.76]). B xauecTBe BeKTOpa & paccMarpuBaeTCs

IJIOTHOCTH TIOTOKA ATUX MOHOB [7, ¢. 76]:
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Haxonen ypasuenue Ilyaccona (4) onuceiBaeT mo-
BeICHUE dJIEKTpUUecKoro noreHmmaita ¢ (-Vo=E;
onucanue Bekropa E cM. HWXe) nmpu HaIMuUM pac-
IIPEJENICHUS TUIOTHOCTH JIEKTPUUECKOTO 3apaa p, .

B ypaBuenusix (1)—(4), kxpoMe OTMEUEHHBIX, NPU-
HATHI Clenyromue 0003HaueHus: p =const — IJIOT-

HOCTh HEC)KMMaeMOM JKUJAKOCTH; V —— BCKTOp IMOJIA
CKOpPOCTH JKXUAKOCTHU, p — II0JIC ITaBJICHUSA B JXUAKO-

CTH; 1] — JHWHAMHYECKAs BSI3KOCTH JKHUIKOCTH; BEK-
TOP DJICKTPUIECKON HANPSHKCHHOCTH BHEIIHETO TOJIS
E, opuentupoBan, Hanpumep, mno ocu Oz
E,=(0,0,E,) u uMeeT TrapMOHUYECKHH Xapaxrep
E,=KE ¢, tne k — opr Bmons ocu Oz; € —
OTHOCUTEIbHAS JAMAICKTPUUECCKAs MPOHUIIAEMOCTH;
D — xoadpdunment muddy3un nona; ¢ — xkodhdu-
IUCHT KOHIEHTPAIMK; 4 — TMOJBHKHOCTh HOHA.
B pab6otax [4-7] ¢ynkuus ucrounuka p E;, B ypas-
HeHuu (1) OTCYTCTBYeT, B3aMEH 3TOTO CTaBHUTCS Ipa-
HAYHOE YCIIOBHE O TOM, YTO 3HAUCHHE DICKTPUUIECKO-
ro moist B cuctemMe E Ha 0€CKOHEYHOCTU CTPEMUTCS
K 3Hayenuto E;: E) = lim E, x — Bekrop Texymein

[x|>o
TOYKH B HCCIIEyeMOW 00JacTH; MMEHHO 3HAaYeHHUE
nonst E ¢urypupyer B (5). OOycnoBineHo 3To TeM,
YTO B Cpele NPUCYTCTBYET TaKKe MOJSPU30BAHHOE
AJIEKTPUYECKOE TI0JIe, OOYCIOBJICHHOE IOTEHIIMAIOM
@ u3 (4). CoracHo [6, c. 8], mone E umeer Bux:

E(x,t) = E(x)e"i“’t,
p(x.0)=p(x)e™™, (6)
E(x)=-Vo(x).

I[aﬂee MNEepexXoauM K KOHKPETHOMY PaCCMOTPCHUIO
3ad4BJICHHBIX BU/I0B IMOJIApU3allH.

MOJIAPU3ALUS TPYXAHA

Pasmen wammcan mo wmarepuanmam pabot [4-8],
B KOTOPBIX MPUCYTCTBYeT Ooiice oOmmMpHas OuOiIHo-
rpadus Mo paccMaTpuBaeMoMy Borpocy. B Hambornee
KOHIICHTPUPOBAaHHOM BHJE€ MaTepHall MpeJCTaBlIeH
B [6]. HeoOxoammo oTmeTnTh, 9To padote D.M. Tpy-
xaHa [4] mpeamiecTBoBaja H3AaHHAs 3HAYUTEIBHO
panbmie pabora .M. ®dpenxens [8], comepiasias,
OJIHAKO, TOJMEYCHHbIE B [4] HETOYHOCTU MPUMEHU-
TEIbHO K pe3ysibTaTaM, KacarolIUMCs MOJSpU3alUu
B IIEPEMEHHOM JIIeKTprdecKkoM node. [loaTomy umen-
HO paboTy [4] MOXHO Ha3BaTh MEPBOW KOPPEKTHOH
paboTol, MOCBAIIEHHON MHKPOCKOITHYECKOW MOJISPH-
3allUU JTUCIEPCHBIX CUCTEM B NEPEMEHHOM 3JIEKTpPH-
YECKOM IT0JIE C YIETOM HaJIMYHS IBOHHOTO CIOSI.

ABTOpOoM TeopuM Obla HCcIeIOBaHA CHCTEMa
chepuneckux npo8oOAUUX BKIIOUEHUU 8 HEeNnpOBOOsl-
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wetl cpede. 3amaua pacCMaTPUBAIACH B MPEAMOJIONKE-
HuM, 9To mepuon koneGammii T =27/, cpennee
CTOJIKHOBHUTEJILHOE BpEMs pEaKCallUd IOJBHKHBIX
HOCHTEIICH T, M CpelHee BpeMsi peKOMOUHAIMH 3apsi-
JIOB MPOTHBOIIONIOXKHOTO 3HAKa B MPOBOJSIICH (ase
T, CBSI3aHBI COOTHOIICHUEM 7, >T >7,; 3TO OrpaHu-
YrBaeT 00JacTh PACCMOTPEHHUS YacTOT AHANa30HOM
qacror f =w/(27): 10°-10° < £ < 10"'-10" T'u [6,
c. 8]. nsa B3Becw nposodswux chep 8 usonsimope
TOYHOE BBIPAXKCHUE TSI KOMIUICKCHON COBOKYITHO#
JUDJIEKTPUYECKOH MPOHUIIAEMOCTH &  MOTydaeTcs
Ha OCHOBE cooTHourennst & =D/E,tne D u E —
Cpe/IHAE KOMIUICKCHBIC AMILTHTYAbI DIICKTPUYCCKOM
HHIYKIMA W HATPSOKEHHOCTH TMOJS COOTBETCTBEHHO.

B3anmogeiictBueMm cucremsl chep mnpeHeOperaercs,
T.€. IPUHUMAETCA, YTO BEJIMYMHA YAEIBbHOTO 00beMa

Q WapoBeIX BKMOYEHH o =(4/3)ra’N (a — pa-
JIMyC MIAPOBBIX BKIIOYEHU; N — YHCIIO BKIFOYEHHMIT
B eluHUIE O0bEMa WM MX KOHIEHTpAIMs) Mala:
a1

W3HavyanbHO NMPUHUMAETCS YCIOBUE MAlIOCTU YHC-
Va .
na Ilexme Pe:E < 1 (3gecy V' — xapaxTepHBIH

pasMep CKOpPOCTH; a — XapakTepHBIH pasMmep Juc-
MEPCHOMN YaCTHIIbI), YTO MO3BOJSET OMYCTHTh KOHBEK-
IMOHHBINA wieH ¢V B (5) u ceectu cuctemy (1)—(5)
K JIBYM HECBS3aHHBIM CHCTEMaM: THJIPOJAMHAMHYE-
ckoii (1), (2) u anexrpoxumuyeckoii (3)—(5).

3nech mpuBeneM pericHue 3anadd (3) B Iperno-
JokeHun, uto D" =D =D wu ‘,u*‘z‘,u"z,u. Komn-

LICHTPALXsI UILIETCS B BUIE
c(x,1) =(co +y° (x))e’i“” (7)
TP YCJIOBHUH CIIA00U TTOJISIPU3AIIHH
7 < co. (8)

3necb ¢, — pPABHOBECHAs KOHIEHTPALUS HOHOB

(AMCIIEPCHBIX YACTHI[); ¥ — aMIUIMTYJa OTKJIOHE-
HUSl KOHIIGHTPALUHA OT PaBHOBECHOTO 3HAYCHHMS, KO-
TOpas TOJjaracTcsi MHOTO MEHBIICH pPaBHOBECHOU
KOHIICHTPAL[VH.

[Ipenmonoxxenue (7), (8) mo3BoNsET JHMHEAPHU3O-
BaTh 3aJadyy W TMOJIYYHTh JJIsl IUIOTHOCTH 3apsjia
ypaBHEHHE

Ap, (x)=2"p. (%), ©)

e

io
=" +—, Kk=1/4,.
D
C y4eroMm ycioBUs KOHEYHOCTH TUIOTHOCTH 3apsia
B IIeHTpe cepsl pemeHue (9) umeer BU

(10)
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pr)= 220 en(r) -2 |

r r

(11

rae r=|x| orcumrsBactes or uentpa cepsi. Iocne

nosctaoBkH (11) B ypaBHenue Ilyaccona aBTop Teo-
pUH TOJSPU3ALMU TIOTy4YaeT YpaBHEHUE JJIs Ompese-
JIeHus MOTEHLUala (), KOTOPOE CYLIECTBEHHO OTJIU-

yaercs oT ypaBHeHus (9). [lanee aBTop HaxoauT pac-
npezeseHue MOTEHIMaNna ¢ B OKPECTHOCTSIX cepbl.
Ha ocHOBaHMM 3TOTO MM MOJyYaeTcsl BHIPaKCHHUE IS
JIMTIONILHOTO MOMEHTa d, (IMIONBHBIH MOMEHT TIO-
3BOJISIET TIPEJACTABHTH JIUIOJIBHYIO COCTABIISIOLIYIO
@, NIEKTPUUYECKOro MOTEHIHana ¢ c(hepsl BO BHEMI-

Heit obnactu ¢, =d, cos¢9/r2 )[6,c. 11]:

1—i+ﬁ
d, =% i ~6,a’E,, b
1+£—2ﬁ (12)
82
rae
| (3+(za) Jth(xa) |-37a
— glK (13)

ax |:2+()(a)2 th(;(a)—zgga}z

Hns cucteMbl cepuyecKUX BKIIOYEHUH HpU HX
yZAenbHOM 00beMe ¢ < 1 mostydeHo cieayroliee Bbl-

paXkeHHue s PE3yJbTUPYIOLIEH JUANEKTPUUYECKOU
IIPOHNIACMOCTH reTeporeHHoﬁ CHUCTCEMBI.

- [1+3a(1-&/&,+B)]
C T T 26, /e, 28

; (14)

rne [ ompenensiercs u3 (13). Xapakrep 4acToTHOH
*
3aBUCHUMOCTHU g':Re(s ) MOX0X Ha COOTBETCTBYIO-

LY 3aBUCUMOCTB Teopuu noispusanuu [IMB.
JusnexTpuueckue CBOMCTBA TakOW CHUCTEMBI Xa-
PaKTEepPHU3YIOTCS yICIbHBIM HHKPEMEHTOM O

s

e —¢g ¢ lg-1_

§= 516",

&0 a

KOTOPBIH, KaK BUIHO U3 (DOPMYIIbI, paBEH U3MEHEHHIO
JIUDJIEKTPUUECKON TMPOHUILIAEMOCTH JTUCTIEPCUOHHON
Cpempl 3a CUeT MPHUCYTCTBHS IHUCIIEPCHOW ¢a3bl Ha
SJIMHUILY YJISIEHOTO 00heMa M Ha €IUHUILY UCXOIHOMN
JIUDJIEKTPUYECKON TMPOHUIIAEMOCTH JIUCTIEPCUOHHON
Cpensbl.

VY enpHasi IpOBOAUMOCTh CpEllbl O IPU OJMHAKO-
BBIX IOJBWXHOCTSX U, = i = [ paBHA

€ we
o=ao,|— 6", t=—72
& 0,

(15)

U MOHOTOHHO PACTCT C YacTOTOM U JAOCTUTACT MpcC-
ACJIBHOI'O 3HAUCHHUA O
2

€ €
o,=%o0,| -+ 1+2-1 |
82 82

(16)

DU3NYECKUN CMBICT PACXOKIECHUS TaHHON TEOpUU
¢ teopuel nonspuzauuu [IMB 3akitouaeTcs B TOM,
gyt0o B Teopun [IMB npenebperaercs Hammanem ang-
(y3HOrO 3apsija Ha rpaHule pasgena ¢as, T.e. 3apsi
IOJIATAETCSl YUCTO MOBEPXHOCTHBIM. DTO CIPABEIIIN-

BO TOJIBKO TpW ycioBuud ka>> 1. B obmem ciydae

cuutath 3apsi noBepxHocTHbIM (IIMB) HesepHo.
B pa6orax A.M. ®penkens [8] u O.M. Tpyxana [4
u np.] mpousBeneHo o0o6meHue teopun [IMB Ha
CIly4ail MPOU3BOJIBHOTO COOTHOIIEHUS MEXIY BEIU-
YHHON N1e0aeBCKOTO paanyca SKPaHUPOBAaHUS U pas-
MepaMu BKIIOUCHUH.

MNOJAPU3AIINA JYXUHA - IINJIOBA

ABTOpaMH TEOpUHU, B OTIMYUE OT MOJENH, pac-
CMOTPEHHOM BbIIIE, ObLJIa MCCIIEIOBaHA CUCTEMA pa3-
JTUIHBIX HeNnpoBOOAWUX GKIIOUEHU 8 Nposodsiuyell
cpede. BaxXHBIM CBOWCTBOM T'PaHUIILI pa3jielia BKIO-
YEHUW M JUCIEPCUOHHOM JKUJIKOCTH, BIUSIOLUIUM
Ha MOJSPU3ALUI0 AUCIEPCHBIX CUCTEM U HE Y4YTEH-
HbIM HU B Teopuu [IMB, Hu B padorax [4] u [8], sB-
JII€TCSl 3apsSKEHHOCTh IMOBEPXHOCTH paznena. 3apsin
Ha TIOBEPXHOCTH pasjiesia O0O0yCJIaBIMBAcT HAIUYUC
JIBOMHOI'O CJIOS U CBSI3aHHOW C HUM JOIIOJHUTEIHLHOMU
MOBEPXHOCTHOW TMPOBOJKMMOCTH, KOTOpasi BIHUSET
Ha paclpeaelieHue IMOTEHITHANa, BO3HUKAIOIIETO BO
BHEILHEM 3JeKTpuueckoM moie [7, ¢. 7]. Uccnenosa-
HUe BIUsHUS AU((Y3MOHHOTO MEXaHW3Ma Ha MOJs-

pHU3anuio B MPEACTBLHOM Ciiydae Ka >> 1 mpuBeno aB-

TOPOB K BBIBOJLy O HU3KOYaCTOTHOM OTCTaBaHUU IOJIS
MOJIAPU3AIlMM OT BHELIHETO 3JIEKTPUYECKOTO TOJIA,
YTO M ABISETCS NMPUYMHONW HAOIIOZAEMBIX Ha OIBITE
TUFAHTCKUX 3HAUYEHUI HU3KOYaCTOTHOM IHUAJIEKTPH-
YECKOH MPOHUIIAEMOCTH TUCTIEPCHBIX cucTeM [7, ¢. §].
B T0 *xe BpeMs 001acTh pacCMOTPEHHsI TEOPUH MOJIS-
pusanuu TpyxaHa HaumHaeTcsi ¢ yacToThl f >10°Tn
(cMm. BeIIIE).

B [7, c. 42] npuBoauTcst pakT TOro, YTO HaAJIHUYHUE
yJIeNIbHOM MOBEPXHOCTHOW MPOBOAMMOCTH A B 00-
JIACTH IBOMHOTO CJIOSA TaK K€ BIHAET Ha MOJIAPU3AIH-
OHHBIE TOJIS1 CPEPHUUECKHUX YaCTUL] paIMyCOM a, KaK U
yBEJIMYEHHE MX OOBEMHOW NMPOBOJUMOCTH O Ha Be-
nmuunny 21/a, T.e. pe3ynbTUpyomas 0ObeMHAs po-

BOJIMUMOCTB c Ipyu HaJIN4YuU HOBCpXHOCTHOfI npo-

HAVYYHOE ITPUBOPOCTPOEHMUE, 2020, Tom 30, Ne 4
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BOJMMOCTH paBHa G =0 +24/a. B nepemenHom 1o-

Jie BO3HWKAET TUCIIEPCHUS MOBEPXHOCTHON MPOBOIM-
MOCTH M3-32 TOTO, YTO OOJILIIMAaHOBCKOE PaBHOBECHE
B JIBOMHOM CIIO€ YK€ HE yCIIeBaeT BOCCTAHABIMBATH-
Cs, YTO W TPHUBOAUT K JUCHEPCUU TMOBEPXHOCTHOM
npooguMoct. OTmedaercs Takxke [7, c. 43], dro
HAIAYME y YACTHIBI JTUCHEPCHOU a3kl OOJBIIOTO
MTOCTOSTHHOTO JTMITOIBHOTO MOMEHTA TaKXKe CKaXKeTCS
Ha JUAJNEKTPUYECKUX CBOMCTBAaX CYCHEH3UH U pac-
TBOPOB MaKpPOMOJIEKYI.

Bonpmme pa3mepbl AMCIIEPCHBIX YacTHI] TIO CPaB-
HEHHUIO C MOJICKYJIAMH TIOJIIPHOTO PacTBOPUTENS 00y-
CIIaBIIUBAIOT JTUCTIEPCHIO JUAJIEKTPUYECKOW TPOHHU-
11aéMOCTH Ha HU3KHUX YacToTax [7, ¢. 46]:

1

8=8h+(80—8h)m

2

VN,

RT
gactuuel; N, — unciao ABoraapo. Tam ke npusene-

HO BBIpOKEHHE [UIsI UCHEPCHUU JHAJIEKTPUIECKON
MPOHUIIAEMOCTH ¥ JJIsl yacTuil Hechepuueckoit dop-
MBL. B 3TOM cCilydae amdnieKTpudeckas MpOHHIAe-
MOCTh XapaKTepu3yeTcsi HA0OpOM BpeMeH penakca-
uu [7, c. 46]. lanee B [7, c. 51] npuBoanuTcs oueHb
Ba)XKHOE 3aMeYaHHe O TOM, YTO B JUCIIEPCHBIX CHCTE-
Max C npogoodsiujeli NUCTIIEPCUOHHOU CPEIOol BO3MO-
JKEH MEXaHU3M VCUNeHUs GIUAHUS HOIAPU3AUUU HA
0eliCMBUMENbHYI0 YACb  OUINIEKMPUYECKOU NPOHU-
yaemocmu". DTOT MexaHH3M 06OBsCHSICTCS B [7] Cile-
aytouM oOpazom. [Ipu mojmade mepeMeHHOTrO OIS
K JIUCIIEPCHOM cpelie BO3HUKAET IpoIecc MONsIpHu3a-
UM, KOTOPBIH OTCTAET OT UCXOAHOTO HIIEKTPUUECKOTO
TMOJISI, YTO MPHUBOAUT K OTCTABAHHIO TOKA MPOBOAMMO-
CTH, BBI3BAHHOTO TOJISPU3ANNOHHBIM JIEKTPHYECKUM
nojieM. OTOT TOK B CHITy €r0 OTCTaBaHHS OT BHEITHETO
TOJIS MHTEPIPETUPYETCs Kak TOK cMemieHus. Hamm-
YHe K€ 3HAUMTENIbHBIX TOKOB CMEIIEHUS B CpeAe Ha
HU3KUX YaCcTOTaX BOCIPUHHUMACTCS IKCIIEPUMEHTAIb-
HO KakK BBICOKAsl AUDIICKTPUYECKas MPOHHULAEMOCTb
cpens (cM., HarpuMep, Beipaskenue (1.54) pabotsl [7]

[ *
U IUDJICKTPHUYCCKOU IIPOHUIIAEMOCTH & HEUIC-

e 7= — BpEMS pellaKkcarliy; Vp — 00BEM

(o)
. , THC & — nu-
io
JIEKTpUYECKas MPOHUIIAEMOCTb JHINIEKTPUKA B KOH-
JIeHCaTope, O — €ro yAeiIbHasi IPOBOAUMOCTD).

Hanee B [7, c. 52, 53] npuBOOUTCS Ba’KHOE YCIIO-

BHE TMOSIBJIIEHUS BBICOKMX 3HAYCHUM THUANIEKTPUUECKON
MIPOHUIIAEMOCTH CYCIEH3UH, CBA3aHHBIX C MOJSIpU3a-
[UAEN IBOWHOIO CJIOS YaCTHUII:

aTBHOTO KOHZEHCATOpa: & =& +

xKa> 1.

") Hamomumm, 4T0 B MeTozIE O®penkensa — Tpyxana gucnep-
CHUOHHas cpejia IPUHATA HEIPOBOASIICH.
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Hapsiny ¢ 3TuMm ycnoBueM 1j1sl BOSHUKHOBEHHS TH-
TaHTCKOM HU3KOYACTOTHOW ITUCTIEPCUH HEeoOX0O0UMbl
HeMa/ble 3HAYEeHUs. GeIUHUH NOBEPXHOCTIHO20 3apsod.
Jlasiee aBTOpPBI OTMEYAIOT, YTO MOILKO HPU VCAOGUU

Ka>> 1 pedcTByeT NpOaHAIM3UPOBAHHBIA APQEKT

TUT@HTCKOTO YCHJICHHS ITUAJIEKTPUYECKUX SBICHHUU
[7, c. 55].

Paccmotpennslii B [7] MeXaHW3M THTaHTCKOTO
YCHJICHUS BIMSIHUA MOJIAPU3ALMK BKIIOYEHUN Ha JH-
NEKTPUUECKYIO0 MPOHHUIIAEMOCTh JUCIIEPCHOM CHCTe-
MBI, 10 MHEHHIO aBTOPOB Pa0OTHI, JOJKEH UMETh Me-
cTo A OoJjiee MIMPOKOTO Kiacca CUCTEM, YeM CyC-
NEH3UH M JIEKTPOJIUTHI, U1l KOTOPBIX IOCTPOEHA CO-
OTBETCTBYIOIIas Teopus B [7]. 3aech, BUAUMO, YMECT-
HO TIOBTOPHTH, YTO PEYb HJET NCHCTBUTEIHHO O TH-
TaHTCKHX 3HAUEHMSX JAUIIEKTPUYECKON NMPOHUIIAEMO-
CTH, KOTOpasi, HallpuMep, B BOJHBIX CYCHEH3USIX JOC-
THraeT pasmepoB mopsaka €~ 10%. Takas Huskouac-
TOTHAs! UCTIEPCHS AUINEKTPUIECKOI IPOHUIIAEMOCTH
HaOJI01aNnack JUIsl MPOBOISIINX CYCHEH3UI U pacTBO-
POB MOJUAIEKTPONUTOB [7, c. 55].

Xapakmepnsle npuzHaKu oucnepcuu
OUIIeKMPUYECKoll NPOHUHAEMOCIU

— O4cHb BBICOKHE 3HAYCHHSA
npexena, focruramomye 10°.

— Bospmas BenmuurHa BpeMEHH pelaKcalvu, KBaj-
paTHyHas 3aBUCHMOCTb BPEMEHHU PEJIaKCalluu OT JIH-
HEWHBIX pazMepoB vacTuil. OlEHKa BPEMEHH peiak-
calmu MOXeT OBITh cieniana o Gpopmyiie

~01/D;

rae | — xapakTepHBIH pazMep HacTUIBl (Makpo-
noHa); D — koadduuuent ero nuddysuu B pactBo-
pe PIEKTPOIIUTA.

— TIloBblmeHHass TPOBOIMMOCTH TPOTHBOHMOHOB
JIBOMHOTO CJIOS.

HHU3KO4YaCTOTHOTI'O

Cormacuo [7, ¢. 56], obHapykeHa Tak)Ke 3aBHCH-
MOCTh HU3KOYAaCTOTHOH JIUAJIEKTPUYECKON TMPOHHU-
LaEMOCTH OT BenuuuHbl pH.

Yd4er nepeyrcieHHbIX YCIOBUH MO3BOISAET 00BsIC-
HUTh BBICOKHMC 3HAUCHUS JUIJICKTPUYCCKOU MPOHHU-
[[AEMOCTH Ha OCHOBE CYIIECTBYIOUIMX IMPEICTABICHUH
0 crpoeHuu U Gy3HON YacTH JBOHHOIO CIIOSI.

[Ipu pa3paboTke paccMaTpuBaeMoil Teopuu 3a oc-
HOBY Takxe Oepercs cucrema ypaBHenuid (1)—(5).
Pacnipenenenne norenmmana U W KOHLIEHTpamuu ¢
B JUCIEPCHOM cpelie uiercs B Buae [7, c. 63]

=0, +0,+U,, c=cy+y, +Cr. (17)

3nece @, — paBHOBECHOE paCIpENENECHUE DIIEK-
TPUYECKOr0 TOTEHIIMaja B JIBOMHOM CJIO€ YaCTHIIbI
B OTCYTCTBHME BHEIIHETO 3IEKTPUYECKOIO IO, () —
paclpeneneHue dIEKTPUYECKOro MNOTEeHIMana IOoJ
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BO3JeiicTBHUEM BHemHero mnossd; U, — nuHelHas
[0 BHEUIHEMY IIONIO IIOJIIPU3aLMOHHAs J00aBKa
(mpuHUMaeTCs MPEANOIOKEHHE O JOCTAaTOYHO Maloi
BEJIMYMHE BHELIHErO HOJIsl IS CHPaBEAIMBOCTH JOC-

TATOYHOCTH TONBKO mobaBku U, ); ¢® — monspusa-
[IMOHHOE PaCTIPE/ICICHIE KOHIICHTPAITIH; coi — KOH-
MEHTPAIK HWOHOB B CBOOOJHOM 3JICKTPOJIUTE; }/0i —

OTKJIOHCHHUC KOHICHTP aunﬁ C(;L B OKPECTHOCTAX

JBOWHOTO CJIOS; ¢ — JIMHEHHBIC [0 BHELIHEMY I0-
JTI0 TIOJISIPU3AIIMOHHBIE JOOABKH K KOHIIEHTPAIUAM.

Cmauuonapnaﬂ nojasapusauun

Hanee aBTOpaMu paccMaTpHUBaeTCsl ABOMHOU CIIOiM
cepuuecKkoll YacTUIBl B TOCTOSIHHOM 3JIEKTpHYe-
ckoM mone [7, § 3.1] (B aTOM cirydae ypaBHEHHUE He-
npepbIBHOCTH (3) CBOAMTCS K CTallMOHAPHOMY CIIy-

yato Vj" =0). [Ipu 3TOM NpUHHMAETCs JOMyLICHUE

0 TIPHOMIMKEHWH TOHKOTO JBOMHOTO cios (16), 4ro
MO3BOJISIET paccMaTpUBATh €ro KaK JIOKAIBHO ILIO-
ckuil. [longpu3zalMOHHBIN MOTEHIMAT U KOHILIEHTpa-
[IUY MIYTCS B BUC

+ + +
U=¢0+0, Cl=c +yr1.
B pe3ynbrare HENPOCTHIX BBIKIANOK B [7] momyye-
HBI CIIETyIOIINE Pe3yIbTaThl.

— Pacnpenenenne bonsimana coxpassercs s
KOHIIEHTpallUl MOHOB W ISl MOJISIPU30BAaHHOIO TOH-
KOT'O JBOMHOIO CJIOS C TEM OTJIHUYUEM, UYTO K OOBIYHO-
My pacnpezeneHuio bonpiMana pacnpeneneHus KoH-
HEHTPAIH FOHOB J00aBISETCS 3aBUCAIIMKA OT TIO-
JSpHOTO yria 6 TpeadKCIOHEHIMANBHBI MHOXH-
tenb (60 =0 COOTBETCTBYET HANPABICHHIO MOCTOSH-
HOT'O 3JIEKTPUYECKOTO T0JIA), T.K. KOHIEHTPALUS HOH-
OB M3MEHSETCS BJIOJb BHEUIHEW T'paHUIIbl JABOMHOTO
cinos [7, c. 70], u, cnegoBaTenbHO, CTPYKTypa MOJISIpU-
30BAHHOIO JIBOMHOTO CJIOSI COBIAJNAET CO CTPYKTYpOi
PaBHOBECHOTO JIBOMHOTO Ci0s (B OTCYTCTBHE BHEII-
HETO AJIEKTPUYECKOTO MOJIs).

— HampspkeHHOCTD TIOJS,, BO3HWKAIOMAs BHYTPH
JBOWHOIO CJIOSI TIPH €ro MOJISIpU3aluy, B Ka pa3 npe-
BBIIIAET HANPSKEHHOCTH IOJIS1 y €ro BHEIIHEW IpaHHu-
IBl; B IOJJOOHOM CHTyalluy BBIIIOJHEHUE yCIOBUI He-
MIPEPBIBHOCTH TIOTOKOB MOHOB BHYTPH JBOWHOIO CJIOS
BO3MOJKHO JIMIIIb 33 CUET MOYTH MOJTHONW KOMIIEHCAIIUU
HOPMA@JIBHBIX ~ KOMIIOHEHT  3JIEKTPOMUIPAIIMOHHBIX
n 1upPy3MOHHBIX TMOTOKOB MOHOB, YTO W NPHUBOAMT
K HEOOXOIWMOCTH BBINIOJHEHHS pacHperesieHus
Bonbumana [7, ¢. 75].

— Ilpu cmabo¥i momsspu3anuu ABOWHOTO ciiosi (T.e.

IPY BBINOJNHEHHH yCHOBUH ¢, >y, +C u3 (17))
ABTOMATHUYECKH CJIEyET BHITIONHEHUE YCIOBUS MaJo-

ctu kputepus [lekne Pez% < 1 (cm. BbIIIE), YTO

no3BoiisieT cBectu cuctemy (1)—(5) kK 1ByM HecBs3aH-
HBIM cHcTeMaM: TuapoanHamudeckoit (1), (2) u anex-
tpoxummdeckoit (3)—(5) [7, c. 76].

mepmauml 6 NEPEMEHHOM IJIEKMPUUECKoOM noie

Hanee aBTOpHI 0000MAIOT TOMYYCHHYIO IS CTa-
LHUOHAPHOTO PeXXMMa TEOPHUIO Ha CIy4ail HepeMEeHHBIX
MOJIeH HE CIMIIKOM BBICOKOW YacTOTBI, COXPAHsS MPH
3TOM yHpomamonye (GakTopsl, YYTEHHbIE B TEOPHU
CTallMOHAPHOW TOJSIpH3allid. 32 OCHOBY BHOBHL Oe-
petcst cuctema ypasHenuit (1)—(5), omHako ¢ ypaBHe-
HUEM HETIPephIBHOCTH B HeyceueHHOM Buze (3). Ilpu
3TOM BHOBb IIPHMHUMAETCS JOIYLIEHUE OTHOCUTEIBHO
MaJIOTO Iepenasa KOHLUEHTPaLWH, BEAylero K Majo-
ctu yncna [lekne u, cregoBaTeNbHO, K HE3aBUCHUMO-
ctu ypaBHenwuii (1), (2) u (3), (4).

JHanee aBTOpHI HAXOIAT OrpaHMYCHUE IO YACTOTE
BHEIIHETO 3JeKTpudeckoro nos (BeipakeHue (I11.88)
[7, ¢. 77]), Ipu KOTOPOM COXpPAHSETCS JIOKAITHHOE
paBHOBECcHE B JBOWHOM CJO€ W TPHU MOJISPHU3AIHNH
B MIEPEMEHHOM JJIEKTPHUYECKOM I10JIe /711 KOHLIEHTpa-
U MOHOB MOXXHO HCIIOJIb30BaTh B JBOWHOM ClIO€
pacmpenencuue bonbumana [7, c. 78] (kBazucranuo-
HapHoe pemenue). BeneacrBue mansix uncen [lekie
paccMaTpuBaeMoOi 3a1auu aBTOPbI 3aMEHSIOT yCIOBHUE
MPHOTIKEHHONW JIOKAITbHOW 3JIEKTPOHEUTPaATLHOCTH
3a TIpelenaMyd JBOWHOTO CJIOS YCJIOBHEM TIOJTHOH
3NEeKTPOHEHTpaIbHOCTH. Ha 3TOM OCHOBaHWYM BBOAMT-

csi pyHKIUS c=c+/ z" =c’/ z", U1 KOTOpO# crpa-
BeIUB aH3arl [7, c. 77]

c=c,+¢(r,0)e™, (18)
a Il OTEHIMAIA BHE YaCTHIL:
p=0(r,0)e™. (19)

YcnoBue KBa3uCTAIMOHAPHOCTH BBIMOJIHACTCS IIPU
BBITIOJIHEHUH yclioBus [7, ¢. 78]:

2 1
Tz_ﬂ>>_2’
[0 VK

uim o < 27vKk” (20)
rie V — KHHEMaTH4ecKas BA3KOCThH JUCIIEPCHOHHOI
CpeIbl.

Pemienve U1 @ U ¢ UIIETCS B BUJIE

c=c,+d.c,(r)cosfe™, 21
D -D"
=@, +d ————~c,(r)cosO +
PP T zZ'D" +z D" r( )
+—2cosf e, (22)
r
1 3
@, =—E| r+——|cos6, (23)
2r
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raie £ — amMmiaMTysa TapMOHHMYECKOTO 3JIEKTphye-
CKoro mons E =|E ; d., d, m c, onpenenenst B [7,
c. 80].

Hocne noxcranosku d, B popmyiy (I1.39) pabo-

THI [7, ¢. 52] ¢ TOYHOCTHIO 10 BEIUIHHBI (Ka)f2 Io-

Jydaercs CIeAyIOllee BhIPaKEHUE IS HEBSI3KH MEX-
Iy TURJICKTPUUCCKUMHE MPOHUIIAEMOCTIAMH TOJISIPU30-
BAHHOM IUCHEPCHON CMECH M AUCHEPCHOHHOM KUII-
KOCTH (T.e. JTUDIICKTPUUECKOTO MHKpPEMEHTA

Ae=¢ —¢g)[7,c. 81]
Ag =
(Aa, = Aya)(1+W +W7)

=20l81 (ka)’

2 24

(4 + AW +(4W +4W?)

Benuumbua cTaTHYECcKOTro AUBJICKTPUICCKOTO HH-
kpeMenTa Ag, =limAg pama® [7, c. 81]
0—0
2 Aa, — 4,q,
A4

1

(25)

N

Ag, =%a€1 (Ka)

3neck Benuuuubl 4, A,, a, v a, onpexeneHsl B [7,

c. 801, W =a/r,, tne 1, =+/2D, / @ — xapakrepusy-
er ToamuHy IUddy3HOro cI0s TMPH YaCTOTe O ;
D,=D'D (z+z)/(z"D" +z D7) [7,¢ 77

Janee monagoOHUTCS 3aBUCUMOCTD

2
a @

T 2D.Jw 2D,

a a

(26)

Ha yacrtorax, korma W ~1, monsipusaius 4dac-
THUIIBI CYIIECTBEHHO OTCTaeT Mo (a3ze OT MpPUIOKEH-
HOT'O ITOJIS1 U JCUCTBUTENbHAS YaCTh AUIIOIBHOTO (T10-
JSPU3ALMOHHOTO0) MOMEHTa HW3MeHsieTcsl HauOolee
osicTpo. Takum oOpa3om, MeICHHBIN TpOIECcC ycTa-
HOBJICHHUS paclpeAeieHs] KOHIEHTpalui 3a Ipene-
JaMH JBOMHOTO CJOS TMPHBOJUT K CYIIECTBEHHOMY
OTCTaBaHUIO MOJIIPU3ALUKN YaCTHLBl OT BHELIHETO

C

7 - Ha »tux wacrorax Bo3HH-
a

KalOT BBICOKHE 3HAYCHHSI MPU MaJIOW TOJIIIMHE JBOMW-
HOTO clos1, korma ka > 1[7,c. 81].
J1s1 CUMMETPHYHOTO 3JIEKTPOJIUTA € TOYHOCTBIO

IIOJIA1 Ha 4aCTOoTax @ ~

2 o
A0 BCINYMHBbI (K'a) BCJIMYMHA MHHMOHM YacCTH 8"

o o *
KOMIUICKCHOU OUOBJICKTPHUYCCKOU IMPOHUIIAEMOCTH &

* Bemmumna Ag,, crenyet u3 (24) TPUBHATBHO TIO TIPHHAHE
Toro, uro W(w=0)=0. Cm. 3aBucumocTb (26) s
W ().
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paccMaTpuBaeMOM IHUCHEPCHON cpelibl (8" = Im(s*))

omnpenensieTcs: BelpaxeHueM [7, c. 83]

e"=%ael (ka)’ x

(A, — Ay, ) (AW + A7)

X . 27
A4+ AW +(4W + 40°) @)

W3 (27) BugHO, 9TO BeNMMUYMHA £" Majla HAa OYCHD
HU3KHX JacToTax nmpu W < 1 1 Ha BBICOKMX 9acTOTax

npu W > 1, nocturast MaKCUMaJIbHOTO 3HAYEHHUSI TIPU

W ~1, mpu 3TOM, COTJIACHO 3aBUCHMOCTH (27), dac-
TOTa, Ha KOTOPOH [OCTHUraeTcs MaKCHMyM JIUDJIEeK-
TPUYECKUX TIOTEPH, T.€. MpH &" —> max Oyxaer oOpar-
HO IIPONOPLUOHAJIbHA KBaJpaTy paJuyca 4YacTHUIIBI
(12.

Ha pucyHke mnpuBeneHa 3aBUCUMOCTb BEIUYHHBI
YAETHFHOTO MHKPEMEHTA PeabHON YacTh TUAIIEKTPH-
yecKkoi mponuiaeMoctd Ag/o ot BenmumHbl W,

g" Ag

107

,_
h
T

Log W

[7, puc. 11]: 3aBCHMOCTh HHKPEMEHTA PEATIbHOI yac-
TH JW3JIEKTpUUecKoi mponutaemoctun Ag/a (1, 2)
W YAEIbHOW BEJMYMHBI MHUMOH 4acTH IUAJIEKTpHYe-
ckoil mponutiaemoctu &"/ a (1°, 2°) ot norapupma
Benmmunbbl W s BomHBIX cycneHsuii cep Tpu
xka=>50. Kpusbie 1 u 1’ momydeHsl npu 3HAYCHUH
{-moTeHmMana B monTOpa paza OOJBIEM, YeM B CIy-
yae KpUBBIX 2 1 2’
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a QaKTU4ecKu OT Jo B JOrapuMUIECKOM MacIITa-
Oe, mo ocu abcuucc (BeIMYMHA O — TO-TIPEKHEMY
BEJIMYMHA YJIENFHOTO 00bEeMa MIAPOBBIX BKIFOUCHHN
B JWCIIEPCHOHHON JKHIKOCTH). 3aMMCTBOBaH pHCY-
HOK 11 paGotsl [7, ¢. 81]. OMHOBpEMEHHO HA PUCYHKE
NPUBEJCHBI 3aBUCHUMOCTH BeiuduHbl &'/ o . U3 pu-
CyHKa BHJICH XapakTep IOBEICHUS BelWunH Ag/a
u &" a , a TakKe nupsMas 3aBUCUMOCTE 3THX BEITMYMH
OT BEJIMYUHBI (-TIOTEHIIAAIA.
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GIANT DISPERSION OF DIELECTRIC
PERMEABILITY OF THE DISPERSE SYSTEM
IN AN ALTERNATING ELECTRIC FIELD.
OVERVIEW OF APPROACHES TAKING INTO ACCOUNT
PRESENCE OF A DOUBLE LAYER

V. E. Kurochkin, B. P. Sharfarets

Institute for Analytical Instrumentation of RAS, Saint Petersburg, Russia

This review analyzes two approaches to describing the polarization of disperse systems when an alternating
electric field is applied in the general case. Polarization models of Trukhan and Dukhin — Shilov are considered.
As a result of this review, it follows that the most preferable model, which makes it possible to significantly in-
crease the rate of electrophoresis of the dispersed phase, is the Dukhin — Shilov model, in the implementation of
which a giant dispersion of the dielectric constant of a heterogeneous dispersed system may appear if the condi-
tion of a thin double layer around non-conducting dispersed particles in a conducting dispersive medium.

Keywords: the dielectric constant, giant dispersion of the dielectric constant, electrophoresis, thin double layer
approximation, heterogeneous environment, Maxwell—Wagner polarization, dispersion system

INTRODUCTION V-v=0, )
ot ac+
In [1], for the aim of increasing the rate of electro- Vit + 87 =0, 3)
phoresis of the dispersed phase, the possibility of us- !
ing the effect of large low-frequency dispersion of the Ap = _37m0 (in CGS). 4)
relative dielectric permittivity in a disperse system is £

considered. The disperse system consists of a dis-
persed phase in the form of spherical particles with
parameters &,,0,, placed in a homogeneous disper-

The system of equations describing the process
under consideration consists of a hydrodynamic unit,
which includes the modernized Navier-Stokes equa-
sion liquid with parameters ¢,,0,, (¢, u o, (i=1,2) tion for small Reynolds numbers (1) (called the Stokes
that are the relative dielectric permittivity and the spe-  equation in this case) and the continuity equation for
cific conductivity of the corresponding medium) in  an incompressible fluid (2). Equation (3) describes the
terms of the Maxwell-Wagner polarization (MWP) [2, continuity of the ion flux (see, for example, [7,
3]. MWP is called macroscopic because it ignores the  p. 76]). The flux density of these ions is considered as
presence of a double layer at the interfaces and thus 3 vector j* [7, p. 76]
does not take into account the diffuse nature of the
charge distribution at the interfaces, which leads to the jf=c'v.  —D'V.c*+c'v=
limited application of this theory to the region of a "

thin double layer xa > 1, where x =1/4,,, a is the

inclusion radius, A, is the Debye length. This paper Finally, the Poisson equation (4) describes the pat-
provides an overview of two models of the theory of tern of the electric potential ¢ (-Ve=E; for a de-
polarization of disperse systems under conditions of a  scription of the vector E see below) in the presence
developed diffuse distribution of the charge of a of a distribution of the electric charge density p, .

double layer: the theories of microscopic polarization In equations (1)~(4), in addition to those noted, the
of Trukhan [4-6] and Dukhin-Shilov [7]. following designations are adopted: p =const — den-

First, we write out the most complete system of . . . o
equations describing the polarization process in gen- sity of an incompressible fluid; v — the vector of the

=+c*u'E-D*V-c* +c'v. (5)

eral form [7, § 3.1 u § 3.2]. fluid velocity field; p — pressure field in the liquid;
n — dynamic viscosity of the liquid; the vector of the
pﬁ =-Vp+nAv+pE,, (1) electric intensity of the external field E, is oriented,

ot ¢

39
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for example, along the axis Oz E,=(0,0,E,) and

has a harmonicity E,=KE_e"”, wherek — the unit
vector along the axis Oz; & — relative dielectric con-
stant; D — ion diffusion coefficient; ¢ — concentra-
tion factor; x4 — ion mobility. In [4-7], the source
function p,E, in equation (1) is absent; instead, the
boundary condition is set that the value of the electric
field in the system E at infinity tends to the value
E,: E,=1imE, x is the vector of the current point

|0
in the investigated area; it is the field E value that
appears in (5). This is due to the fact that there is also
a polarized electric field in the medium due to the po-
tential ¢ from (4). According to [6, p. 8], the field E

has the form
E(x,t)=E(x)e,
p(x.1)=p(x)e™™,
E(x)=-Vo(x).

Next, we turn to a specific consideration of the de-
clared types of polarization.

(6)

THE TRUKHAN POLARIZATION

The section was written on the basis of the works
[4-8], which contain a more extensive bibliography
on the issue under consideration. The most concen-
trated material is presented in [6]. It should be noted
that the work of E.M. Trukhan [4] was preceded by
the work of Ya.l. Frenkel [8], which, however, con-
tained the inaccuracies noted in [4] as applied to the
results concerning polarization in an alternating elec-
tric field. Therefore, it is work [4] that can be called
the first correct work devoted to the microscopic pola-
rization of disperse systems in an alternating electric
field with due regard for the presence of a double
layer.

The author of the theory investigated a system of
spherical conducting inclusions in a non-conducting
medium. The problem was considered under the as-

sumption that the period of oscillations T :2—”, the
[0)

average collisional time of mobile carriers relaxation
7, and the average time of recombination of charges

of opposite sign in the conducting phase 7, are related
as 7, >T >, ; this limits the area of consideration of

. ®
frequencies to the frequency range f=—:

2r
10°-10° << 10"-10"* Hz [6, c. 8].
For a suspension of conducting spheres in an insula-
tor, the exact expression for the complex total dielec-

tric constant & is obtained on the basis of the rela-

tiong" =D/E, whereD and E are the average
complex amplitudes of the electric induction and field
strength, respectively. The interaction of the system of
spheres is neglected, i.e. it is assumed that the value of
the specific volume o« of spherical inclusions

4 . . . .
azTﬂch (a— radius of spherical inclusions;

N — number of inclusions per unit volume or their
concentration) is small: a < 1.
Initially, the condition for the smallness of the Pec-

let number Pez% < 1 is accepted (here V' is the

characteristic size of the velocity; a is the characteris-
tic size of the dispersed particle), which makes it poss-
ible to omit the convection term ¢*v in (5) and re-
duce system (1)—(5) to two unconnected systems: hy-
drodynamic (1), (2) and electrochemical (3)—(5).

Here we present the solution to problem (3) under
the assumption that D" = D™ =D and ‘y*‘ :‘,u" =u.

The concentration is sought in the form

ci(x,t)z(co +}/i(x))e’i“” 7
under the condition of weak polarization
¥ < co. (8)

Here ¢, is the equilibrium concentration of ions (dis-

persed particles); y* — the amplitude of the deviation
of concentrations from the equilibrium value, which is
assumed to be much less than the equilibrium concen-
tration.

Assumption of (7)—(8) allows linearizing the prob-
lem and obtaining the equation for the charge density

Ap (%)= 1p.(x), ©)

where

;52=;<2+%, Kk=1/2,. (10)

Taking into account the condition of finiteness of
the charge density at the center of the sphere, solution
(9) has the form

pe(r)zAC—Ose(ch(r)—Sh—(r)J, (11)

r r

where r=|x| is measured from the center of the
sphere. After substituting (11) into the Poisson equa-
tion, the author of the polarization theory obtains an
equation for determining the potential ¢, which dif-
fers significantly from equation (9). Further, the au-
thor finds the distribution of the potential ¢ in the
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vicinity of the sphere. Based on this, he obtains an
expression for the dipole moment d_ (the dipole mo-
ment allows one to represent the dipole component
@, of the electric potential of the sphere in the outer

region @, =d. cos0/r*) [6, p. 11]

1-%4p

. T £
dc = 2 2 3 81(13E0, (12)

2¢,

(1+—2ﬂj
82
where

£ [(3+(%a)2)th()(aﬂ—3la 13)

s [2+(la)2 th(xa)—Z;(aT '

For a system of spherical inclusions with their spe-
cific volume al 1, the following expression was
obtained for the resulting dielectric constant of the
heterogeneous system

. |:1+30£(1—81/82+,B):|
& =¢
Yo 142¢ /e, -2p
where [ is obtained from (13). The nature of the fre-

quency dependence ¢'= Re(g*) is similar to the cor-

. (14

responding dependence of the MWP theory.
The dielectric properties of such a system are cha-
racterized by the specific increment &

* *
e —¢ ¢ /lg-1

s =5"-i6"

ga o
which, as seen from the formula, is equal to the
change in the dielectric permittivity of the dispersion
medium due to the presence of the dispersed phase per
unit of specific volume and per unit of the initial di-
electric permittivity of the dispersion medium.

The specific conductivity of the medium o at the
same mobility p, =y =p is

& e
Gzaaz[—l)E"t, t=—2

(15)

&, 0,

and monotonically increases with frequency and
reaches the limiting value o,

2
o, =90, {glj /(1+281].
82 82

The physical meaning of the discrepancy between
this theory and the MWP theory is that the MWP

(16)
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theory neglects the presence of a diffuse charge at the
interface, i.e. the charge is assumed to be purely su-

perficial. This is true only if xa > 1. In the general

case, it is incorrect (MWP) to consider the charge sur-
face. In the works of Ya.l. Frenkel [8] and E.M. Truk-
han [4, et al.] generalization of the MWP theory for
the case of an arbitrary relationship between the value
of the Debye length and the size of the inclusions is
carried out.

THE DUKHIN - SHILOV POLARIZATION

The authors of the theory, unlike the model consi-
dered above, investigated a system of various non-
conducting inclusions in a conducting medium. An
important property of the interface between inclusions
and a dispersion liquid, which affects the polarization
of dispersed systems and is taken into account neither
in the MWP theory nor in the works [4] and [8 ], is the
charge of the interface. The charge on the interface
determines the presence of a double layer and the as-
sociated additional surface conductivity, which affects
the distribution of the potential arising in an external
electric field [7, p. 7]. Investigation of the influence of
the diffusion mechanism on polarization in the limit-

ing case xa>> 1 led the authors to the conclusion

about the low-frequency lag of the polarization field
from the external electric field, which is the reason for
the experimentally observed giant values of the low-
frequency dielectric constant of dispersed systems [7,
p. 8]. At the same time, the field of consideration of
the Trukhan polarization theory begins with the fre-

quency f >10° Hz (see above).

In [7, p. 42], the fact is given that the presence of
specific surface conductivity A in the double layer
region also affects the polarization fields of spherical
particles with a radius a, as well as an increase in

. . 24 .
their bulk conductivity ¢ by an amount —l, 1.e. the
a

resulting bulk conductivity & in the presence of sur-

C e 22 .
face conductivity is 6 =0 +—. In an alternating

a
field, dispersion of surface conductivity arises due to
the fact that the Boltzmann equilibrium in the double
layer has no time to be restored, which leads to dis-
persion of surface conductivity. It is also noted [7,
p. 43] that the presence of a large constant dipole
moment of a particle of a dispersed phase will also
affect the dielectric properties of suspensions and so-
lutions of macromolecules.

Large sizes of dispersed particles in comparison
with molecules of a polar solvent cause the dispersion
of the dielectric constant at low frequencies [7, p. 46]
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1

8=8h+(80—8h)m

b

3nV,N,

where 7 = — the relaxation time; V/, — par-

ticle volume; N, — the Avogadro's number. The ex-

pression for the dispersion of the dielectric constant
and for particles of non-spherical shape is also given
there. In this case, the dielectric constant is characte-
rized by a set of relaxation times [7, p. 46]. Further in
[7, p. 51], a very important remark is made that in dis-
perse systems with a conductive dispersive medium, a
mechanism for enhancing the effect of polarization on
the real part of the dielectric constant is possi-
ble".This mechanism is explained in [7] as follows.
When an alternating field is applied to a dispersed
medium, a polarization process occurs, which lags
behind the initial electric field, which leads to a lag in
the conduction current caused by the polarization
electric field. This current, due to its lagging behind
the external field, is interpreted as a displacement cur-
rent. The presence of significant displacement cur-
rents in the medium at low frequencies is perceived
experimentally as a high dielectric constant of the me-
dium (see, for example, expression (1.54) in [7] for
the dielectric constant of a non-ideal capacitors’ :

. 4ro . . .
£ =¢+ , where & 1is the dielectric constant of

io

the dielectric in the capacitor, o is its specific con-
ductivity).

Further in [7, p. 52, 53], an important condition for

the appearance of high dielectric permittivities of sus-

pensions associated with polarization of the double

layer of particles is given

Ka> 1.

Along with condition, for the appearance of a giant
low-frequency dispersion, considerable values of the
surface charge are required. Further, the authors note

that only under condition xa>> 1 the analyzed effect

of giant amplification of dielectric phenomena acts [7,
p. 55].

The mechanism of the giant enhancement of the in-
fluence of polarization of inclusions on the dielectric
permittivity of a dispersed system considered in [7],
according to the authors of this work, should be ap-
plied for a wider class of systems than suspensions
and electrolytes, for which the corresponding theory
was constructed in [7]. Here, apparently, it is appro-
priate to repeat that the object of consideration is in-
fact gigantic values of the dielectric constant, which,

Y One should remember that in the Frenkel — Trukhan me-
thod, the dispersion medium is assumed to be non-
conductive.

for example, in aqueous suspensions reaches values
of the order of & ~ 10*. Such a low-frequency disper-
sion of the dielectric constant was observed for con-
ducting suspensions and solutions of polyelectrolytes
[7, p. 55].

The characteristic features of the dispersion
of the dielectric constant

e Very high values of the low-frequency limit, reach-
ing 10°;

e Large value of the relaxation time, quadratic de-
pendence of the relaxation time on the linear di-
mensions of the particles. The relaxation time can
be estimated by the formula

t~1*/D,

where | — is the characteristic size of a particle
(macroion); D — the coefficient of its diffusion in
the electrolyte solution.

e Increased conductivity of double layer counterions.

According to [7, p. 56], the dependence of the low-
frequency dielectric constant on the pH value was also
found.

Taking these conditions into account makes it
possible to explain the high values of the dielectric
constant on the basis of existing ideas about the struc-
ture of the diffuse part of the double layer.

When developing the theory under consideration,
the system of equations (1)—(5) is also taken as a ba-
sis. The distribution of potential U and concentration

¢ in a dispersed medium is sought in the form [7,
p. 63]

4 + +
c =c,+y, +C .

(17)

Here @, is the equilibrium distribution of the elec-
tric potential in the double layer of the particle in the
absence of an external electric field; ¢, — distribu-
tion of electric potential under the influence of an ex-
ternal field; U, — a polarization additive that is linear
in the external field (the assumption is made about a
sufficiently small value of the external field for the
validity of the sufficiency of only the additiveU,);

p=0,+0,+U,,

¢ — polarization concentration distribution; ¢; —
concentration of ions in free electrolyte; y; — devia-
tion of concentrations ¢, in the vicinity of the double
layer; ¢; — polarization additions to concentrations,
that are linear in the external field.

Stationary polarization

Further, the authors consider a double layer of a
spherical particle in a constant electric field [7, Sec-
tion 3.1] (in this case, the continuity equation (3) is
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reduced to the stationary case Vj" =0). In this case,

the assumption is made about the approximation of a
thin double layer (16), which allows us to consider it
as locally flat. The polarization potential and concen-
trations are defined as follows
U=¢+0, Clizcli"'yli-
As a result of complicated calculations in [7], the
following results were obtained:

e the Boltzmann distribution is preserved for the ion
concentration and for a polarized thin double layer,
with the difference that a pre-exponential factor
depending on the polar angle 6 is added to the
standard Boltzmann distribution of the ion concen-
tration (0 =0 corresponds to the direction of a
constant electric field), since the concentration of
ions changes along the outer boundary of the
double layer [7, p. 70], and, therefore, the structure
of the polarized double layer coincides with the
structure of the equilibrium double layer (in the ab-
sence of an external electric field);

e the field strength arising inside the double layer
during its polarization is xa times higher than the
field strength at its outer boundary; in such a situa-
tion, the fulfillment of the conditions for the conti-
nuity of ion fluxes inside the double layer is possi-
ble only due to the almost complete compensation
of the normal components of electromigration and
diffusion fluxes of ions, which leads to the necessi-
ty of fulfilling the Boltzmann distribution [7,
p- 751

e when a polarization of the double layer is weak
(i.e., when the conditions ¢, > y; +C; from (17)

are satisfied), the smallness of the Peclet criterion

Pe=%<< 1 (see above) automatically follows,

which makes it possible to reduce system (1)—(5)
to two uncoupled systems: hydrodynamic ( 1), (2)
and electrochemical (3)—(5) [7, p. 76].

Polarization in an alternating electric field

Further, the authors generalize the theory obtained
for the stationary regime for the case of alternating
fields of not too high frequency, while retaining the
simplifying factors taken into account in the theory of
stationary polarization. The system of equations (1)-
(5) is again taken as a basis, but with the continuity
equation in non-truncated form (3). In this case, the
assumption is again made of a relatively small con-
centration difference, leading to a small Peclet number
and, consequently, to the independence of equations
(1), (2) and (3), (4.

Further, the authors find a limitation on the fre-
quency of the external electric field (expression
(II1.88) [7, p. 77]), under which local equilibrium is
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maintained in the double layer and, when polarized in
an alternating electric field, for the ion concentration
in the double layer can be used the Boltzmann distri-
bution [7, p. 78] (quasi-stationary solution). Due to
the small Peclet numbers of the problem under con-
sideration, the authors replace the condition of ap-
proximate local electroneutrality outside the double
layer by the condition of complete electroneutrality.

N
. . . ¢ ..
On this basis, a functionc =—=— 1is introduced for
z z

which the ansatz is valid [7, p. 77]

c=c,+¢(r,0)e™, (18)
and for the potential outside the particles
(ngo(rﬁ)e’i“”. (19)

The quasi-stationarity condition is satisfied if the
condition [7, p. 78]

2 1
I'=—>—, or w<2nvi?,
0] VK

(20)

where v is the kinematic viscosity of the dispersion
medium.
The solution for ¢ and c¢ is obtained as follows

c=c,+d.c,(r)cosfe”, (21)
D —-D*
= +d ————— ¢ (r)cos@ +
(D {(DO cZ+D++Z—D— f( )
d .
+—fcos€}e'“”’, (22)
r
1 3
?, =_E£r+—a—2jcos0, (23)
2r

where E is the amplitude of the harmonic electric
field £ =|E|; d,,d, and c,are defined in [7, p. 80].

After substitution of d, into formula (IL.39) as

noted in [7, p.52], the following expression for the
discrepancy between the dielectric permittivities of
the polarized dispersed mixture and the dispersion

liquid (ie, the dielectric increment As=¢ —¢,) is

obtained with an accuracy to (Ka)f2 [7,p. 81]:
Ag =

, (Aa, - Aa)(1+W +W?)
(4 + AW +(AW +4?)

24)

_2066 (ka
=%
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The wvalue of the static dielectric increment
Ag, = liH(l)AE is equal to” [7, p. 81]
2 Aa, — Aa

Ag, =% (ka) % (25)

1

Here the values of 4,, 4,, a, and a, are defined in
[7, p. 80], W =2 where 7y =+/2D, /@ characterizes
0
the thickness of the diffuse layer at frequency
w;D,=D"D" (z+ +z )/(Z+D+ + ZfDi) [7,p. 77].
Next, let’s turn to the dependency

2

a a aw

“h 2D./@ 2D,

(26)

At frequencies when W ~1 the polarization of the
particle lags significantly behind the applied field in
phase and the real part of the dipole (polarization)
moment changes most rapidly. Thus, the slow process
of establishing the concentration distribution outside
the double layer leads to a significant lag of the par-
ticle polarization from the external field at frequencies

D, . .
el At these frequencies, high values appear at a

small thickness of the double layer, when xa>> 1 [7,

p. 81].
For a symmetric electrolyte with an accuracy to

a)N

(Ka)fz, the value of the imaginary part &" of the
complex dielectric constant & of the considered dis-
persed medium (8"=Im(8*)) is determined by the

expression [7, p. 83]

|

g"= 2055] (Ka)2 X

(Aa, — Aa,)( AW + AW
X
A (A4 +AW) +(A4W +40°)

2" 27

It can be seen from (27) that the value ¢" is small
at very low frequencies if W < 1 and at high fre-

quencies a if W > 1, reaching a maximum value if

W ~1, while, according to dependence (27), the fre-
quency at which the maximum of dielectric losses is
reached, i.e. ¢"— max will be inversely proportional

to the square of the particle radius.

? The value Ag,, follows from (24) trivially due to the fact
that 7 (@ =0)=0. See dependence (26) for I ().

&" ;s Ag

107 107

0.5 /

0 0.1 1 10
Log W

[7, Fig. 11] Dependence of the increment of the real part
of the dielectric constant Ag / @ and the specific value of
the imaginary part of the dielectric constant £"/ & on the
logarithm of the value W for aqueous suspensions of
spheres for ka=50. Curves land 1'are obtained at a
value { of the potential that is one and a half times more

than in the case of curves 2 and 2'; A¢/a — not
dashed curves, "/ o — dashed curves

Fig. shows the dependence of the value of the spe-
cific increment of the real part of the dielectric con-

stant Ae/a on the value W , and actually on \/5 ,
on a logarithmic scale along the abscissa (the value
o is still the value of the specific volume of spherical
inclusions in a dispersion liquid). Fig. is taken from
work [7, p. 81]. At the same time, the figure shows the
dependences of the value ¢"/ « . The figure shows the
pattern of the values Ae/a and £"/ a, as well as the
direct dependence of these values on the value of
{ -potential.

CONCLUSIONS

As a result of this review, it follows that when the
condition for the presence of a thin double layer
around nonconducting dispersed particles in a con-
ducting dispersion medium is satisfied, a possibility of
giant dispersion of the real component of the dielectric
constant appears, which can significantly change the
electrophoresis rate of such particles.

The work was carried out at the Institute for Analytical
Instrumentation of the Russian Academy of Sciences within
the framework of State Assignment 075-00780-20-00 on
topic No. 0074-2019-0013 of the Ministry of Science and
Higher Education.
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