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QJEKTPO®OPE3 HA CYMMAPHOM (IIOCTOSAHHOM
N IMEPEMEHHOM) SJIEKTPUYECKOM IOJIE.
II. OCOBEHHOCTU COBMECTHOI'O JIEMCTBUS
NEPEMEHHOT'O U MMOCTOSHHOTI'O QJIEKTPUUECKHUX IOJIEA

PaccmoTrpena ruaponuHamMuka sekTpodopesa MpH OJHOBPEMEHHOM BO3AEHCTBUU IMOCTOSIHHOTO U TEPEMEHHOTO
aneKTpuueckux nojel. [TokazaHo, 4TO PU COBMEIIEHUU MOCTOSHHOTO M NEPEMEHHOr0 BHEUIHUX ITOJIEH MPOUCXO-
JIUT TIepeKadyKa SHEPrHU MOCTOSHHOTO DJIEKTPHUYECKOTO TOJIsl B EpeMEHHOe THApOoJMHaMHuYecKoe roie. [IpuBeneH
MIPUMEpP IUCTIEPCHOH Cpebl, B KOTOPOH MOXET BOSHUKHYTh TMTAHTCKAsl JUCHEPCHS IUIICKTPUYECKON MPOHHIAe-
MOCTH, 4TO B CBOIO OUYEPEh MOXKET CIIOCOOCTBOBATH MOBHIMICHUIO CYMMAapHOH CKOpPOCTH 31ekTpodopesa. [Ipusene-
HBI aHAJOTUH MTOBEJICHUS pACCMOTPEHHON ANCIIEPCHON CPENIbl ¢ TIOBEJICHUEM JJIEKTPOAKYCTHUECKOTO peodpa3oBa-
TeJIsl, OCHOBAHHOT'O Ha MPUMEHEHHH 3JIEKTPOKUHETHUECKHX SBICHHH.

K. cn.: anextpodopes, SIeKTpHIecKoe NoJe, JUCIepCHas YacTUIIa, TUCTIEpCHas cpelia, epeMEHHbIe TCUCHUS,

CTallMOHapHBIE TeueHus, ypaBHeHne Hasse — CTokca

BBEJEHUE

Hacrosimast pabota siBisieTcsi MpoOJODKEHUEM pa-
0otel [1], HanmcaHHOUW MmO Matepuanam pabot [2, 3],
B KOTOPBIX paccMOTpeHb! 3(hdekTs oOpa3oBaHus me-
PEMEHHBIX M CTAllMOHAPHBIX TEUCHUH NPH HPUIIOKE-
HUU TIEPEMEHHOTO 3JIEKTPUYECKOTO MO K AWCIepc-
HBIM cucrteMaM. B paborte [2] paccmaTpuBaroTcs me-
pEMEHHbIE U MTOCTOSTHHBIE T€YEHNsI, BHI3BAHHBIE TOJIS-
puzamueit nBoitHOro snekrpudeckoro cios (J2C),
B TO BpeMs Kak B pabote [3] KpoMe 3TOTO paccMoTpe-
HO €Ille /IBa MEXaHW3Ma, 00yCIIaBIMBAIOIINX BO3HUK-
HOBEHHE CTAllMOHAPHBIX HEJIMHEHHBIX TEUEHUM:
WHEPLIHUOHHOTO U 3JIEKTPOKAMMIISIPHOTO (j1ajee dJek-
TPOKANUJIIIPHBIE HETMHEIHBIE TEUEHU 3/IECh HE pac-
CMaTpHUBAIOTCS, T.K. OHH O0pa3ylTCs TOJBKO JUIs
KUIKAX METAUTMYECKUX IUCIEPCHBIX YacTUIl U INPH
gactoTrax Gombiie 1 ['m cooTBeTCTBYIOMME CKOPOCTH
TEYCHHS CTAHOBSITCA TPEHEOPEKUMO MaJbIMHU; I10-
nIpoOHee 00 3TUX TeYeHHX cM. B [3, § 3.4]).

B otmame ot pabotsl [1], 31€Ch paccMaTpuBaeTes
JIEKTPOTUAPOJUHAMHUYECKAS M 3JIEKTPOXUMHUYECKas
3aJa4a O TpoIleccax, MPOMCXOJANIMX BO BHEIIHEM
JIEKTPUYECKOM II0JIe, PAaBHOM CYMME IIOCTOSIHHOTO
U nepeMeHHoro nosel. Panee mogo6Has 3agavya pac-
CMaTpuBajach MPUMEHHUTENBHO K (QU3HUECKOMY
000CHOBaHUIO TPUHIMINA ACHCTBHUS 3JIEKTPOAKyCTH-
YECKOTOo MpeoOpazoBaTessi, OCHOBAHHOTO Ha HAJMYHUN
9JIEKTPOKMHETHYECKUX sBNeHui [4—7 u ap.]. Kak ObI-
JIO TIOKa3aHO B 3THX padoTax, HATMYKE MMOCTOSHHOTO
U NEPEMEHHOTO 3JIEKTPUYECKHUX IOJEH B CHIIy HENu-
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HEMHOCTH THAPOJUHAMHYECKON YacTH 3aJja4yd MOXKET
MPUBOJUTH K MOSIBJEHUIO MOJIE3HBIX CIEICTBHUM, BBI-
3BaHHBIX MMEPETEKAHUEM SHEPTUU MOCTOSHHOTO 3JIEK-
TPUYECKOTO HOJ‘IH*)B NEpEMEHHBIE IO BPEMEHU IPO-
neccol B cucrteme . Kpome toro, 37ech Oyaer mpo-
JOJKEHO PACCMOTPEHHUE BOIIPOCOB, CBSI3AHHBIX C T'U-
TaHTCKOM JHCHEepCUEN AUINIEKTPUUYECKOW IMpOHULIAe-
MOCTH JUCIIEPCHON CUCTEMBI M €€ HCIIO0JIb30BaHUEM
JUI YBEIHYCHHSI CKOPOCTH AJeKTpodopes3a, Havatoe
B [9, 10].

IMOCTAHOBKA INPOBJIEMbI

CraButcsi 3a1a4a M3Y4YEeHUS OCOOCHHOCTEH 3JIeK-
Tpodope3a MOHOB B IUCIEPCHOHN Cpele Ha TpUMEpe
nByX(a3HOUM Cpebl, COCTOAIICH M3 KXUAKOW JUCIEp-
CHUOHHOM TIPOBOJISANICH OJHOPOIHON cpelibl B CBOOOI-
HOM TIPOCTPAHCTBE (IEKTPOJINTA), B KOTOPYIO TTOMeE-
IICHA JUCIIepCHas (a3a B BHJIC B3BECH YACTHIL IIAPO-
BOH (OPMEI, B CITydae MPHIIOKEHUS DIIEKTPUICCKOTO
MOJIS, COCTOSILIETO U3 CYMMBI IOCTOSIHHOTO M T'apMO-
Huueckoro mnojned. Ilpu 3TOM mpeamnosiaraercs, 4To
HAJIMYUE JUCIEPCHOM (a3bl MPH OIMPEJCIICHHBIX YyC-
JIOBUSIX, HAKJIaJbIBA€MbIX Ha CBOWCTBA JIUCIIEPCHOU
Cpelbl, MOXET BbI3bIBATh T'MTAHTCKYIO JUCIEPCHIO
JIUBJIEKTPUYECKON IPOHUILIAEMOCTH.

* v

) Bnpoqu, 3TO COFHacyeTCH C IMOABJICHUECM B HCIIMHCUHBIX
CHCTeMax KpaTHBIX 9acToT nw, n = 0, 2,3..., npu mogade
B CHCTEMY BO3ZICHCTBUS Ha UCXOTHON "acToTe o [8§, § 1.1].
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PEHIEHUE ITPOBJIEMBI

[IpenBaputenbHO cuenaeM JBa 3aMeUaHusl.

Bo-nepBbiX, OTMETHM, YTO B Cliydae djiekTpodope-
3a JIUCMEPCHBIX YacTull (HOHOB) B YCJIOBHSIX HAIUYHS
BOKPYT HUX JBOWHOTO CJIOS JIJISl OIPEJICIICHUS] CKOPO-
cTH 3nekTpodopesa ucnonbzyercs Gopmyna Cmoiy-
xoBckoro [11, c. 39]

U, =%E. (1)

3nece U, — BekTOp cKOpoCTH 31eKTpodopesa yac-
TULBl (MOHA); &, — DIEKTPUYECKas IOCTOSHHAs;

& — OTHOCWTENbHAS NHUAJICKTpPUYECKas IPOHMIIAC-
MOCTh paccMaTpUBaeMON TETEPOre€HHOM CHUCTEMBI
(mucnepcHOl cpenbl); 7 — AMHAMUYECKasl BS3KOCTh

JUCTIepCHOHHON (hasbl; E — BEKTOp HANPSIKEHHOCTH
MPHUJIOKEHHOTO 3JieKTpudeckoro mnois. [Ipumenenue
JUTSL OTIPEJIeNICHHsT CKOPOCTH AJIEKTpodope3a BhIpake-
st U, =QE, rne O — 3apsan nona, HENpaBOMEPHO

B clly4yae HAJIWYHs BOKPYT HEro JIBOWHOTO cJOsi (CM.
nonpobuee [11, § 2.3, 2.4]).

Bo-BTophIX, TIOCIIE Tepexojia K CHCTEME OTCYeTa,
B KOTOpOH JucrepcHas dYacTuiia (MOH) IOKOMUTCS,
a KHUJKOCTh Ha OECKOHEYHOCTH JIBUIKETCS CO CKOpO-

N

n
00 anekrpodopese K 3IIEKTPOOCMOTHYECKOHN 3amaue
[12, c. 474]. TloaTomy snexTpodopeTHyuecKas 3amada
MOXET paccMaTpUBaThCs B AJIEKTPOOCMOTHUYECKOH
MOCTaHOBKE.

B kadyecTBe MareMaTH4eCKOW MOJEIU COOTBETCT-
BYIOILIETO 3JIEKTPOOCMOTHYECKOTO TIpoliecca MpUHH-
MaeM CHCTEMY YPaBHEHUH JJICKTPOTHUAPOIMHAMUKH,
npencTaBiieHHy0 B padote [1, (7)—(11)] (cMm. Takke
paboter [13—15]) ¢ TeM HUCKITIOYEHHEM, YTO ypaBHE-
Hue [1, (7)] 3amuchiBaeTCs C Yy4ETOM HEIUHECHHOTO
YJieHa B CJICTYIOIIEM BHJIC:

cteio —U = E=U_, MOXHO CBECTH 3amayy

ov
£ (a—f+(vE -V)sz: -Vps +nAvy, + p E;. (2)

B (2) yureno BHemrHee 3JIEKTPUICCKOE IIOJIC HAIPSI-
xkeHHocThi0 E; =E | +E, rne nocrosHHoe 3eKTpu-

yeckoe nose E, =const momynupyercst koiimHeap-
HBIM €My JJIEKTpU4ecKuM BektopoM E, 3aBucsmmm
ot Bpemery, (ExE; =0). B (2) n — nunamuueckas
BS3KOCTb, py — JaBJICHHE, Vy — BEKTOpP CKOPOCTH
B cpefie, P, — IUIOTHOCTb cpeibl. BennuuHsl, ome-
YeHHBbIE WHAEKCOM X, Bo30yxaensl noiem E. . Ilo-
METHUM II0JIsl, BbI3BaHHbIE 3JIEKTpUuecKuM noiaeM E,
HIWKHUM uHjekcom 0: py, v, . Uepes v, p obo3Ha-
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yuM 100aBKM K HONAM p,, V, Hocle a00aBICHUS
k nomo E;, mons E. Yepes p, obo3zHauaeMm miotT-

HOCTb 3JIEKTPUYECKOT0 3apsiia B IUCIIEPCHOM Cpee.

Janee momnaraem, 4To TeyeHHe, OMHChIBaeMoe (2),
JaMuHapHoe. Bripaxenue (2) B cTallMOHApHOM CIy-
yae (E =0) 3anumercs Tak:

Po (Vo 'V)Vo =-Vp, +nAv, + p,E,. 3)

B ciydae npeneOpeKeHUs] HEIMHEHHBIM HICHOM
(3) u mocrosHcTBe maBneHus Vp, =0 mnpuxoaum

K KJIACCHYECKOMY YPaBHEHHIO JJISI DIIEKTPOOCMOTHYE-
CKOro ABWXKeHus xxkxuakoctu [11, c. 33].

Brruutas ypasaenue (3) u3 (2), momydaem ypas-
HEHHE JIBUKEHUS JUIS TAPMOHHYECKHX TTOJIEH :

ov
D rv.vy =
po(at v Vj

=—Vp+nAv+p,E—(v,-Vv+v-Vv). 4

B cnydae BO3MOXHOCTH TpeHEOpEeXEeHWS HENn-
HEHHBIM YWIEHOM B ypaBHEHUH (4) OHO NPUBOIUTCA
K JINHETHOMY BUY.

Kak BumnO 13 (3), (4), B cimyuae snextpodopesa Ha
CMECH TOCTOSHHOTO W MEPEMEHHOI0 3JIEKTPUUECKUX
MOJIEW B YPAaBHEHUU JBW)XKCHMS NEPEMEHHBIX MOJEH

(4) Bo3HuKaer oObemHas cuma —(V,-Vv+v-Vv,),

CBsI3aHHAS C TIEPEKaYKOW SHEPTHUH U3 CTAIMOHAPHOTO
moJisi. AHAJOTHYHBIA (OopMalu3M BO3HHUKAJI paHee
B pabotax [7, 16], MOCBSIIEHHBIX IIEKTPOAKYCTHYIE-
CKOMY MpPeo0pa3oBaHUIO, OCHOBAHHOMY Ha JJIEKTPO-
ocMoTHUeCKHuX siBeHUsX. Kak mokazano B [7, 16],
nepeKayka SHEPTrUM TOCTOSIHHOTO AJIEKTPHUYECKOTO
MoJisi B MEPEMEHHOE TI0JI€ MOXET JIOCTUraTh 3HAYU-
TENbHBIX BENWYHMH (MO0 pe3yjbTaTaM IpPOBEICHHBIX
SKCIEPUMEHTOB POCT aMILTUTY]] IEPEMEHHBIX MOJIeH
MEHSIJICS OT YaCTOTHI M tocTuran 29 nb).

BbIBO/IbI

B pabote paccMoTpeHa rHApOAMHAMUKA 3JIEKTPO-
¢opesa mpu OAHOBPEMEHHOM BO3ICHCTBHUU ITOCTOSH-
HOTO U MEPEMEHHOr0 JIEKTpHuecKux nosei. Kpome
TOTO, B pabOTe MOKa3aHO, YTO MPU COBMEIIEHUH TI0-
CTOSHHOIO ¥ IMEPEMEHHOr0 BHEIIHUX IOJIEH INpOHC-
XOJUT TepeKauka SHEPTHH MOCTOSHHOIO 3JIEKTpHYe-
CKOT'O TOJIsl B IEPEMEHHOE THAPOIUHAMHYECKOE TI0JIE.
OTMmeueHO, 4YTO THUAPOAMHAMHKA 3JEKTpodopesa
Ha CyMMapHOM (IIEPEMEHHOM M TIOCTOSTHHOM) 3JIEK-
TPUUECKOM TOJIE TPAKTUYECKH COBNAAAET C THUAPO-
TUHAMHKOW 3JIEKTPOaKyCTUYECKOr0 MpeoOpa3oBaHuUs
C MPUMEHEHUEM DIIEKTPOKHMHETHYECKHX SIBICHHH.
PaccMOTpeHHBII pUMeEp JUCIIEPCHOM Cpelbl, B KOTO-
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poi MOXET BO3HMKHYTh T'MTAHTCKas JUCIEpPCHUs AH-
JJIEKTPUYECKOHN IIPOHULIAEMOCTH, YTO B CBOIO OYEPEIb
MOXET CIIOCOOCTBOBATH IOBBIIICHUIO CyMMapHON
CKOPOCTH 3JeKTpodopesa, sBiseTcss yacTHbIM. IIpo-
BEJICHHBIE PACCYXJIEHUS MOTYT OBITh pacmpocTpaHe-
HBI ¥ Ha 00Jiee CIIOKHBIC TUCTIEPCHBIE CUCTEMBI

Paboma svinoanena 6 UAII PAH ¢ pamkax I'ocyoapcm-
sennoeo 3adanus 075-00780-20-00 no meme Ne 0074-2019-
0013 Munucmepcmea Hayku u ebicuteco 06pa306anus.
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ELECTROPHORESIS IN THE TOTAL (CONSTANT
AND ALTERNATING) ELECTRIC FIELD.
II. PECULIARITIES OF THE COMBINED IMPACT OF ALTERNATING
AND CONSTANT ELECTRIC FIELDS

B. P. Sharfarets

Institute for Analytical Instrumentation of RAS, Saint-Petersburg, Russia

The hydrodynamics of electrophoresis under the simultaneous impact of constant and alternating electric
fields is considered. It has been shown that when the constant and alternating external fields are combined, the
energy of the constant electric field is transferred into the alternating hydrodynamic field. An example is given
of a dispersed medium in which a giant dispersion of the dielectric constant can arise, which in turn can contri-
bute to an increase in the total electrophoresis rate. Analogies of the behavior of the considered dispersed me-
dium with the action of an electroacoustic transducer based on the use of electrokinetic phenomena are given.

Keywords: electrophoresis, electric field, dispersed particle, dispersed environment, variable flows, stationary flows,

the Navier — Stokes equation

INTRODUCTION

This work is a continuation of work [1], based on
the materials of works [2, 3], in which the effects of
the formation of alternating and stationary flows are
considered in terms of affecting disperse systems by
an alternating electric field. In [2], alternating and
constant flows caused by the polarization of an elec-
tric double layer (EDL) are considered, while in [3],
also two more mechanisms were considered, that ones
cause the occurrence of stationary nonlinear flows:
inertial and electrocapillary (further, electrocapillary
nonlinear flows are not considered here, since they are
formed only for liquid metal dispersed particles and at
frequencies greater than 1 Hz, the corresponding flow
velocities become negligible; for more details on these
flows, see [3, Section 3.4]).

Unlike work [1], here the electrohydrodynamic and
electrochemical problem of the processes occurring in
an external electric field equal to the sum of a constant
and an alternating fields. Earlier, a similar problem
was considered in relation to the physical substantia-
tion of the principle of operation of an electroacoustic
transducer based on the presence of electrokinetic
phenomena [4-7, etc.]. As was shown in these works,
the presence of constant and alternating electric fields,
due to the nonlinearity of the hydrodynamic part of
the problem, can lead to the appearance of useful con-
sequences caused by the o verflow of the energy of
the constant electric field into time-varying processes
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in the system”. In addition, here we will continue to
consider issues related to the giant dispersion of the
dielectric constant of a disperse system and its use to
increase the rate of electrophoresis, started in [9, 10].

FORMULATION OF THE PROBLEM

The posed problem is to study the peculiarities of
ion electrophoresis in a dispersed medium using the
example of a two-phase medium consisting of a liquid
dispersive conducting homogeneous medium in free
space (electrolyte), in which a dispersed phase is
placed in the form of a suspension of spherical par-
ticles, in the case of applying an electric field consist-
ing of a constant and harmonic fields. It is assumed
that the presence of a dispersed phase, under certain
conditions imposed on the properties of a dispersed
medium, can cause a giant dispersion of the dielectric
constant.

SOLUTION

Let's make two preliminary remarks.

First, we note that in the case of electrophoresis of
dispersed particles (ions) in the presence of a double
layer around them, the Smoluchowski formula is used
to determine the electrophoresis rate [11, p. 39]

" However, this is consistent with the appearance in nonli-
near systems of multiple frequencies nw, n = 0, 2,3...,
when affecting the system at the initial frequency w [8,

§ 1.1].
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_&f g (1)
n

Here U, is the velocity vector of the particle (ion)

U

ef

electrophoresis; &, — electric constant; ¢ — the rela-
tive dielectric constant of the considered heterogene-
ous system (dispersed medium); 7 — dynamic vis-
cosity of the dispersion phase; E— vector of the ap-
plied electric field. The use of the expression
U, =0E, where Q is the charge of an ion, to deter-

mine the rate of electrophoresis, is inappropriate if
there is a double layer around it (see for more details
[11,§2.3,2.4).

Secondly, after switching to the frame of reference,
in which a dispersed particle (ion) is at rest, and the
liquid at infinity moves with speed
U, = Gt

of E=U,_, one can reduce the task of

electrophoresis to an electroosmotic task [12, p. 474].
Therefore, the electrophoretic task can be considered
in electroosmotic terms.

As a mathematical model of the corresponding
electroosmotic process, we accept the system of eq-
uations of electrohydrodynamics presented in [1, (7)—
(11)] (see also [13—15]) with the exception that the
equation [1, (7)] means taking into account the nonli-
near term in the following form:

ov
po( 6; +(Vz 'v)vzj Z_sz +77AV2 +pelEz- (2)

In (2), an external electric field of strength
E; =E, +E is taken into account, where the constant
electric field E; =const is modulated by a collinear
electric vector E, that depends on time, (ExE; =0).
In (2) n — dynamic viscosity, p, — pressure,
v, — velocity vector in the medium, p, — the densi-
ty of the medium. The values marked with the index
2, are excited by the field E;. Let us mark the fields
caused by the electric field E, with the subscript 0:
Do> V, - Also we mark the additions to the fields p,,
v, as v, p, after adding the field E to the field E, .
The density of electric charge in a dispersed medium
is marked as p,;.

Further, we assume that the flow described by (2)
is laminar. Expression (2) in the stationary case
(E=0) is written as follows:

Po (Vo 'V)Vo =-Vp, +nAv, + p,E,. 3)

In the case of constancy of pressure Vp, =0 and

neglecting the nonlinear term (3), we come to the
classical equation for electroosmotic flow of liquid
[11, p.33].

Subtracting equation (3) from (2), we obtain the
equation of motion for harmonic fields:

ov
Liv.vy =
po(at v vj

=—Vp+nAv+p,E—(v,-Vv+v-Vv ). 4)

In the case of the possibility of neglecting the non-
linear term in equation (4), it comes to linear form.

As can be seen from (3), (4), in the case of electro-
phoresis on a mixture of constant and alternating elec-

tric fields (4), a volume force —(v,-Vv+v-Vv,)

arises in the equation of motion of alternating fields
(4) and that is associated with the transfer of energy
from the stationary field.

A similar formalism appeared earlier in the works
[7, 16] devoted to electroacoustic conversion based on
electro-osmotic phenomena. As has been shown in [7,
16], the transfer of energy of constant electric field
into alternating field can reach significant values (ac-
cording to the results of the experiments, the increase
in the amplitudes of alternating fields varied with fre-
quency and reached 29 dB).

CONCLUSIONS

The paper considers the hydrodynamics of electro-
phoresis under the simultaneous impact of constant
and alternating electric fields. In addition, it is shown
in the paper that when the constant and alternating
external fields are combined, the energy of the con-
stant electric field is transferred into the alternating
hydrodynamic field. It is noted that the hydrodynam-
ics of electrophoresis on the total (alternating and
constant) electric field practically coincides with the
hydrodynamics of electroacoustic conversion with the
use of electrokinetic phenomena. The considered ex-
ample of a dispersed medium, in which a giant disper-
sion of the dielectric constant can arise, which in turn
can contribute to an increase in the total rate of elec-
trophoresis, is particular. The above reasoning can be
extended to more complex disperse systems.

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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