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OBF YCOBEPIIEHCTBOBAHUU MATEMATHYECKOW MOJEJIA
IJIEKTPOAKYCTHUYECKOTI'O ITPEOBPA3OBATEJIA TIPU YCJIOBUH
TOHKOI'O JIBOMHOTI'O CJIOS B MOPUCTOH CTPYKTYPE
TEJIA ITPEOBPA3OBATEJIA

B npubnmxeHnu TOHKOTO JBOMHOTO CII0S MOTYYEHBI MIPOCThIE 3aBUCUMOCTH aKYCTHUECKHUX MOJIEH, BO30YKIaeMbIX
B 3JIEKTPOKWHETUYECKOM 3JIEKTPOAKYCTHIECKOM ITPeoOpa3oBatere, OT BEINYUHBI CKOPOCTH OCMOTHYECKOTO ABHKE-
Hus [enpmronsiia—CMomyxoBekoro. M3 3aBucuMocTeil  ciemyer, 4To B OTCYTCTBHE IOTEPb, KOTAA €Il HE CKa3bl-
BaeTCsl HEJIMHEHHOCTh YPaBHEHHS JBIDKCHUS JKUAKOCTH M OTCYTCTBYET TYpOYJIEHTHBIH PEXHM IBWXKEHHS KHUIKO-
CTH, B TeJle IpeoOpa3oBaTes BEMUUNHBI aMIUTUTY] aKyCTUUECKON CKOPOCTH U IaBJICHHS JINHEWHO 3aBUCAT OT BENH-
YUHBI CKOpPOCTH I 'enbMroiapna—CMOITyXOBCKOTO 3IEKTPOOCMOTHYECKOTO IBHKEHNS.

K. cn.: anexTpoakycTiHueckoe mpeodpa3zoBaHue, 3JIEKTPOKMHETHIECKHUE IBIeHHs], ypaBHeHne HaBre—CTOKCa,
HEITMHEHHBIA PEXXNUM TEUEHHUS JKUIKOCTH, HaKauKa SHEPTUH

BBEJIEHUE

Panee B paborax [1-6] paccMOTpeHO AIEKTPOaKy-
CTUYECKOe INpeodpa3oBaHUE, OCHOBAHHOE HA TaKOM
aNeKTpoKHHEeTHYeckoM siBlieHnn (D), Kak aiekTpo-
ocmoc. OCHOBHOE OTJIMYME OT MpeIaraBIInxcs paHee
MOIOOHBIX MpeoOpa3oBaHuil (CM., HampuUMep, paboTy
[7], B KOTOpOI1 MOTOOHBIE TTPE0Opa3OBaTEN HAa3BaHEI
JNEeKTpOKHHETHYecKuMH TpeodpazoBaremsamu (DKII))
COCTOHUT B HCIIOJIb30BAHUU PEXMMA HAKauK{ 3HEPIUH
aKyCTHUYECKHX KOoleOaHWH 3a CUET SHEPIUU IOIOIHU-
TEJIBHO MPUIIOKEHHOI'O MOCTOSHHOTO JIEKTPUIECKOr0
nonst. Ilo-Bunumomy, BriepBble B IpeoOpa3oBaTelsix,
OCHOBaHHBIX Ha DSl, cxema HaKa4Ky SHEPTUU aKyCTH-
YECKUX KOJeOaHWH MOCTOSHHBIM 3JEKTPHUECKUM I10-
nieM ObIIa TIpe/yIoKeHa B mateHTe [8].

B paborax [2—6] paccmarpuBajace MaTeMaTHde-
CKasi MOZIENb 3JIEKTPOaKyCTHUECKOI0 IpeoOpa3oBaHUs
JUIsL TIPOU3BOJIBHOM TOJIIIMHBI JBOMHOIO 3JEKTpHUYe-
ckoro cnost (JIC) BHYyTpH TIOPHCTOTO TeNa 3IEKTPOKH-
Hetrueckoro npeodpaszosatens (OKII). B macrosmeit
pabote B mpeanonoxennn ToHKoro JC ocymiecTsis-
€TCsl YIPOILICHUE COOTBETCTBYIOIIEH MaTeMaTUYECKOM
MOJIENH, YTO TPUBOJUT K Oosiee mpo3pavHon (Gpu3nde-
CKOH MHTEpIIPETallNi KOHEUHBIX PE3YJIbTaTOB.

ITOCTAHOBKA ITPOBJIEMbI

Lenbto paboThI ABJISETCS C MOMOIIBIO JAOMYILIEHUS
o mamocti TommuHbl JIC B TOPHUCTOH CTPyKType
JIEKTPOAKYCTHYECKOT0 Mpeo0pa3oBaTeisl YIpOCTUTh
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MaTeMaTHUYECKyI0 MOJENIb MpeoOpa3oBaHus AJsl Ipu-
JaHWS UTOTOBBIM BBIPa)KEHHAM OoJiblIeH (pU3NIecKOn
MpPO3PAaYHOCTH  NPUYMHHO-CICACTBEHHBIX  CBsI3ed
MEKAY OCHOBHBIMH IapaMeTpaMHu IIpeoOpa3oBaHMUs.

PEINEHHUE 3AJAYH

Jlanee KOPOTKO BOCIIPOM3BENEM BBIPAXKEHUS UL
MaTeMaTHYECKOM MOZAENIH  3JIEKTPOAKyCTHYECKOI'0
nmpeoOpa3zoBaHms, TpUBEICHHBIE B paborax [2-6].
J1st IpoCTOTH NPUHUMAEM, YTO IIOPUCTOE TEJIO Ipe-
o0pa3oBartens MOAEIHPYETCS HANOJHEHHBIM >KHIKO-
CTBIO IIMNIMHApUYEeCKHM KammuisipoMm. Kak u B [1-6],
MPUHUMAEM, YTO B KallWUISIPE UMEET MECTO TeueHHE
BSI3KOM CXUMaeMol oJHOpoAHOU >kujakoctu. K top-
LaM Kalujuisipa, HaloJHEHHOI'O JKMIKOCTBIO, OIHO-
BPEMEHHO IPUKJIAIBIBAIOTCS IOCTOSIHHOE 3JIEKTpHUYe-
ckoe none E, u nepemennoe anekrpuueckoe noie E.
JIBI>KeHNE KUAKOCTU TOAYMHACTCS YPaBHEHHUIO CO-
xpaHeHus umityiasca HaBbe—Crokca

ov
pz(a_;'i'(vz'v)vzj:

=-Vp, +nAv, + [4’ +%)VV ve +pE, +po,E. (1)

3necy E; =const — BeKTOp HaIps)KEHHOCTH BHEI-
HEro 3JIEKTPUYECKOro IOJs, HANpaBJCHHBIH BIOMb
ocu Kanwunsipa, E — BeKTop HanmpsuKeHHOCTH Iepe-
MEHHOT'O 3JIEKTPUYECKOIr0 MO, KOJUIMHEAPHbIM BeK-
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topy E¢; # 1 { — COOTBETCTBEHHO IHHAMHYECKAsI

Ps =Py t+ P,
Vs =V, +V, p,=p,+p — COOTBETCTBEHHO IO
IUIOTHOCTH, CKOPOCTH M JIaBJIECHUS B >KUAKOCTH, TIE
nHAekc 0 COOTBETCTBYET CTAL[MOHAPHOMY ABHMKEHHIO
’KMJKOCTH I0J] Bo3/ieiicTBHEM 00beMHOI cuibl p K
(9MEKTPOOCMOTHYECKHH TIpoIIecC), TIepEMEHHBIE IO
0e3 WHIeKca COOTBETCTBYIOT HECTAIMOHAPHOMY (aKy-
CTUYECKOMY) JBHKEHUIO KHJIKOCTH; P, — O0O0beMHas
IUIOTHOCTh 3JIEKTPUYECKOI0 3apsizia, HE paBHAs HYIIO
Bcnencteue Hammaus [C.

[loncraBum B (1) 3HaYeHWS CyMMapHBIX TOJEH.
Janee npumeM, 4TO TE€YCHUE B DJIEKTPOOCMOTHYECKOM
mporiecce JamuHapHoe. Torna ypaBaenue (1) mpume-
HUTEIBHO K CTAIMOHAPHOMY JIEKTPOOCMOTHUYECKOMY
MPOLIECCY B XHUIKOCTH BHYTPH KallWUIspa C y4eTOM
yenoBus Vp, =0 umeer Buj (cM., Hanpumep, [4, BbI-
paxenue (19)])

Po (Ve V)V, =nAv,+ p E,. ()

AKyCTHYECKHH mpolecc B KalWIJISIPe ONHMChIBAET-
Csl B TEPMHHAX COKUMAeMON KHAKOCTH B JIMHEAPU30-
BaHHOM BHJE, U ypaBHEHHE COXPAHEHUS HMITyJIbCca
JUIsL HEro IOJy4yaercsl MOJICTAHOBKOM pa3ioxKeHu
Ps =Pyt P, Vi =V, +V, p;=p,+p B(l)n Boran-
TaHUEM U3 Hero (2):

u oObeMHas BSI3KOCTHU KUIOKOCTH,

Po[%+(VO-V)V+(V-V)VOJ:

— Vp+nAv+ [g +%jvv v+ p,E. 3)

K ypaBHenuro newxenust (3) ciemyer q00aBUTH
CTaHIAPTHOE JIMHEAPU30BAHHOE YPaBHEHHE HeIpe-
PBIBHOCTH JUI C)KUMAEMOMN KM IKOCTH

a—p+p0V-v:0. @)
ot

VYpasaenue (3) sBisieTcss THHEHHBIM OTHOCHUTEIb-
HO aKyCTHYeCKuX Imoyiell V u p, KOTOpele 00pa3yroTcs
3a cuer Hanu4us oobemHol p,E cunbl u, kak Oyzer
BHUJHO HMXeE, TAKKE 3a CUET IPOoLecca HAKAYKH, BO3-
HUKAIOIIEr0 M3-32 NPUIOKEHHS ITOCTOSHHOTO 3JIEK-
Tpuyeckoro mons E.

Jns ynpoueHrs ypaBHEHUS! ABMXKCHUS KHUIKOCTH
(3) mpumeM nmomyleHne O Majiol TONIUHE JTBOWHOTO
CIIOS Ha TpaHMLE pasfena >KUAKOCTH U BHYTpEHHEH
MOBEPXHOCTH KamWwUIspa, 4TO OIpenensierca Hepa-
BEHCTBOM Kka . 1, rie a — pazuyc Kamuwuisipa,
k=1/A, A — nnuna [lebas (cm., Hanpumep, [1]).
B sTOoM cmyyae CKOpOCTB 3JIEKTPOOCMOTHYECKOI'O
JBYDKEHMS KUIKOCTH IPAKTHUECKH BO BCEM CEUEHHMH
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Kalnuuisipa paBHA CKOPOCTH OCMOTHYECKOI'O JIBMXKE-
Hus enpmronsiia—Cmonyxosckoro U, [9, c. 10]
(3mech, B oTmmame ot [9], 3amuck B cucteme CH):

£, =
_ 0 F_
U, =E,— =const. ®))
n
3neck { — DNEKTPOKWHETHYECKUI TOTEHIHAN (CM.
[9]), € — nmudnekTpuyeckas MPOHULAEMOCTb, &, —

JJIeKTpUYecKas mocrosHHas. Takum o0pazoM, nMeeM
B JIEKapTOBOW M LIMJIMHIPUYECKOH CHUCTEMax KOOpPIHU-

HaT v, =(0,0,U, ), 9YTO HPHBOZMT K BBIPAXKCHHIO
(em., Hanpumep, [10, c. 68, 83]) (v, -V)V:eriv

Oz
WJTM OKOHYATENBHO C yIeToM (5)

(v0 ‘V)V =U, iV =E0ﬁ§~iv.
0z n - oz

[lepenumem (3) ¢ ydeToM MOCIETHETO PaBEHCTBA,
a TaK’Ke OUeBUAHOro paBeHcTBa Vv, =0:
ov

n 0
=—Vp+nAv+|+—=|VV.-v—p U, —v. (6
61 p 77 [g 3j pO 6062 ()

[lonmarast mpormecc moreHnuadbHbIM vV =V®, Tax
e Kak B [4], MpuBOIMM MOCIIETHEE YPABHEHHUE K CKa-
JSIPHOMY BUJTY

Po

oD 4 oD
e pH| = |AD-p U . 7
Po =P (4 377) Pl — (7

[Ipeobpasyem ypaBHeHwue (7) o aHaIOruH ¢ padbo-
Toif [4]. I3 ypaBHEHUS HEMPepbIBHOCTH (4) U yCIOBUA
0apoTporHOCTH KHKOCTH noxyJaem
P _ 2
—=-p,c'V-V, TIe ¢ — CKOPOCTb 3ByKa, WIN Yepe3

ot

1%/
CKaJSIPHBIA TTOTEHIINAT 6—p=—poc2Aq). B rapmonu-
t

4ecKOM clydae ¢ BpeMeHHM (akTopoM € ', coxpa-

HSS Te JKe 0003Ha4eHMs U aMIUIMTY., AJS aMIUIU-
P’

TyObl JaBiieHWs p mnonydaeM p=-——A®d. Tlocue
1w

storo (7) B ciay4ae TapMOHHYECKOT'O TIpoIiecca MpH-

BOIUTCA K BUAY

2
—p, i ®=-LC A +(§ +inqu> U Lo,
) 3 Oz

WJIM B BHJIE HEOIHOPOIHOTO YpaBHEHUs [ epMromnsiia

' OrmeTnM, 4TO B CTydae LITMHIPHYECKON CHCTEMBbI KO-
OpAMHAT, B KOTOPOH 0Chb (z COBNANAET C OCbK) CHCTEMBI
KOOpAWHAT, CHpaBEIIUBAa KOMMYTAIMS omepaTopoB [14,
0 0
c. 84 —v=v—.
Oz Oz
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ip,®

4 ) _pc
(§+377j :

10

AD + D=

- Po v o (8)

4 pct oz
+7 -7
(C 3”) i

BBomsi obo3nHadeHue s KBajapata BOJHOBOTO
quCiIa

e 1p,® _
4 PoC’
e
3 10
_a)_z Po
c’ ia)[ 4 j ’
—_— +7
Po= 2|6 3T
o 4 1/2
nmu  k=— 1—iw[é’+3nj p062 , TIPUBOAUM
c
(8) x BUOY
2
AD + kD = k—U Ly )
io Oz

VYpasuenue (9) mpencraBnser coOoi HEOTHOPOI-
HOE ypaBHEHHE | enbMrosiplia OTHOCUTENBHO CKaJIsp-
Horo moteHnuana @ cKOpocTH V ¢ TOH OCOOEHHO-
CThIO, YTO B TPaBYIO 4YacTh ypaBHeHUs (9) BXOIUT

MPOU3BOIHASI UCKOMOW BeNMYMHBI — . BunaHO, 4to
iz

pemrenue ypaBHeHHs (9) IWHEHHO 3aBHCHT OT JJIEK-
TpoocMoruueckoir ckopoctu U, . IlomoOHble ypas-

HEHHS BO3HUKAJM paHee, B YaCTHOCTH B [4], Tne oT-
MEUaJIOCh, YTO PEIIEHHE TaKUX yPaBHEHHM CBOANTCS
K JMHEHHOMY HHTErpajJbHOMY YPaBHEHHUIO C SIPOM,
MIpECTaBISIONM coboit (yHKIuio ['puHa cooTBeT-
cTBytomero ypaBHeHus ['empmromena. B [4] mpuBe-
JIeHbl Ka4eCTBEHHbIC PACCY)KIEHHS IJISl YpaBHEHMS
trma (9), ¥3 KOTOPBIX CIENYET, YTO C POCTOM BEIINYH-
HBI 3JIEKTPOOCMOTHYECKOM cKkopocTH U, [IOIKHA

pactu BEIMYUHA aMIUIUTYIbI (D, a CJICOOBATCIIBHO,
1 BCIWYUHBI aMIUIUTY] V U p, T.K. UMEIOT MECTO 3a-

2
PoC

10
HeHne (9) nMHEHHO, TO B paMKax CIPaBEIIMBOCTH
TUHEWHOI Momenu (9) Bce 3TH BEIHYMHBI OYAYT Jiu-
HeUHOo 3asucemd OT IIEKTPOOCMOTHYECKONU CKOPOCTH

U,,. T.e. npu IMHEHHOM XapaKTepe pocTa pacmpene-

BHCHUMOCTH V=V®, p= A®. ITockonbky ypas-

JIEHMs aMIUTUTYIB! JaBjienust p = p(z,U, ) OT dIek-

TPOOCMOTHYECKOM cKopoctd U
6_p 3 op (Z,U eo)

0z 0z

IpPUPOBAaHKE IIOCIIEAHEr0 BBIPAXKEHUS 110 KOOPAWHATE
Z TIOKa3bIBAET, YTO C POCTOM CKOPOCTH 3JIEKTPOOCMO-
TUYECKOI'0 TEYEHHUSI MOIYJIb NOTEHLHala TeYeHus Oy-
JIeT TaKKe pacTu.

Takum o0pa3oM, B paMKax CHpPaBEIIMBOCTU JIHU-
HEeITHOW MoJenu, OnuchIBaeéMor ypaBHeHHEM (9), ipu
POCTE DIEKTPOOCMOTHYECKOI ckopocTH U, JHMHEIHO

pacTer BeMYMHA aMIUIMTY[ aKyCTHYECKOH CKOPOCTH
V U JaBJEHUS p.

Bce orMedeHHOe BbIlI€ CIpaBeJIUBO B cilydae
JAMMHAPHOIO JBIDKEHMS JKUIKOCTH B Kanuiuisipe (1o-
pHUCTOil cpene), B MPOTHBHOM CIlydae B IOPUCTOMN
cpene B peXHME HAKauyKd BO3HUKAIOT IYJIbCALlOH-
HbIE TIapa3uTHbIE KOJIEOAHUS, UCKAKAIOIINE XapaKTe-
PUCTUKH HCXOIHOTO NPHUHHMAEMOro aKyCTHYECKOro
monst (cM. pabory [5], mocBsimieHHYI0 paboTe 3ek-
TPOAKYyCTHYECKOTO MpeodpazoBaTens B TypOyIeHTHOM
peXUME TEUEHHs >KUIKOCTH B IOPHUCTOM IPOCTpaH-
CTBe TpeoOpasoBarens). B pe3ympraTe 3TOr0 BO3HU-
KaeT IMapasuTHas COCTaBJSIONIasl MOTEHIHaa Tede-
HUS, WCKaXkarollas aJeKBAaTHOCTb AKyCTO3JIEKTpHYe-
cKkoro mpeobOpaszoBaHus. B 3ToM nerko yOemuthes,
NPUHAB, YTO IIEpeMEeHHOe 3JekTpuueckoe mnone E
PaBHO HYJIIO, @ B IIOPUCTOI CTPYKType IpeoOpa3oBa-
TeNsl BMECTO HEro NMPHUCYTCTBYIOT TOJIBKO ITyJIbCalld-
OHHBIE COCTaBJIIOLINE aKYCTHYECKOI'O 1015, BBI3BaH-
HbIE PEKMMOM Hakauykd. Torpa mpeoOpaszoBarenb 3a-
(¢uKcHpyeT TOJBKO Mapa3uTHbIE IIyJbCALlMOHHBIE
ANEKTPUYECKHE KOIeOaHMsI.

Oyner IUHEHHO

pacTel W TPaJMEeHT JaBIICHUS Hure-

BbIBO/IbI

B pa6ore B mpubmmkennn Toukoro /IC momrydeHbt
MPOCThIE 3aBUCHMOCTH AKyCTHYECKHX IIOJIeH, BO3-
Oy)KIaeMbIX B 3JIEKTPOKHHETHYECKOM 3JIEKTPOaKYy-
CTUYECKOM IIpeoOpa3oBaTesie OT BEIMYMHBI CKOPOCTU
OCMOTHYECKOro aABWXKeHus [enpmromnsra—Cmony-
xoBckoro U, . W3 HuX ciemyer, 4TO B OTCYTCTBHE

HIOTEPh, KOIJA €IIE HE CKa3hIBAETCA HEIMHEHHOCTH
Monenud (2) M OTCYTCTBYET TypOYJNEHTHBIA PEXKUM
JBUKEHUS JKMIKOCTH B KalMJLIAPE, BEIMYMHBI aM-
IUIUTYJl aKyCTUYECKUX IapaMEeTpOB — CKOPOCTH V
U JTaBJIEHHS p — JIMHEWHO 3aBUCAT OT BeNW4uHbl U

CKOPOCTH OCMOTHYECKOT0 ABMXKeHHs [ enpMmronbia—
CMOITyX OBCKOT 0.
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ON THE IMPROVEMENT OF THE MATHEMATICAL
MODEL OF THE ELECTROACOUSTIC TRANSDUCER UNDER
THE CONDITION OF A THIN DOUBLE LAYER IN THE POROUS
STRUCTURE OF THE TRANSDUCER BODY

S. P. Dmitriev', V. E. Kurochkin?, B. P. Sharfarets’

1Bioproduct ltd, Moscow, Russia
2Institute for Analytical Instrumentation of RAS, Saint Petersburg, Russia

In the approximation of a thin double layer, simple dependences of the acoustic fields excited in an electro-
kinetic electroacoustic transducer on the velocity of the Helmholtz—Smolukhovsky osmotic movement are ob-
tained. From the dependencies it follows that in the absence of losses, when the nonlinearity of the fluid motion
equation does not yet affect and there is no turbulent mode of fluid motion in the transducer body, the magni-
tudes of the amplitudes of the acoustic velocity and pressure linearly depend on the magnitude of the Helm-

holtz—Smolukhovsky electroosmotic motion velocity.

Keywords: electro-acoustic conversion, electrokinetic phenomena, Navier—Stokes equation, non-linear regime of fluid

flow, energy pumping

INTRODUCTION

Earlier in the works [1-6] electroacoustic trans-
formation based on such an electrokinetic phenome-
non (EP) as electroosmosis was considered. The main
difference from previously proposed similar conver-
sions (see, for example, work [7], in which such
transducers are called electrokinetic transducers
(EKT)), is the use of the pumping mode of the energy
of acoustic vibrations due to the energy of an addi-
tionally applied constant electric field. Apparently, for
the first time in transducers based on EP, a scheme for
pumping the energy of acoustic vibrations with a con-
stant electric field was proposed in the patent [8].

In [2-6], a mathematical model of electroacoustic
transformation was considered for an arbitrary thick-
ness of an electric double layer (DL) inside a porous
body of an electrokinetic transducer (EKT). In this
work, under the assumption of a thin DS, the corre-
sponding mathematical model is simplified, which
leads to a more transparent physical interpretation of
the final results.

FORMULATION OF THE PROBLEM

The aim of the work is to simplify the mathemati-
cal model of the conversion under assumption of
the smallness of the DS thickness in the porous struc-
ture of the electroacoustic transducer in order to give
a greater physical transparency of the cause-and-
effect relationships between the main transformation
parameters to the final expressions.
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THE SOLUTION OF THE PROBLEM

Next, we will briefly reproduce the expressions for
the mathematical model of electroacoustic conversion
given in [2—-6]. For simplicity, we assume that the po-
rous body of the transducer is modeled with a cylin-
drical capillary filled with liquid. As in [1-6], we as-
sume that a viscous compressible homogeneous fluid
flows in the capillary. A constant electric field E, and
an alternating electric field E are simultaneously ap-
plied to the ends of a capillary filled with liquid. The
liquid flow follows the Navier—Stokes momentum
conservation equation

=z 4

pz(av (VZ-V)VZJ

ot
=-Vp, +nAv, + [4’ +%)VV ve +pE, + o E. (1)

Here E,=const is the vector of the strength of

the external electric field directed along the axis of
the capillary; E is the vector of the intensity of
the alternating electric field, collinear to the vector Eg;

nand { — respectively dynamic and the bulk viscos-
ity of the liquid; p; = p, + p, — respectively the den-
sity, velocity and pressure fields in the liquid, where
the index O corresponds to the stationary flow of
the liquid under the influence of the volume force
p.E, (electroosmotic process), the variable fields
without the index correspond to the unsteady (acous-
tic) motion of the liquid; p, — the volumetric density
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of the electric charge, which is not equal to zero due
to the presence of DL.

Substitute the values of the total fields in (1). Fur-
ther, we will assume that the flow in the electroosmot-
ic process is laminar. Then equation (1), as applied to
a stationary electroosmotic process in a liquid inside
a capillary, taking into account the condition Vp, =0,

has the form (see, for example, [4, expression (19)])
Po (Vo ) V)Vo =1Av, + puE,. (2)

The acoustic process in a capillary is described in
terms of a compressible fluid in linearized form, and
the momentum conservation equation for it is ob-

tained by substituting expansions p; =p, +p,
Ve =V,+V, p;=p,+p in (1) and subtracting (2)
from it:

po[%+(vo.v)v+(v.v)voj:

— Vp+nAv+ [g +%jvv v+ p,E. 3)

The equation of motion (3) should be supplement-
ed with the standard linearized equation of continuity
for a compressible fluid

op
Ly pV-v=0. 4
5 P 4)

Equation (3) is linear with respect to the acoustic
fields V and p, which are formed due to the presence
of the volume force p, E and, as will be seen below,
also due to the pumping process arising due to
the application of a constant electric field E,.

To simplify the equation of fluid motion (3), let us
assume a small thickness of the double layer at
the interface between the liquid and the inner surface
of the capillary, which is determined by the inequality

a .1, where a is the capillary radius x =1/4, A 1is
the Debye length (see, for example, [1]).

In this case, the velocity of electroosmotic flow of
the liquid in almost the entire cross section of the ca-
pillary is eaual to the velocity of the osmotic motion
of Helmholtz-Smoluchowski [9, p. 10] (here, in con-
trast to [9], notation in the SI system):

U,=E, gnif = const. ®))

Here g; is the electrokinetic potential (see [9]), &
is the dielectric constant, g, is the electrical constant.
Thus, we have v,=(0,0,U, ) in the Cartesian and

cylindrical coordinate systems, which leads to the ex-
pression (see, for example, [10, pp. 68, 83])
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(vo-V)v=U, %v or finally, taking into account (5)

0 &€
-V U,— E, = —
(vo-V)v= o5V = CaZV

Let us rewrite (3) taking into account the last
equality, as well as the obvious equality Vv, =0:

pOQZ—VerT)AV"F(g+QJVV‘V—pOUeOQV. (6)
ot 3 oz

Assuming the process to be potential v=V®, as
in [4], we reduce the last equation to scalar form'

oo 4 oo
—=—pH| = |AD - pU., —. 7
pO 8[ p (é/ 377j pO €0 82 ( )

Let us transform equation (7) by analogy with

work [4]. From the continuity equation (4) and
the liquid barotropy condition, we obtain
a—fz—poczv-v, where ¢ is the speed of sound, or
P__,FAD through the scal ial. 1
E——poc ough the scalar potential. In

the harmonic case with the time factor e_m, keeping

the same notations for the amplitudes, we obtain
2

p= P Ap for the pressure amplitude p. After that,
io

in the case of a harmonic process, (7) is reduced to
form

2
. 4 o
—p,ia® = —pf’—cAcD+(§ +—77jA<D —pUn—~,
%) 3 oz

or to the form of the inhomogeneous Helmholtz equa-
tion

ipo
i)
- Po Ty (8)

4 p.ct oz
+7 J—
(C 3”) i

Introducing the notation for the square of the wave
number

AD +

' Note, that in the case of a cylindrical coordinate system, in
which the axis Oz coincides with the axis of the coordinate
system, commutative operation is appropriate [14, c. 84]:

Oy_va
0z 0z
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K= 1py®

or kzi)/[l—iw(é’ +:nj/poczj ,

reduction (8) is to be made to the form

2
AD + kD =.k—er i<1>. 9)
1w oz
Equation (9) is an inhomogeneous Helmholtz
equation with respect to the scalar velocity V. poten-
tial @ with the singularity that the derivative of

the sought-for value oe enters the right-hand side of

z
equation (9). It can be seen that the solution of equa-
tion (9) linearly depends on the electroosmotic veloci-
ty U, . Similar equations appeared earlier, in particu-
lar in [4], where it was noted that the solution of such
equations is reduced to a linear integral equation with
a kernel representing the Green's function of the cor-
responding Helmholtz equation. In [4], qualitative
reasoning is given for an equation of the type (9),
from which it follows that the magnitude of the ampli-
tude @ and, consequently, the magnitudes of the am-
plitudes Vv and p should increase with an increase in
the magnitude of the electroosmotic velocity U,

2
since there are dependencies v=VO, p=p.°—CA(D.

10
Since equation (9) is linear, then, within the frame-
work of the validity of the linear model (9), all these
magnitudes will linearly depend on the electroosmotic
velocity U_. So, the pressure gradient

G_p_M will grow linearly in terms of linear

oz 0z
nature of the growth of the distribution of the pressure
amplitude p=p(z,U,) in regard to the electroosmot-

ic velocity U, . Integration of the last expression over
the z coordinate shows that with an increase in
the velocity of the electroosmotic flow, the modulus
of the flow potential will also increase.

Thus, within the framework of the validity of the
linear model described by equation (9), with an in-
crease in the electroosmotic velocity U , the magni-
tude of the amplitudes of the acoustic velocity v and
pressure p increases linearly.

All of the above is true in the case of laminar fluid
flow in a capillary (porous medium); otherwise, in
a porous medium, pulsating parasitic oscillations arise
in the pumping mode. These oscillations distort the
characteristics of the initial received acoustic field
(see [5], devoted to the operation of an electroacoustic
transducer in a turbulent mode of fluid flow in
the porous space of the transducer). As a result, a par-
asitic component of the flow potential arises, which
distorts the adequacy of the acoustoelectric conver-
sion. It is easy to verify this by assuming that the al-
ternating electric field E is equal to zero, and in
the porous structure of the transducer, instead of it,
there are only pulsating components of the acoustic
field caused by the pumping mode. Then the trans-
ducer will record only parasitic pulsating electrical
oscillations.

CONCLUSIONS

In this work, in terms of the approximation of
a thin DL, simple dependences of acoustic fields ex-
cited in an electrokinetic electroacoustic transducer on
the velocity of the Helmholtz—Smoluchowski osmo-
tic motion were obtained. It follows from them that in
the absence of losses, when the nonlinearity of model
(2) does not yet affect and there is no turbulent regime
of fluid flow in a capillary, the amplitudes of the
acoustic parameters — the velocity vV and pressure p
linearly depend on the magnitude of the velocity of
the Helmholtz—Smoluchowski osmotic flow.

The work was carried out at the Institute for Analytical
Instrumentation of RAS within the framework of State As-
signment 075-00780-20-00 on topic No. 0074-2021-0013 of

the Ministry of Science and Higher Education.
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