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An electrokinetic acoustic repeater located in a constant electric field
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It is shown that due to the presence in the electrokinetic acoustoelectric transducer of both electroosmosis and

its inverse electrokinetic phenomenon - the flow potential, the possibility of retransmission of the initial external

acoustic field occurs in the transducer when a constant electric field (pumping voltage) is applied in the process

of acoustic signal reception. Necessary theoretical substantiation of this phenomenon is given. The data of the

full-scale experiment confirming the theory are presented, the detailed scheme of the full-scale experiment is given,

and the necessary devices involved in it are listed.
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Introduction

Earlier, the authors considered the theoretical and ex-

perimental aspects of the implementation of electroacoustic

and acoustic-electric electrokinetic converters (EKCs) based
on the use of the phenomenon of electroosmosis and the

inverse phenomenon of the flow potential [1,2]. The analysis
of the principles of operation of the acoustic-electric EKC

results in the conclusion that it is possible to implement an

acoustic signal relay mode based on the acoustic-electric

EKC. An important role in the process is again played

by the application of a constant electric field to the EKC

electrodes — pumping voltage.

The theory of the electrokinetic repeater was already

briefly outlined for the first time in the express publica-

tion [3]. Previously, such use of electrokinetic effects to

implement the relay mode was unknown to the authors

before this publication.

The theory of the electrokinetic repeater is described in

more detail in this paper and details of experimental studies

are described in detail as well.

1. Physical model of the process in an
electrokinetic repeater

Usually, the porous medium in an EKC is a rather

complex structure. However, we will assume the simplest

model of a porous medium in this paper for simplicity

of analysis, namely, representing it as a solid capillary

filled with liquid. Such an approximation is justified

under very non-rigid constraints on an arbitrary porous

structure [4]. The possibility of a relay mode is based on the

analysis of the equation of motion in relation to acoustic-

electric transformation, when a constant electric field and

an external acoustic field E0 with a pressure field pa are

simultaneously applied to the ends of a capillary filled with

liquid. The process is analyzed using the Navier-Stokes

equation in the following form:

ρ6
(

∂v6/∂t + (v6∇)v6
)

=

−∇p6 + η1v6 + (ζ + η/3)∇∇v6 + ρelE0 + F. (1)

Here ρ6 = ρ0 + ρ, v6 = v0 + v, p6 = p0 + p — respec-

tively the fields of density, velocity and pressure in the

liquid; E0 = const — the intensity vector of the external

constant electric field directed along the axis of the capillary;

the volumetric force is determined by the expression (see,
for example, [2,3] and other articles of the authors)

F = (ρeεε0 ζ̃ /ησ )∇p(x, t) (2)

— volumetric external force, the source of which is

the flow potential process; η and ζ — dynamic and

volumetric viscosity, respectively; ρe — volumetric electric

charge density caused by the presence of a double electric

layer in electrokinetic processes; ε — dielectric constant;

ε0 — electrical constant; ζ̃ — electrokinetic potential (zeta
potential); σ — the specific conductivity of the liquid.

The index 0 corresponds to an electroosmotic process,

the source of which is a constant electric field E0, values

without an index correspond to other processes caused by

an external acoustic field, flow potential, as well as fields

caused by the pumping process. It should be noted also

that the electroosmotic velocity v0 is equal to zero (v0 = 0)
when the vector of the constant electric field (E0 = 0) is

equal to zero.

The acoustic process in a capillary is described in terms

of a compressible liquid in a linearized form by the
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equation ([1–3])

ρ0

(

∂v

∂t
+ (v0∇)v + (v∇)v0

)

=

−∇p + η1v +

(

ζ +
η

3

)

∇∇v + F, (3)

with the continuity equation for a compressible fluid
∂ρ

∂t + ρ0∇v = 0.

The equation (3) is linear with respect to the acoustic

fields v and p, which, after representing them as sums

v = v′ + va , p = p′ + pa , (4)

where (va , pa) — the acoustic field in the capillary caused

by an external acoustic field without pumping, adheres to

the following equation:

ρ0
∂va

∂t
= −∇pa + η∇va + (ζ + η/3)∇∇va + Fa , (5)

and (v′, p′) — the acoustic field obtained inside the capillary

due to the application of a stationary field E0 adheres to the

following equation (this is evidenced by the presence in it

of an electroosmotic velocity other than zero v0)

ρ0

(∂v′

∂t
+ (v0∇)v′ + (v0∇)va + (v′∇)v0 + (va∇)v0

)

= −∇p′ + η∇v′ + (ζ + η/3)∇∇v′ + F′. (6)

In the inertial term of equation (5), the term

(v0∇)va + (va∇)v0 disappears because, as noted above, the

electroosmotic velocity (v0 = 0) is equal to zero when the

vector of the constant electric field (E0 = 0) is equal to zero.

The sum of the equations (5) and (6) leads, as can

be seen, to the original equation (3). The system of

equations (5), (6) is obviously unrelated, while first it is

necessary to find the field (va , pa) from (5), and then, find

the field (v′, p′) by solving the equation (6), and then the

general field (4) (v, p) should be determined.

According to (2) and the second equation (4) in (5), (6):

F = (ρeεε0 ζ̃ /ησ )
(

∇pa(x, t) + ∇p′(x, t)
)

= Fa + F′. (7)

F is interpreted as the Coulomb force F = ρeE in

expression (7), where E = Ea + E′ — the intensity vectors

of some variable electric fields (see [3])

Ea = (εε0 ζ̃ /ησ )∇pa , E′ = (εε0 ζ̃ /ησ )∇p′. (8)

Equations (5) and (6) are re-arranged in the equivalent

form taking into account (7) and (8).

ρ0
∂va

∂t
= −∇pa + η∇va + (ζ + η/3)∇∇va + ρeFa , (9)

ρ0
(

∂v′/∂t + (v0∇)v′ + (v′∇)v0
)

= −∇p′ + η∇v′

+ (ζ + η/3)∇∇v′ − ρ0
[

(v0∇)va + (va∇)v0
]

+ ρeE
′.

(10)

The volumetric source in the right side (9) is caused by

the pressure pa of the external acoustic field in equation (9)
describing the acoustic field (va , pa) in the capillary caused

by an external acoustic field without pumping (at E0 = 0).
The following should be noted here: the analysis of the

equation (9) shows that even without pumping (E0 = 0),
the acoustic field (va , pa) is different from zero, and there-

fore ∇pa 6= 0, which in turn creates a potential difference

at the ends of the capillary (a flow potential arises), which

ultimately as a result, it creates an alternating electroosmotic

flow, i.e. there is a retransmission effect. However, this

process is uncontrollable, and with a weak acoustic field,

the relay effect may be insignificant.

Field (v′, p′) in (10) — the acoustic field obtained

inside the capillary due to the application of a stationary

field E0 (the presence of a volumetric source on the

right in (10) −ρ0[(v0∇)va + (va∇)v0] is attributable to the

nonlinearity of the problem (1) with the velocity vector of

the electroosmotic flow v0), i.e. due to pumping. We study

equation to consider the electrokinetic repeater (10).
We assume that the capillary axis is oriented along

the axis Oz . [3] shows that under the assumption of a

thin double layer κa ≫ 1 (a —capillary radius; κ = 1/λD ;

λD — Debye length or thickness of the double layer), the
electroosmotic velocity is written as

v0 = (0, 0,Ueo), Ueo = E0

εε0

η
ζ̃ = const.

Therefore, v0(0, 0,Ueo). The following equalities take place

in the Cartesian and cylindrical coordinate systems with

v0 = const according to [3,5].

(v0∇)v′ = Ueo∂v
′/∂z = E0(εε0/η)ζ̃ ∂v

′/∂z ,

(v0∇)va = Ueo∂va/∂z = E0(εε0/η)∂va/∂z . (11)

Let’s re-arrange (10) taking into account equalities

(8), (11), as well as the obvious identity ∇v0 ≡ 0

ρ0(∂v
′/∂z ) = −∇p′ + η1v′ + (ζ + η/3)∇∇v′

− ρ0Ueo∂(va + v′)/∂z + ρe(εε0 ζ̃ /ησ )∇p′.

Assuming the process to be potential v′ = ∇8′, va = ∇8a ,

the last equation can be written in the scalar form

ρ0∂8
′/∂z = −p′ + (ζ + 4η/3)18′

− ρ0Ueo∂(8a + 8′)/∂z + ρe(εε0 ζ̃ /ησ )p′. (12)

We obtain expression ∂ p′/∂t = −ρ0c218′ via scalar po-

tential for pressure p′ from the continuity equation and the

liquid barotropy condition. The equation (12) is transformed

as follows in the harmonic case with the time factor e−ωt ,

after expressing the pressure amplitude p′ through the

potential amplitude 8′ in the form p′ = (ρ0c2/iω)18′

−ρ0iω8
′ = − (ρ0c2/iω)18′ + (ζ + 4η/3)18′

− ρ0Ueo
∂(8a + 8′)

∂z
+

(

ρeεε0ζ̃ ρ0c2

ησ iω

)

18′.
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After elementary transformations, this equation takes the

form of an inhomogeneous Helmholtz equation

18′ + k28′ = Ueo
(

k2/(iω)
)

∂(8a + 8′)/∂z , (13)

where k — the corresponding wave number determined

from the ratio

k = k0/
(

1− ρe(εε0 ζ̃ )/ησ − iω/(ρ0c2)(ζ + 4η/3)
)1/2

,

and k0 = ω/c — the wave number for a nonviscous

homogeneous liquid; c — velocity sound in the liquid.

Equation (13) is re-arranged in the following form

18′ + k28′ = Ueo(k
2/iω)(νz a + ν ′

z ),

where νz a and ν ′

z — zare the components of the velocities

and, respectively. Let’s re-arranged the last expression taking

into account the value of the electroosmotic velocity Ueo:

18′ + k28′ = E0

(

εε0ζ̃ k2/(ηiω)
)

(νz a + ν ′

z ). (14)

It can be seen from (14) that the potential 8′ of the relay

flow velocity v′ is directly proportional to the amplitude E0

of the electric field strength of the pump E0 and the

amplitude z -components of the velocity va caused by an

external acoustic field (pa , va). There is no relay mode

caused by pumping if there is no pumping field E0 = 0 :

p′ = 0, v′ = 0. In addition, the impact of other process

parameters can be seen from (14), in particular, that the

relay effect is inversely proportional to the magnitude of the

cyclic frequency ω. The remaining features of the behavior

of the solution (14) are described by the authors earlier.

It should be noted also that the relay process caused by

pumping is controlled by varying the parameters observed

in the right side of the expression (14).

Concluding the theoretical section, we would like to note

that electrokinetic topics are of great scientific and practical

interest in the research community, in particular, we note

the recently published fundamental monograph [6], which

contains extensive theoretical and applied material about the

latest achievements related to electrokinetic problems. A lot

of useful information can be found about the subject under

consideration in the long-standing and insufficiently known

monograph [7]. Related issues are covered, for example,

in [8–13] and a number of other papers.

2. Full-scale experiment

2.5mm thick pack of A4 office paper was used as a

porous structure used as a repeater in the experiments

described below conducted in the air environment. The

bundle of paper inside the electrodes was compressed along

the perimeter by metal spring clips, thereby forming a

porous single through structure (matrix), similar to those

described in [1,2].

2.1. Measuring instruments

The following instruments and elements were used in the

measuring circuit.

I. Acoustic system (speaker): speakers 2.0 Oklick OK-

164 with a power of 30W. Two speakers reproduce sound

in the range of 35−20,000 z with a signal-to-noise ratio of

65 . One speaker was used in these experiments.

II. Digital two-channel signal generator FY3200S: sinu-

soidal signal frequency setting range — 0,Hz−24,MHz;

sinusoidal signal frequency setting accuracy ±5 · 10−6 Hz;

adjustable output signal amplitude ≤ 20V.

III. Digital noise meter DT-805: lower measurement

limit 30 dB; upper measurement limit 130 dB; measurement

duration 125ms; measurement error 1.5 dB; frequency

range 31.5Hz−8kHz; resolution 0.1 dB. The DT-805 noise

meter is a calibrated spectrum analyzer operating in the

frequency range indicated above and consisting of a line of

bandpass filters that allow recording the level of the ana-

lyzed signal depending on frequency (frequency spectrum

of the analyzed signal).
IV. Repeater matrix (described above).
V. Constant voltage generator (developed by the authors).

2.2. Description of experiments

The following experiments were conducted to verify

the above theory. Sound speaker I emitting harmonic

sound vibrations with a frequency of 1Hz was used as

the source of sound. 1 kHz frequency was chosen for

the reasons that this frequency is used for measuring the

sensitivity of receiving devices (and a repeater implies

reception of a signal and its re-emission). The vibrations

received by the speaker were generated by the sound

signal generator II. The following experiments were carried

out sequentially. The signal levels of the spectroanalyzer

(noise meter) provided below are specifically related to the

frequency 1 kHz.

1. A laboratory noise meter III was installed at some

distance in the wave zone relative to the speaker I in the first

experiment. There was a free space between the speaker

and the sound meter. The sound level meter recorded a

sound level of 61 dB at a frequency of 1 kHz after activation

of the sound field. The distance between the speaker and

the noise meter remained constant in this and subsequent

experiments. Scheme of the experiment is presented in

Fig. 1.

2. Repeater matrix IV was installed between the sound

level meter and the speaker on the same line with the

previous geometric configuration of the sound level meter

and the speaker. At the same time, no pumping was applied

to the matrix. The sound level meter recorded sound

pressure of 56.5 dB at with a frequency of 1 kHz. Fig. 2

shows the design of the experiment.

3. At this stage, the conditions of the experiment 2 were

used but with the difference that the pumping voltage from 0

to 1320V was smoothly applied to the repeater matrix from

10 Technical Physics, 2024, Vol. 69, No. 1
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61 dB

II I III

Figure 1. Scheme of the experiment � 1 to determine the

pressure level on the sound meter III at a fixed distance between

the sound meter and the speaker I and a fixed level of the speaker

radiation. There are no obstacles between the speaker and the

noise meter.

56.5 dB

II I IIIIV

Figure 2. The design of the experiment � 2 for determining

the level of pressure on the sound meter III with a fixed distance

between the sound meter and the speaker I and a fixed level of

the speaker radiation. Matrix III is located between the speaker

and the noise meter in the non-pumping mode.

59.5 dB

II I IIIIV

V

Figure 3. The design of the experiment � 3 to determine the

pressure level on the sound meter III at a fixed distance between

the sound meter and the speaker I and a fixed level of the speaker

radiation. Matrix III is located between the speaker and the sound

level meter in the pump mode.

a constant voltage generator V. The sound meter recorded

a smooth increase of the sound pressure level from 56.5

to 59.5 dB at a frequency of 1 kHz with an increase of

pumping rate on the repeater. The sound pressure level

in the rest of the spectrum of the sound signal recorded

by the sound meter also slightly increased. However, the

magnitude of the change of the noise component level was

not specially measured due to the high signal-to-noise ratio,

wherein the signal was a discrete component of the useful

signal 1 kHz, and the rest of the spectrum of the audio signal

was a noise. Fig. 3 shows the design of the experiment.

Therefore, the signal level on the noise meter increased

by 3 dB in the harmonic audio signal relay mode with a

frequency of 1 kHz in case of pumping from 0 to 1320 V

(experiment 3) compared with the relay mode without

pumping (experiment 2, pumping 0V). The decrease of the

harmonic signal on the noise meter in experiments 2 and 3

without pumping compared to experiment 1 is explained by

the geometric shielding of the speaker emitted sound field

by the repeater matrix.

Conclusion

It was theoretically shown and experimentally confirmed

by this study the effect of retransmission of the initial

acoustic signal can be obtained in case of implementation of

the acoustic-electric converter in the presence of pumping

due to the presence of two reverse electrokinetic phenomena

in the EKC such as electroosmosis and flow potential.

This is possible due to the simultaneous presence of

two reverse electrokinetic processes in the converter under

consideration:

— a flow potential effect occurs in a porous structure un-

der the impact of an external acoustic field (the occurrence

of an electric potential difference UFP on the electrodes of a

porous structure);
— the potential difference UFP caused by the flow poten-

tial due to the presence of an electroosmosis phenomenon

in the same system causes the appearance of an acoustic

field (pFP, vFP) similar to the initial external acoustic field

(p0, v0);
— due to the nonlinearity of the hydrodynamic system

in the process of the described transformations, the field

(pFP, vFP) is repeatedly amplified by the presence of a

constant potential difference U0 on the electrodes of the

converter.
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