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Abstract

Development of intrinsic electric charges at solid/liquid interfaces is still not fully understood and may

generate large industrial damages by electrostatic discharges due to flow electrification. The pressure-

wave-propagation (PWP) method is used to study solid/liquid interfaces in still and flowing conditions.

Experimental results are shown with aluminum, brass, copper or pressboard in contact with demineralized

water, salted water, glycerol or mineral oil. Salted water presents larger charge extent than expected. In

still conditions with glycerol, copper gives more charges and pressboard has the largest charge extent. In

flowing conditions, signal decrease seems attributed to physico-chemical time constant.

Keywords: Electrical Double Layer (EDL); flow electrification; Pressure-Wave-Propagation (PWP) method;

charge distribution measurement in liquid; still and flowing conditions.

1 Introduction

When two materials are brought into contact, physico-chemical interface phenomena induce electric charge

transfer from one material to the other. The contact between a solid and a liquid is no exception. That charge

transfer progressively leads to a space charge buildup in each material, often called electrical double layer

[1, 2]. And when the liquid is flowing, part of electric charges in the liquid is displaced and possibly further

buildup until an electrostatic discharge is triggered. This is known as flow electrification [3, 4]. Although

the understanding of physico-chemical phenomena taking place at the interface could by itself legitimate

the interest of the scientific community, the hazard due to flow electrification, which is often associated with

a major risk for industries [5, 6, 7], attracts many attention for obvious safety reasons [8, 9].
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The characterization of flow electrification is most often studied either by monitoring the flow current, or

the accumulation of charges or potential in the solid. Significant parameters influencing flow electrification

have been determined, such as the nature of the solid-liquid couple [10, 11], the velocity and flow regime

[12, 13, 14, 15], the electrical conductivity of the liquid [8, 16, 17], the temperature... This is well adapted for

studying flowing liquids but less for studying still liquids. And little studies use direct and local measure-

ment methods for determining intrinsic space charge buildup at solid/liquid interface [18, 19, 20, 21, 22].

These latter use either the Kerr effect, which restricts the studied liquid to transparent and electro-optic

materials, or thermal diffusion, which may produce thermal convection inside the liquid.

Among space charge distribution measurement methods [23], the pressure-wave-propagation (PWP) method

has been shown to be sensitive to phenomena taking place at solid/solid interfaces [24]. In this method, a

unipolar pressure pulse is transmitted into the tested sample. During the propagation, the charges en-

countered are slightly displaced, generating in turn a measurable electric signal. Since the pressure wave

displaces the charges one after another, the measured signal is an image of their distribution, time and space

being connected by the velocity of sound.

In this paper, the pressure-wave-propagation method is used for testing solid/liquid interfaces both in still

and flowing conditions. After a brief description of the electrical double layer phenomenon taking place at

solid/liquid interfaces, a short survey of space charge distribution measurement methods is presented by

indicating why the pressure-wave-propagation method is particularly well suited for studying solid/liquid

interfaces. Then experimental results with various parameters are presented and discussed for highlighting

the potentialities of the method before conclusion.

2 Solid/liquid interface

The physico-chemical phenomena taking place at the interface between a solid and a liquid exist with con-

ductive or dielectric materials whatever their chemical nature. The charge transfer between the two mate-

rials in contact yields to the formation of two opposite charge regions, one in the solid and the other inside

the liquid. That structure is often called the electrical double layer (EDL) [1, 2]. The very origin of these

phenomena is still poorly identified and several assumptions have been proposed, such as adsorption and

desorption of charge carriers, corrosion, difference in working function between solid and liquid materials

[13, 25, 26, 27], ...

In 1853, Helmholtz proposed the first model of the EDL [28] by assimilating the two charged regions as the

electrodes of a plane capacitor, the charge distribution being maintained at the interface only by electrostatic

forces. This is known as the compact Helmholtz layer, which thickness d0 is assumed to be of the order of

the ionic radius in the liquid. Figure 1a illustrates the charge, electric field and electric potential distribu-

tions at the interface for Helmholtz model. However, the assumption of a uniform charge distribution was

challenged in the early 1900s by Gouy and Chapman [29, 30]. In addition to electrostatic forces, they added

diffusion to the model. Charge carriers are then distributed in the liquid from the solid interface according

to a Boltzmann law [31] as shown in Figure 1b. If n is the carrier density in the liquid, n0 the carrier density

in the liquid far from the interface and ϕ(x) the electric potential distribution in the liquid as a function of
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depth x from the interface, one has

n = n0 exp(−qϕ/kT) (1)

where q is the considered carrier charge, k is the Boltzmann constant and T is the temperature. When

|qϕ| ≪ kT, the mean depth of the charge distribution in the liquid corresponds to the Debye length δ0 as

[32]

δ0 =

√

ǫkT

q2n0
=

√

ǫD0

σ
(2)

where ǫ is the liquid permittivity, D0 is the liquid electric diffusivity and σ is the liquid electric conductivity.

An improvement was proposed by Stern in 1924 [1]. His model is a combination of Helmholtz and Gouy-

Chapman models and takes into account the size of ions. It is composed of two sub-layers inside the liquid:

a compact layer at the interface and a diffuse layer farther, as illustrated in Figure 1c. The compact layer

extends over a few angstroms and charges in this layer are stuck to the interface and thus are not perturbed

by any liquid flow. The diffuse layer is similar to the Gouy-Chapman layer. The charges in the diffuse layer

are assumed to be free to move and thus are susceptible to drift with the liquid when it flows. The limit

between these two sub-layers is called the slipping plane and the potential at this limit is called ζ potential

[33].

The charge distribution in the liquid does not buildup instantaneously. The time necessary for the interface

to polarize and the time necessary to reach the equilibrium are two parameters that account for the EDL

buildup time. The first time constant τch, which corresponds to the appearance of charges at the interface,

is directly linked to the speed of the physico-chemical reactions between the solid and the liquid, therefore

depends on the nature of the reactants, their concentration and the temperature [25]. The second time

constant τr, which corresponds to the relaxation time to get to the equilibrium, corresponds more or less to

the time required for a charge to diffuse across the Debye length δ0, one has

τr =
δ2

0
D0

=
ǫ

σ
. (3)

According to the Stern model of the EDL, the charges in the diffuse layer are free to move and thus can

drift under an applied electric field or a liquid flow. This results in two electro-kinetic phenomena: the

electro-osmosis and the flow electrification. In electro-osmosis, a tangential electric field applied to a liquid

in contact with a solid surface, tends to move the charges of the diffuse layer. Due to viscosity, the charge

displacement can drag the fluid [34, 35, 36]. In flow electrification, the liquid flow drags the charges of

the diffuse layer and consequently disturbs the electrostatic state of equilibrium. This induces an electric

current in the liquid, called the flow current. To compensate for the charges transported by the flow, physico-

chemical reactions at the interface attempt to establish a new state of equilibrium (dynamic equilibrium) by

generating new charges [37, 38]. During the flow, the solid also accumulates electrical charges. Therefore,

if the solid in contact with the liquid is a dielectric or is electrically isolated from earth, the accumulation of

charges can result in a sufficiently high potential to trigger uncontrolled electrostatic discharges and cause

hazards.
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3 Measurement method

3.1 Choice of the measurement method

The main measurement methods to study electric phenomena arising at solid/liquid interfaces rely on elec-

trostatics. Charges in the diffuse layer are dragged by the liquid flow and are measured in turn by charge

counting, current measurement in the fluid flow, potential variation, or generated current measurement

[39, 40, 41, 42]. These measurement methods are very sensitive but work only in dynamic equilibrium, so

they do not give access to the complete image of the interface phenomena.

Measurement in static equilibrium is well known in the case of dielectrics under voltage and 3 main mea-

surement methods [23] are often used to determine the space charge distribution (see Figure 2). They all

consist in a slight perturbation of the local electro-mechanical equilibrium in the tested material.

In the thermal method [43] illustrated in Figure 2a, heat is transmitted to the tested insulating structure

(sample) and expands the material during heat diffusion, thus displacing the charges encountered. This

charge displacement gives rise to a measurable electric signal. The thermal method is sensitive, well adapted

to interface measurements and has already been tested to characterize solid/liquid interfaces [44]. However,

heat diffusion generates by nature a signal quite complex to analyze and is very sensitive to noise reducing

as a consequence the confidence in the interpretation of the data.

In the pressure-wave-propagation (PWP) method [45, 46] illustrated in Figure 2b, a pressure wave is trans-

mitted to the sample and then propagates inside. During the propagation, the charge encountered are

slightly displaced one after another, resulting in a current at the image of the charge distribution when

the pressure wave has a pulse shape, space and time being simply connected by the velocity of sound.

Therefore, inverse convolution calculations are not mandatory to analyze the data and confidence in the

interpretation is greatly improved.

In the pulsed-electro-acoustic (PEA) method [47] illustrated in Figure 2c, the perturbation consists in apply-

ing a fast voltage variation, generally a pulse, to the sample. The resulting variation of electrostatic force

acting on charges inside the sample generates elastic waves that can be measured by an ultrasonic sensor

coupled to the sample. The obtained signal is also an image of the charge distribution since the elastic waves

take more time to reach the sensor when the charges at the origin of these waves are farther from the sensor.

Though the signal is very simple to analyze in the case of PWP and PEA methods, the signal produced by

the interface is strongly perturbed by the fast voltage variation in the case of the PEA method. Indeed, the

fast voltage variation applied to the sample induces charges at the interfaces which generate a signal that

mixes with the one produced by interface phenomena. Finally, it is more convenient to use the pressure-

wave-propagation method since interface phenomena are not masked and since signals are more easy to

analyze.

3.2 Setup description

A specific measurement setup, sketched in Figure 3, has been made for this study. Pressure waves are

generated in an aluminum wave-guide by an ultrasonic generator [48, 49] delivering unipolar pressure
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pulses of about P0 = 10 MPa in amplitude and τ = 40 ns in duration at 50-Hz rate. This ultrasonic generator,

studied in details in [48] and described for space charge measurements for instance in [49], is composed of

a 200-µm-thick 15-mm-diameter piezoelectric ceramic which is stuck on one side to the aluminum wave-

guide and on the other side to a brass backing. A piezoelectric ceramic Pz24 from Meggitt is used since it has

a large g piezoelectric constant which is a good compromise for fast voltage variation and large mechanical

response. This sandwich structure allows unipolar pressure pulses to be generated with the application of

voltage steps, here of about 200-V amplitude. Considering the transmission from the wave-guide to the

liquid, the fluid displacement u due to a pressure pulse is thus of the order of

u =
2τP0

Zℓ + Zg
≈ 40 nm (4)

where Zℓ and Zg are respectively the acoustic impedance of the liquid (about 1.5 MRayl for water) and of

the wave-guide (of the order of 17.2 MRayl for aluminum). This displacement can be considered negligible

compared to the tested liquid thickness.

In the setup, the aluminum wave-guide is not coated, it is thus in direct contact with the liquid to form the

front interface. On the opposite side, the back interface, a brass electrode is used to measure the electric

signal induced by the pressure wave which is first amplified by an Analog Module 322-12-50 amplifier

(60 dB, 50 Ω input and output impedance) and then digitize by a Tektronic DPO 3034 scope which averages

512 acquisitions for improving signal-to-noise ratio. All measured signals shown thereafter are raw signals,

directly obtained from the scope without additional signal processing. The back electrode can hold various

materials to vary the nature of the back interface. Therefore the structure of the sample is composed of two

solid/liquid interfaces, one with aluminum at the front side and one with various materials at the back side.

It is worth noting that, due to the pressure wave reflection at the back interface, the amplitude of the signal

at the back interface is scaled by
2Zℓ

Zb + Zℓ

(5)

where Zb is the acoustic impedance of the material at the back interface, which is supposed sufficiently thick

to avoid standing waves. Between the interfaces, the liquid can remain immobile or can flow at various

speeds thanks to a peristaltic pump. Moreover, as any measurement system, the setup can be impacted by

various spurious effects. Since the PWP method relies on an acousto-electric coupling, electric shielding,

electric contacts and acquisition averaging is important for noise reduction, and pressure generation and

mechanical properties of the various materials in the tested structure must be taken into account.

4 Results and discussion

4.1 Typical signals

A typical signal is shown in Figure 4 with and without demineralized water inside the measurement setup.

When no liquid is inside the measurement setup, only noise is detected and the signal remains close to the

base line. However, when water enters the setup, two distinct features appear clearly in the signal, one
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at 4.73 µs and another at 5.86 µs. The first feature at 4.73 µs corresponds to the entrance of the pressure

pulse in the liquid thus to the signal generated at the front interface. The 4.73-µs delay corresponds to the

transit time of the pressure wave inside the 3-cm-thick aluminum wave-guide. The second feature at 5.86 µs

corresponds to the exit of the pressure pulse from the liquid, thus to the signal at the back interface. The

time delay between the two interface signals corresponds to the transit time of the pressure wave in the

liquid, here about 1.8 mm of water. The interface signal is mainly bipolar, one polarity for the charges in

each side of the interface. The signal polarity is positive in the solids (here aluminum at front side and brass

at back side) and negative in the liquid. This is coherent since most cases report liquids negatively charged

and solids positively charged, for instance between glycerol and steel in [50]. The signal duration at mid-

amplitude depends both on the duration of the pressure pulse and on the spatial distribution of the charges.

As the pressure pulse is of the order of 40-ns duration, it corresponds in water to a spatial resolution of

60 µm. Therefore charges extending over less than 60 µm are measured as a whole and it is not possible to

estimate their extent. In that case, the signal exhibits a peak which duration is similar to the pressure pulse

duration and which amplitude is proportional to the whole charge quantity. On the contrary, if the signal

lasts more than 40 ns, the charge extent can be estimated thanks to the velocity of sound in the liquid. In that

case, the signal exhibits a peak or a plateau which duration is larger than the pressure pulse duration and

which amplitude corresponds to the charge quantity over the pressure pulse extent. Roughly speaking, the

signal duration lasts the pressure pulse duration plus the charge extent divided by sound velocity. Notice

that ripples after the bipolar signal at the entrance are due to a small resonance in the measurement setup.

At the back side however, charges are detected as soon as about 150 µm from the interface.

When the thickness of the liquid varies, the amplitude of the signal does the same, as shown in Figure 5 for

glycerol. The plot of the peak-to-peak signal amplitude at each interface as a function of the liquid thickness

shows a similar trend for both interfaces. This is confirmed by the ratio between the two amplitudes (see

the inset in Figure 5) which is more or less constant whatever the liquid thickness, indicating that the mea-

surement setup sensitivity is inversely proportional to the liquid thickness, thus to the sample capacitance,

and that attenuation of the pressure waves in the liquid can be considered as negligible in the experiments

presented hereafter.

With salted water (1.25% in weight content), one clearly sees in Figure 6a the evolution of the signal with

time at the two interfaces. In this figure, signals have been delayed by 50 ns from one another to show

more clearly the evolution. The original signals start exactly at the same position on the time axis. The

behavior is different as well as the distribution for the two interfaces. The peak amplitude corrected from

the base line of these signals (see Figure 6b) indicates the stabilization of the charge distribution at the

interface which depends on the dynamics of the chemical reactions and physico-chemical phenomena taking

place at the interfaces and on the diffusion of charges in the liquid. For comparison between materials,

thereafter we have waited sufficient time to reach equilibrium. Notice that charges seem to extend over a

much larger depth at the back side than when using demineralized water though mobile carriers should

have been more concentrated owing to salt and thus the Debye length should be smaller according to (2).

This seems contradictory but has been already observed in highly concentrated electrolytes [51], indicating

that much work remains to be done to understand completely physico-chemical phenomena taking place at

liquid/solid interfaces. A possible explanation, which needs however further studies, could be that charge

concentration at the interface had reached its maximum and thus had no other choice than extending inside
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the liquid.

4.2 Glycerol with various solids

Figure 7 shows measurement with various solid materials at the back electrode in contact with glycerol. As

the setup must be unmounted and remounted to change the back material which has various thicknesses,

the overall sample thickness little varies from one measurement to another. Therefore, the back side signal

is not exactly at the same position in the various measurements shown in Figure 7. Taking advantage of the

aluminum wave-guide at front side for all samples and assuming no influence of the back side material on

the front side signal, it is possible to normalize all signals by the front side signal amplitude for appropriate

comparison. Moreover, it is worth recalling that the amplitude of the signal at the back interface must be

scaled according to the acoustic impedance of the material at back side as (5).

Figure 8 reports the corrected peak-to-peak amplitude at the back side normalized with the one at the front

side as well as the equivalent extent of the signal in the liquid at back side as a function of materials. Error

bars are calculated from 3 measurements. The reproducibility of the signal is sufficient to imply the signif-

icance of the different behaviors between materials. It can be seen that pressboard shows the lowest level

of charges compared to the other tested materials and the largest charge extent inside the liquid. This can

be attributed to the porosity of pressboard which implies a more fuzzy interface. However, brass presents a

quite large charge extent as well indicating, for instance, non uniform liquid properties at the interface due

to chemical effects between the liquid and the solid that slightly diffuses in the liquid from the interface.

4.3 Various insulating liquids

Specific dielectric liquids are used in high voltage applications for insulating purpose. Mineral oil with var-

ious content of ALOA 218B for varying conductivity has been tested. Compared to glycerol, no signal was

detected at front and back interfaces. To understand the absence of interface signal, dielectric measurements

have been carried out on the various liquids and are reported in Table 1. It can be noticed that all mineral

oil samples (min-x) present a much lower permittivity and conductivity than the tested glycerol samples

(gly-x).

The time constant τr of samples min-b, min-c and min-d approaches the time between each acquisition

which is of 20 ms (50-Hz rate). But as samples min-a and gly-a have similar time constant τr, the repetition

rate of the measurement may not have any influence. More probably, the sensitivity of the measurement

setup depends on the overall capacitance of the tested sample as already assumed from Figure 5b since

it is inversely proportional to the sample thickness. Therefore, if the permittivity of the liquid is greatly

reduced, the sample capacitance is greatly reduced as well, so the setup sensitivity should also be greatly

reduced. To test that assumption, the gap between electrodes has been reduced in order to increase the

sample capacitance and the number of averaged acquisitions has been increased to improve sensitivity.

Results are reported in Figure 9 and shows that the signal-to-noise ratio is improved by reducing the sample

thickness as well as by increasing the averaged acquisition number. When using 512 averaged acquisitions,

the interface signal (here at the front side) begins to be detected with 0.5-mm-thick liquid. When using
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10024 averaged acquisitions (with Tektronix MSO 54 scope), the signal is already detected for 2-mm-thick

liquid. The factor 4 between 2-mm thickness and 0.5-mm thickness is coherent with the signal-to-noise ratio

improvement by 4.4 when averaging 10024 acquisitions instead of 512. This clearly indicates that sensitivity

is more likely to blame than the time constant if the signal were not detected at first glance. This experiment

also demonstrates that the sensitivity of measurement setup directly depends on the sample capacitance.

4.4 Flowing fluid

A peristaltic pump was used to circulate glycerol at various speeds inside the measurement setup. The liq-

uid thickness is 1.5 mm. The peak-to-peak amplitude of the signal at front and back interfaces are reported

in Figure 10. The amplitude of the signal reduces with the liquid flow rate. Indeed, if the liquid is flow-

ing, part of the charges in the diffuse layer leaves the measurement area and thus less charges are detected.

There can be various origins of the decrease of the signal amplitude. For instance, it takes time to rebuild the

diffusion layer and it also takes time to provide charges at the solid/liquid interface. A simplified electrical

model can be proposed to evaluate the order of magnitude of the various phenomena observed, as shown in

Figure 11. It can be assumed that the physico-chemical phenomena taking place at the interface produce a

voltage Vi. Then, the charges generated accumulate firstly in the compact layer, which can be characterized

as a capacitor Cc, and secondly in the diffuse layer, which can be characterized as a capacitor Cd. As the

flow Q directly removes charges from the diffuse layer, it can be modeled by a resistor R f low which volume

value is R f low = 1/(QCd). The linear fits of the signal amplitude in millivolt in Figure 10 with Q expressed

in milliliter per second are






10.45− 0.13 Q At front side

3.12− 0.03 Q At back side
(6)

Because measurements were carried out at dynamic equilibrium, there was no longer time dependence and

the simple model shown in Figure 11 can be reduced to a simple resistor bridge comprising Rc, Rd and

R f low. As a consequence, the signal amplitude, which is proportional to the charges in the liquid and thus

to the voltage across Cd, is also proportional to

R f low

Rc + Rd + R f low
Vi =

1
1 + (Rc + Rd) QCd

Vi. (7)

The amplitude variation of the signal being relatively small compared to its amplitude (see Figure 10), a first

order development can be made so that (7) becomes

Vi − (Rc + Rd)CdVi Q. (8)

The identification between (6) and (8) leads to







(Rc + Rd) Cd ≈ 12.4 s/L At front side

(Rc + Rd) Cd ≈ 9.6 s/L At back side
(9)

These time constants depend on the volume being taken into account. When considering the liquid volume
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under test, which is about 84.4 µL, one obtains 1.05 ms at front side and 0.81 ms at back side. However,

charges are not generated only at the interfaces of the tested volume, but at all interfaces of the measurement

setup, pipes and tank. Therefore, if charges leave the tested area by the flow, others can enter this same

area from the flow. A much larger volume could be then considered in (9) resulting in much larger time

constants. Also, the liquid can flow in a non uniform way in the measurement setup. If Q were smaller

in the tested area, this would also result in an increase of the time constant in (9). The time constants

calculated with 84.4 µL can thus be considered as a lower limit and, since they are already much larger than

τr for glycerol, the signal decrease observed in Figure 10 could be assumed originating from the dynamic of

charge appearance at the interfaces and thus connected to the time constant τch.

5 Conclusion

It is shown that using the pressure-wave-propagation method with a piezoelectric unipolar pressure pulse

generator, it is possible to obtain a sufficient signal-to-noise ratio to detect the charges intrinsically generated

at the interface between a solid and a liquid. Salted water presents a larger distribution extent than deminer-

alized water at the interface with brass which seems contradictory with Stern model. Among copper, brass,

aluminum and pressboard in contact with glycerol, copper presents the larger charge amplitude and press-

board presents the larger charge extent. The obtained signals are proportional to the sample capacitance,

so appropriate sample geometry and averaged acquisition number should be chosen, specifically for low

permittivity liquids such as mineral oil. Since the signal is an image of the charge distribution throughout

the sample, all interfaces can be analyzed independently. And because acquisitions are relatively rapid, still

and flowing measurement conditions can be studied with the same measurement setup. With glycerol, the

signal decrease as a function of flow points to a time constant much larger than the diffusion time constant

which could be attributed to a physico-chemical time constant instead. As the pressure-wave-propagation

method directly probes the charges by their displacement at the studied interfaces, it does not rely on an

electrical model of the interface to exploit the measurements. That makes it possible to study more eas-

ily and more rapidly solid/liquid interfaces presenting safety risks for industrial applications or behaving

non-conventionally to elucidate unknown mechanisms. Though already helpful for qualitative studies, fur-

ther work has to be done for quantitative charge evaluation at the interfaces, for instance by a calibration

procedure.
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Table 1: Sample properties. Samples wat-d and wat-s correspond respectively to demineralized water and
salted water, gly-a and gly-b are glycerol samples and min-a to min-d are mineral oil samples containing
various ALOA 318B contents.

Sample σ (nS/m) ǫ (pF/m) τr (ms)

wat-d 15 700 000 710 0.000 045 2
wat-s 1 410 000 000 620 0.000 000 44
gly-a 15 700 1 320 0.084 1
gly-b 14 000 407 0.029 1
min-a 182 20.8 0.114
min-b 7.99 21.6 2.70
min-c 7.64 21.6 2.83
min-d 3.67 21.5 5.86
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Figure 1: Conventional Electrical Double Layer (EDL) models with charge distribution ρ(x), electric field
distribution E(x) and electric potential distribution ϕ(x) at a solid/liquid interface. (a) Helmholtz model,
(b) Gouy-Chapman model with the mean diffusion depth δ0 and (c) Stern model with ζ potential defined at
the slipping plane (SP).
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Figure 2: Principle of space charge distribution measurement methods in solids dielectrics. (a) Thermal
method: the sample is perturbed by heat which generates an electric signal during the diffusion. Calcu-
lations are mandatory to recover the charge distribution from the signal. (b) Pressure-wave-propagation
method: the sample is perturbed by a pressure wave which generates an electric signal during the propaga-
tion. The signal is a direct image of the charge distribution. (c) Pulsed-electro-acoustic method: the sample
is perturbed by a voltage pulse which generates elastic waves that reach a sensor after propagation. The
signal is a direct image of the charge distribution. Parameter vs stands for sound velocity.
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Figure 3: Sketch of the measurement setup. A piezoelectric pressure wave generator produces high ampli-
tude pressure pulses to an aluminum wave-guide that are transmitted into a fluid in direct contact at front
side with aluminum and at back side with brass or other materials. The induced electric signal is amplified
by a 60-dB amplifier and then digitized by a scope.
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Figure 4: Typical measured signals. Without liquid, no signal is detected. When the liquid enters the
measurement setup a clear signal is detected. The front side corresponds to the aluminum/liquid interface
and the back side to the liquid/brass interface.
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signals have been delayed by 50 ns from one another for clearly seeing the evolution. (b) Signal amplitude
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Figure 8: Impedance-corrected peak-to-peak signal amplitude at back side normalized with front side signal
amplitude and equivalent extent of back side signal for various materials. Notice that the pressure pulse
extends over about 100 µm in glycerol.
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Figure 9: Measured signals with various liquid thicknesses and various numbers of averaged acquisitions
(indicated above each graph). Only the signal part around the front interface is shown. For 10024 aver-
aged acquisitions, MSO 54 Tektronix scope was used (right) and for 512 averaged acquisitions, DPO 3034
Tektronix scope was used (left).
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Figure 10: Peak-to-peak signal amplitude at front and back interfaces as a function of glycerol flow rate.
Linear regression is indicated with a blue continuous line.
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Figure 11: Simplified electric model of the interface. The voltage interface Vi produces charges to the com-
pact layer symbolized by the capacitor Cc. These charges then diffuse to the diffuse layer symbolized by
capacitor Cd. The flow directly removes charges from the diffuse layer which can be modeled by a resistor
R f low.
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