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ABSTRACT

The purpose of this work is to investigate the effect of spatial harmonic waves on dielectric
particles displacement process using standing and traveling electric wave electric conveyors. This
investigation is divided into two main parts. The first one is an experimental study, where the
efficiency of conveyors for the displacement of micrometer sized PMMA particles is analyzed. The
second part consists of a numerical and theoretical study in which the spatial electric potential
distribution and the consequences on the spatial harmonics on particles displacement is
investigated. The results show that the displacement efficiency and the particles direction depend
basically on the particles size, the charge to mass ratio, the applied voltage and the frequency. In the
standing wave conveyor, the particles move toward both right and left directions. In the traveling
wave conveyor, at high voltage, low frequency, small particles or high charge to mass ratio
conditions particles move toward the traveling wave direction. In the case of low applied voltage,
high frequency or if the particles have a low charge to mass ratio, some particles move toward the
opposite direction because of the backward harmonic wave that appears near to the surface. The
magnitude of the harmonic waves depends on the levitation height of particles; it can be controlled
by varying the number of phases, the gap spacing or the thickness of electrodes or by adding a

dielectric barrier over the surface.
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1. INTRODUCTION

The use of non-uniform electric field for dielectparticles monitoring, sampling, classification
and displacement is getting more attention in diffié research and industrial domains [1-5]. In
fact, the mechanical processes used actually haamy nissues, they are expensive, energy
consuming and less flexible; thought, developing nechniques that exhibit electrostatic forces
can offer a more efficient alternative. One of pihemising electrostatic devices is the so-called th
electric curtain. It is composed of a series ofipjar electrodes deposited on a dielectric surtamd
energized by a multiphase electric potential [6--10]this system, if the electric field is high
enough, Coulomb force can overcome the attractvees such as gravitational force, image force
and adhesion force, and leads to the particlesoms—10].

Masuda was one of the first researchers who degdlapd studied this system. He conducted a
series of both experimental and theoretical studiesnvestigate the particles behavior in the
seventies and eighties of the last century [6,dsttla was the first one who highlighted the effect
of spatial harmonics on the particles trajectorg iB-phase system. Based on his works, Melcher et
al. [11,12] conducted more extensive theoreticatliss using 6-phase high voltage system. They
focused on the different modes of motion of pagchs a function of frequency. They reported that
the particles may be transported in different modssa function of frequency. The same
interpretations were given by Balachandran etadeld on a different model [13,14].

One of the first applications of this system wagha domain of electrophotography for toner
supply in the printers [15,16]. After then, lot fsearch groups used the principle of the electric
curtain in microships for biological applicationsl7]. In dielectric liquid medium, the
dielectrophoretic force becomes strong enough teenparticles and species [18]. Dipole force
doesn’'t depend on the particle charge, rather titadepends on the size and the dielectric
characteristics of the particle and the mediumlictvit is emerged,; it depends also on the gradient

of the electric field [18]. In the last fifteen ysathanks to the development of thin films deposit



technology that allow us to deposit transparerttaiees on transparent substrate; a lot of research
groups have been interested on using the techmifjtiee electric curtain to develop the so called
Electrodynamic Screen (EDS) [19-23]. This systenused for dust removal from photovoltaic
panels and solar collectors. In fact, the accunaniadf dust and sand on the photovoltaic systems
can highly reduce their efficiency; the traditiosgstems such as washing and brushing consume a
huge quantity of water and energy and damage thecéléctors. The works carried out by
Muzumder et al. [19-23], Calle et al. [24—-26] anawé&moto at al. [27-30] in this field showed
promising results in both terrestrial and extragstnmial conditions.

Manipulating powdery dielectric materials is a cooammprocess in many industries such as
recycling [31]. The effect of forces such as Coulomb force, dietgdtoretic force, image force,
adhesion force, drag force and gravity, on theigdag motion has been studied extensively in many
research work$8,10,20] Studing the forces balance is indispensable teraegne the motion of
particles; however, a more detailed study of spa&tioporal distribution of the electric potential is
necessary for a more complete understanding of gmarteeles behaviors experimentally observed
such as the direction of particles movement. Thrpgee of this work is to investigate the particles
displacement efficiency, not only in the case alvé&ling wave multiphase conveyor (TWC), but
also on the standing wave 2-phase electric convégafC). In this study we are focusing on the
effect of the electric potential harmonic wavestba particles displacement process using such
device; the influence of the experimental paranseter the harmonic waves is also part of this
study.This investigation is composed of two parts. Thstfpart is an experimental study where we
analyze the efficiency of conveyors for the displaent of micrometer sized PMMA particles. The
effects of frequency, applied voltage value, p&tgize and charge to mass ratio are investigéted.
comparative study between the two conveyors has élse carried out. The second part consists of
a numerical and theoretical study in which the tele@otential distribution and the effect of the

harmonic waves on particles behavior is investijatde results of the theoretical study are used to



understand and explain the experimental obsenatibime effect of different parameters such as the
number of the potential phases, and the presendielettric barrier on the waves magnitude is also

carried out.

2. EXPERIMENTAL SETUP AND PROTOCOL

The objective of this experimental study is to eedd the efficiency of the conveyors for
dielectric particles displacement. The experimes&lp (case of SWC) used here is represented
schematically in Figure 1.

The experimental protocol is as follows: for eackasuring point, a mass of 5 g of calibrated
spherical PMMA patrticles is deposited at the ena efbrating particles supply system. Once the
system is turned on, the particles move throughioeitvibrating plate and fall on the electrostatic
conveyor. During this step, the particles can aegan initial electrostatic charge by friction with
the metallic plate as well as by inter-particlelisans. This initial charge is necessary for stayt
the movement under the electric field. When theiglas arrive on the conveyor, they move in both
x-directions and fall into two Faraday cups madetafnless steel. The two buckets are connected
to electrometers (Keithley Model 6514) to measheedharge. After that, we take measurement of
the mass of particles collected in both sides.gaoh measurement, three mass and charge values are
recorded: the initial charge of particles, the masd the charge of the particles evacuated in the
direction of the electric field wave (right or faawd direction), the mass and the charge of those
evacuated in the opposite direction of the elefild wave (left or backward direction) and firyathe
mass of the particles remaining on the conveyochEaeasurement point is repeated three times; the
mean and the standard deviation are calculatedpatiieles evacuation efficiency is calculated gsin

this formula:

Eff(%) = % x 100 1)

m



where,m,;, the mass of the evacuated particles, it is ecenvalo the sum of the two masses
recovered on the two Faraday cups in both sidgs. is the total mass equal to the sum of the mass of
displaced particles and the mass of non-displacaticies that remain on the conveyor. The
experiments were carried out at room temperaflfe  2°) and a relative humidity betwedf and

50 %.

The multiphase applied high voltage (HV) waveforare supplied by multiple high voltage
power amplifiers (Trek, mode&220, + 2 kV, + 20 uA) controlled by a digital function generator
(TTi, TGA1240,16 MHz). A digital pulse generator (Stanford, model &5) is used as a
synchronizer for triggering the three electricaginsils supplied to the conveyor. The whole system
can provide 2 or 4-phase sinusoidal high voltagmads with an amplitude up @kV and a
frequency up td0 kHz. The signals are visualized using a digital ogsdbpe (Lecroy24,

200 MHz, 2 GS/s).

2.1. Conveyor s conception

Figure 2 represents a cross-sectional view #y plan of the standing and traveling wave
configurations. Both of the conveyors are compasfeseveral copper electrodeslofmm in width
and 35 um in thickness, deposited in parallel on a dielecsurface oft0 x 10 cm?. The
dielectric surface is made of epoxy resin reinfdreéth fiberglass  , = 4.3). The gap spacing
between the electrodes is fixedlanm, which makes the geometrical periodicity= 4 mm in the
case of SWC and = 8 mm in the case of TWC. In our experiments, we limitbeé applied
voltage value at kV in 2-phase configuration arid4 kV in 4-phase configuration in order to
prevent the appearance of corona discharges neairagle edges. Since there is no electrical
discharge, the particles can only be charged bypetectric mechanism caused by particle-surface

and particle-patrticle collisions.



2.2. Particles char acterization

The particles under investigation are made of PMM@&lectric material and have a spherical
shape. Figure 3 illustrates a microscope imagehefused particles and their size ranges after
classification. The particles are classified usarg automatic sieving device (Endecotts, model
Octagon 200) into five classes having a medianigkast diameter 056.8, 120, 143, 196 and
260 um, respectively. The particles size distributiormsasured using Malvern laser particle size
analyser (Mastersiz&000). We can see that their size is ranging betweeredens to hundreds of
micrometers. The particles diameter ranges of iffierent classes are mentioned in Table 1.

Table 1. Particles size range characteristics.

Class dp(10) [um] | dp(50) [um] | dp(90) [um]
1 36.5 56.8 86.4
2 80.5 120 173
3 98.4 143 198
4 134 196 277
5 162 260 399

3. RESULTSAND DISCUSSION

In this section, we investigate experimentally ¢fffect of several parameters such as the particle
size and charge, the applied voltage value, andfrisguency on the particles displacement

efficiency.

3.1. Influence of the particle size

The influence of the particles size on the displaest efficiency of both standing and traveling
wave conveyors is illustrated in Figure 4. In thigperiment, five different particles size ranges ar
investigated. The applied voltage and frequencysateatl kVV and50 Hz, respectively. In both
configurations, we see that when particle sizegases, the displacement efficiency decreases. This
can be explained by the fact that big particleshe@vier, so the gravitational attractive forceueal

6



becomes higher than the electric repulsive fordachvis the responsible of particles motion. The
contribution of the electric force can be improwther by increasing the applied electric field or
by increasing the particles charge. For all theigdas size ranges, the total displacement effyen
is higher in the case of TWC, reachit@0 % for the particles from the first size class.

In the case of SWC, we notice that the particlesraoved toward both right and left sides. The
quantity of particles in both sides is nearly tl@ns. This result was expected because of the
symmetrical 2-phase configuration. In the otherdchan the case of TWC, most of particles move
to the forward direction of the electric wave. Wancsee also that there is a small quantity of
particles moving backward. Their quantity increasdth the particles size. This phenomena has
been observed and analyzed by other authors, subtaauda et al. [6,7], and Balachandran et al.
[13,14] but under different experimental conditicarsd with different type of particles. Based on
their research works, the displacement of partitdethe opposite direction is explained by the fact
that the non-sinusoidal space distribution of elegotential over the surface create some harmonic
waves that propagate backward as a function of.tirhe next section is dedicated to the analysis
of the electric potential waves using numericaludation in order to understand the experimental

results.

3.2. Particlescharge

The effect of particles size on the charge to miasie is also investigated in this section. The
results are illustrated in Figure 5 for both stagdiand traveling wave configurations. As mentioned
before, the particles acquire their charge thrauploelectric mechanism by friction or contact with
each other and with the metallic vibrating feed@n. the five size ranges studied in this paper,tmos
of the particles are positively charged and thegdg@er gram is of the order of a few tens of nC/g.
In the case of SWC, we can see that the movedclesrthave higher charge than the particles that
remain on the surface. We notice also that theigkest moved toward the left and the right

directions have nearly the same charge to masse rat



In the case of TWC, the particles that have a blghrge to mass ratio are moved forward by the
electric wave, and the particles that have a losterrge to mass ratio are moved backward. The
particles that have very low charge to mass ragaat moved (they remain on the surface). This is

because the Coulomb force is not strong enoughitiate their motion in a specific direction.

3.3. Influence of the applied voltage value

Figure 6 illustrates the influence of the appli@itage value on particles displacement efficiency
in both standing and traveling wave configuratiolse particles used in this experiment are from
the third class, and the frequency is fixed@tHz. As expected, increasing the applied voltage
value improves the particles displacement efficgebecause of the contribution the Coulomb’s
force. We mention also that we can increase théeppoltage till reacH400 V in the case of 4-
phase configuration before corona discharge appearaHowever, corona discharge ignites at
lower applied voltage in the case of 2-phase condition. This is because the difference of
potential between two successive electrodes isehighthe case of 2-phase configuration. It can be
seen also that when we decrease the applied voitatiee case of 4-phase configuration, more

particles move backward.

3.4. Influence of the frequency

The evolution of the displacement efficiency of th systems as a function of the frequency is
illustrated in Figure 7. The particles used in #nperiment are belong to the third cldp£50) =
143 um, and the high voltage magnitude is fixedldl/. For both SWC and TWC, the total
displacement efficiency increases with the freqyetieen passes by a maximum (more tBafs
with SWC at50 Hz and 70% with TWC at20 Hz), before a significant decrease at higher
frequencies. In a previous works [9,10], we demastl using particles visualization techniques
that the particles behaves differently as a fumctd frequency. At low frequency, the particles

follow the variation of the alternative electrielfil, but this phenomenon is too slow. At high



frequencies, the particles cannot follow the fagiation of the electric field, so they just jumpda
vibrate at small height over the surface.

In the case of SWC, the particles move toward baght and left directions. However, the
direction of the particles motion depends on tlegdiency in the case of TWC. At low frequency,
we can see that almost all the particles are méwedard. For frequencies ovef) Hz, we notice
that there is a considerable mass of particles mgobackward. This can be also related to the
harmonic waves that appear near the surface. Tdirgt will be discussed in detail in the next

session.

4. THEORETICAL AND NUMERICAL STUDY

The objective of this part is to study the elecptential harmonic waves in order to understand

their impact on the particles displacement.

4.1. Electric potential analysis

Figure 8 illustrates the typical 2D distribution tife electric potential in the space over the
electrodes at the moment= 0s for the two conveyors. The electric potential esluat the
electrodes aré and—1 kV in the case of SWC arid 0, —1, 0 kV in the case of TWC. This
simulation has been carried out using Finite ElemMethod (FEM) commercial software by the
resolution of Laplace equation. In this simulatidime boundary conditions on the electrodes are
given by the Dirichlet conditions, the symmetribalndaries are given by Neumann conditions and
the space charge density is neglected. The remdtsepresented over four consecutive electrodes.
The magnitude of the computed potential is indiddig scale color bars on the right sides of the
figures. By employing Fast Fourier Transform (FRBing a MatlaB script, the waveform of
electric potential/ (x) for a given y-position can be decomposed into ipleltharmonics.

Figure 9 represents the ten first Fourier transfooefficients fory = 0.1 mm over the surface in

the case of 2 and 4-phase configurations. In tise ¢ 2-phase SWC, the first harmonic value is



very high compared to the others. The coefficiemue of the first harmonic 8925, the other
harmonics values are less ttag compared to the first one. So the effect of hang®having an
order higher tham = 1 can be neglected. In the case of 4-phase TWGtthegest harmonics are
the fundamental®(749) and the third harmoni®201); the other harmonic’s values are very weak
so their effect can be neglected. Those harmomicdize to the deformation of the electric potential
caused by the rectangular shape of the electrdadact, the electric potential waveform far from
the surface is nearly sinusoidal, however, it idodaed near to the surface because of the
rectangular shape of the electrodes. This defoamat responsible of the appearance of spatial
harmonics.

Following the same theoretical analysis developgdMmasuda et al. [7]for the 3-phase
configuration, we can extract the equations of famic waves. In the case of 2-phase
configuration, by taking only the first harmonic éonsideration, the electric potential in the space

over the electrodes can be expressed as follows:
27T
Vix,y,t) =V, [Kle_Ty oS (%ﬂx) COS(a)t)] (2)
Where, V,, is the amplitude of the applied voltage waveforths: 4 mm is the potential

wavelength in 2-phase configuratiok, is the first Fourier transform coefficient. The tlas

expression can be written in this form:
_ 1, -2y 2m 1, -2y 2m
Vix,y,t) =V, [5K1e 27 COS (Tx - a)t) +5Kie 27 cos (Tx + wt)] 3)
Thus, the standing wave of electric potential carekpressed as the sum of two waves that have
the same amplitude and propagate toward opposéetidins as a function of time:

V(x,y,t) = Wi + W, = A(y).cos (Z%x — a)t) + A(y).cos (%ﬂx + a)t) 4

2T
With, A(y) =5 Vo. Kye 27 (5)
In the case of 4-phases configuration, taking adcount the first and the third harmonics and by

following the same reasoning, we find this expre@ssf the applied voltage:
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V(x,y,t) =V, [Kle_zzl_ny cos (Z%x — a)t) + K3e_67ny cos (%nx + a)t)] (6)

In 4-phase configuration, the potential wavelenigth = 8 mm. K; andK; are the first and the
third Fourier coefficients, respectively. We cartic® that the traveling wave of electric potenisal

the sum of two waves of the same frequency propagat opposite directions:

V(x,y,t) = W + Wg = Ap(y).cos (Z%x - wt) + Ag(y).cos (%ﬂx + wt) (7)

21T
Ap(y) = Vo-K1e_7y

With, o
Ag(y) = V. K3e_7y

(8)

Ap andAg are the amplitudes of the forward and the backwesnmonic waves of the electric
potential at a given height. The two wave$V; andWj correspond to the first and the third
harmonics, respectively.

Figure 10 represents the spatial electric potentialeforms as a function of position for
y = 01mm andt =0, T/6 andT/4. The figure illustrates the electric potential whrm
obtained by FEM numerical simulation (black linehd the electric potential waveform given by
Equations 4 and 7 for SWC and TWC respectively (mne€l), which is the sum of two electric
potential wavedV, andWy (green and blue lines respectively). As a functidrtime, the two
waves propagate in opposite directions. They hagesame amplitude and frequency in the case of
SWC. However, the amplitude of the wave that mdeeward is higher than the one moving
backward. This result is in agreement with the expental results discussed previously. In TWC,
we found that most of particles are moved forwartiedbsmall quantity is moved backward because
of the second wave. One can observe that the ieleotiential distribution obtained theoretically by

considering only the most important harmonics éselto that obtained by FEM simulation.
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4.2. Harmonic waves analysis

In this section, we analyze the spatial harmoni¢enisity as a function of different parameters
such as particle levitation height, electrode withthgap spacing ratio, the number of applied
voltage phase and the dielectric barrier permittivian the case of TWC. This study is important
because it allows the optimization of the conveyamfiguration by minimizing the backward wave
magnitude compared to the forward wave.

Figure 11 illustrates the effect of the levitatimgight of the particle on the forward and backward
harmonic wave amplitudes and the ratio between thHerappears that the magnitude of both
harmonics decreases by moving away from the surfdceever, the ratio between the amplitudes
of the two waves decreases. For instamgg/Ar ~ 25% for h = 0 mm and abou# % for
h = 1.2 mm. That means that when we go farther from the sarfthe impact of the backward
harmonic wave, which is responsible for transpgrtarticles to the opposite direction, becomes
more negligible compared to the first one. Consetiyethe levitation height of the particle has a
direct effect on the direction of their movemeniogg to the surface, the particles are subjected to
the second opposite wave, so they are more likehetmoved backward.

Since Coulomb’s force is responsible of particlestion, the levitation height increases with the
applied electric field and the particles charg@cteases also with the decrease of the partsites
because of the contribution of gravity. In a presiovork [9], it has been observed using fast
visualization that the particles levitation heigleicreases also when the frequency increases. In the
case of low frequency, high applied voltage, higlarge and small size of particles, the particles
jump higher where the effect of the backward wavadgligible, so they follow the forward wave.
In the other hand, for high frequency, low appheitage, low charge and big size of particles, the
particles stay close to the surface, so some of tten be trapped by the backward harmonic wave.
This explanation is in agreement with the experitaleresults (Figures 4, 5 and 6) and confirms the

interpretations given by Masuda et al. [6,7] anthBaandran et al. [13,14] in other conditions.
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Figure 12 illustrates the effect of the electrode/&glth to inter-electrode gap ratio on the
amplitudes of the two harmonic waves. We noticé twdh first and second harmonics amplitudes
increase when the ratio between the electrode’thveidd the spacing gap increases. For the studied
w/g values, regarding the ratio of the amplitude &f slecond wave to the first one, it appears that
it reaches its lowest value when the gap spacirfgus times bigger than the electrode’s width
(w/g = 0.25). Consequently, smalw/g values are recommended if we want to decrease the
guantity of particles that goes toward the oppadiitection.

The amplitude of spatial harmonic waves can alsodwgrolled by increasing the number of the
applied voltage phases. Figure 13 illustrates ffeceof the number of phases on the amplitude of
the spatial harmonics and the ratio between thenan be seen that when we increase the number
of phases, the amplitude of the direct harmonicemaicreases and that of the opposite harmonic
wave decreases. Therefore, the contribution ofaieosite harmonic wave can be reduced by
adding more phases of the applied voltage. By asirng the number of phases, the wavelength of
the backward wave decreases. One can notice thapiposite wave in the cases of 3, 4, 5, 6, 7, 8-
phase configurations corresponds to the harmonicgoer 2, 3, 4, 5, 6 and 7, respectively.

In this study, we investigated also the effecthaf presence of dielectric barrier on the harmonic
wave's amplitude. The results obtained are illdsttain Figure 14. The dielectric barrier has a
thickness ofl00 um. The harmonics values are calculated over thaseirdf the dielectric barrier.

It can be seen that the amplitude of both direct apposite waves increases with the dielectric
constant of the dielectric barrier. However, thg Ay ratio varies differently; it increases to reach a
value 0f28.65 % for e, = 4, then it decreases when the dielectric constatitetlielectric barrier
increases. For the studied valuess,gfthe lowest value oz /A is obtained when there is no
dielectric barrier 26.7 %), which is not so far from the highest obtaineduga Consequently,

adding a dielectric barrier material with high éigkic constant increases thg/A ratio but not
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with a considerable value, so we can add a diétebtarrier for more security or to make the

surface smoother without affecting too much the mtade of spatial potential waves.

5. CONCLUSION

In the present paper, we investigated the effecharimonic waves on dielectric powdery
materials displacement using standing and traveblegtric waves. The results obtained are
summarized as follows:

(1) The displacement efficiency of particles inaes with the applied voltage, decreases when
the particles size increases because of the griavigh force contribution and passes by a maximum
as a function of frequency. The total displacenegfitiency is higher in the case of TWC.

(2) In the case of SWC, the particles are movedatdviboth right and left directions. In the case
of TWC, most of particles move toward the forwaitedtion of the electric wave, but there is a
small mass of particles move backward becausesofdhtribution of spatial harmonic waves.

(3) The spatial waveform of the electric potenttah be expressed as the sum of two main
harmonic waves that propagate in opposite direstidimose harmonics appear near to the surface
because of the rectangular geometry of electrodés;h causes a deformation in the electric
potential wave

(4) In TWC, at low frequency, high applied voltageall particles or high charge to mass ratio,
particles move forward. At high frequency, low apglvoltage value, big particles or low charge to
mass ratio, particles move close to the surfacesase of them can be trapped by the opposite
wave and go backward.

(5) The amplitude of the harmonic waves can berotetl by changing the number of phases,
the electrode width or the gap spacing and by addimlielectric barrier over the electrodes. By

adding more phases, the effect of the backward wamebe eliminated.
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FIGURES CAPTIONS

Figure 1. lllustration of the experimental setup.

Figure 2. lllustration of the studied configurations (a) 2agk standing wave configuration (b) 4-
phase traveling wave configuration,= g = 1 mm, e = 35 um, d' = 1.25 mm.

Figure 3. lllustration of spherical PMMA particles size dibtition in different classes.

Figure 4. Evolution of the particles displacement efficieragya function of their size for (a) SWC
and (b) TWC. Conditiond = 1kV, f = 50 Hz.

Figure 5. Evolution of charge to mass ratio as a functionhef particles size for (a) SWC and (b)
TWC. Conditions¥V = 1kV, f = 50 Hz.

Figure 6. Evolution of the particles displacement efficiermy a function of the applied voltage
value for (a) SWC and (b) TWC. Conditiorg1(50) = 143 um, f = 50 Hz.

Figure 7. Evolution of the particles displacement efficieras a function of the frequency for (a)
SWC and (b) TWC. Conditiongp(50) = 143 um,V = 1kV.

Figure 8. 2D illustration of the electric potential distrilbort. Conditions¥ = 1kV, f = 50 Hz.
Figure 9. lllustration of the 10 first harmonics of the sphtivaveform of electric potential above
the surface. Condition®, = 1kV, f = 50 Hz,y = 0.1 mm.

Figure 10. Spatial waveforms of electric potential and thedcamposition to harmonics at the
moments = 0, % andg. (@), (c) and (e) correspond to SWC. (b), (d) éhatorrespond to TWC.

Conditions:V, = 1kV, f = 50 Hz,y = 0.1 mm.

Figure 11. Effect of the levitation height on the forward amackward harmonic waves amplitudes.
Conditions:V, = 1kV, f = 50 Hz, 4-phase configuration.

Figure 12. Effect of width to gap spacing ratio on the forwamdd backward harmonic waves
amplitudes fory = 0.1 mm. ConditionsV, = 1kV, f = 50 Hz, 4-phase configuration.

Figure 13. Effect of the number of the applied voltage phasasthe forward and backward
harmonic waves amplitudes fpr= 0.1 mm. Conditions¥V, = 1kV, f = 50 Hz.
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Figure 14. Effect of the number of the dielectric constantlod dielectric barrier on the forward
and backward harmonic waves amplitudesyfor 0.1 mm. ConditionsV, = 1kV, f = 50 Hz,

4-phase configuration.
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