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CHAPTER1

Introduction

The use of plasmas in aerodynamis has reently beome a hot topi of in-

terest. In partiular, over the last ten years, plasma atuation has reeived

muh attention as a promising ative method for air�ow ontrol. Flow on-

trol onsists of manipulating the properties of a generi moving �uid with

the aim of ahieving a desired hange, but �ow dynamis in proximity of

a solid objet is usually onsidered, being a onsistent and signi�ant issue

in many engineering appliations, suh as engine, automobile or airplane de-

sign. Plasma ontrol of air�ows along surfaes has been the subjet of several

experimental studies whose aim was to redue turbulene, to derease drag,

to enhane airfoil lift or to prevent �ow detahment. The fast temporal
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2 INTRODUCTION

response and the absene of moving parts are the most promising features

from whih plasma atuators ould bene�t. Di�erent types of plasma soures

are urrently studied as good andidates for these kinds of appliations, but

Dieletri Barrier Disharges (DBDs) are usually preferred, being harater-

ized by the presene of an insulating barrier between the eletrodes. This

allows the generation of a non-thermal plasma at atmospheri pressure and

prevents the disharge from ollapsing into an ar. Surfae Dieletri Bar-

rier Disharges (SDBDs) are partiularly suitable sine plasma is reated

by ionizing a thin portion of air nearby the dieletri barrier, and this an

e�etively in�uene the loal properties of the boundary layer assoiated to

an external �ow.

This thesis deals with SDBDs in an asymmetri on�guration where one

eletrode is glued into an insulating material and the other one is exposed

to air, so that plasma is reated in orrespondene of just one side of the

dieletri barrier. The buried eletrode is onneted to the ground, whereas

a sinusoidal high-voltage is applied to the exposed one. It is known that,

when these disharges are operated in quiesent air, an air�ow of several

metres per seond is observed above the dieletri sheet and near the plasma

region. This is usually alled eletri wind, or ioni wind beause the main

mehanism responsible for its generation is believed to be momentum trans-

fer from the ions drifting in the disharge eletri �eld to the surrounding

�uid, by partile-partile ollisions. When the voltage di�erene between

the eletrodes is su�iently high, plasma is reated and eletrial harges

are transported through the gap and aumulated on the insulating surfae.

This harge aumulation generates an eletri �eld that loally weakens the

external one. When the total eletri �eld falls below the threshold neessary

for plasma ignition, the disharge extinguishes. If the voltage imposed to the

fed eletrode is inreased, the disharge an be loally initiated again, and
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that is the reason why a sinusoidal high-voltage supply is adopted instead of

a ontinuous one. Consequently, the presene of the insulating barrier usu-

ally leads to a regime where harge is mainly transported in sub-millimetre

regions onsisting of urrent �laments with temporal duration limited to a

few tens of nanoseonds. These plasma mirodisharges are onentrated

into two phase intervals of the voltage supply, when the modulus of the

applied voltage di�erene is high enough and is inreasing in time. These

two phases of plasma ativity are often alled Bakward Stroke (BD) and

Forward Stroke (FD), depending if the high-voltage signal is rising from its

minimum to its maximum or dereasing from its maximum to its minimum.

This thesis is motivated by the fat new studies fousing on plasma proper-

ties and dynamis are required in order to get better and better aerodynami

results, to understand whih parameters mainly a�et the atuator perfor-

manes and to validate numerial models trying to foreast the aerodynami

e�ets indued by the disharge. This has brought to a sienti� ollabo-

ration between the Centre of Exellene PlasmaPrometeo of University of

Milano-Bioa and the Aerodynamis and Wind Tunnel Department of the

aerospae ompany Alenia Aermahi. The interest of this italian leader in

aeronautis for this topi was born some years ago, after that several papers

(published mainly in the Amerian Institute of Aeronautis and Astronautis

Journal) presented the potentialities of these disharges. Plasma atuators

are appealing beause they are free of moving parts, an be installed diretly

on the aerodynami surfae of interest and guarantees a fast response. Alenia

Aermahi thus began to study and test this method for ative �ow ontrol

with both quiesent air and wind tunnel experimental ampaigns. Inter-

esting results dealing with lift enhanement, drag redution and stall delay

were found. Despite that, it is more and more evident that, even though

several optimizations have been done by the worldwide sienti� and aero-
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nautis ommunity in terms of driving voltage and geometrial on�guration

(for both single and multiple atuators), there still remain some basi har-

ateristis of these disharges that are not well understood and that limit

the present usefulness of these devies to low speed appliations, being the

veloity of the eletri wind generally of a few metres per seond. Experi-

ments performed during this Ph.D. projet thus foused on a basi plasma

atuator on�guration, beause the aim was to gain a deeper knowledge of

the peuliarities of these disharges.

In Chapter 2 the fundamental physis of non-thermal disharges at atmo-

spheri pressure are presented, whereas Chapter 3 introdues the onepts

of �ow ontrol and plasma atuation. During these years I have studied the

properties of these disharges by means of eletrial and optial diagnos-

tis (mainly Rogowski oils, apaitive probes, a photomultiplier tube and a

thermal amera), whih are desribed in Chapter 4 together with the exper-

imental layout. With some of these diagnosti tools a temporal resolution

high enough for studying several harateristis of plasma mirodisharges

has been ahieved. This is important beause these strokes manifest as series

of urrent and light pulses, lasting tens of nanoseonds and a few nanose-

onds respetively. I have �rst of all arried out a detailed investigation of the

typial properties of these events and of their evolution in spae and time in

the ourse of the BD and FD, whih is presented in Setion 5. The exat

mehanisms of interation between the weakly ionized gas and neutral air are

still debated. It is nevertheless ommonly believed that ollisional proesses

involving plasma speies and neutral moleules of the bakground air are

responsible for momentum transfer and for the onsequent air�ow indued

by the disharge. In the following experiments I have thus foused mainly

on the properties of urrent mirodiharges, whih are related to the move-

ment of harge partiles inside the air gap. Several SDBDs with di�erent
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geometrial on�gurations and operating parameters have been onsidered,

and their aerodynami potentialities have been evaluated in terms of loal

veloity of the eletri wind, whih has been measured by means of a Pitot

probe. These results are presented in Chapter 6 together with the energy

onsumed by plasma atuators in the ourse of a voltage yle. The power

required by a �ow ontrol atuator is in fat a quantity that has to be taken

into aount when pratial appliations are onsidered. In several ases a

sort of saturation of the indued air�ow has been observed, meaning that its

veloity an't exeed a ertain level, despite an inrease of the applied volt-

age or onsumed power. In Chapter 7 experiments aiming to understand the

origin of this evidene are disussed. An analysis method of urrent pulses

performed at this purpose turned out to be also interesting for the determina-

tion of the system apaitane by means of Lissajous �gures, as desribed at

the end of the same hapter. Eventually, during my Ph.D. thesis I proposed

to adopt the Bakground Oriented Shlieren (BOS) tehnique for the visu-

alization and haraterization of the air�ow indued by the disharge, and

thus for future investigations onerning the interation between plasma and

bakground air. BOS is a ompletely non-intrusive optial diagnostis that

is sensitive to gradients of the refrative index as the onventional Shlieren

method, with the advantage of a simpler and more versatile setup. The

main features of this tehnique are presented in Chapter 8, together with

the desription of how it has been implemented and adopted at University

of Milano-Bioa.





CHAPTER2

Non-Thermal Atmospheric Pressure

Discharges

2.1 Introduction

A simple way to produe a plasma onsists in applying a su�iently high

eletri �eld to a neutral gas. Both laboratory and natural plasmas an be

divided into thermal and non-thermal plasmas. A plasma ontains eletrons,

ions and neutral speies, and the average kineti energy of these omponents

an be di�erent, so that these speies an be haraterized by their own

temperatures. In partiular, in many onditions the eletron temperature

7



8 NON-THERMAL ATMOSPHERIC PRESSURE DISCHARGES

is higher than the heavy partile ones beause of their onsiderably smaller

mass, whereas thermal equilibrium requires the same temperature for all

speies. For low-temperature laboratory plasmas, this subdivision is mainly

related to gas pressure and disharge gap: high pressures and long gaps im-

ply many ollisions and mean free paths short ompared to the disharge

length, thus favouring thermal equilibrium [1℄. In thermal plasmas (suh as

torhes and eletri ars) the gas temperature is very high (from 5000 to

20000 K) [2℄. Non-thermal plasmas are instead haraterised by an eletron

temperature (in the range of 1-10 eV) muh higher than the ion and maro-

sopi gas temperatures (not exeeding ambient temperature signi�antly),

sine the applied eletrial energy primarily produes energeti eletrons in-

stead of heating the gas [3℄. These eletrons ollide with the bakground gas,

thus produing additional eletrons and ions as well as exited speies and

free radials. Several hemial reations forbidden in similar environmental

onditions an thus be initiated: a great advantage of non-thermal plasmas

is that they o�er high energy e�ieny and seletivity of plasma hemial

reations. Just to mention a ouple of examples, in the surfae modi�a-

tion �eld these plasmas an e�iently initiate several advantageous physial

and hemial proesses, while in pollution ontrol appliations exited and

reative speies of non-thermal disharges redue, deompose or oxidise pol-

lutants (di�erently from thermal inineration proesses in whih the entire

gas stream is heated) [4℄. Moreover, the old or non-thermal disharges an

be used for treatment of temperature sensitive materials, allowing o extend

their range of appliations beyond traditional uses.

Among non thermal-plasmas, atmospheri pressure old plasma disharges

are inreasingly taken into onsideration as an interesting alternative to low

pressure plasmas, sine the possibility of avoiding the use of vauum systems

favours the tehnologial transfer of promising plasma proesses, whih are

appealing for several applied physis setors, suh as surfae modi�ation,
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mediine and gas treatment [5�9℄. Non-thermal plasmas an be produed

by a variety of soures. Dieletri barrier disharges (DBDs) are often ho-

sen beause of their simpliity and versatility [8℄. Most of this hapter is

dediated to the desription of the properties of DBDs.

2.2 Dynamics of Charged Particles and Electrical Breakdown

Let's onsider for simpliity a plane gap of length d that separates two ele-

trodes maintained at a voltage di�erene V . If a free eletron is present

inside the gap its motion is in�uened by the presene of the homogeneous

eletri �eld E = V/d, whih aelerates it along the �eld lines and towards

the anode. Elasti ollisions with moleules of the bakground gas randomize

the eletron motion in the three diretions. In these events the diretion of

the eletron veloity is modi�ed but just a small hange of the eletron velo-

ity modulus and kineti energy ours, being the eletron mass (me) muh

smaller than heavier bakground gas partiles (Mg) [10,11℄. The fration of

eletron energy loss is in fat of the order of δ = 2me/Mg (approximatively

4 · 10−5
for a nitrogen moleule). Averaging over several ollisions and sat-

tering angles, one �nds that the memory of the initial veloity is lost in few

events. Along the �eld diretion, eletron veloity is redued in a ollision

and then inreased again by the �eld, and the average eletron moves with

a terminal steady veloity parallel and opposite to the eletri �eld, known

as drift veloity vd and equal to

vd = −
e

meνm
E, (2.1)

where e stands for the eletron harge and νm is the frequeny of ollision for

eletron momentum transfer through elasti ollisions (see Figure 2.1) [12℄.

The mobility µe is de�ned as the proportionality oe�ient between the

eletron drift veloity and the eletri �eld. The e�etive ollision frequeny
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Figure 2.1: Motion of an eletron in an homogeneous eletri �eld E. Elasti

ollisions with neutral atoms interrupt its trajetory, and on average the eletron

moves at the drift veloity vd along the E-�eld diretion [12℄.

and onsequently the mobility depend on the eletron energy, but simple

models treat them as onstant. For air a reasonable e�etive value for µep

is 0.45 · 106 cm2
· Torr/V · s in the range E/p = 4 ÷ 50V/cm · Torr, orre-

sponding, at atmospheri pressure, to µe ≈ 6 · 102 cm2/V · s in the range

E = 3÷ 38 kV/cm [13℄. This value orresponds to a veloity drifts equal to

1.8 · 106 cm/s, 5.9 · 106 cm/s and 1.8 · 107 cm/s at 3 kV/cm, 10 kV/cm and

30 kV/cm respetively. The latter is the eletri �eld neessary for break-

down in air at atmospheri pressure. The dynamis of eletrons is determined

not only by the direted average motion known as drift but also by their ran-

dom thermal motion. At 300K the average thermal veloity for eletron is

about 1 ·105 m/s = 1 ·107 cm/s, higher than vd for moderately eletri �elds.

Similar onsideration an be done for ions, but in this ase the energy ex-

hange with neutrals in elasti ollisions is very e�ient, beause of their

similar masses. The mobilities of ions is de�ned in a way analogous to that

of eletrons, but it is onsiderably lower than the eletron one. For air at

atmospheri pressure µi ≈ 2 cm2/V · s and vd ≈ 7 · 102 m/s = 7 · 104 cm/s at

30 kV/cm [14,15℄, whereas the average thermal veloity at 300K is equal to

about 450m/s = 4.5 · 104 cm/s. The ontribution of ions to eletri urrent



2.2 DYNAMICS OF CHARGED PARTICLES AND ELECTRICAL BREAKDOWN 11

density j and ondutivity σ is small and the urrent is arried by eletrons:

j ≈ −enevd = eneµeE = σE. (2.2)

Both j and σ depend on the degree of ionization of the weakly ionized gas.

If their density is spatially non uniform, eletrons and ions undergo dif-

fusion too [13℄. In the presented desription eletron-ion interations have

been negleted beause enounters of harged partiles are rare in weakly

ionized plasmas, and the motion of eletrons and ions is governed by the

applied eletri �eld and ollisions with the atoms of the bakground gas.

Thus, elasti and inelasti ollisions (exitation and ionization) dominate

over Coulomb interations among harged partiles. Sine most of the ele-

tron ollisions are elasti, therefore, inelasti ollisions (in whih eletrons

lose a large fration of their energy) have been negleted in the alulation

of the drift veloity. However, onsiderable inelasti losses beome impor-

tant at eletron energies higher than 10 eV [11℄. These energeti eletrons

an arise from their motion in high-strength eletri �elds or an belong to

the high energy tail of a Maxwellian group of eletrons.

The dynamis of eletrons and their interation with neutral partiles is

the basis for the reation of a non-thermal laboratory plasma. Eletri break-

down happens when an initially insulating material (a gas in our ase) begins

to ondut urrent as onsequene of the appliation of a su�iently strong

eletri �eld [5℄. Even though the breakdown is a rather ompliate proess

strongly depending on the system onditions, it always begins with an ele-

tron avalanhe, whih onsists in the multipliation (in asade ionization)

of some primary seed eletrons moving under the in�uene of an external

eletri �eld. As a matter of fat, we an imagine the oasional formation

of some primary eletrons near the athode, either by the ation of osmi

rays or as a onsequene of �eld emission from asperities on the surfae, lose
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to whih the eletri �eld is enhaned [11℄. In the ourse of their drift to the

anode, if their energy is su�iently high, these eletrons an undergo ioniz-

ing ollisions with atoms, produing eletron-ion pairs (Figure 2.2). These

new eletrons start moving towards the anode and an ontribute to the pro-

dution of new harges. In eah ionizing ollision a new eletron is formed,

and the result is a loud of eletrons travelling toward the anode, known as

eletron avalanhe, and a loud of ions, remaining behind it, almost station-

ary in the time sale of motion of the eletron avalanhe. The avalanhe

Figure 2.2: Illustration of an eletron avalanhe initiated by a primary eletron

moving from the athode to the anode [5℄.

develops both in time and in spae, beause the multipliation of eletrons

proeeds with their drift from the athode to anode. The rate of ionization

an thus be onveniently haraterized by the probability per unit length

that a new eletron is reated. This is the �rst Townsend's oe�ient α [13℄.

In eletronegative gases (like air) we must take into onsideration also the

seond Townsend's oe�ient β, de�ned as the probability per unit length

that an eletron of the avalanhe is lost in an attahment proess, that is a

binary ollision in whih an eletron is aptured to form a stable negative

ion. In this ase we an de�ne an e�etive ionization oe�ient αeff = α−β.

The following equations desribe the variations in the number of eletrons
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(dNe), positive ions (dN+) and negative ions (dN−) as the avalanhe moves

forward a distane dx [13℄:

dNe = Ne(α− β)dx = Ne · αeff · dx, (2.3)

dN+ = Ne · α · dx, (2.4)

dN− = Ne · β · dx, (2.5)

where N is the number of partiles of the onsidered speies before the

avalanhe goes through dx. Eletron-ion reombination an be negleted

beause the ionization degree is very low during the breakdown phase. If

the x axis points from the athode (plaed in x = x0 = 0) to the anode and

if Ne0 = 1, the following integrated equations give the spatial evolution of

harges in an avalanhe produed by a primary seed eletron:

Ne(x) = Ne0 · e
(α−β)(x−x0) = e(α−β)x = eαff ·x, (2.6)

N+ =
α

α− β
(Ne − 1) =

α

α− β
(e(α−β)x

− 1) =
α

αeff

(eαeff ·x − 1), (2.7)

N− =
β

α− β
(Ne − 1) =

β

α− β
(e(α−β)x

− 1) =
β

αeff

(eαeff ·x − 1). (2.8)

All the produed eletrons move along the non-disturbed eletri �eld lines

at the drift veloity, but at the same time di�usion makes them spread ra-

dially around the entre of the avalanhe. The result is that the eletron

density radially dereases as a gauss funtion. The radius of the avalanhe

inreases in time and with the spatial propagation of the avalanhe. When

the number of negative harges reated in the avalanhe is high (without

attahment this means Ne = exp(αx) ≈ 106 and thus αx ≈ 14), the eletro-

stati repulsion among eletrons dominates over their di�usional spreading,

and the avalanhe head broadens abruptly. One the eletron loud size be-

omes omparable to one ionization length α−1
the distane among harges
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of opposite signs is omparable with that among harges of the same sign

and the attrative fore due to the positive ions avoids any further repul-

sive spreading of eletrons. The maximum transverse size of the avalanhe

head is thus of the order of α−1
≈ 1mm, sine the �rst Townsend's oe�-

ient for atmospheri pressure breakdown �elds in air (30 kV/cm) is typially

α = 10 cm−1
. When the avalanhe reahes the anode, the spatial distribu-

tion of ions has a nearly onial shape with a summit of maximum density

at the anode (Figure 2.3). Most eletrons will be drawn to the anode exept

for some few that are bound by the positive ion olumn.

Figure 2.3: Shape and harge distribution of an eletron avalanhe at two mo-

ments t1 and t2 > t1. During their drift from the athode (C) to the anode (A)
eletrons leave behind a loud of positive ions [13℄.

After this initial stage the following development of the disharge depends

on several parameters as gas omposition, pressure, distane between ele-

trodes, frequeny of the applied �eld and geometry of the system. For ele-

trial breakdown to our, however, a seondary mehanism is neessary for

regeneration of the avalanhe [16℄. At relative low values of the produt

between pressure and gap length (pd) the initial avalanhe proeeds until

the anode and the plasma �lls the whole disharge region. After a long se-

ries of suessive avalanhes sustained by seondary eletron emission at the
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athode, a onduting path is established between the eletrodes. This is

the Townsend breakdown mehanism, desribed in Setion 2.2.1. For higher

pd values, the avalanhe ionization an generate a great number of ele-

trons giving rise to a loalized spae harge whih strengthen the external

eletri �eld and favours photoionization as seondary emission mehanism.

The eletron avalanhe is enhaned and luminous fronts propagating towards

the eletrodes, known as streamers, are reated. A onduting path is es-

tablished between the anode and the athode in a time omparable to the

eletron transit time, so the so-alled streamer breakdown, desribed in Se-

tion 2.2.2 requires muh less time than the Townsend one. If no means are

taken to limit the urrent in the system, this is only the initial stage of an

ar disharge, in whih high temperatures of the gas are reahed.

2.2.1 Townsend Breakdown Mechanism

The Townsend breakdown mehanism is sustained by seondary eletron

emission aused by positive ions that hit the athode at the end of their

drift inside the gap. Sine the kineti energy of inoming partiles is usually

not high enough for an e�etive knoking out of eletrons from the athode

surfae, this proess is possible beause of �eld distortion provoked by an

ion approahing the athode within a distane of atomi dimensions. If we

onsider a gap of length d, eah primary eletron oming from the athode

produes an avalanhe with

N+ =
α

αeff

(eαeff ·d − 1) (2.9)

positive ions in the gap (see Equation 2.7), eah one moving bak to the

athode. If we de�ne the third Townsend's oe�ient γ as the probability

that a seondary eletron is generated from an ion impat against the athode

[5℄, the number of seondary eletrons produed by the ions of the primary
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avalanhe is γ ·N+. In order to have a self-sustained disharge, positive ions

generated by a single eletron avalanhe must produe at least one eletron to

start a new avalanhe [11℄. Consequently, the simplest Townsend breakdown

ondition an be expressed as

γ
α

αeff

(eαeff ·d − 1) = 1 (2.10)

The seondary eletron emission oe�ient γ depends on the athode ma-

terial, on the state of the surfae, on type of gas and on the ion energy; its

typial value in eletri disharges is 0.01 ÷ 0.2 [5, 11℄.

2.2.2 Streamer Breakdown Mechanism

The already disussed Townsend mehanism of breakdown, whih is rela-

tively homogeneous and inludes the development of independent avalanhes

that evolve via seondary athode emission, is predominant at low pres-

sure. In larger gaps, at higher pressures and onsiderable overvoltages, the

avalanhes essentially disturb the eletri �eld and they are no longer inde-

pendent, leading to the streamer and spark mehanism of breakdown. In this

ase the breakdown of the disharge is ahieved muh faster than predited

by the multipliation of avalanhes through seondary eletron emission at

the athode. This proess an be ignored beause ions don't have time

(about 10µs at atmospheri pressure for d = 1cm and E = 30kV/cm) to

ross the gap, sine the formative time lags of sparks at atmospheri pres-

sure have been measured to be about 10−7 s or less. This is omparable with

the time of �ight of an eletron from the athode to anode (about 100 ns

at atmospheri pressure for d = 1cm and E = 30kV/cm), or even faster.

Moreover, at atmospheri pressure the sparking potential has been found

to be largely independent of the athode material, whereas the Townsend's

theory, even though somewhat insensitive to the value of gamma at higher
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pressures, requires a de�nite dependene of the order of 10 perent on the

value of γ [17℄.

Even though the preise boundary values of pd at whih the breakdown

mehanisms replae eah other is not ompletely understood (in the range

200 ÷ 5000Torr · cm) [13℄, it is lear that the mehanism of the breakdown

at low values of pd essentially di�ers from that at higher pd. The latter, as

well as the Townsend one, is primarily related to the avalanhes, but they

annot be onsidered as independent and stimulated by eletron emission

from the athode. A qualitative piture of the proess was evolved by Loeb

and has been plaed on a quantitative basis by Meek [18, 19℄. The theory is

based on the onept of the growth of a thin ionized hannel (a streamer)

between the eletrodes. Streamers are produed by an intensive primary

avalanhe if the spae harge inside it is large enough to reate an eletri

�eld with a strength omparable to the applied eletri �eld. This ondition

for streamer formation is also known as the Meek ondition. If the distane

between eletrodes is more than a metre (or even kilometres long, suh as

in lightnings), individual streamers are not su�ient to provide breakdown

on suh a large-sale, and the so-alled leader is moving from one eletrode

to another. The latter is like a muh more ondutive streamer, inluding

streamers as its elements [13℄.

Spae harge e�ets are due to the di�erene in the drift veloity of ions

and eletrons. Eletrons run at the head of the avalanhe, leaving ions

behind. This spatial separation is of the order of the ionization length α−1
,

that is the distane that an eletron overs on average before produing

a new pair of harges. This reates a sort of eletri dipole with length

α−1
and harge Ne · exp(αx) [13℄. The eletri �eld related to this dipole

(E′
) adds up vetorially with the external eletri �eld E0 (see Figure 2.4).

The dipole formation provokes the appearane of the external eletri �eld



18 NON-THERMAL ATMOSPHERIC PRESSURE DISCHARGES

distortion. The total eletri �eld is maximum in front of the avalanhe

negative head and behind the positive tail. On the ontrary, between the

entres of spae harges E0 and E′
point in opposite diretions and the

resulting �led is weaker than the external one. The total �eld also develops

a radial omponent.

Figure 2.4: Distorsion of the external eletri �eld E0 in presene of a signi�ant

eletri �eld E′
due to spatial separation of eletrons and positive ions inside an

avalanhe. On the left (a) the lines of fores assoiated to E0 and E′
are shown

separately, whereas on the right (b) the resulting �eld is depited [13℄.

Ionization proesses are favoured and aelerated where the �eld is en-

haned. The streamer formation is possible beause of photoeletri ion-

ization: eletron impats on neutrals in an avalanhe produe not only a

umulative ionization but also many exited atoms and moleules. Some of

them emit ultraviolet radiation in some 10−8 s whih an be absorbed in the

gas ausing ionization. Consequently, part of these photons are responsible

for photoionization in the viinity of the avalanhe. The �eld enhanement

due to spae-harge e�ets exerts a diretive ation on harged partiles

produed by photoemission, drawing them toward the negative or positive

side of the dipole. Photoeletrons thus initiates seondary avalanhes that

intermix with the primary avalanhe.
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Cathode-directed streamer The qualitative hange in avalanhe behaviour takes

plae when the harge ampli�ation exp(αx) is high, and the prodution of

a spae harge with its own signi�ant eletri �eld takes plae. This e�et

beomes strong as harge multipliation ontinues and in�uenes the subse-

quent proess of ionization. At relatively small disharge gaps, the trans-

formation ours only when the avalanhe reahes the anode. In this ase

the eletrons sink into the eletrode leaving the ions to oupy the disharge

gap. At this point the total eletri �eld is due to the external �eld, to the

ioni trail and to the ioni harge image in the anode. The total eletri �eld

reahes the maximum value at the axial distane from the anode of the order

of the harateristi ionization length α−1
. Eletrons of numerous seondary

photoeletron avalanhes are pulled into the positive primary trail by the

enhaned �eld, and reate now photons that ontinue the proess. They mix

with the primary positive harges, thus reating a neutral plasma region.

The positive ions left behind in seondary avalanhes extend the positive

spae harge towards the athode. As shown in Figure 2.5, this enhaned

positive harge attrats the eletrons from the next generation of avalanhes

and develops from the anode to the athode as a athode-direted streamer

(or positive spaed harge streamer, or streamer with a positive head). It op-

erates as a thin ondutive needle growing from the anode, and at its tip the

eletri �eld is very high, stimulating the fast streamer propagation in the

diretion of the athode. The veloity of propagation is extremely rapid, un-

doubtedly more rapid than the veloity of 2 · 107 m/s of the initial eletron

avalanhe. This is beause it depends on photon propagation and photoion-

ization and on the motion of eletrons in high �elds near the spae harge

(the eletri �eld there is so high that it provides eletron drift with a velo-

ity of about 108 m/s) [13℄. Usually, the soure of photons and seed eletrons

for seondary avalanhes is su�iently great and the streamer propagation

is limited by the rate of neutralization of the positive spae harge near the
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Figure 2.5: Cathode-direted streamer at two di�erent moments t2 > t1, with
seondary avalanhes moving towards the positive streamer head [13℄.

tip of the needle. The veloity of propagation (growth) of the streamer is

greater the longer it is and the stronger the external �eld is. To an order

of magnitude, the measured veloities are about 108 m/s, while the drift

veloities in the external �eld are about 107 m/s. The streamer hannel

diameter is omparable with the avalanhe head diameter at the stage of

maximum expansion, 10−2
÷10−1

m. At any rate, the harge density is not

less than the maximum density in the avalanhe, presumably, 1012 cm−3
[13℄.

Anode-directed streamer If the disharge gap and voltage are large enough,

the avalanhe-to-streamer transformation an take plae quite far from the

anode, beause the eletri �eld produed by the primary avalanhe beomes

omparable to the external one well before the eletron drift towards the ele-

trode is ompleted. In this ase, the streamer is able to grow towards both

the eletrodes, mostly toward the anode if the avalanhe has not yet gone

far from the athode (Figure 2.6. It is then alled anode-direted streamer

(or negative streamer, or streamer with a negative head). The mehanism of

growth towards the athode remains almost the same. In the diretion of

the anode it is also similar, but here eletrons drift in the same diretion as
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Figure 2.6: Anode-direted streamer at two di�erent moments t2 > t1, with
seondary avalanhes moving towards the negative streamer head [13℄.

the front of the plasma streamer. The eletrons of the head, moving rapidly

in a strong total eletri �eld, join the ioni trails of seondary avalanhes

and together form the plasma. Seondary avalanhes an be initiated here

not only by photons, but also by some eletrons moving in front of the pri-

mary avalanhe. Presumably, in this ase a propagation mehanism without

photons is also possible.

So, in the streamer breakdown mehanism, a strong primary avalanhe

ampli�es the external eletri �eld, leading to the formation of a thin weakly

ionized plasma hannel, the so-alled streamer. A streamer is a ondutor, so

that eletrostatially it ats as a metalli needle protruding from the surfae

of the anode (a perfetly onduting needle would be exatly at the anode

potential). Sine photons are emitted and absorbed in a random manner,

situations are possible in whih a new predominant diretion appears for

the propagation of a great number of seondary avalanhes. This is a likely

mehanism of generation of experimentally observed zigzag streamers and

spark hannels [17℄. Eletri �eld non-uniformities have a strong in�uene

on breakdown onditions and the avalanhe transformation into a streamer,
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reduing the breakdown voltage for a given distane between the eletrodes.

One the onduting streamer hannel onnets the eletrodes, the ur-

rent an signi�antly rise and the streamer an onvert to a spark: if no

means are used to limit the urrent, the temperature of the gas will rise

rapidly due to Joule heating. A simple solution to the problem is to plae

a dieletri barrier between the eletrodes whih prevents the eletrons to

reah the eletrodes [8℄. At this point, after the streamer hannel is reated,

only a limited urrent for a short time an �ow and the temperature of the

gas remains quite low . This solution establishes a transient disharge whih

must be reativate by the external iruit using an alternating or pulsed ur-

rent power supply. These non-thermal plasma soures are alled Dieletri

Barrier Disharges (DBDs) and are desribed in Setion 2.3.

2.3 Dielectric Barrier Discharges

A dieletri barrier disharge (DBD) is an eletrial disharge between two

eletrodes separated by at least one insulating dieletri barrier [20℄. This

peuliarity allows to obtain a streamer disharge in whih the urrent is re-

strited by harging of the dieletri layer. The eletrodes are separated from

the disharge volume, and this an be advantageous, for instane when highly

aggressive gases are onsidered. In ontrast to most other non-equilibrium

disharges the dieletri barrier disharges are non-equilibrium gas disharges

that an be operated at elevated pressures (0.1÷10 atm) [21℄. One of the �rst

reports of a dieletri barrier disharge was published in 1857 by Siemens,

who observed a glow between two oaxial glass tubes with external eletrodes

while generating ozone [21℄.

When the external eletri �eld is su�iently high, a free eletron in the

gap produes seondary eletrons by diret ionization and starts an ele-

tron avalanhe. In ertain ases, if the Meek ondition is satis�ed (see Se-

tion 2.2.2), the avalanhe develops into a streamer disharge. After several
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nanoseonds, the streamer �lament reahes the dieletri barrier and builds

up harges on the surfaes exposed to the plasma region. The disharge

eases as soon as the eletri �eld assoiated to these surfae harges and to

the positive ions still in the gap is high enough to loally derease the exter-

nally applied eletri �eld to a level below breakdown voltage. The short du-

ration of these mirodisharges (dozens of nanoseonds [22℄) leads to very low

overheating of the streamer hannel, and the DBD plasma remains strongly

non-thermal. The presene of the dieletri barrier preludes d operation:

DBDs are usually driven by sinusoidal voltages (with frequeny generally

between 500Hz and 500 kHz), but for some appliations high-voltage pulses

lasting some nanoseonds or a few tens of nanoseonds are also adopted. In

the �rst ase the inrease or reversal of the applied voltage di�erene an

lead to suessive mirrodisharges even though harge aumulation on the

dieletri barrier, whereas in the seond ase breakdown ours in orrespon-

dene of eah pulse.

It is important to larify the terms streamer and mirodisharge. An

initial eletron oming from some point in the disharge gap (or from the

dieletri that overs the athode) produes seondary eletrons by diret

ionization and develops an eletron avalanhe, followed by a streamer (or ion-

izing wave) that bridges the gap and forms a onduting hannel of weakly

ionized plasma. The group of loal proesses in the disharge gap initi-

ated by the avalanhe and developed until that urrent terminates beause

of loal eletri �eld ollapse is usually alled mirodisharge. The prini-

pal mirodisharge properties depend on the gas omposition, pressure and

eletrode on�guration. After the mirodiharge urrent termination there

is no more eletron-ion plasma in the main part of mirodisharge han-

nel, but high level of vibrational and eletroni exitation in the hannel

as well as harges deposited on the surfae and ioni harges in the volume

allow us to separate this region from the rest of the volume and all it mi-
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rodisharge remnant. Interesting phenomena an our due to the mutual

in�uene of mirodisharges. These are in fat related to the interation of

a mirodisharge with residual harge left on the dieletri barrier and with

the hanges and exited speies present in the gap. As a matter of fat,

the self-termination of the disharge leaves a loud of eletrons and ions. In

atmospheri pressure air it takes about 10 nanoseonds for the eletrons to

attah to moleular oxygen forming negative ions [13℄, and the eletrons in

the onduting plasma hannel established by the streamers dissipate from

the gap in dozens of nanoseonds. The residual ion loud deays in mirose-

onds due to reombination proesses and drift or di�usion to the walls. If the

next breakdown happens while the ions are still present or before the loal

heating has dissipated it will most likely follow the same path. That is why

in many ases it is possible to see a stable pattern of the mirodisharges in

DBDs, even though eah of them is short. Moreover, if a sinusoidal voltage

is applied, when the voltage polarity reverses, the deposited harges an fa-

ilitate the formation of new avalanhes and streamers in the same spot. As

a result, a family of streamers is formed, whih is marosopially observ-

able as a spatially loalized bright �lament. Sometimes the plasma deays

and thermalizes ompletely before the next breakdown ours so the stream-

ers start at random loations eah time. In this ase the disharge appears

uniform. The non fully dissipation of mirodisharge remnant before the

formation of next mirodisharge is alled memory e�et.

In DBDs plasma is highly non-equilibrium with hot eletron and old

heavy partiles. This haraterizes most appliations, where energeti ele-

tron e�iently transfer energy through ionization, eletron exitation, and

eletron impat dissoiation, but not signi�antly through diret heating.

Strong thermodynami non-equilibrium and simple design are distintive

properties of these plasmas. Moreover, the possibility of operating at atmo-

spheri pressure makes these disharges appealing for industrial appliations.
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Among them, whih are omprehensively summarized by Kogelshatz [8℄ we

ite ozone generation, high-power CO2 lasers, eximer lamps (as an UV-

soure) and plasma display panels [20, 23, 24℄. In addition, DBDs in air

are ommonly adopted to treat polymer surfaes in order to promote wet-

tability, printability and adhesion [8, 25, 26℄. Another promising applia-

tion is pollution ontrol, to remove dust, CO, NOx and volatile organi

ompounds [27℄. Among reent appliations there are plasma mediine and

sterilization, plasma assisted ignition and ombustion, and plasma aerody-

namis [28�32℄.

Several geometri arrangements are possible, both as volume and sur-

fae disharges, depending if the breakdown ours aross a gas gap or in

proximity of the dieletri surfae. As a matter of fat, Surfae Dieletri

Barrier Disharges (SBDs) are speial types of on�gurations where the bar-

rier �lls the entire gap between the eletrodes [33℄. In this ase, the gas

disharge ours at the eletrode edges above and lose to the surfae of the

dieletri material. SDBDs have a simple disharge design and the omplete

eletrode arrangement an be inorporated in a single omponent in many

possible geometries (tubular or plate-like). Due to these fats, this on�gu-

ration an be advantageous for some of the already ited DBD appliations,

Figure 2.7: Examples of ommon dieletri barrier disharge on�gurations [34℄.
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suh as pollution ontrol of exhaust gases [35℄, skin or wound treatment [29℄,

and atuators for gas �ow ontrol [31℄. Examples of planar and ylindrial

on�gurations with one or two dieletri barriers are shown in Figure 2.7 [8℄.

2.4 DBD Discharge Modes

Usually dieletri barrier disharges work in a �lamentary regime, in whih

the streamer breakdown leads to the formation of narrow mirodisharges

and memory e�ets (Setion 2.3). However, in 1968 Bartnikas found that

helium a disharges between losely spaed plane parallel eletrodes an ex-

hibit di�use glow disharge harateristis [36℄. After this �rst observation,

many researh groups studied this partiular regime �nding, that stable dif-

fuse disharges ould be obtained in several gases inluding helium, neon,

argon, nitrogen, oxygen, and air [37�39℄. However, this di�use regime re-

mains extremely unstable and tends to onvert to the more stable streamer

regime.

Streamers an be avoided by using an applied eletri �eld su�iently

low to prevent the ahievement of the Meek's degeneration ondition for

primary avalanhes (Setion 2.2.2). As an alternative, the requirement for

establishing a stable di�use disharge is that the number of seed eletrons

is large enough to ause appreiable overlap and merging of the primary

avalanhes. This results in a smoothing of the �eld gradients due to spae-

harge at the stage when streamer formation would otherwise our. The

fundamental mehanism that ensures the presene of enough seed eletrons

is the so alled Penning ionization [40℄. A Penning mixture usually onsists

of a primary gas with a small admixture of impurities. If the omponents

of an impurity B have a ionization potential lower than a metastable poten-

tial of the gas A, then the metastable atoms of the main gas an ionize the

moleules of B aording to A∗+B → A+B++e− (usually, the probability

of this proess is so high that very small admixtures may have onsiderable
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in�uene on the disharge development). For example, in helium, whih pos-

sess highly energeti metastable levels, the bakground nitrogen impurities

may be enough for the reation of a Penning mixture. However, in presene

of a sinusoidal exitation voltage, the amplitude and frequeny that allow

to obtain a di�use disharge are limited, beause if the slope of the voltage

versus time is too high instabilities are indued.

The mehanism of the di�use BD in nitrogen has not been ompletely

understood yet. As already stated, the deisive riterion for the generation

of a di�use BD is the presene of harge arriers at a low eletri �eld, i.e. a

memory e�et responsible for the prodution of primary eletrons below the

usual breakdown voltage [41℄. The proesses disussed in the literature for

nitrogen are Penning ionization due to ollisions with nitrogen metastable

N2(A
3Σ+

u ) and eletron emission from the dieletri surfae beause of des-

orption or seondary eletron emission by nitrogen metastables [41,42℄. This

disharge regime is also alled atmospheri pressure glow disharge,glow silent

disharge, or homogeneous barrier disharge [34, 41, 43℄.

Moleular oxygen is an e�etive quenher of the metastable states (O2 +

N2(A
3Σ+

u ) → N2(X
1Σ+

g ) + O + O [42℄. Another negative e�et an be

aused by eletronegativity of moleular oxygen. Due to eletron attah-

ment (O2 + e− → O− + O), free eletrons are removed from the disharge

zone. Collisional quenhing as well as eletron attahment �nally results in a

redution of seed eletrons and thus in a qualitative hange of the disharge

mehanism (the transition from the di�use to the �lamentary mode). That's

why breakdown in oxygen as well as in air usually onsists of a number of

mirodisharges lasting tens of nanoseond, and randomly but uniformly dis-

tributed over the dieletri surfae [8℄. Disharges operating in the di�use

mode have been found for N2/O2 mixtures with very low O2 ontent [42℄
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2.5 Radiative Properties of Atmospheric Pressure Air Plasmas

Plasma light emission is assoiated to de-exitation of eletroni energy levels

of atoms, moleules, ions and radials. The brightest feature in the spetra

of an air disharge is the Seond Positive System (SPS) of moleular nitro-

gen. This emission is related to the de-exitation transitions of moleular

nitrogen from the C3Πu exited eletroni state to the lower B3Πg exited

state aording to

C3Πu → B3Πg + hν (2.11)

These states lie 11.0 eV and 7.4 ev above the ground state respetively. In a

�lamentary dieletri barrier disharge at atmospheri pressure, usually the

First Negative System (FNS) of N+
2 is generally observable, orresponding

to the following transition:

B2Σ+
u → X2Σ+

g + hν. (2.12)

Figure 2.8 shows the wavelength olloation of the brightest bands of the

SPS and FNS, whereas a partial energy level diagram of N2 transitions is

depited in Figure 2.9 [44℄.

Filamentary and di�use modes of DBD an be distinguished using urrent

osillography (urrent spikes in the ase of a �lamentary mode and long-

lasting humps in the urrent signal in the ase of a di�use mode) or by optial

emission spetrosopy [42℄. For example, for disharges operating in the

�lamentary mode in air and binary N2/O2 mixtures, emission spetra were

found to onsist of several bands of the Seond Positive System of moleular

nitrogen, and of one band of the First Negative System of N+
2 , whereas in

the ase of the di�use mode, no emission from the FNS was found in the

spetrum, but peaks orresponding to NO and N2O were found [42℄. We will

fous on optial properties of air at amospheri pressure. The following six

elementary proesses should be taken into aount to desribe the radiation
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Figure 2.8: Typial spetrum.

kinetis for the 0-0 transitions of SPS and FNS at atmospheri pressure [42℄.

• Exitation of moleular nitrogen in the ground state by eletron im-

pat:

e+N2

(

X1Σ+
g

)

ν=0
−→ N2

(

C3Πu

)

ν′=0
+ e ∆E = 11.0 eV (2.13)

e+N2

(

X1Σ+
g

)

ν=0
−→ N+

2

(

B2Σ+
u

)

ν′=0
+2e ∆E = 18.7 eV (2.14)
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Figure 2.9: Energy level diagram.

• Spontaneous radiation of thus formed exited speies:

N2

(

C3Πu

)

ν′=0
−→ N2

(

B3Πg

)

ν′′=0
+ hν λ = 337.1 nm (2.15)

N+
2

(

B2Σ+
u

)

ν′=0
−→ N+

2

(

X2Σ+
u

)

ν′′=0
+ hν λ = 391.5 nm (2.16)

• Collisional quenhing of the exited speies by the moleules of nitrogen

and oxygen:

N2

(

C3Πu

)

ν′=0
+N2 −→ Products (2.17)

N2

(

C3Πu

)

ν′=0
+O2 −→ Products (2.18)

N+
2

(

B2Σ+
u

)

ν′=0
+N2 −→ Products (2.19)

N+
2

(

B2Σ+
u

)

ν′=0
+O2 −→ Products (2.20)

This model should be ompleted by inluding the vibrational kinetis of

exited nitrogen, and in partiular the proesses

e+N2

(

X1Σ+
g

)

−→ N2

(

C3Πu

)

ν′≥1
+ e (2.21)

N2

(

C3Πu

)

ν′≥1
+N2 −→ N2

(

B3Πg

)

ν′−1
+N2 (2.22)
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providing additional soures of the radiating speies being onsidered. In

air at atmospheri pressure, a stepwise exitation of moleular and ionized

nitrogen is hardly possible beause of very e�etive ollisional quenhing of

exited states by moleular oxygen, so only diret eletron impat has been

taken into aount [45, 46℄.

Sine the radiative lifetimes of the exited speies N2

(

C3Πu

)

ν′=0
and

N+
2

(

B2Σ+
u

)

ν′=0
(44.5 ns and 65.8 ns, respetively) are onsiderably greater

than their e�etive lifetimes (0.51 ns and 0.14 ns, respetively) beause of

the dominant ollisional quenhing [47℄, the observed spatio-temporal distri-

butions of the luminosities for the FNS and SPS follow the reation rates of

the diret exitation reations, with a time lag less than 1 ns. These reation

rates are diretly proportional to eletron density, while the rate onstants

are strongly dependent on eletri �eld. Furthermore, under the onditions

of non-equilibrium weakly ionized plasmas in air at atmospheri pressure, the

mean eletron energy is within the range of a few eV. Hene, it is only a very

small fration of eletrons in the tail of the energy distribution that possess

the energies exeeding the threshold values of the reations 2.13 and 2.14.

In suh a ase, the higher the threshold energy, the stronger is the depen-

dene of the orresponding rate onstant on the eletri �eld [2℄. Thus, the

spatio-temporal distribution of the FNS signal represents approximately the

development of the eletri �eld E/n, while the SPS signal an be attributed

to the onvolution of the eletri �eld and the eletron density [47℄.

Results from Cross-Correlation Spectroscopy Reent results obtained with ross-

orrelation spetrosopy provide useful information for understanding mi-

ordisharge properties in dieletri barrier disharges at atmospheri pres-

sure. This tehnique onsists in replaing the measurement of the light pulse

emitted from a single mirodisharge with the statistially averaged determi-

nation of the orrelation funtion between two optial signals, both originat-
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ing from the same soure [42℄. The �rst of these signals is used as synhro-

nizing signal, whereas the seond one is the main signal. If the repetitive

light soures reprodue eah other su�iently exatly and if the synhro-

nizing signal ours always at the same moment, the measured time delay

between these two signals is a probability density funtion for the evolution

of the light pulse intensity. In referene [47℄ results onerning three di�er-

ent types of DBDs have been presented (Figure 2.10). Two on�gurations

Figure 2.10: Eletrode arrangements for the dieletri barrier disharge on�gu-

rations studied in referene [47℄.

onsist in two semi-spherial eletrodes, separated by an air gap and one or

two insulating layers. The last arrangement onsists in a oplanar barrier

disharge with both eletrodes embedded into the dieletri. The evolution

of the weak FNS emission was interpreted as the eletri �eld E/n, whereas

the SPS signal was attributed to the onvolution of the eletri �eld and

the eletron density. For all the eletrode on�gurations they distinguished

the following onsequent phases of the MD development: a Townsend pre-

breakdown phase, a phase of ionizing wave propagation and a deay phase.

They foused on the bands (0-0) of both the seond positive and �rst nega-

tive systems. We report in Figure 2.11 these signals for barrier on�gurations

with one insulated eletrode.

The Townsend phase manifests itself as a weak but ontinuously growing

glow in front of the anode, visible in the SPS signal (hosen as an indiator

of the presene of the eletrons) for t < 15 ns. The eletri �eld in the
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Figure 2.11: Spatio-temporal distributions of the disharge luminosity of the

moleular nitrogen FNS and SPS [47℄.

disharge gap is quasi-stationary within the Townsend phase [48℄, whereas

the eletron density (and onsequently the observed light intensity) grows

exponentially in time due to the onseutive eletron avalanhes. The au-

mulation of eletri spae harge leads to the distortion of the eletri �eld

and to the formation of the athode-direted ionizing wave (CDIW). Being

waves of eletri �eld, they are learly seen on the plots for the FNS. In the

ase of CBD, the CDIW is aompanied by another ionizing wave (seond

wave) propagating over the anode surfae in the opposite diretion. The

maximal veloity of the CDIW is reahed at the moment before the CDIW

impats onto the surfae of the athode, and all maximal values are of the

order of magnitude 106 m · s−1
. The maximal veloity is obtained with the

metal athode, sine positive ions (oming from avalanhes of the Townsend

phase) that have already been deposited on dieletri athodes repulse the

positive head of the ionizing wave. The impat of the CDIW onto the ath-

ode surfae results in a very fast rearrangement of the eletri �eld within the
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gap between the eletrodes. This proess is aompanied with the appear-

ane of a radiating area within the MD hannel. A �rst intensity maximum

near the athode is followed by a seond intensity maximum near the anode.

The long tail of luminosity on the athode observed for the �rst negative

system of nitrogen may be onsidered as an indiation of the relatively high

eletri �eld remaining on the dieletri surfae after the breakdown: the

eletri �eld near the athode is higher than near the anode, and eletron

density, in ontrast, is onsiderably lower. When the anode is metalli, the

deay rate is slower: the MD development during this phase is determined

by the properties of the anode sine the absene of the aumulation of neg-

ative surfae harge (eletrons predominantly) on the metal anode (shortly

after the CDIW rosses the gap) is responsible for no e�etive reation of

eletri �eld with opposite polarity. Eventually, when a metal athode is

onsidered, the authors desribe the reation of the transient athode layer

similar to that in a glow disharge (with thikness of 30µm and the radius

120µm) after the impat of the CDIW onto the metal athode surfae; the

eletri �eld in this region stays enhaned for up to 150 ns. When nitro-

gen/oxygen mixtures are onsidered (with a perentage of oxygen su�ient

for having a �lamentary disharge) no notieable in�uene of oxygen on-

tent upon the propagation of the athode-direted ionizing waves an be

observed, whereas the deay phase is the shorter the greater the oxygen on-

tent is: during this phase most of the eletrons are in the region with a low

and slowly dereasing eletri �eld [45℄, so eletrons disappear from the MD

hannel not only beause of their drift and transition onto the anode surfae,

but due to eletron attahment as well. Obviously, the greater the oxygen

onentration, the higher the eletron attahment rate is. Moreover, when a

athode-direted streamer propagates through a media enrihed by negative

ions, a lower �eld is neessary to produe seed eletrons before the streamer,

beause of e�etive detahment proesses, and the veloity of the streamer
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is expeted to be higher.

In a more reent work [49℄, the authors onsidered a surfae dieletri

barrier disharge with two needle eletrodes plaed at the opposite sides of

a dieletri barrier, their tips faing eah other with a gap of about 1 mm.

The on�guration is asymmetri beause one eletrode is exposed and the

other is embedded into the dieletri and grounded. For the semi-yle in

whih the voltage is positive, they found a disharge development similar

for the on�gurations already disussed: a Townsend phase is followed by

the formation of a athode-direted ionizing wave. Its veloity is somewhat

smaller that in the other arrangements (about 3 · 105 m · s−1
at 0.2 mm from

the anode) and dereases during propagation. The MD is driven forward in

an external eletri �eld dereasing in the athode region, whih might be a

reason for the dereasing streamer veloity. Furthermore, surfae proesses

ould have a signi�ant in�uene on the mirodisharge development [50℄.

The results for both SPS and FNS and both semi-yles are shown in Figures

2.12 and 2.13.

For the negative half period, instead, they observed a really faint FNS

signal, appreiable mainly at the tip of the athode, and a disharge spread-

ing from the athode to the anode. Their results suggest that seed eletrons

for eletron avalanhes are reated in the high �eld region at the tip of the

exposed eletrode, similar as in negative orona disharges, and that the

resulting avalanhes develop along the dereasing eletri �eld on the diele-

tri surfae. On their way, no positive streamer ould be deteted. They

onsider this mehanisms similar to simulation results by Boeuf [51℄, where

the disharge is proposed to be a glow orona-like disharge. The eletrial

measurements showed that the urrent pulses in the negative half period are

signi�antly lower in amplitude. For volume arrangements they found a MD

development inside the gap independent on the phase of the sinusoidal volt-

age. On the ontrary, the propagation over the dieletri surfae is in�uened
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Figure 2.12: Spatio-temporal distributions of the disharge luminosity of the

moleular nitroge FNS and SPS for the positive half-period of a surfae dieletri

barrier disharge.

by residual harges. They investigated this point for the positive half-period

of the surfae barrier [52℄. They found that mirodisharges of the same

yle hose the shortest paths available avoiding those already followed by

previous mirodisharges. These forbidden zones probably arise beause of

harging of the dieletri, whih loally weakens the eletri �eld. At these

voltages (higher than the minimum voltage burning), behind the ionization

front a seond maximum of light emission is observable at the anode tip.

For the following mirodisharges both the veloity of the streamer and the

anode light emission intensity inreases. Behind the athode direted ion-
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Figure 2.13: Spatio-temporal distributions of the disharge luminosity of the

moleular nitroge FNS and SPS for the negative half-period of a surfae dieletri

barrier disharge.

ization front, eletrons are drifting towards the anode. In this region the

eletri �eld inreases again and eletrons an gain further energy on their

way to the anode. At higher voltage amplitude the eletri �eld in front of

the needle eletrode reahes a value high enough for su�ient exitation of

nitrogen moleules.





CHAPTER3

Plasma Actuators

3.1 Boundary Layer Flow Control

Flow ontrol onsists of manipulating the properties of a generi moving �uid

with the aim of ahieving a desired hange, but �ow dynamis in proximity

of a solid objet is usually onsidered [53℄. As a matter of fat, �uid �ow

over solid surfaes is a onsistent and signi�ant issue in many engineering

appliations. For example, it omes into play in pipe �ow, engine design, and

aerodynamis of automobiles and airplanes. In general, the �uid far from the

body is relatively unperturbed by the existene of the objet. In the simplest

situation, this so-alled freestream is haraterized by a veloity steady in

both modulus and diretion (U∞). On the ontrary, the �uid near the body

39
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is fored to �ow around it, and its way is somehow altered ompared to the

rest of the �ow. Moreover, the �uid diretly touhing the body experienes

a fritional fore from the surfae that onsiderably redues its speed, and

an in�nitesimally thin layer in whih the �uid is stationary with regard to

the body exists. This is the no-slip ondition, meaning that the �ow at the

surfae has the veloity of the surfae. There must logially be a transitional

region between this stationary layer and the freestream �uid, the so alled

boundary layer. By onvention, the external frontier of the boundary layer

is reahed when u = 0.99U∞ [54℄. The �ow �eld around an objet an

thus be separated in two regions: an external zone in whih the e�ets of

visosity are negligible ompared to inertial e�ets (and the Navier-Stokes

equations are redued to Euler equations), and a region lose to the body

where visosity and inertial e�ets are omparable. As a matter of fat, the

onept of boundary layer has been introdued by Prandtl in 1904 in order

to obtain approximated solutions to the Navier-Stokes equations desribing

the behaviour of a visous �uid around a moving body [54℄. The fritional

fore in�uenes not only the �uid motion but the surfae too: the latter feels

a shear stress τ (Figure 3.1), de�ned as a fore per unit area, tangential to

the surfae and direted as the �ow.

Figure 3.1: E�et of visosity on a body in a moving �uid: shear stress and

separated �ow [54℄.
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The �eld of boundary layer �ow ontrol inludes any proess through

whih a boundary layer is aused to behave di�erently than it normally

would. Partiularly, a broad and widely studied topi is the ontrol of �ow

separation, ourring when the boundary layer peels away from the solid

surfae as the result of an adverse pressure gradient. This is ommonly en-

ountered in �ows around the bak of blunt obstale. Let's thus onsider

the invisid region (outside the boundary layer) of �ow around the ylinder

shown in Figure 3.2. Due to the spae restrition imposed by the objet,

Figure 3.2: Flow around a blunt body: �uid elements are aelerated from the

leading edge D to the point E (where the body thikness is maximum), and deel-

erated from E to the trailing edge F. The boundary layer (show in gray) detahes

from the body surfae downstream the separation point S.

the streamlines beome more losely paked between points D and E, then

spae out again at the tail F. To maintain a onstant throughput, therefore,

the �ow must speed up from D to E then slow down from E to F. The only

impetus for aeleration and deeleration in invisid �ows are pressure gra-

dients. So there must exist a pressure gradient δp/δx < 0 to aelerate the

�uid along the surfae x from D to E, and a gradient δp/δx > 0 to deelerate

it again between E and F. For this invisid part of the �ow the �uid arrives

at F with the same veloity it had in D. These inreases and dereases of

pressure are impressed on the boundary layer from the outside. The har-

ateristis of the boundary layer thus depend on the amplitude and sign of
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Figure 3.3: Pressure gradients and boundary layer separation.

these longitudinal pressure gradients. Negative pressure gradients have a

favourable in�uene beause they ounterat the deeleration due to visous

e�ets on the surfae, limiting the thikness of the boundary layer. On the

ontrary, when the external �ow is slowed down by a positive pressure gra-

dient, the partiles in the boundary layer an have a low kineti energy and

thus di�ulties in entering zones with higher pressures. The boundary layer

then thikens and, if su�iently high, the positive gradient an generate a

detahment zone where the �uid �ows in the inverse diretion respet to the

external �ow, under the ation of the adverse pressure gradient. The thik-

ness of the detahment zone an be substantially higher than the thikness

of the original boundary layer. This phenomenon is desribed shematially

in Figure 3.1 and Figure 3.3: the separation point an be de�ned as the limit

separating the diret �ow from the reversed �ow [54℄. Therefore, in addition

to the generation of shear stress, the in�uene of frition an ause the �ow

over a body to separate from the surfae. One separation has ourred,

downstream the separation point a wake of reirulating �ow typially ap-

pears, whih di�ers drastially from the preditions of invisid theory. In

this region, the primary �ow sees an altered body shape, and the net e�et

is the reation of a pressure distribution over the atual body surfae that
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results in an integrated fore in the �ow diretion, a �sution drag� on the

body, whih is typially muh larger than any visous drag exerted by the

boundary layer itself. The ourrene of separated �ow over an aerodynami

body not only inreases the drag but also results in a substantial loss of lift.

Boundary layers are typially desribed as laminar or turbulent, depend-

ing if path lines of various �uid elements are smooth and regular or if the

motion of a �uid element is very irregular and tortuous. Beause of the agi-

tated motion of a turbulent �ow, the high-energy �uid elements in the outer

regions of the boundary layer are pumped lose to the surfae. Hene, the

average �ow veloity near a solid surfae is larger for a turbulent �ow rather

than for a laminar one. Moreover, near the objet surfae, the veloity gra-

dient in the diretion perpendiular to the surfae (δU/δy) are muh larger

for turbulent boundary layers. Beause of this di�erene, drag and other

fritional e�ets an be onsiderably less severe for laminar �ows. Control

over laminar-to-turbulent transition an be very bene�ial: for airrafts and

ars this means better fuel e�ieny, longer ranges, and higher speeds [53℄.

Moreover, turbulene suppression an play a fundamental role in aousti

noise redution. An inrease in turbulene an instead lead to better �ow

mixing, in the ase of mixing layers for example. Moreover, beause of the

higher energy of the �uid elements lose to the surfae, a turbulent �ow

is less likely to separate from the body surfae, and if separation ours,

the involved region will be smaller. As a result, the pressure drag due to

�ow separation will be smaller for turbulent �ow. Thus, turbulent boundary

layers are often preferred if there is a risk of separation, as the inreased

drag initially indued by the turbulent layer is still muh less than the drag

aused by separation. The lift at a given angle of attak an be inreased

by inreasing the hamber, but the maximum ahievable lift is limited by

the ability of a �ow to follow the urvature of the airfoil. The maximum lift

and stall harateristis of a wing a�et many performane aspets of airraft
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(inluding take-o� and landing distanes), as well as the range of operational

onditions for a wind turbine and the manoeuvrability of a �ghter jet. For

these reasons, suppression of boundary layer separation is one of the main

opportunities for �ow ontrol, and boundary layer ontrol is of great prati-

al importane in many �elds, suh as automotive industry, ommerial and

military aviation, as well as energy systems.

Flow separation ontrol tehniques an be ategorized as ative or passive

methods, depending if energy is brought into the systems or not. Passive

methods are mainly based on mixing high and low momentum �uid areas,

by means of geometri hanges suh as vortex generators and slotted �aps

or slats. A vortex generator is a small vertial plate positioned at a er-

tain angle with respet to the loal freestream �ow. It reates eddies that

mix the �uid inside the boundary layer and inrease the near wall �ow ve-

loity. This approah of boundary layer manipulation is simple, does not

require any power soure to operate and is always operative. The freedom to

hoose the shapes and positions of the vortex generators on an airplane wing

or turbine blade leaves many opportunities for optimization. On the other

hand, vortex generators annot adapt to hanging �ight onditions. A sim-

ilar method, whih is used to trigger the laminar-to-turbulent transition, is

boundary layer turbulizers, onsisting in the use of rough surfaes to trip the

boundary layer and reate vorties. Airfoils typially employ trailing edge

�aps and leading edge slats that an be de�eted during take-o� or landing

and stowed during ruise. Suh devies enhane lift by inreasing the am-

ber of the wing, so that higher angles of attak, whih are more subjeted

to stall, an be avoided. Traditional methods of preventing �ow separation

on high-lift airfoils utilize multi-element �aps that allow mixing of �uid be-

tween the upper and lower surfaes (alled pressure and sution sides). The

disadvantage is that these systems an reate signi�ant inreases in mehan-

ial omplexity and weight of the airraft, together with additional drag in



3.1 BOUNDARY LAYER FLOW CONTROL 45

the ruise on�guration. The replaement of onventional multi-element �ap

systems with a simple �ap utilizing ative �ow ontrol tehnology is a viable

alternative. Passive ontrol tehniques are thus e�etive if the airraft is

operating in a �ight regime that is in its design envelope, but in o�-design

onditions they an have detrimental e�ets that are often manifested in the

form of inreased drag. Ative separation ontrol has gained popularity in

reent years due to its potential for maintaining or enhaning the bene�ts

of passive ontrol tehniques without this penalty. The main di�erene is

that ative ontrol an be turned on and o� more easily, allowing additional

�exibility. Moreover, ative ontrol strategies also have the potential to be

implemented in a feedbak system that, oupled with adequate sensors and

ontroller, ould reate great bene�ts in �ight e�ieny [55℄. These �ow on-

trol tehniques an be lassi�ed into three main solutions: �uidi, aousti

exitations or periodi foring, and plasma. The most ommonly used �uidi

atuators are syntheti jets and boundary layer sution or blowing [56, 57℄.

The former are based on alternately ingesting and expelling �uid into the

�ow, in order to reate vorties and a higher momentum boundary layer.

Another method for inreasing the boundary layer momentum is blowing,

whereas sution onsists in the removal of the �ow moving at low speed.

Methods belonging to aousti exitation and periodi foring are based on

periodi disturbanes of the boundary layer by means of aousti waves or

by moving bodies (suh as ribbons, wires and small �aps) induing loal

�uid motion [58℄. These methods ahieve the maximum e�ieny at spei�

frequenies: the perturbation should be introdued with a period similar to

the time neessary for the freestream �ow to propagate over the separated

region. The �nal lass is plasma atuators, whih have gained popularity in

reent years and are the subjet of next setion.
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3.2 Plasma Flow Control

Plasma atuators ome in di�erent disharge forms, suh as diret urrent,

radio-frequeny, dieletri barrier and ar disharges [59�62℄. Moreau has

provided a review of plasma atuators working priniples and researh, fo-

using on two on�gurations that are mostly used beause of their relatively

simple geometry and operation, the surfae orona disharge and the single

dieletri barrier disharge [31℄. The simplest orona disharge onsists in

two wires (�ush-mounted on a dieletri surfae) between whih a d high-

voltage is applied. The DBD plasma atuator for aerodynami �ow ontrol is

instead usually omposed of two eletrodes (one insulated and one exposed to

air) that are separated by a dieletri material and arranged in an asymmet-

ri fashion as shown in Figure 3.4. Appliation of a su�iently high-voltage

signal between the eletrodes weakly ionizes the air over the dieletri sur-

fae. The DBD plasma atuator generates a non-thermal self-limiting plasma

in whih the aumulation of harged partiles onto the dieletri surfae op-

poses the external eletri �eld. Consequently, AC or pulsed high-voltages

are required. In the perspetive of using plasmas for air�ow ontrol, these

types of disharges have the advantages that they an operate at atmospheri

pressure and they do not require an eletrode stiking out of the objet to

ionize the gas surrounding it. DBDs are often preferred over oronas beause

Figure 3.4: Shemati side view of a DBD plasma atuator. The eletrodes are

separated by a dieletri barrier, and the ground eletrode is enapsulated so that

plasma is reated only at one side of the barrier. The arrow indiate the diretion

of the wind indued by the disharge.
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are more stable at atmospheri pressure [63℄. As a matter of fat, the diele-

tri barrier allows the generation of a non-thermal plasma by preventing the

disharge from ollapsing into an ar, whih onsume high power and indue

high temperatures in the gas and eletrodes.

For ar disharges and for DBDs sustained by high-voltage short pulses,

an intense, loalized and rapid heating produed by the disharge produes

shok waves that interat with the �ow surrounding the atuator [62,64,65℄.

The priniple of operation of orona and dieletri barrier atuators is instead

believed to be di�erent, and is known as indued wind, eletri wind, wall

jet or ioni wind [31,32℄. This indiate a diretional �ow, from the exposed

eletrode to the buried one for an asymmetri SDBD (as indiated in Figure

3.4) and from the anode to the athode for a DC orona disharge with a thin

anode [31, 66℄. The believed working priniple is momentum transfer from

the aelerated ions to the surrounding �uid by partile-partile ollisions.

Despite their high drift veloities, the ontribution of eletrons is negligible

due to their onsiderably smaller mass ompared to the mass of neutrals.

The typial spatial and temporal sales of gas-disharge proesses are shorter

than those of the resulting air�ow senario, so at spatial and temporal sales

relevant for aerodynami �ow-ontrol in �rst approximation a quasi-steady

momentum is imparted to the surrounding air�ow. As a result, the �ow

�eld hanges suh that a quasi-steady wall jet is developed under quiesent

air onditions or an existing veloity pro�le is steadily manipulated. Other

mehanisms like alterations of the physial properties of the gas (density,

visosity, et) may eventually ontribute to the oupling of the disharge

with the air�ow [67℄. However it seems that this e�et is negligible in the

ase of veloities below 30ms−1
. Indeed, only the e�et of the eletri wind

in generally onsidered, exepted for high veloities.

Sine DBD plasma atuators are operated with AC voltages, the under-

lying eletrial �eld periodially hanges its sign. This has led to ongoing
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debates onerning momentum transfer details and about the temporal na-

ture of the atuation. The ommunity has still not reahed an agreement

about whether the plasma strongly pushes (aelerates) the �ow downstream

during one half yle and weakly pulls (deelerates) it upstream in the other

half yle (the so-alled push-pull mehanism) [68,69℄, or whether the plasma

pushes the �ow downstream in both half yles (push-push theory) [70, 71℄.

Before the end of the nineties just a few papers about plasma �ow ontrol

were published [72�76℄. Then two groups started to work more ontinuously

on this subjet. The �rst one inluded people from the University of Poitiers

(Frane) and the University of Buenos Aires (Argentina), fousing on the

study of d oronas for air�ow appliations [77, 78℄. The seond group was

direted by J.R. Roth, from the University of Tennessee, who developed,

in 1992, a surfae disharge dediated to deontamination, alled One At-

mosphere Uniform Glow Disharge Plasma (OAUGDP) [79℄. In 1994 they

proposed to use it for �ow ontrol, after having realized that this disharge

ould indue a seondary air�ow of several ms−1
[80, 81℄. We an say that

air�ow ontrol by plasma atuators was born in 2000. The number of paper

published on this subjet has been inreasing with years sine that moment

and, if one onsiders the works presented at the AIAA meetings, it beomes

lear that the simpliity of these types of plasma atuators allowed many re-

searhers in aerodynamis to work on this subjet without neessarily being

a speialist in plasma generation, and that's why this topi has onsiderably

in�uened researh on air�ow ontrol.

Plasma-based ontrol devies beome espeially attrative when moving

parts have to be avoided and a fast time response is required. As a matter

of fat, despite their e�etiveness, mehanial devies have some drawbaks:

they are ompliated, add weight, have volume and are soures of noise and

vibration. The main advantage of plasma atuators is that they diretly on-

vert eletri energy into kineti energy without involving moving mehanial
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parts. Seondly, their response time is very short and enables a real-time

ontrol: the time needed for a surfae barrier disharge to begin working at

regime depends on the power supply harateristis, and generally it is in

the order of tens of milliseonds [67℄, onsiderably smaller than the several

seonds required for the aperture of �aps. It is thus lear that the ontribu-

tion of plasma devies to �ow an be essential in situations where atuation

should intervene as soon as possible. The possibility of ombining these a-

tuators with sensors for the implementation of a feedbak ontrol system

makes them even more attrative [55℄. As a matter of fat, real aerodynami

�ows are subjeted to non-stationary perturbations that appear at di�er-

ent temporal sales. For instane, during a �ight, the take-o� and landing

phases involve prede�ned hanges in the lift and drag fore ourring over

large time sales (in the absene of safety manoeuvres). Conversely, atmo-

spheri turbulene is sudden and intermittent, resulting in small time sale

perturbations: in these ases, an e�ient and robust ontrol system has to

onsider these transient phenomena over a broad range of �ow onditions,

and the ontrol system has to reat autonomously. Other advantages are

their simple onstrution, implementation and installation on models [55℄,

whereas the main disadvantage is that high voltages are required and in-

dued veloities of only about 10ms−1
are usually obtained for an atuator

onstituted of a single DBD or orona devie [31℄.

The use of surfae plasmas in low-speed air�ows has beome a reent topi

of interest in the �eld of air�ow ontrol. As a matter of fat, the indued

�ow has the harateristis of a jet with maximum veloity loated at a few

millimetres from the wall and this is often amenable for in�uening bound-

ary layers [82℄. Despite the low indued veloity, the atuation an ahieve

the ontrol objetive at spei� aerodynami onditions. In fat, this dire-

tional �ow has been demonstrated to be e�etive in boundary layer separa-

tion ontrol [83�87℄, laminar-turbulent boundary layer transition delay [88℄,
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Figure 3.5: Flow visualization for a natural air�ow (left) and for the same �ow

ontrolled by the plasma atuator (Uinf = 20m/s, Re = 2.6 · 105, angle of at-

tak equal to 16◦). The atuator is a DBD driven with a sinusoidal voltage with

frequeny equal to 1 kHz and amplitude equal to 18 kV [104℄.

Figure 3.6: Flow visualization for a natural air�ow (left) and for the same �ow

ontrolled by the plasma atuator (Uinf = 2.85m/s, angle of attak equal to 8◦).
The atuator is omposed of several DBDs driven with a sinusoidal voltage with

frequeny equal to 4.2 kHz and energized at 4.2 kV rms [105℄.

turbulent boundary layer manipulation [89℄, and vortex generation [90, 91℄.

The mehanism responsible for separation ontrol by DBD plasma is gen-

erally assoiated with the wall jet generation, but whether this results in

boundary layer tripping, energizing or ampli�ation of instabilities is still in

debate and depends on the �ow system under onsideration. The exat loa-

tion at whih the plasma atuator aomplishes ontrol is not immediately

obvious, but atuators plaed at or slightly upstream of the separation loa-

tion give favourable results [85,92,93℄. Studies have reported that atuators

plaed near the trailing edge of airfoils an produe lift-enhanement similar

to plain �aps with de�etions of a few degrees [94℄. It is evident that the

subjets of these studies are often wings or airfoils for �ow separation on-

trol [84,93,95�98℄ as well as �at panels for a stabilization of boundary layers

or for skin frition redution [99,100℄, but �ow separation behind other blu�
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Figure 3.7: Partile-image-veloimetry images of the �ow behind a irular ylin-

der at Re = 33000 without (a) and with (b) plasma atuators [32, 106℄.

Figure 3.8: Mean �ow �eld obtained from partile-image-veloimetry images with-

out DBD at 15m/s (a), with DBD at 15m/s (b), without DBD at 20m/s (), and
with DBD at 20m/s (d). The DBD was operated with a sinusoidal voltage, with

frequeny and amplitude equal to 25 kHz and 12 kV respetively. Blak urves are

mean streamlines and the olor map illustrates the vertial veloity. The separation

points indiated by blak dots are moved downstream by the atuator [83℄.

bodies suh as ylinders has been studied too [83,86,101�103℄. Examples of

suh experimental studies are shown in Figures 3.5 and 3.6 for airfoil models

and in Figures 3.7 and 3.8 for ylinders. The veloity range investigated in

most of these prior studies is from 0 to 15 m/s, but higher veloity ranges

have been investigated, for examples for �ow atuation on a ylinder or at

the leading edge of a wing [84, 96, 107℄. Initially dediated to the ontrol of
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boundary layer and separated air�ow, new appliations have reently gained

popularity, suh as jet mixing [108, 109℄, noise ontrol [110℄, and avity �ow

manipulation [111, 112℄.

Like synthetis jets, in order to get the most e�etive performanes of

DBD atuators some exitation frequenies are preferable [113�115℄: the a-

tuator should be exited with a su�iently high arrier frequeny to produe

the plasma (1 ÷ 10 kHz) and modulated at a lower frequeny to exite the

long wavelength instabilities assoiated with most separated �ow dynamis.

Many studies of separation ontrol with DBD plasma atuators assume that

the �ow does not feel perturbations reated by the high-frequeny arrier

signal. For the majority of low speed appliations, this is true beause the

instabilities involved are not reeptive to high-frequeny perturbations and

instead feel their e�et as a quasi-steady phenomenon. However, it has been

on�rmed that the movement of harged speies in the plasma does in fat

reate a perturbation at the frequeny of plasma generation, giving possibil-

ity of using of DBD plasma atuators for high-frequeny foring appliations

if su�ient amplitude an be produed [116℄.

It has been shown that the fore prodution of AC driven DBD plasma

atuators is dependent on pressure and oxygen ontent of the environment

[117, 118℄. This has opened studies onerning the appliation of suh de-

vies at ruising altitudes in working �ight environments questionable at

this time. The variety of investigated �ow ontrol appliations ranges from

veloities of a few meters per seond to supersoni onditions: plasma a-

tuators have shown their good e�ieny for air�ow ontrol at veloities up

to 30m/s and Reynolds numbers typially lower than a few 105 [31, 119℄,

but some signi�ant results have been obtained up to 110m/s [31,114℄. The

potentialities of dieletri barrier disharges onerning turbulent boundary

layer suppression in a supersoni �ow have been demonstrated, paving the

way for plasma �ow ontrol atuators in sramjet engine appliations [120℄.
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However, signi�ant work still remains to make these devies suitable for re-

alisti �ight appliations. Namely, the performane of DBD plasma in harsh

environments has not been fully explored, and the penalties assoiated with

transporting power supplies apable of produing the high voltages neessary

for plasma generation may prove ostly. Nevertheless, the possible gains of

an atuator that is simple to onstrution, laks moving parts, exhibits no

additional drag and is apable of high bandwidth exitation are too tempting

to resist at this point in its maturation.

For supersoni and hypersoni �ows other types of plasmas are generally

tested, suh as volume plasmas, spark jets, or d disharges [121�124℄, but

we reall in partiular DBDs fed with nanoseond pulses [125�129℄: these

disharges seem to aomplish ontrol based on thermal e�ets alone similar

to ar �lament-based plasma atuators [130℄.





CHAPTER4

Experimental Setup and Diagnostics

4.1 SDBD Configuration

As already said in Setion 2.3, DBDs are plasma soures whose main feature

onsists in the insertion of a dieletri layer within the disharge gap in order

to prevent a diret urrent �owing between the eletrodes. All plasma a-

tuators presented in this work are surfae dieletri barrier disharges, sine

the air above the dieletri panel is ionized by a su�iently high eletri

�eld, and a thin plasma sheet glowing over the panel surfae is generated

(Figure 4.1). Its vertial extension does not exeed a few millimetres, based

on visual inspetion. Two di�erent setup types were adopted in these ex-

periments. The �rst one (setup A) was used for experiments onerning the

55
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Figure 4.1: Experimental layout. The yellow and green regions indiate the

insulating materials. The former is used as dieletri barrier, the latter prevents

plasma to reate on the buried eletrode side. Light blue objets represent the

disharge eletrodes, whereas pink retangles sketh the positions of the adopted

diagnostis. Arrows mean that the probe outputs are onneted to the osillosope.

optial and eletrial haraterization of plasma mirodisharges (Setion 5).

The devie (shown in Figure 4.2) onsists of a pair of eletrodes plaed at

the opposite sides of a square dieletri panel (3mm thik, 200mm side) and

overlapping for 25mm along the hordwise x-oordinate, so that the SDBD

impedane mathes fairly well the output impedane of the adopted power

generation system (50 pF). We have used plexiglass as dieletri material,

being one of the most ommon hoies for aerodynami appliations [31℄.

The lower eletrode (aluminum, 10mm thik, 40mm wide, 175mm long) is

grounded and buried in a plexiglass frame, preventing plasma formation on

the lower side of the dieletri material. The upper eletrode (aluminium

adhesive tapes, 80µm thik, 95mm wide, 175mm long) is glued onto the

top of the dieletri panel and onneted to the power supply. The some-

what overextended hordwise size, with respet to those usually employed

in aerodynami appliations [32℄, as well as the buried eletrode thikness,
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Figure 4.2: Piture of the �rst setup, in whih a plexiglas sheet and the eletrodes

are embedded in a plexiglas and te�on sa�old, whih is used to avoid unwanted

disharges at the buried eletrode side and allows the eletrode onnetion to the

HV and ground ables.

were hosen to provide a better separation between the HV supply line and

the ground return ables.

In setup B, instead, the eletrodes are tin lad opper adhesive tapes

(60µm thik and 200mm long) plaed at the opposite sides of a �at dieletri

panel without overlap in the hordwise x-diretion. The insulated eletrode

is 10mm wide, whereas the air exposed one is just 5mm wide. An insulating

polyisobutylene self-amalgamating tape is used for avoiding disharges at

the lower eletrode side, but also upstream of the exposed eletrode and at

the spanwise eletrode ends (Figure 4.3). Di�erent voltages (up to about

30 kV peak amplitude), frequenies (in the range 10÷ 20 kHz) and dieletri

materials (te�on, plexiglass, mia, peek, delrin, et) with various thikness

were studied. However, this hoie was not ompletely free, as the generator's

ability to deliver a signal with a ertain amplitude and frequeny depends

on the load apaitane.

The �rst on�guration has the advantage of having a more separation

and insulation of the HV and ground ables, allowing to run experiments for

a longer time without undesired ar disharges at the eletrode ends or near

the able-eletrode juntions. The seond on�guration has instead been

hosen beause it is the one adopted for �ow ontrol experiments at Alenia
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Figure 4.3: Piture of the seond setup, in whih both the eletrodes are tin lad

adhesive tapes, and a blak polyisobutylene tape is used for avoiding disharges at

the lower eletrode side, upstream of the exposed eletrode and at the spanwise

eletrode ends. The dieletri barrier in this ase is te�on 12mm thik.

Aermahi. As a matter of fat, the absene of an insulating sa�old, the re-

dued eletrode hordwise width and the use of adhesive eletrode is suitable

for experiments in wind tunnel, in whih ombinations of several atuators

are often used. This seond setup has been adopted at both University of

Milano-Bioa and Alenia Aermahi Laboratories. Setup A has instead

been used only at University of Milano-Bioa.

4.2 Electric Power Supply

At University of Milano-Bioa, the voltage di�erene between the ele-

trodes is imposed by a resonant power generator (Tigres power supply V20

and voltage transformer ATV-20). The power output ours in a power-

ontrolled manner through variation of the frequeny via an automati im-

pedane mathing in the range between 3 kHz and 100 kHz. The exposed

eletrode is onneted through a HV able to the seondary oil of a trans-

former, whose primary iruit is linked to a tunable power generator [26,131℄.

The whole system onstitutes a double resonant iruit: the frequeny of
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the signal is regulated in order to math the resonant frequeny of the pri-

mary iruit (whih depends on the seleted power level) with the resonant

frequeny of the seondary iruit (whih is given by the indutane of the

seondary oil and by the apaitane of the SDBD). Consequently, the sinu-

soidal voltage amplitude and period are not independent. The power supply

is omposed by a urrent reti�er whih brings the line urrent from 230 V

AC to a 310 V DC. A transistor swithing system reate the AC urrent that

is transferred to the primary winding of the high voltage transformer. For

the powers and impedanes generally utilized, the frequeny of the signal is

within 35 kHz and 45 kHz.

At Alenia Aermahi the high-voltage power supply used was the MiniPuls

6 by GBS Elektronik GmbH. It onsists out of a transistor bridge followed

by a transformer asade. The former is onneted to a GW Instek SFG-

2004 signal generator that delivers a - 5 V retangle signal with modulation

frequeny equal to the voltage frequeny desired for the high-voltage. The

input voltage for the bridge of the MiniPuls is produed by a 30 V DC labora-

tory power supply unit. Within the bridge, this voltage beomes modulated

with the signal-generator frequeny through an osillating iruit made out

of several apaitors and oils. Thus the signal is alternating with the fre-

queny given by the signal generators when leaving the bridge. It is of low

voltage and high urrent. The voltage on the exit of the bridge is fed into

the transformer asade, onsisting out of multiple oils (from a minimum of

6 to a maximum of 8). Eah one inreases the signal voltage by maximally

8.5 kV while hereby dereasing the urrent. The voltage at the generator

exit an thus ideally reah up to 68 kV. The frequeny range for the high-

voltage signal is about 10 ÷ 30 kHz. The impedane of the plasma atuator

and the voltage supply have to be somewhat mathed, otherwise no lean

sinusoidal signal an be produed and the ahievable voltage amplitude is de-

reased. This adjustment of the resonane frequeny an be done by adding
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or removing oils from the system.

4.3 Diagnostics

Plasma mirodisharges have been experimentally studied with a su�ient

high temporal resolution by means of a photosensor module, based on a

photomultiplier tube (PMT) and a home-made Rogowski oil. These probes

allow measuring the light emitted by the plasma sheet and the eletri urrent

�owing into the iruit. A apaitive probe was plaed between the buried

grounded eletrode and the earth as a diagnostis for measuring power on-

sumption and for visualizing the shapes of the Lissajous �gures, whih are

obtained when the measured operating harge and voltage values are plotted

against eah other in Q-V ylograms [20℄. A ommerial HV probe (Tek-

tronix P6015A, granted for a bandwidth of 75 MHz) was instead employed

for evaluating the voltage at the exposed eletrode. The outputs of all these

probes were onneted to di�erent hannels of a large bandwidth digital os-

illosope (Agilent MSO8104A with sampling rate equal to 2GSa s−1
, or

Tektronix TDS-5104 with sampling rate equal to 1.25GSa s−1
). The tem-

poral series assoiated to di�erent probes were aquired simultaneously, so

that the HV probe ould be used to set the time and phase referenes of the

sinusoidal signal driving the disharge. At this purpose, the HV signal was

�tted with a sinusoidal funtion, whose best �t parameters were also used

as the e�etive values of the SDBD voltage amplitude and repetition fre-

queny. During the disharge ative phases, even at the highest power level,

the voltage signal does not show any ripple or higher harmoni exitation,

as sometimes happens in the existing literature [132℄. This is quite impor-

tant, and often overlooked, sine it would make di�ult to ompare di�erent

results, beause a perturbation of the sinusoidal voltage supply often gives

rise to pauses within plasma ativity or even to inversions in the sign of the

disharge urrent. As disussed in Setion 7.1, the presene of absene of
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disharge disuniformities in the spanwise diretion was veri�ed with a ther-

mal infrared amera FLIR ThermaCAM SC640. Finally, the average �uid

dynami e�ets indued by the plasma atuator were investigated using a

Pitot tube onneted to an LPM-9381 Druk transduer that reords the

di�erential pressure from whih the �ow veloity was derived.

In the following setions these diagnostis are presented in more detail,

together with a desription of the proessing of the temporal series that has

been implemented for eletrial measurements.

4.3.1 PMT

A PMT by Hamamatsu (H10721-210) was hosen for its fast temporal re-

sponse and high sensitivity. It provides an eletri signal whose amplitude

is proportional to its gain (whih an be varied by adjusting the PMT high

voltage supply, usually by means of a low voltage ontrol) and to the in-

tensity of the light olleted by its photoathode. In order to avoid the

introdution of orretions for the gain and to ensure the overall stability of

our measurements, we paid attention to keep the same voltage ontrol dur-

ing experiments. In pratie, a steady d voltage supply providing a ontrol

voltage of 1 V (gain 2 ·106) was used. The PMT delared rise time is 0.57 ns.

Its ultra bialkali photoathode is sensitive to light with wavelength in the

range 230 ÷ 700 nm and the radiant sensitivity urve is almost �at between

300 and 500 nm, losely mathing the air DBD spetra. It is known that

emission spetra of DBD in air are dominated by the emission lines of the

seond positive system (SPS) of nitrogen moleules (see Setion 2.5) [47,133℄,

and these emission lines ompletely fall into this wavelength range. Light

is olleted and brought to the PMT photoathode by means of an optial

�bre (100µm ore diameter) appended above the dieletri surfae. Stray

light signal was heked to be negligible during experiments. The PMT out-

put signal was sent diretly on the low impedane (50Ω) input hannel of
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the sope. It has already been observed in literature that, when the volt-

age is high enough for plasma generation, the temporal resolved signal of

the emitted light usually appears as a series of pulses onentrated in the

phase intervals of plasma ativity (one for eah voltage semi-yle) [32℄. The

typial single event registrable by the PMT appears as a peak in the sope

signal with a triangular shape lasting 3 ± 1 ns (see Figure 4.4). This du-

ration, together with some ripple noises, somewhat sets the minimum time

length of deteted events. During experiments light signals longer than these

single events were also reorded (Figure 4.4). The peak amplitude obviously

depends on the olleted light intensity.

The reorded signals are treated as follows. A threshold is used for the

identi�ation of a light event, whih, in order to ut noise �utuations, is

taken into onsideration only if at least a ouple of onseutive points lie

above this value. Many thresholds an be used, provided that they are

smaller than the amplitude of the weakest single events but su�iently higher
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Figure 4.4: A few examples of photomultiplier outputs in presene of a light event.

The three ontinuous lines with blank symbols show single events (whose shape is

due to the PMT response) whereas full squares refers to a longer light emission.

The PMT voltage taken as threshold is marked with the dotted line.
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than the noise on the input hannel. During all our experiments we opted

for a threshold value equal to 1.7mV, just 3σ above the measured noise. The

beginning and the end of an event are found by moving bak and forth along

the time series until the signal rosses the zero level. The peak duration

and temporal position are de�ned, respetively, as the di�erene and the

mean value between the end and the beginning of the peak. The falling time

is the temporal interval separating the time at whih the event reahes its

maximum value from its end. If the delay between two events is shorter than

5 ns and the falling time of the �rst one is lower than 3 ns, the seond peak

is rejeted, beause it is onsidered as one of the ripple noises mentioned

above. The peak maximum value (peak amplitude) and the area lying below

it (peak subtended area) were registered too.

In order to have a number of light events high enough for a statistial

analysis, a ertain amount of temporal series of about 2 · 106 samples were

reorded by the sope, at the maximum sampling rate, for a total number

of available voltage yles equal to about 200. We have heked that the

statistial dataset was stable over the di�erent series. Two kinds of mea-

surements have been performed: temporally resolved and spatio-temporally

resolved light measurements. In the �rst ase the optial �bre was plaed a

few entimetres above the disharge and was tilted 45 degrees, so that the

�eld of view of the �bre was a ouple of entimetres both in the spanwise

and hordwise diretions. In the seond ase, the optial �bre aeptane

one was redued by plaing the �bre onnetor inside a thin non re�etive

alumina tube whih was situated just 1mm above the dieletri material and

perpendiular to its surfae (Figure 4.1). In this way the olleted light lies

inside a irle with diameter lower than 0.5mm and hordwise maps were

obtained by moving the optial �bre in steps of 0.5mm; at this purpose a

translation stage with preision up to 50µm was used. It is also possible to

add up all the light events olleted at di�erent spatial positions to obtain a
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Figure 4.5: (a) An example of voltage and urrent signals. The top axis reports

the phase of referene, useful for de�ning the BD and FD semi-yles. (b) A few

bakward urrent mirodisharges are shown together with the threshold value (the

red line in the highest position), the lowest baseline, and an intermediate green one

useful for distinguishing between two onseutive urrent peaks and for de�ning

the peak beginning and end. The pink horizontal arrow, the blue vertial one and

the shaded area are examples of a peak temporal duration, amplitude and area,

respetively.

large dataset that an be ompared with the temporally resolved light mea-

surements taken with the extended �eld of view. We have performed both

these two temporal resolved measurements and we have heked that they

provide similar results.

4.3.2 Rogowski Coils

In a DBD, the eletri urrent �owing into the iruit an be viewed as the

superimposition of a low-frequeny sinusoidal apaitive urrent, whih is

almost independent of plasma presene in the gap, and a disharge urrent,

whih is assoiated to plasma mirodisharges and appears as a series of fast

urrent pulses (Figure 4.5). A urrent transduer like a Rogowski oil an

provide the high sensitivity and the wide bandwidth neessary for studying

the eletrial behaviour of SDBDs.

A Rogowski oil is a onduting wire that is wound in spiral around a

magneti or non magneti ore and then returns to the original point. The

oil is plaed around the able onneting the buried eletrode to the ground
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Figure 4.6: Shemati representation of a Rogowski oil. The urrent I �owing in

a able generate a emf E at the output of the oil whih is proportional to δI/δt
and must be integrated with a passive or ative iruit.

(Figure 4.1). The operating priniple was formulated by Rogowski and Stein-

haus in 1912 [134℄. A shemati representation of a Rogowski oil is shown

in Figure 4.6. The urrent I �owing in the able generates an eletromotive

fore emf at the output of the oil whih is proportional (following the Fara-

day's law) to the rate of hange of the urrent δI/δt [135℄. Consequently, the

emf must be integrated with an integrating iruit, that an be redued to a

simple resistane [136,137℄. By a proper hoie of the oil geometrial har-

ateristis and by tuning the eletrial parameters of its measuring iruitry,

we used a few home-made probes with suitable bandwidth [137, 138℄. The

use of a small resistane as integrating system allows the probe to operate in

the self-integrating mode in a large frequeny range, thus produing a volt-

age signal diretly proportional to the instantaneous urrent [131℄. Anyway,

the probe an be used also outside this self-integrating bandwidth, provided

that the frequeny dependent attenuation and phase-shift are taken into a-

ount. This requires a alibration that will be disussed in a short while [139℄.

In the original design, Rogowski oils were air ored to avoid saturation of

magneti ore when measuring high urrents. In the present measurements,

however, urrents are onstantly far below saturation (the apaitive and

mirodisharge urrent are a few hundreds of mA at most), and a magneti

ore is preferable in order to have a higher sensitivity [137℄. We also notie
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that all toroidal indutors are highly self-shielding, with most of the �ux

lines ontained within the ore: �ux density is essentially uniform over its

entire magneti path and the atual shape of the winding iruitry auses

little hanges in the probe response. Moreover stray magneti �elds have

very little, if any, e�ets on toroids. This allows their use also in operating

onditions where eletrial disharges are around. The use of high band-

width ferrite oils allows to push the probe response up to 100MHz or more,

whih is suitable for mirodisharge investigation [140℄. On the other side,

ferrite ores with higher magneti permeability enhane the Rogowski oil

sensitivity down to the typial frequenies adopted for disharge generation,

in the range of tens of kHz.

In the simplest measurement setup, Rogowski oils an be used merely by

onneting their integrating resistane, bridging the winding endings, to the

high impedane input of a digital sope with su�iently large bandwidth.

We used a 1 m long RG-59 BNC oaxial able, whih was alibrated with

the probe and used always together. The Rogowski oils were alibrated

over the spetral range 10÷ 100MHz with two tunable frequeny waveform

generators, spei�ally a NF-1940 Synthesizer and a Kenwood SG-7130, de-

pending on the frequeny range onsidered (bandwidths are 0÷ 20MHz and

0.1÷1300MHz). The generator 50Ω BNC output impedane was used. Volt-

age signals of di�erent amplitudes and frequenies were used to fed a high

power and high linearity oaxial 50Ω resistor (Bird Eletroni Co. 8135,

maximum power 150W) through a mathed line, assuring that the same

urrent will be measured at di�erent points of the line. The instantaneous

urrent was thus derived from the voltage drop over the resistor (measured

with the voltage probe of a Agilent MSO8104A sope), and the signal re-

vealed by the Rogowski oil was simultaneously reorded. In order to best

math the line, 50Ω BNC ables and onnetions were used everywhere and

the line was made as short as possible. The Rogowski oil was inserted us-



4.3 DIAGNOSTICS 67

ing two BNC breakouts to banana plugs, as lose as possible to the resistor

for reduing any systemati alibration error due to a small line mismath.

As an example of this versatility, amplitude and phase-shift frequeny re-

sponse of three di�erent Rogowski oils are shown in Figure 4.7, where two

MnZn ferrite toroids (Epos N30, outer diameter/inner diameter/height =

40×24×16 mm) are ompared with a NiZn ore (Anra, outer diameter/inner

diameter/height = 30× 20× 6 mm). The maximum urrent measurable by

these probes (in order to avoid magneti ore saturation) exeeds several

A, whereas, using our sope, the minimum urrent detetable was about 1

mA. From the values of amplitude attenuation and phase-shift obtained at

di�erent frequenies, we have interpolated a alibration urve (shown in a

ase in Figure 4.7), with the aim of taking into onsideration the behavior

of the probe in the whole spetral range onsidered.

One the SDBD urrent signals have been reorded, they are proessed

as follows. The voltage output of the probe is transformed into a disharge

urrent measure by proessing the signal with a fast Fourier transform (FFT)

Figure 4.7: Rogowski oil amplitude and phase-shift responsivity. C is the multi-

pliative orretion fator applied at eah frequeny of the FFT omponent of the

measured voltage to obtain the eletri urrent.
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algorithm, whih uses the alibration oe�ients evaluated from the alibra-

tion urve values at the di�erent frequenies for orreting the orresponding

FFT omponents. Eventually, the revised signal is returned through the in-

verse FFT. Sine we are mainly interested to the urrent signal assoiated

with plasma mirodisharges, we must separate this urrent omponent from

the displaement one. Two approahes are possible for this purpose. The

�rst one onsists in the detetion of the apaitive ontribution by means of

a sinusoidal �t, whih is afterwards subtrated from the total eletri ur-

rent signal. The seond method makes use of the fast Fourier transforms

for the implementation of band pass �lters. The latter is omputationally

easier and faster, espeially for large datasets, and was thus hosen as the

preferred solution. After displaement urrent subtration, the fast urrent

events due to plasma mirodisharges appear as pulses emerging from a noisy

base line. Usually, the sinusoidal �t and the FFT signal proessing provide

similar results. In some irumstanes, however, the former results are more

aurate, beause with the band pass �lter the base line is not ompletely

�at but it is slightly urved in orrespondene of time intervals when plasma

urrent MDs arise. In these ases the problem an be easily �xed by onsid-

ering a urved base line. The base line is useful for deteting urrent pulses,

whih an be easily identi�ed by setting a threshold value su�iently higher

than noise spikes. Figure 4.5 shows a few urrent peaks together with the

three lines introdued for the analysis: a threshold adopted for the identi�-

ation of disharge urrent pulses, a baseline used to evaluate the intensity

of peaks, and a baseline eventually introdued in order to evaluate the be-

ginning and the end of urrent pulses, and thus to distinguish between two

di�erent onseutive urrent peaks. So, using this baseline we an evaluate

urrent mirodisharge properties suh as their duration and temporal po-

sition, while with the other one we alulate amplitude and area, this last

being the harge delivered by the urrent pulse. In order to study the MD
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evolution within a sinusoidal yle, the voltage signal an be �tted and used

to provide the referene phase. Within eah half-yle, a statistial analysis

ould be performed on the set of urrent pulses. During the experiments, in

order to have a number of urrent events high enough for a statistial anal-

ysis, a temporal series of 2 · 106 samples was reorded, for a total number of

available voltage yles equal to 25 at a frequeny of 16 kHz.

4.3.3 Capacitive Probe

Two methods are usually adopted for power measurement: the eletri ur-

rent method and the eletri harge method [132,141�143℄. In the �rst ase

the time-series of the urrent I(t) is reorded (by means of a shunt resistor

or of a Rogowski oil) in ombination with the applied voltage V (t), and

the power dissipated during a voltage yle is obtained by averaging the

instantaneous power I(t) · V (t) over one period. This method is the most

diret one but an su�er from large unertainties. As a matter of fat, in a

DBD, the eletri urrent �owing into the iruit an be viewed as the su-

perimposition of a low-frequeny sinusoidal urrent and a disharge urrent

assoiated with plasma miodisharges. When averaging over the period,

the power assoiated with the sinusoidal apaitive urrent should be zero,

but the anellation of this ontribution ould a�et the preision of the

measurement. For this reason the harge method was hosen for these ex-

periments [142℄. An integrating apaitor, usually alled apaitive probe,

is plaed in series between the low voltage overed atuator eletrode and

ground. The apaitane Cprobe is known and must be su�iently large so

that the voltage di�erene ∆V between the DBD eletrodes is almost equal

to the voltage V applied to the powered eletrode. Sine the apaitane of

atuators usually lies in the range 1÷ 100 pF, typial apaitive probes are

seleted with a value between 10 nF and 330 nF. This assures that the probe

is not intrusive and that the voltage drop aross the apaitor (∆Vprobe) is
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small enough to be measured without neessarily using a high-voltage probe.

In our experiments 10, 46 and 100 nF have been used, depending on the max-

imum ∆Vprobe and thus on both the plasma atuator geometry and on the

voltage applied to the exposed eletrode. Before experiments eah apaitive

probe was alibrated and the phase shift was heked to be equal to zero as

expeted [141℄.

The apaitor-based harge method for power measurement was �rstly

introdued by Manley for disharges between parallel plates [144℄, whereas

Pons was the �rst to use it in the ontext of SDBDs for aeronautial applia-

tion [145℄. The instantaneous harge Q is given by Q = Cprobe ·∆Vprobe. In

Figure 4.8 two examples of voltage and harge signals in presene of plasma

are shown. Two di�erent apaitive probes have been adopted, and in one

ase in the Q signal it is learly visible a series of pulses, whih are assoiated

to the plasma presene.
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Figure 4.8: Two examples of voltage (in blak) and harge (in gray) signals in

presene of plasma. Two di�erene Cprobe were used: 10 nF (a) and 100 nF (b).

A Lissajous �gure is obtained plotting the instantaneous harge Q versus the

instantaneous voltage V . The area of this urve gives the energy dissipated

per yle, and then the power Pdis is obtained after dividing by the period

[141,144℄. Figure 4.9 shows that the area is independent of the value of Cprobe,

despite the di�erent high-frequeny response of the two probes. When the

voltage applied to the exposed eletrode is too short for plasma generation,
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Figure 4.9: Lissajous �gures obtained with two di�erent apaitive probes.

the system is purely apaitive and Q and V are in phase, so the Lissajous

�gure is a straight line and the enlosed area is equal to zero.

4.3.4 Pitot Probe

The Pitot tube was invented in 1732 by F.H. Pitot during his attempts

to measure the �ow veloity of the Seine River in Paris [54℄. Nowadays,

it is ommonly used for �uid veloity measurements when the Bernoulli's

equation for inompressible �ow is valid, stating that if the �uid is �owing

horizontally (no elevation variations) the total pressure (pt), given by the

stati and dynami pressures (ps and pd), keeps onstant throughout the

�ow:

pt = ps + pd = ps +
1

2
ρv2 = const, (4.1)

where v is the loal �ow veloity and ρ is the density, whih is taken as

onstant, so only gases �owing at low speed (Mah number M < 0.3) and

liquids are onsidered [54℄. The Pitot tube is inserted into the �ow, with an
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Figure 4.10: Pitot tube, shemati representation.

open end faing diretly into the �ow, meaning that the plane of the opening

of the tube is perpendiular to the �ow at point a, as shown in Figure 4.10.

The other end A of the Pitot tube is onneted to a pressure gauge. The Pitot

tube is losed in A, so the �uid elements along streamline a−A slow down

and �nally have veloity equal to zero at point A (whih is alled stagnation

point). The pressure in point B is instead equal to the stati pressure (whih

is assoiated to the purely random motion of moleules) measured at point

b. But the stati pressures in a and b are equal, so pa = pB. It follows that

pA = pa +
1

2
ρv2a = pB +

1

2
ρv2a, (4.2)

va =

√

2(pA − pB)

ρ
. (4.3)

In our experiments the Pitot tubes were small glass tubes with outer and

inner diameters usually equal to 1.4 mm and 1.0 mm respetively, and the

pressure di�erene (pA − pB) was measured by a LPM-9381 Druk trans-

duer. The Pitot inlet was plaed in ontat with the eletrode surfae, and

generally the hordwise position was kept equal to 10 mm downstream the

exposed eletrode edge, in orrespondene of the end of the buried eletrode

for Setup B (Setion 4.1). The single Pitot tube was often replaed by a

series of three or more onneted apillaries, in order to take a measurement
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of the �ow veloity averaged in the spanwise diretion.

4.3.5 Infrared Camera

A thermal amera by FLIR (model ThermalCAM SC640 and spetral range

7.5÷ 13µm) has been used for plasma visualization [146℄, in order to moni-

tor the plasma spanwise uniformity for di�erent high-voltage amplitudes and

frequenies. The amera reords the infrared emission of the dieletri sur-

fae, whih is a funtion of its temperature. The amera was plaed about

50 cm above the disharge, and the temperature measured by the thermal

amera before the disharge ignition was ompared with the room temper-

ature. Six frames per seond were aquired, and the amera was swithed

on a few seonds before the ignition of the disharge, diretly at the desired

voltage amplitude and frequeny. Before every measurement we waited until

the atuator ooled down to room temperature again.





CHAPTER5

Plasma Microdischarges

In this hapter results onerning plasma mirodisharges are presented.

These experiments have been onduted at University of Milano-Bioa and

with setup A (already deribed in Setion 4.1), with the aim of better un-

derstanding the properties of these asymmetri dieletri barrier disharges.

It has already been observed in literature that, when the voltage is high

enough for plasma generation, the PMT temporal resolved signal desrib-

ing the emitted light usually looks like a series of pulses emerging from a

noisy baseline [32℄, similarly to the one shown in Figure 5.1, whih has been

obtained with our experimental on�guration. As already stated in Setion

4.3.2, one the sinusoidal apaitive omponent has been separated from the

75
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plasma ontribution to the urent signal, the latter is omposed of urrent

pulses emerging from a noisy baseline too. The sign of urrent pulses proves

that eletrons move towards the dieletri during the FD and towards the

exposed eletrode during the BD. Both light and urrent events are not
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Figure 5.1: An example of voltage and PMT signals. The top axis reports the

phase of referene (with the zero set in orrespondene to the voltage minimum),

useful for de�ning the BD and FD semi-yles.

uniformly distributed into the sinusoidal voltage period, but they are on-

entrated inside two disjointed phases of plasma ativity that oupy only

a fration of the two voltage semi-yles. Consequently, plasma mirodis-

harges will be lassi�ed as belonging to the Bakward Disharge (BD) or to

the Forward Disharge (FD), depending on whih time interval these spikes

fall into. These two terms have already been introdued in the plasma a-

tuator researh �eld for indiating the semi-yles during whih the voltage

is rising and falling, respetively [147℄. We talk of mirodisharges beause

these pulses are deteted during both half-yles and, as it will be disussed

in a short while, their temporal duration are quite similar. As already dis-

ussed in Setion 2.3 the term mirodisharge indiates the group of loal



77

proesses in the disharge gap, lasting dozens of nanoseonds, that begin

with an eletron avalanhe and end with eletri �eld ollapse due to harge

aumulation. In DBDs these events usually inlude the development of a

streamer (or ionizing wave), but for these plasma atuator on�gurations

it is still an open question if both the BD and FD operates in a streamer

regime or not. For instane, ross-orrelation spetrosopy reveals that a

athode-direted ionizing wave generates between a dieletri and a metal

semi-spherial eletrode independently of the voltage polarity (see Setion

2.5). However, for a surfae point-to-point DBD the ionizing wave ould be

deteted only when the exposed eletrode plays the role of the anode.

Sine the greatest pulses generally seem to appear in the bakward dis-

harge rather than in the forward one and sine several groups studying

aerodynami appliations of SDBDs believe that the indued air�ow e�ets

are prinipally due to the BD ontribution, we hose as the zero phase of

referene the ondition orresponding to the minimum value of the voltage,

as shown in Figure 5.1, with the aim of onsidering the bakward disharge

at �rst [32℄.

In Setion 5.1 spatio-temporally resolved light measurements are pre-

sented, paying attention to the di�erenes and analogies between the two

strokes. When the light pulses deteted at di�erent spatial positions are

onsidered altogether, one gets temporally resolved and spatially integrated

optial measurements, whih an be ompared to results oming from the

temporal analysis of the disharge urrent, for whih we reorded only spa-

tially integrated signals up to now. This is disussed in Setion 5.2. Eventu-

ally, we have tried to follow the light signal propagation along the dieletri

surfae, in order to verify the existene of a propagating ionizing wave, as

desribed in the last part of the hapter (Setion 5.3).



78 PLASMA MICRODISCHARGES

5.1 Spatio-Temporally Resolved Light Measurements

Temporally and spatially resolved measurements of the light emitted by the

plasma have been performed with the aims of understanding the disharge

evolution and making omparisons between the bakward and forward stokes.

Before performing these experiments we have reorded a few optial spetra

of the emitted light by means of a spetrometer (AvaSpe-2048 byAvantes)

with resolution of about 0.8 nm and a spetral band extending from 180

to 1150 nm, averaging over several voltage yles. A typial spetrum is

shown in Figure 5.2. As expeted (see Setion 2.5), the spetrum of a DBD

is dominated by the seond positive system of moleular nitrogen, but lines

belonging to the �rst negative system of N+
2 , whose most intense emission

is at 391 nm [133℄, and to the �rst positive system of N2 are also visible.

No monohromators nor �lters have been plaed in front of the photomulti-

plier tube, so the whole spetrum ontributes to the temporal resolved PMT

signal.
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Figure 5.2: A typial emission spetrum of these surfae dieletri barrier dis-

harges.
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Spatio-temporally resolved measurements have been performed as disussed

in Setion 4.3.1. They are temporally resolved beause single pulses are de-

teted and analysed. However, sine the number of light pulses within eah

stroke is small with suh a small �eld of view, events registered during dif-

ferent voltage yles have been gathered in order to ollet enough pulses for

a statistial analysis, and phase intervals equals to 2◦ have been onsidered

(orresponding to about 140 ns at our frequeny). The disharge dynamis

is thus phase resolved. The number of light pulses ounted in eah bin is

plotted in Figure 5.3 as a funtion of the phase and hordwise x position.

This �gure thus depits the distribution of plasma mirodisharges in spae

and time. Figure 5.3a shows the region aross the eletrode edge (x = 0 mm)

where almost all events happen (between −2 mm and 5.5 mm), whereas Fig-

ure 5.3b is a magni�ation of the furthest region. Muh information an be

obtained from these temporally and spatially resolved measurements. First

of all, these maps give insights about the di�erent temporal length of the

ative phases of the two semi-yles: only 40◦ for the bakward disharge

(orresponding to about 2.8µs) and 80◦ in the forward ase. As a matter

of fat, with the voltage amplitude equal to 8.5 kV applied in the presented

ase, the BD breakdown is reorded about 10◦ after the voltage hange of

polarity, at 98◦ ± 6◦), and the ative phase ends at 135◦ ± 20◦. The forward

stroke begins some degrees after the voltage reversal too (at 281◦±4◦), but it

extinguishes nearer to the voltage minimum, around 354◦±8◦. We point out

that these phases have been estimated by reording the temporal positions

of the �rst and last light pulses deteted in every single voltage half-yle.

Due to the small �eld of view of the optial �bre, some of them ould have

been lost, so the breakdown and ending phases ould have been shifted and

ould show a somewhat larger spread than in reality. This di�erene be-

tween the FD and BD ative phases indiates that at the end of the BD

semi-yle the eletri �eld in whih eletrons move annot energize them
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Figure 5.3: Number of light events deteted as a funtion of the referene phase

and of the hordwise distane from the exposed eletrode edge. The blak line (ele-

trode edge) separates the region of the dieletri surfae (positive hrodwise values)

from the exposed eletrode region. Sub�gure (b) shows the furthest dieletri region

where light ould be deteted.

enough for exiting nitrogen moleules [47, 148, 149℄. One ould guess that

they ould even be unable to generate new plasma mirodisharges, but we

will see from eletri urrent measurements that it is not the ase. Another

asymmetry onerns the number of deteted light pulses, whih is larger for
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the forward disharge (65% of the total), espeially in the region straddling

the exposed eletrode edge or at the beginning of the strokes (Figure 5.3a).

Eventually, we found that the spatial extent of the region where most of the

emitted light omes from is approximately 4.5 mm and 3.5 mm during the

BD and FD, respetively. This di�erene has already been notied in pre-

vious experimental works [32℄. With our setup, light mirodisharges have

been observed above the exposed eletrode too, but from a somewhat smaller

region (within 2 mm from the edge) beause of the hordwise asymmetry

in the eletri �eld. Moreover, in both semi-yles the maximum plasma ex-

tension over the exposed eletrode is reorded immediately after the stroke

breakdown (at about 100◦ and at 280◦ ÷ 310◦, see Figure 5.3a), whereas

that over the dieletri material is reahed later (at about 135◦ and at 330◦,

see Figure 5.3b). A higher voltage at the exposed eletrode is thus required

for ativating the furthest dieletri regions.

Conerning the bakward disharge internal struture, we an distinguish

three ategories of mirodisharges (highlighted in Figure 5.3b), whih are

generated during three onseutive phase intervals. The �rst two groups

(named Group B1 and Group B2, at 93◦ ÷ 99◦ and at 110◦ ÷ 120◦ respe-

tively) are made up of mirodisharges with a similar spatial extent. The

last group (beyond 120◦, Group B3 ) is instead formed by a set of mirodis-

harges that seem to shift away from the exposed eletrode edge (see the

ontour plot of Figure 5.3b). This an be thought as an expansion of the

disharge region over the dieletri surfae. In fat, a plasma propagation

has already been notied in the literature [98℄, but authors ould not dis-

tinguish among di�erent groups of mirodisharges. We have estimated a

spreading veloity of approximately 1 kms−1
(see the grey arrow in Figure

5.3a), somewhat larger than previously reported. The physial interpreta-

tion of this phenomenon will be disussed later. Referring to the FD stroke,

we an instead distinguish a group of breakdown mirodisharges (Group
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F1 ), lasting for a phase interval (280◦ ÷ 300◦) quite longer than the one

assoiated with the bakward breakdown Group B1. During the rest of the

semi-yle (gathered in Group F2 ) light intensity appears quite uniform and

plasma does not spread signi�antly on the dieletri surfae (Figure 5.3a).
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Figure 5.4: (a) Spatio-temporal distribution of the light intensity, that is the

total peak subtended area, expressed in arbitrary units and obtained by taking

into onsideration the ontribution of all deteted light peaks. (b) Distribution

of the light intensity of all single light pulses deteted during the bakward (full

irles) and forward (blank squares) disharges. Eah distribution is normalized to

its maximum, whih, by the way, is three times higher for the forward stroke.
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The larger number of mirodisharges and the longer ative phase ould

indue thinking that light is mainly emitted in the forward semi-yle. Nev-

ertheless, the spatio-temporal map of the light intensity shown in Figure 5.4a

(that is obtained by adding up the area subtended below every light peak,

already de�ned in Setion 4.3.1) reveals that 54% of the emitted light is as-

soiated with the bakward disharge. The reason is that there are several

brighter mirodisharges during the bakward stroke, as demonstrated by the

tail of the mirodisharge intensity distribution of Figure 5.4b. These highly

emitting BD mirodisharges are quite uniformly distributed with phase and

were deteted mainly near the eletrode edge (−1mm < x < 2 mm). This

suggests that in eah of these BD mirodisharges there are more energeti

eletrons, probably beause they move in a stronger eletri �eld. This is

onsistent with the results of a reent experimental work, showing that in a

SDBD the mean redued eletri �eld is higher for the bakward semi-yle

rather than for the forward one [150℄. Looking at the phase distribution of

Figure 5.4a, we note that the maximum in the FD emitted light is reorded

near the exposed eletrode and at the stroke breakdown. For instane, al-

most 60% of the total FD light is due to Group F1. Fousing on the BD,

the light intensity map allows us to see more learly the �rst two ategories

of mirodisharges, whereas the third one beomes less disernible. Despite

the higher peak intensity of Group B1, its ontribution to the total BD light

is slightly less than the one assoiated with Group B2 (26% versus 32%).

The remaining is emitted during Group B3 (33%) and during the phases

separating Group B1 from Group B2. So, the three ategories of bakward

mirodisharges provide a omparable ontribution to the total bakward

light, sine they distribute it in phase intervals with di�erent lengths, as well

as in di�erent spatial regions. For example, the light emitted from Group B1

is quite uniform along the x diretion, whereas during Group B2 more light

is emitted on the eletrode rather than over the dieletri material (Figure
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5.4a). Similar information an be inferred by onsidering the spatio-temporal

map and the distribution of peak amplitudes instead of their subtended area.
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Figure 5.5: Spatio-temporal distribution

of the light intensity (total peak subtended

area) assoiated to Group B1, expressed in

arbitrary units.

Some more onsiderations about

Group B1 are helpful for under-

standing the physial mehanisms

involved during the disharge evo-

lution. A loser look at the light

intensity map shows that mirodis-

harges belonging to Group B1 are

all triggered within a few hun-

dred nanoseonds after the bak-

ward breakdown. At �rst they emit

light mainly above the dieletri

surfae, within the �rst millime-

tre from the eletrode edge (Figure

5.5). Light emission then spreads

towards the eletrode region, as

well as towards slightly further di-

eletri zones. This spatial pro�le remains almost untouhed during the

phase interval 100◦ ÷ 110◦ separating Group B1 from Group B2. When

Group B2 begins, light is predominantly onentrated above the eletrode

surfae. The total BD light intensity as a funtion of phase is obtained

by integrating the map of Figure 5.4a, and is shown in Figure 5.6a. The

onsiderable signal assoiated with mirodisharges of Group B1 is learly

visible as a peak just at the stroke beginning. This light signal has been

�tted with a Gaussian funtion, whih is shown in the same graph. This

is interesting beause we observed that, when the operating onditions are

hanged, the breakdown phase varies and this signal assoiated with Group

B1 is always evident immediately after it, so we an really think to Group
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B1 as the breakdown group. In partiular, the urves representing Group

B1 at di�erent HV amplitudes demonstrate that the breakdown phase de-

reases as the voltage inreases (Figure 5.6b). This redution is not linear,

being more aentuated at the lowest HV amplitudes. Moreover, it is in-

teresting to notie that for su�iently high voltages the bakward stroke

begins before 90◦, that is to say that the voltage at the exposed eletrode

has not beome positive yet. This demonstrates that there is a negative

harge aumulation (on the dieletri surfae or into the gap) su�ient for

reversing the eletri �eld diretion, at least in part of the gap. We expet

that this negative harge is mainly asribable to eletrons. So, we an on-

lude that Group B1 is probably made up of mirodisharges initiated, at

the stroke breakdown, by the eletrons that have been left by the previous

forward semi-yle. Sine we have seen that the �rst mirodisharges emit

light mainly within 1 mm from the eletrode edge, we an think that at least

part of them are aumulated on the dieletri surfae. After some hundreds

of nanoseonds Group B1 is �nished and the bakward disharge is partially

quenhed (Figure 5.6a, phase interval 100◦ ÷ 110◦). This ould be due to

the fat that many eletrons have been removed and the eletri �eld in the

gap is no more enhaned by the presene of many negatively harged parti-

les on the dieletri surfae. A higher voltage at the exposed eletrode is

thus needed for generating a new signi�ant group of light mirodisharges

without the possibility of exploiting a great surfae harging. When this

ondition is satis�ed, Group B2 is initiated. With this desription we an

suppose that Group B3 begins when the region near the exposed eletrode

has been overed enough with positive partiles, so that the eletri �eld

is weakened in the range 0 mm < x < 1 mm. Moreover, at these phases

the voltage has beome high enough for ativating the zone 2 mm < x < 4

mm. The disharge region thus spreads away from the exposed eletrode,

as we have previously notied (Figure 5.4). This peuliarity of Group B3 is
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interesting, beause harged partiles belonging to these mirodisharges an

transfer momentum to neutrals in further spatial regions, thus inreasing the

e�etively volume where plasma atuation works. Suh a disharge dynamis
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Figure 5.6: (a) Total light intensity of the bakward disharge as a funtion of the

referene phase. The intensity peak orresponding to mirodisharges of Group B1

has been �tted with a Gaussian funtion (ontinuous green line). Sine this light

signal is made up of many light events and sine it oupies a short phase interval,

we have exploited our whole phase resolution (that is 0.8◦, orresponding to about

55 ns). (b) Phase position of the intensity peak orresponding to Group B1 at

di�erent voltage amplitudes.
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would be onsistent with experimental evidene of surfae harging and dis-

harging observed in [151℄, suggesting that at the beginning of the BD there

is a negative harge aumulated on the dieletri material, espeially near

the eletrode edge, and that this harge aumulation hanges sign during

the BD stroke. In suh a senario, we an also guess that mirodishages of

Group F1 are reated by the positive harges left by the previous bakward

disharge. Afterwards, eletrons are progressively aumulated on the diele-

tri surfae, as suggested by the slightly longer extension of mirodisharges

deteted in orrespondene to 325◦.

Finally, it is worth spending a few words on the temporal duration of

light pulses we have talked about. A few experimental works using the

ross-orrelation spetrosopy tehnique [47, 52℄ have suggested that in a

dieletri barrier disharge a mirodisharge develops as a athode-direted

ionizing wave followed by a deay phase during whih a light signal lasting

for few nanoseonds appears in the mirodisharge hannel (Setion 2.5).

This is onsistent with our measurements, beause the temporal duration of

light pulses seldom exeeds 10 ns. Most of the light pulses deteted during

both the BD and FD last 3 ± 1 ns and have the triangular shape due to

the PMT response (Setion 4.3.1). However, there is a fration of the stroke

events haraterized by a longer temporal duration, espeially during the

bakward semi-yle (almost 40% in the BD and only 10% in the FD). We

an suppose that these mirodisharges are due to a athode-direted ionizing

wave moving slower beause of a weaker eletri �eld. Moreover, some of

these events show a multi-peak shape instead of a triangular one (see Figure

5.7a), maybe beause of a partial superimposition of light signals oming

from di�erent loalized spatial zones of a single mirodisharge, presumably

assoiated with a disharge branhing. In the FD, these long lasting peaks

are quite uniformly distributed and they do not last for more than about

8 ns. This is not the ase of the BD. In Figure 5.7b we have plotted the
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mean temporal duration of light peaks longer than 4 ns, as a funtion of the

phase and hordwise position. It is evident that the mean value is higher

for mirodisharges reated during Group B3 and in the furthest dieletri

regions, suggesting again that these mirodisharges are reated in a weaker
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Figure 5.7: (a) A ouple of examples of events lasting several nanoseonds and

showing a multi-peaked temporal struture. (b) Mean light peak temporal duration

as a funtion of the referene phase and of the distane from the end of the exposed

eletrode. Only light pulses longer than four nanoseonds are onsidered.
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eletri �eld.

5.2 Temporally Resolved Light and Current Measurements

Spatially integrated and temporally resolved light measurements an be ob-

tained by adding up all the light events olleted at di�erent spatial positions

that have been presented in the previous setion. Current measurements al-

low us to obtain, with a diagnostis whih is independent of the optial

one, both similar and omplementary information onerning the disharge

breakdown and quenhing phases, the presene of groups of mirodisharges

or the asymmetry between the two semi-yles. Conerning this last point,

it is worth omparing the optial and eletrial signals assoiated with the

two strokes, as depited in Figure 5.8. Full irles represent the total emit-
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Figure 5.8: Total emitted light (full irles) and total transported harge (blank

squares) as a funtion of the referene phase.

ted light, obtained by integrating the map of Figure 5.4a along the hord-

wise x diretion. For the eletrial measurements, we have hosen the total

transported harge, obtained by adding up the ontribution of eah ur-
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rent mirodisharge. As disussed in Setion 4.3.2, the latter is the integral

of the urrent pulse, between its beginning and ending times. The total

transported harge is interesting beause harge partiles moving in plasma

mirodisharges ollide with neutral air partiles, transferring their momen-

tum and thus diretly induing the air�ow exploited in plasma atuation

appliations. As previously notied, a slightly higher fration of the total

light is emitted during the bakward semi-yle (54%) rather than in the

ourse of the forward one. However, the asymmetry between the BD and

FD is muh more pronouned if one onsiders the harge transported by ur-

rent mirodisharges: the bakward ontribution is 80% (Figure 5.8, blank

squares). This highlights the importane of using eletri urrent diagnos-

tis for getting new information about the disharge properties. With this

setup and at 8.5 kV, the harge transported during a voltage yle is of the

order of 40 nC for the BD and almost 10 nC for the FD. This large asym-

metry is due to both the number of urrent pulses deteted during a stroke

and to the di�erent mean harge transported by a single mirodisharge.

In fat, the number of mirodisharges is usually greater for the bakward

semi-yle, even though this asymmetry redues with the voltage amplitude,

as shown in Figure 5.9. In ontrast, the mean harge assoiated with a single

mirodisharge is quite independent of the voltage amplitude and di�ers in

the two semi-yles (about 1.4 nC for the BD mirodisharges and 0.8 nC

for the FD ones). As shown in Figure 5.8, the phase distributions of light

and harge signals are quite di�erent in the BD. In fat, light intensity is

high mainly at the stroke breakdown and, in less measure, during Group B2.

The light signal then progressively dereases, and goes to zero at 150◦, well

before the voltage maximum is reahed. In ontrast, the harge signal inten-

sity begins to redue only after 160◦, and goes to zero only around 180◦. So,

in terms of the transported harge, the bakward disharge �nishes only in

orrespondene to the voltage maximum. As suggested in the literature, the
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bakward and forward strokes annot ontinue after the voltage maximum

and minimum (180◦ and 360◦) beause the build-up of harged partiles on

the dieletri surfae tends to quenh the disharge, so that an inrease in

the voltage magnitude is needed for the disharge sustainment. Using data

shown in Figure 5.8 we an assess that a substantial fration of the total BD

harge is transported by Group B3 (60%, ompared with 21% of Group B1

and 19% of Group B2), whih is thus made of mirodisharges that move

a onsiderable amount of harged partiles even though they do not emit

light. A similar asymmetry between the light and harge signals is visible

during Group B1 too. As a matter of fat, we an easily notie from the

harge signal that Group B1 �nishes at almost 110◦, and not at 99◦ as it

seemed from the light signal. So, we an think that plasma mirodisharges

that are reated immediately after the BD breakdown (up to 99◦) always

emit light, beause they generate an intense peak in the light signal. After

a few hundred nanoseonds there is instead a great fration of non-emitting

mirodisharges, beause the light signal redues but not the transported

harge (99◦ ÷ 110◦). During the forward semi-yle, the trends of light and
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Figure 5.9: Number of urrent mirodisharges during the BD (full irles) and

FD (blank squares) semi-yles as a funtion of the voltage amplitude.
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harge signals with phase instead appear quite similar. The only relevant

di�erene is that light assoiated to Group F1 is emitted mainly at the begin-

ning, whereas harge is transported also in the seond part of Group F1. It

is also interesting to observe that the small peak visible in the harge signal

at 325◦ well orresponds to the longest FD spatial extent we have notied

from the spatio-temporal map of light mirodisharges (Figure 5.3b).

The di�erenes emerged in the evolution of harge and light signals with

phase suggest that eletrial and optial diagnostis give insights about dif-

ferent aspets of the SDBD dynamis. Light presumably re�ets what hap-

pens at the mirodisharge formation. As a matter of fat, we expet that

the radiative de-exitation of the SPS exited states ours only for a few

nanoseonds, beause in air at atmospheri pressure the ollisional quenhing

of these states is partiularly rapid [47℄. Moreover, about 11 eV are required

for exiting the SPS eletroni states, and thus only the most energeti ele-

trons reated during the mirodisharge formation an indue the emission of

light [47℄. Consequently, the perentage of mirodisharges that ontributes

to the light signal intensity depends on the eletri �eld strength that brings

to the reation of a mirodisharge and on the density of eletrons that an

gain energy from this eletri �eld. At the BD breakdown, we an think that

the light signal is partiularly high beause there are many free eletrons on

the dieletri surfae: they enhane both the eletri �eld in the disharge

gap and the eletron density during the mirodisharge formation. In our

experiments we found that the temporal duration of a urrent pulse varies

between 10 and 100 ns, whereas we have seen that light pulses generally last

just few ns. Then, the urrent signal is presumably determined by the mi-

rodisharge temporal evolution that follows the mirodisharge formation.

In partiular, it is natural thinking that a urrent pulse is mainly related to

the transport of harged partiles into the mirodisharge hannel and that

this proess requires a longer time.
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5.3 Ionizing Wave Propagation Measurements

Results presented in previous setions of this hapter let think that a plasma

mirodisharge is initiated by a ionizing wave that propagates aross the gap

and leaves bak a hannel of weakly ionized plasma. We have thus tried to

detet it and to measure the diretion and veloity of propagation by ontem-

porary olleting light from di�erent parts of the gap. For these experiments

the two eletrodes lie parallel with the edges just orresponding in order to

avoid any overlap. As a matter of fat, we expet that mirodisharges ould

be longer with a zero superposition instead of a negative overlap. In order

to inrease the light olleted, 200µm ore optial �bres (FC-UV200-2 by

Avantes) were used instead of the 100µm ones, and we imaged the disharge

onto the �bre inlets by means of a ommerial objetive lens. A disharge

pattern of a few millimetres an be antiipated from Figure 5.3. The �eld

of view of the �bres was adjusted to look at this part of the dieletri region

by bak illuminating the �bres with a torh. A four-furated optial �bre

(FCB-UV200-2 by Avantes) was used to merge signals arriving from the dif-

ferent view lines and was onneted to the photomultiplier tube. In order

to better separate events oming from di�erent points of the disharge we

have introdued �xed delays using optial �bres of di�erent length for the

two hannels. The �bre material refrative index leads to a predition of the

signal propagation veloity inside the �bre equal to (1.972 ± 0.013)108 m/s

(n = 1.52 ± 0.01 at 400 nm), whih means that eah 2 m long �bre provides

an expeted delay of 10.14 ± 0.07 ns. So, if a di�erent number of �bres is

used, photons passing through the hannel with a longer total optial path

reah later the PMT. The short duration of light pulses assoiated to the

disharges allows to hek the theoretial delay aused by the optial �bres:

the view lines of two optial �bres were adjusted so that they observed the

same spot on the dieletri plate and multiple �bres were onneted so that

the total �bre length was di�erent for the two hannels. As shown in Figure
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5.10a, histograms of the relative frequenies of the di�erene between mea-

sured and theoretial delays between signals show a nie sharp peak at about

zero nanoseonds. This was obtained for any two ouple of hannels and var-

ious �bre length di�erenes, as ould be grasped by the examples displayed
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Figure 5.10: (a) Relative frequeny histogram of the di�erenes between theo-

retial and measured delays for �rst and seond hannels (full irles, total length

di�erene 8 m) and �rst and third (blank squares, total length di�erene 12 m).

(b) Measured delay as a funtion of the �bre length di�erene, with a linear �t to

data.
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in Figure 5.10a. As reported in Figure 5.10b, a nie linearity was obtained by

inreasing the di�erene in the optial path between two hannels. A linear

�t to the reported delays versus length di�erene was used to measure the

e�etive speed of light travelling along our �bres. The delay introdued by

the optial �bre material is 5.197± 0.007 ns/m, orresponding to a veloity

v = (1.924± 0.003)108 m/s and to a refrative index n = 1.558± 0.002. By

inverting the lengths of the two optial paths we ould also on�rm that no

bias in the delay was introdued. Indeed the linear �t yields an interept of

−0.07± 0.11 ns, onsistent with absene of asymmetries.

At this point, experiments were arried out with the �rst hannel point-

ing diretly at the exposed eletrode edge (x = 0), while the seond hannel

looked at the dieletri surfae. The distane between the points of obser-

vation is 2.7 ± 0.2 mm. The other two hannels were more downstream

along the dieletri surfae and ould not ollet light in the present setup.

They ould be used in future experimental ampaigns. In Figure 5.11 the

delays measured between two twin PMT peaks is shown as a funtion of the

expeted lag due to the di�erene introdued in the optial path through

the optial �bres. In order to ahieve the maximal time resolution, multiple

peaks like those reported in Figures 4.4 and 5.7 were disarded. This greatly

redue the spread in the measured delays. When only one hannel is on-

neted to the photomultiplier tube, about 450.000 events/s were reorded

in the ase of the �rst hannel, with a mean duration of 2.6 ns. The se-

ond hannel ount rate was smaller, about 80.000 events/s, with a slightly

larger duration of 3.2 ns. When we reorded both hannels simultaneously,

we seleted pulses belonging to the bakward disharge. This orresponds

to events where the voltage of the exposed eletrode is positive and rising.

In a typial dataset we olleted about 300 events, whose relative delay is

less than 500 ns. The histogram of the delays between these twin light

pulses was alulated and �tted with a Gaussian funtion, in order to obtain
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Figure 5.11: The measured delay peak as a funtion of the alulated delay

imposed by the �bre length mismath for bakward disharge events.

data shown in Figure 5.11. A de�nite time lag is present between the two

hannels, independently from the preset delay. The nie linearity allows to

estimate a time lag of 12.1 ± 0.6 ns. This orresponds to a propagation

veloity of 223 ± 17 km/s direted from the eletrode edge to the dieletri

surfae. This diretion is opposite to that of the drifting eletrons of the

bakward disharge, and it is thus assoiated to a athode-direted ionizing

wave.

Then we analysed also events belonging to the forward disharge. Unfor-

tunately, while the ount rate in the �rst hannel was high enough, atually

even larger than that of the bakward events (as expeted from Figure 5.3a,

the same does not hold for the seond hannel. Here only the 15% of the

events happens in the forward stroke. We tried to reonstrut a delay his-

togram without �nding any de�nite peak, at least for delays shorter than

500 ns. Due to the limited statistis we an neither estimate nor exlude
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Figure 5.12: Time lag between the two hannels and orresponding propagation

veloity as a funtion of HV instantaneous value.

a propagation, although it is on�rmed that most of the FD events devel-

ops near the edge of the exposed eletrode and do not spread muh on the

dieletri surfae.

Finally, using the segmented aquisition funtion of the sope, we aumu-

lated statistis of events happening in a de�nite and limited range of values

of the instantaneous voltage. A lear, albeit somewhat noisy, dependene

an be appreiated from the data reported in Figure 5.12. The time lag

dereases with voltage and the orresponding propagation veloity, always

direted from the eletrode edge towards the dieletri, inreases from 110

km/s up to 250 km/s. These results are onsistent with the ones obtained

by means of ross-orrelation spetrosopy [52℄.





CHAPTER6

Plasma Actuator Performances

When the possibility of using these asymmetri SDBDs for aerodynami

appliations is onsidered, it is important to evaluate the disharge ability

to work as a �ow ontrol atuator as well as the energy required for obtaining

these �uid dynami bene�ts. The operating parameters (suh as voltage and

frequeny) and the geometrial arrangement should be optimized in order to

ahieve the best e�ieny, de�ned as the ability of transferring the injeted

eletrial power to the �uid surrounding the atuator [152℄. As a matter

of fat, for in-�ight �ow ontrol appliations, ontrol of weight and power

onsumption is of utmost importane [153℄. With the aim of evaluating the

potentialities of a single SDBD as a plasma atuator for �ow ontrol, we

99
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have measured the veloity of the eletri wind by means of a Pitot tube,

and results are presented in Setion 6.1. Eletri power measurements have

instead been performed by means of a apaitive probe, and are disussed in

Setion 6.2.

6.1 Induced Wind Speed

The x-omponent U of the air�ow indued by the disharge in absene of a

free external air�ow has been measured as desribed in Setion 4.3.4, pro-

viding an indiation of the region where the plasma ouples momentum into

the bakground still air [154℄. A veloity pro�le is obtained by measuring U

at di�erent distanes z from the dieletri surfae. Figure 6.1 shows three

pro�les obtained at three di�erent distanes x from the exposed eletrode
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Figure 6.1: Veloity pro�les at four hordwise distanes x from the exposed ele-

trode edge, for a SDBD with a 1.5 mm thik te�on barrier. The widths of the

exposed and buried eletrodes are 5 mm and 10 mm. The driving frequeny and

the voltage amplitude are 7 kV and 45 kHz respetively.
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Figure 6.2: Veloity of the air�ow indued by the SDBD for di�erent amplitudes

of the applied sine voltage. A 2 mm te�on plate is used as insulating barrier. The

driving frequeny is equal to 16 kHz.

edge, for a plasma atuator with a 1.5 mm thik te�on sheet as insulator,

fed with a sinusoidal voltage with amplitude equal to 7 kV and frequeny

45 kHz. The plasma hordwise extension has been measured by imaging the

light emitted by the disharge with a digital amera and is equal to about 5

mm. Given x, the maximum veloity of the pro�le is usually loated within

the �rst millimetre above the dieletri surfae [31, 155℄. This is true until

the indued air�ow detahes from the wall. In Figure 6.1, before �ow de-

tahment the vertial extension of the wall jet is limited to a few millimetres

and the pro�le has a well de�ned maximum veloity near the surfae. If x is

varied, the maximum veloity of the indued jet is loated in orrespondene

of the spatial end of the disharge in the hordwise diretion and gradually

dereases when moving downstream (Figure 6.1) [31, 156℄. At x = 45 mm

the veloity is quite uniform along the z diretion for several millimetres,
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Figure 6.3: Veloity of the air�ow indued by the SDBD for di�erent amplitudes

of the applied sine voltage. A 12 mm te�on plate is used as insulating barrier. The

driving frequeny is equal to 16 kHz.

with a small maximum loated at z = 2.5 mm. The exposed and buried

eletrode hordwise widths are 5 mm and 10 mm respetively. This is our

typial setup so, in order to ompare plasma atuators di�ering for the di-

eletri barrier or the sinusoidal voltage adopted, we have hosen to measure

the indued veloity at the end of the buried eletrode, that is at x = 10

mm. All the measures presented in the following graphs are wall veloity,

meaning that the pitot tube was loated in ontat with the plasma atuator

surfae.

Given a insulating barrier, we have �xed the frequeny and measured the

veloity of the wall jet as a funtion of the voltage amplitude, as shown in

blak irles for two te�on sheets with di�erent thikness in Figures 6.2 and

6.3. We have made these measurements several times, for repeatability and

unertainty evaluation. In these �gures a di�erent symbol is adopted for eah
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Figure 6.4: Veloity of the air�ow indued by the SDBD for di�erent amplitudes

of the applied sine voltage. The insulating barrier is a te�on plate with thikness

equal to 2 mm. Results for two di�erent frequenies of the applied voltage are

shown.

veloity versus voltage urve. Error bars have thus been assoiated to the

veloity values. Below a voltage threshold the indued wind speed is equal to

zero beause the eletri �eld generated inside the air gap is not su�ient for

ionization and plasma generation. When the voltage amplitude is inreased

enough, the disharge breakdown is obtained and an eletri wind with non-

zero veloity is generated. This voltage threshold depends on the dieletri

barrier hoie beause the more the thikness the more is the voltage drop on

the insulating sheet. As a matter of fat, in absene of plasma, we an think

to the atuator as a series of two apaitanes Cair and Cdie. The former is

assoiated to the air gap between the exposed eletrode and the dieletri

surfae, the latter to the insulating barrier. Given a voltage V1 applied to

the exposed eletrode, the voltage drop aross the air gap is (V1 − V2) and

V2 is the one aross the dieletri plate. The system behaves like a voltage
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Figure 6.5: Veloity of the air�ow indued by the SDBD for di�erent amplitudes

of the applied sine voltage. The insulating barrier is a te�on plate with thikness

equal to 3 mm. Results for two di�erent frequenies of the applied voltage are

shown.

divider with

V2 =
C1

C1 + C2
V1, (6.1)

so V2 rises if C2 dereases and thus if the thikness of the insulating barrier

inreases. Clearly this is a �rst approximation, and sine the set up eletrode

on�guration is not planar the value of V2 on the dieletri barrier depends

on the hordwise position x.

The eletri wind veloity at �rst inreases with the voltage amplitude

for both the ases presented in Figures 6.2 and 6.3. However, for the thin

te�on plate, a saturation of the indued air�ow veloity is evident for voltages

higher than 10÷ 11 kV. It is evident that the unertainty assoiated to the

wall jet veloity beomes onsiderably larger when saturation ours: ±(0.8÷

1.2) m/s against ±(0.2÷ 0.3) m/s. Some measurements show that above a
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Figure 6.6: Veloity of the air�ow indued by the SDBD for di�erent amplitudes of

the applied sine voltage. The insulating barrier is a plexiglas plate with thikness

equal to 8 mm. Results for two di�erent frequenies of the applied voltage are

shown.

ertain threshold the speed an even derease with the applied voltage (see

for example full or blank irles in Figure 6.2). For the 12 mm thik te�on

it is not lear if the veloity urve is going to �atten above 25 kV. Voltage

amplitudes higher than the ones aessible with our power supply should be

neessary to investigate this point. In Figures 6.4 - 6.9 di�erent materials

and frequenies have been onsidered.

Basing on these veloity versus voltage plots, at least for su�iently thin

dieletri panels, we an distinguish a range of voltages in orrespondene

of whih the veloity inreases (growth region, between a breakdown voltage

and up to a saturation voltage) from a saturation region where the veloity

�utuations are larger and the speed of the wind indued by the disharge

seems to remain onstant or even derease with the voltage amplitude. This
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Figure 6.7: Veloity of the air�ow indued by the SDBD for di�erent amplitudes

of the applied sine voltage. The insulating barrier is a plexiglas plate with thikness

equal to 2 mm. Results for three di�erent frequenies of the applied voltage are

shown.

saturation has sometimes already been observed in literature, as a �attening

of the indued veloity or thrust with the voltage amplitude or the onsumed

power [31,155,157,158℄. As a matter of fat, thrust is another quantity used

to desribe the wall jet, and is usually interpreted as a measure of the reation

fore on the dieletri plate resulting from the plasma indued body fore

and shearing e�ets [159℄.

These plots reveal that in the growth zone a higher frequeny generally

orresponds to slightly higher veloities. However saturation ours at lower

voltages so the maximum veloity (saturation veloity) is quite independent

on frequeny or even dereases with a frequeny inrease. For example,

when a 2 mm thik plate in te�on or peek is used (Figures 6.4 and 6.8), the

saturation veloity seems higher at 10 kHz rather than at 16 kHz. What
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Figure 6.8: Veloity of the air�ow indued by the SDBD for di�erent amplitudes

of the applied sine voltage. The insulating barrier is a peek plate with thikness

equal to 2 mm. Results for two di�erent frequenies of the applied voltage are

shown.

appears quite learly from our measurements is that the breakdown voltage

for eletri wind generation is quite independent from frequeny, and that a

few kV after breakdown the indued wind veloity inreases faster for higher

frequenies. Nevertheless, when larger frequenies are adopted, saturation

ours at lower voltage amplitudes and the transition from the growth regime

to the saturation one is more de�ned and abrupt. For instane, for the plexi-

glas panel with thikness equal to 8 mm (Figure 6.6) the veloity saturation

is visible 9 kV after the voltage breakdown at 16 kHz and 13 kV at 10

kHz, and for the te�on panel with thikness equal to 3 mm (Figure 6.5) the

voltages of the growth region over a interval of 6÷ 7 kV at 20 kHz and of

9÷10 kV at 10 kHz. These results are onsistent with the ones presented in

referene [157℄, in whih authors found that below saturation a given thrust
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Figure 6.9: Veloity of the air�ow indued by the SDBD for di�erent amplitudes

of the applied sine voltage. The insulating barrier is a mia plate with thikness

equal to 2 mm. Results for two di�erent frequenies of the applied voltage are

shown.

an be obtained at lower voltages if higher frequenies are used, and that

saturation an be delayed by lowering the frequeny of the sinusoidal high

voltage.

Both growth and saturation regions have been observed for every mate-

rial and thikness presented in these �gures, exept for the thikest te�on

plate (12 mm), but results suggest that saturation may our with this di-

eletri barrier too, if higher voltage amplitudes ould be ahieved. When

thin dieletri barriers are used in the growth region the veloity inreases

linearly with voltage. For an insulating barrier with thikness equal to 2 mm

the slope is (8.1±0.4) ·10−1 m/skV at 10 kHz and (9.7±0.4) ·10−1 m/skV

at 16 kHz. For thiker panels (8 and 12 mm) it is evident that veloity does

not follow a linear growth.



6.1 INDUCED WIND SPEED 109

The in�uene of the dieletri material an be analysed by omparing

plasma atuators with the same thikness of the insulating barrier and work-

ing at the same frequeny (Figures 6.11 and 6.12). Te�on, plexiglas, peek

and mia have been adopted, with nominal relative permittivity εr equal to

(2.0÷2.1), (2.2÷3.4), (3.0÷3.2) and (4÷9). We thus expet that εr inreases

if te�on, plexiglas, peek and mia are onsidered in this order. For heking

it we have applied two irular disks of aluminium tape (diameter 45±1 mm)

at the opposite surfaes of the insulating plate, thus obtaining a apaitor

with a planar on�guration. One eletrode was onneted to the high-voltage

power supply and the high-voltage probe, whereas a apaitive probe (see

Setion 4.3.3) was interposed between the other eletrode and the ground.

Figure 6.10: Sketh of the a-

paitive voltage divider.

If V1 is the applied high-voltage, the voltage

drop aross the insulating plate (with apa-

itane C1) is (V1 − V2), where V2 is the one

aross the apaitive probe with apaitane

equal to C2 (Figure 6.10). The system be-

haves like a voltage divider and Equation

6.1 holds. This allows to indiretly measure

C1, and then εr an be obtained by onsid-

ering the expression for a parallel plane disk

apaitor Cpl = ε0εrπR
2/d, where R is the

disk radius, d the separation between the

eletrodes and ε0 the vauum permittivity.

However, for taking into onsideration edge

e�ets we have orreted the value of Cpl by multiplying it for the following

expression that depends on the aspet ratio b = d/R [160℄:

C̃pl = Cpl(1 + 1.298b0.867), (6.2)

and we have then imposed C1 = C̃pl. We used a few panels with di�erent
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Figure 6.11: Veloity of the air�ow indued by the SDBD for di�erent amplitudes

of the applied sine voltage. The insulating barrier is made of te�on or plexiglas and

is 8 mm thik. The frequeny of the high voltage signal is 16 kHz.

thikness for te�on (1.5 mm, 2 mm, 3 mm and 12 mm) and plexiglas (2

mm, 3 mm and 8 mm), and we found εr = 2.07 ± 0.14 and εr = 3.1 ± 0.2

respetively. These unertainties are dominated by di�erenes found among

panels. Conerning peek and mia, we had just 2 mm thik plates and we

found εr = 3.8 and εr = 4.2 respetively. Assuming an unertainty equal to

0.2 for these dieletri permittivity too, we an think te�on has the lowest

relative dieletri onstant, followed by plexiglas, peek and eventually mia.

Figure 6.11 shows that an inrease of εr has the same e�et of using of a

higher frequeny: the eletri wind has a faster speed in the growth zone, but

its trend with voltage �attens at lower amplitudes and more abruptly. This

is again onsistent with results showing that the maximum thrust ahievable

before saturation an be inreased by hoosing materials with a low relative
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Figure 6.12: Veloity of the air�ow indued by the SDBD for di�erent amplitudes

of the applied sine voltage. The insulating barrier is made of te�on, plexiglas, peek

or mia and is 2 mm thik. The frequeny of the high voltage signal is 16 kHz (a)
or 10 kHz (b).

permittivity [157℄. Suh a dependene from εr is less lear when a thinner

insulating barrier (2 mm) is adopted (Figure 6.12), even though the greatest

veloities are still obtained with te�on. The hoie of the insulating mate-
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Figure 6.13: Veloity of the air�ow indued by the SDBD for di�erent amplitudes

of the applied sine voltage. The insulating barrier is made of te�on and is 1.5, 2,
3, 8 or 12 mm thik. The frequeny of the high voltage signal is 16 kHz (a) or 10
kHz (b).

rial does not in�uene signi�antly the breakdown voltage amplitude above

whih the eletri wind is produed by the surfae disharge.

In Figures 6.13 and 6.14 the veloity of the wall jet is displayed for
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Figure 6.14: Veloity of the air�ow indued by the SDBD for di�erent amplitudes

of the applied sine voltage. The insulating barrier is made of plexiglas and is 2, 3
or 8 mm thik. The frequeny of the high voltage signal is 16 kHz (a) or 10 kHz
(b).

di�erent values of the thikness d of a same insulating material. It is lear

that if d inreases from 2 or 3 mm to 8 or 12 mm onsiderably higher

voltages are needed for obtaining the same air�ow veloity. As a matter of

fat, a larger dieletri thikness auses a greater voltage drop aross the

insulating barrier and thus a smaller eletri �eld inside the gap. If the
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system apaitane saled with εr/d as in a planar on�guration, the e�et

of doubling εr or of halving d would be the same. In our experiments the

in�uene of d is more evident rather than the one of εr, �rst of all beause

of the ranges of d and εr onsidered. If we onsider te�on and plexiglas the

dieletri onstant ratio is equal to about 1.5, and an equal value is obtained

hanging d from 8 to 12 mm or from 2 to 3 mm. Figure 6.11 shows that

for having a veloity equal to 3.5 m/s with a 8 mm thik panel in te�on or

plexiglas a voltage di�erene of about 1.5 kV is neessary. Almost the same

happens if two te�on panels with di�erent thiknesses are used (2 mm →

3 mm in Figure 6.13b, and 8 mm → 12 mm in Figure 6.13a). However, a

lower voltage di�erene (0.5 kV or less) is found when thin plexiglas sheets

are used (2 mm and 3 mm, Figure 6.14a) or if a 2 mm plate in te�on or

plexiglas is adopted (Figure 6.12). In this last ase it is notieable that no

signi�ant di�erenes an be notied even between te�on and mia, although

εr doubles.

We an thus onlude that higher voltages are required when the insulat-

ing barrier thikness is inreased, espeially if hanges of some millimetres

are involved. The dependene on the value of relative permittivity is instead

Figure 6.15: Representation of the eletri �eld lines. Axis are in arbitrary units.

The longest �eld line (marked as (497 − 528)) has a spatial extension equal to 3
mm along x and to 0.7 mm along z.
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(a) (b)

() (d)

Figure 6.16: The spatial extensions of the �eld lines depited in Figure 6.15 as a

funtion of the relative permittivity εr and of the dieletri thikness d [161℄.

less lear. Simulations of the Laplaian �eld �lling the spae between two

eletrodes with hordwise extension equal to 5 and 10 mm and zero overlap,

like in our setup, show that the in�uene on the shape of the eletri �eld

lines of d is greater than the one of εr [161℄. Figures 6.15 and 6.16 show how

their maximum extensions above the dieletri surfae and in the hordwise

diretion depend on these two parameters. For example, if we onsider the

line marked as (497-527), a hange of the dieletri onstant from 2 to 3

(ratio equal to 1.5) provokes a perentage derease equal to 10% along x

and to 4% along z. This means that the region of high eletri �eld is more

onentrated near the exposed eletrode edge and the dieletri surfae [162℄.

For the same line, a variation of d from 4.5 mm to 3 mm (ratio equal to 1.5

again) instead involves a perentage variation of 40% and 25% respetively.
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We have also tried to hange the surfae properties of the insulating bar-

rier by plaing a self-adhesive tape (in te�on, kapton and other materials)

on the dieletri barrier side where air is ionized. As Figure 6.17 reveals, no
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Figure 6.17: Veloity of the air�ow indued by the SDBD for di�erent amplitudes

of the applied sine voltage, with and without the presene of a kapton tape (65µm
thik) plaed on a 12 mm te�on barrier (a) or on a 2 mm plexiglas sheet (b). The

frequeny of the high voltage signal is 16 kHz.
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appreiable di�erenes in the eletri wind veloity ould be found, so we

did not investigate further this point. Even though the submillimetri har-

ateristis of the surfae ould in�uene the mirodisharge generation and

evolution, before fousing on this topi a deeper knowledge of the properties

of these disharges would be helpful.

The arrangement of the eletrodes used in this experimental ampaign

has been hosen beause it is a on�guration typially adopted at Alenia

Aermahi Wind Tunnel Gallery and Plasma Laboratories. As a matter

of fat, the eletrode hordwise widths (5 mm and 10 mm) are quite lim-

ited and guarantee a good versatility for experiments using multi-atuator

on�gurations overing a non-retangular surfae suh as a wing. The zero

overlap between the eletrodes is not optimized beause it is known that

the fastest wind speed is obtained for a positive x separation between the

end of the exposed eletrode and the beginning of the buried one [145, 155℄.

However, this xbest value depend on the dieletri thikness and material

and should thus be optimized for every plasma atuator, whereas the zero

overlap assures quite good performanes independently from the plasma a-

tuator harateristis. This ground eletrode width is usually larger than the

plasma hordwise extension. It has been already observed that a too narrow

buried eletrode an be responsible for the saturation of the eletri wind we

have talked about [158℄. In Figure 6.18 two examples demonstrating that

the veloity is not limited by the eletrode width are shown. In partiular,

in Figure 6.18a, saturation is well visible also when the eletrode extension

is doubled.

As a �nal remark it's worth pointing out that the veloity at x = 10 mm

an be smaller than the maximum speed Umax of the wall jet, espeially

at low voltages, when plasma overs just a small portion of the eletrode.

As a matter of fat, the eletri wind veloity rises up to the end of the

disharge region and then usually dereases with x. However, if x is not
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Figure 6.18: Veloity of the air�ow indued by the SDBD for di�erent amplitudes

of the applied sine voltage for a te�on barrier with tikness equal to 2 mm (a) or 12
mm (b). The buried eletrode hordwise width is 10 mm or 20 mm. In sub�gure

(a) the Pitot tube hordowise position is x = 10 mm, whereas in sub�gure (b) it is

x = 10 mm or x = 20 mm. The frequeny of the high voltage signal is 16 kHz.

too large ompared to plasma extension, the trend of the veloity measured

in x is similar to the behaviour of Umax with the applied voltage [159℄.

The end of the buried eletrode (x = 10 mm) generally orresponds to
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a few millimetres beyond the plasma propagation length. An advantage

of measuring the veloity at a �xed x (instead of Umax) is that knowing

the atuator behaviour in orrespondene of a ertain position allows to

foresee its aerodynamis potentialities, suh as the ability of preventing �ow

detahment at that point. In any ase, results similar to the ones shown in

this setion have been found by onsidering Umax [31, 163℄.

This experimental ampaign let think that the speed of the air�ow in-

dued by a surfae DBD initially grows with the applied voltage, but an

not be inreased as muh as desired, sine above a ertain threshold a larger

voltage amplitude does not orrespond to a faster eletri wind. The results

presented here, together with the ones already published in literature, show

that the typial veloity of the wind indued by the disharge is few metres

per seond. For �ow separation ontrol, suh veloities are su�ient for mov-

ing the separation point of external air�ows with speed up to 20 m/s, but

for the pratial usage of atuators this veloity should inrease up to 100

m/s [164℄. Further investigations about the properties of these disharges

and about the growth and saturation regimes of the eletri wind are thus

required.

6.2 Power Consumption

As desribed in Setion 4.3.3, an aurate method for the determination of

power onsumption is to integrate the urrent passing through the atuator

in time using a apaitive probe [88, 165℄. The trend of the power Pdis as a

funtion of the applied voltage has been investigated for insulating barriers

with di�erent thikness and omposition. The eletrode arrangement is the

one of setup B, already desribed in Setion 4.1 and already adopted for

eletri wind speed measurements. In Figure 6.19 results for te�on and

plexiglas barriers and a same frequeny of the voltage signal are shown. It

is evident that, given a voltage amplitude and frequeny, the thinner the



120 PLASMA ACTUATOR PERFORMANCES

0 2 4 6 8 10 12 14 16 18 20 22
0

2

4

6

8

10

12

14

 

 Teflon, 16 kHz

P di
s (

W
)

Voltage Amplitude (kV)

 1.5 mm
 3 mm
 12 mm

(a)

0 2 4 6 8 10 12 14 16 18 20 22
0
2
4
6
8

10
12
14
16
18
20
22
24
26

 

 Plexiglas, 16 kHz

P di
s (

W
)

Voltage Amplitude (kV)

 2 mm
 8 mm
 8 mm

(b)

Figure 6.19: Consumed power at 16 kV for di�erent amplitudes of the applied

sine voltage for te�on (a) and plexiglas (b) barriers. The plate thikness varies in

the range 1.5÷12 mm and it is indiated in the label. For plexiglas, blank triangles

refer to a plasma atuator with eletrode length equal to 10 cm instead of the usual

20 cm.

dieletri plate the larger is the dissipated power. This is in agreement with

results presented in literature [145℄, and it is �rst of all an e�et of the

di�erene in the voltage neessary for eletrial breakdown. In Figure 6.19b
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Figure 6.20: Consumed energy at di�erent frequenies and voltage amplitudes for

2 mm thik dieletri barriers made of di�erent materials.

it is also shown that if the spanwise y extension of the plasma atuator is

redued the power dereases. The power values presented in these graphs

have been obtained at the same frequeny beause it is known that this

quantity is not independent from the period of the applied voltage. Several

authors laim that the onsumed power inreases linearly with frequeny

[155, 158, 166, 167℄, whereas in few ases a power-law dependene with an

exponent higher than one has been proposed [152℄. Our results agree quite

well with the linear dependene, as suggested by Figure 6.20, in whih the

power divided the frequeny has been plotted, orresponding to the energy

lost per yle Edis.

Results relative to di�erent dieletri materials are presented, for a same

plate thikness equal to 2 mm. First of all, it is evident that, given a

voltage amplitude, the power dissipated when mia and plexiglas are hosen

as insulating barriers is higher ompared to the te�on ase, whih has a
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Figure 6.21: Lissajous �gures obtained at 16 kHz and 20 kHz and di�erent

voltage amplitudes with a 2 mm thik plexiglas barrier.

lower relative dieletri permittivity εr [145℄. The overlap between the urves

obtained at di�erent frequenies is quite good, exept when voltages greater

than 8 kV are used and the dieletri is plexiglas or, in less measure, mia.

In this irumstanes the higher the frequeny the more energy is dissipated.

This reminds the dependene of the indued wind speed from frequeny

found for these barriers (Figures 6.7 and 6.9). As disussed in Setion 4.3.3,
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the energy dissipated in the ourse of a yle orresponds to the area enlosed

inside the orresponding Lissajous �gure. If energy does not depend on

frequeny it is expeted that the shape of the Lissajous �gure is the same.

This is true, as shown in Figure 6.21a for plexiglas 2 mmthik at 6 kV, when

there are no signi�ant di�erenes among frequenies. On the ontrary, when

a higher voltage is onsidered (9 kV), the higher power values found at higher

frequenies orrespond to larger areas inside the Lissajous urve. It is lear

from Figure 6.21b that this di�erene is mainly due to the larger slope of the

portions of the urve orresponding to the forward and bakward disharges.

We have thus seen that for a given voltage amplitude the onsumed

power and energy derease with the barrier thikness and inrease with the

dieletri onstant and the spanwise length of the eletrodes. This suggests

that Pdis and Edis rise with the plasma atuator apaitane. Thus, instead

of onsidering the onsumed power (or energy) per spanwise length (as it is

often used when dealing with plasma atuators) or to multiply the power

(or energy) for the ratio d/εr of the barrier thikness d and the relative

permittivity εr, we deided to divide the value of Pdis (or Edis) for the

apaitane C. The latter has been measured by applying a voltage V1 at the

exposed eletrode not su�ient for plasma reation (usually lower than 2 kV)

and measuring the voltage drop V2 aross the apaitive probe. In this way

the relationship between V1 and V2 is V2 = CV1/(C + Cprobe), where Cprobe

is known, being the apaitane of the probe. If the power depends on the

plasma atuator apaitane this method takes into aount the spanwise and

hordwise extensions of the eletrodes, as well as their overlap. Moreover,

aurate measured or nominal values for εr are not required. In Figure

6.22 the values of (E/C)dis for di�erent atuators with the same thikness

are shown, whereas in Figure 6.23 results referring to te�on or plexiglass

plates with various d are presented. As shown in Figure 6.22a, the values
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(a)

(b)

Figure 6.22: Consumed energy divided by the panel apaitane at di�erent

frequenies and voltage amplitudes for various dieletri barriers with thikness

equal to 2 mm (a) and 3 mm (b).

of energy normalized to the apaitane of plexiglas at 10 kHz are similar

to the ones of mia and peek at both the frequenies onsidered. A good

overlap with data relative to plexiglas at 16 kHz and 20 kHz and to te�on

is visible just up to 8 kV. Above this voltage amplitude, (E/C)dis inreases

slower for te�on than for the other materials. Similar onsiderations an be
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(a)

(b)

Figure 6.23: Consumed energy divided by the panel apaitane at di�erent

frequenies and voltage amplitudes for te�on (a) and plexiglas (b) dieletri barriers

with thikness in the range 1.5÷ 12 mm.

done when a barrier thikness equal to 3 mm is onsidered (Figure 6.22b).

In Figure 6.23 the dependene on the dieletri thikness d is shown. A

dependene for Pdis from VA with the form of power-law has already been

proposed, with exponent equal to 2, inluded between 2 and 3, between 3

and 5 or equal to 3.5 [92, 97, 132, 142, 154, 158, 168℄. The trend of (E/C)dis
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(a) (b)

Figure 6.24: Examples of interpolation of (E/C)dis with a power-law funtion on

the whole range of voltage amplitudes.

Figure 6.25: Example of interpolations of (E/C)dis with a power-law funtion,

obtained by onsidering three disjoint ranges of voltage amplitudes.

with the voltage amplitude has thus been interpolated with a power-law

a ·V b
A for the di�erent dieletri barriers. Looking arefully at these urves,

it an be notied that (E/C)dis in reality slightly depends on the adopter

frequeny, sine this quantity seems to rise faster with VA when a higher

frequeny f is adopted. Consequently, data relative to di�erent frequenies

have been treated independently. An example is shown in Figure 6.24a,
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demonstrating that a power-law is often adequate for desribing these trends

over the whole voltage range and that the parameters a and b slightly depend

on f . However, in some ases, it appears lear that data slightly satter from

the power-law trend, as shown in Figure 6.24b. A logarithmi sale reveals

that in suh irumstanes it is muh better to divide the range of voltage

amplitudes into two or three subintervals, orresponding to interpolating

funtions with di�erent parameters a and b. An example is shown in Figure

6.25. Indeed, the dependene of (E/C)dis on VA an be di�erent for the

growth and saturation regions of the eletri wind speed desribed in Setion

Material f f Growth Growth Saturation

(mm) ( kHz) Part1 (kV) Part2 (kV) (kV)

Te�on 1.5 10 3÷ 7 7÷ 10 10÷ 14

Te�on 1.5 16 4÷ 7 7÷ 11

Te�on 1.5 20 4÷ 7 7÷ 12

Te�on 2 10 6÷ 8 8÷ 12 12÷ 18

Te�on 2 16 4÷ 8 8÷ 12 12÷ 16

Te�on 3 10 6÷ 10 10÷ 20

Te�on 3 16 7÷ 11 11÷ 19

Te�on 3 20 6÷ 8 9÷ 11 11÷ 15

Te�on 12 16 8÷ 11 11÷ 18

Te�on 12 20 8÷ 12 12÷ 19

Plexiglas 2 10 4÷ 6 6÷ 10

Plexiglas 2 16 4÷ 8 8÷ 10

Plexiglas 2 20 4÷ 6 6÷ 8

Plexiglas 3 10 6÷ 10 10÷ 14

Plexiglas 3 16 6÷ 10 10÷ 14

Plexiglas 3 20 6÷ 9 9÷ 14

Plexiglas 8 16 9÷ 15 15÷ 20

Mia 2 10 4÷ 6 6÷ 9 9÷ 11

Mia 2 16 4÷ 6 6÷ 9 9÷ 11

Peek 2 10 3÷ 6 6÷ 10 10÷ 13

Peek 2 16 5÷ 8 8÷ 12

Delrin 3 10 5÷ 9 9÷ 15

Delrin 3 16 6÷ 9 9÷ 11

Delrin 3 20 6÷ 9 9÷ 11

Table 6.1
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6.1. Moreover, sometimes voltages immediately higher than the breakdown

value behave di�erently from the remaining part of the growth region, so in

these ases two interpolations have been performed (in the so alled Part 1

and Part 2 of the Growth region). This is not surprising, sine for example

in Figure 6.3 the veloity of the wind indued by the disharge seems to

inrease faster with the voltage amplitude in the range 8 kV ÷11 kV rather

than for higher applied voltages. In Table 6.1 the voltage subintervals are

listed for the di�erent barriers, whereas the estimated values for b are given

in Table 6.2.

Material f f Whole Growth Growth Saturation

(mm) ( kHz) Range Part 1 Part 2

Te�on 1.5 10 3.77± 0.07 4.44± 0.10 3.76± 0.01 3.38± 0.05

Te�on 1.5 16 4.28± 0.08 4.82± 0.16 3.98± 0.05

Te�on 1.5 20 4.72± 0.16 5.58± 0.02 4.57± 0.06

Te�on 2 10 4.33± 0.10 4.6± 0.3 4.07± 0.10 3.36± 0.08

Te�on 2 16 4.23± 0.13 5.6± 0.2 4.39± 0.13 3.55± 0.08

Te�on 3 10 3.77± 0.05 3.9± 0.3 3.64± 0.04

Te�on 3 16 4.5± 0.4 5.13± 0.16 4.40± 0.04

Te�on 3 20 4.46± 0.06 4.7± 0.2 4.81± 0.10 4.5± 0.2

Te�on 12 16 4.75± 0.16 5.8± 0.2 4.49± 0.18

Te�on 12 20 5.1± 0.5 13.6± 0.5 4.14± 0.01

Plexiglas 2 10 5.01± 0.15 6.4± 0.4 4.65± 0.07

Plexiglas 2 16 5.75± 0.15 4.92± 0.10 6.63± 0.14

Plexiglas 2 20 6.4± 0.2 7.70± 0.01 5.29± 0.10 7.3± 0.4

Plexiglas 3 10 4.48± 0.08 4.50± 0.07 4.4± 0.2

Plexiglas 3 16 5.5± 0.2 4.92± 0.11 6.1± 0.4

Plexiglas 3 20 5.6± 0.3 6.4± 0.5 5.4± 0.2

Plexiglas 8 16 4.53± 0.04 4.62± 0.04

Mia 2 10 4.79± 0.10 7.6± 0.7 4.69± 0.02 4.46± 0.06

Mia 2 16 4.77± 0.06 6.4± 0.5 4.57± 0.03 4.73± 0.04

Peek 2 10 4.07± 0.03 4.56± 0.07 4.03± 0.04 3.82± 0.09

Peek 2 16 5.00± 0.07 5.03± 0.07 4.93± 0.05

Delrin 3 10 4.21± 0.11 5.12± 0.16 3.92± 0.03

Delrin 3 16 5.5± 0.2 6.0± 0.3 5.04± 0.05

Delrin 3 20 5.43± 0.15 7.4± 0.6 5.10± 0.08

Table 6.2
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(a)

(b)

Figure 6.26: Exponent b of the power-law aV b
A obtained for te�on (a) and plexiglas

(b) with dieletri barriers of various thikness. Colours refer to di�erent frequenies

(10 kHz in blak, 16 kHz in red, and 20 kHz in blue), whereas symbols indiate

the ranges of voltages (Growth Part 1, Growth Part 2 and Saturation) onsidered

for the interpolations.

Values for b relative to te�on and plexiglas are also shown in Figure 6.26.

First of all it is evident that they are higher for plexiglas rather than for

te�on. For the saturation region this is probably due to the aentuate
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power inrease we have already pointed out for thin plexiglas sheets, pre-

sumably assoiated to heating and burning of the insulating barrier surfae.

However, apart from that, we an notie from Table 6.2 that, given a diele-

tri thikness, b for te�on is generally lower ompared to other materials.

Moreover, b often inreases with frequeny and tends to derease with the

thikness d for plexiglas, whereas it is more independent from d for te�on

(Figure 6.26). Values of b are mainly in the range 3.7 ÷ 5.0 for the growth

region and 3.3÷ 5.0 for the saturation region.

Finally, it's worth pointing out that the saturation of the eletri wind

with the voltage amplitude disussed in Setion 6.1 ould also be observed

by onsidering the wind veloity as a funtion of the dissipated power, as

sometimes done in literature [155,158℄, sine Pdis is a rising funtions of the

applied voltage.



CHAPTER7

Discharge Regimes and Induced

Wind

While running the experiments onerning eletri wind veloity and power

onsumption desribed in Chapter 6, we notied that for su�iently high

voltages and thin dieletri panels the disharge does not appear uniform

but several plasma �laments beome evident. An example is shown in Fig-

ure 7.1, whih refers to a te�on panel with thikness d = 2 mm and two

di�erent voltage amplitudes. This hange in the plasma appearane ould

not be observed with the thikest dieletri barriers, at least for the volt-

ages ahievable with the adopted power supplies. We an't exlude the same

131
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Figure 7.1: Examples of a SDBD working in non-�lamentary (bottom) and �la-

mentary (top) regimes. These pitures were taken from above the disharge, with

a ommerial digital amera, and refer to a a te�on panel with thikness d equal to

2 mm and to di�erent voltage amplitudes (9 kV and 11 kV).

thing would happen if higher potential di�erenes would be employed. Sine

a saturation of the veloity of the wind indued by the disharge has been

learly observed for insulating plates with d < 8 mm (see Setion 6.1), we

deided to investigate if eletri wind saturation is related to this plasma

behaviour. The studies ondued at this purpose are presented in Setion

7.1. It is worth pointing out that the expression plasma �laments is adopted

in order to avoid the terms streamers or mirodisharges, sometimes used

in literature [169℄, that we instead refer to preesses whih are ertainly not

visible with unaided eye or with ommerial digital ameras (see Chapter 2).

Similarly, we will improperly employ the expression plasma regimes just to

distinguish between these two disharge appearanes.

A method of analysis of urrent pulses performed during these investiga-

tions turned out to be also interesting for the determination of the system

apaitane by means of Lissajous �gures, as desribed in Setion 7.2.
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7.1 Filamentary and Non-Filamentary Regimes

A dieletri barrier of te�on with thikness equal to 2 mm and a frequeny

equal to 16 kHz have been hosen. A ouple of measurements of the in-

dued wind speed as a funtion of the voltage amplitude are shown in Figure

7.2, having the harateristis already disussed in Setion 6.1. The thermal

amera presented in Chapter 4 was used to visualize the voltages at whih

plasma �laments beome visible. Images were aptured about one seond af-
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Figure 7.2: Speed of the indued �ow as a funtion of the applied voltage. Values

are normalized to the maximum speed obtained. Full and empty irles are two

set of measures, showing a good repeatability and stability of the indued air�ow,

exept in the transition from small to well developed plasma �laments (11.0÷ 12.5
kV).

ter the disharge ignition, for voltage amplitudes in the range 6.5 kV ÷17.0

kV, at steps of 1.5 kV. We found that at 6.5 kV (Figure 7.3a) and 8.0 kV

the disharge appears quite uniform along eletrode length (the so-alled

spanwise diretion). At 9.5 kV the plasma regime hanges beause some
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small �laments beome evident (Figure 7.3b). At 11.0 kV they over the

whole eletrode length and are more or less uniformly spaed (Figure 7.3).

Above 12.5 kV the plasma state hanges again beause there are longer �la-

ments, whih are separated one from the other by a larger spanwise distane

(Figure 7.3d). Eventually, at the highest voltages (Figures 7.3e and 7.3f)

these plasma �laments beome more numerous. The three Pitot tubes used

Figure 7.3: Thermal amera images taken approximately one seond after plasma

ignition, for di�erent voltage amplitudes: 6.5 kV (a), 9.5 kV (b), 11.0 kV (), 12.5
kV (d), 14 kV (e), and 17 kV (f).

for measuring the average speed of the indued air�ow are visible in Figure

7.3. It is evident that in sub�gures (), (d) and (e) the plasma �laments

are not uniformly distributed along the spanwise diretion, but are more

onentrated on the left half of the piture. This is not due to the presene

of the Pitot tubes. As a matter of fat, plasma �laments generally hange

position (moving a few millimetres along the eletrode) every some minutes,

and we notied that, if we try to keep a Pitot tube too lose to a �lament and
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perfetly in front of it for minutes, this �lament motion an be enhaned by

the probe presene, beause �laments tend to go away from the Pitot tube.

In this ase this disharge non-uniformity is instead asribable to di�erenes

in the loal dieletri panel temperature before plasma ignition, whih in

the left portion of the panel was about three degrees higher than the room

temperature. For voltages larger than the ones assoiated to the disharge

regime transition, this temperature di�erene did not in�uene the spanwise

position of �laments, whih immediately appeared uniformly distributed as

in Figure 7.3f. However, for lower voltage amplitudes, we notied that the

reation of plasma �laments along the whole the eletrode length ould take

some seonds and began from hotter region [159℄. These thermal images have

been reorded within the �rst seond of plasma atuator operation, and this

is the origin of this disharge disuniformity.

The two veloity urves of Figure 7.2 overlap well, exept in the range

11.0÷ 12.5 kV, whih orresponds to the transition from small �laments to

well developed plasma �laments. These urves of the indued wind speed

show that these transitions in the disharge regime an in�uene the indued

�ow speed, and thus the potentialities of plasma atuator. A few similar ob-

servations an be found in literature for thrust and veloity measurements.

It is evident that the the veloity of the indued air�ow inreases quite lin-

early until small �laments appear (in the range 9.5 ÷ 11 kV). Sine the

eletri wind saturation thus seems to be related to the onset of this �la-

mentary behaviour, we have positioned a single glass Pitot tube in front of

a plasma �lament or in orrespondene of the uniform plasma between two

�laments, with the aim of deteting possible di�erenes. We �rstly tried to

draw a urve representing the eletri wind speed versus the spanwise dis-

tane. A mirometer movement system was thus used. This method required

too muh time and thus turned out not to be partiularly e�etive, sine we

have already said that a Pitot probe an favour the movement of plasma



136 DISCHARGE REGIMES AND INDUCED WIND

(a)

6 7 8 9 10 11 12 13 14 15 16
2

3

4

5

6

7

8
   x = 10 mm
   x = 15 mm

 

 

Lo
ca

l I
nd

uc
ed

 V
el

oc
ity

 (m
/s

)

Voltage Amplitude (kV)
(b)

Figure 7.4: (a): Indued air�ow speed as a funtion of a the spanwise position of

the Pitot probe. In red the relative distane from the plasma �lament is indiated

for some points. This distane has been alulated by means of digital images

ontemporary aquired. (b): maximum (irles) and minimum (squares) veloity

as a funtion of the voltage amplitude, measured at the hordwise distanes x = 10
mm (full symbols) and x = 15 mm (blank symbols).

�laments in the spanwise diretion, if it is kept too lose to a �lament and

perfetly in front of it for minutes. However, we sueeded in making some
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measurements at some randomly ourring relative positions between the

Pitot tube and the �lament. These distanes have been alulated thanks

to some digital images ontemporary aquired, suh as the one shown in

Figure 7.4a [159℄. Results are presented in Figure 7.4a and are enough to

understand that veloities deteted in proximity of a disharge �lament are

higher but also more variable in time. It is thus lear the reason why the

veloities presented in Figure 7.2 and in Setion 6.1 are subjeted to higher

unertainties when �laments appear.

At this point, sine we found that the wind speed redues with the span-

wise distane from a �lament and with the aim of understanding the origin of

the veloity saturation, we have varied the voltage amplitude and measured

the maximum and minimum speed. Again we found that the former is ob-

tained when a �lament passes by the Pitot probe and the latter between two

�laments. Results are shown in Figure 7.4b and were obtained by positioning

the Pitot probe in two di�erent hordwise positions (x = 10 mm and x = 15

mm). The onlusion that we an draw from these experiments is that, when

the voltage amplitude is inreased enough, the plasma regime hanges from

homogeneous to �lamentary, and there is a transitional range of voltages in

whih �laments are smaller than the well developed plasma �laments. Dur-

ing this transition the veloity of the wind produed by plasma �laments is

higher ompared to the one assoiated to uniform plasma regions. Moreover,

a saturation if the eletri wind is observed in orrespondene of the latter.

At the highest voltages, instead, also the the wind speed assoiated to �la-

ments saturates, and sometimes even dereases. We an thus think that the

formation of �laments is not the only hange involved in the plasma regime

transition, beause saturation in the indued wind speed is observed where

the plasma appears homogeneous but also in front of �laments.

Evidenes indiating hanges in the plasma state or the appearane of

plasma �laments have been looked for through an analysis of the urrent mi-
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Figure 7.5: Breakdown phase assoiated to the bakward disharge (full symbols)

and forward disharge (blank symbols) as a funtion of the applied voltage for te�on

barriers with di�erent thikness.

rodisharge signals (see Setion 4.3.2). This diagnostis was hosen beause

it has a temporal resolution su�ient for following the disharge dynamis

without integrating over voltage yle periods, and beause we have seen in

Setion 5.2 that some phases of the bakward evolution ould be deteted

with urrent measurements but not with light ones. For the moment we fo-

us on hanges in the global behaviour of the forward and bakward strokes.

In Setion 5.1 we observed that the light signal assoiated to breakdown mi-

rodisharges of the bakward stroke appears at lower phases as the voltage

amplitude inreases, but that this phase redution is more aentuated for

low voltages (see Figure 5.6). We thus analysed the behaviour of the break-

down phases assoiated to both the bakward and forward disharges. This

quantity was alulated as the phase (averaged over several half-yles) at

whih the �rst urrent pulse of the BD or FD stroke appears. Results rela-
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tive to te�on plates with di�erent thikness are presented in Figure 7.5. No

evident or sudden saturation points an be guessed. For the thikest plates

the trend relative to the forward disharge is not lear but just beause

the number of FD urrent pulses beomes onsiderable only at voltages well

above the minimum voltage required for disharge breakdown. The higher

the voltage amplitude the more the two half-yles behave similarly. This

let think that the main di�erene between low and high voltages, as well as

between thin and thik dieletri panels, lies in the degree of asymmetry be-

tween the bakward and forward strokes, that ould thus be responsible for

the saturation observed for thin panels and high applied voltages. It is still

an open question whether the forward and bakward semi-yles both on-

tribute in generating the indued wind (the so alled push-push mehanism)

or if they energize the air in partially opposite diretions so that the result

is an average air�ow with a weaker veloity (push-pull mehanism) [32℄.

At this point we onsidered the total harge (Qtot) transported by ur-

rent mirodisharges within a semi-yle, whih is shown in Figure 7.6. As

a matter of fat, from the investigations presented in Setion 5.2, this quan-

tity seemed to be the more representative for the asymmetry between the

BD and FD, as well as for the amount of harged partiles moved inside

mirodisharge hannels during a whole bakward of forward stroke. In this

graph, the ordinate sale used for the 2 mm te�on sheet is di�erent from

the one adopted for thik panels, sine we found that thin panels transport

more harge through urrent pulses. For all the three ases, it is evident that

the minimum voltage amplitude at whih urrent mirodisharges ould be

deteted is lower for the bakward half-yle rather than for the forward

one. For the thinnest panel these voltages are about 4.0 kV and 5.5 kV re-

spetively. For thik plates this di�erene between the BD and FD is muh

more aentuated, sine at 8.5 kV bakward mirodisharges already trans-

port harge inside the gap, whereas the ontribution of the forward stroke
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referred to d = 2 mm, whereas the one on the right to the other insulating barriers.

beomes appreiable only at 16.0 kV for the 8 mm thik sheet and at even

higher voltages for the 12 mm thik one. This fat that for the thikest

panels there is a wide range of voltages during whih the forward mirodis-

harges are almost absent means that the BD alone an be responsible for

the eletri wind prodution and also let think to a push-pull mehanism.

It's worth to pointing out that these results refer to the harge moved in

the form of urrent mirodisharges, not onsidering eventual urrent om-

ponents varying slower with time.

The breakdown phase as well as the total transported harge are quan-

tities that refer to the bakward and forward disharge rather than to the

single mirodisharges they are made of. We have thus analysed the mean

properties of these urrent pulses. In Figure 7.7 the distributions of their am-
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plitudes for di�erent dieletri barriers and applied voltages are presented.

A logarithmi ordinate sale has been used for a better visualization of the

right tail of eah distribution, whih is normalized to its maximum value.

As already observed in Chapter 5, urrent pulses have amplitudes of a some
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disharges. Results for te�on panels with thikness equal to 2 mm, 8 mm and 12
mm are presented.

tens of mA. Conerning the thikest panels, we found that the number of

normalized ounts dereases slower with the inrease of the voltage ampli-

tude for the BD rather than the FD. An example is shown for the te�on

plate with thikness equal to 8 mm, whereas for the 12 mm plate only the

BD ase is represented, given the small number of pulses deteted. When a

thikness equal to 2 mm is onsidered, this evidene is true only to about

9 kV, then the relative number of high amplitude pulses beomes greater

for the forward disharge rather then for the bakward disharge. On the

ontrary, the shape of the BD distribution is almost untouhed by variations
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of the voltage amplitude. These tail events of the FD distribution ould be

somewhat related to the plasma �laments visible with the unaided eye, whih

are a limited number, but further investigations are needed. Loal measures

of the urrent pulses assoiated to a plasma �lament should be taken, even

though it is quite di�ult to isolate a �lament inside a separated portion

of the eletrode (small enough for spatially resolved measurements) without

in�uening the harateristis and the spatial pattern of the disharge.

We found more interesting to previously fous onto the peuliarities of the

temporal duration distributions of urrent pulses , whih are shown in Figure

7.8 in both a linear and logarithmi sale. For all the presented urves, two

peaks in the distributions are learly visible, entred around 10 ns and 35

ns. In the logarithmi sale, a tail of longer events is visible for the bakward

disharge only. For the thikest panels the two peaks have smaller widths

and are thus more separated. Three groups of urrent mirodisharges an

be identi�ed. The �rst group is made of mirodisharges with the shortest

temporal duration (less than 25 ns) and we will refer to it as Group S. The

seond group is made of mirodisharges with temporal duration between 25

ns and 45 ns (Group M ), whereas mirodisharges longer than 45 ns belong to

the third group (Group L). As already said, the latter is pratially absent for

the forward stroke. For the whole range of voltage amplitudes investigated,

the number of urrent pulses belonging to Group S that have been deteted

during a forward half-yle is larger than the number of FD mirodisharges

belonging to Group M. For the bakward disharge, instead, the relative

importane of Group S and Group M depend on the material, frequeny and

thikness onsidered.

Let's fous on the 2 mm thik te�on plate, for whih the transition from

the homogeneous to the �lamentary regimes has been learly observed. First

of all, we onsidered the FD amplitude histograms for Group S and Group

M separately, in order to hek if the high amplitude events we talked about
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Figure 7.8: Histograms of the temporal duration of urrent pulses for the BD and

FD strokes, for te�on panels with di�erent thikness.

belong to a partiular group. We found similar results, so these events are

equally distributed between Group S and Group M. We have then alulated

the total harge Qtot transported by these three ategories, whih is presented

in Figure 7.9. We notie that for the BD stroke, the ontribution of Group S
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Figure 7.9: Total harge Qtot transported in the ourse of a BD (full symbols)

or FD (blank symbols) by urrent mirodisharges belonging to Group S (irles),

Group M (squares) and Group L (triangles). The te�on plate has thikness d = 2
mm and the adopted frequeny is 16 kHz.

is onsiderably lower than the ontributions of the other groups, beause of

the di�erent harge assoiated to a single urrent pulse. For instane, at 10

kV the number of deteted urrent pulses is 32 ± 5 for Group S, 53 ± 5 for

Group M and 12± 2 for Group L, and the orresponding values of the mean

harge per mirodisharge are 0.17± 0.11 nC, 0.54± 0.04 nC and 1.5± 0.3

nC. At low voltages the total harge assoiated to Group M dominates, but

at the highest ones it beomes omparable with Group L, beause the latter

rises more or less linearly, whereas the inreasing rate of the former with the

voltage redues above 9 kV. This is not the ase for the forward stroke,

for whih the ontribution of Group M rises linearly and is lower than the

total harge transported by Group S, even though the latter saturates at the

highest voltages. At 10 kV the number of deteted urrent pulses is about
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Figure 7.10: Charge transported as a funtion of the referene phase by urrent

mirodisharges belonging to Group S, Group M and Group L in the ourse of the

BD and FD phase. Two di�erent voltage amplitudes are onsidered: 9.3 kV (a)

and 13.5 kV (b).

91± 6 for Group S against 11± 3 for Group M. The orresponding values of

the mean harge per mirodisharge are 0.53±0.03 nC and 1.5±0.3 nC. For

all the voltages onsidered, there are essentially no mirodisharges belonging

to Group L. A ouple of examples of how the transported harge distributes

within the plasma phases of the two semi-yles are shown in Figure 7.10.

Conerning Group S and M of the bakward disharge as well as Group S of

the forward disharge, the relative number of miordisharges (and thus the

harge they move) is maximum in the �rst half of the stroke and dereases

at later phases. The presene of BD breakdown miordisharges deteted in

Setion 5.1 is partiularly visible from Group L, whih have a lear peak at

the beginning of the stroke, and a seond maximum (though less important)

in the seond half of the stroke. Group M of the FD is instead more �at

with phase.

Another interesting way of analysing how the transported harge evolves

in the ourse of the forward or bakward stroke is by onsidering the total

harge that has been moved by urrent mirodisharges already registered

during the stroke. At this purpose, for every instant of plasma ativity the
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disharge urrent. The phase of plasma ativity begins at about 102.8 µs, when the

�rst urrent pulse appears. The orresponding evolution of Qmicro is plotted as a

funtion of both time (blak irles) and instantaneous voltage (red triangles).

harge transported by eah mirodisharge is added up in a variable that we

all Qmicro, whih is displayed in Figure 7.11. Qmicro is equal to zero before

the �rst urrent pulse of the onsidered half-yle, then its value inreases

eah time a plasma mirodisharge is reated:

Qmicro(ti) = Qmicro(ti−1) +Qpulse(ti), (7.1)

where Qmicro(ti) denotes the value of Qmicro at the time ti when the i− th

urrent mirodisharge is reorded, and Qpulse(ti) is the harge transported

by this mirodisharge, i.e. the area subtended below the onsidered urrent

pulse. When the last urrent pulse is deteted Qmicro beomes equal to

Qtot. In Figure 7.11 Qmicro is plotted also as a funtion of the instantaneous

voltage. This hoie is justi�ed by the fat that these Qmicro versus V plots

are some sorts of Lissajous �gures in whih only the voltage intervals of
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plasma ativity and only the harge transported by urrent mirodisharges

are taken into aount. A omparison with the orresponding Lissajous

�gure an thus be drawn, as it will be presented in Setion 7.2.

These urves are plotted independently for the three groups of urrent

mirodisharges in Figures 7.12 and 7.13. Instead of representing the trend

of Qmicro versus V for a single voltage semi-yle, we have averaged Qmicro

over the voltage yles reorded in a temporal series (in this ase 13). Con-

sequently, rather than onsidering the instantaneous voltage V at whih a

single mirodisharge happens, we have divided the x-axis in intervals of

instantaneous voltages, and we have added up the ontributions of all mi-

rodisharges reorded at instantaneous voltages falling within an interval.

The total values of Qmicro obtained in this way for the di�erent voltage in-

tervals have then be divided by the number of yles, so that these plots refer

to the average harge transported during a single voltage yle. We now an

notie that as the voltage amplitude inreases, these three groups of plasma

mirodisharges are favoured or not in di�erent ways. It is evident that for

the bakward stroke Group S and Group M are penalized in the �lament

regime rather than in the homogeneous one, sine the slope of Qmicro versus

V assoiated to these groups is smaller for the blue urves ompared to the

blak ones. This is not the ase for Group 3 of the BD, sine the inrease

of Qmicro with V is enhaned, espeially at the breakdown voltage, meaning

that breakdown urrent mirodisharges transport a onsiderable amount of

harges at the highest voltages. Again we an see from Figure 7.12 that

these disharge properties saturate at the highest voltages, sine the urves

assoiated to 13.5 kV an 14.6 kV look very similar. Analogous onsiderations

an be done for the forward stroke, but in this ase Group L is almost ab-

sent, Group S is penalized (Figure 7.13a) and Group M is enhaned (Figure

7.13b). These onsiderations are intriguing and ould pave the way for a

better understanding of the role played by plasma mirodisharges in the
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Figure 7.12: Total harge Qmicro that has been moved by BD urrent mirodis-

harges already registered during the stroke as a funtion of the voltage V between

the eletrodes. Figures (a), (b) and () refer to mirodisharges belonging to Group

S, to Group M and to Group L, and the di�erent urves are obtained for di�erent

voltage amplitudes. Colours indiate the three plasma regimes: uniform plasma

(blak), uniform plasma with small plasma �laments (red), uniform plasma with

well developed plasma �laments (blue).
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Figure 7.13: Total harge Qmicro that has been moved by FD urrent mirodis-

harges already registered during the stroke as a funtion of the voltage V between

the eletrodes. Figures (a) and (b) refer to mirodisharges belonging to Group S

and to Group M, and the di�erent urves are obtained for di�erent voltage ampli-

tudes. Colours indiate the three plasma regimes: uniform plasma (blak), uniform

plasma with small plasma �laments (red), uniform plasma with well developed

plasma �laments (blue).

reation of the indued air�ow. We have thus alulated Qtot and Qmicro for

the thikest te�on panels. Results are presented in Figures 7.14 and 7.15.

The evident hanges of slope of the Qmicro versus V found for the te�on

with thikness equal to 2 mm are not visible in these ases. All groups of

BD mirodisharges transport harge even at the lowest voltages (see Fig-

ures 7.14d and 7.15d), but again at �rst the main ontribution is assoiated

to Group M. Conerning the forward disharge, instead, Group M is quite

negligible for the both 8 mm and 12 mm thik te�on panels, whereas at the

highest voltages Group S beomes onsiderable. No thermal images have

been aquired with these plasma atuators, but no �laments were notieable

with unaided eye, so transition to the �lamentary regime does not our

within the investigated voltage ranges. Maybe it is possible that some small

�laments not appreiable at visual inspetion ould be present at the highest

voltages adopted with the 8 mm thik panel.

Finally, with the aim of understanding if �laments visible with unaided
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Figure 7.14: Qmicro as a funtion of the instantaneous voltage for mirodisharges

belonging to Group S (a), Group M (b) and Group L (). In sub�gure (d) the total

harge Qtot assoiated to these mirodisharge ategories is plotted as a funtion

of the voltage amplitude. The dieletri barrier has thikness equal to 8 mm.

eye are assoiated to a voltage semi-yle in partiular, we have reorded

the light emitted by the disharge, by means of the photomultiplier tube, for

a thin te�on plate (1.5 mm) and a voltage su�iently high so that plasma

�laments ould be observed. We have thus plaed the optial �bre per-

pendiular to the dieletri surfae and lose enough to it so that spatially

resolved measurements ould be made. As desribed in Setion 4.3.1, an

alumina tube was adopted for limiting the �eld of view of the �bre. In this

ase we were mainly interested in restriting the �eld of view in the spanwise
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Figure 7.15: Qmicro as a funtion of the instantaneous voltage for mirodisharges

belonging to Group S (a), Group M (b) and Group L (). In sub�gure (d) the total

harge Qtot assoiated to these mirodisharge ategories is plotted as a funtion

of the voltage amplitude. The dieletri barrier has thikness equal to 12 mm.

diretion, so that we ould detet light above a �lament or above a region of

homogeneous plasma. The light emitted as a funtion of the referene phase

has been onsidered, as shown in Figure 7.16. No di�erenes in the shapes of

these trends ould be deteted in absene or presene of a plasma �lament.

However, the number of light pulses was not stable in time and depended on

how muh the �lament was near to the region observed with the optial �bre.

For this reason the urves presented in Figure 7.16 have been normalized,

and light pulsed deteted at di�erent hordwise positions have been treated
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Figure 7.16: Emitted light (expressed in arbitrary units) as a funtion of the

referene phase for di�erent hordwise x positions from the eletrode edge (x = 0
mm). Negative x indiates the exposed eletrode region, whereas positive x stands

for the dieletri surfae.

separately, instead of drawing a spatio-temporal map of the light emitted as

we have done in Setion 5.1. It is evident that the relative ontribution of

the bakward and forward strokes to the total emitted light is omparable

just up to a few millimetres from the exposed eletrode edge. For further

hordwise x positions light is assoiated almost exlusively to the forward

disharge. We an thus onlude that the visible plasma �laments are due

to the forward half-yle.

The results presented in this setion reveal that for thin dieletri barriers

the harge transported by urrent mirodisharges is quite omparable for

the two half-yles, whereas the thiker the insulating plate the larger is the
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minimum voltage amplitude required for deteting FD urrent pulses. This

suggests a push-pull mehanism for indued wind formation, in whih the two

strokes tend to energize air in opposite diretions, and the speed observed

with the Pitot probe (whih is not time resolved) is the net result of a par-

tial anellation between the bakward and forward disharge ontributions.

However, the indued wind and the transition to the �lamentary regime does

not our as soon as the �rst FD mirodisharges appear. These �rst forward

urrent pulses prinipally belong to Group S, whereas the harge transported

by Group M of the FD beomes onsiderable at higher voltages. Moreover,

we observed that the transition to the �lamentary regime enhane Group L

of the bakward stroke and Group M of the forward disharge, ontrary to

Group S and Group M of the BD as well as Group S of the FD.

A possible explanation for these observations is that Group L is not

partiularly e�etive in generating the eletri wind, whih is instead as-

ribable to Group S and Group M. In partiular, these results suggest that

both Group S of the bakward and forward disharges provide a ontribution

whih is not dependent on the voltage polarity, meaning that for these mi-

rodisharges a push-push or pull-pull proess is involved (or that they are

both ine�etive). On the ontrary, a push-pull mehanism seems more ap-

propriate when miroisharges belonging to Group M are onsidered, mean-

ing that the bakward and forward strokes tend to generate a �ow direted

towards the buried and the exposed eletrodes respetively. For example,

Group M ould be assoiated to a streamer regime in whih positive ions of

the mirodisharge hannel transfer momentum to neutral moleules, thus

aelerating them in opposite diretions during the two semi-yles. On the

ontrary, the disharge nature assoiated to mirodiharges of Group S ould

be di�erent, suh as a Townsend like. We have observed that the plasma

�laments emit light mainly in the ourse of the forward stroke, and they are

presumably asribable to eletri �eld redistribution indued by spae harge
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e�ets [170�173℄.

We will perform dediated light and urrent measurements to gain more

insights about this topi, in order to understand if the ionization waves

deteted in the bakward stroke (see Setion 5.3) are assoiated only to

mirodisharges of Group M or not, and we will try to hek if a ionizing wave

propagates in orrespondene of a urrent pulse of Group M of the forward

disharge. This desription of the existene of both stremer-like and glow-like

mirodisharges haraterized by a push-pull and a pull-pull mehanism of

interation with neutrals would explain why there are still debates about the

disharge nature and the indued air�ow diretion during the forward half-

yle [32℄. The fat that for the FD mirodisharges belonging to Group S

are more numerous than the ones belonging to Group S would explain why

a push mehanism and a glow-like nature is often attributed to this half-

yle. Another possibility is that these two groups of mirodisharges are

assoiated to di�erent �eld lines and thus to di�erent spatial regions of the

disharge. Further dediated measurements are neessary for answering to

this question.

7.2 Shapes of the Lissajous Figures

In the previous setion we have plotted Qmicro versus the instantaneous volt-

age and we obtained some sorts of Lissajous �gures in whih only the voltage

intervals of plasma ativity and only the harge transported by urrent mi-

rodisharges are taken into aount. A omparison with the orresponding

Lissajous �gure an thus be drawn. As already disussed in Chapter 4, this

�gure is obtained by plotting the harge �owing into the iruit Q as a fun-

tion of the voltage di�erene ∆V between the eletrodes, whih is pratially

equal to the voltage applied to the DBD if the apaitive probe used for the

measure of Q has a su�iently high apaitane [141℄. When the imposed

eletri �eld is too small for plasma generation, the Q versus ∆V plot is a
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straight line, beause the DBD system behaves as a purely apaitive ell

and the harge varies proportionally to the voltage, with the onstant of

proportionality given by the ell apaitane Coff
cell . Otherwise, if the voltage

amplitude is high enough for disharge ignition, during the two phases of

plasma ativity the harge Q does not vary as Coff
cell ·∆V any more, and the

Lissajous plot opens and forms a onvex �gure.

Lissajous �gures for planar DBD on�gurations usually assume the shape

of a parallelogram. The disharge ell an be thought as two apaitanes

in series: the �rst one (Cdie) is given by the insulating barrier (or by the

two barriers if both eletrodes are overed), whereas the seond one (Cgap)

is due to the planar air gap. The value of the latter hanges when plasma is

reated, so the Lissajous �gure is delimited by four straight lines with a slope

di�erent or equal to Coff
cell , depending if they orrespond or not to a phase of

plasma ativity [174℄. Manley assumed that, during the disharge-on peri-

ods, the plasma between the eletrodes �lls the gap so that the voltage drop

in the gap is equal to zero. In this ase, the apaitane of the ell, and thus

the slope of the the orresponding side of the Lissajous �gure, redues to the

apaitane of the dieletri(s): Con
cell = Cdie (see Figure 7.17 (a)) [141, 144℄.

The instantaneous harge Q represents the total harge and thus aptures

the harge transported by urrent mirodisharges too. A situation opposite

Figure 7.17: Sketh of a Lissajous �gure with the hypothesis that during the

plasma ativity the apaitane of the gap redues to zero (a), or that it remains

equal to the apaitane in absene of disharges (b).
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to the one onsidered by Manley ours when a DBD is operated just above

the minimum voltage amplitude required for plasma ignition, and only few

plasma mirodisharges are reated during a whole sinusoidal voltage yle.

In this ase the apaitane of the gap essentially keeps the same, but the

Lissajous �gure beomes again a sort of parallelogram if the urrent mi-

rodisharges move and deposit harges: the instantaneous harge is given

by Q = Coff
cell ·∆V +Qdep, and even though the apaitane Coff

cell is onstant,

Q hanges during the phases of plasma ativity beause the positive or nega-

tive deposited harge (Qdep) hanges eah time a mirodisharge rosses the

gap. In this ase, during the plasma ativity, Q varies in steps (Figure 7.17

(b)) [175℄, whereas during the o�-phases, if the deposited harge does not

hange, the variation of Q with ∆V follows a straight line Q = Coff
cell +Qdep,

with interept Qdep given by the total harge left by mirodisharges during

the previous plasma ativity. Without the assumption that the apaitane

or the deposited harge keep onstant, the variation of the total harge Q

during a voltage yle thus depends on apaitane hanges as well as on the

aumulation of harges on the dieletri barriers.

For a SDBD, the situation is ompliated by the fat that the disharge

does not start and stop with a onstant geometrial plasma shape, but the

latter an hange in the ourse of the disharge ative phase [176℄, sine

the aumulation of harges onto the dieletri surfae an in�uene the

eletri �eld on�guration and thus the development of the following mi-

rodisharges. Changes in the shape of the disharge region imply variations

in the disharge apaitane, leading to the almond-shaped Lissajous �gures

often observed for surfae disharges [176℄.

Here we propose to ombine the Lissajous �gure plot with the detetion,

by means of a Rogowski oil, of urrent pulses assoiated to mirodisharges,

in order to distinguish the ontributions of Cgap and Qdep to the variations

of the instantaneous total harge Q during a voltage yle. This method has
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been tested for a planar on�guration and then applied to a SDBD.

The planar on�guration used in these experiments is symmetrial be-

ause two idential insulating barriers are used to over the eletrodes. The

latter are stainless steel disks (diameter 35 mm and thikness 1.5 mm) that

have been inserted into a drilled ylindrial sa�old in Maor (a glass erami

material by Corning In., dieletri onstant ǫr = 6.03) with diameter equal

to 40 mm and external height equal to 3.5 mm. Thus a dieletri barrier

of 2 mm separates eah eletrode surfae from the gas gap. The disharge

gap was �xed at 0.8 mm. The total ell apaitane without plasma has

been alulated using a 2D Laplaian eletrostati �eld solver (EStat 7.0 by

Field preision LLC). It is equal to Coff
cell = 8.3 pF, given by the series of

Cgap = 23.5 pF and Cdie = 12.8 pF (25.7 pF for eah dieletri barrier).

Calulations show that the eletri �eld is uniform in the gap within 10%

and dereases outwards. Conerning the SDBD, the Setup B on�guration

with a te�on plate with thikness equal to 2 mm has been adopted. The

frequeny of the sinusoidal voltage signal is equal to 42 kHz for the planar

setup and to 16 kHz for the surfae DBD.

For the both dieletri barrier disharge on�gurations studied during

this investigation, we have simultaneously aquired the signals orresponding

to the three di�erent eletrial diagnostis (high-voltage probe, apaitive

probe, Rogowski oil). These temporal series have been split into several

parts orresponding to di�erent voltage yles, whih have been analysed

separately. For the representation of the Lissajous �gures, a low-pass �lter

was previously applied to both the Q and V signals, in order to ut noise

at high frequenies, and to redue the spikes visible in the apaitive probe

signals that indiate the plasma ativity. A high-pass �lter was instead used

for the urrent signals, in order to separate the mirodisharge urrent peaks

from the AC urrent signal, as disussed in the Chapter 4. For eah semi-

yle, the amount of harge transported by urrent mirodisharges Qmicro
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Figure 7.18: Examples of Lissajous �gures (shown in blak) obtained for two

di�erent voltage amplitudes (8.3 kV and 11.4 kV) in a planar on�guration. For

red urves the harge Qmicro transported by urrent mirodisharges have been

subtrated from the Q signal of the Lissajous �gure.

has been alulated as a funtion of the applied voltage, as desribed in

Setion 7.1.

7.2.1 Planar Configuration

Two Lissajous �gures obtained for the planar on�guration at two di�erent

voltage amplitudes are shown in blak in Figure 7.18. Their shape niely

resembles a parallelogram omposed of four straight lines with two di�er-

ent slopes. These Q − V plots appear symmetri: as expeted there are

no evident di�erenes between the two voltage semi-yles, beause of the

adopted planar setup with two dieltri barriers. For eah semi-yle, the

amount of harge transported by urrent mirodisharges (Qmicro) has been

alulated as a funtion of the applied voltage. For the half of the Lissajous

�gure in whih the voltage is rising towards its maximum (sides AC of Figure

7.18 (b)), the urrent transported by plasma mirodisharges is positive and

Qmicro inreases in orrespondene of instantaneous voltages at whih a ur-

rent pulse is deteted. As disussed in the introdution, we expet that Q is

related to the voltage drop between the eletrodes as Q = Cinst ·∆V +Qinst,
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where Cinst and Qinst are the instantaneous apaitane of the system and

instantaneous amount of harge aumulated inside it. If both these val-

ues are onstant within a voltage interval, Q varies linearly with ∆V . It

is evident that this happens during the two phases of plasma o� (sides AB

and CD), beause no harges are transported by plasma �laments and the

apaitane of the system keeps onstant. This evidene that Qinst does not

hange means not only that these are phases of no plasma ativity, but also

that there is no rearrangement or reombination of the harges left on the in-

sulating barriers or inside the gap. During the plasma ative phases, instead,

both Cinst and Qinst an vary. In order to separate these two ontributions

a�eting the shape of the Lissajous �gure, we have supposed that Qinst is

ompletely transported by plasma mirodisharges, and we have thus mea-

sured Qinst = Qmicro with a urrent probe, and thus with a diagnosti tool

independent from the Lissajous �gure. At this point we have subtrated

Qmicro from the Q signal of the Lissajous �gure, and we have obtained a

sort of new Lissajous miro, shown in red in Figure 7.18, whih is no more a

losed loop, beause the two sides of no plasma ativity remains unhanged,

whereas BC and DA beomes BE and DF. These ones appear straight at

all the onsidered voltage amplitudes, meaning that the ell apaitane an

hange at the beginning of the plasma-on or plasma-o� phase (beoming

equal to Con and Coff respetively), beause of a sudden hange in the Cgap

value, but that then it keeps the same during eah one of these temporal win-

dows. The values of Con and Coff obtained for the planar on�guration are

presented in Figure 7.19 as a funtion of the applied voltage. We found that

the apaitane Coff is independent from the voltage amplitude and equal

to the Coff
cell given by the series of the apaitanes of two dieletris and of

the gap alulated in absene of disharges. If variations in the Coff values

were observed this would mean that the gas phase remained perturbed after

the stroke quenhing, or beause of eletrode heating at high power levels.
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Figure 7.19: Capaitane in the presene (Con) and absene (Coff ) of plasma,

alulated from the Lissajous �gures obtained after the subtration of Qmicro, as a

funtion of the voltage amplitude.

In these experiments, however, Coff seems to represent just the old a-

paitane of the atuator. The apaitane Con, instead, inreases with the

voltage amplitude, and for su�iently high values it beomes equal to the

apaitane given by the series of the two insulating barriers: Con = Cdie.

It is thus lear that Manley's assumption presented in the introdution is

adequate only in these onditions. Moreover, it is evident from this disus-

sion that, even though the plasma-o� sides AB and CD are straight lines,

their interepts with the Q axis represents the total harge left on the di-

eletri barriers during the previous plasma ativity only if the apaitane

Con remains equal to Coff (Figure 7.17 (b)), otherwise these interepts are

in�uened by apaitane variations too.

7.2.2 SDBD Configuration

The same method for the investigation of Lissajous �gures has been adopted

for the surfae dieletri barrier on�guration. In this ase a band pass
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Figure 7.20: Examples of Lissajous �gures (shown in blak) obtained for two

di�erent voltage amplitudes (5.6 kV and 13.5 kV) in a surfae on�guration. For

red urves the harge Qmicro transported by urrent mirodisharges have been

subtrated from the Q signal of the Lissajous �gure.

�lter with a lower ut-o� frequeny was adopted (2 MHz instead of the 15

MHz used for the planar on�guration), so that there are no osillations

assoiated to the plasma presene. This allows to appreiate if asymmetries

are present between the two half-yles of the Lissajous �gure. Figures 7.20a

and 7.20b show two Lissajous �gures (in blak) obtained at two di�erent

voltage amplitudes (5.6 kV and 13.5 kV). It is lear that in the �rst ase a

variation in the Q signal happens abruptly at the beginning of the ative

phase of the bakward semi-yle (when the voltage is inreasing towards

its maximum, side AC), whereas the Q variation is more gradual during

the forward half-yle (side CA). At higher voltage amplitudes, instead, the

Q − ∆V plot appears more symmetri, even though the breakdown of the

positive plasma phase is always more evident. This is due to the presene

of the group of plasma mirodisharges that are reated at the disharge

breakdown (see Setion 5.1). The red urves orrespond to the Lissajous

�gures obtained after subtrating Qmicro from the original Lissajous plots.

Again, it easily to notie that at high voltages the disharge semi-yles

behave quite similarly, whereas at low voltages the two semi-yles appear

onsiderably di�erent. As a matter of fat, Figure 7.20a reveals that during
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the positive half-yle plasma mirodisharges transport a ertain amount

of harge Qmicro, and that after the subtration of Qmicro from the Q −

∆V plot, the new slope CBD
on looks quite similar to the slope Coff of the

plasma-o� phase. On the ontrary, during the negative half-period, almost

no urrent mirodisharges were deteted, and this portion of the Lissajous

�gure is not a�eted by the subtration of Qmicro. However, the slope of the

urve hanges, and this means that there is a apaitane hange (due to

a harge rearrangement) or a harge transfer happening in a way di�erent

from urrent plasma mirodisharges. Eventually, it is worth to notiing

that at high voltages, the transition from Coff to Con is not abrupt but

gradual (Figure 7.20b). This is probably due to progressive hanges in the

geometrial shape of the disharge region, whih leads to gradual hanges

in the ell apaitane Con and to the reation of an almond-like Lissajous

�gure.
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Figure 7.21: Capaitane in the presene (Con) and absene (Coff ) of plasma,

alulated for both the positive and negative half-yles from the Lissajous �gures

obtained after the subtration of Qmicro, as a funtion of the voltage amplitude.

The values of Con and Coff obtained for the surfae on�guration are
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presented in Figure 7.21 as a funtion of the voltage amplitude. These re-

sults show that Con is higher for the negative half-yle. This is probably

due to the higher mobility of eletrons, whih are more easily aumulated

on the insulating surfae rather than ions. Both CBD
on and CFD

on tend to

inrease with the voltage, and this ould be assoiated to a spreading of the

disharge region, meaning that the higher the voltage the more the plasma

sheet extends to hordwise positions far from the exposed eletrode. We will

examine in more depth this point in future investigations.





CHAPTER8

Background Oriented Schlieren

Implementation

Bakground Oriented Shlieren (BOS) has been implemented at University

of Milano-Bioa during the last period of this thesis. BOS is a tehnique

allowing the determination of refrative index gradients without sophisti-

ated optial equipments, reently developed in the �uid imaging ommu-

nity [177,178℄. The main harateristis of this diagnostis and of its imple-

mentations are presented in this hapter together with an overview of the

results obtained up to now. Further details are given in the master's thesis

by C. Capone [179℄.
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8.1 Introduction

Understanding a physial proess is made easier every time it is possible to

reprodue a visual representation of it. This is espeially true for �uid dy-

namis e�ets, and in partiular for boundary layer evolution in spae and

time. Flow visualization is the oldest method used to study �uid mehanis

and it has been used throughout history in a wide range of appliations, from

aerodynamis to meteorology, medial siene, air onditioning and many

other �elds [180, 181℄. Nevertheless, most liquids and gases are transparent

medium: their motion annot always be followed by diret observation nei-

ther foreseen beause of its omplexity. Fluid motion visualization requires

non invasive methods to observe and analyse di�erent kinds of �ows. Two

main tehniques are usually adopted, based on diret injetion of material

or on refrative index hanges.

Direct Injection Methods This lass inludes all methods in whih an external

material is introdued in the �uid �ow [180℄. In this ase, �ow visualization

is indiret beause it is inferred from that of the foreign partiles introdued.

These partiles should be visible but also small enough to ompare their

veloity and diretion with those of the �uid. Di�erenes between the two

�ows an be minimized, but not ompletely removed, by imposing partile

density to math the �uid one. Most ommonly, dyes are used in water while

smoke is applied in air �ows. The term smoke is used in a wide sense, not

only restrited to ombustion produts but also inluding steam, vapour,

mist and aerosols [182℄. Partile Image Veloimetry (PIV) belongs to these

optial methods of �ow visualization. It allows veloity measurements within

a single plane inside the �ow, whih are dedued from the displaements of

the partiles seeded in the �ow [183℄. A 2-D area in the �ow is illuminated

twie, within a short time interval, by a laser sheet. Light pulses must be

short enough to "froze" the motion of partiles during the exposure, in order
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to avoid the image blur. Typial dimensions of seeding partiles are 10÷100

mirometers, so that they are small enough to move with the loal �ow speed

but at the same time large enough to satter a signi�ant quantity of the

inident light [184℄.

Methods based on refractive index changes. Index of refration gradients in

transparent inhomogeneous media are due to density, temperature or ma-

terial hanges. Light rays are always refrated towards regions with higher

index of refration and many tehniques have been developed to onnet

these de�etions to the struture of the studied objet (usually alled phase

objet) [181℄. Among all optial methods used to investigate �uid �ows,

they have the advantage of being non invasive. Shadowgraph, Shlieren and

Interferometry are the main visualization methods based on the onnetion

between index of refration gradients and �ow density [185℄.

The great advantage of Shadowgraph lies in the possibility of making

large sale �ow visualization using a basi setup, onsisting in a point light

soure and a reording plane [186℄. A varying density �eld is plaed between

them and auses the shadow e�et: the individual light rays rossing the test

setion are refrated and bent out of their original path. The �nal result is a

pattern of light intensity variations on the reording plane, whih is related to

the seond derivative of the �uid refrative index. Therefore, Shadowgraphy

is an optial diagnosti tehnique sensitive to sharp hanges of �uid density,

and it is ommonly used to study ompressible gas �ows with shok waves

and turbulene e�ets, whih an be onsidered as extremely intense hanges

of gas density [181℄. Shadow images are easy to obtain and an be saled

to large �elds of view: these measurements an be even arried out outside

a laboratory, using the sun as the light soure. Quantitative analysis of

shadowgraph images an be obtained by solving the Poisson equation that

relates the reorded light intensity variations to the refrative index �eld
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of the physial medium [187, 188℄. However, this an be quite di�ult, so

this method is generally used just to have a quik survey of a �ow with

density hanges. Moreover, Shadowgraphy gives an overall visualization of

a omplex phenomenon but it's little sensitive to slow density variations, so

shadowgrams usually lak of details [189℄.

The onventional Shlieren system onsists of a point-light soure, two

lenses, a knife-edge and a sreen [180, 181℄. The beam of light oming from

the point soure is ollimated by the �rst lens, then rosses the phase objet

and is �nally foused by the seond lens onto the sreen. The knife-edge is

a �lter that uts o� light intensity and ontrols image ontrast. Ideally, the

knife removes half of the light rays and if the phase objet is homogeneous

the loss of light is uniform. Instead, if the test region has density gradients,

light rays that are de�eted an be interepted by the knife-edge. This e�et

results in the formation of brighter and darker areas orresponding to the

hanges of the refrative index in the plane normal to beam propagation

[186℄. Shlieren produes a real image of the phase objet, not only a mere

shadow, and its sensitivity an be made higher hoosing longer foal lens to

widen angular de�etion [189℄. Where large spaes have to be imaged, o�-

axis paraboli mirrors are used rather than lenses to ollimate and fous the

beam (z-type on�guration): in this ase the light soure and the knife edge

are plaed in the foal plane of the �rst and seond mirror respetively [190℄.

A drawbak of shlieren methods is small �exibility: ommon setup annot

be easily saled or moved, and the system geometry is limited from foal

length and size of mirrors and lenses [188, 189℄.

Interferometry is based on the analysis of a pattern of bright and dark

fringes, alled interferograms. This pattern is the result of a hange in the op-

tial path between a test beam and a referene beam, and it re�ets the di�er-

ent phases of the two waves [191,192℄. Interferograms an be interpreted di-

retly by means of index of refration instead of its derivatives [191℄: this fea-
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ture makes Interferometry the simplest method in terms of post-proessing

image analysis and interpretation. Nevertheless, ompared with Shadowg-

raphy or Shlieren, this tehnique requires a more omplex and expensive

setup and its more sensitive to alignment and vibration problems. There are

many kinds of on�gurations to produe interferene, but the most famous

are Mihelson, Mah-Zehnder and Fabry-Perot interferometers. Having a

higher sensitivity, Interferometry is usually preferred to the other methods

when small density gradients are expeted. On the other side, interferome-

ters are unreliable when larger angles of refration are involved beause sharp

density variations take plae.

Being a ompromise between the simple analysis of Interferometry and

the basi setup of a Shadowgraph, the Shlieren method has emerged as the

most popular refrative index based tehnique [188℄. Compared to Interfer-

ometry, Shlieren is less sensible to alignment problems beause less optial

omponents are used. Some variations of this tehnique have been developed

in the past years. For example, in Colour Shlieren the knife-edge is replaed

with a olour band �lter, i.e. a oloured irular �lter with a radial inreasing

opaity, providing more information ompared to monohromati knife-edge

Shlieren [193, 194℄. In Grid-Based Shlieren methods, the knife-edge of the

lassial set-up is instead replaed by two aligned masks and di�use light an

be used instead of a point soure [180℄. The digital implementation of these

tehniques is alled Syntheti Shlieren: one of the masks is plaed between

the light soure and the test region while the other one is replaed with the

digital image of the �rst mask without perturbations [195, 196℄. Eventually,

in Bakground Oriented Shlieren (BOS), a bakground pattern is plaed be-

fore the test region and foused by a onverging lens onto a high speed digital

amera [197℄. The visualization proess is the result of a omparison between

the pattern images reorded in absene and presene of a perturbation intro-

dued in the test region. Many papers refer to BOS as a Syntheti Shlieren
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with a more versatile pattern: while Syntheti Shlieren requires an opti-

mized bakground pattern, in BOS one an even use natural elements like

trees branhing and leafage [198℄. Like other Shlieren-like tehniques, BOS

provides non intrusive measurements of the �rst derivative of the refrative

index in the test area, but this method has a strong similarity with Shadowg-

raphy sine its equipment doesn't require expensive mirrors or knife-edges

and the phase objet is not perfetly foused [186℄. As a matter of fat, the

BOS tehnique was born with the purpose of minimizing optial alignment

problems that a�et traditional shlieren systems [189℄. Moreover, it is eas-

ily salable on higher dimension [186, 190℄, and has a quite wide dynami

range, meaning that it an show both large and small perturbations [199℄.

The quality of the results is mainly due to the tehnial spei�ations of the

reording amera (e.g. resolution and noise) and to the algorithms used in

the post-proessing analysis [186℄. This feature an be an advantage, sine a

limitation on tehnial aspets an be overome improving data proessing

or providing higher quality equipments.

8.2 Principles of Operation

A typial BOS set-up is shown in Figure 8.1: a light soure illuminates a

bakground pattern, whih is foused by a onverging lens onto a high speed

digital amera; the phase objet under study is plaed at an optimal distane

between the pattern and the lens [200℄. BOS is a line-of-sight integrated

method, sine it is sensitive to the �rst derivatives perpendiular to the light

path of the refrative index [197,201℄. The experimental operating proedure

for obtaining the refrative index �eld onsists in two main steps:

Image aquisition: a referene image of the unperturbed test area is

reorded by the amera, then the phase objet is introdued and a

seond photograph of the bakground is taken.
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Figure 8.1: Sheme of a typial BOS setup.

Data post proessing: the two images are �rstly analysed by means of

a ross-orrelation algorithm and a plot �ow of the bakground shifts

is dedued. Index of refration gradients are proportional to loal val-

ues of this displaement �eld and using numerial integration methods

one an reprodue a map of the refrative index in the phase objet.

As we will see in Setion 8.4, one the refrative index �eld is ob-

tained, it beomes easy to dedue the relative density map thanks to

the Gladstone-Dale equation [202℄.

Figure 8.2: Sheme

of the angular de�etion

due to a refrative index

gradient.

In optis, the de�etion angle expeted for a re-

frated light ray an be dedued from Fermat Prin-

iple [203℄. The geometri theory of refration is

only an approximation to the more-omplete physi-

al optis approah, but is su�ient for the present

purposes [181℄. Let's onsider a negative refra-

tive index gradient along y only (see Figure 8.2):

dn/dy < 0. A vertial wave front (z1) is initially

perpendiular to the optial axis z. When the wave

front propagates in the medium toward z2, in the

path between z1 and z2 it overs a di�erential dis-

tane ∆z in an in�nitesimal time interval ∆t and undergoes a di�erential

de�etion ∆ε. Sine light rays are always normal to their front waves, one

an onsider that the initial ray in z1 is then de�eted of an angle ∆ε when it
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reahes z2. From the de�nition of the refrative index n = v0/v and referring

to Figure 8.2, one an dedue that

∆ε ≈ tg(∆ε) =
∆z

∆y
=

v0/n2 − v0/n1

∆y
∆t. (8.1)

Furthermore, rewriting ∆t as

∆t =
n

v0
∆z, (8.2)

and ombining the two expressions above, it is found that

∆ε =
n

v0

v0/n2 − v0/n1

∆y
∆z =

n

n1n2

(n1 − n2)

∆y
∆z. (8.3)

When ∆y approahes to 0,

n
n1n2

≃
1
n
. In a di�erential representation

dε

dz
=

1

n

dn

dy
. (8.4)

However, sine ε is a very small angle, it an be onsidered approximately as

dy/dz. With this substitution the equation that desribes the ray de�etion

is �nally found. In partiular, this relationship onnets the refrated beam

urvature with the index of refration. In the most general ase, this equation

is expressed in terms of partial derivatives:

∂εy
∂z

=
∂2y

∂z2
=

1

n

∂n

∂y
. (8.5)

A similar equation is used for de�etions on the x-axis

∂εx
∂z

=
∂2x

∂2z
=

1

n

∂n

∂x
. (8.6)
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From the integration of the previous equations, one obtains

εx(x, y) =
dx

dz
=

∫

1

n

∂n(x, y)

∂x
dz, (8.7)

εy(x, y) =
dy

dz
=

∫

1

n

∂n(x, y)

∂y
dz, (8.8)

where n(x, y) is the loal refrative index of the medium. Sine a ommon

approximation is n ≈ n0, where n0 is the unperturbed index of refration,

εx and εy are often treated as:

εx(x, y) =
dx

dz
=

1

n0

∫

∂n(x, y)

∂x
dz, (8.9)

εy(x, y) =
dy

dz
=

1

n0

∫

∂n(x, y)

∂y
dz. (8.10)

Moreover, assuming that ∂n/∂x and ∂n/∂y are onstant within the whole

thikness ∆z of the phase objet that auses the beam de�etion:

εx(x, y) =
dx

dz
=

1

n0

∂n(x, y)

∂x
∆z, (8.11)

εy(x, y) =
dy

dz
=

1

n0

∂n(x, y)

∂y
∆z. (8.12)

In BOS these de�etion angles an be related to the apparent bakground

shift obtained when the phase objet is introdued into the system. The

onverging lens is plaed between the bakground pattern and the reording

amera at a distane suh that the Law of Conjugate Foi holds (Figure 8.3):

1

f
=

1

Zi
+

1

ZB
, (8.13)

where f is the foal length, ZB the distane between the bakground and

the onverging lens and Zi the one between the lens and the amera. In this

way, the optial system fouses the bakground plane, so that all pattern
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Figure 8.3: Sheme of the pattern shifts indued by the shlieren objet.

shifts an be revealed by ross-orrelation algorithms. From simple geometri

onsiderations, it is lear that the virtual displaement of the bakground

∆Y ′
in the y diretion is onneted to the shift ∆Y on the reording amera

by the distanes ZB and Zi:

∆Y = M∆Y ′ =
Zi∆Y ′

ZB

, (8.14)

where M indiates the magni�ation due to the onverging lens.

Introduing the phase objet at a distane ZD from the bakground (see

Figure 8.3) and the small de�etion approximation, the de�etion angle εy

an be written as:

εy ≈ tgεy =
∆Y ′

ZD

=
∆Y ZB

ZiZD

ZB → ∞ εy ≈
∆Y ZB

fZD

(8.15)

Therefore, for similar εy (i.e. equal index of refration gradient) and ZB , the

pattern shift ∆Y inreases with the distane ZD between the bakground

and the phase objet aording to

∆Y

εy
=

ZDZi

ZB
≈

ZDf

ZB
. (8.16)
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Hene, the maximum displaement detetable would appear for ZD → ZB

and would be equal to ∆Y = Ziεy ≈ fεy. However, ZD an't be inreased

at pleasure, beause the larger ZD the more blurred the phase objet will

be reprodued [179℄. The ideal ondition for observing index of refration

gradients would be reahed at a distane ZD satisfying the Law of Conjugate

Foi for the shlieren objet, and thus for ZD = 0. This is impossible beause

the pattern is physially loated at the distane ZB from the lens, so ZD is

always greater than 0. In pratie, a ompromise between sensitivity and

resolution has to be reahed in hoosing the position of the phase objet.

After the images with and without perturbation have been reorded, they

have to be ompared to �nd the pattern shifts. A fundamental part of the

BOS method is thus the post-proessing analysis. Several algorithms have

been developed to ompare undisturbed images with perturbed ones. Some

of them had already been used in �ow visualization tehniques like PIV.

The ommon priniple of ross orrelation algorithms onsists in a ompar-

ison among neighbouring pixels for both images. If a mathing between

two zones is deteted, then their relative position de�nes a two-dimensional

displaement vetor, representing the refration due to the loal gradients

present in the test area [186, 204℄.

One the pattern displaements ∆Y have been determined, the angular

de�etion εy an be alulated from Equation 8.15. At this point, remem-

bering the relationship between the de�etion angle and the �rst derivative

of the refrative index (Equation 8.12) one obtains

∂n

∂y
=

n0ZB∆Y

ZDZi∆z
=

n0(ZB − f)∆Y

ZDf∆z
. (8.17)

A similar equation stands for the derivative ∂n/∂x and for the image dis-

plaement ∆X along x:

∂n

∂x
=

n0ZB∆X

ZDZi∆z
=

n0(ZB − f)∆X

ZDf∆z
. (8.18)
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These two quantities an be ombined into the Poisson equation [202℄:

∂2n(x, y)

∂x2
+

∂2n(x, y)

∂y2
= R

(

∂∆X

∂x
+

∂∆Y

∂y

)

, (8.19)

where R = n0ZB

ZDZi∆z
is a onstant summarizing all the geometrial dimensions

of the system involved in the analysis. This equation an be solved with

numerial methods, and allows to derive a map for the refrative index of

the phase objet n(x, y) [177, 202℄.

8.3 Image Acquisition and Post-Processing

The laboratory and omputational equipments we have used for the imple-

mentation of the Bakground Oriented Shlieren tehnique are presented in

this setion. The experimental apparatus used for image aquisition is made

up of a laser, a bakground pattern, a onverging lens and a CMOS am-

era, all arranged on an optial breadboard (by Newport Corporation, 1.5

m long) in order to favour alignments and to avoid vibrations. Conerning

the analysis of images, ross-orrelation and the integration algorithms have

been used in a Matlab environment.

Laser Source The ideal working ondition inludes a stable illumination,

sine during the image post-proessing stage the displaements are evalu-

ated from the grey sale of pixels. However, algorithms generally are not so

sensible to slightly time-varying brilliane, and in ase this disadvantage an

be easily overome with the use of spei� light �lters of image proessing

softwares. Di�erent tests with a table lamp, a torh and a laser were ar-

ried out [179℄, and eventually we deided to run experiments with the He-Ne

Laser (Newport R-30989), whih generates a linearly polarized output beam

of 2.0 mW at 633 nm. The laser beam an illuminate just a portion of the

bakground pattern that is smaller than the one imaged by the CMOS am-
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era. This problem an be �xed in two main ways: by using a beam expander

or a frosted glass. The former an be build with a ouple of onverging lens,

but, given the lenses at our disposal and the optial table length, this solu-

tion requires too muh spae at the moment, and was thus rejeted [179℄.

The e�et of adopting a frosted glass is light di�usion, meaning a loss of

the typial laser oherene, whih is anyway unneessary in BOS, and the

formation of a spekle bakground superimposed to the used pattern, whih

turned out not to be a problem [179℄.

Background Pattern The most ommon patterns for BOS are gaussian dot

distributions, spekles and wavelet noise. Optial analysis requires non-

homogeneous images with high frequeny details so that algorithms an be

e�iently applied. It's not neessary to realize a di�erent bakground pat-

tern for eah algorithm, but in several ases an optimized pattern improves

the results. The optimized ondition is reahed when pattern and amera res-

olutions are oupled. Linear grid bakgrounds like those used in Syntheti

Shlieren experiments [195℄ are useless for a two-omponent displaement

�eld evaluation, sine their e�ieny is restrited to the determination of

displaements normal to the pattern lines [205℄. When random dot patterns

are used, the hoie of size and spaing of the pattern elements may ause sig-

ni�ant variations in the proessed image quality, while no hange is observed

when di�erent shapes are used. Small dots grouped losely together usually

give the algorithm more �nely meshed referene points for omparison. The

e�etive optimal dimension for the pattern elements depends on the image

sensor [206℄. Grey-sale images haraterized by random noise funtions and

with multi-sale patterns are often used as bakgrounds. When only random

noise haraterizes the pattern, it an be di�ult to optimize the set-up sine

for eah on�guration a di�erent pattern is required. This problem an be

avoided by using a wavelet-noise bakground, a multi-sale pattern with high
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frequeny noise on every sale. Wavelet noise patterns are independent from

the set-up on�guration and an redue also omputational problems on-

neted to aliasing and loss of details [186℄. The essene of wavelet noise

reation onsists of four steps, whih are illustrated in Figure 8.4. An image

R �lled with random noise is �rstly reated (a) and subsequently downsam-

pled to reate the half-size image R↓
(b). Then R↓

is upsampled to a full

size image R↓↑
(), whih is �nally subtrated from the original R to reate

N (d). A omplete desription of the wavelet noise theory and its pratial

implementation are disussed in [207℄.

Figure 8.4: (a) Image R of random noise, (b) Half-size image R↓
, () Half-

resolution image R↓↑
, (d) Noise band image N = R−R↓↑

[207℄.

Lens The lenses at disposal have foal lengths of 50, 75, 100, 150, 200 or

300 mm and they all have a diameter of 50 mm. When hoosing whih

lens to adopt, it's neessary to take into aount the available distanes,
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the required magni�ation and the extension (along the diretion of laser

beam propagation) of the phase objet that has to be plaed between the

pattern and the lens (with thikness ∆z between 0.5 cm and 7 cm in our

ase). Among all the lenses at disposal, those whih provide greater optial

magni�ations M and larger distanes L between the pattern and the amera

sensor, have foal lengths f equal to 150 mm and 200 mm [179℄. Up to now

we have usually made measurements with f = 200 mm, L = 800 mm,

ZB = Zi = 400 mm and M = 1. The main di�ulties enountered in

dereasing the image magni�ation lies in pinushion distortions together

with the redution of the laser spot and the onsequent darkening of the

image borders [179℄. On the ontrary, before using M > 1 we thought it was

better to aquire some images with M = 1, sine the adopted integration

algorithm requires the knowledge of a boundary ondition for the refrative

index n. At this purpose, it is worth to desribe the di�erent possibilities in

hoosing the boundary ondition. One of them is to leave the default zero

boundary ondition and analyse BOS images in order to obtain quantitative

information about the refrative index hanges ∆n inside the image instead

of its absolute value n. As an alternative, a magni�ation low enough for

visualising a spatial region inluding the unperturbed (an thus known) value

of n an be adopted. Eventually, another option is to start from an image

in whih the unperturbed value of n is present, and to onatenate spatially

adjaent images, so that it is possible to propagate the boundary ondition

from one image to another.

CMOS Camera A CMOS Camera (MV-D1024-160-CL-8 by Photonphous)

has been used for aquiring images of the bakground pattern. All measures

reorded up to now were made by using the amera in the free-running mode,

meaning that it ontinuously delivers images with a ertain on�gurable

frame rate. When the aquisition of an image needs to be synhronised to
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an external event, a trigger an be used. We plan to use this mode in future.

The geometrial sensor harateristis are: resolution 1024 × 1024 pixels,

pixel size equal to 10.6µm× 10.6µm, and sensing area 10.9mm× 10.9mm.

The exposure time, indiating the period during whih the image sensor

integrates the inoming light, an be varied in the range 10µs ÷ 0.5 s. A-

tually, the minimum exposure-time we used is 52 µs. This limitation is due

to the light soure employed, that is not enough intense for shorter time

intervals beause the bakground pattern beomes too dark. The maximum

frame rate, meaning the minimum temporal interval separating two sues-

sive images, for this amera model is 150 frames per seond. However, this is

valid only when the minimum exposure time is seleted. For our purposes, a

matrix of about 700× 700 pixels was generally sanned, and the lower time

interval between two images is equal to several milliseonds (between 15÷25

ms).

Cross-Correlation Algorithms Among ross-orrelation algorithms suitable for

BOS analysis we remind two ategories: Blok-mathing algorithms and

Gradient-based methods. The former were already used for PIV, so they

were the �rst to be applied to BOS (with adequate hanges). The idea be-

hind blok mathing is to divide the urrent frame into a matrix of maro

bloks eah of whih is then ompared with the orresponding blok and

its adjaent neighbours in the previous frame. This omparison allows to

reate a vetor that stipulates the movement of a maro blok from one lo-

ation to another (see Figure 8.5). This movement, alulated for all the

maro bloks, onstitutes the motion estimated for the urrent frame [208℄.

In the blok based tehniques, frame motion is determined from the varia-

tions in the pixel intensities. The best mathing is onsidered as the blok

with less intensity di�erene between the urrent frame and the referene

frame. In gradient based tehniques, instead, the spatio-temporal deriva-
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Figure 8.5: . Diagram of blok mathing operation.

tives of pixel intensities is alulated to determine the frame motion [209℄.

Gradient-based methods are more sophistiated and give a good equilib-

rium between good quality results, easy implementation and fast exeution.

Among gradient-based tehniques we have tried the Horn-Shunk algorithm

(a Matlab funtion, HS ) [210℄ and the Luas and Kanade algorithm (a Mat-

lab sript, LKPR) [211℄. We found that they provide similar results, but they

have di�erent advantages and drawbaks. The Horn-Shunk algorithm is

quite rapid (only some seonds are required for orrelating two images of

700 × 700 pixels), but its great disadvantage is that a ouple (∆X,∆Y )

of displaements is assoiated to eah pixel, whih makes the resulting �ow

�eld interpretation more di�ult. On the ontrary, in the Luas and Kanade

ase, interrogation windows (like in the blok-mathing algorithms) and a

pyramidal proedure are used. The result is that the Luas and Kanade

algorithm is more aurate and more sensitive to details ompared to the

Horn-Shunk one, but its elaboration time is higher (an average time of 5

minutes is required for orrelating two images of 700× 700 pixels), and this
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an onstitute a problem when the number of images to analyse is large.

Deteting displaements that are not integer multiples of pixels requires an

interpolation sheme inside the ross-orrelation proedure: pixel intensities

are realulated as it happens in image deformation tehniques [186℄. Both

the onsidered algorithms provide this possibility. Usually, ross-orrelation

algorithms an detet sub-pixel shifts of the order of 0.01 ÷ 0.1 pixels. The

auray in the pixel shift displaement an be evaluated in terms of bias

error and random error. We have onsidered them both during some tests

that we implemented to evaluate the auray of eah algorithm in deteting

shifts. By means of a Matlab funtion (i�tshift) we imposed a known mono-

dimensional shift, with amplitude and diretion equal for all the image pixels,

and we then evaluated this displaement by means of the ross-orrelation

algorithms. Both integer and frational shifts were tried. Results show that

for integer displaement lower than 5 pixels the Luas-Kanade algorithm

manages to detet the imposed shift with lower statistial and bias errors.

For larger shifts the two algorithms provide similar results. It is worth to

notie that for sub-pixel displaements the Luas-Kanade proedure su�ers

a typial e�et assoiated to the interpolation proedure used to �nd the

sub-pixel displaements, whih is alled peak-loking [179℄. Another element

that has been onsidered in the Luas-Kanade ase is the in�uene of the

interrogation window size on the evaluation of the pixel displaement. It

turned out that using a window size too large an ause loss of details and

that, on the other side, with a too small window the deteted shifts are af-

feted by a larger error [179℄. The analysis have been arried out with an

interrogation window of 9× 9, whih seemed to be a good ompromise.

Integration Algorithm The integration algorithm (a Matlab funtion alled

intgrad2 ) generates a two-dimensional surfae representing the result of the

integration of the gradient map given as input.
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8.4 Expected Beam Deflections

In this setion the fators that an in�uene the index of refration are

analysed in order to understand whih of them an be observed with our

experimental setup. The refrative index is a funtion of the �uid density:

a variation of the latter an be onneted to ompressibility, temperature

variations, or omposition in a mixture of �uids. When a plasma is on-

sidered, eletrons and ions give a ontribution to the total refrative index

too. For gaseous systems, where the distane among moleules is large,

the Gladstone-Dale Equation relates the index of refration of a �uid to its

properties and to the inident radiation frequeny ν:

n− 1 =
ρLe2

2πmeM

∑

i

[
fi

ν2i − ν2
], (8.20)

where νi are the resonane frequenies (with osillator strengths fi) asso-

iated to the eletron energy levels of moleules [212℄, e and me are the

eletron harge and mass, M the molar weight of the �uid, ρ its density and

L the Loshmidt number, whih is the number of partiles of an ideal gas

per volume at standard onditions. This equation is often expressed as

n− 1 = Kρ, (8.21)

where K is the Gladstone-Dale onstant, whih depends from the gas propri-

eties and at �rst approximation is independent from frequeny. For air at at-

mospheri pressure (and for λ = 633 nm) it is equal to Kair = 0.2256 cm3/g.

If a gas mixture is onsidered, the Gladstone-Dale Equation beomes

n− 1 =
∑

i

Kiρi, (8.22)

where ρi is the partial density of the single omponents. In a ionized gas the

index of refration inludes the ontributes of neutral moleules, ions and
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eletrons [212℄:

(n− 1) = (n− 1)m + (n− 1)i + (n− 1)e. (8.23)

The former is desribed by the Gladstone-Dale Equation:

(n− 1)m = Kρ, (8.24)

but an also be expressed as a funtion of the number of moleules per unit

of volume Nm [213℄ :

(n− 1)m =
1

L
(A+

B

λ2
)Nm. (8.25)

For air at atmospheri pressure Aair = 2.83 · 10−4
, Bair = 2.03 · 10−6 µm2

and L = 2.687 · 1019 cm−3
The ion ontribution is [213℄:

(n− 1)i = η
1

L
(A+

B

λ2
)Ni, (8.26)

where Ni is the number of ions per unit of volume and ηair = 0.81 · 10−4
.

Eventually, the eletron term is [179℄:

(n− 1)e = −4.4610−14λ2Ne, (λ : cm,Ne : cm
−3) (8.27)

where Ne is the number of eletrons per unit of volume. The eletron density

e�et an thus be observed as a redution of the refrative index when the

gas beomes ionized. For a wavelength equal to 633 nm the refrative index

for a plasma of air at atmospheri pressure is thus:

(n− 1) = 1.0709 · 10−23(Nm + 0.8143Ni)− 1.7859 · 10−22Ne, (8.28)

with Nm, Ni and Ne expressed in cm−3
.
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For an equal number density, the ion ontribution is twenty times lower

than the term assoiated to eletrons, while the moleule ontribution is

seventeen times lower [213℄. From Equation 8.17 it is possible to estimate

the displaement of the pattern image ∆Y as a funtion of the geometrial

on�guration (ZD and f ), for a phase objet with thikness ∆z in the laser

beam diretion and with a refrative index gradient ∂n/∂y perpendiular to

it:

∆Y =
ZDf∆z

n0(ZB − f)

∂n

∂y
. (8.29)

We have thus onsidered di�erent phenomena that an produe a variation

in the refrative index. An estimate of the pattern shifts determined by

these gradients is given and a predition about the observable variations is

made in relation to the spei�s of the set up. It is worth notiing that the

minimum detetable shift depends on the resolution of the imaging sensor

used, sine higher resolution implies higher sensitivity [197℄. On the basis of

some observation made in our experiments and referring to the spei�s of

the CMOS employed, we ame to the onlusion that shifts lower than 0.1

pixel annot be deteted [179℄.

Deflections expected for generic neutral density changes. We have already said

that the dependene of the index of refration from the gas density in a

neutral system is given by the Gladstone-Dale Equation and that in air, for

a wavelength of 633 nm, this relation has the form

n = 1 +Kairρ = 1 + 0.2256 · ρ, (8.30)

where the density ρ is expressed in g/cm3
. In this ase the value of ∂n/∂y

to be replaed in Equation 8.29 is thus:

∂n

∂y
= 0.2256 ·

∂ρ

∂y
. (8.31)
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An estimate of the expeted shift an thus be given for a partiular on�g-

uration [179℄. In the spei� ase of f = 20 cm, Zd = 1 cm and ∆z = 0.5

cm, the BOS tehnique implemented allows to observe density hanges from

the unperturbed value (density of air at standard onditions) larger than 4%

within ∆y = 1 cm. In terms of refrative index gradient, this value orre-

sponds to

∆n
∆x

= 1·10−5cm−1
. However, hanging the working onditions has

a great in�uene on the determination of the minimum detetable gradient:

for example, if the integration length is taken as ∆z = 7 cm (as done in

Setion 8.6), density hanges larger than 0.8% an be observed within 1 cm.

Deflections expected for density variations due to speed gradients When a gas is

onsidered, density gradients related to veloity variations an be expressed

by the following relation [54℄:

ρf − ρi = ρi(1− e−
1
2

(vf−vi)
2

a2 ), (8.32)

where a is the speed of sound, vi and vf denote the initial and �nal gas

speeds, and ρi and ρf are the orresponding densities. Considering a �ow

initially at rest (vi=0) and introduing the Mah number M = vf/a, one

gets:

ρf − ρi = ρi(1− e−
1
2
M2

). (8.33)

As showed in Figure 8.6, for low subsoni onditions, ompressibility

an be ignored beause density variations are very small. A �ow is usually

onsidered inompressible up to M = 0.3. The working onditions adopted

in this thesis involve speeds arising from zero to a few meters per seond

in air at atmospheri pressure (ρi = 1.184 · 10−3 g/cm3
). Suh a veloity

variation indues a density hange smaller than 0.04%, whih is muh lower

than the minimum detetable value.
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(a)

(b)

Figure 8.6: Density perentage variation as a funtion of the Mah number.

Sub�gure (b) is a zoom of the region of interest of sub�gure (a).

Deflections expected from temperature changes. The Gladstone-Dale Equation

an be expressed in terms of pressure P and temperature T , instead of gas

density:

n = 1 +Kair
MP

RT
, (8.34)

where R = 8.31 J/Kmol is the gas onstant. In an isobari approximation

any variation of the refrative index is due to temperature gradients:

(n− 1) = (n0 − 1)
T

T0
, (8.35)
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and

n = 1 +
8.1 · 10−2

T
. (8.36)

In this ase the value of ∂n/∂y to be replaed in Equation 8.29 is:

∂n

∂y
= 8.1 · 10−2 ∂

∂y

(

1

T

)

. (8.37)

In the spei� ase of f = 20 cm, Zd = 1 cm and ∆z = 0.5 cm the

BOS tehnique implemented allows to observe temperature hanges larger

than 10 ◦C within 1 cm. If the integration length is taken as ∆z = 7 cm,

temperature hanges larger than 2 ◦C beome visible within 1 cm.

Deflections expected for electron density changes. It is easy to see from Equa-

tion 8.28 that if the refrative index hanges are due to an eletron density

gradient, the value of ∂n/∂y to be replaed in Equation 8.29 is:

∂n

∂y
= −1.78594 · 10−22 ∂Ne

∂y
. (8.38)

Considering the typial dimensions of a single axisymmetri mirodisharge

(∆z = 0.01 cm), the minimum eletron density hange visible within 0.01

cm is ∆Ne = 1016. If the integration length is extended to ∆z = 7 cm,

also ∆Ne = 1014 within 0.01 cm should beome visible. A further in-depth

analysis and improvements in resolution and time response of the imaging

sensor used are needed to apply the BOS tehnique to a plasma disharge,

therefore the experimental work up to now is limited to the study of neutral

density gradients [179℄.
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8.5 Validation of the Technique

In the �rst part of the experimental work the BOS method was implemented

and tested in di�erent situations to validate the theoretial preditions previ-

ously made. In partiular, an analysis on stable gradients and a validation of

the tehnique by means of thermoouples were �rstly arried out to evaluate

the sensitivity and auray of the method. Afterwards, some experiments

on density hanges due to variations of veloity and gas omposition were

made to verify the versatility of the tehnique.

Stationary gradients Finding a shlieren objet with time stable gradients is

very useful to test the optial apparatus and evaluate the results from data

post-proessing. For this purpose, some authors make use of the so alled

alibration lens [193, 194℄, whih refrats light rays with di�erent de�etion

angles in funtion of the radial point (r) of inidene on the lens.

Figure 8.7: De�etion angle sheme for a alibration lens.

This de�etion angle ǫ is zero at the entre of the lens and grows monotoni-

ally towards the boundaries following the law

ǫ ≈ tg(ǫ) =
r

f
, (8.39)

where f is the foal length. The maximum de�etion angle is reahed in

orrespondene of the radius R of the lens. This feature permits to onsider

the lens as a shlieren objet with a radial gradient of the refrative index,
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Figure 8.8: Comparison between the de�etion angles predited from theory and

the BOS results. De�etion angles are expressed in radiants.

whih doesn't vary in time. The alibration lens should be a lens with a

large foal length (R << f ), so that the small angle approximation ould

be satis�ed. In the present experiment a alibration lens with a foal length

of f = 50 cm was employed. In many Shlieren systems, these lenses are

employed to alibrate the apparatus with a quanti�able relation between

de�etion angles and pixel intensities of the aquired image. In the spei�

ase of a BOS, this kind of alibration is not neessary, but these lenses an

be used to analyse the in�uene of the setup geometry on sensitivity and

auray of the tehnique.

The sensitivity of a BOS system is a funtion of the optial geometry and of

the spei�s of the image aquisition sensor. In general, to obtain the highest

sensitivity, the distane between the optial sensor and the bakground (Ztot)

should be maximized and the ratio Za/Ztot should be minimized (Za is the

distane between the phase objet and the lens). However, there are some

limitations onneted to the �eld of view: it is fundamental to maintain

reasonably in fous both the bakground pattern and the phase objet in
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order to apply the BOS tehnique suessfully. The pixel shifts (∆Y ) due

to the introdution of the shlieren objet are related to the de�etion angle

by the trigonometri law:

ǫ ≈ tg(ǫ) =
∆Y

f
. (8.40)

This theoretial prevision was ompared with the de�etions obtained by

the bakground displaements, for a f = 50 cm alibration lens plaed at

three di�erent ZD distanes from the bakground, as shown in Figure 8.8.

A loss of auray and a onsistent di�erene from theoretial preditions

is shown when ZD inreases. This behaviour an be explained as follows,

in relation to the inrease of ∆Y for larger ZD. On one side, when pixel

displaements are too large, ross orrelation algorithms are less aurate.

Moreover, when ZD is inreased, light rays may ross the shlieren objet in

a di�erent area with respet to smaller ZD [179℄. The omplete analysis of

the deteted shifts and displaements is desribed in [179℄.

BOS validation by means of thermocouples Referring to some experiments re-

ported in literature [197, 214℄ a validation of the BOS system by means

thermoouples was made. The di�erential equations governing onvetive

heat transfer belong to the most di�ult lass of theoretial physis and

have been solved analytially for only a few simple ases. A Shlieren-like

method for the evaluation of temperature distributions (previously heked

with omparison to thermoouples) provides a means of irumventing the

mathematial problem for many onditions. A quantitative investigation of

free-onvetion boundary layer temperature pro�les generated by a heated

metal plate and by a old plate was arried out to verify how the BOS system

reated to gradients of di�erent sign and intensity. Sine similar results were

obtained, only the hot plate ase will be disussed. Further details on the

adopted proedure an be found in [179℄. The heated plate shown in Figure
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Figure 8.9: Sheme of the heated metal plate used in the proedure of omparison

between BOS and thermoouples.

8.9 was used. Remembering that the CMOS sensor is 1 cm ×1 cm wide,

this shlieren objet an be onsidered as bi-dimensional, has negligible lat-

eral boundary e�ets, and an be kept at a �xed temperature (140 ◦C). A

�rst study of the hot air above the plate was arried out in terms of time

averaged temperature values: one the steady-state ondition was reahed,

the temperature above the plate was monitored with some thermoouples

plaed at di�erent distanes from the plate surfae (see Figure 8.10). At the

same time, BOS measurements were aquired.

The two ross-orrelation and the integration algorithms previously intro-

dued were used to extrapolate the temperature maps showed in Figure

Figure 8.10: Thermoouple measures of temperature at di�erent distanes above

the metal plate, in a steady ondition.
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(a) Luas-Kanade (b) Horn-Shunk

Figure 8.11: BOS temperature maps obtained using the two ross orrelation

algorithms.

8.11. From these maps the urves drawn in Figure 8.12 were determined,

so that a omparison with the average temperature measured by means of

thermoouples beomes possible. Thermoouple and BOS measures seem to

agree within the unertainty due to the experimental and omputer proess-

ing proedures. On one side, thermoouples are not partiularly suitable for

measuring gas temperatures and the error assoiated to this diagnostis is

higher than the 0.1◦C unertainty given in the datasheet, whih is valid for

ontat measurements on a solid surfae. For this reason, the error a�eting

(a) (b)

Figure 8.12: (a): omparison between BOS measures obtained with the two

ross orrelation algorithms and thermoouple measurements. The unertainty

assoiated to thermoouples is relative to their positioning. Shlieren measures are

averaged on several x positions: a fous on the standard deviation of the mean

assoiated to those measures is given in graph (b).
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Distane Temperature Statistial error

mm

◦
C

◦
C

1 88 0.2

3 72 0.1

4 59 0.02

7 55 0.2

9 50 0.1

10 49 0.04

Figure 8.13: Statistial values assoiated to thermoouples measurements at

di�erent distanes from the heated plate in a steady state ondition.

thermoouples data was evaluated as the standard deviation of the mean for

the temperature values obtained, in the steady state ondition. These values

are summarized in Table 8.13. However, the highest error related to these

measures is the one related to the vertial positioning of the thermoouples,

beause temperature gradients are very sharp near the heated surfae. The

distane between the thermoouples and the metal plate was measured with

an unertainty of 0.5 mm. Another aspet to be onsidered is the error

assoiated to the Shlieren measurements: as already outlined, eah step

Figure 8.14: Evaluation of the error ommitted on the overall ∆T in funtion of

the unertainty in the ZD determination.
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Figure 8.15: Comparison between BOS (satter) and thermoouples (lines) mea-

sures of the hot plate heating.

of the BOS proedure ontains intrinsi errors whih a�et the auray of

the diagnostis. By onsidering that in Figure 8.15 error bars assoiated to

Shlieren results are shown but not those relative to thermoouple position-

ing, we an onlude that the agreement is quite good for both the steady

state and transient ases that have been studied. An in�uential unertainty

on the �nal result is the one onneted to the positioning of the phase objet

(i.e. the measure of the ZD distane), sine it is not two-dimensional but has

a spatial extension along the z-diretion. Hene, it is worth to understand

how an error in measuring ZD re�ets upon temperature determination. At

this purpose, we onsidered di�erent unertainties inluded between ±1 mm

and ±10 mm in the measure of ZD and we found the results shown in Fig-

ure 8.14. We an reasonably think that our real unertainty in measuring

the plaement of the heated plate is inluded between 1 and 2mm, whih

means an error of ±1◦C on the determination of ∆T (orresponding to a 5%

perentage error).

Time resolved measurements were then made during the heating of the
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metal plate, before the steady state was reahed. Two thermoouples moni-

tored the temperature of air at 3 mm and 9.5 mm above the heated surfae.

At the same time, a sequene of Shlieren images of the same area were

aquired. As pointed out in Figure 8.15, measures obtained with the ther-

moouple at 9.5 mm from the plate were used as boundary onditions for the

BOS analysis. Shlieren data at 3 mm from the heated surfae were om-

pared with those taken by the thermoouple plaed at the same distane.

Density gradient visualization At this point we veri�ed that the visualization

of a gas di�erent from air is stritly onneted to the degree of perturbation

introdued into the system. More spei�ally, two di�erent �ows of Argon

and Helium in air at 25 ◦C were analysed (see Figure 8.16). The gas �ow was

(a) (b)

Figure 8.16: Gas �ows of Argon (a) and Helium (b) in quiesent air at 25

◦
C.

released from a nozzle plaed at the top-entre (a) and at the left-entre (b)

area of the shlieren image, but while the Helium �ow ould be observed, in

the Argon ase no lear trend were deteted. A quantitative explanation of

these results an be desribed, sine the index of refration for noble gases

at standard ondition (T0 = 0 ◦C, p0 = 1 atm) for a wavelength of 633 nm

is known:

n0,He = 1.0000349,
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n0,Ar = 1.0002811.

To �nd the indexes of refration at the desired temperature (T), the following

equation an be used in the isobari approximation:

n = 1 + (n0 − 1)
T0

T
, (8.41)

and from this equation the values for Helium and Argon were obtained at a

temperature T = 25 ◦C:

nHe = 1.000032,

nAr = 1.000257.

One the refrative indexes are known, we an evaluate the order of magni-

tude of the gradients for the two noble gas �ows:

∆n

∆x
=

nair − nHe,Ar

∆x
. (8.42)

Remembering that

nair = 1.0002671

at 25 ◦C the resulting gradient is:

• Helium:

∆n
∆x

≈ 2 · 10−4 cm−1
,

• Argon:

∆n
∆x

≈ 9 · 10−6 cm−1
.

In both ases the nozzle was plaed at a distane ZD = 1 cm from the pattern

and the integration length was taken as the nozzle diameter (∆z = 0.5 cm).

The �ow is onsidered axisymmetri so ∆x = ∆z = 0.5 cm. Remembering

the onsiderations made in the setion dediated to preliminary alulations,

the pixel shift assoiated to eah ase an be evaluated as

∆Y = 20 ·
∆z

Zd

∆n

∆x
, (8.43)
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obtaining the following values

• Helium: ∆Y ≈ 2 · 10−3 cm = 20µm,

• Argon: ∆Y ≈ 1 · 10−4 cm = 1µm.

These values explain the results showed in Figure 8.16: the �ow of Helium

auses a de�etion around 2 pixel (whih an be deteted) while the Argon

�ow annot be observed in the same operative onditions sine the orrespon-

dent shifts are lower than 0.1 pixel. Moreover, this experiment on�rms the

preditions about the observable gradients made in Setion 8.4, where the

minimum detetable gradient was estimated to be of

∆n
∆x

= 1 · 10−5 cm−1
. It

is worth to notie that this omparison annot be expressed in terms of den-

sity perentage variations, sine in the preliminary alulations we dedued

it from the relation:

∆nair

∆x
= Kair

∆ρair
∆x

, (8.44)

while in presene of other gases, we must onsider

∆n

∆x
=

nair − ni

∆x
=

Kairρair −Kiρi
∆x

, (8.45)

where the index i stands for the gas onsidered (in this ase Helium or Argon)

and is haraterized by a spei� Gladstone-Dale onstant.

8.6 Application to Plasma Actuators

The BOS diagnostis implemented was �nally applied to a plasma atuator

devie fed by an a power supply. This hoie was given by the need to have a

deeper insight into the aerodynami performane of plasma atuators and the

parameters a�eting �ow ontrol. A Shlieren-like tehnique is non invasive

and gives instantaneous two-dimensional maps of the perturbation above

the surfae. This is a great advantage if ompared with other puntual �ow
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diagnostis like the Pitot tube, whih requires long sets of measurements to

investigate a similar area and that in some irumstanes an interfere with

the disharge. Most of the �ow ontrol experiments found in literature [64,

65,215�217℄ that make use of refrative index based diagnostis are referred

to ns-impulsed disharges, whih indue strong pressure and temperature

gradients during both the rising and dropping times of the applied voltage.

These hanges are visible in terms of shok waves and vorties, whih are

onsidered to be the mehanisms that allow the ontrol of �ow separation and

other behaviours of an air�ow passing by the disharge region. Few authors

made use of shadowgraphy to obtain a fast imaging of the modi�ations of the

surrounding medium aused by plasma propagation [65,218℄. Interferometry

is usually avoided, beause of its lak of auray in deteting the sharp

gradients involved in ns atuation proesses. An example of interferometri

measures of the shok wave generated by a unique nanoseond ramp is given

in [216℄. Most authors adopt Shlieren-like tehniques to investigate the

topology of thermal perturbations related to the atuation mehanism [215℄

and to make parametri studies of vorties [219℄ or shok waves [64, 217℄ at

di�erent bias voltages and pulse repetition rates.

A few studies about the interation of aerodynami plasma atuators

with the surrounding atmosphere were also arried out for a power sup-

plies [220�222℄. In this type of atuators no strong pressure gradients are

present but thermal e�ets an still be monitored and allow to visualize the

indued air�ow and to estimate its orientation. To favour the visualization

of the eletri wind e�et, in [156℄ two vertial jets of helium were injeted

and their lateral de�etion was analysed. A lassial Shlieren tehnique

was used by [162℄ to visualize the plasma boundary layer during the steady

state regime, making a omparison between the resulting intensity pro�les

and the Pitot tube veloity measurements. The same authors also aquired

Shlieren images during the disharge ignition phase and showed that vortex
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phenomena an be also observed in plasma atuators fed by an a voltage.

Shlieren imaging was employed by [221℄ to haraterize the propagation be-

haviour of vorties reated by a plasma aerodynami atuator array. Until

now, no extensive literature has been found about neutral density hanges

in the indued �ow: time resolved measurements of neutral air density near

the eletrodes were made by [222℄ using a laser de�etion tehnique. No ev-

idenes of the appliation of a BOS shlieren tehnique on plasma atuators

has been found during the development of the present work.

The on�guration used in all the following experiments is shown in Figure

8.17: The eletrodes are plaed at the opposite sides of a retangular 10 ×

Figure 8.17: Sheme of the BOS on�guration used to study the air above the

plasma atuator.

15 cm dieletri panel (te�on, 1.5 mm thik), without overlap along the

hordwise x-oordinate. The lower eletrode (tinned opper adhesive tapes,

60µm thik, 10 mm wide, 7 mm long) is grounded and buried by insulating

adhesive tapes, whereas the upper eletrode (tinned opper adhesive tapes,

60µm thik, 5 mm wide - of whih 3 mm are exposed and 2 mm are

buried - 7 mm long) is glued onto the top of the dieletri panel and is

onneted through a HV able to the tunable power generator of University

of Milano-Bioa. Our experiments were onduted at two di�erent voltage

amplitudes equal to 5.9±0.1 kV and 7.1±0.3 kV, with frequeny hanging

from 43.72 ± 0.02 kHz to 42.68 ± 0.04 kHz.
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Temperature and density changes In order to investigate the interation be-

tween the disharge and the surrounding air in the boundary layer, we per-

formed an optial sanning in the hordwise diretion of the area above the

atuator (y between 0.5 mm and 8 mm) for the two di�erent voltage am-

plitudes, in quiesent �ow onditions. We hosed the amplitudes so that the

plasma disharge had di�erent features [179℄: in the 5.9 kV on�guration

the plasma was about 3 mm long and appeared homogeneous, while in the

7.1 kV ase streamers beame visible and the disharge was 5 cm long. In

the previous setion we veri�ed that density hanges due to speed variations

are not detetable with a shlieren tehnique, however we expeted a rise in

temperature of the moving air ontained within the disharge volume, allow-

ing the visualization of the indued wall jet [215,219℄. From these premises,

we �rst expressed the perturbation above the atuator surfae in terms of

temperature hanges. In Figure 8.18 the maps of the perturbation taken at

di�erent distanes from the exposed eletrode edge (x = 0 mm) were joined

together. To do that we started from an image su�iently upstream from the

upper eletrode and we imposed the boundary ondition in the lowest left

orner of that image (not shown here), orresponding to x = −23 mm and

z = 8 mm in our oordinate system. The boundary ondition of the other

images was always imposed in the bottom left pixel and was hosen so that

a good mathing with the adjaent upper image was ahieved. In this way

onseutive images are onsistent. For the images from 1 to 5 similar results

were found by imposing the unperturbed index of refration of air as bound-

ary ondition for eah image, but at larger distanes from the eletrode edge

this method failed, sine the perturbed area exeeds the reorded image size

in the y diretion. This proedure was arried out for both the two voltage

amplitudes: the reonstruted �ow on the left side of Figure 8.18 is referred

to the higher voltage, while the other orresponds to the lower one. At �rst

sight, a omparison between the two experiments may appear onsistent,
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Figure 8.18: Temperature hange in the hordwise x and in the y diretions in

presene of plasma. Images on the left and right sides are referred to the high and

low adopted voltages, respetively. The olour map is the same for both ases, and

ranges from 21 ◦C (blue) to 40 ◦C (red).
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sine the temperatures involved in the higher voltage ase are muh higher.

However, taking a loser look to the maps, we an observe some e�ets that

an't be explained in terms of mere temperature hanges. In partiular, the

maximum temperature is reahed after the end of the plasma disharge, and

some areas have a temperature lower than the room one.

In order to understand if these phenomena are related to the development

of the disharge, we observed more in detail the maps of the area above the

upper eletrode plasma region, omparing temperatures when the atuator

is on (Figure 8.19) and some seonds after it has been turned o� (Figure

8.20). In all the following temperature maps the unperturbed boundary

ondition was imposed in the upper left orner. In all the three areas

the ∆T is higher when plasma is o�: this trend an be easily observed

also looking at the graphs in Figures 8.21 and 8.22, where data extrated

from these temperature maps are ompared for two di�erent distanes y

(a)

(b)

Figure 8.19: Temperature hange above the eletrodes, in presene of plasma,

for the high voltage (a) and low voltage (b) ases. Image 3 (on the left), image 2

(in the middle) and image 1 (on the right) are shown.
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(a)

(b)

Figure 8.20: Temperature hange above the eletrodes, in absene of plasma, for

the high voltage (a) and low voltage (b) ases. Image 3 (on the left), image 2 (in

the middle) and image 1 (on the right) are shown.

above the atuator (respetively, at 0.5 mm and 7.5 mm). Far from the

surfae, where air was supposed to be unperturbed, the deteted temperature

is the same when plasma is on and when it has been turned o�, whereas

lose to the atuator, a di�erent trend beomes visible. In the high voltage

ase, the o�-temperature gradually inreases above the exposed eletrode

and moving towards the disharge, but then experienes a sharp hange in

orrespondene of the disharge area and reahes its maximum of 52 ◦C

at x between 1 and 2 mm. After the disharge zone, the o�-temperature

dereases gradually down to 30 ◦C at a hordwise distane of 12 mm from the

eletrode edge. On the ontrary, the on-temperature remains approximately

the same over the exposed eletrode and the plasma disharge, while it starts

to inrease slightly only after the end of the disharge area. The latter

behaviour has thus an opposite trend with respet to the o� ondition. The

di�erene in the two temperatures is maximum above the plasma disharge
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(a) (b)

()

Figure 8.21: Temperature hange above the eletrodes (high voltage). Images

number 3 (a), 2 (b), and 1 () are shown.

(a) (b)

()

Figure 8.22: Temperature hange above the eletrodes (low voltage). Images

number 3 (a), 2 (b), and 1 () are shown.
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and reahes a value around ∆T ≈ 20 ◦C.

In the low power ase, the o�-temperature has a trend similar to the one

desribed above, reahing its highest value of 47 ◦C in 1 mm after the

upper eletrode edge and then dereasing to its initial value after 12 mm.

The on-temperature keeps similar values along all the onsidered positions:

it experienes a small inrease at 1 mm, then a suessive redution after the

disharge area and �nally reahes the same value of the o�-temperature. The

highest temperature di�erene between o� and on values is around ∆T ≈

15 ◦C.

From these urves, we must dedue that there is an other e�et - over-

lapping the temperature one - whih in�uenes mostly the area above the

eletrodes and that appears when the atuator is turned on. In partiu-

lar, sine an inrease in temperature means a density redution, this e�et

should have the opposite result (i.e. tend to inrease density above the ele-

trodes). A possible explanation ould be ozone prodution: dieletri barrier

disharges in air are well known soures of ozone, allowing e�ient oxygen

dissoiation by eletron impat [223℄. In some experiments found in litera-

ture on plasma atuators [223,224℄, it was observed that ozone onentration

initially grows with the voltage amplitude: for a given eletrode on�gura-

tion, the redued eletri �eld inreases with the magnitude of the voltage.

Ionization is therefore more e�etive and the eletron density is greater. This

implies a higher oxygen atom density and therefore a higher ozone produ-

tion [224℄. However, authors in [223℄ also suggests to take into aount that,

at high operative temperatures, ozone may be thermally destruted. We had

already demonstrated that our BOS analysis is sensible to the presene of

some gases di�erent from air, so we believe that the e�et previously ob-

served ould be related to ozone prodution. In the present experiments the

inrease in density appears more intense in the low voltage ase. This would

mean that with the lower voltage ozone prodution has an e�et on density
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higher than the temperature one, while with the higher voltage temperature

e�ets hang over hemial variations. However, a further investigation on

ozone onentration and distribution above the atuator is needed. Future

experiments with disharge in gases di�erent from air (whih don't produe

ozone) should be arried out in order to get a better understanding of the

phenomenon. Sine we don't have a way to disriminate these two e�ets

yet, it is more meaningful to express our measures in terms of perentage

density hanges with respet to the unperturbed ondition of air at 25 ◦C.

A omparison between the situations at di�erent voltages is shown in Fig-

ure 8.23. In these graphs the density perentage variations in the hordwise

diretion are shown for di�erent distanes above the surfae. The most in-

teresting trends are those at 8 and 0.5 mm above the dieletri surfae, sine

all the others have an intermediate behaviour:

at a height of 8 mm, air seems to be unperturbed before x = 40 mm, where

the density dereases up to 2% of its initial value;

at a height of 0.5 mm, density falls to a value of 2.5% lower than the unper-

turbed situation above the exposed eletrode, then slightly inreases

between the eletrode edge and the end of the plasma. Another de-

rease is observed after the end of plasma, and the minimum value of

−5% is deteted. After this point, density gradually rises up to x = 40

mm, where a more sharp growth happens (just in orrespondene of

the density redution observed at 8 mm above the surfae).

A possible interpretation of this behaviour is that before x = 40 mm the

air at 8 mm above the atuator is unperturbed, while the density redution

observed at 0.5 mm between x = 5 mm and x = 20 mm an be asribed

to the indued wind that has been aelerated and heated in the disharge

region. This indued �ow propagates downstream away from the eletrode

edge and gradually ools down. The sharp hange seen at x = 40 mm
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(a)

(b)

Figure 8.23: Density hanges in the hordwise diretion in presene of plasma

for the high voltage (a) and low voltsge (b).

presumably reveals that a �ow separation from the surfae is happening in

that point: the density value at 8 mm for x > 40 mm is in fat omparable to

the one at 0.5 mm before separation. When the hot air�ow has a detahment

from the surfae, the air around the eletri wind (whih is ooler) tends

to insinuate between the indued air�ow and the dieletri surfae. This

phenomenon an be easily observed in the left map of Figure 8.18: a hot
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Figure 8.24: Density hange in the hordwise diretion at di�erent distanes

above the dieletri layer. The red line stays for the low voltage measurements,

while the blak line represents the high voltage data.

air�ow is generated in the plasma disharge area and propagates downstream,

broadening in the y-diretion. At a hordwise distane of x = 40 mm from

the upper eletrode edge the �ow detahment desribed before is learly

visible and the �ux appears quite uniform between y = 1 mm and y = 8

mm above the surfae.

As we an see by omparing Figure 8.19a and Figure 8.20a, the maximum

heating of 52 ◦C is reahed at x ≈ 1 − 2 mm from the eletrode edge

and seems to happen when plasma is turned o�. Atually, we expet that

during the disharge the density would reah its minimum value at about

x ≈ 1 − 2 mm and that it would be equal to −8% its unperturbed value

or less, beause this is the value orresponding to 52 ◦C. In onlusion, we

think that between x = −5 mm and x = 15 mm our density measures at

0.5 mm above the dieletri surfae are in�uened from the physial fators

previously disussed and presumably onneted to ozone prodution or more

generally to the omposition of the air above the eletrodes.

In the low voltage ase, only smooth hanges are observed. A possible

explanation for these trends is that between x = −5 mm and x = 10 mm the

hanges in air omposition may dominate above temperature e�ets, sine
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a density redution beomes visible only after x = 5 mm in the hordwise

diretion. Finally, to have a better insight into the di�erent behaviours for

the two disharge powers, in Figure 8.24 a omparison between them is shown

for di�erent distanes above the atuator surfae.

Pitot measurements It was already told and demonstrated that the imple-

mented optial diagnostis annot reveal veloity variations. However, an

interesting issue to be investigated is related the omparison between ele-

tri wind speed hanges and density variations in the boundary layer. For

this purpose, some measurements with the Pitot tube were made in order to

understand if the thermal perturbed area and the dynami boundary layer

have the same extension in the x and y diretion. A on�rm of suh similar

behaviour would mean that BOS measurements ontain further useful infor-

mation for the investigation of the indued �ow. A omparison between the

measures aquired with the Shlieren method and the Pitot diagnostis was

made for the high voltage on�guration, where density variations are more

(a) (b)

()

Figure 8.25: Comparison between Pitot and Shlieren measurements for three y
distanes above the atuator surfae: 0.8 mm (a), 2, 2 mm (b), 4.0 mm ().
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Figure 8.26: Vertial pro�les of the �ow speed relative to four distanes from the

upper eletrode edge.

visible. The three graphs in Figure 8.25 show how density and speed vary

with the distane from the eletrode edge for three di�erent heights above

the dieletri surfae. From the data aquired, the area interested by the

major hanges seems to be the same for both the two measured quantities.

In the �rst millimetres after the end of the exposed eletrode, Pitot values

are non-zero only for y = 0.8 mm, whih is onsistent with the on�nement

of the indued �ow near the dieletri surfae. After some entimetres from

the edge of the upper eletrode, speed is lower than 2 m/s, but the veloity

�eld is more uniform along the x and y diretions. The same trend is also

visible in Figure 8.26, where four vertial pro�les of the �ow speed are shown

for di�erent hordwise positions. At 11 mm from the eletrode edge, an ho-

mogeneity in y similar to the Shlieren results is learly observable, while

getting loser to the disharge the �ow is more on�ned in proximity of the

dieletri surfae.

In onlusion, although it doesn't have the sensitivity required to observe
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speed variations of few m/s, our Shlieren tehnique allows the visualization

of the area perturbed by the indued �ow.

Vortices creation and time evolution of the boundary layer Vorties reation is

a peuliar feature of plasma atuators whih has been visualized by means

of di�erent tehniques like smoke �ow visualization [225℄, PIV [226℄ and

shlieren methods [162, 219℄. Numerial simulations of this phenomenon

have also been arried out [219,227℄. Experiments on atuators in quiesent

air showed that, during the initiation phase, the interation between the

air aelerated by the disharge and the surrounding environment results in

the formation of a starting vortex [225℄. This vortex rolls up and onvets

along the wall, leading to the formation of a laminar wall jet [228℄. When

the vortex moves downstream, away from the eletrode edge, it inreases in

size and weakens until extinguishing. This vortex is observable by means

of Shlieren tehniques beause it involves �ow that has been heated by the

disharge. Other eventual swirling strutures that don't swallow air�ows at

di�erent temperature annot be deteted with these diagnostis [219℄.

With BOS, images of vorties were taken with a time interval of 20 ms

and an exposure time of 0.052 ms. Two examples of the temporal evolution

and stabilization of the indued air�ow at two di�erent distanes from the

eletrode edge (respetively 5÷12 mm and 12÷19 mm) are shown in Figures

8.27 and 8.28. The voltage used is of 5.9 kV. All images are expressed in

the same sale (∆T = 8 ◦C): the vortex observed in Figure 8.27 revels a

∆T = 4 ◦C whih inreases up to ∆T = 8 ◦C for the wall jet after about

40 ms. In Figure 8.28 ∆T varies from 2 ◦C in the vortex to 8 ◦C of the

stationary jet. In literature it has been estimated that the vortex speed is of

the order of 1 m/s and that the steady state ondition is reahed in less than

100 ms from ignition [162℄. Therefore, we expet the vortex to be shifted

of 2 cm away from its position after 20 ms and that's why we learly see
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Figure 8.27: Vortex formation and stabilization of the indued �ow at a distane

between 5 and 12 mm from the eletrode edge. Images are expressed in the same

sale (∆T = 8 ◦C) and refer to di�erent temporal moments (starting from left and

moving to right).

Figure 8.28: Vortex formation and stabilization of the indued �ow at a distane

between 12 and 19 mm from the eletrode edge. Images are expressed in the same

sale (∆T = 8 ◦C) and refer to di�erent temporal moments (starting from left and

moving to right).

the vortex struture in the �rst image. The ahievement of the steady state

ondition seems to be established within 40 ms from the vortex passage.

In Figure 8.29 images of vorties aquired (at di�erent moments) in ad-

jaent positions (between 5 mm and 33 mm from the eletrode edge) and

at the same voltage (5.9 kV) are shown: near the eletrode the vortex an

be photographed entirely thanks to its small dimension, while moving away

from the disharge, the vortex widens and only a small portion of it an be

observed.

Finally, four vorties observed when the atuator is fed by di�erent volt-

ages are shown in Figure 8.30: at 5.8 kV the vortex has a hordwise dimen-

sion lower than 7 mm and an thus be deteted in its entire shape, but at

higher powers its size inreases and at voltages over 6.6 kV we an observe

only its lower edge.

Some authors [229℄ desribe the physis of vortex reation and development
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Figure 8.29: Vorties observed between 5 mm and 33 mm from the eletrode

edge. All images are expressed in their automati sale. The number of images are

referred to Figure 8.18

.

Figure 8.30: Vorties observed between 5 mm and 12 mm from the eletrode

edge at four di�erent voltages. All images are expressed in their automati sale.

by means of onvetive veloity of the vortex ore (evaluated from vortex

ore trajetory), as well as the vortex equivalent radius and irulation. In

the present study, suh a deep analysis on the vortex dynamis annot be

developed beause of the fast evolution of the phenomena and of the small

area that an be investigated by means of the BOS system used. With a

future improving of the experimental equipment, we ould follow the vortex

evolution in spae and time, and parametri studies of the phenomenon

in relation to the disharge properties will beome possible. In this way,

the Shlieren tehnique ould be used to determine the vortex propagation

speed, i.e. its onvetive veloity, whih is expeted to be similar to that of

the indued �ow near the disharge.
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Conclusions

This Ph.D. thesis deals with the haraterization of Surfae Dieletri Barrier

Disharges (SDBDs) in an asymmetrial on�guration in whih one eletrode

is buried into an insulating material and the other one is exposed to air, so

that plasma is reated in orrespondene of just one side of the dieletri

barrier that separates the eletrodes. This on�guration is partiularly suit-

able for aerodynamis, sine a weakly ionized plasma is reated in proximity

of the insulating barrier, and an e�etively in�uene the loal properties of

the boundary layer assoiated to an external �ow. When plasma is generated

in quiesent air onditions, an air�ow indued by the disharge is observed,

whih is usually alled eletri wind, ioni wind, indued air�ow, or wall jet.

215
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Interesting results dealing with �ow ontrol appliations suh as lift enhane-

ment, drag redution and stall delay raised the attention of the worldwide

aerospae ommunity for plasma atuators, whih are appealing beause of

their fast temporal response and the absene of moving mehanial parts.

However, the eletri wind they produe has veloities generally equal to a

few metres per seond and this limits the present usefulness of these devies

to low speed appliations. Moreover, despite the large number of publia-

tions on this topi, there still remain some very basi questions regarding

performane and e�ieny of these atuators, as well as about the disharge

mehanisms and peuliarities. This thesis omes from a sienti� ollabo-

ration between the Centre of Exellene PlasmaPrometeo of University of

Milano-Bioa and the Aerodynamis and Wind Tunnel Department of the

aerospae ompany Alenia Aermahi, and it is thus motivated by the fat

that new studies fousing on plasma properties and dynamis are required.

During these years I have studied the properties of these disharges by

means of eletrial and optial diagnostis. With some of them a temporal

resolution high enough for studying several harateristis of plasma has

been ahieved. This is important beause these strokes are made up of

plasma mirodisharges that manifest as series of urrent and light pulses,

lasting tens of nanoseonds and a few nanoseonds respetively. Rogowski

oils, photomultiplier tubes and apaitive probes are often adopted when

dealing with plasma atuators. In this thesis, I have tried to exploit their

potentialities in order to get new insights about these disharges.

Conerning apaitive probes, they are usually used in ombination with

high-voltage probes for drawing the Lissajous �gures, whih are used for

alulating the energy onsumed by plasma atuators in the ourse of a

sine voltage yle and for deteting how muh the DBD system apaitane

hanges when plasma is reated and the air gap thus beomes ondutive.

In this work I have proposed to ombine apaitive and Rogowski probes for
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the system apaitane evaluation, so that the when analysing the Lissajous

�gure shape one an separate the e�et of harge brought on the dieletri

barrier (by urrent mirodisharges) from that assoiated to the apaitane

value.

Statistial analysis of urrent and light mirodisharges (reorded with

Rogowski oils and photmultiplier tubes) have been done in order to arry

out a detailed investigation of the properties of these events and of their

evolution in spae and time in the ourse of the two voltage half-yles,

whih are alled Bakward Stroke (BD) and Forward Stroke (FD). It has been

pointed out that there are several analogies between the BD and FD, but that

not all plasma properties are idential for the two semi-yles, beause of the

asymmetrial on�guration adopted. A group of breakdown mirodisharges

was observed at the beginning of eah bakward disharge, probably initiated

by free eletrons left on the dieletri surfae during the previous forward

half-yle.

These investigations let think that light and urrent signals give insights

about di�erent mirodisharge properties. Light is presumably asribable to

eletrons that exite nitrogen immediately after the reation of a mirodis-

harge. In ontrast, the urrent signal is due to the movement of harges

into the plasma hannel and thus re�ets the mirodisharge temporal evo-

lution, rather than its formation. The propagation of an ionizing wave has

been observed during the bakward stroke, by reording the light emitted at

di�erent positions of the disharge. From these measurements the veloity

of propagation has been alulated.

Sine the main mehanism responsible for the generation of the eletri

wind is believed to be momentum transfer from the plasma harged parti-

les to the surrounding �uid by partile-partile ollisions, in the following

experiments I have foused mainly on the eletrial properties of plasma

mirodiharges, with the aim of better understanding whih plasma hara-
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teristis are responsible for the indued air�ow generation.

By means of a Pitot probe, loal measurements of the eletri wind have

been done. At �rst the speed of the indued wind inreases with the voltage

amplitude, but later this growth �attens, if panels with thikness equal to

few millimetres are adopted as dieletri barriers. It has been notied that

this saturation of the eletri wind speed is aompanied by a hange of

the appearane of the plasma, beause a pattern of �laments visible with

the unaided eye beomes evident. The light emitted by these �laments was

found to be asribable to the forward stroke. Results showed that the veloity

is higher in orrespondene of these plasma �laments, but that saturation

ours as well.

Three groups of mirodisharges have been identi�ed, depending on the

temporal duration of the urrent pulses (that I have alled Gruop S, Group

M and Group L). The ontributions of these ategories of mirodisharges

to the total harge of the bakward and forward strokes was analysed for

three dieletri panels with di�erent thikness, suh that the saturation of

the indued air�ow veloity was visible for only the thinnest one. Results

let think that these three groups don't ontribute equally to the eletri

wind generation. A possible explanation for our observations is that a push-

push mehanism is attributable to Group S, meaning that the bakward and

forward strokes tend to energize the surrounding air in the same diretion.

On the ontrary, a push-pull proess ould be assoiated to Group M, so that

the bakward mirodisharges of this ategory tend to push the air towards

the buried eletrode, whereas the forward mirodisharges pull it towards

the exposed one.

Eventually, I proposed to implement the Bakground Oriented Shlieren

(BOS) tehnique for the visualization and haraterization of the air�ow

indued by the disharge, and thus for future investigations onerning the

interation between plasma and bakground air. The potentialities of this
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tehnique have been evaluated in relation to the spei�s of the available

sienti� equipment. The tehnique has then been proved to be able to

visualize density hanges indued by plasma. A spatial haraterization of

the air near the disharge was made in stationary wall jet onditions as well

as in the transient period following the disharge ignition when a starting

vortex is generated.
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