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Preface
Before this study

The actual collaboration was initiated more tharyd&rs ago during the first exchanges, in the

framework of international conferences, between Dgan-Pierre Martin and Prof. Academician
Serguei Zhdanok. It was indeed shaped during dt&8emuei Zhdanok in 1993 in the team of Jean
Pierre Martin, on a SPI CNRS red position.
Several stays of young researchers strengtheneccdh@boration between 1993 and 1995 (P.
Porshnev and L. Porshneva performed several staysmmnths, on subventions of the SPI and DRI
of the CNRS). They intensified as part of two INTA®jects, among which one was still active for
my Ph.D project.

Combustion efficiency plays a critical role in egyeproduction and environmental pollution.
The development of any efficient combustion methogyp demands detailed experimental studies,
relevant theoretical modelling and numerical sirtiales in order to achieve a comprehensive
understanding of the underlying fundamentals of ¢hebustion process. Several research groups
work on the effect of an electric field on the flarbehaviour. The main ideas are the possibility to
apply electric fields for stabilization of the flas) reducing soot formation, increasing flame vigfoc
extending flammaubility limits or increasing flameninosity.

The goal of the present Ph.D study is to look fleraative approaches capable to improve the
efficiency of combustion. A novel idea to reachstlgoal includes the use of excited oxygen
molecules, which can either be in vibrationally fmdn electronically excited states.
A numerical and an experimental study of combustiith excited species have been carried out with
non-equilibrium physical-chemical kinetics in gase®sl plasma during two INTAS projects 00-55-
6556 and03-51-4736 « Kinetics and Mechanism of Ignition/tastion initiated by Electronically
Excited Singlet Oxygen » by joint efforts of resdaars from France, Germany, Italy, Belarus, Russia
and Ukraine. INTAS projects were organised as srmational co-operation and were managed by a
consortium of research teams including 7 laboresori

e |ICARE institute (Dr. J-P. Martin, CNRS, Orleans) ;

e Heat and Mass Transfer Institute (Prof. S. ZhdakrtKTI, Minsk, Belarus) ;

e Institute of Fundamental Problems for High TechggldDr. V. Naumov, IFHPT, Kiev,
Ukraine) ;
MSU-Moscow State University (Dr. O.P. Shatalov, Mwos, Russia) ;
Central Institute of Aviation Motors (CIAM) (ProA.M. Starik, CIAM, Moscow) ;
Milano-CNR (Dr. Zizak) ;
Heidelberg University (Prof. J. Wolfrum and J. Wain).

Presentation of the partners

The present Ph.D project, supported by region €eatrd Sachsen-Anhalt is constituted of
four steps (two experimental parts and two numegads) carried out respectively in Orléans and in
Magdeburg and co-supervised by the German and rneatners. The work plan is divided in two
parts ; first 18 months took place at ICARE and ldst 18 working months took place within the
laboratory partner in Magdeburg.

Objectives and contents of the Ph.D project

Increasing the efficiency of combustion processesne of the greatest challenges for the
future due to the limited fossil fuel resources #@meir environmental impact. In this context, plasm
assisted combustion processes are of great imperfan future technical developments. Among
different existing technologies, a significant atien is given to possible combustion intensifioati
by plasma. Activation of either combustible or ¢zét leading to production of active molecules,



atoms and radicals can be realized by electricachdirges, laser radiation, UV radiation,
chemiluminescence reactions and so on... One of t# effective and energy favourable methods of
excitation of vibrational and electronic statesatdms and molecules is electron impact with gass in
volume electrical discharge. Through excitatiombérnal degrees of freedom of molecules, thatdead
to a modification of electron configuration, thecgvity of molecules changes. Electronic excitatio
can also influence the course of a chemical readijoincreasing the energy content of the system or
by affecting access to different potential enenggfacces by changing spin, orbital symmetry, or spin
orbit level.

The project is devoted to research in the field@hbustion assisted by nonthermal plasma. Work
objectives consist on the development of a methoglasma assisted combustion for higher fuel
burning efficiency based on acceleration of chadactions by excitation of internal degrees of
freedom of oxygen molecules. The scientific ideaststs in the realization of the most effective and
energy favourable method of excitation of @olecules in their two first electronic state&(a’.lhg)

and Q(blZg+), also called singlet oxygen. This can open nedv@otentially important possibilities in
combustion technologies since it will provide higfficiency in terms of promotion of combustion and
low pollutants emission.

The project is divided into four parts :

1- First of all, a state of the art concerning hental plasma, electronically excited oxygen
generation and plasma assisted combustion is unitierg

2- After that, the method to produce excited oxygpacies is chosen and necessary plasma facilities
were designed and built.

In a first step, production of excited oxygen isrfpened via an electric discharge technique.
Objectives of this first study concern the feadpito excite oxygen in its singlet electronicsteta
Oz(alAg) and Q(blzg+) and excited atomic oxygen. The second step wskidy of the effects of
systematic changes in operating parameters withobijective of maximizing the excited oxygen
species yield.

3- Finally, development of hybrid burners and mdghof supplying excited oxygen are presented.
This comprises the steps of exciting an oxygen madure in a plasma discharge zone thereby
forming an excited oxygen discharge flux, and tramsg it into a flame reaction zone disposed next
to the plasma discharge zone. Several experiméntalers working at atmospheric and reduced
pressure and integrating discharge reactors arelafmd. The analysis of effects of singlet oxygen
excitation on basic characteristics of combustiath wlevelopment and optimization of combined
plasma-burners are undergone. Also, the role oéxloted species (molecules, atoms and radicals) in
the intensification of combustion is investigated.

4- In parallel, modelling of the energy distribution the discharge is presented for pure and dilute
oxygen gas mixtures. The numerical modelling of twmbustion processes in the presence of
electronically excited oxygen molecules is carrged. It is relevant to stress that works related to
reactions of electronically excited oxygen ard 8tilited and its influence on basic charactersiot
combustion, such as ignition thresholds, ignitietagt and burning velocity, even i/, mixtures is
has still not been studied properly.



Summaries
Ali BOURIG

MODIFICATION DE LA COMBUSTION EN PRESENCE
D"ESPECES EXCITEES

Aujourd’hui, il semble que la méthode la plus prtteese pour intensifier la combustion repose|sur
I'excitation hors-équilibre du mélange gazeux, garmet ainsi de modifier la cinétique chimique.
Pour obtenir une excitation efficace des degrésbeeté électronique et vibrationel des molécules,
I'utilisation d’une alimentation pulsée associéan& énergie des électrons adéquate est proposée. Ce
travail de thése porte sur I'application de gérgématl'impulsion électrique haute fréquence capdble
délivrer des pulses de 20 kilovolts pendant 20 sacondes ayant des temps de montée de 'ordre de
5 nanosecondes en combustion. Cette étude s'artimibur de deux grands axes de recherche. Le
premier est la génération, a pression atmosphéetiaegpression réduite, d'espéces excitées (oxygene
électroniguement excitézcalAg), Oz(blzg") et oxygene atomique excité) ainsi que leur caresation
par spectroscopie d’émission. Le second axe deerelsh concerne leur utilisation pagur
l'intensification de la combustion. La premiére tgaexpérimentale s’est focalisée sur la génération
d’'oxygene électroniqguement excité par plasma déehar barriere diélectrique et décharge crojsée
dans des mélanges/Be et Q/Ar. La décharge croisée est une cellule a bardékectrique pulsée
qui est croisée avec une composante continue (Dé2)s ce cas, I'étape d’'ionisation est réalisédgar
DBD pulsée alors que la composante continue suppertourant électrique entre chaque pulse| Le
gaz produit par cette installation est étudié dmiera exhaustive par spectroscopie d’émission| Ce
travail, indispensable pour caractériser I'instadia et obtenir les conditions initiales nécessapeur
les calculs de flamme, repose sur différents speeitres et caméras. La premiére des applications
potentielles dans le domaine de la combustion aaecéintensification de la combustion par
activation de l'oxygene. La conception de protosymke brlleurs hybrides, intégrant un réacteur
plasma nous a permis de valider cette techniqueedisification de la combustion et de la comparer &
une flamme classique sans plasma.
Finalement, la modélisation des parametres fondemurnd’'une flamme de prémélange et |de
diffusion est entreprise par le logiciel CHEMKIN elffet promoteur de I'oxygéne excité sur une
flamme d’hydrogene a pu étre modélisé.

COMBUSTION MODIFICATION USING EXCITED SPECIES

Nowadays it seems that the most promising methad aficelerating combustion is the nan-
equilibrium excitation of the gas mixture comporsgenivhich allows one to affect the chemical
reaction kinetics. To enable more efficient exaiatof the electronic and vibrational degrees| of
freedom, one should use short-duration (nanosequuiggs with a high reduced electric field.
The present work focuses on the application of fiigquency high voltage pulse discharges capgble
of delivering an electric pulse of 20 kV during 28 with controlled voltage rise time of 5 ns ana at
frequency up to 25 kHz in combustion. This studycatates around two major research axis; that of
the generation of excited species and particuliudyfeasibility to produce excited oxygen species i

its singlet electronic statesz((alAg) and Q(blzg+) by a non-thermal electric discharge, at reduced
pressure until atmospheric pressure and its claiaation by emission spectroscopy. The second
research axis concerns their use for the inteasific of combustion. The experimental part of the
study concerns investigation of singlet oxygen paobidn in the application of a dielectric barrier

discharge in @He and Q/Ar binary mixtures. The second discharge is a igp@tossed discharge

plasma-chemical reactor that has been developets drossed discharge consists of a hybrid
discharge in which short high voltage pulses predanization while a comparatively low electtic

field supports the electric current between iorgzpulses. The gas produced by this installatio
intensively studied by emission spectroscopy. TWusk, indispensable to characterize the instalfatio
and to obtain initial conditions necessary for #aoalculations, relies on different spectrometad |a
intensified camera. The first potential in the castion field is to significantly improve combustion
efficiency and reduce pollutant emissions usingliaer “activation”. Conception and development of




hybrid plasma burner prototypes, integrating crdsdischarge plasma reactor allows us to validate
this application by comparing with a classical feamithout plasma activation.

Finally, modelling of premixed flame fundamentatgraeters is undergone with CHEMKIN software.
The promoting effect of excited oxygen on hydro§ame has been characterized.

VERRINGERUNG DER ABGASEMISSIONEN AUS DER
VERBRENNUNG DURCH DIE VERWENDUNG VON
ANGEREGTEN RADIKALEN

Heutzutage scheint es, daf’ die vielversprechemdsteode Verbrennung zu intensivieren, auf der
Nichtgleichgewicht-Anregung des Gasgemisches bediaterlaubt die chemische Reaktionskinetik
zu beeinflussen. Um effiziente Anregung der elekchen und vibrationnellen Freiheitsgrade der
Molekile zu erreichen, sollten kurze (NanosekundPrdse mit einem stark reduzierten elektrischen
Feld verwendet werden.
Die vorliegende Arbeit konzentriert sich auf die wendung von hochfrequenten
Hochspannungspulsentladungen, die elektrische Putse 20 kV wahrend 20 ns mit einer
kontrollierten Spannungsanstieg-Flanke von 5 nseindr Frequenz von bis zu 25 Kilohertz liefern.

Diese Studie konzentriert sich um zwei Hauptforsgisachsen: die der Generation des angeregten
Sauerstoffs, @alAg) und Q(blzg+), mittels elektrischer Nichtthermalentladung, veeduziertem
Druck bis zu atmosphéarischem Druck und seine Clenialerung durch Emissionsspektroskopie. Die
zweite Forschungsachse betrifft die Verwendung vdl* fir die Erhéhung de
Verbrennungseffizienz. Der erste Teil der Studigitfiedie Untersuchung der angeregten-Sauerstoff
Produktion durch eine dielektrische Barriere-Enilagl in Q/He und Q/Ar Mischungen. Diese wird
gekreuzt mit einer kontinuierlichen GleichspannuBgdadung. Diese Kreuz-Entladung besteht also
aus einer hybriden Entladung, in der kurze Hochspagspulse lonisation erzeugen, wahrend|ein
verhaltnismafig niedriges elektrisches Feld dekimdehen Strom zwischen dem lonisieren von
Pulsen unterstiitzt. Der erzeugte angeregte Safferstal ausfihrlich untersucht und somit
Anfangsbedingungen fir Berechnungen und die naghfole Verwendung in einem Brenner

gewonnen. Dadurch soll die Verbrennens-Leistunggk&it bedeutend verbessert und die Schadstoff-
Emissionen reduziert werden. Die Entwicklung vont&typen des hybriden Plasmabrenners, die die
Kreuz-Entladung beinhalten, erlaubten, diese Vamwagsintensivierung nachzuweisen und mit ejner
klassischen Flamme ohne Plasmaaktivierung zu vehgle.
Schlieflich, wird die Beschreibung, einer Vormisahfme anhand von Modellen, durch die Software
CHEMKIN unternommen. Sehr Die Verstarkende Wirkudegs angeregten Sauerstoff auf eine
Wasserstoffflamme kannte dabei gezeigt werden.

Institut de Combustion Aérothermique Réactivité et
Environnement (ICARE), 1C Avenue de la recherche
scientifique, Orléans, France.
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Summary

Since primitive man mastered fire, which is consdeto have taken place far back into the
prehistoric period, the techniques for producing fhave been actively improved. Although the
majority of substances is completely burned dutimg course of combustion and is converted to
stable oxides, some of the substances are incaghpletirned and yield various types of products,
e.g., carbon monoxide, nitrogen oxides, aldehyded,soot particles are exhausted. These substances
are deleterious to the global environment and huimealth. Particularly dioxins, also known as
environmental hormones act as endocrine disturtiegnicals.

All the countries of the world are required to takenediately measures against such pollution. In
light of the present situation set forth, the objetthe present project is to provide a combustion
method, by which efficiency of combustion is inged with reduction of generation of harmful

substances.

In 1992, at the Rio Earth summit, United Nationsvamtion on climatic changes, today ratified by
186 countries, acknowledged the existence of timeatic change of human origin and imposed the
primate of responsibility on industrial countries fight against this pollution. Later, the Kyoto

protocol concluded in December 1997 illustratedrtbeessity to fight against anthropique origin and
reinforced pressure.

Requirements of the users and concerns of pubkdtin drive to an ineluctable hardening of
acceptable norms for pollutant emissions of combossystems (internal combustion engines, gas
turbines, domestic boilers, industrial ovens...). uatly used methods, based on better operating
conditions in the combustion chamber or on a sules@ccatalytic depollution are efficient but cannot
resolve this problem themselves because the limitshese techniques are reached. Among
alternatives, the use of excited species in thebcstion process to change the operation regime and
reduce the direct emissions, or in post treatmiagiesto degrade pollutants, constitutes a reseadish
still not much explored. In view of this situatiofme object of this project is to offer a method of
combustion, by which the combustion efficiency wblle increased and by limiting the pollutant
emissions.

Oxygen which is contained in air and contributeetdinary combustion has a multi-electron
system in a stable ground state. The ground state oxygen molecule has a spin quantum number of
one and hence corresponds to a multiplet statpinfdegeneracy equal to three (hereinafter referred
to as "triplet oxygen"). Oxygen molecules in a &@bgtate, i.e., an excited state, (hereinaftesrret
to as "singlet oxygen") are highly reactive andenavelatively short chemical lifetime.

In a case where triplet oxygen is converted tolsingxygen, various reactions by singlet oxygen
considerably differ from those by triplet oxygemdahence products resulting from oxidation of a
substance by singlet oxygen also considerably rdifiem products resulting from oxidation of a
substance by triplet oxygen.

Accordingly, to solve the foregoing problem, thegent project provides a method of converting a
portion of the triplet oxygen molecules involvedcombustion into singlet oxygen molecules. Among
different possible techniques, electrical dischargee employed for exciting triplet oxygen to seigl
oxygen. Singlet oxygen ﬂ:alAg) and Q(blzg+) have an energy level of 22.5 kcal/mol and 36.5
kcal/mol higher than that of triplet oxygen in tp®und state, respectively. Thus, when a subst&ance
be burned is in the presence of highly reactivglsiroxygen, one can expect that the substancbean
burned more efficiently at temperatures lower ttigt required for burning it in the presence gdléti
oxygen.

The institute ICARE has already shown the possihiib improve the ignition of a combustion
system and to reduce the production of soot pa#tibly electronic excitation of oxygen. This study
will concern, in a complementary way, numerical elbdg and experimental studies of influence of
electronic and vibrational excitation of oxygen tme enhancement of combustion and on the
reduction of the pollutant emissions. This studycatates around two main research axes which are
the generation of excited species by electricalidisge and its application in combustion.

The first potential applications in the field of mbustion concerns the ignition of a combustible
mixture and allowed different research teams tidadd this technology of ignition and to compare it
with a classical spark ignition. The second apfibcaconcerns the stabilization by a discharge of a
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lifted turbulent flame. This technique allows, frgiven height of stabilization, to increase the ga
flow speed by about 80 %. The electrical powerdigé into discharges corresponds to 1/f08the
flame energy. As part of this study, the applicatiaf pulsed discharges, of high voltage, high
frequency, with dielectric barriers and crossecchiisges (i.e. pulsed discharge coupled with DC
discharge), in a gaseous mixture containing oxy@#ows to generate some electronically excited
molecular oxygen. The addition of gas diluent, dreli allows increasing the discharge efficiency.

Utilization of singlet oxygen for combustion reacis, e.g. burners, requires generation of a
significant amount of singlet oxygen in a shortiperof time and a continuous supply of singlet
oxygen to the combustion chamber. Utilization @fcélical discharge is suitable for producing sihgle
oxygen from triplet oxygen, to be used for comburstieaction. In the present research project, singl
oxygen is produced by non-self sustained dischaygkeeding, e.g., a triplet-oxygen-containing gas,
into a discharge reactor together with a rare gabum, argon), and by application of an electigbdf
of frequency on the order of tens of kilo-Hertz. i8€xperimentally demonstrated, singlet oxygen can
be sustained in an excited state for some cengs@ut of the discharge reactor at reduced pressure
As a result, sufficient time can be ensured togpant the singlet oxygen to the combustion zon@sso
to contribute to combustion reaction.

The first experimental part was focused on theegsion of excited oxygen by dielectric
barrier discharge plasma with:
- The installation of the generator of excited axygvithin pressure range of 7101 atmosphere.
Bibliographic study confirmed that the quantityestcited oxygen by barrier discharge increased when
the pressure in the generator decreases. It wasddgrided to build a combustion test bench that can
work at reduced pressure.
- Gas produced by this installation is then exhaelst studied by spectroscopy. This work, necessary
to characterize the installation and to acquirgiahiconditions for modelling, rests on different
available spectrometers.
- Protection of the environnement from strong eteobgnetic interferences generated by high voltage
pulse generator and discharge load. It was therefecessary to realize a Faraday cage and a mass
plan of high quality.
- Afterwards, we focus on the development of disgbaells and on emission spectra analysis in view
to produce, to identify electronically excited orygemission and to determine plasma rotational
temperature. In cooperation with the researchers linsk and Kiev, we could accomplish the first
detection of excited oxygen in a crossed dischprgduced at atmospheric pressure. Up to now, this
production had been done at reduced pressure.
- On the other hand, modelling of plasma showed tin@ecular oxygen, in order to be efficiently
excited by electronic impact, requires an optimigicteon energy. Therefore we have developed
crossed discharge reactors. The crossed discheageor is a hybrid discharge in which on one hand
high voltage short impulsions allow to ionize gasl aon the other hand, a weak electrical field,
created by a DC voltage supports the dischargedsgtviwo pulses. The sustainer electrical field can
be controlled independently and adjusted near aptirfor oxygen excitation in its two electronically
singlet states.
For experiments, a high frequency high-voltage gulilsower supply, capable of generation of electric
pulses with peak amplitude up to 25 kV, pulse danabf ~10-20 ns, and repetition rate up to 25 kHz
was applied, and an original flowing discharge e@ls designed and optimized. The final crossed
discharge set-up combined two high-voltage disdmrg one chamber: a high frequency pulse
dielectric barrier (DBD) discharge and a directrent (DC) discharge, which work in a pair. The DB
consisted of two parallel electrode plates, madstaifiless steel or copper, coated by ceramics. The
DC had two opposite stainless steel electrodedy witaped surfaces. The flow channel in the
discharge cell had a rectangular section. Suchaaghé controlled mode allowed to adjust Bia
close to the optimum for e-impact excitation gf.O

The study of the electronically excited state(lf):g") in a non-self sustained crossed
discharge at relatively low pressure (100-300 Tallgws detecting noticeable quantities Q(lﬁzg*).
The discharge and post-discharge characterizatiaanhlysing the effects of pressure, DC sustainer
voltage, Q concentration as well as admixture of small questiof NO on excited oxygen species
evolution have been realized, allowing us to optarthe experimental conditions to maximize excited
oxygen yield and to evidence production of excitegigen species still up to 1 cm outside of the
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CDR. The temperature, is a critical point for iptetation of the results. The temperature
determination shows that the flow temperatureirigbe discharge is rather modest, in the ordérOof
to 60 K without NO, while 120 K is found with NO mkture in the @He gas mixture. Therefore, in
the presence of NO, careful experiments shoulddme do distinguish the chemical and the heating
effects of the discharge.

Applications of excited oxygen species in plasmsisied combustion experiments concern
the second experimental part. The study of a fiapnemixed flame in counterflow configuration and
a partially premixed flame generated in speciallyaloped hybrid burners that integrate a crossed
discharge plasma reactor is done. The study ofléimee structure in presence or not of plasma is
performed by emission spectroscopy and by imadimgysoy intensified CCD camera.

Using spectroscopy, it has been demonstratedréitital species concentrations increase
noticeably when starting the CDR. Plasma activaléaus to an increase of CH* by 22%, of Gy
5% to 10%, of OH* by 3%.

Nevertheless, a major problem appeared with thidiguaration: we have been unable to measure any
excited oxygen in the flame region. Indeed, duethe counterflow configuration and under
atmospheric conditions, the production of excitgggen is reduced, and the deexcitation is very fast
Conditions are not optimal, leading to very IovL\(hﬁZJ) concentration. We suggest, in a second step,
suitable modifications associated with a new buadapted for optimal excited oxygen production
and flame/excited oxygen interaction.

In this lattest case, the combustion enhancementidienced and is increased when one is situated in
the optimal conditions for excited oxygen producti&or example, operating at higher flowrate, the
penetration of excited species into the flame zmueeases, thus increasing the observed flame
intensification. The results evidence an averaggpmoeduction of OH* (+37%), £ (+19%) and CH*
(+12%).

To conclude, electronically excited,®Oappears to be a very efficient way to promote haaée
combustion.

Finally, modelling of premixed flame fundamentar@meters is undergone with CHEMKIN®
software. The promoting effect of excited oxygentomrogen flame has been characterized. This
work reports numerical results obtained for a premli and a counterflow diffusion mode of
combustion in a subsonicyHD, mixture in the presence of excited oxygen moleculde analysis
showed that even a small number of* @olecules (5%) in the HO, mixture allows one to
noticeably reduce the ignition delay time and taitigythe mixture at a lower temperature. The result
obtained confirm qualitatively the observed int@nation of combustion of a methane—oxygen
mixture by means of excitation of,@olecules by electrical discharge.
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Résumé

Depuis que 'Homme a appris a maitriser le feutdetiniques ont été activement améliorées.

Pendant la combustion, certaines substances nepasrtompletement brllées et génerent des sous-
produits de différents types, tels le monoxyde debane, les oxydes d'azotes, les aldéhydes et les
particules de suies. Ces substances sont nocivas lfEnvironnement et la santé humaine.
Particulierement, les dioxines, aussi connues conde® hormones environnementales, agissent
comme des substances endocrines. Tous les pay®miensont contraints de prendre des mesures
immédiates contre cette pollution. En 1992, au Setrke la Terre & Rio, la Convention-Cadre des
Nations Unies sur les changements climatiques, uadifoui ratifiée par 186 pays, a reconnu
I'existence du changement climatique d’origine hiimaat imposé aux pays industrialisés le primat de
la responsabilité pour lutter contre ce phénom&wevant 'ampleur du probléme et la nécessité
exprimée de lutter contre I'origine anthropique pletocole de Kyoto, conclu en décembre 1997 a
renforcé la contrainte.
Ainsi, les exigences des utilisateurs et les prdpatons de santé publique conduisent & un
durcissement inéluctable des normes tolérables pesirémissions polluantes des systemes de
combustion (moteurs automobiles, turbines a gaaudieres domestiques, fours industriels...). Les
méthodes utilisées a ce jour, basées sur un nreiléglage du point de fonctionnement dans la
chambre de combustion ou sur une dépollution dégaky ultérieure sont efficaces mais ne peuvent
résoudre a elles seules ce probléme car les lindeesces procédés sont atteintes. Parmi les
alternatives, l'utilisation d'especes excitées aurs du processus de combustion pour changer le
régime de fonctionnement et réduire les émissidrectgs, ou en phase de post-traitement pour
dégrader et rendre inoffensives les espéces ptdisiaronstitue une piste encore peu explorée. En vu
de cette situation, I'objet de ce projet est deppser une méthode de combustion, par laquelle
I'efficacité de combustion serait augmentée entéintila production des émissions polluantes.

La molécule d’'oxygéne (£p posséde dans son état fondamental stable unmsysteulti-
électrons. Son nombre quantiqgue de spin est égal € par conséquent correspond a un état de
multiplicité égale a trois. Les deux premiers ététsctroniquement excités de cette molécule
d’'oxygéne, aussi appelés oxygene singulet, posseshenmultiplicité de un. Ce sont des molécules
hautement réactives qui possédent une durée delatavement faible. L’oxygéne singulet@4,) et
Oz(blzg") se situent & un niveau énergétique de 22.5 kohlén36.5 kcal/mol au dessus de I'état
triplet fondamental, respectivement.

La combustion utilise traditionnellement I'oxygérans son état fondamental comme
oxydant. Une nouvelle conception consiste a rema@reombustion plus efficace en utilisant de
I'oxygene excité soit vibrationnellement soit éteciquement.

Dans le cas ou I'oxygene triplet est converti epgexe singulet, les différentes réactions mettant e

jeu I'oxygéne singulet différent considérablemeatoglles avec I'oxygéne triplet, et par conséquent
les produits de réactions de I'oxydation d’'une samse par 'une ou l'autre des espéces sont aussi
différents. Aussi, le combustible mis en jeu petre &rdlé de maniére plus efficace et a des

températures inférieures a celles nécessaires ésemre d'oxygene fondamental. Ainsi, ce travail

propose une méthode pour convertir une part dgdene triplet impliqué en combustion en oxygene

singulet et permet donc d’envisager la combustiomel substance en présence d’oxygéne singulet.
Parmi différentes techniques envisageables, leshatlges électrigues sont utilisées. Le but

fondamental de ce projet de thése est de dévelgpmgeapproche nouvelle de la physico-chimie de la
combustion en associant la physique des plasmbs atimie de la combustion. Cette combustion

activée ouvre des possibilités importantes sufitafité de la combustion associée a une réduction
des émissions polluantes.

L'institut ICARE a déja démontré la possibilité diéliorer I'allumage d'un systeme en
combustion et de réduire la production de suiepremoquant I'excitation électronique de I'oxygene.
L'étude portera, de maniere complémentaire, sumtzdélisation numérique et sur des études
expérimentales de linfluence de [I'excitation vitiwanelle et électronique de I'oxygéne sur
l'intensification de la combustion et sur la rédoctdes émissions polluantes. Cette étude s’agticul
autour de deux grands axes de recherche qui sogérération d'especes excitées par décharge
électriqgue et la combustion. La premiére des apiitins potentielles dans le domaine de la
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combustion concerne l'allumage d'un mélange coniblgstet a permis a différentes équipes de
valider cette technique d’allumage et de la compangn allumage classique par étincelle. La seconde
application concerne la stabilisation de flammgéfturbulente en sortie d’injecteur, par un plan d
décharge. Ce procédé permet, pour une hauteurathddissttion donnée, d’augmenter la vitesse
débitante de pres de 80%. L'énergie électriqueci@fe dans les décharges streamer correspond a
1/1000éme de I'énergie de la flamme. Dans le cddreette étude, I'application de décharges pulsées,
haute tension, haute fréquence, en configuratian-plan a barriére diélectrique et croisée (déeharg
pulsée couplée a une composante continue), danglamge gazeux contenant I'oxygene, permet de
générer de I'oxygéne moléculaire et atomique é@edguement excité. L'ajout d’'un gaz tampon,
I’hélium, permet d’accroitre I'efficacité de la d@rge.

L'utilisation d'oxygene excité en combustion (paeraple dans les brdleurs) exige la
production d'une quantité significative de cettddoole pendant une courte période et d’en fourair d
maniére continue a la chambre de combustion. isatibon de décharges électriques pulsées est
adéquate. Nous avons alors expérimentalement piquerda durée de vie de I'oxygéne dans son état
singulet permet de I'extraire sur un centimétredehors de la zone de décharge et ce a pression
réduite. Cette distance permet de garantir 'appronnement de I'oxygene excité a un foyer, pour
ainsi contribuer & la combustion.

La premiére partie expérimentale s’est focalisédasgénération d’oxygéne excité par plasma
décharge a barriére diélectrique avec:

- La mise en place du générateur d’'oxygéne excfifeasion comprise entre 7216t 1 atmosphére.
L’étude bibliographique a confirmé que la quantit®xygene excité par la décharge barriere
augmente lorsque la pression dans le générateinféseure a la pression atmosphérique. Il a donc
été décidé de prévoir un banc de combustion podwantionner a pression réduite.

- Le gaz produit par cette installation est enseitiedi€é de maniére exhaustive par spectroscopie
d’émission. Ce travail, indispensable pour car@&xén’installation et obtenir les conditions iaits
nécessaires pour les calculs, repose sur différgmstrometres disponibles au laboratoire (UV,
visible).

- Protection de [I'environnement contre les perttidos €électromagnétiques générées par
I'alimentation haute tension pulsée : suite aux peees experiences, nous avons détecté de fortes
interférences électromagnétiques entre la celldécharge et I'environnement, il a donc fallu rsedi

une cage de faraday et une mise a la terre degrpralité.

- Nous nous sommes alors focalisé sur le développeme cellules a décharge et sur l'analyse
spectrale des émissions du plasma en vue de détaptggéne excité électroniquement et de
déterminer la température de rotation du plasmaisNwons, en coopération avec les chercheurs de
Minsk et de Kiev, pu réaliser la premiere détectien’oxygene excité dans une décharge produite a
la pression atmosphérique. Jusque 14, cette obteatiait été réalisée a pression réduite.

- D’autre part, la modélisation du plasma a morguée pour que I'oxygéne moléculaire soit
efficacement excité par impact électronique, it fgue I'énergie des électrons soit optimale. Pela,c
nous avons, dans un second temps développé unell@ouellule & décharge croisée. La cellule a
décharge croisée est une décharge hybride au sdagdelle d’une part de courtes impulsions haute
tension permettent d'ioniser le gaz et d'autre ,part faible champ électrique, créé par une
alimentation continue maintient la décharge entexdpulses. Le champ électrique dit de maintien
peut étre contrdlé indépendamment et étre ajuste g I'optimum pour l'excitation de I'oxygeéne en
ses deux états électroniquement excités.

Pour la partie expérimentale, un générateur d’isipak électriqgues haute fréquence (jusqu’a 25 kHz),
délivrant les pulses haute tension (jusqu’a 25kié),courte durée (~10-20 ns) et avec des fronts de
montées courts (~5 ns) est utilisé. Par ailleurse oellule a décharge croisée est développée et
optimisée. La cellule & décharge finale combinexddécharges haute tension dans une seule
enceinte : une décharge haute fréquence a bardékesxtriques (DBD) et une décharge a courant
continue (DC), qui travaillent en paire. La DBD eshstituée de deux €électrodes plates en inox ou en
cuivre, positionnées en paralléle et recouvertes dhatériau diélectrique. La décharge DC est
composée de deux électrodes en inox, positionnégsarlléle et ayant une forme spécifique. La
cellule complete forme ainsi une section rectarigigoaires d’électrodes paralléle deux a deux). La
spécificité de cette décharge croisée, aussi appeiéde d’avalanche électronique contrélé » ou
« décharge non entretenue » permet un ajustemécismte la valeur du champ électrique rédaihy
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correspondant a une énergie des électrons optiptmale la production d’oxygene électroniquement
excité par impact électronique.

L'étude de la production d'oxygéene electroniquemertité Q(blzg") par décharge croisée non
entretenue a basse pression (100-300 Torr) a pedmisiétecter une quantité significative de
Oz(blzg+). Une étude paramétrique a permis de caractéaisgrcharge (dans le volume) et de la post-
décharge (en sortie de cellule). L'effet de la pi@s, de la tension continuggc), de la concentration
d’'oxygéne dans le mélange gazeux ainsi que l'additi’'une petite quantité de NO a permis
d’identifier les conditions expérimentales optinsalgour la production de 2(blzg+). Par ailleurs,
I'analyse par spectroscopie d’émission de la péshdrge a mis en évidence la production d’oxygene
excité et le maintien de sa présence 1 cm au-@ela cellule & décharge.

De plus, la température, étant un point essential pinterprétation des résultats, est déterminée.
Dans les conditions optimales de production d’oxygexcité, une élévation de 10 a 60 K sans la
présence de NO et de 120 K en présence de NO &gmilde, respectivement. Ainsi, pour les
expériences de combustion assistée par plasmdanrdigxpérience a permis de mettre en évidence
un effet chimique et non thermique.

La seconde partie expérimentale concerne I'étudeedflamme plate non prémélangée a
contre-courant et une flamme partiellement préngdansur des brileurs hybrides que nous avons
congus et développés et qui integrent un réactesma. L'étude du front de flamme en présence ou
non de la décharge se fait par spectroscopie ddmnigt par caméra intensifiée.

La spectroscopie d’émission est utilisée pour déreomue la concentration des radicaux augmente
de maniére significative lorsque la décharge ceoms#t activée. Cette activation par plasma met en
évidence une augmentation de 22% pour CH*, de 536 @g et de 3% pour OH*.

Cependant, un frein majeur apparait avec cetteigroation : nous n’avons pas été en mesure de
détecter d’oxygene excité dans la région de larfiarEn effet, la configuration a contre-couransain
gue les conditions de pression (pression atmogpled;i font que la production d’oxygene excité est
drastiguement réduite, et la désactivation estdeapies conditions ne sont donc pas optimales, et
meénent & une concentration tres faible Ql@big*).

Nous avons suggéré, dans un second temps, desicatidifs et le développement d’'un nouveau
braleur plus adapté a une production optimale djéxe excité et permettant une interaction de ce
dernier avec la zone de flamme. Dans ce cas, igifieation de la combustion a pu étre mise en
évidence et une corrélation forte entre les comukitiexpérimentales optimales de production de
Oz(blzg") et I'effet sur la flamme est présenté. Par exemph augmentant les débits, la pénétration
des espéces excitées dans la zone de réactionfldentae est augmentée, et par conséquent I'effet
promoteur observé sur la flamme est intensifié. Lésultats expérimentaux montrent une
surproduction moyenne de 37% pour OH*, 19% pogref 12% pour CH*. Ces résultats ont permis
de conclure sur le fait que l'utilisation de I'oxgme électroniguement excité est un moyen efficace
d’intensification de la combustion du méthane.

Finalement, la modélisation des parametres fondtaug d’'une flamme de prémélange est
entreprise par le logiciel CHEMKIMN L'effet promoteur de l'oxygéne excité sur la flam
d’hydrogéne a pu étre modélisé. Le chapitre Ilisprde les résultats obtenus pour une flamme
subsonique HO, de prémélange et de diffusion a contre-couranipeisence d'oxygene excité
(oxygéne excité produit expérimentalement par déeheroisée a pression atmosphérique et pression
réduite). Les calculs montrent qu’en présence dijpeiite quantité d’oxygéne excité (jusqu’a 5%)
dans les gaz frais, les délais d’'auto-inflammatont réduits et le mélange peut étre allumé a une
température plus basse. Les résultats numériquefirment qualitativement les observations
expérimentales d'intensification de la combusti@xténsion de la flamme et augmentation des
radicaux).
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Zusammenfassung

Seitdem der Mensch das Feuer beherrscht, was auprdhistorische Periode zurlickgeht, ist die
Technik, Feuer zu machen, aktiv verbessert wor@emohl die Mehrzahl von Materialien im Verlauf
des Verbrennungsvorgangs vollig verbrannt und abilsih Oxyden umgewandelt wird, werden einige
der Substanzen unvollstéandig verbrannt und ergelmschiedene Typen von Produkten, z.B,
Kohlenstoff-Monoxyd, Stickstoff-Oxyd, Aldehyde unuR3-Partikel. Diese Substanzen sind der
globalen Umwelt und menschlichen Gesundheit sotiidkhlle Lander der Welt sind aufgefordert
Maflnahmen gegen solche Verschmutzungen zu ergréifienicht dieser gegenwartigen Situation ist
der Gegenstand des vorliegenden Projektes, einkréferungs-Methode zur Verfiigung zu stellen,
durch die die Effizienz vergroRRert, und/oder diedektion von schadlichen Substanzen vermindert
wird.

1992, wurde in Rio das Abkommen der Vereinten Nweio Uber die Klimaanderungen erzielt, das
heute von 186 Landern bestatigt, die Existenz dendénderung, und deren menschlichen Ursprung
anerkennt und den industrialisierten Landern damdrder Verantwortung zugeschrieben hat um
gegen dieses Phanomen zu kdmpfen.

Die Anspriche der Verbraucher und die durch Emisio hervorgerufenen gesundheitlichen
Beeintrachtigungen fuhren weiterhin zu einer Veésttimg der tolerierbaren Normen fir
Verbrennungssysteme (Automotoren, Gasturbinen, Irdishieizkessel, industrielle Kessel...). Die
heutzutage angewandten Methoden, basierend auf leisseren Regelung des Betriebspunktes im
Kessel oder auf einer nachfolgenden katalytischeiniung, sind effizient, stof3en aber immer mehr
an ihre Grenzen. Unter den Alternativen ist diew&rdung von angeregten Spezies wahrend der
Verbrennung, um das Betriebsverhalten zu &nderndimdiirekten Emissionen zu mindern oder in
einer zweiten Stufe, um Schmutzstoffe zu zersetmeh unschadlich zu machen, noch sehr wenig
untersucht.

Die Verbrennung benutzt als Oxidationsmittel Sawérsnormalerweise in seinem elektronischen
Grund-Zustand. Eine neue Konzeption besteht danire wirksamere Verbrennung durch angeregten
Sauerstoff (vibrationnell oder elektronisch) zueeshen. Das Grundziel dieses Projektes besteht,dari
ein neues Verstandnis der Physico-Chemie diesebr®f@nung zu entwickeln, das die Physik der
Plasmen und die Chemie der Verbrennung vereinsdiaktivierte* Verbrennung eréffnet wichtige
Moglichkeiten die Wirksamkeit der Verbrennung zuh@ren und eine Verringerung der
umweltverschmutzenden Emissionen zu erreichen.

Am Institut ICARE wunde die Mdglichkeit bewiesergasdZiinden eines Systems zu verbessern und
die Produktion des RuR3es zu reduzieren, indemldig¢renische Anregung des Sauerstoffs verwendet
wurde. Diese Studie erganzt nun das vorhandenesWiss die numerische Beschreibung anhand von
Modellen und die experimentelle Studie des Einftgsder vibrationnellen Anregung des Sauerstoffs
auf die Intensivierung der Verbrennung und auf ®ierringerung der umweltverschmutzenden
Emissionen.

Diese Studie ist um zwei Forschungsachsen gegtiedier die Generation von elektrisch augeregten
Spezies und die Verbrennung sind. Die Erste deergzigllen Anwendungen auf dem Gebiet der
Verbrennung betrifft das Zinden einer brennbaresching. Verschiedenen Gruppen validierten
diese Technik des Zindens und verglichen sie mit klassischen Ziinden durch Funken. Die zweite
Anwendung betrifft die Stabilisierung einer abgedidn Flamme am Ausgang einer Einspritzdise,
durch eine Entladungsebene. Diese Methode ermd@sHur eine gegebene Stabilisierungshdhe, die
Austrittsgeschwindigkeit um nahezu 80 % zu erholiga.in die Entladung injizierte Elektroenergie
entspricht 1/1000 der Energie der Flamme. Im Rahdieser Studie ermdglicht die Anwendung der
gepulsten Entladung, in einer Mischung Helium - atoff, elektronisch angeregten atomaren und
molekularen und Sauerstoff zu erzeugen. Der ZudadzGases Helium ermoglicht, die Wirksamkeit
der Entladung zu steigern.

Der erste experimentelle Teil dieser Arbeit ist @i Erzeugung von durch Plasma angeregtem
Sauerstoff ausgerichtet:

- Die Bereitstellung des Sauerstoff-Generatorsselén 7.0° bis 1 Atmosphéare. Die bibliografische
Studie hatte bestatigt, dass die Menge des durehBdirriere-Entladung erzeugten angeregten
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Sauerstoffs zunimmt, wenn der Druck im Generataerunlem Luftdruck liegt; es wurde daher
beschlossen, einen Verbrennungsversuch vorzusaééehei reduziertem Druck funktionieren kann.

- Das durch diese Einrichtung hergestellte Gas wudinn ausfihrlich mittels Emissions-
Spektroskopie untersucht. Diese Arbeit, die unslilés ist, um die Installation zu charakterisieren
und die notwendigen Anfangsbedingungen fir die @&werangen zu erhalten, wurde auf
verschiedenen verfiigbaren Spektrometern bei ICAREdefihrt.

- In Kooperation mit den Forschern aus Minsk unéwci konnte der erste angeregte Sauerstoff in
einer Entladung bei Luftdruck nachgewiesen werd&a.dahin war er nur bei reduziertem Druck
erhalten worden.

- Andererseits hat die Beschreibung anhand von Modeles Plasmas gezeigt, dass molekularer
Sauerstoff, damit er durch die elektrische Wechisklmg wirksam angeregt wird, mit optimaler
Energie der Elektronen angeregt werden mul3. Dadbtiem wir, in einem zweiten Schritt, eine neue
Zelle mit einer Kreuzentladung entwickelt. Dieseelzentladung ist eine hybride Entladung,
innerhalb derer kurze Hochspannungsimpulse essaiterermdglichen, das Gas zu ionisieren und
anderseits, ein schwaches elektrisches Feld, dash deine kontinuierliche Stromversorgung
geschaffen wird, und die Entladung zwischen zwdsé&tu aufrechterhélt. Dieses zweite elektrische
Feld kann unabhéngig kontrolliert werden und an@psmum fir die Anregung des Sauerstoffs in
seinen zwei elektronisch angeregten Zustanden asgewerden.

Fur die Experimente wurde ein Hochfrequenz-Pulsgaae verwendet, der elektrische Pulse mit
Spannungen bis zu 25 kV, Pulsdauern von ~10-20 Awsstiegsflanken von 5 ns und
Wiederholungsraten bis zu 25 kHz erzeugt. Damidvéine Kreuzentladungszelle entwickelt und
optimiert. Diese verbindet zwei Hochspannungsentigen in einem Raum: eine hochfrequente
dielektrische Barriereentladung (DBD) und eine kauierliche (DC) Entladung. Die DBD besteht aus
zwei flachen Elektroden aus Edelstahl oder Kupfeie parallel angebracht sind und mit
dielektrischem Material bedeckt sind. Die DC-Entlag besteht aus zwei Edelstahlelektroden mit
spezieller Form und parallel angeordnet. Die kottplEntladungszelle besitzt somit eine rechteckige
Form mit den jeweils zwei parallelen Elektrodenpaaan den Seiten. Die Besonderheit dieser
Kreuzentladung, ist die prazise Einstellmoglichladts reduzierten elektrischen Fels fur eine
optimale Production des angeregten Sauerstoffs.

Die Untersuchung der Produktion von elektronisobesegtem SauerstoffZClezg+) mittels
einer Kreuzentladung im Vakuum (100-300 Torr) leaédaubt signifikante Mengen von (blzg+) Zu
erzeugen. Mittels einer Parameterstudie wurde diaéungs- und Postentladungszone (am Ausgang
der Entladungszelle) untersucht. Der Einflu descks, der Gleichspannung, deg-Konzentration
sowie der Zumischung von kleinen Mengen NO aufRifieduktion von angeregtem Sauerstoff wurde
bestimmt und die optimalen experimentellen Bedimgunaufgezeigt. Mittels Emissionsspektroskopie
konnte angeregter Sauerstoff noch ca. 1cm ausbatbaEntladungszelle nachgewiesen werden.
Zuséatzlich wurde die Temperatur, die einen wesdmh Punkt bei der Interpretation der
Endergebnisse darstellt, bestimmt. Bei den optirmalBedingungen zur Produktion von angeregtem
Sauerstoff liegt die Temperaturerhéhung des Plasmas0°C ohne Zusatz von NO und bei 120°C
mit NO. Somit konnte der chemische und nicht theame Einflu® des Plasmas auf die Verbrennung
nachgewiesen werden.

Der zweite experimentelle Teil betrifft die Untechung einer flachen Gegenstromflamme
und einer partiell vorgemischten Flamme. Diese iajgr Brenner beinhalten den Plasmareaktor. Die
Untersuchung der Flammenfront in Anwesenheit odéchtn der Entladung wird mittels
Emissionsspektroskopie und intensivierter Kameratyefihrt.

Emissionsspektroskopie wird dabei verwendet, um darstieg der Radikalproduktion bei
eingeschalteter Kreuzentladung nachzuweisen. Didgi@ierung durch das Plasma fuhrt zu einer
Zunahme von CH um 22 %, vor @m 5-10 % und von OH um 3 %.

Dennoch ergab sich ein Hauptproblem dieser Gegendtionfiguration: innerhalb der Flamme
konnte kein angeregter Sauerstoff mehr nachgewieseden.Tatsachlich lag dies hauptsachlich an
den atmosphéarischen Bedingungen und der hohen sHeffiesnzentration, die bei dieser
Konfiguration durch die Entladung gefiihrt werdenf3nwas zu einem schnellen Quenching des
angeregten Sauerstoffs fuhrte. Die Bedingungenasai nicht optimal und bedingen eine zu niedrige
0,(b'z,") Konzentration.

18



In einem zweiten Schritt, wird deshalb ein and&wemnner vorgeschlagen, der besser auf die optimale
Produktion von angeregtem Sauerstoff ausgerichtetdamit dieser mit der Flammenfront reagieren
kann.

In diesem Fall kann eine Intensivierung der Verhterg nachgewiesen werden, die sehr von den
optimalen Bedingungen flr die Sauerstoffprodukédéngt. So wird zum Beispiel durch Erhéhung
der Volumenstrome eine bessere Durchdringung dekte®mszone mit den angeregten Molekilen
erreicht. Die Ergebnisse zeigen Erhéhung der Pramlukyon OH* um 37%, von £ um 19% und
von CH* um 12%. Diese Ergebnisse zeigen somit dfizi&nz von angeregtem Sauerstoff bei der
Intensivierung von Verbrennungsvorgangen.

SchlieB3lich, wird die Beschreibung, einer Vormitmimme anhand von Modellen, durch die
Software CHEMKIN unternommen. Die verstarkende Wil des angeregten Sauerstoff auf eine
Wasserstoffflamme konnte dabei gezeigt werden Hbgeebnisse fur eine 0D, Vormischflamme und
eine Gegenstromdiffusionsflamme in Gegenwart vogeeggtem Sauerstoff werden in Kapitel I
vorgestellt. Die Berechnungen zeigen, dal} sogae geringe Menge 0 (<5%) in der H-O,
Mischung erlaubt, die Zind-Verzégerungszeit melklau reduzieren und die Mischung bei einer
niedrigeren Temperatur zu entziinden. Die erhaltérgabnisse bestatigen qualitativ die beobachtete
Verbrennungsintensivierung einer Methan-Sauer$fiiéhung mittels der Anregung von ,O
Molekdlen durch die elektrische Entladung.

Keywords: nonequilibrium plasma, pulsed dielectric barridischarge, combined crossed discharge,
electronically excited oxygen species, singlet eryg Q(alélg), Oz(blz';), plasma assisted
combustion, combustion efficiency, pollutant eroissi

Mots clés: Plasma hors équilibre, décharge pulsée a barsediélectriques, décharge croisée,
oxygéne électroniquement excité, oxygéne singOga'd,), O,(b'2,"), combustion assistée par
plasma, efficacité de la combustion, émissiondufzoites.

Schlisselworter: Nichtgleichgewichts-Plasma, pulsierte dielekthscBarriere-Entladung, Kreuz-

Entladung, elektronisch angeregter Sauerstoff, IBtr§auerstoff, Qalzlg), Oz(blz'(;), Plasma
unterstitzte Verbrennung, Verbrennungs-intensgiéhadstoff-Emissionen.
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Nomenclature
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Abbreviations

AC Alternative current ICOS Integrated Cavity Output Spectroscopy
APDG Atmospheric pressure glow discharge INSB Indium antimonide detector
CARS Coherent anti-stokes Raman spectrosco@y=0('D) Singlet D atomic oxygen

CCD Charge coupled device OH*=OH(*z") Excited hydroxyl radical

CD Discharge cell o* Excited oxygen (@a'dy) or O;(b'Z,")
CDR Crossed discharge reactor ST Shock-tube

COIL Chemical oxygen iodine laser FIw Fast ionization wave

CRDS Cavity ring down spectroscopy ICLS Intercavity laser Spectroscopy
DBD Dielectric barrier discharge LIF Laser Induced fluorescence
DC Direct current NIR Near-infrared

DDT Deflagration detonation transition OES Optical emission spectroscopy
DOIL Discharge oxygen iodine laser OMA Optical Multichannel

EEDF Electron energy distribution function PDE Pulsed detonation engine
EPR Electron paramagnetic resonance PM Photomultiplier

FWHM Full-width at half-maximum PS Power supply

HVPPS High voltage pulse power supply Y Vibration quantum number
HVDCPS High voltage direct current power suppiw qc Incident shock wave speed
HVPG High voltage pulsed generator Vocr Reflected shock wave speed
ICCD Intensified charge coupled device VUV Visible ultraviolet
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Chapter | : State of the art

Abstract

All varieties of plasma-chemical systems are tiadilly divided into two major categories: thermal
and non-thermal ones. Thermal plasma (usually ascs)ssociated with Joule heating, thermal
ionization and enables to deliver high power (upter 50 Megawatts) at high operating pressures.
However, low excitation selectivity, very high gtsmperature and electrode problems result in
limited energy efficiency and applicability of timesl plasma sources. Non-thermal plasma (low
pressure glow, radio frequency and microwave digEs offers better selectivity and energy
efficiency of plasma chemical reactions; it is aol@perate efficiently at low temperatures. Theiba
feature of these various technologies is that greguce plasma in which the majority of the eleetiri
energy primarily goes into the production of enégelectrons instead of heating the entire gas
stream. These energetic electrons produce exqgiedes, free radicals and ions as well as additiona
electrons through electron-impact ionization ofkgaound gas molecules. These excited species, in
turn, can be used for many applications.

On another hand, combustion efficiency plays acatlitrole in energy production and environmental
pollution. A challenging research axis concerns uke of plasmas to promote combustion. In this
domain, several research prospects are carriedigioy electric arcs, lasers, and nonequilibrium
plasmas. Nowadays, it seems that the most promisetgod for accelerating combustion is the non-
equilibrium excitation of the gas mixture comporsgenivhich allows one to affect the chemical
reaction kinetics. Also, to enable more efficiextitation of the electronic and vibrational degreés
freedom, one should use short-duration (nanosequriggs [1].

Conventional combustion is based on fuel combustioair where normal oxygen is the oxidative
component. A novel idea of doing more efficient baistion is to use excited oxygen produced by
nonthermal plasma, which can be in vibrational andi electronically excited states. This idea has
been chosen in this study to promote combustionofiisists in exciting a part of molecular oxygen
prior to the reaction with fuel. The interest otBuspecies is their long radiative lifetime andhhig
chemical reactivity.

The present study focuses on non thermal plasnchalige, production of excited oxygen molecules
Oz(alAg) and Q(blz;) and finally, plasma assisted combustion technefogre presented.
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l.1. Plasmas

[.1.1. Definition

Historically, the term "plasma” was used in physarsthe first time by the american physicist
Irving Langmuir in 1928 in analogy with the bloodagma, which the phenomenon looked like
visually. A definition of plasma would be a ‘sougf electrons, positive and negative ions, neutrals
and clusters. Plasma is also named ‘fourth statdhefmatter’ (together with solid, liquid and gas
states). Another definition of a plasma is a gasa(solid) which is subjected to sufficient enetgy
excite and dissociate the electrons from their atom
In the beginning, plasma indicated an overall redwyas, entirely ionized. Then, one extended the
definition to partially ionized plasmas, in whidtet proportions of charged particles are sufficemt
that their behaviour differs from a neutral gas.

Plasma, ionized medium, is characterized by thesitles of neutral specieg ionsn; and
electronsne. In the case of reactive plasmas, energy is llyitteansferred to the electrons (which are
the most mobile charged species) which then edo@idackground gas species. One distinguishes the
elastic collisions which do not change internal rgpeor potential energy of neutral species but
communicate a weak increase in their kinetic enefgy a sufficiently high electronic energy, the
collisions will be inelastic with quantified changé the internal energy of the atom or molecule to
produce the first excited states [2].

1.1.2. Examples

Plasmas are extremely widespread in the univénse shey constitute more than 99% of the
known matter. On the other hand in our close envivent, they pass almost unperceived since their
conditions of appearance are very far from the tmm$ necessary to the needs for the terresiféal |
Thus, one distinguishes natural plasmas (starspnegaslas, pulsar; the aurora borealis, the liglgtnin
solar wind and the ionosphere) and industrial ptagaischarges, lamps, screens, plasma torch,
production of X-ray; propulsion plasma; nuclearidans plasmas treatment for deposition...). Among
industrial plasmas, strong is to note many othetiegtions which are still in an experimental state
of prototypes such as improvement of combustiorstevprocessing, radar, etc.

In the classification of plasmas, each kind is abtarized by particular physico-chemical properties

1.1.3. Complete thermodynamical equilibrium

Plasma contained inside an enclosure, thermicafiylated and opaque to the radiation is in
complete thermodynamic balance when the macroscopiameters do not vary as long as the
external conditions remain unchanged [3]. Undeseheonditions, all the particles which make the
plasma, including the photons are in balance betvileem and with the enclosure walls, at a single
temperaturd.

The principal laws of statistical thermodynamicerning this balance are those of Planck,
Maxwell, Boltzmann and Saha. The Boltzmann distidsu law makes it possible to describe the
equilibrium distribution in systems without intet@ns. Let us consider a system in equilibrium made
up of a numbemM of molecules and total enerdy. Even in equilibrium, there is a ceaseless
redistribution of energy, due to the collisionsviietn molecules; but not only between molecules but
also between the various types of movements ofntioéecule (translation, vibration, rotation).
However, each molecular state (same electronid,lbué in another vibrational state for exampld), o

energye, , has a constant populatiopsatisfying :

N=>'nandE=)n [z (Eq.l.1)
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A distribution law gives the distribution of thg molecules on level. This is the generalized
Boltzmann distribution law :

(Eq.1.2)

. . . . 1 .
n; is the number of molecule in a stajeN is the total number of molecules aﬁd=ﬁ  k is the

Boltzmann constant ang, is the degree of degeneration (i.e. statisticagiat® of leveli.

The Boltzmann distribution for the population of the i™ energy level in relation to the
populationN, of the fundamental state energy level (of ené&tgycan be written as :

Nlio =§—;exr{— (E -E,)/kT] (Eq.1.3)

In the case of a system in equilibrium, the temipees of the various degrees of freedom
(translational, rotational, vibrational, and eledic) are equal. The Maxwellian and Boltzmannian
distributions determine the temperature of the ictmmed system.

On the other hand, in the case of a nonequilibraystem, this single temperature does not
exist. If in the various subsystems, the distrimitspeeds or energies can be approximated by the
Maxwell or Boltzmann distribution functions, thehese functions determine the temperatures
associated with the various degrees of freedomegumteviously.

1.1.4. Thermodynamical nonequilibrium within a gas

[.1.4.1. Definition

A non-equilibrium thermodynamic situation may baaieed at the time of an abrupt change of
the macroscopic conditions (volume, pressure, teatpes) of a gas considered as ionized. Examples
of driving processes to reach a nonequilibrium rifedynamic system can be a sudden gas
compression; a sudden gas relaxation; the appmlicatf a heating or a cooling process or the
application of an external force to the gas (ilecteic or magnetic field). For example, a shocK wi
correspond to the increase in the translationaigynef the heavy species [3].

In the case of external electric field applicatighe injected electric energy is initially
transferred to the electrons which are then acatgldrand carry out collisions with the particleshsf
medium. Excited, ionized species, radicals and @i®otare created, which interact in turn, between
them and with the medium.

The main processes of energy exchange by collisienpresented by Da Silva [4]. These energy
exchanges are defined as follows: T-T; R-T; V-TT E=-R; E-V; V-R and V-V. Where T stands for:
Translation, V: Vibration, E: free Electron and Rotation. For example, the writing V-V means the
energy exchange between two levels of vibratiorstliatwo other processes of energy exchange by
collision relate to dissociation in thermal nondifpuium for molecules vibrationally excited, proses
named V-D; and the dissociation by electronic inbpaamed E-D. These processes of energy
exchanges do not have all the same efficiency.

As long as energy is not completely redistributadath the modes of energy of the gas, one remains i
a thermodynamic situation of non-equilibrium. Nelietess, certain partial balances can be reached
during the transition towards a thermodynamic eéloyiim.

1.1.4.2. Nonequilibrium plasmas

Electrons roughly have a mass 2000 times lower ithrag) they have less inertia and are more
reactive. It is thus easier to give energy to etexst than to heavier species. Mechanisms implied in
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the processes of thermal plasma are characterigethd heating of the total gas volume. At
equilibrium, one considers that the rotational terafure of the molecul€gy, is in balance with the
temperature of translation of gag One can then differentiate plasmas in which dhby electrons
acquired enough energy to carry out reactions sdlg chemical reactions): the “cold” plasmas,
from “hot” plasmas where ions are also energetiough to influence the plasma behaviour. These
denominations come owing to the fact that in theeoaf “cold” plasmas, the temperature (energy) of

the electrons is much higher than that of idps<T,. The ions are regarded as "cold", non reactive

species. In a nonequilibrium plasma, the averageggnof the electrons varies typically between 1
and 10 eV, whereas the neutral and ionic specee%catd" at average energy of 0.025 eV.
The properties of nonthermal plasmas are of impogafor industrial applications. Several
applications require a near ambient temperafyrén addition, the principal function of a discharng
to produce active species in a gas, which imphias the electronic temperatuFgmust be higher than
the gas temperature.
The gas temperature can be controlled by differeathods in their technical realization [5]: by
limiting the time of transit of the gas in the zoak discharge, by cooling due to heat diffusion
(material used in the discharge cell) or by usimg mode of nanosecond pulsed discharge. In this
study, we are going to pay attention to the |attese.

Detailed principles and fundamentals of low terapae plasmas can be found in [6, 7].

|.2. Electric discharge

[.2.1. Introduction

Recently, low temperature, high pressure plasmae heceived a lot of attention because of
their attractive features such as the reduced néedcuum system and their ability to achieve gas
phase chemistry without the need of elevated teatpess. Amongst the widely used devices to
generate atmospheric pressure cold plasmas aneefialischarges and particularly “dielectric barri
discharges” (DBDSs).

The article of Fridman et al. [8] is directed pairity towards the four most used and important
varieties of nonthermal discharges: the coronahdigpe, the dielectric barrier discharge, the “gligi
arc discharge and the spark discharge. The baamadieristic of these various technologies is that
they produce plasmas in which the majority of tleeteic power is initially used to produce energeti
electrons, instead of increasing the temperatutbefyas volume, thereby producing excited species
and ions by electronic impact of the initial gasl@cales as well as other electrons.
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Fig.l.1. Density-temperature diagram (source: J.Bdeuf, LAPLACE, CNRS, Toulouse).
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Figure 1.1 allows observing that non equilibriunaghas are characterized by weak electron
and ion densities, in comparison to neutral mokesdensity. They are further characterized by a low
ionization degree in contrast with thermal plasnfigis. worth noting that in such conditions, electr
neutral and ion-neutral collisions play an impottae (excitation, ionization, dissociation).

To apply a plasma in a given field, it is necegdar understand which type of plasma is
necessary (from the point of view of the dischgsbgsics), which processes take place, which types
of particles will be produced and what can be sdidut the efficiency of their production. In this
report we will try to answer these questions fob taon-equilibrium discharges: Dielectric barrier
discharge (DBD) and combined DBD and DC discharge.

1.2.2. Dielectric Barrier Discharge

The dielectric barrier discharge (DBD) configuoatiwas first reported in 1857 by Siemens for
the purpose of "ozonizing" air [9]. Up to date, fwcess of ozone production by DBD has been
studied in detail and has been widely applied gustry [10, 11]. They are stable high pressure gas
discharges capable of producing large densitiedital atomic and molecular species. Such non-
thermal discharges are suitable for a wide rangapgfications, e.g. surface treatment (plasticsfoil
textiles, metals...), pollution control, sterilisatioUV and VUV light sources for pumping of laser,
AC plasma display and others.

This discharge is a solution to avoid the formatdreelectric arc, which is always accompanied by a
local overheating, generation of disturbance andooél shock waves. The principle is to use a
dielectric barrier that covers at least one elegrin the discharge gap. The dielectric solid, is
equivalent to a capacity and its charge limits dpplied gas voltage and avoids the transition to an
arc. In the majority of cases, DBDs are not unif@md consist of several micro-discharges distrgbute

in the discharge gap [12]

As a rule, this discharge is generated in eithgiane-to-plane or a coaxial geometry. The gap
between electrodes is not larger than a few milliese An alternating voltage (hundreds of Hz to
many kHz) is applied to the electrodes. When thglieg voltage exceeds the breakdown value,
electron avalanches occur, resulting in a “forest’microstreamers forming conductive channels
between the plates. Charge build-up on the dietedtiring the current pulse reduces the net voltage
across the gap. Eventually, the electric fieldne plasma is unable to sustain the microstreamer, a
the plasma at that location is extinguished. Theaadensity of the randomly distributed
microstreamers is sufficiently large that on therage, the entire gas is processed.

Typical characteristics of a micro-discharge amresented in Table.l.1 :

Lifetime (1-20)10° s | Filament radius (50-100P° m
Intensity peak 0.1A Current density (0.110f KA m*
Electron density 18-10°' m® | Electronic energy 1-10 eV
Total transported charge (0.110° C | Reduced electric field 1-2 Td
Total dissipated energy 510 Gas temperature ~320 K
Temperature increase 5K

Table I.1. Typical parameters of a micro-dischajgle

The charge accumulation on the surface of the amtebarrier decreases the electric field. This
results in a termination of the current in a femeseconds after the discharge breakdown. The short
lifetime of the microdischarges leads to a very kviegrease of temperature and the plasma remains
highly non-thermal. The gas temperature within thigrodischarge depends on the total energy
deposited, in the manner of energy dissipationanthe change of enthalpy due to chemical reactions
[13].
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1.2.3. Atmospheric pressure glow discharge

The DBD are divided into two discharge modes: adgeneous filament mode (FDBD) and a
mode known as "glow" (GDBD) [4, 8]. Atmospheric gsare glow discharge (APGD) is a general
name for discharges supporting nonequilibrium pkasinatmospheric pressure [14, 15].

At atmospheric pressure, there are three types ofatlied barrier discharges resulting from three
different mechanisms :

- the glow DBD which results from the Townsend ldavn phenomenon ;

- the filamentary mode due to the streamer breakdow

- the homogeneous discharge formed by the coveritigeodtreamer.

Several papers [16-21] reported experiments owgireric pressure glow discharge (APGD)
in plane-to-plane electrodes geometry, which isamgpical for dielectric barrier discharges. In the
case of the filament mode, the discharge consfsésgreat number of "discharge filaments", which
have nanosecond durations and which are distribotadandom way on the dielectric surface.

It is worth noting that the possible transitioretviieen the previously described various modes
are described by authors [22], which defined thechrmaisms controlling the transition from
filamentary to glow discharge at atmospheric pressu
Finally, many industrial applications use the filemh mode. However, for a homogeneous surface
treatment or a thin layer deposit, the glow disghamode has obvious advantages compared to the
filament mode.

The glow discharge is characterized by diffuse lammhogeneous plasma and by the presence
of discharge "channels", which entirely cover theckode surface [22]. The current intensity is
periodic and its amplitude is approximately 30 snseiperior to that of a flament mode. Strong is to
note that only the mechanism of Townsend breakd@ue to the secondary emission of the cathode
induced by the bombardment of ions and metastabésproduce a glow discharge.

Another important characteristic of the glow disgeais underlined in the article of Gouda and
Massines [22]. There is existence of reverse ctumpeak when the polarity of the applied voltage
changes. Indeed, at the time of polarity inversite, dielectric solid polarity, in contact with gas
changes. The reversed field accelerates electimodscing a strong variation of the current which
appears by this peak of reverse current. APGD makmsssible to arrange the homogeneous barrier
discharge without phenomenon of streamer or otlengmena relating to the arcs. Different
frequencies are necessary to excite the dischirgan be a pulsed mode, a DC discharge and an AC
current, RF discharges and p-wave discharges watocsated frequencies of f=100 kHz, 100
kHz<f<100 MHz and f>100MHz, respectively.

Closely related to dielectric barrier dischargém tlielectric surface discharges (DSD) are
generated by surfaces of the dielectrics. The D8&rahses mainly the breakdown voltage of such
systems. Two surface discharge modes are distimggligualitatively according to the amplitude of
the applied voltage: the complete mode or surfdiding arc and the incomplete mode or surface
sliding corona. They are not extensively describecb.

1.2.4. Pulsed nanosecond discharge

[.2.4.1. Presentation

A pulsed uniform nanosecond gas discharge watsdirserved more than 100 years ago in
1893 by Thomson [23]There exist two kinds of discharges when a higlage short duration pulse
is applied to a gas at atmospheric pressure andeatmtemperature. Such a discharge is either a
nonequilibrium streamer discharge for short pulsetion (tens of ns) or an equilibrium pulsed arc
for longer pulses (hundreds of ns).
Initiation of the discharge with an abrupt slopevoltage (about 1 k\hs®) at moderate gas densities
is of great interest. Modern high voltage genegtdraracterized by pulse amplitudes of tens and
hundreds of kilovolts, voltage rise time in ns,geutluration of tens of ns and repetitive frequanzy
to tens of kHz make it possible to create a spwtiadiform discharge [1].
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This kind of discharge will be used within our stu@fhe reason is that these discharge parameters ar
particularly important for the problem of combustignition of combustible mixtures. Moreover, the
discharge can be produced within a large gas valume

1.2.4.2. Nanopulsed discharge development : Fastrisation Wave

The fast ionization wave (FIW) is a mode of disgeainduced by a significant overvoltage of
one electrode. The wave front moves with approxiyatl0-10° m/s from one electrode (in
overvoltage) to the other. The advantageous chaistits of the FIW are a good reproducibility of
the phenomena as well as space homogeneity ogexdaseous volume. Also, using pulses, we are in
presence of short times of the studied gas exuitd8, 24-26] and of high values of the electraldi
(E/n~1000 Td in the front of the FIW). The action oEtRIW on gas generates various processes:
excitation by electronic impact (gas internal degr®f freedom), dissociation and gas ionization
characterized by the various forms of energy adgngrtb the reduced electric fiel/n [27] :

- for weak E/n) ~ 10%-10" V/cn?, the majority of energy is transferred in molesule

vibrational degree of freedom and is partly corsginto rotation ;

- for values of E/n) of about 13°V/cn?, we are in the presence of electronic excitation ;

- finally, for (E/n) ~ 410" V/cn?, gas ionization by electronic impact becomes iffec
It is highlighted in the article [25] that hanopedisdischarges develop quasi-spherically and uniform
in space, starting from the high voltage electradé) a propagation velocity of ~1@n/s and in the
pressure range of 13-133 Pa. The propagation wglotithe discharge is determined experimentally
by Starikovskaia et al. [28] via the signals of &eifive gauges. In this case, the propagation itgloc
is 10 m/s. Anikin et al. [29] announce the typical val# the propagation velocity of a FIW as being
2'103 to 310’ m/s. In the study dBozhenkov et al. [24], the propagation velocityttd FIW is 510’ to
910" m/s.
In study [25], Starikovskaia et al. consider twpdyg of nanopulsed discharges of comparable nature:
at relative low pressure (1-1:38' Pa) and when the pulse voltage amplitude rises (ate of ~1
kV/ns), the discharge develops in the form of a fasization wave (FIW). When the pressure
increases, the discharge losses its spatial unifpramd thin channels (streamers) are propagated
along the discharge space. The experiments arnedaut with following gases: NO,, H,, CO and
CH, and their mixtures, in a pressure range varyiogfi.3 to 4.0° Pa. The employed high voltage
pulse generator characteristics, similar to thesarsed in the present study, are presented in dppen
6. Rigorously speaking, the streamer and the FI¥\caused by the same elementary processes. Their
propagation is due to ionization by electronic ictga the discharge front.

|.3. Electronically excited oxygen

1.3.1. Excited oxygen in nature

Oxygen is important not only as the “normal” diatommolecule @, as an atom in compounds
and its involvement in chemical reactions, but atsibs excited molecular states, singlet deltagexy,
alAg, and singlet sigma oxygenfzg". Singlet oxygen has been known since 1924. In 1®iéhael
Kasha relates the accidental way in which singkggen was re-discovered in 1960 by means of the
reaction :

ClO"+H,0, - H,O0+ClI" +0O,*. (Eq.l.4)

Singlet oxygen is quite reactive and is respoesiiok oxidative damage in a number of
systems, including biological ones [30]. Moreowexcited states and other active species of oxygen
are important to the world's carbon cycle becailmsy ttontribute to the degradation of organic
substances. Furthermore, species such as singlgem»(éAg and 62;), excited hydroxyl radical
(OH*), superoxide (@), and alkyl peroxy radicals (ROO*) are among thestrimportant species in
the aquatic environment. They are formed primdnjythe action of sunlight on surface waters and are
responsible for the indirect photochemical degriadatf a wide variety of organic species [30].
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Electron collisions with oxygen molecules are arpdmant energy loss mechanism in the earth’s
ionosphere [31] and in the plasmas produced byreledeams. Additionally, ggblz;) excited state

is of considerable importance in atmospheric preeesin the thermosphere (begins at 90-100 km), it
is a strong radiation source by this main reaction

O('D)+0, - OCP)+0,(b'X,") - O, +hu(761.8 nm). (Eq.1.5)

Lastly, the éAg state of Qis of great interest as reagent of possible ingmme in atmospheric
chemistry [32]. In the earth’s upper atmosphefea’@g) is produced primarily from the photolysis of
ozone, and its concentration reaches a maximunbatita4.16%ni® at 50 km during the day time
[33]. Atmospheric airglow has been measured from dlound, aircraft, balloons, and rockets and
using a high-resolution spectrometer on a telescbpe 1.27 um emission fromzCng) and the 762
nm emission of lezg+) are major components in airglow. These speciesbeaformed by direct
absorption of UV radiation, e.g. :

02 +hv - Oz* (EQIG)
and by photodissociation of ozone :

Os;+ hv - O* + O* (Eq.L.7)
where O* is an excited oxygen atom.
Recombination of oxygen atoms is another mechanism

O+0+M = OF+M (Eq.1.8)

where M is a third body collision partner. The costp analysis of airglow spectra is very
complicated and many other reactions are takenaictount.

1.3.2. Methods of generation of excited oxygen

Singlet oxygen can be generated using diverse mstlicluding thermal means, optical/laser
energy, electrical/electromagnetic excitation, ocambination of these approaches. Singlet oxygen
may also be generated through reactions of a claérfuel additive or a laser-excited chemical
additive [34, 35].

1.3.2.1. Optical/laser production of singlet oxygen

The most common means of singlet oxygen generatophotosensitizatidnor, more
precisely, energy transfer to,Ofrom an excited state of a sensitizer, which dsnfed by the
absorption of light in a specific wavelength regidinglet oxygen photosensitization is highly
favoured in nature. This is due to the very spesliettronic configuration of molecular, Orherefore,
energy transfer quenching of both excited singhet taiplet states is spin allowed, in contrast t&ngn
competing deactivation processes. Moreover, th@atixm energies of both 2@12;) and Q(alAg)
are lower than the energy state of many organptets, and in most cases, the energy difference is
small enough to make the process fast enough t@ makeversible. Finally, the very small size of
the Q molecule allows for particularly rapid diffusion imany media, hardly any intermolecular
process is able to compete with oxygen reactiomckleany excited state that is sufficiently long-
lived to allow for intermolecular interactions ikdly to react with Q.

Singlet oxygen photosensitization is observed w @memical system where light is absorbed in the
presence of molecular oxygen. In many cases, erteaggfer results in the formation of botla(éAg)

and Q(b'Z,"). However, the spin-allowed'®,” - a/,deactivation occurs with extremely high rate
constants in the condensed phase, and with uiifezf€y in any medium; thus allz(blzg") will be
finally recovered as g(nlAg).

! Photosensitization is a process of transferrimgethergy of absorbed light. After absorption, thergy is transferred to the
considered reactants. The sensitizer in chemolwsoeree is a chemical compound, capable of lightson after it has
received energy from a molecule, which became ea@teviously in the chemical reaction.
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Oz(alAg) can also be produced in photo-dissociation ohezoy UV-radiation aA=253.7 nm
(O3 photolysis).

Another approach consists on laser-induced eiaitaif electronic states of oxygen molecule.
A gaseous mixture containing oxygen is exposed lasar pulse with a duratiory and wavelength
that is in resonance with the wavelength of thg,X— b'T;" and X, - &', transitions. These
electronic excitation wavelengths can be generayadd:YAG and dye laser [36].

1.3.2.2. Chemical generation

Exothermic chemical reactions may generate sirgggen as a product. These reactions are
often chemiluminescent owing to radiative decathefGQ*.
Singlet oxygen can be generated by reaction efilCla basic HO, solution. Then, exothermic
chemical reactions may generate singlet oxygen gsoduct, illustrated by the following well
established hypochlorite-peroxide reaction :

H202 +OCl = OZ* +Cl + HZO . (EQ|9)

Moreover, a purely chemical and very effective wadygeneration of ¢ exploits the following
reaction (in liquid phase) :
C|2 + HOZ_ — OZ* +2ClI"+H . (qulO)

This reaction takes place in a thin near-surfageidi layer, and yields close to unity can be olatdin
(because production of Og@nd other excited species, possible quenchersicarencountered in the
purely chemical system).

Furthermore, energy-rich compounds that generad@llg) by thermal decomposition include
phosphate ozonides : (RB; - (RORPO + Q(alAg) and endoperoxides such as 9,10-
diphenylanthracene peroxide (DAP) :

Z N
| = + 02*(SDO) (Eq.l.11)
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1.3.2.3. Electrical discharge plasma generation

An alternative procedure for singlet oxygen productis its generation in an electrical
discharge [37, 38JFirst observation of singlet oxygen produced byebattrical discharge was made by
Foner and Hudson [39] in a very long, typically 1 brshaped discharge tube with hollow electrodes,
operating at a pressure of several kPa in an A@ gigime.

Furthermore, electrical generation has been maiislgd for laser gain application. In this case,

production of excited oxygen is completed by diret#ctron impact on the ground state oxygen

molecules or by deactivation of higher excitedestaMoreover, singlet oxygen can be generated in
plasmas produced by electron beams or by DC glsahdige.

In our experimental work, singlet oxygen is genedaih a non-selfsustained crossed discharge. The
discharge consists of high-voltage, short pulseatitum, high repetition rate pulsed discharge, which

produces ionization in the flow, and a low-voltdd€ discharge which sustains current in a decaying
plasma between the pulses. The sustainer voltagbe@dependently varied to maximize the energy

input into electron impact excitation of singlettdexygen.

Also, electrodeless discharge, where the gasditeeikby an external source of radiowaves or
microwaves established in gaseous oxygen, allowsrgéng singlet oxygeas well as other species
including oxygen atoms and ozone.



1.3.3. Literature results on production of excitedmolecular oxygen
1.3.3.1. Crossed discharge reactor and reduced etec field

According to numerical simulations of Napartoviehal. [40], for Q(alAg) and Q(blz;),
because of the non-optimized electric field in aspta, a self-sustained electric discharge in pure
oxygen has no chance of achieving a high506) yield. Recent investigations on electric dasge
production of Q(alAg) consisted on engineering the reduced electrid {&/n)> nearer to the optimum
value for Q(a'Ay) production. In pure oxygen, a value around®\ cn¥ (=10 Td) is given by several
authors. A very important remark is that in suchditions, only the non self-sustained discharges ca
exist. The reduced electric field is too weak fae#-sustained discharge mode.

It was in 1980’s when Dr A. Hill developed a newethmod for the generation of singlet delta
oxygen molecules using a so-called controlled ancla process (CAP) [40]. This method consists in
a hybrid discharge in which short high voltage palproduce ionization while a comparatively low
electric field supports the electric current betwamizing pulses. The supporting field at the ghef
the plasma decay is close to the optimum for etxaiteof the singlet oxygen. These valuesdh are
considerably lower than in the case of self-sustielectric discharges (DC, RF, or p-waveg/nf ~
(1-10)10*® V- cnt [41]. For example, lonin et al. [34] used a pulséttron beam sustained discharge
facility to study a non self-sustained dischargeggen gas mixtures. Moreover, Verdeyen et al} [42
used a similar idea to that of Hill. A larger paftthe energy deposited in the plasma is suppljedrb
inductive RF discharge with comparatively low eliecfield strength. lonization is produced by an
AC high voltage applied independently to the plaswiame. It is important that the energy deposited
in the short pulses composes only several perdetuttal energy input. A yield of 15% ofzcalAg)
was achieved by Napartovich et al. [40]. For thespia with an external source of ionization (electro
beam [34], additional ionizing pulses [40]), thelueaof E/n can be controlled independently of
electric current, allowing optimum conditions forogduction of singlet oxygen in the plasma
discharge.

The paper of Hicks et al. [41] presents the expeniia generation of singlet oxygen at high pressure
(up to 380 Torr), by a non self-sustained crossedhdrge supplied with a mixture f@le) for
discharge oxygen iodine laser (DOIL) applicatiomeTdischarge consists of a high voltage pulsed
discharge and a low voltage continuous discharfe.cbntinuous discharge component maintains the
pulsed discharge between two pulses and is chamsteby a value of the reduced electric field
ranging between 0B)*° and 0.68.0"° V- cnt.

This same approach will be used within our stumlgeénerate singlet oxygen at atmospheric
and reduced pressure and for combustion application

.3.3.2. Experimental generation of Qb'Z,") and O,(a'Ay)
[.3.3.2.1. Reduced electric field effect

Experimental research on the dependence of theugtiod of Q(alAg) according to thé/n
parameter was carried out by Vasiljeva et al. [43}r the mixture Ar:@ = 99:1 and for fixed
deposited energy, there exists an optimal value®in such as the ghlAg) pumping is maximal.

The experimental results show that the optimale@iE/n corresponds to the most optimal electronic
temperature, which is only very slightly higher ihthe energy of the excited electronic level of
Oy(a'Dy) : Te~ 1-1.2 eV.

Moreover, lonin et al. [34] show also the dependewicthe specific energy deposited to exciteirO
its first singlet state with the reduced electield and show that this specific energy increasils w
the increase in th&/n ratio. For the mixture @Ar (1:1), the maximum of energy used to form
0,(a'hy) is 56% withE/n=0.6910"° V' cn. According to the results of this study, while rie@sing

2 Reduced electric fiel is the ratio of the elecfigdd above the number density expressed-ien¥. It can also
be expressed in Townsend units where 1 Townser@fE\t m?,

34



(E/n), the part of energy deposited which is used fpdi@sociation increases quickly, and in parallel,
that intended for the excitation of singlet oxygkatreases.

Furthermore, Napartovich et al. [40] calculated aipositive column DC discharge model, an optimal
value ofE/n~10"° V- cnt at a pressure of 10 Torr and for purg This same value is predicted by the
GlobalKin® model used in the study of Stafford and Kushndi fdr a discharge in pure,Gnd at
P=3 Torr. It is observed that this optimal valueed (for which the Q(alAg) excitation is maximum)
decreases progressively with the increase in pergerof diluentE/n=0.310"° V' cn? for the mixture
(99%He/1%Q). When the percentage of helium increases in tixéure, the specific energy intended
for the excitation of QalAg) decreases. That is explained by the fact thdt thieé addition of He, the
rate of excitation of QalAg) by direct electronic impact decreases.

Besides, the electron energy balance as a functitre reduced electric field strength is simulabgd
Napartovich et al. [40]. Fig.l.2 shows the obtainesults :

Electron energy fraction (%)

E/N (10™ Vem)

Fig.l.2. Electron energy fractions spent for diffat processes for pure,@t P=10 Torr : 1, elastic
losses and rotational excitation; 2, vibration;&84,; 4, b'2,"; 5, attachment; 6, effective electronic
level Q* with threshold 4.5eV; 7, dissociation into atoﬁ)égP); 8, dissociation into GP) and OfD)
atoms; 9, ionisation [40].

We can see from this simulation that the energgtiva spent in the direct excitation of
0,(a'hy) is quite high, approaching a maximum of 43%EAt=0.8710"° V' cnt. For Q(b'Z,"), the
maximum of 17% is approachedEin=0.810"°V' cnt. Therefore, it is expected that the presence of
Oz(alAg) in the gas will have a significant influence ¢ telectron energy distribution function and
energy balance. This issue will be discussed iatsection Ill.1.

1.3.3.2.2. Deposited energy and pressure effects

A numerical modelling of Stafford and Kushner [4&fjowing the evolution of the singlet
oxygen vyield according to the specific energy dépds shows that singlet oxygen vyield increases
linearly with the specific energy deposited in @til reaching a saturation at 5-8 eV/molecule] an
then decreases when the dissociation p$t@rts to dominate the kinetics. It is worth ngtthat when
the maximum yield is reached for singlet oxygen,hage dissociated 50% of,Gand that more than
90% of dissociation is reached when the specifergyndeposited is 20 eV/molecule. At 30 eV, the
guasi totality of oxygen is dissociated, and anitemithl increase in specific energy deposited isdus
for again exciting and ionizing the atomic speces
Let us recall that the excitation energy Q(@g) is of 0.98 eV, and we introduce 5 to 8 eV/molecul
Thus, as more energy is deposited in the oxygercutds, dissociation increases, which reduces the
number of molecules available that can be excited.

Moreover, it is observed that when energy increathes Q(alAg) and OfP) densities increase and
reach a maximum, and this maximum is reached muoiekly when the pressure increases. In other
words, "optimal” energy decreases with the incréagpeessure [45].

Other studies show that this quenching of singkgten is conditioned by the strong values of

atomic oxygen density, whose production in a digghds stimulated by high values &fn and
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energy deposited [43]. Moreover, lonin et al. [8étermine a specific energy deposited fQ(atAg)
maximum excitation a@=30 Torr and foE/n=1.510"° V-cn? (- E/p=4 kV/cm/atm).

Another study, that of Rakhimova et al. [46] workad the effect of energy deposition in J/mol on
Oz(alAg) yield. It was necessary to be located under {iianum energy conditions applied to the
OJ/diluent mixture, corresponding to values B close to 10 Td. Finally, McCluskey [30], after
initial investigations of singlet delta oxygen, @meectly concluded that more singlet oxygen delta
should be produced at higher pressure. Even fohigh radiative lifetime and its low rate of
collisional quenching, singlet oxygen yield shobkldecreased when one works at high pressure. The
study of Gray and Ogryzlo [47] works with pressofel0 Torr, permitting to produce and detect a
higher concentration ofg@lAg).

Research on the kinetic processes of the produationdestruction of singlet oxygen reveals that the
rate of Q(alAg) and Q(blzg+) deactivation increases with the increase in thessure [41, 43].
Therefore, except in the low pressure cases (Patm), it is believed that electronic excitation of
molecules does not play a great role in combusti@mistry. It is then difficult to imagine how & i
possible to produce such excited species in a rgaunt at high pressures(P atm).

1.3.3.2.3. Dilution effects by helium or argon

In a general way, one can expect that the fraatioelectron energy intended for the direct
excitation of singlet oxygen decreases when a wlijuetomic or molecular additives are added to the
gas. However, the importance of diluent additioroider to have a weak collisional quenching by
resonant energy transfer of the diluent with singheygen has to be highlighted. Moreover, the
replacement of pure oxygen by oxygen/diluent gagurés makes it significantly possible to increase
the energy deposited per, @olecule and to more easily reach the level oftation necessary for
singlet oxygen [40, 43]. We will see in our expegimal work that in the case of argon dilutiongsit i
possible that @blz;) is quickly relaxed by resonant energy transfezrmining or by collisions with
the argon atoms.

Furthermore, Martin et al. [32] studied the queénghof electronically excited gblz;) by
fundamental @ and N. They succeeded in producing small quantities gb'®,", v=0) by direct
excitation of molecular oxygen gas mixture. Thirg tjuenching rate ofqulzg+) by O, is measured
by decrease of the fluorescence sigriad(4.0:0.4)10"" cm*/molecules. Moreover, the rate of
quenching by Mis obtainedky,=(2.2+0.1)10" cm*molecules. The authors underlined the sensitivity
of the quenching of Qolzg+) in the presence of impurities, for example, doedischarge cell
degasification.

In addition,Napartovich et al[40] conclude, starting from numerical simulatiptisat the use
of O.JJAr mixtures is more advantageous thaw/He, because of an increase in the discharge
effectiveness and of a reduction in the gas tenperdor the same energy deposited if(abxg).
Also, the dependency ofzcalAg) yield according to the Qpercentage in £Ar and Q/He mixtures is
experimentally studied by Vasiljeva et al. [43].eTteposited energy and the reduced electric feeld i
taken constant and close to optintgh. The authors observe that this ratio increasesnvihe
percentage of £in the mixture decreases. Moreover, for the saenegmtage of ¢ this ratio is higher
for the mixtures with argon than those with heliurhis observation is directly in contradiction with
the observations of Hicks et al. [48]. Indeed, |&ter study suggests thaﬁ(@lzg) and Q(alAg) states
are more quickly relaxed by energy resonant trargfienching by collisions with the argon atoms
than with helium ones. The authors of the study, [#Bo observe the opposite, explain that by energy
losses of the electrons in elastic collisions, Wwhare more important in fHe mixtures. Thus,
mixtures diluted in argon with small quantities @f would be optimal to produce a relatively high
singlet oxygen rate.

Finally, lonin et al. [34] use mixtures of;@iluted in argon in a non self-sustained discharge
by electron beam. The authors observed that whaeadsing the percentage of argon in the mixture
(at a fixed pressure of 30 Torr), the specific inpnergy increases. This energy increases als@ whil
increasing thé&/pratio.
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To conclude, contradictions exist on the benefiea$ of diluents for singlet oxygen generation.
Therefore, within the present study, we will boe theoretical and experimental approaches to check
these points.

|.3.3.2.4. Effect of additives

Logically, additives would induce an additionakgehing of singlet oxygen and consequently
a reduction in its yield.

The authors of [43] modelled the production rateOg(ralAg) by a pulsed discharge in a&/8r gas
mixture and in the presence of small quantitieHgfor CO. The authors show that a non self-
sustained discharge in a mixture containing smallg@antity diluted in an inert gas was strongly
stratified and not uniform. One of the means ofpgapsion of these instabilities resides in the tamdi

of active molecular compounds, which will accelerdte detachment of the negative ions electrons
but also make it possible to increase considerdiglyenergy deposited in the plasma.

Water is a known vibrational deactivator of oxygEimdlay [49] adds a quantity of steam to
molecular oxygen excited by discharge at an oxygessure of 2 Torr. The results show that the
intensity of the 762 nm emission band is drastyagatiuced. Furthermore, by adding small amounts of
CO or H (~5%) to Q/Ar mixtures, discharge oscillations disappearedd @e obtained a
monotonically rising function of the electron dnifélocity with E/n. Moreover, these additives result
in a considerable enhancement of the specific griapyt. The major reaction that occurs is with O

O+CO - CO,+€e0rO +H,(orDy) - HO (orD,0O) + €. (Eq.1.14)

This results in the enhancement of the concentraifdfree electrons, the discharge current and the
specific input energy.

Moreover, when maintaining a non-self-sustainedhdisge in gas mixtures with molecular additives
CO, H, or D,, the efficiency of QalAg) can be as high as 40%. An increase of the spesifergy
input up to 1.5 eV per molecular component expléiras. Carroll et al. [50] producedz@lAg) by an

RF electric discharge at low pressure (5-15 Tdrng discharge production ofz(alAg) was enhanced

by the addition of a small proportion of NO to lavike average ionization threshold and thereby also
lower the sustaining value &fn of the gas mixture. Indeed, NO has a lower iofzathreshold than

O, and He, thus the addition of NO enhances the ptamu of electrons, which increases the
conductivity of the plasma, which reduces the electield needed to sustain the plasma and,
consequently, the key parame#n is reduced.

It is also reported that small quantities of Nsduld be employed to scavenge excess O atombeia t
reaction O+NQ@- NO+QO, (responsible for a part of , 1Ag) and 18Py,) quenching) and then
enhancing G(alAg) production. Indeed, the study of Rawlins et @8][used additional reagents, NO
and NQ.

The transposability of this last approach will bperimentally tested in the present work in order t
increase the production of singlet oxygen in corablidischarge reactor.

1.3.3.2.5. Temperature effect

The oxygen emission band intensities at 634 nr, 8 and 380 nm are determined in [47].
The effect of the temperature on the interactioetsveen the various molecules is studied. For that
purpose, a temperature range of 77 K to 300 K issidered. At constant pressure, when the
temperature is reduced Te130 K, Q(X3Zg') and Q(alAg) concentrations increase.
Indeed, the variation of the concentration accaydim the temperature follows the perfect gas law.
Hence, below 130 K, the authors observe a falh@adoncentration in ;g()alAg), mainly due to wall
deactivation.
For Q(blzg+) species, its concentration increased faster thiéhtemperature decrease than that of
Oz(alAg). This can be explained by the fact th@(tﬂ)ig) diffusion to the walls is weaker at low
temperature than forZQng).
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Finally, Vasiljeva et al. [43] underline that theatttivation rate of singlet oxygen increases whith t
increase of the gas temperature.

Thanks to these points, we got some insights entb@roduce electronically excited oxygen
species and how to optimize it. Our final goal s use these reactive species for combustion
applications.

1.3.4. Utilisation of singlet oxygen
1.3.4.1. Oxygen-iodine laser applications

Excited oxygen states are potentially importantrses of stored energy; especiallﬁ(&ﬁag)
and Q(blz;) can efficiently transfer energy to iodine atoifikis process has received huge attention
for oxygen-iodine laser application [34, 38, 41, 43, 48, 51-53]. The idea of producing(éAg) ina
gas discharge to excite iodine lasers was formdfaethe first time by Fournier and Bonnet in 1980
Great success has been obtained in the researctheaatbpment of a chemical oxygen-iodine laser
(COIL) where singlet delta oxygen is generated bgngical reactions; and of a discharge oxygen
iodine laser (DOIL) where it is generated by arceieal discharge. However, applications of COILs
are limited [34, 44].
The generation of singlet oxygen in an electriégatioarge DOIL has been known since the 1950s [34]
but with negative results. Its recent developméinaeted considerable attention [34, 37, 38, 40, 43
45, 48, 50, 54-56], especially after measuring tp@sigain in a supersonic laser cavity and the
successful laser power generation.
In both cases, the excitation of the singlet dekggen is transferred to iodine molecules which are
then the active lasing medium [43, 48, 57, 58],teng photons when changing its electronic state :

1% (2P,,) = 1{2Py,)+hv. (Eq.1.12)

The electronic transition of the iodine atom enight at 1315 nm. Atomic iodine in the excited stat
| * (2 Pl,z) is produced by near-resonant energy transfer legtwiee singlet delta oxygenz(@lAg)
molecule and the iodine atom ground st&i@;}) [59] :

0,(@'A,) +1(*Py,) - O,(CX) +1*(*Py,). (Eq.1.13)

1.3.4.2. Cancer treatment application

The utilization of singlet oxygen in cancer celsttaction also exists. Photodynamic therapy
is a combined light-plus-drug treatment for maligihtumors and particularly for the treatment of
obstructing cancer of the esophagus and early stageer of the bronchus. Singlet oxydgeitiates
peroxidation reactions and direct cancer celliglimay be involved as well.

The following part will present literature resutts plasma assisted combustion technologies.

1.3.4.3. Combustion applications

Singlet oxygen has also been used for combustiplicagions. They enhance the performance
of internal combustion engines, diesel enginesamtiqular [60]. This control takes place just prior
and in the initial stages of fuel injection and #@® mixing of singlet oxygen with fuel can be done
either prior to, or during combustion.
In addition, a novel approach to control combuspoocesses by laser-induced excitation of oxygen
molecules is presented in [36]. Singlet oxygen mkes are supposed to enhance the chain reactions
in gaseous combustible mixtures. This applicatidhbe developed in section 1.4.3.
Further effects of excited oxygen on combustiondetailed in the following section.
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|.4. Ignition and combustion promotion by the actia of a
discharge

[.4.1. Context

In response to modern challenges in combustiofficaipns, various approaches have been
proposed to enhance the ignition and combustiomyidrogen—oxygen and hydrocarbon—oxygen
mixtures by the means of electrical discharges.

In the present section, the studies related teffeets of plasma on :
- flame stabilisation ;
- flame intensification ;
- and flame ignition are presented.

There exist two principal types of applicationaotlischarge in combustion: the first consists
in igniting the mixture surface with low flowratesd constant burning velocities (e.g. by heatitig;
second consists in the treatment of the mixtur¢hbydischarge. The possibility of the "non thermal”
initiation of chemical reactions by a pulsed diggleaconstitutes a vast research field. The inteoest
intensify combustion in gas phase systems by tlee aisgas discharges is to create combustion
chambers, where this takes place at very high spddis research axis has experienced an upsurge
during the last few years [1, 6 Beveral approaches exist :

- heating of a mixture by a plasma torch or ar¢ 3 ;

- generation of appreciable amounts of chemicatiiyva atoms and radicals due to electron
impact dissociation of reactants [28, 64] ;

- and excitation of molecules to vibrational aneécélonic states by a specially arranged

electrical discharge [65-67].

Nonequilibrium modes are analyzed in the literatagehe most promising in increasing combustion
efficiency and reducing pollutant emissions, anthwinergy input negligible in comparison with the
burner's chemical power.

Finally, various numerical approaches have beapgwed to describe the ignition and
combustion in presence of different types of plasiiee fact that the excited atoms and molecules
react much faster than the non-excited ones and makedly decrease the ignition temperature,
reduce the induction time and increase the effayef combustion will be discussed in chapter IlI.

1.4.2. Flame stabilization

1.4.2.1. Pilot flame stabilization

Reducing NOx emissions from combustion chambegsrigjor challenge. One approach has
been to operate at lean mixtures in order to rediazee temperature, which in turn, reduces the
production of NOx. However, lean burning can leadsérious combustion instabilities, which can
result in flame extinction [68]. Various stabilimat methods have been implemented for both
diffusion and premixed flames. These include pilates, recirculation flow via bluff bodies, swirl,
electric fields, and plasmas.

The first technique concerns the use of a ricatihme to reattach the combustion process.
To attach a hydrocarbon flame to a burner lip, ldad Mungal [69], Mufiz and Mungal [70] and
Carter et al. [71] used a hydrogen pilot flame to#ow jet diffusion flame. Moreover, Prakash bt a
[72] increased premixed flame stability by controllihg flow rate split between a bypass line and the
main fuel line. Tachibana et al. [7Bjvestigated the effect of secondary fuel injectiocation on
premixed combustion instability. Typical examplébhuff body and swirl stabilization can be found
in [74], [75], and [76]. However, these methodséam intrinsic limit in that the main energy traersf
occurs predominantly in the form of thermal enenghjch implies that a portion of energy is lost.
Moreover, this technique significantly increases ltwvel of NOx generated. Electric field stabilinat
is then an interesting alternative [77].
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1.4.2.2. Electric field stabilization

Flame stability can be obtained by controllingaifloonvection in the flame reaction zone with
electric fields. The stabilization effect is caudsdan “ionic wind” between the applied electrieldi
and the “chemiionized” species in the flame reactamne. In particular, Calcote et al. [78, 79]
observed flame deflection and blowout limit extensof a Bunsen burner exposed to a DC electric
field. The blowout limit of a premixed methane/dimame is then increased by a factor 4. More
marginal in comparison to studies with DC fieldsjdstigations of blowout limit and burning velocity
under alternating current (AC) were also reportef80-83]

Work regarding the interaction between flames atabma discharges can be found for
example in [84-86]Within these papers, plasma jets are used to iserfame speed and expand the
flammability limit of premixed flames.

Finally, an alternative possibility is the useanf electric discharge (in the form of an arc or a
HF spark [87]) to reattach a flame and to keep\N@x levels acceptable.

1.4.2.3. Nonequilibrium plasma stabilization

Recent activity to investigate novel flame stailion approaches has included the use of
nonequilibrium discharges for combustion enhancéniextended flammability limits and reduced
ignition delay times), such as dielectric barriesctlarges (DBDs) and nanosecond pulsed discharges
for premixed flames [88-100In this casethe typical added energy is 0.1 to 1% comparedabdh
typical hydrogen pilot flames. Corresponding stadia the stability of diffusion flames are relative
rare. Kim et al. [101] found that a coflow liftedethane jet flame is stable under application of a
nanosecond pulsed discharge in coflow velocitiesipfto 20 times the laminar flame speed. They
determine the optimal discharge placement in a amethet in cross flow [77].

Furthermore, the use of pulsed and continuous p@gsts, for the ignition of a lean mixture
and the stabilization of the flame in a supersdloiv is promising. An example of application is the
flame stabilization in a gas turbine under condsiavhich tend to extinguish the flame.

Another application relates to the diesel engigedtion in extreme cold climate: a small plasmaiget
used. In the study of Warris and Weinberg [102]lspd and continuous plasma jets are used to
stabilize fast (5-30 m/s) lean propane/air mixtilaenes. The results clearly show a large extensfon
flame stabilization and hold on in the presencelaéma jets. Moreover, the mixture ignition and the
flame hold on occur at values well below the lof@mmability limits.

Plasma-assisted combustion and stabilizationtoftaulent premixed flame using nanosecond
repetitively pulsed discharges is studied in [1833 [104], respectively. A related study of Galéty
al. [90] concerns the extension of the flammabitifya lean mixture. Moreover, pulsed nanosecond
plasma has been shown to stabilize lean premixedsgtheric pressure propane-air flames [20].
nanosecond repetitively pulsed plasma generataabdapof delivering an electric pulse of 10 kV
during 10 ns at a frequency of up to 30 kHz is usestabilize and improve the efficiency of a 25 kW
lean premixed propane/air flame at atmosphericspres The plasma significantly extends the region
of flame stability, in a much wider range of fuejuévalence ratios and flow rates. This example
demonstrates the possibility of increasing the aastibn efficiency with the addition of a 75 W
discharge (0.3%). Also, the spontaneous emissiddbfind CH radicals increases by at least 40% in
the presence of the discharge.

1.4.2.4. Arc-type plasma stabilization

Other research activities study flame sustain by type electric discharge to stabilize the
combustion. For example, arc-type plasma stabitizadf supersonic KO, combustion mixtures is
used within the framework of scramjet combustors.

In the same goal, but with a different electriccsrge, Choi et al. [87] studied the stabilizatadn
lean propane/air premixed flames. Low power ara$ lsigh frequency sparks are used. Low power
arcs significantly lowered the lean limits of flamhility. The results showed that the lean
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flammability limit decreases from equivalence ratiof 0.62 to 0.55 at a flow rate of 330 %sn
Similar effects are observed with a spark dischahgethis study, the minimum equivalence ratio
drops from 0.58 to 0.43 (~25% decrease) at a fate of 240 crils. Finally, it is worth noting that
similar reductions in the lean limit of combustiare observed at higher flow rates.

It has to be kept in mind that the plasma gensrigdeown NOx. The decrease in equivalence
ratio, permitted by the presence of the dischaoge, be compensated by the own plasma NOx
production [87]. However, in larger burners, thedamce should be in favour of NOx reduction.

1.4.3. Combustion process and excited oxygen spexie

Electronically excited species and igmeduced in a discharge may also influence thega®c
of combustion. In high voltage nanopulsed dischargeygen and nitrogen ions can be present. In
general, their concentrations should be relatively because Coulomb forces are long-range, and
recombination of positive ions and electrons ang ¥ast. However, ions can be exploited locally to
promote combustion and anchor a flame.

Furthermore, under the conditions of discharge gas mixture, there is the possibility to generate
active species by the dissociation oflfy electronic impact, and also reduce the energstiold of
chemical reactions, for example, involving the hgtate of @ At present, relatively little is known
about the possible effects of electronically ext#pecies on combustion kinetics. However, if prese
in critical concentrations, they may reduce igmtidelay time, because typical recombination /
relaxation energies tend to be very high (of orti@reV against 1 eV for recombination of radicals).
The possibility of combustion improvement eithemtigh the excitation of an oxidizer [105] or the
fuel molecules [106] is a growing and promisingesh topic. The potentiality of the control of
combustion processes by using electronically estaiteygen molecules has been studied by Smirnov
et al. [107]. The experiments presented in [L0Thalestrate that the excitation of @olecules to the
singlet electronic state at low pressires 10-20 Torr makes it possible to significantly wed the
induction zone length in a premixed subsonje®} low pressure flow and confirm the conclusion of
the theoretical studies of Starik et al. [66, 6lf}e excitation of @ molecules to the stateéA@ and
blzg+ by a laser, significantly decreases the inductierigqal and ignition temperature, by up to 300 K
[105]. The present study relies on the excitatib®pmolecules to singlet oxygen states through an
electrical discharge.

In combustion reaction with ground state tripletygen, various atoms and radicals are
produced. Particularly, with hydrocarbons, comlmmsfproceeds in a chained manner through various
reactions such as hydrogen abstraction. In contastted oxygen, being an electrophilic reactent,
prone to react with a substance having a greatmtreh donative characteristic. Accordingly, in
contrast with triplet oxygen, which is liable toaot with radicals, singlet oxygen is prone to irgluc
two-electron reactions. For example, singlet oxygemble to actively induce reactions which are
difficult to induce by triplet oxygen, such as direaddition to a double bond and generation of
dioxetane. In literatureSilver [108] showed that at a relative low tempearatof 600 K, electronically
excited oxygen reacts with hydrocarbons in reackpat rates that are 10 to 20 times faster than
guenching of the excited states)(kThe results show that electronically excited gexy, Q(alAg),
participates in cool flame combustion through a ithenechanism involving a manifold of
electronically excited molecular species. The chaiaction mechanism proposed involves three
processes :

CH,+0,(a'4,) i CH,O, (Eq.1.15)
CH,0; i CH,CO* + CH,CO (Eq.l.16)
CH,CO* + 0,(X°5) i CH,CO + O,(a'4y). (Eq.1.17)
The termination reactions are :
CH,CO* + M i CH,CO + M (+hv) (Eq.1.18)
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and the quenching onC()alAg) by a collision partner M, as :
k5
0,(@'4) +M - O (X°5y) + M (+hv). (Eq.1.19)

Both termination processes can be either radigtiveesses or not.
This is an indication that the linear chain mechaniproposed above is a realistic and viable
possibility for cool flame combustion processes

Finally, the other type of activation, which theygen can undergo is its excitation into higher
vibrational levels, which are to be considered aastable. Herzberg highlights the fact that the
higher vibrational levels of a molecule must bearégd as metastable, and therefore, they too may be
of importance in elementary chemical processes][109

In the current study, we investigate nanosecondegudischarge enhancement of flame
stability in a more complex partially-premixed flarnonfiguration, burning methane. The approach is
based on the fact that the excited atoms and mekeceact much faster than the non-excited ones [33
110] and this approach seems to be promising beaafuss potential higher efficiency compared to
that initiated by ordinary heating.

1.4.4. Plasma assisted ignition
1.4.4.1. (H/air), (CH jair) and (CsHg/air) systems

The influence of non equilibrium plasma created eypulsed discharge on the ignition
thresholds of a combustible mixture at various suess and temperatures has been studied by an
installation consisting of a discharge cell conedcto a shock-tube. It allows study of fast
homogeneous ignition of supersonic flows [24]. ke tstudy of Bozhenkov et al. [24], the ignition
delay time decreases significantly in the casehefdimultaneous action of the shock wave and the
nanosecond discharge. Moreover, Klimov et al. [slidceeded in ignition and stable burning of very
lean propane/argon (1:9) mixtures in a supersdniibaav. A high frequency streamer discharge and a
high frequency torch plasma discharge were used.

Authors of [24, 27, 92] studied the possibilitytbé acceleration of combustion (characterized
by the ignition delay) by application of a nanosetulsed barrier discharge to,(&lr), (CHy/air)
and (GHg/air). The application of a discharge, which depsli the form of a fast ionization wave, in
the system (Klair), is studied by Starikovskii [27]. In the casethe mixtures with 29.6% of Hn air,

a significant part of energy is spent for the dirdissociation of @ and H by electronic impact,
generating a great quantity of O and H atoms. Tiglk klegree of dissociation leads to a rapid
development of ignition. Thus, the induction timatilignition is decreased under the action of the
gas discharge. At high temperature (~2500 K), there difference by a factor 1.5 between a
“thermal” and a “non equilibrium” ignition. This ffiéerence increases in a monotonous way with a
temperature decrease. Also, experiments on ignitibmonflowing preheated hydrogen-air and
hydrocarbon-air mixtures by a single-pulse fastzation wave discharge demonstrate that it can
substantially reduce ignition delay time [93]. kid&ion, the ignition threshold can be reduced 69 3

K to 500 K with the pulsed discharge (high intepsitd contribution of energy < 0.1 JRAm

It is worth noting that the most critical procdss high voltage ignition is the atomic oxygen
and atomic hydrogen production, which ensures Wo&gon of the flame.

Autoignition of (CHyair) mixtures non-diluted at high pressure @0 atm) is studied by Zhukov et
al. [112] by shock-tube technique. The authors gtbthat in the process of ignition, initiated beg th
action of a pulsed discharge in @&lr at high temperature, its main role concerns tlirect
dissociation reactions of the gas by electron impaed the dissociative quenching of excited
electronic states of Nby oxygen. The production of additional “activentres” results from the
acceleration of the chemical kinetic process.

An important characteristic is the proper orgatizaof the energy deposited in the medium.
Energy must be provided in the discharge spaceb&némployed for the production of radicals
(instead of the ionization of gas or the thermaltimg) : the “streamer” discharge mode corresponds
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well to these conditions. Indeed, the active pkasiare produced at the streamer "discharge head”
(which measures typically 0.05 cm for voltages @2D kV).

In addition, Chintala et al. [113] study experinaiyt the application of non equilibrium
plasma created by a RF discharge, arc DC and “spaflows of CH,/air, GHj/air and CO/air. For
the CHyair and GHJ/air stoichiometric flows, the flow rates)(and the studied pressurdy are :u<
4.3 m/s,P= 350 Torr andu< 6.3 m/s,P= 240 Torr, respectively. Results obtained with @€&; and
spark discharges, show that no ignition is obtaifeegressures lower than 300 Torr for the it
flows and below 200 Torr for ££,/air and this for the same mass flow rate of 12 g/

Experiments show that the use of a RF dischargead of a traditional ignition by arc or
spark makes it possible to ignite flows ofHyair, CH/air and CO/air, and this at higher flow rates
and lower pressures.

Finally, recent experiments of Lou et al. [64] agmition of premixed hydrocarbon-air flows using
transverse RF discharge demonstrate that volumé&oigrcan be produced at plasma temperature
significantly lower than the autoignition temperat(300 — 400 °C). The propane dissociation by
electron impact mechanism is described in [114].

2D images of OH emission under ignition of the puo@-air mixture by a sequence of
nanosecond pulses were obtained in [115] usingC&DI camera. The authors compared them with
the ICCD images for ignition by conventional spdikcharge. At the same energy deposited in the
discharges (30 mJ) the emission from combustidrated by the conventional spark is less intensive
and the flame expansion rate for the conventigpailksis slower too.

Mintoussov et al. [89] consolidate the theory dhd suggested model of the influence of
radicals. According to their results, the main ateds of production of the active particles (O, Hda
OH) in the mixtures with air (NO,) are :

- the N excitation by electronic impact, which generates production of molecules in an
excited electronic state ;

- the kinetics of the excited states, mainly thg Nuenching on @ (N* + O,) with the
formation of atomic oxygen O ;

- then the combustion of a hew mixture with concaians in highly non equilibrium radicals
and with the production of new excited radicals {PH

Finally, the authors of [116] replaced Ny Ar to remove the main channel of formation of
active particles: the result is a deceleratiorhefftame speed.

1.4.4.2. (GH,n+ofair) systems (n>3)

The excitation of molecular oxygen, its dissociatiand its ionization entirely control the
oxidation of alkanes, but also that of the reactiooducts and intermediates. Let us recall that the
dissociation threshold of alkanes by electronic aotpdecreases by approximately leV with the
increase of one carbon atom in the molecule [29].

Also, the steric factor increases proportionallythwihe quantity of carbon atoms of alkane. In the
other hand, the [alkang] decreases proportionally to the quantity of C a&tofhus, one expects that
when one passes from a light alkane to a heavynalkat@= 1), the variation in [alkane] is
compensated by the variation of the steric fadtawever, with an increased number of C atoms, the
dissociation threshold by electronic impact deaegsherefore, one expects a faster oxidatiomef t
heaviest alkanes.

The fuels used in internal combustion engines thellC of C8 to C16. The authors of [29]
studied the oxidation of decanei{8,,) by a nanosecond discharge. The total oxidatime tf the
mixture {C,oH,,/O,} at various equivalence ratios is obtained from ithtensities of the bands of CO
emissions CO (B - AM). Conclusions previously made for smaller alkaoeshe total oxidation
time can be extended to heavier alkanes.
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|.5. Conclusion

Combustion processes impact a lot of aspects oemdde. It is of vital interest to maximize
the efficiency of combustion processes to save dudl reduce pollution. It is the object of this tor
to significantly improve combustion and reduce g@lht emissions with plasma “activation”. Several
studies demonstrate that the presence of a diselsaggificantly reduces the fuel/air ratio at whech
flame could be maintained (spark and arc [87]).

The low-temperature plasma of a gas dischargeeisnibst often and widely used for plasma-assisted
processing. Production of active neutral partisteplasma (i.e. metastable atoms and radicalg)es t
key element. The main advantage of this techniguéheé fact that the main part of the energy
introduced is used for the generation of highlyrgatc electrons leading to the production of rizact
particles, minimising energy lost in the heatingtioé gas volume. Moreover, nonthermal plasmas
have the advantage to be generated at pressusesr lequal to atmospheric pressure, to be stalle an
reproducible.

Electric fields and non thermal plasmas have beielelyw studied in the context of changing
the behaviour of flames. However, little work haseb carried out on the non thermal plasma
“activation” of fuels, oxidants, and/or fuel-oxidamixtures for the purpose of enhancing combustion
[114]. Regarding the present study, we will focusnon-thermal plasma oxidizer activation In
particular, electronically excited oxygen is expekctto accelerate chemical reactions at low
temperature. These additional active species grectgsd to influence the kinetics of combustion and
significantly decrease the ignition delay, increfi@me velocity and intensify combustion.

The following report is divided into four parts. @Hirst section will present the oxygen
molecule and particularly characteristics of elegitally excited oxygen singlet deltaQ(@lAg) and
singlet sigma (g‘(blz;) states. Electronic configuration and emissiorcBpesimulation are presented.
Next, modelling results will be described and dgsmd. The fourth chapter will present the
experimental generation and identification of ee@tispecies produced in the plasma and particularly,
singlet sigma lezg+). Finally, plasma assisted combustion experimarégpresented.
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Chapter Il : Identification of species and
temperature measurement by emission spectroscopy

Abstract

The knowledge of the various properties of molesw@kows us to understand many of the physical
and chemical properties of the gases under comdider Observed molecular spectra in various kinds
of electric discharges and flames show charadtelise spectra. The band spectra observed in the
visible and ultra-violet regions of the spectrunviobisly cannot be interpreted as simple rotation or
rotation-vibration spectra, since their structure generally more complicated. However, one explain
these visible and ultra-violet band spectra astdugdectronic transitions in molecules (in confagymi

to electronic transitions in atoms).

The subject of this chapter is not to give a dethihterpretation of molecular spectroscopy, but to
present some theoretical backgrounds allowing tdeheynthetic emission spectra of molecules of
interest. Excited states of molecules or atoms gamerated by thermal excitation, absorption of
radiation or chemical reactions (chemiluminescentrepur plasma medium, they are generated by
electrical excitation.

Here, we focus on oxygen molecule and on the stidglectronically excited oxygen singlet delta
Oz(alAg) and singlet sigma gblz;) states. OH hydroxyl radical, molecular nitrogewl & were also
investigated but are not presented here.

This modelling work will be later used to identiépecies created in the plasma and to measure the
plasma rotational and vibrational temperatures.

A short description of suitable experimental tegess is proposed at the end of the chapter.

[1.1. Introduction

Determination of the electronic structure gfi®important for our understanding of its role in
various areas such as atmospheric physics, gadamiisrges, and plasmas.
Besides its more or less intense electronic systarttse ultraviolet spectral region, oxygen has two
further systems in the near infrared and visiblgiars that are uncommonly weak. With absorbing
substance in a sufficiently long path and with gemsmeans of detection, bands in these systems
exhibit well-developed rotational structure thateal the symmetry of electronic states betweenhwhic
these transitions occur. The first works deterngrtime gaseous molecular oxygen absorption spectra,
were performed in 1885, when Egoroff announcedh@ tComptes Rendus de I'Académie des
Sciences” that he has found the doublet bands ahd\B groups of the solar spectra in the gaseous
oxygen absorption spectra examined at 6 atm pressud0 meters long tubes. A certain number of
bands have been put in evidence by Janssen, Livaeitddewar, Pihlblad and Audubert [117].

As discussed before, oxygen is important in itsited molecular states, singlet delta oxygen,
0,(a'y) and singlet sigma oxygen,@'=,").
This sentence extracted from [30] “... So thattila@sition, with its 45 minutes mean lifetime ag¢ th
limit of zero pressure is quite possibly the molactransition that is most forbidden in natureveg
an illustration of the difficulty to observe thesmissions. Therefore, one of the main goals of this
work is to achieve significant yields of excitedygen molecules, in nonequilibrium gas discharge
oxygen plasmas at low temperatures; its identificaind use for plasma temperature measurements
by comparisons between experimental and simulatdgdseon spectra. To reach these goals, we first
give an overview of the particularity of moleculaxygen, as diatomic molecule; afterwards,
simulation programs are developed in order to gegaesynthetic emission spectra. The point concerns
the method allowing identifying emission fingerprof excited oxygen and in that case estimating the
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temperature of rotation. To explain the theoretinablel, we shall develop the case of both transstio
: Oy@hy) - O,(X%%y) (0,0) and Gb'Y,") — O,(X%%y) (0,0) emission bands of molecular oxygen.

II.2. Spectroscopic description of oxygen molecule

11.2.1. O, potential energy curves
11.2.1.1. Presentation

An additional feature of diatomic molecules is thieernuclear distance of the two nuclei. The
potential energy versus nuclear separation curmethé lower states of s shown schematically in
fig.Il.1. One of the most accurate methods for gatmeg potential energy curves is the Rydberg-
Klein-Rees (RKR) Procedure [118, 119]. The RKR prhae is basically described by Albritton et al.
in [120] and has been used extensively for manysyéa treat a very large number of diatomic
molecular states.

Potential energy curves, as calculated by the R&dR for the X4 , &4, and B3, states of
O, are shown in Fig.ll.1. The potential energy (in)e¥ plotted against the separation of the two
atoms bound in the diatomic oxygen molecule. v@sth noting that transitions between the ground
state X3, and the lowest excited stat#\ghave a lower energy than between some vibratievals
(for v’> 6) of the ground state [121].

S P}+OIBPT:
- _Gpwt@_;?

Potential energy (electron volts)

Internuclear distance (A)

Fig.ll.1. O, Potential energy curves; reprinted from [122].

In the unified atom approximation for moleculegnain quantum number can be assigned. In
molecules the energy levels are usually abbreviayedpper and lower case letters, wherés Xhe
ground state (as a rule). Electronic levels areathby Greek letters attributed feach electronic
guantum numben :

N 0/]1]2]3|4
spectral letter | = M |A|D | T

Table I1.1. Spectral terms.
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The ground electronic stat€’%;, the two first excited electronic states@ and (B2, are
shown. The excited electronic staté,; A®Y," and GA,, close to each other in energy, known as
“Herzberg states”, are also shown in Fig.ll.1. Each state, some of the individual vibrational leve
are indicated. Rotational levels are not shownijrtepacing is much smaller than those of the
vibrational energy levels. Actually, the vibratibmaotion is anharmonic, and the spacing between
vibrational levels decreases with increasing enebggoming vanishingly small at the dissociation
energy at the top of each potential curve [123].

Moreover, one can observe that the curves f,X a4, and BY,', all have roughly the
same equilibrium radiusdrand that they dissociate to the same produci® ¢0OP). The &, state
lays roughly 0.98 eV above théE’g'ground state andlﬁg+ state roughly 1.63 eV above it.
Converting these energies to wavelengths, one lonothe following relations :

12398 eV lhm
olan,) = =1268nm (Eq.11.1)
098 eV
olbz,) = 12398 evinm =762 nm (Eq.I.2)
o 163 eV

Thus, singlet delta oxygen 1@) and singlet sigma oxygen 1&*) emission band are centred at
1.27 um and 762 nm respectively.

11.2.1.2. Electronic configuration

The linear combination of atomic orbitals (LCAO) deb leads to the following occupation of
molecular orbitals in the ground state. The electonfiguration for the diatomic oxygen molecule is

(1og)” (1ou)* (209)° (20u)* (30g)* (1ru)" (1rg)™ (Eq.11.3)

The ground state of Qs unusual because it is a triplet state; spetifiche spectroscopic term for
this state is )°<Zg'. Because of its unique spin, this state is redptan$or many of oxygen's unique
characteristics. The electronic properties of oxygee determined by the six electronstimolecular

orbitals Moreover, the unpaired electrons in two differentlecular orbitals account for the

paramagnetism of OThe electron occupancy is described in Fig.ll.2.

e g s
F I W g § b,

Energy
Q
#+

TR

Fig.1l.2. Molecular orbital diagram for @moleculé’.

The most well known system of molecular oxygethis Herzberg system. Since this system
(A%s,- X3Zg') was first observed by Herzberg in 1932, thereehagen many publications of a
considerable interest. The Herzberg | bands coonsistany sharp rotational structures. Absorption

% Master courses “Energy and Environment” : Spectpy of diatomic molecules, Orléans University.
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intensity measurements were obtained by HassoMNatnblls using photographic techniques in 1971.
More recently, Huestis et al. [124] observed th& Adands by the method of Cavity Ring-Down
Spectroscopy (CRDS). Yoshino et al. [125] meastiiedHerzberg | bands of,@y Fourier transform
spectrometry in the wavelength region 240-270 niek® and Babcock [126] discussed the 0-0, 1-0,
2-0 and 3-0 bands of,O

In this study, we focus on the two lowest energyest of molecular oxygen. In 1948 at the
Mont Wilson Observatory, Babcock and Herzberg [18®ptographed seven absorption bands of the
blzg+ - stg' red atmospheric band system of the oxygen moldmitlgeen the vibrational levels v’=0
and 1 of the X2, state, and v'=0 through 3 of th&}" state. This electric-dipole-forbidden transition
was recorded with the Snow telescope using airrpbea paths up to 100 km and in the laboratory
with interferometric studies using 30 m air absiomppaths. These original data have been reanalysed
by several authors (Albritton et al. [127]; Kanainetr al. [128]) to produce a more consistent set of
molecular parameters. More recently, Naus et &9,[130] investigated the oxygen A and B bands,
corresponding to the (0-0) and (1-0) bands of ﬂi@*b X3Zg' system, using Cavity Ring Down laser
Spectroscopy (CRDS). Ritter and Wilkerson obtaineg,ultrahigh-resolution laser absorption for
pressures up to 1 bar, a weak Einstein coeffiddhtX) of 0.0887 &, corresponding to the radiative
lifetime 1(b-X)=1/A(b-X) of 11.3 s [131]. Also, the (0,1) bawof the {A,- %) system of oxygen was
first observed in the twilight airglow by Wallandenes and Harrison [132]. According to [132], the
(0,0) band of thel(lg_>3zg') system is theoretically at least 10 times strorigan the (0,1) band but
was not detected from the ground because of rerati@o by oxygen in the lower atmosphere.

The 0-0 band produces strong absorption in the splectrum at 1.27 pm. This absorption in
the lower atmosphere makes it difficult to obsetke 0-0 band in emission with ground-based
instruments, but it was achieved by Noxon and ViakaJones [133] from an aircraft at an altitude of
about 13 km. Moreover, the most extensive and ateuneasurements of the atmospheric oxygen
bands are those by Dieke and Babcock [126], whienewbased on wavelengths obtained with
interferometers by Babcock.

Concerning the ’Ag - X3Zg' infrared band system of the oxygen molecule, ttiamsof the Q dimer
involving the [Q(lAg)v=O]2 - [02(329')v=0]2 transition has been recorded near 632.6 nm bynBien
et al. [134] using Cavity Ring Down laser Spectapsc The interest of this oxygen dimer in
atmospheric chemistry is that it may be involvedaimew production channel of ozone in the
stratosphere and may help to address the “ozomgtgebblem” [134]. Moreover, in the stratosphere,
O, is produced in thelﬁg+ state by recombination of oxygen atoms and incarsdary reaction of
photodissociation of ozone by solar ultravioletiafidn.

The Q a7, and BZ," states arise from the ... (@g)°(2pru)*(2prt g)° electronic configuration
which also gives rise to the grounazg state. The electron occupancy of the ground stadethe two
lowest excited states are described in figs.11.3 :

Ground state:X’Yy Excited stie: b'Yy"

S 4

; — Sy ny —t—
A A e s

Excited statea'A,

et

i, ne—+—

i Ny My* T i Ny
ne— - n

Fig.ll.3. Occupation of molecular orbital (MO) inkggen.
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The electronic configuration shown in Flg.ll.3 givese to three different electronic stateéZ;(,
alAg and BZ(; (two different electron occupancy fdﬂ@ state), each with its own sub-components, as
shown in Table 11.2. This table deals with the ®ectrons in the anti-bondingy orbital.

Orbital Assignment Eigenvalue under Components of state
L, S
a  1gP 2 0 a'l\,
™a  Tga 0 1 X3y
mg'a g B 0 0 X%g, 'Yy
g R Tga 0 0 X%y, by
e Typ 0 -1 X%y
o Typ -2 0 a'l\,

Table I1.2. Molecular oxygen configuration compatsen

An electron can have either the positively cirdalgtprobability of ™ or the negatively circulating
probability ofc’. In addition, the electron can have spin up, médkeor spin down, markef.

Table 1.2 shows the six unique, allowed possib#it(out of 16) of + ; - @ andp, their corresponding
Eigenvalues of Land S, and which state they make up [123].

11.2.2. Branches and spectra

[1.2.2.1. Structure

The spectra of molecules are richer than thosetahs because the extra atoms add extra
degrees of freedom. The simplest molecule, the lnociear diatomic shown in fig.ll.4 has 3n = 6
degrees of freedom (n being the number of atomsjory these degrees of freedom are the centre of
mass translation in (X, y, z), one degree of freed® vibration, one degree of freedom is rotation
about an axis perpendicular to the centre of thermiclear axis, and the remaining one is rotation
around the internuclear axis.

P
Vibration
Rotation
le
Fig.ll.4. Schematic ©homonuclear diatomic molecule : degrees of freedom

Since the rotational energy of a diatomic molecsiieuch smaller than the vibrational energy
(exception made for Hliatomic molecule), there is a manifold of rotaablines for each vibrational
level. Transitions between different vibrational/des are accompanied by changes in rotational
guantum number as well.
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Fig.ll.5. Rotational and vibrational levels [30].

The transitions witl\J = 0 are called Q-branch transitions. The traositiwithAJ = -2 are called O-
branch transitions and those witli = +2 are S-branch transitions. P and R brandoeesponding to
transitions withAJ = -1 and\J = +1 respectively, are also presented in Fig.ll.5

[1.2.2.2. Cooperative emission bands

The importance of the oxygen dimer has been recéighlighted by kinetic studies relative
to the ozone cycle [135]. In the chemical lasddfi& oshida et al. [136], observed an unexpected re
fluorescence in a chemical oxygen iodine lasemesponding to an excited metastable state gb(O
More recently, Biennier et al. [134] recorded @mer emission involving two ghlAg) molecules
near 632.6 nm by CRDS. The following figure sumsallpgthe known radiative transitions bringing
into play two molecules :
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Fig.ll.6. Observed radiative transitions of moleaubxygen @[137].

There are several simultaneous transitions of dinlii singlet oxygen molecule pairs which
cause a relaxation of the multiple selection rules, while the direct decay ofz(alAg) to the ground
state is forbidden, the emission of a single phdtpm colliding pair is not. The photon wavelengths
produced by various colliding molecule pairs arevat in Table I1.3. This emission of a photon by a
simultaneous transition has been called dimol eamisie the past, but since no dimers of &Xist at
ordinary conditions, this nomenclature is incoriaad misleading.
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The following table sums up all the most known imtaot radiative transitions bringing into play two
molecules (cooperative emission bands), and higtdigy grey the photon wavelength corresponding
to transitions of particular interest in this study

Colliding Pair Photon Wavelength (nm)
(X2g) (X°29) No transition
(@'Ag) (X°Xg) 1270
(b'2g) (X°Xg) 762

(a'Ag) (aAg) 634

(b'>g") (d'Ag) 476
(b'xg") (b'Xg") 381

Table 11.3. Oxygen simultaneous transition wavelbsg

Emission spectrum of the afterglow of an oxygencliigsge at 2 Torr pressure for the
wavelength region 400-800 nm is presented by Fnd{®]. Observed emission bands are the
following: at 632.1 nm, 703 nm and the (0,0) an@®)bands of thelzlg+ - 329') system of oxygen at
762 and 690 nm. Three other bands appear in tletrapeat 478.4, 516.5 and 578.8 nm. Due to the
weakness of these bands, it was not possible @irobpectra at sufficient resolution to resolve any
rotational structure.

The following spectrum extracted from an experitakstudy of Naumov [138] represents the
emission spectrum of an oxygen/argon mixture inr@ssed discharge. The characteristics of the
crossed discharge are listed in the caption.
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Fig.ll.7. Emission spectra of a combined crossgsge in Q (5%)/Ar mixtures at 50 Torr pressure.
AC PS: 100 Hz, 7kV~1W, DC PS: 800V, 30 m

This experimental spectrum has been obtained irditons of generation of non-self-sustained
discharge. The three emission bands at 476.123B3hd 762 nm are assigned to the following
double electronic transitions of oxygen respecivel

1 _ B le—t  Be—o 3
lAg+ Zg—»ZSZg 1Ag+lAg -2 Zg ZQ +Zg szg

The experimental generation of excited oxygen priegein further chapters will show that,
contrary to literature results focussed on the geimn of excited oxygen, in the present study, the
acquired emission spectra are of high resolutitvus] the rotational structure has been resolved.
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We describe now the simulation of the atmospherlzaAd and infrared band emission spectra of O
used later for identification and temperature meaments (determination of the gas temperature in
nonequilibrium plasma from the emission spectratromal structure).

[1.2.3. Selection rules
[1.2.3.1. Introduction

Considering the Born Oppenheimer approximation,ttit@ energy of a molecule is the sum
of electronic, vibration and rotation energies.fage of these energies is induced by an emission o
by absorption of a photon.
The only possible transitions between two rotafidagels from two different electronic states are
described by selection rules.

11.2.3.2. O, b'Y," - X33, transition

The 24— 24 transition, though strictly forbidden as electdipole radiation, is possible as
magnetic dipole or electric quadripole radiatioheTobserved branches of the red atmospheric oxygen
bands can be explained only by the selection foleshagnetic dipole radiation [109] :

Selection rules | Forbidden transitions Selection rules | Forbidden transitions
= NO =0+1. + NO
NO
+ o + J=1-J=0
c - + o +
NO e -
- 5+ NO
- 5+
NO
+ ., - NO
+ . -

Table 11.4. Selection rules for : left) magnetipale radiation ; right) electric quadripole radiatn.

Thus, in addition to the transitions allowed by #wdection rules described before, under certain
conditions transitions occur that contradict thiect®on rules discussed previously. They are called
“forbidden transitions”. They can be observed irsaption by using very long absorbing paths
(considerably longer than are necessary for thenanty allowed transitions) [127, 129, 130, 134,
139-142], mainly by absorption spectroscopy andit§aRing Down Spectroscopy, CRDS. In
emission, they appear only under quite specialitiond of excitation.
The occurrence of forbidden transitions may hawe afrthe three following reasons :

- the selection rule that is violated may hold omdya first approximation ;

- the selection rule may hold strictly for dipoladration but not for quadripole radiation or

magnetic dipole radiation ;

the selection rule may hold only for the completege and uninfluenced molecule and may

be violated in the presence of external fieldsjsiohs with other molecules.

Then, the well-known atmospheric oxygen bands whippeared in the red part of the solar
spectrum are accounted for on the assumption tiey tepresent an electric dipoiEu'_>3Zg'
transition or that they represent a magnetic diﬁ)ﬁ[)é_ﬁZg' transition. In either case there are four
branches observed. The other example is providetidynfrared atmospheric oxygen bands at 1.27
pm and 1.07 um which represent a magnetic di’p&gle 329' transition.

The following figure, extracted from [109] showset different branches of ig"_ﬁzg'
transition.
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Fig.11.8. Combinations associated with brancheshefd >’ — X33 system [109].

The three components of théﬁg oxygen ground state are designated hyF-and k. The
notation of all rotational lines of a transitiontlveen two levels (E’, v') and (E”, v") with the sa&m
values ofAN andAJ is written :

o AJ j (Eq.1.4)

Wherei andj represent the subscripts of the higher and theedostates multiplicities,
respectively. In our case i=1 and j=1, 2 and 3.

Branches for whickdN = A4J are called “principal branches” and branches fhictvAN # A4J
are called “satellite branches”. Notations of didigt branches are represented in table 1.5 :

N ©) P Q R S T
A -1 0 1
AN -3 -2 -1 0 1 2 3

Table 11.5. Notation of different rotational braneh

Three different types of selection rules are caersd :
- general selection rules, independent of the Hitgpling mode considered ;
- the selection rules common to (a) and (b) Hingping mode but not valid for other case of
selection ;
- the selection rules specific to Hind (a) modeptiog, and the selections rules specific to
Hund (b) mode coupling.
For Hind coupling cases (a) and (b), the quantumbeusA and S are both defined. One can observe
for these both cases, the following selection rules

AN =01, (Eq.11.5)
AS=0.

Moreover, for & « X transition, we observe :

Yo XYY oY :allowed transitions, (Eq.l1.6)
>* oY : forbidden transitions.

If both states of the transition belong to the Hidgade (a), then one observes the following selectio
rule (the quantum numbegr does not refer to the electronic spectral statkie toA=0) :

AY=0. (Eq.11.7)

Taking into account the previous selection rules,obtain :

4 The movement of electrons, of molecule nuclei,réfsiltant spin and eventually the individual etectspins are not totally
independent one from another. There are interagtlmetween these movements. The different so-cali@dd coupling
modes are presented in appendix 1.
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AQ=0,+1,
AJ=0 forbidden foQ=0 - Q=0. (Eq.11.8)
The statéy’ can either be treated in the Hiind coupling caser(éb). The satd can only be
treated in the case (b). In the case of both stamnging to the (b) Hind mode, one observes the
following selection rule:

AN=0, +1 (Eq.11.9)
AN=0 forbidden fod. - X transition (Eq.11.10)

Now let us focus on the transitiondy" - X%y
According to selection rules previously presenigd,can determine the different branches present.
First of all, according talJ=J-J", one can hav®, Q or R branches fordJ= -1, 0, and +1 respectively.
Then, for satellite branches, one can hdy®, P, Q, R, S, T satellite terms foAN=-3, -2, -1, 0, +1,
+2, +3 respectively (see table 11.5)
However, in the case of both states in the (b) Hiade coupling, the selection rule (Eq.I1.9) allows
us to eliminate satellite termg S O andN. Moreover, the selection rule (Eq.ll.10) allows tos
eliminate the satellite ter®@. For a given level of rotation, the quantum numbekes the values :
N + S< J< N =S, withAN=N'-N" and AS=S’-S” (for the bY,", S=0 and for XY, S=1). According
to selection rules, we obtain the following rotaabbands

Table I1.6. Rotational branches for the transitioi®;" - X3

The corresponding transitions are indicated asviall There is afiR branch 4] = +1,4N = +1), &P
branch 4J = -1, 4N = -1), an®Q branch 4J = 0,4N = +1), and 4Q branch 4J = 0,4N = -1).
In addition, branched] = =2 should occur.

To conclude, the oxygen atmospheric ‘A’ band, cgponding to the (0,0) band of the
blZg+_>XsZg' system is a prominent feature in the absorptiahemission spectrum of the terrestrial
atmosphere. Nevertheless, these bands are very dsako the strongly forbidden character of

gerade-gerade ang’-Y. transitions, and it can only be observed via amatg dipole transition
moment.

1.2.3.3. O, a'Ay~ X, transition

The relaxation of the singlet excited state to tiliget ground state by infrared electronic
transitions is forbidden by several selection r{1es3] :
g#9
A=0,%1 (nott 2 as required b - )
dHEY-

The Q 1Ag—>3Zg' transition is electric-dipole forbidden, but cae Imduced by magnetic-
dipole and electric quadripole interactions. Inigggtons using electron paramagnetic resonance,
emission spectroscopy and absorption spectroseaptpla value of the Einstein coefficient of A(a-X)
of 2.310* s*, which corresponds to the extremely long radiatifetime t(a-X) of 72 min [131].
Therefore, these two oxygen electronic transitivege weak Einstein coefficients and their emisgivit
should be weak.

Nethertheless, the experimental part of this stuidlyreveal high signal/noise ratio emission spacit
high resolution.
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To conclude, although all the transitions betwdegsé¢ states are strongly prohibited, one
observes :
- the transition @ (b'Z,", v=0) - O, (X°Z4, v=0) said “atmospheric A-band” at 762 nm
(Badger et al. 1965 [143]) ;
- the transition @(a'dy, v=0) - O, (X°Z4, v=0) said “infrared band” at 1.27 um (Noxon, 1967
[144] and Miller et al. 1969 [145]) ;
- the transition (i, v=0) -~ O, (a'A,, v=0), said “Noxon system” (Noxon, 1962 [133]).
@Dy, V") - (X%, V) and (BY,", V") - (X4, V) transitions are allowed in the magnetic-deol
approximation.

11.3. Structure and simulation of excited G, emission bands

[1.3.1. Presentation

A diatomic species has, besides its translationedectronic degrees of freedom, degrees of
freedom of vibration and rotation. Energies of tliferent levels of vibration and rotation that a
molecule can take can be rather simply expressearding to the quantum numbers of vibraton
and rotation). These expressions can be determined by solvm@diation of Schrédinger for each
case (vibration or rotation) [123].

The rotational structure (wavelength and associatehsity for every rotational peak) is perfectly
determined for a given temperature (equilibriumpgenature case). Presented in form of spectra and
with a variable precision, which allows approachatgbest the experimental spectral resolution, the
results of these calculations are compared wittordieg; the best correspondence gives the
temperature of rotation of the molecule. The methlbalving in that case estimating the temperature
of rotation consists of a theoretical simulatiorited rotational structure of the studied band.

To explain the theoretical model, we shall develmp case of both transitionsk(@lAg) - OZ(XSZQ')

(0,0) and Q(b12g+) - OZ(X3ZQ') (0,0) emission bands of molecular oxygen. Lepaisit the fact that,
experimentally, only the last band is observedis work.

[1.3.2. Rotational structure

We are therefore going to study successively,, b, and aA, states.

X3Zg' state presents a spin multiplicity equal to thmed the projection\ of the electronic angular
momentum of the molecule on the internuclear axisuil. This state belongs to case (b) of Hund.

11.3.2.1. Energy of a molecule
The energy of the electronic state, vibrational astational of a diatomic molecule can be

written as :
E=E +E, +E (Eq.I.11)

where E, is the electronic energy of the steffgis the energy of vibration artg is the energy of
rotation. By introducing the spectral terms, expias (Eq.11.11) becomes :

E =hdX, +G(v) +F,(J)] (Eq.11.12)

where h indicates the Planck constantthe light velocity, X, is the electronic spectral term,
G(v) (or G,) is the vibrational spectral term ark} (J) is the rotational spectral term.
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11.3.2.2. Vibration mode

One assumes in a first approach that the movenienbmtion of the molecule is harmonic.
Then by resolution of the equation of Schrédingee can obtain :

_h [k 1
E(v)—;ﬂ/%(v+§j (Eq.I.13)

k andh are usual constants described before jand the systems reduced mass. The vibrational
spectral term corresponds to :

_EM _ 1
G, = il E€v+2j. (Eq.11.14)

However, in practice, movement of vibration is anfanic, and upper orders are used to represent
energies of each level of vibration. The energg td#vel of vibratiorv is given by expression :

2 3 4
G, =w, v+1 — WX, v+1 +a.y, v+1 +w,z, v+1 +... (Eq.11.15)
2 2 2 2

wherev is a quantum number having only the value®, 1, 2, etc. andw, wX., wy. and awz. are
constants for a given electronic stai@ $>wxe >> wye >> Wz.).

The spacing of successive vibrational energy legigignishes as the quantum number of vibration
increases (exception made fof)H

[1.3.2.3. Rotation mode

h?J(J +1)
8 u?’

In the case of rotation, we have :  E(J) = (Eq.I.16)

E(J) _ hJ(J+1)

The rotational spectral term corresponds E(J) =
P P () hc  8mcult?

=BJ(J+1) (Eq.l.17)

whereRis the internuclear distance aBds a constant of rotation.

However, in practice, the movement of rotation isjscted to effects of centrifugal
distortions, and the upper orders are used to septenergies of each level. The energy of a lefvel
rotationJ is given by expression :

F(J)=B(J(J +1) - DI(J +1)? +H(J(J +1)° (Eq.11.18)

whereD andH are the centrifugal distortion constants.

Also, the spacing out of the successive levelsnargy of rotation increases as the quantum
number of rotatiord increases.
In practice, the movements of vibration and rotatidd a molecule occur simultaneously. And, when
the molecule reaches higher levels of vibratipits internuclear distanaeincreases comparing to its
distance of equilibriumrf) under the influence of effects of anharmonicityibration.
Also, as the constant of rotati@depends on internuclear distanck it is therefore going to depend
on the level of vibratiorv of the molecule and going to decrease for higladmes ofv. This is also
true for constant® andH. Therefore, one can obtain the following exprassio
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1 1Y 1)’ 1)
B =B.-a|v+=|+y|v+=| +O0|Vv+=| +n |Vv+= Eq.11.19
caafvdonfvedf safdfenfd] e
D, =D, +ﬂe(v+%j+... (Eq.1.20%

11.3.2.4. Rovibronic structure

It is worth noting that electronic energy, vibratiand rotation (i.e. rovibronic energy) of the
molecule can be separated, and that the wave éunofi the molecule can be proportioned in three
wave functions regrouping the electronic termst tfaibration and that of rotation.

The total energy of a given state of the molecsilaén written :

Ee,v,J = EeI + Evib + E
Or more in details :
Eevo =T(€) +G(V) +F,(J)

with E,, >> E,, >> E,, (Eq.11.21)

rot ?

=T(e)+we(v+%j—wexe(v+%j +a)eye(v+%j +... (Eq.11.22)
+B,(J(3+D)-D,(J(I +D)* +H,(I(I +1)°

11.3.2.5. Fine structure of quantum states: rotatimal terms

The phenomena of coupling between the movemenreofrens and the movement of rotation
have the effect of changing the position of thatiohal energy levels in comparison with the quamtu
number of spirt. The expression of the rotational energy leveffedi according to the degeneration
of the spin: doublet states, triplet..., which cop@sd respectively t&=1/2, 1, etc.), but also the
electronic quantum numbér (state, 1, 4, etc., respectively).

The various additional interactions resulting frémse couplings are then introduced in the form of
additional spectroscopic constants :

- interactions spin-orbit expressed by the spectioie constant 4;

- interactions spin-spin expressed by the speatmisconstani, ;

- interactions spin-rotation expressed by the spscopic constan,.

For a singlet sigma stat®, (for b*>g"), rotational term is written :
F(J)=B,(JJ+1)-D,(J(J+1)*+H (I +D)° (Eq.11.23)
Moreover, rotational term of the staﬂé&@(v=0) is written :
F(J) =V, +B,[J(J +1) -A°]-D,[J(J +1) - A*]? (Eq.11.24)

with A = 2 appropriate for this state.
Finally, for a triplet sigma statéy. (for XSZg'), rotational term is written according to threens :

3ZAJ2@=BAMme—DAJU+Df—MV—&+%MJ (Eq.11.25)

+K&—&+%KY+MU+D®f%mVPZ

® We realizes that a better agreement between diedutnd experimental spectra is obtained when usiag
correct littreral expression @, in Eq.11.20. An error in the sign ¢, was done.
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*¥.(321)=B,(3(3+D)-D,(I(J +1)° (Eq.11.26)

BZAJz®=BAMJfm—DAJu+nf—uv—&+§x» (Eq.11.27)

+I0 =B, + 2 1) +43( 1B~ 1)1

where B, is the rotational constant arid,and H, are the quartic centrifugal distortion and the gext

centrifugal distortion constants respectively.
The termHv, which can be considered as a perturbation of migidr rotational energy levels, may
be treated in diatomic molecules as follows :

H, = Yis(v+—j (Eq.11.28)

whereY; are Klein-Dunham coefficients. The use of KleinAdbam coefficients (i.e. matrix form)
prevents from the profusion of spectroscopic canstand potential notation errors.
Finally, negelcting the difference betwadnandH,, one finds to a first approximation :

2D
H =H = e(12|362—aea)e) (Eq.11.29)

v e 2
e

11.3.2.6. Intensity of the molecular bands

n'yv',J'

N (n’, v', J') is the number of molecules stated in the uppesli@’, v', J') and A.."}. is the

probability of transition between states,(v’, J') and ©”, v, J"); the emitted molecular band
intensity is expressed as :

Livy = N x ARV xhxex o (Eq.11.30)

n.,v
wherehxcx g is liberated energy during the transition.
The transition probability is linked to the moléedipole moment by the following relation:
. ‘2

vy 64T DZ\ Riv

g (Eq.11.31)
3h g,
where g;.is the degeneracy of the upper state and,
IVRL 2 v |2 vy 2
SRV =R xR % Sy (Eq.11.32)

vy
|

where|R};

R

S, ;. is the Honl-London factor (or band strength); thisnber without dimension determines the
relating intensity of the different branches ofamd.
The number of molecules in the electronic statevibrationalv’, and rotational’ is given by
the high canonical group theory applied to Boltzmatatistics :
he T, +G, +F,.(J)
kg (T

IS the overlap integraj R, xR, xr?xdr (Franck-Condon principle),

2
is proportional to the electronic transition proitiah

N

nw,

= % X (2= 3,) % (2S+]) x (23'+1) x exr{— j (Eq.11.33)
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Where N represents the total number of considered moleclgfethe Boltzmann constant, the
temperature and, , the Kronecker symbol : 9, =1 if n'=0

Jo=0 if =1

Q is the internal partition function of the molecufesingle temperatur€ is set, as one assume local
thermodynamic equilibriuml{= T, = T,) ; the outcome allows a single temperature tottrdoated to
the whole system.

For homonuclear molecules and in the hypothesishef separation of movements, the partition
function is written as :

Q = Qel X Qvib X Qrot

hielT.,
2-0,,)% 20+ xexn - ©
AL

_y ke T

X
nALG h ¢ 2o hl¢eB,
2x|1-exp — °
kg [T

whereQg;, Quib, Qrot indicate respectively electronic, vibration paatitiand rotation partition functions.
w, andB, are mean vibrational and rotational constantsakfgu any electronic terms.
By replacing expressions (Eq.11.34) and (Eq.II.BLJEQ.11.30), the expression of the intensity
of a molecular band becomes :
2 v
[‘R/ib

(Eq.11.34)

| n'yv',J' - C D\l |]T n',n"

RVRE

2 [Sj'j" BBXF{_ h E:EGGV + Fv(‘].))

T J (Eq.11.35)

where C = 64 (¢ Ell[ﬁZ—Jo,\.)@x;{— hEtEI'eJ is a constant at given temperature and for a
3 Q ’ kg [T
given electronic state.

One will find below the expressions of band streegand the Honl-London factors for different
transitions.

Both transitions studied here are forbidden items, so general expressions of Honl-London
factors are not possible as they depend on theenafuhe perturbation making the transition alldwe
As an added complication, the transitions are miagdéole, rather than quadripole. For tie- %
transition in molecular oxygen, it should be polestb derive approximate expressions as it seeats th
a single transition moment is adequate to modetrtesition. The net result will most likely end up
similar to the formulas for ¥ to theQ=2 component of a Hund’s case {f) state.

It is worth noting that they will depend on the stamts used in the lowest state (particularly the
relative values of constarBsand/, see later).

11.3.3. O, (@'Ay) (0,0) and Q (b'X,") (0,0) emission spectra
simulation

11.3.3.1. Oy(b'%,", v=0) - Oy(X°Zy) and O,(a'Ay, v=0) —» O(X’%,) lines

We have developed a simulation program under Mataftware. In this program, the three
components of the 3, ground state of oxygen are designated by F1X, &&KF3X. ThéP and"R
branches of the red atmospheric bands correspomdrtsitions from the F2X component, @ and
PQ branches to transitions from the F1X and F3X comemts, respectively [109].
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Formulas for the intensities of rotational linegriansition BY.," - X°%4 transition of diatomic
molecular oxygen assuming the Hund’s case (b) betaof both the singlet and the triplet state are
given by Watson [146]. In addition, in order to atdhte the rotational line intensities, theoretical
Ho6ln-London factors [147] are integrated in thegveon.

The same procedure has been used for th&\Q. %Y, transition. Rotational terms of the statAg
(v=0) are integrated.

Molecular constants for 3Xg', blzg+ state of @ of Babcock and Herzberg [109, 148] were
employed. ForjadxgJ state, those of Westefh49] were used. It is worth noting that molecudanstants
obtained by other researchers were used for cosguesi Table I.7 presents the molecular constants
used.

Spectroscopic constants, O, (X°%) 0, (a'Ay) 0, (b'Ey)
Band origin (cm?) 0 7883.75224580137 13123.36

B 1.437676476 1.4178400247845 1.3912442
Ass 1.984751322

y -0.00842539

D 4.84256E-6 5.10664455622163Et6  5.3524E-6
H 2.8E-12

Ao 1.94521E-6

Yo 8.106E-9

Vi -4.7E-14

Table I1.7. Rotational constants fa, (X*2y), O, (@'4,) and Q (b'35").

B is the rotational constarid, the quartic centrifugal distortioR, the sextic centrifugal distortios
andyy are the centrifugal distortions of gammag; the centrifugal distortion of lambda. F&p 1, Ass
(the spin-spin coupling constant) may also be irgmtr

The accuracies of the molecular parameters aieniting factor. However, as discussed
among published data for the (b-X) and (a-X) oxyggstems it is worth noting that there is a general
agreement on the rotational constants [139, 14lthofigh line positions of the A-band have been
determined using improved techniques, the mosthekte measurements of the band remains that of
Babcock and Herzberg [109]. In that study, the eamuof spectroscopic constants reported surpassed
that for any other molecule at the time [142], eifanany more recent studies on A-band show some
disagreement concerning the absolute positiondieflines [139, 141, 150, 151]. These lines were
recorded using high-resolution Fourier transformctmmeters [139, 141], or at high resolution using
Intracavity Laser Spectroscopy (ILS) [109].
The program structure implemented in Malladschematized in Fig.I1.9.
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Program inputs

Ir : rotational temperature
Tv:vibrational temperature
Ja : apparatus function
Lmin et Lmax : considered wavelength range

R §!
Molecular constants R . ; N P
for the upper and | Energy caleulations for each v and J for the upper level
0 Dpe é i = R - . .
lower levels, given v Energy caleulations for each v and J for the lower level
WS < = =1V -
m literature

Il

Wavelength calculation for each ro-vibrational band

Molecular constants
for the upper and

Rotational transition probability caleulation for each transition

i

lower levels. given — between upper and lower level
m literature
ﬂ'
> Theoretical intensity calculation of each ro-vibrational band

Convolution  with

spectrometer :C> Spectral intensity calculation

apparatus function
J 7

Program outputs
Simulated spectra for given Ir. I'vand fu

Fig.11.9. Simulation program structure.

[1.3.3.2. Emission spectra simulation

The emission spectrum is a spectral fingerprinthef studied gas and reveals information of
the gas dynamical process itself like reaction rigiy, stability, species concentration and
temperatureThe spectral analysis of the spontaneous emiss@mnthe detection of the signal as a
function of wavelength, is called emission spectrdine following figures present the considered
atmospheric « A » band and infrared band emisspattsa at different resolutions. The rotational
temperature used for calculations is 365 K, a glgiemperature for nonthermal plasma.
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Fig.11.10. Simulated partially resolved emissiorespa of gaseou¥0, in the band bZ(;(v=0) -
X®Xy (v=0), temperature 365K. Different resolutions aised : a) 0.05 A, b) 0.5 A, c) 2 Aand d) 5 A.

The characteristic structure of the red atmosphexygen « A » band is an R-form branch
forming a head and a P-form branch, separated fhenformer by a zero gap. Experimental singlet
sigma emission will be identified using differempiestrometers at different resolutions. The differen
cases will be clearly identified.

From these sets of spectra, it is now possibleréalipt accurately the transitions between
these states. Our first test will be to comparavbet calculated and observed transitions and in a
second time to measure the associated rotatiomaleieature.
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Fig.ll.11. Simulated partially resolved emissiorespa of gaseouS0, in the band Mg(v=0) -
stg'(v=0), temperature 365K. Different resolutions arsed :
a)0.05A,b)05A c)2Aandd) 5 A.

The characteristic structure of the infrared bietsl clearly appear the P, Q, and R branches at
1264 nm, 1269 nm, and 1274 nm. In analogy to timeospheric “A” band emission, spectra at
different resolution are presented. However, witthiis study, due to the fact that an infrared
spectrometer was not available, experimental sintita emission will not be identified.
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11.3.3.3. Validation with other simulation codes

The program PGOPHER149] and the HITRAN database were used and compared to our
simulation program for both transitions Grdy) - O, (X*%y) (0,0) and @ (b'Z,) - O, (X°%y)
(0,0) of molecular oxygen. Briefly, PGOPHE® general purpose program for simulating anchijtt
rotational spectra [149]. To perform a simulatiave have created an input file containing the
rotational constants and other settings requiradaddition, HITRAN is a database and not a
modelling code.

The development of our own code has been doneeiw t© be more flexible not only for excited
oxygen emission spectra simulation, but also féveotmolecules. Furthermore, vibrational spectra
simulation, not possible using PGOPHERs then accessible with our own code.

A comparison, at different resolutions betweenctpe simulations performed using the
program PGOPHER HITRAN® and our simulation program shows that the positiénlines
corresponds with a very good accuracy. For eaeh Vire confirm the fact that a very satisfactorydit
observed using one program or the other (resultspaesented in appendix 2). The very slight
systematic deviation between the two calculatedesls probably due to the fact that the values of
certain molecular constants, which have to be uséde determination of the lines positions, aré no
exactly the same. Also, the shape differences letwpectra at the basis come from the convolution
fitting (Lorentzian line shape to account for pressbroadening in the PGOPHERrogram). This
has no influence on the rotational temperaturerdetation.

For temperature measurement by emission spectrpsedpatever the retained method of
determination, the resolution of the rotationalisture on the experimental recording is necessary ;
particular if this method requires an excellennigfecation of all rotational peaks (Boltzmann diam
method for temperature determination). However, spectra acquired in practice usually do not
satisfy this requirement (fast acquisition time (@\being often incompatible with a good spectral
resolution).

11.3.3.4. Rotational temperature effect on Q: blzg+_>x3zg' (0,0
spectra

Effects of rotational temperature on the emissippcta of this band are presented in
Figs.ll.12. Spectra at 365 K, 700 K and 1000 Ksirewn. The resolution taken of 0.5 A corresponds
to that of the high resolution spectrometer thditlvd used in the experimental work.

Furthermore, due to the fact that infrared band ng_»XSZQ' (0,0) will not be experimentally
detected, analogous results showing the rotatiemaperature effects on emission spectra fingerprint
of this band are not presented here.
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Fig.ll.12. Simulated partially resolved emissiorespa of gaseou¥0, in the band b_>7g+(v:0) -
X325 (v=0) at (left): T~=365K and (right) : T,=700K.
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Fig.11.13. Simulated partially resolved emissiorespa of gaseou¥0, in the band bZ(;(v=0) -
X3 X5 (v=0) at T,;=1000K.

Characteristic structure of the red atmosphenger « A » band: the R-form branches, the P-

form branches and the separation zero gap is cmtsevith temperature variation. The quantities
measured are a wavelength characterizing eachwiitén the rotational fine structure of each band.
Optical emission spectra are strongly influencedtly effect of temperature. An increase in the
rotational temperature produces an increase of atdhigher rotational quantum numbels
compared to the bands of lond&numbers. Furthermore, the rotational structurexiended with the
increase of temperature.

Finally, a band head phenomenon is a characteoftite spectrum.

Results of our experiments consist of qualitativeasurements of spectra of gaseous$nO

emission in the bandlﬁ;(\ﬁO) - ngg'(\ﬁO). Because this system emission line strengtessar
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weak [151], there are conspicuous experimentalicdiffes involved in undertaking these
measurements. But comparison with further experiadeesults provides satisfactory confirmation
of the accuracy of our approach, allowing a rebapecies identification.

Finally, in this study, we have also simulatedotietical spectra of several atomic species of
interest. Considerable material is available far #tomic emission lines [152]. The NIST atomic
spectra databasehttp://physics.nist.gov/PhysRefDatafas used as input file. The simulated
theoretical spectra of helium (Hel), argon (Arldaetomic oxygen (Ol) were obtained thanks to the
Matlab® program specifically developed for this use, betrot discussed further here.

11.3.4. Temperature measurements

Apart from the role of identification of simulategbectra, this program will also be used to
measure the rotational temperature. A method fop&Fature measurement is the fit of the computer
simulation to the measured bands ef O

However, rotational and vibrational bands of malac nitrogen or its ion are much more
commonly used in practice. In our case, nitrogenoispart of the gas mixture, but it is suffici¢at
add (just for diagnostic purposes) a small amodnhimogen to the flow. Also, working at low
pressure, a small leakage can provide small anafuxi from air. Since the energy distance between
rotational levels in one vibrational state is ukuakry small, typically, much less than a tenth of
electronvolt, the rotational population can be abterized by a rotational temperatdrg (Boltzmann
population). T, is obtained either from a Boltzmann plot or fromcemparison of measured
rovibrational bands with simulations of spectragabhen molecular constants. This one is the method
employed within this work.

Practically, the gas temperature in the plasndetermined from emission spectra of thé N
first negative system: &," - Xzzg+ (0-0) at 391.4 nm. The relative intensity of theigsion bands
characterizes a population on the rotational legkthe molecule at a given temperature [153].

Futhermore, visible emission spectra of the plagratationally and vibrationally resolved
bands of the Q(C3Hu—>B3Hg) band system) have been used to infer the vilmalktitemperature in the
plasma. For this, synthetic spectrum has been waddaccurate nitrogen molecular constants [154],
rotational line intensities [147], and the expentadly measured slit function of the spectromelér.
second positive systentf3, — B3|'|g is used for vibrational temperature measurement.

The developed simulation program includes severapmgrams edited in Matl@8bThe simulation
program, named “TRACESOPRAZ2" allows to call the €smon spectra experimental file, to embed
the wavelength of the main band head (first openqtithen to cut out noise (second operation),tand
normalize to 1 the maximum intensity (third operyaj)i Once the experimental file is ready, the main
program allows launching spectra simulation.

Figure 11.14 shows a schematic of observed emsbands for M second positive system:
C’Mu— By Av = +1.

potential energy (eV)

Fig.ll.14. Simplified scheme of vibrational enefgyels of N(C) and N(B) electronic states.
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The wavy arrows indicate the observed transiticetsvben the different vibrational levels. In
order to simplify the scheme, rotational levelsragresented only for the,{C, v'=1) level.
The determination of vibrational temperature fora #ibrational bands of molecular nitrogen— v”
with Av = -1, 0 and +1 corresponding to the electronicsitaom C[], — B3|'|g, (called the second
positive system of nitrogen) will be shown in theperimental part.

II.4. Species identification

11.4.1. Singlet oxygen detection techniques

The so-called oxygen atmospheric “A” band, correslyog to the (0,0) band of the
blZg+_>XsZg' system is a prominent feature in the absorptiahemission spectrum of the terrestrial
atmosphere. Nevertheless, these bands are very dako the strongly forbidden character of
gerade-gerade (g-g) ard’-X transitions, but are allowed in the magnetic dipapproximation
(selection rules, as discussed previously). Inlde 1970s and early 1980s, the direct spectroscopi
detection of QalAg) became possible due to the development of NIRisea photomultipliers and
Ge diodes, first in Russia and then in the UnitedeS.

The first time-resolved detection ofz(GlAg) singlet oxygen in solution was achieved by Krashky

in 1976, using the a X phosphorescence at 1.27 pm. Badger et al. [4dS¢rved the absorption at
1.27 pum, due to the doubly forbiddéﬁg_»SZg' transition of oxygen. Although this transition is
extremely weak, it was possible to measure thelafgsmmtensity and the transition probability. The
absorption spectrum of pure oxygen at 4 atm anch3ath allowed them to observe a discrete line
band characteristic of tHéxg_>3Zg' system at 1.27 um and at 1.065 um for (0,0) ar@) (kgions
respectively. The Einstein coefficient of the ((p@hd was calculated equal to 2188 s™*.

Due to the outstanding importance of singlet oxiyienumerous photobiological processes, it
is expected that a great deal of future researdhbei devoted to @alAg) detection in biological
environments. However, the currently used technologs important limitations which need to be
overcome in order to make quantitative studiebi@sé complicated and strongly deactivating media.
During the past 30 years, the 1.27 pm singlet omyigeninescence has been detected mainly with
cryogenic germanium diodes, the sensitivity of whis often insufficient to provide quantitative
information.

Different techniques have recently been employedntprove the sensitivity with semiconductor
detectors. For example, Kakinuma and co-worker$][1sed a dual charge integrating amplifier
coupled to two InGaAs/InP pin photodiodes for theeistigation of enzyme-catalyzed production of
Oz(alAg) in aqueous solution under physiological condgion

Another important advance has been made with ttreduaction of near infrared photomultipliers
(NIR-PM), whose sensitivity in the 1.27 um regioasmeported to be about an order of magnitude
larger than that of Ge diodes. Measurementszail@g) near-infrared (NIR) luminescence at 1.27 um
in biological environments is done by a NIR-semsitphotomultiplier tube [156]. The measurements
of Oz(alAg) have been performed by King et al. [53] usincherinoelectrically-cooled germanium
photodiode, filtered by a coherent IR narrow baisddter.

Optical methods enjoy the widest use as non-inteusiiagnostics of plasmas, and are in
principle able to provide all the informations r@gd. Three main types of techniques can be used:
absorption measurements [49] and in particulardlendiode laser techniques and Cavity Ring Down
Spectroscopy (CRDS), with their high spectral nesoh. Emission studies are far more common [22,
25, 29, 45, 112, 157-159]. It is worth to highlighiat the emission is characteristic of the excited
species, usually in an electronically excited sthté it is the ground state, which is presentan f
higher concentration, dominates the chemistry. e technique, which produces emission, but
measures the ground state concentration, is ladacéd fluorescence (LIK) plasmas. Of course, the
species to be observed by this technique mustdhoa;, and many, particularly polyatomic radicals
and molecules, do not [160]. The standard obsemvattechnique of QalAg) are the
chemiluminescence and the spontaneous emissidie dbtbidden transition at 1.27 pm.
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Raman spectroscopy has been used to measure dioygeihong time, but has more recently
been used to measure singlet oxygen as well. Rgaeotk has been done with both spontaneous and
coherent Raman spectroscopy for mappia@ﬂg) concentrations in oxygen iodine lasers.

A flash lamp-pumped tunable pulsed dye laser ojpgyatear the head of the, @tmospheric
B band at 688 nm is used by Lawton et al. [161§xoite thev=1 vibrational level of the 1Eg+ state.
The time dependence of the density ofng molecules is determined by monitoring
photoluminescence near 762 nm.

Vacuum ultraviolet absorption spectroscopy is usgdouzeau et al. [162] to determine the
kinetic temperature Tg). Furthermore, @1Ag) concentration is measured by absorption of the
resonance oxygen line at 130 nm emitted by a miavewamp source, working in flowing oxygen.
Another study of Vialle et al. [11] uses VUV abstiop spectroscopy in the positive column of a DC
oxygen glow discharge. The investigated range e$gures is 0.2-2 Torr. Also, the concentrations of
ground state oxygen molecules()&f’zg'), metastable singlet molecules(éAg) and Q(b'Z) ozone
molecules andly were measured. It is worth noting that the absamptross section of z@alAg)
0.=5.510%cn? has to be taken into account.

A tunable dye laser was used by Martin et al. f82]direct excitation of g(blz;) at 762.8
nm. The oxygen was kept flowing through the celll@® cni/s and the working pressure is latm.
Pulses of 762.8 nm radiation, 20 puJ energy, 10mg, I2 per second, were supplied by the dye laser.

Intercavity laser Spectroscopy (ICLS) is used blgegkis and Kovalenko [163]. This
technique is based on a dye laser pumped by am-#éwgdaser. It is important to underline that fire t
ICLS spectra, four lines represent transiti6@s(629.846 nm)"Py(629.923 nm)FQ,,(630.2 nm) and
PP11(630.277 nm) of the 2-0 band of th&Z}j — X%, system of molecular oxygen.

Besides, under some conditions, CRDS has beenfasepiantitative diagnostics of atomic
and molecular oxygen species [134]. CRDS was dieshonstrated by O’Keefe and Deacon in 1988.
In CRDS, a laser pulse is stored in a high-finegstécal cavity containing the sample, and the pulse
decay is monitored with the aid of a detector thatisures the intensity of light transmission thhoug
one of the mirrors.

Furthermore, Integrated Cavity Output SpectrosddPS) based on laser absorption spectroscopy
coupled with the sensitivity cavity enhanced absorpspectroscopy can be used to achieve the
precision and accuracy necessary to provide relewvsasurements of extremely scarce trace gas
species (e.g. electronically excited oxygen presetite atmosphere). The sensitivity of ICOS comes
from coupling coherent light into a high-finesseticgl cavity composed of two high-reflectivity
mirrors. The ICOS technique differs from its presars in that instead of monitoring the decay dfitlig
from a pulsed source, the steady state power ehfitben the cavity is measured as the frequency of
the laser is scanned. ICOS has been used to quametly detect the (‘Ag) state of molecular oxygen
generated in a variety of discharges [164-168]jalt been demonstrated that several lines belohging
the Q and P branch of the band could be detectéd@mned, which enabled accurate evaluation of
the rotational temperature.

Moreover, Coherent anti-Stokes Raman spectros@@pyRS) is a well known technique for
measuring rotational and vibrational populationgpi€al spectra of the vibrational bands Q(ai‘Ag)
and Q(X3Zg') states are presented in [162].

Another approach to singlet oxygen detection is=sasn electron paramagnetic resonance
(EPR). EPR is known as one of the most sensitigei@fiormative methods in the studies of various
magnetic species. EPR spectroscopy is a type ofrpiien spectroscopy in which molecules
containing unpaired electrons (typically transitioetal ions and organic radicals) absorb microwave
radiation. It is based on the Zeeman splitting had €lectron states with uncompensated magnetic
moments. EPR is a non-optical technique in whidgtrgntransfer between the intrinsic magnetism of
unpaired electrons and an external magnetic felthéasured with a sensitive microwave detection
system. Excited oxygenlz}sag and 62;) is a non magnetic molecule and cannot be detatitedtly
by EPR. However, the reaction of singlet oxygerhvétstable molecule can generate a moderately
long-lived free radical. For instance, Falick et HIO] detected and analysed the paramagnetic
resonance spectrum de@ molecules in discharged oxygen and establishedthad for determining
their absolute concentration. The studied presisu@e3-0.5 Torr. Furthermore, Cupitt et al. [33kus
also an EPR spectrometer technique to detq(mlAa), atomic oxygen, OH and H generated by
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microwave discharge of pure oxygen argA® binary mixtures. It is worth noting that the mrhum
concentration of gia'Ay) that could be observed was ~3ri°.

Slanger and Black [169] use a reaction cell, wh@yés photodissociated by a 147 nm Xe
resonance lamp, to produce'D) and by reaction with Ois converted into @b'z,") and OfP). A
761.8 nm narrow band interference filter is usechamitor Q(blzg+) emission.

Let’s highlight also the study of the,®\, - X%;) (0,1) band at a wavelength of 1.58 um by
the mean of a scanning Fabry-Perot system, invleirg twilight airglow. Also, the formation of the
Oz(alAg) state by three body recombination of atomic oxygeplained the observed emission at a
wavelength of 1.27 um [170].

Tachibana and Phelps [171] determine the excitatmefficients for the (]a&g) metastable
state of Q by low energy electrons infAr mixtures using a drift tube technique. Theseitation
coefficients are given as a function Bfn. Moreover, rate coefficients for excitation of tﬁézg*)
state of Q have been measured using the same drift tubeitgehby Lawton and Phelps [172]. The
absolute intensity of the 762 nm radiation emititgdthe Q(blzg+) molecules excited by electrons
drifting are measured under the influence of aainif electric field. Indeed, the 762 nm band was
isolated from the background radiation at the pmotitiplier by an interference filter with 64% peak
transmission at 762 nm and a 10 nm FWHM.

Mass spectrometry allows the detection of all redutind ionic species. However, it is an
intrusive technique that can’t allow spatial resiol. It is relevant to note that mass spectroroetri
detection of QalAg) molecules can also be performed [33]. The autlbrg73] studied gaseous
mixtures used for the development of thin layerswface treatment @CH,; Ar/H,; Ar/No/SiHy).

In the literature, emission spectroscopic techréqale applied to determine the space-time
structure of discharges and to analyze the kinefigdasmas in nanosecond discharges [25, 157, 174]
The visible and close UV emission spectroscopy seduin the study of Castel et al. [174] to
characterize the low pressure glow discharge pladrha studies of Luo et al. [157], Gouda and
Massines [22], Chintala et al. [113] and Starik@iaket al. [92] use emission spectroscopy to follow
the excited species in low temperature and atmogppeessure plasma.

Although these technologies look extremely prongjsiboth time-resolved and spatially
resolved methods suffer from weak signals, and antifative detection of very small amounts of
Oz(alAg) is currently difficult to obtain in any mediurmexception made for Integrated Cavity Output
Spectroscopy (ICOS) and Cavity-Ring Down Spectrpgc¢CRDS) (i.e. long path absorption
spectroscopy based techniques) where it has beed ts quantitatively detect very small
concentrations of the ](Ag) state of molecular oxygen generated in a vaowétyischarges [165-167].
Two different approaches have been proposed to nzaiad observations. Both rely on the
introduction of fluorescent probes, which are «itlfi@ non fluorescent molecules that become
fluorescent after reaction with singlet oxygen idr holecules that fluoresce strongly upon energy
transfer from singlet oxygen.

11.4.2. Spontaneous emission spectroscopy

Optical emission spectroscopy (OES) is one of thetrastablished and oldest diagnostic tools
in astrophysics and plasma physics (see for exaffpl&75]). Radiating atoms, molecules and their
ions provide an insight into plasma processes émshya parameters and offer the possibility of real-
time observation. Emission spectra in the visilplecsral range are easy to obtain with a quite smpl
and robust experimental set-up. The method itsatbin-invasive, which means that the plasma is not
affected. For our study, spontaneous emission ésl s diagnostics for both, plasma and flame
characterisation. In flames, the species observednéermediate reaction products like OH*, CH*,
C,*, etc. (the asterisks indicate electronically ¢edi states). OES is our first step to investigate
unknown species in emitting plasma. In a secongl §@sed on OES results, more sophisticated laser
technique (e.g. LIF) may be applied to gain mosggint of the process under investigation.

The optical diagnostics setups will be describeer lvithin this report. Globally, emitted light
from the plasma or flame is collected with an apgaie convergent lens system or fiber optics and
focussed at the entrance slit of a spectrometendhe photosensitive screen of a camera. Theibght
then dispersed by a grating, and detected by atdete
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To conclude, spontaneous emission spectroscopyaldgil us :
- to verify the presence of singlet oxygen ;
- to follow the evolution of its concentration whelmanging the experimental parameters ;
- and to measure the rotational and vibrationapenatures of the plasma.
For illustration, the following figs.ll.15 presentthe partially resolved emission spectra of
O,(b's - X3%) emission for a (10%£90%He) mixture at P=120 Torr [41, 48].

Intensity (arbitrary units)
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Fig.1.15. Experimental and synthetic emission smefor O,(b*> - X%3) : simulation (dashed line);
measurement (continuous line) [41, 48].

Since three different spectrometers will be employethis work, we now define precisely the
equipment chosen to collect and detect the emitéeliation, including their characteristics and
calibration.

11.4.2.1. Low resolution spectrometer

The low resolution spectrometer is a Spectral BetsdSM-240 Spectrometer. The SM240 is a

compact CCD spectrometer for use with a PC via 8B. It is a compact system, with flexible
optical input direct to a fiber. It allows measuents up to a 750 nm window, between 150 nm and
900 nm. The durable aluminium housing that encldbes SM240 provides stable optical bench
operation over a wide range of temperatures.
We can obtain a spectrum without discharge and iwh#lh same integration time as discharge
experiment; and subtract it during spectra analysisackground noise subtraction is also performed.
The spectrometer is calibrated with a helium laramgi the emission lines of helium present in the
literature and especially those at 587.5 nm (NISB67.8 nm ; 501.57 nm and 492.19 nm. The
minimum spectral resolution of this setup is 1 nm.

11.4.2.2. Medium resolution spectrometer

A SpectraPro-2300i spectrograph from Acton Re$e@arporation, including a triple grating
turret for three gratings, is used for some expenits It is a 300 mm focal length, Czerny-Turngety
with polished aspheric mirrors (the angle of thatigig is changed by a stepper motor controlled
through the acquisition and processing software$awu).

A LaVision intensified CCD camera with 1024 * 128iXels (the pixel size is 144m x 14.5um) is
directly mounted to the exit of the monochromatar detection. Through acquisition it allows real-
time data detection with the computer. This arramgg and the wavelength window of about 90 nm
for the 600 lines/mm grating provided by the momoamator, give a minimum spectral resolution for
this setup of about 0.7 nm
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11.4.2.3. High resolution spectrometer

The aim of using a high resolution spectrometeoicorrectly resolve atomic bands and the
rotational structure of diatomic molecules. A SOPRE500 monochromator with a grating of 1800
grooves/mm is used. The angle of the grating imghd by a stepper motor controlled through a
computer program called PI-IRIO, also allowing thavelength calibration (calibration done with a
mercury lamp). An optical multi-channel array (OM#&f) 1024 pixels is directly mounted to the exit
of the monochromator for detection and allows dhtection with the computer. The Peltier effect
cooled CCD OMA is flushed with nitrogen (-30%20.04°C). This triple stage cooling system allows
decreasing the noise.

The wavelength calibration of the detection syst@as checked before and after each series of
measurements. Indeed, the emission intensity redoird the region of the spectrum was calibrated
with a mercury lamp. The resolution of the specttamis 0.5 A. When necessary, especially for
Oz(blzg+), to improve the signal-to-noise ratio, the sigmas been integrated over a time period of 1 s.
Spectra of the plasma discharge were recorded ligsiEm spectroscopy in the wavelength range of
153-980 nm.

Finally, one problem encountered, was the appearahsignal noise due to the high pulse frequency.
The solution was to ground both the CCD cameratlamdontroller of the spectrometer.

11.4.2.4. Wavelength calibration

An important issue is the calibration of the spmxcopic system. One part is the calibration of
the wavelength axis, done by using spectral lampsombination with wavelength tables (NIST
database). Groups of lines with various distanedwden each other (wavelength axis) are very well
suited to determine the spectral resolution ofdftem and the apparatus profile. In this case, lin
broadening mechanisms must be excluded, for exafoplesing low pressure discharge lamps.

The experimental setups are calibrated using api@ssure mercury light source (MS-416) mercury
spectral lamp from Lot-Ori8l It produces narrow, intense lines from the eticitaof mercury. The
great advantage of this lamp is its temperaturensisivity. This allows to calculate the apparatus
function and to determine the minimum resolutioor Fhis calibration the spectral lamp is placed
directly in front of the monochromator, which allewhe calibration by optimizing the alignment of
monochromator and camera. The atomic lines of mgramd argon are observed and used for
calibration. For high resolution, a double andiplérline can be observed for calibration. A dotible
appears around 313 nm and 580 nm and a tripleloend 366 nm.

n

800 |

760.7!

600 —

400 = FWHM = 0.73 nm

Intesnity (a.u)

200 -

0 T T T T T T 1
756 760 764 768
Wavelength (nm)
Fig.11.16. Hg/(Ar) lamp emission line at 760.75 nm.

The emission line in Fig.ll.16 corresponds to AY f{flansition theoretically at 763.51 nm. The
significant measure for the apparatus functioméswidth of the peak at medium height. For the gjive
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spectral line a resolution of 0.73 nm is found vkhis not far from the minimum resolution. An
additional check with a He emission band at 58762and at 781.61 nm gives the same result.
Much more effort is needed for the calibrationla# tntensity axis, which can be either a relativaro
absolute calibration. A relative calibration takeso account only the spectral sensitivity of the
spectroscopic system along the wavelength axigh®wther hand, an absolute calibration provides in
addition the conversion between measured signatdtage or counts) in W/(frsr) or to
photons/(ms). However, the mercury lamp is not adapted farhscalibration, and therefore the
intensity calibration has not been carried out.

11.4.2.5. Optics

The experimental plasma facility detailed in chapt¥ is designed for the use of
spectroscopic diagnostics. In particular, the loespure tank has three optical access, @Géafdows,
as shown in fig.11.17.
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Fig.11.17. (Left) diagram of apparatus used foriopt emission spectroscopy in the visible range and
(right) UV-VIS high resolution SOPRA Czerny—Tunygre spectrometer used in this study.

1: Spectrometer ; 2 : CCD detector ; 3 : optiablé ; 4 : controller.

The spectrometer is equipped with a CCD detedtoe. light source is either imaged by an
imaging optics onto the entrance slit or coupledfibyes to the slit. The latter is very convenient,
particularly when direct access to the plasma lighdifficult. The cone of convergence is of great
importance for the dimensions of the optical fibiide optical focus arrangement has then been
optimized. The adapted matching solution was to asesergent lenses with 200 mm and 60 mm
focal length.

11.4.3. Direct visualization by ICCD camera

Spontaneous emission of the flame has been igatstl, as detailed in chapter V. Species
identification can get complicated due to the pmeseof emission from many molecules (see
Appendix 3). This can be avoided by using suitdititers.

The digital image is recorded via an ICCD cameith Wigh resolution and high sensitivity.
An intensified CCD (ICCD) camera is a CCD detedoupled with an image intensifier. The image
intensifier itself consists of a vacuum tube willtee main components (a photocathode, a micro
channel plate and a phosphor screen). The combmatia CCD and an image intensifier allows a
better sensitivity (it is possible to measure ngihotons), allows to operate at UV extended salectr
sensitivity (the camera spectral range covers theelength range from 190 nm to 900 nm), and to
obtain an extremely short shutter time of a fewasa&aonds.
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The camera is linked to a PC via a fiber optichv8C connectors. A 105 mm focal objective
is used. The CCD has an active image area of 1281P# pixels with a pixel size of 148n x 14.5
um. The CCD pixel is subject to electronic noisee Thajor part of noise is generated thermally.
Therefore, the CCD sensors are air-cooled downltb degrees Celsius. The acquisition and
processing software used is Davis 7.1.

11.4.4. Laser Induced Fluorescence

Laser induced fluorescence is a widely used methiotlame analysis [176, 177]. In contrast
to emission spectroscopy, a direct access to gratame densities is possible with LIF. Besides
densities, also temperatures of atoms and molea#asbe obtained from the measured spectral
profile. Further advantages are a high spatialluésa and, depending on the laser source, fast
measurements.

In our study, a preliminary study for Planar Labetuced Fluorescence (PLIF) imaging of OH
radicals has been carried out, to qualitatively ensthnd the flame structure modification in the
presence of plasma. Pictures of the experimentahgement are shown in Fig.11.18 :

1: HVPPS ; 2 : HVDCPS ; 3 : oscilloscope ; 4 :geul(high voltage unit) ; 5 : low pressure tank ;
6 : laser shutter ; 7 : Nd:YAG laser ; 8 : dye tgs@: dye solution ; 10 : ICCD camera.

I Sirah DYE

ey

Fig.l1.18. Pictures and schematic of apparatus ukedOH Laser Induced Fluorescence experiments.

We have decided to excite the isolated band QX(®)Hb(see Fig.11.19). The excitation laser
system is composed of a Spectra Physics Nd:YAG [aseping with its third harmonic and a Sirah
dye laser whose output beam is doubled in frequanayrder to reach the selected excitation band at
282.66 nm. An appropriate dye solution (1.6 g/tofimarin 153 diluted in ethanol) has been chosen.
The Nd: YAG laser gives, at a frequency of 10 lzel pulses of 10 ns duration and a mean energy of
280 mJ for the third harmonic at 355 nm.

The doubling crystal placed after the dye laseregeties a beam at a wavelength near 283 nm. We
have finally obtained UV laser pulses presentimgean energy of 5 mJ.
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An energy monitor is used for measurements ofldélser pulse energy. The simultaneous
acquisition of camera images and laser energy altbe correction of the measurements.

During the experiences of fluorescence, the \aaiiibn of the excitation wavelength must be
accomplished. This is performed by comparing theeernental LIF excitation spectra of OH radical
with that theoretical calculated by LIFBASE [20%herefore, by identifying the different bands of th
molecule, one can establish the calibration in wemgth of the laser. The figure 11.19 represents th
experimental LIF excitation spectra, obtained bgyweay the excitation wavelength from 282.5 nm to
283.5 nm by increments of 0.002 nm. The differeanids of the OH molecule can be observed. The
Q1(5) lines is highly emissive and well isolatednfr the others so a good selection of the LIF
excitation line can be achieved. Also, as we chtosketect the emission lines around 262.68 nm, thi
Q1(5) line can be very efficiently separated.
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Fig.11.19. Experimental LIF excitation spectra oHO®adical.

11.5. Conclusions

The HZQ+_>X3ZQ' (0,0) electric dipole and spin forbidden electomotriansition of @, long
designated the atmospheric A-band and M@ax329' (0,0), designated the infrared band have been
the subject of a literature spectroscopic studysymthetic spectra modelling.

We have performed such simulations to help diaigesnd give us useful information
concerning plasma parameters (i.e. temperatureureraents by comparison between experimental
and simulated emission spectra).

Simulations are performed using three differentgprans: one especially developed for this study
(MATLAB ® program), PGOPHERand HITRAN’ simulation programs. Intensities of spectral lines
as well as frequencies of emission are calculayetthd simulation programs and the final spectrum is
determined by choosing a rotational temperatureorentzian line shape (to account for the pressure
broadening) and an instrumental Gaussian line saigpased.

These simulated emission spectra are analyzed #iting information about the plasma
characteristics. Indeed, presented in form of speatith different resolutions, which allows
approaching at best the experimental spectral ugsn| the results of these calculations will be
compared with experimental recordings ; the bestespondence will give information about the
temperature of rotation of the molecule.

The next chapter will focus on modeling work :

- first, electron energy calculations, in ordeppiimize the production of singlet oxygen ;
- then, calculations of the effects of singlet ceygn flame fundamental parameters.
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Chapter Il : Modelling work

Abstract

In a first part, we focus on the study of electiemergy distribution function in binary mixtures
containing oxygen. This modelling work will be useal identify the needed electron energy for
optimal singlet oxygen species production and szulis the effect of diluent addition. Energy input
calculations have shown that optimal excitatiomxdited oxygen occurs at low reduced electric field
In order to significantly improve the efficiency sfnglet oxygen generation in the discharge, we
should operate in a narrow window. This importaagutt will be taken into account in experimental
development of plasma reactor, in which we can sidjoe electric field close to the optimum for
excitation of singlet oxygen molecules, to increteproduction yield.

The promoting action of electrical discharges omlgsostion processes results in reduction of the
ignition delay, improvement of flame stability aglivas extension of the flammability limits. These
features are key technical issues for combustiggromement. One particularly promising approach
consists of plasma-enhanced activation of the mixidi substance, such as when transforming
molecular oxygen into its electronically excitediglet delta QalAg) and singlet sigma g(blzg*)
states. The second part, as a complement for fuettperimental results, will concern the numerical
study of ignition and combustion in subsonic flowk diluted hydrogen-air mixtures including
electronically-excited ©@molecules, as they appear in the experimentsomtrast with non-excited
reactants, singlet oxygen molecules display a mighemical activity and can affect reaction kingtic
due to a decrease of the energy barrier associdteandoenergetic reactions. All computations rely
on a detailed reaction scheme implemented withinphckage CHEMKIN %4 [178]. The reaction
mechanism involves the excited specigs @ O(a',)), O*(= O(D)) and OH (= OHFL"). Results
show that in the presence of excited oxygen irrttial mixture, a reduction of the ignition deland

of the minimum temperature for inflammation is absel, together with an increase of the laminar
flame speed, the thermal flame thickness and ofritaimum concentration of all main radicals. The
extinction strain rate increases with oxygen excita

l11.1. Plasma modelling: electron energy distribution
function

[11.1.1. Introduction

When a gas is subjected to an electrical fieldekecated electrons collide with neutral species
and excite or ionize them. If the mean free patbharged species is small (i.e. high pressuregethe
acquire kinetic energy between two inelastic ciglis; kinetic energies of different plasma parscle
are in the same order of magnitude; the mediuillmes tn thermodynamic equilibrium.

If the pressure is weak or the electric field hegtough, the mean kinetic energy of charged spéeies
higher than kinetic energy of neutrals; one is iaspnce of non equilibrium plasma. Non thermal
plasmas are weakly ionized plasmas associatedavitionization degree.

Bolsig plu$ [179, 180] is a code for the numerical solutiontlué Boltzmann equation for
electrons in weakly ionized gases and in steadg;staniform fields. This code was especially
designed to generate electron and transport dgbarié gases or gas mixtures over a wide range of
values of reduced electric fiekn.
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111.1.2. Boltzmann equation resolution in the casef a discharge

It is through the electrons that electrical enagggrincipally coupled to the plasma (the ions
and the gas). Speeds of the various electron-oxygactions depend on the reduced electric field
parameterE/n, by the intermediate of the electron energy distion functionf(u). The reduced
electric field is expressed in Townsend (1 Td¥M.cn?).

The normalization chosen is [137] :

T\/an(u) Mu=1 (Eq.IIl.1)

The usual first order development of the Boltzmangnation leads to the following classical equation
[137]:

_}(EJZ d{ u EE] 2miy 6, Q, [—)—[[U ¥ | (Eq.IIL.2)

3\n) du z 9,Q, du
-9, EﬁUUf @) (Eq.11.3)
zika-j|.(U+ujk)Df(u+ujk)mjk(U+ujk)] (Eq.lll.4)
+2u—{u Q. (fzuﬂ(u )du+g%tﬁj; 3/ZEi(u')du'+u3’2onzf(Ul')OIU']H (Eq.111.5)
+—mmge|[-l—[[u f] (Eq.lIL.6)

In this equation, the left term (Eq.lIl.2) corregps to the energy contribution due to the eledieid
(Joule heating). In the right-hand term, the firs¢ corresponds to energy transfer by elastidsiotis
(Eq.lll.2); the second line corresponds to inetasbllisions (Eq.lIl.3), the third one to superstla
collisions (Eq.lll.4), the fourth line to electrabectron collisions (Eq.lll.5) and the last one to
electron-ion collisions (Eq.lll.6). It appears, addition to the main parametEfn, other parameters
like the ionization degreer and the proportion of a speciesd, The distribution function, once
known, allows to calculate the macroscopic pararadilee the drift velocity, the diffusion coeffiaig
the reaction rates and energy loss fraction [137].

[11.1.3. Simulations

[11.1.3.1. Cross sections

The determination of cross sections for electropaot excitation, ionization and dissociation
of electronic states of molecular oxygen has béenobject of numerous studies. For example, the
development and initial results of a method for tieermination of differential cross sections for
electron scattering by molecular oxygen are desdrim [121]. The following calculations are
performed using a set of cross sections integriatd®blsig plu§ [179, 180]. Data of cross-sections
used in this work are in [121].

[11.1.3.2. Energy electron distribution function

The distribution of electron energy is Maxwellia®, the electron translational energy levels
follow a Boltzmann distribution. It is worth notingpat at atmospheric pressure a gas usually has a
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Maxwellian distribution of kinetic energy becaudetlte high density of particles. In the case of air
with electron density &<10" cm®, it has a strong deviation from Maxwellian distdiion. If there is

no electric field applied and if the energy levefsthe species interacting with electrons follow a
Boltzmann distribution at a single temperatiige then statistical mechanics shows that the steady-
state electron energy distribution will be the Matan distribution at temperatuf :

2
N

The energy distributiofis defined as:f = i Bci% and is subject to the normalization :

F(e) =—=(keT, )22 2 /™ (Eq.111.7)

n, de

[f(e)de =1 (Eq.111.8)

0
One often uses the reduced electron energy distibtunction defined as :

fle
f0(£)=£ (Eq.111.9)
In the Maxwellian casdy is equal to :
o (€) =2 (eT, )22 e/t (Eq.11I.10)

N

fo is conveniently linear in a log-linear plot :

log f, (&) = Iog[% (o7, )10 'ng) e (Eq.II.11)

When an electric field is applied (i.e. in an #lieal discharge), a new source term appears in
the electron energy equation, since electrons @relerated and gain energy between collisions. The
field increases the average electron energy, aadstfution of the Boltzmann equation is usually
different from the Maxwellian distribution at tempture Ty Electron-electron collisions tend to
“Maxwellianize” the electron energy distributiomgrfa given electric field. If the rate of electron-
electron collisions is high enough (i.e. dependarg high electron density and collision cross-
sections), then any disturbance to the Maxwelliatridution is quickly smoothed out by electron
collisions, and the distribution remains Maxwellidinthe distribution is not found or assumed to be
Maxwellian, it cannot have the same temperatur¢hasgas, because that would imply no energy
transfer between electrons and heavy species. ¥Eneagsfer from electrons to heavy species is
needed when the electron energy equation is inlgtetate, because the input energy on the electron
gas by the field is not zero. The system is a ®ogerature plasma, with a gas temperafy@nd an
electron temperaturg..

The electron energy distribution function (EEDR)ai gas discharge is a good indicator of the
state of the plasma. Chemical kineticespecially sensitive to the EEDF and the electimpugation
plays a central role in coupling power into theidEsreactions. In molecular gases, the situatson i
complicated through the wide variety of speciesd(amergy states within each one); but the
distribution of electron energies is still an imfamt indicator of what processes have or could have
taken place.

Figure 1.1 shows results obtained with Bolsig $ltfor the EEDF in 10%@90%He plasma, for
different values oE/n.
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Fig.lll.1. Energy distribution function for severahlues of reduced electric fields in Td (see colou
legend) for a mixture 109%£90%He. The ionization level is set null.

The y axis corresponds to a logarithmic plot oftpafr the EEDF, which conveniently shows
Maxwellian distributions as straight lines.

111.L1.3.3. Energy loss fractions for different processes including
electronically excited oxygen

The electron energy distribution in non-equilibriwiischarges plays the most important role
in defining the plasma chemistry. It is throughctlen impact excitation and ionization that the
charged particles, excited species, and radicalpraduced.

Once the electron energy distribution function iswn, it is possible to calculate macroscopic
parameters of plasma. The present section focuséiseoenergy loss fraction for different processes
including electronically excited oxygen production.

An important parameter for the discharge is theealf the reduced electric field (which is related
the electronic temperature). The Boltzmann solaécutates the energy electron distribution function
in the plasma as well as the gas dissociation lamelectronic excited states population, and pes/id
the resultant electron impact process rate coeffisias a function oE(n).

Figure 111.2 shows the dependence of specific gneteposited to excite Ln its first and
second singlet states 2((@1Ag) and Q(blZg+)), to excite the vibrations/£1) and for Q dissociation,
according to E/n), first for pure Q:

Energy loss fraction

60 80 100

E/N (Td)
Fig.lll.2. Fractional energy losses of electronspare Q against reduced electric field (E/n) for
excitation of the vibrations v=1 (E=0.19 eV), excitation oflailg (Eexc=0.98 eV), excitation oflbl'g+
(Eex=1.63 eV) and @dissociation GP + O'D (Eys<=8.4 eV).
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The processes considered in the model are : ro&fivibrational and electronic excitation processe
ionization process and attachment processes. Tadisged below :
- Elastic momentum transfer ;
- Two body and three body attachement attachemesoepses ;
- Rotational excitation process at energy level EG2 eV ;
- Vibrational excitation processes (resonance gnkrgg) at different energy levels, ® e =>
Oy(v) + e:
0o O,(v=1)withE=0,19¢eV,
o O, (v=2)withE=0,38¢V,
o O,(v=3)withE=0,57eV,
0 O, (v=4)withE=0,75¢eV
- Electronic excitations :

0 O,+e =>Qady) +e (E=0,98eV)
0 O;+e =>Q(b'Y,)+e (E=1,63¢eV)
o O,+e=>Q*+e (E=4.5¢eV)

o O,+e=>Qc + e (electronic sum : c ZB+A’3+CA+c'sY) (E=6¢eV)
- Electronic impact dissociation :

0 O,+e=>0{P)+0OFfP) +e (E=6,12 eV)

0 O,+e=>0{P)+0(D) +e (E=8,4eV)

0o O,+e=>0D)+0(D)+e (E=9,97 eV)
- Electron impact ionization : O e => Q" + 2e (E=12,06 eV)

- Two-body attachment (dissociative attachement) :
0 O, +e=>0+0-

The gas-phase chemistry in the oxygen paismelatively complex. A more detailed reaction
kinetic model for oxygen that includes the basitdki of charged and neutral particles is presemted i
appendix 4.

The electron energy balance is simulated as a ibmatf reduced electric field strength. It is
calculated by solving the steady-state space-umifelectron Boltzmann equation. The figure 1.2
shows calculations made for pure, @ith all molecules in the ground state (the iatian degree is
set to zero and so electron-electron collisionsaggected).

One can observe that the energy fraction spenhéndirect excitation of g)alAg) is quite high,
approaching a maximum of 47%Bin~11 Td. For (3(b129+), the maximum of 18% is approached at
E/n~10 Td. These results are similar with those folmydNapartovich et al. [40] who found a
percentage of 43% d&/n=8.7 Td for the direct excitation ofz(alAg) and 17% atE/n=8 Td for
Oz(blzg+)-

The following graphs show the dependence of speeiiergy deposited to excitg @iluted in helium

in its first and second singlet state as a funatibiine reduced electric fieldE(n).
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Fig.lll.3. Fractional energy losses of electronspare Q against reduced electric field (E/n) for

excitation of éélg (Eex=0.98eV) (left), and b’.'; (Eex=1.63eV) (right), and for different percentages
of G, in binary mixtures @He.

One can observe from fig.lll.3 that the maximaligéicy of Q(a'Ay) and Q(b'X,)
excitation decreases with helium dilution. In ttaame time, the optimalE{(n) corresponding to the
maximum singlet oxygen excitation decreases withdigion (10 Td, 7.5 Td and 5 Td for pure,O
50% Q and 10% @ diluted in helium respectively). It is worth nagirthat thisE/n value is
considerably lower than those achieved in selfasnstl nonequilibrium electric discharge. These
results are in agreement with literature resuls B3, 40, 41, 43, 181]. Indeed, recent investigesti
on electric discharge production oE(éAg) consisted on engineering tHe/if) nearer to the optimum
value for Q(alAg) production. In pure oxygen, the optimal value-df0 Td can be obtained.

To conclude, in order to optimize th@(ﬁZJ) and Q(alAg) yield in the plasma, the discharge
should operate &/nvalues where the energy input into the target stiatenaximum.

These numerical results confirm that the transitiora non-self-sustained mode can significantly
improve the efficiency of singlet oxygen generatiorthe discharge and are in agreement with results
of Napartovich et al. [40]. For that reason, a deutlischarge plasma-chemical reactor has been
developed. In this crossed discharge, short higtage DBD pulses produce ionization while a
comparatively low electric field supports the efecicurrent between ionizing pulses. This allows
adjusting the electric field close to the optimuor £xcitation of singlet oxygen molecules and
increases the production yield. The descriptiothisf combined discharge will be the object of chapt
V.

[11.1.3.4. Diluent effect

In a general way, we can expect that the fractibelectron energy intended for the direct
excitation of Q(alAg) and Q(b12g+) decreases when diluents are added. Numericalaions were
performed for different percentages of dilution®f particularly in helium, argon, nitrogen, neon and
xenon. The following figures show the results fordoy mixtures @diluent, focussing on electronic
excitations: Q+ € — Oy@'Ay) + € and Q + € — O,(b'Y,") + € (vibrational excitation: @+ € —
O,(v=1) + € and oxygen dissociation ;@ € - O + O + €have also been studied but are not shown
here).

80



[11.1.3.4.1. Effects of helium diluent

Effect of helium dilution on the calculation ofafitional energy losses of electrons against
reduced electric fieldd/n) for excitation of singlet oxygen is presentedigure 111.4.
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Fig.lll.4. Fractional energy losses of electronspiire Q against reduced electric field (E/n) for

excitation of éélg (Eex=0.98 eV) (red), and 1b§],+ (Eex=1.63 eV) (green) and for different percentages
x of G in binary mixtures @He.

The right figure corresponds to high dilution levél is the percentage of,@ the mixture).

One can observe that diluting with helium chandpesdlectron energy balance. When increasing the
dilution percentage, the maximal efficiency oﬁ(éﬁag) and Q(blzg+) excitation is significantly
reduced. For pure oxygen and 1% of @luted in helium, the maximum energy loss fractio
decreases from 47% to 5% respectively. Fmbj@j), it decreases from 18% to 2%, respectively.
Moreover, the optimal reduced electric fieElrf),,; decreases with helium dilution.

[11.1.3.4.2. Effects of argon diluent

Effect of argon dilution on the calculation of ft@nal energy losses of electrons in pure O
against reduced electric fiel@/) for excitation of singlet oxygen is presentedigure 111.5.
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Fig.lll.5. Fractional energy losses of electronspiire Q against reduced electric field (E/n) for

excitation of éélg (Eex=0.98 eV) (red), and 1b§],+ (Eex=1.63 eV) (green) and for different percentages
x of G in binary mixtures QJAr.

From pure Q (i.e. x=100%) to 10% of oxygen in binary mixturé&S,/Ar), one can observe that

diluting with argon, the maximum fractional energgses for excitation of z@lAg) and Q(b12g+)
increases from 47% to 51% and from 16% to 20%,e@sely. Even at high argon dilution, the
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maximal efficiency of QalAg) excitation does not change very much (i.e. ebecegnergy balance
remains sighltly modified). On the other hand, tmimal reduced electric fielde(n),,: decreases
strongly with argon diluting.

The electron energy balance as a function of tdaaed electric field strength is of high importance
for the optimization of one of the different exmgiprocesses. We can see from this simulatiortltleat
energy fraction spent in the direct excitation Q(a@g) and Q(blzg+) is quite high at lowE/n values.
Therefore, it is expected that the presence ;@1@9) in the gas will have a significant influence on
the electron energy distribution function and egelmlance. Finally, withE/n increasing, the
excitation goes on as follows (not shown here) brations - electronic state excitation»
dissociation- ionization of Q. In other words, at higg/n, the maximal fractional energy loss (i.e. in
percentage) is shifted to vibrational excitatianthe same time, the lowest fractional energy goes
ionization.

[11.1.3.4.3. Effects of nitrogen diluent

Effect of nitrogen dilution on the calculation o&ttional energy losses of electrons in puse O
against reduced electric fiel@/f) for excitation of singlet oxygen is presentedigure 111.6.
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Fig.lll.6. Fractional energy losses of electronspare Q against reduced electric field (E/n) for

excitation of éAg (Eex=0.98 eV) (red), and ltfg* (Eexc1.63 eV) (green) and for different percentages
x of G in binary mixtures @N..

Diluting with nitrogen dramatically changes theatten energy balance even for smajladdition. N
can capture a large part of electron energy, tlesvduring oxygen electronic excitation. Moreover,
is worth noting that the maximal efficiency ofz(@Ag) and Q(blzg+) excitation dramatically falls
down with N dilution. In the case of Nthe optimal reduced electric fie(f/n),,: decreases again
with N, dilution.

As for argon and helium dilution, the electron gyebalance as a function of the reduced electid fi
strength is of high importance for the optimizatmfnone of the different existing processes. We can
see from this simulation that the energy fractiggerg in the direct excitation of 2@1Ag) and
Oz(blzg+) is weak but higher at lovie/n values (i.e.E/n = 10 Td and lower). Finally, witlE/n
increasing, the fractional energy losses of elestris dominated by the following processes
repectively : first, @ vibrations (i.e. the specific energy depositeditirational excitation dominates
the kinetics) and followed by fLelectronic states excitation, then Mbrations, N electronic state
excitation, Q dissociation and ionization of,OIn other words, at higk/n, the maximal fractional
energy loss (i.e. in percentage) is shifted to atibnal excitation. In the same time, the lowest
fractional energy goes to ionization.
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[11.1.3.4.4. Effects of neon diluent

Other diluent gases were also used for our caloukt They show interesting results
concerning excitation efficiency. Effect of neoution on the calculation of fractional energy less

of electrons in pure £against reduced electric fiel&/f) for excitation of singlet oxygen is presented
in figure Il1.7.
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Fig.lll.7. Fractional energy losses of electronspare Q against reduced electric field (E/n) for

excitation of éélg (Eex=0.98 eV) (red), and 1b§],+ (Eex=1.63 eV) (green) and for different percentages
x of @ in binary mixtures @Ne.

One can observe that the energy fraction spetteiirect excitation of g)alAg) is almost insensitive
to dilution up to 95% of Ne, approaching a maximoid7%. For Q(blZg+), the maximum of 18% is
approached d&/n~10 Td for pure @ At 99% dilution, it reaches 31% and 13% respedtyiv
However, the choice of neon as diluent agent ineaperiments was not kept for cost reasons.

111.1.3.4.5. Effects of xenon diluent

Effect of xenon dilution on the calculation of ftismal energy losses of electrons in pure O
against reduced electric fiel@/) for excitation of singlet oxygen is presentedigure 111.8.
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Fig.ll1.8. Fractional energy losses of electronspare Q against reduced electric field (E/n) for

excitation of éélg (Eex=0.98 eV) (red), and 1b§],+ (Eex=1.63 eV) (green) and for different percentages
x of G in binary mixtures @¥Xe.

As for neon dilution, an interesting energy depositefficiency is observed. But, once again, the
choice of xenon as diluent agent in our experimaais not kept for cost reasons.
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111.1.3.5. Interpretation of dilution effects on discharge

The replacement of pure oxygen by oxygen/diluent gadures has been discussed in the
bibliography chapter | (section 1.3) and we coneldidhat contradictions exist on the beneficial atffe
of diluents for singlet oxygen generation Experitadiy, an inert diluent such as helium is often
added to the ©to reduce the temperature rise in the dischargksaipport the gas dynamics by
increasing pressure. Moreover, the presence ofuardialso reduces the amount of flow expansion
caused by @dissociation, which in turn increases the residetime and leads to higher specific
energy deposition and so a consequent rise in \#ddl In our specific case (excited oxygen
generation), in order to optimize thQ(ﬁZJ) and Q(alAg) yield in the plasma, the discharge should
operate at reduced electric field values, wherestiergy input into the target states is maximune Th
addition of an inert gas such as helium may prorhaaer Q(alAg) yield by allowing the discharge
to operate at a more favourald® than does pure O
The question raised here concerns the choice wémilfor experiments. Therefore, taking into accoun
costs by rejecting expensive rare gases (xenomaad), a competition between argon, helium and
nitrogen gases is instigated. Molecular nitrogeindpex strong quencher of electronically excited
oxygen, we decide to dismiss it and therefore wkasintre our attention in a choice between helium
and argon. The question raised is whether argam lietter diluent than helium or not. The first
argument favourable for dilution of oxygen withimeh is that the binary He/Omixtures provide the
lowest flow temperature. But, according to numériegults presented in previous section, the first
argument favourable for dilution of oxygen with angis that the binary Ar/Omixtures provide
higher yields of QalAg) and Q(b129+) states. This result can be explained by the thets:

- Elastic losses to low atomic weight helium puemgrgy out of galAg).

- Argon is beneficial because it has a higher atomeight and hence its elastic losses are
lower. However, experimental difficulties are highited in the literature concerning the input of
energy in argon-containing gas mixtures.

In the framework of these first statements, itlesac from previous figures that argon diluent pdad
a significant benefit. A deeper analysis of dilatieffects is presented in Fig.lll.9, where it shais

maximal Q(alAg) and Q(blzg+) excitation efficiencyrf) in percent in argon, helium and nitrogen gas
mixtures.
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Fig.111.9. Maximal (left) Q(alzlg) and (right) Q(blzfg*) excitation efficiency in different gas mixtures.

One can observe that calculated maximal singlggex excitation efficiency in different gas
mixtures follows the same trend. Diluting with anggives the best results. Energy loss fraction does
not change significantly from 0 to 90% dilution.éfvat high argon dilution, {deceives most electron
energy. In the case of helium, one can observe i@ mignificant change in the energy balance,
associated with a decrease of the maximal exaitaificiency when increasing the dilution.
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In the case of nitrogen, dilution with,Neven small dilution) dramatically decreases traximum
excitation efficiency, which means a change indleetron energy balance. Even at small additign, N
receives most electron energy. It is worth notimat in presence of nitrogen in discharges, the EEDF
can show significant depletion around 2 — 5 eV whitaere is a large cross-section for vibrational
excitations of the Nmolecule.
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Fig.ll1.10. Maximal (left) @Q(v=1) and (right) Q dissociation (O + O) efficiency in different gas
mixtures.

One can observe in Fig.lll.10 that calculated maki®@,(v=1) vibrational excitation efficiency in
different gas mixtures evolve in a similar curvdlubng with argon, helium or nitrogen gives a
significant decrease of the energy loss fractiomo Tinear evolutions with two different slopes dam
observed. The first one, from 0 to 20% ofa@d the second one, less abrupt, from 20 to 100% O

In addition, the @dissociation efficiency is shown in Fig.lll.10. &ecary to the previous case
of electronic excitation, the dilution with heliugives higher dissociation efficiency in the entire
range of @ percentage. In the case of nitrogen, dilution aesdua linear decrease of the maximum
dissociation efficiency within the entire gas mis range.
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Fig.lll.11. Maximal ionization efficiency in diffent gas mixtures.

Finally, Fig.lll.11 shows the maximal ionizatiorfiefency in the different gas mixtures and diluents
An important observation concerns the net diffeeebetween helium and other considered diluents.
An optimal ionization efficiency of 14% appearswand 10% Qin He. The values are ~2% and < 1%
for argon and nitrogen diluents, respectively.
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The development of a plasma discharge begins lsjpdisng power in a gas mixture. In our
particular case, the diluent allows reducing theam of flow expansion caused by dissociation,
which in turn increases the residence time in disgh region. In turn, the increased residence time
leads to higher specific energy deposition wittoasequent rise in yield. Also, the diffusion loseés
both excited states and charged patrticles are eglduc

It has been suggested that the addition of art mlikrent such as argon and helium may
promote higher singlet oxygen yields by allowing tlischarge to operate at a more favourgiiheor
its production [40, 41, 43]. Adding helium to an @scharge does reduce the quasi-steady-state
reduced electric field. The quasi-stedtin is approached as the rate of ionization balarteesdte of
loss by diffusion to the walls, attachment and nelsmation. In the experiment we choose to maintain
the partial pressure of ,Gconstant and to vary only He partial pressurehst a portion of the
reduction inE/nreflects reduced charged particle loss by diffasio
For pure @, the maximum power dissipated intg*ccurs near 10 Td, but the discharge could
operate at higher values. As helium is added,Bheat which the @ excitation is a maximum
decreases as does the operafiig while the fraction of power dissipated intg*Qlecreases. The
reduction in operatindge/n made possible by the addition of helium does mdly fcounteract the
decrease in the fraction of power dissipated i €xcitation. Therefore, for these conditions the
addition of He actually decreases the efficiencglettron impact excitation of @ O,*.

Below 10 Td, at high helium fractions the singlgygen density is high enough so that more electron
impact events remove power from*®y superelastic collisions [43] compared to tloevpr added by
direct electron impact, resulting in negative povikactions to singlet oxygen. Helium addition
reduces the rate of direct electron impact reactith O,. Moreover, due to the increase in heat
capacity and thermal conductivity that occurs witelium addition, the peak gas temperature
decreases with He addition.

In our experimental work, we finally observed tlaaiding helium to oxygen leads to better
results than with argon dilution. Indeed, we hakieesved that input of energy is more difficult et
latter case and discharge constritions are eabtlyireed with argon dilution. Furthermore, the cleoic
of xenon or neon as diluent agent in our experig@rés not kept for cost reasons. Finally, diluting
with nitrogen dramatically changes the electronrgypédalance even for small,Naddition. N can
capture a large part of electron energy, thus defidng oxygen electronic excitation and this is the
reverse of desired effect.

Finally, other factors can be responsible andcaftirectly the singlet oxygen yield. Apart
from electron energy consideration, the power supiged has to be optimized for a given plasma
reactor (i.e. power supply with load matching) teyent or limit the main power of the high voltage
to be dissipated back to the generator. It is woating that the dilution is the dominant effect.

In table Ill.1, a comparative table is presentecerghhelium and argon advantages (marked
with (+)) and drawbacks (marked with (-)) for opsihsinglet oxygen generation are presented.

Helium as diluent Argon as diluent
(+) Detection of Qb'z,") (+) Diluting with Ar does not change significantly
the electron energy balance.
(+) Maximal efficiency of Q(alAg) excitation
does not change very much; only at very high
dilution

(+) He/O, mixtures provide the lowest | (+) Argon is beneficial because it has a higher
flow temperature atomic weight and hence its elastic losses are
lower

(-) Maximal efficiency of ag) and | (-) No Detection of @b'%,")
Oz(blzg+) excitation decreases with He | Suggestion: emission intensity is at least a factpr
diluting 30-50 lower than in @He mixture
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(-) Elastic losses to low atomic weight | (-) O,(b'Z,") may be rapidly quenched in

helium rob power to Q)alAg). resonance energy transfer collisions with Ar
atoms

(-) Ofa'sy) and Q(b'Y,") states are more quickly
relaxed by energy resonant transfer quenching|by
collisions with Ar atoms than with He atoms
(Hicks et al. 2005 [41])

Table Ill.1. Diluent addition effects. Comparisogtlween argon and helium.

In the Boltzmann equation solver for the electrarergy distribution, the main collisional
processes involved infMe and Q/Ar gas mixture are taken into account (elastidisiohs including
the energy exchange and thermal motion of theigakstic collisions such as rotational, vibrationa
and electronic excitations, attachment and ioripatand also superelastic collisions). However, the
gas-phase chemistry in the oxygen plasma is momplex and for a detailed plasma simulation, a
kinetic model for argon-oxygen and helium-oxygenxtomes that includes charged and neutral
particles should be developed. The main kineticgsees responsible for excitation and quenching of
singlet oxygen should be taken into account inntleelel. The chemical species of interest include 18
particles, charged and neutral(¥'X;), O)(a'Ay), Os(b'2,"), OCP), O(D), Os, electrons, ions
negative (Q O,, O3), positive ions (O O,",05", O,"), Ar', Ar,", He" and He". The model would also
incorporate a number of electron impact processdbd nonequilibrium plasma, such as ionization,
dissociation, electronic excitation, and dissoeatattachment. And reaction rate coefficients for
processes involving electrons are found by soltregelectron Boltzmann equation as functions of the
reduced electric field, which is re-calculated wh@asma parameters changed [41]. This approach
should solve space and time variations of the iefield coupled with continuity and momentum
transfer equations. In this manner, more accunaeigtions could be obtained.

[11.1.4. Conclusions on excitation

These conclusions take into account the theoretieallts presented here, but also the
experimental observations detailed in chapter IV.
Although the dominant effect of helium additiortégsincrease the residence time, the gas density als
increases relative to the purg&se. Both the reduction in temperature and thénetase in density
influence many of the rates in the reaction medranivhich on the average increaseéamg) yield.
On the other hand, argon dilution causes diffiegltio input of energy into the gas. It is cleanfro
previous statements that helium diluent providegaificant benefit. Besides, molecular nitrogexs h
to be banned or at least highly reduced due taitseme negative effect on oxygen electronic
excitation
Energy input calculations have shown that optimalitation of excited oxygen is at low reduced
electric fields (lower than 10 Td) and preliminagxperimental results of optical emission
spectroscopy of pulsed dielectric barrier dischavdleshow that electron energy must be controtied
excite oxygen at 762 nm. In this sense, the neapteh will concern the design and engineering of a
plasma chemical reactor capable of reaching optiehattron energy for excitation of molecular
oxygen in its singlet electronic states(aﬁag) and Q(blzg+) by means of a non-thermal electric
discharge, at reduced pressure until atmospheg&spre.
For a better accuracy, a more complete plasma atmnlincluding the space and time variations of
the electric field and neutral and charged partddasities should be solved. The analysis of the
calculated electric field together with the ionutral and electron densities would help to expthin
discharge mechanisms involved and to analyze teedmnditions to achieve the most effective way
to excite oxygen. We will demonstrate in chaptertié feasibility to electronically excite molecular
oxygen. In preparation for experiments of plasnsstsd combustion, the rest of this chapter is
devoted to the numerical modelling of flame proigsrin the presence of excited oxygen, as it will
appear in the experiments.
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111.2. Modelling of plasma-assisted combustion

[11.2.1. Introduction

The ultimate object of this work is to significantmprove combustion efficiency and reduce
pollutant emissions using oxidizer “activation” kyonthermal plasma. For this purpose, the
experimental production of excited species is dtdeand has been discussed previously. It is now
important to support further experimental findingg a numerical analysis. In order to describe
numerically the influence of excitation on the i@t process, appropriate kinetic schemes must be
employed The ignition and combustion of hydrogen fuel hawetb extensively studied. Detailed
kinetic schemes have been developed to describigniten and combustion of hydrogen, e.g. Li et
al. [182], O’Conaire et al. [183] and Konnov [184Echanisms. At present, relatively little is known
about the possible influence of electronically-¢éedti species on oxidation kinetics. If present in
critical concentrations, they may in particular ued ignition delay time [185]. Numerical models
including excited species have demonstrated thégegucorona discharges may be used for NO
removal at low temperature and atmospheric predd@@]. A kinetic model that can describe the
removal of NOx with pulsed corona discharges ippsed in [187, 188].

The computations have been done using complex istrgmvith the CHEMKIN 4 package
[178]. A detailed reaction mechanism describingAt combustion is used. It is composed of
Ibraguimova et al. [189] mechanism where an “exkchitock”, including Q*(zoz(alAg)), O*(=0('D))
and OH*(=OH({x")) is integrated in the final mechanism.

[11.2.2. Numerical modelling

This study considers only laminar combustion preessnvolving diluted hydrogen - oxygen.
To compute the structure of such flames differeatiubes available in the package CHEMKIN 4 are
employed [178]. A variety of models and parameseesneeded to carry out the computations :

- A full reaction mechanism based on individualctems modelled using modified Arrhenius laws
and including the influence of excited speciesasded.

- Thermodynamic data for all (neutral as well asitexl) species must be available. For the excited
species &, OH* and O*, the corresponding thermodynamic pagters have been determined prior
to the flame computations using the GAUSSIAN sofed 90].

- Finally, transport data are requested, in padicdiffusion coefficients. For the present stutig t
excited species are considered to behave identiadth their non-excited counterparts, as predicted
by the kinetic theory of gases [191].

In the absence of electronic excitation, completaction schemes describing hydrogen
oxidation are well established. There have beerrg large number of measurements made. These
include flame speed measurements, burner stabiflaetes in which species profiles are recorded,
shock tube ignition delay times, and concentrapiwiiles in flow reactor studies. For example, hda
co-workers [182] validated their mechanism over tdmperature range 298-3000 K, at equivalence
ratios of 0.254<5.0 and pressures of 0.3 to 87 atm. Very goodeageat of the model predictions
with the experimental measurements demonstratethie@t updated comprehensive mechanism has
excellent predictive capabilities for different expnental systems. Unfortunately, excited species a
usually not included in these schemes.

In the framework of an INTAS collaboration, a recdéimetic model describing reaction
pathways in diluted HO, mixtures including electronically-excited ;O molecules has been
developped and is used in the present work. Evadukinetic data for high temperature gas phase
reactions obtained when taking into accoug(@td,), O('D) and OH{Z") rely on the data published in
[189]. Data on the rate constants for the reactiaitis excited molecules are estimated and included
the model. Rate constants concerning chemicaliogactvith singlet oxygen are known from precise
kinetic measurements and modelling in atmosphéweristry, photochemistry and plasma chemistry.
However, information about rate parameters of theaetions in conditions relevant to combustion is
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insufficient, and considerable efforts are stillquzed for an adequate modeling of complex
combustion chemistry in this case.

Electronically excited species are treated as otemieagents with their own thermodynamic
properties, and corresponding electronic energh@&xge and quenching processes are considered as
usual chemical reactions. Also, translational, tioteal, and vibrational degrees of freedom of
molecules are assumed to be in quasi-Boltzmannhiisbn and not disturbed by chemical reactions.
Rate constants for reactions with normal oxygenbased on compilations of the updated data from
the CODATA Task Group (Baulch et al. [192]), IUPADbcommittee (Atkinson et al. [193]), NASA
Panel (Sander et al. [194]), NIST chemical kinetit#abase (Mallard et al. [195]), CHEMKIN
collection [178], GRI mechanism (Smith et al. [19@&leeds mechanism [197], Konnov's mechanism
(Konnov [184]), LLNL (Westbrook et al. [198]), O'@aire et al. [183], Marinov et al. [199]), Li et al
[182] and others.

Moreover, rate constants for reactions wittglet oxygen, governing hydrogen oxidation, are
based on the review of data from Starik and Titf@0] and AFRL kinetic database (Carroll et al.
[201]). Finally, some specific reactions with eftectically excited species were obtained from
Skrebkov and Karkach [185] as far as they weradasdid by Shatalov et al. [202].

This mechanism (later called MSU kinetic model)luies 14 species ¢HO,, H, O, Q, OH,
HO,, H,0,, H,0, O(D), Oy(a'd), OHE), N,, Ar, He) and 142 elementary reactions (Table Agek,
Appendix 5). It is worth noting thatJNAr and He are considered as diluent in the reagtiechanism
(i.e. collision partner). The chemical reactioresak) are modeled by a modified Arrhenius laky=
AT" exp(E4/RT)), where the preexponential facdiis the coefficient factor expressing the empirical
relationship between temperature and rate coeficad related to the gas kinetic collision fregryen
It depends on how often molecules collide and otharethe molecules are properly oriented when
they collide.E, is the activation energy afid the temperature. The reaction rates includingmil He
as collision partner are deduced from that withspecie, using a multiplication factor (x 0.875 fy
and x 0.98 for He). The full model can be consuitedppendix 5.

The numerical analysis carried out in this worksidars in particular the influence of excited
O, molecules (%Ag state) on HO,(air) combustion under subsonic conditions. Theat fiomputational
step consists in achieving a converged solutiorpfescribed boundary and initial conditions. TIsis i
very easy for well-establised standard reactiorises. But, as soon as excited species are taken int
account and due to large reaction rates, conveegenbardly reached. As a consequence, a lot of
effort has been necessary before obtaining condesgieitions with CHEMKINS.
A detailed numerical analysis of the influence ofgket oxygen excitation on the most important
flame characteristics (laminar flame speed, autdtimn delay, flame structure) is presented now.

111.2.3. Flame properties without excited species

111.2.3.1. Laminar flame speed

For a validation of the MSU kinetic scheme, dilutédO, laminar premixed flames without
excited species are first considered. For suchitonsd, a wealth of experimental results can bentbu
in the literature. The evolution of laminar prendxame speed with hydrogen mole fraction is
presented in Fig.ll1.12.
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Fig.lll.12. Laminar flame speed at P =1 atm fos-B, oxidation (ratio Q:N,= 1:3.76). Continuous
line: MSU model. Symbols: various experimental iteftom the literature (see [203, 204]).

Only freely propagating atmospheric flames at amtbiemperature are considered here. The
experimental measurements of the various reseaxlpg are in good agreement. The numerical
predictions obtained with the MSU model coincideryvevell with the experimental values,
demonstrating that this scheme is able to desstdraard premixed flames with good accuracy.

[11.2.3.2. Influence of dilution

As explained previously, the generation of excispecies always takes place using diluted
oxygen. Various diluting species can be employgoedrmentally to promote or prevent excitation.
Therefore, the employed kinetic scheme must betalterrectly take into account the impact of high
dilution levels. The variation of the laminar flanspeed for different diluents (nitrogen, argon,
helium) and different dilution levels are now calesied by comparison with the experiments of Kwon
and Faeth [205] at atmospheric pressure (Fig.lll.13
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Fig.ll1.13. Laminar flame speed for atmospherig®} flames diluted with either%): N,, (®): Ar or
(M): He (ratio O;:N,= O,:Ar= O,:He= 1:3.76). Solid lines: MSU model. Symbols: expents [205].

The observed good agreement of the model predgctigth the experimental measurements
demonstrate that the MSU kinetic model presenteli predictive capabilities for the influence of
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dilution in non-excited flames. Nevertheless, alsmzerprediction is obtained for helium dilutiok.

is worth noting that the dilution with helium leattsa higher flame velocity than with Ar, while Ar
dilution leads again to a higher flame velocityrting.

These variations can be readily explained by thssital thermal theory, first proposed by Mallard
and Le Chatelier in 1883. In its simplest formsttlieory leads finally to a flame velocity proponl

to (/l/Cp)l’2 whereA is the thermal conductivity and, the mixture specific heat capacity at constant
pressure. The different thermal conductivities &eadt capacity of nitrogen, helium and argon are
sufficient to explain the observed variations.

As a first conclusion it has been demonstratedttfteemployed kinetic scheme can reproduce with an
excellent accuracy the evolution of the laminamigaspeed for O, combustion, taking into account
different diluting species and for an equivaleratiorvarying betwee® = 0.5 and 5. Globally, good
agreement with experimental data is obtained.

[11.2.3.3. Auto-ignition delays

In shock tube studies the auto-ignition delayyjsidally defined as being the time interval
between the passage of the reflected shock wayerfMvhere the gas mixture is instantaneously
placed at high temperature and high pressure, fentirhe associated with 50 % of the maximum of
the OH* emission signal. Excited OHadicals return to the fundamental state quasamaheously
(the life time of OH*lies typically around Ls), by emitting light in UV at 306 nm. The OH raaliés
a typical marker of the hydrogen flame front. lialso particularly interesting for optical combuosti
diagnostics, since it is relatively easy to def@06]. The numerical estimations of the auto-igmiti
delays rely on the closed homogeneous batch reacdule of CHEMKIN [178].
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Fig.lll.14. Auto-ignition delay times determinedmerically from either #): fundamental OH or
from (4): excited OH* radicals using MSU kinetic modePat1 atm and for O,:N,= 2:1:3.76
mixture. Comparison between experimental d&a[R07]) and numerical results (MSU model, solid
line) both at P =3 atm for KO,:Ar= 1:1:98 mixture. The ignition delay time is defd when
reaching 50% of the maximum OH concentration.

Comparisons presented in Fig.lll.14 have shown thds possible to consider the same
definition as in the experiments, following the f@ral evolution of either fundamental or excited OH
species. On the other hand, the final OH conceoiras noticeably smaller when taking into account
excited radicals (not shown), as expected. In vibllaws non-excited OH radicals are considered to
define ignition delay.

Figure 111.14 shows also the ignition delay times & H-O,-Ar mixture at 3 atm. A good agreement
between experiments and simulations is achievedgugie MSU model. The general trend is
reproduced throughout the entire temperature rangh, only a very slight overprediction (at low
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temperature) or underestimation (at high tempegatdrhe numerical model best coincides with the
experiments at intermediate temperatures (rougddp1o 1650 K).

Thus, it has been demonstrated that the employeeti&i scheme can reproduce with excellent
accuracy the main properties of laminar flames outhexcitation for a large domain of equivalence
ratio, temperature and dilution level. It is nowspible to consider the influence of excitation ba t
corresponding laminar flame properties.

111.2.4. Flame properties with excited oxygen spees
111.2.4.1. Influence of O,* on ignition delay

Ignition delays of an Hair mixture at an equivalence ratib=0.5 are first considered
numerically, taking into account the presence wliing percentage of excited oxygen in the initial
mixture. Pressure levels of10 0.5 and 1 atm are considered, with an initimhgerature range
1000<T<2000 K. For all upcoming figures, up to 5 % of eé&di oxygen is considered in the initial
mixture. This amount corresponds typically to theximum amount of excited that can be
achieved experimentally today as documented ifitdrature [58].
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Fig.ll1.15. Influence of excited oxygen on ignitidelay time of a HO,:N, mixture for@= 0.5, at a

pressure of 0:1 (), 0:5 (4) and 1 atm (+) and at an initial temperature ofdDOK. Also at P =1 atm

for an initial temperature of 1000 (+), 150Q4) and 2000 K . The ignition delay corresponds to
reaching 50% of peak OH concentration.

The ignition time decreases rapidly when addingnea small amount of excited oxygen into
the initial mixture (Fig. 111.15, note the log seabn they-axis). The magnitude of this effect depends
on initial pressure and temperature. At atmosphmessure and high initial temperatufe 2000 K),
there is already a factor 1.6 speedup betweeneatpharmal ignition (no excited species) and a case
with 5 % of Q*. This factor increases in a monotonous way wheerehsing initial temperatures and
reaches a factor of 4.5 for an initial temperatafel000 K (Fig.lll.15). Regarding pressure, the
reduction of the ignition delay decreases in a rmmmmus way when decreasing pressure, still
amounting to a factor 3.3 at 0.1 atm and 1000 KsoAlexcitation of @ molecules significantly
decreases the self-ignition temperature. At atmespipressure with no excitation, the computations
lead to an ignition temperature threshold of 860tks decreased by 50 K and 170 K when using 1%
and 5% of @ respectively in the initial mixture.
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111.2.4.2. Influence of O,* on laminar flame speed

The influence of exciting ©molecules on thelag state in a subsonic flow of a diluted-B,
mixture is now considered. Corresponding simulaticely on the freely propagating flame module of
CHEMKIN [178].

400 -

Flame speed (cm.s
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Fig.lll.16.Influence of excited oxyge®( 0%, ¢ 1%, 4: 5%) on flame speed as a function of the
equivalence ratio. Solid lines:M,= 1:3.76 at 1 atm and T= 298 K. Dashed lines:&A=1:3.76 at
1 atm and T= 298 K.

One can observe from Fig.lll.16 that the maximamihar flame speed increases by up to
15% when adding excited oxygen into the fresh gastune. This increase is observed at all
equivalence ratios but is particularly visible fach flames. As observed previously without
excitation, argon dilution systematically leadstbigher flame speed.
Singlet oxygen has a higher energy than ground-staygen and all its electron spins are paired, so
that it is much more reactive towards common omamolecules. For example, hydrogen will very
effectively absorb energy from singlet oxygen aodwert it back into the unexcited ground state.
Considering further values of the initiab*Qpercentage, also above the experimentally achlidiveait
of 5% one finds an exponential increase of theamflame speed with the,Opercentage (see later
Fig.lll.22). This demonstrates the possibility ontansifying considerably the combustion
(characterized here by the laminar flame speedhvidreeding a burner with excited molecular oxygen,
as later performed in experiments.

111.2.4.3. Influence of O* on laminar premixed flame structure

The next investigation concerns possible modifarati of the laminar flame structure when
using excited oxygen in the gas mixture. The vant of the species mole fractions as well as
temperature and heat release along the axial iineate compared with or without excited species in
the initial mixture for a one-dimensional, laminaremixed flame. Since it is impossible to show
results for all possible conditions, the preseatatf the results is restricted to an equivalemti® of
®= 0.5 (lean flame)p= 1 (stoichiometry) ané= 2 (rich flame).

The mole fraction profiles of reactants, non-extiietermediates (H, O, OH), excited intermediates
(O*, OH*, Oy*), temperature and heat release are plotted int fdilwws. Figure 111.17 shows the
comparison of the ground state and excited H, O @Hdconcentration profiles in the presence of
excited molecular oxygen in the fresh gas mixturéh ihose obtained without excited species. As
previously, up to 5% of the total,@nole fraction is considered to be excited inifiallhe computed
profiles for H show globally a similar profile withr without excited species, but with a large iase

in maximum concentration (+23.5 %). Similar consadi®ns hold for the O and OH radicals (+18 %
and +12.4 % increases in maximum concentratiorecsely).
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Fig.lll.17. Computed a) H, b) O and OH radical pte$ in a H-Air mixture at@= 0.5, P =1 atm and
T =298 K.

As confirmed by the next figures, one can obsénre¢ when increasing the percentage gf O
in the initial mixture, the width of the flame awdl all radical species profile increase considsrabl
The slope of the gradients on the fresh gas sif§) (hecomes steeper. Simultaneously, the peak
radical concentration values increase, typically 1 up to 28%. Due to these very noticeable
modifications of the laminar flame structure, ogtidiagnostics should be able to detect the infteen
of excited species on the flame structure [206ksSEhstructural modifications show that electroihycal
excited oxygen in metastable singlet state canlaate formation of chemically active atoms O, H
and radical OH due to a reduction in the activatiamrier of endoenergetic reactions. This leads
indirectly to an intensification of the chain braimg mechanism of hydrogen oxidation, explaining
the observed reduced ignition delays and autot@ntemperatures.
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Fig.l11.18. Computed a) OH*, O* and b) DOprofiles in an H-Air mixture at@= 0.5, P =1 atm and
T =298 K.

Concerning the excited OHtadical (Fig.lll.18a), adding excited oxygen leatts a
considerable thickening of the active reaction zdwevertheless, it must be kept in mind that the
associated values are very small (peak mole fradiglow 3.10). One can again observe a steeper
slope and higher maximal concentration when ingngathe Q* percentage in the initial mixture,
while the peak moves further into the fresh gagéisen increasing further the,tOpercentage above
5%, a bimodal structure appears for OWlith a large peak on the fresh gas side and a dacpn
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lower peak on the burnt gas side (not shown harelaber Fig.lll.21b). Such a bimodal structure is
also observed at high,Oconcentrations for O and OH.

The bimodal structures observed for some specipsemixed flames are usually traced back to two
separate chemical pathways, one at low, one at teigiperatures. Here, a first fast rise in the OH*
radical can be observed. It is situated in a lomperature zone of the flame front (~600 K). The
second maximum is situated in the high temperatone (~1200 K). It was shown that reactionstH
HO, = H,O + OH* and O* + H + M = OH* + M are the main coibntion in production of the
electronically-excited radicals OFX(") [185]. Similar modifications are observed for thecited
oxygen O*, but only a single peak is always obsefee this species. More complex is of course the
evolution of the @ profile itself (Fig.lll.18b) since it is modifiedlue to the varying fresh gas
composition (left side). The mole fraction appdarbe roughly constant over the first 0.5 mm of the
computation. Afterwards, the peak value increasés tive excitation level (note the two differgnt
scales for the two conditions).
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Fig.l1.19. Computed heat release (filled symbalsyl temperature (empty symbols) profiles in an H
Air mixture at@= 0.5, P =1 atm and T =298 K. Influence of"(square: 0 %, circle: 5 %) mole
fraction in the fresh gas mixture.

The modification of the heat release due to thegmwee of & is presented in Fig.l11.19. The
peak value is increased by 38.4% when adding 5%eexoxygen in the fresh gases. Simultaneously,
the profile becomes steeper on the fresh gas sideh& reaction zone is again thicker. Coupled with
the increase of heat release a relatively sligmptrature increase (8%) is observed. These
modifications corroborate the previously observedliction of the ignition delays and result from the
intensification of the chain reactions in the-®, oxidation process, owing to the presence of
electronically excited oxygen molecules in the iatitflow. Hydrogen oxidation relies on chain
reactions with the formation of intermediate actpecies, in particular H, O, and OH arodn€l000
K. The principal source of these species is thewohg ramification reaction :

H,+O- OH+H (Eq.111.12)
H+GQ - OH+O0O (Eq.111.13)
When considering oxygen excitation, new pathwaythefchain can appear, in particular :
H+Q(ahy) -~ OH+0 (Eq.I1.14)
H, + Oy@Ay) — OH + OH (Eq.1I1.15)
OofD)+H, - OH+H (Eq.111.16)

thus favoring additional formation of OH, O, andddecies, essential for initiation of hydrogen-
oxygen combustion [200].
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Using a nonthermal plasma in a gas mixture coimgi®, and a diluent, it is possible to
generate active species by the excitation and dieson of Q by electronic impact, and thus to
reduce the energy threshold of chemical reactidime resulting production of additional active
centers leads to the acceleration of the chemioatik process. This explains the increase in flame
speed, the reduction of ignition delays and autdtign temperatures. As a consequence electrowpicall
excited Q* appears to be a very efficient way to promoterbgen oxidation.

111.2.4.4. Influence of O* on laminar premixed flame structure at
other equivalence ratios

[11.2.4.4.1. Equivalence ratio® =2

As previously, up to 5% of the total,®nole fraction is excited initially. The computed
profiles for this rich flame are shown in Figs20.
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Fig.111.20. Computed a) H, b) OH*, O*, ¢) O, OH, @* profiles and e) computed heat release and
temperature profiles in anAir mixture at@ =2, P =1 atm and T =298 K. Influence o$*O
(diamond : 0 %, star : 5 %) mole fraction in thesh gas mixture.

The computed profiles for H show globally a simipaofile with or without excited species, with only
slight modifications (maximum 8% increase for theddical). Globally, one can observe that when
increasing the percentage of*n the mixture, the flame width increases. Thapsl on the fresh gas
side becomes steeper. Simultaneously, the maxinaloes increase. A similar tendency is observed
for the O and OH profiles.

Concerning the excited OH* radical, the model preddia bimodal distribution for almost all
conditions. One can observe a steeper slope aherhigaximal concentrations for both peaks when
increasing the @ percentage in the initial mixture, while the figgeak moves further into the fresh
gases. As for the other radical profiles the glowath is increased when increasing*QOnole
fraction. Thus, using some amount of excited oxydearly leads to a wider flame.

Similar results are observed for the excited oxy@&nbut only a single peak is always observed for
this species. The mole fraction of*Cappears to be constant over the first 2-3 miltireg of the
computation. Afterwards, the peak value increagemorse when increasing the excitation level and
the profile becomes simultaneously steeper.

The modification of the heat release due to thegiree of & is also presented in fig.ll11.20. The peak
value is increased by a factor exceeding 15% wiueling 5% excited oxygen in the fresh gases.
Simultaneously, the profile becomes steeper andlange is thicker. The increase of heat release is
associated to a slight (up to 5%) temperature asge

[11.2.4.4.2. Equivalence ratio® =1

Flame structure calculations of a stoichiometrigai flame are presented in figs.lll.21.
Globally, one can observe that when increasingpihicentage of © in the mixture, the flame
modifications are similar to that previously debed for other equivalence ratios, but even more
pronounced (steeper slope on the fresh gas sideh higher peak concentrations and wider flame).
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98



A bimodal distribution is observed for OH and OkHdttlicals (and also to some extent for O),
with a first, very high peak appearing progressiwal the fresh gas side. Concerning the excited OH*
radical, the model predicts a bimodal distributiffig.lll.21b) for almost all conditions. This
observation, for OH and OH*, supports the obsemestliction of the ignition delays. Nevertheless, it
must be kept in mind that the associated valuesvang small (peak mole fraction below 330
Finally, the heat release is more than doubled vitjenting 5% excited oxygen.

111.2.4.5. Influence of a high percentage of & on laminar premixed
flame

As explained before, for all figures presentedaipow, up to 5% of excited oxygen has been
considered in the initial mixture, a value corraggiog to known experiments. In Fig.lll.22, we
investigate what would be the effect of a much aigiuantity of excited oxygen, in case this cowdd b
realized in the future.
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- ® 02*=0 %

a 400+ + O2*=1 %

5 A Op*=5%

§ 3004 L 02*:8 %
o 200_‘ Y 0x*=10%
o *  02*=15%

© i *=2() 0,
E ool X 0=20%
¥  00=33%

O L] I L] I L] I L] I
0 1 2 3 4

Equivalence ratio (P)

Fig.lll.22. Influence of excited oxygen (up to 334 laminar flame speed as a function of the
equivalence ratio for an £N,= 1:3.76 mixture at 1 atm and T= 298 K.

The laminar flame speed is strongly increased wtideaction of oxygen excitation. There is
a difference by a factor 1.5 in flame speed betwaemon excited" (¥=0%) and an “excited”
(O*=33%) initial mixture. It is worth noting thatihdifference increases in an exponential way with
the Q* percentage fob= 1. This increase is observed to be similar atodguivalence ratios (not
shown).

[11.2.4.6. Influence of O,* on laminar non-premixed counterflow flame
structure

The extinction limit of counterflow diffusion flamseof diluted hydrogen and air is now
investigated using the opposed-flow flame modul€HEMKIN [178]. The equal injection velocities
of fuel and oxidizer are increased gradually (b fum/s), while keeping all other parameters fixed.
The fuel stream is composed of 2.5%dtd 97.5% B(by mass), the oxidizer being air. The distance
between the two burner exits is 2 cm. A direct apph was employed to obtain extinction strain rates
for a given mixture, by slowly increasing the faeld oxidizer exit velocities until the solver deirs a
nonburning solution. The velocity at which the fldirst extinguishes is converted to an extinction
strain ratee, using the expression proposed by Seshadri andaWidli[208] :

e=(2w/d)x./p, /P, (Eq.I11.17)
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whereV is the velocity of the fuel and oxidizer flowdjs the separation distanga,is the density of
the diluted fuel ang, is the oxidizer density.

The following figure shows the extinction curve fodiluted H (mass fraction of Hin N, is 2.5 %)
counter-flow diffusion flame. The relation betwemaximum flame temperature and strain rate shows
a typical curve :
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Figs.ll1.23. Maximum flame temperature of/lN, : Air counter-flow diffusion flame as a function of
strain rate.

When the strain rate is large, the maximum flaemaperature decreases with an increase of
the strain rate. In addition, when the strain iatemall, the maximum flame temperature decreases
with the decrease of the strain rate. By followbwh directions, strain extinction limit induced by
strain (i.e. upper limit) and low extinction limibduced by radiative heat loss are defined. In the
present simulations, one can observe that the fleanebe ignited in a wide range of global strain
rates, varying from 1.54 to 635.3.sExperimentally, the low limit strain rate shoubé at higher
values, due to destabilization of the flames byyamay effects.

The effect of excited oxygen on extinction curves @iluted hydrogen flames can be found in
Fig.lll.24, showing the relation between maximuemfle temperature (K) and strain ratebtained in
the simulation.
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Fig.lll.24. Maximum flame temperature of @/N,: Air counterflow diffusion flame as a function of
strain rate in §.

Figure 11.24 shows that the flame can sustainaximum strain rate of 635*swithout any
excitation. The addition of electronically excitenkygen allows stable flames to be obtained at
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Temperature (K)

considerably higher strain-rates. When considebittgof excited oxygen in the oxidizer mixture, as
previously, the extinction strain raeis increased by 7%. The critical injection veloaitypves from
342 cm/s to 368 cm/s. The introduction of exciteggen does not noticeably increase the flame
temperature for stable burning conditions. The maxn difference remains below 15 K.

Calculations demonstrating modifications of the 4po@amixed flame structure have also been
performed but will not be shown here.

111.2.4.7. Counter-flow methane diffusion flame moctlling

Numerical computations of a counterflow metharfeusion flame have also been performed
without excited species using the same approadrdear to investigate an experiment described.later
Results focussed mainly on OH, CH and temperatiofigs, as presented in Fig.ll1.25.
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Fig.ll1.25. Counterflow flame structrure for GHHe (=35/65) — Q/He (=21/79) and strain rate
£=200¢"

The numerical modelling of this flam&¢ 4.5,e= 200 §"), allows to observe that the OH
concentration profile is approximatively three tsngider than that of CH (0.6 mm FWHM and 0.2
mm FWHM respectively). Thus, it appears that tleperature does not significantly vary through the
CH zone and is almost equal to the peak temperafterefore, one can consider that the temperature
is constant in the CH region and can be descrilyed tsingle” temperature. In further experimental
study of counter flow configuration flame, thessulés will allow us to use CH emission spectra to
determine the flame temperature.

Experimental determination of the rotational terapere is performed by two bands belonging
to CH* molecule emission spectra. Fig.lll.26 shoascomparison between experimental and
simulated CH* emission spectra (LIFBASE209]) (related experiments will be described frapter
V).
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Fig.ll1.26. Comparison between experimental (blaak)l simulated (red) spontaneous emission
spectra of (left): A4 - X*/7 transition of R-branch CH radical and (right): Prdnch. Both in a counter
flow diffusion flame (Cl) / (O,+He).

Temperature determination was performed as atreSah excellent fit between experimental
and simulated spectra, for both branches and tramsiconsidered (" - X°M) and (XA - X*1).
A temperature of 2000 K 50 K was obtained. This value seems reasonabléioflame, giving us
confidence that the temperature can indeed be ifjedrin this manner.
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Fig.ll1.27. Comparison between experimental (blaakyl simulated (red) spontaneous emission
spectra of B - X?/7 transition of CH radical in a counter flow diffasi flame (CH) / (O-+He).
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111.2.5. Conclusions on plasma-assisted combustianodelling

The combustion of diluted hydrogen plays a promimele in fundamental research as well as
in a variety of applications, from fire safety tmeegy conversion and propulsion. The present
numerical study supports the interest of our latgrerimental work. Flame structures and properties
obtained when burning excited oxygen have beerstigated numerically. The laminar flame speed,
the auto-ignition delay and the evolution of ratlicand flame parameters have been determined from
simulations relying on a complete reaction schehhe. kinetic mechanism has been first validated by
simulating the combustion of dilutedH®, mixtures without excited species, before invesingathe
influence of electronically excited species. Theitign and combustion of diluted hydrogen-oxygen
mixtures containing up to 5% of electronically é&di oxygen @ have been calculated. It is found
that preliminary oxidizer excitation substantiallghances combustion intensity and thus flame speed,
while reducing ignition delay and increasing flathickness. The excitation of oxygen molecules to
the éAg and 62; states with vibrational quantum number v'= 0 residt a significant promotion of
the formation of highly reactive atoms O, H as veallOH radicals. The corresponding effect increases
when increasing the percentage of excited oxyghis dan be explained by an intensification of chain
reactions in the HO, mixture. Finally, the global extinction straineaif H-air counterflow diffusion
flames increases when the percentage of electiyn@ecited molecular oxygen in the initial oxidize
mixture is increased.

The last chapters of the manuscript will presereeixnental work concerning the generation of
excited oxygen and plasma-assisted combustion iex@ets at atmospheric and reduced pressures.

[11.2.6. Further remarks

Mainly due to safety issues the flames investigdéter burn methane and not hydrogen.
Unfortunately, there is at present no informatieaikable in the literature concerning reaction sate
involving methane oxidation with excited specidss ltherefore impossible to carry out computations
similar to those described in 11l.2 for methanenfes. As a consequence, it will be unfortunately
impossible to compare quantitatively the simulatiasf section 1.2 (hydrogen flames) with the
experiments of chapter V (methane flames). Qualé@agvolutions may be compared.

During this Ph.D work, a coupled simulation of thlasma and of the reacting flow in the
flame has been attempted using the commercial plajtsics software COMSOL In spite of first
promising results, it was finally impossible to getonverged solution due to huge computer memory
requirements. The available PC with 2 GigabytefR&M was insufficient for that purpose. As a
consequence, no results are shown.

Both issues open clear perspectives for futureesud
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Chapter IV : Experimental generation of
electronically excited oxygen species

Abstract

Nonequilibrium plasmas, which have a relativelyrh@ectron temperature and low gas temperature,
have many attractive characteristics. Energetict@las produce excited species, free radicals, and
ions as well as additional electrons through ebectmpact dissociation, excitation, and ionizatafn
background gas molecules [22, 210]. The presenerarpntal chapter provides a method of
converting a portion of the triplet oxygen molesulmto singlet oxygen molecules, which are
expected to induce combustion intensification. Amodifferent possible techniques, electrical
discharges are retained for exciting triplet oxygeisinglet oxygen. The previously described plasma
modelling of energy input in the discharge allowaking important decisions on plasma reactor
optimization for generation of electronically exatoxygen species.

In a first part, the experimental study of dilutedygen plasma, generated by a pulsed dielectric
barrier discharge is presented. A second part fadus on the crossed discharge reactor. After a
detailed description of the different developedearkpental facilities, the spectroscopic study af th
generated plasma is presented at atmospheric dndem pressure. Measurements of visible emission
spectra in the discharge region show the diffespeties evolution when varying several experimental
parameters (discharge power, pulse repetition @gdraction in the flow). Results using low (5 A)
and high resolution (0.3 A) spectrometers are shdvimally, rotational temperatures deduced from
these spectra are determined.

I\V.1. Pulse dielectric barrier discharge (DBD) plasna
facility

IV.1.1. Introduction and characteristics

A discharge that occurs in an electrode systemruheecondition that at least one electrode is
covered by dielectric material, is called a diafecbarrier discharge (DBD) [210]. Sometimes it is
referred to as either a silent discharge, sinopdrates noiselessly [162], or a corona dischaiige w
dielectric [162] according to the physics of theqass.

Some of the drawbacks of the DBDs are their reditiVow electron energies and densities,
which limit their use in several applications thequire a richer chemical environment. Amongstehes
is plasma-assisted combustion. So, a mean by vehadntrol over chemistry is possible concerns the
application of short high voltage pulses [211].dad, increasing the electron number density arid the
energy translates to an increase in the produaforeactive species. To achieve this increase of
ionization and to extend the electron energy diation to higher values, short high voltage pukses
used. Using short duration pulses has the addeantatye of keeping a low average power and does
not substantially increase the gas temperatureitingnthe gas temperature is an important asset as
elevated temperature and temperature gradientdbeast the origin of instabilities that makes the
discharge unstable (i.e. unsteady diffuse regime).

Moreover, it is particularly difficult to create nothermal plasma in molecular gases containing
substantial concentrations of oxygen, even with-gelftsustained techniques. This is due to thedrapi
removal of the free electrons by their attachmenbxygen. To maintain conductivity, the ionizer

source power requirement can be very large inddedever, nonequilibrium excitation methods can
be used to reduce oxygen attachment [212]. Thexetor maintain any level of ionization, a high

voltage electric field can be repetitively pulséd [217].
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IVV.1.2. AC against pulse power supply

Use of high voltage pulsed power supply for genenadf the barrier discharge preionization
can be explained qualitatively considering the dasirameters of a barrier discharge. Let us conside
two quantities:z, a lifetime of an isolated streamer; adg a breakdown voltage. The timgis
determined by the electron kinetics and it is a# tirder of 10 ns (depending on pulse duration).
Exception made for streamer breakdown mechanisenpthakdown voltage), depends mainly on
gas mixture properties and distance between thareties (in accordance with Paschen law [213]).
However, it also depends on electrode surface piiepethe residual ionization degree in the gas
between pulses and other parameters that are ddfinghe discharge regime. The main difficulty to
achieve homogeneous barrier discharge while udassical sinusoidal power-supply is linked to the
slow voltage growth rate. In order to increase thenber of filaments (or quasi-homogeneous
discharge) using a sinusoidal power supply, the dgeneity of emission properties of electrode
surfaces has to be increased and a power supplydsaoable charg® transfer during times[214].
These conditions cannot be easily fulfiled. Thge®eblems are, however, resolved for pulse
generators with steep voltage front e.g. oftenhim drder of ~1 ns. The fast voltage growth, when
compared tas and a capacity to generate the required chardenathis time, are extremely important
for such pulsed power supply. Both mentioned charestics of pulsed power supply are mutually
related, i.e. when the required charge is not jiexyj the voltage will not grow fast enough. Moregve
fast voltage growth with amplitudes much higherntid, creates conditions for streamers. The
application of sinusoidal power supply instead olspd power supply with steep front (rise and fall
front) results in completely different plasma-cheatievolution, especially, in the region of low
voltageU < Uy. In the case of sinusoidal power supply, the obdungarticles decay not only due to
recombination but also due to drift in slowly dexgimg and later increasing field. As a result, ghor
before voltage reaches again the threshold valyeesidual ionization degree of a gas-medium is
low. In pulsed excitation regime, voltage dropsrfiediately” to zero and plasma decay is only due to
recombination [41]. This means that charge decaygisificantly slower than in the sinusoidal power
supply case, the residual ionization being higterthe case of pulsed power supply, voltage and
frequency can be varied independently and leadteep growth. For these reasons we have chosen to
work with a pulsed power supply for our application

At last but not least, one main advantage of puseer is its low average energy
consumption, making this solution economically meieble.

IVV.1.3. Experimental set-up for the pulsed dielectic barrier
discharge

As a rule, a dielectric barrier discharge can &eegated in either a plane-to-plane or a coaxial
geometry where one or both electrodes are coveitddielectric. Within this study, a new plasma
facility has been developed, which is specificallgsigned for excited oxygen production. The
geometry of the DBD is composed of two parallec&lades, both covered by a dielectric alumina
ceramic (AbOs). The dielectric layer above each electrode pthgsrole of capacities in series with
the gas discharge gap. The gap in which the plasmpeoduced is typically varied from 4 to 10 mm
wide. The design of our plasma chemical reactarguBiBD is given in Fig.IV.1.

106



Flow direction

7 Plastic cover
1]

 Copper or stainless steel electrode (inside)

-
I

v Ceramic plate

GFas supply

78 mm

Fig.IV.1. Pulsed dielectric barrier discharge ingple/plane configuration.

The dimensions of the ceramic plates,@| with a dielectric permettivity of 9) are : 60x4BrnT;
that of the copper or stainless steel electrodes ar50 x 38 x 0.5 min

Initiation of the discharge with an abrupt slogevoltage (about 1 kV/ns) at intermediate gas
densities is of great interest. Modern high voltggeerators (pulse amplitudes of tens and hundrfeds
kV, voltage rise time of units and tens of ns, pudsirations of tens and hundreds of ns and repetiti
frequencies up to tens of kHz) make it possiblermate a spatially uniform discharge, up to gas
densities of (6 — 8) x 1dm? [1]. A new generation of high voltage pulse getmrdi.e. using
magnetic compression of pulses) is ustEde power supply used within the experimental stisdy
described in Appendix 6.
The electrodes are connected to the pulsed povpglysuvhich allows one to vary the input voltage
from O to 20 kV and the frequendy,up to 100 kHz.

Fig.IV.2. Discharge cell for a dielectric barrieistharge — two copper electrodes covered BPAI
plates. (Left) : Plasma off and (Right) : Plasmainat atmospheric pressure.

Figures IV.2 show the discharge cell made of Blasi and integrating the barrier electrodes.
The first investigations performed on electricadatiiarges in air and binary mixtures of/ & and
O./He concerned pulsed dielectric barrier discharges.

For our experimental objectives, this type of d&ge gives a priori several important advantages,
particularly the fact that the volume occupied bg tischarge DBD can be made compatible with the
section of a burner slot.

The discharge will be characterized by emissiorttspscopy and electrical measurements. In
our experimental configuration (He/®inary mixture), this discharge is a homogeneous ionthe
sense that no filaments are observed.

Before investigating the discharge, the electroratigrtompatibility of the DBD with the surrounding
equipment must first be checked.
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All electrical and electronic devices generatetetanagnetic interference, and are sensitive to
it. The ability of a device to operate within thmits of interference immunity and suppression is
known as electromagnetic compatibility. The expenial difficulties of these particular discharges
are obvious. The nanosecond pulsed discharge esgair one hand an equipment with nanosecond
temporal resolution, and on the other hand, theyegge a high electromagnetic noise [25]. In most
cases, the pulse power supply circuit radiates eggiable amounts of noise or is too susceptible to
incoming radiated interferences. Obviously, botHiative processes and high frequency parasitic
interference propagation take place through cabMsreover, there exist disturbances in the
distribution of the electric fields, especially whthe values of the discharge intensity are higir. F
that, several authors underline that using pulsschdrges, there is an electromagnetic compayibilit
problem of the strong power high voltage sourcé Wit equipment around (Napartovich [5], Hicks et
al. [48] and Chintala et al. [113]). They use sal/&chniques to reduce the generated electromagnet
interferences.

In our experimental work, to place side by sidghhfrequency pulse power supply with
apparatuses of high sensitivity asks for a cemaimber of precautions. Usually the source of such
electro-magnetic interference is the load. To pnéweterference of the high voltage pulse generator
with the diagnostic equipment, the entire testisacassembly (HVPG) is shielded by a copper
Faraday cage and connections by ferrites andddt@onnections (Fig.IV.3). Within the conductive
shielding, the high frequency electromagnetic fisldjoing to induce a high frequency current. This
current, if no energy is dispelled by Joule eff@tiuces in turn a field, which will oppose exadity
the inductive field. The resulting field outsidetbage will be zero.

A good quality electrical grounding plan (in zerotgntial) is imperative to avoid electrical
interference problems. One mass point is locatetherbrass plate of the table and all connectidns o
the different elements to ground are connectetaitgoint. The differences in electrical condudyivi

of aluminium and brass (i.e. copper and zinc alloglerials used explain our choice. The percentage
of electrical conductivity of a material is ofteivgn relative to copper, which is considered to be
100% conductive (this does not, of course, meandbper has no resistance, but rather that itds t
standard by which other materials are measured@refbre, aluminium is 61% as conductive as
copper and brass is only 28% as conductive as cbppe

The different parts of this electrical safety sptane shown in Fig.IV.3.

Faraday cage

Low pressure tank Coaxial cable

Brass plate To pump

® Electrical conductivities are : brass : 16.2%80m ; aluminium : 37.7x/m and copper : 59.6x36/m.
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Socket
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AYA

Electrodes & discharge
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/4 Low pressure tank

Lightning protector
General ground m

Fig.IV.3. Electrical set-up of the DBD.

A 40 litres cylindrical stainless steel tank is dige allow working at low pressure (Fig.IV.3). The
main dimensions are ~30 cm in diameter and ~1 in. Aige upper and lower parts are composed of a
removable bridle integrating the pressure contystem. A large CafFwindow (10 cm diameter) is
situated on the front face of the reactor and tla@ditional 4 cm Cafoptical access allow optical
diagnostics under reduced pressure.
Working pressure is measured by an MKS Portrayl@ation gauge. After introduction of the DBD
into the low pressure tank, a primary vacuum puigp@ncarried out until a residual pressure of 0.1
Torr is reached, then a binary mixture of heliund axygen (Q Airlaz purity from Air Liquide) is
introduced, raising the pressure to atmospherisspire. The continuous flow rate is controlled by
Rosemount mass flow meters, calibrated by the naetstr. The desired operating pressure is finally
set by adjusting the valve between the vacuum ckauid the pump.

The effects of applied voltage, pulse repetitiote rdlowrate, gas composition (helium and
oxygen/helium) and pressure are first studied biggion spectroscopy.

IVV.1.4. Characterization of the dielectric barrier discharge

IVV.1.4.1. Electrical characteristics

The discharge is initiated only after high voltageceeds the breakdown voltage. This
produces ionization in the test section. In thesent experiments, stable repetitively pulsed digd®ga
in O,-He flows were maintained at test section pressupe® P= 760 Torr.
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Fig.IV.4. Typical oscillogram of a single high \aaie pulse.

Fig.IV.4 shows a typical oscillogram of a singlgthivoltage pulse in a 10%,5 90% He
flow, at atmospheric pressure and at a volumeloiw fate equal to 10 I/min. It can be seen that the
pulse peak voltage is 20 kV with negative polantith the pulse full width at half maximum of about
25 ns. The pulse repetition rate is 20 kHz. A slteda‘overshoot” is observed in the oscillogram
before reaching stabilization.

At atmospheric pressure and temperature of 30@érdduced electric field/n can be estimated :

E_ 2x10 §

E. 2X0 _ 5gx10% vent =80 Td

n 245x1C
For an interelectrode distance of 1 cm and 20 &MW in the pressure and temperature conditions
mentionned above, the estimated reduced eleadtat i 80 Td.

I\VV.1.4.2. Optical emission spectroscopy

Optical emission spectroscopy is largely used irs ttudy. Analysis of emission spectra
obtained when varying experimental parameters siscbxygen addition, injected power and pulse
repetition rate are presented in the experimentalpters. Since the energy of a transition is a
characteristic of the particle species, the wawglens an identifier for the radiating particle. erh
observed wavelength range is 280-950 nm. The obdeemission bands are attributed to helium,
molecular nitrogen and atomic oxygen. In fact, ea¢rlow pressure and even if present in small
amounts, nitrogen bands are detected. This is duthé high emissivity of molecular nitrogen
experimental test bench may have a negligible kisting leak rate, allowing very small quantities o
molecular nitrogen from surrounding air to penetthie test section.

Analysis of the emission spectra of our DBD fldwy, comparison with simulatedza)lzg+)
(0,0) band emission spectra, shows that we havéo@en able to detect excited molecular oxygen
Oz(blzg+). In the same manner, the @mission at 632 nm assigned to the double eldcttoamsition
is not detected. The emission band detected camespo a molecular system, degrading towards the
blue region and assigned t@ (C’[1.— B, (0,2).

During the modelling of the Qlischarge (presented in chapter Ill), we have segimitrogen
is an effective quencher but the presence of gaimdgen emission spectra will allow us to measure
the plasma temperature. Once temperature is mehsarerder to remove nitrogen, we have then
worked with a fully leak-proof system as well ashahiigher purity gases.
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The rotational temperature is determined from ionaily-resolved N first negative system
spectra of this band as explained in chapter le fibad (0-0) of this band system can be founden th
near ultraviolet at 391.44 nm (Fig.IV.5).

- N-o* (0-0 100 — .
100 27 (00) —— Experimental
4 1 —— Simulation
80— 80—
~—~ -1
= 1 >
8 60 He () & 60
> 2
= b
c
S 404 o 40
— —
c c J
0 - T | T LT 1 0 T l T l T l - L] |
387 388 389 390 391 392 3¢ 389 390 391 392 393

Wavelength (Angstrom) Wavelength (nm)

Fig.IV.5. Comparison between experimental and sitedl spectra of N in the discharge at P=120
Torr and acquisition time=1s, for He at 10l/min,caf¥10 kHz. (Left) : 1I=5.4 mA and U=1.28 kV
(P=7 W) ; (right) : 1I=6 mA and U=2 kV (P=12 W).

The resolution is set to 0.5 A. A rotational tengiare of 365 K is found with an uncertaintyif0

K. Therefore the expected low temperature chargtieof the plasma is experimentally confirmed.

An increase of applied power from 7 to 12 W, letmsa slight increase of 5 K in the rotational
temperature. This temperature is the temperaturiegithe pulse that could increase afterwards. This
could have been checked by the use of an opticés@n spectroscopy diagnostic temporally
resolved, unfortunately not possible within tharfeavork of this study.

To conclude, an experimental test bench has beselaped and the plasma discharge
obtained by pulsed dielectric barrier has beenyaedl The results of an investigation of singlet
oxygen production by application of a dielectriarie discharge in diluted Omixtures have shown
that we have not been able to produce excited mialeoxygen Q(blzg+) and Q(alAg) by excitation
of gas phase oxygen at atmospheric and reducedupeesio optimize the 2@31Zg+) and Q(alAg)
yield in the plasma, the discharge should operateauced electric field values where the energy
input into the target states is maximum. We haeediore decided to cross the simple pulse dietectri
barrier discharge with a DC component.

IV.2. Crossed discharge reactor (CDR)

IVV.2.1. Non self sustained discharge

We have shown in chapter Ill that, in ordeloptimize the fractional power dissipated in
the electron impact production 06@'4,) and Q(b'%,")

Q+€ - Ofaly) + € (Eq.IV.1)
O +€ - Ofb'Z) + € (Eq.IV.2)

the reduced electric fiel@/n should be near or below 10 Td. This reduced étefitdid corresponds to
an electron temperature @f =~ 1.2 eV. Unfortunately, self-sustained discharge#ie/G mixtures
operate at higher values of reduced electric fietdighly corresponding to the peak in oxygen
dissociation. To obtain an optimal reduced electi&dd, the approach used now employs two
overlapping discharges in a rectangular geometrgpatitively pulsed discharge and a DC sustainer

111



discharge. The DC voltage, which can be tailorech&ximize the energy input into thQ(éiAg) state,
couples power to the plasma. The duration of tiga piower pulse should be just long enough for the
electron temperature spike to cause a large iner@a®nization by avalanching the electron density
After the high power pulse, the background poweellés applied to moderately heat the electrons. By
definition, a discharge and an electric currenticisurvives only when one external ionizing agent
applied to it is said to be in a non-self-sustairegime.

This method, first demonstrated by Hill [215] haseb previously used to develop a high-
power, fast flow C@laser [214-216]. Works of Hicks et al. [48, 56,72%howed that this approach
produces stable and diffuse plasmas ip-H2 flows for DOIL (discharge oxygen odine laser)
applications. Singlet delta oxygen yield was up5t0%-5.7% [56]. Hill developed a controlled
avalanche process method (CAP) whereby short, hidfage pulses ionize the gas while a lower
electric field sustains the discharge between tilegs [218]. He obtained 16%2(@1Ag) yield. This
CAP has also been investigated by Verdeyen e42]. [

I\VV.2.2. Characterization of crossed discharge reaots

IVV.2.2.1. Introduction

The collaboration with the Heat and Mass Trangdfietifute in Minsk allowed working on the
development of a new generation of high voltagesgpybower supply and on crossed discharge
reactors for excited Ogeneration. Experiments with different dischargéscwere performed at the
Heat and Mass Transfer Institute (HMTI, Minsk),I@ARE Institute (Orléans, France) and at LSS
(Magdeburg, Germany). After a description of thparikmental set-up, results of the crossed discharge
characterization will be presented and discussed.

IVV.2.2.2. Motivation

Non equilibrium gas plasmas are weakly ionized enolar gases, with typical ionization
fractions of ~ 18. With pressures ~ 1 atm, it is possible to maingaich plasmas in steady state, with
their translational/rotational external mode terapate quite low, but with some of the internal gyyer
modes highly energetic, and with the energy of &ketrons quite high, ~ 1 eV or more [219-221].
With gases at low pressure (~0.01 atm), a stalslenph can be created in rather large volumes, with
electron production in the plasma volume balanceggidbume and wall recombination and diffusion.
These are familiar glow discharges, which indeacttmlow external mode temperature and high free
electron energies. However, at higher pressuredsrapatended volumes, such non thermal plasmas
are impossible to maintain. The discharge currath rontracts, the ionization fraction rapidly
increases and the plasma thermalizes into an scbatige [214].

To create the desired glow-plasma-like non theremalironment in large volumes and at high gas
pressures, it is necessary to separate the tagleating volume ionization of the gas from the tatk
supplying energy to the internal modes (non-sedtained discharge). This can be done by using
some external source of ionization, for examplelaetron beam, a radiation source, or a high veltag
electric field, together with a second electriddi¢hat drives the current and maintains the irgkrn
mode excitation by electron-molecule inelasticisah [215]. Optimization of discharge parameters
and modification of the discharge cell design coregato [48] allows us to operate at elevated
pressures (up to atmospheric) and enlarge spediictric energy input (up to 10 eV/molecules),
keeping good discharge uniformity.

1\VV.2.2.3. Experimental set-up for combined discharg reactor

A schematic of the experimental set-up is presemeFig.IV.6. The discharge equipment
consists of the crossed discharge reactor (CDR)iglavoltage pulse generator (HVPG) (described in
Appendix 6) used for the preionization by the pudaerier discharge and a high voltage direct cirren
power supply (HVDCPS) used for the excitation bg thirect current discharge ; two inductance
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chokes (in order to separate the two circuits : Ef@ and pulse power supply circuits) ; two
oscilloscopes with special probes for energy inpaasurements. The HVPG basic characteristics are
the following: maximum voltage, 30 kV ; frequensyadjusted from 1 up to 100 kHz, maximum pulse
energy, 10 mJ ; power is up to 1 kW.

Cras mix bare

Curert probe
CDR
Ciseillos cope

Fig.IV.6. Schematic of the plasma facility.

CDR - crossed discharge reactor, MFC — mass flawraber, HVPG — high voltage pulse generator,
HV DCPS - high voltage direct current power supply.

The adjustable high-power ballast resistors (0-Q) kre connected in series with the DC power
supply to limit the maximum sustainer current. Higisistance of the external circuit prevents the
current from reaching a large value. In the presa&periments, the ballast resistance is set ta840
Current and voltage in the pulsed discharge amsared using a fast-response Lecroy PPE 20
KV high voltage probe and a home made low—capamitaesistive current probe. The current and
voltage waveforms are analysed by a 1 GHz Tektrdlm$5034B digital phosphor oscilloscope. DC
current is measured using a Tektronix TCP202 cupesbe. This probe is placed just after the ballas
resistors. It is worth noting that ferrite ringe grlaced at the extremities of each cable of étedtr
measurement probes, such as to limit the electroetaginterferences.
A scheme of the crossed discharge and externdtielcircuit is presented in Fig.IV.7.

Auctive DBD

glectrode  —
L1 %
R+

DC PS

High voltage
pulse

Fig.IV.7. Schematic of the crossed discharge reaaamad external electrical circuit (chokes and
ballast resistor).

In the absence of chokes, the plasma would coratenbetween the active pulse DBD
electrode and the ground DC electrode (see FiglI\fie role of the external chokes is to avoid such
configuration and to get a homogeneous plasma aigehIn this case,)Rast>> R = w %X L, wherew
is the frequency. During the pulse, B> Ryaas; therefore there is no discharge between pulsdd an
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DC electrodes. Moreover, these two chokes aim parsge two circuits : the DC and pulse power
supply circuits. In such a manner, pulse reflecbank to the power supply is limited.

In the experiments, the typical operating pulseetiéipn rate is 20-25 kHz. At working
frequency of 25 kHz and a pulse FWHM of 50 ns,dhgy cycle of the repetitively pulsed discharge
is:

pulse duration _ 50ns _ 1
periode 40us 800

Duty cycle= (Eq.IV.3)

It can be seen that the voltage duty cycle is engtg low. This low voltage duty cycle greatly
improves the discharge stability and helps sustgindiffuse, uniform, and volume filling
nonequilibrium plasma.

Final energy input in the cross discharge at apinedc pressure (gas mixture HgYQvas
more than 2 J/ch The reduced electric field applied within the Bléctrodes can also be estimated
by the relation :

U = Ups— 2*I*R — 2*L*dI/dt (Eq.IV.4)

where R is the ballast resistance in Ohms (= 2*470 Ohrhsjs the chokes inductance in Henry
(=2x3.6510* H) andUps is a constant DC power supply voltage. The sustainltage can be written
U. From current intensity and voltage measuremeht¢sreduced electric fiel@/n can be evaluated,
based on the flow number density at room tempezadmd the cathode voltage fall in the sustainer
discharge. The cathode voltage fall has been estihrfeom the x-axis intercept of the linear slope o
the current voltage characteristic by [48] to aroant ofU.= 36050 V for 10% @in He at 100 Torr.

I\VV.2.2.4. First crossed discharge reactors

On the way toward achieving optimal conditionsg tivst simple crossed discharge reactors have
been developed and characterized. Presence oksiogygen within the discharge slit has been
registered in oxygen/helium mixtures at atmosphand reduced pressure. Optical emission spectra
analysis revealed well-defined peaks of emission0§(1b129+) at 762 nm. Measurements of the
Oz(blzg+—>xszg') emission in the discharge volume, show that comaton of Q(b'S) increases with
the power of the continuous discharge and increagtbsthe decrease of the molar fraction of i®
the flow. Concerning the effect of the sustainer pfver on Q(blzg+) excitation efficiency, He:®
mixtures reveal an increase ofz(ti}Zg+) concentration with the increase of supportingcllisge
power. The same tendency is observed for exciwdiatoxygen and helium emissions.

These two crossed discharge reactors could neasity integrated as part of a plasma burner.
Moreover, it appeared unfeasible to obtain excibeggen outside of the discharge volume at
atmospheric pressure. Indeed, although the radiéifetime for Q(alAg) and Q(blz;) molecules is
unusually long, ~ 3900 s and ~ 14 s respectivebllisons with other molecules (collisional
deexcitation) and diffusion to the electrodes mdycourse induce a much shorter lifetime.
Nevertheless, a considerable lifetime (at leasersdvmilliseconds) has been observed in practical
experiments at low pressure. The final experimestatly has been performed with an improved
crossed discharge reactor, targeting singlet oxggerration at relatively low pressure (~100 Torr).

I\VV.2.3. Finally retained CDR

Details of the power supply for this crossed disge reactor are shown in Appendix 6. The
body of the CDR is executed from Peek plastic. fBs¢ section static pressure can be varied from 10
to 760 Torr. This makes the experimental facilijtable for studies both in low and intermediate
pressure flows. A schematic of the crossed disehargctor (3D design) is presented in Fig.IV.8 :
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Flow directior

Fig.IV.8. Crossed discharge for excited oxygen gatian. The flow is from left to right.

The flow enters and passes between two electramizksl Both electrodes (884 mnf) of the pulse
barrier discharge (Pulse DBD electrodes) are cavbyedielectric Macor ceramic of 1 mm thickness;
the gas gap (Pulse gap) is 6.5 mm. Thickness gbulse electrodes is 0.15 mm. Open DC electrodes
have been executed from stainless steel; theis siz@486.5 mnf. Contrary to atmospheric pressure,
at low pressure, constrictions at the cathode serthue to overheating of the gas is not observed,
therefore working with two same DC electrode sigesonvenient. Edges of open electrodes were
rounded with curvature radius of about 3.5 mm. €leetrodes are rounded at the edges to prevent
high electric field concentration and “hot spot'trfation in the plasma near the edges. Also their
surfaces were polished and are exposed to the Tihese electrodes have been machined according to
a so called “Rogowsky” profile (i.e. rounded elecke shape following electric field potential linés)
order to reduce high electric field concentratibb@undaries. To prevent corona discharge formation
in the air pockets between the acrylic block, ttaéntess steel electrodes, and the ceramic plttiss,
space is filled by a self-hardening dielectric conmpd (silicon rubber).

I\VV.2.3.1. Characterization of the discharge

Four Cak glass windows are used to provide optical accesth¢ discharge and post-
discharge regions (at 1.3 cm downstream of thehdige). A schematic of the experimental set-up is
presented in Fig.IV.9 :

Fig.IV.9. Crossed discharge reactor — Optical diagtic with lens systems— Experimental set-up.

For all measurements reported now, the pulser \pagated at the pulse repetition rate of 20 kHz. At
such high frequency, the typical run time with #m@ssed discharge turned on was from 3 to 5
seconds. On one hand, this time limitation is sigfit for data acquisition and on another handtéimi
the heating of the electrodes and the walls of diseharge cell so that they are destroyed less
rapidaly ; allowung a longer use between thereamghent. The optical diagnostics described in
chapter Il allow measurements inside the dischaoge.
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After stabilization of the test section pressure BC sustainer voltage is first turned on. At these
conditions, no breakdown is produced igHe flows since the maximal applied DC voltage és s
under the breakdown value. The crossed dischaiigéigged only after starting the pulse generator.

Fig.IV.10 shows typical oscillograms of a singlgtivoltage pulse in He 18 I/min + 10%@t
120 Torr pressure. It can be seen that the negptilgity pulse peak voltage is 17 kV, with thegaul
full width at half maximum of about 25 ns. The diacge stability was also verified by checking the
sustainer current oscillograms. The appearanceipgble” in the sustainer current means discharge
instabilities. The discharge always terminatesoam ®s the pulser was turned off.

T Lo lonisation
10000 = l
Over shoot 1
w T —_ Sustain
B $ 0.8 = —
S 07 =
o o
g 7 3
° —
S oo FWHM = 25 ns Q 0
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Fig.IV.10. (Left) : Typical single-pulse oscillognain 10 % Q— helium flow at P =120 Torr. The
pulse peak voltage is 17 kV (negative polarity)giil® : DC current temporal profile.

On one hand, the high reduced electric field during pulses makes possible efficient ionizatoa
dissociation of @ by electron impact. Also, the short pulse duratithre high frequency and the
associated low duty cycle greatly improve plasmabibty. The positive part of the voltage
corresponds to the reflected power, which goes badke generator. To prevent any damage, it is
absorbed by a resistor in parallel with the eleatrdischarge.

Output voltage and current of our pulse generatersignificantly dependent on the load. Figure
IV.11 shows how output waveforms (voltage and aujref the high voltage pulse generator will be
distorted. On the oscillograms, the red curve e, the black one is voltage, and the blue ane i
calculated power = voltagecurrent.

Current and voltage in the pulsed discharge aresaned using a fast-response Lecroy PPE 20 KV
high voltage probe and a home made low—capacitasigtive current probe. The phase shift between
the voltage and current signals, shift due to theb@ and connections impedances at the high
frequencies contained in the signals, is measweging a non inductive carbon flat resistance.
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Fig.IV.11. Crossed discharge load typical singldspuwoscillograms : voltage, current and calculated
power for single pulse in He + 10 % @t atmospheric pressure.

Onecan observe from these electrical measurementsvindtave two peaks of high voltage
output ; one negative and one positive. The seomed(reflected power back to generator) leads to a
high negative power of ~250 kW. The measured outpaximum voltage, current, power and pulse
energy are 21 kV, 55 A, 570 kW and 6.86 mJ, re$pegt

Pulsed non-equilibrium discharges exhibit very rieséing characteristics that can be quite
different from that of those driven by conventiomaans, such as AC voltages. Using nanosecond
pulses, short pulses with low duty cycles can susttble plasmas at relatively low power budgets
and without contributing to a temperature increaSéhe heavy species. The power consumption is
low in comparison with the consumption of plasmahvthe same electron density created by a DC
electric field. The energy provided to the discleaig ~7 mJ (hybrid burner discharge load),
corresponding to an average power of 140 W at 20redetition frequency respectively.

On the other hand, the direct current DC voltagly moves electrons and does not ionize the
medium. Indeed, when the DC voltage is applied elaro discharge occurs. The relatively low
sustainer voltage current across the test sectwtwden the pulses is decreasing because electron
density is decaying due to electron recombinatimh @&tachment.

Let us remind that the main advantage of this oo is a possible independent adjustment of DC
reduced electric fiel&/nin order to optimize energy input into desiredj&rspecies.

The following Fig.IV.12 shows photographs of ditfat modes of a repetitively pulsed
crossed discharge, produced in the test sectioa fée 18 I/min + 10% ©at P=120 Torr, at a pulse
peak voltage of 17 kV and frequency of 20 kHz. Dfvpr supply is set todd = 1 kV.

Fig.IV.12. Photographs of different mod#fghe discharge section in operation; ©He: 10% - 90%,
P=120 Torr, and pulse repetition rate 20 kHz :
Left : cathode layer mode, middle: transitional rapdght : diffuse glow mode.
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The right pulsed DBD electrode is connected tohiigh voltage output of the pulser, and the
left electrode is grounded. Experiments conductesich a crossed discharge showed that it allows
producing stable and diffuse plasma at higher pressand much higher energy loadings compared
with self-sustained discharges.

Different discharge modes can be observed in fig2V In all three cases, the crossed discharge
appeared diffuse and stable. In the middle, inteiate mode can be observed. It is a discharge eegim
known as "transitional mode". This mode is chardmted by the existence of a line between DC
electrodes [214]. Light and dark parts can be ofeskrthat correspond to the cathode layer and the
positive column.

The results demonstrate that operation with sustadischarge powers of 1500 W is possible. The
reduced electric field in the positive column of $ustainer discharge varies from 5 to 8 TdXD08°

to 0.810™ V- cn?), which is significantly lower than the reducecattic field achieved in self-
sustained discharges and close to the theoretigaltgicted optimum value for singlet oxygen
excitation.

I\VV.2.3.2. Electronically excited oxygen species pdaoction in He/O,
binary mixture

The evidence of singlet sigma oxygen productioroim electrical discharge is confirmed
experimentally by spectroscopy and by comparisdh worresponding synthetic emission spectra.
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Fig.IV.13. Experimental Qbif) emission spectrum recorded at P = 120 Torr ; pulspetition rate
of 20 kHz ; Yc = 1.3 kV for 12 I/min He+10%@ The integration time is 1s.

A low pressure analysis of the plasma emissiontspastiown in Fig.IV.13 revealed well-defined and
resolved peaks of excited oxygea(@12g+) centred at 762 nm. This assertion is consolidatethe
spectra simulations performed in chapter Il. Tharahbteristic structure of the atmospheric oxygen
«A» band is observed. And at such high resoluti@n .5 A), the rotational structure of the R-ltan
and the doublets of the P-branch are clearly seen.

In order to evidence the transition to non seltaned discharge, associated with production
of singlet oxygen, optical emission spectra havenb&cquired as a function of time. Three different
steps can be visualized and are denoted as follow :

- nodischarge ;
- first stage with only pulsed DBD preionization ;
- pulsed DBD + DC combined discharge stage.
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Fig.IV.14. Time resolved emission spectroscopy®r 5 % Q, flow at 120 Torr, 20 kHz and

UDC 1=kV.

Fig.IV.14 allows distinguishing three different gés, temporally resolved: before discharge ignition
no signal is observed. The second stage correspgorie duration of the high power pulse, where we
can observe emission spectra assignedztccmu_»83|'|g (0,2)). After the 25 ns pulse is applied it is
followed by a 50 ps (20 kHz) delay before the nmxse. At this third stage, there will be an extehd
period where the reduced electric field falls beltn self-sustaining value, allowing optimizatioh o
E/n to produce (r;(blzg"). Indeed, fig.IV.14 allows to differentiate diffamt characteristic emission
spectra of second ordex {0,2) and Q(blzgf) (0,0).
Table IV.1 summarises the experimental tested ¢casssciated with emission bands of interest:

Emission bands DBD 20 kHz DBD 20 kHz + DC
He He + 2% Q@ He He + 5% Q@
0, (b'TyH No No No Yes
N, (0-2) (?°order) | Yes Yes Yes No
He | (2 order) Yes Yes Yes Yes

Table IV.1. Emission spectra identification accagito plasma regime.

This set of experiments in a non-self-sustainedhdigge sustained by DC current suggested thamit ca
be successfully used for efficient generation n§kt delta oxygen at reduced pressure.

The effect of frequency and DC sustainer voltagemission spectrab'>g") (0,0) centered
at 762 nm is analysed in the following figure :
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Fig.IV.15. Dependence of,(®'3,") emission band intensities on sustainer DC voli@eft) and E/n
(right). Binary mixture : He 12 I/min + 6% £ pulse repetition rate of 20 kHz and P = 120 Torr.

Experimental conditions of He (12 I/min) + 6% @ pulse repetition rate of 20 kHz at 120

Torr pressure are used. A set of experiments hais performed keeping the experimental parameters
constant. The DC sustainer voltaddp) was independently varied from 0 V to 1600 V. Tehes
experiments aimed to maximise the energy input elextron impact excitation of singlet sigma
oxygen. From current intensity and voltage measargs) the reduced electric fiele/n can be
evaluated, based on the flow number density at ronperature and the cathode voltage fall in the
sustainer discharge. The parameters used for tteced electric field calculationsEAn) (see
Fig.IV.15 right) are :

- The cathode voltage fall is setlig= 350 V ;

- The densityr = 3.86x10° cmi® ;

- The interelectrodes gap= 3.6 cm.
One can see in fig.IV.15 left that there existsoheervable emission intensity 0§(®'Y,") beginning
from Upc= 800 V. This is partly explained by the cathodidtage drop U.) and the experimental
sensitivity of the optical diagnostic. Thereaf@muasi linear increase ofz((DlZg*) emission intensity
as W (i.e. By) increases is observed. This tendency evolves tr@regime aftedpc= 1400 V.
Finally, when reducing the pulse frequency, the imiim value of ¢ requested to reach the
presence of excited oxyger'{2one in Fig.IV.15) increases.
Calculations presented in Fig.lll.3 show that theximmal efficiency of Q(b129+) excitation is
obtained forE/n = 5 Td for 10% @ diluted in helium. The observed good agreemerthefmodel
predictions with the experimental measurements EgelV.15 right) demonstrate that the plasma
kinetic model (i.e. the simplified kinetic modeleasfor oxygen plasma simulations) presents good
predictive capabilities for the optimal operatingndow and for the influence of dilution.
Nevertheless, a small discrepancy obtained witleexntal results presented in Fig.IV.15 right.(i.e
higher values oE/n) may be explained by the possible underestimatifovnoltage cathode fall that
slightly shifts the curve towards higher value&oi.
Moreover, the characteristic “bell” curve obtainedmerically is partly observed (Fig. V.15 right,
note the log scale on theaxis for comparison with Fig.lll.3). The generakrd is reproduced
throughout the entire studied experimerah range. The slope of the curve on the low E/n &de
well reproduced. The excited oxygen concentratieakpvalue should be reached around 9-10 Td. To

" The cathode voltage fall has been estimated ftwnxtaxis intercept of the linear slope of the entvoltage characteristic
by [48] to an amount dfi;=360+50 V for 10% Q@in He at 100 Torr.

120



completely corroborate the previously simulatiorenérgy loss fraction against reduced electridfiel
one should have increased even more the DC sustaoiage (i.e.E/n). Experimentally, the
limitation comes from the fact that at high DC sirs¢r voltage (i.e. bk > 1.4 kV), the discharge
current path contracts and the plasma thermalizesan arc discharge regime.
Finally, it is worth reminding that the conceptiohcrossed discharge reactor aiming at indepengent!
varying electron enenrgy to maximize the energwinipto electron impact excitation of singlet
oxygen is fully justified and practically feasible.

The characteristic multiple line O (IN¥777 nm) which comes from the emissiGB-{P) is
also measured at 20 kHz and the effect of appleep is shown in Fig.IV.16.
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Fig.IV.16. Atomic oxygen emission spectra at P=Tafr, He 12 I/min + 6% @ a) : f = 20 kHz and
integration time is 3 s, b) : f = 10 kHz and intagion time is 3 s.

A clear fingerprint of triplet atomic oxygen O(I)méssion spectra at 777 nm is observed. In the
crossed discharge configuration, an increase of®am intensity is observed for all studied cases.
Thus, a higher dissociation occurs when increasiegDC sustainer voltage. Let us note that at low
frequency (1 kHz), triplet atomic oxygen has algerm recorded, but as a weak signal. The effect of
DC sustainer voltage and corresponding reducedrigldield (E/n) on emission spectra OI(777 nm)
triplet at 777 nm is analysed and reproduced irédV.17.
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Fig.IV.17. Dependence of Ol (777 nm) emission batahsities on sustainer DC voltage (left) and
E/n (right). Binary mixture : He 12 I/min + 6%,0Qpulse repetition rate of 10 kHz and P = 120 Torr.

Contrary to Q(blzg+) emission, the quasi linear increase Q(tfzg+) emission intensity as 44
increases is not observed for O | (777 nm). At Bigbhc (> 1 kV), the emission intensity evolves
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exponentially until reaching the arc regime. Moreowvith only pulsed DBD, O I(777 nm) emission
is also observed.

Large amounts of O atoms are produced in the digehanainly by electron impact dissociation of
molecular oxygen, considering the following keyatians : Q + € => O + O + éand by dissociation
of excited Q.

At the same time, we also measured the excitedt@m éine emission at 615 nm and 844 nm
to estimate the dependence of the oxygen dissogiditaction on the discharge power. The same
tendancy is observed. It is worth noting that h{@hatom concentrations can adversely affegt O
yield.

Furthermore, at constant discharge power, triplét7@ nm population decreases as a function of O
percentage in the mixture (not presented here)s Teésult suggests that the oxygen dissociation
fraction in the low @ percentage mixtures may be significantly highentin flows with significant
oxygen fractions.

IV.2.3.3. Oy(b'%,") generation in helium versus argon diluents

Besides helium, the possible generation of exaitegyen when diluting with argon has been
checked experimentally. Though possible, this gatier was always associated with conditions less
favourable than for helium (see tables below). Asbasequence, argon will not be considered for
further experiments.

The following tables 1V.2 and IV.3 list experimehtases where g;blzgf) has been identified
at low pressure in two different binary mixtures :

- He 12 I/min + 6% @gas flow at frequency of 20 kHz and varying thegsure and the DC
sustainer voltage (Table IV.2) ;

- Ar 36 I/min + 6% Q gas flow at 120 Torr and varying the frequency #re DC sustainer
voltage (Table 1V.3).

Upc (V) |P=20Torr | P=100Torrj P =300 Torr
100 No No No
200 No No No
300 No No No
400 Yes No No
500 Yes No No
600 Yes No No
700 Yes No No
800 Arc No No
900 Arc No No
1000 Arc Yes No
1100 Arc Yes No
1200 Arc Yes No
1300 Arc Yes No
1400 Arc Yes No
1500 Arc Yes No
1600 Arc Arc No
1700 Arc Arc No
1800 Arc Arc Yes
1900 Arc Arc Yes
2000 Arc Arc Arc

Table IV.2. Presence of excited molecular oxygea fasction of pressure and DC sustainer voltage
in helium-oxygen mixture.
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Upc (V) | f=5KkHz f=10 kHz f=20kHz f=30 kHz
100 No No No No
200 No No No No
300 No No No No
400 No No No No
500 No No No No
600 Arc No No No
700 Arc No Yes No
800 Arc No Yes Yes
900 Arc Yes Yes Yes
1000 Arc Yes Yes Yes
1100 Arc Arc Yes Arc
1200 Arc Arc Yes Arc
1300 Arc Arc Arc Arc
1400 Arc Arc Arc Arc
1500 Arc Arc Arc Arc
1600 Arc Arc Arc Arc
1700 Arc Arc Arc Arc
1800 Arc Arc Arc Arc
1900 Arc Arc Arc Arc
2000 Arc Arc Arc Arc

Table IV.3. Presence of excited molecular oxygem fasction of frequency and DC sustainer voltage
in argon-oxygen mixture.

To conclude, the crossed discharge in oxygen-helirtures remained quite stable in the
entire range of non arcing experimental condititested (pressure, mass flow rate, frequency). When
using argon as diluent, sustainer discharge ingtabioccurred frequently.

Differing diluent species yielded considerably éiffint behaviours not only on thez(tﬁzg*)
production, but also on the discharge behaviourthim case with argon as diluent, the plasma
thermalizes into small arc discharge and surfasehdirge. This is partly explained by the higher
argon electronegativity (i.e. electron affinity)daoy the rapid removal of free electrons.

Moreover, at a given frequency (i.e. 20 kHz in¢alV.2 and IV.3), the maximal allowed DC
power injected safely (before arcing) is highertlie helium dilution case. Furthermore, in given
experimental conditions, although excited oxygerdétected in argon dilution case, the emission
signal intensity is considerably weaker than witdidkm case. It is explained by the fact that the
Oz(blzg+) state is highly quenched in resonance energgfieaollisions with argon atoms.

Upc (V) | OJArgon O/Helium
700 Yes No

800 Yes No

900 Yes No

1000 Yes Yes

1100 Yes Yes

1200 Yes Yes

1300 Arc Yes

1400 Arc Yes

1500 Arc Yes

Table IV.4. Presence of excited molecular oxygem fasiction of DC sustainer voltage in argon-
oxygen and helium/oxygen mixtures at 100 Torr aegiiency of 20 kHz.
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Previous results (Fig.IV.15) showed an increassinflet sigma oxygen concentration as o.e.
Upc) increases. Experiments presented in Table IMeWal evidencing that Helium dilution permits
working at higher DC sustainer voltage, which meankigher Q (blzg+) production under these
conditions.

IVV.2.3.4. Electronically excited oxygen productionin He/O,/NO
ternary mixture

As explained before, a major quenching channglirgglet oxygen is its reaction with atomic
oxygen. The idea of reducing its concentrationryofporation of NO in the studied gas mixture is
experimentally investigated now.

Various methods have been investigated in theatitee to optimise the reduced electric field
E/n. This part will deal with the addition of componemvith low ionization threshold (e.g. NO). Other
additives such as AHHCO may also be used to increase the net ratenidation[34, 37] Finally,
another method of oxygen atom removal is the cgatinthe discharge region (DBD electrodes) by
HgO [222].

Atomic oxygen in the ground state ] produced in the discharge strongly quenchesesingygen.
Therefore, in the present study, the possibilitgtavenge GP) by NO is investigated. For that, we
measured (b'Z, - X°%,) line emission and at the same time, the exciteatdin line emission at
777 nm and different nitrogen line emissions tineste the dependence of singlet oxygen production
and oxygen dissociation fraction on the dischargeqy with pressure and with admixture of some
guantities of NO gas. A sequence of experimentsbkas performed where no nitric oxide is present
in the mixture, and then in the presence of inéngaamounts of NO.
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Fig.IV.18. Effects of NO addition on electronicadtycited oxygen emission spectra (arbitrary units)
a mixture of (He/@NO) at P = 120 Torr, pulse repetition rate of 28kand W = 1.3 kV.
Interferential filter centred at 762 nm is used.

Figure V.18 shows that when maintaining a non-saHtained discharge in oxygen gas mixtures with
adding NO (up to 500 ppm(V)), the efficiency ofglat sigma oxygen production can be increased by
10%.

It is worth to note that electron impact cross isectlata and kinetic modelling calculations suggest
that both singlet oxygen states (lower moleculargex electronic energy states) are most efficiently
excited at rather closé/n values (same optimal operating window, cf. chaperTherefore, one
could expect the Qolzg+) and Q(alAg) generation to scale in a similar way.

The influence of NO can be explained as follows\sitering the following key reactions :
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O+NO+M=>NQ+M ky = 8.6% 10°%.exp(300/T¥® cnf/s (Eq.IV.5)
O0+NG,=>NO+Q ko = 9.7x 10* cnf/s (Eq.IV.6)

The effect of NO addition results in ) decreasing. As a consequence, the role of tiee thody
guenching reaction proposed in [46, 223] *R)(+ Q(a'dy) + O, => OCP) + 2Q is highly reduced.
In the case of @He/NO mixture, the decrease of°@) concentration in the discharge is significant.
As a result, at the same energy input, the sirdggen concentration is expected to increase.
Atomic oxygen triplet at 777 nm has also been \isad, and the effects of NO and,dJon the
emission intensity have been observed.
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Fig.IV.19. Effects of NO addition and)§J(kV) on excited atomic oxygen triplet at 777 nnission
spectra (arbitrary units) in mixture of (Hef® 500 ppm NO) at P = 120 Torr, pulse repetitioneaif
20 kHz. Interferential filter centered at 777 nnuged.

The net increase that should have been noticeldeoémission of the triplet O at 777 nm is inhibited
by the presence of NO. We can effectively obsenvmerease of triplet O 777 nm triplet emission for
Upc=1.3 kV, but not as high as it has been observadowt NO in the initial mixture (see before
Fig.IV.16).

It was previously demonstrated experimentally ,thahen increasing DC power, singlet
oxygen emission intensity increases. The additibhN© into the gas mixture £He enabled us to
enhance the maximum electric field strength in discharge. Indeed, the maximal DC sustainer
voltage before arc formation can be increased ®#6-B presence of 500 ppm of NO. Therefore, the
specific input energy per molecular component$efrhixture increases.

Also, the experiments demonstrated that the additib NO gives the possibility to considerably
enhance the stability of the discharge in oxygenmitures. In addition, the discharge productibn o
Oz(blzg") was enhanced by the addition of a small proporibNO. This can be paradoxal to the fact
that the enhanced production of electronically &xtioxygen is due to less quenching, but NO
addition has a positive chemical effect (see E&.lahd 1V.6). Moreover, NO has a lower ionization
threshold than ©@and He, thus the addition of NO enhances the ptamu of electrons, which
increases the conductivity of the plasma, whictuced the electric field needed to sustain the pasm
and, consequently, the requeskgd is reduced.

These results agree with experimental results oblCat al. [50]. They produced z(alAg) by an RF
electric discharge at low pressure (5-15 Torr).aBgition of a small proportion of NO, an increa$e o
0,(a'hy) yield was obtained.

Concerning the dependence of the relative emissitamsities of @(blzg+) on the oxygen
percentage in the mixture it is observed that([ﬁz;) decreases with the increase of the molar
fraction of Q in the flow. The Q(blzg+) yield for a mixture with 12% of ©in helium is
approximately 1/2 of the yield for a mixture witBogof O..
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Moreover, the emission intensity of atomic excited/gen at 777 nm decreases with the
increase of the fraction of 0n the flow (not presented here), which suggedsaer dissociation of
O, under these conditions.

The effect of increasing pressure is presentedgni\VF20.
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Fig.IV.20. Effects of absolute pressure on eledtally excited oxygen emission spectra (arbitrary
units) in a mixture of (He/$INO), frequency of 20 kHz and,é)= 1.3 kV.

One feature which is immediately apparent from ¢héata is that the emission intensity of
Oz(blzg") is decreased by 8% when the pressure increasesfagtor 3. Moreover, it is worth to
underline that the rate constants for quenchin@giffz;) are three or four orders of magnitude
larger than for quenching ofzalAg). This greater sensitivity of 2@129+) to collisional deactivation
may be understandable in terms of the previousiderations.

IVV.2.3.5. Conclusions on oxygen excitation

Using a CDR allows to target the optimal value iy, leading to a noticeable production of
excited oxygen. The present investigations consitther electronically excited statez(@lzg+),
produced by a non-self sustained discharge at l@sspre (100-300 Torr), using molecular oxygen
diluted in helium. The effects of pressure, DC aungr voltage, @concentration as well as admixture
of small quantities of NO on excited oxygen speeesiution have been investigated. Measurements
of visible emission spectra,®'%," - X°%;) in the discharge show the,®'Z,") emission intensity
to increase with the sustainer discharge power tandecrease as the, @raction in the flow is
increased.

Effect of addition of small quantities of NO addés in the gaseous mixture in th@(lﬁizgf) features
is clear. An increase of the emission intensity rhgre than 10% is observed. The discharge
production of Q(blzg+) was enhanced by the addition of a small proportd NO to lower the
average ionization threshold and thereby also IaWwersustaining value d&/n of the gas mixture.
Indeed, NO has a lower ionization threshold thara@d He, thus the addition of NO enhances the
production of electrons, which increases the cotidtic of the plasma, which reduces the electric
field needed to sustain the plasma and, consequdfith is reduced. Finally, another receivable
explanation on the effect observed when adding si@hat it reduces the ionization potential of the
gas, thus changing the valuekih, and particularly reducing it.
Results show that the electronically excited oxygesduction mainly depends on the specific energy
input (eV/molecule) on the oxygen molecule. Paransefavourable for increasing yield of excited
oxygen are :

- reduced pressure ;

- high DC sustainer voltage (until arcing) ;
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- reduced molar fraction of.Qn the flow ;

- dilution with helium and not with argon.
Moreover, addition of small quantities of nitricid& allows to increase the singlet oxygen productio
yield considerably.

IV.2.3.6. Temperature measurements
IV.2.3.6.1. Rotational temperature measurements

Measurements of the gas temperature in the crodisetiarge are of key importance for
interpretation of later plasma-assisted combusgkperiments. In particular, they would help isaigti
the effect of excited oxygen species productiontlo®m combustion and flame characteristics, as
opposed to a “trivial” effect of the flow preheaiby the crossed discharge. The (0,0) band at #62 n
of O, (b'%," -~ X%%y) and thev”’=0 - v'=0 (0-0) at\pe= 391.44 nm of N (B’L",— X?X") are used
for rotational temperature measurement. The praeedhlies on a comparison with synthetic emission
spectra, described in chapter IlI.

Very small amount of nitrogen is added to the migt Its highly emissive characteristics
allow studying energy transfers in the plasma.
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Fig.IV.21. Effects of gas mixture on molecularagen ion (N') emission spectra (arbitrary units) in
mixtures based on He,,@nd NO at P = 120 Torr, pulse repetition rate 6fiHz, Lpc = 0.8 kV. No
interferential filter is used. Integration time20 ms.

In Fig.IV.21, the black curve represents the erissipectrum of M. For that a very small amount of
N, (0.5%) is added to He ; the red curve is the angHe+NO) and the blue curve for (He+NOHO
mixtures. The influence of NO and, @ddition on the M first negative system: &, - X°;" (0-0)is
clearly seen. One can observe a significant deerbgsa factor 9.3 on the emission intensity when
adding NO in the mixture. The addition of [2ads to a complete extinction of this band.

The observed effect can be explained by a chaagesfer (CT) reaction N+ O, — N, + GO,". In
contrast, electron transfer to,’Noccurs and it leads to,Owith large exothermicity. Different
mechanisms of electron transfer exist accordinghto electronic state of ;N This reaction path
contributes to the vibrational deactivation of NRelated characteristics of the reaction dynaraies
discussed in [224].
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Fig.IV.22. Comparison between experimental and kitad spectra of N in the discharge at P= 120
Torr, for He at 10l/min, f=20 kHz anddd= 800 V.

The gas temperature is obtained from the fit ofaiputer simulation (red curve, LIFBASE209])

to the measurement of ,N(B’Z," - X°Z;") (0-0) emission band (black curvel,, being the fit

parameter in the simulation. The inferred rotaticeaperature is 365 K, based on thg Bpectra

(Fig.IV.22). The uncertainty of rotational tempenas inferred from the synthetic spectra is = 10 K.
Gas temperature is also determined from the litest bur computer simulation (red curve) and

the measurement onCblzg+) (0-0) emission band (blue curve).
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Fig.IV.23. Comparison between experimental and kited Q(blz';) emission spectra in the
discharge at P= 120 Torr. Experimental conditione af= 20 kHz, = 800 V, in helium/10% ©
gas mixture.

The gas temperature of the oxygen flow enteringdaetor is an important factor that might influenc
methane combustion. To measure temperatures atlifoharge cell outlet, the spectra with the
resolved rotational structure of P- and R-branabfethe Q(blzg+ - stg') spontaneous emission
band are recorded using the higher resolution speeter. The inferred rotational temperature is
370 K, based on the,@pectra.
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Fig.IV.24. Comparison between experimental and kited Q(blz'(;) emission spectra in the
discharge at P= 120 Torr. Experimental conditione af= 20 kHz, W= 800 V, in helium/10%@
with 500 ppm NO addition.

One can observe in figure V.24 the effect of NQGliidn on the rotational temperaturl the
presence of 500 ppm of NO, the inferred rotaticeahperature is 430 K, based on €pectra,
compared to 370 K without NO (Fig.IV.23).

For both cases (Figs. IV.23 and 1V.24), a good ament is obtained between experimental and
simulated spectra. However, figures show some digagent concerning the absolute positions of the
lines, which can be explained by the accuracy a@fcspscopic constants used in the simulation
program.

To conclude concerning rotational temperature omemsents, the gas temperature rise in the
discharge did not exceefiT~ 65 K without NO addition (this point will be digssed in the
plasma/flame experimental results interpretatidifje measured rotational temperature is ~ 365 K
with an uncertainty of 10 K. This is an importaesult demonstrating that thermal effects can be
neglected for the low pressure crossed dischargeieMer, the beneficial effect of NO addition for
electronically excited oxygen generation will leas to use it in later plasma-flame experiments.
Experimental care should be taken to determinexidizer flow temperature in the crossed discharge
part of the hybrid burner in the presence of N@¢aian increase df,; by 120 K is observed when
adding NO to the @helium binary mixture. This temperature rise i do energy release during
exothermic conversion of NO to N@ the plasma.

IV.2.3.6.2. Vibrational temperature measurements

Vibrationally resolved bands of thez(T@sHu—>83Hg) band system have been used to infer the
nitrogen vibrational temperature, from nitrogen emission bands in the plasma. Amatmeg
identified vibrational bandg” — v” with Av = -1, 0 and +1, the second positive systeff] G- Bs|'|g,

Av = +1 is shown here. Better characterization akpla temperatures is then obtained (Fig.IV.25) for
different experimental conditions. The rotationaiusture of each vibrational band is not clearly
observed. Here, the resolution is insufficient éttdr distinguish them.
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Fig.IV.25. Effects of NO addition and DC sustaiueltage on M second positive system /G, —

BS/7g, Av = +1 emission spectra (arbitrary units) in mixas based on He,;@nd NO at P = 110
Torr, pulse repetition rate of 20 kHz

The spectra presented in figure 1V.26 show th§]C— B3|'|g, Av = +1 observed
experimentally and compared to the correspondirjgstell simulated ones at 0.1 nm resolution.
Within this wavelength range, three vibrational té@are considered.
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Fig.IV.26. Comparison between experimental (blpexsa (U = 1.3 kV with NO) and simulated
(red) spectra.The best fit obtained gives a rotasidemperature 1= 420 K and a vibrational
temperature J= 4800 K.

In Fig.IV.26, the determined rotational temperatimean apparatus function of 0.35 A is 420 K and
the vibrational temperature is 4800 K. One can ofgséhat the first two bands have a form that is

nicely reproduced by the simulation. This allowss do observe low temperature variations from
spectra to another.

Let us notice that a sensible increase of the tidral temperature is observed with NO addition.
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In addition, emission spectra corresponding toNheecond positive systent[Q, — B3|‘|g, Av = -1
and Av = 0 are observed experimentally. Within the cepmnding wavelength ranges, vibrational
bands (presented in table IV.5) are detected.

Av=-1 Av=0
Vibrational bands (0,2) (1,2) (2,3 (0,0 (1,1
Wavelength head of band (nm) 357/6853.67| 350.05| 337.13| 333.89

Table IV.5. Observed vibrational bands Jf%; — §ﬂg second positive system of N

Thanks to these, confirmation of the vibrationahperature measurements is obtained.

To conclude, the experimental determination ofgerature shows that the flow temperature
rise in the discharge is rather modest, in theroofi&0 to 120 degrees. An increase of the rotation
temperature is observed in the presence of nittideo A rotational temperature of 365 K is found
with an uncertainty oft 10 K without NO, and 420 K in the presence of NDerefore, excited
species and radicals produced by the dischargeoignbe the result of chemical excitation by the
discharge, heating effects being negligible.

IV.2.4. Presence of excited oxygen in the post-disrge zone

IVV.2.4.1. Introduction

For successful plasma-assisted combustion, theeimfle of the discharge must still be
measurable several millimetres/centimetres aftawitey the CDR. Therefore the present section
concerns the post-discharge spectroscopic chawtien, as a function of distance. The medium
resolution spectrometer (600 lines/mm grating) éedipvith an intensified CCD camera is used for
these optical diagnostics. In all experiments edrrout, due to the NO addition benefit on the
production of Q(blzg+), He/G/NO gas mixtures are studied. Experiments were wcted at 120 Torr
and the pulse frequency is fixed at 20 kHz.

IVV.2.4.2. Spontaneous emission ofz(blzg+) and Ol (777 nm)

An example image recorded by the ICCD camera emuplith the spectrometer in an
O,/He/NO binary mixture with He (0.65%h) + O, (0.04 ni/h) + NO (3.3.1d m*h) at P=120 Torr,
Upc=1 kV and frequency=20 kHz is presented in Fig.Ix/.2
The spectral emission of singlet sigma oxygen daohi@ oxygen, in the 758 — 780 nm range has been
recorded in the gas mixture. The flow velocity i&5 cm/s, corresponding to a residence time of the
flow in the discharge region of approximatively @.@econds. This means, each gas sample
experiences 1800 discharge pulses within the plasaztor.
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Fig.IV.27. Image recorded by ICCD camera couplethwpectrometer. He 0.65 +,0.04 nih with
500 ppm NO and ¢ = 1 kV.

Analysis of Fig.IV.27 reveals a well-defined speaatrof excited oxygen molz;) centred at 762 nm.
The R-form branch forming a head and the P-forrm&naseparated from the former by a zero gap is
apparent. Also, an emission feature at 777 nm spomding to the excited atomic oxygen O | triplet
at 777 nm can be seen. Due to the experimentdutasoused here, the triplet cannot be resolved. |
previous experiments, the triplet excited oxygen7@a7 nm has been clearly observed at high
resolution and confirms the present identificatidhis band will indicate the degree of dissociaidn
0..

Post-processing of the ICCD images allows us taioliypical emission spectra plots. Results
of the intensity behaviour without (black curveldamith (red curve) 500 ppm NO admixture, at 20
kHz for He 0.65 rith + G, 0.04 ni/h and W 1 kV is shown in Fig.IV.28. Both, electronicallyated
molecular, and atomic oxygen are detected in thegaot.
It can be observed that the admixture of 500 ppriN©fin the He/Q mixture leads to a significant
decrease by 23% of excited O atom generation, wiichooled with a net increase of 10% in
electronically excited ©(b'Z;").
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Fig.1V.28. NO addition effect on excited speciegssion intensities. Black curve : without NO, red
curve : with 500 ppm NO. He 0.65 + 0.04 m/h, and We = 1 kV.
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At constant DC voltage of 1 kV, Fig.IV.29 presetits effects of higher NO concentrations. A
negative effect of NO addition is observed whemgsioncentrations higher than 500 ppm.
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Fig.IV.29. Effect of NO concentration in the miewat fixed 1 kV DC sustainer voltage. He 0.65++ O
0.04 ni/h, and f = 20 kHz.

In subsequent experiments, we varied the DC sustanltage and fixed the added NO concentration
in the mixture to change the energy input intoftber. The effect of applied DC sustainer voltage at
fixed NO concentration is shown in Fig.IV.30. Ittleen possible to estimate the dependency of the
oxygen dissociation fraction on the discharge powéhe post discharge and in presence of NO. The
previous statements concerning this parameteraré@med for the post-discharge. In the presence of
500 ppm of NO in the mixture, an increase Qf(@lz;) by almost 90% is observed when passing
from 1 kV to 1.3 kV DC sustainer voltage. Withinetisame conditions, the associated increase of
excited atomic oxygen is 46%. For, ((:blzg"), the increase rate is much higher than without NO
presence and the increase rate of atomic oxygéngidy reduced compared to the case of He/O
binary mixtures.
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Fig.IV.30. DC sustainer voltage effect in the preseof 500 ppm of NO in the mixture, He 0.655+ O
0.04 ni/h flow and f = 20 kHz.
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Fig.IV.31. Left) : Effect of NO concentration iretmixture on DC sustainer current time profiles.
Right) : Effect of applied DC sustainer voltagehe mixture on DC sustainer current time profiles.

The associated DC current oscillograms in the edshscharge are presented in Fig.IV.31.
One can observe a decrease of DC sustainer custeent adding some amount of NO. Also, an
interesting result is that in presence of NO, we aple to inject 30% more DC sustainer voltage
before apparition of parasitic arc discharges.
It is worth noting that, when increasing NO, théetlime of charged species in between pulses
decreases. Indeed, one can see that for a giventtie . is decreased.

The dependency of the relative emission interssitfeO | (777 nm) and ,_ca)lz;) on oxygen
percentage in the binary mixture {Be) is shown in Fig.lV.32a and IV.32b. The sighals been
collected over a time period of 400 ms (1050 accumulations).
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Fig.Iv.32. a) Q (blzg+) (left) and b) O | (777 nm) (right) emission inséres (a.u) anddc (A) as a
function of Q percentage in the mixture at 20 kHz and gas pressii120 Torr.

One can observe a decrease of the emission intesfsginglet sigma oxygen by a factor 10 when
passing from 0.25 to 10% ,Oin the binary mixture @He. This means that the z(chz;)
concentrations in both mixtures are different. '0136)12;) concentration in the 0.25%,®nixture,
defined as the fraction of all available oxygen @coles in the ]tE(; state, is nearly 10 times that in
the 10% Q mixture. Within the same range, there is a reduadti the DC sustainer current by a factor
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1.4. Considering percentages of @nging from 10 to 30 %, the decrease of the earidatensity of
singlet sigma oxygen reaches a factor 1.5 and eWstainer current, a factor 1.2. From 20%far

DC sustainer current, the decrease is quasi linear.

The decrease of the DC current when the fractiomafcular oxygen in the mixture is increased can
be explained by the electronegativity of molecubaygen. When increasing the percentage of oxygen
in the mixture, the removal process of the freetedes by their attachment to oxygen is increased.
The electron attachment to molecular oxygen isritesd by the reaction (dissociative or not) :

O+M+e - 0O, +M (Eq.IV.7)
and/or @+e - O0+0 (Eq.IV.8)

thus resulting in lower gas mixture conductivithelattachment process considers that the readtion o
a molecule @ with an electron occurs through the intermedia®onant state O From this state,
according to the lifetime of specie,Otwo reaction channels are possible. In the caseravthe
lifetime is short, the electron will detach, keapithe Q molecule in a vibrational excited state.
Although @ is a stable species, for longer lifetimes, the €@@mplex will dissociate into O+ O
according to the following reaction G € => O + OCP) [41].

In the case of excited atomic oxygen, it is warthing that the decrease rate within the range
0.25-10% is higher than that of excited moleculaygen. This result suggests that the oxygen
dissociation fraction in the low {percentage mixtures may be significantly highantin flows with
significant oxygen fractions, which may well redlmgblzg) yield at these conditions.

To conclude, it is observed that a growth gf dncentration in the range 0.25 to 50% resulta in
significant decrease of atomic oxygen and singletegular oxygen emission intensities. One can
observe that both species follow the same trend.

A parameter of high importance for the plasma-8aaxperiments concerns the distance
travelled by excited species out of the CDR befotal quenching. For that, a set of experimentehav
been carried out varying the distance above ttehdige outlet.

Fig.IV.33a and IV.33b plot the ﬂblzg*—»XSZg') emission intensity, which is proportional to the
Oz(b129+) concentration, as well as the O atom line emisgibensity against the distance above the
CDR discharge slot, for £ZHe mixtures at P=120 torr.
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Fig.Iv.33.a) Q (blzg+) (left) and b) O | (777 nm) (right) emission inéres (a.u) as a function of
distance above the burner at 20 kHz and gas pressut 20 Torr.

It can be seen from Fig.IV.33a that thg(hi’)zgf) population (R and P branches) evolves in threpsst
First, the Q(b12g+) population grows approximately linearly as a fimt of the distance above the
burner (both R-branch and P-branch), then reachmaxamum, and finally decreases. Note that the
first increase stage is faster than the decreasgg sfThe curve is not symmetric. This characteristi
structure will be confirmed during plasma-flame esments.
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The maximum of this curve corresponds to a distaim®/e the burner called optimum position for
excited oxygen production, which lies at 3 to 4 mimove the burner exit.
Fig.IV.33b plots the excited O atom line emissionensity, which is proportional to the atomic
oxygen concentration, against the distance abowédtiner discharge slot. The characteristic “bell”
form of this plot, as for electronically excitedygen, is again observed. In this case, the symnadtry
the plot is more pronounced. Also, compared toptteious curve, the optimum position for excited
atomic oxygen production is similar to that of e&dimolecular oxygen at 3.5 mm above the burner.
In the discharge zone, theg(@lzgf) density initially rises due to electron impactigation. It
reaches a plateau after the O density becomes éaxgaegh so that the rate of quenching by O atoms
balances the rate of excitation. This is not nearilgsa problem as the product of the quenching is
dominantly Q(alAg), illustrated by the following reaction, whekés the rate coefficient at 300 K :
Oy(b'Z,) + O - Ox@Ay+ O k=7.2x10"cn?.s" [113] (Eq.IV.9)
In the post-discharge zone, production Q¢tf)ig+) is mainly done by the following pooling reaction:
Oy(a'Ag+ OxaDy) — Oy(b'Z,") + O.. Its quenching is also determined by the reactith atomic
oxygen and ozone.

Collisional de-excitation is an important remoghbnnel for our excited species. The present
part describes the behaviour with the increaseedqure.
The most important process in this type of plassnaléctron-neutral collisions, due to the important
kinetic energy of electrons acquired under the cefief the applied electric field. Electrons are
accelerated according to :

(Eq.IV.10)

wherea is the acceleratiore the electron chargég, the electric field andn, the electron mass.

The electron speed, thus their kinetic energy, thi¢h increase, up to collision with other speciése
distance travelled by the electron between twasiolis is called the mean free pathif the pressure
increases in the reactor, the density of neutratisg increases and the mean free path decreases.
Therefore, the energy acquired by electrons willdveer. One has therefore a possibility of varying
the energy of electrons in the discharge by maalifin of pressure.
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Fig.IvV.34. a) Q (blzg+) (left) and b) O | (777 nm) (right) emission ins@ies (a.u) anddc (A) as a
function of total pressure at 20 kHz.

It is seen from Fig.IV.34a that increasing the #&ltsopressure results in a rapid decrease of the

electronically excited oxygen concentration. ThescHarge parametempd) (p-pressure,d-inter
electrode distance) increases with the pressureedse, at fixedd. Moreover, let us recall the
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importance of operating the discharge at reducectréd fieldsE/n. When increasing the total pressure
p, the number densityr increases, thus resulting in a decrease of thecest electric field.
Furthermore these results can be explained byatietiiat quenching mechanisms by collisional de-
excitation are of great importance at higher pnessu

Figure 1IV.34b shows atomic oxygen emission intgnagt a function of total pressure at same
conditions as in figure IV.34a. An additional retnas that the present non-self-sustained crossed
discharges remain stable and diffuse at high pressoontrary to self-sustained discharges.
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Fig.IV.35. Effect of pressure on DC sustainer catri@) at 20 kHz pulse repetition rate.

In Figure 1V.35, the DC sustainer current decayMeen ionizing pulses is shown for three different
pressures. In the three cases, one can observedtvegen the pulses the decaying plasma remains
positive. On one hand, when increasing pressura #5 Torr to 350 Torr, the maximum DC current
is significantly reduced (by a factor 2.5); on titker hand, the DC current is more rapidly decrgase
In such conditions, we could expect that electrensity is decaying due to electron recombination
and attachment.

At high pressure conditions, in order to increase sustainer discharge energy loading and to
maximize the energy input into the singlet oxygeates, the pulse repetition rate should be
sufficiently increased to avoid complete plasmaagdzetween the high-voltage pulses.

I\V.3. Conclusions

The study of the electronically excited statg(tﬂ):gf) in a non-self sustained crossed
discharge at relatively low pressure (100-300 Taligws detecting noticeable quantities Q{I@Zg*).
The discharge and post-discharge characterizatioanblysing the effects of pressure, DC sustainer
voltage, Q concentration as well as admixture of small guistiof NO on excited oxygen species
evolution have been realized, allowing us to oparthe experimental conditions to maximize excited
oxygen yield :
- one should work at reduced pressures (typicallyoul20 Torr) ;
- one should consider highly diluted mixtures of i@ helium (a few percent of n the
mixture) ;
- one should add at most 500 ppm NO to the mixture
- one should maximize DC voltage but of course éacing conditions.
In this manner, excited species are still visitpga 1 cm outside of the CDR.
The post-discharge reveals the same trends. Tetopem@alculations show that the flow temperature
rise in the discharge is rather modest, in the roofiel0 to 60 degrees without NO, while 120 K is
found with NO admixture in the £He gas mixture. Therefore, in the presence of N&reful
experiments should be done to distinguish the ctenaind the heating effects of the discharge. It is
now time to describe applications of excited oxygspecies in plasma-assisted combustion
experiments.
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Chapter V : Hybrid burner development for
combustion intensification

Abstract

Plasma-enhanced combustion is an innovative confoepimproving the ignition, efficiency and
stability of combustion. We have demonstrated thatossed discharge non thermal plasma reactor
combining pulsed DBD and DC discharges is an efficiway to generate electronically excited
oxygen species. Experimentally, singlet oxygen gaien has been performed in/@elium mixtures,
from reduced pressure up to atmospheric conditmusfor different discharge parameters. It is now
possible to produce a detectable quantity gbt3,") (and a fortiori a'a,)), as theory indicates that
Oz(alAg) concentrations should be 4 to 10 times tmébjfz;) concentrations [41]) molecules at
atmospheric pressure. On the other hand, it has dleewn numerically that the ignition delay time
and the ignition temperature can be significandguced in the presence of electronically excited
oxygen in the fresh gas mixture. Also, it has beemerically demonstrated that the flame speed can
be considerably increased and that the main radic@l and OH concentrations are increased.

The aim of this chapter is to study experimenthliyv combustion processes change in the presence
of excited oxygen species that, in turn, are exqubtd react faster with hydrocarbon molecules and
intensify combustion. Two specific burners (1- cufiow diffusion burner working at atmospheric
pressure; 2- partially-premixed burner working educed pressure) have been developed. The same
plasma reactor as described in previous chapteusdd in these hybrid burners. The detection of
excited radicals such as CH*,*C OH*, as well as O* atoms and,Dhas been performed using
optical emission spectroscopy, in order to dematstrcombustion changes resulting from the
presence of the excited species in the discharge.

This chapter describes the experimental set-upsct&scopic and imaging results, at atmospheric and
low pressure, for the flame with and without plassnhancement are presented and discussed.

V.1. Atmospheric pressure counter-flow diffusion fhme

At first, we will briefly describe what is a cowmtflow diffusion flame and the interest that
brings this type of flame in the general contextasfearch in combustion. Afterwards, we will présen
the experimental plasma burner prototype develdpesuch a flame configuration.

Finally, we will present the emission spectroscipthe on/off discharge conditions and discuss abou
the choice of a new plasma burner prototype.

V.1.1. General description of the counter-flow condguration

The counterflow flame configuration is a well-defd configuration where flames are
stabilized between opposing flows of fuel and aedi By sending a jet of oxidizer against a fuel je
and by lighting the mixture near the stagnatiomelaf these two jets, one obtains a so called
counterflow nonpremixed (or diffusion) flame (FigLy.
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OXIDIZER

Fig.V.1. Schematic configuration of the countewflaurner.

Such a flame, with e.g. air as oxidant and metlzseiel is a stable and flat flame, characterized b
reaction zone near the stagnation plane. The ofddtme geometry is an attractive experimental
configuration, because the flames are flat, allgMar detailed study of the flame chemistry and
structure. Moreover, the stability of such flamesl #heir reproducibility allows experimental stuslie
that can be compared to theoretical ones. Onedudtvantage of such flame configurations is an
easy optical access allowing application and deuaénmt of optical diagnostics. Therefore, this
configuration has been retained for the first ekpents.

The equivalence ratio of a non-premixed laminami® is defined as :
(v

(.D - combustibﬁb/Yoxidizer)mixture (EC{Vl)

(Ycombustibdz/Yoxidizer)stoichio

whereY is the mass fraction of combustible or oxidized atoichio means stoichiometric values.

To calculate the equivalence ratio, we have toutale the mass flow rates:

The volumetric flow rate is equal t& & v) and the mass flow rate tp & S x v), whereSis the slot
surface in rhandv is the injection speed in rii.s

Also, the perfect gas law has to be considered.vbhemetric mass of ©and CH are calculated as
follows :

_PxM,

1% RxT

(Eq.V.2)

wherei designate @and CH respectively an®, the absolute pressure.

The strain rate, is defined [208] :

EIAX & (Eq.V.3)
d \/ £,

wherev is the identical injection velocity of the fuel aodidizer flows,d is the burner separation
distanceg is the density of the diluted fuel apglis the oxidizer density.

This counterflow configuration seems at first petffe suitable for the study of the interaction
between excited species produced by the plasmarajeneand the reaction zone of the flame.
Moreover, in order to identify fundamental propestdf the flame, it is interesting to work with bue
configuration, where the parameters influencing flaene structure are easily controlled and their
effects easily measurable. The flame is situatedhyethe stagnation plane, far from all boundaries;
thus, the use of non intrusive optical diagnostgsossible. One can observe with good accuracy the
effects of the plasma oxidizer activation on tmefflame structure.
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V.1.2. Hybrid burner configuration

The technological solution for the insertion of kxd oxygen species generated by the crossed
discharge plasma reactor is shown in Figs.V.2 arRl X dedicated counter-flow burner has been
conceived, into which the generated excited oxygémnjected

Fig.V.2. From left to right : counter-flow diffusidlame burner (lower burner fitted with the
discharge cell) ; direct view of the,@njection cross-section.

This counter-flow diffusion burner consists essahtiof two identical parts: the upper part is the
fuel, while the bottom one is for the oxidizer. Baf these consists of a rectangular injection(6li
mm wide and 48 mm long), through which the gasesrgected. They are surrounded by a larger slit,
used to inject a nitrogen flow shield. This nitragdow prevents the flame from influences by the
surrounding atmosphere. Besides, it allows forgmlf controlling the quantities of combustible and
oxidizer, injected into the reaction zone and lgrtihe velocity gradient around the main flow, that
could lead to instabilities and perturbation of tteacting flows. For the oxidizer section the
corresponding slit walls consist of the two eledé®, placed 6.5 mm from each other. Figure V.2
shows a photograph of this burner configuratione Tight picture of fig.V.2 presents details of the
oxidizer/helium injection. The screws visible irethight figure allow to change the distance between
the fuel and oxidizer injection heads (usually pthat 1 or 2 cm from each other). Fitting direc¢tlg
oxidizer injector on the discharge electrodes alomorking with the largest possible quantity of
excited oxidizer. It leads to the smallest timedgcited molecules to reach the flame front.

___________ 5 Combustible part

______________

v Activated oxidizer part :

He+0, He+CH, 4

[MXER| [MIXERL-Fen]
{5

Fig.V.3. Schematic of the counterflow burner and fgeeding installation.

He/Al Gy CH,
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The scheme presented in Fig.V.3 shows the installaand gas feeding network for the
counterflow diffusion flame generation. Oxygen andthane are injected to respective mixers with
helium as diluting agent. One goes to the upperbcmtible part of the burner and the other to the
lower oxidizer part. For the nitrogen shield, thawf is splitted at the exit of the flowmeter intwa
parts, one for the upper part, and the other feralver part. In each burner part, stainless gjeds
and 2 mm diameter glass balls are used to get ademeous gas flow.

The oxidizer part of the counterflow burner inteageathe crossed discharge plasma chemical reactor
described in chapter IV. The body of the CDR isceted from Peek plastic and Plexiglas. Both
electrodes of the pulse barrier discharge are nuddeopper and are insulated from the flow by
dielectric of 1 mm thickness made of 99.9 % pu#ityO; (dimension: planar 60 x 48 x 1 mm the

gas gap is 6.5 mm (pulse gap). Perpendicular teetledectrodes, two stainless steel DC electrodes
with a rounded edge profile are mounted. In thistisa, all presented experiments have been
conducted at atmospheric pressure, with a pulsergwr frequency fixed at 10 kHz and with a
discharge power of 100 W.

An important step of the project has been the rdetation of the best, stable burning
conditions for the flame. For this purpose, we tignivith pure methane and an air-like oxidizer, i.e.
with the corresponding percentage of oxygen inQklele mixture, using a global equivalence ratio of
6.8 and a strain-rate= 180 & (for a distance between burners of 1 cm). Dueutwyhncy, the initial
flame is displaced upwards. Finally, the air floater and the distance between the oxidizer and fuel
injectors are adapted in order to stabilize theltiegy flame. After reaching stabilization of tharhe,
the oxygen content in the(Ble mixture can be modified easily. A typical flamletained with such a
procedure is shown in fig.V.4.

The diffusion flame establishes nearby the coulmer§tagnation plan. This flame is flat (see figty.
has a unidimensional structure in its central pad is subject to convection effects at the bouedar
the hot gases going up, bend the flame.

The flow rates of @and CH are controlled by Rosemount flow-meters. For tmilts shown
here, the final methane flow-rate is 0.52 I/min #mel oxygen flow rate is 0.155 I/min. A, Moflow of
20 I/min is injected from both sides. These flowsult in ejection velocities of 30 crii,awhich leads
to a strain rate of 180"sand an equivalence ratio of 6.8. All gases arecteid at room temperature
and atmospheric pressure.

The gas feeding is performed from 200 bar bottrnsiderable care is taken to ensure cell
cleanliness and purity. Oxygen with a purity better than 99.99%u&ed (Airlaz). Gas pressures are
measured with a Bourdon type pressure gauge.

‘__-/

Fig.V.4. Typical counter-flow flame obtained witfistset-up.

Optical emission spectroscopy is used for diagosstf this reactive plasma and flame.
Spectra of the flame-plasma discharge were obtayedmission spectroscopy in the wavelength
range of 153-980 nm.

As verified in chapter 1V, heating effects indudgdthe CDR are rather small and expected to
be negligible (i.e. increase by 60 K without NO i#idd). Within these experimental conditions, a
rotational temperature of 325 K is found with arcentainty of+ 10 K. Therefore, excited species and
radicals produced by the discharge can only beehdt of chemical excitation by the discharge.
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V.1.3. Influence of the plasma on flame shape

The following pictures show the effect of oxidiz#asma activation on the macroscopic flame
behaviour.

Plasma OFF

%l

Extension
Fig.V.5. Effect of discharge on the shape of theterflow flame ¢ = 6.8).

It is clearly seen that a more elongated flamebigioed in the presence of the plasma discharge.
Indeed, a reproducible supplementary flame frori \&iweak, blue light emission has been observed
(a ~ 1 cm length flame extension is observed inF).

Finally, we also observed that the flame is stablhigher strain rate with the discharge ON.
The extinction limit of this flame has thereforeehénvestigated. The equal injection velocitie$uef
and oxidizer are increased gradually, while keeptgother parameters fixed. At some point, the
flame extinguishes. In the presence of plasma, itfection gas velocities at which the flame
extinguishes was increased by 10% which corresptmds extinction strain rate of 270.sThis
supports qualitatively the numerical results préseim section 111.2.4.6.

V.1.3. Plasma effects on flame emission spectrosgop

For a deeper investigation of the flame front, ssigin spectroscopy was carried out. The
typical radical structures, especially CH*, are ected to be more intense with the discharge.
Emission spectra corresponding to the followinggiions will be presented (Table V.1).

molecule/atom transition vibration  wavelengthA (nm)
OH AT - XN Av=0 307
CH APA- XN Av=0 431
C d’ny - an, Av=-1 560
C d*n, - a’n, Av=0 515
C d°ny - &N, Av=+1 470
0 °S-P 777

Table V.1. Molecules detected by spectral anabyfsthemiluminescence of the laminar counterflow
methane-oxygen-helium flame (equivalence ratio= 6.8).

Visible emission spectra of the flame have bednined at atmospheric pressure. The figures
of the present section (Figs.V.6 to V.9) summattieeresults obtained in a GH O/He counter flow
flame. CH (430 nm A-X band system), (Swan bands), and OH {& - X1 system) radicals have
been detected in the flame. Oxygen atoms have @lsendetected and the O atomic lines at 777 nm
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can be clearly identified. In complement to resgitesented in this section, spontaneous emission
fingerprints of OH*,G*, O*, C,* and OH* are detailed in appendix 7.

It is particularly evident for CH* (Fig.V.6), whicls one of the most important tracers of the
reaction zone, that the comparison of the speak@ant without and with the discharge shows that the
spectral structure is more intense when activatiregdischarge. The spontaneous emission of CH*
radicals increases by 22 % at its peak when aintiy&DR. As expected, the effect of the discharge
on the production of O atoms is also very high.¥fig@).

4000 —
— Discharge OFF ”‘
41 — Discharge ON W

3000 —

Intensity (a.u)

422 424 426 428 430 432
Wavelength (nm)

Fig.V.6. Effect of the discharge on spontaneoussiom spectra of 4 - X°/7 transition of R-branch
CH radical in counter flow diffusion flame (GJA(O.t+He).
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Fig.V.7. Effect of the discharge on spontaneoussion spectra of O atomS¢P transition) in
counter flow diffusion flame (Gj/ (O,+He).

The following figures (Figs.V.8) focus on the Swan bands. These bands, which are due to
the (d‘l‘lg —. &) transition, have been registered in the absenderesence of plasma.
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Fig.V.8. Effect of the discharge on spontaneous&om spectra of QSwan band ?d7g = all,
Av = - 1 (left),4v = 0 (middle) anddv = + 1 (right) in counter flow diffusion flame (GH (O,+He).

The main peaks (heads) are more intense when twetie discharge. For,QAv = -1), the
spontaneous emission of this system increases %yab its peaks. This enhancement gfr&dical
emission is also observed for the othersgstems. This increase reaches 10 % forMre +1 and
Av= 0 band systems.

Finally, the effect of oxidizer activation on OKH-K) emission is presented in Fig.V.9.
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Fig.V.9. Effect of discharge on spontaneous emisspectra of OH (A — X?/7, (0,0)) in counter
flow diffusion flame (Cl) / (O,+He).

The spontaneous emission of OH* radicals has beeorded to show the modification of
combustion with the discharge, but emission intgrreimains almost constant (increase of 3%).
The generation of additional chemically active cati by the non thermal plasma discharge
demonstrates the interest of CDR on combustiomgifieation.

V.1.4. Conclusions on counterflow configuration

The counterflow configuration is usually considk®@es a reference configuration, since it is
very stable, well controllable, and has been extehsinvestigated and characterized in hundreds of
studies. We therefore decided to retain it forfire measurements. The positive conclusions & thi
study are :
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1- It is indeed possible to integrate the plasisaltirge (CDR) in the burner.

2- When activating the CDR, the flame structurelésarly modified; the active reaction zone
becomes longer.

3- Using spectroscopy, it has been demonstrat@dr#uical species concentrations increase
noticeably when starting the CDR. Plasma activalgaads to an increase of CH by 22%, ofb@ 5%
to 10%, of OH by 3%.

Nevertheless, a major problem appeared with thidiguaration: we have been unable to measure any
excited oxygen in the flame region! Considering tesults of the previous chapters, three main
reasons explain this disappointing observation:

- Under atmospheric conditions, the productioneatited oxygen is reduced, and the
deexcitation is very fast.

- In a counterflow configuration, the distanceviestn the injection slit and the flame is
relatively long and cannot really be reduced.

- The Q concentration has to be very high when using 2084) thus leading to very low
Oz(blzg+) concentration (see Fig.lV.31a).

This suggests suitable modifications :

1- The next burner should be adapted for low pressonditions. Even if counterflow burners
can in principle be employed at reduced presshigjd quite complex.

2- Furthermore, it is advantageous to switch fimounter-current injection to a co-current
injection. In this manner, the distance betweeneieetion slot and the flame can be reduced. Thus,
the excited oxygen produced in the CDR can infleethe reaction process immediately after leaving
the discharge cell. Indeed, the influence of theited oxygen species and radicals on the global
combustion process depends on the location at wihieh are released. It would be useless to add
supplementary radicals directly in the reactionezdue to the already existing species excitation,
since the temperature is rather high there. Thdymtion of radicals from the discharge is negligibl
compared to those naturally formed due to the cba&meactions. On the other hand, if the radicals
are produced too far before the reaction zone, thilyrecombine and only lead to a negligible
temperature increase.

A partially premixed configuration would furtherneiallow having a low @concentration flow
through the CDR and adding furthep ecessary for combustion) through the primarymixed
flow. It is therefore clear that another burner faguration as well as working at reduced pressare i
essential to obtain a high impact of the dischamgée flame properties.

As a consequence, we decided to develop a co-cupatially-premixed burner, integrating the
discharge and suitable for low-pressure measurembnbrder to facilitate optical characterizatian,
two-dimensional slot burner structure is retained.

V.2. Low pressure co-flow hybrid burner for partially
premixed combustion

V.2.1. Introduction

We have demonstrated that at atmospheric prestheeexcited species produced in the
discharge modify the flame structure and the specharacteristics.
On the other hand, we have demonstrated that tbduption yield of excited oxygen species
(particularly Q(blzg+) and Q(alAg)) is increased at reduced pressure. Thereforeva meaner,
allowing to work at low pressure and in a partigigemixed configuration has been developed in
order to obtain stronger effects 05(6)12;) and Q(alAg) on the flame structure. It is worth noting that
the amount and type of excited species presemeipost-discharge at reduced pressure will ceytainl
differ from that at atmospheric pressure. As a equoence, one could expect different chemical
processes involved in the reaction zone.
The transport of these species to the reaction sbpald highly influence the stabilization process
and enhance combustion rate and this must now keeketd experimentally. Therefore, the
investigation of the combustion processes in thefbrdischarge conditions will be carried out.
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Emission spectroscopy measurements in the flanmvatibtaining much more details on how
combustion processes change for example by inastgg spontaneous emission of main flame
excited radicals CH* or OH* in presence of oxidiz&etivation. The modifoication of the flame
structure by the plasma discharge is presented.

V.2.2. Hybrid low-pressure partially premixed plasma-burner

A specific burner for a partially premixed flamendiguration has thus been developed
(Fig.V.10 and V.11), into which the generator oftieed oxygen is incorporated. The secondary
oxidizer injection (/He) integrates the discharge section (CDR).

The body of the burner is made of Peek plastichBd¢ctrodes (DC and pulse DBD) are similar to
those described previously. The pulse barrier diggh electrodes were connected to the high voltage
pulse power supply. Open DC electrodes have beate moé stainless steel and their edges were
rounded with curvature radius of about 3.2 mm. Dpen electrodes were connected to the high
voltage DC power supply through matched high-vatabgokes and ballast resistance. The distances
between DC electrodes and DBD electrodes are 3Gamdn6.5 mm respectively. The DC voltage is
adjusted from 0 up to 2 kV, DC current changed ffbto 1A.

The electrical external circuit is described in test 1V.2.2.3. Adjustable ballast resistors are
connected in series with the DC power supply, &sistance has been set to 940 Ohms.

The low pressure tank (Fig.V.10 and V.11) has lmreloped specifically for combustion at
low pressure. The experimental arrangement is shiowRig.V.10. The vacuum tank volume is
approximately 40 litres. Between the runs, the vattank is pumped down to a few Torr using a two
stage Edwards’s high vacuum pump (88hm Furthermore, the test section pressure andrihes
flow rate can be varied independently. This makesexperimental facility suitable for combustion
studies and a dump tank is placed between theséesion and the high vacuum pump in order to
attenuate possible pressure fluctuations. A watetirng system is built on top of the low pressure
tank and condensed water droplets are collected diacuit to a collector. Moreover, a safety valve
has been integrated for the case of overpressuhe irank.

Water inlet Water outlet

bt
O

Thermocouple ‘:’_ﬁ
-
Low pressure ignition D ‘ I]
system u U

== Pumping station

Cooling system

High voltage
connections

CH,, 0,, He, NO
Mass flow

controllers

Fig.V.10. Low pressure tank with hybrid burner amahnections.

147



D\ oo

Fig.V.11. Different views of the low pressure taokising the hybrid burner.

1 : voltage source for flame ignition ; (2, 8) epsure control ; (3, 4, and 13) : Gaksualisation
windows ; (5, 10) : pumping line ; 6 : low pressua@k ; (7, 11) : low pressure ignition system ;
9 : pulsed high voltage unit ; (12) : hybrid burner

Four removable Cafwindows allow the use of optical diagnostics. Taseous mixture was
ignited with the use of a continuous spark.

The elaboration of the hybrid plasma-burner pggietfor low pressure was made in several
stages. Our original objective was the realizatbra flame configuration allowing excited oxygen
post-discharge flow to reach immediately the flareaction zone and allowing working at low
pressure (thus considerably decreasing the quendfiexcited oxygen). In order to increase energy
input and to get a nicer discharge, flow uniformifythe gas mixture through the discharge gap has
been improved. Several improvements have been imgrited :

- First, the gas injection is performed perpendiculo the slot. Also, micro-porous glass
(porosity 2) has been inserted downstream of tkdrgaction.

- Working with the high voltage connections insithee low pressure tank leads to major
problems. Therefore, the high voltage connectiogrsdane outside of the low pressure tank,
avoiding the difficulty of low pressure passage padhsitic discharges.

- All holding parts and screws were made of nondemtive material, and high voltage cables
were additionally insulated from each other. Heioadly sealed connections were improved
in order to avoid leakage problems.

Several construction steps have led to the finadioe of the burner. In order to avoid any
leakage, reduce electromagnetic compatibility poid and speed-up burner integration, four
different burner configurations have been develogedng the project. Only the fourth (optimized)
version of the hybrid burner is shown in Fig.V.X®lalescribed in what follows.
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Fig.V.12. Hybrid slot plasma-burner views.

The optimized burner consists of two adjacentsstit rectangular cross section sharing an
interface that is one of the DBD electrodes. Thal {methane) and oxidizer (oxygen + helium) flow
from the two channels in the base of the burner.

Before the discharge section, three flow equabisatitages are present. The secondary oxidizer and
primary mixture slot exit dimensions are (&%6) mnf and (5.5x 56) mnf, respectively. The flow
enters the rectangular cross sections and passesssively through a fine grid made of brass, 2 mm
diameter glass beads and a glass fiber sheet, waléchserves as a flashback stop, and then, for the
secondary oxygen, passes between the two eledifodes.

The two stainless steel DC electrodes are of dimnaast8 x 6.5 x 3 mi DC electrodes are rounded

at the edges to prevent high electric field conedinins and “hot spot” formation in the plasma near
the edges. Rounding dimensions are R= 0.5 and B=min. A schematic of the electrodes is
presented in Fig.V.13.

149



Fig.V.13. Stainless steel DC electrode.

The pulsed electrodes, made of stainless steehanthted from the flow by alumina ceramic
plates (1 mm thick each), are powered by a highagel (~ 20 kV), short pulse (~ 20 ns), high
repetition rate (up to 25 kHz) plasma generatoe DIC electrodes are powered by a Glassman DC
power supply 3 kV, 3 A, operated in the voltagéssized mode. DC electrodes are placed at both
lateral sides of the secondary oxidizer slot.

The external electric circuit and the measurementbes are the same as in previous experiments
(Appendix 6). A bridle made of Peek plastic integngthe burner has been developed to fit to the lo
pressure tank (see Fig.V.10). In such a configomatihe electrical connections are performed out of
the low pressure tank, which appears to be a matterbsolution. Moreover, thanks to the integration
of the hybrid burner in a bridle connected to tbe pressure tank, pumping system and mass flow
meters, the discharge pressure (i.e. stagnatissyme) and the mixture compositions can be varied
independently. This makes the experimental fac#itytable for combustion studies, both in low-
pressure and at intermediate pressure flows.

Gas supply is performed by B50 gas bottles. Gasety psisummarized in table V.2 :

Gas CH, (4.5) G (3.5) He (4.6) NO (N30)
Purity > 99,995 >99,95 >99,996 >99,9
Impurities N, + Ar<500 ppm| O, <5ppm N, and other nitrogen
H,O< 2 ppm N, < 20 ppm oxides: 0.1%
H,O <5 ppm

Table V.2. Gases purity.

The experimentally used gas feeding supply sysseiitustrated in Fig.V.14.
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NO Oz He  CH,
Fig.V.14. Gas feeding for premixed and partiallgmixed flame.

Helium is connected to a divider allowing the wiithelium flow to be divided into two
streams: one is sent to a first mixing chamber #iktconstitute the primary mixture (with GHand
0O,). This mixture is then sent to a burner slot. $beond part is sent to a second mixing chamber to
form a binary mixture with oxygen. This binary mir¢ supplies the other crossed discharge plasma
slot of the hybrid burner.
The flow control system is composed of six Bronlgadlowmeters. The whole system is controlled by
Bronkhorst HI-TECH series 600 controller, interfdcto a personal computer. Flow meters are
calibrated for each gas individually in 7 caliboati points within the total range of operation
(0 to 2 n¥/h). Thanks to this calibration, the delivered fiomsan be adjusted with a precision higher
than 1%.

Experimentally, the excited oxygen produced indbaerator will interact with the premixed
flame. Considering the fact that on one hand, higiheduction of excited oxygen is obtained at lower
O, concentration (as demonstrated previously), andrmther hand taking into account the stability
and homogeneity of the plasma, a maximum conter@%fQ, is optimal. But this amount is not
sufficient to obtain a stable combustion. Therefarerimary, premixed flame is used to ensure stabl
combustion.

The term “partial premixing” is commonly used &far to the technique of adding oxygen (in
guantities less than required for the rich flamdigblimit) into the fuel. The rich fuel mixture #n
reacts with oxygen in the combustion chamber. bideal partial premixing is practiced for reasons
of flame stabilization and pollutant emission cohtAbout 30% of natural gas is burnt in the pdistia
premixed mode (Warnatz et al. [225]). This techridgmialso used in the present burner; the central,
premixed feed relies on standard oxygen and ensustable flame. A secondary injection involves
excited oxygen species at low oxygen volume fragtio order to ensure a high production rate of
excited oxygen.

Output voltage and current of our pulse genersitmificantly depend on the load. In the case
of a real load, as the hybrid plasma-burner, a phthe energy is dissipated into the load and the
remaining part is reflected back. We have precisebasured how the output waveforms of the high
voltage pulse generator is distorted (current,agdtand calculated power) and we have checked that
the crossed discharge electrical characteristicdvevas before. The pulse energy is ~ 6.9 mJ, the
maximum voltage is ~ 20 kV, the maximum pulse auris ~ 55 A and the maximum power is
~ 570 kW.

Considering the energy provided to the dischargeJy, this corresponds to an average power of 140
W at 20 kHz frequency.
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V.2.3. Plasma without flame
V.2.3.1. Direct images

A picture from the image seen through the visatilim window in the absence of discharge is
presented in Fig.V.15.

Optical access

Hybrid burner exit
Bridle support

Fig.V.15. Hybrid burner vision picture in the abserof discharge.

A set of discharge pictures in different experinaégbnditions are shown in Figs.V.16.

a c
He: 0.65 n¥h He: 0.65 n¥h He: 0.65 n¥h
DBD: f = 20 kHz O,: 0.04 ni/h O,: 0.04 m3/h
DBD: f = 20 kHz DBD: f = 20 kHz
UDC =1kV
d e f
|
He: 0.65 n¥h He: 0.65 n¥h He: 0.65 n¥h
O,: 0.04 ni/h O,: 0.04 ni/h O,: 0.04 ni/h
NO: 500 ppm NO: 2000 ppm NO: 500 ppm
DBD: f = 20 kHz DBD: f = 20 kHz DBD: f = 20 kHz
UDC =1kV UDC =1kV UDC =15 kV

Fig.V.16. Photographs of the pulsed discharge piaérisualized through the circular Calindow
in the low pressure tank) in®e (NO) flow at P = 120 torr, f = 20 kHz and
Upc =0 - 1.5 kV. The flow direction is from bottontdop.

In the entire range of experimental conditions, plulsed plasma appeared diffuse and stable
in the volume. The visible light emission corresp®no the post-discharge region. Indeed, in these

152



experimental conditions, a post-discharge downstrefithe plasma region can be observed. In the
case of pure helium gas, the discharge colouratewiFig.V.16a). Presence of oxygen leads to a
whiter colour (Figs.V.16b to 16f). Increasing th€ Bustainer voltage extends this downstream of the
discharge section (Figs.V.16¢c and 16f). Furthermae fixed conditions, when adding a low
concentration of NOg 500 ppm), the post-discharge length is increaségl\(.16d). It is worth
noting that increasing further NO concentrationdke#o a shorter post-discharge length (Fig.V.16e),
supporting results of chapter IV. Finally, at higheC sustainer voltage of 1.5 kV, the discharge
current path contracts and the plasma thermalitesan arc discharge regime (Fig.V.16f).

Spectral measurements, as described in section3l\MsBow the presence of excited oxygen species
0,(b'z,") and excited atomic oxygen O*.

V.2.3.2. Generation of excited oxygen species

Figure V.18 shows the generation of large amouhégtive oxygen species when crossing the
pulsed discharge with a DC sustainer voltage. énddise with only DBD, no excited oxygen species
can be measured in the post-discharge. For bettgrstanding of following figures, in figure V.17,
the reactor geometry is summarized in the scherasvhe

v <+——  Peek plastic support
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1y )
' §

'
I
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I
!
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1
1

1

)

DC electrode

1
1

| z T—.
Premixed He/OZNO

CH4/O2/He discharge
pilot flame  mixture

Fig.V.17. Two solts hybrid plasma-burner geometry.

Pulsed DBD electrode

WAV

DC electrode

The dotted black and red lines correspond to tieenjxed flow trajectories and the secondary flow,
respectively. The pink colour triangle representsted species in the post-discharge region.
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- o000
-850
-800
- 750
-FO0
- G50
-S00

No DBD DBD 25 kHz i

DBD 25 kHz + Uy¢ 1.2 kV DBD 25 kHz + Uy¢ 1.25 kV
Fig.V.18. Images of gblzg*) species. Experimental conditions : Discharge:#85 + Q 0.04 ni’h
+ 250 ppm NO and frequency f= 25 kHz.
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It is worth noting that the limited lifetime forzcblzgf) molecules was a great concern at the
beginning of this work. Even associated with a loadjative lifetime, collisions with other molecsle
and diffusion to the electrodes may of course iedaienuch shorter effective lifetime. Nevertheless,
considerable lifetime has been indeed observedraatipal experiments. The above images allow
evidencing excited oxygen species population distion in the post-discharge zone and bring
important information on the characteristic relégattimes. In our experimental set-up, excited
oxygen is still easily detectable after leaving tfemerator, at almost 8 mm after the discharge slot
exit, which is in good agreement with previous $fescopic diagnostics presented in Chapter IV. In
the case with only DBD, no excited oxygen speci@s be measured in the post-discharge. When
crossing the 25 kHz pulsed DBD with respectivel kV and 1.25 kV DC sustainer voltage, the
excited oxygen species becomes easily detectatgielefving the generator and is increased in terms
of emission intensity and of distance reached ftbemburner exit. Moreover, a conical distribution
can be observed. These results are consistenttmoe presented in the pure plasma studies (see
Fig.IV.15) where we have monitored the evolutiontlué excited oxygen species emission intensity
signals as a function of DC sustainer voltage. Hswobserved that excited oxygen species
concentration increases with the increase of thesltainer voltage. Also, the “bell” curve shown in
section IV.2.4, showing the excited oxygen spee@m@sssion intensity as a function of the height
above the burner slot exit is consistent with theesved excited oxygen spontaneous emission conical
profile.

Flame intensification and structure modificatiovi now be characterized.

V.2.4. Plasma-assisted combustion

V.2.4.1. Experimental flow conditions and measurenmg procedure

Tests have been carried out in order to obtairbést flame conditions and stabilisation, first
at atmospheric pressure and then at reduced pee€3nce these preliminary investigations have been
accomplished, the plasma/flame ignition proceduas defined to be as follows: the flame is ignited
at atmospheric pressure, and then the pressuradsialy decreased while adjusting the gas floWs ti
reaching the desired working pressure and flowesld he crossed discharge can then be ignited.
Experimental flow conditions are summarized inftiilowing table V.3 :

Premixed slot Discharge slo
CH, (m’/h) 0.045 —
0, (m’/h) 0.085 0.02 — 0.04
He (ni/h) 0.25 0.25 — 0.65
NO (ppm) — 250

Table V.3. Experimental flow conditions.

This corresponds to global equivalence ratios varyiom 0.9 to 1 and gas exit velocities of 34 cm/s
(premixed slot) and 20 to 53 cm/s (secondary ogid&tot).

Fig.V.19. Pictures of the flame. (Left) : frontwiand (right) : side view.
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PLASMA
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Fig.V.20. Pictures of flame without and with plasthath side views).

The partially premixed flame is very stable (seg.Wil19) with a quite flat structure. Photographs of
the partially premixed flame, without and with thglsed plasma discharge are shown in Fig.V.20 for
comparison. One can observe the increase of flaxbengion and flame luminosity. The white
rectangular emission comes from the plasma in teehdrge volume. The plasma discharge (post-
discharge) and flame base are spatially separatéidating that the discharge is a steady supplier
reactive species but not an instantaneous flanigdgrsource.

When starting the CDR, the flame is visually eglexth towards the plasma burner slot. In
order to analyse this effect, we have systemayicairied out measurements at different experinhenta
conditions, using optical emission spectroscopy @t*, CH*, C,* and Q(blzg+) to qualitatively
understand the flame structure modifications inghesence of the plasma. In this way, the mapping
of the main reaction front marker radicals througitbe flame is obtained.

It is important to retain two important experimdrahservations :
- In the presence of the premixed pilot flame,tsigrthe CDR leads visually to an extension of
the flame zone.
- In the absence of the pilot flame, no auto-igniti@s been obtained when activating by the

CDR.

In the next sections, we seek to evidence andrhatiderstand the role played by the dischargeen th
flame structure. For this purpose, spontaneoussémniss recorded with the intensified CCD camera
Nanostar LaVision described in chapter Il. In aélidied cases, the camera exposure time igs50.3
images are accumulated. A 105 mm objective foctisanage on the ICCD camera.

Observation of the spontaneous emission of OH*, @ad G* in the flame is then performed
using interferential filters described in Table VIhese species, which give a signature of theiiceac
zone, will allow checking the flame structure. Alsxcited oxygen Q(blzg+) is observed at 762 nm
at the exit of the burner.

Radical Transition Central wavelength (nm) FWHM {nm
OH* A% L XN 307 10
CH* AN - XTI 431 10
C* d’n, - &M, 515 10
O by, - X%, 762 + 775 20

Table V.4. Interferential filter description.

In order to distinguish electronically excited orygQ* emitting at central wavelength 762 nm and
excited atomic oxygen O* emitting at 777 nm, in ifidd to the interferential filter 762 20 nm, a
short pass filter at 775 nm is used, insuring @raemission is correctly filtered.

Experiments were conducted as follows. For a gasgrerimental condition, images of :
1- Flame without (@He/NO) secondary flow (not shown here) ;
2- Flame with secondary flow (WITHOUT plasma) ;
3- Flame with secondary flow (WITH plasma) :
3a- Only DBD ;
3b- Combined discharge (DBD + DC) ;
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3c- Without NO (not shown here) ;
3d- With NO ;
have been systematically acquired. Examples of Buabes will be presented in the next sections.

V.2.4.2. Direct flame visualization

In figures V.21 and V.22, two sets of frames aubel without and with discharge are shown.
No filter is used here; therefore the total emissin the visible range is collected. Results are
compared for a DBD frequency of 20 and 25 kHz. §redluation is expressed in counts (saturation is
reached at 4095 counts). Side views pictures arersibelow :
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Fig.V.21. Total emission in the visible range. Eikpental conditions : Discharge : He 0.65 +0
0.04 n¥/h + 250 ppm NO and frequency f= 20 kHz.
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Fig.V.22. Total emission in the visible range. Expental conditions : Discharge : He 0.65 +,0
0.04 ni/h + 250 ppm NO and frequency f= 25 kHz.

It is worth noting that in all presented cases oan observe the light emitted by the post-
discharge, corresponding to the very luminous ercipecies emissions on the right side of the
image. Naturally, the visible emission includeggih oxygen emission at 762 nm.

It can be seen on these images that the injecfieraited oxygen species in the flame reaction Zene
at the origin of flame extension.

In the case with only pulsed DBD, where it has bpegviously demonstrated that electronically
excited oxygen is not produced, no flame extengfiact is visible. Running the discharge in a
crossed discharge mode, with parameters correspgridi the production of electronically excited
oxygen, flame extension is obviously observed. liarrmore, one can observe that working with DC
sustainer voltage of 1.2 kV and passing from 225d&Hz pulse repetition rate leads to a higher am
extension associated with a higher luminosity. Alse can see that for the OFF and ON discharge
conditions, no change in the main flame stabilaatieight above the burner is observable.

Finally, it must be noticed that there exists a-pamtting zone between the post-discharge flow
(coming out of the discharge, on the right parthefimages) and the main flame reaction zone, @ue t
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the separation wall between both slots. This dazkewe is not only observed at the burner basis but
also between the post-discharge area and the ftaawion zone (i.e. below the main flame zone).
This observation corroborates the fact that exaitgdyen concentration is locally reduced.

In figure V.23, the visual findings are summarizec scheme, where the solid lines represent
the schematic flame front. The dotted black andlirezs correspond to the premixed flow trajectories
and the secondary flow, respectively. The pink goliangle represents excited species in the post-
discharge region.

a b c
No (He/G/NO) With (He/G,/NO) With (He/G/NO)
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pilot flame  mixture pilot flame  mixture pilot flame  mixture

Fig.V.23. Schemes of flame extension (side viddithout secondary flow (only premixed pilot flame)
(left) ; with secondary flow without plasma (middéad with secondary flow with plasma (right).

The different steps are described more preciselyhat follows :

a- The premixed (CHO./He) flame is alone (i.e. primary flow). There is (He/Q/NO) flow
through the discharge slot (i.e. secondary flow).

b- The premixed (CHO,/He) flame is distorted by the (Hef@O) flow coming out of the
discharge slot. In this case, no activation byGBER is performed (plasma OFF condition).

c- Premixed (CHO,./He) flame interacting with the activated (He/MO) flow coming out of
the ignited discharge (schematized in Fig.V.23piitk colour). An extra-flame is created and
the luminescence of the initial flame is modifigdagma ON condition, i.e. oxidizer activation
by the CDR).

V.2.4.3. Spontaneous emission of flame front marksr

Figure V.24 shows that the injection of excited g@ay species in the flame reaction zone
leads to a modification of the flame structure {Emobservations to previous non spectral images).
Exciting the oxidizer stream is at the origin of iagreased production of excited radicals. We will
consider now the influence of exciteg*@n the presence of OH*, CH* and,Gn the extra-flame
and in the premixed flame itself.
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Fig.V.24. Images of OH*. Experimental conditiorBischarge : He 0.65 + ©0.04 ni/h + 250 ppm
NO and frequency f= 25 kHz.

In the case of the flame coupled with only a pdildischarge (i.e. with negligeable production
of O,*), the OH* radical emission extension is not obeer. But in the case of the flame coupled with
a pulsed crossed discharge, with 1.2 kV DC sustaioltage, this increased production is obvious.

For the CH* radical spontaneous emission (Fig.V.25) thels@di crossed discharge
(DBD + DC) leads to a slight extension of the Cldtlical.
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Fig.V.25. Images of CH*. Experimental conditiorBischarge : He 0.65 + ©0.04 ni/h + 250 ppm
NO and frequency f= 25 kHz.

The effect of the CDR can still be seen, but aahlower level than for OH*.

For G* radical spontaneous emission (Fig.V.26) the itiggcof excited oxygen species in the
flame reaction zone is again at the origin of aigicant extension of the £radical production.
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Fig.V.26. Images of £. Experimental conditions: Discharge : He 0.65 + @04 ni/h + 250 ppm
NO and frequency f = 25 kHz.
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Concerning & distribution images in the flame, the plasma efffie much clearer compared
to CH*, but less significant differences can beeaslisd compared to the OH* radical. Anyway, the
changes in the presence of the plasma evideneena #tructure modification.

Three major effects are proposed for the improvermaécombustion under plasma assistance:
the heating of the gas, the chemical effect ofraetive species created by the plasma, and icabe
of the nonpremixed flames, a mixing effect. Thesmanisms by which the discharge could affect a
gas should be taken into account when using owser discharge to intensify combustion. The
guestion raised is if discharge could affect themi@ by a thermal effect and therefore, our
experimental observation could be due to the Ibealting of gas and, accordingly, leading to the
increase in rate of combustion. In the other hainel,nonequilibrium plasma can lead to a chemical
effect on combustion intensification (i.e. the maiechanism of excitation of oxygen molecules by
electron-impact). For these discharges, the heatifegt will probably superimpose on the chemical
effect and amplify it. Chemical and thermal effeatdhe discharge on the flame stabilization anel ha
to separate.

As explained previously, the temperature increaskided by the CDR within the oxygen flow is
higher in the presence of NO, but still small. iler to further check this issue and to investigate
separately the influence of the discharge and tiathe excited oxygen in the discharge, all
measurements have been also carried out with plienihand helium/NO flowing in the discharge
slot (no oxygen). Although the thermal effect cobls lower in pure helium (as it is when no NO is
added), no flame modification has been observesidin case when activating the CDR. We can thus
infer that the strongest modifications of the flareeorded in this study are only due to the presefc
excited oxygen in the discharge and not to a theefifiect.

To conclude, the observed flame intensificatiord astructure modifications show an
enhancement of the reactivity (reaction rates)reiasing with excited oxygen species production.
When considering injection of excited oxygen, nexaation pathways appear, associated with a
reduction of energy threshold of chemical reactidihgs favoring additional formation of OH, O, and
H species, explaining the observed combustion gifieation.

V.2.4.4. Parameter study: influence of time, injecbn speed and DC
sustainer voltage

First, a pulse DBD at 25 kHz pulse frequency and 8tainer voltage of 1.4 kV is
considered. These conditions correspond to therdppi we can apply before instability (glow-to-
arc transition) takes place. The spontaneous aemnigdi main radicals as well as excited oxygen has
been recorded to show the enhancement of combuditi®mo the discharge.

The flame originated in the premixed slot, extehdkwnstream through the discharge
section, and remained stable as long as the plasman. Series of images have been acquired during
the discharge duration (2 seconds), allowing ugualitatively evidence in the following figures a
temporal evolution, covering the steps :

- no plasma (first image = reference image) ;

- with plasma, images are labelled at time t (d@gdnaximum flame modification ;

- during the plasma post-discharge decay, at t#die(right).
These images show in particular that, while excit@ggen slowly disappears when turning off the
CDR, maximum flame modification is observed abdwe discharge slot. This is particularly visible

for OH* and might be a result of the non-negligititee needed for travel between discharge cell and
reaction zone.
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Fig.V.27. Images of ©, OH*, CH* and G*. Experimental conditions : Discharge: He 0.65 + O
0.04 n¥/h + 250 ppm NO and frequency f= 25 kHz.
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Further experiments presented in this sectioncarded out in @He binary mixture with
admixture of 250 ppm of NO. The discharge pararsedez DBD = 25 kHz and DC sustainer voltage
Upc = 1.2 kV. Other experiments at different oxidiles conditions have been performed but are not
shown here. Also, only ®and OH* are presented.
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Fig.V.28. Images of Pand OH*. Effect of secondary flow. Experimentahdiions : He/Q + 250
ppm NO; W= 1.2 kV and frequency f= 25 kHz.

Figure V.28 shows the influence of secondary mixtajection flow rates. Due to the relatively short
life of the majority of the excited species, the@rsér the delay between the production zone and the
flame front, the stronger the effect on the flarhewdd be. In these conditions, the chemical effect
should be amplified.

First, one can observe that the quantity ¢f @esent in the post-discharge increases wherasing

the flow-rate through the CDR (secondary mixtuFe)ithermore, one can assume that excited oxygen
species reach more efficiently the reaction zorestéf transport). As a consequence, flame
modification and intensification are enhanced.

Without CDR, with increasing flow speeds, the paiitipremixed flame is lifted off from the burner
exit. The lifted flame experiences blowout when filog/ speed is too high. In the presence of 18 kV
peak voltage, 25 kHz repetition rate pulsed dispbathe total flow speed before flame blow-out is
found to increase by 10%. The observation that fatvis delayed confirms again the significant
effect of the discharge on enhancing flame stabilit

Figure V.29 shows the role played by the DC suostadischarge on flame modification.
Experiments presented here are again carried dd/ite : 0.65 He + 0.04 gm*h) binary mixture
with admixture of 250 ppm of NO. The discharge p@ters are DBD = 25 kHz and DC sustainer
voltage Wc = 1.2 -1.4 kV. The scales are the same as thatuaviously for the different visualized
species.
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Fig.V.29. Images of £and OH*. Effect of DC sustainer voltage. Experirtamonditions :
Discharge: 0.65 He + 0.04 gm’/h) + 250 ppm NO and frequency f = 25 kHz.

Fig.V.29 demonstrates again, in agreement with tehdly, that flame intensification increases when
increasing the DC power until arcing is obtainelofee 1.4 kV). The quantity of excited oxygen
generated by the CDR is considerably increased \gbamy from e = 1.2 kV to 1.4 kV.

V.2.4.5. Quantitative analysis of flame extension

The employed conditions correspond to afH® (0.65 He + 0.04 Q(m*/h)) binary mixture
with addition of 250 ppm of NO. Pulsed dielectrarfer discharge is set at pulse repetition ratesof
kHz, and DC sustainer voltage is fixed at 1.4 kV.

MAXIMUM AVERAGE
OH* -5% +37%
CH* -16 % +12 %
CH* +34 % +19%

Table V.5. Image statistics.

Table V.5 presents results obtained after batchgasing of the acquired images via Davis software.
“Maximum” refers to the highest pixel value (thusaximum emission) and “average” means the
average intensity of all image pixels. The obtaimallies allow us to roughly quantify the increase o

decrease of studied radicals.

In table V.5, the values are compared with andauittactivating the CDR, computed as :

(valueyith cor- Valueyithout cor/Valueuithout cor
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Furthermore, in order to better evidence the digghaffects, for a given experimental series,
we substract the reference image (i.e. without mégs Corresponding results are presented in
Fig.V.30 and allow to better evidence the flame=gagion.

Image with only DBD - reference image Image with CDR - reference image

O,* molecule

OH* radical

C,* radical

CH* radical

DBD 25 kHz DBD 25 kHz + Uyc 1.4 kV

Fig.V.30. Experimental conditions : Discharge : ®l8e + 0.04 @ (m*/h) + 250 ppm NO, f = 25 kHz.
The reference image (without plasma) has beenadbst from the image with only DBD (left)
and with CDR (right).

It can be clearly seen that only negligible effeats observed with only pulse DBD (where no singlet
oxygen is produced), while a large flame extensi@sociated with an increase of spontaneous
emission is observed when starting the CDR. Whenpaoing the molecules OH*, CH* and*Cit

can be observed that the most significant effetthe pulsed crossed discharge is for OH* antl C
excited radicals. Flame extension is observed &gsdcwith a faster flame attachment.

The highest effect of plasma being observed fer@Qk* molecule, we have therefore decided
to use Laser Induced Fluorescence (LIF) for OHaadjin its fundamental electronic state). The LIF
apparatus, described in chapter I, utilizes a ¥(répetition rate Nd:YAG laser with 355 nm output.
The 355 nm beam pumps a tunable dye laser, whiaksisciated with a doubling crystal placed after
the dye laser to generate the required UV wavelenf282.66 nm to pump the Q1(5) transition of
OH.

Preliminary results have been obtained with LIF,t o relevant results of plasma-flame
expermiments could finally be obtained. A major ljeon appeared ; due to electromagnetic
interference which affected the laser (Q switch #iash lamp triggers), the ICCD camera trigger, and
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the PC controlling the dye laser tuning, we havenbenable to acquire any image of the flame in
presence of CDR.
Fig.V.31 shows an OH LIF image of the flame withplasma oxidizer activation.
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Fig.V.31. LIF OH image of partially premixed flaraeglobal equivalence ratio of 1. Secondary slot
flow is : 0.65 He + 0.04 O(m/h) + 250 ppm NO.

Even by connecting all instruments to power cicwweparate from that of the pulser, this
couldn’t be overcome. Furthermore, the pulser/tedit was placed on a separate table, electrically
insulated from the laser table surface. Netherfiselét was still impossible to carry out LIF
measurements. Further progress will therefore giteo solve these huge electromagnetic
compatibility problems.

V.2.4.6. Discussion and synthesis

When comparing 2D radical emission images in stethdlame and in plasma-supported
flame, it is visible that plasma leads to an inseeand extension of main radicals and particulaily
OH* above the discharge burner slot. An additioflame appears in this region. We have
demonstrated that two discharge types ; a pulse BBR5 kHz frequency and a pulsed crossed
discharge (DBD + DC) give different results :

- With only the DBD, i.e. where no excited oxygsmroduced, no flame extension is observed.

- With the CDR, where previous results on productimd detection of metastable atomic and
molecular oxygen have been successful, the plasschatge increases the flame extent and
the main radical production. It is clearly obsefeatihat the excited oxygen states have long
enough lifetimes to be able to produce direct clath@ffects on the flame.

- Results of chapter IV show that the oxidizer flommperature increase is not significant,
which excludes thermal effects and supports chdndffacts induced by the presence of
excited oxygen &.

The combustion enhancement is more intense at hggmondary flow-rate, at higher DC sustainer
voltage and in the presence of a small amount of N@se findings confirm that of chapter IV.
Operating at higher flowrate, the penetration ofitexi species into the flame zone increases, thus
increasing the observed flame intensification. Témilts evidence an average overproduction of OH*
(+37%), G* (+19%) and CH* (+12%).

As a consequence electronically excitegt @ppears to be a very efficient way to promote lraae
combustion. The post-discharge is a source of liwegl radicals or indirectly of stable species that
influence flame properties. In this case, a flaraa be stabilized and extended through accelerated
chemical reactions. Indeed, electronic excitatinfluences the course of a chemical reaction by
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increasing the energy content of the system or fiigcting access to different potential energy
surfaces.

When activating the CDR, a darker zone is obsebetdieen the post-discharge area and the
flame reaction zone. This observation corroborttedact that excited oxygen concentration is lgcal
reduced. This suggests that excited oxygen prewamby the flame zone reacts and induces chemical
reactions, thereby increasing the flame reactivity.

Furthermore, we wondered if it is possible tha& plulsed plasma discharge provides a direct
means of flame ignition. Attempts have been caraet but no ignition has been reached using only
the CDR. The reason could be that in our conditithmes active species concentrations produced by the
discharge are not sufficiently high to initiate thembustion. Chintala et al. [113] reported that
photochemical ignition of HO,, Hy/air, and CH/O, mixtures using excimer laser occurs only when
high radical concentrations (of the order of"16m?®) are produced. No quantitative measurements
have been performed but comparable levels of redm®entrations may not be reached here.

Finally, results from numerical simulation of hydem flames in presence of excited oxygen
species (chapter lll) are qualitatively in agreetmeith those obtained experimentally. The effect of
adding excited oxygen in the fresh gases is sinfidamall radicals, the flame width increases when
increasing the amount of excited oxygen.

V.3. Conclusions

The partially premixed flame configuration has meatensively investigated at low pressure.
We finally decided to retain this configuration dieeits capacity to reduce the distance between the
CDR and the flame and the possibility to separagecndary oxygen flow in which excited oxygen
can be produced under optimal conditions. Furtheemihis burner is well adapted to low pressure
conditions (~ 120 Torr), where excited oxygen ioduced in higher quantity. The positive
conclusions of this study are :

1- It is indeed possible to integrate the plasnisaldirge (CDR) in the burner. The hybrid
burner is integrated in a bridle, adapted to the poessure tank. Therefore, electrical connectares
made at atmospheric pressure, avoiding parasgahdrge development.

A partially premixed methane flame is obtained &ad been spectroscopically investigated through
main tracers of the reaction zone: OH*, CH**®and emission with and without the plasma
discharge.

2- As for the atmospheric pressure counterflonméa configuration, but much more
noticeably, the flame structure is clearly modifigbden activating the CDR. The active reaction zone
becomes larger. When activating the CDR, a stdbitad appears in a region where no flame is found
in the standard configuration.

3- Using emission spectroscopy, it has been demaiadt that radical species intensity
increase noticeably when starting the CDR. Plasrtisadion leads to an average increase of CH* by
12%, of G* by 19% and of OH* by 37%. This quantitative arsyof flame extension is not in
accordance with that at atmospheric pressure (ediow flame), where the increase of CH* is
noticeable, while OH* is almost constant. This banexplained by the fact that the composition ef th
post-discharge is different. In particular, the @amtration of @ in the flame reaction zone is
increased with this partially prmixed configuratiorhe observed discrepancy between both burners
might therefore reveal the difference between adlieffect of excited oxygen in the reaction zone
(partially premixed burner) compared to an indirammbustion intensification (atmospheric
counterflow burner), for which all excited oxygeashbeen converted long before reaching the flame.

4- The increase of DC sustainer voltage and seognukidizer flow speed leads to a higher
flame extension.

5- The CDR induced the extension of the flame tmdpcing an active stream of species that
assist the oxidation process, rather than providirgdjrect ignition of the flame (e.g. by local heat
release). Indeed, we have been unable to ignitBaime just by using the CDR.

Numerical simulations of hydrogen combustion pnése in chapter Il have shown that when
considering 5% of excited oxygen in the oxidizextmie, the extinction strain rate of a counterflow
flame & is increased by 7%. Even if it is impossible to pame quantitatively the simulations of
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section 1ll.2 (hydrogen flames) with the experingemtf chapter V (methane flames), qualitative
evolutions may be compared. The same trend has dgmrimentally demonstrated with methane
combustion, where an increase by 10% is observethdoextinction strain-rate.
Furthermore, premixed hydrogen flame simulationgaéthat when increasing the percentage £f O
in the mixture (which corresponds in our experimseiotan increase of the DC sustainer voltage), the
flame modifications are more pronounced and charaed by (see section 111.2): a steeper slope on
the fresh gas side, higher peak radical conceotratia wider flame and a bimodal structure appgarin
particularly for OH*,with a large peak on the fresh gas side and a dacpnlower peak on the burnt
gas side. The numerical findings of section IIl.Be agualitatively confirmed by the present
experimental results, as follows :
- The largest modification is observed for OH* (FMB0), sometimes with a structure
reminding of a bimodal structure (see e.g. Fig.V..29
- Flame modifications increase with DC voltage (dmehce with the amount of excited
oxygen).
- Available radical emissions increase when adtigathe CDR (see table V.5, right column).
- The CDR leads always to an extension of the flamee, similar to the flame widening
observed in one-dimensional simulations.

These experimental results suggest that chemieattions involving excited oxygen
molecules and radicals produced in the plasma aserdlame reactivity. The excited*Omolecules
can deexcite with emission of radiation and theactrdurther according to CH- O, -~ CHz; + HO,
reaction, or else, while still excited, react willid,. Since the energy that is carried by the excited
Oz(alAg) and Q(b129+) are 94 kJ/mol and 157 kJ/mol respectively, thergies required for the
reactions :
0,(a'Ag) + CHy - CHs + HO, and Q(b'Y,") + CH, — CHs + HO, are sufficiently small that they may
occur. In addition to normal Dthese new reaction pathways give additional egi€H and HQ
that can begin a new chain.

Electronic energy is much more efficient than riotzdl and translational ones to activate chemical
reactions. Thus, chemical transformations with pheticipation of electronically excited molecules,
even in the lowest electronic levels, is severaless more rapid than with fundamental molecules
(v=0). Moreover, a reason of the acceleration ahlzostion with participation of these excited
molecules is the intensification of the formatidnaective atoms H, O and radicals OH as well as the
amplification of chain-branching mechanisms.

Atoms or molecules in metastable states are péatiy effective as energy carriers in
chemical reactions. The energy stored in the eXaitelecule can be used for a chemical reaction; if
this happens, the excited state molecule may :

1- lose its excitation energy without producing ahgmical reaction ;

2- be dissociated by the collision with the othedewule ;

3- react with the collision partner ;

4- simply transfer its energy to the collision pait, which then carries out the actual reaction.
If a suitable excited state is produced, as, fanmgde, for @* and OH*, they carry with them the
energy necessary for a new reaction pathway. Thkerefany reaction channels become energetically
possible.
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Chapter VI : Conclusions and perspectives

Despite its apparent simplicity, the @olecule exhibits a number of rather unusual prtogse
with respect to magnetic behaviour, spectroscopgrgy transfer processes, and chemical reactivity.
The oxygen molecule has at least four long-livingtastable states. Most interesting are its two
singlet states. Electronically excited oxyge;(a&ng) and Q(blz;) are reservoirs of electronic energy
(carrying excitation energy of 0.981 eV or 94 kJikenand 1.65 eV or 157 kJ/mol, respectively). In
response to the modern challenges in combustiolicappns, various approaches have been proposed
to enhance ignition and combustion by means oflegtrical discharge. Since the radiative lifetinfe o
these metastables are long, the use of excitedeoxyg combustion seems promising, as excited
atoms and molecules react much faster than theeroited ones. Furthermore, these species can be
generated with a high energetic efficiency.

Activation of oxygen leading to production of siagbxygen and excited atomic oxygen can
be realized by electrical discharge, laser radiatidV radiation, chemiluminescence reactions. One o
the most effective methods of excitation of vibwatll and electronic states of atoms and molecsles i
electron impact in an electrical discharge. Nonigiiiim pulse dielectric barrier and crossed
discharges have been used in this study. We han®msrated that high voltage pulses are an
efficient way to generate active species in bimaiytures Q/helium.

Pulsed non-equilibrium discharges exhibit very lies¢ing characteristics that can be quite different
from that of those driven by conventional meanshsas AC voltage. Nanosecond pulses with low
duty cycles can sustain stable plasmas at relgtiogl power budgets and without contributing to a
noticeable temperature increase of the heavy spéuimthermal plasma).

The energy provided to the discharge is ~7 mJesponding to an average power of 140 W at 20
kHz pulse repetition rate, respectively. This poigemuch less than the typical heating power of
flames of practical interest, usually several kifts or more.

To maximize the effect of singlet oxygen in contimrg it is essential to understand the
mechanisms governing its formation and deactivatikfter an exhaustive review of the state of the
art, the first part of this document was dedicatedhe development of a plasma facility aimed at
producing electronically excited oxygen species. \Wave carried out experimental research
concerning Q(blzg+) production in nanopulsed dielectric barrier dagjes in pure Qand in its
mixtures with argon and helium in particular angdé#d a wide range of pressures (10-760 Torr) and
discharge parameters.

Theoretical studies have indicated that sufficfeattions of Q(blzg+) and Q(alAg) may be produced

in an electrical discharge. Results of those studleng with experimental results show that electri
excitation is a very complicated process that rhesinvestigated with advanced diagnostics combined
with modeling. A parametric study with the Bolsigftsvare establishes that it may be possible to
attain effective singlet oxygen production in sulisoflow. Due to its sub-optimal operation, the
pulsed dielectric barrier discharge could not geteerexcited oxygen. Numerical simulations of
electron energy distribution function allowed makimportant decisions for the development of a
new plasma reactor. The idea was to separate skeofaionization from that of energy deposition.
Therefore, crossed discharge reactors, where agdiglectric barrier discharge ionization is ceapl
with a DC discharge, have been developed and amimi

Specific energy deposition into the discharge aeduced electric field are the main quantitative
parameters characterizing the processes leadipgtiuction of singlet oxygen. Evidence of effective
production of Q(blzg+) at atmospheric and reduced pressure has beennshywemission
spectroscopy using low, medium and high resolwpectrometers.

The high resolution set-up allows to determinetiotel and vibrational plasma temperature (from
N," and Q* emission spectra) as well as flame temperatu@n(fCH* emission spectra). A typical
plasma rotational temperature typically of ~ 36(h#&s been determined. These plasma temperature
measurements allow excluding a strong thermal effeiing plasma-flame experiments.

The effects of systematic changes in operatingmpeatars on the performance of the generator led to
modifications and improvements with the objectifenaximizing the @ yield. We were then able to
generate, for the first time, electronically exditgnglet oxygen at atmospheric pressure. Conogrnin
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experimental conditions needed to optimize thebﬁg*) yield, our wide set of experiments underline
several important discharge parameters. The optioraditions are :

- reduced pressure up to 120 Torr ;

- a relatively high flow velocity through the CDBQ(cm/s) ;

- less than 10% fOdiluted in helium. This allows to reduce the tengpere rise in the
discharge. The diluent also reduces the amouribaf éxpansion caused by, @issociation,
which in turn increases the residence time andsléatiigher specific energy deposition ;

- a high DC sustainer voltage. It was demonstrateat the Q(b12g+) population grows
approximately linearly as a function of the disgfempower (~1.5 kV maximum, before
arcing) ;

- a pulse repetition rate between 20-25 kHz ;

- areduced electric fiel#/n~10 Td. It is worth noting that the addition of imert gas such as
helium may promote higher ;©yield by allowing the discharge to operate at aren
favourableE/n than does pure Q

- addition of 250 ppm of nitric oxide (NO) permits scavenge atomic oxygen, and therefore
reduces the ® quenching.

In a second step, the opportunity that electrdiyiexcited singlet oxygen molecules might be
involved as a reactive intermediate to promote agstibn has been checked. In order to assist a
CH4/O,/He flame at atmospheric and reduced pressurestegds have been successfully optimized :
oxygen excitation in a plasma discharge, therebmiftg an excited oxygen flux; that of transporting
the excited oxygen into the reaction zone; andllfindat of obtaining a sufficient 9 lifetime,
allowing to reach the targeted reaction zone.

To investigate this issue, a counter-flow diffustmmrner has first been designed and constructesl. Th
burner has been adapted to fit the crossed disshaactor. An increase of the concentrations of
excited radicals has been observed in the flamegchvimeans an enhancement of combustion. A
comparison of the radical emission spectra takethout and with the discharge shows, that the
spectral structures are more intense when actiy#tia discharge. This is particularly evident fé#*C
(+22%). However, OH molecule shows only a slight increase of 3%. Unioately, it was not
possible to detect any excited oxygen in the igimf the flame. In order to solve this issue, a
partially-premixed co-flow burner operating at redd pressures has been developed. In this manner,
excited oxygen species are produced in higher giganand their lifetime is increased. Integratafn
the previously optimized crossed discharge reastittrin the partially-premixed burner allowed us to
study and quantify how combustion processes aredfieddn the presence of electronically-excited
oxygen molecules. Using emission spectroscopy énfldime, combustion intensification is clearly
observed when excited oxygen species come outeoflistharge reactor. Excited oxygen survives
during enough time to finally reach the flame reattzone. Visualisation of main flame radicals
allows to observe a net increase in particular Ef @nd G* radicals in the case of oxidizer plasma
activation. When considering oxygen excitation, nesactive pathways can appear, leading to
production of additional excited radicals.

As a complement, a numerical study has been déumtehe ignition and combustion of
diluted hydrogen-air mixtures including electrotiigaéxcited Q* molecules, as they appear in the
experiments. All computations rely on a detailedct®mn scheme implemented within the package
CHEMKIN. The reaction mechanism involves the extispecies ¢, O* and OH*. Results show
that in the presence of excited oxygen in thedhitiixture, a reduction of the ignition delay arfdhe
minimum inflammation temperature is observed, thgetvith an increase of the laminar flame speed,
the thermal flame thickness and of the concentmatiball main radicals. The extinction strain rate
increases with oxygen excitation. These simulatiom$icate that it may be possible to attain
significant flame intensification levels even awvl®@,* mole fraction in the fresh gas mixture (5% or
less). Even if a quantitative comparison is impassisimulations consider hydrogen combustion
while methane is used as fuel in the experimeiglitative comparisons reveal a good agreement
between numerical predictions and experimental rebsiens. This is an encouraging first step.

It is worth noting that temperature is a criticg8ue.The inferred plasma flow temperatures
are much lower than the autoignition temperaturemethane at these pressure and temperature
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conditions. These results strongly suggest thatbemtion intensification occurs by a purely non-
thermal mechanism.

Experimental work that should now follow is Laseduced Fluorescence on OH molecule.
We have attempted at the end of this study suchméBsurements, but electromagnetic compatibility
problems with ICCD camera prevented any plasmasdlanalysis. LIF could indeed give very
interesting, quantitative results. Also, numerisahulations of methane combustion in presence of
excited oxygen species and validations with thegmeexperimental work would be very interesting.
Within this study, the numerical part has beeniedrout only for hydrogen combustion, because
unfortunately, kinetic data of methane combustidgth wxcited species are not available yet.

Finally, the present findings implied that the diiage is a source of reactive species that
intensify combustion and increase flame stability.

Furthermore, a similar work plan to that undertakethe present study but concerning this
time fuel “activation” seems to be very interesting

The possibility of using the discharge to improgaifion would also be a very important
subject for practical applications. The generatbadditional chemically active radical speciestlsy
non thermal plasma discharge may well affect tinétimn chemistry and, therefore, the ignition delay
time. A common problem is that ignition occurs oimya small volume of the flow, which may result
in an incomplete combustion due to the slow lat8eahe propagation speed compared to the axial
flow velocity. Using nonequilibrium plasmas for tial radical production can be attractive for
practical applications, especially if plasma suséiin volume and at reasonable power budget.
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Appendices
Appendix 1. Hind vectorial coupling

Description

The movement of electrons, of molecule nuclei, tlesultant spin and eventually the
individual electron spins are not totally indepemidene from another. There are interactions between
these movements. This is evident because the maovesheuclei and electrons produce a magnetic
field. The intrinsic property of spin is its magiceanoment.

In one hand, there is interaction between the ntagtield created by electron movements and
nucleis, and in the other hand, the proper indigidiectrons spin resultant.

In 1926, Hind was the first to examine these phrema, classify and model the typical
interactions names case (a), (b), (c), (d) andl{a$. worth noting that case (a) and case (b)thee
most important and will be presented.

The following nomenclature will be used :

|

: Electronic angular momentum an¥lits projection on the internuclear axis

wn!

: The electrons spin resultant and its projection on the internuclear axis

o)

: Total electronic angular momentum along the imtetear axis

Z

: The nuclei rotational angular momentum, perpauidity to internuclear axis

: The resultant vector di and /A

AL

1

: The resultant angular momentum of molecule= Q+ Nor J =A+ S if Q is not defined

Hund coupling case (a)

The interaction between the nuclei rotation anel thovement of electrosandSis very

weak. L and Sare in rapid precession around the internucleas amil Sfor axial componentZ*
which takes 3+1 values betweenSand S

The coupIingf) = A+ i is produced anf = |/\ - S|/\ + S. The resultant angular momentum of

the moleculej = f2+ N and the corresponding quantum numbtakes the values J&, Q+1,Q+2,
etc., (the energy levels for XXxdo not exist).

The Hund cases (a) are applied for 0. The associated schematic vectorial diagraprasented in
Fig.Al1.1.
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\‘
Fig.Al.1. Vectorial diagram of Hiind coupling casg. (

Hind coupling case (b)

The case (b) is applied for= 0 (which corresponds b states), but also f@x > 0, only if the
spin-orbit coupling betweeﬂf\ and i is weak due to the weakness of the magnetic fistbeiated
with I: éis not determined anymore according to the moleaunls andi do not exist (therfl is
not defined as well as the quantum num@3r Values oannd N form a resultanlli :A+ N
around it,A and N are present. The corresponding quantum number éstdde values K A+1, A+2
... Vectors IZ and é forms a total angular momentuﬁ1= I2+ éof the molecule, having a fixed

direction, around it, ardi andé. For a given value of K, the corresponding quantwmber J takes
the values K+S, K+S-1, ...(K-S) and then, each entrggl described by K is composed of 2S+1 sub-
levels.

The associated schematic vectorial diagram is pteden Fig.A1.2.

Fig.Al1.2. Vectorial diagram of Hiind coupling cabg. (
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Other Hund coupling cases
For the so-called Hiind coupling case (c), theltasuJ coming from the strong interaction

between vectord and Sis determined according to the internuclear axi® Hund coupling case (c)
is generally realized by the very heavy molecules.

For case (d), the coupling &fwith the internuclear axis is very weak; the couglof Swith
the internuclear axis and with is even weakerL , in these conditions, couples directly wibhto

formIZ, whose associate quantum number takes the valoés |N - L|. The spin éfinally

couples with IZto form the total angular momentum of the moleciﬂeli+ é= N+ I:+ é The
energy associated to this coupling is very weak.
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Appendix 2. Comparisons between Hitran, Pgopher andour
simulation program

Figures A2.1 show high resolution rotationally rdeed emission spectra of A-band and
infrared band comparison using two different progga Hitran and Pgopher.

|9z Intrared band] [0 Atmeepheric “A” band|

SE: (25 —

Intensity {a.u) PGOPHER
Intensity {a.u) PGOPHER

"l'."B'\-'Fi"'Ur" L . Il 18 ta |: , --\.-C_.-_l b |}
¥ g Wavenumbsr sm-1)

DM~

NydLIH (ne) Aisusu|
Nvd.LIH {n'e) Aisuagy|

= rr]

Fig.A2.1. Simulated high resolution rotational esiim spectra of gaseod®0; in the band (right) :
b’y (v=0) - X*3;(v=0) and (left) : B3, (v=0) - X*2g(v=0). Comparison between two simulation
programs.

The position of lines taking Pgopfiesr Hitrar programs are determined and corresponds withya ver
good accuracy. For each line, we comfort the flaat & perfect fit is observed using one program or
the other.

Figures A2.2 show a comparison of intermediatelt®n emission spectra of A-band and
infrared band using our simulation program. It tenobserved that the agreement between the two
computed spectra is very satisfactory. The veghslsystematic deviation between the two calculated
values is probably due to the fact that the vabfesertain molecular constants which have to be& use
in the determination of the lines positions areaactly the same.
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Fig.A2.2. Simulated intermediate resolution rotatibemission spectra of gasedt®, in the band
(right): b' 25" (v=0) - X*35(v=0) and (left): B35 (v=0) - X*3;(v=0). Comparison between two
simulation programs.

From these sets of spectra, it is now possibleréalict accurately the transitions between
these states. We are then able to compare caldwateexperimental emission spectra and to measure
the associated rotational temperature.
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Appendix 3. Emission line identification

Identification of different vibrational systems (v2) of Oz(blzg*) atmospheric A-band,
0,'(b*3y) first negative system, N(B?3,") first negative system and,kC°r,) second positive system
is presented in the following tables. The emisdina strength is represented by a gradation of.blue
The darkest blue means a high strength emissioth. ban

0,(b'Zy) 0 0 1 1
Atmospheric A band| v1v2 R P R P

0 763,70
1 768,43 | 774,00

Table A3.1. (g(blzg) atmospheric A-band line identification.

0,'(b*Zy) | viv2 4 5
1 system 0

1

2

3

4 584,73

5 552,10 581,40

6 524,10

7 523,40

Table A3.2. @ (b“Zg') first negative system line identification.

N,' (B%=,) [viv2| 0 1 2 3 4 5 6

1 system 0 470,92 | 522,83
1 388,43 | 423,65| 465,18| 514,88
2 330,80( 356,39 | 385,79| 419,91| 459,97 | 507,66

3 329,87| 354,89| 383,54| 416,68| 455,41 | 501,27
4 329,34| 353,83| 381,81 | 413,50 451,59

Table A3.3. B (B>3,") first negative system line identification.

N, (C°M,) | viv2 4 5 6 7 8

2" system 434.36 | 466,73

399,84 | 426.97 | 457,43

297,68 | 313,60 | 330,90 350,05 394,30 | 420,05 | 449,02

281,98| 296,20 | 311,67 | 328,53 | 346,90 | 367,19 | 389,46 | 414,18 | 441,68

A WIN| | O

281,43| 295,32| 310,40 | 326,81 | 344,60 | 364,17

Table A3.4. N(C*/7,) second positive system line identification.
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Appendix 4. Oxygen plasma kinetic scheme

Numerical simulations can be a valuable screeriog ih choosing operating conditions for
an optimal excited oxygen production in our BDB gess. A kinetic model for oxygen that includes
the basic kinds of charged and neutral particl@gsaposed in the schematic below :

———— O,+hv (1.27 pm)
O,te
7 O(P)+0,
—> O(P)+O(P) > 0,#O,+e
—> O(3P)+O('D ———» O
(°P)+O(*D) O(P) g 0+0,+0, O+
—> O('D)+O(S) —— 0,+0,+0, 2
> O+ O _ O,+e
> O(P) + O € O(P)+O-
O(P)+O(3P)+e"
o 0O, O(P)+O(3P) o O(P)+O('D)+er
s 02++02+02
0,, 0
O,
) o(P > O +O
o\’\‘?\xo é ) > O+O(3P)
0,(ath,) ——————— 0,+0,0r 0,+0,+O(P)
0, S Ilo (aq $o< pﬁ °9) | 30(P)or o(P) +02(a)
or O(2P)+02(a)

- O,(b1X") —— o,
g 2M ’ —o’ 0,*0,
g O +O or 0,+0,+0(P)

0 > 0.s0(P)

O,(ah)+e
O(3P)+0O-
O(’P)+O(3P)+e
O(3P)+O(*D)+e

+

0, —————— 0,+0,+0,"

—4—>O+O+O

—3>O+O+O

—2, 0,40, +e
> O(P)+O,+e
— O,+hv (0.76 pm)

O(*P) 0, O !

O

OO

OO

Fig.A4.1. Oxygen plasma kinetic scheme.
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Appendix 5. Reaction scheme for hydrogen oxidatiomvolving
electronically-excited oxygen molecules.

This MSU kinetic model has been obtaind by Ibraguienet al. [189].

Units are in mole-cm-sec-cal.

1. Reaction mechanism

No. Reactions Domain of A n E, K Alog k
validity
AT, 10 K
1 H,+O,—H+HO, 1.0-2.5 1.94E+14 0 29770 0.2
H+HO,—H,+0, 0.25-2.0 2.39E+13 0.1 711 0.2
2 H,+0O,—0O+H,0 1.0-25 3.0E+13 0 35000 -
3 H,+O,—OH+OH 0.76 — 2.5 4.47E+11 0 17338 0.5
OH+OH—-H,+0O, 0.25-3.0 1.7E+13 0 24100 0.8
4 HA+M—H+H+M
M=Ar 1.0-8.0 2.23E+14 0 48350 0.2
M=H, 1.0-8.0 3.46E+14 0 48350 0.24
M=Q 1.0-8.0 3.46E+14 0 48350 0.5
M=HO 0.6-2.0 8.48E+19 -1.1 52530 0.7
H+H+M—H>+M
M=Ar 0.5-2.5 6.48E+17 -1 0 0.5
M=H, 0.3-5.0 9.72E+16 -0.6 0 0.5
M=HO 0.3-2.0 1.0E+19 -1 0 0.7
M=H 0.3-5.0 3.2E+15 0 0 0.5
5 O+M—0+0+M
M=Ar 2.0-4.1 1.5E+18 -1 59380 0.17
M=Q 2.0-5.0 9.8E+24 -2.5 59380 0.3
M=0 2.0-5.0 3.5E+25 -2.5 5938( 0.4
M=Q,H,0 2.0-5.0 1.2E+19 -1 59380 1
O+0+M—0O,+M
M=Ar 0.3-4.0 1.89E+13 0 -900 0.11
M=Q 0.3-4.0 1.5E+16 -0.41 0 0.23
M=0 0.3-4.0 5.34E+16 -0.41 0 0.2
M=Q 0.3-4.0 1.3E+14 0 -900 0.8
6 Hy+ O+ O,—HO,+HO, 0.5-3.0 2.0E+17 0 13000 -
7 H,+OH—H+H,O 0.2-4.1 2.53E+8 1.48 1700 0.5
H,O0+H—H,+OH 0.5-2.5 1.87E+14 0 10433 0.3
8 OH+0OH-H,0+0 0.25-4.1 1.5E+9 1.14 50 0.2
H,O0+0O—0OH+0OH 0.25-3.0 5.75E+13 0 9052 0.2
9 O,+H—OH+0O 0.3-5.3 8.65E+14 -0.24 8200 0.1
OH+0O—H+0, 0.16-2.5 8.91E+12 0 -251 0.3
10 H+O—0OH+H 0.34.1 5.1E+4 2.67 3160 0.5
OH+H—0O+H, 0.3-2.5 4.88E+3 2.8 1950 0.3
11 O0+O0O+M—0O5+M
M=Ar 0.2-2.5 4.3E+12 0 -1050 0.6
M=Q 0.2-3.0 3.26E+19 -2.06 0 0.6
M=0 0.22-3.0 2.28E+15 -0.5 -700 0.3
M=Q 0.22-3.0 1.67E+15 -0.51 -700 0.36
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O3+M—0,+0+M

M=Ar 0.2-3.0 2.48E+14 0 11430 0.1
M=Q 0.3-3.0 1.54E+14 0 11600 -
M=0 0.2-3.0 2.48E+15 0 11430
M=G 0.3-3.0 4.4E+14 0 11600 0.2
12 O+tH+M—HO,+M
M=Ar 0.34.1 6.1E+17 -0.8 0 0.5
M=Q 0.5-3.0 2.7E+18 -1 0 0.7
M=H, 0.3-2.0 2.09E+18 -0.8 0 0.5
M=H0 0.3-2.0 1.56E+18 -0.8 0 0.5
HO,+M=0,+H+M
M=Ar 20.5-3.0 2.1E+15 0 23000 0.2
M=Q 0.5-3.0 2.8E+15 0 23000 0.3
13 H0O,+M—OH+OH+M
M=Ar 0.95-1.5 6.0E+16 0 22900 0.3
M=H, 0.50-2.5 3.2E+17 0 23820 -
M=H.0, 0.5-0.95 2.51E+18 0 24154 -
OH+OH+M=H,0,+M
M=Ar 0.3-3.0 6.33E+23 -2.53 42
M=H0 0.3-04 1.44E+18 0 0 0.4
14 H+OH+M—H,0O+M
M=Ar 0.3-3.0 8.3E+21 -2 0 0.3
M=H, 0.5-3.0 2.0E+20 -1 0 -
M=0OH 1.74-1.86 8.34E+15 0 0 -
M=H0 0.3-3.0 1.4E+23 -2 0 0.5
H,O+M=H+OH+M
M=Ar 0.3-2.5 4.0E+23 -2.2 59000 0.6
M=Q 2.0-6.0 3.5E+15 0 52920 0.5
M+H0 2.0-5.0 1.6E+17 0 57491 0.3
15 H+O+M—-0OH+M 0.3-2.5 4.71E+18 -1 0 0.7
OH+M=0+H+M
M=Ar,G 0.3-2.5 2.41E+15 0 50000 0.7
16 OH+O+M—HO,+M
M=Ar 0.3-2.5 8.0E+16 0 0 2.0
17 OH+HO0—H,+HO, 0.25-3.0 7.9E+9 0.43 36100 14
18 O0+OH—-0O+HO, 0.3-2.5 2.23E+13 0 26500 0.5
HO,+O—0OH+0, 0.22-2.5 1.75E+13 0 -200 0.3
19 HO+H—OH+OH 0.3-4.1 1.69E+14 0 440 0.4
OH+OH—>H+HO, 0.25-2.5 1.2E+13 0 20200 1.0
20 OH+HQ—H,0+0, 0.25-4.1 2.85E+13 0 -250 0.13
H,0+0, - OH+HGO, 0.5-3.0 5.6E+13 0.17 36600 1.5
21 OH+Q—0,+HO, 0.22-2.5 9.6E+11 0 1000 0.6
22 O0+0,—04+0 0.25-3.0 1.2E+13 0 50500 0.6
O0;+0—-0,4+0, 0.2-1.0 4.82E+12 0 2060 0.3
23 O+OH—H+0; 0.25-3.0 4 4E+7 1.44 38600 2.0
O3+H—OH+0, 0.2-2.0 6.87E+13 0 437 0.7
24 HO+0O;—0OH+OA+0, 0.2-1.0 1.66E+11 -0.284 1000 0.45
25 H+HO,—H,O,+H 0.3-2.5 3.01E+13 0 13100 0.5
H+H,0,—HO,+H, 0.3-1.0 1.69E+12 0 1890 0.3
26 H+H,O0,—H,O+OH+H 0.5-3.0 8.69E+12 0.5 18347 -
27 H,0,+0,—HO,+HO, 0.3-2.5 5.42E+13 0 20000 0.7
HO,+HO,—H,0,+0, 0.3-2.5 1.8E+12 0 0 0.5
28 H+H,0,—H,O+0OH 0.3-1.0 1.02E+13 0 1800 0.3

191




OH+H,O0—H+H,0, 0.4-1.0 2.4E+14 0 40500 1.0
29 HO+HO,—OH+H,0, 0.3-25 2.8E+13 0 16500 0.3
OH+H,0,—»H,O+HO, 0.3-1.45 4.46E+12 0 477 0.5
30 H0+0,—0+H,0, 0.5-2.5 3.4E+10 0.52 44800 1.4
O+H,0,—~H,0+0O, 0.3-25 8.4E+11 0 2130 1
31 HO0,+O—-0H+HO, 0.28-1.0 1.08E+12 0 2000 0.35

Table A5.1. Rate constants of reactions in an H/Qesn with particles in ground state. Dimensions

are in (cnm/mol)"~7s, m is the order of reaction.
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No. | Reactions AT, 10K | A E, K Alog k
32 | OH+H,—H,0+H 1.0-2.5 1.0E+14 0 276 -
33 | OH+M—OH+M
M=Ar 1.0-2.5 2.9E+9 0.5 0 -
M=Q,H, 1.0-2.5 2.9E+11 0.5 0 -
M=H0 1.0-2.5 2.9E+13 0.5 0 -
34 | OH—OH+hv 1.4E+6 0 0 -
35 | H+HO,—H,0+OH 1.0-2.2 4.8E+19 -1.7| 19000 -
36 | O+H+M—OH +M
M=Ar 1.0-2.5 3.0E+18 -1 0 -
M=Q,H, 1.0-2.5 3.0E+18 -1 0 -
M=0OH 1.0-2.5 1.5E+19 -1 0 -
37 | O+H+M—OH +M
M=Ar 1.0-2.5 1.5E+18 -1 0 -
M=H,,0, 1.0-2.5 4,77E+18 | -1 0 -
38 | OH+ O,— O;+H 1.0-2.5 2.3E+12 0.5 0 -
39 | OH+0,—»HO,+0O 0.5-3.0 1.2E+12 0.5 0 -
40 | OH+H,0—H,0,+H 0.5-3.0 7.5E+12 0 276 -
41 | O +M—>0O+0+M 1.0-3.0 2.6E+18 0 48188| -
42 O, +M—0, +O+M 0.3-3.0 1.3E+14 0 11400 -
O, +O+M—0; +M 0.3-3.0 6.9E+12 0 -1050 | -
43 HO+M—0O, +H+M 0.2-2.2 6.9E+14 0 23000 -
O, +H+M—HO,+M 0.2-2.2 1.5E+15 0 -500 -
44 | O, +M—0,+M
M=Ar 0.3 5.0E+3 0 0 -
M=H, 0.3 2.7E+6 0 0 -
M=Q 0.5-2.0 1.0E+6 0 0 -
M=0,H 0.5-2.0 4.2E+8 0 0 -
M=0H,H,0,HO,,H,0, 0.5-2.0 3.4E+6 0 0 -
45 H +HO—0, +H, 0.3-2.5 4.8E+7 1.67| 3162 -
46 | O +0, »0+0, 0.3 6.03E+12 | O 0 0.4
47 | O +0;-0,+0,+0 0.28-2.0 3.13E+13| O 2840 -
48 | O, +H,—»H,0+0O 0.5-2.5 3.5E+13 0 20000 -
49 | O +0,—»0s+0 0.3-2.5 1.2E+13 0 39604 -
50 O, +H—OH+0 0.25-2.5 1.1E+14 0 3188 -
OH+0O— O, +H 0.3-2.5 5.8E+12 0 6224 -
51 | O +H,—»OH+OH 0.25-2.5 1.7E+15 0 17000 -
52 | O +OH—H+0; 0.25-2.5 4.4E+7 1.44| 27225 -
53 O, +OH—O+HO, 0.25-2.5 1.3E+13 0 17000 -
54 | Oy +OH—HO,+0O, 0.25-2.5 4.8E+11 0 1000 -
55 | O4+HO,—~OH+0,+0, 0.25-2.5 1.0E+10 0 1000 -
56 | HO, +HO,—H,0,+0O, 0.25-2.5 9.0E+12 0 500 -
57 | 0,+O0—-0, +O 0.3 1.2E+13 0 0 -
58 | O +H,—»OH +H 0.1-2.1 8.7E+13 0 -14 -
59 HO, +H—H,0+O 1.0-2.5 1.7E+12 0.46| 678 -
60 | O+M—O+M
M=Ar 0.11-0.33 | 3.0E+11 0 0 -
M=Q 0.2-0.35 1.93E+13 | 0 67 -
M=0 0.298 3.0E+12 0 0 0.3
61 | O +H,0—~OH+OH 0.2-0.35 1.3E+14 0 0 -
62 | O +0;,—0+0+0, 0.2-1.0 7.9E+13 0 0 -
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Table A5.2. Rate constants of supplementary reastim an H/O system with particles in
electronically excited state. Dimensions are in¥omol)" ~ ¥s, m is the order of reaction.

2. Thermochemistry data for excited species

The CHEMKIN 4 software is designed by default torkvavith thermodynamic data in the
form used by NASA. In this case, seven coefficieares needed for each of two temperature ranges.
Thermodynamic data coefficients for excited sped¥s O,* and OH* are presented below, as
obtained from the software GAUSSIAN190] :

o* O 1 G 300.0@000.000 1000.000

0.25473243E+01 -0.30650157E-04 -0.36488581E@80632783E-11 -0.50388354E-15
0.52603966E+05 0.49057715E+01 0.29447184E+D16245506E-02 0.23936879E-05
-0.15974853E-08 0.40121429E-12 0.52524704E+H029896558E+01

o2* O 2 G 300.0@4000.000 1000.000

0.33675704E+01 0.12173838E-02 -0.51541280EE085880813E-10 -0.64228138E-14
0.12559464E+05 0.39428670E+01 0.38815479E+0DB5698672E-02 0.10762475E-04
-0.10154052E-07 0.32388956E-11 0.12593236E-6031460579E+01

OH* O 1H 1 G 300.08000.000 1000.000

0.29509641E+01 0.90260926E-03 -0.16713934EE085924661E-11 0.44182766E-15

0.50648280E+05 0.52307803E+01 0.35142308E6011573344E-02 -0.43109152E-05
0.52789017E-08 -0.19440835E-11 0.50410237E-6058863960E+01
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Appendix 6. Pulse power supply parameters

Abstract

Nonequilibrium plasmas driven by nanosecond higkage pulses have been proven to produce high-
energy electrons, which in turn lead to enhancedzaion and excitation [211]. Literature results
showed that a relatively large volume diffuse DB&nde generated at atmospheric pressure with
repetitive harrow voltage pulses.

Amongst their attractive features is the abilityaichieve enhanced gas phase chemistry without the
need for elevated gas temperatures. To furtherrmehthe plasma chemistry, pulsed operation with
pulse widths in the nanosecond range has been stegge

Without any adjustment in the matching network, etectrical power of the power source cannot be
transferred to the discharge in an efficient wantdhing networks used in real processing systems ar
not ideal and can absorb a considerable fractignt¢u90% [226]) of the total incident power.
Therefore, the power supply used to ignite thehdisge is presented in this section. It is studieget

a much improved power transfer to the plasma.

1. Discharge study, optimisation and adaptation

Recent plasma technologies imply to use high frequ@enerators of very short pulses. This
is necessary for such processes as singlet motecobeygen production [13, 36],
magnetohydrodynamics systems, hypersonic flow catidou [26, 227]. High frequencies (i.e. tens of
kilohertz) are also necessary to treat fast (Maghbvers > 3) gas flow without breakthrough.

Present high voltage pulse generator (HVPG) isbarktory device designed by Chemical
Physics Technology, Inc (Minsk). It is designed ¥arious applications, in general to excite gaseous
plasma for different conditions. It is a high freqey solid-state generator of nanosecond high gelta
pulses formed by magnetic compression. Using of B\fieeds connecting to mains (AC 180-260V,
3kW max) and to cooling (city water, ~4 I/min). Higoltage pulse generator consists of two basic
parts: Main Unit and High Voltage Unit. They ar@waim in Fig.A6.1

Mai Unit ' V Unit .

Fig.A6.1. High voltage pulse generator.

The following tables show the characteristics gihhfrequency generator of nanosecond high voltage
pulses and that of high voltage DC power supphgdusexperimental work. The DC sustainer voltage
is provided by a Glassman high current, low voltégd A, 3 kV, 10 kW max) DC power supply,
operated in voltage stabilization mode.
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Chemical Physics Technology Inc, Minsk, Belarus.

Output pulse > 25 kV High voltage DC power supply
amplitudé Glassman LQ3P3.4 series
Pulse width, ~ 15 ns
FWHM Output voltage 0-3kV
Pulse polarity positive or negative Output current 0-34A
Pulse repetition Polarity positive
rate, adjEstabIe 1 - 100000 Hz
Pulse energy up to 10 mJ
Output power up to 1 MW
1. Single pulse

2. Burst of pulses
3. Continuous (up to 50 kHz)
180 — 260 VAC, 50-60 Hz, 3 kW

max, 1 Phase

Power factor >0.98

o Mainf o6.516x162 mm3; 23 kg
Dimensiong unit
and weight$ HV
unit

Operation mode

"2

Mains

160x390x120 mm3; 11 kg

! Strongly depends on load

Table A6.1. HV-PPS: High voltage pulse power supply DC-HVPS: Direct current high voltage
power supply characteristics.

HV-PPS DC-HVPS

Fig.A6.2. HV-PPS : High voltage pulse power sup@)C-HVPS : Direct current high voltage power
supply.

The pulser has a low-voltage TTL pulse output symcized with the main high voltage pulses, which
can be used to trigger the DC power supply.

1.1. Main Unit of HVPG

Mains feed the Power Factor Corrector (PFC) uni anxiliary power supplies. PFC Unit
provides stabilized voltage 500 V to feed High gk Modulator Unit at load up to 2.5 kW. An
efficiency about 0.95 and power factor about 0.98 ensured. Microprocessor-based controller
monitors basic parameters of the PFC Unit (outpltge and current, temperature in critical points)
and controls it. High Voltage Modulator Unit conigeDC voltage into pulses with length abouisl
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and peak current up to 100 A. High-power InsulaBate Bipolar Transistors (IGBT) are used as
power switches.

1.2. High Voltage Unit

The hgh voltage unit is a separate device placed rieatdad. Power pulses are delivered to
high-voltage transformer and resonantly charge a@tgaof secondary winding circuit. Then magnetic
compression line shortens pulses. The transformersaturable chokes of the magnetic compression
line are returned to initial magnetic state durihg pause between pulses using magnetic biastcircui
The transformer and chokes of the first sectiothefmagnetic compression line are wound on cobalt-
based amorphous alloy tape toroidal cores. Chokesxi sections are wound on 10 andrb thick
permalloy tape cores. To reach desired electriength and ensure heat elimination, HV Unit is
constructed as stainless steel hermetic bath filligtal low boiling ‘electronic liquid’ FC-3284 for 3af
volume. Other % is filled with “electronic gas” PF3218 at slight overpressure. It is done to avoid
ingress of air into the unit and to increase breakdvoltage of a gas phase during an evaporating
cooling. The hydraulic system consists of magnétigze gear pump, filter, flow sensor and pressure
sensor. These elements serve to make liquid flomutth magnetic cores cases, because the
transformer and saturable chokes need extremebe foooling. To condensate vapors of electronic
liquid, heat exchanger connected to water-coolyrggesn is used. HV Unit has filling valve and safety
valve. Under emergency conditions, if the pressutbe unit exceeds ~ 8 bar, safety valve membrane
breaks to prevent HV unit destruction.

Acquisition node is placed near flange of HV umtiaonnected to main unit via fiber optic CAN bus.
This node serves to collect data from differentsses mounted into bath and hydraulics.

1.3. Matching discharge to power source [214, 228]

Loads for this sort of power supplies, i.e. disgeareactors, are not active and linear as a rule,
thus energy transfer from generator is an additipnablem. Specific load adaptation is required in
each case taken separately.

The capacitor€; and G are charged in resonant mode up to voltage ~32hkdugh high voltage
transformer. Short output pulses production is ipssas a result of using magnetic compression
circuits. Three compression stages provide rise shortening of pulse by a factor of ~100.

IND1 IND2 IND3
n W “ %
= M —— M =
) 1 % =+ ci + c3 - cs5 -
= HV OUTPUT
11 IND4
- C2 =4 =
D1 BYP303 ] = C4 = C6
m Sl _ N =
I/I E_,
L
RV1 CH2-1a 1000V

Fig.A6.3. Compression electrical circuit.
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u\ P A o ]
Ch3,Ch4 — 10kV/div; Ch3,Ch4 - 10kV/div; Ch3,Ch4 -10kV/div; Ch¢
Ch4 — C1,C2 voltage; Ch3 — Ch4 — C3,C4 voltage; Ch3 - — C5,C6 voltage; Ch3 — output
C3,C4 voltage C5,C6 voltage voltage
Fig.A6.4. Stage .1 Fig.A6.5. Stage .2 Fig.A6.6. Stage .3

Figs.A6.4-A6.6 [229] show voltage shape at eachestef compression. High voltage transformer and
chokes Ind1 and Ind2 are made on toroidal core®bélt-based amorphous alloy to reach acceptable
level of eddy current losses. Cores of chokes btBInd4 are produced of Permalloy. For this sbrt o
power supplies, discharge reactors are not actikliaear (in radioelectronic sense). Thus energy
transfer from generator to load is an additionadbpgm. In Figs.A6.7 we can see oscillogramms,
which illustrate energy dissipation on resistivapted load and real (barrier discharge reactod.loa

I a: soomv [ 1A somy
| |Al90.8ns 140 96.2ns
7 T chawmin [T R 7 ch3 Min
I ] -16.5V -21.4V
|
‘ SEEE SRREEIELREEEEE :
‘ ch1 Min : : : : 1 chi1 min
} —8.64 V Pt ol 800 0000a|< =-7.16V
e~ -/ R :
2 AP SNUTEY, , SUPIPIE IR s M1 Area . h o q chi Max
i : %cg;%‘ {1.66988uVVs d W U 4 :; i 5.96 V
il i . )
| i . . 3
| M1 Area
T 11.01176uVVs
‘ )
|
|
| . .
j i ; ; | ; ;
Chi  3.00 V& M 10.0ns Ch3 v 5.3V : i =
ERooly : M 10.0ns Ch3 \ 7.4V
Math1 — 40.0 vv 10.0ns Mathi  40.0 v 10.0ns

Fig.A6.7. (Left) : Active load typical single-pulgscillograms : voltage, current and calculated pow
(Right) : Distorted crossed discharges load outpatveforms. F=25 kHz. Both : 5%, @ helium,
atmospheric pressure.

Output voltage and current depend significantijaad. Active load is pure resistive matched
load, for our generator it is ~200 Ohms. "No lo&addans generator has only external capacitor as
load, and in this almost all energy is reflectedkom generator. In case of real load, as crosaeteb
discharge reactor, a part of energy is dissipatéal load and remaining part is reflected back. The
figure A6.7 presents two examples and show praciselv output waveforms of the high voltage
pulse generator will be distorted. On all oscilbbgs, red curve is voltage (divider 1:1000), blank o
is current (1 V =10 A), magenta one is calculgieder = voltage*current.

Typical forward and reflected pulse energies preduby the pulse generator are 6-8 mJ/pulse.
Basically, at the present conditions nearly 40% @ier generated by the pulser is reflected back to
the load and generator recuperation system all@tsrning this part of energy to PFC output
capacitor. This power passes through power comectwkes, ballast resistor, then through the last
capacity of power factor corrector (PFC). This gyds kept till the next pulse (kind of recuperalio
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In this reflected energy, half is dissipated in biadlast and half is effectively recovered in catyacf
PFC for next high voltage pulse.

Therefore, optimized load impedance matching isngyortant point (Figs.A6.8). The aim is
to extract a maximum power from the power supplire Tollowing scheme shows results of a
schematic simulation using Micro-Capf energy transfer processes at different loads.

E) uA

D1 R3 U e

)
Lz
300nH

(=)
=
o
=
=2
E
I

o1 R

24pF 100

Fig.A6.8. Schematic simulation using Micro-Cap

This schematic is a simplified model of pulse gatmroutput stage with connected “active”
(resistive) load. The circuit is elementary bughibws general behaviour of generator-load systeen fi
enough. The parts C3, L2 and R1 model load. Theteg®ke R1 represents the active load resistance.
Also the output stage of generator is modelledti@darly C1 which is the last capacitor of third
magnetic compression stage, L1 is the inductansatofated magnetic choke.

The diode D1 represents the 'virtual' part to iteitaalve properties of magnetic choke.
Other components are set as 'parasitic' elements.

20000 —

10000 =

Output voltage (Volts)

-20000 -

‘30000 L) l L) l L) l L) l L) I
0 1E-008 2E-008 3E-008 4E-008 5E-008
Time (s)

Fig.A6.9. Simulated output voltage for differentiae load resistance.

The active load resistance R1 is varying and thputypulse is modelled.

For this model we consider only output stage of mesig compression line - parts C5,C6 on Fig.A6.8
(C1 on model), IND3 in the saturated state (L1 loe model) and suppose we have active load (R1)
connected to HV output. Other elements on modelparasitic values such as series inductances of
load and wires, additional capacitance betweenubdgads etc...The values of these components are
partially measured and others are estimated anallyti

In the initial state C1 is charged up to ~30 kV #éneh it discharges to the load. Only this prodess
modelled.
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1.4. Calibration

For an active load case, almost all energy isigh$sd in the active load. In our case, four
resistances, having a resistivity of 200 ohms, Witiorrespond to the impedance of the generator, are
used as active load. This active load is a speciime resistance. They are made of ceramic, with
carbon based active mass into. They have low iladiget can carry high current (up to 100 A) and it
is possible to apply high voltage (15 kV and more).

We made calibration with such active load. Curaamd voltage are measured by probes, and rise time,
fall time and shift are compared. It should be équa

Lecroy 20 kV HV probe

HV unit
Active load
(Pure resistive load) Current
sensor

Fig.A6.10. Photos of experimental set-up.

The pulse voltage and current and the DC sustaumeent are measured using appropriate materials.

4000 — — 20 4000 — 20 == 8E+005
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() ~ Q ~ —
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= 2= = bt
o L o + E
> £ > £ =
= 8000 — - 40 > = -8000 - S -40=f=2E+005 O
= 3 o
o O o (@)
- R
=} - 8 -
O -12000 =4 = -60 -12000 = -60 == 0
-16000 T T T -80 -16000 —T T T T T -2E+005
4E-008 0 4E-008 8E-008 -4E-008 -2E-008 O 2E-008 4E-008 6E-008 8E-008
Time (s) Time (s)

Fig.A6.11. Left) : with phase shift and right) :thvdeskew.

Channel 1 (oscilloscope Voltage probe setjup
Deskew on channel 1 (ng) 2
Pulse energy (mJ) 7.4

Table A6.2. Oscilloscope calibration.

It is worth to note that the pulse energy is caltad as temporal integration of momentary power.
High voltage cables used to link current and highliage probes are low loss cables adapted by length
to high voltage probe to reach the same phasetstitie signal.

We observe some phase shift between current altdgeosignals. This phase shift comes
from cables and probes. A deskew (shift correctmn? ns is implemented for voltage signal. This
deskew corresponds to shift necessary to reacmaxénum pulse energy.

200



Appendix 7. Spontaneous emission of CH*, O*, £ and OH*

CH* molecule

The rotationally resolved A - X°T1 and BX - X1 transitions of CH* emission spectra is
presented in Fig.A7.1. they are characterized bigh resolution and an opened spectra structure.

AZA - X2M
2800
Head of band
i Q(0-0)
2400 =
~—~ -
g R branch P branch
<, 2000 = 0 s 3R
2 JTTITITTTT
-
@ 1600 -
'E Head of band
- ' Q(2-2)
1200 -
800 l LJ l LJ l LJ l LJ
424 428 432 436 440

Wavelength (nm)

Fig.A7.1. Experimental spontaneous emission spedtié - X2/7 transition of CH* radical in a
counter flow diffusion flame (CHHe) / (O,+He) (#=6,8 ; &180 s%).
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Fig.A7.2. Experimental spontaneous emission speftBS - X¢/7 transition of CH* radical in a
counter flow diffusion flame (CHHe) / (O,+He) (@#=6,8 ; &=180 s).
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The observation of CH* (A or B’ usually occurs higher in the reaction zone than C
suggests that it might be formed fromiy the reactions :
C,+ OH - CO + CH*
CH+ O - CO + CH*
Which are very exothermic and sufficient to bring Gp to its excited states’A or B*S.
The B’Y - X2 system is in the near ultraviolet with strong Rl @hband with heads at 387.2
nm and 388.9 nm respectively. It is characterisgdathead of the Q lines of the (0-0) band that

emerges at 314.4 nm among the OH ultraviolet liA@sther line may be observed at 315.7 nm is the
head of the (1-1) band.

OH* molecule

The existence of the OH* molecule in flames is grothrough the ultraviolet bands with a
widely open structure ; the strongest of which &&s 306.4 nm. Due to the importance of OH* in the
kinetics of flames, the ultraviolet bands have esieely and thoroughly been studied.

The following figure A7.3 show the emission spedfahe (v = 0 ; v’ = 0) of the electronic transit
AY' - XN of OH*,

3200 = Head P1 —
band 5
@ Pe—yT T —
) 5 10
P TTTT
o 1 5 10 15
3000 = AT T 17T
’:? Head Head
('d band band
~ R1 R2
2
V)
C 2800 -
(4]
<+
<
2600 — d
T | T | T T T | ]
306 308 310 312 314

Wavelength (nm)

Fig.A7.3. Experimental spontaneous emission spedt(&> — X?/7, (0,0)) transition of OH* radical
in a counter flow diffusion flame (G#He) / (O,+He) (#=6,8 ; &=180 sY).

The good spectral resolution permits identificatminrhead bands and of different rotational
transitions. It is worth noting that transitions(6f0) band are also stronger than that of (1-hdnd
these bands overlaps froxrs 312 nm.
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Comparison plasma ON and plasma OFF

The spontaneous emission of OH*, O*%*@nd CH* radicals has been recorded to show the
modification of combustion with the discharge. Temeration of additional chemically active radicals
by the non thermal plasma discharge demonstrageistidrest of CDR on combustion intensification.
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Fig.A7.4. Effect of the discharge on spontaneotissiam spectra of %1 - X?/7 transition of R-
branch CH radical in counter flow diffusion flam@H,)/ (O,+He).
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Fig.A7.5. Effect of the discharge on spontaneoussam spectra of O atom3SEP transition) in
counter flow diffusion flame (CGH/ (O+He).
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The following figures focus on the,Gwan bands.
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Fig.A7.6. Effect of the discharge on spontaneoussam spectra of &(Swan band 3d7g - af,
Av = - 1 (left),4v = 0 (middle) anddv = + 1 (right) in counter flow diffusion flame (GH (O,+He).

Finally, the effect of oxidizer activation on OKH-K) emission is presented in Fig.A7.7.

1100 = .
—— Discharge OFF
4 —— Discharge ON
1000 = |
£) |
S ]
\
2 900 - | \ \} K |
7)) \l \‘ il |
- | i ‘
g - A
E | 1| A
800 —
700 — T T T T T T 1

304 306 308 310 312 314
Wavelength (nm)

Fig.A7.7. Effect of discharge on spontaneous eonisspectra of OH (& — X?/7, (0,0)) in counter
flow diffusion flame (Ck) / (O +He).
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Ali BOURIG

MODIFICATION DE LA COMBUSTION EN
PRESENCE D'ESPECES EXCITEES

Aujourd’hui, il semble que la méthode la plus préteiese pour intensifier la combustion repose sxcitation
hors-équilibre du mélange gazeux, qui permet aiflesimodifier la cinétique chimique. Pour obtenir U
excitation efficace des degrés de liberté éleatramiet vibrationel des molécules, I'utilisation iéualimentation
pulsée associée a une énergie des électrons adédxpigiroposée. Ce travail de thése porte surlicapipn de
générateur d’'impulsion électrique haute fréquermgable de délivrer des pulses de 20 kilovolts penda
nanosecondes ayant des temps de montée de I'oedendnosecondes en combustion. Cette étude slar
autour de deux grands axes de recherche. Le prestida génération, a pression atmosphérique etssipn
réduite, d’espéces excitées (oxygéne électroniqueexcité Q(alAg), Oz(blzg") et oxygéne atomique excite
ainsi que leur caractérisation par spectroscogension. Le second axe de recherche concerneltifisation
pour lintensification de la combustion. La prenaéiépartie expérimentale s'est focalisée sur la gaiudr

d’oxygene électroniquement excité par plasma déehar barriere diélectrique et décharge croisée dass

mélanges @He et Q/Ar. La décharge croisée est une cellule a bardéectrique pulsée qui est croisée a
une composante continue (DC). Dans ce cas, I'éfipaisation est réalisée par la DBD pulsée alare tp
composante continue supporte le courant électiaie chaque pulse. Le gaz produit par cette lastat est
étudié de maniére exhaustive par spectroscopie isbéon. Ce travail, indispensable pour caractér
l'installation et obtenir les conditions initialegcessaires pour les calculs de flamme, reposelifférents
spectromeétres et caméras. La premiére des apphsapiotentielles dans le domaine de la combustiocarne
l'intensification de la combustion par activatioa kbxygéne. La conception de prototypes de brdléwybrides,
intégrant un réacteur plasma nous a permis deeratiette technique d’intensification de la comtorstt de Ia
comparer a une flamme classique sans plasma.

Finalement, la modélisation des parametres fondtaurnd’'une flamme de prémélange et de diffusion
entreprise par le logiciel CHEMKIN. L'effet promatede I'oxygéne excité sur une flamme d’hydrogernaus
étre modélisé.
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Mots clés: Plasma hors équilibre, décharge croise}ealf_\)g), Oz(blzg"), combustion assistée par plasma.

COMBUSTION MODIFICATION USING
EXCITED SPECIES

Nowadays it seems that the most promising methaodafizelerating combustion is the non—equilibriIJJm

excitation of the gas mixture components, whicbwedl one to affect the chemical reaction kinetias.ehable
more efficient excitation of the electronic and rational degrees of freedom, one should use shoetidn
(nanosecond) pulses with a high reduced electid.fi

The present work focuses on the application of Higiguency high voltage pulse discharges capabl
delivering an electric pulse of 20 kV during 20wish controlled voltage rise time of 5 ns and ditesquency up
to 25 kHz in combustion. This study articulatesusitwo major research axis; that of the generaifcexcited
species and particularly the feasibility to prodeceited oxygen species in its singlet electrotétes Q(alAg)

and Q(blzg") by a non-thermal electric discharge, at reducezssure until atmospheric pressure and
characterization by emission spectroscopy. Thergkoesearch axis concerns their use for the irfieagon of
combustion. The experimental part of the study eomg investigation of singlet oxygen productiontie

application of a dielectric barrier discharge g/ and Q/Ar binary mixtures. The second discharge i
special crossed discharge plasma-chemical redwbhas been developed. This crossed dischargestnota
hybrid discharge in which short high voltage pulpesduce ionization while a comparatively low etecfield

supports the electric current between ionizing sl he gas produced by this installation is intetg studied
by emission spectroscopy. This work, indispensablecharacterize the installation and to obtainiahi
conditions necessary for flame calculations, retiasdifferent spectrometers and intensified caméhe first

potential in the combustion field is to significgntimprove combustion efficiency and reduce poluita

emissions using oxidizer “activation”. Conceptiondadevelopment of hybrid plasma burner prototyy
integrating crossed discharge plasma reactor allmsx® validate this application by comparing vatklassical
flame without plasma activation.

Finally, modelling of premixed flame fundamentalrgraeters is undergone with CHEMKIN software. T
promoting effect of excited oxygen on hydrogen #ahnas been characterized.

Keywords : nonequilibrium plasma, combined crossed dis&ha@(alAg), Oz(blzg"), plasma assisted

combustion.
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