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Abstract

Atmospheric pressure plasmas have numerous potential applications. These
applications include for instance biomedicine, material processing, environmental
biodecontamination and plasma-assisted combustion. The versatility of plasma
discharges results from their ability to produce high quantities of active species
without increasing the temperature of the gas appreciably. Nanosecond Repetitively
Pulsed discharges (NRP) have received great attention owing to their capacity to
generate high electron densities, which lead to the creation of a high density of active
species such as atomic oxygen. Optical Emission Spectroscopy (OES) showed that
excited nitric oxide (NO) was released by NRP discharges in air or in air/fuel

mixtures.

Although NRP discharges have already been the object of several investigations, the
kinetic mechanisms of NO production by NRP discharges at atmospheric pressure
remain somewhat unclear. This is one of the motivations for the investigations
conducted in this thesis. In addition, NRP discharges were found to produce large
amounts of atomic oxygen, which is of great interest for applications such as plasma-
assisted combustion. It was shown in particular that thanks to this high production
of active species, NRP discharges can effectively stabilize lean flames at atmospheric
pressure. However, the production of NO in NRP discharges and in plasma-stabilized
flames remains to be investigated. This is the second purpose of this thesis.

Absolute and in-situ NO density measurements in atmospheric pressure plasma
or/and flame environments are very challenging. Fluorescence-based techniques such
as Laser Induced Fluorescence (LIF) require complex calibration methods. These
techniques also require the knowledge of the quenching rates of the excited states
(particularly at atmospheric pressure), which strongly depend on the temperature,
density and nature of the species and can be very different for plasma or/and flame
environments. Other techniques, such as chemiluminescence probe sampling also have
quenching and calibration issues, and ex-situ UV and IR absorption-based gas

analyzers can lead to errors, in particular for radicals.

In this study, we developed Quantum Cascade Laser Absorption Spectroscopy
(QCLAS) for in-situ nitric oxide absolute density measurements in open-air and in
combustion environments. This technique overcomes the difficulties of the previous
ones by wusing high-resolution (10® cm™) rotational-vibrational absorption
spectroscopy. This technique presents the advantages of high spectral selectivity, no

calibration requirement, and high sensitivity.



Two experimental setups were developed to measure NO densities and temperature,
(1) within a NRP discharge in air, with 300-pm spatial resolution, and (2)
downstream of NRP discharges in air and in plasma-assisted methane/air flames,
using multi pass cell.

The first study aims to determine the spatial profiles of NO produced by the
discharges, and to measure reference values of time-averaged NO density and
temperature, for kinetics modeling of the NRP discharge.

We implemented two methods: two-line intensity ratios and spectra width analysis.
Each method was combined with an Abel inversion. We found a radial distribution of
the NO density with a maximum of about 2 x 10¥ c¢m™ at discharge center and a
FWHM of about 6 mm. The diagnostic also enabled us to determine the time-
averaged gas temperature, with a 300-pm spatial resolution. The maximum mean gas
temperature was found to be 800 K at discharge center.

The second study was devoted to post-discharge characterization downstream of a
discharge in air, and then downstream of a plasma-assisted methane/air flame.

For the air post-discharge, we demonstrated that the NO density downstream of the
NRP discharges is controlled by several parameters including, the voltage amplitude,
pulse repetition frequency, gap distance, air flow rate and gas temperature. Carrying
out this parametric investigation in ambient air flows, we recorded a maximum NO
density about 6 x 10 c¢m?® and a maximum NO production rate of 2 x 10
molecule/s. We found that the NO density in the post-discharge is only a function of
two parameters: the number of pulses seen by the gas, which is the dimensionless
parameter d {/v (where d, f and v are the gap distance, the repetition frequency and
the flow velocity, respectively) and of the applied voltage amplitude. The same two
parameters dependency was also found for NRP discharges operating in 1000 K
preheated air flows, with the difference that the maximum NO production rate was
only about 6 x 10’ molecule/s. Surprisingly, we also found that the NO mole fraction
released by the NRP discharges was approximately independent of the gas
temperature (for gas temperatures between 300 and 1000 K). Then, the results of the
parametric study combined with a simple kinetic analysis and with previous
measurements in the NRP reference case enabled us to conclude that NO in NRP
discharges is created by the reactions of electronically excited nitrogen states with
oxygen atoms. 90 % of the NO arises actually from the Ny(B) state. In addition, NO
is lost by quenching with N and O atoms.

For the post-discharge of the combustible mixture, for several selected experimental
configurations, we compared the NO densities in plasma, plasma-assisted combustion
and combustion cases at various values of the fuel equivalent ratio in the lean regime.
For all configurations the NO mole fractions in the plasma case were always greater
than those in plasma-assisted combustion and combustion. Moreover, the NO
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densities produced by plasma-assisted combustion were found to be always
comparable with the NO densities produced by a stoichiometric flame. Thus, the NO
densities produced in plasma-assisted flames are much lower than in pure air, and are
not higher than those produced in stoichiometric flames. A method was proposed to
control the NO production by NRP discharges in air. This method is not effective to
reduce the NO production in plasma-assisted flame below the level obtained in
stoichiometric flames. More work is required to understand the differences between

the kinetic mechanisms in air and in combustion.
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Résumé

Les plasmas d’air a pression atmosphérique ont de nombreuses applications, comme
par exemple dans le domaine biomédical, le traitement des matériaux, la bio-
décontamination environnementale et la combustion assistée par plasma. La
polyvalence des décharges plasma résulte de leur capacité a produire des densités
élevées d’especes actives, sans toutefois chauffer substantiellement le gaz. Les
décharges nanosecondes répétitivement pulsées (NRP) ont particuliérement re¢u une
grande attention en raison de leur capacité a produire des densités électroniques
élevées, qui conduisent a la création de fortes densités d’especes actives telles que
loxygene atomique (O). Par ailleurs, des mesures de spectroscopie d’émission ont
montré que le monoxyde d’azote (NO) dans ses états excites est produit par les
décharges NRP opérant dans ’air ou dans des mélanges combustibles.

Bien que les décharges NRP aient déja fait I'objet de plusieurs investigations, les
mécanismes cinétiques conduisant a la production de NO sont toujours incertains.
C’est la motivation premiere des travaux menés dans le cadre de cette these. En
outre, les décharges NRP se sont avérées produire une grande quantité d’oxygene
d’atomique, espece de grande importance pour la combustion assistée par plasma. Il a
été en particulier démontré que grace a la production élevée d’espeéces actives, les
décharges NRP peuvent stabiliser efficacement des flammes pauvres, a pression
atmosphérique. Cependant la production de NO par les décharges NRP et par les
flammes stabilisées a ’aide des décharges NRP reste a étudier. Cela constitue le

second objectif de cette these.

Les mesures in-situ de densités absolues de NO a pression atmosphérique dans les
décharges plasmas et/ou en combustion sont difficiles. Les techniques de fluorescence
telle que la fluorescence induite par laser (LIF) nécessitent de complexes méthodes de
calibration. Ces techniques requierent également la connaissance des taux de
quenching des états excités (en particulier & pression atmosphérique). Or ces taux de
quenching sont tres fortement dépendants de la température, de la nature des especes
en présence et de leur densité, et peuvent donc fortement différer entre un plasma
opérant dans l'air et en combustion. D’autres techniques telles que ['utilisation des
sondes a chimiluminescence sont tout aussi sujettes aux problemes de calibration et
de quenching des états excités tandis que les mesures ex-situ a ’aide d’analyseurs a
gaz réalisant de l'absorption dans I'UV et I'IR peuvent conduire a des erreurs,

surtout lorsqu’il s’agit de mesurer des radicaux.

Dans cette étude, nous avons développé la spectroscopie d’absorption par laser a

cascade quantique (QCLAS), pour des mesures in-situ de densités de NO dans ’air et
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en combustion. Cette technique permet de surmonter les difficultés des autres
méthodes par utilisation d’une spectroscopie rotationnelle-vibrationnelle de haute
résolution spectrale (10° cm™). La QCLAS a les avantages d’étre spectralement
sélective, d’avoir une grande sensibilité et de ne pas nécessiter de calibration.

Deux dispositifs expérimentaux ont été développés pour mesurer des densités de NO
et des températures (1) dans une décharge NRP dans l'air, avec une résolution
spatiale de 300 pm, et (2) en aval de la décharge NRP opérant dans lair et dans des

flammes méthane/air assistée par plasma, par utilisation d’une cellule multi-passages.

La premiere étude vise a déterminer les profils spatiaux de NO produit par les
décharges NRP et a donner des valeurs de référence des moyennes temporelles de
densité de NO et de température, pour les besoins de la modélisation de la cinétique
de la décharge NRP.

Deux méthodes ont été implémentées : le rapport des intensités d’absorption de deux
raies et 'analyse de la largeur des spectres. Chacune de ces méthodes a été combinée
a une inversion d’Abel. Nous avons ainsi trouvé une distribution radiale de la densité
de NO avec un maximum d’environ 2 x 10 cm™, au centre de la décharge et une
FWHM d’environ 6 mm. Le diagnostic nous a également permis de terminer la
température moyenne du gaz avec une résolution spatiale de 300-pm. Nous avons
ainsi déterminé une température moyenne maximale de 800 K au centre de la

décharge.

La seconde étude a été consacrée a la caractérisation de la post-décharge, en aval de
la décharge dans ’air, puis en aval de la décharge d’une flamme méthane/air assistée
par plasma.

Pour la post-décharge dans 1'air, nous avons démontré que la densité de NO en aval
des décharges NRP est controlée par plusieurs parametres dont 1'amplitude de
tension, la fréquence de répétition, la distance interélectrodes, le débit d'air et la
température du gaz. Réalisant cette étude paramétrique dans des écoulements d’air a
température ambiante, nous avons mesuré un maximum de densité de NO d'environ
6 x 10" cm® et un maximum du taux de production de 2 x 10" molécule/s. Nous
avons montré que la densité de NO dans la post-décharge est uniquement fonction de
deux parametres: le nombre d'impulsions vu par le gaz, qui est le parameétre sans
dimension d f/v (ou d, f et v sont respectivement la distance interélectrode, la
fréquence de répétition et la vitesse de 1’écoulement) et de 1'amplitude de la tension
appliquée. La dépendance a ces deux parametres a également été observée pour les
décharges NRP opérant dans des écoulements d’air préchauffé a 1000 K, avec la
différence que le taux de production maximum de NO était seulement d'environ 6 x
10" molécule/s. De maniére surprenante, nous avons constaté que la fraction molaire
de NO produit par les décharges NRP est approximativement indépendante de la
température du gaz (pour des températures de gaz comprises entre 300 et 1000 K).
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Ensuite, les résultats de l'étude paramétrique combinés avec une analyse cinétique
simple et avec les mesures précédentes d'un cas de « référence » NRP, nous ont
permis de conclure que le NO des décharges NRP est créé par les réactions des états
électroniquement excités de N, avec des atomes d'oxygene. 90% du NO produit
provient en fait de ’état (B) de Na. En outre, le NO est perdu par quenching avec les
atomes N et O. Pour la post-décharge du mélange combustible, nous avons comparé
les densités de NO, pour plusieurs configurations expérimentales, dans les cas plasma,
combustion assistée par plasma et combustion, et ceci a différentes valeurs de richesse
de carburant dans le régime de flamme pauvre. Pour toutes les configurations, les
fractions molaires de NO dans le cas plasma étaient toujours supérieures a celles en
combustion assistée par plasma et en combustion. De plus, les densités de NO
produites par la combustion assistée par plasma étaient toujours comparables aux
densités du NO produit par une flamme stoechiométrique. Ainsi, les densités de NO
produit par les flammes assistées par plasma sont beaucoup plus faibles que dans 1'air
pur, et ne sont pas supérieures a celles produites dans les flammes stoechiométriques.
Une méthode a été proposée pour controler la production de NO par les décharges
NRP dans l'air. Cette méthode s’est avérée inefficace pour réduire la production de
NO dans la flamme assistée par plasma en dessous du niveau des flammes
stoechiométriques. Des études supplémentaires sont nécessaires pour comprendre les

différences entre les mécanismes cinétiques dans 1'air et dans la combustion.
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Chapter 1

Introduction

1.1 A brief introduction to plasma and to laser-matter interaction

“visible” universe [Moisan and

The plasma state of matter represents 99.9 % of the
Pelletier, 2006]. The sun is one of the well-known examples of plasma. Closer to
human beings, on Earth, other typical examples of plasmas are neon signs, which are
used for lighting. The transition from the gas state of matter to the plasma state can
be accomplished either by heating the gas or by applying an intense electromagnetic
field. This transition is accompanied by a significant increase of the number densities
of charged species (positive and negative). Plasma can hence be regarded as a big
“soup” of gas, in which charged species are in “suspension”. Irving Langmuir used the
latter image in 1928 when he coined the name “plasma’”, by analogy with “blood
plasma”, which carries red and white corpuscules as well as germs [Langmuir, 1928].

The presence of charged species is not sufficient to define a plasma. A collective
behavior of the charged species is also required (see section 2.3 of chapter 2).
Consequently, many chemical and electrodynamics effects take place in plasma and

this results in many potential applications (see chapter 2).

However, a deep understanding of the plasma is necessary to optimize its properties
for the different types of application. Up to now, laser photons appear to be one of
the more advanced interaction tools with plasma constituents (atoms, molecules,
ions, electrons...) [Hutchinson, 2005]. The big advantage of these photons is their
selectivity for the choice of the “interlocutor(s)”. Since 2000s, laser-matter interaction
has been improved by Quantum Cascade Lasers (QCLs), owing to their narrow
spectral width and to their tuneability, respectively. We will use these new devices to

study the production of nitric oxide by NRP plasma discharges.

1.2 Thesis outline

This thesis starts with chapter 2, which describes the various fields of application of
atmospheric pressure discharges. Then, the specific case of Nanosecond Repetitively
Pulsed (NRP) discharges is detailed and recent experimental results are presented
together with the results of numerical modeling. Both support our understanding of
the physics of NRP discharges. Further, we discuss the role of nitric oxide released by



atmospheric pressure discharges in air as key species for applications ranging from
biomedicine to combustion. Finally, a review of the NO detection techniques
employed in literature, in plasma and plasma-assisted combustion environments is
performed. We discuss the advantages of the Quantum Cascade Laser Absorption
Spectroscopy technique used in this thesis in comparison with literature techniques
but also the challenges required to carry out the diagnostic.

Chapter 3 deals with the theoretical background necessary to extract quantitative
information from the measurements performed in this thesis. It also quantifies the
limitations of the performed diagnostics. For this purpose, the principles of discharge
energy measurements, Mid-IR laser absorption spectroscopy in uniform and
axisymmetric environments and gas temperature determination using QCLAS are
presented. Chapter 4 gives the specifics of all electrical and optical experimental
arrangements used in this work. The QCLAS diagnostic set up is particularly
highlighted.

The goal of chapter 5 is to characterize NRP discharges in terms of NO density and
gas temperature in the discharge. We present radial NO density profiles in the NRP
discharge in ambient flowing air. But prior to the density profiles, the temperature
profiles are displayed, in order to take into account the line strength change with the
temperature. In chapter 6, we conduct parametric studies of the NO density in the
post-discharge (downstream the discharge) in ambient air and 1000 K preheated air
flows, respectively, as a function of the parameters of the NRP discharge. Then, we

investigate numerically the main routes of NO formation and loss in NRP discharges.

In chapter 7, we apply the QCLAS technique to detect NO in combustion and in
plasma-assisted combustion environments. The NO density is detected in post-
combustion, post-discharge and post-NRP assisted combustion as a function of the
flame equivalence ratio. Using the developed optimization method in air, a trade-off
study between lean flames stabilization by NRP discharges and NO production by
NRP-assisted combustion is conducted.
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Chapter 2

Nitric oxide in atmospheric pressure air discharges,
detection and applications

2.1 Introduction

In this chapter we present the role of nitric oxide in atmospheric pressure air
discharges. An overview of the different applications of these discharges is first given
(section 2.2). Then in section 2.3, the plasma sources used in atmospheric pressure air
are presented. In section 2.4 we focus our attention to the nanosecond repetitively
pulsed discharges, which were employed in this thesis. Recent results and features are
given. The role of nitric oxide for biomedical and combustion applications is
highlighted in section 2.5. Finally, a review of the techniques used in the literature
for the detection of nitric oxide in plasma and plasma-assisted combustion is
presented together with the method implemented in this thesis.

2.2 Applications of atmospheric pressure air discharges

Plasmas discharges are ionized gases containing positive, negative ions, electrons,
radicals, metastables as well as atoms and molecules in the ground and in the excited
states. Transitions from excited states lead to the production of photons and the
charged particles from discharges also generate electric fields. Most of these plasma
“species” are chemically active, therefore they are very interesting for applications.
Running the plasma at atmospheric pressure has the advantage of simpler apparatus.
This has led to a large variety of plasma sources and applications, especially for non-
thermal plasmas. The application fields of non-thermal plasma discharges are
presented in the interesting recent review “The 2012 Plasma Roadmap” by
Samukawa et al. [2012]. For each field, the role of non-thermal plasma, the
advantages/drawbacks of the different plasma techniques, the various kind of plasma
sources, the possible drawbacks of the plasma techniques and the current challenges

related to the development of plasma-based techniques are presented.

2.2.1 Plasma medicine

Plasma medicine is a relatively new field of application, with strong growth in the
last few years. As stated by Kong et al. [2009], at the early ages of plasma medicine,
plasmas were essentially used for medical equipment sterilization [Laroussi, 2005] and

for biological decontamination in the process of packaging in the food industry



[Moisan et al., 2001]. These achievements were possible due to the efficiency of
plasmas for killing bacteria and the ability to access narrow spaces. Recently, the
development of low-temperature plasmas made possible the direct application of
plasma discharges on living tissues (in vitro) and on treatment of internal diseases (in
Vivo).

For instance, using a Floating Electrode Dielectric Barrier Discharge (FE-DBD),
Fridman et al. [2006] demonstrated improved blood coagulation on a human spleen
tissue. Authors also mentioned non-damaging effects on living tissue even after 5
minutes of treatment. What is important in these experiments is that the treatment
area remains at room temperature. In this case, the key species responsible for blood
coagulation was found to be nitric oxide (NO). Its influence will be detailed in section
2.5.

Another remarkable result is related to the treatment of cancer cells. Vandamme et
al. [2012] reported not only inhibition of tumor cells proliferation but also apoptosis
of those cells following the application of plasma discharges operating in open air.
The study was carried out on mice, which received beforehand injections of tumor
cells into their hind legs. The treatment was implemented on the skin of the mice, in
open air. A photograph of their DBD discharge is given in the left side of figure 2.1.
In this case, microsecond pulses of 23-kV were applied at 2 kHz repetition frequency.
The duration of the treatment was about 15 seconds. Authors attributed the
apoptosis of tumor cells to the creation of Reactive Oxygen Species (ROS) by the
non-thermal plasma (NTP).

Plasma DBD Plasma Gun

Figure 2.1: Non-thermal plasmas for the treatment of tumor cells. The plasma
generated at the extremity of one of the capillaries in presented at the right side.
Figure taken from [Vandamme et al., 2012].

Although many in vitro and in vivo studies are performed, a deep understanding of

the interaction between plasma and living organisms is required in order to apply



plasmas in large-scale medical treatments. Many novel questions are open, for
instance, the long-term side effects of the plasma treatment on humans.

2.2.2 Plasma for environmental applications

One of the key characteristics of the NTP discharges in atmospheric pressure air is
the fact that their highly energetic electrons create free radicals (Os;, O, N, OH...).
These radicals can decompose pollutants such as volatile organic compounds (VOC)
[Oda et al., 1996]. Historically, the first application of NTP for environmental control
was dedicated to ozone production. In the early 1857, Siemens invented a DBD
generating ozone used for disinfecting water plants [Kim, 2004]. Since that time, NTP
have been used for dust removal in air [Cottrell, 1911], for nitrogen oxides (NOx) and
sulphur oxides (SOy) abatement [Tamaki et al., 1979; Mizuno et al., 1986], for fuel
reforming and even for carbon sequestration [Fridman et al., 2006]. Figure 2.2 (taken
from [Kim, 2004]) presents some key dates of applications of NTP in the environment
field. It is remarkable that various types of discharges are used: DBD, corona,

microwave and radio-frequency (RF) plasmas, operating in different types of regimes:
DC, AC or pulsed.

Ozonizer (Siemens, 1857) DC corona test for De-NO/SO,
First installation of ozonizer (at Oudshoom, 1993) (Tamaki, 1979)
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Figure 2.2: Timeline for non-thermal plasmas applications to environmental

concerns. Figure taken from [Kim, 2004].

Currently, research on NTP pollution abatement takes the direction of combining
NTP with other methods. An example is plasma-enhanced catalysis in which the
plasma increases catalytic effects. This process improves energy efficiency and
optimizes the distribution of the by-products [Kim, 2004]. For instance, figure 2.3



displays the energy efficiency of the decomposition of 200 ppm of benzene using
various types of NTP reactors. The most efficient decomposition is achieved by a
pulsed corona discharge combined with a catalytic process. The efficiency of the
combination of NTP with photocatalyst for CoHs removal was also demonstrated by
Rouseau et al. [2005]. They found an improved activation of the oxidation processes
of C;H, when the photocatalytic material (TiO2) was combined with their low
pressure N'TP discharge.

Current challenges for the application of environmental plasmas include the scaling-
up of energy efficiency and energy conversion of these processes. Another key point is
the deep understanding of the interaction between plasma and liquids.
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PDC with Ag/TIO, (Ak-tape electrode)
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Figure 2.3: Decomposition of 200 ppm of benzene using different types of non-
thermal plasmas reactors. Figure taken from [Kim, 2004].

2.2.3 Plasma material processing

Since 1960s, plasmas have been widely used for the purpose of modifying surface
properties of materials. However, historically, plasma-based material processes such
as sputtering were already used for the fabrication of mirror surfaces since the late
19" century [Donnelly and Kornblit, 2013]. Atmospheric pressure DBD have been for
instance applied to surface modifications and deposition (thin film growths) [Massines
et al., 2005]. Nowadays, plasmas have been mostly applied to the manufacturing of
integrated circuits in the electronic industry [Lieberman and Lichtenberg, 1994]. The
surface treatment is achieved through the chemically reactive plasma species, which
react with the surface, or which react with each other to produce secondary chemical
precursors needed for thin film deposition [Selwyn et al., 2001]. Here, the key



advantage of non-thermal plasmas is their non-destructive capability as a result of
the low gas temperature. Plasma processes represent about one third of the steps
required for the manufacture of integrated circuits [Lieberman and Lichtenberg,
1994]. These steps include film deposition, material doping and surface etching (as
sketched in figure 2.4) of materials such as silicon, aluminium and silicon dioxide. An
illustration of some examples of plasma-surface interaction with desired components
and products is given in table 2.1.

Another important point is the fact that the plasma-based processes are capable to
etch materials anisotropically. This allowed the introduction of smaller

(submicrometer) feature size and spacing in the electronic industry [Donnelly and
Kornblit, 2013].

S

(d)

Pattern (e)

() ()

Figure 2.4: Manufacturing of an integrated circuit, deposition and pattern transfer:
(a) metal deposition; (b) photoresist deposition; (¢) optical exposure through a
pattern; (d) photoresist development; (e) anisotropic plasma etch; (f) remaining
photoresist removal. Figure adapted from [Lieberman and Lichtenberg, 1994].



Table 2.1: Examples of applications of NTP for materials processing. Adapted from
[Selwyn et al., 2001].

Material /Substrate Desired component Desired product
Active neutral and ionic Etching, thin film
Semiconductor substrates species generated by deposition, stripping,
electron impact cleaning

Sputtered atoms generated . o
: ) ) Magnetic thin films,
Magnetic storage media by ion bombardment of ) ) )
anticorrosive coatings
the target

Thin filim chemical . )
Glass Energy efficient coatings
precursors, neutrals

. Ion bombardment, active | Increased wettability, wear
Textiles ]
neutrals properties

. . ) Oxidation and removal of
Industrial cleaning Oxygen atoms, ions

organic films

Common plasma sources for material processing include RF capacitively and
inductively coupled plasma discharges (CCP and ICP).

Nowadays one of the challenges of plasma processing is to manufacture sub-10 nm
devices. To achieve this breakthrough, there is a need to tackle damaging effects due

to UV radiation and charge accumulation during the plasma processing.

2.2.4 Plasma-assisted combustion and ignition

Another important field of NTP at atmospheric pressure is the plasma-assisted
combustion and ignition. A interesting review of the field is given by Starikovskiy
and Aleksandrov, [2013]. Here we will underline some of the important aspects.

A plasma discharge can interact with a flame by thermal or/and non-thermal
mechanisms. Firstly, for the thermal mechanisms, the heat release from the discharge
increases the gas temperature and hence improves chemical reactions. Besides
increasing chemical reaction rates, inhomogeneous gas heating also fosters flow
mixing. Secondly, for non-thermal mechanisms, the mixing of reagents can also be
induced by the electric field of the discharge, which generates an ionic wind. The
ionic wind entrains charged particles from the discharge or/and from the flame and
hence enhances flame stability and mixing. Another non-thermal effect is the
formation of chemically active species and radicals, which can initiate combustion
reactions, even at low temperature. These reactive species can be produced directly
by electronic impact excitation, dissociation and ionization or indirectly through the
reactions of excited atoms and molecules with neutrals.




As will be shown later, the ability of plasma discharges to assist combustion systems
depends first on the coupling of the discharge energy through the internal degrees of
freedom of the mixture molecules, second on the relaxation time of these excited
states and third on the response of the system (plasma + flame) to this excitation.
The use of plasmas for combustion started with the advent of the spark ignition
systems in the automobile industry. Apart from non-equilibrium plasma-based
ignition systems, which are still up-to-date, current topics of research concern ignition
of high-speed gas flows [Esakov et al., 2006; Adamovich et al, 2009], plasma-
enhancement of lean flames and control of combustion dynamics [Pilla et al., 2006;
Pancheshnyi, 2006; Adamovich et al., 2008; Barbosa et al.. 2009; Sun et al., 2012;
Lacoste et al., 2013]. We propose to detail here the applications to flame ignition and
stabilization, closely related to the work of this thesis and for which recent results
have been obtained using NRP discharges.

Plasma-assisted ignition

Sparks ignite internal combustion engines thanks to their heat release. However, they
are not efficient to ignite large gas volume since they lead to considerable energy
consumption to heat the whole volume. The current interest is for igniting using
discharges with limited joule heating in comparison with the chemical heat released
in the whole gas volume [Starikovskii, 2005].

One of the promising solution is the use of the nanosecond pulsed discharges.
According to Starikovskiy and Aleksandrov, [2013], the requirements for nanosecond
plasma discharges to provide a high ignition efficiency are:

e High reduced electric field value (E/n > 200 Td) to enhance the dissociation
of molecular oxygen by electron impact and by the quenching of the
electronically excited nitrogen states).

e High voltage rise rate (dU/dt > 0.3 kV/ns) to induce a homogeneous gas
excitation.

e The typical time of creation of active species to be less than the typical

ignition time.

Amongst plasma sources, the nanosecond repetitively pulsed discharges (NRP
discharges) are interesting candidates (see details in section 2.4) for the achievement
of efficiency fuel ignition.

For instance, using a train of ten nanosecond pulses (up to 10 kV pulse amplitude, 10
ns pulse duration, 30 kHz repetition frequency) to ignite lean propane-air mixtures,
Pancheshnyi et al. [2006] observed experimentally a significant reduction of the
ignition delay and some acceleration of the combustion process. Figure 2.5 is an
example of light emission during the flame ignition and propagation stages. It

consists in a sequence of images taken at a frame rate of 1.5 ms?! with an exposure
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time of 33 ps. In addition to the reduced ignition delay, from spectroscopic
measurements at 1-bar in air, authors observed the presence of numerous species (N,
N*, O, Of) in the afterglow (after 300 ps) combined with an increase of the gas
temperature of up to 3000 K, limited to a short time following each pulse.

Figure 2.5: Flame propagation in a lean propane-air mixture (¢ = 0.7) at 2-bar
ignited by a train of 10 high-voltage nanosecond pulses at 30 kHz repetition
frequency. Gap distance: 1.5 mm, ignition energy: 1 mJ/pulse. Image taken from
[Pancheshnyi et al., 2006].

To understand the non-equilibrium ignition mechanism following a nanosecond pulse,
Wu et al. [2011] compared their spatially resolved OH density dynamics obtained by
PLIF with the discharge emission dynamics in air (recorded with a sequence of ICCD
images). These authors found a spatial similarity between both, which led them to
suggest that the excitation of nitrogen electronic states is related to the production of
atomic oxygen, which afterward turns to the formation of hydroxyl radicals. Note
that the nanosecond pulsed discharge (20 kV, 10 ns, 10 kHz) was generated between
electrodes in a point-to-point configuration and separated by an inter-electrode gap
distance of 8 mm. OH density measurements were performed using various
hydrocarbon fuels (methane, ethane, propane and butane). Similar conclusions were
drawn by Aleksandrov et al. [2009-a|; Aleksandrov et al. [2009-b], who conducted
numerical simulation of the ignition dynamics of a CHs:Os:Ar mixture by a high-
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voltage nanosecond discharge. These authors also demonstrated that gas heating by
the action of the discharge was insufficient to explain the reduced ignition delay.

Up to now, the standard combustion mechanisms mostly fail to reproduce the
(experimental) temporal evolution of densities of the main radicals in plasma-assisted
combustion cases. This is because there is no validated kinetic mechanism of ignition
at low initial temperature and for complex hydrocarbons (the cross-sections of the
collisions of electrons with complex hydrocarbons are lacking). Current researches in
plasma-assisted combustion and ignition are going toward combining detailed (highly
space and time resolved) in-situ measurements of plasma and combustion parameters
with the validation of chemical mechanisms [Laux et al., 2014; Adamovich and
Lempert, 2015].

Plasma-stabilization of lean flames

There is an increasing interest on lean premixed combustion to reduce of NOx
emissions in combustion engines. This interest is motivated by the fact that
European emission standards for light commercial vehicles regarding NOy emissions
were restricted from 150 mg/km in 2000 (norm Euro 3) to 60 mg/km in 2014 (norm
Euro 6). Because NOy released by the combustion systems increases exponentially
with flame temperature, the designed strategy consists in reducing the flame
temperature. This can be achieved by lean premixed combustion [Lefebvre, 1998].
However, lean flames tend to be unstable. Flame instability manifests itself by self-
oscillating combustion regimes with fluctuating heat release rate as well as
mechanical oscillations, which can damage the combustion chamber. A convenient
method to tackle these drawbacks is to use non-equilibrium plasma discharges to
stabilize lean flames.

One of the early investigations of plasma-assisted stabilization was conducted by
Choi et al. [2004], who reported a significant extension of the flammability limit of
lean propane-air mixtures at atmospheric pressure using a Microsecond Repetitively
Pulsed (MRP) discharge to stabilize the flame. In this case, pulses of 100 ps duration
at 9 kHz repetition frequency were used. The authors estimated the required plasma
power to be about 5 % of flame power. However, the flame power was relatively low
(up to 300 W). This result was confirmed and improved by Pilla et al. [2006]. Here,
stabilization and lean flammability limit extension at atmospheric pressure were
achieved using NRP discharges (10 kV, 10 ns, 30 kHz). This time the power of the
lean turbulent (Rep = 3 x 10%) premixed propanec-air flame was about 25 kW and
that of the plasma used was 75 W, which represents only 0.3 % of the flame power.
Figure 2.6 displays the influence of the addition of NRP discharges on the burner
regimes. Region 1 represents burner stability domain without plasma. Then region 2

corresponds to the extension of the flame stability domain following the application
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of the 30 kHz NRP discharges. Region 3 is the domain of flames in the intermittent
regime while the large region 4 corresponds to the domain of the pilot flame. The
pilot flame is a small flame confined in the recirculation zone behind the bluff-body,
in the vicinity of the electrodes (see figure 2.7, which presents the locations of the
bluff-body and electrodes). Then finally, the flame extinction domain is shown in
zone 5. Figure 2.6 also reports lean-flammability results obtained by Choi et al
[2004]. The comparison between results obtained with the microsecond repetitively
pulsed discharge and those obtained with the NRP discharge demonstrates a more
efficient flame enhancement by NRP discharges. Performing Optical Emission
Spectroscopy (OES) with and without the NRP discharges in order to identify
radicals present in combustion and in plasma-assisted combustion, Pilla et al. [2006]
observed for instance an increased OH emission with the discharge applied. Figure
2.7 represents the comparison of OH emissions without (left part of the image) and
with (right part of the discharge) NRP discharge.
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Figure 2.6: Burner regimes with a NRP spark discharge applied at 30 kHz repetition
frequency. Figure taken from [Pilla et al., 2006].

For diffusion flames (partially premixed flames more exactly), Sun et al. [2012]
conducted both experimental (performing TALIF, FTIR and chromatography
measurements) and simulation investigations of the extension of diffusion methane-air
flames extinction limits when enhanced by a NRP discharge. Measurements were
carried out at 60 Torr pressure with discharge pulses of 32 kV amplitude, 12 ns
duration and repetition frequencies up to 50 kHz. These authors concluded that the
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extension of the flammability limit was due to the improvement of fuel oxidation by
O atoms produced by the discharge.

Current researches on PAC focus on the understanding of the role of the different
internal degrees of freedom at various values of E/n. Others key points of interest
include the development of kinetic mechanisms for the PAC of complex fuels and for
PAC with initial temperature below the self-ignition point. In this thesis, we address
as well comparative studies of nitric oxide emission in methane-air lean flame assisted
by NRP discharges [Stancu et al., 2013]. The corresponding results are presented in
chapter 7.

OH* emission
without discharge

OH* emission with
discharge (P=75 W)

Mask to block the
emission of the plasma
(Discharge behind)
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Figure 2.7: OH (A-X) emission with and without plasma discharge. Conditions: ¢ =

0.83, propane flow rate = 0.5 m?®/h, flame power = 12.5 kW and discharge power =
75 W. Figure taken from [Pilla et al., 2006].

2.3 Types of atmospheric pressure air plasmas
In this section we briefly introduce the types of plasmas at atmospheric pressure.
Different types of classification and sources for plasma discharges operating in air at

atmospheric pressure are presented.

A key parameter of atmospheric pressure air plasmas is the ionization degree «,

which is described as:
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Ne
Ne + M

where n. and n are the electrons and total neutral densities, respectively.

Following Delcroix and Bers, [1994], regarding their ionization degrees, plasmas can
be classified as it follows:

e Weakly-ionized plasmas, whose dynamics are dominated by electron collisions
with neutrals. In these plasmas, the collision frequency between electrons and
neutrals is higher than that between electrons or between electrons and ions.

e Highly-ionized plasmas, in which Coulomb interactions between charged
species dominate plasma dynamics. Unlike the former case, here the collision
frequency between electrons or between electrons and ions is greater than that
between electrons and neutrals.

It should be noticed that a relatively low ionization degree could be sufficient for a
plasma to be in the “highly-ionized” category. This arises from the long-range
Coulomb interaction potential (~1/r). Consequently, Coulomb interaction cross-
sections between charged species are many orders of magnitude greater than cross-
sections of interactions between electrons and neutrals.

However, for the purpose of predicting the reactive behavior of plasma species, we
need to determine densities of all these species together with the distribution of
particles in the various internal states. This task is not possible for realistic plasmas.
Another approach consists in characterizing the thermodynamic state of the plasma,
in term of deviation from an equilibrium distribution. Indeed, as it will be shown,

plasmas can attain some types of equilibrium.

2.3.1 Thermal plasmas

When all the states of particles of a plasma follow the Boltzmann distribution at a
same temperature T and when the radiation field for all possible transitions is
described by the blackbody radiation at the same temperature T, the plasma is
described as in Complete Thermodynamic Equilibrium (CTE). The state of the
plasma is then entirely described by the gas pressure and temperature. Nevertheless,
the CTE case is never achieved in laboratory plasmas since the finite size of these
plasmas allows radiation to escape. Accordingly, the radiation field cannot longer be
a blackbody radiation.

The so-called Local Thermodynamic Equilibrium (LTE) gives a less constraining type
of equilibrium. In this case, populations of quantum states of plasma species follow
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Boltzmann distribution but the radiation field is not necessary Blackbody radiation
[Hutchinson, 2005].

In general, discharge plasmas depart from L'TE conditions because of the finite rates
of ionization and recombination processes. The distributions of particle densities
among the energy levels depart from a Boltzmann distribution, as illustrated in figure
2.8.
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Figure 2.8: Electronic populations distribution in equilibrium, ionizing and

recombining plasmas. Figure taken from [Laux, 1993].
Thermal plasma sources

Thermal plasma sources include first DC discharges, which are the easiest way to
produce thermal plasmas at atmospheric pressure. Another possibility is to use radio-
frequency inductively coupled (RF-ICP) torches. The latter can for instance create
thermal plasmas with 5-cm typical diameter and a temperature up to 10* K [Laux,
1993]. Microwave plasma torches (often at 2.45 GHz) can also be used. For instance,
Machala et al., [2004] produced a thermal plasma with a temperature up to 5 x 10°
K, in a 10-cm® volume.

Thermal plasmas are widely used for welding, cutting, spraying, sputtering, and for

waste processing.

2.3.2 Non-thermal plasmas

16



Non-thermal plasmas exhibit a non-equilibrium behavior. Accordingly, the gas
temperature can be many orders of magnitude lower than the electrons temperature
(Te >> T,). This makes non-thermal plasmas interesting for many types of
applications as shown in section 2.2. Non-thermal plasmas depart from LTE
distribution since in this case, collisions do not dominate all the transitions between
internal states. It is possible to demonstrate that for a two-level atom, LTE prevails
only if [Hutchinson, 2005]:

ne > 10"3(T/e) /2 (AE/e)? (22)

where T/e and AE/e are respectively the temperature and energy level difference in
eV.

Non-thermal plasma sources

It is more difficult to maintain the non-equilibrium state of air plasmas at
atmospheric pressure than at low pressure. As the gas pressure increases, the number
of collisions between electrons and neutrals increases and gas tends to thermalize.
Gas heating will then promote the transition to the arc regime. Methods for
generating non-thermal plasmas (low gas temperature) at atmospheric pressure rely
on various strategies to prevent the transition to arc [Tendero et al., 2006]. Amongst

them, we can quote:

e DC discharges combined with a current-limiting resistance in series with the
discharge. The outcome of the combination prevents the glow-to-arc transition
[Yu et al., 2002]. Their average electron densities can reach 10 c¢m™, for gas
temperatures between 1000 and 3000 K.

e Dielectric Barrier Discharges (DBD) in which a dielectric layer covers plane
electrodes to capacitively limit the current in the plasma filaments and hence
preventing arcing. Although they produce plasmas with low gas temperature
(from 300 to 1000 K), DBDs tend to generate non-uniform randomly
distributed plasma filaments [Massines et al., 2003], especially in air, for gas
distance greater than 2 mm. They also produce electron densities about 10°

10" cm?.

e Micro plasmas, which are plasmas of size from pm up to 1-mm. They allow
providing low temperature plasmas thanks to their small size, which favors
large heat losses to the surroundings (in comparison with heat losses in the

volume) [Karanassios, 2004].
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e Atmospheric Pressure Plasma Jets (APPJs) are different from others plasma
sources, which are mostly confined between two electrodes, limiting the area of
application. APPJs are generated mainly in rare gases and can propagate out
of tubes in which they are produced (hence the name “jets”), entraining active
species with them. These plasmas operate mostly with RF and microwave
frequencies. The transition to the thermal state is prevented by a special care
on the combination of driving frequency, plasma power and gas flows [Van
Gessel, 2013]. Note however that APPJs running on air do not propagate
significantly outside of the tube in which they are generated.

e Nanosecond Repetitively Pulsed Discharges (NRPD), which were studied in
this thesis is another important technique to produce non-thermal plasma.

Details are presented in the following section.

2.4 Nanosecond Repetitively Pulsed (NRP) discharges

2.4.1 Principles, advantages and regimes

Introduced at Stanford in the early 2000s, the NRP strategy to circumvent transition
to arc consists in generating plasmas by applying repeated short voltage pulses (in
the range of 10 ns duration) [Nagulapally et al., 2000]. In this way, the pulse
duration is shorter than the characteristic time for the transition to arc. As shown by
figure 2.9, during the pulse, electron number density rises exponentially thanks to the
effective ionization of the gas in high-reduced electric fields (greater than 100 Td).
Then, between pulses, the electron number density decreases as a result of
recombination processes. In order to enable accumulation of plasma species, the pulse
repetition frequency of NRP discharges is adjusted so that the duration of the inter-
pulse is shorter or comparable to the recombination time of the electrons. Packan,
[2003], found a recombination time about 90 ps at 2000 K. The author claimed that
the dominant ion at the end of the pulse is NO* and that the principal recombination
process after the pulse is NO* + ¢ > N + O. Accordingly, a repetition frequency
higher than 12 kHz fulfills the necessity of an inter-pulse duration shorter than the

recombination time.
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Figure 2.9: NRP electron density and reduced electric field as functions of time.

Figure taken from [Packan, 2003].

Figure 2.10 represents calculations of the fraction of electrons energy branching in the
various degrees of freedom in an air-like mixture as a function of the reduced electric
field in Townsend units (1 Td = 107 V-cm?). It is shown that for E/n > 100 Td, the
energy is mainly transferred to the electronically excited levels of nitrogen. Moreover,
for E/n > 200 Td, the fraction of energy going to O:dissociation (by electron impact)
and the gas ionization increase significantly.

A notable point is the fact that thanks to the pulsed strategy, the instantaneous
power during the pulse is high (up to 100 kW) whereas the average power dissipated
power is low (100 kW x duty cycle ~ 30 W for a 33 ps inter-pulse duration), thus

energetically interesting for applications.
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Figure 2.10: Fraction of electrons energy transferred in the various channels of a
N2:O, = 4:1 mixture as a function of the reduced electric field in Townsend (1 Td =
107 V.em?). Figure taken from [Starikovskiy and Aleksandrov, 2013].
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NRP discharges regimes

When increasing the voltage amplitude, Pai, [2008] observed three regimes of NRP
discharges operating in air at atmospheric pressure and at gas temperatures ranging
between 300 and 1000 K. These 3 regimes are shown in figure 2.11. They differ one
from another in terms of the deposited energy, conduction current and gas heating.

Corona Glow Spark

Figure 2.11: NRP discharge regimes at 1000 K gas temperature, for 10 kHz PRF,
4.5-mm gap distance and 1 m/s flow rate. Figure taken from [Pai, 2008].

These regimes have been called NRP corona, glow and spark, by analogy with their
DC counterparts. The NRP corona is characterized by low emission levels and is
present only near the anode. This regime gives very little energy to the gas (below 10
nJ) and it does not significantly heat the gas. The NRP glow appears to be diffuse.
This regime is of primary interest since it is able to create active species with reduced
gas heating (AT <200 K). Finally the NRP spark regime, which exhibits a
filamentary appearance, is characterized by an intense emission in the gap, hot spots
at electrode tips and a high conduction current (20-40 A).

The NRP spark produces large amounts of active species and a significant heat
release. Accordingly, this regime meets the requirements for plasma-assisted
combustion. All the experiments of this thesis were conducted in the spark regime.
Properties of the spark regime are detailed in 2.4.2. Table 2.2 summarizes the major
features of these three regimes.
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Table 2.2: Main features of NRP discharge regimes at 1000 K. Table adapted from
[Pai, 2008].

Appearance Energy deposited Gas heating Name
per pulse
Corona <10 pJ ~0 NRP corona
Diffuse 10-100 nJ 200 K NRP glow
Filamentary > 100 nJ 2000-4000 K NRP spark

2.4.2 NRP spark discharges in air

In this subsection we review the principal properties of NRP spark discharges
operating in air, at atmospheric pressure.

Oxygen atoms production and ultrafast heating

Conducting time-resolved Two-photons Absorption Laser-Induced Fluorescence
(TALIF) measurements of oxygen atoms during (and after) a nanosecond discharge
pulse, [Stancu et al., 2009; Kaddouri, 2011] found a peak O density about 1.5 x 10
cm®, which corresponds to a 50 % dissociation of molecular oxygen (the gas
temperature was about 2000 K). Such high O-atoms density is of considerable
importance for plasma-assisted combustion and other O atoms related applications as
explained in section 2.2. Furthermore, the peak O density was found to appear after
the discharge pulse (see figure 2.12). The two-step mechanism introduced by Popov,
[2001] was considered to be an explanation of the previous observations. It consists in

two reactions:
No(X) + e = No(A, B, C, 2", B'.) + ¢ (2.3)
No(A, B, C, &, B'..) + 0y = No(X) + O + O + heat (2.4)

The rapid heating predicted by the previous mechanism was first observed by Pai,
[2008] and was further validated by Kaddouri, [2011] and Rusterholtz, [2012]. For
instance, in the latter reference under operating conditions of the “reference case”
(see chapter 6 for more details), a 900 K gas temperature increase in about 20 ns was
measured (temperature increased from 1500 to 2400 K). This corresponds to a
heating rate of 4.5 x 10 K/s, hence the name “ultrafast heating”. Note that the gas
temperature was inferred from emission spectra of the first and second nitrogen
positive systems (N2(B — A) and No(C — B)) [Kaddouri, 2011; Rusterholtz et al.,
2013]. This mechanism was further validated by [Stancu et al., 2009; Stancu et al.,
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2010-b], which performed absolute density measurements using synchronized TALIF
for O atoms, Optical Emission Spectroscopy (OES) for No(B) and N»(C) and Cavity
Ring-Down Spectroscopy for Ni(A). These authors observed that the increase of O
atoms density was synchronized with the decrease of populations of Ny(B, C) states

as shown in figure 2.12.

Finally, Rusterholtz et al. [2013] refined measurements of [Stancu et al., 2010;
Kaddouri, 2011] (for the same operating conditions) in particular the N»(B, C), the
gas temperature and completed with electron densities, gas temperature and electrical
measurements. It was concluded that about 35 % of the NRP discharge energy was

spent on O, dissociation and about 21 % on gas heating.
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Figure 2.12: Temporal evolution of Ny(A, B, C) and O densities during first 100 ns.
Figure taken from [Stancu et al., 2009].

Recently Popov, [2013] performed numerical simulations of the NRP discharges
kinetics in the reference case using a detailed kinetics model taking into account the
ultrafast mechanism (equations 2.5 and 2.6). Figure 2.13 shows that a good
agreement was found between experimental and simulation results in terms of
temporal evolutions of O atoms density and gas temperature. Furthermore, this
kinetic model allowed Popov to estimate that about 35 % of O atoms density arises

from the direct dissociation of molecular oxygen by electron impact.
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Figure 2.13: Comparison between experimental (dots) and simulation results (lines)
of temporal evolution of gas temperature (a) and O density (b). Figure taken from
[Popov, 2013].

Thermal and hydrodynamic effects

Regarding hydrodynamic effects of the NRP discharges on the flow, [Xu et al., 2011;
Xu, 2013; Xu et al, 2014] evidenced the expansion of the gas-heated channel,
preceded by the propagation of a shock wave. These observations were carried out
using to time-resolved single-shot Schlieren imaging of the discharge (see figure 2.14).
These authors observed that initially, the shock-wave and the heated channel both
extends with a cylindrical shape. Then, beyond the heated channel, the shock-wave
propagates as a spherical wave (see figure 2.14) at sound speed. Comparing
experimental results to those obtained by performing numerical Schlieren enabled the
authors to infer the fraction of energy transferred into gas heating. More specifically
it was found that the energy transferred into heating increases with increasing
reduced electric field and gas temperature (see table 2.3). For instance, for the case 1,
where NRP discharges operate in ambient air flows, the reduced electric field at peak
conduction current was found to be about 164 Td and it was estimated that about 25
% of the energy was transferred into the heating of the gas. In a 1000 K preheated
air flow, the measured reduced electric field at peak conduction current was found to
be about 270 Td leading to about 75 % of the energy transferred into heating.
Because previous pulses heated the gas, the initial gas temperature effects on the
velocity of the shock-wave were also taken into consideration by the authors. They
used OES of the second N: positive system to determine this initial gas temperature.
Moreover, due to the microsecond timescale of gas dynamics, the authors also
demonstrated that the discharge could be considered as isochoric over 50 ns after the
beginning of pulse.
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Table 2.3: Fraction of energy transferred into gas heating. Taken from [Xu et al.,
2014].

. Fraction of | Hydrodynamics
Initial E/n at Iuax ) ..
energy into characteristic
temperature [K] [Td] . .
heating time [ps]
Case 1 400 164 25 % 0.50
Case 3 2000 270 75 % 0.54

Regarding numerical simulations, the fraction of energy transferred into gas heating
in the case 1 of Xu, [2013] (25 %) is consistent with the results of Aleksandrov et al.
[2010] where 20-23 % of the energy was found. In addition, Tholin, [2012] numerically
simulated the ultrafast heating, thermal and hydrodynamics effects of the NRP
discharges. Multi-pulses discharge dynamics were also well simulated [Tholin at al.,
2011].

Although many kinetic and dynamic aspects of NRP have been investigated, the NO
production and kinetics mechanisms remain somewhat unclear [Uddi et al., 2009,
and therefore one of the reasons of the investigations in this thesis.

1950 ns

(a) Case 1: T, = 300 K, d = 2 mm, PRF = 1 kHz and
v~ 1.6 ms™!

(b) Case 3: T, = 1000 K, d = 4 mm, PRF = 10 kHz
and v~ 1.6 m.s™’

Figure 2.14: Single shot Schlieren images of the NRP discharges. Figures taken from
[Xu, 2013].
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2.5 Nitric oxide (NO) role for biomedical and combustion

applications

Three decades ago, NO was mainly regarded as an environmental pollutant released
in engine exhaust. However in the early 1990s, it was found that NO is an important
biological messenger in mammals [Palmer et al., 1987; Culotta and Koshland, 1992].
Besides that, NO was also found to be involved in the regulation of biological
processes at the crossroad of neuroscience, physiology and immunology fields.
Consequently, NO was proclaimed “Molecule of the year 1992” and the 1998 Nobel
prize of “physiology or medicine” was awarded to three scientists who discovered the
role of nitric oxide as a cardiovascular signaling molecule. In the following
subsections, we will shortly review the role of the NO molecule for biomedical
applications and we will discuss the role of NO for combustion-related applications.

2.5.1 NO for biomedical applications

In the nineties it was demonstrated that nitric oxide acts like a neurotransmitter in
the nervous system. According to [Culotta and Koshland, 1992], NO is the first
discovered biological gas messenger. It was proven that nitric oxide molecule is
related to learning and remembering mechanisms [Redy and Kulkarny, 1998|.
Furthermore, the NO molecule possesses also the potential of a defensive weapon. For
instance, Fridman et al. [2008] observed a reduced bacterial load following seven to
fourteen days NO-therapy implementation on 318 patients suffering from trophic
ulcers at their lower extremities. If NO is known to favor wound healing by
modulating human skin cells proliferation [Weller, 2003; Liebmann et al., 2011], it
can at the contrary block certain cells growth or either kill those cells [Culotta and
Koshland, 1992]. NO defense mechanism against invaders cells consists in attacking
iron groups of enzymes, which synthetize invader cells DNA and those, which help
these cells to respire.

Physiology is another important domain here, the key point is of course the role
played by NO as a ubiquitous intercellular messenger in vertebrates. This is possible
due to the rapid diffusion of NO through most of tissues with little consumption or
direct reaction [Beckman and Koppenol, 1996].

Finally, regarding biomedical applications, we should first note that Liebmann et al.
[2011] demonstrated non-toxicity exposure time of NO up to 10 min for mole fraction
about 200 ppm (at atmospheric pressure). This extends the NO mole fraction range
of interest for biomedical applications between 5 and 200 ppm. Second, NO is shown

to be cytotoxic when combined with superoxide (O2) to create the peroxynitrite

(ONOO). H
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2.5.2 NO in atmosphere and combustion

Nitric oxide, as mentioned before is a by-product of combustion processes whose
emissions are regulated by international norms. Here we will shortly present the
impact of NO on the atmosphere and then we will discuss the different mechanisms

of the formation of NO in combustion environment.

Nitric oxide is responsible for ozone and nitrogen dioxide production in the
troposphere (up to 10 to 15 km altitude), which both contribute to the photochemical
smog [Bowman, 1992]. Besides, nitrogen dioxide is a precursor of acid rains.
Important reactions contributing to the photochemical smog are:

NO, + hv = NO + O (2:5)
O:+0+M-—->0:+M (2.6)
(2.7)

NO + O3 »> NOs + O»

For acid rain formation, the other key reaction involves nitrogen dioxide and
hydroxyl radicals to produce nitric acid:

(2.8)
NO;_‘ + OH —» HNO:;

NO also affects the stratosphere (from 15 to 50 km altitude) by destroying the azone
layer via reactions:

As a conclusion, NO contributes to ozone formation in the troposphere where ozone
is a pollutant but destroys the same ozone in the stratosphere where it provides a
protective layer from sun’s UV radiation, hence the strict regulations nowadays for
the carmakers industry.

NO released from premixed combustion exhaust arises mainly from four processes:
thermal, nitrous oxide, prompt mechanisms and fuel-NO.

The Zel’dovich thermal mechanism is the dominant route for NO formation in
combustion processes with at gas temperatures above 1800 K [Sarofim and Pohl,
1973; Bowman, 1992]. The process involves the following reactions:

N>+ O— NO + N (2.11)
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N+0O0,->NO+O (2.12)

In addition to these reactions, the thermal mechanism can be extended to a third
reaction to provide the so-called “extended Zel’dovich mechanism”:

N + OH - NO + H (2.13)

Under fuel-lean conditions and for gas temperatures lower than 1800 K accompanied
with intense turbulence, Malte and Pratt, [1974] found that nitrous oxide (N-O) is

an important intermediate for NO formation via reactions:
Ny, + Os > NoO + O (2.14)

N, + OH — N,O + H (2.15)

N,O + O — NO + NO (2.16)

The Zel’dovich thermal mechanism occurs mainly in the post-flame region because
the thermal mechanism is slow. However, Fenimore, [1971] observed NO emissions in
the flame zone. He proposed the prompt mechanism to explain this unexpected
rapid formation rate. This mechanism starts with the reaction of CHy radicals
(released in fuel-rich conditions) with N> to produce HCN (or NCN):

(2.17)
CH + N,— HCN + N

(2.18)
C+N,—>CN+N

Then HCN reacts with oxygen containing radicals (OX) to produce NO and others

products:
HCN + OX — NO + others products (2.19)

Finally, when the fuel contains nitrogen, HCN is quickly formed and then, following
the prompt mechanism, NO is produced. It is called fuel-NO.

2.6 NO detection techniques in plasma and plasma-assisted

combustion at atmospheric pressure

In this section, we review the main techniques applied in the literature to detect NO

in plasmas, combustion and plasma-assisted combustion fields at atmospheric
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pressure. We highlight the principles, advantages and difficulties of these techniques
and we emphasize our choice for QCLAS technique. The results and the conclusions
of the literature studies presented in this section are discussed in chapters 6 and 7 to
better understand NO kinetics in NRP discharges in air and in combustion,
respectively.

2.6.1 Optical Emission Spectroscopy (OES)

The ideal non-intrusive method to detect NO either in combustion or in plasma field
is OES. However, OES only gives access to exited states, which are statistically less
populated than the ground state. In this case, the recovery of NO ground state
population is only possible using complex Collisional Radiative Models (CRM).

2.6.2 Chemiluminescence

Common gas analyzers capable of detecting NO rely on the principle of the
chemiluminescence reaction between NO and ozone [Fontijn et al., 1970]:

NO + O3 = NO, + Os + hv (2.20)

The recorded light emission intensity is proportional to the NO density. Kim et al.
[2007], for instance used a chemiluminescence-based gas analyzer to measure the NO
mole fraction produced by a mnanosecond pulsed plasma discharge operating in
atmospheric pressure air and in combustion environments. The main advantage of
this technique is the fact that it is fast and easy to implement. However, this method
is not in-situ, since the gas samples are collected and analyzed elsewhere, most of the
time in a specific vessel where the second reactant (ozone) is added. Moreover, the
collection of the samples can also be regarded as intrusive and the method needs to
be calibrated to yield absolute densities. Besides, at atmospheric pressure the
fluorescence of the NO," molecules depends strongly of the quenching rate of these
excited molecules and these rates are strongly dependent of the gas composition and
temperature. Accordingly, since the latter parameters change from plasma to plasma-
assisted combustion cases, chemiluminescence could lead to large errors in absolute

densities.

2.6.3 Laser-Induced Fluorescence (LIF)

NO detection by LIF in combustion, plasma discharges and in plasma-assisted
combustion is very attractive [Di Rosa et al., 1996; Schultz et al., 1997; Jamette et
al., 2001; Uddi et al., 2009; Rao et al., 2009; Van Gessel et al., 2013; Burnette et al.,
2014] because the technique can provide highly space and time resolved
measurements (~50 pm and few ns). Authors usually implement this technique by
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recording the (laser-induced) UV fluorescence signal of the NO-y band (NO A 2+ —
NO X ’IT) around 226 nm (for the transition (NO A 22*, v’ = 0) > (NO X I, v’ =
0)) or around 247 nm (for the transition (NO A Z*, v’ = 0) —» (NO X 11, v’ = 2)).
Many lines can be excited. In the plasma community, the transitions P (4.5) + Pu
(13.5) + Rs2(10.5) [Uddi et al., 2009] and P11 (3.5) + P11 (14.5) [Burnette et al., 2014]
are commonly used. For the combustion community, one of the commonly used
excitation line is composed of Py (23.5) + Qi + P2 (14.5) + Q2 + Ri12(20.5). A review
of the different excitation schemes for the detection of NO by LIF in high-pressure
flames is given by Bessler et al. [2003].

The total measured fluorescence signal Syr as a function of the excitation laser
frequency v can be written as:

CoptEpAu’:O—>v” =2
>, Avr + Q(P.T) 22

Z{fBz (T) Bz gi(V, P7 T)} nNo

1

Sceir(v) =

where the summation is carried out over all transitions I that are excited by the
laser. C, is a constant that describes the efficiency of the optical collection. E, is the
laser pulse energy. A and B; are the Einstein coefficients for spontaneous emission
and stimulated absorption, respectively. fgiis the Boltzmann factor. Q(P, T) is the
quenching rate of the NO(A) state. gi(P, T) is the lineshape function and nyo is the
NO absolute density.

The determination of the ground-state absolute density under steady-state conditions
hence requires an absolute calibration to determine each of the factors of equation
2.23. The absolute calibration method can be complex when dealing with short-lived
radicals. But as NO is a long-lived radical, authors in the literature [Uddi et al., 2009;
Van Gessel et al, 2013] manage to implement the calibration procedure using a

known NO/N, and NO/He sample mixtures, respectively, in reference cells:

Sf,disch [Zy” AV’I/” + Q]disch

NMNO,disch = NMNO,calib (2.22)
St cativ [D o Avrvr 4 Qleativ

Then they derived the unknown discharge NO density (nvo, ) as a function of the
known NO density of the calibration mixture (nvo, cui), of the ratio of the temporally
and spectrally integrated fluorescence signals of the NO in the discharge (St dien/ St
cit) and in the calibration mixture, of the sum of the Einstein spontaneous emission
coefficients over all the excited transitions by the laser and of the quenching rate.

Apart from the quenching rate, the foregoing parameters are well known. The
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quenching rate strongly depends on the gas pressure, temperature and composition.
At low pressure, quenching is slow, it can hence be measured from time-resolved
measurements of the fluorescence signal. But at atmospheric pressure, the quenching
is fast and sometimes it cannot be measured even with ultrafast detectors. This is a
major drawback for the implementation of the LIF at atmospheric pressure. Other
issues affecting the measurement of absolute NO density by LIF, especially in
combustion are the possible interferences with O, (in lean non-premixed flames) and
CO, (in high-pressure methane-air flames for instance) spectra, as well as the
distortion of the fluorescence signal due to the temperature field.

2.6.4 Fourier-Transform InfraRed (FTIR) spectroscopy

(Incoherent) FTIR uses a broadband IR source to perform broadband absorption
spectroscopy. However, before passing through the target gas sample, the IR light
passes through an interferometer (typically a Michelson interferometer, which is
made of a fixed mirror and another motor moveable mirror). Consequently, the signal
exiting from the interferometer consists in the intensity of the light interference as a
function of the retardation induced by the moving mirror. This signal, which is called
an interferogram, has the property that every data point (i.e. for each mirror
position) contains information about every infrared wavelength that comes from the
source. Thus, once the interferogram is measured, all the wavelengths are being
measured simultaneously. After passing through the gas sample, raw data are
collected by an IR detector and then analyzed by means of fast Fourier transform
algorithms, which turn light absorption as a function of the mirror position into light
absorption as a function of the wavelength. As for laser absorption spectroscopy, a
background spectrum must be also measured to determine absolute densities.

As a result of the properties listed above, FTIR offers a wide spectral range so that
many lines of the desired species can be used and the detection of other
plasma/combustion species can be performed simultaneously with the NO detection.
Under some conditions, the “multiplexed measurements” can improve the signal-to-
noise ratio (in comparison with an equivalent scanning monochromator). This is
sometimes referred as the multiplex or Fellgett’s advantage. Another advantage over
dispersive spectrometers sometimes referred as the Jaquinot’s advantage is the
improvement of the sensitivity, owing to a higher optical throughput. Unlike a
dispersive spectrometer whose throughput is limited by its entrance and exits slits,
the throughput of a FTIR interferometer is only limited by the size of the collimated
beam coming from the IR source. In addition, FTIR spectroscopy can also provide
high spectral resolution ~10% cm, for a 10 m maximum retardation (the spectral
resolution is equal to the reciprocal of the maximum retardation) and it does not
require a calibration. Nevertheless, the time resolution of FTIR spectroscopy is

limited by the displacement speed of the moving mirror, part of the interferometer.
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The advantages and the limitations of the FTIR spectroscopy are further detailed
and discussed by Griffiths and Haseth, [2007].

In the literature one can find examples of the detection of NO by FTIR spectroscopy
in plasmas [Penetrante et al., 1995; Zhao et al., 2005] and in combustion [Goode et
al., 2000].

2.6.5 Quantum Cascade Laser Absorption Spectroscopy (QCLAS)

The principle of QCLAS is detailed in chapter 4. The main benefits of this method
are that (1) it does not require any calibration procedure and (2) it allows species
selectivity (to distinguish close absorbing lines) thanks to a spectral resolution of
about ~ 107 cm™. This technique can also provide highly sensitive results (down to 1
ppm) when coupled with a multi-pass cell. For the disadvantages of the QCLAS, we
can note that it is a difficult technique to implement (invisible laser); it is limited in
time resolution to about 1 ps at atmospheric pressure as shown by Welzel et al.,
[2010]. In the literature, absolute NO density measurements by QCLAS have been
conducted in low-pressure plasmas [Welzel et al., 2007; Welzel et al., 2011}, and in
atmospheric pressure combustion environments with gas temperatures of up to 700 K
[Wysocki et al., 2005; Chao et al., 2011; Chao et al., 2012].

In the field of trace gas detection, NO detection sensitivity was improved up to sub-
ppb by coupling quantum cascade laser with others techniques such as Cavity Ring
Down Spectroscopy (CRDS) [Kosterev et al., 2001] or Integrated Cavity Output
Spectroscopy (ICOS) [Bakhirkin et al., 2004; Bakhirkin et al., 2006].

Even though it is less encountered in the literature, NO ground-state densities could
also be detected using classical CRDS [Pillier at al., 2002; Sepman et al., 2003],
Electronic Resonance Enhanced Coherent Anti-Stokes Raman Scattering (ERE-
CARS) [Hanna et al., 2003] and broadband UV absorption spectroscopy.

Besides the selectivity, another key reason of using QCLAS technique is the precision
of the measured absolute density. Below 1 % error on absolute density of NO in
uniform gas environments is easily achievable with this technique. However, in situ
diagnostics in combustion environments remain very challenging because of the

presence of large amounts of hot water as will be shown later.

2.7 Conclusions

In this chapter, we first presented the application fields of non-thermal plasmas,
emphasizing the benefits of their non-equilibrium character. Then we overviewed the

usual techniques to create non-thermal plasmas in air, at atmospheric pressure.
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Afterward, we focused our attention to the particular case of NRP discharges.
Finally, we compared several methods implemented for NO detection. For each
technique, we highlighted the characteristics such as the sensitivity, spatial and
temporal resolutions, intrusiveness and calibration requirements.
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Chapter 3
Theoretical background

3.1 Introduction

The understanding of NO creation and destruction pathways in NRP discharges is a
key to optimize the amount of NO released for the various applications. For this
purpose, optical and electrical characterizations of the NRP discharges were
performed. Here the theoretical background is given in order to:

e [Extract quantities from measurements, in order to compare them with

numerical modelling.

e Quantify uncertainties or/and inaccuracies introduced by the measurements
methods.

Among interesting comparable quantities, the principle of the measurements of
energy transferred by the discharge to the gas is presented in section 3.2. Then
section 3.3 presents Mid-IR laser absorption technique in uniform environments (such
as post-NRP discharge in ambient or preheated air). NRP discharge exhibits a
cylindrical symmetry for temperature and NO density in the discharge, the principle
of Mid-IR laser absorption measurements in axisymmetric environments is given in
section 3.4. Furthermore section 3.5 describes the choice of selected absorption lines
for this thesis, as well as major features of the chosen lines. Finally, using results
from the previous section, section 3.6 outlines two methods for gas temperature

determination.

3.2 Discharge energy measurements

The NRP discharge can be modelled as a parallel RC circuit (see figure 3.1).
Essentially, before the breakdown, the two-electrodes separated by the gap act like a
capacitor leading therefore to a displacement current proportional to the time
derivative of the voltage difference across the electrodes. When the breakdown
happens, following ionization waves propagation, charge carriers fill the gap [Célestin,
2008; Pai, 2008; Pai et al., 2009]. As a result the gap becomes conductive, enabling a
conduction current to pass through it. The measured current is the sum of the

displacement and conduction currents:
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]meas — Idisp + Icond (3.1)

where Iy, and Loa are the displacement and conduction currents, respectively. The
displacement current can be declined as follows:

(3.2)

where C., is the equivalent capacitance of the electrodes and U is the measured
voltage across the electrodes.

/

meas
Pulse ’ l !

Generator

/ disp / Cond

U Coaq R

Figure 3.1: Electrical model for the filamentary discharge.

The total current I(t) and voltage U(t) signals are recorded simultaneously so that
the instantaneous power P(t) can be determined by multiplying both signals. Sample
current and voltage measurements for the NRP spark discharge are displayed in
figure 3.2.

The measured current signal exhibits successively in time a peak of about 8 A, a
second peak of about 18 A and then several oscillations. The oscillations result from
inductive effects in the transmission line as well as from impedance mismatch
between the pulse generator and the transmission line (see [Pai, 2008] for more
details). The measured duration (FWHM) of the main current peak is about 11.5 ns.

The sample voltage trace shown in figure 3.2 has an amplitude of 6.2 kV, a 6 ns rise
time, a 10 ns duration at 90 % of amplitude and an 8 ns fall time. Here again one can

observe the oscillations trend after the pulse.
The voltage and current signals must be synchronized. Indeed, NRP discharges have

a characteristic duration of a few nanoseconds, which is comparable to the duration
of signals propagation in coaxial cables of length around one meter (the speed of such
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electromagnetic waves can reach 90 % of the speed of light, depending on the
dieletric constant of the cable core). In addition, differences in the lengths of the
cables used for voltage and current probes as well as differences in the response time
of the various instruments lead to additional delays.

The procedure of synchronization consists in measuring the delay between the
current signal and the time derivative of the voltage signal before the breakdown.
Then, the current signal is shifted by the measured delay value in order to be phased
with the time derivative of the voltage. Figure 3.3 displays the total current shifted
by the measured 3.1 ns delay relative to the time derivative of the voltage trace.
Moreover we observe that once the time base is adjusted, the first peak of the total
NRP spark current signal and the one of the time derivative of the voltage are
phased. Hence, it follows that the first peak (of about 8 A amplitude) is a capacitive
peak. Owing to this identification, we can deduce the equivalent capacitance of the
NRP discharge by matching the two peaks and therefore obtain the displacement (or
capacitive) current using equation 3.2. This is depicted in figure 3.4. The best match
is found for a 4.8 pF equivalent capacitance. Following equation 3.1, the conduction
current is obtained by subtracting the displacement current from the total current.
The total current, together with the deduced displacement current and calculated
conduction current are displayed figure 3.4.
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Figure 3.2: Current and voltage sample measurements. PRF = 30 kHz, d = 4 mm, U
=6 kV, v=_8.63 m/s.
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Figure 3.3: Total current synchronized with the time derivative of the voltage signal.
Determination of the equivalent capacitance.
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Figure 3.4: Time evolutions of the total capacitive and conduction currents. The
conduction current is obtained by subtracting the capacitive current from the total

current.

The instantaneous power is obtained by multiplying the voltage and the synchronized

conduction current. Thereafter, integrating the instantaneous power over the pulse
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duration then yields the energy deposited by the discharge in the gap during the
pulse, as outlined by equation 3.3.

Eputoe — / P(t)dt = / UM+ A)dE 63)
pulse pulse

Figure 3.5 shows the time evolution of the discharge power and energy. It appears
that secondary pulses also give energy to the gas. This contribution can reach up to
40 % of the pulse energy for the displayed case.

The pulse energy, measured voltage and current during an NRP spark discharge

pulse are summarized in figure 3.6. The energy per pulse is found to be about 1 mJ.

Power [kW]

100 15
80-
60- 1,04
q‘
40- E
>
20 - 5 051
[
0 L
-20 - 0,0-
0 100 200 300 400 0 100 200 300 400
Time [ns] Time [ns]

Figure 3.5: Time evolution of discharge power and energy. The instantaneous power
of the discharge reaches up to 90 kW and the energy deposited in the gas is about 1.4
mJ. PRF = 30 kHz, d = 4 mm, U = 6 kV, v = 8.63 m/s.
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Figure 3.6: Voltage, total current and energy measured during a discharge pulse.

3.3 Mid-IR laser absorption in uniform environments

The interaction of a radiation beam with a gas sample can result in different types of

phenomena:

e Photons of the beam can be deviated by gas particles with a possible change

in frequency and polarization. This is referred to as scattering.

e Beam photons can induce the gas to emit photons with the same frequency,
direction and polarization as the beam. It is called stimulated emission. This

process increases the beam intensity.

e On the contrary, the gas sample along the beam path can also be stimulated
to absorb beam photons. In this case, the beam intensity is decreased by
stimulated absorption.

e In addition, the gas along beam optical path can spontaneously emits photons,

which will increase beam intensity. It is spontaneous emission.

Spontaneous emission does not dependent on the beam intensity contrary to
scattering, stimulated emission and stimulated absorption. Scattering can be
neglected in the Mid-IR (in comparison with the UV or the visible), as it is
proportional to the fourth power of the frequency. Neglecting scattering, the energy
conservation along a ray gives the following radiative transfer equation [Griem, 2005;
Hutchinson, 2005]:
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dl(v)

= —k(w)I(v) +j(v) (3.4)

where I(v) is the frequency-dependent beam intensity, ds an elementary travelling
distance, k(v) the absorption coefficient (accounting for both stimulated emission and
absorption) and j(v) the emission coefficient. At sufficient laser intensity,
spontaneous emission becomes negligible in comparison with absorption. As a result,
for a homogeneous optically thin medium of absorption length L, the measured
transmitted intensity through the medium is:

I(v) = Io(v) exp(—k(v)L) (35)

This is Beer-Lambert’s law, which expresses the exponential reduction with distance
travelled of the incident radiation when passing through a uniform absorber, as
sketched in figure 3.7. The gas sample absorption coefficient results actually from a
summation over the absorption coefficients of all absorption features probed by the

incident beam:

k(y) — Zkz(y) = ZNZJQ(V) (3.6)

where ki, N; and o; are the absorption coefficient, the characteristic density and the

b absorption feature, respectively.

cross section of the i
When a narrow spectral source of radiation is used, a “single” transition between two
levels (a ground and an excited state) can be probed. This consists of two features:
the stimulated absorption (“positive” absorption) and the stimulated emission
(“negative” absorption). In this configuration the absorption coefficient is written as

follows:

. hV()

k(v) = N1oaps(V) — N2Oemi(v) = — f(v)(N1B12 — N2 Boi1) 3.7
A7

where N; and N» are respectively the ground and excited states densities. Gaps and Gemi
are the stimulated absorption and emission cross-sections. vy is the central frequency
of the transition. Bj» and Bz are the Einstein coefficients for stimulated absorption
and emission, respectively (this will be detailed in section 4.5.5) and f{v) is the
normalized absorption line shape function, which is centered at vo. Statistical
weights (degeneracy factors) g; and g» of levels 1 and 2 are linked by the relation:
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91812 = g2 B2 (3.8)
Equation 3.7 combined with equation 3.8 leads to:
k(v) = oaps(V) (N1 — —N2) (3.9)
The first term on the right side accounts of course for stimulated absorption whereas
the second one represents stimulated emission.
The absorption cross-section o.,s can be defined as the product of the temperature-

dependent line strength of the absorption line S(T) by the normalized absorption line
shape function f(v-w):

gaps(V) = S(T) f(v — 1) (3.10)

Note that T is the temperature along the line of sight (assuming here that the system
is at thermal equilibrium). Line strengths of Mid-IR nitric oxide transitions and of
many others molecules at 296 K are tabulated in the HITRAN database [Rothman et
al., 2005]. Calculations must be carried out to determine the line strength at the
appropriate temperature (see section 3.5.3).

In our investigations we use the following expression arising from the combined Beer-

Lambert law (equation 3.5) with expressions 3.9 and 3.10.

k(v) = %ln (I—[O) =S(T)f(v—uvy)N (3.11)

The spectrally integrated absorption coefficient is therefore:

K(T) = /Vk(l/)du = %/Vln (%)dy = NS(T) 312

For a uniform environment, the total density N is determined from measurements of

I(v) and Iy(v):
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(3.13)

L

Figure 3.7: Absorption in a uniform environment. Exponential decay of the radiation

intensity when passing through the absorbing medium of absorption length L.

The principle described here was applied to measurements in the post-discharge
region where the gas density and the temperature are uniform due to mixing [Stancu
et al., 2013].

3.4 Mid-IR laser absorption in axisymmetric environments

In the previous section the principle of density measurements in a uniform absorbing
medium was presented. To perform spatially resolved density measurements in non-
uniform environments, local absorption coefficients k(x, y, z) are needed. NRP
discharges exhibit a cylindrical symmetry (see figure 4.1). The gas density and the
temperature are no longer uniform over the volume but just on concentric rings of
radius r. Note that NRP discharges have a typical diameter of 400 pm, which is
much smaller than the spread of NO created by the discharge (up to 5 mm distance
from axis) as will be shown latter. Lateral absorbance measurements 7(x) are line-of-
sight integrated. For an axisymmetric, optically thin absorbing medium, radial
profiles of absorption coefficient can be inferred from lateral absorbance profiles by a
method called the Abel-inversion. The lateral scanning strategy is illustrated in figure
3.8.
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Figure 3.8: Schematic diagram for lateral scanning in spatially resolved

measurements.

3.4.1 Spectrally resolved Abel inversion

At lateral position x, the line-of-sight integrated absorbance results from the
summation of all the infinitely small absorbance elements k(r)dy along the line of

sight:
+00 Foo
7, (T) = / ky(r)dy = 2/ ky (\/ x? + y2>dy (3.14)
— 00 0

We convert the y integral into an r integral to get [Bracewell, 1999]:

+o00 r R r
() :2/ ko (1) 1dr:2/ ko () i
0 (,r.2 - CC2 = 0 (7"2

)2 —332)5

(3.15)

where R is a radial position far from discharge center, such that k(R)=0,

1(R)=0.

The spectrally resolved radial absorption coefficient is related to the spectrally

resolved lateral absorbance by the inverse Abel transform:

1 [2dr,
k,(r) = ——/ dr (x) da (3.16)

dx (332 — 7“2)%
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3.4.2 Spectrally integrated Abel inversion

From equation 3.16, the spectrally integrated radial absorption coefficient can

therefore be derived as:

12 1 12%] R y
k,(r)dv =—— dry () do = |dv 317
dx (332 — r2)§

V1 V1 T
Here v; and v; are the lower and upper wavenumber limits of the spectral integration
selected upon the criterion that the spectrally resolved radial absorption coefficient is
zero at these limits. Then applying successively Fubini’s theorem (to switch the order
of integration) and Leibniz integral rule (to derive the equality with the

differentiation under the integral sign) yields:

Vo rRd( [ 7,(x)dv
ky,(r)dv = —l < - ) dx (3.18)

vy ™ Jr dx (332 — 7“2)%

Thereafter, if the radial temperature distribution T(r) is known, then the radial
species density can be inferred from the radial absorption coefficient:

_ I, kv (r)dv
S(T'(r))

N(r) (3.19)

Therefore, to obtain local densities, we can either choose to apply the inverse
transform to the spectrally resolved absorbance measurements (equation 3.16) or to
the spectrally integrated ones (equation 3.18). In the latter case the spectral
information is lost. Both integration strategies will be applied in chapter 5 for

spatially resolved gas temperature and nitric oxide density determinations.

Nevertheless the singularity of both equations 3.16 and 3.18 at x = r and their
dependence on the first derivative of measured absorbance, which implies smoothing
the data to avoid discontinuities are two major problems posed by Abel inversion
algorithms. Another problem, which arises from equation 3.16 is the finite number of
measurements absorbance point measurements. Therefore integral calculation

requires an interpolation scheme of raw data.

Cremers and Birkebak, [1966] reported two general categories of methods to compute

equation 3.16:
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e Analytical methods, which allow direct integration of Abel inversion by
fitting experimental data to an analytical function. In this case, the analytical
function must be chosen carefully to reproduce the raw data accurately.

e Numerical methods, which use transformed forms of the Abel inversion
equation into summation in order to be able to compute discrete sets of data.
These methods tend to be more sensitive to data scatter.

Cremers and Birkebak, [1966] compared several inversion techniques and pointed out
the advantage of the polynomial least-square curve fitting methods in comparison
with exact fitting techniques. A notable advantage of polynomial fits is that they
permit the calculation of uncertainty propagation, which can be in this case
analytically performed. Later in the time, Smith et al.. [1988] reformulated Abel
inverse transforms in terms of Fourier and Hankel integral transforms and showed
that the new expression was singularity and derivative-free besides being faster to
compute and noise filtered.

In the present work the Fourier approach of Pretzler, [1991] was employed. It
consists in using a Fourier-series-like expansion of the unknown radial distribution. It
should be noted that in our experiments, the axis of symmetry was experimentally
determined by joining the anode and cathode tips and verifying that no laser signal
was transmitted. Then lateral measurements were performed on a half-profile. Many
reasons motivated our choice of the Pretzel’s approach. First, it is derivative-free,
thus it reduces sensitivity to measurements errors. Second, the method can be used
as a noise-filter by choosing upper and lower frequency limits (UPF and LOF) to
reduce the noise and thus smooth the data. Third, the computer time, (which is
strongly dependent on the UPF value) required to invert a half-set of 600 points is on
the order of 10 seconds at UPF=10 (and 100 s at UPF=100). Finally to reduce
effects of under sampling, measurements data were interpolated by fifth order
polynomial prior to Abel inversion treatment. A validation of the used method is
presented in appendix A.

3.5 Choice of lines of interest and analysis of absorption lines

profiles

This section deals with the physics of the selected lines profiles (in terms of lines
strengths and lines widths) with respect to the temperature. The gained knowledge
will be used in section 3.6 to derive two methods for gas temperature determination

in the NRP discharge. But first, we examine how to choose the lines.
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3.5.1 Selection of spectral lines

Equation 3.13 states that the system’s sensitivity (i.e. its ability to detect small
particle densities) can be improved by increasing the product of the line strength
S(T) by the length of absorption L. High-L will be achieved using a multiple pass (or
multipass) absorption cell. We also choose the NO line with the strongest line
strength for our laser spectral range available. In addition, the selected line should
not spectrally overlap with lines from other combustion species (H.O, CH; and COs).
Simulations using HITRAN and HITEMP [Rothman et al., 2010] databases (for room
temperature and high temperature respectively) are presented in figures 3.9 and 3.10.
Simulations at room temperature are for NO detection in the post-NRP discharge in
ambient air whereas simulations at high temperature are for measurements in
combustion environments or in preheated air. At stoichiometric conditions, the
typical composition of methane-air combustion products is 20 % of water vapour, 10
% of COs» and gas temperature over 1000 K.

The NO absorption line at 1900.076 cm™ has high line strength at room temperature
(see figure 3.9) and exhibits less overlapping with combustion species at high
temperature (see figure 3.10). For these reasons this line was chosen for NO
measurements. This line corresponds to a rovibrational transition between the
vibrational levels v = 0 and v = 1 in NO ground-state (NO X ’II): (X2, v=0)—>
(Xi2, v=1) R(6.5). For the purpose of gas temperature determination while
performing spatially resolved NO density measurements in the NRP discharge, we
adjoined a second line at 1900.517 cm™, which has good line strength too at room

temperature. It corresponds to the (X2, v=0)— (Xy/2, v=1) R(6.5) transition.

1,0

0,84 1900076 1900.517 1903.128  “4906.146 \
o) 1906.73
O
C
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g 04 —— 200 ppm NO 300 K 1 bar
I ——20% H,0 300 K 1 bar
[
|_

0,2 1

0,0

1898 1900 1902 1904 1906 1908
Wavenumber[cm'1]

Figure 3.9: HITRAN simulations at room temperature. No superimposition between
water and NO lines at 1900.076 and 1900.517 cm™. The useful spectral range of our
laser is between 1899 and 1909 cm.
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Figure 3.10: HITEMP simulations at 1000 K and 1bar. NO detection is feasible at
1900.076 cm™.

3.5.2 NO ground-state

Since the major fraction of the particles is in the ground state (assuming a
Boltzmann distribution at equilibrium for the investigated range of gas
temperatures), we conducted experiments to measure absolute densities of NO-
ground state (NO (X *I1)).

The spin-orbit coupling (LS coupling) between the electronic spin angular momentum
(S = %) and the electronic angular momentum (L = 1) splits the ground state into
two states: Ili» and Ils». Electrons spin orientation in parallel or anti-parallel
directions with respect to the orbital angular momentum gives rise to the two
foregoing configurations. Both electronic configurations are subdivided in vibrational
states with vibrational quantum numbers v and rotational states with rotational
quantum numbers J. J is the total angular momentum and takes the values J=0.5,
1.5, 2.5... The rotational energy levels of NO ground state as described by Hund’s
coupling case (a) [Herzberg, 1950] and the exploited transitions are displayed in
figure 3.11.

The HITRAN database provides the hyperfine rotational structure of the energy
levels. They consist in closely separated pairs of opposite parity (e and f), which are

themselves made of six components each. As a result, transitions R(6.5):» and
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R(6.5)s2 in the band (v = 1<— v = 0) consists in twelve components each. A plot of
both lines fine structure is presented in figure 3.12. Tables 3.1 and 3.2 respectively
summarize features the hyperfine structure components of lines 1 and 2.

Figure 3.13 shows the selected lines for various combinations of instrumental
broadening and pressure. Laser spectral width of the laser was found to be 6 x 10?
cm? and simulations were performed using a Gaussian instrumental function with
this FWHM. At low pressure, with a negligible instrumental broadening the e and f
components of the line at 1900.076 cm™ are resolved, whereas the components of the
line at 1900.517 cm' merge. Moreover considering laser broadening, the
transmittance at peak decreases and the spectral profiles are wider, in order to
preserve the area under the curves (which can be regarded as an image of particles
density). Finally, at atmospheric pressure all the twelve components are merged for
both lines. Furthermore, pressure broadening at atmospheric pressure results in much
wider Lorentzian profiles.

Table 3.1: Components of the line at 1900.076 cm™. (HITRAN datase).

Transition [cm] Line intensity Lower level energy Transition type
[cm] [cm!]
1900.070578 2.028E-20 80.21880 R 6.5¢
1900.070593 2.322E-20 80.21880 R 6.5¢
1900.070596 1.770E-20 80.21880 R 6.5¢
1900.072052 3.670E-22 80.21880 R 6.5¢
1900.072147 3.670E-22 80.21880 R 6.5¢
1900.073620 1.638E-24 80.21880 R 6.5¢
1900.077163 1.638E-24 80.30030 R 6.5f
1900.079250 3.669E-22 80.30030 R 6.5¢f
1900.079550 3.669E-22 80.30030 R 6.5¢f
1900.081594 2.322E-20 80.30030 R 6.5¢f
1900.081628 1.769E-20 80.30030 R 6.5¢f
1900.081636 2.027E-20 80.30030 R 6.5¢f
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Figure 3.11: Rotational energy levels of the NO ground state.

Table 3.2: Components of the line at 1900.517 cm™. (HITRAN datase).

Transition [ Line intensity Lower level energy Transition type
[cm] [cm™']
1900.516490 8.730E-25 202.29840 R 6.5e
1900.516783 1.956E-22 202.29840 R 6.5e
1900.516903 1.956E-22 202.29840 R 6.5e
1900.517093 1.238E-20 202.29840 R 6.5e
1900.517185 8.730E-25 202.30010 R 6.5f
1900.517196 1.080E-20 202.29840 R 6.5e
1900.517276 9.429E-21 202.29840 R 6.5e
1900.517453 1.956E-22 202.30010 R 6.5f
1900.517688 1.956E-22 202.30010 R 6.5f
1900.517870 1.238E-20 202.30010 R 6.5f
1900.517956 1.080E-20 202.30010 R 6.5f
1900.518033 9.429E-21 202.30010 R 6.5f
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Figure 3.12: Fine structures of the lines 1900.076 ¢cm™ and 1900.517 c¢m™. Twelve
components each.
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Figure 3.13: HITRAN simulation of both lines. Effects of laser and pressure
broadening.
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3.5.3 Lines strengths evolution with temperature

From equation 3.13, the NO absolute density (in the case of a uniform environment)
is inferred from the knowledge of the area under the absorbance spectrum, the length
of absorption and the line strength (also called line intensity) at the measured gas
temperature. The area under the absorbance spectrum is calculated directly from
absorbance measurements, length of absorption is deduced from the knowledge of the
number of passes. But the calculation of the line intensity as a function of gas
temperature must be carried out. This also applies for measurements in an
axisymmetric environment with the difference this time that the temperature field
must be known radially as requested by equation 3.19.

The spectral line intensity between two states of a vibrational-rotational system is
defined by radiative transfer theory [Penner, 1959] as:

_ hriamg | 2

B (3.20)
c N gani 2

where n;and n» are the population of the lower and upper states, respectively, g; and
g» are the statistical weights, N is the molecular number density and B, (here in
cm?/(ergs s?)) is the Einstein coefficient for stimulated absorption. The term in
parentheses accounts for the effect of stimulated emission.

Assuming local thermodynamic equilibrium at temperature T, the populations of the
lower and upper states follow a Boltzmann distribution:

_c2Ey
ni gie T gino _cavio
p— 6 T

N Q(T) gani

(3.21)

where E,; is the lower state energy in cm™, ¢, is the second radiation constant (c2 =
1.44 cm. K) and Q(T) the Total Internal Partition Sum (TIPS), which is given by:

co En

Q(T) = Zgne_ T (3.22)
n

where 7 represents the index of lower energy states. Q(T) represents the number of
quantum states thermally accessible to the molecular system. Incorporating equations
3.22 and 3.21 into equation 3.20 yields the line intensity as a function of the

temperature and of the Einstein stimulated absorption coefficient:
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Using the Einstein spontaneous emission coefficient (in s') listed in the HITRAN

database for rovibrational transitions, we can express the line intensity as follows:

co Eq
1 e T cav12
= 1l—e "7 A .

S 12 (T)
The latter expression results from the relation between B, and Aa:

L go
= —— — A2 (3.25)

Bio
Equation 3.24 is sufficient to carry out line strength calculations on individual
rotational-vibrational transitions using the data provided by HITRAN. But since in
addition to transitions wavenumbers (in cm™), FEinstein spontaneous emission
coefficients (in s') and statistical weights, HITRAN also provides line strength at 296
K. It is then convenient to derive the line intensity as a function of temperature as

follows:

__tavi2

Q(Tres) e 71— 7

CovV
Q(T) 6_(7?5; 1 — 6_727’—61]?

S12(T) = S12(Trey) (3.26)

The first term of the product is the line intensity at 296 K, the second one is the
ratio of TIPS, the third term is related to the ratio of Boltzmann populations and the
fourth one accounts for stimulated emission. As the temperature increases, both
second and fourth terms decrease but at the same time the third term of the previous
expression increases. Actually, for T > Ti, Q(T) > Q(T.s) as more internal states
are thermally accessible, the population of the lower state decreases with increasing
temperature and the increase of the upper state population leads to a decrease of
stimulated emission factor (see figure B.2 of appendix B for an example of compared

contributions).

Apart from the ratio of TIPS, other terms are easily computable. Then since the line

strength is additive, contributions of the twelve line components can be summed to
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yield the line intensity at atmospheric pressure. Nevertheless, we first need to
calculate the second term, which is fortunately the same for all the components.

Assuming separability of electronic, vibrational and rotational energies of the
molecule, Q(T) can be approximated as the product of electronic, vibrational and

rotational partition sums:

Q(T) — Qel (T)me (T)Qrot (T) (3.27)

For large molecules with fine structure spectrally resolvable, a nuclear spin partition
function may appear in the product [Stancu et al, 2005]. Analytical calculations of
the evolution with temperature of the TIPS and both selected line intensities are

performed in appendix B.

In the present work, the line strengths were calculated as a function of the gas
temperature using the HITRAN and HITEMP-based Q-MACS simulation tool, which
is based on the total internal partition sum calculated by the TIPS program [Fischer
et al., 2003] integrated into the HITRAN package. From equation 3.13 we know that
the line intensity is related to the particle density N by:

T ~
B fﬂ In <70) dv (3.28)
B NL

S(T)

By simulating absorbance spectra at different temperatures for fixed length of
absorption, pressure and density, we obtain the line strength as a function of gas
temperature. Note that these simulations were carried out at low pressure to
minimize errors due to calculation of the area under absorbance curves (overlapping
issues at high pressure, see section 3.5.4). Some absorbance simulations are presented
in figure 3.14 and results for both lines are displayed in figure 3.15. The intensities of
both lines decrease with increasing temperature. More specifically, for the transition
at 1900.076 cm, the line intensity decreases by more than a factor 3 from room
temperature to 1400 K whereas transition at 1900.517 cm™ decreases by a factor of 2
for the same range of temperature.
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Figure 3.14: Absorbance spectra of both transitions for temperatures from 300 to
1300 K. P =1 mbar, L = 1 mm, N = 2.45 x 10" cm™.
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Figure 3.15: Line intensities decrease with rising temperature.

3.5.4 FWHM temperature dependency

Absorption features measured previously result from convolved spectra between the
spectral profile of the laser, the absorption profiles of target molecules, and the
spectral response of the detectors. Even with a spectrally narrow laser, measured lines
would have not been Dirac. They are broadened by different mechanisms:
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e Natural broadening is the intrinsic uncertainty (in wavelength) of a
monochromatic source emitting at central wavelength Ao It results from the

Heisenberg’s uncertainty principle:

(3.29)

AEAt > h

Last equation means that the lowest broadening is obtained at equality:

A(hcv)At = h

1 (3.30)
= AV = —+—
2mcAt
It follows that the line is actually broadened by the finite lifetime At of the radiating
excited level [Hutchinson, 2005]. Since the excited level’s population decays
exponentially in time, the corresponding spectral line shape is a Lorentzian profile. In
general, natural broadening is the smallest of the involved broadening mechanisms in
plasma spectroscopy [Griem, 2005].

For a transition between an upper state with energy E, and a lower state with energy
Ei, the transition frequency is defined by:

_Eu_El

Uy = - (3.31)

Differentiating the latter expression yields the uncertainty in the transition

frequency:

AE, +AFE
Avy, = Av,; = :L_ l (3.32)

Then applying Heisenberg uncertainty principle successively to the upper and lower
states of lifetimes At, and At;leads to:

AE, 1Aty ~h (3.33)

Combining equations 3.32 and 3.33 results in [Penner, 1959]

1 1 1 1
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A, and A; are the reciprocal lifetimes (or more conveniently, Einstein coefficients for
spontaneous emission) of the upper and lower states. As a result, the uncertainty in
the transition frequency is proportional to the sum of the upper and lower states
Einstein coefficients for spontaneous emission. In terms of wavenumbers expression
3.34 is equivalent to:

1
Aﬁul = —(Au + Al) (3.35)

2me

The HITRAN database rather reports transitions Einstein coefficients for
spontaneous emission of rotational line components instead of upper and lower states
Einstein coefficients. An average value over all the sub-states must be therefore
calculated [Gamache, 1992; Simeckova, 2006]:

1
Au—)l — d_ Z Auj—)lz' (3.36)
u ..
J,?

where d, is the degeneracy (2J+41) of the upper state. Table 3.4 summarises Einstein
spontaneous coefficients for both transitions sub-states.

Table 3.4: Einstein coefficients of rotational components of selected lines.

Line transition [cm] A; [s]
1900.070578 0.851
1900.070593 5.955
1900.070596 5.837
1900.072052 1.210E-01
1900.072147 1.059E-01
1900.073620 0.401E-04
1900.077163 0.403E-04
1900.079250 1.059E-01
1900.079550 1.210E-01
1900.081594 5.958
1900.081628 5.836
1900.081636 0.851

64



Line transition [cm™] A; [s]
1900.516490 5.213E-04
1900.516783 1.022E-01
1900.516903 1.168E-01
1900.517093 5.750
1900.517185 5.213E-04
1900.517196 5.643
1900.517276 5.631
1900.517453 1.022E-01
1900.517688 1.168E-01
1900.517870 5.750
1900.517956 5.643
1900.518033 5.631

The resulting FWHM is about 1.18 x 10! cm™ at 1900.076 ¢cm™ and 1.13 x 10" ¢m™
at 1900.517 cm™. We will see that these values are negligible with respect to the
other forms of broadening.

e Doppler broadening results from the Doppler shift due to absorbing particles

motion:

= (3.37)
C

where v is the particle velocity along the line of sight and ¢ the speed of light. A
Maxwellian velocity distribution leads to a Gaussian line shape with a FWHM of:

ey T 1/2 |
AﬁzQ\/E(—B ) G (3:58)

mc?

Doppler broadening is therefore dependent on the absorbing particle’s temperature T
and mass m. Assuming LTE, the absorbing particle temperature and the gas

temperature are equal, so that equation 3.38 can be turned into:

T
APpoppler = 7162 x 107701/ - (539
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where T is the gas temperature and M, the molar mass (in g/mole) of the absorbing

species. The FWHM of Doppler broadened NO lines as a function of gas temperature

is presented in figure 3.16.
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Figure 3.16: Evolution with respect to temperature of the FWHM of a NO Doppler-

broadened line. Doppler FWHM is about 4.33 x 10® cm™ at room temperature and
around 9 x 10® cm™ at 1300 K.

e Pressure broadening also named collisional broadening: it results from the

influence of neighboring particles upon the absorbing species. It can be

described by the “impact approach” (Lorentz’s approach): collisions interrupt

the wave train of radiating particles. Then, as for the natural broadening,

reducing the lifetime of the absorber results in a broadened Lorentzian spectral

line shape. The pressure broadened line HWHM for a gas at pressure P (in

atm), temperature T (in K) and partial pressure P, (in atm) in air, is given by
[Rothman et al., 1998]:

Tref

AD:(

where Tior

)n(AﬂaiT(P - PS) + Aﬂselfps)

(3.40)

= 296 K, n is the coefficient of temperature dependence of the air-

broadened halfwidth. Av,; is the air-broadened HWHM (cm™/atm) at 296 K and at
atmospheric pressure and Av. is the air-broadened HWHM (cm™/atm) at 296 K and

at atmospheric pressure .

HITEMP databases.

Both parameters can be found in the HITRAN and

One can observe that this broadening is the summation of two broadening

mechanisms, namely: Van der Waals mechanism, which is inducted by different

66



particles than the absorbing ones (it is the first term of the summation in brackets)
and resonant mechanism, which corresponds to collisions of absorbing particles with
like particles. Both the Van der Waals and resonant mechanisms depend on gas
pressure, temperature, absorbing particles mole fraction and radiating transition.
Since we are dealing with low nitric oxide mole fractions, in air at atmospheric
pressure, the NO partial pressure that appears in equation 3.40 is negligible and we
can write at P = 1 atm:

Tfref
T

n
Ap = ( ) Algiy (341)

The HITRAN database reports a HWHM (at 296 K and atmospheric pressure) of
0.0559 cm? (i.e. a FWHM of 0.1118 cm™) and a temperature-dependence exponent n
of 0.69 for the line at 1900.076 cm™ and respectively 0.059 cm? (i.e. a FWHM of
0.118 ¢cm™) and 0.67 for the transition at 1900.517 cm™ (see table 3.5). Table 3.5
below summarizes the broadening parameters of both lines.

Table 3.5: Pressure broadening parameters of the two lines considered in this work.

Transition [cm™] HWHM [cm] Temperature exponent
Line at 1900.076 0.0559 0.69
Line at 1900.517 0.059 0.67

Equation 3.41 can hence be computed to yield theoretical pressure broadened
FWHMs as a function of the gas temperature. The results are displayed in figure
3.17. The collisional broadening of the lines decreases with increasing gas

temperature.
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Figure 3.17: Temperature dependence of the theoretical pressure broadening of both

lines. Lines narrow with increasing temperature.

At atmospheric pressure, the wings of adjacent transitions may overlap, and this is
the case for the two lines at 1900.076 and 1900.517 cm™, as shown in figure 3.18. We
therefore adopt the strategy of fitting the measurements with a sum of two
Lorentzians as shown in figure 3.19. Absorbance simulations were performed at
different temperatures as depicted in figure 3.20. Comparison between global fitting
results and separate fits for both lines are presented in figure 3.21. If the overlapping
is neglected, the maximum error is less than 7 % for both features as shown in figure
3.22.
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Figure 3.18: Transitions overlap at atmospheric pressure.
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Figure 3.19: Fitting strategy at atmospheric pressure. 200 ppm of NO at 300 K and

5 cm absorption length.
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Figure 3.20: Absorbance lines profiles at different temperatures. The fitting strategy
is applied to each of the curves. The FWHM is extracted from the global Lorentz fits.
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Figure 3.21: Comparison between individual and global fits.
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Figure 3.22: Error induced by neglecting line overlap.

e Instrumental broadening: wavelength dispersion by optics, laser spectral
profile and detector spectral resolution widen the measured absorbing species
line profiles. The resulting instrumental function can be approximated by a

Gaussian profile in our case.
In most situations, lasers exhibit Gaussian profiles. An ideal laser will have a narrow

FWHM, many times smaller than the typical FWHM of target molecules.

Instrumental broadening was determined to be about 6 x 10® cm™.
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Stark broadening: It arises from the influence of the electric field of nearby
charged particles (electrons and ions) [Griem, 2005]. This electric field
displaces the energy levels of absorbing molecules by altering their potential
energy. The line is broadened with a Lorentzian profile and is also shifted from
line center (Stark shift). Stark broadening is a linear effect or hydrogen (i.e.
the resulting FWHM is proportional to the electric field) and quadratic (hence
much smaller) for other atoms [Hutchinson, 2005]. For the purpose of our
work, Stark broadening is negligible for our post-NRP discharge and post-
combustion configurations since the electron density is negligible. However
absorptions profiles measured directly in the discharge are affected by the
high-electron density ~ 10 cm™ attained during the pulse [Kaddouri, 2011;
Rusterholtz, 2012]. To our knowledge, there is no Stark broadening data for
the NO lines used here, for the purpose of NO measurements in the discharge.
Therefore, we neglected Stark broadening in our analyses. Thus the main
source for broadening was assumed to be collisional broadening.

The different types of broadening widths are summarized in figure 3.23. For the

investigated temperature range, collisional broadening clearly dominates, even at the

highest temperatures investigated (at 1300 K it is still four times greater than

Doppler broadening).
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Figure 3.23: Comparisons of broadening widths as a function of the gas temperature.
(a) line at 1900.076 cm™ (b) line at 1900.517 cm™. The broadening of both lines is

dominated by collisional broadening.

71

1400



Ratio

3.6 Temperature determination in the NRP discharge

Now that we are able to quantify the evolution of both lines in terms of strength and
FWHM as a function of the gas temperature, this can serve up to the determination
of gas temperature for the case of a non-uniform but axisymmetric environment. This
will be possible by applying Abel inverse methods.

3.6.1 Lines intensities ratio

Equation 3.19 applied to both selected transitions yields:

[, kp(v)dv _
[, k2(v)dv

Here S; and S, are respectively the line strengths of lines at 1900.076 and 1900.517
cm. T, is the radial distribution of temperature.

S1(T,. )N

S1(T))
52 (Tr)

3.42
Sy (T )N (342)

Equation 3.42 states that the ratio of the spectrally integrated radial absorption
coefficients for both lines is equal to the ratio of the lines strengths. Assuming LTE,
the ratio of line strengths can be analytically derived from equation 3.26. Here using
the previously obtained intermediate results Si(T) and S»(T) of section 3.5.3, the
ratio is computed. Figure 3.24 (left) depicts the outcome. The ratio of lines intensities
decreases by 40 % from room temperature to 1400 K. The inverse transform is
displayed on the right side of figure 3.24. The gas temperature is determined as a
function of the ratio of the spectrally integrated absorption coefficients of both lines.
The higher the ratio, the lower the gas temperature. Besides, an error of 40 % in the
measurement of the ratio leads to a factor 4.7 error on the gas temperature
determination. Note that the spectrally integrated radial absorption coefficients for
each transition are calculated using equation 3.18 and the measured spectrally
integrated lateral absorbances.
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Figure 3.24: Ratio of lines intensities as a function of gas temperature. Gas
temperature determination by the ratio of spectrally integrated absorption
coefficients.

3.6.2 Collisional broadening

The previous method of gas temperature determination relies on the LTE
assumption. Another method is to use collisional broadening. Collisional broadening
is the dominant broadening mechanism of NO absorption profiles up to 1400 K as
suggested by figure 3.23. Hence measuring the FWHM of spectrally resolved radial
absorption coefficients (from equation 3.16) yields the gas temperature as illustrated
by figure 3.25. In addition to not requiring the LTE assumption, another advantage
of this second method is that it can be applied separately to both transitions. Figure
3.25 is the inverted form of the temperature-dependent collisional-FWHM of line
1900.517 c¢m™ in figure 3.23-right. When the gas temperature increases from room
temperature up to 1300 K, the FWHM of the line at 1900.517 cm™ decreases from
0.12 em™ to about 0.04 cm™.
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Figure 3.25: Line at 1900.517 ¢m!. Gas temperature as a function of the FWHM of
spectrally resolved absorption lineshapes.

To compare the two methods, from figures 3.24-right and 3.25, it is clear that for the
same ranges of absolute error bars (in percentage) on the measurements of lines
FWHM and ratio, respectively, we expect that method 2 would provide more
accurate results than method 1. However, as will be shown in chapter 5, the error
bars on the determination of the radial line intensity ratio are much smaller than the
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ones on the determination of the FWHM of the radial absorption lineshapes. This
will affect the accuracy of temperature determination (see results in chapter 5).

3.7 Conclusions

In this chapter, we have detailed the theoretical tools required to treat experimental
results. In section 3.2 we have explained the method of determination of the energy
deposited by the discharge into the gas. We have explained the procedure of
synchronization between voltage and current signals as well as the procedure for
displacement current subtraction. Thereafter, we have presented in section 3.3 the
principle of Mid-IR laser absorption in uniform environments (such as post-NRP
discharge and post-NRP assisted combustion). The derivation of absorption
coefficients and absolute species densities from measured quantities was outlined. In
section 3.4 we presented the principle of laser absorption in axisymmetric
environment (such as NRP discharge) using the Abel inversion. We showed how to
simultaneously perform spectrally resolved Abel inversion and spectrally integrated
Abel inversion. In section 3.5, we first selected high line strength and overlapping-
free transitions, which will be probed in our experiments. Then we discussed the
intensities and FWHM of the selected lines. The dependence of these line properties
on the temperature were finally used atter properties of the lines with respect to
temperature are used in section 3.6 to derive two methods for gas temperature
determination in NRP discharges.
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Chapter 4

Experimental setup: QCLAS, NRP

4 .1 Introduction

This chapter sketches the different experimental set-ups implemented or developed
during this thesis. We begin in section 4.2 with the presentation of the NRP plasma
discharge generation system. Section 4.3 describes two high-temperature facilities,
namely the burner used for the NRP discharge-assisted premixed combustion
experiments and the air preheater system. Then section 4.4 details the electrical
measurements tools. Finally section 4.5 provides information about the different
QCLAS diagnostic strategies. The setup for spatially resolved NO density
measurements in the NRP discharge, for the purpose of discharge analysis and the
setup for multipass absorption, for the purpose of plasma-assisted combustion are

presented.

4.2 NRP discharge

The plasma is generated by NRP discharges in the spark regime operating in open air
or in confined combustion environment. Spark and other NRP discharges regimes in
air at atmospheric pressure have been described in detail by Pai et al [Pai, 2008; Pai
et al., 2010-a, 2010-b]. NRP discharges were generated by applying nanosecond high-
voltage pulses between two electrodes in a vertical pin-to-pin configuration. In the
following subsections we will parse plasma generation systems employed for discharge
characterization on the one hand and for post-discharge and plasma-assisted

combustion characterizations on the other hand.

4.2.1 Electrodes assembly

Two electrode configurations were used. The first configuration, shown in figure 4.1 is
mainly dedicated to post-discharge characterization: NO density measurements in
plasma-assisted combustion and in pure air post-NRP discharge. NRP discharges
were produced between a refractory steel anode and a small aluminium tip located at
the top of the cylinder acting as the cathode. This cylinder is a bluff body placed at
the exit of the burner and held by a thin (2-mm diameter) refractory steel electrode
electrically connected to the pulse generator. NRP discharges are produced in the
recirculation region of the flame, downstream of the bluff-body, as was done in
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previous plasma-assisted combustion studies in our laboratory [Galley, 2006; Pilla,
2008]. Each electrode is mounted on three-axis micrometric translation stages
allowing separate displacements of the cathode and the anode. The bluff-body
cathode and the pin anode are aligned with the axis of the flow coming out of the 16-
mm inner diameter tube through which the gas is injected. The inter-electrode gap
distance can be adjusted from 1 to 5 mm. Note that for this configuration, the pin
height at the top of bluff body can be adjusted from 1 to 5 mm, in order to change
the position of the discharge above the bluff body.

The second configuration, presented in figure 4.2 uses anode and cathode both made
of the refractory steel usually employed for gas boilers. The bluff body is removed. As
for the previous configuration, the electrodes can be translated in orthogonal
directions in the horizontal plane and another z-translation stage allows us to adjust
inter-electrode gap distance. The gap distance is fixed at 2 mm. This configuration is
used for spatially resolved measurements of NO density and gas temperature in the
NRP discharge in pure air.

Adjustable ti
— W Adiustable tip

Figure 4.1: Discharge assembly with the bluff-body and the two electrodes. Bluff
body tip is 5-mm long with a diameter of 2 mm. This configuration is mainly

dedicated to combustion applications.
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Grounded cathode
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Figure 4.2: Schematic of discharge configuration for spatially resolved gas
temperature and NO density in the discharge. Here the red cross shows the
unemployed methane injection system.

4.2.2 High-voltage pulse generation

High-voltage nanosecond pulses were produced using three different types of pulse
generators, manufactured by FID Technology'. They rely on the principle of the Drift
Step Recovery Diode [Prokhorenko et al., 2000].

The first pulse generator (PG1) is a FID Technology FPG 10-30NM10 that provides
pulses with rise/fall times about 5 ns (time required to rise/fall from 10 % to 90 % of
maximum amplitude), 10 ns duration (pulse width at 90 % of maximum amplitude),
pulse amplitude ranging from 0 to 12 kV into an open circuit and from 1 to 30 kHz
pulse repetition frequency. PG1 is used only for measurements in the post-NRP
discharge in air and in combustion.

The second pulse generator (PG2) is a FID Technology FPG 20-30MKS50. It can be
used on two separate channels that each delivers pulses of variable duration. The first
channel provides pulses of duration 10-35 ns (width at 90% of maximum amplitude)
and the second channel pulses of 2-4 ns. Both channels release pulse amplitude up to
20 kV into an open circuit for frequencies ranging from 1 Hz to 30 kHz. PG2 is used
for spatially resolved measurements in the discharge in addition to post-NRP

discharge measurements in pure air.

L http://www.fidtechnology.com/
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The third pulse generator (PG3) is a FID Technology FPG 30-100MC4K. It can
provide higher pulse voltage amplitude and frequency (up to 100 kHz) than both
previous pulse generators. It consists of four output channels designed to produce
positive and negative voltage pulses with maximum amplitude of £ 7.5 kV into 75
Ohm each. The combined output is 30 kV into 300 Ohm. PG3 is used for the
optimization of NO released by NRP discharges in plasma-assisted combustion. Main

features of the three pulse generators are presented in table 4.1.

Table 4.1: Main features of pulse generators.

Pulser PG 1 PG 2 PG 3
FPG 20-30MKS50
Type FPG 10-30NM10 Channel 1 Channel FPG 30-100MC4K
2
tput
| Ouipu 150 100 100 300
impedance [Q]
Voltage
amplitude .
. 0-12 0-20 0-20 0-30
into an open
circuit [kV]

Pulse width at 10 10-35 9.4 9-10
90% [ns] ‘ '
Rise time [ns] 5 15 5 3-4
Frequency [kHz] 1-30 1-100

4.3 High-temperature facilities

Using NRP spark discharge to stabilize premixed propane/air flames, Pilla et al.,
[2006] demonstrated a significantly extension of flame stability and lean extinction
limit. In this section, the experimental setup used for studies of the effects of NRP
spark discharges on premixed methane-air flames is presented. Then a second high-
temperature facility, dedicated to experiments in pure preheated air, is introduced.

4.3.1 Methane-Air combustion at atmospheric pressure

For combustion and plasma-assisted combustion, the mini-PAC burner developed in
[Pilla, 2008] was used. We use this burner for premixed methane/air combustion at

atmospheric pressure. A supply of dry air at 6 bars and methane at 5 bars feeds the
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burner. The methane flow rate is measured using a Bronkhorst Hi-Tech (model El-
Flow) flowmeter, which supplies up to 0.42 Nm®.h'. For air, a Bronkhorst Hi-Tech
(model El-flow) flowmeter supplies up to 6 Nm?®.h'. The gases are premixed in a
mixing cross (tube filled with glass pellets). Subsequently, the gas mixture is
convected through a 30-cm long and 16-mm inner diameter tube toward the exit. The
flame is stabilized by a bluff-body made of a 1-cm diameter aluminium cylinder. A
16-mm inner diameter refractory ceramic surrounding the exit of the burner
thermally protects the metallic parts of the burner. An 8-cm diameter and 50-cm
long steel confinement tube surrounds the flame in order to confine the species
created by the plasma and/or the flame towards the exit of the tube. A schematic of
the burner is presented in figure 4.3.

Confinemgnt tube
R Flame

Refractory ceramic
-

o
e

]

vithane e qmi\ o

Filter Flowmeter

s
Bluff body

Flowmeter

Filter

Air

Figure 4.3: Schematic of the burner. Filters avoid that impurities wider than 5 pm

affect the flow. The cross-section of the flow injection system at the exit is about 1.22

cm?.

The combustion reaction of hydrocarbons C,H, in air is described by the global
equation:

CoHp + (n+ %)(02 + 1Ny + B Ar) —
(4.1)

nCOy + %Hg() +(n+ %)(511\72 + By Ar)
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In air it is common to use B; = 3.717 and B.= 0.047 (1 % of Argon). Argon is
neglected for our applications. As a result we use: B, = 3.764 and B.= 0 [Darabiha et

al., 2010]. For methane, the previous equation becomes:
CH4—|—2(02 —|—51N2) — ('O —|—2H20—|—2(51N2) (4.2)

The lean flame extinction limit of a flame depends on the temperature and the
pressure. Since we are working at atmospheric pressure, this parameter only depends
on the temperature, which can be adjusted by varying the equivalence ratio. The
equivalence ratio ¢ is defined as the ratio of the local mixture ratio by the
stoichiometric mixture ratio. Local mixture ratio a corresponds to the ratio of the
fuel’s mass flow rate and oxidant’s mass flow rate. The stoichiometric mixture ratio
& is the mixture ratio at stoichiometry (i.e. at equivalence ratio 1).

¢:g: mCH4/mair 43
Ag (mCH4/mai7“)s (*+3)

mens and m,; are respectively the fuel and oxidant mass flow rates. We can then use
the balanced combustion reaction equation to express mixture equivalence ratio as a
function of the methane and air volumetric flow rates Qcus and Q.

b= o PCH. (Mo, + B1Mn,) Qcm,
Pair MC’H4 Qair

(4.4)

pcus and p,; are volumetric mass densities of methane and air, respectively.

Numerically, we have:

QcH,
¢~ 9.4 (45)
Qair

In our experiments we fixed the CH; volume flow rate at 0.40 m*h? (which represents
95 % of the full scale of the CH, flowmeter) and we varied air volume flow rate from
3.5 up to 5.9 m*h!, which represents 58 % to 98 % of the full scale. When ¢ < 1, the
flame is called as “lean” and ¢ > 1 corresponds to a “rich” flame regime.

Using Particle Image Velocimetry (PIV) on the mini-PAC burner, Pilla, [2008]
demonstrated that for a mixture volume flow rate between 3 and 15 m*h’, there is a
good agreement (10 % maximum difference) between the mean velocity measured by
PIV near the bluff body and the velocity determined from the flow rate:
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Qmixture
V = (4.6)
<d2 o dfnt)

ext

s
4

With de and die been respectively the injection tube diameter (16 mm) and the
bluff-body diameter (10 mm). Quixue is the mixture volume flow rate.

The features of the injection system with and without combustion are presented in
table 4.2.

Table 4.2: Specifics of the mixture injection. Equivalence ratio and flow velocity at
exit. The methane flow rate is fixed at 0.40 m*h.

Air flow rate

5.9 5.4 5.1 4.8 4.5 4.2 4.0 3.8 3.7 | 3.5
meh]

Equivalence
0.65 | 0.70 | 0.75 | 0.80 | 0.85 | 0.90 | 0.95 | 1.00 | 1.05 | 1.1

ratio

Mixture
velocity 14.3 | 13.3 | 12.5 | 11.8 | 11.2 | 10.6 10. 9.5 9.3 8.9

[m/s]

Air velocity

13.4 | 124 | 11.6 | 109 | 103 | 9.7 | 92 | 86 | 83 | 8
[m/s]

Figure 4.4 below depicts a lean methane-air flame at 0.9 equivalence ratio. Figure
4.4-right demonstrates that the flame is attached to the bluff-body.

Figure 4.4: Pictures of the methane-air flame without confinement tube at 0.9
equivalence ratio. The flame is attached to the bluff-body at the exit of the burner.
Air flow rate is 4.2 m*/h.
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The lower heating value of the combustion of methane is about 50 MJ/kg [Pittman
and Pilcher, 1972]. Tt represents the energy released by the complete combustion of 1
kg of methane in air. Hence the maximum flame power is released at stoichiometry
and can be obtained by multiplying the methane heat of combustion by the methane
volumetric mass density and by its flow rate (in m?/s). As a result, at 20° C, we have
P ~ 50 x 10° x 0.668 x 0.40/3600 ~ 3.71 kW.

4.3.2 Air heater system

In addition to the previous air injection system, NRP discharges in a vertical pin-to-
pin configuration can also be generated in a vertical preheated airflow thanks to an 8-
kW Osram Sylvania Hot Air System. The system allows us to adjust the gas
temperature between 300 and 1000 K. It basically consists in a 2.5-cm inner diameter
metal tube including a ceramic heating coil and two internal thermocouples. The gas
temperature in the system is controlled through an internal thermocouple, located 2.5
cm upstream of the heater outlet together with a regulation control loop. A picture of
the device is provided in section 4.5.3 (figures 4.18 and 4.19).

4.4 Electrical diagnostics

The NRP discharges were also characterized by electrical diagnostics. Here we
present the corresponding experimental setup. Voltage and current measurements are

performed using high-frequency probes.
Voltage

The applied voltage is measured using a 100-MHz bandwidth Lecroy PPE20kV
passive high-voltage probe with a 1000:1 attenuation factor. The probe clip was
attached to the anode and connected in parallel with the discharge. When required, a
Lecroy attenuator 10:1 is added to the voltage probe as a complement to the
attenuation factor. Table 4.3 below summarizes the features of the voltage probe.

Table 4.3: Lecroy voltage probe features.

. . -3dB Maximum
System Resistance | Capacitance )
Model . Bandwith voltage
attenuation (MQ] [pF]
[MHz] [kV]
PPE20kV 1000:1 100 3 100 20
Current
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Electrical current is measured placing a Pearson Electronics 50-Q Rogowski coil

(Model 6585) current probe in the circuit connecting the pulse generator to the

grounded cathode. It has a current-to-voltage ratio 1 A to 1 V, a 3 dB low frequency
cutoff of 400 Hz, a £ 3 dB high frequency cutoff at 250 MHz and a 1.5 ns rise time.
Voltage and current signals are recorded using a 1-MQ input impedance oscilloscope

Lecroy, Wavepro 7100 A, 1 GHz sample frequency. Table 4.4 summarizes the

characteristics of the current probe. Experimental setup for voltage and current

measurements is shown in figure 4.5.

Table 4.4: Pearson coil features.

3 dB high
L Maximum | Maximum Output Useable | 3 dB low &
Model Sensitivity . . . frequency
peak I.t resistance | rise time | frequency
number [V/A] cutoff
current [A] [A.s] Q] [ns] cutoff [Hz]
[MHz|
6585 1 500 0.002 50 1.5 400 250
Oscilloscope
jn | /
= |
(X X ]
Confinement tube
- Voltage probe
\“"‘-\\‘_ Flame
Ty Anode
o
- — . High-voltage
5 . - Pulse generator
| ,
. || Currerit probe
|
Grounded cathode
Methane

Air

Figure 4.5: Schematic of the electrical measurements setup.
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As shown by Pai, [2008], the bandwidth of the Pearson coil and of the high voltage
probe was sufficient to accurately characterize the nanosecond pulses considered in
this study.

4.5 QCLAS diagnostics

Nitric oxide ground-state detection in NRP spark discharges, post-discharges and
plasma-assisted combustion was performed in this thesis using Mid-Infrared Quantum
Cascade Laser Absorption Spectroscopy. In this section we present the operating
principles of Quantum Cascade Lasers (QCLs), emphasizing on the advantages of the
QCL system in comparison with Infrared Tunable Diode Lasers (IR-TDLs). Then
experimental setups designed with the intent to characterize NRP discharge, post-
discharge and post-NRP assisted combustion environments are discussed. Next, the
wavelength calibration method for QCLAS is explained. Last, we discuss some
artefacts, which may occur while performing QCLAS.

4.5.1 QCL principles and operation modes

Laser diodes operate via electrically injected electrons and holes in a semiconductor,
which recombine to produce laser photons at a wavelength depending of the energy
gap between the conduction and the valence bands. This can be modelled by a
transition between two confined electronic states in quantum wells (figure 4.6-a). It is
an interband transition as illustrated by the dispersion curve on figure 4.6-b. These
transitions are only transparent in the low-energy side of their absorption spectrum
and highly absorbing above the gap energy E¢ (figure 4.6-c). Besides, TDLs operate
at very low temperature (10 - 120 K). They hence require expensive and size
consuming cryogenic cooling systems in order to release enough output power
[Welzel, 2009].

QCLs rely instead on intersubband transitions in the conduction band [Faist et al.,
1994]. Consequently, in contrast to laser diodes, only electrons are involved. It is the
reason why they are described as unipolar semiconductor lasers. The process of
photon generation can be regarded as a transition between two confined electronic
states in the same quantum well as shown in figure 4.6-d. The dispersion curve of
figure 4.6-f shows that unlike laser diodes, the upper and lower levels exhibit now the
same curvature (K, is the parallel wave-number). As a result, they feature an
atomic-like density of states peaked at the transition energy E.: (figure 4.6-f) as
explained by [Hugi et al., 2010]. Furthermore, the laser wavelength can be adjusted
by modifying the well and barrier thickness. Then, putting into cascade dissimilar
active region emitting at different wavelengths, broadband emission can be achieved.
The cascading principle is presented in figure 4.7. Recycling the electrons by

tunneling them from one quantum well to another one permits high quantum
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efficiency. It increases laser output power. Therefore QCLs exhibit four major
features: they have a narrow linewidth, they can be tuned over a broadband region,
they provide enough output power, and they operate at ambient temperature.

The laser used for our investigations is a pulsed distributed-feedback system from
Alpes laser. It has a spectral width of about 6 x 10® cn™® (FWHM). A Peltier module
driven by a thermoelectric temperature control system from Thermocube enables the
laser to operate from -30 to 45 °C. Varying the temperature in this range, the laser
wavelength can be tuned from 1898 to 1910 cm™. A Q-MACS module provides input
voltage to the QCL head. It also displays the average currents through the QCL and
the thermoelectric element. Using a potentiometer, average voltage can be adjusted
up to 12 V. At 12 V, the current rises up to 0.7 A for a maximum output power of

2.5 mW. The main laser features are summarized in table 4.5.

Table 4.5: Characteristics of the Alpes laser QCL for 50 ns pulses at 400 kHz

repetition frequency.

Laser type Pulsed Distributed-Feedback
Laser chip Sb1770DN
Temperature range -30 to +45 °C
Wavenumber range 1898 — 1910 cm!
Spectral width 0.006 cm™
Input voltage 0-12V
Peak current 0-07A
Average output power 0-25mW
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Figure 4.6: Compared features of interband and intersubband transitions in quantum
wells. Figure adapted from [Hugi et al., 2010].
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Figure 4.7: Cascading principle in a GaAs/AlAs QCL. Example with 3 quantum
wells. Electrons tunnel from one quantum well to the next. The region of interest
consists in three states. Lasing occurs between states 3 and 2 whereas electrons are
injected via the lower level, which is aligned with the upper level of the next well.
Figure adapted from [Hugi et al., 2010].
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Ramp generation system

The broad tuning range of QCLs is obtained by the modulation of their heat sink
temperature with an external voltage applied to the Thermo-Electric Cooler (TEC)
of the QCL. This can be done by several methods. In this thesis two methods are
applied: inter-pulse and intra-pulse configurations.

The inter-pulse mode is the combination of a continuous current ramp with a train of
short laser pulses. It creates a temperature modulation on the laser and therefore
tunes the lasing frequency [Namjou et al., 1998; Kosterev et al., 2002]. Due to the
ramp, each laser pulse corresponds to a new frequency. The laser chirp rate dv/dt
characterizes the speed of laser frequency change. It is an important parameter since
it defines the spectral resolution (see appendix C). It depends on laser material
properties and on the thermal behavior of the active laser region. Lower limits of
QCLs reported in the literature are 3 - 5 x 10® cm™/ns (which corresponds to 90 -
150 MHz/ns in frequency unit).

All QCLAS measurements of the current work were performed using bursts of 1000
laser pulses of 10 ns duration and 200 kHz repetition frequency each (0.2 % duty
cycle). In this configuration, the system provides a frequency sweep of the range of
0.4 cm™? within 5 ms (see figure 4.8-left).

In the intra-pulse mode a single long laser pulse is used to record the entire spectrum
[McCulloch et al., 2003; Beyer et al, 2003]. The tuning is still achieved by
temperature change induced by the current flowing during the pulse. But because
there is no more current ramp anymore, the frequency chirp rate cannot be directly
controlled. It determines the frequency scan of the long laser pulse.

Thanks to the higher released laser intensity (figure 4.9-left) and faster spectrum scan
(figure 4.8-right), this mode is convenient for time-resolved measurements and for the
alignment of the system. For the latter purpose we used pulses of 100 ns duration
and 100 kHz repetition frequency i.e. 1 % duty cycle (see figure 4.8-right).

Sample transmitted laser signals in both intra- and inter-pulse modes (without
absorbing species in the optical path) are presented in figure 4.9. It is also remarkable
that intra and inter pulse configurations can be intuited as two strategies designed to
follow the constraint of the maximum (time-averaged) current capable of passing
through the QCL without damage. Actually, for the same time elapsed, thousand
“low” current pulses can match one high-current pulse, in terms of time averaged
current intensity. More precisely, it is trade-off between laser peak current intensity
and duty cycle. Moreover, all our measurements were carried out in the inter pulse

mode to take advantage of its more suitable baseline in comparison with that of in
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intra-pulse (figure 4.9). As a result, a small absorption signal can be directly visible
by eyes in the inter pulse mode, which is not the case in the intra pulse mode.

Detailed setups for inter and intra pulse ramp generation systems are presented in
figure 4.10. In the inter pulse mode we use a PC to record the spectra. The data
acquisition card of a computer is used to trig detector measurements on the signal
from a function generator contained in the Q-MACS supply.

Inte Ise mode Intra pulse mode
10 ns rpu P

10 us

Current »

100 ns

Current

—

Wavenumber<
®
Wavenumber

Figure 4.8: Principles of inter-pulse and intra-pulse laser tuning modes. A complete
spectrum is recorded after about 5 ms using the inter-pulse mode while it takes 100

ns in intra-pulse mode.

90



1,0 80

S 0,81 >

> E 60+

= 06- 3

& ®©

S c

_E 0,41 % 401

8 oz 3

= T 20-

S 00- 7

& &

= 027 ~ 0 —
'0,4 T T T T T T T T

-200 -100 0 100 200 300 1900,0 1900,2 1900,4

Time [ns] Wavenumber [cm]

Figure 4.9: Samples laser signals in intra-pulse and inter-pulse configurations. The
laser intensity is 10 to 20 times higher in the intra-pulse mode (left) but the baseline
in the inter-pulse is more convenient for the detection of an absorption signal.
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Figure 4.10: Inter-pulse (top) and intra-pulse (bottom) setups. In the inter-pulse
mode measurement spectra are recorded using a PC while an oscilloscope is used in
the intra- pulse mode. For both methods, the laser temperature is fixed via a control

loop.
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4.5.2 Platform for spatially resolved measurements (discharge analysis)

Figure 4.11 shows a schematic of the QCLAS (based on a Q-MACS system from
Neoplas Control?) setup. Our laser system is similar to the device used by Stancu et
al. [2007]. A thermoelectrically cooled (TEC) QCL (from Alpes Laser) operating at
5.2 pm was installed in a Q-MACS head. Apart from the laser chip, the Q-MACS
head houses a temperature controller board, a pulse amplifier board and the thermo-
electrical heat sink. The head is equipped with a 25.4-mm diameter Mid-IR
transparent KBr window. The chip is placed precisely at the focal point of a 25.4-mm
off-axis parabolic (OAP) mirror. The collimated beam is then split into two parts
using an Edmund optics calcium fluoride (CaF:) beam splitter. A 101.6-mm OAP
mirror focuses the first part of the laser radiation on a TEC IR photovoltaic (TE-
PVI) detector, optically immersed in high refractive index GaAs. This constitutes the
reference channel. The second part of the beam is focused on the NRP discharge
center via a 50.8-mm OAP mirror. The discharge is mounted on a 3-axis translation
stage that we move for the purpose of spatially resolved measurements. The system
in this configuration provides a magnification factor of 2. Laser chip size about 50 pm
x 100 pm, which should result in a laser spot of about 100 pm x 200 pm in the center
of the discharge. However, due to beam distortion when passing through optics, the
measured beam size in the center of the discharge is about 250 pm x 300 pm. The
laser spot size at discharge center was measured using a four-knife system (see figure
4.12 for more details). Note that the laser spot size is many times smaller than the
spread of NO produced by the discharge, which can reach 5-mm distance from axis.
After passing through the NRP discharge, the Mid-IR beam is collimated by another
50.8-mm OAP mirror. Finally, using a 25.4-mm OAP, the collimated beam is focused
on a Room Temperature Mercury Cadmium Telluride (RT-MCT) IR detector from
Daylight Solutions. This constitutes the measurement channel. The output signals
from both detectors are synchronized and directed to the data-acquisition card
installed in a PC. The characteristics of the optical system are summarized in table

4.6. The reflectance of the Thorlabs gold-coated mirrors is presented in figure 4.13.

2 http://www.neoplas-control.de/
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Figure 4.11: Spatially resolved QCLAS setup. The NRP discharge is mounted on a

3-axis translation stage.

Table 4.6: Optical system’s properties.

M1 BS M2 M3 M4 M5
. Edmund
Provider Thorlabs 0 Thorlabs Thorlabs Thorlabs Thorlabs
optics
90°-gold
T fod 50/50 90°-gold 90°-gold 90°-gold 90°-gold
ype cgaA; CakFs coated OAP | coated OAP | coated OAP | coated OAP
RFL 2.54 - 10.16 5.08 5.08 2.54
S 2.54- 2.54- 2.54- 2.54- 2.54- 2.54-
126 diameter diameter diameter diameter diameter diameter
. >95% >95% >95% >95% >95%
Efficiency .. .. .. .. ..
reflectivity reflectivity | reflectivity | reflectivity | reflectivity
at 5 pm
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Laser spot

Figure 4.12: Measurement of IR-laser spot size at discharge center. Transmitted
signal measured by the detector is the same with a 300 pm x 250 pm window defined

by the four knives as without it.
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Figure 4.13: Reflectance at 45° angle of incidence of gold-coated mirrors from
Thorlabs. Three types of polarization: parallel to the incidence plane (p-polarized),

perpendicular to the incidence plane (s-polarized) and unpolarized.
4.5.3 Platform for multipass measurements

This experimental setup is based on that one used by Stancu et al. [2012] for carbon
monoxide ground-state detection in post-NRP assisted flames. In order to increase
the sensitivity, multipass cells can be used. Figure 4.14 presents schematics of the
multipass absorption facility that was used for plasma-assisted combustion and post-
discharge experiments. The reference channel is the same as that of the spatially
resolved measurements. After the beam splitter, a 1500-mm focal length spherical
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mirror focuses the transmitted laser radiation on the center of a 28-pass White cell.
The cell was placed at the exit of the confinement tube from the gas injection system.
The White cell consists of a first incoupling flange, which includes incoupling and
outcoupling windows and a field mirror as well as second adjustment flange, which
includes two objective mirrors, an observation window and adjusting spindles. The
field and objectives mirrors are separated by 50 cm. The beam coming through the
cell is directed horizontally in the center of a KBr coupling window and points
perpendicular to the incoupling flange level. After this first pass the beam is reflected
by the objective mirror in such a way that it strikes the field mirror as illustrated in
figure 4.15-left. Then using the multiple passes number adjustment spindle, the
number of passes through the cell can be modified. A reflection pattern on the field
mirror for a 12-pass cell (28-pass is the maximum cell capability) is depicted on figure
4.15-right. The parallel-outcoupled beam exiting from the cell passes through the
KBr outcoupling window and is then focused on the RT-MCT detector from Daylight
Solutions using a 2.54-mm OAP mirror. Figure 4.16 details the components of the
multiple pass cell. It presents a side view of the later while figure 4.17 displays a
photograph of the set-up. The technical specifications of the White cell components
are given in table 4.7. Details about the alignment of the QCL are provided in
appendix D.

Computer i )

DAQ card

N A

Ramp
Generator RT-MCT

Detector

TE-PVI White multipass absorption cell

QC Laser |Detector

Current
Driver

NRP
NRP+Flame
Flame

Laser chip|
——

©F[0w

Confinerﬁent tube

4
4

QCL housing Beamsplitter

Figure 4.14: Multiple pass QCLAS setup. OAP mirrors have been replaced by lenses

for clarity. The example is given is for a 4-pass White cell.
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Figure 4.15: Front views of objective (left) and field (right) mirrors. Reflection
patterns for a 12-pass system.
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Figure 4.16: Side view of the multiple pass absorption cell with the confinement
tube. Field and objective mirrors are 50-cm apart. The confinement tube is placed at
the middle of the cell.
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Figure 4.17: Side view of the multiple pass absorption cell with the discharge
generation system and the confinement tube. NRP discharges are generated near the
bottom of the confinement tube.

Table 4.7: Technical specifications for the multipass system.

Cell type White
Flange size DN 63
Distance between sealing
52 cm
surfaces of flanges
Distance between mirrors 50 cm
Mirror’s material Gold-coated aluminium
Reflectivity (4 pm-7.5 pm) 0.96
Coupling windows KBr
Observation window Quartz

Multipass measurements in preheated air

In our kinetics studies, the NO density is measured in post-NRP discharges in
preheated air, as a function of the gas temperature. To this aim, the foregoing
facility was slightly modified: the air injection system was replaced by the one of the
air preheater and the 50-cm long confinement tube at the top was replaced by a 25-
cm tube in order to be able to reach high temperatures at the exit of the tube. The
resulting setup is illustrated in figure 4.18 and a photograph is provided in figure
4.19.
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Figure 4.18: Multipass platform for NO measurements in post-NRP discharges in
preheated air. The reduced tube height (25 cm instead of 50 cm) enables us to reduce
thermal losses between the heating system and the exit of the confinement tube.

Figure 4.19: Photograph of the setup for measurements in preheated air.
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Signal detection

The laser radiation on the reference and measurement channels are both acquired
using MCT detectors.

For the reference measurement, we use a 600-MHz bandwidth Vigo System two-stage
TEC photovoltaic element, which has a detectivity of up to 2 x 10" cmHz!?W™ at 5
pm. The photosensitive active area inside the detector is 1 x 1 mm? for a maximum
solid angle field of view of 35°. The detector element is powered by a Q-MACS
5V /2A optimized supply.

A photoconductive RT-MCT detector from Daylight Solutions is used for the
measurement channel. Its detectivity can reach 2.5 x 10° cmHz!?W at 5 pm for a
response time lower than 3 ns. The active area of the sensor is again 1 x 1 mm? for a
maximum solid angle field of view of 78°. A +15 VDC, +5 VDC voltage supply is
necessary to power the detector. The characteristics and performances of both
detectors are summarized in tables 4.8 and 4.9.

The limitations of the laser and the detector for temporally and spectrally resolved
measurements are discussed by Welzel, [2009] and presented in appendix C.

Table 4.8: Characteristics of the Vigo Photovoltaic MCT detector performances.

Detector type PVI-2TE-5
Active area 1 x 1 mm?
Field of view 35°
Supply voltage 5V /2A
Current responsivity 19
+20% (5 pm) [A/W] '
Current Noise Density 28
[pA/H"] ‘
Detectivity
2.2 x 10"
+20% (5 pm) [cmHz!/2/W]
Bandwidth 600 MHz
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Table 4.9: Characteristics of the Daylight Solutions MCT detector.

Model HPC-2TE-100
Detector material HgCdTe
Spectral response 4-12 pm
Active area 1 x 1 mm?
Field of view 78°
Supply voltage +15 VDC, +5 VDC
Responsivity [V/W] 2.5
Detectivity [cm Hz!/2/W] 2.5 x 107
Response time 3 ns

4.5.4 Wayvelength calibration

In order to identify absorption lines and species, the system needs to be calibrated on
the X-axis (wavelength calibration). Measurements in this work are conducted in the
inter-pulse mode. In few ms, the laser generates a ramp over about 0.4 wavenumber.
The displayed signal on the computer screen represents the transmitted signal in mV

as a function of the pixel number.

The X-axis calibration consists in converting pixels (used to record spectra) into
wavenumbers. This is done in two steps: a relative and an absolute calibration. For
the relative calibration, we use a three-inches long, one-inch inner diameter single
Germanium crystal (see figure 4.27) to convert distances in pixels into relative
wavenumber (cm™). The single Ge crystal acts like a Fabry-Pérot interferometer (a
Fabry-Pérot etalon precisely) when placed in the optical path of the QCL radiation.
Up to 25 interference fringes are resolved over the operating window as depicted in
figure 4.20. The distance between adjacent transmission peaks, which is called the
free spectral range (FSR) is constant in the small spectral window of the QCL and is

defined by (in wavelength units):

2 2
A§ A§ (4.7)

AA = 2Ln(X)cos(a) + Ao ~ 2Ln(A)cos(a)

Ao is the laser central wavelength, L is the length of the etalon, n(4) is the
wavelength- dependent Ge refractive index and « is the radiation incidence angle. At

normal incidence it becomes:
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T 2Ln(N) T 2Ln()) (+8)

The Ge refractive index variation with respect to the wavelength is plotted in figure
4.21 from [Icenogle et al., 1976]. The evolution of the FSR with respect to the
wavelength can then easily be deduced using equation 4.8. From figure 4.22, we have
FSR ~ 0.0163 cm! at 5.2 pm.

As a result, 25 interference fringes represent about 0.0163 x 25 ~ 0.4 cm™ ~ 3.4 x 0.12
cm, where 0.12 cm™is the FWHM at room temperature and atmospheric pressure of
the NO absorption feature at 1900.517 c¢m™ (which is the widest of both absorption
lines). Our system is therefore convenient for measurement at atmospheric pressure
since we are able to record spectra on a spectral range three times greater than the
FWHM of the lines at atmospheric pressure.

The calibrated spectrum is presented in figure 4.23. Now our measurement window is
scaled in wavenumber. The X-axis wavenumbers are relative and must still be place
on an absolute scale by finding the exact wavenumber of the peak’s pixel at the
center of the window.
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Figure 4.20: X-axis relative calibration. Germanium etalon fringes in pixels. The
distance between the peaks of adjacent fringes is constant in the QCL spectral range
and corresponds to the etalon free spectral range (FSR).
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Figure 4.21: Germanium etalon refractive index as a function of the wavelength.
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Figure 4.22: Germanium etalon free spectral range as a function of the wavelength.

At 5.2 ym, FSR ~ 0.0163 cm™.
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Figure 4.23: X-axis relative calibration. Germanium etalon fringes in wavenumber.

For the purpose of X-axis absolute calibration, we used a 5-cm long low-pressure cell
filled with NO at room temperature and 2 mbar, in combination with Q-MACS
software simulations. Figure 4.24 shows NO lines that we can probe by tuning the
laser central wavelength (by changing the laser temperature). Four pairs of absorbing
features can be observed. Each pair can be distinguished from the other ones by the
distance between both lines constituting the pair. So a precise experimental
measurement of the distance between two NO adjacent lines will result in an absolute
calibration of the spectrum. However, the smallest target distance is 0.441 cm™ (as
outlined in figure 4.24), which is greater than the maximum spectral range (0.4 cm™)
we can cover on the same window. To overcome this, we use at the same time NO
lines from the low-pressure cell and water lines from the methane-air combustion.
Figure 4.25 depicts a simulated transmittance spectrum of ambient NO, hot NO and
hot water. It appears that water lines between NO lines can be used for distance
measurements. Both NO lines are not visible simultaneously on the window but each
of them is visible simultaneously with the water line. Figure 4.26 shows an
experimental recording of the distance between each NO line and the water line at
the middle. The results: 0.203 and 0.238 ¢m™ are consistent with simulations for the
pair (1900.076; 1900.517 c¢m™). As a result, to complete the calibration process we
just need to tune the laser wavelength so that the high NO absorption feature (at low
pressure) is located at the center of the window (pixel 900). Then for the relative

calibration process, we set this pixel at 1900.076 cm™,
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Finally, figure 4.27 shows a photograph of the QCL platform with the alignment and

wavelength calibration tools.
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Figure 4.24: X-axis absolute calibration. Q-MACS simulation using HITRAN
database: four pairs of NO lines are available over the laser spectral range.
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Figure 4.25: X-axis absolute calibration validation. Q-MACS simulation using
HITRAN database: NO lines and hot water lines.
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Figure 4.26: X-axis absolute calibration. Experimental measurements of spectral
distance between absorption features in the NO cell and in combustion environment.
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Figure 4.27: Photograph of the laser platform with the etalon, low-pressure cell and

adjustment spindles.

4.5.5 QCL absorption artefacts
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Equation 3.13 shows that the density of molecules is proportional to the area under
the absorbance spectrum. Nevertheless this is true only if non-linear effects such as
detector saturation, power saturation, laser broadening, multimode and rapid passage
do not affect the recorded line shapes. The occurrence of each of these phenomena
needs to be treated before the spectral data is converted into density or temperature.
In the following, we will discuss these aspects in our measurements.

Detectors saturation

Photodetectors respond to incoming photons by creating electrons in their circuits.
These electrons generate a current and thus a voltage. The quantum efficiency of
such devices is defined as the ratio of the number of charge carriers generated in the
circuit to the number of photons collected on the detector active area. At a fixed
wavelength, the ideal detector exhibits a constant quantum efficiency over a large
incoming photons power range. It has a linear behavior over this power range. Above
a critical value the detector saturates i.e. the number of charge carriers generated
remains constant even if the number of incoming photons increases. Figure 4.28
presents the laser signals measured using Daylight and QMACS detectors as a
function of the wavenumber. No saturation is observable over the investigated laser
input voltage range as the signals increase with laser input power. In figure 4.29, the
mean transmitted signals as a function of the laser input voltage are shown to be
linear using two detectors and two spectral regions. The linear behavior of laser

intensity with the applied voltage is achieved when the laser is far from its threshold.
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Figure 4.28: Detectors inter pulse response at different laser input intensities. Top
graph: Daylight detector and line at 1900.517 cm’, Bottom graph: Q-MACS detector
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Figure 4.29: Linearity domain of the detectors. Top graph: Daylight detector,
Bottom graph: Q-MACS detector.

Power saturation

When an atom or a molecule absorbs a photon, it excites bound electrons, which
jump from a lower energy level to an upper one. The depopulation rate of the lower
level is proportional to the product of the Einstein absorption coefficient by the
spectral energy density of the incoming radiation field. The higher the incoming
photon flux, the faster the lower level will be depopulated. If the incoming photons
energy increases above a certain value, the depopulation process of the lower level
can become faster than the repopulation ones. This will lead to a population
inversion, as most of the particles will be in the upper level. As a result, the
measured absorption signal will decrease: it is the power saturation. The latter can be
derived from the atomic two-level system model illustrated in figure 4.30. When a
laser field interacts with a sample of stationary atoms with only two energy levels, it

involves four types of transition processes [Stancu, 2013]:

e Stimulated absorption whose event probability per unit time is Pi2(v) = Bis
p(v), where Bj,is the Einstein absorption coefficient and p(v) the spectral

energy density.
e Stimulated emission in which the atom starts in the excited level and emits a

photon in coherence with those of the laser (same direction, frequency and

polarization) and then ends up in the ground state. Its probability per unit of

109



time is Pau(v) = Ba p(v). Here By is the Einstein coefficient for stimulated

emission.

e Spontaneous emission (or fluorescence), for which the photon is
spontaneously emitted in an arbitrary direction unrelated to the laser photons.
The probability per unit time of the spontaneous process is equal to the

Einstein coefficient for spontaneous emission As;.

e Non-radiative relaxations (Collisional pumping and quenching loss) in which
an atom in the ground state/excited state undergoes an excitation/a
desexcitation due to collisions with others particles. The rate of pumping per
unit of time is R;» and that of the quenching loss is Ra.
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Figure 4.30: Schematic diagram of atomic two-level system model.

The statistical weights of levels 1 and 2 are g; and g». The temporal evolution of the

populations N; and N:can be derived from equation:

dN- dN-
d_tl = —P12N1 — Ri2N1 + P21 No + A1 No + Ro1 No = _d_t2 (4-9)
If statistical weights g; and g»are equal, then P;» = Px = P. Moreover considering

the total population N = N; + N» and stationary conditions, it comes:

P+ R A
N, =N + a1 + Az (4.10)

2P 4+ Ri2 + Ro1 + Ax

If t