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Abstract

The interactions between Nanosecond Repetitively Pulsed (NRP) plasma dis-
charges and laminar reactive flows are investigated. The NRP discharges used
in this study have durations of 10 ns, voltage amplitudes up to 15 kV and are
pulsed at a repetition frequency up to 30 kHz, thus yielding pulse energies of
less than one millijoule.

In a first chapter, the influence of steady and unsteady air flows on the regimes
of NRP discharges is investigated. The results are interpreted with the use of
characteristic dimensionless numbers; this analysis allows to highlight a syner-
getic effect between the high-voltage pulses as well as the power of the pulses
on the NRP discharge regime observed.

The second chapter presents an investigation of the effect of laminar premixed
methane-air flames on NRP discharges. An effect of the flame on the NRP
corona discharges is displayed; this effect is a function of the proximity of the
flame to the discharges. Additionally, the influence of the inter-electrode gas
mixture on the shape of the plasma discharges is also visually assessed.

Finally, the last chapter focuses on the effect of NRP corona discharges on
laminar premixed flat flames. The NRP discharges induce a displacement of
the flame in the upstream direction. Enhancement of the laminar flame speed
caused by NRP discharges application is assumed to be the reason for this
flame motion and the validity of this hypothesis is verified by one-dimensional
numerical simulations of axisymmetric flames.

This study displays the effect of NRP discharges on a flame and gives insights as
to the phenomenon underlying this effect, namely the flame speed enhancement
by generation of ozone and heat by the plasma discharges. Moreover, the study
highlights the opposite effect of reactive mixtures on the NRP discharges. The
visual modification of the NRP discharges is a function of the transport of the
inter-electrode flow and of the nature of the gas itself. This influence of the
mixture is attributed to several effects such as modification of the spectroscopic
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properties of the mixture, and electromagnetic and thermal effect when a flame
is stabilised close to the electrodes.



Résumé

Les interactions entre décharges Nanosecondes Répétitives Pulsées (NRP) et des
écoulements de gaz laminaires sont étudiées. Dans cette étude, les décharges
NRP ont des durées de 10 ns, des amplitudes en tension de 15 kV et sont pulsées
à des fréquences maximales de répétition de 30 kHz, résultant en des énergies
inférieures à un millijoule.

Dans un premier chapitre, l’influence d’écoulements d’air stationnaires et in-
stationnaires sur les régimes de décharges NRP est étudiée. Les résultats sont
interprétés au moyen de nombres adimensionnels; cette analyse met en évi-
dence l’effet synergétique du nombre d’impulsions appliquées, ainsi que de la
puissance des pulses, sur le régime de décharge NRP observé.

Le second chapitre présente une étude de l’effet de flammes méthane-air lam-
inaires prémélangées sur des décharges NRP. Dans les deux configurations ex-
périmentales utilisées, un effet de la flamme sur les décharges NRP en régime
couronne est démontré; cet effet dépend de la distance entre la flamme et les
décharges. De plus, l’influence du mélange de gaz entre les électrodes sur la
forme des décharges plasma est démontrée.

Enfin, le dernier chapitre se concentre sur l’effet de décharges NRP en régime
couronne sur des flammes plates laminaires prémélangées. Dans les deux mêmes
configurations qu’au chapitre précédent, les décharges NRP entraînent un dé-
placement de la flamme vers l’amont. Ce mouvement de flamme est supposé
dû à l’augmentation de la vitesse de flamme laminaire causée par l’application
de décharges NRP. Des simulations numériques 1D de flammes axisymétriques
sont réalisées afin de vérifier la validité de cette hypothèse.

Cette étude met en évidence l’effet des décharges NRP sur une flamme et donne
des indications sur le phénomène à l’origine de cet effet, à savoir l’augmentation
de la vitesse de flamme laminaire par le biais de la génération de chaleur et
d’ozone par les décharges plasma. De plus, l’étude démontre l’effet opposé de
mélanges réactifs sur les décharges NRP. Les décharges NRP sont modifiées
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par le phénomène de convection du gaz entre les électrodes ainsi que par la
constitution de ce gaz. La modification des décharges NRP par la composition
du mélange réactif est le résultat de différents effets : un effet chimique lié à la
composition du mélange gazeux, ainsi que deux effets additionnels, thermique
et électromagnétique, lorsqu’une flamme se trouve proche des électrodes.



Zusammenfassung

Untersucht werden die Interaktionsprozesse zwischen gepulsten Nanosekunden-
(NRP-) Plasmaentladungen mit laminaren, reaktiven Strömungen. Die erzeugten
Hochspannungsentladungen haben eine Dauer von 10 ns, eine Spannungsam-
plitude von 10 kV und werden mit einer Pulswiederholrate von bis zu 30 kHz
erzeugt. Die Energie pro Puls entspricht hierbei weniger als ein Millijoule.

Im ersten Kapitel wird der Einfluss von konstanter und schwankender Luftströ-
mung auf die Entladungsform der NRP-Plasmaentladungen untersucht. Angegeben
werden die Ergebnisse mittels dimensionslosen Kennzahlen, wodurch unter an-
derem die Abhängigkeit zwischen der Anzahl an Pulsen, welche auf ein einzelnes
Luftteilchen einwirken, und der Pulsenergie auf die Entladungsform charakter-
isiert werden konnte.

Das zweite Kapitel behandelt den Effekt von laminaren Methan/Luft Vormis-
chflammen auf die NRP-Entladungen. Ein Effekt der Flamme auf die Corona-
Plasmaentladungen is beobachtet. Zudem konnte gezeigt werden, dass der
beobachtete Effekt sich mit kleiner werdendem Abstand zwischen Elektroden
und Flamme verstärkt. Des Weiteren wurde auch der Einfluss der Gasmischung
untersucht.

Im letzten Kapitels ist der Effekt von Coronaentladungen auf den Verbren-
nungsprozess von laminaren Vormischflammen untersucht. Es konnte gezeigt
werden, dass die Plasmaentladungen eine Bewegung der Flamme stromauf
verursachen. Mittels 1D-Simulationen konnte gezeigt werden, dass diese Be-
wegung durch eine Erhöhung der laminaren Flammengeschwindigkeit erklärt
werden kann.
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Introduction

Recent years have seen an increase in research on Nanosecond Repetitively
Pulsed (NRP) plasma discharges for applications such as medical treatment
(see review by Heinlin et al. 2010), biological decontamination (see reviews
by Moreau et al. 2008; Lu et al. 2016), fuel reforming (see reviews by Lebou-
vier et al. 2013; Snoeckx and Bogaerts 2016), aerodynamic flow control (see
review by Adamovich et al. 2009) and combustion (see reviews by Starikovskiy
and Aleksandrov 2013; Starikovskaia 2014; Ju and Sun 2015a). All of these
requiring highly reactive plasma at ambient conditions with a low electrical
energy input. This thesis focuses on the field of plasma-assisted combustion.
The effect of NRP plasma discharges on a reactive mixture is threefold: first,
the discharges induce a heating of the inter-electrode gas, thus locally decreas-
ing its density; second, they produce ions, radicals, and excited species (such
as excited nitrogen, atomic oxygen, ozone and nitric oxides); third, the elec-
tromagnetic field generated by the high-voltage pulses influences the electrons
and charged species that are naturally present in the flame. A reactive mixture
also exercises a similar, reciprocal effect on NRP discharges. Three different
regimes of NRP discharges are usually distinguished (see Pai et al. 2009; Pai
et al. 2010a; Pai et al. 2010b): corona, glow and spark. Although all three
of them are encountered in the coming study, the focus is mostly on the NRP
corona discharges.

The purpose of this work is to study the interactions taking place between
NRP discharges and laminar reactive mixtures. Indeed, for combustion en-
hancement applications, usually NRP spark discharges are used because they
have a spectacular effect on combustion due to a strong gas heating (up to
4,000 K, see Pai et al. 2010a). However, less energetic regimes, such as NRP
glow and corona discharges are of practical interest to understand how the
plasma-induced chemistry can affect the combustion process. Only a few stud-
ies have been conducted on NRP glow and corona discharges for applications
in combustion (see Lacoste et al. 2017a; Lacoste et al. 2017b; Lacoste et al.
2017c and the review by Ju and Sun 2015a; Ju and Sun 2015b). Currently,
there is a lack of quantitative information on these effects.
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In addition, while plasma discharges have already proven their efficiency in
altering a flame, little is known about the opposite effect of the flame on the
NRP discharges. This reverse effect is also investigated in this work. Chapter 1
of this thesis presents a bibliographic review on plasma-assisted combustion by
NRP discharges.

In Chapter 2, the effect of laminar air flows on the regimes of NRP discharges
is investigated. First, the effect of steady air flows on the NRP discharges is
assessed. It is shown that the modification of inter-electrode voltage amplitude,
Pulse Repetition Frequency (PRF) and axial air velocity allow to cause NRP
corona-to-spark or spark-to-corona regime transitions, while the azimuthal air
velocity between the electrodes does not influence the regime of NRP discharges.
Then, an acoustic oscillation is applied to the air flow and it is shown that, under
certain conditions of relative velocity amplitude and of frequency of the forcing,
similar corona-to-spark and spark-to-corona transitions could be observed. The
results from these two experiments are interpreted in terms of dimensionless
numbers and display the significance of two parameters in the observed NRP
regime: the number of high-voltage pulses applied to a particle of air during its
transit in the inter-electrode area and the power of each of these high-voltage
discharges. A model is established and allows to reproduce qualitatively the
trends obtained in the experiments.

Chapter 3 of the present study focuses on displaying the influence of laminar
premixed flames on NRP corona discharges. Two experimental setups imple-
menting complementary configurations are used. In the first one, the NRP
corona discharges are generated in a parallel direction to a laminar premixed
lean methane-air flame, stabilised in a conical quartz tube with an acoustic
forcing. In this configuration, the shape of the NRP discharges is significantly
modified when the distance between the flame and the electrodes is less than
7 mm. This effect is also visible in the second configuration, where the NRP
corona discharges are pulsed across the reaction front of an aerodynamically
stabilised laminar premixed methane-air flame. The length of the discharges
increases when the flame is stabilised between the electrodes, compared to the
case without flame. This effect of the flame’s presence is attributed to a local
increase in the reduced electric field in the hot combustion products, as well
as an interaction between the electromagnetic field of the plasma discharges
and the charged species constituting the flame. Additionally, the effect of the
mixture itself is assessed by comparison of the NRP discharges in air and in an
air-methane mixture. An explanation for the significant increase in length of
the discharges following methane addition in air is proposed. This explanation
is linked to a modification in the spectroscopic properties of the inter-electrode
gas by modification of the gas composition.
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Finally, Chapter 4 investigates the effect of NRP corona discharges on laminar
premixed methane-air flames in the same two experimental configurations from
the previous chapter. In the first configuration, application of NRP corona
discharges in a direction parallel to the laminar premixed methane-air flame
induces the flame to move upstream, closer to the electrodes. The upstream
displacement of the flame increases with the voltage amplitude of the NRP
discharges. The laminar flame speed is determined and compared without and
with application of NRP discharges and an enhancement of up to 2.2 % in this
configuration is displayed. In the second configuration, where NRP discharges
are applied in a perpendicular direction to the flame front, the transient re-
sponse of the flame to application of NRP discharges is first investigated with
another setup, and a model for deduction of flame speed increase based on this
transient response is presented; the enhancement of laminar flame speed reaches
up to 9 %. On the second setup with perpendicular electrode configuration, the
flame also moves upstream under plasma discharge application, all the more
when the PRF of the discharges is increased. Additionally, a deformation of
the flame’s surface is observed.

In this same chapter, the thermal and chemical effects of NRP plasma discharges
are also estimated by the establishment of a numerical model. The thermal
production of the discharges results in an increase of fresh gas temperature
while the chemical effect focuses on ozone generation by the discharges. Once
determined, the influence of these thermal and chemical effects on the laminar
flame speed and the adiabatic temperature of a one-dimensional axisymmetric
premixed methane-air flame is estimated and yields a maximum enhancement of
35 % in the laminar flame speed and of 4 % in the adiabatic flame temperature.

To conclude, this study highlights the effect of NRP discharges on laminar reac-
tive mixtures. This effect is due to an increase in the laminar speed of the flame
caused by a reactivity increase of the gas treated by the plasma discharges, as
well as from the small thermal addition and the electromagnetic field gener-
ated by the nanosecond high-voltage pulses. It was also demonstrated that,
while NRP discharges have an effect on a flame, the flame itself—and, more
widely, the reactive mixture—has a reciprocal effect on the NRP discharges,
thus bringing several insights as to the phenomena underlying applications in
the field of plasma-assisted combustion.





Chapter 1

Background

1.1 Introduction: plasma discharges

Plasma is often presented as the fourth state of matter and can be described
as an electrically neutral ionised gas. Irving Langmuir, who first introduced
the term in the 1930s, indeed described plasma as the region in an ionised gas
containing balanced charges of ions and electrons.

A common technique for the generation of plasmas in laboratory is the use of
electric discharges. Raizer (1987) presents them as discharges of a capacitor into
a capacitive circuit consisting of a gap between two electrodes, both of these
electrodes being connected to a power supply. The process of plasma generation
by gas discharges is described in detail in the book of Fridman (2008). The
electric field generated by the discharges accelerates the electrons in the gas.
On their path, these accelerated electrons collide with the heavy particles from
the gas and transfer energy to them in the process (this mechanism is commonly
known as Joule heating), thus losing a fraction of their own energy. After a
given number of collisions and provided the discharge energy is sufficient, the
potential applied sufficiently long, and that no mechanism prevents the heating
of the gas, the energies of electrons and heavy particles reach an equilibrium.
If this equilibrium is established, electrons and heavy particles in the gas end
up at a similar temperature. In this case, Local Thermodynamic Equilibrium
(LTE) is reached and the ionisation and chemical processes in the plasma are
determined by the gas temperature. The plasma in a LTE or quasi-LTE state
is called thermal plasma.

Many plasmas exist at conditions where electrons and heavy particles are far
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from LTE (if the discharge time scale is short enough, its energy low enough, or
if a quenching mechanism of the gas exists). It is often the electron temperature
that is significantly higher than the heavy particle temperature. In this case,
the electron temperature is the one parameter determining the chemical and
ionisation processes in the non-equilibrium plasma; such a plasma is also called
non-thermal plasma.

Although having many features in common, thermal and non-thermal plasmas
present different characteristics as well; for instance, thermal plasmas yield
more power while non-thermal plasmas allow for a better selectivity of excited
and ionised particles. Thus their application areas are also quite different.

Typical values for electron temperatures and electron densities are given in
Figure 1.1 for different types of plasmas. The plasmas classified as equilibrium,
such as the flame or arc, usually feature a low electron temperature (maximum
1 eV =11,600 K) while the electron temperature of the non-thermal plasmas is
often much higher (up to 10 eV). The number density of electrons for all these
plasmas can take values across a wide range (from 1010 to 1020 cm�3) according
to the type of discharge used.

Figure 1.1: Typical values for electron temperatures and electron densities of several
types of plasmas: flame, magneto hydrodynamic discharge (MHD), arc, spark, glow,
corona, radio-frequency (RF), direct current (DC), dielectric barrier discharge (DBD),
nanosecond and gliding arc. Image from Ju and Sun (2015a).

Non-equilibrium plasmas have a large range of potential applications. In the
biomedical field, non-thermal plasmas are used for dermatology applications
(see the review by Heinlin et al. 2010), for surface decontamination (as pre-
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sented in the works of Moreau et al. 2008; Rupf et al. 2010; Cahill et al. 2014),
for cancer treatment (see Hirst et al. 2014) and blood coagulation (see Kong
et al. 2009). In the field of fuel reforming, Dielectric Barrier Discharges (DBD)
are implemented in order to degrade benzene into CO molecules for syngas
production by Jiang et al. (2013) and also to reform methane-carbon dioxide
mixtures into syngas (see Scapinello et al. 2015). Similar DBD discharges,
as well as nanosecond repetitively pulsed discharges show a potential for the
partial oxidation of methane, as demonstrated by Nozaki et al. (2004); Zhang
and Cha (2015). Finally, non-equilibrium discharges can be applied to surface
treatment (see Stauss et al. 2010; Massines et al. 2012) for thin film deposition
and are put to use by Stuckert and Fisher (2015) for the modification of surface
properties of nanomaterials. The present study focuses on the non-equilibrium
Nanosecond Repetitively Pulsed (NRP) plasma discharges and their application
for the enhancement of combustion.

1.2 NRP plasma discharges

1.2.1 Principle and characterisation

Nanosecond Repetitively Pulsed discharges consist in ultra-short (from ten to
a few hundreds of nanoseconds) high-voltage pulses (voltage amplitude in the
order of the tens of kilovolts). The repetition rate of the pulses, also called Pulse
Repetition Frequency (PRF), ranges between ten and few hundreds kilohertz.

Since the excitation of electrons occurs for a very short time, the condition for
local thermodynamic equilibrium of the fluid in the inter-electrode area is not
fulfilled; indeed, the electrons feature a temperature in the range from one to ten
electronvolt, while the neutral particles, ions and radicals remain, depending
on the plasma regime, from near-ambient temperature to a few thousands of
Kelvins. Also due to the extremely short duration of the pulses, almost no
ionic wind is induced and, for most applications, only a small portion of the
deposited electrical energy of the discharges is converted into heating of the
gas.

The existence of three different regimes of plasmas generated by NRP discharges
has been established in the works of Pai et al. (2009); Pai et al. (2010a); Pai
et al. (2010b). These NRP regimes are displayed in Figure 1.2 (from the thesis
of Pai 2008) and are named corona, glow and spark. Their existence depends
on a number of parameters such as the PRF of the high-voltage pulses, the
radius of curvature of the electrodes and the reduced electric field, E/n, which
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is defined as:

E/n =
U k

B

T

p d
, (1.1)

where U is the applied voltage amplitude, d the inter-electrode gap distance, p
the pressure, T the gas temperature and k

B

the Boltzmann constant.

Figure 1.2: Photographs from Pai (2008) of plasmas generated from NRP discharges:
corona, glow and spark (from left to right) in air at p=1atm and T =1,000K. The
PRF is set at 10 kHz and the inter-electrode gap distance between anode (A) and cath-
ode (C) is set at d=4.5mm. The transversal flow of air (flowing from right to left)
has a velocity of 1.2m.s�1.

Typical current and voltage waveforms are presented in Figure 1.3, also from
the thesis of Pai (2008). In this example, NRP discharges are pulsed at a
PRF of 30 kHz, in air at atmospheric pressure and a temperature of 1,000 K,
flowing with a velocity of 1.2 m.s�1. The inter-electrode gap distance is 5mm.
Discharges in (a) are in the NRP glow regime as defined by Pai et al. (2009)
while discharges in (b) are in the NRP spark regime, as defined by Pai et al.
(2010a). Both are displayed in Figure 1.2. Plasmas in the NRP corona regime
present current and voltage waveforms similar to the ones in NRP glow regime.

The voltage peak is larger for case (a) with NRP glow discharges compared to
case (b) with NRP spark discharges. This is due to the phenomenon of streamer
breakdown where a conductive channel is formed between the electrodes of the
circuit, thus reducing the resistance of the inter-electrode gas (see Figure 1.2).
As the maximal current that can be supplied by the generator is reached, the



1.2. NRP PLASMA DISCHARGES 5

(a)

(b)

Figure 1.3: Comparison from Pai (2008) of voltage, V
p

(thin line), and total current,
I
total

(thick line), waveforms, for NRP discharges pulsed at a PRF of 30 kHz in an
air flow of 1.2m.s�1 velocity. The discharges in (a) are in the NRP glow regime and
the discharges in (b) are in the NRP spark regime. Air velocity between the electrodes
is 1.6m.s�1 and its temperature is 1,000K. The inter-electrode gap distance is 5mm
and the PRF of the discharges is 30 kHz.

high voltage cannot be sustained anymore, resulting in the reduction of the full
width at half maximum of the voltage peak from 12 to 8 ns. The waveform of
the total current evolves also with the NRP regime considered: the current for
NRP glow discharges is close to the form of a purely capacitive current while
the one of NRP spark discharges displays several positive peaks.

Plasmas generated from NRP discharges (commonly called NRP plasma dis-
charges) lead to two different effects. Both of them are interesting for many
applications. The first effect is the heating induced by the plasma, also called
thermal effect; the second effect is the generation of ions, radicals, and ac-
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tive species, also called chemical effect of the discharges. These thermal and
chemical effects are discussed in Sections 1.2.1.1 and 1.2.1.2.

1.2.1.1 Thermal effect

As mentioned above, because of the transient nature of NRP discharges, only
a small amount of the input energy goes to heating of the heavy particles
constituting the gas, while the largest amount of energy goes to chemistry,
i.e. generation of ions, radicals and excited species. Rusterholtz et al. (2013)
conducted an experimental investigation focusing on the process of ultrafast
heating of the gas by NRP spark discharges. This ultrafast heating process
takes place at the nanosecond time scale through excitation of the ground-state
nitrogen molecules in air:

N
2

(X) + e� ! N
2

(A,B,C) + e�. (1.2)

The generated excited nitrogen molecules in turn dissociates oxygen molecules
into atomic oxygen, a process that releases a significant amount of heat through
the following quenching reaction:

N
2

(A,B,C) + O
2

! N
2

(X) + 2O + heat. (1.3)

This ultrafast heating is studied for NRP spark discharges in air at atmo-
spheric pressure and temperature of 1,000K and brings to light an increase in
gas temperature of about 900 K within 20 ns. The mechanism of ultrafast heat-
ing provides, on the one hand, a source of atomic oxygen promoting oxidation
of hydrocarbon molecules in the case of reactive mixtures; on the other hand,
the significant heat release accompanying reaction (1.3) leads to a rise in the
pressure, resulting in the propagation of an expansion wave followed by a shock
wave. The temporal evolution of this hydrodynamic expansion has been quan-
titatively measured and analysed by Xu et al. (2011); Xu et al. (2014) with the
Schlieren technique and has, by comparison to numerical simulations, shown
that the fraction of energy transferred to ultrafast heating (ranging from 25 to
75 % in the experimental configuration of the study) is a function of the reduced
electric field, as defined in Equation (1.1), and of the initial gas temperature.
The fraction of transferred energy increases with these two parameters.

The thermal effect of NRP glow discharges in a combustion environment is
investigated by Lacoste et al. (2017a); Lacoste et al. (2017c) where the in-
fluence of NRP glow discharges on the temperature of a M-shape laminar pre-
mixed methane-air flame (�= 0.95) at ambient conditions of temperature and
pressure is determined by CARS (Coherent Anti-Stokes Raman Spectroscopy)
measurements. Application of NRP glow discharges modifies the shape of the
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flame front (detected by CH⇤ chemiluminescence, see Figure 1.4(a) and (b)),
yet the increase in temperature of the flame remains within the range of un-
certainty for the diagnostic technique (± 40 K). Since the NRP glow discharges
have a low thermal effect, their actuation of the flame is thus attributed mostly
to chemical activation of the gas.

Figure 1.4: Abel-inverted images of the (a) CH⇤ chemiluminescence emission of a
flame, (b) CH⇤ emission of a flame enhanced by NRP glow discharges and (c) N⇤

2

emission of the NRP glow discharges. Images from Lacoste et al. (2017c).

The thermal effect of NRP corona discharges has not yet been investigated
but, since this type of plasma discharge features lower energies, an even lower
thermal effect is expected, compared to the glow discharges. There is a need for
more precise diagnostic methods in order to measure it precisely, or numerical
simulations with flame-plasma coupling.

1.2.1.2 Chemical effect

The chemical effect of NRP discharges is a subject often addressed in the lit-
erature. Most of the species produced by non-thermal plasmas in air present
interesting properties, especially when considering combustion applications, on
which the present work focuses. As mentioned in Section 1.2.1.1, application
of NRP discharges in air results in the production of atomic oxygen from ex-
cited nitrogen quenching (see Equation (1.3)). Atomic oxygen can also result
from direct electron-impact dissociation (see Cosby 1993; Laporta et al. 2014;
Laporta et al. 2015):

O
2

+ e� ! 2O + e�. (1.4)

Atomic oxygen occupies a most significant position in the mechanism of hy-
drocarbon oxidation (described for instance in Law 2006), hence the interest of
using NRP plasma discharges for combustion applications.
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The generation of excited oxygen molecules, in particular the Singlet Delta
Oxygen (SDO) molecule, O

2

�
a1�

g

�
, from non-thermal plasma discharges has

been investigated several times over the last decade (see Hicks et al. 2005;
Ionin et al. 2007; Bowman et al. 2014) because of its potential in decreasing
ignition delay times, as demonstrated by Popov (2011) in hydrogen-oxygen
stoichiometric mixtures at atmospheric pressure and a range of temperatures
from 300 to 1,000K. In this numerical study, addition of 1 % of SDO molecules
to ground-state molecular oxygen leads to a reduction in ignition delay time of
the mixture of up to one order of magnitude. This effect is attributed to the
role of SDO molecules in chain-initiation and chain-branching reactions:

H
2

+O
2

�
a1�

g

�
! OH+OH, (1.5)

H+O
2

�
a1�

g

�
! OH+O. (1.6)

In addition to this effect on ignition delay time, SDO molecules also proved
their potential in increasing the laminar propagation velocity of flames. Indeed,
Kozlov et al. (2008) have calculated an increase of up to 50 % in the laminar
flame speed of a lean hydrogen-air flame for 10% of SDO in the oxygen. In terms
of hydrocarbon mixtures, an experimental study by Ombrello et al. (2010a)
reports an increase of 5 % in the laminar burning velocity of stoichiometric
ethylene-air flames for an SDO content of 3,000 ppm in oxygen.

Ozone molecules are of interest to combustion applications because of their po-
tential in enhancing the flame speed, as reported by Ombrello et al. (2010b),
where an enhancement in the flame speed of lifted stoichiometric propane-air
flames of up to 20 % was observed for an addition of 5,000 ppm of ozone in the
unburnt gas. Ozone production from non-thermal plasma has been validated
with different types of discharges (see Kogelschatz et al. 1988; Chen and David-
son 2002; Mericam-Bourdet et al. 2012). The action of ozone in a combustion
area is linked to the following three-body decomposition reaction:

O
3

+M ! O+O
2

+M, (1.7)

taking place in the pre-heat zone of a flame and leading to the production of
atomic oxygen which, as mentioned above, contribute to the process of fuel
oxidation. Ozone also reacts with atomic hydrogen during the fuel oxidation
process to form hydroxyl radicals (OH). These radicals take part in the fuel ox-
idation process of hydrocarbon molecules as well. An experimental-numerical
study by Singleton et al. (2016) investigates the effect of air humidity on
the production of ozone by nanosecond plasma discharges in a lean (�= 0.8)
ethylene-air mixture at a pressure of 2 atm and a temperature of 473 K. The ex-
periments are in good agreement with simulations combining a one-dimensional
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detailed temporal evolution of the reduced electric field of the discharge and a
zero-dimensional Boltzmann equation solver for each species of interest. Ozone
density is measured by UV absorption with a UV LED and a photodiode detec-
tor equipped with a bandpass filter centred around 250 nm. The nanosecond
spark discharges have a duration of 12 ns, a voltage amplitude of 40 kV and
result in a deposition of energy per pulse of 50mJ.pulse�1. Figure 1.5 displays
the experimental results of the temporal evolution of ozone density after a 12-ns
discharge in a lean (�= 0.8) ethylene-air mixture with various water contents.

Figure 1.5: Measured temporal evolution of ozone particle density in a lean (�=0.8)
ethylene-air mixture at 2 atm and 473K. The streamer discharges have a duration of
12 ns, a voltage amplitude of 40 kV, and feature deposited energies of 50mJ.pulse�1.
Taken from Singleton et al. (2016).

This experiment shows the potential of nanosecond plasma discharges in pro-
ducing a high amount of ozone (in the order of 1015 cm�3). Figure 1.5 also
highlights the role of humidity in the fresh gas mixture, which plays a signifi-
cant role on the measured ozone density. This is due to the fact that, as atomic
oxygen is produced by the NRP discharges, it recombines with water molecules
into hydroxyl radicals:

O+H
2

O ! 2OH, (1.8)

rather than reacting with molecular oxygen, which would have resulted in ozone
production by the following three-body reaction taking place at ambient tem-
perature:

O+O
2

+M ! O
3

+M. (1.9)

Additionally to these oxygen-related species, plasma discharges excite the nitro-
gen molecules in air (this is the origin of the violet light emission from plasma
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discharges in air, as seen in Figure 1.2). Because of their high concentration in
air and their role in the production of atomic oxygen by the quenching reac-
tion (1.3), excited nitrogen molecules are significant for the precise modelling
of plasma discharges in air so that numerous studies focus on establishing the
reaction rates for electron-impact excitation of nitrogen (see for instance Gillan
et al. 1996; Vojnovic et al. 2015). The dissociation of nitrogen from plasma
discharges can also lead to formation of nitric oxides, omnipresent molecules in
today’s challenge regarding pollutants emission; thus the production of disso-
ciated nitrogen is also a significant topic (see Kumar and Ghosh 1993).

Nitric oxides are a major concern because of their health hazards 1 and their
role in the ozone layer depletion, in which nitric oxide reacts with the ozone in
the stratosphere as follows:

O
3

+NO ! O
2

+NO
2

. (1.10)

Emission of this chemical compound is one of the main issues in any combustion
application involving air molecules. NO production from NRP discharges in
the spark regime is investigated by Kim et al. (2006). The discharges have
durations of 10 ns, voltage amplitudes of 5 kV and PRFs between 15 and 50 kHz.
Radial single point measurements are performed with a gas analyser placed
10 mm above the nozzle of the burner for three different equivalence ratios of
the methane-air mixture: �= 0, 0.33 and 0.49. The results are displayed in
Figure 1.6 and highlight the fact that the nanosecond plasma discharges in
pure air can lead to concentrations in nitric oxides up to 120 ppm (see blue
curve), i.e. higher concentrations than the lethal dose of 100 ppm.

Another work from Bak and Cappelli (2015) investigates the kinetics of NO for-
mation in reactive mixtures at ambient conditions (p= 1atm and T = 300K).
This numerical study is divided in two parts: in the first, the products of NRP
discharges with a duration of 10 ns, an amplitude of 5.3 kV and a PRF of 30 kHz
are determined on the basis of a zero-dimensional model of a methane-air mix-
ture (�= 0.55). In the second part, the results of the first calculation are used
as initial conditions for a one-dimensional combustion simulation of a premixed
methane-air flame. Figure 1.7 displays the temporal evolution of several prod-
ucts of the NRP discharges for the zero-dimensional discharge computation at
(i) constant volume and (ii) constant pressure conditions. The concentrations
obtained at constant volume are higher than the ones at constant pressure but
the former are only valid for times lower than the gas expansion time follow-
ing the NRP spark discharge (of a few hundreds of nanoseconds, see Xu et al.
2014). Atomic oxygen and hydroxyl radicals reach concentrations of about
1017 cm�3 at constant pressure, while the concentrations in carbon monoxide

1the Center for Disease Control—CDC—sets the dose for the category Immediately Dan-
gerous to Life or Health—IDLH—at a concentration of 100 ppm
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Figure 1.6: NO concentration along the radial direction at a height of 10mm above the
nozzle of the burner for three different equivalence ratios of the methane-air mixture.
Study performed by Kim et al. (2006).

and nitric oxide at the same condition of constant pressure are a bit lower (1
and 4⇥ 1016 cm�3).

Since pollutant emissions represent a major issue in the field of combustion, ni-
tric oxide generation by NRP discharges is further addressed in Section 1.2.2.3
where the main applications of NRP plasma discharges to combustion are dis-
cussed.

1.2.2 NRP discharges for plasma-assisted combustion

In the past two decades, NRP discharges have been increasingly applied to com-
bustion processes. Through numerical and experimental studies, the discharges
have shown a potential for lowering the lean ignition limit for combustion,
extending the stability domains of a flame, modifying the flame’s pollutants
emission, controlling thermoacoustic pressure fluctuations. These effects are
obtained with an input electrical energy of only a few percents of the thermal
power of the flame. Some of these studies are presented in this section.

1.2.2.1 Plasma-assisted ignition

One common—and probably the most famous—instance of ignition per electri-
cal discharge is the spark ignition in internal combustion (IC) engines where a
spark plug produces a discharge in order to ignite a fuel-air mixture. The mech-
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Figure 1.7: Temporal evolution of the products of NRP discharges in a methane-
air (�=0.55) mixture for (i) constant volume and (ii) constant pressure conditions.
Taken from Bak and Cappelli (2015).

anism leading to the ignition in the IC engine is mostly linked to the release
of heat, though the fluid particles in the mixture are also chemically activated
(generation of ions, radicals and excited fluid elements).

Recently, non-equilibrium plasma discharges have shown their potential for
ignition of a wide range of sub- and supersonic combustible flows. A study
from Pancheshnyi et al. (2006) demonstrates the efficiency of NRP plasma
discharges as an igniter for propane-air mixtures from 0.35 to 2 bars. Figure 1.8
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shows an example of ignition assisted by NRP plasma discharges: the propane-
air mixture at an equivalence ratio of 0.7 is confined in a closed volume, where
the initial pressure is 2 bars, and ignited by a train of ten NRP discharges of
1 mJ energy each, pulsed at a PRF of 30 kHz between two electrodes separated
by a distance of 1.5 mm. The afterglow of the discharge is visible at 1.5 ms; it is
followed by the flame front propagation which is intensified by the shock wave
produced by the plasma discharge, leading to hot spot formation 6 ms after the
discharge.

Figure 1.8: Plasma afterglow and flame propagation in a 2-bars, 0.7-equivalence ratio
propane-air mixture. The gap distance between the electrodes is 1.5mm and the total
ignition energy is 10mJ. Frame rate is 667Hz and exposure time is 33µs. Image taken
from Pancheshnyi et al. (2006).

More recently, an experimental work by Sun et al. (2013) investigates the ig-
nition and extinction characteristics of methane-oxygen diffusion counterflow
flames diluted in helium under the influence of nanosecond plasma discharges.
The pulses are applied between the two burner nozzles so that the plasma dis-
charges find themselves in the fresh gases, in the flame itself, and in the burnt
gases. The experiments prove that application of NRP discharges, under cer-
tain conditions, induces the classic ignition-extinction S-curve of the flame to
give way to a new, fully-stretched ignition curve (see Figure 1.9) in which no
hysteresis effect exists between ignition and extinction. This result suggests
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that application of nanosecond plasma discharges provides new chemical path-
ways of fuel oxidation, even at low temperature. Experimental results indeed
show that ignition could occur with local maximum temperatures as low as
900 K, compared to the conventional ignition temperature in counterflow burn-
ers, usually around 1,200 K.

(a)

(b)

Figure 1.9: Relation between normalised OH⇤ emission intensity, maximum tem-
perature in the reaction zone, and fuel mole fraction. The pressure is 9,600Pa, the
strain rate is 400 s�1 and the repetition frequency of the pulsed nanosecond discharges
is 24 kHz. In (a), the oxygen fraction in the helium/oxygen mixture is 0.34 and the
traditional ignition-extinction S-curve with its hysteresis is observed. In (b), the oxy-
gen fraction is 0.64 and the ignition-extinction curve is fully stretched. Study by Sun
et al. (2013).

The past decade has been marked by a steady effort to improve the understand-
ing of the mechanisms governing the interactions between plasma chemistry,
heat generation and flame ignition. Literature reviews from Adamovich et al.
(2009); Starikovskiy and Aleksandrov (2013); Ju and Sun (2015a) already exist
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and report the potential applications of non-equilibrium plasma discharges for
ignition of combustible mixtures and high-speed flow control. Among the cited
non-equilibrium discharges, nanosecond discharges stand as one of the most
promising techniques.

1.2.2.2 Extension of flame stability domain

NRP discharges have a potential in extending the stability domain of a flame.
The lean extinction limit of a premixed propane-air swirl flame is compared
without and with NRP discharges in a combustor with the geometry and nom-
inal conditions representative of an aeronautical combustion chamber by Bar-
bosa et al. (2015) and displays the extension of flame stability domains in both
primary and secondary combustion chambers. The NRP discharges have dura-
tions of 10 ns, voltage amplitudes of 14 kV and are pulsed at a PRF of 30 kHz.
Figure 1.10(a) displays the evolution of the extinction equivalence ratio in the
primary stage of the burner, �

p

, and of the global extinction equivalence ratio,
�
g

, as a function of the primary propane flow rate, with and without applica-
tion of NRP discharges. It is observed that the nanosecond discharges allow
the flame to exist at a much lower fuel flow rate—thus at a much lower thermal
power of the flame—compared to the extinction flow rate without discharge.
Indeed, the equivalence ratios at which flame extinction occur are �

p

= 2.05 and
�
g

= 0.4 without NRP plasma discharges; they become �
p

= 0.57 and �
g

= 0.11
when NRP discharges are applied. Figure 1.10(b) displays CH⇤ chemilumines-
cence images of the flame without (left) and with (right) application of NRP
discharges (the red filament in the flame is the glowing from the electrode).
This visual comparison shows that the plasma discharges induce no significant
change in the shape of the flame between the global equivalence ratios of 0.47
and 0.41. NRP discharges allow a short, compact flame to remain attached
to the injection plane, even when its equivalence ratio is below the extinction
limit of the flame without NRP discharges (�= 0.4). This extension of the
flame stability domains has been obtained with NRP discharges featuring only
0.7 % of the thermal power of the flame. However, it is necessary to adapt
the pulse repetition frequency to the velocity of the fresh gas mixture, so as
to ensure that the whole of the gas flowing through the burner’s nozzle is in
contact with the plasma discharges.

1.2.2.3 Emission of pollutants

NRP discharges are known to alter the emission of certain products of hydro-
carbon combustion. As mentioned in Section 1.2.1.2, the production of nitric
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Figure 1.10: (a) Stability domains of the burner without and with NRP plasma
discharges, displayed through the lean-limit equivalence ratios of the primary stage,
�

p

, and of the combustion chamber, �
g

. (b) Comparison of CH⇤ emission of the
flame and plasma discharges. The PRF is 30 kHz, the air flow rate is maintained
constant at Q

air

=105Nm3.h�1. Taken from Barbosa et al. (2015).

oxide (NO) from nanosecond discharges was measured by Kim et al. (2006)
for methane-air mixtures with three different equivalence ratios, see Figure 1.6.
The nanosecond discharges lead to a maximum NO concentration of 120 ppm
in pure air (blue curve), which remains the same for an air-methane mixture
at �= 0.33 (red curve). However, when the equivalence ratio of the mixture
becomes high enough for ignition, the concentration of NO in the gases de-
creases to a maximum value of 100 ppm (green curve). This is attributed to the
consumption of a part of the plasma-produced nitric oxide by the flame. When
the equivalence ratio is further increased towards stoichiometric condition, the
NO production is found to increase again with the equivalence ratio. This is
attributed to the NO production resulting from the thermal mechanism, which
is enhanced by the higher flame temperature when the equivalence ratio is in-
creased. These experimental data are compared with the results yielded from
a code for flame computation, supplemented with an initial plasma-generated
pool of radicals (see Kim et al. 2007); the results of which show a good agree-
ment with the experimental NO concentrations.

An experimental work of Lacoste et al. (2013a) investigates the influence of
NRP spark discharges on the averaged densities of NO, NO

2

and CO of pre-
mixed lean natural gas-air (�= 0.62) swirl flames. NRP discharges of a duration
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of 10 ns, an amplitude of 10 to 20 kV and a PRF between 5 and 40 kHz are ap-
plied upstream of the flame, and the burnt gases are analysed by absorption
spectroscopy in the infrared to determine CO concentrations and in the ultravi-
olet to detect NO and NO

2

. The evolution of these three species concentrations
with the PRF of the NRP discharges is displayed in Figure 1.11. The NO

2

and
the CO contents do not vary with the PRF of the discharges while the concen-
tration in NO increases significantly, from 2 ppm without NRP discharges to
27 ppm with NRP discharges pulsed at 30 kHz, a setting which yields a mean
electrical power of the discharges of 180 W. For comparison, the thermal power
of the flame is 50 kW. The significant increase in the NO concentration is at-
tributed to thermal NO production resulting from ultrafast heating of the gas
provided by the spark discharges. Figure 1.12 displays the evolution of NO
concentration in the burnt gases as a function of the number of applied pulses
per unit mass of air. The NO concentration in the burnt gases depends on the
number of discharges per gram of air alone and does not depend on the PRF.

Figure 1.11: Influence of the PRF of NRP discharges on the concentrations in NO,
NO

2

and CO in the burnt gases of a natural gas-air lean swirled flame. Figure taken
from Lacoste et al. (2013a).

1.2.2.4 Control of thermoacoustic pressure fluctuations

Combustion instabilities in propulsion systems and gas turbines have been a
subject of research for several decades now. These instabilities result from a tri-
lateral interaction involving velocity fluctuations occurring in the burner. The
velocity fluctuations induce oscillations in the flame’s heat release rate which
themselves couple with the acoustic modes of the combustion chamber, leading
to potentially intense pressure fluctuations which can cause severe drawbacks
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Figure 1.12: Influence of the number of applied pulses per unit mass of air on the
NO concentration for several PRF of the NRP discharges. Figure taken from Lacoste
et al. (2013a).

ranging from decreased combustion efficiency to complete engine failure and
structural damage to the combustor. The study of the mechanisms underlying
combustion instabilities is inherently complex due to the interactions between
fluid dynamics, unsteady heat release rate and pressure fluctuations.

The understanding of this phenomenon has been gradually improved over the
years by a decoupling of the interactions taking place in the combustor. The
Flame Transfer Function (FTF) has been identified as one of the key charac-
teristic values, indicating the response of the flame to the acoustic fluctuations
of the flow in the combustion chamber:

FTF(!) =
Q̇0(!)/ ¯̇Q

u0(!)/ū
, (1.11)

where Q̇0/ ¯̇Q is the heat release rate fluctuation of the flame and u0/ū is the
velocity fluctuation upstream of the flame for a given frequency, !.

In order to prevent this phenomenon, two types of control can be applied.
The first type is passive control; its principle is the implementation of design
changes in the combustor such as modifying the fuel injection scheme, reshap-
ing the flame holder, modifying the combustion chamber’s geometry, installing
acoustic dampers. All these modifications aim at interfering with the resonant
coupling between oscillation of the flame’s heat release rate and the acous-
tic modes of the chamber. Passive control of instabilities is, however, limited
through the absence of a dynamic component in the system, and through the
lack of adaptability to other types of combustion chambers. Design of passive
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control schemes can therefore prove a costly and time-consuming method. Ac-
tive control schemes, on the contrary, implement a dynamic component (also
called actuator). Mcmanus et al. (1993) provide a review on active combustion
dynamics control. It underlines the importance of several criteria, such as the
time-response of the control system; this time has to be adapted to the charac-
teristic time of the dynamic instability. The review also distinguishes systems
featuring constant transfer functions (fixed-parameter controllers) and the ones
capable of optimizing their action (adaptive controllers).

Recent studies have demonstrated the effect of NRP discharges on combustion
instabilities. Moeck et al. (2013) implement an open-loop control scheme on
a nominally unstable flame. This open-loop scheme causes a reduction in the
instability amplitude by one order of magnitude for an input electrical power
of the discharges representing less than 1 % of the thermal power of the flame.
This effect of NRP discharges on the flame dynamics is also brought to light
by Lacoste et al. (2013b) and linked to a modification of the flame transfer
function (FTF, see Equation (1.11)) of the flame. After decomposition of the
FTF into gain, G and phase, ':

FTF(!) = G(!) ei'(!), (1.12)

the effect of nanosecond discharges on both of these values is demonstrated, as
shown in Figure 1.13 where NRP plasma discharges of a duration of 10 ns, PRF
of 30 kHz and mean electrical power of 40 W are pulsed in the unburnt mixture
of a turbulent lean premixed swirl flame with an equivalence ratio of 0.7 and a
thermal power of 4 kW.

NRP discharges increase gain and phase in certain ranges of frequencies while
decreasing them in others. Images of CH⇤ chemiluminescence of the flame con-
firm visually this influence of NRP discharges on flame dynamics. A comparison
of the flame diameter at different heights for the case without and with plasma
discharges highlights the fact that application of NRP discharges tends to re-
duce the wrinkling of the flame by 10 to 15 %, a value which varies depending
on the phase of the acoustic period.

Response of laminar premixed methane-air flames to different types of forcing
is investigated by Lacoste et al. (2017b). The response of three types of flame
(conical, M-shape and V-shape) in terms of the FTF is compared for forcing
by acoustic waves, by AC electric fields and by NRP glow discharges. The
effects provided by these three forcing sources are different: the AC electric field
indeed generates an acceleration of the charged species in the reaction front,
attributed to a modification in the flow field alone (since no thermo-diffusive
wrinkling of the flame surface is observed), while the influence of forcing by
NRP glow discharges was attributed to a local increase in the burning velocity
caused by the chemical effect of the discharges (as mentioned in Section 1.2.1.2,
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Figure 1.13: FTF of a swirl-stabilised lean (�=0.7) premixed methane-air flame
(P

th

=4 kW; S =0.53) with (red squares) and without (black circles) application of
NRP plasma discharges in the NRP spark regime (PRF=30 kHz; P

el

=40W). Taken
from Lacoste et al. (2013b).

the thermal effect of NRP glow discharges in this configuration has been proved
as being small, see Lacoste et al. 2017c). The geometry of the flame influences
its response to acoustic waves and NRP glow discharges, especially in terms of
the FTF gain. Figure 1.14 displays the M- and V-shaped flames (a) without
and (b) with application of NRP glow discharges. From this figure, it can
be seen that the plasma energy distribution changes with the geometry of the
flame: the discharges are indeed more homogeneously distributed on the flame
front in the case of a M-shaped flame, while the luminous emission is mostly
concentrated at the rod in the centre of the flame in the case of a V-shaped
flame.

NRP discharges have proved their potential in controlling combustion instabil-
ities; however, knowledge on the interactions between inlet flow, heat release
rate of the flame and NRP discharges still has to be improved in order to com-
prehend and properly optimise the control schemes to their maximum efficiency.
While the influence of NRP discharges on the three phenomena (flow field fluc-
tuation, unsteady heat release rate and pressure fluctuations) at the root of
thermoacoustic instabilities has been proved, the mechanisms governing these
effects, as well as the influence of these phenomena themselves on NRP plasma
discharges still need to be understood.
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(a)

(b)

Figure 1.14: M-shaped (M) and V-shaped (V) flames (a) without and (b) with ap-
plication of NRP glow discharges. Image taken from Lacoste et al. (2017b).

1.2.3 Conclusion

A lot of studies have already proved the strong effect of NRP discharges on many
different combustion problems. However, there is still a lack of understanding
in the fundamental processes taking place, especially in terms of quantification
of these effects. Displaying these effects and quantifying them is the main goal
of this study.





Chapter 2

Effect of flow on NRP discharges

The effect of various air flow parameters on the plasma regimes of
nanosecond repetitively pulsed (NRP) discharges is investigated at at-
mospheric pressure. The two electrodes are in a pin-annular configura-
tion, transverse to the mean flow. The NRP corona to NRP spark (C-S)
regime transition and the NRP spark to NRP corona (S-C) regime tran-
sition are investigated for different steady and harmonically oscillating
flows. First, the strong effect of a transverse flow on the C-S and S-C
transitions, as reported in previous studies, is verified. Second, it is
shown that the azimuthal flow imparted by a swirler does not affect the
regime transition voltages. Finally, the influence of low frequency har-
monic oscillations of the air flow, generated by a loudspeaker, is studied.
A strong effect of frequency and amplitude of the flow modulation on
the NRP plasma regime is observed. Results are interpreted based on
the cumulative effect of the NRP discharges and an analysis of the res-
idence times of fluid particles in the inter-electrode region. This study
was done in the laboratoire Énergétique Moléculaire et Macroscopique,
Combustion (EM2C) in the École Centrale Paris (ÉCP), France. The
results of this experimental study have been published in Heitz et al.
(2016).

2.1 Introduction

Numerous applications make use of non-equilibrium plasma discharges in an
atmospheric pressure air (or air-containing) flow. Among them, a significant
number is related to bio-medical applications (see Kovalova et al. 2014; Collet et
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al. 2014; Kong et al. 2009; Hirst et al. 2014), surface processing (see Massines
et al. 2012; Stauss et al. 2010), gaseous treatment (see Nozaki et al. 2004;
Mericam-Bourdet et al. 2012; Zhang and Cha 2015) or combustion enhance-
ment (see Adamovich et al. 2009; Starikovskiy and Aleksandrov 2013). Al-
though there is a strong mutual coupling between gaseous flow and plasma,
most academic and industrial studies mainly focus on the effect of plasma on
the flow.

One of the most spectacular effects of non-equilibrium plasmas on gas dynamics
is the generation of ionic wind. Colas et al. (2010); Rickard et al. (2005);
Debien et al. (2012) have studied different configurations in order to increase
the velocity of the ionic wind, also called electric wind. The physical mechanism
of this effect has also been modeled by Likhanskii et al. (2008); Lagmich
et al. (2008), and the electrohydrodynamic force can be predicted. Ionic wind
generated by plasma discharges can be used to modify an oscillating air flow.
Kopiev et al. (2014) gives an example by controlling shear layer flow instabilities
triggered by acoustic forcing in a turbulent air jet with three types of plasma
actuators. This control was achieved through a variation in the phase shift
between the signals driving the loudspeaker and the plasma actuator. A change
in the velocity profile in the shear layer of the jet was also observed. Spark
discharges can also affect the flow by thermal expansion, as displayed by Xu
et al. (2011); Haley et al. (1989). The ultrafast heating of the gas (up to
several thousand Kelvin) generates shock waves followed by expansion waves
that eventually increase local turbulence.

Although effects of plasma on the flow are relatively well-known, effects of the
flow on plasma discharges have scarcely been investigated. In argon, studies
of Evans (1967); Bogaerts et al. (2002); Li et al. (2009) report on the significant
influence of the gas flow on the discharge properties, such as breakdown voltage
and gas heating. In low-pressure hydrogen, Chabert et al. (1998) found a
strong effect of the flow on the dissociation degree of a microwave discharge,
but a relatively weak influence on the gas temperature.

In air, a few studies (see Jaworek and Krupa 1996; Pereira et al. 2014) have
shown the significant effect of a transverse air stream on the characteristics of
positive corona and dielectric barrier discharges. For example, it was shown
that for cold plasmas, the breakdown voltage increases with the bulk velocity
and that the momentum transfer can be affected by the direction of the flow.
It was also shown that the discharge regime can be affected by the gas velocity.
Recently, Bálek et al. (2014) studied the effect of an acoustic field on a negative
corona discharge in air at atmospheric pressure. They found that an intense
acoustic field (with velocity fluctuations up to 25 m.s�1, in a frequency range
from 24 to 100 Hz) can significantly affect both the stability and the spatial
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organization of the negative corona or transient spark discharges. An expla-
nation of their experimental results based on transport properties and thermal
instabilities of the plasma was proposed. However, all these previous studies
on the effect of an air flow on the discharge behavior dealt with relatively low
power plasmas. Typically, with a current up to 30 mA and a minimal thermal
impact, the corona or dielectric barrier discharges investigated have limited
relevance for applications such as plasma-assisted combustion. The impact of
transverse flows and acoustic waves on the organization and regime transition
of non-equilibrium thermal air plasmas such as Nanosecond Repetitively Pulsed
(NRP) spark discharges, laser sparks or radio-frequency discharges has never
been investigated.

In this chapter, we focus on the influence of a transverse stream, eventually
modulated by harmonic acoustic waves, on the breakdown voltage and the
regime transitions of NRP discharges in air, at atmospheric pressure. Previous
studies have shed light upon key parameters governing the regime of NRP
plasma discharges. The gas temperature, the inter-electrode gap distance, the
Pulse Repetition Frequency (PRF), as well as the electrode geometry have been
established as relevant parameters by Pai et al. (2010b). In this work, effects
of a steady laminar air stream with a Reynolds number lower than 1,300 is
first assessed by investigating the NRP corona to spark (C-S) and the NRP
spark to corona (S-C) transition voltages dependence to changes of the axial
or azimuthal velocity components of the incoming flow. The effect of axial
acoustic forcing is then examined. Finally, an explanation for the observed
results, based on the cumulative effect of the NRP discharges and the residence
time of the flow particles in the inter-electrode area is proposed.

2.2 Experimental setup

2.2.1 The test-rig

The experiments are performed in an atmospheric pressure test-rig shown in
Figure 2.1. A flow of air at room temperature, controlled by a flowmeter (EL-
Flow, Bronkhorst) enters the experimental setup at its bottom. The air flows
through a perforated plate and a honeycomb which are not shown in Figure 2.1.
It then enters a converging section. These elements are used to laminarize the
flow and reduce the boundary layer thickness leading to a top hat velocity
profile at the converging nozzle outlet. An element with or without radial
swirling vanes is also placed in between the converging nozzle and the cylindrical
tube to set the flow in rotation in the azimuthal direction or not. Three swirlers
featuring different blade angles: 0 � (no rotation of the flow), 34 �, and 48 � were
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Figure 2.1: Schematic of the experimental setup and zoom on the inter-electrode
area.

used in these experiments. The element carries also a small central cylindrical
bluff body of 2.6mm diameter made of stainless steel, which is flush-mounted
with the injection tube outlet.

The NRP plasma discharges are generated between two stainless steel elec-
trodes, in a pin-annular configuration. Figure 2.1 provides a zoom on the
inter-electrode area to allow a better description of the electrode configura-
tion. The anode corresponds to the central bluff body described above. The
cathode is an annular ring of D= 17.9mm diameter and h= 1.2mm height.
The gap distance between the anode and the cathode is therefore d= 7.7mm.
Upstream of the cathode, a cylindrical piece of ceramic with the same external
diameter (D= 17.9mm) is flush-mounted with the metallic ring to prevent par-
asitic discharges inside the injection tube. Both electrodes are connected to a
high-voltage pulse generator (FPG Series, FID Technologies). The pulses have
an amplitude in the range of 3.5 to 15 kV, last 10 ns with a pulse repetition
frequency that has been set to either PRF = 15 or 30 kHz.

A loudspeaker (SPH-115, Monacor, with a power of 80 W) at the bottom of
the setup is connected to a signal synthesizer (TGA1200 Series, Aim & TTi)
and a Hi-Fi amplifier (RA-04, Rotel). These elements are used to generate
harmonic acoustic waves at controlled amplitudes and frequencies. The forcing
frequency is varied between f

ac

= 16 and 192 Hz, and the velocity amplitude
in the inter-electrode region is evaluated by using a hot wire and ranges from
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u0
z

= 0 to 3m.s�1.

2.2.2 Instrumentation

Electrical measurements are performed with a voltage probe (PPE 20 kV, LeCroy)
and a current probe (Model 6585, Pearson Electronics) attenuated with a low-
voltage attenuator (2-20, Barth Electronics). The voltage and current sig-
nals are recorded with an oscilloscope (1 GHz WavePro 7000A Series, LeCroy).
The methodology to deduce the deposited energy per pulse is provided in Ap-
pendix A. Figure 2.2 displays the temporal evolution of current, I, voltage
amplitude, U , and energy per pulse, E

p

, for a high-voltage pulse of a NRP
corona discharge, averaged over 1,000 pulses.
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Figure 2.2: Temporal evolution of the current, I (upper graph, red line), voltage
amplitude, U (upper graph, black line), and energy per pulse, E

p

(lower graph), of a
NRP corona discharge averaged over 1,000 pulses.

Imaging of the discharges organization in the inter-electrode region is realized by
collecting the plasma light emission in the visible range with a camera (D7000,
Nikon) equipped with a glass lens. The exposure time is between 0.02 s and
3.20 s, the sensitivity is kept constant and set to ISO 1600 and the aperture is
set to f/25.

The velocity of the air flow is measured with a hot wire (55P16, Dantec Dy-
namics) located upstream of the swirler. Measurements of the velocity in the
inter-electrode area is obviously not possible with a hot wire during plasma
generation. Section 2.2.3.2 describes how the velocity in the inter-electrode
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area is determined from measurements upstream of the swirler. The hot wire
had to be calibrated prior to the measurements; this procedure for calibration
is detailed in Appendix B.

Finally, acoustic pressure measurements close to the inter-electrode area are
made with a microphone (Type 4138, Brüel & Kjær) and a preamplifier (Type
2670, Brüel & Kjær) connected to a conditioning amplifier (Type 2690 Nexus,
Brüel & Kjær). Setting the microphone in the manner depicted in Figure 2.1
is intrusive but will not significantly affect the pressure oscillation in the inter-
electrode area.

2.2.3 Experimental procedure

2.2.3.1 Steady air flow

For steady flow conditions, experiments are carried out to analyse the impact
of the velocity on the plasma regime. The velocity profile in the inter-electrode
area is thus determined when the hot wire is set 2 mm above the outlet of the
injection tube. This intrusive sensor is mainly sensitive to the norm of the
velocity component of the flow perpendicular to the hot wire. Assuming that
the radial velocity component of the swirling flow can be neglected, the hot
wire is oriented so as to successively measure the mean axial, ū

z

, and mean
azimuthal, ū

✓

, velocity components of the swirling jet exhausting the injection
tube. These measurements are carried out for the two swirlers with 34 � and
48 � blade angles, designated by medium swirl and strong swirl in the following.
The resulting u

z

and u
✓

under a steady air flow are calculated according to:
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ū
✓

=
2

R2�t

Z
R

0

Z
�t

0

r u
✓

(t; r) dt dr. (2.2)

where R= 9mm is the radius of the inter-electrode area and �t= 16 s is the
signal acquisition time. The velocity ū

z

corresponds to the bulk velocity in the
injection channel.

Spatially and temporally averaged velocity components are calculated as fol-
lows:
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Results are presented in Figure 2.3 for two different swirlers and the same bulk
velocity of 1.42m.s�1 in the annular gap of the injection tube. Figure 2.3(a)
shows the local axial velocity profiles and Figure 2.3(b) presents the local az-
imuthal velocity profiles for the two tested swirlers. The sign of the signal was
adjusted across the symmetry axis of the system for the azimuthal velocity
component. The strongly swirled flow reaches higher axial and azimuthal peak
velocities than the moderately swirled flow. The axial velocities both feature a
M-shaped profile with about the same minimum velocity of about 0.5m.s�1 on
the burner axis. This velocity defect in the centre flow originates from the wake
of the central bluff body and from the negative axial pressure gradient due to
the swirling flow. The azimuthal velocity component features a Rankine-like
vortex profile except near the burner axis. The hot wire is not suited for velocity
measurements in this low azimuthal velocity region and the contribution from
the axial flow might be of the same order of magnitude. Away from this region,
the radial and azimuthal velocity gradients increase between the medium and
strong swirl cases. The main observation is that the two swirlers allow to im-
part an azimuthal component to the flow with a peak velocity roughly equal to
half the axial peak velocity of the jet.

Measurements of NRP corona to spark (C-S) and spark to corona (S-C) regime
transition voltages are first made in a configuration with a purely axial flow
(swirler with 0 � blade angle) by changing the flow rate of air. The range
of explored bulk flow velocities, ū

z

, in the inter-electrode gap is indicated in
Table 2.1 together with the Reynolds number, Re, calculated as:

Re =
ū
z

D
h

⌫
air

, (2.5)

where ū
z

is the bulk flow velocity, as defined in Equation (2.1), D
h

is the
hydraulic diameter of the inter-electrode area and ⌫

air

= 1.59⇥ 10�5 m2.s�1 is
the kinematic viscosity of air at atmospheric pressure and ambient temperature.
The value of the hydraulic diameter is determined, in the current configuration,
as:

D
h

=
4S

P
= D � d, (2.6)

where S and P are the surface and perimeter of the inter-electrode area, and
D and d are the diameter of the nozzle and of the high-voltage electrode,
respectively.
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Figure 2.3: (a) Axial and (b) tangential velocity profiles for two types of swirlers in
the test-rig: the medium swirler (solid black lines) and the strong swirler (dashed red
lines). The value of the bulk velocity is ūz =1.42m.s�1.

Table 2.1: Velocities in the inter-electrode area, ūz, for the regime transition voltages
study in a steady air flow and corresponding Reynolds numbers, Re. The hydraulic
diameter is D

h

=15.3mm and the viscosity of the gas is ⌫
air

=1.59⇥ 10�5 m2.s�1.

ū
z

Re
(m.s�1) (.)
0.33 318
0.66 636
1.00 963
1.33 1,281

For a fixed bulk flow velocity, the inter-electrode voltage is slowly increased,
so as to visually reach transition from NRP corona discharges to NRP spark
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discharges (C-S). This transition could not be detected for bulk flow velocities
higher than ū

z

= 1.33m.s�1 due to the limited maximum amplitude of the high
voltage pulses of 15 kV. The voltage is then decreased until the reverse (S-C)
transition takes place. The measurements are repeated thrice and averaged
results are presented. The error bars in the following figures correspond to the
maximum differences observed between these three measurements. Effect of
swirl is then examined in a second set of experiments for two fixed flow rates
corresponding to ū

z

= 0.33 and 1.00 m.s�1.

2.2.3.2 Harmonically oscillating air flow

Effects of acoustic forcing on the NRP discharge regime are examined without
swirl (S = 0). The investigated conditions are summarized in Table 2.2. The
amplitude of the voltage pulses is chosen to obtain NRP corona discharges close
to the transition to NRP spark discharges.

Table 2.2: Sets of experimental conditions used for the determination of the influence
of an oscillating flow on NRP plasma discharges.

Label of ū
z

PRF U
the set (m.s�1) (kHz) (kV)
1st set 1.42 30 12.75
2nd set 0.81 30 12.02
3rd set 0.81 15 13.93

For each set of conditions in Table 2.2, the amplitude of the acoustic forcing
is slowly increased from zero to a level where a C-S transition is observed. If
the amplitude is increased further, the plasma regime returns to NRP corona
discharges (S-C transition). The hot wire, placed far enough from the walls, at
the converging nozzle outlet, is used to deduce the velocity signal in the inter-
electrode gap and the corresponding mean and root mean square (RMS) values
of this signal for the C-S and S-C transitions. These calculations are based on
mass balance for low-frequency acoustic waves leading to a conservation of the
acoustic volume flow rate over an axial distance which is short compared to the
acoustic wavelength. The cross-sectional area at the converging nozzle outlet
being 3.36 times larger than the cross section in the inter-electrode region, the
velocity measured at the convergent exhaust needs to be multiplied by 3.36 to
determine the velocity in the inter-electrode annulus.

Predictions are compared in Figure 2.4 with direct measurements in the inter-
electrode region in the absence of plasma for two forcing frequencies: (a)
f
ac

= 40Hz and (b) f
ac

= 80Hz. The signals are well superimposed.
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Figure 2.4: Temporally averaged velocity signals for two acoustic forcing frequencies:
(a) 40Hz and (b) 80Hz. The velocity upstream of the swirler (solid black lines) was
multiplied by the ratio of cross-sectional areas, 3.36, to compare it with the velocity
measured in the inter-electrode area (dashed red lines). The mean value of the velocity,
ūz, is 1.42m.s�1.

2.3 Results

2.3.1 Steady air flow

Effects of the air velocity on NRP plasma discharges are first assessed by the
direct visualizations of the inter-electrode area presented in Figures 2.5(a) to
2.5(d), with the camera positioned so as to visualize the inter-electrode area.
The inter-electrode voltage is kept constant in these experiments and set to
U = 12.46 kV while the PRF is set to 30 kHz. Figure 2.5(a) corresponds to a case
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without flow (within quiescent air). Figures 2.5(b), (c) and (d) correspond to
resulting axial velocities in the inter-electrode area of, respectively, 0.81 m.s�1,
0.81 m.s�1 and 1.42 m.s�1. There is no azimuthal velocity in cases (b) and (d),
and (c) is obtained with medium swirl, which induces an azimuthal velocity
component of 0.29m.s�1.

(a) ūz = 0 m.s�1 (b) ūz = 0.81 m.s�1

(c) ūz = 0.81 m.s�1; ū✓ = 0.29 m.s�1 (d) ūz = 1.42 m.s�1

Figure 2.5: Photographs of the NRP plasma discharges obtained for different flow
conditions with pulse voltage amplitude of 12.46 kV and a PRF of 30 kHz. Pictures
(a), (b) and (c) were taken with an exposure time of 0.02 s, while picture (d) was taken
with an exposure time of 3.20 s.

In Figure 2.5(a) (without flow), the NRP plasma discharges are in the spark
regime as defined by Pai et al. (2010a), and are well distributed around the
whole surface of the anode. The luminous intensity is higher and the sparks are
more uniformly distributed than in Figure 2.5(b), obtained for a bulk velocity
of ū

z

= 0.81m.s�1. In this case, the discharges mainly start from the edge of
the anode and reach the whole surface of the cathode. In Figure 2.5(c), the
NRP spark discharges look similar as in Figure 2.5(b) but they mainly reach
the upper part of the cathode. In these three figures, the exposure time of the
camera was set to 0.02 s, allowing 600 pulses at a PRF of 30 kHz to be imaged.
In Figure 2.5(d), the NRP discharges are in the corona regime, as defined by
Pai et al. (2010b), and the exposure time had to be significantly increased
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(to 3.20 s) to obtain a good image quality, corresponding to a visualization of
96,000 pulses at the same PRF of 30 kHz. In these experiments, it was observed
that the NRP discharges transit directly from spark to corona; the intermediate
NRP glow regime, as defined by Pai et al. (2009), does not appear.

These figures clearly indicate that an air stream and swirl significantly affect
the organization as well as the regime of the NRP plasma discharges. An inter-
electrode area with no air motion, as in Figure 2.5(a) favours the presence
of NRP spark discharges. This can be explained by the fact that a constant
air flow, as in Figures 2.5(b), (c) and (d), prevents the accumulation of the
effects of successive plasma pulses. By only considering this phenomenon, it is
clear that the residence time of the fluid particles convected by a transverse air
flow within the inter-electrode region will determine the number of air particles
treated by the plasma pulses (by addition of heat and active species). If they are
transported faster out of the inter-electrode area, this cumulative effect of NRP
discharges is reduced, lowering the probability of the creation of NRP spark
discharges. This scenario is retained here to interpret the following results.

2.3.1.1 Impact of an axial stream

Effects of a mean bulk flow on the C-S and S-C regime transition voltages
are presented in Figure 2.6. The voltage, U , for the two considered regime
transitions increases with the bulk air flow velocity, ū

z

. A hysteresis effect is
observed, placing the C-S transition curve (solid black line) at a higher voltage
level than the S-C transition curve (dashed red line). The width of the hysteresis
region takes values between 1 and 3 kV, depending on the bulk flow velocity.

This phenomenon has already been observed by Jaworek and Krupa (1996),
but for DC corona discharges. The authors suggested that the increase in
breakdown voltage induced by an air velocity increase is due to an increase in
the effective length of the plasma streamers due to their deflection by the air
flow. As in our case the length of the discharge channels does not seem to be
affected by the flow, as seen in Figures 2.5(b) and 2.5(c), it appears that this
explanation does not apply here. These observations are further analysed in
Section 2.4.

To validate the analysis of Section 2.4, the results from Figure 2.6 are compared
with another set of measurements for the C-S transition. This experiment
has been performed by setting a constant inter-electrode voltage, U = 14.60 kV.
With an axial air velocity set at a value between 0.33 and 1.33 m.s�1, the PRF
is increased until the C-S transition is reached. The results are displayed in
Figure 2.7 and show a linear influence of the axial air velocity on the PRF to
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Figure 2.6: Voltage, U , values for C-S (solid black) and S-C (dashed red) transitions
as a function of the bulk flow velocity, ūz, for a non-swirled air flow (ū✓ = 0). The
PRF is set to 30 kHz.

reach C-S transition. Note that this experiment has only been performed once,
hence the absence of error bars on this figure.
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Figure 2.7: PRF values for C-S transition as a function of the axial velocity, ūz, for
a non-swirled flow (ū✓ =0). The inter-electrode voltage, U , is set to 14.60 kV.

2.3.1.2 Impact of an azimuthal flow

Effects of swirl are now analysed. The C-S and S-C transition voltages are
measured in three configurations: without azimuthal velocity, with moderate
swirl and with strong swirl. Results are presented for two bulk flow veloc-
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ities ū
z

= 0.33m.s�1 and ū
z

= 1.00m.s�1 in Figure 2.8. The component ū
✓

indicated in these figures corresponds to the resulting velocity reached by the
azimuthal flow in the swirling jet at the injection tube outlet, obtained with
Equation (2.2).
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Figure 2.8: Voltage values (a) for C-S and (b) for S-C transitions. Two axial ve-
locities, ūz, are considered: 0.33m.s�1 (solid black lines) and 1.00m.s�1 (dashed red
lines). The PRF of the pulses is constant and set to 30 kHz.

The voltage amplitudes needed to reach the C-S or the S-C transition are
very similar for the three examined configurations. The difference between the
transition voltages for the medium and strong swirling flows is indeed small
compared to the absolute values of the voltages. The difference is less than
1.6 kV variation for voltages lying between 13 and 15 kV, corresponding to a
relative difference of about 12 %. It can be concluded that, in contrast to the
NRP spark discharges organization (see Figure 2.5), there is no significant effect
of the azimuthal component of the flow on the C-S and S-C transition voltages.
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The effect of acoustic oscillations of the flow will thus be investigated only for
non-swirling flows.

2.3.2 Harmonically oscillating flow

Experiments with low frequency acoustic forcing are conducted here for a total
duration of 16 s. The definition of the mean (or bulk) velocity, ū

z

, is given in
Equation (2.1). The RMS velocity, u0

z

, that is used to estimate the residence
time of air particles in the inter-electrode area is expressed as:

u0
z

=

✓
1

T

Z
T

0

�
ūt
z

� ū
z

�
2

dt

◆
1/2

, (2.7)

where ūt
z

is the instantaneous velocity in the inter-electrode region (see Sec-
tion 2.2.3.2) and T = 1/f

ac

is the forcing period of the harmonic signal. The
relative RMS velocity is defined as the ratio of the RMS and the mean velocity,
u0
z

/ū
z

. A systematic analysis shows that the relative difference between the
reconstructed velocity and its actual measured value lies between 7.53 % and
10.22 % for RMS velocities, between 8.05 % and 13.07 % for mean velocities and
between 8.84 % and 12.88 % for relative RMS velocities. The uncertainty in the
velocity measurements is therefore considered as smaller than 13 %.

The NRP regime chart is presented in Figure 2.9 as a function of the acoustic
forcing frequency f

ac

and the modulation velocity u0
z

when the bulk flow velocity
is set to ū

z

= 1.42m.s�1. In this figure, the PRF is set to 30 kHz and the voltage
is fixed to 12.75 kV. In the first region, designated by (1) and corresponding to
relatively low modulation amplitudes, the NRP plasma discharges are in the
corona regime. The second region, designated by (2), corresponds to the NRP
spark regime, reached for moderate velocity fluctuations. The third region, des-
ignated by (3), is reached when the modulation amplitude is further increased;
in this region, the NRP discharges return to the corona regime. For forcing
frequencies higher than 192 Hz, transition to the NRP spark regime cannot be
observed, and the plasma remains in the NRP corona regime, irrespective of
the forcing amplitude.

The results presented in the following are given in non-dimensionalised form.
The Strouhal number is defined as:

St =
f
ac

h

ū
z

(2.8)

where h= 1.2mm is the height of the inter-electrode area. The RMS velocity of
the acoustic forcing, u0

z

, is expressed as the relative RMS velocity by dividing
it by the mean velocity of the air flow, ū

z

.
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Figure 2.9: NRP discharges regimes for acoustic forcing frequencies, f
ac

, varying
from 16 to 192Hz and amplitudes, u0

z, between 0 and 3m.s�1. The bulk flow velocity,
ūz, is set to 1.42m.s�1, the PRF is 30 kHz and the voltage amplitude is 12.75 kV.

Figure 2.10 compares the relative RMS velocities, u0
z

/ū
z

, measured (a) for the
C-S and (b) for the S-C transitions of NRP discharges for the three experimen-
tal conditions defined in table 2.2 as a function of the Strouhal number, St. For
a bulk injection velocity of ū

z

= 1.42m.s�1 and a PRF of 30 kHz, an air particle
is convected, on average, by 47µm between two pulses. By changing the PRF
or the mean resulting axial air velocity, the particle displacement between two
NRP discharges is altered, and the displacement of the previously treated air
particles is modified, as explained in Section 2.3.1. The C-S transition in Fig-
ure 2.10(a) is reached at a similar relative RMS velocity value over the Strouhal
number span (corresponding to acoustic frequencies between 16 and 192 Hz).
The S-C transition curves (see Figure 2.10(b)) follow another trend: for low
Strouhal numbers (typically, for acoustic frequencies lower than 100Hz) the
modulation level required for the S-C transition is much larger than at high
Strouhal number. The relative RMS velocities for the transitions are similar
for each set of experimental conditions.

2.4 Analysis and discussion

2.4.1 Steady air flow

It was shown in the previous section that the C-S and S-C regime transition
voltages increase with the bulk flow velocity (see Figure 2.6), supposedly due
to a faster transport of the air particles out of the inter-electrode region. Fig-
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Figure 2.10: (a) C-S transition and (b) S-C transition curves in terms of the relative
RMS velocity and the Strouhal number. Solid black: first set of experimental condi-
tions, dashed red: second set of experimental conditions and dash-dotted blue: third
set of experimental conditions, from table 2.2.

ure 2.11 shows a schematic of this region that spans over a height h= 1.2mm,
corresponding to the height of the cathode. The mean residence time, t

R

, of
an air particle in this region is then given by:

t
R

=
h

ū
z

. (2.9)

The residence time multiplied by the PRF yields the number of NRP pulses, n,
to which an air particle is submitted when travelling through the inter-electrode
region:

n = t
R

⇥ PRF. (2.10)
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Table 2.3 makes a synthesis, for a PRF of 30 kHz, of the residence times, t
R

,
and number of applied pulses on air particles in the inter-electrode area, n, for
the range of bulk velocities, ū

z

, explored in Figure 2.6.

Anode 

Cathode 

Air 

d 

h

Discharge 

Ceramic 
coating 

Figure 2.11: Cross-section of the inter-electrode area at the outlet of the injection
tube, where the NRP plasma discharges are generated. The gap distance between the
anode and the cathode, d, is 7.7mm and the height of the inter-electrode area, h, is
1.2mm.

Table 2.3: Mean residence times and number of applied pulses on the particles in
the inter-electrode area for the studied bulk velocities. Calculations made with Equa-
tion (2.9), with an inter-electrode area height, h, of 1.2mm and a PRF of 30 kHz.

ū
z

t
R

n
(m.s�1) (ms) (.)
0.33 3.64 109
0.66 1.82 55
1.00 1.20 36
1.33 0.90 27

Increasing the convective transport exposes an air particle to less NRP plasma
discharges, thus reduces the cumulative heating and active species production.
Increasing the voltage amplitude compensates this effect and increases the heat-
ing and active species production induced by individual pulses to reach the
transitions presented in Figure 2.6. It is reasonable to assume that the pulse
power required to reach a NRP regime transition is inversely proportional to
the mean number of applied pulses on air particles during their transit in the
inter-electrode area. This hypothesis is checked by turning the parameters in
Figure 2.6 non-dimensional and by comparing them with the data from Fig-
ure 2.7. The resulting axial air velocity, ū

z

, is now expressed as the mean
number of high-voltage pulses applied on an air particle in the inter-electrode
area, n, defined by Equation (2.10). The inter-electrode voltage for C-S transi-
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tion, U , is expressed as the non-dimensional power of the pulses, P ⇤, expressed
as:

P ⇤ =
U2/R

air

U2

0

/R
air

, (2.11)

where R
air

= 1.19⇥ 1016⌦ is the electrical resistance of the considered volume
of air (see Figure 2.11) under atmospheric conditions, and U

0

is the inter-
electrode voltage required to reach C-S transition in quiescent air. Plotting
the product of the non-dimensional pulse power and the number of pulses,
P ⇤⇥n, as a function of the number of pulses, n, in Figure 2.12 highlights the
linear evolution between the two quantities. The data at ū

z

= 0m.s�1 have
not been included because the number of applied pulses in a quiescent air is
hard to quantify (the only air motion results from the thermal expansion of air
following a high-voltage pulse). The data from the two experiments presented
in Section 2.3.1.1 (the black lines correspond to the data from Figure 2.6 and
the red line corresponds to the data from Figure 2.7) superimpose well.
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Figure 2.12: Non-dimensionalised power of the high voltage pulses, P ⇤, multiplied by
the mean number of applied pulses on an air particle in the inter-electrode area, n, as
a function of n. The black lines correspond to the experimental data from Figure 2.6
and the red line corresponds to the experimental data from Figure 2.7.

The following relation between the pulse power, P ⇤, and the number of applied
pulses on an air particle, n, may be deduced:

P ⇤ = A+
B

n
, (2.12)

where A= 2.52 and B = 10.95. The result from Equation (2.12) implies that an
increase of the number of applied pulses on the air particles results in a decrease
of the required power to reach C-S transition in the inter-electrode area.
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However, even with a constant voltage, the properties of the air in the inter-
electrode area change after each high-voltage pulse. The energy deposition is
then in fact different for each pulse. Thus, the total energy deposition on an
air particle that is required to reach a NRP regime transition, E

transition

, is
actually expressed as:

E
transition

=
nX

i=1

E
p;i

=
nX

i=1

Z i
PRF

i�1

PRF

U(t)⇥ I
i

(t)dt, (2.13)

where the inter-electrode voltage waverform, U(t), is supposed to remain the
same for each high-voltage pulse.

The analysis based on the calculation of the non-dimensional pulse power, P ⇤,
as a function of the square inter-electrode voltage, U2, is rough and the equiv-
alent electrical circuit of the inter-electrode area is not trivial to model. The
modeling of I(t) that is necessary to determine the relative impact of n and U
on the C-S and S-C transitions will require further investigations, and is not
presented in the current work.

Modifying the azimuthal velocity by imparting swirl to the flow does not alter
the residence time inside the inter-electrode region so that air particles are still
exposed to the same number of pulses, which is consistent with the results
presented in Figure 2.8.

2.4.2 Pressure oscillations induced by acoustic forcing

The effect of acoustic oscillations on the regime transitions is now discussed.
Sound waves are accompanied by small fluctuations in pressure and velocity.
Their effects on the formation of the discharges are examined separately.

A variation in pressure induced by the acoustic field alters the reduced electric
field, E/N , which might, in turn, modify the discharge regime transition (see
for instance Rusterholtz et al. 2013):

E

N
=

U

d⇥N
. (2.14)

Here, U is the inter-electrode voltage, d is the gap distance and N is the par-
ticle density. Assuming plane wave propagation, sound pressure waves associ-
ated with fluctuations of the acoustic velocity with a RMS fluctuation u0

z

in
the inter-electrode region correspond to pressure fluctuations p0 ' Z

0

⇥ u0
z

,
where Z

0

' 400 kg.m�2.s�1 is the characteristic impedance of air at atmo-
spheric pressure and room temperature. Due to the relatively large values
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taken by u0
z

 3 m.s�1, the corresponding RMS sound pressure levels also reach
high values: p0  1, 200Pa (i.e. 155 dB). This level of fluctuations is however
weak compared to the atmospheric pressure p0/p̄' 10�2 but could be sufficient
to explain a NRP regime transition. We therefore performed pressure measure-
ments with a microphone, to check the pressure variation in our experimental
setup during acoustic forcing.

Most favorable conditions for spark formation will take place at the instant
of lowest density, thus lowest pressure. The minimum peak of the pressure
fluctuation was evaluated for a range of acoustic frequencies from 32 to 160Hz
and for the amplitudes corresponding to C-S and S-C transitions with a bulk
velocity of 1.42 m.s�1 and a PRF of 30 kHz. Figure 2.13 presents the results.
The error bars take into account the calibration and the sensitivity of the
microphone conditioning amplifier; these were estimated at 5% of the measured
pressure value.
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Figure 2.13: Negative peak pressure measured for C-S transition (dashed red curve)
and S-C transition (solid black curve). The harmonic oscillation amplitudes match the
ones corresponding to C-S and S-C transitions with a bulk flow velocity of the air of
1.42m.s�1; the NRP discharges are pulsed at a PRF of 30 kHz and a voltage amplitude
of 12.75 kV.

The minimum pressure, which should favour NRP spark discharges, actually
corresponds to the S-C transition. The evolution of the measured pressure
is therefore not consistent with the expected trend. Furthermore, the mini-
mum pressure resulting from acoustic forcing lies between 6 and 31Pa below
the mean pressure (corresponding to a fluctuation between 55 and 62 dB), far
smaller than the expectations. These measured values are very small compared
to the atmospheric pressure (p0/p̄' 10�4) so that the effect of a temporarily
decreased pressure on NRP spark discharge formation can be considered neg-
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ligible. Pressure can therefore be ruled out as a significant factor in the NRP
regime transitions observed during acoustic forcing of the flow.

2.4.3 Residence times during acoustic forcing

Experiments presented in Section 2.3.2 were carried out for different repetition
frequencies and air velocities, at a fixed voltage amplitude. For each set of
these experimental conditions, the inter-electrode voltage has been adjusted so
as to be close to the C-S transition. Effects of the voltage amplitude are not
considered in the following analysis. The breakdown phenomenon depends in
a complex and non-linear manner on the inter-electrode voltage, and quantita-
tive modeling of this effect is not attempted. The objective is here to examine
whether modifications of the residence time may be used to interpret the tran-
sitions observed in Figure 2.9.

The residence time, t
R

, is defined as the time that a particle located at a
boundary of the inter-electrode domain (z = 0 or z =h) needs to move out of
this area, i.e. go beyond the upper limit z >h. The residence time, t

R

, if the
air particle was initially located at z = 0, is thus implicitly defined by:

h =

Z
t

1

+tR

t

1

ūt
z

dt, (2.15)

where t
1

is an arbitrary time in the acoustic forcing period. If the air particle
was initially located at z =h, the residence time is:

0 =

Z
t

1

+tR

t

1

ūt
z

dt, (2.16)

supposing that the particles are not convected upstream of the inter-electrode
area.

The instantaneous axial velocity of the flow, ū
z

(t), can be expressed, in the
case of a sine acoustic forcing as:

ūt
z

= ū
z

+ u0
z

p
2 sin

✓
2⇡

T
t

◆
, (2.17)

where T = 1/ f
ac

is the acoustic period. Because the axial extent of the inter-
electrode area is small compared to the acoustic wavelength (C

air

/ f
ac

, with
C
air

the speed of sound in air), which lies between 1.77 and 21.25 m at the low
frequencies considered here, the unsteady velocity component can be taken as
spatially constant.
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Equations (2.15) and (2.16) are then integrated to yield implicit expressions for
the residence time:

t
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=
h

ū
z

+
u0
z

ū
z
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p
2


cos
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(t

1

+ t
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)

◆
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t
1

◆�
, (2.18)

t
R

=
u0
z

ū
z
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✓
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+ t
R

)

◆
� cos

✓
2⇡

T
t
1

◆�
. (2.19)

Equations (2.18) and (2.19) apply for the case that the air particle was initially
located respectively at z = 0 and z =h and show that, for high frequencies of
the acoustic forcing (low T ), the effect of the flow modulation will be small
so that the residence time is similar to the one without acoustic forcing. The
effect of flow modulation on the C-S and S-C transitions therefore decreases
with frequency. This is in agreement with the experimental results: it was not
possible to obtain NRP spark discharges for frequencies larger than 200Hz.

The residence time also depends on the relative modulation level, u0
z

/ū
z

and
t
1

.

2.4.3.1 Case without backflow

We first consider the case where the oscillation amplitude is smaller or equal
to the mean flow velocity (u0

z

p
2  ū

z

). The model detailed here is named
Model 0. For this case, an air particle always moves in the direction of the
mean flow, and the residence time will be maximum for the following condition
(corresponding to a minimum air velocity, see Figure 2.14):

t
1

+
t
R

2
=

3

4
T. (2.20)

Then, for the case where the air particle is initially located at z = 0, Equa-
tion (2.18) gives:

t
R,max

=
h

ū
z

+
u0
z

ū
z

T

⇡
p
2
sin

⇣⇡

T
t
R,max

⌘
. (2.21)

Figure 2.15 presents the effect of the acoustic oscillation frequency on the num-
ber of applied pulses on air particles for relative RMS velocities u0

z

/ū
z

= 0.21,
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Figure 2.14: Illustration of the required condition from Equation (2.20) to ensure a
maximum residence time of the air particles in the inter-electrode area when u0

z

p
2  ūz

(Model 0).

0.35 and 0.49 (the mean axial velocity is here set to ū
z

= 1.42m.s�1). These
values were chosen according to the C-S transition in Figure 2.9. The effect
of the oscillation frequency is not significant. The maximum variation is ob-
tained for a relative amplitude of u0

z

/ū
z

= 0.49, where n only decreases from
80 at St= 0.01 to 55 at St= 0.16. As a comparison, the number of applied
pulses without acoustic forcing is 25. Thus, for any frequency in the range of
16 to 192Hz, the acoustic forcing significantly increases the residence time of
air particles in the inter-electrode area, even at low amplitudes of forcing.

2.4.3.2 Case with backflow

We now consider the case where the acoustic oscillation amplitude is larger
than the mean flow velocity (u0

z

p
2 > ū

z

). For this case, during a certain part
of the acoustic period, the flow velocity is negative and an air particle moves
upstream. In order to maximise the residence time, different scenarios are pos-
sible, depending on the initial location of the air particle. For an air particle
initially located at the lower boundary of the inter-electrode area (z = 0), the
residence time will be maximum if the particle follows the trajectory depicted
in Figure 2.16 (Model 1). Since the considered period, T , of the acoustic forc-
ing is very high compared to the particle residence time in the inter-electrode
area, it is not possible for a particle to stay for several acoustic periods in the
inter-electrode area. In order to optimize the trajectory (red line), we need to
carefully choose t

1

and t
2

for each frequency and amplitude of the oscillation.
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Figure 2.15: Effect of the Strouhal number, St, on the number of applied pulses on
an air particle, n, predicted by Equation (2.21) and calculated from Equation (2.10),
for low amplitudes of the forcing, corresponding to Model 0. The mean velocity of the
flow, ūz, is 1.42m.s�1.

This ideal trajectory will produce the largest residence time, t
R,max

, that can
be obtained by solving the following system of four equations:

Z
t

1

+t

R,max

t

1

ūr
z

dt = h (2.22)
Z

t

2

t

1

ūr
z

dt = 0 (2.23)

u
z

(t
2

) = 0 (2.24)
du

z

dt
(t

2

) > 0 (2.25)

Figure 2.17 presents the effect of acoustic oscillation amplitude and Strouhal
number on the number of applied pulses on a particle initially located at z = 0.
The mean flow velocity is set to 1.42 m.s�1. The hatched area indicates condi-
tions for which Model 1 cannot be applied, meaning that the red trajectory in
Figure 2.16 cannot be obtained, the trajectory is then similar to the blue one.
In order to explain the S-C transition, i.e. for high oscillation amplitudes, this
model can only be used for elevated frequencies. From 112 to 192 Hz (St= 0.1
to 0.16), the number of applied pulses that can be obtained following Model
1 varies from 150 to 100. The corresponding RMS oscillation amplitudes are
1.6 m.s�1 and 1.8 m.s�1, hence a relative RMS fluctuation between 1.1 and 1.3.
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Figure 2.16: Non-ideal (blue) and ideal (red) air particle trajectories maximising the
residence time of an air particle in the inter-electrode area, when it is initially located
at z =0, for acoustic oscillation amplitudes larger than the mean velocity.

These values are slightly larger than the experimental results presented in Fig-
ure 2.9; however, the trend is apparent. For high oscillation frequencies, the
amplitude has only little effect on the maximum residence time. By increasing
or decreasing the mean velocity of the flow, the limit RMS velocity for which
Model 1 is valid is displaced respectively to higher or lower RMS velocity values.
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Figure 2.17: Number of applied pulses on air particles as a function of Strouhal
number and relative velocity modulation level following Model 1 from Figure 2.16.
The hatched area corresponds to conditions for which Model 1 is not valid. The mean
velocity of the flow is 1.42m.s�1.

By now considering an air particle initially located at the upper boundary of
the inter-electrode area (z =h), the maximum residence time, t

R,max

, will be
attained if the air particle follows the red trajectory in Figure 2.18 (Model 2).
In this case, the maximum residence time is found by solving the system of
equations:
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Figure 2.18: Non-ideal (blue) and ideal (red) air particle trajectories maximising the
residence time of an air particle in the inter-electrode area, when it is initially located
at z =h, for acoustic oscillation amplitudes larger than the mean velocity.

Figure 2.19 presents the effect of relative oscillation amplitude and Strouhal
number on the number of applied pulses on a particle initially located at z =h
with a mean air velocity of 1.42m.s�1. The hatched area indicates conditions
for which Model 2 cannot be applied, i.e. the red trajectory in Figure 2.18
cannot be obtained (the trajectory then corresponds to the blue curve of this
same figure). A given number of pulses at low Strouhal number (for example,
120 pulses in cyan) follows the same trend as the S-C transition in Figure 2.9.
Changing the mean velocity of the air flow leads to the same displacement of
the limit RMS velocity for which Model 2 is valid as in Figure 2.17.

The whole effect of acoustic forcing on the maximum residence time is finally
considered by combining the results for low oscillation amplitudes (Model 0)
and for the case with backflow (Model 1 and Model 2). Table 2.4 summarizes
the different situations and the maximum residence times that an air particle
can be exposed to, depending on the amplitude and the frequency of the forc-
ing. Figure 2.20 shows isolines for a number of 90 pulses (residence time of
3 ms), obtained from a combination of the individual models (solid black lines).
This value of 90 pulses provides the best fit with the experimental values (red
squares) for the C-S and the S-C transitions. The qualitative structure in
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Figure 2.19: Number of applied pulses on air particles as a function of Strouhal
number and relative velocity modulation level following Model 1 from Figure 2.18.
The hatched area corresponds to conditions for which Model 2 is not valid. The mean
velocity of the flow is 1.42m.s�1.

the frequency-amplitude domain looks very similar to the measured transition
curves in Figure 2.9. It can therefore be concluded that the dominant effect of
acoustic oscillations on the C-S and S-C transitions is merely linked to a change
in the residence time of the air in the inter-electrode area.
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Figure 2.20: Isolines corresponding to a number of 90 pulses applied to the air par-
ticles, obtained by combining modeling results (black lines) for low-amplitude (Model
0, dashed black line) and for high-amplitude forcing (Model 1 and Model 2, solid black
line), for a mean velocity of the flow ūz =1.42m.s�1. Data are compared to measure-
ments (red squares) for a PRF of 30 kHz, voltage pulse amplitude of 12.75 kV and a
mean air velocity of 1.42m.s�1. Number of pulses larger than 90 are found to the left
of the lines.
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Table 2.4: Synthesis of configurations maximizing the residence time.
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2.5 Conclusion

The effect of steady and harmonically oscillating flow on the regime transitions
of NRP discharges has been experimentally investigated in a pin-annular con-
figuration. The importance of the axial air velocity on the C-S and S-C regime
transition voltages has been demonstrated. The azimuthal velocity component
was found to have a negligible effect on the regime transitions, for the inves-
tigated range of velocities. These experimental observations can be explained
by analysing the cumulative effect of repetitive nanosecond discharges and the
residence time of air particles in the inter-electrode area.

In addition, the effect of harmonic oscillations superimposed to the mean steady
flow was investigated. For a frequency range from 16 to 192 Hz, a moderate os-
cillation amplitude can promote the NRP spark regime. Higher oscillation am-
plitudes, on the other hand, promote the NRP corona regime. The oscillation
amplitude at which spark-to-corona transition occurs is strongly frequency de-
pendent. The dependence of the regime transitions on the oscillation amplitude
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and frequency is explained by their effect on the residence time of air particles
in the inter-electrode area. A model for the maximum residence time under
the effect of acoustic oscillations was developed and qualitatively captured the
experimentally-observed regime transitions in the frequency-amplitude space.



Chapter 3

Effect of laminar premixed
flames on NRP corona
discharges

The influence of laminar premixed flames on the behaviour of NRP
corona discharges is studied in this chapter. In the first experimental
configuration considered, NRP corona discharges are applied with an
orientation parallel to the flame front, inducing a motion of the flame
towards the electrodes. The visual aspect of the plasma discharges is
shown to be a function of the flame’s proximity to the electrodes. When
the flame is sufficiently close to them, a NRP corona to spark regime
transition is observed. The second section considers NRP discharges
applied in several inter-electrode environments: in an air flow, in an
air and methane flow, and in an air and methane flow with a flame be-
tween the electrodes. Along with the influence of the flame’s proximity
on the NRP discharges, similar to the effect observed in the first section,
an also significant effect of the inter-electrode gas mixture on the NRP
discharges is observed. This work has been performed in the Institut für
Strömungsmechanik und Technische Akustik (ISTA) of the Technische
Universität Berlin (TUB), Germany, and in the Clean Combustion Re-
search Center (CCRC) of the King Abdullah University of Science and
Technology (KAUST), Saudi Arabia.
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3.1 Introduction

The influence of a flame on NRP discharges is a topic rarely addressed in the
literature. Yet, several effects related to a reactive mixture can affect the NRP
discharges. First, a flame induces an increase in temperature, thus a decrease
in the gas density, which in turn leads to an increase in the reduced electric field
close to the flame. This parameter has been established as significant regarding
the NRP discharge regime (see for instance Pai et al. 2010b) by its influence
on the electron temperature, as explained by Nighan (1970).

Second, the flame itself is also a plasma, constituted of ions, electrons, and
excited species. For a lean premixed methane-air flame (�= 0.5), the density
of positive ions has been measured as in the order of 1010 cm�3, by Wortberg
(1965) with a Langmuir probe and by Alquaity et al. (2017) by Molecular
Beam Mass Spectrometry (MBMS). The paper of Fialkov (1997) provides a
literature review on the electric properties of flames (such as ionisation rates,
densities of anions, cations and electrons) for different types of flames. This
study mentions, for a laminar premixed methane-oxygen flame, the density of
positive ions to be of the order of 1010 cm�3 while the electron density ranges
from 109 to 1010 cm�3. Detailed chemistry of positive and negative ions in
atmospheric methane-oxygen flames is provided by Goodings et al. (1979a);
Goodings et al. (1979b). The evolution of the prominent ionic species as a
function of the considered position compared to the flame front are presented.
CHO+ and O�

2

, are the dominant ionised species upstream of the flame; they
are formed by chemi-ionisation and electron attachment. Downstream of the
flame, H

3

O+ becomes the dominant ion.

Finally, the composition of the reactive gas mixture flowing between the elec-
trodes also has an influence on the NRP discharges. Indeed, the cross-sections
of the gases define the collisions of electrons with atoms and molecules and are
the fundamental parameters governing the Electron Energy Distribution Func-
tion (EEDF) and energy branching in the discharge process, as well as the rate
constants of the reactions, as mentioned in Starikovskaia (2014).

This chapter displays the effect of a laminar lean premixed methane-air flame
on NRP plasma discharges in the corona regime. Two different configurations
are used: in the first one, NRP corona discharges are pulsed in a parallel direc-
tion compared to a flat flame, stabilised with an acoustic forcing. In the second
setup, the two electrodes are located respectively upstream and downstream of
a stagnation flame, allowing for generation of NRP corona discharges perpen-
dicular to the flame front. These two configurations have been chosen because
they represent a simplified model of the two extreme cases of the generation of
NRP discharges in the presence of a flame front. In the first setup, the flame
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and the electrodes are parallel while, for the second setup, they are orthogonal.
In addition, the second setup is designed in order to provide an axisymmet-
ric configuration, thus allowing for a more feasible comparison with numerical
simulations.

3.2 NRP discharges parallel to flame front

3.2.1 Experimental setup

The burner is displayed in Figure 3.1(a). A methane-air mixture at atmospheric
pressure and ambient temperature is set at an equivalence ratio of 0.75 with
two rotameters (DK800, Krohne). The mixture is brought inside the plenum of
the burner where it flows successively through a perforated plate, a honeycomb,
and a converging nozzle. These elements are designed to ensure reduction of
boundary layer thickness and a quasi-uniform velocity profile of the laminar
flow at the nozzle outlet. A conical quartz tube of 150mm total length confines
the mixture at the outlet of the nozzle; this tube has an inner diameter of
20 mm at its inlet (at the nozzle of the burner), and 40 mm at its outlet; the
low angle of opening of the conical tube (3.2 �) prevents detachment of the
boundary layer. The flow rate of fresh gas is set so as to obtain a velocity of
23.5 cm.s�1 just above the holes for the electrodes (pierced 93 mm above the
inlet section), where the diameter of the tube is 32.4 mm. This value of fresh
gas velocity corresponds to the laminar burning velocity of the flame at an
equivalence ratio of 0.75. The Reynolds number resulting from these settings,
determined with Equation (2.5), is 480.

Visualisation of the flame is performed with a single-lens reflex digital camera
(D70s, Nikon) featuring an exposure time of 2 s, equipped with a visible-range
lens of 50mm focal length (Nikon). The spatial resolution of the pictures is
62.5µm per pixel.

NRP plasma discharges are generated between two pin electrodes set in the
tube. These 1-mm diameter electrodes are both made of tungsten and have
a radius of curvature of 200µm; one of them is linked to the high-voltage of
a nanosecond pulse generator (FPG-series, FID Technologies) while the other
electrode is connected to the ground. The gap distance between the electrodes
is 8mm. This setup allows application of 10 ns-duration pulses, with ampli-
tudes up to 11 kV, at a Pulse Repetition Frequency (PRF) of 30 kHz. A voltage
probe (PHV 4002, PMK GmbH), and a current probe (Current Monitor Model
6585, Pearson Electronics) linked to an attenuator (2-20, Barth Electronics)
are used to evaluate the energy deposited by the NRP discharges in the inter-
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Figure 3.1: (a) Experimental setup and (b) photograph of the flame (blue) and of the
NRP corona discharges (violet); the exposure time is 2 s.

electrode area. The voltage and current probes are connected to an oscillo-
scope (DSOX3024A, Agilent) for recording of the acquired signals. To match
the impedances of each electrical circuit, the voltage probe is connected to the
1 M⌦ impedance input of the oscilloscope and the current probe to the 50⌦
impedance input. The deposited energy per pulse for each experimental mea-
surement has been determined in the manner presented in Appendix A. During
these experiments, the NRP plasma discharges are in the NRP corona regime,
as defined by Pai et al. (2009). The flame and NRP corona discharges are
visualised on Figure 3.1(b). Since the exposure time of the camera is set to 2 s
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and the discharges are pulsed at a PRF of 30 kHz, the photograph corresponds
to a visualisation of 60,000 applied pulses. Figure 3.2 shows photographs of the
NRP discharges for various applied voltages ranging from 4.7 to 10.7 kV in a
transverse air flow. Figures 3.3 and 3.4 present the corresponding waveforms
of the discharges: the voltage amplitude, U , the conduction current, I

cond

, the
instantaneous power, P , and the deposited energy per pulse, E

p

. The PRF
is set to 30 kHz, the inter-electrode gap distance is 8 mm and the air flow ve-
locity is 23.5 cm.s�1. A schematic of the electrodes has been superimposed in
white on the images of Figure 3.2. Pictures (a), (b) and (c) show discharges in
the NRP corona regime while picture (d) shows discharges in the NRP spark
regime. This regime is not used in the following part of this section, as it has
a too strong effect on the flame’s behaviour. Considering the electrode config-
uration, the electromagnetic field generated by the NRP discharges is oriented
in a direction parallel to the flame front.

(a) U = 4.7 kV (b) U = 5.3 kV

(c) U = 6.5 kV (d) U = 10.7 kV

Figure 3.2: NRP discharges in air. The high-voltage electrode (anode) is on the right,
the ground is on the left. The gap distance between the electrodes is 8mm, the PRF
is 30 kHz and the velocity of the transverse air flow is 23.5 cm.s�1. (a), (b) and (c)
are in the NRP corona regime while (d) is in the NRP spark regime. The voltage and
current waveforms corresponding to these photographs are given in Figure 3.3 while
the power and energy waveforms are displayed in Figure 3.4.

The values of conduction current and voltage increase from 1 to 3 A and from 5
to 7 kV for the NRP corona discharges (frames (a), (b) and (c) from Figure 3.2)
while they reach up to 7 A and 11 kV for discharges in the NRP spark regime
(frame (d) from Figure 3.2). The corresponding energies range from 50 to
200µJ.pulse�1 in NRP corona discharges up to 700µJ.pulse�1 in NRP spark
discharges.

The bottom part of the burner is equipped with a loudspeaker (Monacor SPH-
115, 80 W power), linked to an amplifier and signal generator. These elements
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(a) (b)

(c) (d)

Figure 3.3: Temporal evolution of the voltage amplitude, U (black line), and conduc-
tion current, I

cond

(blue line), corresponding to the discharges presented in Figure 3.2.
(a) (b)

(c) (d)

Figure 3.4: Temporal evolution of the instantaneous power, P (black line), and de-
posited energy, E

p

(blue line), corresponding to the discharges presented in Figure 3.2.

are used to generate harmonic acoustic waves at controlled amplitudes and
frequencies. Without acoustic modulation of the flow, it was not possible to
obtain a flat flame, due to the Darrieus-Landau instability. However, it has
been shown that an acoustic forcing of the flow allows for the restabilisation
of a planar flame under certain conditions of frequency and amplitude. Fig-
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ure 3.5 from Clanet and Searby (1998) displays the stability domain of a laminar
lean premixed propane-air flame: at given conditions of frequency and forcing
amplitude, the Darrieus-Landau instability can be suppressed. Another insta-
bility, named parametric instability, appears for high amplitudes of the forcing.
Wangher et al. (2008) make use of such a stabilisation process to investigate
flames with experimental parameters similar to those of this study. Therefore,
in order to obtain a stable flat flame, an acoustic forcing with an amplitude of
1.7 times the flow velocity has been applied at 250 Hz.

Figure 3.5: Stability domains of a laminar planar lean propane-air flame, from Clanet
and Searby (1998).

Figure 3.6 shows a comparison in the shape of the flame when acoustic forcing
is applied transversally to the flame front. The acoustic forcing frequency, f

ac

is maintained constant at 250 Hz, and the forcing amplitude is increased from
0 to 2. A forcing amplitude of u0

z

/ū
z

= 1.7 allows to obtain a reasonably flat
flame and is used in the following part of the study.

(a) u0
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/ū
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/ū
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Figure 3.6: Stabilisation of the laminar premixed flame with an acoustic forcing of
f
ac

=250Hz. (a) Flame with the Darrieus-Landau instability. (b), (c) and (d) for
increasing relative velocity amplitude, u0

z/ūz.
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3.2.2 Experimental procedure

This part of the study aims to display the fact that the flame and its proximity
to the electrodes impacts the shape of the plasma discharges. This influence
on the NRP corona discharges is assessed by visually comparing the discharges
while varying the distance between electrodes and flame, z. This is realised by
slightly changing the global flow rate of the methane-air mixture. Since the
quartz tube has a conical shape, the velocity of the fresh gas evolves with the
considered axial position. The stabilisation position of the flame corresponds
to the axial position where the velocity of the fresh gas mixture is equal to
the flame’s propagation velocity. For three different distances, the shape and
luminous intensity of the NRP plasma discharges are observed and analysed.

3.2.3 Results and discussion

Figure 3.7 compares the shape of the NRP plasma discharges for three differ-
ent distances between electrodes and flame, z. The voltage amplitude is kept
constant at U = 5.4 kV and the PRF is 30 kHz.

In all pictures of Figure 3.7, the discharges are in the NRP corona regime.
The distance between electrodes and flame is z = 2.86mm in frame (a); there
is only a visible light emission at the anode. The NRP corona discharges
are oriented in the horizontal direction, from the anode in the direction of
the cathode. However, when the distance z is reduced to 2.63 mm, the NRP
discharges deviate towards the flame, resulting into a longer, bended corona,
with a horizontal part close to the high-voltage electrode and a vertical part—
directed towards the flame front. When the distance between electrodes and
flame is further decreased to 2.53 mm, the discharges deviate further in the
vertical direction, towards the flame front, becoming nearly vertical. Some
violet light is visible at the ground electrode of frame (c); it is in fact the
reflection from the discharge at the high-voltage electrode on the quartz tube.
An increase in the propagation velocity of the NRP discharges due to a local
increase in the reduced electric field could be responsible for their increased
length.

Pai et al. (2010b) studied the conditions of transition between NRP corona,
glow and spark discharges in air for several parameters, such as pulse repe-
tition frequency, voltage amplitude, inter-electrode gap distance and ambient
gas temperature. A rather significant influence of the ambient gas temperature
on the regimes of NRP discharges was highlighted. An explanation for this
strong dependence on ambient gas temperature is the fact that an increase of
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HVground

(a) z = 2.86 mm

HVground

(b) z = 2.63 mm

HVground

(c) z = 2.53 mm

Figure 3.7: Influence of the flame-to-electrodes distance, z, on the shape of NRP
plasma discharges. The amplitude of the plasma discharges is constant: U =5.4 kV
and the PRF is 30 kHz. The equivalence ratio of the methane-air flame is �=0.75.

temperature leads to a lower density of particles in the gas, thus to a higher
value of reduced electric field, a parameter defined in Equation (1.1) and which
favours the transition from corona to glow discharges and from glow to spark
discharges. In the present study, radiative heating from the flame is a possible
explanation for the observed change in the shape of the discharges. A fact that
confirms this observation is that, when the flame was brought even closer to
the electrodes, the discharges transited to the spark regime. This phenomenon
has not been photographed since this transition to spark discharges led to a
flashback of the flame.

In addition to the change in density, methane-air flames are known to have
a relatively high density of charged particles (of the order of 1010 ions.cm�3,
see Wortberg 1965; Goodings et al. 1977; Fialkov 1997); this will also affect
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the shape of the discharges as well as the discharge regime.

3.3 NRP discharges perpendicular to flame front

3.3.1 Experimental setup

The setup used in this section, a co-flow burner equipped with a stagnation
plate, is displayed in Figure 3.8. Methane, air and nitrogen are brought to
three flowmeters (respectively 2,000 sccm, 10,000 sccm and 10,000 sccm Mass-
Flo Controller, MKS Instruments) regulated by a controller (Type 247D, MKS
Instruments) in order to set the flows of methane and air at an equivalence
ratio of 0.8. Methane and air are then premixed upstream of the burner and
flow through a plenum and converging nozzle before exhausting at the nozzle
outlet, which has an outer diameter of 10 mm. At the nozzle’s outlet, the ve-
locity of this methane-air mixture is 1.2m.s�1 which corresponds to 4.5 times
the laminar flame speed (26.7 cm.s�1) at this condition. Considering this ve-
locity of 1.2 m.s�1 and this diameter of 10 mm, the Reynolds number, defined
in Equation (2.5), has a value of 780. Above the nozzle is a stainless steel,
water-cooled stagnation plate, maintained at a constant temperature of 20 �C.
Upon ignition of the methane-air flow, the flame under the plate is flat, but its
edge is attached to the nozzle of the burner. An annular co-flow of nitrogen
is blown from the annular section surrounding the central nozzle in order to
detach the flame from the nozzle of the burner. A study by Johnson et al.
(2015) demonstrated that, for the same separation distance than the one used
in this study, the contribution of radial terms in the equations for energy and
momentum conservation was negligible for nozzle diameters larger than 12 mm.
Setting the co-flow of nitrogen at a velocity equal to the velocity of the central
ignitable mixture of methane and air allows to virtually increase the hydraulic
diameter of the nozzle.

In order to isolate the burner electrically, the converging nozzle and the annular
part were made out of plastic material (PEEK). Two tungsten pin electrodes
are inserted in the setup in order to apply NRP discharges: one has a diameter
of 0.1 mm and is placed upstream of the flame, inside the nozzle, while the
other electrode is set in the centre of the plate and has a diameter of 1 mm.
The inter-electrode gap distance is 12mm. The upstream electrode is linked,
through a stainless steel perforated plate, to the high-voltage of a nanosecond
pulse generator (FPG Series, FID Technologies) while the downstream electrode
is grounded (thus actually grounding the whole stagnation plate). A current
probe (model 6585, Pearson Electronics) is used to monitor the current while
the voltage is measured with a probe (P6015A, Tektronix) connected between
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Figure 3.8: Experimental setup used for the study of the effect of NRP discharges
on a laminar premixed flame. The flame is stabilised upstream of a cooled stagnation
plate and the discharges are pulsed perpendicularly to the flame front.

high-voltage and ground. Both probe signals are acquired with an oscilloscope
(Infiniium DSO9254A, Agilent Technologies) with a 2 GSa.s�1 sampling rate;
the voltage probe is linked to the 1 M⌦ impedance input and the current probe
to the 50⌦ impedance input. A low-voltage attenuator (Model 2-20, Barth
Electronics) is attached between the current probe and the oscilloscope. Con-
sidering the transverse orientation of the electrodes compared to the flame
front, the electromagnetic field generated by the NRP discharges is, in this
configuration, mainly perpendicular to the flame front.

The area between the nozzle and the stagnation plate is visualised through an
Intensified Charge-Coupled Device (ICCD) camera (PI-Max:1K.GenII, Prince-
ton Instruments) equipped with a UV lens (105 mm f/4.5 250-650 nm, Jensop-
tik). A filter, either for CH⇤ (FB430-bandpass 430±5 nm, Thorlabs) or for OH⇤

(XHQA310, Asahi Spectra) is mounted on the UV lens in order to acquire the
luminous emission of the corresponding excited species.

The FID generator and the ICCD camera are synchronised with the help of
a delay/pulse generator (Model 575, BNC), which is not shown in Figure 3.8.
A pulsed trigger signal of width 100 ns and amplitude 5 V is sent to the FID
generator while a TTL signal of 10µs width is used to trigger the ICCD camera.
Several parameters, such as the Pulse Repetition Frequency (PRF) of the NRP
discharges, the gate width, the gate delay, and the number of gates per exposure
of the ICCD camera are modified according to the needs of the study.
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A CH⇤ chemiluminescence image of the flame is presented in Figure 3.9. The
ICCD camera has the following settings: a gate width of 98µs and a number
of gates per exposure of 400. The electrodes (HV and ground), as well as the
stagnation plate and the nozzle of the burner, are displayed on the picture. The
separation distance between the nozzle and the plate is 7.2mm.

nozzle
+HV

ground plate

Figure 3.9: Acquisition of the flame’s CH⇤ emission, acquired with the ICCD camera.
The gate width of the camera is 98µs and the number of gates per exposure is 400.
The burner’s elements are added in grey for visualisation. The distance between nozzle
and plate is 7.2mm, the nozzle’s inner and outer diameters are 10mm and 14mm.

Due to the high velocity of the unburnt gas compared to the laminar flame
speed (4.5 times the laminar flame speed), the flame is rather close to the stag-
nation plate. The presence of the upstream electrode manifests itself through
a velocity deficit causing a small bump in the centre of the flame. This velocity
decrease in the centre of the flame is evaluated through numerical simulations
in Appendix D, it corresponds to about 70 % of the mean axial velocity at the
outlet of the burner.

Figure 3.10 is a comparison of the CH⇤ and OH⇤ emission of the flame. The
two images look similar, yet the CH⇤ emission of the flame (b) is slightly blur-
rier than the OH⇤ emission (a), despite the fact that the camera’s focus has
been adjusted before both measurements. Because of the higher sharpness and
more intense signal that the OH⇤ emission provides, only the acquisitions of
this species are presented in the coming work. The OH⇤ emission is located ap-
proximately 400µm downstream compared to the CH⇤ emission profile, which
also corresponds to the calculated shift between the maximum OH and CH
concentrations in the reaction front (see Appendix D). Despite this difference
of location in the two species emission, the measured flame displacement under
application of NRP discharges, as well as the plasma light emission, remain the
same whether they are determined with the OH⇤ or the CH⇤ emission.

Simultaneously to the ICCD camera acquisitions, the current and voltage of
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(a) OH⇤ emission

(b) CH⇤ emission

Figure 3.10: Acquisition of the flame’s luminous intensity: (a) is acquired with an
OH⇤ filter on the lens of the camera and 3 gates per exposure while (b) is acquired with
a CH⇤ filter on the lens of the camera and 25 gates per exposure. Both frames have
been acquired with a gate width of 1ms.

the NRP discharges are measured. These two quantities allow to determine the
instantaneous power and energy of the NRP discharges in the corona regime.
Typical results of electrical measurements are given in Figure 3.11 where the
PRF is 28 kHz and a 1,000 pulses were averaged. Figures 3.11(a) and (b) present
the temporal evolution of voltage amplitude, U , (left, black line), total current,
I (left, blue line), instantaneous power, P (right, black line) and deposited
energy per pulse, E

p

(right, blue line) for NRP discharges in an axial air flow.
Figures 3.11(c) and (d) present the same quantities for NRP discharges in an
axial methane-air premixture without flame (�= 0.8). Figures 3.11(e) and
(f) present these profiles when a methane-air flame (�= 0.8) is stabilised in
the inter-electrode area. The power and energy per pulse have been deduced
from the current and voltage profiles according to the procedure detailed in
Appendix A.

The voltage signal looks similar for the three considered conditions. By increas-
ing the gap distance, a voltage-current measurement, without any discharge, has
been performed and the obtained current, capacitive due to the high resistivity
of the air in the gap, is thus considered as the displacement current, I

disp

. The
conduction current, I

cond

, is deduced by subtracting the displacement current,
I
disp

, from the total current, I. Comparing the conduction currents for the three
inter-electrode conditions (air, air-methane and air-methane with flame) shows
that the conduction current’s temporal evolution is different for each considered
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(a) Air (b) Air

(c) Air + CH
4

; no flame (d) Air + CH
4

; no flame

(e) Air + CH
4

; flame (f) Air + CH
4

; flame

Figure 3.11: Typical profiles of voltage, U (left, black line), and conduction current,
I
cond

(left, blue line), and power, P (right, black line), and energy per pulse, E
p

(right,
blue line), for NRP discharges, in (a) and (b) in a 318L.h�1 axial flow of air, in (c)
and (d) in a methane-air flow (�=0.8) and in (e) and (f) close to a methane-air
flame (�=0.8) at PRF=28 kHz, averaged over 1,000 pulses.

condition. In an air and in an air-methane flow, it has a value around 500mA,
while it increases to 1.3A when a flame is stabilised in the inter-electrode area.
This increase in conduction current accounts for the higher instantaneous power
and the higher deposited energy: P = 16 kW and E

p

= 200µJ.pulse�1 in Fig-
ure 3.11(f), compared to P = 6kW and E

p

= 70µJ.pulse�1 in Figure 3.11(d)
and P = 3kW and E

p

= 20µJ.pulse�1 in Figure 3.11(b). The measurements in
the air flow and in the air-methane flow are all within the range of uncertainties
of the energy measurements, estimated at 30µJ.pulse�1.
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3.3.2 Experimental procedure

In order to visualise the NRP discharges, the camera equipped with the OH⇤

filter is synchronised with the high-voltage pulse generator. The gate width
of the camera is set to a value of 500 ns in order to acquire the light emission
from the plasma alone. This setting is particularly important when a flame is
present in the inter-electrode area: with a camera opening synchronised with
the plasma discharges and a short exposure time, the OH⇤ emission of the flame
is small compared to the plasma light emission.

The image acquisition and energy measurements are realised for a range of
PRF between 10 and 28 kHz and for the three different conditions considered
in Figure 3.11: first, with an axial flow rate of 318 L.h�1 of air along with an
annular co-flow of nitrogen. The second condition considers a similar air and
nitrogen flow, where a flow rate of methane is added to the central flow of air, so
that the mixture’s equivalence ratio is 0.8. Finally, for the third condition, the
methane-air mixture is ignited and an approximately planar stagnation flame
is stabilised between the nozzle and the plate. With these air flow rates, the
bulk velocity of the fresh gases at the outlet of the nozzle is kept constant at
1.2 m.s�1.

3.3.3 Results and discussion

As the voltage amplitude is kept constant, the energy deposited by the plasma
discharges is varied by means of the PRF. Figure 3.12 displays the influence
of the repetition frequency of the pulses on the measured electrical energy per
pulse, E

p

, for the three cases: with an axial air flow of 318L.h�1 (blue circles),
with an axial air and methane flow (�= 0.8, green triangles) and with a laminar
premixed flame (�= 0.8, black squares) transverse to the electrodes.

The overall measured energy is lower than 200µJ per pulse. The energy de-
posited in air is of the order of a few microjoules per pulse, close to the values
of the literature for NRP discharges with these characteristics (see Pai et al.
2009). The energy deposited in the air-methane mixture seems to be slightly
higher, though still within the range of uncertainties (30µJ.pulse�1) for PRFs
lower than 15 kHz. The electrical energy is also higher when considering a case
with a flame in the inter-electrode area, especially at PRF =28 kHz, where the
energy reaches 175µJ.pulse�1.

Images of the plasma discharges as a function of the PRF are displayed in
Figure 3.13 for an axial air flow with a velocity of 1.2 m.s�1 in the inter-electrode



68 Chapter 3 - Effect of laminar premixed flames on NRP corona
discharges

Figure 3.12: Measured electrical energy of the NRP discharges as a function of the
PRF for three different types of inter-electrode environment: with a 0.8-equivalence
ratio methane-air flame (black squares), in an air and methane flow at equivalence
ratio 0.8 (green triangles) and in an air flow (blue circles). The gas flows in the
direction of the electrodes, with a velocity of 1.2m.s�1.

area, in Figure 3.14 for an air and methane flow (equivalence ratio 0.8), and in
Figure 3.15 when a laminar premixed flame is stabilised between the burner’s
nozzle and the stagnation plate. The nozzle and the stagnation plate have been
added in grey lines to the photos.
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Figure 3.13: Effect of PRF on the NRP corona discharges. Air flows from the nozzle
(hatched lower part of each frame) to the stagnation plate (hatched upper part of each
frame) with a flow rate of 318 L.h�1, resulting in an axial velocity at the outlet of
the nozzle of 1.2m.s�1. The voltage amplitude of the discharges is 12 kV, the ICCD
camera is set at a gate width of 500 ns, the minimum gate delay of 26 ns and a number
of gates per exposure of 1,800.

The NRP discharges in Figure 3.13 are visible out of the burner’s nozzle start-
ing from 10 kHz but remain localised very close to the anode’s tip. There is no
visible change in their aspect between 10 and 28 kHz, and their energy varies
only slightly, between 0 and 20µJ.pulse�1, remaining within the range of un-
certainty.
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Figure 3.14: Effect of PRF on the NRP corona discharges. A premix of air and
methane (�=0.8) flows from the nozzle (hatched lower part of each frame) to the
stagnation plate (hatched upper part of each frame) with a flow rate of 318 L.h�1. The
voltage amplitude of the discharges is 12 kV, the ICCD camera is set at a gate width of
500 ns, the minimum gate delay of 26 ns and a number of gates per exposure of 1,800.

The discharges in an axial flow of air and methane (see Figure 3.14) are also
visible from 10 kHz on, yet they are much longer and more luminous compared
to the case in air alone (see Figure 3.13). This is in good agreement with the
fact that the measured electrical energy in air and methane is slightly higher
than in the case with air. This increased length of the NRP corona discharges
in air and methane mixture is linked to an increase in the propagation velocity
of the discharges.

The flame is visible in all the frames of Figure 3.15 because of the low intensity of
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Figure 3.15: Effect of PRF on the NRP corona discharges. A methane-air flame
(�=0.8, visible in each frame) is stabilised between the nozzle (hatched lower part of
each frame) and the stagnation plate (hatched upper part of each frame). The voltage
amplitude of the discharges is 12 kV, the ICCD camera is set at a gate width of 500 ns,
the minimum gate delay of 26 ns and a number of gates per exposure of 1,800.

the NRP discharges, especially at PRFs smaller than 20 kHz. The discharges in
the presence of a flame (see Figure 3.15) are similar to the ones in the methane-
air mixture (see Figure 3.14) for PRFs below 20 kHz (frames (a) and (b)). For
higher PRFs, the discharges are more elongated when a flame is stabilised in
the inter-electrode area. For repetition frequencies between 26 and 28 kHz, the
discharges stretch up to the flame front (frames (e) and (f)). For these two
cases, the NRP corona discharge propagates into the flame front and does not
go straight to the stagnation plate. This means that the energy of the plasma
discharges is distributed inside the flame itself. This matter is further discussed
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and interpreted in Section 3.3.3.

As shown in Figure 3.12, for PRFs higher than 15 kHz, the deposited energy per
pulse is higher when a flame is stabilised in the inter-electrode area, compared
to the energy in an air-methane or in an air flow. This correlates with the
length of the plasma. Another interesting phenomenon is the visible influence
of the fresh gas composition: the NRP discharges pulsed in an axial flow of
air (see Figure 3.13) are barely visible and lead to deposited energies smaller
than 30µJ.pulse�1, corresponding to the limit for the measurements. When
methane is added (see Figure 3.14), the deposited energy per pulse increases
slightly, and this only for PRFs above 15 kHz. Despite this quasi-similar energy,
the discharges are much longer.

The contours of the NRP discharges are determined with an edge detection
method. This algorithm, developed by Canny (1986) and detailed in other
works, such as Parker (2011), is based on the detection of contrast gradients in
an image, the edges being detected by adjusting the lower and upper values for
the thresholds of these gradients. Figure 3.16 presents an example of application
of the edge detection method on the pictures from Figures 3.14 and 3.15. The
upper and lower position of the NRP discharges are marked with red lines.
In frames (a) and (b) which correspond to the case without ignited flame,
considerable parasitic light emission is observed. In the case with flame (frames
(c) and (d)), the flame is also detected above the NRP discharges, and frame
(d) shows that the NRP discharges touch the flame front for this repetition
frequency.

From the detected upper and lower positions of the plasma light emission, the
length of the NRP corona discharges is determined by adding 4 mm of the
measured distance between the two red lines, corresponding to the distance
between the tip of the anode and the field of view of the camera. Figure 3.17
presents the evolution of this length, �z

pl

, as a function of the PRF of the
pulses. The NRP corona discharges are detected when PRF > 10 kHz. For
PRFs of 10 and 15 kHz, they are approximately of the same length for the
case without flame and the case with flame. For PRFs of 20 kHz or higher,
the NRP corona discharges in the presence of a flame are much longer than the
discharges in cold gas mixture. The length of the NRP corona discharges, �z

pl

,
is expressed as a function of the discharges’s mean power, P

p

, and displayed
in Figure 3.18. When the electrical power of the discharges is smaller than
1 W, the length of the NRP corona discharges is the same whether or not there
is a flame in the inter-electrode area. For higher power values, the length of
the NRP corona discharges increases dramatically in the presence of a flame
in the inter-electrode area. The experimental points where the discharges’s
length is 7.5 mm corresponds to the cases where the flame is touching the NRP



72 Chapter 3 - Effect of laminar premixed flames on NRP corona
discharges

(a) PRF = 20 kHz (b) PRF = 28 kHz

(c) PRF = 20 kHz (d) PRF = 28 kHz

Figure 3.16: Detected upper position and lower position of the NRP plasma dis-
charges (red lines) in a methane-air mixture: (a) and (b) without flame and (c) and
(d) with a flame (visible above the plasma discharges).

discharges.

Figure 3.17: Discharge length, �z
pl

, as a function of the PRF: for NRP discharges
pulsed in a methane-air mixture with �=0.8 (black squares) and for the case when a
methane-air flame is stabilised in the inter-electrode area (blue circles).

As mentioned in Section 3.2.3, the shape of NRP discharges and their energy is a
function of the reduced electric field, E/n, defined in Equation (1.1). The com-
position of the inter-electrode gas influences the reduced electric field through



3.3. NRP DISCHARGES PERPENDICULAR TO FLAME FRONT 73

Figure 3.18: Length of NRP corona discharges, �z
pl

, as a function of the discharges’s
mean power, P

p

, for NRP discharges pulsed in a methane-air mixture (�=0.8) without
flame (black squares) and with a flame (blue circles) in the inter-electrode area.

the density, ⇢, of the gas. Table 3.1 compares the gas densities and molar
weights corresponding to the conditions presented in Figure 3.13 where the gas
is air, in Figure 3.14 where the gas is a mixture of air and methane (�= 0.8),
and in Figure 3.15 where the influence of a laminar premixed flame on the fresh
gas in the inter-electrode area is considered by assuming a heating of the gas
close to the flame from 293K to 900K, corresponding to half the maximum
temperature in the flame. Along with the gas density and the molar weights,
the ratio of the reduced electric field in the inter-electrode mixture, E/n0, to
the reference case reduced electric field, E/n, in air at 293K is determined by:

E/n0

E/n
=

✓
⇢

⇢0

◆
⇥

✓
M 0

M

◆
, (3.1)

where ⇢ and ⇢0 are the densities of the mixture in air (reference case) and in
the modified inter-electrode environment and M and M 0 are the molar weights
of these same environments.

Due to the much lower density close to the flame, the reduced electric field
increases from a reference value of 1 to 3.27. This increase in reduced electric
field leads to the visual modification of the NRP corona discharges observed in
Figure 3.15. The corresponding higher value of the conduction current accounts
for the higher deposited energy in the case with a flame in the inter-electrode
area (see black squares from Figure 3.12) as well as the change in the visual
aspect of the NRP discharges observed in Figure 3.15 compared to Figures 3.13
and 3.14. Yet the heating of the gas takes place only very close to the flame
front, meaning its influence also manifests itself only close to the flame, which
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Table 3.1: Densities and molar weights of fresh gas in the presented experimental
conditions: in air, in air and methane (�=0.8) and in air and methane (�=0.8)
heated at half the temperature from the flame, T =900K.

gas T ⇢ M E/n

0

E/n

(K) (kg.m�3) (g.mol�1) (.)
air 293 1.20 28.85 1.00
air + CH

4

293 1.16 27.86 1.00
(� = 0.8)
air + CH

4

900 0.38 27.86 3.07
(� = 0.8)

is an explanation for the change in the length of the NRP corona discharges
when they are close enough to the flame, i.e. when the electrical power of the
NRP discharges is higher than 1 W.

The temperature is not the only criterion of importance here. A significant
change in the NRP corona discharges has indeed been observed by the mere
addition of methane in the air flow. Methane addition to the air accounts for a
decrease in the mixture’s density from 1.20 to 1.16 kg.m�3, which is quite small
compared to the density difference resulting from gas heating. Yet the visual
effect of methane addition is significant, meaning that the mixture composition
plays a role in the plasma chemistry that the consideration of the reduced
electric field alone cannot take into account. A second effect is thus brought
to light here: this influence of the mixture composition is in fact due to the
modification of the spectroscopic properties of the mixture; the Electron Energy
Distribution Function (EEDF) is indeed highly dependent on the nature of
the inter-electrode gas and its modification by addition of a small amount of
methane leads to a different energy branching and to different reaction pathways
in the discharge process (see Starikovskaia 2014). These changes account for
the increase in length of the NRP corona discharge (see Figures 3.13 and 3.14)
itself due to an increase in the propagation velocity of the discharges.

Furthermore, as mentioned in Section 3.1, the flame is constituted of positive
and negative ions and electrons (at a density around 1010 cm�3 for a methane-
air premixed flame at atmospheric pressure). These charged particles have
an effect on the behaviour of the discharge, compared to the cases without
flame. This could explain the deviation of the corona discharge from the elec-
trodes’s axis which has been observed in Section 3.2 when the distance between
electrodes and flame was decreased (see Figure 3.7). An experimental and nu-
merical study by Nijdam et al. (2014) investigated the deviation of a streamer
discharge generated by one high-voltage pulse in a pin-plate configuration. A
laser beam, generating a density of ionised species of 109 cm�3, crossed the
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inter-electrode area. While generating no space-charge effects and inducing an
only negligible change in the electric field, the pre-ionisation from the laser
beam caused a significant deviation of the discharge towards the direction of
the laser beam where the electrons concentration was higher. An estimation
of the electron density in streamer discharges at these experimental conditions
highlighted the fact that this effect was significant despite the fact that the pre-
ionisation was three orders of magnitude below the ionisation in the streamer
channel. The electron density of NRP glow discharges has been calculated in
a configuration similar to the present study in Tholin and Bourdon (2011) and
yielded a density of 1013 cm�3. As mentioned in Chapter 1, the density of elec-
trons in an atmospheric lean methane-air flame is about 1010 cm�3, meaning
that the electrons in the flame are expected to cause the same guiding effect.
Additionally to this, also the effect of the flame on the electric field between the
electrodes has to be taken into account. Considering the experimental config-
uration in Section 3.2, only part of the NRP field lines are interacting with the
charged species in the flame. With the setup implemented in Section 3.3, the
electric field lines are generated across the flame front (see Figure 3.15). The
consequence is that, in Section 3.3, all the field lines interact with the charged
species upstream, in, and downstream of the flame front, thus leading to a more
pronounced interaction between flame and NRP discharges.

3.4 Conclusion

The effect of a lean laminar premixed methane-air flame on NRP corona dis-
charges has been assessed experimentally in two different configurations. In
the first one, as the NRP discharges were pulsed parallel to the flame front,
the corona discharge was observed to deviate towards the flame front; this de-
viation increased as the flame moved closer to the discharge location. In the
second setup, the electrodes were located on either sides of the flame, so that
the NRP discharges were applied perpendicularly across the flame front. Both
configurations allowed to observe an increase in the propagation velocity of the
NRP discharges in the presence of a flame. These effects of a flame on NRP
discharges were attributed to two different phenomena. The first is a thermal
effect which, due to a density decrease in the gases close to the flame, results
in an increase in the local reduced electric field, thus enhancing the NRP dis-
charges. The second effect is the influence of the electrically charged flame on
the electromagnetic field lines generated by the high-voltage pulses between the
electrodes.

Additionally to these studies, another experiment has been performed with the
second setup in order to evaluate the effect of mixture composition on NRP
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corona discharges. It was observed that the discharge became significantly
longer when a lean methane-air mixture flowed between the electrodes (com-
pared to pure air). This influence of the inter-electrode gas composition is
due to a change in the spectroscopic properties of the gas when methane was
added to air. This addition of methane alters the EEDF, as well as the energy
branching and reaction pathways in the discharge.

Thus, in both configurations when the electrodes are parallel or perpendicular
to the flame, the plasma discharges are affected by the presence of the com-
bustion front. Namely, the NRP discharges are enhanced by the presence of a
flame. The closer the flame is to the electrodes, the stronger its effect on the
plasma. In the following chapter, we will investigate the reciprocal effect.



Chapter 4

Effect of NRP corona discharges
on laminar premixed flames

This chapter focuses on establishing the influence of NRP discharges
on laminar premixed methane-air flames. The steady-state response of
the flame to NRP discharges application is investigated in two different
configurations, namely with electrodes parallel or perpendicular to the
flame front. In the configuration with electrodes perpendicular to the
flame front, the transient response of the flame is also investigated. In
both electrode configurations (parallel and perpendicular to the flame),
the influence of the mean power of the discharges on the stabilisation po-
sition of the flame is studied and an explanation, involving an enhance-
ment of the laminar speed of the flame by transport of plasma-activated
species and heat to the flame front, is proposed. The third section of
this chapter focuses on modeling numerically the influence of NRP dis-
charges on a lean premixed methane-air flame at atmospheric pressure
and ambient temperature. The effect of ozone production and unburnt
gas heating by the plasma discharges is analysed, showing the effect of
ozone addition to be more significant compared to the thermal effect of
the NRP discharges. This work has been performed in the Institut für
Strömungsmechanik und Technische Akustik (ISTA) of the Technische
Universität Berlin (TUB), Germany, and in the Clean Combustion Re-
search Center (CCRC) of the King Abdullah University of Science and
Technology (KAUST), Saudi Arabia. The results of Section 4.3.1 have
been published in Heitz et al. (2017a) and the results of the numeri-
cal model presented in Section 4.4 have been published in Heitz et al.
(2017b).



78 Chapter 4 - Effect of NRP corona discharges on laminar premixed
flames

4.1 Introduction

During the last decade, non-equilibrium plasma discharges have drawn increas-
ing attention for their potential in influencing combustion in gas turbines and
aeronautical engines. Studies have demonstrated the effect of these discharges
on various combustion-related phenomena such as mitigation of thermoacoustic
instabilities, as in Moeck et al. (2013) and in Lacoste et al. (2013a), extension
of a flame’s stability domains in Barbosa et al. (2015) and modification of the
pollutant emissions, in particular the nitric oxides in Kim et al. (2007) and
in Lacoste et al. (2013a).

Non-equilibrium plasma discharges are known to affect the flame in two distinct
manners. The first one is the thermal effect of the discharges, in which the
energy of the discharges is converted into heat, thus acting as a local heating
source, leading to an increase in the temperature of the inter-electrode gas.
The second effect of plasma discharges is chemical: it manifests itself as a
production of excited species, ionised species and radicals produced by the
plasma discharges, which modify the reaction pathways of the flame.

In Lacoste et al. (2017a), the response, in terms of heat release rate, of laminar
premixed flames to positive or negative steps of NRP glow discharges forcing
has been investigated. An upstream movement of the flame was observed once
the discharges were activated. This was attributed to an increase in the burning
velocity resulting from higher reactivity of the gas treated by the plasma. These
NRP glow discharges are known to have a negligible thermal effect, as has been
verified in Lacoste et al. (2017c), so that an increase in laminar flame speed
could not be attributed to heating of the unburnt gas alone, but rather to the
generation of active species by the discharges.

However, the previous configurations were too complicated to allow for com-
parison with one-dimensional simulations of the influence of plasma discharges
on the laminar flame speed. This influence has been mentioned previously;
yet there is still a lack of information in the literature as to the thermal and
chemical effects one can expect from NRP corona and glow discharges. The ob-
jective of this chapter is to provide quantitative information on the thermal and
chemical impact of NRP corona discharges on a laminar premixed methane-air
flame.

The effect of NRP plasma discharges on a flame is assessed experimentally in
Sections 4.2 and 4.3, for corona discharges respectively parallel and perpendic-
ular to the flame front. These two electrode configurations allow to compare
the effect of the orientation of NRP discharges on a flame. The enhancement
of the laminar flame speed is pinpointed as a possible cause for the flame dis-
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placement upstream observed in both experiments when plasma discharges are
applied. In Section 4.3, one-dimensional simulations of the flame are performed
in order to estimate the potential flame speed enhancement resulting from the
thermal and chemical effect associated with the NRP discharges. In Section 4.4,
a numerical model is developed in order to predict the thermal and chemical
effects of NRP corona discharges on laminar flame speed and adiabatic flame
temperature.

4.2 NRP discharges parallel to flame front

4.2.1 Experimental setup

The experimental setup used here is detailed in Section 3.2.1 (see Figure 3.1(a)).
The laminar (Re= 480) methane-air flame has an equivalence ratio of 0.75
(S

L

= 22.50 cm.s�1). The acoustic forcing used to stabilise the flame has a
relative velocity amplitude, u0

z

/ū
z

, of 1.7 and a frequency, f
ac

, of 250Hz. The
PRF of the discharges is maintained constant throughout this part of the study,
at 30 kHz, while the voltage amplitude, U , of the discharges is varied between 4
and 10 kV, thus allowing to modify the deposited energy per pulse of the NRP
discharges, E

p

.

4.2.2 Experimental procedure

The effect of NRP corona discharges on the flame is assessed by observing
the axial position of the flame, z

fl

, as a function of the voltage amplitude of
the discharges, U , and of the initial axial distance between flame front and
electrodes, z

fl;0

. The camera is positioned so as to visualise the inter-electrode
area and the region above, where the flame is stabilised (see Figure 3.1(b)).

The protocol for the experiments is as follows: first the combustible methane-air
mixture is ignited. Once the flame is stable at a given position by acoustic forc-
ing, the NRP discharges are activated: the flame then moves in the upstream
direction, towards the electrodes, and stabilises at another position. Several
initial positions of the flame and several amplitudes of the voltage are consid-
ered, and photographs are taken for each case. An example of this phenomenon
of flame upstream displacement is given in Figure 4.1, where the planar flame
has an equivalence ratio of 0.75, the inter-electrode gap distance is 8 mm, and
the initial axial distance between flame and electrodes is z

fl;0

= 6.14mm. The
electrodes and the NRP corona discharges are also visible in this figure. It is
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interesting to notice that, in this experimental configuration, the flame moves
as a whole towards the electrodes, with no noticeable deformation of its surface.

HVground

(a) U = 0 kV

HVground

(b) U = 5.0 kV

HVground

(c) U = 7.1 kV

HVground

(d) U = 8.5 kV

Figure 4.1: Flame displacement as a function of applied voltage amplitude. The
equivalence ratio is �=0.75, the inter-electrode gap distance is 8mm and the initial
distance between flame and electrodes is z

fl;0

=6.14mm. The electrodes and the NRP
corona discharges are located under (upstream) of the flame front.

The flame displacement induced by NRP discharges is quantified based on the
position of the flame’s edge in its central part. This position is determined by
means of the same algorithm for edge detection developed by Canny (1986) that
has been used in Section 3.3. In the present study, applying this method allows
for an identification of the flame front. An example of flame edge detection is
given in Figure 4.2 where the algorithm is implemented to detect the leading
edge of the flame front (black line).

Figure 4.2: Leading edge of the flame (black line) considered as the flame position.

The mean position of this lower edge is considered as the flame position, z
fl

.
This flame position is compared to the initial flame position, z

fl;0

, and the
upstream displacement of the flame under NRP discharge application, �z

fl

, is
deduced from these two parameters:

�z
fl

= z
fl

� z
fl;0

. (4.1)
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The displacement of the flame is analysed for different initial distances between
flame and electrodes. The laminar flame speed enhancement, �S

L

/S
L

, is cal-
culated by invoking conservation of the flow rate between the initial section,
where the diameter is D

0

, and the stabilisation section when NRP discharges
are applied, where the diameter is D

NRP

:

�S
L

/S
L

=

✓
D

0

D
NRP

◆
2

� 1, (4.2)

where S
L

= 22.50 cm.s�1 is the laminar flame speed without NRP discharges
for an equivalence ratio of 0.75.

Equation (4.2) is based on the assumption that the flame is perfectly flat, and
that the bulk velocity of the unburnt gases is equal to the laminar flame speed,
S
L

. Here, it is also assumed that the effect of acoustic forcing counterbalances
the effects of intrinsic flame instabilities.

4.2.3 Results and discussion

The evolution of the flame position as a function of its initial distance to the
electrodes, z

0

, and of the voltage amplitude, U , is represented in Figure 4.3.
Experimental data are represented with black squares for z

0

= 1.79mm, blue
circles for z

0

= 3.80mm and green triangles for z
0

= 6.69mm. The lines repre-
sent linear fittings of these experimental data and show that the displacement
of the flame does not depend on the initial flame-electrode distance within the
considered range as the linear fits are almost parallel. The mean displacement
of the flame is evaluated at approximately 0.28µm.kV�1 for all three sets of
experimental data.

The flame displacement is used to deduce the enhancement in laminar flame
speed, �S

L

/S
L

, resulting from the application of NRP plasma discharges, as
in Equation (4.2). From the current-voltage profiles, the deposited energy is
deduced according to the procedure detailed in Appendix A. The mean power
of the NRP discharges, P

p

, is deduced from their deposited energy, E
p

, and
their repetition frequency, by:

P
p

= E
p

⇥ PRF. (4.3)

Figure 4.4 displays the influence of the mean electrical power, P
p

, of the NRP
corona discharges on the enhancement of the laminar flame speed, �S

L

/S
L

, for
the three initial flame-electrode distances, z

0

, considered in Figure 4.3. There
is no experimental point corresponding to z

0

= 1.79mm (black squares) for the
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Figure 4.3: Stabilisation position, z
fl

, of the flame as a function of its initial position,
z
0

, and of the voltage amplitude, U , of the NRP corona discharges (black, blue and
green markers). Black, green and blue lines are fitted from the experimental data.

highest powers considered because of the flashback of the flame when the power
was increased to values larger than 1 W.

Figure 4.4: Laminar flame speed enhancement, �S
L

/S
L

, of a lean (�=0.75) pre-
mixed flame, as a function of mean electrical power of the pulses, P

p

, and initial
electrodes-flame distance, z

0

. The PRF of the NRP discharges is 30 kHz and the dis-
charges are in the NRP corona regime.

The flame reaches a maximum upstream displacement of 2mm for voltage am-
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plitudes between 5 and 6 kV, corresponding to deposited energies per pulse of
50 to 80µJ. With a PRF kept constant at 30 kHz, the corresponding maximum
ratio of electrical to thermal power is P

el

/P
th

= 0.5%. In this configuration,
such an input electrical power leads to an increase in laminar flame speed up
to 2.2 %.

The flame speed enhancement is highly sensible to the mean power of the NRP
discharges for powers lower than 0.5W. After this value, the sensibility of the
flame speed enhancement to the NRP discharge power is less strong. The
enhancement of the laminar flame speed can thus be estimated to be about
1.7 % for 1 W of NRP discharges power when P

p

< 0.5W and 0.5 % for 1 W of
electric power beyond this value. Due to the high uncertainty on the energy
measurements (30µJ.pulse�1 which is at least half the measured energy value),
these two values also come with a high error.

It is interesting to take into account the fact that the Darrieus-Landau insta-
bility of the flame has been suppressed by application of an acoustic forcing of
relative velocity amplitude 1.7 and acoustic frequency 250 Hz. Model 1, pre-
sented in Section 2.4.3.2 proved that this kind of acoustic forcing, with high
relative velocity amplitudes and high frequencies, was detrimental to the NRP
discharges in terms of the residence time of an air particle between the elec-
trodes. While a quantitative comparison of the current forcing with the one
from Chapter 2 is irrelevant—considering the differences between the two ex-
perimental configurations—, it is nonetheless possible to say that the acoustic
forcing is probably reducing the number of pulses applied on each air particle,
thus undermining the treatment of unburnt gas by NRP discharges. This means
that the actual flame speed enhancement in a configuration where no acoustic
forcing is needed would be higher than the one determined in this section.

In this section, an effect of NRP corona discharges on a laminar premixed
methane-air flame has been observed: upon application of high-voltage pulses,
the flame is translated towards the upstream direction and the electrodes. The
enhancement in laminar speed of the flame has been deduced from this up-
stream displacement of the flame front and is expressed as a function of the
mean power of the NRP corona discharges (see Figure 4.4). Unfortunately,
the acoustic forcing used to stabilise the flame makes it difficult, in this ex-
perimental configuration, to decouple all the effects taking place, namely the
interactions between flame, acoustic fluctuations and plasma discharges, as well
as the heat losses to the quartz tube that change the flame dynamics. Thus,
we move on to another configuration where the electrodes are perpendicular to
the front of a laminar premixed stagnation flame (see Section 4.3).
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4.3 NRP discharges perpendicular to flame front

4.3.1 Transient effect of NRP discharges

4.3.1.1 Experimental setup

The test-rig is displayed in Figure 4.5(a). An atmospheric pressure and ambient
temperature methane-air premixture is set at an equivalence ratio of 0.7 with
two rotameters (DK800, Krohne). It is delivered through the plenum of the
burner with a perforated plate and honey- comb inside, followed by a converging
nozzle (not displayed in Figure 4.5(a)). These elements are designed to ensure
reduction of boundary layer thickness and a quasi-uniform velocity profile of
the laminar flow at the nozzle outlet. A quartz tube of 10 mm inner diameter
confines the mixture at the outlet of the nozzle. A cooled stagnation plate is
placed 4 mm above the quartz tube. Impinging of the jet on the plate allows
stabilisation of an approximately planar flame (see Figure 4.5(b)). Its rim is
attached to the quartz tube so that the outer part of the flame is strongly
curved.

NRP plasma discharges are generated perpendicular to the flame front between
two tungsten pin electrodes. The high-voltage anode is a 0.1mm-diameter tung-
sten wire, placed in the centre of the quartz tube. Despite the small diameter,
the anode causes a velocity deficit on the centre axis and affects the flame shape.
Figure 4.6 compares the flame (a) without central anode and (b) with central
anode. The velocity deficit manifests itself as a deformation of the centre of the
flame towards the upstream direction. A sharpened 1 mm-diameter grounded
electrode is fitted in the centre of the stagnation plate, at a distance of 16 mm
from the anode. A high-voltage pulse generator (FPG-Series, FID Technolo-
gies) generates pulses of 10 ns duration and a maximum amplitude U = 3.5 kV
at a repetition rate of 30 kHz. A voltage probe (PHV 4002, PMK GmbH) and
a current probe (Current Monitor Model 6585, Pearson Electronics) are used to
evaluate the energy deposited in the inter-electrode area. An example of cur-
rent and voltage profiles is given in Figure 4.7. The generated NRP discharges
correspond to the corona regime, as defined in Pai et al. (2010b).

In Paragraph 4.3.1.3, the nanosecond plasma discharges are pulsed continuously
between the two electrodes. In Pragraph 4.3.1.3, the pulses are gate-modulated:
a given number of pulses, n, ranging from 100 to 30,000, is applied at a 30 kHz
repetition rate in burst mode, with a modulation period of 2 s.

Visualisation of the flame is performed with a high-speed camera (FastCam
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(a)

12.5

⌀ 10

⌀ 0.8

6

0.24

⌀ 1

⌀ 0.1

cathode

anode

4.5

(b)

Figure 4.5: (a) Experimental setup. The nozzle features a converging section, as
well as a perforated plate and a honeycomb for laminarization and boundary thickness
reduction (upstream of the sketch). (b) Photograph of the flame (blue) and NRP glow
discharges (violet); the significant dimensions of the system are added in millimetres
to Figure (b).

SA1.1, Photron) featuring a frame rate of 1 kHz and an exposure time of 1 ms,
equipped with a visible-range lens of 47 mm focal distance. A signal generator
(33600A Series Trueform, Agilent) is used to synchronise the activation of high-
voltage pulses with the camera exposure. The spatial resolution is 40µm per
pixel.

This visualisation has been made for three different sets of experimental condi-
tions (summarized in Table 4.1), characterized by the two following parameters:
thermal power of the flame, P

th

, and voltage amplitude of the pulses, U .
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(a)

(b)

Figure 4.6: Comparison of flame shape (a) without and (b) with central upstream
anode. The thermal power of the flame, P

th

, is 150W.

Figure 4.7: Example of current, I, (dashed red line) and voltage, U , (solid black line)
profiles.

4.3.1.2 Experimental procedure

The flame displacement induced by NRP discharges is quantified based on
the flame edge in the central part. The flame edge was identified using the
same algorithm based on the detection of intensity gradients which is already
implemented in Sections 3.3 and 4.2. This method allows an identification of the
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Table 4.1: Experimental conditions and corresponding label.

Label of P
th

U
the set (W) (kV)
1 100 2.5
2 150 2.5
3 150 3.3

flame front. An example is given Figure 4.8: (a) was taken before application
of NRP dis- charges; (b) was taken 40 ms after starting the discharges and (c)
was taken 600ms after starting the discharges. The black line is the lowest edge
of the flame front; the mean position of the grey line is considered as the flame
position, z, for this frame. For frames (b) and (c), the position of the flame
before application of NRP plasma discharges as seen in (a) is also displayed for
comparison.

(a) t= 0 ms

(b) t= 40 ms

(c) t= 600 ms

Figure 4.8: Leading edge of the flame (black line) and area used for determination of
the flame position (grey line) for different instants: (a) is taken before onset of NRP
discharges; (b) is taken 40ms after onset of NRP discharges; (c) is taken 600ms after
onset of NRP discharges. The position of the flame before NRP discharges application
from (a) is added to frames (b) and (c) for comparison.
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The upstream flame displacement at a given instant, �z (t), is determined by
comparing the position of the flame at this time, z (t), to its initial position
(without plasma discharges), z

i

:

�z (t) = z (t)� z
i

. (4.4)

The mean displacement was determined thrice for each measurement and av-
eraged. The resulting history of flame displacement was smoothed through a
moving average lowpass filter:

�z̄ (t) =

s/2X

k=�s/2

�z (t+ k)

s
, (4.5)

where, s is the filter width, typically chosen as 10.

The uncertainty on the flame position is evaluated through its fluctuation when
not subjected to NRP plasma discharges; this was determined as �z = 50µm.

4.3.1.3 Results and discussion

Steady-state effect

The maximum flame displacement under the action of continuously-pulsed NRP
discharges allows for two observations on the influence of the experimental pa-
rameters: increasing the voltage amplitude of the discharges from 2.5 to 3.3 kV
(set 2 to 3 from Table 4.1) causes a higher upstream displacement of the flame,
from 0.5 mm to 0.65 mm. Higher voltage amplitude leads to a higher deposited
energy in the inter-electrode area, which explains the enhanced influence of
discharges on the flame. The flame displacement with the set 1 is 0.46 mm,
and the displacement with set 2 is 0.50 mm, the difference of displacement is
therefore within the experimental uncertainty.

Transient effect

Instead of the continuously pulsed discharges of the steady-state study, gated
pulse trains are now considered. A given number of nanosecond discharges,
n, is applied in burst mode, with a modulation period of 2 s. The upstream
displacement of the flame as a function of time and number of applied pulses
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is given in Figure 4.9; the red, black and green curves correspond respectively
to the sets of experimental conditions 1, 2 and 3. It can be observed that
the duration of the flame upstream displacement is increased with the number
of applied pulses. During application of the first 2,000 pulses, the upstream
displacement of the flame occurs fast, then slows down and finally reaches
a maximum value around 10,000 applied pulses. When application of NRP
discharges stops, the relaxation of the flame occurs in two steps: first a fast,
linear relaxation, then a slower, exponential relaxation. If a small number
of pulses is applied (for instance 2,000), only the fast upstream displacement
occurs, the flame moving back to its initial position afterwards.

(a) (b)

(c) (d)

Figure 4.9: Temporal evolution of the flame upstream displacement under the action
of NRP discharges, for several trains of applied pulses, n. The red, black and green
curves correspond respectively to sets of parameters 1, 2 and 3 from Table 4.1.

Figure 4.10 represents the maximum upstream displacement of the flame as a
function of the number of applied pulses for the three set of conditions. The
behaviour of the flame submitted to NRP discharges is similar for all three
conditions considered: a fast flame displacement over the first 2,000 pulses is
observed, and the maximum flame displacement is reached after approximately
10,000 pulses; the upstream displacement at a given number of applied pulses
decreases between set of conditions 1 and 2 and increases between set of con-
ditions 2 and 3.
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Figure 4.10: Flame front displacement, �z̄
max

, as a function of the number of applied
pulses, n, for the three sets of conditions from Table 4.1.

Lacoste et al. (2017c) investigated the response of laminar premixed flames to
a step forcing from NRP glow discharges. An upstream movement of the flame
was observed once discharges were activated. This was attributed to an increase
in the burning velocity resulting from higher reactivity of the gas treated by
the plasma. The enhancement of laminar flame speed, �S

L

, under application
of NRP glow discharges is now estimated in the present study. First, a linear
evolution of the axial gas velocity in the axial direction is assumed. Studies
by Bergthorson et al. (2005); Bouvet et al. (2014) provide support for this
assumption:

u
z

(z) = az + b, (4.6)

where a and b are constant. These two constants are determined with the
velocity equilibrium conditions without and with flame speed enhancement:

u
z

(z
1

) = S
L

, (4.7)

u
z

(z
2

) = S
L

+�S
L

, (4.8)

where S
L

is the initial flame speed, z
1

and z
2

are the steady-state flame positions
without and with application of NRP discharges. For the transition of the flame
from z

1

to z
2

, we can then formulate the kinematic equation:

dz

dt
= S

L

+�S
L

� u
z

(z) , (4.9)

with the initial condition z(0)= z
1

.
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Combining Equations (4.6) and (4.9) yields the following expression for the
flame position as a function of time:

z (t)� z
1

= (z
2

� z
1

)

✓
1� e

� �S
L

(z
2

�z
1

) t

◆
(4.10)

where �S
L

is the increase of laminar flame speed when applying the NRP
discharges. It remains to find the value of �S

L

that fits the experimental
evolution of �z̄; an example of this fitting is given in Figure 4.11 and the
results for the three set of conditions are given in Table 4.2.

(a) Condition set 1

SL +5.1%

(b) Condition set 2

SL +3.9%

(c) Condition set 3

SL +8.9%

Figure 4.11: Evolution of the flame upstream displacement; model from Equa-
tion (4.10) with �S

L

providing best fit to the experimental data.

Table 4.2: Increase of flame speed with glow discharges. Initial flame speed, S
L

, is
18.55 cm.s�1, for the three sets of conditions from Table 4.1

Set of �S
L

�S
L

/S
L

conditions (cm.s�1) (%)
1 0.95 5.1
2 0.72 3.9
3 1.65 8.9

The observed enhancement, between 4 and 9 % of the initial laminar flame
speed, confirms the potential of NRP glow discharges to increase the laminar
flame speed in the studied configuration.
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Figure 4.12 displays the upstream displacement of the flame under conditions
of set 3. The dash-dotted vertical green line marks the visual appearance of
the NRP glow discharges and the dashed green line marks their disappearance.
The onset of flame upstream displace- ment is marked by the dash-dotted red
line and the onset of downstream displacement by the dashed red line. This
onset of flame up- or downstream displacement has been determined as the
time when the up- or downstream displacement exceeds the spatial resolution,
z
res

= 40µm per pixel, of the measurements:

�z̄ (t) > z
res

, (4.11)

(�z̄
max

(t)��z̄ (t)) > z
res

. (4.12)

Figure 4.12: Temporal evolution of flame displacement for conditions set 3 from
Table 4.1 and a gate of n=10,000 pulses.

The delay between activation of plasma discharges and onset of the flame up-
stream displacement is approximately 10ms. Convection of excited species and
heat from the anode to the flame front may be responsible for the influence of
plasma discharges on flame position. The convection time, t

CV

, is defined as
the time for a fluid element to be transported from the glow discharge location
to the flame front and is estimated as:

t
CV

=
d
pf

ū
z

(4.13)

where d
pf

is the distance between the centre of light of the NRP glow discharges
and the flame front, and ū

z

is the bulk velocity in the quartz tube. The calcula-
tion yields t

CV

= 14ms, which is close to the time between activation of plasma
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discharges and onset of flame displacement (10 ms) observed in Figure 4.12.
The time between visual disappearance of the nanosecond discharges and the
start of the flame downstream displacement (back to its initial position) is the
same and can therefore be attributed to the same convection process.

The thermal effect of the plasma is highlighted in Figure 4.13. After the linear
relaxation (dash-dotted red line) attributed to the end of the convection of
excited species to the flame, an exponential relaxation (dashed cyan line) of
the flame displacement back to its initial position occurs. This exponential
part of the curve can probably be attributed to a thermal effect, possibly a
heating of the central anode when NRP discharges are active.

Figure 4.13: Temporal evolution of flame displacement for conditions set 3 from
Table 4.1 and a gate of n=30,000 pulses. Linear relaxation is marked with the dash-
dotted red line and exponential relaxation with the dashed cyan line.

To conclude on this part of the study, the transient effect of nanosecond repet-
itively pulsed glow discharges on a laminar premixed stagnation flame was
investigated. The application of NRP discharges induces an upstream displace-
ment of the flame front. This displacement is a function of the number of pulses
and their voltage amplitude: the more pulses are applied and the higher their
amplitudes, the higher the resulting upstream displacement of the flame. The
flame upstream displacement consists of a fast upstream movement during the
first 2,000 pulses, then a slower displacement up to the most upstream location.
The relaxation of the flame back to its initial position occurs first in a linear,
then in an exponential manner.

An explanation based on convection of fluid elements with an increased reactiv-
ity was proposed: the particles excited and heated upstream by the NRP glow
discharges are convected into the flame front and induce the flame displace-



94 Chapter 4 - Effect of NRP corona discharges on laminar premixed
flames

ment upstream. It remains to give satisfactory details as to the nature and
concentration of the active species. The coming numerical simulations from
Section 4.4 are considered with this purpose in view and their comparison to
the experimental results will allow for a better understanding of the parameters
governing plasma-flame interactions. However, the fact that the flame in the
present configuration is attached to the burner’s nozzle induces a heat loss to
the burner. This effect is detrimental if one wants to compare the experimental
results to numerical simulations. Thus, another configuration is implemented
in Section 4.3.2 where laminar premixed stagnation flames are detached from
the nozzle of the burner.

4.3.2 Steady-state effect

4.3.2.1 Experimental setup

The experimental setup implemented here is the same as was used in Section 3.2.
A complete description of the configuration and the material used can be found
in this previous section, and a scheme of the setup is provided in Figure 3.8.
Throughout the presented experiments, the Pulse Repetition Frequency (PRF)
is varied between 1 and 28 kHz. The upper limit for the PRF has been set at
28 kHz because of the risk of flame flashback at higher repetition frequencies.

4.3.2.2 Experimental procedure

Chapter 3 focused on the effect of the flame on the NRP plasma discharges.
There, the NRP discharges have been observed. Thus the OH⇤ emission coming
from the flame has been minimised by synchronizing the camera intensification
with the high-voltage pulses and keeping an integration time as low as possible.
The purpose of this chapter is to observe the reaction of the flame to NRP
discharge application, meaning it is here necessary to acquire the luminous
emission from the flame without the one coming from the NRP discharges. In
order to do so, the gate delay of the ICCD camera has been set to 1µs and
the gate width maximized during this period between pulses (for instance set
to 48µs when the PRF is 20 kHz). This way, the camera opens 1µs after each
high-voltage pulse, enough delay to observe no plasma light emission at all (as
mentioned in Section 3.3.2, the plasma light emission ceases after approximately
200 ns), and collects only the light from the flame. The number of gates per
exposure is adjusted in order to obtain a flame light emission as bright as
possible (within the limits of saturation of the CCD). Table 4.3 displays the
parameters used for each experimental condition.
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Table 4.3: Settings for acquisition of the flame with the ICCD camera. In order to
avoid collecting the light emission of the NRP discharges, the gate delay is systemati-
cally set to 1µs. The gain of the intensifier is set at its maximum.

PRF gate width number of gates
(kHz) (µs) per exposure
1 998 3
5 198 15
10 98 25
15 64 50
20 48 60
25 38 100
26 36 100
27 35 100
28 33 100

Once the images of the flame are obtained, the position of the flame front is
detected by means of an algorithm for edge detection. This same algorithm has
already been implemented in Sections 3.3 and 4.2. The spatial uncertainty in
the experiments is 80µm, which corresponds to the size of one pixel.

4.3.2.3 Results and discussion

The visual effect of NRP plasma discharges on the stagnation flame is displayed
in Figure 4.14. The leading edge of the flame is detected (red, green and blue
lines). Two areas of interest are displayed in the figure: the position of the centre
of the flame (green line) and the position of its edge (blue lines). These two
positions are used in order to quantify the displacement of the flame. For visual
comparison, the mean position of the flame’s centre without NRP discharges
application (see Figure 4.14(a)) is indicated on each picture (cyan line).

The maximum displacement of the flame’s leading edge is observed at the centre
(see green line from Figure 4.14). This maximum displacement is considered
to be the result of two effects: the first one is the upstream translation of the
entire flame, quantified by determining the displacement of the edge of the
flame (blue lines from Figure 4.14), while the second effect is the increase in
the surface of the flame by the NRP discharges, determined by the increase
in surface of the leading edge (the red, green and blue lines from Figure 4.14
are the flame’s length, the surface is deduced by considering the flame to be
axisymmetric).

As NRP discharges are applied in the inter-electrode area, the temporal evolu-
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(a) PRF = 0 kHz (b) PRF = 1 kHz

(c) PRF = 5 kHz (d) PRF = 10 kHz

(e) PRF = 15 kHz (f) PRF = 20 kHz

(g) PRF = 25 kHz (h) PRF = 28 kHz

Figure 4.14: Effect of the PRF on the steady-state position of the leading edge of
a laminar premixed methane-air flame with an equivalence ratio of 0.8. The flame’s
leading edge is detected (red line). The position of the centre (green line) and of the
edges (blue lines) of the flame are deduced. The cyan line corresponds to the mean
position of the flame’s centre when no discharges are applied (corresponding to picture
(a)).

tions of current and voltage are measured for each PRF, in the manner presented
in Appendix A, and the results are given in Figure 3.12 (see Section 3.3.3). The
influence of the discharges’s pulse repetition frequency on the stabilisation po-
sition of the flame is quantified by comparing the steady-state position of the
flame front in its centre, z

0

, (see green line from Figure 4.14) and at its edge, z
R

,
(see blue lines from Figure 4.14) with NRP discharges pulsed at the PRFs from
Table 4.3. Figure 4.15 compares the evolution of the mean displacement of the
flame’s centre, �z

0

, with the displacement of its edge, �z
R

, as a function of
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the PRF. The reference position for the displacement is the case without NRP
discharges applied to the flame, as displayed in Figure 4.14(a).

Figure 4.15: Displacement of the centre part of the flame, �z
0

, (black squares) and
of the outer part of the flame, �z

R

, (blue circles) as a function of the PRF of the
NRP discharges. The reference position is the case without discharges (PRF=0 kHz).

The centre of the flame moves in the upstream direction for repetition fre-
quencies up to 26 kHz. At this PRF value, the flame reaches a maximum
displacement of about 0.7 mm, then slightly decreases for the next two PRFs
(27 and 28 kHz) considered. This decrease, of about 70µm, is comparable to
the uncertainty for these experiments (80µm). The edge of the flame moves
following the same trend as the centre, with a displacement of half the value in
the centre, peaking at 26 kHz with 0.37mm. The displacement of the flame’s
edge also decreases beyond 26 kHz, although the maximum decrease is about
20µm, thus negligible compared to the uncertainty of the experiments.

From Figure 3.12, the relation between the PRF and the deposited energy per
pulse is known. The mean power of the NRP discharges, P

p

, is deduced from
these two quantities by means of Equation (4.3). The influence of the mean
discharge power on the flame’s displacement is thus displayed in Figure 4.16.
The obtained power of the discharges is lower than 5 W; as a comparison, the
thermal power of the flame is 250 W. As mentioned in Section 3.3.3, the NRP
discharges do not stretch out from the high-voltage electrode all the way to the
ground, but rather stop at the flame front (see Figure 3.15). For this reason, the
measured energy of the NRP discharges is considered to be mostly distributed
in the unburnt gases and inside the flame front itself.

The obtained data allow to distinguish two different trends, which are visible
for both curves: first, when P

p

< 0.5W, the stabilisation position of the flame is
highly dependent on the mean power of the NRP discharges. Beyond this power
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Figure 4.16: Displacement of the centre part of the flame front, �z
0

, (black squares)
and of its outer part, �z

R

, (blue circles) as a function of the mean power of the NRP
discharges, P

p

.

value is the second trend where the position of the flame is not so sensible to
the mean power of the NRP discharges any more. This is comparable to what
has been observed in Section 4.2 for the electrodes parallel to the flame front.
The flame’s response is more sensitive to changes in the discharge power for
low P

p

than for higher P
p

. A saturation seems to appear for P
p

> 0.5W here
and 1 W in the previous configuration.

The deformation of the flame’s surface is determined by evaluating the change in
surface of the flame’s leading edge when NRP discharges are applied to it. The
length of the flame (see red, green and blue lines from Figure 4.14) is determined
for each case and the surface of the flame, A

fl

, is deduced by considering the
flame as axisymmetric. The relative increase in the flame’s surface, �A

fl

/A
fl

,
is calculated by subtracting the reference surface of the flame (when no NRP
discharges are applied to it) from the surface of the flame submitted to NRP
discharges, then dividing this quantity by the reference surface of the flame.
Figure 4.17 displays the dependence of the flame area to the mean power of
the NRP corona discharges. Each experimental point is annotated with the
corresponding PRF.

Two different trends of the flame area increase are distinguished in Figure 4.17:
for PRFs smaller than 25 kHz, the flame area increase when the power of the
discharges is increased, until it reaches a saturation point for electrical powers
higher than 0.5 W. For repetition frequencies higher than 25 kHz, the flame area
decreases with the PRF, though the power of the discharges keeps increasing
with the repetition frequency. This domain where PRF > 25 kHz also corre-
sponds to the point where the NRP corona discharges start to reach up to the
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Figure 4.17: Relative change in the flame’s surface, �A
fl

/A
fl

, as a function of the
mean power of the NRP discharges, P

p

. The NRP discharges touch the flame from
PRF=25 kHz on.

flame front, as in Figures 3.15(e) and (f).

Considering the results in Figures 4.16 and 4.17, two different behaviours of
the flame under application of NRP discharges are distinguished: first, when
PRF < 25 kHz, the surface of the flame increases with the power of the applied
pulses, while it also translates in the upstream direction. For repetition fre-
quencies higher than 25 kHz, the flame area decreases with the applied power
of the discharges. This highlights the fact that, once the NRP discharges reach
up to the flame front, the response of the flame to the discharges changes: from
this point (PRF > 25 kHz), the displacement of the flame and the deformation
of its surface both remain strong; yet, an increase in the mean power of the
NRP discharges seems to induce the flame to become more compact, instead
of increasing its surface.

The fact that the flame’s surface is deformed is hard to link to a local increase in
the laminar flame speed because of the fact that the energy distribution across
the surface of the flame is unknown. This energy distribution is assumed to be
non-homogeneous and would have to be known in order to deduce the effect of
energy on the flame’s curvature and interpret the deformation in Figure 4.17
in terms of laminar flame speed enhancement.
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4.4 Numerical model for estimation of NRP discharges
effect

A numerical model is here developed to evaluate the thermal and chemical
effects of NRP corona discharges and their relative influence on the burning
velocity and the adiabatic temperature of a one-dimensional stagnation flame.
In the first scenario considered (named chemical scenario), all the energy of the
NRP corona discharges is used to excite electrons, thus inducing subsequent
reactions eventually leading to ozone production. This unique species has been
chosen in order to simplify the model and because it has a long lifetime. In
addition, as no strong heating of the gas by the NRP corona discharges can be
expected, ozone is likely to be the dominant species. Another model (named
thermal scenario) is then developed to evaluate the effect of the NRP discharges
on the flame if all the electrical energy of the discharges were to be converted
to thermal energy and thus increased the temperature of the unburnt gases.
A third, intermediate scenario (named mix scenario) considers that one half of
the plasma energy goes to electron excitation and the other half to unburnt gas
heating. In this approach, no transverse diffusion, either of heat or of active
species, are considered.

4.4.1 Presentation of the model

The model has been developed based on the experimental configuration pre-
sented in Section 4.3.1.

4.4.1.1 Chemical scenario

In this first scenario, all the plasma energy serves to excite electrons. The
focus of this scenario is on the ozone concentration resulting from the reac-
tions in the plasma discharge. Ozone is a long-lived species which has been
proved to be one of the main products of non-equilibrium plasma discharges
(see Chen and Davidson 2002) and is also known to have an influence on a
flame’s burning velocity (see Ombrello et al. 2010b). Due to the convection
from the high-voltage electrode to the flame front (with a convective time of a
few milliseconds on average when the NRP discharges do not touch the flame
front), only the long-lived species can affect the combustion kinetics. Although
NOx particles, excited molecular and atomic oxygen could also present some
interest towards modifying the considered flame properties, we only focus on
the effect of ozone in this study. Indeed, NOx is usually produced in the case
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of electrical discharges that significantly heat the gas (typically NRP spark dis-
charges, as in Lacoste et al. 2013a) and the lifetime of atomic oxygen in air
is short (about 25µs, see Stancu et al. 2010). In a first step, two reactions of
electron-impact dissociation of oxygen and excitation of nitrogen, happening
during the 10 ns of the pulse, are considered:

N
2

+ e� ! N⇤
2

+ e�, (4.14)

O
2

+ e� ! 2O + e�. (4.15)

A study by Nagaraja et al. (2015) established a path flux analysis of species
production by NRP discharges at low pressure (p= 0.033 atm). The NRP glow
discharges are pulsed in a lean (�= 0.5) premixed hydrogen-air flame. The 200
discharges of the pulse train have a duration of 7 ns, an amplitude of 14 kV
and are pulsed at a PRF of 40 kHz, yielding an energy per pulse of 3mJ. This
path flux analysis displays that, in this configuration, 75 % of atomic oxygen
production by the NRP glow discharges results from reactions (4.14) and (1.3).
A third reaction of nitrogen quenching is added, providing additional atomic
oxygen:

N⇤
2

+O
2

! N
2

+ 2O, (4.16)

Rusterholtz et al. (2013) have shown that it takes 25 ns for the excited ni-
trogen to be totally quenched, so this duration is considered in the model for
Reaction (4.16). Finally, ozone production is considered with the three-body
reaction:

O
2

+O+M ! O
3

+M, (4.17)

where M is either nitrogen or oxygen. This reaction takes place during the
convection time (taken at its minimum value of 1 ms) of the gases from the
plasma discharge to the flame. Several studies, such as Chen and Davidson
(2002); Ombrello et al. (2010b), mention this reaction as the most significant
in terms of ozone production.

For the reaction:

A+ B ! C+D, (4.18)

the reaction rate, !, is:

! = �d [A]

dt
= �d [B]

dt
=

d [C]

dt
=

d [D]

dt
= k ⇥ [A]⇥ [B] , (4.19)
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where k is the reaction rate constant and [A], [B], [C] and [D] are the mo-
lar concentrations in species A, B, C and D. Integration of (4.19) yields the
temporal evolution of each species involved in the reactions from this model.
Particularly, this method allows to obtain the temporal evolution of the con-
centrations of excited nitrogen in (4.14), atomic oxygen in (4.15) and (4.16),
and ozone in (4.17). The electron number density is supposed to be constant
for the calculations of Reactions (4.14) and (4.15) which both take place during
the 10 ns of the high-voltage pulse.

The reaction rate constants from (4.14) and (4.15) as a function of the applied
reduced electric field were determined by solving the Boltzmann equation with
the BOLSIG+ code developed by Hagelaar and Pitchford (2005). The process
of determination of the reaction rate constants for these two reactions, as well
as a comparison between the results yielded by several databases are given in
Appendix C. A set of cross sections for electron collisions with nitrogen and
oxygen molecules were taken from the IST-Lisbon database on the BOLSIG+
website (see Alves 2014). The reaction rates for (4.16) and (4.17) are taken
respectively from Rusterholtz et al. (2013) and Ibraguimova et al. (2003). The
BOLSIG+ code also provides electron temperatures as a function of the reduced
electric field. For electric fields estimated between 40 and 500 Td, the electron
temperature, T

e

� , is between 1.2 and 10 eV. The number density of electrons,
n
e

� , is taken as 1.2 ⇥ 1015 cm�3, an average value estimated from Tholin and
Bourdon (2011) for NRP glow discharges with an electric field similar to the
range considered in this study. The volume considered for the discharge en-
ergy deposition, V

1

, is defined as the plasma region where the light emission
is maximum (see Figure 4.5(b)). This volume is represented as a cylinder of
400µm radius and 240µm height, so that its value is 0.12mm3. Multiplying the
electron number density by the discharge volume and the electron temperature
allows for an estimation of the deposited energy of the discharges, E

p

:

E
p

= n
e

� ⇥ V
1

⇥ T
e

� . (4.20)

This energy lies between 0.03 and 0.25µJ per pulse. It has not been possible to
measure the deposited energy in Section 4.3.1 in a quantitative manner, but the
electrical energy of NRP corona discharges is known to be of the order of a few
microjoules per pulse (see Pai et al. 2009). This range of energy values is lower
than the energies measured for the NRP discharges in Sections 3.2 and 3.3, but
as the energy measurement uncertainty is about 30µJ.pulse�1, these values can
be compared with the experimental energy measured for PRF < 15 kHz. Con-
sidering the dimensions of the volume V

1

and the 30 kHz PRF of the discharge,
a volume of gas flowing into the discharge region is subjected to 8 high-voltage
pulses before exiting it.
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4.4.1.2 Thermal scenario

In this second scenario, the energy is considered to be deposited integrally in
the form of thermal energy within the discharge volume, V

1

, defined in Sec-
tion 4.4.1.1. Therefore, the unburnt gases flowing through the discharge are
heated with the same energy range as in Section 4.4.1.1. The temperature
increase of the gas is then in the range of 1 to 11K. After this temperature in-
crease, the gas at temperature T

1

exits from the discharge volume and expands
to a volume V

2

, decreasing the gas temperature in the process. Assuming an
adiabatic expansion of the gas, the new volume, V

2

, is determined with:

p
1

⇥ V �

1

1

= p
2

⇥ V �

2

2

, (4.21)

where p
2

is the atmospheric pressure and �
1

and �
2

are the heat capacity ratios,
before and after expansion of the gas, respectively. The new gas temperature
after expansion, T

2

, is then deduced from the ideal gas law.

4.4.1.3 Mix scenario

This scenario considers an intermediate situation where 50% of the energy
goes into electron excitation, resulting in approximately half the final ozone
concentration compared to the chemical scenario. The other half of the dis-
charge energy goes into unburnt gas heating, leading to approximately half of
the temperature increase from the thermal scenario. This case is considered in
order to observe the possible existence of a synergetic effect between thermal
and chemical effects on the flame characteristics.

4.4.1.4 Effect of the different scenarios on the flame

Once the ozone concentrations and temperature increases are estimated over the
entire energy range considered, they are implemented in a Cantera (see Good-
win et al. 2017) script allowing to determine laminar flame speed and adiabatic
flame temperature of a one-dimensional stagnation flame. This script is pre-
sented in Appendix D. The GRI-Mech 3.0 reaction mechanism from Smith
et al. is designed for use in natural gas-air combustion mixtures; its basic
version features 53 species and 325 reactions. Here, it is modified to include
reactions between ozone and air molecules (taken from Ibraguimova et al. 2003,
Atkinson et al. 2003 and Starik et al. 2007). The reaction mechanism is then
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validated with experimental data published by Wang et al. (2012) and Gao
et al. (2015). Details on the modification of the reaction mechanism and the
validation results are presented in Appendix E. In the following simulations,
the pressure is one atmosphere, the initial fresh gas temperature is 293 K, the
bulk velocity of the methane-air mixture is 0.8 m.s�1 and the equivalence ra-
tio is 0.8. The axial separation distance between the inlet (the nozzle of the
burner) and the stagnation plate is 7.8 mm. The fresh gas temperature and
ozone content of the gas are modified according to the results from the three
scenarios presented in Sections 4.4.1.1, 4.4.1.2 and 4.4.1.3.

4.4.2 Results and discussion

4.4.2.1 Chemical scenario

As the electric field—and so the energy deposited by each NRP discharge—is
increased, so is the ozone production. Figure 4.18 displays the concentration
of ozone in the fresh gas, [O

3

], as a function of the energy per pulse, E
p

, also
expressed in terms of the reduced electric field, E/n. The ozone molecules come
from the recombination reaction of atomic oxygen with molecular oxygen (4.17).
For this reason, two pathways of ozone formation are distinguished: the first
one where atomic oxygen is produced by direct electron-impact dissociation, as
expressed in (4.15), and the other one coming from the excitation and quenching
of nitrogen, as in (4.14) and (4.16). Ozone generated by this first pathway is
represented by the dotted blue line and ozone originating from the second
pathway by the dashed green line.

Ozone production is strongly dependent on the input energy of the plasma dis-
charges. The total concentration of ozone reaches 10,000 ppm at the highest
energy considered. The pathways decomposition shows that both pathways
considered (direct electron-impact dissociation of oxygen, see blue curve, and
nitrogen excitation and quenching, see green curve) are responsible for a signif-
icant share of the total amount of atomic oxygen produced on the entire range
of energy considered.

4.4.2.2 Thermal scenario

The linear increase in the temperature of the unburnt gas, �T , as a function of
the deposited energy, E

p

, is displayed in Figure 4.19. For the considered range
of deposited energies, the resulting temperature increase reaches a maximum
of about 10 K.
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Figure 4.18: Ozone production, [O
3

], as a function of deposited energy, E
p

, and
reduced electric field, E/n.

Figure 4.19: Increase of the temperature of the unburnt gas, �T , as a function of
the plasma-deposited energy per pulse, E

p

.

4.4.2.3 Comparison of thermal and chemical scenarios

Figures 4.20 and 4.21 show the evolution of the laminar flame speed enhance-
ment, �S

L

/S
L

, and the adiabatic flame temperature increase, �T
ad

/T
ad

, as a
function of the deposited energy per pulse, E

p

.

Due to the linear evolution of both the laminar flame speed and the adiabatic
flame temperature with the ozone concentration in the fresh gases and with
the fresh gas temperature, the adiabatic flame speed and temperature evolve
with the energy per pulse in a similar manner as the ozone content and tem-
perature increase from Figures 4.18 and 4.19. The flame speed enhancement
provided by ozone (solid black line) reaches 25%, a value far higher than the
thermally-induced flame speed increase (dashed green line) which reaches 7 %
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Figure 4.20: Laminar flame speed enhancement, �S
L

/S
L

, as a function of the de-
posited energy per pulse, E

p

.

Figure 4.21: Adiabatic flame temperature enhancement, �T
ad

/T
ad

, as a function of
the deposited energy per pulse, E

p

.

for a similar deposited energy. The enhancement at low energy deposition is
similar for all three scenarios, but increases far more when all the energy goes
to ozone production, than when it goes to the heating of the unburnt gases.
The enhancement provided by the mix scenario (dotted blue line) corresponds
to the intermediary value in-between the 100 % thermal and 100 % chemical
cases. The model in its current state does not display the existence of a syner-
getic effect between plasma-induced unburnt gas heating and plasma-produced
ozone.

The trend of adiabatic flame temperature evolution is similar to the one of
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the laminar flame speed, but smaller by an order of magnitude. The ozone-
induced flame temperature increase is eight times higher than the one induced
by heating of the unburnt gas.

4.4.3 Comparison with the experimental results

The numerical model presented in Part 4.4.1 yielded a maximum increase in the
fresh gas temperature of 10K and a maximum ozone production of 10,000 ppm.
The increase in unburnt gas temperature and the generation of ozone by the
NRP discharges are now estimated by using the experimental data obtained in
Section 4.3.

The upstream displacement of the flame is considered as the comparison pa-
rameter between numerical calculations and experiments: either the ozone con-
centration in the inlet mixture or the temperature of the fresh gases is increased
until the displacement of the computed flame corresponds to the one observed
experimentally. Considering the one-dimensional nature of the numerical simu-
lations performed here, only one displacement of the flame could be considered;
we chose to use the position of the flame in its centre, �z

0

(see black squares
from Figure 4.16). This provides an estimation of the thermal and chemical
production of the NRP discharges for each applied discharge power.

4.4.3.1 Influence of ozone concentration and fresh gas temperature
on the flame displacement

Figure 4.22 displays the influence of (a) unburnt gas temperature increase, �T
u

,
and (b) ozone concentration in the inlet gas, [O

3

], on the displacement of the
centre of the flame, �z

0

. The energy per pulse, E
p

, calculated to obtain the
ozone concentration and unburnt gas temperature increase is also indicated in
the figure. In these simulations, the axial position of the flame is assumed to
be the position of maximum concentration in OH while the position of the ex-
perimental flame has been detected with the edge of OH⇤ emission. These two
different criteria for the flame position induce a shift between the positions of
the computed and experimental flames. In addition, the experimental flame is
not perfectly axisymmetric; therefore some correcting factors have been intro-
duced in order to match the stabilisation distance of the flame without NRP
discharges experimentally and numerically. Appendix D explains how this shift
in axial position has been corrected in order to allow comparison between nu-
merical and experimental flame positions. Except for the parameter that is
explicitly changed in the simulations (so as to evaluate its influence on the sta-
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bilisation position of the flame), the values of the input parameters are taken
so as to match the experimental conditions:

- Pressure: p= 1atm

- Fresh gas temperature: T
u

= 293K

- Cooled plate temperature: T
cp

= 393K; this value is only estimated, but
the sensitivity analysis in Appendix D showed that the stabilisation po-
sition of the flame is not strongly dependent on it (see Figure D.2(b))

- Fresh gas velocity: u
z

= 0.8m.s�1 (see Appendix D for justification of this
value)

- Equivalence ratio: �= 0.8

- Ozone concentration without NRP discharges: [O
3

]= 0ppm

- Nozzle-plate distance: Z = 7.8mm

Appendix D provides a sensitivity analysis for the position of the flame, the
laminar flame speed, and the adiabatic flame temperature as a function of these
input parameters.

The stabilisation position of the centre of the flame is a linear function of the
temperature of the fresh gases and of their ozone content. Figure 4.22 dis-
plays the fact that the maximum flame displacement in its centre (measured as
�z

0

= 0.7mm, see Figure 4.16) is equivalent to an increase in the unburnt gas
temperature of 47 K and in the ozone content in the fresh gas of 15,000 ppm.
This corresponds to an energy per pulse, E

p

, of 0.43µJ for the chemical scenario
presented in Section 4.4.2.2 and an energy of 0.85µJ for the thermal scenario
presented in Section 4.4.2.1. Thus, the energy required for a given displacement
of the flame by ozone generation is approximately half the amount of energy
needed to obtain the same flame displacement by heating of the unburnt gas.
These estimates for the deposited energy are smaller than the energy deter-
mined from the voltage-current measurements (see Figure 3.12).
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(a)

(b)

Figure 4.22: Increase in (a) unburnt gas temperature, �T
u

, and (b) ozone concentra-
tion in the fresh gas mixture, [O

3

], used to match the experimental flame displacement,
�z

0

, from Figure 4.16. Initial parameters for the computation are: atmospheric pres-
sure (p=1atm), ambient gas temperature (T

u

=293K), stagnation plate temperature,
T
cp

, of 393K, fresh gas velocity, uz, of 0.8m.s�1, distance between burner nozzle and
stagnation plate, Z, of 7.8mm, and methane-air equivalence ratio, �, of 0.8.

4.4.3.2 Influence of the NRP discharge power on the laminar flame
speed enhancement and the adiabatic flame temperature in-
crease

The laminar flame speed is defined as the speed at which an adiabatic un-
stretched laminar flame propagates through an unburnt gas mixture. The com-
puted position of the flame changes following ozone or heat addition to the
fresh gas. The velocity of the gases at the position where the OH concentration
is maximum is considered as the speed of the flame.
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The laminar flame speed without application of NRP discharges is estimated
at 26.8 cm.s�1. Simultaneously to the laminar flame speed, the adiabatic flame
temperature for each case is determined as the maximum temperature on the
computational domain.

Figure 4.23 presents the enhancements of (a) the laminar flame speed, �S
L

/S
L

,
and (b) the adiabatic flame temperature, �T

ad

/T
ad

, calculated with the inlet
parameters of fresh gas temperature and ozone content from Figure 4.22. The
values are expressed as a function of the plasma discharge mean power, P

p

,
which has been deduced from the ozone production and unburnt gas tempera-
ture increase from Figure 4.22.

(a)

(b)

Figure 4.23: Enhancements of (a) laminar flame speed, �S
L

/S
L

, and (b) adiabatic
flame temperature, �T

ad

/T
ad

, as a function of the mean power of the NRP discharges,
P
p

, applied to the flame. These enhancements are generated either by a computed
increase in the fresh gas temperature, T

u

(black squares), or in the ozone content, O
3

(green triangles).
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The flame speed enhancement reaches a maximum value of 35 %. As expected,
the laminar flame speed enhancement deduced from the flame displacement
is the same whether the energy is deposited in the form of heat (increase in
the fresh gas temperature), or if it is used to modify the chemistry of the
fresh gas (ozone added in the unburnt gas mixture). The difference lies in
the discharge powers required to generate ozone concentration or fresh gas
temperature increase: the energy required for a given increase in the laminar
flame speed is lower when it is used for ozone production rather than for fresh
gas temperature increase.

The two trends of Figure 4.23(a) (high sensitivity of flame speed to power for
low discharge power, then saturation of the enhancement) are also observed in
Figure 4.4. The energies measured by means of the current and voltage probes
have similar values in Sections 4.3 and 4.4. A comparison of the flame speed
enhancements shows that the maximum enhancement for the configuration from
Section 4.3—about 30 %— is much higher than the maximum enhancement
yielded by the configuration from Section 4.2, which is 2.2 %. An explanation
for the different enhancement values is linked to the electrode configuration:
in Section 4.2, the electrodes are oriented so as to generate an electromagnetic
field parallel to the flame front. In Section 4.3, the electromagnetic field is
perpendicular to the flame and, moreover, all the field lines cross the flame
front. Since the flame is a plasma itself, constituted of electrons and ions, it is
also influenced by the orientation of the electromagnetic field generated by the
NRP discharge. However, effects such as ionic wind can be ruled out due to the
short duration of the applied electric field (which is applied less than 0.03 % of
the time).

The adiabatic flame temperature enhancement follows the same trend as the
laminar flame speed, but its value is much lower, reaching a maximum of 4 %
in the considered range of NRP discharge power. The adiabatic flame tem-
perature increase caused by ozone addition in the fresh gas (green triangles) is
slightly higher than the adiabatic temperature increase from fresh gas heating
(black squares), though this difference reaches a maximum of only 0.6%, which
corresponds to 1 K difference between the two adiabatic flame temperatures for
a given discharge power. Practically, such a difference could be neglected.

As displayed in Figure 4.16, the central area of the flame is displaced more
than its edge, resulting into a increase in the flame’s surface. This difference in
displacement is linked to the fact that the NRP discharges are applied in the
centre of the flame only. The flame speed enhancement is estimated from the
displacement of the flame in its centre, meaning that only a local value, repre-
senting the maximum flame speed enhancement over the surface of the flame, is
here taken into account for the estimation of laminar flame speed enhancement.
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The overall enhancement of the flame is much harder to quantify—and would
require two-dimensional axisymmetric simulations.

4.5 Conclusion

The visualisation of a flame subjected to NRP corona discharges parallel to the
flame front has been realised in Section 4.2 and brought to light an influence
of the discharges on the stabilisation position of the flame: when the NRP
discharges were activated, an upstream displacement of the flame towards the
electrodes was observed. On the basis of the conical shape of the quartz tube
used to confine the flame, the displacement of the flame has been quantitatively
linked to an increase in its burning velocity. An enhancement of up to 2.2 % of
the laminar flame speed was deduced, for a mean electrical power input of the
NRP discharges estimated at 0.5 % of the flame thermal power.

As well as demonstrating an effect of the flame on the topology of NRP dis-
charges in Section 3.2, the experiments in Section 4.2 have also allowed to dis-
play an influence of the NRP discharges on the flame. This effect of the NRP
discharges on the flame, and the opposite effect of the flame on NRP discharges
confirms the fact that the relation between NRP discharges and flame is not
only an effect of the former on the latter, but rather an interaction between the
two of them. Nevertheless, the fact that the flame required an acoustic forcing
to mitigate the inherent Darrieus-Landau instability, as well as the presence of
the quartz walls make it a complex configuration.

In Section 4.3, NRP corona discharges pulsed in a transverse direction com-
pared to a laminar premixed stagnation flame were considered. First, in Sec-
tion 4.3.1, the transient response of laminar premixed flames to application
of NRP corona discharges was studied. A model for the temporal evolution of
flame displacement as a function of the flame speed enhancement was developed
and used to fit the experimental data, thus yielding experimentally determined
flame speed enhancements ranging from 4 to 9%. However, throughout the
experiments from Section 4.3.1, the flame was attached to the burner’s noz-
zle; thus this configuration is not comparable to numerical simulations. In
Section 4.3.2, the steady-state effect of NRP discharges on laminar premixed
stagnation flames was studied, in a configuration where the flames were de-
tached from the burner’s nozzle. Application of high-voltage pulses between
the electrodes led to an upstream displacement of the flame (towards the high-
voltage electrode). This displacement was analysed as a function of the mean
power of the discharges and, from the displacements obtained in the experi-
ments, the flame speed enhancement was deduced. The analysis of flame speed



4.5. CONCLUSION 113

enhancement as a function of the NRP discharge power allowed to display the
existence of two regions. In the first one, corresponding to discharge powers
between 0 and 0.5W, the laminar flame speed evolves linearly with the dis-
charge power and is highly sensible to this parameter. In the second region, for
electrical powers higher than 0.5 W, the laminar flame speed is less sensitive to
the discharge power and reaches a maximum value of up to 30 % of the initial
flame speed.

Finally, Section 4.4 has been dedicated to the development of a numerical model
in order to estimate the chemical and thermal effects of NRP corona discharges
and their impact on a laminar premixed methane-air stagnation flame by con-
sidering, on the one hand, a purely thermal effect of the discharges, and, on
the other hand, a purely chemical effect, through the production of ozone. The
simplified model shows, for low increase of the temperature, that a greater
effect of the chemical scenario is to be expected. Even at the low deposited
energies considered, an increase of up to 25% in the laminar flame speed was
obtained with 10,000 ppm of ozone addition. The thermal enhancement of the
laminar flame speed for the same plasma energy is 7 % only. The adiabatic
temperature increase of the flame follows a trend similar to the flame speed
enhancement but is less significant. The flame speed enhancement is similar to
the values determined in the experimental study in Section 4.3, although the
experimental values for the energy deposited by the NRP discharges are two
orders of magnitude higher than the ones considered in the model.





Chapter 5

Conclusion and outlook

5.1 Contributions of this thesis

In this work, Nanosecond Repetitively Pulsed plasma discharges were generated
in atmospheric conditions (1 atm and 300 K) in different electrode configura-
tions. These NRP discharges had pulse durations of 10 ns, voltage amplitudes
up to 15 kV and Pulse Repetition Frequencies (PRF) up to 30 kHz and were
generated either in air or in ignitable mixtures of methane and air.

The introduction mentions the need for more investigations regarding the in-
teractions taking place between flows and NRP discharges, especially the effect
of these flows on the discharges. This literature review also addressed the lack
of information regarding the mechanism of plasma-induced enhancement of the
flame and vice versa.

The interactions of NRP discharges with the laminar flow were studied; the
investigations and the resulting findings are summarized as follows:

Effect of an air flow on NRP discharges

NRP plasma discharges were generated between a pin high-voltage electrode
and an annular ground, with a laminar swirled flow of air transversal to the
inter-electrode area. The use of a steady-state air flow between the electrodes
has allowed to display the transition voltage between the NRP corona and
NRP spark regime as being a function of the transverse air velocity, while the
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azimuthal part of the air flow had no influence on these regime transitions.
This experiment also highlighted the existence of an hysteresis between the
NRP corona-to-spark and the NRP spark-to-corona transitions.

Modification of the amplitude and frequency of a sine acoustic forcing of the
air in the inter-electrode area allowed to reach either a corona-to-spark, or a
spark-to-corona regime transition. A map of existence of the two regimes of
NRP discharges as a function of the acoustic frequency and the relative velocity
amplitude of the forcing was established. Analysis and use of non-dimensional
numbers enabled to attribute this effect of air flow on NRP discharge regime
to a modification in the number of applied high-voltage pulses on each air par-
ticle during their transit in the inter-electrode area. The higher this number of
applied pulses, the closer the NRP corona discharges find themselves from tran-
siting to the NRP spark regime. Modelling the air flow influence on the total
power applied to an air particle during its transit in the inter-electrode area re-
produces the trends of the experimental results, thus validating the explanation
for the observed NRP regime transitions.

Effect of a laminar premixed flame on NRP discharges

Two different burners were used in the second part of this study. In the first one,
the NRP discharges were pulsed in a direction parallel to a laminar premixed
methane-air flame. Influence of the proximity of the flame to the discharges was
demonstrated by the effect of the flame on the visual aspect of the discharges.
When the electrodes-flame distance was sufficiently small, transition of the NRP
corona discharges to the NRP spark discharges was observed.

A second burner was used, in which the NRP corona discharges were pulsed
perpendicularly to the flame front of a laminar premixed methane-air stagna-
tion flame. First, the influence of the mixture composition was assessed: the
visual aspect of the NRP corona discharges was compared in an air flow and
in a methane-air flow. The significant difference in the resulting discharges,
as well as their slightly higher energy in the second composition, proved the
inter-electrode mixture to play a significant role on the NRP discharges char-
acteristics. This influence was caused by a modification in the spectroscopic
properties of the inter-electrode gas due to the methane addition. Ignition of
the reactive mixture allowed stabilisation of a stagnation flame in the inter-
electrode area. The presence of this flame led to an increased length of the
NRP corona discharges compared to the case without flame.

In these two experimental configurations, the influence of the flame was at-
tributed first to the lower density resulting from the high gas temperature close
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to the flame front, where the reduced electric field was thus locally enhanced,
and second to the interaction between the electromagnetic field generated be-
tween the electrodes and the charged species in the flame.

Effect of NRP discharges on a laminar premixed flame

The influence of NRP corona discharges on a laminar premixed methane-air
flame was assessed experimentally in two different experimental configurations.
The assumption for this effect was validated by developing a numerical model
for the estimation of the plasma production of heat and active species (limited
to ozone).

In the first experimental configuration, the NRP discharges were pulsed in a
direction parallel to the flame front. The discharges induced the flame to move
as a whole in the upstream direction. The increase in laminar flame speed under
application of NRP discharges was deduced from the flame displacement and
quantified as a function of the mean power of the NRP corona discharges. This
allowed to estimate a maximum flame speed enhancement of 2.2 % when the
plasma-to-flame power ratio was 0.5 %. For low NRP powers, the flame speed
enhancement was thrice as sensible to the NRP power than at high power
values.

The second configuration considered NRP corona discharges perpendicular to
the leading edge of a stagnation flame. In a first setup, the transient response
of laminar premixed stagnation flames to NRP corona discharges was studied
and a model developed in order to evaluate the flame speed enhancement re-
sulting from the effect of plasma discharges. This model yielded flame speed
enhancements from 4 up to 9% of the initial flame speed. In the second setup, a
steady-state influence of NRP discharges on laminar premixed flames detached
from the nozzle was observed. The electrical-to-thermal ratio was higher than
in the previous settings, up to 2 %. As with the two previous setups, appli-
cation of NRP discharges caused an upstream displacement of the flame as a
whole, as well as a deformation of the flame front’s surface, thus indicating a
non-homogeneous distribution of the plasma energy inside the flame front. The
flame speed enhancement has been quantified thanks to the displacement of
the flame’s central part under application of NRP discharges and estimated as
reaching a maximum value of 40 %. Analysis of the flame speed enhancement
as a function of the mean power of the NRP discharges highlighted, like in the
previous configuration, the existence of a high- and a low-sensitivity area of the
flame speed enhancement to the plasma power.

A hypothesis for the observed phenomenon was the production of heat and a
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pool of active species by the plasma discharges. Development of a numerical
model for the heat production and the chemical production (considering ozone
alone) and their effect on the laminar flame speed enhancement allowed to
validate the plasma production of heat and ozone as a likely cause for the
observed effect of NRP discharges on the flame.

5.2 Perspectives and future work

This work has provided insight on the interaction mechanisms occurring be-
tween NRP discharges and laminar reactive flows. Yet it also brought to light
a certain number of questions and recommendations for useful future work in
this research field.

The first item on this list of future work concerns the observed effect of flow
on NRP discharges and its explanation based on gas residence time between
the electrodes and the discharge mean power. While the qualitative relation
between these parameters and the regime transition of NRP discharges has
been modelled, it remains to determine the domains of existence for the NRP
corona and the NRP spark regimes quantitatively. The influence of the voltage
amplitude on the regimes of NRP discharges would also need to be included in
such a predictive model. The NRP discharges have been implemented in a setup
with a specific set of parameters (atmospheric pressure, ambient temperature,
laminar flow, gap distance in the order of one centimetre). The implemented
system would need to be scaled up if the NRP discharges were to be used in
bigger-dimensioned systems (in gas turbines for instance), or under different
reactive flow conditions.

The influence of a flame’s proximity to the NRP discharges has been attributed
to two different effects: first was the increase in local reduced electric field close
to the low-density combustion gases. The second effect of the flame on the
NRP discharges was the interaction of the charged species in the flame with
the discharges. The influence of the electrode configuration and its orientation
(parallel or perpendicular) and distance to the flame could be modelled in order
to determine an optimal setup to yield a maximum influence of the discharges
on the flame.

The effect of NRP discharges on a flame has been assessed experimentally and
its origin investigated numerically. Many questions still remain to be answered
and optimisation to be done in the experimental study. Foremost, there is
a need for an improvement in the method for energy determination. Indeed,
while the current methodology for energy measurement allows for low levels
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of uncertainty (about 30µJ.pulse�1), the range of energies measured in the
NRP corona and glow regimes is nevertheless in the same order of magnitude,
resulting in a poor confidence in the given values of deposited energy per pulse
(and the mean power of the NRP discharges calculated from them). Moreover,
the understanding as to the proportion of NRP corona discharges energy going
to heat and the proportion going to the chemical production of active species
are needed.

A numerical model has been developed in order to establish the production of
heat and active species (limited to ozone) by the NRP discharges. The results
yielded by this model should be verified by experimental measurements. Quan-
titative information as to the concentration of the chemical species produced
by NRP discharges could be deduced from optical emission spectroscopy, ab-
sorption spectroscopy, or a gas analyser, depending on the species investigated.
These experimental results could serve as a basis to improve the numerical
model: by including new, long-lived species to it, the chemical effect of the
NRP discharges could be predicted in a more precise manner. Top on the list
of species to take into consideration are NOx, which are known to be crucial
species in the combustion process, as pollutants as well as potential enhancing
agents of the laminar flame speed. Finally, the experiments proved that the
NRP corona discharges energy was distributed in an non-homogeneous man-
ner across the surface of the flame. This non-homogeneous energy distribution
resulted in a deformation of the flame when NRP discharges were applied in
its central part. This deformation phenomenon cannot be taken into account
by mere one-dimensional simulations, prompting the need for two-dimensional
simulations which would aim, first, at estimating the energy distribution over
the flame’s surface and, second, to capture this effect of flame deformation. In
order to include this phenomenon in the computations, the numerical model
for plasma-produced heat and active species would have to take into account
the two-dimensional nature of the problem as well, by estimation and inclusion
of radial diffusion of heat and species.

This study focused on interactions between flow and plasma, and between com-
bustion and plasma. In fact, in industrial applications, a much more complex,
trilateral, interaction between flow, combustion and plasma would take place.
Now that the individual effects and interactions are identified and known, it
remains to combine them in order to apply this theory to setups closer in design
to actual combustion chambers.





Appendix A

Characterisation of NRP plasma
discharges

Throughout all experiments, the energy per pulse of the NRP discharges has
been determined. This appendix presents the methodology for determination
of the deposited energy per pulse of the nanosecond discharges. NRP corona
and glow discharges are considered first, followed by NRP spark discharges.

The plasma discharges are pulsed with a high-voltage pulse generator (FPG Se-
ries, FID Technologies). All measurements throughout this work are performed
with equipment of similar characteristics: a current probe (model 6585, Pear-
son Electronics) equipped with an attenuator (model 2-20, Barth Electronics),
a voltage probe linked to high-voltage and ground (PPE 20 kV, LeCroy). These
two probes are linked to an oscilloscope (1GHz or more, Agilent Technologies)
with a sampling rate between 10 and 20 GHz. The high-voltage probe is linked
to a 1 M⌦ impedance input of the oscilloscope and the current probe to a 50⌦
impedance input.

Figure A.1 presents a typical pulse measurement obtained for an NRP dis-
charge, where the voltage amplitude, U , and the current, I, are presented as
a function of time, t. The maximum voltage is 11 kV, the maximum current is
10 A and the PRF is 25 kHz. The gap distance separating the two pin electrodes
is 12 mm and the signals are averaged over 1,000 pulses.

The signals of Figure A.1 have been acquired with separate probes. Although
each probe was linked to the same oscilloscope, the electrical circuit for the two
of them differs, inducing a difference of transition time from the measurement
point (at the experimental setup) to the acquisition point (at the oscilloscope’s
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Figure A.1: Example of voltage and current waveforms for a pulse of an NRP corona
discharge between two pin electrodes separated by a gap of 12mm, with a transversal
air and methane flow velocity of 1.20m.s�1 and equivalence ratio of 0.8. The PRF
is set to 25 kHz, the maximum voltage amplitude, U (black line), is 11 kV and the
maximum current, I (blue line), is 10A. The measurements are averaged over 1,000
pulses.

input). This means the voltage and current signals are impaired with a deskew
in time. This deskew is determined and removed by assuming the setup of
the two electrodes and the high-voltage pulse source to constitute a capacitive
circuit. Under this hypothesis, the measured current without discharge is a
purely capacitive current, also called displacement current, I

disp

:

I
disp

= C ⇥ dU

dt
. (A.1)

The derivative dU/dt is determined from the voltage signal for a high-voltage
pulse without discharge by taking the derivative with respect to time. The
circuit’s equivalent capacity, C, is determined by dividing the current without
discharge, I

disp

, by dU/dt; in other words, the capacitance was chosen so as to
scale the calculated displacement current I

disp

to the same maximum value as
the measured current I

total

. Numerical application with the data of Chapter 4
yields a capacitance of 6 pF, a value that coincides with the ones given by Pai
(2008) for similar discharges in the NRP diffuse and filamentary regime. This
obtained capacitive current is considered constant in all the measurements that
follow, as long as the configuration (gap distance, applied voltage) remains the
same.

The current being assumed as entirely capacitive in the case without discharge,
the signals of capacitive current and measured current are compared and syn-
chronised, giving the information of the deskew between the current and voltage
acquisition. Figure A.2 shows the deskew determination for current and voltage
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signals acquired in the configuration of Figure A.1.

Figure A.2: Determination of the deskew between current and voltage acquisition, for
measurements in the experimental conditions from Figure A.1: the current waveform,
I
total

, (solid blue line) is moved 2.6 ns backwards in time in order to adjust it to the
displacement current, I

disp

, (dashed green line); these 2.6 ns correspond to the deskew.

The deskew of 2.6 ns found in this example is in the range of typical values
(between 2 and 5 ns).

Once the deskew is known, it is applied to the signals measured with a discharge
between the electrodes. After synchronisation, the total (measured) current,
I
total

, is decomposed into its capacitive component, I
disp

, and its conductive
component, I

cond

, as follows:

I
total

= I
disp

+ I
cond

, (A.2)

where the capacitive part of the current, I
disp

, has been determined previously
in the measurements without discharge (see Figure A.2). Figure A.3 gives an
example of the decomposition into total, displacement and conductive currents
for the experimental conditions of Figure A.1.

As mentioned earlier, the capacitive current becomes negligible compared to
the conductive current when the discharges are in the NRP spark regime. This
is because the spark discharges consist in a channel that forms between the elec-
trodes. This channel is electrically conductive, thus allowing a high transport
of electrons from the ground electrode (cathode) to the high-voltage electrode
(anode).

Although it is the case when the NRP discharges are in the spark regime, the
displacement part of the current is far from negligible compared to its conduc-
tive component in the NRP corona and glow regimes. Since this conductive
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Figure A.3: Decomposition of the total current, I
total

(solid black line), into dis-
placement current, I

disp

(dashed blue line), and conductive current, I
cond

(dotted red
line), for the NRP corona discharges presented in Figure A.1.

current corresponds to the actual current flowing between the electrodes, it is
this component of the current which is used in order to determine the evolution
of the instantaneous power, P , of the NRP discharges:

P (t) = U(t)⇥ I
cond

(t), (A.3)

and deduce the deposited energy per pulse, E
p

:

E
p

=

Z

t

P (t)dt. (A.4)

From this deposited energy per pulse, the parasitic energy from the electrical
circuit, taken as the energy per pulse obtained for the case without discharge, is
subtracted. An example of temporal evolution of the deposited energy per pulse
and the instantaneous power is given in Figure A.4, where the experimental
conditions are the same as in Figure A.3.

Each energy measurement has been repeated thrice, and the standard deviation
of the results yields an uncertainty in the energy measurements of 30µJ.pulse�1.
A sensibility study on the time deskew between current and voltage has also
been realised: the value of this deskew is modified from 0 to 10 ns and its
influence on the obtained deposited energy is given in Figure A.5. The red line
is the value that has been used to synchronise current and voltage signals.

The energy per pulse varies from 5 to 45µJ.pulse�1 when the deskew is modified
between 0 and 10 ns. Considering the position of the red line (corresponding
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Figure A.4: Temporal evolution of instantaneous power (black line) and deposited
energy per pulse (blue line) of NRP corona discharges in the same conditions as in
Figure A.3.

Figure A.5: Deposited energy per pulse, E
p

, as a function of the deskew applied
between current and voltage signals, �t. The red line is the value used in the study,
2.6 ns. The experimental data used for the energy determination correspond to the
ones from Figure A.1.

to the actual value of the deskew), it can be seen that if the uncertainty on the
deskew is 0.5 ns, the uncertainty on the deposited energy is about 5µJ.pulse�1.
This uncertainty on the deskew determination is considered as included in the
total uncertainty on the energy measurements (30µJ.pulse�1).





Appendix B

Hot wire calibration procedure

The air flow velocity has been measured in Chapter 2 with a hot wire (55P16
from Dantec Dynamics) located in the plenum of the experimental setup. The
velocity in the inter-electrode area has been deduced from this energy measure-
ment by the principle of mass flow rate conservation between the plenum and
the nozzle of the burner. Considering that there is no density modification of
the air between these two locations, the conservation in mass flow rate implies
conservation of volume flow rate. Thus the velocity at the nozzle’s outlet is
deduced by multiplying the velocity in the plenum by the ratio of surface area
between these two sections.

Prior to the measurements in the setup, the hot wire needed to be calibrated on
a calibration test-rig in the EM2C lab. This setup is presented in Figure B.1.
A mass flow controller (EL-Flow from Bronkhorst) is set upstream of the setup
and controls the volume flow rate of air, so that the velocity of air at the nozzle
outlet is known. Due to the profile of the converging section in the test-rig, the
velocity profile along the radial axis is uniform, as it is also supposed to be in
Chapter 2. The uniform velocity profile, as well as the correct value of velocity
at the nozzle, have been verified by means of PIV measurements.

The hot wire is linked to a power supply in order to heat up the thin tungsten
wire at the end of the fork (see Figure B.1) at a constant temperature. When
air flows past the heated wire, its temperature decreases, leading to an increase
in the wire’s electrical resistance. In order to maintain the temperature of the
hot wire constant, the applied voltage is increased. Thus, the measured voltage
increase is a function of the velocity of the gas.

Prior to installing a new hot wire into the setup, it required calibration on
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air

hot wire

Figure B.1: Setup for hot wire calibration

the test-rig B.1. The velocity of the gas is increased with the flowmeters and
the variation of voltage is deduced. Thus, a curve of voltage as a function of
gas velocity is obtained and used in the experiments of Chapter 2 in order to
obtain the air velocity as a function of the measured voltage. This relation is
then fitted in order to simplify the determination of air velocity. An example of
the obtained curve and its fitting is given in Figure B.2. The measured profile
of air velocity as a function of the hot wire voltage (solid black line) is fitted
with a polynomial function (dashed red line). The obtained function is the
following one:

u
z

= 22.93⇥ U3 � 74.06⇥ U2 + 79.65⇥ U � 28.56, (B.1)

where u
z

is the velocity in m.s�1 and U is the voltage applied to the hot
wire in V. The measurement of voltage as a function of air velocity has been
performed thrice and the uncertainty was found to be smaller than 0.5% of the
measured voltage value, corresponding to an uncertainty of about 0.02m.s�1

in the velocity range [0; 14]m.s�1.

It is important to note that since the hot wire provides only the velocity mag-
nitude in the plane perpendicular to the wire, the sign of the velocity had to
be adjusted when the local velocity had a negative value, as in Figure 2.3(b),
where the local azimuthal velocity along the axis was measured as positive,
despite the fact that the velocity was negative on half the diameter. From the
curve in Figure B.2, the voltage measured by the hot wire allows to deduce the
velocity of the flowing gas.



Figure B.2: Example of hot wire calibration curve: the voltage given by the hot wire,
U , is expressed as a function of the velocity at the nozzle’s outlet, uz (see Figure B.1).





Appendix C

Determination of reaction rate
constants with BOLSIG+

The chemical scenario of the numerical model presented in Part 4.4 makes use of
four reactions, two of them (Equations (4.14) and (4.15)) of the initial collision
of electrons with air molecules. These two initial reactions, (4.14) and (4.15)
are crucial to the implemented model and the utmost care should be taken when
handling the constants used in the reactions. While the reaction rate constants
for reactions (4.16) and (4.17) are well documented in the literature (see Popov
2001; Ibraguimova et al. 2003; Ombrello et al. 2010b; Rusterholtz et al. 2013),
the ones for electron-impact excitation of nitrogen (4.14) and electron-impact
dissociation of oxygen (4.15) are not well known and rather hard to find in the
literature. Due to their high dependence on the discharge conditions, the need
arises to determine the reaction rate constants for these two reactions.

The BOLSIG+ code Hagelaar and Pitchford (2005) is a popular software de-
signed to solve the Boltzmann equation. Assuming spatial uniformity of the
electric field and collision probabilities, as well as a two term approximation to
the Boltzmann equation in order to simplify it, the solver yields several useful
output parameters. In order to determine the reaction rate constants for the
reactions of interest, the input parameters are:

- reduced electric field, E/n

- gas temperature

- gas composition
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- database of collision reactions

A range of reduced electric fields, relevant to our study, is considered; it ranges
from 40 to 500Td (1 Td = 10�21 V.m�2). The gas temperature is kept constant
at 300 K and the gas composition is adjusted to the air molar composition (79%
nitrogen and 21 % oxygen). Six databases are compared: the Biagi database
(Magboltz version 8.9, see Biagi 2010), the IST-Lisbon database (see Alves
2014), the Itikawa database (see Itikawa 2017), the Morgan database (Kinema
Research and Software, see Morgan 2017), the Phelps database (see Phelps
2017) and the Triniti database (see Napartovich et al. 2017). All these databases
are available online, on the LXCat website (see Pitchford et al. 2017).

A number of output parameters is obtained from this code; the ones that are
relevant to our model are: the electron temperature, T

e

� , expressed in eV, and
the reaction rate constants, k

11

for reaction (4.14) and k
12

for reaction (4.15),
both expressed in cm3.mol�1.s�1. The obtained reaction rate constants, k

11

and k
12

, are compared for the range of reduced electric field, E/n mentioned
above. The results are displayed in Figure C.1. In both cases, four of the six
mechanisms agree well. The Biagi, Lisbon and Phelps mechanism yield similar
reaction rates for the range of reduced electric field considered. The reaction
rates have a very low value when the E/n value is smaller than 100 Td, then in-
crease rapidly between 100 and 300 Td before nearing a saturation point around
500 Td. These very low values at low reduced electric fields have consequences
on the production of ozone determined in Part 4.4 which is very small, below
100 Td.

As mentioned above, the BOLSIG+ solver also allows the determination of
the mean electron temperature, T

e

� , as a function of the reduced electric field.
Figure C.2 displays this evolution. These values of electron temperature are
used in order to determine the deposited energy of the plasma discharges used
in the model of Part 4.4.
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Figure C.1: Reaction rate constants, k
11

and k
12

, for the reactions of nitrogen exci-
tation (4.14) and oxygen dissociation (4.15), as a function of the reduced electric field,
E/n, for the six compared mechanisms.

Figure C.2: Electron temperature, T
e

� , evolution as a function of the reduced electric
field, E/n, for the six compared mechanisms.





Appendix D

One-dimensional simulations of
a stagnation flame and
sensitivity analysis

In Chapter 4, numerical simulations are performed in order to evaluate the
influence of NRP discharges on a laminar premixed methane-air stagnation
flame. These simulations use the Cantera software package (see Goodwin et al.
2017) with a Python input script. The script used is presented below. Several
input parameters, such as boundary conditions, are given and a gas object is
created according to the GRI-Mech 3.0 (see Smith et al.). From this gas, a
stagnation flame object in a strained flow field is defined. The determination of
the equilibrium concentrations and flow field provides a solution, first without,
then with the energy equation. The grid is refined throughout the solution
process in order to remove the unnecessary grid points and refine the grid close
to the newly determined position of the flame.

The script, partly modified from the one called stagnation_flame.py, available
on the Cantera website, is given here:

import cantera as ct
import numpy as np

# parameter va l u e s
p = ct . one_atm # pres sure [Pa ]
Tu = 293 # unburnt gas temperature [K]
Tcp = 393 # p l a t e temperature [K]
Phi = 0 .8 # equ i va l enc e r a t i o
uz = 0.80 # i n l e t v e l o c i t y [m. s�1]
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Z = 7 .8E�03 # domain s i z e [m]
i n i t i a l_ g r i d = np . l i n s p a c e (0 , Z , 201)

mechanism = ’ g r i 30 ’ # reac t i on mechanism
comp = ’CH4: ’ + str ( Phi ) + ’ ,O2 : 2 ,N2 : 7 . 5 2 ’ # f r e s h gas composi t ion

to l_ss = [ 1 . 0 e�5, 1 . 0 e�13]
to l_ts = [ 1 . 0 e�4, 1 . 0 e�9]
l o g l e v e l = 1
r e f i n e_gr i d = True

# gr i d re f inement parameters
r a t i o = 3
s l ope = 0 .1
curve = 0 .2
prune = 0.06

# crea t i on o f the gas o b j e c t
gas = ct . So lu t i on (mechanism + ’ . c t i ’ )

# se t s t a t e o f gas to unburnt gas cond i t i on s
gas .TPX = Tu, p , comp
mdot = gas . dens i ty ⇤ uz

# crea t i on o f the s t a gna t i on f l ow o b j e c t wi th a non�r e a c t i v e su r f a c e
sim = ct . ImpingingJet ( gas = gas , g r i d = i n i t i a l_ g r i d )

# mass f l ow ra t e at the i n l e t
sim . i n l e t . mdot = mdot

# sur f a c e temperature o f the coo l ed p l a t e
sim . s u r f a c e .T = Tcp

sim . f lame . set_steady_to le rances ( d e f au l t = to l_ss )
sim . f lame . s e t_t ran s i en t_to l e rance s ( d e f au l t = to l_ts )
sim . set_grid_min (1 e�4)
sim . energy_enabled = False

sim . s e t_ in i t i a l_gue s s ( products = ’ e qu i l ’ )
sim . show_solution ( )

sim . s o l v e ( l o g l e v e l , r e f i n e_gr i d )

# gr i d ref inement , a c t i v a t i o n o f energy equa t ion and s o l v i n g
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sim . s e t_ r e f i n e_c r i t e r i a ( r a t i o=ra t i o , s l ope=s lope ,
curve=curve , prune=prune )
sim . energy_enabled = True
sim . s o l v e ( l o g l e v e l , r e f i n e_gr i d )
sim . save (mechanism + ’_mix . xml ’ , ’ energy ’ , ’ methane ’ )
data_path = ’Phi_ ’ + str ( Phi )
sim . write_csv ( data_path + ’ . csv ’ , qu i e t = Fal se )
print ( ’ f i n i s h e d � s o l u t i o n �with�mechanism : � ’ + mechanism )

sim . show_stats ( )

The spatial evolution of several output parameters (such as gas temperature,
density or species concentrations) is obtained. Typical profiles for these output
parameters are provided in Figure D.1 where z is the coordinate on the axis,
u
z

is the gas velocity, T is the gas temperature and ⇢ is the density of the
gas. The position z = 0 corresponds to the nozzle of the burner (where the inlet
conditions for the simulation are defined) and z = 7.74mm is the position of
the constant temperature plate. The input parameters are the same that are
given in the script presented above.

The velocity decreases downstream of the burner nozzle. Close to the flame, the
higher temperature induces a density decrease, thus increasing the gas velocity.
The velocity increases first but then decreases to zero at the stagnation plate
(where the boundary condition on the velocity is 0 m.s�1). The temperature
is constant (at the value given as inlet condition, here 293 K) until the gases
are close to the flame front. There, the temperature increases up to about
1,900 K, then decreases again because of the imposed temperature at the plate.
Since the pressure is constant, the density profile follows an inverted trend
compared to the temperature: from an initial value of 1.2 kg.m�3, it decreases
to 0.2 kg.m�3 where the gas temperature is at its maximum. This decrease in
density of the gas is also mentioned in Chapter 3 where the influence of a flame
on NRP corona discharges is explained as linked to a decrease in the density
of the gas close to the flame, thus increasing the local reduced electric field.
The oxygen and methane concentrations decrease sharply at the flame front
(at z = 4.7mm). Due to the lean mixture (�= 0.8), the methane is entirely
consumed while 20 % of the oxygen remains in the burnt gas. As methane and
oxygen are consumed, the combustion products carbon dioxide and water are
produced. The reaction of methane and oxygen produces several intermediate
species which are themselves reacting into other species. OH and CH are two
of them and their peak concentration can be used as a tracer for the flame front
position. From the relative position of the two peaks, it can be seen that the
CH concentration peak is located 380µm upstream of the OH concentration
peak.
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(a) (b)

(c) (d)

(e)

Figure D.1: Output parameters obtained by computation of the one-dimensional
stagnation flame: (a) gas velocity, uz, (b) temperature, T , (c) and (d) normalised
concentrations of species: reactants O

2

and CH
4

, intermediate species: OH and CH,
and products: CO

2

and H
2

O.

The sensitivity of the results to the input parameters is analysed in terms of
three outputs: the displacement of the flame, �z

0

, the laminar flame speed
enhancement, �S

L

/S
L

, and the flame temperature enhancement, �T/T , com-
pared to the reference case whose input parameters are given below. As men-
tioned in Section 4.4.3, the position of the numerical flame is considered as
being the axial position where the OH concentration reaches its peak value.
The obtained velocity provides a good estimation for the laminar flame speed
under these conditions (3% discrepancy from the laminar flame speed yielded
by computation of a freely-propagating flame). The maximum flame temper-
ature for one set of input parameters is taken as the maximum temperature
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reached in the nozzle-to-plate domain.

The input parameters in this sensitivity study are the following: fresh gas
temperature, T

u

, stagnation plate temperature, T
cp

, equivalence ratio of the
methane-air mixture, �, domain size, Z, and axial gas velocity, u

z

. These in-
put parameters are varied around the nominal values of the experiments and
their influence on the flame position, flame speed and temperature observed.
Figure D.2 presents the influence of the input parameters listed above on the
flame position. With the exception of the parameters explicitly modified, the
other parameters take the following values: p= 1atm, T

u

= 293K, T
cp

= 393K,
�= 0.8, u

z

= 0.8m.s�1, Z = 8mm. The reference flame position, flame speed
and temperature (with which the displacement and enhancements are deter-
mined) has these input parameters.

(a) (b)

(c) (d)

(e)

Figure D.2: Influence of simulation input parameters on the displacement of the
flame, �z

0

, determined from the maximum of OH concentration on the computational
domain.
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The parameters with the highest influence are the unburnt gas temperature (see
Figure D.2(a)) and the equivalence ratio (see Figure D.2(c)). The displacement
in the considered range reaches a maximum of 1.2 mm. The flame moves lin-
early upstream with the fresh gas temperature. When the equivalence ratio is
increased, the flame moves upstream until a maximum upstream position at
�= 1.05, then the flame starts moving downstream. The temperature of the
cooled stagnation plate has almost no influence on the flame’s position for the
wide range of temperatures considered. The size of the domain influences the
stabilisation position of the flame in a linear manner: when the distance be-
tween inlet of the domain and stagnation point (cooled plate) is increased, the
flame moves in the downstream direction. Finally, increasing the speed of the
inlet gas causes the flame to move downstream.

While the unburnt gas temperature and the equivalence ratio of the methane-
air mixture have already been proved to have a significant effect on the laminar
speed and the temperature of a laminar premixed flame, the simulations dis-
played next to no influence of the remaining three parameters (cooled plate
temperature, gas inlet velocity and domain size) on these two output param-
eters. Figures D.3 and D.4 display the influence of fresh gas temperature, T

u

,
and equivalence ratio, �, on the laminar flame speed enhancement, �S

L

/S
L

,
and on the flame temperature enhancement, �T/T . The enhancement of lam-
inar flame speed is significant, reaching up to 80 % over the range of unburnt
gas temperature considered (up to 393K), while reaching 50% when the equiv-
alence ratio went from its initial value of 0.8 to 1.05. The relative increase in
flame speed is lower; it reaches indeed only 5 % over the same range of unburnt
gas temperature considered and 12 % for an equivalence ratio of 1.05.

(a) (b)

Figure D.3: Influence of simulation input parameters on the laminar flame speed
enhancement, �S

L

/S
L

, determined from the gas velocity at the flame location, z
0

.

It has been mentioned above that the effect of the cooled plate temperature,
domain size and fresh gas velocity on the flame speed and temperature en-
hancement are negligible compared to the established effects of equivalence
ratio and fresh gas temperature. Indeed, the only way these parameters influ-
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(a) (b)

Figure D.4: Influence of simulation input parameters on the flame temperature en-
hancement, �T/T , determined as the maximum temperature reached by the gases on
the computational domain.

ence the flame is by modifying—slightly so—the distance between flame and
cooled plate temperature, thus modifying the heat transfer of the flame with
it. This minimal influence is considered as the numerical uncertainty on the
flames computed in this work, it is estimated as 5% for the laminar flame speed
enhancement and 1 % for the flame temperature enhancement.

The position of the flame yielded by the numerical simulations needs to be
corrected to take into account two effects. First is the numerical-experimental
deskew: all throughout Sections 4.3.2 and 4.4, the experimentally observed
flame front has been detected with the OH⇤ emission while the computed flame
has been considered to be located where the concentration of OH reached its
maximum value. These two criteria for flame detection result in different posi-
tions of the flame; the position of the computed flame is thus corrected. Second
is the fact that, due to the presence of the central electrode upstream of the
nozzle, the velocity at the outlet of the nozzle is lower than the bulk velocity of
the rest of the flow. Once the computed flame position is corrected, the velocity
of the inlet gas is adjusted so as to match the position of the flame’s centre in
the experiments.

The numerical-experimental mismatch is displayed in Figure D.5, where the
position of the side of the experimental flame, determined by the OH⇤ emission,
is plotted (blue line) and compared to the numerical OH concentration (black
line).

The comparison of the two peaks of OH⇤ emission and OH concentration (both
peaks indicated with red lines), allows to display that the computed flame’s
position is located 0.84mm upstream of the experimental flame’s leading edge.
This correction between experimental and numerical flame position is applied
to each computed flame in order to allow comparison between simulations and



142

Figure D.5: Comparison of the experimental profile of OH⇤ emission (blue line) with
the computed OH concentration profile (black line). The shift between numerical and
experimental positions of the flame is yielded by comparing the position of the peaks
(red lines).

experimental results.

The second issue is due to the presence of the central electrode upstream of the
flame. This electrode generates a velocity deficit in the centre of the nozzle jet
resulting in a curved flame (see Figure 3.9). This velocity deficit is estimated
by matching the position of the computed flame with the position in the centre
of the leading edge of the flame. Figure D.6 presents this process: the OH⇤

emission in the centre of the flame (solid blue line) increases sharply until
reaching a first plateau 4.7mm from the burner’s nozzle, which corresponds
to the position of the lower edge of the flame. After this plateau, the value
of OH⇤ emission increases again until reaching its maximum at 5.8 mm, the
same position as the sides of the flame (green line). The experimental bulk
velocity of the fresh gases is 1.2 m.s�1 and the experimental-numerical shift of
0.84 mm is applied to match the computed flame position (solid black line) to
the experimental position of the sides as explained previously. Then, to take
into account the velocity deficit in the centre of the flame, the numerical inlet
velocity is decreased until the position of the computed flame (peak of OH
concentration) matches the position of the centre of the flame (detected with
OH⇤ emission) in the experiments. This match is obtained for an inlet velocity
of 0.8 m.s�1. This value is used as the computational inlet velocity of the fresh
gases in all the numerical simulations presented in this work, meaning that,
instead of the value of 4.5 times the flame velocity, the actual velocity of the
unburnt gases in the centre of the nozzle is only three times the laminar flame
speed.



Figure D.6: OH emission profile along the axial direction of the computed flame
(black lines) with two velocities and of the centre (blue line) and the edge (green line)
of the experimental flame. The computed flame’s position (black lines) is matched with
the experimental flame’s central position by decreasing the inlet gas velocity from 1.2
to 0.8m.s�1.





Appendix E

Modified GRI-Mech 3.0 for
inclusion of ozone and nitric
oxide effect

Simulations with the Cantera (see Goodwin et al. 2017) package have been
realised, in order to estimate the effect of species generated by the NRP dis-
charges in Section 4.4. The original GRI-Mech 3.0 mechanism from Smith
et al. has been modified in order to include reactions involving ozone and nitric
oxide. The transport properties for ozone and nitric oxide have been taken
from Kee et al. (1986) and the coefficients for calculation of thermodynamic
data from Mcbride et al. (1993).

Table E.1 contains the reactions added to the GRI-Mech 3.0 mechanism, as well
as the Arrhenius coefficients used. The reactions have been taken from Ibraguimova
et al. (2003), and from Atkinson et al. (2003) for the reaction of ozone with
the molecules of air and from Starik et al. (2007) for the last three reactions of
ozone with fuel fragments.

Table E.2 contains the equations which have been added to the GRI-Mech 3.0
mechanism. Lamoureux et al. (2015) mention the lack of a low-chemistry mech-
anism and develop such a mechanism in Lamoureux et al. (2016), as well as
validate it for methane-air premixed flames. This mechanism includes prompt
NO formation through a pathway involving the NCN species and is given in
Table E.2. Although the reactions from Table E.2 have been added in the mech-
anism, the influence of nitric oxides on the properties of a one-dimensional ax-
isymmetric computed flame have not been studied. The mechanism of reaction
is given for the purpose of possible future works.
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Reaction A b E
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Table E.1: Reactions included in the GRI-Mech 3.0 mechanism for inclusion of an
ozone reaction mechanism.

Once the reactions were added to the GRI-Mech 3.0, the updated mechanism
has been validated with experimental and numerical data from the bibliography.
First of all, it has been checked that the addition of these new reactions hasn’t
altered the capacity of the mechanism to predict the laminar flame speed of a
methane-air premixed flame in atmospheric conditions. Figure E.1 compares
the laminar flame speed of a freely-propagating flame with the initial mecha-
nism (dashed blue line) to the ones obtained with the GRI-Mech 3.0 modified
according to Tables E.1 and E.2 (dotted green line). A third set of data (solid
black line), experimentally determined by Vagelopoulos and Egolpoulos (1998),
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Reaction A b E
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Table E.2: Reactions included in the GRI-Mech 3.0 mechanism for inclusion of a
nitric oxide reaction mechanism.

is added for comparison with the numerically determined data.

Results for the laminar flame speed with ozone addition are now compared
to several experimental studies in order to validate the implemented reactions.
Figure E.2 compares the evolution of the predicted laminar flame speed (dashed
blue line) with the equivalence ratio for a methane-air flame at atmospheric
pressure and temperature to laminar flame speeds determined experimentally
in Gao et al. (2015) (solid black line) where this laminar flame speed has been
determined for axisymmetric laminar methane-air Bunsen flames, for an ozone
addition in the fresh gases of 6,334 ppm.

The laminar flame speed evolution follows the same trend in both studies.
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Figure E.1: Comparison of the computed laminar flame speed of a methane-air pre-
mixed flame for the original GRI-Mech 3.0 mechanism (dashed blue line) and the
updated mechanism (dotted green line) with the reactions from Tables E.1 and E.2.
The third set of data (solid black line) corresponds to experimental measurements
from Vagelopoulos and Egolpoulos (1998). The pressure is 1 atm and the unburnt
gas is at a temperature of 300K.

Figure E.2: Comparison of the laminar flame speed as a function of equivalence
ratio in the present study (dashed blue line) to the data from Gao et al. (2015). The
premixed methane-air flame is at atmospheric pressure and temperature and the ozone
addition is 6,334 ppm.

The present model tends to overestimate a little the flame speed enhancement
with ozone addition, with a maximum deviation of 10 % from the experimental
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results from Gao et al. (2015).

The evolution of the laminar flame speed enhancement with ozone addition has
been compared as a function of the ozone concentration in the unburnt gas.
Figure E.3 compares the enhancement obtained with the model (dashed blue
line) to the enhancement measured by Wang et al. (2012) (solid black line) and
by Gao et al. (2015) (dotted green line). Both experiments have been realised
at atmospheric pressure and temperature, for equivalence ratios of respectively
0.7 and 0.65 while the numerical results of the present study have been realised
for � = 0.65.

Figure E.3: Laminar flame speed enhancement as a function of ozone addition
(dashed blue line) where �=0.65, compared to data from Wang et al. (2012) (solid
black line) where �=0.7 and Gao et al. (2015) (dotted green line) where �=0.65.

The present model overestimates the evolution of flame speed with the ozone
concentration compared to the experimental results from Wang et al. (2012)
and Gao et al. (2015). At 11,000 ppm of ozone, the laminar flame speed
enhancement measured by Gao et al. (2015) is 26 % while the one of the
present study is 31%. Since the maximum ozone concentration considered in
Chapter 3 is 15,000 ppm, the overall uncertainty on the laminar flame speed
enhancement by ozone addition is considered to be 5 %.
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Titre : mécanismes d’interaction entre décharges nanosecondes répétitives pulsées et écoulements 
laminaires réactifs 

Mots clés : combustion, décharges plasma, écoulements laminaires 

Résumé : Les interactions entre décharges 
Nanosecondes Répétitives Pulsées et des 
écoulements de gaz laminaires sont étudiées. 
L’influence d’écoulements d’air stationnaires et 
instationnaires sur les régimes de décharges NRP 
est étudiée et les résultats interprétés au moyen 
de nombres adimensionnels afin de mettre en 
évidence l’effet synergétique du nombre 
d’impulsions appliquées, ainsi que de la 
puissance des pulses, sur le régime de décharge 
NRP observé. Une étude de l’effet de flammes 
méthane-air laminaires prémélangées sur des 
décharges NRP est ensuite présentée. Dans les 
deux configurations expérimentales utilisées, un 
effet de la flamme sur les décharges NRP en 
régime couronne est démontré. De plus, 
l’influence du mélange de gaz entre les 
électrodes sur la forme 

des décharges plasma est démontrée. Enfin, 
l’effet de décharges NRP en régime couronne sur 
des flammes plates laminaires prémélangées est 
étudié. Les décharges NRP entraînent un 
déplacement de la flamme vers l’amont. Des 
simulations numériques de flammes 
axisymétriques sont ensuite réalisées. 
Cette étude met en évidence l’effet des décharges 
NRP sur une flamme et donne des indications sur 
le phénomène à l’origine de cet effet, à savoir 
l’augmentation de la vitesse de flamme laminaire 
par le biais de la génération de chaleur et d’ozone 
par les décharges plasma. De plus, l’étude 
démontre l’effet opposé de mélanges réactifs sur 
les décharges NRP. Les décharges NRP sont 
modifiées par le phénomène de convection du 
gaz entre les électrodes ainsi que par la 
constitution de ce gaz. 

 

 

Title: Interaction mechanisms between nanosecond repetitively pulsed plasma discharges and laminar 
reactive flows 

Keywords: combustion, plasma discharges, laminar flows 

Abstract: The interactions between 
Nanosecond Repetitively Pulsed plasma 
discharges and laminar reactive flows are 
investigated. 
The influence of steady and unsteady air flows 
on the regimes of NRP discharges is 
investigated. The results are interpreted with the 
use of characteristic dimensionless numbers; 
this analysis allows to highlight a synergetic 
effect between the high-voltage pulses as well as 
the power of the pulses on the NRP discharge 
regime observed. Then, an investigation of the 
effect of laminar premixed methane-air flames 
on NRP discharges is presented. An effect of the 
flame on the NRP corona discharges is 
displayed; this effect is a function of the 
proximity of the flame to the discharges. 

the influence of the inter-electrode gas mixture 
on the shape of the plasma discharges is also 
visually assessed. Finally, the effect of NRP 
corona discharges on laminar premixed flat 
flames is investigated. The NRP discharges 
induce a displacement of the flame in the 
upstream direction which is verified with 
numerical simulations. 
This study displays the effect of NRP discharges 
on a flame and gives insights as to the 
phenomenon underlying this effect. Moreover, 
the study highlights the opposite effect of 
reactive mixtures on the NRP discharges. The 
visual modification of the NRP discharges is a 
function of the transport of the inter-electrode 
flow and of the nature of the gas itself. 

 

 


