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Introduction

Introduction

2022, year during which this thesis manuscript is written, is marked by the war triggered by
Russia’s invasion of Ukraine. European economic sanctions against Moscow ended up in an important
rise of the imported natural gas price. In addition, an exceptional situation of high-energy demand is
caused by the recent post COVID-19 world trade resumption, as well as stress on the French electricity
market due to the planned and unplanned maintenance of more than half of its nuclear reactors. These
coupled elements lead to an uncommon energy crisis, which impacts most of our economic sectors, and

consequently our daily lives. This serves as a reminder of the key role of energy in our modern societies.

The 71" edition of the BP Statistical Review of World Energy [1] starts by mentioning that fossil
fuels still accounted for 82% of the primary energy use in 2021 (including coal, natural gas, oil). These
fossil fuels are known to be one of the main sources of greenhouse gases, responsible for climate change.
In 2015, during the COP 21, 193 Parties (192 countries and the European Union) signed the ‘Accord de
Paris’ that pursues several objectives, the most important one being to limit the global warming of the
atmosphere to + 2°C. In practical terms, such objective implies a 5% yearly decrease rate of greenhouse
gases emissions, the main contributors being carbon dioxide, CO», and methane, CHs. Reaching such
an objective calls for coupling energy conservation to massive decarbonization of our primary energy
sources, which can be achieved by developing more efficient and ‘clean’ energy production and

technologies. And combustion chemistry has an important role to play.

The energy released during combustion is used for transportation, electricity generation, among
others. As pointed out by Professor Kohse-Hoinghaus during her Hottel lecture at the 38" International
Symposium on Combustion [2], a better knowledge of molecular properties and associated reaction
pathways of conventional, bio-based or synthetic fuels is crucial in the design of efficient, low-emission
combustion processes. And this is especially true for the development of high-efficiency combustion
processes operating in the low-temperature combustion regime, where the fuel structure highly impacts
its reactivity. A systematic understanding of these phenomena requires a variety of experimental
diagnostics, allowing to develop robust detailed kinetic models that can be validated in a wide range of
conditions. It is the purpose of my work performed at the PC2A laboratory (University of Lille), which
consisted in the development, validation and exploitation of a new stagnation plate burner dedicated to
low-temperature combustion kinetic studies through the extensive analysis of cool flames. This
experimental platform offers the unique opportunity to measure both global and detailed parameters
regarding the cool flame structure. Moreover, fundamental parameters such as the laminar burning
velocities of a cool flame could possibly be inferred, as commonly done for hot flames. The development
of such an innovative experimental configuration faces a number of fundamental and technological

issues, that are described, discussed, and most of the time solved, in this work.
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Introduction

The first chapter of the present manuscript locates my work in its context. First of all, the history
of cool flames, from their discovery two centuries ago until now, is briefly reminded. Then, the
fundamentals of combustion kinetics are discussed, with a focus on the low-temperature regime and
plasma/ozone-assisted combustion. Further on, fundamentals on laminar flame combustion are briefly
addressed, highlighting the scarcity of experimental data concerning the measurement of cool flames
propagation speeds. Finally, the last section of the first chapter is dedicated to an overview of past studies
of the different fuels studied within this work, respectively dimethyl ether (DME), diethyl ether (DEE)
and oxymethylene ether-2 (OME-2).

The second chapter introduces and details the experimental setup that was developed and used for
the study of cool flames. It includes several sections that describe the following aspects of the burner
and associated diagnostics: the stagnation plate burner and gas supply, CH>O*-chemiluminescence,
CH,O-PLIF, thermometry, gas sampling and analysis using gas chromatography and mass spectrometry,
and finally PIV. While none of these techniques is new, some of them were applied to cool flame

analyses for the first time and required some developments that were also investigated.

The third chapter begins by the presentation of the cool flame stabilization procedure. Then, the
theory behind numerical simulation of these flames is described. Finally, some aspects regarding the
feasibility of modelling such flames using one-dimensional codes, either Chemkin-Pro or Cantera, are
discussed. The discussion focusses on the influence of external forces on the cool flames that may

interfere experimentally, but that are not computed.

The fourth chapter presents the main scientific lessons learned from the detailed analysis of the
chemical structure of cool flames. The low-temperature combustion of the different fuels inside cool
flames is investigated through CH,O-PLIF measurements, as well as temperature and species mole
fraction profiles measurements. The importance and influence of ozone on the reactivity of cool flames

and their products distribution is also discussed.

The fifth and final chapter of this manuscript presents an experimental measurement campaign
that aims to provide the first measurements of laminar burning velocities of cool flames at atmospheric
pressure. It allows to shed some light on the kinetics governing the propagation speed of cool flames in

the presence of ozone.

This work was funded by the Ministére de I’Enseignement Supérieur et de la Recherche (MESR)
through a 3-year grant delivered by the Ecole Doctorale SMRE (Sciences de la Matiére, du
Rayonnement et de I’Environnement), and is a contribution to Laboratoire d’Excellence CaPPA and

Climibio CPER project.
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I. Bibliography

This first chapter aims to introduce my work performed during these three years at the PC2A
laboratory, by highlighting the different studies that were performed these last years on cool flames. It
is divided in four sections: The first one is a quick overview of the knowledge that was gained on cool
flames from their first discovery, two centuries ago, until now. The second section is dedicated to the
kinetics of low-temperature combustion and plasma or ozone-assisted combustion. The third section
presents a brief introduction to premixed-laminar flames theory, including an overview of different
techniques used to measure the laminar flame speed of hot flames, and their potential use for laminar
cool flame speed determination. Finally, previous kinetic studies on the different fuels used in the
context of this work are presented. All of these fuels are ethers, namely dimethyl ether, diethyl ether and

oxymethylene ether-2.

[.1. A brief history of cool flames through time

As briefly mentioned in the introduction, the combustion community needs to look into new
combustion strategies considering every aspect of energy generation. The recent development of
advanced combustion strategies, as well as their observation onboard the International Space Station
(ISS), shed light on cool flames as never before. However, their discovery dates from centuries ago. The
next chapter aims to retrace the history of these cool flames, from their first mention in the scientific
literature in 1817 to their study at the university of Lille as part of my research project. A considerable
amount of work was achieved in this domain, this is therefore not an exhaustive review but a general

overview throughout the years.

[.1.1. 1817 — 1930: Cool flames discovery
Two centuries ago, in 1817, the British chemist Humphry Davy, member of the Royal Society of

Chemistry, made the following comments after igniting ether vapour with a heated platinum wire: ‘When
the experiment on the slow combustion of ether is made in the dark, a pale phosphorescent light is
perceived above the wire [...]. This appearance is connected with the formation of a peculiar acrid
volatile substance possessed of acid properties.’ |3]. This study is, to the best of our knowledge, the first
experimental observation of the existence of cool flames reported in the scientific literature. The
apparition of such a phenomenon was allowed by the low heat conductivity of the platinum wire, which
limits the power transferred from the wire to the mixture, thus avoiding the ignition of a conventional
‘hot flame’. The study discusses the conditions enabling the existence, or not, of these cool flames using
various metal wires and different combustible mixtures. It does however not provide important insight

into the chemical structure of such flames, except the formation of acidic compounds in the flame.

A few decades later, in 1882, an article authored by William Henry Perkin, British scientist and
member of the Royal Society, was published in the literature [4]. It reports the existence of ‘pale blue

flames’ when impinging a combustible mixture on a heated copper ball at temperatures around 250°C.
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These blue flames were obtained using different combustible materials, ranging from alkanes and
alkenes to aldehydes, alcohols, ethers and fatty acids. In the tested conditions, the luminosity of the
flames varied as the combustible mixture changed. The study lacks in detail concerning the conditions
in which the experiments were performed. It is however suggested that the intensity of this ‘incomplete
combustion’ depends on the chosen fuel, the brightest one being obtained with diethyl ether. These
flames were designated as ‘phosphorescent flames’ by the author, as they closely resembled the faint
luminescence emitted during the imperfect combustion of phosphorus. Two other interesting
observations are reported in this study. On a first hand, when the blue flame is initiated in a confined
environment, the temperature rapidly increases and a hot flame is formed. On the other hand, the author
attempted the measurement of CO; concentration in the fumes of the blue flame formed with ether
vapours. It was found out that, using ether (diethyl ether, C,HsOC:,Hs) as fuel, only 0.133 gram of CO»
was formed when 1.313 gram of O, was consumed, leading to a molar CO, on O ratio equal to 0.07.
For the total combustion reaction of C;HsOC,Hs with O,, the theoretical ratio is equal to 0.6. This means
that there was 10 times less CO» formed in the blue flame compared to a hot flame. Moreover, analysis
of the condensed gas phase after the blue flame showed that reaction products were mainly aldehydes

and ethers.

Late in the 1920’s, Harry Julius Emeléus studied the light emission of ‘phosphorescent flames’
of various combustible mixtures, namely ether [5], acetaldehyde, propionaldehyde and n-hexane [6].
Surprisingly, it was observed that the obtained emission spectra were identical whatever the employed
combustible mixture, which all consisted of a series of bands between 5000-3600 A. Later in 1935, a
study authored by Alfred Ubbelohde [7] compared the emission spectra of the phosphorescent flames
recorded by Emeléus with the fluorescence spectra of formaldehyde [8]. It showed that the excited -
‘activated’ is the term employed in the cited study- formaldehyde, CH,O*, was responsible for the blue
colour of the ‘phosphorescent flames’ studied by Emeléus, and thus that formaldehyde was one of the

major product of this incomplete combustion.

These studies form the very beginning of academic research on cool flames which were only, by
the time, motivated by pure scientific curiosity. As a matter of detail, William H. Perkin and Harry J.
Emeléus were both honoured by the Davy medal, reinforcing the tied relationship between these three

scientists and the discovery of cool flames.

[.1.2. 1930 - 1980: Engine knock and first insight into the

mechanisms
While cool flames consisted, at their beginning, of an intriguing phenomenon without major

repercussions, it was soon found out that the chemistry behind such flames was closely linked to engine
knock. This phenomenon takes place when auto-ignition occurs ahead of the propagating premixed

flame inside a spark-ignition engine. This usually results in engine damage and reduced efficiency.
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Firstly, following the study of Perkin presented above, it was observed that combustible mixtures
forming ‘phosphorescent flames’ promoted knock, which hinted a potential correlation between cool
flames and knock. Considering the work of Townend & Mandlekar on the spontaneous ignition of 7-
butane [9] and of n-pentane [10], it was shown that the cool flame phenomenon was associated with the
auto-ignition of the fuel, and that the pressure possessed an important influence on the temperature at
which the ignition occurred. In the case of pentane-air mixtures, it was observed that the ignition at
atmospheric pressure started between 550 and 600°C, while the onset temperature dropped at values

around 370°C when the pressure reached 15 atmospheres.

By implementing a rapid camera on an engine, allowing the observation of the flame front
evolution as a function of the crank-angle degree, Withrow & Rassweiler were able to observe the origin
of the knock event in the engine [11]. Knocking and non-knocking explosions were obtained by
changing the fuel inside the chamber, a blend of gasoline and benzene being used for the non-knocking
condition, while a fuel with an octane number equal to 48 was used for the knocking-condition. Images
of the knocking condition showed that spontaneous ignition occurred in the unburned gases, at a point

well separated from the flame front.

Knowing that cool flames and knock were two correlated processes, numerous studies
investigated the low-temperature oxidation of different fuels. A crucial phenomenon in the low-
temperature combustion process of hydrocarbons, the Negative Temperature Coefficient (NTC), was
first introduced by Pease in 1929 while studying the oxidation of propane in a flow reactor [12]. It was
observed that, when increasing the temperature of the reactor at which rich mixtures of C;Hs/O, were
introduced, the conversion of oxygen decreased. It was therefore concluded that the mixture reactivity
decreased as the temperature increased. This non-Arrhenius behaviour, that will be presented in more
detail later in this manuscript, is typical of the low-temperature combustion regime. In its review,
Townend showed that every paraffin containing three or more carbons (i.e., excluding methane and
ethane) produced a cool flame between 310 and 370°C when the pressure was sufficient [13]. The
assumption that smaller paraffins do not produce cool flames was however proved wrong later on, as it

was demonstrated that methane could exhibit a cool flame in the appropriate conditions [14].

In their study on the oxidation of #-hexane in the cool-flame region, Bailey & Norrish proposed
that the oxidation of hydrocarbons at low-temperatures, typically in the range 200 — 300°C, proceeds

through the formation of peroxy radicals, which are relatively stable at these temperatures [15]:

+0H ., +0, . +RH .y Ddec. . . 2)+0, . .
RH — R (+H,0) — ROO — ROOH (+R) — RO + OH or — ROO + HO,
One can note that, whatever the fate of the ROOH molecule, two radicals will be formed after its
dissociation, leading to an indirect chain-branching pathway. This is responsible for the increase of the

reactivity with the temperature in the low-temperature range. It was however later shown that ROO
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radicals could undergo an internal H-atom migration reaction, also called isomerization, forming QOOH
radicals. A more up-to-date mechanism describing the low-temperature oxidation process will be

detailed in Section 1.2.2.

Before the 60’s, most of the studies of the low-temperature oxidation of hydrocarbons were
performed in static or flow reactors. The development of new experimental configurations allowed the
study of these mechanisms in different conditions. The stabilization of two-stage flames, i.e., a hot flame
preceded by a cool flame, was successfully realized by Agnew & Agnew on a flat flame burner using
diethyl ether as fuel [16]. The combined use of spectroscopic, chromatographic and mass spectrometric
techniques allowed the identification and quantitative measurement of intermediates and products
through the two-stage flame. Besides, in order to gain better insight into the first stage ignition of fuels
and its influence on the hot flame, experiments in a Rapid Compression Machine (RCM) were performed
by Fish and co-workers [17]. It was found out that the delay between the cool flame and the hot ignition
was related to the pressure rise during the cool flame event. In the nearly adiabatic environment of a
RCM, the temperature increase is directly correlated to the pressure rise after the first stage ignition
delay, i.e., cool flame ignition delay. Therefore, the cool flame heat release controls the hot ignition

process during two-stage ignition.

[.1.3. 1980s: Genesis of homogeneous compression ignition
In a constant effort in improving the performances of Internal Combustion Engine (ICE), either

through reducing the pollutant emissions or the fuel consumption, innovative combustion strategies have

been developed.

In 1979, a study published by Onishi and co-workers [18] reported the development of a new
combustion process for ICE, called ATAC (Active Thermo-Atmosphere Combustion), which differed
from the well-known conventional gasoline and diesel engine combustion processes. Based on the auto-
ignition of a lean fuel/air mixture, the main objective was to increase the fuel conversion in the
combustion chamber while decreasing the formation of pollutants. Originally applied in a two-stroke
combustion engine, this method showed an important improvement in fuel consumption and exhaust
emissions, especially regarding the emissions of nitrogen oxides and soot, which are important
atmospheric pollutants. As the combustion was realized in lean premixed conditions, the main
challenges lied in the control of the auto-ignition as well as the uniformity of the mixture. The same
year, Noguchi and co-workers [19] compared the spark-assisted and auto-ignition, called TS that stood
for ‘Toyota-Soken’, of gasoline in a two-stroke cycle gasoline engine. Using a high-speed camera, they
observed that the auto-ignition occurred at numerous points in the combustion chamber, resulting in an
overall shorter combustion duration when compared to spark ignition, in which a flame front is formed

very near the spark plug and propagates radially through the chamber.
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This combustion mode, based on the Compression-Ignition of a Homogeneous Charge (CIHC),
was successfully applied to a four-stroke cycle engine [20]. As a major finding in this study, it was
demonstrated that the self-ignition process was controlled by the low-temperature oxidation (< 950 K)
kinetics, while the heat release process was controlled by the high temperature hydrocarbon oxidation
(above 1000 K). The HCCI term, acronym of Homogeneous Charge Compression Ignition, was later
introduced by Thring in 1989 [21]. Its study differed from the previous ones as a four-stroke engine was
used, and as the geometry of the apparatus was different from the one used by Najt and Foster.
Conclusions from this study stated that HCCI combustion was able to achieve fuel economy comparable
to a diesel engine (when compared to a gasoline engine) and produced very low cyclic irregularity. High
Exhaust Gas Recirculation (EGR) rates were however required, as well as high intake temperatures (>

600 K).

From these first publications on HCCI, extensive research was performed in order to better
understand the response of this combustion mode to a variety of parameters: the compression ratio [22],
the fuel characteristics [23], the mixture inhomogeneity [24], etc. However, difficulties encountered in
the ignition timing control remain an open question. A recent review from Duan and co-workers [25]
offers an overview of the different techniques developed in that purpose. Derived from the HCCI
combustion mode, different other engine technologies were developed, aiming at simpler ignition timing
control. In the Spark-Assisted Compression Ignition engine, SACI, a spark produces a propagating flame
front which consumes part of the charge in the combustion chamber. The heat released by this partial
fuel consumption heats the remaining unburned gases in the chamber, triggering an earlier auto-ignition
[26]. The commercial Mazda e-Skyactiv X engine is based on the SACI technology, with a claim of
reduced CO; and NO, emissions, and improved combustion efficiency [27]. Partially Premixed
Compression Ignition, PPCI, is also considered as a solution in decreasing the pollutant emissions,
especially NOx and particulate matter. This combustion mode can be achieved by modifying the exhaust
gas recirculation rate or the fuel injection properties. Compared to a conventional diesel engine, Zhang
and co-workers showed that soot and NO, emissions could be greatly reduced, but observed a slight
decrease of the engine efficiency [28]. Furthermore, Reactivity Controlled Compression Ignition, RCCI,
also demonstrated its efficiency in controlling the ignition timing. By using dual fuels with very different
reactivity, or a fuel and an additive [29], the auto-ignition delay of the mixture can be controlled [30].
Reactivity control by ozone-adjunction in HCCI engines was also studied by different groups, and is

discussed in Section 1.2.3.2.

[.1.4. 2000s: Recent findings on cool flames
L1.4.1. Cool flames observation onboard the ISS

Cool flames were recently observed aboard the International Space Station (ISS), in an
experimental apparatus called FLEX, standing for FLame EXtinguishment. The objectives of this

research are to investigate the behaviour of flames in microgravity, and to explore the effect of different
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fire suppressants in reduced gravity environment. A n-heptane droplet burning in micro-gravity is
pictured in Figure I.1. The spherical propagation of the diffusive flame front differs from diffusion

flames under standard gravity, because of the absence of convection in these conditions.

Figure I.1. Burning n-heptane droplet in the FLEX apparatus, image from [31].

An anomalous observation was reported during the combustion of n-heptane droplets. After the
droplet ignition, a relatively large n-heptane droplet first underwent radiative extinction caused by the
radiative heat loss. But then the droplet continued to vaporize during an extended period according to a
quasi-steady burning law, ending in a second-stage extinction. The publication that showed these first
observations [32] hypothesized that the burning characteristics of this ‘invisible’ combustion were closer
to cool flames than to conventional hot flames. Numerical simulation of this phenomenon by Farouk
and co-workers [33] confirmed the presence of a cool flame, i.e., low-temperature reactivity, that
dictated the two-stage ignition behaviour. Tests with n-octane and n-decane showed a similar behaviour
of the droplet combustion under micro-gravity conditions [34]. Further insight into the establishment of
cool flames under such conditions was obtained in June 2021, under the program CFI-G (Cool Flames
Investigation with Gases). Using an intensified camera, it was possible to capture the faint light
emissions of the cool flame after the hot visible flame extinction, as presented in Figure 1.2. After
roughly 60 seconds, the hot diffusion flame extinguishes due to the radiative heat loss. At 63.04 seconds,
a faint trace of chemiluminescence appears on the camera, produced by the cool flame. This observation

was not possible using conventional cameras, because of the weak light emission of cool flames [35].

While these experiments performed in the ISS shed some light on the cool flame phenomenon,
and more precisely the conditions in which cool flames can take place under reduced gravity, numerous
questions still remain on the chemical kinetics behind such flames. Trying to gain some further insight
into the mechanisms governing cool flames, different experimental configurations enabling the
formation and stabilization of cool flames emerged in academic laboratories. This is the object of the

next section.
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Hot flame quenching due to radiative heat loss

63.48 s

Cool flame appearance

Figure 1.2. Hot flame quenching and cool flame appearance under the CFI-G program [35].

1.1.4.2. Recent cool flames academic studies
Different apparatuses can be used in order to study low-temperature combustion kinetics, which

are synthetized in Figure 1.3. Depending on the chosen experimental configuration, different conditions
regarding the temperature domain and dilution can be reached. When operated at steady-state, Jet-Stirred
Reactors (JSRs) permit the study of low-temperature combustion kinetics by following the mole fraction
evolution of the reactants, intermediates and products as a function of the temperature with a fixed
residence time [36]. Reactive mixtures are generally diluted in a neutral gas, such as Argon, Helium or
Nitrogen, in order to inhibit the exothermicity caused by the combustion reactions taking place in the
reactor. One of its main advantages is the ease of implementing analytical techniques such as gas
chromatography, or advanced mass spectrometry techniques, allowing the measurement of highly
reactive species [37]. Plug Flow Reactors (PFRs) operate in similar conditions, they however allow to
reach higher temperatures than JSRs. It is noteworthy that flow reactors can also be used in non-diluted
conditions. It is the case of the micro flow reactor operated by the Maruta group at Tokohu University
[38,39]. Using a controlled temperature profile along the reactor, stabilized three-stage oxidation of
fuel/air mixtures was successfully observed. On the other hand, RCMs can be used to study the low-
temperature oxidation of fuels via the measurement of ignition delay times, i.e., the time necessary for
the reactive mixture to ignite after the end of the compression. The typical temperature range of RCMs
is 400 — 1200 K, and the pressure range from 5 to 80 bar [40]. While rapid compression machines possess
many advantages in measuring valuable data linked to the autoignition chemistry of fuels, few
limitations exist. Firstly, their transient nature restrains the variety of analytical techniques that can be
developed. Furthermore, temperature non-uniformity due to the presence of roll-up vortex induced by
piston motion can greatly affect the interpretation of acquired data using such setup. To avoid this

phenomenon, RCMs use creviced pistons to mitigate fluid motion after compression, allowing part of
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the mixture to transfer to the crevice during the first-stage ignition and therefore reducing the relevant
pressure increase. The heat release of the first-stage ignition is therefore altered, reinforcing the need
for experimental setups in which the heat release can be accurately quantified. Finally, shock tube
facilities are also widely used within the combustion community. Compared to RCMs, shock tubes allow
to reach higher temperatures, the short ignition delays measured at elevated temperatures generally
ensuring precise and reliable measurements. As the temperature decreases, ignition delay time increases,
which limits measurements in the low-temperature domain. Shock tubes are therefore usually used for

high-temperature combustion kinetic studies.
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Figure 1.3. Study domains of low-temperature combustion kinetics, reproduced from Ju and co-workers [41].

Diluted reactors, rapid compression machines and shock tubes present many advantages, but it
was previously highlighted that accurately quantifying the cool flame heat release was either difficult or
impossible. As the cool flame is a complex phenomenon coupling the chemistry, thermodynamics and
transport aspects of combustion, it was necessary to develop experimental configurations that allow the
study of such parameters. Burners adapted to cool flame studies were therefore developed in different

laboratories and are presented below.

e The counter- (or opposed-) flow burner (Princeton University)

The counter-flow burner is frequently met in flame studies, as it allows flame stabilization in a
wide range of conditions with well-defined boundary conditions. The first stabilized, lean, cool flames
of dimethyl ether (DME, CH;0CH;) were reported by Reuter and co-workers during the 53 American
Institute of Aeronautics and Astronautics (AIAA) Aerospace Sciences Meeting [42]. Following recent
studies about the impact of plasma or ozone on combustion, it was observed that adding ozone to a
DME/O, mixture extended the flammability limits of the flame, and eventually allowed the formation

of a self-sustaining cool flame. It is known that when ozone, a compound that tends to quickly
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decompose when exposed to relatively high temperatures, is added to the mixture, its decomposition
will form O-atoms. This species is very reactive and enables the low-temperature reactivity to take place.
Thereby, in the work of Reuter and co-workers, cool flames were stabilized in a counterflow burner, a
DME/O,/0O3 mixture impinging a nitrogen flow heated at 600 K. Cool flames were obtained in lean
conditions, the equivalence ratio in these experiments varying from ~ 0.08 to ~ 0.25. The necessary
ozone mole fraction to stabilize such flames ranged from 3.1 to 3.4% of Osin the oxidizer flow. The
authors also numerically studied the formation and dynamics of dimethyl ether cool flames using
detailed kinetic mechanisms in counter-flow and freely-propagating configurations, with and without
ozone-sensitization [43]. It was found out that the flammability limits of the DME/O, mixture with
regards to hot flames were greatly affected by the presence, or absence, of a cool flame. Further
experimental work was achieved by the same group by intensively studying the structure of cool and
hot flames in the same mixture conditions in the counterflow configuration [44]. An image of a
DME/O,/O3 cool flame, stabilized in the counterflow burner at Princeton University, is presented in
Figure 1.4, along with a simplified scheme of the burner. Planar Laser Induced Fluorescence (PLIF)
measurements in both flames showed that the production of formaldehyde, CH,O, was significantly
higher in the case of the cool flame when compared to the hot flame. Furthermore, measurements of the
flame location, using the maximum of the LIF signal, in both conditions also hinted that the cool flame
position, and by extension the cool flame propagation speed, were almost insensitive to equivalence
ratio variations in the tested conditions, opposite to hot flames that are known to be significantly
impacted by this parameter. Finally, Reuter and co-workers [45] used the counterflow burner
configuration to study ignition characteristics of DME/O,/O; partially premixed cool flames. Cool
flames were ignited following different methods, respectively i) auto-ignition, ii) laser-induced ignition
and iii) hot flame extinction. Cool flame auto-ignition is the most straightforward way to stabilize cool
flames under favourable conditions, i.e., a relatively low strain rate so that the low-temperature induced
chemical time scale does not exceed the flow time scale. Laser-induced ignition using the fourth
harmonic, A = 266 nm, of an Nd:YAG laser also allowed cool flame stabilization by O; photo-
dissociation, forming O-atoms. The laser beam energy necessary to establish a cool flame was found to

be dependent on the inlet flow rate.
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Figure 1.4. Image of a cool flame, ¢ = 0.114 (left-hand side) and simplified schema of the counter-flow burner
configuration (right-hand side) [44].

It should be noted that the ozone-sensitization is not absolutely necessary, as the stabilization of
cool flames without ozone was reported by Reuter and co-workers [46] for diffusion flames and by Zhao
and co-workers [47] for premixed flames. In the first case, the fuel/oxidant ratio had to be greatly
increased in order to reach such an objective, as pictured in Figure 1.5, which represents the measured
extinction strain rate as a function of the DME mole fraction in the inlet flow, with and without ozone.
The fuel mole fraction was increased by an order of magnitude to obtain a cool flame without ozone at
comparable extinction strain rates than with ozone. In the premixed configuration, the authors had to
increase the equivalence ratio until ¢ = 1.5 to stabilize a cool flame in the counter-flow burner without

ozone-sensitization.
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Figure 1.5. Extinction strain rates of DME/O; cool diffusion flames with and without ozone-sensitization,
reproduced from [46].
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e The Hencken burner (University of Wyoming)

The second recent experimental configuration used for cool flames studies is the so-called
Hencken burner. It is composed of 100 capillary fuel tubes, each one being surrounded by six air flow
passages within a squared honeycomb matrix. The fuel/oxidizer flow is surrounded by an inert co-flow
that limits interactions between the flame and its environment. An image of the Hencken burner, coupled

with the corresponding scheme, is shown in Figure 1.6.
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Figure 1.6. Image (left-hand side) and scheme (right-hand side) of the Hencken burner, taken from [48].

Premixed ozone-seeded cool flames at sub-atmospheric pressure were studied in this original
apparatus, using dimethyl ether [49], propane [50], n-heptane [51,52] and n-decane [53] as fuels.
Operating at low pressure was necessary to ensure a rapid mixing of the fuel and the oxidizer at the
surface of the burner. One important feature of this configuration is that the hot flame ignition
downstream the cool flame is avoided as an inert gas, Argon in these studies, is used as curtain flow and
mixes with the burnt gases above the cool flame. Temperature and species mole fraction profiles were
extracted from the stabilized quasi-freely propagating cool flames. One of the major benefits of the
Hencken burner is that by working in steady, laminar, nearly one-dimensional, minimally curved,
weakly strained, and nearly adiabatic conditions, the measurement of unstrained laminar flame speeds
was made possible [48]. Details on cool flame speed measurements will be given later in this manuscript

(section 1.3.3.2).
e The stagnation plate burner (University of Tokyo)

The autoignition characteristics of DME/O, mixtures under a heated plate were studied by Lee
and co-workers [54,55]. The influence of different parameters on the cool flame ignition, respectively
the surface material (Al>O3, SiO,, Fe and Pt were tested), the plate temperature, the inlet equivalence
ratio and velocity, were assessed. Using CH,O-PLIF, which allowed the detection of formaldehyde (one

of the major combustion products at low temperatures) even at very low concentrations, coupled with
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temperature measurements, permitted the observation of the cool flame ignition. Spontaneous ignition

of DME/O; mixtures at equivalence ratios as low as 0.03 was detected.

In this context, the aim of this work is to introduce a newly developed burner dedicated to the
study of cool flames structure, bringing original datasets for different fuels, thus allowing to gain better

insight in the low-temperature combustion kinetics of these fuels.

1.2.Fundamentals on combustion kinetics

[.2.1. Temperature domains in combustion mechanisms
When dealing with combustion, the first thing we think of is the flame of a candle burning in the

dark, or the flame propagating in an engine, releasing the necessary energy to move a vehicle. Therefore,
it is of common belief that combustion only occurs at the highest temperatures. However, from the
presented information in the previous section, it is now clear that combustion does not only occur at
high temperature, but that some chemical mechanisms occur at lower temperatures, both of them being
very different. Following the Arrhenius law, it is supposed that the global rate of a chemical system
increases with the temperature. However, it was experimentally observed that in some cases, while
following the oxidation of a fuel in an isothermal reactor over a large range of temperatures (typically
500 to 1100 K), the fuel reactivity undergoes a first step of oxidation, but then its reactivity decreases
(the conversion of the fuel decreases as the temperature increases) before increasing again at higher
temperatures. This behaviour is illustrated in Figure 1.7, in which the evolution of the n-heptane mole
fraction as a function of temperature is represented in a jet-stirred reactor [56]. As one can see, between
500 and 625 K (zone 1), the fuel is oxidized in the reactor, and its mole fraction decreases. Between 650
and 775 K (zone 2), the fuel mole fraction in the reactor increases, meaning that the rate of consumption
of the fuel decreases as the temperature increases, which imposes a negative activation energy in the
Arrhenius correlation. Then, after 800 K (zone 3), the fuel conversion increases monotonically until

1100 K, the maximum temperature at which this experiment was performed.
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This phenomenon illustrating the non-Arrhenius behaviour of the oxidation of a fuel is called
Negative Temperature Coefficient (NTC). The particular chemical kinetics behind this phenomenon are
complex and will be discussed in detail in the next section. The expression ‘negative temperature
coefficient’ was originally introduced in 1929 by Pease in its study on n-butane oxidation [12]. It is
interesting to understand the close link between the formation and stabilization of cool flames and this
phenomenon. When a cool flame is initiated in an open system, the fuel undergoes partial oxidation
inside the flame, which causes an increase of the temperature as the heat release is not constrained.
When the temperature of the flame reaches the so-called Negative Temperature Coefficient, the
reactivity decreases and prevents the flame from turning into a conventional hot flame. If the cool flame
takes place into a closed vessel, the chemical heat released by the flame could, in this case, creates a
sufficient increase in temperature to turn the cool flame into a hot flame, hence two-stage ignition, as

stated by Perkin in 1882 [4].

It is now of interest to introduce the detailed chemical kinetics governing the low-temperature
combustion, and by further extent the cool flames, and their difference with the high-temperature

combustion mechanisms.

[.2.2. Fuel oxidation: emphasis on the low-temperature domain
The fuel molecule that will be used as an example to describe the low-temperature mechanisms

will be noted as RH, with an exclusive focus on ‘C-O-H’ containing species. The global mechanism
proposed below is generally accepted by the combustion community [57], and proceeds through the
different steps presented above: initiation, chain-propagation, chain-branching and termination. Many
documents report a detailed description of the low- to high-temperature combustion kinetics, which is
out of the scope of this manuscript. The following paragraphs aim to highlight the important reactions

in the low-temperature domain, the fuel being here an ether molecule.

The first step of the chain reaction mechanism is the initiation. In the low-temperature regime,
the H-atom abstraction reaction on the fuel molecule (R1) is the most favoured reaction as its reaction
rate is much faster at these temperatures than the unimolecular decomposition reactions, for which the
activation energy is higher. In this case, X can either be a molecule (generally O,), a radical (OH, HOO,

etc) or an atom (O, H).

RH + X & R+ XH (R1)
The formed alkyl radical can then add to molecular oxygen to form a ROO radical (R2). Another
possible fate of the alkyl radical is to undergo a [-scission. The alkyl radical unimolecular
decomposition is the favoured reaction above 800 K, however at lower temperatures the R addition to

O, is the major reaction pathway. The reaction leading to the formation of the alkylperoxy radical (R2)
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is barrier-less, i.e., the activation energy is close to zero, but the reverse reaction is not. As this
equilibrium is exothermic, its equilibrium constant decreases as the temperature increases, inhibiting
ROO formation at elevated temperatures. At low temperatures, the reaction proceeds in the forward
direction, producing very efficiently ROO radicals. At higher temperatures, the reverse reaction is

dominating, thus ROO radicals dissociate rapidly.

R+ 0, © ROO (R2)
Once ROO radicals are formed, several reaction pathways are possible, the most frequent one at
low temperatures being the formation of QOOH radicals via H-atom internal migration (R3). Other

pathways are possible, such as the formation of hydroperoxides (ROOH), which can yield RO radicals.

ROO  QOOH (R3)
The subsequent hydroperoxyalkyl radicals, QOOH, can then either decompose into alkenes,
cyclic ethers or carbonyl species, or react with molecular oxygen to form peroxyalkylhydroperoxide
radicals, OOQOOH (R4). Considering the energy barriers of each reaction that QOOH can undergo, the
lower typically being the one of (R4), the formation of OOQOOH will be favoured at low temperatures.

QOOH + 0, & OOQOOH (R4)

Peroxyalkylhydroperoxide radicals, OOQOOH, can then react through a two-step mechanism, the
first one being the H-atom migration of OOQOOH into a hydroxyl radical and a ketohydroperoxide
(RS), the latter decomposing into a second hydroxyl radical and a carbonyl radical (R6). As one can
observe, from one peroxyalkylhydroperoxide radical two OH radicals and a carbonyl radical are formed.
It provides chain-branching as this increase in the number of radicals in the system will cause an
important rise of the reactivity in this temperature domain. The formed OH radicals can then react with
the fuel molecules, creating an auto-catalytic system. However, when the temperature increases, the
QOOH decomposition reactions become faster, leading to a lower reactivity of the system towards the
formation of ketohydroperoxides. This phenomenon, caused by the competition between chain-
branching and chain-propagating reactions, is known as the Negative Temperature Coefficient (NTC)

regime.

OOQOOH = HOOQ=0 + OH (R5)

HOOQ=0 = 0Q=0 + OH (R6)
Following recent work from Wang and Sarathy [58], it was shown that for linear alkanes with six
or more carbons, a third fuel radical addition to O, should be considered. Extensive work from Belhadj
and co-workers [59] in characterizing low-temperature oxidation products of different fuels by means
of high-resolution mass spectrometry analysis reported the formation of highly oxygenated molecules

(HOMs) in the low-temperature regime, resulting in up to five O.-additions on the fuel radicals.
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In Figure 1.8. a schematic of the accepted low-temperature oxidation pathway is pictured, in which
RH can either be a linear alkane or a linear ether. Black arrows represent the cyclic low-temperature
domain, where the fuel oxidation leads to the formation of two hydroxyl radicals. Blue and red arrows
respectively represent the pathways leading to the intermediate-temperature combustion and high-

temperature combustion domains.
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Figure 1.8. Schematic of the low-temperature oxidation pathway, re-adapted from [60].

1.2.3. Plasma- and ozone-assisted combustion

1.2.3.1. Fundamentals on plasma-assisted combustion
Plasma discharges possess interesting properties with regards to the initiation of combustion

which will be reviewed in this section. Firstly, two different kinds of plasma should be distinguished,
respectively equilibrium plasma and non-equilibrium plasma. While both can be applied to combustion
systems [61], non-equilibrium plasma recently drew attention as they offer new opportunities in ignition
control and flame stabilization. This section will therefore focus on non-equilibrium plasma, which are
commonly called ‘low-temperature plasma’. Non-equilibrium plasma can be described by their
electronic, rotational and vibrational temperatures, which are different, and by the neutral gas
temperature and the electron number density, which are very low when compared to equilibrium plasma.
The impact of plasma on combustion can be divided in the three following categories, which are

summarized in Figure 1.9, adapted from the work of Ju and Sun [62]:

e Thermal enhancement: Whatever the kind of plasma, it is generally accompanied by an

increase of the temperature in the system. Following the Arrhenius law, the chemical

reactions will therefore be accelerated, including the fuel consumption.

o Transport enhancement: Breakdown of large fuel molecules into smaller fragments
during the plasma discharge modifies the transport properties, e.g., the mixture
diffusivity, which can then alter the combustion process. Additionally, the formation of

an ‘ionic wind’ enhances the flow.
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e Kinetic enhancement: High energy electrons and ions produced during the plasma

discharge will further produce reactive radicals (e.g., O, OH or H) via direct electron
impact dissociation, ion impact and recombination dissociation, and collisional
dissociation of reactants with electronically (e.g., O2(*Ag) or Na>*) or vibrationally (Na(v))
excited molecules. Moreover, longer-life species such as ozone, O3, or nitric oxide, NO,
which are especially known to modify the NTC behaviour of fuels [63,64], are also

produced during the plasma discharge.

While much research was led these last years in order to better understand the fundamentals of
the kinetics behind plasma discharge, and how to model them, important uncertainties remain.
Furthermore, it can be observed in Figure 1.9. that the thermal, transport and kinetic enhancement effects
of plasma on combustion are interconnected, emphasizing the difficulty in accurately understanding the

influence of non-equilibrium plasma on combustion processes.

Plasma discharge

lonic wind

Fuel fragments

lons/Electrons
Radicals/Intermediate
species ‘
Excited species '

Thermal ¢ -=-=-=-—-—-—-~— Kinetic f&= —-====—-- Transport

Temperature
increase

Combustion enhancement

Figure 1.9. Plasma influence on combustion, reproduced from [62].

From a macroscopic point of view, plasma discharges affect the combustion process through
different aspects. Firstly, the use of a plasma discharge can decrease the lean flammability of a fuel [65],
allowing the fuel to burn inside engines at lower equivalence ratios, which is one of the key towards a
reduction of soot and NO, emissions during the combustion process. Plasma discharges can also be used
to correct combustion instabilities in engines working in lean conditions [66]. It was also reported that
the coupling of a plasma discharge with a rapid compression machine allowed to shorten the first-stage
ignition delay time without modifying the combustion end-products distribution [67]. Considering these
different aspects, plasma discharges are a main asset for HCCI and alternative combustion modes, as
they offer a solution to one of the problems met with compression-ignition engines: precise ignition

timing control.
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From these three aspects described in Figure 1.9, the kinetic enhancement is the most complex,
and its study is made even more complex as thermal and transport aspects also affect the plasma kinetics.
In order to simplify these studies and improve the understanding of plasma assisted combustion, the
effect of nanosecond discharges is sometimes described as an input term of O-atoms and fast heating in
combustion simulations [68]. Experimentally, O-atoms can also be provided using the thermal

decomposition of ozone.

Ozone is a relatively stable species at room conditions: its half-life time is estimated to ~ 3 days
[69] but quickly decreases as the temperature increases or in the presence of surfaces. Its dissociation
usually forms one oxygen molecule and one oxygen atom, a very reactive species, as follows (the M

stands for the third-body or colliding partner):

O; (+M) & 0.+ 0 (+ M) (R7)
In a combustion system, the so-formed oxygen atom can then proceed to H-atom abstraction on

the fuel molecule, which will initiate the chain-reaction mechanism (RS).

O+RH e R+OH (R8)
It is important to note that the decomposition of ozone (R7) is not the only existing pathway, as
it can also react with different species to form different radicals, which will have the same effect:
increasing the reactivity by favouring the formation of species that allow H-atom abstraction from the

fuel molecules (R9 — 12).

0;+H e 0,+OH (R9)
0;+H e O0+HO0O (R10)
0;+ OH & 0,+ HOO (R11)
0;+HOO © OH + 0, + 0, (R12)

In the case of molecules possessing unsaturated bonds, ozone can add to the double bond and
form an ozonide, which will further decompose in a carbonyl compound and a carbonyl oxide, so-called
Criegee intermediate [70], among other pathways [71]. Such reactions are however negligible for
saturated molecules. For instance, Morrisey and Schubert [72] reported the reaction rate of ethane + O;
at 298 K, equal to Kaikane = 2.8-10% cm* molecule™!-s™!. Becker and co-workers [73] measured the reaction
rate of ethene + O3 at 298 + 2 K, equal t0 kuikene = 2.8:10'7 cm* molecule™!-s™! leading to a ratio Kaikane/Kalkene

~ 10,

1.2.3.2. Influence of ozone on low-temperature combustion
As previously stated, one of the main goals of ozone-assisted combustion is to facilitate a

homogeneous ignition in conditions in which it is either erratic or impossible. This aspect is of
primordial importance in the HCCI combustion mode, as ignition takes place in lean conditions, and is

governed by low-temperature oxidation chemistry. Nishida and Tachibana [74] studied the combustion
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behaviour of natural gas in a HCCI engine, adding ozone up to 1200 ppm. It was experimentally shown
that the ignition timing could be controlled by modifying the ozone concentration in the engine.
Moreover, from numerical analysis it was emphasized that ozone-seeding acts similarly as atomic
oxygen-seeding, which is however an order of magnitude more efficient than OH addition. Similarly,
Foucher and co-workers [75] studied the influence of ozone-addition on n-heptane combustion in a
HCCI engine, with concentrations ranging from 0 to ~ 50 ppm. Results from this study are plotted in
Figure 1.10, in which the evolution of the cool flame phasing, i.e., the timing of the cool flame ignition
measured as a Crank-Angle Degree (CAD), and of the heat released by the cool flame (represented as
the ratio between the cool flame heat release and the total heat release) are plotted as a function of the
ozone concentration. As the ozone concentration in the mixture increases, the cool flame phasing
decreases, meaning that the cool flame ignition takes place earlier. Meanwhile, an increase of the ozone
concentration in the mixture also increases the heat release from the cool flame. This work supports
previous observations by Yamada and co-workers [76] which studied the influence of ozone-addition
on dimethyl ether (DME) combustion in an HCCI engine. Similar work was conducted by Masurier and
co-workers [77] using iso-octane, CgHis, as the fuel, and by Seignour and co-workers [78], which
compared the combustion behaviour of iso-octane and hydrogen, H», with and without ozone. The main
conclusions remained unchanged, ozone acts as an excellent ignition enhancer in HCCI engine, and
enables a better control of the auto-ignition timing. Still, these studies only provide limited insight into

the influence of ozone on the low-temperature oxidation kinetics.
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Figure 1.10. Cool flame heat release as function of the cool flame phasing and ozone intake, reproduced from
[75].
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Several studies were led in JSRs or PFRs in order to study the impact of ozone-addition on the
oxidation kinetics of fuels. Firstly, Zhao and co-workers [63] studied the low-temperature oxidation of
dimethyl ether in a plug flow reactor at atmospheric pressure and for temperatures ranging from 400 to
750 K, in lean conditions (¢ = 0.33), using different ozone concentrations: 0, 720 and 1460 ppm.
Reactant and products were sampled at different temperatures and analysed by employing molecular
beam mass spectrometry (MBMS). When adding ozone to the reactive mixture, it was observed that the
onset temperature at which the low-temperature reactivity starts was dramatically reduced, and the fuel
conversion was increased. CO and CH3;OCHO mole fractions were also seen to increase as the ozone
concentration increased, which is consistent with a higher fuel conversion. Similarly, Liao and co-
workers [79] studied the low-temperature oxidation kinetics of dimethyl ether in a jet-stirred reactor
working at a pressure of 700 Torr, for temperatures ranging from 400 to 825 K, seeding the lean DME/O»
mixture (¢ = 0.35) with different ozone concentrations: 0, 1000 and 2000 ppm. Detailed speciation
information was obtained using synchrotron vacuum ultraviolet photoionization (SVUV) mass
spectrometry, allowing the detection of highly reactive intermediates, such as hydroperoxymethyl
formate (HPMF, HOOCH,OCHO), the unique aldohydroperoxide formed during the low-temperature
oxidation of dimethyl ether. Consistently with the previous work from Zhao and co-workers, the addition
of ozone did not change the distribution of the low-temperature oxidation products, i.e., no new species
was detected under ozone-seeded conditions. However, increasing the ozone concentration in the
mixture affected the branching ratio between the internal H-atom migration of the CH;OCH,OO radical
and its self-reaction forming two CH;OCH,O radicals and one molecule of oxygen. This can be
explained by the fact that the low-temperature oxidation process is highly dependent on chain-branching
reactions, the most important being the decomposition of the OOQOOH radical (OOCH,OCH,0,H in
the case of dimethyl ether), providing OH radicals which are crucial in enhancing the reactivity in such
conditions. As the formation of oxygen atoms from the decomposition of ozone promotes the radical
pool, especially OH, the low-temperature oxidation of the fuel becomes less dependent on the
ketohydroperoxide formation, and shifts towards the formation of CH;OCH,O radicals. Furthermore, as
ozone lowers the onset low-temperature oxidation temperature, ROO bimolecular reactions are favoured
against H-atom internal migration reactions forming QOOH radicals. This behaviour is pictured in

Figure 1.11, which is extracted from the presented study.
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Figure I.11. Reaction pathway analysis of the DME low-temperature oxidation in a Jet-Stirred Reactor, at T =
510 K. The numbers indicate the percent contribution of the species consumption, at different ozone
concentrations: 0 ppm, (1000 ppm) and [2000 ppm], from [79].

Finally, ozone was widely used in recent cool flames stabilization studies. While cool flames were
successfully established decades ago [16,80], it was frequently under the presence of a trailing hot flame,
i.e., a two-stage flame was stabilized above the burner, and experiments were realized using a very rich
mixture, condition at which the cool flame was observed. However, considering cool flames in the scope
of recent research on advanced combustion strategies, it is important to be able to perform studies in
lean conditions, closer to future combustion applications. The use of ozone as a radical input to stabilize

cool flames was detailed in Section 1.1.4.2.

[.3.Generalities on laminar flame speed measurement

[.3.1. Fundamentals on laminar premixed combustion
Flames can be divided in two categories, which are defined by how the fuel and the oxidizer are

brought to react. In a first hand, both fuel and oxidizer are brought separately before reacting in the
flame front. The combustion processes are therefore governed by the species diffusivity in the flame
front, giving its name to the diffusion flame. On the other hand, the fuel and the oxidizer are
homogeneously mixed before the ignition, giving birth to a premixed flame. In diesel engines, the
combustion is based on a diffusion flame, which explains the formation of soot particles, while premixed
combustion is typical of gasoline engines. The combustion process in HCCI engines and derived
technologies, which proceeds via the autoignition of a homogeneous fuel/oxidizer mixture, relies on the
physicochemical properties of premixed flames. Thus, only the properties of laminar premixed flames
will be addressed.
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A fundamental parameter of premixed flames is the equivalence ratio. It characterizes the quantity

of fuel and oxidizer relative to the stoichiometry. Its general formula is given below:
( Dfyel )
Noxidizer/ exp

( Nfuel )
Noxidizer/ stoech

where n designates the mole fraction of each reactant.

Three different regimes can be distinguished as a function of the equivalence ratio, namely the
lean domain (¢ < 1) in which the fuel is in default, the stoichiometry (¢ = 1) in which fuel and oxidizer
are present in stoichiometric conditions, and the rich domain (¢ > 1) in which the fuel is in excess

compared to the oxidizer.

As previously stated, a laminar premixed flame is the site of reactions between the fuel and the
oxidizer, already mixed before entering the reaction zone. The heat released by the combustion
reactions, along with radicals formed in the flame front, diffuse upstream the flame, in the direction of
the unburnt gases, therefore progressively bringing the unburnt mixture to its condition of autoignition.
Following the Mallard and Le Chatelier theory, the flame structure can be decomposed in four parts,
that are pictured in Figure 1.12, which represents the general structure of a freely-propagating, laminar,
premixed flame. The premixed reactants enter in the system at the temperature Tine in the so-called
‘fresh gases’ or ‘unburnt gases’ area (1). The ‘unburnt gases’ then enter the second area called
‘preheating area’ (2) in which they are exposed to an important temperature gradient and radical pool
due to the presence of the flame. Once the reactants are brought to a sufficient temperature to react, they
enter the ‘reaction zone’ (3). In the reaction zone the maximum of the heat release takes place, as well
as the formation of numerous reactive intermediates responsible for the reactivity. Finally, products
enter the ‘burnt gases area’ (4) in which they are at the equilibrium, and do not react anymore. The
temperature Touter 1S generally constant in this area, and the heat release is therefore equal to 0. This is
not totally true in the case of a freely propagating, laminar, premixed cool flame, but this point will be

addressed later in the manuscript.
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Figure 1.12. Typical structure of a premixed laminar flame, reproduced from [81].

[.3.2. Flame propagation speed determination

1.3.2.1. Laminar flame speed and strain definition
The laminar flame speed, also found under the terms ‘laminar burning velocity’ or ‘laminar flame

velocity’, is a valuable data as its value is intrinsic to the studied fuel at a given temperature, pressure
and equivalence ratio. Many efforts were therefore dedicated these last decades to theoretically
characterize it, as well as experimentally determine it. Firstly, it is necessary to introduce different

definitions of the laminar burning velocity, depending on the considered referential [82,83]:
Absolute: Flame front speed relative to a fixed reference frame
Displacement: Flame front speed relative to the flow of unburnt gases
Consumption: Speed at which the reactants are consumed into the flame front

Although these three definitions seem to be equivalent, a few differences exist on the
mathematical treatment. In the following paragraph, only the flame front displacement with respect to
the unburnt gases will be considered. Following the work from Poinsot et Veynante [84] the flame front,
and the associated gas displacement, are represented in Figure 1.13, where 71 represents the normal flame
front vector oriented towards the unburnt mixture, ¥ the local flow velocity vector, U the local flame
velocity vector, and S, the laminar flame velocity. Continuous lines represent isolevels of the flame

(temperature isolevels are generally considered).
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Figure I.13. Illustration of the flame speed determination, reproduced from [85].

The laminar flame velocity, S,,, is determined as follow:
Sy=@—-v)n

Theoretically, the laminar flame velocity only depends on the fuel characteristics, and on the
temperature and pressure conditions. However, flames are subject to strain, i.e., local deformation of the
flame front caused by either aecrodynamic or cooling effects, which are known to greatly affect the
measured value of S,. In order to get rid of this strain effect, a reference laminar flame velocity,
commonly known as the laminar unstrained velocity, was introduced. Generally denoted S2, it
corresponds to the propagation speed of a theoretical one-dimensional, planar, adiabatic, unstrained

freely-propagating flame.

The flame strain factor, usually denoted K, can be defined as the relative rate of change of the

flame surface area A, and can be expressed as follows [86]:

1 dA
A dt

Early work from Tien and Matalon [87] showed that, for weakly strained flames, the relation
between the laminar burning velocity of the flame and the strain could be considered as linear:

K
su=s,9-<1+“—0>
Su

where SO represents the unstrained laminar flame speed, S,, the laminar flame speed (under the effect of
strain), K the flame stretch and u the Markstein length, of the order of the flame thickness. The Markstein

length is then defined as follows:

_ Dr 4D = k
U= 50 a an T_p-Cp

where Dy is the thermal diffusivity, k the thermal conductivity, p the density, C,, the heat capacity (per

mass unit) of the unburnt mixture and « a coefficient related to the thermal expansion of the flow. Tien
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and Matalon however showed that in some cases, when the strain effects were important enough, the
linear relation between S;, and K was not valid anymore. A non-linear relation was therefore introduced,

and considered as valid for fuel-lean mixtures of non-heavy hydrocarbons [88]:

-1
Su=53-{1—(u—1)-Ka+Ka-ln< % )}

a

where 6 represents the density ratio between the unburnt and burnt mixtures, and K, the Karlovitz
number, which can be determined as a function of the fresh mixture diffusivity:
K,=D; K -@

The linear and non-linear extrapolation techniques used to determine the unstrained laminar
burning velocity of a mixture were compared in numerous studies [89-91]. Depending on the studied
conditions, and especially the equivalence ratio of the mixture, the chosen extrapolation method of the
laminar burning velocity from strained experiments can lead to an important discrepancy. While the
determination of the unstrained laminar flame speed of a given mixture is important in characterizing
the reactivity of a fuel or a blend, it was suggested that, for kinetics investigation and model
development, the direct comparison of simulated and experimental flame speed S, should be considered

[92,93]. The use of strained and unstrained flame speeds will be discussed later in this manuscript in the

Chapter V.

The next section is dedicated to a short, non-exhaustive, list of the different apparatuses used to

measure laminar burning velocities, including their advantages and limits.

1.3.2.2. Experimental measurement of laminar flame speed
In order to determine laminar burning velocities of different fuels, different techniques were

developed through the years. Each technique possesses advantages and drawbacks, mainly depending
on the studied fuel characteristics and the diagnostic used for the laminar burning velocity measurement.
The presented techniques were applied solely to hot flame laminar velocity measurements, while the

attempts to measure cool flame speeds are presented in the next section.

e Heat flux method: The objective of this method is to stabilize an adiabatic flat flame at the

surface of a porous burner, and to suppress the flame deformation induced by the strain. This
method was originally proposed by Botha and Padling [94], which stabilized propane/air flames
downstream a water-cooled porous plate, the flame being stabilized by losing heat which is
transferred to the water-circuit. The temperature of the cooling-water is measured at different
flow rates. Then, by extrapolating the flow rate corresponding to a case where no heat from the
flame needs to be extracted from the flame (i.e., an adiabatic flame, the burner temperature is

not influenced by heat losses from the flame), the laminar burning velocity of the flame can be
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deduced. This technique was later modified in order to improve the precision on the flame speed
determination [95]. Laser Doppler Velocimetry (LDV) measurements performed in flat flames
[96] confirmed that the experimental flame structure was in good agreement with 1-D

simulations, reinforcing the validity of this method in determining laminar burning velocities.

Stagnation plane method: This technique is widely used in two different configurations: the

stagnation plate burner, and the opposed-flow burner method. In both cases quasi-adiabatic
flames are stabilized near a stagnation plane, either by the presence of a plate or by a counter-
flow. Hydrodynamics of stabilized premixed flames in stagnation flows were studied in the
past decades [97-99]. In this configuration, flames can be treated as gas discontinuities subject
to an important rise in temperature, causing a drop of the gas density and a sharp increase of
the axial velocity, and are obviously subject to strain, as introduced above. The unburnt gases
decelerate before entering the reaction zone, therefore reaching a minimum velocity, which is
known as the reference velocity, Surr. The associated strain rate, K, is defined as the axial
velocity gradient just upstream the minimum velocity. From the plot of Sy.r = f(K), it is
possible to extrapolate the reference velocity to zero strain, and to determine the unstrained
laminar burning velocity, S, as presented below in Figure 1.14, extracted from the work of
Chong and Hochgreb [90]. It also permits to illustrate the use of linear and non-linear

extrapolation methods to determine the unstrained laminar burning velocity at K = 0.
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Figure 1.14. Unstrained laminar flame speed determination from strained flame experiments in a
stagnation flow, extracted from [90].

This method was extensively used in the literature, its main limitations being the uncertainties
derived from the unstrained laminar flame speed extrapolation. This method was successfully
applied to the determination of laminar cool flame burning velocities in the present work, and

will therefore be detailed later in this manuscript in Chapter V.
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e Spherical bomb method: This method relies on the ignition, at the centre of a spherical chamber,

of a combustible mixture at rest. The flame then propagates in every direction, from the centre
of the chamber towards the extremities. Using different visualisation methods permitting to
follow the evolution of the flame radius as a function of time, the laminar burning velocity of
the considered mixture can be determined after strain effects correction [100]. While this
method is not new [101] it was considerably improved through the years, including very recently
[102], especially to extend the measurement of the laminar burning velocity at high pressures,
which are commonly affected by structural instabilities. An example of a flame propagating in
a spherical bomb chamber is represented in Figure 1.15, in which the evolution of the flame

radius as a function of time can be observed.

Figure 1.15. Evolution of the flame radius as a function of the time in a spherical bomb chamber, extracted from
[103].

e The ‘Bunsen’ cone method: The Bunsen flame rig can also be used to determine laminar

premixed flame burning velocities. Using different visualisation techniques, the cone
boundaries and the flame area can be determined, and the flame speed deduced from it. This
technique is however known to be highly dependent on the determination of the flame area,
which can vary depending on the visualization technique used, and leading to an accuracy on

the laminar burning velocity measurement of the order of + 20% [86].

[.3.3. Particularities and specificities of cool flames
Defining the ‘cool flame speed’ is a challenging task, as it is not as well defined compared to the

hot flame speed. This problem was approached and discussed in the 1-D planar configuration by Zhao
and co-workers [47], and is tightly linked to the cool flame chemistry. It is well known that the fuel
conversion in the cool flame is only partial [104]. The gases downstream a cool flame are therefore in a
quasi-chemical equilibrium, and one can imagine that with a sufficiently long time they would transition
in a final equilibrium state, characterized by the adiabatic flame temperature of the mixture. In other
terms, if a reactive flow was to form a cool flame in a 1-D adiabatic configuration with a sufficiently
large domain, it would anyhow yield a conventional hot flame. The literature is very scarce on cool
flames laminar flame speeds, but the main outcomes, either experimental or numerical, are presented

below.
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1.3.3.1. Spherically-propagating cool flames under reduced gravity

A series of studies were performed by Pearlman and co-workers twenty years ago, trying to gain
some insight into the propagation speeds of premixed cool flames under normal and reduced gravity
using the NASA KC-135 aircraft [105—108]. The cool flame propagation experiments were performed
in a heated fused-silica vessel equipped with intensified cameras measuring both visible and ultraviolet
chemiluminescence. Figure 1.16. shows a comparison between the cool flame propagation in the vessel
both at normal gravity and under micro-gravity, the initial conditions being fixed at P;,; = 0.3 bar and
Tini =310°C. It can be observed that the cool flame propagation is highly influenced by buoyancy effects

under normal gravity, while it propagates spherically under reduced gravity.

(b)

Figure 1.16. Cool flame propagation under normal gravity (a) and reduced gravity (b) conditions, extracted from
[105]. The acquisition frequency is 10 s

Moreover, in the same study, the author reported that pre-ignition happened prior to the formation
of the cool flame. The propagation of the cool flame is therefore governed by autoignition-assisted flame
propagation, which differs from the conventional flame propagation. It was thus difficult to extract from

these data trustworthy values of unstrained, laminar cool flame speeds.

Later numerical work performed by Ju and co-workers [109] on the ignition characteristics of n-
heptane/air mixtures in a Spark-Assisted Homogeneous Charge Compression Ignition (SAHCCI), at
conditions ¢ = 0.4, Ti, = 700 K and P;ini = 20 atm, showed that multiple flames regimes existed during
the flame propagation. It was notably observed that, after the hot flame ignition, the latter splits into a
cool flame and a trailing hot flame, resulting in a considerable increase of the cool flame velocity, before
undergoing a low-temperature ignition forming a single propagating hot flame until hot ignition

occurred.

These works, although very useful in understanding how cool flames propagate under normal and

reduced gravity, did not permit to experimentally measure cool flame speeds.

1.3.3.2.  Freely-propagating cool flames

Considerable work was achieved by two groups [41,43,110,111] on the numerical simulation of

freely-propagating cool flames, both in 0- and 1-dimensional configurations, at atmospheric or high
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pressure. It was shown that a freely-propagating cool flame could be initiated by a hot spot, at the
restraining condition that the hot spot temperature was not sufficient to trigger a conventional hot flame
[111]. While the cool flame outwardly propagates, high-temperature chemistry ignition occurs at the hot
spot, inducing a hot flame propagating behind the cool flame, similarly to the observation of Ju and co-
workers in the SAHCCI engine presented previously. As the hot flame propagates faster than the cool
flame, it finally merges with the cool flame. It was highlighted that, using three different kinetic models
from the literature, describing the low-temperature oxidation of dimethyl ether (the chosen fuel in their
study), the cool flame propagation speed was much more sensitive to the selected mechanism than the
hot flame propagation speed. This finding reinforced the need in accurate experimental determination
of cool flame speeds for LTC kinetic model development. Further work showed that the pressure was
of great influence on the transition between the cool flame and the hot flame. At ambient (and slightly
higher) pressure, the cool flame -if existing- increases the flammability domain of the combustible
mixture [43], as pictured in Figure 1.17. for a DME/O, mixture. It is interesting to note that the transition
from the cool to the hot flame, and vice-versa, is very different depending on the equivalence ratio of
the mixture. In rich conditions, the transition is smooth, without any extinction process, while in lean

conditions the hot flame extinguishes before turning into a cool flame.

HOT FLAME

Flammability domain
w/o cool flame

=~ 1200
................ ; COOL FLAME

Flammability domain w/ cool flame

Flame temperature / K

S

dPIean,CF ¢Iean,HF ¢rich,HF dPrich,CF

Equivalence ratio

Figure 1.17. Flammability domains of a combustible with and without low-temperature chemistry, reproduced
from [43]. The lean and rich limits of the cool and hot flames are represented (axis are not set to scale for
clarity).

It was shown that when the pressure increases [110], the transition of a lean mixture from a cool
to a hot flame happened without any ignition/extinction process, but via the formation of a warm flame,
which is of particular importance in engine-like conditions. The influence of EGR (Exhaust Gas
Recirculation) dilution on the cool flame dynamics was also addressed in [110]. The addition of nitrogen
to the mixture drastically diminished the hot and cool flames temperatures, therefore narrowing the hot
flame flammable region, but broadening the cool flame flammable region towards the fuel rich side.

Both cool flames and hot flames speeds were seen to be reduced by the addition of N; to the mixture.
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By restraining the hot flame flammable domain, the N, dilution was therefore suggested as a good way

to promote cool flame ignition.

The laminar propagation speeds of cool flames were experimentally measured by Belmont and
co-workers in the low-pressure Hencken burner previously presented [49—53]. Ozone-seeded fuel/O;
cool flames are stabilized at the surface of the cool flame burner, at different equivalence ratios and
different flow velocities. Using this burner configuration, the estimation of the propagation speed of hot
flames could be fairly well predicted at sufficiently high flow rates, allowing the flame to be considered
as nearly-adiabatic [48,112]. This procedure, assessed for ethylene and methane hot flames, was
transposed to the cool flame propagation speed determination. At a given equivalence ratio, the reactant
flow is progressively increased, and the flame position measured at each condition, allowing to
distinguish two different regimes: the first one, so-called ‘burner stabilized regime’, in which the flame
position (or lift-off height) does not vary as the flow rate increases, and remains anchored to the surface
of the burner. The second regime, so-called ‘freely-propagating’, defines the regime during which the
flame position increases linearly as the flow rate increases. The transition between these two regimes is
used for the propagation cool flames speeds determination, as pictured in Figure 1.18, reproduced from

[49], for a DME/O,/Os cool flame.
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Figure I1.18. Determination of the flow rate from which the laminar flame speed of a DME/O»/O3 cool flame is
inferred at ¢ = 0.6 and P = 7.3 kPa, reproduced from [49].

This procedure was successfully applied to different fuels, allowing to provide useful data, and
permitted to highlight, in some cases, high discrepancies between the experimental and predicted cool

flame speed. However, this method raises few limits and problematics. Firstly, this method was validated
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for hot flames with help from PIV measurements, but not in the case of cool flames. Secondly, operating
at low-pressure is essential to avoid flame instabilities in this experimental configuration, therefore

limiting the experimental range of conditions in which cool flame speeds can be effectively measured.

1.3.3.3. Strained-stabilized cool flames

This experimental configuration, either in counterflow or stagnation plate setups, was extensively
used to study cool flames ignition and extinction processes [46]. However, it was never applied to the
measurement of cool flame burning velocities, even if it was suggested by Zhao and co-workers [47] on
the basis of numerical work. It was demonstrated in the latter study that, as for a hot flame, the cool
flame systematically responds to a strain variation, which allows to apply the methodology described
above for hot flames. However, as the heat release of the cool flame is considerably lower than for a
conventional hot flame, the accurate definition of a minimum velocity reference value can be
challenging. At elevated strain rates, the cool flame does not possess a local minimum in its axial
velocity profile but only an inflection point [47]. Moreover, the narrow stability domain of cool flames
limits the strain rate range of possible measurements, which can lead to important uncertainties in the
unstrained laminar burning velocity of the cool flame. Still, this limitation can be avoided as the
evolution of the reference cool flame speed is considered as linear under sufficiently low strain rate

variations [47].

[.4. Low-temperature combustion kinetics of ethers: a review
[.4.1. Dimethyl ether (CH3;OCH3)

In addition to its physicochemical properties, which have made dimethyl ether an excellent
candidate as biofuel substitute, dimethyl ether possesses a number of properties that are particularly
suited for kinetic studies. Firstly, it is the shortest symmetric ether, which is a great advantage for kinetic
studies as the number of intermediates and formed species will be limited. For example, the low-
temperature combustion of dimethyl ether forms a single aldohydroperoxide, while the low-temperature
oxidation of diethyl ether (the second shortest symmetric ether) can theoretically form 6 different keto-
and aldohydroperoxides. Moreover, dimethyl ether is a very reactive species in the low-temperature
domain, which makes it a fuel of choice. This justifies the numerous studies that were led on this species,
although important uncertainties and blind-spots remain. Table 1.1, which is inspired from the work of
Rodriguez [113], sums up the dimethyl ether kinetic oxidation and pyrolysis studies that are discussed
in the following paragraphs. The table is divided in two distinct sections, differentiating the studies with

and without plasma- or ozone-assistance.

Curran and co-workers [114] studied the low-temperature combustion kinetics of dimethyl ether
in a plug flow reactor between 550 and 850 K, coupling FTIR (Fourier Transform InfraRed) and NDIR
(NonDispersive InfraRed) spectroscopies, allowing to characterize the different low-temperature

reaction products. It was found out that dimethyl ether exhibits a negative temperature coefficient. It is
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consistent with the previous studies of Pfahl and co-workers [115] in a shock tube and Dagaut and co-
workers [116] in a jet-stirred reactor. Formic acid, HOCHO, was measured as one of the major
intermediates in the studied conditions. Two different formation pathways were proposed, either by the
OCH,OCHO radical decomposition or by hydroxyl radical addition to formaldehyde. The latter pathway
is controversial as it was found that at ambient temperature the abstraction reaction between OH and
CH,0 is favoured against the addition [117]. The role and influence of H,O; on the low-temperature
kinetics of dimethyl ether were studied by Guo and co-workers [118] in an atmospheric-pressure flow
reactor at temperatures from 490 K to 750 K, samples being analysed using molecular beam electron-
ionization mass spectrometry (MBMS). The important formation of H,O; in the reactor peaked at around
530 K before decreasing when the temperature was increased. From kinetic modelling, it was proposed
by the authors that H,O, was mainly formed (at 680 K) by the reaction 2 HOO = H,0, + O,. Later on,
Kurimoto and co-workers [119] simultaneously measured HOO and H,O, concentrations during the
low-temperature oxidation of dimethyl ether in a flow reactor. HOO was measured using Dual-
Modulation Faraday Rotation Spectroscopy (DM-FRS) while the MBMS technique was used to measure
the H,O, and low-temperature products concentration. The acquired experimental data were compared
with models from the literature, and showed that the fuel conversion was highly overestimated by the
models, which consequently led to an overestimation of the formation of products, especially for HOO
and H>O,. Overprediction of the fuel conversion by models from the literature was also reported by
Rodriguez and co-workers [120], which notably led to an important overprediction of methyl formate

(CH30CHO) formation.
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Table I.1. Synthesis of the studies on DME oxidation from low- to high-temperature.

Experimel?tal Operating conditions (P, T, xi) Fuel — oxidizer — inert Reference
configuration
Studies without plasma and/or ozone
JSR# 800<T<1300K,1<P<10atm,02<¢p<2 DME/O2, dil.” N2 [121]
JSR 550<T<1100K,P=10atm, 0.2 <¢$p <1 .
DME/Oz, dil. N2 [116]
ST? 1200<T<1600K,P=3.5atm, 0.5<¢$p <2
PFR! 550<T<850K,12<P<18atm,0.7<¢p<4.2 DME/Oz, dil. N2 [114]
PFR 490<T<750K,P=1atm, $=0.6 DME/Oz, dil. He, CO2 [118]
PFR 400 <T <1200,P=1atm,0.8<¢$p<1.2 DME/Oy, dil. Ar [122,123]
PFR 400<T<1150K,P=1atm,$=0.2,1.06 DME/Oz, dil. Ar, He [119]
PFR 400<T<1160K,P=1atm, =1 DME/Oy, dil. Ar [124]
JSR 540<T<850K,P=1atm,05<¢p<2 DME/Oa, dil. N2 [125]
JSR 500<T<1100K,P=1atm, $=05,1,2 DME/Oz, dil. He [120]
JSR T =540 K, P =976 mbar, ¢ = 0.35 DME/Oz, dil. Ar [126]
JSR 450 <T <1000 K, P =933 mbar, ¢ = 0.35 DME/Oz, dil. Ar [127]
PFR 530<T<575K,P=1atm, 1 <$p<4.1 DME/air [128]
ST 600 <T <1300K, P=13,40bar, p=1 DME/air [115]
RCM3 615<T <735,10<P<20bar,043<¢$p<1.5 DME/Oz, dil. N2 [129]
Flat flame P=1atm, $=0.67,1.49,To=298 K DME/air [130]
Flat flame P=1atm,0.7<¢<1.5,To=298K DME/air [131]
Flat flame (speciation) P = 50 mbar, ¢ = 1.63, To =300 K DME/Os, dil. CO» [132]
(LBV®) 1 <P <20 bar, $=0.8, 1.63, To=300 K
CFF° P=1atm,0.6<¢<1.7,To=295K* DME/air [133]
SB¢ P=1bar,07<$<1.7,To=295K DME/air [134]
SB 1<P<10atm,0.7<¢<14,To=298K DME/air [135]
SB 08<P<1.5bar,07<$p<1.8,To=285K DME/air [136]
SB P=097bar,0.7<¢<1.8, To=293 K DME/air, dil. N2, CO2 [137]
SB 1<P<10atm, 0.7<¢<1.6, To=296 K DME/air [138]
Studies with plasma and/or ozone
sPFR 400<T<750K,P=1atm, ¢ ~ 0.3, 0 <x03< 1460 ppm DME/O2/03, dil. He, Ar [63]
PFR T =300 K, P =30 Torr, xpme = 3000 ppm DME/Oo, dil. Ar [139]
ISR 400 <T <900 K, P =700 Torr, ¢ = 0.35, 0 < x03< 2000 DME/O/Os, dil. Ar (79]
ppm
Flat flame' P=173%kPa, 0.17 < <1, x03=6.2% DME/02/03 [49]
CFF P =1 atm, 0.06 < ¢ <0.24, x03 = 3% DME/O2/03 [42]
CFF P =1atm, 0.08 <¢<0.114, x03 ~ 3% DME/O2/03 [44]
CFF P=1atm,0<¢<0.15, x03 =3.5% DME/O2/03 [45]
CFF P =1 atm, 0.025 <xpme < 0.55, 0 <x03 <3.7% DME/CH4/02/03/N2 [46]

Plug Flow reactor, 2Shock tube, *Rapid Compression Machine, *Jet-Stirred Reactor, *CounterFlow Flame, ®Spherical Bomb,

“diluted, $Laminar Burning Velocity, Hencken burner, *indicated as ‘room temperature’

As stated before, one of the particularities of dimethyl ether is that only one aldohydroperoxide
is formed during its low-temperature oxidation process. While the role of these species in low-

temperature oxidation reaction mechanisms was postulated for a few decades now, their existence was
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only experimentally proven recently, twelve years ago [37], using advanced spectroscopic techniques
coupled with molecular beam sampling methods. Coupled studies of Moshammer and co-workers were
dedicated to the detection and identification [126] and quantification [ 127] of intermediates and products
formed during the low-temperature oxidation of dimethyl ether in a JSR. The first study focussed on the
identification of reactive intermediates at a fixed temperature, 540 K, the oxidation products being
analysed by means of a high-resolution time-of-flight molecular beam mass spectrometer coupled to
synchrotron-generated vacuum-ultraviolet radiation for photoionization. The hydroperoxymethyl
formate (HPMF, the aldohydroperoxide formed during the low-temperature oxidation of DME), was
experimentally observed in these conditions, as well as other products as 1,3-dioxetane, cycl-
CH,OCH-O0 or performic acid, HC(O)OOH. In the second study, the measurement of these species was
performed at variable temperatures between 450 and 1000 K in the same jet-stirred reactor. Using
available or calculated photoionization cross-sections, it was possible to draw the mole fraction profiles
of short-life species, such as HPMF, providing valuable validation data for kinetic mechanisms.
However, uncertainties on the calculation of the photoionization cross-sections lead to a relatively high
uncertainty on the mole fraction determination of HPMF. A detailed reaction pathway analysis of
dimethyl ether at low-temperatures, extracted from the study of Moshammer and co-workers [127], is

shown in Figure I.19, illustrating the formation of the different low-temperature oxidation products.
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Figure 1.19. Low-temperature oxidation mechanism of dimethyl ether, extracted from [127].

Among the numerous studies led on dimethyl ether low-temperature kinetics, many resulted in
the development of detailed kinetic mechanisms, allowing to precisely describe the oxidation kinetics
of this molecule. The very first published mechanism, covering the high-temperature range, was

published in 1996 by Dagaut and co-workers [121], and includes 43 different species for 256 elementary
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reactions. A second model, developed by Curran and co-workers in 1998 [140], covers the low- to high-
temperature oxidation range. It is composed of 78 different species for 336 reactions, and validated
against JSR data from Dagaut and co-workers as well as ST data from Pfahl and co-workers, cited above.
The model was developed following the ‘reaction class’ classification, introduced by Curran and co-
workers [141] during the same year. Two years later, Fischer and co-workers [114,142] proposed an
updated version of the 1998’s dimethyl ether mechanism, resulting in a 82 species and 351 reactions
model. Improvements were proposed on the prediction of acidic species, which were absent from the
previously published kinetic mechanism. A new model was published in 2008 by Zhao and co-workers
[143]. The unimolecular decomposition rate constant of dimethyl ether at different pressures and
temperatures was recalculated using the RRKM theory and master equation calculations, while the low-
temperature oxidation mechanism was adopted from the one of Fischer and co-workers, with a few
modifications made on the initial model. The model was then validated against data from flow reactor,
jet-stirred reactor, shock tube, laminar flame speciation and laminar flame speed measurements, leading
to an overall good agreement between predicted and measured values. In 2015 two different kinetic
models were published, the first of them by Burke and co-workers [144], validated on newly measured
RCM and ST ignition delay times, and focussed on the co-oxidation of DME/CH4 mixtures, and the
second by Wang and co-workers [124], which is a modified version of the Zhao and co-workers model,
and was validated against speciation data in a laminar flow reactor coupled with MBMS measurements.
Both these models allowed an improvement of the current state-of-the-art of dimethyl ether oxidation
kinetics. Dames and co-workers [145] published a new model in 2016, dedicated to the co-oxidation of
dimethyl ether with propane at elevated pressures, covering the low- and the high-temperature oxidation
of both fuels. More recently, the HP-Mech v3.3 [46] was developed using recently measured ozone-
seeded and non-ozone-seeded DME/CH4/O; cool flames ignition and extinction strain rates. These data
are particularly valuable as they couple low-temperature chemistry, heat release and transport. The
ozone submechanism used in this model, which strongly affects the low-temperature kinetics, was
developed at Princeton [63]. Finally, Rodriguez and co-workers [120] developed a model for dimethyl
ether oxidation, coupled with newly acquired speciation data in a jet-stirred reactor, mainly trying to
correct the overestimated intensity of the cool flame as well as the overprediction of methyl formate
production in the low-temperature domain. These models, covering the low-temperature oxidation of
dimethyl ether, are summarized in Table 1.2, along with the publication year as well as the number of

species and reactions present in the models.
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Table 1.2. Existing models dedicated to the LTC kinetics of dimethyl ether.

Model Publication year Number of species Number of reactions Reference
Curran et al. 1998 78 336 [140]
Fischer et al. 2000 82 351 [114,142]

Zhao et al. 2008 55 290 [143]
Burke et al. 2015 119 710 [144]
Wang et al. 2015 59 301 [124]
Rodriguez et al. 2015 90 576 [120]
Dames et al. 2016 120 711 [145]
Reuter et al. 2018 130 893 [46]

It is worth noting that while some models are developed exclusively in the aim to describe the
oxidation mechanisms of dimethyl ether, or dimethyl ether in a blend with one or more fuels, others
describe the oxidation of a variety of molecules, and include a submechanism for the oxidation of
dimethyl ether. This is especially the case of the models developed by the National University of Ireland,
Galway: AramcoMech 1.3 [146], AramcoMech 2.0 [147], AramcoMech 3.0 [148] or NUIG1.1 [149].

1.4.2. Diethyl ether (CoHsOC,Hs)
While dimethyl ether has been thoroughly studied in the last decades (and especially its low-

temperature oxidation kinetics), studies on diethyl ether are less common in recent years. Even though
diethyl ether has proven to be an excellent additive in diesel [150] as well as useful ignition improver in
HCCI engine [151,152], the presence of two C-C bonds in its molecular structure induces a higher
production of soot precursors than DME [153]. The kinetic studies presented below are summarized in

Table L.3.

The majority of studies performed on the oxidation and pyrolysis kinetics of diethyl ether were
done at high temperatures, through ignition delay times measurements in shock tubes [154,155], hot
flame speed measurements [156,157], and speciation in reactors [ 158], shock tubes [155] and hot flames
[156,159]. Until recently, only a very few studies were available on the low-temperature oxidation of
diethyl ether. The oxidation of rich DEE/air mixtures in a quartz reactor between 450 and 750K was
studied by Salooja [160], reporting the first data on the autoignition of this ether in the low-temperature
domain. The oxidation of diethyl ether in a jet-stirred reactor was studied by Griffiths and Inomata [161].
Working at 300 mmHg, roughly equal to 0.4 bar, it was observed that diethyl ether started to react at
430 K. An oscillatory phenomenon was observed, its amplitude and intensity varying with the imposed
reactor temperature. A detailed kinetic model developed in the cited study, containing 92 elementary
reactions, allowed to reproduce this interesting phenomenon, which was proposed to be highly
dependent on the decomposition of the C;HsOCHCH; radical in acetaldehyde, CH;CHO. The
autoignition of diethyl ether at relatively low temperatures, below 400 K, was studied numerically by
means of an extensive density functional theory by Di Tommaso and co-workers [162] and

experimentally by Naito and co-workers [163], mainly under the scope of risks associated to its storage.
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Ignition delay times were obtained by Inomata and co-workers in 1991 [164]. Later on, Werler and co-
workers [155] studied the autoignition of diethyl ether in a rapid compression machine at various
equivalence ratios (0.5 < ¢ < 2), the temperatures ranging from 500 to 1060 K and pressures between
2.5 and 13 bar. The undiluted oxidation of stoichiometric DEE/O, mixtures in a shock tube was explored
by Uygun [165] at temperatures between 646 and 1100 K and pressures between 18 and 40 bar. Finally,
the oxidation of diethyl ether was studied in plug flow and continuously stirred reactors, allowing to
measure the products distribution at different steps of the low-temperature combustion of this ether.
Serinyel and co-workers [166] studied the low- to high-temperature oxidation of diethyl ether in a jet-
stirred reactor at various equivalence ratios, respectively ¢ = 0.5, 1 and 2, temperatures between 450 and
1250 K and at two pressures, 1 and 10 bar. The main measured low-temperature oxidation products were
formaldehyde, acetic acid and acetaldehyde. Tran and co-workers [167] also studied the stoichiometric
diethyl ether low-temperature oxidation in atmospheric jet-stirred and plug flow reactors, from 400 to
1100 K. The adequate residence time chosen for this study allowed to assess that diethyl ether exhibits
two different negative temperature coefficient domains, as already observed for di-n-butyl ether
(C4Ho),0 [168,169]. This ‘double NTC’ phenomenon, shown in Figure 1.20, is due to competing
reactions as the temperature in the reactor increases. As one can see, at the lowest temperatures, the
branching ratio between (A) and (B) pathways changes as the temperature increases, and causes the 1%
NTC as the decomposition of the QOOH radical causes a decrease of the reactivity. The second observed
NTC is due to the competition between the unimolecular decomposition of the fuel radical (C) and its
addition to molecular oxygen (D), which tends to become less competitive when the temperature is
sufficient. This phenomenon was not observed in the JSR in Orleans. Finally, Belhadj and co-workers
[170] studied the products distribution during the oxidation of diethyl ether between 480 and 570 K by
means of liquid chromatography-Orbitrap mass spectrometry, allowing to observe highly reactive
intermediates such as the ketohydroperoxides formed after two O, addition to the fuel molecule.
Interestingly, molecules containing a much higher number of carbons (C,H2,03 with n varying between
2 and 10) were also observed in stoichiometric conditions, the formation of oligomers being suspected

by the authors, but further experimental evidence is needed to support this assumption.
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Figure 1.20. ‘Double NTC’ phenomenon during the low-temperature oxidation of diethyl ether, data reproduced
from [167].

A few models describe the low- to high-temperature oxidation of diethyl ether. Griffiths and
Inomata published the first detailed kinetic mechanism in 1992 [161], in order to explain the observed
oscillatory phenomenon in their reactor during diethyl ether oxidation. A second model was proposed
by Yasunaga and co-workers in 2010 [154], and is composed of 148 different species and 751
elementary reactions. The model however only covers the high-temperature combustion of diethyl ether,
as it is validated against high-temperature shock tube and pyrolysis experiments. Several models were
published in 2017, respectively by Eble and co-workers [171], covering a wide range of temperatures
and pressures and validated against ignition delay times available in the literature; by Tang and co-
workers [172], which developed a reduced model composed of 80 species and 339 reactions, and
validated against ignition delay times at low- and high-temperatures; by Sakai and co-workers
[173,174], in which reactions rate constants relative to low-temperature intermediates (ROO, QOOH,
etc.) were calculated by ab initio using high-level of theory; by Hu and co-workers [175], who used ab
initio and RRKM master equation calculations to build a skeletal mechanism, including 49 species and
192 reactions, and is validated against ignition delay times relevant to engine conditions. Two models
were published in 2018 and 2019, respectively by Serinyel and co-workers [166] and Tran and co-
workers [167], based on their work detailed above. Finally, a recent model was proposed by Danilack
and co-workers [176,177], in which the decomposition rates of some of the ketohydroperoxides and

OQ=0 radical were recalculated and incorporated in the initial model from Tran and co-workers [167].
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Table 1.3. Synthesis of the studies on DEE oxidation and pyrolysis from low- to high-temperature.

Experimental . . Lo .
: Operating conditions (P, T, xi) Fuel — oxidizer — inert Reference
configuration

ST 900 <T <1900K, 1 <P <4atm, $=0.5, 1,2, o3 DEE/O2/Ha, dil. Ar [154]
ST 622<T<1100K, P=18,40 bar, p=1 DEE/air [165]
ST 900 <T <1300 K, P =10, 20, 40 bar, ¢ = 1 DEE/Oz, dil. Ar [155]

RCM 500<T<1060K,2.5<P<13bar,$=0.5,1,2 DEE/QOgz, dil. N2, CO2, Ar
Flat Flame P=1atm, 298 <Tp<398K,0.5<¢<1.6 DEE/Oz, dil. N2 [157]

(LBS?) 100 < P <507 kPa, ¢ = 1.4, To=298 K DEE/O», dil. N>
Flat Flame L . [156]
(speciation) P =4 kPa, $ = 1.8, To=333 K DEE/O2, dil. Ar
P =0.1 MPa, To,fuet =333 K, To,020 =298 K .
CFDF! A Tomd 002 DEE/O2, dil. N [159]
0.089 <xfue1 <0.273, 0.233 <x02<0.728

CSTR? 450<T<750K,P=1atm, =2 DEE/Oz, dil. N2 [160]
JSR 400 <T <650 K, P =300 mmHg, $ =6 DEE/Oz, dil. N2 [161]
JSR 600 <T <1100K,26.7 <P <107.7 kPa, ¢ = o= DEE, dil. He [158]
JSR 450<T<1250K,P=1,10atm, ¢=0.5, 1,2 DEE/O, dil. N2 [166]
JSR/PFR 400<T <900 K, P ~ 100 kPa, p =1 DEE/Oz, dil. He [167]
JSR 440<T <740K, P =10 atm, p=1 DEE/Oz, dil. N2 [170]

!CounterFlow Diffusion Flame, Continuously-Stirred Tank Reactor, 3Pyrolysis

[.4.3. Oxymethylene ether-2 (OME-2, CH;0CH>OCH>OCH3)

The last part of this section reviews the past studies done on the combustion behaviour of
oxymethylene ether-2, abbreviated OME-2 hereafter, which was also studied within this work. OMEs,
of general formula CH30(CH-0),CHs, form a high-potential class of sustainable synthetic fuels when
produced via carbon capture and utilization, using CO, CO» and hydrogen produced from renewable
energies. Thus, OMEs can be considered as e-fuels. The results presented in the next paragraph are also

summed up in Table 1.4.

Cai and co-workers [178] studied the autoignition of OMEs (OME-n, 2 < n < 4) in a shock tube
at 10 and 20 bar, in lean, stoichiometric and rich conditions, and at temperatures between 663 and 1137
K. A new mechanism, based on extrapolation of reaction classes relevant to OME-1,
(dimethoxymethane) was developed, and showed a good agreement with their experimental data.
Autoignition of OME-2 and OME-3 stoichiometric mixtures was investigated by Drost and co-workers
[179] in a rapid compression machine, at pressure ranging from 3 to 10 bar and temperatures between
570 and 690 K. It was observed that both fuels show a negative temperature coefficient. Interestingly,
OME-2 and OME-3 have almost similar IDTs at high pressure (10 bar), and are seen to be more reactive
in this condition than n-heptane and DME (which can be considered as OME-0). A systematic study of
the oxidation of OME-n (0 < n <5) in a flow reactor coupled with EI-MBMS measurement was done
very recently by Gaiser and co-workers [180]. The products formation issued from the oxidation of
nearly stoichiometric and rich mixtures of OMEs/O, (¢ = 0.8, 1, 2) between 700 and 1300 K was
extensively studied. It was observed that the oxidation temperature onset, i.e., the temperature at which

the oxidation of the fuel starts, significantly decreased when the chain-length of OME-# was increased
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(0 <n <3) but remained nearly constant for larger OMEs, whatever the equivalence ratio. Similarly, for
larger OMEs the intermediates and products formation were nearly identical, CH>O and CH;OCHO
being observed as the main oxidation products in the studied conditions. The authors did not observe
any soot precursors, even in fuel-rich conditions (¢ = 2), reinforcing the interest in these e-fuels.
Interestingly, the production of ethanol, C;HsOH, was detected in this study for every investigated
condition, and in a greater proportion than for DME, which is highly atypical and stresses for further
theoretical studies on its formation pathways. The fundamental combustion properties of OME-2 were
investigated by Ngugi and co-workers [181] via ignition delay times measurement of stoichiometric
mixtures in a shock tube at pressures ranging from 1 to 16 bar and temperatures from 850 to 1700 K.
Furthermore, laminar burning velocities of OME-2/air mixtures were measured using the Bunsen cone
methodology, for various equivalence ratios (0.6 < ¢ < 2) at atmospheric and elevated pressures (1 < P
< 6 bar). Main results showed that, when compared to previous work on OME-1 [182], the oxidation
pathways of these two fuels were very similar. De Ras and co-workers [183] studied the low- to high-
temperature oxidation and pyrolysis of OME-2, coupling pyrolysis measurements in a pyrolysis reactor
and ignition delay times in the University of Lille RCM between 600 and 720 K and pressures equal to
5 and 10 bar. A detailed kinetic model was built from this experimental study, in the aim to be extended
to higher OMEs. Further details on the state-of-the-art of OME-2 (and larger OMEs) oxidation kinetics

can be found in the mini-review of Fenard and Vanhove [184].

Table 1.4. Synthesis of the studies on OME-2 oxidation from low- to high-temperature.

Experimental

: Operating conditions (P, T, xi) Fuel — oxidizer — inert Reference
configuration

ST 660 <T <1140 K,P =10, 20 bar, $=0.5, 1,2 OME2.4/“air’ [178]

ST 5710 <T<690K,3<P<10bar,p=1 OME2.3/“air’ [179]
PFR 750 <T<1250K,P=1atm,$=0.8,1,2 OME)j-5/02 [180]

ST 850 <T<1700K,1<P<16bar,p=1 .

. OME;/‘air’ [181]

BC To=473 K, 1 <P<5bar,0.6<¢p<2

PFR 373<T<1150K, P =0.34 MPa, ¢ = OME, dil. He [183]
RCM 600<T<720K,P=5,10 bar, $=0.5 OME2/Oz, dil. Ar, N2, CO:

'Bunsen Cone

[.5. General remarks
This first chapter was dedicated to a bibliographic overview of the work operated in the past on

cool flames and low-temperature combustion kinetics of some ethers of interest. It was notably
highlighted that, while the low-temperature kinetics of fuels are generally studied in JSRs or RCMs,
studies concerning this specific temperature domain were needed in flame conditions, coupling kinetics,
heat release and transport properties. Few is known about cool flames and much is to be discovered,

both on kinetic and physical aspects.
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This assessment motivated the development of a stagnation plate burner dedicated to the study of
low-temperature combustion through the analysis of stabilized cool flames. The second chapter presents
the stagnation plate burner characteristics as well as the different diagnostics that were coupled to it.
The third chapter is dedicated to the numerical simulation of cool flames using a one-dimensional solver,
along with experimental verifications allowing to use such code. Finally, chapter IV and V present the
experimental results, respectively on the low-temperature combustion kinetics of different ethers inside
cool flames, and measurement of cool flames propagation speed, illustrating the strength of this new

configuration for low-temperature combustion kinetics studies.
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II. Experimental setup
IL.1. The stagnation plate burner

IL.1.1. Burner description
In order to study the low-temperature combustion kinetics of different fuels in an innovative

configuration, a dedicated burner was built at the PC2A laboratory. A scheme of the burner is presented

in Figure 1.1, and detailed below.

Heated plate

Heating cord

Reactive mixture outlet
Inert gas outlet
Convergent section
Porous

Cooling water circulation
8. Porous

5"-11_‘[!
| A R

|

i

N o s s

Figure I1.1. Scheme of the cool flame burner.

The burner consists of a stainless-steel body with a coaxial nozzle of an inner diameter of 10 mm
for the fuel/oxidizer mixture (3). The mixture is injected through four orthogonal inlets and flows
through a steel porous disc (thickness: 3 mm; porosity: class 40, blocks 98% of particles with d, > 8 um)
(8) before entering the convergent section in the centre of the burner (5). This geometry was established
following the work of Rolon [185], ensuring a laminar and uniform gas flow at the burner exit. A neat
N; co-flow is injected through the co-axial nozzle (4) of 20 mm internal diameter, also equipped with a
stainless-steel porous section (6), to isolate the flame from external perturbations. The burner body is
kept at a constant temperature of 300 K by temperature-controlled water circulation (7). A heated plate
(1), with a diameter of 65 mm and a thickness of 8 mm, is placed above the burner nozzle with a strictly
parallel geometry regarding the burner exit. A spiral heating element is inserted into the plate (2). The
plate temperature has been varied between 600 and 800 + 0.1 K, and is controlled using a PID controller
Eurotherm 3216 coupled with a 1 mm type-K thermocouple inserted in the heated plate. The distribution
of temperature along the plate surface was measured and is homogeneous within = 5 K on the entire
diameter. The height above the burner of the heated plate can be varied. It has however been kept at a

constant value of 13 mm for all the presented experiments.

The whole burner is kept in an assembly connected to the gas extraction system and is protected
from the external light. The assembly is equipped of different optical access that will be presented later

in this chapter. A general scheme of the burner is shown in Figure 11.2.
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I1.1.2. Gas supply

The gas flow rates, namely dimethyl ether, nitrogen and oxygen flows, are imposed by Bronkhorst
mass flow controllers (MFCs). Although the MFCs are originally calibrated by Bronkhorst, they were
periodically re-calibrated using a DryCal DC-Lite flow meter. Calibrations of the MFCs are operated
using nitrogen, the response factors between the setpoint and the measurement being then corrected
using the gas correction factors provided by Bronkhorst. The calibration factors of oxygen (0.98) and
dimethyl ether (0.39) provided by Bronkhorst were verified using a bubble flow meter and showed an
overall good agreement with the experimentally measured calibration factors. Calibration factors
provided by Bronkhorst were therefore used. Every calibrated gas flow controller showed an excellent
linearity within the whole operating range, the determination coefficient (R?) being systematically

superior to 0.999.

In order to vaporize liquid fuels, namely diethyl ether and OME-2 in this work, a Controlled
Evaporator Mixer (CEM) provided by Bronkhorst was installed. The liquid is stored in a dedicated tank,
pressurized up to 5 bar using N,. The fuel’s flow is controlled by a liquid mass flow meter, which
measurement is based on the Coriolis effect. The main advantage of this technique is its universality, as
it can be applied to every liquid fuel without fuel-specific calibration. The liquid is then mixed with a
gas flow of oxygen in the mixing section, that can be heated to avoid any risks of condensation. In our
case, the lines and the mixing section were only slightly heated at a temperature up to 40°C, ensuring
that the system is systematically above the ambient temperature. The liquid flow range using this setup
can be varied between 2 and 360 g-h™!. A simplified scheme of the Controlled Evaporator Mixer is

shown in Figure II.3.

GAS

CEM BURNER

LiQ

Figure I1.3. Schematic diagram of the evaporator.

The major constraint of this system lies in the maximum quantity of liquid fuel that can be

vaporized in the gas flow. The factors limiting the fuel vaporization in the gas flow are detailed below:
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o Vapor pressure of the fuel: The fuel volatility drastically varies as a function of its molecular

structure and its physicochemical properties. At atmospheric pressure some fuels are in a

gaseous state at ambient temperature (CH3OCH3, T\?;g‘ = - 24°C), some are easily vaporizable

(C2HsOC:Hs, Tigp' = 34.6°C) and others are hardly vaporizable (OME-2, Ty' = 174.1°C). The
vapor pressure of a fuel therefore limits the operational range in our conditions as the burner is

operated at ambient temperature.

o Lower flammability limit of the fuel in pure oxygen: In this work, the cool flames are stabilized
in pure oxygen. As a direct consequence, the fuel must be vaporized in the oxygen flow. For
safety reasons, the mole fraction of the fuel vaporized in the gas flow is constantly kept below

the lower flammability limit of the mixture at ambient temperature.

o Burner temperature: As previously stated, the burner temperature is fixed at 300 K. Thus, even

if the CEM and the lines can be heated, one must ensure that there is no risk of condensation of
the vaporized fuel in the burner body. The absence of fuel condensation in the burner was

verified by measuring the fuel mole fraction at the exit of the burner.

o Ozone production: The last constraint on the fuel vaporization in the oxygen flow is the

necessary production of ozone from pure oxygen, which will be presented in the next paragraph.
As a consequence, the total oxygen flow had to be divided in two parts, the first one flowing

through the ozone generator, and the second part through the CEM module.

Those different factors therefore limit the use of liquid fuels, with the exception of volatile
compounds, such as diethyl ether. OME-2, on the other hand, was incorporated in small quantities in a

dimethyl ether cool flame.

Gases used in the different studies, along with their purity, are provided in Appendix IL.A1.

I1.1.3. Ozone production and measurement
Prior to its mixing with the fuel, the oxygen flow (or a part of it when using liquid fuels or

performing PIV measurements) flows through an ozone generator. Two different ozone generators were
used within this work, respectively a 803N and a 802N model from BMT Messtechnik GMBH,
depending on the total ozone concentration needed in the experiments. Both of them operate using a
corona discharge. The corona discharge is produced from tungsten electrodes and propagates through a
ceramic tube in order to maximise the contact surface with the circulating gas. Ozone dissociates and
recombines through the reactions R13 and R14. A simplified scheme of the ozone formation in the

generator is pictured in Figure 11.4.

O, +hv—20 (R13)
O + 0, (+M) — O3 (+M) (R14)
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Figure I1.4. Simplified scheme of the ozone generator.

The ozone production in the oxygen stream at constant input voltage is dependent on the oxygen
flow, and thus on the residence time of the gas in the generator. Appendix II.A2 presents the evolution
of the O3 mole fraction measured in the exit flow of each generator as a function of the oxygen flow.
The ozone mole fraction in the exit flow is measured using a Teledyne API 452 analyser, where the
ozone mole fraction in the oxygen is determined using an absorption cell operated with a UV light at
A =254 nm, near the maximum absorption cross-section of ozone [186]. The relative uncertainty on the

reported ozone mole fractions is = 0.02%.

The absence of significant ozone decomposition through the burner body was verified by

sampling O,/Os-mixtures at the burner exit, as detailed in Section 11.6 of this chapter.

I1.1.4. Cool flames parameters
Different parameters are used to define cool flames within this work, and are listed below:

e Equivalence ratio (¢): As previously mentioned, the equivalence ratio defines the ratio between

the fuel and the oxidant in the mixture relative to the stoichiometry. In our case, the oxidizer
flow is composed of a mixture of O, and O3 (which is produced from a fraction of the O, stream).
The calculation of the equivalence ratio and of the O3 mole fraction in the mixture is presented

in Appendix I1.A3.

e Ozone concentration (xo3): The ozone mole fractions indicated within this manuscript will

systematically be expressed in the fuel/O»/O3 mixture. The ozone mole fraction used to stabilize

cool flames is quite high, and varies between 1 and 2% (mol.).

e Geometric strain rate (a): For each flame in this manuscript, a geometric strain rate is reported.

It is calculated as the ratio between the exit gas velocity and the distance between the burner
and the plate. The geometric strain rate, expressed in s, is therefore inversely proportional to

the residence time of the gases in the burner.

The two following sections are dedicated to the presentation of the optical diagnostics that were
used along with the cool flame burner. Both of them are based on the production of formaldehyde,
CH;O0, in the cool flame. On the opposite of the high-temperature domain, CH>O is a final product of

the low-temperature oxidation of a fuel.
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I1.2. CH,0O*-chemiluminescence

I1.2.1. Singularities of cool flames light emission
In hot flames, the relaxation of species such as CH* is responsible for the strong visible light of

the flame. In cool flames, such species are formed in lower quantities and merely contribute to the cool
flame luminosity. The observation of cool flames is impossible for the naked eye without dark
adaptation. Figure II.5 shows a direct photography of a DME/O,/O; cool flame stabilized in the

stagnation plate burner, obtained using a Reflex camera with an exposure time of 30 seconds.

Figure I1.5. Direct photography of a DME/O,/O; cool flame, ¢ = 0.3, a. = 50 5!, x03 = 2.0%.

The light emission of cool flames is mainly due to the formation of excited formaldehyde, CH,O*,
in the flame front. Few studies are available on the formation mechanism of such species in the flame
front. Sheinson & Williams [187] proposed that the formation of excited formaldehyde in cool flames
was caused by the reactions R16 & R17, the temperature of the flames being too low to permit a thermal
transition of formaldehyde from its ground state to the first excited state 'A; — 'As. The relaxation of
CH,O* (R18) produces photons between 350 and 500 nm in the ultraviolet/visible region, responsible

for the pale blue colour of the cool flames.

CH;0 + OH — CH,O* + H,0 (R16)
CH;O + CH;0 — CH,O* + CH;0H (R17)
CH,0* — CH,0 + hv (R18)

In the present work, CH,O*-chemiluminescence of the cool flame was measured using an
intensified camera, following two main objectives: 1) CH,O*-chemiluminescence measurement allowed
to ensure the presence of the flame during the experiments; ii) it also allowed measuring the flame front
position in the burner. The experimental procedure and signal processing for this measurement are

presented hereafter.

50



Experimental setup

I1.2.2. Cool flames chemiluminescence acquisition
The CH,O* emission from the cool flame is captured using an ICCD (Intensified Charge Coupled

Device) camera PIMAX 3 (Princeton Instruments). The latter is equipped with a band-pass filter
between 396 and 450 nm and a Sodern Cerco 2085 UV objective (f =94 mm, f# =4.1). The filter allows
to suppress stray light emission from other species in the cool flame (CO*, CO,*...) or coming from the

exterior. A 2 mm thick quartz window separates the camera lens from the burner.

The acquisition of cool flames images is done using the LightField software, which allows to

optimize the camera parameters:

e Camera gain: This parameter allows to amplify the sensitivity of the detectors with regards to
the light source. Note that increasing the camera gain increases the cool flame luminosity, but
also increases the background noise. Giving the very low light emission of the studied cool

flames, the camera gain was fixed at 90% of its full range.

e Acquisition time: Sets the duration of the acquisition of a single image. This parameter can also
be used to increase the signal to noise ratio of the cool flame, but requires a stable flame. The

acquisition time was fixed at 1 second.

e Number of images: One can record several independent images in a row. It is generally done to
avoid the recording of a single image on a long duration, which could result in the saturation of
the detectors. If the cool flame is stable, images can be either averaged or summed. 20 images

were recorded for each condition, and averaged.

e (Camera background: Allows to subtract the intrinsic background signal of the camera, allowing

to increase the signal-to-noise ratio.

An image of the CH,O*-chemiluminescence of a DME/O,/O; cool flame is shown in Figure II.6.

!1

Heated plate

Burner

Figure 11.6. Raw-CH,O* image of a DME/O»/Os cool flame, ¢ = 0.3, o = 50 s}, xo3 = 2.0%. The relative
intensity of the signal is indicated on the right side of the image.
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I1.2.3. Images post-processing: Abel Inversion
From Figure I1.6. it can be observed that the flame is flat in the centre of the burner, and mostly

axisymmetric. Because of the influence of the converging nozzle on the velocity field, and the
recirculation of burnt gases under the plate, the flame is not flat on its extremities. Moreover, the
recorded images of chemiluminescence are integrated on the depth of the burner, making it difficult to
precisely extract the position of the flame front in the centre of the burner from the raw images. Abel
inversion was therefore used. It allows to reconstruct a slice of a cylindrically symmetric 3-dimensional
object from its 2-dimensional projection. Semi-automatic image post-treatment was realized using the

PyAbel module.

A 2-D slice plane image representing the CH,O*-chemiluminescence signal above the burner is
then obtained. The 1-D profile of the CH,O*-chemiluminescence signal as a function of the Height
Above the Burner (abbr. HAB) is extracted from the image by averaging the signal on 40 pixels around
the burner axis. A comparison between the raw- and treated-signal is shown in Figure I1.7. The influence
of the extremities of the flame is visible between HAB 8 and 11 mm. The flame front position determined
with and without Abel inversion is similar in both conditions, the slight discrepancy being attributed to

the spatial resolution of the camera.

The uncertainty on the front flame position determination after the Abel inversion operation was
estimated at + 250 um, representing an uncertainty of & 5 pixels on the raw-image, as 1 pixel =

0.045 mm.

1.0 - |
S
p 0.8 1
©
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Figure I1.7. Comparison of the CH,O*-chemiluminescence signal of a DME/O,/O3 cool flame as a function of
the HAB, with and without Abel inversion. ¢ = 0.3, o = 50 s}, x03 = 2.0%.
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I1.3. Planar Laser Induced Fluorescence of formaldehyde
Laser-based techniques are frequently used in the combustion field, as they allow the

characterization of reactive systems without intrusive techniques. Moreover, they are species selective,
as a wisely chosen wavelength allows to detect a single species. In our case, formaldehyde was measured

using Laser Induced Fluorescence.

I1.3.1. CH>O-PLIF generalities

Fluorescence is the light emission induced by the absorption of a photon by a substance,
immediately followed by a spontaneous emission. A simplified scheme of the absorption/emission
phenomena leading to fluorescence is shown in Figure I1.8. A laser is employed to excite molecules
from their ground state, Eo, into an electronically excited state, Ei. The molecules then relax back to
their ground state, emitting light via different processes. Fluorescence is characterized by the
spontaneous emission of a photon, but competes with other phenomena: i) ‘Stimulated emission’, a
consequence of the interaction between an incident photon and an excited species which creates a new
photon with identical frequency, polarization and direction than the incident one; ii) ‘Quenching’ caused
by collisions with other species. This technique can be operated using a focussed beam, named ‘Laser

Induced Fluorescence’ (LIF), or using a laser sheet, named ‘Planar Laser Induced Fluorescence’ (PLIF).

E,, excited state
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Figure I1.8. Simplified scheme of Laser Induced Fluorescence (FIL) principle.

In the case of formaldehyde fluorescence, few absorption bands can be used, thus determining the
operating wavelength of the laser. As an example, Shin and co-workers [188] conducted LIF
experiments in an atmospheric CHa/air flame. The authors selected the 2'¢4', vibronic band of the A'A»-
X'A; system at 339 nm, using a tunable dye laser. The fluorescence signal was collected between 380
and 500 nm behind a stray-light-rejecting long-pass filter. On the other hand, Biuerle and co-workers
[189,190] selected the 4y transition of the A' A»-X'A, system at 353.2 nm, also using a tunable dye laser,
to detect hot spots in the end-gas of internal combustion engines. The signal was collected between 400
and 450 nm using a band-pass filter. Using the 2'¢4y band requires to use a tunable dye laser, while an
incident wavelength of A = 355 nm can be simply obtained with a Nd:YAG laser in conjunction with a
second and a third harmonic generators, which justifies why the 4y transition at A = 355 nm was

preferred in this work.
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The formaldehyde Planar Laser Induced Fluorescence was also used to characterize the structure
of stabilized cool flames in past-works. Reuter and co-workers [44] used CH,O-PLIF to properly
distinguish a cool flame from a hot flame, the CH»O signal being stronger in the cool flame as it is
produced but not consumed in the cool flame. A tripled Nd:YAG laser was used for the excitation of
CH,0 at A =355 nm, and the signal was collected between 400 and 450 nm. Brown and co-workers [53]
used a similar experimental setup to characterize the structure of n-decane cool flames stabilized at low-
pressure in a Hencken burner. Finally, Lee and co-workers [54] used CH,O-PLIF to study the ignition
characteristics of lean DME/O, mixtures at the surface of a heated plate. The authors calibrated the
fluorescence signal using CH>O/O- gas mixtures obtained by bubbling carrier gas through formalin. The
CH>O concentration in the gas phase was estimated using semi-empirical relation between the mole
fraction of CH,O in formalin and its partial pressure [191]. When calibrating the signal of CH>O in the
gas phase, the authors found out that the signal intensity was not proportional to the concentration of
CH:O in O,, while a linear response was obtained when the calibration was performed in N,. The authors
attributed this behaviour to the quenching of the fluorescence signal by O, molecules. This phenomenon
can therefore not be neglected in flame environments where the O, concentration represents 85 to 90%

of the gas-phase composition, and will be discussed further in Section 11.3.2.4.

In this work, CH,O-PLIF was used to precisely measure the flame front position. It is particularly
suited for parametric studies as it allows to quickly record CH,O fluorescence profiles. It also helped to
ensure that no significant reactivity took place upstream the flame front, which would have resulted in
important CH,O signal. The experimental setup and further signal-processing methodology are

described in the following sections.

I1.3.2. CH>O-PLIF experimental setup

11.3.2.1. Laser & optics
Formaldehyde excitation is operated at A = 355 nm, using the third harmonic of a Nd:YAG laser

(Q-Switched Quantel Brilliant B, f= 20 Hz). The laser beam, Ai = 1064 nm, passes through a second
harmonic generator, resulting in a A = 532 nm, and a third harmonic generator, yielding a final
wavelength Ar = 355 nm. Residual harmonics, respectively at A = 1064 and A = 532 nm, are separated
from the Ar = 355 nm laser beam using a Pellin-Broca prism placed at the laser output. A first correction
of the shape of the incident laser beam is operated using a circular pinhole. The laser beam then passes
through a series of lenses, aiming to transform the laser beam into a laser sheet. The laser beam first
passes through a convergent lens (f# 500) which focusses the laser beam, then through two cylindrical
lenses (f# -50 mm, f# 300 mm), forming the laser sheet. A correction slit allows to correct the height
and the thickness of the laser sheet. The fluorescence signal is collected at an angle of 90° using the
same ICCD camera and bandpass filter (396 — 450 nm) than for chemiluminescence. The estimated laser

sheet dimensions are ~ 300 pm thick and ~ 11.5 mm height. The power of the laser beam, measured
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before the first convergent lens, is Pi=3s5 nm = 1.40 W, corresponding to an energy per pulse of Epuisc =

70 mJ. A descriptive scheme of the apparatus is shown in Figure I1.9.

S
G) ; 1. Nd:YAG laser, A; = 1064 nm, f = 20 Hz 7. Cylindrical lens (- 50 mm)
1 § 9 2. Second & third harmonic generator, A;=355nm | 8. Cylindrical lens (300 mm)
'g — 3. Pellin Broca 9. Correction slit
(z 4. Beam Dump 10. Cool flame burner or water cuvette
5. Pinhole 11. ICCD camera
6. Convergent lens (f =500 mm) 12. Beam dump
2
4
U e
3 5 |
6 7 8 9

ICCD

11

Figure I1.9. Simplified scheme of the CH,O-PLIF apparatus.

The Nd:YAG laser produces a pulsed laser beam with a duration of 4.6 ns at A = 1064 nm , it is
thus necessary to synchronize the opening gate of the ICCD camera with the laser pulse. A photodiode
triggers the camera. The gate opening is fixed at 50 ns, as seen in Figure I1.10. The acquisition settings

were kept constant between the measurements to allow comparison of the CH,O-fluorescence profiles.
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Figure I1.10. ICCD camera opening gate triggered by the laser pulse.
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11.3.2.2. Energy distribution measurement and correction
The produced laser sheet is not homogeneous in energy, as the energy of the laser sheet is

generally higher in the middle of the sheet and then decreases at the extremities. It is thus necessary to
correct the obtained fluorescence signal of the flame by this laser energy inhomogeneity along the
vertical axis. This correction is operated by using a quartz cuvette with pure water, using the Raman

diffusion of water at A = 355 nm.

Two configurations were used within this work. Initially, the burner had to be removed to place
the quartz cuvette. Then, a movable apparatus for the camera was designed, allowing to place the cuvette
besides the burner. Demineralized water circulates in the cuvette, and the camera settings are strictly the
same than for CH,O-PLIF measurements. An image of the illuminated quartz cuvette filled with water
is shown in Figure I1.11, along with the resulting axial intensity profile averaged along the centreline of
the burner, smoothed using a Savitzky-Golay algorithm. The Raman diffusion (cuvette) or CH,O-PLIF

(flame) signal is averaged on 40 pixels around the centre of the burner.

Averaging region, 40 pixels 3000 7 —— 10 points Smooth w/ Savitzky-Golay method
—— Raw signal
3
S 2000
2
]
C
K9
£
T 1000
2
n
O T T T T T T
0 2 4 6 8 10 12

HAB / mm

Figure II.11. Illuminated water by the laser sheet (left-hand side) and laser sheet axial energy distribution (right-
hand side).

The second objective in measuring the laser sheet energy distribution is to ensure that it is constant
throughout the day. Measurements were conducted at different times of a day, the first one being done
just after the laser was switched on. As one can observe in Figure 11.12, after a certain duration necessary
for the laser stabilization, the signal variations are negligible. Note that the laser sheet energy distribution
was also measured at different days of a week, and is also plotted in Figure I1.12. It was observed that
the energy distribution could vary significantly from one day to another, justifying the need to measure

the laser sheet energy distribution daily.
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Figure I1.12. Measured variations of the laser sheet energy distribution at A = 355 nm during a day (left-hand
side) and at several days of a week (right-hand side).

11.3.2.3. CH>O profile & flame front position measurement

The 2-Dimensional repartition of formaldehyde, formed in the flame front, is then obtained from
CH,O-PLIF measurement after correction. The fluorescence signal is averaged on 40 pixels around the
axis of the burner. Profiles of the formaldehyde fluorescence signal with the HAB are then obtained.

The measurement parameters of the ICCD camera are listed below:

e (Camera gain: Alike chemiluminescence measurements, the camera gain was fixed at 90%

of its full range.
e Acquisition duration: The gate opening was fixed at 50 ns.

e Number of images: 3 images were recorded for each condition. Each single image results

of 1000 on-CCD accumulations. Finally, images were averaged.

e (Camera background: Allows to subtract the intrinsic background signal of the camera,
allowing to increase the signal-to-noise ratio. Background images were verified without

flame and without laser, yielding similar corrections

A 2-D image of the CH,O-fluorescence signal is presented in Figure II.13, along with the
extracted CH>O-intensity signal at the centre of the burner, with and without correction of the laser sheet
energy distribution. The CH»O signal increases in the flame front, and is present all the way to the
heating plate, as observed in both graphs in Figure II.13. The maximum of CH,O-signal is observed on
the sides of the burner, which is due to the burnt gases recirculation caused by the presence of the heated

plate.
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Figure I1.13. Raw CH,O-PLIF image (left-hand side) and extracted profile along the burner axis (right-hand
side). ¢ = 0.3, o = 50 57!, x03 = 2.0%. The white dashed lines represent the burner and heated plate positions, and
the continuous white line represents the top of the laser sheet.

Finally, the flame front position is inferred from the CH,O profile. The flame front position is
defined as the maximum of the derivative of the CH,O signal, as pictured in Figure II.14. The uncertainty

on CH,O-PLIF measurement of the flame front is estimated to + 150 um, i.e., = 3 pixels.
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Figure 11.14. CH,O-PLIF signal as a function of HAB, and front flame position determination.

11.3.2.4. Quenching of the CH,O-fluorescence signal

As stated before, in an oxygen-rich environment, quenching can have an important impact on the
measured CH,O-PLIF profiles. This is especially important in the present conditions, as cool flames are
stabilized without inert gas dilution. It results in a high oxygen mole fraction in the mixture, generally
between 85 and 90% of the reactive mixture. The objective of this section is to provide an estimation of

the quenching of CH,O fluorescence by O» using simulated temperature and CH,O profiles.
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However, no cross-section data of CH,O fluorescence quenching by O, has been reported in the
literature, which renders quantitative measurement of CH,O in cool flames difficult using Laser Induced
Fluorescence. For a given CH,O concentration, the temperature dependence of the fluorescence signal
mainly originates from collisional quenching and Boltzmann population fraction. The absorption
coefficient B, and the incident laser irradiance are thus considered as non-temperature dependent.

Following Eckbreth [192], the LIF signal intensity Sy can be written as (Eq. 1):
S; <Ny - fg1-B A
4 VB2 A+ 0

where N is the total number density of formaldehyde in its fundamental state, fz; the Boltzmann

L, (Eq. D

population fraction of the lower electronic (pumped) state, Bi> the absorption coefficient, Ay the

spontaneous emission coefficient, Q2 the collisional quenching rate, and I, the incident laser irradiance.

It was suggested by Mulla and co-workers [193] that for some species, including CH>O, the
spontaneous emission A; can be neglected with regards to the collisional quenching rate Q;. Thus, it

comes (Eq. 2):

Az1
Q21

The quenching rate, Q>1, can be expressed as the sum of the contributions of all quenching species

(Eq. 3):

Sg <Ny - fp1-B1z- 1y (Eq. 2)

Q21=2Ni'0i'vi=zNi'Ei (Eq. 3)
7 7

where N; is the number density of the collision species 7, i the quenching cross-section of the species i
and v; the relative velocity of the excited CH,O and the collision partner i. k; is the quenching rate

coefficient calculated as the product c;-v;.

The temperature dependence of the number density, N;, scales as N; o« T™!, whereas v; o< T%3, It
thus comes that N;v; < T3, Moreover, the quenching cross-section scales as 6; o« TP. From the work of
Ayoola and co-workers [194], it is assumed that -0.5 < < 0. Mulla et co-workers [193] used the value

B =-0.25 in their work, leading to a quenching rate Q; &« T-%7. This value is used in the present work.

The Boltzmann population fraction of the lower electronic state, /5,1, is determined following the

recommendations of Kyritsis and co-workers [195]. Assuming decoupled energy modes, it comes

(Eq. 4):

fB,l = fele 'fvib 'frot (Eq. 4)
where fis the population fraction given by the Boltzmann statistics for each mode, respectively the
electronically excited states contribution (f:c), the vibrational contribution (fii,) and the rotational

contribution (fi). In this case, fu is neglected and is considered equal to 1.
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Following the work from Clouthier and Ramsay [196], the temperature dependence of the

vibrational contribution can be calculated using the following empirical correlation (Eq. 5):

1680.5
) (Eq. 5)

foip = (1 —e T
Similarly, following the work of Clouthier and Ramsay, the rotational contribution, fi., can be

expressed (Eq. 6):
_740
frop = 40.1969-e T (Eq. 6)
rot — .
0.134 , 0.037\ ..2 q
(1 O O

Using these empirical correlations, it is thus possible to calculate the temperature dependence of

Q21 and fs,1, and then to determine the evolution of Syas a function of the temperature using (Eq. 2). The
results are plotted in Figure II.15. The red continuous line represents the simulated temperature profile
as a function of the height above the burner, the continuous black line the simulated CH,O mole fraction
profile and the dashed black line the simulated CH,O mole fraction profile corrected from quenching.
Further details on the simulation of such profiles will be given in Section III.2. of this manuscript. As
observed in Figure I1.15, the shape of the CH,O mole fraction profile is only slightly modified when
quenching is considered. As long as CH,O-PLIF was not used in this work to extract quantitative mole
fraction profiles of cool flames, CH,O-fluorescence profiles can then be used without further corrections

from quenching. Step-by-step quenching corrections calculations are provided in Appendix I1.A4.
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Figure I1.15. Simulated temperature (red continuous) and normalized CH>O mole fraction profiles, without
(black continuous line) and with (black dashed line) quenching correction.
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I1.3.3. Comparison of CH>2O*-chemiluminescence and CH2O-
PLIF

A comparison of the excited and ground-state CH»O profiles as a function of the height above the
burner, acquired using both techniques, is presented in Figure I1.16. The determination of the flame front
position, described earlier for both techniques, yields similar results within the uncertainty in the cool

flame front position determination.

Both techniques come along with their advantages and drawbacks. While chemiluminescence is
easier to set up as it only requires the ICCD camera, lens and filter, it leads to slightly more important
uncertainties in the flame front measurement (+ 250 pm for the CH,O*-chemiluminescence, + 150 um
for the CH,O-PLIF). The first reason is the need to use Abel inversion to infer the flame front position
from the raw-chemiluminescence image. The second reason lies in the low light emission from the cool
flame, which leads to an important signal/noise ratio. On the other hand, CH,O-PLIF allows to reduce
the uncertainty on the cool flame front position but needs a more complicated set-up. In the example
presented in Figure I1.16, the flame front position inferred from the PLIF measurement is 11.00 mm,

and 10.98 mm using the chemiluminescence profile.

While both techniques yield similar results, CH,O-PLIF was preferred for the parametric studies,
e.g., following the flame front position evolution as the ozone concentration is varied. CH,O*-
chemiluminescence was however preferred for temperature and speciation measurements, especially
because an intrusive thermocouple or probe is inserted inside the flame, which would interfere with the

laser sheet.
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Figure I1.16. Comparison of the CH,O-PLIF signal (red dotted-line) and CH,O*-chemiluminescence (black
continuous line). ¢ = 0.4, o =50 s, x03 = 1.6%.
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Combustion being a complex process, many different intermediates and products are formed in
flames, which limits the use of laser-based techniques to measure most of them. On the other side,
intrusive techniques such as thermocouple for temperature measurement or GC/MS for speciation are
generally less time consuming. Moreover, and especially in the case of species measurement, techniques
such as gas chromatography or mass spectrometry allow to measure simultaneously different species,
which is of great advantage in the present case. Within this work, intrusive techniques were used to
measure temperature and species mole fraction profiles inside cool flames, and are described in the

following sections.

I1.4. Temperature measurement in cool flames
Temperature measurements have always been a critical issue within the combustion field. Given

the large range of operating conditions in terms of pressure and temperature, many different techniques
were developed to meet the specificity of each combustion system. Thermocouple measurement is the
most used technique due to its simplicity of use and its low cost [197]. However, this intrusive technique
quickly becomes inefficient in high-pressure, high-temperature, or corrosive environments. Laser based
techniques are generally preferred in extreme conditions, as they are non-intrusive and are believed to
be more reliable in such cases. Techniques such as NO-LIF [198,199] or Coherent Anti-stokes Raman
Scattering, CARS [200], have been developed and are widely used in systems where thermocouple
measurements are inefficient. In this work, temperature measurements were however realized using
thermocouples. The aim of this section is to demonstrate that thermocouple measurements can be

applied to cool flames temperature profiles without further corrections.

11.4.1. Thermocouple position
Two different thermocouple configurations were tested within this work. In the first case,

temperature measurements are performed from the side of the burner, the tip of the thermocouple lying
along the axis of the burner. In the second case, temperature measurements are performed from the top
of the burner, the body of the thermocouple passing through the centre of the heated plate. Such a
configuration requires the use of a plate equipped with an orifice. In both cases, the measurements are
performed using a type-K (Chromel/Alumel) thermocouple which external diameter is equal to 250 um.
The 0-position of the thermocouple is measured using a precision scope, and the thermocouple is moved
using a 1-D motored translation with a minimum step of 20 pm. Temperature measurements are

performed every 240 and 260 um.

The resulting temperature profiles are plotted in Figure I1.17. The measurements start from the
burner exit (HAB = 0 mm) and ends up near the heated plate (HAB = 13 mm). In the first case, in which
the thermocouple goes through the heated plate, the measured temperature rises monotonically from

HAB = 0 mm until HAB ~ 11 mm, position at which the maximum temperature is reached (~ 700 K),
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then decreases until the thermocouple reaches the plate, at which the measured temperature is slightly
above 600 K. In the second case, the temperature gradient at the burner exit is equal to 0 K-mm until
HAB ~ 6 mm, then starts to slightly increase until HAB ~ 8 mm as the thermocouple approaches the
flame front. The temperature increases drastically from HAB ~ 8 mm to HAB ~ 11 mm, reaching a
maximum temperature around 780 K, and then decreases monotonically until the thermocouple reaches
the heated plate. While these two temperature profiles were measured using the same thermocouple and
the same flame condition, the results are significantly different.

From the CH,O-PLIF measurement, it was clearly observed that no significant reactivity takes
place before the mixture reaches the flame front. No temperature rise is thus expected at such low HAB
as the one observed in the left-hand side of Figure I1.17. This early increase in the temperature profile
is explained by the fact that the thermocouple crosses the flame and the heated plate when measuring
the temperature upstream the flame. In the second case, as the thermocouple is placed horizontally, it
does not cross the flame zone when measuring the temperature in the fresh gases.

The measurement configuration with the thermocouple lying on the side of the burner was

therefore used.
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Figure I1.17. Measured temperature profiles using the thermocouple positioned vertically (left-hand side) and
horizontally (right-hand side). Schemes of the two configurations are inserted. DME/O,/O3 cool flame, ¢ = 0.3,
0=20s", x03=1.1%.
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11.4.2. Heat losses along the thermocouple
Inserting a thermocouple in a flame can perturb the velocity field, and yield other interactions

with the flame. Thermocouple are known to undergo radiative and conductive heat losses along the
thermocouple. Catalytic effects at the surface of the thermocouple can also take place. These losses are
partially or totally compensated by the convection heat transfer by the hot gases around the

thermocouple. The power balance on the thermocouple bed can be written as follow [201]:

Qcat + Qconv + Qrad + Qcond =0

where Q.. represents the heat loss by catalytic effect, Qcony the heat gain by convection, Qra the heat
loss by radiation and Qcond the conductive heat losses. It is important to ensure that these different

parameters can, or not, be neglected while measuring the temperature profiles of cool flames.

11.4.2.1. Catalytic effects

One of the common limits to the use of thermocouples is the significant influence of catalytic
effects at the surface of the thermocouple when the latter is placed under reducing atmosphere. This
kind of atmosphere is generally encountered downstream hot flames, where the concentrations of species
such as carbon monoxide, water vapour or hydrogen is important. The metals composing the
thermocouple tend to react with these chemically active species, thus modifying the composition
downstream the flame and its temperature. Because of the important oxygen concentration upstream the

cool flames, such effect is not expected to be significant, but was still verified.

In our case, the type-K thermocouple is non-coated. Following the recommendations from Heitor
& Moreira [197], the absence of catalytic effects at the surface of the thermocouple was verified by
measuring the temperature profiles of each flame in two directions: the first one from the bottom of the
burner to the heated plate, and then in the inverse direction. If catalytic effects were to take place at the
surface of the thermocouple, a hysteresis would be observed between the two measured temperature
profiles, since catalytic activity would result in higher measured temperatures for the temperature

profiles initiated at the high-temperature area of the flame, i.e., at the plate.

A comparison of these two operating procedures is shown in Figure I1.18. No significant
modification of the temperature profile can be observed in both cases, ensuring that catalytic effects can
be neglected. The absence of catalytic effect in the case of cool flames can be explained by two reasons:
Firstly, the end-products of the low-temperature combustion are different from the ones met in hot
flames. Secondly, the maximal temperatures of cool flames are generally lower than those measured in
hot flames, reducing the catalytic activity at the surface of the thermocouple as the temperature of the
gas-phase is lower. Every other reported temperature profile was measured in both directions, ensuring

that such catalytic effects never significantly interfered in the measured temperature of cool flames.
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Figure I1.18. Temperature profiles of cool flames measured from the cold reactants to the high-temperature area
(red circles) and in the opposite direction (blue circles). ¢ = 0.3, oo = 20 57!, X3 = 1.1% (left hand-side), ¢ = 0.5,
a=20s", xo3 = 0.8% (right-hand side).

11.4.2.2. Conductive heat losses
Following the recommendations from Cafiero and co-workers [201], the conductive heat losses

along the thermocouple surface were neglected for the following arguments:

i.  As explained in Section 11.4.1, the thermocouple was placed parallel to the burner surface,
leading to more accurate measurements of the cool flame temperature profile. The cool flames
being considered as flat flames, the temperature is fairly uniform near the measurement section

of the thermocouple, which tends to limit heat losses near the measurement point.

ii.  Asproposed by Bradley & Matthews [202] and Heitor & Moreira [197], conductive heat losses
are considered as negligible for thermocouples with a length-to-diameter ratio superior to 200.
In our case, the thermocouple dimensions are @ = 250 um and / = 60 mm, yielding a ratio of
240, i.e., slightly above the proposed limit. This assumption was recently verified by Cafiero
and co-workers [201] which observed only a small deviation when comparing measurements

with and without conductive heat losses corrections using a thermocouple, verifying this

assumption.

11.4.2.3. Radiative heat losses

The last effect that could affect the temperature measurement with a thermocouple in these
conditions is the possible radiative losses at the surface of the thermocouple. The absence of such

perturbation was verified in two different ways:

65



Experimental setup

i.  Visually, the thermocouple did not exhibit any red colour when immersed inside the cool flames.

As for catalytic heat losses, this was verified for each studied cool flame condition.

ii.  As radiative heat losses from the thermocouple to the environment are dependent on the
thermocouple diameter [203], a cool flame temperature profile was measured using
thermocouples with different diameters, respectively equal to 250, 500 and 1000 um. The
measured temperature profiles are presented in Figure 11.19. As the diameter of the
thermocouple increases, higher perturbation of the flow field above the burner is evidenced.
However, the maximal temperature of the cool flame does not significantly vary using different
thermocouples and remains within the experimental uncertainty, suggesting that radiative heat

losses can be neglected.
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Figure I1.19. Cool flame temperature profile measured with different thermocouples, respectively @ = 1000 um
(red circles), @ = 500 pm (green circles) and @ = 250 um (black circles). ¢ = 0.3, o =20 5!, x03 = 1.1%.

11.4.2.4. Uncertainties on temperature measurement
Two sources of uncertainty were considered:

e Uncertainty on the thermocouple position: The ‘zero’, i.e., the closest position of the

thermocouple from the burner exit, is verified using a precision scope before each set of
experiment. The uncertainty on the thermocouple position is estimated to be + 250 pum, i.e., its

diameter.

e Uncertainty on the flame temperature: The uncertainty on the flame temperature is estimated

as a mean deviation when comparing the temperature profiles of several cool flames measured
in the two directions (from the burner to the heated plate and in the inverse direction). It led to

a mean temperature uncertainty of = 25 K.
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IL.5. Species distribution measurement inside cool flames
Developing a sampling and analysis method of the gases in the cool flame allows to follow the

progress of the reactant conversion and products formation as a function of the height above the burner.
This technique is widely used within the combustion community as it provides valuable data regarding

pollutant formation, or kinetic modelling.

The aim of this section is to describe the different equipment and techniques that were used in
order to measure the species mole fraction profiles along the cool flames. Three different techniques
were used to analyse the chemical structure of cool flames. These data are particularly valuable as recent
literature data are scarce on the product distribution inside cool flames. Sampling inside a DME/O,/O3
cool diffusion flame, established in a counter-flow burner, was reported by Reuter and co-workers [46],
but the data are presented in the supplementary material and are not discussed in the article. Comparison
between their experimental data and their developed kinetic model (HP-Mech v3.3) showed an
important discrepancy on the mole fraction prediction of species in the cool flame, respectively H>O,
CO, Hz, CH;0CHO, CH>0 and CO,. Sampling data were reported by the Belmont group for quasi-
freely propagating cool flames of dimethyl ether [49], propane [50] and n-heptane [51]. They reported
the mole fraction profiles of O,, CO, H,, CO,, CH,O and the fuel. However, the authors did not resolve
the entire profile of the cool flame, and only considered the upstream area of the cool flame for the gas-
phase analysis. From this work it was evidenced that fully resolved mole fraction profiles of the different
species formed in cool flames could be of interest either for our understanding of cool flames chemistry

as well as for the kinetic modelling of low-temperature combustion.

First, the gas chromatography (GC) method, coupled with different detectors, respectively a
Flame Ionization Detector (FID), a Thermal Conductivity Detector (TCD) and a Mass Spectrometer
(MS), are described. Then, the analyses using a micro-gas chromatograph (WGC) coupled with a micro-
Thermal Conductivity Detector (WTCD) are addressed. The use of an online quadrupole mass

spectrometer (QMS) for the detection of ozone is then described.

I1.5.1. Generalities on gas chromatography
11.5.1.1. Gas-phase separation

Gas chromatography is a well-known method that allows separation of different constituents from
a mixture. To do so, a gaseous mixture is injected into a column, which can be filled or coated using
different materials (chosen depending on the initial mixture characteristics). The compound placed at
the surface of the column, or the column packing, is called the stationary phase. The mixture is carried
in the column using an inert carrier gas. Common carrier gases are Argon, Helium, Nitrogen or
Hydrogen. Each compound present in the initial mixture (named the vapor phase) is pushed inside the

column. The separation of the different constituents of the gas mixture operates as each component of
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the gas mixture possesses its own affinity with the stationary phase. At the end of the column are the
detectors, which help identifying and/or quantifying the compounds separated in the column. A typical
chromatogram shows a series of peaks as a function of time, each peak indicating that one compound
(or several, if not separated) is ejected from the column. Each species is identified by its retention time

(1), also called eluting time.

Using detectors such as FIDs or TCDs, the mole fraction of a species i is proportional to its signal
acquired by the detector, and can be determined by calculating the area under the curve for each
separated species, which can be expressed as follow:

4;

F=—t
X; " Pinj

where F; is the response factor of the species i, A; the area under the curve and above the baseline of the
species 1, x; the mole fraction of the species i and P;,; the injection pressure of the mixture in the GC.
The determination of the response factor of the species i can be performed using an internal standard or

by performing external calibrations, as detailed in Section I1.5.4.

11.5.1.2. Detectors associated with gas chromatography
Different kinds of detectors were used in order to analyse different families of species with GC

and are detailed hereafter.

e Flame Ionization Detector (FID): The flame ionization detector is based on the detection and

count of ions, mainly HCO* [204], formed when a carbon containing compound is burned inside
a hydrogen flame. The currently accepted two-step FID mechanism is detailed below. The
chemi-ionization step is considered as the primary reaction, which creates HCO", which then

rapidly reacts to produce H;O" and other secondary hydrocarbon ions [205]:

CH+O —-HCO" +¢ (R18)

HCO" + H,O — H;0" + CO (R19)
The generation of ions is proportional to the concentration of the species in the initial mixture,
which allows this technique to be quantitative. As ions are formed inside the detector, they are
impelled by an electric potential towards an electrode, producing a current that can be converted
into a voltage. FIDs present many advantages, as they are relatively inexpensive to operate,
require only little maintenance over the time, have a very large linear response range and are
very sensitive. However, the main limitation of FIDs is their absence of response to some
species, especially CO, CO; and CH>O which are important combustion intermediates.
Moreover, FID is a destructive technique, i.e., the gas sample is deteriorated in the detector. It

therefore has to be placed at the end of the analytic section of the gas chromatograph.
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e Thermal Conductivity Detector (TCD): The thermal conductivity detector, also known as

katharometer, senses the change in the thermal conductivity of the eluent compared to a
reference carrier gas flow. Helium or Hydrogen are generally employed as carrier gas flow due
to their high thermal conductivity. If the eluting gas possesses a lower thermal conductivity than
the carrier gas, a change in the reference thermal conductivity is detected and a detectable signal
is reported. The main advantage of using a TCD is its quasi-universality, as the only required
condition is that the analysed species possesses a different thermal conductivity from the
reference carrier gas. As for FIDs, TCDs exhibit a very large linear response range, ensuring
reliable measurements. They are however usually less sensitive. CO, H,O and CO, can be

measured using TCDs detectors.

While TCDs and FIDs allow the quantification of separated species in a gas chromatograph, they
do not provide information on their identification, except by injecting pure samples of expected species,
and identifying them based on their retention time. However, this technique requires that the expected
species are known beforehand, and available as a pure product. This result in a time-consuming method,

that can be avoided by using a mass spectrometer at the outlet of the GC column.

o Quadrupole Mass Spectrometer (QMS): In a QMS detector, the gas sample exiting the GC

column is first ionized through Electron Ionization (EI). The ionization energy (IE) is generally
fixed at 70 eV, ensuring that every compound is ionized. The positive ions then pass between
four electrically-connected parallel rods, between which an electric field is generated, as shown
below in Figure I11.20. The ions trajectory inside the quadrupole is altered depending on their
mass-to-charge ratio, allowing them to be discriminated when reaching the detector placed at
the end of the quadrupole. Each ionized molecule generally gives two pieces of information:
The first one is the signal of the molecular ion, and the second is the signals of the different
fragments that are formed from the original molecule. By collecting these data, it is possible to
identify the majority of the molecules exiting the GC column by comparing their mass spectrum

to a spectrum library or analysing their fragmentation pattern.

_ — To the detector
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Figure I1.20. Schematic of an ion trajectory in a quadrupole.
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By coupling thermal conductivity or flame ionization detectors with a quadrupole mass
spectrometer, it is possible to simultaneously identify and quantify the different eluting compounds. If
the QMS is generally used for identification, it can also be used for quantification, especially for species

that do not exhibit any signal on the other detectors. This detector is also destructive.

The next sections present the different gas- and micro gas-chromatographs that were used within

this work, along with their specificities.

I1.5.2. Specificities of the used gas-chromatographs
11.5.2.1. Gas-chromatographs

Two different GCs were used in this work to identify and quantify the fuel and intermediates:

e GC-MS Bruker: The GC-MS Bruker SCION 546-GC couples two different detectors in
parallel, a FID for the quantification of organic compounds, and a QMS detector for species
identification. Gas-phase mixtures sampled in the flame are injected at low-pressure in the
column. It is equipped with a RT Bond Q column (characteristics: 30 m long, 0.25 mm internal
diameter, 8 pm stationary phase thickness), composed of a silica surface on which is placed a
highly apolar stationary phase. It allows the separation of most hydrocarbons and oxygenated
species up to Ce, and is thus particularly suited for flame analysis. The maximum admissible
temperature of the column is 280°C. After the species separation, the gas flow is divided in two
distinct flows: a first part flows through the FID, while the second part flows through the QMS
detector. An example of FID chromatogram obtained downstream a DEE/O,/O; cool flame is
shown in Figure I.21. In this work, the QMS was also used to quantify a few products that did
not exhibit any signal on the FID detector, namely formaldehyde and acetic acid. Specific

calibration methods for these species will be explained later in this manuscript.

C,HOC H,
CH,CHO /
5
© ,/
g CzHe
(®)]
/
0 cHOH CHOCH, |[cHCO0CH,
C HO. -cy
4 872
CH\;‘ czH‘x Cﬁ@{ /
T L "‘Nl L poliatmmacea} 'A L "‘A
0 5 10 15 20 25

Time / min

Figure I11.21. FID chromatogram obtained in the burnt gases of a DEE/O,/O; cool flame.
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e TCD/FID Agilent: The second chromatograph used within this work is an Agilent 6890 gas

chromatograph. As for the GC-MS Bruker, the injection of the gaseous mixture is realized at
low-pressure. A packed ShinCarbon ST column (characteristics: 2 m long, 0.53 mm internal
diameter, 80/100 mesh size) was installed, the objective being the quantification of light gases,

especially CO, CO,, CH4 or O,. A TCD and FID are installed at the exit of the packed column.

While gas chromatographs are powerful tools for the identification and quantification of the
different species composing a mixture, a long eluting time is generally required to separate the different
compounds of the gas-phase mixture. A micro-gas chromatograph was also used within this work, and

is described in the following section.

11.5.2.2. Micro gas-chromatography

Micro-gas chromatography is the preferred technology for rapid gas analysis. The advantages of
uGCs against GCs are the shortened analysis time, the reduced instrument size and a low detection limit.
nGCs technology uses narrow bore capillary and micro packed column that allow for compact gas

analysis. The reduction of the column diameter increases the separation speed.

The uGC used in this work is the Agilent 490 Micro GC, equipped with a CP-PoraPLOT U
(characteristics: 10 m long, 250 um internal diameter) and a uTCD detector. pTCD detection technique
operates as TCDs, yet possesses a much lower detection limit. The identification of the separated species
was realized by comparing the retention time of the different species in the gas mixture and the retention
time of pure species. Thus, the pGC has only been used to analyse the gas-phase composition of
DME/O,/O;3 after initial analyses using the Bruker GC/MS which allowed to identify the formed
intermediates. A chromatogram obtained downstream a DME/O,/O3 cool flame is shown in Figure 11.22.
The different species sampled are separated inside the column in less than 1.5 minutes, while a similar

analysis using a GC usually lasts between 20 and 25 minutes to obtain sufficient peak resolution.
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Figure 11.22. uTCD chromatogram obtained in the burnt gases of a DME/O,/O3 cool flame.
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While the chromatographs are generally operated by using a temperature ramp to optimize the
separation of the different species, the pGC is operated isothermally. The main characteristics of the
pnGC and GCs operating conditions are listed in Appendix II.A5. The injector temperature was reduced
as much as possible to avoid pre-reactivity of the mixture in the injector, while also avoiding products

condensation.

I1.5.3. Sampling & injection
11.5.3.1. Sampling procedure
Several probe geometries and sampling procedures were investigated as part of this work.
Concerning the sampling probe geometry, the first probe is a fused silica capillary of 150 pm
internal diameter and 220 pm external diameter, while the second one is a quartz probe with a tip

opening of around 100 um and of 4.1 mm external diameter. Both are shown in Figure 11.23.

Internal diameter: 150 pm
| External diameter: 220 pm

Silica capillary

Tip opening: 88.9 < @ < 126 pm
External diameter: 4.1 mm

Quartz probe :

—

Figure 11.23. Fused silica capillary and quartz probe considered for the sampling procedure.

After initial tests, the capillary probe was preferred over the quartz probe, mostly because its thin
body minimalizes the perturbation of the velocity field. As for the temperature measurements, two
different configurations were tested for the sampling: on one hand, the sampling capillary passes through
the holed heated plate, and on the other hand the capillary is placed horizontally to the burner axis (see
Section I1.4.1). After stabilizing a DME/O,/O; cool flame seeded at xo3 = 1.1%, the ozone concentration
was measured in both cases as a function of HAB. The results are shown in Figure 11.24. and are

discussed hereafter.
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Figure 11.24. Ozone mole fraction profile measured with a vertical & horizontal sampling. DME/O,/O3 cool
flame condition: ¢ = 0.3, a =20 5", x0; = 1.1%.

When the sampling capillary is placed vertically, the measured ozone inlet mole fraction equals
0.3% which is much lower than the expected 1.1%. Its mole fraction then increases progressively until
it reaches the value of 0.6% at HAB ~ 8 mm, and remains constant until it reaches the flame front where
it is fully consumed. On the other hand, when the sampling capillary is placed horizontally, the measured
inlet ozone concentration agrees with the expected 1.1%. The ozone concentration is constant until it
reaches the flame front, where it is also fully consumed. This suggests that, when the capillary is placed
vertically, a major part of the ozone sampled in the upstream area of the flame is converted inside the
sampling capillary, as it is heated by both the flame and the heated plate. In this second configuration
the sampling capillary does not cross the flame zone while sampling in the upstream area of the flame,

explaining that ozone is not converted in the capillary in this condition.

It has been decided, as for thermocouple measurements, to perform sampling measurements from
the side of the burner, the tip of the capillary lying along the axis of the burner. One should finally note
that, in this configuration, the ozone decomposition takes place at a lower position than the measured

flame front position by CH,O-PLIF. This discrepancy is discussed and explained in Section IIL.5.

11.5.3.2. Injection procedure

Two different injection methods were used, depending on the operated chromatograph, and are

detailed hereafter.

e GC-MS Bruker & Agilent 6890: One important feature of both GCs is their ability of injecting

samples at pressures below 1 atm. Samples from the cool flame are accumulated in a vacuumed
stainless-steel cylinder, isolated from the sample loop of the GCs until the injection phase. The
mean injection pressure lies around 180 — 200 mbar. It is a compromise between a satisfying

signal/noise ratio and a relatively quick sampling time.
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o Agilent pGC 490: To the contrary of GCs, the pGC injection pressure must lie between 1 and

2 bar (abs.). As the mixture is sampled at low-pressure, it needs to be pressurized. To do so, two
different approaches were investigated: 1) compressing the sample with a piston, or ii) diluting
the sample in nitrogen. The main concern was to limit ozone decomposition, and induced
reactivity, during the compression phase. This was assessed by following the methyl formate
concentration, CH;OCHO, as a marker of the reactivity of the DME/O, mixture with ozone. Its
measured mole fraction profile using both techniques is pictured in Figure I1.25. While both
profiles exhibit an overall similar shape, and yield the same concentration downstream the
flame, one can notice that its formation is increased upstream the flame when the piston is used.
It indicates that using the piston instead of nitrogen dilution increases the reactivity of the
unburnt gas mixture. The nitrogen dilution of samples prior to the injection in the uGC has thus

been used further. Scheme, protocol and repeatability tests can be found in Appendix I1.A6.
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Figure 11.25. Comparison of CH;OCHO normalized mole fraction profiles in a DME/O,/O3 cool flame using two
different techniques to increase the pressure of the sampled mixture. Flame condition: ¢ = 0.3, . = 50 %,
X03 = 2.0%.

I1.5.4. Species calibration
Different calibration techniques were used in order to extract species concentrations from

detectors signals, and are described in the present section. Calibration curves for each species, along

with the corresponding calibration technique used, are presented in Appendix IL.A7.

11.5.4.1. Direct calibration (FID, TCD, uTCD)

If the species of interest can be either obtained as a pure compound or as a standard reference gas,
i.e., contained inside a ‘calibration cylinder’, it can be directly calibrated by injecting in the GC a known

concentration of the species. For standard reference gases, repeatability is ensured by injecting the
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mixture several times at constant pressure. For products that are not available as standard reference gases
but are available as pure species, in-house mixtures are prepared using a heated mixture preparation
vessel and the partial pressures method. In this case, several mixtures with different mole fractions of

the species of interest can be prepared.

11.5.4.2. Calibration by sampling in the burner (FID, TCD, uTCD)

This method consists in calibrating some species from direct sampling above the burner. It was
used for DME, DEE, OME-2 and O, calibrations. Species concentrations are determined from the

delivered gas flow rates by the mass flow controllers, which were calibrated beforehand.

11.5.4.3. Calibration by the ECN (FID)

One of the advantages of the FID is its linear response which depends on the amount of analysed
sample, regardless of its composition. Moreover, a strong link exists between the chemical composition
of the sample, i.e., functional family, and its response factor. This rule, known as the Equivalent Carbon
Number (ECN), attributes a relative response signal on the FID depending on the molecule chemical
structure, which relies on the type of ions formed in the hydrogen flame. The ECN is calculated from
the contribution of each functional group in the considered species [206]. For a reference species £, for
which the response factor on the FID was determined beforehand, and a species i, for which the response
factor is unknown, the response factor of i can be calculated as follows:

ECN (i)

Response Factor (i) = Response factor (k) * ECN (k)

This allows to determine the response factor of some molecules that cannot be calibrated using
the previous methods. It however induces a higher uncertainty on the calculated mole fraction as the
ECN varies significantly depending on the chemical structure of the sample, and this method assumes
that peak widths are equivalent whatever the species. Comparison of species calibration using both the
ECN and in-house prepared gas mixtures are presented in Appendix II.AS8, ensuring the validity of this

method.

11.5.4.4. Calibration on the QMS detector
While the QMS detector in a GC setup is generally used for identification purposes, it can be used

for species quantification to a certain extent. In this work, the QMS detector was used to calibrate two
species that do not exhibit any signal on the FID: formaldehyde (CH,O) and acetic acid (CH;COOH).
Please note that formaldehyde was quantified in the DME/O,/O3 cool flames with the pGC, but this
apparatus was not used for DEE/O,/O3; and DME/OME-2/0,/O3 cool flames. The developed methods to

calibrate these species on the QMS detector are explained hereafter.
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e Calibration of formaldehyde (CH,0O) on QMS detector

Formaldehyde is mainly found in the commerce in aqueous solution (~ 40% formaldehyde in
water) called formalin. A formaldehyde calibration method using formalin was proposed by Giaracca
[207] by preparing calibration mixtures of CH>O-CH3;CHO-H,O. Analysing aqueous solutions with a
GC-MS can however be difficult. Another technique was therefore developed within this work, and is
based on the use of 1,3,5-trioxane. The thermal decomposition of 1,3,5-trioxane proceeds by the

concerted rupture of three C-O bonds in the ring to form CH>O:

Hochgreb and Dryer [208] studied the unimolecular decomposition rate of 1,3,5-trioxane into
formaldehyde between 700 and 800 K and showed that the decomposition of 1,3,5-trioxane is much
faster than the decomposition or oxidation of formaldehyde. It confirms the use of 1,3,5-trioxane as a

source of monomeric formaldehyde at gaseous state.

1,3,5-trioxane was purchased from Sigma-Aldrich (purity > 99.0%), and is under the form of solid
crystals at ambient temperature and pressure. To produce formaldehyde from 1,3,5-trioxane, the solid
is placed inside a glass vial and heated using an intense source of heat, here a blowtorch. The glass vial
is connected to the heated bench, in which the concentration of formaldehyde is determined by
measuring its partial pressure. Formaldehyde is then diluted in nitrogen prior to its injection in the GC.
It is important to note that, during 1,3,5-trioxane thermal decomposition, a minor part of this species
underwent sublimation, yielding gaseous 1,3,5-trioxane. It means that 1,3,5-trioxane/CH,O mixtures
were obtained. The residual 1,3,5-trioxane concentration in mixtures was calibrated by preparing pure
1,3,5-trioxane/N, mixtures, the solid being sublimated under vacuum at bench temperature, 70°C, to
avoid formaldehyde formation. 1,3,5-trioxane was then calibrated on the FID while formaldehyde was
calibrated on the QMS detector, using the mass-to-charge ratio 30 m/z, corresponding to the molecular

ion of formaldehyde.

e (Calibration of acetic acid (CH;COOH)

Calibration of acetic acid on the QMS detector was realized by injecting liquid
acetaldehyde/acetic acid mixtures dissolved into methanol. Methanol was chosen as solvent as its
retention time is very different from the two other species, allowing excellent peak separation. Liquid
mixtures were prepared by measuring the mass of each species added to the mixture using a precision
balance. For each prepared solution, the ratio of the mole fraction of acetic acid and acetaldehyde is

calculated as follow:
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(macetic acid)
M acetic acid

xacetaldehyde (macetaldehyde)
acetaldehyde

Xacetic acid

where m is the mass and M the molar mass. This ratio was measured for different solutions by selecting
the proper mass-to-charge ratio: 44 m/z for the acetaldehyde and 60 m/z for the acetic acid. The
acetaldehyde signal on the QMS was calibrated using its FID signal, previously determined using in-
house acetaldehyde/nitrogen mixtures. Finally, the acetic acid mole fraction was deduced from the

measurement in flame, using the acetaldehyde signal as internal reference.

In Table II.1. are summarized, for each cool flame study, the species measured inside the flame
along with the associated apparatus, detector, calibration method and uncertainty. Details on calibration

curves and comparison between the different methods are presented in Appendix II.A7 and I1.AS.

Table II.1. Detected species with the different techniques, along with the associated uncertainties.

Species Apparatus Detector Calibration method Uncertainty
DME cool flame
CH;0OCH; uGC uTCD Burner sampling + 5%
CH,O uGC uTCD In-house mixture 10%
CH;0OH uGC uTCD In-house mixture 10%
CO, uGC uTCD In-house mixture 5%
CH;0OCHO uGC uTCD In-house mixture 5%
CcO GC TCD In-house mixture 20%
DEE cool flame
CoHsOC,H;s GC FID Burner sampling 5%
CO GC TCD Standard reference gas 10%
CO, GC TCD Standard reference gas 5%
(0} GC TCD Burner sampling 5%
C,H, GC FID Standard reference gas 5%
C,Hy GC FID Standard reference gas 5%
CHy4 GC TCD Standard reference gas 5%
CH3;0H GC FID In-house mixture 5%
CH3;COOH GC QMS In-house mixture 10%
CH3;CHO GC FID In-house mixture 5%
C,HsOCHO GC FID Equivalent Carbon Number 15%
CoHsOC,H;3 GC FID In-house mixture 5%
CH3C(O)OC,Hs GC FID Equivalent Carbon Number 15%
C4HgOs-cy GC FID Equivalent Carbon Number 15%
CH,0O GC QMS In-house mixture 10%
OME-2/DME cool flame
CH;0CH; GC FID In-house mixture 5%
CH3;0CHO GC FID In-house mixture 5%
CO, GC TCD In-house mixture 5%
CH3;0H GC FID In-house mixture 5%
OME-1 GC FID Equivalent Carbon Number 10%
OME-2 GC FID In-house mixture 10%
CH;0CH,OCHO GC FID Equivalent Carbon Number 10%
CO GC TCD Standard reference gas 10%
CH,O GC QMS In-house mixture 15%

77



Experimental setup

IT.6. Ozone concentration measurement
The ozone mole fraction in the oxidizer flow is measured with an ozone analyser before the

injection into the burner, as presented in Section II.1. It was however desired to measure the ozone mole

fraction profile in cool flames. The used method is described hereafter.

A mass spectrometer Omnistar GSD 301 O2 Pfeiffer Vacuum was used for ozone measurements.
It is an electronic impact quadrupole analyser mass spectrometer with a constant IE = 70 eV, which is
the same type of detector than the one presented before (Section 11.5.1.2). In the present apparatus,
molecules are not separated and enter the QMS as a bulk. As a consequence, this QMS cannot be used
to identify and quantify molecules that possess a peak shared with other species. An example of obtained
mass spectra in the unburnt and burnt gases of a DEE/O»/O; cool flame is pictured in Figure 11.26. The
important number of peaks illustrates the difficulty of obtaining selective information on a species.
However, the molecular ion peak of ozone is located at 48 m/z, and is expected to be the only species at

this mass-to-charge ratio, justifying the use of this apparatus for ozone measurements.
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Figure I1.26. Obtained mass spectra at IE =70 eV in unburnt (upper graph) and burnt gases (lower graph) of a
DEE/O»/O; cool flame. ¢ = 0.5, a. = 50 s}, x03 = 1.4%.

Ozone was expected to be the only species at molecular mass-to-charge ratio 48 m/z. After
different tests it was found out that a small contribution came from oxygen, as a peak at the same mass-
to-charge ratio was detected when sampling pure O, from the burner exit, as seen in Figure I1.27. The
most reliable suggested explanation is the oxygen molecules or ions recombination in the detector after
ionization. This contribution from oxygen was corrected by measuring the oxygen concentration along

the burner axis with the Agilent 6890 chromatograph, which was then used to correct the extra-signal

78



Experimental setup

on the mass spectra obtained with the QMS detector. For each flame condition, measurements of Fuel/O»
and Fuel/O,/O5; mixtures in non-reactive conditions, i.e., in the absence of cool flame, were realized in

order to get a reference signal with and without ozone, ensuring a reliable correction of O, contribution

to the ozone signal.
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Figure I1.27. Mass spectra at EI = 70 eV of pure oxygen (red line) and of oxygen/ozone mixture (black line) at
the exit of the burner.

From repeatability measurements, and considering the correction of oxygen contribution, the
uncertainty on the ozone concentration measurement was estimated to be £ 10%. The ozone calibration

curves are provided in Appendix I1.A9.

Ozone measurements notably allowed to ensure that no significant ozone loss took place in the
burner. In the present configuration, ozone losses at burner walls surface are expected to be non-
significant as the ozone concentration used for cool flame stabilization is high (generally 1 to 2% of the
reactive mixture). Absence of ozone decomposition on the walls was verified by measuring the ozone
concentration both at the entrance and exit of the burner using the Teledyne API 452 Analyser, yielding

similar concentrations. These results are provided in Appendix 11.A10.
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I1.7. Particle Image Velocimetry (PIV) in a stagnation flow

Particle Image Velocimetry is an experimental technique that allows, by following particles
displacement within a liquid or gaseous flow, to measure its velocity field or its streamlines. It is also
used to infer laminar flame speed of fuels from strained flames experiments, as briefly presented
(Section 1.3.2.2). In the scope of this work, PIV was used following two main purposes: the first one
was to measure axial and radial velocity profiles in the burner, allowing to reconstruct the velocity field
in reactive and non-reactive conditions. The second objective was to experimentally determine the
laminar burning velocity of cool flames. This is the first time, to the best of our knowledge, that this

technique is applied to cool flames.

I1.7.1. Principle of PIV

The PIV technique is based on the tracking of particles within a flow. To do so, the flow is seeded
with small solid or liquid particles, their diameter being generally around the micrometre. The particles
are then illuminated using a pulsed laser sheet, and the diffused light at the surface of the particles is
collected by a rapid camera. If the delay between two pulses is short enough, the particles displacement
can be extracted from two successive images, which is then used to reconstruct the global flow field. A
synthetic scheme of a PIV setup is shown in Figure 11.28, taken from the thesis manuscript of Nicolas
Bouvet [85]. From a twin-pulse laser, a laser sheet that cuts the field of interest is produced, and the
camera is placed with an angle of 90° (similarly as CH,O-PLIF measurement). Images recorded by the
camera are divided into individual ‘Interrogation Spot (or Window)’, in which the displacement of each
particle is tracked by an algorithm. The 2-D velocity field can be reconstructed by assembling the

displacement of every particle in every interrogation window.
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Figure I1.28. Principle of the PIV measurement, from Nicolas Bouvet [85].

The quality of the obtained velocity field depends on many parameters related to the PIV setup,

flow and particle characteristics. The most critical aspect of PIV is the particle-seeding. It is assumed
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that every particle follows the mean flow displacement. However, if the particles size is too important,
forces such as gravity or buoyancy can interfere and modify the velocity or trajectory of the particles.
On the other side, smaller particles tend to agglomerate, which can then alter the measurement by
forming bigger agglomerates that, in turn, may be affected by external forces. Details on the choice of
the particle seeding were addressed by Melling [209]. Seeded particles can either be solid or liquid,
depending on the experimental conditions. Along with the particle size, the density of particles in the
field is of primary importance. Operating PIV measurements with a too low, or too high density of
particles, may result in errors coming from the algorithm analysing the experimental data. As examples,
if the particle density is too low, the velocity field cannot be sufficiently resolved, and if it is too high,
the algorithm can fail in finding correlations between two images. The laser sheet thickness is also an
important point, as well as the energy distribution within the sheet. These problematics, along with more
complex ones, such as the effect of thermophoresis or electrostatic forces on the particles displacement,

were extensively addressed within the scientific literature [210-212].

The next sections are dedicated to the experimental PIV apparatus and image post-processing
methodology. This work was performed as a collaboration with the Laboratoire de Mécanique des
Fluides de Lille — Kampé de Fériet (LMFL) and the CORIA (COmplexe de Recherche

Interprofessionnel en Aérothermochimie).

I1.7.2. Experimental PIV setup

11.7.2.1. Laser sheet formation
The particles are illuminated at the wavelength A = 532 nm. The pulsed laser beam is provided

by a dual cavity Nd:YAG Splitlight Compact laser from Innolas (delivering two 50 mJ pulses at 532
nm, at a frequency of 10 Hz). The initial pulsed laser beam is delivered at A = 1064 nm, and passes
through a second harmonic generator to provide the A = 532 nm laser beam. The laser beam first passes
through a dichroic filter to eliminate the remaining stray light at the A = 1064 nm wavelength. The laser
sheet is then generated using spherical (f# 550 mm) and cylindrical (f# - 80 mm) lenses. As for the
CH,O-PLIF measurement the laser sheet is centred on the burner axis. A simplified scheme of the laser
sheet generation is shown in Figure I1.29. The laser height is approximately 12 mm, and the thickness

estimated to 600 um, both being measured at the centre of the burner.

Spherical lens
f# 550 mm HEATED PLATE (600 K)

Nd:YAG laser E}
(A =1064 nm) e

N, co-flow

Dichroic filter Cylindrical lens

f#-80 mm Inlet flow seeded

with particles
(DME/0,/0;)

Figure 11.29. Simplified scheme of the PIV setup used in this work.
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The particles displacement between two laser pulses is captured using a LaVision Scmos camera
of 2560 by 2160 pixels, equipped with a 105 mm Nikkor lens at an aperture of f#8. The resulting
magnification is equal to 20 um per pixel. The time between two pulses (At) was fixed at 220 us in order
to record a mean 10 pixels displacement of the particles between the pulses at the lowest flow rate. A
total of 1000 images were recorded for each condition, yielding a measurement duration for each

condition of 100 seconds.

11.7.2.2. Particles generation
Solid particles are widely used in the combustion field, as they possess a high decomposition and

sublimation temperature, which is suited for flame studies. In our case, the lower temperature of cool
flames is an advantage as liquid particles with a sufficiently high vaporization temperature can be used.
Silicon oil, provided by Chem-Lab, is chosen for its well-defined characteristics in terms of viscosity,

surface tension, etc. It also possesses a particularly high vaporization temperature, around 600 K.

The seeding of particles in the inlet flow was realized using an in-house atomizer, which is
presented in Figure 11.30. The inlet flow, composed of pure oxygen, passes through a needle (Needle 1).
The section restriction at a constant flow rate increases the gas velocity and its dynamic pressure at the
needle exit. Increase of dynamic pressure at the exit induces a drastic diminution of the static pressure
via the Venturi effect in a second needle (Needle 2) lying vertically next to the extremity of the first
needle. The other extremity of the second needle is immersed into a silicon oil reservoir. The low
pressure in this needle allows the oil to be pumped, and then atomized in the carrier flow. The density
of the particles in the gas flow is controlled by the arrangement of the two needles, and by the inlet
oxygen flow. At the lowest flow rates (Qo2 < 1.6 L-min™") the overpressure inside the first needle is not
high enough to permit particles dragging in the oxygen flow. At higher flow rates, particles can be
detected in the oxygen flow, the density of which increasing as the inlet flow rate increases. The particle

diameter was estimated to be in the range 1 — 5 pm, as usually met for this kind of atomizer [213].
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Figure 11.30. Experimental atomizer setup.
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In this configuration, the total inlet oxygen flow has to be divided into two parts. The first part
flows through the ozone generators, and the second part flows through the atomizer. It avoids liquid
particles fouling inside the ozone generators, and the presence of ozone inside the atomizer, in order to
limit ozone decomposition before the burner exit. As the oxygen flow rate of the studied flames is
generally quite low, around 2-3 L-min’!, this division of the flow limits the production of particles. At
the highest oxygen flow rates in reactive conditions, the particle density in the vicinity of the flame was
estimated to 0.005 particles per pixel (ppp). An image of the particles illuminated by the laser sheet is
presented below, in Figure 11.31. The reactive mixture, seeded with particles, can be visualized. The
presence of the heated plate and the burner exit are visible thanks to the laser sheet reflections. The

position of the flame front can be deduced from the disappearance of the particles due to their

5

Heated plate

vaporization downstream the flame front.

: g Burner outlet
— Co-flow
Reactive mixture inlet flow

Figure I11.31. Image of the seeded-particles flow in a DME/O»/O5 cool flame. ¢ = 0.45, o = 60 57!, x03 = 1.7%.

The last step of the PIV measurement is to extract the particles displacement in the flow from the
acquired images. To do so, two different approaches were tested to obtain as precise and reliable

measurements as possible.

11.7.2.3. Image processing

The presented image processing procedures were respectively performed by Pierre Braganga from
the LMFL laboratory and Bertrand Lecordier from the CORIA laboratory. As a consequence, only a

brief explanation of each treatment is given in this section.

The first approach, realized by the LMFL laboratory, is motivated by the very low particle density
in our experimental conditions. As explained before, each acquired image is divided into small
‘interrogation windows’ in which each particle displacement is tracked. The interrogation window size,
IWS, varies accordingly to the particle density, expressed as a number of particles per pixel. As the
density decreases, the IWS must generally be increased so that the algorithm used for particles
displacement tracking is able to precisely locate every particle within an interrogation window.
However, increasing the IWS yields a lower spatial resolution, and can affect the final result. In this first

image processing, the low particles concentration (0.005 ppp) in our experimental conditions required a
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minimum IWS of 32 x 32 pixels (0.64 x 0.64 mm?), resulting in 64 points axial velocity profiles (along
the HAB). In order to obtain a better spatial resolution, a more advanced and adapted PIV approach was

specifically developed at the CORIA laboratory and is detailed below.

Before applying the PIV image processing, an advanced background correction is performed from
conditioned averaged images, one at t and one at t + At. A standard background correction is not adapted
in the case of low-density condition due to the difficulty to remove the individual particle signal on
averaged images, even when 1000 images are considered. In our approach, the conditioned background
images are then obtained by averaging all the instantaneous images but without integrating the signal of
particles in the process using a Kuwahara filter. This specific image processing improves the estimation
of background images in particular in low density regions. Next to the background correction, only the
particle signal remains on the corrected images. Then, the spatial calibration is done with a well-defined
target (0.977 x 0.977 mm), and is used to estimate a polynomial camera model of 3™ order used to
dewarp each image, ensuring a perfect alignment of both wall and burner axes within the (x, y) frame.
This step also corrects any image distortion induced by the camera lens. From this step, PIV processing
starts by an extraction of the particles position in the images using a 2D correlation pattern recognizing
technique. Between 1500 and 3500 particles are detected on each image, depending on the experimental
conditions. The vector calculation is then initiated at the particle location, and not on a regular mesh as
it is usually performed when the particles density is higher. This calculation is based on an iterative
continuous window shift technique [214], starting with an interrogation window size (IWS) of 64 x 64,
and reaching an IWS of 8 x 8 pixels (0.16 x 0.16 mm?) in the final pass. This results in a series of non-
regular velocity fields which are validated with a rate higher than 85%. The scaling in the real
coordinated system is realized with the burner plate as reference, with an accuracy of = 20 um. The final
step consists in computing a mean velocity field on a regular mesh by averaging every instantaneous
vector in small cells at each mesh node, the cell size being compatible with the PIV resolution of 8 x 8
pixels. This processing method allows a significant improvement in the particle detection in the area
close to the flame front. A comparison of the axial velocity profiles in non-reactive conditions
determined using a conventional image processing method, i.e., with an IWS of 32 x 32 pixels, and the
present one is presented in Figure 11.32. While the conventional PIV processing method with IWS size
of 32 x 32 pixels resulted in 64 points on the axial profiles, the second PIV processing with IWS size of
8 x 8 pixels yields 241 points. This considerable increase in the spatial resolution results in significant
improvement of the quality of the extracted information from these profiles. Thus, the second method
was kept and used for every experimental condition. A comparison of both image-processing methods

is also presented in Appendix II.A11. in reactive conditions, i.e., in the presence of a cool flame.
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Figure 11.32. Comparison of the two image-processing methods, respectively with 64 (black lozenges) and 241
(empty white lozenges) points per axial profile.

I1.7.3. Flow velocity field in the burner

One of the objectives behind the use of PIV in the stagnation plate burner was to measure the
axial and radial velocity profiles above the burner. In this work, the burner is equipped with a convergent
nozzle, which theoretically ensures a laminar flow and a homogeneous velocity field at the exit of the
burner. From the cool flame images acquired by CH,O-PLIF or CH,O*-chemiluminescence, the visible
flat and axisymmetric flame front seems to confirm this assumption. Further confirmation was however

required, and was obtained via PIV measurements in reactive and non-reactive conditions.

In Figure 11.33. the axial velocity is plotted as a function of the burner radius at different HABs,
both in non-reactive (left-hand side) and reactive conditions (right-hand side). The inlet flow rates were
respectively equal to 0.54 m-s' at HAB = 1 mm in the non-reactive case, and 0.68 m's™! at HAB = 1
mm in the reactive case. As observed in Figure I1.33, the velocity profiles form a plateau at the exit of
the burner, and remain almost constant at higher HABs, confirming the strength of the nozzle geometry
in establishing an axisymmetric, homogeneous flow field at the exit of the burner. In the reactive case
one can note that the flow undergoes some non-uniformities at these higher flow rates, which may be
due to local overpressure behind the porous discs. These uniformities however do not significantly
impact the cool flame aerodynamics, as assessed by the flat flame front observed by CH,O*-
chemiluminescence. In order to solve this problem when working at higher flow rates, glass beads were
placed between the gas entry in the burner body and the porous section, ensuring a better

homogenization of the mixture and avoiding this local overpressure effect.
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Moreover, as both reactive and non-reactive conditions exhibit a roughly constant velocity over
few millimetres in the centre of the burner, it was chosen to average the axial velocity on = 1 mm in the
centre of the burner. A comparison of a non-averaged and an averaged axial velocity profile is presented
in Appendix I1.A12, showing no significant difference on the overall profile, while random vector
attribution errors are discarded. A comparison of axial velocity profiles resulting from 200 images and
1000 images average is also shown in Appendix I1.A13. It justifies the choice of selecting 1000 images

for the averaging process.
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Figure 11.33. Axial velocity profiles as a function of the burner radius for different HABs at the bottom of the

burner: HAB = 1 mm (0), 2 mm (¢), 3 mm (0) and 4 mm (0). The graph on the left-hand side is a non-reactive

condition (O,/O; flowing in the centre of the burner, o = 25 s!). The graph on the right-hand side is a reactive
condition (DME/O»/Os, ¢ = 0.3, o = 36 57!, x03 = 2.0%).

From PIV measurements two-dimensional velocity fields are also extracted, and an example in a
reactive condition is shown in Figure I1.34. It also demonstrates that the radial (u;) distribution of the
velocities is axisymmetric, and that the axial velocity (u,) profile at the burner exit is almost uniform
over the burner diameter. The cool flame front, stabilized two millimetres under the heated plate, can be
distinguished on the axial velocity profile (u.). In addition to the previous PIV results, it confirms the
efficiency of the converging nozzle geometry, and constitutes further justification of the averaging
process over a region of £ 1 mm used for image post-processing, as the axial velocity can be considered

constant over a significant portion of the burner diameter (10 mm).
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Figure I1.34. Radial velocity streamlines (top) and axial velocity profile (bottom) of a DME/O,/O3 cool flame at
¢ = 0.4 and x03 = 1.9%. u; represents the radial velocity, u, the axial velocity, y the Height Above the Burner
(HAB) and x the burner radius.

Finally, the uncertainty on the determination of the axial velocity profile with the PIV technique
was calculated using Root Mean Square (RMS) analysis, and was estimated to be = 5%. The uncertainty

is mainly due to difficulties in sufficiently seeding the flow in our experimental configuration.

I1.8. General conclusions
The aim of this second chapter was to present an overview of the different techniques that were

developed in the present work and coupled to the stagnation plate burner. While these techniques were
already used in the past, their application to cool flame analyses is scarce or inexistent. It is especially
true for PIV, as well as detailed species measurement in cool flames. Each of these techniques therefore

required a careful implementation, ensuring that measurements done within this work are reliable.

Both intrusive and non-intrusive techniques were developed. On the first hand, CH,O*-
chemiluminescence and CH,O-PLIF were used to measure the flame front position and the
formaldehyde distribution in a wide range of experimental conditions. Then, thermocouple
measurements were employed to measure the temperature profiles of the cool flames. Species
distribution inside cool flames were measured by coupling a variety of different analytical techniques,
allowing the detection and quantification of many intermediates resulting from the low temperature

combustion of different fuels. PIV measurements were also operated, enabling the establishment of the
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velocity field above the burner which will be used for the first determination of laminar burning velocity

of cool flames at atmospheric pressure (Chapter V).

The next chapter of this manuscript presents the simulation of cool flames with a one-dimensional
code, using either Cantera or Chemkin-Pro. Different aspects of cool flames stability will be addressed,
notably regarding their simulation using a one-dimensional code, which assumes some hypotheses that
need to be verified. It serves as a base for the next chapters, which are focussed on the kinetics of cool

flames using different fuels.
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III. Cool flames stabilization & numerical simulation

This third chapter introduces the experimental procedure associated with cool flames stabilization
in the stagnation plate burner. Igniting and stabilizing a cool flame instead of a hot flame requires some
adaptations that will be addressed. Secondly, the numerical simulation of cool flames is presented.
Moreover, before selecting few experimental conditions in which cool flames will be extensively studied
in Chapters IV and V, parametric studies were necessary in order to find the best suited experimental
conditions. The aspects relevant to the experimental conditions such as the inlet flow velocity, the N»
co-flow rate, etc. will be discussed in the following sections. These investigations focus on the reduction
of the impact of aerodynamic forces on cool flames to serve the purpose of their simulation using a one-

dimensional code. DME/O,/O3 mixtures were used for these studies.

III.1.  Cool flames stabilization domains
Burner stabilized flames are generally ignited using a lighter, a stove igniter or an electric

filament. If such procedure is reproduced in our experimental conditions, a hot flame is ignited instead
of a cool flame. In order to avoid the formation of a hot flame, the following procedures were chosen.
The first procedure is followed when no stable cool flame condition was previously determined. Firstly,
the plate temperature is fixed at its setpoint (600 or 700 K, depending on the experimental conditions).
The N, co-flow is brought to its setpoint. Then, a DME/O, mixture without ozone is injected in the
burner, each flow rate being progressively brought to its setpoint, which depends on the equivalence
ratio and strain rate. In most of our usual work conditions, i.e., lean conditions, no flame can be stabilized
without ozone adjunction. The Oz concentration is then progressively increased until a stabilized cool
flame is obtained. As the O3 concentration increases, a flame will first ignite at the surface of the plate.
When a sufficient O3 concentration in the mixture is reached, the flame will come off the heated plate
and stabilize between the burner exit and the heated plate. The different steps of the cool flame ignition

and extinction are presented in Figure III.1 and described hereafter.

A,
(f) ) (h)

(s

(e)

T e, I —

Figure I11.1. Ignition, stabilization and extinction of a DME/Q,/O; cool flame (¢ = 0.3, a. = 50 s!) in the
stagnation plate burner. The ozone concentration is progressively increased from (a) to (¢) and decreased from

(0 to (h).
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The images are acquired with the ICCD camera without the band-pass filter, meaning that a large
spectrum (300 — 900 nm) is recorded. In this example, a DME/O, mixture at ¢ = 0.3 is flowing through
the burner. Without ozone-addition, no flame is seen in (a). From (b) to (e), the O3 concentration in the
mixture is progressively increased until a cool flame is stabilized (e, f). Finally, the Os concentration is
decreased, causing the flame to progressively extinguish at the surface of the heated plate (g, h). It
demonstrates the importance of ozone-addition, permitting the stabilization of the cool flame in such

lean conditions

In the second case, where a stable condition was already determined, the plate temperature, the
Nz and O,/O; flow rates are brought to their respective setpoints. The fuel flow rate is then progressively

increased until it also reaches its setpoint, resulting in a stabilized cool flame under the heated plate.

Ozone was used to draw stabilization domains for the DME/O,/O3 cool flames. At fixed strain
rate and equivalence ratio (o ; ¢) the ozone concentration can be progressively increased from 0 until a

cool flame is stabilized. This is the lower stability limit of the cool flame for the fixed condition. The

ozone concentration is then gradually increased, generally 0.1% by 0.1%, causing the flame to move
towards the burner as the mixture becomes more reactive. When a certain ozone concentration is reached

a hot flame is initiated, illustrating the higher stability limit. The hot flame propagation speed in the

presence of ozone is however too important to be stabilized in our configuration, and thus results in a
flashback, i.e., the flame enters inside the burner and is quenched on the porous plate. On the contrary,
if the ozone concentration decreases, the flame tends to extinguish on the heated plate surface. This is
the blow-off limit. Figure II1.2. shows the stability maps of cool flames at fixed strain rates, respectively
o =10 s and o = 50 s™! respectively the lowest and highest strain rates presented in this work. The
position of the flame front, measured by CH>O-PLIF, is plotted at each equivalence ratio condition (0.1
< ¢ <0.55) as a function of the ozone concentration in the mixture. At a constant equivalence ratio, the
flame tends to get closer to the burner exit as the ozone concentration increases, indicating that the ozone
acts positively on the cool flame propagation speed. As the strain rate, i.e., the inlet flow rate, increases,
the cool flames are stabilized closer to the heated plate, and their positions tend to become far less
sensitive to variations of the ozone concentration. The overall trend of the flame front position variation
as a function of ozone concentration is the same whatever the studied strain rate. At 50 s™', cool flames
below ¢ = 0.3 could not be stabilized due to the insufficient ozone production of the ozone generator.
One should also notice that the ozone concentration necessary to ignite cool flames increases as the
strain rate increases. It is directly linked to the residence time scale, which is lower at higher strain rates.
Stability maps for intermediate strain rates (o = 15, 20, 25 & 40 s), for which the conclusions are
similar, are provided in Appendix III.A1. Flame conditions (flow rate of DME, O, N») are also provided
in Appendix III.A2, along with the corresponding CH,O-PLIF profiles in Appendix III.A3. Establishing
first these stability maps was necessary in order to i) explore the behaviour of cool flames regarding

different experimental parameters, and ii) selecting experimental conditions for further detailed analysis.
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Figure I11.2. Impact of ozone on the flame front position at different equivalence ratios for two strain rates, o. =
10 s7! (left-hand side) and 50 s™! (right-hand side).

II1.2.  Numerical simulation of premixed cool flames
Kinetic modelling performed within this work was realized using either Cantera [215] or Ansys

Chemkin-Pro [216] solvers. It is important to distinguish two different aspects of the kinetic modelling.
On one hand, the so-called detailed kinetic mechanism, that includes kinetic, thermodynamic and
transport data for each species of interest, and on the other hand the solver, which includes the governing
differential equations adapted to the system of interest. Equations related to the solver are discussed in
the next section. Generalities on kinetic modelling, respectively concerning definition of kinetic and

thermodynamic data, are provided in Appendix II1.A4.

[1.2.1. Stagnation flame burner solver
I11.2.1.1. Governing equations

The simulation of axisymmetric flames in a stagnation flow, in which the solution is computed
along the stagnation streamline, is realized by solving the following governing equations [217] that are

summarized in Table III.1.

Table II1.1. Governing equations in a stagnation flow.

Continuity a;;zu +2pV =0
Radial momentum pua—V +pV%=—-A+ 9 (,u 6_V>
0z 0z\" 0z
oT 0 (_0T _ oT .
Energy PCpuE =9z (A£> - Z}kcp,k 3z z h Wi oy
K K
, Y 9jk .
Species pug =—3, + W,y
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where p is the density, u the axial velocity, v the radial velocity, V = v/r the scaled radial velocity, A the
pressure eigenvalue, p the dynamic viscosity, c, the heat capacity, T the temperature, A the thermal
conductivity, Y the mass fraction of the species £, ji the diffusive mass flux of &, ¢, « the specific heat
capacity of k, hi the enthalpy of k£, W, the molecular weight of £ and & the molar production rate of &.
Concerning the diffusive mass flux ji, as the multicomponent transport data is enabled in our case, the
mass fluxes are computed as follows:
Jk = %Z WDy %
i

where W is the mean molar mass of the mixture, Dy; is the multicomponent diffusion coefficient and x
the mole fraction of k. Thermophoresis, also known as Soret effect, is not considered in our calculations
as it was verified that it did not significantly influence the simulated cool flames, while considerably
lengthening the computational time. A comparison of simulated cool flames with and without the

thermophoresis enabled is shown in Appendix III.AS. If the problem is solved using a mixture averaged

formulation, jx is calculated based on the following formula:

111.2.1.2. Boundary conditions & initial guess

Boundary conditions are imposed at z = zy, i.e., at the position of the inlet flow, and at z = zp, i.e.,

the position of the plate. The imposed conditions for the stagnation flame simulations are listed below.

¢ Boundary conditions at z = z,

To/K Temperature of the inlet flow

mo / kg-m2-s! Inlet mass flow rate expressed as a function of the section area
Xi0 Composition of the mixture

Vo /s Inlet radial strain rate

¢ Boundary conditions at z = zp

Tp/K Temperature of the heated plate

Xip Composition of the mixture

In this work, the size of the domain is set at 13 mm, which is the position of the plate regarding
the burner exit in every presented experimental condition. The inlet temperature (To) is kept at 300 K

for every experiment, and the Vo parameter, the radial strain rate, is fixed at 0 s (See Chapter V for
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more details on the relative importance of this parameter). On the other side, the imposed boundary
conditions at the plate are its temperature Tp and the mixture composition. The definition of the

composition at the plate z = zp will be discussed below.

The main difficulty met in the simulation of cool flames in a stagnation flow configuration is the
occurrence of convergence of the simulation towards a cool flame instead of a hot flame, or no flame at
all. As an example, the mixture composition by default at z = zp in Cantera and Chemkin-Pro is computed
from equilibrium conditions. As a result, the solver will frequently yield into a hot flame. It is thus
necessary to constrain the solver in order to avoid this specific case. Two strategies were coupled in
order to maximize the probability that both solvers converge into a cool flame in the studied conditions.
Firstly, the composition of the mixture at z = zp was fixed equal to the composition of the mixture in the
inlet flow, such as xio = xip. By imposing a non-reacting composition at the position of the heated plate,
the convergence into a hot flame can be avoided. Secondly, the maximal temperature of the flame can
be restrained. Very often, trying to simulate a cool flame starting with a Tp = 600 K and a non-reacted
composition at the outlet results in the absence of a flame. To avoid this problem, the simulation is
initiated at a higher plate temperature -generally 700 K when the experimental plate temperature is 600
K and 800 K when it is experimentally fixed at 700 K. If the first guessed flame reaches a temperature
superior to a fixed limit (here 920 K) it is considered as a hot flame, and the temperature of the heated
plate Tp is slightly decreased. This process is repeated until the flame temperature does not exceed the
limit temperature. When a cool flame (Tmax < Tiimit) is found on the initial grid, the plate temperature is
then lowered to its initial value and the grid is refined. An example of this method is illustrated in Figure

I11.3, for a DME/O,/Os cool flame modelled with the Cantera solver.

11004 —T,,, =700-690 K
| Tome = 685 K
10004 — 71 - 680-660 k
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— Tome = 695 K 660 < T, < 700 K, it results in
900 1 — the simulation of a hot flame
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Figure II1.3. Example of the convergence method into a cool flame using the Cantera stagnation flow solver, for
a DME/Q,/Oj; reactive mixture. Condition: ¢ = 0.3, o = 40 57!, x03 = 2.2%.
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It was verified that the simulated profile did not exhibit any change depending on the initial plate
temperature. Moreover, the experimental investigation of the effect of the plate temperature on the cool
flame is provided in Appendix III.A6, showing no significant impact on the cool flame at high strain

rates.

Considering a stagnation flow configuration as a 1-D configuration involves some hypotheses
that need to be experimentally verified. First of all, the cool flames stabilized in the stagnation plate
burner are surrounded by a nitrogen co-flow, which is not considered in the 1-D simulation. It is
therefore necessary to ensure that there is no effect of this co-flow on the cool flame. Secondly, in our
experimental configuration, relatively low flow rates are necessary to stabilize cool flames. This is
essentially due to the limited ozone production and the narrow stability domain of cool flames
(compared to conventional hot flames). In this precise case, external forces such as buoyancy could

affect the flame, and are not considered in the simulation.

II1.2.2. Inlet velocity & inlet radial strain rate

Among the required user inputs for modelling stabilized flames in a stagnation flow, important
data are the inlet velocity, or inlet mass flow rate, and the radial strain rate at zo = 0 mm. Velocity field
measurements using PIV are necessary to ensure that these data are known, as they are dependent on
the nozzle geometry and the burner exit — plate distance. In this study, the boundary conditions at the

burner exit were verified by means of PIV measurements in non-reactive and reactive conditions.

The inlet axial velocity field is not constant along the burner radius because of the converging
nozzle (see Chapter 11, Figure 11.33). Considering the velocity field completely homogenous, the inlet
velocity can be calculated as the ratio of the volumetric flow rate on the inlet section, which will be
referred as the ‘calculated velocity’. On the other hand, inlet velocity deduced from PIV measurements

will be referred as the ‘measured velocity’.

The inlet velocity was thus measured in various conditions that are summed up in Figure I11.4.
and detailed in Appendix III.A7. The measurements were operated 0.8 mm above the burner in reactive
conditions with DME/O,/Os mixtures, and the reported uncertainty is + 5% for each measured value. As
expected, the measured velocity in the centre of the burner is constantly superior to the calculated
velocity. The measured velocity evolves quasi-linearly against the calculated velocity, and was thus
fitted as a linear function. The correlation factor R? is superior to 0.999. It comes out that both values

are correlated by a factor equal to 1.46.

This factor can then be used to determine the actual velocity at the centre of the burner for
conditions that were unexplored with PIV measurements. It is expected that this factor is valid for
different fuels and mixtures, and not only for DME/O,/O; mixtures, which were used for those

measurements. This relation is however not expected to be valid at low inlet velocities, as the velocity
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distribution at the exit of the burner may be significantly affected by buoyancy. The effect of the inlet

velocity and potential buoyancy effect will be discussed hereafter.

1.29 Measured v. = 1.46 * Calculated v. %
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Figure I11.4. Measured velocity as a function of calculated velocity at the centre of the burner (see Appendix
IIT1.A7 for details).

The second inlet parameter that needs to be experimentally measured is the radial strain rate at
the exit of the burner. When using a convergent nozzle in a stagnation flow configuration, two different
inlet behaviour can be expected: either a ‘plug-flow’ or a ‘potential flow’ [218]. The plug-flow boundary
condition is characterized by a zero-radial velocity gradient at the exit of the burner, while this gradient
is inferior to 0 in the potential-flow condition, meaning that the flow is radially expanding at the outlet.

These two configurations are schematically represented in Figure II1.5.
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Figure I11.5. Comparison between a plug-flow and a potential flow inlet behaviour in a stagnation flow burner.
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As for the inlet velocity, the inlet radial strain rate is a parameter that can be easily inferred from
axial velocity profiles using PIV measurements. The axial velocity profiles of different flames at
different inlet velocities are plotted in Figure I11.6. Every studied condition clearly exhibits a plug-flow
behaviour at the inlet. The inlet radial strain rate was thus fixed to 0 when simulating temperature and
species mole fraction profiles on the entire burner length (see Chapter IV). A different procedure was

applied for flame speed simulations, and is detailed in Chapter V.
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Figure I11.6. Axial velocity profiles of a DME/O»/O3 cool flame at different inlet velocities, ¢ = 0.5, xo3 = 1.5%.

III1.3.  Buoyancy influence on stabilized cool flames
The potential influence of buoyancy effects on cool flames is addressed in this section. As

mentioned, this effect is not considered in 1-D simulations. It is therefore necessary that the operating
conditions are not influenced by this effect. In their experimental and numerical work on DME cool
flames, Reuter and co-workers [46] found an important discrepancy between their experimental and
simulated temperature profile when a plug-flow regime at the inlet was fixed. In order to set a correct
inlet boundary condition, they varied the radial strain rate at zo = 0 mm until their simulated temperature
profile matched the experimental one. A different approach is addressed in this work, and is illustrated
in Figure II1.7. The temperature profiles of two different cool flames were measured, respectively at the
condition ¢ = 0.3, a =20 s, xo3 = 1.1%, considered as a ‘low strain rate’ condition, and at the condition
¢ =0.3, a=50s", xo3 = 2.0%, considered as a ‘high strain rate’ condition. Both temperature profiles
were simulated using the AramcoMech 1.3 model [146] coupled with an ozone sub-mechanism from

Halter and co-workers [219]. The choice and relevance of the kinetic models will be discussed later in
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chapters IV and V. The flame front positions, measured in both conditions without the presence of the
thermocouple, were measured using CH,O-PLIF. When o = 20 s, the predicted maximal flame
temperature is overpredicted by roughly 90 K, far beyond the experimental uncertainty. Moreover, the
flame front position is measured ~ 1.5 mm below the position at which the maximal cool flame
temperature is reached. On the other hand, when o = 50 s!, the simulated flame temperature is fairly
well predicted by the kinetic model, as well as the position at which the maximal flame temperature is
reached. Finally, the simulated flame front position measured by PLIF agrees also well with the
experimental measurement. It was recently highlighted by Pejpichestakul and co-workers [220] that, for
laminar premixed ethylene/air sooting flames, buoyancy effect could greatly affect the flame at low
strain rates. These effects are particularly important at low inlet velocities and/or important plate height
— burner diameter, L/D, ratio. It was hypothesized that buoyancy effect could intervene in the ‘low strain
rate’ cases, causing this shift of the cool flame towards the heated plate. This assumption is also
supported by the lower maximum temperature reached after the flame front in the ‘low strain rate’ case
when compared to the ‘high strain rate’ cool flame, as buoyancy effect tends to accelerate the burnt

gases velocity. Buoyancy effect was further assessed by calculating Froude numbers of ‘high strain rate’
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Figure 111.7. Experimental and simulated temperature profiles at ¢ = 0.3, a = 20 s}, xo3 = 1.1% (left-hand side)
and ¢ = 0.3, o = 50 57!, x03 = 2.0% (right-hand side).

The dimensionless Froude number, Fr, which is defined as the ratio of the flow inertia to the

external field, was calculated:
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where u is the flow velocity, g the gravitational acceleration (9.8 m*s?) and L a characteristic length of
the studied system. If the Froude number is consistently inferior to unity (Fr < 1) then the flow is
considered as subcritical and external forces (generally gravity) dominate. In the other sense, if Fr > 1,

the flow is said to be supercritical and inertia dominates the flow behaviour.

In the case of stabilized laminar cool flames in a stagnation flow, two different flow velocities
were considered: i) the minimum velocity reached before the flame front, and ii) the inlet flow rate
(HAB = 0 mm). The characteristic length L is the flame front thickness. While the minimum and inlet
velocities could be measured using the PIV technique, the flame front thickness was determined using
the CH,O-PLIF profile. The axial velocity of ‘low strain rate’ flames could not be measured, the Froude
number are therefore only calculated for two conditions at o = 40 s and a. = 50 s, at ¢ = 0.5 and xo3
= 1.5% for both conditions. The results are summed up in Table II1.2, including the estimated flame
thickness, the cool flame velocity and the associated Froude number. Considering both velocities, the
calculated Froude numbers are seen to be consistently greater than 1, which also supports the assumption

that buoyancy effects are less influent at high strain rates.

Table I11.2. Experimental conditions for Froude number determination at high strain rates.

Flow velocity / cm-s’! Froude number
Cool flame condition Flame thickness / pm
Minimum Inlet Minimum  Inlet
$=0.5,x03=1.5%,a =40 s! 600 17.0 74.4 4.9 141
$=0.5,%x03=1.5%, a =50 s! 400 15.7 95.4 6.3 154

Regarding the effect of strain rate on the cool flame stabilization, and potential influence of
buoyancy, only cool flames with strain rates o > 40 s were considered for kinetic studies (Chapter IV)
and flame speed measurements (Chapter V). Cool flames with lower strain rates were discarded for these

studies, but were however used for parametric studies that are presented hereafter.

In addition to buoyancy effects that affect the cool flame stabilization, it is expected that the co-
flow rate of nitrogen may impact the flame. In the previous cited study from Pejpichestakul and co-
workers [220], the reactive mixture velocity in the centre of the burner is consistently inferior to the co-
flow velocity, respectively Umixwre = 5.87 cm s and Uco-iow = 21 cm-s!. In such case the nitrogen co-
flow could constrain the inlet velocity field of the reactive mixture in the centre of the burner, resulting
in a deviation when compared to 1-D modelling in which the effect of the nitrogen co-flow is not
considered. Thus, even if in our conditions the inlet flow rates are not as low as those used by

Pejpichestakul and co-workers, the influence of the nitrogen co-flow was also investigated.
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[I1.4.  Influence of the nitrogen co-flow
The influence of the nitrogen co-flow was investigated through two different aspects, i) its

influence on the flame position in the burner and ii) its influence on the flame axial velocity profile. As
a starting point, it was chosen to set the velocity of the nitrogen co-flow equal to the velocity of the

mixture in the centre of the burner such as:

QFuel/02/03 _ QNZ
T[dizn T[(dgut — dizn

UFuel/0,/0; — UN,

where di, is the internal diameter of the burner and din co-fiow the internal diameter of the co-flow nozzle.
The condition at which the velocity of the nitrogen co-flow is equal to the velocity of the reactive mixture

will be noted as ‘100% N;’.

I11.4.1. Influence on the flame front position
Co-flow impact on the cool flame position was investigated. Cool flames conditions were selected

for different strain rates ranging from 10 to 50 s™.. Then, the nitrogen co-flow was set at its initial value
(‘100% N>’) and progressively decreased until reaching 5% of its initial value. The cool flame position
was measured at each step using CH,O-PLIF, and the obtained results are presented below in Figure
II1.8, while the flow rates corresponding to each experimental condition are given in Appendix II1.AS8.
The corresponding CH,O-PLIF profiles, for each condition, are provided in Appendix III.A9. In the left-
hand side graph the evolution of the flame front position is plotted at o = 20 s, equivalence ratios
varying between 0.25 and 0.55, and ozone concentrations varying between 1.2 and 1.7%. In every
studied case, the flame front position decreases for N, flow rates between 50% and 100% of its initial
value. At 40% and lower values, the flame front position does not vary significantly. The same trend
can be observed in the right-hand side graph, which represents the evolution of the flame front position
as a function of the N, flow rate for different cool flames conditions, the strain rate varying between 10
s'and 50 s™!. High-strain rate cool flames, at « =40 s and oo = 50 s}, could not be stabilized at N flow
rates superior to 40% of its initial value. The flame front position at o = 40 s™! is fairly insensitive to the
co-flow rate variations while it slightly varies at o = 50 s! between 20% and 40% of its initial value. It
is suggested that confinement induced by the co-flow on the flame increases as its flow rate increases,
resulting in a lowered position of the flame front in the burner. It is however expected that at low N»
flow rates this phenomenon does not influence anymore the cool flame, explaining that the position
remains constant. It was thus decided to set the co-flow rate at 20% of its initial value, ensuring both the

stability of cool flames as well as a negligible effect on its position in the burner.
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Figure I11.8. Evolution of the flame front position at a fixed strain rate, . = 20 s™!, for different equivalence ratios
and ozone concentrations (left-hand side), and at different strain rates (m o= 10s", $ =0.07, X0 =3% ; ® o. =
155, ¢=0.1,x03=3%; A a=20s",¢$=0.14,%x03=3%; ¥V =255, $=0.19,x0:=3% ; ¢a=40s", p =

0.5, %03 = 1.6% and € 0.=505", ¢ = 0.5, x03 = 1.8%) (right-hand side).

[11.4.2. Influence on the axial velocity profile
The influence of the N, co-flow was also investigated by means of PIV measurements. Only one

condition was selected for this measurement, at o = 50 s”!, which was also presented in Figure IT1.8. The
axial velocity profiles were measured for N> co-flows ranging from 40 to 5% of its initial value, and the
results are presented in Figure II1.9. Varying the N> flow rate slightly influences the axial velocity
profile. As the flow rate increases from 5 to 40%, the axial velocity profiles seem to tend towards a
potential flow, characterized by a non-zero velocity gradient at the inlet of the burner. Such a variation
of the flow behaviour is of importance regarding the simulation of the burner, as it can greatly affect the
cool flame characteristics (temperature, propagation speed, etc.). The insert in Figure I11.9. represents
the evolution of the reference velocity of the cool flame, i.e., the minimal velocity upstream the flame
front (see Chapter V for further details), as a function of the nitrogen flow rate. For N, flow rates varying
from 40 to 20% ofits initial value the reference velocity significantly decreases, while it remains roughly
constant at lower N, flow rates. This result is consistent with the flame front position variations observed

previously, as a lower flame velocity results in a higher flame position.

Considering both results from PIV and CH,O-PLIF measurements, the nitrogen flow rate was
fixed at 40% of its initial value for the ‘low strain rate’ conditions, i.e., 10 <o < 25 s!, and 20% for the

‘high strain rate’ conditions, i.e., oo = 40 and oo = 50 s7!.
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Figure II1.9. Axial velocity profiles of a cool flame at different N, flow rates. Insert: Variation of the cool flame
reference velocity at different N, flow rates.

III1.5.  Species mole fraction modelling
III.5.1. Description of the problematic

As presented in Section 1.5, sampling along the cool flame is realized by placing the capillary
horizontally, perpendicular to the burner exit, the tip of the capillary lying along the burner axis. In this
case the capillary does not cross the flame when sampling gases in the upstream area of the flame,
avoiding reactivity in the capillary at low HABs. As previously presented in Figure 11.24 (Section
I1.5.3.1), when the capillary is placed at the horizontal the ozone conversion starts roughly 1.5 mm
before the flame front position that was measured using CH,O-PLIF. While it is expected that ozone
decomposes slightly before the flame front, such an important difference on the position was not
expected. Moreover, when measuring the fuel mole fraction profile in ozone-seeded cool flames, it was
observed that the fuel conversion happened in a two-step process along the HAB. As an example, DME
and ozone conversion through a DME/O,/O; cool flame at ¢ = 0.3, o = 50 s, xo3 = 2.0% is shown in
Figure II1.10, along with the CH,O* signal (treated with the Abel inversion method) indicating the
position of the flame front. In this condition, the DME and O3 concentrations are constant upstream the
cool flame, until they first decrease at HAB ~ 8 mm. While the ozone is entirely consumed between
HAB = 8 and 9 mm, DME is partially converted, and its mole fraction profile forms a plateau until
approximately HAB = 11 mm. After 11 mm a second conversion step happens, before reaching a second
plateau in which the DME concentration remains constant until the plate is reached. It should be noted

that the position at which the ozone decomposition takes place corresponds to the first conversion step
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of the fuel, around HAB = 8 mm, which is located 3 mm before the flame front position indicated by
the CH,O*-chemiluminescence signal. This is not consistent with the measured temperature profile that
indicates a temperature nearly equal to 300 K at this HAB. It was thus hypothesized that this
phenomenon was not related to the fuel conversion in the cool flame, but was relative to the conversion
of reactants inside the sampling capillary. In the stagnation plate configuration, the flame is represented
as a flat axisymmetric flame. As the capillary is placed horizontally, its body is placed inside a zone

where the burnt gases recirculate, which will heat it and cause premature ozone conversion.
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Figure I11.10. Experimental DME (black points) and ozone (red points) mole fraction profile, and
chemiluminescence signal (red line) of a DME/O»/O3 cool flame. ¢ = 0.3, o = 50 5!, x03 = 2.0%.

A numerical solution to account for such a phenomenon in the simulation of the burner has been

proposed and is presented in the following sections.

II1.5.2. 2-D temperature map

In order to draw a 2-D temperature map in the burner, temperature profiles (as a function of the
HAB) were measured at different radial positions from the burner centre, using the same thermocouple
as the one used for the centreline temperature measurements. The selected flame is the same as the one
shown in Figure II1.10, i.e., ¢ = 0.3, o = 50 57!, X053 = 2.0%, and its two-dimensional temperature map is
pictured in Figure III.11. The radial position x = 0 indicates the centre of the burner, and the arrows
indicate the radial positions at which the temperature profiles were measured. As the flame is flat, the
temperature is constant until 5 mm away from the axis of the burner, the scattering being attributed to
the measurement uncertainties using the 250 um type-K thermocouple. However, at greater distances
from the burner, the presence of the plate causes the burnt gases to recirculate on the side of the burner

and leads to the formation of a ‘warm area’ at a lower HAB than the flame front position. In this area,
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the temperature varies from ~ 360 to 540 K, depending on the height above the burner. As ozone quickly
decomposes at temperatures above 450 K, it is thus highly probable that it decomposes in the sampling
capillary at such HAB. Following Figure I11.10, the ozone decomposition starts at a HAB ~ 8 mm, which
is the position at which the temperature on the side of the burner exceeds 450 K. This observation
supports the assumption that ozone decomposition in the capillary is triggered by recirculating gases

heating the sampling capillary.
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Figure I11.11. 2-dimensional temperature map of a cool flame at ¢ = 0.3, o.= 50 s}, x03 = 2.0%.

This assumption was confirmed through kinetic modelling of the reactivity inside the capillary,

as demonstrated in the next section.

I11.5.3. Capillary modelling

The sampling capillary was simulated as a plug-flow reactor (PFR). The flow conditions were
fixed by following the work from Wildorf and co-workers [221]. The flow in the capillary was

considered turbulent, and its flow rate was estimated as follow [222]:
4

3 1
d*(ps —pD\7 (_R_\7 (47 1
=d|(0.39m?% ( )( )'_
Qturbutent < T 21 M- T, TN Po

where d is the internal diameter of the capillary, 1 its length, po and p; are respectively the pressure at
the capillary entrance and outlet, M is the molar mass of the mixture, Ty is the temperature at the capillary

entrance and 1 the dynamic viscosity of the fluid.
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First, the cool flame is simulated along the burner centreline using the conventional 1-D solver.
Then, temperature & gas composition are extracted at axial positions corresponding to the spatial
resolution of the axial temperature profile and used as an input for the PFR calculations. The radial
temperature profiles, which were only measured every 240 and 260 um, are interpolated linearly so that
each simulated point on the axial axis of the burner corresponds to a radial temperature profile. The
results of such a simulation are plotted in Figure II1.12. for the reactants, respectively DME and Os.
Considering the reactivity inside the capillary allows to fairly reproduce the position above the burner
at which both reactants are consumed. The PFR simulation does however not consider surface reactions
of ozone, which can be an important process inside the capillary. Therefore, it is expected that the
reactivity inside the capillary is highly overestimated, leading to a ‘worst-case’ scenario. It can be
witnessed by the significant overestimation of the DME conversion in the region 8 < HAB < 11 mm, in
which the agreement on the species mole fraction cannot be expected to be quantitative. From these
simulations it can also be seen that sampling DME/O,/O3 mixtures at ambient temperature (condition
met at HAB < 8 mm) does not induce any pre-reactivity in the capillary. Considering the reactivity

inside the capillary however allows us to demonstrate:

e that the reactivity observed upstream the flame front is due to the presence of ozone-rich
mixtures inside the capillary. Such phenomenon was previously reported by Hajilou and co-
workers for DME/O,/O3 mixtures [49] and C3Hs/O»/O3 mixtures [50]. They attributed the early
conversion of the fuel at low HABs as some auto-reactivity of the mixture, but it seems that the

authors met a similar phenomenon as the one presently explained.

e that since both simulation approaches lead to comparable results downstream the flame front,
that is, within the experimental uncertainty limits, the post-flame species mole fractions can be

trusted to build useful kinetic analysis.
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Figure I11.12. DME (left-hand side) and O; (right-hand side) mole fraction profiles simulated with and without
the sampling effect. Experimental conditions are the same than in Figure II1.10 and III.11, i.e., $ = 0.3, =50 s
1, X03 = 2.0%.
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[1I1.6.  General conclusions
The aim of this third chapter was first to introduce the cool flame stabilization procedure in the

stagnation plate burner. Stable cool flames were successfully obtained in a wide range of experimental
conditions (strain rate, ozone concentration, equivalence ratio, etc.) showing the convenience of such
experimental configuration to study cool flames. The simulation of the stagnation plate burner was then
addressed. The feasibility of simulating cool flames in a stagnation plate burner using a one-dimensional
code was discussed regarding the different effects that could intervene in the experiments, while not
being considered in the simulation. Finally, the simulation of the species mole fraction profiles regarding
the ozone decomposition in the sampling capillary was discussed, showing that perturbations in the

measurement caused by the sampling capillary could be explained.

All of these verifications were necessary in order to proceed to kinetic studies of different ethers.

The first one that was studied is dimethyl ether, and is presented in the next section.
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IV. Low-temperature oxidation of ethers in cool flames

The hereby chapter discusses the low-temperature oxidation of three ethers, namely dimethyl

ether (DME), diethyl ether (DEE) and oxymethylene ether-2 (OME-2), in cool flames.

IV.1.  Study of dimethyl ether LTC

The low-temperature combustion kinetics of dimethyl ether in the stagnation plate burner was
studied by coupling CH,O*-chemiluminescence, CH,O-PLIF, temperature and species mole fraction
measurements. The experimental results were compared to simulations obtained using two different
models that are presented hereafter. These experimental results were published in the Journal of Physical
Chemistry A in July, 2021 [223]. The simulations are however slightly different from those shown in

the published article as a different ozone-submechanism was used in the present case.

IV.1.1. Kinetic modelling
1V.1.1.1. Dimethyl ether submechanism

Many different kinetic mechanisms describing the low-temperature oxidation of dimethyl ether
were developed in the past two decades, and were summed up in Section 1.4.1. It is not the objective,
within this work, to develop a new model from a fresh start. Thus, an existing mechanism was chosen
in order to simulate the newly acquired experimental data. Among the available kinetic mechanisms,
AramcoMech 1.3 [146] was selected as it showed the best capacity in predicting the occurrence of cool
flames in our conditions. In the tested conditions this model is the only one being able to systematically
predict a cool flame, while the other tested models mainly converge towards hot flames, or do not predict
sufficient reactivity to form a cool flame. This is illustrated in Appendix IV.Al. in which the cool flame
occurrence is presented in different conditions using different models from the literature. In order to
give some insight into such disparity, the first-stage and ignition delay times of DME/O,/O3 mixtures
were simulated with a constant volume reactor code using different kinetic models. The simulated
condition was chosen to be the closest from our cool flame experimental conditions, and is ¢ = 0.3, Xo3
=2.0%. The used models were respectively AramcoMech 1.3 [146], AramcoMech 3.0 [148], Burke and
co-workers [144], Dames and co-workers [145], HP-mech v3.3 [46], NUIG 1.1 [149] and Wang and co-
workers [124]. An ozone-submechanism from Halter and co-workers [219] was added to each of these
models (except the HP-mech v3.3, which already contains an ozone submechanism). The simulated
results are plotted in Figure IV.1. Above 550 K every tested model yields roughly similar ignition delay
times, AramcoMech 1.3 being the slowest at 700 K while the model of Wang and co-workers predicts
the fastest ignition delay times. A greater disparity however emerges below 550 K, the AramcoMech
1.3 predicting the shortest first-stage ignition delay times in this temperature domain while every other
model predicts significantly higher first-stage ignition delay times. The model from Burke and co-
workers also predicts shorter first-stage ignition delay times, which are however more or less one order

of magnitude higher than the ones predicted by the AramcoMech 1.3 model.
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Figure IV.1. Cool flame and ignition delay time of a DME/O,/O3 mixture (¢ = 0.3, xo3 = 2.0%) using various
kinetic models from the literature.

While simulating ignition delays and cool flames are two very different things, it is believed that
the graph plotted in Figure IV.1. gives us important information on ozone-assisted reactivity. As shown
in jet-stirred reactors [63,79] the ozone addition shifts the onset temperature at which the fuel conversion
starts to lower temperatures. It is also expected that at a constant temperature the ignition delay time of
a reactive DME/O; mixture is shortened when ozone is added. This shift to lower temperatures induces
that the chemistry governing the combustion phenomenon is also modified, i.e., some reactions that are
generally not influent without ozone will become influent. This is notably the case for some biradical
reactions that are usually encountered in atmospheric kinetic studies, as discussed later in this chapter.
Nevertheless, it is assumed that the reason behind the excellent cool flame occurrence predictions by
the AramcoMech 1.3 model (allowing to simulate a cool flame corresponding to every experimental
condition) is somehow linked to this secondary chemistry which is generally overlooked in combustion

studies.

The AramcoMech 1.3 model is mostly suited for oxygenated and non-oxygenated hydrocarbons
with up to two carbons in their molecular structure. It is composed of 257 different species, yielding
1557 reactions. The base-model was slightly modified, and the modifications are summed up in Table

IV.1. Such motivations were necessary as AramcoMech 1.3 failed in accurately describing the gas-phase
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composition downstream the cool flame, which is detailed in Section IV.1.4. Modified or added

reactions rate constants parameters were taken from past-work from the literature.

Concerning first the added reactions to the kinetic model, the O-atom addition to methyl radical
and methoxymethyl radical, CH;OCH,, rate constants were respectively taken from Hardin and co-
workers [224] and Song and co-workers [225], and were added as the formation of O-atoms from ozone
decomposition plays an important role in ozone-seeded cool flames. Dimethyl ether roaming reactions
forming either methanol and a carbene or methane and formaldehyde rate constants were respectively
taken from Dongten and co-workers [226] and Yasunaga and co-workers [227]. Reaction rate constants
of methoxymethyl radical with HOO forming a methoxymethoxy radical and a hydroxyl radical were
taken from the work of Wang and co-workers [124], and the rate constant of the reaction between
methoxymethyl radical and methoxymethylperoxy radical, CH;OCH,O,, forming two methoxymethoxy
radicals CH;OCH,O was taken from Keiffer and co-workers [228]. Both reaction rates of
methoxymethoxy radical B-scissions leading to the formation of methyl formate, and the reaction of
DME with the methoxy radical forming a methoxymethyl radical and methanol, were taken as analogies

to the dimethoxymethane mechanism from Vermeire and co-workers [229].

Concerning now the modified rate constants, the rate constants of CH;OCH,O, and
0,CH,OCH,0,H radicals H-atom internal migrations, and DME B-scission forming both methyl and
methoxymethyl radicals, were modified following recent work from Konnov and co-workers [230]. The
submechanism of methyl formate was modified using the work from Minwegen and co-workers [231].
The rate constant of the self-reaction of methoxymethylperoxy radical yielding two methoxymethoxy
radicals and molecular oxygen was taken from Rosado-Reyes and co-workers [232]. Finally, the
decomposition of methoxymethoxy radical in methyl formate and H-atom was modified following the

work from Wang and co-workers [124].
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Table IV.1. Modified or added rate constants to the AramcoMech 1.3 model.

Reaction A n Ea kd Reference
Added
CH; + O = CH;0O 5.54-10%  0.05 32 [224]
CH3;0CHj3 (+M) = CH30H + CH, (+M) 9.03-10'  0.00 84083 [226]
CH3;0CH;3 (+M) = CH4 + CH,0 (+M) 1.00-10  0.00 65200 [227]?
CH;0CH,+ HOO = CH30CH,0 + OH 9.00-10'2  0.00 0 [124]
CH;0CH; + CH30CH,00 = 2 CH30CH,0 5.08-10'2  0.00 -1411 [228]
CH;0CH,00 = CH;0CHO + OH 2.82-10° 1.97 34895 [229]°
CH;OCH; + CH30 = CH;0CH, + CH;0H 2.24-102  0.00 19646 [229]
CH;0CH, + O = CH;0CH,0 1.00-10*  -0.56 22 [225]
Modified
. pw. 273102 2332 14168 5.67-10° [230]°
CH;0CH,00 = CH0CHO-H AMI3 60010 000 21580 826107
. _ . p.-w. 3.86-107 0.98 17467 8.84-103 [230]?
OOCH0CH0-H = HO.CH:OCHO + OH i 3 460,100 000 18580  6.82-10°
. . p.-w. 2.33-10°  -0.661 84139 7.60-10-4 [230]
CH;0CH; (+M) = CH; + CH;0 (+M) AMI3 438102  -1.57 83890 5251074
. . p.-w. 1.80-10"  0.00 -1390 5.78-10! [232]
2 CH;0CH200 = 0, + 2 CH;0CH0 AMI3  15510% 45 0.0 4.88-1010
. ) pw. 1.75-10'  -0.66 11720 1.38-10'° [124]
CH;0CH,0 = CH;0CHO + H AMI3  1.00-10% 000 7838 1.40-1010
CH3;OCHO submechanism p-W. - - - [231]¢

aHigh-pressure limit, "Analogy from dimethoxymethane, “Full sub-mechanism added, Calculated at 600 K for
comparison between the old and new Arrhenius parameters. A and E, units are: cm?, mol, s, cal-mol"!. AM1.3 means

AramcoMech 1.3, p.w. stands for « present

work »

IV.1.1.2. Ozone submechanism
Few ozone submechanisms exist within the literature, namely published by Halter and co-workers

[219], Zhao and co-workers [63] and more recently by Jian and co-workers [233]. These models include
the reaction rates of the ozone decomposition and recombination. The choice of the ozone
submechanism was done following two aspects, respectively the prediction of the cool flame
temperature and the cool flame propagation speed. These aspects will be discussed in detail in Chapter
V, dedicated to cool flame propagation speed measurements. For the following simulations in this

chapter the ozone submechanism of Jian and co-workers is systematically used.

IV.1.2. Cool flame temperature
1V.1.2.1. Temperature profiles

Since one of the purposes of studying low-temperature combustion kinetics of ethers inside cool
flames is the quantification of the heat release, temperature profiles were measured and simulated in
different conditions. The experimental procedure was presented in Section I.4. Since temperature
profiles are not used as an input in cool flame simulations, it is important that models are able to
accurately predict the cool flame heat release, as it will also affect the simulated species mole fraction
profiles. A typical temperature profile is shown in Figure IV.2. and was measured in a ¢ = 0.3, oo = 40

s, xo3 = 1.8%, cool flame. The chemiluminescence signal, post-processed using the Abel inversion
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method, is also plotted in red, and indicates the flame front position. The simulated profiles using both

AramcoMech 1.3 and its modified version, named ‘current model’ hereafter, are also plotted.
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Figure IV.2. Experimental and simulated temperature profiles of a cool flame, ¢ = 0.3, a. =40 s}, x03 = 1.8%.

Comparison between simulated and experimental temperature profiles shows a close agreement
on the maximal temperature of the cool flame, which does not exceed 900 K in this case. The position
at which this maximal temperature is reached is also closely reproduced by both models. Downstream
the flame front, the temperature decrease under the plate is captured within the experimental uncertainty.
No significant change in the temperature profile can be observed between the AramcoMech 1.3 model
and the current model, except that the flame front position, indicated by the position of the temperature
rise, is predicted at a slightly lower position with the current model. The largest discrepancy between
the experimental and simulated profiles can be observed upstream the flame front, where perturbation
of the flame by the thermocouple is evidenced by comparing the experimental temperature profile and
the chemiluminescence signal. It results in a steeper temperature gradient in the simulation in

comparison with the experiment.

The cool flame temperature profiles were measured at different equivalence ratios and ozone
concentrations at oo = 40 s™! and o = 50 s7!, and are plotted in Figure IV.3 along with the simulated
profiles using both AramcoMech 1.3 and the current model. One can observe that the six temperature
profiles lead to similar results, the maximal temperature reached after the cool flame being
systematically between 875 and 890 K. In non-isothermal experiments the increase of the temperature
induces a loss of competitivity of the low-temperature branching against propagation or termination
reactions. As a consequence, the reactivity decreases. This phenomenon is known as the NTC, Negative
Temperature Coefficient, and was introduced earlier in this manuscript. In the current configuration, the

same cause results in an interruption of the low-temperature reactivity downstream the cool flame, where
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the temperature reaches a maximum between the flame front and the stagnation plate. This prevents the
cool flame from triggering high-temperature ignition and forming a hot flame. The simulated cool flame
temperature profile of each condition gives an excellent agreement, well within the experimental

uncertainty, whatever the used model.
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Figure IV.3. Experimental & numerical temperature profiles at 40 s (¢ = 0.3, xo03 = 1.8% (a), ¢ = 0.4, x03 =
1.6% (b), ¢ = 0.5, x03 = 1.5% (c)) and 50 s (¢ = 0.3, x03 = 2.0% (d), ¢ = 0.4, x03 = 1.8% (¢), ¢ = 0.5, X03 = 1.7%
).

1V.1.2.2. Ozone influence on cool flame temperature
The ozone influence on the cool flame was investigated using temperature measurements. It is

known that ozone highly influences the NTC behaviour of the fuel, as demonstrated in JSR by Liao and
co-workers [79], or in HCCI engine by Foucher and co-workers [75]. It is thus interesting to study how

ozone-addition can modify the cool flame heat release.

Firstly, the entire temperature profile of ‘low strain rate’ cool flames with different ozone
concentrations were measured, and are plotted on the left-hand side in Figure IV.4. The strain rate and
the equivalence ratio were kept constant in order to solely investigate the effect of ozone. Its influence
is illustrated by two major effects. One can see that the cool flame temperature increases while the ozone
concentration increases from 1.0% to 1.3%, signifying an increase of the heat released. Moreover, the
cool flame position tends to move towards the burner as the ozone concentration increases. This suggests
that the cool flame propagation speed is also increased by the addition of ozone, supporting the
simulations of Ju and co-workers [43]. These results were not modelled, accordingly to buoyancy issues
that were addressed in Section II1.3. Secondly, the maximal temperature after the cool flame front was
measured at higher strain rates, o =40 s and oo = 50 s”!, and compared with the simulated results using

both models in the right-side in Figure IV.4. In accordance with the previous observations, an increase
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of the ozone concentration in the cool flame results in an increase of its temperature. This increase is
here almost linear, and is roughly equal to 15 K per 0.1% of ozone added in the mixture, in both cases.
Both models are able to capture this trend, even if at low ozone concentrations the cool flame
temperature is systematically overpredicted. The current model gives slightly better results, especially
at the highest ozone concentrations. It suggests that the current model better captures the cool flame
chemistry in the presence of an important concentration of ozone in the reactive mixture, possibly linked
to the modification of chain propagation reactions rate constant parameters which are more influent in

ozone-seeded conditions.
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Figure IV.4. Temperature profiles of cool flames seeded with different ozone concentrations at oo =20 s, ¢ =
0.3 (left-hand side) and influence of the ozone concentration on the maximum flame temperature at ¢ = 0.3 and
two different strain rates, o = 40 s™ and o = 50 s! (right-hand side).

IV.1.3. Cool flame position in the burner

1V.1.3.1. Influence of the ozone concentration
The influence of the ozone concentration on the cool flame position in the burner was studied

using CH,O-PLIF. The results for two strain rates, namely oo = 40 s and o = 50 s7!, at equivalence ratios
varying between 0.2 and 0.5, are pictured in Figure IV.5, along with the experimental flashback limits.
Ozone-addition induces a decrease of the flame front position towards the burner exit in every studied
case. This behaviour is well captured by both models, and the agreement between experimental and
simulated flame front positions is overall good, with a maximum discrepancy of about 500 um at the
lowest ozone concentrations. Interestingly, the global discrepancy between the experimental and
simulated results is lower at low ozone concentration with the AramcoMech 1.3 model, while the current
model predictions are more accurate at important ozone concentrations. Still, both models predict the
flame front position within the uncertainty limits in most of the cases. The better predictions of the
current model at high ozone concentration are consistent with the previous comparison of the
experimental and simulated flame temperatures. As the equivalence ratio decreases, the required ozone

mole fraction for flame stabilization and flashback increases, which is also very well predicted by both
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kinetic models. The current model constantly predicts lower flame front positions compared to the
AramcoMech 1.3 model. This behaviour can be explained by the modification of the rate constants for
both internal H-atom migration of ROO (CH;0CH,00) and OOQOOH (OOCH,OCH,0,H) radicals
which causes a rise of reactivity in the low-temperature range. It is also interesting to note that the
influence of the ozone concentration on the cool flame position is more important at 40 s™! than at 50 s~

I, the stabilization domain being narrower as the strain rate increases.
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Figure IV.5. Experimental and simulated flame positions at oo = 40 s (left-hand side) and o = 50 s™! (right-hand
side) at various equivalence ratios and ozone mole fractions.

1V.1.3.2. Influence of the equivalence ratio
At two fixed strain rates, oo = 40 s and oo = 50 s°!, and a fixed ozone concentration, Xos = 1.9%,

the equivalence ratio was varied between 0.2 and 0.5. The results are pictured in Figure IV.6. The flame
front tends to get closer to the burner exit as the equivalence ratio increases for both conditions,
indicating an increase of the cool flame propagation speed. It is consistent with previous demonstrations
of Ju and co-workers for DME [43] and Brown and Belmont for n-decane [53] in ultra-lean conditions.
This trend is also well captured in the simulations. The flame front positions are also globally well
predicted by the simulations within the uncertainty limit, at the exception of the lowest equivalence ratio
¢ =0.2 at a =40 5. As previously discussed, the different flame fronts simulated with the current model
are located at a lower HAB than with the AramcoMech 1.3 model, the global agreement on the flame

front position however remains fair.

115



Low-temperature oxidation of ethers in cool flames

11.5 -
€ 11.04
S
=
.0
2 105
o
5
E ¢ a=40s",x, =1.9%
(0] 3
£ 1907 & o=50s",x, =1.9%
LL 3
{ = Sim. Current model
----- Sim. AramcoMech 1.3
9.5 T T

. , . , .
0.2 0.3 0.4 0.5
Equivalence ratio

Figure IV.6. Influence of the equivalence ratio on the cool flame position at two different strain rates, o = 40 s°!
and o = 50 s7!, the ozone concentration being kept constant at xo3 = 1.9%.

IV.14. Chemical structure of the cool flame
In order to shed some light into the mechanisms governing the occurrence and stabilization of

cool flames, the mole fraction profiles of the reactants and major stable species formed in the cool flame
were established using the procedure described in Chapter II. For DME/O,/O; cool flames, the micro
gas chromatograph (Agilent 490), gas chromatograph (Agilent 6890) and mass spectrometer (Omnistar
GSD 301 O2) were jointly used. As discussed in Section IIL.5, early reactivity takes place during the
sampling upstream the cool flame. In this context, only the experimental results in the post-flame region

are exploited to discuss the kinetics of cool flames.

Two different cool flame conditions were selected at a constant strain rate, oo = 50 s, the cool
flame showing least disturbance by the sampling capillary in these conditions. Two different equivalence
ratios were studied, ¢ = 0.3 and ¢ = 0.5, with an ozone concentration xo3 = 2.0% and xo3 = 1.7%,
respectively. The results for the cool flame at ¢ = 0.5 and xo3 = 1.7% are plotted in Figure IV.7, while
the results obtained in the second cool flame (¢ = 0.3, xo3 = 2.0%) are plotted in Figure IV.8. The Abel-
inversed chemiluminescence signal is also plotted as a red continuous line. The simulated results using
both AramcoMech 1.3 and the current model are also presented, respectively by a black dashed and
black continuous line. In both cases the experimental carbon balance is close to 100%, with a maximum
deviation of £ 6% in both flames. Deviation from the carbon balance in each condition is provided in

Appendix IV.A2.

Firstly, the discussion focusses on the reactant mole fraction profiles, respectively the fuel,
CH;0OCH;3, and ozone, Os. The fuel is partially consumed through the flame, resulting in a 30-40%

conversion of the fuel into low-temperature oxidation products in both flames. This partial conversion
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of the fuel is typical of the cool flame process, as the NTC phenomenon limits the fuel conversion
downstream the flame. Ozone, on the other side, is totally decomposed inside the flame front, forming
atomic oxygen, O, and molecular oxygen, O,. The O atom will then further react with the fuel molecule,
giving OH and radicals, yielding CH;O or CH;OCH,O by addition reactions, and therefore enabling the
initiation of the reactivity in our conditions. OH radicals will also participate in the H-atom abstraction
reaction through CH;OCH; + OH < CH;0CH, + H0, reinforcing the impact of ozone-addition on the
reactivity as ozone decomposition can thus be considered as chain-branching. The fuel radical will then
undergo several oxygen additions, leading to the formation of characteristic products of its low-
temperature oxidation. Both models slightly overpredict the DME conversion, yielding roughly the same
fuel concentration downstream the cool flame. As expected from the previous comparison of the flame
front positions, the fuel conversion simulated with the current model takes place at a slightly lower

position in the burner than with the AramcoMech 1.3 model.
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On the products side, the CH>,O mole fraction decreases in the post-flame region, which is
consistent with the obtained PLIF results, as shown in Figure IV.9. for the ¢ = 0.5 cool flame. A deviation
exists when comparing the intrusive and non-intrusive method in the pre-flame region, which can
directly be related to the perturbation of the flame by the sampling capillary. The important production
of formaldehyde is typical of cool flames, which can be produced from the fuel radical B-scission and
the decomposition of the hydroperoxymethoxymethyl radical, CH,OCH,OOH, formed after fuel radical
addition to oxygen and further isomerization. The modifications made to the model allowed us to
improve its performance in the prediction of the CH,O mole fraction in both flames. The update of the
kinetic parameters of the formation of QOOH by internal H-atom migration has the effect of decreasing
the reaction rate constant of this reaction for temperatures higher than 700 K in comparison to the
AramcoMech 1.3 model. Moreover, the consumption of methoxymethoxy radical, CH;OCHO, takes
place by C-C and C-H B-scissions in the AramcoMech 1.3 model, the first one being favoured. A
combined experimental and theoretical study of these reactions however showed that more than 95% of
the consumption of CH;OCH,O takes place through B-CH bond cleavage [225]. Finally, the reaction
CH;0CH, + O < CH;0CH,O was added to the current model [225]. The formation of the
methoxymethoxy radical will compete with the addition of the methoxymethyl radical to O,, partially

explaining the improvement of the CH>O mole fraction prediction by the current model.
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Figure IV.9. Comparison of the CH,O profiles obtained by PLIF (red points) and nGC (black points), ¢ = 0.5,
a =50 5", xo3 = 1.7%. Grey points represent the perturbed zone where in-capillary reactivity takes place.

Another point that was addressed in this work is the mole fraction prediction of methyl formate,
CH3;OCHO. As one can see, the AramcoMech 1.3 model highly underpredicts this species mole fraction
after the cool flame. Using the work of Song and co-workers [225], combined with the utilization of the

methyl formate submechanism from Minwegen and co-workers [231] and the modification of the
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biradical reaction 2 CH;OCH,00 = 2 CH;0CH,O + O, rate constant parameters, taken from Rosado-
Reyes and co-workers [232], led to a significant improvement of the prediction of the formation of
methyl formate by the current model. A reaction pathway analysis at 10% fuel conversion (Tpame = 494
K) indicates that methyl formate nearly exclusively originates from the decomposition of the
CH3;0CH,O radical yielding CH;OCHO + H. The methoxymethoxy radical itself is mainly formed
through the reaction 2 CH;OCH,00 = 2 CH;OCH,0O + O,. In the presence of ozone, the onset
temperature of the low-temperature oxidation is lowered. It explains that chain-propagation reactions
become influent, instead of the conventional low-temperature oxidation chemistry pathway that goes
through indirect chain-branching. The role of ozone will be discussed in further details in the diethyl

ether oxidation study, in Section IV.2.

The improvement of the current model is also observable for the CO, mole fraction profile, where
the current model shows better performance in comparison to the AramcoMech 1.3 model. In can be
noted that this high CO/CO; ratio is also typical of the LTC of the fuel, as the thermal conversion of CO
to CO; is not effective given the limited maximum temperature of the cool flame [234]. CO formation
is however underpredicted by both models by a factor of ~ 2. In the present conditions, both CO and
CO; are formed from the decomposition of the aldohydroperoxide HOOCH,OCHO.

Finally, methanol was also measured as a minor product of the low-temperature combustion of
dimethyl ether. Both models underestimate the formation of this species by about a factor of 3 in both
flames, demonstrating the need for further improvement of the submechanism for this species. One
should note that the rate constant used in the AramcoMech 1.3 model for the CH;OCH; + CH3O reaction,
forming CH;OCH, and CH;OH, is taken by analogy with the CH;OH + CH;O reaction from the work
of Tsang [235]. As this reaction is very sensitive to the production of methanol in these low-temperature

conditions, further investigation of the CH;OCH; + CH;O reaction is recommended.

IV.1.5. Kinetic analysis

IV.1.5.1. Brute-force sensitivity analysis
Sensitivity analyses were performed on the first-stage ignition delay in a constant volume reactor

in order to limit the required computational time that is generally required for such simulation. The
detailed procedure is provided in Appendix III.A4. A comparison between the sensitivity analysis
performed with Cantera on the first-stage ignition delay time and the sensitivity analysis on the flame
speed and flame temperature performed with Chemkin-Pro, using the same initial mixture condition, is
shown in Appendix IV.A3. The comparison shows that whatever the targeted parameter, the sensitivity
analysis globally emphasizes the same reactions. Thus, it was chosen to perform the sensitivity analysis

on the first-stage ignition delay as it allowed to save computational time.
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The results of the brute-force analyses performed on the first-stage ignition delay time for the
condition ¢ = 0.3, Xo3 = 2.0% are plotted in Figure IV.10 at two different temperatures, respectively
T=450 K and T = 600 K. A positive sensitivity coefficient, corresponding to a lower ignition delay
time when a rate constant is increased, indicates a lowered reactivity. To the contrary, a negative

sensitivity coefficient indicates an increased reactivity of the mixture.
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Figure IV.10. Brute-force sensitivity analyses performed on the first stage ignition delay time at ¢ = 0.3, xo3 =
2.0% and two different temperatures, T = 450 K (empty bar) and T = 600 K (dashed bar).

As expected, the DME/O,/O3 system is particularly sensitive to the O; submechanism which
contains three of the six most sensitive reactions at both 450 and 600 K, describing the ozone
decomposition respectively through O3 + M & O+ 0+ M, O3+ 03 © 03 + 0, + O and H+ O3 © O,
+ OH. Note that, in the Jian model, the efficiency of O as a third-body collider is set to 0 so there is no
duplicate reaction rate between O3 + M and Os; + Os. The production of radicals from ozone
decomposition increases the reactivity at 450 and 600 K, the sensitivity coefficients being similar in
both cases. The ozone decomposition is crucial in this temperature range for the initiation of combustion.
The H-atom abstraction by O on the fuel molecule is slightly more sensitive at 450 K than at 600 K, and
is also slightly more sensitive than the H-atom abstraction by OH at both temperatures. Due to the low
temperatures reached in cool flames, and especially between 450 and 600 K, the formation of O-atoms
and OH radicals mainly comes from ozone decomposition. Reactions inhibiting the reactivity are mainly

Os recombination in O; or reactions yielding HOO, which are less reactive in this temperature domain.
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Finally, it is interesting to note that in the present condition the ROO H-atom internal migration reaction
yielding QOOH, CH,OCH,O,H, has a negative effect on the first-stage ignition delay at 450 K but a
positive one at 600 K. It suggests that the most important contribution to the reactivity at the lowest
temperatures among fuel-specific reactions comes from the biradical reaction 2 CH;OCH,00 = 2
CH;0CH,0 + O,, which was previously highlighted as the main source of methyl formate in our
conditions. This assumption is supported by the important negative sensitive coefficient of this reaction

at both temperatures. This last point will be highlighted in the next section.

IV.1.5.2. Rate of production analysis

A reaction pathway analysis was performed in the ¢ = 0.3, & = 50 s}, x03 = 2.0% flame case at 5
and 20% fuel conversion, corresponding respectively to HAB = 10.78 mm and HAB = 10.98 mm, and
temperatures of 419 K and 612 K, i.e., close to the temperatures used for the sensitivity analyses
presented above. The detailed procedure is also provided in Appendix III.A4. The main pathways of
dimethyl ether conversion in these two conditions are shown in Figure IV.11. For a comprehensive
reading of the figure, fluxes are not indicated for values lower than 0.1%. The observed and quantified

species in this study are highlighted by red rectangles.
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Figure IV.11. Rate of production analysis in the cool flame with the current model at 5%, Tfame =419 K (bold,
red) and 20%, Taame = 612 K (italic, black) fuel conversion, ¢ = 0.3, o = 50 s™!, x03 = 2.0%. Empty arrows
represent added reactions, dashed arrows represent modified reactions in the current model.
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As explained above, the initiation of the reactivity takes place through H-atom abstraction on the
fuel molecule, assisted by the decomposition of Oz above the burner and followed by addition to O,. At
5% fuel conversion, it is noticed that the major reaction of conversion of the ROO radical is not the H-
atom migration as expected from the low-temperature combustion of dimethyl ether [144] but the
biradical reaction 2 CH;OCH,00 = 2 CH;0CH,O + O,. The decomposition of CH;OCH,O into methyl
formate, CH;OCHO, plays an important role in the improvement of the prediction of this species by the
current model. A change in the branching ratio is observed when the temperature increases, at 20% fuel
conversion, where ROO isomerization into QOOH becomes more predominant, as commonly observed

in LTC studies [144].

The importance of ROO propagation reactions in the presence of ozone was previously
highlighted in JSRs studies. Liao and co-workers [79] found out that as the ozone concentration in the
mixture increases, the branching ratio between the 2 ROO = 2 RO + O, reaction and the ROO
isomerisation reaction is progressively shifted to the bimolecular reaction side, i.e., Os-addition
weakened the predominant role of ROO isomerisation. As previously addressed in Section I.2.3, the role
of QOOH formation is vital for the cool flame as it allows the formation of an important OH radical
pool. However, the significant increase in OH concentration provided through the ozone decomposition
renders the low-temperature combustion of DME less dependent on ROO isomerization. In their work,
Zhao and co-workers [63] also came up with the same conclusion, showing that chain propagation at
low temperatures was predominant over degenerated chain branching in the presence of ozone. It should
also be stressed that the ROO mole fraction is very different in a JSR and in our cool flame conditions.
As cool flames are stabilized without inert gas dilution, some intermediates mole fractions are
considerably higher in this case. In Figure IV.12. is pictured a comparison between the ROO mole
fraction profile in a JSR following the experimental conditions of Liao and co-workers [79], ¢ = 0.35,
x03 = 2000 ppm, diluted in Argon, and in a stabilized cool flame following our experimental conditions,
¢ = 0.3, a =50 s, xo3 = 2.0%. The presented results are simulated using the current model and the
Chemkin-Pro PSR (Perfectly Stirred Reactor) & Pre-Mixed Burner Stagnation Flame modules. One can
observe that the simulated ROO mole fraction in the cool flame is two orders of magnitude higher than
in the JSR. Such a difference is expected to favour bi-molecular reactions between ROO radicals in the
cool flame, also explaining why this reaction is so influent in the studied conditions. Finally, the
importance of ROO radical chemistry was very recently pointed out in studies of the low- to
intermediate-temperature oxidation of methanol [236] and propane [237] in a supercritical-pressure jet-
stirred reactor (up to 100 atm), stressing for better insight into the reactivity of these radicals at

moderately high temperatures.
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Figure IV.12. Comparison of ROO simulated mole fraction profiles as a function of temperature in a JSR (left-
hand side) in the experimental conditions of Liao and co-workers (¢ = 0.35, xo3 = 2000 ppm, diluted in Argon)
and as a function of HAB in a stabilized cool flame (¢ = 0.3, o = 50 s™!, x03 = 2.0%, right hand-side).

As an overall conclusion on the performance of the modified model, one can observe that it
predicts a slightly higher reactivity at low temperatures, illustrated by a lower position of the flame in
the burner compared to the original AramcoMech 1.3 model and by a lower first-stage ignition delay
time, as pictured in Appendix IV.A4. where the prediction of the current model was assessed against
literature data. However, changes brought to the current model permitted to better predict the
composition of the post-flame area, especially for methyl formate, which was highly underpredicted by

the original AramcoMech 1.3 model.

IV.1.6. Conclusions on the ozone-assisted low-temperature

combustion of dimethyl ether
In this first section on the low-temperature combustion of ethers inside cool flames dedicated to

dimethyl ether, the AramcoMech 1.3 mechanism was chosen as a base model and was further modified
in order to improve its prediction against the newly obtained experimental results. An ozone

submechanism from Jian and co-workers was added to the core mechanism.

The prediction abilities of both models were assessed against a newly, innovative, set of
experimental data. DME/O,/O; cool flames were stabilized at two different strain rates, o = 40 s™! and
a =50 s, and for a wide range of equivalence ratios varying from 0.2 to 0.5 and ozone mole fractions
varying from 1.2 to 2.1%. Firstly, the effect of ozone on both cool flame temperature and position was
studied. An increase of the ozone mole fraction in the cool flame led to an increased flame temperature
as well as an increased propagation speed, illustrated by a lowered cool flame position above the burner.
These results are consistent with the previous studies in which an increase of the heat release of a n-
heptane cool flame was observed as the ozone concentration was increased in a HCCI engine [75]. Both
models gave excellent results on the prediction of these parameters. Secondly, the detailed chemical
structure of DME/O,/O3 cool flames was obtained by means of gas sampling and further analysis by

coupling micro-gas chromatography, gas chromatography and mass spectrometry. Reactants and
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products mole fraction were measured as a function of the Height Above the Burner, and compared to
the simulation using both models. While the initial model was able to fairly predict the reactants
conversion and major low-temperature products formation, the formation of two minor species, namely
methyl formate and methanol, was significantly underpredicted. Modifications brought to the
AramcoMech 1.3 model in order to predict the methyl formate formation inside cool flames allowed to
highlight the importance of chain propagating reactions in the case of ozone-assisted low-temperature
combustion, as the typical indirect chain branching pathway characterizing the low-temperature

combustion of fuels is rendered less influent in its presence.

In order to gain some further insight into the influence of ozone in the low-temperature
combustion of ethers, the second study that is presented hereafter focusses on the comparison between
ozone-assisted and spontaneous cool flames stabilized in the same configuration, using diethyl ether as

fuel.

IV.2.  Study of diethyl ether LTC and influence of ozone-seeding on
the cool flame products distribution

IV.2.1. Motivations of the study
The second chosen fuel to be studied inside the stagnation plate burner is diethyl ether, DEE, of

detailed structure CH;CH>,OCH,CHs. This fuel exhibits a very strong reactivity in the low-temperature
range, which makes it a candidate of choice to produce self-sustaining stabilized cool flames. A
comparison of the DME and DEE conversion in the Nancy JSR is shown in Figure IV.13 [120,167]. As
one can see, the DEE conversion happens 75 K earlier than for DME in the same equivalence and
residence time conditions. Its conversion in the cool flame region is also far more important than for

DME, reaching 70% conversion at 525 K for 30% at 575 K in the case of DME.
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Figure IV.13. DME and DEE conversion as a function of temperature inside the Nancy JSR. The equivalence
ratio and residence time are the same in both studies [120,167], ¢ =1,1=2s.

126



Low-temperature oxidation of ethers in cool flames

The objectives behind this study on diethyl ether stabilized cool flames are i) acquiring a new
original set of data on the low-temperature combustion of diethyl ether, and ii) to compare an ozone-
assisted and a spontaneous cool flame, to discuss the influence of ozone on the cool flame, especially
on its temperature and products distribution. These experimental results were presented during the 39™
International Symposium on Combustion, and accepted for publication [238]. Like the dimethyl ether
study, the simulations are slightly different from those shown in the published article as a different

kinetic model was used in the present case.

IvV.2.2. Experimental conditions & kinetic models
Two different experimental conditions were chosen in this study, the objective being to stabilize

cool flames with and without ozone, and are summed up hereafter in Table IV.2.

Table IV.2. Experimental conditions of stabilized diethyl ether cool flames.

Condition ) X03 XDEE X02 a/s!
With ozone 0.5 0.014 0.078 0.908 50
Without ozone 1 0 0.143 0.857 40

The first condition is a lean cool flame, stabilized in similar conditions than those previously used
for dimethyl ether. The equivalence ratio is ¢ = 0.5, the ozone concentration xo3 = 1.4% and the strain
rate oo = 50 s!. The second cool flame was stabilized without ozone-seeding, i.¢e., Xo3 = 0%. To promote
the flame stability, few parameters were changed. On one hand, the equivalence ratio was increased to
the stoichiometry, i.e., ¢ = 1. It is known that the cool flame propagation speed exhibits only minor
dependence to equivalence ratio variation, however shifting from ¢ = 0.5 to ¢ = 1 allowed to stabilize
the cool flame without ozone. On the other hand, the inlet velocity of the mixture was slightly decreased

to favour the flame stabilization, yielding o = 40 s!. The plate temperature was also increased to 700 K.

Regarding now the simulation of diethyl ether cool flames, two recent kinetic models from the
literature were used. The first model was developed by Tran and co-workers [167], abbreviated ‘Tran
model’ in the following paragraphs, and includes 749 species and 3570 reactions. The second model
was developed by Serinyel and co-workers [166], and is abbreviated ‘Serinyel model’. We however
used a reduced version of the latter mechanism, that was published by Murakami and co-workers [239]
and reduced using a Path-Flux Analysis (PFA) method [240]. The use of a reduced version of the
Serinyel mechanism was motivated by the absence of transport data in the full mechanism. The reduced
mechanism finally includes 194 species and 1128 reactions. As for dimethyl ether, the ozone-
submechanism from Jian and co-workers [233] was added to the diethyl ether models. In this study, the
kinetic models were not modified, but results are discussed regarding the newly acquired experimental

measurements.
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IV.2.3. Diethyl ether cool flames temperature profiles

Experimental and simulated temperature profiles in both flames are shown in Figure [V.14. The
absence of catalytic effect at the surface of the thermocouple was verified by measuring the temperature
profiles in both directions. For a comprehensive reading of the figure the experimental temperature
profiles measured in both directions are presented in Appendix IV.AS. for the ¢ = 0.5, x03 = 1.4% cool
flame. The temperature profile of the ¢ = 1 cool flame could not be measured at a lower thermocouple

position than 7.5 mm. It was caused by a too important flame instability which systematically resulted

in a flashback.
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Figure IV. 14. Temperature profiles of the ozone-seeded cool flame, ¢ = 0.5, a = 50 s}, xo3 = 1.4% (left-hand
side) and spontaneous cool flame, ¢ = 1, oo = 40 57!, x03 = 0% (right-hand side).

Maximal experimental temperatures of 829 K and 753 K, respectively for the ¢ = 0.5 (with ozone)
and ¢ = 1 (without ozone) conditions, were measured after the cool flame front. Achieving a good spatial
resolution in the ¢ = 1 experimental case is complex due to the short distance separating the flame from
the heated plate. This lower temperature for the ¢ = 1 cool flame seems counterintuitive as a more
important heat release of a stoichiometric flame is expected compared to a lean flame. It illustrates the

important effect of ozone on the cool flame heat release, highlighted in Section IV.1.2.2. (Figure 1V.4)
for dimethyl ether.

Both models are able to reproduce this trend, the maximum simulated temperature being in both
cases inferior for the stoichiometric cool flame compared to the lean cool flame. In the lean condition,
the maximum simulated temperature by the Tran model is in excellent agreement with the experimental
data (Tsimmax = 829 K) while the Serinyel model predicts a slightly higher temperature (Tsimmax = 847 K)
which however remains within the measurement uncertainty of + 25 K. Moreover, the position at which
this maximum temperature is reached is also accurately reproduced by the Tran model, while the
predicted position by the Serinyel model is closer to the burner exit. In the stoichiometric case, the
prediction of the Serinyel model (Tsimmax = 764 K) is slightly better than the Tran model which is barely

out of the uncertainty limit of the experimental measurement (Tsimmax = 785 K). The maximum cool
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flame temperature position is however still more accurately predicted by the Tran model than by the

Serinyel model.

IV.2.4. Species distribution in diethyl ether cool flames

A total of 16 stable species were detected, identified and quantified in both cool flames. These
species were measured using the GC-MS (Bruker SCION), GC-TCD (Agilent 6890) and mass
spectrometer (Omnistar). Deviation from the carbon balance in both flames is* provided in Appendix

IV.A6.

IV.2.4.1. Reactants & products distribution inside DEE cool flames

The ozone mole fraction profile of the ¢ = 0.5, xo03 = 1.4% cool flame is pictured in Figure IV.15.
along with the simulated profiles using both Tran and Serinyel models. The Abel-inversed
chemiluminescence profile is also plotted in order to locate the position of the flame front. As for
dimethyl ether, early reactivity takes place before the flame front in the ozone-seeded cool flame. In the
present case, the stabilization of a spontaneous diethyl ether cool flame without ozone allowed to
experimentally demonstrate the aforementioned hypothesis, i.e., that ozone decomposition in the
capillary was responsible for the early reactivity. In this context, only the experimental results in the

post-flame region for the ozone-seeded cool flame are exploited for discussion.
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Figure IV.15. Ozone mole fraction profile, ¢ = 0.5, xo3 = 1.4%. Grey symbols represent the area of the flame
perturbed by in-capillary reactivity.

In Figure IV.16. is pictured the diethyl ether conversion through the cool flame for both studied
conditions, ¢ = 0.5 and ¢ = 1. Experimentally, 60% of the diethyl ether is converted in the ¢ = 0.5 cool
flame, and 55% in the ¢ = 1 flame. A similar result was obtained for dimethyl ether conversion in Section
IV.1.4. It should however be noted that, as it was observed in the Nancy JSR and presented in Figure
IV.13, the fuel conversion in the cool flame is more important in the case of diethyl ether than for

dimethyl ether. This result is also consistent with a previous comparison of Serinyel and co-workers
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[166] that compared the DME and DEE oxidation in a JSR. Their experimental conditions were not kept
exactly constant, but allowed to highlight the more important fuel conversion in the cool flame regime
in the case of DEE compared to DME. Interestingly, despite not being able to predict the correct position
at which the fuel is oxidized, especially in the ¢ = 1 case, the Serinyel model shows an excellent
agreement with the experimental fuel mole fraction after the cool flame. On the other hand, the fuel
conversion is overpredicted in both cases by the Tran model, predicting roughly 75% fuel conversion in
both conditions. The overprediction of the fuel conversion by the Tran model will be discussed in further

details in the next paragraph.
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Figure IV.16. Diethyl ether mole fraction profile in the lean, ozone-seeded (¢ = 0.5, left-hand side) and
stoichiometric, spontaneous (¢ = 1, right-hand side) cool flame.

The mole fraction profiles of the reactant (O») and different products measured in both cool flames
are pictured along with the prediction of the Tran and Serinyel models in Figure IV.17 for the ¢ = 0.5
case and in Figure IV.18 for the ¢ = 1 case. The Abel-inversed chemiluminescence profiles are also

plotted in both cases.
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Figure IV.17. Experimental and simulated species mole fraction profiles in the ¢ = 0.5, xo3 = 1.4% cool flame.
Black points are experimental results, continuous line simulated results using the Serinyel model and dashed line
simulated results using the Tran model. Grey points are affected by in-capillary reactivity and are not considered.

On the reactant side, complementary to the previously presented ozone and diethyl ether mole
fraction profiles, the oxygen mole fraction profile is shown on the bottom right in both figures. As for
diethyl ether conversion, the Tran model overpredicts the oxygen conversion through the cool flame,
while the Serinyel model agrees well with the experimental results within the experimental uncertainty.
The early reactivity in the ozone-rich flame is also visible in Figure IV.17 (grey points) both for the

reactant conversion and products formation.

The major product measured in diethyl ether cool flames is acetaldehyde, CH;CHO, which mainly
originates from the decomposition of the ketohydroperoxides CH3;C(O)OCH(O.H)CH; and
OCHCH,OCH(O,H)CH3, as well as the decomposition of the RO radical, CH;CH,OCH(O)CHs.
Acetaldehyde mole fraction roughly equals 3% downstream the ¢ = 0.5 cool flame while it exceeds 4%

in the stoichiometric flame. The Serinyel model slightly underestimates its formation in both cool flame
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conditions, while the Tran model predictions are in fair agreement with the experiments. Major products
also observed during the low-temperature combustion of diethyl ether in cool flames are formaldehyde,
CHO0, and acetic acid, CH3COOH. The formaldehyde formation in the cool flame is also decently
predicted by the Tran model. Similarly, as acetaldehyde, formaldehyde can be obtained from
ketohydroperoxides decomposition. Acetic acid is accurately predicted by the Serinyel model in the lean
cool flame, but significantly underpredicted in both conditions by the Tran model. This product is known
to be formed in important quantity in the low-temperature combustion domain [166]. Methanol, CH3OH,
is also measured as one of the main products of diethyl ether low-temperature combustion in the cool
flame, its final mole fraction reaching 1% in the stoichiometric case. The Tran model notably
overpredicts its formation inside the cool flames, whilst the Serinyel model better reproduces its mole
fraction downstream the cool flames, especially in the ¢ = 0.5 case. As one of the sources of methanol
is the H-atom abstraction by CH;O on the fuel molecule, overprediction of the methanol mole fraction
by the Tran model partially explains the overprediction of the fuel conversion seen in Figure I[V16. The
formation of 2-methyl-1,3-dioxolane, C4HsO»-cy, is underestimated by the Serinyel model. The Tran
model however gives better results regarding its formation prediction in both flames. This species is
formed in both models by the decomposition of the following QOOH radical, CH;CHOCH,CH,OOH.
The formation of ethyl vinyl ether (EVE), C;HsOC:H3, is also underestimated by both models, the
Serinyel model giving better predictions of this species mole fraction. In the tested models, EVE is
formed by the decomposition of C;HsOCHs(OO)CH; and C;HsOCH(OOH)CH; radicals, leading in both
cases to the formation of EVE + HOO. The direct oxidation reaction of the fuel radical forming EVE is
not present in both models, which could partially explain the underestimation of this species mole

fraction.

Concerning smaller species, the formation of C;H4 and C;Hs is well reproduced by the Serinyel
model, a more important discrepancy being observed with the Tran model. These two species, known
as soot precursors, were not detected in lean, ozone-seeded, dimethyl ether cool flames, and are directly
linked to the presence of C-C bonds in the diethyl ether molecule. CH4 and CO production prediction
by the Tran model is in overall good agreement compared to the experimental results. The CO, mole
fraction after the cool flame is consistently underestimated by the Tran model, while the Serinyel model

gives more accurate predictions in both cases regarding the experimental results.
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Figure IV.18. Experimental and simulated species mole fraction profiles in the ¢ = 1, xo3 = 0% cool flame. Black
points are experimental results, continuous line simulated results using the Serinyel model and dashed line
simulated results using the Tran model. Grey points represent in-capillary reactivity and are not considered.

The presence of ethanol was only detected in the stoichiometric cool flame. Giving its low signal
intensity on the chromatogram, it is expected that its detection in the stoichiometric flame is due to the
higher fuel mole fraction, leading to a formation of a greater quantity of products. Ethyl formate,
C,HsOCHO, was detected in both flames. Ethyl formate is not present in the Serinyel model; thus, the
simulation of this species is only performed with the Tran model. The experimental and numerical

results obtained on the ethyl formate mole fraction profile in both flames are presented in Figure I'V.19.
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Figure IV.19. Ethyl formate mole fraction profiles in the ¢ = 0.5 (left-hand side) and ¢ = 1 cool flames (right-
hand side).

As one can see in Figure IV.19, ethyl formate is formed in non-negligible quantity at the burner
exit in the ozone-seeded cool flame and presents a mole fraction profile similar to reactants. It was
initially assumed that ethyl formate was present as an impurity in the fuel tank, but no ethyl formate is
detected upstream the Os-free stoichiometric flame, which contradicts this assumption. A similar profile
is obtained in the ¢ = 0.5 cool flame for ethyl acetate, C;HsOC(O)CH3, which is shown in Figure IV.20.
In the case of ethyl acetate, this species was not observed in the ¢ = 1 cool flame, i.e., without the
presence of ozone. The simulated profile of ethyl acetate is also only shown with the Tran model as this
species is not included in the Serinyel model. It is highly suspected that, given the important
underprediction of these species by the Tran model in the presence of ozone, these species could come
from direct interaction between O-atoms, produced by ozone decomposition, and the fuel radical,

possibly inside the capillary.
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Figure 1V.20. Ethyl acetate mole fraction profile in the ¢ = 0.5, o = 50 s}, x03 = 1.4% cool flame.
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1V.2.4.2. Ozone influence on the LTC kinetics of diethyl ether

The current experimental conditions, in which the ozone concentration, the equivalence ratio and
the strain rate were changed at the same time, make it difficult to precisely assess on the ozone impact
on the cool flame, and more especially on the products distribution. To do so, a stoichiometric cool
flame at xo03 = 1% was simulated in order to compare with the experimental ¢ = 1, xo3 = 0% cool flame.
The ¢ = 1, x03 = 1% cool flame was not experimentally studied, but is only presented to discuss the
ozone influence on the cool flame. Firstly, Figure IV.21. shows the comparison of the temperature
profiles of the ¢ = 1 flames both with and without Os-addition. As expected, ozone addition significantly
increases the cool flame temperature, of about 70 K. Its position is also shifted towards the burner exit,
as ozone-addition tends to increase the flame speed of the cool flame. These results are consistent with

the previous observations on ozone-seeded dimethyl ether cool flames presented in Section IV.1.
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Figure IV.21. ¢ = 1 cool flame temperature profiles in the presence and absence of ozone.

Secondly, a comparison between the experimental and simulated species mole fraction profiles at
¢ = 1, with and without ozone, is plotted in Figure [V.22. These results were simulated using the Serinyel
model, this choice being largely motivated by the fair prediction of this model regarding the fuel and
oxygen conversion in the cool flame, as well as globally fair agreement on all the cool flame major and

minor products, unlike the Tran model.
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Figure IV.22. Experimental and simulated species mole fraction profiles in the ¢ = 1, Xxo3 = 0% cool flame, and
simulated results for the ¢ = 1, xo3 = 1% cool flame. Black symbols are experimental results, continuous line
simulated results without ozone and dashed line simulated results with xo3 = 1%.

Comparing the simulated ¢ = 1, xo3 = 0% to the ¢ = 1, x03 = 1% case evidences the effect of 0zone
on the cool flame. Adding O; to the reactive mixture increases the fuel consumption in the cool flame
as the O-atom production from O; favours the H-atom abstraction by O or OH radicals on the fuel
molecule. Consequently, the O, consumption is also increased. On the products side, the formation of
each species, with the exception of CO,, is increased in the cool flame, which is expected to be a direct

consequence of the increased fuel conversion in the cool flame. Few species, such as acetic acid,
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CH3;COOH, or 2-methyl-1,3-dioxolane, C4HgO»-cy, are almost insensitive to the ozone-addition to the

cool flame.

To gain further insight into the formation pathways of the different species observed
experimentally, a rate of production analysis was performed in the cool flame at 5% fuel conversion. At
this low conversion rate, the kinetic analysis can precisely capture the initial stages of the cool flame.
At this stage of conversion, the temperature is equal to 449 K in the ¢ = 0.5, xo03 = 1.4% cool flame, 454
K in the ¢ =1, x03 = 0% cool flame and 447 K in the ¢ = 1, x03 = 1% cool flame. It illustrates the effect
of ozone on the onset temperature of the low-temperature combustion that slightly decreases. At 5%
fuel conversion in the flame, respectively 15% and 18% of the ozone is converted in the ¢ = 0.5 and
¢ =1 cool flame. The reaction pathway analysis is presented in Figure IV.23. For a comprehensive
reading of the figure, fluxes are not indicated for values lower than 0.1%. The observed and quantified
species in this study are highlighted by red rectangles. The bold numbers stand for the ¢ = 0.5, Xo3 =
1.4% condition, the italic numbers stand for the ¢ = 1, x03 = 0% condition and the underlined numbers

stand for the ¢ = 1, x03 = 1% condition.
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Figure IV.23. Rate of production analysis at 5% fuel conversion in a diethyl ether cool flame (T ~ 460 K) at the
following conditions: ¢ = 0.5, xo3 = 1.4% (bold), ¢ = 1, x03 = 0% (italic) and ¢ = 1, x03 = 1% (underlined).

In every condition H-atom abstraction reaction occurs preferentially on the a-position to the ether
oxygen, which is consistent with previous studies [166,167]. It is explained by the weakened C-H bond

on the a-position compared to the B-position, due to the closest presence of O-atom in the molecule,
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inducing a negative inductive effect. In the lean ozone-seeded cool flame, 92% of the H-atom abstraction
reaction takes place with OH radical, while it only represents 73% in the ¢ = 1 cool flame without ozone.
The ozone decomposition upstream the flame front, especially forming O-atoms, which will
subsequently yield OH radicals, can explain this difference. It is confirmed with the stoichiometric flame
with xo3 = 1%, where the branching ratio of H-atom abstraction by the hydroxyl radical is increased in
comparison with the same case without ozone. It is interesting to note that, from Figures IV.17 and
IV.18, the experimentally measured CH3OH mole fraction is two times higher in the ¢ = 1 case, which
is consistent with the fact that H-atom abstraction on the fuel molecule by CH;O is promoted in the
absence of ozone. Finally, it should also be pointed out that, looking at Figure IV.22, the ozone addition
in the stoichiometric cool flame leads to an increased formation of CH3;OH whereas the branching ratio
relative to H-atom abstraction by CH;O is reduced, hinting at another, ozone-dependent, formation

pathway for CH;OH.

The fuel radical can add to molecular oxygen, O,, to form a ROO radical. In low-temperature
oxidation conditions, it is expected that this radical undergoes internal H-atom migration reaction to
form a QOOH radical, the CH;CHOCH(OOH)CHj radical being favoured in the studied conditions.
However, as observed for dimethyl ether, at very low fuel conversion this pathway competes with the
formation of RO radicals, that can be formed either by reaction with HOO and subsequent OH
subtraction, or by reaction with another ROO radical. The branching ratio of ROO yielding RO radical
is almost unchanged in the two ozone-seeded conditions, while it is slightly shifted towards the
formation of QOOH, CH;CHOCH(OOH)CHj, in the ozone-free flame. It supports the assumption that
the presence of ozone, through the production of a consistent OH radical pool after its decomposition,
weakens the dependence to the formation of the QOOH radical and its further decomposition forming

hydroxyl radicals.

The Serinyel model describes the RO radical decomposition as the formation of CH;CHO and
CH3;CH-O. A number of studies, performed under atmospheric conditions, demonstrated that RO
decomposition could yield different products, such as ethyl formate or ethyl acetate [241-244].
Including other decomposition pathways of RO could explain the slight overprediction of the
acetaldehyde formation in the cool flame, as products from the RO decomposition will not majorly

consist of acetaldehyde.

Interestingly, for the ROO radicals formed after CH,CH,OCH,CH; addition to Oy, i.e., from H-
atom abstraction on the B-position, the branching ratio towards QOOH or RO radicals seems to be
unaffected by both modifications of equivalence ratio and ozone concentration. It is however a minor

pathway in the cool flame, which is not expected to largely influence the reactivity.
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Finally, a brute-force sensitivity analysis was performed on the first-stage ignition delay time at
T = 600 K using the Serinyel model. Three different conditions were also simulated, respectively ¢ =
0.5, x03=1.4%, d =1, x03= 0% and ¢ = 1, x03 = 1%, so that both the influences of 0zone concentration
& equivalence ratio can be discussed. The results are plotted in Figure I1V.24. A positive sensitive

coefficient indicates a decrease of the reactivity, and vice-versa.
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Figure IV.24. Brute-force sensitivity analysis on the first-stage ignition delay at T =600 K, at ¢ = 1, xo3 = 1.4%
(empty bar), ¢ = 1, xo3 = 0% (grey bar) and ¢ = 1, xo03 = 1% (dashed bar).

As expected, in both ozone-seeded conditions the most influent reaction is the O-atom production
from ozone decomposition. The second most sensitive reaction is the ROO radical,
CH;CH,OCH(OO)CH3, H-atom internal migration reaction leading to the formation of QOOH,
CH;CHOCH(O,H)CH;. As diethyl ether possesses two carbon-carbon bonds, the initial H-atom
abstraction can occur both on the carbon in the a- or B-position, but preferentially occurs here on the a-
position due to the presence of the ether functional group in the centre of the molecule. QOOH addition
to O: and its further decomposition are also sensitive reactions in the three studied cases. The
decomposition of one of the diethyl ether ketohydroperoxides, CH3;C(=0O)OCH(O,H)CH3, forming
acetaldehyde and two different radicals, CH;C(=0)O and OH, is significantly more sensitive in the
ozone-less condition than in both conditions where ozone is present in the mixture. It is directly linked
to the OH production from ozone-decomposition, as previously addressed. Finally, it is interesting to
note that the bimolecular reaction 2 ROO = 2 RO + O is seen to increase the first stage ignition delay
time, i.e., decrease the reactivity, whereas the equivalent reaction had the opposite effect in the case of
dimethyl ether (see Section IV.1.5.1). This could be directly linked to the reactivity of the RO radical

that only undergoes 3-scission to form acetaldehyde in the present model.
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IV.25. Conclusions on ozone and non-ozone seeded diethyl

ether cool flames studies
This second section on the low-temperature combustion of ethers inside cool flames was

dedicated to diethyl ether, C,HsOC,Hs. To shed some light on the influence of ozone on LTC kinetics,
two cool flame conditions were selected, respectively at ¢ = 0.5 with xo3 = 1.4% and at ¢ = 1 without
ozone addition. Temperature and species mole fraction profiles were measured in both conditions,
yielding useful experimental data. Two models from the literature, respectively from Tran and co-
workers [167] and from Serinyel and co-workers [166,239], both coupled to an ozone-submechanism

from Jian and co-workers [233], were used to simulate the experimental results.

As expected, ozone plays an important role in the flame stabilization in the lean condition.
Temperature measurements showed that the presence of ozone in the flame also influences its heat
release. Both tested models are able to accurately reproduce this trend. Ozone also slightly modifies the
products distribution after the cool flame, as it increases the fuel conversion and constitutes an important
source of hydroxyl radicals. Only one species, ethyl acetate, was detected in the ozone-rich flame while

it was absent from the ozone-less cool flame.

Concerning the species mole fractions, the fuel and oxygen conversion is largely overpredicted
in both cases by the Tran model while the Serinyel model closely agrees with the experimental results.
Giving that methanol is also largely overpredicted by the Tran model in both cases, it is expected that
the H-atom abstraction on the fuel molecule by CH;O is responsible for this discrepancy. The
comparison of these two experimental conditions with a third simulated cool flame (¢ = 1, x03 = 1%)
allowed to discuss the effect of ozone on the cool flame more specifically. While ozone addition
increases the fuel conversion and therefore products formation in the cool flame, it only plays a minor
role on cool flame kinetics. Ozone-addition influences the H-atom abstraction on the fuel molecule, and
the ROO branching ratio leading either to QOOH or RO radicals. As previously shown for dimethyl
ether cool flames, the formation of RO radicals cannot be neglected in ozone-rich conditions, and its

decomposition pathways need to be properly considered in kinetic models.
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IV.3.  Low-temperature combustion of OME-2 inside cool flames
The last section of this chapter deals with the low-temperature oxidation of OME-2,

CH3;0OCH,OCH,OCH3, inside stabilized cool flames. This work is part of a collaboration between the
PC2A and the Laboratory for Chemical Technology (LCT) in Ghent. The main objective of this work
is to build trustworthy kinetic models for large OMEs, starting with OME-2, and to further validate them
against newly acquired experimental data using different setups: pyrolysis unit, rapid compression
machine, cool flame burner, etc. In the scope of this work, the low-temperature oxidation of OME-2

was experimentally studied inside stabilized cool flames.

IV.3.1. Experimental & numerical conditions
Because of its low vapour pressure, OME-2 was added in small quantities inside dimethyl ether

cool flames, in conditions close to the one previously studied in Section IV.1.1. The experimental
conditions are listed below in Table IV.3. Two different equivalence ratios were selected, respectively
¢ =0.3 and ¢ = 0.5, and the strain rate was fixed at o = 50 s'. Decreasing the equivalence ratio allowed
to incorporate a slightly larger proportion of OME-2 in the mixture. OME-1, CH;OCH,OCHj3, was
detected as an impurity in the fuel reservoir. As it is also an intermediate of the low-temperature
oxidation of OME-2, its initial mole fraction was measured and is considered as a reactant in the

simulations.

Table IV.3. Experimental conditions for the OME-2/DME cool flames stabilization.

Condition (%mol.) ¢ X03 XDME XOME-2 XOME-1 X02 a/s!
250me2/97 50ome) 0.5 0.016 0.138 0.0035 532107 0.84 50
Some2/95omp 03 0.02 0.085 0.0044  6.68-10° 0.89 50

With regards to the kinetic modelling of those cool flames, a recently developed kinetic model
dedicated to the low- and high-temperature oxidation of OME-2, developed at the LCT, was used [183].
An update of the present model was recently presented during the 39" Symposium on Combustion by
the same group [245], the changes however mainly concerned the high-temperature combustion kinetics
and this version was therefore not used in the present manuscript. The ozone submechanism used

previously [233], was also coupled to the core mechanism.

The kinetic model for the combustion of OME-2 was constructed using the Genesys code [246].
The DME low-temperature chemistry inside the model is taken from the AramcoMech 1.3 model [146].
As the current model is still under development in order to precisely capture the low-temperature
chemistry of OME-2, some reaction pathways are still not included, e.g., the addition of hydroperoxyl
alkyl radical, QOOH, to molecular oxygen to form OOQOOH. It should finally be stressed out that the
only modification brought, in this work, to the model from De Ras and co-workers concerns the H-atom

abstraction by O on the OME-2 molecule. The original rate constant of this reaction was replaced by the
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H-atom abstraction by O on dimethyl ether rate constant, following the study of Takahashi and co-

workers [247], as the original rate constant was far too important.

IvV.3.2. OME-2/DME cool flame temperature profiles

Following the same methodology than for the previous ethers, the temperature profiles of both
cool flames, ¢ = 0.3 (5% OME-2) and ¢ = 0.5 (2.5% OME-2), were measured. The experimental results,
along with simulations, are plotted in Figure IV.25. The Abel-inversed chemiluminescence profile is
plotted in both cases. The absence of catalytic activity at the thermocouple surface was ensured by

measuring the temperature profiles in both directions.
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Figure IV.25. OME-2/DME cool flame temperature profiles, respectively at ¢ = 0.3, xo03 = 2.0%, 5% OME-
2/95% DME (left-hand side), and ¢ = 0.5, x03 = 1.6%, 2.5% OME-2/97.5% DME (right-hand side).

Given the very low amount of OME-2 added to the dimethyl ether cool flame in both cases, the
temperature profiles are almost identical to those measured for pure dimethyl ether cool flames in
Section IV.1.1. The maximum measured temperatures equal T = 866 K in the ¢ = 0.3 cool flame and T
=859 K in the ¢ = 0.5 cool flame. Both simulated cool flames predict a maximal cool flame temperature
close to the experiments. The position at which this maximum temperature is predicted however deviates
by roughly 300 um from the experimental measurement, which is slightly superior to the experimental
uncertainty (£ 250 um). The predicted cool flame position is closer to the plate, meaning that the

simulated cool flame is slightly less reactive.
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IV.3.3. Species distribution inside OME-2/DME cool flames

1V.3.3.1. Experimental & numerical results
In order to gain deeper insight into LTC kinetic of OME-2, reactants and intermediates were

sampled and analysed above the burner. DME and OME-2 share many common oxidation products, and
the only exclusive low-temperature intermediate of OME-2 that was detected during the speciation
experiments is methoxymethyl formate, CH;OCH>OCHO. The fuels, DME and OME-2, along with the
methoxymethyl formate and methyl formate, CH;OCHO, mole fraction profiles are plotted in Figure
IV.26 for the ¢ = 0.3 (5% OME-2/95% DME) case and in Figure IV.27 for the ¢ = 0.5 (2.5% OME-
2/97.5% OME-2) case. The supplementary species mole fraction profiles, namely O,, CH;OH, CH-O,
CO, CO;, OME-1 and Oj, can be found in Appendix IV.A7. The Abel-inversed CH,O*-
chemiluminescence profile is also plotted. Deviation from the carbon balance, also provided in

Appendix IV.A7, was verified in both cases and did not exceed 5% divergence.

Fuels follow the same trend in the cool flames, both of them being partially converted into low-
temperature combustion products. The model tends to overpredict the OME-2 conversion in both
conditions, the experimentally measured fuel conversion being roughly equal to 60% against 70%
predicted by the kinetic model. The DME conversion is fairly predicted in the ¢ = 0.3 (5% OME-2/95%
DME) cool flame but slightly overpredicted in the other case. On the other hand, the methyl formate
mole fraction is underpredicted by a factor 2 in both cases. It should however be noted that the
modifications previously brought to the AramcoMech 1.3 mechanism (Section IV.1.1.1), which is the
base mechanism for this OME-2 model, were not repeated in the present case as this study focusses on
OME-2 oxidation. It explains the consistent underprediction of methyl formate formation in the
simulated OME-2/DME cool flames. Finally, methoxymethyl formate was measured as the only specific
product of OME-2 low-temperature oxidation, and its simulated mole fraction is underpredicted in both

cool flames, the agreement at ¢ = 0.5 being slightly better than in the ¢ = 0.3 case.
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¢ = 0.3, x03 = 2.0%, 5% OME-2/95% DME cool flame. Grey points represent in-capillary reactivity.
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1V.3.3.2. Kinetic analysis

To support the discussion on the previously presented species mole fraction profiles, both rate of
production and sensitivity analyses were performed and are presented hereafter. Firstly, a sensitivity
analysis on the first-stage ignition delay time was performed at two different temperatures, respectively
T =450 K and T = 600 K. Results are plotted in Figure IV.28. The experimental condition ¢ = 0.3, xo03
= 2.0%, 5% OME-2/95% DME was chosen as the OME-2 mole fraction is the highest. Sensitive

reactions belonging to DME or O3 submechanisms are deliberately ignored, and thus do not appear in

the figure.
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Figure IV.28. Sensitivity analysis performed on the first-stage ignition delay time at T = 450 K (white bar) and
T =600 K (dashed bar), for the condition ¢ = 0.3, x03 = 2.0%, 5% OME-2/95% DME.

At 450 K, the most influent reaction is ROO (O,-addition on primary carbon site) H-atom internal
migration reaction, forming QOOH, while it is interestingly almost non influent at 600 K. H-atom
addition to ROO forming ROOH, as well as H-atom abstraction by OH on the primary carbon site of
the fuel molecule, is seen to increase the reactivity at both temperatures. H-atom abstraction by O on the
primary carbon site of the fuel molecule inhibits the reactivity at 450 K while it is significantly positively
influent at 600 K. The same is also true for H-atom abstraction on the secondary carbon site of the fuel
molecule, although the effect is less significant. Reactivity thus seems to be controlled by H-atom
abstraction on different fuel sites at 600 K, while it is more dependent on ROO radical chemistry at

lower temperatures.
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Finally, a rate of production analysis was performed in the ¢ = 0.3 (5% OME-2) cool flame at two
different conditions, respectively 5% and 20% of OME-2 conversion in the cool flame. The
corresponding temperatures are 480 K (5% conversion) and 630 K (20% conversion), which closely
correspond to the temperatures used for the sensitivity analysis on the first-stage ignition delay. The
main oxidation pathway for OME-2 is plotted in Figure IV.29. The red-squared species were
experimentally identified and quantified within this work. As for the sensitivity analysis, only species

belonging to the OME-2 submechanism are shown.
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Figure IV.29. Rate of production analysis performed in the cool flame at 5% OME-2 conversion (T =480 K,
bold) and 20% OME-2 conversion (T = 630 K, ifalic). Condition ¢ = 0.3, x03 = 2.0%, 5% OME-2/95% DME.

The fuel oxidation starts via H-atom abstraction on OME-2, mainly operated by OH and O. H-
atom abstraction on secondary carbons is only slightly predominant. There is however no strict
consensus on the preferential H-atom abstraction site on OME-2. As the temperature increases,
abstraction by O-atom is favoured in comparison to OH radical. This can be explained by the increasing
conversion of ozone between these two conditions, as 25% of ozone is converted at 480 K while 50%
of ozone is converted at 630 K, promoting the formation of O. It also explains why H-atom abstraction
by O was seen to be more sensitive at 600 K than 450 K in Figure IV.28. Firstly, on the secondary
carbon radical site, R mainly adds to molecular oxygen to form ROO at 430 K. This pathway however
becomes minor at 630 K as B-scissions on primary and secondary carbons become predominant, leading
to the formation of methyl formate and methoxymethyl formate. The fate of the ROO radical is almost
similar at both temperatures, as it mainly undergoes H-atom internal migration to form the QOOH
radical. At 480 K the latter decomposes directly yielding two methyl formate molecules, or via the

formation of a cyclic ether which also leads to the formation of two methyl formate molecules. At 680
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K the formation of cyclic ethers is hindered by the increasing importance of B-scissions, forming
aldehydes. Secondly, on the primary carbon radical site, R mainly adds to molecular oxygen to form
ROO. The fate of this ROO radical, for which the O-O group is located on the primary carbon site, is
slightly different from the other one. ROO radical undergoes two different H-atom internal migration,
respectively on the first and second closest carbons. Increasing the temperature between 480 and 630 K
favours H-atom migration on the first closest carbon, located in the centre of the radical. Both formed

radicals then undergo B-scission to form either an aldehyde or methyl formate.

One major difference between the presented oxidation pathway of OME-2 compared to those of
DME and DEE is the absence of ROO + ROO reactions, yielding two RO and O,. In the current
condition, as the initial mole fraction of OME-2 is very low compared to DME, the effect of such
bimolecular reactions is not expected to be significant. However, as previously discussed, these reactions
are partly responsible for the formation of formate species in cool flames. In the current model, such
reaction rates are taken as analogy from OME-1, and may need to be precisely addressed in the case of
OME-2. Furthermore, the second addition of QOOH radicals to O, is not included for now in the kinetic
model developed by the team working on OME-2 at the LCT. As these reaction pathways are known to
be critical for cool flames chemistry, it is expected that simulated results can be improved to better match
the experiments. As a closing to this section, the schematic potential energy surfaces for QOOH addition
to molecular oxygen, calculated at the CBS-QB3 level of theory and shared by courtesy of Kevin De
Ras (unpublished results yet), are shown in Figure IV.30. From current calculations, it is seen that
QOOH addition to O, tends to form ketohydroperoxides or cyclic ethers, that are particularly important
for OME-2 reactivity by producing hydroxyl radicals when decomposing. Cyclic ethers were however

not detected in the present study.
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IV.34. Conclusions on OME-2 combustion in cool flames
This final section on the combustion of ethers in cool flames was dedicated to OME-2,

CH3;0CH>OCH»OCH3, in order to shed some light on its low-temperature oxidation kinetics.

To this end, two cool flames were stabilized, in the following conditions: i) ¢ = 0.3, x03 = 2.0%,
5% OME-2/95% DME and ii) ¢ = 0.5, x03 = 1.6%, 2.5%0OME-2/97.5% DME. Temperature profiles and
species mole fraction profiles were measured in both flames. The experimental results were then

compared to the simulation using a recently developed model by De Ras and co-workers [248].

Comparison of the experimental and simulated temperature profiles shows a close agreement of
the kinetic model regarding the maximum cool flame temperature. The positions of the simulated cool
flames are however slightly shifted towards the heated plate, illustrating a lower reactivity of the
simulated cool flames. With regards to the species mole fraction profiles that were measured as a
function of the height above the burner, it was observed that OME-2 was partially converted in the cool
flame, its conversion being however slightly higher than for dimethyl ether. The only exclusive product
coming from OME-2 measured in the cool flames was methoxymethyl formate, which formation was
underpredicted in both conditions by the kinetic model. The most sensitive reactions on the first-stage
ignition delay of OME-2 are H-atom abstraction on the fuel molecule by O and OH, which represent
almost 100% of the fuel conversion in the studied conditions as the temperature is not high enough to

permit B-scission reactions to be competitive.

Finally, a rate of production analysis was performed in the cool flame to determine the different
fuel consumption pathways. The H-atom abstraction takes place preferentially on the secondary carbons
of the fuel molecule, possibly as a consequence of the presence of adjacent oxygen atoms. The R radical
then undergoes either 3-scission to form smaller molecules, especially when the temperature in the cool
flame increases, or adds to O, to form ROO. The latter mainly undergoes H-atom internal migration to
form QOOH, which tends to decompose in different smaller species, especially methyl formate. The
second addition of QOOH to molecular oxygen is absent of the reaction pathway analysis as it was not

included in the current model.

IV.4.  General conclusion
In this chapter, three different ethers were studied in the newly developed stagnation plate burner:

dimethyl ether (DME), diethyl ether (DEE) and oxymethylene ether-2 (OME-2). By a conjunction of
different techniques, namely CH>O-PLIF, CH,O*-chemiluminescence, temperature measurements by
thermocouple and species sampling and analysis with micro-gas chromatography, gas chromatography

and mass spectrometry, the chemical structure of these flames was extensively studied for the first time.
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The main interests here were to study i) the low-temperature combustion kinetics of these molecules

inside stabilized cool flames, and ii) the influence of ozone on the reactivity and products distribution.

A significant effect of ozone was observed on both cool flame temperature and propagation speed,
illustrated by their position displacement in the stagnation plate burner as ozone concentration in the
mixture increases. As ozone decomposition before the flame front produces O-atoms, its main effect on
the cool flame kinetics is the modification of the fate of the ROO radical. In non-ozone assisted
conditions, the low-temperature oxidation chemistry is controlled by the formation and decomposition
of ketohydroperoxides (KHP), which is supported by the formation of two OH radicals, responsible for
the increase of the reactivity in the low-temperature domain. However, in the presence of ozone, as its
decomposition generates an important pool of radicals, the influence of the KHP formation is weakened

and alternative reactions become influent.

In the case of dimethyl ether, the increased importance of the biradical ROO + ROO reaction,
yielding two RO radicals and molecular oxygen, explained the important production of methyl formate
in the cool flame, that was initially significantly underpredicted by the AramcoMech 1.3 kinetic model.
Modifications brought to the initial kinetic model allowed to better predict the species distribution

downstream the cool flame.

For diethyl ether, the same reaction is also a significant reaction pathway. Direct comparison
between ozone-seeded cool flames and a spontaneous cool flame, i.e., without ozone addition, confirmed
the major role of ozone on this branching ratio. Moreover, ethyl acetate was experimentally measured
in the ozone-seeded cool flame while it was not detected in the spontaneous cool flame, which supports

the importance of RO radical related reactions, enhanced in the presence of ozone.

Finally, the low-temperature oxidation of OME-2 was experimentally and numerically studied in
DME/OME-2 cool flames. The used model, under current development at the LCT, fairly well predicts
the OME-2 conversion inside the cool flame. The formation of specific products of the low-temperature
oxidation of OME-2 is however underestimated by the current model, stressing for further ameliorations,
especially regarding the second addition of QOOH to molecular oxygen. In this precise case, the ROO
+ROO reaction is not as significant as for the previous ethers, mainly due to the fact that in DME/OME-

2 cool flames the fuel mole fraction is very low, which limits bimolecular reactions.

As a final comment on these three studies, one can note that if kinetic models are able, in most of
the cases, to accurately predict global parameters concerning the cool flame (for example its temperature
or its position), these models generally fail in precisely describing the chemical structure of cool flames.
This reinforces the use of this newly developed experimental setup that constitutes an efficient tool for

kinetic study of cool flames.
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V.Laminar burning velocity of cool flames

Previous laminar cool flame speed measurements from the literature were addressed in Section
1.3.3, their scarcity being highlighted. The only available data for DME/O,/O; cool flame Laminar
Burning Velocities (LBVs) were measured by Hajilou and co-workers using the Hencken burner facility
[49]. The authors reported a laminar burning velocity equal to 48.7 cm-s™! for a ¢ = 0.6 cool flame, with
an ozone concentration in the oxidizer stream of 6.1% and at low pressure, P = 7.3 kPa. Laminar flame
speeds of DME/O,/Os mixtures were also reported for equivalence ratios varying between 0.4 and 1.4,
showing a significant monotonic decrease of the laminar burning velocity between ¢ = 0.6 and ¢ = 1.4.
The lack of experimental data on laminar burning velocities of cool flames motivated the use of PIV to

perform LBV measurements.

This final chapter presents the first (to the best of our knowledge) measurements of cool flame
laminar burning velocities under atmospheric pressure. The second objective of this study is to assess
the ozone-submechanism impact on the cool flame LBVs simulation, using newly acquired
measurements as validation targets. Given the short duration of the experimental PIV campaign (2

weeks), these measurements were only realized in DME/O,/O3 cool flames.

V.1. Particle Image Velocimetry in reactive flow
V.1.1. Axial velocity profiles

The PIV setup, including particles generation and measurement, as well as the image post-
process, were described in Section I1.7. As an example, the axial velocity profile measured for a strained
DME/O/03 cool flame at ¢ = 0.5, xo3 = 1.5% is pictured for five different inlet velocities ui, in Figure
V.1. Compared to axial velocity profiles generally obtained in hot flames, the increase of velocity
upstream the flame front is much less pronounced since the heat release of cool flames is significantly
lower. The entire velocity profile is well defined in each condition, supporting the use of silicon oil
droplets (Section I1.7), as well as the selected image processing. As the inlet velocity increases, the flame
moves towards the stagnation plate and the acceleration observed in the flame front is reduced in

accordance with a decrease of the maximum flame temperature.
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Figure V.1. Axial velocity profiles as a function of HAB of a DME/O,/Os cool flame at ¢ = 0.5, xo3 = 1.5% at
five different inlet velocities ujn.

V.1.2. Strain rate and flame speed determination
Two different data can be inferred from the axial velocity profile. The minimum velocity point in

the axial profile is conventionally considered as the reference velocity, Surer [249]. Furthermore, the
conventional definition of the strain rate, K, is based on the axial velocity gradient, as pictured in Figure
V.2, which represents the principle of determination of the couple (Syer ; K). In the present case, it was
chosen to determine the value of K at a fixed distance of 2 mm before the reference velocity position.
To ensure reproducible determination of K, the experimental axial velocity profile was fitted using a
2"_order polynomial function beforehand. The procedure is illustrated in Appendix V.Al. For a
condition at which the strain is varied while the equivalence ratio and ozone concentration are kept
constant, it is possible to measure several (Surer ; K) couples. The unstrained laminar burning velocity
Su0is then extracted from an extrapolation at K = 0. The extrapolation procedure will be discussed later
in this chapter. It can furthermore be observed that at the position at which the minimum velocity is
reached, the flame temperature roughly equals 400 K, which is below the vaporization temperature of

the silicon oil droplets.
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Figure V.2. Simulated axial velocity (black) and temperature (red) profiles of a cool flame. Determination of the
couple (Syrer; K) is also shown.

V.2. Laminar burning velocity simulation
V.2.1. Kinetic models

In Chapter IV it was decided to use the ozone submechanism recently published by Jian and co-
workers (‘Jian model’) [233] over previously published mechanisms, respectively by Zhao and co-
workers (‘Zhao model’) [63] and Halter and co-workers (‘Halter model’) [219]. This choice is justified
in the present chapter, as these three ozone-submechanisms were compared against flame speed
measurements in different conditions. A summary of the different reactions and their associated
Arrhenius rate constants is given in Appendix V.A2. Finally, concerning the dimethyl ether
submechanism, it was chosen to use the modified version of the AramcoMech 1.3 model, i.e., the

‘current model’ used in Section IV.1.

Two different methods were tested within this work to simulate cool flames LBVs. The first
method reproduces the experimental method, i.e., Sy is determined from Sy, = f(K) plots, using
simulated cool flames in the stagnation flow configuration. With the other method, LBVs are simulated
using the freely-propagating flame module of Chemkin-Pro. Advantages & drawbacks of both methods

are discussed hereafter.
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V.2.2. Stagnation flow flames simulation
The axial velocity profile for each flame condition was simulated with multicomponent transport

using the Pre-Mixed Burner Stagnation Flame module of Chemkin-Pro 2021 [216]. The GRAD and
CURYV parameters were fixed at 0.03 each, resulting in ~ 450 points per simulation, which is sufficient
to ensure accurate simulations of the reference axial velocity Surr within a 1% uncertainty, as
demonstrated in Appendix V.A3. The Soret effect option was disabled for the axial velocity profiles
simulations as it did not significantly modify the reference axial velocity while allowing a drastic

reduction of the computational time, as shown in Appendix I11.A4.

The modelling methodology of the stagnation plate burner was previously described in Section
II1.2. It was however slightly modified in the present case. An experimental axial velocity profile of a
cool flame at ¢ = 0.5, x03 = 1.5% is pictured in Figure V.3, along with the simulated profiles considering
different domain sizes. When modelling the axial velocity profile on the full burner/plate height, i.e., 13
mm, an important discrepancy between the experimental and simulated axial velocity profiles can be
observed. It is consistent with previous studies that showed that 1-D approaches typically fail in
providing accurate prediction of the corresponding velocity profile [250] and that the experimental outer
flow field is neither a perfect plug nor potential flow [251]. Furthermore, effects such as gravity,
thermophoresis or particles inertia, that are not considered in this work, could play a role in the
discrepancy between the experimental and simulated velocity profile [252]. In order to circumvent this
problematic, simulations were performed with intermediate flow boundaries, the size of the
computational domain varying between 1 = 0.0032 m (3.2 mm) and 1 = 0.013 m (13 mm). For each
domain size, the inlet conditions, respectively the inlet velocity and the radial strain rate, were inferred
from the experimental velocity profile. Simulations better matches the experimental PIV profile when
the size of the computational domain is reduced, as seen in Figure V.3. The insert in Figure V.3. presents
the evolution of the standard deviation on the simulation of S, .r depending on the size of the simulation
domain, using the simulated Surr at 1 = 0.0032 m as reference (the closest from experimental
measurement). As one can see, for domain sizes below 1 = 0.0082 m (8.2 mm), the simulated reference
velocity does not significantly vary and remains within 1% of error when compared to the reference
simulated velocity at 1 = 0.0032 m. However, when the computational domain size increases above 1 =
0.0082 m (8.2 mm), the simulated reference velocity deviates significantly. In this work, the inlet
position of the simulation domain was fixed two millimetres before the minimum velocity upstream the
flame front position. The computational domain length therefore lies between 3.05 and 4.45 mm,
depending on the flame conditions. This methodology was already proposed elsewhere [93,253,254],

allowing to better evaluate the kinetic model predictions against experimental data.

154



Laminar burning velocity of cool flames

0.7 - .
T
0.6 il
_ 05 el
» ——1=0.0032m il o
c ——1/=0.0042 m N ° _i ________
— 04 /=0.0052 m $ 60000
_é‘ I —1/=0.0062 m E %0 o002 0004 0.006 0008 0010 5012 0014
(_é) 03 i I= 00072 m § Size of the simulated domain / m
4 —1=0.0082 m
— /=0.0092 m
L o2t _
< —1=0.0102 m
< ——1/=0.0112m
01F —/=0.013m
¢ PIV measurement
" 1 " 1 " 1 " 1 " "
0 0.002 0.004 0.006 0.008 0.010 0.012

HAB /m

Figure V.3. Experimental (0) PIV measurement of the axial velocity profile for the ¢ = 0.5, xo3 = 1.5% cool
flame, and simulated (continuous line) profiles with different domain sizes. Simulations are performed with the
O3-submechanism from Jian and co-workers [233].

The influence of the computational domain size on one species mole fraction profile, CH>O, and
on the temperature profile of the ¢ = 0.5, xo3 = 1.5% cool flame was verified, and is provided in
Appendix V.A4. While the influence of the computational domain size is negligible on the CH>O mole
fraction profile, one can observe that the simulated temperature profile is slightly more impacted. This
stresses the need for further investigation, out of the scope of this work, on the 1-D simulation of the

cool flames on the entire burner/plate height distance.

V.2.3. Freely-propagating flames simulation
Laminar, unstrained cool flame LBVs were also calculated using the Premixed Flame-Speed

module of Chemkin-Pro 2021. The GRAD and CURYV parameters were fixed at 0.04 each, ensuring ~
330 points per simulation. Simulations were conducted using multicomponent transport data, and the
Soret effect was considered as it slightly impacted the laminar burning velocity prediction. Few
precautions were however necessary to avoid convergence towards a hot flame. In their work on propane
[50] and n-heptane [52,56], Hajilou and co-workers faced the following problem: when simulating cool
flames using the Premixed Flame-Speed module of Chemkin-Pro with a full detailed kinetic model
covering both low- and high-temperature combustion domains, the simulation converged systematically

towards a hot flame and not a cool flame. To avoid this problem, two solutions were proposed: 1)
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restricting the simulation domain size in order to avoid convergence towards a hot flame, or ii) reducing
the kinetic model to withdraw the high-temperature part. In the present work, the first solution was
chosen to model freely-propagating cool flames. To force the convergence of the solution to a cool
flame, a temperature of T = 700 K is fixed at a location within the simulation domain, and the size of
the domain is progressively reduced until a cool flame is obtained. It was verified that both the position
and the fixed temperature did not significantly influence the LBV of the simulated cool flame as long
as a 0-velocity gradient upstream the flame front was ensured. The LBV in then deduced from the initial

flow rate in the unburnt mixture.

To illustrate this problematic, the simulated temperature profile of a freely-propagating flame at
6 =0.5, x03 = 1.5% is pictured in Figure V.4 for three different domain sizes, respectively l; =0.0115 m,
1,=0.013 m and I = 0.0135 m. In each of these cases, a temperature T = 700 K is fixed at 1 = 0.0095 m
in order to facilitate the cool flame stabilization. A cool flame is successfully stabilized for the first
domain size, 1; = 0.0115 m, with a maximal temperature equal to T; ~ 920 K. The temperature after the
flame front is almost constant, nearly forming a plateau. When the size of the domain is slightly
increased to 1, = 0.013 m, the profile shape is overall similar, its temperature however monotonically
increases after the flame front until the end of the computational domain, leading to a final temperature
equal to T> ~ 1010 K. Finally, when the size of the domain is increased up to 13 =0.0135 m, the simulation
converges towards a hot flame, its temperature being constant and equal to Ts = 2870 K. Situations
corresponding to hot flame (Is) and cool flame transitioning into a hot flame (I,) were avoided by

carefully selecting the computational domain size.
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Figure V.4. Temperature profiles of simulated flames in the freely-propagating configuration, with different
sizes of computational domain. Flame condition is ¢ = 0.5, x03 = 1.5%.
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V.3. Experimental determination of the laminar burning velocity
Five stable cool flame conditions were selected for the measurement of LBVs, and are

summarized in Table V.1. Detailed conditions are presented in Appendix V.A5. Note that the inlet
velocity (uin) range is constrained by the stability domain of the cool flames. Furthermore, the cool
flames tend to stabilize closer to the stagnation plate at high inlet velocities, leading to difficulties in
resolving the entire velocity profile by PIV. On the contrary, the particle seeding is not sufficient at low

velocities to provide accurate measurement of the velocity field in the burner.

Table V.1. Experimental conditions for the investigated DME/O,/O3 cool flames.

) x03/ % Uin / cm-s™!
0.5 1.5 65— 80
0.45 1.7 75-110
0.4 1.7 65 -85
0.4 1.9 75-110
0.3 2.0 65-95

The first step in determining LBVs of DME/O»/Os cool flames was to select the ozone-

submechanism leading to the best prediction of the experimental results.

V.3.1. Comparison between experimental and simulated axial

velocity profiles
The simulated axial velocity profiles using the three aforementioned ozone-submechanisms

[63,219,233] were compared to the experiments. Two flame conditions at ¢ = 0.5, xo3 = 1.5% and ¢ =
0.3, x03 = 2.0% are presented in Figure V.5 and Figure V.6 respectively. For the sake of brevity, the
same comparisons for other flame conditions are presented in Appendix V.A6. Comparing the three Os-
submechanisms, large variations in the prediction of the velocity profiles can be observed between the
Halter model and the two other models, with an important underprediction of S, rr for the Halter model.
It should be noticed that in the case ¢ = 0.3, xo3 = 2.0% (Figure V.6), the Halter model predicts almost
no minimum velocity for the higher strain rates, but only an inflection of the axial velocity curve
upstream the flame front. Predictions from the Jian model and Zhao model are comparable, as both
models describe the overall velocity profile, however a slight discrepancy on the position of Syrer is
observed between the experiments and simulations. The observed discrepancy on the axial velocity
profiles can also be observed when simulating the experimental temperature profiles with these three
ozone submechanisms, which are provided in Appendix V.A7. The Halter model predicts in each case

a lower cool flame temperature, which is consistent with a lower flame speed.
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Figure V.5. Comparison between experimental axial velocity profiles measured by PIV (o) and simulated with
the different O3 submechanisms, for the cool flame at ¢ = 0.5, xo3 = 1.5%, at different strain rates.
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Figure V.6. Comparison between experimental axial velocity profiles measured by PIV (o) and simulated with
the different O3 submechanisms, for the cool flame at ¢ = 0.3, xo3 = 2.0%, at different strain rates.
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In order to evaluate the capabilities of these models to predict LBVs, the Root-Mean Square Error
(RMSE) between experimental and simulated S, ..r was calculated for the five cool flame conditions.
For each flame, the strain rate K is varied within the flame stability domain, and the RMSE is determined

as follows, n corresponding to the number of strain rate conditions:

1 exp i 2
RMSE = Z ) z (Su,ref - lel;r;f)

The RMSE data are summed up in Table V.2. for each Os-submechanism. One can see that the
Halter model submechanism constantly exhibits the highest discrepancy on the value of Sy rer, while the

two other models yield similar performance.

Table V.2. Root-Mean Square Error (RMSE) calculated for each flame condition with the different ozone-
submechanisms.

Root-Mean Square Error (RMSE)

Condition
Jian model Halter model Zhao model
$¢=0.5,x03=1.5% 0.2 3.1 0.2
$=0.45,x03=1.7% 0.2 4.5 0.4
¢=0.4,x03=1.7% 0.2 3.8 0.3
0=0.4,x03=1.9% 1.2 59 0.7
¢ =10.3, x03 =2.0% 0.5 4.7 0.2

As previously suggested by the comparison of the axial velocity profiles, the Jian and Zhao
models yield an excellent agreement with the experimental data, while the Halter model leads to an
overall larger discrepancy. A possible explanation for the constant underestimation of the flame speed
by the Halter model is its definition of the ozone decomposition reactions. While the ozone
decomposition is declared using reactions with a third-body collision in the Jian model, and the Troe
formalism in the Zhao model, meaning that every species can act as a collision partner, the only
molecules participating in the ozone decomposition in the Halter model are N, through Oz + N, = O, +
O + Ny, 0, through O3 + 02 = O, + O + 05, and O; through O3 + O3 = 0, + O + Os. In our experimental
conditions, the fuel mole fraction lies between 10 and 15% of the mixture. The absence of DME as
collision partner in the ozone decomposition reaction can therefore lead to a lowered reactivity of the

Halter model.

This comparison justifies that the ozone-submechanism from Jian and co-workers, because of its
good performance in predicting S,.r values and its more recent rate constants data, was chosen over the
two other mechanisms. It also justifies its use in Chapter IV for the simulations of ozone-seeded DME,

DEE and DME/OME-2 cool flames. For the following sections, the Jian model will be used solely.
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V.3.2. Determination of the laminar burning velocity Suo
In the literature, a well-established method [255] is usually used to derive the unstrained LBV of

hot flames. As previously discussed, from the plot of S, .t = f(K), the extrapolation to strain rate K =0
returns the LBV S, . Both linear [256] and non-linear [87] extrapolation methods have been used in the
past. Vagelopoulos and co-workers [255] and Chong and Hochgreb [90] have demonstrated that for low-
strain rate hot flames (~ 50 — 250 s™), the linear extrapolation method yields accurate results within a
reported uncertainty of ~ 1 — 2 cm-s™'. In the case of cool flames, for which the LBV is significantly
smaller, this added uncertainty might however be problematic. The issue of non-linear extrapolation was
revisited by Egolfopoulos and co-workers [91,257-259] with a computational approach, where the
simulated S, .r at various K (using a counterflow flame code) and the simulated S, at K = 0 (using a
freely-propagating flame code) are fitted using a 2"-order polynomial function. This computed curve is
vertically translated to best fit the experimental data, and the experimental LBV is derived from this
non-linear extrapolation [259]. This method however requires using a kinetic mechanism that yields an

accurate value of S .

In the present work, a similar approach was applied without using S. calculated from the freely-
propagating flame module. Axial velocity profiles are simulated by progressively decreasing the strain
rate, from which a numerical curve S, .r = f(K) was extracted, as shown in Figure V.7. The numerical
curve Syrer = f(K) is then fitted using a 2™-order polynomial and vertically translated to best fit the
experimental results. The experimental unstrained LBV is then considered at K = 0. Figure V.7. shows
the application of this method for the five DME/O»/O3 cool flame conditions. As observed in Figure
V.7. and discussed in the previous section, the numerical and experimental S, .r, and consequently S,
lie very close to each other. Those values are given in Table V.3. for the five flames studied, and are
compared with the calculated LBV considering a freely-propagating cool flame. While the agreement
between the experimental S, and their simulations using the non-linear extrapolation is overall good, a
difference of about 2 cm-s™! is observed when comparing these values with the ones obtained using
freely-propagating flames, the latter being systematically lower. This discrepancy in the predicted LBVs
can be attributed to the non-adiabaticity of simulated cool flames using the freely-propagating option,
as demonstrated by the non—completely horizontal asymptote observed downstream the flame front in
Figure V.4 for the smallest computational domain. As the fuel conversion in only partial in the cool
flame, burnt gases are not at the thermochemical equilibrium, causing non-zero temperature and velocity
gradients. Thus, the freely-propagating simulation is expected to underestimate the LBV, and the

numerical assisted non-linear extrapolation should be preferred.
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Table V.3. Experimental and simulated LBVs for each cool flame condition.

Suo/cm-s!
Flame condition Experimental from non- Simulated from non- Simulated from freely-
linear extrapolation linear extrapolation propagating flame
$=0.5,x03=1.5% 145+ 1 cm-s’! 14.7 12.8
¢ =0.45,x03=1.7% 15.8 16.1 13.7
$=04,%x03=17% 15.4 15.6 13.6
¢=0.4,x%x03=19% 17.3 16.7 14.6
$=0.3,x03=2.0% 16.8 16.9 14.7

By comparing both cool flames at xo3 = 1.7%, one can see that the cool flame LBV increases
moderately as the equivalence ratio increases from 0.4 to 0.45. This effect is captured by both simulation
procedures, but to a larger extent in the non-linear extrapolation case. A comparison of both flames at
¢ = 0.4, respectively seeded with xo3 = 1.7% and xo3 = 1.9%, demonstrates the important effect of ozone
addition on the cool flame LBV, which experimentally increases by about 2 cm's™! when the ozone mole

fraction increases from 1.7% to 1.9%. Both simulation procedures however underestimate this effect.

V4. Kinetic analysis
Sensitivity analyses were performed on the cool flame LBVs using the Chemkin-Pro PREMIX

inbuilt utility. A positive sensitivity coefficient means that increasing the reaction rate constant of the
associated reaction increases the cool flame LBV, and vice-versa. Two conditions were selected for the
sensitivity analyses, respectively the flame at ¢ = 0.3, x03 = 2.0%, which contains the highest ozone
mole fraction in this study, and the flame at ¢ = 0.5, xo3 = 1.5%, which contains the lowest. The results
are displayed for the 12 reactions with the highest absolute sensitivity coefficients in Figure V.8. As one
can see, the most sensitive reactions on the laminar burning velocity are fuel-specific, and not coming
from the Os-submechanism. The most sensitive reaction on the LBV is the QOOH addition to oxygen
to form a OOQOOH radical. QOOH can also undergo chain propagating reaction by B-scission.
OOQOOH promotes the LBV by leading to the indirect chain-branching reaction sequence. The latter
decomposes into an aldohydroperoxide, hydroperoxymethylformate OCHOCH,O:H, and a hydroxyl
radical. The decomposition of hydroperoxymethylformate yields another OH radical, thus promoting
the fuel consumption. To the contrary, QOOH decomposition forming OH and two CH,O molecules is
the reaction that inhibits the most the LBV. Other reactions involved into the indirect chain-branching
reaction sequence, namely R addition to oxygen and further internal H-atom migration to the ROO
radical forming QOOH, exhibit a positive sensitive coefficient regarding the cool flame LBV. By rapidly
producing oxygen atoms, ozone decomposition promotes the combustion and increases the LBV. O-

atoms and DME then react by H-atom abstraction producing hydroxyl radicals, which are also known
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to participate in the conversion of the fuel by H-atom abstraction, which is the second most sensitive
reaction in the present case. Thereby, ozone decomposition can lead to two successive H-atom
abstraction reactions, as previously stressed in Chapter IV. One can observe that the sensitivity
coefficient of the ozone decomposition reaction is higher in the ¢ = 0.3 case, as the ozone mole fraction
is higher in this case. On the other hand, in this condition most of the other sensitivity coefficients are
smaller in comparison to the ¢ = 0.5 case. This emphasizes the increasing influence of ozone as its
concentration increases. Reactions inhibiting the LBV are also representative of the transition from the
low- to the intermediate-temperature regime responsible for the Negative Temperature Coefficient such

as the fuel radical B-scission.
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Figure V.8. Brute-force sensitivity analysis performed on the cool flame LBV, at ¢ = 0.5, xo3 = 1.5% (dashed
bar) and ¢ = 0.3, x03 = 2.0% (empty bar).

V.5. General conclusions
The last chapter of this manuscript introduced the measurement of cool flames laminar burning

velocities, which was successfully achieved in the stagnation plate burner for the first time. The PIV
technique was used to measure 2-D velocity profiles, from which axial velocity profiles were inferred
to measure the cool flames LBVs. Five flame conditions, with equivalence ratios varying from 0.3 to
0.5 and ozone mole fractions varying from 1.5 to 2.0% were used to compare experimental results with

kinetic modelling. To do so, the previously modified DME submechanism was used (Chapter IV.1),
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coupled with three different ozone submechanisms, respectively from Jian and co-workers [233], Zhao

and co-workers [63] and Halter and co-workers [219].

The comparison between experimental and simulated axial velocity profiles emphasized the
importance of the ozone-submechanism on the flame speed simulation in our conditions. The Jian
mechanism was selected among the others because of its good predictive ability of axial velocity
profiles, and used to determine the unstrained laminar burning velocity S, for each tested condition.
Two approaches towards the determination of S.p were evaluated, the first one being based on a
numerical assisted non-linear extrapolation method, and the second one on calculations of S, from
freely-propagating cool flames simulations. The former method demonstrated better predictive ability
and is recommended, when applicable, for the determination of S . However, for the purpose of kinetic
mechanism validation, the direct comparison with the experimental axial velocity profiles should be
preferred as it requires no numerical assisted method. Sensitivity analyses performed in two flame
conditions demonstrated the particular importance of the low-temperature chain-branching reactions,
and also the influence of ozone decomposition reactions, on the cool flames LBV. Even if ozone-
addition significantly influences the laminar burning velocity of cool flames, fuel-specific reactions are
still the most influent. It confirms the relevance of using ozone-seeded cool flames for LBV

measurements in our experimental conditions.

164



165



Conclusions & outlook

Conclusions & outlook

This work aims at presenting a newly developed stagnation plate burner dedicated to the study of
low-temperature combustion kinetics of various fuels. This burner, complementary to other
experimental platforms such as JSRs or RCMs, offers a novel opportunity to investigate the structure of
stabilized cool flames. The obtained experimental results were then compared to the simulation using

detailed kinetic mechanisms, allowing to highlight the chemistry behind such flames.

The first chapter of this manuscript was dedicated to an overview of the work performed in the
past on cool flames and low-temperature combustion kinetics of some ethers of interest. While cool
flames were discovered a long time ago, little is known about them and much is to be discovered. It was
notably highlighted that while low-temperature combustion kinetics of fuels are routinely studied under
diluted conditions in reactors or in RCMs, kinetic studies were needed in flame conditions, allowing to
couple kinetics, heat release and transport properties. While recent cool flames studies, mainly operated
with ozone-adjunction to facilitate cool flames stabilization, allowed to better capture the kinetics of
ignition and extinction of these flames, the literature lacks in data concerning their chemical structure.
Furthermore, laminar burning velocities data of cool flames are almost inexistent in the literature,
whereas it constitutes an important data regarding kinetic modelling. This assessment motivated the

development of a new experimental platform, potentially offering the possibility to fill this gap.

The second chapter aimed at describing the stagnation plate burner, along with the different
experimental techniques that were coupled to it in order to study the structure of cool flames. The burner
configuration was first presented, including the gas supply and ozone production from oxygen. The
optical diagnostics, respectively CH,O*-chemiluminescence and CH,O-PLIF, were then described. The
objective of using these two diagnostics was to measure the flame front position of the cool flame in the
burner. Their comparison showed that both techniques allowed to precisely locate the flame front,
although the chemiluminescence technique led to a greater uncertainty, mainly due to the low-light
emission from the cool flame and the need for a mathematical post-processing step of the raw-signal.
Temperature measurements using a thin thermocouple were then presented. A number of tests were
performed in order to qualify the interferences, or not, from heat losses or catalytic activity of the end
flame temperature. The obtained results suggested that thermocouple measurements in cool flames could
be performed without further corrections. It is mainly due to their lower temperature, compared to more
common hot flames where radiative heat losses cannot be neglected. Species mole fraction measurement
methodology was also presented. Coupling a variety of analytical techniques, respectively GC, pGC
and QMS, allowed the detection and quantification of many intermediates resulting from the low-
temperature combustion of the studied fuels. Finally, PIV measurements in the stagnation plate burner
were also presented, motivated by i) the characterization of the velocity field in the burner in different
reactive and non-reactive conditions, and ii) the measurement of laminar burning velocities of cool

flames at atmospheric pressure. The difficulties in obtaining a sufficient particles density in the flow in
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our experimental configuration required a specific data treatment that was presented, permitting to

obtain an excellent spatial resolution.

In the third chapter was firstly presented the experimental stabilization procedure of cool flames
in the stagnation plate burner. Cool flames were successfully obtained in a wide range of experimental
conditions (strain rate, ozone concentration in the mixture, equivalence ratio) showing the convenience
of such experimental configuration to study cool flames. The simulation of the stagnation plate burner
was then addressed. The feasibility of simulating cool flames in a stagnation plate burner using a one-
dimensional code was discussed regarding the different effects that could intervene in the experiments,
while not being considered in the simulation. It was especially the case of buoyancy effect that could
greatly affect the cool flame at low strain rates, i.e., low exit gas velocity. The influence of the nitrogen
co-flow was also investigated in order to find experimental conditions where it did not significantly
impact the cool flame. Finally, the simulation of species mole fraction profiles regarding the ozone
decomposition in the burner was discussed, showing that perturbations in the measurement caused by

the sampling capillary could be explained, and neglected to a certain extent.

The fourth chapter was dedicated to the low-temperature combustion kinetics studies of three
different ethers, namely dimethyl ether, diethyl ether and oxymethylene ether-2. By a conjunction of
different techniques presented in the second chapter, the chemical structure of these flames was
extensively studied for the first time. The main interests behind these studies were 1) to study the low-
temperature combustion kinetics of these ethers inside stabilized cool flames and ii) to investigate the
influence of ozone on the reactivity and products distribution. First of all, a significant effect of ozone
was observed on both cool flame temperature and propagation speed, the latter being illustrated by its
position in the stagnation plate burner. Concerning its influence on the cool flame kinetics, its main
observed effect was the modification of the fate of the ROO radical. In non-ozone assisted conditions,
the low-temperature oxidation chemistry is controlled by the formation and decomposition of
ketohydroperoxides, which is supported by the formation of two OH radicals, responsible for the
increase of the reactivity in the low-temperature domain. In the presence of ozone, as its decomposition
generates an important pool of radicals, the influence of KHP formation is reduced and alternative
reactions become influent. This behaviour was illustrated in the different studies using DME, DEE or

OME-2 as fuels, and the main outcomes are listed below.

e In the case of dimethyl ether, the increased importance of the biradical ROO + ROO
reaction, yielding two RO radicals and molecular oxygen, explained the important
production of methyl formate in the cool flame, which mainly originated from the
methoxymethoxy radical decomposition. Modifications brought to the initial kinetic
model (AramcoMech 1.3) allowed to better predict the species distribution downstream

the cool flame.
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e For diethyl ether, the same reaction was also a significant reaction pathway. Direct
comparison between ozone-seeded and spontaneous, i.e., without ozone addition, cool
flames confirmed the major role of 0zone on the branching ratio between the ROO radical
isomerization and its self-reaction. Moreover, the formation of ethyl acetate was
experimentally detected in the ozone-seeded cool flame while it was not detected in the
spontaneous cool flame, which supports the importance of RO radical related reactions,

enhanced in the presence of ozone.

e Finally, the study of the low-temperature oxidation of oxymethylene ether-2 was
conducted by stabilizing ozone-seeded OME-2/DME cool flames. In the present case, the
ROO + ROO reaction was not as significant as for the previous ethers, mainly due to the
fact that the OME-2 mole fraction inside these cool flames was low, therefore limiting
such biradical reaction. The formation of specific products of the low-temperature
oxidation of OME-2 was however slightly underestimated by the developed model,
stressing for further ameliorations, especially regarding the second addition of QOOH to

molecular oxygen.

The final chapter of this manuscript consisted in the measurement of laminar burning velocities,
which was successfully achieved in the stagnation plate burner configuration for the first time. Ozone-
seeded dimethyl ether cool flames were selected for these measurements. The Particle Image
Velocimetry technique was used to measure 2-dimensional velocity fields, from which axial velocity
profiles were inferred to measure the cool flames laminar burning velocities. Cool flames stabilized at
different equivalence ratios and ozone mole fractions were used to compare experimental results with
kinetic modelling. These results notably highlighted the importance of a thoughtful choice of the ozone-
submechanism, which greatly affected the predicted laminar burning velocity of cool flames. The
obtained experimental results showed that the laminar burning velocities of lean, ozone-seeded,
dimethyl ether cool flames lied between 14 and 18 cm's™, which is significantly lower than hot flames
LBVs in similar conditions. While ozone-addition significantly influenced the LBVs of cool flames,
kinetic analysis showed that the most influent reactions were fuel-specific and not related to the ozone-
submechanism, which confirmed the relevance of using ozone-seeded cool flames for LBVs

measurements in our experimental conditions.

Through these different studies using various ethers as fuels, it was highlighted that while kinetic
models were able, in most of the cases, to accurately predict global parameters concerning the cool
flame, as its temperature profile along the burner axis, these models frequently failed in precisely
describing the chemical structure of cool flames. This assessment reinforced the use of this newly
developed experimental setup, that constitutes an efficient tool for kinetic studies of cool flames, in

experimental conditions that were only scarcely approached until now.
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It is now time to address a few perspectives that could be considered following the present work.

The considered perspectives are divided in four different categories, that are detailed below.

As previously addressed, this stagnation plate burner offers the opportunity to study low-
temperature combustion kinetics of different fuels in conditions far different from those generally met
in RCMs or in JSRs, which are routinely used for LTC studies. LTC kinetics of fuels can be studied in
‘pure’ conditions, as it was the case for dimethyl ether and diethyl ether, or as blend, e.g., OME-2 in the
present work. While this work focussed on ethers, any fuel can be used, either pure or blended,
depending on its low-temperature reactivity. Furthermore, alkenes are known to directly react with
ozone, through ozonolysis reactions. The study of their oxidation kinetics inside stabilized, ozone-
seeded, cool flames is therefore very interesting in order to evaluate the competitivity between low-

temperature combustion and ozonolysis related reactions, and its impact on the cool flame structure.

Particle Image Velocimetry measurements inside stabilized dimethyl ether cool flames showed
the feasibility of using this method to infer, from axial velocity profiles, the laminar burning velocities
of cool flames. This methodology can then be used for various fuels, providing important data
concerning the low-temperature combustion kinetics of these species. It will especially be done in a near
future inside diethyl ether cool flames, this fuel being sufficiently reactive to ensure the stabilization of
a cool flame without ozone-seeding. It will thus be possible to compare the cool flame propagation speed
with and without-seeding. However, when comparing the axial velocity profiles on the entire burner
length against simulation results, it was highlighted that 1-D approach failed in providing accurate
prediction of the velocity profiles. A methodology was proposed in order to circumvent this problematic,
but it stresses for further investigation concerning the simulation of cool flames using commonly used

1-D solver developed for hot flames.

Moreover, kinetic studies presented in Chapter IV were partially based on the measurement of
species mole fraction profiles inside cool flames. In the present conditions, and using the available
analytical techniques, only stable low-temperature combustion intermediates could be measured. In
order to build trustworthy kinetic models, information on the formation and decomposition rates of
reactive intermediates, such as ketohydroperoxides, are very important. Using recently developed high-
resolution mass spectrometry techniques, their detection and measurement was made possible in diluted
conditions in reactors. It is believed that the measurement of such species inside cool flames using the
present experimental configuration can provide important information regarding these species. These
experiments will be performed at the Synchrotron SOLEIL by coupling the cool flame burner with the
DESIRS beamline and imaging spectrometer DELICIOUS3, based on the i’PEPICO technique.

Finally, the last considered perspective about this work is the replacement of the ozone generator
by a plasma. While ozone decomposition upstream the cool flame offers a suitable way to produce very

reactive species enabling the ignition and stabilization of cool flames in a wide range of experimental
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conditions, the use of a plasma would be closer to real applications. Thus, replacing the ozone generator
by a DBD (Dielectric-Barrier Discharge) between two electrodes to stabilize cool flames would be very
interesting from a kinetic point of view, as the composition of the plasma is much more complex than

pure ozone delivered by the ozone generator.

Few is known about cool flames, and while this work allowed to shed some light on this topic,

much is still to be discovered.
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Appendix II.A1. Purities of the used chemicals.

Compound Purity Provider

N2 >99.995% Air Liquide

0)) >99.995% Air Liquide

DME (CH3;OCH3) 100% Messer

DEE (C,HsOC,H5) >99.8% Sigma-Aldrich
OME-2 (CH30CH>OCH,OCH3) > 98.5% ASG Analytik-Service

Appendix I1.A2. Os production as a function of the inlet oxygen flow with

generators (the Oz percentage is expressed in the oxygen flow).

the 803N and 802N ozone
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Appendix II.A3. Calculation of the inlet flow rates and ozone mole fraction in O, using the equivalence

ratio, the inlet velocity and the ozone mole fraction in the Fuel/O, mixture as

flux, Q to a volumetric flux, x to a mole fraction and & the extent of reaction.

0, Firstly, each flux is defined as follow:
&, - 02 F1,02 —¢= FB,OZ (D
: 2 : L 2
Ozone generator - O3 gf = Fp,0,, considering O, & 3 Os.
& analyser s
. comes ¢ = EFB " Xo, 2)
0,+0; | Q,
Q . Fuel F3,F = F3,B (3)
3
< Fuel
' (22)
F
Burner - Stoichiometry ¢ = 192/ o F3p = (U—F>
Fuel + 0, + O, (”_F> Vo,
'UOZ
J | o
' F3 x3p = <_> @ F X3, 4
UO2
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The molar flow at the burner exit, F, can be expressed as follow:
s s 1 s
Fg =Fip, — gf +Fp Q)

The ozone mole fraction at the burner exit can thus be expressed, following (2) and (5)

2
3¢
3
Xpo, = I (6)
3 Fi0,—38+F3F
S x = P804
B,03 — x
o+ 2 )y (2392 _Lp .
F1+<v02) ¢k (xz,F ) 2FB'XB,03

ok + () by (22) = Ly xp, = By
2

X3,F

e F =F
1 B VR x3,02
1_+_ U_ .(p. x—
(o)) 3,F
1
. . (1+_xBO ) . v . X
_ 2 U3 _ F . . . 3,0,
© Q1 =0p ,and Qs = | — |- - Q- ——=
14+ 2E). '(x3,02) Vo, X3,F
1}02 ¢ X3,F
Finally,
Fz04 Fpxpo, _  QpXpo,
x2,03 = == 1. - 1 -
F Fi—3FpXpo;  Q1—30BXB,03

In our experimental conditions, Qj is calculated from the strain rate (a, s) and the inlet section of the

burner. Moreover, the equivalence ratio ¢ and the ozone concentration xp o, are used as inputs.
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Appendix I1.A4. Step-by-step calculation of the quenched CH»O signal from simulated profiles.
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Appendix I1.AS. Operating conditions of the GCs & pGCs.
° Operating conditions of the uGC

Run time 90 seconds
Injection time 100 ms

Injector temperature 50°C
Column temperature (constant) 120°C
Column pressure (constant) 150 kPa

. GCs columns temperature ramps

D50 |

o5 L T Agilent (24.5min) / /
e Bruker (27 min)

200 | P

175
L .., S L
125
100F o e

Temperature / °C

Bh e

Y e ,,,————

Time / min

The Bruker’s column temperature ramp is the same for DEE and OME-2/DME cool flame analyses.
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Appendix I1.A6. nGC injection procedure & protocol.

. Injection scheme & protocol

After 1’30” for mixture homogenization:
Injection of the sample in the uGC

A

When P = 1.6 bar is reached in V1 :

UGC -+ 5 seconds for pressure stabilization il Air
- Opening valve between V1 and V2 Capillary

-1’30” for mixture homogenization

b~ 4
- —
P

v

1
1
P (> 100 Torr) 1
1
1
1

Pump
— Volume 2 4@— Volume 1 @ @
1
1
i
1
1

Sampling until P = 200 mbar
Compression with N, until
P.= 1.6 bar N,

(for sample compression)

V2 is kept under vacuum
during the sampling and
compression phase

° Repeatability tests

While performing different tests ensuring that data from the pGC can be trustworthy, it was found out
that the response signal from the uGC was highly dependent on the homogenization time in Volume 2
while the mole fraction of the tested species was kept constant. As observed in the figure below, the
signal does not significantly vary when the homogenization time exceeds 30 seconds. To ensure a
sufficient homogenization of the mixture before injection, the mixture homogenization time was set at

90 s. Gases used for these tests were CO, and DME.
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Appendix I1.A7. Calibration curves for the different species measured in each cool flame.
. Calibrations for DME/O/Os cool flames

Measurements in the DME/O,/O; cool flames were performed with the pGC (CH3;0CH3, CH3;OCHO,
CH;0H, CH,0, COy) and the Agilent 6890 GC (CO). In the uGC, samples were diluted in nitrogen
allowing to reach an injection pressure above 1 atm. Thus, the calibration curves are presented as
Signal(Species) = f(species mole fraction * dilution factor). The CO calibration was performed using a
standard reference gas. Finally, for CH»O calibration, the 1,3,5-trioxane calibration (used to correct the

CH,0 mole fraction) is also shown.
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° Calibrations for DEE/O,/O3 and DEE/O; cool flames

Measurements in the DEE/O,/Os and DEE/O; cool flames were performed with the Bruker Scion
GC/MS and the Agilent 6890 GC.
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Below is presented the acid acetic calibration, performed on the QMS detector of the Bruker Scion GC.
As explained in the main text, it was calibrated using methanol/acid acetic/acetaldehyde solutions. Thus,

the acetic acid signal is plotted as follows:

Peak areaacetaldehyde

_ (nacetaldehyd )

Peak areagcetic acia Nacetic acid

The acetaldehyde peak area on the QMS detector is measured at 44 m/z, and 60 m/z for acetic acid, their

respective molecular ions.
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. Calibrations for the OME-2/DME/O,/O3 cool flames

Measurements in the OME-2/DME/O,/Os cool flames were performed with the Bruker Scion GC/MS

and the Agilent 6890 GC.
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Appendix I1.A8. Comparison between species mole fraction profiles obtained by i) in-house gas

mixture calibration or ii) the equivalent carbon number method. Acetaldehyde and methanol mole

fraction profiles in the DEE/O,/Os (¢ = 0.5) cool flame are used for illustration.
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Appendix II.A9. Ozone calibrations using the Omnistar GSD 301 O2 Pfeiffer Vacuum mass
spectrometer. The calibration (a) is for the DME/O»/O; cool flames, (b) for the DEE/O,/O3 cool flame
and (c¢) for the OME-2/DME/O,/O; cool flames.
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Appendix II1.A10. Comparison of the ozone mole fraction upstream and downstream the burner. The

flow consists of pure oxygen at different ozone concentrations (different set points on the ozone

generator). The oxygen flow rate was set at 2.74 slpm.
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Appendix II.A11. Comparison of the two image-processing methods in reactive conditions. Both

flames conditions are ¢ = 0.4, xo3 = 1.9%, with inlet velocities respectively equal to 0.75 m-s™ (black

points) and 1.10 m-s™! (blue points).
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Appendix II.A12. Comparison between non-averaged and averaged axial velocity profiles on several

burner radii, respectively = 250 um, £ 500 um, + 750 um and £ 1 mm. Obtained velocity profiles are

very similar whatever the averaged interval, comforting us in the choice of averaging axial velocity

profiles on + 1 mm.
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Appendix I1.A13. Averaged axial velocity profile (+ 1 mm) using 200 post-processed images and 1000
post-process images. The obtained axial velocity profile using 1000 images is slightly less scattered

compared to the one resulting from 200 images.
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Appendix III.A1. Impact of ozone on the flame front position at different equivalence ratios and at

different strain rates, respectively: (a) a =10 s, (b)y a=15s", (c) a =20 s, (d) o =25 s}, (e) a. = 40
sL(Hoa=50s"
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Appendix III.LA2. DME, O; and N flow rates corresponding to the experimental conditions shown in

Appendix IL.A1.

Condition Qo / L-min! Ox: / L-min’! Qpme / mL-min™!

a=10s"
$=0.1-0.55 0.51-0.60 0.68 20.0-95.9
x03=0.3—-2.1%
a=15s"
¢=0.1-0.55 0.78—-0.90 1.03 30.0-143.9
x03=0.2—>33%
a=20s"
¢=0.1-0.55 1.04 -1.20 1.37 39.9-191.8
x03=0.5—3.0%
a=25s"
$=0.1-045 1.35-1.50 1.71 49.9 -201.9
x03=0.9 —33%
a=40s"
$=02—-05 2.12-2.32 1.37 154.8 —353.7
xo3=1.2—>24%
a=50s"
$=03—-0.5 2.65-2.81 1.71 281.4-442.2
x3=14—>21%
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Appendix III.A3. Ozone mole fraction influence on the flame front position.

m Variation of the ozone mole fraction at oo = 10 s™! for different equivalence ratios, respectively a) ¢ =

0.1,b) $=0.2,¢)$=0.3,d) $=0.4,¢) $ =0.5, g) ¢ =0.55.
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m Variation of the ozone mole fraction at oo = 15 s™! for different equivalence ratios, respectively a) ¢ =

0.1,b)$=0.2,¢) $=0.3,d) p = 0.4, ¢) $ =0.5, g) ¢ = 0.55.
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m Variation of the ozone mole fraction at oo = 20 s™! for different equivalence ratios, respectively a) ¢ =

0.1,b)$=0.2,¢) $=0.3,d) p = 0.4, ¢) $ =0.5, g) ¢ = 0.55.
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m Variation of the ozone mole fraction at oo = 25 s™! for different equivalence ratios, respectively a) ¢ =

0.1,b)$=0.2,¢) $=0.3,d) ¢ = 0.4, e) ¢ = 0.45.
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m Variation of the ozone mole fraction at o = 40 s for different equivalence ratios, respectively a) ¢ =

0.2,b) $=0.3,c) =04, d) $=0.5.
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m Variation of the ozone mole fraction at o = 50 s for different equivalence ratios, respectively a) ¢ =

0.3,b) $=0.4,c) d=0.5.
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Appendix I11.A4. Generalities on kinetic modelling and kinetic model structure.

Each elementary reaction is defined by a reaction rate, which represents the consumption rate of the
reactants and the formation rate of the products. Considering a reaction written as aA + bB « cC + dD,

the consumption rate of A and B can be expressed as:

e _kforward -[A]* - [B]b + kbackward[C]C ’ [D]D

where [A] and [B] represent the molar concentration of each reactant, ¢ and b the stoichiometric
coefficients, ¢ the time and & the forward reaction rate constant. Using the Arrhenius formalism, the rate

constant k can be expressed as follows:

_Ea
k=A-e RT

where 4 is the so-called pre-exponential factor, £4 the activation energy of the reaction, R the universal
constant of the ideal gas law, and T the temperature. Due to a non-linear evolution of In(k) as a function
of 1/T in some conditions, a modified version of the Arrhenius formalism was introduced, as is expressed

as follows:

E
k=A-T"-e RT

where 7 is a constant which introduces the non-linear temperature dependence of In(k) regarding 1/T.

Finally, the last notion that needs to be introduced is the thermal equilibrium K.. In the case of reversible
reactions, the thermal equilibrium can be expressed as follows -using the molar concentrations-:
. kforward _ [C]°- [D]d

K. = =
¢ kyeverse [A] a- [B] b

Parameters defined in the kinetic model allow to calculate the value of the rate constant k of each
elementary reaction present in the model at the needed temperature and pressure. Each reaction is
defined by three parameters, respectively A, n and E,, allowing in each case to calculate the reaction
rate k following the modified Arrhenius law. An example of reaction definition in a kinetic file
(generally .inp for the Chemkin-Pro format) is presented below, the unit for the activation energy being

generally in cal-mol™.

Reaction A n Ea
CH30CH3 + OH ~ CH30CH2 + H20 9.3500e+05 2.29 -780.7
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These three parameters permit to calculate the forward rate constant when the latter is defined as
reversible (symbol: «»). In this case, the reverse rate constant is calculated using the previously defined
equilibrium constant K. Calculation of the equilibrium constant is realized in Chemkin-Pro and Cantera
through the use of the thermodynamic data. Firstly, the equilibrium rate constant K. is re-calculated in

pressure units as follow:

Patm)zvki

KC:K”'(R-T

The equilibrium constant K, is obtained with the following relationship:

Kp=€<R RT

AS? AHL-O)

where AS and AH refer to variation of entropy and enthalpy when passing completely from reactants to

products in the i reaction. Finally, S?, H and Cg,i, respectively the entropy, the enthalpy and the heat

capacity of the species i, can be calculated from the thermodynamic data which are defined by the NASA

polynomial formalism [260]:

0

. c
Heat capacity: L =a;+a, T+ az;T? + a,T3 + asT*
0
Enthalpy: HR(TT) =a + 2T +2T2+ 273+ 2T 4 a7
So as 2 Qg 3 as 4
Entropy: ?=a11n(T)+a2T+7T +?T +7T + a;

where the coefficients a, (1 <n<7) are declared in the thermodynamic file for two different temperature
domains: the first one at low temperatures, frequently defined between 300 and 1000 K, and the second
one at higher temperatures, frequently between 1000 and 5000 K. An example is shown below, where
the 7 first coefficients are the coefficients a; to a; of the high temperature domain, and the 7 last

coefficients are the coefficients a; to a; of the low temperature domain.

CH30CH3 1
6.032E+00 1.561E-02 5.507E-06 8.76E-10 -5.17E-14 2
-2.53E+04 -8.26E+00 2.056E+00 2.07E-02 -5.00E-06 3
-1.62E-09 6.843E-13 -2.35E+04 1.45E+401 4

Finally, the last important data are the transport data. These data are not necessary for 0-D simulations
such as homogeneous reactors, but are mandatory for 1-D simulations. They allow to consider for
molecular diffusion of species. They are especially sensitive for small species such as atoms or small

radicals.
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Brute-force sensitivity analysis:

Brute-force sensitivity analyses are performed on the cool flame delay, i.e., the first stage ignition delay
in a constant volume reactor. This analysis allows to highlight the influent reactions on the calculated
parameter, here the first stage ignition delay time. The sensitivity coefficient on the reaction i, S;, was

calculated as follows:

where ;" represents the first-stage ignition delay time when the pre-exponential factor of the it reaction
is multiplied by a factor of 2, and 7; the first-stage ignition delay when the pre-exponential factor of the

i" reaction is divided by a factor of 2.

Rate of production analysis (ROP):

The rate of production analysis allows to determine the formation and consumption channels of a species
1 at a precise position in the cool flame, which corresponds to a fixed flame temperature. The formation
rate, Ry, and the consumption rate, R, can be expressed as the sum of each reaction rate, v, in which

the species is involved:
Re; = Z Vf ki R = Z Ve ki
i i

Then, the contribution of the k™ reaction on the rate of production (ROP;x) and rate of consumption

(ROCix) can be deduced:

v i v i
ROP;, =X Rocy, = -2
Ry, ol
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Appendix III.A5. Influence of the mixture-averaged transport, multicomponent transport data and
thermal diffusion (Soret effect) on the simulated temperature, formaldehyde and dimethyl ether mole

fraction profiles. The flame condition is a DME/O»/O; cool flame at ¢ = 0.3, . = 50 s™!, x03 = 2.0%.
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CHQ’OCH3 mole fraction [-]
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Axial velocity / m.s
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In the Table below are reported the maximal temperature of the cool flame, along with the post-flame
CH,0 and CH3OCHj3; mole fraction, in each simulated condition. It demonstrates that using mixture-
averaged or multicomponent transport data, as well as enabling or not the Soret effect, does not
significantly influence the final results on the targeted values except for Syrr when using mixture-

averaged transport data.

Maximal Post-flame CH,O Post-flame CH30OCH3
Condition Surer/ m.s™!
temperature / K mole fraction [-] mole fraction [-]
Mixture-averaged
880 0.026 0.044 0.183
transport
Mixture-averaged
transport + Soret 880 0.026 0.044 0.182
effect
Multicomponent
881 0.026 0.044 0.186
transport
Multicomponent
transport + Soret 880 0.026 0.045 0.186
effect
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Appendix II1.A6. Influence of the plate temperature on the flame front position at different conditions,

o =20 s (left) and oo = 40 & 50 s! (right).

® ¢=02,x,=15% a=20s" ® $=03,x,=18% a=50s"

12.5 - * $=03,x,=08% ; * $=04,x,=17%, a=50s"

¢=0.4,%,,=0.5% 1141 $=0.5,x,,=15%, a=50s"
= = 9

12.01 ¢ $=0.5x,=05% ] ® $=05x,=15%0a=40s"

11.51 1129

11.0 11.01 o0 & o ¢ ¢T =TE5K

10.54 10.84

Flame front position / mm
o
mII
~
8
P
oo
*
——i
o
n
[+
8
P
Flame front position / mm

10.0 1
.
¢ %---TFB=825K 10.6 4

9.5

T T T T T T T T T 1 T T T T T T T T T
600 650 700 750 800 600 650 700 750 800
Temperature / K Temperature / K

From an initial value of 600 K, the plate temperature was progressively increased by steps of 25 K until
the cool flame underwent a flashback, i.e., turned itself into a hot flame. The flashback temperature, Trs,

is given for each condition.
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Appendix III.A7. Calculated and measured velocities at the burner exit in reactive conditions.

Inlet velocity / m-s™

Condition ‘Calculated velocity’ ‘Measured velocity”
0.442 0.663
0.468 0.694
¢ =0.5,x03 = 1.5% 0.494 0.723
0.52 0.753
0.546 0.783
0.442 0.684
0.468 0.693
0.494 0.731
¢ =04,%x03=1.7% 0.52 0.753
0.546 0.787
0.572 0.831
0.442 0.665
0.468 0.630
0.494 0.728
0.52 0.760
¢ =10.3, x03 = 2.0% 0.546 0785
0.572 0.823
0.598 0.861
0.624 0.916
0.65 0.949
0.52 0.757
0.572 0.821
2 o
0.78 1.100
0.52 0.763
0.572 0.835
0.624 0.914
¢ =0.45, x03 = 1.7% 0.78 1.108
0.442 0.663
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Appendix III.A8. DME, O; and N, flow rates corresponding to the experimental conditions shown in
Figure IIL.8. 100% co-flow rate corresponds to the case in which its velocity is equal to the inlet velocity

of the DME/O,/O3 mixture.

Condition Qo2 / L-min"! Obme/ mL-min! %N investigated ~ Qnz / L-min’!
a=20s",$=0.25 x03=1.7% 1.14 95.05 10 — 100% 0.34 — 3.42
a=20s",$=0.30,x03=1.7% 1.12 112.33 10 — 100% 0.34 — 3.42
a=20s",$=0.35x03=1.7% 1.11 129.10 10 — 100% 0.34 — 3.42
a=20s",$=0.40,x03=1.2% 1.09 145.00 10 — 100% 0.34 — 3.42
a=20s",$=045 x03=12% 1.07 160.77 10 — 100% 0.34 — 3.42
a=20s",$=0.50,x03=1.2% 1.06 176.08 10 — 100% 0.34 — 3.42
a=10s",$=0.07, x03 = 3.0% 0.61 14.18 10 — 100% 0.17 - 1.71
a=15s",¢$=0.10, x03 = 3.0% 0.90 30.09 10 — 100% 0.26 — 2.56
a=20s",$=0.14, xo03 = 3.0% 1.19 55.45 10 — 100% 0.34 — 3.42
a=25s",$=0.19, x03 = 3.0% 1.46 92.59 10 — 100% 0.43 — 4.27
a=40s", $=0.50, x03 = 1.6% 2.12 352.86 5 — 40% 0.34 — 2.73
a=50s",$=0.50,x03 = 1.8% 2.65 441.52 5 — 40% 0.43 — 3.42
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Appendix III.A9. CH,O-PLIF profiles corresponding to the experimental conditions shown in Figure

II1.8, and used for the flame front position determination.

m Influence of the co-flow for different conditions, a) o = 10 s, $ = 0.07, X03=3% ; b) a=15s", ¢ =

0.1,X03=3%;c)a=20s",$=0.14,x03 = 3% ; d) a =25 s, $ = 0.19, x03 = 3%.
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Normalized PLIF intensity / a.u. Normalized PLIF intensity / a.u.

Normalized PLIF intensity / a.u.
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Appendix IV.A1. Cool flame, hot flame or no flame occurrence of DME/O,/O; reactive mixtures using
different models from the literature, respectively AramcoMech 1.3 [1], AramcoMech 3.0 [2], Wang
model [3] and HP-mech v3.3 [4] (mechanisms references in the main text, Section IV.1.1.1, the number
attributed in each case corresponds to the Table below). The Os-submechanism from Halter and co-
workers was added for every model except HP-mech v3.3. Green case indicates that the simulation
converged towards a cool flame, red for a hot flame and grey for no flame. Simulations that did not
converge are indicated (-). The AramcoMech 1.3 + Halter and co-workers model converged towards a

cool flame in every experimental condition, and can thus be used as a reference.

a=40s"
x03/ % $=0.2 $=0.3 0=04 $=0.5
2Bl E el mBlm

1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2
2.1
2.2
2.3
2.4

oa=50s"!
x03/ % =02 6=0.3 0=04 $=0.5
e lBlElmleilerlmlnrle [ Br]E

1.4
1.5
1.6
1.7
1.8
1.9
2

2.1
[1] AramcoMech 1.3 [2] AramcoMech 3.0 [3] HP-Mech v3.3 [4] Wang

In the case of the AramcoMech 1.3 model (+ Halter and co-workers model), the simulations converged
towards a cool flame in every condition. The other models failed in simulating a cool flame in many of

the tested conditions, the simulation resulting either in a hot flame or no flame.
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Appendix IV.A2. Deviation from the carbon balance in both DME/O,/Os studied cool flames.

Deviation from the carbon balance / %
HAB / mm (|) = 0.3, X03 = 2.0% (1) = 0.5, X03 = 1.7%

0 - -
1 0.44 0.53
2 0.58 0.01
3 0.37 0.16
4 0.68 0.17
5 0.87 0.04
6 0.85 0.33
7 0.79 0.06
8 0.57 0.27

8.3 0.68 0.69

8.6 0.12 0.66

8.9 0.01 1.65

9.2 4.49 1.59

9.5 3.11 0.29

9.8 2.14 0.36

10.1 0.44 1.66

104 0.37 143

10.7 1.69 2.50
11 4.66 4.69

11.3 6.07 5.29

11.6 4.16 6.48

11.9 1.94 3.31

12.2 0.08 4.09

12.5 1.13 2.79

12.7 0.89 2.68

The carbon balances indicate a maximal deviation of + 6% in the flame front area, and + 3% in the burnt

gas area.
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Appendix IV.A3. Comparison of sensitivity analyses performed using the first-stage ignition delay time

at 450 and 650 K (a) or the inlet flow rate (b) and the temperature (¢) of a freely-propagating flame.

(a)
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2 CH,0CH,00 &> 2 CH;0CH,0 + 0, g

E—
1
]
]

]

_—
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I:S
——
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—_—-
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il
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Appendix IV.A4. Comparison of the current model and AramcoMech 1.3 against experimental data

from the literature.
Comparison of the AramcoMech 1.3 model with the current model used in this study,

against delays of stoichiometric DME/Air mixtures from the literature (Pfahl ez al., 1996 [261])

IDT = Ignition Delay Time, FSIDT = First Stage Ignition Delay Time.

T/K
1200 1000 800 600
1000 — T T T T T
e exp DT
aramco 1.3 IDT
100 - current model IDT
o exp FSIDT
10 L =~~~ aramco 1.3 FSIDT
£ current model FSIDT
B
s Ir
a
0.1F
13+1.5bar, $ =1
001 1 1 1 1
0.8 1.0 1.2 14 1.6
1000/T
T/K
1200 1000 800 600
1000 T T T T T T T
e explIDT
100 | aramco 1.3 IDT
current model IDT
o exp FSIDT
» 10F --- aramco 1.3 FSIDT
S - - - current model FSIDT
%
X0 Tr
Q
01 F
40+ 2 bar, ¢ =1
001 1 1 1 1
1.0 1.2 1.4 1.6

0.8
1000/T
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. Comparison of the Aramco 1.3 model with the current model used in this study, against
delays of stoichiometric DME/Air mixtures from the literature (Burke et al., 2015 [262]). IDT
= Ignition Delay Time.

T/K
16001400 1200 1000 800 600
100 _l ' 1 ' 1 ' 1 ' 1 '
® exp DT
Burke et al.
aramco 1.3
10 |- current model

n
£ oar
>
0
()
Q

0.1}

0.01 |- 25 atm, ¢ =1

1 1 1 1 1
0.6 0.8 1.0 1.2 1.4 1.6

1000/T

Comparison of the Aramco 1.3 model with the current model used in this study, against hot flame
laminar burning velocity of DME/Air mixtures from the literature [134,263,264].

60

n
o
I

N
o
T

w
o
I

R o Qinetal.

A Daly et al.
o Zhaoetal.
201/86 Aramco 1.3
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-OO
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Appendix IV.AS5. Temperature profiles of the ¢ = 0.5, & = 50 s™!, x03 = 1.4% cool flame measured in

both directions, ensuring the absence of catalytic effect at the surface of the thermocouple.

900
800 i&
« 700- 4
o
2 600
o
L ¢
& 500-
i ¢ Exp.up
¢ Exp. down 8
400 °
] ‘0
300 SM 1 ! 1 T 1 T T T T T T
0 2 6 8 10 12

HAB / mm

Appendix IV.A6. Deviation from the carbon balance in the DEE/O, and DEE/O,/O3 cool flames.

Deviation from the carbon balance / %

(I) =0.5, x03 = 1.4%

(I): 1.0, x03 =0%

HAB / mm HAB / mm -
0 - 0 -

2 2.07 3 0.09
4 2.42 6 0.45
6 2.08 9 1.01
7 2.98 11 1.03
8 0.96 114 1.16
8.3 5.26 11.6 0.70
8.6 291 11.8 0.06
8.9 4.43 12 3.23
9.2 2.47 12.2 4.22
9.5 1.73 124 4.29
9.8 2.82 12.6 3.29
10.1 0.11 12.7 2.84
10.4 0.33

10.7 0.61

11 2.03

11.3 0.15

11.6 2.52

11.9 3.31

12.2 10.79

12.5 12.76
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Appendix IV.A7. Species mole fraction profiles in the OME-2/DME/O,/O; cool flames.

Mole fraction [-]
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= =1.6%,2.5% O /97.5%
. ¢ =0.5, x03 = 1.6%, 2.5% OME-2/97.5% DME
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Associated deviation from the carbon balance:

Deviation from the carbon balance / %

HAB/mm ¢ =0.3, x03 =2.0%, 5% OME-2 ¢ =0.5, x03 = 1.6%, 2.5%0ME-2
0 - -

2 1.352380357 0.97300333
4 2.656428545 0.294699131
6 2.093796819 0.531528271
8 0.795878937 0.019401765
9 0.771115152 0.276556525
9.5 0.854555741 0.838998515
10 11.03723768 2.297912193
103 12.80689153 5.344006914
10.6 13.18774804 6.69977134
10.9 9.921062369 7.076426918
11.2 0.168019631 4.430108032
11.5 2.763186294 0.311321135
11.8 4.120841695 2.714394619
12.1 4.41895281 4.482164322
12.4 4.296084986 3.977620311
12.6 3.702137926 4.453499903
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Appendix V.Al. Fitting procedure for the determination of the axial strain rate, K. The experimental

condition is ¢ = 0.5, xo3 = 1.7%.

-1

Axial velocity / m.s
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0.6
0.5
Determination of K using
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Appendix V.A2. Reactions and associated rate constant parameters for the three Os-submechanisms

used in the current study

Units: cm?, mole, s, cal

Reaction A n Ea
Halter model

O3+ N2->02+0 + N2 4,00E+14 0 22667
02+0+N2->03+ N2 1.60E+14 -04 -1391
03+02->02+02+0 1.54E+14 0 23064
02+02+0->03+02 3.26E+19 -2.1 0
03+03->02+03+0 4.40E+14 0 23064
02+03+0->03+0s3 1.67E+15 -0.5 -1391
O3+ H<=>02+0H 8.43E+13 0 934
03+0<=>02+02 4.82E+12 0 4094
O3 + OH <=> 0, + HO» 1.85E+11 0 831
03+ HO2<=>02+0H + 0> 6.02E+09 0 938
O3 + H20 <=> 02 + H202 6.62E+01 0 0

O3 + CH3 <=> 02 + CH30 3.07E+12 0 417
O3+ H<=>0+HO: 4.52E+11 0 0

O3 + H2 <=> OH + HO: 6.00E+10 0 19840
O3 + CHa <=> CH30 + HO: 8.13E+10 0 15280
Jian model

0:+0+M<=>03+M 1.00E+19 -2 0
N2=13;02=12;Kr=1;Ar=1;03=0

02+0+03<=>03+03 1.00E+23 -3 0
03+0<=>0:+0> 1.10E+13 0 4300
O3+H<=>0H+02 8.43E+13 0 934
O3+ HO2<=>0,+0;+0OH 5.80E-04 4.57 -1377
O3 + OH <=>HO2 + O 1.20E+05 2.5 800
Zhao model

O3 (+M) <=> 02 + O (+M)

Low-Pressure 2.23E+28 -4.37 27297
High-Pressure 1.37E+15 -0.67 25990
Troe Parameters (0.6417 3.91E-04 8680.74 6060.75)
Ar=1;He=1.2;N2=15;H2=3;02=15;03=3.75;0=6

03+0<=>02+02 4.82E+12 0 4094
O3+ 0 <=> 03 (sing) + 02 1.44E+11 0 4094
O3+ 0<=>02+0H 8.43E+13 0 934
O3+ H<=>0+HO: 4.52E+11 0 0

O3 + OH <=> 02 + HO: 1.85E+11 0 831
O3 + H20 <=> 02 + H202 6.62E+01 0 0

O3+ HO2<=>0H+ 02+ 02 6.62E+09 0 994
03+ CO <=>07+CO2 6.02E+02 0 0

O3+ HCO <=>0; + H + CO: 5.00E+11 0 0

O3 + CH3z <=> CH30 + 02 5.83E+11 0 0
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Appendix V.A3. Evolution of the standard deviation on the simulated reference axial velocity as a

function of the number of grid points used for the simulation. The reference value was simulated with a

grid containing 1637 points.
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Appendix V.A4. Influence of the size of the simulated domain on i) the simulated formaldehyde mole

fraction profile and ii) the simulated temperature profile. Condition: ¢ = 0.5, xo3 = 1.5%.
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Appendix V.AS. Cool flames conditions for LBV determination

Size of the domain
for the axial

velocity profiles Imposed
Conditions simulation Inlet velocity radial strain | Measured* LBV
(Pre-Mixed Burner / em-s’! rate / em-s’!
Stagnation Flame /s
module)
/ cm
$=0.5 0.42 39.9 50.5 16.6
x03 =1.5% 0.41 40.3 55.6 16.8

(xpmE = 0.144 0.4 40.8 59.4 17.0
x02 = 0.841 0.39 42.5 61.6 17.0
x03 = 0.015) 0.37 41.0 63.7 17.3

0.40 41.3 50.6 17.8
=04 0.42 413 53.9 17.9
x03=1.7%

(xpye = 0.119 0.41 43.0 56.8 17.7
Xo2 =0.é64 0.41 43.2 61.2 18.5
x03 = 0.017) 0.375 42.6 65.3 18.1

0.365 45.9 71.5 18.2

0.44 41.3 51.5 18.6

0.445 42.7 53.4 194

$=03 0.42 43.1 57.1 18.6
x03 =2.0% 0.42 44.5 61.2 19.8

(xpmE = 0.092 0.42 46.4 61.7 19.9
x02 = 0.881 0.385 47.7 66.7 19.1
x03 = 0.02) 0.375 49.0 72.8 19.8

0.325 49.9 82.6 19.0

0.345 54.7 85.0 19.7

0.42 44.6 59.5 19.1

=04 0.41 48.9 64.6 205

xo3 = 1.9% 0.365 54.1 78.5 20.4
=0.119 ' : : :

Cone =0 034 54.8 86.4 204
Xo3 = 0:019) 0.335 54.0 94.3 20.2

0.35 59.9 97.6 20.9
¢ =0.45 0.40 43.2 62.1 17.8
x03 = 1.7% 0.365 46.8 72.8 18.4

(xpmE = 0.132 0.36 51.8 79.2 18.5
xo02 = 0.851 0.305 51.1 91.4 18.3
x03 = 0.017) 0.305 54.0 105.3 18.4

*Measured using the numerically assisted non-linear extrapolation method
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Appendix V.A6. Comparison between experimental axial velocity profiles measured by PIV (o) and

simulated ones with the different O; submechanisms, at different strain rates for the following

conditions:
° ¢ = 0.45, X03 = 1.7%
0PIV measurement
0.8 sim. Jian et al.
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T sim. Zhao et al.
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Appendix V.A7. Experimental and simulated temperature profiles of DME/O,/Os cool flames,

respectively with the submechanisms from Zhao and co-workers, Jian and co-workers, Halter and co-

workers. The DME submechanism is the modified version of AramcoMech 1.3, introduced in Chapter

IV.1.
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Experimental conditions: a) $ =0.3,a=40s", xo3 = 1.8%,b) $ =0.4,a=40s", x03 = 1.6%, ¢) $ = 0.5,
a=40s",x03=1.5%,d) $ =0.3,a=50s", x03 =2.0%, €) $ =0.4,a= 505", x03 = 1.8%, ) $ = 0.5, a
=50 S'l, xo03 = 1.7%.
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Résumé

L’avenir des processus de combustion est tributaire d’une réduction significative des émissions
polluantes, ainsi que de I’augmentation des rendements énergétiques. Le contrdle de I’initiation de la
combustion est une étape critique dans cette direction, et ce dans de nombreuses configurations. Quelle
qu’en soit I’application, I’initiation reproductible de la phase de combustion est recherchée. Cependant,
I’initiation de I’inflammation des carburants est largement dépendante des mécanismes chimiques de
basses températures, dits LTC (Low-Temperature Combustion), responsables de la formation de
flammes froides. Ces mécanismes impliquent la formation et décomposition de composés hautement
oxygénés instables, des peroxydes, dont la structure refléte celle du carburant initial. Celle-ci
conditionne donc fortement sa réactivité. De plus, la généralisation de carburants biosourcés ou de
synthése nécessite une compréhension fine de leurs chemins réactionnels, ceux-ci pouvant é&tre
spécifiques aux fonctions chimiques absentes des carburants fossiles. Enfin, les récentes démonstrations
de la facilitation de I’initiation d’une flamme froide par interaction avec un plasma froid ou par
ensemencement d’ozone souligne le besoin d’études fondamentales de ces mécanismes chimiques de
combustion de basses températures. Dans le cadre de cette thése effectuée au laboratoire PC2A, un
brileur a plan de stagnation dédié a 1’étude de la cinétique des flammes froides a été congu et caractérisé.

La structure chimique détaillée de flammes froides est obtenue par la mise en commun de
différentes techniques analytiques et optiques, respectivement la fluorescence induite par plan laser du
formaldéhyde, la chimiluminescence du formaldéhyde excité, la mesure de température par
thermocouple, I’analyse chimique par (micro-)chromatographie en phase gaz et spectrométrie de masse.
Trois carburants ont été sélectionnés, respectivement le diméthyl éther (DME), le diéthyl éther (DEE)
et I’oxyméthyléne éther-2 (OME-2). Les flammes froides étudiées sont généralement stabilisées a basse
richesse (0.2 < E.R. < 0.5) a I’aide d’ajout d’ozone (variant entre 1 et 2% mol. du prémélange), a
I’exception du diéthyl éther, ou une flamme froide a été stabilisée a la stecechiométrie sans ozone.
L’établissement de structures détaillées de ces flammes froides a notamment permis, lorsque comparées
aux prédictions de divers modéles cinétiques, de constater les manques de certains de ces modéles quant
a la prédiction de la réactivité dans ces conditions spécifiques. De plus, I’influence de 1’0zone comme
générateur de radicaux in-situ a été étudié. Bien que son utilisation n’affecte que marginalement la
composition chimique aprés la flamme froide, son influence est importante sur certains branchements
de réactions primordiaux a basses températures, favorisant les réactions de propagation par rapport a
celles de branchement.

Finalement, I’utilisation de la Vélocimétrie par Imagerie de Particules (PIV — Particle Image
Velocimetry) dans le briilleur a plan de stagnation a permis, pour la premiére fois, la mesure de la vitesse
de propagation de flammes froides a pression atmosphérique. Cette donnée, intrinséque au carburant
¢étudié, dépendant des composition, température et pression du mélange initial, est particuliérement
importante pour la modélisation cinétique de systémes réactifs. L utilisation de flammes froides de DME
ensemenceées a 1’ozone a permis sa mesure a basse richesse, les vitesses de propagation mesurées variant
entre 14 et 18 cm's™!. Cette étude a notamment permis de mettre en lumiére les réactions les plus
importantes pour la prédiction d’une telle grandeur.

Les nouvelles données expérimentales obtenues dans le cadre de ces travaux de thése constituent
les fondations de travaux plus larges sur I’influence de I’ozone sur la chimie de basses températures,
dans des conditions expérimentales originales et complémentaires de celles généralement étudiées en
laboratoire.
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Abstract

The future of combustion processes lies on a significant reduction of pollutant emissions, as well
as increased efficiencies. The control of the ignition phase is a critical step towards this goal, in many
different configurations. Whatever the application, reproductible initiation of the combustion phase is
sought. It is well known that the fuel ignition is largely dependent on low-temperature combustion (LTC)
mechanisms, responsible for the occurrence of cool flames. These mechanisms involve the formation
and decomposition of highly reactive intermediates, peroxides, whose structure reflect the initial fuel
structure. Therefore, the fuel structure strongly influences its reactivity. Furthermore, the widespread
use of bio-based or synthetic fuels requires a detailed understanding of their reaction pathway in this
temperature domain, which may differ from those of fossil fuels. Finally, following the recent
demonstration of easier cool flame ignition through the use of dielectric barrier plasma discharge or
ozone-seeding stresses the need for fundamental studies on these low-temperature combustion kinetics.
Within this work performed at the PC2A laboratory, a stagnation plate burner dedicated to the low-
temperature combustion kinetics studies of fuels inside stabilized cool flames was developed and
characterized.

The detailed chemical structures of cool flames were established by coupling different analytic
and optical techniques, namely formaldehyde Planar Laser Induced Fluorescence (CH,O-PLIF), excited
formaldehyde chemiluminescence, temperature measurements by thermocouple, (micro-) gas
chromatography and mass spectrometry. Three different fuels were selected in this work: dimethyl ether
(DME), diethyl ether (DEE) and oxymethylene ether-2 (OME-2). Cool flames were generally stabilized
under lean conditions (varying between 0.2 and 0.5) by means of ozone-seeding (varying between 1 and
2% mol. of the mixture), except for diethyl ether, for which a stoichiometric self-sustaining cool flame
was investigated without ozone-addition. Comparing measured and simulated cool flames chemical
structures, using various detailed kinetic mechanisms from the literature, allowed to assess the
performance of these models in these specific conditions. Furthermore, the ozone influence as in-situ
radical provider was investigated. While its use only slightly affects the products distribution
downstream of the cool flame, this species highly impacts some reaction pathways in the cool flame,
promoting chain-propagating over chain-branching reactions.

Finally, Particle Image Velocimetry (PIV) technique was used in the stagnation plate burner
configuration, allowing the measurement of cool flames laminar burning velocities (LBVs) at
atmospheric pressure for the first time. The LBV is an intrinsic data of the fuel, depending on the initial
mixture composition, temperature and pression. This data is particularly valuable for kinetic studies, but
was almost never investigated in the case of cool flames. Its measurement was successfully achieved
inside lean, ozone-seeded dimethyl ether cool flames, the experimental propagation speeds varying
between 14 and 18 cm-s™!. This study notably allowed to highlight the most important reactions for the
prediction of cool flames LBVs.

The newly acquired data in this work constitute a strong foundation to further work on the low-
temperature combustion mechanisms in the presence of ozone, in novel experimental conditions
complementary to those met in typical kinetic reactors.
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