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Giorgia CENEDESE
Etudes expérimentales et de modélisation de I'oxydation des
éthers

Résumé :

Ces dernieres années, 'augmentation des préoccupations liées aux émissions de polluants et a
I'épuisement des ressources fossiles a incité I'étude et le développement de solutions alternatives
pour le secteur des transports. Les biocarburants dérivés de la biomasse sont envisagés parmi ces
solutions potentielles, et en particulier, les composés oxygénés ont démontré des caractéristiques
intéressantes pour différentes applications. Cette thése se concentre sur la famille des éthers,
étudiant leur oxydation d’un point de vue expérimental et de modélisation cinétique. Certains com-
bustibles de cette famille ont déja fait I'objet de nombreuses études dans la littérature, mais une
compréhension plus approfondie de leur oxydation complexe est nécessaire pour une éventuelle
application dans la vie réelle. De plus, d’'un point de vue fondamental de la combustion, I'analyse
de linfluence de la structure sur la réactivité de ces combustibles est profondément intéressante

et stimulante. A cette fin, une campagne expérimentale exhaustive a été menée au cours de cette
thése, grace a deux installations complémentaires : un réacteur auto-agité par jets gazeux et une
machine a compression rapide. Les résultats expérimentaux sont analysés et comparés entre
différents éthers, afin de comprendre comment différentes caractéristiques structurales (comme la
longueur de la chaine, la ramification et 'asymétrie) peuvent influencer la réactivité. De plus, un
mécanisme cinétique détaillé a été élaboré et comparé aux mesures expérimentales pour mieux
comprendre les réactions qui contrélent 'oxydation dans ces conditions.

Mots clés : oxydation, combustion, éthers, biocombustibles, réacteur auto-agité par jets gazeux,
machine a compression rapide

Experimental and modelling studies of ether oxidation

Abstract:

In the latest years, increasing concerns regarding pollutant emissions and the depletion of fossil
resources have prompted the investigation and development of alternative solutions for the trans-
port sector. Biofuels derived from biomass are considered among these potential solutions and in
particular, oxygenated compounds have been proven to have interesting characteristics for a wide
range of applications. This thesis focuses on the family of ethers, studying their oxidation from
both an experimental and modelling point of view. Some of the fuels of this group have already
been studied in the past, but a deeper understanding of their complex oxidation chemistry is
needed for possible real-life applications. Moreover, from a fundamental combustion perspective,
studying the influence of the structure on the reactivity of these fuels is deeply interesting and
challenging. To this end, a comprehensive experimental campaign was conducted during this
thesis, thanks to two complementary set-ups: a jet-stirred reactor and a rapid compression
machine. The experimental results are analysed and compared between different ethers, in order
to understand how different structural features (such as chain length, branching, and asymmetry)
can influence the reactivity. Furthermore, a detailed kinetic mechanism was developed and
compared to experimental measurements to gain a better understanding of the reactions that
control combustion under these conditions.

Keywords : oxidation, combustion, ethers, biofuels, jet-stirred reactor, rapid compression machine
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“Mon apprentissage n'a d’autre fruit que de me faire sentir combien il me reste a apprendre.”
Michel de Montaigne

“It’s just basic chemistry”

Bring Me The Horizon
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Chapter 1

Introduction

Context

Transportation is a central feature of modern life. The movement of people and goods has been
increasing steadily, as a result of globalization [1]. In our days, almost the totality (99.8%) of trans-
portation is powered by internal combustion engines and 95% of the energy required for transport
comes from liquid fuels made from petroleum [2-4]. Although in the last few decades engines
have become cleaner and more efficient, transport still accounts for around a quarter of the total
greenhouse gas (GHG) emissions worldwide [1] and emissions are growing, even in the developed
world, where generally other emissions tend to be flat. As an example, the GHG emissions from
different sectors in France are shown in Figure from 1990 to 2021. It can be seen that in 1990
the transport sector was already responsible for 23% of the GHG emissions, but this percentage
increased to 31% by 2021. In general, worldwide, the annual emissions of CO» linked to industry
and fossil fuels is still increasing. Figure shows the evolution of CO; emissions from 1900 to
today. If the Covid-19 pandemic slowed down the emissions by a small amount, since restrictions
preventing traveling were in place, it also brought a huge economic crisis, showing how restricting
the possibility of travelling cannot be a solution in reducing the emissions [4]. Internal combustion
engines fuelled with petroleum-derived fuels are also responsible for the emissions of nitrogen ox-
ides (NOx), carbon monoxide, unburnt hydrocarbons and particulate matter. This adds concerns
for human health, to the already present environmental problem.

One solution envisaged so far is the electrification of the transport fleet. Nevertheless, this technol-
ogy has still some limitations. If this can actually be a solution for light-duty passenger vehicles, its
feasibility for heavy duty vehicles can hardly be proven, since the long charging time is prohibitive.
Another problem is the fact that the previsions suggest that in 2050 (year by which net-zero emis-
sions should be reached to avert the worst impact of climate change [5]) many of today’s new cars
will still be on the road. Therefore, unless fleet renewal is globally founded at high levels, only low-

carbon fuels compatible with the current technology, can help decarbonization [4]. As Powell et



al. suggested in their analysis [6], the fastest and most effective CO, reduction can be reached only
through the coexistence of low-carbon fuels and an electrified fleet.

Biofuels are not strictly defined as low-carbon fuels. Nevertheless, in theory, a biofuel can be
carbon-neutral, if any biomaterial used to create the fuel is then replanted. In practice, there can
be other carbon emissions, linked for example to the production and transportation. However, the
potential of biofuel to reduce CO, emissions is significant [7].
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Figure 1.1: Worldwide annual CO, emissions from fossil fuels and industry, from 1900 to today
(adapted from [8]).

In this context, the importance of the study of the combustion properties and the emissions
of possible biofuels has largely grown. In fact, if the feasibility of this transition has to be studied
from different points of view (economic, geo-politic, etc), the base for the application of new fuels
issued from biomass is assessing the possibility to actually use them with the actual technology (or
with small modifications to this). Also, if it has already been proven that oxygenated compounds,
as biofuels, can have a positive effect on some emissions, it is important to assure that also no
other harmful or toxic emissions (as for example aldehydes) are released.

To this aim, the fundamentals of combustion of potential interesting biofuels have to be studied,
in order to understand which compounds can be formed and then released and also to be able
to possibly predict their performance in the desired applications. This is why in the latest years
the combustion community has been focusing on collecting experimental data and on developing
kinetic mechanisms that can predict and help the understanding of the reactions involved in the

oxidation and pyrolysis of several oxygenated compounds, including alcohols, esters and ethers.



1990 2000

B Energy industry

B Manufacturing industry
El\Waste

2010 2021 [ Tertiary sector
DAgricuIture

[ ITransport

Figure 1.2: Greenhouse gases emissions from the different sectors in France, from 1990 to 2021
(from [|§|], based on Climate Analysis Indicators Tool (CAIT)).

Objectives

Smaller ethers, as dimethyl and diethyl ethers or methyl-tert-butyl and ethyl-tert-butyl ethers have
been already largely studied, both from the point of view of the fundamentals of combustion and
of real-life applications. Concerning longer chain ethers, dibutyl ether has also been studied and
considered for some applications. A quite thorough review has also been published on oxygenated
compounds by Rotavera [10], where an analysis on the influence of the different functional groups
(among which the ether group can be found) on the low temperature reactivity was presented.
Nevertheless, the literature lacks more experimental data, for example for longer-chained ethers.
Also, even if the influence of the different functional groups has been explored, no indications are
given on the influence of the structure of the molecules belonging to the same family.

This work therefore focuses on the influence of the structure of different fuels belonging to the
same family and therefore showing the same functional group, the ether function. To this aim, dif-
ferent ethers have been considered, some of which have already been studied in our group. Two
complementary set-ups are used to collect experimental data: one jet-stirred reactor, to measure
the mole fractions of intermediates and products, and one rapid compression machine, to mea-
sure the ignition delay times and assess the global reactivity of the fuels.

The ethers that are included in this study were chosen in order to observe the maximum possible

variations in the structure:

* Length of the chain: different symmetrical linear ethers were studied in order to assess the



influence of the length of the carbon chain. Some of these have already been studied in the
JSR, while for all of them the experiments in the RCM were performed in this study. The
selected ethers for this part were: diethyl ether, di-n-propyl ether, dibutyl ether, di-n-pentyl
ether.

* Branching: two groups of comparison were considered, each made of three ethers: the
first one regroups diethyl ether, di-n-propyl ether and di-iso propyl ether, the second one
is formed by dibutyl ether, di-n-pentyl ether and di-iso-pentyl ether. In each group, either

isomers or ethers with similar structure (with or without ramification) are included;

* Asymmetry: only one ether has been considered, which is butyl ethyl ether. As the name
suggested, its structure is common on one side to dibutyl ether and on the other to diethyl
ether. Nevertheless, it should be noted that butyl ethyl ether is also an isomer of di-n-propyl
and di-iso-propyl ethers.

* Other functional groups: lastly, it can be interesting to assess the possible interactions of the
ether group with other functional groups and to this aim, ethyl lactate was included in the
study.

If collecting experimental data is of paramount importance in order to better understand the
behaviour of these fuels, the development of the kinetic mechanism that can correctly predict and
explain these characteristics is of equal interest. The second objective of this work is therefore the
development of a kinetic mechanism that can represent the experimental results, with the aim
of being able to predict the behaviour of any molecule in the ether family mainly based on the
analysis of its structure.

Outline

The presentation of this work is divided into six chapters, following this introduction (Chapter 1).

Chapter 2 gives an overview on the combustion of oxygenated compounds, focusing on the low-
and high-temperature reaction classes. This is followed by a small section on the possible pro-
cesses leading to the production of ethers and by a review of the main literature results concerning
the fuels that are presented in this work.

In Chapter 3, the experimental set-ups that were used in the experimental campaign are pre-
sented. The first part focuses on the set-ups in the two laboratories in Orléans (ICARE and PRISME),
while a second part is dedicated to the presentation of the two set-ups that were used in the Uni-

versity of Galway. The final part of the chapter shortly discusses the uncertainty associated to the
measures.

Chapter 4 presents the construction of the kinetic mechanism and the process linked to the sim-

ulations. A small discussion of the choice of the main reaction rates is given, as well as a general



description of the software used for the simulations. The final part of the chapter is used to explain
the process linked to the heat release rate analysis in the RCM.

The following two chapters, Chapters 5 & 6, introduce the results. The first of these two chapters
focuses on the results obtained in the jet-stirred reactor for di-iso-pentyl and di-n-pentyl ethers.
The section on di-iso-pentyl ether is completed by the comparison to the simulations, while the
one on di-n-pentyl ether focuses on the experimental results and the expected important prod-
ucts and reactions. A comparison is also provided on the reactivity of these two isomers and all the
other ethers previously studied in the same conditions. The second chapter on the experimental
results focuses on the measurements from the rapid compression machine. All of the ethers and
ethyl lactate are included in this section and comparisons, both to the simulations and between
different ethers, are provided.

This manuscript ends with Chapter 7, where general conclusions are drawn and some future per-

spectives are presented.



Chapter 2

State of the art

In this chapter, a general overview of the combustion process of oxygenated compounds is given,
with specific sections for both low- and high-temperature reactivity. Thereafter, the second part of
the chapter focuses on the state of art of each ether studied in this work, considering both the ways
of production (when available in the literature) and the studies performed on the fundamentals of
combustion and on possible real-life applications.
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[2.1.1 Low-temperatureoxidation|. . . . . .. ... ... ... ... ... . ... ... 7
[2.1.2 High-temperature oxidation| . .. ... ... ... ... .. ... ..., 9
R2 Ehersl. . . .o oot e e e e 10
[2.2.1 ProduCtion PrOCESSES| . . . . v v v v v v i e e et e e et e e e e e e e 10
[2.2.2 Diethylether (DEE)|. . . . . . . ... ... . . e 10
[2.2.3 Di-n-propylether (DPE)[ . . . . . ... ... ... ... ... .. . . 13
[2.2.4 Di-iso-propyl ether (DIPE)[. . . . .. ... ... ... ... . . ... . . ... ... 15
[2.2.5 Di-n-butylether (DBE)|. . . . . ... ... .. .. . .. . 17

[2.2.6 Butyl ethyl ether (BEE), di-n-pentyl ether (DNPEE), di-iso-pentyl ether (DIPEE)| 20

[2.2.7 Ethyllactate] . . . . .. ... .. . ... 21

2.1 Combustion of oxygenated compounds

Biofuels are fuels that are produced from biomass, i.e. non-fossil organic matter, that can derive
from vegetable, animal or microbial sources.

It is possible to distinguish between:



* First generation: derived from plant-related sources, they are usually in competition with

food supplies;

* Second generation: derived from lignocellulosic biomass, in which the competition with the

food sector can be avoided,;

* Third generation: derived from micro-seaweed, they look interesting, but they are still quite

unknown and undergoing investigation;

* Fourth generation: derived from genetically modified organisms, they pose issues related to

risks to the environment and biodiversity.

Biofuels, unlike conventional fuels derived from petroleum, have an oxygen content of 10—
45% [11]. Nevertheless, the combustion chemistry is quite similar to conventional fuels and it
involves the same reaction classes. When looking at the reactivity of these kind of compounds
over the temperature range where combustion is possible, it is possible to distinguish different
regions, as shown in Figure At low temperatures (600-800 K), reactions specific to the low-
temperature regime can happen, especially peroxidation and isomerisation reactions. These re-
actions are generally quite slow and are characterised by a low exothermicity, which explains the
denomination of this region as "cool flame". In the intermediate temperature zone, the so called
"negative-temperature coefficient" (NTC) zone can be observed. In this zone, the shifting of the
equilibrium of some reactions leads to the deceleration of the reactivity, it either reaches a plateau
or decreases with the increase of temperature. After this zone, the high temperature reactivity zone
is reached. Here the reactivity strongly increases with the temperature and typically -scission re-
actions become dominant. These reactions are strongly exothermic and usually fast. In the follow-

ing, a deeper insight in the reaction classes typical of low and high temperature regimes is given.

2.1.1 Low-temperature oxidation

The chemistry of low-temperature oxidation can be very complex and include a wide range of
reaction classes. The main classes have been summarised already in 1981 by Benson [13] and
several reviews [14416] over the years. The scheme in Figure[2.2]summarises the main pathways at

low temperatures.
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Figure 2.1: Example of different regimes of reactivity (JSR experiments, diethyl ether, ¢ = 0.5, p =
10 atm, 7 = 700 ms, from [12]).
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Figure 2.2: Main reactions pathways happening during the oxidation of oxygenated compounds at
low temperature.

The primary radical R mainly undergoes addition to molecular oxygen at low temperature,
forming the peroxyalkyl radical RO,. These RO, radicals can either react with radicals such as
RO,,HO,, CH30,, leading to the formation of an alkoxyl radical RO or eliminate an HO, radical to

form an unsaturated compound or undergo isomerization to QOOH by internal H-transfer. This



last one is usually the most common path and the most favourable cyclic transition state is the
one with a ring formed by six atoms. The QOOH radical can then lead to the formation of cyclic
ethers or eliminate an HO, radical forming an unsaturated compound (depending on its struc-
ture) or go through f-scission reactions (propagating pathways less common at low temperature).
At low temperature, it can add to molecular oxygen, forming the OOQOOH radical. Another in-
ternal isomerization follows, with the formation of the HOOQ’OOH radical, which finally yields a
carbonyl-hydroperoxide through the scission of the O-OH bond, then yielding chain branching
agents and another OH radical.

The competition between the pathway leading to the formation of carbonylhydroperoxides and
the propagating pathways is very important, since it affects the NTC behaviour. In fact, carbonyl-
hydroperoxide formation is a chain-branching path, thus accelerating the reactivity, while the for-
mation of the cyclic ether leads to the release of only one OH radical, thus being less favorable for
the reactivity. These reactions are very important in order to understand what is happening in the
NTC region. In fact, as temperature increases, the equilibrium of QOOH+0, = OOQOOH tends
to move towards the reactants, thus limiting the formation of ketohydroperoxides. After the NTC
region within which reactivity decreases, high-temperature reactions become dominant, thus in-
creasing the reactivity again.

2.1.2 High-temperature oxidation

At high temperatures oxidation can also be initiated by unimolecular reactions forming radicals
from the molecule, as for example the homolytic fissions. The rate constants of this kind of reac-
tions strongly depend on the energy of the bond that has to be broken.
Concerning radicals, the most common reactions at high temperature are the isomerization and
the f-scission reactions. The isomerization reactions allow for a re-organisation of the structure of
the radical, through the displacement of a hydrogen atom, through a cyclic transition state. Here
is an example:
$
NN L NN

The B-scission reactions allow the breaking of the bond in the  position with respect to the

radical site and the formation of a double bond on the side of the radical site. This kind of reaction

becomes more and more important at higher temperatures. An example of this reaction is shown

below:

N TN N N



2.2 Ethers

Ethers can be produced through the dehydration and condensation of two molecules of alcohols.
Since alcohols can be produced from biomass, it is also possible to obtain bio-ethers. It has been
proven that oxygenated compounds can be very interesting for engine applications (both as fuels
or as additives), enhancing the combustion efficiency and reducing the emissions [17]. Therefore
bio-ethers are very interesting compounds to study as they can possibly be used for engine appli-

cations in the future.

2.2.1 Production processes

Concerning the production process of some of the ethers that have been studied in this work, it is
possible to find some studies in the literature, especially for the ones that have been more widely
studied in the past decade.

* Diethyl ether can be produced by the dehydration and etherification of two molecules of
ethanol [18-22].

* Di-iso-propyl ether can be produced from the etherification reaction of isopropanol with
propylene or from the dehydrative etherification of isopropanol [23H25].

* Similarly to diethyl ether, dibutyl ether can be obtained through a reaction of etherification
from the corresponding alcohol, butanol [26-28].

* Di-n-pentyl ether has also been studied regarding its way of production, which is based on
the etherification of 1-pentanol [29-32].

The other ethers included in this work can also be obtained from the etherification reaction of
the corresponding alcohol, but no specific work could be found in the literature to the best of
our knowledge. A general review on the processes of synthesis of ethers from biomass-derived

platform chemicals has been presented by Rorrer et al. [33] in 2019.

2.2.2 Diethyl ether (DEE)

After dimethyl ether, diethyl ether is the smallest symmetrical linear ether. DME has been largely
studied since the 90s. In fact, tests in Diesel engines showed encouraging results, leading to the
wide interest in studying the fundamental combustion properties of this small oxygenated com-
pound, which translated in a considerable number of publications (for example [34-41], ranging
from 1996 to today). DEE, on the other hand, has also started to gather interest as a possible bio-
fuel or additive in Diesel engines, as summarised in Sezer [42]. Already in 1959, Waddington [43]
proposed the first study on the main products that could be observed during the gas-phase oxida-
tion of diethyl ether. In 1965, Agnew [44] published another study on the species quantification in



a flat-flame burner. Starting from 2010 more recent works have been published on the oxidation
and pyrolysis of this ether, as summarized below.

Concerning the studies in jet-stirred reactors, Vin et al. [45] performed the first study on DEE pyrol-
ysis, considering different fuel concentrations, pressures and residence times. They nevertheless
stated that the reactivity is mostly influenced by the temperature, while the effect of the pressure
was limited. In 2019, Serinyel et al. [12] studied the oxidation of DEE in a jet-stirred reactor (JSR)
at 1 atm and 10 atm, for lean, stoichiometric and rich conditions. At high pressure, a strong low
temperature reactivity was recorded, while at atmospheric pressure that was limited and not de-
tectable for the rich mixture. They also developed a new kinetic model, since the ones available
in the literature were not capable of predicting this strong low-temperature reactivity. In 2019
and 2020, Tran et al. [46,47] published two other studies on the oxidation of DEE, detecting two
negative-temperature coefficient zones. A new model capable of representing this behaviour was
also proposed. In 2021, Serinyel et al. [48] proposed a study on the pyrolysis of four symmetrical
ethers, including DEE, in a JSR. They found that the four main products common to all four ethers
are CO, CHy, H, and CyH4, showing that the most important reactions are H-abstractions by H
and CHs and the f-scissions of the primary radicals. They also found that all ethers produced
the associated alcohol by molecular reaction to a lower extent. The latest JSR study on DEE, to
our knowledge, was published in 2021 by Belhadj et al. [49], focusing on the elusive cool flame
products, such as ketohydroperoxides and other highly oxygenated compounds, through the use
of liquid chromatography and high resolution mass spectrometry.

Concerning the use of rapid compression machines and shock tubes several studies are also avail-
able. Already in 2010, Yasunaga et al. [50] studied both the oxidation and the pyrolysis of DEE in
a shock tube. They measured both ignition delay times and species profiles and they assembled a
mechanism in good agreement with these results. Thanks to the reaction pathway analysis, they
showed that both for pyrolysis and oxidation, at the early stages of the reaction, the unimolecular
decomposition and H-abstraction of DEE and the decomposition of the ethoxy radicals have the
largest influence on the reactivity. Then, in 2015, Werler et al. [51] measured ignition delay times
of DEE in an RCM and in a ST under a wide range of conditions. In the RCM, they recorded two-
stage ignition between 500 and 665 K and they saw that between 590 and 800 K the ignition delay
times showed little dependence on the temperature. In the ST, IDTs showed a strong dependence
on both pressure and temperature in the studied conditions. They compared these results to sim-
ulations from the mechanism proposed by Yasunaga [50], with good agreement, and they stated
the importance of the H-abstraction reactions from DEE by HO; radicals under these conditions.
In 2018, the first study on the ignition delay times of undiluted DEE/air mixtures was presented
by Uygun [52]. He also reported an NTC region in his data and he stated that in some conditions
even a three-stage ignition was observed. The most recent publication on IDTs measured in a
shock tube and RCM was published in 2020 by Issayev et al. [53]. At fuel lean conditions, they also
recorded a three-stage ignition. In this study, also a blend of DEE and ethanol was studied and a



combined model was proposed, with an accent on the interplay between radicals originating from

the two fuels.

Some studies are also available in the literature on the measurements of laminar flame speeds

(54-56].

In the Table the literature studies presented above are summarised, with the corresponding

set-ups and experimental conditions.

Table 2.1: Summary of the literature on the oxidation of diethyl ether

Set-up Conditions Measurements Year and reference
T =600-1100 K
p=26.7-107.7 kPa L 2016
JSR . Speciation .
Pyrolysis Vin et al. [45]
7=1-10s
T =450-1250 K
p=1,10atm - 2018
JSR Speciation .
¢$=051,2 Serinyel et al. [12]
7=0.07,0.7s
T =400-1100 K
p=1.06 bar o 2019
2JSR Speciation
=1 Tran et al. [46]
T=28
T=400-1100K
p=>5bar o 2020
JSR Speciation
¢p=1 Tran et al. [47]
T=2s
T=720-1140K
p=10atm L 2021
JSR . Speciation .
Pyrolysis Serinyel et al. [48]
7=0.7s
T=440-740K
p=10 atm 2021
JSR Cool flame products .
=1 Belhadj et al. [49]
T=1s
T =900-1900 K L
IDTs and speciation by | 2010
ST p=1-4 atm
. GC Yasunaga et al. [50]
¢ =0.5, 1, 2 and pyrolysis




T = 500-1060 K (RCM), 900-
1300 K (ST)
2015
ST + RCM p =2.5-13 bar (RCM), 10, 20, | IDTs
Werler et al. [51]
40 bar (ST)
$»=05,1,2
T=622-1100K
2018
ST p =18, 40 bar IDTs
Uygun [52]
p=1
T =550-1000 K
p =20, 40 bar 2020
ST + RCM IDTs
¢$=05,1 Issayev et al. [53]
(+ blend with ethanol)
T = 127°C (at burner-tube-
. Temperature profile
Flat-flame exit) ) 1965
+ Intermediates mole
burner ¢$=39 . Agnew et al. [44]
fractions
7=0.07,0.7s
Constant ] ) .
T, =323,343,363 K Laminar burning velocity,
volume o ) 2009
. Dilution =0, 5, 10, 15, 20% Markstein length and Zel-
combustion . Zhang et al. [54]
¢$=08,1,1.2 dovich number
vessel
T, =298-398 K
Flat-flame ) . . 2012
p=1atm Laminar burning velocity . .
burner Gillespie et al. [55]
¢ =0.55-1.6
McKenna T,, = 333 K (burner), 298 K
burner + | (chamber)
constant- ¢ = 1.8 (burner), 1.4 (cham- | Laminar burning velocity | 2017
volume ber) and species distribution | Tran et al. [56]
cylindrical p = 4 kPa (burner), 101, 203,
chamber 304, 405, 507 kPa (chamber)

2.2.3 Di-n-propyl ether (DPE)

Di-n-propyl ether, which stands between diethyl ether and dibutyl ether from a structural point of
view, has only recently been considered for studies on its combustion properties. In fact, it has not
been considered so far as a potential biofuel; nevertheless, it is of great interest in order to under-
stand the behaviour of linear ethers with different chain lengths. To our knowledge, the first study

published on the oxidation of DPE in a jet-stirred reactor was performed in 2020 by Serinyel et



al. [57]. This study was performed at high pressure (10 atm) for different equivalence ratios, rang-
ing from fuel-lean to fuel-rich. This molecule showed a strong low-temperature chemistry and
the carbon adjacent to the ether group proved to be the most favourable site for H-abstraction,
forming the a-radical. A kinetic model was also developed, with good agreement with the experi-
mental results, but the authors underlined the necessity of atmospheric pressure results. This gap
was partially filled in early 2021 by Belhadj et al. [58], who performed a study on the oxidation of
DPE at 1 and 10 atm in a JSR. The focus was on the characterization of cool flame products through
the use of liquid chromatography and mass spectrometry. Stable species were quantified, but only
at 10 atm. In agreement with Serinyel and al. [57], the carbon site adjacent to the ether group
was found to be the most favourable for H-abstraction, but from the large pool of intermediates
that was identified, it was shown that - and y-radicals were also formed. Also in 2021, Fan et
al. [59] reported speciation data on the oxidation of DPE in a JSR at near-atmospheric conditions
and low temperature. In these results, a double-NTC behaviour was identified and attributed to
the competition of chain-branching and termination reactions of the fuel itself and specific de-
composition products, respectively. The paper also underlines the requirements for a fuel to show
a double-NTC behaviour. In the same year, Serinyel et al. [48] also published their work on the
pyrolysis of four ethers in a JSR, already cited in the previous section. DPE was the second most re-
active fuel at high temperature, following its isomer DIPE. Similarly to DEE, the reaction pathway
analysis showed that the most important reactions consuming DPE were H-abstraction reactions
by H and CHj3 radicals and then the 3-scission reactions of the primary radicals. The most recent
published work concerning the oxidation and pyrolysis of DPE was published in 2022 by Cheng et
al. [60], following their first study on DPE in a flow reactor in 2021 [61]. This latest work [60] focused
on the isomeric effect between DPE and DIPE, through experiments performed in two jet-stirred
reactors for speciation and a constant volume cylindrical combustion vessel for the measurement
of laminar flame speeds. On the other hand, this first study [61] dealt with the pyrolysis of DPE
in a flow reactor, with the determination of its intermediate products and the development of a
detailed kinetic model, which showed how the unimolecular decomposition reactions control the
reactivity at the conditions studied. In Table the studies presented above are summarised,
together with the set-ups used and experimental conditions investigated.



Table 2.2: Summary of the literature on the combustion of di- n-propyl ether

Set-up Conditions Measurements Year and reference
T=470-1160 K
p=10 atm Lo 2020
JSR Speciation .
¢=05,1,2,4 Serinyel et al. [57]
7=0.7s
T=720-1140K
p=10atm L. 2021
JSR . Speciation .
Pyrolysis Serinyel et al. [48]
7=0.7s
T =450-950 K
p=1,10 atm 2021
JSR Cool flame products .
¢=05 Belhadj et al. [58]
7=1,0.7s
T =425-850 K
p=1atm L. 2021
JSR Speciation
¢p=1 Fan et al. [59]
T=2S$
JSR: T = 780-1050 K, p = 1
2 JSR + con-
atm
stant volume o .
Lo FS: T, =373K, p,=1-10atm | Speciation and laminar | 2022
cylindrical .
. pyrolysis (JSR), ¢ = 0.7-1.5 | flame speeds Cheng et al. [60]
combustion
(FS)
vessel
T=1and2s
T =850-1350 K
Tubular flow o 2021
p=0.04, 1 atm Speciation
reactor . Cheng et al. [61]
Pyrolysis

2.2.4 Di-iso-propyl ether (DIPE)

Di-iso-propyl ether is the isomeric branched counterpart of di- n-propyl ether. If DPE has not been
proven to be actually useable as a biofuel or additive, some studies have already been published on
the use of DIPE as an additive in SI or HCCI engines [62-64]. Already in 1998, Goldaniga et al. [65]
studied DIPE as an octane improver, along with other well known additives including MTBE, ETBE
and TAME. In this study, the oxidation of these fuels was performed in a JSR, for fuel-lean to fuel-
rich mixtures. They also added the sub-mechanism for these ethers to an oxidation reaction model
for the primary reference fuels already available [66] and the agreement with the experimental re-



sults proved to be quite good. In 2021, Serinyel et al. [48] included DIPE among the four symmetri-
cal ethers considered in their pyrolysis study. At high temperature, DIPE was shown to be the most
reactive one among the ethers considered and its specific alcohol (isopropanol) appeared at lower
temperature (product of the molecular reaction dipe = C3Hg + iC3sH;OH) and reached the highest
peak in mole fraction. In the same year, Fan et al. [67] performed a study on the oxidation of DIPE
in a JSR at atmospheric pressure and stoichiometric conditions, with a residence time of 2 s. In
these conditions, the consumption of DIPE only starts after 750 K. They explained this through
their kinetic model, saying that the OOQOOH radicals dissociate back to QOOH + O, instead of
undergoing intramolecular isomerization, thus inhibiting the reactivity at low temperature. Also
Serinyel et al. in 2022 [68] stated that DIPE did not show any low temperature reactivity (T < 700
K) in their oxidation experiments in a JSR. The oxidation of the rich mixture (¢ = 4) was actually
quite similar to the pyrolysis, with an important production of propene and isopropanal. They
also underlined how DIPE showed a smaller fuel conversion when compared to the other ethers
they studied at the same conditions.

Other measurements were performed for DIPE by Liu et al. [69] and Hashimoto et al. [70]. The
first study focused on the comparison of five different ethers, by characterising the oxidation tem-
peratures and pressures and some intermediates products in an accelerating rate calorimeter. The
second also focused on a comparison, this time between three ethers that are considered potential
octane improvers (ETBE, DIPE, TAME), by measuring the extinction limits and the flame structures
in a counterflow burner. In the Table the literature studies presented above are summarised,
with the set-ups used and associated experimental conditions.

Table 2.3: Summary of the literature on the combustion of di-iso-propyl ether

Set-up Conditions Measurements Year and reference
T=800-1150K
1998
p=10atm Lo .
JSR Speciation Goldaniga et
¢ =0.5-2
al. [65]
7=05s
T=720-1140K
p=10 atm o 2021
JSR . Speciation .
Pyrolysis Serinyel et al. [48]
7=0.7s
T =525-900K
p=1atm L. 2021
JSR Speciation
¢p=1 Fan et al. [67]
T=2s




T =500-1160 K

p=10 atm L 2022

JSR Speciation .
¢=05,1,2,4 Serinyel et al. [68]
7=0.7s
T = 780-1050 K (JSR), T, =

2 JSR + con- | 373 K (FS)

stant volume

p =1 atm (JSR), p, = 1-10

Speciation and laminar

2022

cylindrical atm (FS)
) . flame speeds Cheng et al. [60]
combustion | pyrolysis (JSR), ¢ = 0.7-1.5
vessel (FS)
T=1land2s
Accelerating o
Oxidation temperatures
rate To=323K ) 2016
) and pressures + specia- )
calorime- Py =1.0 MPa . Liu et al. [69]
tion
ter
T =333 K (fuel), 298 K (oxi- L ) 2017
Counterflow . Extinction limits + specia- )
dizer) . Hashimoto et al.
burner tion
p=0.1 MPa [70]

2.2.5 Di-n-butyl ether (DBE)

Recently, di-n-butyl ether has been identified as a potential biofuel for Diesel engine application,
several studies [71-75] have shown how the addition of DBE to biodiesel or diesel can improve the
performances and at the same time reduce the soot formation and the emissions. Considering the
huge potential of this fuel, it is not surprising to see that many studies on the fundamental charac-
teristics of DBE combustion are available in the literature.

Concerning speciation, the first study, to our knowledge, was published by Thion et al. in 2017 [76].
In this study, the oxidation of DBE at two different pressures (1 and 10 atm) and three equivalence
ratios was considered. From the experimental results at 10 atm, a double-NTC zone was identi-
fied and attributed to the fact that the low-temperature reactivity of the fuel and of smaller species
are triggered at different threshold temperatures. A detailed kinetic mechanism was also devel-
oped, allowing for an analysis on the reactivity, which showed how the carbon neighbouring the
ether group was the most favourable site for H-atom abstraction and therefore the corresponding
fuel radical chemistry was driving the overall reactivity. This double NTC behaviour was then con-
firmed also in the work of Tran et al. [77], who studied DBE oxidation at near atmospheric pressure
and stoichiometric conditions, but with different residence times and initial fuel mole fraction. In
their study, they found some traces of highly oxygenated peroxides, which suggested a third addi-



tion to molecular oxygen. They also compared their results to the models proposed by Thion et
al. [76] and by Cai et al. [78], obtaining significant discrepancies, leading to the need to include
more low-temperature intermediates. Two studies were then published by Belhadj et al. [79}80],
concerning the speciation of specific products in the cool flame and highly oxygenated products.
The first study in 2020 compares the results obtained in a jet-stirred reactor and in a rapid com-
pression machine, showing that similar oxidation pathways are followed in both set-ups. In both
cases, the @ C-H bond was found to be the most favourable site for hydrogen abstraction, however
the results from speciation showed that other primary radicals could also be formed, resulting in
a large pool of intermediates and products. In the second study in 2021, only jet-stirred reactor
conditions were considered, again with speciation of cool-flame products and highly oxygenated
molecules. In this case, the pressure was set at 10 bar and oxidation was performed in fuel-rich
conditions. Authors found a strong similarity to atmospheric oxidation, considering the classes of
products that were identified. In 2021, DBE pyrolysis was studied in the comparative study done by
Serinyel et al. [48], together with DEE, DPE and DIPE. DBE was found to be the least reactive under
these conditions at high temperature, feature that the kinetic model proposed was not completely
able to capture. The main pathways followed by DBE in its pyrolysis were found to be similar to
the other ethers, with a predominance of H-atom abstraction by H and CH3 and then f-scissions
of the primary radicals.

Several studies can also be found in the literature reporting ignition delay times, both in shock
tubes and in rapid compression machines. A first study by Guan et al. [81] performed ignition
delay times measurements at low pressures (1.2-4 bar) and high temperatures in a shock tube.
They compared their data with the Cai et al. mechanism [78], showing good agreement. They
noticed that the IDTs have a strong negative dependence upon the equivalence ratio at high tem-
perature, while the ignition delays have similar values independently from the equivalence ratio
at lower temperatures. They also noticed, through a reaction pathway analysis, that the unimolec-
ular decomposition becomes more important as the temperature increases. Also in 2021 Hakimov
etal. [82] measured DBE ignition delay times, using both an RCM and a ST. They also measured CO
molar fractions in a shock tube during DBE pyrolysis. Interestingly, in the RCM at fuel-lean condi-
tions, the pressure traces showed ignition happening in three or even four stages. They compared
their results to the Thion et al. [76] and Cai et al. [78] mechanisms, showing important discrepan-
cies, which made them conclude that the rate of decomposition of DBE should be revisited. The
most recent study on IDTs was published by Zhong et al. [83], using a rapid compression machine.
They observed an NTC behaviour for the total IDTs in the temperature range investigated (525-707
K). They also tested literature models against their data, with unsatisfactory performance, lead-
ing to the tuning of the Thion [76] mechanism, which was also validated against other literature
data. Concerning other studies published for DBE combustion, laminar flame speeds and IDTs
were measured by Cai et al. [78], together with the development of the first detailed kinetic model.
Moreover, Fan et al. [84] performed a pyrolysis study in a flow reactor, leading to the identification



of around 30 intermediates and products and to the development of a new pyrolysis mechanism

for DBE. In the Table the literature studies presented above are summarised, with the set-ups

used and associated experimental conditions.

Table 2.4: Summary of the literature on the combustion of dibutyl ether

Set-up Conditions Measurements Year and reference
T=470-1250K
p=1,10 atm . 2017
JSR Speciation .
¢=05,1,2 Thion et al. [76]
7=70,700 ms
T =440-1100 K
p=106.7 kPa o 2019
2]JSR Speciation
=1 Tran et al. [77]
T=25
T =480-670 K (JSR), 550-630
K (RCM)
p =1, 10 atm (JSR), 5 bar 2020
JSR + RCM Cool flame products .
(RCM) Belhadj et al. [79]
¢ =0.5 (JSR), 1 (RCM)
T=1s
T=720-1140K
p=10atm L. 2021
JSR . Speciation .
Pyrolysis Serinyel et al. [48]
7=0.7s
T =460-780 K
p=10 atm 2021
JSR Cool flame products .
o=2 Belhadj et al. [80]
T=1s
T=1100-1570K
2014
ST p=1.2-4bar IDTs
Guan et al. [81]
¢$=051,15
T = 550-650 K (RCM), 900-
1300 K (ST) o
IDTs + CO speciation in | 2021
RCM + ST p = 10, 20, 40 bar (RCM), 20, )
ST (20 bar, 1100-1400 K) Hakimov et al. [82]
40 bar (ST)
¢=0.51(RCM + ST)




T =525-707 K
RCM p=7,10 bar (RCM) IDTs
$=07,1,14

2022
Zhong et al. [83]

Laminar
flow reac- | T = 485-525 K (IDTs), T, =
tor (IDTs) + | 373 K (ES)

stagnation p=1atm (IDTs and FS)

IDTs and laminar flame | 2014

speeds Caietal. [78]

flame con- | ¢ =0.5,0.7, 1 (IDTs), 0.7-1.5
figuration (ES)
(FS)

T =800-1250 K
Fl t lysi Speciati 2021

ow reactor rolysis eciation
PyIoy P Fan et al. [84]

p =30, 760 Torr

2.2.6 Butyl ethyl ether (BEE), di-n-pentyl ether (DNPEE), di-iso-pentyl ether
(DIPEE)

Butyl ethyl ether and di-iso-pentyl ether have so far not been considered as potential biofuels or
additives for engine applications. Di-n-pentyl ether, on the other hand, has been previously tested
in engines, in mixtures with other components. In 2015, Koivisto et al. [85] tested several oxy-
genated compounds obtained from lignocellulosic biomass in mixtures with 30% wt of n-heptane.
They focused on the effect of oxygen in the molecular structure and they saw that the ignition
delay times of DNPEE were similar to the ones of the corresponding alkane. They explained this
through the competing effect of the physical properties of the ether (increasing the IDT) and the
ether function itself (decreasing the IDT by making H-atom abstraction and fuel peroxy radical
isomerisation reactions easier). They also measured the emissions from the diesel engine fuelled
with these mixtures, but no specific observation was provided on DNPEE. In 2020, Aakko-Saksa et
al. [86] used DNPEE as an additive in their tests for a biomethanol fuelled engine. Nevertheless,
only a small percentage of DNPEE was used in mixtures with other additives, and the focus was

more on the feasibility of methanol mixtures in an ethanol-based engine.
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Figure 2.3: Molecular structures of BEE, DNPEE and DIPEE.



In the aim of understanding the reactivity of the molecules of this family and how molecu-
lar structure influences it, all of these ethers are very interesting to study in similar conditions as
the other ethers previously presented. The molecular structure of these fuels is shown in Figure
In particular, BEE allows us to see how the lack of symmetry can change the reactivity when
compared to DPE and DIPE (all three having six C-atoms). DNPEE and DIPEE, on the other hand,
can give a deeper knowledge on the influence given by the length of the chain, but also by the
branched structure. They also give another example of how two isomers can behave under similar
conditions. To the best of our knowledge, there are no studies available in the literature on the
fundamental combustion properties of these molecules, nor is there a kinetic mechanism avail-
able. Therefore, in order to have a complete overview of the reactivity of ethers, it is necessary to
collect experimental data at similar conditions for all these molecules and develop a mechanism
capable of predicting the combustion properties and possibly help to understand the effect of the
molecular structure.

2.2.7 Ethyllactate

Ethyl lactate is an oxygenated compound (C5H;(03) whose molecular structure is shown in Figure
It is a very interesting molecule, since it presents different functional groups, among which
an ether group is present. In the past, it has been used as a solvent and food additive [87,/88]. To
the best of our knowledge, no studies were available in the literature about its fundamental com-
bustion properties, except the one that has been derived from our recent work [89], where ignition
delay times and laminar flame speeds were measured and a first kinetic model was proposed.
Nevertheless, since ethyl lactate has promising characteristics as solvent, some studies have been
published about the possible ways of its production. The most common process to produce ethyl
lactate is the esterification of lactic acid with ethanol, using an acid as a catalyzer, as explained by
Pereira et al. [87]. New pathways have been recently proposed by Koutinas et al. [90] and by Li et
al. [91]. It is important to note that all these processes are based on renewable sources, which is
one of the reasons why ethyl lactate has been considered as a promising biofuel, in particular as

an octane enhancer.

O
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Figure 2.4: The molecular structure of ethyl lactate.



2.3 Conclusions

From this literature review, it can be concluded that experimental data are still missing, especially
for longer chain ethers, including DNPEE and DIPEE. Moreover, available literature mechanisms
are not able to reasonably simulate all the experimental data from the different experimental facili-
ties. Moreover, studies comparing the relative reactivity of the different ethers are scarce and most
of the collected experimental data are in different conditions and from different set-ups, which
makes it hard to have a direct way of comparing. In the light of these findings, this study is try-
ing to present a wide dataset for seven different ethers, allowing to compare them and possibly to

understand the relation between the different structures and the reactivity.



Chapter 3
Experimental facilities

In this chapter, the experimental facilities used to carry out the experimental campaign are pre-
sented. First, a description of the jet-stirred reactor, as well as the analysis techniques used to identify
and quantify intermediate products is included. Then, the three different experimental set-ups used
for measuring the ignition delay times are described.
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Introduction

The characterisation of the combustion of these molecules is of primary importance, both for the
possible applications and from a fundamental point of view. The collection of experimental re-

sults allows the validation of the kinetic models, that in turn allow to predict the behaviour under
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different conditions. Information on both global reactivity and specific products are therefore of
interest for a better understanding of these molecules under combustion conditions. To this end,
a jet-stirred reactor was used in order to measure the mole fractions of the reactants, products and
intermediate species over a wide range of temperatures. On the other hand, in order to have an
insight on the global reactivity, ignition delay times were measured using two rapid compression

machines and one shock tube.

3.1 Jet-Stirred Reactor

Jet-stirred reactors (JSR) are widely used to study fuel oxidation or pyrolysis for gas-phase kinetic
studies. Their main advantage is the possibility of decoupling the transport effects, thanks to the
homogeneity of the chemical and physical properties inside the reactor, leading to a simplification
in the modeling. The JSR used in this work is in ICARE laboratory (CNRS, France). It was builtin the
80s by Dagaut, as described in and shown in Figure[3.1] The interesting feature of this reactor,
which was a novelty for that period, is the possibility of carrying out experiments at pressure up to
around 10 atmospheres. This is done thanks to the pressure jacket where the reactor is placed and
to the four holes at the bottom of the prolongation tube, which let the gases exiting the reactor to

diffuse into the metallic vessel, so that they equilibrate the pressure inside the reactor itself.
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Figure 3.1: Jet stirred reactor in ICARE laboratory.

The reactor is made of fused silica in order to prevent any reaction at the walls. Its diameter is



40 mm, while the four nozzles which introduce the four turbulent flows have a diameter of 1 mm.
The position of the nozzles allows the insertion of a sampling sonic quartz probe and a thermo-
couple in the reactor. These two can be moved along the axis of the reactor, thus allowing to both
check the homogeneity and collect samples at any position of the reactant mixture. The reactor is
heated by an electrical oven, up to 1280 K. As can be seen from Figure[3.1a} the flows of oxygen and
vaporised fuel are brought separately to the reactor, in order to avoid any pre-reactions. Moreover,
the mixture is highly diluted in nitrogen, in order to assure temperature stability avoiding high
heat releases, which may damage the reactor. An HPLC pump is used to control the fuel flow rate
and a vaporisation system ensures the vaporisation of the fuel before the reactor is reached. The
flow rates of oxygen and nitrogen are controlled through different mass flow controllers, which are
regularly calibrated. All the experiments are performed with a constant residence time, which de-
pends in turn on the pressure, temperature and total flow rate in the reactor, as shown by equation
B.1]

—— (3.1)

where T and Py represent ambient temperature and pressure, Q;,; is the total flow rate (in cm?/s)
and V; is the reactor volume (in cm3). As this equation implies, in order to keep the residence time
constant, it is necessary to adjust the mass flow rates of the reactants, as the reactor temperature
is increased.

Alow-pressure sonic probe is used to collect samples of the reacting mixture. Online analysis of the
sample is performed through a FTIR, which is going to be described in more details in Section[3.1.1}
The line leading the sample to the FTIR is heated up to 150°C, in order to avoid condensation. The
same line also allows to store the sample in Pyrex bulbs, at ambient temperature and a pressure of
around 80 mbar, in order to perform offline GC analyses, which will be detailed in Sectionm
Two ethers have been studied in the JSR in this work, di-iso-pentyl and di-n-pentyl ethers. The
conditions, similar to the ones used in previous works performed in this set-up, are reported in

Table[3.11

Table 3.1: The fuels tested and experimental conditions studied in the jet-stirred reactor.

Initial fuel
Fuel ¢ P (atm) T (K) mole frac- | 7 (ms) | Identified species
tion
.. 0.5, 1.0,
Di-iso-pentyl ether 20 4.0 10 450-1210 | 1000 ppm 700 ~48
. 0.5, 1.0,
Di-n-pentyl ether 90 4.0 10 450-1210 | 1000 ppm 700 =52




3.1.1 Fourier Transform InfraRed spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) is an analytical technique which allows the quan-
tification of gaseous products, based on the interaction of light and matter. Its functioning is based
on the Beer-Lambert law, which relates the absorbance to the concentration of a certain molecule.
In order to quantify the products, it is necessary to calibrate in advance and create a method which
will be able to determine if a certain molecule is present and with which mole fraction, based on
the position of its absorption/emission peaks and taking into account possible interferences. The
spectrometer used in this work is the Thermo Nexus 670. The optical path is 10 m and the number
of scans per measure is 32, with a resolution of 0.5 cm™L,

This technique is used in this work to quantify H,O, CO, CO,, formaldehyde and methanol, plus
possible organic acids. Moreover CHy4, C2Hg, C3Hg, C2Hg and C,H» can be quantified, but their
profiles are usually obtained from the GC. Other products, like for example hydrocarbons, are
quantified through gas chromatography (Section[3.1.2), since they would absorb in similar bands

and would therefore have too many interferences.

3.1.2 Gas chromatography

Gas chromatography is an analytical process allowing the separation of different compounds con-
tained in a mixture. A gas chromatograph (GC) is mainly composed of three elements: the injector,
the column and the detector. Different columns and detectors were used in this work, as reported
in Table Each compound has a different interaction with the column and with the carrier gas.
This allows to identify the different species based on the retention time, which is measured as the
time required to travel inside the column. A typical resulting chromatogram from a GC analysis is
shown in Figure the area of the peaks being proportional to the mole fraction of each species.
The conversion from the area to the mole fraction is done thanks to a conversion coefficient which
can be directly obtained, if pure samples of that species are available in the laboratory, or estimated

through the effective carbon number rule as described in [93].

Table 3.2: Gas chromatographs used in this work, with coupled columns and detectors.

GC Column Detector | Species Carrier gas
. CP-SIL5CB, L=25m,
(S;;;r(l)?(ngE Dint =0.32 mm, Df=1.2 ym FID/MS Ij)édm(;il:?[(;gs He: 0.7 mL/min
DB1,L=30m, : e’gis
Dint =0.53 mm, D=3 um p
Shimadzu CP-Al,03/KCl, L=50m, Hydrocarbon .
FID/M He: 0.7 mL
QP2010-SE || Djp¢ =0.32 mm, Df=5 um IMS species e: 0.7 mL/min
Varian CP-Carboplot P7, L=25m, ) .
3300 Ding = 0.32 mm, Dy = 1.2 um TCD H, and O, N,: 15 mL/min
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Figure 3.2: Example of the chromatogram obtained through gas chromatography analysis from the
GC Shimadzu QP2010-SE equipped with CP-SIL 5CB column (DIPEE, ¢ = 1, 650 K, 10 atm, 7 = 700
ms).



3.2 Rapid Compression Machine

Rapid compression machines (RCMs) are important facilities in gas-phase kinetics, providing ex-
perimental data on the global reactivity of fuel oxidation. A thorough review on the design and
advances on RCM has been given in Goldsborough et al. [94], with a focus on the applications in
the study of low- and intermediate-temperature phenomena.

The set-up of an RCM simplifies the design of a common engine: a cylindrical combustion cham-
ber (similar to an engine cylinder) is filled with a mixture of vaporised fuel, oxygen and inert gases
and a piston compresses the reactants over a short time. The pressure in the chamber is measured
and is used to determine the ignition delay time, i.e. the time interval between the end of the
compression (when the piston reaches its top-dead center) and the ignition. Rapid compression
machines are particularly useful for low/intermediate temperature and high pressure conditions,

which can be similar to what is experienced in engines, as can be seen in Figure[3.3]
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Figure 3.3: Pressure and temperature conditions of engines and experimental devices (adapted
from [94]).

Over the years, different studies have been published, both based on experiments and CFD cal-
culations, in order to prove the homogeneity of the reacting core in the combustion chamber and
to improve the design of this kind of experimental device. In fact, since the simulations involving
big kinetic mechanisms can become very time and resource consuming, it is necessary to be able
to simulate the experimental results obtained through 0D models. In order to do so, the assump-
tion of a homogeneous reacting core is necessary. In reality, the formation of a colder boundary



layer and related roll-up vortex might create a temperature gradient in the chamber and result in
inhomogeneous ignition. This problem has been partially solved through the use of creviced pis-
ton heads, which capture the boundary layer and prevent its mixing with the hotter core. In this
way, the core can be supposed homogeneous, 0D models can be used and the temperature at the

end of the compression can be computed by assuming that the core is adiabatic:

T;
f _y 4ar_, Pe (3.2)
ny-1T Po

where y = ¢,/ ¢y, pc and T, are the pressure and temperature at the end of the combustion and
po and Ty are the initial pressure and temperature.
Nevertheless, heat losses and facility effects are still present in each experimental set-up. In order
to take this into account in the simulation, the hypothesis of an expanding adiabatic core is em-
ployed. For each condition tested (mixture, compressed temperature and pressure), a test with a
non-reactive mixture where oxygen is replaced by nitrogen is performed. From the pressure pro-
files of these tests, volume-time histories are computed, allowing to consider the facility effects
during the simulations. The validity of this simplification has been discussed by Mittal [95]. Al-
though in the case of two-stage ignition the error of the simplified 0D model is bigger than in the
case of single-stage ignition, the conclusion is that this simplification still leads to acceptable re-
sults, when considering the lowest overall cost.
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Figure 3.4: Simplified scheme of the rapid compression machine in PRISME laboratory (University
of Orléans).



The rapid compression machine used in this work is located in PRISME laboratory, at Uni-
versity of Orléans. A simplified experimental set-up scheme is reported in Figure This RCM
is a single-piston machine, which is pneumatically driven and hydraulically controlled. Some of
its characteristics are reported in Table more can be found in a detailed description given by
Pochet [96].

Table 3.3: Characteristics of the rapid compression machine in PRISME laboratory.

Stroke 200-250-300 mm
Piston diameter 50 mm
Compression ratio 4-14.5
Maximum piston velocity 11.5m/s
Compression time 35 ms
Crevice volume 4.82 cm?®
Intake temperature 20-180°C

The mixture to be tested is prepared in a separate tank, which is heated in order to avoid con-
densation and mechanically mixed in order to ensure homogeneity. All the valves and connections
between the mixing tank and the combustion chamber are also heated to a temperature higher
than the saturation temperature, in order to avoid the condensation of the liquid fuel. The mass of
liquid fuel is measured with a high-precision scientific scale (Phoenix instrument BTG-3030) and
injected in the tank with a syringe. The different gases composing the mixture are introduced in
the tank using a mass flow controller (CORIFLOW M13-Bronkhorst), which is in turn controlled
with an in-house program developed through LabView. The initial temperature of the whole set-
up can be controlled, giving the possibility to obtain different temperatures in the combustion
chamber at the end of the compression without needing to change the compression ratio. For all
the tests performed, the compression ratio has therefore been kept constant, even if the RCM was
designed in such a way to allow a wide range of compression ratio. More details on this decision
will be given in Section|3.2.1
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Figure 3.5: Example of the data measured in the RCM: in black, pressure profiles for reactive (solid)
and non reactive (dashed) mixtures, in blue, the position of the piston and in red, the first deriva-
tive of the pressure for the reactive test. Top dead center (TDC) and ignition delay times (IDTs) are
also indicated. (DEE, ¢ = 1, dilution = 10 (fuel initial mole fraction: 1.5%), T, = 596 K, p. = 14.8
bar).

Concerning the diagnostics, the intake temperature is measured through a type K thermocou-
ple (accuracy + 1K). A piezoresistive transducer, AVL QC34C, is used to measure the pressure inside
the combustion chamber and the position of the piston is also recorded in order to identify the ex-
act time of the end of the compression (piston at the top dead center). An example of the recorded
pressure trace and piston position can be seen in Figure along with the first derivative of the
pressure, which is used in order to identify the ignition delay times. The data collected from the
experimental runs are then post-processed through an in-house Matlab script developed in this
study that detects the pressure at the TDC, computes the temperature using the adiabatic core as-
sumption and determines the ignition delay time by computing the first derivative of the pressure.
The volume profiles that are used to take into account the facility effects during the simulations
are also computed through a Matlab script developed in this study, also by assuming an adiabatic
expansion of the core gas. A typical pressure profile for a non reactive mixture and its computed
volume profile are shown in Figure 3.6
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Figure 3.6: Example of a test with a non reactive mixture: in black, the measured pressure profile,
in red the computed normalised volume profile used in the simulations (DIPE, ¢ = 2, dilution =5
(fuel initial mole fraction: 3.6%), T, = 501 K, p. = 14.8 bar).

Seven ethers were studied in the rapid compression machine (Table [3.4). Since it may be of
interest to compare their relative reactivities, similar conditions were selected when possible. In
addition, ethyl lactate, a molecule also presenting an ether function, has been studied in the RCM,
but under different conditions due to its much lower reactivity. All of the conditions tested are
reported in Table[3.4] An additional analysis on the heat release rate has been performed for some
conditions. This required a different acquisition system that was implemented specifically for this
kind of analysis. A separate computer was coupled with an acquisition card (PCi NI 6123, 16 bits,
+ 10V, 500 kSamples/second/channel), in order to obtain a better time resolution of the pressure
signals (acquisition frequency of the previous system: 6.67 Hz). Following the theory explained by
Goldsborough in [97], the heat release rate was computed with the following formula:

y 4dv 1 dpP dP

HRR=——="—[P-Pp]+—V|—— =—
y—ldt[ nr) y—1 |dt dt

(y-1)7?

dt dt

] PV [dy dy
nr

] (3.3)

The analysis performed on the heat release will be further discussed in section[4.3]



Table 3.4: Tested fuels and experimental conditions in the rapid compression machine in Orléans
(dilution is defined as the inert gases molar fraction over oxygen molar fraction)

Fuel Dilution | ¢ ?uel p (bar) T (K)

0.5 0.8 450-700

10 1.0 1.5 15 500-750

DEE 20 |29 500-700

5 0.5 1.37 | 15 530-605

0.5 | 0.5 450-700

DPE 10 1.0 1.0 15 500-750

20 | 2.0 500-700

0.5 | 0.9 860-970

5 1.0 1.8 15 535-870

DIPE 2.0 3.6 500-700

10 20 (2.0 |15 500-900

3.76 0.5 |228 |15 590-915

0.5 | 0.9 535-615

5 1.0 1.8 | 15 530-640

BEE 20 |36 535-630

1.0 1.0 540-640

10 2.0 1.98 15 540-720

0.5 | 0.7 530-650

5 1.0 1.4 15 530-650

DBE 20 |27 520-650
1.0 [ 0.8 |15,20

10 2.0 15 15 535-680

0.5 | 0.5 530-630

5 1.0 1.1 15 520-620

DNPEE 20 |22 530-600
1.0 0.6 15, 20

10 20 1.2 15 570-760

0.5 0.5 540-630

5 1.0 1.1 15 530-620

DIPEE 20 |22 530-600
1.0 [ 0.6 |15,20

10 2.0 12 15 580-840

0.5 1.72 | 20 822-919

Ethyl lactate 3.76 1.0 | 3.38 | 20,30 824-925

1.5 499 | 20 788-885




3.2.1 Preliminary study on the RCM configuration

Ignition delay times measured in rapid compression machines can be sensitive to different pa-
rameters. As already stated before, facility effects (as for example heat losses) are usually taken
into account through the use of volume profiles and with the assumption of the adiabatic core
region. Nevertheless, in the beginning of this study it has been noticed that also the compression
ratio could influence the ignition delay times. In particular, in this specific facility it is possible to
change the compression ratio by changing a wedge at the end of the combustion chamber, which
in turn changes the volume at the top and bottom dead centres. Some of the wedges used in this
work are shown in Figure with different thicknesses of 22.7 mm, 10 mm, 7 mm, 5 mm (in-
cluded in the figure), 12.7 mm, 3 mm and 1 mm (not shown in the figure). Figure shows the
ignition delay times obtained for a mixture of DEE/air at a compressed pressure of 3 bar (in this
preliminary part, the initial aim was to obtain results in comparable conditions as the ones used by
Werler [51]). Four wedges have been used and Figure 3.8ashows that the measured ignition delay
times are quite different. Taking for example a compressed temperature around 655 K, it is possi-
ble to see that the IDT is ranging from 66.8 ms (wedge of 7 mm) to 15.6 ms (wedge of 35.7 mm).
This variation is not linear with the variation of the thickness of the wedge. In fact, we noticed
that increasing the thickness of the wedge was leading to a convergence of the resulting ignition
delay times. A trade-off between the thickness of the wedge (which implies the compression ratio)
and the temperature range that was reachable was therefore necessary, leading to the decision of
keeping the wedge constant, with a thickness of 27.7 mm.

CR638 ik  CRO.16 CR1027

(b) Side view of the wedges (with thickness)

Figure 3.7: Photos of some of the wedges that were used in this work.
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It is interesting to have a deeper look at the effect that this parameter can have. In order to do
that, a comparison of pressure profiles obtained for non-reactive mixtures was performed. Non-
reactive mixtures have been selected for this analysis in order to rule out any effect on the pressure
caused by combustion reactions that may happen even before the ignition. The resulting plot is
shown in Figure It is possible to see that the lowest thickness of the wedge is leading to a
greater and faster pressure decrease in the profile obtained for a non-reactive mixture, while the
profiles obtained in the configurations with a wedge over 20 mm thickness show a slower pressure
decay. The conclusion that can be obtained from this comparison is that the thinner wedge en-
hances the heat losses, probably imputable to a less effective capture of the vortices by the crevice.
This effect was also shown by Mittal et al. in [98], where they performed CFD simulations in or-
der to assess the effect of compressed pressure, stroke length and clearance on the vortex roll-up.
They showed that increasing the clearance, as well as decreasing the stroke length, led to a smaller
vortex formation. Therefore, the configuration chosen for this work was one with a shorter stroke
(200 mm) and a sufficiently thick wedge (27.7 mm), while still being able to reach an interesting
range of temperature for the studied fuels. Also, the compressed pressure of 3 bar was deemed as
too low, both for vortex effect and for the noise on the pressure signal. The optimal conditions for
this RCM were evaluated to be over 10 bar, all the tests were therefore performed at 15 bar, with
some fuels tested also at 20 bar under some conditions.

3.3 University of Galway facilities

In complement, ignition delay times for two of the above mentioned ethers (DPE and DIPE) have
been measured in the facilities of the Combustion Chemistry Centre at the University of Galway.
A high pressure shock tube, presented in Section [3.3.1} was used for the high temperature range,
while a twin-piston rapid compression machine (Section [3.3.2) was used to fill the intermediate
temperatures between the maximum obtainable temperature in the RCM in Orléans and the min-

imum temperature achievable in the shock tube.

3.3.1 High Pressure Shock Tube

The high pressure shock tube in the Combustion Chemistry Centre of the University of Galway has
been employed in order to measure ignition delay times at high temperatures. A comprehensive
description can be found in previous publications of the Galway team [99,100].

The driver section is 3 m long, while the driven section is 5.7 m long, and both have an internal
diameter of 63.5 mm. The two sections are separated by a 3 cm diaphragm section, which employs
two pre-scored aluminium diaphragms, with a thickness varying from 0.8 to 2 mm, depending on
the pressures used in the system. Helium is used as a driver gas, while the tested mixtures are di-
luted in nitrogen. Six pressure transducers (PCB; 113A24) on the sidewall and one at the endwall



(Kistler; 603B) were used to determine the velocity of the incident shock wave. This velocity is then
used in the program Gaseq [101] in order to determine the temperature of the mixture behind the
reflected shock, while the pressure was measured thanks to the sensor on the endwall. A heating
system is employed on the shock tube, in order to avoid condensation of the fuel in the tested mix-
ture. The ignition delay times were computed as the interval between the rise in the pressure due
to the shock wave and the maximum rate of rise of OH*. The OH* concentration was determined
thanks to a photomultiplier placed on the endwall and equipped with the OH* filter FBH300-10
(CWL: 300 nm + 10 FWHM) by Thorlabs. The mixtures that have been tested in the high-pressure

shock tube and the considered conditions are summarised in Table[3.5]

Table 3.5: Tested fuels and experimental conditions in the high-pressure shock tube.

Fuel Dilution | ¢ % Fuel P (bar) | T (K)

0.5 |05 1050-1415
DPE 10 1.0 | 1.0 15 1000-1450

20 |20 960-1510

0.5 |05 1005-1475
5 1.0 | 1.0 15 1000-1510
DIPE 20 |2.0 1010-1510
10 2.0 2.0 15 1110-1510

3.3.2 Rapid Compression Machine
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Figure 3.9: Simplified scheme of the RCM at the university of Galway (courtesy of C3 Galway).

The rapid compression machine at the university of Galway has a very different design compared
to the one in PRISME laboratory, as it employs two synchronised pistons to compress the tested

gaseous mixtures. This set-up has been previously described in [102,/103] and a simplified scheme



is shown in Figure The movement of the two pistons allows for a shorter compression time
(around 16 ms) compared to the time of the single piston RCM in Orléans (around 35 ms). Both
pistons have a creviced head, in order to avoid inhomogeneity caused by the vortex roll-up during
compression. Similar to the other RCM, the set-up is heated, in order to avoid fuel condensation.
Moreover, the temperature can be controlled in order to achieve different compressed tempera-
tures without the need of changing the composition of the inert gases in the mixture. The pressure
signal in the cylinder is recorded through a pressure transducer (Kistler 603B) and the ignition de-
lay times were computed as the interval between the end of the compression and the maximum
rate of the pressure rise, as already explained for the other RCM. The compressed temperature is
computed using the adiabatic core assumption. Similarly to what is already explained in Section
tests with a non reactive mixture where oxygen is replaced with nitrogen are performed, in
order to obtain volume profiles that can be used to take into account the facility effects when the
simulations are performed. Table reports the mixtures and conditions that were studied in
this rapid compression machine, allowing to represent ignition delay times over a wide range of

temperatures.

Table 3.6: Tested fuels and experimental conditions in the rapid compression machine in Galway.

Fuel | Dilution | ¢ % Fuel | P (bar) | T (K)
0.5 |05 770-940

DPE 10 1.0 | 1.0 15 750-930
20 |20 660-850

DIPE 5 20 |20 15 715-925

3.4 Uncertainty of measurements

The experimental data collected from the different set-ups presented in the sections above are
used in order to validate and improve the kinetic model for the combustion of these fuels. It is

therefore important to have an estimate of the possible uncertainties in the measurements.

3.4.1 Jet-stirred reactor

Different sources of uncertainty are possible in the jet-stirred reactor. First of all, the temperature,
measured using a thermocouple, can have an uncertainty of around =+ 5 K, which is linked to both
the precision of the thermocouple itself and to the actual homogeneity inside the reactor.

Another factor that must be considered is the real composition of the mixture which is oxidized
inside the reactor. All mass flow meters are regularly calibrated, with a R? coefficient of the cali-
bration curve always greater than 0.995 (as can be seen in Figure[3.10). Nevertheless, some small

errors are possible, linked mainly to the conversion of the voltage which controls the flow.



Considering the quantification of the intermediate species, the conversion of the areas of the peaks
to mole fractions can also lead to some uncertainty. In fact, for some species it is possible to have a
direct calibration, which leads to a small possible error, but for other species, it is necessary to esti-
mate a conversion coefficient through the rule of the effective carbon number (ECN) [93], which is
less accurate. In order to take into account all of these possible uncertainties, it has been estimated

that an overall uncertainty of 15% should be applied.
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Figure 3.10: Example of calibration curves of two of the flowmeters used in the jet-stirred reactor
set-up (one for oxygen and one for nitrogen).

3.4.2 Rapid compression machine

Similar to the jet-stirred reactor, some source of uncertainties can be identified for the rapid com-
pression machine. First of all, the initial temperature imposed to the mixture through the heating
of the machine is measured in different points of the cylinder itself, leading to a quite good ac-
curacy. The accuracy of the thermocouple is +1 K, but small differences (+0.5 K) can be found
between the different locations, therefore the uncertainty on the initial temperature is estimated
to be around +2 K. This leads to an uncertainty on the compressed temperature of less than 1%.
Concerning the mixture composition, the digital flow meter has a good precision, while the fuel
is injected through a syringe, leading to a bigger uncertainty. The quantity of fuel which is in-
jected is recorded every time and compared to the desired value; the effective equivalence ratio is
also checked and the maximum difference from the desired value has been found to be 2%. The
repeatability of the tests has been checked thanks to at least three shots for each condition. In gen-
eral, when the tests are performed from ignition delay times in the reliable operational zone (2-200
ms), the maximum uncertainty found is around 10% (but in general lower, as shown in Figurem
for example). In some cases, tests have been performed for the same conditions at different times
(after several months) and the repeatability is proven to be very good.
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Figure 3.11: Example of repeated shot for a condition in the RCM (di-n-propyl ether, ¢ =1, p. = 15
bar, T, =587 K).

3.4.3 University of Galway facilities

Concerning the experimental facilities provided by the University of Galway, the uncertainties in
the measurements can be found in the literature, as provided by their team.

The ignition delay times measured in the rapid compression machine of the University of Galway
are estimated to have an uncertainty of around 15% [102,[103], quite similar to the RCM in PRISME.
Considering the shock tube, different uncertainties are described in previous works [99,/100]: the
IDTs are estimated to have an uncertainty of around 20%, while the temperatures after the shock
are expected to be in a range of £0.5%. Finally, the mixture composition shows an uncertainty

of 0.5%, which can be expected also in the case of the RCM, since the preparation of the mixture
follows the same procedure in the two facilities.



Chapter 4

Modelling, simulations and analysis

In this chapter, the construction of the detailed kinetic model for each fuel is discussed. For some

of them, already available mechanisms have been updated and improved, while others had to be

developed from scratch. In the second section, the simulations performed through ChemkinPRO are

discussed, with some details on each model used. In the third part, the analysis on the heat release

rate in the RCM is further discussed and some other information are added on the post-processing

of the data.
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Introduction

Interest in oxygenated compounds applications has been growing in the latest decades. Both

experiments and kinetic modelling studies have therefore become of paramount importance to-

wards the understanding of the mechanism governing the combustion of these fuels. In the past

few years, our team has focused on the kinetic modelling of several fuels of the ether family, to-

gether with the collection of experimental data allowing to develop and improve the mechanisms.
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The following section will present the construction and improvement of this kinetic model, which
aims to capture the behaviour of all of the molecules in this family and to relate their behaviour to
their structure. Direct calculations to obtain the reaction rates and thermochemistry of the species
would be the most accurate way of predicting the reactivity; nevertheless, it is expensive and time
consuming. Most of the reaction rate constants will therefore be taken by analogy, given that ethers
have been little studied in the literature for one to be able to have specific rates computed for each
reaction.

The process of simulating the results is also explained, showing how the physics of the real set-ups
can be simplified to 0D models, which allow to have reasonably good results, without the overcom-
plication of CFD modelling. A final section discusses the heat release rate in the rapid compression
machine. This is a very interesting part, since very few studies in the literature have dealt with this
kind of analysis, especially concerning the comparison of the experiments with the simulations.
Nevertheless, it requires a certain attention in the post-processing of the measured pressure traces
in order to have meaningful results, which is why a further section is devoted to this analysis in

this chapter.

4.1 Construction of the model

Detailed kinetic mechanisms of some of the ethers were already available from the previous stud-
ies of our group. In these cases, the mechanisms were tested against the new experimental data
and improvements were made, when necessary. For other ethers, i.e. butyl ethyl and di-iso-pentyl
ethers, and for ethyl lactate no mechanism is available in the literature, therefore they have had to
be developed from scratch. The next section will resume some of the most important reactions in
the mechanisms already available and will discuss the modifications done. Then, a specific section
for each newly developed sub-mechanism will include the main reactions and the choice of their
rate constants for BEE, DIPEE and ethyl lactate. The core mechanism was the same for all these
molecules, i.e. a sub-mechanism for ethanol and other smaller species (Co—C>) that was developed
in ICARE.

4.1.1 DEE, DPE, DIPE, DBE

As explained above, for these four ethers the mechanisms available in the previous studies of our
team [12,/57,/68,76] were used as a starting point. In particular, for diethyl and dibutyl ether no
major modifications were applied, since the mechanism performed reasonably well when com-
pared to the new experimental data, which were therefore used as a further validation. On the
other hand, the next sections will present the modifications that were applied to di-n-propyl and
di-iso-propyl ether mechanisms.



DPE

As a starting point, the mechanism presented by Serinyel in [57] was considered. The mechanism

was performing already quite well, but some small modifications are brought, as follows:

* hydrogen abstraction from the fuel by OH at the a-site is no longer taken from Zhou et
al. [104], but is estimated by analogy with DEE. For the a-site of DEE the rate constant is
evaluated using the total (a- and f-sites) rate constant measurements from the literature
and is fit to a modified Arrhenius expression for the a-site while considering the §-site to be

analogous to an n-alkane;

e unimolecular decompositions of the fuel are taken by analogy to Cook et al. [105] and Lizardo-
Huerta [106] for alcohol elimination;

e itshould also be noted that after the work of Belhadj et al. [58], more possible low-temperature
reactions have been included, since the analysis of low-temperature products showed that

all of the possible radicals were actually formed.

DIPE

The mechanism for di-iso-propyl ether is a little different from the other ethers of this section. In
fact, a mechanism was already available from a previous work published in 2022 [68]. Neverthe-
less, in the experiment performed in the JSR under those specific conditions (p = 10 atm, 7 = 700
ms, initial fuel fraction: 1000 ppm), DIPE showed no low-temperature reactivity, therefore in that
mechanism no reactions specific to that oxidation regime were included. In the experimental tests
performed in the RCM in this study, DIPE shows low-temperature reactivity, implying the neces-
sity to include the specific reaction classes in the mechanism. The rate constants for the reactions
specific to the low-temperature regime are determined as follows:

¢ the first fuel radical addition to oxygen is taken from Goldsmith [107] and the second oxygen
addition is taken as half of the first addition, similarly to that used for the other ethers;

* the reaction rates of the §-scissions of the QOOH radicals are taken either by similarity to
what was assumed for DEE from Sakai [108];

e the rates for the formation of cyclic ethers from the QOOH radicals are also taken from the
calculations of Villano et al. [109];

* the decomposition of the carbonyl-hydroperoxides are taken by similarities to the ethers
previously studied [12,57,76];

* all of the others low-temperature reaction rates are also taken by analogy with the other

ethers previously studied by our team [12,57,/76].



ing:

Some reactions that were already included in the original mechanism are also worth mention-

the unimolecular decompositions of the fuel are taken by analogy with MTBE as proposed
by Benson [110] and to DME, increasing the activation energy by 1 kcal/mol, since the bond
energy is expected to be higher;

hydrogen abstraction by OH radicals was taken by similarity to isopropyl methyl ether for
the a-site, as calculated by Zhou et al. [104];

the same reaction for the f3-site was taken by a fit based on the calculations of Zador [111],
Zhou [112], Truhlar [113] for 1-butanol and of Droege et al. [114] for n-butane, but slowed
down by a factor of two, since this C-H bond is expected to be slightly stronger;

hydrogen abstraction by HO, radicals were estimated from Mendes [115] by analogy to iso-
propyl methyl ether.

No major modifications were made to the reaction rate constants already present in the mech-

anism proposed by Serinyel et al. in [68]. The major difference was therefore the inclusion of the

low-temperature reaction classes.

4.1.2 BEE

The butyl ethyl ether sub-mechanism was developed and added to the ethanol core mechanism,

similar to the other ethers previously studied. Both low- and high-temperature reaction classes

were included. Since BEE shares a side chain with DEE and one with DBE, most of the reaction

rate constants have been taken by analogy to these two other ethers previously studied by our

team. The following list presents some of the choices made for the important reactions:

hydrogen abstractions by OH and CHj3 radicals were estimated by analogy to DEE and DBE
in the previous work by our team [12,76];

hydrogen abstractions by HO, radicals were estimated by analogy to butyl methyl and ethyl
methyl ethers in the work of Mendes [115];

p-scission reactions of the radicals of the fuel were also estimated by analogy to either DEE
or DBE;

the first fuel radical addition to oxygen is taken from Goldsmith [107] and the second oxygen
addition rates were taken as half of the first addition rates, similarly to what was used for the
other ethers;



e the isomerisation of RO, radicals to QOOH are taken from the computations of Villano et
al. [109];

* the decomposition of the carbonyl-hydroperoxides are taken to be similar to the ethers pre-
viously studied [12,76];

* the unimolecular decomposition reactions of the fuel are taken by analogy from the studies
of Lizardo-Huerta [106] for alcohol elimination and from Cook et al. [105] or from similarity
to the other ethers concerning the other decomposition reactions.

4.1.3 DIPEE

The sub-mechanism for DIPEE was developed mainly by analogies with the other ethers or to sim-
ilar molecules, since no direct calculations were available on the most important reactions. The
rate constants adopted from the literature for some of the most important reactions were chosen
as follows:

* hydrogen abstraction by OH on the  C-H site of the fuel is taken from the calculations per-
formed for n-butanol in [112}116], while for the a-site the rate constant is taken by similarity
to di-n-propyl ether in [57];

* the hydrogen abstractions by OH on the y- and §-sites are both taken from Cohen [117], in
analogy to respectively the tertiary and the primary carbons in an alkane;

e similar consideration are made for the hydrogen abstractions by H atoms on the y- and 6-

sites;

e H-abstraction reaction by H atoms on the a- and S-sites are taken similarly to DPE, from
Ogura [118] and by analogy to alkanes;

* similar considerations were made for the H-atom abstractions by HO, and by CH3 radicals,
for which the rate constants were taken respectively from Mendes [115] and Aguilera [119]
and from Xu [120];

* in accordance with the rate constants adopted for the other ethers, the rate constants for the
first oxygen addition (R+O, = RO,) are taken from Goldsmith [107], while for the second
addition to oxygen, the rate constants were taken as half the ones for first addition;

* rate constants for the f-scission reactions of the fuel radicals are taken as similar to DBE
in [76];

* rate constants for the 5-scission reactions of QOOH radicals are adopted from the theoretical

calculations performed by Villano et al. [109];



 other reactions that might be important in the low-temperature reactivity are estimated by

analogy to the other ethers already presented [12,57,68, 76];

 the unimolecular decompositions of the fuel are taken by analogy from the studies of Cook
et al. [105] and Lizardo-Huerta [106] for alcohol elimination.

4.1.4 Ethyllactate

Similar to the other ethers, for which no mechanism was available in the literature, the ethyl lac-
tate kinetic model has been developed and joined to the ethanol sub-mechanism. The specific
reactions for ethyl lactate, its radicals and the main products were added. When possible, rate
parameters have been taken from direct calculations; in the other cases, analogies were used to
estimate the rate constants of the reactions. It should be noted that, based on the experiments
performed in this work and therefore in these specific conditions, no low-temperature reactivity
was detected. Therefore, only the high-temperature reactions classes are included in the model.
Here is a list of the most important reactions that are in the mechanism and from where their

reaction rates were taken:

* H-atom abstraction reactions by H atoms and CHj3 radicals have been taken from the calcu-

lations of Wiirmel et al. [88];

e H-abstraction by HO, radicals on the tertiary side (neighbouring the carbonyl and the OH
groups) has been considered similar to isopropanol in [121], but multiplied by a factor of
four to take into account the proximity of the carbonyl group;

* the same previous H-atom abstraction, but performed by H atoms, has been taken from the
calculations proposed by Mendes et al. [122], this time by analogy to iso-butanal;

* therate constants for the H-atom abstraction reactions on the a-site neighbouring the ether
group by HO; radicals were taken by comparison to the ones for n-butanol used by Zhou et
al. [112] and multiplied by a factor of two;

* the rate constants for the same previous reaction performed by OH radicals were taken by
analogy with DEE [12];

* the rate constant for the molecular elimination of ethylene producing lactic acid:

o 0
+ C,H,
/\OJI\K - Ho)lﬁ/
o OH



was taken as that of propyl acetate proposed by Dayma et al. [123]. The same rate constant
was also used for the unimolecular reactions of some of the main products of ethyl lactate
(ethyl pyruvate, ethyl glycolate);

* [-scission reactions of the primary fuel radicals were all estimated by analogy with similar
radicals: 1-pentanol radicals [124], ethyl acetate radicals [125] and butyl formate radicals
[126].

The thermochemistry of the species involved (fuel, radicals, products) is also very important
and can have a deep impact on the resulting simulations. When calculations were available in
the literature, the specific thermochemistry of the species has been used. In the other cases, the
thermochemistry has been estimated by the group additivity method proposed by Benson [127].

4.2 Simulations

All of the simulations presented in this work were performed using the ChemkinPRO software by
Ansys [128]. Two different models were used to simulate the jet-stirred reactor and the rapid com-
pression machine, but both rely on the same files for the description of the mechanism, one for
the reactions and their rate constants and one for the thermodynamic properties of the species
involved. These two input files will be discussed in the next section, while the models for the JSR
and the RCM are presented in Section4.2.2

4.2.1 Chemkin files

One of the files required in Chemkin is the mechanism file. The first part of this file (extension
.inp) is used to declare the elements that will be involved in the reactions (usually H, C, O, N, Ar,
He) and the species that will interact. Following this, the reactions considered in the mechanism

are listed, with their rate constants expressed through modified Arrhenius law:

E
k=Ax T”xexp(—R—;) (4.1)

where T represents the temperature (in Kelvin) and R is the ideal gas constant (1.987 calxK~ ! xmol™!).
The other parameters should be included in the file and are defined as follow:

3,1

» A: pre-exponential factor or frequency factor, it is expressed in molxcm ™ xs™" ;

* n: exponential factor, it has been added in the modified form of Arrhenius law for bimolecu-
lar reactions in order to represent the dependence of the pre-exponential factor on temper-
ature. It has no units;



* E,: activation energy, it represents the energy barrier that must be overcome for the reaction

to occur. It is expressed in calxmol ™!,

In some cases, a dependence on pressure is required for the rate of some reactions. This can be

included through a formulation called "plog”, where the Arrhenius parameters of the rate constant
are provided at different selected pressures. Another way to express the pressure dependence is
Troe’s formula [129], which requires some additional parameters. More information can be found
in the theory manual [130].
The second file (extension .dat) collects the thermodynamic properties of all the species that have
been declared in the mechanism file. These properties are expressed in polynomial form, through
NASA formalism [131]. Two sets of seven coefficients (a; ¢, with i =1, ..., 7 and k identifying the
species) are used, the first set to express the properties in the higher temperature range (usually
from 1000 to 5000 K) and the second set for the lower temperature range (usually from 300 to 1000
K). Thanks to these coefficients, the thermodynamic properties of species k can be expressed as:

prk/R = al,k+ag,kT-i-ag,kT2+a4ykT3+a5’kT4
T T? T3 T4 1
H)I(RT) = ayi+a s+ a3 k5 + sk + s ks + Ag kT (4.2)
2 3 4
SY/R = aeInT+ap T+ a3 + ag o + as - + ar i

Thanks to the thermodynamic properties and the rate constant of the reaction in forward di-

rection, the software can calculate the rate of the reverse reaction.

4.2.2 Chemkin models

As previously stated, two different models were used for the simulations, depending on the physi-
cal configuration of the set-ups.

The jet-stirred reactor is simulated through the use of the Perfectly Stirred Reactor (PSR) model.
This model allows to simulate an adiabatic, constant volume open reactor where a stationary flow
is introduced and allowed to react for a well defined amount of time (residence time). The param-
eters that have to be provided are the following:

¢ residence time (s);

e temperature (K): since in our experiments the temperature is varied from 450 to 1210 K, a
series of continuations is added to the model, in order to compute the species mole fractions

at different fixed temperatures;
e pressure (atm);

 volume of the reactor (cm3).



In addition, the mole fractions of the reactants have to be provided in the section devoted to
the inlet properties. Once these parameters are given, thanks to the equations of mass and energy
conservation, the software can compute the mole fractions of all of the species that are included
in the mechanism.

The second model that was used in order to simulate the rapid compression machine and the
shock tube is the Closed Homogeneous Reactor. This model allows for different kind of settings
and in the case of RCM and ST, the chosen problem type is the one constraining the volume and
solving the energy equation. The difference between RCM and ST is mainly given by the volume
constraint. In the case of the shock tube simulation, the volume is fixed as constant and the ini-
tial conditions provided (temperature and pressure) are going to be the one of the reflected shock.
Considering that the maximum ignition delay time that is considered to be acceptable in the shock
tube is around 1-2 ms, the end time of the simulations can be fixed at 10 ms, thus avoiding the cal-
culations to go on for longer than needed and reducing the computational cost. The case of the
rapid compression machine is slightly more complicated, since the volume should be constrained
as the volume computed from the test with the non reactive mixture, as explained in Section
The volume can be computed in every point recorded by the pressure sensor, but results in a vol-
ume profile composed of thousands of points, causing a very long computational time. In order to
avoid this, in the in-house script developed for this work some points were selected, with a higher
concentration close to the TDC, in order to maintain the same accuracy, but reducing the simu-
lation time. Our volume histories are therefore made of around 60 points over the 600 ms of the
pressure trace recorded. Once the volume profile is given to the model, it is necessary to specify
the initial conditions (7p and py) as the conditions set before compression.

The mixture composition should be also set, giving the molar fractions of the reactants under the
“Reactant Species” section. Using the given initial conditions and constraints, the software will
then solve the energy and mass conservation equations. In this case, the desired output will be the
pressure profile (even if also the mole fractions of the reactants and the products will be available).
From the pressure profiles, similarly to what was done for the experimental traces, it is possible to
compute the first derivative and identify the ignition delay time (either from the time zero of the
simulation for the ST or from the end of the compression for the RCM).

4.3 Further analysis

As anticipated in Section a more detailed analysis was performed for some conditions con-
cerning the heat release rate (HRR) in the rapid compression machine. Most of the results obtained
from RCMs usually focus on the ignition delay times and when assessing the performance of the
kinetic models, the comparison between experiments and simulations does not go further than
the typical IDTs versus temperature plots. Nevertheless, it is interesting to explore the available
data from the heat release point of view. To this aim, a secondary acquisition system was imple-



mented for a small part of the experimental campaign, allowing pressure profiles with a higher
acquisition rate to be obtained (500 kSamples/s versus the previous acquisition frequency of 6.67
Hz). This was necessary for the HRR analysis, since, as shown in equation (and shown again
as equation[4.3), the heat release rate depends on the first derivative of the pressure and in order
to avoid propagation of the noise distorting the results, it was necessary to filter the signal in an
appropriate way. It has to be noted that the noise level does not affect the ignition delay time com-
putation, but it can have a huge impact on the heat release.

The first step of the analysis, also performed through a Matlab script developed for this work, was
therefore the filtering of the signal. Thanks to an in-built Matlab function, Savitzky-Golay finite
impulse response smoothing filter was applied to the pressure signal. Different orders and frame
length for this function were tested, in order to determine the best parameters for this specific
case. For each condition, both tests with reactive and with non reactive mixtures were filtered with
this method. Then, all the quantities required in the formula (reported here again for clarity and
derived by Goldsborough in [97]) were computed. The subscripts r and nr identify the quantities
related to the reactive and non reactive mixture tests, respectively.

dP dP

dt dt

y dv 1
HRR=———[P—Py/ |+ —V
y-1dt y-1

PV

(y—1)72

Once the HRR is computed, the accumulated heat release (aHR) can also be computed, as:

dt dt

] (4.3)
nr

nr

aHR:f(HRR)dt (4.4)

Both the HRR and the aHR are usually normalised by the lower heating value (LHV) of the mix-
ture. An example of the computed heat release rate, together with the pressure profile from which
it was computed, is shown in Figure[4.1al From the plot of aHR vs HRR, as shown in Figure it
is then possible to determine the low-temperature heat release (LTHR), which is identified as the
abscissa of the first inflection point in the curve and the maximum heat release, which is defined
as the peak accumulated heat release.

The same analysis can be performed on the simulated pressure traces (paying attention to the
time-steps, that need to be imposed as the same that were obtained in the experiments) and this
allows to have more information that could help in the development and improvement of the

mechanism.
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Chapter 5

Results and discussion: DNPEE and DIPEE in
the JSR

In this chapter, the main results for the oxidation of di-n-pentyl and di-iso-pentyl ethers in the jet-
stirred reactor are presented. The performance of the simulations against the experimental mole
fraction profiles for the main intermediates and products are presented and a reaction pathway
analysis is performed at low and high temperatures for DIPEE. The experimental results for DNPEE
are presented and commented, with a particular focus on the specific products that are expected to
have an influence on the overall reactivity. The two fuels will then be compared to each other, as well
as to the other ethers that were previously studied in the same set-up under the same conditions.
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Introduction

Several ethers have already been studied in this jet-stirred reactor (presented in Section[3.1), both
considering their oxidation and their pyrolysis. In this work, two more symmetrical ethers, di-iso-
pentyl and di-n-pentyl ethers, have been studied for oxidation under the same conditions as the
rest of the fuels. Several intermediates and products have been identified; for DIPEE, the exper-
imental results have also been compared to the simulations obtained with the developed kinetic
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mechanism. As a recall, the studied conditions are reported in Table The measured mole frac-
tions of the species that are only found in trace amounts and are therefore not included in the next
sections can be found in the appendices[A.1jJand[A.2]

Table 5.1: Experimental conditions of the oxidation of pentyl ethers in the jet-stirred reactor.

Initial fuel

Fuel ¢ p (atm) T (K mole frac- | 7 (ms) | Identified species
tion
. 0.5, 1.0,
Di-iso-pentyl ether 20 4.0 10 450-1210 | 1000 ppm 700 ~48
. 0.5, 1.0,
Di-n-pentyl ether 20 4.0 10 450-1210 | 1000 ppm 700 =52

5.1 DIPEE

The oxidation of di-iso-pentyl ether has been studied in the jet-stirred reactor for four different
equivalence ratios (0.5, 1, 2, 4), at a pressure of 10 atm and with a constant residence time of 700
ms. The fuel conversion for all conditions is reported in Figure[5.1} Before considering the perfor-
mance of the mechanism and analysing the identified products, it is interesting to take a deeper
look at the experimental results for the fuel mole fraction.

Figure shows the mole fractions of DIPEE for a rich mixture (¢ = 2). Five different zones of
reactivity can be identified under these conditions: DIPEE consumption starts at very low temper-
ature, with a conversion of already 12% at 470 K. The first zone, where the reactivity is increasing
with the temperature and therefore the fuel mole fraction is decreasing, goes up to 530 K, where
the first NTC region is reached and the mole fraction reaches a plateau within a small temperature
window of around 50 K. Then, the reactivity starts increasing again up to around 640 K, where the
second NTC zone begins. In this interval (of around 100 K), the reactivity is strongly decreasing
when the temperature is increased, with the fuel conversion going as low as 38% (similar to the
plateau value of the first NTC). After this point is reached (740 K), the reactivity starts increasing
again in the fifth zone, up to around 1100 K, where all the fuel is converted.

As can be seen from the fuel conversion in Figure the double-cool flame behaviour is even
more pronounced for the richest mixture (¢ = 4), while it is almost impossible to clearly iden-
tify the first NTC zone for the lean mixture. This double-cool flame regime is caused by the long
chain of this fuel, which allows the formation of products and radicals that have their own low-
temperature reactivity in a different range of temperature compared to DIPEE itself. This is in line
with the factors determining this behavior identified by Fan [59]: the first one is that both the fuel
and its oxidation intermediates can undergo low-temperature chain branching reactions and the
second is that the temperature windows of low-temperature reactivities are separated. This will be

better discussed in the next paragraphs and in Section5.3]
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Figure 5.2: Mole fraction of di-iso-pentyl ether over the temperature range studied in the JSR (¢ =
2, p=10atm, 7 = 700 ms, ¥ fuel = 1000 ppm).

In order to better understand the different molecules and reactions that are involved in this
double cool flame behaviour, it is interesting to have a look at the predictions of the mechanism
and analyse the reaction pathways leading to the formation of OH radicals. First of all, in Figure
the comparison of the measured and predicted mole fractions of DIPEE for ¢ = 2 is shown.



It is important to start the analysis from this comparison, in order to verify if the model predicts
the same double cool flame regime and in the same temperature zones. The mechanism predicts
reasonably well the fuel profile. It slightly underpredicts the temperature range of the first cool
flame (530-550 K, instead of 530-570 K), while it anticipates the second cool flame zone (630-730
K, instead of 650-740 K). Nevertheless, the accuracy of this prediction is quite good. Therefore, in
the plots included in Figure 5.3} the black vertical lines define the temperature zones as identified
from the experimental results.

The reactions which lead to the biggest production of OH can be quite different in the differ-
ent temperature zones. At low temperature, the pathways leading to the formation of carbonyl-
hydroperoxides and their following decomposition are very important for the reactivity. At inter-
mediate temperature, the f-scission of the primary fuel radicals lead to the formation of other
products and radicals that have their own low-temperature reactions, as for example isopentanal
and isopentyl radical, which also lead to the formation and then decomposition of carbonyl-hydroperoxides
(as the ones included in Figure shown in the Table and identified as butal3m-402o00h and
ic4toohcho, respectively).

Figures and show respectively the rate of production of OH over the low-intermediate
temperature range for the main reactions responsible for OH formation and the mole fraction of
the main radicals and molecules involved. These main reactions are shown in Table It is in-
teresting to note how the ROP of the main reactions involved in OH formation peaks in different
zones of DIPEE reactivity. In fact, it is possible to see that in the first zone, where DIPEE is al-
ready very reactive, the OH production is mainly due to the formation and decomposition of the
carbonyl-hydroperoxide derived from the a-radical of the fuel. The ROP of OH radicals from these
reactions is rapidly decreasing when the second zone (the first cool flame) is reached, but it is
counter-balanced by the rapid growth of the ROP related to the formation of ic4toohcho from the
isopentyl radical, thus creating an actual plateau in the reactivity. In the third zone, where the
reactivity is increasing again, the reactions related to ic4toohcho and butal3m-402o00h formation
and decomposition reach their peak. The second cool flame zone is reached when the ROP of OH
due to the reactions involving ic4toohcho and butal3m-40200h start decreasing and it is not be-
ing counterbalanced fast enough by the high temperature decomposition reaction of H,O,, thus
determining the decrease in reactivity in this second NTC zone. Finally, at high temperature the
H,0, decomposition becomes the driver of the production of OH, increasing the reactivity again,
until complete conversion of the fuel.

A final remark should be made on the mole fraction of the species and radicals involved in these
reactions. As it can be seen in Figure the peak mole fraction of ic4toohcho is much higher
than the other considered species, which might seem illogical only considering the reactions pre-
sented in Table In reality, this is not the only way of formation of this species and if the rate
of production is analysed at the temperature of the peak of the mole fractions, it is possible to see
that another very important pathway leading to its formation is derived from the tertiary radical



of the fuel, as follows:

ek

OOH

ic4toohcho

Table 5.2: Different reactions involved in the formation of OH radicals during the oxidation of
DIPEE in the JSR.

’ Label \ Reaction scheme \ Mechanism expression
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Figures show the measured and simulated mole fractions for di-iso-pentyl ether and its

products for the four studied equivalence ratios. First of all, it is possible to note that in general the
mechanism is capable of predicting reasonably well the mole fractions of the fuel and of its main
products. Nevertheless, some discrepancies can still be found, generally more in the absolute val-
ues, while the trends are usually well predicted.
A small remark has to be made about the profile labeled "acetone+propanal”. The peaks of these
two species in the GC analysis were coeluted, therefore it was impossible to distinguish one from
the other. In order to be coherent, for the simulation the line plotted represents the sum of the
mole fractions of these two species.
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Similar to the previously studied ethers, including DEE, DPE and DBE, between the main in-
termediates several aldehydes can be found, with mole fractions up to 300-400 ppm. The mech-
anism is in reasonable agreement with these values, but not for all the conditions. For example,
considering formaldehyde, it is possible to see that under lean conditions the maximum measured
mole fractions is 377 ppm at 800 K, where the mechanism predicts around 372 ppm, hence with
a very good accuracy. At lower temperature, for the same conditions, the mechanism overpre-
dicts the mole fraction of formaldehyde, with an overestimation of almost 170% at 600 K while it
is in very good agreement at intermediate and high temperatures. Similar results can be seen for
the stoichiometric and rich conditions: the mechanism is capable of well representing the mole
fraction of formaldehyde at high temperature (generally above 800 K), but largely overpredicts the
experimental mole fractions at low temperatures. Nevertheless, the general trend of the curve is
reasonably captured by the mechanism and the position of the peaks is generally simulated well.
Another aldehyde which is produced in important quantities is acetaldehyde, which was measured
up to around 170 ppm under lean conditions. In this case, the simulation underpredicts the mole
fraction of this species by a factor of two and it seems unable to retrace the evolution of the produc-
tion of acetaldehyde over the temperature range, as shown in Figure[5.7} The mechanism predicts
a peak mole fraction of 85 ppm, which is half the measured value and even the temperature at
which this maximum is reached is not perfectly captured. Nevertheless, for the other conditions
(both rich and stoichiometric), the mechanism is performing slightly better, following the trend of
the curve quite well and getting closer to the measured values of mole fractions.

Finally, a very important aldehyde which is produced specifically during the oxidation of di-iso-
pentyl ether is isopentanal. In the oxidation of DEE, DPE and DBE, a similar role was covered by
acetaldehyde, propanal and butanal, respectively. Isopentanal is very important for the reactivity
of DIPEE. It is produced in quite large quantities (around 200 ppm for all conditions) and takes
part in the low-intermediate temperature chemistry thanks to its own low-temperature reactivity.
It is therefore important to focus on its way of production during the oxidation of DIPEE. To this
aim, a reaction pathway analysis has been performed and the main paths leading to the formation
of this species are shown in Figure The main reactions leading to isopentanal are identified
by colors and numbers from 1 to 5 and are summarized in Table |5.3|for clarity. The rates of pro-
duction of isopentanal for each of these reactions over the temperature range are then plotted in
Figure[5.9} in order to have a better understanding of what reactions are important in the different
temperature ranges. One of the five reactions considered in Figure[5.9]is not shown in the reaction
pathways of Figure but it will be discussed as well.

As can be seen from Figure5.8} the main two reaction pathways leading to the formation of isopen-
tanal both start from the a-radical of the fuel. The first pathway involves the direct -scission of
this radical (which is indicated with R2), forming an isopentyl radical, which in turn leads to the
formation of isopentanal, which will be discussed later. The second pathway starting from the a-
radical requires a first addition to molecular oxygen, followed by internal isomerisation through



a six-membered transition state and then either direct decomposition (indicated as R1) giving
two molecules of isopentanal, or a sequence of reaction leading to the formation of a carbonyl-
hydroperoxide, which then decomposes and forms isopentanal (R5).

|
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Figure 5.8: Main reaction pathways leading to the formation of isopentanal during the oxidation
of DIPEE in the jet-stirred reactor.

In Figure it can be seen that the two most important reactions, R1 and R2 reach their max-
imum contribution in the formation of isopentanal at very different temperatures, for all the con-
ditions considered. This is important, because it means that isopentanal is being produced over
the whole temperature range thanks to different reactions that are important at both low and high
temperatures. The fact that isopentanal can be produced at all temperatures and that it can pro-
duce radicals with their own low-temperature chemistry makes it essential for the overall reactivity.
From Figure it is also interesting to see how the relative position and shape of the peaks of the
two main reactions influences the shape of the predicted mole fractions of isopentanal: for ¢ =
0.5 and 1, the two reactions have quite similar maximum ROP and their peaks are quite close to
each other, when one starts decreasing, the other increases enough to counterbalance, leading to

a unique large peak for isopentanal mole fraction, with a quasi plateau on the top. On the other



side, for the two rich conditions (¢ = 2 and 4), the maximum ROP of R1 and R2 start being quite

different and the shape of the second peak start being less defined, with even a small plateau in

the ascending part at ¢ = 4, leading to a clearer separation of two peaks on the mole fraction pro-

file (especially for ¢ = 4). It is also interesting to note that these two peaks are also visible in the

experimental mole fractions of the richest condition.

Table 5.3: Main reactions leading to the formation of isopentanal during the oxidation of DIPEE in

the JSR.
’ Label \ Reaction scheme \ Mechanism expression
R1 M /\* -oH M , dipee-aoohl=butal3m+butal3m+oh
R2 /MA/‘\ o | . Q\ dipee-a=Dbutal3m+but2m-4
but2m-400+but2m-400=butoh3m
R3 reacts with itself | A /kA
00 o, T ot o | +butal3m+o2
R4 oo 0 dipee-aoohtooh1=butal3m+ch2chooh
AP N + -~ .+ “om | +ch3coch3+oh
fou 0 . .
R5 | PP +MO‘ dipee-1loohketa=butal3m+ic4h9co2+oh
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Figure 5.9: Rate of production of isopentanal from the five most important reactions in its pro-
duction path and isopentanal mole fractions (symbols: experiments, lines: simulations) for the
all equivalence ratios. R1: decomposition of QOOH radical from the a-radical of the fuel; R2: -
scission of the a-radical of the fuel; R3: reaction of two RO, radicals obtained from the isopentyl
radical; R5: decomposition of the carbonylhydroperoxide obtained from the a-radical of the fuel.
(All the reactions are summarised in Table.

The other reaction already mentioned, R5, only contributes at very low temperature and to a
lower extent compared to the main two reactions just discussed. Similarly to R5, two other reac-
tions contribute to the formation of isopentanal at low temperature. The first one, also included
in Figure involves the isopentyl radical, which can be obtained as already explained from the
scission of the a-radical of the fuel or it can be formed from the tertiary radical, as shown in the
reaction pathway analysis. The isopentyl radical undergoes addition to molecular oxygen and the
RO, formed reacts with another RO, radical (R3) to give isopentanal, isopentyl alcohol and O,.



Once again, this path is less important than the first two, but it can still contribute to the forma-
tion of isopentanal at lowest temperatures of interest.

The last important reaction path that leads to the formation of isopentanal is not shown in the pre-
vious scheme, but reported below. This path starts from the gamma radical of the fuel, following
the typical low-temperature path undergoing a first addition to molecular oxygen, isomerisation,
then a second addition to O,. At this point, for this specific OOQOOH radical it is not possible to
form a carbonyl-hydroperoxide; it therefore undergoes another isomerisation via a 6-membered
transition state and then decomposes (R4), forming isopentanal. It appears that this path can be

important at very low temperature and especially for lean conditions.

/Aoowim/\/ °“M& MA/K

Going back to the main products and intermediates of DIPEE oxidation, it is also interesting

to note the formation isopentanoic acid. In fact, the formation of carboxylic acids, observed only
at low temperature, is also typical of the oxidation of ethers. In the previous studies performed
in the same JSR, acetic acid was identified among the oxidation intermediates of DEE, as well as
propanoic acid for DPE and butanoic acid for DBE (butanoic acid was not quantified). In all cases,
the mechanism was not able to simulate the mole fractions of these species accurately. In the case
of isopentanoic acid, the mechanism reproduces quite well the position of the peak, but it cap-
tures its maximum value only for stoichiometric and lean conditions. Nevertheless, for these two
conditions, there is an underestimation of the mole fraction on the end of the peak, towards the
intermediate temperature range. For the fuel-rich conditions, on the other hand, the maximum
mole fraction is largely overestimated, even if its position is quite well captured. The fact that this
species is produced only at low temperature is explained through its formation pathway analysis.
In fact, isopentanoic acid is only produced from the decomposition of one of the main ketohy-
droperoxides obtained from the a-radical of the fuel, via the Korcek mechanism [132].
Other products that were identified and quantified are reported in Figures 5.7} as oxygen, CO,
CO.,, water, methane, ethylene, propene, isobutene, 1-butene, acetone, acrolein, isopentyl for-
mate and isopentyl alcohol. The mechanism shows in general a reasonable agreement with the
experimental data, even if a factor of 1.5-2 of difference can still be found for the mole fractions
of some species. Nevertheless, the mechanism is well capable of simulating the double-cool flame
behaviour of this fuel, which is one of its most interesting features during its oxidation.



5.1.1 Reaction pathways

A complete reaction pathway analysis for fuel oxidation is performed at two temperatures, 500
K (Fig. and 1000 K (Fig. for the stoichiometric condition, in order to see the most
important reactions consuming the fuel in two very different temperature regimes. In both figures,
the pathways followed by the largest flux are indicated by thicker arrows, in order to have more
clarity in the reading.

Considering the analysis performed at low temperature (shown in Figure[5.10), it is possible to see
that the four possible primary radicals obtained from the fuel are formed, but the most abundant
one is the a-radical. In fact, the presence of the ether function weakens the adjacent C-H bond,
as it was already observed for the other ethers [12,49,57,58,68,(76,(79, 80]. The most common
path followed by all primary radicals is the typical path of low temperature reactivity, with a first
addition to Oy, an internal isomerisation, a second addition to molecular oxygen and then the
formation of carbonyl-hydroperoxides, which then decompose. Smaller fluxes follow other paths,
for example 2% of the most abundant OOQOOH radical coming from the a-radical of the fuel
forms two molecules of isopentanal. Also, it has to be noted that the tertiary radicals cannot form
carbonyl-hydroperoxides; therefore, even if they can get to form OOQOOH radicals, they would
then just decompose directly after an internal H-transfer.

Considering the pathway analysis performed at 1000 K, shown in Figure reaction pathways
are different. The a-radical is still the most abundant and in this case, even the 6-radical can
isomerise into the a-radical (63% of the flux follows this path). As expected at high temperatures,
the most common reactions for radicals are -scission reactions. Most of the fluxes of the primary
fuel radicals follow these pathways. Nevertheless, it can be seen that a small flux (25%) of the (-
radical (which is also the least abundant) still adds to molecular oxygen, before either eliminating
an HO, radical and forming an unsaturated compound or isomerising and then decomposing.
Nonetheless, these fluxes are almost negligible and are therefore expected to have low to none
influence on the overall reactivity.
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Figure 5.11: Reaction pathways in di-iso-pentyl ether oxidation in the jet-stirred reactor (¢ =1, p=
10 atm, 1000 K, y0,fue1 = 1000 ppm).

5.2 DNPEE

Similarly, the oxidation of di-n-pentyl ether is studied in the jet-stirred reactor at 10 atm and with
aresidence time of 700 ms. Four different equivalence ratios (0.5, 1, 2 and 4) were considered and
the resulting fuel conversions are reported in Figure Several intermediates have been identi-
fied and quantified during DNPEE oxidation, but first it may be interesting to discuss fuel reactivity
at different equivalence ratios.

In Figure[5.12} the fuel conversions for all conditions can be seen. The rich mixtures show a double-
cool flame behaviour, which is more pronounced at ¢ = 4. The stoichiometric condition clearly
shows different levels of reactivity in different temperature ranges, but considering the experi-
mental uncertainty, a double-cool flame is arguable. In the case of the lean mixture, there is no
clear temperature zone where the fuel displays an NTC behaviour. Nevertheless, it seems that the
reactivity still decreases in the temperature range where the rich mixtures have the second NTC
zone, even if the fuel conversion is over 90%. For the lean mixture, the fuel is already completely
converted at 1010 K, while for the stoichiometric ones this is happening around 1060 K and for the
two rich mixtures it is necessary to reach around 1100 K.
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Figure 5.12: Fuel conversion of di-n-pentyl ether over the temperature range studied in the jet-
stirred reactor for the four equivalence ratios at p=10 atm, 7 =700 ms, Y fuel = 1000 ppm (lines are
only added to represent the trend).

In order to have a clearer vision, the mole fraction of the fuel for one of the conditions (¢ = 2)
has been plotted and is shown in Figure As for di-iso-pentyl ether, it is possible to see that
di-n-pentyl ether oxidation shows different zones of reactivity and the temperature range can be
divided in 5 sections. DNPEE is already quite reactive at low temperature and its conversion starts
at 470 K. The first zone extends up to 530 K and in this zone the reactivity rapidly increases with
temperature. At 530 K, the first cool flame zone starts, and it continues up to 550 K. In this zone
the reactivity reaches a small plateau and the fuel conversion stagnates at around 34%. Above 550
K, the reactivity starts increasing again, up to around 690 K, where the second cool flame zone is
reached. This zone, which extends up to 770 K, sees the reactivity reaching a plateau again, this
time with the fuel conversion being constant at around 64%. After this zone, the reactivity starts
increasing again with the temperature, up to around 1100 K, where all the fuel is consumed.
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Figure 5.13: Mole fraction of di-n-pentyl ether over the temperature range studied in the jet-stirred
reactor (¢ =2, p=10 atm, 7 =700 ms, Yo fuel = 1000 ppm).

The double cool flame behaviour is common for DIPEE and DNPEE; nevertheless, the temper-
ature at which the different regimes are situated are slightly different. Also, it is important to note
that for DIPEE, in the second cool flame zone, the fuel conversion was decreasing for both rich
mixtures. For DNPEE, in the ¢ = 2 mixture, the fuel conversion only reaches a plateau and does
not decrease, as opposed to DIPEE. For ¢ = 4, on the other hand, the second cool flame zone is
more important (Fig. and the fuel conversion decreases from 52% at 690 K to 41% at 770 K,
but also in this case it is not getting close to the values of the first cool flame zone, while for DIPEE
it was getting to even lower values than the plateau of the first cool flame. A deeper investigation
on the comparison of DIPEE and DNPEE and also the other ethers will be presented in Section|5.3
Figures illustrate the mole fractions of some of the identified and quantified products
and intermediates of the oxidation of DNPEE. In this case, no simulations are available, since the

mechanism is still under development.



BOOO

 co %
sooof| & co2 %

4000
500
2000
0 - R T =
600 B0O0 1000 1200 600 B0O0 1000 1200 600 800 1000 1200
10000 400
150
5 iz § ow ;
% % 300 %
% 100
5000 200 5
50
100 DE - -
=]
o EEES o &2 Byl g
600  BOO 1000 1200 600  BOD 1000 1200 600 800 1000 1200
—~  BOO 150 150
E 3 c2nd 8 c3n6 B chicho
£ 600
= % % 100 % 100
o
£ 400 §
]
R 0 @ 50 B 50
@ 200 - = -
= _—— = & B B = B
0 = nEs =Rl
600 BOO 1000 1200 600 BOD 1000 1200 600 800 1000 1200
300
%0 B pentanal] |
30 200 15
20 @ 10
100
108 m g =
= Dﬂe
oER Hg DEE Begg!l o =
600 800 1000 1200 600 800 1000 1200 600 800 1000 1200
60 20 30
pentyl pentyl pentanoic
alcohol 15 formate i
40 20 i
10 @ 5
20 10
] § 0 ]
| O ]
DEF Eb%ﬁ: ot DQEE‘-E 0 =5
600  B0O0 1000 1200 600 80D 1000 1200 600 800 1000 1200

Temperature (K)

Figure 5.14: Mole fractions of the fuel and the main products and intermediates during the oxida-
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Figure 5.15: Mole fractions of the fuel and the main products and intermediates during the oxida-
tion of DNPEE in the JSR for ¢ =2 (p = 10 atm, T = 700 ms, }¢ fuel = 1000 ppm).



4000

B oo % %
3000 é co2 %
2000 ﬁ %
1000

2000

6000
1000
4000
500

) Bgasl peF ZREREEE
600 800 1000 1200 600  BOO 1000 1200 600  BOD 1000 1200
2000 200 1000
B h2o % M 8 cha % %
1500 % % % 150

muu-ﬁﬁ: 5 100 fﬁ ﬁﬁ 500 Iﬁg@%
500 | 0 50 By

== o 0
600 800 1000 1200 600 800 1000 1200 600 800 1000 1200
200 40
= 1500}
E B c2hd E% O c3hé @ ch3cho
a2 % 150 30
5 o @ 100 % 20
E 0 o o
= 500
o = 50 s 5] 10 =
= MQ o y =
0 o LB 0ER =
600 800 1000 1200 600 800 1000 1200 600 800 1000 1200
[ 300 iE
% & acrolein
15 é 200 i
10
100 &
st O .
- o
e SEBg 0B 0 N
600 800 1000 1200 600 800 1000 1200 600 800 1000 1200
10 8
a0 % pentyl % pentyl % pentanaoic
alcohol formate 6 acid
30
5 4
20t & Eﬁ §
c 2
10F o -8
T Becees e T a 2
0 Ba. |l g )

600 800 1000 1200 G600 800 1000 1200 GO0 8OO 1000 1200

Temperature (K)

Figure 5.16: Mole fractions of the fuel and the main products and intermediates during the oxida-
tion of DNPEE in the JSR for ¢ =4 (p = 10 atm, 7 = 700 ms, Y0 fuel = 1000 ppm).
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tion of DNPEE in the JSR for ¢) = 0.5 (p = 10 atm, 7 = 700 ms, ¢ fuel = 1000 ppm).



As for DIPEE and the other ethers, among the main species formed, several aldehydes can
be found. First of all, formaldehyde is produced in important quantities at all conditions. It is
a marker of low temperature reactivity and it is produced in large amounts also during DNPEE
oxidation. Figure shows its mole fraction profiles for all equivalence ratios and in Figure
mole fractions of the fuel and formaldehyde are plotted together at ¢ = 4. It is interesting to
observe the difference in formaldehyde profiles between lean and rich mixtures. In fact, for lean
and stoichiometric mixtures, only one peak of formaldehyde mole fraction can be seen and this
is coherent with the almost absence of the "first NTC" zone. On the other hand, for the two rich
mixtures, two peaks could be identified, separated by the second NTC. This can be clearly seen
also in Figure where the zone between the two peaks (690-770 K) corresponds exactly to the

second stronger negative temperature coefficient zone.
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Figure 5.18: a) Formaldehyde mole fractions for all conditions; b) Formaldehyde and DNPEE mole
fractions at ¢ =4, p =10 atm, 7 = 700 ms, Y fuel = 1000 ppm.

Another aldehyde which is produced at all equivalence ratios is acetaldehyde. Although it is
produced in smaller amounts than formaldehyde, it reaches a peak of 156 ppm for the lean condi-
tion and of 34 ppm for the richest one. Only for the condition with ¢ = 4 it is possible to find two
peaks, in the same temperature ranges as the ones for formaldehyde in the same condition.

The Cs aldehyde produced as a typical product of di-n-pentyl ether oxidation is n-pentanal (such
as isopentanal during the oxidation of di-iso-pentyl ether). This aldehyde is produced in con-
siderable quantities for all conditions, from 162 ppm for ¢ = 0.5, to 235 ppm at ¢ = 2. In Figure
its mole fraction profiles for all conditions are shown. The profiles have similar shapes and
similar values. This species is certainly very important in DNPEE oxidation, as was the case for

isopentanal in DIPEE oxidation, because it can be produced at all temperatures through differ-



ent pathways and it can influence the overall reactivity, especially due to its own low-temperature
chemistry. It is therefore interesting to discuss the probable pathways that can lead to the forma-
tion of n-pentanal.
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Figure 5.19: Mole fraction profiles of n-pentanal at all conditions during DNPEE oxidation.

The most probable reaction pathways leading to the formation of n-pentanal are shown in
Fig. where the n-pentanal is highlighted in green. The reaction pathways are quite similar
to the ones producing isopentanal in DIPEE oxidation. The formation of n-pentanal originates
from the a-radical of DNPEE. Especially at high temperature, this radical can directly undergo
B-scission, which leads to the formation of n-pentanal and n-pentyl radicals. These radicals fol-
low their own low temperature oxidation pathways, which may lead to the formation of another
n-pentanal molecule and n-pentanol, as shown in Figures Another possible pathway
leading to n-pentanal is via the decomposition of the carbonyl-hydroperoxide formed as a result
of a series of low-temperature reactions starting with the addition of the a-radical to O,. The

QOOH radical so formed can also yield n-pentanal by -scission.
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Figure 5.20: N-pentanal most probable formation pathways.

As already seen for DIPEE, carboxylic acids are typical intermediates during the low-temperature
oxidation of ethers. In the case of DNPEE oxidation, the acid produced is n-pentanoic acid and,
as can be seen in Figures it is only observed at low temperatures for all conditions. It
is expected to be produced from the decomposition of a carbonyl-hydroperoxide (Korcek mecha-
nism [132]), which is coherent with the temperature range where it is measured, since those path-
ways are typical of low-temperature oxidation.

Among the other products, also n-pentanol and pentyl formate are produced in small quantities
and at low-intermediate temperatures. When analysing the reaction paths leading to n-pentanal,
it was possible to see that one of its formation pathways also leads to the formation of n-pentanol.
This pathway involved the low-temperature chemistry of the pentyl radical, it has to be expected
therefore that the zone where this alcohol is produced corresponds to the temperature range of
the low-temperature reactivity of this radical.

Pentyl formate is formed in smaller quantities compared to n-pentanol; its way of formation de-
pends on the a-radical of the fuel, which adds to molecular oxygen and then isomerises, taking a
hydrogen from the y-site. The decomposition of this QOOH radical can then form pentyl formate
and 1-butene. This is not expected to be the most followed pathway for fuel consumption, which

is coherent with the low mole fraction measured for this formate.



5.2.1 Expected reaction pathways

Figure shows the most probable reaction pathways, starting from the a-radical of DNPEE.
If all the primary radicals are expected to be formed, similar to DIPEE and the other ethers, the
a-radical is expected to be the most abundant, since the C-H bond neighbouring the ether func-
tion is the weakest one. This radical can either decompose to n-pentanal and an n-pentyl radical
(probably more important at intermediate/high temperature) or add to molecular oxygen at lower
temperatures. The RO, radical so produced can then internally isomerise through two different
six-membered transition states. Since the six-membered transition state is the most favoured,
both of the QOOH radicals shown in Figure are expected to be formed. Both these radicals
can then follow the typical chain branching path of low-temperature oxidation. The carbonyl-
hydroperoxides so formed produce n-butyl radicals as illustrated in Figure which are ex-
pected to follow their own low-temperature reaction pathways. Similarly, the radicals of n-pentanal
will follow their own low-temperature paths and the same can be expected from the n-pentyl rad-

ical, formed for example from the f-scission of the primary fuel radical.
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Figure 5.21: Most probable reaction pathways of the a-radical of DNPEE.



5.3 Comparison to the other ethers

Seven different ethers have been studied so far in the same jet-stirred reactor, two of which were
investigated in this study. The same oxidation conditions were conserved: initial fuel concentra-
tion of 1000 ppm, a pressure of 10 atm, a residence time of 700 ms and equivalence ratios ranging
from 0.5 to 2 (or even 4). The aim of keeping the same conditions was to be able to compare and
analyse the reactivity of the different structures of these molecules belonging to the same family.
Figure collects three plots of the fuel conversion of the seven ethers for three equivalence ra-
tios (0.5, 1 and 2). First of all, it is possible to observe that all ethers, except DIPE, start to react
at very low temperature (< 500 K). DIPE, the smallest branched symmetrical ether, starts react-
ing above 700 K, showing no low-temperature reactivity at all, unlike all the other members of the
family. This has been explained by the fact that the most easily formed radical cannot follow the
path leading to the formation of the carbonyl-hydroperoxide and therefore the reactivity at low-
temperature cannot be properly sustained [68].

The smallest symmetrical ether considered here, DEE, shows a conventional NTC behaviour, with
the reactivity strongly increasing in the first zone, reaching a fuel conversion between 50% (at ¢ =
2) and 75% (at ¢ = 0.5). Then, in the NTC zone, the reactivity strongly decreases, with the fuel con-
version going down to less than 10% for all conditions. A similar behaviour is seen for DPE, even
if the increase in the length of the chain allows to start seeing a first double-cool flame regime,
however not certain, given the uncertainty on the measurements. Increasing the chain length and
keeping the symmetry, DBE shows a very clear double-cool flame regime, especially for the fuel-
rich condition. This is also the case for DNPEE, which is nevertheless more reactive than DBE and
even in the cool flame region, the fuel conversion remains very high. This is due to the fact that the
longer chain allows for the formation of more radicals, that can in turn be very reactive and follow
their own low-temperature chemistry.

If other modifications to the structure, as for example the branching or the asymmetry are to be
considered, the first fuel it may be worth looking at is DIPE. As already anticipated, DIPE is the
only ether studied in this JSR under these conditions that did not show any reactivity at low tem-
peratures. The ramification close to the ether function reduces the possibility of the formation
of carbonyl-hydroperoxides, which lead to chain branching at low temperature. If the primary
radical considered is the tertiary one (a-radical), there is no additional hydrogen available to be
abstracted during the second isomerisation (OOQOOH = HOOQ’OOH), thus preventing the elim-
ination of an OH radical and the formation of the carbonyl-hydroperoxide. There are other ways
of forming carbonyl-hydroperoxides, but they depend on the less favourable primary radical (f-
radical). DIPEE is a branched, symmetrical ether as well, however with a longer chain compared to
DIPE and the ramification is further from the ether function. That allows this ether to be very re-
active and the long chain allows the formation of radicals and molecules (as for example isopentyl
radical or isopentanal) that can follow a low temperature chain branching pathway thus contribut-



ing to the double NTC, but also keeping the reactivity to a higher level also within the cool flame

region.
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Figure 5.22: Comparison of fuel conversion for three different equivalence ratios (0.5, 1, 2) for
seven different ethers (DEE, DPE, DIPE, BEE, DBE, DNPEE, DIPEE), p = 10 atm.

The final variation is the asymmetry. To this aim, butyl ethyl ether has been considered. This
ether structure is situated between DEE and DBE and it is an isomer of DPE and DIPE. Observing
the fuel conversion, its oxidation behaviour also appears to be between DEE and DBE. As DBE, it



presents a double-cool flame regime, but more similarly to DEE (and unlike DBE), at the end of the
NTC region its fuel conversion goes back to very low values (almost 0% for fuel-the rich condition).
Considering a direct comparison between DIPEE and DNPEE, it is interesting to notice how their
long chain places these two fuels among the most reactive ones, but the branching of DIPEE moves
it back closer to DBE behaviour, thus apparently leveling out the influence of the longer chain.
DNPEE appears to be the most reactive, especially in the cool flame regions, showing how the
length of the chain, allowing the formation of more radicals and products, is very important for
the overall reactivity. The double cool flame regime seems to be more important for the ethers
presenting a chain of intermediate length, as DBE, or a long chain with branching, as DIPEE, while
it becomes less clear for the shorter chain (DPE), where there are not enough intermediates with
their own low-temperature chemistry, or for the very long chain (DNPEE), where reactivity is al-
ways very high.

5.4 Conclusions

To sum up, this chapter presented the main results obtained for the oxidation of two isomers, di-
iso-pentyl and di-n-pentyl ether, in a jet-stirred reactor. Both these fuels showed a double-cool
flame regime, which was more pronounced for DIPEE, while DNPEE shows a stronger reactivity
over the whole temperature range. For most conditions (except ¢ = 4), DNPEE does not show a
zone where reactivity decreases, but only some temperature ranges where the reactivity reaches
a plateau. For both fuels, a large number of products and intermediates has been identified and
quantified. Some products as CO, CO,, water, CHy4, C2H4, C3Hg, acetone are in common, as well
as the smaller aldehydes (acetaldehyde and formaldehyde), which were also formed during the
oxidation of other ethers. The two specific aldehydes, isopentanal and n-pentanal respectively for
DIPEE and DNPEE, are produced in considerable amounts (around 200 ppm) and have a very im-
portant role in the reactivity of these two ethers. Other specific products include the carboxylic
acids (isopentanoic and n-pentanoic acids, respectively), that are produced only at low temper-
atures and the specific formates and alcohols (isopentyl and n-pentyl), that are also produced at
low-intermediate temperatures.

For DIPEE, a detailed kinetic mechanism was developed, which proved to be in reasonable agree-
ment with the experimental results and helped to understand the reactivity thanks to the reaction
pathway analysis and the analysis of the rate of production of OH and isopentanal.

A final comparison between all the ethers showed how the length of the chain seems to increase
the reactivity, by helping the formation of more radicals and products that can in turn have their
own chemistry, which helps the reactivity. On the other hand, the ramification seems to reduce the
reactivity, even if its influence is lower when the chain is longer and the methyl group is far from

the ether function.



Chapter 6

Results and discussion: oxidation of ethers in
the RCM

In this chapter, the results obtained from the rapid compression machine are presented. For each
ether, a first section introduces the measured ignition delay times and the comparison to the simula-
tions (when available), followed by a reaction pathway analysis. A heat release rate analysis is also
presented for each fuel. Finally, the results for the different ethers are compared and the last part of
the chapter will focus on the results for ethyl lactate.
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Introduction

The following sections present the experimental results obtained for each fuel in the rapid com-
pression machine (as well as in the facilities of the University of Galway for DPE and DIPE). When
possible, the tests have been performed under the same conditions (p. = 15 bar, dilution = [inert gasesl/[0,]
=10, ¢ =2, T, = ~510-660 K) in order to be able to compare the reactivity of the different ethers.
This was not always possible, due to the different reactivity of the studied molecules, nevertheless
at least one condition (dilution 10, ¢ = 2) is in common between all the ethers and allows a direct
comparison of the ignition delay times. For the heat release rate analysis, on the other hand, the
results for DIPE are in different conditions with respect to the other ethers (due to its low reactiv-
ity) and it will therefore not be directly comparable.

The experimental uncertainty for the ignition delay times measured in the RCM was discussed
in section[3.4.2] Two choices were therefore possible for the figures in this chapter: computing a
mean value for the IDT at each temperature, with the related error bars, or including all the igni-
tion delay times measured several times for each condition. This last option was chosen, so that
the repeatability of the tests can clearly be seen from the plots. Nevertheless, it should be noted
that the experimental uncertainty is assessed around 10%.



6.1 DEE

The first fuel that was studied in the rapid compression machine is the smallest ether included in
this study, diethyl ether. In Figure[6.1} the measured ignition delay times are plotted, together with
the simulated ones. The Figure shows the ignition delay times for the stoichiometric mixture
with a dilution of 10, at 15 bar. The ignition happens in two stages over the studied temperature
range (520-610 K), as can be also seen in the pressure profiles in appendix B.1.1] The ignition
delay times of the first stage seem to follow a linear trend (on a logarithmic scale), while the IDTs
of the main ignition seem to reach a plateau towards the higher temperatures of the considered
range. The mechanism is capable of simulating this behaviour properly, even if there is a slight
overestimation of the IDTs (both of the first and main stages) at lower temperatures. The same
overprediction can be seen for the rich mixture over the whole temperature range. Also
in this case, it is possible to see a two-stage ignition, as for the stoichiometric mixture, but only
at higher temperatures. At the lowest temperatures, the model also predicts two stages, but the
ignition delay times are very close to one another. It is possible to suppose that it is the same in
the experimental results, but the time difference is so small and the two slopes in the pressure
so similar that it is impossible to distinguish the first and main ignition delay times at very low
temperatures. Nevertheless, the distance between the first and the main stage IDTs increases as
the temperature increases and it is then possible to distinguish them. The mechanism predicts the
same behavior, even if it simulates longer ignition delays both for the first and the main ignition
events.

The Figure shows the measurements and simulations of two different lean mixtures, one with
dilution of 5 and one with dilution of 10. For the mixture with dilution of 5 (red points and lines),
two stages in the ignition were recorded, similar to what was seen for the stoichiometric one. The
mixture with dilution 10 showed only one stage ignition, which appears to be a first-stage ignition
and not one single main ignition. An example of the pressure profiles (both experimental and
simulated) from the two mixtures with different dilutions at a similar temperature (608-609 K) is
shown in Figure[6.2Jand others can be seen in the appendix[B.1.1] The hypothesis of the more dilute
mixture having only a first stage ignition comes from the small pressure increase, which seems to
be related to a low-temperature heat release. In addition, if the simulated pressure profiles are
considered, it is possible to see that the sharp pressure increase of the first stage is in very good
agreement, while the pressure in the simulation keeps increasing and shows another stage much
less steep. The third reason that corroborates this hypothesis is the comparison of the IDTs of
the two mixtures, as shown in Figure the single delays measured for the more dilute mixture
superpose to the first stage delays of the mixture with dilution 5, while the main delays of this last
mixture are longer. If the single stage of the more diluted mixture was a main stage, it would be
expected to be longer than the one of the less diluted mixture. Regardless, for both mixtures the
agreement of the simulations with the experimental results is quite good, even if also in this case



there is a slight overprediction of the delays at lower temperatures.
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6.1.1 Reaction pathways

A reaction pathway analysis was also performed, in order to see which reactions were driving the
reactivity during the ignition in the rapid compression machine. In figure the results of this
analysis are shown for a stoichiometric mixture at two temperatures, 549 and 608 K. These two
temperatures, even if they are at the extremities of the studied range, are not that far from each
other, therefore the percentages are quite similar, but some small differences can be seen. The
most abundant radical is the one formed from the H-abstraction on the a-site, as expected. This
radical mainly follows the typical low-temperature reaction path.

A very small flux forms the B-radical (2-3%). This radical adds to molecular oxygen and then the
RO, isomerises to the QOOH radical. At the lower temperature, 88% of this radical then adds to O,
for a second time, but at the higher temperature this percentage decreases to 60% and a small flux
(11%) forms a cyclic ether, while another flux (29%) decomposes through f-scission. This is in-
teresting, because it shows how the increase of temperature leads to the appearance of pathways,
such as the one leading to the cyclic ether formation, that were not favoured at low temperature.
Nevertheless, in this case, this flux is so small that it is negligible on the overall reactivity.
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Figure 6.3: Reaction pathways in diethyl ether oxidation (¢ = 1, DEE = 1.5%, p. = 15 bar, 549 K and
608 K (in parenthesis), at 20% fuel consumption).

6.1.2 HRR

More tests were performed for the stoichiometric mixture, with dilution equal to 10, in order to per-
form an analysis on the heat release during the ignition process in the rapid compression machine.
The computed heat release rate over the accumulated heat release, both from the experiments and
from the simulations are shown in figure[6.4al From this figure, it is possible to see that the ignition
appears to be happening in three stages, with the first stage being the one where the highest heat
release rate is reached. The second and third stages have lower heat release rate, around half or
less than the first one. The simulations predict similar accumulated heat release, especially for the
first stage, but the predicted maximum heat release rate is very different. This can be seen also by
comparing the pressure profiles, as shown in figure In fact, the mechanism predicts a very
sharp pressure increase, especially for the first stage ignition. When computing the HRR, the first
derivative of the pressure is used and this value is expected to be different between experiments
and simulations if the slope of the pressure increase is different. It is also possible to see that the
mechanism overpredicts the ignition delay at the lowest temperatures, but it gets quite close to the
experimental value as the temperature increases, while the heat release is still very different, since
the shape of the predicted pressure profile is also very different.
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As explained in section |4.3} it is possible to determine the low-temperature heat release and
the maximum accumulated heat release from the plot in figure In figure these values
are compared between the experiments and the simulations. The LTHR was selected as the first
inflection point and the second inflection points were not compared, because these were hard to
be accurately identified in the experiments, where the inflection point is not clearly discernible.
From Figure[6.5} it is possible to see that the LTHR is reasonably well simulated by the mechanism
(even if it must be remembered that the heat release rate was largely overpredicted), while the
maximum accumulated heat release is very different, with the model reaching a value of 1, while
the experiments showed a maximum of around 0.8. This is partially caused by facility effects, as
for example the flow going into the crevice, that cannot be accounted for [97]. Nevertheless, these
effects can usually explain a difference around 10%, which implies that there is also some discrep-
ancy linked to the mechanism that cannot correctly predict the heat released during the combus-
tion. Both in the experiments and in the simulations, it is possible to see that, as the temperature
increases, the maximum accumulated heat release also slightly increases. On the other hand, the
low-temperature heat release slightly decreases with increasing temperature, which is expected,
since the cool flame tends to disappear at higher temperatures. Nevertheless, all the tests per-
formed are in the low-temperature range for DEE, therefore it is not possible to really see the cool

flame disappearance.
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6.2 DPE

Di-n-propyl ether was one of the two ethers that have been studied both in the RCM of Orléans and
in the RCM and ST of Galway. The measured ignition delay times in all set-ups and the simulations
are shown in Figure The IDTs at low temperature were measured in the PRISME RCM, while the
ones at intermediate temperatures for the rich and stoichiometric mixtures were measured in the
Galway RCM. The ignition delay times at high temperature were measured in the shock tube of the
University of Galway for all the mixtures. The lines represent the simulated values: the solid lines
represent simulation performed using the corresponding volume profile from the non-reactive
mixtures for the RCM and constant volume for the ST. The dotted lines between the temperature
ranges where the experiments were performed represent simulations performed using the closest
volume profile, changing the initial conditions in order to obtain the missing temperatures. This
was done after comparing the volume profiles obtained for similar temperatures and seeing that
the pressure decay was quite similar if the temperature was not too different (+/- 25 K) and it was
only to have a continuous line in the temperatures where none of the used set-ups could be ex-
ploited.

Figure shows the ignition delay times of the stoichiometric mixture. At low temperatures, ig-
nition happens in two stages, as shown by the presence of the measured first ignition delay times
and as can be seen from the pressure profiles in Figure[6.7]and in the appendix[B.1.2] The mecha-
nism is in quite good agreement with the first ignition delay times, while it slightly underpredicts



the main IDTs, especially when the temperature starts increasing. The trend of the last experimen-
tal points in this low-temperature range and the first ones that could be measured with the second
RCM seems to hint that there is an NTC zone, where the ignition delay times reach a plateau and
the reactivity is not increasing. In agreement, the simulations show a plateau in the main ignition
delay times between 625 and 720 K. They are also in good agreement with the IDTs measured in
Galway RCM (760-910 K), except for the higher temperatures, where the mechanism starts over-
predicting the delay. This is also the case for the ignition delays at the lowest temperature in the
shock tube, while it gets closer to the experimental points for temperatures higher than 1150 K.

A similar situation is found for the rich mixture, for which the IDTs are shown in Figure At
low temperatures, a two-stage ignition is seen, but in this case, similar to what was seen for DEE
(section[6.1), at very low temperatures it is impossible to distinguish the two stages in the experi-
mental pressure profiles and also the simulations predict first and main ignition delays to be very
similar, as shown in Figure As the temperature increases, the two IDTs distance from each
other, both in the experiments and in the simulations, as shown in Figure Over the whole
temperature range, with the exception of high temperatures over 1150 K, the mechanism slightly
overpredicts the main ignition delay times. Unlike ¢ = 1, where the NTC zone was outside the
range of temperature where the IDTs are measured, for the rich mixture it is possible to see that
there is a zone between 660 and 760 K where the ignition delay times reach a plateau value or even
slightly increase with increasing temperature. The mechanism is also in good agreement with this
trend, even if it overpredicts the IDTs. The predicted values between the RCM and the ST range
show another small plateau or even increase in the simulation, but this could be caused by the dif-
ference in the set-ups and their relative facility effects, therefore it is not really possible to assume
the fuel having a double NTC. It would be necessary to perform tests in a single set-up over that
temperature range in order to assess with greater certainty if a second NTC is present or not.
Finally, Figure shows the IDTs of the lean mixture. Similarly to DEE, in the lowest tempera-
ture range only the ignition delay times of the first stage could be measured and the mechanism
predicts these values quite well (some pressure profiles, both experimental and simulated, are in-
cluded in the appendix[B.1.2). In the intermediate temperature range, it was not possible to mea-
sure the ignition delay times, since they were outside the reliability range of both RCMs. The IDTs
between 770 and 940 K were then measured in the RCM of the University of Galway and between
1050 and 1410 K in the ST (Galway). The mechanism is in good agreement with the measured
values, with a slight overprediction in the highest temperature reached with the RCM. From these
experimental data, it is impossible to predict if the lean mixture would show an NTC zone as it was
the case for the other two mixtures. Nevertheless, it is clear that the lean mixture is the least reac-
tive, except at very high temperature (over 1350 K), where the typical crossover of the IDTs of the

mixtures at different equivalence ratios happens and the lean mixture shows the shortest delays.
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6.2.1 Reaction pathways

A reaction pathway analysis has been performed at low and intermediate temperatures (610 and
789 K) and at higher temperatures (1000 and 1200 K) for the stoichiometric mixture. The results of
this analysis are shown respectively in figures|6.9/and

At 610 K, the typical pathways of low-temperature reactivity are followed. The most abundant fuel
radical is the a-radical (77%), followed by the - (13%) and y- (10%) radicals. All these fuel radi-
cals add to molecular oxygen and then isomerise to form QOOH radicals. More than 90% of the
QOOH radicals go through a second addition to O, followed by the formation of ketohydroper-
oxides, which then decompose, forming smaller products and radicals. These pathways are very
similar to the ones that were predicted in the jet-stirred reactor at 500 K in the work of Serinyel et
al. [57]; this shows how the main oxidation pathways at very low temperature seem to be similar
under different conditions and set-ups.

When the temperature increases to around 800 K (Fig. [6.9), the B-scission reactions and the for-
mation of cyclic ethers become more important pathways. The cyclic ether formations from the
QOOH radicals remain mostly negligible, while the 5-scission becomes the main pathway followed
by these radicals (for example, the flux from the radical dpeloohl increases to 73%, with respect
to the 9% at 610 K).

The reaction pathway analysis performed at high temperatures shows quite different results
compared to low temperature. The main pathways are shown in figure At 1000 K, the fuel
still undergoes H-abstraction, with the a-radical being the most abundant one (77%). At 1200
K, this percentage decreases to 52% and 27% of the fuel undergoes unimolecular decomposition.
This reaction was not important at low temperature and at 1000 K, but it becomes more and more
important as the temperature increases. The fuel radicals obtained by H-abstraction either directly
undergo (-scission reactions or can still add to molecular oxygen (mainly at 1000 K, while the
fluxes following these pathways at 1200 K become negligible). Nevertheless, the low-temperature
pathways are no longer followed after the addition to oxygen: RO, radicals undergo isomerisation

to QOOH radicals, but these either decompose by f-scission or form unsaturated compounds.
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6.2.2 HRR

Similarly to what was done for DEE, a heat release rate analysis has been performed for the stoi-
chiometric condition and a dilution of 10.
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(a) Heat release rate vs accumulated heat release (both (b) Pressure profiles (only some simulations for clarity of
normalised by the mixture LHV) the plot)

Figure 6.11: Experiments (solid) vs simulations (dashed): a) HRR vs aHR, b) pressure profiles. Mix-
ture: DPE, ¢ = 1, dilution = 10 (inert gases: 50% CO> + 50% N3), DPE = 1.0%, p. = 15 bar.

Figure shows the heat release rate plotted against the accumulated heat release and the
pressure profiles, both experimental (solid lines) and simulated (dashed). Also in this case, it is
possible to see that there are actually three distinct heat releases, with the third one being almost
impossible to distinguish in the experiments. Once again, the mechanism, even if it was in reason-
able agreement concerning the ignition delay times, is unable to correctly predict the heat release
rate. In fact, in the experiments the HRR reaches its maximum during the main ignition, while the
model predicts a higher heat release rate for the first stage. In any case, the model overpredicts the
HRR for all stages and this is evident also from the comparison of some of the simulated pressure
profiles shown in figure[6.11b] The simulated profiles show very steep pressure increase, especially
for the cool flame. Also, the overall pressure increase is largely overpredicted for all temperatures.
Figure[6.12]shows the comparison of simulations and experiments concerning the low-temperature
heat release and the maximum accumulated heat release. Once again, as it was for DEE, the values
predicted by the model for the LTHR are not that far from the experimental values, even if there
is an overprediction also in this case. On the other hand, the maximum accumulated heat release
is still largely overpredicted. A part of this overprediction can be caused by physical effects (as for

example the flow of reacting mixture that is trapped in the crevice of the piston), but the difference



is big enough to imply that also the model has to be improved in order to better represent the heat
release during combustion.
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Figure 6.12: Low-temperature heat release and maximum accumulated heat release (normalised
by the mixture LHV): comparison between experiments (points) and simulations (lines). Mixture:
DPE, ¢ =1, dilution = 10 (inert gases: 50% CO> + 50% N3), DPE = 1.0%, p. = 15 bar.

6.3 DIPE

Di-iso-propyl ether (DIPE), isomer of DPE, has less oxidative reactivity than di-n-propyl ether. If
it showed no reactivity at low temperatures in the jet-stirred reactor, as shown in [67] and [68],
in the experiments performed in the rapid compression machine of PRISME, a low temperature
reactivity followed by an NTC region has been observed, even if it appears to be weaker than the
ones observed with the previously presented ethers. The measured ignition delay times and the
corresponding simulated values are shown in figure It has to be noted that the dilution in
this case is 5, while it was 10 for DPE. A mixture with common characteristics was also tested for
both isomers, but it will be presented in a later section (6.8.1), where the comparison between the
reactivity of DPE and DIPE will be discussed.

The Figure shows the ignition delay times for the stoichiometric mixture. As for DPE, DIPE
was also tested in the facilities of the University of Galway, for this specific mixture (in RCM and
shock tube for the higher temperature range). At low temperature, DIPE shows a two-stage igni-
tion and at intermediate temperatures, a negative temperature coefficient zone can be observed.
It can be seen from Figure that a large number of tests was performed in this temperature

range and the scatter of the results appears more important than in the low and high temperature



zone. This is due to the fact that these ignition delay times are actually outside the usual reliability
limit of the rapid compression machine. In fact, the maximum acceptable measured delay in our
facility is considered to be 200 ms. Over this time, the heat losses become too important, as well as
the related decrease in the pressure before the ignition. Nevertheless, these points are included in
the plot, since they follow a coherent trend with the ones in the reliable operating range and they
allow to see the complete NTC zone. Considering the performance of the mechanism, it is possible
to see that at low temperature it is still far from the experimental results, with the lowest tempera-
tures where no reactivity is expected from the simulations. The low-temperature sub-mechanism
of DIPE has been developed specifically after these experiments were performed. The literature
lacks other data that could allow a further improvement, nor there are direct calculations on the
main reactions involved. Nevertheless, it is possible to see that the mechanism can still predict the
NTC zone and also the trend of the delay of the first stage seems to have some similarities to the
experiments (it has to be noted that towards the intermediate temperature, the increase in pres-
sure due to the cool flame starts to be very small, up to when it becomes almost negligible and
impossible to be categorised as an ignition. An example is shown in Figure [6.14} while other pres-
sure profiles are included in the appendix[B.1.3). At high temperature, the mechanism seems to be
in better agreement with the experimental results, with only a slight overprediction of the delays.
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Figure 6.14: Experimental and simulated pressure profiles for a mixture of DIPE at ¢ = 1, dilution
=5 (inert gas: 100% N5), DIPE = 1.8%, p. = 15 bar, T, =676 K.

The Figure shows the IDTs for the rich mixture. The trend is similar to that of the stoi-

chiometric mixture, but the delays are shorter, as shown in the comparison in Figure Also
in this case, at low temperature the ignition happens in two stages and a negative temperature
coefficient zone is present at intermediate temperatures. For this mixture, the ignition delays are
in the operating range of the RCM (Galway). Also for this mixture, the mechanism underpredicts
the reactivity at low and intermediate temperatures, while it is reasonably close to the data at high
temperatures. It is interesting to note that, even if it is shifted with respect to the experiments, the
trend of the first stage ignition delays in relation to the main ignition appears to be well captured
by the simulations.
The Figure shows the ignition delay times of the lean mixture. In this case, no IDTs could
be measured at low temperatures, probably because they were too long. Reactivity started to be
visible after around 830 K and, since this is already in the higher temperature zone, the simulations
are in reasonable agreement with the measured delays. As can be shown from the comparison in
figure the IDTs of the lean mixture are the slowest ones, up to the crossover temperature,
which is around 1250 K.

6.3.1 Reaction pathways

A reaction pathway analysis has been performed, both at low-intermediate temperature (600 and
792 K) and at high temperature (1000 and 1200 K) for the stoichiometric mixture.



In Figure the main reaction pathways at low and intermediate temperature are shown. As
expected, the most abundant fuel radical (77%) is the tertiary radical, indicated with "dipel" in
Fig. At 600 K, this radical then adds to oxygen, as typical of low-temperature chemistry and
the RO, isomerises through a six-membered transition state. The typical step after this QOOH
radical is formed would be a second addition to O, followed by the formation of a ketohydroper-
oxide. Nevertheless, due to the branched structure of DIPE, this is not possible, leading to a weak
low-temperature reactivity (or actually absent, under other conditions, as in the JSR or for lean
mixtures). In this case, the QOOH radical mainly decomposes to form two molecules of acetone
and an OH radical. A smaller flux of the fuel (23% at 600 K) forms the primary radical (dipe2 in Fig.
[6.15), which then mainly follows the typical low-temperature chain branching path. At interme-
diate temperature (around 800 K), dipel mainly decomposes forming two molecules of acetone
and an OH radical (55%), while the rest of the flux follows the same path of the lower temperature.
Similarly, dipe2 mostly undergoes f-scission, and the smaller flux adding to O, also undergoes
p-scission, after isomerising to QOOH radicals.

The reaction pathway analysis performed at higher temperatures is shown in Figure The
most important paths that can be seen here start being more similar to what was seen in the JSR
at similar temperature in [68], suggesting that, once again, the oxidation in these two different set-
ups happens in similar ways. The most abundant radical deriving from the fuel is still the tertiary
one, but the flux is smaller compared to what was predicted at low temperature. The main path
followed by this radical is B-scission, which gives as products acetone and an isopropyl radical.
A small flux (4%) at 1000 K can still add to oxygen and isomerise, then decompose forming two
molecules of acetone and an OH radical. On the other hand, dipe2 is less abundant and it mainly
decomposes through f-scission, with 24% of the flux forming unsaturated compounds. The uni-
molecular decomposition of the fuel becomes more important as the temperature increases, with
its percentage increasing from 0 to 14% when moving from 1000 to 1200 K. As in the JSR, this path

is more important for the rich mixture and at high temperature.
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Figure 6.16: Reaction pathways in di-iso-propyl ether oxidation in the HPST (¢ = 1, DIPE = 1.8%,
pc =15 bar, 1000 K and 1200 K (in parenthesis), at 20% fuel consumption).
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6.3.2 HRR

A heat release rate analysis was performed for some points of the stoichiometric mixture, with
dilution equal to 5. Some tests were tried with a higher dilution, in order to be able to compare all
the ethers, but DIPE was not reactive enough and no ignition was observed under these conditions
and in the same temperature range considered for the other ethers.

Figure shows a comparison of the heat release computed from the experiments and the one
computed from the simulations. It has to be noted that at temperatures lower than 600 K, the
pressure profiles obtained from the simulations did not show a clear ignition event, therefore it was
not possible to perform the HRR analysis on those tests. Nevertheless, the heat release computed
from the experiments is reported for all the temperatures that were tested.

The Figure shows the heat release rate as a function of the accumulated heat release. The
simulations largely overpredict the maximum heat release rate of the main stage of the ignition

(with a peak value around 10000 s~*

, which is not shown in the plot, in order to keep the visibility
of the experimental results). It is also interesting to note how the simulations predict a second
small heat release (after the one of the first stage), right before the main ignition, which can also
be seen from the simulated pressure profiles in Figure In the experiments, on the other
hand, this heat release right before the main ignition is inexistent, while there is a slight change in
the slope of the pressure increase, which determines the small peak towards the maximum of the

accumulated heat release.
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Figure 6.17: Experiments (solid) vs simulations (dashed): a) HRR vs aHR, b) pressure profiles. Mix-
ture: DIPE, ¢ = 1, dilution = 5 (inert gases: 50% CO> + 50% N3), DIPE = 1.8%, p. = 15 bar.

Figure allows to have a better look at the low-temperature heat release, which is almost
two orders of magnitude smaller than the main ignition heat release in the experiments and it is
even almost negligible in the simulations. It is interesting to see how this heat release decreases,

as temperature increases, which can also be seen from the pressure profiles, with the pressure in-



crease due to the cool flame decreasing as the temperature increases.

Figure [6.18 compares the low-temperature heat release and the maximum accumulated heat re-
lease as computed from the experiments (points) and from the simulations (lines). The simula-
tions predict well the low-temperature heat release (even if it was underpredicting its rate), while
it slightly overpredicts the maximum heat release. Nevertheless, this overprediction is in a range
of 10-15%, which can be mainly related to physical effects that cannot be properly accounted for
in the simulations. It is also possible to see, especially from the experimental results which extend
over a range of around 120 K, how the low-temperature heat release decreases when the tempera-

ture increases, while the maximum heat release increases.
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Figure 6.18: Low-temperature heat release and maximum accumulated heat release (normalised
by the mixture LHV): comparison between experiments (points) and simulations (lines). Mixture:
DIPE, ¢ =1, dilution = 5 (inert gases: 50% CO> + 50% N3), DIPE = 1.8%, p. = 15 bar.

6.4 BEE

Butyl ethyl ether was studied in the rapid compression machine at both dilutions 5 and 10 for
the stoichiometric (BEE = 1.8% and 1% respectively) and rich (BEE = 3.6% and 1.98% respectively)
mixtures and at dilution 5 for the lean mixture (BEE = 0.9%). The measured ignition delay times
(points), along with the simulations (lines) obtained from the mechanism, are shown in Figure
6.19
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Figure 6.19: Ignition delay times of butyl ethyl ether in the RCM (points: experimental data, lines:
simulations (solid: main IDT, dashed: first IDT), p, = 15 bar.

The Figure shows the IDTs of the two stoichiometric mixtures with different dilution.
Considering the ignition delay times of the main stage, the ones for the mixture with higher dilu-
tion are longer, even if there is an overlap at the lowest temperature. It is also interesting to note
that for the mixture with dilution 10 it is possible to identify a two-stage ignition, while for the

mixture with dilution 5 the ignition seems to happen in a single stage. If the pressure profiles are



compared (appendix[B.1.4) both for the experiments and the simulations, it is possible to see that
in the simulated profile a two-stage event seems to be present also for the less diluted mixture, but
they are so close that it is almost impossible to distinguish them. On the other hand, this is hardly
the case if the experiments are considered, where a single stage is clearly recognisable. As far as
the simulations of the ignition delay times are concerned, there is an overprediction of the IDTs, at
the lowest temperature for the main ignition of the more dilute mixture and over the whole tem-
perature range for the less dilute one. Nevertheless, the trends are quite well captured and if the
lower temperature range is considered, it is possible to see that the model predicts the overlap that
appears to happen for the main ignition delay times.

The Figure shows the ignition delay times (measured and simulated) for the two rich mix-
tures. At both dilutions, ignition was observed to happen in a single stage. At very low temperature,
the ignition delay times of the mixture with dilution 5 and the one with dilution 10 are very close
and this tendency is well represented by the simulations even if there is an overall overprediction.
As the temperature increases, the ignition delays of the mixture with dilution of 10 are slower com-
pared to the mixture with dilution 5. Simulations show the same tendency even if the mechanism
appears to be still less reactive than the experimental results.

The Figure shows the ignition delay times for the lean mixture with dilution 5. In this case,
a two-stage ignition was recorded as predicted by the simulations. At low temperature, the simu-
lations overpredict the measured delays, but they get closer to the experimental values at higher
temperatures, at least for the main ignition event. From the slope of the simulations and the trend
of the experimental results, it may be speculated that the ignition delays start reaching a plateau
towards intermediate temperatures. Nevertheless, the delays of the cool flame are linearly decreas-
ing, and the reactions start happening before the end of the compression at higher temperatures.

The Figure[6.42|shows a comparison of the main ignition delay times for different equivalence ra-
tios at dilution 5. It is possible to see that only the lean mixture seems to show the beginning of a
possible NTC region, while the rich and stoichiometric mixture show a typical Arrhenius trend.

6.4.1 Reaction pathways

A reaction path analysis has been performed for the stoichiometric mixture at 538 K and the results
are shown in Figure[6.20] In order to identify the radicals, numbers are used on the ethyl side and
letters are used on the butyl side (starting from the carbon neighbouring the ether function in both
cases, as can be seen from the Figure[6.42).

The other ethers presented so far were symmetrical and had therefore one most abundant rad-
ical. BEE, on the other hand, has an asymmetrical structure and two primary radicals (bee-1 and
bee-a) are equally favored. The first radical (bee-1) follows the low-temperature chain branch-
ing pathway. The second radical (bee-a) also adds to molecular oxygen, but it can then isomerise
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through a 6-membered transition state to give two different QOOH radicals. The more abundant
QOOH (56%) is the one including the ether function in the cycle of the transition state (bee-aoohl),
but the other one is also quite important. Both QOOH radicals then go through second O, addition
thereby forming the corresponding ketohydroperoxide. A small flux (6%) of the radical bee-aooh1
undergoes f-scission.

The three other possible fuel radicals are also formed, but with smaller fluxes and mostly follow
the typical chain branching paths which are controlling the low-temperature reactivity, through
the formation and decomposition of ketohydroperoxides.

6.4.2 HRR

An analysis on the heat release during the ignition in the RCM was also performed, for the sto-
ichiometric mixture with a dilution of 10. Figure shows the comparison of the heat release
rate plotted as function of the accumulated heat release as computed from both the exper-
imental and simulated pressure profiles, which are shown in the right panel (Fig. [6.21b).

As it was the case for DEE and DPE, the heat release rate computed from the simulations is much
higher than what is observed in the experiments, especially for the first stage of the ignition. This
can be seen also from the pressure profiles, where the pressure increase of the first stage in the
simulated profiles appears to be much sharper than in the experimental profiles. This is the case
for all temperatures, even when the ignition delay times are in agreement between experiments
and simulations. The main ignition appears to have two heat releases happening quite close to
each other, which can be seen as the change of slope in the pressure increase in the plot
This behaviour could be seen as an actual three-stage ignition, instead of two, which was already
seen in diluted mixtures also for the other ethers. For these two heat releases, the computed rates
from experiments and simulations are closer than the ones for the first stage, even if the mecha-

nism still overpredicts the values.
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Figure 6.21: Experiments (solid) vs simulations (dashed): a) HRR vs aHR, b) pressure profiles. Mix-
ture: BEE, ¢ = 1, dilution = 10 (inert gases: 50% CO- + 50% N>), BEE = 1.0%, p. = 15 bar.

Figure[6.22]compares experimental results and simulations of the low-temperature heat release
and the maximum accumulated heat release. If the overprediction of the heat release rates for the
first stage was quite important, the simulated low-temperature heat release is actually quite close
to the experimental results and in both cases, it is possible to see a slightly decreasing trend as
the temperature increases. On the other hand, the maximum accumulated heat release simulated
with the mechanism is quite higher than the one obtained from the experiments; even if a part of
this overestimation can be caused by physical effects, there is surely some discrepancy linked to
the kinetic mechanism or the thermodynamical properties of the key species. Nevertheless, both
experiments and simulations show an increasing trend on the maximum accumulated heat release
as the temperature is increased, which seems to be slightly more pronounced in the experiments.
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6.5 DBE

Di-butyl ether ignition delay times were measured under several conditions: for the mixtures with
dilution 5 (results in Figure three different equivalence ratios were tested, all at a pressure of
15 bar; for the mixtures with dilution 10 (results in Figure[6.24), only stoichiometric and rich con-
ditions were considered, finally the stoichiometric conditions were tested at both 15 and 20 bar.

Considering the experimental results for the less dilute mixtures, from Figure|6.23aland [6.23b]it is

possible to see that for stoichiometric and rich mixtures the ignition happens in a single stage. If
the simulations are considered, it is possible to see that their agreement to the experimental data is
quite good, but looking at the pressure profiles (appendix[B.1.5), an actual two-stage ignition can
be seen, with the two stages being at around 1 ms from each other for the stoichiometric mixture
and almost indistinguishable for the rich mixture, where they appear as a small change in slope in
the very steep pressure increase.

The lean mixture, for which the ignition delay times are shown in Figure a two-stage igni-
tion can be seen both in the experiments and in the simulations. For the first stage, the simula-
tions slightly overpredict the delay at lower temperatures, but they get in better agreement as the
temperature increases. For the main ignition, on the other hand, the simulations overpredict the

ignition delays at lower temperatures and underpredict them at the higher temperatures.
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Figure 6.23: Ignition delay times of dibutyl ether in the RCM (points: experimental data, lines:
simulations (solid: main IDT, dashed: first IDT), p. = 15 bar.

Looking at the comparison of the main ignition delay times for the three equivalence ratios,
shown in Figure it is possible to see that rich and stoichiometric mixtures have quite sim-
ilar ignition delays, while the lean mixture is considerably slower especially as the temperature
increases. This trend is captured by the simulations, which also predicts very similar delays for all
three mixtures at low temperature and the delays of the lean mixture become slower as the tem-



perature increases.

In Figure the ignition delay times for the two mixtures with higher dilution are shown. In the
first plot (6.24a), the results for the stoichiometric mixture at two different pressures are shown.
If Hakimov et al. [82] found a negligible pressure dependence of the IDTs for their stoichiomet-
ric mixture in air, it appears that with higher dilution even a difference of only 5 bar in the com-
pressed gas pressure can mark a non-negligible difference in the main ignition delay times, which
becomes more evident as the temperature is increased. On the other hand, the first-stage ignition
delay times appear to be pressure independent over the whole temperature range considered. The
simulations show a similar behaviour, with the first ignition delay times at both pressures being
superposed and the main ignition delay times growing apart as the temperature increases. It is
also possible to see that at both pressures it seems that a plateau could be reached for the main
ignition delay time at slightly higher temperatures than the ones that have been tested.
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Figure 6.24: Ignition delay times of dibutyl ether in the RCM (points: experimental data, lines:
simulations (solid: main IDT, dashed: first IDT).

The Figure shows some points for the rich mixture with higher dilution and the IDTs of
the mixture with dilution 5 were included as comparison. Even if only a few temperatures were
tested for the more dilute mixture, it is possible to see a trend similar to what is reported for the
previously presented ethers, with the ignition delay distancing as the temperature increases. The
simulations seem to be in good agreement, concerning the ignition delay times of this dilute rich

mixture and a beginning of an NTC region seems to be appearing on the higher temperature side.



6.5.1 Reaction pathways

A reaction pathway analysis was also performed using Thion et al. [76] mechanism for a stoichio-
metric mixture at 560 K and it is reported in Figure[6.25] All the four possible radicals that can be
formed from the fuel through H-abstraction are produced, the most abundant one (37%) being the
a-radical. This radical follows a typical low-temperature chain branching pathway. All the other
fuel radicals also follow this same path. Even if it is not reported in the figure, similar percentages
were found when the analysis was performed at 640 K. If these results are compared to the anal-
ysis done by Zhong et al. [83], which used a tuned version of the mechanism proposed by Thion
et al. [76], it is possible to see that the expected pathways at lower temperatures are quite similar
even if the percentages are slightly different. On the other hand, at higher temperatures, in Zhong'’s
analysis the flux of QOOH adding to O, starts becoming smaller while 3-scissions and cyclic ether
formation reactions become more important. Their analysis was performed at a lower pressure (7
bar), but since the mechanism used here underestimates the IDTs at that temperature, it might be
necessary to further investigate the rate constants of these reactions, since a bigger flux going into
B-scission or cyclic ether formation may decrease the overall reactivity, in order to better represent

the measured ignition delay times at these conditions.
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6.5.2 HRR
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Figure 6.26: Experiments (solid) vs simulations (dashed): a), ¢) HRR vs aHR, b), d) pressure pro-
files. Mixture: DBE, ¢ = 1, dilution = 10 (inert gases: a)-b): 50% CO; + 50% N>, ¢)-d): 100% N»),

DBE = 0.8%.

A heat release rate analysis was performed for a stoichiometric mixture with dilution equal to 10,

with two different inert gas composition: at low temperatures, 50% CO, and 50% N, was used,



while at higher temperatures only N, was used. Even if the temperature ranges are not overlap-
ping, this allows to have an idea of the effect of the different inert gases in the mixture on the heat
release during the ignition in the RCM.

Figure shows the results of this analysis: on the left panel (Figs. [6.26a] and [6.26¢) the heat

release rate is represented against the accumulated heat release, while on the right panel the pres-

sure profiles are shown. Once again, these plots compare the experimental results (solid lines) to
the simulations (dashed).

First, if the influence of the inert gases in the mixture is considered, it is possible to see that the
presence of CO, lowers the heat release rate considerably. For example, considering the main ig-
nition (last peak) in the experimental results, taking the higher temperature from the mixture with
CO- and the lowest one for the mixture with only N, (8 K of difference), it is possible to see that the
heat release rate is lowered by a factor of 10 when CO- is used. An influence seems to be present
also on the low-temperature heat release, although to a lesser extent, while it seems to be com-
pletely negligible on the maximum heat release.

Comparing the simulations to the experiments, for both mixtures it is possible to see that the
mechanism largely overpredicts the heat release rates, for all the stages of the ignition. Also, the
heat release calculated from the simulations shows two clearly distinct peaks in the first stage of
the ignition for both mixtures, while in the experiments it is unclear. A first peak seems to be
present for some temperatures, but it is almost indistinguishable from the main peak. A similar
trend can be seen for the mixture with only N in Figure with the main ignition having two
clear peaks in the heat release from the simulations, while it is barely distinguishable in the exper-
iments and the first peak completely smoothens out as the temperature increases. For the mixture
with CO, (Fig. , itis also possible to see that there is a very small peak after the main ignition,
which is also possible to see in the pressure profiles as a change in the slope of the main pressure
increase. This is also present in the simulations and the magnitude of the heat release rates in this
case is almost comparable.

Figure compares the low-temperature heat release (LTHR) and the maximum accumulated
heat release as computed from experiments and simulations for both mixtures. As already dis-
cussed, the maximum heat release seems to be independent on the inert gases in the mixture,
while the LTHR seems to be slightly dependent. Nevertheless, it is possible to see that the max-
imum heat release increases as the temperature increases, while the LTHR seems to be constant
for the mixture with CO; and starts to slightly decrease for the mixture with only N,. The simu-
lations show a similar trend, even if the increase in the maximum heat release is less than what
was seen with the experimental values. In general, the simulations overpredict both values for
both mixtures and over the whole range of temperature. This shows, once again, that even if the
mechanism appears to be in reasonable agreement considering the ignition delay times, when the
heat release is considered the performance is sensibly worse and a further improvement would be
needed.
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6.6 DIPEE

The ignition delay times of di-iso-pentyl ether (DIPEE) were also measured in the rapid compres-
sion machine, for different mixtures. Figure shows the results for the mixtures with dilution 5
and three different equivalence ratios, 0.5, 1 and 2. As it was the case in the jet-stirred reactor ex-
periments, DIPEE seems to have a behaviour similar to di-butyl ether. As can be seen from Figures

[6.28aland|6.28b}, for the stoichiometric and rich mixtures, only one stage could be identified for the

ignition in the rapid compression machine. The IDTs seem to follow a typical Arrhenius trend and
the mechanism, even if it largely overpredicts the delays for both conditions, seems to be at least
capturing the slope of the stoichiometric points. Nevertheless, the simulations predict a two-stage
ignition, which is particularly evident for the stoichiometric condition, while in the case of the rich
mixture the two delays are almost indistinguishable and only visible as a small change in slope in
the pressure increase.

The Figure shows the first and main ignition delay times of the lean mixture. In this case, as
it was for DBE, ignition happens in two stages in the experiments and the simulations show the
same behaviour. Also in this case, the simulation overpredicts the ignition delay times, both of the
first and main stage, but captures reasonably well the relative trend of both stages.

Figure shows a comparison of the ignition delay times of the main stage of the three condi-



tions. Atlow temperatures, the IDTs are quite similar for all conditions, while they show differences
as temperature increases (when T, > ~550 K), especially for the lean condition which is the slowest
within this temperature window. For all three mixtures in this range of temperature, the IDTs show
a typical Arrhenius trend.
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lines: simulations (solid: main IDT, dashed: first IDT), p. = 15 bar.



The Figure[6.29shows the ignition delay times for the mixtures with dilution 10. In this case, as
for DBE, only stoichiometric and rich mixtures were considered, with the stoichiometric mixture
tested at both 15 and 20 bar.

The Figure[6.29ashows the ignition delay times of the stoichiometric mixture at two different pres-
sures and compares the experimental results to the simulations, as shown by the pressure profiles
in appendix[B.1.6] Itis possible to see that for both conditions ignition happens in two stages at low
temperatures. The delays of the first stage seem to be almost independent of the pressure, while
the main delays are longer at lower pressure. The same trend can be seen in the simulations, that
correctly predict very similar first IDTs and faster delays for the main ignition at 20 bar. Nonethe-
less, the simulations are still overpredicting both the first and main ignition delay times over the
whole temperature range. It is also interesting to note that even if there is not a clear negative tem-
perature coefficient zone, there are some clearly visible changes in the slope of the trending line of
the points, which is also visible in the simulations.

The Figure on the other hand, shows the IDTs of the rich mixture. Also in this case, for
this mixture with dilution of 10, ignition happens in two-stages in the experiments and this is rep-
resented by the simulations. Both in the experiments and in the simulations, the first and main
ignition delays are very similar at low temperature and they distance from each other as the tem-
perature increase. Nevertheless, the mechanism overpredicts both first and second stage ignition

delay times at all temperatures.
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6.6.1 Reaction pathways

A reaction pathway analysis was performed for a stoichiometric mixture, at 560 and 800 K, in or-
der to identify the most important reactions happening in different temperature regions, and the
results are shown in Figure[6.30]

At both temperatures the fuel is consumed by H-abstraction and the most abundant radical is the
a-radical in both cases. At low temperature, this radical only adds to molecular oxygen, while at
800 K a part of the flux (36%) undergoes (-scission, forming isopentanal and an isopentyl radical,
which have been shown to be very important for the reactivity in the jet-stirred reactor as well.
The ROO radical can then isomerise to three different QOOH radicals (only two at 800 K) and the
most abundant one is the one formed via a six-membered transition state which include the ether
function in the cycle (dipee-aoohl). At 800 K, more than 90% of this QOOH radical is expected
to decompose into two isopentanal, with release of an OH radical. At 560 K, on the other hand, a
second addition to O, is the main path followed (66%), followed by the formation and then decom-
position of the corresponding ketohydroperoxide. The other QOOH formed at both temperatures
(dipee-aooht) follows similar reaction paths, with the f-decomposition being more important at
higher temperature and the ketohydroperoxide formation path being the most common path at
low temperature. The third QOOH which is only formed at low temperature only follows the typi-
cal chain branching path.

The second most abundant radical obtained from the fuel from H-abstraction is the tertiary radical
(dipee-t). The pathways followed by this radical are slightly different from what was explained for
the a-radical, since this radical cannot lead to a ketohydroperoxide. At 560 K, the whole flux adds
to molecular oxygen, while at 800 K a small flux (8%) undergoes -scission. The RO, radical then
isomerises to QOOH, through a six-membered transition state. At 560 K, the second addition to O,
follows, while at 800 K this does not happen. After the addition to O, since no ketohydroperox-
ide can be formed, another isomerisation happens, followed by f-decomposition, giving products
which include an OH radical and isopentanal. At 800 K, more than 90% of the flux from the QOOH
radical goes through f-scission, which also leads to the formation of an isopentyl radical.

The third radical (in order of abundance) is the primary radical (dipee-p), which is slightly more
important at higher temperature (21% against 15%). At 800 K, 14% of this flux isomerises to a-
radical. This<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>