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Abstract

The use of alternative fuels may be a possible solution to minimize the formation of
pollutants from diesel engines, such as nitrogen oxides (NOy) and soot, with diverse potential
harmful effects on environment and/or human health. In this field, fuel reformulation by the
addition of oxygenated compounds seems to be a promising solution. However, the behavior
of these alternative fuels under combustion environments is less known compared to that of
conventional ones. Therefore, experiments under well-controlled conditions accompanied by
chemical kinetic studies, that help to interpret and understand the reaction schemes that

occur during such processes, are desired to design and optimize future combustion devices.

In this context, the aim of the present work is to analyze the role, as fuel additives, of
three oxygenated compounds proposed in literature as possible fuel additives, namely,
ethanol, dimethyl ether (DME), and dimethoxymethane (DMM), with different functional
groups and/or number of carbon atoms, under conditions of interest for combustion
processes. To achieve this global goal, different studies have been carried out. First, the
oxidation of intermediates of interest, methyl formate (MF) and methane (CH4), generated
during the oxidation of these oxygenated compounds, has been analyzed. Later, the high-
pressure oxidation of the oxygenated compounds has been individually characterized and, in
the case of DMM, its atmospheric pressure oxidation has also been studied. During these
individual studies, a chemical kinetic mechanism has been developed to describe the oxidation
of the corresponding compound under the different experimental conditions. Finally, the role
as fuel additives of ethanol, DME and DMM has been analyzed by performing oxidation
experiments of their mixtures with acetylene (C;H,) under high-pressure conditions, more
representative of the real operating conditions. C;H, has been selected as the main fuel
because is considered a soot precursor and/or an intermediate compound found during the

combustion of hydrocarbons.

The wide range of experimental conditions tested has allowed to compile and validate
a detailed chemical kinetic mechanism able to describe the high-pressure oxidation of the
mixtures of the oxygenates studied with acetylene, and analyze their role as fuel additives.
Results indicate that the functional group has a strong influence on the oxidation behavior of
the mixtures. While the addition of ethanol (an alcohol) has almost no effect on the oxidation
of C;H,, the addition of DME or DMM (ethers) shifts the conversion of CH; to lower
temperatures, and the smaller the ether, the lower the temperatures. Thus, DME is the most

effective in reducing the onset temperature of C;H, conversion. Moreover, an increase in the



O/OH radical pool composition due to the oxygen present in these molecules, promotes the
oxidation of C;H, towards CO and CO,, removing carbon from the reaction pathways which

lead to the formation of soot.



Resumen

El uso de combustibles alternativos puede ser una posible solucién para minimizar la
formacidon de contaminantes en los motores diésel, como, por ejemplo, los Oxidos de
nitrégeno (NO,) y el hollin, que presentan una gran variedad de efectos perjudiciales para el
medio ambiente y/o la salud humana. En este campo, la reformulaciéon de combustibles,
mediante la adicidn de compuestos oxigenados, parece ser una solucién muy prometedora. Sin
embargo, el comportamiento de estos combustibles alternativos en un entorno de combustion
es menos conocido en comparacion con los combustibles convencionales. Por lo tanto, para
disefiar y optimizar los futuros equipos de combustién, se requieren experimentos bajo
condiciones de laboratorio bien controladas, acompafiados por estudios cinético-quimicos,
gue ayuden a interpretar y a entender los mecanismos de reaccién que ocurren durante dichos

procesos.

En este contexto, el objetivo del presente trabajo es analizar el papel como aditivos de
combustible de tres compuestos oxigenados propuestos en la bibliografia como posibles
aditivos: etanol, dimetil éter (DME) y dimetoximetano (DMM), con diferentes grupos
funcionales y/o nimero de atomos de carbono, en condiciones de interés para los procesos de
combustién. Para lograr este objetivo global, se han llevado a cabo diferentes estudios. En
primer lugar, se ha analizado la oxidacion de intermedios de interés, formiato de metilo (MF) y
metano (CH,), generados durante la oxidacion de estos compuestos oxigenados.
Posteriormente, se ha caracterizado individualmente la oxidacién a alta presion de los
compuestos oxigenados y, en el caso del DMM, también se ha estudiado su oxidacién a
presién atmosférica. Durante los estudios individuales de los compuestos, se ha desarrollado
un mecanismo cinético quimico para describir la oxidacién de los diferentes compuestos en las
diversas condiciones experimentales estudiadas. Finalmente, se ha analizado el papel como
aditivos de etanol, DME y DMM. Para ello, se han realizado experimentos de oxidacion de sus
mezclas con acetileno (C;H;) en condiciones de alta presidon, mas representativas de las
condiciones reales de operacion en motores. Se ha seleccionado el acetileno como
combustible principal ya que se le considera un precursor de hollin y/o un intermedio durante

la combustion de hidrocarburos.

El amplio intervalo de condiciones experimentales probadas ha permitido compilar y
validar un mecanismo cinético quimico detallado capaz de describir la oxidacidn a alta presién
de las mezclas acetileno-compuesto oxigenado, y analizar el papel de los compuestos

oxigenados como aditivos de combustible. Los resultados indican que el grupo funcional tiene



una gran influencia en la oxidacién de las mezclas. Mientras que la adicion de etanol (un
alcohol) casi no tiene ningun efecto sobre la oxidacidon de C;H,, la adicion de DME o DMM
(éteres) desplaza la conversidén de C,H, a menores temperaturas, y cuanto mas pequefio es el
éter, menor es dicha temperatura de conversién. Asi, el DME es el compuesto mas efectivo
para reducir la temperatura de inicio de la conversion de C;H,. Ademas, un aumento en la
composicion de la reserva de radicales O/OH, debido al oxigeno presente en estas moléculas,
promueve la oxidacion de C;H; hacia CO y CO,, eliminando, de esta manera, carbono de las

rutas de reaccion que conducen a la formacién de hollin.
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Chapter 1:

Introduction and objectives

“Chapter 1 briefly introduces the context of this PhD Thesis: the problems
caused by the emission of atmospheric pollutants in transport sector and the
search of possible solutions, such as fuel reformulation by the addition of
oxygenated compounds. In addition, the main objectives of the present work

are indicated”.






1. INTRODUCTION AND OBJECTIVES

1.INTRODUCTION AND OBIJECTIVES

1.1 INTRODUCTION

The interest in the protection of the environment is increasing nowadays. Global
warming, climate change or atmospheric pollution are real concerns for the population. At the
same time, in the last years, the world is facing a major energetic issue due to the growing
demand for energy. The energy supply mainly depends on the combustion of fossil fuels,
especially for transportation. One of the main disadvantages of the conventional ways to
produce energy by combustion is related to the emission of different pollutants, with a variety
of potential harmful effects on environment and/or human health. Important pollutants
include: nitrogen oxides (NO, NO, and N,O), sulfur oxides (SO, and SOs), carbon monoxide

(CO), carbon dioxide (CO,), and particulate matter (such as soot).

Solutions to address such problems include, for example, the use of renewable energy
sources or innovations in the transport sector (such as the electric vehicle). However, in the
medium term, the dominant strategy is to increase the efficiency of the systems for energy
production based on combustion, as well as to reduce the CO, net production and other

harmful pollutants by using non-conventional fuels.

Modern internal combustion engines, such as Homogeneous Charge Compression
Ignition (HCCI) engines, are more efficient and fuel-flexible compared to conventional engines.
Low-temperature combustion devices have been designed to reduce the combustion
temperature and prevent the formation of nitrogen oxides (NO,), while assuring a good
performance. Many modern combustion systems also include systems for the recirculation of
the flue gases to favor mixing and reduce the temperature and, therefore, the formation of
NOy. Furthermore, to increase the efficiency, the current tendency in engines is to increase the

injection pressure.

On the other hand, the use of alternative fuels can be another possible solution to
minimize the formation of some pollutants. If biomass is used as feedstock to produce these
alternative fuels, then, the net CO, released to the atmosphere is zero. Therefore, fuel
reformulation by a total replacement of the conventional fuel (e.g. biodiesel) or by the
addition of some additives, mainly oxygenated organic compounds, seems to be a promising
solution to reduce the formation of some pollutants. However, the behavior of these

alternative fuels under a combustion environment is less known compared to conventional

1
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fuels. Therefore, experiments and reliable chemical kinetic mechanisms are desired to design

and optimize future combustion devices.

In this regard, our research group, the Thermo-Chemical Processes Group (GPT), has
been working during the last years in the experimental and modeling kinetic study of the
oxidation of different oxygenated compounds proposed as additives in automotive fuels. Most
of the works have been carried out in flow reactors under atmospheric pressure conditions
(Alzueta et al., 1999; Alzueta and Hernandez, 2002; Alexandrino et al., 2014; Alexandrino et al.,
2016; Alzueta et al.,, 2017). Also, Alexandrino et al. (2015) have reported a study of 2,5-

dimethylfuran oxidation at high pressure, in a flow reactor.

In this context, the aim of this work is to contribute to the knowledge of the oxidation
process of some oxygenated compounds proposed in literature as alternative fuels, thus
following with the research line initiated in our group. Specifically, in this work, ethanol,
dimethyl ether (DME) and dimethoxymethane (DMM) have been selected for their study. The
first two are isomers, i.e. compounds with the same molecular formula (C;H¢O) but different
functional group, which may imply different properties and oxidation behavior. Both DME and
DMM are included in the category of polyoxymethylene dimethyl ethers, POMDMEs, with the
general formula of CH30(CH;0),CHs, with n=0 and 1, respectively, which means a different
number of carbon atoms. Previous literature studies indicate that methyl formate (MF) is an
important intermediate in the oxidation of higher order oxygenated hydrocarbons and, due to
the high CHs radical concentration expected from the conversion of these oxygenates, the
formation of CH, is also expected. Therefore, the oxidation of methyl formate and methane

has also been considered in the present work.

1.2 SCOPE AND OBIJECTIVES

This work has been developed in the framework of the “Combustion and reduction of
pollutant emissions (NOy, SOx and soot)” and “Development of detailed kinetic modeling of
combustion processes” research lines of the Thermo-Chemical Processes Group (GPT) of the

Aragon Institute of Engineering Research (I13A) of the University of Zaragoza.

The global goal of this thesis is to analyze the role as fuel additives of three different
oxygenated compounds proposed in literature as alternative fuels, i.e. ethanol, dimethyl ether

(DME) and dimethoxymethane (DMM), under conditions of interest for combustion processes.
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In order to achieve this global goal, a number of specific objectives have been raised:

— To carry out a study of the oxidation of intermediates of interest generated during
the oxidation of these oxygenated compounds. Hence, experiments of the
oxidation of CH4 and MF at atmospheric and high pressure, respectively, have been
carried out. The impact of the NO or NO/NO; addition on the oxidation of MF and

CHg4, respectively, has been also evaluated.

— To analyze the oxidation under high-pressure conditions of the isomers DME and
ethanol, and afterwards, to compare the results obtained for both compounds.
Therefore, experiments of the oxidation of these compounds have been
performed in a high-pressure flow reactor. In addition to pressure, the
temperature and stoichiometry have also been varied. Moreover, the impact of
NO addition has also been evaluated and, during the oxidation of DME, the

influence of gas residence time inside the reactor has also been considered.

— To characterize the oxidation of DMM under high-pressure conditions and
compare with the other POMDME proposed, i.e. DME. But first, the atmospheric
oxidation of DMM has been studied. Thus, experiments of the oxidation of DMM

at atmospheric and high pressure have been carried out in different flow reactors.

— To analyze the role as fuel additives of DME, ethanol and DMM. To achieve this
objective, oxidation experiments of their mixtures with acetylene have been
carried out under high-pressure conditions, more representative of the real
operating conditions. Acetylene has been selected as main fuel because it is
considered as an important soot precursor (Frenklach, 2002) and it is an important

intermediate in the combustion of hydrocarbons.

— To develop a chemical kinetic mechanism, based on individual literature
mechanisms, updated and improved, to describe the oxidation of the different
oxygenated compounds under the different experimental conditions tested.
Several rate of production (ROP) analyses have been performed to investigate the
most important pathways for the consumption of the reactants and the formation
of the products. Moreover, the conducted sensitivity analyses have allowed the
determination of the most relevant reactions in the mechanism; which are the

indirect effects of kinetic parameter changes in modeling predictions.






Chapter 2:
Background

“Chapter 2 includes a review of the most important aspects related to this
thesis, such as the properties and characteristics of the different oxygenated
compounds analyzed, as well as previous studies on the conversion of such

compounds found in literature”.






2. BACKGROUND

2.BACKGROUND

As stated in the introductory chapter (Chapter 1), fuel reformulation by the addition of
oxygenated compounds could be a prospective solution for the minimization of atmospheric

pollutants from transportation.

Therefore, in this chapter, the properties and characteristics of the oxygenated
additives selected in this work for their study, and a literature review of different experimental

and modeling previous works on the conversion of such compounds, are presented.

2.1 STATE OF THE ART

Air pollution is an important public health problem, and many of its root causes can be
found in the sector of energy. According to the International Energy Agency (IEA), poor air
quality is responsible for around 6.5 million deaths each year, becoming the world’s fourth-
largest threat to human health behind high blood pressure and smoking (IEA, 2016). The
transport sector is an important contributor, given its high reliance on the combustion of
petroleum-derived fuels. For example, road transport is by far the largest source of the
sector’s NOx and primary particulate matter (PMas) emissions (58% and 73% of the total of
emissions of transport sector, respectively), while navigation accounts for the largest share of

sulfur dioxide (SO,) emissions (IEA, 2017).

Although in the last years the number of electric vehicles has increased considerably,
internal combustion engines (commonly known as Diesel or Otto engines) are still the most
common and demanded in the market. In addition to the passenger cars, the automotive
industry also includes the transport sector: vans, trucks, buses; apart from agricultural,
earthmoving or mining work machinery. This machinery require high engine power, and such a
performance requirement is very difficult to supply with any system that does not relies on

hydrocarbons.

In diesel engines, also known as compression-ignition (Cl) engines, first the air is
compressed by the movement of the piston and then the fuel is injected to the cylinder. Due
to the high pressure and temperature of the gases at the moment of the injection, the mixture
ignites without any external help, flame or spark. The cetane number is used to characterize
diesel fuels and it is related to the ignition delay time in the way that, the higher cetane

number, the faster the fuel ignites. If the fuel ignites faster, it will have more time to complete
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the oxidation, and consequently, the emission of unburned hydrocarbons will decrease, and
the process efficiency will improve. For example, conventional diesel fuels usually have a

cetane number of 40-55 (Yanfeng et al., 2007).

On the other hand, the octane number is used for fuels of spark-ignited (SI) engines. In
this type of engines, fuel and air are first premixed and later compressed by the movement of
the piston. Afterwards, a spark ignites the mixture, so a flame is formed and progresses inside
the cylinder. Unlike to Cl engines, autoignition is not desired in the case of Sl engines. The
octane number shows the fuel resistance to autoignition. In Sl engines, fuels with high octane
numbers are preferred. A common fuel for SI engines, E85 gasoline, consists of a 15% of

ethanol mixed with gasoline, and its octane number is around 102-105.

Despite their high efficiency, low-operating costs, high durability and reliability, diesel
engines present the main drawback of the relatively high emissions of nitrogen oxides (NO,)
and particulate matter (PM, such as soot). The fuel and the air first react in a fuel-rich mixture,
which may lead to the formation of soot, then this mixture burns out in a high-temperature
diffusion flame leading to the formation of NOy. In general, diesel engines work under fuel-lean
conditions, so the CO and hydrocarbon (HC) emissions are less important than in gasoline
engines. However, due to the oxygen excess and the high temperatures reached because of

the high compression ratio, the formation of NOy is favored.

While most vehicles use either Sl or Cl engines, there are some emerging technologies
to improve engines, e.g. homogeneous charge compression ignition (HCCI) engines. HCCI is
characterized by the fact that the fuel and the air are premixed before combustion and then
the mixture enters the cylinder (similar to Sl engines), but the oxidation only starts with the
autoignition of the mixture as a result of the temperature increase in the compression stroke.
The fuel-rich zone found in Cl engines is avoided in HCCI engines because the mixture is
homogeneously premixed, so the formation of soot and PM is limited. Moreover, if the
temperature is lowered (low-temperature combustion, LTC), for example, by a high dilution of
the mixture if exhaust gas recirculation (EGR) is used, the thermal formation of NO, could be
also inhibited, while maintaining the thermal efficiency of the engines close to that of

conventional Cl engines (Yao et al., 2009a).

Figure 2.1 shows the typical equivalence ratios (¢, defined as the stoichiometric
oxygen divided by the real oxygen fed to the system) and temperature ranges for the
formation of soot and NO,. The operating regions for the different combustion approaches for

engines, described above, i.e. conventional diesel (compression-ignition, Cl), spark ignition (Sl),
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homogeneous charge compression ignition (HCCI) and low-temperature combustion (LTC) are

also shown.
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Figure 2.1. Diagram showing the equivalence ratio ( @) and temperature ranges for soot and

NO, formation and the operating regions for Cl, SI, HCCIl and LTC engines (Dec, 2009).

Combustion is a complex process during which chemical kinetics, mass transfer and
fluid dynamics play an important role. For example, one of the major challenges in the design
and operation of HCCI engines is controlling the moment of autoignition, which is governed by
chemical kinetics. Therefore, reliable detailed chemical kinetic models are required for the

design of such engines and modern combustion devices.

With advances in the development of engine combustion systems, such as HCCI or
related strategies that can be adapted to a large variety of fuels, fuel reformulation of the
conventional fuels by the use of alternative ones (such as biofuels) or by the use of additives
seems to be possible (Yao et al., 2009a). A shift from hydrocarbon fossil fuels to biofuels is an

interesting way to reduce CO, emissions, still using internal combustion engines.

Figure 2.2 reports an overview of the main routes to produce different biofuels:
extraction of vegetable oils, fermentation of sugars to alcohol, gasification followed by
chemical synthesis, and direct liquefaction. In this way, many different fuels can be produced
such as hydrogen, methanol, dimethyl ether, ethanol or biodiesel, all of them with very

different properties.
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It is also generally recognized today that one more significant benefit of adding
biofuels to the fuel blend is the reduction in the emissions of particulate matter (PM) from
diesel engines (Agarwal, 2007). Some of these biofuels, such as esters and DME, due to their
chemical structure and composition, have an inherent tendency to reduce soot formation. As
the oxygen content in the fuel molecule increases and/or the number of C-C bond decreases,
the tendency to form soot precursors decreases (Arcoumanis et al., 2008). This is because the
oxygen bonded to carbon atoms tends to form CO or CO, instead of participating in soot
formation reactions (Szybist et al., 2007). Nowadays, ethanol, obtained from carbohydrates
fermentation, and biodiesel, from transesterification of plant oils, are the most common
biofuels in transportation. Whereas the combustion properties of ethanol are compatible with
Sl engines, the fatty acid methyl esters (FAMEs), which mainly compose biodiesel, are suitable

for ClI (Leitner et al., 2017).

Oxygenates, organic compounds that contain one or more oxygen atoms in their
molecular structure, have been considered as fuel additives since the early 1970’s as a solution
to environmental problems, to optimize energy consumption or to increase the antiknock
power of gasoline, for example. As mentioned before, the oxygen content in the fuel molecule
contributes to reduce soot emissions. But, besides the oxygen content, a good mixing of the

additive with the fuel is also required for a correct engine performance.
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Among all the possible oxygenated compounds that have been proposed in literature
as possible fuel additives, in the present thesis: ethanol, dimethyl ether (DME), and
dimethoxymethane (DMM), have been selected for the study of their oxidation under
conditions relevant for engine applications. Ethanol and DME are isomers, that is, both have
the same molecular formula (C;HeO) but a different chemical structure with a different
functional group, which may imply different properties and, consequently, a different behavior
during their oxidation. On the other hand, DME and DMM are polyoxymethylene dimethyl
ethers, POMDMEs, with the general formula of CH;0(CH,0),CHs, with n=0 and 1 respectively,
which means different number of carbons while maintaining the functional group. Properties
such as viscosity or boiling temperature are strongly influenced by the exact combination of
the elements within the molecule. Whereas the functional group has a significant impact on
the vapor pressure and viscosity, the carbon number determines the boiling temperature.
Finally, the molecular structure influences the ignition and combustion kinetics and, hence, key
engine parameters such as knocking or cold-start behavior (Khalife et al.,, 2017). Table 2.1

compares the main properties of these oxygenated compounds and conventional diesel fuel.

Table 2.1. Main properties of diesel fuel and the oxygenated compounds under study:

dimethyl ether (DME), ethanol and dimethoxymethane (DMM).

Parameter Diesel DME Ethanol DMM

Cy-Hy
Chemical formula C,HsO C,HsO C3Hs0;

C10-Cos

OH O O
Chemical structure - H3C/O\CH3 H3C—/ H3C/ M \CH3
CH30CH; CH3CH,OH CH30CH,0CH;

Functional group - Ether Alcohol Ether
Carbon content (wt%) 86° 52.2° 52.20° 46.20°
Hydrogen content (wt%) 142 13b 132 11.70°
Oxygen content (wt%) 0? 34.8° 34.82 42.10°
Cetane number 40-55¢ 55-60¢ 82 30°
Auto-ignition (K) 588° 508° 639¢ 510
Boiling point (K) at 1 atm 453-633° -248° 351° 316°
Density (kg/m?) at 293 K 830° 667° 7942 0.865°
Viscosity (mm?/s) at 293 K 3.763? <0.1° 1.06° 0.34°
Lower heating value (MJ/kg) 42.5° 27.6° 272 22.4f

aWang et al. (2009), PArcoumanis et al. (2008), ‘Yanfeng et al. (2007), YCrookes and Bob-Manuel
(2007), ®Hansen et al. (2005), fZhu et al. (2011).
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In the following sections, the properties, the methods commonly used for their
production, and a review of previous literature studies on the compounds object of study, in

the present thesis, will be briefly discussed.

2.2 ETHANOL

Ethanol (C;HsOH) had a long career as a transportation fuel in the early 20™" century,
until it was replaced by gasoline and diesel due to the growing supply of cheap petroleum from
new oil field discoveries. Indeed, Henry Ford designed the Model T with the expectation that
ethanol, obtained from renewable biomaterials, would be a major automobile fuel (Agarwal,

2007).

Nowadays, ethanol is one of the most common and abundant biofuels, especially in
Brazil, Canada, USA and India (Balat, 2011; Awad et al., 2018). Ethanol can be produced
through fermentation of sugars from renewable sources; typically, plants such as wheat, sugar
beet, corn, straw and wood (Balat, 2011). It can also be produced at industrial scale by the

catalyzed hydration of ethene (reaction R2.1).

C,H, +H,0—>CH,CH,0H (R2.1)

Nevertheless, studies showed that not all methods of production of ethanol or other
biofuels are environmentally acceptable. For example, Fargione et al. (2008) indicated that the
devastation of rainforest or savannas to produce food crop-based biofuels in countries such as
Brazil, Asia and USA, releases 17 to 420 times more CO, than the annual greenhouse gas

reductions that would be achieved by replacing fossil fuels with these biofuels.

Several works in literature have analyzed the properties of diesel-ethanol blends, such
as viscosity and lubricity, and the performance and emissions of the engine fueled with this
type of blends. Ethanol has a good solubility in conventional diesel fuel and a high oxygen
content. However, it presents a low cetane number (as low as merely eight) and, moreover,
the addition of ethanol to diesel lowers fuel viscosity and lubricity (Hansen et al., 2005; Wang
et al., 2009). Emission tests confirmed the ethanol effect of reducing particulate matter (Chen
et al.,, 2007; Zhu et al., 2010; Zhang et al., 2011). However, the effect on CO, HC and NOy
emissions is less clear. Some authors (Kass et al., 2001) observed that the addition of ethanol
produced no noticeable effect on NOx emission, but small increases in CO and HC emissions.

This is due to the reduction in the temperature inside the motor caused by the lowest calorific
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value and the highest heat of vaporization of the fuel mixture. On the other hand, Huang et al.
(2009a) found that CO and NOx emissions were different depending on the engine speeds,
loads and blends analyzed (10-30% by volume of ethanol). For example, CO emissions were
reduced when the engine ran at and above its half load and were increased at low load; HC
emissions from the engine fueled by the blends were higher than those obtained from the
engine fueled by diesel fuel, except for the top loads and high speeds; and NOy emissions were
completely different in each case studied. Moreover, a widespread use of ethanol fuel may
lead to an increased emission of aldehydes such as acetaldehyde (Yao et al., 2009b), which can

cause serious health risks.

Ethanol combustion has been widely studied and modeled in shock-tube, flame, and
flow reactor experiments over a wide range of temperature and pressure conditions. Sarathy
et al. (2014) summarized the fundamental experimental studies of ethanol combustion in a
review of the combustion chemistry of alcohols. Table 2.2 includes some of the most relevant

and recent (from 2014) studies on ethanol combustion.

Table 2.2. Experimental works on ethanol conversion more recent than the works included in

the review by Sarathy et al. (2014).

Reference Type of experiment Experimental conditions
T=1047-2518 K; P=1.06 and 2.07 bar;
Aghsaee et al. (2015) shock tube ¢ =% and 1in Ne
Spherical bomb T=318-473 K; P=1, 2 and 5 bar; ¢ =0.7-1.5
Kiecherer et al. (2015) Shock tube T=1300-1510 K; P=1.1 bar; ¢ =0

Rapid compression

Barraza-Botet et al. (2016) T=880-1150 K; P=3-10 bar; ¢ =1in Ar/N,

machine
Lietal. (2017) Constant volume bomb  T=200°C; P=80-500 psi; ¢ =0.4-2 in air
q des (2 losed | T=298-373 K; P=10.1-101 kP3;

Mi B 17

itu and Brandes (2017) Closed vesse $ =0.52 and 3.57 in air

T=600-900 K; P=50 bar;

Hashemi et al. (2018) Plug-flow reactor $ =0.1,1,43 and 0 in N
Katoch et al. (2018) Flame T=350-620 K; P=1 atm; ¢ =0.7-1.3 in air

Despite the huge number of works addressing ethanol combustion, detailed data for
ethanol oxidation at high pressure, in plug flow reactor, are scarce. Therefore, in the present
work, the oxidation of ethanol under high-pressure conditions in a flow reactor has been

investigated. Additionally, the influence of the addition of NO to the reactant mixture has been
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evaluated. Recently, a study of ethanol pyrolysis and oxidation in a flow reactor at high

pressure (50 bar) has been performed by Hashemi et al. (2018).

Additionally, several detailed chemical kinetic mechanisms can be found in the
literature for ethanol and/or multicomponent fuel mixtures including ethanol (Saxena and
Williams, 2007; Leplat et al., 2011; Lee et al., 2012; Metcalfe et al., 2013; Burke et al., 2014,
2015a; OIm et al., 2016). These mechanisms are primarily based on revisions to the mechanism

from Marinov (1999).

Beyond these kinetics-related investigations, there is also a substantial number of
investigations focusing on the influence of ethanol addition to hydrocarbon fuels (such as
acetylene, ethylene, n-heptane, propene, iso-octane, or benzene, among others) to investigate
its effect on combustion performance and pollutant emissions. Those studies have been
carried out in different experimental devices, such as flames (Inal and Senkan, 2005, Kohse-
Hoinghaus et al., 2007; Bennet et al., 2009; Bierkandt et al., 2015), jet-stirred reactors (Dagaut
and Togbé, 2012; Rezgui and Guemini, 2014) and plug-flow reactors (Abian et al., 2008).
Results indicate that the ethanol addition enhances the formation of some oxygenated
species, such as acetaldehyde, rather than the formation of benzene, ethylene, aromatics and
polycyclic aromatic hydrocarbons (PAH), all of them important soot precursors. Moreover, the
effectiveness of ethanol to reduce the formation of soot has been previously demonstrated by
Esarte et al. (2011) while studying the pyrolysis of acetylene and ethanol mixtures at
atmospheric pressure. The results showed that adding very small concentrations of ethanol
leads to a diminution on the production of soot from the acetylene pyrolysis. Moreover, Viteri
et al. (2019) performed a study of the formation of soot and PAH during the pyrolysis of
ethanol and their low formation, and the effluent low toxicity obtained suggest a good

performance of the use of ethanol as a fuel additive.

However, despite its relevance for its applicability to internal combustion engines and
the current tendency, in designing combustion systems, to work at high pressure to increase
efficiency, to our knowledge, no experimental or modeling studies have been carried out

evaluating the impact of ethanol addition to hydrocarbons at pressures higher than 10 atm.

2.3 DIMETHYL ETHER

Dimethyl ether (CH30CHs;, DME), is an isomer of ethanol but with different structure

and thermodynamic and ignition properties. DME, the simplest ether, is a volatile substance
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which forms a liquid phase when pressurized above 50 atm; therefore, it is commonly handled
and stored as liquid. It has handling characteristics similar to those of liquified petroleum gas
(LPG). It has a high oxygen content, high cetane number, low boiling point and no carbon-
carbon bond. It can be large-scale produced from a wide range of feedstocks such as natural
gas, crude oil, residual oil, coal and waste products (Arcoumanis et al., 2008; Kohse-Hoinghaus

et al.,, 2010; Azizi et al., 2014).

DME can be produced in two distinct ways: the first one, called the indirect route, uses
the methanol obtained from syngas to promote its dehydration (reaction R2.2); the second
one, which is more efficient, is known as the direct route in which DME is produced in a single

stage using bi-functional catalysts. Both ways are schematically represented in Figure 2.3.

CH,OH +CH,0H — CH,0CH, + H,0 (R2.2)

Dimethyl
ether
CH,OCH,
DME

Natural gas
Oil
Coal

Biomass

Synthesis | | Methanol [CH3OH]J—"‘
E— gas '

(CO+H,)

Figure 2.3. Diagram for dimethyl ether production (adapted from Azizi et al., 2014).

Besides its applications in diesel and in HCCI engines (Huang et al., 2009b), DME can
also be used in gas turbines for power generation and for household purposes (Cocco et al.,
2006). However, DME has some less favorable characteristics, not only because of its low
calorific value, which decreases the performance of the motor; but because of its low viscosity,
which leads to leakage problems and it could even cause lubricity problems. For this reason,
the use of fuels, which contain certain amounts of DME, involves changes in the combustion
system. A DME fuel storage tank must be twice the size of a conventional diesel fuel tank due

to the lower energy density of DME compared to diesel fuel (Semelsberger et al., 2006).

DME is considered as a potential ultraclean replacement fuel, for being used in blend
with diesel fuel in Cl engines, with a potential reduction of soot formation (Arcoumanis et al.,
2008). The use of DME has been experimentally studied in diesel engines (Ying et al., 2008;
Junjun et al., 2009), showing its advantage in terms of emissions and engine efficiency.
Particulate matter (PM) emissions were found to be reduced, as well as NOx and SOx emissions,
while there was a slight increase in CO and HC emissions. DME conversion has also been
subject of numerous studies carried out in different types of laboratory reactors and

conditions. As an example, the review performed by Rodriguez et al. (2015) in their study of
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the low-temperature oxidation of DME, includes 34 different DME oxidation experimental
studies up to 2015, performed in jet-stirred and flow reactors, shock tubes, rapid compression
machines, burners and spherical bombs. More recent experimental works on DME oxidation,

that were not included in the work of Rodriguez et al. (2015), are presented in Table 2.3.

Table 2.3. Experimental works on DME conversion not included in the review by

Rodriguez et al. (2015).

Reference Type of experiment Experimental conditions

Schénborn et al. (2014) Plug-flow reactor ~ T=739-902 K; P=0.2-0.4 MPa; ¢ =0.225-0.675 in N,
Pan et al. (2014) Shock tube T=900-1700 K; P=1.2-10 atm; ¢ =0.5-2 in Hy/Ar |
Pan et al. (2015) Shock tube T=1000-1600 K; P=1.2-20 atm; ¢ =0.5-2 in Ar

Moshammer et al. (2015)  Jet-stirred reactor ~ T=450-1000 K; P=933 mbar; ¢ =0.35; t,=4 s

Wu et al. (2016) Flame T=966-1149 K; P=1 atm; ¢ =0.7
T=400-750 K; P=1 atm; 0,=3.65-3.87%;
Zhao et al. (2016) Plug-flow reactor
03=0-0.146%,; t,=0.45-0.24 s
Hajilou et al. (2017) Flame P=7.3 kPa; ¢ =0.4-1.4
Al-Noman et al. (2018) Flame P=1 atm; x=0.044, 0.055, 0.235

Several studies (e.g. Dagaut et al., 1998; Curran et al., 2000; Zhao et al., 2008;
Rodriguez et al., 2015; Zhao et al., 2016) have reported a complicated behavior of DME during
its oxidation at intermediates temperatures, the negative temperature coefficient (NTC) zone,
where DME reactivity decreases with an increase in temperature. However, despite the fact
that engine efficiency is increased by working under high-pressure conditions, DME oxidation

has rarely been investigated at high pressure and intermediate temperatures.

On the other hand, numerous previous studies have analyzed the interaction between
NO and different fuels, such as hydrocarbons or alcohols, showing that, depending on the
combustion conditions, the impact of NO can be completely different. For example, at high
temperatures and fuel-rich conditions, NO may be reduced to N, and HCN by reacting with
hydrocarbon radicals in reburn-type reactions (e.g. Glarborg et al., 1998); whereas at low to
intermediate temperatures, the presence of NO may promote the oxidation of the fuel (e.g.
Bendtsen et al., 2000), but also the oxidation of NO to NO, may be promoted by the fuel in a
mutually sensitized oxidation process (e.g. Dagaut and Nicolle, 2005). However, the presence
of NO can also have inhibiting effects on fuel conversion at low temperatures, as reported by

Moréac et al. (2006) in a n-heptane jet-stirred oxidation work at 10 atm.
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Despite the large number of studies concerning the interaction of fuel components
with NO or the DME oxidation, to our knowledge, only a previous work of our group focuses in
the direct interaction of DME and NO in an atmospheric-pressure flow reactor (Alzueta et al.,
1999). Therefore, the present work aims to analyze the DME oxidation at high pressure and
the influence of the presence of NO on the process, which, to our knowledge, has not been

considered earlier.

Over the years, several mechanisms have been developed to predict DME conversion
under a wide range of experimental conditions and devices. Most of these models can be
traced back to the one by Curran et al. (1998), which was developed to reproduce the

oxidation of DME in a jet-stirred reactor (JSR) (P=1 and 10 atm, T=800-1300 K, ¢ =0.2-2.5) and
in a shock tube (P=13 and 40 bar, T=650-1300 K, ¢ =1). This model was able to predict the

ignition delay times and concentration profiles of the products in DME oxidation. Some years
later, Curran et al. (2000) performed further experiments in a variable-pressure flow reactor

(P=12-18 atm, T=550-850 K, ¢ =0.7-4.2) and improved the model performance over a broad

temperature range. More recently, different models that include updated rate coefficients for
elementary reactions and thermodynamic data have been proposed (Zhao et al., 2008; Wang

et al., 2015; Burke et al., 2015b; Rodriguez et al., 2015).

Since the attractiveness of DME lies in the possibility of being used as an additive in
fuel mixtures, there are several research works on the oxidation of mixtures of different
hydrocarbons and DME. Burke et al. (2015b) reported a promoting effect of DME on methane
oxidation. The ignition promoting effect of DME is of importance for controlling ignition timing
in internal combustion engines. The autoignition of propane/DME mixtures has also been
recently studied in a rapid compression machine (Dames et al., 2016). Other studies have
analyzed the effect of DME addition on the formation of aromatic species, which are known to
be key intermediates in soot formation. These studies usually take as the base fuel: ethane,
ethylene or acetylene, since they are small linear hydrocarbons considered as soot precursors,
in the most accepted mechanism for describing soot formation (Frenklach, 2002). For example,
Song et al. (2003) observed a decrease in aromatic species relative to pure ethane oxidation
with the addition of DME. Moreover, the effect of the molecular structure has also been
previously studied due to the isomeric character of ethanol and DME. For example, Esarte et
al. (2010) studied the effect of ethanol and DME on the formation of soot when mixed with
acetylene at atmospheric pressure. The results obtained showed that the presence of either

ethanol or DME in the reactant mixture leads to a diminution in the formation of soot, and less
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soot is produced in the case of the DME addition. In the present work, the oxidation of

acetylene-DME mixtures is also addressed under atmospheric and high-pressure conditions.

2.4 DIMETHOXYMETHANE

Dimethoxymethane (CH;OCH,OCHs;, DMM) or methylal, is a diether considered to be a
potential diesel fuel additive. In comparison to DME, the simplest ether, DMM has a higher

quantity of oxygen, lower vapor pressure and better solubility with diesel fuel.

Nowadays, the most commonly used process for DMM production at the industrial
scale is the “two-step selective synthesis”, characterized by a first oxidative reaction of
methanol to formaldehyde followed by a second reaction of condensation. Synthesizing DMM
in a single step directly from methanol is desirable but implies the use of highly selective
catalysts for the oxidation of methanol to DMM. Developing these selective catalysts has
become a widespread research subject in the recent years (Liu and Iglesia, 2003; Zhang et al.,
2006; Thavornprasert et al., 2014). Also, DMM can be synthesized from the so-called bio-

methanol obtained via biomass-derived syngas conversion.

DMM has shown to be a good fuel additive. In fact, diesel-DMM blends generally
increase engine performance and decrease exhaust emissions. Several previous studies have
analyzed the effect of adding DMM to base diesel fuel on emissions of Cl engines. Huang et al.
(2006) investigated the combustion characteristics and the emissions of a Cl engine fueled
with different blends of diesel and DMM. They found that a remarkable reduction in the
exhaust CO and smoke (PM) can be achieved when operating with diesel-DMM blends, and a
simultaneous reduction in both NO, and smoke can be obtained when operating with large
amounts of DMM. Zhu et al. (2009) also analyzed the effects of DMM addition on emissions
and performance of a diesel engine. Their results showed that smoke and CO emissions
decrease, NOyx remains almost unchanged, while HC increase. Some years later, Zhu et al.
(2013) reported that the use of diesel-DMM blends could improve thermal efficiency and
reduce smoke emissions with a slight increase in NOx emissions. Moreover, engine

performance and emissions can be optimized by adjusting the fuel injection timing.

Unlike DME and ethanol, the oxidation of DMM has not been deeply studied. The first
experimental studies on DMM oxidation are dated in 1974 and reported by Molera et al.
(1974). Later, the same authors tried to elucidate some features of DMM oxidation mechanism

(Molera et al., 1977). Table 2.4 shows recent experimental studies on the oxidation and
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pyrolysis of DMM. These works also include kinetic efforts to elucidate the facts observed

experimentally. Recently, Kopp et al. (2018) have studied the kinetics and thermochemistry of

dimethoxymethane using high-level ab initio and statistical mechanics methods.

Table 2.4. Experimental works addressing the conversion of DMM.

Reference Type of experiment Experimental conditions
Dal | (2001 | g T=800-1200 K; P=5.07 bar;
t al. t-sti t
aly etal. (2001) elstiredreactor 4 -0.44,0.89 and 1.78 in N,
Sinha and Thomson (2004) Flame P=1 atm; 8% DMM in air
Dias et al. (2010) Flame P=50 mbar; ¢ =0.24 and 1.72 in Ar
n | (2014 Shock tub T=1103-1454 K; P=2, 4 and 10 atm;
Z t al. t
ang etal. (2014) ocktube $ =0.5,1and 2 in Ar
3LP: T=460-820 K; P=750 Torr; ¢ =0.5 in Ar
Sun et al. (2018) Jet-stirred reactor bHP: T=500-1200 K; P=10 atm;
¢ =0.2,0.5and 1.5in Ar
T=500-1100 K; P=1.07 bar;
Vermeire et al. (2018) Jet-stirred reactor

¢ =0.25,1,2 and % in He

3LP: low-pressure experiments; PHP: high-pressure experiments.

As it can be seen in Table 2.4, previous studies on DMM oxidation are scarce and have

been performed mainly in flames, jet-stirred reactors and shock tubes. Therefore, in the

present work, DMM oxidation studies in flow reactors at atmospheric and high-pressure

conditions have been carried out to fill the gap due to the lack of literature experiments under

these conditions.

As already seen for DME and ethanol, the oxidation of mixtures of hydrocarbons and

DMM has also been previously tested in the literature, mainly, in flames. For example, the

effect of DMM addition on species concentration profiles has been tested in flames with

ethylene (Renard et al., 2002), propane (Sinha and Thomson, 2004) or n-heptane (Chen et al.,

2012). In the present work, the influence of DMM addition on the acetylene high-pressure

oxidation will be addressed.

2.5 INTERMEDIATES OF OXIDATION: METHYL FORMATE AND METHANE

Some of the previous mentioned works indicate that methyl formate (CHsOCHO, MF) is

an important intermediate during the oxidation of higher order oxygenated hydrocarbons. For

example, Sinha and Thomson (2004) measured significant quantities of MF in their study of
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DMM combustion in diffusion flames; and Herrmann et al. (2014), in their experimental and
numerical low-temperature oxidation study of ethanol and dimethyl ether, also identified MF
as an oxygenated intermediate during DME oxidation. Furthermore, MF is the simplest methyl
ester, belonging to a class of compounds that constitute biodiesel, which is a promising
renewable fuel produced from a variety of vegetable oils, primarily constituted by methyl and

ethyl esters. For these reasons, the study of the MF oxidation is addressed in the present work.

The combustion properties of MF have been investigated experimentally in relatively
few studies compared to other oxygenated compounds such as DME or ethanol. Table 2.5
contains the most recent experimental works on the oxidation and pyrolysis of MF carried out
in different experimental devices. MF combustion properties have also been analyzed from a
modeling point of view. The first model including the combustion of MF was proposed by
Fisher et al. (2000). Some years later, Westbrook et al. (2009) carried out a further
development in the modeling of ester oxidation and proposed a new chemical kinetic
mechanism for four different esters, which was constructed by relating reactivity in molecules
of similar molecular structure to the esters investigated. Dooley et al. (2010) developed a
mechanism for MF conversion with several rate constants estimated by investigating the
hydrogen bond and reactivity of similar compounds. This reaction subset has been used in

later MF oxidation studies, e.g. Alzueta et al. (2013) and Diévart et al. (2013).

Table 2.5. Experimental works addressing the conversion of MF.

Type of . .
Reference . Experimental conditions
experiment
ih- T=1053-1561 K; P=2, 4 and 10 atm;
Akih-Kumgeh and Shock tube

Bergthorson (2010) @ =0.5,1and 2 in Ar/ N,

Plug-flow reactor T=900 and 975 K; P=3 atm; ¢ =0.5, 1, 1.5 and o in N>

T=1275-1935 K; P=2.7, 5.4 and 9.2 atm;

Shock tube ¢ =1,2 and 0.5 in Ar

Dooley et al. (2010)

Cylindrical bomb ~ P=1atm; ¢ =0.8-1.6 in air

Dooley et al. (2011) Flame P=22-30 Torr; ¢ =1-1.8in Ar

Alzueta et al. (2013) Plug-flow reactor T=300-1100 K; P=1 atm; ¢ =00, 1.4, 1 and 0.03 in N,

Ren et al. (2013a) Shock tube T=1266-1707 K; P=1.1-2.5 atm; MF=1 and 0.2% in Ar
Ren et al. (2013b) Shock tube T=1202-1607 K; P=1.36-1.72 atm; MF=0.1-3% in Ar
Wang et al. (2014) Flame T=298 and 333 K; P=1 atm; ¢ =0.7-1.5 in air
Christensen et al. (2015) Flame T=298-348 K; P=1 atm; ¢ =0.7-1.6 in air

Lee et al. (2018) Flame T=333 K; P=0.1-1 atm; ¢ =0.9-1.5 in air
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However, high-pressure conditions (above 10 atm) have not been considered
previously in works on the oxidation of methyl formate. Therefore, the present work aims to
extend the experimental database on MF oxidation, in a flow reactor, to higher pressures,
since these results will be helpful for future engine developments. Moreover, because of the
fact that NO can be found in the combustion chamber of an engine, the interaction between

MF and NO is also addressed in the present work.

On the other hand, methane (CH4;) has been object of numerous previous studies
because it is the main component of natural gas. The consumption of natural gas is expected
to increase from 113 trillion cubic feet in 2010 to 185 trillion cubic feet in 2040, becoming the
world’s fastest-growing fossil fuel and partially replace coal and liquid fuels in power
generation for electricity and industrial processes (US EIA, 2013). However, the limited fossil
fuel resources and their harmful effects on climate have increased the interest for
environmentally friendly fuels. Biomass seems to be a promising fuel source due to its
sustainability, secure supply and low threat to the environment. By the anaerobic digestion of
biomass, it is possible to obtain a “biogas”, which mainly consists of CHs and CO, with trace
amounts of nitrogen and sulfur compounds, and with a high potential as renewable gas-phase
fuel. Therefore, several literature studies have analyzed the conversion of methane and its

interaction with NOy (Table 2.6).

Table 2.6. Experimental works addressing the conversion of CH4 and its interaction with NOx.

Reference Type of experiment Experimental conditions
Dagaut et al. (1991) Jet-stirred reactor ~ T=900-1300 K; P=1-10 atm; ¢ =0.1-1in N,
T=723-923 K; P=1 atm; 0-14% O;
Bromly et al. (1996) Plug-flow reactor .
NO=0-200 ppm in N;
T=900-1450 K; P=1 atm; 2300-6100 ppm Oy;
Alzueta et al. (1997) Plug-flow reactor

NO=100-1200 ppm in Ny; t,=80-270 ms
Hidaka et al. (1999) Shock tube T=1350-2400 K; P=1.6-4.4 atm; 0-4% O, in Ar
T=1040-1500 K; P=40-260 atm;

Pet tal. (1999 Shock tub
etersen etal. ( ) ock tube ¢ =0.4,3 and 6 in Ar, N; or He
T=750-1250 K; P=1 atm; 3.69-2.67% O;
Bendtsen et al. (2000) Plug-flow reactor .
NO,x=0, 200 ppm in N,
Huang et al. (2004) Shock tube T=1000-1350 K; P=16-40 atm; ¢ =0.7-1.3in N,

T=800-1150 K; P=1-10 atm; ¢ =0.1-1;
NO=0, 200 ppm in N,

T=600-900 K; P=20, 50 and 100 bar;

@ =~ 100, 1 and 0.04 in N;; NO,=200 ppm

Dagaut and Nicolle (2005)  Jet-stirred reactor

Rasmussen et al. (2008a) Plug-flow reactor
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Table 2.6. (Continued).

Chan et al. (2011)

Plug-flow reactor

T=823-948 K; P=1 atm; 2.5% methane-in-air
mixture; NOx=0-100 ppm

T=873-1023 K; P=1 atm; 0.05% methane-in-air
mixture; NOx=0-100 ppm

Goswami et al. (2013)

Flame

P=1-5 atm; ¢ =0.8-1.4 in air

Dmitriev et al. (2015)

Flame

P=1,3 and 5 atm; ¢ =0.8-1.2 in Ar

Zhang et al. (2015)

Plug-flow reactor

T=873-1223 K; P=0.2 MPa;
on/XCH4=0.5-9, 0.03-0.6% NOZ in Ar

El Merhubi et al. (2016)

Shock tube

T=1400-2000 K; P=10, 20 and 40 bar;
¢ =0.5,1and 2in Ar

Hashemi et al. (2016)

Plug-flow reactor

Rapid compression
machine

T=700-900 K; P=100 bar; ¢ =0.06-19.7 in N

T=800-1250 K; P=15-80 bar;
¢ =0.5and 1in Ar or Ar/N;

Furthermore, methane has been widely found as intermediate during the oxidation of

many hydrocarbons, such as ethylene (Dagaut et al., 1990) or ethane (Dagaut and Cathonnet,

1990). In the case of oxygenated compounds, high CH; radical concentration in the reaction

environment is expected, from the conversion of these oxygenates, and, hence, the formation

of CH4 is also awaited. Therefore, the oxidation of methane has also been considered in the

present work. The effect of the addition of NO and NO; on the oxidation of CH; has been

mainly analyzed in flow reactors. In particular, in the case of jet-stirred reactor (JSR), the effect

of NO, presence on the oxidation of CH,4, to our best knowledge, has not previously analyzed.

Therefore, in the present work, to perform such a study, the configuration of a JSR coupled

with different diagnostic techniques has been selected, since this type of reactor is well

adapted for kinetic studies, and this configuration will allow a wide speciation.
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Chapter 3:
Experimental methodology

“Chapter 3 describes the three experimental set-ups used to perform the
different oxidation experiments; two of them include plug-flow reactors, and

the third one, a jet-stirred reactor”.
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3.EXPERIMENTAL METHODOLOGY

The oxidation experiments have been performed in three different experimental set-
ups, with two different types of reactors. On the one hand, two plug-flow reactors (at
atmospheric and high pressure) located in the facilities of the Thermo-Chemical Process Group
(GPT group), in the framework of the Aragdn Institute of Engineering Research (I3A) of the
University of Zaragoza. And, on the other hand, a perfectly stirred reactor (commonly known
as Jet-Stirred Reactor, JSR) available at the Laboratoire Réactions et Génie des Procédés (LRGP),
in the city of Nancy (France), in which a research stay was performed during the development

of the present thesis.

A brief description with the more relevant features of the different experimental set-
ups is included in this chapter, while a more complete description of them and of the
experimental methodology followed can be consulted in previous works, such as Esarte (2011),

Abian (2013) and Rodriguez (2016).

On the other hand, the conditions of the different experiments performed are detailed

in tables in Chapter 5 while analyzing the main results obtained in the corresponding study.

3.1 ATMOSPHERIC-PRESSURE FLOW REACTOR SET-UP

The oxidation experiments of DMM, and C,H,-DME mixtures in the presence and
absence of NO, have been carried out in the gas-phase experimental set-up shown in Figure
3.1, which has been successfully used in a number of previous works by our research group,
addressing homogeneous gas-phase reactions (e.g. Alzueta et al., 2001; Alzueta et al., 2008;

Alexandrino, 2018).

In the case of this set-up, the reaction takes place in a quartz flow reactor (Figure 3.2),
which has been built according to the design proposed by the CHEC Group (Combustion and
Harmful Emission Control) of the Technical University of Denmark (DTU) (Kristensen et al.,
1996). The reactor presents a reaction zone of 8.7 mm inside diameter and 200 mm in length.
It is placed in a three-zone electrically heated furnace, ensuring a uniform temperature profile
throughout the reaction zone within £5 K. An example of the longitudinal temperature profiles

along the reaction zone for different nominal temperatures is shown in Figure 3.3.

The different gases are led to the reactor, through mass flow controllers (Bronkhorst

High-Tech), in four separate streams: a main flow containing water vapor and nitrogen, and
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three injector tubes for the different reactants (DMM, C;H,, DME, O, and NO). Nitrogen is used
to balance up to obtain a total flow rate of 1 L (STP)/min. Reactants are highly diluted in N,,
minimizing thermal effects. Reactants and nitrogen are fed from gas cylinders, while water
vapor is injected by saturating a N, stream through a water bubbler at the adequate
temperature to get the desired H,O concentration in the reaction zone. The function of water
is to minimize the impact of radical recombination in the reactor walls, the quenching effect.

Moreover, water is a representative species of the mixture generated under combustion

conditions.
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Figure 3.1. Scheme of the experimental set-up used to carry out the oxidation experiments at

atmospheric pressure in a flow reactor (adapted from Alexandrino, 2018).
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Figure 3.2. Scheme and dimensions (in mm) of the atmospheric-pressure flow reactor.
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Figure 3.3. Temperature profiles inside the reaction zone of the atmospheric-pressure flow
reactor, for different nominal temperatures, as a function of distance. They have been

measured with a K-type thermocouple for a total N flow rate of 1 L (STP)/min.

Under these conditions, the gas residence time (t;) in the reaction zone depends on

the temperature in this zone as follows:

195

_T[K] (Eq. 3.1)

t.[s]

The oxygen inlet concentration is determined by the air excess ratio (A ), which is
defined as the real oxygen fed to the reactor (O, rq) divided by the stoichiometric oxygen

(04, st), given the complete oxidation reaction of the fuel:

Fuel +x0, —yCO, +zH,0 (R3.1)

Thus, the amount of oxygen to be fed to the reactor is calculated by equation 3.2

depending on the air excess ratio analyzed,

/1 — OZ,fed — OZ,fed (Eq 3 2)
0, x*[ fuel)

inlet

being [fuellinet the inlet fuel concentration. Therefore:
A>1—fuel-lean or oxidizing conditions
A =1-> stoichiometric conditions

A <1— fuel-rich or reducing conditions
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In the case of the mixtures with acetylene (C;H,), the value of lambda has been
calculated considering the oxygen required for the stoichiometric conversion of both C;H, and

the oxygenated compound.

At the outlet of the reaction zone, the gas product is quenched by means of an
external cooling air flow and, before analysis, it passes through a condenser and a particle
filter to ensure gas cleaning. The outlet gas composition is analyzed by an Agilent 3000A micro-
gas chromatograph (micro-GC) equipped with thermal conductivity detectors (TCD), an ATI
Mattson Fourier Transform Infrared (FTIR) spectrometer, and ABB continuous infrared (IR)
analyzers for CO, CO; and NO. The uncertainty of the measurements is estimated as 5%,

except for the FTIR spectrometer, which is estimated as +10%.

3.2 HIGH-PRESSURE FLOW REACTOR SET-UP

The high-pressure oxidation experiments of methyl formate (MF), dimethyl ether
(DME), ethanol, dimethoxymethane (DMM), and their mixtures with C,H; (C;H2-DME, CoH»-
ethanol and C;H,-DMM) have been carried out in a laboratory-scale high-pressure flow reactor
designed to approximate plug flow (Rasmussen et al., 2008b) which has been successfully used
in a previous work by our research group, addressing homogeneous high-pressure gas-phase
reactions (e.g. Alexandrino et al.,, 2015; Paper A). A scheme of the experimental set-up is

shown in Figure 3.4.

In this set-up, the reaction takes place in a tubular quartz tube (inner diameter of 6
mm and length of 1500 mm). The reactor is enclosed in an AISI 316L stainless steel tube which
acts as a pressure shell. Nitrogen is delivered to the shell side of the reactor by a pressure
control system, to obtain a pressure similar to that inside the reactor avoiding in this way the
stress in the reactor. The pressure inside the reactor is monitored by a differential pressure
transducer (EL-PRESS Bronkhorst High-Tech), located at the reactor entrance and controlled by
a pneumatic pressure valve (RCV-RC200) situated after the reactor. The maximum manometric
pressure allowed in the system is 80 bar. The reactor-pressure shell system is placed inside a
three-zone electrically heated furnace with individual temperature control, which allows a

maximum temperature over the whole pressure range up to 1100 K.

Type K thermocouples, positioned in the void between the quartz reactor and the steel

shell, were used to measure the longitudinal temperature profiles, obtaining an isothermal

28



3. EXPERIMENTAL METHODOLOGY

reaction zone (10 K) of 56 cm. An example of the longitudinal temperature profiles along the

reaction zone for different nominal temperatures and pressures is shown in Figure 3.5.
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Figure 3.4. Scheme of the experimental set-up used to carry out the oxidation experiments at

high pressure in a flow reactor (adapted from Alexandrino, 2018).

In the pure ethanol and methyl formate high-pressure oxidation experiments, due to
the high concentrations considered, the corresponding fuel is fed into the reactor using a
Controlled Evaporator Mixer (CEM) and N as carrier gas. A mini CORI-FLOW meter/controller
and an EL-FLOW meter/controller are used to measure the liquid and nitrogen flow,
respectively. After fuel evaporation and to prevent condensation of reactants, all gas flow lines
are heated and thermally insulated. The gases (DME, DMM, C;HsOH, C;H,, O,, N2, and NO,
when applicable) are fed into the reaction system from gas cylinders through mass flow
controllers (Bronkhorst High-Tech). N, is used to balance up to obtain a total flow rate of

1L (STP)/min.

The gas residence time (t;) in the reaction zone is function of both temperature and
manometric pressure in this zone and, for the previously described conditions, it is given by
equation 3.3.

_261%P[bar]

e (Eq. 3.3)

t.[s]
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Figure 3.5. Longitudinal temperature profiles inside the reaction zone of the high-pressure
flow reactor, for different nominal temperatures and pressures, as a function of distance. They

have been measured with a K-type thermocouple for a total N, flow rate of 1 L (STP)/min.
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Downstream the reactor, the pressure of the system is reduced to atmospheric level
before product analysis, which is performed using a micro gas chromatograph (Agilent 3000A)
equipped with thermal conductivity detectors (TCD), an ATl Mattson Fourier transform
infrared (FTIR) spectrometer and an ABB NO analyzer. The uncertainty of the measurements is

estimated as +5%, except for the FTIR spectrometer, which is estimated as +10%.

3.3 ATMOSPHERIC PRESSURE JET-STIRRED REACTOR (JSR) SET-UP

The oxidation experiments of pure methane (CH,) and CH; doped with NO and NO;
have been carried out in the experimental set-up shown in Figure 3.6 and available at the LRGP
group in Nancy. This experimental set-up has been used with success in a number of previous

works (e.g. Bahrini et al., 2012; Rodriguez et al., 2015; Rodriguez et al., 2017).

The jet-stirred reactor (JSR) used in this study is spherical with a volume of around 85
cm3. It is preceded by an annular preheater in which the reacting mixture is progressively
heated up to the reaction temperature. The reactants enter the reactor through four injectors
with nozzles, which creates a high turbulence and homogenous mixing. Both preheater and
reactor are made of fused silica. The residence time inside the preheater is only 1% with
respect to the one in the reactor, which is fixed at 1.5 s (£0.1 s) in all the experiments
performed. The heating is provided through Thermocoax resistances rolled around the
preheater and the reactor. The reaction temperature is measured by a type K thermocouple
located in a glass finger (the intra-annular part of the preheater) at the center of the spherical
reactor. Mass flow controllers (Bronkhorst High-Tech) are used to control the flow rates of the
reactants (CHs, O, and NO or NO,, when applicable) and the inert gas (Ar). The role of the inert
gas is to dilute the reacting mixture in order to minimize thermal effects as in the set-up
described in Section 3.1. The pressure inside the reactor (1.07 bar) is controlled using a needle

valve (20.002 bar) located downstream of the reactor.

In the present study, the oxygen inlet concentration is determined by the equivalence

ratio (¢ ) which is the inverse of the air excess ratio (A ) (equation 3.4).

1
== Eq.3.4
¢ 7 (Eq. 3.4)
The gas stream is analyzed online downstream of the reactor with different diagnostic
techniques: two gas chromatographs (Perichrom PR1250 and PR2500), a NOy analyzer (Thermo

Scientific Model 42i), a FTIR (Thermo Scientific Antaris) spectrometer and a continuous wave
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cavity ring-down spectroscopy (cw-CRDS) cell. The uncertainty for the different diagnostic

instruments is estimated to be 5%, except for the FTIR and CRDS measurements that is £10-

15%.
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atmospheric pressure in a jet-stirred reactor.

A schematic view of the coupling between JSR and CRDS cell is shown in Figure 3.7.
While only the main features are described here, a complete description can be found in

Bahrini et al. (2012).
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Figure 3.7. Schematic view of the JSR and CRDS coupling (from Bahrini et al., 2012).
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The cw-CRDS cell is composed of a quartz tube with an outer diameter of 8 mm and a
length of 80 cm. The total volume of the cell including the sampling probe is estimated to be
40 cm?. The cell is maintained at ambient temperature and the pressure in the CRDS cavity is
kept at approximately 0.013 bar (10 Torr). The low pressure is obtained using a rotary vane
pump. The reactor and the cell are connected by means of a sampling probe with a diameter

of 6 mm and 10 cm in length.

CRDS analyses were carried out in the near infrared at wavelengths from 6638-6643
cm™. The near-infrared beam is provided by a diode laser, the wavelength can be varied in the
6640+13 cm™ range through changing the current applied to the diode laser. The diode laser
emission passes through an optical isolator and an acousto-optical modulator (AOM). Two
folding micrometric mirrors allow the alignment of the beam. After many round trips, the
optical signal transmitted through the cavity is converted into current by an avalanche
photodiode. A home designed amplifier-threshold circuit converts the current signal to an
exploitable voltage signal. The ring-down signal is sampled every 800 ns and the data are
transferred to PC in real time. The ring-down time is obtained by fitting the exponential decay
by a Levenberg-Marquardt exponential fit in LabView. The concentration of a species, present
during the hydrocarbon oxidation process in the jet-stirred reactor (JSR), can be obtained by

measuring the ring-down time of the empty cavity, 7 _, i.e., the ring down time before heating

the reactor, and the ring-down time after turning on the heater, 7 :

R 1 1 1
R ) Ty — 2 Eq. 3.5
[ ] [ Am ] c [C’%] * U[Cm%olecule] ( T z-0 j[/] [ NA [mD/EfU/%nOI]J ( i )

where O is the absorption cross section; R, is the ratio between the cavity length L,

i.e. the distance between the two cavity mirrors, and the length La over which the absorber is
present (Ri=0.92); and c is the speed of light. Knowing the absorption cross section ( O), the
concentration [A] of the target molecule can be calculated. An example of calculations for CH,4

quantification can be found in Bahrini et al. (2012).
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Chapter 4.

Modeling. Reaction mechanism

“Chapter 4 explains how the detailed chemical kinetic mechanism has been
compiled during the development of the present thesis. This mechanism has
been used to perform modeling calculations to describe the oxidation of the

oxygenated compounds and their mixtures with acetylene, under the different

experimental conditions tested”.
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4. MODELING. REACTION MECHANISM

Detailed chemical kinetic models are required to predict ignition, extinction, heat
release, fuel consumption and pollutant formation during combustion processes. To develop a
mechanism systematically, it is necessary to adopt or develop reaction subsets of the simpler
molecules and then, step by step, add species and reactions relevant for more complex

molecules.

Therefore, a detailed gas-phase chemical kinetic mechanism has been constructed
progressively throughout the development of this thesis to numerically describe the oxidation,
in laboratory reactors, of the different oxygenated compounds analyzed and their mixtures
with acetylene. The construction progress will be described below and is schematically

represented in Figure 4.1.

GADM mechanism modified and updated
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Mechanism for the oxidation of C,H,-oxygenate mixtures

Figure 4.1. Development progress for a detailed gas-phase chemical kinetic mechanism for the
description of the oxidation of the different C,H,-oxygenate mixtures studied in this work. Left,

for the oxygenated compounds. Right, for the oxidation intermediates.

The basis of the present gas-phase mechanism consists of a reaction mechanism to
describe C;-C; and NO interactions, initially proposed by Glarborg et al. (1998), which has been

progressively updated and modified (e.g. Glarborg et al., 1999; Alzueta et al., 2008). From now
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on, this mechanism will be referred as GADM mechanism. To the GADM mechanism, the
reaction subset for the conversion of the corresponding oxygenated compound studied

(ethanol, DME or DMM), and other important intermediate species, has been added.

Traditionally, in our research group, the reaction subset for the species of interest has
been first tested and validated under atmospheric-pressure conditions and, subsequently,
under high-pressure conditions, which are of interest for combustion devices such as diesel
engines. This is the case, for example, of methanol, which will be part of the mechanism used
in this thesis because it is a possible intermediate of oxidation. Its oxidation was first studied at
atmospheric pressure (Alzueta et al., 2001) and, some years later, at high pressure (Aranda et
al., 2013), in both cases, in flow reactors. In this context, and as stated in the Chapter 1 of this
thesis (Introduction and objectives), during the last years, the GPT group has studied the
oxidation of different oxygenated compounds and proposed several kinetic mechanisms
validated at atmospheric pressure, specifically for: ethanol (Alzueta and Hernandez, 2002),
DME (Alzueta et al., 1999) and MF (Alzueta et al., 2013), which will be part, as well, of the

mechanism compiled in the present thesis, and improved or modified, if necessary.

To account the high-pressure conditions, which are the conditions of really interest for
this work, some of the reaction subsets from the GADM mechanism have been revised and

modified considering more recent works, as detailed below:

—  Hy/0; and CO/CO; subsets, according to Rasmussen et al. (2008b).

—  CHj subset, according to Rasmussen et al. (2008c).

— Methanol (CH3O0H) subset, according to Aranda et al. (2013).

—  C3H; subset, according to Giménez-Ldpez et al. (2016).

—  Acetaldehyde (CH3CHO) subset, according to Rasmussen et al. (2008c).
—  H/N/O subset, according to Rasmussen et al. (2008a, 2008b).

The following sections describe, in more detail, what specifically refers to the reaction
subsets of the different compounds of interest, i.e., the oxidation intermediates and the
oxygenated compounds. Special emphasis will be put in the modifications and updates made
to the different reaction subsets to obtain the final mechanism. The impact of the different
modifications made is widely discussed in the corresponding publication of the compendium,

as well as, in Chapter 5 (Results and discussion).

Model calculations have been performed using SENKIN, the plug flow reactor code

that runs in conjunction with the Chemkin-Il library (Lutz et al., 1988; Kee et al., 1991) and with
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the Chemkin-Pro software package (ANSYS Chemkin-Pro, 2016). When Chemkin-Pro has been
used, simulations have been conducted with the plug-flow reactor module and the fixed gas
temperature assumption and taking into account the temperature profiles experimentally
determined. The thermodynamic data have been taken from the same sources as the original

mechanisms.

Several rate of production (ROP) and sensitivity analyses have been performed to
identify the main reaction pathways occurring during reactant consumption and product

formation at the different experimental conditions analyzed.

4.1 METHYL FORMATE REACTION SUBSET AT HIGH PRESSURE

A study of the oxidation of MF, as an important intermediate during the oxidation of
higher oxygenates, has been carried out under high-pressure conditions from both
experimental and modeling points of view (Paper A). This work takes as starting point a
previous work from our research group on MF conversion at atmospheric pressure (Alzueta et
al., 2013). With respect to the modeling part, the MF reaction subset proposed by Alzueta et
al. (2013), which was mainly taken from the work of Dooley et al. (2010) with minor

modifications, has been included in the mechanism developed in the present thesis.

Under high-pressure conditions, the results appeared to be sensitive to the
HO,CH,0OCHO species, obtained from MF conversion, which are involved in the formation of

the CO,, as oxidation product, through the reaction sequence represented in reaction R4.1.

CH,0CHO — CH,0CHO — HO,CH,0CHO — HCOO — CO, (R4.1)

Therefore, reactions involving HCOO and HCOOH (R4.2 and R4.3) have been added to
the mechanism to improve modeling predictions. The values of the kinetic parameters for
reaction R4.2 theoretically determined by Galano et al. (2002) have been adopted, and the

experimental determination by Larson et al. (1988) for reaction R4.3 has been used.

HCOOH + OH =HCOO+H,0 (R4.2)

HCOO = H +(CO0, (R4.3)

The influence of NO addition has also been analyzed during the high-pressure

oxidation of MF. When pressure is increased from atmospheric level to 20 bar, NO is almost
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completely converted to NO,, being reaction R4.4 the main reaction involved in this
conversion. The values of the kinetic parameters determined experimentally by Park et al.
(1998), and later selected by Rasmussen et al. (2008b), have been adopted in the present

work.

NO +NO+0, = NO, +NO, (R4.4)

4.2 DIMETHOXYMETHANE REACTION SUBSET AT ATMOSPHERIC AND
HIGH PRESSURE

As previously indicated, the reaction subsets are first validated at atmospheric
pressure before being tested at higher pressures. Therefore, the reaction subset for DMM
conversion has been validated with the experimental data obtained from the study of DMM
oxidation at atmospheric pressure, in an isothermal quartz flow reactor (Paper I). To carry out
the theoretical study, the subset proposed by Dias et al. (2010) has been included in the GADM
mechanism without any modifications. In general, the chemical kinetic mechanism is able to
represent the experimental trends observed. Therefore, due to the good agreement between
experimental and modeling data achieved at atmospheric pressure, no further modifications

to the DMM reaction subset have been done.

However, when this DMM reaction subset has been employed to simulate the
oxidation of DMM under high-pressure conditions, the results obtained are not fully
satisfactory. Thus, to improve the agreement between experimental results and modeling
calculations, the kinetic parameters of some of the reactions involved in DMM conversion,
under these conditions of high pressure, have been modified. Other reactions that were not
included in the initial reaction subset of Dias et al. (2010), that can play an important role in
DMM oxidation under high pressure and high oxygen concentration, have been included. A list
of the reactions that have been modified or included can be found in Table 4.1. Details on

these modifications can be found in Paper Il.
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Table 4.1. Reactions modified or included in DMM reaction subset. Kinetic parameters of the

form k=AxT"xexp(-E, /RT) . Units: Ais in cm® mol™* s'; E, is in cal/mol.

Reaction A n Ea Reference
CH,OCH,OCH, + OH — CH,0CH,0CH, +H,0 6.32x10° 2.00 -652 Arifetal. (1997)
CH,OCH,OCH, + OH — CH,0CH,0CH, +H,0 6.32x10° 2.00 -652 Arifetal. (1997)

CH,0CH,0CH, +HO, = CH,OCH,0CH, +H,0,  1.00x10** 0.00 17686 Curran et al. (1998)
CH,0CH,O0CH, +HO, = CH,0CHOCH, +H,0, 2.00x 10" 0.00 15296 Daly etal.(2001)
CH,0CH,0CH, +0, <= CH,0+CH,0CHO +OH 2.50x 10" 0.00 -1700 Alzueta et al. (1999)
CH,0CHOCH, +0, = CH,0 +CH,0CHO +OH 2.50x 10 0.00 -1700 Alzueta et al. (1999)
CH,0CH,0CH, +HO, <—CH,0+CH,0CH,0+0OH  3.,00x 10" 0.00 0  Dalyetal (2001)
CH,0CHOCH, +HO, <= CH,0CHO+CH,0+0OH  1.00x10* 0.00 0  Dalyetal. (2001)
CH,0CH,0CH, +0, == CH,0CH,0, +CH,0 6.40x 102 0.00 91  Present work

CH,0CH,0CH, +HO, = CH,0CH,0, +CH,0H 1.00x10'2 0.00 0  Presentwork

4.3 ETHANOL REACTION SUBSET AT HIGH PRESSURE

In the case of ethanol, as also happened for MF, there is an earlier work carried out by
our research group on the ethanol oxidation at atmospheric pressure, from both experimental
and theoretical points of view (Alzueta and Hernandez, 2002). The mechanism used to
describe ethanol conversion included the reaction subset proposed few years before by

Marinov (1999), and the fitting to the experimental conditions was very good.

In the present work, the aforementioned ethanol reaction subset has been used,
without any modification, to perform simulations of the experimental results obtained during
the ethanol high-pressure oxidation, both in the absence and in the presence of NO, with a

good performance.

In the case of the ethanol oxidation experiments in the presence of NO, due to the
high-pressure conditions and the high concentration of oxygen, the NO fed to the reaction
system is converted to NO, before entering the reactor. On the other hand, because of the
interaction between CHs radicals and NO;, model calculations predicted an accumulation of

nitromethane (CH3NO,), whose formation was not detected experimentally. Also, another
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possible interaction between CHs; and NO, could lead to the formation of CH;ONO (reaction
R4.5). Therefore, reaction R4.5 has been included in our mechanism with the kinetic

parameters proposed by Canosa et al. (1979).
CH, +NO, =CH,ONO (R4.5)

A more complete explanation of CHsNO; and CH30ONO formation, and the effect of this

reaction on modeling results, can be found in Paper Il

4.4 DIMETHYL ETHER REACTION SUBSET AT ATMOSPHERIC PRESSURE,
IN ITS MIXTURES WITH C2H2 AND AT HIGH PRESSURE

In an earlier work, Alzueta et al. (1999) validated a mechanism, which included a
reaction subset for DME conversion, against experimental data on the atmospheric-pressure
oxidation of DME in a flow reactor. This reaction subset was extracted mainly from Curran et

al. (1998), but the kinetic parameters for selected reactions were updated.

In the present work, the Alzueta et al.’s DME subset has been included in the
mechanism without any modifications. But before using it to simulate the high-pressure
experimental data on DME oxidation, its performance has been evaluated against the results
obtained during the oxidation of C;H,-DME mixtures at atmospheric pressure (Paper V).
Moreover, a reaction subset for glyoxal (OCHCHO) oxidation (FaRheber et al., 2015) has been
added because this species is recognized as an important intermediate in hydrocarbons
combustion and, at low temperatures, OCHCHO can be formed during the oxidation of C;H,

through the sequence represented in reaction R4.6.
C,H,—%*C,H,0H—2—>0OCHCHO+OH (R4.6)

In this way, modeling predictions obtained with this modified mechanism and the
experimental data trends observed during the atmospheric-pressure oxidation of C,H,-DME

mixtures are in good agreement.

However, when this modified mechanism has been used to simulate the high-pressure
experimental results of DME oxidation, the mechanism was not able to properly describe the
characteristic negative temperature coefficient (NTC) behavior of DME at low temperatures.

Therefore, an improvement of the performance of the mechanism has been required. The
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reaction subset for DME has been revised according to two kinetic mechanisms form
literature, Zhao et al.’s (Zhao et al., 2008) and Burke et al. ‘s (Burke et al., 2015b) mechanisms,
which have been validated against a wide range of experimental data. The modifications, that
have been made in relation to the work of Alzueta et al. (1999), are listed in Table 4.2. For a
matter of clarity, not all the pressure dependencies of the reactions involved in the low-
temperature oxidation pathways for DME are shown. A more complete description can be

checked in Paper V.

The performance of some of the most recent mechanisms for DME conversion (Zhao
et al., 2008; Rodriguez et al., 2015; Wang et al., 2015; Dames et al., 2016) has been compared
against the present high-pressure DME experimental data, and one interesting issue when
comparing the various mechanisms is related to the presence and reactions of formic acid
(HCOOH). Although some of them do not include HCOOH as an intermediate (such as the
Rodriguez et al.’s mechanism), the present experimental results evidence the formation of
HCOOH from DME (FTIR absorption spectra have been detected), and it has a significant role
under the high-pressure conditions studied. Therefore, the more recent subset for the
oxidation of HCOOH based on ab initio calculations proposed by Marshall and Glarborg (2015)

has been included.

Table 4.2. Reactions modified or added compared to Alzueta et al.’s DME oxidation work

(Alzueta et al., 1999). Units: A is in cm3 mol™? s%; E, is in cal/mol.

Reaction A n E.
CH,OCH, +(M)<=CH, +CH,0 (+M) Hp2 437x10% -157 83842 (1)
LP 1.13x10% -12.19 94882

CH,OCH, +OH = CH,0CH, +H,0 6.71x10° 200 -629.88 (1)
CH,0CH, +HO, == CH,0CH, +H,0, 200x10* 0.00 16500 (1)
CH,OCH, +CH, = CH,OCH, +CH, 2.68x100  3.78 96311 (1)
CH,OCH, +CH,0, = CH,0CH ,+CH,0,H 1.27x103 464 10556 (2)
CH,OCH, +CH,0CH,0, = CH,0CH, + CH,OCH,0,H 5.00x102 000 17690 (2)
CH,OCH, +OCHO = CH,0CH, + HOCHO 1.00x10®  0.00 17690 (2)
CH,OCH, == CH, +CH,0 (0.001atm) 7.49x102 -452 25236 (2)

(100atm)  2.66x10* -4.94 31785
CH,0CH, +0, = CH,OCH,0, (0.001atm) 1.12x10% -3.37  -4294 (2)

(100 atm) 5.43x10Y -1.73 2210
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Table 4.2. (Continued).

CH,0CH, +0, <= CH,0CH,0,H (0.001atm) 5.08x10%° -439 469  (2)
(100atm)  2.41x107 -450 16107

CH,OCH,0 = CH,0+CH,0 9.72x10® -1.10 20640 (1)

CH,OCH,0, +CH,0CH,0, =0, +CH,0CH,0+CH,0CH,0  1.60x 102  -4.50 0 (1)

CH,OCH,0, +CH,0CH,0, =0, +CH,0CHO+CH,0CH,OH ~ 684x102 -450 0 (1)

CH,0CH,0, = CH,0CH,0,H (0.001atm) 1.94x10® -6.99 22446 (2)
(100atm)  3.70x10% -1.13 20034

CH,0CH,0, <= CH,0+CH,0+0H (0.001atm) 2.06x10% -8.30 33415 (1)
(0.01atm) 2.07x10* -8.90 35842
(100atm)  1.22x10%® -520 39549

CH,0CH,0,H <= OH +CH,0+CH,0 (0.001atm) 1.66x10% -4.53 22243 (1)

(0.01atm) 5.30x10% -4.93 24158
(100atm)  1.40x102 -2.72 24407

CH,OCH,0,H +0, —0,CH,0CH,0,H (0.001atm) 9.42x10 -168  -4998 (2)

(100 atm) 4.87x 10"  -0.32 428

CH,0CH,0,H +0, —HO,CH,0CHO +OH (0.001atm) 5.90x10*° -2.88 3234 (2

(100 atm) 3.96x10® -2.31 10500
0,CH,0CH,0,H == HO,CH,0CHO +OH (0001atm) 9.05x10® -4.88 18805 (2)

(100 atm) 3.86 x 10 0.98 17467

HO,CH,0CHO — OCH,0CHO + OH 3.00x10% 0.00 43000 (1)
CH,0+OCHO = OCH,0CHO 1.25x10**  0.00 11900 (2)
HOCH,0C0 = HO,CH,0 +CO 2.18x10% -2.69 17200 (1)
HOCH,0C0O = CH,0H +CO, 531x10* -261 20810 (1)
HOCH,0 = HCOOH +H 1.00x10*  0.00 14900 (1)
CH,0+0OH<—=HOCH,0 450x10* -1.11 0 (1)

3HP, LP: high- and low-pressure values; ! Zhao et al. (2008); @ Burke et al. (2015b).
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4.5 METHANE REACTION SUBSET AT ATMOSPHERIC PRESSURE IN A JET
STIRRED REACTOR

During the research stay in the LRGP in Nancy (France), the oxidation of CH; and CH,4
doped with NO and NO; has been investigated in a jet-stirred reactor. This type of reactor is
well suitable for kinetic studies: the gas phase inside the reactor is well stirred leading to
homogenous concentrations and temperatures. JSR, coupled with different diagnostic
techniques, such as gas-chromatography, time-of-flight mass spectrometry or CRDS
spectroscopy, has been earlier used to study the low-temperature oxidation of organic

compounds (Herbinet et al., 2011., Bahrini et al., 2012).

In this case, a detailed kinetic mechanism, derived from the POLIMI (Politecnico di
Milano) kinetic framework (Ranzi et al., 2012), has been used to interpret the experimental
data and has provided a good agreement between experimental and modeling results (Paper
VI). Taking the POLIMI mechanism as a reference, some minor modifications to the mechanism
compiled and validated during this thesis have been made to improve model performance.
These modifications include the change in the kinetic parameters of reaction R4.7 and the

thermodynamic data for the CH30, and CH3NO; species.

CH, +0, = CH,0+0H (R4.7)

Finally, the mechanism obtained during the construction process described above
(Sections 4.1-4.5), which is the final mechanism developed in the present work, involves 138
species and contains 795 reactions. It can be found in the Annexes, at the end of this

dissertation.

This final mechanism has been used to analyze the role of ethanol, DME and DMM as
fuel additives under conditions of interest for real combustion processes. That is, to simulate
the experimental results obtained during the high-pressure oxidation of their mixtures with

acetylene.
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Chapter 5:
Results and discussion

“Chapter 5 shows and analyzes the main results obtained during the study of
the oxidation of the different compounds analyzed, intermediates and

oxygenated compounds, and their mixtures with acetylene”.






5. RESULTS AND DISCUSSION

5.RESULTS AND DISCUSSION

The main experimental and modeling results obtained in the different studies
performed along this work, with a brief discussion of them, are presented below. These results
have been structured according to the specific objectives addressed in Section 1.2 (Scope and
objectives). First, the results of the oxidation of both intermediates MF and CH, at high and
atmospheric pressure, respectively, are presented. Later, the high-pressure results obtained
during the oxidation of the isomers ethanol and DME are compared. Next, the influence of the
number of carbons in the molecule is analyzed by the comparison of the data got from the
oxidation of DME and DMM, two POMDMEs with 2 and 3 C atoms, respectively. Finally, the

results of the oxidation experiments of the C;H,-oxygenate mixtures are analyzed.

During the process of compiling of the different reaction subsets to obtain the final
mechanism described in Chapter 4 (Modeling. Reaction mechanism), the kinetic parameters of
several reactions have been modified, and also new reactions have been included in the final
mechanism. Therefore, modeling calculations for the oxidation of the different compounds
have been recalculated with the final mechanism and compared with modeling predictions
obtained with the mechanism used during the corresponding oxidation study of each
compound or acetylene-oxygenate mixture, which is described in detail in the related
publication (Papers I-VIl). Otherwise mentioned, modeling calculations obtained with the final
mechanism are similar to those obtained with the mechanism used during the corresponding
study. In the case of any change, a comparison of the results obtained with the different

mechanisms will be shown in the corresponding section.

5.1 OXIDATION OF METHYL FORMATE AND METHANE

In this work, the oxidation of MF and CH,4, as interesting reaction intermediates, is
addressed and the main results are presented below. The MF oxidation at atmospheric
pressure and its interaction with NO was previously studied in a flow reactor by Alzueta et al.
(2013). Therefore, in the present work, only the high-pressure MF oxidation in a flow reactor is

discussed.

On the other hand, the CH; oxidation has been extensively studied, as has been
reported in Section 2.5 of the Background, in the literature review of previous works, but to
our best knowledge, this is the first study to investigate the oxidation of CH; doped with NO; in

a jet-stirred reactor using various diagnostic techniques: GC, FTIR, cw-CRDS and NOy analyzer,
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to quantify different possible products, such as HCN, HONO and CH3NO,. These new
experimental data and new species detection, along with a confirmation of the kinetics in
these new conditions, could provide some novel insights into the mutual effect of NO,x on CH4
oxidation. The work dealing with CH4 has been carried out during the research stay in Nancy. It
is considered of great value for the formation of the author of this thesis, because she could

study a different configuration of reactor and complex diagnostic techniques, such as cw-CRDS.

5.1.1 High-pressure oxidation of MF and its interaction with NO in a flow

reactor

MF has been found to be a byproduct and intermediate of the oxidation of several fuel
additives, such as DME and DMM, and it has also been considered as a model molecule to try
to understand the combustion of biodiesel. In this context, the present work aims to extend
the experimental database of MF oxidation in flow reactor to pressures above atmospheric
level, because these results would be helpful for future developments of engines. Because of
the formation of NOy in engines may happen, as discussed in Chapter 2 (Background), the

interaction between MF and NO has also been analyzed.

Therefore, the oxidation of MF has been studied under flow-reactor conditions, at
different pressures (1-60 bar), in the 573-1073 K temperature range, from reducing to very
fuel-lean conditions ( A =0.7-20). Additionally, at a constant pressure of 20 bar, the influence
of the NO presence on MF oxidation has been considered for the different values of A
analyzed. The conditions of these experiments and the experimental set-up used are detailed
in Table 5.1 and Section 3.2, respectively. Only some of the main results are discussed below.

However, a more extensive discussion of the results obtained can be found in Paper A.

Figure 5.1 shows the evolution with temperature of the MF concentration profile for
20 bar and different values of 1 , in the presence and absence of NO. The results for the rest
of conditions and oxidation products quantified (CH,0, CO,, CO, CH,4, and H;), that are not
shown here, can be seen in Paper A. The discussion of the results will be made for all the

conditions studied, including those that are not represented in Figure 5.1.

From now on, throughout all the thesis and the different publications, experimental

results are denoted by symbols, while modeling calculations are denoted by lines.
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Table 5.1. Matrix of experimental conditions of the high-pressure study of MF oxidation®

MF oxidation at high pressure in a flow reactor

T=573-1073 K; Flow rate: 1 L (STP)/min; t [s]= %
MF 0, NO
Set A P [bar]
[ppm] [ppm] [ppm]
1MF 3000 4200 - 0.7 20
2MF 3000 6000 - 1 20
3MF 3000 120000 - 20 20
4MF 3000 6000 - 1 1
5MF 3000 6000 - 1 40
6MF 3000 6000 - 1 60
7MF 3000 4200 3000 0.7 20
8MF 3000 6000 3000 1 20
9MF 3000 120000 3000 20 20

2The balance is closed with N.

As mentioned before, modeling predictions have been recalculated with the final
mechanism obtained in the present thesis. Figure 5.1 includes a comparison of modeling
calculations obtained with this final mechanism and with the previously used mechanism to
describe the high-pressure oxidation of MF (Paper A). In addition to all the modifications
previously described (Chapter 4), the subset for MF oxidation has been revised according to a
recent work by Rodriguez et al. (2015) on DME oxidation at low temperatures. In that study,
MF appeared as an important primary product during DME conversion, therefore, a sub-
mechanism for MF oxidation was included in their mechanism. By comparison of both
mechanisms, Rodriguez et al.’s and ours, reactions R5.1 and R5.2 have been included in our
final mechanism because they were not considered while the validation of MF reaction subset
under high-pressure conditions (Paper A). It can be observed (Figure 5.1) that, in general,
modeling predictions have improved after the modifications made to the mechanism,

especially in the presence of NO.

HO,CH,0C0 — CO, +CH,0+OH (R5.1)

HO,CH,0 = CH,0+HO, (R5.2)

In the absence of NO, the oxygen concentration in the reactant mixture has an almost

imperceptible influence on the temperature for the onset of MF oxidation. According to the
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experimental results, the onset temperature for MF conversion is approximately 723 K, with
MF almost totally converted at 873 K, independently of the stoichiometry. That is because MF
oxidation is initiated by thermal decomposition, mainly by reaction R5.3. In the presence of
highly reactive OH radicals, theoretical calculations indicate that MF also produces CH,OCHO
and CHs0CO radicals by H-abstraction reactions R5.4 and R5.5, and it becomes really relevant

under oxidizing conditions.
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Figure 5.1. Evaluation of the effect of NO presence on the high-pressure (20 bar) oxidation of

MF, for the conditions denoted as set 1IMF-3MF and 7MF-9MF, in Table 5.1.

CH,OCHO (+M) = CH,0H +CO (+M) (R5.3)
CH,0CHO +0H = CH,0CHO +H,0 (R5.4)
CH,OCHO +0OH = CH,0C0 +H,0 (R5.5)
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The CH,OCHO radicals generated may thermally decompose to give CH,O and formyl
radicals (HCO) (R5.6) or continue the reaction sequence represented by reactions R5.7-R5.9;
while the CH30CO radical decomposes to give CO; as the final product and methyl radicals

(CHs) (R5.10).

CH,0CHO = CH,0 +HCO (R5.6)
CH,0CHO + HO, = HO,CH,0CHO (R5.7)
HO,CH,0CHO = OCH,0CHO +0OH (R5.8)
OCH,0CHO = CH,0+HCOO (R5.9)
CH,0C0 = CH, +CO, (R5.10)

A study of the influence of varying the pressure on MF oxidation has also been
performed. The results (Figure 4 in Paper A) indicate that an increase in pressure shifts the
onset for MF conversion to lower temperatures. Moreover, the reaction rate analysis
performed suggests that reaction pathways occurring at high pressure are a bit more complex

than those observed at atmospheric pressure.

An increase in the working pressure has also an impact on NO to NO, conversion. At 20
bar, and the lowest temperatures studied, the NO concentration at the outlet of the
experimental system is very low. It is attributed to the fact that most NO is converted to NO;
when pressure is raised above atmospheric level through reaction R5.11 and the equilibrium
between NO and NO,, reaction R5.12, which is relevant under high-pressure conditions

(Giménez-Lopez et al., 2011).

NO +NO+0, = NO, +NO, (R5.11)

NO +HO, == NO, + OH (R5.12)

Th